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(57) ABSTRACT 
A scanning device for focusing a beam of rays in defined 
regions of a defined Volume, comprising an input optics 
wherein the beam of rays penetrates first, having at least one 
first optical element; a focusing optics for focusing the beam 
of rays exiting from the input optics; and a deflecting device 
arranged between the first optical element and the focusing 
optics, for deflecting the beam of rays after it has passed 
through the first optical element, based on a position of the 
focus to be adjusted in lateral direction. In order to adjust the 
position of the focus of the beam of rays in the direction of the 
beam of rays, and optical element of the input optics can be 
displaced relative to the deflecting device. 
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SCANNING DEVICE 

RELATED APPLICATIONS 

0001. This application is a continuation of Application 
No. 14/209,464, filed Mar. 13, 2014, entitled “Scanning 
Device', now U.S. Pat. No. 9,261,697, issued Feb. 16, 2016, 
which is a continuation of application Ser. No. 1 1/579,791, 
filed Nov. 7, 2006, entitled “Scan Device', now U.S. Pat. No. 
8,702.770, issued Apr. 22, 2014, which is a National Phase 
entry of PCT Application PCT/EP06/02150, filed Mar. 9, 
2006, which claims priority to German Application No. 10 
2005 013 9493, filed Mar. 26, 2005, each of which is hereby 
fully incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention concerns a scanning device 
for focusing a luminous beam in given ranges of a given 
Volume, as well as a procedure for focusing aluminous beam 
into given ranges of a Volume. 

BACKGROUND OF THE INVENTION 

0003. The focusing of a luminous beam into different 
given ranges of a Volume, this is both in a lateral and/or 
transversal direction to the luminous beam as well as in a 
parallel direction to the luminous beam, which plays an 
important role in a series of optical devices and/or with a set 
of optical procedures. From now on, as luminous beams must 
be conceived in particular laser beams delivered by a laser. 
0004 For example, laser beams are used in ophthalmol 
ogy, in order to correct defective vision of a human eye by a 
laser-Surgical intervention over the cornea of the eye. A spe 
cial importance has the well-known procedure known as 
“LASIK (laser in situ keratomileusis), in which by means of 
a pulsed laser beam material is removed not from the Surface 
of the cornea, but from inside the cornea. This way, an exter 
nal surface area of the cornea forms a fold-like cover also 
known as a “flap', whose thickness is substantially smaller 
than the one of the cornea. This cover is folded away for the 
actual removal treatment, whereupon a given amount of 
material is removed through the area of the opened region by 
means of a pulsed laser beam, with which the defective vision 
is corrected. Afterwards the cover is folded back on the 
opened Surface. 
0005. In order to be able to cut the cover in the cornea to 
the exact defined depth as carefully and precisely as possible, 
femtosecond laser pulses may be used—this is, laser pulses 
with suggested pulse-widths lower than 10's. By means of 
Such pulses, optical openings—which are also denominated 
“photo-disruptions, which are locally limited and show an 
expansion of only a few micrometers—can be produced in the 
cornea. By placing several of these optical openings very 
close in exact given places, the cover can be formed very 
accurately. Thereby, a fundamental condition for the exact 
formation of the cover is the accurate positioning of the focus 
of the used pulsed laser beam, not only in the lateral direction, 
but most of all also in the depth of the cornea and thus in the 
propagation direction of the laser beam. 
0006 US 2003/0053219A1 describes a Zoom lens system 
which is intended for Surgical applications. A Zoom lens is 
moved in the direction of the laser beam for focusing into 
different depths, whereby the focal length of the focusing 
optics is modified. In order to be able to place the focus in the 
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depth with the required accuracy, the Zoom lens must be 
adjusted with a very high accuracy, which requires accord 
ingly complex mechanics. 
0007 U.S. Pat. No. 6,751,033 B2 shows an ophthalmo 
logic laser system, in which a laser beam delivered by a laser 
source is diverted in a lateral direction and thereafter is 
focused in a given depth by using optics with variable focal 
length. The same disadvantages of the system described in US 
2003/0053219 A1 can be expected with this system. 
0008 A further application area for scanning devices of 
the above mentioned type are those denominated confocal 
laser scanning microscopes, in which a laser beam is focused 
on a given range of the Volume of the object to be examined. 
The light emitted from this area is aimed over a detector in 
which a fine aperture is located over an intermediate image 
plane, which basically only allows the light emitted from the 
range and/or focus to pass, fading out the light from neigh 
boring regions so that a dissolving takes place in the lateral 
and depth directions. A three-dimensional volume of the 
object which is being examined can be shown by the relative 
motion between specimen and focus in lateral direction and in 
the direction of the laser beam. The specimen table which 
holds the object is moved by positioning the focus in the 
direction of the laser beam relative to the object, is also 
mechanically complex and due to the relatively large mass of 
the sample table, does not allow a very fast adjustment. 
0009. The basic purpose of the concerned invention is to 
create a scanning device for focusing a luminous beam into 
determined ranges of a given Volume by means of a simple 
laser beam, in a simple and exact way in the lateral direction 
and in the direction of the laser beam into different specific 
ranges of a Volume, that can be focused following a deter 
mined procedure. 

