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(57) ABSTRACT

A refractive laser surgery process 1s disclosed for using
compact, low-cost ophthalmic laser systems which have
computer-controlled scanning with a non-contact delivery
device for both photo-ablation and photo-coagulation 1in
corneal reshaping. The basic laser systems may include
flash-lamp and diode pumped UV solid state lasers
(193-215 nm), compact excimer laser (193 nm), free-
running Er:glass (1.54 microns), Ho:YAG (2.1 microns),
Q-switched Er:YAG (2.94 microns), and tunable IR lasers,
(750-1100) nm and (2.5-3.2) microns. The advantages of
the non-contact, scanning device used 1n the process over
other prior art lasers include being sater, reduced cost, more
compact and more precise and with greater flexibility. The
theory of beam overlap and of ablation rate and coagulation
patterns 1s also disclosed for system parameters. Lasers are
selected with energy of (0.01-10) mlJ, repetition rate of
(1-10,000), pulse duration of 0.01 nanoseconds to a few
hundreds of microseconds, and with spot size of (0.05-2)
mm for use with refractive laser surgery.

91 Claims, 5 Drawing Sheets

(38,46) —

(38,46)




US RE37,504 E

Page 2
U.S. PATENT DOCUMENTS 5,188,631 A 2/1993 L’Esperance, Ir.
5,196,006 A 3/1993 Klopotek et al.

3,697,889 A 10/1972 Dewey, Ir. 5,207,668 A 5/1993 L’Esperance, Jr.
3,743,965 A 7/1973  Offner 5,217,452 A 6/1993 O’Donnell
3,848,104 A 11/1974 Locke 5,219,343 A 6/1993 L’Esperance, Jr.
3,938,058 A 2/1976  Yamamoto 5,219,344 A 6/1993 Yoder, Jr.
3,082,541 A 9/1976 1.’ Esperance, Jr. 5,222,960 A 6/1993 Poley
3,983,507 A 9/1976 Tang et al. 5,226,903 A 7/1993 Mizuno
4,169,663 A 10/1979 Murr 5,250,062 A 10/1993 Hanna
4,180,751 A 12/1979 Ammann 5,257,988 A 11/1993 L’Esperance, Ir.
4,349,907 A 9/1982 Campillo et al. 5263950 A 11/1993 L’Esperance, Ir.
4,386,428 A 5/1983 Baer 5284477 A * 2/1994 Hanna et al. .................. 606/5
4,423,728 A 1/1984 Lieberman 5,288,292 A 2/1994 Giraud et al.
4,461,294 A 7/1964  Baron 5,290,301 A 3/1994 Lieberman
4,477,159 A 10/1984 Mizuno et al. 5312,320 A 5/1994 L’Esperance, Jr.
4,520,816 A 6/1985 Schachar et al. 5324281 A 6/1994 Muller
4,526,171 A 7/1985  Schachar 5334190 A * 8/1994 Seiler ...ccooeevvverveninnne., 606/5
4,538,608 A * 9/1985 L’Esperance, Ir. ............. 606/5 5336217 A 8/1994 Buys et al.
4,546,773 A 10/1985 Kremer et al. 5345534 A 9/1994 Najm et al.
4,573,467 A 3/1986 Rich et al. 5,349,590 A 9/1994 Amirkhanian et al.
4,580,559 A 4/1986 L’ Esperance, Ir. 5,350,374 A 0/1994 Smith
4,598,714 A 7/1986 Kremer et al. 5,353,262 A 10/1994 Yakymyshyn et al.
4,619,259 A 10/1986 Graybill et al. 5360424 A 11/1994 Klopotek
4,633,866 A 1/1987 Peyman et al. 5,363,388 A 11/1994 Shi et al.
4,653,495 A 3/1987 Nanaumi 5364388 A 11/1994 Koziol
4,662,370 A 5/1987 Hoffman et al. 5,370,641 A 12/1994 O’Donnell, Jr.
4,665,913 A 5/1987 L’Esperance, Jr. 5395356 A 3/1995 King et al.
4,669,466 A 6/1987 L’Esperance, Jr. 5395362 A 3/1995 Sacharoff et al.
4,688,570 A 8/1987 Kramer et al. 5,405,355 A 4/1995 Peyman et al.
4,718,418 A 1/1988 L’Esperance, Jr. 5,411,501 A 5/1995 Klopotek
4,720,189 A 1/1988 Heyman et al. 5423801 A 6/1995 Marshall et al.
4,721,379 A 1/1988 L’Esperance, Ir. 5425727 A 6/1995 Koziol
4,729,372 A 3/1968 L’Esperance, r. 5425729 A 6/1995 Ishida et al.
4,729,373 A 3/1988 Peyman 5,437,658 A 8/1995 Muller et al.
4,732,148 A 3/1988 1. Esperance, Ir. 5441511 A 8/1995 Hanna
4,764,930 A 8/1988 Bille et al. 5442487 A 8/1995 Mizuno
4,770,172 A 9/1988 L Esperance 5,445,633 A 8/1995 Nakamura et al.
4,773,414 A 9/1968 L Esperance, r. 5461212 A 10/1995 Seiler et al.
4,784,135 A 11/1988 Blum et al. 5470329 A 11/1995 Sumiya
4,798,204 A 1/1989 L’Esperance, Ir. 5474548 A 12/1995 Knopp et al.
4,807,623 A 2/1989  Lieberman 5480396 A * 1/1996 Simon et al. ....cocou......... 606/4
4,838,266 A 6/1989 Koziol et al. 5,505,723 A 4/1996 Muller
4,838,679 A * 6/1989 Bille ....coeeviniviinnnn.n, 3517205 5,507,741 A 4/1996 L’Esperance, Jr.
4,840,175 A 6/1989 Peyman 5,507,799 A *  4/1996 SUMIVa ....ccoevvvvreeeennnnnn, 606/5
4,848,340 A 7/1989 Bille et al. 5,520,679 A 5/1996 Lin
4,856,513 A 8/1989 Muller 5,549,597 A 8/1996 Shimmick et al.
4,862,886 A 9/1989 Clarke et al. 5,556,395 A 9/1996 Shimmick et al.
4,896,015 A 1/1990 Taboada et al. 5,582.752 A 12/1996 Zair
4,901,718 A * 2/1990 Billeetal. .....c.coevvvnnen.n. 606/4 5,599.340 A 2/1997 Simon et al.
4,903,695 A 2/1990 Warner et al. 5,613,965 A 3/1997 Muller
4,907,586 A 3/1990 Bille et al. 5,624,436 A 4/1997 Nakamura et al.
4,911,711 A 3/1990 Telfair et al. 5,634,920 A 6/1997 Hohla
4,925,523 A 5/1990 Braren et al. 5.637,109 A 6/1997 Sumiya
4,941,093 A * 7/1990 Marshall et al. ............... 606/5 5,646,791 A 7/1997 Glockler
4,968,130 A 11/1990 Hideshima et al. 5,651,784 A 7/1997 Klopotek
4,975,918 A 12/1990 Morton 5,683,379 A 11/1997 Hohla
4,993,826 A 2/1991 Yoder 5,684,562 A 11/1997 Fujieda
4,994,058 A 2/1991 Raven et al. 5,711,792 A 1/1998 Trokel
5,019,074 A 5/1991 Muller 5,713,892 A 2/1998 Shimmick
5,052,004 A 9/1991 Gratze et al. 5,735.843 A 4/1998 Trokel
5,063,942 A 11/1991 Kilmer et al. 5,782,822 A 7/1998 Telfair et al.
5,065,046 A 11/1991 Guyer 5,849.006 A 12/1998 Frey et al.
5,074,859 A 12/1991 Koziol 5.865.830 A 2/1999 Parel et al.
5,102,409 A 4/1992 Balgorod
5,108,388 A 4/1992 Trokel OTHER PUBLICAITONS
5,108,412 A 4/1992 Krumeich et al. J.T. Lin, Temperature—tuned noncritically phase-matched
5,133,726 A 7/1992 Ruiz et al. D : .
5144630 A *  9/1992 LA woveverevoveeerererseenn. 372720 Hequency conversion in LIB30OS crystal, Optics Communi-
5152759 A * 10/1992 Parel et al. ..ovrrvveen... 606/5  cations, Dec. 1990, pp. 159-165. |
5163934 A 11/1992 Munnerlyn Y. Tanaka, H. Kuroda, & S. Shionoya, Generation of Tun-
5,163,936 A 11/1992 Black et al. able Picsecond Pulses 1n the Ultraviolet Region Down to
5,182,759 A 1/1993 Anthon et al. 197nm, May 1982, pp. 434-436.




US RE37,504 E
Page 3

LaserSight Press Release of Nov. 16, 1992,

“Summit Refutes LaserSight’s Assertions”, Press Release by
Summit Technology, Waltham, Massachusetts, Nov. 17,
1992,

LaserSight Press Release of Nov. 18, 1992,

“LaserSight Denies Device Patent Infringement—Debuts
Auto—PRK at ASCRS Convention”, Press Release by Laser-
Sight Technologies, Inc, Mar. 31, 1995.

Barraquer, “Lamellar Keratoplasty (special techniques)”
Annals of Ophthalmology, Jun. 1972, pp. 437-469.
Burnett, “Company Denies Delay 1in Approval for Laser”,
Orlando Sentinel, Feb. 1993, pp. 12-13.

Burnett, “Medical Technology”, Orlando Sentinel, Feb./
1993, pp. 1-5.

Gailitis et al., “Solid State Ultraviolet Laser (213 nm)
Ablation of the Cornea and Synethetic Collagen Lenticules”,
Lasers 1n Surgery and Medicine, Dec. 1991, pp. 556-562.
Gartry et al., “Excimer Laser Photorefractive Keratectomy”,
Ophalmology, Aug. 1992, pp. 1210-1219.

Gilbert, “Corneal Topography: In Search of the Excimer
Islands”, Eye Care Technology, Oct. 1993, pp. 23-28.
L’Esperance, “New Laser Systems, Their Potential Clinical
Usefulness, and Investigative Laser Procedures”, Oph-
thalmic Lasers, 1989, pp. 995-1045.

Lin et al, “Corneal Topography Following Excimer Photo-
refractive Kerectomy for Myopia”, Journal of Cataract
Refractive Surgery, 1993, pp. 149-154.

Lin et al, “A Multiwavelength Solid State Laser for Oph-
thalmic Applications”, Opthalmic Technologies, Jun. 1992,
pp. 266-275.

Marguerite B. McDonald et al, “Central Photorefractive
Keratectomy for Myopia”, Ophthalmology, Sep. 1991, pp.
1327-1337.

Marshall et al, “Long—term Healing of the Central Cornea
after Photorefractive Keratectomy Using an Excimer Laser”,
Oct. 1998, pp. 1411-1421.

Marshall et al, “Photoablative Reprofiling of the Cornea
Usmng an Excimer Laser: Photorefractive Keratectomy”,
Lasers in Ophthalmology, Jan. 1986, pp. 21-48.
McDonald et al., “Central Photorefractive Keratectomy for
Myopia”, Arch Ophtalmology, Jun. 1990, pp. 799—80S.
Palikaris et al, “Excimer Laser 1in Situ Keratomileusis and
Photorefractive Keratectomy for Correction of High Myo-
p1a”’, Journal of Refractive and Corneal Surgery, Sep. 1994,
pp. 498-510.

Ren et al, “Corneal Refractive Surgery Using an Ultra—Vio-
let (213mn) Solid State Laser” Ophthalmic Technologies,
Jun. 1991, pp. 129-139.

