
Introduction

The output power of 1-μm-wavelength
solid-state lasers has increased signifi-
cantly in recent years, and systems capable
of up to 50 kW in output power are now
commercially available (Ref. 1). In addi-
tion, these lasers have a more compact
footprint and much higher wall plug effi-
ciencies than previous conventional lasers.
By utilizing fiber-optic delivery of the laser
light, these systems also provide signifi-
cant flexibility to the end user in terms of
automation and the more efficient use of
available factory floor space. With these
many advantages, high-power fiber and
disk lasers are gaining in acceptance
among manufacturers, particularly in the
shipbuilding and automotive industries,
and show great promise for deep-penetra-
tion welding and high rate deposition
processes. 

It is unclear, though, what impact these
high laser power densities will have on the
transmissive and reflective optics systems
currently in common use. Transmissive

optics are fabricated from a transparent
glass or ceramic, such as fused silica or
CaF2 (Ref. 2), and use the refractive index
of the lens material and the lens curvature
to focus the beam. Cooling of the individ-
ual lenses in these optics systems is usually
performed using circumferentially flowing
water mounted in the individual optics
supports. The advantages of these optics
systems include low weight, ease of use,
and ability to change optics in the same
processing head. Reflective optics, on the
other hand, use highly polished metal,
such as copper, with a precise curved sur-
face that directs and focuses the beam to
the workpiece. Each optic surface acts as
a mirror to manipulate the laser light as it
passes through the optics system. These
mirrors are water cooled just below the re-
flective surface, which when combined
with the high thermal conductivity of the

metal, leads to uniform cooling of the op-
tics surface. 

An important consideration in evaluat-
ing laser optics systems is their ability to
operate effectively at both high powers
and long durations without compromising
the laser system performance. Changes
observed in the weld or deposition geome-
tries would be indicative of instabilities in
the optics systems. When using transmis-
sive optics at high laser powers, variations
in the beam properties during continuous
laser operation have been observed (Refs.
3, 4), resulting in unexpected changes in
weld cross-section size and shape. For ex-
ample, Fig. 1 shows three autogenous
laser weld cross sections made at sharp
focus and an output power of 12 kW with
a 200-mm focus transmissive collimator
and a 200-mm focal length transmissive
focusing optic in 12.5-mm-thick steel sam-
ples over a period of 90 s. The differences
in the weld cross-section profiles are par-
ticularly pronounced after 60 and 90 s of
operation, as the weld depth fluctuates
and the profile changes. 

Other researchers have investigated
the effects of high-power laser beams on
transmissive optical elements. Klein (Ref.
5) determined from the mechanical
strength, thermal properties, and optical
properties of laser window materials their
ability to withstand high incident intensi-
ties without causing distortions in the laser
beam. This research led to recommenda-
tions on the best edge thickness and mate-
rial for the window, which separates the
laser resonator and the rest of the optical
system. Reitemeyer et al. (Ref. 3) exam-
ined the individual effects of a transmissive
collimator and focus optic on the effective
focal length of the beam produced by an 8-
kW continuous-wave multimode fiber
laser. Decreases in focal length of more
than 3.1 mm, or 84% of the optics’
Rayleigh length, were observed and attrib-
uted to thermal lensing, which was taken as
increased curvature of the lenses and the
changes in the refractive index (dn/dT)
with each mechanism having the same im-
pact. Another research group (Ref. 6) used
a novel indirect measurement technique to
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ABSTRACT

High-power, solid-state fiber and disk lasers combine faster processing speeds, deeper
weld penetrations, and lower levels of workpiece distortion. Both transmissive optics and
reflective optics systems are commonly used. When using transmissive optics at high laser
powers and prolonged periods of operation, changes in the focal length and beam diam-
eter have been observed, and these changes adversely affect consistency of the processed
materials. In this study, the properties of beams delivered using both transmissive and re-
flective optics systems from the exit of the process fiber through the final focusing optics
have been characterized using commercial diagnostic tools. In the transmissive optics sys-
tem, changes of nearly 8 mm in focal length have been measured with a 500-mm focal optic
at 12-kW output power over several minutes of continuous operation. At powers above 4
kW, damage to the antireflective coating on a transmissive collimator resulted in a dou-
bling in the beam diameter at the original focal position when using a 200-mm focal optic
and a quadrupling of the beam diameter with a 500-mm focal optic. On the other hand,
the performance of the reflective optics was not impacted by either increases in power or
time at powers up to 12 kW during prolonged laser operation.
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characterize the focus shift of a transmis-
sive optic system at up to 4 kW of laser out-
put power and observed a 0.5-mm de-
crease in effective focal length of the optics
system. A reflective optic head has been in-
vestigated (Ref. 4) as a means of mitigat-
ing thermal lensing effects, and results
showed considerable increased beam sta-
bility at powers up to 16 kW.

When using transmissive optics,
changes in the beam properties are typi-
cally attributed to thermal lensing (Refs.
5–7), which is generally believed to be
caused by thermal gradients that develop
across the optics. Since the optic compo-
nents are made from a glass or ceramic
material, the low thermal conductivity of
the material does not allow the energy to
be rapidly dissipated through heat con-
duction. In order to mitigate any potential
heating issue, the lenses are circumferen-
tially water cooled. However, temperature
gradients can form across the lens when
operating at high laser powers as a result
of uneven cooling. The higher tempera-
tures increase the curvature of the lens
and the refractive index, thus decreasing
the focal length of the optics. 

Changes in the focal length of the op-
tics can also be attributed to changes in the
refractive index of the optics materials
with temperature. The refractive index of
a material (n) is equal to the square root
of the product of the permeability (μ),
which is typically equal to one for optical
materials, and the dielectric constant (ε).
The refractive index is temperature de-
pendent (Ref. 8) and is expressed as a
function of the thermo-optic coefficient
(dn/dT), with units of °C–1 and having ei-

ther a positive or negative sign. In the case
of fused silica, the thermo-optic coeffi-
cient is positive and not constant (Ref. 9),
which implies that with any significant
heating of the material, the refractive
index will increase, also resulting in a
shorter focus length of the system.

