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Abstract. We review recent achievements with ultrafast bulkand thus significantly increased laser threshold pump inten-
lasers and amplifiers based ¥b:YAG andYb:glass. Spe- sities. By cooling of the gain medium, the lower laser level
cial attention is paid to those aspects of the quasi-three-levgbpulation can substantially be reduced. This decreases the
nature of these gain media that are important for short-puldaser threshold and thus improves the laser efficiency.
generation. The potential ofb-doped media for efficient Stimulated emission of th¥b3* ion was first observed
short-pulse generation and amplification is compared to thein an oxide glass [4] under cryogenic conditioivd:YAG
Nd-doped counterparts. was investigated in the early 1970s. Reinberg et al. used
Si:GaAs light-emitting diodes as pump sources [5]. In
PACS: 42.60: 42.55 this experim_ent both the(b:YAG c_rystal and the pump
diodes required cryogenic operation. From that point it
took 20 years until the development of efficieinGaAs
diode lasers resulted in the first room-temperature diode-
In recent years, th¥b+ ion has been recognized as an inter-pumped Yb:YAG laser [6]. Enormous progress has been
esting dopant for solid-state laser materials [1,2]. Yhé"  achieved since then. Excellent performance of diode-pumped
ion has a very simple energy level scheme, which consists ofb:YAG lasers with continuous-wave (cw) output pow-
only two manifolds participating in the lasing process. Theers as high a346 W, up to 50% optical efficiency, and
laser operation wavelength is in thqum region, similar to  almost diffraction-limited output beam quality have been
theNd®* ion. demonstrated recently using the so-called thin-disc con-
Yb-doped laser materials can be pumped by strained layeept [7,8]. Due to the higher emission cross section com-
InGaAsdiode lasers in the wavelength range betw@®um  pared to Yb:YAG, the Yb-doped S-FAP crystal became
and1.1um. Very efficient lasing is possible because of theinteresting as a laser material in recent years [9,10]. Ad-
small quantum defect (for example about 3 times less than fatitionally, the cost-effectiveness of glass as host mate-
Nd on thel.06 um transition [3]). In addition, the efficiency rial for solid-state lasers led to the development and in-
is not degraded by processes such as concentration quenchirgstigation of variousYb-doped glass bulk lasers [11—
and excited-state absorption. In contrast to many other solidt4]. Yb-doped glasses are also used in fiber form for
state laser materials, high doping levels are possible withoudsers [15, 16] and amplifiers [17]. Recen®g W cw output
areduction of the upper-state lifetime. Short pump absorptiopower was demonstrated from a single-mdtedoped fiber
lengths can thus be obtained, somewhat lowering the (reldaser [18].
tively high) demands on the beam quality of the laser diodes In this paper we discuss the advantageglmidoped laser
used for pumping, and also minimizing material dispersiormaterials for the generation of short pulses and high peak
and Kerr nonlinearity. Problems originating from the thermalpowers, as required for numerous applications. In compari-
load, which in high-power lasers can be severe at high dopingpn to the correspondiidd-doped laser material¥b-doped
levels, are minimized by the high intrinsic efficiency. media show substantially broader emission spectra, which
Although the small quantum defect results in good ef-allow for shorter pulse generation and wider wavelength tun-
ficiency, it causes a significant thermal population even ining. Pulse durations @0 fsand a tuning range from 1.03 to
the highest Stark levels of the laser manifolds. As the highet.08 um have been obtained froib:glass bulk lasers [14]
Stark levels of the ground state manifold are used as lowend65 fsfrom anYb-doped fiber laser [19]. Sub-picosecond
laser levels, this population leads to quasi-three-level charapulses can be obtained even from crystallftedoped ma-
teristics with ground-state absorption at the laser wavelengtierials such a¥b:YAG [20], whereas th&ld** ion provides
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sufficient emission bandwidth for sub-picosecond pulses onlyyb-doped lasers, high-brightness laser diodes are required as
with glasses as host materials [21, 22]. The much better thepump sources because they can be focused to small spots
mal properties ofYb-doped crystals compared Mdd-doped  while maintaining moderate beam divergence. High-power,
glasses are very favorable especially for high-power ultrafagow-brightness diode bar pump sources result in large mode
applications. areas in the gain medium and thus in high laser thresh-

We use semiconductor saturable absorber mirrorslds and relatively low efficiency. Extensive numerical in-
(SESAMSs) [23, 24] for passive modelocking. The SESAMvestigations of longitudinally pumped quasi-three-level lasers
parameters can be custom-designed to obtain the shodan be found in [35-37]. In the following we briefly ad-
est pulse duration and stable cw modelocking without Qdress the most important consequences by applying local rate
switching instabilities [25—27], despite the small cross secequations.
tions of Yb-doped laser media. We achieved the shortest
pulses fromYb:YAG lasers 840f9 as well as forYb:glass
lasers 60fs) (see Sects. 2.1 and 2.2, respectively). Othen.1 Effective gain profile
groups have demonstratddb0fs pulses from a Kerr lens
modelocked Yb:glass laser, pumped with disapphiré  The gain coefficieng, related to the power gain fact@ by
laser [28]. Active modelocking leads to longer pulseB@bs G = exp(g), is given by
for Yb:YAG [29] and35 psfor Yb:CS-FAP [30].

In Sect. 3, we discuss the advantage&/'bfdoped laser
media in regenerative amplifiers for energetic ultrashor
pulses. Recent experiments have shown that the large en-_ .. w , (L) (L
ergy storage capability and particularly the broad amplifica- — 'L [Nz (Uem +Uab5) - Nwtgabs] ’ @)
tion bandwidth (compared tbdld-doped media) are advan-
tageous. For example, we obtain28-ps short pulses from wheress) and a;t; are the effective emission and absorp-
an Yb:YAG regenerative amplifier [31]. This is an order of tion cross sections of the laser transitidfi, and N, are the
magnitude shorter than that obtained wili:YAG [32].  population densities in the lower and upper laser manitodd,
Compact laser amplifiers, which provide ultrashort laseis the length of the gain medium, and the factbrsgmbol-
pulses at the microjoule to millijoule energy level, are ofizes the number of passes through the gain medium per cavity
interest for applications such as medical surgery [33] ofound trip. It is 2 for a standing wave cavity and 1 for a ring
micro-machining [34]. cavity. Here Niot = N1 + Nz is the total number of active ions

per unit volume.
Figure 1 shows the measured effective emission and ab-
1 Yb:YAG and Yb:glass as quasi-three-level laser sorption cross sections ofb-doped YAG (Fig. 1a) and of
materials aYb-doped glass (Kigre QXYb phosphate, Fig. 1b). The ab-
solute scaling of the emission cross sections was determined
Quasi-three-level systems are characterized by a thermal popy the assumption that absorption and emission cross sections
ulation in the lower laser level, which leads to re-absorptiorare identical at the peaks &68 nmand 975 nm respec-
at the laser wavelength and causes high laser thresholds. fieely. For comparison we list the important laser parameters
fully exploit the potential for highly efficient operation of of Yb:YAG andNd:YAG [38] in Table 1.

abs

g=2'L4 (Nzag,Ln) - Nlcr(l‘)>

Table 1. Yb:YAG® andNd:YAGP) parameters

Laser material Yb:YAG Nd:YAG
Laser wavelength/pum 1.03 1.05 1.064
Emission bandwidtiAA/nm 6.3 5.6 0.6
Emission cross sectionts,/ x 10720 cm? 2.1 0.31 33
Absorption cross section )/ x 10720 cn? 0.1 0.01 0
Gain saturation fluen€e Feay /J/cn? 8.8 30 0.57
Fluorescence lifetime/ms 0.95 0.95 0.23
Absorption cross sectiho ./ x 102 cr? 0.75 0.75 8.6
Emmision cross sectiShodh / x 10720 cn? 0.07 0.07 -
Pump saturation intensfy Isa; o/ kKW /cr? 27 27 9
Transparency intensity,(:f;r)angkW/cm2 14 1.0 0
Doping densityNyot for 1% R3*/ x 1070 cm—3 1.38 1.38 1.38
Thermal conductivity/W cm=1 K—1 0.14