Rozakis, “Refractive Lamellar Keratoplasty” History of
Keratomileusis, 1994, Chapt. 1-13.

Seiler et al, “Excimer Laser (193nm) Myopic Keratomileu-
sis 1n Sighted and Blind Human Eyes” Refractive and

Corneal Laser Surgery, Jun. 1990, pp. 165-173.

Serdarevic, “Corneal Laser Surgery”, Ophthalmic Lasers,
1989, pp. 919-970.

Steinert et al, “Laser Corneal Surgery”, Laser Rescarch
Laboratory, 1998, pp. 151-154.

Thompson et al, “Philosophy and Technique for Excimer

Laser Phototheraputic Keratectomy”, Refractive and Cor-
neal Surgery, Apr. 1993, pp. 81-85.

Trokel et al “Excimer Laser Surgery of the Cornea”, Ameri-
can Journal of Ophthalmology, Dec. 1983, pp. 710-715.

Trockel et al, “Evolution of Excimer Laser Corneal Sur-
ogery”, Jul. 1989, pp. 373-381.

Van Mieclaert et al, “On the Safety of 193—Nanometer
Excimer Laser Refractive Corneal Surgery” Refractive and

Corneal Surgery, Jun. 1992, pp. 235-239.

Wilson et al, “Changes 1n Corneal Topography after Excimer

Laser Photorefractive Keratectomy for Myopia”, Ophthal-
mology, Sep. 1991, pp. 1338-1347.

Qiushi Ren, Raymond P. Galitis, Keith P. Thompson, & J.T.
Lin, “Ablation of the Cornea and Synthetic Polymers Using
a UV (213 nm) Solid State Laser”, IEEE Journal of Quatum
Electronics, Dec. 1990, pp. 2284-228S.

Conference on Lasers and Electro—Optics, Optical Society
of America, May 1990, pp. 28-30.

G.P.A. Malcom, M.A. Persaud, & A.l. Ferguson, “Resonant
Frequency Quadrupling of a Mode—Locked Diode—Pumped
Nd: YLF Laser”, Optics Letters, Jul. 1991, pp. 983-985.

J.'T. Lin, J.L. Montgomery, “Temperature—Tuned Noncriti-
cally Phase—Matched Frequency Conversion i LiB;O
Crystal”, Optics Communications, Dec. 1990, pp. 159-165.

A.A. Babin, F.I. Fel’dshtein, & 1.V. Yakovlev, “Generation
of the Fifth Harmonic of Yttrium Orthoaluminate: Nd>+

Laser Radiation in KDP at Room Temperatures”, Soviet
Technical Physics Letters Jun. 1990, pp. 417-418.

V.D. Volosov & E.V. Nilov, “Effect of the Spatial Structure
of a Laser Beam on the Generation of the Second Harmonic
in ADP and KDP Crystal”, UDC, Nov. 1965, pp. 715-719.

A.G. Arutyunyan, G.G. Gurzadyan, & R.K. Ispiryan, “Gen-
eration of the Fifth Harmonic of Picosecond Yttrium Alu-

minate Laser Radiation”, Soviet Journal Quantum Electron,
Dec. 1989, pp. 1602-1603.

Shinichi Imai, Toshitaka Yamada, Yasutomo Fujimori &
Ken Ishikawa, Third—Harmonic Generation of an Alexan-

drite Laser in p—BaB,O,, Applied Physics Letters, May
1989, pp. 1206—-1208.

Conference on Lasers and Electro—Optics, Optical Society
of America, Apr. 1989, p. 390.

* cited by examiner



U.S. Patent Jan. 8, 2002 Sheet 1 of 5 US RE37,504 E

| ﬂE—a

2| _ 5|
X . (11,18) o

16 ,
| 23 . i:l : it
(2a C >

FIG. 54
g =
10
€3 2g 28 30 31 32

. 26




U.S. Patent Jan. 8, 2002 Sheet 2 of 5 US RE37,504 E




U.S. Patent Jan. 8, 2002 Sheet 3 of 5 US RE37,504 E

03

F6_ 8A

254
95

_H6_ 8B

FIG. 8D



U.S. Patent Jan. 8, 2002 Sheet 4 of 5 US RE37,504 E

d
200
dy
. FIG.  9A
o —_—
A
0
oy 20
Z
o
RN
= _20F 2\ /
8 >/,
~40 A \'f“" Ui"‘*-.ﬁ'u; -..."'\ ’ ,._q\ufﬁ‘_ VN A o
-0 2.5 5.0 7.5 mMm
FIG. 95
FIG.  10A
40
oy 20
S
o O
% x\ R //'
—-20 N Nt e N e T i e e -—--.._.-----/

______E_/E @ -40

A
O 2.5 - 5.0 7.5 mm




U.S. Patent Jan. 8, 2002 Sheet 5 of 5 US RE37,504 E

VS,

Lﬂ____/

L6 {14
AIM
0
-4
-8
~12
~16

FIG. 1B G 25600 5000 7500 um



US RE37,504 E

1

OPHTHALMIC SURGERY METHOD USING
NON-CONTACT SCANNING LASER

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This application 1s a continuation-in-part application of

Ser. No. 07/985,617, filed Dec. 3, 1992 now abandoned.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present 1nvention relates to laser ophthalmic surgery
using a compact, low-cost, low-power laser system with a
computer-controlled, non-contact process and corneal
topography to perform corneal reshaping using either sur-
face ablation or thermal coagulation.

2. Prior Art

Various lasers have been used for ophthalmic applications
including the treatments of glaucoma, cataract and refractive
surgery. For non-refractive treatments (glaucoma and
cataract), suitable laser wavelengths are in the ranges of

visible to near infrared. They include: Nd: YAG (1064 nm),
doubled-YAG (532 nm), argon (488, 514 nm), krypton (568,
647 nm), semiconductor lasers (630—690 nm and 780-860
nm) and tunable dye lasers (577—-630 nm). For refractive
surgeries (or corneal reshaping), ultraviolet (UV) lasers
(excimer at 193 nm and fifth-harmonic of Nd:YAG at 213
nm) have been used for large area surface corneal ablation
in a process called photorefractive keratectomy (PRK).
Corneal reshaping may also be performed by laser thermal
coagulation currently conducted with Ho:YAG lasers using
a fiber-coupled, contact-type process. However, the existing
ophthalmic lasers as above described have one or more of
the following limitations and disadvantages: high cost due to
the high-power requirement in UV lasers for photorefractive
keratectomy; large size and weight; high maintenance cost
and gas cost (for excimer laser), and high fiber-cost for
contact-type laser coagulation.

In light of the above, it 1s an object of the present
invention to provide ophthalmic laser systems which offer
the advantages of: low-cost, reduced size and weight,
reliability, easy-operation and reduced maintenance.
Another object of this invention 1s to provide a computer-
controlled scanning device which enables use of a low-cost,
low-energy laser for photorefractive keratectomy currently
performed only by high-power UV lasers.

It 1s yet another object of the present invention to provide
a refractive laser system which 1s compact, portable and
insensitive to environmental conditions (such as vibration
and temperature). This portable system may also be used for
a mobile clinical center where the laser 1s transported by a
van. It 1s yet another objective of the present 1nvention to
provide a non-contact process for corneal reshaping using,
laser thermal coagulation, where predetermined corneal
correction patterns are conducted for both spherical and
astigmatic changes of the corneal optical power.

The prior U.S. Pat. No. 4,784,135 to Blum, et al. and
assigned to IBM teaches the first use of far ultraviolet
irradiation of a biological layer to cause ablative photode-
composition. This patent teaches that using a laser beam
housing a wavelength of 193 nm and an energy level of
much greater than 10 mJ/cm*/pulse can be used to photoa-
blate corneal tissue without the build up of excess heat. The
present invention on the other hand uses a process that
allows the use of energy levels of less than 10 mJ/pulse 1n
a process that still allows photoablation.
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There are several prior art U.S. Patents relating to refrac-
five surgery, or photorefractive keratectomy. A UV solid-
state fifth-harmonic of Nd:YAG (or Nd:YLF) laser at 213
nm (or 210 nm), 1s disclosed in U.S. Pat. No. 5,144,630 by
the mnventor, J. T. Lin. U.S. Pat. No. 4,784,135 suggests the
use of a UV laser with wavelengths less than 200 nm, in
particular Argon Fluoride (ArF) laser at 193 nm, for non-
thermal photoablation process 1n organic tissue. Devices for
beam delivery and methods of corneal reshaping are dis-
closed 1n U.S. Pat. No. 4,838,266 using energy attenuator,
and U.S. Pat. No. 5,019,074 using an erodible mask. Tech-
niques for corneal reshaping by varying the size of the

exposed region by 1ris or rotating disk are discussed 1n
Marshall et al, “Photoablative Reprofiling of the Cornea

Using an Excimer Laser: Photorefractive Keratectomy™ Vol.
1, Lasers in Ophthalmology, pp. 21-48 (1986). Tangential

corneal surface ablation using ArF excimer laser or harmon-
ics of Nd: YAG laser (at 532 and 266 nm) is disclosed in U.S.

Pat. No. 5,102,4009.

This prior art however requires high UV energy of
(100-300 mJ) per pulse from the laser cavity or (30—40) mJ
per pulse delivered onto the corneal surface, where large
area corneal ablation using a beam spot size of about (4-0)
mm which gives an energy density of (120-200) mJ/cm”.
Moreover, the prior art Argon Fluoride excimer lasers oper-
ate at a repetition rate of (5-15) Hz and also limit the
practical use of the tangential ablation concept which takes
at least (5—10) minutes for a =5 diopter corneal correction in
a 5-mm optical zone. The high energy requirement of the
currently used Argon Fluoride excimer laser suffers the
problems of: high-cost (in system, erodible mask and gas
cost), high-maintenance cost, large size/weight and system
are sensitive to environmental conditions (such as tempera-

ture and moisture).

The prior L’Esperance patent, U.S. Pat. No. 4,665,913,
disclosed the method of a scanning laser for corneal reshap-
ing. The proposed concept of this prior art, however, had
never been demonstrated to be practical or to achieve the
desired clinical requirement of smooth ablation of the cor-
neal surface. This prior art 1s not practically useful and had
not ever been demonstrated to be real because of the
conditions in the art. A high-power laser of (100200 mJ) is
required 1n the prior art in order to obtain a useful beam with
a substantially square spot size of 0.5x0.5 mm (see prior art,
Col. 3, line 65 and Col. 4, lines 1-14) due to the low
cfficiency of obtaining such a beam, and which further
requires a substantially uniform density (see Col. 13, line 30
and Col. 15, line 25). To achieve myopic correction, for
example, the prior art (Col. 13, lines 61-66 and Col. 15 lines
60—65) proposes a smooth laser density increase with
increasing scanning radius under the condition that a sub-
stantially uniform density of the scanning beam 1s required
for a substantially uniform scan area (Col. 15, lines 20-28 of

[’Esperance). Furthermore, L’Esperance teaches (Col. 4,
lines 40-50) that a depth of 0.35 mm 1in an area of 6 mm
diameter might be achieved 1n about 15 seconds when a
beam spot of 0.5x0.5 mm 1s used and each pulse ablated 14
microns. The prior art proposes the method of having
individual square beams (0.5x0.5 mm) scan to the fashion of
exact matching of the square boundaries to cover the area of
6 mm, where the overlap among these individual beams
should be avoided, otherwise excessive ablation near the
boundaries of each 0.5x0.5 mm spot causes ridges. This 1s
also part of the reason that the prior art requires a substan-
tially square section of the individual beam with a substan-
fially uniform density.