SUMMARY OF THE INVENTION 

0010. This purpose will be achieved by means of a scan 
ning device for focusing a luminous beam into determined 
ranges of a given Volume with a set of entrance optics, which 
the luminous beam enters first and which shows at least a first 
optical element and a focusing optics set, by means of which 
the luminous beam emitted by the entrance optics can be 
focused, and a deflecting device located between the first 
optical element and the focusing optics which will deflect the 
luminous beam in a lateral direction after passing through the 
first optical element depending on the focus position, so it can 
pass through or be reflected, and whereby at least one optical 
element of the entrance optics set can be moved relative to the 
deflecting device in the direction of the luminous beam, in 
order to adjust the focus position of the luminous beam. 
0011. The scanning device also adjusts in the direction of 
the luminous beam—which can be emitted from an optical 
radiation Source Such as a laser in the direction of the 
entrance optics, which Subordinate the deflecting device and 
finally the focusing optics. The entrance optics and the focus 
ing optics cooperate in order to displace the focus position of 
the luminous beam in the direction of the luminous beam, 
whereby an optical element of the entrance optics, which can 
be in particular also the first optical element of the entrance 
optics, can be moved in the direction of the luminous beam 
relatively to the deflecting device and/or to the focusing 
optics, depending on the desired position of the focus. 
0012. The movement of the focus in lateral direction, for 
example transverse to the direction of the luminous beam, 
takes place via the deflecting device, which can be controlled 
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in Such a way by the control signals which are Supplied for 
example by a suitable control device, that the focus can be 
moved in the lateral direction into a position either desired 
and/or determined by the control signals. 
0013 By placing the deflecting device between the first 
optical element—which preferably but not necessarily, can be 
in the beam direction of the first element of the entrance 
optics—and the focusing optics, the requirements of the 
entire optical system can be reduced since the entrance optics 
must only be placed for the beam near to the axis. This 
simplifies the correction and reduces the size of the elements. 
On the other hand, the focusing optics can be laid out in a 
simple way, since focusing takes place via the movement of 
an optical element of the entrance optics. 
0014. Altogether, a fast and simple adjustment of the 
three-dimensional focus position in the given Volume can be 
achieved. 
0015 The divergence of the luminous beam emitted from 
the entrance optics is preferably modified by moving the 
displaceable optical element relative to the deflecting device. 
Such a configuration of the entrance optics has the advantage 
that the entrance optics can be built very simply. The focusing 
optics then focuses the luminous beam emitted from the 
entrance optics depending on its divergence angle on different 
depths—this is positions in the direction of the luminous 
beam in which a movement of the focusing optics is not 
necessary. Therefore the purpose of the invention is also 
further solved by a procedure for focusing a luminous beam 
into determined ranges of a volume, in which depending on 
the position of the corresponding regions, the divergence of 
the luminous beam is changed, and the luminous beam is 
transversally deflected to its direction of propagation and then 
focused. By changing the divergence of the luminous beam, it 
must be conceived that the convergence and/or divergence 
angle of the luminous beam will change, and that the lumi 
nous beams emitted by the Scanning device can be conver 
gent, divergent or preferably parallel. After changing the 
divergence and before the deflecting device, depending on the 
desired position of the focus, they can be divergent, parallel or 
convergent. The entrance optics and focusing optics are par 
ticularly and preferably laid out in Such a way and arranged 
relatively to each other that a parallel luminous beam is trans 
ferred by the entrance optics again into a parallel luminous 
beam, if the focus is placed in the middle of the depth region 
of the predetermined volume. This has the advantage that it is 
possible to make corrections of the system, with which the 
aberrations with Small focus penetration in the Volume and 
the aberrations with large penetration can be mediated. 
0016. The first optical element of the entrance optics can 
be for example a lens, a reflective element such as a mirror, in 
particular a curved mirror or a hollow mirror, or a diffractive 
optical element. The optical element which can move relative 
to the deflecting device can be for example a lens. In another 
preferred application form, the movable optical element is a 
diffractive optical element that moves relative to the deflect 
ing device. 
0017 Alternatively, it is preferred that the movable optical 
element that moves relative to the deflecting device is a reflec 
tive optical element. 
0018. In principle, the entrance optics can still show fur 
ther optical elements beside the first optical element. The 
entrance optics may include a lens or a group of lenses with 
negative refraction power and a one of these lenses or group 
of lenses with positive refraction power may be arranged 
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downstream in the direction of the luminous beam. Such an 
arrangement is characterized in a favorable way by a particu 
larly compact structure, and contrary to an expander with two 
positive refraction power elements, shows no real intermedi 
ate image. The first optical element of the entrance optics can 
be in particular the negative refraction power lens or the first 
lens of the negative refraction power group of lenses. The 
lenses or groups of lenses can thereby be arranged in Such a 
way that the entrance optics represents at least an expander 
for the position of the movable optical element that moves 
relative to the deflecting device, and by which the cross sec 
tion of a parallel, incident luminous beam can be changed, 
especially increased. Such an arrangement is characterized in 
favorable way by a particularly compact structure. 
0019. In other implementation forms, instead of the nega 
tive refraction power lens or group of lenses and/or the posi 
tive refraction power lens or group of lenses, a similarly 
working diffractive optical element (DOE) and/or a group of 
diffractive optical elements oran similarly working reflective 
optical element and/or group of reflective optical elements 
can be used. The lenses or groups of lenses can be thus 
partially or completely replaced by diffractive optical ele 
ments or mirrors. The desired function of the divergence 
change is then achieved with other elements. Therefore in 
another application, a set of entrance optics with a first dif 
fractive optical element arranged in the beam direction and a 
second diffractive optical element arranged in the beam direc 
tion can be used. In a basic arrangement, the first diffractive 
optical element transforms a parallel beam into a convergent 
beam, and the second diffractive optical element transforms 
the convergent beam again into a parallel beam, whereby as a 
result of the corresponding construction and arrangement of 
the diffractive optical elements, the beam expansion 
increases. By changing the divergence of the beam emitted 
from the entrance optics, the distance between the first and 
second diffractive optical elements is changed. As a further 
application, an entrance optics set with two concave mirrors is 
mentioned. The first concave mirror in the rays path creates 
a real intermediate image, which is projected by the second 
mirror located in the path of rays from the first hollow mirror 
to infinity. The divergence is changed by changing the dis 
tance between the two concave mirrors. The focal length ratio 
determines the relationship between the diameter of the emit 
ted beam and the diameter of the incoming beam. Also com 
binations of lenses, diffractive optical elements and mirrors 
can be used. 

