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57 ABSTRACT

The present invention provides a method for minimizing flu-
ence distribution of a laser over a predetermined pattern. In
particular, the method is useful for minimizing fluence vari-
ance over a predetermined pattern for lasers used in oph-
thalmic surgery.

36 Claims, 7 Drawing Sheets
(2 of 7 Drawing Sheet(s) Filed in Color)

Focusing
optics

Fused Siica
plate



U.S. Patent Sep. 8, 2009 Sheet 1 of 7 US 7,584,756 B2

10

FIG. 1




U.S. Patent Sep. 8, 2009 Sheet 2 of 7 US 7,584,756 B2

Focusing
optics

Fused Silica
plate

FIG. 2



U.S. Patent Sep. 8, 2009 Sheet 3 of 7 US 7,584,756 B2

FIG. 3



U.S. Patent Sep. 8, 2009 Sheet 4 of 7 US 7,584,756 B2

FIG. 4



U.S. Patent Sep. 8, 2009 Sheet 5 of 7 US 7,584,756 B2

puilse energy (uJ)

FIG. 5

- —— s — o
o ) o o

0 S ) =) 3 o
N ™~ - -~

Ajisuajul jyby ewse|d



US 7,584,756 B2

Sheet 6 of 7

Sep. 8, 2009

U.S. Patent

[[eD
S[o300d

/\ ano

9 "Old

_ 002 4q
Iop1alp
a3e)0A

00T/A = ¥EaPo3A
aND

loygrdury

(PSHOA- WA)O0TZ=A

reuonerdadQ
AH

JOSIFOA ~UIA



US 7,584,756 B2

Sheet 7 of 7

Sep. 8, 2009

U.S. Patent

180 s|a00d
8y Bunosuuoo a|qed |eIxeod
8y} Jo soueypoeded sy sI 8D

ﬂzo 4doL naommw

80
s[eo0d i_l

MZ/L L
¢l

9 "Old

A66°¥ H_S uaoov

001GN¥dLS

& °n

A€ 4d0000Y T L0

Alddns A 066+

(RY
3 H
= .ﬁzm 4do} ol
= o 6d 128
o ; M 2
> >v_m 4do}. N
< , OYOIHWT Z/L | VN
| (AG+ 01 0)
tre NI
SSZF [ ositd | b oz Sy [eubis
wﬂmzv&w © s | 1y
" 0819 —7
s W m_w VI6N} szF«
AQOO} MOZ %001 “_EH uTs_ 1a 2a
99 gD © Addns AGL+
g



US 7,584,756 B2

1

APPARATUS AND METHOD FOR
CORRECTION OF ABERRATIONS IN LASER
SYSTEM OPTICS

TECHNICAL FIELD

The present invention relates to a laser beam energy cor-
rection method for correcting the variation in fluence distri-
bution on a focal plane due to aberrations in focusing optics,
and a laser driving apparatus adopting the laser beam energy
correction method. The method and apparatus of the present
invention are particularly, but not exclusively, useful for oph-
thalmic laser surgery procedures.

BACKGROUND OF THE INVENTION

A specific application of the invention is in the use of a
photodisruptive laser for defining a resection plane of a cor-
neal layer to create corneal flap in ophthalmic surgical pro-
cedures for vision error correction. Vision impairment can
occur for many reasons, and be the result of many causes. One
common cause for vision impairment results from a defective
condition of the eye which occurs when the refractive char-
acteristics of the cornea do not cause parallel rays of light to
focus on the retina. When the eye is at rest, and the rays of
light focus in front of the retina, the condition is known as
myopia (i.e. nearsightedness). On the other hand, when the
rays of light focus behind the retina, the condition is known as
hypermetropia or hyperopia (i.e. farsightedness). Both myo-
pic and hyperopic conditions result in varying degrees of
vision impairment. In most cases the conditions are correct-
able.