Beam diagnostic tools allow beam
characteristics to be investigated in
greater detail and determine the magni-
tude of these changes in beam properties.
There are several ways to measure the
beam intensity distribution (Refs. 10–20),
ranging from inexpensive burn paper for
characterizing the beam shape to com-
mercial tools that provide a more compre-
hensive analysis of the beam shape, width,
and power density distribution (PDD).
These commercially available tools in-
clude direct and indirect methods for
measuring the PDD. Indirect diagnostic
tools attenuate the beam in some fashion
before rapidly recording the intensity dis-
tribution using a CCD or CMOS camera.
Even though these cameras provide very
rapid data collection, they can only handle
a few watts of laser power, and the beam
is usually directed through a highly reflec-
tive window to drastically reduce the laser
power incident on the camera.

Direct tools are able to record the entire
beam profile without the need to attenuate
the beam. Several commercially available
direct diagnostic instruments, such as the
Primes® FocusMonitor and BeamMoni-
tor, are spinning probe diagnostic tools that
use a small aperture that moves through
the beam profile and collects the intensity
value at discrete positions. Because the
probe is manufactured from a reflective

metal and moves quickly through the beam
path, these instruments can sustain high in-
cident laser powers without the need for at-
tenuation of the beam.

The ability of the optics to produce a
stable and consistent beam is an important
quality control issue and a key character-
istic for laser operators and process engi-
neers to consider when evaluating the in-
dustrial use of these high-power systems.
In this study, the beams produced by se-
lected transmissive and reflective optics
systems operating at laser powers up to 12
kW over several minutes of operation
have been characterized using commer-
cially available diagnostic tools. Their per-
formance was then compared to reflective
optics systems. By combining these results
with the modeling of optics performance
using ray tracing tools, the origins of these
changes in optics performance are evalu-
ated and recommendations for the selec-
tion of appropriate optics systems are pro-
vided, so that process engineers and laser
operators can make informed decisions
concerning the selection of the 
appropriate optics systems for high-power
laser operations.

Experimental

A Primes® BeamMonitor and a
Primes® FocusMonitor (Primes GmbH,
Pfungstadt, Germany) were used to char-
acterize high-power laser beams produced
by an IPG Photonics® YLR-12000 (IPG
Photonics Corp., Oxford, Mass.) solid-
state ytterbium fiber laser, which operates
at a wavelength between 1070 and 1080
nm and has a maximum output power of
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12 kW. The beam was delivered to differ-
ent sets of transmissive and reflective op-
tics systems through an Optoskand® (Op-
toskand AB, Molndal, Sweden)
300-μm-diameter process fiber with a di-
vergence angle <200 mrad at powers
ranging from 500 W to 12 kW. All of the
optical setups were monitored for times
up to 10 min. Over this period of opera-
tion, the beams were characterized at se-
lected time intervals, and changes in the
beam properties were monitored. 

A Precitec® YW50 welding head (Pre-
itec Group, Gaggenau, Germany) was
used in this study as the transmissive optic
system and is composed of a collimator
and a focusing lens. Collimators are pri-
marily defined by the distance between the
process fiber and the entrance to the col-
limator. The magnitude of this distance is
designed to ensure that the beam diver-
gence from the process fiber is sufficient
to produce a beam that is the correct size
for the collimating lens. A 200-mm focal
length Precitec® collimator (COL YW50
200 QBH ZK) was used. The collimator
was characterized at three different pow-
ers (4, 8, and 12 kW) and distances rang-
ing from 100 to 500 mm from the collima-

tor exit plane using the
Primes® BeamMoni-
tor to determine the
degree of collimation
of the beam. Precitec®
200- and 500-mm focal
length fused silica fo-
cusing lenses were also
analyzed in this study.
The beam was moni-
tored at locations both
above and below the
focal point in order to
measure the beam
propagation parame-
ters. The 200-mm
focus length system
was not characterized
at an output power
higher than 8 kW in
order to not exceed the
limit on the allowable

peak power density (10 MW/cm2) of the
Primes® FocusMonitor.

A reflective optics system produced by
Laser Mech® (Laser Mechanisms, Novi,
Mich.) was also analyzed as part of this
study. This system consisted of a 125-mm
focus length collimator (part #
PLFXT0020) and a 600-mm focus length
focusing mirror (part # PLFPCXXXX).
The optical mirrors in this system are
made from polished copper and use para-
bolic surfaces to direct, collimate, and
focus the laser light. This system was char-
acterized in the same manner as the trans-
missive optics, with the collimated beam
being characterized at different distances
from the collimator exit and the beam ex-
iting the focus optic being characterized at
several locations above and below the
sharp focus setting. 

In two of these optics systems, a differ-
ent focal length collimator and focus optic
combination is used. The combination of
a different focal length collimator and a
focus lens in the optical system leads to the
introduction of an optical magnification
factor (Ref. 21) that affects the magnitude
of any change in focus length of the sys-
tem. Abt et al. (Ref. 7) showed that the

change in focal length of the laser system
(Δflaser) is proportional to the square of
the quotient of the focus length of the fo-
cusing optic (ffoc) and the focus length of
the collimating optic (fcol), as shown in
Equation 1: 

where β is the optical magnification. The
impact of the optical magnification factor
becomes more prominent when dealing
with long focal length optics, in which the
collimator typically has a much smaller
focal length than the focusing optics. In
these systems, the larger optical magnifi-
cation factor can cause larger shifts in the
focal length compared to an optical system
with a magnification factor of one.

The optics systems of interest in this
study were characterized using a pair of
beam diagnostic tools. The Primes®
BeamMonitor characterized the beam ex-
iting the process fiber and collimator, and
the Primes® FocusMonitor was used to
characterize the beam near the focal
point. These Primes® systems, which can
be classified as rotating pinhole diagnostic
devices, provide relatively fast data collec-
tion and comprehensive characterization
results. In the case of the Primes® Beam-
Monitor, the beam enters the device
through a 100-mm-diameter opening and
strikes a small mirror attached to the end
of a hollow spinning aluminum rod, which
then directs a small amount of laser light
to the photodiode detector. This device
measures the beam diameter at a single
distance from the fiber or collimator exit
and is best suited for measuring beam di-
ameters between 12 and 90 mm (Ref. 22). 

