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-t (57) Abstract: ‘The invention relates to a short-pulse laser device (11) with a preferably passive mode coupling. Said device com-
prises a resonator (12), which contains a laser crystal (14) in addition to several mirrors (M1-M7, OC) that define a long resonator
€7, arm (17) and a short resonator arm (16), one (M1) of said mirrors forming a pump beam coupling-in mirror and another (OC) form-
ing a laser heam output coupler and comprising a multiple reflection telescope (18) that increases the length of the resonator and is
allocated ta the resonator arms (16, 17). Said telescope is constructed using mirrors (25, 26), in order to reflect a laser beam (15) that
is coupled into the space between them back and forth several times, prior to being decoupled back into the other resonator, whereby
sequential eccentric reflection points (1 to 8; 1' to ') on the mirrors (25, 26) are offset in relation to one another. The telescope (18)
comprises only one curved mirror (26), in addition to a planar mirror (25), whose position corresponds at least substantially to the
centre (25" of an imaginary multiple reflection assembly comprising two curved mirrors (26a, 26b), whereby the one curved mirror
(26) of the telescope (18) also contains the reflection points of the other imaginary curved mirror. The invention also relates to a
multiple reflection telescope (18) for said device.
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(57) Zusammenfassung: Kurzpuls-Laservorrichtung (11) mit vorzugsweise passiver Modenverkopplung, mit einem Resonator (12),
der einen Laserkristall (14) sowie mehrere Spiegel (IM1-M7, OC) enthilt, die einen langen Resonatorarm (17) sowie einen kurzen
Resonatorarm (16) definieren, und von denen einer (M1) einen Pumpstrahl-Einkoppelspiegel und einer (OC) einen Laserstrahl-Aus-
koppelr bildet, und mit einem die Resonatorldnge vergrossernden, einem der Resonatorarme (16, 17) zugeordneten Mehrlachre(le-
xions-Teleskop (18), welches mit Spiegeln (25, 26) aufgebaut ist, um einen in den Raum zwischen ihnen eingekoppelten Laserstrahl
(15) vor seinem Auskoppeln zurtick in den tibrigen Resonator mehrmals zwischen den Spiegeln hin und her zu reflektieren, wo-
bei aufeinander folgende aussermittige Reflexpunkte (1 bis 8; 1' bis 8" an den Spiegeln (25, 26) gegeneinander versetzt sind; das
Teleskop (18) weist dabei nur einen gekriimmten Spiegel (26) sowie einen planen Spiegel (25) auf, dessen Position zumindest im
Wesentlichen der Mitte (25") einer gedachten Mehrfachreflexions- Anordnung mit zwei gekriimmten Spiegeln (26a, 26b) entspricht,
wodurch der eine gekriimmte Spiegel (26) des Teleskops (18) auch die Reflexpunkte des gedachten anderen gekriimmten Spiegels
enthilt, sowie Mehrtachreflexions-leleskop (18) dafiir.
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Short Pulse Laser Device with Preferably Passive Mode-

Locking and Multiple Reflection Telescope Therefor

The invention relates to a short pulse laser
device with preferably passive mode—locking, with a
resonator containing a laser crystal as well as several
mirrors which define a long resonator arm as well as a
short resonator arm, one of which forms a pump beam in-
coupling mirror, and another one forms a laser beam
out-coupler, and with a multiple reflection telescope
increasing the resonator length and associated to one
of the resonator arms, which telescope is constructed
using mirrors in order to reflect a laser beam that is
coupled into the space between them back and forth
between the mirrors several times before it is out-
coupled back into the remaining resonator, sequential;
eccentric reflection points on the mirrors being offset
relative to one another.

Likewise, the invention relates to a multiple re-
flection telescope for a short-pulse laser device for
increasing its resonator length, which multiple reflec-
tion telescope is constructed using mirrors so as to

reflect a laser beam coupled into the space between
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them back and forth between the mirrors several times
before it is out-coupled back into the remaining laser
device, sequential eccentric reflection points on the
mirrors being offset relative to one another.

Recently, short-pulse laser devices have become
increasingly interesting, since with a view to the ex-
tremely short pulse durations in the femtosecond range,
with peak pulse outputs of > 1 MW, the most varying ap-
plications in science and industry become possible.
Thus, such short-pulse laser devices having pulse dura-
tions in the femtosecond range can be used for the
time—résolved investigation of the interaction between
electromagnetic radiation and matter. On the other
hand, with a view to the increasing miniaturization in
material processing, it has become possible to produce
the finest structures with precision and high speed.
Femtosecond laser devices with a high output pulse en-
ergy and a high repetition rate are ideal to be em-
ployed for this. What is desirable.in this respect is a
laser device which produces laser pﬁlses having a pulse
duration in the order of 10 fs as well as an enerqgy of,
for example, 25 to 30 nJ at a pulse repetition rate in

the order of 10 MHz. The pulse repetition rate which,




compared to earlier laser devices, is relatively slow
in the femtosecond range (in the order of 10 MHz in-
stead of 80 MHz, e.g.) in a common titanium-sapphire-fs
laser is desired because then a higher pulse peak out-
put, or a higher pulse energy, respectively, can be
achieved, which is of interest for the processing of
material. However, such comparatively low repetition
rates which, vice versa, mean a relatively long pulse
round trip time in the laser resonator, by mere calcu-
lation yield a corresponding increase in the length of
the resonator, e.g. from 2 m to 16 m, causing an in-
crease in the dimensions of the laser device.

