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Highly Compact and Efficient Femtosecond
Cr.LISAF Lasers

John-Mark Hopkins, Gareth J. Valentine, Ben Agate, Alan J. Kemp, Ursula Kslember, IEEEand Wilson Sibbett

Abstract—Methods for developing more compact femtosecond low power, passively modelocked femtosecond lasers with the
Cr:LiSAF laser sources are examined. By careful modeling of the demonstration of a highly compact resonator design. There is

low threshold performance and intracavity dispersion character- 55 the possibility of the direct scaling of such compact lasers
istics of these cavities, a highly asymmetrie-cavity design with a . "
to higher powers in the future.

single prism for dispersion compensation is developed. Transform-
limited pulses as short as 113 fs and modelocked output powers up T here are a number of approaches that can be used to reduce

to 20 mW are demonstrated for less than 110 mW of laser-diode the “footprint” of an ultrashort-pulse laser. The first and most
pump power. The complete laser system (including the laser diode obvious method is to decrease the overall dimensions (and
pump system and drivers) has a footprint of 21.5¢ 28 cn¥, about  ¢) of the laser cavity by using fewer optics. For example,
the size of a sheet of US letter or A4 paper. . - .
three-mirror Ti:sapphire resonators have been developed by
Index Terms—Diode-pumped lasers, modelocked lasers, ultra- Ramaswamy-Paye, Bouma, and Fujimoto [13], [14] and,

fast lasers, ultrashort-pulse generation. subsequently, demonstrated in bott+€YAG [15], [16] and
Cr:LiSAF [17]. Such laser cavities have inherent size and
|. INTRODUCTION mechanical stability advantages and have been shown to allow

HE devel tof | ‘ ¢ and robust ultraf atsimpler alignment procedure for Kerr-lens modelocking [14],
evelopment ofiow cost, compact, and robust ultrafe 8]—-[20]. The use of asymmetric cavity arrangements for the
lasers suitable for application by a wider user communi

has | b h | of h Such ultrash gtimization of ultrashort-pulse lasers for direct diode pumping
as long been the goal of researchers. SUCh UIrashort-pyiag 5154 peen suggested [21] and demonstrated [22]. These

Iasder§ wogld be |I(_jea}[! for aﬂr}ange OI gylt_atdlcal,dmllcroscqppésers retain the superior alignment stability properties of the
and imaging applications. €Ir portability -and TOW-NOIS&»qarg four-mirror, seven-element cavities, while focusing
characteristics would make them especially useful for d|ag1-e laser mode more tightly in the gain medium and reducing

nostic measureme_nt_s away from the confines of the Iabora_t%ye overall cavity length. Further simplification of the pump
Presently, the majority of ultrafast lasers lack the portab|ll%

d rob dd hi d A X di Eﬁ;mgement has been demonstrated at St. Andrews by re-
and ro us'gness to a Iress t IS need. AS a gain medium vy ing the oscillation threshold to a level such that low-power,
the potential to be directly diode pumped, Cr:LiSAF is

) : . o ' iffraction-limited, narrow-stripe, single-spatial-mode (SSM)
prime candidate for_ this application. It was first mode-locke IGalnP laser diodes [17], [23] can be used. This has substan-
g_y (;\/Illler et ?jl' [é] n ;tgglz ;oweve:, (tjh|s s(;/sltenl’(l_ was nOttiaIIy reduced the cost and complexity of the laser diode pump

lode pumped. Frencat al. [2] reported modelocking I a o rcag. A summary of selected diode-pumped femtosecond
diode-pumped system the following year. These lasers wi

. ; FLISAF lasers is given in Table I.
both Kerr—Lens modelocked (KLM). The first demonstration o major limitation to the reduction of the cavity length and
semiconductor-saturable absorber mirror (SESAM) mediatg

it delocking 131-I51. with the advant e erall footprint has been the required minimum separation
soliton-modelocking [3]-{5], wi € advantages ol INCreaseg e prism pair that is typically used to provide sufficient
design flexibility and robustness that this permits, was i

