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ABSTRACT

Q-switched-mode-locking in a Nd:YAG bulk resonator was demonstrated using a
semiconductor saturable absorber mirror (SESAM). A 10-W-pulsed-diode-pumped Nd:YAG
laser system at Quantel USA by Lumibird, Inc. was adapted for mode-locking operation in a
breadboard setup. Three SESAMmirrors were tested with initial reflectivitiesR0=85%, 90%,
and 95% in several cavity configurations to show enhanced sub-nanosecond pulse modulation
at the free spectral range of each resonator. Transient Q-switched and long-pulse envelopes
are shown with underlying mode-locked pulse modulation.



1

INTRODUCTION

Ultrafast lasers operating in the picosecond and femtosecond pulse regimes are com-

monly available today, finding applications in pump-probe experiments [1], light detection

and ranging (LiDAR) [2], material processing, medical procedures, and nonlinear optics.

Ultrafast pulses provide efficient conversion at elevated damage thresholds in nonlinear

optical processes such as harmonic generation due to the short interaction time. Thermal

damage mechanisms are greatly reduced for picosecond pulses while desirable nonlinearities

are enhanced [3].

Ultrafast pulses are used to generate supercontinuum sources which provide a tunable

broad spectrum for spectroscopy and imaging applications [4–6]. For example, a 100 TW,

white-light femtosecond source for multi-frequency differential absorption LiDAR (multi-

DiAL) was demonstrated by Petrarca et al. [7] in the night atmospheric sky for identification

of unknown aerosols. For time-of-flight applications such as light detection and ranging

(LiDAR), the range to target resolution, dR, is improved for ultrafast pulses according

to Eq. 1.1 [8] when not limited by the sampling rate, where c is the speed of light and

τ is the pulse duration. In this application, pulse duration determines the length of the

illuminated volume returned. Picosecond lidar is also used in high-resolution 3D velocimetry

and thermometry [9, 10].

dR =
cτ

2
(1.1)

In medicine, picosecond lasers are more effective than nanosecond lasers for common

procedures such as tattoo removal and skin pigment treatments because thermal damage

to surrounding tissue is reduced [11, 12]. Ultrafast lasers are also used in more complex
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procedures such as laser in situ keratomileusis (LASIK) and neural tissue ablation [13, 14]. In

micromachining applications, picosecond and femtosecond lasers are used to provide precision

cutting with minimal heating and fracture effects to the workpiece: a marked improvement

over nanosecond pulse machining. While femtosecond lasers used for micromachining show

cleaner, through-hole cuts for steel, silicon, and glass [15], picosecond lasers can provide

micrometer precision and fast processing time at lower cost. Picosecond-laser-machined

materials used in medicine and industry include titanium, tungsten carbide, silicon nitride,

and silicon carbide [16, 17]. Surface texturing and thin-layer-ablation materials, e.g. indium

tin oxide (ITO), are also well-suited for picosecond lasers [18, 19]. Solid-state picosecond

lasers used in these applications are often mode-locked, either actively, using an acousto-optic

modulator (AOM), or passively, using a saturable absorber. A single pulse or pulse burst

can also be isolated from the mode-locked pulse train and amplified for increased output

energy.

First founded in 1981 as Big Sky Laser Technologies, Quantel USA by Lumibird, Inc.

is among a thriving photonics community in Bozeman, MT as a manufacturer of compact,

high-power Nd:YAG lasers. Quantel USA laser systems produced in Bozeman are typically

flashlamp- or diode-pumped and Q-switched. Q-switching achieves a giant output pulse in

the nanosecond regime by creating a high population inversion above threshold while cavity

losses are too high to support laser oscillation. A 10 ns output pulse from a 50 cm length

cavity is typical for Q-switched Nd:YAG lasers where the pulse occurs over a few cavity

round-trips. Pulsed pump sources are commonly used for Q-switched lasers where a pulse is

extracted once every pump cycle at repetition rates 1-100 Hz or higher.

To explore possibilities of ultrafast pulse generation at Quantel USA, we propose the use

of a semiconductor saturable absorber mirror (SESAM) to passively mode-lock a laser system

in development to achieve picosecond regime pulses. This paper reports our examination

of passive mode-locking in Nd:YAG bulk resonators using a SESAM device and efforts to
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achieve transient mode-locking using a pulsed diode pump assembly and various cavity design

configurations. Chapter 2 gives a background on mode-locking theory, passive mode-locking

with a saturable absorber, and considerations for Nd:YAG lasers. Chapter 3 describes the

baseline characterization of the test apparatus and optimization for mode-locking. Chapter 4

reports test results and analysis for three SESAM devices. Lastly, Chapter 5 presents the

next steps for this project.
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THEORY

Mode-locking

Mode-locking is a Fourier methods-based technique utilized to generate ultrafast pulses

by phase-locking oscillating modes in a laser cavity. As photons are generated from radiative

decay of excited atoms in the gain medium, various laser modes are formed and begin to

resonate if supported in the cavity, according to Eq. 2.1, where ν is a cavity axial-mode

frequency, n is the index of refraction for the optical path, and 2L is the cavity round-

trip length. In a continuous-wave (cw) laser, interference of various laser modes randomly

oscillating in the cavity results in an average laser output over time because there is no fixed

phase relationship between modes. Higher-amplitude pulses occur when multiple frequency

modes resonating in the cavity interfere constructively in space. Selection of these high-

amplitude, high-spectral-content fluctuations by periodic loss modulation in the resonator

gives rise to short-time-duration pulses. When the periodic reduced loss corresponds to

the cavity axial mode separation, power oscillating in the cavity is forced into each mode’s

adjacent side bands, creating an overlapping frequency comb at the cavity axial mode spacing

∆ν.

∆ν =
c

2nL
(2.1)

Once frequency-domain modes are induced to oscillate as a phase-locked pulse or pulses,

the laser is mode-locked. When all modes within the gain bandwidth of the laser medium are

phase-locked in a single pulse, a comb exists in both the frequency domain and time domain

with a pulse width given by the time-bandwidth product of the pulse shape and increased

by any spectral narrowing effects occurring in the gain medium or other cavity elements.

The time-bandwidth product ∆t∆ν is 0.44 for a Gaussian pulse and 0.315 for a sech2 pulse
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shape [20]. With a gain bandwidth of 120 GHz, Nd:YAG lasers are limited to pulses in the

picosecond regime. Homogenous-broadening mechanisms in Nd:YAG such as thermal lattice

vibrations, give a sech2 transform-limited pulse duration of 2.6 ps [21].

Passive mode-locking with a saturable absorber

The stimulated-transition cross-section of a gain medium defines an effective area of

atomic absorption in the material. Power absorbed by the medium is proportional to the

power incident over the exposed area. The constant of proportionality is the medium cross

section σ (Eq. 2.2) [22]. Single-pass gain G in a laser gain medium is given by Eq. 2.3 and

Eq. 2.4 [23], where g is the gain coefficient and ∆N is the medium population inversion. A

forming pulse in a resonant cavity experiences the highest gain when losses are kept low,

particularly when absorption is negligible. Gain is highest at threshold when lasing begins

and early in the pulse formation before a significant photon density from stimulated emission

arises. Later in the pulse, the photon density saturates the gain by reducing the population

inversion, at which point the net gain no longer exceeds cavity losses and the pulse begins to

decay. The saturation intensity to reduce the population inversion down to half the initial

value is given by Eq. 2.5 [22], where τrad is the upper-state lifetime of excited atoms in the

gain medium. For a Nd:YAG laser emitting at 1064 nm, a stimulated transition cross-section

of 2.8×10−19 cm2, and upper-state lifetime of 230 µs, the saturation intensity is 2.9 kW/cm2.

∆Pabs = σ
P

A
(2.2)

G = e2gL (2.3)

g = σ∆N (2.4)

Isat =
hν

στrad
(2.5)
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Early efforts to mode-lock lasers used saturable absorber dyes with flash-lamp-pumped

Nd:YAG, Nd:glass, and ruby soon after the invention of the laser in the 1960s. Saturable

absorption is provided by material in a resonator that strongly absorbs at the laser

wavelength. Once absorption in the material is saturated, the material transmission is no

longer reduced at the laser wavelength. Therefore, a saturable absorber is an intensity

modulator providing lower loss to high intensity oscillation in the cavity.

