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High-power CO 2 laser design ‘‘from resonator end mirror to cutting lens
focal point’’
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An algorithm is derived that allows calculating all optical parameters relevant to the design of a
high-power CO2 laser, taking into account the practical needs of a flying-optics type of laser cutting
machine. The novelty of the approach taken is that the resonator and the beam delivery optics are
treated simultaneously, which allows for greater flexibility in design. To begin with, the often-used
optical configuration of a stable resonator combined with a beam expander for collimation is
modeled and optimized. The remaining focal shift over the cutting table, mainly due to the fact that
the part of the beam close to the resonator still has appreciable wavefront curvature variation, is
calculated. The resulting function is programmed into the machine CNC, which continuously
adjusts the lens position depending on the actual beam length, to compensate for this effect. Next,
attention is paid to the well-known problem of changing beam parameters with thermal load of the
output coupler. It is found necessary to model both mechanical deformation of the ZnSe window and
lensing due to the temperature dependent index of refraction. The former is derived from a finite
element model, for the latter, the formula of Miyamotoet al. @Proc. SPIE1276, 112~1990!# is used.
Finally, as an example of novel resonator designs studied using this approach, the characteristics of
an intracavity reflective telescope are determined for two different goals: first, to increase the
fundamental mode spot size for the given resonator~and hence to improve beam quality without
sacrificing power!, and second to preserve beam quality when extra resonator layers are added to
increase power. The beam is modeled using the concept of the ‘‘embedded Gaussian’’ and the
‘‘complex radius of curvature’’ due to Siegman@Lasers~University Science Books, CA, 1986!#.
© 2004 Laser Institute of America.
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I. INTRODUCTION

During the last few years the interest of the manufact
ing community to exploit the advantages of the laser in th
section cutting~minimal heat affected zone, straightness
kerf, flexibility of contouring! has surged.1 Laser manufac-
turers have upgraded their existing line of high-power C2

lasers~e.g., Trumpf, PRC!, or developed entirely new one
~most notably Rofin’s high-power slab laser! to meet the ur-
gent market demand of high power combined with hi
beam quality.

Nevertheless, market penetration of powers above 4
for cutting applications has been slow and hampered w
problems, all arising from the difficulty of handling suc
power in an extended optical train. It is the authors’ bel
that this is primarily caused by a lack of integration of t
laser and the external optical components, leading to sub
timal solutions for the beam delivery, especially when pr
tical limitations such as aperture size of beam benders
position and size of telescopes are taken into account.

Recently, HACO introduced its newly develope
HLT3000 4 kW laser for cutting applications. This develo

a!Author to whom correspondence should be addressed; electronic
david.toebaert@skynet.be
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ment, from a research point of view, was an excellent opp
tunity to reconsider the design process of such a dev
When one considers the laser as an integral part of the c
plete optical train ‘‘from resonator end mirror to cuttin
lens,’’ one soon realizes that this greatly enhances the fl
ibility of design. Resonator mirror radii of curvature, outsid
radius of curvature of the output coupler, position, and c
vature of the telescope mirrors can all be optimized relat
to the one thing that ultimately counts: beam size and div
gence at the cutting lens, and their variation over the cutt
table. The remaining focal shift can be compensated for
either having a variable-radius telescope mirror, or a mo
able cutting lens. Opting for the moveable cutting lens a
proach, an extra CNC axis was added to the machine, c
tinuously adjusting the exact lens position to the actual be
length value. That way we were able to maintain cutti
quality over the entire travel range of a 432 m flat bed
cutting machine, especially near the resonator, without
manual intervention, and without relying on operator dep
dent judgement of cutting quality.

The concept of the ‘‘embedded Gaussian’’ of a high
order transverse mode laser beam, combined with the
egance of the ‘‘complex radius of curvature’’ approach
beam propagation,2 make it possible to tailor a laser to it
il:
© 2004 Laser Institute of America
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application with unprecedented ease. As an example of
method, in Sec. III the complete optical path of the HLT30
is determined from the simple requirement of collimating t
beam over the work plane of the laser-cutting center~LCC!,
taking into account aperture size of the beam delivery co
ponents used.

It is a well-known fact that beam propagation is infl
enced by the fraction of power absorbed by the optics, h
ing them, and changing their ‘‘design’’ properties, in partic
lar radii of curvature. In particular the output coupler, due
its low thermal conductivity, is prone to suffer from th
problem. To investigate this, a finite-element analysis w
carried out at the deformation of the output coupler of
laser by the fractional absorption of the beam pass
through it. Also, thermal lensing due to the temperature
pendent index of refraction of ZnSe was taken into acco
by adding an extra lens to the model, whose power can
derived from the analysis by Miyamoto.3 The model was
used to compare the results of the ‘‘hot’’ and the ‘‘cold
resonator with experimental data for the HLT3000. It w
found essential to account for both effects to be able to
produce the experimental beam spot size variation both c
by and far from the resonator.

