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(57) Abstract: Methods and systems for performing laser-assisted surgery on an eye form a layer of bubbles in the Berger's space of 
the eye to increase separation between the posterior portion of the lens capsule of the eye and the anterior hyaloid surface of the eye.  

f4 A laser is used to form the layer of bubbles in the Berger's space. The increased separation between the posterior portion of the lens 
capsule and the anterior hyaloid surface can be used to facilitate subsequent incision of the posterior portion of the lens capsule with 
decreased risk of compromising the anterior hyaloid surface. For example, the layer of bubbles can be formed prior to performing a 
capsulotomy on the posterior portion of the lens capsule.
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LASER CAPSULOVITREOTOMY 

CROSS~REFERENCES TO RELATED A APPLICATIONS 

[0001] lhis application claims priort to US. Application No. 61-785,672, filed on March 14, 

20R, the contents of which are incorporated herein by reference for all purposes. Full Paris 

Convention priority is hereby expressly reserved, 

BACK ROUND 

100021 Cataract extraction is one of the most. commonly performed surgical procedures in the world.  

A cataract is formed by opacification of the crystalline lens or its envelope - the tens capsule - of the 

eye. The cataract obstructs passage of light thro uh the lens. A cataract can vary in degree from 

slight to complete opacity. Early in the development of an age-related cataract the power of the lens 

may be increased. causing near-sightedness (nyopia' Gradual yellowing and opacification of the 

lens may reduce the perception of blue colors as those wavelengths are absorbed and scattered 

within the crystalline lens. Cataract formation typically progresses slowly resulting in Progressive 

vision toss, Cataracts are potentially binding if untreated.  

100031 A common cataract treatment involves replacing the opaque crystalline lens with an artificial 

intraocular lens { 101A. Presently, an estimated 15 million cataract surgeries per year are performed 

woidwide The cataract treatment market is composed of various segmlents including intraocular 

lenses for implantation, viscoelastic polymers to facilitate surgical maneuvers, and disposable 

instrumentation including ultrasonic phacminulsifieation tips tubing, various knives, and foreps, 

100041 Presently, cataract surgery is typically performed using a technique termed 

phacoemuisifi cation in which an. ultrasonic tip with associated irrigation and aspiration ports is used 

to sculpt the relatively hard nucleus of the lens to facilitate removal through an opening made in the 

anterior lens capsule, The nucleus of the lens is contained within an outer membrane of the lens that 

is referred to as the lens capsule, Access to the lens nucleus can be provided by performing an 

anterior capsulotony in which a small round hole is formed in the anterior side of the lens capsule, 

Access to the lens nucleus can also be provided by performing a manual continuous curvilinear 

capsulorhexis (CCC) procedure. After removal of the lens nucleus, a synthetic foldable intraocular 

lens (10L) can be inserted into the remaining lens capsule of the eye through a small incision, 

Typically, the IOL is held in place by the edges of the anterior capsule and the capsular bag. The
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10L nmay also be held by the posterior capsule, either alone or in unison with the anteror capsule 

This latter configuration is known in the field as a "Bag-in-Lens" impant.  

100051 One of the most technically challenging and critical steps in the cataract extraction procedure 

is providing access to the lens nucleus. The manual continuous curvilinear capsulorhexis (CCC) 

procedure evoked from an earlier technique termed can-opener capsulotomy in wich a shar 

needle was used to pertforate the anterior lens capsule in a circular fashion followed by the removal 

of a circular fragment of 1ens capsule typically in the range of 5-8 mm in diameter, The smaller the 

capstlotony. the more difficult it is to produce manualy.. The capsulotony facilitates the next step 

oft nuclear sculpting by phacoemlsitication, Due to a rie patrons associated with the 

initial can-opener techiique, attempts were made by leading experts in the field to develop a better 

technique for removal of the anterior lens capsule preceding the emulsification step.  

100061 The desired outcome of the manual continuous curvilinear capsulorhexis is to provide a 

smooth continuous circulate opening through which not only the phacoenulsification of the nucleus 

can be performed safely and easily, but also to provide for easy insertion of the intraocular lens, The 

resulting opening inthe anterior capsule provides both a clear central access for tool insertion during 

removal of the nucleus and for IOL insertion, a permanent aperture tor transmission of the inage to 

the retina of the patient. and also support of the IOL inside the renainin capsule that limits the 

potential for dislocation, 

f0007j Furthermore. 101-s that engage the posterior capsule can benefit from a posterior 

capsulotomy. An example of such an IOL that can benefit from a posterior capsulotomy is described 

in . Pat AppI. No. 2008/0281413 entitled "METHOD AND APPARATUS FOR CREATING 

INCISIONS TO IMPOROVE INTRAOCULAR LENS PLACEMENT". in the name of Culbertson, 

et aL. the entire disclosure of which is incorporated herein by reference. Such lenses may further 

benefit from seating the 101, in both the anterior and posterior capsule in order to best provide for 

acconumodative motion via the zonular process. Creating a posterior capsulotomy, however, may 

require the surgeon to engage the vitreous and its anteror hyaloid surface. [fn.tortunately, the 

anterior hyaloid surface may be violated during the posterior capsuiotomy procedure. It is 

postulated that a broken anterior hyaloid surface ray allow anterior moveinrent of proteins and 

macromolecules fron the vitreous gel, which may result in fluid shifting within an already syneretic 

vitreous cavity. This anterior movement of proteins and mmeromolecutles may lead to increased 

peripheral retinal traction and break formation, Even with. an intact anterior hyaloid surface, a rent 

in the posterior capsule disrupts the physical barrier between the anterior and posterior segments of 

2)
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e similar to that of te aphakic eye afe intracapsar lens extraction. The 1oss of this barrier 

may facditate diffuslon of hyaluronic aid, a StabiiZct of the Vitreous into the antrior Chanber 

this s situation nay manifest cLincally as collapse of the vitreous gel 

[00081 AccordingLy, improved methods techniques. and an apparatus are needed to perform an 

accurate posterior eapsulotomy with reduced risk of compromising the anterior hyaloid surface,



[0008A] Reference to any prior art in the specification is not an acknowledgment or suggestion 

that this prior art forms part of the common general knowledge in any jurisdiction or that this 

prior art could reasonably be expected to be combined with other pieces of prior art by a skilled 

5 person in the art.  

SUMMARY 

[0009] Although specific reference is made to the removal and treatment of a cataract, the 

methods and apparatus as described herein can be used with one or more of many surgical 

procedures, for example a posterior capsulotomy on a non-cataractous eye of a patient.  