. . egative group velocity dispersion. Alternative dispersion-con-
1.994 by Kopf et al._[6]. Sl demonstrauons of d'reCtl.ytrol schemes that offer greater, or potentially greater, physical
diode-pumped _Cr:L|SAF and Cr.LiSGaF lasers, producin mpactness for femtosecond laser configurations have been
Output powers in the'range of 125 mW [7}-{9] to 500 m emonstrated. [13]-[15], [24], [25] Recently, a prismless
[10], and pulse durations as short as 10 fs [11] (KLM) a mtosecond titanium sapphire laser was reported [26] with

45 fs [12] (soliton modelocking), represent a significané repetition frequency of 2 GHz, using a ring cavity with a

advance in the progression toward more practical and mbp&tjndtrip length of less than 150 mm

real world” ultrashort-pulse laser systems. In this paper, we By utilizing a SESAM as the modelocking element and

report a significant reduction in the size and complexity %orking in the soliton mode-locked regime [3][5], increased

design freedom is obtain by separating the modelocking element
Manuscript received June 27, 2001; revised January 22, 2002. from the gain medium. This methodology allows for reliable
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TABLE |
PERFORMANCE OFSELECTED DIODE-PUMPED, FEMTOSECONDCT:LiISAF LASERS(APPROXIMATE LAUNCHED PUMP POWERSLISTED)
Configuration Pulse Width | Average Power | Pump Power | Reference
(fs) (mW) (mW)

High Power Cavity, SESAM 110 500 15000 [10]

Symmetric Z-fold, KLM 10 23 850 [11]

Symmetric X-fold, SESAM 45 105 1000 [12]

3-mirror Cavity, KLM 60 1.57 84 [17]

Asymmetric Cavity, KLM 26 6.2 800 [22]

Asymmetric Cavity, SESAM 57 6.5 90 [23]

Prismless X-fold, SESAM 160 25 500 [25]
M the sagittal and tangential planes and made to coincide with
g k::-. the focused pump beam at the crystal facet. The asymmetry
\___._’,.#' \ ’ in cavity arm lengths permits the focussed spot size on the
modelocking element (in this case a semiconductor saturable

Ir . i P absorber mirror, SESAM [29], [30]) to be varied easily by
| adjusting the length of the short cavity arm when aligned in the
(L low-misalignment-sensitivity (LMS) region [31]. This enables
the saturation of the SESAM to be optimized for varying

po M2 intracavity powers. The SESAM used throughout this paper

was a low-loss antiresonant Fabry-Perot saturable absorber that
is especially suited to low intracavity powers and is described
Fio 1. Schematic of the hiahl ric CrLISAE | S SESAM. M elsewhere [10], [12]. Separating the modelocking element from
1g. 1. chematic o e nignly asymmetric CriLi aser. S . X H . . T NT] "
plane mirror. M1: 50-mm ROC mirror. M3: 75-mm ROC mirror. P: LaK312rhe_ga|n me‘,"“m by using a SESAM .tO initialize, Stab_lllze’ and
prisms. L: 50-mm pump focusing lens. maintain soliton-mode-locked operation gave the cavity greater

flexibility and stability at low intracavity powers.

observations and related dispersion analyzes, the design anihe two pump laser diodes were polarization combined
demonstration of an ultra-compact and simplified femtosecof® Provide up to~90 mW of pump power. The use of such
laser is reported. This laser has only a single prism for dispéliffraction-limited sources allows simple coupling optics to be
sion compensation and its footprint, including the pump sour€&ployed and a much more efficient pump/cavity mode overlap

and drivers, is only 21.5% 28 cnf. to be obtained. The diodes were collimated using standard
20x anti-reflection-coated microscope objective lenses. No
|| LOW—THRESHOLDFEMTOSECONDLASERS reshaping Of the 31 e”|pt|CaI mode was employed. When

