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List of abbreviations and symbols

Abbreviations:
CW continuous wave,
ISI Institute for scientific information,
FWHM full width at half maximum,
PRF pulse repetition frequency,
Q guality (of optical resonators).
Laser and electro-optic materials:
BBO B-barium borate,
GdVO, gadolinium vanadate,
KD*P deuterated potassium dihydrogen phosphate,
LINbO3 lithium niobate,
SFAP barium substituted strontium fluorapatite,
YAG yttrium aluminium garnet,
YLF yttrium lithium fluoride,
YVO, yttrium vanadate.

Basic symbols:

effective mode area in the gain medium,

B integral,

total energy of intracavity photons or pulse energy
saturation fluence,

gain factor (proportional to population inversipn)
steady-state gain per pass,

parasitic cavity losses per round trip,

population density,

power (usually average power),

output coupler reflectivity,

pumping interval duration (pulse repetition pdjio
gain relaxation time,

cavity round trip time,



o emission g.,) and absorptiondy,y Cross sections,
] photon number.

Dimensionless normalized and effective terms:

g effective gain,

O1 fixed point in terms of initial gain,

g the term representing logarithmic pulse repetipenod,

F map function designating the gain transformatiadae,r

Kk the cycle number in iterative formulating,

t normalized time within the amplification interval,

£ number of passes through the gain medium pedraim

o) factor of cavity losses due to parasitic loss®$ ¢r output
coupling ©O,.),

£ dimensionless energy,

r amplification interval duration (or effective radntrip number),

Notation for subscripts and superscripts:
cd cavity dumping, indicating the way of pulse outpatipling;
[ initial, as in initial gaing; ;
f final, as in dimensionless final energy or final gaing; ;
I loss, referring to parasitic cavity losses, asftergy losses; ;

oc output coupling, applying to parameters which désca regime

of stationary output coupling;

p pump, notation for pumping, as for the final gafrthe pumping
interval g ;
S seed, as for the seed pulse energy

It is also used through the manuscript: reaxaximum,opt= optimum,out =

output,peak= peak valueth = threshold.



I. Introduction

The discovery of the solid-state, ruby laser byddwre Maiman has initiated
beginning of the laser era. Performance charatteyi®f solid-state lasers
were improved drastically during five decades. Ndayes, solid-state lasers
remain one of the most rapidly developing brancbkedaser science and
become an increasingly important tool for the madedustry. In particular
ultrafast laser systems, which are for the most pased on the solid-state
laser technology, demonstrate amazing progresgadant years. Picosecond
and femtosecond high average power lasers extethéadshare in a field of
micro-fabrication and material processing includmgnufacture of solar cells
and liquid crystal displays. Impressive achievermem amplification of
femtosecond pulses to high energies allow developmecoherent radiation
sources, which produce extremely short wavelengdfaching soft X-rays
domain) and simultaneously feature the attosecamskepuration that in turn
intensifies investigations in a scope of the highdfscience.

Regenerative amplification is the important constitt part of that
integrated technology, which makes possible to gpeedultrashort pulses of
outstanding specifications. Regenerative amplifiare involved in both
actively developing techniques: in direct amplifioa using laser media as a
high-gain stage and in optical parametric chirpatsg amplification as a part
of pumping systems. High system efficiency andlstalbitput parameters over
a wide range of pulse repetition frequencies (PRI essential for these
systems. Neodymium and ytterbium laser gain medianell suited for direct
laser diode pumping, and therefore they have anarddge in power
efficiency. Long lifetime of the upper laser lewgpical of both these ions
supports accumulation of substantial population eision even under
continuous pumping. However, the long inversioretiithe may also cause
stability problems at repetition frequencies exaegdhe inverse excited state
lifetime. The dynamics of such systems are suliectquilibrium between

population inversion depletion caused by amplifaaiand its restoring under
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the pumping action. If this balance breaks then ribgenerative amplifier
produces periodically alternating energy pulsegwen trains having chaotic
energy distribution. This phenomenon requires wtdeding in order to use
potential advantages of regenerative amplificatiad to avoid drawbacks by
optimum means.

Initial tasks which initiated the present work wepeetty utilitarian,
namely, to create a numerical model of regenerasiwglification for a
picosecond Nd:YVQ@ system and to evaluate basic output parametensgtak
into account effects of complex dynamics. Howeyeeliminary theoretical
study has shown that attainment of a more ambitas might be feasible.

The primarygoals of researcHor this thesis then became the following:

 to develop a general pattern of system dynamics cfortinuously
pumped regenerative amplifiers based on long fifetsolid-state laser
media;

 to find a way to improve performance charactemsstaffected by
instabilities.

This general goal consisted of several spetdsks which were formulated as

follows:

» Creation of the proper model of regenerative angalifon with reduced
number of variables

* Analysis of repetitive steady-state operation anzdily

» Comprehensive elaboration of complex system dynaumienerically

» Search for possibilities to eliminate negative effef instabilities

» Experimental verification of the results

Both theoretical and experimentakethods and meansvere used in order to
succeed in solving the established tasks. Amptibcamodeling was based on

the space independent rate equations formulatedydesi-three-level laser
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system and some conventional complementary appedians. This simplified
model is yet quite productive both to describeatd#ht fundamental aspects of
amplifiers behavior and to adequately map pradyicahportant properties.
Appropriate formulation of equations reduced a damgumber of system
parameters to a few composite variables. This irgmeent along with the
advantage of analytic formulation gain physicalighs into patterns of
regenerative amplification. The formalism of oneidnsional discrete-time
dynamical systems turned to be a versatile tooaralyze the stability of
obtained solutions. The initial results of reseanstre applied to design the
Nd:YVO, picosecond laser system. Such a system was thet as the

experimental setup to verify more general theoaétiderences.

Scientific novelty

* Analytical expressions which describe stable opamatf optimally
coupled regenerative amplifiers are obtained.

* A comprehensive pattern of existing dynamic regir(sable, quasi-
periodic and chaatic) in space of controlling paggers is elaborated.

* A method of stability diagrams, which forms a sysatic approach to
the optimization of regenerative amplification dgmes, is developed.

» Performance characteristics are determined andriexpatally verified
in the critical PRF range, where analytical solusi@re unavailable and
instabilities are most crucially pronounced.

* The suppression of instabilities by using the sealde pre-amplifying

was implemented for the Nd:Y\/®egenerative amplifier.

The results of research represented in the thesisegs a definitpractical

value. This work not only forms general insight into gioal aspects of
regenerative amplification (that is important faagtical purposes by itself)
but also offers guidelines for design and manufactd practical devices. The

latter includes analytic description of the steathte regime, thorough
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specification of the range of controlling parametavhich permits stable
operation, and a set of diagrams, obtained by eding dynamic effects,
which allows evaluation of real performance chagastics. Increase in the
seed pulse energy as a means to eliminate stapidglems and a way to
achieve the required energy were patented. Thes@oomd system for
industrial applications was created in UAB EKSPLAIng ideas of this

invention and other results of the research.

Statements to defend

1. Basic performance characteristics of the regeneramplifier can be
formulated analytically in terms of conventionahtwlling parameters
for the practically important case when conditimisstable operation
are satisfied and the round-trip number is setrtwvide the maximum

output energy.

2. Dynamics of regenerative amplification are unambigly determined
by controlling parameters. Quasi-periodic and dlaaiperation is
inherent to the moderate level of round-trip numsbeat repetition
frequencies higher than the rate of populationnsiea relaxation. The

space of unstable operation shrinks as the seed pukrgy increases.

3. Within the critical PRF range the maximum stabldpat energy is
obtained at the round-trip number approaching tbantary of the
stable operation zone. This leads to the specifish&ped-form

dependences of the average power on the repataien

4. Increase in the seed pulse energy improves dynashite regenerative
amplification. Addition of a preamplifier to the et pulse formation
chain is an effective way to achieve stable andgvafficient operation

of the Nd:YVQ, regenerative amplifier.
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Dissertation structure

The dissertation consists of introduction, six ¢deeg conclusions and a list of
references. The manuscript begins with an overatdifferent types of high-

gain laser amplifiers and on this background unicpygabilities of regenerative
amplifiers are emphasized. Chapter 2 is dedicataedkscription of the initial

modeling equations and introduction of the basimnge Then in Chapter 3,
expressions for performance characteristics ofrdgenerative amplifier are
derived in analytical form, using assumption of thieady-state repetitive
operation. Causes and effects of steady statetianlare examined in Chapter
4 with the aid of the discrete-time dynamical sgstéheory. Chapter 5

describes specific performance limitations causethbtabilities and methods
of system optimization. Picosecond Nd:YyYQaser system experiments
illustrating specific functional features withinthahe instability space and the
stability space are presented and discussed int&hép The manuscript is

concluded by summarizing the presented results.
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Chapter 1. Introduction to regenerative amplification

This chapter gives a short overview of primary ¢aliate laser techniques
allowing high-gain operation and represents disittredfeatures of regenerative
amplifiers as devices mainly used for amplificatioh ultra-short pulses.
Typical performance characteristics are outlinedtfie systems based on the
most widely used gain media. A state of the artpbfsical insight into
regenerative amplification including issues relatedthe complex dynamic

behavior is discussed.

1.1. High-gain systems

The most typical function ofegenerative amplifierds to produce optical
pulses of relatively high energy (of order of nuillile) from weak input signal
of nano- and even picojoule level. Such uniquelghhgain [10°-10°) is
achieved due to multiple passes of the opticalepthisough the gain medium.
Furthermore, multiple passes allow efficient exiat of energy stored in the
gain medium even when low emission cross sectiodianare used. The
regenerative feedback is organized by placing thie@ ghedia in an optical
resonator. The resonator also determines spatidérabthe output beam. This
allows good beam quality (TEd transverse mode) even for a very large
number of round trips (passes through the gain a)edihe number of round
trips is controlled by an intracavity optical switevhich couples the input
signal in and, after a given time period, relegdbesamplified pulse out of the
cavity. The optical switch also realizes qualityntol of the optical cavity in
order to suppress parasitic lasing and amplificatd spontaneous emission
during the time period when population inversionwanulates. Combination of
these functional features substantially enhancesc#pability of regenerative
amplification with respect to competitive technique

The multi-pass amplifiersincorporating an angle multiplexing scheme,
are the closest “relatives” of the regenerative ldmaps. The radiation is

directed through the gain medium several timeslightyy different angles
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each pass by means of mirrors and/or prisms. Thls-pass configuration has
certain advantages when: i) amplification is taabelied to long optical pulses
(longer than several nanoseconds) or CW signalijlpptical switches are

impossible or undesirable to incorporate; e.ghd& pulse repetition frequency
(PRF) is extremely high (higher than megahertzl)ege in order to reduce

material dispersion, e.g. for Ti: sapphire systewisile producing pulse

duration of 20 fs or shorter [2]; iii) it is necasg to reduce the radiation
intensity by using larger area gain media whicheigvant to higher energy
systems [3].

Generic disadvantages of the multi-pass amplifiare complicated
optical layout and bulky design. Lack of robustness/ become unavoidable
especially for low gain media requiring large numimé passes. System
flexibility is also a problematic point: the numbefr passes is determined by
the system geometry and its adjustment requiresviention to the hardware.
The spatial beam quality is subject to accumulatbroptical imperfections,
including thermo-induced aberrations of the gaindime, over multiple
passes. The basic performance characteristics wstasitially limited by
parasitic amplification of the spontaneous emissioaven by parasitic lasing.
Amplification of spontaneous emission is the conmgeprocess which lasts
during the entire time when the inversion populai® accumulated and leads
to parasitic depletion of population inversionhétuseful signal is weak. This
phenomenon actually limits the lower value of theput pulse energy.
Relatively large net gain with magnitudes as highl&-10° was achieved for
Ti: sapphire systems [2, 4] due to quick populatioversion accumulation
resulted from short (nanosecond) pulse pumpingabe of flash lamp or laser
diode pumping this time is an order of magnitudehef gain relaxation time.
Therefore, the systems based on laser media whitelolifetime pumped by
this means typically operate at far lower gain levAlthough the small signal
gain of 57 dB was achieved in 6-pass Nd:Y,V@nplifiers the resulting net
gain was less than 18 dB [5, 6]. Some improvemeautsbe obtained by using

saturable absorbers [7] or other means hamperinlgluipu of stimulated
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emission. By using threshold nature of the phasgugate mirror based on
stimulated Brillouin scattering the net gain of’ Mas obtained for 16-pass
Nd:YAG amplifier [8]. The phase-conjugate mirros@lserved to improve the
beam quality. This approach however complicatessistem and drastically
limits the operation range. Optical pulses havingaarow spectral width and
duration of several nanoseconds are the only deitaies to be amplified.

Very high small-signal-gain(L0>-10" per pass) was obtained by using
grazing-incidence configuratio9, 10]. This is a side-pumped bounce
amplifier featuring a very high inversion populatia@ensity in a shallow
absorption depth below the pump face. Laser raxtiad amplified by taking a
path that experiences total internal reflectiothatpump face. Being compact
robust and relatively simple this configuration yaiffers from problems
similar to those for multi-pass amplifiers. Theeeff of amplified spontaneous
emission is pronounced so much that only two passesigh the Nd:YVQ
structure were sufficient to get efficient “mirresls lasing” [10, 11], that of
course is not advantageous for amplification puepodntrinsic to bounce
configuration asymmetric thermo-induced aberratiategrade the beam
guality and quite sophisticated methods are redquimeorder to preserve the
spatial characteristics of the input signal. A ghesnjugate mirror based on a
photorefractive rhodium doped barium titanate (RIT:#®s) crystal [12] and
an adaptive deformable membrane mirror [13] werkerefl to achieve a
satisfactory-quality laser beam. High absorptiod @mission cross sections
are substantially involved in the concept of bouacsw®lifiers so that the list of
suitable laser media is virtually reduced to ongodymium doped vanadate
crystals. Great number of applications, therefamyld not be covered with
this technique particularly those to which largadhaidth of the gain spectrum
is relevant.

With respect to the combination of performance abtaristics, ytterbium
dopedfiber amplifiers compete with regenerative amplifiers in a numbier o
applications [14, 15]. Fiber amplifiers as wella@ker laser systems based on

optical fibers exhibit impressive progress over theent 10-15 years. Main
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advantages of this technique can hardly be ovemastd. These are high
average output power and high wall-plug efficienopustness and absence of
misalignment problems, diffraction-limited outputdiation along with
relatively low demands for pump beam quality (foullle-clad fibers) [16].

There are also a number of specific difficultiesaasated with high-gain
and high-peak-power applications. In particular theplified stimulated
emission is a serious factor limiting performandefiber based amplifiers
especially when the low level of noises is in tis bf system requirements
[17, 18]. Resulting effective gain values rarelycesd three orders of
magnitude for a single piece of fiber [19].

The extremely small mode diameter and large mediangth intrinsic to
optical fibers lead to significant influence of detental nonlinear effects.
These distort the amplifying signal optical spectreventually resulting in
substantial limitation of the peak power so th&t MW before compression is
among the typical top values for this technique].[Zhe progress here is
related to developing of large mode area fibersntaaiing single mode
propagation [21, 22, 23]. However, there is no ceato overcome quite
fundamental self-focusing limitt8-5 MW for the widest spread fused silica

optical fibers [24]) at least within the known update types of fibers.

1.2. Basic characteristics and basic limitations

Regenerative amplifiers commonly do not use guiktgat propagation; they
are designed with bulk materials allowing a largerde area a and relatively
short pass length within the volume of solid-staedia. This moves the peak
power limit well above tens of megawatts [25]. Regmative amplifiers are
therefore extensively used for amplification ofralshort laser pulses [26].
Regenerative amplification copes well with weakunpgignals generated by
CW mode-locked oscillators and even by ultrafas¢daliodes [27]. The output
energy was independent of the input foput energydown to 10 J, as
reported in [28]. It is quite reasonable to estantite minimum input pulse

energy to be just by one or two orders of magnituideer than the competing
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total energy of spontaneous photons at initial dupl stage (which, as
commonly accepted, corresponds to a few photonopical cavity mode).
This is attainable level because the multi-passlifiogtion channel is blocked
(with the intracavity optical switch) for spontamsoemission until the input
pulse is injected.

The ultrafast laser systems, which incorporate megsive amplifiers,
can be conventionally classified either as scientf as industrial. Output
pulse energy and peak power are important perfocenamaracteristics for
many scientific applications including ultra-fashgmomena and high-field
science. Theoutput pulse energgf the regenerative amplifier is essentially
determined by the energy stored in the gain medid @energy extraction
conditions. The energy in general may substantiakgeed the saturation
fluence times the mode area. But the saturatiomallysaannot be achieved in
case of ultra-short pulses and hence high intessitdigh intensity of light
degrades the spatial and spectral properties byfogeising and self-phase-
modulation (caused by the Kerr-effect which is umdable in optical media)
and also may cause optical component damage.

Evident way to enhance the system performance wwiemtensity is the
limiting factor is to increase thenode areain the active element. The
properties of stable optical resonators are howeswwh that the mode
expanding without detriment to the beam qualitypassible just to a certain
extent. The resonator stability range in termsiopulic power of the thermo-
induced lens of the laser rod is inversely propodi to the stationary value of
TEMgo mode area in the laser rod [29]. Moreover, theatigament sensitivity
rapidly increases if the mode area grows that neayses problems with the
system robustness. These limitations are relewaal kinds of devices which
incorporate optical resonators including regeneeaamplifiers. The TEM
mode diameter usually cannot exceeds 2-3 mm intipahcod-type systems
and the typical output pulse energy is about orionie at moderate thermal
loads [30, 31, 32]. At low repetition rates and sguently for weak thermal

lenses the output pulse energy may reach tens lbjooles as reported for
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Nd:glass [33, 34] and Yb:SFAP systems [35]. Highpetdion rate
simultaneously with high output energy is possilbbe achieve by using
cryogenically cooled active media as a consequente substantial
improvement in thermal conductivity and thermo-omonstants. As much as
6.5 mJ from YAG/Yb:YAG composite ceramics [36] al®.2 mJ from
Yb:YAG crystal [37] were obtained at 1 kHz repetiti rate. Promising
functional properties have also a thin-disk confegon. This configuration is
power scalable and features reduction in thermadad aberrations as the
active area is expanded [38, 39]. Consequentlyrgetamode area allows
higher energy extraction; as much as 25 mJ wasnaatdrom the picosecond
Yb:YAG disk amplifier at 3 kHz [40].

The vitally important technique which enables opneavoid toohigh
intensitiesassociated with femtosecond pulses is chirpedepalaplification
[41]. The essence of this technique is that thelifiempdeals with the stretched
pulse the duration of which may exceed hundredspiobseconds. The
amplified pulse is then compressed so that toritiali (femtosecond) duration
is restored. The stretcher-compressor scheme rediedight intensity for the
amplifier by several orders of magnitude and thiimieates nonlinear pulse
distortions [42]. The well established architectmfethe femtosecond laser
systems represents the master oscillator, pulstchksar, regenerative amplifier
(possibly with subsequent high aperture boosterlifiogtion) and then the
compressor stage [43].

Although not of specific interest here, another waybuild ultrafast
amplifiers should be mentioned for completenesse.sakhe parametric
chirped-pulse amplification was discovered in MigiUniversity by Dubietis,
JonuSauskas and Piskarskas in 1992 [44]. Nowadigyteichnique attracts a
lot of attention as a promising route toward inignscaling of extremely short
pulses. Large single-pass gain (tens of decibdtsjgawith very high power
contrast in a very broad spectrum range and low geaeration allow high
energy pulses with duration up to a few cycles.[4Bf parametric interaction,

in contrast to laser amplifiers, makes stringenhakeds for the pump source
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which include matching of the pump pulse duratidthwhe signal (typically
stretched to hundred of picoseconds), precise sgniation and also near
diffraction limited beam quality. The pumping soairdor the ultrafast
parametric amplifier usually represents a picosddaser system seeded by
frequency-shifted and stretched small portion c# firimary femtosecond
pulse [46, 47]. The regenerative amplifier playsimportant role in such a
setup since it is able to amplify this extremelyakweseed pulse to substantial
magnitudes while keeping a low noise level.