Eyeglasses or contact lenses are commonly used to correct
myopic or hyperopic conditions. For various reasons, how-
ever, many persons who suffer with these conditions prefer
not to wear eyeglasses or contact lenses. Alternative ways to
correct these conditions include known surgical procedures
for reshaping the cornea in various ways that are effective in
changing its refractive characteristics. For example, in U.S.
Pat. Nos. 4,665,913 and 4,669,466 to [’Esperance, a laser
system is described which photoablates corneal tissue from
the anterior surface of the eye. Another procedure is described
in U.S. Pat. No. 4,988,348 to Bille, whereby corneal tissue is
first removed to correct vision, and then the newly created
surface is smoothed.

Rather than remove and reshape portions of the anterior
portion of the eye to correct refractive defects, other proce-
dures have been developed using a technique called intrastro-
mal photodisruption for removing internal stromal tissue. An
example of such a procedure is described in U.S. Pat. No.
4,907,586 to Bille et al. Another example of a procedure for
removing stromal tissue is the procedure described in U.S.
Pat. No. 6,110,166 to Juhasz. In this procedure, an anterior
corneal layer can be defined by using a laser to create a series
of overlapping photodisrupted areas. The surgeon then sepa-
rates the corneal layer by lifting it, to gain access to the
underlying corneal tissue, which is changed through photoa-
blation. The corneal layer is then repositioned on the cornea.

The photodisruption procedure involves removal of tissue
in a stroma in a cornea of an eye using pulsed laser beam
which is sequentially focused to individual spots at a plurality
oflocations in the stroma. Each focus spot has a finite volume,
rather than being a single point. Further, each spot has a
central point at approximately the center of the finite volume.
Photodisruption of stromal tissue occurs at each spot where
the beam is focused when fluence is above the threshold value
and the volume of stromal tissue disrupted at each spot is
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approximately equal to the volume of the spot. The amount of
tissue damage is dependent on how much the fluence exceeds
the threshold value An optimal fluence value exists for a given
separation between photodisruption spots to achieve the best
surgical result. For example, if the fluence is below the opti-
mal value, then it is difficult to lift the flap. If the fluence is
above the optimal value, then an excessive amount of gas is
produced during the photodisruption process creating opacity
in the cornea, thus complicating the next step of vision cor-
rection procedure, photoablation. Clinical studies show that
noticeable differences in outcomes occur when fluence varies
+/-10%. Consequently, it is important to have a uniform
distribution of the fluence between photodisruption points.

Such a pulsed laser syste, (which includes the laser and
focusing optics), ideally provides an even fluence distribution
across the focal plane, thus providing uniform distribution of
the photodisruptive effect. However, the laser systems used in
these procedures present the problem of providing nonuni-
form fluence over a focal plane even when set at a constant
energy because of variations of the focal spots in the focal
plane. Thus, the variance in fluence distribution may be above
the optimal value at some points in the focal plane and below
the optimal value at other points in the laser focal plane. This,
in turn, results in nonuniform distribution of photodisruption
in the focal plane. One reason for the fluence variance is that
the optic that the laser is focused through, although generally
uniform, contains imperfections and small variations result-
ing in aberrations in the beam. Aberrations generally change
the spot size in the focal plane. By correcting energy, the
present invention minimizes the fluence variance at each
point in the focal plane where the spot size varies because of
aberrations in the laser beam.

U.S. Pat. No. 6,287,299 describes a method of monitoring
fluence from focus spot to focus spot by directing a portion of
the laser beam energy to a fluence monitoring device to pro-
vide a picture of fluence distribution over a curved surface in
overlaying pattern. Fluence is controlled by controlling the
number of pulses irradiating a single point and by overlaying
the spots. It is essential for that method to have multiple
pulses irradiating the same point in X/Y plane. However, the
’299 patent fails to address the issue of correcting fluence
variance due to discrepancies in the focusing optics. Further-
more, the method is not useful for single pulse photodisrup-
tion in real-time surgical settings and for high numerical
aperture focusing optics when the space between the focusing
lens and focal plane is very limited.

Herein, the inventors present a method and apparatus for
overcoming the disadvantages of the prior art.

BRIEF SUMMARY OF THE INVENTION

An embodiment of the invention is a laser beam energy
correction method for correcting fluence distribution of the
laser beam through an optic onto a focal plane, said correction
method comprising the steps of: determining the fluence dis-
tribution of the laser beam energy over a focal plane; and
calibrating the laser beam energy for the predetermined pat-
tern based upon the fluence distribution.