. . _ a small battery pack containing six 1.5-V AA-type penlight

The reduction of the continuous-wave (CW) lasing thresholfqiteries and a low dropout voltage regulator circuit (LP2952)
and the intracavity power requirements for modelocked Op‘?fc')wered the diodes, the laser operated for more than 14 h.
ation, are obvious first steps to achieve, simple, compact andrpa c\w threshold was below 20 mW (using a 1.5% output
efficient laser oscillators. With this objective in mind, i”itialcoupling mirror). Mode-locked operation ceased when the
work at the University of St. Andrews demonstrated Cr:LiSAIF:)ump power was reduced below 22 mW. The laser produced
lasers with extremely low pump power requirements. This; o 1 ises at an average output power of 6.5 mW for an inci-
permitted the use of narrow-stripe SSM laser diodes, wi nt pump power of only 72 mW! The pulses were bandwidth
near-diffraction-limited output beams, as the pump source [1lnied having a spectral width of 13.5 nm centred on 855 nm.
[23]. Q”:'-'SVA'FG (Cr:L.|SAF) was the ch.osen gain med'um.This laser also had very low noise characteristics. The RMS
for this work because direct diode pumping of this crystal Biming jitter in the range 500-5000 Hz was just 73 fs [23].
achievable with commercially available AlGalnP laser diodes With this demonstration of a low-threshold, low-noise, effi-
and the emission-cross-section upper-state-lifetime prodygly anq potentially compact—laser comes new possibilities
(o7) of this crystal is high, thereby facilitating a low CWy, tamiosecond laser research, including the reduction of the

Ias'er threshold ,[27]' Fig. 1 ShOW,S the basic cavity Cor‘ﬁgld)'verallcavityfootprint allied to the maintenance of the low-loss
ration reported in [23]. The Cr:LiSAF crystal was a 7-m haracteristics of this laser.

Brewster/Brewster cut crystal with 1.5% r doping (this
corresponds to a pump absorption coefficient,~ 9 cm™1).

The high degree of asymmetry in folding angles around the
Brewster-angle cut gain medium is a necessary condition for the
lowest possible CW threshold [28]. The large angle between theThe majority of the excess space taken up by the laser in Fig. 1
long cavity arm and the folding section entirely compensatessults from the necessary separation of the dispersion-compen-
for the astigmatism introduced by the gain medium. Providesating prisms. Although much more compact dispersion-com-
that the angle between the folding section and the short cavitgnsation schemes such as chirped mirrors [24] and dispersive
arm is small, the cavity mode may be tightly focused in botBESAMSs [25] exist, presently these have higher insertion losses

I1l. CoMPACT CAVITIES WITH A PAIR OF PRISMS FOR
DISPERSIONCOMPENSATION
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Fig. 2. Schematic of the four-mirror symmetric “Aoshima-type” Cr:LiSAFF'g' 3. Schematic of the four-mirror highly asymmetric Cr:LiSAF “Aoshima-

; : : . ) . pe” cavity. M1: 75-mm ROC focusing mirror. M3: 50-mm ROC focusing
x}';gyrsdfcgﬁsegsm [32]. M1 and M2: plane mirrors. M3 and M4: ConcaV%irror. M2: plane end mirror. S: SESAM. P: LaK31 prisms. L: 50-mm pump

focussing lens.

and, therefore, are not suitable for SSM diode laser pumpingt1,o c\w threshold of the laser was just 20 mW with thgo-
To control both the threshold and cost, compact cavities Usingi, 4 ssM diode laser and all the cavity elements in place

off-the-shelf optical components and standard Brewster-ang h both diodes supplying a total of 76 mW at the pump lens,

prisms were investigated. This facilitated flexible cavity desigllp]e Cr:LiSAF laser produced an average power of 1.5 mW with

whilst having the low insertion loss necessary for operation 3thigh-reflecting plane end-mirror. The laser produced stable,

low pump powers. ) _bandwidth-limited pulses of 115-fs duration at a repetition fre-

Aoshima et al. [32] showed that a standard prism paify ency of 407 MHz (see Fig. 4). Itwas found, however, that tight
could be incorporated in a more compact, Symmetrig,.sing through the prism in the short arm severely limited the
self-mode-locked-fold cavity by placing one prism in each of oty of the laser. This resulted in a larger insertion loss from
the cavity arms. A schematic of this cavity is shown in Fig. Zpis hrism when attempting to optimize the pulse duration. For