(0020 Preferably the optical element movable relative to 
the deflecting device is a negative refractive power lens or a 
negative refractive power group of lenses. In this case, the 
entrance optics set a particularly Small number of compo 
nents. In particular, the first optical element of the entrance 
optics can be movable relative to the optical element of the 
deflecting device. This entrance optics structure makes it 
possible on one hand to build the negative refraction power 
lens and the movable optical element with very small dimen 
sions, which in consequence due to its Small dimensions can 
move very fast. On the other hand, a particularly favorable 
speed ratio between the movement of the negative refraction 
power lens and the corresponding movement of the focus 
results in the direction of the luminous beam, this is that with 
an appropriate dimensioning of the entrance optics and the 
focusing optics, the movement of the negative refraction 
power lens entails a Substantially smaller corresponding 
depth movement of the focus around a given distance, so that 
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the accuracy requirements of a drive for the negative refrac 
tion power lens based on achieving a given precision of the 
adjustment of the focus position in the depth are relatively 
Small. 
0021. In order to make possible a controlled movement of 
the movable optical element relative to the deflecting device, 
it may be mounted on a movable mounting plate parallel to the 
path of rays. 
0022 Preferably the scanning device must include a driv 
ing device for the relative movement of the movable optical 
element of the deflecting device. This can have, aside from the 
corresponding Support of the movable optical element, yet 
another actuator which converts control signals from the cor 
responding motion. Some examples of this actuator can be a 
piezoactuator, an electrical linear motor or also an electric 
motor, whose rotational motion is converted into linear 
motion by a transmission, such as an eccentric cam drive so it 
can be used as actuator. When using electric motors, stepper 
motors may be used, which have the advantage that their 
movement can also be precisely controlled without regula 
tion. Otherwise, the driving device can have an automatic 
control loop, which besides the actuator can also include a 
sensor for detecting the position of the movable optical ele 
ment relative to the deflecting device and a controlling circuit, 
which controls the actuator depending on the position of the 
optical element detected by the sensor, so it can be moved to 
a determined target position. 
0023 The deflecting device can be in principle placed in 
any position between the first optical element of the entrance 
optics and the focusing optics. However, it is preferred that 
the deflecting device is arranged between the entrance optics 
and the focusing optics. This arrangement has the advantage 
that the entrance optics can be simply developed, since the 
luminous beam is not then moved in the entrance optics in 
lateral direction, if the luminous beam is moved by the 
deflecting device in a lateral direction. 
0024. The deflecting device can be in principle built in a 
well-known way. For example, it can work used for emitting 
the luminous beam overa reflective element, such as a mirror, 
in two different perpendicular axles, tiltable between each 
other, in which the deflecting device has at least one further 
actuator, by means of which the reflective element is tiltable 
around the two axes depending on the control signals. This 
application form has the advantage that only one reflective 
element is needed. 
0025 However, the deflecting device preferably may 
include two movable reflective elements separated from each 
other and from the focusing optics. Such a structure permits a 
very exact Support and adjustment of the reflective elements 
and thus of the position of the focus in the lateral direction, 
this is in a transverse direction to the luminous beam close to 
its focus. The deflecting device can have in this case two 
further actuators, which convert in each case the control sig 
nals depending on the desired lateral diversion and/or posi 
tion of the focus during the movement of the corresponding 
reflective element. In particular, the reflective elements for 
emitting the luminous beam are tiltable around axles, which 
are perpendicular to each other. At least one of the reflective 
elements can be a mirror. 
0026. The pupil optics may be arranged between the 
reflective elements, which image the first reflective element 
on the second reflective element. This arrangement has the 
advantage that a clear pupil position results, which in a par 
ticular case can be the reflective element that the luminous 
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beam meets first and that works as a pupil. A clear and fixed 
position of the pupil is in fastidious—this is, very precisely 
working optical systems a condition for a good correction. 
0027. In order to adjust the depth of the focus, this is in the 
direction of the luminous beam, the movable optical element 
designed according to the invention may move relative to the 
deflecting device. This does not exclude that the focusing 
optics have an adjustable focal length. It is however preferred 
that the focusing optics show a fixed focallength. In particular 
this does not include any Zoom lens. With the procedure 
according to invention it is preferred that focusing optics with 
a fixed focal length is used for focusing the diverted luminous 
beam. The focusing optics is preferably arranged fixed rela 
tive to the deflecting device. With this application form the 
adjustment of the focus position is not made by changing the 
focusing optics, which has the advantage that this can be 
particularly simply laid out. 
0028 Preferably a beam splitter is arranged in the path of 
rays between the deflecting device and at least one emission 
lens or emission lenses group of the focusing optics. The 
focusing optics lens or group of lenses are located under the 
emission lens or emission lenses group of the focusing optics, 
from which the luminous beam is emitted into the volume on 
which it is to be focused. The beam splitter is thereby prefer 
ably arranged in Such a way, that on one hand the luminous 
beams diverted from the deflecting device, fall on the emis 
sion lens or group of lenses, and on the other hand at least one 
part of an observation luminous beam from the path of rays 
between the deflecting device and the emission lens or emis 
sion lenses group, coming from the Volume, is decoupled. 
Depending upon the wavelength of the radiation of the focus 
able Scanning device luminous beam, the beam splitter can be 
laid out dichroitic, so that it affects the luminous beam and the 
observation luminous beam differently. Such scanning device 
has the advantage that the Volume can be simply observed 
during the emission of the luminous beam using at least a part 
of the observation luminous beam coming from the Volume. 
In particular, in the case that the focusing optics shows a fixed 
focallength and is arranged fixed and relative to the deflecting 
device, the volume can be observed independently of the 
focus position of the luminous beam with fixed adjusted 
optics or camera. 
0029 Preferably the emission lens or the emission lenses 
group is adjusted in Such a way that a parallel luminous beam 
is focused into the given Volume. The emission lens or emis 
sion lenses group can be conceived then as an objective lens 
or objective lenses group. Thereby preferably the emission 
lens or emission lenses group is laid out such that the entire 
Volume is essentially imaged sharply to infinity, so that for 
monitoring the depth offield is so large that the entire volume 
can be shown and observed sharply without having to adjust 
the observation optics. 
0030 The focusing optics can be divided into partial 
optics. Preferably the focusing optics has an entrance objec 
tive for the production of a real intermediate image from the 
luminous beam delivering radiation source. The focusing 
optics can then preferably exhibit still another tubular optics, 
which images the intermediate image into the infinite. The 
intermediate image formed from the tubular optics infinity is 
then focused from the emission lens or group of lenses and/or 
emission optics into the target Volume. The focusing optics 
can be more simply corrected by this multipart arrangement. 
Therefore compensation effects can be used between the 
different parts of the focusing optics and the tubular optics, 
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for example the entrance objective. The partial optics can 
have larger focal lengths than the focusing optics altogether. 
Thus for example the ratio between the diameter of the 
incoming beam and the focal length of the entrance objective 
can be favorably arranged, facilitating the correction. Beyond 
that, a possible interface results for monitoring the parallel 
path of rays between the tubular optics and the emission 
optics. In particular the focal length of the emission lens or 
emission lenses group can be selected in Such a way that 
monitoring is possible simply. 
0031. The scanning device can be used for an optical 
radiation sources, however preferably for lasers. In particular 
in this case it is preferred, that all real intermediate pictures 
emitted from the luminous beam radiation source are formed 
in a gaseous environment, in particular air or vacuum. This 
has the advantage that with the use of the scanning device, 
very high intensity laser radiations are not used in the optical 
openings in the optical components of the scanning device, 
Such as lenses or mirrors, since it could damage them. 
0032 Preferably the entrance and focusing optics are 
chromatically corrected over the spectral range of selected 
femtosecond pulses that can be focused by passing through 
femtosecond pulses with a dispersion induced temporal 
broadening of less than about 30%. Preferably the entire 
optical system of the Scanning device is corrected this way. 
The pulse duration can be obtained in the focus by an adapted 
dispersion management before the pulse enters the system 
and the already mentioned chromatic correction of the entire 
optical system, which is appropriate for less than 30% over 
the theoretically attainable pulse duration. Preferably this 
chromatic correction is appropriate for femtosecond pulses 
with wavelengths in a range of approx. 1040 nm. Such a 
scanning device is therefore Suitable in particular for laser 
Surgical systems, which are meant for using femtosecond 
pulses for the formation of a cornea flap during a LASIK 
treatment. 