Refractive index 1.82

Nonlinear refractive index x 10-16 cm?/W 6.9

a) data from our measurements (top 10 lines) and from [38] (last 4 lines),
b) data taken from [38],

°) note that the factor of*2is not taken into account here,

d9) data forYb:YAG at 0.94 um and forNd:YAG at 0.809um wavelength



Table 2. Saturated gain of QXYb phosphate glass laser

& 2.0 —— Emission

£ - Absorption
00 P Excitation level, Cavity loss  Peak wavelength FWHM gain
o'lo N2/ Niot /% /% /pm bandwidth/nm
z 2.5 0.4 1.063 26.3

s 5 2 1.054 26.8

© 7.5 4 1.053 35.3

3 10 5.7 1.044 41.0

2 12.5 7.5 1.033 43.8
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the pronounced036Gnmand1056nm peaks in the emission
spectrum; here a change of the cavity loss and thus the inver-
i o sion level could induce a sudden jump between a laser wave-
0.6 — Emission length nearl030 nmand another one ned050 nm while
I | R Absorption .
the changes of emission wavelength are small as long as such
a jump does not occur.
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-

04

Cross-sections (x 102 sz)

I 1.2 Optimization of crystal length
0.2 . .
r In an end-pumped quasi-three-level laser, optimum power ef-
- ficiency is achieved when the residual pump intensity at the
0.0Lrs end of the gain medium is just sufficient to maintain trans-

115 parency (i.e. zero loss) at this point. Assuming a top-hat trans-
b) Wavelength (um) verse profile of the pump and laser beam, this leads to the
Fig. 1a,b. Measured absorptiord¢tted and emissiongolid) cross sections condition

of aab at % dopedYh:YAG crystal and fob a Kigre QX phosphate glass

doped with15% Yb,03 L hvp

IPOUIE Ié, ) = .
) \trans P L L
(Uz;bigém) /Ua(tb; - Uém) T

(2)

Excitation level i . . .
L, From this relation we see that the pump absorption effi-

r ~
0.10F 125% _ ciency naps is limited by the available pump intensity,,
t0 nabs= 1— lpyand Ipin, @SSUMING constant beam area and
a single pass of the pump light. For pumping with high-power
0.05 ‘ SN low-brightness diode lasers, the efficiency can be seriously
i - degraded by the relatively low available pump intensity.

\
;= m100% -

Gain coefficient g
/

WO
,l ,’/ . 5.0% - ~1:\_~3__\\: - For fs lasers based orb:glass, these co_nsiderations also
oot S s i influence the center wavelength and achievable pulse dura-
Lo / 2.5% tion, as shown in the following. When the length and dop-
I A A ing level of the gain medium are chosen for optimum power
1.02 1.04 1.06 1.08 110 efficiency, the inversion level in the gain medium will still
Wavelength (um) depend on the cavity loss. With low output coupler trans-

Fig. 2. The dependence of the effective spectral gain curve on the cavity los81iSsion, the inversion level will be low as well, resulting
(excitation level) is shown for a Qb phosphate glass laser. Because of in operation at relatively long wavelengths and small am-
the lower influence of re-absorption at higher inversion levels, the peak oflification bandwidth, as discussed above. For higher out-
the gain spectrum shifts to shorter wavelengths. Additionally, the effectiveput coupler transmission, a shorter center wavelength and
gain spectrum broadens. See also Table 2 broader FWHM (full width at half maximum) gain bandwidth

is achieved. However, the limiting effect of the gain filter de-

At steady state, the laser gain just compensates for thgends not only on the FWHM gain bandwiditig but also

cavity loss. This means that the excitation level, i.e. theon the peak gain coefficiemjear It can be shown [39, 40]
fraction of laser ions in the upper manifold, is clamped atthat the minimum achievable pulse duration is approximately
a fixed value determined by the cavity loss and the lengtiproportional to(gpeak)l/z/Akg. In effect, the minimum pulse
and the doping level of the gain medium (see (1)). In Fig. 2duration of anYb:glass laser is achieved with weak out-
we illustrate the gain spectrum for various excitation levelgput coupling, i.e. low inversion (a few percent), despite the
of the Yb-doped phosphate glass calculated from the datamaller value ofAL4.
in Fig. 1b. We assumed mm round-trip gain length and Still shorter pulses would require both a high inversion
Nt = 2 x 107t ecm™3, which corresponds ter 15% Yb,Os;  level and a small cavity loss. This inevitably means that
doping concentration. In contrast to four-level lasers, the pea& shorter crystal or lower doping level must be used, thus
wavelength and the gain bandwidth depend on the excitasompromising the pump absorption efficiency. We expect
tion level and thus on the doping level and on the cavity losshat, in this way, the pulse duration could be reduced some-
(see Table 2). Forb:YAG, the situation is different due to what below the record value 60 fsdemonstrated so far [14].
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The shorter center wavelength would then also be more suitf the standing-wave intensity distribution inside the Fabry—
able for seeding a regenerative amplifier, which is typicallyPérot structure. The thick absorber layer of the high-finesse

operated at higher average inversion levels. A-FPSA covers several oscillations of the electromagnetic
field distribution, effectively eliminating such standing-wave
effects.

1.3 Passive modelocking using SESAMs Another important macroscopic SESAM parameter is the

recovery timera, which can be controlled mainly with the
For passive modelocking we use an intracavity semiconduarowth temperature and is measured in a pump-probe experi-
tor saturable absorber mirror (SESAM). A detailed descripment. The parameters of the SESAMs used in our experi-
tion of this type of saturable absorber can be found elsements are listed in Table 3.
where [23, 24]. Here, we only summarize the most important The applied passive modelocking mechanism depends on
parameters and their influence on the dynamics of passivetiie pulse duration regime. In ps lasers, operating with some
modelocked lasers. uncompensated positive dispersion, the SESAM usually acts
We distinguish between two basic SESAM devicesas a fast saturable absorber [39,46]. The fs lasers (and some
namely high-finesse [41,42] and low-finesse [20,43-45pf the ps lasers) with intracavity prisms for dispersion com-
antiresonant Fabry-&fot saturable absorbers (A-FPSAs).pensation are soliton modelocked [47,48]. Here, the pulse
An A-FPSA consists of a semiconductor saturable absorbeshaping is dominated by the interplay of the negative cav-
structure, which is embedded between two mirrors. One mirity group delay dispersion (GDD) and self phase modulation
ror, which we call the bottom mirror, has a high reflectivity of (SPM), not by the SESAM which typically acts as a slow ab-
> 9% in all A-FPSA designs and consists of 16 to 25 pairssorber and only starts and stabilizes the soliton pulses. Pulse
of AlAs/GaAsquarter-wave layers. The second Fabgre®  widths well below the SESAM response time are routinely
mirror (top reflector) can have different reflectivity and deter-obtained.
mines whether we call a design high-finesse or low-finesse.
Saturable absorbers for ultrashort pulse generation must
be broadband devices with low group delay dispersiori.4 Q-switched modelocking
(GDD). This is achieved by operating the Fabrgrét sat-
urable absorber at antiresonance. For antiresonance, the dfire use of a saturable absorber as a passive modelocker
tical thickness of the absorber structure must be adjusted a solid-state laser introduces a tendency for Q-switched
such that the round trip phas®; in the Fabry—Brot pro- modelocking (QML) operation [25—27]. In the QML opera-
duces destructive interference (for example= (2m— 1)z,  tion regime, the laser output consists of modelocked pulses
m=1,2,..)[42]. underneath a Q-switched envelope, i.e., the laser power ex-
High-finesse A-FPSAs have a high-reflecting top mirrorhibits undesirably large amplitude fluctuations on the kHz
(for example95%) which is evaporated on the semiconduc-frequency level. In [27], we investigated this issue in detail
tor absorber after the molecular beam epitaxial growth. Théor ps as well as for soliton-modelocked fs four-level lasers.
high reflectivity of the top mirror results in a large absorberHere, we briefly summarize the results and address the situ-
saturation fluencé&s,: 4 and additionally requires a thick ab- ation of quasi-three-level lasers.
sorber & 0.61um) to achieve a significant modulation depth ~ To achieve continuous-wave (cw) modelocking without
AR. Here, Fsat a is the pulse fluence on the SESAM neces-Q-switching instabilities, the intracavity pulse ener@y
sary to bleach the saturable absorptiontedf its maximum  must exceed a certain value, the critical pulse ené&igy For
amountAR. ps lasers, we have derived the following expression for the
Low-finesse A-FPSAs avoid any post-growth processingritical pulse energy [27]:
since the top mirror is formed by the a@aAs interface,