In th.is way, the necessary distange bgtween _the folding mirrgyg, reason, the laser could not be modelocked successfully with
for tight focussing, and the required inter-prism path lengthg,. 1 5o, output-coupling mirror.

could be combined. This represents a considerable reduction; first it was assumed that the prisms should be oriented

in the size of an ultrashort-pulse laser. However, the puMpy their apices pointing in the same direction, as the stan-
lasers used in [32] (two SDL 7350-A6 Master Oscillator POWe{q gescription of the operation of a prism pair would imply
Amplifier laser diode systems) do not represent a very COmpaCiayersal of the ray direction through the cavity focus. Experi-
arrangement and although these provided diffraction-limitegle a1y, however, we found that this simple ray picture did not
beams, the modelocking threshold was rather hgBif0 mW). ;¢\ rately describe the behavior of the cavity. The prism in the
The prism separation was determined on the assumption tiqer of the arms was “flipped” so that its apex pointed in the
they acted in the same way as when they occupied a single g site direction to the prism in the short arm. In this configu-
of the cavity. This resulted in a significant increase in pulse dystion, the laser produced 100fs pulses at a repetition frequency
ration from 30 to 90 fs, which was attributed to a spatially digst 353 MHz (the longer cavity length was necessary to achieve
persed beam in the Cr:LiISAF crystal acting as a bandwidth filtgyi0second pulse operation). The time-bandwidth product of
[32]. By adapting this type of cavity to include the threshold-rgne nhyises was 0.43 indicating a “chirped” output. The average
ducing cavity improvements described in the previous sectigﬂtput power was-1.1 mW for a pump power of 76 mW and

and the low-loss SESAM, we have been able to demonstratg,@ modelocking threshold was 61 mW. This behavior was not
more compact version of this type of laser with significantly iMaredicted by a simple ray picture. A more detailed analysis of

proved efficiency. _ . the Aoshima-type cavities was required to explain the role of
Fig. 3 shows a schematic of the highly asymmetrighe prisms and their contributions toward dispersion in the res-

four-mirror Z-cavity with a prism in each arm. Again, the beamynator. Such an analysis is presented in the next section.
waist on the SESAM is easily varied by adjusting the length

of the short cavity arm enabling the saturation of the SESAM
to be optimized for a range of intracavity powers. The gain
medium was the 7-mm Cr:LiSAF crystal described earlier. The
plane end mirror was either a high-reflection coated mirror Kostenbauder [33] suggested a model for simplifying
or an output coupler. The 75-mm radius of curvature (RO@)e analysis of complex dispersive optical systems, such
folding mirror M1 was set at a half-angle of 1% compensate as pulse compressors and femtosecond laser cavities. The
entirely for the astigmatism due to the Brewster-angled crystatodel includes both spatial and temporal variations in the
while M3 was set at near-normal incidence. The spot size @bpagating signal and from it dispersive effects up to and
the SESAM was set at15 um. The pump lasers and opticsincluding quadratic phase can be deduced. Basing his work on
were the same as those described previously and the cattity ABCD matrix representation of paraxial optical systems,
optics, including the pump lens, fitted within a 20B0-mm Kostenbauder used ax14 “ray-pulse” vector to describe the
footprint. (We have also implemented this type of cavity in aspatial displacement, directioné arrival timet and frequency
all-solid state Kerr-Lens modelocked“‘CrYAG laser [16].) f of a propagating monochromatic pulse with respect to a

IV. A DISPERSIVEMODEL FOR THECOMPACT RESONATOR
GEOMETRIES
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Fig. 4. (a) Interferometric autocorrelation and (b) spectrum of 115-fs pulses with an average output power of 1.1 mW obtained for 76 mW of pump.