0033) Beyond that, the optical system is preferably cor 
rected by limited diffraction, so that for example the aberra 
tion caused by the optics in the lateral direction is Suppressed 
to a large extent and/or is reduced to a minimum. 
0034. The focusing optics is preferably regulated by an 
adjustment of at least 0.35. In particular during the use of the 
scanning device for laser-Surgical purposes, it is preferred 
that the mobile optical element move relative to the deflecting 
device over a range sufficiently large that the focus of the 
luminous beam in the beam direction moves in a range larger 
than 0.5 mm. Such an adjustment has the advantage that when 
using the scanning device for a LASIK treatment, a cornea 
flap can be simply formed without movement of the cornea 
relative to the Scanning device. 
0035. For the same purpose it is preferred that the deflect 
ing device is adjusted in Such a way that the focus of the 
luminous beam can move along the given Volume in a lateral 
range with a diameter of about 11 mm. This again has the 
advantage that the necessary cornea covers can be formed 
with no movement of the cornea relative to the scanning 
device during the LASIK treatment. 
0036. The scanning device can be used with any sources of 
optical radiation, however showing preferably a femtosecond 
laser for the emission of femtosecond pulses along the lumi 
nous beam, whereby the laser which is laid over the entrance 
optics and the focusing optics of the focused luminous beam 
in the focus has a diameter Smaller than 5um. Such scanning 
device is suitable in particular for the very precise preparation 
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of the cornea cover during a LASIK treatment. However, the 
scanning device can also be used for other purposes. Prefer 
ably a laser scanning microscope with a laser for emitting 
illumination laser radiation over a scanning device designed 
according to the invention for focusing the illumination laser 
radiation. The laser Scanning microscope can have in particu 
lar control equipment, which is lead into the scanning device 
in Such a way that the focus of the lighting laser radiation 
scans laterally and is directed into the depth by a given scan 
ning volume. Preferably thereby a specimen holder of the 
laser Scanning microscope and the focusing optics are at least 
arranged for Scanning a sample fixed to each other. Such a 
laser Scanning microscope has the advantage that it is not 
necessary to move the specimentable for moving the sample, 
which on one hand simplifies the structure substantially and 
on the other hand allows a faster adjustment of the focus 
position in the Z-direction. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0037. The invention is described below in more detail 
using the drawings. They show: 
0038 FIG. 1 a schematic and simplified representation of 
a system for laser-Surgical eye treatment with a scanning 
device designed according to an embodiment of the inven 
tion, 
0039 FIG. 2 a schematic partial representation of a laser 
Surgical treatment system designed according to an embodi 
ment of the invention, 
0040 FIG.3 a schematic representation of a system for the 
laser-Surgical treatment of the eye with a scanning device 
designed according to an embodiment of the invention, and 
0041 FIG. 4 a schematic representation of a laser scan 
ning microscope designed according to an embodiment of the 
invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

