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Ultrashort pulses have revolutionized the field of optical science making it possible to
investigate highly nonlinear processes in atomic, molecular, plasma and solid-state physics and
to access previously unexplored states of matter. Although ultrashort pulses make an extremely
useful tool, the generation of these highly energetic but short pulses is by no means trivial.
Amplified ultrashort pulses are generated by the technique of chirped pulse amplification (CPA).
Pulses with peak powers of the order of 10'> W from the CPA lasers when focused down to a
surface area that correspond to a few square-microns generates high intensities capable of
ionizing the medium or generate spectacular non-linear electromagnetic phenomena.

This dissertation details the design, fabrication and complete characterization of a high
average power, high repetition rate, and single-stage chirped pulse amplifier system capable of
delivering 40-45 fs pulses in the milli-joule range at multikilohertz repetition rate. In order to
achieve millijoule level pulses from a single amplifier stage, the CPA systems need to be
pumped with high average power sources. This introduces a host of thermal issues and thermal
management then becomes necessary to increase the efficiency of such systems. In this work, we
have carried out a systematic investigation of the thermal loading effects in a high average power,

regenerative CPA system. We experimentally characterize the thermal aberrations using a variety
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of different techniques (interferometry, pump-probe thermal lens power, and M? analysis). We
compute the temperature distribution, the optical path deformations (OPDs) and the
corresponding thermal lens focal powers using Finite Element Analysis (FEA) for different
pumping conditions. The validation of the experimental results with the FEA model allowed us
to use the model to design an effective regenerative amplifier cavity that is stable over a wide
range of thermal lens focal length and hence over a wide range of repetition rates. The model
could also predict optimal pumping conditions for minimizing thermal aberrations for a variety
of geometries and pumping schemes.

The regenerative amplifier is capable of generating 40-45 fs, ~ 1mJ pulses at 5 kHz

repetition rate and ~ 300 pJ at 12 kHz repetition rate with minimal fluctuations (0.9% of mean

pulse energy) in the shot-to-shot pulse energy and good beam quality (average M”of 1.42 at 5

kHz).
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CHAPTER 1
INTRODUCTION

Light is everywhere in the world. It has always been a carrier of information: from the real
world to our brains through our eyes. Our vision defines a sense of perception, which in turn
governs the way we look at the world. With the help of modern instruments, light has enabled us
to see closely and understand phenomena beyond our limited visibility. From scrutinizing
astronomical objects thousands of light years away from us to delving into the microscopic world,
light has in many ways helped us achieve the impossible.

Much of this achievement witnessed accelerated growth after the invention of lasers, which
have undoubtedly been one of the greatest inventions in the history of science. Since their arrival
in the 1960s (Maiman, 1960) they have found themselves useful in almost all areas of science
today. Barely years after the first laser was demonstrated DeMaria and coworkers (1966)
generated ultrashort pulses which were picoseconds long from a modelocked Nd: glass laser.
Atomic and molecular processes occur on time scales as short as a few picoseconds (1072 secs)
to a few femtoseconds (107> secs). The generation of short laser pulses has made it possible to
observe such effects with very high temporal resolution. The shorter the pulse duration, the
greater are the prospects of investigating highly nonlinear processes in atomic, molecular, plasma
and solid-state physics and gain access to previously unexplored states of matter.

Through the 1970s picosecond pulses were generated from flash lamp pumped solid state
materials such as ruby, Nd: glass and Nd: YAG using passive modelocking schemes such as
saturable absorbers in the laser cavity. But the major drawbacks of these systems were the large
fluctuations in the shot-to-shot output from the laser, and the instability of the saturable dye
solution whose quality degraded with exposure to light. As a result focus shifted from solid state

gain medium to organic dye lasers which were capable of generating pulses shorter than 10-ps.



The field of ultrafast laser development has seen rapid progress since the generation of
high quality sub-picosecond (0.1-ps) laser pulses by Richard Fork, Benjamin Greene and Charles
Shank in 1981. Pulse durations quickly dropped to the femtosecond regime (Shank et al., 1982)
using colliding pulse modelocked lasers. With the invention of solid state laser material such as
Ti’" doped sapphire (Ti: ALOs) by P. F. Moulton (1986) renewed interest in solid state lasers as
they offered higher stored energies and unlimited operating and ‘shelf’ lifetimes as compared to
organic dye liquids.

The discovery of self-modelocked Ti: sapphire lasers by Spence et al in 1991
revolutionized the field of ultrafast laser development. It now became possible to generate pulses
as short as 5 fs (Jung, et al., 1997; Morgner et al., 1999) directly from a laser oscillator without

the use of saturable absorbers. These table top lasers easily generate peak power levels of the

order of a few megawatts (106W) (Huang et al., 1992a; 1992b; Asaki et al., 1993).

Ultrashort pulses allow for fast temporal resolution. One now has the capability to ‘freeze’
motion of fast moving electrons and molecules, facilitating the study of molecular dissociation
dynamics, complex chemical reaction dynamics, etc. thus paving way for the field of
femtochemistry (Zewail, 1996), which deals with the nature of transition states and their control.

Following the development of milli-joule level picosecond pulses by Strickland and
Mourou in 1985, it became possible to generate millijoule level femtosecond pulses via the

technique of Chirped Pulse Amplification. This saw an increase in peak power by six orders of
magnitude (1012W)over those generated by the Ti: sapphire laser oscillators. Current table top
laser systems can generate peak powers in the petawatt range (IOISW) (Perry et al., 1999;

Pennington et al., 2000, Kitagawa et al., 2004).These lasers have found a variety of applications

over the past decade and continue to do so as our understanding develops.



Peak powers of a megawatt are however insufficient for many experiments. Several
nonlinear optical processes like high harmonic generation, ultrashort surface science, generation
of extreme ultraviolet radiation (EUV) (to name a few) are limited by the availability of
ultrashort pulse energies and the average flux, making it necessary to amplify pulses from a self-
mode-locked Ti: sapphire oscillators. The technique of chirped pulse amplification has
progressed significantly since the amplified picosecond pulses from the system developed by
Strickland and Mourou (1985). Amplification of ultrashort pulses by a factor of 10°to generate
peak powers in excess of 10> W (1 TW) at a repetition rate of 10 Hz was easily achieved (Maine
et al., 1988; Kimetec et al., 1991; Sullivan et al., 1991; Zhou et al., 1995; Chambaret et al., 1996).
S. Backus et al. (2001) extended the chirped pulse amplification technique to generate millijoule
level, femotsecond pulses at multikilohertz repetition rate in a single stage chirped pulse
amplifier system. Advantages of liquid nitrogen cooled Ti: sapphire crystal (Moulton, 1986;
Schulz and Henion, 1991) were incorporated into a multipass amplifier cavity.

The advent of such high intensity, ultrafast lasers has facilitated many experiments in
‘high-field’ science. Matter exposed to intense ultrashort laser light undergoes ionization as the
electronic wave packet is set free to oscillate in a laser electric field that is strong enough to
overcome the effective binding potential. Nobel gases such as neon, argon, etc. when exposed to
such intense electric fields, ionize generating electromagnetic waves at much higher frequencies.
Also free electrons in plasma can be accelerated over 100 MeV in a space of only a few
millimeters (Umstadter, 2001) using strong laser electric fields. As a specific example, millijoule
level amplified pulses are essential for non-linear processes such as generating sub-nanometer
range radiation, which are harmonics of the fundamental laser beam (L’Huillier and Balcou 1993;

Bartels et al., 2000; Reitze et al., 2004). When a high-energy ultrashort laser pulse is tightly



focused the intensities created corresponds to an electric field that often exceeds the binding
energy of a valence electron to the core of a noble gas atom. Within the first laser period the
ejected electron from the parent ion is accelerated and it may return to the parent ion with a finite
probability releasing harmonics that are coherent, directional and shorter in duration as compared
to the driving laser pulse (Figure 1-1). Coherent soft and hard X-rays produced due to the
harmonic up-conversion are used to conduct frequency interferometry in the ultraviolet to probe
thin solid films and dense plasmas (Salieres et al., 1999; Descamps et al., 2000) and study

electron transport dynamics in semiconductors (Rettenberger et al., 1997).

Enhancement
F

Harmonic Intensity (arb)

20 25 30 35 40
Wavelength (nm)
() (b)
Figure 1-1: Harmonic generation in Ar gas. Using (a) 6-mJ, 30-fs, 800-nm pulses at 1 kHz
repetition rate, Peak intensity ~ 3x10"W /cm? (Reitze et al., 2004) and (b) 1-mJ, 25-

fs, 800-nm pulses at 1 kHz repetition rate, Peak intensity ~ 2x10"“W /cm? (Bartels et
al., 2000).

As a second example, high intensity laser pulses can ablate material non-thermally i.e
without an increase in temperature. As in Figure 1-2 the quality of ablated holes and patterns in
materials that undergo fabricated microstructures using femtosecond and picosecond pulses is
much better than those produced using nanosecond pulses (Liu X et al., 1997; Von der Linde et

al., 1997). Such fast ‘cold’ ablation technique where the solid is changed directly to the gas



phase is highly desirable as it reduces effects caused by heat conduction and interaction of the
pulse with the ablated material.

In addition, amplified ultrashort pulses can further be compressed to sub-10 fs duration by
self-phased modulation of these pulses in hollow core waveguides and pulse compression
(Steinmeyer et al., 1999). Harmonics generated by such short and intense pulses give rise
coherent x-rays with pulse duration as short as 10™"® s (100 attoseconds) (Paul et al., 2001;
Hentschel et al., 2001) to study electronic state transition processes that occur faster than

femtosecond timescales.

1B8pm WD37

(b)
Figure 1-2: A sheet of invar micromachined with (a) 10 nsec pulses and (b) 100-fs pulses.
(http://www.cmxr.com/Industrial/Handbook/Chapter7.htm)

Femtosecond pulses with high energy and faster repetition rates are also utilized to perform
surface non-linear spectroscopy (Ostroverkhov et al., 2005; Liu et al., 2005). As a second order
nonlinear optical effect, second harmonic generation and sum-frequency generation are
forbidden under the electric-dipole approximation in media with inversion symmetry. But at the
surface or an interface this symmetry is necessarily broken. Thus non-linear surface spectroscopy

is surface specific. As described in Figure 1-3 (a), two laser beams at frequencies @, and @, when

mixed at an interface generate surface-specific sum frequency (or second harmonic,



when @, = w,) output in transmission or reflection. The signal is proportional to the square of the

2
nonlinear susceptibility (‘ ;(s(z) (0) =0 + o, ) of the interface. Scanningm, over the vibrational

resonances of the molecules or adsorbates on the surface, gives rise to a vibrational spectrum,
which is unique to that particular surface/interface. When @, and o, are high energy pulses

derived from a high brightness femtosecond chirped pulse amplifier, the peaks in the vibration

spectra are well enhanced making it possible to detect surface abnormalities with ease.
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Figure 1-3: Schematic of surface spectroscopy (a) and a typical Sum-frequency Generation
spectra (b). [Reprinted with permission from Superfine et al., (1991)].

An intense ultrashort laser pulse as available today, with peak powers > 10*W / cm’, are

capable of generating electric fields at an excess of 10'" V/em, can produce a wake of plasma
oscillations through the action of the pondermotive force (Tajima and Dawson, 1979). An

electron trapped in this wake is accelerated to relativistic speeds such that the work done by the

electric field E over the wavelength A of the laser field, (eEﬂ) approaches the rest mass energy

(mocz) of the electron, where m,is the rest mass of the electron andc is the speed of light

(Umstadter, 2001). Intense laser pulse when come in contact with plasma confined in a

A’ volume, where 4 is the wavelength of the laser radiation, is capable of generating attosecond



pulses and electron bunches (Naumova et al., 2004; Ness et al., 2005). These laser-based
radiation sources may someday be used for cancer radiotherapy and as injectors into
conventional accelerators, which are critical tools for x-ray and nuclear physics research.

The above examples present but a few of the applications of ultrafast lasers in physics,
materials science, and chemistry. There is an ever-increasing need for ultrashort pulses at high
pulse energies and faster repetition rates driven by these applications. The generation of these
pulses is by no means trivial: the simultaneous requirement of high pulse energies (> 1 mJ) and
high repetitions rates (> 5 kHz) necessitates high average power pumping. Thermal management
then becomes the key to the operation of these highly pumped lasers. Improved thermal
properties of sapphire at 77 °K (Moulton, 1986) allows for much efficient extraction of energy
from the crystal in an amplifier making it possible to achieve millijoule pulses at kHz repetition
rates in a single amplifier stage (Backus et al., 2001). Lowering the crystal temperature way
below the ambient only reduces and does not eliminate the deleterious thermal effects. Thus in
order to increase the overall efficiency of the chirped pulse amplifier system an extensive
thermal analysis and characterization of the crystal in the amplifier becomes inevitable as it
provides a better understanding of these thermal effects.

In this thesis we develop and characterize a high average power, single-stage, chirped
pulse amplifier system that generates 40-45-fs pulses with pulse energies close to a 1mJ at 5 kHz
repetition rate. We present a systematic investigation of the thermal loading effects in such
amplifier systems. We experimentally characterize thermal aberrations in a regenerative

amplifier using a variety of techniques. Using Finite Element Analysis (FEA) we compute the

temperature distributions, optical path deformations (AOPD) and corresponding thermal focal

lengths for a variety of pumping conditions. Excellent agreement between the FEA modeling and



the experimental results allow us to predict optimal pumping conditions for minimizing thermal
aberrations that could further increase the efficiency of the system. The usage of the acousto-
optic programmable dispersive filter (AOPDF) as a pulse shaper makes this a unique and a
compact system capable of delivering ultrashort pulses in the millijoule range. High brightness
sources such as this is ideally suited for high harmonic generation which is essential for the
generation of attosecond pulses, plasma generation and acceleration of free electrons in plasma.
Applications such as femtosecond micromachining and surface characterization using nonlinear
frequency conversion techniques will benefit from the amplifier’s high average powers for the
high signal-to-noise measurements via lock-in detection.

The layout of the dissertation is as follows: in Chapter 2 we discuss the principles of
ultrashort pulse generation and characterization. The design and construction of the various
components of a high average power, single-stage chirped pulse amplifier is described in detail
in Chapter 3. Chapter 4 deals with issues relating to the design, modeling and characterization of
the host of thermal effects in a regenerative CPA system. The experimentally measured results
are validated numerically using Finite Element Analysis (FEA). The characterization and the
optimization of the pulses from the amplifier system are elaborated in Chapter 5 along with
techniques that can further improve the efficiency of the CPA system. Finally we conclude in

Chapter 6.



CHAPTER 2
ULTRASHORT PULSE GENERATION AND CHARACTERIZATION

Before we begin to delve into the details of the construction and performance of a high
average power chirped pulse amplification system, it is beneficial to understand more about the
fundamentals of generation and characterization of femtosecond pulses. This chapter discusses
the various aspects of femtosecond pulses that are extremely crucial to the work described in this
thesis.

Beginning with a mathematical relationship between pulse width and the spectral
bandwidth the chapter discusses dispersion of broad bandwidth pulses. Principles of nonlinear
effects such as the second and third order effects that are crucial for pulse characterization and
the generation of ultra board brand sources respectively are discussed in the final sections of this
chapter.

2.1 Relationship between Duration and Spectral Width

A plane monochromatic wave of frequency o, (Figure 2-1 (a)) has an infinite spread in the
time domain.
E(t) = Re(E,exp(imyt)) (2.1)

A light pulse can be generated from a sinusoidal electric field as in equation (2.1) by multiplying
it with a bell shaped function for the amplitude modulation. Choosing a Gaussian function the

above equation then transforms as
E(t)= Re(E0 exp(—l"t2 +ia)0t)) (2.2)

The time evolution of equation (2.2) is shown in Figure 2-1(b). I"is the shape factor of the

Gaussian envelope. The spectral content of the two kinds of light pulses can be obtained by



performing a Fourier transform to the temporal domain. Figure 2-2 (a) and (b) are the numerical
Fourier transforms for the cosine and the Gaussian function in equations (2.1) and (2.2).

The monochromatic plane wave oscillates with a single frequency e, whereas the Fourier

transform of the Gaussian function is also a Gaussian, with the width proportional toI".

=" t —

(a) (b)
Figure 2-1: Evolution of a plane monochromatic wave in time (a) and a plane wave with
Gaussian amplitude modulation in time (b).

o—
O—

(a) (b)
Figure 2-2: Fourier transform of the (a) cosine function in Figure 2-1(a) and (b) Gaussian
function in Figure 2-1 (b).
From the empirical relationship between the spectral width and the pulse duration of the

pulse, we can now derive a more formal relation (Seigman, pp.331). For a Gaussian electric field

as in equation (2.2), the instantaneous intensity can be expressed as

Ty

1(t) =|E(t)[ = E2exp —(41112)[LJ (2.3)
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where 7 is the duration of the pulse measured at half the maximum intensity and is known as the
Full Width at Half Maximum (FWHM).
7,=~2In2 (2.4)

The Gaussian spectrum in frequency is the Fourier transform of equation (2.2)

. (o) =exp|:—%:l 2.5)

The power spectrum of the Gaussian pulse can be written in the same form as the instantaneous

intensity as in equation (2.3)

| (@) = ‘EO (a))‘2 =exp —(4ln2)[wA_ a)o] (2.6)

The FWHM bandwidth of the Gaussian pulse is

A N
Afp = 2% = & (2.7)
2 T

If in equation(2.2) ,I' = (a— ib), where b is known as the chirp factor, then the pulsewidth 7,

and Af undergo the following modification

2In2
sz‘/
a

Af = V2In2 a(1+(ETJ

(2.8)

P Vs a

Incorporating the I"in the expression for electric field equation(2.2), in the time domain

11



E(t)=E, exp(—atz)exp[i (a)ot +bt? )}

2.9)
E(t) exp[i¢5tot (t)]

where,
ot (1) = @t + bt? (2.10)

is the time varying phase of the Gaussian pulse. An instantaneous phase gives rise to an

instantaneous frequency @ .