In a specific embodiment, the step of determining the flu-
ence distribution comprises the steps of: focusing the laser
beam through an optic into fluence sensitive material posi-
tioned in the focal plane; pulsing said laser beam through the
optic onto the focal plane; optically damaging the fluence
sensitive material; creating fluence sensitive plasma light;
measuring the plasma light intensity distribution over the
focal plane; and storing the fluence distribution of the focal
plane into a computer memory. In one embodiment of the
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invention, the pulsing comprises a constant energy. In one
embodiment of the invention, the pulsing comprises a con-
stant energy of at least about 5,000 pulses per second.

In a specific embodiment, the step of determining the flu-
ence distribution further comprises repeating the focusing,
pulsing, measuring and storing steps.

In one embodiment of the invention, measuring fluence
distribution comprises capturing a plasma light image with a
photodetector.

In one embodiment of the invention, measuring fluence
distribution comprises measuring the fluence at a plurality of
coordinate points on the focal plane. In a specific embodi-
ment, the plurality of coordinate points comprises at least
1000 points.

In one embodiment of the invention, calibrating the laser
beam energy for the predetermined pattern comprises retriev-
ing the stored fluence distribution over the focal plane from
the computer memory and modifying the laser beam energy at
individual points in the predetermined pattern.

In one embodiment of the invention, the calibrating com-
prises comparing the stored fluence distribution at points in
the predetermined pattern with reference values. In a specific
embodiment, the calibrating the laser beam energy for the
predetermined pattern comprises minimizing the fluence
variance over the predetermined pattern. Ina specific embodi-
ment, the calibrating the laser beam energy for the predeter-
mined pattern comprises controlling the energy output of the
laser beam through a feedback control mechanism.

In one embodiment of the invention, the focal plane com-
prises a substantially flat surface. In an embodiment of the
invention, the predetermined pattern comprises a spiral.

One embodiment of the present invention is an apparatus
for performing the method described herein, comprising a
laser source, a focusing mechanism, an electro-optic modu-
lator, and a computer-controlled driver for said EO modula-
tor. It is contemplated that the computer-controlled driver
may include an appropriate software program for analyzing
the measured fluence distribution data, and calibrating the
laser beam energy as a result of the analysis. The apparatus
may also include a fluence sensitive image and a feedback
mechanism.

One embodiment of the present invention is a laser beam
energy correction method for correcting fluence distribution
of the laser beam over a predetermined pattern on an object,
said correction method comprising the steps of: determining
the fluence distribution over a focal plane, said focal plane
comprising a fluence sensitive image of plasma light distri-
bution; calibrating the laser beam energy over the predeter-
mined pattern; focusing the laser beam on the object; and
pulsing the adjusted laser beam over the predetermined pat-
tern on the object.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee. For a
more complete understanding of the present invention, refer-
ence is now made to the following descriptions taken in
conjunction with the accompanying drawing, in which:

FIG. 1 is a perspective view of a patient being treated with
the method of the present invention;

FIG. 2 is a block diagram of the laser system utilizing the
method of the present invention;
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FIG. 3 is an exemplary photoablation response fluence
distribution showing uneven fluence distribution across the
focal plane;

FIG. 4 shows the difference in fluence distribution when
the feedback mechanism is activated;

FIG. 5 shows the plasma light intensity dependence on
laser pulse energy in fused silica sample at a typical spot size
of'2.5 um; and

FIG. 6 shows the block diagram and schematics of the high
voltage linear amplifier controlling the electro-optic modula-
tor.

DETAILED DESCRIPTION OF THE INVENTION

Referring initially to FIG. 1, depicting a prior art image, an
apparatus 10 for generating a laser beam 12 is shown. The
laser beam 12 is directed onto an eye 14 of a patient 16. For
purposes of the present invention, the apparatus 10 is capable
of generating a pulsed laser beam 12 having physical charac-
teristics similar to those of the laser beams generated by a
laser system as disclosed and claimed in U.S. Pat. No. 4,764,
930, which is exclusively licensed to the assignee of the
present invention. Various laser sources may be used with the
inventive system and method, including infrared, visible, and
UV lasers. Further, laser sources to be used with the inventive
system may be continuous wave, Q-switched pulse, and
mode-locked ultrashort pulse lasers. Although the following
is not an exhaustive list, lasers of the foregoing type may be
used with the present invention.

