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>»GAS LASERS

CO, lasers—progressing from a varied
past to an application-specific future

YONG ZHANG and TIM KILLEEN

With a unique wavelength not easily
achieved through other technologies,
CO, lasers are progressing from an
average-power value proposition to

an application-specific marketplace
wherein extreme high peak power,
wavelength specificity, and operational
stability match customer expectations.

making them equally suit-
ed to instrumentation or
brute-force cutting. And
because CO, lasers have
very high spectral puri-
ty, with <1 kHz of radi-
ated linewidth without a
power tradeoff, conver-
sion efficiencies of 10%

Invented by C. Kumar N. Patel in 1964
at Bell Laboratories, carbon-dioxide
(CO,) lasers are an ancient technology
by photonics industry standards. But de-
spite a long history, CO, laser technolo-
gy has survived and thrived because of
its unique combination of wavelength,
power, and spectral purity.

Because many natural and synthet-
ic materials have strong characteris-
tic absorptions in the 9-12 pm spec-
tral range spanned by CO, lasers, there
are numerous opportunities in mate-
rials processing and spectral analysis.
These wavelengths are also contained
in an important window for atmospher-
ic transmission, ideal for many sensing
and ranging applications (see Fig. 1).!

A typical CO, laser consists of a
volume of electric discharge with a
gas mixture that includes CO, mole-
cules. Because the energy levels
of molecular vibration and ro-
tation are close together, pho-
tons emitted as a result of tran-
sitions between these levels are
low in energy and long in wave-
length compared to visible and
near-infrared (NIR) light.

Carbon-dioxide lasers can
provide power levels from mil-
liwatts to tens of kilowatts,

are possible. These traits
allow CO, lasers to tackle emerging ap-
plications in materials processing, light
detection and ranging (lidar), thermal
vision assistance, and targeted thera-
peutic medical applications.

In the decades since their invention,
hundreds of thousands of
CO, lasers have been used  a)
in medicine, manufactur-
ing, and scientific research—
from printing a four-dig-

(A

quantum-cascade lasers (QCLs), CO,
lasers will remain one of the most wide-
ly deployed lasers on the market if they
can progress into application-specific
territory.

Challenging the competition
Despite these long-time advantages,
CO, lasers are being challenged on sev-
eral fronts. Fiber lasers and QCLs have
migrated into some of the applications
formerly dominated by CO, lasers.
For industrial applications, high-pow-
er fiber lasers can provide higher effi-
ciency and better absorption by metal at
a cheaper or comparable cost. However,
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CO, lasers remain the only way
to process many non-metal ma-
terials that do not absorb the
NIR wavelengths provided by
fiber lasers.
Quantum-cascade lasers are
also compact in size and can
produce wavelengths spanning
2-12 pm, making them a
great tool for spectrosco-
py- However, many sensing
and spectrum-sensitive in-
dustrial and medical appli-
cations in the long-wave in-
frared (LWIR) region from

FIGURE 2. A CO, laser for generating extreme
ultraviolet (EUV) light undergoes rigorous testing
in a modern manufacturing facility. (Courtesy of

stability match specific material and appli-
cations needs.

Enabling EUV lithography

In the attempt to extend Moore’s Law, CO,
lasers have been identified as the optimal tool
to generate extreme ultraviolet (EUV) radi-
ation through laser-produced plasma (LPP).
This EUV light at 13.5 nm is produced by va-
porizing molten droplets of tin. Other lasers
such as neodymium yttrium-aluminum-gar-
net (Nd:YAG) were tested for this applica-
tion, but proved less efficient than CO, la-
sers that generate optically thin plumes with
higher velocities and better plasma proper-

8 to 12 pm require a combi-
nation of high power, spectral
purity, excellent coherence, and stable spatial mode that only
CO, lasers offer.

In addition to technological challenges, price erosion—pri-
marily from China’s ever-expanding laser industry—has pushed
prices lower and lower. Standard CO, lasers are becoming a
pure commodity, with barriers to entry and margins dropping
rapidly. Just three years ago, Chinese companies were purchas-
ing U.S.-made 30 W CO, lasers for $4500. Now, Chinese la-
ser manufacturers have entered the market with their own CO,
lasers for $2000.

These factors signal an end to the “dollar-per-watt” era, where-
in companies produced lasers with a specified average power,
the capability to perform a myriad of tasks, and a price propor-
tional to the watts delivered. Using this strategy, highly success-
ful companies like Synrad, Coherent, and Rofin created families
of lasers ranging from a few watts to tens of kilowatts, birth-
ing an industry where CO, lasers were used in plastic manufac-
turing plants, dentists’ offices, and cell phone assembly lines.

Although the ability of CO, lasers to compete as a one-size-
fits-all solution is coming to an end, we are meeting the chal-
lenges posed by the emerging world of new materials and in-
creasingly demanding industrial and scientific processes with a
new application-specific lasers paradigm that requires a much

deeper technical understanding of the true
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value proposition of a laser, and a differ-
ent approach to how CO, lasers are man-
ufactured and marketed.

On the manufacturing side, this new par-
adigm leverages the wide-ranging specifica-
tions of CO, lasers to closely match specific
customer requirements. On the market-
ing side, it shifts away from average power
and dollars-per-watt as the dominant val-
ue proposition towards customer-specific
solutions where pulse shaping, peak pow-
er, wavelength specificity, and operational

Over-heat
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Under-heat
correction

ties because of tin’s much higher reflectivity
to CO, laser illumination.?

