Short Pul se Laser Arrangenent The invention relates to
a short pulse |laser ar- rangenent with preferably
passi ve node-| ocki ng and com prising a resonator
containing a laser crystal as well as a plurality of
mrrors, one of which forns a punp beamin-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 di spersion for a wave-

|ength range concgraed. pRscently. Aot pulse aser

arrangenments have “beén I'ncréasi ng i nterest, since
with a viewto the ex- trenely short pul se durations in
the fentosecond range, wth pulse peak power of > 1
Y advantageous aEEIica- tions are nmade possible in

research aff FRYGEELPN FRUSLESsERhAsRBPEtpRIMIES agser ar-
arrangenments having pul se dura- tions in the _
f ent 6aBgeRENEandgEhc R eperabdyd Possave mederdsskiag and com-
investigation of the interaction between el ec-
tronaghetihg padeapneficandomittiaingWaatl aise rdegivisdlalle aiss well
a | aser arrangenent which generates |aser pul ses having
a pubseadpilatiaddtynofhmirange,obne. gf Witk Eoentsosepump
onds) as well as with an energy of 100 nJ, e.g., at a
pul spesfpehi-tbapliatenin rbie afdenheob f1GhVda. fErespél S@ser
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beam ocut-coupler, and a multiple reflexion telescope
enlarging the resconator length, the resonator in opera-
tion having a positive averaged dispersicon 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




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 |aser arrangenents in the
fent osecond range in a conventional titanium sapphire
fs-laser is desired because then a higher pulse peak
intensity can be attained which, for many
applications, is in the range of larger than 1013
Wcne. Purely calculative, such conparatively | ow
repetition rates which, vice versa, nean a relatively
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earlier work by D. Herriott et "Of-Axis Paths in
Sonel PRaHRE | A: CORPErrE: bheferlict ABSPFeAEnpBeReRts. in

April 1964, Vol. 3, No. 4, pp. 523-526, an extension

of tEBepiPBEOFEGARD: FRPIEI AR PnCANVEBELONALr AAGERENE by

providing a multiple-pass resonator part, also terned
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short, has al ready been proposed, cf. e.g.
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90-nJ pulses with a 4-WVHz repetition-rate Kerr-1ens
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and negative intracavity dispersion”, Optics Letters,
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. 2523-526,
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,




- 2 15 April 2001, Vol. 26, No. 8, pp. 560-562; as
well as A Poppe et al., "A Sub-10 fs, 2.5-MWV

Ti: Sapphire Os- cillator", Utrafast Optics 1999, pp.
154- 157, Ascona, Switzerland (1999). Wth such a

tel escope it becones possible to increase the pul se
round-trip tine in a constructively advant ageous
manner by multiple passes, due to a plurality of
refl exi ons on oppositely arranged mrrors, and to
thereby reduce the repetition rate, e.g. from
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optical ef- _fects proved to be dlsadvantageous and
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intensity in the laser crystal, and which lead to a
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circulating in the resonator into several weaker

pul sesnsThustdxe lye advantagecast ednnert bat muld igleumpasses,

of the (negative) resonator dispersion is increased
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the attainabl e band wi dth and,
mirrors, and to thereby reduce the repetition rate,
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




thus, to markedly | onger pulse durations. On the other
- 3 hand, it has already been suggested in the
previously nmentioned article by S. Cho et al.
"Ceneration of 90- nJ pulses with a 4-MHz repetition
rate Kerr-lens node- |ocked Ti:A1203 | aser operating
W th net positive and negative intracavity

di spersion”, to operate the |laser arrangenent at an
overal | positive dispersion, wherein then highly
chirped pulses formin the pico-second range, i.e.
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t he pul ses subsequently can be conpressed again to
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an increase in the peak power. According to the said
docukegkedy TS: Athos gtasfr, onearathing stidihe neft qpegiiiem and
(relatively small) spectral band width of 19 nmand a
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prims has been used for the dispersion control within
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total disper-
range, i.e. pulses of a markedly reduced peak power. By
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 B0 fs has been achieved. A pair of
prims has been used for the dispersion contrecl 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



