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Abstract 

In today’s market for laser processing solutions there 

is a trend towards higher powers. Power levels over 

15 kW can offer improvements over existing 

solutions in terms of speed and process quality. A 

major concern in transmissive systems is the amount 

of focal shift induced by the optics at higher powers. 

These focal shifts can lead to poor cutting 

performance and decreased efficiency. In this study 

we examine the focus shift of lenses made from three 

leading 1.064 µm wavelength materials: fused silica, 

ZnS (multi-spectral), and sapphire, at laser powers up 

to 20 kW.  Fused silica has extremely low bulk 

absorption, but its poor thermal conductivity limits 

performance when contaminated, and its low index of 

refraction requires steep lenses.  Multi-spectral ZnS 

has superior thermal properties and a high index of 

refraction, but its scatter characteristics can limit its 

use in some high power applications. Sapphire offers 

excellent thermal properties without the scatter, and a 

moderately high index, but it is difficult to grind and 

polish into aspheric lenses.  We tested pristine and 

contaminated versions of lenses made from these 

materials in a 2-element focusing head.  We compare 

the experimental results of our laser testing with 

theoretically modelled results of focus shift based on 

FEA analysis and Zemax modeling.  

Introduction 

Over the past 50 years, laser cutting, welding, 

drilling, and other processing have become 

ubiquitous in industry. For the majority of this time 

CO2 lasers have dominated the market and lead the 

way in laser processing development. As the CO2 

laser market matured, there was a push to increase 

laser powers to enable faster cutting speeds. As the 

powers increased, the need for reflective solutions 

became apparent as thermal effects on transmissive 

optics began to degrade the laser processing 

parameters. Reflective optics tend to be larger, 

heavier, and less compact than equivalent 

transmissive options, offsetting the benefit of higher 

laser powers. As modern laser processing has 

transitioned to faster and more efficient 1um laser 

solutions, the same pattern is beginning to emerge. 

Traditional transmissive optics have served the 1um 

market well until this point, particularly fused silica 

lenses which have extremely low absorption at these 

wavelengths. However, a number of problems 

appeared as the laser powers increased. The effects of 

thermal focal shift never went away; they were only 

reduced by the low absorption of fused silica. The 

effects of contamination are particularly important 

due to the low thermal conductivity of fused silica, 

meaning multiple debris windows and constant 

cleaning is needed to prevent catastrophic failure of 

the fused silica optics. Laser machine builders are 

again beginning to explore moving to reflective 

solutions to prevent these issues. This study aims to 

explore the best lens materials for high power laser 

processing at 1 um and compare them both via 

theoretical modeling and experimental results.  

 

Experimental Setup 

In order to compare the focal shift of fused silica, 

multi-spectral ZnS-MS, and sapphire, a focusing 

assembly was designed and built at II-VI Inc. as 

shown in Figure 1. The head consists of two distinct 

parts, a collimating lens with a QBH fiber receiver, 

and a focusing lens attachment. Both the collimating 

lens and focusing lens mounts have individual water 

cooling channels and diamond turned lens seats, on 

which the plano-convex lens can sit. The lens mounts 

were cooled with a 2 l/min glycol/water filled chiller 

set at 22C. The focusing lens housing is bolted to the 

collimating lens mount and the water cooling lines 

are connected in series with the collimating lens 

mount water cooling.  

 

The laser used was an IPG YLS-20000 1.07 um 20 

kW fiber laser. The power level for each test was set 

at the laser and confirmed to be within 10% of the set 

power by both the built in power monitor as well as 

the final beam dump. Although the actual power level 

is only accurate to within 5% of the stated value, the 



test to test variation in power was much lower; at 

closer to 1%. Tests were conducted over a range of 

powers from 4 kW up to 20 kW. The fiber used was a 

200 um multi-mode fiber, capable of handling the full 

power output from the laser. 

 
Figure 1- Focusing head assembly for use in focal shift 

measurements. Water cooled collimating and focusing 

lenses allow for ideal testing conditions during high 

powered tests. A standard QBH receiver is used to 

connect the fiber. 