The L’Esperance U.S. Pat. No. 4,665,913 requires a
complex apparatus to select a section of the beam which 1s
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substantially uniform 1n density within a substantially
square spot “dot”. The overall efficiency would be less than
10% from the output of the laser window to the corneal
surface and requires, where a high power (at least 100 mJ)
excimer laser than will be required than the Blum, et al.
patent. It 1s almost impossible to match exactly the boundary
of each square beam to achieve a substantially uniform
scanned area even 1f each individual beam i1s perfectly
uniform and square 1n shape and the smooth 1ncrease of the
radius of scanned areas to obtain, for example, a myopic
correction profile, would still be almost 1mpossible to
achieve for an overall smooth corneal surface. The succes-
sive sweep of the scan areas would always leave ridges
between these sweeps. It should also be noticed that in
[.’Esperance’s patent (Col. 18, lines 10-28) uses overlaps
between each of the scanned areas to obtain the desired
ablation profiles of myopic (or other) corrections. However,
the ridges between each of the successive ablated arecas are
very difficult to avoid if within each scanned area the ablated
proiiles are not substantially uniform. In fact, one should
expect a very rough surface on these ablated areas in
addition to the regular ridges between each overlapped
zones. One of the problems found 1n these teachings 1s that
cach required individual ablated areca be substantially uni-
form and 1n a round or square shape, which 1s very difhicult
to achieve even 1f a perfectly uniform, square portion of a
fundamental beam 1s produced using a complex apparatus
for beam reshaping and having the high initial power.

It 1s not clear that L’Esperance has found a suitable
scanning method or an effective method of selecting a
perfect beam (with uniform density and well-defined shape)
which would overcome the above-described ditficulties and
make the proposed teaching become practical in cost and
design for any clinical uses. In fact, L Esperance’s scanning
method has also been challenged by another prior art of
Muller, U.S. Pat. No. 4,856,513, where the difficulties and
problems of L’Esperance’s teachings are discussed (see Col.
2, lines 1-40 of Muller’s patent).

It 1s therefore a further object of the present mnvention to
provide a method and apparatus for corneal reshaping by
using software-driven new scanning patterns which do not
require substantially uniform density or a specific spot
shape. Contrary to L’Esperance’s teachings, which suggest
that there should be a pertect boundary match among each
square beams and that excessive overlap should be avoided,
the present i1nvention proposes that a large portion
(50%—-80%) of overlap among the individual beams is
necessary 1n order to achieve uniform ablated arcas and a
smooth profile without ridges. Furthermore, a low-power
UV laser (0.1-2 mJ on corneal surface) at its bare-beam
(having typically a 3-lop profile) without any beam reshap-
ing 1s suilicient to achieve a smooth ablation surface based
on the method proposed in the present invention, where
computer-controlled beam overlap and orientation are
employed. In addition to the surface quality problems, it 1s
also 1impossible for L’Esperance to achieve any meaningtul
clinical results using his proposed techniques based on the
present low-energy laser of (2—4) mJ from the output laser
window and (0.1-2) mJ on corneal surface.

Therefore, another object of the present mnvention 1s to
provide a new method of beam scanning which combines
beam overlap and orientation for a random beam density
distribution on the ablated corneal surface such that the
individual beam profiles are not critical, where the focused
beam (spot size of 0.1-1.2 mm) uses very low energy (0.1-2
mJ) and at its bare-profile is delivered onto the corneal
surface 1n an averaged fashion. Uniform, near flat-top
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ablated areas of (1-9 mm 1n diameter) can be performed by
the nonuniform starting-beam, but only when a set of
specific predetermined overlap and orientation parameters

are used. Portions of the theoretical background was pub-
lished by the mmventor, J. T. Lin, in SPIE Pro. vol 1644,

Ophthalmic Technologies II (1991), p.p. 266-275.

One of the essential feature of the present mvention for
the photorefractive keratectomy process 1s to use a scanning
device 1n a laser system which has high repetition rates, 50
to 50,000 Hz, but requires less energy, ranging between
0.05—10 mJ per pulse, or about 10 to 100 times less than that
of the prior art. This new concept enables one to make the
refractive lasers at a lower cost, smaller size and with less
weight (by a factor of 5-10) than that of prior art lasers.
Furthermore, these compact lasers of the present mnvention
are portable and suitable for mobile clinical uses. To achieve
beam uniformity and fast refractive surgery (30 to 60
seconds), a mathematical model of the beam overlap and
ablation speed 1s also disclosed 1n the present invention.

For the laser thermo-keratoplasty (LTK) process, the prior
art uses fiber-coupled contact-type procedure which
involves the following drawbacks: (i) slow processing speed
(typically a few minutes to perform eight-spot coagulation)
which causes the non-uniform collagen shrinkage zone; (i1)
circular coagulation zone which limits the procedure only
for spherical type correction such as hyperopia; and (1i1) the
contact fiber-tip must be replaced 1n each procedure.

In the present mmvention, a computer-controlled scanning,
device 1s able to perform the laser thermokeratoplasty pro-
cedure under a non-contact mode and conduct the procedure
many times faster than that of the prior contact-procedure
and without cost for a fiber-tip replacement. Furthermore the
coagulation patterns can be computer predetermined for
specific applications 1 both spherical and astigmatic cor-
rections. The flexible scanning patterns will also offer uni-
form and predictable collagen shrinkage.

For ophthalmic applications, 1t 1s another objective of the
present mvention to include but not limited to photorefrac-
five keratectomy, laser thermokeratoplasty, epikeratoplasty,
intrastroma photokeratectomy (IPK), phototherapeutic kera-
tectomy (PTK), and laser-assisted keratomileusis (LAK).

SUMMARY OF THE INVENTION

The preferred embodiments of the basic ophthalmic sur-
cgery method uses a laser system for the ophthalmic surgery
process, including: (1) a diode-pumped solid-state lasers of
Nd:YAG or Nd: YLF which 1s frequency-converted by non-
linear crystals of KTP (potassium titanyl phosphate), LBO
(lithium triborate), KNbO3 (potassium niobate) and BBO
(beta barium borate) into the fifth-harmonic at wavelength of
213 nm or 210 nm with energy of 0.01 to 5.0 mJ; (2) a
compact, low-cost, low-power (energy of 1 to 10 mJ per
pulse) argon fluoride excimer laser at 193 nm; (3) a
frequency-converted Alexandite or Li:SAF or diode, lasers
at (193-220) nm; (4) a compact, low-cost, Q-switched
Er:YAG laser at 2.94 microns; (5) a free-running Ho: YAG
(at 2.1 microns) or Er:glass (at 1.54 microns) or diode laser
(1.9-2.5 microns); (6) ultrashort pulse IR laser (750-1100
nm) and (7) mid-IR (2.5-3.2 microns) laser generated from
optical parametric oscillation.

According to one aspect of the present invention, the
above-described basic lasers includes UV-lasers (193-215
nm) and IR-laser (1.5-3.2 microns) which are focused into
a spot size of (0.05-2) mm in diameter, where laser energy
per pulse of (0.01-10) mJ 1s sufficient to achieve the

photo-ablation threshold (PAT) energy density of 50 to 600
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mJ/cm® depending upon the laser parameters (wavelengths
and pulse duration) and tissue properties (absorption and
scattering). The prior art excimer laser uses large beam spot
ablation (4—6 mm) and require much higher laser energy
(100300 mJ) than the low-power lasers presented in this
invention. In the present invention, a scanning, non-contact
device 1s used to control the low-power laser for corneal
diopter change, whereas diaphragms or masks are used in
the high-power, high-cost excimer lasers, and contact, fiber-
tip 1s used 1n the photo-coagulation procedure.

In another aspect of the present invention, a mathematical
model 1s presented according to the optimal beam overlap
for beam uniformity and fast procedure and scanning pat-
terns for refractive corrections of myopia, hyperopia and
astigmatism. For high-repetition lasers (50 to 5,000 Hz as
proposed herein), refractive procedures may be completed in
20 to 60 seconds (depending on the diopter corrections) in
the present invention, where scanning speed 1s only limited
by the laser repetition rates.

A three-dimensional translation device (in X, Y and Z) 1s
integrated into the above laser systems, where the laser
heads are compact and light-weight and can be steered to the
corneal center by the translation stages. The prior art high-
powered excimer laser systems are stationary and require a
motorized chair for corneal concentration. Beam steering
and scanning 1s very difficult for these high-power, heavy-
welght excimer lasers.

In yet another aspect of the present invention, a free-
running Ho:YAG (at 2.1 microns) or Er:glass (at 1.54
microns) or diode (1.9-3.2 microns) laser delivers a beam by
a fiber waveguide and coupled to a scanning device for
non-contact procedure for laser thermokeratoplasty (LTK),
where optimal scanning patterns for corneal coagulation are
performed for both spherical and astigmatic corrections.

In yet another aspect of the present invention, the above-
described laser system provides an effective, low-cost tool
for procedures of synthetic epikeratoplasty (SEK), where the
artificial lens 1s sculpted with the laser to optimize lens
curvature without causing problems of corneal haze and
corrective regression. Real corneal tissues may also be
sculpted and i1mplanted by the above-described laser
systems, a procedure known as laser myopic keratomileusis
(MKM). Furthermore the UV and IR lasers disclosed in the
present 1mvention provide an effective tool for photothera-
peutic keratectomy (PTK) which is currently conducted by
high-power excimer lasers and the procedure conducted by
diamond-knife called radial keratotomy (RK). This proce-
dure conducted by UV or IR lasers 1s called laser radial
keratotomy (LRK). The fundamental beam at 1064 or 1053
nm wavelength of the present invention may also be used for
the intrastroma photorefractive keratectomy (IPK), where
the laser beam 1s focused into the intrastroma area of the
corneal and collagen tissue are disrupted.

The ophthalmic applications of the laser systems
described 1n the present invention should include photore-
fractive keratectomy, phototherapeutic keratectomy, laser
thermokeratoplasty, intrastroma photokeratectomy, syn-
thetic epikeratoplasty, and laser radial keratotomy.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of computer-controlled laser
system consisting of a laser, scanning device, power supply
and the beam steering stage for ophthalmic applications;

FIG. 2 1s a block diagram for the generation of ultraviolet
wavelengths at 213 nm or 210 nm using nonlinear crystals
in a diode-pumped system;
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FIG. 3 1s a block diagram of a computer-controlled
refractive laser system of Ho: YAG or Er:glass or diode laser
in a non-contact scanning mode for laser thermokerato-
plasty;

FIGS. 4A through 4E shows computer-controlled scan-
ning patterns for photo-coagulation 1n non-contact LTK
procedures for both spherical and astigmatic corneal reshap-
Ing;

FIGS. 5A and 5B are procedures for laser-assisted myopic
keratomileusis and hyperopic keratomileusis, where the
reshaping can be performed either on the mner or outer part
of the tissue;

FIGS. 6A through 6D show computer-controlled beam
overlap and scanning patterns for myopic, hyperopic and
astigmatic correction using UV (193-240 nm) or IR (0.7-3.2
microns) lasers;

FIGS. 7A and B laser radial keratectomy patterns (LRK)
using laser excisions for myopia (radial-cut) and astigma-
tism (T-cut);

FIGS. 8A through 8D show ablation patterns for refrac-

five correction using predetermined coatings on UV or IR
orade windows;

FIGS. 9A through 9B show the spatial overlap for uniform
pattern;

FIGS. 10A through 10B show the beam orientation for
smooth ablation; and

FIG. 11 shows the oriented expanding scanning to achieve
the required ablation profiles, where the diameters are gov-
erned by a mathematical formula.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

The theoretical background of the present mnvention with
regards to the beam overlap and ablation rate 1n photore-
fractive keratectomy, intrastroma photokeratectomy, syn-
thetic epikeratoplasty, phototherapeutic keratectomy and
myopic keratomileusis procedures described 1n the present
invention 1s as follows.