The regenerative amplifier systems designed foensgific applications
usually operate at low or moderate average powefaffor of higher pulse
energy) and repetition rates not exceeding seudial Demands for high
average power andigh repetition rateshave risen to satisfy specific
requirements of industrial applications [48]. Morepsince the pulse energies
suitable for micro-machining are usually limitedrfr above by sub-millijoule
level then increase in the repetition rate is thiy vay to increase the average
power and thus to enhance throughput of materadqssing.

The fundamental PRF limitations are originated frima amplification
dynamics and this is one of the subjects of thesgme manuscript. The
limitations of technical nature are essentially oagsied with the optical
switch. The intracavity optical switch controls bdhe resonator quality and
the number of round trips which the amplified pulselergoes before being
released. Good extinction ratidl0®) and fast rise time (better than ten
nanoseconds) are the primary requirements on regfareeamplifier switches.
By satisfying them in general, the electro-optidtshes over a long period of
time were regarded as having doubtful potentialtf@ high PRF operation.
The main reason is that the most of traditionatteteoptic crystals (KD*P,
LINbO; and their isomorphs) exhibit severe piezo-electiiging which
affects the extinction ratio and thus complicatesirt use at high switching
frequencies. Typical situation is reflected in [4BINbO; electro-optics limits
the contrast ratio to 20:1 already at 1 kHz rejoetirate. By using acoustic

damping and special means of pulse operation thse{to-leakage ratio was
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enhanced to 40:1 at 10kHz [30]. Apart from thag traditional electro-optic
crystals have poor power handling capability. Timy mpportunity to reach
higher PRF was associated with acousto-optic meéahslgdas e.g. 250 kHz in
[50]), although slow switching edge$i1(00 ns) substantially hamper the
control of regenerative amplification.

The situation has radically changed aftdparium borate (BBO) started
to be employed as an electro-optic crystal. BBOkBIsccells feature weak
piezoelectric effect, and possibility to maintaimog switching properties
while withstanding the average optical power ughtmdred watts [51]. The
obtained repetition rate of 6 kHz was actually tedi by high-voltage Pockels
cell drivers available at that time (in 1995). Anngeneration of fast high-
voltage electronics appeared in the middle 200@s RRF’'s of 100-200 kHz
became quite routine for several research groups3, 54, 55]. The state of
the art in this area is 1 MHz for 2-3 kV driversdanp to 4 MHz for 1 kV
drivers which are designed to operate in conjunciih BBO Pockels cells of

3-4 mm and 1 mm apertures, respectively [56, 57].

1.3. Gain materials

Regenerative amplification is conceptually insewsitto choice of laser
materials and a great number of different materiate used to build
regenerative amplifiers. We review much fewer |lasgtems which however
are commercially important and widely used in tihacpical designTitanium
doped sapphireis most frequently used for amplification of fes¢cond
pulses and thoroughly dominates for durations beldwndred of
femtoseconds. Broad gain bandwidth, exceptionallydglasing properties and
opto-mechanical characteristics place this medinrsuch a special position
[58]. High pulse energy and high average outputgrdvave been achieved by
using Ti:saphire amplifiers [59, 60]. The disadem@s of this laser material
are related to possible means of pumping. Firstatbsorption lines are located
in the green spectrum range, where suitable lasded with reasonable power

are not available. Second, the short gain relamatime (3.2 us) requires
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pulsed pumping with high pulse energy (usually witrswitched frequency-
doubled neodymium lasers) in order to store subistgmopulation inversion
and consequently to obtain high output energy. iBkaes developed in the
present manuscript are not valid for Ti:saphiradeys regenerative amplifiers
since we will use approximations which are suitabidy for long lifetime
media. From the other hand due to very short ifetthe Ti:saphire amplifiers
do not exhibit extraordinary dynamic propertiesjehhs not of interest of our
study.

Another family of popular laser materialsyiterbiumdoped crystals and
glasses. They have wide enough spectrum to suppoilification of
ultrashort pulses (however not as short as Ti.Seppupports). Moreover
ytterbium materials allow direct laser diode pungpimith intrinsically small
guantum defect (typically 10% or even less). Theetaenhances the overall
power efficiency and reduces the heat generatioactive elements, that in
turn alleviates thermal effects which inhibit awggapower increase. Long
upper-level lifetime of ytterbium ions virtually iall the crystals and glasses
allows good capacity of stored energy under corergrgontinuous laser diode
pumping. What somewhat challenges operation withrlgium materials is
relatively low gain (typically less than 30% perspawhich originated from
small stimulated emission cross section peculidhi®materials. On the other
hand regenerative amplification is indeed a wagf@itient energy extraction
at low gain; just intracavity losses have to beupsdl as much as possible [61].
Cryogenic cooling of active elements is an effitieay to improve stimulated
emission related characteristics [62; 37]. At tlaens time, this method is
bulky, and as a rule, it narrows the gain bandwj@8j. Then special attention
should be paid to host crystal selection not toitlidevelopment towards
shorter pulses, as features e.g. Gai-doped with Na and Yb [64].

Ytterbium doped media are able to withstand verterige optical
pumping without detriment to excited-state popolativhich in other materials
can be limited by quenching effects (e.g. excitéates absorption or up-

conversion) [65]. This favorable property permise wf active elements in thin
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disk geometry. In particular, Yb:YAG thin disk lasere scalable to very high
average power and to high pulse energies [66].eixty short optical pass
within the thin disk reduces nonlinear effects éssence the Kerr effect)
allowing high peak power pulses even without usstigetcher-compressor
scheme [25].

On the other hand, regenerative amplification isegmportant technique
for thin disk lasers. A drawback of the short ogltipass is low round-trip gain
and indeed regenerative feedback may allow effi@@ergy extraction in this
case. Intrinsically low gain and long optical castare also not favorable for
Q-switched lasers, especially when a short pulsgtleis required. As the
result thin disk regenerative amplifiers serve oy in ultra-short domain but
also in order to produce pulses of about 10 namegkduration [67]. The
techniques of regenerative amplification and thisk gower scalability thus
successfully supplement each other allowing pulseatbns from sub-
picoseconds to nanoseconds, average powers to dtuwdatts and pulse
energy to tens of millijoules [40, 67, 68, 69].

The amplifiers based omeodymiumgain media have their specific
advantages. High stimulated emission cross seatidirod-type geometry lead
to high single pass gain which in turn simplifigstem design and reduces
requirements for optical components. Four-levelmatoenergy system and
pumping wavelengths appropriate for laser diodéswaleliable and power
efficient operation. Neodymium laser materials waedl suited for picosecond
pulse durations and are competitive for moderaterage power. Systems
based on Nd:YVQ@and Nd:GdVQ crystals routinely produce more than 10 W
of output power [70, 71]. They are successfullydu® micro-machining and
in other high-PRF applications [55, 70].

Long lifetime crystals, Nd:YAG and Nd:YLF (230 usiwca 520 s,
respectively), have good energy storage capabili@ad therefore they are
important for high-energy applications. Joul-clabkl:YAG picosecond

systems, in which regenerative amplifiers play mpartant role, are widely
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used as pump sources for optical parametric chipese amplification [72,
73, 74].

1.4. Theoretical development

The term “regenerative amplification” has come froatectronics and
corresponds to strong gain enhancement originated the positive feedback
action. The feedback factor is usually controlledtisat the threshold of the
self-excitation (i.e. oscillation) is not reach®&y. using an optical resonator as
the feedback mechanism one can organize this kihdregenerative
amplification in the optical domain. The theory ofgenerative laser
amplification below the threshold is a part of siaal laser physics and it is
particularly useful in understanding dynamics @ehrunning laser oscillators
[75]. Its application to practical laser devices hiswever quite limited.
Although the effective gain approaches infinity whéhe laser amplifier
approaches the oscillation threshold, the attaeghlin-bandwidth product is
too small to be useful [75].

Much more conventionally the term regenerative #inption applies to
the regime in which the threshold is exceeded (thnd-trip gain is larger
than the round-trip loss) but in a manner thatléser action has no time to
take place. The amplification time window is setstmrt (by the Q-switch)
that spontaneous emission noise (which amplificagwentually results in
lasing) cannot compete with the useful signal. Tuseful signal being
substantially more powerful builds up quicker amily consumes the stored
energy. Regenerative amplification indeed in tl@ase is the subject of the
present manuscript.

Theoretical basis of regenerative amplification waseated by
Lowdermilk and Murray and reported in two classipabers [28, 76]. The
Frantz and Nodvik equation [77] describing energerice increase and gain
reduction for a separate pass was used recurrémtiyrder to determine
efficiency, peak fluence, and amplification time time multi-pass situation.

This approach does not allow analytical solutiog@meral case but it gives the
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straightforward algorithm for numerical proceduréhe analytic results
presented in the present manuscript were verifigeharically by using this
iterative method.

One of important inferences obtained by Lowdernaitkd Murray is that
the rate equations governing the intracavity putseergy and the gain
evolution in regenerative amplifiers have the sdimen as the equations
describing the photon number and the populatioersion density in actively
Q-switched oscillators. Despite the fact that fdiynamplifiers and oscillators
correspond to different classes of laser devitesgetare a lot of similarities in
operation and in the dynamic pattern. Q-switchesgrg are in many respects
equivalent to regenerative amplifiers seeded wWitheaxtremely low signal (of
spontaneous emission level) [28]. Although, being workhorse of modern
ultrafast photonics, regenerative amplifiers weog favored with adequate
attention from the scientific society. We need #&wvdr a look through the Q-
switching theory since physical insight created ehean be applied to
regenerative process.

There are two versions of the actively Q-switchaskts which differ in
output coupling mechanisms. The radiation outpotgsmnized via the partially
transmitting cavity mirror (output coupler) in a reoconventional version,
usually referred to simply as the Q-switched lastywever, the intracavity
optical switch may serve not only to control theamator quality but also for
dumping the radiation out of the optical cavitycontrollable manner when the
required intensity is reached. This is an alteugatwvay to release circulating
inside the cavity energy as the output pulse in@@eted lasers. The cavity
dumping is less common technique but it has adgantéhen the peak power
enhancement is required at high pulse repetiti@guency (PRF). This
coupling method provides constant pulse duratidmereas in case of ordinary
Q-switching the pulse duration grows inevitablytlaes repetition rate increases
[78].

Regenerative amplifiers can also be separatedwuadypes according to

a way of output coupling. Here, in contrast to Qtsked lasers, the most
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commonly used version is dumping of the amplifiedsp. Really the separate
high energy pulse is the most obvious and expeasdlt of the amplifier’s
action. However, there are applications for whieiches of ultrashort pulses
are preferable to have (e.g. as the pump sourceyiochronously pumped
parametric oscillators [79]). Then output couplwig the end mirror is also
used for regenerative amplifiers. Such a devicalyes the train of pulses
with the period equal to the cavity roun-dtrip tintlee pulse train envelope has
the shape of a Q-switched pulse.

Q-switching with radiation output via the end mirn@wvas extensively
studied, so that this type of lasers became ttssiclal example, the theory and
important practical aspects of which are summarirethser textbooks [26,
75]. A considerable contribution to the theory bagn made by Degnan [80].
The fruitful idea was to reduce intrinsically traeadental Q-switching
equations to analytical formulas by treating a slguoint corresponding to
the optimally coupled laser (in a sense of the maxn output energy). The
resulting expressions became simple and usefuleines for the practical
laser design. This concept was later extendedeanigximum peak power and
the minimum pulse duration [81]. An alternative wayformulate the basic
output parameters analytically has been offered8®|. The general Q-
switching equation was converted to another tram$eetal equation whose
solution in terms of Lambert W-function is included the most of
mathematical computer programs and therefore iy/ezmnputable.

The results mentioned above are based on the nuidal single Q-
switching event, which omits important aspects epetitive operation.
Features of periodic Q-switching were initially desed for CW pumped
Nd:YAG lasers Q-switched by the acoustooptic moulg83]. The presented
model included the assumption that the populatiorenision returns to its
original value after each Q-switching cycle. Thisncept of steady-state
iteration of functional cycles has since becomeititegral part of high-PRF
system analysis [84]. However, in order to calaildte basic performance

characteristics a numerical treatment is still megi As far as | know, no
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convenient analytic formulas have been demonstratetar, despite the fact
that continuously pumped high PRF lasers becomesasmngly involved in

modern photonics and industrial applications.

1.5. Manifestations of complex dynamics

Cavity dumping and regenerative amplification haween studied not so
extensively as ordinary Q-switching, although a hamof specific properties
require understanding in order to use potentialaathges and to avoid
drawbacks by optimum means [26, 85]. In particuthese systems have
peculiar pulse formation dynamics in the high PRiage. Output pulse
instabilities may appear when the repetition rateeeds the inverse excited
state lifetime. This can reduce the obtained perémce characteristics almost
twice relative to expectations.

Complex dynamic behavior is a well known phenomeindaser physics
[86]. Generally, the coupled differential equati@merning nonlinear system
tend to have unstable solutions containing muétbities and bifurcations
when a number of independent variables represesyistem states are equal
or more than three [87]. By no means a complete dislaser systems
satisfying this condition, and therefore exhibitimpmplicated dynamics
includes Q-switched gas lasers [88], passively @etwed solid state lasers
[89, 90, 91], optically injected solid state lasf@8], CW lasers in the presence
of the resonant reabsorption losses [93].

Operation of regenerative amplifiers can be desdribwith two
differential equations [28, 94] and its state sp@&cdwo-dimensional, but
periodic disturbance caused by amplified pulse dogxromplicates the
system behavior. Actually, the pattern of dynamehdwior is determined by
the coupling mechanism. As we will see below, iteavity dumping regime
features complex dynamics, whereas the output saupbnstant in time gives
inherently stable solutions. This is irrespectiiewhat type of devices is
considered either a regenerative amplifier or an@ebed laser. At higher

repetition rates, when the pump stage is compambkhorter than the gain
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relaxation time, the operation cycles become imeetident. The equilibrium
between population inversion depletion caused bplification and inversion

restoring caused by pumping may become unstabis.|@ads to violation of
the single-energy regime and to generation of perally alternating

(high/low energy) pulses, or more complicated ibiityt patterns [94].

Unlike many lasers which have been created spgdialstudy dynamic
phenomena and chaotic behavior, dynamics of regéneramplifiers needs to
be understood from a more utilitarian position mley to comprehensively
optimize real systems. To date, only a few artitlage been dedicated to this
phenomenon despite its critical influence on thegomance of regenerative
amplifiers. Peculiar pulse amplification dynamickem the pulse repetition
period approaches the gain relaxation time was dioserved by Mdller et al.
[95] for the picosecond thin disk Yb:YAG system. l#tle later a period
doubling regime passing to chaotic operation hahwbserved for a system
based on ytterbium doped glass and the role ofrdafions has been
investigated both theoretically and experimenta]84]. However, the
experiments were confined to studying cavity durgmhthe Q-switched laser
that corresponds to amplifier seeded by extrenmiydulse energy. One of the
important parameters, the seed pulse energy, tlassleit beyond the scope.
Consequently, the applicability of obtained restutmed out to be limited. On
the other hand, utilization of later obtained, mommprehensive theoretical
results (included to this thesis) promoted top grenance from the multi-
kilohertz Yb:YAG disk amplifier [40] and aided awilts of [37] in
understanding the luck of instabilities in the ggaic amplifier.

The bifurcations induced by the complex dynamicseweported to limit
performance of powerful picoseconds Nd:Y)Ma&mplifier at the level of 25.5
W at 200 kHz [71]. However, there are still somgadireements in estimations
of sensitivity to bifurcations even for similar etgls (Yb:KGW and
YbKLuW) in the same setup, as reported by [96] E8], respectively. There
is even less information which is dedicated toahsity phenomenon in Q-

switched lasers, moreover the available article® lt@rtain disagreements. On
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the one hand, good stability in the repetition raa@ge 20-100 kHz is
demonstrated for the powerful Q-switched cavity-gech laser [78]. On the
other hand, inherent instabilities (period doublung to PRF halving) have
been reported to limit ability of intracavity puls&pping to control the pulse
duration [97]. Pulse-clipping is essentially thebhgl regime: the output
radiation comes out via the partially transmittmgror while the trailing edge
of the optical pulse is clipped by cavity dumping.

Since instabilities are the substantial factor fiing performance
characteristics, there is a demand to create metbbdystem stabilization.
Probably, because the phenomenon itself is stud@&d comprehensively
enough there were very few disclosed suggestionsthceliminate or at least
to reduce instability effects. Authors of [97] seeded in substantial reducing
this problem for the just mentioned pulse-clippaser by running the system
in a regime of intracavity frequency doubling. Tkey to this solution is
nonlinear output coupling the level of which (ed&dly the level of
conversion to the second harmonic) can be adjustethat pulse-to-pulse
energy fluctuations settle down. Obviously, thistime is impossible to adapt
for regenerative amplifiers unless the output asHes of frequency doubled
pulses is desirable. More universal solution cdadda feedback control, which
modulates the pump diode current as a functiorhefdetected output pulse
energy. This idea was suggested by Ddrring engP4], however, as far as |
know, neither practical realization nor theoreticaddeling has been reported

so far.
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Chapter 2. Premises of modeling

A physical model which adequately describes all rislevant processes and
does not suffer from redundant detailing is thefgmtrtool to study complex
systems. In this chapter the principle of operabbnegenerative amplifiers is
represented to ground a simplified but still quialistic model based on rate-
equation approximation. Basic assumptions and mliconditions for this
model are comprehended. Theoretical analysis afdavity energy and
system gain evolution is implemented. A dimensissléorm of the output
pulse energy as a function of initial and finalngais derived to be extensively

used in successive chapters.

2.1. Distinctive intervals of operation

Operation of a regenerative amplifier consists wb tfunctionally different
processes: the population inversion accumulatiahthe amplification itself.
Inversion accumulation can be organized in essbpdwo different methods.
Pulsed laser pumping with nanosecond pulses is\atwareate a required
inversion population density virtually instantanslyu Pulse pumping is the
only way to store up a substantial amount of endogylaser media having
short relaxation time. The most important represt@re of the short relaxation
time media is a titanium doped sapphire crystaé fitost conventional type of
pump sources for this crystal is the frequency tklil)-switched Nd:YAG
laser. The pumping process occurs so rapidly thath bmulti-pass
amplification of spontaneous emission and parakigog do not arise due to
buildup time shortage.

Short-pulse “instantaneous” pumping is suitable ltorg lifetime media
also, but “slow” pump sources such as flash lampkser diodes are a lot
more practical here. Long-lasting inversion accuwtiah is however
unfeasible in the high quality optical resonatoe da parasitic lasing. Quality
control of the optical cavity can prevent the systieom oscillating and thus

allows energy stored in the laser medium to grovingupumping process. The
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optical modulator (Q-switch) is commonly used tddhoavity losses high until
amplification process begins.

The present study is adapted to long-lifetime medieh as neodymium
and ytterbium doped media since power-efficienddipumped systems can
be built on this basis. Inversion population sterag which Q-switching is
involved is consequently the only variant we wibnsider. Moreover, we
consider continuous (CW) pumping as the basic madel the system PRF is
determined by the repetition frequency of Q-switchiThis assumption does
not restrict generality of the regenerative amgtiimodel. CW pumping is the
most rational way of pumping for the high PRF syse Results obtained
under this assumption, as we will see later, cardmly extended to pulsed
pumping for the low PRF case.

Another useful modeling assumption is that processepumping and
amplification are separated in time. In reality stheprocesses take place
simultaneously. CW pumping does not interrupt; heaveits contribution
during amplification stage is usually negligibleas the duration of this stage
is insignificant (0.1 us) compared to the entire operation period.
Consequently, the basic functional processes awarad to take place in turn:
pumping and then amplification which correspondow-Q and high-Q state
of resonator quality respectively.

The amplification process starts when the modulmtsses are reduced to
minimum and the seed pulse is coupled into thetgaVihe stored energy in
essence turns into energy of the optical pulsellEting inside the cavity. The
intracavity pulse energy grows while the populatioversion decreases. This
evolution continues until the round-trip losseseed the round-trip gain and
then the energy starts decaying. If this procesmigntentionally interrupted,
it ends by itself when few photons remain inside ¢lavity and the inversion
population virtually stops changing.

