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Fiber Laser Chirped Pulse Amplifier

Overview

Fiber lasers are known to offer advantages in maintaining stable operation over years, low total
cost of ownership, and predictable operation in a small package. Few mirrors need aligning. At
high power, the fiber laser provides simpler heat removal of high powers in a long thin fiber. The
simplicity of a fiber removes the need for water cooling, and usually air cooling or conduction
cooling is sufficient. The fiber laser can usually be more compact, important for embedded
applications. For these and other reasons, industrial and medical laser sources have been
migrating to fiber lasers where possible.

Ultrashort pulses are a new technology with many applications from sampling to non-thermal
machining and surgery. Fiber lasers provide a stable and reliable mode-locked platform for
generation of these pulses. These ultrashort pulse fiber lasers are the primary expertise of Calmar
Laser.

Rather than higher average power, higher energy pulses are sometimes required for applications
such as non-thermal machining or surgery. But the small optical mode diameter in a fiber limits
short pulse energy throughput due to nonlinear optical mechanisms. The Fiber Laser Chirped
Pulse Amplifier (FLCPA) is an excellent method for increasing the energy output of a fiber to
many uJ and above.

Ultrafast fiber lasers with higher energy pulses and small diameter fibers are dominated by
nonlinear optical effects, unlike free-space optics with very much large diameter beams. The first
nonlinear problem is self phase modulation where the light power itself will change the index of
refraction, disrupting the pulse form. A second nonlinear problem is stimulated Raman scattering,
or the creation of new light at a shifted wavelength that depletes the power in desired signal
wavelengths, limiting the ultimate obtainable pulse energy. As the peak optical power increases,
these nonlinear effects become stronger.

Several methods are used to lower the peak intensity, to allow more pulse energy to be handled.
First, the short pulse is spread out in time by frequency, or chirped by either a diffraction grating
pair or fiber grating. After the pulse has traveled through the fiber optical system, the pulse can be
recompressed back to an ultra-short pulse. This recompression may need to be done in free
space if the peak pulse intensity is too high to allow further propagation in a fiber. Second, a
larger diameter fiber core can be used. Recently, large mode aperture (LMA) fibers have been
developed that can increase the fiber area by an order of magnitude or more, while remaining
single mode. Finally, new photonic band gap (PBG) fibers use an air core with much less
nonlinear effects. These PBG fibers are just emerging and not yet practical for commercial use.

The Seed Laser

The Chirped Pulse Amplifier must start with a high quality femtosecond source pulse, for which.
Calmar uses passively mode-locked fiber lasers to produce pulses as short as 80 fs. Passive
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mode-locking makes these lasers easier to operate than actively mode-locked lasers, as no
external RF clock signal is required, and little or no warm-up time is needed. Temperature control
is also less of an issue with passive mode-locked lasers. Repetition rates are fixed in the range of
10 - 100 MHz. Figure 1 shows a simplified schematic of a passively mode-locked fiber laser.
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Figure 1: Schematic of Passive Mode-locked Fiber Seed Laser

The Chirped Pulse Amplifier

A chirped pulse amplification system consists of a seed laser, a pulse stretcher, amplifier chains,
and a pulse compressor as shown in Figure 2
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Figure 2: Fiber Laser Chirped Pulse Amplifier Diagram

First, to allow the pulse to be amplified without nonlinear optical effects from high peak power, the
pulse is stretched by “chirping” via a free space grating pair or in-line methods such as dispersion
engineered fiber stretcher or fiber grating. Calmar's FLCPA adopts the in-line method for more
robust CPA systems. The Pulse Picker reduces the pulse repetition rate from 10s of MHz to
around 100 KHz. After pulse picking to a lower rate, the high energy Fiber Amp 2 is used. This
last amplifier typically has a larger diameter single mode core to allow more peak power
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generation below the limit of nonlinear optical intensity effects, which can reduce pulse power with
Raman scattering, lead to spectral changes, and affect the phase of the pulse so that
recompression to a short pulse is not possible.

In spite of such efforts, a compromise is necessary between pulse energy and the amount of
nonlinear optical effects that can be tolerated. First, because of the buildup of many nonlinear
effects in the fiber, a pulse cannot be compressed completely back to as short as an 80 fs pulse.

Although FLCPA lasers have been demonstrated to generate 100s of pJ of optical pulse energy in
scientific experiments, current commercial FLCPAs are in the 10 pJ range. With a pulse rate of
100s of KHz, overall FLCPA produce an average power of several Watts of high energy sub-
picosecond pulses. FLCPA lasers can be made with optical wavelengths in the 1535 nm to
1560nm (C-band) or from 1030 to 1065 nm (1 um band). Calmar Laser has created the
Cazadero FLCPA lasers for this purpose.

Packaging

The FLCPA is usually preferred to be packaged into two boxes as illustrated in Figure 3. The
controller box handles the electrical drives for the diode pump lasers, and monitors system
performance. The second optical head contains the fiber optical elements and can remain
isolated on a laboratory table. The output of the CPA is into free space, so the optical box is
designed for steady mounting on an optical table.