Given a laser energy per pulse of m (in mlJ), an intensity
of I (in mJ/cm®) may be achieved by focusing the beam into
an arca of A, where I=E/A. For corneal tissue ablation to
occur requires the laser intensity (I) to be above the pho-
toablation threshold (PAT), (60-120) mJ/cm” for UV-laser
(193-215 nm) and (200-600) mJ/cm” for IR-laser (2.5-3.2
microns). Therefore it is always possible to tightly focus a
laser beam and achieve the PAT value even for a low-energy
laser (0.1-5) mJ. The drawback of using a low-energy,
small-spot laser for large area ablation 1s that the operation
time will be longer than that of a large-spot but high-power
laser. However, time of operation may be shortened by using
a high-repetition-rate laser (higher than 50 Hz). Small-spot,
low-energy lasers for large area surface ablation would
becomes practical only when a scanning device 1s used 1n a
high-repetition-rate laser and only when uniform beam
profile can be assured by the appropriate beam overlap.
These two 1mportant 1ssues are addressed in the present
invention.

The overall operation rate (R) for a given diopter correc-
tion (D) 1s limited by the laser scanning rate (R1) which is
in turn limited by the laser repetition rate. In addition, R 1s
also proportional to the tissue ablation rate (RT) which is
proportion to the laser intensity I (or energy density) at a
orven energy E.

The diopter change (D) in the case of myopia is related to
the correction zone diameter (W) and the center ablation
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thickness (h0) and the ablation profile h(x) (at corneal
position x) by:

h(x)=h0+1.32DX" (1)

h0=-0.3315DW? (2)

In a scanning system as disclosed in the present invention,
the number of ablation layers (M1) (without beam overlap)
required for D-diopter correction 1s therefore related to the
ablation thickness per pulse (T1), D, and W by

M1=h0/T1=-0.3315DW?T1 (3)

To include the overlap factor (F), F=2 for a 50% beam
overlap scan and F=5 for 80% overlap, the required effective
number of overlapped ablation layers 1s M1/F.

For a given ablation zone of W and laser focused spot area
of A, one requires an elfective single-layer scanning time
(TS) of FW?#/A.

The total operation time(T) needed for h0 center ablation
or D-diopter correction becomes

T=(M1/F)(TS)DW*E (4)

T=DW%E

Equation 4 gives us the scaling-law for operation time
required (T), the laser energy (E), diopter change (D) and the
ablation zone diameter (W). For a given laser energy per
pulse of E, the overall operation rate (1/T) is independent to
the laser intensity (I) and beam spot size (A). By increasing
the laser average-power (P), defined by laser energy/pulse X
repetition rate, more total energy may be delivered to the
cornea per unit time. The average-power (P) is the key factor
which actually determine the overall operation rate (or time)
required to achieve the diopter change. By realizing that the
scanning rate (1/TS) 1s proportional and synchronized to the

laser repetition rate (RP), we are able to re-express Equation
(4) as

T=DW*/P (5).

It 1s important to note that given an average-power of P,
the laser intensity must be above the photo-ablation
threshold(PAT) by either beam focusing or increase the laser
energy.

Based upon the above-described theory, some 1important
features are: (1) CW lasers (either UV or IR) with low
intensity normally can not cause photo-ablation since the
energy density is lower than the PAT value; (i1) Lasers (UV
or IR) at Q-switched or mode-locked mode and with pulse-
duration shorter than 100 nanosecond will normally achieve
the imtensity above the PAT even at low-energy level of
0.05-5 ml. In particular, picosecond lasers at high repetition
rate 1s desirable where energy 1n the microjoule range would
be sufficient. Moreover, the QQ-switched short pulse lasers
have smaller thermal damage than that of free-running
lasers. The cost-effective refractive lasers are those which
have high repetition rate (50 Hz and up) but operated at
low-energy (0.05—5 mJ) and short pulse duration (0.001-20
nanoseconds). The preferred embodiments disclosed in the
present invention as discussed in FIG. 1 are based upon this
theory. Beam focusing and scanning are always required to
achieve the PAT and smooth ablation profile. The individual
beam profile 1n the scanning system 1s not as critical as that
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in prior art lasers which require a uniform overall profile
within the large ablation zone of (4—6) mm. In laboratory
tests, we have achieved a very smooth ablation profile with
zone diameter up to 8 mm starting from a non-uniform
focused beam profile which was randomly scanned over the
ablation zone of (1-8) mm. Using overlap of (50-80)% of
focused beam spot of (0.2—1.5) mm, and a typical number of
pulses delivered to the corneal surface of 2,000-4,000,
which assures a sufficient beam overlap for smooth profile
and pulse to pulse energy fluctuation is not critical.

Referring to FIG. 1, a refractive laser system 1n accor-
dance with the present invention comprises a basic laser 10
having UV (193-220 nm) or IR (0.7-3.2 microns) wave-
length 11 coupled by a scanning device 12 having the beam
from focusing optics 14 directed onto a reflecting mirror 15
into target 16 which target may be the cornea of an eye. An
arming system 17 has a visible wavelength (from a laser
diode or He—Ne laser) 18 adjusted to be collinear with the
ablation beam 11 and defines the centration of the beam onto
the cornea surface at normal 1ncident. The basic laser head
20 1s steered by a motorized stage for X and Y horizontal
directions 21 and the vertical (height) direction 22 which
assures the focusing beam spot size and the centration of the
beam onto the cornea. The system has a computer controlled
panel 23 and wheels 24 for portable uses. The target 16
includes a human cornea for applications of photorefractive
keratectomy, phototherapeutic keratectomy and laser radial
keratotomy (using the UV 193, 210, 213 nm or IR 2.9
microns beam focused on the corneal surface area) and
intrastroma photokeratectomy (using the 1064 or 1053 or
1047 nm beam, or their second-harmonic, focused into the
intrastroma area), and synthetic or real corneal tissues for
applications of synthetic epikeratoplasty and myopic
keratomileusis. The computer controlling panel 23 also
provides the synchronization between the scanning gavo
(galvanometer scanner) and the laser repetition rate. A
commercilally available galvanometer scanner made by Gen-
eral Scanning, Inc. 1s used 1n scanning the laser beam.

The laser systems described herein have been demon-
strated using photorefractive keratectomy procedure with a
diopter corrections up to —6 n PMMA plasty and —-12 1n
corneal tissues. In the case of PMMA, we have also mea-
sured the diopters by a lensmeter with well-defined readings
in the ranges of —1 to —12 diopters. This data provides the
evidence of predictable diopter corrections using the laser
systems of the present invention. Furthermore, minimal
fissue thermal damage of 0.3—1.0 microns were measured by
TEM (transmission electron microscopy). In measurements,
a multi-zone (MZ) approach for high-diopter corrections
(8—12) was used, where the center zone is 3 mm and the
correction power decreases when the zone increases from 4
mm to 6 mm. This multi-zone approach reduces the overall
ablation thickness and hence reduces the haze effect.

Still referring to FIG. 1, the basic laser 10, according to
the present 1nvention, includes a compact, optically-pumped
(either flash-lamp or laser-diode pumped) lasers of Nd: YAG,
Nd:YLF or the self-frequency-doubling crystal of NYAB
(neodymium yttrium aluminum) with pulse duration of
0.05-20 nanoseconds and repetition rate of 1-10,000 Hz. It
1s known that this basic laser 10 1s available using a standard
Q-switch or mode-lock, where the UV wavelength at
209-213 nm may be achieved by the frequency conversion
techniques using nonlinear crystals disclosed by the inventor
in U.S. Pat. No. 5,144,630. The UV laser energy required for
cfficient ablation ranges from 0.01 mlJ to 5 mlJ. The basic
laser also includes a compact, argon fluoride excimer laser
(at 193 nm) with repetition rate of (1-1,000) Hz, energy per
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pulse of (0.5-10) mJ, pulse duration of (1-50) nanoseconds
and a compact, Er:YAG laser (at 2.94 microns) with repeti-
tion rate of (1-200) Hz, energy per pulse of (50-500) mJ,
pulse duration of (50-400) nanoseconds and frequency-
converted IR lasers of diode laser, optically-pumped Alex-
andrite or L1:SAF lasers, where efficient nonlinear crystals
(as shown in FIG. 2) may be used to convert the fundamental
wavelength (770—880 nm) into its fourth-harmonic at the
UV tunable wavelength of (193-220 nm) with energy of
(0.01-5.0) mJ, repetition rate of (1-10,000) and pulse dura-
tion of (0.05-50) nanoseconds. Only two nonlinear crystals
are needed 1n this case and overall efficiency 1s higher than
that of the fifth harmonic generation which requires three
nonlinear crystals. The basic laser may also include
ultrashort pulsed lasers, such as a commercialized mode-
locked Ti:sapphire laser or other solid-state laser, with
wavelength ranges of (750-1100 nm), repetition rates of
(0.01-100 MHz), energy per pulse of (0.01-100)
microjoules, and pulse durations of (0.05-10) picoseconds
where focused beam spot size of (0.05-0.5) mm is required
to achieve the ablation threshold. When using an ultrashort
pulse laser with very high peak power density (gigawatts
range), the tissue ablation should be insensitive to laser
wavelengths since the tissue ablation 1s assisted by the
plasma-enhanced absorption with minimal tissue thermal
damage. A focused spot size of (0.05-0.5) mm of the
ultrashort pulsed lasers would be appropriate to achieve the
fissue ablation and precise ablation profile 1s available by the
scanning device proposed by the present invention. Without
a scanning device, an ultrashort pulsed laser cannot be used
in refractive surgery due to its energy level of less than 0.1
mJ and spot size smaller than 0.5 mm. The above-described
lasers may also be frequency-converted into UV ranges of
(190-220) nm suitable for photoablation.

The basic laser also includes a mid-IR (2.5-3.2 microns)
laser generated from optical parametric oscillation (OPO)
using a near-IR laser (such as Nd:YAG or Nd:YLF, flash-
lamp or diode-pumped) as the pumping sources and KTP or
BBO as the frequency conversion crystals. The OPO laser
has advantages over the Q-switched Er: YAG laser, including
higher repetition rate (10-5,000 Hz) and shorter pulse width
(1-40 n.s.). These advantages provide faster surgical proce-
dure and reduced thermal damage on the ablated corneal
tissue. Typical energy per pulse of the OPO laser is (0.1-10)
mJ. Greater detail on OPO was published by the inventor in
Optical Communications, vol. 75, p. 315 (1990).

Still referring to FIG. 1, the scanning device 12 1s syn-
chronized with the laser repetition rate, where the computer
software 1s capable of providing predetermined patterns
according to a patient’s corneal topography for the correc-
fions of myopia, hyperopia and astigmatism. Astigmatic
correction, 1 particular, 1s difficult to perform in prior art
systems using a non-scanning diaphragm but can be ecasily
achieved by the present mnvention using a scanning device.
Furthermore, a multi-zone procedure for high diopter (6—15)
changes can be performed by the computer program rather
than that of the conventional mechanical iris.

The low-power laser systems described in the present
invention can perform the procedures normally required in
high-power lasers because a scanning device 1s used to
assure the uniform corneal ablation by beam overlap and the
ablation threshold 1s achievable by small spot size.