which leads tov 30% Fresnel reflection. The lower reflectiv- £ — (Egaqi Esarad R)l/ 2 (Fsat i Aetr FsataAetr AAR) 2

ity of the top mirror substantially reduces the absorber sat- 3)

uration fluence. Besides that, a significant modulation depth

is obtained with a thin absorber Iayer of 2086 nmthick- Here,Fsat’L is the gain saturation fluence aMf‘f,L andAeﬁ'A

ness. An additional reduction of the saturation fluence can bgenote the effective laser mode areas in the gain medium and

obtained by placing the absorber layer close to the antinodgn the SESAM, respectively. We refer to the term on the right-
hand-side as the “QML parameter”. A small QML parameter
is required to achieve stable modelocking at moderate intra-

Table 3. SESAM parameters cavity pulse energy. Relation (3), although originally derived

for four-level lasers, is valid for quasi-three-level lasers as

SESAM  Structure  Absorber Modulation —Saturation  Recovery well. We only have to calculate the different gain saturation

# thickness depthAR fluence,Fsara time, za behavior from
/nm /% /nd/en? /ps
1 Highfinesse 610(MQW) ~025  ~ 4500 4 FeatL = hut / [2* (oe(,Ln) +o;tg)] , (4)
2 Low-finesse 30 ~ 0.5 ~ 120 6
3 Low-finesse 25 ~0.7 ~ 100 6 . .
4 Low-finesse 20 ~05 ~ 100 6 wherehy is the laser photon energy. Relation (4) can be de-
g I[ow-}‘!nesse gg ~ ég ~ gg g rived from the quasi-three-level laser rate equations.
ow-finesse ~ 0. ~ _ ; ; ; ; oL
2 Lowfinesse P ~07 ~ 190 s Short-pulse lasers require gain media with broad emis

sion bandwidth. These typically have significantly smaller




cross sections (with the exception ®f:sapphire). In par- 1.0
ticular, Yb-doped media have significantly broader emission
bandwidths than theiNd-doped counterparts, but also haveZ 0
about an order of magnitude lower cross sections. The res@ 06k 1.03 pm
is a high gain saturation energy and, thus, a strong tendengy
for QML, particularly for Yb-doped glasses. However, we = 04 ‘
found experimentally and by theoretical modeling [27] thats 1.05 um
in soliton modelocked lasers (with negative intracavity GDD)% 0»2L
the critical pulse energy is typically a factoraf4 lower than
calculated with (3). This is due to the interplay of soliton ef- 0.0
fects and the gain filter.

We managed to suppress QML in passively modelocked Wavelength (um)
Yb-doped lasers by minimizing the pump spot size, focusind{?ig.S. Reflectivity curve of a SESAM (#3 of Table 3), which is designed
more tightly on the SESAM and limiting the SESAM’s modu- 1" operation atl.03pum wavelength by shifting the bottom mirror reflec-

- ) N - . tivity to shorter wavelengths. TheaAsand AlAs layer thicknesses of the
lation depth.Yb.YAG, with its hlghel’ cross sections (Com' bottom mirror were71 nmand84 nm respectively (corresponds to a center

pared t0Yb19|aSS), a”QWQd for the SUpPreSSion Qf QML evenyavelength of1.00wm). For common bottom mirrors, which are centered
when pumping with high-power low-brightness diodes (largert 1.05um, the layer thicknesses af& nmfor GaAsand89 nmfor AlAs

pump spot). Here, the stabilizing effect of soliton modelock-
ing in a dispersion-compensated cavity (as mentioned above)
was employed. This also led to shorter pulses and higher peabsorber. It can be desirable to obtain laser operation at
powers. 1.03pm because the slightly broader emission spectrum en-
ables the generation of shorter modelocked pulses or because
the higher cross sections help to suppress QML. There are
1.5 Selection of laser wavelength two ways in which SESAMSs can be used to select this shorter
wavelength.
TheYb:YAG emission spectrum (see Fig. 1a) allows for op- The first way is operation near the long wavelength
eration nead.03pum or 1.05um. In the following, we show edge of the highly reflecting range of the SESAM bot-
how the actual wavelength of operation depends on the cavitpym mirror. For example, we can design the bottom mir-
parameters and how the wavelength selection can be influer with a center wavelength &99um, which results in
enced by using a specially designed SESAM. high reflectivity at1.03jum and significantly lower reflec-
For low cavity loss,1.05um operation is favored by the tivity at 1.05um (Fig. 3, SESAM #3 in Table 3). We can
quasi-three-level nature (strong re-absorptionl®&3um).  also use such a SESAM to shift the center wavelength of
This tendency is often increased by SESAMs: for shortea Yb:glass laser to shorter wavelengths at low inversion
wavelengths, the absorber action is stronger because of thevels, where the peak gain is at longer wavelengths (see
increased density of states in the semiconductor saturab®ect. 1.1). The limitation of this approach is that operation

P RIS R SR R
0.95 1.00 1.05

1.00

3.5
£ 095 20 o
% % g—
< g 25 E)
@ 0.90 ® 2
2 g 20 =4
2 £ 5
o °85F 2 45 . £
I 1 i “\/1\“‘\ Q~ < 1 L (.\ |:': 7 i H
- 1‘?/?/ | ”:ﬁ e " 02 tance i?é?n SESA?\)IZ surfaceo(.am) °? ré?rét?i’\?é ﬁﬁggitwl;%fﬁg,r VZilFﬂfi;Ig ein-
a) avelength (um) © H tensity distribution for 1.03 dolid) and
1.05pum (dashed wavelength iight side)
1.00 — for two low-finesse SESAMs. Thilack
3.5 AN barsrepresent the absorber layeasThis
3 - SESAM (#4) was designed to intro-
‘? 0.951 < 20 - T duce higher loss at.05um, which was
§ 2 ¢ g' achieved by a thinner Fabryépt struc-
3 o090k 5 25 1 ture, corresponding to a_sho_rter antireso-
% : 2 § nance wavelength. The field intensity dis-
< S 20 =< tribution does not vanish at the SESAM
& 0.85- 5 2 surface. The antiresonance thickness for
o= T 45 1 < 1.03 and 1.05um wavelength is indi-
cated @lashed ling b This SESAM (#2
NNy a—TS 1otns = £ oo" 55 o —— o6 of Table 2) is nearly antireso'nant' for bqth
b) Wavelength (1m) Distance from SESAM surface (um) \éviiﬁ?éirt}%mmgesfrg; field intensity
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near the edge of a Bragg mirror introduces higher order dis . s sspss . Yb-doped gain medium ... ;
persion, which ultimately limits the shortest obtainable pulse 279 (] (s D U flt=
duration [49-51]. pick-up lens~ ‘K J AT :

A second way to select the shorter wavelength is to desig :cylindrical lenses (telescope)
the Fabry—Rrot structure of the SESAM in such a way that
antiresonance is obtainedla03um, while thel.05um line F =¥
is closer to a resonance, where increased internal intensi -
leads to higher loss. Figure 4a shows this special SESAM d¢©C \ -7
sign (#4 in Table 3). For comparison, a classical SESAM de
sign for antiresonance &t05um is shown in Fig. 4b (for ex-
ample SESAMs #2 and #5 to 7). We have indicated the reflec
tivity curves (left) as well as the refractive index profile and prism#2
the field intensity distribution outside and inside the Fabry-
Perot structures (right). Occasionally, we observed damage
the specially designed SESAM, whereas no damage occurri
for the a_ntlresonant SE.SAM' The .Suspe.Cted reason for t .5. Low-power cavity setup.M; = Mz = 10cm radius of curvature
damage is the non-vanishing field intensity at the surface qkoc), L, = L, =5cm L = 40(60) cm, L = 80(50) cm, M3 = 7.5 cm
this SESAM, as can be seen from Fig. 4a. Surfaces in gemoc with the high-finesse SESAM and 20 46 cm ROC with the low-
eral have lower damage thresholds than bulk materials [52]inesse SESAM. The prism separation was 75 (39) cm. The parenthetical
This is a serious disadvantage of SESAM designs that exhipfmbers represent the values for the low-poWerglass experiments. OCs,
non-vanishing field intensity at the surface. output couplers

