*159159* Short Pul se Laser Arrangenent The invention
a short pulse laser ar- rangenent with
““g; mﬂm‘““m“‘passive node- | ocki ng and com prising a
n% [,0r containing a | aser crystal as well as a
pluﬂg |ty of mrrors, one of which forns a punp beam
i n-coupling mrror and one of which forns a | aser
beam out - coupler, and a nultiple reflexion tel escope
enl arging the resonator |length, the resonator in
opera- tion having a positive averaged dispersion for
a wave- |ength rafgerdortdistedasRecHUIGET pul se
| aser arrangenents have been of increasing interest,
since with a viewto the ex- trenely short pul se
durations in the fentosecond range, wth pul se peak
power of Zhe WMNeadu@mtg@é@¢§Saﬁﬁl@céhoﬁﬁomyhﬂaahﬁﬁﬁ? ar-
possible in research and industry. Thus, such short
pul seangsaendr mdrde perefe dedlivh paslise aede- idaddisd mnd com-
the fentosecond range can be used for a tine- resolved
i nveptriigdmidor ofesoma tiont ecadEiigingetandérsed] ggrystal as well
tromagnetic radiation and matter. \Wat is desirable is
a | aser aardargdrnam othimdhy npaiser @nes dfaseyl ghulfoagns a pump
having a pulse duration in the range of e.g. 10 fs
(f embesec-in-coupling mirror and one of which forms a laser
beam out-coupler, and a multiple reflexion telescope
enlarging the resonator length, the resonator in opera-
tion having a positive averaged dispersion for a wave-
length range concerned.

Recently, short pulse laser arrangements have been
of increasing interest, since with a view to the ex-
tremely short pulse durations in the femtosecond range,
with pulse peak power of > 1 MW, advantageous applica-
tions are made possible in research and industry. Thus,
such short pulse laser arrangements having pulse dura-
tions in the femtosecond range can be used for a time-
resolved investigation of the interaction between elec-
tromagnetic radiation and matter. What is desirable is
a laser arrangement which generates laser pulses having
a pulse duration in the range of e.g. 10 fs (femtosec-

onds) as well as with an energy of 100 nJ, e.g., at a

pulse repetition rate in the order of 10 MHz. The pulse

LAV VIV

W

*OINNNND %




onds) as well as with an energy of 100 nJ, e.g., at a
pul se repetition rate in the order of 10 MHz. The

pul se *@0002* repetition rate which is

conparatively low (in the or- der of a few MHz instead

of, e.g., approximately 100 MHz) as conpared to

earlier |laser arrangenents in the fentosecond range

in a conventional titanium sapphire fs-laser is

desi red because then a higher pulse peak intensity

can be attained which, for many applications, is in

t he F&RGE1dAonargde Whaichn ¢E3 dpreeratipiglyl fow (in the or-
cal cul ative, such conparatively |ow repetition rates

whi cheryiode ay dreya Mafedm st ead &thvél - rofPRFgcidately
round-trip time in the |l aser resgnataqr, entail a _
corré00s i B§ iGRedsd ite ORe lietgtRser @fgangements in
resonator, e.g. from2 mto 16 m thereby increasing

t he diheedsidesesiond Fandgsdi & CaRyERerCRBaddd Bn Wh
earlier work by D. Herriott et al., "Of-Axis Paths

i n Slaepbdale Nislesamtisr fdasdiacegcausgy ey aoftigher
April 1964, Vol. 3, No. 4, pp. 523-526, an extension

of tkalse Peakodmdeansify igrd be attadaed atviglyerfait many
by providing a multiple-pass resonator part, also ., )
t er me@PLihglattiismes /v dfS &b dire wa@rgksc e, lagiger than 10°° W/cm®,

Purely calculative, such comparatively low repetition
rates which, vice versa, mean a relatively long pulse
round-trip time in the laser resonator, entail a corre-
sponding increase in the length of the resonator, e.g.
from 2 m to 16 m, thereby increasing the dimensions of
the laser arrangement.

Based on an earlier work by D. Herriott et al.,
“off-Axis Paths in Spherical Mirror Interferometers”,
Applied Optics, April 1964, Vol. 3, No. 4, pp. 523-526,
an extension of the pulse round-trip time in a laser
arrangement by providing a multiple-pass resonator
part, also termed “multiple reflexion” telescope, or
“telescope” in short, has already been proposed, cf.
e.g. AT-A-763/2002; or S.H. Cho et al., “Generation of
90-nJ pulses with a 4-MHz repetition-rate Kerr-lens
mode-locked Ti:Al,0; laser operating with net positive

and negative intracavity dispersion", Optics Letters,



"tel escope” in short, has already been proposed, cf.
e.g. AT-A-763/2002; or S H Cho et al., "Ceneration of
90-nJ pulses with a 4-MHz repetition-rate Kerr-1|ens
node- | ocked Ti: A1203 | aser operating with net positive
and negative intracavity dispersion”, Optics Letters,
15 April 2001, Vol. 26, No. 8, pp. 560-562; as well as
A. Poppe et al., "A Sub-10 fs, 2.5-MNTi: Sapphire GCs-
cillator", Utrafast Optics 1999, pp. 154-157, Ascona,
Switzerland (1999). Wth such a tel escope it becones

| )

possill 8prd li #O0das&the 28ul 3€ -r un®Prr 98 %9k /i @Sy well as

constructively advantgggous manner gy mul ti pl e passes,

due Po ZOPPSr &lti By -of "PefUeXildnd Son 2o0ppdldl te}ypapphire Os-

arranged mrrors, and to thereby reduce the

r epeCitil@korare U1 t& agasty QRtagsr d@Tat &Fy 160 Wt 1t Ssgona,

few MHz. By this, it is possible to appropriateléi

i ncr S¥4& zeid agfergy? 2 Hor Miidh Shé FRISS PR tthaceqames

out-coupl ed per round trip, i.e. at an unchanged

aver R§Ssdlsutt pdRsEease bk &HLF S ﬁ@@@&g&&l@&ﬁtﬂe in a

pul se energy as well as a peak power can be achieved.

I n t giod stagisddive o wsvan t ageeus Aeanedpive UIdAp ke @asses,

proved to be di sadvantageous and restrictive, = which

ef f ecue dec@r Pdwe ald the thirg Legdienisnen SpppSitelpha@rranged

| aser crystal, and which lead to a splitting of the

r esp8ELir@& shi giderter Ghanent eAusess tdie qaPALITd ah 1ate-
e.g. from approximately 100 MHz to a few MHz. By this,
it is possible to appropriately increase the energy
portion of the pulse part that is out-coupled per round
trip, i.e. at an unchanged average output power, a
markedly increased output pulse energy as well as a
peak power can be achieved.