Referring to FIG. 2, a preferred embodiment for the basic
laser 10 of FIG. 1 having a UV wavelength includes a
diode-pumped Nd:YAG (or Nd:YLF) 25 having a funda-
mental wavelength of 1064 nm (or 1047 and 1053 nm) 26
and is focused by a lens 27 into a doubling crystal 28 (K'TP,
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KNbO3, LBO or BBO) to generate a green wavelength 30
at 532 nm (or 524 and 527 nm). The green beam 30 is further
converted by a fourth harmonic crystal 31 (BBO) to generate
a UV wavelength 32 at 266 nm (or 262-263 nm) which is
finally converted by a fifth harmonic crystal 33 to generate
the UV wavelength 11 at 213 nm (or 209-211 nm). From a
commercially available diode-pumped Nd:YLF laser I am
able to achieve the UV (at 209-211 nm) energy of 0.01-2 mJ
per pulse with average-power of 0.1 to 0.5 W. This energy
level when focused into a spot size of (0.1-0.5) mm 1is
sufficient to ablate the corneal tissue. This diode-pumped
fifth-harmonic system provides the most compact refractive
UV solid-state laser available today with the advantages of
long lifetime, low maintenance, portability and absence of
toxic gas in comparison with the excimer lasers currently
used by other companies. Furthermore by using the funda-
mental wavelength at 1064 nm (or 1053 or 1047 nm) or their
second-harmonic (at 532, 524, or 527 nm), intrastroma
photokeratectomy procedure may be performed by focusing
the beam 1nto the intrastroma area of the cornea. The laser
presented 1n the present invention provide a compact, por-
table and low-cost IPK laser and has an advantage over the
lasers used by other companies where the systems are
currently more than five times heavier and are more costly.

In FIG. 3, a commercially available Ho:YAG (or Er:glass)
or diode laser 35 (either flash-lamp or laser-diode pumped)
1s coupled by a fiber optic waveguide 36 with core diameter
of (100-600) microns to a scanning device 37, in which the
fundamental beam 38 with a wavelength of 2.1 (or 1.54) or
(1.9-2.5) microns which 1s collimated by a lens 40 and
coupled to the scanning gavo 41 and focused by another lens
42 onto the beam splitters 43 and 44, and finally delivered
to a target (such as a patient’s cornea) 45. The IR (2.1
microns) laser beam 38 is collinear with the aiming beam 46
(visible He—Ne or diode laser) and the patent corneal center
1s also defined by a commercial slit-lamp microscope station
47. The above-described apparatus offers the unique feature
of non-contact laser thermokeratoplasty for precise coagu-
lation 1n both spherical and astigmatic corneal power cor-
rections with scanning patterns predetermined by a com-
puter software hereinafter discussed. The focusing lens 28
may be motorized for varying the focal point and thus
varying the coagulation cone size for optimal results. In the
prior art of fiber-tip contact system, the precision of the
coagulation zone and patterns are limited by doctors manual
operation which 1s a much slower procedure than the com-
puter controlled scanning device described in the present
invention. The requirement of replacing the fiber-tip after
cach operation 1s also a drawback of the prior art systems.
The advantages of the present system includes: precision
coagulation zone and spot size, flexible patterns for a variety
of corrections, fast processing time and elimination of the
need for fiber-tip replacement.

Still referring to FIG. 3, the basic laser 22 1 accordance
with the preferred embodiment of the present invention 1s a
free-running or continuous-wave (CW) flash-lamp or diode-
laser pumped Ho:YAG (at 2.1 microns) or Er:glass (at 1.54
microns), or IR diode laser (1.9-2.5 microns) with average
power of 0.5-5 W, pulse duration of 200-2,000 micro-
seconds (if free-running). In the present invention, the IR
wavelengths of 1.54 and 2.1 and (1.9-2.5) microns are
chosen due to their strong tissue absorption which 1is
required 1n the photo-coagulation processes. Similar lasing
media of Ho: Tm:YAG and Ho:Tm:Cr: YAG 1s also included
in the preferred embodiments of the present invention. The
CW diode laser (1.9-2.5 microns) may be scanned in a faster
rate than that of the free-running lasers.
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FIGS. 4A through 4E summarize the possible coagulation
patterns suitable for both spherical and astigmatic corneal
reshaping 1n the LTK procedures 1n a cornea 50. FIG. 4-A
with coagulation zone (CZ) of 5 to 9 mm and spot number
(SN) of (8-16) provides hyperopic corrections of 1-6 diopt-
ers; FIG. 4-B has a coagulation zone of 1-3 mm suitable for
myopic corrections; FIG. 4-C has radial coagulation zone
and spot number of 16-32, suitable for spherical hyperopic
correction; FIG. 4-D has a coagulation zone of 1-9 mm and
spot number of 50-200, suitable for precise coagulation
control to stabilize and reinforce the collagen shrinkage
tension; FIG. 4-E 1s designed for astigmatic change, where
the coagulation patterns are chosen according to the corneal
topography. By using the computer-controlled scanning,
these patterns may be easily generated and predetermined
according to the measured corneal topography of each
patients. A combination of these patterns 1llustrated in FIGS.
4-A to 4-E enables the treatment of patent’s optical power
correction 1n all aspects of myopia, hyperopia, astigmatism
and their mixed vision disorder. Furthermore, laser param-
eters such as energy per pulse, spot size and scanning
patterns also provide another degree of freedom for the laser
thermokeratoplasty process which are not usually available
in the prior art systems using the contact fiber-tip.

The appropriate parameters relating to FIG. 4A—B are:
laser energy per pulse of 5—50 mlJ for free-running mode
(200400 micro-second duration), beam spot size of (0.1-1)
mm, laser repetition rate of 5-30 Hz, coagulation zone of
(1-10) mm, spot number of 8200 spots and fiber core
diameter of 100—-600 microns, for a flash-lamp-pumped
system. Also disclosed 1s the use of a diode-pumped
Ho:YAG, either in a pulse-mode or continuous-wave (CW)
mode. For a CW mode laser, energy of 10-100 mW 1s
suflicient for coagulation when spot size of 0.05-0.5 mm 1s
employed. In the diode-pumped system in CW mode or with
a high-repetition-rate 20100 Hz, a fast scanning enables
completion of the coagulation procedures within 2—20 sec-
onds depending upon the coagulation zone and spot number
required. Fast scanning also provides a uniform collagen
shrinkage unlike that of the prior art system using a manu-
ally operated fiber-tip which normally takes 1 to 5 minutes
to complete 1n a multiple coagulation zone and high spot
number. It 1s difficult to use a manually operated fiber-tip to
generate the precise patterns as illustrated in FIG. 4 which
can be easily performed 1n the computer-controlled scanning
device as disclosed 1n the present invention. The patient’s
cye mofion and decentration 1s a problem for prior art
systems, but 1t 1s not a critical factor in the fast scanning
device described herein.

Referring to FIG. 5, a laser-assisted myopic keratomileu-
sis (MKM) and hyperopic keratomileusis (HKM) can be
performed either on the outer corneal surface 51 or on the
inner surface 52 to reshape the resealed corneal tissue
without materially effecting the Bowman’s layer. The pre-
ferred lasers are described 1n FIG. 1 including the UV
(193-220 nm) and IR (2.5-3.2 microns) lasers. The non-
invasive laser-assisted procedure disclosed in the present
invention has the advantages over the procedures of photo-
refractive keratectomy and laser thermokeratoplasty includ-
ing being safer, more stable with a higher diopter change,
and without materially affecting epithelium and Bowman’s
layer. In comparison with the conventional keratomileusis,
the laser-assisted myopic keratomileusis and hyperopic
keratomileusis do not require corneal freezing and can
perform very high diopter change not available by radial
keratotomy or photorefractive keratectomy. Laser-assisted
corneal preshaping can also be employed for a donor cornea
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in the procedure currently performed by epikeratophakia.
Details of conventional lamellar refractive surgery may be
found in Leo D. Bores, Refractive Eye Surgery (Blackwell
Scientific Pub., 1993), Chapter 10.

FIGS. 6 A through 6D shows a nearly flat-top beam profile
achieved by overlapping a series of laser beams, where the
degree of overlap, 50%—-80%, depends on the individual
beam profiles which are not required to be flat-top. In the
present invention, the preferred individual beam profile 1s
either a 70% Gaussian or a symmetric profile. In the
laboratory, I have demonstrated a smooth laser-ablated
PMMA surface with zone diameter of 3—6 mm by overlap-
ping a large number of pulses, 500 to 5,000, each one having
a spot size of 0.8-1.2 mm. Moreover smooth transition
among the ablation zones were achieved without the tran-
sition zone steps found 1n prior art systems using mechanical
diaphragms. In addition to the myopic and hyperopic scan-
ning patterns of 6B and 6C, one of the significant features of
the present scanning device 1s that it can generate predeter-
mined patterns based upon the corneal topography for
astigmatism correction (see 6D). Corneal scar may also be
casily located by a topography and photoablated by a laser
based on the computer-controlled scanning patterns. The
preferred lasers for the procedures described 1n FIG. 6 are
discussed 1n connection with FIG. 1.

Still referring to FIG. 6, the scanning schemes were tested
by ablation on PMMA plasty. The computer software 1s
based upon the mathematical model described earlier in
equations 1 and 2 where the center ablation thickness was
cequally spaced to define the associate scanning diameters.
Given the ablation thickness per pulse and per ablation layer
(at a given scanning diameter), one may easily obtain the
overall corneal surface ablation profile, (see equation (1)).
The number of required ablation layers 1s therefore propor-
tional to the diopter change (D) and square of the ablation
zone (W). The computer parameters designed in the present
invention include: diopter change (D), optical zone diameter
(W), and the degrees of overlap in both tangential (TD) and
radial (RD) direction of the scan patterns as shown in FIGS.
6A through 6D. Smooth PMMA surface ablation was
achieved by optimization of laser spot size, energy and the
overlap parameters of TD and RD. Experimental data indi-
cates that larger overlap provides smoother surface ablation,
however, longer ablation time 1s required for a given diopter
change, laser energy and repetition rate (RR). Larger RR,
50-100 Hz, provides shorter ablation time which 1s typically
in the range of (20—40) seconds for diopter changes of 2—8
in myopic treatment based upon my measurements. The
prior art high-power excimer lasers with a typical RR of
5—15 Hz will be impossible to achieve the results described

above even 1f they use the present scanning device.
Still referring to FIGS. 6, using the UV lasers (193, 210

and 213 nm) I have achieved ablation depths of (20—40)
microns by overlapping (2000—4000) laser pulses, which
orve an ablation depth of 0.05-0.1 microns per pulse. The
ablation depths are measured by 1o microsensor (made by
Tencor Instruments) which has a resolution of about 0.5
microns or better. Ablation curves, ablation depth versus
laser intensity, were obtained by varying the laser energy or
the spot size. Given the ablation rate (ablation thickness per
pulse), I am able to calibrate the number of pulses and the
degree of beam overlap required to achieve the diopter
change on the PMMA, where the diopters of the ablated
PMMA are measured by the standard lensmeter. In vitro
measurement of corneal tissue ablation can be calibrated
according to the comparison of the ablation rate between
PMMA and tissue. For myopic and hyperopic corrections, I
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have used circular scanning patterns with beam overlap
controlled by the tangential scanning speed and diameters of
the adjoined circles. The preferred scanning scheme 1s from
small circle to large circle. For example, given a laser spot
size of 1 mm, a radial overlap of 50% will require the
scanning circle to start from 1 mm diameter to 5 mm
diameters with an increment of 0.5 mm for an optical zone
of 5 mm. Furthermore, a tangential overlap of 50% requires
the scanner to move at an angular speed of about 23 degrees
within the interval between each laser pulse. In my
computer-controlled scanning device, software was devel-
oped to synchronize the laser repetition rate with the scan-
ning gavo to control the above-described overlap patterns. In
addition to the circular patterns described for myopic and
hyperopic treatments, a linear scanning pattern may also be
used 1n particular for the myoptic and astigmatic corrections.

