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Measurements show that traditional piano-convex lenses used 
in laser materials processing do not offer optimum performance 
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ABSTRACT. The propagation of focused 
laser radiation has been characterized for 
12 lenses using the laser propagation 
equation, y ie ld ing measurements of 
beam quality, spot size, and depth of 
focus. The beam qual i ty of the laser 
places an intrinsic l imit on the minimum 
focused spot size and was found to be M 2 

= 1.5 _+0.09 (M 2 = 1.0 corresponds to an 
ideal beam) for the ] 200-W CW CO 2 
laser used in this study. As the lens focal 
length was decreased, measured values 

of spot size and M 2 were significantly in- 
creased over the values predicted for 
aberration-free lenses. This increase is 
believed to be due to spherical aberration 
introduced by the lenses. It was also 
found that at short focal lengths, aspheric 
lenses produce better results than piano- 
convex, meniscus, or diffractive lenses, 
at a laser power of 300 W. Equations 
were determined that accurately predict 
beam quality, spot size, and depth of 
focus under the influence of spherical 
aberration. 

Introduction 

Characterization of the propagation 
and focusing abil ity of a laser beam is es- 
sential in laser materials processing ap- 
plications. This characterization is of par- 
ticular importance in processes such as 
laser dr i l l ing and melt ing of metals, 
wh ich exhibi t  a wel l -def ined intensity 
threshold, below which the desired result 
is not obtained (Ref. 1 ). Indeed, in the in- 
teraction of metals with powerful light 
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fluxes, it has been shown that the ab- 
sorption of laser energy by metals is in- 
tensity dependent (Refs. 2, 3). As a result, 
processes such as laser cutt ing and 
dril l ing, which require removal of mate- 
rial through evaporation, and soldering 
and welding, which require melting, de- 
pend strongly on the characteristics of the 
materials processing laser. In many cases, 
the required intensity threshold for a ma- 
terial may be reached by focusing the 
laser radiation. Consequently, in materi- 
als processing applications, one should 
ask: 1 ) what parameter determines the in- 
trinsic limit of the value to which a laser 
can be focused; 2) what limits the focus- 
ing abil i ty of a high-qual i ty laser lens; 
and 3) how does this l imitat ion vary 
among different shapes of lenses? A req- 
uisite to an understanding of laser mate- 
rials processing applications is therefore 
an understanding of the propagation of 
laser energy through optical systems, as 
well as knowledge of how the beam is af- 
fected by the system. Four important pa- 
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rameters that characterize a laser for ma- 
terials processing are minimum spot size, 
beam quality, the minimum spot size lo- 
cation, and depth of focus. 

Spot Size and Beam Quality 

In order to define spot size (the size of 
the laser beam at an arbitrary location 
along its axis of propagation), we first 
note that the beam profile of a laser op- 
erating in its fundamental mode has a 
Gaussian intensity distr ibut ion of the 
form (Ref. 4): 

I(x,y,z )= loexp[_2(X2w2( z y2 ) 

(1) 
where I 0 is the maximum intensity and 
w(z) is the spot size, or the radius of the 
beam at the point where the intensity has 

dropped to e 2 (13.5%) of the maximum 
intensity. Therefore, a cross-section of a 
Gaussian beam taken in a plane P per- 
pendicular to the direction of propaga- 
tion is a circle described by x 2 + y2 = 

w2(z), where x and y are orthogonal co- 
ordinates in P. When the beam is focused 
by a lens with focal length, f, its diver- 
gence angle increases whi le the spot size 
decreases not to an infinitesimal point, 
but to a minimum value near the focal 
plane (the plane perpendicular to the 
optic axis at the focal point of the lens). 
The product of the divergence angle and 
the minimunl spot size has a minimum 
value given by (Ref. 5): 

M2,L woo - (2) 
where w 0 is the minimum spot size, 0 is 
the half-angle divergence of the beam, 
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Fig. 1 - -  Propagation of  real and ideal focused laser beams. The primes refer to the real beam. 