One particularly interesting feature of the HLT3000, e
pecially in view of the remarks made earlier about the
mand for thick-section laser cutting, is its modular des
concept. The resonator has been engineered in such a
that it can easily be stacked and optically connected. In o
to maintain simultaneously beam quality and power extr
tion efficiency when adding extra layers to the resonato
soon followed from the model developed in Sec. II that
extra degree of freedom was necessary in the resonato
sign. Therefore we investigate the possibility of using
‘‘stable telescopic cavity’’~STC! to reach two separate goal
first, for the existing resonator, to increase the fundame
mode spot size and hence to increase the beam quality w
out sacrificing power, and second, to maintain beam qua
regardless of resonator length~and hence beam power!.

II. THE MODEL

A. Description of the beam

A lowest-order spherical Gaussian solution to the fr
space paraxial wave equation can be completely chara
ized by its complex radius of curvatureq̃(z), expressed in
terms of the physical parameters spot sizew(z) and radius of
curvatureR(z) as

1

q̃~z!
5

1

R~z!
2 j

l

pw2~z!
~1!

and the free-space propagation law forq̃(z)

q̃~z2!5q̃~z1!1~z22z1!. ~2!

In these expressionsl is always the wavelength in the me
dium in which the beam is propagating, in accordance w
the convention established by Siegman.2

Given the complex radius of curvature at a single po
along the beam propagation axisz thus completely deter
mines the beam. In particular, at the beam waistz0
he

-

t-

s
e
g
-
t
e

s
-

se

-
-

n
ay

er
-
it
n
e-

al
th-
ty

-
er-

h

t

q̃~z0!5q̃05 j
pw0

2

l
5 jzR , ~3!

since at the waist,R(z0)5R05`. The quantityzR is the
Rayleigh range of the beam, i.e., at the pointsz06zR the
beam spot size will be&w0 .

Propagation through any paraxialABCD system can be
treated as

q̃2

n2
5

AF q̃1

n1
G1B

CF q̃1

n1
G1D

, ~4!

where the indices 1 and 2 refer to the input and output pl
of theABCDsystem, andn is the index of refraction at thes
planes. A full derivation of these formulas, and the theore
cal background starting from Maxwell’s equations, can
found in the book by Siegman.2 For our purposes we nee
only remember that at any plane along the beam axis, we
always reconstruct the beam’s radius of curvature and s
size from

R~z!51/R~1/q̃~z!! ~5!

and

w~z!5Al/p jI~1/q̃~z!!, ~6!

whereR andI denote the real and imaginary part.
Finally, for a multimode spherical Gaussian beam, i.e

beam where the transverse field distribution can no longe
described by a Gaussian function, but is modulated
higher-order Hermite~rectangular symmetry! or Laguerre
~cylindrical symmetry! polynomials, all the above relation
ships remain valid provided we multiply the beam spot s
by a constant factorM

W~z!5Mw~z!, ~7!

where we have adopted the convention of using upper-c
letters for the spot size of the multimode beam, and low
case letters for the spot size of the underlying ‘‘embedd
Gaussian.’’4 This numerical factor is better known as th
‘beam qualityk’ or M -squared factor:

M251/k>1. ~8!

For a theoretically sound value ofM2 it is necessary to use
the second-order moment of the transverse intensity distr
tion of the multimode beam. However, any consistent way
measuring spot size can be used to derive ‘‘a’’ value ofM ,
one needs only keep in mind that the spot sizes produce
using Eqs.~6! and ~7! will then always reflect the imperfec
tion of the measuring method.

One particular pitfall in this description of multimod
beams relates to the size of the beam in the focal plane
lens. It is often stated that the effect of a beam quality fac
M2.1 will be to produce a focal spotM2 times larger than
obtainable with a lowest order Gaussian beam. Howeve
the lens input, theembedded Gaussianspot size will also be
M times smaller@Eq. ~7!#, canceling one factor ofM . So, at
the focal plane of a lens
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~i! the multimode beam size isM times larger than the
embedded Gaussian@Eq. ~7!#, as it is everywhere; and

~ii ! a hypotheticalGaussian beamwith the same spot siz
and divergenceas the multimode beamat the lens
input will focus to a spotM2 times smaller. Do re-
mark that this hypothetical beam cannot be produ
by the same resonator that outputs the multimo
beam.

So, it is very important to distinguish between hypotheti
Gaussian beams used for reference and the unique embe
Gaussian of a multimode beam produced by a partic
resonator.

B. Description of the resonator

The resonator is formed by a totally reflecting end mir
at z52Lcav having a radius of curvatureREM , and the inner
reflecting surface of the output coupler atz50 having a
radius of curvatureROC

i , whereLcav is the physical length of
the cavity. The clear aperture of the resonator~which will
normally be defined by the diameter of a suitable diaphrag!
is denoted byCcav.

Taking the reference plane for the self-consistent ca
lation of the lowest order mode of this resonator to be j
after the end mirror, the round tripABCD matrix becomes

S A B

C DD
cav

5S 1 0

22/REM 1D S 1 Lcav/ncav

0 1 D
3S 1 0

22/ROC
i 1D S 1 Lcav/ncav

0 1 D , ~9!

where we have included the possibility ofncav.1. In the
remainder of the text, since we will be dealing with g
lasers, and atmospheric propagation outside of the cavity
will assume all refractive indices to be unity, except f
propagation through the output coupler (nZnSe52.40 at 10.6
mm!.

