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An algorithm is derived that allows calculating all optical parameters relevant to the design of a
high-power CQ 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 Miyamedoal. [Proc. SPIEL276 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 resonéod 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 Siegmahasers(University Science Books, CA, 1986
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I. INTRODUCTION ment, from a research point of view, was an excellent oppor-
tunity to reconsider the design process of such a device.

. During the last few years the interest of the manL.“c"let.ur'When one considers the laser as an integral part of the com-
ing community to exploit the advantages of the laser in thick

; : L : plete optical train “from resonator end mirror to cutting
section cutting(minimal heat affected zone, straightness of ” . .
o . lens,” one soon realizes that this greatly enhances the flex-
kerf, flexibility of contouring has surged.Laser manufac-

turers have upgraded their existing line of high-power,CO ibility of design. Resonator mirror radii of curvature, outside
- 2 : .
lasers(e.g., Trumpf, PRE or developed entirely new ones radius of curvature of the output coupler, position, and cur-

(most notably Rofin's high-power slab laséo meet the ur- vature of the telescope mirrors can all be optimized relative

gent market demand of high power combined with highto the one thing that ultimately counts: beam size and diver-
beam quality. gence at the cutting lens, and their variation over the cutting

Nevertheless, market penetration of powers above 4 kyiable. The remaining focal shift can be compensated for by
for cutting applications has been slow and hampered witigither having a variable-radius telescope mirror, or a move-
problems, all arising from the difficulty of handling such able cutting lens. Opting for the moveable cutting lens ap-
power in an extended optical train. It is the authors’ beliefProach, an extra CNC axis was added to the machine, con-
that this is primarily caused by a lack of integration of thetinuously adjusting the exact lens position to the actual beam
laser and the external optical components, leading to subofength value. That way we were able to maintain cutting
timal solutions for the beam delivery, especially when prac-quality over the entire travel range of ax2 m flat bed
tical limitations such as aperture size of beam benders ancutting machine, especially near the resonator, without any
position and size of telescopes are taken into account. manual intervention, and without relying on operator depen-

Recently, HACO introduced its newly developed dent judgement of cutting quality.

HLT3000 4 kW laser for cutting applications. This develop- The concept of the “embedded Gaussian” of a higher-
order transverse mode laser beam, combined with the el-

dAuthor to whom correspondence should be addressed; electronic maifdgance of the f‘complex .rad”Js_Of Curva.ture" approach to
david.toebaert@skynet.be beam propagatioh,make it possible to tailor a laser to its
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application with unprecedented ease. As an example of the WWS
method, in Sec. Ill the complete optical path of the HLT3000  T(Zo)=To=] —— =iz, 3
is determined from the simple requirement of collimating the
beam over the work plane of the laser-cutting cefit€tC), since at the waistR(zg) =Rg=%. The quantityzy is the
taking into account aperture size of the beam delivery comRayleigh range of the beam, i.e., at the poirfs-zg the
ponents used. beam spot size will b&2wy.

It is a well-known fact that beam propagation is influ- Propagation through any paraxiaBCD system can be
enced by the fraction of power absorbed by the optics, heatreated as
ing them, and changing their “design” properties, in particu-

lar radii of curvature. In particular the output coupler, dueto A R +B
its low thermal conductivity, is prone to suffer from this 9 _ 1 @
problem. To investigate this, a finite-element analysis was n, ] '
carried out at the deformation of the output coupler of the C n_l +D

laser by the fractional absorption of the beam passing o )
through it. Also, thermal lensing due to the temperature deWhere the indices 1 and 2 refer to the input and output plane
pendent index of refraction of ZnSe was taken into accounPf the ABCDsystem, anah is the index of refraction at these
by adding an extra lens to the model, whose power can pelanes. A full derlvatlgn of these formulas, and'the theoreti-
derived from the analysis by MiyamotoThe model was cal bagkground startlng from Maxwell’s equations, can be
used to compare the results of the “hot” and the “cold” found in the book by SiegmahFor our purposes we need
resonator with experimental data for the HLT3000. It wasOnly remember that at any plane along the beam axis, we can
found essential to account for both effects to be able to re@lways reconstruct the beam's radius of curvature and spot
produce the experimental beam spot size variation both closdZe from
by and far frc_)m the r_esonatpr. R(z)=1/R(1f5(2)) (5)

One particularly interesting feature of the HLT3000, es-
pecially in view of the remarks made earlier about the de-and
mand for thick-section laser cutting, is its modular design — NAIT(RD)
concept. The resonator has been engineered in such a way w(z)= N Z(1/G(2)), ®)
that it can easily be stacked and optically connected. In ordewhere R andZ denote the real and imaginary part.
to maintain simultaneously beam quality and power extrac-  Finally, for a multimode spherical Gaussian beam, i.e., a
tion efficiency when adding extra layers to the resonator, ibeam where the transverse field distribution can no longer be
soon followed from the model developed in Sec. Il that andescribed by a Gaussian function, but is modulated by
extra degree of freedom was necessary in the resonator deigher-order Hermite(rectangular symmetyyor Laguerre
sign. Therefore we investigate the possibility of using a(cylindrical symmetry polynomials, all the above relation-
“stable telescopic cavity(STC) to reach two separate goals: ships remain valid provided we multiply the beam spot size
first, for the existing resonator, to increase the fundamentdaby a constant factoi
mode spot size and hence to increase the beam quality with-

out sacrificing power, and second, to maintain beam quality W(2)=Mw(2), @)

regardless of resonator lengind hence beam power where we have adopted the convention of using upper-case
letters for the spot size of the multimode beam, and lower-