Mode-locking described by stable oscillation of a phase-locked pulse traversing the

resonator with a portion emitted each round-trip at the output coupler, then recovered

in each subsequent round trip, is referred to as cw mode-locking or quasi-cw mode-locking.

Successful cw passive mode-locking with the use of a saturable absorber relies on a balance

between saturation of the absorber and saturation of the gain medium in each round trip.

The cross section of the saturable absorber σa must be greater than the cross section of

the gain medium σg so that the absorber saturates first, thereby opening to allow the pulse

through. This mechanism shapes the leading edge of the pulse [24]. The upper-state lifetime

of carriers in the absorber may be longer than the transversing pulse in the case of a slow

absorber, or shorter in the case of a fast absorber. A fast absorber shapes both the leading

and trailing edge of the pulse. A fast absorber saturates by the growing pulse intensity,

then recovers as the pulse decays. A slow saturable absorber remains open after the pulse

transverses allowing additional noise spikes through, but can still lead to stable mode-locking

over many round-trips.

The lifetime of the laser upper-state must be on the same order or greater than the

pulse round-trip time [25]. In the case of a short upper-state lifetime laser such as the dye

laser, gain saturation allows for sharpening of the pulse trailing edge. For a longer upper-

state lifetime systems such as ruby, Nd:YAG and Nd:glass, linear amplification of any high

intensity noise by the unsaturated gain medium competes with the phase-locked pulse [26].

The carrier lifetime must be less than the round-trip time to provide nonlinear modulation for
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mode-locking. Saturable absorbers such as Cr4+:YAG, with a carrier lifetime of 3.4 µs [27]

cannot recover in a round trip leading to passive Q-switching.

Relaxation oscillations

In solid-state lasers, the population inversion is often driven considerably above

threshold before the pulse begins to form. This high inversion allows the pulse to grow

exponentially, which saturates the inversion below threshold, at which point the pulse decays,

then the process repeats. Relaxation oscillations are more common in long-upper-state-

lifetime lasers such as Nd:YAG and typically start from noise flucuations. The relaxation

oscillation frequency for Nd:YAG lasers is on the order of 50-500 kHz with duration 0.1-

1 µs [28].

For a pulsed-pumped laser, relaxation oscillations are observed as spiking in the startup

of the output pulse. Figure 2.1-2.2 show this spiking startup in our laser in free-running

operation. The first spike is typically the highest amplitude and the most separated from

later spikes in the pulse because the inversion is driven highest before laser oscillation begins.

The transition is much smoother and periodic for cw-pumped lasers [23]. In our laser, at 60

mJ output energy, the duration measured for the first spike was approximately 300 ns with

irregular oscillation through the remainder of the pulse.

Additional fluctuations in pump power or other perturbations can also reinitiate

relaxation oscillations, extending the damping time [21]. Relaxation oscillations from noise

spikes compete with the passive mode-locking process using saturable absorbers by depleting

the gain before the mode-locking build-up is established resulting in a passive Q-switched

pulse out. A Q-switched pulse envelope containing a train of mode-locked pulses can result

if mode-locking was established prior to Q-switching, but often with poor stability due to

random noise spike occurrence.

With the invention of the semiconductor saturable absorber mirror (SESAM) in the
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1990s [29, 30], reliable passive mode-locking with Nd:YAG has been achieved as well as stable

mode-locked Q-switching. In this device, the saturable absorber carrier lifetime as well as

other optical properties can be adjusted with fabrication parameters. Relaxation oscillations

are also observed using SESAMs for passive mode-locking with Nd:YAG. However, these can

be suppressed with increased pump power [31, 32].

Figure 2.1: Relaxation oscillations in baseline cavity: 20 µs/div., 735 traces

Additional challenges with Nd:YAG

Homogenous broadening in Nd:YAG reduces the tendency toward multi-mode oscil-

lation due to mode competition for a common gain resource. Inhomogenously broadened

lasers such as Nd:glass, due to glass inhomogeneities, allow oscillation of more axial modes

by locally saturating the gain for a given mode, a process referred to as spatial hole burning.

Low intensity oscillation of several modes promotes spectral broadening due to interference

opportunities while the photon density remains low. Spatial hole burning has been shown
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Figure 2.2: Relaxation oscillations in baseline cavity: 2 µs/div., 251 traces

to be increased by placing the gain medium near the end of a laser cavity by Keller [32].

Selection of a single phase-locked pulse was also improved in Fleck’s simulation of mode-

locking in Nd:glass when the absorber was closer to a cavity end mirror [26].

Due to these challenges with Nd:YAG and other solid-state lasers, passive mode-locking

efforts moved to dye lasers with much larger gain bandwidths, over 10 THz, and short upper-

state lifetimes, 2-5 ns [33]. The introduction of the Ti:sapphire laser in the 1980s with a gain

bandwith of 100 THz and the development of Kerr lens mode-locking (KLM) in the 1990s

promoted more recent work with passively mode-locked lasers achieving femtosecond pulses.

In KLM, the increased refractive index by a high-intensity beam in the gain medium, i.e.

the Kerr effect, leads to self-focusing of the beam and self-phase modulation (SPM), which

adds bandwidth to the pulse. As the pulse intensity grows, the leading edge is slowed down

by the increasing index, red-shifted, and the trailing edge speeds up, blue-shifted, by the

decreasing index favoring short pulse mode oscillation [34]. An intracavity aperture placed
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in the resonator acts as a saturable absorber for the high-intensity pulses. The aperture

is not needed if the laser mode is pumped directly, close to the gain medium axis. KLM

is weaker for lasers in the picosecond regime, such as Nd:YAG, due to the limited gain

bandwidth. Howerver, KLM mode-locking can be achieved with Nd:YAG when an acousto-

optic modulator is used as a starting mechanism [35].

Active mode-locking

Active mode-locking is commonly used today with Nd:YAG to generate picosecond

pulses 20-50 ps using a fast acousto-optic modulator (AOM) or more complex networks of

electro-optic techniques [21]. In the amplitude modulation case, a radio frequency AOM

modulates loss at the cavity axial mode spacing frequency, e.g. 150 MHz for a 1-m-length

cavity, coupling power into the overlapping sidebands. An electo-optic phase modulator can

be used for active FM modulation. Other schemes include using networks of positive and

negative feedback loops to carve a periodic loss or a hybrid of active and passive mode-locking

techniques [36].

Passive mode-locking with the use of a saturable absorber eliminates the need for

integration of additional electronics in a system requiring a response at megahertz repetition

rates. However, use of saturable dyes for passive mode-locking requires careful attention to

dye concentration and poses handling challenges. Use of a SESAM has become increasingly

common for Nd:YAG because the SESAM simply replaces the rear mirror in a resonator and

does not require special handling.

Transient mode-locking

Active Q-switching and cavity dumping can be used in conjunction with mode-locking

to extract a single pulse or burst of pulses from a growing train of mode-locked pulses. This
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technique typically uses an active mode locker, such as an AOM, to establish mode locking in

a cavity, then uses an active Q-switch, either another AOM or a Pockels cell, to pick pulses

from the mode-locked train. A photodiode in the cavity is used to monitor the mode-locked

train to determine when to switch. An amplifying step can be added for cavity dumping. In

this configuration, mode locking is established in a low quality (low-Q) cavity, then a pulse

(or burst of pulses) is isolated and quickly amplified in a high-Q cavity before extraction

from the cavity in a second Q-switch step.

Lasers with a long upper lifetime show a tendency to passively Q-switch when used

with a saturable absorber for passive mode-locking, leading to a burst of mode-locked

pulses emitted within the envelope of a Q-switched pulse referred to as Q-switched mode-

locking (QML). SESAMs have been used for transient mode locking with Nd:YAG [36];

however, the growing mode-locked pulsed must be switched away from the SESAM during

any amplification phase due to the low damage threshold of the semiconductor device.