sion in the resonator to be as constant as possible
over the respective desired spectral range. However, it
- 4 has been shown that a pair of prisnms inevitably

al so introduces a dispersion of higher order (i.e.,
the dis- persion of the 2nd order (GDD) is not constant
over the band wdth), and that the known arrangenent
in fact is not suitable to generate the shorter pul ses
and |l arger band wi dths sought. It is now an object of
the invention to provide a renedy for this and to
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of which are designed as dis- persive mrrors in a
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di spersive mr- rors, it becones possible in the

pr eskandshWodthgulssaghitaser arrangenent to attain a

nearly arbitrary disper- sion course over the | aser

frequenci & psomnbdedn bbjket of the invention to provide a
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 Xnown 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-



i ng known per se, to design the mrrors which are nmade
up with a plurality of dielectric |ayers (the construc-

tion and effect of which will be explained in nore de -
5 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 achieved in the

wave | ength region in question. Therefore, it is subse-
quently possible to adjust the total dispersion in the
resonator, which results fromthe sumof the dispersion
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persion o aser crys the resonator,
the mrrors.and an Slb e d nal onent s,
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slight Fourier-limted pulse duration - is achieved.
Thi svaguesablfed liln thize 1siskp! eshpraeness , Wit.le .t feot apey dis-
persion of the laser crystal, the air in the resonator,
the mirrors and any possible additional components,
such that the total dispersicon, 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- i
paratively large band width - and thus, an extremely i
\
. |
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-



sive mrrors indicated, wherein individual mrrors

whi ch each have different dispersion courses with un-
avoi dabl e fluctuations are conbi ned, depending on the
ai m sought, so as to achieve the desired total disper -
6 sion course, e.g. over a wave |length range of nore
than 280 nm Wth appropriately designed di spersive
mrrors exhibiting slight fluctuations in the

di spersion behav- ior, even larger wave | ength ranges
can be achieved wth a total dispersion course within

the smsﬁeeoe&sepr@déteb%b@eﬁ hab@r@eﬁathI%hhge b@ %b@%rthan
to ensure as large a band w dth as possi- ble al so
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geously all the mrrors of the resonator are designed

as dPEpErSPYBIARAr §pIeTRREPedaBLFSwi th negative disper-

sion. For this reason, noreover, also the mrrors of

t he nultipneoréerezbonnseresecpéaage pr bahdewidshdias- possi-
ble, it also proved to be advantageocus if the 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 cnly 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 dispersioen.

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-




persive mrrors, preferably with negative di spersion.
In many cases it may also prove to be suitable if a
(small) variabl e anpbunt of positive dispersion is in-
troduced in the resonator for a supplenentary disper-
sion fine adjustnment, e.g. by neans of two closely ad -
7 jacently arranged and oppositely oriented, per se
known gl ass wedges. To adjust the desired positive net
di spersion of the resonator, it may in principle also
be provided for the use of a pair of prisns in
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di sp mrrors alone, optionally with the

eiéive

af or aNERci YH89551-ass wedges, will be preferred. For

the preferred passive node-locking (within the scope

of the in¥8nefdnsti hhgr Assiiged Rrsdtarei petnsdspersion of

| ocki ng woul d be conceivable), in the present short

pul sEhRagesoaatargefdnMmayhd npdr i9e ipdewd I'skehe [kgipyided for

nmode- | ocking” principle my be provided, yet, as is

al sotkaouseped e padlrsofaprdsmsr dbl eoabdmsiidiomaii tiie the

provi ded. The saturabl e absorber nay be arranged in the
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mrror of the resonator nay be provided as saturable
dispersion control using the dispersive mirrors alone,
opticnally with the aforementioned glass wedges, will
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-



absorber-refl ector. 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 nust be fabricated with exactness
and at a high speed. The pre - 8 sent short pul se

| aser arrangenent which allows for a high output pulse
energy and a high repetition rate can be ideally

enpl oyed for this, wherein it proves par- ticularly

advagéﬁgegHﬁrEhghl@%tha%%% Bl abo@%m% Qrgth%!%ﬁlkﬁﬁﬁ%or a

ar rangenent slightly struction
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fine can be achieved. In the follow ng, .the
| nvoht FBNSRAYI B6SPGAERENS ERAarisl BhendyFesent short
preferred exenplary enbodi nments il- lustrated in the
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Therein, Fig. 1 diagrammatically shows the structure of
a sﬁﬁrucpmp@etm@@%oéldr digenethewnithiresdlodsc gpergy for ma-
according to the invention;

terial destruction) is possible, wherein due to the

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 1il-
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-