The Primes® FocusMonitor operates
on the same principle as the BeamMoni-
tor but uses a pinhole, with a diameter of
approximately 30 μm, instead of a small
mirror, allowing it to measure beam diam-
eters between 0.1 and 6 mm. This tool
takes measurements along multiple
planes in the beam path to determine the
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Fig. 2 — Schematic diagram showing the experimental setup used to ob-
tain beam diagnostic data and mitigate any error associated with excess
heat caused by the interaction of the beam with the graphite block.

Fig. 3 — A one-dimensional laser beam power density distribution with the
ISO definition of beam width is shown.

Fig. 4 — Graph showing the beam diameter measured at several distances
from the exit of the 300-μm fiber (fiber end plane) for three different laser
power levels immediately after the laser is turned on. The blue line represents
the calculated beam diameter for a fiber divergence of a manufacturer-
specified 200 mrad.
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focus position. Using the data obtained
during these measurements, the focus dis-
tance, beam width at focus, divergence
angle, and Rayleigh length are calculated.
Because of the small size of the pinhole
and the coatings used in the probe tip, the
peak power density of the beam that can
be measured with this device is limited to
10 MW/cm2.

During collection of the beam data by
the Primes® diagnostic instruments,
nearly all of the beam energy passes
through the diagnostic measurement area
and not to the instrument detector. At
high powers, a great deal of heat can be
generated by directing the laser into a
graphite block (150 mm diameter and 60
mm thick). In order to ensure that the heat
radiated from the graphite block is suffi-
ciently dissipated and does not introduce
potential error into the measurements, it
was submerged in circulating water, as
shown schematically in Fig. 2. In the ex-
perimental setup, cold water flows contin-
uously into the tub using 15.9-mm-diame-
ter hoses and circulated using a Pacific
Hydrostar® pump at a maximum rate of
125 L/min to maintain a nearly constant
water level. In addition, the characteriza-
tion measurements were spaced to ensure
that any heat accumulated during a meas-
urement was dissipated before the next.
For characterization of the initial propa-
gation parameters, the laser was operated
for up to 15 s in order to perform a meas-
urement and then allowed to cool for 60 s.
For consecutive measurements where the
laser was operated continuously up to 10
min, the system cooled for 5 to 20 min de-
pending on the operation time.

After the data are obtained by each di-
agnostic tool, the Primes® Laser Diag-
nose software computes the beam width
and other beam parameters. All beam
measurements are made in a square meas-
urement window comprised of a user-
defined number of pixels where the inten-
sity counts are recorded. The measure-
ment resolution of this device is a function
of the measurement window size and the

number of pixels within the window and is
expressed in terms of length per pixel
(mm/pixel). Only changes in beam diame-
ter greater than the 30-μm-diameter pin-
hole or the measurement resolution
(whichever is greater) can be considered
to be significant. Any changes below this
value are a result of small calculation dif-
ferences resulting from minute changes in
the recorded power density distributions
between any two measurements. Typical
resolution values range from 16 to 125 μm
for the FocusMonitor and 100 to 500 μm
for the BeamMonitor. 

Collection of the power density distri-
bution in one plane along the beam prop-
agation direction allows several parame-
ters (beam diameter, peak power density,
kurtosis) to be calculated using statistical
methods. If several beam distributions are
collected at selected planes along the
propagation direction, the beam can be re-
constructed mathematically and beam
propagation parameters, such as the focus
length, diameter at focus, divergence
angle, and Rayleigh length (i.e., the dis-
tance from focus where the beam area
doubles) can be calculated.

The width of the laser beam is the pri-
mary beam characterization parameter.
There are numerous ways to determine the
beam width (Refs. 13, 24, 25). Usually, the
beam diameter is a measure of how much
energy is contained within a one-dimen-
sional beam profile of the power density dis-
tribution, as shown in Fig. 3. Two common
definitions involve the 1/e2 and the full
width at half maximum (FWHM), both of
which define how fast the energy density de-
creases from the peak energy density. In
both definitions, the energy distribution is
assumed to be either a standard Gaussian or
top hat distribution. However, the beam
does not always take these specific forms
but is some combination of the two and may
contain other asperities, e.g., astigmatism,
making it difficult to easily define a univer-
sal beam diameter. 

A more comprehensive beam width
definition has been codified in ISO 11146

(Ref. 25). In the ISO procedure for deter-
mining the beam diameter, the beam cen-
ter or 1st moment is defined as the mean
of the distribution, and the 2nd moment is
similar to the variance of a probability dis-
tribution. From the variance, the standard
deviation is determined, and the beam di-
ameter is defined as being four times the
standard deviation, which is shown in Fig.
3. The 2nd moment, or variance, defini-
tion is the output from the Primes® diag-
nostic tools.

When characterizing the optics with
the Primes® instruments, the impact of
changing the properties of individual opti-
cal elements on the final beam character-
istics could not be independently ana-
lyzed. In order to better understand the
interactions of these different optical
components, simulations of the transmis-
sive optical systems have been performed
using ZEMAX-EE® (32-bit, April 14,
2010, version from ZEMAX Develop-
ment Corp., Bellevue, Wash.), which is a
standard optical design and ray tracing
program. Using this simulation tool, each
component can be individually analyzed
and its specific impact on the focal length
can be determined, independent of the
component interactions.

Parameters including lens curvature
and thickness, refractive indexes, separa-
tion distance between optical elements,
and curvature type (e.g., spherical, 
aspherical, elliptical) have been modeled
and analyzed here. Each system was mod-
eled using a 160-mrad process fiber diver-
gence angle, a 200-mm distance from the
fiber end plane to the middle of the colli-
mating lens, plano convex, fused silica
(Corning® 7980 from Corning, Inc.,
Corning, N.Y.) lenses with a 10-mm lens
edge thickness, and a separation of 184
mm between the centers of the collimating
and focusing lenses. After modeling the
systems in their initial states, small
changes were made to the divergence
angle, refractive index, and lens curvature
to replicate the role of increasing temper-
atures and to determine how these
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Fig. 5 — Graph showing measured changes in beam diameter at 192 mm
from the exit of the 300-μm fiber at three different powers.