It 1s 1mportant to note that a uniform individual beam
proiile and energy stability of the laser, under the present
scanning device, are not critical 1n achieving an overall
uniform ablation zone whereas they are very critical for
prior art systems using expanding iris devices. Given the
ablation rate per overlapped circle, the overall diopter cor-
rection may be achieved by the appropriate increment in
diameters of the expanding circles. Greater details of beam
scanning and overlapping will be further discussed 1n con-
nection with FIGS. 9-11.

Referring to FIGS. 7A and 7B, a laser radial keratectomy
(LRK) performed by laser excision has advantages over the
conventional diamond-knife radial keratotomy (RK) includ-
ing higher predictability and reproducibility by precise con-
trol of the excision (or ablation) depth. Furthermore, using
the scanning device of the present invention, laser radial
keratotomy may be performed easily and rapidly with less
dependance upon the surgeon’s skill and experience. Cor-
neal reshaping may be performed by controlling the laser
parameters such as spot size, intensity, scanning speed, beam
overlap, and the excision depth per pulse which typically
ranges from 0.2 to 0.5 microns. The excision depth precision
of a laser 1s at least 10 times better than that of a knife. This
“laser-knife” should be able to perform all the radial kera-
totomy procedures performed by a “diamond-knife” by
using similar techniques to those introduced i the Book of
Leo D. Bores, Refractive Eye Surgery, Chapters 8 and 9.
Examples of laser radial keratotomy are shown 1n 7A for
myopia (radial-cut) and 7B for astigmatism (T-cut). The
preferred lasers for laser radial keratotomy include the lasers
described 1n FIG. 1.

Referring to FIGS. 8A and 8D, the ablation patterns
suitable for refractive procedures may be generated by using
coated windows such as UV (or IR) grade fused silica, MgF,
BaF or sapphire (when an IR laser is used), with preferred
thickness of (0.5-2) mm and diameter of (8-15) mm.
Referring to FIG. 8A, scanning laser beams 53 (at wave-
length of UV or IR) with circular scanning pattern to deliver
uniform (or constant) laser energy over the coated window
44 with coating specification (at UV or IR wavelength)
according to the profile on the corneal tissue 55 (or PMMA
surface) will also achieve the same pattern described by
equation (1). FIGS. 8B and 8C show the reflection profiles
of the coated windows for myopia, hyperopia and
astigmatism, respectively, based on predetermined diopter
changes. These coated windows disclosed i1n the present
invention can be reused for cost effectiveness and has an
advantage over the prior art system using the disposable
mask which 1s costly and 1s difficult to provide reproducible
results due to the non-uniform transmission or ablation
properties of the mask.
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Greater detail of the features of the present invention
regarding beam overlap, scanning and orientation in order to
achieve uniform ablation profiles to meet the clinical
requirements of corneal reshaping are demonstrated as fol-
lows. The actually measured PMMA profiles were generated
from the Microsensor (made by TENCOR
INSTRUMENTS, INC.) using our ArF laser (the Compak-
200 Mini-Excimer system, made by LaserSight, Inc.) having
laser parameters of: (2—4 mlJ) energy at the output window,
operated at (50-200) Hz, with the beam focused onto the
corneal surface at a spot size of about (0.2—1.2) mm, with
energy per pulse of (0.5-1.5) mJ, tunable by a coated MgF
window.

Referring to FIG. 9A, we show the schematic of the
motion of the scanning beam with a spot size of 1 mm 1n this
example. Beam overlap function(L) is defined by the beam
displacement parameters of dx and dy (in x and y direction,
respectively, on the corneal plane) adjustable by the com-
puter controlled software, where Lx=1-dx/R and Ly=1-dy/
R, where R 1s the beam diameter. The degrees of smoothness
(DS) of the ablated PMMA surface (a plastic sheet which has
been commonly used for the calibration of UV laser ablation
on corneal tissue) 1s governed by the degrees of overlap
function L=Lx+Ly. Greater DS can be performed by using
orcater L, which, however, will also cause a slower proce-
dure speed (v), at a given laser average-power(p), beam spot
size(R) and energy per pulse (E). Desired procedure time of
20 to 50 seconds are typical for patient diopter corrections
(myopic) of D=-3 to -10, where patient centration is
conducted by a visible fixation light for the patient to look
at without eye movement. Including some of the compen-
sation from the recovered epithelium {filling on the ablated
corneal surface, the roughness of the corneal tissue, cali-
brated by the PMMA surface, should be within the range of
(0.2-2) microns. Therefore, we are optimizing the param-
eters of dx, dy, L,p, E and R 1n order to achieve the
above-described clinical requirements.

Referring to FIG. 9B, a comparison 1s shown to demon-
strate the degrees of smoothness of the ablated PMMA at
two sets of displacements: curve A (dx=dy=0.5 m) and curve
B(dx=0.5 mm, dy=0.3 mm). These PMMA profiles were
generated from a Microsensor scanned along the y direction
to show the difference 1n smoothness caused by the ditfer-
ence in dy values (at a fixed dx value). It is clearly demon-
strated by comparing Curves A and B that a smoother
surface 1s generated with a smaller displacement (dy=0.3
mm), or larger beam overlap Lx=70%. In this particular
example, the basic beam profile 1s worse than a 50%
Gaussian and actually has a three-lop structure which 1s
typical in an ArF excimer laser. Even under this poor beam
uniformity condition, we are still able to obtain very uniform
overall ablated areas of (2-9) mm in diameter, as shown in
FIG. 9B (curve B) with surface roughness less than 1
microns (vs. about 10 microns in curve A), when a set of
appropriate beam overlap parameters are used. Smaller dx
and dy will further improve smoothness, which, however,
may take a longer operation time. As shown in above
example (using dx=0.5 mm and dy=0.3 mm), only 30
seconds 1s needed for a D=-4 diopter correction with enough
smoothness of the PMMA surface, where I used a pulse
energy of 0.9 mJ (on the PMMA surface), with the system
operated at 100 Hz 1n this example.

In addition to the overlap function, I have been able to
further improve the beam uniformity by the beam orienta-
tion method as follows. As shown 1n FIG. 10A, I used linear
scan patterns for multi-layer ablation on a PMMA sheet,
where parameters of E=0.9 ml, spot size of 1 mm, dx=dy=
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0.5 mm were used. In one case, I repeated the linear scan
pattern along the x-direction, or rotation angle (A)=zero, for
about 25 times (layers). To see the improvement due to
pattern orientation, I tried the second case by rotating the
linear-scan angle (A) by about 65 degrees in each successive
scan layers. An angle A=65 degrees was chosen in this
particular example to randomize the basic beam structure
(having a non-uniform profile) and to achieve the uniform
overall ablation. This averaging procedure by beam orien-
tation will largely reduce the potential roughness caused by
the basic beam structure, noting that rotation angles, such as
20, 30, 60 or 120 degrees (in which 360 degrees can be
divided 1nto integers), should be avoided to prevent repeated
patterns after a few rotation layers. A larger angle(A) is
chosen for smaller diopter corrections and vice versa for the
best results. This 1s to make sure that enough beam random-
1zation 1s performed for various diopter corrections which
are proportional to the numbers of scanned layers. Com-
parisons are shown in FIG. 10B for A=0 (nonrotated case,
curve A) and for A=65 (rotated case, curve B), where
dx=dy=0.5 mm were used 1n both cases. Significant smooth-
ness of ablated PMMA was achieved in the rotated case
(curve B) even when a large displacement of dy=0.5 mm
was used, compared to curve B 1n FIG. 10B and curve A 1n
FIG. 9B. The larger displacement, or smaller overlap results
in a faster procedure, however, this results 1n a loss of
smoothness if beam rotation 1s not used. Using the above-
described techniques, I am able to generate the predeter-
mined ablation profiles corresponding to various refractive
corrections such as myopic, hyperopic and astigmatic with
clinically acceptable tissue smoothness and procedures
fimes requirement.

Referring to FIG. 11, an example for myopic correction 1s
shown. FIG. 11A shows the schematic of rotated ablated
areas with increasing diameters (from about 0.5 to 6 mm)
governed by Equation (1), where a typical number of layers
(or scanned areas at various diameters) of 25 is needed for
a =5 diopter correction. For an optical zone of 5 mm, this
represents an ablation rate of about 2 microns 1n corneal
fissue 1n each layer, where a pulse energy of about 0.9 mJ at
spot size of 1 mm and repetition rate of 100 Hz 1s used. For
smaller diopter corrections, a smaller energy (0.6—0.8 mlJ),
or smaller ablation rate (0.5-1.0 microns) is desired for
smoother and more accurate results. Moreover, a smaller
spot size of (0.1-0.5 mm) may be used for better control of
the ablation profile (with greater accuracy), but a faster laser
repetition rate larger than 500 Hz would be required for a
reasonable procedure speed of (20-50) seconds to cover (-3
to —10) diopter corrections. In this situation the diode
pumped UV solid state laser described earlier will be a better
candidate than the Excimer laser. FIG. 11B shows the
PMMA ablation profile measured from a Microsensor using
the techniques shown in FIG. 11A, where an ablation zone
size of about 5 mm with center depth of about 16 microns
were shown. I believe that the PMMA profiles shown in
FIGS. 9 through 11 represent, for the first time, the novel
features of the techniques disclosed 1n the present invention.
Some of the prior art has never demonstrated the actual
ablation data, although a simple concept of beam scanning
has been proposed. The comparisons 1n FIGS. 9 and 10 have
demonstrated that the prior techniques as set forth in the
background hereto would never achieve the smooth surface
as shown here. In addition, given the laser parameters
proposed in the present invention of low-energy (2—4 mJ)
with nonuniform basic beam profile and without using
mechanical beam re-shaping, 1t 1s impossible for the prior art
to achieve clinically meaningful results. A high-power laser
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of 100-300 mJ with a complex means of beam uniformity 1s
always required 1n the prior art patents.

The method disclosed 1n the present invention combines
beam scanning, overlapping and pattern rotation
(randomization) provides a powerful yet simple technique
for optimal results of laser refractive surgery which involves
both clinical aspects (ablation diopter, ablation optical zone,
smoothness, patient centration and operation speed) and
engineering aspects (beam profile, uniformity, stability,
energy, spot size and delivery systems).

It 1s worth emphasizing that the concept of achieving a
smooth ablation surface by using the randomly rotated
scanning pattern as disclosed 1n the present invention would
not be demonstrated if the microsensor were not used to
measure the PMMA profiles. I have performed hundreds of
PMMA profile analyses at various laser parameters together
with the theoretical model presented in equations (1)—(5) are
the key factors behind the present process. Furthermore, the
refractive correction profile, governed by equation (1) would
be very difficult to justify after the scanning method 1s
applied to the target (PMMA and corneal tissue) if the
microsensor 1s not available to the user. The PMMA data
presented 1n the present invention have also been employed
on corneas, where hundreds of patient’s have been treated by
the Compak-200, Mini-Excimer with predictable power
corrections and smooth tissue ablation. Clinical results are to
be presented 1n optthalmology conferences.