_dda(t)
o == 2.11)

For the Gaussian pulse described above this instantaneous frequency is given as

o, (t)=%(m0t+bt2):a)o+2bt (2.12)

Thus a Gaussian pulse with a time-varying instantaneous linear frequency is known as
being chirped with the parameter b being a measure of this chirp. Figure 2-3 demonstrates a

chirped Gaussian pulse.

|

-

o

t
Figure 2-3: Time evolution of a Gaussian electric field with a quadratic chirp (b = 10) on it.

2.2 Time Bandwidth Product

The product of pulsewidth and spectral bandwidth is known as the time bandwidth product

(TBP). Multiplying equations (2.4) and (2.7) we get

12



2In2
Afr, = — ~ (.44 (2.13)

According to the uncertainty relation the time bandwidth product for a Gaussian pulse cannot be

less than 0.44. Chirp on a Gaussian pulse increases the TBP.
21n2 / by’ / b’

Thus for a Gaussian pulse the minimum TBP is 0.44 and such a pulse is known as

‘transform-limit’ as the linear chirp-factorb =0.

The TBP depends on the shape of the pulse and the definitions of Af and At (rms, FWHM,
etc.). The table below compares the TBP for 3 fundamental pulse shapes suitable for laser beams,
for other forms of intensity profiles such as square, triangular, exponential etc. the reader is
urged to refer Sala et al (1980).

Table 2-1: Time bandwidth product for different pulse shapes (Figure 2-4)

Pulse Shape Tntensity | ( t) "ilfniet bandwidth product
Gaussian _e¥ 0.4413
Hyperbolic Secant =sec h?x 0.3148
Lorentzian 1 0.2206

T1exX
Note: Adapted from Sala et al. (1980).

05¢
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Figure 2-4: Intensity profile for a Gaussian pulse (solid blue curve), hyperbolic secant (dashed
blue curve) and a lorentzian (red curve).

2.3 Dispersion

Ultrashort pulses, with its broad spectral content undergo dispersion as they propagate in
air, materials, etc. Dispersion is said to occur when the phase velocity of the wave depends on its
frequency (Born and Wolf). The vacuum dispersion relation is given as: @ = CK , where o is the

angular frequency of the radiation, k is the wave number and c is the velocity of light in free
space. For such a dispersion relation the phase velocity (v¢) and the group velocity (vg ) are the
same. In a dispersive medium, the dielectric constant is a function of frequencyg(a)) , with the
consequence thatv, # Vv, . Different components of the wave travel with different speeds and tend

to change phases with respect to one another. An ultrashort pulse propagating through such a

media will undergo changes in its shape ultimately leading to temporal broadening.

Figure 2-5: Schematic relationship between phase and group velocities for a transparent
medium(vg < v¢).

The electric field of an ultrashort pulse, in the frequency domain is given by equation (2.5).

After the beam propagates through a distance X, its spectrum is modified accordingly as

E(w) = E,(w)exp| *ik (o)X (2.15)

14



where k (@) =nw/cis a frequency dependent propagation constant, with nbeing the refractive
index of the medium. If the propagation constant k (a)) is a slowly varying function of @: it can
expanded in a Taylor series expansion about a central frequency @, as long as Awll @, .

3
(a)_a’o)2 +l ¢ k3
o 30w

2
(6"_6"0)""i ox
2! 00

)

k(w)=k, + X

. (0-a@,) +... (2.16)

@

The frequency dependent propagation constant k(a)) will modify the pulse as it propagates

through the medium. Substituting the above expression in equation (2.15)

E(a)):exp{—iko(w)x—ik’x(a)—a)o)—(%—ik"xj(a)—a)o)z+..} @.17)

. The temporal evolution of such a pulse can be

w= o=,

r_ " __ 2 2
where, k' = (ak/aa))‘ , andK" = (8 k/ow )
obtained by a Fourier transform of its spectral shape (Rulliere, pp.33).

E(t)=— | E(®)exp(-iot)dw (2.18)

E(1)= - exp iw{t—ﬁ}r(x){t— X j (2.19)

d Yy ()
The first term in the exponent produces a time delay by an amount X/ v, after propagation though

a distance X . The quantity V¢(a)0) =(aof k)% is the phase velocity of each of the plane wave

components of the pulse in the medium. v, (&, ) = (dk/d ®) ' is known as the group velocity and

determines the speed of the pulse in the medium. For cases where wl] @,, v, <V,, and the

¢ b
pulse is said to undergo normal dispersion. NowI'(x)=1/T +2ik"x, wherek” =d/d a)(vg (a))_l)

is known as the group velocity dispersion. Figure 2-5 is a schematic of the dispersion effect in a
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medium with a dispersion relation @ = ck (a)) . Thus the equation (2.19) demonstrates that a short

pulse propagating through a transparent medium undergoes delay, a broadening of its pulse
duration accompanied by a frequency chirp.

2.4 Nonlinear Effects
2.4.1 Second Order Susceptibility

Light intensities generated by an ultrashort pulse can change optical properties of the
medium that they pass through. The intensity dependent changes to the optical properties of the
material constitute nonlinear optics. Many of these nonlinear optical effects tend to be useful
while generating and characterizing ultrashort pulses.

On expanding the polarization in a Taylor series expansion

P=4"E+ y*EE+ y“EEE +... (2.20)
The first term in the above equation is the linear term whereas it’s the higher-order terms that
account for the nonlinear optical effects.

Second-order optical effect or second harmonic generation (SHG) is caused due to the second

order susceptibility term y . It is characterized by the second-order polarization p® (t) .

*

P®) (t)= zEE (2.21)

Two photons of frequency @ combine in a medium to give rise to a single photon of
frequency 2@ (Figure 2-6). But the process of second harmonic generation is dependent on the
orientation of the crystal axis and the polarization of the incoming light. If the medium posses an

? vanishes uniformly over the bulk of the medium. SHG in such cases

inversion symmetry, y'
can be observed either at an interface or on the surface of the medium. For an impinging

intensity I(a)) of frequency @ with a propagation constant K, , the intensity of the second

16



harmonic signal I(2a)) with the propagation constant k, = 2k, through a nonlinear crystal of

length | is given as (Boyd)

2 YA sin(Akl/2)Y’

where, Ak =k, —2k;is known as the wavevector mismatch. The SHG process is most efficient

for the perfect phase matched condition where Ak =0 .

i — 20
—_— Z{ZF

(b)
Figure 2-6: Geometry of second-harmonic generation (a) and schematic energy level diagram (b).

As the SHG signal for a given crystal length, orientation and polarization of the incoming
light is directly dependent on its intensity, it is extensively used to measure the pulsewidth of an
ultrashort pulse as described in detail in appendix A.

The second order susceptibility is also responsible for a variety of other effects that involve
3 photons such as the sum-frequency generation (SFG) where two incoming photons of

frequency @, and @, combine in a nonlinear crystal and generate a signal at the sum
frequency w, = @, + w, . Difference frequency generation (DFG) is a process where the two
incoming photons generate a signal at the difference frequency @, = @, — @, where @, > @,. The
satisfaction of the phase marching condition Ak =K, +k, —k, determines the efficiency of all

these process within a non-centrosymmetric crystal.
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2.4.2 Third Order Susceptibility
Three photons mix to generate third order nonlinear effects due to the third order

)

susceptibility ;((3 term equation(2.20). The third order polarization term can be written as

PO = yYEE"E
PO = 4OLE

(2.23)

Some of the third order effects include third harmonic generation (as in Figure 2-7) where
three photons of frequency @ combine to generate a photon of frequency 3w . Unlike the second
order effect, the third order effect can occur in any media irrespective of the symmetry and can
also occur in liquids and amorphous materials such as fused silica.

The number of effects increases as the order of nonlinearity increases. The primary focus

of this chapter will be to discuss the effects related to generation and characterization of

ultrashort pulses.

@ — 3w
—_— xl”
—_—
(a)
[0
3w
w
@

®
Figure 2-7: Geometry (a) and schematic of third order generation (b).

2.4.2.1 Nonlinear index of refraction

The intensity of the ultrashort pulse in a medium changes its optical properties. The third

order polarization in equation (2.23) when combined with the linear polarization term becomes

P=y"E+3.y"I1.LE=y,E(®)

a0 (2.24)

where, y.. =y ' +3.x
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where | :‘Ez‘is the intensity of the incident ultrashort pulse. The second order term can be

made to vanish in the above equation due to symmetry conditions in the crystal. For a
centrosymmetric medium ' vanishes and for non-centrosymmetric medium the second order
effects can be eliminated by orienting the crystal in such a way so as to satisfy the phase

matching condition only for ;((3) effects. The refractive index of the material is defined

as:n’ =1+4xy,. . Substituting for ye, the refractive index can be expressed as

n” =1+477" +1277" |E ()

[ (2.25)

The refractive index of a material, when a high intensity laser beam is incident on it, can also be

described by the following relation
n=n,+n,|E[ (2.26)
where ng and n; are the linear and nonlinear index of refraction respectively.

Comparing the relations (2.25) and(2.26), one can obtain expressions for n, andn,

n, = (1+ 472'}((]))1/2

B 67y (2.27)

|
2
Ny

>

For an ultrashort pulse the intensity is a function of both space and time | (r,t) . Both the spatial

and temporal dependence of intensity leads to interesting effects such as Kerr lens effect, self-
phase modulation, self-focusing, filamentation etc. Effects that lead to the generation of
ultrashort pulses are discussed in the following sections.

2.4.2.2 Kerr lens effect

(3)

The spatial intensity profile of a Gaussian laser beam propagating in a '~ material is
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I (r) =exp(-gr’) (2.28)
The refractive index of the material also gains a spatial gradient given as
n(r)=n,+n,l(r) (2.29)
This generates a refractive index gradient as in Figure 2-8 that follows the gradient in the

intensity profile of the incident ultrashort pulse. For a nonlinear index of refractionn, >0, the

refractive index is greater at the center of the medium as compared to the sides. The amount of
nonlinear phase accumulated by the ultrashort pulse as it passes through this graded index
material is

2 2 2
(D(r):—TnOI —Tnzll(r):—<b0—7nzll(r) (2.30)

This effect similar to a static lens, increases the focal power of the material due to the spatial
variation in the phase of a traversing beam such that beam focuses into the material. This effect
known as Kerr lens effect is of utmost importance in understanding self mode-locked Ti:

sapphire laser oscillators.

n,>0

> ST

Figure 2-8: Schematic representation of the Kerr lensing effect. The KLLM effect leads to the self-
focusing of the intense ultrashort pulses.

2.4.2.3 Self phase-modulation

3)

The temporal profile of a Gaussian pulse incident on a '’ material is

I(r) = Ioexp(tzj 2.31)

2
T
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Thus the refractive index is then transformed as
t2
n(t)=n, +n,l,exp [—2] (2.32)
T

The time varying intensity leads to a time varying refractive index as the pulse propagates
dn_ n a_ n,l,ex i _2
R S P (233)

An instantaneous refractive index brings about a change in the total phase (® =-2znl/1)

accumulated by a pulse or a phase delay as it propagates through such a medium.

27 27 27
d)(t):—TnOI —7%"(0:—@0—7”2“(0 (2.34)

where A is the vacuum wavelength of the carrier and nglis the optical length traversed by the

pulse. This generates a time varying shift in frequency

do 27z dl
o) a7 dt 235)
4r t? '
Aa)(t)z—ﬁmzloexp[?]t

A plot of Aa)(t) (Figure 2-9) shows that the leading edge of the pulse shifts towards the

lower frequencies (‘red’ shift) and the trailing edge shits towards higher frequencies (‘blue’ shift),
generating an overall increase in the bandwidth of the pulse.

Although the spectral content of the pulse is increased as it passes through such a crystal
the temporal structure remains unaltered by the self-focusing effect. But natural dispersion

occurring within the crystal tends to broaden the pulse.
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Ti: sapphire-based laser oscillators make use of the Kerr-lensing effect to generate pulse as

short as 6-fs (Jung et al., 1997) directly from an oscillator which is described in detail in the

following chapter.
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Figure 2-9: Schematic of Self-phase modulation. (a) A Gaussian pulse propagating through a
nonlinear system undergoes self focusing effect (b) which gives rise to additional

frequency components which when compensated for material dispersion generates a
short pulse.

2.5 Summary
We briefly discussed in this chapter the essential theoretical background needed to
understand the various nonlinear process such as the generation of femtosecond lasers through
the Kerr lensing effect. Also processes such as the second harmonic generation which is a
commonly used tool to characterize ultrashort pulse widths, were discussed in considerable detail.

More on the technique of measuring ultrashort pulses are elaborated in Appendix A at the end of

this dissertation.
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CHAPTER 3
DESIGN AND CONSTRUCTION OF A HIGH AVERAGE POWER, SINGLE STAGE
CHIRPED PULSE AMPLIFIER

3.1 Introduction

Strickland and Mourou (1985) developed the first ultrashort laser in the year 1985, capable
of delivering millijoule pulses at picosecond time scales (2x10™'* secs) at a wavelength of 1.06

um, by the technique of chirped pulse amplification. Ultrashort pulses by definition support a

large spectral bandwidth(AUAr = Const). Amplification of ultrashort pulses enforces certain

minimum requirements on an amplifier system. First, the amplifier bandwidth must be wide
enough to accommodate the spectral bandwidth of the seed or the un-amplified pulses. As a wide
range of Fourier components is required to produce an ultrashort pulse, a gain medium with a
narrow emission bandwidth could not possibly support ultrashort pulses. The central wavelength

A, of the seed pulses must efficiently extract the stored energy in the amplifying medium, i.e the

fluence of a pulse must be close to the saturation fluence of the amplifying gain medium

Jo = hu/ o, where o is the gain cross-section of the gain medium. Finally the peak intensities

generated within the amplifier must be well below a certain critical level above which nonlinear
effects as discussed in chapter 2 can distort both the spatial and the temporal profile of the
amplified beam and in some cases can damage the optical components within an amplifier as

well.

3.2 Why Chirped Pulse Amplification?

While amplifying femtosecond pulses, the phase shift experienced by a propagating

ultrashort pulse in an amplifying medium can be both linear and nonlinear
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2z 2r
¢rotal = Tnl = 7(”0 + n2| (r,t))l

¢Total = ¢Linear + ¢NL

(3.1)

The linear phase 27zn,l/A arises due to the linear index of refractionn,. The nonlinear phase
shift arises from the nonlinear response (distortion) of the electron cloud surrounding an ion
subjected to an intense electric field. As can be seen from equation (3.1), the peak intensities
associated with an ultrashort pulse introduce additional phase delay (n2 >0) and therefore
experience enhanced nonlinearities, which are manifested both in temporal as well as spatial

distortions of the laser pulse. One can calculate the nonlinear phase accumulated by an ultrashort

pulse along an optical path L as (Koechner, 1976)

L L
®,, =27”j@d| =22 [, (3.2)
0 n ﬂ/ 0

where n, is the nonlinear index of refraction of the lasing medium and | (r,t) is the instantaneous

pulse intensity within the amplifier cavity. A peak value of 5 for the nonlinear phase @, (for

historical reasons also known as the ‘B integral’) corresponds to a critical intensity (Maine et al.,
1988) above which only high spatial frequencies are preferentially amplified, reducing the
spectral bandwidth of the amplified pulses that ultimately results in longer pulses. As noted in
the previous chapter a host of nonlinear effects are associated with the spatial as well as the
temporal variation of the intensity of an ultrashort pulse. And if the accumulated nonlinear phase
exceeds this critical value, the ultrashort beam becomes distorted due to these nonlinear
processes (Boyd, 2003). Thus keeping the amount of nonlinear phase that an ultrashort pulse can
gather, much below the threshold value is of utmost importance in amplifying these pulses to

high energy levels.
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Given a suitable gain media like Ti*":ALO; (which shall be discussed in the following
section), the technique of chirped pulse amplification circumvents the generation of excess
amplified intensities capable of damaging amplifier materials or causing nonlinear effects. Figure
3-1 illustrates a schematic of a chirped pulse amplification system.

This technique relies on increasing the duration of the pulse being amplified by introducing
a controlled amount of dispersion (‘chirping’ the beam) and then optically compressing (Treacy,

1969; Martinez, 1987; Martinez, et al.,1984) the amplified beams to its original pulse duration.

V

|~
Amplifier

Fs-Laser Stretcher

Compressor =

Figure 3-1: A schematic representation of a Chirped Pulse Amplifier system. The pulse cartoons
represent the temporal structure of the pulse at each stage in the amplification process.

Temporally lengthening (or ‘stretching’) the pulses reduces the peak intensity, enabling
efficient energy extraction from the amplifier gain media by distributing the total energy content
of the pulse over a broader time scale. Chirped pulse amplification becomes particularly useful
for amplifiers utilizing solid-state gain media with high stored energy densities (1—10 J/cm?)
well above the damage threshold of several optical components, in order to efficiently extract the
entire stored energy in the gain media.

The following sections contain an in depth discussion of the various components of a

single stage, CPA system in our laboratory.
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Ultrashort pulse amplification needs very broadband gain media. Femtosecond amplifiers
in the past relied heavily on broadband laser dyes and excimer gain mediums as the amplifying
material (Ippen and Shank, 1986; Downer et al., 1984; Knox et al., 1984). Due to the low
saturation fluences offered by these media, the amplified output powers were severely limited by
the size of the amplifying medium. But solid-state media such as Nd: glass, Cr’* doped BeAl,0Oy4
(Alexandrite), Cr’" and Ti’" doped Al,O; (sapphire) not only posses much higher stored energies

(~ 1J/cm?) but also display extremely broad emission bandwidths to support ultrashort pulses

(Moulton, 1992).

Figure 3-2: Absorption and emission spectra for Ti: sapphire. [Adapted from Rulliere (1998)].