Il. THE MODEL case letters for the spot size of the underlying “embedded

Gaussian.* This numerical factor is better known as the
‘beam qualityk’ or M-squared factor:
A lowest-order spherical Gaussian solution to the free- 2
_ , M2=1/k=1. 8
space paraxial wave equation can be completely character-
ized by its complex radius of curvatutgz), expressed in For a theoretically sound value M2 it is necessary to use
terms of the physical parameters spot sige) and radius of the second-order moment of the transverse intensity distribu-
curvatureR(z) as tion of the multimode beam. However, any consistent way of
1 1 N measuring spot size can be used to derive “a” valuevigf
—= —j— (1) one needs only keep in mind that the spot sizes produced by
q(z) Rz ~mwi(2) using Eqgs(6) and (7) will then always reflect the imperfec-
and the free-space propagation law Tfz) tion of the measuring method.
~ ~ One particular pitfall in this description of multimode
4(z2)=0(z) + (22~ 20). 2 beams relates to the size of the beam in the focal plane of a
In these expressions is always the wavelength in the me- lens. It is often stated that the effect of a beam quality factor
dium in which the beam is propagating, in accordance wittM?>1 will be to produce a focal spd#l? times larger than
the convention established by Siegnfan. obtainable with a lowest order Gaussian beam. However, at
Given the complex radius of curvature at a single pointthe lens input, thembedded Gaussiapot size will also be
along the beam propagation axisthus completely deter- M times smallefEq. (7)], canceling one factor df1. So, at
mines the beam. In particular, at the beam wajst the focal plane of a lens

A. Description of the beam
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() the multimode beam size M times larger than the eral bending mirrors to take the beam to the cutting head,
embedded Gaussigkq. (7)], as it is everywhere; and and finally the cutting lens. Positioning of the cutting lens
(i)  ahypotheticalGaussian beawith the same spot size inside the cutting head is motorized, and is added to the
and divergenceas the multimode beamat the lens normalX, Y, andZ axes as an extra,A” axis. This feature
input will focus to a spotM? times smaller. Do re- will be used in Sec. Il B when automatically compensating
mark that this hypothetical beam cannot be producedor focal shift due to beam length variation. TAeaxis func-
by the same resonator that outputs the multimoddion should not be confused with the mechanical or capaci-
beam. tive devices used to keep the nozzle tip at a fixed distance
from the processed sheet, since the latter influence<the
So, it is very important to distinguish between hypotheticalaxis 0n|y(m0vement of the Cutting head as a WhoWhat is
Gaussian beams used for reference and the unique embeddgsherally called “autofocus” function, that is, automatically
Gaussian of a multimode beam produced by a particulagetting focus height for different material types or thick-

resonator. nesses, is also performed by tAeaxis, but for the purposes
of the present article it is essential that the lens position can
B. Description of the resonator be adjusted continuously while cutting.

The bending mirrors are flat and as such are not essential

The resonator is formed by a totally reflecting end mirrory the mathematical description of the beam propagation.
atz=— L, having a radius of curvatutigy, and the inner  they do have special coatings to circularly polarize the beam
reflecting surface of the output coupler 260 having a  ang protect the laser from back reflections from the pro-
radius of curvatur®qc, WhereL q, is the physical length of  cessed sheet, but this is irrelevant to the present article’s

the cavity. The clear aperture of the resonatshich will  gypject. In the wavelength region of interest the flatness of
normally be defined by the diameter of a suitable diaphagMine mirrors is at leask/20, and interferometric tests reveal
is denoted byCo,y.- that this doesn’t change when mounted and/or when cooling

Taking the reference plane for the self-consistent calcuggter pressure is applied, due to the design of the mirror
lation of the lowest order mode of this resonator to be jusho|der avoiding localized point forces by tightening screws.
after the end mirror, the round trigBCD matrix becomes  Einjte element analysis of the mirrors under laser radiation

(A B) ( 1 O) ( 1 Lcav/ncav) also revealed negligible deformation due to heating because

= of the very low absorption of these coated mirr¢+0.5%,
C Dl \72Rem 1/10 1 typically 0.3% measuredand the high thermal conductivity
1 0\/1 Low/Neay of the copper substrate. So, we can safely assume that these
X )( ) 9) mirrors maintain their manufacturer specifications during

—2Roc 1/10 1 field use. Moreover, the optical path in the machine is

where we have included the possibility of,,>1. In the flushed with dried and filtered air, and all traces of organic
remainder of the text, since we will be dealing with gasvapors(mainly oil) are removed by active-carbon filtering,
lasers, and atmospheric propagation outside of the cavity, w@veiding thermal blooming effects. It would be possible to
will assume all refractive indices to be unity, except for Study the latter using thABCD matrix for a “duct” with
propagation through the output coupler,{s—2.40 at 10.6 radially varying index, but this is beyond the scope of the
4m). current article.