The output coupling can be organized by two difiereans (and also by
combination of them). First, the output signal tenformed by leaking of the

intracavity radiation through the partially transinig mirror (output coupler)
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during the entire amplification process. In fatistis not to be necessarily a
mirror, but e.g. a variable beamsplitter or othetical components whose
distinct property is that the coupling rate remagmnstant in time. Output
radiation then represents a train of equidistaisgsuwith the bell-shaped
envelope. A demand for producing separate pulsesigently far stronger
than for pulse trains in the most of applications.produce a single pulse the
output coupling is organized in transient mannde dptical modulator is used
to quickly (less than for the cavity roun-dtrip 8jnrdump the circulating energy
out of the cavity. The intracavity modulator thewtsa both to trigger
amplification process at switching to the high-Qistand to extract the
amplified pulse off the cavity at switching to tloev-Q state. We will consider
the cavity dumping regime in greater detail in gresent thesis, whereas the
stationary coupling will be described just as canmntary results in the

initial analytical part.

2.2. Structure of regenerative amplifiers

A schematic diagram of a conventional solid-statelelpumped regenerative
amplifier is depicted in Figure 2.1. Optical resmmgrovides multiple passes
of optical pulse through the gain medium by repaddg spatial structure
every pass. The number of round trips is controbgdan intracavity optical
modulator. This imposes high requirements on thedutador's switching
speed. The leading edge is to “lock” the seed pughin the cavity for
amplification. The trailing edge should be fast &ean cavity dumping; the
modulator should fully switch from the high-lossist to the low-loss-state
during less than the cavity round-trip time. Fostidictness sake, we will
consider the system with the electro-optic switchaam intracavity optical
modulator. Acousto-optic modulators are quite oxcedly used in
regenerative amplifiers because of poor switchpegs.

The electro-optic switch consists of a Pockels, aelhuarter-wave plate
and a polarizing beamsplitter. When the voltageasapplied to the Pockels

cell, the wave plate along with the polarizer pded high intracavity losses
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(low-Q state of the resonator). Laser action ispsegsed, and the gain
medium, being under continuous pumping, accumulabgsilation inversion.
The voltage is still not applied when the seed@elsters into the resonator via
the polarizer. After passing the retardation platece and consequently
changing polarization to the orthogonal state #exipulse propagates towards
the laser rod. Indeed at this moment the quarterewaltage is applied to the
Pockels cell and the seed pulse is turned out tdldeked” within the
resonator. At the same time, since the voltagepied, the intracavity losses
become minimal and the high-Q state of the resonsgts in. This state is
maintained for some pre-set time while the optiealse circulating in the
resonator is amplified. As soon as the intracaertgrgy reaches a desired level
the Pockels cell voltage is switched off. This agts the amplified pulse out of
the cavity (by exactly opposite to seeding sequgrbes creating the output
pulse. The system returns to the initial low-Q estdth periodic repetitive
operation the depleted part of the inversion pdmrais restored by

uninterrupted pumping and the cycles iterate.

Gain medium Electro-optic switch

Wave Pockels
Polarizer plate cell

i o i

InputT i Output
seed pulse

Pump source

L

Figure 2.1. Schematic layout of typical solid-stai@de pumped
regenerative amplifier.

A regenerative amplifier thus can be regarded sgstem in which an optical
resonator provides multiple passes, the gain medinoited by pumping is
responsible for amplification and an electro-opstigtch serves as a valve in-
turn admitting a weak input pulse and releasinguaplified pulse. Evidently,

spatial properties of the amplified radiation arenarily determined by the
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optical resonator; the output energy mostly dependsthe population
inversion stored in the gain medium whereas theliieth pulse duration is
imposed by the input seed pulse.

The optical layout of the regenerative amplifierg(fre 2.1) differs from
that for a common Q-switched laser only by inputpoti means and
consequently there are certain similarities in apen [28]. Q-switched lasers
are in some sense the limiting case of regeneratiydifiers. The output pulse
is in both cases a result of amplification of som#éal signal. This signal is
the either spontaneous emission noise or the eitesaed pulse. The
spontaneous emission is extremely weak and itd isvkardly controllable
whereas the seed pulse energy can be by many mdgsihigher. The results
presented in this manuscript are in many respedid for Q-switched lasers;

just different initial energy should be taken iaicount.

2.3. Rate equations

The process of regenerative amplification is esaiyntdetermined by the
interaction of the intracavity radiation with thaser medium excited by
pumping. The rules of this interaction can be distlabd by using a simple
phenomenological notion of a dynamic balance betwbasic processes:
pumping and relaxation, amplification and extingtioVe use the space
independent rate equations formulated for the idedlquasi-three-level laser
medium with a homogenously broadened line [98]. idealized four-level
system is included in this approach as a limitiagecand thus actually all the
practically important laser systems are taken aatasideration.

The schematic diagram of the quasi-three-levelesysts depicted in
Figure 2.2. We should note that all the laser ewelreality may represent sets
of sublevels between which we assume rapid relaxatowards thermal
equilibrium. The three-levelness of this model etated to the fact that we
assume separation between the ground and lower llagds so that thermal
populating of the lower laser level in general nimy substantial. The total

population of the two lower leveldl; is then split so thalNo.doem iS
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population of the laser level and—d,,doer)N: is the ground state population,
where the terms,,s and o represent effective absorption cross section and

effective emission cross section, respectively.
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Figure 2.2. Schematic diagram of the quasi-threellgystem.

We also assume rapid relaxation from the pump levehe upper laser level
that creates populatidd,. The overall populatiof, therefore can be evaluated
asN=N;+N,. The physically quasi-three-level laser systens ttaduces to the
equivalent two-level situation. The difference iopplations for these levels
corresponds to the most relevant variable, the latipn inversion density:
N=N,-N,o./0e. The system evolution can be eventually describedoupled

differential equations for the population inversidensity and the photon

numberg
N _ RP(1+ ”abs) ~{Ten OB s TN 2
dt Oem \ Oem 1 T
dg _ (Uerrp LaAN _ijqp_ 2.2)
dt V T,

The density of population inversion grows due tonping (proportionally to

the pumping rat®?,) and decays with the constant rate inversely ptapal
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to the upper laser level lifetim&. The second equation establishes a rule of
stimulated photon multiplication. The photon numbrareases proportionally
to the population inversion and at the same timeéeitreases by dissipating
through the intracavity losses. The losses heredafmed in terms of the
photon lifetimeT, which determines the rate of decay for the ligéidfin the
optical resonator. Geometry of the amplifier isaaotted for in terms of the
mode volume within the optical resona¥grthe active medium length, and
the beam area in the active mediégn The velocity of lightc is a constant
which couples temporal and spatial terms of theaggus.

The first equation establishing the population mi@ is convenient to
represent in terms of steady state inversion deNsit The steady-state density

of inversion population appears as a result of egailibrium (dN/dt=0)
between constant pumpingﬂRp/dt:O) and the relaxation process in the
absence of stimulated photonsz=0: N =T,R-(1+0,/0.)-0,/0.N;.

Then Eq. (2.1) becomes:

dN _ (0.+0,)c¢gN N -Ng

2.3
dt Y, T, 23)

By moving towards macroscopic variables we cana@plthe population

inversion density with the system gad=No.L, and the total energy of
photons within the resonatdf = ¢icc can be used instead of the total photon

number. These transformations vyield coupled diffeaénequations for

macroscopic variables:

dG(t) _ _ E(G() , Go -~G(t) (2.2)
dt AaTrt Fsat Tl ’ .
dE(t) _ E(t)G(t) _ E(t)

dt T, To

(2.5)

Consequently, the steady-state gain per @&ss N,.o.L, becomes the only

term which ultimately, via steady state inversidg, depends on pumping
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conditions. This term has simple physical meaniegp(G,) is the power

amplification factor obtained under continuous purgpand in absence of

stimulated emission. The round-trip tirig, the ratio of the cavity round-trip

length to the speed of light has appeared as a @sitign of the system

geometry terms: T, =V/(cA,). The saturation fluence
Feat =h0/(Om + O4p) IS the laser medium characteristic which in casea o
quasi-three-level system contains both the effeatwission cross sectian,,,

and the effective absorption cross sectimf. This term looks more known

for four-level lasers where zero ground-state giismr is a certainty,

Fsat = hw/aem'

2.4. Decoupling of pumping and amplification

At this stage we can further simplify the situatioy splitting the equations
according to functional destinations: pumping antpbfication. A possibility
to treat these processes separately gives a qgsclt for the pumping process.
Really, there are no stimulated photons in thenasw during low-Q interval
(E=0), therefore, a set of Egs. (2.4) and (2.5) fanss into a single equation:

dG(t) _ G, - G(t)

2.6
dt T, (2.:6)
The solution represents a system gain evolutidima:
t _to
G(t) =Gy —[Gy — G(to)] exp - = (2.7)
1

where the system gain at the beginning of the @otet, defines initial
conditions G(tg). As it should be for three-level systems, negatyain
obtained at the earlier stage of pumping, implidsogption instead of
amplification. For instance at=t,, we evidently have a familiar law of

absorption:G(ty) = —N;0 4L a-
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In a contrast to the pumping period, only stimudgbeocesses are relevant
during amplification. At the high-Q interval the gpdation inversion change
due to pumping and relaxation processes is asstoriegl negligible compared
to the inversion depletion caused by amplificatidiis approximation is
appropriate for laser media having a long excitéates lifetime such as
neodymium or ytterbium doped media, the most fratjyeused in diode
pumped systems. The relations given by Egs. (2d)(2.5) then reduce to the

following coupled equations:

dG(t) _ _ E@MG(t)

(2.8)
dt AaTrt Fsat

dE®) _ EM

gt T, [G(t) -Gy ], (2.9)

where Gy, =T, /Tc represents the threshold gain. Obvious propertyhef

threshold gain is that the intracavity energy gromisen the current gain

exceeds the thresholdE/dt > 0), otherwise it decays.

2.5. Dimensionless form

The rate equations are usually formulated in teohghoton number and
population inversion [80] or in terms of intracavienergy and system gain
[94]. It is convenient to modify such equationsatiborm containing normalized
and effective dimensionless variables. This redackesge number of separate
system parameters to a few composite variablesharsdenables one to obtain
a more generalized picture of the system behawogprimary normalization

coefficient is the steady-state small signal gan passG, (dependent on the

pumping intensity). The time scale was modified byroducing the

dimensionless timé =t8G, /T, , a product of the round-trip numbgi,, and
the steady state gain per round t@fs,. The factor 5 represents here the

number of passes through the laser medium per roynd his factor has been

introduced in order to account for a type of lasarity. Ring cavity and linear
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cavity imply =1 or =2, respectively. The system evolution during the

high-Q interval is thus described by two coupldtedential equations:

O Ol - 0, .10

~

W) - —()9(D), (2.11)

in which the basic variables are the normalizednggi=G/G, and the

normalized energys. Here G is the conventional logarithmic single pass
small signal gain, the term proportional to the ydapon inversion per unit

area. The normalized energy=E/(A,F.,G,) is a macroscopic parameter

proportional to the ratio of the total energy ofiiba photonsE to the mode

area in the active mediur, .

The optical cavity losses are represented in teoinshe normalized

threshold gaing,,. The total losses are conventionally divided ineful
losses, associated with the output coupler (@f. reflectivity), and

unavoidable parasitic losses, determined by the fastor | . By using the
regular oscillation threshold criterion we can eg% the normalized threshold

gain in terms of effective coupling losség., and effective dissipative losses

0, as:

gth = 50c + 5I ' (2-12)
where
oe = (BG) " IN(Y/Ry,) and g, =(BGy) "t In[1/(1-1)]. (2.13)

Note that equations formulated in terms of these wariables do not contain
pumping characteristics in explicit form. Parame®&y depending on the
pumping rate, is hidden in the composition of basigables. The pump effect

(as well as other control parameter effects) iy éasrestore when applying
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modeling results by performing reciprocal transfation from normalized to
real parameters. Moreover, further in the theoaétmart we often omit the

words “effective” and “normalized” just for shorieq.

2.6. Remarks on validity

Since our modeling of regenerative amplificatiorbased on simplified rate
equations, the range of the model validity is dsthbd by the approximations
involved in writing of these equations. The equagiovhich we use as a
starting point of the study [Egs. (2.1) and (2.2)% derived by Svelto and a
comprehensive analysis of initial assumptions masented in [98]. General
analysis of conditions for validity of the rate-agjon model is also presented
in Siegman’s book [75]. Typical mistakes resultifigom improper
understanding of laser modeling limitations areestigated in the reference
[99]. Nothing particular new is added to this sgbj@ the present manuscript.
Here we consider just a few but the most imporfamints related to some
peculiarities in application of rate equationsdgenerative amplification.

The approximation of “space-independence” in paldicimplies that the
amplifying mode energy density is uniform withinetltiaser material both
transversely and longitudinally. The latter coraditipasses over effects of the
spatial hole burning caused by the standing water@af cavity modes. This
may bring substantial mistakes in laser dynamiasiugwn, e.g. for single
longitudinal mode in linear resonators. In casaeagenerative amplification
the amplified pulse duration is typically so shatfative to the round-trip time
that the gain media positioning far enough from #re mirror virtually
eliminates the spatial hole burning effect. Therefan contrast to ordinary
lasers, extending of regenerative amplificatiomfolation from the ring cavity
to the linear cavity does not bring specific coroglion. Factois, introduced
in previous section as the number of passes thrthiglgain media per cavity
round trip, is a sufficient attribute to account fmear and ring resonator
difference.
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The condition on the longitudinal uniformity of tle@ergy density establishes
the requirement that the system gain and cavitsel®should not exceed some
moderate levelsGy~1). The limitation on cavity losses are not s@vaht to
the systems with cavity dumping simply becausetdked cavity losses consist
of only (usually weak) parasitic losses, whereashmmore substantial output
coupler losses are absent. This feature widensribe@el validity range for
regenerative amplifiers whose ordinary output cmgplmethod is cavity
dumping.

One of the most important points among the asswmgtis reduction in
number of considered laser levels. The only poparatrelated variable,
inversion population density, is eventually leftaquations. Such a situation is
pretty universal and such kind of simplified ratgiations is very popular for
(e.g.) Q-switched laser analysis. However differanthors were guided by
somewhat different physical suppositions while wdag their equations. The
fact that laser levels may be either degenerateoosist of many strongly
coupled sublevels was taken into account for “idedl’ four-level or quasi-
three-level systems [98]. Additionally, the therreguilibrium was assumed to
set instantaneously within the levels. Such a sfioation implies using
effective values of emission and absorption crosstiens which can be
derived from spectroscopic cross section data.réteroto account for finite
relaxation time of the lower laser level the dimenkess population saturation
factor (or “bottleneck” parameter) 2* was introddckey Siegman [75]. The
parameter called an “inversion reduction factgsvas introduced by Degnan
[80]. The value of this parameter depends on tlgedkeracy level, upper and
low laser level thermalization times, and the lasdr level relaxation speed. A
similar factor, called a “degeneracy factor” wasoatlescribed by Koechner
[26].

Although these methods account for somewhat diftigon-idealities” of
laser systems, the corresponding rate equationsbeamodified to have
identical form. The dimensionless equations which wse here, Egs. (2.10)

and (2.11), can be also derived e.g. from Degnegistions by replacing the
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inversion reduction factor in accordance with tRpression:y =1+0,,./0 -

However, actual values of the correcting factore determined by the
interplay between various relaxation speeds ofaker medium and the rate of
the population inversion evolution. This rate cep@ends to the inverse pulse
duration in case of Q-switched lasers. In regeneramplifiers the situation is
more complicated. We have multiple passes of atspoise rather than
continuous change of the intracavity energy. Thare at least two
characteristic time parameters which substantialke place in this interplay,
the pulse duration and the cavity round-trip tirAesingle phenomenological
factor is, strictly speaking, not sufficient degefreedom to correct for both
time scales. Fortunately, the lack of accuracyhils aspect does not bring
substantial deviations to practically useful resulas will be shown in
Section 5.6 where the terminal level lifetime effeanill be elaborated
numerically. The method of simplified rate equasiobeing a conventional
way of the laser dynamics study, gives sufficierabcurate results also for
regenerative amplification in the great majoritypoctically important cases.

After stating this we may proceed to analysis efrdite equation solutions.

2.7. Output pulse energy

Our examination will be performed for both cavitynaping and stationary
output coupling. We choose the steady-state gaith@primary normalizing
factor instead of more commonly used threshold @airthreshold population
inversion). This way turns out to be convenientstody both coupling
mechanisms. The initial stage is yet similar to¢baventional approach of Q-
switched laser analysis [75, 80]. Dividing Eq. ®.by Eqg. (2.11) makes the

time variable implicit,

dé _Goc O 4 (2.14)
dg g

and the solution of the resulting differential et represents the total

energy of circulating photons versus instantansyatem gain:
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Q)=+~ —(%%)In[%j. (2.15)

The initial gaing; and the initial energy, = £(g;) establish conditions at the

beginning of the amplification process. The inigalergy, essentially the seed
pulse energy, is typically small and often can eglected.

The system gain decreases to its final leggl on the amplification
completion. The gain differenc(ecgi - gf) represents (in dimensionless terms)

a part of the stored energy which is convertech&imtracavity radiation. The

dumped pulse energy; is the energy remaining in the cavity by the hi@h-
termination moment 4; =¢~:(gf )]. The total energy transmitted through the
output mirror £,. and the energy dissipated in parasitic losgeaccumulate
over the entire amplification process;, =J.. [ £(t)dt and & =3, [&(t)dt .

The integral belonging to these expressions catebsrmined by manipulating
Eq. (2.10) that vyields: £, =dyIn(g;/g;) and & =3 In(g;/g¢).

Equation (2.15) thus reduces to a rational conserva equation,

Et +E,.=0; —0; — &, the left-hand part of which represents the totdaput

energy potentially available from the system. Tngrgy is all delivered to the

useful output in case of pure form of both cavitymbing €,y =5, Eoc =0)
and stationary couplinge(; = £,.. £+ =0), and generally for the combined
regimes in whiche,, =& + £, holds. The resulting output pulse eneey;

is therefore independent of the coupling method aad be explicitly

expressed as:

Eout = Ui ~ 05 _5I ln(s_ij- (2-16)
f

Of course the appearance of the output radiati@onspletely different: either
a single pulse or a train of pulses. Relations betwthe basic system variables

are also dependent on the coupling method. We aguee form of stationary
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coupling (as for ordinary Q-switch laser) when mbstantial energy remains

inside the cavity by the high-Q ending; =0. Under this condition Eq. (2.15)

reduces to the relation between the oscillatioeghold (d,. + ;) and the
gains:

0i — 95 :(5oc+5|)|n[§—i} (2.17)
f

This relation is well recognizable from the Q-swid laser theory and

furthermore it is originated from the same conditie; =0. Evidently, such a

constraint is improper for the cavity dumping whadistinctive feature is
forced termination of the amplification process witke intracavity energy is
high.
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Chapter 3. Periodic steady-state operation

In this chapter a theoretical analysis of regenaramplification is presented
for two basic methods of pulse extraction: for cooniy used cavity dumping
and for less common, output coupling via the pHytimansmitting mirror.

Basic performance characteristics for periodic dfestate operation of the
optimally coupled regenerative amplifier are expees analytically. These
parameters are represented as a dimensionlessofunétthe normalized pulse
repetition rate and the effective loss factor tinlles composite coefficient

containing conventional characteristics of the agdtcavity, gain medium, and

pumping.
3.1. Assumption of steady-state operation

Expressions of the output energy presented in @que chapter are obtained
for a single amplification cycle at the given ialtigain. We will consider
periodic repetitive operation of the continuoushumped regenerative
amplifier. Periodic single energy operation implieat the system evolution
represents a regular in time sequence of identic@és. Each cycle consists of
two intervals: a low-Q interval covering the pumpiprocess and a high-Q
interval during which amplification takes place.rSequently the initial and
final gains of any functional interval also repmassequences regular in time.
In equilibrium the gain depletion caused by amgidifion is compensated by
restoring the population inversion during a subsegypumping interval and
this situation iterates each cycle. This leadsnterdependence between end-
point gains which in case of periodic steady-stageration reduce to specific
constraint on the initial gain magnitude.

