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Using GRADIUM® glass lenses in High Power Lasers: Tips and Tricks
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1 Why use GRADIUM® lenses?

GRADIUM® lenses have been used successfully in high power laser systems since their initial
application in a 1.6 kW Nd:YAG at Argonne National Laboratory in 1996'. Since that time,
GRADIUM® lenseshave been used in awide variety of industrial and research applications, ranging
from 100W welding systems to multikilowatt cutting gpplications to specialized high power beam
delivery, such asthe use of a GPX-80-125 by the US Air Force Research Laboratory at Kirtland
AFB, NM to launch a 25 x 25 mm beam with 5.3 kW of 1.3 um laser power into afiber?. Many of
the world’'s leading laser manufacturers and systems integrators—after extensve qudification
testing—use GRADIUM® lenses in their products.

Why have these manufacturers and systems integrators chosen GRADIUM® lensesfor usein their
products? The answer can be distilled to two words: performance and reliability.

Performance: GRADIUM® lenses provide the best possible performance from a given laser
system. Over thelast few years, beam quality from high power lasers hasimproved, particularly with
the use of laser diodes as laser sources or pump sources. Diodes have made it possible to increase
brightness without the thermal management problems common to older technologies, such as
flashlamps, which had sgnificant quantities of wasted energy. The improved beam quality makes
smaller focused spots possible.

BK7 Gradium
Welding and cutting processeshavethreshold e L
limits which are appropriately expressed in 3
terms of irradiance (Watts of power per unit e I
area). Becausetheirradiance scdesinversely |  — R T

with the beam area, it isimportant to get the |y,
smallest possible spot on theworkpiece. For | + = e
example, a10% reductionin spot size (Figure | . : e R
1) trandates into a 19% reduction in total et e
power reguired to mantan the same - 282 mm oo~ 230 mim
irradiance level on the workpiece. ThiS Avg.iradiance=178x10'Wem:  Avg. Inadiance=2.09 x 100 W crr?
efficiency can be leveraged to increase Figure 1. Cross-sectional irradiance profiles of focused spots
proc ng Speed or to lower the laser power from imaging the 1000 mm step-index fiber with pairs of BK7
(thus reducing the dectrical power 35 CEC R T S TN enees s avident i heharper
;%;?g??;:_;mﬁégggsigig ﬁ?elt?%péﬁrlé rlngcgs “C;oghat” p_rofile. Reprqduced from Ref. 1. Copyright
, Optical Society of America.

laser components).
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The effect of GRADIUM® lenses is | riic - sccics seccarion ons exte - 1 g03s HE-vien
understood from a simple model. The spot
size on the workpiece is determined by the
optical demagnification of the source dueto
the idedized beam ddivery system plus some
blur due to the quality of the optics used in
the beam delivery system (cf. Figure 2). The g
purpose of GRADIUM® lenses is to make
thisblur term assmall aspossible. The overal
impact of GRADIUM® lenses increases as
the spot size decreases, typicdly due to
improved beam quality or higher
demagnification levels™®.

| 62.1G665 mm

Figure 2: The dominant aberration in laser beam ddivery
Crere e . systemsisspherica aberation, which causesthelight rays a the
Rehablht_y‘ SlmpleI: configurations offer edge of the lens to be misaimed with respect to the rays at the
fewer p01nt§ of failure. There are Ot_her center of the lens. This aberration results in a larger focused
means to achieve the same levels of optical spat, asillustratedin Figure 1. The use of GRADIUM ® lenses

qudity. However, these solutions typicaly effectively eliminates this aberration.

involve using more glass surfaces. If an

optical adhesiveis in the beam path, it typically has a low damage threshold. Also, even with high
quality anti-reflection coatings, each glass surface increasesthe power reflected to someplace other
than the work piece. Sometimes these reflections, often cdled ghosts, can have enough power to
cause damage within the beam delivery sysgem. A ghost focusisillustrated in Figure 3.