0042 FIG. 1 shows a laser-surgical system for the treat 
ment of a human eye 1 with a radiation source 2 in the form of 
a femtosecond laser for the emission of a pulsed laser radia 
tion in the form of a pulsed luminous beam 3 and a scanning 
device 4 designed according to an embodiment of the inven 
tion, by means of which the luminous beam 3 can be focused 
into different, given ranges in a three-dimensional Volume in 
the cornea of eye 1. On the cornea of eye 1 is a contact lens 5 
with a concave contact area, against which rests the cornea of 
eye 1, whereby any movement of the cornea is Suppressed 
during a treatment with laser radiation as much as possible. 
0043. The radiation source 2 in the form of a femtosecond 
laser is adjusted and actually prepared for the delivery of 
femtosecond pulses with a wavelength in a range of approx. 
1040 Nm with a pulse width within the range of approxi 
mately 200 fs. It can in particular include pulse forming 
mechanisms beside the actual laser. 
0044) The scanning device 4 adjusts the direction of the 
luminous beam 3 over the entrance optics 6, by which the 
luminous beam 3 enters the Scanning device 4, a deflecting 
device 7, the luminous beams 3 emitted from the laser from 
the entrance optics 6 corresponding to the given control sig 
nals in lateral direction, this is transverse to the direction of 
the luminous beams deflected from the deflecting device 7. 
and focusing optics 8 firmly arranged relative to the deflecting 
device 7, for focusing the luminous beam 3 emitted from the 
entrance optics 6 and diverted by the deflecting device 7. 
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which focuses it in the region of the cornea of eye 1. The 
deflecting device schematically shown 7 is adjusted in an 
actually known way and is regulated by two reflective ele 
ments 9 and 9" in the form of mirrors for the emission of the 
luminous beam 3, which can be tilted and supported on the 
axles not shown in FIG. 1. For a simpler representation, the 
reflective elements 9 and 9 are only shown parallel to each 
other in a schematic way, however the tilting axles run per 
pendicularly to each other and into a Z-axis of the entrance 
optics 6 in FIG. 1, so that by tilting the first reflective element 
9 of luminous beam 3 in the Y-direction, this is in FIG. 1 
upwards or downwards, and by tilting the second reflective 
element 9" in the Y-direction and the optical axis of the 
entrance optics perpendicularly in the X-direction, in FIG. 1 
and/or from the indication level, can be diverted. The reflec 
tive elements and/or mirrors 9 and 9 are galvanometrically 
linked, whereby actuators 10 and/or 10' are intended to be 
connected with the control equipment in FIG. 1 by arrows that 
indicate signal connections. The control equipment gives cor 
respondingly the desired focus position of luminous beam 3 
in the lateral direction, this is in thexandy directions from the 
control signals from actuators 10 and 10", on which the reflec 
tive elements and/or mirrors 9 and 9' are tilted in a well 
known way. 
0045. The entrance optics 6 is regulated over a movable 
optical element relative to the deflecting device 7 in the form 
of a first lens 11 with negative refraction power; this is a 
diverging lens, as first optical element as well as a collecting 
lens 12 which has positive refraction power. The Z-axis of 
these two lenses runs coaxially. The first lens 11 is placed in 
a lens holder 13, which is adjustable in a linear guide not 
shown in FIG. 1 in a parallel direction to the Z-axis of first lens 
11, so that first lens 11 is an optical element of entrance optics 
6 that can move relative to the deflecting device 7. The actua 
tor only shown schematically in FIG. 1 serves for the move 
ment of lens holder 13 and also to the first lens 11 parallel to 
their Z-axis, for example a linear drive 14 which is again 
indicated by an arrow, with which is connected to control 
equipment (not shown). This sends control signals to the 
linear drive 14 for the movement of the first lens 11 depending 
on the desired focus position along the direction of the lumi 
nous beam 3 within the range of the focus control signal. In 
this example, linear drive 14 is a stepper linear motor. 
0046. In a position of the movable optical element shown 
in FIG. 1 relative to the deflecting device 7 through lines 
drawn from first lens 11 to the collecting lens 12, the entrance 
optics 6 works as an expander that increases the cross section 
of luminous beam 3, whereby the parallel luminous beam 3 
before the entrance optics 6 is made parallel again by these 
emitted luminous beam 3. 
0047 Focusing optics 8 is represented in FIG. 1 of this 
application example only as an stationary emission lens 15 
relative to the deflecting device 7 and/or the objective lens in 
form of a collecting lens, which focuses the luminous beam 3 
emitted from entrance optics 6 and diverted by deflecting 
device 7 in the lateral direction into the cornea region of eye 
1. The emission lens 15 is however only a schematic repre 
sentation of an optical system of positive refraction power, 
which may be more complex, and whereby this structure does 
not play a role in the context of this representation. 
0048 Focus position F of luminous beam 3 in the direction 
along the luminous beam is determined by entrance optics 6 
and focusing optics 8. Focus position F in the direction of the 
luminous beam is adjusted by moving the first lens 11 along 
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its Z-axis relative to deflecting device 7 and focusing optics 8. 
In case of a change of the distance between first lens 11 and 
collecting lens 12, the divergence of luminous beam 3 parallel 
to lens 11 is changed, which is clearly represented by the 
broken lines in FIG.1. Depending on the position of the first 
lens 11, the luminous beams emitted from collecting lens 12 
can be made parallel or convergent. Depending on the diver 
gence, the fixed optics 8 focuses then the luminous beam into 
different distances from focusing optics 8 and/or the emitting 
lens 15. 