Fig. 6 — Graph showing changes in the divergence angle of the beam exiting
the 300-μm process fiber as a function of time at three different powers.
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changes would affect the effective focal
distance of the system. 

Results and Discussion

Characterization of Process Fiber and
Collimators

Fiber-optic delivery cables are speci-
fied based on the fiber diameter (μm) and
divergence angle (mrad). Knowledge of
these parameters is needed to ensure that
the individual optics components are

properly sized in order to avoid clipping of
the beam on the optics housing. In addi-
tion, this information is crucial when se-
lecting the appropriate curvature and
thickness of the collimating optic. The
focus optic dimensions are, in turn, deter-
mined by the beam exiting the collimator,
and the resulting beam characteristics, in-
cluding the focus length, focused spot size,
and Rayleigh length, are a function of the
collimated beam and the focus optic. 

Using the Primes® BeamMonitor, the
300-μm-diameter Optoskand® process

fiber was characterized at different pow-
ers and distances. Figure 4 shows the re-
sults of these initial beam diameter meas-
urements with the blue line showing how
the beam diameter changes for a beam di-
vergence of 200 mrad, which corresponds
to the upper limit of the manufacturer-
specified divergence. The measured beam
diameters increase as a linear function of
distance. Initially changes in power, how-
ever, do not have a measurable effect on
the beam diameter or divergence. 

The slope of a line fitted to the beam
diameter measurements at four distances,
gives the half angle of divergence. Based
on these measurements, the angle of di-
vergence at time zero is 160 mrad, which
is much lower than the manufacturer-
specified value of < 200 mrad. This dif-
ference in divergence angle has a measur-
able impact on the size of the beam
entering the collimator. For example, at a
distance of 200 mm from the fiber exit, the
beam is measured to have a diameter of 32
mm, as compared to a beam diameter of
40 mm if a value of 200 mrad is used. As a
result, the beam is much smaller than ex-
pected, and only 44% of the lens clear
aperture is filled, as compared to 69% with
the 200-mrad beam divergence. 

Changes in the beam diameter with con-
tinuous operation were then explored by
operating the laser continuously for 10 min
and taking measurements at 13-second in-
tervals at distances between 102 and 242
mm from the fiber exit. Figure 5 shows
beam diameter measurements (with a 0.39-
mm resolution) collected during 10 min of
continuous laser operation at 192 mm from
the end of the fiber. The measured beam di-
ameters initially decrease quickly over 1 to
2 min and then stabilize after 5 min, sug-
gesting that a steady state is reached. At
each power level, there is a quickly decreas-
ing beam diameter during the initial two
minutes of operation, which is then fol-
lowed by a stabilization of the beam. Each
beam diameter measured over this period
decreased more than the resolution for that
measurement (between 0.29 and 0.52 mm),
and six of the beam diameters changed by
more than twice the resolution.

Figure 6 shows how the full angle di-
vergence changes as a function of time at
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Fig. 7 — Beam profiles obtained at focus and immediately after power is initiated are similar for the 200-
mm focal optic: A — 4.5 kW; B — 8 kW. The beam profiles at focus are identical for the 500-mm focal
optic at the following: C — 4.5 kW; D — 9 kW; E — 12 kW.

Fig. 8 — Graph showing changes in the beam diameter with time at 6.35 mm above and below focus with
the 200-mm focal length optics at a power of 12 kW. The initial and final beam profiles at each position
are also shown.
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three powers with the error bars repre-
senting the maximum error from the
measurement resolution that could be car-
ried through in the divergence angle cal-
culation. At each power, the angle de-
creases with time, and as the power
increases, the decrease in the divergence
angle becomes larger. These changes in
divergence angle at these high powers re-
sult in a change in the beam diameter 
entering the collimator. For example, at 6,
9, and 12 kW, the angle decreases 5, 9, and
8 mrad, respectively, with continuous op-
eration. At 9 and 12 kW, this change in di-
vergence angle can result in a beam diam-
eter change of approximately 2 mm at 200
mm from the end of the fiber, where the
beam enters the collimator. Since the lens
size is optimized for the diameter of the
beam incident on its surface, the focusing
potential of the lens is decreased, and the
lens may heat more than it should 
because the laser energy is confined to a
smaller area.

Changes in the divergence angle are not
expected, since the fused silica fiber is highly
transmissive and water cooled at the ends in

order to mitigate any potential heating ef-
fects. However, the fused silica fiber ex-
tends from the end of its flexible sheath and
is enclosed in a hollow metal fiber housing
with a fused silica block on the end. If the
silica block is heated, the curvature of its
surface and refractive index may change,
leading to a reduction in beam divergence.
The amount of energy absorbed by the sil-
ica block can be estimated using the follow-
ing relationship (Ref. 26):

E = ρVCΔT (2)

where ρ is density (2.2 g/cm3), C is heat ca-
pacity (0.703 J/g/°C), ΔT is the change in
temperature, and V is volume, where the
radius of the block is 6 mm and the thick-
ness is 9 mm.

In order to determine if the fiber hous-
ing is increasing in temperature during op-
eration at high powers, a thermocouple
was attached to the outside of the housing
to record the temperature when the laser
was operating at 12 kW. The housing tem-
perature increased 29°C over 10 min of
laser operation. This increase in tempera-

ture can most likely be traced to heating of
the fused silica block by the absorption of
laser energy, which is on the order of 7.2 ×
106 J during 10 min of operation (time win-
dow of measurements) at 12 kW. Using
Equation 2, the fused silica block could
easily be heating by more than 50°C in 10
min by absorbing only 79 J, a very small
fraction of the delivered energy.