\ knife-edge

laser experiments [20], we usedTasapphire pump laser.
2 Experiments with ultrafast Yb-doped lasers However, newer results on diode-pump¥b:glass lasers
demonstrate that similar performance can be obtained by
In this section we give an overview on some previouslypumping with high-brightness diodes despite their somewhat
published experimental results and also present new resuiiferior beam quality (see also Sect. 2.2).
on a passively modelocked high-pow¥b:YAG laser. In The typical laser setup used for the low-power experi-
Sect. 2.1 we discuss low-power subYis:YAG oscillators, ments is shown in Fig.5. We can operate the laser with
pumped with aTi:sapphire laser (which could be replacedor without dispersion compensation by inserting or remov-
by high-brightness laser diodes). Similar oscillators baseithg the SF 10 prism pair [54]. All low-poweYb:YAG (and
on Yh:glass, pumped with high-brightness laser diodes, ar¥b:glass) lasers were operated at room temperature without
discussed in Sect. 2.2. The shortest pulses from these las@giively cooling the gain medium.
had a duration aroun@0fs which is comparable to re- We used a3.5-mm-long, 5%-doped Yb:YAG crystal,
sults achieved witiNd:glass [53]. Howeveiyb:glass exhibits which was approximately twice the absorption length at our
a much broader tuning range. New results on a high-powegrump wavelength 00.94um and resulted i 85% pump
Yb:YAG laser with around. pspulse duration are presented absorption. The pump beam diameter (full width #é2lin-
in Sect. 2.3. tensity) in theYb:YAG crystal was~ 100x 54um in the
horizontal and vertical direction, respectively. The confocal
parameter of the pump beam approximately corresponded to
2.1 Low-powerYh:YAG oscillators the length of the gain medium. We designed the laser cav-
ity in such a way that the laser mode in the gain medium
Laser diodes with high brightness are currently available withmatched the pump mode. Because of the proximity of pump
up to 2W output power a0.94pm or 0.97um. We have and laser wavelength ivb-doped materials, it is difficult
used such diodes to constru¢b-doped glass lasers with to obtain good pump transmission and high reflectivity at
low pump threshold and output powers of 50360 MW the laser wavelength of the pump mirrorg lnd M, at the
(Sect. 2.2). The small pump and laser mode sizes in the gagame time. Our available mirrors had35% reflection at the
medium, which can be realized with high-brightness pumgpump wavelength. Taking into account this loss, the pump
sources, are favorable to suppress QML [26, 27]. As no lasgyower incident on the crystal was limited1® W. The max-
diodes aD.94um were available at the time of théb:YAG  imum pump intensity at the laser crystal was36 kW/cn?,

Table 4. Modelocked Yb:YAG lasers results. - -
L-p, low-power experiments (see Fig.5) H-p, S€tup SESAM AR/ Prisms Tout/ Poump/ Pouw/ Pulse width/  Wavelength/

high-power experiments (see Fig. 9) # % % W W fs pm
L-p 1 0.25 No 2 1.5 0.16 1700 1.03
L-p 1 0.25 Yes 2 1.3 0.15 900 1.05
L-p 2 0.5 Yes 2 1.2 0.17 570 1.05
L-p 3 0.7 Yes 2 0.8 0.15 460 1.03
L-p 3 0.7 Yes 5 1.4 0.51 890 1.03
L-p 4 0.5 Yes 2 0.9 0.10 540 1.03
L-p 5 1.3 Yes 2 0.7 0.11 340 1.03
H-p 6 0.9 Yes 2 33 1.5 1000 1.03




which is much higher than the pump intensity for trans-
parency afl.03um, which we calculated to be 1.4 kW/cn?
by using (2).

The spot size on the SESAM was chosen in such a wag
that the intracavity pulse energy at full pump power was abou
5 times the saturation energy of the SESAM. P

The results obtained with the modelocRéat YAG lasers € | 3491
are listed in Table 4. Without dispersion compensation weg
achieved pulses as short &F pswhich is close to the ab- T
sorber recovery time of the SESAM and can be explainet?
with the fast saturable absorber model of Haus [40, 46]. The
results with dispersion compensation can be explained with = L
soliton modelocking [47, 48], which led to shorter pulses in
the sub-ps regime. The time—bandwidth products-di.33 , _ ,
are close to the value of 0.315 for an ideal soliton pulse. AdFd-5 fhtensity a““?col”e'a“(‘j’”l ”akcég)?\?g GSpIeC”“mng ae-fs g“gse ob-.
ditionally, soliton modelocking significantly reduced the ten—}gt'gﬁsitf&tf‘egisrygnﬁ% soliton(seo) pjll‘?zg » second-harmonic
dency towards Q-switching instabilities [27]. We believe that
Kerr lens modelocking [55—58] did not contribute in our ex-
periments because modelocking was stable and self-startitiggher for large output coupler transmission and large modu-
over a wide range of the resonator stability regime. lation depth of the SESAM, as expected from the theory (see

As expected from modelocking theory [39,46], we Sect. 1.4). However, QML could always be easily suppressed
achieved the shortest pulses3#0 fsby using the SESAM at higher pump powers.
with the largest modulation depth. The corresponding auto-
correlation trace and the spectrum are shown in Fig. 6. Thg.2 Low-powerYb:glass oscillators
spectrum covered almost the full available gain bandwidth.

SESAMs with smaller modulation depth result in longerThe basic cavity setup of our low-pow#ib:glass oscilla-
pulses and tend to operatela®5pm. The specially designed tors is the same as for the low-powéb:YAG experiments
SESAMSs, as described in Sect. 1.5, resulted in operation &Fig. 5). As pump sources we used two high-brightness,
1.03um even at low output coupler transmission. broad-area30wm ridge width) InGaAs GaAs laser diodes

The output powers of the low-powerb:YAG lasers (Uniphase Laser Enterprise) generatirg0.9 W each at
ranged from 110 td 70 mW, when we use@% output cou- 0.97pum. The M value in the slowly diverging horizontal
pler transmission. With higher output coupler transmission oflirection was between 5 and 7, depending on the operation
5%, we obtained.5 W average output power &4 W pump  current of the diode. In the fast diverging vertical direction,
power, which corresponds to an optical efficiency36%. the diode output was approximately diffraction limited. We
However, the pulses became significantly lon@&Qfsusing  used optimized pump mirrors Mand M, (Laseroptik GmbH,
SESAM #3) because of stronger gain filtering effects at th&arbsen, Germany), which provided90% transmission at
higher saturated gain level (higher cavity loss, see Sect. 1.1}he pump wavelength dd.97um and > 99.8% reflectivity

Q-switched modelocking occurred only for pump powersfor wavelengths longer thah03um. The maximum pump
below a certain critical value. This value was observed to b@ower incident on the glass was$ W.