Based on an earlier publication by D. Herriott et
al., “Off-Axis Paths in Spherical Mirror Interferomet-
ers”, Applied Optics, April 1964, vol. 3, No. 4, pp.
523~526, lenghtening of the pulse round trip times has
then been suggested by S.H. Cho et al. in the article
“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”, Op-
tics Letters, 15 April 2001, vol. 26, No. 8, pp.560-
562, by providing a multiple-pass resonator part, here

also called "multiple reflection telescope” or “tele-
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scope” in short (according to the article by A. Poppe
et al., “A Sub-10 fs, 2.5-MW Ti:Sapphire Oscillator”,
Ultrafast Optics 1999, pp. 154-157, Ascona, Switzerland
(1999)), to thus increase the duration of the pulse
round trip by a multiple passage in this resonator
part, due to a plurality of reflections on mirrors ar-
ranged opposite each other, and to thereby lower the
repetition rate. In this manner it becomes possible to
increase the energy portion of the pulse part that is
out-coupled per round trip.

However, what is detrimental with these known
laser devices, or telescopes, respectively, is that re-
latively large dimensions are still required for the
laser resonator so that the dimensions of the laser
device in sum result in a relatively bulky device. Fur-
thermore, in the known laser devices also the stability
of the laser radiation poses a problem, and it must be
taken into consideration that the telescope will cause
images of the laser beam cross-section which, for sta-
bility purposes, must be adapted as good as possible to
the remaining resonator. However, in the known devices,
the situation 1s such that already slight imprecisions

in the positions of the mirrors of the telescope and
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thus already relatively slight resonator length changes
result in substantial changes in the beam cross-section,
with the consequence of overall instabilities in the
resonator. Furthermore, it is detrimental that in the laser
device known from the article by Cho et al., where the laser
beam is coupled into the telescope part by slits in one of
the telescope mirrors and is out-coupled again from this
telescope part by corresponding slits in the mirror, the
mirror design is complex, and the production thereof poses
problems.

In accordance with the present invention, there is
provided a multireflection telescope for a short-pulse laser
device to increase its resonator length, which
multireflection telescope is constructed using two mirrors
in order to reflect a laser beam coupled into the space
between them back and forth between the mirrors several
times before it is out-coupled back into the remaining
beaming device, sequential eccentric reflection points on
the mirrors being offset relative to one another, wherein
only one curved mirror as well as one plane mirror are
provided as telescope mirrors, wherein the plane mirror is
positioned at 1least substantially in the middle of an
imaginary multireflection arrangement of a structure with
two curved mirrors, a first of which being formed by the
curved mirror of the telescope, with an imaginary opposing
second curved mirror which is fictively folded into the
first curved mirror into congruence therewith about an axis
positioned in the plane of the plane mirror whereby, in
operation, said curved mirror, via reflection of the laser
beam on the plane mirror, also contains the reflection
points of the imaginary second curved mirror.

In another aspect, there is provided a short-pulse

laser device with mode-locking, including a resonator with

-5-




21 May 2008

2003232903

10

15

20

PAOPER\DHM 2533690 sp) doc-20405/2008

two resonator arms of different lengths, said resonator
containing a laser crystal as well as a plurality of mirrors
(M1-M7), OC) defining the long resonator arm as well as the
short resonator arm, wherein a mirror (Ml) also forms a
pump-beam in-coupling mirror and another mirror also forms a
laser beam out-coupling mirror, and comprising a
multireflection telescope that increases the resonator
length and is associated with a resonator arm, said
telescope being constructed using two mirrors in order to
reflect a laser beam coupled into the space between them
back and forth between the telescope mirrors several times
before it is out-coupled back into the remaining resonator,
sequential eccentric reflection points on the mirrors being
offset relative to one another, characterised in that a
multireflection telescope according to the invention is
provided as telescope.

Due to the aforementioned design, the telescope is
practically halved in its dimensions and "folded". This

measure is based on the finding that when reflec-




ted on a curved mirror, the wave front of the laser
beam describes a likewise curved area, the wave front
then changing until its reflection on an oppositely ar-
ranged mirror such that it will correspond to the
curvature prevailing there, a situation being achieved
in‘the middle therebetween in which the wave front is
plane; at this site, according to the invention, the
plane mirror is arranged. Apart from the reduction in
dimensions attained thereby, a substantial advantage 1is
also seen in the fact that the plane mirror - usually
multilayer mirrors of dielectric materials are used in
laser resonators - can be produced at substantially
more favorable prices than curved substrate mirrors. As
an additional advantage it results with this device
that for in-coupling of the laser beam, or for its out-
coupling, sufficient space is available when this in-
coupling and out-coupling occurs approximately in the
middle between the curved mirror and the plane mirror,
since there the neighboring beam paths created in the
course of the multiple reflections are relatively
widely spaced apart so that, as will be explained later
on, appropriate in- and out-coupling mirrors can be

mounted for “breaking up” the one beam, or beam path,



respectively, without any problems. By this, on the
other hand, the mirrors responsible for the multiple
reflections can be produced without any slits, through-
bores or the like.

With a view to the stability of the laser radi-
ation as well as to the design of the telescope's mir-
rors, which is to be as simple as possible, as well as
to as low a load as possible on the mirrors during op-
eration, it has further proven advantageous if on the
one curved mirror, alternatingly reflection points of
this mirror as well as reflection points of the imagin-
ary other curved mirror are arranged on an imaginary
circle line at arc distances corresponding to each oth-
er. With this device, thus, there will be no “inter-
leaving” of the beam paths of the laser radiation
between the mirrors of the telescope, much rather, the
beam paths which the laser beam follows during the mul-
tiple reflections, will be zig-zag-like, corresponding
to an approximate cylinder surface or frustoconical
surface between the mirrors.

With a view to the specially sought increase in
the pulse round trip for the design of the short-pulse

laser device for an application in production techno-




logy, it is furthermore, suitable if a total of eight
reflection points is provided on the one curved mirror.
For the stability of the laser radiation, and dur-
ing the adaptation of telescope and resonator, respect-
ively, it is advantageous if the distance between the
mirrors and the radius of curvature of the curved, con-

cave mirror correspond to the relation

L/R = 1 %+ V(1+cosa) /2 wherein

L is twice the distance between the curved mirror and
the plane mirror,

R is the radius of curvature of the curved mirror,

and

a is the central angle between two respective consec-
utive reflection points actually associated to the one
curved mirror and located on a circle line.