To generate EUV light, CO, lasers are required to provide
a stream of high-speed identical pulses with virtually perfect
optical quality at a single wavelength (10.6 pm)—all with the
cleanliness, accuracy, and repeatability required by the semi-
conductor industry.

To meet these exacting requirements, CO, lasers for EUV are
completely manufactured in an ISO Class 7 cleanroom, from
processing raw parts through to final test (see Fig. 2). Every la-
ser passes a continuous 12-hour output test, holding perfect-
ly to the test specification, as any deviation could create thou-
sands of failed semiconductor chips.

Removing LIGO distortion
Our decade-long collaboration with the Laser Interferometer
Gravitational-wave Observatory (LIGO) project provided crit-
ical technology in the quest to confirm the presence of gravita-
tional waves. Although Einstein had predicted their existence
long ago, their theoretical signal was so small that he was skep-
tical that an apparatus sensitive enough to detect these faintest
murmurs of the universe could be built.

The scientists at LIGO contacted us with a very specific prob-
lem. Any photons absorbed by the interferometer optics, even
one out of 3.3 million, distorted the optics and created enough
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FIGURE 3. Carbon-dioxide lasers are being used to correct optical distortions in the LIGO
instrumentation. (Adapted from S. Ballmer et al.9)
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thermal noise to bury the signal they were
trying to detect. Although LIGO had de-
signed their optics to take thermal distor-
tion into account, in practice they need-
ed to fine-tune them in real time to match
the power of the main beam and the in-
dividual quality of each optic.

Carbon-dioxide lasers were the logi-
cal way to tune the optics because their
beams are heavily absorbed by LIGO’s
optics and they can provide high wave-
length purity and power stability, without
which they would have only added more
noise to their measurements.

But by working with LIGO’s exact ap-
plication-specific needs, we developed a
single-wavelength-stabilized CO, laser
suitable for a very precise control loop
within a real-time adaptive system that
precisely countered the optical distortion
because of heat from the main working
beam (see Fig. 3).> When the optics were
under-compensated for thermal distor-
tion, the CO, laser beam was shaped into
aring to provide additional compensation
(over-heat correction), whereas if the op-
tics were over-compensated, the CO, laser
beam was shaped into a disk in the cen-
ter of the optic to weaken the compensa-
tion (under-heat correction).

Dental surgery
Recently, scientists discovered that human
hard tissues (bones and teeth) have strong
absorption in the 9.3-9.6 pm range (see
Fig. 4).*¢ Studies have also shown that
CO, lasers are uniquely suitable for oral
surgery on both hard and soft tissue, and
for preventing dental caries (tooth decay).
Although other wavelengths, such as
2.94 pm, are found to work well with soft
tissue and hard tissue alike, only CO, la-
sers at 9.3 and 9.6 pm wavelengths pro-
vide the additional benefit of caries pre-
vention and removal.” Professor John
Featherstone, dean of the UC San Francisco
Dental School, likened the discovery to the
sun rising in a new era of laser dentistry.®
With pulse energies of multi-millijoules,
pulse lengths of 5-20 ps, and thousands
of hours of reliable operation, CO, lasers
uniquely suit dental surgery and treatment
in a point-of-care setting. Although this
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FIGURE 4. Infrared transmission of enamel powder indicates strong  (>10 kHz) pulses.
absorption around 9.6 um, which overlaps with CO, laser radiation. Traditionally,

(Adapted from D. Fried et al.%)

technology is far from achieving mass adop-
tion, commercial dental systems based on
9.3 pm pulsed CO, lasers are now avail-
able for hard and soft tissue applications.’

Processing new materials

As manufacturing continues its global
shift towards full process automation, la-
sers are changing the value proposition for
traditional processes such as knife cutting
and punch pressing of materials in indus-
tries like packaging. Companies such as
Amazon are driving a change from rigid
packaging—set sizes of traditional card-
board boxes—to flexible packaging con-
structed from new plastic materials and
created onsite to exactly fit the needs of
the particular shipment.

Flexible packaging is lighter in weight
and safely biodegradable in a landfill, re-
ducing the fixed costs and environmental
impact of shipping and packaging—key
future performance metrics for Amazon.
This shift is enabled by the fact that la-
sers never go dull and deliver repeatabili-
ty and accuracy well beyond the capabil-
ities of mechanical systems.

New types of multilayer plastics can
have a very strong absorption peak at one
particular line in the CO, spectrum, or
even require a laser that can shift wave-
lengths on the fly as it goes from layer to
layer in the cutting process. Replacing a
large-form knife-cutting system would re-
quire an array of lasers capable of creat-
ing ablation with almost no heat-affect-
ed zone, while tracking a web moving

such peak powers

and fast pulses re-
quire Q-switching or other external mod-
ulation techniques that are simply too ex-
pensive to scale for cost-effective mass
deployment in industries such as pack-
aging. However, we are developing CO,
lasers that achieve kilowatt peak pow-
ers without external modulation in a
small form factor to meet these demands.
Indeed, the newest trends in manufactur-
ing, medicine, and materials science are
forcing the historical dollar-per-watt val-
ue proposition of the last half-century to
evolve into a customer-centric, applica-
tion-specific era for the CO, laser. <
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