3.4nm

rallll I PRI
1.030 1.035

Wavelength (um)

Yy

Delay time (ps)

Table 5. Yb:glass parameters . )
Laser glass Phosphate  Silicate Fluoride

QX/Yb Q-246/Yb phosphate

Emission bandwidtiAA/nm 62 7 81
Emission cross section @75um / x 10720 cm? 0.67 0.71 1.2
Emission cross sectiondk)/ x 10720 cm? @ 0.05 0.095 0.16
Absorption cross section's)/ x 1020 cr? @ 0.001 0.002 0.002
Gain saturation fluenc€sa/J/cn? d 370 190 120
Fluorescence lifetime/ms 1.3 1.1 1.3
Absorption cross section ) @0.97 um/ x 10-2 cn? 0.25 0.19 0.4
Emission cross sectionth @0.97 um/ x 1020 crr? 0.07 0.11 0.2
Pump saturation intensitisa; 7@0.97 um/kW/cnm? 38 62 26
Transparency intensity,(:fggangkW/cm2 1.3 2.1 0.5
Yb3*+ doping densityNot/ x 1071 cm=3 ~2 ~17 ~17
Absorption length@.97 pum /mm 2.0 3.1 15
Thermal conductivity/W cm=1 K—1 0.0085 0.013 -
Refractive index 1.535 1.56 ~15
Nonlinear refractive index x 10-16 cm?/W 3.2 3.8 -

2) at 1.06 um wavelength
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We focused the pump beam to a spot diameter of®)
~90um x 50um in the glass in the horizontal and vertical
direction, respectively. The confocal length inside the glass
was 12 mmin the vertical and3 mm in the horizontal di-
rection. The maximum pump intensity was44 kW/cn?,
which was much higher than the transparency intensity of the
Yb-doped glasses. The transparency intensity as well as many
other important parameters of the differéfii-doped glasses Z
is listed in Table 5. All glasses were highly doped5 wt %

Yb,O3) in order to provide short absorption lengths.

Because of the low emission cross sections, we could
not avoid Q-switched modelocking when we operated the _
lasers without dispersion compensation. However, when we 3
inserted a prism pair for dispersion compensation, QML oc-
curred only for lower pump powers. This can be explained -
with soliton effects [27].

Stable self-starting soliton modelocking was obtained in
all cases. KLM was not expected to occur, and the char-
acteristic sensitivity to variations of cavity parameters was
not observed. The results of our low-powds:glass experi-
ments are listed in Table 6. The shortest pulse duration wag)
~ 60 fsfor all glasses (Fig. 7) and was achieved at low out-
put coupler transmissions of 1 9. The output power in
these experiments was between 50 8ad\W. Higher output
power and laser efficiency was achieved with increased out-
put coupler transmission, accepting somewhat longer pulse
duration because of the stronger effect of the gain filter (see
Sect. 1.1). The highest modelocked output powe®.88 W
was achieved with the phosphate glass. The FWHM pulse du-

ntensity (a.u.)

(a

sity

SH Inten

SH Intensity (a.u.)

20.5 nm

1.06
Wavelength (um)

200

Delay time (fs)

61 fs —

19.5 nm

1.04 1.08
Wavelength (um)

1 I

-200

0 200

Delay time (fs)

60 fs —

1.02 1.06
Wavelength (um)

1 ]

]
-200

0 200

ration wasl20 fs

Delay time (fs)

Both of the other glasses showed lower efficiency than. _ _ _
). 7a—c. Shortest pulse intensity autocorrelation traces (SH: second har-

the phosphate glass. In the case of the silicate g|a$S!_0ne I bnic) and spectrarsets obtained froma the QX/Yb phosphate (SESAM
son was that our pump and laser setup was optimized fQf), b the Q-246Yb silicate (SESAM #7), and the fluoride phosphate
glass lengths of abol® mm (confocal length of the pump (SESAM #6) glass laser

beam). This was optimal for the phosphate glass with its ab-

sorption length of~ 2 mm However, the silicate glass had

a slightly longer absorption length 8f2 mmwhich resulted mal fracture at pump powers higher th@d8 W. Poor optical

in lower pump absorption. Another reason might be energguality of the glass was also visible.

transfer to thulium impurities, which was indicated by some  We achieved tuning of the modelocked pulses by insert-

blue fluorescence. ing a knife-edge in the spatially dispersed beam near the
As the onlyYb-doped glass that we investigated, the flu-output coupler. The tuning ranges are listed in Table 6 and in-

oride phosphate exhibited thermal problems. This led to therdicated in Fig. 8 for each glass together with the measured

emission and absorption cross sections. The tuning ranges

are significantly larger than the maximum modelocked band-

width. The reason for this is that the amplification bandwidth

for any given inversion level is limited (see Fig. 2), whereas

tuning with the knife-edge modifies the inversion level and

thus shifts the wavelength of maximum gain.

Table 6. Modelocked low-poweiYb:glass laser results

Glass Phosphate Silicate Fluoride
QX/Yb  Q-246/Yb phosphate

SESAM # 6 7 6 . .
Shortest pulse widtifs 60 60 60 2.3 High-power diode-pumped ultrafa¥b:YAG laser
Center wavelengthipum 1.058 1.08 1.057
Output power/mW 65 53 50 While high-brightness laser diodes are currently limited to
Pump power/mwW 700 700 750 . . .
Highest cw poweymw 510 300 20 about2 W pump power, up tal0 W is available from high-

i W POW! . . .
Highest modelocked poweimw 380 200 50 power diode bars, promising multiwatt output powers from
Pump powerymw 1600 1600 750 Yb-doped lasers. The main challenge, however, is to cope
Pulse width/fs 120 100 60 with the poor beam quality from such pump sources. This
Center wavelengthium 1.05 1.07 1.057 leads to lower pump intensities and, thus, lower efficiency of

Tuning range/um 1.025-1.065 1.03-1.082 1.055-1.069 quasi-three-level lasers. The output of @xW diode bar

gultse :Vidths/fi W 1;8—228 lég—fgg 58—5130 (DILAS GmbH, Germany) is a highly elliptical beam with
utput powers/m — — — 2 2 . . .
PUMD powermW 1200 1200 750 MZ,,, = 3000 andVig,, = 10 in the horizontal and the vertical

direction, respectively. The strongly different beam quality in
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the vertical direction as well as for collimating the horizontal
direction. Because of the large extension of the pump beam
in the horizontal direction, we used optics with large aper-
tures of 2 inches, still causing 18% loss of pump power
due to clipping. To focus the asymmetric pump beam into the
gain medium, we used a pair of two closely loca8Hmm
lenses to achieve a focal length &f40 mm We measured
the pump spot diameter (full width ayé intensity) to be

; - ) , 2.8 mmx 0.18 mmin the horizontal and vertical directions,
0.95 1.00 1.05 1.10 respectively. The confocal parameter in the horizontal (ver-
F tical) direction was measured to Hemm (5.5 mm) in air,
corresponding tez 7 mm(=~ 10 mmn) in the crystal. All lenses

of the pump optics were AR-coated@®4um. We obtained

a maximum power 083 W at the location of the laser crystal
and a pump intensity of 6.5 kW/cn?, to be compared with
the intensity ofl.4 kW/cn? for transparency &t.03 um.

The cavity setup of our high-powerb:YAG laser is
shown in Fig. 9. We achieved mode matching between the
laser mode and the elliptical pump beam by using a cylin-
1.10 drical curved cavity mirror next to the crystal. The folded
resonator mode inside the crystal results in a doubled gain per
round trip compared to a standard end-pumped cavity setup.
The cavity length of3.3 m results in a pulse repetition rate
of 45 MHz

We used a flaBrewster cutYyb:YAG crystal with3 at %
Yb-doping. The absorption length was3 mmat our pump
wavelength of0.94pum. The end face of the crystal was
coated for~ 90% transmission at the pump wavelength and
~ A~ 99.8% reflectivity at the laser wavelength df03um.

0.95 1.00 1.10 The optimum path length in the gain medium, adjustable
Wavelength (um) by lateral translation of the flaBrewster cutYb:YAG crys-

Fig. 8a—c. Measured emission and absorption spectra of the differént tal, Waﬁ four;]d to bev 3bmm The ?fpt_lmum pfat}?)ﬁlg[;}gth
glass materials (see Table 5). The tuning range is visualized by showing@S Well as the pump absorption efficiency of a 0)

a) QX/Yb phosphate glass

o

0.95

Cross-sections (x10?' cm?)

10

some measured pulse specaaQX,/Yb phosphate glas® Q-246/Yb sili-  Was only weakly dependent on the output coupler transmis-
cate glass¢ Yh-doped fluoride phosphate glass sion because the ground state depletion was never higher
than7%.