A self-reproducing radiation field will then have to sa
isfy q̃[ (Aq̃1B)/(Cq̃1D) , which leads to a quadrati
equation in 1/q̃ and hence two possible solutions, of whic
for a geometrically stable resonator, only the one with
negative imaginary part will have finite transverse ext
and represent the self-consistent complex radius of curva
of the lowest order Gaussian mode at the end mir
q̃(2Lcav)5q̃EM

1

q̃EM
5

D2A

2B
7

1

B
AS A1D

2 D 2

21. ~10!

Onceq̃EM is known, the spot size and radius of curvature
the wave front at any location between the end mirror a
the inside surface of the output coupler can be calcula
from Eqs.~2!, ~5! and ~6!.

C. Description of the external optical train

The optical path external to the resonator includes pro
gation through the output coupler, refraction at the ZnSe/
interface, a telescope to expand and collimate the beam,
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eral bending mirrors to take the beam to the cutting he
and finally the cutting lens. Positioning of the cutting le
inside the cutting head is motorized, and is added to
normalX, Y, andZ axes as an extra, ‘‘A’’ axis. This feature
will be used in Sec. III B when automatically compensati
for focal shift due to beam length variation. TheA-axis func-
tion should not be confused with the mechanical or capa
tive devices used to keep the nozzle tip at a fixed dista
from the processed sheet, since the latter influences thZ
axis only~movement of the cutting head as a whole!. What is
generally called ‘‘autofocus’’ function, that is, automatical
setting focus height for different material types or thic
nesses, is also performed by theA axis, but for the purposes
of the present article it is essential that the lens position
be adjusted continuously while cutting.

The bending mirrors are flat and as such are not esse
to the mathematical description of the beam propagat
They do have special coatings to circularly polarize the be
and protect the laser from back reflections from the p
cessed sheet, but this is irrelevant to the present artic
subject. In the wavelength region of interest the flatness
the mirrors is at leastl/20, and interferometric tests reve
that this doesn’t change when mounted and/or when coo
water pressure is applied, due to the design of the mi
holder avoiding localized point forces by tightening screw
Finite element analysis of the mirrors under laser radiat
also revealed negligible deformation due to heating beca
of the very low absorption of these coated mirrors~,0.5%,
typically 0.3% measured! and the high thermal conductivity
of the copper substrate. So, we can safely assume that t
mirrors maintain their manufacturer specifications duri
field use. Moreover, the optical path in the machine
flushed with dried and filtered air, and all traces of orga
vapors~mainly oil! are removed by active-carbon filtering
avoiding thermal blooming effects. It would be possible
study the latter using theABCD matrix for a ‘‘duct’’ with
radially varying index, but this is beyond the scope of t
current article.

The completeABCD matrix for propagation fromz
50 to the focal plane of the cutting lens can be written a

S A B

C DD
LCC

5P2 fTLPT→LTTPOC→TTOC, ~11!

where

TOC5S 1 0

~12nZnSe!/ROC
e 1D S 1 dOC/nZnSe

0 1 D
3S 1 0

~nZnSe21!/ROC
i 1D ~12!

propagates the beam through the output coupler.
POC→T is free-space propagation to the inlet port of t

telescope,
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TT5S 1 dT

0 1 D S 1 0

22/RCC 1D S 1 dT

0 1 D
3S 1 0

22/RCX 1D S 1 dT

0 1 D ~13!

is theABCD matrix for the external, off-axis reflective tele
scope,PT→L is free-space propagation from the outlet port
the telescope to the focusing lensTL , and finally the beam is
propagated one focal length on both sides of the theore
focal point byP2 f . The real position of the focal point rela
tive to the focusing lens, and the Rayleigh range, can the
determined numerically.

In the remainder of the text we will use the word ‘‘tele
scope’’ which is somewhat misleading, since the actual c
figuration of the ‘‘optical device’’ consisting of two curve
mirrors placed slightly off axis in a zig-zag configuratio
after optimization, will not necessarily transform a col
mated input beam into an expanded, collimated output be
any more. The radii of curvature calculated will take in
account the properties of the real beam exiting the laser
so will possibly no longer satisfy

RCX

2
1dT5

RCC

2
.

D. The optimization algorithm

Table I lists all parameters relevant to defining the LC
starting from the resonator end mirror up to the focus of
cutting lens. All of these parameters are, in principle, va
able, but some of them may be restricted to a fixed value
to some fixed range of possible values, depending on ph
cal, mechanical, or other restraints~e.g., when retrofitting a
telescope to an existing laser/cutting table combination,
and/or position of the telescope may be restricted, in gen

TABLE I. Optical design parameters of a laser source1cutting table com-
bination. All quantities expressed in meters, except for the dimension
beam quality factor.

Quantity Description

REM Radius of curvature of resonator end mirror~positive: concave,
negative: convex!

