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GENERATION OF EFFICIENT SOLID-STATE
LASER PULSE TRAINS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
Ser. No. 10/355,952 filed on Jan. 31, 2003, now U.S. Pat.

No.

TECHNICAL FIELD

10002] The present invention relates to laser devices and
lasing methods and, more particularly, to a method for the
generation and application of laser pulse trains with pulse
groupings using selected solid-state lasing media.

BACKGROUND OF THE INVENTION

[0003] Various lasers have been developed for engraving,
cutting, welding, annealing, etc. various materials. Lasers
have also been developed or proposed for delivering laser
energy to a site or target on or 1n a mammalian body for
diagnostic or therapeutic purposes. These lasers typically
deliver laser energy to a target site either directly or through
delivery devices such as an articulated arm, a hollow wave-
ouide or a flexible optical fiber. If pulsed laser energy 1is
desired 1n these applications, it 1s usually provided in a train
of evenly spaced pulses.

[0004] In therapeutlc veterinary or medical apphcatlons
laser energy 1s used to produce a desired effect on various
types of tissue. The laser energy interacts with the tissue
through reflection, refraction or absorption. This interaction
may be used to perform incision, excision, resection, vapor-
1zation, ablation, coagulation, hemostasis, and denaturiza-
tion of various tissues. One or more of the above etfects of
laser radiation on tissue may be produced with pulses of
laser radiation having, for example, a wavelength of about
2,100 nm, a pulse width of about 300 microseconds and an
energy density of about 1 J/em® incident on the target site.
Laser energy of this wavelength 1s highly absorbed by water,
a constituent of virtually all tissues.

[0005] The effect of laser radiation on tissue is dependent
upon several factors, some of which include the type of
tissue 1rradiated, the amount of radiation absorbed by the
tissue, the time during which the laser energy 1s delivered
and the absorption efficiency of the wavelength of laser
energy on the target tissue. Relatively hard or dense tissues,
such as calcified tissues or bone which may have a com-
paratively low water content, require relatively high energy
levels for effective ablation. For example, at a wavelength of
about 2,100 nm, this would optimally require an energy

density of 1 to 20,000 J/cm” at a pulse width of 100 to 800
us at the target tissue site.

[0006] In a variety of applications, including surgical
procedures, where ablation, vaporization or other effects are
desired, it 1s preferred to achieve these effects relatively
culckly to reduce thermal conduction and damage to nearby
fissues. Also, in these applications, 1t may be desirable to
increase the time period between pulses, to allow additional
time for the target to cool between pulses. In order to ablate
certain types of tissue quickly, the laser radiation incident at
the site or target of application, for example, at a wavelength
of about 2,100 nm, should be delivered at a pulse width of
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at least about 30 microseconds preferable in the range of
about 50 us to about 2,500 us at a repetition rate 1n the range
of 1 to about 1,000 Hertz (Hz). More preferably, laser
radiation should be delivered to the target site in pulses of 1
to 10 Joules of energy with a pulse width of 100 to 800 us
at a repetition rate of 1 to 100 Hz.

[0007] The production of such high energy levels with a
single laser resonator or oscillator (e.g. a source of high
intensity optical radiation such as from a flash lamp, arc
lamp or diode-laser, and a lasing medium) is difficult or
impossible. This 1s especially true for thulium holmi-
um: YAG, chromium thulium holmium:YAG, erbium: YAG,
thulium: YAG, ruby or similar lasers having a limited energy
output capability. Many commercially available lasers that
are suitable for ablation or vaporization of tissue cannot be
operated for extended periods of time at such high energy
levels, without creating excessive heat or placing excessive
stress on the laser system and/or an optional optical delivery
mechanism, which can lead to premature component failure.

[0008] Other methods of generating multiple consecutive
laser pulses within a short period of time are known 1n the
art and have previously been disclosed. However, the imple-
mentation of these methods requires an increased number of
components, complexity, and cost compared to the present
invention. Additionally, these other methods typically
require more input power than the present invention in order
to achieve the same target effects.

[0009] Accordingly, it would be desirable to provide an
improved laser system capable of generating radiant energy
at higher effective energy levels to the target site. Preferably,
such an improved system should accommodate the use of
commercially available, pulsed lasers of the following types:
erbium:yttrium aluminum garnet (Er: YAG), thulium:yttrium
aluminum garnet (Tm:YAG), thulium holmium:yttrium alu-
minum garnet (TmHo:YAG), chromium thulium holmi-
um:yttrium aluminum garnet (CrTmHo:YAG), neodymi-
um:yttrium aluminum garnet (Nd:YAG), alexandrite, ruby
and other pulsed lasers.

[0010] Desirably, such an improved laser system should
deliver radiant energy to a target with a relatively long
thermal diffusion time or relatively low thermal conductivity
(e.g. tissue, bone, hair, cotton, plastic, wood, etc.) in a pulse
frain that has a sufficiently high energy level during a
relatively short time period 1n order to quickly raise its
temperature to produce the desired effect on the target, while
lengthening the time between pulses to allow additional time
for the target to cool between pulses.