The purpose of thiswhite paper isto familiarize the high power laser user with the best practicesand
precautions necessary in order to successfully

and reiably use GRADIUM® lensesinredl- — oo FTT— —
world laser applications. o ——

2 Understanding glass properties

Glasses are, by their nature, hard yet brittle
materids and are electrical and thermal
insulators. While considered transparent,
some of the light passing through the glass is
absorbed and converted to heat. For most
applications, these properties are academic
curiosities; however, in multi-kilowatt lasers,
the heat becomes significant and can lead to | RUBLE
severa fallure modes unless the lens is Figure 3: An example of a ghost focus in a beam ddivery
properly used. The changes experienced by System caused by reflectionsfrom thelens surfaces. Ghost focus

thelensare ropriatey undersoodinterms problems are avoided by using good coatings and by making
approp y sure that the focusis not incident on ancther lens, thefiber, or

any other sensitive location.
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of the localized light flux, the irradiance, expressed in terms of power/area, not the total power.

In the table below, GRADIUM glassis compared to two other commonly used glasses. BK7 (very
inexpendve and frequently used) and silica (which has unusud thermal stability).

CTE Conductivity | Specific Heat | Heat capacity Softening point
(x10° KY) | (W-mK?Y) | (3 gK?) per unit volume | (°C)
(J cm*K™)
GRADIUM | 8.25(avg.) | 0.7 (avg.) 0.410 (avg.) | 1.81 (avg.) ~500
Silica 0.55 1.38 0.740 1.63 1600
BK7 7.1 1.114 0.858 2.15 719

The differences between the glasses are due
to the dopants added to the raw silica to |, uiiidii ittt e e,
generatethe desired optical properties. Silica
has a very low refractive index (n=1.46) as | »¢
does BK7 (n=1.52). These low refractive
indices meansthat the lenses tend to bemore |
grongly curved, resulting in increased | . ..
spherical aberration. GRADIUM® glass is
essentidly silica which has been doped with | *4
lead oxide; the lead oxide concentration
varies within the glass to create the high
refractive index (n ranges between 1.65 and | . sdrrrrrrrrrrre
1.8 through the profile) and the refractive L "~ ™"
index gradient (which corrects the spherical Figure_ 4:_Glass map _showing the relative dispersion and
aberration). These glasses ae shown in refractive index of the different glasses.

Figure 4, aglass map, which plotsthe glasses refractive index versus dispersion (lower vaues onthe
horizontal axis mean that optical properties change more with wavelength).

CLRSE BRE | L | e N
a

L U R R R R R L R R R AR R
70.00 60.00 io.on 40.00 Io.o0 20.00
wr

The various dopants also affect mechanica properties such as the coefficient of thermal expanson
(CTE), conductivity, dendity, softening temperature, etc. The properties shown for GRADIUM®
and BK7 are representative of the range seen for amost all commonly used optical glasses. The
addition of lead oxidetendsto make a glasswith alow softening temperature and which isrdatively
soft. Understanding these properties allows appropriate precautions to be taken when handling the
lenses. The antireflection coatings onthe lensesare applied inavacuum at atemperature of 300° C.
Thus, on any lens made of any glass, a service temperature in excess of approximately 200° Cis
undesirable in order to protect the coatings.

One critical properties afected by the dopants added to the silica to make optica glass is the
transmisson versus wavelength of theglass. Some glasseshave just two or three dopants; some have
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agreat many. Thusevenwithin aglassfamily,
some glasses will be suitable for high power 1
lasers and some will not, often because of == fﬁ
trace amounts of a specific dopant. Glass
manufacturers provide transmisson data on 4 os
their products, however, sometimes the 1§
samples are too thin to show any differences = s
intheNIRwavelengths. Transmissonresults ~ *
foral4.7mmthick GRADIUM® sampleare
presented in Figure5*. Thelinear increasein =oEom- W;i:aﬂgtl-ﬁ::m] oomeme
tra_nsr"_sson around 800'10_00 mis dueto_a Figure 5: Internal transmission data for 14.7 mm of G5SF.
calibration error between different 1amps in pata courtesy of Juan Ochoa, MIT-Lincoln Lab.

the spectrophotometer. However, thisgraph

can be used to estimate internal absorption. Even though the absorption is small, in a high power
laser, the result can still be asignificant amount of absorbed energy.