Lcav Cavity length: distance from end mirror to inside surface
output coupler

ROC
i Inside radius of curvature of output coupler

dOC Thickness of output coupler
ROC

e Outside radius of curvature of output coupler
Ccav Clear aperture of resonator
dOC→TM1

Distance from output coupler~outside! to first telescope mirror
RTM1

Radius of curvature of first~convex! telescope mirror
dT Distance between telescope mirrors
RTM2

Radius of curvature of second~concave! telescope mirror
dOC→BM1

Distance from the output coupler~outside! to the first bending
mirror on the machine frame without the telescope inserted

dBM1→L00
Distance from the first bending mirror on the machine frame
the focusing lens in its most nearby position

Xmax Maximum travel of machineX axis
Ymax Maximum travel of machineY axis
dfoc Theoretical focal length of cutting lens
CBM Clear aperture of the bending mirrors used
M M2 is the beam quality factor
f
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M2 will be fixed, etc.!. The optimization routine starts from
given set of values for all quantities in Table I.

In the first step, the spot size in the resonator is cal
lated using the formulas of Secs. II A and II B, taking in
account the current value ofM . This beam is then propa
gated through the output coupler, the telescope, and fin
through the focusing lens, over the entire range of trave
the cutting table. Depending on the size of the laser and
LCC studied, and the radii of curvature used, the numbe
calculated spot sizes over the entire length of the beam
vary. In practice, for sizes and radii of curvature on the or
of meters, a step size of mm has been found more than
equate. In the region of the focal point, however, in order
to lose any detail, a step size of 10mm was necessary.

Second, the rms deviation of the spot size from t
‘‘sollwert,’’ defined as 87%3Ccav/2 for the resonator~see
Sec. III A! and CBM /p for the external optical path~not
including the distance beyond the focusing lens!, is calcu-
lated at each point of propagation, and this single numbe
then transmitted to an optimization routine, which in pri
ciple can changeany parameter from Table I, unless som
are artificially restricted, e.g., the beam quality factor c
either be fixed, to see what radii of curvature of resona
mirrors is necessary to achieve this particularM2, or it can
be variable, to investigate what beam quality will b
achieved with resonator mirrors that are optimized to achi
a beam spot size as uniform and equal to the intraca
sollwert as possible.

It is very important to note that the resonator and ext
nal optical path are optimized simultaneously, and that
criterion for the external optical train ensures less than
diffraction ripple in the far field due to cutoff by the extern
optical components. Also, the optimization routine is inte
active in the sense that parameters can be fixed or releas
will, in order to study their influence on the beam spot s
and propagation behavior.

III. MODEL CALCULATIONS

A. Sample calculation

In order to get a feel for the performance of the alg
rithm developed and the ways in which it can be used, F
1 and 2 show the results of two model calculations. Fi
Fig. 1 shows the spot size calculated for a set of values
design parameters as listed in Table II, where the sec
column~Original value! is taken ‘‘from experience.’’ All pa-
rameters were fixed, so the spot size displayed is simply
result of the chosen design parameters, without optimizat
The vertical gray lines denote, from left to right: the positio
of the end mirror, output coupler, first telescope mirror, s
ond telescope mirror, start of travel of the cutting table, a
end of travel of the cutting table. The line denoting the o
put coupler position actually consists of two lines, one
the inside surface and one for the outside, but these are
distinguishable on this scale~thickness of output coupler: 6
mm!. The horizontal solid black lines mark the clear apertu
of the optical path, which changes when exiting the las
The horizontal dashed lines denote the value of the be

ss
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diameter to which the algorithm tries to fit the beam~the
sollwert!. In this case, since all parameters were fixed exc
for M , this means that the program calculates the underly
Gaussian for the resonator (M51, curved thin solid line in
the figures!, which is unique, and then increasesM beyond
unity until the real beam’s 2w spot size~curved thick solid
line in the figures! fills 87% of the clear aperture of the lase
For a lowest order Gaussian beam, this would mean tha
1/e2 points would fit 87% of the clear aperture, which mak
good physical sense. We have adopted the same reaso
for higher order modes to determineM . In this particular
case, anM254.22 is obtained. To test the validity of th
approach, Fig. 2 shows the ‘‘raw’’ output from the laser co
pared to model calculations where all external optics are
to have infinite radius of curvature. It can be seen that
beam diameter variationoutsideof the laser is well fitted by
applying the ‘‘87% rule’’ inside of the resonator. The shot
from the laser were taken by pulsing the power supply,

FIG. 1. Original situation of laser/LCC combination. The inside of the o
put coupler is atz50.

FIG. 2. Comparison of calculated~thick solid line! and measured~o! spot
sizes. Error bars are65% of the measured value.
pt
g

its
s
ing

-
et
e

t

by using the shutter on a cw operating laser, to avoid ther
deformation of the optics, since the program uses the opt
parameters ‘‘on the box’’ and as such cannot take into
count changing radii of curvature due to thermal expans
and/or thermal lensing.