Of all the solid state materials available, Ti’~ doped Al,O3; (commonly referred to as Ti:
sapphire) emerged to be the most promising material (Moulton, 1986). The early nineties saw a
boom in the use of Ti: sapphire as an active medium to produce femtosecond pulses due a
number of its features that were desirable as a laser host material. With a damage threshold of 8-

10 J/em® (comparable with metals), high saturation fluence of 0.9 J/cm®, a peak gain cross-
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section og of 2.7 x 10-19 /cm? (Backus et al., 1998) and an extremely broad gain bandwidth of
230 nm (Moulton, 1986), there is little doubt as to why Ti: sapphire is a favorite among
femtosecond-laser developers! Ti: sapphire exhibits a peak absorption maximum at 500 nm.
Figure 3-2 indicates the absorption and emission bandwidths for Ti’~ doped Al,O;. With the
availability of high average power diode-pumped solid-state lasers, such as the frequency
doubled Nd: YAG and Nd: YLF laser source (laser emission at 532 nm), Ti: sapphire quickly
became the obvious choice in the development of table-top terawatt sources (Backus et al., 2001).

OC/-

800 nm, 30 fs

Ti: ALO, L

Figure 3-3: Self-mode-locked Ti: sapphire laser oscillator. The cavity is formed by a high
reflecting mirror (HR) and an output coupler (OC). The pump beam is focused on to
the crystal which is placed in a sub-resonator formed by mirrors M; and M,.
Dispersion compensation is achieved by prisms P; and P;.

There has been a tremendous amount of progress in the generation of femtosecond pulses
since the construction of the first self mode-locked Ti: sapphire laser by Spence et al. in 1991
generating 60-fs pulses. With further improvisations to their optical design (Figure 3-3), it
became possible to generate pulses as short as 6 fs (Jung et al., 1997) directly from a laser
oscillator. Short pulses were achieved by the process of Kerr-Lens mode-locking (discussed in
the previous chapter), wherein an inherent nonlinearity of the Ti: sapphire crystal was creditably
exploited, which is yet another reason why Ti: sapphire is the most revered material for

ultrashort pulse generation!
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3.4 Mode-locked Laser

Mode-locking is the essential mechanism to generate pulses from a laser oscillator. A laser
cavity allows oscillation only for discreet resonance frequencies that satisfy the

conditionv, =mc/2L , where cis the velocity of light and L is the length of the laser cavity and

m is an integer. The longitudinal modes of a laser cavity oscillate freely and the output intensity
consists of different modes with no specific phase relation with respect to each other and the
laser is said to be operating in a ‘continuous wave’ or cw mode. These modes which initially
possess random phases, when forced to oscillate with a well defined phase constitutes a pulse
and the laser is then said to be lasing in a pulsed mode with a finite bandwidth spectrum as in
Figure 3-4.

Mode-locking in dye lasers and in certain solid state media was achieved either by an
external modulation (active mode-locking) or by placing saturable absorbing medium in the laser

cavity (passive mode-locking).

:21' Laser gain
= bandwidif

Freguency
;—‘ Caviry lomgitudinal mode siruciine
E — p—tv=c2l

Freguency
= Laser oufput specirims
=

Freguency

Figure 3-4: Generation of ultrashort pulses by the mechanism of mode locking.

Ti: sapphire laser does not require either external stimulation or saturable absorbers to

generate ultrashort pulses. This is known as self mode-locking. As discussed in the previous
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chapter, an intensity dependent variation of the refractive index of the Ti: sapphire crystal,
arising from a non-uniform power density distribution in Gaussian beams gives rise to an
intensity dependent phase-shift that leads to the generation of multiple modes within the
oscillator cavity. The amplitude of the short pulse is modulated in such a way that intense pulses
experience less loss than weaker pulses and can therefore sustain within the cavity.

Figure 3-3 is a schematic of a self-mode-locked Ti: sapphire laser oscillator. The laser
cavity is formed by two plane mirrors, one a high reflecting mirror (HR) and an output coupler
(OC) which is partly transmitting. The Ti: sapphire crystal is placed in a sub resonating cavity
formed by two identical spherical mirrors of radii of curvature 10-cm, which are dichroic in
nature, transmitting 532-nm and reflecting 800-nm. Two fused silica prisms placed in the longer
arm of this asymmetric cavity provide the phase compensation necessary to achieve mode
locking. The Ti: sapphire crystal is pumped by a 5 W Coherent Verdi which is a diode pumped
Nd: YVOq laser system.

The refractive index of sapphire varies with the intensity of the incident pulse

asn=n,+n,1(r). The crystal behaves like a converging lens asn, >0. The Kerr lensing effect

in conjunction with the self-focusing of the laser beam within the crystal gives rise to the
broadening of the spectral content of the pulse.

Although the spectral content of the pulse is increased as it passes through the Ti: sapphire
crystal the temporal structure remains unaltered by the self-focusing effect. But natural
dispersion occurring within the crystal tends to broaden the pulse. The prism pair inside the
oscillator cavity generates negative dispersion to compensate for the positive dispersion
introduced by the crystal (Martinez et al., 1984; Fork et al., 1984), enabling the generation of

femtosecond pulses from the oscillator. Careful balancing of the self-phase modulation effects
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and the group velocity dispersion due to the prism pair causes all the modes in the oscillator to
have the same optical path length through the crystal, forcing them to oscillate in phase to
generate a train of mode-locked pulses with a repetition rate 1/zz where i is the round trip time
around the cavity.

The peak intensities inside the Ti: sapphire crystal must be high enough to induce
nonlinearity but well below a critical level, which can distort the beam within the cavity. In order
to favor the high intensity pulsed operation of the laser over the continuous-wave (cw) mode, old
designs of the Ti: sapphire oscillator used a hard aperture blocking out the large waist modes that

correspond to low intensity levels.
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Figure 3-5: Oscillator spectrum as measured by a fiber spectrometer' and its Fourier transform.

Inset is the calculated temporal profile (temporal bandwidth of 14 fs) assuming a
constant phase across the entire spectral bandwidth.
Instead of the hard aperture, the pump beam in the oscillator is overlapped on the crystal

with the pulsed beam, such that it preferentially keeps the cw beam in the cavity at extremely

low intensities, enabling mode-locked operation. Mode locking is readily achieved by gently

! The modulations in the measured spectrum are an artifact of the fiber spectrometer. The temporal profile was
calculated on first filtering the measured spectrum with a Savitzky-Golay smoothing function and then performing
an inverse Fourier transform on the smoothed spectrum.
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stroking the prism next to the high reflecting mirror. The oscillator routinely generates 300-400-
mW mode-locked pulses at the repetition rate of 90 MHz (defined by the cavity length), centered
at 800-nm and a full width of half-maximum bandwidth (FWHM) of 80-90-nm, an average pulse
energy of 2-5 nJ depending on the alignment. A pair of razor edges that form a slit allows tuning
of the mode locked spectrum. In order to stabilize the laser in the mode locked state, the Ti:
sapphire crystal is maintained at a constant temperature of 20 °C by a circulating water chiller.
Also for prolonged stability, the laser is isolated from the environment by enclosing it in a
protective case. Due to the absence of an external compensator to generate transform limit pulses
from the oscillator, the temporal FWHM is always greater than calculated as in the inset of
Figure 3-5.

The seed pulses from the oscillator are then introduced into a pulse stretcher to temporally

broaden the pulses before they can be injected into the amplifier.

3.5 Dispersion

The phenomenon of dispersion is very important to the field of ultrafast optics. As
ultrashort pulses, with their broad spectral content undergo dispersion as they propagate in air,
materials, etc., dispersion management then becomes the key to developing really short pulses.
As previously noted, dispersion is said to occur when the phase velocity of the wave depends on
its frequency (Born and Wolf). Different components of the wave travel with different speeds
and tend to change phases with respect to one another. An ultrashort pulse propagating through
such a medium will undergo changes in its shape ultimately leading to temporal broadening. The

electric field of an ultrashort pulse is represented in the frequency domain as

E(w) = E(w)exp(ig(w)) (3.3)
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where E(w)is the amplitude modulation for a finite beam and ¢(w) is the phase of each of the

frequency components present in the beam. If the spectral phase @(w) is a slowly varying
function of @ (this does not hold true in regions of ‘anomalous dispersion’ where n(w) varies
rapidly over narrow intervals of w) then it can expanded in a Taylor series expansion about a

central frequency .

p(0) =+ (0-a)+~22

6(0% 210w

(-, +il (0—@,) +... (3.4)

where 0¢/0w, 0°¢/dw" and 6°¢/dw’ are the derivatives of phase with respect to frequency and
are known as group delay, second-order dispersion or group velocity dispersion (GVD), third-
order dispersion (TOD), fourth-order dispersion (FOD) and so on. The variation of the group

delay 7 = 0¢/dw with frequency is
a¢ ! " " 2
r=—= @)+ @) 0-a)+ " (@) o-o) +.. (3.5)

From the above expression, it is clear that the ¢”(a)o), known as frequency-sweep rate linearly

chirps the pulse and ¢"’(a)0) generates a quadratic chirp on the pulse, etc. Figure 3-6 (a) and (b)

illustrate a Gaussian pulse with a second-order and third order phase on it that generates a linear
and quadratic chirp on it respectively.

For pulses that undergo normal dispersion in materials, the phase change is given
by ¢...(®) = L, ,N(w) ®/c. Thus longer wavelength components in the pulse travel faster than the
shorter wavelength components i.e ‘red’ travels faster than ‘blue’, introducing a positive chirp. A
pulse compressor then becomes inevitable to compensate for this positive chirp.

The management of spectral phase is thus of utmost importance in the design of a chirped

pulse amplifier system. The next section deals with the broadening or the chirping of the pulses
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in order to effectively amplify them in an amplifier and their recompression back to femtosecond

time scales.

il L 1 L L 1 1

Figure 3-6: A Gaussian pulse possessing (a) linear chirp (¢”(a)0))on it and (b) quadratic chirp
(¢"(@,))on it.
3.6 Pulse Stretching and Recompression

As an ultrashort pulse propagates through the different optical components in an amplifier
cavity, the material dispersion accumulated must be compensated for in order to achieve shorter
pulse durations. Also in order to reduce the risk of damaging the amplifier components and to
keep the amount of accumulated non-linear phase [equation(3.2)] well below the threshold level,
femtosecond pulses obtained from the Ti: sapphire oscillators must be temporally broadened
before they can be injected into an amplifier. Also, in order to generate ultrashort pulses in a
mode-locked Ti: sapphire oscillator it becomes necessary to compensate for the group velocity
dispersion (GVD) such that all the spectral components of the pulse can travel with the same
group velocity around the oscillator cavity. Thus dispersive components become an integral part

of a chirped pulse amplifier system.
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Pulse stretching can simply be accomplished by material dispersion. As beams traverse
through material they tend to broaden temporally owing to normal dispersion. But for most
materials significant lengths are needed to achieve stretch factors of 10* which are required to
amplify nanojoule level femtosecond pulses to the millijoule level. In addition, one cannot avoid

beam distortions due to the increased B-integral.
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Figure 3-7: Dispersive delay lines. (a): A pair of anti-parallel gratings forms a pulse compressor
(Treacy, 1969) and (b) Pulse stretcher formed by anti-parallel gratings with a unit
magnification telescope between them by Martinez et al. (1984).

In 1969 E. B. Treacy showed an extremely clever way of broadening pulses in time by
using an anti-parallel grating pair (Figure 3-7(a)). Significant stretch factors could be achieved
with this arrangement, although as originally conceived the Treacy configuration was designed
to produce negative group delay dispersion that could compensate for positive material
dispersion. The grating pair disperses the spectrum of the pulse, such that the ‘blue’ edge of the
spectrum travels faster than the ‘red’ edge through the grating arrangement. The first grating
serves the purpose of dispersing the spectral content of the pulse and hence the negative GVD,
and the second grating recollimates the different wavelengths. Martinez (1987) designed a

compressor with dispersion opposite to that of the Treacy’s design (Figure 3-7(b)). A telescope
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placed between a pair of anti-parallel gratings modified the effective length between them
yielding positive group velocity besides providing a high magnification yielding compression
factors as high as 3000.

The phase shift across the spectrum of the pulse as the beam propagates though the grating
pair can be calculated as (Treacy, 1969)

2L

g _ A iney -
¢(0))—W|:1+COSH q sin(y 0)} (3.6)

where L is the perpendicular distance between the gratings, » is the incidence angle, 6 is the
angle between the incident and the diffracted beams, A, is the central wavelength of the spectrum

of the pulse and d is the grating constant. One can derive the group velocity dispersion (GVD)

from the above equation

ﬁ_ﬁ_ 47r2CLg /cos(y —0)

o0* oo :
© “ o’d {I—Kﬁ—siny) }

The expression for GVD for the Martinez stretcher (Figure 3-7 (b)) is the same as eq.(3.7)

(3.7)

except with an opposite sign. The above expression is for a single pass through the grating pair.
The beams are made to pass once again through the arrangement to remove the wavelength
dependent spatial walk-off, by reflecting them off a retro-reflector or a pair of mirrors used in a
roof geometry. Due to the ease of their construction the stretcher and the compressor are
designed in such a way as to exactly reproduce the input pulse temporally.

Martinez et al. (1984), showed that negative GVD can also be generated from a pair of
prisms arranged in parallel. While the reflective grating geometry as in Figure 3-7 (b) is not an
easily adjustable design the prism arrangement in Figure 3-8 provides both low loss as well as

tunability from negative to positive values of GVD and hence is incorporated into the mode-
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locked Ti: sapphire oscillator to compensate for the varying pulse GVD which is alignment
dependent. It is based on the idea that wavelength dependent phase delay caused by angular

dispersion always yields negative GVD.

Figure 3-8: Prism delay line. A pair of parallel prisms generates negative GVD that can be varied
by changing the distance between the prisms (Martinez, 1984; Fork, 1984).

In the Figure 3-8, the optical path between the points A and B is
A=¢gc/w=nLcosd (3.8)
The GVD term is given as

¢ A dA
do’  27¢° dA°

(3.9)

Substituting for A from equation (3.8) in equation (3.9) and calculating the GVD along the

direction of the wave vector (6 =0) yields

d?A | d®n doy
- —n| =< |L 3.10
dA? {dzz (dﬂj} (3-10)

The above expression yields a negative GVD regardless of the sign of the termd&/d A . The first

prism, as in the case for the grating pair, causes the angular dispersion and the second prism

serves to recollimate the different wavelengths. The net dispersion is also easily adjustable by
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translating one of the prisms normal to the incident beam without altering the optical alignment.
This allows for the introduction of material dispersion without changing the negative GVD.

For amplified pulse duration < 35-40 fs, getting rid of the residual phase over a large
spectral bandwidth becomes a formidable task due to the mismatch of the compressor i.e when it
is not able to compensate completely the chirp introduced in the stretching and the amplification
process. The all-refractive stretcher design by Martinez et al. (1987) introduces strong chromatic
aberrations (a wavelength component that diffracts from the first grating at an angle of € must
arrive at the second grating at the same angle) inevitably causing a mismatch between the
dispersive delay lines in a CPA. A. Offner (US Patents, 1971) came up with an all-reflective
triplet combination that reduces the effects of chromatic aberration. When used as a stretcher,
this design makes it possible to recompress amplified pulse to near transform-limit. The Offner
triplet consists of a single grating and the refractive unit magnification lens telescope in the
traditional stretcher design by Martinez is replaced with two concentric spherical mirrors, one
concave and the other convex. The use of spherical mirrors reduces the aberrations to only
spherical order, which in turn are further reduced owing to the fact that the ratio of their radii of
curvature is two and they are of opposite signs. Although any deviation of the grating from the
center of curvature (Gill and Simon, 1983) of the two mirrors, causes astigmatism leading to
degradation in the temporal pulse profile.

Cheriaux et al. used a slightly modified version of the Offner triplet in their stretcher
design for their CPA system (1996). Although they had to place the grating out of the plane of
curvature for stretching purposes, the spherical aberrations as a result of this arrangement were
calculated to be very small such that the temporal shape of the pulses remained unchanged. Their

calculations also indicated that the spherical aberrations were significantly less severe than a
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slight misalignment of the components in Offner’s triplet design. Further improvisation to the
stretcher design by Cheriaux et al., (1996) M. B. Mason et al. (2000) came up with an all-
reflective doublet geometry (Figure 3-9) that lets the diffraction grating lie at the aberration-free
position in a stretcher configuration, enabling nearly perfect recompression of the broadened
pulses. It has the capability of achieving large stretch factors with over-sized optics while totally

eliminating any aberrations to the pulses.
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Figure 3-9: Schematic of the stretcher layout. Oscillator pulses of duration ~20 fs are stretched to
~ 200 ps without any chromatic aberrations.
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Figure 3-10: Spectrum measured from the oscillator and after propagation through the pulse
stretcher. Spectral clipping on the red side of the spectrum is due to insufficient width
of the optics in stretcher.

The stretcher in our CPA system uses the Mason doublet design to achieve stretch factors
as high as 10", The pulses from the oscillator are broadened to ~200-ps. Pulses are incident into

the stretcher at an angle of 8.24° (close to Littrow angle). We use an 8-inch diameter concave
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mirror of radius of curvature of 120-cm to set a band-pass limit of ~100 nm on the spectrum of
the seed pulses. A convex mirror of radius of curvature 101-cm is placed about 70-cm from the
concave mirror. This arrangement produces an effective length (Lg as in eq.(3.7)) of 121-cm. A
schematic of the stretcher setup is given in Figure 3-9. Some spectral clipping (Figure 3-10) is
observed in spite of the use of large optics in the stretcher.

For ideal compensation the incident angles and the effective lengths for the stretcher and
compressor must be close. But the incident angle for the compressor in our setup is 18° and the
effective length is about 125 cm. This is to account for the material dispersion and the higher
order dispersion terms added to the total phase of the pulse due to the amplification process.