10 [0010] Embodiments provide methods and systems for performing laser-assisted surgery on an 

eye to provide a separation layer between the posterior portion of the lens capsule of the eye and 

the anterior hyaloid surface of the eye. While the separation layer can be formed in one or more 

of many ways, in many embodiments a layer of bubbles is formed in the Berger's space of the 

eye to separate the posterior portion of the lens capsule of the eye and the anterior hyaloid 

15 surface of the eye. The increased separation between the posterior portion of the lens capsule and 

the anterior hyaloid surface reduces the risk of compromising the anterior hyaloid surface during 

a subsequent procedure in which the posterior portion of the lens capsule is incised. In many 

embodiments, the layer of bubbles is formed prior to performing a capsulotomy on the posterior 

portion of the lens capsule. The capsulotomy can be performed to combination with one or more 

20 of many surgical procedures, such as the implantation of an IOL, which may comprise an 

accommodating IOL or a non-accommodating IOL.  

[0011] Thus, in one aspect, a method is provided for performing laser-assisted surgery on an eye 

having a lens capsule, an anterior hyaloid surface, and a Berger's space between a posterior 

portion of the lens capsule and the anterior hyaloid surface. The method includes increasing the 

25 separation between the posterior portion of the lens capsule and the anterior hyaloid surface 

using a laser to form bubbles within the Berger's space. After forming the bubbles, the posterior 

portion of the lens capsule in incised. In many embodiments, the laser is used to perform the 

incising of the posterior portion of the lens capsule. And in many embodiments, the laser is used 

to perform a capsulotomy on the posterior portion of the lens capsule.  

30 [0012 ] In another aspect, a system is provided for performing laser-assisted surgery on an eye 

having a lens capsule, an anterior hyaloid surface, and a Berger's space between a posterior 

portion of the lens capsule and the anterior hyaloid surface. The system includes a laser source, 

an integrated optical system, and a controller. The laser source is configured to produce a 

treatment beam including a plurality of laser pulses. The integrated optical system includes an 

35 imaging assembly operatively coupled to a treatment laser delivery assembly such that they share 

at least one common optical element. The integrated optical system is configured to acquire 

4



image information pertinent to one or more targeted tissue structures and direct the treatment 

beam in a three-dimensional pattern to cause breakdown in at least one of the targeted tissue 

structures. The controller is operatively coupled with the laser source and the integrated optical 

system. The controller is configured to control the system to form a plurality of bubbles within 

5 the Berger's space in a manner to increase separation between the posterior portion of the lens 

capsule and the anterior hyaloid surface. In many embodiments, the controller is configured to 

control the system to incise the posterior portion of the lens capsule subsequent to the formation 

of the plurality of bubbles within the Berger's apace, And in, many embodiments, the controller 

is configured to control the system to perform a capsulotomy on the posterior portion of the lens 

10 capsule subsequent to the formation of the plurality of bubbles within the Berger's space.  

[00131 For a fuller understanding of the nature and advantages of the present disclosure, 

reference should be made to the ensuing, detailed description, and accompanying drawings.  

Other aspects, objects and advantages of the disclosure will be apparent from the drawings and 

detailed description that follows.  

15 BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] A better understanding of the features and advantages of the present disclosure will be 

obtained by reference to the following detailed description that sets forth illustrative 

embodiments, in which the principles of the disclosure are utilized, and the accompanying 

drawings of which: 

20 [0015] Figure 1 shows a schematic representation of an embodiment of a system capable of 

creating bubbles within the anterior hyaloid vitreous of Berger' s space, in accordance with many 

embodiments; 

[0016] Figure 2 shows a schematic representation of another embodiment of a system, which 

utilizing optical multiplexing to deliver treatment and imaging light, that is capable of creating 

25 bubbles within the anterior hyaloid vitreous of Berger's space, in accordance with many 

embodiments; 

[00171 Figure 3 shows a schematic representation of another embodiment of a system capable of 

creating bubbles within the anterior hyaloid vitreous of Berger's space utilizing an alternate 

imaging system configuration, in accordance with many embodiments; 

30 [00181 Figure 4 shows a schematic representation of another embodiment of a system capable of 

creating bubbles within the anterior hyaloid vitreous of Berger's space utilizing another alternate 

imaging system configuration, in accordance with many embodiments; 

35 
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[O0I 91 Figure 5 is a sehematic representation of the anterior chamber, lens, and anterior vitreous of 

the eve, in accordance with nuv embodiments: 

[0020j Figure 6 shows a schematic representation the use of a laser to creaw a bubble within the 

anterior hyaloid vitreous of Berger's space, in accordance with many embodiments: 

100241 Figure 7 shows a schematic representation of a layer of bubbles created within the anterior 

hyaloid vireous of Berger s space. in accordance with many embodinients, ands 

[00221 Figure 8 illustrates a method for using a laser to form a layer of bubbles within the Berger's 

space of an eye to increase separation between the posterior portion of the lens capsule and the 

anterior valoids surface and, aher forming the layer of bubblesincising the posterior portion of the 

lens capsule- in accordance with many embodiments.  

DETAILED DESCRIPTION 

10023] In the following description, various embodiments of the present disclosure vwill be 

described. For purposes of explanation, specific configurations and details are set forth in order to 

provide a thorough understanding of the embodiments. However, it will also be apparent to one 

skilled in the art that the present disclosure may be practiced without the specific details.  

Furthermore. well-known features may be omitted or simplified in order notto obscure the 

embodintent being described.  

[00241 Methods and systems for performing laser-assisted surgery on an eye use a laser form a layer 

of bubbles in the Berger'sa space of the eye. The layer of bubbles serves to increase separation 

between the posterior portion of the lens capsule of the eye and the anterior Ihyaloid surface of the 

eye, The increased separation between the posterior portion of the lens capsule and the anterior 

hyaloid surface can be used. to decrease risk of compromising the anterior hvaioid surface during a 

subsequent incision of the posterior portion of the lens capsule. For example, the layer of 'bubbles 

can be formed prior to performing a capsulotomy on the posterior portion of the lens capsule.  