spatially and temporally transform-limited midband reference e+ "”fm folcing miror folding mior P”T’” ~80
pulse. This reference pulse provides a well-defined spatial an =~ 0 : crystal ! L 6o
temporal origin at each transverse element plane within the2 <---- N 1 JP ki £
system. The effect of any system of optical elements on alcb 20 A e T - 20
input ray-pulse vector can then be described by § 01 e —>F- 0
& -20d D i L 20
Lout Lin % —40- ........ s ......... I -40
eout —T ein (1) E _soj : L 60
tout tin 50 T T — T T T -80
fout fin 0 100 200 300 400 500 600

Position in cavity (mm)
whereT is a4 x 4 transfer matrix describing the optical system.
To model laser resonators, the transfer matttkat describes Fig. 5d) Re:jatévzeo path?dtraﬁeg) by ;WO rays Separategi by 20fnm 900 nm
tte an nm asne wit respect to an arl |trary reterence ray at
a complete round- tl’lp of the CaVIty must be calculated and e nm (solid) in the symmetric Aoshima-type cavity. The positions of the
ray-pulse of relative frequency must be self-reproducing for various optical elements are shown above.

it to exist within the cavity, such that

prism folding mirror folding mirror prism

x x 400 ‘ l crystal l 400

o= T 6 (2) 300 I N\ b | 300

font tin —~ 200 / \ / i 200

f f iE:E 100 \V/ 100

Combining this with the conditions for a stable resonator, the g 0 - 0
relative positions and direction of rays of different frequency, g 100 A -100
and the delays of pulses of different frequency may be calcu-o -200 7\ -200
lated. The delay between propagating pulses of differing fre-  -300 \i\/ \/41»/_ -300
quencies in the model can then be used to calculate a value fo = <400 —— - . e 1 -400
100 00 600

the quadratic phase or group velocity dispersion (GVD) of the
cavity. The relative delay of a pulse from the reference pulse
over a single roundtrip is given by

Position in cavity (mm)

Fig. 6. Behavior of the transverse resonator mode in the symmetric Aoshima-
type cavity. The positions of the various optical elements are shown above.

tout it G-/Ein + Hein + Ifin (3)
whereG, H and! are the (3, 1), (3, 2), and (3, 4) elements of The roundtrip matrices for each element plane in the stable
the round trip matrix’’". resonator are used to determine the relative position and direc-

By propagating several such pulses of different frequencit@n of frequency upshifted and downshifted rays with respect
f1 ... f5 through the cavity, an expression for the GVD may b the midband reference ray. Fig. 5 shows the relative behavior

derived of the rays in the symmetric cavity of Aoshinea al. [32]. (It
T — 87 + 874 — 75 is important not to confuse this ray pictgre \_/vith the behavipr of
GVD = SArAf (4) the transverse resonator mod¢g’c?), which is shown for this
laser in Fig. 6.)
whereA ; is the frequency separation of the pulses-anes, 74 It can be seen from Fig. 5 that the rays in the space between

and7; are the relative delays of the four pulses to the midbarkle prisms and the end-mirrors are spatially dispersed but par-
reference puls¢sz = 0, 73 = 0. allel, and therefore do not contribute to the GVD of the cavity.



364 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 4, APRIL 2002

prism folding mirror folding mirror prism prismfolding mirror folding mirror prism
60 crystal | ceo 70— crystal | %
50 - y oo 60 : Feo
—_ :
s 404 ¢ L4 £ 5 T S0
2 30] _-"-130 J 401 RPN
= - 30 L.t [ 30
20 - F = ] -
b .- 20 [~ [ 20
103 et . - [ 10 Q - PERE .
£ LTI e e g 10d.x- T T F10
g T~ —ammm T T ¢ g 0 L Sl 0
& 104 AR R * [-t0 & 10\~ < - T~ E-10
& 20 E-20 9 20 ~- S~ L 20
S 0] BRI =5 T 309 RN e
& 4] sesam DoF4e F 7 “sesam N s
5] FR o 507 P
¢ ) 50 « I -60
-60 iy T 1 ' T T i -60 70 v T T T T T T T 70
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 400

Position in cavity (mm) Position in cavity (mm)

Fig. 7. Relative paths traced by two rays separated by 10 nm, 864 mg 8. Relative paths traced by two rays separated by 10 nm, 863 nm (dotted),
(dotted), and 874 nm (dashed) with respect to an arbitrary reference ray at 848 873 nm (dashed) with respect to an arbitrary reference ray at 868 nm (solid)
nm (solid) in the highly asymmetric Aoshima-type cavity. The position of thg the highly asymmetric cavity with oppositely oriented prisms. The position
cavity elements are indicated above. of the cavity elements are indicated.