3.7 Ti: Sapphire based Laser Amplifier

Amplifying femtosecond pulses in the milli-joule range was once only possible using dye-
amplifiers (Knox, 1988). Ti: sapphire based regenerative amplifier was first introduced in 1991
by J. Squier, et al. following the introduction of Ti: sapphire based laser oscillators by Spence et
al. (1991). These systems demonstrated a two-fold increase in the pulse energies. Also due to
their wide tunability and low background as compared to the dye amplifiers, it was possible to
generate more than 2 W of average power from Ti: sapphire amplifiers at a repetition rate of 10
kHz (Squier et al., 1993). Due to the low pulse energies of the order of micro-joules in high
repetition rate pump lasers, low repetition rate systems soon grew more popular as pulse energies
as high as a joule were available at a repetition rate of 10 Hz (Sullivan et al., 1991; Zhou et al.,
1995). A few millijoules of amplified pulse energy were attainable at 1 kHz repetition rate
(Vailliancourt et al., 1990; Backus et al., 1995). When high average power pump sources
became available, pumping water-cooled Ti: sapphire crystal in the amplifier cavity generated

huge thermal loading which then limited the pulse energies to a few micro-joules in high
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repetition rate CPA systems. As the pump power is increased to achieve large amplification
factors, the residual heat in the Ti: sapphire crystal gives rise to deleterious effects that influence
pulse energies and mode quality, limiting the overall efficiency of the system. Specifically, the
thermal gradient generated within the crystal due to the pump beam, consequently gives rise to a
gradient in the index of refraction of sapphire that causes the crystal to act as a positive lens (De
Franzo and Pazol, 1993; Moulton, 1986).

Moulton (1986) and later Schulz and Henion (1991) observed that the thermal properties of
sapphire improved upon cooling to 93 °K. They noted that calculations of the thermo-optic
aberrations indicated an increase in the output power capabilities of a Ti: sapphire laser by 200
times at 77 °K than at room temperature. Several groups have since developed high brightness,
high repetition rate ultrafast laser systems which mitigate or circumvent these thermal effects.
Backus et al. (2001) produced a millijoule level, femtosecond single-stage multi-pass chirped
pulse amplifier at 7 kHz repetition rate utilizing cryogenically (LN3) cooled Ti:sapphire crystal.
By cooling the crystal to temperatures near 77 K, a forty-fold increase in the thermal

conductivity (Touloukain et al., 1973; Holland, 1962) and five-fold reduction in the temperature

dependent refractive index term (dn/dT ) at low temperatures (Feldman et al., 1978) is obtained.

Zhavoronkov and Korn (2004) demonstrated single-stage regenerative Ti: sapphire amplification
at multi-kilohertz repetition rate to powers of 6.5 W at 20 kHz, using thermoelectric cooling to
210 K and a cavity design that takes into account the strong astigmatic thermal loading of the Ti:
sapphire rod. Zhou, et al. (2005) have used two stages to avoid large thermal loading present in

single-stage systems to generate 7 W of average power at a repetition rate of 5 kHz.
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3.7.1 Process of Amplification

Optical amplification occurs in a medium where the equilibrium configuration of the
system comprises of its atoms or molecules in a state with higher energy content as compared to
the ground state of the system. This electronic exchange between the two energy states is
achieved by an external pump source. Amplification occurs when an electromagnetic wave of
appropriate frequency passes through such an ‘inverted’ medium, resulting in a release of
photons as the atoms drop back to a lower energy state, thereby extracting energy from the
system. The gain of the amplifying medium is defined as the ratio of the output intensity to that

of the input intensity. For a gain curve or emission line shape g,of a laser medium of length L,

the gain in energy through a single pass is expressed as

G, =e%"
g, =no

3.11)

where n is the population density in the upper energy level of the system and o 1is the gain cross
section. For successive passes through the amplifying medium, the energy content in the seed
pulse grows exponentially. This exponential increase in the gain with increasing paths through a
laser medium with limited gain bandwidth leads to narrowing of the amplified spectrum as the
central portion of the spectrum experiences more gain as compared to the spectral components
on the wings. Figure 3-11 (which is a schematic) illustrates an amplified pulse that undergoes
gain narrowing in the amplifier upon multiple round trips within the laser cavity. To circumvent
this, the amplifying medium should have a very broad gain bandwidth, such that in spite of the
gain narrowing effect, the amplified pulse bandwidth is still quite significant.

Just as the amplified bandwidth depends on the gain narrowing effect, the gain saturation
effects in the amplifier limit the maximum energy of the amplified pulse. As the energy of the

input pulse increases with each pass through the amplifying medium, the number of photons
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extracting energy from the medium becomes comparable to the population density in the upper
level of the host material. Consequentially the amplifier’s gain falls lowering the energy of the
amplified pulses after it reaches the peak attainable gain in the cavity.

For a homogeneously broadened medium, the gain saturation is expressed as

9
_ 3.12
STV EE .12

sat
where, g, is the small signal gain coefficient, E is the signal fluence and E_, is the fluence of the
amplifying medium.

This effect is less pronounced for materials with large saturation fluence such as the Ti:
sapphire (Es = 0.9 J/cm?). While gain narrowing determines the amplified bandwidth and hence
the pulse duration, gain saturation effect determines the pulse energy and these effects often

dictate the type of amplifiers (either regenerative or multipass) one may need.

Normalized Intensity

(0-@g) ——

Figure 3-11: Effect of gain narrowing in amplifiers, the red curve is the fundamental laser
spectrum and the blue curve is after five passes through the laser medium.

3.7.2 Types of Amplifiers

Amplifiers can be classified into two broad categories: Multipass and Regenerative

amplifier systems.
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In a multipass amplifier as in Figure 3-12 (the exact geometry may vary from system to
system) (LeBlanc et al., 1993; Zhou et al., 1994; Backus et al., 1995; 2001; Lenzer et al., 1995)
the seed pulse is made to pass through the gain medium just a few times and each time it follows
a different path through the laser medium everytime. For media with a high gain co-efficient and
where the pump power is not an issue, the multipass system is often the best scheme of
amplification. One can get around the effects of gain narrowing with just a few roundtrips within
the multipass amplifier cavity while achieving a high output power. This configuration limits the
amount of gain that can be extracted from the medium and hence is suitable only when the

energy of the input pulse is high enough to begin with.

Amplified
Output

Figure 3-12: Schematic representation of a multipass amplifier system. The seed pulses pass the
gain medium several times but through a different path each time.

On the other hand a regenerative amplifier allows one to achieve very high gain factors on
the order of 10°-10° (Wynne et al., 1994; Barty et al., 1996; Zhavoronkov et al., 2004;
Ramanathan et al., 2006). Hence pulse energies of the order of a millijoule can be realized with
input seed pulse energy as low as a few nanojoules, as is obtained from a mode-locked Ti:
sapphire oscillator. Figure 3-13 is a schematic representation of the regenerative amplifier in our
lab. One of the main advantages of a regenerative amplifier is it’s a laser cavity configuration
which determines the spatial profile and the pointing of the amplified beam. It is capable of
delivering highly energetic pulses with excellent beam quality. Although one of its major

drawbacks is that due to the high gain per pass and since the number of passes is usually large to
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obtain high factors of amplification, the effect of gain narrowing restricts the bandwidth of the
amplified pulses. In addition, amplified spontaneous emission can deplete the gain faster than the
seed pulse. Thus systems that generate ultrashort pulses in the 1-10 mJ range often use a high

gain preamplifier followed by one or two power amplification stages.

Seed pulse
Amplified
Output
TFP
‘c .. e 1N
\ .\\\i\ L—‘PC H j
M, Ti:sapp Pump Beam A4

Figure 3-13: A schematic representation of the regenerative amplifier in our laboratory. The seed
pulses are injected through a Faraday Isolator (FI) and reflected off a Thin film
Polarizer (TFP). The pockel cell (PC) and the A/4 waveplate confine the seed pulses
for ~250 ns (15-16 roundtrips) in a cavity formed by mirrors M1 and M2. The
amplified output is obtained through the other exit in the FI.

But with the advent of high average power pump lasers such as the diode pumped solid
state lasers, using high thermal conductivity crystals such as the Ti: sapphire, it is now possible
to generate millijoule level pulses at kHz repetition rates in a single amplifier stage (Backus et al.,
2001; Zhavoronkov and Korn, 2004; Ramanathan et. al., 2006).

The effects of gain narrowing and gain saturation could be curbed to a certain extent by
shaping the spectral amplitude of the seed pulses before injection into the amplifier cavity or
during the amplification process. For positively chirped pulses in the amplifier, the leading edge
or the ‘red’ edge of the pulse spectrum can experience a higher gain as compared to the ‘blue’ or
the trailing edge of the spectrum. In the past etalons were placed within the amplifier cavity to
compensate for the gain narrowing effects. Barty et al (Barty et al., 1996) used 3-um thick air
spaced etalon in their regenerative amplifier cavity to obtain a ~15% increase in the amplified

bandwidth thereby measuring 18 fs pulses on compression. Specialized filters have been used in
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the amplifier cavity to generate spectrally dependent losses such that the maximum gain around
800-nm is reduced and distributed over the wings of the gain curve. Bagnoud and Salin (2000)
used a 580-um thick birefringent filter to increase the spectra of the amplified pulses from 30-nm
to ~50-nm. More recently Takada et al (2006) designed a multilayer dielectric film to introduce
losses near the peak of the gain curve of Ti: sapphire, generating 12-fs pulses directly from a
1kHz repetition rate CPA system. But the usage of filters and etalons reduce the pulse energy as
they rely on gain losses to increase the bandwidth of the amplified pulses.

3.8 Pulse Shaping

Pulse shaping techniques wherein an input pulse with a slight ‘lean’ in its spectral content
towards the wings of the gain curve could offset the gain narrowing effect and lead to broader
bandwidth with low pulse energy losses. Spatial light modulators (SLM) that serve as amplitude
and or phase masks when placed in a zero-dispersion standard 4f stretcher, serves as a pulse
shaping devise for ultrashort pulses (Omenetto et al., 2001; Efimov and Reitze, 1998; Efimov et
al., 1995). The SLM placed in the Fourier plane between the two lenses of the stretcher setup as
in Figure 3-7(b), allows one to write complex amplitude and phase masks that when applied to
an ultrashort pulse can generate arbitrary amplitude and phase profile.

Verluise et al (2000) demonstrated an acousto-optic programmable dispersive filter
(AOPDF) or commonly known as the Dazzler as a pulse shaping device. Unlike the SLM pulse
shapers, the dazzler is based on the acousto-optic interaction and does not need to be placed in a
Fourier plane of a zero dispersion stretcher setting, making it a highly compact device. When
placed between the stretcher and the amplifier, the dazzler can pre-compensate for gain
narrowing and saturation effects in the amplifier. Pittman et al (2002) applied spectral and phase

correction to the pre-amplified pulses using the dazzler to generate an amplified bandwidth of 51
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nm. Figure 3-14 indicates an optimally shaped input pulse spectrum with the dazzler that
generates the broadest bandwidth pulses from our amplifier. For more on the principles of

operation of the dazzler system, consult Appendix B.
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Figure 3-14: Amplified pulse spectrum shows a FWHM of 33-nm. Inset, blue curve is the shaped
oscillator spectrum using an AOPDF, which yielded an amplified bandwidth of 33-
nm, obtained from the original oscillator spectrum (red curve).

3.9 Ultrashort Pulse Measurement

Since electronic devices have response times that span a few nanoseconds to few
picoseconds, they cannot be used to measure the temporal characteristics of an ultrashort pulse.
In order to measure an event as short as few femtoseconds, we need a probe that is either shorter
or the same duration as the event itself. The only way then to measure a femtosecond pulse, is to
use the pulse to measure itself! The most common method to measure ultrashort pulse has been
the auto-correlation method devised by Maier et al. (1966). The ultrashort pulse to be measured
is split into two using a 50-50-beam splitter. The optical set up is similar to the Michelson
Interferometer where one of the beams traverses a fixed path length through one of the arms of
the interferometer and is known as the reference beam, the probe beam on the other hand passes

through a delay stage (Figure 3-15). The two beams are then focused and spatially overlapped
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on to a nonlinear crystal that generates a second harmonic generation (SHG) signal. The SHG
signal which is twice the frequency of the fundamental beams is then measured as a function of
the delay time t between the two pulses. The field envelope of the second harmonic signal is

then the product of the electric fields of the two pulses
Eg (t.7) < E(t)E(t—7) (3.13)
If the two beams have an intensity distribution as |(t) and | (t —7), the auto-correlation of the

two pulses is

Lo (7)1 (1)1 (t-7)

. 3.14
- Iac(r)zjlwl(t)l(t—r)dt G149

The measured auto-correlation signal | (7) then gives us an estimate of the duration of the

measured ultrashort pulse. It is evident from the above equation that the auto-correlation
technique cannot uniquely determine the temporal phase structure of the pulse. For a given
intensity profile as measured by the auto-correlation technique, one can construct several
different pulses with different phase structures (Chung and Weiner, 2001).

To be able to determine the temporal phase of the pulse, one needs to know the frequency
domain phase of the pulse along with its magnitude. But as the auto-correlation yields only the
Fourier-transform magnitude, it represents a classic case of the unsolvable 1-D phase retrieval

problem (Akutowicz, 1956; 1957).
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pulses that are delayed with respect to each other are focused on a SHG crystal and
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Figure 3-16: FROG: (a) experimental spectrogram, (b) Retrieved spectrogram with a Frog error
0f 0.002, (c) 43 fs pulsewidth and (d) spectrum from the retrieved Frog trace.

In the early 1990s, Trebino and Kane (1993) resorted to make the phase retrieval problem
a 2-dimensional one wherein it could yield accurate information about the phase of the pulse as
well (Stark, 1987). This technique known as the Frequency Resolved Optical Gating (FROG),
spectrally resolved the SHG signal in an auto-correlator and the spectrogram obtained then

uniquely determines the temporal pulse width and the corresponding phase by using a phase
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retrieval algorithm. The spectrogram is a 2-dimensional representation of the pulse as a function

of frequency and time delay(S (a),z')). For a more detailed explanation of this technique refer to

appendix A at the end of this dissertation.

» 2
S(w,7) = J. E(w,)E(w—m,)exp(ior)do (3.15)
Figure 3-16 (a) and (b) is the experimental and retrieved FROG traces respectively for a
compressed pulse from the CPA system in our laboratory and (c¢) and (d) is the retrieved
temporal and spectral profile with the phase structure in the respective domains for a 43-fs pulse.

3.10 Chirped Pulse Amplifier system

The single stage chirped pulse amplifier system in our laboratory (Figure 3-17) employs a
Coherent Corona laser, capable of generating 12-mJ pulses at an average power of 80 W at a
repetition rate that can be varied from 1-25 kHz to pump a Smm x 6 mm Ti: sapphire crystal. 20-
30 fs pulses from a home-built Ti: sapphire oscillator is stretched to ~200 ps before injection into
the amplifier. The crystal in the regenerative amplifier is placed in a cryogenic vacuum chamber
and cooled to 87 °K by the use of liquid nitrogen. Two Faraday isolators placed in the beamline
prevent the backtracking of the amplified pulses into the oscillator. Two spherical mirrors of
radii of curvature 1 and 2m (high damage threshold custom coating from Rocky Mountain Inc.)
form the regenerative amplifier cavity. The seed pulses are introduced into the amplifier via
reflection off a thin film polarizer (Alpine Research Optics). A sol-gel coated Pockels cell (KD P)
and a quarter waveplate combination help retain the amplified pulses for ~240-ns (15-16
roundtrips) within the amplifier cavity. The Pockels cell helps switch the amplified pulses out of
the amplifier. The crystal is double pumped with roughly a total of 60 W of 532-nm light from

both sides. An average amplified power of 6 W (1.2 mJ pulse energy) at 55 W of pump power
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and 9 W (1.8 mJ pulse energy) at 80 W of pump power at 5 kHz repetition rate is obtained. The
pulses are then magnified by an 8f-telescope system before compression to minimize the risk of
damage to the compressor gratings. The energy of the compressed pulses drops to 0.7 mJ and 1.3
mJ at 55 W and 80 W of pump power respectively due to an efficiency of about 70%, of the
compressor gratings.

The amplifier exhibits a variety of temperature related effects such as thermal lensing,
thermal birefringence, and stress. Thermal management within the amplifier cavity is of utmost
importance in developing a high power, high repetition rate CPA. The next chapter is hence
devoted to the understanding of these issues and some techniques adopted to develop a state-of-

the-art CPA system.
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Figure 3-17: Schematic representation of CPA.
3.11 Summary

This chapter was devoted to the discussion of the design and construction of the various
components that make a chirped pulse amplifier system in our laboratory. Since the system is a

single-stage amplifier, the Ti: sapphire crystal is pumped with a high average power pump
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source that gives rise to deleterious thermal issues. The following chapter characterizes these

temperature related effects and its effect on the performance of the amplifier.
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CHAPTER 4
THERMAL EFFECTS IN HIGH POWER LASER AMPLIFIER

As discussed briefly in the previous chapter, temperature related effects in the regenerative
amplifier cavity causes detrimental effects to its performance. This chapter is dedicated to
discussing these effects in detail and the steps undertaken to mitigate them to increase the overall

efficiency of the system.

4.1 Introduction

Temperature K
I
o
o

_6?

.3 . 5
length mm

Figure 4-1: Simulation of the resultant temperature gradient in an end pumped Ti Al,O; laser rod
at room temperature when pumped by 70 W of 532 nm laser light. Courtesy Jinho
Lee.