Fig. 2 shows such a short pulse |aser arrangenent as
arranged on a nounting plate, wherein also coupling- in
and out-coupling of the |aser beamin 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 persion with
an inventive short pul se | aser arrangenent (curve A),
and with a | aser arrangenent according to the prior
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Fig. 1¥2 RT4RBAt fpal 48 reduring, n&@ﬁéﬁﬂvflq persion in the
schematically illustrated, in which e.g., the per se
knowheREPALPENS CREEE- Bddki ng principle is used for gen-
erating the short pulse. The | aser arrangenent 11 of
Fig. 1 coRpgi-sésshowsegonauspcoZretatikincmeaspaepepdamesult
13 is supplied from

with the signal intensity, in arbitrary units, versus
time {(also in arbitrary 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 socolid 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
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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 M, the punp beam 13 excites a | aser crystal 14, a
titanium sapphire(Ti:S) solid |aser crystal in the pre-
sent exanple. The dichroic mrror M is perneable for -
10 the punp beam 13, yet highly reflective for the
Ti:S laser beam This |aser beam 15, the resonator

beankh tg [ i on I r J%d}
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refl%ﬁ ted .back to the Iaser mrrors M3, M2
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resonator part with the mrrors M, M3 and M4 forns a

so- chhPed adh6mt toeSoRASHT AMALLE. Mer-ofhis lasaw mitgor M3

| aser beam 15 is then re- flected to a | aser mrror M,

and Bgeant fefd ecd sa thesdasean eem VB & lsldr auinnpm M4, and

further laser mrror M/, whereby a second, |ong
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the | aser beam 15 gets into a telescope 18 nerely

schedatietahliy relrewM3,nM2i gndlMlangassing the laser crystal
14 a second time. This resonator part with the mirrors
M2, M3 and M4 forms a so-called short rescnator arm 16,

From mirror M1, the laser heam 15 is then re-
flected to a laser mirror M5, and from there to a laser
mirror Mé 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 QOC, 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
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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 fornms a Kerr elenment which
has a | arger effective optical thickness for higher
field strengths of the | aser beam 15, yet has a - 11
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or saturabl e absorber, respectively, and thus to enpl oy
it foPCKHEE- méakuwgrewﬁerwnbﬁow§awuzeﬁzln a pRIigsge conven-

carried out inthin filmtechnique, i.e. they are each
madetdpnel manperaye.g. by means of an aperture not further

illustrated 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-
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ers which exert their function during the reflection of
the ultra-short |aser pulse which has a | arge spectra
band wi dth, and introduce a "tail ored" dispersion.
These mrrors either utilize resonant processes (Gres
Tournois Interferometer, GIl), or they are so-called
chirped mrrors. Wth these, the different wave | ength
conmponents of the |aser beam 15 penetrate to different
depths into the |ayers of the respective mrror before
they are reflected. By this, the different wave | ength
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wave CO

rror! t onent

refI fur her ut war dl y [
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reflected dee within the mrror.
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to the short-wave com ponents. In this way,

di spgishén EbAPBASALTEN a'stabsftahﬁeéonﬁgwﬁéne £STPONSEL S
which are particularly short in the tine range
(prefeeabbpppnalhy dedgaedf redatsver tobshewphpatewave com-
broad frequency spectrum this is due to the fact that

t he dohéetent Ihr Ehuenewycoapdinepessabnt bempleasart ilb@ams ob-
15 in the laser crystal 14 "see" a different

refragtihed ingefari ae. puleeepivhiah tltieckaess cofl atrle Iskrort

ser crystal 14 is differently large for the different

in the time range (preferably in the range of 10 fs or
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 resonatcr 12 may be approximately
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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 aforenentioned 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 long resonator arm 17, a part
(e.g. 30% of the |aser pulse is out-coupled by nmeans