[0011] Conceptually, if this rapid target temperature rise is
produced using a series or train of evenly spaced pulses of
laser energy, the temperature of the target (e.g. bone, organs,
cartilage, etc.) will start to decay back to its ambient
temperature after the end of each pulse 1n this train. It 1s
understood that the temperature of a target that has been
raised above its ambient temperature T, to an elevated
temperature T, after the end of each pulse 1n this train
decreases 1deally according to the following equation:

T.=T,+(T,~T,)e™"*

where T 1s the maximum elevated temperature to which the
fissue has been raised by a preceding pulse or pulses, € 1s the
natural logarithm base, t 1s any selected time period follow-
ing the achievement of temperature T, k 1s the target thermal
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diffusion time constant, and T_ 1s the resulting time-depen-
dent temperature at the end of time period t.

[0012] When a target (e.g. tissue) is subjected to a pulse of
laser energy, the target temperature rises to a maximum
temperature T, and then begins to decrease. If the maximum
target temperature after the end of a pulse of laser energy T,
were below the desired target temperature T, it would be
desirable to provide increased energy to the target to allow
the desired target temperature T, to be achieved. It is
believed that the efficiency of laser effects (e.g. vaporization
or ablation) on targets with a relatively long thermal diffu-
sion time can be increased by subjecting the target to pulses
of laser energy 1n a way that results 1n little or no tempera-
ture decay between laser pulses. Accordingly, to achieve this
increased efficiency, the time span between consecutive laser
pulses 1n the pulse train should be relatively short, preferably
much shorter than the target thermal diffusion time constant.

[0013] For example, when a target site of a typical human
tissue, such as muscle or cartilage, 1s elevated to an 1nitial
temperature of about 120° C., the tissue temperature decays
to 115° C. in about 10 milliseconds. It would be desirable to
subject the tissue to a plurality of laser pulses 1n less than or
equal to that time period. A preferred laser system for the
ablation or vaporization of such tissue should accommodate
the emission of two or more laser pulses with a typical
temporal separation of less than 10 milliseconds between the
pulses, with a pulse separation time and pulse width that
depend upon the desired peak pulse energy and target
cllects; for example, a pulse separation time of 1 ms and a
pulse width of 100 to 800 us at a wavelength of about 2,010
nm. The pulse separation and/or pulse width may vary
significantly depending upon the specific application. For
example, 1n order to ablate or fragment bladder, kidney, or
ureteral stones, a pulse separation of 10 us and a pulse width
of 1-10,000 nanoseconds may be desirable.

|0014] As is previously known from many literature
sources, many solid-state lasing 1ons exist, of which many
arc bivalent and trivalent lanthanides, for example,
praseodymium (Pr°*), neodymium (Nd”*), samarium (Sm™~*
), europium (Eu’*), gadolinium (Gd>*), terbium (Tb>*),
dysprosium (Dy~*), holmium (Ho’>"), erbium (Er’*), thulium
(Tm=*, Tm>*) and ytterbium (Yb3+). Other solid-state lasing
ions are also well known, for example, titanium (Ti>"),
vanadium (V**), chromium (C**, Cr’* and Cr**) and others.

[0015] At, above, and/or below room temperature, there
arc many different host crystals that may be used 1n con-
junction with many of the above solid-state lasing 1ons or
combinations thereof, including, for example, Y Al.O,,
(YAG), Y. Sc.,Ga,0,, (YSGG), LiYF, (YLF),
Gd Sc,Gas04, (GSGG), Y;Gas0,, (YGG), Y;AIO; (YAP),
LaF;, BaY F,, KCaF; and others. Other solid-state host
materials, such as plastics or gelatins, may also be used 1n
conjunction with many solid-state lasing 1ons. The selection
of a relatively transparent host material that 1s sensitized or
doped with various relative percentage(s) of one or more
lasing ion(s) determines the wavelength and other properties
of the solid-state active lasing medium.

[0016] One or more lasing-related properties may be used
to classily various solid-state lasing media. A subset of all
available solid-state lasing media exhibit the characteristics
of relatively long energy storage lifetimes, for example, at
least 100 us and longer. Many of these types of solid-state
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lasing media are well known, for example, Er:YAG,
Tm:YAG, Ho:YAG, Er:YSGG, Tm:YSGG, TmHo: YAG,

CrImHo:YAG, erbium-doped fiber amplifiers and others,
and have been characterized as to both the predicted and
actual characteristics of energy storage lifetimes. The emis-
sion lifetime of these media are usually longer than the
energy storage lifetime due to, for example, impurities in the
lasing medium, constructional constraints imposed by the
laser resonator design, sub-optimal thermal management
and other factors. It would be desirable to utilize these
properties to produce advantageous pumping and energy
extraction and deliver a plurality of laser pulses within a
short time period.

[0017] The present invention provides an improved laser
energy generation system that can produce the above-dis-
cussed benefits and features.

SUMMARY OF THE INVENTION

|0018] The present invention provides a unique method
and device for generating efficient laser pulse trains using
selected solid-state lasing media for subjecting a target site
to higher effective laser energy than 1s typically possible
with normal laser pulsing modes for that same single lasing
medium.