M 2 is the beam quality, and ~, is the wave- 
length of the laser radiation. The mini- 
mum possible value of this product (i.e., 

Wo0 ) occurs when M 2 = 1.0. 
A laser operating in the fundamental 

mode (TEMoo) wi l l  have the smallest al- 

lowed value of WoO = k/x (i.e., M 2 = 1.0). 

This l imiting value is a result of diffrac- 
tion of the laser beam, and is analogous 
to the diffraction of a bundle of rays pass- 
ing through a circular aperture with a di- 
ameter equal to the diameter of the un- 
focused beam. Such a system is said to be 
diffraction limited. This however is an 
ideal case, and the beam quality of a real 
beam wi l l  always be greater than unity. 
Physically, the min imum product rule 
causes a real beam to be focused to a spot 
size which is larger than an ideal beam 
focused by the same lens - -  Fig. 1. Note 
that the cross-section of the beam along 
the propagation axis is a hyperbola and 
may be described by the equation 

w 2 _ 1  

a 2 b 2 (3) 

where a and b are constants and z 0 is the 

location of the minimum spot size. The 
smallest value of w(z) corresponds to the 
minimum waist radius. The asymptotes 
are inclined to the propagation axis at an 
angle given by 

~w0 (4) 
An expression for the variation of spot 
size along the axis of propagation may 
therefore be determined by solving for 
the constants a and b using the general 
conditions of a laser beam with an unfo- 
cused radius of W 0 focused by a lens of 
focal length f. A more mathematically 
rigorous derivation is given by Kogelnik 
and Li (Ref. 6). The first condition is that 
the laser is focused a distance z 0 from the 
lens. Therefore, at z = z 0, w = w 0. (One 
should note that the value of z 0 is not 

necessarily the focal length of the lens, 
since the laser has a finite divergence be- 
fore entering the lens.) Substituting these 
values into Equation 3 yields 

a-' : w~ (5a) 

The second condit ion is that w(z) = W 0 

at the lens. This gives 
2 2 

82 _ WoZo 

(sb) 
Substituting a and b into Equation 3 and 
using W 0 ~> w 0 gives 

@ 
t wozo (6) 

Solving Equation 2 for M 2 and substitut- 
ing 0 = Wo/z o, the beam quality may be 

written as 

M 2 - ztwoWo 

Zz° (7) 

Rewriting Equation 6 to include the fac- 

tor of (M2) 2 yields 

i (z_ z,) 2 w ( z ) = w .  1+ 22z~r~w~ (8a) 

The equivalent expression in M 2 is there- 
fo re 

(8b) 
Equation 8b is the laser propagation 
equation and is identical to the expres- 
sion given by Kogelnik and Li (Ref. 6). 

Therefore, one can determine M 2 
using Equation 7 by measuring W 0, lo- 
cating z o, the position of the beam waist, 
and making a single measurement of w 0. 
Alternatively, values for w 0, M 2, and z 0 
may be determined simultaneously by 
making measurements of beam radius 
along the propagation direction and fit- 
ting to the data a curve of the form of 
Equation 8b, with w 0, M 2, and z 0 taken 
as the parameters of a nonlinear fit. 

Spot Size and Spherical Aberration 

The focusability of a laser beam is not 
only limited by the beam quality of the 
laser, but also by the optical element(s) 
used to transmit the beam. Specifically, 
the minimum spot size of a laser beam fo- 
cused using a high-quality laser lens wi l l  
be limited by third-order spherical aber- 
ration. Spherical aberration is defined as 
a variation of focus with aperture (Ref. 7), 
and is inherent in all simple lenses. The 
two lens parameters that contribute most 
to spherical aberration in simple lenses 
are the lens focal length and shape fac- 
tor. As the lens focal length decreases, the 
curvature of the lens surface must neces- 
sarily increase. This increased curvature 
causes a ray in the outer portion of the 
laser beam (a marginal ray) to undergo 