The sample calculation~Fig. 1! shows that the cutting
lens is underused in that the beam size could be consider
increased~up to the dashed lines forz.0) without fear of
diffraction effects, leading to a smaller focal spot, and th
the beam strikes the cutting lens with a variable diverge
from one end of the cutting table to the other, causing a s
in focus position. For this particular case, a change in fo
diameter from 0.46 mm at the beginning of the cutting tab
to 0.43 mm at the table extremity~in this particular case 1.5
m X travel, 3.0 mY travel! resulted, at 7.48 in., respectively
7.56 in. from the input side of the 7.5 in. cutting lens. T
improve this situation, the value found forM is fixed, and
the values ofROC

e , RTM1
andRTM2

are freed for optimization
of the beam delivery. This way, we leave the resonator
changed~since we are ‘‘retrofitting’’ an existing situation!
but try to adapt the external optics. Figure 3 shows the
sulting beam diameter variation, and the optimized valu
are listed in Table II, third column. It can be seen that in t
case the useful diameter of the beam delivery componen
optimally used. Focus diameter and position is~0.35, 7.48
in.! at X5Y50, and ~0.33, 7.52 in.! at X51.5 m, Y
53.0 m. A focal shift of 2 mm over the machine travel
thus halved, and the focal spot intensity is more th
doubled.

B. Large-range flying optics machines

Currently, the largest dimension flat bed cutting mach
produced by HACO has table dimensions ofX52.0 m, Y

-

TABLE II. Optical design parameters as used in Secs. III A and B. Refe
Table I.

Quantity Original value

Optimized
value

Sec. III A

Optimized
value

Sec. III B
~initial!

Optimized
value

Sec. III B
~final!

REM 20 — 704.72 30
Lcav 4.29 — — —
ROC

i 20 — 228.77 30
dOC 6E-3 — — —
ROC

e 7.5 13.1 20.42 10.73
Ccav 22E-3 — — —
dOC→TM1

1.225 — — —
RTM1

21.74 21.28 20.933 20.96
dT 0.390 — — —
RTM2

2.44 2.00 1.74 1.74
dOC→BM1

1.812 — — —
dBM1→L00

3.8 — — —
Xmax 1.5 — 2.0 2.0
Ymax 3.0 — 6.0 6.0
dfoc 0.191 — — —
CBM 0.051 — — —
M — 2.056 1.0001 1.850
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56.0 m. The challenge was to adapt the HLT3000 for u
over such large distances with the same cutting performa
all along the external beam path.

In a first attempt,all optical parameters, andM , were set
variable. As a consequence, the algorithm increased the
mirror and output coupler’s radii of curvature up to a po
where the embedded Gaussian filled the resonator c
pletely (1/e2[87%Ccav, or, alternatively,M51). This re-
sult confirms the approach taken since it is physically qu
reasonable. The resulting beam is then so well behaved
the actual spot size never deviates more than 0.1 mm f
CBM /p, at any location between the telescope output mir
and the cutting lens, a total distance of almost 13 m. Table
column 4 lists the obtained design parameters~‘‘initial’’ !. It
should be noted that the values forREM andROC

i should not
be taken literally: the model increases their values until
convergence criterion is reached~fractional change less tha
1024), and so from one calculation to the other the ex
values can be different, but in any case are larger than 10
Decreasing the convergence criterion (1025, 1026, ...) sim-
ply increases the radii of curvature further, so that we c
conclude that the model is actually trying to reach a pla
wave, flat/flat resonator. Of course there remains the prac
impossibility of realizing the radii of curvature obtained f
the end mirror and the inside surface of the output coup
Moreover, the resonator would become very prone to ali
ment deviations. A more practical solution is obtained
limiting both these optics to the largest possible read
available radius, in this case 30 m. The result is listed
Table II, column 5~‘‘final’’ !. Figure 4 compares the spot siz
over the machine travel with and without optimization of t
combination of the HLT3000 and the external beam path

Starting from the optimized solution, the location of th
focal point relative to the cutting lens is calculated. Figure
shows the results, together with a quadratic fit to the d
The location of the focus is expressed as a deviation rela
to the focal position for the shortest beam. The deviation
the focal position for the shortest beam from the value ‘‘
the box’’ is compensated for by the operator of the mach

FIG. 3. Optimized solution for a 1.533.0 m flatbed LCC.
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prior to cutting when adjusting the lens position for be
cutting results. Starting from this point, theA axis then uses
the quadratic fit to continuously adapt the lens position to
actual beam length, to ensure that the cutting parameter
main unchanged when the beam length changes. The
for a quadratic fit only arises when suboptimal solutions
the LCC design are used, and the strong variation of fo
position near the resonator is more pronounced. As an
ample we have included the result for the beam of the or
nal configuration of the LCC, Table II, column 2. Note th
the total compensation in this case amounts to 2 mm, wh
would render high-quality cutting over the entire workin

FIG. 4. Spot size variation external to the laser for a 632 m flatbed cutting
machine. The thick solid line is the optimized solution, the thin solid li
shows the propagation behavior of the original configuration. The embed
Gaussians of the two beams are not visible on this zoomed out plot.

FIG. 5. Parameters for the automatic adjustment of lens position as a f
tion of cutting head position~632 m LCC!. ~o! original configuration,~1!
optimized solution.
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range of the machine impossible without this automatic
justment system.