G55F Internal Transmission

=]
1 |

3 Known lens failure modes: how to keep them from happening to you
3.1  Stress fractures

Because glass is a brittle material, when the
stress at any point becomes too large, it is
relieved by cracking. The cracks tend to
propagate significant distances before the
stressisrelieved. Thisbehavior isexemplified
by fiber cleaving and the spread of a crack
across a windshidd. It comes, therefore, as
no surprise, that stress fractures almost
always split a lens. The cracks are the full
thicknessof the lens and originate, usualy, at
the edge of the lens, asillustrated in Figure 6.
Theretwo primary causesfor these fractures:
() chipped or damaged lens surfaces and (b)
improper mounting resulting in a stressed
lens.

Figure 6: Example of alenswith a stress fracture.

Chipsand other lens damage are remedied through careful lens handling. Whenthe lens arrivesfrom
LightPath, it has been ingpected for damage. The edges of the lens have been beveled or chamfered
to eliminate fracture sites from the edge of the lens. However, the user should take care not to
damage thelensby dropping it, pushing it into amount when it is cocked sideways, or using any sort
of retaining ring configuration that will cut or scratch the lens. Any of these problems could create
a fracture site when the lens is subjected to heat from the laser.
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Proper mounting isthe other key to avoiding
this problem. Because of the expansion of
the glass when it heats up, do not think of the , \
glassasasolid object to be mounted securely. /

Remember that it isa hard—yet brittle-object Retaining Ring
that will need the ability to expand and Ring of soft material
contract without damage. The lensshould be
mounted securely enough to stay in place (for
example, to withsand the forces applied
during robot motion). Lensmounting is not /

the place to demonstrate brute strength.

When mounting, the retaining ring should be
tightened only enough to hold the lens in
place. A ring of soft materia should be
placed on the convex surface to protect it
from damage and to provide a meansfor thelensto expand and contract without coming loose. The
choice of material depends upon other issues in the beam delivery system; however, rubber o-rings,
Teflon, or indiumwire are representative of suitable materias. Indium wire isductile and has been
used for many years in high power CO, lasers to protect the lens and to promote good heat
conduction from the lens to the welding head.

Figure 7: Example of a proper lens mounting design.

Figure 7 exemplifiesthekey pointsof an appropriate mounting procedure. The plano side of the lens
isin contact with the metd of the lensmount in order to provide a path for conduction of heat from
thelensinto thelensmount (the mount should be cooled and capable of dissipating far more heat than
the lens could absorb). Note that there is a gap between the sde of the lens and the lens mount to
allow for expansion. The convex surface iscontacted by asoft material. Notethat the soft material
ring contacts the lens on a tangent to the

convex surface; no metd can contact or ‘.@/\/\
damage the convex lens surface. It is K

generdly best to design the retaining rings so
that the lensis centered, or positioned in the
mournt, by the rings Edge centering, i.e.

putting the lens in a mount with very little (fm\\\\
lens OD-to-mount ID clearance isusudly a ‘

bad ides, as it is more likely to cause lens
damagewhenthelensisingalled or not allow :
sufficient room for expansion. Texts are Felarizers
availableto provideamoregeneral discussion

of lens mounting techniques’.

A simple, inexpensive test for a stressed lens Figure8: Conceptual layout of apair of crosssed polarizersused

involves a white light source and crossed (o detect stressinamounted lens. Pdlarizer shests or polarizing
filters for a camera are convenient to use.
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polarizers, as illustrated in Figure 8. The
polarizers should be rotated so that, with
nothing between them, no light i stransmitted.
With the lenglens assembly between the
polarizers, if colored fringes are observed,
then the lens is stressed at the location of the
fringes. Thisis the location of a potential
problem.