For a simple, stable embodiment, here it is fur-
ther provided for the curved mirror of the telescope to

be a concave mirror, for which it holds:

L/R = 1 - J(I+cosa) /2.

As has already been mentioned, with the inventive
design with the “folding” of the telescope, a suitable
possibility for in- and out-coupling the laser beam in

the region of the telescope is provided, and accord-




ingly, a particularly advantageous embodiment of the
short-pulse laser device according to the invention is
characterized in that substantially in the middle
between the curved mirror and the plane mirror, in- and
out-coupling mirrors for the laser beam are provided in
the path of one of the beam paths between these two
mirrors.

Finally, for stability purposes, for a better ad-
aptation of the telescope to the remaining resonator,
it is particularly advantageous if the telescope is as-
sociated with the long resonator arm. Namely, investig-
ations have shown that at the long resonator arm, a
laser beam with a relatively large cross-section is
available for in-coupling into the telescope part,
wherein, with the present telescope design, the cross-
section of the laser beam changes only slightly during
the different reflections in the telescope part, before
- practically with the same cross-section as during in-
coupling - it is out-coupled again and supplied to the
remaining resonator part. By this, any possible minor
length changes, i.e. minor changes in the distances
between the lenses of the telescope, have hardly any

effect since by this the beam cross-section does not
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change substantially. In this manner, an optimum adapt-
ation between the telescope and the remaining resonator
is rendered feasible.

In the following, the invention will be explained
in more detail by way of preferred exemplary embodi-
ments illustrated in the drawings to which, however, it
shall not be restricted. Therein,

Fig. 1 shows a schematic representation of the
set-up of a short-pulse laser device with telescope ac-
cording to the invention;

Fig. 2 shows such a short-pulse laser device when
arranged on a mounting plate, also in- and out-coupling
of the laser beam in the region of the telescope being
schematically depicted;

Fig. 3 schematically shows a view of a convention-
al telescope with two concave curved telescope mirrors;

Figs. 4 and 5 show schematic views of this tele-
scope mirrors with the reflection points thereon;

Fig. 6 shows an imaginary intermediate step during
a “folding” of such a telescope according to Fig. 3, by
providing a plane telescope mirror;

Fig. 7 shows a view of a telescope formed accord-

ing to the invention, with a concave curved mirror and
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a plane mirror, also in-coupling of the laser beam into
the telescope as well as out-coupling of the laser beam
from the telescope being schematically illustrated;

Fig. 8 shows the concave curved telescope mirror
of Fig. 7 with the reflection‘points in a schematic
view‘according to Figs. 4 and 5;

Fig. 9, in a diagram, shows the course of the ra-
dius R (in mm) of the laser beam in transverse direc-
tion versus a distance x (in m) passed by the laser
beam in the resonator, with a short resonator arm, a
long resonator arm and the telescope associated there-
with;

Fig. 10, in a diagram and by way of four examples,
shows the changes in the beam diameter versus the space
between the telescope mirrors so as to illustrate the
adaptation of the laser beam with a view to the stabil-
ity; and

Figs. 11, 12, 13, 14 and 15, in diagrams similar
to Fig. 9, show the course of the transversal beam ra-
dius R' versus the distance x passed in five actual
devices.

In Fig. 1, a short-pulse laser device 11 is schem-

atically illustrated in which, for instance, the Kerr-
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lens mode locking principle known per se is used for
generating the short-pulse laser.

According to Fig. 1, the laser device 1 comprises
a resonator 12 to which a pump beam 13, an argon laser
beam, e.g., is supplied. The pump laser itself, the ar-

gon laser, e.g., has been omitted in Fig. 1 for the

- sake of simplicity and is part of the prior art.

After passing through a lens L1 and a dichroic
mirror M1, the pump beam 13 excites a laser crystal 14,
a titanium:sapphire(Ti:S) solid laser crystal in the
present example. The dichroic mirror M1 is permeable
for the pump beam 13, yet highly reflective for the
Ti:S laser beam. This laser beam 15, the resonator
beam, then impinges on a laser mirror M2 and is reflec-
ted by the latter to a laser mirror M3. This laser mir-
ror M3 again reflects the laser beam to a laser mirror
M4, and from there the laser beam 15 is reflected back
to the laser mirrors M3, M2 and M1, passing through the
laser crystal 14 a second time. This resonator part in-
cluding the mirrors M2, M3 and M4 forms a so-called
short resonator arm 16 which is Z-shaped in the example
shown.

From the mirror M1, the laser beam 15 then is re-

_13_




flected to a laser mirror M5 and from the latter to a
laser mirror M6 as well as to a further laser mirror
M7, whereby a second Z-folded resonator arm 17 is
formed, which is provided as long resonator arm 17.
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 OC acting as an
out-coupler. Via this out-coupler end mirror 0OC, a part
of the laser beam 15 is out-coupled under provision of
a compensation possibility, with a compensation plate-
let CP as well as mirrors not further illustrated and
made in thin-film technique providing for a dispersion
compensation as well as for preventing undesired re-
flections in the direction of laser resonator 12 from
occurring.

The laser crystal 14 is a plane-parallel body
which is optically non-linear and forms a Kerr element
which has a greater effective optical thickness for
higher field strengths of the laser beam 15, yet a
slighter effective thickness where the field strength,
or intensity, respectively, of the laser beam is lower.
This per se known Kerr effect is utilized for self-fo-

cusing of the laser beam 15, i.e. the laser crystal 14
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constitutes a focusing lens for the laser beam 15.
Mode-locking may furthermore be realized in a per se
conventional manner, e.g. by means of an aperture not
further illustrated in Figs. 1 and 2 (cf. e.g. AT 405
992 B); however, it would also be conceivable to design
an end mirror, e.g. M4, as a saturable Bragg reflector
and thus use it for mode-locking.