C. The influence of the output coupler

The output coupler is the most vulnerable componen
the laser since the beam actually passes through it. Bulk
coating absorption puts in heat, and cooling is hampered
the low thermal conductivity of ZnSe, and the practical lim
tation of edge cooling.

Two effects need to be taken into account. On the o
hand, the window will expand due to heating, which w
change the radii of curvature of the optic. On the other ha
the temperature distribution directly translates into an ind
of-refraction distribution, adding extra focusing power to t
lens @dn/dT uZnSe56431026(°C)21#.5 The first effect is
modeled through a full finite-element analysis of the def
mation of the output coupler due to heating, and is descri
in Sec. III C 1. The latter is incorporated into the model
adding a thin lens directly after the output window, who
power is derived from the formula given by Miyamoto
described in Sec. III C 2. The combined result is given
Sec. III C 3, together with a comparison with experiment.

1. FEA of the output coupler

The temperature distribution and deformation of t
ZnSe output coupler in operating conditions is calcula
with the ANSYS® Finite Element Analysis~FEA! software.6

The calculated deformation is used to determine the cha
in radii of curvature of both sides of the ZnSe output coup
These curvature changes influence the beam propagatio
havior.

In actual operation, the output coupler deforms for tw
reasons. On the one hand, both sides are coated with a
film coating consisting of layers of ThF4 and ZnSe to reach
the required reflectivity at the laser wavelength~that is, a
certain reflectivity, typically 60%, on the resonator side a
an antireflective coating on the outside!. These coatings ab
sorb typically 0.125% of the laser power~manufacturer’s
specification!. In the FEA calculations the heat generation
the coatings is applied as an inward heat flux on the surfa
of the ZnSe output coupler. In steady state, this leads
certain temperature distribution. On the other hand, there
pressure difference between the output side of the wind
which is at atmospheric pressure, and the resonator s
which is typically at 130 mbar absolute pressure. InANSYS®

first the temperature distribution is determined and then
applied, together with the pressure difference, as a struc
load to determine the ultimate deformation of the ZnSe o
put coupler.

In the first step, a geometrical model is defined. Beca
of axisymmetry, the ZnSe output window is modeled a
two-dimensional rectangle 6 mm wide~window thickness!
and 14 mm high~window radius!. The outer edge of the
window rests on a cooling ring with an inner diameter
24.5 mm, outer diameter of 28 mm, and a diamond turn
surface with a radius ofROC

i , which is maintained at 20 °C
The longer sides of the rectangle are actually curved, wi
different curvature on both sides (ROC

i on the resonator side
andROC

e on the outside!. For the FEA calculations, this ge
-

f
nd
y

e

d,
-

-
d

d

ge
r.
be-

hin

d

es
a
a

w,
e,

is
ral
t-

e
a

f
d

a

ometry is meshed with a grid of higher-order tw
dimensional axisymmetric elements. Thermal contact e
ments are used to model the heat transfer between the o
coupler and the cooling ring. The material properties
listed in Table III. The material properties for ZnSe we
taken from the web site of the Institute of Solid State Phys
of the Russian Academy of Sciences7 since these represen
the most recent values we could find~older references tend to
differ slightly due to continued improvements in the chem
cal vapor deposition manufacturing process!.

The crucial point in the calculation of the temperatu
distribution is the correct modeling of the thermal conta
conductance at the contact of the ZnSe output coupler
the aluminum cooling ring. This value determines the stea
state temperature rise of the ZnSe optic and hence
amount of deformation. A suitable thermal contact cond
tance is found by comparing the calculated results with
experimentally measured temperature at the 6 mm side o
ZnSe output coupler.

Figure 6 shows a typical temperature distribution for
laser output power of 3 kW, in a first approximation model

TABLE III. Material properties as used in the FEA calculations.

ZnSe Al

Modulus of elasticity (N/mm2) 70.3e3 62.053e3
Poisson’s ratio 0.28 0.35
Coefficient of thermal expansion (1/°C) 7.57e-6 2.31e-5
Thermal conductivity (W/mm°C) 0.016 0.237

FIG. 6. Typical temperature distribution of the output coupler. Note
higher heating on the resonator side due to the higher power of the in
cavity beam compared to the exiting beam.
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as a Gaussian beam. Figures 7 and 8 show the ‘‘bulging
the optic, from which the resulting radially variable curv
ture k(x) can be deduced as

k5
1

r
5

]2n~x!/]x2

@11~]n/]x!2#3/2, ~14!

wherer is the local radius of curvature andn is the deformed
position of the output coupler as a function of the rad
coordinatex. For the beam propagation model, this radia
variable contribution to the total curvature of the optic
modeled as a spherical deformation by using a best-fit ci
through the deformed shape in order to be able to model
effect as a simple change of power of the output coup
‘‘lens,’’ e.g., in a typical calculation, the output couple
would change from the design values of 20 mcc on the
side, 7.5 mcx on the outside, to 26.5 mcc, 7.2 mcx resp
tively. These changes are indeed too large to be igno
when designing the optical path of the beam, be it intra-

FIG. 7. Expansion of the resonator side of the output coupler due to
combined effect of pressure and heating.