A self-reproducing radiation field will then have to sat- ~ The completeABCD matrix for propagation fromz
isfy G§= (AG+B)/(CH+D), which leads to a quadratic =0 to the focal plane of the cutting lens can be written as
equation in 1§ and hence two possible solutions, of which,
for a geometrically stable resonator, only the one with a

negative imaginary part will have finite transverse extent A B) —P, T .P. T-P T (11)
and represent the self-consistent complex radius of curvature |C D/ . 20t b TroeTIOe:
of the lowest order Gaussian mode at the end mirror
G(—Lca) =Tem
1 D-A_1 A+D)2 . o where

Gw 28 BV T2 7h 10
OnceTgy is known, the spot size and radius of curvature of _ 1 0\ (1 doc/Nznse
the wave front at any location between the end mirror and oc (1-nzsd/R3c 1/1\0 1

the inside surface of the output coupler can be calculated
from Egs.(2), (5) and (6). X( 1 0)

(nZnSe_ 1)/RiOC 1 (12)

C. Description of the external optical train

The optical path external to the resonator includes propapropagates the beam through the output coupler.
gation through the output coupler, refraction at the ZnSe/ air  Pgc_.7 is free-space propagation to the inlet port of the
interface, a telescope to expand and collimate the beam, setelescope,
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TABLE |. Optical design parameters of a laser sourcatting table com- M2 will be fixed, etc). The optimization routine starts from a
bination. All quantities expressed in meters, except for the dimensionlesaiven set of values for all quantities in Table |
beam quality factor. . . ) .

In the first step, the spot size in the resonator is calcu-
Quantity Description lated using the formulas of Secs. Il A and II B, taking into
account the current value @fl. This beam is then propa-
gated through the output coupler, the telescope, and finally

Rem Radius of curvature of resonator end mir(positive: concave,
negative: convex

L cav Cavity length: distance from end mirror to inside surface of through the focusing lens, over the entire range of travel of
_ output coupler the cutting table. Depending on the size of the laser and the

Roc Inside radius of curvature of output coupler LCC studied, and the radii of curvature used, the number of

doc Thickness of output coupler calculated spot sizes over the entire length of the beam may

Roc Outside radius of curvature of output coupler . . .

Con Clear aperture of resonator vary. In practice, for_ sizes and radii of curvature on the order

doc.mm,  Distance from output coupldutsids to first telescope mirror of meters, a step size of mm has been found more than ad-

Rrw, Radius of curvature of firsiconvey telescope mirror equate. In the region of the focal point, however, in order not

dr Distance between telescope mirrors _ to lose any detail, a step size of ln was necessary.

RTM2 Radius of curvature of secoridoncave telescope mirror Second, the rms deviation of the spot size from the

doc_am Distance from the output coupléoutside to the first bending " . 0
' mirror on the machine frame without the telescope inserted sollwert,” defined as 87/‘><C08V/2 for the resonato(see

dgv, .1, Distance from the first bending mirror on the machine frame to Sec. IA) and Cgy /m for the external optical patfinot

the focusing lens in its most nearby position including the distance beyond the focusing leris calcu-
Xinax Maximum travel of machin& axis lated at each point of propagation, and this single number is
Y max Maximum travel of machin& axis

_ _ then transmitted to an optimization routine, which in prin-
doc Theoretical focal length of cutting lens inl h ter f Table | |
Cem Clear aperture of the bending mirrors used Ciple Can _C ang@n_y parameter from lable |, F‘” €ss some
M M2 is the beam quality factor are artificially restricted, e.g., the beam quality factor can
either be fixed, to see what radii of curvature of resonator
mirrors is necessary to achieve this particl\&f, or it can
be variable, to investigate what beam quality will be
1 dT)( 1 0)(1 dT) achieved with resonator mirrors that are optimized to achieve

Tr= 0 1)\-2Rec 1/l0 1 a beam spot size as uniform and equal to the intracavity

sollwert as possible.

1 0|1 dy It is very important to note that the resonator and exter-
—2Rex 1/10 1 13 nal optical path are optimized simultaneously, and that the
. . , . criterion for the external optical train ensures less than 1%
'S theABCD_ matrix for the externa!, off-axis reflective tele- diffraction ripple in the far field due to cutoff by the external
scopePr_,, is free-space propagation from the outlet port 0foptical components. Also, the optimization routine is inter-

the telescope to the focusing len, and_finally the beam is_ ctive in the sense that parameters can be fixed or released at
propagated one focal length on both sides of the theoretlcq?[/i”, in order to study their influence on the beam spot size

f_ocal point bsz_f. The real position of _the focal point rela- and propagation behavior.
tive to the focusing lens, and the Rayleigh range, can then be
determined numerically.