{00251 The methods disclosed herein can be implemented by a system that projects or scans an 

Optical beam into a patient's eye 68, such as system 2 shown in Figure 1, System 2 includes an 

ultrafast (UP light source 4 (cg. a femtosecond laser). Using system 2 a beam can be scanned in 

the patient's eye 68 in three dimensions: X. Y. Z. Short-pulsed laser light can be focused into eye 

tissue to produce dielctric breakdown to cause photo disruption around the tocal point (the focal 

zone), thereby rupturing the tissue in the vicinity of the photo-induced plasma. In this embodiment, 

the wavelength of the laser light can vary between 800nm to I00nm and the pulse width of the laser 

6
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it can var from I Oft to 10000fs The pulse repetition frequency can also vary from 10 kiz to 

500 k~z. Safety limits with regard to unintended damage to non-targeted tissue bound the upper 

Iimn)it with regard to repetition rate and pulse energy.And there energenergytime to complete the 

procedure, and stability bound the lower limit for pulse energy and repetition rae. The peak power 

of the focused spot in the eye 68 and specifically within the crystalline lens 69 and anterior capsule 

of the eye is sufficient to produce optical breakdown and initiate a plasma-mediated ablaton 

process. Near-infrared wavelengths arc preferred because linear optical absorption and scattering in 

bioogcal tissue is reduced for near-infrared wavelengths As a non-limiting example, laser 4 can be 

arepetitively pulsed 1035 nm device that produces 500 fspulses a repetition rate of100 kHz and 

individual pulse energy in the I to 20 micro joue range, 

[0026] Alternately, a system of longer pulse duration and higher energy can be used to create larger 

bubbles for enhanced efhiiency, Using a supine patient, the resulting bubbles will floatupwards.  

This reduces the accuracy requirement of the targeting system, In genealany suitable lser having 

any suitable parameters can be used.  

10027} The laser 4 is controlled by control electronics 300. via an input and output device 302, to 

create optical beam 6. Control electronics 300 may comprise a processor such as a computer, 

microcontroller, ete. In this example, the controller 300 controls the. entire system and data is moved 

through inpu/otiput device 10 302, A graphical user interface GUL1304 can be used to set system 

operating parameters process user input (Ut) 306, and display gathered information such as images 

of ocular structures The GUI 304 and L1 306 may comprise components of a known computer 

system, for example one or more of a display, a touch screen display, key board, a pointer or a 

mouse, fo exanmle, The control electronics may comprise one or mnore processors ot a computer 

systems for example.  

[00281 The control electronics 300 can be configured in one or more of many ways, and may 

comprise a processor having a tangible medium having instructions of a computer program 

embodied thereon. In many embodiments, the tangible medium comprises a computer readable 

memory having instructions of a computer readable medium embodied thereon. Alternatively or in 

combination, the control electronic may comprise array ogic such. as a gate array, a programinmable 

gate array., for field programmable gate array to implement one or more instructions as described 

herein, The instructions of the tangible medium can be implemented by the processor of the control 

electronics,
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I10291 The generated UF light beam 6 proceeds towards the patient eve 68 passing through a half 

wave plate 8 and a linear polarizerM 10, The polarzaton state of the beam can be adIusted so that the 

desired amount of light passes through the half wave plate 8 and the linear polarizer 10, which 

together act as a variable attenuator for the U F beam 6, Additi onally the orientation of the linear 

polarzer 10 determines the incident polarization state incident upon a beam combined 34, thereby 

optimiing the beam combiner 34 throughput 

100301 The U F light beam 6 proceeds through a system-controled shutter 12, an aperture 14, and a 

pickoff device 16, The system-controiled shutter 12 ensures onioff control of the laser for 

procedural and safety reasons. The aperture 14 sets an outer useful diameter for the UFT light beam 6 

and the pickoff device 16 monitors the resulting beam. The pickoff device 6 includes a partially 

reflecting mirror 20 and a detector 8. Pulse energy, average power, or a combination can be 

measured using the detector 18, Output from the detector 18 can be used for feedback to the half

wave plate 8 for attenuation and to verify whether he system-controlled shutter 12 is open or closed.  

In addition, the system-controlled shutter 12 can have position sensors to provide a redundant state 

detection, 

00311 The beamn passes through a beam condionin stage 22, in which beam parameters such as 

beam diameter, divergence. circularity, and astigmatism can be modified. In this illustrative 

example the beam conditioning stage 22 includes a iwoeiement beam expanding telescope 

comprised of spherical optics 24, 26 in order to achieve the intended beam size and coimation.  

Although not iltistated here, an anamorphic or other optical system can be used to achieve the 

desired beam parameters. The factors used to determine these beam parameters include the output 

beam parameters of the laser, the overall magnificalion of the system, and the desired numerical 

aperture (NA) at the treatment locaton. In addition, the beam conditioning stage 22 can be used to 

img aperture 14 to a desired o eghlocation b a xis scanning device 50 

desCribed below) In this way the amount of light that makes it through the aperture 14 is assured to 

make it tirouh he scanning system, The pickoff device 16 is then a reliable measure of the usable 

Iigeht, 

[00321 After exiting the beam conditioninag stage 22, the beam 6 reflects off of fold minors 28, 30, 

32. These mirrors can be adjustable for alignment purposes. The beam 6 is then incidem upon the 

beam combiner 34. The beam combiner 34 reflects the LJF beam 6 (and transmits both the imaging 

in this exemplary case, an optical coherence tomography (OCT beam 1 4, and an aim 202 beam 

described below), For efficient beam combiner operation, the angle of incidence is preferably kept 

8
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below 45 degrees and the polarization of the beams is fixed where possible, For the UF beam 6, the 

orientation 0of the linear polarizer 10 provides fixed polarization. Ahhough OCT is used as the 

imaging noda liy in this nond-- imiting example, other approaches, such as Purkini e imagine" 

Scheimpflug imaging. confocal or nonlinear optical microscopy, fluorescence imaging, l trasound.  

structured Hight, stereo imaging, or other known ophthalmic or medical imaging modalities andor 

combinations thereof may be employed.  

100331 Following the beam combiner 34. the beam 6 continues onto a z-adjust or Z scan device 40, 

In this illustrative example the z-ad just 40 includes a Gaiilean telscope with two iens groups 42,44 

(each lens group includes one ore lenses), The lens group 42 moves along the z-axis about the 

collimation position offthe telescope. Il this way he fous position. of the spot in the patient's 

eye 68 moves along the z-axis as indicated. In general, there is a fixed linear relationship between 

the motion of lens 42 and the motion of the focus, in this case, the z-adjust telescope has an 

approximate2x beam expansion ratio and a I:I relationship of the movement of lens 42 to the 

movement of the focus, Alternatively, the lens group 44 could be moved along the za-xis to actuate 

the z-adjust, and scan. The z-adjust 40 is the z-scan device for treatment in the eve 68. It can be 

controlled automatically and dynamically by the system and selected to be independent or to 

interplay with the X-Y scan device described next, The mirrors 36. 18 can be used for aligning the 

optical axis with the axis of the z-adjust device 40.  