In this respect, however, non-linear optical ef-
fects proved to be disadvantageous and restrictive,
which effects occur due to the high peak intensity in
the laser crystal, and which lead to a splitting of the
respective high-energy light pulses circulating in the
resonator into several weaker pulses. This can be coun-
teracted in that the amount of the (negative) resonator
dispersion is increased which, however, inevitably will

lead to a reduction in the attainable band width and,

thus, to markedly longer pulse durations. On the other



resonator into several weaker pulses. This can be

coun- teracted in that the anount of the (negative)
resonator dispersion is increased which, however,
inevitably will lead to a reduction in the attainable
band wi dth and, thus, to markedly | onger pul se

durations. On the other hand, it has already been
suggested in the previously nentioned article by S

Cho et al., "Generation of 90- nJ pulses with a 4- Mz
repetition rate Kerr-lens node- |ocked Ti:A1203 | aser

oper &gndg itt Rafed IFeSdY PeenFUIFSFHEV 1 Hheal AP usly
di spersion”, to operate the |aser arrangenent at an

over Alentgesied w&tdicdgesyi &n, Giveredi @1 -vhelFamiegmbion of 30-
chirped pulses formin the pico-second range, i.e.

pul sad pulgesamiddl @ reiliced opeii tiomeratpy Kexr-lens mode-
So-called "conpressor” (with prisms, with grids, with

m rr desked it A laOs ordi SiateRAT athisteofith exple e vkt yye and
set-up externally, i.e. externally of the resonator

t he PEIISEd VeuBSEFRERAVIL Yo &1 e rededr es $6d oRfdiate dhe laser
pul se durations of a few fentoseconds, acconpani ed by _
an i Rereagenont: id pealovisdindrl PRsddridieng it anfd i dvherein
docunment by S. Cho et al., in this state of operation

a (réleat ihighl vsedlinpeshastlisgls Bard wind i eo o 10 1if cang

a pulse duration of 80 fs has been achieved. A pair

of prngs hds ehedm lisssd offor Mee kiddpersidrashmaad power. By

within the resonator. _ .
a So-called “compressor” (with prisms, with grids, with

mirrors or with a combination thereof, respectively),
set-up externally, i.e. externally of the resonator,
the pulses subsequently can be compressed again to
pulse durations of a few femtoseconds, accompanied by
an increase in the peak power. According to the said
document by S. Cho et al., in this state of operation a
(relatively small) spectral band width of 19 nm and a
pulse duration of 80 fs has been achieved. A pair of
prims has been used for the dispersion control within
the resonator.

Investigations have shown, however, that for ob-
taining a larger band width and, therefore, shorter
pulses, it would be necessary for the net total disper-
sion in the resonator to be as constant as possible

over the respective desired spectral range. However, it



I nvesti gati ons have shown, however, that for ob-

taining a larger band width and, therefore, shorter

pul ses, it would be necessary for the net total

di sper- sion in the resonator to be as constant as
possi bl e over the respective desired spectral range.
However, it has been shown that a pair of prisns
inevitably also introduces a dispersion of higher

order (i.e., the dis- persion of the 2"d order (CGDD)

IS not constant over the band w_dth), and that e
knowdagr PERGe eV Y Fiedce PR1MGE SFSHS Y Yatad- 50
the shorter pul ses and | grger _band w dths sought. | ,

i s ndWtaRossEsce OF shsd Sielend &t & prddcde & e dis-
for this and to provigde a short pulse |aser ar-

r ang®@REFOFF fhed hieni4 | aq’lﬂ)e%le“q’]?\tg)d 1 Wi SR ARh 9yer the
is possible to efficiently achieve the short |aser ,
pul S8 TS0 lgREPdmd ARk Ty NBalB WPARH TEGFERE e fact is
i nventive short pul se | aser arrangenent of the

i ni t PRIY PUddrtied by penes adivatdG ShcAdE T Ruleas @ larger

ad- justnment of the positive averaged di spersion of
t he £@@§0M&9&Pﬁ $ ted by neans of the nmirrors of

the resonator, at least a few of which are designed |,
as dis- péitsilve e @dr #008ck Rdnitde KivRRtion &0 ppvide a

combi ni ng_ vari ous dielectric, dL%Persive mor-
remedy for this and to provide a short pulse laser ar-

rangement of the initially defined type with which it
is possible to efficiently achieve the short laser
pulses sought and the large band width desired.

The inventive short pulse laser arrangement of the
initially defined type is characterized in that the ad-
justment of the positive averaged dispersion of the
resonator is effected by means of the mirrors of the
resonator, at least a few of which are designed as dis-
persive mirrors in a manner known per se.

By combining various dielectric, dispersive mir-
rors, it becomes possible in the present short-pulse
laser arrangement to attain a nearly arbitrary disper-
sion course over the laser frequencies provided, it be-
ing known per se, to design the mirrors which are made
up with a plurality of dielectric layers (the construc-

tion and effect of which will be explained in more de-



rors, it beconmes possible in the present short-pul se
| aser arrangenent to attain a nearly arbitrary disper-
sion course over the |aser frequencies provided, it
be- ing known per se, to design the mrrors which are
made up with a plurality of dielectric |layers (the
construc- tion and effect of which will be expl ai ned
in nore de tail hereinafter) such that - based on
the choice of material and the choice of the |ayer
thickness - in each case a desired dispersion can be
achi é¢dd heredvafifere 1sewd frhadgi-oRaisedy@dsthiheh choice of
Therefore, it is subse- quently possible to adjust the
t ot aladiesgarsiagd ithe wdolces @fattdre, lapiedh thdalines s romn
the sum of the dispersion values of all the |aser
conpERcht $asie. @ dasdmacthdigPersionsican & @ ieyed in the
crystal, the air in the resonator, the mrrors and
any peysi Bleaddddingddedl isompesdied . Theaeforss tife 15 subse-
total dispersion, averaged over the spec- tral range
of t KEepHlye PosEdirligmtoyiadigs ta thssitiotipd difnfe s@magin the
to achieve the desired state of operation in which _
the p@issaatare mibgiahy rasulfsd fnem Hde sd¥haforthenhspersion
therefore, the peak intensity is |owered. In par- .
ti culvaduest ofs adllsdhsodsissire commoneniisde inre fraiytthe dis-
range to keep the total dispersion in the positive
di s- pe@ssioon afardge Wiasem o wsdladratde Baid, insdhehatespnator,
com

the mirrors and any possible additional components,

such that the total dispersion, averaged over the spec-
tral range of the pulse spectrum, yields a positive
value so as to achieve the desired state of operation
in which the pulses are highly chirped in the resonator
and, therefore, the peak intensity is lowered. In par-
ticular, it is also possible over a wide wave length
range to keep the total dispersion in the positive dis-
persion range within a tolerance band, so that a com-
paratively large band width - and thus, an extremely
slight Fourier-limited pulse duration - is achieved.
This is enabled in the simplest manner with the disper-
sive mirrors indicated, wherein individual mirrors
which each have different dispersion courses with un-
avoidable fluctuations are combined, depending on the

aim sought, so as to achieve the desired total disper-



paratively |arge band width - and thus, an extrenely
slight Fourier-limted pulse duration - is achieved.
This is enabled in the sinplest manner with the

di sper- sive mrrors indicated, wherein individua
mrrors which each have different dispersion courses
wi th un- avoi dable fluctuations are conbi ned,
dependi ng on the aim sought, so as to achieve the
desired total disper 0 sion course, e.g. over a wave

| ength range of nore tha 280 Wt h ' |
olesiggiﬁré’éil1 GPSFEFSI Fe i PGS 2 é’%nﬁ{gbi]r%‘?gth?&%r&%r ¥ ke than

fluc tions_jn the dispersiqn behav- ior, even larger

weve 2POngeh Mo SOPEITRS hie o0 PER SiERaqELve Mirrors
di spersi,on course within the chosen or _ predeterm,ned

{ol 6eXRAR YR S 18R tordeiC 18 tBi & Pad 1o FYSEE T behav-
wi dth as possi- ble, it also proved to be adyant ageous

Tt ROTpo SRR & 2 HEBTAINATIES R G TRRES G6L IS ir TRt
that the averaged , .dispersion is only canparatiyel

Sl GHET Fodiotite CUSPRTEIRn GoyESe Withiah g crosen or

bet ween 0 and ,100 fs%j incgﬁr: ticular in a range of

bet wBER G taFT 156 &9l eEanend W& Ser si on control in
principle only indi- vidual mirrors of hec{eso tor ,
can be empPoy&der & Fnspitfa@sy 1698 2o PN t“H‘é:{E as possi-

possi bl e adj ustnents, advan&g;egfously al | rrors

of t kéSreddn&SP éﬁéﬂﬁ%&ﬁ@h vantageoustf¥egne positive

total dispersion range is chosen such that the averaged
dispersion is only comparatively slightly positive, ly-
ing, e.g., in a range of between 0 and 100 fs?, in par-
ticular in a range of between 0 and 50 fs?,

For the dispersion control in principle only indi-
vidual mirrors of the resonator can be employed; to op-
timally utilize all the possible adjustments, advanta-
geously all the mirrors of the resonator are designed
as dispersive mirrors, preferably with negative disper-
sion. For this reason, moreover, also the mirrors of
the multiple reflexion telescope are provided as dis-
persive mirrors, preferably with negative dispersion.