To only absorb 79 J, the fused silica
block would require a reflection and trans-
mission combination greater than
99.999%. The absorption coefficient (α)
of fused silica (Refs. 28, 29) ranges from
0.0001 to 0.0058%/cm depending on the
purity of the material, which means that
the 9-mm-thick block of fused silica ab-
sorbs between 6.5 and 375.8 J of the 7.2
million J the laser delivers. That energy
range would produce a temperature in-
crease of 4.1° to 238.9°C. The silica block
captures less than 400 J with the maximum
absorption coefficient of 0.0058%/cm,
which is not enough to heat both the block
and the fiber end housing. It is therefore
likely that the block may be reflecting a
significant amount of laser light back into
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Fig. 10 — Graph showing the beam diameter changes 25.4 mm above and
below focus for the 500-mm focal length transmissive optics at an output
power of 12 kW. The initial and final beam profiles at each location are also
shown.

Fig. 12 — Graph showing impact of changing uniform temperature on the
focal position obtained using the simulation software for the 200- and 500-
mm focal length optics systems.

Fig. 9 — Graph showing changes in beam diameter at focus at different
power levels with the 500-mm focus optic configuration. The beam profiles
obtained at times of 0 and 3 min at 12 kW of output power are also shown.

Fig. 11 — Graph showing the predicted change in focus position obtained
from the simulation software as a function of beam divergence from the fiber
exit for both the 200- and 500-mm focal length optics systems.

Fo
cu

s 
Po

si
tio

n 
C

ha
ng

e 
(m

m
)

Fo
cu

s 
Po

si
tio

n 
C

ha
ng

e 
(m

ic
ro

n)

Blecher Supplement July 2012_Layout 1  6/8/12  4:08 PM  Page 209



the housing, thereby providing the energy
needed to heat the housing to the ob-
served temperature (52°C). Given the
small temperature increase, other changes
in the optical fiber might contribute to the
observed decrease in divergence.

After exiting the fiber, the beam then en-
ters a collimating optic, which transforms
the diverging beam into a parallel beam of
a given diameter that will then enter the
focus optics. The measured beam diameter
ranged from 31.5 to 30.5 mm with increas-
ing distance from the fiber exit. Over the
400-mm distance from the end of the colli-
mator, the beam exiting the collimator may
be converging slightly (less than 5 mrad),
but the beam diameter decreases less than
the resolution of the measurement (1.0
mm) over that large distance. Based on
these measurements, the collimator ap-
pears to produce the expected beam char-
acteristics over a 400-mm range. 

To determine if the collimating optics
were affected by continuous operation of
the laser, the beam diameter was monitored
over the course of several minutes. After an

initial rapid decrease in the beam diameter,
it stabilizes at a given diameter, indicating
that the system has reached a steady-state
value. However, the diameters did not
change more than the resolution (1.0 mm)
at any of the distances from the collimator,
and any changes may be related to the de-
creasing divergence angle of the process
fiber and not any thermal changes in the col-
limator itself since the diameter/time rela-
tionships for the process fiber and collima-
tor show similar behaviors.

The diameter of the beam exiting the
collimator optics can be impacted by a
change in the refractive index, thermal ex-
pansion of the collimating optic, and
changes in the divergence angle of the
beam entering the collimator. In order to
characterize the impact of each of these
variables, a ZEMAX® analysis of the op-
tics system consisting of the 300-μm trans-
port fiber and the 200-mm transmissive
collimator was performed. Using a dn/dT
value of 10 × 10–6 °C–1 (Ref. 27), the re-
fractive index of the collimating optic was
uniformly increased up to a value corre-

sponding to a temperature increase of
100°C to determine its effect on the size of
the beam incident on the focus optic. Even
with this 100°C increase in temperature,
only a 0.1-mm decrease in collimated
beam diameter at the entrance to the
focus optic was calculated. 

On the other hand, the size of the beam
incident on the collimator and focus optic
is highly dependent on the divergence of
the beam from the process fiber. With a
change in divergence angle from 161 to
150 mrad, the diameter of the beam de-
creased by 2.23 mm on the collimating
optic and by 2.27 mm on the focusing
optic. As a result, the beam divergence
from the process fiber has more than a 20
times greater impact on the size of the
beam at the focus optic than any realistic
temperature increase in the collimating
optic. The analysis provided in this section
discusses the impact of the process fiber
divergence on the size of the beam at the
collimating and focusing lenses. In a fol-
lowing section, the effects of fiber diver-
gence and thermal changes in the optics
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Fig. 13 — Graphs showing the predictions of the focus position change as a function of changes in temperature considering only the change in the refractive index.
The combined effect and individual effects are shown of the collimating and focusing lens for the following focal length systems: A — 200 mm; B — 500 mm.

Fig. 14 — Damage was observed in the collimator. The
bluish specks are damage to the antireflective coating. The
damage enhanced absorption of the laser energy by the lens,
which increases the effect of thermal lensing of the system.

Fig. 15 — Graph showing the measured changes in the focused beam diameter as
a function of time at selected powers for the 200-mm focus optics using a damaged
collimator. The measured beam profiles at selected times at powers of 4 and 6 kW
are also shown.
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system on the final focus length of the sys-
tem will be discussed.

Characterization of Focus Optics

Two sets of commercially available
transmissive focus optic systems with focal
lengths of 200 and 500 mm have been
characterized using the Primes® Focus-
Monitor. Figure 7 shows the beam profiles
obtained at focus for each power level.
The initial values of focus diameter, focus
position, and Rayleigh length are similar
over the power ranges for each optic,
which is expected since the propagation
parameters are a function of the optics
system. 