While the invention has been shown and described with
reference to the preferred embodiments thereof, 1t will be
understood by those skilled in the art that the foregoing and
other changes and variations 1n form and detail may be made
therein without departing from the spirit, scope and teaching
to the invention. Accordingly, the method and apparatus, the
ophthalmic applications herein disclosed are to be consid-
ered merely as 1llustrative and the invention is to be limited
only as set forth in the claims.

I claim:

1. A method of performing corneal refractive surgery by

reshaping a portion of a corneal surface comprising the steps
of:

selecting a laser having a pulsed output beam of prede-
termined ultraviolet wavelength and having an energy
level [less than] of no greater than 10 ml/pulse;

selecting a scanning mechanism for scanning said
selected laser output beam, said scanning mechanism
including a galvanometer scanning mechanism for con-
trolling said laser beam into an overlapping pattern of
adjacent pulses;

coupling said laser beam to a scanning device for scan-
ning said laser beam over a predetermined surface;

focusing said scanning laser beam onto a corneal surface
to a predetermined generally fixed spot size;

aligning the center of the said scanning laser beam onto
the corneal surface with a visible aiming beam;

controlling the scanning mechanism to deliver the scan-

ning laser beam 1n a predetermined overlapping pattern
onto a plurality of positions on the corneal surface to

photoablate or photocoagulate corneal tissue; and

removing from 0.05 to 0.5 microns of corneal tissue per

pulse overlapped to remove tissue to a desired depth,

whereby a patient’s vision 1s corrected by the reshaping

of the corneal surface of the patient’s eye using a low
power laser.

2. A method of performing corneal refractive surgery by

reshaping a portion of the corneal surface 1n accordance with

claim 1 in which the step of selecting a laser includes
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selecting a diode-pumped UV laser having an output wave-
length between 193 and 220 nanometers, and energy per
pulse of 0.01 to 5 ml/pulse, a repetition rate of between 1 Hz
and 10 KHz, and a pulse duration between 0.1 picoseconds
to 50 nanoseconds and a focused spot size of (0.05-1.5) mm
on the corneal surface.

3. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 in which the step of selecting a laser includes
selecting a flash lamp pumped UV laser having an output
wavelength between 193 and 220 nanometers, and energy
per pulse of 0.1 to 10 mJ/pulse, a repetition rate of between
1 Hz and 10 KHz, and a pulse duration between 0.1
picoseconds to 50 nanoseconds and a focused spot size of
(0.05—1.5) mm on the corneal surface.

4. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 in which the step of selecting a laser includes
selecting an argon fluoride excimer laser having an output
wavelength of 193 nanometers, energy per pulse of 0.5 to 10
mJ/pulse and a focused generally fixed spot size of between
0.2 to 2 mm on the corneal surface, and a repetition rate of
between 1 to 1,000 Hz, and pulse duration of between 1 to
50 nanoseconds.

5. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of selecting a laser includes
selecting a free-running Ho:YAG laser having an output
wavelength of about 2.1 microns at an average power of
between 0.5-5 watts and a focused generally fixed spot size
of between 0.1-1 mm.

6. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 i which the step of selecting a laser includes
selecting a free-running Er:glass laser having an output
wavelength of about 1.54 microns at an average power of
between 0.5-5 watts with a focused generally fixed spot size
of between 0.1-1 mm.

7. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of selecting a laser includes
selecting a free-running Er:glass laser having an output
wavelength of between 1.9 to 2.5 microns at a power of
between 0.5-5 watts and a focused generally fixed spot size
of between 0.1-1 mm.

8. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 i which the step of selecting a laser includes
selecting a Q-switched Er:YAG laser having an output
wavelength of 2.94 microns, and a pulse duration of between
50 to 400 nanoseconds, with an energy per pulse of between
50-500 mJ and a repetition rate of between 1 and 200 Hz
with a focused generally fixed spot size of between 0.2-2
mm.

9. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1 which the step of selecting a laser includes
selecting an ultra-short pulsed laser having an output wave-
length of between 750 to 1100 nanometers, energy per pulse
of between 0.01 to 100 microjoules, and a repetition rate of
between 0.01 to 100 MHz, and pulse duration of between
0.05-10 picoseconds and a focused generally fixed spot size
of between 0.05-0.5 mm.

10. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 in which the step of selecting a laser includes
selecting an OPO mid-IR laser having an output of 2.5-3.2
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microns, a pulse duration of between 1-40 nanoseconds and
energy per pulse of between 0.1 to 10 mJ, and a repetition
rate of between 10 and 5,000 Hz and a focused generally
fixed spot size on the corneal surface of between 0.1-2 mm.

11. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1in which the step of delivering said laser beam
includes said focusing lens which 1s highly transparent to the
said laser beam, said focusing lens having a focal length of
(50-1500) mm for focusing the laser source onto a generally
fixed spot size of 0.05—2 mm on a predetermined position on
the corneal surface.

12. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of controlling said scanning
mechanism 1ncludes controlling said scanning to scan a
pattern of radial aligned spots using a laser beam capable of
photocoagulation corneal tissue.

13. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1 which the step of controlling said scanning
mechanism includes controlling said scanning to scan a
pattern of concentric generally fixed spots using a laser
beam capable of photocoagulating corneal tissue.

14. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of controlling said scanning device
includes controlling said scanning to scan a pattern of
ogenerally fixed area ring spots using a laser beam capable of
photocoagulating corneal tissues.

15. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of controlling said scanning device
includes controlling said scanning to scan a pattern of
overlapping generally fixed ring spots using a laser beam
capable of photoablating corneal tissue for myopic correc-
fion.

16. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of controlling said scanning
mechanism 1ncludes controlling said scanning to scan a
pattern of overlapping generally fixed area spots using a
laser beam capable of photoablating the corneal tissue for
hyperopic correction.

17. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1 which the step of controlling said scanning
mechanism includes controlling said scanning to scan a
pattern of overlapping circles of fixed area using a laser
beam capable of photoablating the corneal tissue for astig-
matic correction.

18. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 1n which the step of controlling said scanning
mechanism 1ncludes controlling said scanning to scan a
pattern of radial aligned slits of fixed area using a laser beam
capable of photoablating corneal tissue for laser radial
keratectomy.

19. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 18 wherein the step of scanning includes scanning a
coated window having a predetermined coating to direct said
laser beam therethrough and to photoablate the corneal
surface to meet a predetermined profile for refractive cor-
rections.

20. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
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claim 18 in which the step of scanning includes scanning
through a coated window made of materials transparent to a
UV laser having an output beam of (193-215) nm.

21. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with 5
claim 18 in which the step of scanning includes scanning
through a coated window made of materials highly trans-
parent to an IR laser having an output beam of (2.5-3.2)
MmIcrons.

22. Amethod of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 in which the step of controlling said scanning
mechanism 1ncludes controlling said scanning which has a
circular scanning pattern to deliver uniform laser energy
over a coated window positioning near the corneal surface.

23. A method of performing corneal refractive surgery by
reshaping a portion of the corneal surface 1n accordance with
claim 1 including the step of scanning 1n a uniform scanned
pattern with a spatial overlap of 50-80% and beam orien-
tation whereby the initial beam profile uniformity 1s not
critical.

24. An ophthalmic surgery apparatus, COmprising:
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a basic laser having an output laser beam of a funda-
mental ultraviolet wavelength within a range of
193-220 nm exiting from an output window of said
basic laser, and an energy level exiting from said output 23
window of said basic laser of less than about 10 mJ per
pulse sufficient to remove from 0.05 to 0.5 microns of
lissue per pulse; and

a computer-conirolled scanning device coupled to said
basic laser to scan said pulsed output laser beam,
through known posttions of an optical device moved by
galvanometric forces, to cause a signtficant overlap of
adjacent ablation spots of predetermined generally
fixed size on a single ablation layer of said corneal
surface to achieve a smooth ablation of corneal tissue.

25. The ophthalmic surgery apparatus according to claim
24, wherein:
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said pulses are overlapped in a range of 50 to 80 percent.

20. The ophthalmic surgery apparatus according to claim

. 40
24, wherein:

said pulsed beam has a spoft size on said corneal tissue of
less than or equal to 2 mm.

27. The ophthalmic surgery apparatus according to claim
24, wherein said scanning device comprises:

a mirrored surface.
28. The ophthalmic surgery apparatus according to claim
24, wherein:
a repetition rate of said laser is synchronized with said
scanning device.
29. The ophthalmic surgery apparatus according to claim
24, wherein:
successtve pulses of said pulsed beam are rotated through
a linear-scan angle by said scanning device.
30. The ophthalmic surgery apparatus according to claim
24, wherein said optical device comprises.
a Motor.

31. The ophthalmic surgery apparatus according to claim
24, wherein said optical device comprises.

a mirrored device.

32. The ophthalmic surgery apparatus according to claim
24, wherein said optical device comprises.

a refractive device.

33. A method for performing ophthalmic surgery com-
prising:

providing a basic laser having a pulsed output laser beam

of a fundamental ultraviolet wavelength within a range

45

50

55

60

65

20

of 193-220 nm exiting from an ouiput window of said
basic laser, a repetition rate of 1 Hz to 1000 Hz, and an

energy level exiting from said output window of said
basic laser of no greater than 10 mJ per pulse;

focusing said pulsed laser beam onto corneal tissue 1o a
predetermined generally fixed spot size;

scanning said pulsed laser beam, through known posi-
lions of an optical device moved by galvanometric

forces, in a substantially overlapping patiern on said
corneal tissue such that adjacent ablation spots on a

single ablation layer of said corneal tissue significantly
overlap one another; and

removing from 0.05 to 0.5 microns of corneal tissue per
pulse.

34. The method for performing ophthalmic surgery
according to claim 33, wherein:

satd substantially overlapping paitern is achieved using
randomized scanning of said pulsed laser beam on said
corneal tissue.
35. The method for performing ophthalmic surgery
according to claim 34, wherein.

satd pulsed laser beam has a spot size on said corneal
lissue of no greater than 1 mm.
36. The method for performing ophthalmic surgery
according to claim 33, wherein.

satd pulsed laser beam has a spot size on said corneal
lissue of no greater than 1 mm.
37. The method for performing ophthalmic surgery
according to claim 33, wherein.

pulses of said pulsed laser beam corresponding to adja-
cent ablation spots on said single ablation layer over-
lap one another by least 50 percent.
38. The method for performing ophthalmic surgery
according to claim 33, wherein.

satd pulsed laser beam is scanned synchronously with
said pulses of said pulsed laser beam.
39. The method for performing ophthalmic surgery
according to claim 33, wherein:

an area of corneal tissue 0.2 to 0.5 microns deep is
removed per pulse of satd pulsed laser beam.
40. The method for performing ophthalmic surgery
according to claim 33, wherein:

said pulsed laser beam is scanned in circular patterns.
41. The method for performing ophthalmic surgery
according to claim 33, wherein.

said pulsed laser beam is scanned in linear paiterns.
42. The method for performing ophthalmic surgery
according to claim 33, wherein.

said scanning moves said optical device using a motror.
43. The method for performing ophthalmic surgery
according to claim 33, wherein said scanning comprises.

rotational movement of said optical device.

44. The method for performing ophthalmic surgery
according to claim 33, wherein said optical device com-
prises.

a mirrored device.