In many cases it may also prove to be suitable if
a (small) variable amount of positive dispersion is in-
troduced in the resonator for a supplementary disper-

sion fine adjustment, e.g. by means of two closely ad-




as dispersive mrrors, preferably with negative
di sper- sion. For this reason, noreover, also the
mrrors of the nultiple reflexion tel escope are
provided as dis- persive mrrors, preferably with
negati ve dispersion. In many cases it may al so prove
to be suitable if a (small) variable anount of
positive dispersion is in- troduced in the resonator
for a supplenentary disper- sion fine adjustnent, e.qg.
by neans of two closely ad O jacently arranged and
oppodiceny Ly ipdrrdde hands OrRevt e 1yl #3d apedges Petp se known
adj ust the desired positive net dispersion of the
resodaess, Wedd®@y in principle al so be provided for
the use of a pair of prisms in conbination with the
di sper si v8oniedisiss ithe éssddedepes itthygghetasisnansdon of
a dispersion control using the dispersive mrrors
al onéhe @gsosadory Wit Mayhd nafgri@sdptlicofdd glbgs Provided for
wedges, will be preferred. For the preferred passive
nodethec Kisgg ofwiat Hiad 1t 19 p¥depe ¢ Geabiimadnnoiyi i the
principle also active node- | ocking would be
conceilepsire)ive mirrens dgehicadiesht eygnsdhoagdy, as a rule, a
arrangenment the per se known "Kerr-lens node-
| ockidagpemsiloai gloatmml s imdoingedllspersige mirrgreo alone,
known per se, also an saturabl e absorber may be ‘
pr ovicgéd onphd vs atitihaiihe atforemen tiwy ase dasghgagiges, will
t he

be preferred.

For the preferred passive mode-locking (within the
scope of the invention, in principle also active mode-
locking would be conceivable), in the present short
pulse laser arrangement the per se known “Kerr-lens
mode- locking” principle may be provided, yet, as is
also known per se, also an saturable absorber may be
provided. The saturable absorber may be arranged in the
beam path in the resonator, yet preferably also an end
mirror of the resonator may be provided as saturable
absorber-reflector.

The inventive short pulse laser arrangement may
particularly advantageously be employed in the field of
material processing, where in the course of the in-
creasing miniaturization, the finest structures must be

fabricated with exactness and at a high speed. The pre-



beam path in the resonator, yet preferably also an end
mrror of the resonator nay be provided as saturable
absorber-reflector. The inventive short pulse |aser
arrangenent may particularly advantageously be
enployed in the field of material processing, where
in the course of the in- creasing mniaturization, the
finest structures nmust be fabricated with exactness
and at a high speed. The pre - 8 0 sent short pulse
| aser arrangenment which allows for a high output
pul sECBReBEP TAn®Ud S§i 15 SedpStirengsmerite Widish 5 lows for a
ideal |y enployed for this, wherein it proves par-
t i cubdghy CHFPHH RYESEs SeFIMniane ehéigtedémetdigran rate can
pul se | aser arrangenent_ working slightly above the de-
st r uBE; éﬁielaﬁrlé/sI@élpéome.de.fotrhéﬁlﬁrle@’%@lrﬁlé]néftgy’%’resnﬁ’-ar -
terial destruction) is possible, wherein due to the
sai d thicqR ardple BioVadt a9£08 Sa v atth & 1ty t&le P esentheshort
pul ses delivered a high ablation rate _and, neverthe-
| ess PUilisge 13i66&e SIAG ICHE e WRSK B ge § 1 119k tliye above the de-
follow ng, the invention will be further _explained by
vway 6frycefien dhreshedidaryl -enbddiemdireshold phergedor ma-
in the drawi ngs, w thout, however, being re- stricted
t her déegiathdesityuatiign)l i@ Ressiede c aheyredmowkia e the
structure of a
said high repetition rate and the plurality of the
pulses delivered a high ablation rate and, neverthe-

less, fine processing can be achieved.
In the following, the invention will be further

explained by way of preferred exemplary embodiments il-
lustrated in the drawings, without, however, being re-
stricted thereto. Therein,

Fig. 1 diagrammatically shows the structure of a
short pulse laser arrangement with telescope according
to the invention;

Fig. 2 shows such a short pulse laser arrangement
as arranged on a mounting plate, wherein also coupling-
in and out-coupling of the laser beam in the region of
the telescope is schematically illustrated;

Fig. 3 shows the course of dispersion of a pair of
prism according to the prior art in a diagram;

Fig. 4 in two curves A, B shows the course of dis-

_9_



short pul se | aser arrangenment with tel escope according
to the invention; Fig. 2 shows such a short pulse

| aser arrangenent as arranged on a nounting plate,
wherein al so coupling- in and out-coupling of the

| aser beamin the region of the telescope is
schematically illustrated; Fig. 3 shows the course of
di spersion of a pair of prismaccording to the prior
art in a diagram Fig. 4 in tw curves A B shows the
course of, dis persion with an inventiv%éir rt pul se

| asePeEPLERg SR 1Y CHVFRTATE ShOTlk Pi I arrangement
arrangenent according to the prior art, respectively,

wi t h (858 Ped PiskdIdh 2 ile8fr rIFeneemeh Ashidigi% te
negative dispersion in the resonator (curve B): Fig. ,

5 shéRe RF 1% 6&8rr Q1SS ineddur driddt Sces@liledyfiyped sil-
the signal intensity, in arbitrary units, versus tine

(al séCnPasIS oy dmtrOIUHTY @ AGoRHR. VandiSRprseon in the
shows a spectrun1be|on%ing to this neasured

aut 0&EEBOBIRACITor CACYS dlig to Fig. 5 in a diagram In

Fig. 1, a short pulse |aser arrangenent 11 is

schemat i c&dLGy i3 [ShMisattdd 2UtR CRIITEH 2¢ 191, MERSUFsmedd result
known Kerr-1ens node-|ocking principle is used for

gen- Waitdt ithg tHeNSHodn tapsdeY THE 1B ddrt ravagerfeint VEE sus
of Fig. 1 conprises a, resonataor 12, to which a punp
beanﬁggeigag@ﬁppgb@xﬁpgﬁpry units) in a diagram; and

Fig. 6 shows a spectrum belonging to this measured
autocorrelation according to Fig. 5 in a diagram.

In Fig. 1, a short pulse laser arrangement 11 is
schematically illustrated, in which e.g., the per se
known Kerr-lens mode-locking principle is used for gen-
erating the short pulse.