In the remainder of the text we will use the word “tele-
scope” which is somewhat misleading, since the actual contl. MODEL CALCULATIONS
figuration of the “optical device” consisting of two curved A sample calculation
mirrors placed slightly off axis in a zig-zag configuration,
after optimization, will not necessarily transform a colli- [0 order to get a feel for the performance of the algo-
mated input beam into an expanded, collimated output beafithm developed and the ways in which it can be used, Figs.
any more. The radii of curvature calculated will take into 1 @nd 2 show the results of two model calculations. First,

account the properties of the real beam exiting the laser angid- 1 shows the spot size calculated for a set of values of

X

so will possibly no longer satisfy design parameters as listed in Table I, where the second
column(Original valug is taken “from experience.” All pa-

Mﬂj :R_cc rameters were fixed, so the spot size displayed is simply the

2 T2 result of the chosen design parameters, without optimization.

The vertical gray lines denote, from left to right: the position
of the end mirror, output coupler, first telescope mirror, sec-
Table | lists all parameters relevant to defining the LCC,ond telescope mirror, start of travel of the cutting table, and
starting from the resonator end mirror up to the focus of theend of travel of the cutting table. The line denoting the out-
cutting lens. All of these parameters are, in principle, vari-put coupler position actually consists of two lines, one for
able, but some of them may be restricted to a fixed value, othe inside surface and one for the outside, but these are in-
to some fixed range of possible values, depending on physdistinguishable on this scalghickness of output coupler: 6
cal, mechanical, or other restrair(es.g., when retrofitting a mm). The horizontal solid black lines mark the clear aperture
telescope to an existing laser/cutting table combination, sizef the optical path, which changes when exiting the laser.
and/or position of the telescope may be restricted, in generdlhe horizontal dashed lines denote the value of the beam

D. The optimization algorithm
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embedded gaussian and real resonator mode TABLE Il. Optical design parameters as used in Secs. lll A and B. Refer to
T T v T Y T v v Table I.
i i
Optimized  Optimized
Optimized value value
»| g £ b value Sec. lIB Sec. llIB
_ E é % ;‘_. Quantity Original value ~ Sec. Il A (initial) (final)
_E,‘s ST * | Rem 20 — 704.72 30
LB H Leav 4.29 — — —
® | 3 /\______/ Roc 20 — 228.77 30
£ doc 6E-3 — — —
8T p— e T RSc 75 13.1 20.42 10.73
Ceay 22E-3 — — —
\_‘___-’_____#____—d dOCﬂTMl 1225 -_— -_— -_—
Sk 5___.—-——\/ ] RTMl —-1.74 —-1.28 —0.933 —0.96
dr 0.390 — — —
RTM2 2.44 2.00 1.74 1.74
e doeen, 1812 - - -
distance from OC [m] e, - Log 38 - - -
X 15 — 2.0 2.0
FIG. 1. Original situation of laser/LCC combination. The inside of the out- Ymax 3.0 — 6.0 6.0
put coupler is az=0. droc 0.191 — —
Cau 0.051 — — —
M — 2.056 1.0001 1.850

diameter to which the algorithm tries to fit the bedthe
sollwer?). In this case, since all parameters were fixed except
for M, this means that the program calculates the underlying
Gaussian for the resonatoM(= 1, curved thin solid line in

X = , X by using the shutter on a cw operating laser, to avoid thermal
the figure$, which is unique, and then increasis beyond

. ; ! : : _ deformation of the optics, since the program uses the optical
unity until the real beam’s & spot size(curved thick solid parameters “on the box” and as such cannot take into ac-

line in the figuregfills 87% of the clear aperture of the laser. ., nt changing radii of curvature due to thermal expansion
For a lowest order Gaussian beam, this would mean that iténd/or thermal lensing.

1/e? points would fit 87% of the clear aperture, which makes The sample calculatiofFig. 1) shows that the cutting

good physical sense. We have adopted the same reasonifgs is underused in that the beam size could be considerably
for higher ;)rder modes to determinid. In this particular  jncreasedup to the dashed lines far>0) without fear of
case, anM”=4.22 is obtained. To test the validity of this giffraction effects, leading to a smaller focal spot, and that
approach, Fig. 2 shows the “raw” output from the laser com-yhe peam strikes the cutting lens with a variable divergence
pared to_m_oc_iel calt_:ulanons where all external optics are S&t,m one end of the cutting table to the other, causing a shift
to have infinite radius of curvature. It can be seen that the, ¢;-.s position. For this particular case, a change in focus

beam diameter variatiooutsideof the laser is well fitted by  4i3meter from 0.46 mm at the beginning of the cutting table
applying the “87% rule”inside of the resonator. The shots 1 g 43 mm at the table extremitjn this particular case 1.5

from the laser were taken by pulsing the power supply, Nof, x travel, 3.0 my trave) resulted, at 7.48 in., respectively,

7.56 in. from the input side of the 7.5 in. cutting lens. To

embedded gaussian and real resonator mode improve this situation, the value found ftM is fixed, and

T T T T v T T the values oR3, Rrm, and Ry, are freed for optimization
of the beam delivery. This way, we leave the resonator un-
changed(since we are “retrofitting” an existing situation
1] . but try to adapt the external optics. Figure 3 shows the re-
sulting beam diameter variation, and the optimized values
are listed in Table Il, third column. It can be seen that in this
case the useful diameter of the beam delivery components is
optimally used. Focus diameter and position(0s35, 7.48
in.) at X=Y=0, and (0.33, 752 in. at X=15m, Y
=3.0 m. A focal shift of 2 mm over the machine travel is
thus halved, and the focal spot intensity is more than
G ] doubled.

beam radius [mm]
3%

@
T
i

I 1 I 1 1 1 I

° 2 4 s 8 10 12 “ . X .
distance from OC [m} B. Large-range flying optics machines