FOCUSING LENS 

ROTATINGNEEDLE j 
I 

DETECTOr 

I ~"~'~.-. . . . . . . ,~ FEE D SLIDE 

Fig. 2 - -  Schematic of  the Laserscope scanning aperture system. 
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marginal ray) to undergo more 
refraction than a ray near the 
optic axis of the lens (paraxial 
ray). Consequently, marginal 
rays will be focused closer to the 
lens than paraxial rays. The re- 
sult of this phenomenon is to in- 
crease the minimum spot size. 
The shape factor is also crucial 
in simple lenses since the 
amount of spherical aberration 
produced by a lens may be de- 
creased by changing the shape 
of the lens. The four shapes or 
types of simple lenses tested in 
this work are piano-convex, 
meniscus, aspheric, and diffrac- 
tive lenses. Piano-convex and 
meniscus lenses are spherical 
lenses, i.e., both surfaces of the 
lenses are segments of spheres 
and can be defined by a constant 
radius of curvature. Aspheric 
lenses have at least one surface 
that has a varying radius of curvature, 
which is designed to minimize spherical 
aberration. The aspheric surface mini- 
mizes spherical aberration that would 
normally be present in a spherical lens. 
Diffractive lenses usually consist of 
spherical surfaces, one of which has 
been etched or placed in contact with a 
diffracting surface that reduces spherical 
aberration. Because of ease of fabrica- 
tion, and therefore relatively low cost, 
piano-convex is the most common type 
of lens used in materials processing, but 
may suffer from excessive spherical aber- 
ration at short focal lengths. 

S p o t  S i z e  a n d  D e p t h  o f  F o c u s  

Another important parameter in laser 
materials processing is the depth of focus 
of the laser beam. Because the absorp- 
tion of laser energy by the workpiece is 
dependent on the focused laser spot size 
(Ref. 3), it is very important to assure that 
the workpiece surface is located within 
the region of minimum spot size (i.e., 
near z0). In practice, this is accomplished 
by using the longest focal length lens that 
will produce the required depth of weld 
penetration or cut quality. Generally, 
depth of focus increases with the focal 
length of the lens. A practical definition 
has been given by Marshall (Ref. 8). Mar- 
shall arbitrarily defined depth of focus as 
the distance along the propagation di- 
rection at which the power density has 
decreased to 90% of its value at the po- 
sition of the minimum spot size. This cor- 
responds to an 11% increase in the area 
of the beam, which occurs when 
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Fig. 3 - -  Intensity distribution o f  a CW CO 2 laser operating at 300 W. A - -  Contour and cross-sectional dis- 
plays; B - -  isometric display. The laser radiation is focused by a 3.75-in. aspheric lens. The contour is taken 
at the plane, which corresponds to 86.5% of  the total included power. 

( z ) = 
0.9 

Rewriting Equation 8b as 

,2] ,,-,o) ] 

and substituting w2(z)= 0.9 gives 

0 F I÷¢ ] 

(9) 

(10) 
Solving for the propagation distance z 
gives 

w0 
z = ( 1 1 a )  

The depth of focus (c3) is the distance 
within which the area A(z) is related to 
the area at the minimum waist, A0, by 

A(z)_< 
0.9 

The length of this region is given by 

•= 2,~ 
3M2,;L (11 b) 

Measurement of w 0, M 2, and there- 
fore allows for a determination of the pre- 
cision required for the positioning de- 
vices used in materials processing. 

In this paper we present a method of 
determining beam quality, minimum 
spot size and its position, and depth of 
focus by performing measurements of 
beam spot size along the laser's propa- 
gation direction and then using a nonlin- 
ear curve fitting routine to obtain an ex- 
pression relating the spot size of the laser 
beam to its propagation distance. A ro- 

tating aperture is used to make all mea- 
surements on a 1200-W continuous 
wave (CW) CO 2 laser. We present data to 
establish the relative performance of 
piano-convex, meniscus, aspheric, and 
diffractive lenses. A discussion of lens 
aberrations and their effects on beam 
quality is also presented. 