[0019] The present invention is suitable for use in a
medical system in order to deliver radiant laser energy
pulses to a selected tissue site 1n a desired, controlled
manner. The invention is particularly well suited for use in
surgical procedures for coagulating or cutting relatively soft
fissues, as well as for rapidly vaporizing or ablating rela-
fively hard tissues.

[0020] A device for generating laser pulse trains for deliv-
ery to a target and embodying the present invention 1is
comprised of a single laser generator that generates a plu-
rality of laser pulse groupings within a given pulse train at
selected time 1ntervals. Each of the laser pulse groupings is
comprised of two or more successive mdividual laser pulses
ogenerated at selected time intervals. The laser pulse train has
a pulse width of at least about 30 us preferably 1n the range
of about 50 us to about 2,500 us, at a pulse repetition rate in
the range of 1 to about 1,000 Hz. More preferably, the laser
pulse train has a pulse width 1n the range of about 100 to

about 800 us and a pulse repetition rate 1n the range of about
1 to about 100 Hz.

[0021] In one embodiment, the selected time intervals
between the pluralities of laser pulse groupings are greater
than the selected time intervals between the individual
pulses within each of the pulse groupings. In another
embodiment, the selected time 1nterval between each of the
laser pulse groupings 1s equal to the time required to cool the
target back to its ambient temperature (thermal diffusion
time). Depending upon the particular application, the
selected time 1ntervals between each of the individual pulses
in each of the pulse groupings, and/or the time interval
between laser pulse groupings, may also be either less than
or greater than the thermal diffusion time of the target.

[0022] In a further embodiment, the selected time intervals
between each of the individual pulses 1n each pulse grouping
may be either less than or greater than the dissipation time
of an acoustic shock wave generated by the preceding laser
pulse 1n the respective pulse grouping.
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10023] The method of the present invention can also
include the steps of controlling the time intervals between
cach of the pulse groupings within a given pulse train and
controlling the shape, amplitude, duration, and/or interval of
cach of the individual pulses within each of the pulse
ogroupings. Moreover, each of the pulse groupings may
consist of first, second and subsequent individual laser
pulses, where the energy of pump pulses needed to produce
equivalent or greater second and subsequent laser pulses
may be substantially less than the energy of the pump pulse
needed to produce the first laser pulse 1 each of the laser
pulse groupings.

[0024] The generator may be any one of several known
generator sources such as, for example, a resonator, an
oscillator or a continuous wave pump. A controller or
controllers associated with the generator allow the time
intervals between the individual pulses within each pulse
grouping, as well as the time intervals between the plurality
of pulse groupings, to be selected and controlled. The
controller also selects and controls the amplitude, duration
and shape of each of the pulses. Sensors associated with the
controller allow the characteristics of both pulses generated
by the generator and the pulses delivered to the target to be
sampled and monitored.

[0025] Numerous other advantages and features of the
present mvention will become readily apparent from the
following detailed description of the invention, from the
claims and from the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] In the accompanying drawings that form part of
this specification, and 1n which like numerals are employed
to designate like parts 1n the same,

10027] FIG. 1 is a schematic diagram of a water-cooled,
flash lamp-pumped laser assembly coupled to a flexible
optical fiber in accordance with one embodiment of the
present mvention;

[10028] FIGS. 2A-2K are a set of simplified charts showing

the pumping, generation, pulse feedback, energy feedback,
and target thermal effects of a prior art laser device operating
as a function of time, where only a single pulse of laser
energy 1s generated 1n each pulse grouping;

10029] FIGS. 3A-3E are a set of simplified charts showing
the pumping, generation, pulse feedback, energy feedback,
and target thermal effects of a laser device operating as a
function of time and 1n accordance with the present inven-
tion, where two pulses of approximately equivalent energy
and peak power are generated 1n each pulse grouping;

10030] FIG. 4 1s a schematic diagram of a thermoelectri-
cally cooled, end diode-pumped laser assembly coupled to
an arficulated arm as another embodiment of the present
mvention;

10031] FIG. 5 is a schematic diagram of a thermoelectri-
cally cooled, Q-switched diode-pumped laser assembly
coupled to a flexible, hollow wave-guide as yet another
embodiment of the present invention;

10032] FIGS. 6A-6E are another set of simplified charts

showing the pumping, generation, pulse feedback, energy
feedback, and target thermal effects of a laser device oper-
ating as a function of time and in accordance with the
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present invention, where two pulses of differing energies and
peak powers are generated 1 each pulse grouping; and

[0033] FIGS. 7A-7E are yet another additional set of
simplified charts showing the pumping, generation, pulse
feedback, energy feedback, and target thermal effects of a
laser device operating as a function of time and 1n accor-
dance with the present invention, where three pulses of
approximately equivalent energy and peak power are gen-
erated 1n each pulse grouping.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0034] The present invention provides an improved laser
system and method for the generation and application of
laser pulse trains using selected solid-state lasing media that
1s especially suitable for use 1 surgery and other medical,
vetermnary, industrial, and scientific applications. Existing
laser systems may utilize multiple laser resonators, oscilla-
tors, or fiber amplifiers combined 1nto one or more output
beams, using means previously disclosed 1n the art, such as

described 1n co-owned U.S. Pat. No. 5,387,211 to Saadat-
manesh, et al.