1 2

The output of a Ti sapphire (Ti: Al,O3) laser when pumped by 80 W of frequency- doubled

Nd: YAG laser of wavelength 532 nm (/”L gives rise to a laser output peaked at 800 nm

pump)
(ﬂ,lasmg ) Ti: sapphire has a wide absorption band in the green spectral region with significant

absorption at 532-nm (figure2-2) due to which it absorbs 85-90% of the incident pump light (the
absolute absorption is dependent on the doping levels of Ti*" in sapphire). The quantum defect or

the Stokes shift which is the energy difference between the pump photon and the lasing photon

77(= Arasing | ﬂpump) 1s deposited as heat in the crystal. The radial intensity dependence of the beam
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is translated into a spatial temperature gradient along the transverse axes in the crystal. This
results in a ‘hot” area at the center of the crystal as compared to its edges. As an example of the
severity of this effect, Figure 4-1 is a numerical simulation of the temperature rise within a
crystal whose boundary is maintained at room temperature, when a Gaussian beam of 532-nm
source at an average power of 70 W is incident on it. For the sake of simplicity a 6-mm long and
2.5-mm radius cylindrically symmetric crystal was assumed for the simulation which was
performed using a Finite Element Analysis package by Comsol Multiphysics or commonly

referred to as Femlab. The spot size of the pump beam on the crystal was 500-um and the

absorption parameter o, L was 2.2. As Figure 4-1 indicates the center of the crystal is about 150

°K above room temperature. This spatial variation in the temperature along the two transverse

radial axes alters the refractive index leasing to the following thermal effects (Koechner, 1976)

Pump
beam

Figure 4-2: Refractive index changes to a crystal incident with 80 W of pump beam. The thermal
gradient causes optical path deformation for a beam traveling along the z-axis.

1. Thermo-optic effect: The temperature gradient in the crystal changes the refractive
index of the laser material along the axes perpendicular to the propagation axis'z" as in

Figure 4-2. A laser beam traversing through the crystal experiences a change in the

optical path length (OPD) due to the position dependent refractive index n (r, Z) .
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AOPD;, = | An,dz =3—$jl ATdz (4.1)

where AT =T (r,z)-T(r,,2,), An, is the temperature dependence of refractive index.

2. Thermo-elastic deformations (Thermal Expansion): The heat generated by the
absorption expands and leads to radially curved end-faces because of the heat generated
temperature gradients. The former effect does not affect the focal characteristics of the
crystal, but the thermal gradients generate increased focal power (Figure 4-3). This end-

face curvature causes a change in the optical path length of a transmitting laser beam.

AOPD, = o[ ATdz (4.2)

where « is the thermal expansion co-efficient.

Al Al

Figure 4-3: Radially curved end-faces due to increase in temperature caused due to absorption of
incident pump beam.

3. Elasto-optic effect: The temperature distribution T (r) also causes the center of the

crystal to expand more rapidly as compared to the cooler outer edges. This generates
mechanical stress in laser rod as the center is constrained by the edges of the crystal.

The optical path length changes induced due to this effect is given as

AOPD, = [ An,dz (4.3)

where An, is the photo-elastic coefficients of the crystal.

Thus, the total optical path difference can be calculated as
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AOPD = AOPD, + AOPD, + AOPD,, (4.4)

These various thermal effects coupled with the fact that thermal constants of

sapphire(a,ic,dn/ dT ) are functions of temperature, induce modal distortions in the lasing beam,

which restrict the output power from the amplifier cavity besides distorting the shape of the
beam. Table 4-1 gives a quantitative comparison of these thermal effects in sapphire indicating
that the elasto-optic effects can be safely neglected while calculating the net thermal effects in
the Ti: ALLO; crystal (Lawrence, 2003). The comparison made in Table 4-1assumes that the heat
incident on the crystal is absorbed uniformly over the entire length of the crystal whose radius R
is much larger than the beam diameter @ . Considering only radial heat flow between the points
r=0tor = w, the temperature differences where there is no appreciable change in the thermal
constants of the crystal is thus calculated as

R o (4.5)

OT =AT| —AT r—2a
|r:0 r=o K (27za)h)

where, P, is the absorbed power by a crystal of length h, x is the thermal conductivity.

Integrating this quantity over the entire length of the crystal yields

[oTdz = R (4.6)

2K

The relative strengths of the various thermal effects can now be calculated and compared

as equation (4.6) indicates that «/P, Ié‘T dz is a constant for any material for small changes in

temperature.
In order to achieve beam quality close to the diffraction limit and higher amplified pulse

energies, these optical distortions in the cavity must be eliminated as much as possible. In the
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past, numerous methods have been proposed that can lower these distortions (Schulz and Henion,
1991), including:
1. Pumping the crystal at lower powers such that the available heat limits the thermal
distortions in the system.
2. Using a slab geometry for the crystal rather than a cylindrical rod design in the amplifier
(Koechner, 1976) reduces the heat flow to a one-dimensional problem, which then
simplifies the removal of heat.

3. Reducing the quantum defect 77 (which may be defined as 4, /Apump OF Aiaing = Apump DY

pumping the crystal with a higher wavelength source (Moulton, 1986).

Table 4-1: Quantitative estimate of thermal effects in sapphire.

Thermo-optic effect 1
Thermal expansion 0.8
Elasto-optic effect 0.2

Note Adapted from Lawrence (2003)

For several reasons, the above mentioned measures cannot be easily implemented when
designing high average power systems. Pumping the crystal at lower powers reduces the output
power of the amplifier. Although a slab geometry produces lower optical distortions, is it found
(Miyake et al., 1990) that the cylindrical rod geometry for Ti: Al,O; produces higher powers
when cooled to liquid nitrogen temperature. Besides a slab geometry can also give rise to various
parasitic modes that can lower the useful stored energy in the crystal (Koechner, 1976). Special
coatings to suppress these parasitic modes and to enhance the thermal coupling to the cooling
unit can add to the cost and the design complexities of slabs. In addition slab geometries are not
easily implementable in regenerative amplifier systems.

The heat generated in the crystal is given by the product of the amount of heat absorbed by

the crystal and the quantum defect( H=P, x 77). Pumping Ti: Al,O3 at 600 nm instead of 500 nm
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reduces the quantum defect by a factor of two (Schulz, 1991). In order then, to achieve the same
absorbed power at 600 nm, the concentration of Ti’" ions has to be increased in the crystal as, the
absorption coefficient of Ti: Al,O3 is lower for 600 nm as compared to 500 nm (figure 2-2)
(Moulton, 1986). Thus high quality crystals must be used to limit losses due to the absorption of
the crystal at the lasing wavelength. Most significantly the availability of high-powered pump
sources at 600-nm restricts operation at this regime.

This prompts a more detailed study and analysis of the two most damaging thermal effects
in Ti: Al,O;3 to gain a better understanding of the problem so as to be able to suggest remedial
measures.

4.2 Theoretical Background

As explained above, refractive index changes of Ti: sapphire with incident pump beam
leads to optical distortions. These changes can be separated into temperature- and stress-
dependent changes

n(r)=n,+An(r); + An(r), 4.7)
where n(r)is the radial variation of refractive index; n, is the index at the center of the laser rod

and An (r)T and An (r)g are the temperature and stress dependent coefficients of refractive index

respectively. Ignoring the effects of the stress-dependent changes (Lawrence, 2003) as per

explanation above, n(r)can be expressed as

An(r), Z[T(r)—T(ro)](j—?}AT(X, Y, Z)(j—” (4.8)

This results in an OPD change as given in equation (4.1).
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As sapphire exhibits peak absorption at 532-nm, there usually is some physical distortion of the
flatness of the rod ends that result in a change of the optical path length of a laser beam that
traverses through it. This deviation can be calculated as

L(r) = o, L, AT (1) (4.9)
where, ¢, 1s the coefficient of expansion and L, is the original length of the laser crystal. This

results in an OPD change as per equation (4.2) . Thus the transverse optical path difference for

propagation along the z-direction can be written in general as
L
AOPD(X, y):j(n[T(x, y,z)]-1)dz (4.10)
0
Expanding n and dz in powers of AT , using equation (4.8) and (4.9) equation (4.10) becomes

L
AOPD(X, ) ~ j (N, +3—$AT ~1)(dz + o, ATdz)
° 4.11)

L L L
_ Ig—_?Aszo +[ ny, ATz, — [ 2,ATdz, +(n, 1)+ O([ATT’)
0 0 0

Neglecting the constant term and terms in(AT )2 , the integrated optical path length is then given

by
5 dn
AOPD(x,y):j o7+ %M=D |AT(x,y, 2)dz (4.12)
0

Analytical solutions to the above equation for cylindrically symmetric crystal geometry can be
obtained by solving the steady-state heat diffusion equation with the appropriate boundary

conditions.

~Ve[,kVT(X,Y,2)|=Q(X,Y,2) (4.13)
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M. E. Innocenzi et al. (1990) solved the heat diffusion equation for an axially heated cylinder
with a thermally conductive boundary at the periphery. For an incident pump beam that is

Gaussian in nature, the steady state temperature difference is calculated as

— 2 2 2
AT(r, Z) _ aabspinzz:;( C(OZ) % {ln[%j + E1 [i:g J_ El (26:2 ]:l (414)

p p

where, P

n

is the incident pump power, a, is the absorption coefficient that results in the
heating, @, is 1/ e’ radius of the Gaussian pump beam, I, is the radius and i is the thermal

conductivity of the laser rod. The expression for AT(r,Z) can be obtained by neglecting

E, (2r02 / a)f)) as its small for most practical cases and expanding E, (2r2/ a)é) (Abramawitz and

Stegun, 1965) as a power series and retaining only the terms quadratic in r. Plugging it into
equation (4.1) (their calculations do not include the thermal expansion of the crystal) yields the

resultant phase change or the transmitting laser beam of wavelength A through the crystal

A¢:27”AOPD(r)
(4.15)
_27R, (dn/dT) )
Ag= 271_/1’(0); [1 exp( aabsl)]r

comparing the above equation to the phase changes that occur in a lens like medium with a

quadratic variation in its refractive index (Kogelnik, 1965)

B 27zr?

A
¢/”tf

(4.16)

where, f is the effective focal length. Comparing equation (4.15) with equation (4.16) the

effective focal length for the laser rod can be written as

s ( ! )} (4.17)

f =
"R, (dn/dT) | 1 exp(—ary,

abs
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This effect known as thermal lensing because it alters the modal properties of a beam that
transmits through it, just like a static lens but unlike a static lens, it’s dynamic in nature due to its
implicit dependence on pump power. In an amplifier cavity formed by two spherical end mirrors,
this effect can destabilize the cavity as the modal properties of the lasing beam starts to exhibit

the same dynamism as the thermal lens in the crystal for various pump power levels. A positive
value of dn/dT for a material generates a converging thermal lens and a negative value

generates a diverging lens. Although the above equation is calculated for a cylindrical crystal
pumped with a continuous laser source, we can nevertheless use it to obtain an estimate of the

focal length for a Brewster cut Ti sapphire crystal pumped with a pulsed laser source (Coherent,
Corona). The thermal constants for sapphire at room temperature are: x = 0.33W / cm’ (Holland,
1962),dn/ dT =1.28x107° / K (Feldman et al., 1978). For a crystal with its boundaries at room
temperature and pumped with 60W of green light with a spot of 500-um on the crystal and a
constant pump absorption-length product, o, L =2.2, yields a thermal lens of focal length
f, ~4cm!

To increase the thermal lens focal length or conversely to decrease the thermal lens power
(defined asl1/f,, ), the pump power can be decreased or alternatively the pump spot size on the

crystal can be increased. Recalculating the focal length for a pump spot of radius 1-mm and a
decreased incident pump power of 30 W, increases the focal length to ~ 30-cm. Although
reducing the pump power increases f,, , but this necessarily decreases the amplified output power.
Since a high overlap integral between the pump spot and the lasing beam spot sizes on the crystal

is required for efficient energy extraction from the Ti: sapphire in the amplifier. This integral is a

maximum when the pump beam is smaller or equal to the amplified beam. Increasing the spot
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size w, of the pumping beam may alter the overlap integral, again bringing about a reduction in

the extracted energy from the amplifier.

Thus to be able to achieve high average amplified power from a regenerative Ti sapphire
amplifier cavity the thermal lens effect needs to be either eliminated (ideal solution) or at least
minimized (practical solution).

4.3 Methods to Reduce Thermal Effects

In the past, researchers have used various methods to reduce thermal effects in their laser
systems. A quick review through some of these measures brings about a deeper understanding of
this issue.

The most intuitive method of eliminating or reducing thermal effects in a laser cavity
would be to introduce a diverging lens in the beam path to compensate for the induced positive
or converging thermal lens generated by the crystal. Due to the variable nature and broad range
of the thermal lens, a fixed focal length passive optical element cannot compensate for a range of
incident pump powers. Also such an optical element will change the beam diameter on the
crystal with each pass, increasing modal distortions in the laser beam.

Salin et al. (1998) introduced the concept of thermal eigenmode amplifiers. A thermally-
loaded multipass amplifier is equivalent to a series of lenses separated by a distance L that
corresponds to the beam round trip length inside the cavity. An unfolded resonator with two

spherically curved mirrors with radii of curvature 2 f with the crystal at the center is

therm »

equivalent to a series of lenses of focal length f, separated by a distance L. An eigenmode of

therm
this resonator, calculated from the paraxial Gaussian beam propagation relations, reproduces
itself for each round trip, which for a multipass is equivalent to re-imaging the beam onto itself

after each pass. If the input beam has the same size and characteristics of the eigenmode of the
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resonator then the amplified output beam characteristics are similar to those of the input beam
producing diffraction limited amplified pulses. This is suitable when the incident pump power is
maintained at a constant value, as any change in this parameter causes a change in the focal
length thus changing L. This is also based on the assumption that the host medium is cylindrical,
such that the thermal lens is mostly spherical over the entire pump beam diameter and the length
between the successive passes is a constant. A Brewster cut rod (Figure 4-4) instead of a
cylindrical laser rod generates an aspherical thermal lens and it then becomes difficult to
calculate the thermal eigenmode accurately. MacDonald et al. (2000) have reduced the thermal
lensing effect in diode-pumped Nd: YAG laser with multiple composite rods. These rods had
undoped end caps to remove the part of thermal lens formed due to the bending of the end faces
of the laser rod.

Zhavoronkov and Korn (2004) thermoelectrically cooled a 3-cm Ti sapphire crystal in a
three-mirror astigmatic regenerative amplifier cavity to 210 °K that took into account the huge
positive thermal loading of the sapphire rod. Their single-stage, multi-kilohertz laser was able to
generate 6.5 W of average amplified power at 20 kHz repetition rate. While high output powers
were obtained, the thermal and thermo-optical constants did not differ significantly from their
room temperature values, and it is likely that higher order spatial aberrations were present in the

output beam.

Figure 4-4: Brewster cut Ti sapphire crystal.
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Zhou X et al. (2005) used two multipass amplification stages after a regenerative amplifier
cavity in order to avoid large thermal loading present in single-stage systems. They were able to
generate 7W of average amplified output at a repetition rate of 5 kHz. Although they were able
to solve the thermal-loading problem in their CPA system, managing multiple amplifier stages
can get cumbersome.

An often used technique to reduce thermal lensing in high power continuous wave
Nd:YAG laser systems (Graf et al.,, 2001; Wyss et al., 2002; Mueller et al., 2002) can be
incorporated to compensate for thermal effects in single-stage high repetition rate systems. The
idea is to use self-compensating (adaptive) methods to thermo-optically compensate for the
thermal lens effects that change with changing power. This technique essentially uses adaptive
optical devices such as self-adjusting lenses within the laser cavity that can compensate for every
single pass of the lasing beam through the cavity. A material with a negative thermal dispersion
coefficient is placed in the cavity that generates a power dependent thermal lens that

compensates for the positive dn/dT induced by the temperature gradient in the laser crystal. Th.

Graf et al. (2001) were the first to successfully use an adaptive negative thermal lens to
compensate for the positive thermal lens in a transversely diode-pumped Nd: YAG laser rod. The
compensating element must absorb a small fraction of the incident laser power and hence should

posses a strong thermal dispersion dn/dT to effectively compensate for the positivedn/dT . This

technique has also been extended to correct thermally induced optical path length changes
induced by absorption of transmissive optical components such as electro-optic modulators and
Faraday isolators, of gravitational wave interferometer (Mueller et al., 2002).

We attempted to extend the concept of thermo-optical compensation to our regenerative

amplifier. Curing gels or index matching fluids such as the OCF-446 (Nye Opticals) possesses
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the combined advantages of solid materials (no convection) with a strong negative dn/dT . With
a negative thermal dispersion value as high as 3.5 x 10 °C™" and a large expansion co-efficient
of 8 x 10™ it seems like an ideal candidate as a compensating material with the added advantage
of low absorption at the lasing wavelength of 800-nm (< 2x 10 %/um). Although numerical
simulations by Jinho Lee seem to suggest that the thermo-optical compensation method should
work for an OCF thickness of ~ 3mm for a pump power of 80 W, but preliminary experiments
have revealed the high intracavity peak powers in the regenerative amplifier cavity causes
damage to the cell containing OCF 446. It is not clear from these experiments if the damage
occurred to the cell holding the OCF or if the OCF itself burns due to the absorption at the lasing
wavelength. Redesigning the cavity taking into consideration the OCF or changing the location
of the OCF could potentially solve this problem but has not yet been experimentally verified and
could possibly be one of the avenues that could further be explored to increase the efficiency of
the present amplifier system.

Meanwhile the most efficient and convenient means of reducing thermal effects in Ti
sapphire laser crystal in a chirped pulse amplifier is by cooling it to cryogenic temperatures
(liquid nitrogen temperature (77°K) or below) (Moulton, 1986; Schulz and Henion, 1991).
Sapphire exhibits excellent thermal properties on cooling to low temperatures. The next section
delves on how the thermal properties of sapphire can be exploited to reduce the temperature
related effects.

4.4 Liquid Nitrogen Cooled Ti Al,O3 Laser Amplifier

P.F. Moulton (1986) was the first to demonstrate the advantages of cooling the sapphire
laser crystal to liquid nitrogen temperature in a quasi cw laser. He reported an increase in the

output power of the laser from 45 mW to 150 mW when the crystal was cooled to 80 °K. He
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attributed this effect to an increase in the thermal conductivity of sapphire with decreasing
temperature. This idea was then extended by Schulz and Henion (1991) where they investigated
the effects of thermal loading on a single-transverse-mode of Ti: sapphire laser cooled to 93 °K
and reported a reduction in the thermo-optical refractive index changes by more than two orders
of magnitude. They realized an output power from the Ti: sapphire laser that was 200 times

larger at 77 °K than at room temperature!