Semiconductor saturable absorber mirrors (SESAMs)

The semiconductor saturable absorber mirror, also referred to as an antiresonant Fabry-

Perot saturable absorber (A-FPSA), or simply a saturable absorber mirror (SAM), was

initially investigated by Keller, Chiu, and Ferguson [29] and used to mode-lock a variety of

solid-state lasers including Ti:sapphire, Nd:YAG, Nd:YLF, and more [37]. These devices are

also used to passively Q-switch microchip lasers with MHz repetition rates due to the small

resonator length, <1 mm. For example, a 56 ps Nd:YVO4 microchip laser was demonstrated

by Braun et al. [38] where the pulse duration and repetition rate were varied by adjusting

SESAM design paraemters.

The first SESAM design was the high-finesse, anti-resonant Fabry-Perot saturable

absorber (A-FPSA) (Fig. 2.3) [37]. The bottom Bragg mirror consists of quarter-wave-

thick layers of GaAs and AlAs, providing a constructive interference reflection from each
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layer with a net phase shift of π after a round trip. A semiconductor saturable absorber

layer is placed between a reduced-reflectivity top mirror and the high-reflectivity bottom

Bragg mirror. Use of the A-FPSA in reflection with a relatively high top mirror reflectivity,

e.g. >90%, permits only a low-intensity field inside the quantum well absorber that would

otherwise damage the saturable absorber if used in transmission.

The semiconductor saturable absorber quantum well structure provides two recovery

modes for excited carriers on two timescales. In addition to interband trapping and

recombination occurring on the nanosecond to picosecond scale, the density of states in

semiconductors provide for fast intraband thermalizations on the 10-100 fs scale [37]. With

advances in semiconductor engineering, the recovery time can be designed by adjusting

temperature during the quantum well molecular beam epitaxy (MPE) growth process.

The nonlinear saturable absorption provides modulation depth in the resonator which is

limited by quantum well non-saturable losses. When used in a SESAM structure, the

modulation depth, ∆R, and nonsaturable losses, ∆Rns, are given by Eq. 2.6, where Ans

is the nonsaturable absorption loss of the saturated device and R0 is the unsaturated

top mirror reflectivity [39]. The concept of the semiconductor A-FPSA allows for various

design variations. A variety of SESAM designs available today can be found from Batop

Optoelectronics [40] for a wide selection of laser wavelength, recovery time, τc, initial

reflectivity, R0, and modulation depth, ∆R (Fig. 2.4). Three anti-resonant saturable

absorber mirrors (SAMs) were procured from Batop Optoelectronics for use in our laser

(Table 2.1, Appendix A), where Φsat and Φ refer to saturation fluence and damage theshold,

respectively. The choices of parameters for the SAMs ordered were based on our pulse

duration expectation, 10-100 ps, and parameters of SESAMs used for Nd:YAG lasers found

in the literature [31, 32, 37]. The initial reflectivity of each SESAM, R0 = 95%, 85%, and

90%, is used to refer to each device herein as R95, R85, and R90, respectively.
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Figure 2.3: Structure of a high-finesse A-FPSA

∆R = 1− Ans −R0 (2.6)

SAM Specifications

Part number R0 ∆R Ans τc Φsat Φ

SAM-1064-5-25ps-4.0-0-25.4s-c 95% 3% 2% 25 ps 60 µJ/cm2 2 mJ/cm2

SAM-1064-15-30ps-4.0-0-25.4s-c 85% 9% 0.6% 30 ps 70 µJ/cm2 2.5 mJ/cm2

SAM-1064-10-47ps-4.0-0-25.4s-c 90% 6% 4% 47 ps 50 µJ/cm2 2.5 mJ/cm2

Table 2.1: SAMs from Batop Optoelectronics

Q-switching instabilities

The tendency of a laser to passively Q-switch with a saturable absorber is reduced for

a pulse with sufficient energy by saturating the gain medium more quickly. The critical

pulse energy EC required to prevent Q-switching instabilities is given in Eq. 2.7 [41], where
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Figure 2.4: Batop Optoelectronics SESAM mirror, SAM-1064-5-25ps-4.0-25.4s-c

Fsat,L is the saturation fluence of the gain medium, Fsat,A is the saturation fluence of the

absorberer, typically near 50 µJ/cm2 for SESAMs, AL is the mode area in the gain medium,

AA is the mode area incident on the SESAM, and ∆R is the SESAM modulation depth.

From this equation, mode size on the SESAM is found to be a readily adjustable parameter

for reducing the critical pulse energy and avoiding Q-switching instabilities. For this reason,

the beam was focused to a small area on the SESAM by mirrors in cavities in the literature

reviewed.

EC =
√

Fsat,LFsat,AALAA∆R (2.7)
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DESIGN CONSIDERATIONS

Goals

The primary goal of the experiment is the observation of a mode-locked train of pulses

within the pulsed pump cycle as a proof of concept. A photodiode detector (>2 GHz, <175

ps rise time), oscilloscope (1 GHz, 10 GS/s, 300 ps rise time), and microwave spectrum

analyzer (9 kHz-1.5 GHz) will be used to verify the laser is mode-locked. A CCD laser

beam profiler camera and energy meters will be used throughout the experiment. Once

mode-locking is achieved, an autocorrelator is proposed to measure the pulse duration.

Test apparatus

The laser pump assembly consists of two Nd:YAG rectangular slabs transversely-

pumped by 16 high-power, laser diodes. Pump energy is calculated by assuming 1.9 V

per diode bar operated at the diode current over the pulse duration (Eq. 3.1). The pump

assembly was mounted to a breadboard fixture designed by Quantel USA to provide power

and thermal control (Fig. 3.1). A Northrop Grumman 2U eDrive laser system controller

was used with a Sorensen SGI Series External DC power to power the pump diodes. The

Northrop Grumman 2U eDrive provides current up to 300 A, 10 µs-100 ms pulse duration,

and 0-50 kHz repetition rate. The eDrive can also be used to control an electro-optic Q-

switch. A Quantel USA ICE450 power supply, used for water-cooled flashlamp laser systems,

provided water flow to the pump assembly fixture, and a TEC-controller was build using

control boards from a Quantel USA Centurion Plus laser system. Thermal monitoring of

the pump assembly was achieved using RS-232 serial communication to the ICE450 power

supply and Centurion Plus control board. Equipment used in the experiment are listed in

Appendix B.
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Ein = (1.9 V/bar)(16 bars)(diode current)(diode pulse duration) (3.1)

Figure 3.1: Pump assembly and breadboard fixture, proprietary details blacked out in public
version

Cavity alignment

Laser cavities were formed by aligning optical elements in kinematic mounts. A 60 mW,

1064 nm cw source was used to align the laser cavity as each element was added (Fig. 3.2).

First, the 1064 nm cw source was directed through the Nd:YAG slabs, then reflected back

on-axis by placing a flat aluminium mirror behind the slabs against the pump assembly base

to verify the orientation of mirrors M1 and M2 in the setup. An iris placed external to

the cavity allowed steering of reflected beams back toward the source while viewed through

an IR-viewer camera. Second, the rear high reflector (HR) mirror was installed. Third, a

thin-film dielectric polarizer (TFDP) was installed normal to the alignment beam with a

graduated rotational mount set to zero when reflected on-axis, then rotated to Brewster’s
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angle for placement of a high-reflectivity (HR) mirror. This mirror served as a reference to

verify the polarizer angle over repeated linear cavity alignments throughout the experiment.

Last, the output coupler (OC) was installed and aligned with the reflected reference beams

within the cavity.

M1

M2

pumphead assy.

1064 nm cw laser

HROC

TFDP

iris

Figure 3.2: Laser cavity alignment setup

Baseline

The laser was initially characterized by forming a cavity analogous with other systems

in development using this pumphead assembly. Initial measurements verified pumphead

functionality and provided a baseline to compare cavity modifications against. An L-shaped

hemispherical cavity, 30 cm in length, was constructed consisting of a 3 m radius of curvature

(ROC) plano-concave, ≥99.5% HR, a 10% reflectivity OC, and a TFDP used in reflection

(Fig. 3.4-3.5).