In one embodiment, the present invention contemplates the
use of a pulsed laser beam 12 which has pulses with durations
as long as a few nanoseconds or as short as only a few
femtoseconds.

In one embodiment, a laser unit is controlled by software
for photodisruption of the cornea utilizing a laser beam of
constant energy, composed of an optical train of pulses with a
duration of approximately 600 femtoseconds at a repetition
rate of up to several hundred thousand Hz.

The optical delivery system determines a 3-dimensional
position in the patient’s cornea at which the laser is focused.
When the laser is pulsed, the energy delivered to the point of
focus is sufficient to ionize tissue (photodisrupt) in a very
small volume. Repetitively setting a focus point and pulsing
the laser results in a resected plane of tissue.

In one embodiment of the invention, the method is useful
for use in real-time, such that the information needed to
correct the fluence variance of a ophthalmic surgery laser as
described in the present invention is stored in a computer
memory and can be instantly retrieved prior to surgery. It is
contemplated that the fluence variance of the laser beam can
thus be corrected during ophthalmic surgery. One with skill in
the art understands the fluence, or energy density, is the irra-
diance multiplied by the exposure time, and is commonly
measured in Joules/square centimeter. In another embodi-
ment, the laser is pulsed onto a focal plane prior to surgery.
The fluence distribution over a predetermined pattern is deter-
mined, and the laser beam energy is calibrated such that the
laser fluence variance is minimized between focal spots over
the predetermined pattern. The calibrated laser is then
focused through an applanation lens during surgery. In
another embodiment of the invention, the laser is calibrated
over a predetermined pattern based on stored fluence variance
data that is in a computer memory, and thus the laser does not
have to be recalibrated prior to every surgery.

In one embodiment of the invention, the reference focal
plane comprises a plurality of coordinate points on an X/Y
axis. In certain embodiments of the invention, the laser is
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focused at a specific Z coordinate inside the aplanation lens
preferably made of fused silica over a plurality of spots on the
X/Y axis. The laser is pulsed onto the focal plane at energy
above the optical breakdown threshold in fused silica. Plasma
light, which is proportional to fluence, is created at each point
and its intensity is measured. Distribution of plasma light
intensity over different X/Y coordinates is representative of
fluence variance in the focal plane. The fluence data is then
stored in a computer memory. The laser energy is adjusted
such that the calibrated fluence variance over the predeter-
mined path is minimized. One with skill in the art realizes that
at certain coordinate points, the laser beam energy must be
either increased or decreased in order to calibrate the laser
beam so that the fluence variance is minimized over a prede-
termined pattern. In a specific embodiment, it is contemplated
that when the variance of the fluence is over a predefined
range, then the laser beam energy will be corrected such that
the fluence variance is minimized. In certain embodiments of
the invention, the predefined range is set for a fluence variance
at a particular coordinate point greater than 5-10% variance
from the desired fluence, greater than 10-15% variance from
the desired fluence, greater than 15-20% variance from the
desired fluence, greater than 20-25% variance from the
desired fluence, greater than 25-30% variance from the
desired fluence, greater than 30-35% variance from the
desired fluence, greater than 35-40% variance from the
desired fluence, greater than 40-45% variance from the
desired fluence, or greater than 45-50% variance from the
desired fluence.

It is contemplated that in a specific embodiment, the laser
beam will be calibrated at a particular Z coordinate point in
the X/Y axis, and that the laser can then be adjusted to focus
on a different Z coordinate for surgery. However, the inven-
tion is not limited to calibration at a single Z coordinate.

In an embodiment of the invention, the step of determining
the fluence distribution over a focal plane is accomplished by
determining the fluence at a plurality of spots on the focal
plane. In a specific embodiment, the focal plane is about 10
mm in diameter. The spot separation is about 10 microns in a
specific embodiment.