100341 After passing through the z-adjust device 40, the beam 6 is directed to the x-v scan device 50 

by mirrors 46, 48. '[he mirrors 46. 48 can be adjustable for alignment purposes. X-Y scanning is 

achieved by the scanning device 50 preferably using two mirors 52, 54 under the control of the 

contrl electronics 300, which rotate in orthogonal directions using motors. galvanometers, or an y 

otherwell known optic moving device. The mirrors 52.54 are located near the telecentric position 

of an objective lens 58 and a contact lens 66 combination described below. Tilting the mirrors 52 

54 changes the resulting direction of the beam 6. causing lateral displacements in the plane of U31 

fious located in the patient's eye 68, The objective lens 58 may be a complex multi-element lens 

element, as shown, and represented by lenses 60. 62, and 64. The complexity of the objective 

lens 58 will be dictated by the scan field size, the focused spot size, the available working distance 

on both the proximal and distal sides of objective lens 58, as well as the amount of aberration 

control- An f-theta objective lens 58 of focal length 60mm generaing a spot size of I G0m, over a 

field of 10mm., with an input beam size of 15mm diameter is an example. Alternatively, X-Y 

scanning by the scanning device 50 may be achieved by using one or more moveable optical 

94
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elenients (e. g lenses, gratings), which also may be controlled by the control electronics 300. via the 

input and output device 302 

10035 The scanning device 50 under the control of the control ectronics 300 can automaicay 

genierae the aimpg and treatment scanpatterns. Such piattems be comprised. of a singespotof 

11glgt Lultiple spots of figh a continuous pamtem of light multiple continuous patterns of light, 

and/or any combinaton of these. In addition, the aiming patter (using te ai beam 202 desCribed 

below) need not be Aentical to the treatment patten (using the light beam 6), but preferably at least 

defines its boundaries in order to assure that the treatment lick is delivered only within the desired 

target area for patient safety, This may be done, for example, by having the aiming pattern provide 

an outline of the intended treatment pattern. This way the spatial extent ot the treatment pattern may 

be made known to the user, if not the exact locations of the individual spots themselves, and the 

scanning thus optimized for speed. efficiency and accuracy, The aiming pattem may also be made to 

be perceived as blinking in order to further enhance its visibility to the user 

100361 An optional contact lens 66, which. can be any suitable ophthalmic lens. can be used to help 

further focus the light beam 6 into the patient's eye 68 while helping to stabilize eye position. The 

positioning and character of the light beam. 6 and/or the scan pattern the light beam 6 forms on the 

eye 68 may be further controlled by use of an input device such as a joystick, or any other 

a priate user inpmt device (e.gU 0111 304) to position the patient and/or the optical system.  

100371 The UF laser 4 and the control electronics 300 can be set to target the targeted structures in 

the eye 68 and ensure that the light beam 6 will be focused where appropriate and not 

unintentionally damage non-targeted tissue. Imaging modalities and techniques described herein.  

such as those mentioned above, or ultrasound may be used to determine the location and measure the 

thickness of the lens and lens capsule to provide greater precision to the laser focusing methods.  

including 2D and 3D patterning. Laser focusing mnay also be accomplished using one or more 

methods including direct observation of an aiming beam. or other known ophthalmic or medical 

making nmodalites such as those mentioned above, and/or combinations thereof i the 

embodiment of Figure 1, an OCT device 100 is described, although oilier modalities are within the 

scope of the present disclosure. An OCT scan of the eve will provide information about the axial 

location of the anterior and posterior lens capsule, the boundaries of the cataract nucleus, as well as 

the depth of the anterior chamber, This information is then loaded into the control electronics 300, 

and used to program and control the subsequent laser-assisted surgical procedure. The information 

may also be used to determine a wide variety of parameters related to the procedure such as, or 

10
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example, the upper and lower axial limits of the focal planes used ftr cutmnt the lens capsule and 

segmentahon of the lens cortex and nucleus, and the thickness of the lens capsule among others 

[0038 The OCT device 100 in Figure I includes a broadband or a swept light source 102 thati s split 

by a fiber coupler 104 into a reference arm 106 and a sample amn 110, The reference arm 106 

includes a module 108 containmg a reference reflection along with suitable dispersion and path 

length compensation. The sample arm I10 of the OCT device 100 has an output connector I12 that 

serves as an interface to the rest of the UF laser system. The return signals from botthe reference 

and sample arms 106 110 are then directed by coupler 104 to a detection device 128, which employs 

a time domain detection technique, a frequency detection technique, or a single point detection 

technique. In Figure 1, a frequency domain technique is used with an OCT wavelength of 830mm 

and bandwidth of I 00nm.  

100391 After exiting the connector I12; the OCT beam 14 is collimated using a lens 116. The size 

of the collimated OCT beam i 114 is determined by the toeal length of the lens 1 16. The size of the 

beam 114 is dictated by the desired NA at the focus n the eye and the magnification of the beam 

train leading to the eye 68 Generally the OCT beaI 14 does not require as high an NA as the UF 

light beam 6 in the focal plane and therefore the OCT beam 114 is snaler in diameter than the UF 

light beam 6 at the beam combiner 34 location. Following the collimating lens 116 is an 

aperture 118. which further modifies the resultant NA of ie OCT beam 114 at the eye, The 

diameter of the aperture 118 is chosen to optimize OCT light incident on the target tissue and the 

strength of the retum signal. A polarization control element 120; which may be active or dynamic, is 

used to compensate for polarization state changes The polarization state changes may be induced, 

for cxampei' by individual differences in. comeal birefringentce. Mirrors 122, 124 are then used to 

direct the OCT beam 114 towards beam combiners 126,.34. Mirrors 122, 124 can be adjustable for 

alignment purposes and in particular ioT overlaying of the OCT beam i 14 to the UPight beam 6 

subsequent to the beam combiner 34. Similarly the beam combined 126 is used to combine the OCT 

beam 114 with the aim beam 202 as described below.  