E x p e r i m e n t  

Diagnostic measurements were per- 
formed on a Photon Sources V1200 1.2- 
kW CW CO 2 laser. Measurements of the 
focused and unfocused spot size were 
made using a rotating aperture system 
(Prometec Laserscope) - -  Fig. 2. Laser ra- 
diation is detected by means of a pyro- 
electric detector mounted above a rotat- 
able arm. The end of the arm has an 
aperture through which the laser radia- 
tion passes. The radiation is reflected 
down the length of the arm and then re- 
flected to the detector. The entire assem- 
bly translates along the y axis and rotates 
about the z axis, so that the intensity dis- 
tribution of the unfocused or focused 
beam is measured. Signals from the de- 
tector are sent to a computer, and stored 
on disk. The Laserscope therefore mea- 
sures the cross-sectional area of the beam 
at a point along the z axis. Measurements 
are made independent of the laser mode, 
so that the technique may be used to per- 
form beam radius measurements on 
beams consisting of higher-order modes. 
A ZnSe focusing lens is mounted on a lin- 
ear translation stage and is accurately po- 
sitioned along the laser propagation axis. 
The Laserscope is mounted on an x-y 
translation stage to facilitate positioning 
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spectively. 
Measurements were 

made on 12 ZnSe lenses 
with nominal focal lengths 
ranging from 2.5 to 20.55 
in. (63.5 to 522 mm). A list 
of the lenses used is given 
in Table 1. Al l  measure- 
ments were made using ap- 
proximately 300 W of laser 

i power. To begin measure- 
ments, the lens was typi- 
cally positioned so that the 
aperture of the Laserscope 
was a few mil l imeters 

13 o above z 0. Determination of 
z 0 required iterative trial 
measurements, since nine 
of the 12 lenses focused 
the laser radiation at a po- 
sit ion that was closer to 
the lens than the nominal 

focal length value. A 20-tJm aperture was 
used to take all measurements of beam 
radius. Measurements were made on 
both sides of z 0 along the propagation di- 
rection, moving the lens in increments of 
0.25 to 7 mm, depending on the focal 
length of the lens. 

There are two major sources of error 
associated with measurements of spot ra- 
dius. The first is due to temporal fluctua- 
tions in the spot radius of the unfocused 
beam, the second may result from an in- 
correct calculation of spot radius by the 
measurement apparatus. The temporal 
fluctuations of the laser were in effect av- 
eraged out by taking measurements 
along the propagation axis at different 
points in time and plott ing the best-fit 
curve through the points. The included 
power technique is valid for beams that 
are rotationally symmetric and have no 
points of zero intensity (e.g. cold spots 
which occur at the center of the donut- 
shaped distribution of an unstable res- 
onator). The Photon Sources laser ex- 
hibits no cold spots and any errors 
introduced as a result of a noncircular in- 

Fig. 4 - -  Beam radius vs. lens position for a CW CO 2 laser fo- 
cused by 5-in. meniscus and piano-convex lenses. 

of the focused beam onto the aperture. 
Figure 3 shows a typical measurement 

of spot size. The Laserscope has been 
used to map the three-dimensional in- 
tensity distribution of the laser and deter- 
mine the area of the beam at the plane 
above which 86% of the total power is 
included. The spot size radius is then 
taken to be the radius of a circle having 
the same area. The first figure is an iso- 
metric display of the intensity of the laser 
in a plane perpendicular to the direction 
of propagation of the laser, i.e., in the x- 
y plane. This display type was used to 
view the overall shape of the beam and 
also indicated if the detector was satu- 
rated. The contour and cross-sectional 
displays faci l i tated al ignment of the 
beam with the aperture and also indi- 
cated saturation. The contour plot repre- 
sents the cross-section of the three-di- 
mensional isometric intensity 
distr ibut ion taken at the plane corre- 
sponding to 86% of the included power. 
The x and y section plots represent cross- 
sectional views of the distribution and 
are taken in the x-z and y-z planes, re- 