9y
[

FIG. 2. Comparison of calculatethick solid line and measure¢o) spot Currently, the largest dimenSi_on ﬂat_ bed cutting machine
sizes. Error bars are:5% of the measured value. produced by HACO has table dimensionsX£2.0 m, Y
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embedded gaussian and real resonator mode c_gtmarisondawmbntoouhisedsoiﬁonforaMmLOC

251 p
17k e
16 \ /
m_ !
— — 15}k
P 3
& €. ]
g | §
[
Bm- h— S, |
/ 1" b o1
[ S N 4 o
S &
w0} S
s ; ;
obLs ; \ . ) \ : sl L -+ -
-4 -2 ] 2 4 8 8 10 12
distance from OC [m] distance from OC [m}

FIG. 3. Optimized solution for a 163.0 m flatbed LCC. FIG. 4 Spot size; variat_ion_ ext_ernal to the !aser for>g26m flatbe(_j cutt?ng_
machine. The thick solid line is the optimized solution, the thin solid line
shows the propagation behavior of the original configuration. The embedded
Gaussians of the two beams are not visible on this zoomed out plot.

=6.0 m. The challenge was to adapt the HLT3000 for use
over such large distances with the same cutting performance

all along the external beam path. prior to cutting when adjusting the lens position for best
In afirst attemptall optical parameters, ad, were set ¢ ting results. Starting from this point, tieaxis then uses

variable. As a consequence, the algorithm increased the enfe quadratic fit to continuously adapt the lens position to the
mirror and output coupler’s radii of curvature up to a point 4¢3 beam length, to ensure that the cutting parameters re-
where the embedded Gaussian filled the resonator comygain unchanged when the beam length changes. The need
pletely (_192587%Ccav’ or, alternativelyM=1). This re-  for 5 quadratic fit only arises when suboptimal solutions for
sult confirms the approach taken since it is physically quitghe | cc design are used, and the strong variation of focal
reasonable. The resulting beam is then so well behaved thBBsition near the resonator is more pronounced. As an ex-
the actual spot size never deviates more than 0.1 mm frorgy 56 we have included the result for the beam of the origi-
Cgw/m, at any location between the telescope output mirror, 5| configuration of the LCC, Table II, column 2. Note that
and the cutting lens, a total distance of almost 13 m. Table llj,¢ total compensation in this case amounts to 2 mm, which

column 4 lists the obtained design parametéisitial” ). It \yqy1d render high-quality cutting over the entire working
should be noted that the values gy, and Ry should not

be taken literally: the model increases their values until the
convergence criterion is reachédactional change less than

104, and so from one calculation to the other the exact 2 5/?"
values can be different, but in any case are larger than 100 m. 44 /
Decreasing the convergence criterion (80106, ...) sim-
ply increases the radii of curvature further, so that we can 1.6
conclude that the model is actually trying to reach a plane 'g
wave, flat/flat resonator. Of course there remains the practical ‘2 14 ]
impossibility of realizing the radii of curvature obtained for % 12
the end mirror and the inside surface of the output coupler. £ /
Moreover, the resonator would become very prone to align- g 4 /
ment deviations. A more practical solution is obtained by S /
limiting both these optics to the largest possible readily éo.s 3
available radius, in this case 30 m. The result is listed in §_06 /
Table II, column 5“final” ). Figure 4 compares the spot size g -
over the machine travel with and without optimization of the * 04 o=
combination of the HLT3000 and the external beam path. A
Starting from the optimized solution, the location of the 0.2
focal point relative to the cutting lens is calculated. Figure 5 "
shows the results, together with a quadratic fit to the data. 0 1 2 3 4 5 6 7 8
The location of the focus is expressed as a deviation relative beam length increase ower cutting table [m]

to the focal position for the shortest beam. The deviation oﬁz . .

o W IG. 5. Parameters for the automatic adjustment of lens position as a func-
the focal_p()S't'()n for the shortest beam from the value ONtion of cutting head positiot6x2 m LCO). (o) original configuration+)
the box” is compensated for by the operator of the machineptimized solution.
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range of the machine impossible without this automatic adTABLE il. Material properties as used in the FEA calculations.
justment system.

ZnSe Al
C. The influence of the output coupler Modulus of elasticity (N/mrf) 70.23 62.0523
Poisson’s ratio 0.28 0.35
The output coupler is the most vulnerable component ofoefficient of thermal expansion (1/°C) 765B 2.3k-5
the laser since the beam actually passes through it. Bulk anthermal conductivity (W/mm?®C) 0.016 0.237

coating absorption puts in heat, and cooling is hampered by
the low thermal conductivity of ZnSe, and the practical limi-
tation of edge cooling.