[00401 Once combined with the UF light beam 6 subsequent to beam combiner 4. the OCT 

beam 114 follows the same path as the UF light beam 6 through the rest of the system. In this way, 

the OCT beam 1.14 is indicative of the location of the UFI light beam 6. The OCT beam 114 passes 

through the z-scan 40 and x-y sean 50 devices then the objective lens 58, the contact lens 66, and on 

into the eve 68 Reflections and scatter off of structures wihin the eye provide return beams that 

retrace back through the optical system, into the connector 1 12, through the coupler 1 04, and to the
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OCT detector 128 These return back reflections provide OC T signalss that are M tur interpreted by 

the system as to the locationin X Y and Z of U F iight beam 6 focal location, 

[0041 The OCT device 100 works on the principle of measuring differeices in opucal path length 

between its reference and sarnple arms. Therefore, passing the OCT beam 114 through the z

adjus device 40 does not extend the z-range of the OCT system 100 because the optical path length 

does not change as a function of movement of the lens group 42. The OCT system 100 has art 

inherent i-range that is related to the detection scheme. an d in the case of frequency domain 

detection it is specifically related to the spectrometer and the location of the reference arm 106. In 

the case of OCT s system 100 used in Figure 1, the z-range is approximately I -2mm in an aqueous 

environment, Extending this range to at least 4mm invokes the adjustment of the path length of the 

reference arm within OCT system 100. Passing the OCT beam 14 in the sample a through the z

scan of z-adjust device 40 allows for optimization of the OCT signal strength. This is accomplished 

b focusing the OCT beam 114 onto the targeted structure while accommodating the extended 

optical path length by Commensurately increasing the path within the reference arm 106 of OCT 

system 1 00 

[00421 Because of the fundamental differences in the OCT measurement with respect to the ,F 

focus device due to influences such as immersion index. refraction. and aberration, both chromatic 

and monochromati e, care must be taken in analyzing the OCT signal with respect to the UF beam 

focal locationtion or registration procedure as a function of X Y, and Z should be 

conducted in. order to match the OCT signal information to the UTF focus location and also to the 

relative to absolhUte dimensional quantitlies, 

100431 Observation of an aim beam. may also be used to assist the user to directing the UF laser 

focus. Additionally, an aim beam visible to the unaided eye in lieu of the infrared CT heam and 

she Ulight beam can be helpful with alignment provided the aim beam accutately represents the 

infrared beam parameters An aim subsystem 200 is employed in the configuration shown in 

Figure ,i The aim beam 202 is generated by an aim beam light source 201, such as a helium-neon 

laser operating at a wavelength of 633nm. Alternatively a laser diode in the 630-650n range can 

be used, An advantage of using the helium neon 633n beam is its long coherence length which 

would enable the use of the aim path as a laser unequal path-length interferometer (LUPI) to 

measure the optical quality of the beam train. for example, 

100441 Once the aim beam light source 201 generates the aim beam 202, the aim beam 202 is 

collimated using a lens 204 Te size of the collimated beam is determined by the focal length of the
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lens 204, The size of the ann beam 202is dictated by the desired NA at the focus in the eye and the 

magnification of the bean train leading to the eye 68, Generally, the ain beam 202 should have 

close to the same NA as the Ulight beam 6 in the focal plane and therefore the aim beam 202 is of 

similar diameter to the UtF light beam 6 at the beam combiner 34, Because the aim beam 202 is 

meant to stand-in for the UF light beam 6 during system alignment to the target tissue of the eye, 

much of the aim path mimics the tiP path as described previously. The aim beam 202 proceeds 

through a half-wave plate 206 and a linear poharizer 208. The polarization state of the aim 

beam 202 can be adjusted so that the desired amount of light passes through the polarizer 208. The 

half-wave plate 206 and the linear polarizer 208 therefore act as a variable attenuator for the aim 

bean 202, Additionally, the orientation of polarizer 208 determines the incident polarization state 

incident upon the beam combines 126, 34, thereby fixing the polarization state and allowing for 

optimization of the throughput of the beam combiners 126 34, Of course, if a semiconductor laser 

is used as the aim beam light source 200, the drive current can be varied to adjust the optical power 

[00451 The aim beam 202 proceeds through a system -controlled shutter 210 and an aperture 212.  

The sy tem-contro led shutter 210 provides on/off control of the aim beam 202. The aperture 212 

sets an outer useful diameter for the aim beam 202 and can be adjusted appropriately. A calibration 

procedure measuring the output of the aim beam 202 at the eye can be used to set the attenuation of 

aim heam 202 via control of the polarizer 206, 

100461 The aim beam 202 next passes through a beam-conditioning device 214. Beamn parameters 

such as beam diameter. divergence, circularity, and astigmatism can be modified using one or more 

well known beaming conditioning optical elements In the case of the ain beam 202 emerging from 

an optical fiber, the beam-conditioning device 214 can simply include a beam-expanding telescope 

with to optical elements 216. 218 in order to achieve the intended beam size and collination, The 

final fictors used to determine the aim beam parameters such as degree of collision are dictated 

by matching the UF light beam 6 and the aim beam 202 at the location of the eye 68. Chromatic 

differences can be taken into account by appropriate adjustments of the hearms conditioning device 

214, In addition, the optical system 214 is used to image aperture 212 to a desired location such as a 

conjugate location of the aperture 14.  

100471 The aim beam 202 next reflects off of fold mirrors 220 222, whichae preferably adrcustabi 

for alignment registration to the UP light beam 6 subsequent to the beam combiner 34, The aim 

beam 202 is then incident upon the beam combiner 126 where the aim beam 202 is combined with 

the OCT bear 114. The beam combiner 126 reflects the aim beam 202 and transmits the OCT 

13
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beam 4which allows for efficient operation of the beam combining functions at bot wavelength 

ranges, Alternatively the transmit function and the reflect funeion of the beam combiner i26 can.  

be reversed and the configuration inverted. Subsequent to the beam combiner 126, the aim 

beam 202 along with the OCT beam 14 is combined with the UlF light beam 6 by the beam 

comibiner 34, 

100481 A device for imaging the target tissue on or within the eye 68 is shown schematically in 

Figure 1 as an imaging system 71, The imaging system 71 includes a camera 74 and an illumination 

light source 86 for creating an image of the target tissue. The imaging system 71 'gathers images that 

may be used by the control electronics 300 for providing pattern centering aboAt or within a 

predefined structure, 'he illumination light source 86 is generally broadband and incoherent, For 

example, the light source 86 can include multiple LEDs as shown, The xaveength of the 

ilumination lih t source 86 is preferably in the range of 700rnm to 750am. but can be anything that 

is accommodated by a beam combiner 56. which combines the viewing light with the beam path for 

the UF light beam 6 and the aim beam 202 (beam combiner 56 refkets the viewing wavelengths 

while transmitting the OCTI and UF wavelengths), The beam combiner 56 may panially transmit the 

aim wavelngth so that the aim beam 202 can be visible to the viewing cainera 74, An optional 

polarization element 84 in front of the light source 86 can be a linear polarizer, a quarter wave plate, 

a half-wave plate or any combination, and is used to optimize signaL A false color imaige as 

generated by the near infrared wavelength is acceptable.  