The mirrors M1, M2 ... M7 are made in thin-film
technique, i.e. they are comprised of many layers
which, when reflecting the ultra-short laser pulse -
which has a large spectral bandwidth - , fulfill their
function. The different wave length components of the
laser beam 15 enter to different depths into the layers
of the respective mirror before being reflected. In
this manner, the different wave length components are
delayed at the respective mirror for different amounts
of time; the short-wave components will be reflected
rather outwardly (i.e. towards the surface), the long-
wave components, however, will be reflected deeper
within the mirror. By this, the long-wave components
will be temporally delayed relative to the short-wave
components. In this manner, a dispersion compensation

can be attained insofar as pulses of a particularly

- 15 -




short time range (preferably in the range of 10 femto-
seconds and therebelow) have a wide frequency spectrum;
this is a result of the fact that the different fre-
quency compcnents of the laser beam 15 in the laser
crystal 14 '"see" a different refraction index (i.e.,
the optical thickness of the laser crystal 14 is dif-
ferently large for the different frequency components,
and the different frequency components therefore will
be differently delayed when passing through the laser
crystal 14. This effect can be counteracted by the
above-mentioned dispersion compensation at the thin
film laser mirrors M1, M2 ... M7.

What has so far been described is a per se conven-
tional set-up of a short-pulse laser with mode-locking,
and a detailed description of the latter therefore is
not required.

In operation, with 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 of the laser pulse is
out-coupled by means of the out-coupler OC as mentioned
before. In practice, the length of a laser resonator 12
without telescope 18 may be approvimately 2 m, a repe-

tition rate according to a frequency of 75 to 100 MHz,
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e.g. 80 MHz, being achieved, for instance. In order to
achieve a higher pulse peak output, i.e. pulse energy,
by increasing the round trip time and, thus, by redu-
cing the repetition rate, with a view to using the
laser device 11 e.g. for the processing of material,
the length of the laser resonator 12 is enlarged by the
installation of the telescope 18. When multiplying the
entire resonator length by the factor eight, which
means for instance with a resonator length of approxim-
ately 15 m or 16 m, the repetition rate may then lie
e.g. at approximately 10 MHz. To achieve this long path
lengths for the laser pulses, a mirror arrangement is
provided in the telescope 18 so as to achieve a mul-
tiple reflection of the laser beam 15 whereby the con-
struction length of the telescope 18 can be shortened
according to the multiple reflections.

In Fig. 2, the arrangement of such a laser device
11 according to Fig. 1 on a mounting plate 19 is schem-
atically illustrated, which has a size a times b of for
instance a = 900 mm times b = 450 mm. On this mounting
plate 19, the part 20 of the laser resonator 12 framed
in broken lines in Fig. 1 is mounted encapsulated in a

housing, and furthermore also the pump laser 21 is ar-
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ranged on the mounting plate 19, from which the pump
beam 13 is éupplied to the laser resonator part 20 via
two mirrors 22, 23. From this resonator part 20, the
laser beam 15 emerges in the direction of laser mirror
M6, by which it is reflected to laser mirror M7, as has
been described. From there, the laser beam 15 enters
the telescope 18, an in-coupling mirror 24 being 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 in-coupling mir-
ror 24 reflects the laser beam 15 to the one - in Fig.
2 left-hand - plane telescope mirror 25 which then will
reflect the laser beam 15 to the oppositely arranged,
concavely curved telescope mirror 26. Then the laser
beam 15 will be reflected back and forth several times,
e.g. eight times, between these two telescope mirrors
25, 26, in this example a total of 8 reflection points
corresponding to the eight laser beam reflections being
provided on the concavely curved teléscope mirror 26 on
an imaginary circle line about the center of the con-
cave mirror 26, as will be explained in more detail
hereinafter by way of Fig. 8 in connection with Fig. 7.

Finally, the laser beam 15 is coupled ocut of the
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telescope 18 by means of an'out—coupling mirror 27
which is arranged in the vicinity of the in-coupling
mirror 14 in the same beam path as the former, and
which reflects the laser beam 15 to a further mirror 28
from where the laser beam 15 gets to the outcoupler OC
via mirror 29. To simplify matters, these mirrors 28,
29 are not further illustrated in the schematic illus-
tration of Fig. 1. Besides, if a telescope 18 were not
present, the position of the end mirror (outcoupler) OC
would be the position of the laser mirror M6 in Fig. 1.
An important aspect in a short-pulse laser device
with an increased laser pulse round trip time is the
stability of the laser oscillation, wherein an appro-
priate adaptation must be effected with a view to im-
ages of the laser beam cross-section caused by the
individual mirrors. A further important aspect which is
of special importance particularly for industrial ap-
plications, i.e. in the case of the processing of ma-
terials, is the compactness of the laser device 11; the
aforementioned dimensions of 900 mm x 450 mm correspond
to conventional laser devices for industry, wherein,
however, here (cf. Fig. 2) additionally the telescope

part 18 - which may also form a separate unit - is
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built in so that the longer round trip times of the
laser beam 15 désired and thus the higher pulse ener-
gies can be achieved without an increase in dimensions.
What is sought is pulse energies in the order of sever-
al hundred nJ instead of the earlier less than 10 nJ.
With this, peak pulse outputs of more than 2 MW can be
achieved.

Other than in earlier laser devices with a tele-
scope, in the present laser device 11, the telescope
18, as mentioned, is associated with the long resonator
arm 17, since this is advantageous for the stability of
the oscillation, as will also be explained in more de-
tail hereinafter with reference to Fig. 9. In the tele-
scope 18, the laser beam 15 moves back and forth
several times, e.g. eight times, between the mirrors
25, 26 in zig-zag manner approximately along an imagin-
ary cylindrical surface or frusto-conical surface; when
arranging the in-coupling mirror 24 and the out-coup-
ling mirror 27 approximately in the middle of the
- length of @he telescope 18, there will be sufficient
space for the mifrors 24, 27, since the distance to the
next beam path at this location is relatively large so

that the other beam paths of the laser beam 15 between
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the mirrors 25, 26 will not be adversely affected. What
is important here is also the so-called “weakly focus-
ing” arrangement prevailing here, which will be ex-
plained in more detail later on.