Output energy measured in this configuration was 100 mJ, 20 Hz at 1.45 J input energy;

6.9% efficiency. Operation at 100 Hz is typical for this system; however, a 20 Hz repetition

rate was chosen to reduce cooling requirements. Root mean stability (RMS), defined as

sample standard deviation divided by the sample mean, was 0.65%, A 1,200 shot sample size
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was used for stability measurements. Output energy, RMS stability, and beam measurements

are given in Table 3.1 for 1.19 J input energy. Near-field and far-field beam profiles are

shown in Fig. 3.3. Measured beam diameters are reported as beam widths calculated from

the second moment of the power distribution as defined by 2005 ISO 11146-1 test standard

and denoted as D4σ.

Baseline Cavity Performance Summary

Diode current (A) 280

Diode pulse duration (µs) 140

Input energy (J) 1.19

Output enegy (mJ) 65-70

RMS stability 0.65%

Beam width, D4σX (mm) 4.335

Beam width, D4σY (mm) 3.872

Beam divergence, ΘX (mrad) 5.223

Beam divergence, ΘY (mrad) 5.859

Table 3.1: Laser performance measurements for the baseline cavity

A reduced efficiency in comparison to other systems was observed, with ∼10% typical.

However, reduced efficiency posed by the eDrive current limitiation as well as operation in

long-pulsed mode versus Q-switched mode was expected. The increased intensity in the

lower section of the far field beam profile was a feature common to this design under review

at the time this assembly was built. Performance at this operating point remained consistent

after multiple cavity realignments.
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Figure 3.3: Beam profiles with the baseline cavity: near field (left) and far field (right)

OC = 10%
Nd:YAG TFDP

HR, ROC = 3 m

Figure 3.4: Baseline cavity configuration
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Figure 3.5: Photograph of baseline cavity, proprietary details blacked out in public version
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Optimization

The creation of a linearly polarized lasing mode is required to introduce an electro-optic

cavity switch such as a Pockels cell. Linear polarization also provides additional attenuation

control with waveplates if desired [21, 22]. The reflected s-polarization from a polarizer

exhibits slightly higher purity, making this polarization well-suited for Q-switching with

a waveplate and Pockels cell and achieving the best hold-off. However, the transmitted p-

polarized light experiences less loss. According to Haus [42], Keller [32], and Weingarten [31],

cavity losses should be minimized for mode locking with a saturable absorber. Therefore,

the polarizer was used in transmission; however, the choice to use a polarizer at all here is

questionable. A polarizer adds optical surfaces with Fresnel loss and potential for unwanted

intracavity reflections. However, loss is low for p-polarization and reflections are considerably

off-axis.

The pumphead used in this experiment was designed for high energy extraction

by allowing higher-order transverse mode oscillation close to the cavity stability limit

(Fig. 3.6). The effect of multiple high-order transverse modes on mode-locking was considered

undesirable due to energy distribution smoothing from discrete axial modes. Therefore,

transverse modes were restricted in the laser cavity by the use of an intracavity aperture

allowing only the fundamental TEM00 mode.

Inital beam caustic estimates were based on Gaussian beam analysis using resonator

stability g-parameters given by Siegman Eq. 3.2-3.3 [22], where L = 30 cm, R1 = infinity,

and R2 = 3 m. For this cavity, g1 and g2 parameters calculated were 0.9 and 1, respectively,

giving a beam waist radius of ω0 = 552 µm at the OC and a beam radius of 582 µm at the

HR. For an intracavity aperture placed 120 mm from the OC between the pump assembly

and polarizer, the TEM00 beam radius calculated was ω = 557 µm.
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g1 = 1− L

R1

, g2 = 1− L

R2

(3.2)

ω2 =
Lλ

π

√
g1g2(1− g1g2)

|g1 + g2 − 2g1g2|
(3.3)

Figure 3.6: Resonator stability diagram for the baseline cavity (blue dot) with a flat OC and
3 m ROC

reZonator software

A free, open-source software application, reZonator [43], based on the ABCD law, was

later used to model the beam caustic through the resonator and predict the mode size at

the SESAM mirror for a given focusing lens or mirror. Using reZonator software, the index

of refraction of each element was included, along with the polarizer, lenses, and other cavity

elements introduced in the experiment. For the simple 3 m ROC hemispherical cavity, beam

radii and stability calculated by reZonator at the OC and HR agreed with initial calculations

using g-parameters and a manual calculation of the ABCD matrix, providing confidence for

use of this tool for more complex models.
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The thermal lens of the gain medium at 20 Hz for 1 J pump energy was estimated as

fthermal = 10 m from prior work at Quantel USA with this pump assembly. The thermal lens

was modeled in reZonator as a thin lens placed between the two Nd:YAG slabs. The round-

trip ABCD matrix and cavity stability given by reZonator for the baseline cavity with a

slightly-wedged gain medium (n = 1.8197), 10-m-thermal lens, and polarizer in transmission

is given in Eq. 3.4 for the vertical plane, referenced in reZonator as the sagittal plane. The

beam caustic given by reZonator is plotted in Fig. 3.7. The elongation of the beam in the

tangential plane through the polarizer is omitted in the plot.

A B

C D

 =

 0.7 0.5

−0.9 0.8

 (3.4)

Figure 3.7: Baseline cavity beam caustic for a hemispherical cavity with 3 m ROC HR
mirror, and 10 m thermal lens

Nd:YAG mode-locked resonators presented by Keller and others [29, 31, 32, 41, 44, 45]

used high-reflectivity OCs, ≥90%, whereas OCs used in Q-switched lasers at Quantel USA

are typically ≤30%. Output energy was recorded for the baseline cavity configuration using

available OCs to inform testing with SESAMs (Fig. 3.8). Intracavity pulse energy was higher
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than output energy measured and expected to increase for higher reflectivity OCs according

to Eq. 3.5-3.6 [46]. For example, 129 mJ output energy measured at 1 J input energy with

the 50% OC installed corresponds to average intracavity pulse energies of 387 mJ at the OC

and 365 mJ at the HR.

Figure 3.8: Output energy efficiency curves for output coupler reflectivity 10-60%

Eint,OC = Eout
1 +ROC

1−ROC

(3.5)

Eint,HR = Eout
2
√
ROC

1−ROC

(3.6)

To increase the number of modes supported by the cavity. as well as to improve the

detection of individual pulses in a mode-locked train, the cavity length was increased from

30 cm to 60 cm giving a cavity round-trip time of 4 ns and a mode-locked cavity resonance,

or free spectral range (FSR), of 250 MHz. A slightly longer cavity round-trip time and lower

FSR was expected due to the longer optical path than a measured free space path. The
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number of modes supported by the cavity within the 120 GHz gain bandwidth of Nd:YAG

for a 60 cm length cavity is 482. This length was chosen to meet limitations of measurement

electronics, photodiode and oscilloscope, while maintaining resistance to ambient vibrations

destabilizing the cavity length.
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EXPERIMENT RESULTS AND ANALYSIS

Relatively low damage thresholds listed on SESAM datasheets indicated a high risk

of damage. To minimize, the laser was operated near threshold when each SESAM was

introduced. The 3-m-ROC rear mirror used in the baseline cavity was replaced by a flat

mirror for alignment and characterization in preparation for each SESAM. Each SESAM

was installed in a kinematic mount allowing both pointing for alignment of the cavity and

transverse translation for positioning. The base for this mount was mounted on a linear

stage, allowing translation along the optical axis (Fig. 4.1). Reflection of the 1064 nm cw

source from the SESAM mirror was used to align the cavity before turning on the pump.

Figure 4.1: SESAM in kinematic mount on 6 mm linear stage

The focal length of the gain medium thermal lens was increased from 10 m to 20 m
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for operation near threshold. To extend the opportunity for mode-locking build-up, the

diode current was reduced in order to increase the diode pulse duration to ≥200 µs without

overheating the pump diodes. Based on the high reflectivity of OCs used with SESAMs in

the reviewed literature in comparison to lower OCs typically used in Quantel USA lasers, a

50% OC was chosen as a starting point. A dielectric HR mirror was used to align the cavity

and predict threshold before installing each SESAM.