[0035] The present invention provides substantially the
same elfect as described mm U.S. Pat. No. 5,387,211 with only
onc laser resonator, oscillator, or fiber amplifier and one
output beam, although the present invention may be used in
combination with the mvention described 1n the aforemen-
tioned U.S. Pat. No. 5,387,211. The laser system can eili-
ciently generate and deliver multiple laser pulses 1n a pulse
ogrouping within a relatively short time period, allowing
substantially less mput power to be used to generate sub-
stantially greater target effects.

[0036] While this invention is susceptible of embodiments
in many different forms, this specification and the accom-
panying drawings disclose only some specific forms as
examples of the invention. The mnvention 1s not intended to
be limited to the embodiments or methods so described,
however.

[0037] For ease of description, the laser incorporating this
invention 1s described 1n a selected operating position, and
terms such as upper, lower, horizontal, etc., are used with
reference to this position. It will be understood, however,
that the laser incorporating this invention may be manufac-
tured, stored, transported, used, and/or sold 1n an orientation
other than those described.

[0038] Some of the figures illustrating embodiments of the
apparatus show structural details and mechanical elements
that will be recognized by one skilled 1n the art. However,
the detailed descriptions of such elements are not necessary
to an understanding of the invention, and accordingly are not
presented herein.

[0039] Further, the apparatus incorporating this invention
may be used with or contain certain conventional compo-
nents, the details of which are not fully illustrated or
described 1n detail except where a comprehension of their
operation 1s useful 1n understanding the present invention.
For example, this invention may be employed with one or
more suitable conventional beam combination methods,
mirrors, wave-guides and coupling systems, the details of
which, although not fully illustrated or fully described, will
be apparent to those having skill 1in the art and an under-
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standing of the necessary functions of such components. The
detailed descriptions of such components are not necessary
to an understanding of the invention and are not herein
presented because the constructional and operational details
of such components per se are well known and form no part
of the present 1nvention.

[0040] The design, construction, and operation of various
other components, including cooling systems, thermoelec-
tric coolers, thermoelectric controllers, power supplies, flash
lamps, arc lamps, laser diodes, hollow flexible wave-guides,
partial and fully reflecting mirrors, adjustable mounts, and
partial beam splitters are well known in the art. A few
examples of such components are described 1n detail herein
to exemplify how they may be employed in conjunction with
the present invention. The details of the design, construction,
and operation of these components per se form no part of the
present invention.

[0041] The terms “laser energy”, “laser radiation”, “laser
beam”, and variants thereof used herein will be understood
to encompass pulsed wave laser energy having a broad range
of wavelengths, pulse widths, energy densities or fluxes,
powers and repetition rate characteristics. A conventional
laser resonator or oscillator utilizing one or more lasing 10ns
in a solid-state host material, the combination of which have
the characteristics of relatively long emission and energy
storage lifetimes, preferably at least 100 microseconds, may
suitably produce laser radiation as part of the present 1nven-
tion. Examples of some selected lasing mediums that have
these characteristics and can produce energies suitable for

veterinary, medical, scientific and industrial applications
include the {following: Er:YAG, Tm:YAG, Ho:YAG,

Er:YLEF, Tm:YLFE, Ho:YLE, Er:YSGG, Tm:YSGG,
TmHo:YAG, CrTmHo: YAG, ruby and the like, as long the
fluorescence lifetime 1s sufficient to provide a pulse width of
at least about 30 ws. A Ti:Al,O; lasing medium 1s not
suitable for the present purpose because the fluorescence
lifetime of about 3.15 us 1s much too short.

[0042] In general, solid-state lasing media may be pumped
to population 1nversion to allow for efficient energy extrac-
tion and subsequent laser emission by a number of pumping
means, for example, one or more flash lamp(s), laser
diode(s), light-emitting diode(s), other laser(s) or other
optical source(s), which are powered at substantially the
same time. Extraction of the energy in the lasing medium
may occur through several methods that are well known,
including Q-switching, mode-locking, and {ree-running
pulse extraction. For those solid-state lasing media that have
relatively long emission and energy storage lifetimes, a
significant amount of energy remains stored 1n the active
medium after the end of each pulse of laser energy, when
population 1nversion ceases to exist. Normally, this energy
would be wasted in sub-threshold radiative and non-radia-
tive decay prior to the next pump pulse 1 a repetitively
pulsed system. However, 1n a system with a solid-state
lasing medium that has relatively long energy storage life-
time, preferably of at least 100 Its, 1f the next optical pump
pulse occurs sufficiently close 1n time to the end of the
previous laser pulse, much of that stored energy can be
utilized in the generation of the next pulse of laser energy
and thus Slgmﬁcantly less pump energy would be required to
achieve population inversion. The efficiency of an optical
system 1s typically measured as the ratio of the output power
to the input power. Consequently, a system that takes advan-

Jan. 26, 2006

tage of this phenomenon will achieve higher efficiencies
than a system that does not, which 1s described herein as part
of the present invention.