Figure 3 Typical Pulse Amplifier Package consisting of separate Laser Head and Controller



[gCALMAR
—~ L A S E R

Beam Performance

The output of a good quality single mode Gaussian free space beam with M? < 1.2 can typically
be achieved. The test results of Figure 4 give an indication of the performance of Calmar's
Femtosecond Fiber Lasers.
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Figure 4 Beam Output Quality, M* < 1.2

Technical Specifications of Calmar Cazadero FLCPA

Calmar Laser produces the Cazadero line of FLCPA lasers. Typical autocorrelation pulse trance
and spectrum can be seen in Figure 5. The Cazadero FLCPA properties are listed in Table 1.



Figure 5: Typical Pulse and Spectrum of FLCPA

Table 1: Calmar Laser Cazadero FLCPA Specifications

Technical Specifications

Model Number | FLCPA-01C | FLCPA-02C FLCPA-01U | FLCPA-02U FLCPA-03U
Pulse Width (ps)* =0.5 =<0.7F =0.5 =0.7F =0.7
Central Wavelength (nm) 1(2:;2&;5"2)5 }2;%;;32? 1030
Repetition Rate (kHz) Up to 1500 Up to 500 Up to 1500 Up to 500 Up to 200
Pulse Energy (pJ) 1 3 1 3 10
Polarization Extinction Ratio 20 dB (typical)

Output Beam (mm) Free space, diameter 3 (typical), M2<1_2

Operating Temp (*C) 10 — 35

Operating Voltage (VAC) 85 ~ 264

* A sech” pulze shape [convolution factor of 0.65) is used fo determine the pulse widih for the second hamonic sulocormelafion frace.

Dwe fo our confinuous improvement program, specifications are subject to change without nofice.

* A sechz pulse shape (convolution factor of 0.65) is used to determine the pulse width for the second harmonic autocorrelation trace.
Due to our continuous improvement program, specifications are subject to change without notice.

Material Physics in Application of High Energy Ultrafast Pulses

As a high energy laser pulse duration reduces below a few picoseconds, the damage threshold
becomes deterministic and is very sharp and reproducible (within 1%), as opposed to the 20-50%
variations with the stochastic behavior of longer pulses (> 5ps). The reason for this ultrafast
deterministic behavior has been ascribed to a physical process that is dependent primarily on the
valance band electron density, which remains quite uniform across a given material, as well as
fairly stable across many different materials. [1] [2]

This ablation process starts with an optically induced Zener ionization followed by Zener-seeded
avalanche ionization. The material removal per pulse is typically around 30 to 50 nm deep,
which is the optical penetration or “skin depth” for a plasma density of ~10%*/cm?®, equal to the
valance band electron density for many materials. Furthermore, because of the Zener initiation
mechanism, the intensity threshold for damage remains nearly constant at a few J/cm?® with
pulse widths from 5 to 100 fs. [3] The laser is typically focused onto the material with a spot
diameter of approximately 10 to 20 um. Thus a 10 pJ energy laser pulse will provide a fluence of
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2-10 J/cm?, the damage threshold of most materials. For a material removal of ~50 nm depth
per pulse, a Calmar FLCPA operating at a pulse repetition rate of 100 KHz can drill at a depth
rate up to 5 mm/sec.

The ultrashort laser pulse ablation process emits particles for up to several hundred nanoseconds
after the laser pulse, observed to occur in two distinct steps. Variation of optical pulse duration in
the range of 200 fs to 3.3 ps shows no significant effect on this ablation behavior. [4] In the first
step, a thin layer of the surface on the order of the optical penetration depth of the laser pulse
(=50 nm) is ablated by electron emission, sublimation, transition to the plasma state and
gasdynamic effects. This ablation process proceeds on a nanosecond time scale or faster. [4]

The second distinct emission step originates from the remaining heat that is meanwhile diffusing
into the material, so that thermal effects on longer time scales can occur. This second ablation
step is assumed to result from boiling after heterogeneous or homogeneous nucleation. This
second step starts after about 40 ns with emission of hot material and droplets, increases to a
maximum after about 150 ns and then vanishes after a few microseconds. If the laser pulse
energy is reduced towards the critical threshold, the amount of material emitted in this second
step is observed to significantly decrease. [4] A forming gas flow is useful to remove the effluent
from obscuring the view of the laser.

For repeated drilling of deeper holes at one location, or “percussion” drilling, two physical
mechanisms come into play.[5] First, the plasma emission from the ablated material can block the
light of the next pulse as the repetition rate approaches 1 MHz, reducing the drill rate to as low as
10 nm/pulse. [4] Second, residual heat can build up at the drill point, which aids in the drill rate,
but through a thermal rather than ablation process at the expense of a poor quality thermal hole.
[5] As such, the repetition rate of ultrafast athermal percussion drilling is limited to a few 100 KHz
to 1 MHz, with the higher rates possible on higher conductivity materials like copper.

As an alternative to percussion drilling, “trepanning”, has greatly improved the quality of holes at
higher repetition rates of ultrafast lasers. [5] Laser trepanning consists in moving the beam on a
circular path relative to the target, differently from percussion drilling in which consecutive pulses
are superimposed in the same focal volume. The scanning helps in avoiding plasma attenuation
and thermal buildup effects. Similarly, linear scanning can also be beneficial for fast clean cuts.