0049. In the following example, the first lens 11 can be 
moved very fast and simply, since with a diameter of approx. 
6 mm it is small and light. Beyond that, the speed ratio of the 
movable optical element relative to deflecting device 7, this is 
the first lens 11, in a corresponding motion of focus F in the 
direction of luminous beam 3, in this example is for instance 
20:1, which is substantially larger than the one used on the 
subordinate Zoom optics of the deflecting device, with which 
typically a clearly Smaller speed ratio can be expected. For 
example, in US 2003/0053219A1 it has a value of 1:1. 
0050 FIG. 2 shows a laser-surgical system with a scan 
ning device designed according to another embodiment of the 
invention. This scanning device differs from the first scanning 
device 4 as the path of rays between deflecting device 7 and 
focusing optics 8 is arranged with the collecting lens working 
as emission lens 15 and a beam splitter 16, by means of the 
outgoing observation luminous beams 17 from points in the 
cornea of eye 1, which approach infinity during the illustra 
tion of object points in the cornea of eye 1 by emitting lens 15, 
from the path of rays between deflecting device 7 and focus 
ing optics 8 in the direction of a tube with eyepiece, not shown 
in the figures, or an objective with camera, not shown in the 
figures either, which can be at least partly diverted, so that it 
is possible to monitor the cornea during the emission of 
luminous beam 3 on that cornea. Therefore at least during the 
treatment duration, the focusing optics 8 and the cornea of eye 
1 must keep a fixed relative distance between each other and 
the focal point of focusing optics 8 lies in the working Vol 
ume, monitoring then also takes place with constant sharp 
ness, if the focus of luminous beam 3 is moved into the depth, 
this is in a direction parallel to the direction of luminous beam 
3 in the proximity of the focus. During the definition of the 
observation aperture, it is preferably considered that on one 
handa Sufficiently bright picture with good resolution and on 
the other hand a depth of field as large as possible can be 
achieved. 
0051 FIG. 3 shows partially and schematically a laser 
Surgical system with a scanning device 4 designed according 
to an embodiment of the invention. Those components which 
comply with the components of the first application example 
are designated with the same reference symbols and the appli 
cations in the first application example also apply here 
accordingly to these components. 
0052. The deflecting device 7 is replaced hereby a deflect 
ing device 7", which only differs from the deflecting device 7 
by the distance of reflective elements 9 and 9 between each 
other. The tilting axle of reflective element 9 runs perpendicu 
lar to luminous beam 3 and cuts at least approximately the 
Z-axis of entrance optics 6. This correspondingly applies to 
reflective element 9" and focusing optics 8'. In the rest posi 
tion, reflective elements 9 and 9' are aligned to each other in 
Such a way that the incoming beam along the Z-axis of 
entrance optics 6 within the area of the tilting axle of the 
second reflective element 9" comes out through these. In the 
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rest position, the mirrors are bent opposite the Z-axis of 
entrance optics 6 and/or focusing optics 8', for instance in an 
angle of 45°. 
0053 Beyond that, a pupil optics set 18 is arranged in the 
path of rays between reflective elements 9 and 9", which 
includes two collecting lenses 19 and 19", which image the 
luminous beam 3 emitted that first reaches reflective element 
9 on the other reflective element 9", whereby a real interme 
diate image is formed in space, between the collecting lenses 
19 and 19", in order to avoid optical openings in the compo 
nents of the Scanning device. In this way a fixed position of the 
pupil is achieved which facilitates a favorable implementa 
tion of focusing optics 8. By the construction of reflective 
elements 9 and 9' into each other, thesize of reflective element 
9' can be kept small, as in the example the mirrors are shaped 
as ellipses, whose main and/or secondary axis have a length of 
approximately 21 mm and/or 15 mm. 
0054 Focusing optics 8 differs from the focusing optics 8 
in several aspects. It is made out of multiple parts and has an 
entrance objective 20, which emits a luminous beam 3 which 
is laterally diverted from deflecting device 7" and a real inter 
mediate image is focused on a Tubular lens 21, which shows 
the intermediate image depending on its position into infinity, 
a beam splitter 16' following tubular lens 21, which diverts the 
luminous beam 3 on the emission lens 15', and the emission 
lens 15 in which luminous beam 3 is here parallel or only 
weakly convergent or weakly divergent, then is focused 
depending on its fixed focal length on the cornea of eye 1 and 
thus functions as an objective lens. 
0055. The adjustment of the focus position in the lateral 
direction and in the direction of luminous beam 3 near the 
focus takes place as in the first application example. 
0056. The beam splitter 16' is adjusted in such a way that 
the observation luminous beams 17", which results from the 
points in the cornea of eye 1 imaged by emission lens 15' to 
infinity, by which beam splitters 16" are passed through a tube 
with an eyepiece not shown in FIG.3, or through an objective 
with a camera, not shown in FIG. 3, can be supplied. As it is 
shown in the second application example, this makes it pos 
sible to monitor with the luminous beam 3 during a LASIK 
treatment. 

0057 The dismantling of the focusing optics in the 
entrance objective 20, in the tubular lens 21 and the emission 
lens 15' and/or the main objective has the advantage, asides 
from the possibility of making an interface possible for moni 
toring so that Small beam diameters can be achieved at the 
entrance of the focusing optics. For example, the beam diam 
eter can reach up to 15 mm, so that the reflective elements 9 
and 9' can be used with a work diameter of 15 mm. This 
relatively small size of the reflective elements 9 and 9” is 
favorable for the achievement of high Scanning speeds. 
Beyond that, the dismantling into Subsystems makes possible 
a limited diffraction correction of the focusing optics for the 
focusing optics. Since the beams between the Subsystems do 
not have to be corrected, compensation effects can be used, 
which clearly reduce the number of necessary lenses. 
0058. In order to avoid undesired reciprocal effects, all 
optical components are laid out in Such a way in this as well 
as in all other application variations, that all real intermediate 
pictures are formed in the air and so also very intensive laser 
radiations cannot be directed towards the optical openings in 
the optical components. The application examples described 
here are in each case an entire optical system of the scanning 
device, in particular the initial and focusing optics, for which 
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the spectral width is chromatically corrected by using a fem 
tosecond pulse. Pulse duration can be obtained by an adapted 
dispersion management before the pulse enters the system 
and the already mentioned chromatic correction of the entire 
optical system, whose focus dispersion is due to chromatic 
aberrations, lies less than 30% above the theoretically attain 
able pulse duration. 
0059. The movable optical element is movable over a dis 
tance relative to the deflecting device sufficiently large that 
the focus of the luminous beam can be moved in the beam 
direction over a range larger than about 0.5 millimeter. The 
deflecting device is further adjusted in such a way that the 
focus of the luminous beam can be moved in a lateral range 
which has a diameter of 11 mm. 
0060. The laser, the entrance optics and the focusing 
optics are laid out in Such a way that the focused luminous 
beam in the focus has a diameter Smaller than 5 micrometers. 
The focusing optics in the application example preferably has 
an opening larger than 0.35. 
0061 These laser-surgical systems are therefore suitable 
in particular for the formation of a hinged cornea flap by 
photo disruption by means of femtosecond pulses. 
0062 FIG. 4 shows a laser scanning microscope with a 
scanning device designed according to an embodiment of the 
invention. 
0063. From a radiation source 22, in the example a laser, a 
lighting luminous beam 3" is emitted, which arrives to a beam 
splitter 23 and then is lead into a scanning device 4", which is 
in principle built similar to the scanning device 4 of the first 
application example. However the dimensions of the used 
components on the application are adapted to a laser scanning 
microscope. 
0064 Scanning device 4" includes again an entrance 
optics 6", which changes the divergence of radiation beam 3" 
emitted from beam splitter 23 depending in the control sig 
nals received from the control equipment of the laser scan 
ning microscope, not shown in FIG. 4, and a deflecting device 
7", which diverts radiation beam 3" emitted from entrance 
optics 6" and which is laterally diverted depending on the 
control signals of the control equipment of the laser scanning 
microscope, and a firmly arranged focusing optics 8" relative 
to radiation beam 3" diverted by deflecting device 7", focused 
on the examined sample 24. The layout of the optical ele 
ments and the distances of entrance optics 6", deflecting 
device 7" and focusing optics 8" correspond to entrance 
optics 6, deflecting device 7 and focusing optics 8, so that the 
same reference symbols are used in FIG. 4 for these compo 
nents and the explanations of these also apply accordingly 
here. 
0065. The radiation coming from sample 24 is focused 
again by focusing optics 8" and after passing deflecting 
device 7", entrance optics 6", as well as after being diverted by 
beam splitter 23, by collecting optics 25. The focus is blended 
with the focus of luminous beam 3" in sample 24. A fine 
aperture and/or pinhole screen 26 serves in a well-known way 
for depth discrimination, essentially by only letting through 
light from the focus of luminous beam 3". The optical radia 
tion that passes through pinhole screen 26 is detected by a 
detection mechanism 27. 
0066. In order to generate an image, the control equipment 
not shown in the figures proceeds to rastering the focus of 
luminous beam 3" both transversally to the direction of lumi 
nous beam 3" and parallel to where the detected positions 
signals of the detection mechanism 27 are collected in each 