For efficient heat removal, théb:YAG crystal was cho-
both directions constitutes a second challenge, as the punsgn to be only0.8 mm thick. It was mounted between two
beam must be matched to the laser mode in the resonator.

Simply focusing the pump beam to a circular spot is not fa-
vorable because the minimum spot size would be determine *
by the poor beam quality in the horizontal direction while the
much better beam quality in the vertical direction would not
be fully exploited. The resulting pump intensity would be too ROC = 150 cm
low. There are two ways to solve this problem. The first is tc
equalize the beam qualities in both directions with a specie
beam shaper [59, 60], which allows for the generation of a cir
cular pump beam. The second [61-63] is to apply optimun
focusing in both directions, i.e. generate a beam with the min
imum acceptable confocal parameter in both directions. Th
cavity mode must then be matched to the resulting highly el
liptical pump beam. We have applied the second approach b
cause of the superior thermal properties. Efficient cooling it
possible by the use of a rather thin laser crystal, reducing th
maximum temperature excursion in the gain medium. This i
beneficial for the efficiency of afb:YAG laser. Moreover, /
the nearly one-dimensional heat flow reduces the effects c. ROC = 30 ¢m
thermal lensing and stress-induced birefringence. Fig. 9. High-power cavity setupL1=123cm L, =98cm L3=97cm
Qur0.9ium, 40-W diode bar was delivered wih acylin L. #7270 Lo e e 3ot e en £00 e T
drical mlt_:ro-lens close FO the output f_ace of the.dIOde’ WhIC ectionalpview of the laser crysial pEmped %y the strongly asymmetrical
resulted in a nearly collimated beam in the vertical directiongiode beam. The crystal geometry causes a mainly one-dimensional heat
We used two more cylindrical lenses for further collimatingflow to the copper heat sinks

heat flow

opper
Yb:YAG
copper

pump beam
& laser mode

Dicde
pump module

cylindrical mirror
*[ ROC ustcat = 20 cm

SESAM
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thermo-electric-cooled copper heat sinks whose minimum
temperature was limited tez 5°C by the onset of water 11nm
condensation. Assuming a purely one-dimensional heat flows
and perfect heat flow across the interface between crysta TR
and heat sink, we estimate the temperature in the cent&r, Wavelength (um)
of the crystal to rise by only abou? K above the heat ‘g‘:
sink temperature per watt of dissipated power. The impor2
tance of keeping the crystal temperature low is confirmedt
by the observation that the threshold power increases
about 3W when the heat sink temperature is increased
by 25 K.

In a cw configuration, i.e., without prisms in the cav-
ity and the SESAM replaced by a high reflecting mirror,
we obtained the maximum output power 48 W from an
incident power of33 W using an output coupler with5% Fig. 10. Intensity autocorrelation trace and spectrum of thes pulse ob-
transmission. The threshold power and slope efficiency witfgined from the high-power soliton modelockeld:YAG laser. The average
respect to incident power on the crystal WeEeW and24%, ~ °UtPut power wad.5W. SH, second-harmonic intensity
respectively.

To obtain modelocked operation, we inserted a SESAM3 Ultrafast Yb-doped laser amplifiers
into the cavity (Fig. 9). Various measures had to be taken to
suppress the tendency for Q-switched modelocking. This ter.1 Short-pulse amplification iivb-doped andNd-doped
dency is strong due to the large laser mode area (enforced by amplifiers
the poor pump beam quality) and the low cross sections o]t
Yb:YAG. Both the multiple paths through the gain medium
and the relatively low repetition rate were favorable for the
suppression of QML. Furthermore, the mode area on the a
sorber was kept rather smala = 7 x 10~ cn?), limited
by the onset of multiple pulsing [40]. The intracavity pulse

Delay time (ps)

he pulse energy available from modelocked oscillators is
limited to moderate values by the limited pump power and
he high repetition rate of typically aroudd0 MHz Much
igher pulse energies can be obtained with regenerative am-
plifiers. Here a single seed pulse of moderate energy, typically

- : | ith onl xtra_c_ted fro_m a_modelocked oscilla_ltor, is injected int_o the
g{;}e:?gn\;vr?]?slsri\g:]ea;teﬁogéhuall?sg ;nm%%p#itszzug]:rpvgcve? gf_ mplifier cavity with a Pockels cell, circulated there until the
ficiency Despite, all these measures, QML could only bé;ain is saturated, and finally extracted again with the Pock-
suppressed in soliton modelocked opération, using a pair s cell. The extractable energy can be a significant fraction of

SF10 prisms for dispersion compensation. In this way, we obThr(]a total ?Uefgy itnititally storetd in ':che amplifier 9&:."1 n|1edium.
tained cw modelocking with soliton-liki-pspulses (Fig. 10) € most Important parameters for a regenerauve laser am-

and 1.5W average output power. This power is just thePlifier are the round-trip small-signal gain coefficiegt the
same as that recently achieved with Nd:glass in a simila@/N Saturation energsa,. = FsaiLAeii, and the round-trip

nfiquration 1641, oss coefficient. . - o
co Wgeubagtl;)ev£6tr]1at the low optical efficiency of on&Pe The stored energy in the amplifier medium is related to the

in modelocked operation can be significantly improveds"na”'Signal g_ain and o the gain satura_ti_on energy. For the
in the future. We plan to double the pump power an tored energy in a quasi-three-level amplifier material, we can

pump intensity by using two polarization-coupled-W derive the expression
diode bars. Thermal problems are not expected due t )
the efficient cooling arrangement. The higher pump in-gswfe": LgAefi, Nohv = Esa‘vL(9°+2*L9Nt°‘aabS> -

tensity should increase the efficiency by operating furthiqtor a cw-pumped gain medium, the stored energy is limited

y the pump power. In steady state, the excitation rate equals
he spontaneous emission, and we have

above threshold as well as by using a higher output cou-
pler transmission and a longer path length in the gai
medium. Nitrogen purging of the crystal mount should
allow for better cooling and, thus, reduce the thresholds
power.

Ongoing research in the field of high-power, high-Here,P,ump denotes the incident pump power. The absorbed
brightness laser diodes will probably soon provide very effifraction of the pump power is represented:fgy which ad-
cient laser diodes, which are ideally suited to puvippdoped  ditionally accounts for geometrical effects, as for example,
solid-state lasers. Recentl0 W cw output power from imperfect overlap of the pumped region with the amplifier
a 100-um-aperture Al-free laser diode at a wavelength ofmode.nq = Ap/AL denotes the quantum defect of the used
0.97um was demonstrated [65, 66]. With these high-poweramplifier material, andjparasiic < 1 accounts for loss pro-
high-brightness laser diodes it becomes easier to achieeesses such as energy transfer to impurities in the amplifier
efficient and stable passively modelocked operation with mulerystal, upconversion, or excited-state absorption.
tiwatt output powers, possibly even witfib:glass despite ComparingYb andNd as dopants, we find thatb-doped
the lower cross sections. This is not possible with the curgain media can store significantly more energy because of the
rently available high-power low-brightness diode bars, fodonger fluorescence lifetime and higher pump efficiency, pro-
whichitis already a challenge to suppress QML MkaYAG  vided that the pump absorption efficiency is high. In a quasi-
laser. three-level medium, the latter is limited by the available pump

stored= !]parasitid]Q7IP Ppumpf . (6)