By using relation for the gain evolution under éoanbus pumping and
suppressed laser action [from Eq. (2.7)], we céatedhe normalized gains at

the beginning and at the end of the low-Q inte(denoted asy,; and g,

respectively):
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gpr =1-(1-gp)exp(-T/Ty), (3.1)

where T is the low-Q interval duration. Since the ampéfion buildup is
typically short, the low-Q duratiom is approximately equal to the pulse

repetition period. The normalized pulse repetitiate is consequently defined
as (T/T)™.
Obviously, the end of the pumping interval is tlaenge time point as the

beginning of the amplification interval. The comesding gains are equal,

Jpr = ¥i, and similarly at the opposite end point we hagg: =g . We can

then express the steady-state condition in ternteehormalized gains at the

beginning and at the end of the high-Q interval:
g =1-(1-g¢ )Jexp(-T/Ty), (3.2)

For more compact subsequent formulation the justrgrelation is presented

as:

9 =g+9;(1-0), (3.3)
where

g=1-exp(-T/Ty). (3.4)
Physically the termg corresponds to the smallest value of the init@hdor
the given repetition rate (which is realizedggt = 0) and also to the maximum
steady-state energy available for extraction, singe g; = g(l—-g;). The

whole repetition rate range is thus covered withimnge of1< g <0. At high
PRF g approaches the dimensionless pulse repetitioogier = T/T, . Note
that the stationary behavior, which implies regutatime sequence of gains

...9¢,0;,9+,0;..., coupled in accordance with Eq. (3.3), is jusasumption.

This assumption affords a ground for further depmient in Chapter 3,
whereas its range of validity and consequenceshef wiolation will be

discussed in Chapters 4 and 5.
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3.2. Optimum final and initial gains

By using the steady-state condition on the ing&ih, Eq. (3.3), we can modify
Eq. (2.14) so that the output pulse energy becamkemction of the primary
parameters governing the system: the repetitioe eaid parasitic losses

represented in terms off and J;, respectively,
Eout = g(l_ Ot )_JI In(1+gi_ gj (3.5)

f
The final gain g; is the mediate parameter which itself is govereitter by

the output coupler transmission or by the roungl4timber. In both cases this

is a degree of freedom which is ultimately employednaximize the output

energy. The desired optimum value of the final g@?ﬁt can be derived using
a function extremum condition for Eq. (3.9),,;/09; =0. This equation has

the analytical solution:

gopt:\/gz+45|(1_g)_§ (3 6)
f 2(1- §) ' '

The optimum initial gaing”™is then found out by applying Eq. (3.3):

qon - VT°+45(1-9)+§

i > (3.7)

Equations (3.5), (3.6), and (3.7) apply universalty both versions of

regenerative amplifiers which we consider. The ropti g; and g;

magnitudes are achieved by output coupling adjustnberefore, Eqgs. (3.6)
and (3.7) are in essence the condition on optimaaplng in terms of gains.

The diagrams ofg?™" and g versus pulse repetition rate are presented in

Figure 3.1. The optimum initial gain tends to undapd behaves virtually
insensitively to parasitic losses at low PRF, whsrthe final gain approaches

the loss factor?; :
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g =g+9(1-9), g~ (3.8)

(3.9)

Equation (3.9), in the simplest limiting case @1, is a well recognizable
rule stating that the dumping moment is optimum nvhiee threshold gain is

reached §,. =0, consequentlyg,, =9, then g°IOt = g;). Really, the optical

energy inside the resonator always culminatesrashtiold, but dumping at the

threshold is optimum only when initial gaig; is an independent, fixed

parameter. Interdependence of the operation cyctgsversus g; given by

Eq. (3.3)] is so relevant at higher PRF that dugpwrell before reaching the
threshold becomes more power-efficient.

1.0- 0.30] [(n) a=0.1
0.8] 0.25
§=01 0.20-

5 0.6 g &= 2.Ex106°
o 5 Ex1G7? oy 0.15 ! -
0.4 a=2. =107 0.101
0.2 = 1.2x1G° 005 5= 1102 |
0.00 3 47 i
0o () 3=6. 2x10° : 3=6.2x10
T 02505 1 2 4 8 16 32 64 02505 1 2 4 8 16 32 64

Tm)*

(Tr)*

Figure 3.1. Optimum initial gain (a) and optimummdi gain (b)

versus normalized repetition rate at different pii@losses.

As the pulse repetition rate becomes higher, thmlirgain and the final gain

approach a square root of the loss fac;l;/m?I from above and from below,

respectively:

=g+ 30-3).

67 =3 -30-13). g
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3.3. Maximum output energy

t opt

Since the gaing’™ and g$ are determined, the maximum output energy

max

Eou. and the corresponding complementary parametersichwithe

regenerative amplifier produces when this energyptained, can be expressed

analytically. Notations for the parameters of timp#fier optimized in this

sense will contain the superscripopt’ (except &5 itself). These

characteristics are particularly important as cpomding to the highest
attainable amplification performance. Obviouslye thaximum output energy
is reached simultaneously with the maximum avemyeer at given PRF and
with the maximum power efficiency at a given pungpirate and losses.
Substitution of the optimum final gain into Eg.5Byields the desired value as

a function of parasitic losses (given By) and the repetition rate (presented in

terms ofg):

Jmax _ 32T +44(1-3) +3]
“t 20-9)

iy, In{(l— g)[1+ 29 ﬂ
VG2 +40(1-)-§

The output energy attainable at given system paeme the universal value,

(3.12)

even though the amplification process has differemporal pattern and
results in either a single pulse or a batch of gmildepending on output
coupling version. Diagrams of the maximum outputergg versus the
repetition rate for different parasitic losses depicted in Figure 3.2. As the
repetition rate decreases, the energy approackesotistant determined only
by the losses. A simple formula, obtained from @ql2), describes this

guantitatively:

~2
emax s o4 {1+ In(%ﬂ, g~1. (3.13)
|
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In the opposite limiting case the output pulse gnatecreases linearly with
PRF increasing. Consequently, the product of thgputuenergy and the
repetition rate (essentially the dimensionless ayerpower), as expected,

approaches the constant value:

T 2 -
sS&?X(T—j =(1-Ja), g-o. (3.14)

1

It is also important to evaluate the amount of gpedissipated inside the

optical cavity. A quite definite (absorbed) parttbfs energy generates heat
which may affect operation of components susceptiblheating (the Pockels

cell crystal is usually the most critical one). Béag reduction in performance

may become significant especially for high powestens.
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(T
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Figure 3.2. Amplification performance for optimunatput coupling.
Low-PRF dimensionless output pulse energy (a) angemsionless
output power (b) versus normalized repetition edtdifferent losses.

By comparing Eq. (2.16) with Eqg. (3.12) we can dmduhat the item

proportional tod, in Eq. (3.12) represents the energy dissipatedoarasitic

losses:

Py, In{(l— g)[1+ 7 +442?1 - J} (3.15)
g ~9) -G

The real physical form of the energy based paramesn be reproduced from

dimensionless formulas by using variable defingiggnresented in describing

Egs. (2.10) and (2.11). These conversion expressiand also the others
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whose origin will be described in successive sestioare submitted in
Table 3.1. Note that the terngl®(T/T,)™, deliberately introduced as

dimensionless output power, is also equivalent e power-extraction

efficiency (the ratio of extracted power to avaléapower).

Table 3.1. Expressions for laser parameters

Laser parameter Expression
Pulse energy ExGyFg, A,
-1
Average power g( T j § GoFeniA,
Tl Tl
Time terms of the Ty
T X

amplification interval 0

Peak energy of the train € peakOoc X GoFsatha

Number of pulses in the train &,

at FWHM level € peakOoc
Train envelope duration Eout o Tn
FWHM c‘:peaka-oc IBGO

Output mirror reflectivity [exp(- J,.)]7

3.4. Optimum stationary coupling

The final gain in regenerative amplifiers with giatry coupling is controlled
by the output mirror reflectivity, as well as indarary Q-switched lasers. The
corresponding relation results from the gain camsing equation [Eq. (2.17)]
and the condition of repumping in steady-state [B@)]. The desired

coupling factord,. can be written as:

5. = g(l_gf)
* In(l-g+g/9;)

-5 . (3.16)

Then, by replacing the final gain with its optimwalue (from Eq. 13), we can
determine the optimum (providing the maximum pulseergy) output

coupling:
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Jopt: 5[2_\/gz+4d(1_ -g) +g] _5|- 317)

2(1—§)In{<1—§)(1+ 20 ~H
VG2 +44(1-9) - §

The diagrams of 537" versus pulse repetition rate for different optilcases

are depicted in Figure 3.3. We can see th‘@ft gradually decreases in the

low-PRF range,

§-9
In(g2/3)

and then at high PRF it approaches the constaak lev

o' =5 [1-4/4), §~o. (3.19)

The optimum reflectivity of the output mirror cae lbbtained by raising the

Fo = -4, §-1; (3.18)

normalized terrrexp(— Jg(f") to SG, power (Tab. 3.1).
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Figure 3.3. Optimum output coupling versus nornelizepetition
rate at different parasitic losses.

3.5. Time domain parameters

Temporal characteristics of the amplification psxean be evaluated by

integrating EqQ. (1) in which the energy multiplisr expanded according to
Eq. (3):
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~ dg
t=- . 3.20
I@J[é‘sﬂyi—@J-(500+d)ln(gi/<91)] (3.20)

The ranges of integration from to g,, and fromgy, to g give the buildup

time and the decay time, respectively. The timerirdls given in terms of
dimensionless timd (defined in Section 2.4 as a product of the rotripd-

numbert/T,; and the steady state gain per round fg,) will also be further

called the effective round-trip number.
Analytic expression for the integral of Eq. (3.28) unknown and for
correct numerical integration certain aspects shdad taken into account.

First, this is the case where the seed pulse ggmmannot be neglected even if

its value is extremely low. The opposite leadsrtiinite time resulting from
physically unfeasible situation of absence of a&titig radiation. In reality,
even if the seed pulse is blocked, spontaneouslitezhphotons always exist
and take a role of seeding radiation. Second, poesef integrand singularities
close to the domain of integration complicates micaeintegration. This is a
consequence of low energy magnitude at the osoillatbeginning,

£(g;)=&,~0, and also by oscillation ending, when, as for ictary
coupling, £(g; )~ 0 holds.

It is possible to avoid the integration difficulidy using approximate
evaluation. The pulse amplification process is thegarded as consisting of

three stages. The initial stage, lasting while theersion stays depleted

insignificantly (g=g;), is the exponential buildup stage, approximated a
e=g.exdt (g —gy)]. Similarly, the final stage (if the process is not
interrupted andg = g; at s(gf)~0) is the exponential decay with the decay
rate of 9;, — 9: ). The non-exponential energy evolution occursgiemtly in

between when the pulse amplified to substantial mtade appears and the
gain substantially drops. This stage is typicalprs compared to exponential
wings, and therefore the entire time, necessarycfumpleting the pulse

generation process, can be evaluated as:
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- In(@’¢)

3.21
cd g _JI ( )

g In(g/é&
e = In(g/‘gs) + (g f) (322)
gi_Joc_JI a—oc+5l_gf

for ordinary cavity dumping and rarely used stadigncoupling, respectively.

The termg appears here as a roughly estimated PRF-depepéaktvalue of

the exponential evolution (yet, being under lodpmit not requiring better
accuracy).

By using the optimum values for the gains and foe tiseful output
losses [Egs. (3.6), (3.7) and (18)] we can find thet temporal characteristics
for the optimally coupled regenerative amplifiehelcharacteristic notified as

roP, stationary coupling attribute, represents theéreramplification time

(pulse buildup plus decay within high-Q intervalhiesh comes out when
output coupling is set optimum. The terrrgoﬁ’t is the effective round-trip

number (high-Q interval duration) which should le¢ i& order to provide the
best output coupling rate in case of cavity dumping

The high-Q state duration is particularly importémtestimate for high
repetition rates. The long-lasting amplificatiorieirval may limit the system
performance because of time shortage for the popaolainversion
accumulation. By replacing terms in the denomimatdrEq. (3.22) with their
high-PRF values [Egs. (3.10), (3.11) and (3.19)]oaa determine the high-Q
interval duration for the regenerative amplifierttwithe optimized output

mirror:

. _
r°pt:2(lj In(g/e) +In(g/er) oo (3.29)

SRV
Note that the time constants for decay and growtinis case are equal so that
the exponential wings of the pulse envelope arensgimnc. However, a trailing

edge of the pulse envelope can be intentionallypeld in order to reduce the

high-Q interval in favour of the pumping interv&witching to the low-Q state
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at high PRF is useful to perform well before thenpéete tail fading out. If one
cuts off a small fraction (~1%) of the total pulseergy, then the high-Q
interval shortens almost twice (approaching theldopi time) without
improper consequences. Stronger clipping gives omsiderable advantages
but may bring about specific stability problemsgttopic will be discussed in
Chapter 4).
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Figure 3.4. Optimum effective round-trip numberstes normalized
repetition rate at different losses and fixed seedse energy,

£, =3x107,

For cavity-dumped amplifiers the coupling rate ifuaction of the effective

round-trip number and the highest value of the wugnergy is achieved by

setting this number optimumz2f'. By substituting explicit g% into

Eqg. (3.21) we can calculate the desired value:

1ot = 2 — n(g/es) (3.24)
Vg2 +49(1-3) +§-29

This formula gives just a slightly underestimatedult compared with exact

numerical solutions and well reveals all the impottdependences. Starting
with a gradual increase, virtually independentlytloé optical losses, at low
PRF,

opt _ IN(A/g5) =

= ., g~1; 3.25
“ge-g) (8:29)
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the 2 then approaches the virtually constant level gh RRF:

popt o IN(Q/&) 5 (3.26)

cd ~m, g

The finite duration of high-Q interval is the reten feature of cavity dumping.

Numerical integration, giving more precision datanfirms thatré’dIOt does not

just stop growing but faintly decays after cert&®RF, Figure 3.4. This
behavior totally differs from a linear growth peewlto systems with stationary
output coupling [Eq. (3.23)]. Such a property oficadumping gives potential
possibility to expand operation of regenerative kieps to very high

repetition rates.

3.6. Train envelope duration

Specific characteristics of output pulse trainsreeded to be determined for a
regenerative amplifier with the output mirror. Einse will determine the peak

energy valueg ., Which the amplifying pulse reaches while circuigtinside

the cavity. The intracavity energy stops growing atarts decaying when the
current system gain becomes equal to the thregjaaid Direct substitution of

the threshold gaimg = J,. + 9, into Eq. (3) yields:

T | T )| (3.27)

Obviously, this formulation is correct only if thiereshold is passed during the
amplification process. This always occurs for stary coupling. Cavity
dumping, however, quite typically can be perfornfed rise,” before the
threshold gain is reached. The energy inside tiw@tycéhus amounts to the
highest magnitude right before dumping. This valerefore equals to the

output pulse energy and reache§y* given by Eq. (3.12) for the optimum

coupling rate.
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The output pulse train envelope behind the outputomis simply a “reduced
copy” of the intracavity energy evolution. The retian factor is in essence
determined by the output coupling factor. The eyearfjthe highest energy

pulse in this train is thus defined ag,J,;, which in case of the optimally
coupled amplifier corresponds &2, 0o, where 53" is given by Eq. (3.17).

The analytical expression &’’. results from Eq. (3.27) by replacirg and

peak

O, With their optimal values:

t t Q'Opt
Eppak = 9" (Jgf +9 {1+ In(o*ggtl y: H . (3.28)

In low-PRF and high-PRF approximations Eq. (3.28compact enough to

write explicitly:

£oPt — & §-9 {— [ g-4 }} g-~1,
=g — 1-1In — = -_1r» 9 1’ (329)
Epeak =97 n(g/d,) gin(g/q)
TV (-5 ) -
=[] F oo o
1

As soon as the peak point of the train is detertjirtbe pulse envelope
duration can be estimated by conventional meanleagatio of the total pulse
energy to the peak pulse energy (Tab. 3.1). Thisteun in dimensionless
form approximately corresponds to the number osgsilin the output train at
the FWHM level. In case of the optimally coupledpdifrer the number of

pulses reduces to a combination of the analyticayresented components,

g (£°pt °pt). At high PRF the peak energy decreases as thétiepeate

out peak~oc

square [Eqg. (3.30)], the total energy of pulseselses linearly [Eq. (3.14)].

Consequently, the number of pulses in the traiedity increases approaching

the value equal t& [(1—\/3|)T/T1]_1. The ratio of the train envelope duration
to the buildup time [Eg. (3.23)] in high-PRF appgroation is virtually a
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constant. This vaIue,4{In(T/£sT1)]_1, is independent of losses and

logarithmically weakly dependent on both PRF aredgbed pulse energy.

3.7. Multi-passB integral

Usual occupation of regenerative amplifiers is afiggtion of ultra-short
optical pulses that naturally implies high opticatensity. High intensities
influence the system operation mainly by meansefdptical Kerr effect. The
conventional quantitative gauge of the Kerr effiescthe B integral, nonlinear
on-axis phase shift which light waves with the wamagth A undergo while

propagating through the media:
271
Bsp = 7[ n,(z)1(z)dz. (3.40)

The termsl(2) and ny(2) are distributions of on-axis intensity and noaén

refractive index along current coordinate The B integral for regenerative
amplifiers implies multi-pass integration over taetire propagation length.
The integration length is consequently a producthaf optical cavity pass
length and the round-trip number. In an approxiorabf relatively low single
pass gain (the integral within the gain medium d&&nreplaced with the
average) and also for moderate Kerr effect infleefiteration of the intensity
profile in the optical resonator is not disturbed much by self-focusing) we
can replace the overall integral with a sum of lEnEass integrals:

B=21 [0, (2) ar(D0z, (3.41)
NRT

where indeXNRT implies summation over round trips. The sum oégnals is
equal to the integral of the sum and ats) is independent of the round-trip

number function. These yield:

B =% [N(2) 1 er(2)dz. (3.42)
NRT
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In an assumption of Gaussian beam shape for whelpéak intensity is equal
to 2P/A(2) (the termP is the optical power, the terd(z) is a function of the

Gaussian beam area on longitudinal coordinate) amecalculate the intensity
for the optical pulse of duratiakt in terms of the pulse energy:

2
NZR:T| nrT(2) = —A(z) At N%TENRT : (3.43)

Summation of energies can be rewritten as the rateyer time which in turn

can be expressed in dimensionless terms:

T —~ —~
> Enrr = AjFef £(t)dt . (3.44)
NRT 0

The beam area in the active medium obviously caeXpeessed through the
Gaussian beam radiuéé:nwza. The time integral of dimensionless intracavity
energy can be derived similarly as for Eq. 2.16e&gtion 2.7:

[ £(E)f = |n(ij . (3.45)
0

Ot

Finally, by combining Egs. (3.42-3.45) we can derexplicit multi-passB
integral in a form which is convenient for evaloatiof the Kerr effect in

regenerative amplifiers:

oF:
where
_4n Fey As
B, = ; _At nz(z)ﬁdz. (3.47)

The functional physical contributions are separatethis formula. The first
multiplier, B,, represents attributes of the system geometryienmah
parameters and optical pulse duration. Essentitdig,term is a single-pass
integral calculated for the Gaussian beam in giwptical cavity and for the

pulse energy fluence equal to the gain medium atur fluence. The second
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multiplier is effective multiplication factor fohe single pasB integral which
in essence is responsible for accumulation of tker Iéffect due to multiple
passes. This is a function of regenerative ampliignamics represented in
terms of normalized initial and final gains.

The multiplication factor is possible to represemalytically for the

optimally coupled amplifier:

e o)
In| = [=In| (1-g)| 1+ . (3.48)
(gf‘“ V32 +43(1-9) -

It is logical that the same factor but under thegld pass cavity losg is

involved in the expression for dissipated energge[Eg. (3.15)]. Intuitively a
less logical result is that the multi-pass B-intdgis independent of the
coupling mechanism parameter. Really, the energylable from the cavity
dumping scheme as a single pulse is distributed tneeburst of pulses in case
of stationary coupling. The reason fBrintegral equality is that the pulse
energy difference inside the cavity is not as haghoutside and the residual
difference is compensated by the larger pulse rdtipcdhumber.