Two effects need to be taken into account. On the one

hand, the window will expand due to heating, which will ometry is meshed with a grid of higher-order two-

change the radii of curvature of the optic. On the other handdlmensmnal axisymmetric elements. Thermal contact ele-

the temperature distribution directly translates into an indexfn ents are used to model the heat transfer between the output

of-refraction distribution, adding extra focusing power to the(.:Ol“'ple.r and the cooling fng. The matgnal properties are
lens [dNn/dT |yyse= 64X 10-5(°C) 1.5 The first effect is listed in Table Ill. The material properties for ZnSe were

- . taken from the web site of the Institute of Solid State Physics
modeled through a full finite-element analysis of the defor- . . .
the Russian Academy of Scienéesince these represent

. . . . f
mation of the output coupler due to heating, and is descnbeﬁm most recent values we could fitalder references tend to

in Sec. llIC 1. The latter is incorporated into the model by . . ) . . .
. . . . differ slightly due to continued improvements in the chemi-
adding a thin lens directly after the output window, whose . .
cal vapor deposition manufacturing process

wer i rived from the formula given Miyam ) L i
power is derived from the formula given by Miyamoto as The crucial point in the calculation of the temperature

described in Sec. IlIC2. The combined result is given in . . .~ " :

Sec. Il C 3, together with a comparison with experiment distribution is the correct modeling of the thermal contact
’ ’ " conductance at the contact of the ZnSe output coupler and

1. FEA of the output coupler the aluminum cooling ring. This value determines the steady-

The temperature distribution and deformation of theState temperature rise of the ZnSe optic and hence the
ZnSe output coupler in operating conditions is calculatec@mount of deformation. A suitable thermal contact conduc-
with the AnsYs® Finite Element AnalysiSFEA) software® tance is found by comparing the calculated results with an
The calculated deformation is used to determine the chang@xPerimentally measured temperature at the 6 mm side of the
in radii of curvature of both sides of the ZnSe output couplerZNSe output coupler.

These curvature changes influence the beam propagation be- Figure 6 shows a typical temperature distribution for a
havior. laser output power of 3 kW, in a first approximation modeled

In actual operation, the output coupler deforms for two
reasons. On the one hand, both sides are coated with a thin
film coating consisting of layers of ThFand ZnSe to reach
the required reflectivity at the laser wavelendthat is, a
certain reflectivity, typically 60%, on the resonator side and
an antireflective coating on the outsjd&hese coatings ab-
sorb typically 0.125% of the laser powémanufacturer’s
specification. In the FEA calculations the heat generation in
the coatings is applied as an inward heat flux on the surfaces
of the ZnSe output coupler. In steady state, this leads to a 5
certain temperature distribution. On the other hand, there is a g 4
pressure difference between the output side of the window,
which is at atmospheric pressure, and the resonator side, =20
which is typically at 130 mbar absolute pressureaksys® =53.56
first the temperature distribution is determined and then it is 20

2

applied, together with the pressure difference, as a structural [__] 23.720
load to determine the ultimate deformation of the ZnSe out- [ ] 27 ) 458
put coupler. B3 31 ' e
In the first step, a geometrical model is defined. Because 34-916
of axisymmetry, the ZnSe output window is modeled as a B :
two-dimensional rectangle 6 mm widgindow thickness ] 38.645
and 14 mm high(window radiug. The outer edge of the B 42.374
window rests on a cooling ring with an inner diameter of = 46.103
24.5 mm, outer diameter of 28 mm, and a diamond turned 49.832
surface with a radius dRy, which is maintained at 20 °C. o 53.56

T.he Ionger sides of the rectgnglei are aCtua"y curved, \.Nlth IG. 6. Typical temperature distribution of the output coupler. Note the
different curvature O_n both S|de§%c on the re_sonatq side higher heating on the resonator side due to the higher power of the intra-
and R on the outside For the FEA calculations, this ge- cavity beam compared to the exiting beam.
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et extracavity. The authors are unawareA&CD matrix formu-
e 10:33:19 lations of optical elements with radially variable curvature,
o - but this would certainly be an improvement to the current
T ° 1= P EEerme model.
- 25 it " | l su=
. A
- 3: p 2. The effect of thermal lensing
i - L/ Yy L. .
s -5 = / In Ref. 2, it is shown that the power of a ZnSe focusing
2 e < lens is changed due to heating by an amahhtgiven by
s N AW n .
-.87% = oS0 T
-1 27KR (?T’ ( )
e 1 L . whereA is the optic’'s absorption coefficieriy is the inci-
* fponi bian In Gamd i dent power,f is the original focal lengthK is the thermal
Output coupler, Displacement inside in [mm] conductivity of ZnSeR is the radius of the assumed incident

. _ top-hat power distribution, and the last factor is the coeffi-
FIG. 7. Expansion of the resonator side of the output coupler due to the . . . .
combined effect of pressure and heating. cient of change of index of refraction with temperature. To
achieve this closed formula, a simplified model was used
assuming uniform distribution of the heat source in the vol-
_ . _ ume of the optic and no heat losses from the lens surfaces.

as a Gaussian beam. Figures 7 and 8 show the “bulging” of  |n the present case, a real beam\f>1 is incident on

the optic, from which the resulting radially variable curva- a laser output windowbasically a very long focus leps

ture k(x) can be deduced as which is actively cooled, and heated by absorption on the
5 5 surface coatings. Nevertheless, the basic factors of influence
= 1 o wx)/ox (14) on the focal shift should remain the same, so, to a first order
p  [1+(gvlax)?]? approximation, we can write in our notations
. . i 2
wherep is the local radius of curvature ands the deformed Afoc aocPout| 1 ocRoce 16)

position of the output coupler as a function of the radial
coordinatex. For the beam propagation model, this radially o o _
variable contribution to the total curvature of the optic isWhere the proportionality factor is fitted for one particular,
modeled as a spherical deformation by using a best-fit circixPerimentally verified situation and found to be 12
through the deformed shape in order to be able to model th& 10 ". @ocPou represents the total absorbed power and
effect as a simple change of power of the output coupleMV(0) is the real beam spot size at the output coupler. In this
“lens,” e.g., in a typical calculation, the output coupler formula,Roc should be reckoned negative aRfi; positive.
would change from the design values of 20 mcc on the in-The model places a thin lens of powerl/Af directly after
side, 7.5 mcx on the outside, to 26.5 mcc, 7.2 mcx resped!1® output coupler to account for thermal lensing.