The focusing head and laser were attached to a 

robotic positioning arm which allowed easy 

alignment to the PRIMES FocusMonitor and Ophir 

BeamWatch, as well as easy positioning for changing 

out the focusing lens. For this set a 100 mm focal 

length collimating lens was chosen, that was 38.1 

mm diameter, along with a 267 mm focal length 

focusing lens, also 38.1 mm in diameter. This results 

in a spot diameter of ~534 um at focus. Lenses were 

produced such that one lens had the highest quality 

and lowest absorption achievable, while a second 

identical lens was coated on the plano side with an 

absorbing coating to simulate contamination, in the 

case of sapphire a lower grade material with higher 

bulk absorption was used. The goal was to simulate 

~0.1% absorption of the optic. While this exact 

absorption wasn’t reached, a higher absorbing lens of 

each material was tested along with the ideal 

materials. 

 

In order to ensure that the lenses were clean, the 

components were initially assembled in a class 1000 

clean room, examined with a high intensity light, and 

re-cleaned after assembly. The housings were then 

sealed with Nitto tape to prevent dust from entering 

the lens housing before use. They were left in this 

condition until installed on the robot for testing, with 

the final step being to remove the Nitto tape from the 

housing, check the lens for debris, and clean if 

necessary. Before and after high power testing at 

EWI, the absorption of the sapphire and ZnS-MS 

lenses was measured using a II-VI designed and 

constructed vacuum calorimeter. This system is a 

vacuum chamber with a thermally isolated mount and 

a thermocouple that measures the temperature of the 

lens. A laser is used to heat the lens and look at the 

heating and cooling curves from the thermocouple to 

determine the absorption of the lens from the laser. 

Due to the low thermal conductivity of fused silica, it 

cannot be accurately measured in the calorimeter test. 

In order to measure the absorption of fused silica a 

witness sample from the same batch of material and 

coating run was measured for absorption at II-VI 

using Photothermal Common-path Interferometry 

(PCI) and is reported with the results. The vacuum 

laser calorimeter is accurate to within 10% of the 

measurement value. This aligns well with the 

measured values and shows no apparent increase in 

absorption after installing and testing with the 

focusing lenses as shown in Table 1.  

Table 1- Material absorption before and after testing 

Material Abs Before Abs After 

Sapphire 1 0.0062% 0.0068% 

Sapphire 2 0.0830% 0.0700% 

ZnS-MS 1 0.0065% 0.0047% 

ZnS-MS 2 0.0660% 0.0620% 

Fused Silica 

1 

0.0007%* - 

Fused Silica 

2 

0.0900%* - 

Fused Silica 

Collimating 

Lens 1/2 

0.0007%* - 

Sapphire 

Collimator 2 

0.0289% 0.0220% 

Sapphire 

Collimator 1 

0.0717% 0.0660% 

*measured with PCI on witness sample 

 

In order to fully characterize the spot quality and 

focal shift of the lenses, a full suite of testing was 

performed at incremented power levels with the 

BeamWatch. Each focusing lens was tested under 

identical conditions with the same collimating lens. 

The testing consisted of a 3 minute laser exposure 

through the assembly and the BeamWatch at the 

following power levels: 4kW, 8kW, 12kW, 16kW, 

20kW, repeat 4kW. The 4kW test was repeated at the 

end of the measurement to ensure the data repeated 

and that nothing changed during the test. The focus 

region of the assembly was also measured with the 



PRIMES at 1 kW to ensure a spot quality, and good 

fiber alignment.  

 

Results 

Focal Shift 

The original goal of this testing was to show that the 

effect of contamination on the lenses led to varying 

degrees of performance degradation and to 

characterize that degradation based on the focal shift 

of the lenses at various power levels. While that goal 

was accomplished, a few additional results are also 

worth discussion. The focal shift of the lenses is the 

primary discussion, with intrinsic fiber/assembly 

focal shift, and rise time of the focal shift also being 

topics of interest. Each of the focusing lenses was 

measured with Fused Silica Collimator 1 to establish 

a baseline measurement. Figure 2 shows the results 

Figure 2: BeamWatch data for the best and worst 

focusing lenses. Increasing power shows increased focal 

shift.  
 