The laser arrangement 11 of Fig. 1 comprises a
resonator 12, to which a pump beam 13 is supplied from
a pump laser, e.g. from a frequency-doubled solid la-
ser. The pump laser itself has been omitted in Fig. 1
for the sake of simplicity and is part of the prior
art.

After having passed a lens L1 and a dichroic mir-
ror M1, the pump beam 13 excites a laser crystal 14, a

titanium:sapphire(Ti:S) solid laser crystal in the pre-

sent example. The dichroic mirror M1 is permeable for

- 10 -



a punp laser, e.g. froma frequency-doubled solid |a-
ser. The punp |aser itself has been omtted in Fig. 1
for the sake of sinplicity and is part of the prior
art. After having passed a lens L1 and a dichroic mr-
ror ML, the punp beam 13 excites a |aser crystal 14, a
titanium sapphire(Ti:S) solid |laser crystal in the
pre- sent exanple. The dichroic mrror M is perneable
for - 10 O the punp beam 13, yet highly reflective
for the Ti:S |aser beam This |aser beam 15, the

resoﬁﬁ@opuﬁ@a%eaml%§1|Mﬁ§|%$&?Lﬁ1%§ﬁ¥%9§iWﬁlﬂQﬁ'QVP Ti:S

and is reflected by the latter to a laser mrror :

Thi s legedr beigiy-olTNG  1a§&im beam dovs thise ﬂea?@é%aq%arﬁqaél

a laser mrror M4, and fromthere the |aser beam_.1

i s réhleaclEPiBaaE 08 thd aseds 8 iHor Ml angl ivp raﬁqum:ed by
passing the | aser crystal 14 a second tine. This

r esoff®€or aF&er Wt B RS R Mgrer M3 . W@laﬁn&al\%@rf Fikrox M3
so-cal l ed short resonator arm16. Frommrror M, the

| asepdgdamreS liestishdh e dasaredreed te & Hasar mipmr M4, and
Mb, and fromthere to a laser mrror Mo as well as to

a fuitieer theger thie lasaw beaphdieiy Fofdesi@d ke to the

resonator arm17 is formed. From the laser mrror M,
the laser BEaHCrs §ets MintaedaMivePasedpe tharddsy crystal

schematically shown in Fig. 1, and
14 a second time. This resonator part with the mirrors

M2, M3 and M4 forms a so-called short resonator arm 16.
From mirror M1, the laser beam 15 is then re-
flected to a laser mirror M5, and from there to a laser

mirror M6 as well as to a further laser mirror M7,
whereby a second, long resonator arm 17 is formed. From
the laser mirror M7, the laser beam 15 gets into a
telescope 18 merely schematically shown in Fig. 1, and
from there it gets to an end mirror serving as an out-
coupling mirror OC. Via this out-coupling mirror OC, a
part of the laser beam 15 is coupled out with the pro-
vision of a compensation possibility, a compensation
platelet CP being shown in Fig. 1 by way of example.
The laser crystal 14 is a plane-parallel body
which is optically non-linear and forms a Kerr element
which has a larger effective optical thickness for

higher field strengths of the laser beam 15, yet has a

_11_



fromthere it gets to an end mrror serving as an out-
coupling mrror OC. Via this out-coupling mrror OC, a
part of the |laser beam 15 is coupled out with the pro-
vi sion of a conpensation possibility, a conpensation
pl atel et CP being shown in Fig. 1 by way of exanple.
The laser crystal 14 is a plane-parallel body which
is optically non-linear and forns a Kerr el enent

whi ch has a | arger effective optical thickness for

hi gher field strengths of the |aser beam 15, ve q§§ a

T St 14 e e (20 TR GBS I Sib ength,

strength, or intensity, respectively, qf the |laser,

beantits GRBEL EVTHIE SHEC d durfowd TkéPe dret §een s lower.

utilized for self- focusing of the |aser, heam 15, i.%:

t he [TAdEr PerySLaknoMR £5f s o feGCudisng Hdne st theel t-

| aser  beam 15. Mode- | ocki ng may, noreover, he

r eal ifPEY SR % Afertlse I@FRFeeal dval ImSnndhe dagemyFrystal

means of an aperture not further illustrated in Figs,.

1 and %2 feams & ocApiags le®s BT the WGReF, Hfdfkver:, Mode-

al so _be conceivable to desi%Q%one of the end mrrors,

e.g. IOEKIRY F3Yur INTE BRIy Defeddtidrd 1§ S RH AR £onven

absorber, respectively, and thus to enploy it for

mode 46N FADTIRE /micr1Sor PIVREAE OF Wy e IS i further

out in_thin filmtechnique, i.e. they are each nmade

up ofl lddsFradpd in Figs. 1 and 2 (cf. e.g. AT 405 992 B);
it would, however, also be conceivable to design one of
the end mirrors, e.g. M4, as saturable Bragg reflector,
or saturable absorber, respectively, and thus to employ
it for mode-locking.

The mirrors M1, M2 ... M7 are carried out in thin
film technique, i.e. they are each made up of many lay-
ers which exert their function during the reflection of
the ultra-short laser pulse which has a large spectral
band width, and introduce a “tailored” dispersion.
These mirrors either utilize resonant processes (Gires
Tournois Interferometer, GTI), or they are so-called
chirped mirrors. With these, the different wave length
components of the laser beam 15 penetrate to different
depths into the layers of the respective mirror before

they are reflected. By this, the different wave length

components are delayed differently long at the respec-

_12_



ers which exert their function during the reflection
of the ultra-short |aser pulse which has a | arge
spectral band width, and introduce a "tail ored"
di spersion. These mirrors either utilize resonant
processes (Gres Tournois Interferoneter, GIl), or
they are so-called chirped mrrors. Wth these, the
di fferent wave | ength conponents of the | aser beam 15
penetrate to different depths into the |ayers of the
respective mrror before they are reflected. By this,
t he diifree ménroway & hiee siols t-ei@ivigovempongnd sdalrgy agflected
differently long at the respec - 12 0 tive mrror;
t he Shothewavs toemediventes Jar € ir.€f.l: e toa@rdsurthigersurface),
outwardly, e.g. (i.e., towards the surface), whereas
t he WhergeasyEheotpogemeay eacompetieadise ¢ rge dedil eatiechideeper
the mirror. By this, the | ong-wave conponents are
t enperiahliy déleayed noed.aBiwéhtic,t hdes long-wave components
ponents. In this way, a dispersion conpensation is ob-
t ai nede neobaradd ypuedeyeashirel adrigrepdict itdwd smhlox tstwavte com-—
in the tinme range (preferably in the range of 10 fs or
bel owpnleates .a Ir adad sf mequerc Yispeatsdion compsenissitdpen tie ob-
the fact that the different frequency conponents of
the tlhised Heamfbs ias fhd Sessehichysirsl pestigadardy short
different refraction index, i.e. the optica
t hi ckmesheoft ifree Hamgeselprerfiestadll y14ni $hdi friagrgentdfy 10 fs or
| arge for the different

below) have a broad frequency spectrum; this is due to

the fact that the different frequency components of the
laser beam 15 in the laser crystal 14 “see” a different
refraction index, i.e. the optical thickness of the la-
ser crystal 14 is differently large for the different
frequency components, and the different frequency com-
ponents therefore are differently delayed when passing
through the laser crystal 14. This effect is counter-
acted by the aforementioned dispersion compensation on
the thin film laser mirrors M1, M2 ... M7.