FIG. 8. Expansion of the external~atmospheric! side of the output coupler
f

l

le
e
r

-
c-
d
r

extracavity. The authors are unaware ofABCDmatrix formu-
lations of optical elements with radially variable curvatur
but this would certainly be an improvement to the curre
model.

2. The effect of thermal lensing

In Ref. 2, it is shown that the power of a ZnSe focusi
lens is changed due to heating by an amountD f given by

D f 5
AW f2

2pKR2

]n

]T
, ~15!

whereA is the optic’s absorption coefficient,W is the inci-
dent power,f is the original focal length,K is the thermal
conductivity of ZnSe,R is the radius of the assumed incide
top-hat power distribution, and the last factor is the coe
cient of change of index of refraction with temperature.
achieve this closed formula, a simplified model was us
assuming uniform distribution of the heat source in the v
ume of the optic and no heat losses from the lens surfac

In the present case, a real beam ofM2.1 is incident on
a laser output window~basically a very long focus lens!
which is actively cooled, and heated by absorption on
surface coatings. Nevertheless, the basic factors of influe
on the focal shift should remain the same, so, to a first or
approximation, we can write in our notations

D f }
aOCPout

W~0!2 F 1

n21

ROC
i ROC

e

ROC
i 1ROC

e G2

, ~16!

where the proportionality factor is fitted for one particula
experimentally verified situation and found to be 1
31026. aOCPout represents the total absorbed power a
W(0) is the real beam spot size at the output coupler. In
formula,ROC

i should be reckoned negative andROC
e positive.

The model places a thin lens of power21/D f directly after
the output coupler to account for thermal lensing.

The benefit of the current approach is that the fitted p
portionality factor consists of material properties only, so t
model can be used to study the influence of increasing
sorption, increasing power and/or variation of beam spot s
at the output coupler on the beam propagation behavior
fact, for times larger than the thermal equilibration time
the output coupler~experimentally and theoretically found t
be about 1 min!, the model can calculate the focal shift as
function of incident power and this characteristic can
added to the ‘‘geometrical’’ focus shift of Fig. 5 and com
pensated for by theA axis.

3. Results

Figure 9 shows the calculated results for an out
power of 3 kW, leading to calculated radii of curvatu
ROC

i 526.5 ~compared to 20 mcc not deformed!, ROC
e 57.2

~7.5 mcx not deformed!, and a thermal lensD f 535 m. The
general behavior of the beam is very well predicted: close
the resonator the beam focuses more strongly than in ‘‘co
conditions, and at large distances it spreads faster. Excep

e
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the proportionality factor in Eq.~16!, there are no fit param
eters at all in the theoretical model, which validates the
proach taken.

At first hand, the influence of the thermal lens seems
be negligible compared to the contribution of the mechan
deformation. However, it is impossible to reproduce the
perimental beam propagation behavior without model
both effects. The mechanical deformation primarily det
mines the stronger focusing near the resonator, while
thermal lens accounts for the faster spreading of the bea
large distances. The model is only capable of reproducing
complete propagation behavior of the beam if both effe
are taken into account.

D. The STC

As mentioned earlier, the HLT3000 is completely mod
lar in mechanical design and ‘‘stacking’’ of resonator laye
is quite easy. The challenge is to also make theoptical layout
of the resonator ‘‘modular,’’ that’s to say, we want a consta
beam quality independent of resonator length. After so
trials with the software, it became apparent that the sys
lacked a degree of freedom to achieve this goal. For
reason, and guided by the excellent results both theoretic
and experimentally with the external telescope, we deci
to replace the resonator’s end mirror by an intracavity refl
tive telescope. The idea is to maintain the advantages
stable resonator~small diffraction effects! and combine them
with the advantages of an unstable resonator~large mode
volume!.

Table IV shows the new list of design variables, no
augmented with the internal telescope~first three lines: ra-
dius of curvature of convex internal telescope mirrorRTM1

i ,

mirror separationdT
i , and radius of curvature of concav

internal telescope mirrorRTM2

i ). For compatibility with the

standard stable resonator, the cavity length is still recko
from where normally the end mirror would be, and the int

FIG. 9. Modification of the beam propagation by the combined effect
expansion and thermal lensing of the output coupler. The line labeled ‘‘co
is the same as in Fig. 3 and is added for reference, the thick solid line is
calculated result for the loaded resonator together with experimental re
for 3 kW laser output~with 5% error bars!.
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nal telescope is an extension in the negative direction. T
way, standard resonators can be studied using the same
gram by puttingRTM1

i 5REM , dT
i 50, andRTM2

i 5`. The in-

ternal telescope’s dimension was chosen from mechan
restrictions~needed to be interchangeable with the end m
ror holder!, but care was taken to keep the angle of inciden
on the mirrors below 5° to ensure negligible astigmatic
fects.

In a first step, all former parameters were fixed at th
values attained in Sec. III B for an optimized 632 m range
LCC, and only the internal telescope mirrors were optimiz
This way we could ascertain that it was, in principle, po
sible to achieve a stable resonator mode with the same b
characteristics as before, but with the end mirror replaced
the internal beam expander. The results are listed in Ta
IV, second column~initial!. The beam produced by this reso
nator is identical to the one generated by the stable reson
before.