[0043] A first type of laser device or system embodying
the present mnvention 1s illustrated in FIG. 1. The device 1s
suitable for generating and delivering pulses of laser radia-
fion along a single beam path denoted by beam 116 either
directly to a target site 127 (not illustrated), or through one
or more types of conventional laser delivery systems, for
example, the flexible optical fiber 124 depicted mn FIG. 1.
The system 1s particularly suitable for generating and deliv-
ering laser radiation to a target 127 of human or animal
tissue on the surface of a body, within a natural lumen or
cavity, or 1n a surgically created area, cavity, or passage 1n
tissue. Typically, in medical or veterinary applications, the
tissue at which the laser energy 1s directed may be charac-
terized as a body site containing a material that 1s to be
altered by the application of laser radiant energy. The
material of target 127 may be part of the tissue per se or may
be an altered form of tissue, such as cancerous tissue or
atherosclerotic plaque. The material could also be an addi-
tional deposit on tissue, or matter to be removed or modified
for industrial or scientific purposes.

[0044] The laser oscillator 107 shown in FIG. 1 is
arranged and controlled, in conjunction with other compo-
nents, to generate and deliver a pulse grouping of either a
serics of uniformly spaced pulses or a grouping of two or
more pulses temporally close together that are repeated at
regular intervals, 1.€., as a pulse train. Such a grouping of
pulses enables substantially less imnput power to be used and
ogenerates substantially greater target effects than a pulse
train consisting of single pulses repeated at uniformly
spaced 1ntervals, as further explained later. In this embodi-
ment, the laser oscillator 107 consists of multiple compo-
nents that allow the efficient generation of the above-
mentioned pulse train of pulse groupings that 1s part of the
present invention. The laser oscillator 107 includes a solid-
state lasing medium 100, containing one or more lasing 10ns
doped 1n various concentrations within a host material that
in combination have the characteristics of relatively long
emission and energy storage lifetimes, and a flash lamp 101
for optically exciting the solid-state lasing medium 100 to
achieve population 1nversion.

[0045] The solid-state laser oscillator also includes a pump
chamber 102 that houses both the solid-state lasing medium
100 and flash lamp 101, that allows the efficient cooling of
both the solid-state lasing medium 100 and the flash lamp
101, and that furthermore allows optical radiation transfer
from the flash lamp 101 to the solid-state lasing medium
100. The laser oscillator 107 additionally has a support
structure 137, upon which 1s mounted the pump chamber
102, a fully reflective optic in an adjustable mount 103, and
a partially reflective optic 1n an adjustable mount 104. Both
the fully reflective optic 103 and the partially reflective optic
104 are typically adjusted with their corresponding mounts
to be centered on the beam paths 105 and 106 that go
through the solid-state lasing medium 100.

[0046] In this embodiment of the present invention, the
laser oscillator 107 1s optically pumped and thermally man-
aged using various support components. The pump chamber
102 that 1s part of laser oscillator 107 1s thermally managed
through a recirculating coolant loop that includes cooling
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system 110, pump chamber 102, and connections 108 and
109. Although denoted in FIG. 1 as cooling system 110, this

subsystem may provide thermal stability below, at, or above
room temperature, and may also provide heating to pump
chamber 102. The solid-state lasing medium 100 1n pump
chamber 102 is optically pumped by flash lamp 101, which
1s powered by power supplies 113 through electrical con-
nections 111 and 112. In this embodiment, the power sup-
plies 113 also provide power to the cooling system 110
through connections 114 and 149, although this 1s not a
necessary part of the laser device and method that mncorpo-
rates the present invention. Both the optical pumping and
cooling parameters 1n this embodiment may be controlled
through a central processing unit (CPU) 115, through con-
nection 134 to the power supplies 113 and connection 136 to
the cooling system 110. The CPU 115 may have of one or
more control system components, as known 1n the art. Both
the power supplies 113 and the cooling system 110 sub-
systems may give feedback to the CPU 115 through con-
nections 133 and 1335, respectively, to inform the CPU 115
of their status and to facilitate system control.

10047] During the operation of the laser oscillator 107, a
process 1s 1nitiated whereby a pulse of laser energy 1s
ogenerated and subsequently emitted along the axis denoted
by beam 116. In the embodiment described 1n FIG. 1, the
CPU 115 commands the power supplies 113 through con-
nection 134 to provide a waveform of a commanded ampli-
tude and pulse duration to the flash lamp 101 through
clectrical connections 111 and 112. In turn, the opftical
energy generated by flash lamp 101 1s coupled both directly
into the solid-state lasing medium 100 and indirectly into the
solid-state lasing medium 100 through reflections off of the
interior surfaces of pump chamber 102. As population
inversion 1s achieved 1n solid-state lasing medium 100, one
or more wavelength(s) of optical radiation pass multiple
times through the solid-state lasing medium 100, as the
optical radiation travels along beam paths 105 and 106 and
are rellected off of both a fully reflective optic mm an
adjustable mount 103 and a partially reflective optic in an
adjustable mount 104. Both the fully reflective optic 103 and
the partially reflective optic 104 may be made up of one or
more physical optics, comprised of various physical shapes
and coated for the reflection and/or transmittance of various
wavelength(s).