For the present embodiment it is particularly im-
portant that an extremely short telescope part 18 is
attained despite the lengthening of the path length of
the laser beam 15 to, for instance, the 8-fold by a
very special configuration which shall now be explained
in more detail by way of Figs. 3 to 8.

In Fig. 3, a per se conventional basic set-up of a
telescope with two concavely curved mirrors 26a, 26b is
illustrated, a laser beam 15 being reflected back and
forth several times between the two mirrors 26a, 26b.
The type of reflection is such that the laser beam is
reflected back and forth in zig-zag manner in an ap-
proximately cylindrical generated surface, i.e. between
the reflection points 1 to 5 (and, further on, to 8,
wherein the reflection points 6, 7 and 8 in Fig. 3 are
arranged in congruence to the reflection points 4, 3,
and 2, cf. also the pertaining Figs. 4 and 5). Of
course, when speaking of a zig-zag-like course “accord-

ing to a cylindrical generated surface”, this is not
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quite precise because the individual beam paths between
the mirrors 26a, 26b are straight and extend obliquely,
so that they cannot form generatrices of the cylinder
surface, yet the course of the multiply reflected laser
beam 15 can be relatively well approximated as corres-
ponding to such a cylindrical surface.

The zig-zag-like course, or the angular offset,
respectively, of the individual beam paths also results
from the two schematic (inner side) views of the mir-
rors 26a, 26b according to Figs. 4 and 5, where the re-
flection points of the laser beam 15 on the mirrors
26a, 26b, numbered from 1 to 8, are shown. There, the
beam moves from the reflection point 1 on mirror 26a to
‘the reflection point 2 angularly offset relative
thereto, on the other mirror 26b, and from there to the
- again angularly offset - reflection point 3 on mirror

26a and so on. In the exemplary embodiment illustrated,

there results a central angle o of 90° at each mirror
26a, 26b, as angular offset for the associated reflec-

tion points, e.g. 2 and 4. In case of more than the 2 x

4 reflections, the central angle a will be accordingly

smaller.




The type of multiple reflection between the mir-
rors 26a, 26b of the telescope 18 previously explained
by way of Figs. 3 to 5 is also termed as “weakly focus-
ing” arrangement. On the other hand, a “highly focus-
ing” arrangement would be given if, e.g., from the
reflection point 1 on mirror 26a the laser beam were
reflected to'feflection point 6 on mirror 26b, and from
there to point 3 on mirror 26a, and from there again to
reflection point 8 on mirror 26b, to the reflection
point 5 on mirror 26a, to reflection point 2 on mirror
26b, to reflection point 7 on mirror 26a and to reflec-
tion point 4 on mirror 26b, before the beam is reflec-
ted back in the direction to reflection point 1. With
this beam course, a bundling or “focusing” would be ob-
tained in the region of the middle 25' between the two
mirrors 26a, 26b, schematically shown by a broken
line in Fig. 3. Investigations have shown that for the
present design of the telescope 18, as already sugges-
ted in Fig. 2 and to be subsequently described in more
detail with reference to Figs. 7 and 8, the weakly fo-
cusing arrangement resulting from Figs. 3 to 5 is more
suitable, particularly since the beam paths then are

appropriately far apart in the region in question
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between the middle 25' and the telescope mirror 26. As
will be explained hereinafter, the plane mirror 25 (cf.
also Fig. 6) will be arranged in the middle 25', and
since between this middle 25' and the concave mirrors
26a, and 26b, respectively, the beam paths in a wéakly
focusing arrangement are still sufficiently spaced
apart, it is possible without any problems to accommod-
ate the in-coupling mirror 24 and the out-coupling mir-
ror 27 by breaking up merely one beam path.

In Fig. 5, also the consecutive nuhbers of the -
appropriately offset - reflection points for the in-
stance of the highly focusing arrangement have been in-
dicated in parentheses beside the numbers 2, 4, 6 and
8, for the reflection points for the weakly focusing
arrangement, for the purpose of a better illustration.

From Fig. 3 it is furthermore explainable that the
laser beam 15 in the respective beam path, e.g. from
reflection point 1 to reflection point 2, at first has
a wave front with a curvature corresponding to the
curvature of the mirror 26a, which then changes into an
opposite curvature corresponding to that on mirror 26b
in reflection point 2. In the middle 25 therebetween,

there is a situation with a plane wave front. This is
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utilized by the present invention in that a plane mir-
ror, telescope mirror 25, is arranged in this middle
25'. Then the two telescope mirrors 26a, 26b shown in
Fig. 3 are “folded”, i.e. brought into congruence, as
appears from the schematic illustration in Fig. 6 in an
imaginary intermediate step. For the purpose of an im-
proved understanding, it is illustrated that the mirror
26a is pivoted about the middle 25' into the other
telescope mirror 26b, until the two mirrors 26a, 26b
moved into one another have the same position and thus
yield the concavely curved telescope mirror 26 accord-
ing to Figs. 2 and 7. The plane mirror 25 arranged ac-
cording to the original middle plane 25' will then be
located opposite thereto, cf. Fig. 7.