Table 4-2: Thermal properties of sapphire at 300 and 77 °K.

Property At 300 °K At 77 °K

Thermal conductivity k 0.33Wem' K 10Wem' K
Thermal dispersion dn/dT 1.28 x 10°K! 0.19 x 10°K!
Thermal expansion co- 5.0x 10°K™ 0.34 x 10°K"!

efficient o
Note: Adapted from Schulz and Henion (1991).

Table 4-2 compares the thermal properties of Ti sapphire at room temperature and liquid
nitrogen temperature. Figure 4-5 (a) and (b) show the variation of thermal conductivity x and
dn/dT with temperature, the key parameters in minimizing thermal distortions.

The thermal lens focal length as given by equation (4.17) is directly proportional to the

ratio K‘/(dn/dT). Figure 4-5 indicates that as the temperature is decreased, the thermal

conductivity rises steeply, and the coefficient of refractive index with temperature decreases
thereby making the ratio of thermal conductivity to dn/dT increase with increasing temperature.
This leads to a decreasing thermal power (or an increasing thermal lens focal length). Backus et
al. (2001) were able to generate 13 W of amplified output power at 7 kHz repetition rate from a
cryogenically cooled single-stage multipass amplifier with good beam quality (measured M* of
1.2 and 1.36 along the X and Y axis).

We can now calculate the effective thermal lens focal length [equation (4.17)] of a Ti

sapphire crystal at LN, temperature using the constants in Table 4-2 for an input pump power of
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60 W and a spot size of 500-um as mentioned above. On doing so, an f, of ~8m is obtained!

Thus we find that there is a tremendous decrease in the thermal lens power of about two orders

of magnitude on cooling the crystal to 77 °K!
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Figure 4-5: Dependence of (a) Thermal dispersion (dn/dT) (Feldman et al.,1978) and (b) Thermal
conductivity x (Holland, 1962) of Ti sapphire with temperature.

In order to design an effective regenerative amplifier cavity we accurately need to know
the positive thermal lens generated by the crystal with changing pump power. We have made a
very detailed study of this, which is elaborated in the remaining sections of this chapter. The next
section deals with the construction of a regenerative chirped pulse amplifier since all the
experiments and numerical calculation on thermal analysis were performed on this high average
power CPA system.

4.5 Construction of a Regenerative Amplifier Cavity
The entire below mentioned discussion has been based on the current amplifier system in

our CPA and this section delves into the details of the construction of this amplifier.
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A 5-mm diameter and 6-mm long Ti sapphire crystal is the host material in our
regenerative amplifier cavity. The crystal is cooled to 87 °K in a vacuum chamber that’s placed
underneath a liquid nitrogen dewar. The vacuum chamber was designed after extensive
consultations with our in-house mechanical engineer Luke Williams. The LN, dewar is separated
from the crystal by a thin copper wall of thickness ~100-um. The crystal is held in a copper
holder, and a 127-um Indium foil is sandwiched between the crystal and the thin copper wall for
better thermal contact between with the LN, in the dewar. A thermocouple placed along one of
the edges of the crystal senses the temperature of the crystal at all times. The temperature sensor
has an in-built relay circuit to automatically facilitate the turning off of the pump laser when the
crystal temperature exceeds 185 °K. Figure 4-6 is a CAD drawing of the vacuum chamber-
dewar assembly in our CPA system. As can be seen in the Figure 4-6 (a), the vacuum can has 2
extended arms on either side with brewster windows on it as entrance and exit for both the pump
beam and the amplified IR beam. A view-port right in front of the crystal allows one to position
the pump beams on the crystal. Figure 4-6 (b) is the copper holder in which the Ti sapphire
crystal is placed.

This particular assembly generates almost 0.6 °C rise in temperature per Watt rise in the
pump power (Figure 4-7). At zero watts of pump power the crystal temperature as measured by
the thermocouple is 90 °K. With almost 65 W of pump power at 5 kHz repetition rate, the crystal
temperature rises to about 127 °K when the lasing action within the regenerative amplifier cavity
is inhibited and 108 °K when the cavity is in the lasing mode. The higher temperature rise when
the cavity is not lasing is due to the absorption of fluorescence by the thermocouple which is
considerably decreased during the lasing action. This allows for continuous operation of the

regenerative amplifier to repetition rates as high as 12 kHz. The amplified pulse energy drops to
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0.3 mJ at 12 kHz repetition rate with considerable disintegration of the beam shape of the

amplified pulses (Figure 4-15).

(a) (b)

Figure 4-6: CAD drawings depicting (a) Vacuum dewar assembly and (b) copper crystal holder.
Drawings by Luke Williams.
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Figure 4-7: Boundary temperature rise as pump power is increased when lasing action is
inhibited (red points) and when the cavity is lasing (blue points). The lines are guides
to the eye.

4.6 Measurement of Thermal Lens

A laser beam transmitted through a material that acts as a thermal lens undergoes modal

changes in its divergence angle relative to the input beam. By measuring these changes, one can
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estimate the thermal lens power of the material. The design of an optimum regenerative amplifier
cavity necessitates the need to characterize accurately the thermal lens in the Ti sapphire crystal.

To be able to measure the thermal lens in our laboratory we used a He-Ne laser to probe
the Ti: sapphire crystal as a function of pump power. The He-Ne laser was mode matched to the
pump beam spot on the crystal. The changes in the divergence angle of the beam after traversing
the crystal were determined for a series of pump powers by measuring the position dependent
spot sizes with a CCD camera. By comparison with the He-Ne beam waist position at zero pump
power, the measured waist positions for the non-zero pump powers enabled us to calculate the
thermal lens focal length within the thin-lens approximation using the ABCD matrix formulation.
In Figure 4-8 is plotted the measured thermal lens power for the two transverse axes as a
function of power. For a pump power of about 50-55 W the measured thermal lens focal length is
about 1.1 m along the vertical axis on the crystal and 0.2-0.3 m along the horizontal axis. The
asymmetry in the thermal lens is immediately evident as the thermal lens power along the
horizontal axis rises much sharply as compared to the vertical axis.

An effective amplifier is one where the cavity maintains stability over a wide range of
thermal lens power. The ABCD formalism was used in which the crystal was treated as a thin
spherical lens. The cavity stability or the g-parameter was calculated for various combinations
and permutations of the radii of curvature of the two end mirrors and the distance between them.
The most suitable cavity was one that exhibited stability (-1< g<-1) for a large range of thermal
lens, where ‘g’ is the stability factor. This essentially translates as minimum changes to the spot
size of the amplified beam on the crystal. The regenerative amplifier cavity currently being used

is 2-m long, comprised of two spherical mirrors of radii of curvature 1-m and 2-m. Figure 4-9 is
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a plot of the g-parameter calculated for different values of thermal lens power using the ABCD

matrix formulation.
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Figure 4-8: Measured thermal lens and thermal power for the two transverse axes; the boundary
temperature was measured to be 87 K at zero pump power and 103 K at 55 W of
pump power.
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Figure 4-9: Cavity stability parameter as a function of measured thermal lens.

From the above plot, it’s clear that the cavity is most stable for a thermal lens focal length

values from 0.6-m to 5-m. Also the calculated laser beam spot size (1/e radius) on the crystal

shows a variation of about 15% from its minimum value of 343-um at about 1-m thermal lens

focal length. The imaging system of the pump beam on the crystal let us vary the pump spot
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from a 1/e radius of 200-pum to 800-um. This ensures a good overlap of the pump beam with the

varying mode sizes of the amplified beam on the crystal, for a great range of pump powers.
In order to validate the thin lens approximation in calculating the thermal lens of the
crystal as a function of pump power, we invoke the simple lens maker’s formula for the effective

focal length for both thin and thick lenses.

1 1 1
I:)thin = T = (nlens - n0)|:E_R_j|
thin 1 2

1

1 1 (ng.—n,)d
thick :f_:(nlens _n0)|:___+@:|

P
thick R1 RZ nIens Rl Rz

(4.18)

where n and n,are the refractive index of the lens medium and the medium in which the lens

lens

is placed. R, and R, are the radii of curvature of the two curved surfaces of the lens of thickness

d . The difference in the thermal lens power resulting from the thin lens and the thick lens

treatment of the sapphire crystal is given as

A(i) =M (4.19)

f RR,
For a Ti: sapphire of thickness d =6mm in vacuum and with refractive index, n,, =1.76 and
assuming R =0.5m and R, =-1Im, the change in the focal length is 3.4 x 10°. Due to the

insignificant difference between the two treatments of the crystal thermal lens, it suffices to use
just the thin lens approximation in all the calculations using the measured modal changes with
pump power.
4.7 Calculation of Thermal Lens
Although cooling to 77 °K brings about a drastic reduction in the thermal lens power of the
crystal, it is in practice difficult to achieve boundary temperatures close to the LN, temperature

when pumping with high laser powers. For a 6-mm thick Brewster-cut sapphire crystal the thin
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lens approximation does not accurately describe the thermal lens. Hence to validate the use of the
thin lens approximation, we compared the measured thermal lens power with that obtained from
a Finite Element Analysis (FEA). An accurate knowledge of the temperature gradient inside the
crystal determines the thermal lens accurately.

The temperature gradient is obtained by solving the heat diffusion equation (4.13) with the
appropriate boundary conditions. For cylindrically symmetric geometries, pumped with
continuous sources, analytical solutions to the heat equation are intuitive (Quetschke et al., 2006).
Analytical solutions have also been obtained for crystals pumped with pulsed sources (Lausten
and Balling, 2003), however the crystal geometry was again a cylindrically symmetric one. For
more complicated geometries such as Brewster cut crystals (Figure 4-4) numerical methods are

needed to calculate the temperature gradient inside the crystal. Additionally, the physical

quantities in these equations (a, x,dn/dT ) are temperature and therefore spatially dependent, and

not analytically tractable. Hence we use a finite element analysis package (Comsol Multi-Physics)
to model the pump pulse-induced temperature changes and numerically integrate equation (4.12)
to compute AOPD . Calculations by Jinho Lee show that for a Brewster-cut geometry the source

term on the RHS of the 3-D heat equation (4.13) takes the form

2Pa,, 2 2 2 2 L X
X,Y,2) =——=2cosf exp| ——((y+Xtand,) cos@ + 7 | — oy, +
Qx.y.2) '’ p( @ ((y ) ) b(Zcos@r cosﬁrn

(4.20)

where P is the incident laser power, o, is the absorption coefficient for the pump, @ is the
pump waist (1/ein field), L is the crystal length, and 0, are the incident and refracted angles in

the crystal, respectively. Even though the pump source is pulsed the steady state equation

perfectly describes the situation as the thermal relaxation constant for Ti: sapphire laser rod is
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measured to be ~0.5-secs (Ito et al., 2002) which is much longer than the repetition rate of the
laser. Therefore, for pump repetition rates of > 1 kHz, we can safely neglect the time dependence

of the thermal gradient.
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Figure 4-10: Computed temperature profile in a 6 mm long, 5 mm diameter Brewster-cut Ti:
sapphire crystal single end-pumped by 50 W in a 0.4 mm pump spot waist radius for
and absorption corresponding to aapsL = 2.2 and a boundary temperature of 103 K.

The geometry (shown in Figure 4-10) consists of a 3D-tilted cylinder corresponding to our
Brewster cut crystal. Temperature dependent thermo-optical and mechanical constants were
obtained from Touloukain et al. (1973) and Holland (1962) were fitted over 50 — 300 K. The
absorption at the Ti: sapphire emission wavelength was not included as this has a negligible
effect on the temperature for Ti:sapphire crystals with high figures of merit

(FOM = a0 / @oonm = 2005 a being the absorption coefficient). The boundary conditions were
specified as a temperature T, along the barrel of cylinder as either a fixed or variable temperature

(corresponding to contact with the bath) and on the ends as dT/di = const (corresponding to the

radiation). This allowed us to explore more physically realistic scenarios in our amplification
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system. Calculating the temperature profile within the crystal, we can now estimate the changes
in the optical path length or AOPD through the crystal.

The simulated AOPD were calculated for an ideal thin lens of the same focal length f, in

vertical and the horizontal transverse dimensions as that obtained from the simulated temperature
gradient within the crystal (Figure 4-11)The experimentally measured thermal lens values from
the previous section were then compared to the thermal lens values obtained from the computed

OPDs.
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Figure 4-11: Plots (a,b) are the corresponding AOPD as a function of the transverse coordinates,
for the computed temperature profile in figure (3-6).

These values were also compared with the analytical solution to thermal lens focal length

[equation(4.17)] derived by Innocenzi et al. (1990), associated with the phase changes that occur

inside a cylindrical laser rod due to temperature dependent refractive index An (r, z) .Figure 4-12,

is a plot of the measured thermal lens focal lens power as a function of pump power, compared
with the values obtained from the FEA calculations and the expression (4.17) . The x and

dn/dT values used in equation (4.17) corresponded to the maximum computed temperature rise
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at the center of the crystal at each pump power. While the FEA calculations agree reasonably
well with the measured values along the vertical crystal axis and quite well along the horizontal
axis, the focal lens power calculated from Innocenzi’s analytical equation significantly

underestimates the lens power along both axes.
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Figure 4-12: Comparison of experimentally measured thermal lens powers (squares) against
numerically predicted values using finite element analysis (circles) and an analytical

expression for thermal lensing (triangles). Formula derived from Innocenzi et al
(1990).

The underestimation by the analytical expression is somewhat surprising, since treating
xand dn/dT as a constant over the entire crystal volume underestimates the effective thermal
conductivity and over estimates dn/dT since x ( dn/dT ) increases (decreases) as the

temperature decreases away from the beam propagation axis. However, equation (4.17) neglects
the physical expansion of the crystal, which can increase the thermal lens power by a factor of

1.8 over a pure thermo-optic lens (Lawrence, 2003). Nonetheless, the FEA lens power estimates
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agree with experimental data when using boundary temperatures consistent with the
experimentally measured boundary temperature values.

This present regenerative amplifier cavity designed with the above measured thermal lens
measurement and the FEA analysis has been performing exceptionally well producing average
powers as high as 9 W (before compression) when pumped with 80 W of green light at 5 kHz
repetition rate.

4.8 Direct Measurement of the Optical Path Deformations

To directly measure the pump induced path length changes and further corroborate our
simulations, the LN, cooled Ti: sapphire crystal was placed in one of the arms of a Michelson
interferometer. A single frequency 1064-nm Nd: YAG laser (Lightwave Corporation NPRO) was
split into two arms with the crystal in one arm and free space through the other. The interference
pattern was recorded as a function of power on the WinCam CCD beam analyzer. Figure 4-13 is

the recorded spatial interference pattern as a function of pump power.

Pruwp = Pryyp = 6W Pryyp = 22W

Pouwp = 41TW  Ppyyp = 54W Pruwp =

Figure 4-13: Spatial interference pattern in the Michelson interferometer recorded in a CCD
camera as a function pump power.

The zero intensity frame corresponds to zero path difference at 0 W of pump power. As the

pump power was gradually increased, the change in the intensity of the interference pattern

76



indicated the increase in the OPD through the crystal. Figure 4-14 is the measured optical path

difference obtained from the recorded interference pattern, in the crystal as a function of pump

power.
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Figure 4-14: Measured OPD compared with the FEA calculated for three different boundary
conditions. There is excellent agreement with a boundary temperature of

T, =103°K at higher pump powers.
At the highest pump power (56 W), a AOPD of 350 nm +/- 80 nm was measured (or

approximately 0.45 4 at 800 nm), decreasing as the pump power was lowered. The intensity

fluctuation of the NPRO laser (102 -10° ) as well as path fluctuations caused by acoustic

perturbation of the interferometer optics most likely caused the large error bars at lower pump
powers. Experimentally, a boundary temperature of 93K was recorded at the boundary for zero
pump power. As the pump power was increased to 55 W, a boundary temperature rise of 20K
was recorded, but a fraction of this rise was experimentally attributed to the absorption of
scattered Ti: sapphire fluorescence by the thermocouple; only a portion of the experimentally
recorded temperature rise was due to physical heating at the boundary. Thus, we simulated the

AOPD for a range of constant boundary temperatures T, , displayed in Figure 4-14. At the

highest pump powers, we see good agreement between the predicted and measured optical path
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length for T, =103°K (corresponding to 10 °K rise on the boundary), although the data and

simulations deviate somewhat at lower temperatures and most severely at the lowest temperature.
As expected, the AOPD is less severe as the boundary temperature is reduced due primarily to
the strong temperature dependence of x. Figure 4-10 and Figure 4-11displays the computed

temperature rise and AOPD for a particular boundary temperature T, =103°K respectively.

4.9 Effects of Thermal Aberrations on Beam Shape

SkHz, Er=1.56 ml gldz, Er=1.44 ml  TkHz, Er=144 ml  SldHz, E=0.96 ml

OkHz, E=0.5 ml 10Hz, Ep=062 tnl NEHz, Er=0.5ml 12kH=z, F;=0.38 ml

Figure 4-15: Beam shape as a function of repetition rate. Increasing the repetition rate of the
pump beam introduces modal distortions.

The spatial quality of the amplified beam is highly sensitive to temperature changes within
the crystal. The amplified beam shapes were measured using a WinCamD-UCM CCD beam
analyzer after ample attenuation Figure 4-15 is a far field measurement of the spatial profile of
the beam with increasing repetition rates.