In another embodiment of the invention, a reference library
of fluence measurements is stored in a computer memory
corresponding to particular predetermined paths. It is con-
templated that the reference library may comprise informa-
tion that can be customized depending on the procedure for
which the laser is utilized.

In one embodiment of the invention, the reference focal
plane is substantially flat. In other embodiments of the inven-
tion, it is contemplated that the reference focal plane is
curved.

It is contemplated that the predetermined patterns useful
for the present invention include, but are not limited to, a
circle, an oval, a raster, a spiral, or any combination thereof.

Further, the present invention recognizes that internal tis-
sue “photodisruption,” can be effectively accomplished using
a pulsed laser energy if the irradiance of the beam, its focal
spot size, and the proper layering of photodisruption sites are
effectively controlled. Accordingly, it is an object of the
present invention to provide an improved method for per-
forming intrastromal photodisruption on the cornea of an eye
by providing a method for correcting fluence distribution in a
focal plane of the laser beam.

The physical characteristics of the laser beam, as well as
the manner of focusing the laser beam, are important to the
proper performance of the method of the present invention.
As indicated above, these considerations are interrelated.
Insofar as the characteristics of the laser beam are concerned,
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several factors are important. The laser beam should have a
wavelength that allows the light to pass through the cornea
without absorption by the corneal tissue. Generally, the wave-
length should be in the range of 0.4-1.9 micrometers with a
wavelength of approximately 1054 nm being preferred. The
irradiance of the beam for accomplishment of photodisrup-
tion of stromal tissue at the focal spot should be greater than
the threshold for optical breakdown of the tissue. Preferably,
the irradiance should not be more than ten (10) times greater
than the threshold for optical breakdown.

The spot size of the focused laser beam should be small
enough to achieve optical breakdown of stromal tissue at the
focal spot. Typically, this requires the spot size to be approxi-
mately 1.2 microns-10 microns in diameter. Additionally, it is
preferable that the spot configuration be as close to circular as
possible.

The applanation lens as described herein may be glass,
fused silica, or medical grade plastic.

1. Measuring Fluence Distribution

The threshold fluence plate, as described herein, is a means
for measuring fluence distribution. The principle of operation
is based on generating plasma light while optically damaging
the sample, which, in certain embodiments, is a fused silica
plate. The laser beam is focused inside the bulk of the plate to
avoid contribution from surface. At a given pulse duration the
optical damage of a material depends on threshold value
defined as fluence—energy per unit area. High density
plasma created in the process of optical damage emits visible
light. Intensity depends on fluence value above the threshold.
If the spot size of the beam is constant then the amount of
emitted light depends on energy. In the range of 1-3 uJ (typi-
cal range of energy for surgery) the dependence is linear.
Plasma light is proportional to energy, or fluence. A signal is
collected by a photodetector. In practice, the signal is col-
lected the following way: the scanner scans the beam over the
focal plane located inside the sample. For each point, a com-
puter records the position of the beam on X/Y plane and the
intensity of plasma light measured with a built-in video cam-
era. The beam moves over the predetermined pattern and
plasma light distribution in the focal plane is recorded. Since
the energy is constant, the variations in plasma light intensity
are due to spot size variations. The image is stored in the
computer for comparison.

II. Calibrating the Fluence Variance

For example, in certain embodiments, it is contemplated
that the user will choose a signal level on the fluence distri-
bution image (reference) around which to minimize fluence
distribution. During the procedure at each coordinate point on
the X/Y plane, the computer compares the reference value
with the actual signal value. Depending on the sign of the
difference (i.e., positive or negative) and the magnitude of the
difference, the energy is increased or decreased to minimize
the fluence distribution. Energy adjustment in real time is
accomplished by an electro-optic (EO) modulator. Transmis-
sion of light through the EO modulator is governed by feed-
back voltage controlled by the computer. Feedback control
mechanisms for EO modulators are familiar to one with skill
in the art. Intensity of light transmitted through an electro
optic modulator, in this case Pockels cell placed between two
crossed polarizes, is given by:

Fie
Epu = E;nsinz(v ]
Wi
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where V is the applied voltage, V, , is half wave voltage, E,,
and E_,, are intensities at the input and output of the modu-
lator. Initial transmission of the modulator is chosen at 50%
by applying DC offset voltage of V.=V, /2 from the
computer. In the range of transmissions from 30% to 70% the
dependence on voltage is close to be linear. High voltage
linear amplifier is used to provide feedback and to control
transmission of the modulator. Block diagram of the feedback
loop along with the detailed schematics are shown in FIGS.
6A & 6B.V,, is the voltage generated by the computer to
control the transmission of the modulator. Depending on the
sign and amplitude of the V,,-V , ., the total transmission of
the modulator can be varied between 30-70% for each pulse,
thus controlling the fluence in the focal plane.

In a preferred embodiment, the present invention is
directed towards lasers used in the field of laser vision cor-
rection surgery. However, the scope of the invention is not
limited thereto. It is contemplated that the method and appa-
ratus of the present invention will be useful in other fields in
which it is desirable to have an even distribution of fluence
across a focal plane, or laser beam spot.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that the
detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the sub-
ject of the claims of the invention. It should be appreciated
that the conception and specific embodiment disclosed may
be readily utilized as a basis for modifying or designing other
structures for carrying out the same purposes of the present
invention. It should also be realized that such equivalent
constructions do not depart from the invention as set forth in
the appended claims. The novel features which are believed to
be characteristic of the invention, both as to its organization
and method of operation, together with further objects and
advantages will be better understood from the following
description when considered in connection with the accom-
panying figures. It is to be expressly understood, however,
that each of the figures is provided for the purpose of illus-
tration and description only and is not intended as a definition
of the limits of the present invention.

Although the present invention and its advantages have
been described in detail, it should be understood that various
changes, substitutions and alterations can be made herein
without departing from the invention as defined by the
appended claims. Moreover, the scope of the present appli-
cation is not intended to be limited to the particular embodi-
ments of the process, machine, manufacture, composition of
matter, means, methods and steps described in the specifica-
tion. As one will readily appreciate from the disclosure, pro-
cesses, machines, manufacture, compositions of matter,
means, methods, or steps, presently existing or later to be
developed that perform substantially the same function or
achieve substantially the same result as the corresponding
embodiments described herein may be utilized. Accordingly,
the appended claims are intended to include within their
scope such processes, machines, manufacture, compositions
of matter, means, methods, or steps.

What is claimed is:

1. A laser beam energy correction method for correcting
fluence distribution of the laser beam over a predetermined
scan pattern for a target, said correction method comprising
the steps of:

determining the fluence distribution of the laser beam

energy over a focal plane within the target, wherein said
determining the fluence distribution comprises the steps
of:
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focusing the laser beam through an optic to the focal
plane;

pulsing said laser beam through the optic onto the focal
plane;

measuring the fluence distribution over the focal plane;
and

storing the fluence distribution of the focal plane into a
computer memory; and

calibrating the laser beam by modifying the laser beam

energy for the predetermined scan pattern based upon
the fluence distribution.

2. The method of claim 1, further comprising repeating the
focusing, pulsing, measuring and storing steps.

3. The method of claim 1, wherein fluence sensitive mate-
rial is positioned within the focal plane.

4. The method of claim 1, wherein measuring fluence dis-
tribution comprises capturing a signal with a photodetector.

5. The method of claim 4, wherein the signal comprises
plasma light.

6. The method of claim 1, wherein measuring fluence dis-
tribution comprises measuring the fluence at a plurality of
coordinate points on the focal plane.

7. The method of clam 6, wherein the plurality of coordi-
nate points comprises at least 1000 points.

8. The method of claim 1, wherein the pulsing comprises a
constant energy.

9. The method of claim 1, wherein the pulsing comprises at
least about 1,000 pulses per second.

10. The method of claim 1, wherein calibrating the laser
beam energy for the predetermined pattern comprises retriev-
ing the stored fluence distribution over the focal plane from
the computer memory and modifying the laser beam energy at
individual points in the predetermined pattern.