100491 The illumination light from the light source 86 is directed down towards the eye using the 

same objective lens 58 and the contact lens 66 as the [F liuht beam 6 and the aim beam 202- Thc 

light reflected and scattered off of various structures in the eye 68 are collected by the same 

tenses 58, 66 and directed back towards the beam combiner 56. At the beam combiner 56. the return 

ight. is directed back into the viewing path via bean combiner 56 and a nlirror 82, and on to the 

viewing camera 74. The viewing camera 74 can be. ftr example but not limited to, any silicon based 

detector array of the appropriately sized format. A video lens 76 forms an image onto the camera's 

detector army while optical elements 80, 78 provide polarization control and wavelength filtering 

respectively. An aperture or iris 81 provides control of imaging NA and therefore depth of focus and 

depth of field, A small aperture provides the advantage of large depth of field that aids in the patient 

docking procedure. Alternatively the illmiination and emera paths can be switched. Furthermore.  

the aim light source 200 can be made to emit infrared light that would not be directly visible, but 

codbe ca tured and, displayed using the imaging systemi 

14
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00501 Coarse adjust registration is usually needed so that when the contact lens 66 comes into 

contact with the cornea of the eve 68, the targeted structures are in the capture range of the X. Y scan 

ofl the system. TIherefore a docking procedure is preferred, which preferably takes in account patient 

motion as the system approaches the contact condition (1e. contact between the patient's eye 68 and 

the contact lens 66, The viewing system 71.i configured so that the depth of focus is large enough 

such that the patient s eye 68 and other salient features may be seen before the contact lens 66 makes 

contact with the eve 68 

[0051] Preferably. a motion control system y0 is integrated into the oveil Ksystem 2, and may move 

the paint, the system 2 or elements the reof. or both. to achieve accurate and reliable contact 

between the contact lens 66 and the eye 68. Furtherore, a vacuum suction subsvstem and flange 

may be incorporated into the system 2 and used to stabihlze the eve 68, Aign ment of the eye 68 to 

the system.2 Via the contact lens 66 ean be accomplished while monitoring the output of the imaging 

system 71 and pebrfned manually or automatically by analyzing the images produced by the 

imaging system 71 electronically by means of the control electronics 300 via the ) 302. Force 

and/or pressure sensor feedback can also be used to discern contact, as well as to initiate the vacuum 

subsystem, An alternate patient interface can also be used. such as that described in US. Pat.  

Application No 13/225,.373, which is incorporated herein by relbrence, 

10052] An alternative bean combining configuration is shown in the alternate embodiment of 

Figure 2. For example, the passive beam combiner 34 in Figure 1 can be replaced with an active 

combiner 140 as shown in Figure 2 The active beam conbiner 140 can be a moving or dynamically 

controlled element such as a galvanometric scanning mirror. as shown, The active combiner 140 

changes its angular orientation in order to direct either the UJF Ilight beam 6 or the combined aim. amd 

OCT beams 202,114 towards the scanner 50 and eventually towtards the eve 68 one at a time. The 

advantage of the active combining technique is that it avoids the difficulty of combining beams with 

similar wavelength ranges or polarization states using a passive beam combined. This ability is 

traded off against the ability to have simultaneous beams in time and potentially less accuracy and 

precision. due to positional tolerances of active beam combiner 140, 

[00531 Another alternate embodiment is shown in Figure 3 and is similar to that of Figure 1 but 

utilizes an alternate approach to the OCT 100. in. Figure 3. an OC 101 is the same as the OCT 100 

in Figure 1, except that the reference arm 106 has been replaced by a reference arm 132 This .free

space OCT reference arm i 32 is realized by including a beam splitter 130 after the lens 116, The 

reference beam 13.2 then proceeds through a polarization conrolling element 1 34 and then onto a
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reference retum module 136. The reference return module 136 contains the appropriate dispersion 

and path Icength adjusting and compensating elemoent.s and generates an appropriate reference signal 

for interference with the sample signal. The sample arn of OCT 101 now originates subsequent to 

the beam splitter 130, Potential advantages of this free space configuration include separate 

polarization control and maintenance of ti reerence and sample amis. The fiber based beam 

sitter 104 of the OCT 101 can also be replaced by a fi ber based circulator. Alternately both the 

OCT detector 128 and the beam splitter 1 30 migh be moved together as opposed to the reference 

return module 136, 

100541 Figure 4 shows another alternative embodiment for combining the OCT beam 114 arid the 

UF light beam 6. n Figure 4, an OCT 156 (which can include either of the condgurations of OCT 

100 or 101) is configured such that an OCT beam 154 output by the OCT 156 is coupled to the UF 

light beam 6 afer the zmscan device 40 using a beam combiner 152, in this way the OCT beam 154 

avoids using the z-scan device 40. This allows the CT 156 to possibly be folded into the beam 

more easily and shortening the path length for more stable operation, This OCT configuration is at 

the expense of an optimized signal retu strength as discussed with respect to Figure I. There are 

many possibilities for the configuration of the OCT interferometer, incIuding time and frequency 

domain approaches single and dual beam methods, sept source, ete as described in U.S. Pat. Nos.  

;74&898: 574835T2: 5.459,570; 6.111 645: and 6,053,613, for example.  

100551 The system 2 can be set to locate the surface of the capsule and ensure that the light beam 6 

will be focused on the lens capsule at all points of the desired opening, Imaging modalities and 

techniques described herein, such as for example, Optical Coherence Tomography (OCT), such as 

Purkinje imaging, Scheimpflug imaging. confocal or nonlinear optical microscopy, fluorescence 

inagmng, ultrasound, structured light, stereo imaging, or other known ophthalmic. or medical imaging 

modalities and/or conbinations thereof may be used to determine the shape. geometry. perimeter 

boundaries, and/or 3-dnensional location of the lens and lens capsule to provide greater precision to 

the laser focusing methods, including 2D and 3D paiteming, Laser focusing may also be 

accomplished using one or more methods including direct observation of an aiming beam, or other 

known ophthalmic or medical imaging modalities and combinations thereof, such as but not limited 

to those defined above.  