In order to assess how changes in the
beam propagation parameters vary with
time with the 200-mm focal length optics,
the beam was continuously monitored
over 3 min of laser operation at powers up
to 8 kW. An output power higher than 8
kW combined with the small diameter of
the focused beam would have exceeded
the power density limit of the Primes® Fo-
cusMonitor (10 MW/cm2). The diameter
of the beam at the original focus position
did not change with time, and any changes
in beam diameter were within the meas-
urement resolution of the diagnostic tool
(30 μm). However, welding and deposi-
tion processes are frequently performed
using defocused beams, and changes in
beam properties under these conditions
can result in undesired changes in weld or
deposition properties. The impact of pro-
longed exposures to high laser power at lo-
cations 6.35 mm above and below the
focus position, which is about 2.5 times the
Rayleigh length, have been examined. Fig-
ure 8 shows the changing beam diameter
with time at 8 kW and the beam profiles
obtained at the beginning and end of the
3-min run. At these times, the changes in
beam diameter are –0.124 and +0.130 mm
for positions above and below focus, re-

spectively. These changes in beam diame-
ter are much larger than the measurement
resolution (0.030 mm) and correspond to
a 1-mm decrease in effective focus length.
The beam diameter measured above focus
decreases because the focus position of
the system is moving closer to the meas-
urement plane, and the beam is moving
“into focus” at that position. Conversely,
at positions below focus, the beam is mov-
ing further out of focus, and the beam di-
ameter increases. 

The beam exiting the 500-mm focus
length optic was also monitored at focus
over 3 min of continuous operation at var-
ious power levels, and the results are
shown in Fig. 9. All measurements in this
figure have a 30-μm resolution. At powers
of 4.5 and 9 kW, the beam diameter
showed a minimal change over the 3 min
of monitoring, but at 12 kW, the diameter
increases 0.158 mm, which is a 20% in-
crease over the initial diameter. This in-
crease corresponds to a nearly 8 mm de-
crease in effective focal length, which is
60% of one Rayleigh length. 

The two-dimensional beam profiles at 0
and 3 min for the 12-kW power level show
that the general shape of the beam also
changed from a top hat to a Gaussian beam
profile. A Gaussian beam will have a higher
peak power density than a top hat beam of
the same diameter and power. A changing
beam profile means a changing intensity
distribution, which can have a major impact
on process results if the process is sensitive
to the beam power density distribution.
This profile change is the reason that the
peak power density, which depends on the
diameter and shape of the beam, did not
decrease more than 5%, while the average
power density decreased 30%. The beam
profile changes because the beam is mov-
ing out of focus at the measuring plane.
Under normal conditions, the optics pro-
duce a top hat beam at focus, but at loca-
tions outside of focus, the beam takes a

more Gaussian type distribution.
The 500-mm focus length optic was also

characterized at 25.4 mm above and below
focus, which corresponds to approximately
two Rayleigh lengths. Figure 10 shows the
results of these measurements at 12 kW.
After 3 min of operation, the beam diam-
eters above and below focus change
by –0.338 and +0.422 mm, respectively. At
each focus position, the beams started with
a nearly Gaussian profile but changed
gradually, with the beam above focus be-
coming a narrow top-hat profile, and the
one below focus had its maximum intensity
shift to the right and elongate. These
changes in beam profile can have a signifi-
cant impact on the resulting weld or clad
profile for potential high-power materials
processing operations. 

Modeling and Analysis of Changes in
Beam Properties

In order to determine the mechanisms
that drive the observed changes in beam
parameters, the focusing optics were also
modeled. Using available modeling tools,
the effects of individual mechanisms could
be isolated and analyzed independently of
any other effects. With this information,
the individual effects could be compared
and recombined to determine which effect
had the greatest impact. The first param-
eter to be modeled was the changing
process fiber divergence, which was mod-
eled as a changing beam diameter enter-
ing the collimating lens. As the divergence
decreases, the diameter of the beam at the
collimating lens also decreases. The goal
of this analysis was to determine the effect
and magnitude of the fiber divergence on
the focal length of the system. 

Figure 11 shows the focal length of
both transmissive optics systems with the
changing fiber divergence. In both cases,
the change in focal length of the optics sys-
tems increases with a decreasing diver-
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Fig. 16 — Graph showing measured changes in the beam diameter as a func-
tion of time with the damaged collimator and the 500-mm focus length optics at
selected powers. Beam profiles obtained at several times at a power of 11 kW are
also shown.

Fig. 17 — Graph showing the changes in beam diameter at focus during 6
min of continuous operation at selected powers with the 600-mm focal length
reflective optic configuration.
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gence angle when all the other possible
changes in the optical system are neg-
lected. The positive change in focal length
is the opposite of that observed when an-
alyzing the diagnostic data. If the changing
fiber divergence angle is the only variable
considered, the 200-mm focal length op-
tics should have an increased focal length
of 0.513 mm, and the 500-mm focal length
optics should have an increase of 1.352
mm. Therefore, in order to have an over-
all decreasing focal distance, other
changes in the collimating optic and fo-
cusing optics must first overcome the
changes in divergence angle of the beam
exiting the process fiber. 

Changes in the temperature of the op-
tics due to laser absorption lead to
changes in the refractive index and curva-
ture of the lens. The modeling tool,
though, only allows uniform changes in
temperature. Even though these uniform
changes do not take into account temper-
ature or refractive index gradients, they
provide a steady-state baseline for the im-
pact of temperature changes on system
performance (i.e., uniform changes in re-
fractive index and lens dimensions). Addi-
tionally, it is assumed that the lenses are
not constrained on the edges similar to an
actual system, and the model allows the
entire lens to lengthen, not taking into ac-
count the curvature and shape change that
would occur if only the unclamped part of
the lens were permitted to expand. Figure
12 shows the focal length change resulting
from the uniform increase in temperature
of 100°C for both transmissive optics sys-
tems. As expected, both focal lengths de-
crease with an increasing temperature, but
neither system achieves a change greater
than half a millimeter, which is far from
the 8-mm change that was observed in the
500-mm focal length optics at 12 kW with
the diagnostic instrument.