From this “folding” of the conventional telescope
there also results the halving of the length dimension
in the inventive telescope 18 as well as furthermore
that now all the reflection points 1 to 8 according to
Figs. 3 to 5 are present on the one remaining concavely
curved mirror 26, cf. also Fig. 8 in addition to Fig.
7, in which these reflection points 1 to 8 are visible

in a schematic illustration of the mirror 26. In addi-
tion, in Fig. 8 also the central angle a which is de-
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cisive for the angular offset has been entered. To fa-
cilitate distinguishing, the reflection points origin-
ally present on a mirror 26a are illustrated by small
circles (reflection points 1, 3, 5 and 7), whereas the
reflection points 2, 4, 6, 8 originally present on the
other mirror 26b have been illustrated by crosses. In
the thus-obtained, final inventive arrangement there-
fore the reflection points 1 to 8 of the one and of the
other telescope mirror 26a, 25b, respectively, follow

each other alternately, each offset relative to the
other by an angle /2, and opposite thereto, with an

offset thereto by an angle according to o/4, there are
the reflection points 1' to 8' on the plane mirror 25,
cf. Fig. 7.

Accordingly, the telescope design according to
Fig. 7 can also be viewed such that the mirror 26 cor-
responds to the mirror 26b of Fig. 3, wherein it addi-
tionally contains the reflection points of the other
concave mirror 26a. As the counter-piece to this “com-
bined” concave telescope mirror 26, the plane mirror 25
will then serve whose distance (L/2) from the telescope

mirror 26 thus corresponds to half the distance (L)
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between the telescope mirrors 26a, 26b of Fig. 3.

Fig. 9 shows the progress of the transversal radi-
us R' of the laser beam 15 in dependence on the path X
thereof through the laser device 1, it being visible
that there exists a relatively small beam cross-section
on the end mirror M4 of the short resonator arm 16
which then increases in this short resonator arm 16 as
far as to the laser crystal 14; as has already been
discussed, the laser crystal 14 causes focusing of the
laser beam, which is visible by the narrow indentation
in the curve of Fig. 9. Subsequently, the long resonat-
or arm 17 follows as far as to the supply of the laser
beam to telescope 18, the beam cross-section at the en-
trance of the telescope 18 being relatively large. This
fact is also utilized by the present device, since in
this manner a good stability can be achieved in the os-
cillator without any problems, since during the mul-
tiple reflections in the telescope 18 - cf. also the
reflections in Fig. 9 provided with the numbers corres-
ponding to the reflection points 1 to 8 in telescope 18
- only slight changes in the beam cross-section prevail
in each case, other than would be the case if the tele-

scope were associated to the short resonator arm 16. By
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this, a stable oscillation can be achieved in the laser
device 11 without any problems, also slight changes in
length hardly leading to any instability.

The diagram of Fig. 9 is only quite schematic and
shall illustrate the relations with the inventive, par-
ticqlarly preferred embodiment of the laser device 11 -
with weakly focusing arrangement and association of the
telescope 18 to the long resonator arm 17. On the other
hand, Figs. 11 to 14 show computer simulations to quite
concrete embodiments, wherein also the situation for
highly focusing arrangements, or for such with tele-
scopes 18 associated with the short resonator arm 16,
respectively, are illustrated. In these diagrams, also
the reflection points 1 to 8, the resonator arms 16, 17
as well as the laser crystal 14 are entered for greater
ease of understanding.

Yet, at first an explanation regarding the stabil-

ity of the entire system shall be given by way of Fig.

10. For this, the relation L/R = 1 + V(l+cosa) /2 is im-
portant, wherein

L is twice the distance between the curved mirror 26
and the plane mirror 25,

R is the radius of curvature of the curved, concave
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mirror 26, and

o is the central angle between two respective sequen-
tial reflection points actually associated to the one
curved mirror and located on a circle line.

Departing from the fact that, as previously ex-
plained by way of Figs 7 and 8, a total of eight re-
flection points 1 to 8 are present (i.e., four

reflection points for each - imaginary - curved mirror

26a, 26b), the central angle amounts to o = 90°, as
also appears from Figs. 4, 5 and 8. Furthermore, the
sign “-” in the above-indicated relation corresponds to
the previously explained weak-focusing arrangement
(whereas the sign “+” holds for the highly focusing ar-
rangement) . Accordingly, for the example with a total
of eight reflection poihts 1l to 8 and for the weak-fo-
cusing arrangement it results from the aforementioned
relation:
L/R = 1 ~ Az

Hence follows that the relation L/R = 0.293. For a
mirror radius of R = 5000 mm (radius values for con-
cavely curved mirrors commonly are indicated with a “-”
sign, cf. also Fig. 10, yet here they are given without
sign so as to simplify matters), thus there results a
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distance between the mirrors 26a, 26b of L = 1465 mm.

This distance L would be too large for a discrete set-

up (cf. the mounting plate dimension a 900 mm in the
case of the embodiment of Fig. 2), yet with the “fold-
ing” of the telescope 18 described by way of Figs. 6
and 7, this distance leads to a highly adequate ar-
rangement in which the curved mirror 26 and the plane
mirror 25 are spaced apart precisely by L/2 = 732.5 mm.
In the instance of a highly focusing arrangement,
as in principle is shown in the initially mentioned
document by Cho et al., a bundling of the beam paths is
effected between the two concavely curved mirrors, as

mentioned, and in this highly focusing arrangement the

sign “+” must be used in the above relation, from which

the relation L/R will then yield a value of L/R
1.707. With a distance between the mirrors of L =

1465 mm, this will mean for a radius R of the respect-
ive telescope mirror of R=L/1.707 = 858 mm. With such a
concavely curved mirror 26 and a plane mirror 25 at a
distance of L/2 = 732.5 mm, the reflection points ac-
cording to the numbers indicated in parentheses in Fig.
5 would be obtained.