13

intensity because the pump intensity at the end of the mediuillator. To account for the transparency condition at the laser
should reach the intensity needed for transparency. Therefoveavelength in quasi-three-level lasers (see Sect. 1.2), we as-
the better energy storage capabilitydf-doped media can sumed only63% pump absorption (one absorption length) for
only be exploited with a pump source of sufficiently high Yb:YAG, while we set the pump absorption for tNel:YAG
brightness. Consideringb:YAG for pumping at0.94pum  crystal to86%. Parasitic effects such as excited-state absorp-
and operation at.03um, we find that this condition is well tion are neglected in both cases, although these can be sig-
fulfilled with high-brightness pump diodes. With high-power nificant in Nd:YAG, particularly for high inversion levels.
low-brightness diode bars, the advantagerbfover Nd is  In the upper part of the figure, the small-signal gain coeffi-
smaller. However, the better efficiency b (due to the low cient is plotted as a function of pump power by combining
quantum defect and the absence of quenching processesyddations (5) and (6). The solid curves in the bottom part
favorable because of the reduced tendency for thermal lensirginow the stored energy versus pump power, while the dashed
and fracture. curves represent the maximum extractable energy according
The extractable pulse energy is given by the producto relation (7) for an assumed loss coefficient86. Here
of stored energy and the extraction efficiency. The latter isve have neglected the initial pulse enerBy, which typ-
limited by cavity losses, particularly if the gain is low, be- ically is several orders of magnitude lower than the finally
cause this increases the required number of passes througkiracted energy in regenerative amplifiers. At low pump
the amplifier. In addition, even a lossless quasi-three-levgdowers, theNd:YAG amplifier results in higher extracted
medium does not allow for total energy extraction becauseulse energies because in this regimeYheYAG amplifier
gainis available only as long as the stored energy exceeds thaffers from its quasi-three-level nature. Abev8 W the ex-
level necessary for transparency. Here again the brightnesstofictable pulse energy from théb:YAG amplifier exceeds
the pump source is a limiting factor. With sufficient bright- that of theNd:YAG amplifier, as expected from the signifi-
ness, a good extraction efficiency is achieved because tlantly higher stored energy. For example, we could extract
stored energy can be far above the energy for transparendyl mJfrom the Yb:YAG amplifier compared to onl¢ mJ
and the high gain reduces the required number of passes. Arom Nd:YAG when the pump power equad® W. The ad-
extensive theoretical and numerical treatment of multi-pasgantage ofYb:YAG is significantly more pronounced if we
amplification in an amplifier with round-trip loss coefficignt use high-brightness laser diodes instead of the low-brightness
can be found in [67]. For small values of the cavity-loss co-ones.
efficient and the small-signal gain coefficient, a rate-equation It is also interesting to compare the extraction efficiencies
analysis yields the following result for the maximum ex- of the two amplifiers, which are defined as

tractable pulse energy:
P » EP,extr _ gO_I [1+ |n(90/|)]

Estored Qo+ 2*Lg NtOtUz;Ik;; .

(8)

Nextr =

IéP,extrZ Esat,L{go —I [1+ |n(90/|)]} + E0 . (7)

Here, Ep denotes the initial pulse energy which, in case ofHere we have already neglected the term with the seed pulse
a regenerative amplifier, is the seed pulse energy. energy (see (7)). In Fig. 12 we present the extraction effi-
In Fig. 11 we compare regenerative amplifiers based oniency versus the pump power for various values of the loss
Yb:YAG (operating atl.03pum) and Nd:YAG. The mate- coefficient for the sam¥b:YAG andNd:YAG amplifiers as
rial parameters were taken from Table 1. We assume pumjn Fig. 11. As discussed, even at zero loss the extraction effi-
ing with high-power low-brightness diode bars and set thesiency of the quasi-three-level amplifier is lower than unity,
effective laser mode arefqr. =4 x 10~3cn?, which was  whereas, in this hypothetical case, the efficiency of the ideal
approximately the mode size in our high-powdr.YAG os-  four-level amplifier would be 1 (upper dashed line). We can
conclude that it is important to minimize the round-trip loss
in the regenerative amplifier cavity in order to achieve good

0 10 20 20
———————————
Nd —] 4
{2 &
Yb— 1.0 —
° [ ——
20+ | = 8% > ::::ii:::::::::
| - g g 4%
; 5 05 8%/
: s 12%
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g
Lﬁ — Yb:YAG
---- Nd:YAG
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Fig. 11. Pulse energy and small-signal gain coefficient versus pump power
acg(]:ording to relat?gns (6) to (8)g for gregenerative amplifiersp baF;epd on Pump power (W)

Yb:YAG andNd:YAG (Aet . =4 x 10-3 cn?). The stored pulse energy is Fig. 12. Extraction efficiency for anYb:YAG (solid) and a Nd:YAG
represented by theolid lines while the extracted energy is visualized by (dashed regenerative amplifier for various values of the round trip loss. The
the dashed curvegassumed round-trip los8%) lowest curvesorrespond td 2% loss, followed by8%, 4%, and finally0%
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extraction efficiency especially fofb-doped amplifiers with
their lower gain. This is because the lower gairvindoped 2
amplifiers requires more passes through the amplifier to satu%
rate the gain and extract the stored energy. For pumping witl€
high-brightness diodes the extraction efficiency Yéx. YAG
amplifiers is much more comparableNa:YAG amplifiers.
Another important issue in regenerative amplifiers is the
repetition frequency of the amplification process, which de-
termines the average output power of the regenerative ampli-

SH

fier. Full recovery of the gain after extraction of a pulse takes~. 20 a

a time on the order of the fluorescence lifetimeOperation 2 J18%

of a regenerative amplifier at a repetition rate higher than th&. 110 %

inverse fluorescence lifetime results in a lower stored energg 1s 3

and, consequently, in a roll-off in the extracted energy. There€ »
0

fore, the larger energy storage capability of Yb-doped media’

is realized only at 3 to 4 times lower repetition rates compared

to Nd-doped media. Fig. 14. aNormalized slow-scan autocorrelations and fits (assuming hyper
.The limited .bandWIdth of .the gam_r_ned|um is of partlcu_— o%ic secans pulse shape) of th80-fs seed pulsesc{rcles) and the2.3?psyp

lar importance in a regenerative amplifier because of the h|g£}nplified pulses quarey. b Measured golid) and sechitted (dashe

gain seen by the pulse in many passes through the mediuuise spectra of seedight) and amplified left) pulse showing the effect

This can lead to significant spectral narrowing and a corref gain narrowing and the weaker re-absorption in the amplifier (blueshift).

ponding increase of pulse duration [68, 69]. For an estimat{zor_ comparison, we have indicated the emission and absorption curve of

we assume a Gaussian pulse with FWHM (full width at half b:YAG

maximum) durationcen, Which passek times through an

amplifier with single-pass gain coefficiegd and a paraboli- Yb:YAG oscillator similar to the one described in Sect. 2.1.

cally approximated gain shape with FWHM bandwidtf,, ~ The cavity setup of the regenerative amplifier is shown in

Wavelength (um)

The resulting pulse width is Fig. 13. The amplifier head was based on the thin-disk con-
cept [7]. The300um thin gain medium was pumped by
kgo ~ 8 W incident power of which abou0% were absorbed.
TP,out= TRiin 1+O~28Af2T§_ : ®  From (6), we calculated a stored energy~ef3.7 md The
a “P,in

pump intensity ofa 4.4kW/cn? resulted in a maximum

ComparingYb:YAG and Nd:YAG regenerative amplifiers excitation level ofl4% and a measured small-signal gain co-
with 60 dB gain, we find that a pulse with an initial dura- efficient of ~ 0.26. For a round-trip loss coefficient of 0.08
tion of 1 pswould result in an output pulse &5 ps and (cumulated loss from the polarizer and the Pockels cell), we
26 pswidth, respectively. Both the approximately 10 timesCalculated a maximum extractable pulse energy of approxi-
shorter amplified pulse duration and the significantly highef@tely450pd by using (7). In the experiment, we extracted

achievable pulse energy illustrate the potentialbfYAG to & lower pulse energy d270p.J corresponding to an extrac-
generate high peak powers. tion efficiency of7%. Owing to~ 33% loss during extraction,