[0048] When a pulse of laser radiation is generated by
laser oscillator 107 and emitted along the axis denoted by
beam 116, part of the optical radiation generated by laser
oscillator 107 may be sampled to facilitate monitoring
and/or control of the present or future laser pulses. This 1s
demonstrated 1n the embodiment of FIG. 1 through the use
of a partial beam splitter 117, which redirects a portion of the
energy in beam 116 along the path imndicated by beam 118.
Beam 118, which contains a percentage of the energy in the
full beam 116, 1s then detected by one or more optical
detectors 119, which convert the laser radiation 1n the
wavelength(s) generated by laser oscillator 107 into other
forms of electromagnetic radiation. These other forms of
clectromagnetic radiation, for example, other wavelengths
of light, electrical signals, magnetic fields, microwaves,
x-rays, and others, have frequencies, amplitudes and/or
timing that are proportional to beam 118 and have the useful
property that they are more easily processed by conventional
components.
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[0049] The optical detectors 119 provide signals that are
proportional to the detected laser beam 118 to the processing
clectronics 130 through connections 128 and 129. The
processing electronics 130 convert the electromagnetic
radiation from optical detectors 119 into electrical form 1if
necessary, and may also provide power to the optical detec-
tors 119 through connections 128 and 129. Furthermore, the
processing electronics condition the electrical signals from
the optical detectors 119 mto more useful forms for moni-
toring and/or control of the present and future pulses of laser
radiation, the properties of such useful forms may be con-
trolled by CPU 115 through connection 131. Once processed
into useful forms by the processing electronics 130, the
signals from optical detectors 119 are transmitted to the CPU
115 through connection 132. Subsequently, the CPU 115
may use this imformation to monitor the operation of the
laser oscillator 107, the cooling system 110, the power
suppliecs 113, the partial beam splitter 117, the optical
detectors 119, the processing electronics 130, and each of
the appropriate interconnections between these components
and CPU 115. The CPU 115 may also use this information
to control the outputs of the power supplies 113, cooling
system 110, and processing electronics 130 1n order to adjust
the wavelength(s), amplitude, timing, total energy, and other
parameters of the present and/or future laser pulses.

[0050] When a pulse of laser radiation i1s emitted along the
ax1s denoted by beam 116, the part of the optical radiation
from beam 116 that 1s not redirected by partial beam splitter
117 to beam 118 1s directed along the axis denoted by beam
120 to the target 127. This direction of the beam 120 to the
target 127 may be direct (not illustrated), may be through
one or more optical elements (not illustrated), or may be
through a flexible optical fiber 124 as depicted in FIG. 1. In
this particular embodiment, beam 120 is directed through
onc or more optical elements 121 to condition the subse-
quent outgoing beam 122 for entrance into the proximal end
123 of a flexible optical fiber 124 of a given size and
numerical aperture, suitable for transmittance of the wave-
length(s) generated by laser oscillator 107. This flexible
optical fiber 124 may be of a fixed or variable size and/or
numerical aperture. The laser energy i1s then transmitted
through flexible optical fiber 124 to the distal end 125 of
flexible optical fiber 124. The distal end 125 of the flexible
optlcal fiber 124 may be in contact with target 127 (not
illustrated), may include one or more optical elements (not
illustrated), or may be some distance away from target 127
as exemplified in FIG. 1. If the distal end 125 of flexible
optical fiber 124 is in direct contact with target 127 (not
illustrated), the optical beam 126 exiting the distal end 125
of flexible optical fiber 124 will be directly transmitted to the
target 127. However, 1f the distal end 125 of tlexible optical
fiber 124 1s not 1n direct contact with target 127, the optical
beam 126 exiting the distal end 125 of flexible optical fiber
124 will be transmitted to the target 127 through a gaseous,
fluid, or solid medium, one of which may be preferred to
achieve the desired effects on target 127.

[0051] Subsequently, the effects on the target 127 of FIG.
1 may be monitored and the various parameters of optical
beam 126 incident on the target may be controlled using a
feedback mechanism, as known 1n the art, by feedback of
reflective radiation from the target through the flexible
optical fiber 124. As known in the art, the wavelength(s)
emitted back from the target 127 being irradiated with
optical beam 126 are typically different than the wave-
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length(s) generated by laser oscillator 107, and thus are
separated from outgoing beam 122 by optic 138 after
traveling back from target 127 through flexible optical fiber
124. Optic 138, which may be comprised of one or more
optical elements, 1s optically coated to transmit the wave-
length(s) generated by the laser oscillator 107 and to reflect
the wavelength(s) emitted from the target 127.

[0052] The feedback wavelength(s) emitted from target
127 are then directed along beam path 139, through one or
more conditioning optics 140, and then detected by one or
more optical detectors 141. As these one or more optical
detectors 141, along with their connections 142 and 143 to
processing electronics 130, operate 1n a manner similar to
one or more optical detectors 119 and connections 128 and
129, their operation 1s not again described in detail. The
CPU 115 may use the information from one or more optical
detectors 141 to monitor the effects of the laser radiation on
target 127, and to control the outputs of the power supplies
113, cooling system 110, and processing electronics 130 1n
order to adjust the wavelength(s), amplitude, timing, total
energy, and other parameters of the present and future laser
pulses to produce the desired effects on the target 127.