Much simpler formulas, convenient for the Kerr effevaluation, can be
obtained for marginal repetition rates. The multgiion factor at low PRF
reduces to the slowly varying, logarithmic functiasf PRF which, at
approaching the single-shot operation, approadiesalue dependent only on

the parasitic losses:

In(%} = In[%zj ~ In(%), g-~1. (3.49)
f

The multiplication factor decreases linearly witle repetition rate at high PRF
so that at high-PRF-operation the Kerr effect ratee is substantially

reduced:

g T 1 -
In( 'Opt]~—— g~o0. (3.50)

Ot Tl\/gl’
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3.8. Remarks on steady-state results

The simplified low-PRF formulas presented in pregiosections are
appropriate for normalized repetition rates beIQ"v’v/Tl)'lzl. In case of
single-shot regimeT( >>T,), the expressions for basic characteristics signpli
still further by settingg equaled to unity. In this case the pumping method

(CW or pulsed) becomes insignificant in formulatidie important factor is
the resulting gain level at the beginning of thghh) stage. In order to get
dimensional results, the same formulas from Tablecan be used; just the

term G, takes a role of the initial gain factor. In thisaminal case the

expressions for the maximum pulse energy, peakggneulse train envelope
duration, and optimal output mirror reflectivityduce to Degnan’s formulas
for the optimally coupled Q-switched laser [80].sélthe optimum output
pulse energy is the same as formulated by Murral/ lasudermilk in [28].
Regenerative amplification at high PRF in some semgproaches the CW
laser regime. The amplifier parameters such as awerage power, the
optimum output mirror reflectivity and the optimuravity gain expressed in
the high-PRF approximation are identical to CW lgseameters.

Important characteristics such as optimum end-pgaihs and output
pulse energy are expressed by equal formulas ftr bonsidered coupling
versions cavity dumping and output coupling mirrdrhis identity in
formulation however should not create the illusainexcessive similarity. In
repetitive amplification process the instantanesystem gain oscillates in time

within the bounds ofg; and g; . If PRF increases, then these gains approach

each other and converge {@) [see Egs. (3.10) and (3.11)]. It is evident from

Eq. (3.19) thaty/d is equal to the threshold gain in case of a statip

coupling scheme. Being close to the oscillatioeshold incurs challenges to
robust operation in real systems (pulse drop-out exlated effects may
appear). This causes considerable limitation oh{R&F capabilities. The

cavity dumping situation is quite different. Thedbhold gain is significantly
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reduced: J,. =0 and then g, =9, <./J . The optimum gain substantially

exceeds the threshold irrespective of PRF.

Due to already mentioned similarity, the resultsvae for regenerative
amplifiers apply to Q-switched lasers. Obviouslg ttavity dumping results
are suitable for cavity dumped Q-switched lasererefis stationary output

coupling formulas correspond to ordinary Q-switchin
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Chapter 4. Pattern of inherent instabilities

In this chapter theoretical analysis of complex aiyits of regenerative
amplifiers is presented. The causes and effectthefsteady-state regime
violation are illustrated in the space of systemtest using a discrete-time
dynamical system approach. Regular single-energyradipn, quasi-periodic
pulsing and chaotic behavior regions are distirfpdsin space of controlling
parameters. Influences of cavity losses and sedde panergy on the
amplification stability are described quantitativelThe seed pulse energy is
shown to be an important parameter determiningstability space at high

repetition rates.

4.1. Coupling of successive cycles

The formulas for the optimally coupled regenerataraplifier are derived
using the assumption that the system exhibits geristationary response to
repetitive Q-switching. This implies that inversi@monsumption caused by
amplification is precisely restored during pumpstgge. Such a steady-state
balance obviously exists on average over a greabru of operation cycles,
but the condition of the consumption-restoring &lguum for every individual
period is needed to be analyzed. We can consi@esytstem evolution as the
sequence of stages alternating in time (... highe@-@, high-Q, ...). Each
functional interval in this sequence is fully sged by the gain magnitude on
its opening boundary. The boundary gain thus seages variable defining the
system state. The terg(1) is introduced as the initial gain of the ampétion
phase for the first cycle of operation. This stéigeshes with the final gain
denoted ag)(1). The subsequent pump phase of the current @mkeously
begins with the same gain valugy(1)=0¢(1). Similarly, the gain evolution
continuity should be taken into account for couplof all operation cycles:
01(K)=gpi(k) within the cycle numbek and gp(K)=gi(k+1) for neighboring

cycles. The legend of the gain evolution can treipiesented as follows:
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G (K) - gr (K) =gpi(K) - gpr (k) =gy (k+D) - g (k+D... (4.1)

The evolution of boundary gains occurs on a discriétne scale. The
corresponding system states are separated in timpehbodically iterating
high-Q and low-Q intervals. Analogous transitiorthie discrete time scale can
be applied to energy evolution. However, unlike toanty of the gain
evolution, the build-up of intra-cavity energy- &(K) interrupts at the end of
the amplification phase of each cycle at the momépulse dumping and then
it begins again from the constant level which cgpmnds to the seed pulse
energy&. Hence the terng(k), determining the output energy, does not depend
on its own pre-history. Therefore, the gain becorties only independent
variable that needs to be analyzed in order to nstaled regenerative
amplification dynamics.

The immediate operational process takes the custaté as input and
updates it by producing a new state. For the cgalmber k, the oscillation

process takes the initial gaig, (k) and produces the final gaig; (k). This

new output state becomes the input for the repugnpiocess which produces

the initial state for the nextk +1)-cycle, g;(k+1). The rule establishing
transformation ofg; (k) -state tog; (k +1) -state is the property of the dynamic

system which eventually determines the entire ktalpattern.

The gain transformation rule for the regenerativgléier with coupling
via cavity dumping can be obtained by manipulating expression for the
high-Q window duration [Eq. (3.20) ad,. = 0]:

¢ d
Tcd:_j 2

. 4.2
5 9Es+9 -9 1In(g;/9)] (4:2)

The termr4 here is the effective number of cavity round tripgimerical

treatment then gives the final gain as a functibthe initial gain and also of

parameters controlling the laser actiong,d,,&,. We can formulate this
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solution as:g; = F4(g;), where F,, designates the gain transformation rule
for the high-Q interval in the operating poirtt.{,J,,&). Analogous function
for stationary coupling, implyinge; ~0, results from Eq. (2.17). This
equation is transcendental and the numericallyimdtdagain transformation

rule is also convenient to represent implicitlygs = lfoc(gi ), having in mind

that in this case the operating point is given8y;,9, ) .

During the low-Q interval the gain magnitude growsder continuous
pumping so that the subsequent oscillation procdsegins with

g, =1-(1-g; )exp(-T/T,) [see Eq. (3.2)]. In such a context this simpledin

dependence essentially serves as the gain trareformrule for the
repumping process. Then it is possible to combmelification and pumping

intervals within a certain operation cycle and torni a joint gain

transformation rule. The composite functiég either

A

Fs :1_(1_ 'fcd)eXF(‘T/Tl) or Fy :1_(1_ ﬁoc)exq_T/Tl) (4.3)

(depending on a coupling mechanism) describesdhettansformation for the

complete operation cycle.

4.2. Discrete-time dynamical system approach

Thus, we have reduced the regenerative amplificatiynamics to the
evolution of a single variable (system stajg,on a discrete time scale; and
also we have found a rule of this variable updatirtge basic properties of this
updating function fit to the mathematical definitiasually referred to as maps
[functions whose domain (input) space and rangg(auspace are the same].
Then the regenerative amplification can be desdrime using the theory of
one-dimensional discrete-time dynamical systemse-@imensional maps)
[100]. The sequence of the system staég), gi(2), ... gi(k) ... is called an

orbit in terms of this theory. The orbits can bé&akated by using a recurrent
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formula determining the subsequent state of theesy#n terms of the present
state:g; (k +1) = F5[g; (K)].

It is obvious that in a regular single-energy regjithe gain depletion
during the amplification interval should be comprd by restoring the
population inversion by repumping. In terms of esatvolution, the initial gain
of the amplification stage eventually should iterate. there is a certain gain
value (designated ag) such that the subsequent gains stabilize uparhieg
that value gi(k+1)=g;(k)=g,. Consequently, the system eigenstate satisfyiag th

condition g; = lfz(gl) should exist. The solution of this equation is\knaas

a fixed point in the discrete-time dynamical systdraory. The fixed point
state is such that the system reproduces this istateery cycle and therefore
operates in a regular manner. However, requireroftdchnical feasibility of
such a regime establishes a more strict conditiohet fulfilled. The system
should return to the fixed point after some pertidn has occurred, in other
terms, more common for theory of dynamical systettms,fixed point should
be attracting. Thus, the study of regenerative digtion is reduced to the
analysis of conditions of the fixed point existenemd its stability

characterization.

4.3. System evolution in the state space

Cavity dumping becomes the main version of outmutpting to consider in
the remaining part of the manuscript. This techaiga not only more
important for practical applications but also meophisticated. As we will see
below, the complex system dynamics is the releymoperty of the cavity
dumping regime. The only exception is Section 4héme inherent stability of
stationary output coupling will be proved.

Effects of parasitic cavity losses on amplificatidgnamics will be
considered in Section 4.6. At the initial stagetlé dynamics study the
patterns of the regenerative amplifier behaviol Wwéd represented under the

assumption of negligible losses)+{0). This approximation substantially
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simplifies the description of the method which via# used. The simplification
appears not only due to existence of the analytstdlition for the rate
equations but also, more importantly, because ef fduced number of
parameters governing the system. Equation 4.2 eantégrated analytically in

case of zero parasitic losses. In case of the freedd-trip numberz,,, we

obtain the gain transformation rule for the highi@erval g; :Ifcd(gi),

where IfCd is represented analytically:

Fea(g) =—— (4.4)
1+ exp(giTeq)

The composite functiorifz responsible for the gain transformation for the

complete cycle (see Eq. 4.3) can also be writtesidsed form:

Fy(g,) =1-|1- 9 exp{—lj. (4.5)
1+ 5 exp(g; 7oq) :

The equation determining the fixed poin@l:lfz(gl) is thus can be

expressed in closed form. However, this equatidrarsscendental and we start
analysis of the system state evolution with thepli@al illustration. For this

purpose it is convenient to rearrange the fixednipa@xistence condition

[0, = Ifz(gl) with the explicit form oflfZ given by Eq. (4.5) to the form:

1-(1- gl)exp(lj: _ S (4.6)
T/ 14+ 5 explgyr)
0
The right-hand part of this expression represehts gain transformation

function during amplification,lfcd [see Eg. (4.4)]. The left-hand part may be

regarded as an inverse function of the gain regodering the pump phase.
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Since gain continuity implies equality of the boangdstatesd=g,: and g=g,;)
we can combine both curves versusg and g, Versusgy in a common
diagram (Figure 4.1). A space of system statesnelegfoy this means, can give
an intuitively simple but strict and fruitful piatel of the system state evolution.
The intersection of those curves, having clear glaysneaning, gives solution
of Eq. (4.6), i.e. it determines the fixed pointtbé system. It is important that
the intersection of these curves always existsitaiscalways single for any set
of controlling parameters. Really, the amplificatietage curve is single-
peaked, it begins with zero and always lies untier state space diagonal
(gr=0). The latter is natural because during the angglifon (with, as we
assumed, negligible pumping contribution) the papah inversion is
depleting by transforming to the intracavity puéseergy and respectively the
gain can only decreasgi<g,. The pump stage curve is a straight line whose
slope depends on the repetition rate. This curgibien the right upper corner
of the state space [(1, 1) point] and also alwaygsites under the state space
diagonal. Note that the state space, due to prop@nalizing, has dimensions
of (0-1%(0-1). Thus, these curves cannot help intersecimd they intersect
only once. Moreover, since the basic propertiethefcurves are universal, a
fixed point existence and uniqueness are not dmyréesult of mathematical
speculations obtained under certain approximatkmrisalso the consequence
of inherent physical properties of regenerative lgiogtion.

One of two necessary requirements for existen@estéble single-energy
regime, namely the fixed point uniqueness, is lfalli and then the main
concern is the fixed point stability study. Figutel represents diagrams of
system state evolution for two typical cases. Fagdirl(a) presents the orbit
converging into an attracting fixed point. Suchamergence means that the
regenerative amplifier eventually (after sufficiemtmber of reiterations when
initial value of the orbit is “forgotten”) startsqucing regular pulsing. It is
intuitively seen that the behavior of the resultioidpit (convergent or non-
convergent) depends on the slope of the “amplibcdtcurve in the fixed

point with respect to the slope of the “pump” cur8&ictly speaking, the fixed
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point becomes attracting if the derivative I%f function at this point satisfies
the requirementF; (g,)| <1 [100]. The condition|F;(g;)|=1 represents the
transition point between stable and unstable operain case ofFy(g,)|>1

the fixed point is repelling, and consequently kKtabperation becomes

unfeasible.
1.0 L L L L 1.0 L
(a) (b)
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0.0 T T T T 0‘0 T T T T
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Figure 4.1. Graphical presentation of orbits irtestgpace. The fixed
point is the intersection of the “amplification®;(versusg) and
“pumping” (i versusgy) curves (blue and red lines respectively).
Transition to the stable (attracting) fixed poir#t) (at £=3x10";
7.4=18.0; T,/T=3.0. Period-Z orbit (b) at &=10"" 7,4=42.0;
T,/T=2.56.

It becomes apparent that in the latter case thiersys unable to reproduce its
own state after one cycle of operation. Howevechsteration may occur after
two or several cycles. The corresponding set otesysstates is called a
periodic orbit. An example of the periodic orbitdspicted in Figure 4.1(b).

The condition for existence of the orbit with theripd 2I' can be written by

introducing an appropriate composite function. BefF = Fs(F;) to be the
result of applying the map-functiolwirz to the system state two times. The

system state, , such thatg, = Ifzz(gz), is the fixed point analogue but suited

for two successive operation cycles. Generally dhst with the periodmT

72



exists if there is a system eigenstgtesatisfying the equatiorg,,, = Ifzm(gm).
Here the termm is an integer number exhibiting a factor of outpuise
repeatability for the corresponding multi-energginge. If such a regime is
realized, the system produces a quasi-periodiceseguof the output pulses.
The pulses of identical magnitude in this sequeappear each time in a
multiplied period equaled tmT. In much the same way as the existence of a
fixed point does not ensure stable operation, thetence of a periodic orbit
itself does not mean that the corresponding regsneealizable. Additional
analysis of the orbit stability is required, thsitnilar to the fixed point case,

reduces to evaluation of the corresponding maptiomalerivative. The orbit

gi(k) of periodm is stable provided tha{(lfzm)'(gm)\ <1. Computation of the

derivative for this composite function is feasikiace its value eventually (at
k- o0) tends to the product of its inner function detivvas at points along the
orbit: (F™) (g,,) = Fs[ g O]Fs[g; (2)] IFs [ g; (k)] . If the absolute value of the
product of the derivatives is larger than one, tipemiodicity of the orbit

becomes unfeasible meaning that the system exhilitsaotic behavior. This

is the Lyapunov number criterion of deterministi@os [100].
The map-function Ifz itself is a function of system parameters

(7, & TIT,). As one of the governing parameters is variedciveesponding

fixed point passes through different states of istpbA pass through the

position |(F") [g; (k)]| =1 causes a qualitative change of the system oparatio

Such transitions (e.g. transition from stable tstable regime atn=1) are
usually called a bifurcation. A set of control paeters (operation point) at
which the bifurcation occurs is referred to as thdurcation point.
Correspondingly, the diagram of the output parametesus one of the control
parameters for the system exhibiting bifurcatioh®ften called a bifurcation
diagram. Among many possible types of bifurcatidasown for dynamical
systems, we have met here the bifurcation of pedimabling. This relatively

simple type of dynamic behavior is one of the cousaces of the fixed point
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uniqueness. This attribute also gives primary uemgss of the system
behavior. The dynamics of regenerative amplificaticand output
characteristics of the system are determined bys#teof control parameters
alone in contrast to e.g. bi-stability effects wehémne initial value of the orbit,
gi(1), may also influence the operation. One can ineghe latter as a
gualitative change of system behavior caused bwyyaf switching it on (e.g.
in practice either one has the pumping source eddbist and then seeding or
other way around). The unambiguous relation betweenrol parameters and
operation regimes is quite an important propertyegenerative amplifiers and
our further analysis always implies this propertyithaut necessarily

mentioning it.

4.4. Dynamic regimes in the parameter space

Simplifying assumptions and non-dimensional eflecparameters, introduced
for the basic rate equation model, reduce the nurab&ndependent control
parameters of the system to the set of three. Téresthe normalized repetition
rate, T,/T, amplification phase duration expressed in teahshe effective
round-trip numberr and normalized seed energy Analysis of stability for
orbits of the initial gain of amplification phasg;(k)] at each given control
parameter provides a thorough picture of the reggine amplifier behavior.
The orbits were calculated by iterating Eq. (4.8) the range of control
parameters wide enough to comprehend all the nefeslgnamics features:
0.2<(Ty/T)<20; 10<<110; 10"'<£<10°. As much as 3000 iterations were
implemented, the sufficient number to be confidéimat the results are
independent of the system state at the beginninte@dting. The orbits were
analyzed in two stages. At first, the minimal numizé cycles between
repeating system states was revealed for eachiorpdarameter space. It was
performed by direct comparison of the system statpiences with themselves
but shifted by a certain cycle numberk) versusg(k+m). In that way the

periodic orbits up ton=32, including regular onesn€l), were identified. Then
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the Lyapunov number criterion was applied to tredwal unidentified orbits.
They were separated into two fundamentally diffedemnches: chaotic and

eventually periodic.

100+ 100

80 80
60 60

40 40

20- 201
4 8 12 16 20
TIT
T T '
1004 1004 7
80 80
60 60
404 40
20- 201 @
4 8 12 16 20 4 8 12 16 20
T /T T /T

Figure 4.2. Diagrams of amplification dynamics e tparameter
space (round-trip number — PRF) for different seeelrgieszszlo‘lo
(a); &=2.5x10" (b); £=3x10" (c); &=1.3x10"* (d).

Thus, the following dynamic regimes were distingeis in three-dimensional
space of control parameters in accordance withothés properties: (1) The
orbits evolving into stable fixed pointsn€l) corresponding to the regular
system behavior (single pulse energy output, ilBregime). (2) Periodic
orbits corresponding to multi-energy regimes wepeaatability coefficients in
the range of 2m<32. (3) Eventually periodic orbits having a larger
repeatability factorri>32), for which them-number itself is not identified. (4)
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Regime of deterministic chaos in accordance wite Lyapunov number
criterion. The regions of different dynamics arepped in space of the
repetition rate- round-trip number (Figure 4.2). The major part tbke
parameter space is occupied by the regions comesup to the following
regimes: single-energy T); quasi-periodic with fundamental period of two
(2T, 4T, 8T, 16T, and 39); quasi-periodic with fundamental period of three
(3T, 6T, and 12); and chaotic behavior. These domains are markil w
different colors, whereas the rest of the spacéataing the remaining zones
of eventually periodic orbits is left unfilled. THmundaries between adjacent
colors (i.e. between different regimes) represeminifolds of bifurcation
points in parameter space.

As it is seen, the dynamics turned out to be naulblus. Chaotic regime
ordinarily comes out from the chain of successierqa doubling bifurcations:
T-2T-4T-8T-16T-32T... The chaotic zone itself has fine structure. Quasi
periodic “windows” with various periods are disseated in it. The dynamics
of regenerative amplification strongly dependslmngeed value. The pattern is
complex for the low seed Ieveksélo‘g), the parameter space contains more
than one clearly distinguishable chaotic regiongyfe 4.2(a)]. Quasi-periodic
regimes with a fundamental period of three are olesk between zones of
chaotic dynamics. The higher the seed energy, tmpler the instability
pattern becomes. Initially, chaotic domain shritikgllipse [Figure 4.2(b)] and
then disappears from the parameter space. Furthernperiod doubling
bifurcations with fundamental period of two onlymrain for £>2.5107.
Then the maximum order of bifurcations decreasegufEs 4.2(c) and 4.2(d)]
and finally, ate>1.9x10" | the system becomes stable in the whole range of

control parameters.