Near threshold, spiking relaxation oscillations in the pulse were reduced to a single,

smooth pulse increasing in amplitude with increasing pump followed by secondary pulse

formation for continued pump increase (Fig. 4.2).

Figure 4.2: Pulse shape near threshold, 20 mV/div. (lower) and pump pulse, 500 mV/div.
10 (upper), 10 µs/div.
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Cavity designs

Three cavity configruations were considered: a flat-flat straight cavity without the use

of an intracavity lens or mirrors (Fig. 4.3), a straight cavity with an intracavity lens, L1,

with focal length 100 mm, 175 mm, or 200 mm (Fig. 4.4), and a Z-shaped cavity with two

mirrors, M1 and M2, with 500 mm and 300 mm ROC, respectively, oriented approximately

at 10◦ angle of incidence (Fig. 4.5). The cavity length was maintained at 60 ± 5 cm for all

configurations. An aperture was placed between the pump assembly and thin-film polarizer

in each cavity to restrict higher-order-transvere modes. The beam caustic for the TEM00

mode for each cavity are shown in Fig. 4.6 [43]. The TEM00 mode radius at the aperture

position and at the SESAM are summarized in Table 4.1 with focal lengths for each lens or

mirrors used. Note, the weak thermal lens in the flat-flat cavity allows this configuration to

remain stable. Focusing optics were chosen from available stock at Quantel USA to achieve

spot sizes on the SESAM similar to those in the literature reviewed.

OC Nd:YAG SESAMTFDP

Figure 4.3: No focusing optics

OC Nd:YAG SESAMTFDP L1

Figure 4.4: Intracavity lens added, FL1 = 100 mm, 175 mm, or 200 mm

Spatial beam profiles were recorded for the near field, imaged at the OC with 1:1

magnification, and far field, imaged at the focal length of a 2 m ROC concave mirror

(Fig. 4.7). Beam profiles shown were recorded for the cavity configuration using focusing
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OC Nd:YAG

SESAM

M1

M2

Figure 4.5: Focusing mirrors added, M1 = 500 mm ROC, M2 = 300 mm ROC

(a) Flat-flat, Fthermal = 20 m (b) FL1 = 175 mm, Fthermal = 20 m

(c) M1 = 500 mm ROC, M2 = 300 mm ROC,
Fthermal = 20 m

Figure 4.6: Beam caustics for test cavities modeled in reZonator
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SESAM Cavity Beam Caustic Summary

Cavity configuration F1 F2 ωTEM00, aperture ωTEM00, SESAM

No focusing N/A N/A 1080 µm 1070 µm

Focusing lens 200 mm N/A 587 µm 117 µm

Focusing lens 175 mm N/A 562 µm 103 µm

Focusing lens 100 mm N/A 634 µm 54 µm

Focusing mirrors 500 mm 300 mm 429 µm 94 µm

Table 4.1: SESAM cavity beam caustic calculations

mirrors and use of an adjustable intracavity iris. Beam widths measured using the D4σ

second moment definition were 0.996 mm and 1.001 mm for horizontal and vertical axes,

respectively. Beam divergence measured was 1.605 mrad and 1.588 mrad for horizontal and

vertical directions, repectively. Beam quality quantities calculated from these measurements

are M2
X = 1.18 and M2

Y = 1.17, for the horizontal and vertical directions, respectively, where

ϕ is the beam diameter, θ is the full-angle beam divergence, and λ is the laser wavelength,

1064 nm (Eq. 4.1).

M2 =
πϕθ

4λ
(4.1)

According to Fleck [26], nonlinear absorption by a saturable absorber promotes

oscillation of a single pulse in the cavity, whereas amplification in the the gain medium

is linear and counteracting to oscillation of a single, broad spectrum pulse. The strategy

employed to turn on each SESAM was to maximize any nonlinear action by the absorber

by achieving threshold at the lowest possible pump energy. Two additional flat, dielectric

mirrors with 80% and 95% reflectivities were used before installing SESAMs to estimate a

pump range for the given initial reflectivity of each SESAM under test. The diode current
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(a) D4σX = 0.996 mm, D4σY = 1.001 mm (b) ΘX = 1.605 mrad, ΘY = 1.588 mrad

Figure 4.7: Near field (left) and far field (right) beam profile images recorded using the dielectric
HR and adjustable intracavity iris

for each test was chosen by determining the pump threshold for the dielectric HR using

a 200 µs pulse duration. The increased pump pulse duration was then estimated using a

reduced reflectivity dielectric mirror. The laser output pulse was monitored by placing a

photodiode dectector in the output beam. A Macor disk was bonded over the entrance pupil

of the photodetector to diffuse the beam and reduce risk of damage from a high-amplitude

pulse.

No focusing

The use of a lens or mirror to focus the beam reduces the mode area on the SESAM,

thereby reducing the critical pulse requirement to avoid Q-switching instabilities according

to Eq. 2.7. However, the critical pulse energy requirement for gain saturation was not clear

when testing began, whereas increased fluence with respect to damage threshold was more

apparent. To reduce risk of damage, a SESAM was first tested without the use of a lens
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or mirror in the straight, flat-flat cavity (Fig. 4.3). Before testing, each SESAM device was

inspected using a digital microscope at 60X magnification (Fig. 4.8).

Laser threshold for this cavity was found at 200 µs, 72 A (0.44 J) using the dielectric

HR and at 200 µs, 79 A (0.48 J) using the 80% reflector. The SESAM with 90% initial

reflectivity, R90, was tested first. The pump was fired at 200 µs, from 65 to 80 A (0.40-0.49

J), where threshold was expected. No lasing or damage to the SESAM was observed in this

test.

Focusing lens

F = 200 mm, R85

A 200 mm focal length lens was used with the R0 = 85% SESAM, R85, in the cavity

shown in Fig. 4.4. The SESAM was placed approximately 210 mm from the lens, then moved

toward the lens through the 6 mm range of the linear stage to modulate mode size on the

SESAM. Beam radius through this range was estimated to be 115-140 µm. The pump was

fired at 200 µs, 65 to 80 A (400-490 mJ). In this test, brief moments of lasing were observed

at 490 mJ while alignment was slowly adjusted. Inspection afterward showed damage to the

device; however, the use of a lens restricted damage to a small area allowing translation to

expose a new undamaged area for further testing.

F = 175 mm, R95

Next, the R0 = 95% SESAM, R95, was tested with the goal of achieving a softer turn-on

due to the increased initial reflectivity. A higher reflectivity OC, 85%, was chosen to reduce

loss in the cavity as described in the reviewed literature [29, 31]. The 200 mm lens was

replaced with a 175 mm lens due to a large scratch in the central clear aperture of the 200

mm lens. The 175 mm lens was placed approximately 180 mm from the lens and translated

along the optic axis through the stage micrometer range for expected mode size 80-105 µm.
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(a) SAM-1064-5-25ps, R95 (b) SAM-1064-15-30ps, R85

(c) SAM-1064-10-47ps, R90

Figure 4.8: SESAM inspection before testing
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In this test, sustained lasing with the SESAM was achieved with no apparent damage

after the initial turn-on event. However, small damage areas appeared as the pump was

increased from 0.35 J to 0.41 J and adjustments were made to optimize cavity alignment

and mode size on the SESAM. By translating the SESAM along the optical axis, lasing was

extinguished when moved more than a few millimeters in either direction of an optimal range,

then reinitiated when returned. Examination of the monitored pulses showed indication of

mode-locked pulses within a larger pulse envelope. A periodic pulse spacing of 4.4 ns and

repetition rates of 227-229 MHz recorded in oscillograms were consistent with the FSR for

this cavity configuration. A comparison on two time scales of pulses obtained using the 95%

reflectivity dielectric HR and R95 are shown in Fig. 4.9-4.12. The pulse envelope shown for

the dielectric HR was 1.77 µs for operation near threshold limiting to a single pulse. The

pulse envelope duration measured in the oscillogram for R95 near threshold was near 500 ns.