The changes in the refractive index as
a function of temperature (dn/dT) were
assumed to be constant within the tem-
perature range (Ref. 29). Using a dn/dT
value of 10 × 10–6 °C–1 (Ref. 29), the re-
fractive index was allowed to vary accord-
ingly over a 200°C range. Figure 13 shows
the effect of changing the refractive index
of the lenses on the focal length of the two
transmissive systems. The individual
lenses (collimator and focal lens) of each
system were investigated separately and
together to determine the effect of each
on the final focal length. The total de-
crease in focal length here is much larger
than in the other situations, with a 2.5-mm
and an 11-mm decrease in focal length
being calculated with a 200°C change in
the 200- and 500-mm focal length systems,
respectively. With the 200-mm focal
length system, the temperature increase in
each optic had an identical impact on the
focal length of the system. In the 500-mm
system, though, the collimator had a 2.4
times greater impact on the focal length

than the focusing optic. The optical mag-
nification of the system is 2.5, so the dom-
inant impact of the collimator is likely due
to the magnification. In both cases the
combined effect is equal to the sum of the
individual effects.

The final variable to be adjusted was
the radius of curvature of the lenses. As
each lens heats from exposure to laser ra-
diation, thermal expansion should occur.
In addition, the expansion should lead to
greater curvature because the lens is ef-
fectively clamped by the hardware holding
the lens, which makes expansion at the
edge of the lens impossible. Since the op-
tical elements were modeled as spherical
lenses, small amounts of thermal expan-
sion should not change the shape. Fused
silica has a small linear thermal expansion
coefficient of 0.5 × 10–6 °C–1, and the thick-
ness of the lens can be specified to only
one micron with the existing modeling
tools. So, a detailed analysis of the focal
length position as a function of curvature
cannot be performed. If the lens thickness
is about 10 mm, then a 1 micron increase
in thickness and the resulting change in
curvature would require a 200°C increase
in temperature. If the thicknesses of both
lenses are increased by one micron, then
the focal length decrease is 0.204 and
0.906 mm for the 200- and 500-mm focal
length systems, respectively. While the
curvature of the lens has an effect on the
focal length of the system, it is much less
than the effect from change in the refrac-
tive index at the same temperature. 

Impact of Damage to Transmissive Optics

In addition to the examination of optics
under typical operating conditions, the
impact of damage to the optics has also
been characterized. During normal indus-
trial high-power operating conditions, it is
not uncommon for transmissive optics to
be damaged with improper care and main-
tenance. When the antireflection (AR)
coating is damaged, it may be difficult to
observe and may remain hidden from easy
observation by the operator, particularly if
the damage is present on the collimation
optic. Damage to the AR coating is shown
in Fig. 14, where the blue specks in the
center of the lens are the damaged sites.
The impact of this damage on the result-
ing beam properties of the 200- and 500-
mm focal length optics was characterized
by the Primes® FocusMonitor, which
showed no adverse effects of the damage
at very short times after the laser is turned
on, and the resulting beam parameters
were very similar to the parameters pro-
duced by the undamaged collimator. 

Changes in the beam diameter at initial
focus were monitored as the laser was al-
lowed to run continuously for up to 7 min.
The 200-mm focal length optics were oper-
ated continuously for 6 min at 0.5, 4, 5, and
6 kW. Figure 15 shows the diameter changes

over 6 min using these optics. At 500 W,
there was no measurable change in beam di-
ameter. As the power level increases to 4
and 5 kW, changes in the beam diameter
begin to appear, and by 6 kW, the beam di-
ameter more than doubled in size after 6
min of laser operation. In addition to the
dramatic increase in beam diameter, the
beam profile changed as well, as shown in
Fig. 15. The area of maximum intensity in
the beam profile at 6 kW became oblong
during continuous operation, and the lower
part of the profile lost a significant amount
of power. These changes in the beam pro-
file will have an undesired impact on the
quality of the resulting weld or clad that may
or may not be detectable during processing.
Similar observations have been made with
changing beam profiles during electron
beam welding (Refs. 30–32).

The 500-mm focal length optics with
the damaged collimator was also charac-
terized at powers of 6, 9, and 11 kW dur-
ing continuous operation of 4 to 7 min.
Figure 16 shows the diameter changes
during continuous operation of the laser.
As expected, the diameter change is
greater at higher power, with the beam di-
ameter doubling in size after 7.5 min at 6
kW and quadrupling in size after 4 min at
11 kW. There was also a beam profile
change as shown in Fig. 16. The beam at
11 kW starts out in a nearly top hat profile
and in less than 1 min is no longer circular,
and the beam shape cannot be described
as either strictly Gaussian or top hat. After
4 minutes, the beam has a “hole” in the
center of its profile where very little en-
ergy is located and three areas of high
peak intensity.

Based on these observations, damage on
the collimator will act as laser energy ab-
sorption sites, which will significantly heat
the optics more than undamaged sites.
However, the temperature increase will
take a certain amount of time, and the dam-
aged optics may not have an immediate im-
pact on weld profiles until the optics have
had enough time to increase in tempera-
ture. The damage on the collimator may
also scatter the laser light significantly as the
temperature rises, which would give rise to
the observed changes in the beam profiles.
The optics appeared to be more affected by
higher laser powers. At powers below 500
W, the optical system operated as expected
by producing a stable, consistent beam over
the time interval investigated here.

Characterization of Reflective Optics

The reflective optics system was also
characterized using the Primes® Focus-
Monitor and including characterization of
both the collimator and the focus optics.
Since the same process fiber was used, the
results from both systems could be directly
compared. The results of the collimator
characterization showed the beam exiting
the reflective collimator was 21.0 mm in
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diameter and changed less than 0.2 mm
over the 400-mm measurement range, and
there was no measurable change in the
beam diameter during 2.5 min of continu-
ous operation at 4 kW. The effect of the
changing process fiber divergence on the
diameter of the beam reflected off the col-
limator cannot be definitively known be-
cause of the smaller time scale and lower
power measured here.

The Laser Mech® 600-mm focal
length reflective optics system was then
characterized with the Primes® Focus-
Monitor. The laser output power does not
have a measureable effect on the beam
propagation parameters. Figure 17 shows
the beam diameter measurements when
the laser was allowed to run continuously.
Some of the beam diameters do change
more than the resolution, which is 47 μm
in this experiment, but no trend is ob-
served that is similar to the transmissive
optics trend. 