3.2  Localized melting and related
cracking

Another common failure mode is dueto poor : \
cl ea_nl iness. The lens snould be kept clean at Figure9: An example of a fracture dueto contamination onthe
al times. Cover glasses should be used tO |ens surface.

protect the side of the lens near the

workpiece from spatter. If acontaminant is on the surface of the lens, the contaminant will absorb
heat from the laser beam far morerapidly than thelens and reach ahigh temperature. Consideringthe
table of materials propertiesin 82, we note that GRADIUM® glass has ardatively low softening
temperature. Thus a hot contaminant can quickly raise a small portion of the lens to its melting
temperature. The result is either a melted spot or a fracture-often in the lens surface-originating
from the location of the impurity. Sincetheareanear the center of the laser beam tends to have the
highest power levds, thisis the area wherethis damageis mogt likely to occur. Thistype of damage
isillugrated in Figure 9.

Thefix for this problem is care in handling the lens, use of protective cover glasses, and making sure
that any air from purge lines does not carry contaminants to deposit on the lens. When thisisdone,
GRADIUM® lenses provide a long service life, as has been demonstrated in large industrial
applications.

3.3 Thermal overload

One of thekey issuesin opticsfor high power lasersisstability and durability when subjected to high
average power. Thisis determined by the absorption, the thermal conductivity, and the thermal
expansion. Some common materialswork well; others do not (sometimesit is surprising which ones
do not do well). To gain some understanding of the performance of GRADIUM® glassinarealigtic
setting, windows made from three different GRADIUM® profiles as wdl as slica and BK7 were
placed in a collimated 1.5 kW CW Nd:Y AG laser beant.
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Figure 10: Temperature-time traces for 38 mm
diameter AR-coated windowsmadefromfusedsilica,
BK7, and three GRADIUM® materials. The
thickness of the windows ranged from 12.0 to 14.7
mm. Theincident power was 1500 W (CW, | =1064
nm). Reproduced from Ref. 3. Copyright 1997,
Optical Society of America
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Figure 11: Temperature-time traces for the windows
shown in Figure 6 after the laser shutter was closed
and the windows began to cool. Reproduced from Ref.
3. Copyright 1997, Optical Society of America.

The windows were AR coated a 1046 nm. The
window thicknesseswereinthe 12-15 mmrange.
The temperature on the edge of the windowswas
monitored withasurface-mount thermocouple for
a period of 4-11 minutes, depending upon the
sample. The temperature was monitored as the
windows heated up as the shutter was opened
(Figure 10) and as they cooled down when the
shutter was closed (Figure 11). The experiment
showed that slica, a material commonly used for
temperature sensitive gpplications, heated least.
The excellent thermal performance of fused silica
is apparent from the plot, showing only
agpproximately a 11° C temperature rise after 10
minutes of exposure. At 4 minutes exposure,
BK7, one of the most widely used glasses, had
already experienced a40° C temperature rise so
the test was discontinued. BK7 is clearly a poor
choice for high power lasers. The GRADIUM®
materids did well in this test; GASF and G5SF
would have been at about 16-20° C temperature
riseat 10 minutes and G3SF experienced a28° C
temperature rise. The differences in the
performance of the GRADIUM® meterialsis due
to thedifferent thicknessesof the windowsand the
differences in base glass composition when the
profiles are made. Sometimes glasses from the
same glass family perform quite differently.

These tests provide a reasonable bass for
estimating thetemperatureincreasesthat might be
experienced by a GRADIUM® lens in a laser
beam; the estimation will need to compensate for
the power level and the thickness of the lens
versus the windows that were used in the
experiment. The effect of wavelength on the
absorption (Figure 5) will adso need to be

congdered, as the peak transmission occurs in the 1-1.3um range.

Of course, thetemperatureprofileacrossthelenswould bedifferent than the temperature at the edge.
The localized temperature profile will reflect the localized irradiance profile. Higher temperatures
will beexperienced at the center of thelensthan at the edges due to thetypical laser beam profileand
the fact that the heat sink is at the edge of the lens.

©2003, LightPath Technologies, Inc.
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There is clearly a point a which heat is —
deposited faster than it can be conducted o

away from the lens. When this happens, the | w=iemy
lens will soften and melt. When the region |
that this happens is small because of a| ™
contaminant, afailure of thetypediscussedin | .. .....
83.20ccurs. Theexact onset of thiscondition | 1zs.zssa :
is determined by the absorption of the | ==
materia, heat capacity per unit volume, and | 1
the softening temperature. 1m0

123.25328 3

125.35062
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preferred for use with higher beam powers.
The larger beam will reduce the size of the Figure12: Changein EFL for aGPX-50-120 with temperature.
iradiance gradient and the maximum The change (magnitude and direction) is dependent upon

. . - . temperature and wavelength.

irradiance; thisgeneral comment appliesto dl

lasersand is the same reason that the optics on the ultra-high power National Ignition Fadility lasers
arevery large.