Output energy measured using a pyroelectric energy detector was 100 µJ. However, pulse

energy measured by this meter is an integration of both mode-locked pulses and background

signal over time. The mode-locked pulse duration cannot be accurately measured due to

the 10 GS/s sampling rate and 1 GHz bandwidth limitation of the oscilloscope and 2

GHz bandwidth of the photodetector. Moreover, voltage measured by the photodetector

is arbitrary and highly dependent on positioning in the output beam. Orders-of-magnitude

amplitude differences are considered a reasonable comparison.

F = 100 mm, R95

To increase modulation by the SESAM, the 175 mm lens was replaced by a 100 mm

lens reducing the beam radius to 55-70 µm. Again, mode-locked pulses corresponding to

the cavity round-trip time appeared within a larger Q-switched envelope with similar pulse

characteristic as observed with the 175 mm focusing lens.
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Figure 4.9: 95% dielectric mirror pulse near threshold, 5 mV/div. (below) and diode pump
pulse, 500 mV/div. (above), 5 µs/div.

Figure 4.10: 95% dielectric mirror pulse near threshold, 5 mV/div., 2 ns/div.
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Figure 4.11: R95 pulse near threshold, 200 mV/div. (below) and diode pump pulse, 500
mV/div. (above), 500 ns/div.

Figure 4.12: R95 pulse near threshold examined near the peak of pulse envelope, 200 mV/div.
(below) and diode pump pulse, 500 mV/div. (above), 2 ns/div.
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F = 100 mm, R90

R90 exhibited a different appearance when inspected: a different color and a striated

texture. The datasheet for this SESAM listed Q-switched microchip lasers as the intended

application, and reflectivity at both the laser wavelength and typical Nd:YAG diode pump

wavelength, 808 nm, were listed.

A different pulse characteristic was obtained from this SESAM. The round-trip time

structure of mode-locked pulses was observed; however, the envelope of pulses was not

Gaussian-shaped, but elongated in time and changed shape as the pump was increased

(Fig. 4.13-4.14). The pulse envelope measured up to 30 µs with underlying mode-locked

pulse separation of 4.2 ns but with lower amplitude than measured for R95. Further increase

of the pump caused the pulse trailing edge to split into high-amplitude spiking Fig. 4.15.

Output energy amplitude measured near threshold was 5 µs and increased to >0.5 mJ as

the pump was increased without visible damage as inspected with a 7X magnification eye

loupe. However, inspection under a microscope at the end of testing revealed smaller, less

severe damage areas and included one large damage event when the pump diode current was

increased inadvertently (Fig. 4.22a-4.22b).

Focusing mirrors

300 mm ROC, 500 mm ROC

Keller et al. [29] state an importance to reduce intracavity reflections for good stability

and further state the use of a lens instead of focusing mirrors prevented mode-locking. The

Z -shaped cavity in Fig. 4.5 was formed to increase mode-locking tendency. A train of

mode-locked pulses was achieved for both R95 and R90 similar to using a focusing lens

(Fig. 4.16-4.18). Waveform data points were also collected for this cavity configuration, see

Sec. 4.
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Figure 4.13: R90 pulse characteristic above threshold, 5 mV/div., 5 µs/div.

Figure 4.14: R90 pulse characteristic above threshold: 5 mV/div., 2 ns/div.
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Figure 4.15: R90 pulse characteristic at increased pump energy above threhsold showing
spiking in the trailing edge (lower) and diode pump pulse (above): 500 mV/div., 50 µs/div.

Figure 4.16: R95: pulse characteristic near threshold, 200 mV/div., 500 ns/div.
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Figure 4.17: R95: pulse characteristic near threshold, 200 mV/div., 2 ns/div., cursor
measurement: 652 mV

Figure 4.18: R90: pulse characteristic above threshold, 200 mV/div., 500 ns/div.
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Spectra

The pulse signal measured by the photodiode was also sent to a microwave spectum

analyzer to inspect modulation at the FSR of the cavity and any evidence of relaxation

oscillations as shown in the literature [31, 32]. The maximum signal was found at the

FSR range frequency for each cavity length accompanied by periodic side bands (Fig. 4.19).

However, upon closer inspection at higher bandwidth resolution, side band peaks appeared

related to the binning characteristic of the analyzer. Spacing of the peaks did not change at

higher resolution and were not present at a 300 Hz bandwidth resolution over a 1 MHz band

that included the FSR peak. However, the signal sent to the analyzer was not triggered

allowing multiple pulses sent to the analyzer during the integration time which may explain

the appearance of side bands as well as shifts in the signal maximum at the FSR frequency.

A better understanding of the analyzer operation and capture is needed for this tool to be

more useful for pulse analysis in the frequency domain.

SESAM damage

Damage of each SESAM was inspected throughout the experiment using a digital

microsope at 60X magnification. Dark field illumination and edge enhancement settings

were used for inspection. A light microscope was also used at 150X magnification. R95 and

R85 were severely damaged with damage to R95 appearing deeper into the device. Only

small damage features were found on R90 (Fig. 4.20-4.22).

Frequency domain analysis

Waveform data were recorded from the oscilloscope for R95, R90, and the dielectric HR

in the focusing-mirror cavity configuration to enable analysis in the frequency domain by
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(a) 234-244 MHz, 3 kHz BW resolution (b) 238-239 MHz, 1 kHz BW resolution

(c) 238-239 MHz, 300 Hz BW resolution

Figure 4.19: Microwave spectrum analyzer traces for R90



43

(a) 60X magnificaiton
(b) Circled area in (a) at 150X magnification
(inverted)

Figure 4.20: R95 damage. Reticle ruler is 1 mm full scale at 150X magnification.

(a) 60X magnificaiton
(b) Circled area in (a) at 150X magnification
(inverted)

Figure 4.21: R85 damage. Reticle ruler is 1 mm full scale, 150X magnification.
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(a) 60X magnificaiton
(b) 60X magnification with edge detection,
examples of small damage areas (circled)

Figure 4.22: R90 damage

calculating the fast Fourier transform (FFT). The FSR frequency and higher harmonic cavity

resonances were found in each spectral power density distribution Fig. 4.23. Higher power

was distributed into cavity resonances with less excitation at nonresonant frequencies for R95

suggesting increased mode-locked characteristic. R90 shows significant power distributed

to cavity resonant modes, but at lower power and increased excitation at nonresonant

frequencies. The dielectric HR shows less power at resonant frequencies as expected.

The mean square of the voltage and power spectrum integral calculated are summarized

in Table 4.2 showing total power preserved in time and frequency domains.

FFT Normalization

ID N
∑N

n=1 V
2
i

∑N
n=1 PSDi fmax

R95 50,001 4.143 82× 10−3 4.439 43× 10−3 5 GHz

R90 250,002 1.147 89× 10−5 1.363 52× 10−5 2.5 GHz

HR 50,001 5.158 61× 10−5 6.670 88× 10−5 5 GHz

Table 4.2: FFT normalization for N measurements in the time domain and bandwidth, fmax
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(a) R95 (b) R90

(c) HR

Figure 4.23: Spectral power density for each SESAM (a-b) and dielectric HR mirror (c) with FSR
annotation
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Critical pulse energy

Critical pulse energy for each SESAM trial was calculated according to Eq. 2.7 to gain

insight from results. As shown in Table 4.3, lower critical pulse energies are obtained for

smaller spot size on the SESAM and lower modulation depth, ∆R. Gain medium saturation

fluence is constant for a given gain medium, 667 mJ/cm2 for Nd:YAG. SESAM saturation

fluence 50-70 µJ/cm2 is typical [32, 40]. Since spot size is controlled by the experimentalist,

modulation depth may be the most important parameter to consider for a particular laser

application. A nonlinear modulation depth is required for mode-locking; however, a high

modulation depth may be detrimental to achieving the critical pulse energy necessary to

establish mode-locking early and avoid Q-switching.