In Fig. 10, the x-axis is exactly the (double)
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mirror-distance L (logarithmically shown). A box has
been drawn around the arrangement realized in practice
(cf. also Fig. 12). The associated curved 30 is formed
in that the telescope 18 is coupled into the long arm
17 of the oscillator (1200 mm). If the radius R is

changed, the distance L will change. If the relative

(i.e. percent) change AD of the beam diameter in the
other arm 16 is calculated, i.e. at the end mirror M4,
there results a value which has been entered on the y-
axis in Fig. 10. The maximum of the stability is pre-
cisely at that location where the beam diameter does
not change despite a change of the telescope 18, i.e.
at zero. In Fig. 10, curves 31, 32 and 33 have also
been illustrated for other embodiments and for reasons
of comparison:

Curve 30: This is the case discussed with the
weak-focusing arrangement and the telescope 18 associ-
ated to the long resonator arm 17. The point of inter-
section of the curve 30 with the zero line is at
R = 4000 mm. For the practical embodiment in question
(Fig. 12) precisely this mirror was not obtainable at
short notice; therefore, an arrangement with a mirror

26 with R = 5000 mm was realized, cf. also the follow-
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ing explanations regarding Fig. 12.

Curve 31: A telescope 18 in the long resonator arm
17 and a small radius of curvature (such as, e.qg.,

R = 858 mm) would generate this curve 31. The relations
at R = 858 mm (point 34) would yield a much poorer sta-
bility as compared to curve 30. Even though there also
exists a stable point (point 35) at which the changes
are small, the former would be located at very large
distances between the two mirrors (L = 6 m).

Curve 32: If the weakly focusing telescope 18
(e.g. with a mirror radius R = 5000 mm) is associated
to the short arm 16 of the original oscillator 12, this
curve 32 1is formed. Here, again, the maximum of the
stability is found at very small values of the distance
L (< 20 cm). By this - contrary to what is intended -
no great overall lengthening of the laser beam path
would result.

Curve 33: In a combination of the short resonator
arm 16 as telescope arm and a highly focusing arrange-
ment, the maximum of the stability is, in fact, also at
a very good location (at L = 0.8 m), yet in this case
at that location the curve 33 has a great slope.

In practice, however, deviations in the production
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(of up to 10%) may very well occur in the mirror radii.
Also, the model used is not quite precise, and devi-
ations in the measured and calculated beam profile may
occur. Therefore, it is even more important to find
broad maximums (as in curve 30), and not critical ones
{as in curve 33).

In Figs. 11 to 15 curves relating to the trans-
verse beam radius R' in mm belonging to actual embodi-
ments are shown versus the resonator length x in m
spread on a line (x-axis), these embodiments being
based on computer simulations, the embodiment according
to Fig. 12, however, having been realized in practice
for test purposes.

In all the diagrams of Figs. 11 to 15, the con-
tinuous line shows the relation at the ideal oscillat-
or, in which all the length values correspond to the
theoretical values. The broken line simulates a (as
such very pronounced) deviation of 2 cm between the two
telescope mirrors 25, 26. Is appears that in practice
no large deviations occur, yet tests have shown that
vibrations and temperature drifts occur. If, however,
the laser (in the region of the short resonator arm 16)

exhibits no drastic shifts even in case of large devi-
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ations, it can be assumed that also slight vibrations
which will lead to slight changes in the distance, e.g.
between the telescope mirrors 25, 26, will not play any

role as regards the stability.

In Fig. 11, the beam radius R' in transverse dir-

ection is indicated over the resonator length x in m
for a laser device 11, wherein the resonator data are
as follows:

short resonator arm 16: 65 cm;

long resonator arm 17: 120 cm (with the telescope 18
following thereon);

distance between the telescope mirrors 25, 26: L/2 =
52 cm;

radius of the concave telescope mirror 26: R = 3550 mm;
total length of oscillator 12: 10.22 m.

This diagram corresponds to an embodiment with an
optimum in the stability of the resonator 12. However,
here the distances between the telescope mirrors 25, 26
are not very large so that the round trip time of the
laser pulses is not extended as much as desired and the
repetition rate would merely be reduced to 14.6 MHz.

As has already been mentioned before, a concave

mirror having a radius R = 5000 mm was available for

- 34 -



practical investigations. With this mirror as telescope
mirror 26, a laser device was built up as described,
and it was put up with the fact that the optimum sta-
bility (cf. the zero line in Fig. 10) is no longer giv-
en, but a slight deviation thereof, cf. the dot in the
box on the curve 30 in Fig. 10. The deviations result-
ing in this case are, however, tolerable, since the
curve 30 in this region, as can be seen from Fig. 10,
is very flat, with a rise of practically = 0. In Fig.
12, the associated diagram beam radius/resonator length
is illustrated.

Here, the resonator data were as follows:
short resonator arm 16: 65 cm;
long resonator arm 17: 120 cm (telescope 18 following
thereon);
distance between the telescope mirrors 25, 26: L/2
73.2 cm;
radius of the telescope mirror 26: R = 5000 mm;
total length of the resonator 12: 13.6 m.

In Fig. 13, a case is illustrated in which a
highly focusing arrangement in telescope 18 following
the long resonator arm 17 is provided; this results in

a not very stable configuration with regard to the
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variation of the mirrors 25, 26 of the telescope 18.
This can be directly recognized from the diagram of
Fig. 13 on the basis of the deviations of the broken
line from the full line.

Resonator data:
short resonator arm 16: 65 cm;
long resonator arm 17: 120 cm (telescope 18 following
thereon);
distance between the telescope mirrors 25, 26: L/2 =
73.2 cm;
radius of the telescope mirror 26: R = 849 mm;
total length of resonator 12: 13.6 m.

‘Thus, the diagram according to Fig. 13 would ap-
proximately correspond to spot 34 on curve 31 in Fig.
10.

In Fig. 14 the case is illustrated in which the
telescope 18 is arranged to follow the short resonator
arm 16, it being visible in comparison to Fig. 13 in
case of a highly focusing arrangement in the telescope
(as previously mentioned) that in terms of stability
even somewhat better conditions can be attained. This
highly focusing arrangement is better adapted to the

short resonator arm 16. This is also shown by the beam
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diameters which do not vary so much in Fig. 14 as com-
pared to Fig. 13.