100561 Optical imaging of the anterior chamber and lens can be performed on the lens using the 

same laser and/or the same scanner used to produce the patterns for cutting. This scan will provide 

information about the axial location and shape (and even thickness) of the anterior and posterior lens 

16
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capsule. the boundaries of the cataract nucleus, as well as the depth of the anterior chamber This 

information may then be loaded into the laser 3-) scanning system or used to generate a three 

dimensional modei/representation/image of the anterior chamber and lens of the eye, and used to 

define the patterns used in the surgical procedure.  

(0571 The above-described systems can be used to create bubbles within the anterior hvaloid 

vitreous of Berger's space. By creating a layer of bubbles, Berger's space can be expanded, thereby 

separating the posterior capsule from the anterior hyaloid surface so that a posterior capsulotomy can 

be performed on the posterior portion of the lens capsule with reduced risk of compromising the 

anterior hyaloid surface.  

10058] Figure 5 shows a schematic representation of the anterior chamber, lens, and antenor vitreous 

of the eye The eve includes a lens 412, a lens capsule 402, an anterior comea surface 418, 

stroma 416. a posterior comeal surface 420, an optical axis 422, an iris 414, and a hyaloid 

membrane 425. The space between the posterior lens capsular surface and the hyaloid membrane is 

the capsulo-hyaloidal interspace, also known as Berger's space, This region is filled with an 

aqueous liquid that is less viscous than the denser, more gelatinous viireous humor. In accordance 

with many embodiments, bubbles can be: produced within the anterior hyaloid vitreous of Berger's 

space usingsas non-limiting examples. the pulsed laser systems described above.  

[00591 Figure 6 is a schematic representation of using a laser to form a bubble within the anterior 

nyaoid vitreous of Berger's space. In this example, the laser beam 6 is focused to a point to cause 

dielectric breakdown and fm plasma 432, [he plasma 432 results in a cavitation bubble 434, 

which can persist1 for as long as hours, especially if unperturbed The cavitation bubble 434 causes 

the hyaloid membrane 425 to be displaced to forn the shape as illustrated by a displaced hyaloid 

membrane 425' As can be seen in this example. the formation ofa bubble in a single location can 

displace the hyaloid membrane such that it is further away from the posterior portion. of the lens 

capsule 402 in the vicinity of the solitary bubble location, but actually closer to the posterior capsule 

outside of that vicinity, Once established, a bubble will not provide for efficient further expansion 

via cavitation due to the lack of available mass within the gas of the bubble as opposed to that of the 

liquid used to create it. The beam 6. however, can be relocated using scanning systems 40 & 50 to 

produce bubbles elsewhere and create a broader and/or deeper bubble layer to further increase the 

volume of Berger's space 
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100601 Figure 7 shows an example of the results of such a scanning operation. Here, the beam 6 not 

longer shown) has been translated using scaimers 40 & 50 also not shown in this rendergi) to 

generate a layer of bubbles 434 that further expand Berger's space.  

100611 In mny embodiments, the patient can be treated in a supine position so that the gas 

generated subsequent to the laser creation of plasma and resultant cavitation rises to the posterior 

capsule The rising bubbles serve to further separate the posterior capsule from the anterior hvaloid 

surface 

100621 Figure 8 illustrates a method 500 for perlbrming laser-assisted surgery on an eye iln 

accordance with many embodiments. Any suitable system can be used to practice the method 500, 

including any suitable system described herein and known to a person of ordinary skill in the art.  

100631 In act 502. a laser is used to form a plurality of bubbles within the Berger's space of an eye to 

increase separation between the posterior potion of the lens capsule and the anterior hyaloid surface.  

In act 504, after farming the plurality of bubbles, the posterior portion of the lens capsule is incised 

in many embodiments, the laser is used to perform the incising of the posterior portion of the lens 

capsule. And in many embodiments. the laser is used to perform a capsulotomy on the posterior 

portion of the lens capsule, 

100641 Any suitable laser can be used to forn the bubbles within the Berger's space and/or to incise 

he posterior portion of the lens capsule. An example of such a suitable system is described US Pat.  

App, Ser No, 1 1J/328970 in the name of 1lumenkranz et al- entitled "METHOD AND 

APPARA.S F1 OR PATTERNED PLASMA-MEDIATED LASR TREPHENATION OF [THE 

LENS AND CAPSULE IN TREE DIMENSIONAL PIIACO-SEGIMENTATION". Pub. No, 

2006/0195076, the entire disclosure of which is incorporated herein by reference. In many 

embodiments. the laser is configured to emit a pulsed laser beam into a focal point substantially 

aligned with the Berger s space. For example, the pulses of the pulsed laser beam can each have a 

pulse duration between about 10 femtoseconds and about 30 nanoseconds. The pulsed laser beam 

can have a pulse repetition. rate between about 10 Rz and about 1 MHz, The energy of each laser 

pulse of the pulsed laser beam can be between about I micro Joule and about 20 micro joules. The 

pulsed laser beam can have a wavelength between about 500 nanometers and about 1, 100 

nanometers. When using the laser to form the bubbles the laser can be irradiated into a focal point 

substantially aligned with the Berger's space by using an operating numerical aperture of between 

about 0.005 and about 0.5. a. focal spot size diameter between about 1 micron and about 20 microns, 
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amd/or with a luence between about 2 joules prsquare centimeter and about 200 joules per square 

centimeter, 

100651 Although the above steps show method 500 of treating a patient in accordance vith 

embodiments, a person of ordinary skill in the ari will recognize ny variations based on the 

teaching described herein, The steps may be completed in a differt order Steps may be added or 

deleted. Some of the steps may comprise sub-steps. Many of the steps may be repeated as often as 

if beneficial to the treatment.  

[0066] One or more of the steps of the method 500 may be performed with the circuitry as described 

herein. for example one or more of the processor or logic circuitry such as the programmable array 

logic for field programmable gate array. The circuitry may he programmed to provide one or more 

of the steps of method 500, and the program may comprise program instructions stored on a 

computer readable memory or programmed steps of the logic circuitry such as the programmable 

array logie or the field prograirnabl e gate array, for example 

[0067] Recitation of ranges of values herein are merely intended to serve as a shorthand method of 

referring individually to each separate value falling within the range, unless otherwise indicated 

herein, and each separate value is incorporated into the specification as if it were individually recited 

herein.  