As has already been mentioned, in operation, dur-
ing each round-trip of the laser beam 15 in the short
resonator arm 16 as well as in the long resonator arm
17, a part (e.g. 30%) of the laser pulse is out-coupled
by means of the out-coupling mirror OC. In practice,

the length of a laser resonator 12 may be approximately

- 13 -




frequency conponents, and the different frequency com
ponents therefore are differently del ayed when passi ng
through the laser crystal 14. This effect is counter-
acted by the aforenenti oned di spersion conpensation on
the thin filmlaser mrrors M, M ... M. As has

al ready been nentioned, in operation, dur- ing each
round-trip of the |aser beam 15 in the short

resonator arm 16 as well as in the [ong resonator arm
17, a part %g. . 30% of the laser pulse is o
out - €offpMéd OH% FEAES EP et HE  oWREEEES| iEn§ -midr FEPEAEtLon
In practice, the length of a | aser resaonator 12 na¥4
be apBrtExCRELESPORART F02 amiKkeaNEaC Y Ofedcof® 180 MHZ,

whereas e.g. a repetitiaogn rate corresponding to a _ .
freq@efcy 8 M@@ftésl@@hﬁﬁde'e;&;O§§eWH$Pi%¥%%¥ﬁéV&&gher

In order to attain a higher pulse peak power, i.e.

pul sBUSEr BFaXpPanedredsieng PUHES COGEYrr 1Y dinfFeasdng the

thus, by reducing the repetition rate, for instance,6 |

Wi t hIRURCeWri® (dfifg ae (HRder BY. Teshgemehtthe) regetition

material processing, the |length of the |aser

resoater 2 dnistEnegs st thy & Wil (tongsimg ttdiee-laser ar-

scope 18. In case of an eight-fold increase of the to-

tal resgeEest ldndor, Materitdr PreseAfd@dn e hgddha of the

tor length of approximately 15 mor_ 16 m the repeti-

tionlR&EE HRPORERhe Zatl sapgpdeiarecey 1wl ligig the tele-

To
scope 18. In case of an eight-fold increase of the to-
tal resonator length, i.e. for instance with a resona-
tor length of approximately 15 m or 16 m, the repeti-
tion rate may then be at approximately 10 MHz, e.g.. To
obtain these long path lengths for the laser pulses, a
mirror arrangement is provided in the telescope 18 so
as to attain a multiple reflexion of the laser beam 15
so that the construction length of the telescope 18 can
be shortened in accordance with the multiple reflex-
ions.

In Fig. 2, such a laser arrangement 11 according

to Fig. 1 provided on a rectangular mounting plate 19
is schematically illustrated, which plate has a size of
e.g. 900 mm x 450 mm. On this mounting plate 19, the

part 20 of the laser resonator 12 framed in broken

lines in Fig. 1 is attached encapsulated in a housing,

_14_.



obtain these long path lengths for the |aser pul ses, a
mrror arrangenent is provided in the tel escope 18 so

as to attain a multiple reflexion of the |aser beam 15

so that the construction Iength of the tel escope 18

can be shortened in accordance with the nultiple

reflex- ions. In Fig. 2, such a |laser arrangenent 11
according to Fig. 1 provided on a rectangul ar

nmounting plate 19 is schematically illustrated, which
plate has a size of e.g. 900 Mmx 450 mm_On this
mounéndg fprabermpreyhalsgatthe2@uar thsoragdr ifesdianged on
12 framed in broken lines in Fig. 1 is attached

encapbel acsatiinda tHeds d§, Lfrom whighd the vemndean 13 1is
al so the punp laser 21 is arranged on the nounting

pl at 8upP®l ifedorkontiheh letse pnesobadeorli 2t ¥iasume mdgnags 22,
the | aser resonator 20 via two mrrors 22, 23. From

t hi s 2Besdwarmorthgsr trez@natios Pagdr 29earkhes ledaydeam 15

the direction of the laser mrror M5, from which it

i s refieggiesd ino thes il neiatden W, the déser Pddrdfefte.from
Fromthere, the |laser beam 15 gets into the telescope

18, whérchi nita isomsifilegtiad For deseX4 migrar- Mandged dascribed
the tel escope 18, e.g. in a housing, in one of the
sevebglfosgamEparhd hsatewe dinet @ seppdsiatelyp grets into the

telescope 18, wherein a coupling-in mirror 24 is ar-
ranged in the telescope 18, e.g. in a housing, in one
of the several beam paths between two oppositely ar-
ranged telescope mirrors 25, 26. This coupling-in mir-
ror 24 reflects the laser beam 15 to the one - in Fig.
2 left-hand - plane telescope mirror 25 which then re-
flects the laser beam 15 to the oppositely arranged,
concavely curved telescope mirror 26. Between these two
telescope mirrors 25, 26, the laser beam 15 is then re-
flected back and forth several times, e.g. eight times,
wherein on the concavely curved telescope mirror 26 a
total of 8 reflexion points in this example, corre-
sponding to the eight laser beam reflexions, are pro-
vided on an imaginary circle line around the center of
the concave mirror 26, which, moreover, is explained in
more detaill in AT-A-763/2002.

Finally, the laser beam 15 is out-coupled from the
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ranged tel escope mrrors 25, 26. This coupling-in mr-
ror 24 reflects the | aser beam 15 to the one - in Fig.

2 left-hand - plane telescope mrror 25 which then re-
flects the | aser beam 15 to the oppositely arranged,
concavely curved tel escope mrror 26. Between these

two telescope mrrors 25, 26, the |l aser beam 15 is

then re- flected back and forth several tines, e.g.

eight tinmes, wherein on the concavely curved

tel escope mrrqr. 26 a total_ of 8. reflexion points.,in |
Lhi s CEXBREPBE b P TSSO * & SRS ERGn P IS U RIda miT-
refl exions, are pro- vided on an,ina%inary circle line

ar oufi@tt ke CEFPEIeSE 10t ke JACAHPE T Ploltise CApRldRI—1n mir-

noreover, i s explained in re detail in ,
AT- ALPE3A306849 Bitndhey Safte 228 PasBame1 G hes Latter, said
out -coupled fromthe - 15 tel escope 18 b ans of a
t el eSESPECHRLIRGUB A ImiteL LGt 128 épﬁaﬁéééq &3 15 to a

vicinity of the coupling-in mr- ror 14 and in the

sane IHEERCFalH 130T K8 /| afef ro8qitderguithCodiSerg Peam 15
mrror reflecting the | aser beam 15 to a  further

ni r r §etS8 Loarkdher PovhaNIRd it MIESOr KEahiifs @ Jetrd o 29-
the out-coupling mrror OC via a mrror 29. These

m rr GReSEEMiZForandS/| iAeviicdels tH&SHLSSer $Pe Migroxrp 22 to

are not further illustrated in the schematic illus-,
tratdn a&corditngUrdherg 11l ussrated dacdher schematic illus-
sinmplicity.