The rays between the folding mirrors, and therefore in the gain s M1
medium, are also spatially dispersed, but more or less parallel " _\
suggesting no significant contribution to the GVD. In fact, the -
very slight angular dispersion visible in the folding section is
due to the Brewster-angled gain medium, which if replaced with
a plane cut crystal would result in the rays becoming parallel. It P /
is clear from Fig. 5 that the majority of the dispersion compen- i
sation originates not from between the folding mirrors them- #
selves, but from between the prisms and the folding mirrors. =15 cm
This is because the rays in this element space have a largefm9. Schematic ofthe compactfemtosecond laser with a single LaK31 prism
qular dispersion. These ray paths suggest that the folding nfffSsberson compensaton . 56 mm puno fcus e ML o oC
rors create “virtual’prisms at the ray crossing. This results Wirror. S: SESAM.
dispersive properties that are similar to the case where two pairs
of oppositely oriented prisms exist in each cavity arm.
The quadratic phase for this cavity configuration was calcb{i AHiGH
lated to be—278 f&, which is less than a third of the value re-
quired for the shortest pulses [32]. This would seem to explainA direct conclusion from the modeling of the highly asym-
the lengthening in pulse duration from 30 to 90 fs observed Ipyetric cavities presented in the previous section is that the prism
Aoshima and co-workers in moving to the new geometry fromia the short arm does not contribute a significant amount of in-
standard prism configuration. Nevertheless, further investigatitracavity negative dispersion due to the short distance from this
of this type of cavity must be made to determine the effect on theism to the folding mirror. This implies that this prism should
pulse duration of the spatially dispersed beaminthe gain mediumt be necessary to achieve an acceptable amount of negative
The most crucial parameter for dispersion control in thidispersion, and so a single prism in the longer arm should suffice
cavity appears to be the prism/folding mirror separatiofior femtosecond-pulse operation. At first, this would appear to
Provided that this is of a suitable magnitude, the contributiobe counter-intuitive in the absence of a plane/Brewster-cut gain
from the “dead-space” between the prisms and the end-mirrarystal in the cavity, but the modeling clearly indicates this is not
and the space between the folding mirrors may be ignoredrequirement for sufficient negative dispersion. The removal
This indicates, as we have confirmed experimentally, thed the prism from the tightly focussed short arm simplifies the
feasibility of highly asymmetric cavities of this type. Modelingaser cavity and removes the alignment and optimization prob-
of the experimental highly asymmetric cavity shows a simildems associated with a prism in this arm. (Femtosecond pulse
behavior, although the rays in the short arm fortuitously crosperation from a dye ring laser with a single prism has already
at the insertion point of the prism resulting in an undispersdxen reported [34], as well as in a*€rYAG laser [35] and in
beam being incident on the SESAM (see Fig. 7). a diode-pumped Nd:glass laser [36], for which an alternative,
Modeling of the cavity with the “flipped” second prism (sessimple—but effective—ray optic analysis was presented.)
Fig. 8) shows that the rays are dispersed spatially at both thélhe laser cavity was set up as in Fig. 9, where the LaK31
output coupler (long arm) and the SESAM (short arm). The gbrism used previously in the short arm was removed and the fold
fect of rotating the prism in the long arm causes the rays &mgle of the 75-mm ROC mirror set toLIThe distance from
cross in the space between the folding mirrors, adding an dhis folding mirror to the Cr:LiSAF crystal was 95 mm, and the
posite sign of angular dispersion in this section to the angulangth of the short arm was60 mm. The 50-mm ROC pump
dispersion in the long arm. The calculated value for the nitlding mirror and second LaK31 prism were separated initially
quadratic phase was only50 fs?, which may explain the fre- by 125 mm and the separation of the prism and the end-mirror
guency-chirped pulses produced with this cavity configuratiomias ~25 mm.
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Fig. 10. Relative paths traced by two rays separated by 10 nm, 855 n
(dotted), and 865 nm (dashed) with respect to an arbitrary reference ray
860 nm (solid) in the highly asymmetric compact cavity with single prism, the
position of the cavity elements are indicated above.