100681 All references, Including publications, patent applications, and patents cited herein are 

hereby incorporated herein by reference in their entirety to the same extent as if each reference were 

individually and specifically indicated to be incorporated by reference and were set forth in its 

entirety herein, 

10069] While preferred embodiments of the present disclosure have been shown and described 

herein, it will be obvious to those skilled in the art that such embodiments are provided by way of 

example only. Numerous variations, changes, and substitutions will be apparent to those skilled in 

the art without departing from the scope of the present disclosure. It should be understood that 

various alternatives to the emboditnents of the present disclosure described herein. nay be employed 

without departing frorn the scope of the present invention. Therefore, the scope of the present 

invention shall be defined solely by the scope of the appended claims and the equivalents thereof, 
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CLAIMS 

WHAT IS CLAIMED IS; 

5 1. A method for performing laser-assisted surgery on an eye having a lens capsule, an 

anterior hyaloid surface, and a Berger's space between a posterior portion of the lens capsule and 

the anterior hyaloid surface, the method comprising: 

increasing the separation between the posterior portion of the lens capsule and the anterior 

hyaloid surface by using a laser to form a plurality of bubbles within the Berger's space; and 

10 after forming the plurality of bubbles, incising the posterior portion of the lens capsule.  

2. The method of claim 1, wherein the laser is used to perform the incising of the posterior 

portion of the lens capsule.  

15 3. The method of claim 2, wherein the laser is used to perform a capsulotomy on the 

posterior portion of the lens capsule.  

4. The method of any one of the preceding claims, wherein the laser is configured to emit a 

pulsed laser beam into a focal point substantially aligned with the Berger's space.  

20 

5. The method of claim 4, wherein the pulses of the pulsed laser beam each have a pulse 

duration between about 10 femtoseconds and about 30 nanoseconds.  

6. The method, of claim 4 or 5, wherein the pulsed laser beam has a pulse repetition rate 

25 between about 10 Hz and about 1 MHz.  

7. The method of any one of claims 4 to 6, wherein the energy of each laser pulse of the 

pulsed laser beam is between about 1 micro joule and about 20 micro joules.  

30 8. The method of any one of claims 4 to 7, wherein the pulsed laser beam has a wavelength 

between about 500 nanometers and about 1,100 nanometers.  

20



9. The method of any one of the preceding claims, wherein the using a laser to form a 

plurality of bubbles comprises irradiating with the laser into a focal point substantially aligned 

with the Berger's space by using an operating numerical aperture of between about 0.005 and 

5 about 0.5.  

10. The method of any one of the preceding claims, wherein the using a laser to form a 

plurality of bubbles comprises irradiating with the laser into a focal point substantially aligned 

with the Berger's space by using a focal spot size diameter between about 1 micron and about 20 

10 microns.  

11. The method of claim 1, wherein the using a laser to form a plurality of bubbles 

comprises irradiating with the laser into a focal point substantially aligned with the Berger's 

space with a fluence between about 2 joules per square centimeter and about 200 joules per 

15 square centimeter.  

12. A system, for performing laser-assisted surgery on an eye having a lens capsule, an 

anterior hyaloid surface, and a Berger's space between a posterior portion of the lens capsule and 

the anterior hyaloid surface, the system comprising: 

20 a laser source configured to produce a treatment beam comprising a plurality of laser 

pulses; 

an integrated optical system comprising an imaging assembly operatively coupled to a 

treatment laser delivery assembly such that they share at least one common optical element, the 

integrated optical system being configured to acquire image information pertinent to one or more 

25 targeted tissue structures and direct the treatment beam in a three-dimensional pattern to cause 

breakdown in at least one of the targeted tissue structures; and 

a controller operatively coupled with the laser source and the integrated optical system, the 

controller being configured to control the system to form a plurality of bubbles within the 

Berger's space in a manner to increase separation between the posterior portion of the lens 

30 capsule and the anterior hyaloid surface.  

13. The system of claim 12 wherein the controller includes a processor and a computer 

usable non-transitory medium having a computer readable program code embedded therein, the 

computer readable program code configured to cause the controller to control the laser source 
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and the integrated optical system cooperatively to form the three-dimensional pattern within the 

Berger's space.  

14. The system of claim 12 or 13 wherein controller is configured to direct the treatment 

5 beam laterally within the Berger's space in directions transverse to an optical axis of the eye 

without extending across the anterior hyaloid surface.  

15. The system of any one of claims 12-14 wherein the controller is configured to identify 

the posterior surface of the lens capsule and the anterior hyaloid surface.  

10 

16. The system of any one of claims 12 to 15, wherein the controller is configured to 

control the system to incise the posterior portion of the lens capsule subsequent to the formation 

of the plurality of bubbles within the Berger's space, 

15 17. The system of claim 16, wherein the controller is configured to control the system to 

perform a capsulotomy on the posterior portion of the lens capsule.  

18. The system of any one of claims 12-17, wherein system is configured to emit a pulsed 

laser beam into a local point substantially aligned with the Berger's space.  

20 

19. The system of claim 15, wherein the system is configured such that the pulses of the 

pulsed laser beam each have a pulse duration between about 10 femtoseconds and about 30 

nanoseconds.  

25 20. The system of claim 18 or 19, wherein the system is configured such that the pulsed 

laser beam has a pulse repetition rate between about 10 Hz and about 1 MHz.  

21. The system of any one of claims 18-20 wherein the system is configured such that the 

pulsed laser beam has a pulse repetition rate between about 10Hz and 5 00Hz.  

30 
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22. The system of any one of claims 18-21, wherein the system is configured such that the 

energy of each laser pulse of the pulsed laser beam is between about 1 micro joule and about 20 

micro joules.  

5 23. The system of any one of caims 18-22, wherein the system is configured such that the 

pulsed laser bean has a wavelength between about 500 nanometers and about 1,100 nanometers.  

24. The system of any one of claims 18 to 23 wherein the system is configured such that 

the pulsed laser beam has a wavelength between about 800 nanometers and 1200 nanometers.  

10 

25. The system of any one of claims 12 to 24, wherein the system is configured to irradiate 

into a focal point substantially aligned with the Berger's space by using an operating numerical 

aperture of between about 0.005 and about 0.5.  

15 26. The system of any one of claims 12 to 25, wherein the system is configured to irradiate 

into a focal point substantially aligned with the Berger's space by using a focal spot size 

diameter between about 1 micron and about 20 microns.  
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