tration according to Fig. 1 for the sake of simplicity.
An important aspect in a short pulse laser ar-
rangement with an extended laser pulse round trip time
is the stability of the laser oscillation, wherein an
appropriate adaptation must be carried out with a view
to the images of the laser beam cross-section caused by
the individual mirrors. A further significant aspect
which is particularly important for industrial applica-
tions, i.e. in case of material processing, is the com-
pactness of the laser device 11; the aforementioned di-
mensions of, e.g., 900 mm x 450 mm, correspond to con-
ventional laser devices for industry, wherein, here,
however (cf. Fig. 2), the telescope part 18 - which may
also form a separate construction unit - is addition-
ally installed, so that the desired longer round-trip

times of the laser beam 15 and, thus, the higher pulse

- 16 -



An inportant aspect in a short pul se | aser ar-

rangenment with an extended | aser pulse round trip tine

is the stability of the laser oscillation, wherein an
appropriate adaptation nust be carried out with a view

to the images of the | aser beam cross-section caused

by the individual mrrors. A further significant

aspect which is particularly inportant for industri al
applica- tions, i.e. in case of material processing,

is the com pactness of the |aser device 11; the )
af or EREECILESe 3l Pemerdiigvedotitéoyt agoermogemsatymt di-
correspond to con- ventional |aser devices for |

i ndugengiofser hat Her SOUIRGWEPe PULSE. efiegdiPs thdhe order
tel escope part 18 - which may also forma separate
consPfuseveradnibundried addiltisggadaoly liesst dhedd 1 &gJd, as
that the desired |onger round-trip times of the |aser
beamPe5 REGVIOMFLY OIREThitGIFe CY5E - sd P1ST6 Peadn &iSes outputs
can be achi eved wi thout an _enl argenent of di-

nens P&n &0 rgh dhans 2s §igwan Pep@tdei®%ergies in the

order of several hundred nJ instead of |ess than 10

nJ, as ha3% preFEtdesiyheveverne ifades Pres sheulr fdade due
outputs of nore than 2 MNWcan be attained. In

pr acttioc&hehdisevedik ndensddd eshoweyHdnedife oRtd ¢ e fects
hi gh peak intensities, non-linear optic effects occur

in tlecugsdn dEhestlalsarhicely sttade Wiishehavs praven to be re-

strictive for the desired effect of achieving an in-
creased output pulse energy, or peak output, respec-
tively, at a constant average output power. In particu-
lar, the said non-linear optic effects lead to a split-
ting of the high-energetic laser pulses circulating in
the resonator of the laser arrangement into several
pulses of lower intensities each. To counteract this,
an operation of the laser oscillator, or laser resona-
tor, respectively, in a net-positive dispersion range
is suitable, in which case highly chirped pulses will
form in the pico-second range which have a markedly re-
duced peak power. In the prior art (cf. S. Cho et al.,
as indicated at the beginning) it has been suggested in
this context to compress again the laser pulses subse-
quently to pulse durations of a few fs externally of

the resonator, in a “compressor” made up by means of
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strictive for the desired effect of achieving an in-
creased out put pul se energy, or peak output, respec-

tively, at a constant average output power. In

particu- lar, the said non-linear optic effects |ead

to a split- ting of the high-energetic | aser pul ses
circulating in the resonator of the |aser arrangenent

into several pulses of Iower intensities each. To
counteract this, an operation of the |aser

oscillator, or |aser resona- tor, respectively, in a

net - pgsistisve 9dilsise0gi §d rrQfge OFs asgolpBnation wheggof, re-

case highly chirped pulses will formin the _
pi cospectadelange il ¢heh®eaka pereke ey nde ingiyeagoseglgain
power. In the prior art (cf. S. Cho et al., as

i ndi esceddandtlive Hegi ami eyeratl lhadivedmesdgedstté idisper-

this context to conpress again the |aser pulses subse-

quenshipnt dnphee résoaeitons @f rairewtt Prasmer Mals ypesn used

the resonator, in a "conpressor" nmade up by nmeans of -

17 @ecppirsing o deisr prloroegt.or a conbi nation

thereof, re- spectively, with the peak power being

i ncr easedHayaver,adtohdisnllegn Bbowan tdaér flor attaining

adj ustment of the disper- sion in the resonator, a .

pai r sbbrpersslises boch Gdedevwiddor @ Agroen Mandmigith, it

art. However, it has been shown that for attaining

shor tier neglessarandhathéhenienitirg Idasger siamd n dihe Yeisona-
tor is kept as constant as possible over the respective
spectral range (i.e. the respective band width),
wherein it is furthermore advantageous if the entire
dispersion is only slightly positive, i.e. is only lit-
tle above zero, in particular amounts to only a few
10 fs?. However, a resonator provided by a pair of
prisms, as found in the prior art, will of necessity
cause a dispersion of higher order, so that the desired
constancy over the band width sought cannot be
achieved. This is apparent from the illustration in
Fig. 3, in which the dispersion course of a compressor
realized with prisms of fused silica is shown. It can
be seen that in a wave length range of from 700 nm to
900 nm, the dispersion GDD (GDD - group delay disper-
sion) is from below -250 fs? to slightly below -50 fs?,

a maximum of above -50 fs®? being found at approximately
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IS necessary that the entire dispersion in the resona-
tor is kept as constant as possi ble over the
respective spectral range (i.e. the respective band
wi dth), wherein it is furthernore advantageous if the
entire dispersionis only slightly positive, i.e. is
only lit- tle above zero, in particular anpbunts to
only a few 10 fs2. However, a resonator provided by a
pair of prisms, as found in the prior art, will of
necessity cause a dispersion of higher aorder, so tq%E
ds.l&?d:rﬁdl

the &8 PBd TEHSat dfc ey SPEHE Bdaf@nficd L

cannot be achieved. This is apparent fromthe, )

i || udtiativgi ioR ofi ghes GOMh IghioR & fdadi £P& ison With such
course of a conpressor, realized with prisns of fused

sili @a%l@ﬁow? the SFPgeiodent tt Het MOt RAZE Y% dq Pro-
range of from 700 nmto 90Q nm the dispersion GDD

( CDDANCEr SBE FECHF didssdr PULiSET) SC89om bel ow - 250

fS2 to slightly below -50 fS2' a maxi num of above -50
fS2 bei ng olih@ B eSSHtoshvgtte Py Lse1 825§ T893 reRIement, 11
in the spectral range indicated, the fluctuation_of

t he GOBEVEImpPe ditfRerAdET SPugtMendyds of fesihask yf means
the dispersion it is not possible to pro- duce_the .
shor ©f] ¥a&i oy sde lesitghc MiFnoRes pregent!is ey M pulRdion-
| aser arrangenent 11, however, a dispersion .
adj ustldyn@lise® @ﬁ'lfee@teé@s&pp(@ewrors 26, 27 etc., wherein

dispersive mirrors of appropriate construction in terms
of layer structure and layer thicknesses, which are
known per se, are combined together with the remaining
elements of the laser arrangement 11 to thereby adjust
the desired positive net dispersion of the entire reso-
nator 12. In doing so, the dispersion is kept within a
band range of from 0 to 100 fs®, preferably from 0 to
50 fs?, as schematically illustrated in the hatched re-
gion in Fig. 4, wherein curve A illustrates the disper-
sion course in a practical exemplary embodiment of the
invention. For the purpose of a comparison, in Fig. 4
by means of a curve B also the dispersion course is
shown which is obtained when, according to the prior
art, a pair of prisms is used for the dispersion con-
trol (cf. S. Cho et al.). In combination with the re-

maining components of the laser resonator 12, the pair
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of various dielectric mrrors, e.g. ML to M/, option-

ally also the tel escope mrrors 26, 27 etc., wherein

di spersive mrrors of appropriate construction in

terms of layer structure and | ayer thicknesses, which

are known per se, are conbined together with the

remai ning elenments of the [aser arrangenent 11 to

thereby adjust the desired positive net dispersion of

the entire reso- nator 12. In doing so, the dispersion

is kept within a band range of fromO to 100 fS2' .
pr ef efabiry sPso @ seo digpersion goULEIRerst ischiemptically 11-
illustrated in the hatched re- gion in Fig. 4, wherein

cur véuAtiripitgst st &9 gt-hé dilgeer risicooc dlyes @etn dd spersion
practical exenplary enbodi nent of the invention. For

t he porese sdowa Hymeariveomd, il beghas viibhsarthads oaly
curve B also the dispersion course is shown which is

obt aPVed wh&ancacdeitdi of e@rrexigetedy 460 np gdie difsper-
prisms is used for the dispersion con- trol (cf. S.