Critical Pulse Energy

SESAM FL1/ROCM1 ROCM2 Φsat,L Φsat,A rL rS ∆R EC

R90 N/A N/A 667 mJ/cm2 50 µJ/cm2 1080 µm 1070 µm 6% 50 µJ

R85 200 mm N/A 667 mJ/cm2 70 µJ/cm2 587 µm 117 µm 9% 4 µJ

R95 175 mm N/A 667 mJ/cm2 60 µJ/cm2 562 µm 103 µm 3% 2 µJ

R95 100 mm N/A 667 mJ/cm2 60 µJ/cm2 634 µm 54 µm 3% 1 µJ

R90 100 mm N/A 667 mJ/cm2 50 µJ/cm2 634 µm 54 µm 6% 2 µJ

R95 300 mm 500 mm 667 mJ/cm2 60 µJ/cm2 429 µm 94 µm 3% 1 µJ

R90 300 mm 500 mm 667 mJ/cm2 50 µJ/cm2 429 µm 94 µm 6% 2 µJ

Table 4.3: SESAM critical pulse energy calculations
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Experimental error

Several sources of systematic error were identified in this experiment including

bandwidth limitation of measurement devices, efficiency of the pump near threshold,

cavity alignment precision, presence of higher-order transverse modes, and thermal lens

assumptions. Sources of random error include thermal drift, cavity length flucuation due to

ambient vibration, and positioning of the photodetector in the output beam.

Equipment bandwidth and response-time limitations were understood at the outset of

the experiment: precluding measurement for mode-locked pulse duration. Energy efficiency

curves recorded at operation above threshold for the baseline cavity showed reduced efficiency

at lower pump energies near threshold. Frequent cavity alignment and monitoring of baseline

performance was done to reduce and randomize cavity drift. However, cavity misalignment

was unavoidable when each SESAM was installed due to challenges associated with turn-

on for each device leading to damage occurrence. Damage occurrence during test, both

detected and undetected, adversely effected mode-locking build-up dynamics and output

pulse characteristic. Moreover, the use of a SESAM in this cavity and the resulting QML

due to inability to achieve critical pulse energy early in the mode-locking process and resulting

in Q-switched pulse is a known damage mechanism.

Estimation of the Nd:YAG thermal lens based on results for this pump assembly is

limited due to reduced pumping near threshold in the experiment. A measurement of the

thermal lens for the pump assembly in this mode of operation is recommended in further

development to improve accuracy of TEM00 mode-size estimation. Measurement of the beam

mode size at the HR using a beam profiler camera and imaging setup as well as calculation

of TEM modes as described by Siegman and Fox and Li are also recommended to verify

modeling of the beam spot size at the SESAM [22, 47–49].
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NEXT STEPS

At the time of procurement, SESAM choices were based on usage in Nd:YAG lasers

found in the literature. Damage to SESAMs was expected based on high intracavity fluence

calculated from output energy measured in the free-running baseline cavity. Testing provided

insight of the damage mechanism with relation to the critical pulse energy requirement

and the mode-locking build-up process using a saturable absorber. The three devices

provided a reasonable range of parameters to inform future choices for SESAMs with desired

pulse charateristics or damage resistance. For example, a modulation depth near 5% may

be appropriate for cw-mode-locking or QML once stabilized, but the R90, designed for

passive Q-switching microchip lasers, was more resistant to damage and exhibited different

performance characteristics in our laser not fully understood yet.

QML results were achieved with the use of a focusing lens or pair of focusing mirrors.

The choice for mirrors is preferred to reduce loss to meet the critical pulse energy requirement,

but use of a lens was also shown feasible. The appropriate beam size incident on the SESAM

is a balance between reducing area to achieve critical pulse energy and avoiding overheating

leading to damage. Paschotta describes scaling SESAM mode size with intracavity pulse

energy to avoid thermal SESAM damage [50]. SESAMs are used in commercial products

today regardless of the tendency to damage. The SESAM becomes a consumable in the laser

where damage occurrence is managed by shifting the SESAM as done here and eventually

replacing. Careful optimization of a laser using a SESAM is important to achieve consistent

mode-locking performance and extend the SESAM lifetime in the system.

Continued research of passive mode-locking with Nd:YAG lasers provided later insight

as to advantages of end-pumping and continuous-pumping. The elimination of high-order

transverse modes makes clear the choice for end-pumping over transverse pumping. End-

pumping provides a more efficient use of the gain medium and allows pumping of a
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smaller mode volume, thereby decreasing the critical pulse energy for avoiding Q-switching

instabilities. A requirement for continuous-pumping allows gain recovery over the a round-

trip permitting a state of equilibrium for cw-mode-locking. For operation near threshold in

our laser, the pulse only begins to form at the end of the pump pulse. In our laser, the pulse

saturates the gain over many round-trips before decay, then repeats 50 ms later in the next

pump cycle. A continuous pump source and an end-pumping configuration are recommended

to stabilize the pulse and reduce damage occurrence by achieving the critical pulse energy.

A transient pump was used by Gorbunkov [36]; however, the pulse growth per round-trip

was carefully monitored and controlled using an electro-optic modulator such as a Pockel

cell. This mode of operation may be possible at a later stage in development.

Autocorrelator

Measurement of the pulse duration is the most immediate next step to support further

development. Measurements of the pulse with the oscilloscope and photodiode confirm a

mode-locked pulse duration ≤1 ns, but cannot accurately measure shorter pulse durations.

A measurement of the pulse duration provides a duty cycle for mode-locked repetition to

quantify output energy measurements. An autocorrelation tool is needed.

Autocorrelation is the convolution of a signal with itself delayed in time (Eq. 5.1) [51].

For an optical autocorrelation measurement, a beamsplitter is used to split the beam and

lengthen the path in one arm to induce a time delay before recombining in a nonlinear

crystal providing a fast nonlinear response. When the phase of each pulse overlaps in time

in the nonlinear crystal, the second harmonic is generated. Autocorrelators are available for

purchase from optical vendors at costs upward of $15k. A simple intensity autocorrelator was

found from Thorlabs, but such a device could be built in the lab. Build of an autocorrelator

at Quantel USA is feasible due to availablility of non-linear crystals such as potassium titanyl

phosphate (KTP) and optomechanical hardware such as used in this experiment.
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Iac(τ) =

∫
P (t)P (t+ τ)dτ (5.1)

However, intensity autocorrelators are susceptible to inaccurate measurement due to

a feature referred to as the coherent artifact where a central coherent spike in the pulse is

measured giving a much shorter measurement than actual [22]. The wide noncoherent base

related to incomplete mode-locking contributes to the overall pulse width measurement and

may be missed by an intensity autocorrelator. Our QML laser would most likely exhibit

this feature. A more sophisticated technique, such as a frequency-resolved optical gating

(FROG) or GRENOUILLE (GRating-Eliminated No-nonsense Observation of Ultrafast

Incident Laser Light E-fields) [51] measurement apparatus, may be constructed to improve

results after further consideration of the related algorithms. Using the pulse spectrum,

frequency-resolved gating (FROG) and GRENOUILLE can provide both pulse intensity and

phase for complete characterization. The GRENOUILLE technique offers a robust approach

and replaces the optical spectrometer needed for FROG with a camera. In this technique, the

spectrum of the pulse is mapped transversely across the camera due to spatial separation of

spectral components in a thick nonlinear crystal, then a FROG algorithm is used to obtain the

autocorrelation signal. An operational range based on calculated group velocity dispersion

and group velocity mismatch determines the appropriate length of nonlinear crystal. An

autocorrelator of this type also seems feasible to build for our measurement in the picosecond

regime.
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[38] B. Braun, F. X. Kärtner, G. Zhang, M. Moser, and U. Keller. 56-ps passively q-switched
diode-pumped microchip laser. Opt. Lett., 22(6):381–383, Mar 1997. doi: 10.1364/OL.
22.000381. URL http://opg.optica.org/ol/abstract.cfm?URI=ol-22-6-381.

[39] M. Haiml, R. Grange, and U. Keller. Optical characterization of semiconductor saturable
absorbers. Applied Physics B: Lasers and Optics, 79:331–339, 08 2004. doi: 10.1007/
s00340-004-1535-1.

[40] Batop Optoelectronics GmbH. Stockholmer Str. 14, 07747, Jena, Germany. https:

//www.batop.de, Accessed: 2021-3-13.