Fig. 12. Photograph of the compact single prism femtosecond laser on a self-
154.0% —47.02  2.00%/ §£_STOP contained breadboard, the battery power supply for the diodes is also included
At~ 133 fs (a golf ball is included for scale).

This problem scales inversely with cavity length because the
mode size increases as the cavity length is reduced. Possible so-
lutions to this problem would be to ensure that the rays crossed
inside the gain medium thereby removing some of the spatial
dispersion at the cavity focus or to use yet smaller radius of cur-
vature mirrors in the folding section.
To reconfigure the cavity within a smaller footprint, the
: Lak31 prism was replaced with an SF10 glass prism that
-275 0 275 exhibited larger dispersion. This prism was placed 100 mm
Delay (fs) from the 50—-mm ROC pump folding mirror with a space after
the prism of 75 mm. In this configuration, the calculated GVD
Fig. 11. Interferometric autocorrelation of 133-fs pulses with a repetitiowas —368 f$, although the laser produced 330—fs pulses at a
frequency of 315 MHz and an average output power of 5 mW obtained frofépetition frequency of 400 MHz. The footprint of the laser
the compact single-prism cavity for a 76-mW pump. cavity was reduced to 1% 6 cm and implemented usingny
Mountg [37] half-inch (12.7 mm) optics on a 21:628—-cm
Fig. 10 shows the paths for two rays with wavelengths separead board (about the size of a piece of A4 or US letter paper),
rated by+5 nm from a reference ray at 860 nm for this configuwhich included a compact version of the laser diode pump
ration. The rays again cross in the folding section (although thigstem and a battery pack (see Fig. 12).
is not as pronounced) suggesting that this cavity is not optimum
for maximizing negative dispersion. VI. | MPROVED PERFORMANCE THROUGH DEVELOPMENT OF
The CW threshold was 26 mW, with a 0.75% output-coupling THE PuMP OPTICS
mirror at 856 nm. CW output powers as high as 7 mW for a

. The major remaining factor limiting the performance of such
76-mW pump were recorded, and the laser mode-locked eaSélgm act, ultrafast Cr:LiSAF laser systems is the available pum
producing 250—fs chirped pulses with an output power®mw pact, ' Y pump

ata cavity frequency of 435 MHz. When optimized, stable pulsSs "< The high beam quality of SSM diodes plays a vital partin
. yireq Y i P ' P achieving low thresholds and high efficiencies; thus, switching
with durations as short as 160 fs and an average output powe{oof

. expensive, higher power, broad area diodes is not attractive.
6.1 mW were produced over a period of many hours. The GVD 0Or . . . .
quadratic phase of the cavity was calculated to-h67 < with sing SSM diodes, which are less than $30 each, substantially

o . : ._reduces the cost of the laser system.
~2 mm of prism insertion. Unfortunately, spectral information . .
Currently, the output power of commercially available narrow

wa};::,hr;ot ar\T/]aH:)tI)(Ifnat ::? rg:nti thr?ssni ;eeSl:al:Zt\'Acl)ire ;aské rr]] then stripe SSM diodes in the red spectral region is limited to 50—60
pump Ing mi pri paration w 9 W. One must thus minimize the losses in coupling the pump

t0 205 mm aqd the space after the prism t.o 70 mm. In this #Heam into the laser crystal and ensure a high degree of overlap
rangement, with about5 mm of prism insertion, the calculated

) between the pump and laser modes. The high ellipticity of most
quadratic phase was253 fS' and the laser produced l33'f?_cflser diode sources exacerbates the latter problem. In the case

puI(;S?hs (see Fig. 11t). 'tl'he repet|t|50n \E:/e((q)uenc%/t\r/]vas 31$b:v| %high power pump diodes, this problem has been elegantly
and the average output power was miv. ©ne otiNe POSSIVIE o qjigrated using an elliptical resonator mode [10]. However,
reasons for the longer, chirped pulses obtained from the shorter

cavity is due to the spatially dispersed mode in the gain mediumNew Focus Inc., 2630 Walsh Avenue, Santa Clara, CA 95051-0905.