Cho etioal ip. wWikhdgnthiheatiogyenisoidte e .miigfwggn O and
conponents of the |aser resonator 12, the pair - 19 0

of pPils#s whoBetBpspbherohagdur Ebei d18pABFBONCAFFPring to
lustrated in Fig. 3 gives rise to the net dispersion

cour SEryieown isy witrhi@ Bhe bapsi seughdi blie e-hdirapniy to

over a band wi dth of approximtely 180 nm the disper-

si on50s fs’t hin the eahyvesspghtrail. sanget hbdusdrahgd, from

680 nm to 960 nm, i.e. within a band of at least

280 nm, as a rule even in a larger band. As regards
curve B, is must additionally be said that the prisms
of fused silica are already characterized by a rela-
tively slight dispersion of higher order and, there-
fore, must already be considered as optimized, wherein,
however, the result still is substantially poorer than
it is in case of the inventive dispersion adjustment by
means of the dispersive mirrors.

The use of dispersive mirrors for a dispersion
control yields the required negative dispersion within
the resonator 12 to balance out the positive dispersion
introduced by other components. Thus, e.g., the laser
crystal 14 introduces a positive dispersion, just as
does the air contained in the resonator 12. Optionally,

as illustrated in Fig. 1 by way of example, two vari-
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So fS2. On the other hand, the dispersion according to
curve Ais within the band sought, i.e. fromO to 50
fS2 f in the entire spectral range illustrated, from
680 nmto 960 nm i.e. within a band of at |east 280
nm as a rule even in a larger band. As regards curve
B, is nust additionally be said that the prisns of
fused silica are already characterized by a rel a-
tively slight dispersion of higher order and, there-

fore, st .,already. b nsidered as optim zed,
wher GRS Fofiey G U Ha b deu Gl 28 Meddess b may jog |gFranged

poorer than_ it is in_case of the jnventive dispersion

hd] USEITERE B SOREHRT JF vt IR i SRerEIORE (T ot CepRsCoPe 18,
use of dispersive mrrors faor a _dispersion contro

yi el %? PREVEGuiToHd afe GG OFiedp SIS IdH K HisPeqsHen.
resonator 12 to bal ance out the positive dispersjon

i nt r ¥GEEES Moy PGSFe it W0 BiGen e dors S0 @ay be mdeyndy fused
crystal. 14 introduces a positive dispersion, just as

does Stté <&i'r contained in the resonator 12.

C]otionaII%(q\,K7O s illustrated in Fi%. 1 by way of

exanpl e, riPresspt hegite PULse Lagedscanagoegends 11,
wedges 30 may be arranged in the resonator 12, e.qg.

in frOnCIRL FO CMEYESSe the PUlSSs adade &y Paise dura-
addi ti,onal positive dispersion, wherein_these_two ,

gl as§l\%§g€§ I?Ofr?éi‘glfﬁe EFeroithveysd@dve been chirped in the

resonator, an external “compressor” 31 is provided, as
is visible in Figs. 1 and 2, which also is mounted on
the mounting plate 19 (cf. Fig. 2), which, however, may
also form a separate construction unit, similar as
telescope 18. In Figs. 1 and 2, this “compressor” 31
which is made up with prisms 32, 33 is schematically
indicated. As can be seen in detail, the laser beam
which has been out-coupled via the out-coupling mirror
OC 1s reflected at a mirror 34 to a mirror 35 which, in
turn, reflects the laser beam to the two aforementioned
prisms 32, 33, where the laser beam at first is fanned
during its forward travel (towards the left according
to the illustrations in Figs. 1 and 2), until it is re-
flected at an end mirror 36. During the return travel
of the laser beam through the prisms 33 and 32, the la-

ser beam, which previously has been broadened due to
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silica. At the present short pul se | aser arrangenent

11, in order to conpress the pul ses again to pul se

dura- tions of a fewfs, after they have been chirped

in the resonator, an external "'conpressor” 31 is
provided, as is visible in Figs. 1 and 2, which also

is nmounted on the nounting plate 19 (cf. Fig. 2),

whi ch, however, may also forma separate construction
unit, simlar as telescope 18. In Figs. 1 and 2, this
""conpressor” 31 which is made up with prisms 32, 33

i s séhengilifdgrent wWadiec ded@thas igarthise spesit ium garchidue to
the | aser beam which has been out-coupled via the _
out - Edgpdiidd emanortrageli & imer assegigtesd mharewidhit ds

a mrror 35 which, in turn, reflects the |aser beam

to t bandhedar@edmentineredn giisspeugse 33 spedatheffset
| aser beamat first is fanned during its forward

t r avéleletdwgr do tthe |fofrwagek drdivied 1ndo liglser beam and by
illustrations in Figs. 1 and 2), until it is re-

f | ectdd sati sapudnm¢onitiest PRGL bive iy e Pvuas timgliglated by
of the laser beamthrough the prisns 33 and 32, the

| a- @& apgam 3whiieh Fadevilously has been broadened due

to - 21 the different wave lengths in the spectrum

and due tén eheogiciediee eixempdagly emposiizesdei dthed dispersion
therewith, is bundled again, wherein its course is
sonewaauesf figeti catedatiinydheo fiold oWgngatéabtlieavdiviendpeen ob-

| aser beam and by

tained for the individual elements, and for the entire

resonator 12, respectively, at the indicated wave

lengths of 700 nm, 800 nm and 900 nm.

Table
Laser Crystal Air Telescope Glass Dispersive | Total
14 18 Wedges 30 Mirrors
700nm +430f9” +669fs?] -1690fs? | +1078fs? -447fs® | +40£87
800nm +348£s? +562fs?| -1460fs® +865fg? -297£s® | +18fs?
900nm +277£s? +486fs?| -1510fs? +682£s? -74f5% +9£s?

In the example considered here,

a Ti:Sapphire

crystal having a thickness of 3 mm was used as the la-

ser crystal 14,

as described above,

taken into consideration.

Besides,

these two round

which means that after two round trips,

a total thickness of 6 mm must be

trips from the out-coupling mirror OC until its return

to the out-coupling mirror OC also hold for all other
_22_



this is out-coupled past the mrror 35, as indicated

by an arrow 37 in Fig. 1. In a concrete exenplary

enbodi ment, the dispersion values indicated in the
foll owi ng tabl e have been ob- tained for the

i ndi vi dual elenents, and for the entire resonator 12,
respectively, at the indicated wave |engths of 700

nm 800 nm and 900 nm Table O Laser Crystal

Ai r Tel escope d ass Dispersive Total 14i sWwedges

30Mrrors 700ri mt43 O S2+669fs' - 16 90f S2+1078f S2- 447f s
2+40R3eIDESM-348f S2+562f s' - 1460f s' +865 f. 9 2-297fs
2+18f S2 900run+277 fS2+486 fS2-15 10f S2+682 f S2- 74f s
2+gf S2 | nIphéhexgrprelesysirgsredthar 42 with gagfhiHe repe-
crystallhavi%% a thickness of 3 nmwas used as the la- |
ser &dfdeal rade, wrheremwass ar Agnadh Of thwo ™ ®@Fd round trip
trips, as described above, a total thickness of 6 nmm

nust SBe thadk én CoFre sSEORSIier Sliser sBedi s thenéda tiwo reso-
round trips fromthe out-coupling mrror OC until its

r et upAtofro 1Zhkaguttoc gpltiakgnmiliter consiicesd atdiod f or

all other

In telescope 18, eight reflexions each per pass
and per telescope mirror 25, or 26, respectively, had
to be taken into consideration.