we obtained a reduced pulse energyl®@0uJ at the am-
plifier output. The repetition rate wa&b0 Hz Significantly
3.2 Yb:YAG regenerative amplifier experiment higher extraction efficiency could be achieved by reducing the
round-trip loss in the amplifier cavity. For example, a reduc-
We have recently demonstrated the first diode-pumpetion of the round-trip loss t&% should already double the
Yb:YAG regenerative amplifier [31], which was seeded withextraction efficiency.
750 fs 140 pJpulses atll.03um from a passively modelocked Because of thex 60 dB pulse amplification, gain nar-
rowing broadened the pulse width @3 ps which is in
good agreement with a calculation based on (9) (see Fig. 14).
?{t;i:}:&geg;gff ;afg;ﬁ”'“: —4p-Polarization During amplification, the pulse spectrum narrows and shifts
T ' to shorter wavelengths (Fig. 14b). The wavelength shift is
caused by the higher average inversion level (and thus shorter
peak gain wavelength) of the amplifier compared to the oscil-
lator (see Sect. 1.1).
M4 The output pulse energy 480pJ in a2.3-psshort pulse
resulted in a peak power as high @380 MW. By reduc-
ing the high cavity loss or by increasing the pump power,
while still maintaining a small spot area in the gain medium,
wedgedYb'Y;E-min S— KDP- it should be pos;ible to incrga_se the extracted energy from
ump power: = 10W G 940 M Koowie a Yb:YAG amplifier to the millijoule level (see Sect. 3.1).
Fig. 13. Diode-pumped Yb:YAG regenerative amplifier setupM; is Th-ere 'S & _S|gn|f|cant potential to re_zduc_e the Ca\-”ty Ioss_by
a Yb:YAG thin disk used as “active” mirrorty — 47 cm Ly — 327lcm using pqlanzers and Pockels.cells with hlgher optical quality.
Lz =62cm M, and M3 have 20 cm and 40 cm ROC, respectively. TFPs Previously88-yuJ pulses withl1 psduration (8 MW peak
are thin film polarizersy/4 is a quarter-wave plate,/2 is a half-wave plate  power) were reported from a regenerative amplifier based on

TFP1 —e—s-Polarization

-

amplified output pulse:
180 uJ (amplification: =10%),
2.3ps, frep=750 Hz

45° Faraday Rotator

M3

peltier cooled M1
copper heat sink, .
T=-33C e



15

Nd:YLF [70] and 1.3-mJpulses with25 psduration 60 MW
peak power) [32] were obtained fromNd:YAG regener-
ative amplifier. Higher pulse energies @60uJ [71] and
2.5mJ[72] were obtained fronNd:YLF amplifiers by using
high pump powers o015 W cw and120 W quasi-cw, respec- was6.5%.
tively. The output pulse widths were not measured. Another Previously demonstrated diode-pumphid:glass CPA
Nd:YAG regenerative amplifier pumped wi80-mJ pump  systems generatesbuJ pulses with an amplified spectrum
pulses at50 Hz repetition rate produced@-mJ pulses with  of 4 nmFWHM [78, 79], resulting id50 fspulse width and
approximatelyl nspulse duration which resulted in a peak 23pJ pulse energy after compression. The applied pump
power of~ 6 MW [73]. power of 4W was more than 3 times higher than in our
Our results with theYb:YAG regenerative amplifier Yb:glass amplifier, however, it resulted just in approximately
(180pJ, 2.3ps 80 MW) show that this material is supe- the same extracted pulse energy. Together with the 3 times
rior for high peak power generation because of the sigbroader amplified pulse spectrum we conclude Waglass
nificantly shorter achievable amplified pulse widths dueamplifiers are superior for high peak power generation com-
to reduced gain narrowing. As discussed above, millipared to amplifiers based dwd-doped glass. As discussed
joule pulse energies should be possible with pulse duraabove, this is at the expense of a lower pulse repetition
tions of a few picoseconds and peak powers on the giate.
gawatt level, possibly even without resorting to chirped pulse In the future, higher fs pulse energies should be possible
amplification. by utilizing laser diodes with higher power. High bright-
ness is crucial for achieving high extraction efficiency. The
recently demonstrated high-brightness diodes withw
output [65,66] are particularly interesting for such ampli-
fiers. The good efficiency of th&b®" ion helps reduce
the thermal problems despite of the low thermal conduc-
Yb-doped glass materials exhibit a bandwidth which is broadivity of the glasses needed as host materials for fs pulse
enough to support pulses as short @3fs Due to the generation.
high peak intensities associated with ultrashort pulses in the
100fsregime, the technique of chirped pulse amplification
(CPA) [74] must be used in order to prevent damage of thd Conclusion
optical components inside the amplifier cavity. CPA has been
demonstrated in a laser-pump¥d-doped fiber [75] and in  We have theoretically shown and experimentally demon-
bulk Yb:glass [76]. strated the advantages ¥b-doped laser media for short
We have recently demonstrated the first directly diodepulse generation. Compared to thiid-doped counterparts,
pumpedYb:phosphate glass (Kigre QXb) chirped pulse these media have a high intrinsic efficiency (small quantum
amplifier [77]. As an amplifier cavity, we used a similar defect and absence of parasitic processes), reducing detri-
setup as for the laser shown in Fig. 5. We only substitutednental thermal effects and thus allowing for higher aver-
the curved focusing mirrors next to the gain medium byage powers and pulse energies. To realize the potential for
7.5-cm ROC mirrors, replaced the SESAM by a highly re- high power efficiency, pump sources with high brightness
flecting mirror, and inserted a prism polarizer and a lithiumare required as a result of the quasi-three-level nature. Ef-
niobate Pockels cell to inject and eject the pulses. Wdicient operation with high-brightness laser diodes has been
pumped theYb:glass amplifier medium witll.2 W from  demonstrated, although the low brightness of currently avail-
two high-brightness diodes. Th200fs seed pulses from able high-power pump diodes limits the obtainable efficiency.
a modelocked Ti:sapphire laser tuned i®04um were  Neverthelessl-pspulses withl.5 W of average power from
stretched to 1 to 2 ns duration. We obtained a maximuna passively modelockedb:YAG laser were demonstrated,
cavity-dumped pulse energy &0pJ at 100 Hz pulse rep- and improvements in the brightness of the pump diodes
etition rate (Fig. 15). The broad amplified spectrum withshould soon allow for more efficient laser operation. Partic-
ularly the peak power from such lasers can be expected to
exceed the values obtainable frofd-doped lasers in the near

a FWHM of 12nm could potentially be compressed to
100fs-level pulses but, at the time of the experiment, no suit-
able compressor was accessible. The extraction efficiency
with respect to the stored energy ®f770uJ (using (5.2))

3.3 Ybh:phosphate glass chirped pulse regenerative
amplifier experiments

future.
R > Still shorter pulses, with a duration as short éfs
2 8 were generated with diode-pumpéh:glass lasers. Although
= @ this pulse duration is not shorter than obtained so far with
@ g Nd:glass, a much larger tuning range of up3®nm was
oy
o - = demonstrated.
2 201 L 1 10 :Bl The low cross sections ofb-doped media cause an in-
o L = creased tendency for Q-switching instabilities in passively
Fo” 1 7 modelocked lasers, particularly when low-brightness pum
0 , , . , p y g pump

200

400
Repetition rate (Hz)

600

. 0
800

sources are used. Various countermeasures have been used to
obtain stable cw modelocking in most cases, although the cur-

Fig. 15. Cavity-dumped amplified pulse energy and average power agently available high-power pump diodes do not allow for the

a function of repetition rate for the diode-pump¥t:glass (Kigre QXYb
phosphate) chirped pulse amplifier

suppression of Q-switching instabilities in high-power pas-
sively modelockedrb:glass lasers. Further development of
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power and brightness of diode lasers is expected to make pog4.
sible Yb-doped fs oscillators with significantly higher aver-
age powers compared Md:glass lasers which are limited in

U. Keller: In Chapter 4 in Nonlinear Optics in Semiconductors
Vol. 59, ed. by E. Garmire, A. Kost (Academic Press, Boston 1999),
p.211

power by the stronger thermal effects.
In regenerative amplifier&/b-doped media allow higher
energies to be stored, while a good extraction efficiency i27.

more sensitive to the cavity loss and also requires a pump

source with high brightness. The main attractiorYbfYAG

(compared td\Nd-doped crystals) is the much larger amplifi- 35 x| ong, Y.P. Tong, P.M.W. French, J.R. Taylor: Opt. Commil,

cation bandwidth, leading t®.3-ps short pulses witi.80J

energy and0 MW peak power. Chirped pulse amplification 31.
with Yb:glass was also demonstrated and should lead to ener-
getic fs pulses when a suitable compressor is used.

33.
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