Table 1 - -  Lenses Tested 

Nominal Focal Length Lens type Manufacturer 

2.50 in. (63.5 mm) aspheric Laser Pwr. Optics 
2.50 in. (63.5 ram) meniscus II-Vl Inc. 
2.50 in. (63.5 mm) diffractive Coherent 
2.50 in. (63.5 mm) piano-convex II-VI Inc. 
3.75 in. (95.2 mm) aspheric Laser Pwr. Optics 
3.75 in. (95.2 mm) meniscus II-Vl Inc. 
3.75 in. (95.2 mm) diffractive Coherent 
5.0 in. (127 ram) meniscus II-Vl Inc. 
5.0 in. (127 mm) piano-convex II-VI Inc. 
7.5 in. (190.5 mm) piano-convex II-Vl Inc. 
10.0 in. (254 mm) meniscus II-Vl Inc. 
20.55 in. (522 mm) meniscus II-Vl Inc. 

tensity distribution are also averaged out 
over the measurements taken along the 
propagation direction. Furthermore, in- 
correct measurements of beam radius are 
also prevented by holding the ratio of the 
area of the beam to the area scanned by 
the Laserscope (the fi l l  factor) and the 
sensitivity of the instrument wi th in the 
ranges recommended by the manufac- 
turer. The fi l l  factor was held between 
values of 0.40 and 0.80, and the sensi- 
t ivity was also adjusted during each set of 
measurements so that the instrument was 
not saturated as the aperture was moved 
about z 0. 

Results and Discussion 

Minimum Spot Size 

Figures 4-6  show data sets of the 
lenses that typically have uti l i ty in mate- 
rials processing applications (i.e., f < 5.0 
in., 127 mm). The data correspond to the 
spot size measurements made using a 20- 
pm-diameter Laserscope aperture. Mea- 
surements were taken approximately 3 
mm above and below z 0 in increments of 
0.25 to 7 mm, depending on the lens 
focal length. The beam radius was plot- 
ted as a function of propagation distance 
and a nonlinear curve-fitting algorithm 
was then employed to fit to the data a 
curve of the form of Equation 8b. The un- 
focused beam radius was found to be W 0 
= 9.65 mm. Figures 4-6 show that with 
curve fitting it is possible to quickly de- 
scribe the propagation of the focused 
laser beam along its propagation axis 
using Equation 8b. This curve f i t t ing 
analysis is simple to perform on experi- 
mental data and provides a powerful  
method for analyzing laser spot size mea- 
surements (Ref. 9). A three-parameter 
curve fit (with parameters w 0, M 2, and z 0) 
such as shown in Figs. 4-6 was per- 
formed for all 12 of the lenses that were 
examined. The results are summarized in 
Figs. 7-9 and in Table 2. 

Figure 7 shows the spot size as a func- 
tion of focal length for the different lenses 
examined. The solid line shows the ideal 
spot size obtained using Equation 2, as- 
suming that the 20.55-in. (522-mm) focal 
length meniscus lens introduces no 
spherical aberration. Equation 2 implies 
that, in the absence of spherical aberra- 
tion, the product woo is conserved as the 

lens focal length is changed. This yields 
an expression for min imum spot size 
given by 

w° = w°(2°~) ~ (12) 

where w 0 (20.5) is the spot size obtained 
using the 20.55-in. focal length lens, f, is 
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an arbitrary focal length, and w 0 is the 

spot size at f. We suspect the dominant 
mechanism responsible for the deviation 
of the meascired spot size from the ideal 
spot size is spherical aberration. Other 
third-order aberrations such as coma, 
astigmatism, and distortion are negligible 
when laser radiation is focused using 
higl~-quality lenses (Ref. 10). 