The resonator data regarding Fig. 14 are as fol-
lows:
short resonator arm 16: 65 cm (telescope 18 following
thereon) ;
long resonator arm 17: 120 cm;
distance between the telescope mirrors 25, 26: L/2 =
73.2 cm;
radius of the telescope mirror 26: R = 849 mm;
total length of resonator 12: 13.6 m.

Finally, from the diagram of Fig. 15 it appears
how advantageous the coupling of the telescope 18 into
the long resonator arm 17 is, because if the telescope
18 is located to follow the short resonator arm 16, a
highly divergent laser beam 15 is in-coupled into the
telescope 18. In contrast to the representation given
in Fig. 11, the first reflection point of the weakly
focusing telescope 18 therefore does not have the ef-
fect of bundling the laser beam again. It is only the
second reflection point which achieves this collimation
after a long path. Therefore, the maximum beam radius

R'" on individual reflection points of the telescope
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mirror is > 2 mm, i.e. the beam diameter is larger than
4 mm. In practice, however, a space larger by the
factor 3 must be present at the telescope mirror for
the respective beam in order not to lose any power out-
put. Here, however, this means that an area having a
diameter of more than 1 cm must be present on the mir-
ror per reflection point, whereby all the faults in the
uniformity of the mirror will be found in the laser
beam images in magnified form, resulting in beam de-
formations.

The resonator data pertaining to Fig. 15 are as
follows:
short resonator arm 16: 65 cm (telescope following
thereon) ;
long resonator arm 17: 120 cm;
distance between the telescope mirrors 25, 26: L/2 =
73.2 cm;
radius of the concave telescope mirror 26: R 5000 mm;

total length of resonator 12: 13.6 m.
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The reference in this specification to any prior
publication (or information derived from it), or to any
matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that
that prior publication (or information derived from it) or
known matter forms part of the common general knowledge in
the field of endeavour to which this specification relates.

Throughout this specification and the claims which
follow, unless the context requires otherwise, the word
"comprise", and variations such as "comprises" and
"comprising", will be understood to imply the inclusion of a
stated integer or step or group of integers or steps but not
the exclusion of any other integer or step or group of

integers or steps.

-38a -




21 May 2008

2003232903

10

15

20

25

30

P YOPER\DH\1 2533690 sp| doc-20/03/2008

THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A multireflection telescope for a short-pulse laser
device to increase its resonator length, which
multireflection telescope is constructed using two mirrors
in order to reflect a laser beam coupled into the space
between them back and forth between the mirrors several
times before it is out-coupled back into the remaining
beaming device, sequential eccentric reflection points on
the mirrors being offset relative to one another, wherein
only one curved mirror as well as one plane mirror are
provided as telescope mirrors, wherein the plane mirror is
positioned at 1least substantially in the middle of an
imaginary multireflection arrangement of a structure with
two curved mirrors, a first of which being formed by the
curved mirror of the telescope, with an imaginary opposing
second curved mirror which is fictively folded into the
first curved mirror into congruence therewith about an axis
positioned in the plane of the plane mirror whereby, in
operation, said curved mirror, via reflection of the laser
beam on the plane mirror, also contains the reflection

points of the imaginary second curved mirror.

2. The telescope according to claim 1, wherein the

curved mirror is a concave mirror.

3. The telescope according to claim 1, wherein, on the
curved mirror, reflection points of this curved mirror as
well as reflection points of the imaginary second curved
mirror are alternatively arranged on an imaginary circle
line on the curved mirror at arcuate distances corresponding

to each other.
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4, The telescope according to claim 1, wherein a total
of eight reflection points are provided on the curved

mirror.

5. The telescope according to c¢laim 1, wherein the
distance (L/2) between the mirrors and the radius of

curvature (R) of the curved mirror, designed as concave
mirror corresponds to the relation L/R=1:./(l+cosa)/2 and that

all of the reflection points are provided on one circle

line, wherein

L is twice the distance between the curved mirror and the
plane mirror,

R is the radius of curvature of the curved mirror, and

o is the respective central angle between a reflection
point and a next reflection point but one on the curved

mirror.

6. The telescope according to claim 5, wherein the

curved mirror of the telescope is a concave mirror, for

which it holds: L/R=1-.(l1+cosa/2) .

7. The telescope according to claim 1, wherein in- and
out-coupling mirrors for the laser beam are provided
substantially in the middle between the curved mirror and
the plane mirror in the path of one of the beam paths

between these two mirrors.

8. The telescope according to claim 5, wherein in- and
out-coupling mirrors for the laser beam are provided
substantially in the middle between the curved mirror and
the plane mirror in the path of one of the beam paths

between these two mirrors.
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9. A short-pulse laser device with mode-locking,
including a resonator with two resonator arms of different
lengths, said resonator containing a laser crystal as well
as a plurality of mirrors (M1-M7), OC) defining the Ilong
resonator arm as well as the short resonator arm, wherein a
mirror (Ml) also forms a pump-beam in-coupling mirror and
another mirror also forms a laser-beam out-coupling mirror,
and comprising a multireflection telescope that increases
the resonator length ahd is associated with a resonator arm,
said telescope being constructed using two mirrors in oxrder
to reflect a laser beam coupled into the space between them
back and forth between the telescope mirrors several times
before it is out-coupled back into the remaining resonator,
sequential eccentric reflection points on the mirrors being
offset relative to one another, characterised in that a
multireflection telescope according to any one of claims 1

to 8 is provided as telescope.

10. The short-pulse laser device according to claim 8,

wherein the telescope is part of the long resonator arm.

11. The short-pulse laser device according to claim 8,

wherein passive mode-locking is provided.

12. A multireflection telescope, substantially as

described with reference to the drawings and/or examples.

13. A short-pulse laser device, substantially as

described with reference to the drawings and/or examples.
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