4.5. Seed pulse energy effect

The obtained results, demonstrating dependenckeocbperation on the seed

pulse energy, are not quite trivial. This phenonmemin controversy with
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intuitive comprehension of regenerative amplifioati The following
speculations seem to demonstrate the negligibknéxif the seed influence or
at least to evidence much simpler looking relatidnsagine that the initially
low seed pulse energs, after certain number of round trips is amplified to
energy & of several orders of magnitude larger but stillchndess than the
energy stored in the gain medig>>£,>>&,. Then further amplification
should give the same output as if the amplificath@a initially started with
seed energ¥y, because the previous stagg { &) virtually had not changed
the stored energy and, as a consequence, the syatenThis logic leads to an
inference that a lack of seed energy can be comapehsvith additional round
trips. Consequently, the operation diagrams havedk identical but shifted
in the coordinate of the round-trip number for eliint seed values. However,
this logic is accurate only when we are consideangplification process as
“isolated” with given initial gain that works onlfor low repetition rates.
Accurate computations for the wider PRF range gabsolutely different
results, Figure 4.2.

Previously it has been commonly accepted that gédine amplification
is virtually independent of the seed energy becaumg low repetition rates
were under consideration. In reality, even for lepetition rate systems the
seed energy value should not be too low. Howeherreéason for that is rather
different from that we are describing. Simply, catipg parasitic processes of
amplification of spontaneous emission always @xisegenerative amplifiers.
Thus, the seed energy should be well above thetapeous emission level in
order to get the amplified seed pulse at the outpstead of amplified
spontaneous emission. At low repetition rates thiiceent seed energy is
extremely small, e.g. down to 10J in accordance with the experiments
presented in the classical paper [28]. Some infatjexceptions include very
special applications requiring extremely cleanhhigntrast optical pulses and
consequently higher seed energies (e.g. the paiamehirped pulse

amplification [101]).
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It becomes apparent that at high repetition rdtesiritial gain depends
on preceding operation cycles and can be determirsikd by taking them
into account. This procedure is in fact nothingeelsut the fixed point
determination. Let us return to geometric presemabf fixed points in state
space. Figure 4.3(a) represents diagrams of tle @ain against the initial
gain for three seed energy values. Correspondingbets of round trips were
selected so that the fixed points at certain répatrate were identical. All the
curves intersect in a single point which correspotudthe fixed point for the
repetition rate 7,/7=8.0 This means that decrease in seed energy is
compensated by increasing of round trips but omlg sense of equal position
of the fixed points. However, the shapes of cuye®rsusy are different and
their derivatives at the intersection point are edgfent on the seed energy
[Figure 4.3(b)]. Such derivatives indeed determitiee regenerative
amplification stability as we have described int#c4.3 by referring to the

theory of discrete-time dynamical systems.
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Figure 4.3. Typical state space diagrams of regitreesng equal
fixed points at different seed energies (blackegrand blue lines
correspond tog=1.3x10*, 2.5x10" and 10%° respectively). (a)
Dependencieg; versusg; (black, green and blue lines) agglversus
Opr (the red line). (b) Corresponding derivatives offiet
~-amplification” (gr versugy;) curves.

The identity of the fixed points can be realizeddompensation of the seed

energy difference by appropriate selection of thend-trip number. Output
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energies corresponding to those fixed points angaletpo. However, the
peculiarity of operation at high repetition ratessuch that dynamical system
behavior is absolutely different. At high repetiticates the seed pulse energy
thus becomes one of those critical parameters witbrmine the operation
regime of the regenerative amplifier. The spe@feration points, which have
been analyzed here, can also be found in the dreyE dynamic regimes
(Figure 4.2). With regard to stability, they wertassified as stable, T2
periodic and chaotic for seed values of ><]LGT4, 2.5¢10" and 1010,
respectively. The dynamic regimes which are in gangossible to obtain (by
changing the round-trip number) within a certaimga of seed values are

summarized in Table 4.1.

Table 4.1. Possible regimes versus seed pulseyerarge.

Existing regimes Seed value range

a=0

3=0.028

Chaos and “all” periods

<2.5%10°"

<1.4x10"

T, 2T, 4T, 8T, 16T, 37T...

2510 '-2.56x10""

1.4x107-1.5x10"

T, 2T, 4T, 8T, 16T

2 56x10 -2.72%10”"

1.5x107-1.74x10™°

T, 2T, 4T, 8T 2.72x10'-3.56¢10°" | 1.74x10°-2.5x10°
T, 2T, 4T 3.56¢107'-1.39<10° | 2.5x107-4.1x10"
T, 2T 1.3%107°-1.90x10™" | 4.1x107°-3.5x10™
T (stable) >1.90x107" >3.5¢10™

4.6. Influence of parasitic losses

The approximation of negligible losses is a good weapresent the main ideas
for application of the discrete-time dynamics methéor regenerative
amplification and to understand the dynamic pastamost relevant at high
repetition rates. However, this approximation hasitéd application in
practice. The output pulse energy grows in thelégsssystem monotonically
together with amplification phase duration and hescsaturation at the level

of g=1-exp(-T/T,) that corresponds to full conversion of stored eperg

(population inversion) to the output pulse enef@ynsequently, the number of
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round trips can be increased, without detrimerdutput energy, to the values
high enough for operation behind the bifurcatiomezdhat in turn assures
stable operation. Actually, the system is always. (irrespective of losses)
stable provided that the population inversion isll vekepleted during the
amplification phase. In this case the initial gasnds to the constant,
determined only by the repetition rate, [as resfitisn Eq. 3.3:¢; - 0= ¢ -
1-exp(T/T,)]. Consequently, the interdependence of operatyates vanishes
which leads to eliminating of immediate cause dftahle behavior. In reality,
parasitic losses prevent utilization of this prapesince because of losses the
mode of complete gain depletion becomes inefficient

A well known efficiency criterion, to dump opticalilse off the resonator
at the moment when the current gain has dropped dowhe threshold gain
(g=0w=49), Is not applicable to repetitive operation asatiaj to only
“isolated” operation cycles. Power efficiency entement takes place at high
repetition rates when stored energy is left pdytiahder-depleted g¢>>g,)
forming a substantial gain background after sevemration cycles. The
proportion of gain to losses, which eventually deiees extraction efficiency
of the stored energy, can be substantially imprdwedhis means. However,
incomplete depletion is an origin of operation egclinterdependence,
therefore, in the presence of losses the systaniesity in some sense collides
with the system stability.

Parasitic losses in laser systems are given bycaptcomponent
imperfections and diffraction losses of the opticasonator. The latter are
objects of resonator geometry optimization. In cadesolid-state lasers
pumped longitudinally (virtual absence of hard &pes) high order optical
aberrations (spherical e.g.) may become the maginoof diffraction losses,
especially at high pumping intensities [102, 108hong optical components,
the electro-optic switch is usually the most catipart; contributions of the
Pockels cell and the polarizer to the loss factorpass the remaining
components [95]. Practically, the level of totatgsatic losses can vary in quite

a wide range, but the typical value should not eslca few percent per round
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trip for high-quality, well optimized systems. Thasses, inherent for quasi
three-level gain media and related to partially gafed ground state, are not
dissipative and they do not belong to the paradasses which we are
considering.

By accounting for intracavity losses, a generalaligative pattern of
amplification dynamics (fixed point uniqueness, ie@gr of orbits for the
repulsive fixed points, significance of the seetkpienergy) remains the same,
but naturally the quantitative difference factarsThe intracavity losses of the
regenerative amplifier not only reduce efficienttyaf is natural for lasers), but

also substantially interfere in total system sighil

100+ 100+

80- 80-
60- 60-
40 40

20+ 20+

4 8 12 16 20 4 8 12 16 20
T /T T /T

Figure 4.4. Diagrams of amplification dynamics he tparameter
space (round-trip number — PRF) for cavity los§e9.028 and the
seed pulse energies=3x10"' (a); &=1.90x10°~ (b).

The diagrams of regenerative amplification dynamicsparameter space
(repetition rate — round trips) for intracavity $8sJ=0.028 are presented in
Figure 4.4. Fixed point calculation and their digbievaluation were
performed in an analogous manner as described @tioSe4.4. The only
difference is functionF, relating final and initial gains, has been caiteti
numerically since analytical solution is unknowrcase of nonzero losses. The
diagram presented in Figure 4.4(a) can be compartdthat given for the

same seed pulse energg;r:3><10_7 but for zero losses [Figure 4.2(c)]. The
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influence of losses results in a more complicatguadic pattern; the zone of
chaotic dynamics evolves and the high order bituwoa shift closer to the tip
of the instability zone (towards lower repetitioates and lower round-trip
number). The second diagram [Figure 4.4(b)] wasuwaled for the seed
energyss:1.90<10‘7, which at zero losses provided stable operationhe
whole range of control parameters. Now a periodbting zone (4) has
occupied a certain part of the parameter spacenatideably narrowed the
range of stable operation.

A more cumulative picture of dynamical regimes isgented in
Table 4.1. One can see some general change fordise the system stability
with respect to the zero-loss case. The decreasglility caused by losses is
not an obvious phenomenon (why not increase?). réason for that bears
similarity to the seed energy effect. The lossegaise pulse energy addition
per round trip that can be compensated by incrgasimound-trip number, but

only in a sense of fixed point identity. The detiva magnitude of the gain
transformation functionF; (g;)|, at this point has changed so that the system
stability becomes worse as the losses increases phenomenon is not
obvious but the conclusion is straightforward — plagasitic losses should be

minimized as much as technically possible not dalyefficiency but also for

better stability.

4.7. Stationary output coupling

Here we shortly return to the variant of regengeatimplification in which the
energy extraction is organized through a partilnsmitting cavity mirror

(output coupler). As was revealed in Section 4€k (Eg. 4.3), the composite
function IfZ :1—(1— Ifoc)exp(—T/Tl), where IfoC is the implicitly expressed
solution of the equation relating initial and firgdins [Eq. (2.17)], represents
the gain transformation rule for stationary couglimfhe derivative oﬂfz

function determines the system stability. Implidifferentiation yields the
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desired derivative in terms of the just mentionetutson of transcendental

equation for the inner functior’nf,oc(gl) :

= 1_g /gl
Fs(gy) = L exp(-T/T,). (4.7)
21— g/ Foe(ay) '

Then one can prove the inequality statemehk Ifz’(gl) <0 for any PRF in
the functional case of exceeding the oscillatioreghold at the given fixed
point, g; > Oy, -

The stability criterion,|F; (g,)| <1, is ultimately met, meaning that the

regenerative amplifier with stationary output conglis the inherently stable
system. Hence the assumption of steady-state bwhawalid and the steady-
state formulas derived in Chapter 3 apply propemnlythe entire range of
parameters. Note that in this inference the uninpded intracavity evolution

is considerably involved [Eq. (2.17) results fromy ~0 condition]. The

opposite (significant output pulse clipping e.g.arder to control the pulse
train envelope shape) may lead to generating sequehirregular magnitude

pulses as we observed for cavity dumping.
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Chapter 5. System optimization in the vicinity of lifurcations

In this chapter we will proceed from proper unstabkhavior to specific
limitations of the regular amplifier performanceausad by the instabilities. The
bifurcation diagrams created in the previous chrapit be extended with the
output pulse energy data. This provides the fouoddbr a method of stability
diagrams which serves to comprehensively optimeration of regenerative
amplifiers. A set of numerically obtained diagranmisr dimensionless
parameters enables one to determine the main aenptiharacteristics for

operation regimes in which instabilities substdlytimanifest themselves.

5.1. Output pulse energy versus round-trip number

For understanding regenerative amplifier capaédgitinot only dynamical
regimes but also the output pulse energy shoultepeesented in relation to
the parameters governing the system. The methdokexf points and related
orbits determination was in detail described invimes sections. The orbit of
the output energy comes out as alternate solutdisys. (3.2) and (2.16) for
the given initial gain orbitgi(k). If the system parameters are such that
operation is unstable, then the initial gain vafies cycle to cycle by specific
means and consequently the output energy becommestiavalued function of
system parameters. Typical dependences of outparggrnversus round-trip
number (bifurcation diagrams) at several repetittates for the fixed loss
factor, d=0.028 and seed pulse enengy?.7><10‘7, are represented in Figure
5.1. The selected seed pulse energy belongs wathe range that is typical of
functionally important class of seed lasers opegain CW mode-locking
regime with the moderate average power (around rakvieundred of
milliwatts). The repetition rates are chosen acecgydto the diagram of
dynamic regimes [Figure 5.1(a)] so that typicaukdhtion diagrams up to T6

regime are demonstrated.

84



160 ]
N 001~y T /T=0.82 (b)
£ 1401 805{ -
S 120+ e
2 0.4-
£ 100+ 5
2 s0- 2 034
2 E
o 60+ N 0.2-
3 =
S J £
g 40 5 0.1
A 204 “
T T T T T T — 0.0 T T T T T
4 8 12 16 20 24 28 25 50 75 100 125
Normalized repetition rate Effective round trip number
L L L 1 1 1 016 1 L L 1
0o2s] /N T/T=46 © | ™\ 11295 (d)
% H Y > .
2 20 0.12 P r
£ 0.204 : 5, %
5 . =
£0154 . \ £ 0.081 -
o /\ S
S EPAN H o
3 0101 - E ,
Tg . S 0.04 . I
£ 00547 - i L E }
. S
z . Z ™\
0.00 : ; ; ; ; ; 0.00 ~~ . : ;
25 50 75 100 125 150 50 100 150 200
Effective round trip number Effective round trip number
! T/T=12.8 (e) 0.10+ : T /T=13.6 ) r
. 0.10- : I L ; I
2 / Z [’
g 0.08 ] \’\ A g 0.08 \q \ +
o V.VOT H d B o H Y
Z : N £ 0.06- : N .
5 0.06 g
] o
2 0.041 B 0.044
E 0.02 é 0.02 4 ~
0.00 : . : : : 0.00 : d\ : : :
50 100 150 200 250 50 100 150 200 250
Effective round trip number Effective round trip number

Figure 5.1. Diagram of dynamic regimes (a) and exponding
bifurcation diagrams for different repetition rateg—f) at
£=7.7x10"" and 4=0.028. Pulse energy, averaged pulse energy and
steady-state energy correspond to black, green raad lines
respectively.

It is seen that the output energy variation inghesence of period doubling is
so high that it virtually leaves no opportunityuse such a regime in practical

applications. For example, at repetition r&if=4.6 and within the round trips
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range of 30-60 the output energy alternates betwegim and low value so
badly that the output pulse train looks almost tasvéce less repetition rate
[Figure 5.1(c)]. It is even more regretful that suiad stability often appears in
regimes which are potentially capable of providihg highest performance
characteristics.

The reference output of the system, correspondingperating at the
fixed point, can be determined by calculating theagy-state pulse energy
using Egs. (2.16) and (3.5) gtg;. This energy is obviously a single-valued
function of the governing parameters regardlesw/iuéther the fixed point is
attracting or repulsing. In case of a repulsiveedixpoint (i.e. unstable
operation), the corresponding output pulse energgolmes an artificial
parameter but it can serve as a convenient referavel for evaluating the
power efficiency reduction caused by instabilitieefs.

By accounting for multi-energy nature, we can atkdermine “real”
output energy averaged over a large number of tperaycles(&(k)) (Figure
5.1). Interestingly, the real averaged energy issierably lower than the
reference steady-state energy in regimes exhibijongnounced period
doubling. One can suppose that in a multi-energymre a relatively larger
part of the resonator energy circulating is redisted to the channel of
parasitic losses. The evidence for this explanatothat the same curves
calculated in case of zero losses coincide in gpiteifurcations. The only
alternative is stored energy depletion through sgpmeous emission during the
pump phase. However, the latter effect becomesmamiwhen the population
inversion is on average high, which is not the ctsa large number of round

trips.

5.2. Energy extraction efficiency in stable and urtable regions

The averaged output energy, being a single-valuearacteristic, allows
presentation of an informative picture of the sysfgerformance in2 form.

Even more conveniently, the extraction efficiendytloe stored population
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inversion may be used for this purpose. The extmadafficiency is defined as
the averaged output energy divided by the maximueady-state energy

available for extraction at a given repetition rafe(k))/g, where (see

Section 3.1) g =1-exp(-T/T,). Typical diagrams of this parameter in the

space of repetition rate versus round-trip numbepaesented in Figure 5.2. In
order to give a complete pattern of the system lwéipes, stability data should

be added to this diagram.
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Figure 5.2. The stability zone boundary (the sbhé) against the
background of the energy extraction efficiencyaga!ﬂ.7><1O'7 and
9=0.028.

Apparently, stable single-energy operation is timdy csuitable regime for
routine use of regenerative amplifiers. For congriess sake we can note that
one may successfully use certain unstable regirmesgecific applications
provided that there is comprehensive understandinidpe essence of period
doubling [40]. However, this is rather an excepttban a common rule. By
proceeding towards more pragmatic considerationg/¢hus focus on stable
and unstable behavior zones in the parameter spatemit a detailed picture

of the unstable operation itself.

The stability criterion Ifz’(gl)\<1 is formulated in terms of the map-

function which itself is dependent on controllingrameters. This set of
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parameters (in other words, the operating poinpanameter space) includes

four dimensionless variables/T,,7.4,9,,&s, responsible for the repetition
rate, cavity dumping moment, parasitic losses, iattiil energy, respectively.

The fixed pointg,;, being a solution of the equatiom = Ifz(gl), is also a

function of the same set of variables. The surﬂﬁgegl)‘ =1 thus separates a

zone of stable operation from the instability zdanethe four-dimensional
parameter space. This surface reduces to theistdiaundary curve in the

T/T,,7,4 plane, provided that the remaining parametersixaed. This curve is

essentially a manifold of the first order bifurcetipoints (I-2T boundary)
which separates zones of stable and unstable aperat

The instability zone occupies the upper-right cormethe diagram of
Figure 5.2. A substantial drop of the averaged ggnés observed just below
the upper branch of the boundary curve. The cresBess of this feature are
observed in Figure 5.1 at several repetition ratesit has been concluded that
this “valley” originates from enhanced influencepafrasitic loses in the period
doubling regime.

For system optimization it is important to find og@igon points which
provide maximum performance at each given repatitade. At low repetition

rates the operation is stable for any roun-dtrimber. The stable attainable
energy is therefore equal to the steady-state petssrgy &5 and the

optimum round-trip number is equal to the corresjioyg steady-state term,
rfgt, both determined analytically in Chapter 3. Wittie PRF range where

instabilities are considerable, there are two fdsgositions of the operating
point which may provide maximum output in the stabtgime — the points
along the lower and upper branch of the stabiliyrmary. According to the
diagram of Figure 5.2, at lower repetition rategs thpper branch has an
advantage from the efficiency point of view. Openatat lesser round-trip

number (lower branch) becomes preferable at higdpatition rates.
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Thus optimization of the regenerative amplifieraistually reduced to
selection of the round-trip number which providies maximum output pulse
energy and at the same time allows stable oper&diotine required repetition
rate range (imposed by the system specificatiohi$xhe issues described in
this and previous sections are regarded to a nevi@ue of the seed pulse
energy, £S:7.7><10‘7. The corresponding diagrams give a typical buglsin
plane of multidimensional space of control paramsetelowever, as we have
already seen from amplification dynamics data preskin Chapter 4, the
space of stable operation depends on the seed guésgy. Thus, the picture
of regenerative amplification is still incompletadait is time to proceed to
consideration of system optimization taking inte@mt influence of the seed

pulse energy.

5.3. Stability diagrams

It is possible to present data which allow evahmatiof regenerative
amplification of different seed pulse energies bysidering a single diagram.
The necessary premises for doing that have beenufated in the previous
sections. The condition where bifurcations are abgethe whole parameter
space (Table 4.1) gives general understanding efsded energy influence;
however, this condition is too strong from a preatipoint of view. In order to
thoroughly utilize power capabilities of the regexteve amplifier at a certain

repetition rate, the round-trip number should beespial toz2y'. The laser

performance deteriorates when the operating polmtiwpotentially provides

the highest output is located in the instabilityeoln other words, the energy

magnitude ofej'd* is not attainable as the train of regular pulsesabse the

correspondingrof* point is in the unstable zone. These charactesistd not

exhibit the optimum coupling if the situation diffefrom steady state, but they
nevertheless remain important as the referenceacteaistics. The location of

ré’g’t curve with respect to the instability region albbwne to evaluate the
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limitations caused by deviations from the statigné&ehavior. The pulse
energy is reduced in the PRF range in wmggf curve is located inside the

instability zone (call this range “critical”). Wil the critical range, the highest
“stable” output energy is achieved either in theeambranch or in the lower

branch of the stability boundary, where thg position is in some sense closer

to the referenca Xy curve (see Figure 5.2). The diagrams consisting Bf

curves and stability boundary curves (further meférto as stability diagrams)

for selected seed pulse energies are presentedurefs.3.