US 2016/0206474 A1 

case. In addition, it delivers the appropriate control signals to 
deflecting device 7" and to linear drive 14 for the desired 
focus position in each case. 
0067. The size of the optical element which can be moved 
can also be kept here Small and light with an appropriate 
adjustment of lens 11, so that a fast movement of the focus of 
luminous beam 3 relative to sample 24 can be achieved, so 
that the sample table on which sample 24 is held and which is 
not shown on FIG. 4 need not be moved. 
0068 A further application example differs from the sec 
ondapplication example by adjusting the entrance optics. The 
lenses and/or groups of lenses are replaced hereby diffractive 
optical elements. The entrance optics includes first and sec 
ond diffractive optical elements. The first diffractive optical 
element is adjusted and arranged in Such a way that it trans 
forms a parallel beam in a basic position into a convergent 
beam. The second diffractive optic element following in the 
path of rays is adjusted and arranged in Such a way that it 
again transfers the convergent beam into a parallel beam. All 
of this results altogether into an expansion of the beam. The 
distance between the first and second diffractive optical ele 
ments is modified for changing the divergence of the beam 
emitted from the entrance optics. 
0069. In another application example, the entrance optics 
of the preceding application example is changed in Such a 
way that the entrance optics possesses now two concave 
mirrors, which are arranged in Such a way that the distance 
between the laser and the deflecting device are doubled, 
resulting in an approach to the Z-shaped path of rays. The first 
concave mirror produces a real intermediate image, which 
shows a subordinate suitable basic distance from the first 
concave mirror to the second concave mirror in the path of 
rays into infinity. The divergence is steered by changing the 
distance between the hollow mirrors. The focal length ratio 
determines the relationship between the diameter and/or the 
opening angles of the beam emitted from the entrance optics 
and the diameter and/or the opening angles of the incoming 
beam to the entrance optics. 

Reference symbol list 

1 Eye 
2 Radiation source 
3 3' Radiation beam 
4 4' 4" Scanning device 
5 Contact glass 
6 6" Entrance optics 
7 7. 7. Deflecting device 
8 8' 8" Focusing optics 
9 9' Reflective elements 
10 10' Actuators 
11 First lens 
12 Collecting lens 
13 Lens holder 
14 Linear drive 
15 15 Emission lens 
16 16 Beam splitter 
17 17 Observation luminous beam 
18 Pupil optics 
19 19' Collecting lenses 
2O Entrance objective 
21 Tubular lens 
22 Radiation source 
23 Beam splitter 
24 Sample 
25 Collecting optics 
26 Pinhole screen 
27 Detection device 
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1. (canceled) 
2. A Surgical laser system including a scanning device for 

focusing aluminous beam into a selected range of an eye to be 
treated, the Surgical laser system comprising: 

a femtosecond Surgical laser source that produces the lumi 
nous beam, the femtosecond Surgical laser source being 
structured to produce photodisruptions within tissues of 
the eye to be treated upon focal application of the lumi 
nous beam to the tissues; 

entrance optics following the femtosecond Surgical laser 
Source into which the luminous beam first enters com 
prising at least a first optical element; 

focusing optics by which the luminous beam emitted from 
the entrance optics is focused on or into the eye to be 
treated; 

a deflecting device arranged between the first optical ele 
ment and the focusing optics that diverts a focus position 
of the luminous beam; 

the deflecting device comprising a first movable reflective 
element movable about a first axis configured to deflect 
the luminous beam in an X direction and a second mov 
able reflective element movable about a second axis that 
is Substantially orthogonal to the first axis configured to 
deflect the luminous beam in a Y direction; 

a beam splitter, located between the deflecting device and 
the focusing optics; and 

in which the entrance optics and focusing optics are chro 
matically corrected over a spectral range of selected 
femtosecond pulses. 

3. The Surgical laser system including a scanning device as 
claimed in claim 2, the entrance optics comprising at least one 
movable optical element that is configured to be movable 
along an axis generally parallel to the luminous beam where 
the luminous beam passes through the entrance optics to the 
deflecting device to adjust the focus position of the luminous 
beam within a portion of the eye. 