At f = 2.5 in. (63.5 turn), the abil ity to 
focus the laser is highly dependent on the 
lens type. The piano-convex lens has the 
largest deviation from the ideal spot size, 
with a measured radius, which is 67% 
larger than the radius predicted for an 
aberration-free lens. However, for the 
2.5-in. meniscus lens, the increase over 
the ideal spot size is less than 44%, and 
only 23% for the specially fabricated 2.5- 
in. aspheric lens. The performance of the 

piano-convex lens relative to the other 
lenses is expected since the piano-con- 
vex lens is uncorrected for spherical 
aberration. By using lenses that have 
been corrected for spherical aberration 
(aspheric, meniscus, and diffractive), 
rather than the less expensive piano-con- 
vex lenses, a significant increase in per- 
formance is obtained at short focal 
lengths. These results support the hypo 
thesis that at short focal lengths, spheri- 
cal aberration limits the focused spot size 
even when high-quality laser lenses are 
used. 

At f = L75  in. (95.2 mm), the aspheric 
lens again produced the smallest spot 
size, with a focused spot radius of 82 vm, 
whi le the menisccls arid diffractive lens 
spot sizes were larger at 86 and 98 I.lm, 
respectively. At a laser power of 30(7 W, 

the spot size attained with the f = 2.5 in. 
diffractive lens is 60% larger than the 
ideal vah.le. Like the aspheric lenses, the 
diffractive lenses are specially machined 
to el iminate spherical aberration and 
produce a small spot size. We postulate 
that the reason neither the diffractive nor 
the aspheric lenses achieved the pre- 
dicted minimum spot size is because the 
shape correction used to fabricate these 
lenses is incorrect. The required shape 
correction is determined using computer 
lens design software that requires bound- 
ary condit ions that inc lude the laser 
beam characteristics. Since these lenses 
are produced for all CO 2 lasers, it is likely 

that the chosen shape correction is not 
optimum for the laser examined here. It 
should also be noted that the relative per- 
formance of the diffractive lens may im- 
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prove at higher laser powers, as stated by 
the manufacturer, when thermal effects 
on the lens become appreciable. 

Figure 7 shows that for all of the lenses 
that have util ity in materials processing 
using this laser (i.e., f <- 5.0 in., 127 mm), 
the ideal minimum spot size is not ob- 
tained using a single element lens, even if 
the lens is an aspheric or diffractive type. 
The only lenses shown to have insignifi- 
cant spherical aberration are those that 
focus the laser to spot sizes too large to 
produce melting (i.e.f>5.0 in.)in most en- 
gineering alloys. Therefore, it is reason- 
able to conclude that the performance of 
this laser, and likely many other materials 
processing lasers, can be significantly im- 
proved wi th lens design that uses the 
proper boundary conditions to eliminate 
spherical aberration. 

Beam Quality 

Table 2 gives the measured beam 
quality for each focusing lens. Note that 
measured beam quality is inversely pro- 
portional to the focal length of the lens. 

This variation in beam-quality is l ikely 
due to spherical aberration, since beam 
quality is an intrinsic property of a mate- 
rials processing laser and cannot be im- 
proved by the introduction of optical el- 
ements. As was the case for minimum 
spot radius, the best performance (beam 
quality) at short focal lengths was pro- 
vided by the aspheric lenses, with beam 
quality measurements of M 2 = 2.4 at f = 
2.5 in., and M 2 = 2.3 at f = 3.75 in. 

For laser materials processing person- 
nel, the uti l i ty of knowing beam quality 
is that one is able to estimate the spot size 
attainable wi th a given lens. However, 
since the measured beam quality is not 
consistent among lenses of dif fer ing 
shape and focal length, due to spherical 
aberration, one must take into account 
the effect of spherical aberration on 
beam quality in order to estimate spot 
size. Of course, the effect of spherical 
aberration on measured beam qual i ty 
wi l l  depend on the type of focusing lens 
used. The meniscus shape was the shape 
most commonly tested in this study. A 
curve was fit through the data points of 