£=10° £=10° £=10"  £=2.46x10°

Effective round trip number

5 10 15 20 25
Normalized repetition rate

Figure 5.3. Typical stability diagrams. Stabilityree boundaries (solid
lines) andr ' -curves (dashed lines) for the parasitic los§e8.028.

Curve pairs of the same color correspond to eqged gnergies.

The approach of stability diagrams forms a mordesgatic concept of the
system behavior and specifically allows estimatbthe seed level which may
enable one to avoid instability effects at the remlipulse repetition rate. We
can also see that the critical range shrinks aséld energy is increasing. The
most critical repetition rate i§/T,=5.5, the point of the “worst stability”,

requiring the highest seed energy for optimal opama Finally one can

determine the seed pulse energy at Whitﬂjt curve does not pass the
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instability zone at all. For the specific parasitmsses that we consider
(0=0.028) this energy is equal to 246, Consequently, a regenerative
amplifier seeded with pulse energy higher than vhate (further referred to as
“ample”) allows theoretically attainable averagempo and stable operation

over the whole repetition rate range.

5.4. Power curves

It is possible to use the approach of stabilitygdsans in order to understand
the power curve shape providing the maximum ougiudgtable operation. A
typical stability diagram (just on the logarithnscale) is depicted in Figure
5.4(a). The filled area corresponds to the ingtglmione. As expected at low
PRF, where interdependence of Q-switching cyclesvéak, the system is

stable independently of what the round-trip numierset. However, a
“prohibited” range ofr,y magnitudes appears starting Wiﬁﬁ/Tl)_lz 05,

gradually expands and occupies a substantial sidigh PRF.
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Figure 5.4. (a) Steady-state optimum round-trip heln"(r(‘fg’t) versus
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The average power curves corresponding to bothchemnof the instability
zone boundary and also the reference power cafi(T/T,) " are depicted

in Figure 5.4(b). The upper-branch power [from pdi) towards point (2)]
exhibits a slight rising followed by a steady dreyghich can be explained by

increasingly inefficient operation at late (withspect to ré’g’t moment)

dumping. The lower-branch curve gradually growsnrpoint (3) towards
point (5) approaching the steady-state limit as HRRFeases. When instability
effects are taken into account, the pattern of opgimized regenerative
amplifier looks as follows. The average power atibie in stable regime
versus PRF represents a V-shape curve [connectimgsp(1), (2) and (5) in

Figure 5.4(b)]. The corresponding round-trip numlsemrve [r4 Vversus

(T/Tl)'l] also consists of two segments: the upper brarfcthe stability

boundary in the low-frequency half of the criticahge and the lower branch
in the high-frequency half [from (1) to (2) andrinq4) to (5), respectively, in
Figure 5.4(a)].

The highest average power attainable in stableegioincides with the

analytically obtained valuel®(T/T,)™*, at low and very high PRF and

exhibits significant shortage at medium frequencidse typical power curve
has av-shape dip (Figure 5.5), whose characteristics mgjp@ parasitic losses
and also on the initial energy. Influence of thigahenergy, even being weak,
may nevertheless become an important factor uretéaio conditions. Really,
to reduce the shortfall in the output power appr@ately twice, an increase in
the initial energy by eight orders of magnitudeifr 10*° to 10°) is required.
The effect of parasitic losses is more straighttoy Reduction in losses
results in the output power improvement and algtissthe V-shape feature
towards higher PRF.

The real power defect might be even larger than ttheoretically
predicted one. Technical noises, being a naturateaf energy deviations,

strengthen their effect at approaching the ingtglilbne so that the resulting
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stability may become unacceptable even for theingitrally steady-state
operating point. This phenomenon is pronounceche Micinity of the “un-
saturated” lower boundary branch. In order to impretability for given PRF,

the high-Q windowr.; should be set still below than the lower-branaregi

theoretically. This reduces the system performaves more.
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Figure 5.5. Maximum performances in stable regiDieensionless
output power versus normalized repetition rateditferent losses and

initial energies. Each curve family contains poweurves
corresponding tos,=10"%, 10", 10", 10® from bottom to top,

respectively; the topmost curve represents thedgistate power
reference.

Peculiarities of operation in the vicinity of theversaturated” upper branch
are associated with the cumulative energy balaaceéhk oscillation process,

£; =0; — g — & . Reduction in the output energy, at dumping eatlian the
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optimum moment, is a consequence of decreasedceatraof the stored

energy [corresponding t(ﬁgi —gf)]. On the contrary, reduction in output

energy at later dumping (including the upper branishaccompanied by
increased consumption of the stored energy. Trgmifgiantly shifts the
balance in favor of the energy dissipated inside davity [corresponding to
9 In(g; /g ) in Eq. (2.16)].

Instructive inference of regenerative amplificatipmoperties considered
above is that within critical repetition rates tlmund-trip number takes on
optimum value either near the lower or near thesufgpanch of the instability
boundary but always on the margin of unstable djmeraln general, operation
at the margin of stability incurs challenges fooust operation in real systems
which undergo technical noises. Even slight chamngesntrol parameters may
result in the system instability. Therefore, relyabtable operation generally
requires setting the operating parameters well dvway the instability border,

but this in turn leads to a reduction of the sysparformance.

5.5. Parasitic energy dissipation

There is an important parameter related to intriégalwsses which may
influence performance of regenerative amplifierdinectly: the amount of
intracavity energy dissipated during the amplifizatstage. The accumulated
over round trips fraction of intracavity energy sigated through parasitic
losses is subject to the specific operation regim@articular, multiple passes
of the already amplified optical pulse lead to sabsal enhancement of
energy dissipation. This, in turn, may give unatakly high heating of
intracavity components caused by the absorbedqgbdtie dissipated power.
One of the critical components in this respectlzanthe Pockels cell crystal. It
may lose contrast under excessive heating poseaslyiting in failure of the
regenerative amplifier operation. This effect igexsally pronounced for

systems intended for high power applications. Tiergy defects, , arisen due
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to parasitic losse®,, can be determined for the operation cycle nunkber

terms of initial and final gains using Eq. (2.16gdaaccompanying expressions:

_ _ gi (k)
k) =0g;(k) - k) - k)= In| =~ |. 4.1
£|( ) gl( ) gf( ) gout( ) d n|:gf(k):| ( )

In case of multi-energy regime the effective loattpof the energy can be

found by averaging:

(@)= Zlak). 4.2)

The diagram of dissipated energy normalized to maxra available for

extraction energyé¢, (k))/g), is presented in Figure 5.6(a). We can see that a

large number of passes, typical of the upper inlgiaboundary, substantially
contribute to this parameter. The upper branchighissd energy is about 7.5
times higher than the lower one at the repetitiate for which the system

efficiencies are the same (&/T=6.5). This feature often makes operation at

high round-trip number, well abov«sfé,’t point, inefficient despite obvious

theoretical preference.
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Figure 5.6. Stability diagrams (the stability boandcurve andrggt-

curves) against the background of the intracavitgrgy dissipation
((&(k)/g) at §=0.028 for different seed pulse energies:

£=7.7x10" (a) ande=2.46x10"" (b).

We can also mention here another advantage ofample” seed operation: as

soon as the critical range has disappeared theme iseed to operate at the
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upper branch and to suffer from large intracavitgrgy dissipation peculiar to
this regime. The diagram of dissipated energyHerample seed pulse energy,
£=2.46<107" | is depicted in Figure 5.6(b).

Typical dependences of the dissipated average powePRF for the
regenerative amplifier producing the maximum stghlése energy are shown
in Figure 5.7. The power dissipation for the uppench operation may

several times exceed the reference level correspgntb the stationary
solution £°(T/T,)™". The thermal load of cavity optics caused by the

excessive dissipated energy may be so high thatugper-branch regime
becomes unfeasible. On the contrary, the lowerdtrgsower dissipation is

seen to be substantially less than the referenee on
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Figure 5.7. Intracavity dissipation at maximum periances in
stable regime. Dimensionless dissipated averagesipwersus PRF
(solid lines) with respect to the steady-state regfee curve (dash
lines) for different losses at,=3x10".

5.6. Terminal level lifetime

The approach of stability diagrams is a straighttod way of regenerative
amplifier optimization. However, in real systemserén are specific effects
which influence dynamic behavior and output paramseand they cannot be

elaborated by using only approximation of simptifieate equations.
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Nevertheless it is possible to understand some fit@apibcontributions staying
basically within the present approach.

Regenerative amplifiers are most frequently useadaimplification of
short (even more common term is ultrashort) optmalses. Now we shall
consider certain aspects related to regenerativ@ifesation of such pulses.
The theory described above applies to the idealiaadlevel system. One of
the positions of that “ideality” is instant depoatibn of the lower laser level
(which is also called terminal level). In realityevean assume that the lower
laser level is virtually unpopulated, only providdeht the amplified optical
pulse is much longer than the terminal-level Iifegsi (long pulse
approximation). Otherwise, if the length of theiogk pulse is much less than
the terminal lifetime, then the terminal level wdémain populated resulting in
"faster* decay of population inversion (during aifipation of a single pulse).
Comprehensive evaluation of the terminal-levetilfie provided by Bibeau et
al. [104] for different neodymium doped laser megliges actual values well
exceeding 100 ps. So we can conclude that ampidicaf pulses shorter than
100ps virtually for all neodymium based systemsniere appropriate to
analyze within the short pulse approximation tha&tassuming negligible
terminal-level depopulation during singe pulse afigaltion. This constrains
applicability of the presently described approaste can note in advance that
the net contribution of the terminal-lifetime effex the regenerative amplifier
behavior is rather weak. It nevertheless gives squamtitative refinements to
the picture presented above.

In order to elaborate regenerative amplification tive short pulse

approximation we need to re-calculate the fundaaieelations of final and
initial gains g = Ifcd(gi). In this approximation the amplification of a dimg
pulse was regarded as that in truly three-leveh gag¢dia with initially empty
ground state. After single pass amplification theugd state becomes partially

populated, but by the second pass it is empty agaihconsequently the gain

defect, which appeared due to “instant” three-leess$, is recovered. The latter
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is the case since we assume the terminal-levéinliéeto be much shorter than
the round-trip timeT,. Typical T,; value is in the range between ten and a few
tens of nanoseconds, so this is good approximdtomnmost of neodymium
media (except some fluoride crystals and glassewhith the neodymium

terminal lifetime is of the order of 10 ns [104By this means and by using a
sequential procedure the basic relatiogs = Ifcd(gi) and corresponding

output energies were determined. The subsequecgquoes (evaluation of the
fixed points and their stability analysis) stay baeged for the short pulse

approximation.

Effective round trip number

5 10 15 20 25
Normalized repetition rate

Figure 5.8. Stability diagrams f@=0.028 ands=1.7x10"* obtained
in short pulse approximation and long pulse appnation
(instability zone boundaries are marked with blacid red lines

respectively; the commorfg’t-curve is the dashed line).

It has been revealed that the influence of theiteahhevel appears as follows.
There is a noticeable deviation between tff¢ curves at low repetition rates.
However both “short pulse” and “long pulse” curwedually coincide at the
repetition rate§,/T>1.0, indeed in the range that we are studying.sEability
boundary curves practically coincide at low see@l& although filling of the
instability zone differs from that we observed earle.g. in Figure 5.1(a)]

towards smaller variety of regimes. These pectikariadd little in practical
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essence. Therefore, we have come to nothing mareghalitative description
and statement of that fact.

The only noticeable effect was observed in a regmmen the seed
energy was high, approaching to the ample levelk Fhability diagram,
depicted in Figure 5.8, shows what the differerscé\fe can point out that the
tip of the “short pulse” instability zone is someattshifted towards higher
round-trip number and higher repetition rates. Sadhrink of the instability
zone gives certain improvement of the general systbility. The ample seed
pulse energy determined for short pulses is almdsttimes less than that
found within long pulse approximatiomszél.7><10‘4 against 2.4610‘4). This
improvement is a rather unexpected result sincaitel-level “bottleneck” in
some respect hampers the ideal four-level amplifina Hence, at least
partially and transitory populated terminal leveled not act as additional

losses as one might imagine.

5.7. High intensity features

The short pulse duration is usually accompanied himh intensities of
amplified radiation. The most relevant problemsted to high intensities are
caused by the Kerr effect which therefore requimgent attention. This
nonlinearity makes an impact on amplification psxéy intensity dependent
refractive index change in volume of intracavitymgmnents. The effects occur
in both spatial and spectral domains and commondy deescribed as Kerr
lensing and self-phase modulation. Reduction okt effect manifestations
usually implies decrease of effective optical puistensity which can be
qguantified in terms oB integral, in essence representing nonlinear on-axis
phase shift [105]. In case of regenerative amjlifan multiple passes should
be taken into account in order to evaluBtmtegral value accumulated during
entire amplification stage. By extending the stesidife expression derived in

Section 3.7 to general case we can write fokttleoperation cycles:
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gi(k)] (4.3)

B(k) =B, |
(*) Bln{gf(k)

whereB; is single-pas8 integral calculated for the intensity which is abto
the gain media saturation fluence divided by thisgduration (see Section 3.7
for details). The logarithm part in this formulahgits a factor of effective
impact of multiple passes. We have already met suchultiplier when the
evaluated total lost part of the energy (see E. dnd the value proportional
to this factor have been depicted in Figure 5.6.0M® see that operation at the
upper boundary of the instability zone with sharlsgs is strongly unadvisable
since theB integral is increased several times. The caudbaifis obviously
multiple passes of intense pulses peculiar to anedehind the instability
zone.

That concerns thB,; value for fixed pulse duration, its reduction skynp
implies standard methods such as the mode arezaselnd shortening of the
volume intracavity components. However, these bdgss are rather limited.
Even so the thin disc geometry allows tremendodsiaton of gain media
length [66] but the Pockels cell still can exhikitreal challenge. Among
known to date Pockels cell materials only the BBgstal is suitable for the
high average power (due to low absorption) and High repetition rates
(thanks to relatively low acoustic ringing). Howevéhe transverse electro-
optic effect, the only functional for this crystgermits shortening of the
optical pass or aperture increasing only at a édchegxtent until driving voltage
becomes unacceptably high [54]. Thus, since the &éect often restricts the
capabilities of regenerative amplifiers, it is innfamt at least to correctly select
the operation regime in order to minimize its impad/e can note that
operation at higher seed energy larger than ample seed pulse energy) is
beneficial in this respect too. At that conditiamperation at the maximum

output (rggtcurve) does not suffer from too high multiple pdéastor of B

integral [see Figure 5.6(b)].
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Chapter 6. Experimental verification

Regenerative amplification is subject to energytabsities at high pulse
repetition rates. In this chapter experimental eatech demonstrate relevance
of instability effects in the Nd:YVQregenerative amplifier are presented and
possible techniques for performance optimizatiearalyzed. An increase in
the seed pulse energy is demonstrated to improveifaration dynamics.
Addition of a preamplifier is shown as an efficievay to achieve seed energy
high enough to provide stable operation at repetitates up to 200 kHz with

the average output power near the theoretical.limit

6.1. Experimental setup

The amplification experiments were carried out rdev to demonstrate basic
features of amplification dynamics and to verifgedhetical results presented in
previous chapters. The knowledge of potential céipeb and of general
limitations makes it possible to provide the besgfime selection and deliberate
optimization of control parameters. In a senseratfical device engineering,
this means to maximize extraction of the giveneslgropulation inversion as a
stable train of output pulses. We leave outside sbepe of the present
consideration optimization of the pump charactessand the geometry of the
optical resonator allowing higher power in TgMmode, as these do not
directly relate to the amplification dynamics. Tparasitic intracavity losses,
although formally a governing parameter, are nobbject of consideration;
they should simply be reduced as much as techyiqabksible. Since the
repetition rate is usually imposed by the spediiices it appears as a variable
but a given parameter. There are two adjustablenpatiers which can be used
for the system optimization — the number of rourigstand the seed pulse
energy.
The experimental work was performed with a systased on Nd:YVQ

crystals, a gain medium with truly four-level naugexcept terminal-level
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nuances). The schematic diagram of the experimsatap which was used for
investigation of regenerative amplification is simoim Figure 6.1. In essence

the system consists of the seed source and theeegiwe amplifier itself.

Regenerative amplifier

Nd:YVO4 Wave  Pockels
I:en/s crystal Polarizer  plate cell
]
-QQJE< I i
VAN
Fiber
. —
terminals 'j
Pre-amplifier Pulse picker -
Lens Polarizer ~ Wave plate -
N_/]
] ! /+—{Master oscillator
Pockels
Nd:YVO; - Faraday
crystal —_ e Output

Figure 6.1. Schematic diagram of the experimermis

The seed pulse source for regenerative amplificagigperiments was based on
a diode-pumped passively mode locked picosecondY\Wd; laser of
moderate power. It generated a continuous pulda tkgth the repetition
frequency of 82 MHz and the average power of 300.Mk¢ laser was able to
produce optical pulses with duration as short @s.6The short pulses were
used in experiments where dynamics peculiar to prgik intensities were of
interest. The initial investigations were focused the “pure” dynamics not
disturbed by optical nonlinearities. These expentsevere carried out with
58 ps duration pulses obtained by installing amoetan the oscillator cavity
(the etalon narrows the bandwidth, thus widenirgghlse duration).

A pulse picker was used to select pulses for furéimeplification and in
this way to control the effective repetition freqag of the seed source. This
part of the seed source system is important fon ngpetition rate operation,
especially based on high gain laser media such esdymium doped
vanadates. If the pulse picker is not used thenregative effects caused by

unwanted pulses take place. These pulses contilyugass the optical
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resonator of the regenerative amplifier during pwstgge and go out spatially
coinciding with the useful output signal. This lead reduced pulse contrast
and to parasitic consumption of the stored ene@e can decrease the seed
pulse energy and compensate for that by increasintper of round trips. This
simple approach may often avoid bad influence o tmwanted seed
background while operating at low repetition rafelse reduction of the seed
energy, as we have already seen (theoreticallyhoisa good idea when
turning operation to high repetition rates. In satup the pulse picker was an
electro-optic switch based on an RTP Pockels &ellected pulses formed an
input signal for the preamplifier. The remaininggas of the master oscillator
train were directed to the fast photodiode for $yanization of electro optic
components of the system including the pulse pitkelf.

A double pass Nd:YVQpreamplifier installed behind the pulse picker
was used to increase the seed pulse energy toredgample energy. High
emission cross section of the Nd:YY©rystal make this system efficient at
relatively low input average power. Only 2 W of puing was sufficient to
achieve a gain coefficient of more than two ordefrsnagnitude. The seed
pulse energy was 3.2 nJ when pumping of the praaemplvas switched off.
The energy of the pre-amplified pulse reached 1.hu10 kHz and steadily
decreased with the repetition rate to 370 nJ atkPO0 The calculation
presented in the next section will show that thiaioled energy is sufficient to
ensure stable operation.

Simple estimations show that the preamplifier igamd alternative in
comparison with a more straightforward seed sowsckeeme based on a
powerful master oscillator. In order to provide 3¥D pulses the master
oscillator operating in a CW mode locking regiméhaa reasonable repetition
frequency of 50 MHz should generate the averageepaivl8.5 W. This way
is really prodigal since the useful part of thisyeo is much lower, e.g. only
74 mW even operating at 200 kHz. Obviously the my@dier is a much more

energy-efficient solution.
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The regenerative amplifier was comprised of ancaptiesonator containing
the gain medium (Nd:YVQcrystals) and an electro-optic switch. The electro
optic switch consisted of a BBO Pockels cell, artpravave plate and a thin-
film polarizer. The total multi-pass gain of theyemerative amplifier depends
on the number of cavity round trips which is detexed by the amplification-
stage duration. This important parameter is easithtrolled by setting the time
interval during which the high voltage is appliedhe Pockels cell.