tively. These changes are indeed too large to be ignored The benefit of the current approach is that the fitted pro-

when designing the optical path of the beam, be it intra- oPortionality factor consists of material properties only, so the
model can be used to study the influence of increasing ab-

sorption, increasing power and/or variation of beam spot size
at the output coupler on the beam propagation behavior. In

W(0)? | n—1 Rt RS

prosigefiia A fact, for times larger than the thermal equilibration time of
& 1ovea oy the output coupletexperimentally and theoretically found to
Sl —— be about 1 min the model can calculate the focal shift as a
= 7.5 B Thermal function of incident power and this characteristic can be
S es L . 5 added to the “geometrical” focus shift of Fig. 5 and com-
= S pensated for by thé axis.
= 375 - ~ =
E 2.5 \\\ -
S ——
= W= : 3. Results
- o
° = " Figure 9 shows the calculated results for an output
S power of 3 kW, leading to calculated radii of curvature
JON o | Roc=26.5 (compared to 20 mcc not deformedRg .= 7.2
a . s 2 (7.5 mex not deformed and a thermal lendf=35 m. The

2 & io
X-position in [mm]

general behavior of the beam is very well predicted: close to
the resonator the beam focuses more strongly than in “cold”
FIG. 8. Expansion of the extern@tmospherigside of the output coupler.  conditions, and at large distances it spreads faster. Except for

Cutput coupler, Displacement outside in [mm]
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embedded gaussian and real resonator mode TABLE IV. Optical design parameters for the LCC equipped with a stable
T T T T v T T T N telescopic cavity.
18 4
18k 4 Optimized value  Optimized value  Optimized value
Quantity (initial) (single layey (double layer
16} 4
RTMl —0.619 —0.660 —0.607
Y 1 dy 0.263 — —
ELl R, 1.700 1.834 1.723
g cav 4.29 — 8.58
SO Py “cad” Rbc 30 o o0
Ed | doc 6E-3 — —
2 had RSc 10.73 39.83 11.45
s ] Ceav 22E-3 — —
< g doc‘,TM1 1225 —_— —_—
Rrw, -0.96 -0.98 -0.72
2+ 7 d; 0.390 — —
RER . . . . , , \ Rru, 1.74 1.78 1.54
4 2 ° 2 4 ) 8 10 2 “ doc.aum 1.812 _ _
distance from OC [m} d M 38
BM;—Lgo : - -
FIG. 9. Modification of the beam propagation by the combined effect of Xmax 15 - -
expansion and thermal lensing of the output coupler. The line labeled “cold" Y max 3.0 - -
is the same as in Fig. 3 and is added for reference, the thick solid line is thEoc 0.191 — —
calculated result for the loaded resonator together with experimental resulSgy 0.051 — —
for 3 kW laser outputwith 5% error barg M 1.850 1 1

the proportionality factor in Eq(16), there are no fit param-

eters at all in the theoretical model, which validates the apnal telescope is an extension in the negative direction. That

proach taken. way, standard resonators can be studied using the same pro-
At first hand, the influence of the thermal lens seems tegram by puttlngRTM Rem, dt=0, andR'TMzzoc. The in-

be negligible compared to the contribution of the mechanicaternal telescope’s dimension was chosen from mechanical

deformation. However, it is impossible to reproduce the exrestrictions(needed to be interchangeable with the end mir-

perimental beam propagation behavior without modelingor holde, but care was taken to keep the angle of incidence

both effects. The mechanical deformation primarily deter-on the mirrors below 5° to ensure negligible astigmatic ef-
mines the stronger focusing near the resonator, while thects.

thermal lens accounts for the faster spreading of the beam at |n a first step, all former parameters were fixed at their

large distances. The model is only capable of reproducing thgalues attained in Sec. 111 B for an optimizedk@ m range

complete propagation behavior of the beam if both effects CC, and only the internal telescope mirrors were optimized.

are taken into account. This way we could ascertain that it was, in principle, pos-

D. The STC sible to achieve a stable resonator mode with the same beam

characteristics as before, but with the end mirror replaced by

As mentioned earlier, the HLT3000 is completely modu-the internal beam expander. The results are listed in Table

lar in mechanical design and “stacking” of resonator layers|y second columrinitial). The beam produced by this reso-

is quite easy. The challenge is to also makedpgcallayout  nator is identical to the one generated by the stable resonator

of the resonator “modular,” that’s to say, we want a constantpefore.