Table 2 - -  Summary of the Focused Laser Parameters 

Lens Type (z0) (mm) 8 (mm) w0 (pm) M 2 

asphere 58.3 0.286 59 2.4 
meniscus 59.3 0.324 69 2.9 
diffractive 61.1 0.434 77 2.7 
piano-convex 61.3 0.468 80 2.7 
asphere 92.4 0.578 82 2.3 
meniscus 92.6 0.664 86 2.2 
diffractive 94.6 0.730 98 2.6 
meniscus 124.5 1.18 112 2.1 
piano-convex 126.3 1.06 106 2.1 
piano-convex 190.5 2.25 147 1.9 
meniscus 254.0 4.41 189 1.6 
meniscus 522.0 t 8.8 378 1.5 

the meniscus lenses (Fig. 8) using an 
equation of the form 

M2 _ M2 + ,:t 
- 0 f2 (1 3) 

where M02 is the intrinsic, aberration- 

free laser beam quality, a is a constant 
that depends on the lens shape and the 
beam profile, and f is the focal length of 

the lens. The term a/f 2 represents the in- 

crease in M 2 due to spherical aberration. 
This expression in combinat ion wi th 
Equation 2 can be used to estimate min- 
imum spot size for meniscus lenses based 

on the beam quality (M02) and the focal 

length of the focusing lens. Substituting 
Equation 13 into Equation 2 and using 0 
= W0/f yields an equation of the form 

w° = clM2f + ~- (14) 

where c 1 and c 2 are constants. The first 
term of Equation 14 represents the linear 
dependence of spot size on lens focal 
length in an aberration-free lens. The sec- 
ond term represents the increase in laser 
spot size due to spherical aberration. At 
long focal lengths, the spherical aberra- 
tion term is negligible, and as predicted 
by Equation 12, the spot size varies lin- 
early wi th f. However, at short focal 
lengths, the aberration term becomes 
nonnegligible and results in a nonlinear 
variation of spot size with focal length - -  
Fig. 9. Therefore, the effect of the aberra- 
tion term is to increase the deviation of 
the measured spot size from the ideal 
aberration-free spot size as the lens focal 
length decreases. 

The smallest value of M 2 = 1.5 was 
measured using the 20.55-in. focal 
length meniscus lens. Assuming that this 
lens introduces no spherical aberration 
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l ig ible as the focal 
length increases, 
where the variation of 
spot size approaches 
the linear dependence 
predicted by the aber- 
ration-free model of 
E q u a t i o n  1 2. 

Fig. 8 - -  Beam qual i ty  o f  a C W  C O ,  laser as a funct ion  o f  lens focal  
length. The data are for a 19.3-ram-diameter  b e a m  focused  b y  menis -  
cus  lenses o f  various to (a l  lengths. 

(M02 >~ a/f2), the beam quality of the laser 
is approximately M02 = 1.5. The curve fit 
of Fig. 8 yielded a = 5.96 x 103. This gives 
a / f  2 ~ 0.02, sO that at long focal lengths, 
the increase in beam qual i ty due to 
spherical aberration is on the order of the 
uncertainty in the measurement of beam 
quality. Taking the uncertainty in M 2 to 
be the same as the uncertainty in a mea- 
surement of the beam radius (- 6%), we 
determine that the beam quality of the 
laser is M02 = ] .5 +_0.09. 

Figure 9 shows the fit of the spot size 
data for the meniscus lenses obtained 
using Equation 14. The fit yielded c t = 
4.8 x l 0  4 and c 2 = 3.52 x 10 ~ mm 2. From 
Fig. 9 it can be seen that Equation 14 ac- 
curately predicts the effect of spherical 
aberration on spot size at small focal 
lengths. The figure also shows that the ef- 
fect of spherical aberration becomes neg- 

Position of 
Minimum Waist and 
Depth of Focus 

The three-parame- 
ter curve fitting analy- 
sis also readily deter- 

600 mines the position (z 0) 

of the minimum spot 
radius (w{~). The result- 

ing z 0 values are given 

in Table 2. One can see 
that for most lenses the 
effective focal length is 
somewhat shorter than 

the nominal focal length. These results 
are consistent with the effect of spherical 
aberration in geometric optics, where 
nonparaxial rays are brought to a focus 
nearer the lens than are paraxial rays 
(Ref. 7). In materials processing applica- 
tions, the effective shortening of l e focal 
length of a lens results in less Jorking 
distance between the workpiece and the 
lens. In addition, this variation in the po- 
sition of the minimum spot radius also 
necessitates an empirical determination 
of z 0 by the laser operator, since use of 

the nominal focal length of the lens is in- 
exact. 