The glass wedges 30 in resonator 12 which addi-
tionally introduce a positive dispersion had a thick-
ness of 12 mm, i.e. a total of 24 mm had to be consid-
ered for the two passes.

For a dispersion adjustment, furthermore, espe-
cially six dispersive mirrors M6, M7, 24, 27, 28 and 29
were used which were of an appropriate mirror design.

In Fig. 5, in a diagram of a signal autocorrela-
tion measured in an actual test set-up, the signal in-
tensity (in an arbitrary unit) over time (also in an
arbitrary unit) is shown, a pulse duration of 27 fs be-
ing calculable therefrom.

In Figqg. 6,'an associated spectrum is illustrated,

wherein again the signal intensity is shown in an arbi-
trary unit, now above the wavelength A in nm.

The pulse energy achieved in this example was
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- 22 el enents. In the exenplary resonator 12 with
a 10 MHz repe tition rate, there was a length of 15 m
per round trip so that a correspondi ng di spersion by
the air in reso- nator 12 had to be taken into
consideration. In tel escope 18, eight reflexions each
per pass and per telescope mrror 25, or 26,
respectively, had to be taken into consideration. The
gl ass wedges 30 in resonator 12 which addi- tionally

i ntroduce a positive dispersion had a thick- ness of
12 matgheg amotZ0 S 240 Red D e adorfsinpPedriddon rate
for the two passes. For a dispersion adjustnent,

f ur t lodr ddr ¥Hzes pe-thciaalwayediengtits pangies dAriaft @rpnvBiimately
M7, 24, 27, 28 and 29 were used which were of an

appr d@prnat.e mrror design. In Fig. 5 1in a diagram of
a signal autocorrela- tion neasured in an actual test
set-up, the signal in- tensity (in an arbitrary unit)
over tinme (also in an arbitrary unit) is shown, a
pul se duration of 27 fs be- ing cal cul able therefrom
In Fig. 6, an associated spectrumis illustrated,
wherein again the signal intensity is shown in an

ar bi -
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trary unit, now above the wavelength X in nm The

pul se energy achieved in this exanple was - 23

hi gher than 200 nJ, this being so at a repetition rate

of 11 MHz, with a wavel ength range A% of approximtely

40 nm O Cainms: 1. A short pul se | aser arrangenent

with preferably passive node-|ocking, conprising a
resonator (12) con- taining a |laser crystal (14) as

wel |l as several mrrors (M-M; 22, 23, OC), one of

which forms a punp beam coupling-in mrror (22) and

one &Llaiisch forns a | aser beam out-coupling mrror

(OO, and a multiple reflexion telescope (18)

enl arging the resonator length, the resonator (12) in
operation having a positive averaged dispersion over

a wavel endt Bhox %gé“@dﬁ% drafey, adtranaenandr widd inrafenably

t he adj ustnent of the p05|t|ve averaged dispersion of

t he PESEHICMACEZ)L dak ig¥d, e CroxdP 15 imsags regfontater (12) con-
n1rrors (ML-M7, 22, 23, OC) of the resonator (12), at

| easttad ey &f Lasiagh carves tadsi (grid ass wiildpers ssiweral mirrors

mrrors.
(M1-M7; 22, 23, OC), one of which forms a pump beam

coupling-in mirror (22) and one of which forms a laser
beam out-coupling mirror (OC), and a multiple reflexion
telescope (18) enlarging the resonator length, the
resonator (12) in operation having a positive averaged
dispersion over a wavelength range concerned, charac-
terized in that the adjustment of the positive averaged
dispersion of the resonator (12) is effected by means
of the mirrors (M1-M7, 22, 23, 0OC) of the resonator
(12), at least a few of which are designed as disper-

sive mirrors.

2. A short pulse laser arrangement according to claim
1, characterized in that the dispersion of the resona-
tor (12) averaged over the wavelength range concerned

is adjusted in a range of between 0 and 100 fs?,

3. A short pulse laser arrangement according to claim

2, characterized in that the averaged dispersion ranges
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2. A short pulse |laser arrangenent according to claim
1, characterized in that the dispersion of the resona-
tor (12) averaged over the wavel ength range concerned
is adjusted in a range of between 0 and 100 fs2. 3. A
short pul se | aser arrangenent according to claim 2,
characterized in that the averaged di spersion ranges -
25 between 0 and 50 fs2. 4. A short pul se |aser
arrangenent according to any one of clains 1 to 3,

chargg%grize in Qg* I the mrrors of the
r esorat oS aé’r‘}e s%ersive mrrors. 5. A short
pul se | aser arrangenment according to claim4,

characterized in that all the mrrors of the resona

tor (,12) have a negative dispersion. 6. A short pulse
Iaseﬂ'arréhézméﬂ éﬁﬁﬁﬁwﬁQﬁ?q(?Q%%qumﬁﬁﬁﬁaQQQﬁQEP%_ﬁQ)any
5, characterized in that the mrrors (25, 26) of the

mul t PPife OfeAl&dn 1t di%estofdareptesigedyiigpdisitye@ll the
mrrors. 7. A short pulse |aser arrangenment according

to cPFAFHCTE, odhdbect&SoreFan (ifdt amfe diispegiss e mirrors.
26) of the telescope (18) have a negative dispersion.

8. A short pulse |laser arrangenent according to any

one qQf cl ai 1 to 7, characterized in that for an ad- _
ditional & SPErdi HlSend asGifustreRgergnfaidccor dfings o claim

4, characterized in that all the mirrors of the resona-

tor (12) have a negative dispersion.

6. A short pulse laser arrangement according to any
one of claims 1 to 5, characterized in that the mirrors
(25, 26) of the multiple-reflexion telescope (18) are

dispersive mirrors.

7. A short pulse laser arrangement according to claim
6, characterized in that the mirrors (25, 26) of the

telescope (18) have a negative dispersion.

8. A short pulse laser arrangement according to any
one of claims 1 to 7, characterized in that for an ad-
ditional dispersion fine adjustment, a pair of glass
wedges (30) with positive dispersion is arranged in the

resonator (12).
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wedges (30) with positive dispersion is arranged in
the resonator (12). - 26 9. A short pulse |aser
arrangenent according to any one of clains 1 to 8,
characterized in that the Kerr- | ens node-I| ocking
principle is used for passive node- |ocking. 10. A
short pul se | aser arrangenent according to any one of
clains 1 to 8, characterized in that a saturable
absorber (M4) is provided for passive node-| ocking.
11. The use of a short pul se | aser arrangenent ac-
cording to any one of clains 1 to 10 for materi al
proc-_ essing. O

9. A short pulse laser arrangement according to any

one of claims 1 to 8, characterized in that the Kerr-

lens mode-locking principle is used for passive mode-

locking.

10. A short pulse laser arrangement according to any
one of claims 1 to 8, characterized in that a saturable

absorber (M4) is provided for passive mode-locking.

11. The use of a short pulse laser arrangement ac-
cording to any one of claims 1 to 10 for material proc-

essing.
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