The relatively large changes can be at-
tributed to the large Rayleigh length (35
mm), or waist, of the reflective optics,
which is four times larger than that pro-
duced by the transmissive optics. As de-
scribed earlier, any change in focus length
is very sensitive to the difference in focus
lens and collimator focal lengths. If the
focus length of the Laser Mech® optical
assembly was changing, that change
should be much larger than the Precitec®
optical assembly changes based on the
magnitude of the optical magnifications of
each optics setup, which is 4.8 for the re-
flective system and 2.5 for the transmissive
system. The Laser Mech® reflective op-
tics provide a stable beam over extended
operational times for materials process-
ing. No change in beam parameters was
detected during any measurements, thus
yielding consistent and predictable
process quality. Earlier investigations
(Ref. 4) have shown a minimization of
focus shift with reflective optics compared
to transmissive optics. The results dis-
cussed here show no shift in focus, which
confirms the conclusions drawn previously
that reflective optics perform better than
transmissive optics at high laser powers in
excess of 10 kW.

Summary and Conclusions

Transmissive and reflective laser optics
systems have been characterized from the
process fiber through the collimator and
focus lenses using beam diagnostic tools.
In these measurements, the undamaged
transmissive focus optics system showed
significant changes in focus length and re-
sulting beam profiles during continuous
operation at output powers exceeding 9
kW. The beam diameter increases and
beam profile changes observed at focus
are attributed to a shortening of the effec-
tive focal length of the system, caused by
heating of the collimating and focusing

optics. The temperature increase leads to
an increase in curvature from thermal ex-
pansion and changes in the refractive
index of the fused silica. Calculations of
the impact of these factors on the focal
length show that the increase in refractive
index due to the thermo-optic coefficient
plays the largest role. When the optical
magnification is equal to one, the colli-
mating and focusing optics have an equal
effect on the changing focal length. If the
optical magnification is greater than one,
then the collimator has a larger effect on
the shift in focus position. On the other
hand, the reflective optics showed no
change in focal length with continuous op-
eration. A summary of the findings is
listed below.

• The divergence of the beam exiting
the process fiber is not constant with time.
At 9 and 12 kW, the divergence decreased
9 and 8 mrad, respectively, over a 10-min
interval of continuous operation of the
laser. This decrease in divergence in-
creases the effective focal length of the
transmissive systems by 0.51 and 1.35 mm
in the 200- and 500-mm focal length sys-
tems, respectively, with all other variables
constant. 

• The transmissive collimator pro-
duced a nearly parallel beam that con-
verged less than 5 mrad at a distance of
500 mm. During continuous operation,
the beam diameter did not change more
than the resolution of the experiment, and
any observable changes in diameter of the
collimated beam entering the focus lens
could be attributable to the changes in
fiber divergence and not any changes pro-
duced by the collimating lens. 

• At powers greater than 9 kW, the ef-
fective focal length of transmissive optics
decreased significantly during continuous
operation, with a measured change of
nearly 8 mm in the case of the 500-mm
focus optic. This decrease in focal length
was similar to that predicted by analysis
with ZEMAX®. In addition, the beam
profile changed significantly from a top-
hat to Gaussian shape as the beam moved
out of focus during the measurements.
The transmissive 200-mm focus optics did
not change significantly with time at focus,
but there was an identifiable change when
the defocused beam was monitored for
several minutes.

• Damage to the AR coating of the
transmissive collimator exacerbates the
problems of using transmissive optics at
high laser powers. With prolonged opera-
tion of a damaged collimator, large, dis-
torted beams are produced at focus. The
beam diameters documented here dou-
bled and quadrupled in size after a few
minutes with the 200- and 500-mm focal
length optics, respectively. 

• The reflective optics system showed
constant beam parameters at several dif-
ferent powers and over prolonged periods
of operation. This type of optics per-

formed much more reliably in terms of sta-
bility at higher powers than the transmis-
sive lenses.

The effect of high laser powers on optic
systems and how these changes can impact
the materials processing operations are
important considerations in the selection
of the appropriate optics systems for high-
power laser systems. During continuous
operation at high powers, transmissive op-
tics systems display changes in focal length
and beam profiles. For high-power appli-
cations, reflective optic systems currently
represent the best option. 
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Appendix A

The focus position, beam diameter at
focus, and Rayleigh length were measured
for the transmissive optics with the 200-
and 500-mm focus lenses, and these data
are presented in Table 1. The beam diam-
eter produced by the 200-mm optics is half
the size of the beam produced with the
500-mm optics, and the Rayleigh length
difference is more than a factor of 5. The
same measurements were made using the
damaged collimator at initial time zero,
and these results are shown in Table 2. The
propagation characteristics for several
powers with the reflective optics are
shown in Table 3.
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Table 2 — Summary of Beam Propagation Measurements Made on the 200-mm Focal Length
and 500-mm Focal Length Optics Systems with a Damaged Collimator

Power (kW) Position (mm) Diameter (mm) Rayleigh Length (mm)

200 mm
6 191 0.407 2.5
9 191 0.426 2.6

500 mm
6 484 0.794 11.4
9 483 0.821 11.4
11 482 0.852 11.2

Table 3 — Summary of Beam Propagation Measurements made on the 600-mm Focus Length
Reflective Focus Optic Configuration at Selected Power Levels. 

Power Position Diameter Rayleigh Length Divergence
(kW) (mm) (mm) (mm) (mrad)

4 577 1.54 44 35
6 578 1.55 46 34
9 575 1.54 45 34
12 575 1.54 43 36

Table 1 — Summary of Beam Propagation Measurements Made on the Transmissive Focus Op-
tics Systems Immediately after Laser Power Is Initiated for the 200- and 500-mm Focal Length
Systems. (The Focus Position is taken from a reference location on the focus head and does not
represent the actual focal length.) 

Power (kW) Position (mm) Diameter (mm) Rayleigh Length (mm)

200 mm
4.5 192 0.364 2.4
8 191 0.360 2.6

500 mm
4.5 484 0.744 12
9 484 0.784 13.1
12 482 0.792 13.1
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