of the best and worst focusing lenses from the 

BeamWatch data. The BeamWatch gives a real time 

readout of the focus position over time, which can be 

plotted at different power levels. In all of the tests 

focal shifts were towards the fiber/assembly, so only 

the magnitude of the change is recorded. The choice 

of the zero point is arbitrary. It was based on the first 

measured position of the focus in the 4 kW test. Due 

to this being an arbitrary point of reference all data is 

referenced as the difference from the 4 kW data to the 

20 kW data point at 3 minutes, and covers a range of 

16 kW. There are three distinct areas of data on the 

traces. The first is a rapid and steep shift in focus that 

occurs within the first few seconds of measurement. 

This may be due to the initial formation of a thermal 

gradient in the optics. Next there is a decaying shift 

in focus as bulk temperature of the optics increases, 

followed by a slow change to equilibrium as the 

entire system comes to a steady state. Once all the 

measurements were recorded, the steady state focal 

shift was calculated from the average of the last ten 

data points of each measurement. The difference 

between the 4 kW and 20 kW measurements were 

used to calculate the focal shift per kW of laser 

power for each focusing lens as shown in Table 2. 

This shift is really the focal shift of the entire system 

per kW, as there is a contribution from the focusing 

lens, the collimating lens, and the fiber/assembly.  

 

Table 2: System focal shift at 3 minutes with Fused 

Silica Collimator 1, of each focusing lens and the overall 

shift per kW as calculated from the difference in the 4 

kW and 20 kW shift.  

 

As Table 2 shows, the lowest absorbing sapphire lens 

had the best performance, followed by the clean ZnS-

MS lens. The difference is larger once the lenses are 

contaminated, with the higher absorbing sapphire 

performing significantly better than the other 

contaminated materials. Despite use of best practices 

at all steps, the fused silica collimating lens used for 

the first round of testing became slightly 

contaminated while trying to insert the fiber into the 

assembly. While no dust or other signs of 

contamination were apparent, the lens showed a 

slight haze after testing on the fiber facing side, 

indicating that something burned off the lens and 

increased the absorption of the collimator during the 

Focus 

Lens 

Material 

4 kW 

(mm) 

20 kW 

(mm) 

20kW-

4kW 

(mm) 

Focal 

Shift/kW 

(mm/kW) 

Sapphire 

1 

0.50 3.38 2.88 0.180 

Sapphire 

2 

0.54 4.32 3.78 0.236 

ZnS-MS 

1 

0.43 3.37 2.94 0.184 

ZnS-MS 

2 

0.67 5.20 4.53 0.283 

Fused 

Silica 1 

0.44 3.69 3.25 0.203 

Fused 

Silica 2 

1.23 8.31 7.08 0.443 



first round of testing. Sapphire Focusing Lens 1 (the 

best performing lens) was therefore re-measured with 

Fused Silica Collimating Lens 2. This gave a 

comparison between fused silica collimating lenses, 

since the absorption of the fused silica could not be 

measured directly. Comparing the two fused silica 

collimators in Table 3 shows a clear difference 

between them, highlighting the difficulty in keeping a 

fused silica lens clean. 

 

Table 3: System Focal Shift of Sapphire Focusing 

Lens 1 tested with both fused silica collimators. 

Material 4kW 

(mm) 

20kW 

(mm) 

20kW-

4kW 

(mm) 

Focal 

Shift/kW 

(mm/kW) 

Saph-1 w/ 

FS  Col 1 

0.50 3.38 2.88 0.180 

Saph-1 w/ 

FS Col 2 

0.43 2.94 2.51 0.157 

 

Since the absorption of the fused silica collimating 

lenses could not be measured, the data set was then 

repeated with Sapphire Collimator 2, in order to 

compare the collimators, as shown in Table 4.  