As the pump power is increased the temperature within the crystal increases leading to
increased spatial distortions to the beam profile. The boundary temperature as measured by a
thermocouple on the crystal rose from 103 °K at 5 kHz repetition rate to 123 °K at 12 kHz

repetition rate. Astigmatism due to the geometry of the crystal is evident in the elliptical shape of
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the amplified beam even at a repetition rate of 5 kHz. The mode quality of the amplified beam
was measured (SW output power) using the beam analyzer by attenuating it suitably and

focusing with a 1 m focal length lens.
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Figure 4-16: M? measurement for an uncompressed amplified beam of average power 5W at 5
kHz repetition rate in the (a) vertical and (b) horizontal axis

A common measure for the beam quality is known as M ?. It is defined as the ratio of
divergence of the amplified beam to the divergence of an ideal Gaussian beam of equal beam

waist.

a)ORHmeasured
= —OR“measured 421
0 (4.21)

0" Gaussian

M2

where @, and 6,

measured

are the waist and the divergence respectively of the laser beam of

unknown quality and «,and 6

saussian A€ the waist and the divergence of a fundamental laser
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mode (TEMgo mode). The transverse profile of the beam (@, ) was measured as a function of

the propagation distance using a CCD camera. If @z = @, then

Hmeasured (422)

o

Gaussian

M?2 =

These results are shown in Figure 4-16. We observed that at lower repetition rates (5 kHz)
corresponding to 5 W average power, the amplified beam M* values deviated from the ideal
TEMg mode by a factor of only 1.62 and 1.14 in the vertical and the horizontal axes respectively.
The thermal astigmatism of the crystal geometry is evident in the measured M? value (a ratio of

1.42 in the divergence angle along the two axes). For higher repetition rates (8 kHz, average
amplified power output of 9W and a boundary temperature T, =108°K ) this ratio increased

further to 1.73 (measured M? values of 2.12 and 1.22 in the vertical and the horizontal axes
respectively). The rise in the astigmatism of the beam shape can be attributed to the changes in
the temperature related thermal constants for sapphire crystal as the boundary temperature
increases at higher repetition rates.

4,10 Summary

Summarizing the contents of this chapter, we detailed the various temperature related
effects in a high average power laser system and more specifically to liquid nitrogen cooled Ti:
sapphire crystal in a regenerative chirped pulse amplifier. We thoroughly characterized these
thermal effects using both experimental techniques (such as interferometry, M* analysis and
measurement of focal power) as well as Finite Element Analysis. These measurements helped us
in designing a suitable cavity for the regenerative amplifier that generates 5 W of 40fs, amplified
output. The good agreement between the measurements and the numerical methods allowed us to

extend the numerical methods to predict an optimal cavity configuration to further minimize
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these thermal aberrations which are detailed along with the present status of the amplifier in the

next chapter.
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CHAPTER 5
CHARACTERIZATION AND OPTIMIZATION OF HIGH AVERAGE POWER CPA

Having fully investigated the fundamental aspects of designing and constructing a chirped
pulse amplifier and the thermal issues inherent with high powered systems in prior chapters, this
chapter concentrates on the characterization and performance of the amplifier and discusses
methods to further enhance its efficiency.

5.1 Amplifier Performance
5.1.1 Average Power, Pulse Energy

The cryogenic amplifier cavity based on the extensive thermal analysis is capable of
delivering 9 W of amplified power at 5 kHz repetition rate and 80 W of pump power. Figure 5-

lis a plot of the measured average output power as a function of the pump laser’s repetition rate.
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Figure 5-1: Amplified output power as a function of pump repetition rate (square points)
measured before compression; the red-line is a guide to the eye.

As the repetition rate is increased the output power of the system drops. This drop
coincides with the drop in the pulse energy of the pump laser (from 14.7 to 6 mJ). The boundary
temperature around the crystal increases from 110 °K at 5 kHz to 123 °K at 12 kHz. Figure 5-2

indicates the amplified and the pump pulse energy with increasing repetition rate. The efficiency
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of the regenerative amplifier (defined as E_ s /Epump ) iS approximately 14% at 5 kHz and

pump
drops to 5% at 12 kHz. The amplifier remains operational until 12 kHz repetition rate above
which no lasing action is observed as the cavity ceases to be stable. By altering the cavity g-
parameter, the amplifier can be made operational for repetition rates above 12 kHz. An average
amplified output power of 4.5 W is generated at 12 kHz. About 60% of the amplified power was
recovered from the compressor. This could easily go up by the usage of gratings with improved
efficiency in the compressor setup.
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Figure 5-2: Amplified v/s pump pulse energy with increasing repetition rate. Amplified pulse

energy is indicated by the red points and the pump pulse energy by the blue points.
The solid lines are guides to the eye

5.1.2 Spatial Beam quality

The increasing thermal loading effects as a result of the increasing repetition rate also

bring about degradation of the spatial profile of the amplified beam as in Figure 4-15. This is
evident in the measured M~ of the beam at 8 kHz repetition rate. As defined in the previous
chapter, M ?is a measurement of deviation of a laser mode from the fundamental TEMy, mode.

A boundary temperature of 115 °K was recorded for an input pump power of 75 W at 8 kHz
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repetition rate. A measured M* value of 1.22 and 2.12 was recorded in the vertical and the

horizontal axes respectively. An average output power of 9 W (uncompressed) was obtained.
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Figure 5-3: Measured M? for an uncompressed amplified beam of average power of 9 W at 8
kHz repetition rate in the (a) horizontal and (b) vertical axis.

The ratio of the divergence angle along the 2 axes is thus 1.73, which is a nearly 22%
increase from its value at 5 kHz (1.42, Figure 4-16).

If the only source of astigmatism in the cavity is due to the Brewster crystal geometry, then
increasing the repetition rate should have little or no effect to beam astigmatism. But the rise in
the astigmatism of the beam shape with increasing pump power can be attributed to the changes
in the temperature related thermal constants for sapphire crystal as the boundary temperature
increases at higher repetition rates. Figure 5-3 is a plot of the measured M? along the two

transverses axes plotted along with the respective divergence for a Gaussian beam of same waist.
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5.1.3 Spectral Characteristics

The bandwidth of the amplified pulse is 25-30 nm (without any amplitude shaping)
depending on the bandwidth of the seed pulses. The amplified spectrum is shifted to the ‘blue’

end of the spectrum as compared to the oscillator spectrum (Figure 5-4).
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Figure 5-4: Amplified spectrum (blue-curve) for the corresponding oscillator spectrum (red
curve) as measured using a fiber spectrometer.

Figure 5-5 is the emission spectra for Ti: sapphire at two different boundary temperatures:
87 °K and 300 °K. We observe that the emission spectrum is narrower at a crystal temperature of
87 °K than at room temperature. As the oscillator spectrum (Figure 5-4) is red-shifted with
respect to the emission spectrum the gain of the amplifier (Figure 5-5) is pulled to the bluer edge
of the spectrum due to which the amplified spectrum peaks at 780-nm as compared to 820-nm
for the oscillator spectrum. The spectrum for the free-running laser for the regenerative amplifier
cavity confirms the reason for this spectral shift towards the blue end (Figure 5-6). By reshaping
the oscillator spectrum as in figure 3-14 using the dazzler towards the blue end not only increases
the amplified output power from the regenerative amplifier but also reduces the amount of time
the seed pulse needs to stay within the cavity to be able to extract gain from the crystal. This is

since the gain of the sapphire crystal peaks at 775-nm (Figure 5-5), sculpting the spectrum of the
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seed pulse towards the bluer edge of the spectrum leads to efficient extraction of the energy by
the seed pulse from the crystal that in turn leads to a reduction in the number of roundtrips the
seed pulse needs to make to be able to gain the same amount of energy as a pulse with its
spectrum shifted towards the red-edge.

The amplified spectrum in Figure 5-4 generates 40-45 fs compressed pulses in a grating

based compressor with an efficiency of about 60%.
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Figure 5-5: Emission spectra for Ti: sapphire.
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Figure 5-6: Free-running spectrum for the regenerative amplifier cavity at 5 kHz repetition rate.
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5.1.4 Shot-to-shot Pulse Energy Characterization

Measuring the fluctuation of the amplified pulse energy for each amplified pulse gives one
an indication of its stability. The shot-to-shot pulse fluctuations in the pulse energy were
measured using a photo-diode (Thorlabs Det110) that was triggered by the repetition rate of the
amplifier. A Labview based data acquisition system continuously tracked each and every pulse
from the amplifier. The photo-diode was calibrated by measuring the average amplified power
by using a power meter. The pulses were monitored for a time duration that was approximately 2
minutes collecting 614,987 shots at 5 kHz repetition rate (Figure 5-7).
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Figure 5-7: Shot-to-shot pulse energy measured for more than 600, 000 shots.

The mean pulse energy measured was 1.15 mJ. The standard deviation of the fluctuations
was measured to be 0.9% of the mean pulse energy, making this CPA a very stable system with
respect to pulse energy. Figure 5-8 is a histogram of the data in Figure 5-7. The excellent
agreement with a Gaussian fit indicates that the fluctuations were Gaussian and hence totally

random in nature.
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Figure 5-8: Histogram of the amplified output pulse energy. The black dots are the
experimentally measured data with 20 bins and the red curve is a Gaussian fit to the
data.

The following table summarizes the performance of the CPA system.

Table 5-1: Performance of the CPA system

Average compressed Power 4.68 W
Repetition rate 5 kHz
Pulse Energy 940 wJ
Bandwidth 30-35 nm
Pulse width 40-45 fs

5.2 Design Considerations for Single Stage Cryogenic CPA System

We now focus on methods to improve the efficiency of the amplifier system based on the
FEA calculations described in chapter 4 and correcting for the thermally induced astigmatism in
the spatial profile of the beam. Using the Finite Element Analysis described in detail in the
previous chapter, one can obtain parameters of the amplifier rod geometry such as the length,
radius, and boundary temperature that affect the thermal performance of the amplifier. By
varying the length and the radius of the crystal while the other parameter was fixed gave useful

insights into the optimum crystal geometry with least thermal loading effects.
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Figure 5-9 displays the computed AOPD as a function of crystal length for a fixed crystal

radius of 2.5-mm along both the vertical as well as the horizontal axis for two representative

boundary temperatures, T, =103"K and 77°K . The incident pump power was 80 W (double

oundary
pumping) with a pump waist size of 0.4-mm and a constant absorption length product,

AL =2.2.

Three features are evident from the above figure. First and foremost is that AOPD

decreases by a factor of two as the length of the crystal is increased. This is particularly

important for the case of T, =103°K . Relative to the center wavelength of the amplifier

oundary
(780-nm as in Figure 5-4) the aberrations are reduced from ~4/10to 1/18 for the horizontal axis

which displays maximum thermal loading. A AOPD of this magnitude only leads to changes in
the focal power of the crystal as opposed to the introduction of higher order modes that are
difficult to compensate. The focal power of the crystal can be easily compensated for by tuning
the g-parameter of the cavity. The decrease in AOPD with increasing length is understandable

for two reasons, the first being that for a constant absorption length product o, L =2.2, the

increase in the length results in a reduced power density (since the power is distributed over a
larger volume) and a consequent reduction in temperature throughout the crystal. Additionally,
increasing the length of the crystal increases the conductive surface area thereby providing a
greater path for the heat to leave the crystal. Note that the AOPD scales sublinearly with
increasing length, thus extending the crystal beyond ~ 15 mm yield little improvement in thermal
performance but a considerable increase in the group velocity dispersion (which is not desirable

for ultrashort pulses).

89



For a boundary temperature of 77°K , thermal induced aberrations are diminished as
compared to the ‘hot’ case of 103°K by a factor of ~15. This comes about due to the severe
temperature dependence of the thermal properties of sapphire. Thermal conductivity x increases
by a factor of 3 over this temperature range. In addition, dn/dT is also diminishing as
temperature is reduced further reducing AOPD .

Finally there is a strong evidence of thermal astigmatism in the crystal besides the natural
astigmatism due to the Brewster geometry of the crystal. For higher boundary temperature, the
focal length along horizontal axis in the crystal is 1.4 times the vertical axis focal length over the
entire range of crystal lengths. Although the crystal attains a slight focal power at77°K, the

magnitude of the thermal AOPD is negligible (a few nanometers).
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Figure 5-9: Thermally induced optical path difference versus crystal length for a fixed radius of
2.5 mm for Thoundary=103 °K (left axis) and Tyoundary=77 °K (right axis). The computed
OPD along the horizontal axis is shown in solid points and along the vertical axis are
hollow points. The lines are guides to the eye.

Figure 5-10 displays the variance of AOPD with crystal radius. The calculations were
again based on a total pump power of 80 W, a pump waist of 0.4 mm, a crystal length of 6mm

and a,, | =2.2. Again the thermal astigmatism for both boundary temperatures is immediately
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evident with a much larger AOPD for 103°K . But the most striking features of this data are, first,
that the AOPD increases as the radius is increased and second, the magnitude of the increase is

approximately 30% less than that seen in changing the crystal length.
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Figure 5-10: Thermally induced optical path difference versus crystal radius for a fixed length of
6 mm for Thoundary=103 °K (left axis) and Tpoundary=77 °K (right axis). The computed
OPD along the horizontal axis is shown in solid points and along the vertical axis are

hollow points. The lines are guides to the eye.

Increasing the crystal radius also increases the surface area that should lead to better
conduction of heat, reducing thermal lens effects. But by moving the boundary further from the
pump area as the radius is increased, the thermal conductivity is reduced, resulting in a greater
temperature rise and AOPD .

Thus the above simulations show that reducing the boundary temperature as much as
possible result in dramatically reduced thermo-optic deformations in Brewster crystals due to the
favorable thermal properties of sapphire at low temperatures. In addition, the use of longer but
small radii crystal results in improved thermal performance at a given boundary temperature.
While longer length and shorter radii crystals offer the best thermal performance the size of the

crystal is limited by the critical heat flux (CHF) [equation(5.1)] (Kutateladze, 1948; Zuber, 1958)
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of LN, which is defined as the maximum power that can be dissipated by the boiling liquid for a
given surface area. For surface area smaller than the required minimum, vapour from the
cryogenic liquid completely envelopes the surface insulating it and causing a dramatic spike in

the boundary temperature.

CHF :(72_/24)hfgpv[o-g(pp|2_pv)]l/4(pl;pv)l/2 (51)
v |

where, hy, is the latent heat of vaporization and is 199 J/g for LN,, p, is the vapour density and is
4.66 kg/m’, p, =806kg / m* is the liquid density, o = 0.00893 N /m is the surface tension for LN,
and g = 9.81m/ s’ is the acceleration due to gravity. Using these parameters the CHF for LN,

1s0.163W / mm? . Assuming boiling at the crystal surface, a Smm diameter crystal would need to

be at least 31.2mm long to dissipate 80 W. The crystal can also be made shorter and placed in a
conductive holder with a greater surface area, but this will increase the conductive path and
consequently the crystal boundary temperature.

5.3 Compensation of Modal Astigmatism

The presence of large thermal astigmatism suggests that the output mode quality is
compromised, and our measurements have shown this. Measured M? values suggest that the ratio
of the divergence angles for the vertical and the horizontal axes to be 1.42 (Figure 4-16) at 5 kHz
and increasing to 1.73 at 8 kHz (Figure 5-3) repetition rate. Although the magnitude of the
astigmatism is large, it does not lead to the introduction of higher order modes in the cavity.
Mansell et.al. (2001) calculated the fraction of light power coupled into the higher order modes
from an ideal TEMyy mode in thermally aberrated optical components based on modal coupling
coefficients (Kogelnik, 1964). Their calculations were based on cylindrically symmetric optics

that treated the two dimensional power coupling symmetrically. They found that for
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AOPDs < A/4 all the distortions are to the sphericity of the beam wavefront which is a pure
lensing effect and can be compensated by altering the cavity g —factor. By treating the thermal

aberrations and the associated coupling into the higher order modes independently for both the
vertical and the horizontal axes (figure 4-11) obviates the fact that the AOPDS can be calculated
by a parabolic fit over the waist of the seed pulse on the crystal. Thus by designing an
astigmatically compensated cavity, it should be possible to produce an almost pure TEMy, mode
for a limited range of pump powers. This work is ongoing in our lab.
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Figure 5-11: 3-mirror folded astigmatically compensated cavity.

A three mirror folded resonator cavity (Kogelnik, 1972) where the center mirror has an
oblique angle of incidence (Figure 5-11) introduces astigmatism that could compensate for the
thermally induced modal astigmatism. The angle of incidence is chosen to produce mode

characteristics that are equal along the two transverse axes. The center mirror used at oblique

incidence has two focal points, as it focuses the sagittal (xz)and the tangential (yz)at two

different locations which are given as:

_f
f, = %086’ (5.2)
f,=1f.cos@

where f is the focal length of the mirror R and @ is the angle of incidence. By solving the

ABCD matrix independently for the two axes and carefully selecting the angle theta and the radii
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of curvature R, and R,, the spot sizes and hence the focal lengths f, and f, can be made equal

and thus compensate for the thermally induced astigmatism.

5.4 Summary

Thus the amplifier generates 9 W of uncompressed amplified power at 5 KHz repetition
rate and is operational for repetition rates as high as 12 kHz. The shot-to-shot energy variation of
the amplifier is Gaussian in nature with the standard deviation of the fluctuations measuring
0.9% of its mean pulse energy at 5 kHz. Numerical analyses indicate that reducing the boundary
temperature as low as possible results in lower thermo-optics aberrations through the crystal.
Furthermore the efficiency of the amplifier could be further increased by using a sapphire crystal
that is longer in length and shorter in diameter as compared to the crystal presently being used in
the amplifier. Also compensating for the astigmatism in the amplified beam could lead to

improved mode quality as well as an increase in output power from the amplifier.
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CHAPTER 6
CONCLUSION

The need for ultrafast high brightness sources in various high laser field sciences has
motivated the development of high average power, ultrashort chirped pulse amplifiers. This
dissertation details the design and characterization of such a system that is capable of delivering

millijoule range femtosecond pulses at repetition rates as high as 12 kHz.