The other effect that will be observed with temperature is some changein the focal length. Asthe
lens heats, the thicknessincreases, the radius of curvatureincreasesand therefractive index changes.
All of these effects act together to produce some variation in the focal length (which translates into
spot Szeerrorsasthe beam movesin and out of focus). Using a GPX-50-120 operating at 1064 nm
as an example, the calculated effect over a 20-100° C temperature range is shown in Fgure 12. In
this case the temperature is assumed to be the same at dl points on the lens. Of course, since the
temperature isafunction of theirradiance, that is not exactly what happens; the final result isdue to
a range of temperature variaions and focal shiftsonthe lens. Perhaps this could be modeled by a
very complex finiteelement analysis. Certainly theradiusof curvaturewill vary acrossthe lens; some
complex aspheric surface is the likely result.

In order to gain some understanding of the effect, a GPX-50-120, which is diffraction limited, was
analyzed at room temperature (where the

|aser would ||ke|y be st Up) and also with a Thermal Profile on Lens
temperature profile across the lens. The
wavelength was 1064 nm. The temperature ™=

profile was realized by dividing the lensinto
aseries of annular regions, with each annulus

2|

-
o
L

Ternperature [C)

at a temperature between 40 and 100° C, as & =

shown in Figure 13. Theincrease in spot size j: 1

is what is expected to be the change onthe |

gpot Sizein ared application. 2 - p - - o

Radius [rm)

Figure 13: Thermal profile used in simulation. The clear
aperture radiusis 22.5 mm.
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The observed effects are shown compared to the lens at room temperature in Figure 14 and Figure
15. The spot size increases with the thermd gradient; part of the effect is due to the focus shift
(about 14 microns), part isdue to the changesin the lens geometry. Note also that the wavefront has
changed from the smooth, third order spherical pattern before heating to something with a more
complex shape. The increased complexity increases the actual spot size. The effects that are seen

RAY INTERSECTION PLOT File = GPX-E50-120 Surfacs 2
0.0l 5
Walid rays
EF65
a.ad 4
Wavelangth
[micran)
106300
a.0d 4
o.oo 4
a.on KaW AN
o.000 g.ooo0
o.0n o
-0l
-0.01
R&¥ INTERSECTION FLOT File = GPX-50-1Z0-Temperature-Z._otx Surface &
0.0l 5
Yalid rays
"’ * Z963
o.on o
TWavzl angrh
[(micron]
1.06400
0.00 o
+
-
+
o.on 4
- +
a.on -+ Ko TR
o.000 g.oo0o0
o.on 4
00l 4T T T T T T T T T T T T T T T T T T T T T
-0.01 n.oa o 0o o.a0 0.0 0.0 0.0l

Figure 14: Focused spot fromapoint sourcefor a GPX-50-120 at room temperature
(20° C, top figure), and with the temperature profile of Figure 13 (bottom figure).
The back focal length was not varied from the room temperature value. The box
scaleis 15 microns across.
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are not very large, although there might be some practical impact on a processthat was running too
near the process limits.

34 Irradiance overload

If the irradiance level istoo high, we see a fallure mode in which the surface of the glass fails. This
failluremodeistypically associated with pulsed lasers, because of the tendency to have very high peak

OFTICAL FPATH DIFFERENCE [DPD]| File = GPX-50-1Z0 —— 0_.Z50 wmaves
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Poxr 1 — [miczon)

- 105400

0. 0b0deg

Figure15: Wavefront error of GPX-50-120 at room temperature (20° C, top figure),
and with the temperature profile of Figure 13 (bottom figure). The back focal
length was not varied from the room temperature value. The scaleis0.25A.
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power levels. In order to avoid thisfailure mode, peak irradiances must be controlled either through
control of the laser parameters or by using larger beam diameters.