4. The Surgical laser system including a scanning device as 
claimed in claim 2, further comprising a contact lens follow 
ing the deflecting device and the focusing optics that is 
engageable with a cornea of the eye, the contact lens having a 
contact area by which contact with the cornea is made. 

5. The Surgical laser system including a scanning device as 
claimed in claim 3, further comprising at least one movable 
optical element, which when displaced relative to the deflect 
ing device, alters the divergence of the radiation beam emitted 
from the entrance optics. 

6. The Surgical laser system including a scanning device as 
claimed in claim 2, in which the first optical element of the 
entrance optics comprises a lens or a group of lenses with 
negative refractive power and the Surgical laser system further 
comprising a collecting lens or group of lenses with positive 
refractive power arranged in the direction of the luminous 
beam. 

7. The Surgical laser system including a scanning device as 
claimed in claim 2, in which the first optical element of the 
entrance optics comprises a non-planar mirror. 

8. The Surgical laser system including a scanning device as 
claimed in claim 3, in which the movable optical element 
comprises the first optical element and the movable optical 
element has a negative refraction power lens or comprises a 
group of lenses having negative refractive power. 

9. The Surgical laser system including a scanning device as 
claimed in claim 3, in which the movable optical element 
comprises a diffractive optical element. 
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10. The Surgical laser system including a scanning device 
as claimed in claim 3, in which the movable optical element 
comprises a reflective optical element. 

11. The Surgical laser system including a scanning device 
as claimed in claim 3, further comprising a driving device 
which moves the movable optical element relative to the 
deflecting device. 

12. The Surgical laser system including a scanning device 
as claimed in claim 11, in which the driving device comprises 
a linear drive. 

13. The Surgical laser system including a scanning device 
as claimed in claim 2, in which the deflecting device is posi 
tioned between the entrance optics and the focusing optics. 

14. The Surgical laser system including a scanning device 
as claimed in claim 13, further comprising pupil optics, and a 
collecting lens which is arranged between the first movable 
reflective element and the second movable reflective element, 
and in which the first movable reflective element is imaged on 
the second movable reflective element. 

15. The Surgical laser system including a scanning device 
as claimed in claim 2, in which the focusing optics have a 
fixed focal length. 

16. The Surgical laser system including a scanning device 
as claimed in claim 2, wherein the focusing optics further 
comprises an emission lens or an emission lens group and 
wherein the beam splitter is positioned in the path of rays 
between the deflecting device and the emission lens or the 
group of emission lenses of the focusing optics. 

17. The Surgical laser system including a scanning device 
as claimed in claim 16, in which the emission lens or the 
emission lens group focuses a Substantially parallel luminous 
beam into the given Volume. 

18. The Surgical laser system including a scanning device 
as claimed in claim 2, in which the focusing optics creates a 
real intermediate image through an entrance objective, pro 
duced by the luminous beam emitted from a radiation source. 

19. The Surgical laser system including a scanning device 
as claimed in claim 2, in which all real intermediate images 
produced by the luminous beam emitted by the femtosecond 
Surgical laser source are formed in gas, air or vacuum. 

20. The Surgical laser system including a scanning device 
as claimed in claim3, in which the movable optical element is 
movable over a distance relative to the deflecting device suf 
ficiently large that the focus of the luminous beam can be 
moved in the beam direction over a range larger than about 0.5 
millimeter. 

21. The Surgical laser system including a scanning device 
as claimed in claim 2, in which the deflecting device is oper 
able such that the focus of the luminous beam can be moved 
laterally in a range having a diameter of at least about eleven 
millimeters. 

22. The Surgical laser system including a scanning device 
as claimed in claim 2, wherein the femtosecond laser radia 
tion source, the entrance optics and the focusing optics are 
configured such that the focus of the luminous beam has a 
diameter smaller than about five micrometers. 

23. A method of focusing a luminous beam into a selected 
range of a Volume of an eye to be treated, the method com 
prising: 

producing the luminous beam with a femtosecond laser 
Source and structuring the luminous beam to produce 
photodisruptions within tissues of the eye to be treated 
upon focal application of the luminous beam to the tis 
Sues; 
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directing the luminous beam into entrance optics compris 
ing at least a first optical element; 

deflecting the luminous beam about a first axis and second 
axis that is orthogonal to the first axis; 

dividing the luminous beam with a beam splitter; 
then focusing the luminous beam on or into the eye to be 

treated with focusing optics; and 
utilizing chromatically corrected optics that are chromati 

cally corrected over a spectral range of selected femto 
second pulses for the entrance optics and the focusing 
optics. 

24. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising moving a movable optical 
element of the entrance optics along an axis parallel to the 
luminous beam to adjust the focus position of the luminous 
beam within a portion of the eye. 

25. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising applying a contact lens to a 
cornea of the eye and directing the luminous beam through 
the contact lens. 

26. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising altering the divergence of the 
radiation beam emitted from the entrance optics by move 
ment of a movable optical element. 

27. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 24, further comprising moving the movable optical 
element by operation of a driving device. 

28. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising collecting light at a collecting 
lens which is arranged between a first movable reflective 
element and a second movable reflective element that deflect 
the luminous beam about the first axis and the second axis. 

29. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 28, further comprising imaging the first movable 
reflective element on the second movable reflective element. 

30. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising forming all real intermediate 
images produced by the luminous beam in gas, air or vacuum. 

31. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 24, further comprising moving the movable optical 
element over a distance relative to the deflecting device suf 
ficiently large that the focus of the luminous beam is moved 
over a range larger than 0.5 millimeter. 

32. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising deflecting the luminous beam 
laterally in a range having a diameter of at least eleven mil 
limeters. 

33. The method of focusing a luminous beam into a 
selected range of a Volume of an eye to be treated as claimed 
in claim 23, further comprising focusing the luminous beam 
such that the focus of the luminous beam has a diameter 
smaller than five micrometers. 
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