of tbemoHEtﬁeﬂﬁlk@gegbbb%rlgc whBrBaackl g8 % E%QQ%B
of | aser resonator 12 may be apprOX|nate y -

th It
2LrrSé%sngﬁﬁéggggnaﬁngqU§L%§%5 dBenfy %%SHBHE?” SbSﬁﬁgo

.In_ o der t.0

, I's aghi tta . _.pul_se.
peakepinerD FIHE! At a8 éﬁé’F&y b BrfeRehsl gt @ Rigner
round- a i p tlge and, thus ﬁ edu0|n% repetitian
rat ePUL 8P PR&KaRC¥ St -8 -vPEWSEo CHSTAY t RY LR&EEasINg the
rangenent 11 for materi al groce55|ng the length of the
| aseFOHBSohRALEr timej andnctBdSed Phy rieAYCaNG et Fepediidion
scope 18. In case of an eight-fold increase of the to-
tal ratenafor Lasgence walthf or viiewt &aceswingh ther do@ea- ar-
tor length of approximately 15 mor 16 in, the repeti-
ti onraagemeny flhediowemateapplopirraeelsyngd NMHe, length Bd the

laser resonator 12 is increased by installing the tele-
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,
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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 nmultiple reflex-
ions. In Fig. 2, such a |aser 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 nrmx 450 nm On this nDunting plate 19, the

part 38 QEIEHSEEQ étFa %gghgr ﬁgg%g bﬂ qroﬁ%Qaﬂged on

Ilnes ncap Lul a hous
and further .. al.so the np e 21
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beam 13 ; supplbgd to the |aser 3 nat,or 20 vi,a two

mi rr §PEP22ed 38 tREoARERTS rPéQé‘ﬁ&Pé’r gaﬁ’tlazé'wot ek Trd sy 22+

beam 15 energes in the direction of the laser mrror

Ve, PPentr@fi ERist resopgtrachadtt 60k asde Arsesr bepm d9

described before. Fromthere, the | aser beam 15 gets

i nt oemp&geseliasthpe digechionciod &heodpisiengmiin r@ior M, L4 om

is ar- ranged in the tel escope 18, e.g. in a housing,

i n owkichbf ithesseedlalctiedatmopdebsrbetimeer Mip as described

oppositely ar- ranged tel escope mrrors 25, 26. This

coupbefigrien Firbm there, the laser beam 15 gets 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 cne - 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 detail in AT-A-763/2002.

Finally, the laser beam 15 is out-coupled from the
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ror 24 reflects the |aser beam 15 to the one - in Fig.
2 left-hand - plane tel escope mrror 25 which then re-
flects the | aser beam 15 to the oppositely arranged,
concavely curved tel escope mrror 26. Between these two
tel escope mrrors 25, 26, the |aser beam 15 is then re-
flected back and forth several tines, e.g. eight tines,
wherein on the concavely curved tel escope mrror 26 a
total of 8 reflexion points in this exanple, corre-
sponding to the eight [aser beamreflexions, are pro-

Vi ded 9B s2RpkMgi BIY }ﬁe%'nrsClo% L R 1R %%-%%Hqu mir-

the concave PRirror 26, which, noreover; is explalne

nDrerggt lakgﬁég @r1%3 %%0%1 nQ%gl%f E@%:ﬁ§q?14ﬁ§mYn mir-

15 1S ou - coup om t escope

of a_tel egco Qut oupllng ra in the

i ot KPRy Tar SPR. 2,558 Remen s egh 25 Tk A U
beam path as.the |l atter, Qut - ¢ I|n m rror

o | BBETAgOPie M Bar TOEARe A SCS 10T £ HESaR Haat 26 to 3
and fromthere the | aser beam 15 gets to the

out - EBGPPPAGMEEERSr 28 wingd 4 reny tHereg theTHasemibgag 45
28, 29 (and, likewi se, the mrrors 22 to 27) are not

f urt BEESi EPusheaped -iceuphé ngc Mémaoirc 00 Mis a marreT 29.