The specific damage threshold values are somewhat complicated to use, because the physics of the
interaction is such that the damage threshold decreases, i.e. damageis morelikely, as(a) wavelength
decreases and (b) pulse duration decreases; the assumption is that the beam size and total energy
throughput do not change. For this reason, results are presented for nanosecond pulses, as well as
for the millisecond pulses more typically encountered in multi-kilowatt industrial lasers. Some years
ago the Universty of Rochester tested some early GRADIUM® materials. Their results indicated a
damage threshold of ~4" 10° W cm? (4-5 Jcm? for a1 ns pulse at 1053 nmand 3 Jcmi? for an 800
ps pulse a 351 nm)°. Based on the glass family, the Newport catal og i ndicated a damage threshold
of 27 108 W cm? (2 Jcm for a 10 ns pulse at 1.06 nm)’. For reference, when a lens with optical
cement is used, the cement isgood to around 700 W cm2,

Highaveragepower pulsed laserstypicaly generate millisecond pulses. Tests carried out at Argonne
National Laboratory with 1-5 ms pulses (10-55 J per pulse) on a G3SF window indicate a damage
threshold of 3 3.8" 10° W cm®. The G3SF iscapable of withstanding 3 1.5" 10° W cm? if thereare no
surface flaws or impurities.

4 Conclusions

GRADIUM® glass lenses offer a convenient mechanism to extract the best possible performance
fromalaser systems. Asmost GRADIUM® lensesthat are used in high power laser systems have
modest optical speeds, between f/2 and /4, they are generally diffraction-limited; laser system
performancewill bedetermined by the laser beam quality and the effectsof the beam delivery system,
such as excited fiber modes.

GRADIUM® glass lenses have been used in industrial laser applications for the last seven years.
They have demonstrated compatibility with the harsh environment of afactory floor by delivering
excellent performanceand long servicelifeto theend user. LightPath’ sgod inthe preparation of this
paper was to provide a means for customers and prospective customers to understand the best
practicesthat have helped maximize the service life of the lenses. These practices, coupled with the
ability to recognize common failure modes, will allow the user to recognize the source of aproblem
as it develops and fix it beforeit interferes with equipment availability.
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6 Appendix: Optical Modeling Considerations

A complete therma model of a lens—particularly a GRADIUM® lens, requires that the program
consider the changesintheglassproperties over temperature. These propertiesincludetheexpanson
or contraction of the glassthickness, diameter and radius of curvature with temperature (CTE); the
change of refractiveindex with temperature (dn/dT); and it must ensure that the portion of the glass
profile used by thelensis not dtered as the CTE calculations alter the mechanical dimensions of the
lens.

Since GRADIUM® glassis not ahomogeneous material, the CTE and dn/dT values change through
the lens. Lensdesign programs are only ableto consder CTE as acongant; thus only an average
CTE isapplied to the entire lens. A more sophisticated treatment would require a CAD modd with
finite element analysis. Thiswould also bethe approach required werethe use desrea more accurate
representation of thelocalized CTE variations experienced on the lensdueto the different irradiance
levels and heat flow experienced by alensin ahigh power application.

The dn/dT calculation is less problematic, as it simply requires an offset be applied to the refractive
index profile a each point onthe profile. A model was developed which makesthis calculation as a
function of the refractive index at room temperature®. Typically, the effect of dn/dT offsetsthe CTE;
in different temperature ranges, as the different factors change, one may dominate or they may
approximately cancel each other.

Tothebest of our knowledge, any lens design program that supports GRADIUM® (e.g. CODEV®,
OSLO®, ZEMAX®, OpTdiX®) dso includesthe CTE cdculation. However, only OpTaiX®-PRO
5.04 or later supportsthedn/dT and profilethicknesscorrectionsdescribed above. Thusthemodeling
inthispaper wasdonewith OpTaliX®. (OpTaiX®-LPT, availablefromLightPath, doesnot include
thermal modeling.)

In order to model athermal gradient across alens, the lens was divided into several annular zones.

A raytrace was run through each zone with the lens set at a different temperature; the results were
then overlayed to modd the composte effect.
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