Intensity (arb. units)
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8- A1-113fs
AvAt= 0.34

5.5-atm% Cr:LiSAF crystal. In the case of polarization cou-
pling, only ~86% of the launched power is absorbed in the
same crystal.

This pump setup was used with a similar laser cavity to that
described in Fig. 8, but with the 7-mm 1.5 atm% Cr:LiSAF
crystal replaced with a 3-mm 5.5-atm% Cr:LiSAF crystal. A
newer mirror set with marginally higher pump transmission was
also used. This set-up generated modelocked output powers
of greater than 20 mW in transform-limited pulses of around
151 fs. This represents an efficiency of 19% with respect to
launched pump power and a remarkable electrical to optical
pulse efficiency of almost 5%. At slightly lower average powers
(~15 mW) transform-limited pulses as short as 113 fs have
been generated (see Fig. 13).

Nonlinear Intensity (arb. units)
o

-280 Delay (f9) 280

@

Apeak = 844 nm
AL =8nm

VII. CONCLUSION

2 In this paper, we describe directly diode-pumped fem-

tosecond lasers that are both compact and efficient. By using
a more complete analysis of the dispersive properties of the
cavities, we have been able to demonstrate that simplifications
in the design and improvements in performance can be made.
In this way, we have demonstrated pulses as short as 113 fs with
a single prism for dispersion compensation. Careful analysis
of the low-threshold characteristics of the oscillators has led

Fig. 13. (a) Interferometric autocorrelation and (b) spectrum of 113-fs pulsgs mode-locked output powers of greater than 20 mW for less
with a repetition frequency of~400 MHz and an average output power of,

15 mW obtained from the compact single prism cavity4d00-mW pump. than 500 mW of _elecmcal power.- . .
The laser designs presented in this paper begin to address

some of the problems that limit the application of ultrafast lasers
the high beam quality of SSM diodes means that for thesgtside of the laser lab. Many applications, particularly in the
diodes, the simpler solution of circularising the pump modgelds of biology and medicine, stand to benefit from ultrafast
can be utilized, and it is this approach that we have usggurces [38]. However, most biomedical research is not best per-
in St. Andrews. Standard commercial diodes were custGgymed in a laser laboratory. In these circumstances, robustness,
microlensegusing a single cylindrical lens inside the existing, o apbjlity, and running costs become vital issues. In this paper,
diode can. The re;ultmg _C|rcular beam can be easily hand have presented laser designs which have the efficiency to
by standard spherical optics. be battery powered and potentially low cost. The cavities are

To increase the available pump power, the lasers describegiiﬁ]pm' and the SESAM-based mode-locking mechanism is ro-

previous sections used two polarization-coupled pump diodggi; ang self-starting, key factors in the drive for low-mainte-

This, however, is a rather inefficient method of beam combining , e 1,nkey operation. Indeed, the footprint of the smallest
With the optics available to us, we achieved a coupling efffs¢, o6 |asers is such that whole system will easily fitin a brief-

ciency of 91% of the power emitted by the two diodes. HOV\Ease.
ever, the resulting beam is of mix@dands polarizations. This

has two disadvantages. First, the need to couple into a Brew- REFERENCES
ster-cut gain crystal means there is a loss of approximately 10% _ _ _ )

on thes-polarized component of the pump beam. Second, thell giimllaefr'lzoﬂﬁ:?]\;v;é Bbﬂs"eTs' %hg'r'finsci E#V\gr\)/f_‘”gtt{’y\'g'ﬂdh?sgfr'
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