according to Fig. 1 for the sake of sinplicity. An

i npofhase adpeotrsi @8a 2Rorlangul 46 kieadee ,artthe mirrors 22 to
27) are not further illustrated in the schematic illus-
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
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rangenent with an extended | aser pulse round trip tine
is the stability of the |aser 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 industrial applica-
tions, i.e. in case of material processing, is the com
pact ness of the | aser device 11; the aforenentioned di-
mensi ons of, e.g., 900 nmx 450 mm correspond to con-

ventéﬁ@ﬁ% %ésééndﬁé'S%ﬁlEQEd'QQEﬁbﬁi awhghQEBgeR%h% of di-
however 2), the tel escope part 18 - may
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10 nJ, as has previously been the case Thus, peak

pul sefolippat §habf 2nMWeceRake2aiiRéARdbe attai ned. In

practice, however, it has been shown that due to the

hi gh peak INnPEAStires, hABAVEFneak bpsi beenf sbpyn §hafr due

in the |aser crystal which have proven to be re-

stritoi tbef bighhpedésinggnefitées, ohoachiipenmgortiicneffects
occur in the laser crystal which have proven 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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creased output pul se 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 |aser arrangenent into severa

pul ses of lower intensities each. To counteract this,
an operation of the laser oscillator, or |aser resona-
tor, respectively, in a net-positive dispersion range
Is suitable, in which case highly chirped pul ses wll

soeobE e I B B SEORRG U, RIS Bt

ALY e pbhs?aési;%%” PSS i

the  PELBRAiBLYF nPaE cBnpregedl- i X%erﬁg kL Ssper-

17 prisnms, %rlds or mrrors, or a conblnatlon t her eof

re- §b@€1t ipebhe RRERNAKEIpedkPbieP IhBrAg§TSnAASabE@N USed

again accordingly. For an overall adjustment of the

di spaecosfdngi kot kBisepshaatorrta pair of prisns has

been used according to this prior art. However, it has

been showHowhserf odtahtai berg shbwntéhapuﬁsesaamdining

therewith, a larger band width, it 1is necessary that

t he ehbrterdpspeesi andi ntheeewéstnaa larger band width, it
is necessary that the entire dispersion in the resona-
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, sc 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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tor is kept as constant as possi ble over the respective
spectral range (i.e. the respective band w dth),
wherein it is furthernore advantageous if the entire

di spersion is only slightly positive, i.e. is only lit-
tl e above zero, in particular anounts to only a few 10
fs2. However, a resonator provided by a pair of

prisnms, as found in the prior art, will of necessity
cause a dispersion of higher order, so that the desired
constancy over the band w dth sought cannot be

aCh'QS@danhTﬁu%S %Bpgh%n% %EQ%hﬁh%ahb%U§hB§%bQ%d Nthe
Fig. 3, in h't he dispersion course of a conpressor
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seen n a wave le range of 0 nm
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a m g 150 fs2 heing fougg at approxi mtely

18 u§§0 PRCEhE §§§t§8Pg nge i ndi cat ed,

t he fluctuatlon of the GDD is npre than 200 fs2. Wth

such a cébr§BeoPrerendi spersi BHLlce ilasRat AFEISIENto 11,

pro- duce the short |aser pulses sought. In the present

shor hoperse . | ased spergagamant ustnenfiowsyeffegted by means

di spersion adjustnment is effected by means of various

di el eft vecipusr dislectgicMnitraooN®, epgi.oMi to M7, option-
ally also the telescope mirrors 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 teo 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

_19_




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

di spersive mrrors of appropriate construction in terns
of |l ayer structure and | ayer thicknesses, which are
known per se, are conbined together with the remaining
el ements 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, preferably fromO to
50 fs2, as schematically illustrated in the hatched re-
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trol (cf. S, Cho et al.). In conbination wth the re-