The laser crystal was continuously pumped to 80&bsorption line by
the fiber coupled laser diode module with the fibere diameter of 400 um
and the numerical aperture of 0.22. The optimal puymower, providing
maximum output in TEN) mode, was set to be 44 W. This optimization was
performed in CW generation mode. Provided thatoitage was applied to the
Pockels cell and the quarter-wave plate was adjuikie maximum output
(optimal output coupling conditions), 12.5 W of eage power was obtained.
The output radiation was diverted from the inp@gnsai path by a standard
optical circulator based on the Faraday rotatore Tépetition rate of the
system was limited to 200 kHz by electronics dmyvithe electro-optic

switches.

6.2. Application of stability diagrams to amplification experiments

Now we can apply the concepts developed in therdtieal part to evaluating
behavior of a real system. At the beginning theidbagstem characteristics
should be determined in order to perform reciprotansformation of
normalized parameters to dimensional ones correspgrio real operation
conditions. The parameters necessary for the systeracterization include

the laser medium characteristick.{,T;), the optical resonator geometry
(A, T:,B), the pumping properties in terms Gf;, and the loss factdr. The

steady state small signal gain, imposed by the purtgnsity, was found
directly as the ratio of the seed energies measugat before and behind the

active element of the regenerative amplifier. Tlaeapitic intracavity losses
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were derived from the specifications of the opticaimponents. A linear
optical cavity was utilized in this work that edtabes a double pass through

the gain media per round tripf=2. The emission cross section of the
Nd:YVO, crystal (to calculate the saturation fluence) teken from reference
[107]. In order to fit the calculated PRF scdré/Tl)_1 to the experimental

results, the gain relaxation time of slightly lowealue than a commonly
accepted upper-state lifetime for the Nd:Y)V@ystal was deliberately used.
This disagreement (83 us versus 90-100 us) perlagpears because of
lifetime quenching caused by high population ini@rsdensity, and also due
to the crystal active zone temperature elevatedlbiarve the room temperature,
as a result of intense pumping.

Table 6.1. Parameters used for stability diagraahcuation.

Parameter Value

Wavelength 1064 nm

Emission cross section 11.4x10° cn?

Gain relaxation time 83 us

Effective mode diameter 1 mm

Steady state small signal gain  2.94

Seed pulse energies 11 pJ (low); 1.1 nJ (medium);
240 nJ (high)

It was explored amplification of three seed pulsergies differing by about
two orders of magnitude: pre-amplified seed, un&refl seed and attenuated
seed. This set of input signals covers the funatlgnmportant range. The
value of the unamplified seed, 3.2 nJ, is of theesarder of magnitude as the
pulse energy of commonly used moderate power stditk picosecond lasers.
Operation with the seed energy intentionally atééed to 32 pJ provides
opportunity to evaluate typical behavior of the aegrative amplifier seeded
with potentially attractive low power sources, eagth ultrafast laser diodes,
which would substantially reduce the system sizé emmplexity. The seed
energy obtained with the pre-amplifier was expediede high enough to
reach ample level. These seed energies were mdastuitee output of the seed

formation system. However, it was observed thatndufurther amplification
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the seed energy was not completely exploited. Moggnatching reduces the
effective seed energy. In general, it is diffictdt avoid mode mismatching
between a seed laser and the optical cavity ofeenerative amplifier in both
spatial and spectral domains. Spectral mismatclgag exist even with

identical gain media because of e.g. different teraures of laser crystals in

those devices [28].
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Figure 6.2. (a) Instability zone boundaries (sdlites) and 72

curves (dotted lines) in parameter space. Blaak,ared green lines
correspond to seed pulse energies of 240 nJ, 1dnadl 11 pJ,
respectively. (b) Operating point trajectories {mal dashed lines)
and measured number of optimal round trips forphkse durations
of 58 ps (solid circles) and 9 ps (open circlesthwiespect to
stability diagram for the seed energy of 1.1 nJ.

In order to have appropriate data for theory veation the overall level
of mismatching was estimated experimentally. Thasuesd real double pass
small signal gain of the whole regenerative amglifoutput/input energy ratio
while the Pockels cell was disabled) was compar#éll {pure” steady state
gain of the laser element. The effective seed vdlus was determined to be
about three times less than the measured one. iiiinarg parameters of the
regenerative amplifier which were used for calcaltet are summarized in
Table 6.1.
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Before proceeding to stability diagrams which diggcrour particular
experimental conditions, we should notice that tredations between
dimensional and dimensionless, normalized parasetmain unchanged as
they have been introduced in Section 2.5 and TaldleThe stability diagrams
describing amplification experiments are presemteffigure 6.2. These data
were obtained in the approximation of short pulg¢ascounting for the

terminal-level lifetime effect). As we have alreadynown, the system
capabilities are completely exploited when mg-;“ curve is outside the

instability region. The diagrams show that at loeed energy (11 pJ) the
appropriate repetition rates should be less thakH2) For the medium seed

level (1.1 nJ) this range increases to 25 kHz.ighér repetition rates thed®'

curve enters thanstability zone. It is important that for 240 ndhagher seed

energies tha ' curve does not enter the instability zone in tihele range of

repetition rates. So, for our laser system thiggyneorresponds to the ample
seed value, sufficient to eliminate negative fesguwf amplification dynamics,

and thus to completely exploit the system capadslit

6.3 Experimental bifurcation diagrams

The initial experiments were carried out with thedimm seed pulse energy
(the preamplifier was disabled). Various dynamgimees, depending on a set
of control parameters, were observed. As an ilidisin, Figure 6.3 shows
oscilloscope screen shots of the output pulse tratgpical single-energy and
period doubling regimes.

Experimentally obtained diagrams of the averageuybower and pulse
energy versus number of round trips demonstratipstesn behavior at
different repetition rates are presented in Figbe The specific repetition
rates were chosen to describe the most relevams cak the regenerative
amplifier dynamics in respect of the system optatian. The single-peaked
dependence inherent to low repetition rates appsatd kHz [Figure 6.4(a)].

The average power and the pulse energy reach thdmoma values

107



simultaneously when the round-trip number is edoaten. At 20 kHz the
situation is different [Figure 6.4(b)]. The shageh®e energy curve shows that
the system undergoes bifurcation in the 9-13 rarighe round-trip numbers.
However, in this case the period doubling does affect the system
performance because the output power reaches ¥snuia value in a single-

energy regime. This repetition rate is still natical.

o.er

mv Q%  J/4.00us 250MS/s [ 2] 'H17 Mar 2009‘ { 200my Q5% J4.00us 250MS/s
W+v17.8440us 10k points 548mv [15:14:37 W+v17.8440us 10k points 548mv [15:13:38

Figure 6.3. Screenshots of typical pulse train®9@kHz. Stable
energy output and theT2period doubling regime were obtained at
the number of round trips equal to 14 (a) and }6réspectively.

Instability effects become more pronounced at highdse repetition rates.
The period doubling not only breaks the energyiltatbut also distorts the
curve of the average power (as described in Seétibn This curve now has
two explicit peaks [Figures 6.4(c) and 6.5(d)]. Tinst peak, corresponding to
the maximum power, is located in a period doubfinge, whereas the second
one is just over the instability edge. The optimadime is obtained in the
vicinity of the bifurcation point. At 75 kHz the bmal round-trip number is
equal to 48. This point is close to the second pqeeak, on the right side of
the period doubling zone [Figure 6.4(c)]. For 9Qzkidpetition rate the optimal
round-trip number is equal to 13 and is situateghtribefore the first
bifurcation point [Figure 6.4(d)].

The trajectories of the operating points correspuntb variation round-
trip number at a constant repetition rate are prtesein Figure 6.2(b). This
trajectory at 10 kHz does not pass the instabddge. At 20 kHz the optimal

operating point is above the instability zone. Bapetition rates 75 kHz and
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90 kHz are critical — the optimal number of roungg is on the stability edge

and is rather far from the point of the highestaiatble power. The

experimentally observed results confirm theoretpraldictions that for critical

repetition rates: (i) the output energy exhibit@ceeptable fluctuations when

the amplifier produces the highest average poviigrthé highest stable pulse

energy is reached close to the instability edge.
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Figure 6.4. Experimental average power (black aed dots
correspond to stable and unstable regimes respgqgtiand pulse
energy (blue dots) versus number of cavity roumastfor different
repetition rates. The encircled points correspomdthie maximum
power at stable operation.

Some effects caused by nonzero terminal-leveliietwere also observed in

the experiment. The presented bifurcation diagramng5 kHz and 90 kHz

theoretically should exhibit not onlyT2but also 4 regimes [as in Figure

5.1(d) of previous chapter] if the long pulse aporation is applied. The

regime of 4 period doubling was not observed experimentallg @rshould

not exist theoretically, provided that the conttibn of the terminal-level
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lifetime is taken into account. At the same tingttee theory has predicted, the
terminal-level lifetime effect does not influendeetsystem performance at
such low seed level.

Real deviation from theory is observed at the ldwepetition rate
(10 kHz). The output energy decays too fast behimel peak point in
comparison with theoretical expectations [see Fgbirdl(b)]. This occurred
because the Kerr effect influence was substantiédva repetition rates even

for initial experiments performed with relativelyrlg 58 ps pulse duration.

6.4 Performance characteristics evaluation

It has been shown in the theoretical part thatati@am of only round-trip
number does not solve the stability problem; inseeia the seed pulse energy
is required in order to avoid bifurcations and esponding instability at high
repetition rates. Now we proceed to experimentalfigation of the seed
energy influence.

System performance characteristics were compardié wperating with

7

three different seed pulse energies: "low”, "mediurand "ample”. The
measurements were performed at the optimum roumartrmber. The round-
trip number was set for the maximum average powelewnaintaining stable
operation for every repetition rate. The formulatiaf stability criteria in real
experimental environments requires a certain attent Experimental
discrimination of amplification regimes to some et suffers from
uncertainty because of technical instabilities, netdted to fundamental system
properties. Technical noises, in essence slight utatidn of governing
parameters usually with random distribution, lithe system stability. The
most typical of these noises are pumping sourceespiseed pulse energy
fluctuation, synchronization jitter, resonator drétance by mechanical
vibrations and by air flow. In our setup the tedahi not disturbed by period
doubling, standard deviation of the output energgsviess than 0.7%. In
proximity to a bifurcation point the deviation ieased. The diagram of typical

transition from single energy to the period doudplimegime *“under
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magnification” of the repetition rate scale is simown Figure 6.5; the
bifurcation point looks rather as a spot than g®iat. The uncertainty takes
place in the range where the deviation of energglearly higher than the
technically conditional level but where the two keaare still not
distinguishable. On the repetition rate scale thigge does not exceed 1 kHz
(typically the value is 0.5 kHz).

Number of pulses

|
S?r
5o2al
e
~
® i
o0
0

190 215 240 265 290
Pulse energy (uJ)

Figure 6.5. Experimental energy histogram in themiy of the
bifurcation point.

Measurements with a sufficiently fine step are possible in the round-trip
domain (in contrast to theoretically grounded tethesreal experimental round
trips are discrete), and besides, the analysibe®nergy histogram is a time
consuming procedure. Therefore, a simple phenorogiwal criterion

formulated for the particular setup and allowinglrégme measurements was
used. The operation was considered stable whestéimelard deviation of the
pulse energy did not exceed 1%. Apart from thagpacial emphasis was
placed on origin and spectrum of disturbing noikede sure that they are
virtually non-periodic. It was observed that evamdby perceptible presence of
“resonant” components (sub-harmonics of dumpinguescy) in the spectrum
of technical noises may tremendously enhance thesimce of period doubling

and can change the dynamical pattern beyond remmgnin particular the
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pulse picker driving electronics had to be improuedrder to eliminate seed
train modulation at the frequency equal to halfgiistem repetition rate.
Experimental dependences of the average outputrpasvsus repetition
rate are presented in Figure 6.6(a). The outputrigally independent of the
seed level for low repetition rates. At higher satieere is a drop in power for
low and medium seed levels in compliance with teBoal notions. The most
significant power decrease appears in the 80-95rddge, then the output

power steadily grows as the repetition rate in@esas
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Figure 6.6. Experimental output power versus répetirate for

58 ps (a) and 9 ps (b) pulses. Black, red and giteencorrespond to
measured seed pulse energies of 700nJ, 3.2nJ 32nol,

respectively. Theoretical curve of achievable powesolid line in

both diagrams. Blue dots in Figure 6.6(a) are Qewexperiment
results.

Non-monotonic behavior of the power curve origisafeom the specific
location of optimal operation points in the parasnetpace. Corresponding
experimental data with respect to the theoreti¢abibty diagram for the

medium seed energy are presented in Figure 6.2{g. operating points
coincide with the theoretical curve @it until the latter enters into the

instability zone (at 25 kHz). Then operation at thgper boundary of the

instability zone becomes optimal. However as tlpetigon rate increases the
stable operating point moves further away from tﬁ? position, resulting in

lower output energy. Consequently, starting fronkB2 the optimal operation
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point switches to the lower boundary of the indigbregion. In this regime
the operating point gradually comes closer to thgg’t position, and

consequently, the output power steadily increastsincreasing the repetition
rate.

The pre-amplified seed pulse has sufficient endmynaintain stable
operation at the maximum power, in accordance witk ample seed
properties. The power curve obtained with the py@di@r shows no signs of

downward excursion with respect to the referencevecuthe curve of
theoretically attainable power correspondingrf@t round-trip number). Some

slight deviation observed at low repetition ratessvassumed to be caused by
the Kerr effect. This nonlinearity can cause adddi intensity-dependent
intracavity losses (more pronounced at higher pwaeergies), and so its
influence is more pronounced at lower repetitidesaln order to differentiate
the Kerr effect influence experiments with nanosecpulses were performed
in the same setup. The seed source was disablddasdhe regenerative
amplifier was transformed to a Q-switched laserhwidavity dumping.
Evidently this device can be regarded as a regéweramplifier seeded by
spontaneous emission getting into the lasing mddhels, the seed energy
becomes extremely low and additionally the lasestesy turns to the
nanosecond domairs15 ns output pulse length was obtained in our 3etup
The former gives a large drop in power at criticggbetition rates, the latter
gives the enhanced, with respect to the regulaere@tive amplification,
output energy at low repetition rate (the Kerr efffis negligible for such long
pulses). The nanosecond pulse energy at low repetiates exceeds the
picosecond energy and very well agrees with therdieal curve [Figure
6.6(a)]. This demonstrates that experimental dmnatappeared because of
the Kerr effect and consequently validates that theoretical approach
presented in this manuscript is wholly satisfactory

Heating of intracavity components was not obsertvedaffect the

regenerative amplifier operation in optimal roung-tnumber experiments.
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However, clear evidence of excessive heating wéisatbduring recording of
bifurcation diagrams in the worse (from energy igsson point of view)
regime. The beam quality was observed to deteddi@t 90 kHz repetition
rate and at round-trip numbers between 46 and %6th@ other hand the
average power defect reached maximum in this r@sege Figure 6.4(d)]. As
we have concluded theoretically, this defect issegdidue to dissipated power,
the absorbed fraction of which is heating intratiagptics.

Operations of the regenerative amplifier seededhigyhh and medium
pulse energies were also compared for the fundhon@portant case of
shorter optical pulses. Typically about 9 ps pulseation was obtained at the
output of the amplifier seeded by the 6 ps puldes Quration is close to the
minimum value supported by the gain bandwidth & MNd:YVQO, crystal in
high total-gain applications such as regenerativepliéication. The
measurements were constrained to dumping ratesedifbiHz. Nevertheless,
the intensities were substantial, and the Kerrceife#fluence was so strong that
it eventually resulted in a decrease of the oufmwer [Figure 6.6(b)]. The
average power obtained with the pre-amplified seed slightly lower than
that theoretically predicted below 80 kHz and thiféecence reached 6.7% at
50 kHz. However, the comparison of these charasttesi with those obtained
at a medium seed level shows that the benefitepteamplifier is even more
pronounced in case of shorter pulses. The differescrelated to a large
decrease of the average power below 85 kHz foc#éise of the medium seed.
This is a direct consequence of inefficient operatat the upper instability
boundary in the critical repetition rate range untte Kerr effect influence.
Experimental optimal operation points for both $83and 9 ps pulses with
respect to the theoretical stability diagram amsented in Figure 6.2(b). The
optimal operating points for the short pulse expents were always settled
along the less efficient lower boundary of the abgity zone. Attempts to
operate at the upper branch (optimum for long @)isesulted in an even
larger decrease of the output. In order to quartifg difference we can

estimate the multi-pasB integral of the system (Egs. (3.46) and (3.47) in
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Section 3.7). Th& integral calculated at the 50 kHz repetition gd&e values
of 1.3 (acceptable) and 7.6 (problematic) at tlaadition from low to upper
boundary, respectively. Thus, the high seed engiggs additional advantage
at shorter pulses due to a significantly lower eahi the optimal number of
round trips.
The amplification experiments which were performath the Nd:YVQ,

regenerative amplifier have shown that the develofieoretical approach
accurately agrees with experimental data and canske as guidelines for

practical system design.
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Conclusions

1. Complex dynamics are the inherent property of cwausly pumped
regenerative amplifiers operating at high pulseetiéipn frequencies. The
operation stability is subject to the balance betwée population inversion
depletion in a process of amplification and itsagag provided by pumping.
System dynamics can be described with adequateraagciy a simplified
space-independent laser model, which allows outpatacteristics (including
stability features) to be represented in terms oly dour dimensionless
controlling parameters corresponding to the pukgeetition rate, the cavity

round-trip number, the seed pulse energy, andahigydosses.

2. Basic characteristics of the optimally coupled reggative amplifier
operating in a stable regime are derived in ar@tiorm. They include
optimum initial and final gains, the output pulseeryy, the power dissipation,
the multi-pas$B-integral and the round-trip number providing optim output
coupling. The characteristics are representedfasction of the dimensionless
controlling parameters times the composite coeffitcontaining conventional

characteristics of the optical cavity, laser mediand pumping.

3. The stable operation implies that the depletiomweérsion population is
precisely compensated by pumping during a singlerain period and the
system gets into such a stationary state (fixedtp@iom any initial state after
finite number of periods. Unique existence of thged point is the
fundamental property of regenerative amplificatieading to the quite certain,
unambiguously determined by controlling parametgysamics pattern. Stable
operation, period doubling of various degree ofeegpbility and regime of
deterministic chaos are peculiar to regenerativepliiers. In order to
understand the system behavior the location ofestaid unstable regions was
determined in space of controlling parameters. 3ystem is stable until the

repetition rate is lower than the population ini@rsrelaxation rate. However,
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beyond this point the instability zone appears gradlually expands along the
axis of the round-trip number as the repetitiore riicreases. The instability
zone does not extend beyond a certain level albagéed energy axis. This
provides the possibility of system optimization imgreasing the seed pulse

energy.

4. Significant pulse energy fluctuations commonly tgiace at cavity
round-trip numbers, which potentially could provitlee best performance
characteristics. The maximum energy in a stablenmegs therefore achieved
at a proximity to the instability boundary. The ganof repetition frequencies,
in which instabilities thus deteriorate the systeenformance (critical range),
typically occupies 3-5 octaves, from unity to a feams in normalized terms.
Effects of instabilities permit regular in magnieudutput pulses to be
maintained only at the cost of a substantial deserda the output power.
Dependence of the average power on the repetititenrepresents a V-shaped
curve in the critical range. The most significaotver drop (down to half a
potentially available level) appears for low seeérgies. Increase in the seed
pulse energy reduces the power defect caused tgbiliges that allows the

system performance to reach the maximum level.

5. Diode pumped Nd:YVQ regenerative amplification experiments
demonstrate a good agreement with theoretical enfars. In particular,
increase Iin the seed pulse energy reduces the cdngéical repetition rates
and thus improves the amplifier operation espegcidbr shorter pulse
durations. Application of a preamplifier is a sim@nd efficient way to obtain
the required seed level, which allows the systepakiities to be exploited to
a full extent. Stable operation at repetition ratego 200 kHz with the average
output power close to the limit corresponding te tklealized steady-state

regime was obtained.
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