11. The method of claim 10, wherein calibrating comprises
comparing the stored fluence distribution at points in the
predetermined pattern with reference values.

12. The method of claim 1, wherein calibrating the laser
beam energy for the predetermined pattern comprises mini-
mizing the fluence variance over the predetermined pattern.

13. The method of claim 1, wherein the focal plane com-
prises a substantially flat surface.

14. The method of claim 1, wherein predetermined pattern
comprises a spiral.

15. A laser beam energy correction method for correcting
fluence distribution of the laser beam over a predetermined
scan pattern for a target, said correction method comprising
the steps of:

determining the fluence distribution of the laser beam

energy over a focal plane within the target;

calibrating the laser beam by modifying the laser beam

energy for the predetermined scan pattern based upon
the fluence distribution by controlling the energy output
of the laser beam through a feedback control mecha-
nism.

16. A laser beam energy correction method for correcting
fluence distribution of the laser beam over a predetermined
pattern on an object, said correction method comprising the
steps of:

calibrating the laser beam energy over the predetermined

pattern;

focusing the laser beam on the object; and

pulsing the adjusted laser beam over the predetermined

pattern on the object;

wherein calibrating the laser beam energy over the prede-

termined pattern comprises retrieving a stored fluence
distribution over the predetermined pattern from a com-
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puter memory and modifying the laser beam energy at
individual points in the predetermined pattern.

17. The method of claim 16, wherein calibrating the laser
beam energy over the predetermined pattern comprises con-
trolling the energy output of the laser beam through a feed-
back control mechanism.

18. The method of claim 16, wherein said calibrating com-
prises the steps of:

focusing the laser beam through an optic to a focal plane;

pulsing said laser beam through the optic onto the focal

plane; and

measuring the fluence distribution over the focal plane;

storing the fluence distribution of the focal plane into the

computer memory.

19. The method of claim 18, further comprising repeating
the focusing, pulsing, measuring and storing steps.

20. The method of claim 18, wherein fluence sensitive
material is positioned within the focal plane.

21. The method of claim 18, wherein measuring fluence
distribution comprises capturing a signal with a photodetec-
tor.

22. The method of claim 21, wherein the signal comprises
plasma light.

23. The method of claim 18, wherein measuring fluence
distribution comprises measuring the fluence at a plurality of
coordinate points on the focal plane.

24. The method of claim 23, wherein the plurality of coor-
dinate points comprises at least 1000 points.

25. The method of claim 18, wherein the pulsing comprises
a constant energy.

26. The method of claim 18, wherein the pulsing comprises
at least about 10,000 pulses per second.

27. The method of claim 18, wherein calibrating the laser
beam energy over the predetermined pattern comprises mini-
mizing the fluence variance over the predetermined pattern.
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28. The method of claim 18, wherein the focal plane com-
prises a substantially flat surface.

29. The method of claim 18, wherein the optic comprises a
glass lens or a medical grade plastic lens.

30. The method of claim 18, wherein the focal plane is a
threshold fluence plate.

31. A method of compensating for aberrations in laser
system optics, the method comprising:

directing a plurality of laser beam pulses from a laser to a

plurality of focal spots in a sample according to a pre-
determined pattern, each pulse of the pattern being
directed to a different focal spot and the pulses of the
pattern having a pulse energy which is constant among
the pulses;

measuring a fluence distribution across the predetermined

pattern;

determining a fluence variance across the predetermined

pattern based on the fluence distribution; and
calibrating the laser to emit laser beam pulses having vary-
ing pulse energies to reduce the fluence variance.

32. The method of claim 31, wherein measuring the fluence
distribution includes detecting plasma light resulting from
photodisruption at each focal spot within the sample.

33. The method of claim 31, wherein calibrating the laser
includes calibrating the laser to emit laser beam pulses having
varying pulse energies which minimize the fluence variance.

34. The method of claim 31, wherein calibrating the laser
includes controlling the pulse energies through a feedback
control mechanism.

35. The method of claim 31, wherein the predetermined
pattern is non-planar.

36. The method of claim 31, wherein the predetermined
pattern comprises a spiral pattern.

#* #* #* #* #*
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