mai nPHErcanpaRdnd dsh cheaPaseximasenit 4801nm the gdisper-

- 19 of prisnms whose di spersion course is

schemabhcakl yithin| gber zaedei soRghL,3igevebetiveent § w©ing

net dispersion course shown by curve B, it being

vi si BDefshatOnntlye ovkeer shiadd whetdispenpponxaaavetiyng to

180 nmthe disper- sionis within the range sought,

i . e. chetreedani@ andhinlthe2batd begathed .kandrowh® to

di spersion according to
50 fs?, in the entire spectral range illustrated, 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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curve Ais within the band sought, i.e. fromO to 50
fs2, inthe entire spectral range illustrated, from
680 nmto 960 nm i.e. within a band of at |east 280
rim as a rule even in a larger band. As regards curve
B, is nust additionally be said that the prisnms of
fused silica are already characterized by a rel a-
tively slight dispersion of higher order and, there-
fore, nust already be considered as optim zed, wherein,
however, the result still is substantially poorer than

it igphB,case.ohghlerhBYENt bYEsdi RAHEL0R02HhLYSHEERY rAKged
nmeans of the dispérsive mrrors. The use of dispersive

”irrgﬁstﬁ Tr@sghﬁESEsﬁ?RiEQB?tEH'f¥Bﬁkd8ft?§eiggg§Fggge 18,

negafti'vé di Spersion w fhe resonat or nce
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i ntroduces a,positive dispersiqn, juyst_as .does .the_air
cont HNREA IR thRSE: ¥BnaLarS19°08kE| dRaPRY, Deabade Of fused
illustrated in Fig. 1 by way of exanple, two vari - 20

abl eS111g2.adj ustabl e, gl ass wedges 30 may be arranged

in the resonator 12, e.g. in front of the tel escope 18,

to provi ddtf sheapraganti shartppyilepvéagpsparsppgement 11,
wherein these two gl ass wedges 30 may be nade of fused
silid¢a. order to compress the pulses again to pulse dura-

tions of a few fs, after they have been chirped in the
resonator, an external “compressor” 31 is provided, as
is visible in Figs. 1 and 2, which alsc 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 beanm
which has been out-coupled via the out-coupling mirror
OC is 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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At the present short pulse |laser arrangenent 11, in

order to conpress the pulses again to pul se dura-
after they have been chirped in the
"conpressor™ 31 is provided,
1 and 2,

of a few fs,
resonat or,
is visible in Figs.

the nmounting plate 19 (cf. Fig. 2), which,
al so forma separate construction unit,
telescope 18. In Figs. 1 and 2, this
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values indicated in the following table have been ob-

tained for the individual elements,

resonator 12,

lengths of 700 nm,

respectively,

800 nm and 900 nm.

at the indicated wave

and for the entire

Table
Laser Crystal Air Telescope Glass Dispersive | Total
14 18 Wedges 30 Mirrors
700nm +430fs? +669fs?| -1690fs’ | +1078fs? -447£3% | +40fs’
800nm +348fs’ +562fs%| -1460fs? +865fs? -297¢s° | +18fs’
900nm +277£5° +486fs% | -1510£35° +682f£s° -74fs° +9fs’

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,

which means that after two round trips,
a total thickness of 6 mm must be

these two round

trips from the out-coupling mirror OC until its return

to the out-coupling mirror OC also hold for all other
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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 individua
el enents, and for the entire resonator 12,
respectively, at the indicated wave |engths of 700 nm
800 nm and 900 rim Table Laser

Crystal Air Tel escoped assDi spersi veTotal 1418Wedges

30M rrors 700nm+430f s2+669f s2- 1690f s2+1078f s2- 447f s2+4
Cr32e§g@§§§§48f32+562f32-1460f32+865f32-297f32+18f32
900nmt S2+486f s2- 1510f s2+682f s2- 74f s2+9fs2 In t he

exanpl e cggsgggrggﬁﬁﬁggrgggggggggﬁgiFg_wﬁgﬁsﬁahohﬁ | %gpe—

a thickne I" crysta

ter two round [ , . .as descrl ,
aboubi PE8Rorare; | FheResbas: S0 RiotheBE, 45 PakEi Tofgd ctrip
consi deration. Besides, these.two round h ps fromthe
out - é%uféhﬁﬁganFPFéﬁséenG‘ﬁPHI digpersigrnb Yt& fh&lr 1nh reso-
out - coupllna mrror OC also hold for all other - 22
el enppter 1 nhﬁﬁet@xbﬁptékﬁnrégéﬁaF@ﬂslgeWﬁﬁﬁoé-lo MHz