[0053] A visible aiming beam may also be provided if
desired. To this end, a low power semiconductor diode laser,
helium-neon (HeNe) laser, or other visible light source 146
may be provided that directs a beam of light 145 to a beam
combining mirror 144 which combines the wavelength(s)
generated by laser oscillator 107 and the wavelength(s) of
the aiming beam source 146 1mnto a common beam path 120,
as known 1n the art. The detailed design, construction, and
operation of such an aiming beam source forms no part of
the present invention.

[0054] The embodiments expressed in FIGS. 1, 4, and 5
may 1nclude additional components, such as mirrors, coat-
ings, focusing elements, beam divergence controlling opftics,
housings, programmable user interfaces, beam blocking
devices or shutters, polarizing optics, Q-switching or mode-
locking elements, and the like that are not 1llustrated. The
detailed design and construction of such components per se
form no part of the present invention.

[0055] It will also be appreciated that modifications may
be made to the system 1llustrated in FIG. 1. The embodiment
illustrated 1n FIG. 1 may also be adapted to pump a fiber
amplifier to generate and deliver a pulse train with a group-
ing of two or more pulses within a short period of time that
are repeated at regular intervals. In this alternate view of the
embodiment of FIG. 1, the laser oscillator 107, cooling
system 110, power supplies 113, CPU 115, output beam 116,
partial beam splitter 117, optical detectors 119, and process-
ing electronics 130 are employed to produce pulses of
optical radiation for the purpose of pumping an optical fiber
amplifier 124, doped with one or more lasing 10ns 1n various
concentrations that have the characteristics of relatively long
emission and energy storage lifetimes. The beam 120 1is
directed through one or more optical elements 121 to
condition beam 122 for entrance into the proximal end 123
of an optical fiber amplifier 124 of a given size and numeri-
cal aperture, suitable for being sensitized with, being opti-
cally pumped or excited, and hosting one or more lasing
ion(s). The output of the distal end 125 of the optical fiber
amplifier 124 would then be delivered to the target 127 as
previously described.

Jan. 26, 2006

[0056] The target feedback mechanism described above,
comprised of elements 138 through 143, may also be used
in conjunction with the optical fiber amplifier 124 in the
alternate view of the embodiment of FIG. 1. Furthermore,
the target feedback mechanism along with the control sys-
tem may also be modified to directly control the wave-
length(s), amplitude, timing, total energy, and other param-
eters of the present and future laser pulses emitted from the
optical fiber amplifier 124. This feedback mechanism 1is
desirable to provide precise control of the radiant laser
energy pulses generated 1n conjunction with the present
invention.

[0057] A set of simplified charts showing the pumping,
generation, pulse feedback, energy feedback, and target
thermal effects of the operation of a typical pulsed laser
system as a function of time are shown in FIGS. 2A-2K.
These FIGS. 2A-2K 1llustrate the present art, 1n contrast to
the generation of pulse trains consisting of pulse groupings

shown 1n FIGS. 3A-3E, 6A-6E, and 7A-7E that are part of
the method of the present invention.

[0058] As previously expressed, the waveforms in FIGS.
2A-2K mclude the optical pumping pulse waveform 251 of
FIG. 2A, the output laser pulse waveform 252 of FIG. 2B,
the laser pulse feedback wavetform 253 of FIG. 2C that 1s
proportional to the shape and timing of the laser pulse
delivered 1n FIG. 2B, the laser energy feedback waveform
254 of F1G. 2D that 1s proportional to the energy of the

delivered laser pulse mn FIG. 2B, and the target thermal
waveform 255 of FIG. 2E.

[0059] FIG. 2A illustrates optical pumping pulse wave-
form 251, consisting of repetitive, evenly spaced individual
pulses. The shape of the leading and trailing edges of the
optical pump pulses 256 and 265 and the amplitude of
optical pumping pulses 257 and 266 are shown as being
vertical and horizontal lines, respectively, although they may
be some other wave shape that would preferentially shape
the output laser pulse waveform 252 of FIG. 2B as desired.
The mndividual optical pump pulses are separated by equiva-
lent intervals, denoted by pulse waveform segments 261 and
270 of FIG. 2A. The delivery of an optical pumping
waveform 251 of FIG. 2A to a laser oscillator allows the

generation of an output laser pulse waveform 252 as shown
in FIG. 2B.

[0060] FIG. 2C details a laser pulse feedback waveform
253 that 1s proportional to the shape and timing of the laser
pulses delivered 1n FIG. 2B. As can be observed through a
comparison of FIGS. 2B and 2C, the detected laser pulses
280 and 283, along with the spacing between pulses 263 and
272, are proportional 1n shape and timing to both the actual
laser pulses 274 and 277 and the spacing between pulses 262
and 271 emitted from a laser oscillator.