beam quality independent of resonator length. After some  Next, we attempted to achieve unit beam quality by re-

trials with the software, it became apparent that the systerjyiring M=1 and adaptlngQTM , RTM , andRh. Table
lacked a degree of freedom to achieve this goal. For thaﬁ/

d auided by th llent its both th ical column 3(single layey shows the resultlng optical con-
reason, and guided by the excetient results bo eoretica guration of the resonator, together with the adapted external
and experimentally with the external telescope, we decide

ptical path, since the beam now has a modified propagation
to replace the resonator’s end mirror by an intracavity reflecy

tive tel The id ¢ tain the advant fbehawor Figure 10 shows the beam spot size variation,
Ive telescope. The idea s 0 maintain the a vantages ot gnich is perfectly matched to the sollwert throughout the
stable resonatdismall diffraction effectsand combine them

ith the advant f tabl d optimization region. It should be noted thelt optics, inter-
yollumee advantages of an unstable resonatarge mode nal and external to the resonator, were optimized simulta-

. . . neously, taking about 5 min on a desktop PC with a 750
Table IV shows the new list of design variables, now HSY n9 ) I P W

. . . . MHz processor.
augmented with the internal telescoffest three lines: ra- Finally, in view of the remarks made earlier, the same

dius of curvature of convex intemal telescope mwlR}q\,] performance should be attainable with a longer resonator
mirror Separatlor‘d-r, and radius of curvature of ConcaVe (read h|gher power |as)arT0 test th|s we doubled the reso-
internal telescope ml”ORTM ). For compatibility with the  nator length and reran the simulation. Table 1V, column 4
standard stable resonator, the cavity length is still reckone@‘double layer”) lists the results, graphed in Fig. 11. Achiev-
from where normally the end mirror would be, and the inter-ing such a result by starting off with an estimated configura-
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single layer resonator STC L] . 2
Ll T L] 4 {-5
16} E _ _ _ _ _ X.— il
/
ul 4
.E. alpla < 5*
] -~
g 12} 2 X alpho
E
-]
_8 10 h
FIG. 12. Schematic layout of the STi@ot to scal@ Referring to Table 1V,
the numbers indicated on the figure denme:R'TMl; (2 dr; (3 R'TMZ; 4
¢ § 1 Leavs (5) R’_‘OC; (6) doc; (7) Rg_c; (8) C.av- Note that for intracavity use, the
¥ 3 convex mirror has to be inclined at double the angle of the concave one to
o 3 ®| | have zero angle of incidence and project the beam back onto the output
L coupler.
-5 ] 5§ 10 15
distance from OC [m]

FIG. 10. Unit beam quality STC mode with external optics optimized for a _,. . . .
6x2 m flatbed LCC. The first three vertical lines denote the position of firstsnghtly higher than for a single end mirror, and mode shape

and second internal expander mirrors, and the position where normally th§tability was unaltered. We did notice a reduction in mode
end mirror would be. The beam radius is indistinguishable from its sollwertorder which couldn’t be accounted for. We attribute this to
throughout the optimization region. Mind the expanded view of the vertical»[he fact that we didn’t use the exact values of telescope mir-
axis. ..

ror radii of curvature calculated, but rather the most nearby
ones available “off the shelf.” Full experimental verification
will take place after completion of construction of the

tion and experimentally optimizing would be almost impos-
HLT6000.

sible in view of the delicate interrelation of all parameters.
Figure 12 shows a schematic layout of the cavity of this
laser, the HLT6000, which is currently under construction
and has a projected output power of 7 kW. At this power|v. CONCLUSIONS

level the optimization of the beam characteristics ovex& 6

m bed will be greatly facilitated by the findings of this ar- In this article we present an elegant, easy-to-use, versa-
ticle. tile model that is capable of predicting laser beam propaga-

Experimental verification of the feasibility of using the tion over the complete optical path of a laser cutting ma-
STC for mode improvement and/or mode conservatiorfhine, including the resonator itself.
when increasing resonator length and hence output power is Several features typical of high-power laser cutting cen-
yet to be performed. A prototype has already been testeters of the flying-optics type are studied using this approach.
on a single-layer resonator with positive results. In con-The focal shift due to the varying wave front curvature over
trast to what we expected, adjustment sensitivity was onlyhe cutting table range is determined and compensated for by

using an extra CNC axis to adjust cutting lens height to the
position on the cutting table. This way, constant cutting qual-
double layer resonator STC ity is achieved over a range o&® m without manual inter-

) vention, and without using operator-dependent judgement of
cutting quality. Next, the problem of spot size variation due
15} ] to output coupler heating is modeled. It is found that it is
essential to model both the mechanical deformation of the
optic (bulging as well as the thermal lens effegempera-
ture dependent index of refractipto be able to reproduce
the beam propagation behavior both at short and long dis-
tances from the output coupler. Finally, the possibilities of
using an intracavity beam expander to either increase beam
—— 1 quality or preserve it when stacking resonator layers to in-
crease power are discussed theoretically.

o ] The model presented can be used to determine beam
quality factors for given resonators, design new resonators,
o 4 fit telescopes to existing lasers, calculate the necessary focal

-
@

-

-
T

"

-
N

T
i

beam radius [mm)]

-
-]
T

o 3 10 [ shift compensation curves for flying optics machines, com-
distance from OC [m} pensate for thermally induced focal shift, ... and finally even
FIG. 11. Unit beam quality STC mode in a double-layer resonator con-O design complete laser cutting centers from scratch, includ-
structed by stacking two layers of the HLT3000. ing the resonator.
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