repe tition rate, there was a |l ength of 15 m per round
trip 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 28
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 Fig. 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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so that a correspondi ng dispersion by the air in reso-
nator 12 had to be taken into consideration. In
tel escope 18, eight reflexions each per pass and per
tel escope mrror 25, or 26, respectively, had to be
taken into consideration. The gl ass wedges 30 in
resonator 12 which addi- tionally introduce a positive
di spersion 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
di spersion adjustment, furthermore, espe- cially six
di sp 0 4 dg2 r e

whi R aaes EP%#?SZ?WQ&% oot hs e Ao Tep b e et
in a g igran1of a nal %tocorrela t| n neasured in
an a Hegr §’étt % waNE Lenghl TeRIS: Sisioly apPFoximately
arbitrary unit) over tine (also in an arbitrary unit)
is sABwnm.a pul se duration of 27 fs be- ing calcul able
therefrom In Fig. 6, an associated spectrumis
illustrated, wherein again the signal intensity is
shown in an arbi- trary unit, now above the wavel ength
X in nm The pul se energy achieved in this exanple was
- 23 higher than 200 ni, this being so at a repetition
rate of 11 MHz, with a wavel ength range A% of
appr oxi matel y




40 nm - 24 dains: 1. A short pulse | 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 of which 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
wavelenghh.range concerned, charac- terized in that the
adj ustrrent—of the positive averaged dispersion of the
resonator (12) is effected by nmeans of the mrrors

(ML- M7, 22, 23, OC) of the resonator (12), at |least a
few of which are designed as disper- siye mrtrrors.. 2. A
shor £ pul 8e N88Er PULFENJERERt THECHIANRG L § L PaPHE LFTabLY
characterized in that the dispersion of the resona- tor
(12) PaFet¥GelOBPer OFKd Niay EPERGLR 1PAnge TESRESERED (1idd con-
adj usted in a range of between O and 100 fs2. 3. A _
shor £2pDLBe Radesesr cangémdnt(14¢cesdivrg 1t @scisgveral mirrors
characterized in that the averaged di spersion ranges -
25 (M1-M7; 22, 23, 0OC), one of which forms a pump beam

coupling-in mirror (22) and one of which forms a laser
beam out-cecupling mirror (0OC), 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, OC) 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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between 0 and 50 fs2. 4. A short pulse |aser
arrangenent according to any one of clains 1 to 3,
characterized in that all the mrrors of the resonator
(12) are dispersive mrrors. 5. A short pulse |aser
arrangenent according to claim 4, characterized in
that all the mrrors of the resona- tor (12) have a
negati ve di spersion. 6. A short pul se | aser arrangenent
according to any one of clains 1 to 5, characterized
in that the mrrors (25, 26) of the nmultiple-reflexion

tel egePRBeh18) adke sodirgpersive mrrors. 7. A short
pul se laser arrangenment according to claim 6,

characterized in that the mrrors (25, 26) of the
tel escope (18) have a negative dispersion. 8. A short

zmt o0 asﬁé?ﬁ@?@”%ﬁggg A3ERE! ArBAngnERt A2RRsRrY Y eny
d
(30) OBt ﬁ?ps'égﬁfﬂ%ejld. Q"SVS. BATRC e artdts fhfteal] the

resonator (12). - A short pul se | aser

arraﬁ@éﬁ@ﬁ? 8@06P&|ﬁ659835ﬁ§ (3de 6Fecﬁéﬁﬁ§rflﬂ@ guirrors.
characterized in that the Kerr- | ens node-I| ocking
principle is used for passive node- | ocking.

5. A short pulse laser arrangement according to claim
4, characterized in that all the mirrors of the resona-

tor (12) have a negative dispersion.

c. 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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10. A short pul se | aser arrangenent according to any

one of clainms 1 to 8, characterized in that a saturable
absorber (M4) is provided for passive node-locking. 11.
The use of a short pul se | aser arrangenent ac- cording
to any one of clainms 1 to 10 for material proc- essing.

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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