Depth of focus was also determined 
for each lens using Equation 11b. The re- 
suits are given in Table 2. Typical values 
of depth of focus were approximately 0.5 
and 1.0% of the nominal focal length for 

the 2.5- and 5.0- in. meniscus lenses, re- 
spectively. Note that as spherical aberra- 
tion limits the minimum spot size ob- 
tainable at a given focal length, it results 
in an increased depth of focus. This effect 
is a demonstration of the principle of 
conservation of irradiance. When a laser 
beam is focused to a smaller spot, there 
is necessarily an increase in the diver- 
gence, and therefore, a smaller depth of 
focus. The values determined for the 
depth of focus provide an upper limit for 
the precision of the fixtures used to posi- 
tion the beam relative to the workpiece. 
Depth of focus also indicates the al low- 
able dimensional variation of the parts to 
be pro(essed in the direction perpendic- 
ular to the lens. Ideally, the precision 
should be no larger than half the value of 
the depth of focus of the lens. Substitut- 
ing w(~ = M2;L/x0 into Equation 11 b and 
using 0 = Wi/ f  gives 

6 = CM2t  2 (1 5) 

w h e r e  C is a c o n s t a n t .  S u b s t i t u t i n g  Equa-  
t ion  113 into Equation 15 yields 

g'(' ,'+'W:) (I ~) 6 

where c I ' and c 2' are constants. By fitting 
a curve of the form of Equation 16 to the 
meniscus lens data, we determine c f' = 
4.59 x 10 5 mm I and c 2' = 58 mm 2. 
Therefore, using Equation 16, the depth 
of focus may now be determined for the 
laser used in this study, focused by a 
meniscus lens of any focal length. 

C o n c l u s i o n s  

1 ) The laser propagation equation was 
fitted to spot size measurements taken 
near the focal plane of a CW CO 2 laser 

for 1 2 different focusing lenses, with ex- 
cellent agreement obtained for each lens. 

2) Measured values of spot radius and 
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Fig. 9 - -  A - -  M i n i m u m  beam radius o f  a C W  C ( )  , laser as a funct ion o f  lens focal length tor f ive meniscus lenses; B boxed section o f  Fit;. 9A. 
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many of the lenses examined. These in- 
creases were judged to be due to spheri- 
cal aberration by the focusing lens. 

3) In general, lenses corrected for 
spherical aberration produced better re- 
sults (smaller spot size and improved 
beam qual i ty) than the piano-convex 
lenses. At short focal lengths, the best re- 
sults were obtained using aspheric 
lenses. 

4) Due to the nonopt imum perfor- 
mance of the lenses tested, an improved 
lens design that minimizes spherical 
aberration is expected to reduce focused 
spot size and thereby increase the pro- 
cessing capabilities of materials process- 
ing lasers. 

5) The position of the minimum spot 
radius was determined for the lenses ex- 
amined, and found to be nearer to the 
lens than the nominal focal length value. 

6) Depth of focus was defined and 
calculated for the lenses examined in this 
work, and was found to be dependent on 
the beam quality of the laser and on the 
amount of spherical aberration produced 
by the focusing lens. 

7) Equations have been determined 
for the meniscus lenses tested, wh ich 

permit calculation of the minimum spot 
size and the depth of focus based on 
knowledge of the laser beam quality and 
the focal length of the lens. 

8) The beam quality of a 1-kW CW 

CO 2 laser was determined to be M 2 = 1.5 

_+0.09. This measurement was made 
using a long focal length lens (f = 20.55 

in., 522 mm), so that contribution to M 2 
from the lens due to spherical aberration 
was comparable to the uncertainty in a 

measurement of M 2. 
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