45. The method for performing ophthalmic surgery
according to claim 33, wherein said optical device com-

prises.

a refractive device.
46. The method for performing ophthalmic surgery
according to claim 33, wherein said scanning comprises.

translational movement of said optical device.
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47. The method for performing ophthalmic surgery com-
prising.

providing a basic laser having a pulsed output laser beam

of a fundamental ultraviolet wavelength within a range

of 193-220 nm exiting from an output window of said

basic laser, a repetition rate of at least 1 Hz to 1000 Hz,

and an energy level exiting from said output window of
said basic laser of 0.5 to 10 mJ per pulse;

focusing said pulsed output laser beam onto corneal
lissue to a predetermined generally fixed spot size;

scanning said pulsed laser beam, through known posi-
tions of an optical device moved by galvanometric
forces, in a substantially overlapping paitern on said
corneal tissue such that adjacent ablafion spots on a
single ablation layer of said corneal tissue significantly
overlap one another; and

removing from 0.05 to 0.5 microns of corneal tissue per
piuilse.
48. The method for performing ophthalmic surgery

according to claim 47, wherein.
said pulsed laser beam has a spot size on said corneal

lissue of no greater than 1 mm.
49. The method for performing ophthalmic surgery

according to claim 47, wherein.
pulses of said pulsed laser beam corresponding fo adja-

cent ablation spots on said single ablation layer over-
lap one another by at least 50 percent.

50. The method for performing ophthalmic surgery
according to claim 47, wherein.

said pulsed laser beam is pulsed at a repetition rate of at
least 50 Hz.

51. The method for performing ophthalmic surgery
according to claim 47, wherein.

said pulsed laser beam is scanned synchronously with
said pulses of said pulsed laser beam.
52. The method for performing ophthalmic surgery

according to claim 47, wherein.

said pulsed laser beam is scanned in circular patterns.
53. The method for performing ophthalmic surgery

according to claim 47, wherein.

said pulsed laser beam is scanned in linear patterns.
54. A method of performing laser ablation on tissue, said
method comprising.

providing a basic laser having a pulsed output laser beam
of a fundamental ultraviolet wavelength within a range
of 193-220 nm exiting from an output window of said
basic laser, a repefition rate of 1 Hz to 1000 Hz, and an
energy level exiting from said output window of said
basic laser of no greater than 10 mJ per pulse;

providing a galvanometer scanner; and

significantly overlapping adjacent ablation spots focused
lo a predetermined generally fixed spot size on a single
ablation layer of said tissue by controlling said pulsed
output beam with said galvanometer scanner to provide
a substantially overlapping pattern of beam pulses on
said tissue which remove from 0.05 to 0.5 microns of
[issue per pulse.

55. The method of performing laser ablation on tissue

according to claim 54, wherein.
said substantially overlapping pattern is achieved by
placing said ablation spots on said single ablation

laver of said tissue in random order:
56. The method of performing laser ablation on fissue

according to claim 54, wherein:
said pulse delivered at said tissue has an energy of 10 mJ

per pulse or less.
57. The method of performing laser ablation on tissue

according to claim 54, wherein.
said ultraviolet wavelength is 193 nm.
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58. The method of performing laser ablation on fissue
according to claim 54, wherein:

said pulsed output laser beam has an energy level exiting
from said output window of said basic laser in a range
of 0.05 to 10 mJ per pulse.
59. The method of performing laser ablation on iissue
according to claim 58, wherein.

said pulsed output beam has a spot size on said tissue of
no greater than 1 mm.
60. The method of performing laser ablation on tissue

according to claim 54, wherein.

said pulsed output beam has a spot size on said tissue of
no greater than 1 mm.
61. The method of performing laser ablation on tissue

according to claim 54, wherein.

pulses of said pulsed ouiput beam corresponding 1o
adjacent ablation spots on said single ablation layer
overlap one another by at least 50 percent.

62. The method of performing laser ablation on tissue

according to claim 54, wherein.

satd pulsed output beam is scanned synchronously with
said pulses of said pulsed output beam.
63. The method of performing laser ablation on tissue

according to claim 54, wherein.

an area of corneal tissue in a range of 0.2 to 0.5 microns
deep is removed per pulse of said pulsed output beam.
64. The method of performing laser ablation on tissue

according to claim 54, wherein:

said pulsed output beam is scanned in circular patterns.
65. The method of performing laser ablation on fissue

according to claim 54, wherein:

said pulsed output beam is scanned in linear patterns.
06. The method of performing laser ablation on fissue
according to claim 54, wherein:

said pulsed output beam is scanned in concentric circles.
67. The method of performing laser ablation on tissue
according to claim 66, wherein:

said concentric circles have increasing diameters.
68. A method for ablating tissue, comprising.

providing a basic laser having a pulsed output laser beam
of a fundamental ultraviolet wavelength of 193 nm
exiting from an output window of said basic laser, and
a repetition rate of 1 Hz to 1000 Hz;

focusing said pulsed output laser beam onto said tissue to
a predetermined generally fixed spot size; and

scanning said pulsed output laser beam, through known
positions of an optical device moved by galvanometric
forces, tnto a substantially overlapping pattern of beam
pulses on said tissue such that adjacent ablation spots
on a single ablation layer of said tissue significantly
overlap one another and remove from 0.05 to 0.5
microns of tissue per pulse, whereby a laser pulse is
delivered which 1s low power at said tissue.

69. The method for ablating tissue according to claim 68,

wherein:

an area of tissue 0.2 to 0.5 microns deep 1s removed per
pulse of said pulsed laser beam.
70. The method for ablating tissue according to claim 68,
wherein:

said substantially overlapping pattern of beam pulses has
an orientation which is achieved using a randomized
scanning of said pulsed output beam on said fissue.

71. The method for ablating tissue according to claim 68,

wherein.:
satd pulsed output laser beam has an energy level exiting

from said output window of said basic layer of no
greater than 10 mJ per pulse.
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72. The method for ablating tissue according to claim 68,
wherein:

said scanning overlaps adjacent beam pulses correspond-
ing to adjacent ablation spots on said single ablation
layer by at least 50 percent. 5
73. The method for ablating tissue according to claim 68,
wherein:

said basic layer is an excimer layer.
74. The method for ablating tissue according to claim 68,
wherein.

said scanning moves said optical device using a motor.
75. The method for ablating tissue according to claim 68,
wherein said scanning comprises:

rotational movement of said optical device.
76. The method for ablating tissue according to claim 68,
wherein said optical device comprises.

a mirrorved device.

77. The method for ablating tissue according to claim 68,
wherein said optical device comprises.

a refractive device.

78. The method for ablating tissue according to claim 68,
wherein said scanning comprises:

translational movement of said optical device.

79. An ophthalmic surgery apparatus for performing
corneal refractive surgery by reshaping a portion of a
corneal surface, said apparaius comprising:

a basic laser having a pulsed output laser beam of a
fundamental ultraviolet wavelength within a range of
193-220 nm exiting from an ouiput window of said
basic laser, and an energy level exiting from said output
window of said basic laser of less than 10 mJ per pulse
stifficient to remove from 0.05 to 0.5 microns of tissue 3V
per pulse; and

a computer-conirolled scanning device coupled to said
basic laser to scan said pulsed output laser beam,
through known positions of an optical device moved by
galvanometric forces, to cause a significant overlap of 35
adjacent ablation spots of predetermined generally
fixed size on a single ablation layer to achieve a smooth
ablation of corneal tissue.

80. A method of performing corneal refractive surgery by
reshaping a portion of corneal surface, said method com-
prising:

providing and pulsing a basic laser having an output laser
beam of a fundamental ultraviolet wavelength within a
range of 193-220 nm exiting from an output window of
said basic laser, a repetition rate of 1 to 1000 pulses per .
second, and an energy level exiting from said ouiput
window of said basic laser of no greater than 10 mJ per
pulse;

focusing said output laser beam onito a corneal surface in
a predetermined fixed spot size;

scanning said output laser beam through known positions
of an optical device moved by galvanomeiric forces;
and

substantially overlapping adjacent ones of a plurality of
ultraviolet laser beam pulses over a single ablation
laver on said corneal surface sufficient to ablate a
depth of between 0.05 and 0.5 microns of corneal tissue
per ultraviolet laser beam pulse.
81. The method of performing corneal refractive surgery
by reshaping a portion of a corneal surface according to
claim 80, further comprising:

selecting a scanner to scan said overlapping plurality of
laser beam pulses, said scanner deflecting said laser
beam pulses a predetermined angle.
82. The method of performing corneal refractive surgery
by reshaping a portion of a corneal surface according to 65
claim 81, wherein:

said optical device includes a mirrored surface.
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83. A method for performing corneal refraciive surgery by
reshaping a portion of corneal surface, comprising.:

selecting a basic laser having a pulsed output laser beam

of a fundamental ultraviolet wavelength within a range

of 193-220 nm exiting from an ouiput window of said

basic laser, and an energy level exiting from said output
window of said basic laser of less than 10 mJ/pulse;

selecting a scanning mechanism for scanning satd pulsed
output laser beam through known positions of an
optical device moved by galvanometric forces;

coupling said pulsed output laser beam to said scanning
mechanism for focusing said pulsed output laser beam
in a predetermined generally fixed spot size on said
corneal surface;

controlling said scanning mechanism to deliver said scan-
ning pulsed output laser beam in a substantially over-
lapping pattern on said corneal surface such that
adjacent ablation spots on a single ablation layer of
said corneal tissue significantly overlap one another to
at least one of photoablate and photocoagulate corneal
fissue; and

removing from 0.05 to 0.5 microns of corneal tissue per
pulse, whereby a patient’s vision is corrected by said
reshaping of said portion of said corneal surface of
said patient’s eye.
84. The method for performing corneal refractive surgery
according to claim 83, wherein said optical device com-
prises.

a mirrored surface.
85. The method for performing corneal refractive surgery
according to claim 83, further comprising:

aligning a center of said scanming laser beam onto said
corneal surface with a visible aiming beam.

86. A method for performing ophthalmic surgery, com-

prising:

providing a basic laser having a pulsed output laser beam
of a fundamental ultraviolet wavelength within a range
of 193-220 nm exiting from an output window of said
basic laser, and an output energy level exiting from said
output window of said basic laser of no greater than 10
mJ/pulse sufficient to remove from 0.05 to 0.5 microns
of corneal tissue per pulse;

focusing said pulsing ultraviolet laser beam into a pre-
determined generally fixed spot size on corneal tissue;
and

scanning said pulsing laser beam, through known posi-
lions of an optical device moved by galvanometric
forces, in a purposefully substantially overlapping pat-
tern on said corneal tissue such that adjacent ablation
spots in said overlapping paittern on a single ablation
laver of said corneal tissue significantly overlap one
another:

87. The method of performing ophthalmic surgery accord-

ing to claim 86, wherein.:

satd pulsing ultraviolet laser beam is pulsed at a repefi-
tion of 1 to 1000 Hz.

88. The method of performing ophthalmic surgery accord-
ing to claim 86, wherein.

satd pulsing ultraviolet laser beam is sufficient to ablate
a depth in a range of 0.2 and 0.5 microns of corneal
[issue per pulse.
89. The method for performing ophthalmic surgery
according to claim 86, wherein.

satd substantially overlapping pattern is achieved using a
randomized scanning of said pulsed laser beam on said
corneal rtissue.

90. The method of performing ophthalmic surgery accord-

ing to claim 86, wherein.
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pulses of said ultraviolet laser beam corresponding to pulses of said ultraviolet laser beam corresponding to
adjacent ablation spots on said single ablation layer adjacent ablation spots on said single ablation layer
overlap one another by at least 50 percent. overlap one another in a range of 50 to 80 percent.

91. The method of performing ophthalmic surgery accord-
ing to claim 86, wherein. £ % % % %
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