[41] C. Hönninger, R. Paschotta, F. Morier-Genoud, M. Moser, and U. Keller. Q-switching
stability limits of continuous-wave passive mode locking. J. Opt. Soc. Am. B, 16(1):46–
56, Jan 1999. doi: 10.1364/JOSAB.16.000046. URL http://opg.optica.org/josab/

abstract.cfm?URI=josab-16-1-46.

[42] H. A. Haus. Theory of mode locking with a fast saturable absorber. Journal of Applied
Physics, 46(7):3049–3058, 1975. doi: 10.1063/1.321997. URL https://doi.org/10.

1063/1.321997.

http://opg.optica.org/ol/abstract.cfm?URI=ol-17-19-1361
http://opg.optica.org/ol/abstract.cfm?URI=ol-22-6-381
https://www.batop.de
https://www.batop.de
http://opg.optica.org/josab/abstract.cfm?URI=josab-16-1-46
http://opg.optica.org/josab/abstract.cfm?URI=josab-16-1-46
https://doi.org/10.1063/1.321997
https://doi.org/10.1063/1.321997


55

[43] N. I. Chunosov. reZonator, Feb 2022. URL http://rezonator.orion-project.org/.
Accessed: 2022-4-9.

[44] A. Eshghi, M. J. Majdabadi and A. Koohian. Low threshold diode-pumped picosecond
mode-locked nd:yag laser with a semiconductor saturable absorber mirror. Laser
Physics, 27:015002, 01 2017. doi: 10.1088/1555-6611/27/1/015002.

[45] S. Zhang, E. Wu, H. Pan, and H. Zeng. Passive mode locking in a diode-pumped
nd:gdvo4 laser with a semiconductor saturable absorber mirror. Quantum Electronics,
IEEE Journal of, 40:505 – 508, 06 2004. doi: 10.1109/JQE.2004.826418.

[46] J.J. Degnan. Theory of the optimally coupled q-switched laser. IEEE Journal of
Quantum Electronics, 25(2):214–220, 1989. doi: 10.1109/3.16265.

[47] A. G. Fox and T. Li. Resonant modes in a maser interferometer. The Bell System
Technical Journal, 40(2):453–488, 1961. doi: 10.1002/j.1538-7305.1961.tb01625.x.

[48] A.G. Fox and T. Li. Modes in a maser interferometer with curved and tilted mirrors.
Proceedings of the IEEE, 51(1):80–89, 1963. doi: 10.1109/PROC.1963.1663.

[49] A. Fox and T. Li. Computation of optical resonator modes by the method of resonance
excitation. IEEE Journal of Quantum Electronics, 4(7):460–465, 1968. doi: 10.1109/
JQE.1968.1075368.

[50] R. Paschotta, J. Aus der Au, J. Spühler, F. Morier-Genoud, R. Hövel, M. Moser,
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APPENDIX: SESAM SPECIFICATIONS



 Data Sheet SAM-1064-5-25ps-x 
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SAM™ Data Sheet SAM-1064-5-25ps-x, λ = 1064 nm 

 
Laser wavelength   λ = 1064  nm  

High reflection band   λ = 1020 .. 1100 nm 

Absorbance   A0 = 5 %  

Modulation depth  ΔR = 3 % 

Non-saturable loss  Ans = 2 % 

Saturation fluence  Φsat = 60 µJ/cm2  

Relaxation time constant  τ =  25 ps  

Damage threshold  Φ = 2 mJ/cm2

Chip area    4.0 mm x 4.0 mm; other dimensions on request  

Chip thickness   450 µm 

Protection   the SAM is protected with a dielectric front layer 

Mounting option x denotes the type of mounting as follows: 
  x = 0  unmounted 
  x = 12.7 g glued on a gold plated Cu-cylinder with 12.7 mm ∅ 
  x = 25.4 g glued on a gold plated Cu-cylinder with 25.4 mm ∅ 
  x = 12.7 s soldered on a gold plated Cu-cylinder with 12.7 mm ∅ 

x = 25.4 s soldered on a gold plated Cu-cylinder with 25.4 mm ∅ 
x = 25.4 s soldered on a gold plated Cu-cylinder with 25.4 mm ∅ 
x = 25.0 w soldered on a water cooled Cu-cylinder with 25.0 mm ∅ 
x = FC  mounted on a 1 m monomode fiber cable with FC connector 

 
 

Low intensity spectral reflectance  

 
 
 



 

 Data Sheet SAM-1064-15-30ps-x 

 
 

www.batop.de 

1

 
SAM Data Sheet SAM-1064-15-30ps-x,  = 1064 nm 

 
Laser wavelength    = 1064  nm  

High reflection band     = 1020 .. 1100 nm 

Absorbance   A0 = 15 % 

Modulation depth  R = 9 % 

Non-saturable loss  Ans =.6 %  

Saturation fluence  sat = 70 µJ/cm2  

Relaxation time constant   ~ 30 ps 

Damage threshold   = 2.5 mJ/cm2 

Chip area    4.0 mm x 4.0 mm; other dimensions on request  

Chip thickness   450 µm 

Protection   the SAM is protected with a dielectric front layer 
Mounting option x denotes the type of mounting as follows: 
  x = 0  unmounted 
  x = 12.7 g glued on a gold plated Cu-cylinder with 12.7 mm  
  x = 25.4 g glued on a gold plated Cu-cylinder with 25.4 mm  
  x = 12.7 s soldered on a gold plated Cu-cylinder with 12.7 mm  

x = 25.4 s soldered on a gold plated Cu-cylinder with 25.4 mm  
x = 25.4 w soldered on a water cooled Cu-cylinder with 25.4 mm  
x = FC  mounted on a 1 m monomode fiber cable with FC connector 

 
 

Low intensity spectral reflectance 
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Pump-probe measurement 
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SAM Data Sheet SAM-1064-10-47ps-x,  = 1064 nm 

for microchip laser Q-switching 
 
Laser wavelength    = 1064  nm  

High reflection band (R > 75%)   = 1010 .. 1100 nm 

Reflectance at 808 nm  R808 = 96 % 

Absorbance   A0 =10 % 

Modulation depth  R = 6 % 

Non-saturable loss  Ans = 4 %  

Saturation fluence  sat = 50 µJ/cm2  

Relaxation time constant   ~ 47 ps 

Damage threshold   = 2.5 mJ/cm2 

Chip area    4mm x 4mm; other dimensions on request  

Chip thickness   450 µm 

Dielectric coating   HR @ 808 nm and AR @ 1064 nm 
Mounting option x denotes the type of mounting as follows: 
  x = 0  unmounted 
  x = 12.7 g glued on a copper heat sink with 12.7 mm  
  x = 25.4 g glued on a copper heat sink with 25.4 mm  
  x = 12.7 s soldered on a copper heat sink with 12.7 mm  

x = 25.4 s soldered on a copper heat sink with 25.4 mm  
x = 25.4 w soldered on a water cooled copper heat sink with 25.4 mm  
x = FC  mounted on a 1 m monomode fiber cable with FC connector 

 
Low intensity spectral reflectance 
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Saturation measurement 
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Pump-probe measurement 
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APPENDIX: EQUIPMENT LIST

Equipment Used

Manufacturer Model
Nortrop Grumman ED2P-AXA-1023
Sorensen SGe160X31C-0AAA
BK Precision 9103
LeCroy WaveRunner 104MXi
LeCroy waveSurfer 64Xi
Agilent E7401A
Coherent J-50MB-YAG
Coherent LabMax-TOP
Gentec-EO QE8SP-B-BL-D0
Gentec-EO Maestro
Ophir Photonics SP503U-1550
Electro-Optics Technology, Inc. ET-3000
Frankfurt Laser Company FPYL-1064-20T
FJW Optical Systems, Inc. Find-R-Scope
Lumitek Q-42-R IR sensor card
Keyence VHX-900F
Quantel Laser by Lumibird, Inc. ICE450
Quantel Laser by Lumibird, Inc. Centurion Plus
Laird Thermal Systems UTX9,289,F2,TA,W6

Table B.1: Equipment List
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