Table 2: Comparison of Pulsed versus Ultrafast lase  rs

Parameter Long Pulse Lasers Ultrafast Laser
Pulse Width ‘T’ T> 5ps T<5ps
Damage Mechanism Thermal Melting Ablation
Optical Physics Absorption/Heating Zener lonization
Wavelength Requirement Absorbed by Material Any Material & Wavelength
Pulse Damage Threshold ~TY2 ~ 1-5 J/cm?
Stress Thermal Shock & Cracks None
Heat Affected Zone thickness ~(DT)1’2 None
Material Removal Rate Depth ~(DT)*? Depth ~30-50 nm/Pulse
Maximum Pulse Rate ~MHz 100 KHz - 1 MHz
Uniformity of Cut Dimension 20-50% 1%

D is the thermal diffusion constant. T is the Pulse Width of the laser.




Applications

As laser pulse width reduces below a few picoseconds, energy deposited by the laser upon a
surface cannot propagate a significant distance into the material during the time of the pulse. As
such, the surface material turns into electron-ion plasma that consumes the pulse energy and
dissipates, leaving a clear cutting edge. Lack of time for thermal propagation assures the uncut
material stays in original form without stress, fractures, melts, or other unwanted thermal
processes. The mechanisms for absorption and material removal are very different from long
pulse lasers as shown in Table 2.

For machining and surgical applications, a pulse width under 1 picosecond effectively works
athermally (no heat effect). As such, the fiber laser CPA is an excellent candidate for such
applications.
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Figure 6: Material Affect of Ultrafast versus Long Pulse Laser

As illustrated in Figure 6, high energy subpicosecond pulses interact with material athermally
which gives a great advantage when micro-precision material processing is concerned. Typical
laser cutting with long pulses (>5 ps) will cause thermal effects on the side walls of the cut.
These detrimental thermal effects include uneven and imprecise cut width and position, a melted
residue remaining on the top surface of the material, and a heat affected zone near the cut edge
consisting of thermal stress and micro-cracks. The heat affected zone could also have
detrimental effects of high temperature on material properties, such as hardness or other
desired property.

The application of Calmar's FLCPA may be categorized into bio-medical and precision material
processing, including metals, glass, and semiconductors. More details and references are
available in the White paper “Application of Fiber Laser Chirped Pulse Amplifiers” on the Calmar
Laser web site.




Bio-medical applications

Because subpicosecond pulses interact with material athermally, FLCPA is a best choice for
precision cutting of benign material such as human tissue, with no residual thermal damage and
clean precise edges on the tissue. Femtosecond lasers have long been used for optical tissue
diagnostics and therapeutic surgery. Today they are also used for cutting cornea in the LASIC
surgery process. A femtosecond laser also allows cutting to be performed on the back side of
the transparent material such as a cornea, as material removal only occurs at the beam focus.
Furthermore, high energy femtosecond pulses are used to manufacture nano-scale structures
for bio-medical instrumentations. Such structures have been used as microfluidic channels for
molecule separation, or as stents for improved blood flow.

Precision material processing

Femtosecond lasers are used to process metal materials with greatly reduced heat affected
zone that can change the hardness of metals. The cut is also clean, precise, and has no
residual material on top. Micro stress and cracks are also greatly reduced in metal machining.
For maximum material removal rates, above 100 kHz, it's important to scan the laser along a
line or along the circumference of a hole (trepanning) so that material being removed does not
block the laser beam.

In semiconductor manufacturing, dicing of semiconductors with femtosecond lasers can have
greatly reduced chip stress and smaller edge affected zone.

In glass materials, sub-surface etching can be achieved as ionization only occurs at the focus,
even if it's below the surface.

It is also possible that femtosecond pulses can cut a smaller hole size than the wavelength,
through intensity higher than ablation threshold and typical infrared femtosecond lasers can
write fine structure with size under several tens of hanometers. Compared to the well-known
lithography method, femtosecond pulses are cost-effective in MEMs structuring.

Conclusion

Femtosecond fiber lasers are a valuable new tool for material processing. The advantage of
high energy femtosecond pulses is the ability to make a clean precise cut without the effects of
heat. The usefulness extends to medicine, surgery, material processing, and semiconductor
fabrication.

A fiber laser allows femtosecond lasers to be smaller, more reliable, lower cost, and air-cooled.
Short high energy pulses are difficult to produce in the tight focus of a fiber laser, but techniques
such as spectral chirp and large mode aperture fiber allow these lasers to generate a pulse
energy in the 10s of pJ with a repetition rate in the 100s of kHz that fits well with the desired
application requirements. Thus the Fiber Laser Chirped Pulse Amplifier (FLCPA) is an excellent
fit to many applications.



These new FLCPA lasers are now being incorporated in many systems throughout the world for
many purposes. The utility of FLCPA lasers has been proven and the expansion of their
usefulness is growing rapidly due to their value.
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For more information on our Picosecond Fiber Laser series, Femtosecond Fiber Laser series, or
any other Calmar products, please contact us.
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