In order to achieve high amplification factors (~ 106) in single stage systems, the crystal in

the amplifier needs to be pumped with high power lasers which give rise to a host of thermal
issues that prove detrimental to the system’s performance. A high intensity pump laser when
incident on Ti: sapphire crystal in the amplifier generates a refractive index gradient within the
crystal such that the crystal gains focal power, altering the cavity parameters leading to
deterioration in its performance. It is common knowledge now that cryogenic cooling of the Ti:
sapphire crystal in the amplifier (Moulton, 1986; Schulz and Henion, 1991) changes its thermal
properties that lead to the reduction of these thermal issues however these ideas had rarely been
tried in femtosecond amplifiers and never in a single stage regenerative amplifier. Through
investigations of several different cooling methods, we were able come up with an effective
cooling unit housing the crystal, using liquid nitrogen that lowered the ambient temperature of
the crystal to 87 °K with a mere 20 °K rise in the crystal’s boundary temperature as the pump
power was increased to 56 W.

While cooling the crystal reduced the various thermal effects but some remnant thermal
loading effects still limited the performance of the CPA. A series of experiments were performed
to fully characterize the effects of temperature on the performance of a regenerative amplifier.
The experimental results were validated with a thermal model that was solved numerically for

various boundary conditions using Finite Element Analysis (FEA). Measurement of the focal
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powers of the crystal and the good agreement of the experimental data with the numerical model

allowed us to design an effective regenerative amplifier cavity that was stable for a broad range

of pump powers. The thermo-optical path deformations (AOPD)as a function of pump power

and its effects on the mode quality of the beam was quantified using Michelson interferometry
and by measuring the M’ values for the amplified beam. In the interferometry experiment the
liquid nitrogen cooled Ti: sapphire crystal was placed in one arm of a Michelson interferometer
and the interference pattern as a function of pump power was recorded on a CCD camera. At the
highest pump power a AOPD of 350-nm + 80-nm was measured. The experimental data was
compared to the computed AOPD values for three different boundary conditions and found that
there was excellent agreement with the measured values for high pump powers for a boundary
temperature of 103°K. Although the thermocouple measured a rise in the boundary temperature
of 20 °K a fraction of this rise was attributed to the absorption of scattered Ti: sapphire
fluorescence when the pump power was increased to 56 W. The agreement of the interferometry
data with the calculated AOPD seemed to suggest a small 10 °K rise in the boundary temperature

We measured the mode quality of the amplified beam using a CCD camera at 5 kHz and 8
KHz repetition rates. The divergence of the amplified beam was compared to the divergence of
an ideal Gaussian beam of equal waist. At 5 kHz repetition rate corresponding to 5.5 W of
average power, a ratio of 1.42 in the divergence angle along the two transverse axes was
measured. For an amplified power of 9 W at 8 KHz repetition rate, this ratio increased to 1.73
indicating the existence and the rise of temperature related astigmatism with increasing repetition
rate besides the natural astigmatism due to the Brewster crystal geometry.

Using the FEA analysis, we explored how changing key parameters of the amplifier rod

geometry (length, radius, and boundary temperature) affects the thermal performance. We found
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that smaller radii and longer length crystals offer the best performance at any boundary
temperature. The decreasing AOPD with increasing crystal length comes about from an increase
in the total surface area that provides for a greater overall conductive path for the heat to leave
the crystal. The increasing AOPD with increasing crystal radius, although less intuitive, arises
from moving the boundary further from the pump area as the radius is increased, which reduces
the thermal conductivity resulting in greater temperature rise and hence the increased AOPD .
Taken together the simulations show that reducing the boundary temperature as much as possible
result in dramatically reduced thermo-optical deformations in Brewster-cut crystals. This is not

surprising as both x and dn/dT have favorable thermal properties at lower temperatures. Also,

the use of longer length and smaller radii crystals result in improved thermal performance at a
given boundary temperature. But the size of the crystal is limited by the maximum power that
can be dissipated for a given surface area known as the critical heat flux.

The large thermal astigmatism distorts the mode of the amplified beam. However the
distortions are manifested as a pure lensing effect and can be easily compensated by altering the
cavity g-factor.

In conclusion, we have presented in this work a state-of-the-art, high average power, single
stage, state-of-the-art CPA system. The peak pulse power obtainable from this system is as high

as 0.025 TW and peak intensities of the order of10" W/ cm’® making it possible to use this

system to observe a multitude of interesting nonlinear phenomena.
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APPENDIX A
FREQUENCY RESOLVED OPTICAL GATING (FROGQG)

Ultrashort pulses have now reached the attosecond regime (Baltuska, 2003; Drescher,
2001). With such short pulses it is now possible to study dynamics of electronic motion within
atoms. Intense femtosecond pulses are used to generate higher frequency harmonics that give rise
to attosecond pulses. Precise information about the driving pulse is extremely important in
generating pulses in the attosecond regime. Chirped pulses can cause much greater
photodissociation than unchirped pulses (Kohler, 1995) and hence these experiments rely heavily
on characterizing the chirp in the pulse accurately. Thus complete characterization of ultrashort
pulses is of utmost importance in most ultrafast experiments.

A commonly used method for pulse measurements in laboratories is the Frequency
Resolved Optical Gating (FROG) technique. It involves spectrally resolving an autocorrelation
signal (Trebino, 1998). The experimental apparatus is hence similar to an autocorrelator, which
is easily available in any ultrafast laboratory. SPIDER or spectral phase interferometry for direct
electric-field reconstruction (laconis and Walmsley, 1998) is also an often-used pulse
characterization technique. It is based on measuring the interference between two pulses that are
almost identical expects that one pulse is slightly shifted in frequency with respect to the other by
an amount 2 . This generates a spectrogram, which is essentially a spectrally resolved
autocorrelation of the pulse. From the spectrogram one can obtain the spectral phase for a set of
discreet frequencies separated by ( and the amplitude is obtained from an independently
measured power spectrum of the pulse.

The SHG-FROG technique overlaps a pulse with a replica of itself delayed in time. An

ultrashort pulse is defined by its electric field E(t) and I(t)and #(t)are its time-dependent

intensity and phase respectively.
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E(t) =Re{\/1 (t) exp(imt -ig(1))] (A1)

A time-dependent phase gives rise to an instantaneous frequency @ (t):

o(t)=a, —% (A.2)

The pulse in the frequency domain can be written as:
E(w)= I(a)—a)o)exp(i¢(a)—a)0)) (A.3)
Using FROG once can measure E(t) [or E(w)] by measuring I(t)[or | (o—a,)] and ¢(t)

[org(@)].
The autocorrelator splits the beam into two and combines them on a nonlinear crystal to

generate a SHG signal | (t,7):

lgue (t7) e (1)1 (t—7) (A.4)
As the I (t,7)is a function of the delay time 7 between the two pulses, it yields some measure

of the pulsewidth as no second harmonic will be observed if there was no overlap between the
two beams.

FROG measurements involve measurements in the time-frequency domain (spectrogram)
that provide both temporal as well as spectral resolution simultaneously. A mathematical
representation of the spectrogram is as follows:

2

[e]

S(w,7)= j E(t)g(t—7)exp(—iwt)dt (A.5)

—00

In the above equation, g (t—7) is the gate function. The femtosecond pulse itself is used as the

gate function.
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If the signal measured is a SHG-based autocorrelator then the spectrogram takes the form:

2

122, (0,7) =| | E(8)E (t-r)exp(ict)d (A6)

Knowing the gate function allows one to accurately estimate E (t) hence the above expression

needs to be re-written to convert it to a two-dimensional phase-retrieval problem as the gate

function is unknown. E(t)E(t—7) for an SHG autocorrelator is Eg (t,7). Let E, (t,Q)be the
Fourier transform of Ey (t,7) with respect toQ, such that E; (t,Q=0)=E(t) . Re-writing

equation (A.6) with Eg, (t,Q):

sig
2

155 (@.7) =| [ Egq (1,Q) exp(—iet - iQr)ddQ (A7)

Equation (A.7) presents a classical phase retrieval problem in which the 2D spectrogram

| fhoe (@,7) is known (measured) and the complex quantity Eg (t,Q) is unknown. This 2D-

phase retrieval problem is a common occurrence in imaging techniques and is solvable (Fienup,
1982). From the spectrogram one obtains the intensity both in the time and the frequency domain.
In the 2D imaging problem, one estimates the spectral and hence the temporal phase by using an
iterative algorithm such as the Gerchberg-Saxton algorithm (Gerchberg and Saxton, 1972) that
performs Fourier transforms back and forth between the time and the frequency domain with
known constraints in each domain. In the SHG-FROG technique the constraints on the Fourier-

transform magnitudes are that they are zero outside a finite range of values of tand Q). This

additional information along with the measured | 3o, (@,7)is sufficient to fully characterize the

ultrashort pulse.
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The experimental FROG traces are fed into an iterative Fourier transform algorithm similar
to the one described above (DeLong, 1994). The algorithm continues with the iterations until the
computed or the retrieved image satisfies the object image. The convergence of the algorithm is

determined by the squared error defined as Z :

2

S|g tl b T s(lngrl) (tl > z-i )‘ (A8)

2= el

i,j=1

(k)

where Eg

(t;,7;) is the computed electric field in the k™ iteration.
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Figure A-1: Schematic of the experimental set up of the FROG apparatus in our laboratory.
(Trebino, 1997)

The SHG-FROG trace is highly sensitive but it has an inherent temporal ambiguity. The

pulse E (t) and E (—t) yield the same FROG traces as the SHG signal is symmetric with respect

to delay. Thus it is possible that the actual phase is a time-reversed version of the retrieved phase.
This ambiguity is easily inferred by inserting a piece of glass in the beam line that should
increase the amount of positive dispersion.

The FROG apparatus in our laboratory is described in Figure A-1. The ultrashort pulse is

split in two where one beam travels through a delay stage and the other through a fixed path

101



length. They are then focused and crossed using a cylindrical lens, on to a 100-um KDP crystal.
The SHG signal due to the mixing of the two beams is then imaged on to the slit of a
spectrometer (Princeton Instruments) using a spherical lens after the crystal. The spectrometer
contains its own imaging optics where the slit is further imaged on to 2D CCD chip that contains
1340 pixels along the delay axis and 100 pixels along the spectral axis. Liquid nitrogen is used to

cool the CCD chip to reduce the effects of thermal noise in our measurements.

Figure A-2: Raw SHG-FROG spectrograms recorded using (a) 150 g/mm and (b) 300 g/mm
grating. The horizontal axis is the wavelength axis and the vertical axis is the delay
axis.

The CCD array needs to be calibrated before it can be used to obtain spectrograms. The
wavelength axis was calibrated using a mercury lamp that generated spectral lines at 390-nm and
410-nm across the 100 pixels along the wavelength axis by using 300-g/mm grating in the
spectrometer. By recording the pixel numbers where the spectral lines from the Hg-source were
observed, one can obtain the pixel spacing in terms of nanometers and the wavelength of the first
pixel. It is possible to calibrate the wavelength axis with more accuracy by using a lower

resolution grating that yields many more spectral lines across the CCD chip, but the obtained
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FROG traces almost always recover with huge errors than with traces that were obtained by
using a higher resolution grating (Figure A-2). The temporal axis is calibrated by introducing a
known amount of delay between the two beams and measuring the number of pixels the FROG
image moved across the CCD chip. For a delay of 10-um on the stepper stage, the center of the
spectrogram moved by 16-17 pixels on the CCD chip. By averaging this over several 10-um

motions yielded the time (in fs) per pixel, which was usually calculated to be 1.9-2.3-fs/pixel.

Figure A-3: Raw SHG-FROG spectrograms indicating (a) unfiltered (b) filtered traces. The
horizontal axis is the wavelength axis and the vertical axis is the delay axis.

Spurious noise on the measured FROG traces that were caused due to either dust on the
CCD chip or thermal noise caused due to overheating the chip, were filtered (Figure A-3) using a
filtering/smoothing program available with the Princeton Instruments spectrometer driver
software before introducing it through the iterative FROG software, to reduce FROG errors. The
amplified pulses almost always recovered with FROG errors in the range 0.005-0.002. FROG

errors higher than 0.005 were observed on the days when the amplified beam shape had
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observable structures in it. The FROG traces were recovered using the software Femtosoft

obtained from Swamp optics.

104



APPENDIX B
ACOUSTO-OPTIC PROGRAMMABLE DISPERSIVE FILTER

Pulse shaping is an important tool for generating; transform limited ultrashort pulses in a
chirped pulse amplifier system. All the pulse-shaping work in this dissertation used an Acousto-
Optic Programmable Dispersive filter (AOPDF) or commonly referred to as the Dazzler
(manufactured by Fastlite). This section describes in detail the operation principles of an AOPDF
and its several uses.

B.1 Bragg diffraction of light by Acoustic waves

An optical beam incident on a medium with a propagating acoustic wave experiences
Bragg diffraction and the diffracted beam is shifted in frequency corresponding to the frequency

of the acoustic wave (Yariv; Brillouin, 1922; Adler, 1967). For an incident field of frequency o,
and an acoustic field of frequency @, , the frequency shift to the diffracting optical field
is @, = @ + o, . Tournois (1997) was the first to demonstrated shaping of optical pulses through

acousto-optic interaction in a birefringent crystal.
An acoustic wave can lead to a change in the optical properties of a birefringent medium
that can cause a change in the polarization. The wave equation for an optical field through such a

medium can then be written as:

0’E 0’
V’E = + u— (AP B.1
pe =g+l atz( ) (B.1)

where 1 and ¢ are the permeability constant and dielectric constant of the medium respectively
and AP is change in the polarization of the medium due to the presence of sound wave. The

change in polarization is characterized by the photo-elastic tensor p,y, (a tensor of rank four)
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88
AF)i =——14d p|deSkIE

& (B.2)
L, j,k,1=1,2,3

where, S,; is the strain tensor and Eg is the electric field along the direction d.

S, (F.1) =%Sk| exp(i (ot -k, -r))+ c.c (B.3)

If the input optical field consists of two plane waves polarized along the i and the d direction
with wave numbers k; and k, respectively:
" 1 : -
E.(T.1) —EEi(I’i)exp(l(a)lt—ki .T))+cc

(B.4)
E,(F.1) :%Ed(rd)exp(i (@4t -k, -r))+ c.c

The RHS of equation (B.2) then takes the form:

AP = - g:)d P = Sklexp(i(a)st—lzs-?))%Ed(rd)exp(i(a)dt—lzd-F)) (B.5)

Applying the slowly varying envelope approximation to the left-hand side of equation (B.1),

such that V’E, I k; dE, /dr, :

V2E,(F, t)N——(k E, +2ik, ‘2—'5} otk 4 cc (B.6)

With all the above substitutions the equality in equation (B.5) is satisfied only for the following

condition:
: (B.7)
The above condition is known as the phase matching condition and is statement of conservation

of total energy and momentum.
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Figure B-1: Bragg vector diagram and physical configuration for (a) retreating and (b) oncoming
sound waves. [Adapted from Yariv, 1989].

Figure B-1 depicts the vector diagram for two different phase matching conditions and
their corresponding physical Bragg diffraction. The diffraction condition is identical to the first-

order Bragg condition for the scattering of X-rays in crystals:
28in6 :i (B.8)
n

where, k, =k, ~k =27/ .
B.2 Amplitude and Phase control using an AOPDF
The AOPDF uses a birefringent uniaxial crystal that couples an ordinary (extraordinary)
optical wave using an acoustic wave into the extraordinary (ordinary) optical wave. The acoustic
signal is a programmable variable function of time and is used to control the group delay and the

intensity of the acoustic signal controls the amplitude of the diffracted optical pulse thus
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providing both phase and amplitude shaping in CPA laser systems (Tournois , 1997; Verluise,

1999; Verluise, 2000).

Figure B-2: Schematic of the AOPDF. [Reprinted with permission from Pittman (2002)].

As depicted in Figure B-2 an input optical pulse along the ordinary axis interacts with an
acoustic wave launched along the same axis that then diffracts the optical pulse along the
extraordinary axis of the crystal. For every frequency component in the input optical field to
satisfy the phase-matching relation in equation (B.7), it needs to travel a minimum distance

before it encounters a phase-matched spatial frequency in the acoustic grating. At this
positionz(a)), part of the energy is coupled (diffracted) into the extraordinary axis. Thus the
pulse leaving the second axis consists of all the spectral components that have been diffracted at
various positions. The amplitude of the diffracted optical field is controlled by intensity of the
acoustic wave atz ().

Due to the difference in velocity between the ordinary and the extraordinary axes, each

diffracted frequency will experience a different time delay. Then with a proper choice for a filter

function in the temporal and the spectral domain one can create an arbitrary group delay

distribution as a function of frequency. The optical output E, (t)from the AOPDF is function
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of the optical input E, (t) and the acoustic signal S(t). From the previous section we can

represent the output as a convolution of the input and the acoustic signal.

Ew (1) =B, ()®S( /) (B.9)

The scaling factor « is given as:
a=AnY (B.10)
C
It is the ratio of the speed of sound to the speed of light times the difference in the

refractive index between the ordinary and the extraordinary axes in the crystal. For TeO,

An=0.118, ais calculated as 0.13x107°, reflecting the much slower velocity for sound waves.
The small value for o enables the control of optical signals in the hundreds of terahertz range
with tens of megahertz range acoustic signals.

The acoustic wave is generated in a 2.5-cm long TeO, crystal, by a piezoelectric transducer.
The maximum achievable group delay which is dependent on the crystal length is ~3-ps for 25-
mm long TeO, crystal. The acoustic signal of the RF-generator that drives the crystal module is
interfaced with a computer and is programmed using Labview based software (Figure B-3). The
Labview based software allows one to use the dazzler in both open loop and closed loop control
experiments. The RF-generator is triggered through a digital delay generator which itself is
externally triggered by the mode-locked oscillator. For an amplifier repetition rate of 5 kHz, the

dazzler is programmed to trigger after every 200-us. The acoustic signal travels through the

crystal area in a finite amount of time t, which is 25-ps for a 2.5-cm crystal. Thus the maximum

repetition rate at which the dazzler can be triggered is 40 kHz.
The three major application of this device in CPA laser chains is (a): amplitude shaping for

the pre-compensation of the gain narrowing effect in the amplifier, (b): phase compensation to
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correct for the mismatch in the stretcher and the compressor delay lines, and (c): arbitrary pulse

shaping in both the spectral and the temporal domains.
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