 

Table 4: System focal shift data using Sapphire 

Collimator 2 with each focusing lens 

Focus 

Lens 

Material 

 

4 kW 

(mm) 

20 kW 

(mm) 

20kW-

4kW 

(mm) 

Focal 

Shift/kW 

(mm/kW) 

Sapphire 

1 

0.58 3.54 2.96 0.185 

Sapphire 

2 

0.41 4.59 4.18 0.261 

ZnS-MS 

1 

0.46 3.53 3.07 0.192 

ZnS-MS 

2 

0.75 5.13 4.38 0.274 

Fused 

Silica 1 

0.66 4.40 3.74 0.234 

Fused 

Silica 2 

0.82 6.73 5.91 0.370 

 

While the actual focal shift per kW changes between 

Fused Silica Collimating Lens 1 and Sapphire 

Collimating Lens 2, the effect of the focusing lens 

should remain the same between tests. The relative 

magnitudes of the changes are also fairly close, 

suggesting that the two collimators have similar 

performance. It should be noted that the sapphire 

collimators were made with a lower quality substrate 

material due to material lead times and time 

constraints. Additionally, the plano surface of the 

collimator is covered in 1-2 um deep pits that cover 

about 1% of the lens surface area and the scratch-dig 

of the part was 40-20, not the 20-10 spec that the 

fused silica lenses require. II-VI is currently making 

improvements to substrate quality and working to 

manufacture lenses of higher quality. The aspheric 

side of the sapphire lens was in a much better 

condition, but still contained some minor scratching. 

Even with the extremely poor condition of this lens 

the results were very comparable to Fused Silica 

Collimator 1.  

 

Finally, in order to further separate out different 

components of the focal shift, Sapphire Focusing 

Lenses 1 and 2 were retested with Sapphire 

Collimating Lens 1. Table 5 shows the results of 

testing the sapphire lenses with both sapphire 

collimators. 

 

Table 5: System focal shift of sapphire focusing lenses 

with different sapphire collimators. 

Material 4 kW 

(mm) 

20 kW 

(mm) 

20kW-

4kW 

(mm) 

Focal 

Shift/kW 

(mm/kW) 

Saph-1 

w/ Saph 

Col 1 

0.67 4.62 3.95 0.247 

Saph-2 

w/ Saph 

Col 1 

0.75 5.96 5.21 0.325 

Saph-1 

w/ Saph 

Col 2 

0.58 3.54 2.96 0.185 

Saph-2 

w/ Saph 

Col 2 

0.41 4.59 4.18 0.261 

 

In order to characterize the effect of the sapphire 

collimating lenses, the focal shift results of the 

sapphire lens combinations with known absorption 

values were plotted against focusing lens absorption 

values in Figure 3. The linear fits of the lines in 

Figure 3 show the intercept point where the focal 

shift per kW would be if the focusing lenses had zero 

absorption. This intercept removes the focusing lens 

contribution, leaving only the collimating lens and 

intrinsic contribution from the assembly/fiber. 

However, since we also know the absorption of the 

collimating lenses, and therefore the power those 

lenses absorbed during the testing; that contribution 

can also be subtracted out in the following way. First 

it can be assumed that the amount of focal shift is 

linearly related to the amount of power absorbed in 

the lenses for a given material. If that is the case then 

the ratio of the difference in intercepts, I, to the 

difference in power 

 



 
Figure 3: System focal shift for different sapphire 

collimating and focusing lenses. 

 

absorbed, P, gives the amount of focal shift/kW per 

watt of absorbed power, as shown in equation 1. 

 

𝐹 =
𝐹𝑜𝑐𝑎𝑙 𝑆ℎ𝑖𝑓𝑡

𝑘𝑊

𝑊𝑎𝑡𝑡
=  

𝐼2−𝐼1

𝑃2−𝑃1
                    (1)  

 

For the case of the sapphire collimating lenses this 

gives 0.005374 mm/kW per Watt of absorbed power. 

Using this information the contribution of the 

assembly/fiber can be calculated by equation 2 which 

determines the left over contribution when the lenses 

have no power absorbed. I is the lens intercept, P is 

the absorbed power, and F is the result of equation 1.  

𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐  𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 = 𝐼 − (𝐹 ∗ 𝑃)       (2) 

Equation 2 gives a value of 0.136 mm/kW focal shift. 