Next, we attempted to achieve unit beam quality by
quiring M51 and adaptingRTM1

i , RTM2

i , and ROC
i . Table

IV, column 3 ~single layer! shows the resulting optical con
figuration of the resonator, together with the adapted exte
optical path, since the beam now has a modified propaga
behavior. Figure 10 shows the beam spot size variat
which is perfectly matched to the sollwert throughout t
optimization region. It should be noted thatall optics, inter-
nal and external to the resonator, were optimized simu
neously, taking about 5 min on a desktop PC with a 7
MHz processor.

Finally, in view of the remarks made earlier, the sam
performance should be attainable with a longer reson
~read: higher-power laser!. To test this, we doubled the reso
nator length and reran the simulation. Table IV, column
~‘‘double layer’’! lists the results, graphed in Fig. 11. Achie
ing such a result by starting off with an estimated configu

f
’’
he
lts

TABLE IV. Optical design parameters for the LCC equipped with a sta
telescopic cavity.

Quantity
Optimized value

~initial!
Optimized value

~single layer!
Optimized value
~double layer!

RTM1

i 20.619 20.660 20.607
dT

i 0.263 — —
RTM2

i 1.700 1.834 1.723
Lcav 4.29 — 8.58
ROC

i 30 ` `

dOC 6E-3 — —
ROC

e 10.73 39.83 11.45
Ccav 22E-3 — —
dOC→TM1

1.225 — —
RTM1

20.96 20.98 20.72
dT 0.390 — —
RTM2

1.74 1.78 1.54
dOC→BM1

1.812 — —
dBM1→L00

3.8 — —
Xmax 1.5 — —
Ymax 3.0 — —
dfoc 0.191 — —
CBM 0.051 — —
M 1.850 1 1
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tion and experimentally optimizing would be almost impo
sible in view of the delicate interrelation of all paramete
Figure 12 shows a schematic layout of the cavity of t
laser, the HLT6000, which is currently under constructi
and has a projected output power of 7 kW. At this pow
level the optimization of the beam characteristics over a 632
m bed will be greatly facilitated by the findings of this a
ticle.

Experimental verification of the feasibility of using th
STC for mode improvement and/or mode conservat
when increasing resonator length and hence output pow
yet to be performed. A prototype has already been tes
on a single-layer resonator with positive results. In co
trast to what we expected, adjustment sensitivity was o

FIG. 10. Unit beam quality STC mode with external optics optimized fo
632 m flatbed LCC. The first three vertical lines denote the position of fi
and second internal expander mirrors, and the position where normally
end mirror would be. The beam radius is indistinguishable from its sollw
throughout the optimization region. Mind the expanded view of the vert
axis.

FIG. 11. Unit beam quality STC mode in a double-layer resonator c
structed by stacking two layers of the HLT3000.
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slightly higher than for a single end mirror, and mode sha
stability was unaltered. We did notice a reduction in mo
order which couldn’t be accounted for. We attribute this
the fact that we didn’t use the exact values of telescope m
ror radii of curvature calculated, but rather the most nea
ones available ‘‘off the shelf.’’ Full experimental verificatio
will take place after completion of construction of th
HLT6000.

IV. CONCLUSIONS

In this article we present an elegant, easy-to-use, ve
tile model that is capable of predicting laser beam propa
tion over the complete optical path of a laser cutting m
chine, including the resonator itself.

Several features typical of high-power laser cutting ce
ters of the flying-optics type are studied using this approa
The focal shift due to the varying wave front curvature ov
the cutting table range is determined and compensated fo
using an extra CNC axis to adjust cutting lens height to
position on the cutting table. This way, constant cutting qu
ity is achieved over a range of 432 m without manual inter-
vention, and without using operator-dependent judgemen
cutting quality. Next, the problem of spot size variation d
to output coupler heating is modeled. It is found that it
essential to model both the mechanical deformation of
optic ~bulging! as well as the thermal lens effect~tempera-
ture dependent index of refraction! to be able to reproduce
the beam propagation behavior both at short and long
tances from the output coupler. Finally, the possibilities
using an intracavity beam expander to either increase b
quality or preserve it when stacking resonator layers to
crease power are discussed theoretically.

The model presented can be used to determine b
quality factors for given resonators, design new resonat
fit telescopes to existing lasers, calculate the necessary f
shift compensation curves for flying optics machines, co
pensate for thermally induced focal shift, ... and finally ev
to design complete laser cutting centers from scratch, inc
ing the resonator.

t
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FIG. 12. Schematic layout of the STC~not to scale!. Referring to Table IV,
the numbers indicated on the figure denote:~1! RTM1

i ; ~2! dT
i ; ~3! RTM2

i ; ~4!

Lcav; ~5! ROC
i ; ~6! dOC; ~7! ROC

e ; ~8! Ccav. Note that for intracavity use, the
convex mirror has to be inclined at double the angle of the concave on
have zero angle of incidence and project the beam back onto the ou
coupler.
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