This was the most surprising result of the testing, as 

this indicates that more than half of the overall focal 

shift does not come from the lenses at all. There are a 

number of potential sources for the additional focal 

shift, the most likely being the fiber end block, or the 

assembly itself from thermal expansion. This result 

should be explored further, but was outside the scope 

of this paper. Using the result of the intrinsic focal 

shift of the fiber/assembly, as well as the contribution 

from the collimating lens, the contribution from just 

the focusing lenses can now be computed and is 

shown in Table 6. To highlight the importance of the 

intrinsic value, this data is also shown as a percent of 

the intrinsic shift. The results in Table 6 show that 

sapphire is significantly better than either alternative 

material under both the clean and contaminated 

conditions. 

Table 6: Focal shift per kW of the focusing lenses after 

the intrinsic and collimator contributions are removed. 

Material Focal Shift per 

kW (mm/kW) 

% of Intrinsic 

Focal Shift 

Sapphire 1 0.007 5.15% 

Sapphire 2 0.083 (0.098)* 61.0% (72%)* 

ZnS-MS 1 0.014 10.3% 

ZnS-MS 2 0.096 (0.135)* 70.6% (99.3%)* 

Fused Silica 1 0.056 41.2% 

Fused Silica 2 0.192 (0.192)* 141% (141%)* 

*Scaled to match absorption of 0.09% 

 

Its higher thermal conductivity, lower dn/dt, high 

index, and relatively low absorption all contribute to 

maximize its performance. Additionally, the focal 

shift of all but Fused Silica Focusing Lens 2, was 

significantly lower than the intrinsic focal shift of the 

system, meaning the intrinsic factors are more 

important in almost all cases. The advantage of 

sapphire can be further visualized in Figure 4 which 

shows the focus shift of each material for a given 

collimating lens with varying focusing lens 

absorption.  For a given absorption, sapphire shows 

the lowest slope, corresponding to a lower focal shift 

for a given absorption.  

Figure 4: Focal shift vs focusing lens absorption for all 

three lens materials, for a given collimating lens. All 

three lenses converge to the focal shift of the collimator 

and intrinsic contribution as they go to zero.  

Rise Time 

In addition to the overall focal shift of the system, a 

secondary effect was noticed during the testing in the 

form of the rise time, or the time it took the focal 



shift to go from 10% to 90% of its final recorded 

value. This corresponds to roughly the amount of 

time one would need to wait before starting a cut to 

ensure the process is stable. Figure 5 shows the time 

it took for each collimating and focusing lens 

combination to reach the 90% point. The lines are 

solid for fused silica collimators and dashed for 

sapphire collimators. The data points are light blue 

for fused silica focusing lenses, dark red for sapphire, 

and green for ZnS-MS. The combinations containing 

sapphire and ZnS-MS had a rise time nearly 60% 

faster than those containing fused silica. 

This is due to the high thermal conductivity of those 

materials allowing the system to reach thermal 

equilibrium faster. In practice this means that a cut 

can start sooner and have better stability when no 

fused silica is present in the system. 

 

Figure 5: Rise time for each combination of 

collimating and focusing lenses. Solid lines are Fused 

Silica, dashed lines are Sapphire. Triangles represent 

contaminated lenses (shown as D- in the legend), and 

squares show clean materials.  

Modeling 

In conjunction with the experimental testing, a 

theoretical model of the focal shift of the focusing 

lenses and collimators was constructed. Using a 

combination of CREO Simulate and Zemax, the 

absorption and ultimately the focal shift of each lens 

at 20 kW was modeled and taken to a steady state 

solution. The modeling assumed the water cooling 

channels stayed at a constant 22 C, and that the lenses 

did not deform enough to change the quality of the 

contact between the lens and the mounting surface. 

The absorbed power of each surface was modeled 

based on a perfect flat top multi-mode beam, and 

using standard material properties from CREO. 

CREO Simulate was able to output a thermal gradient 

and surface deformation for each lens, which was 

then imported into Zemax as an aspheric curve fit on 

a gradient index surface. Since the lens is not a 

constant temperature, but instead sees a temperature 

gradient, the built in temperature functions in Zemax 

are not sufficient. Using a custom gradient index 

surface allows the fitting of the index change across 

the surface for a more accurate description of the 

thermal effects. Additionally, fitting the thermal 

deformation of the lens to an aspheric curve allows 

further analysis of the changes in the lens due to its 

thermal conductivity, coefficient of thermal 

expansion (CTE), and bulk vs surface absorption 

effects. Figure 6 shows a cross section of CREO 

model of a contaminated fused silica lens. The effect 

of the water cooling contact, the surface 

contamination, and the low thermal conductivity can 

be easily seen here.  

 

 

Figure 6- Thermal model of contaminated fused silica, 

showing the temperature gradient (oC) across the 

surface. This model was used to fit a gradient index 

surface in Zemax to calculate the focal shift of the lens. 

The results of the modeling were then compared to 

the experimental results in Table 4 at 20 kW as 

shown in Table 7. The samples agree with the 

theoretical calculations, with the exception being the 

clean fused silica focusing lens having a poor match. 

This is likely due to the discrepancy between the pre-

test witness sample absorption measurement and the 

contamination inherent to the test environment. The 

amount of contamination required to shift the fused 

silica focus is very small, and likely explains this 

large difference. While the exact values vary from the 

experimental ones, the overall trend is the same, and 

the magnitudes are accurate as well. This modeling 

can be used to determine performance of a lens under 

various conditions. It accurately predicted that 

sapphire would be the best performing lens material 

at high power. 

 



Table 7: Experimental vs modeling focal shift at 20 kW 

for each of the focusing lenses. 

Material Experimental 

(mm) 

Modeled 

(mm) 

Sapphire 1 0.14 0.18 

Sapphire 2 2.18* 1.68 

ZnS-MS 1 0.28 0.36 

ZnS-MS 2 3.10* 4.43 

Fused Silica 1 1.12 0.06 

Fused Silica 2 4.27* 6.65 

*Scaled to match modeling absorption level 

Sapphire 

Collimator 2 

0.84 0.84 

Sapphire 

Collimator 3 

2.07 2.00 

 

While the sapphire and ZnS-MS showed similar 

performance, ZnS-MS has a disadvantage in the 

amount of scatter caused by transmitting through the 

bulk material. A typical sample of ZnS-MS will have 

<2% scatter per cm of material. This scatter is mostly 

forward scatter, but can be a significant problem in 

heating of the laser head in the case of a collimating 

lens, or cause significant heating to any cutting 

nozzle in the case of a focusing lens. Figure 7 shows 

a cross sectional beam profile of both a sapphire and 

ZnS-MS lens from the BeamWatch at 20kW. In the 

case of the sapphire the beam is clearly visible and 

had a strong signal to noise ratio of ~500. In the case 

of the ZnS-MS beam profile there is an even 

background scatter present in the beam (a purple hue 

in the background image), which reduced the signal 

to noise to <200. Scatter from the ZnS lens 

significantly heated the BeamWatch aperture during 

one three minute test to the point where it could not 

be touched 

.  

Figure 7- Beam profile of a) sapphire, and b) ZnS-MS 

from the BeamWatch. The ZnS-MS image shows 

significant background scatter, causing heating and 

stray light problems under high irradiation. (Color 

only) 

Conclusions 

The theoretical and experimental focus shift of fused 

silica, sapphire, and ZnS-MS was calculated and 

subsequently measured under controlled conditions. 

The difficulty in keeping the fused silica lenses clean 

enough for peak performance in an industrial 

environment was very evident, showing the merits of 

having a material with higher thermal conductivity. 

The FEA and optical modelling accurately predicted 

the effects on contamination on a lens, and also 

predicted the order of best performance of the three 

materials. While the experimental focal shift was not 

perfectly modelled, the results were close enough that 

they can be used to get a good first order 

approximation of what is happening to the lenses 

under high irradiance. The sapphire focusing lens 

performance outpaced the fused silica by a wide 

margin, and while the ZnS-MS lens was only slightly 

worse than the sapphire, its high scatter made it 

unsuitable for higher power applications. As laser 

powers increase and faster cutting speeds become 

more common, the use of sapphire lenses will be able 

to support these increases while keeping a smaller 

and lighter envelope than all-reflective designs.  
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