[0061] FIG. 2D details an alternate laser energy feedback
waveform 254 that 1s an integration of the laser pulse
feedback wavetorm 253 of FIG. 2C, which may be of the
wave shape shown or some other wave shape that 1s pro-
portional to the energy contained within the individual laser
pulses of the output laser pulse waveform 252 of FIG. 2B.
The wave shape shown 1n FI1G. 2D consists of rising edges
286 and 293, plateaus 287 and 294, falling edges 288 and
295, and spacing between pulses 264 and 273. Either the
laser pulse feedback waveform 253 of FIG. 2C or the laser
energy feedback waveform 254 of FI1G. 2D, or both, may be
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used by a control system to monitor and control various
parameters of the individual laser pulses of FIG. 2B, for
example, amplitude, peak power, pulse width, pulse shape,
and pulse energy. This allows each laser pulse to be con-
trolled to nearly the same shape, timing, energy, and peak
power, 1f desired.

10062] FIG. 2E contains a target thermal waveform 255
showing the effects of the output laser pulse wavelform 252
of F1G. 2B on target 127. This target thermal waveform 255
shows the temperature rises 300 and 307 on the surface of
the target 127 above the target’s normal temperature due to
the delivery of laser pulses 274 and 277, respectively. The
temperature of the target near the site of laser pulse delivery
rises as laser pulses 274 and 277 start to be delivered and
reaches thermal peaks 301 and 308 after the end of the
delivery of the laser pulses 274 and 277, respectively. The
reason for the delay between the end of laser pulses 274 and
277 and the thermal peaks 301 and 308 of the target 127 1s
due to the target thermal diffusion time constant. If this time
constant 1s long, as 1s the case for many materials, for
example, tissue, hair, cotton, wood, and the like, the delay
between the end of the laser pulses 274 and 277 and the
thermal peaks 301 and 308 of the target 127 1s substantial.
This time period, for example, can be on the order of a few
hundred microseconds to a few milliseconds or longer. After
the target temperature reaches peaks 301 and 308, 1t starts to
cool back down to the target’s ambient temperature. This 1s
shown by decays 302 and 309 of the thermal peaks 301 and
308, respectively, and by the target’s ambient temperature
being achieved 1n target thermal waveform segments 255
and 306 of F1G. 2K. The above description summarizes the
repetitive, evenly spaced individual laser pulses, and the

cilect on a target that they have, that 1s part of the present art
as shown 1n FIGS. 2A-2E.

[0063] Another set of simplified charts showing the pump-
ing, generation, pulse feedback, energy feedback, and target
thermal effects of the operation of an embodiment of the
method of the present invention as a function of time, where
two pulses of approximately equivalent energy and peak
power are generated 1n each pulse grouping of a pulse train,
1s shown 1n FIGS. 3A-3E. Again, as previously indicated,
the waveforms 1n FIGS. 3A-3E include the optical pumping
pulse waveform 251 of FIG. 3A, the output laser pulse
waveform 252 of F1G. 3B, a laser pulse feedback waveform
253 of FIG. 3C that 1s proportional to the shape and timing,
of the laser pulse delivered in FIG. 3B, a laser energy
feedback wavetorm 254 of FIG. 3D that 1s proportional to
the energy of the delivered laser pulse in FIG. 3B, and the

target thermal waveform 255 of FI1G. 3K.

[0064] In the embodiments of the present invention, CPU
115 1s used to control the shape and timing of the optical
pumping pulse waveform 251 of FIG. 3A, typically through
use of the feedback mechanism, comprised of elements 117
through 119 and 128 through 132, as described above. FIG.
3A 1llustrates the shape of the leading and trailing edges of
the first 256 and second 260 optical pump pulses as vertical
lines, and the amplitude and duration of both the first 257
and second 259 optical pumping pulses are shown as hori-
zontal lines, although CPU 115 could control the shapes of
these pulse wavelorm segments to be some other wave
shape that would preferentially shape the output laser pulse
waveform 252 of FIG. 3B as desired. The CPU 1135 also

controls the time interval between optical pumping pulses
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258, which should be relatively short to allow the efficient
generation of multiple pulses within a pulse grouping and
can be of a fixed or variable duration, and the interval of time
between groups of optical pumping pulses 261, which also
can be of a fixed or variable duration.

[0065] Although FIG. 3A shows the optical pumping

pulse waveform 251 as discrete pulses, other methods of
optically pumping solid-state lasing medium 100 exist that
allow the production of laser pulses. For example, the
generation of laser pulses by continuous-wave pumping of a
solid-state lasing medium 100 by a semiconductor laser
diode source and Q-switching the output 1s also contem-
plated and may be used 1 conjunction with the present
invention. In this example, the amplitude of the continuous-
wave pumping between Q-switched output pulses may be
adjusted, 1n addition to the timing and duration of the
(Q-switched output. The various methods, known 1n the art,
of optically pumping a solid-state lasing medium may be
used to allow the efficient generation and delivery of laser
pulse groupings within a pulse train that are part of the
present 1nvention.

[0066] In FIG. 3A, the amplitude and duration of the
second optical pump pulse 259 are shown as being lower and
shorter than the amplitude and duration of the first optical
pump pulse 257 to achieve output laser pulses of the same
pulse energy. This 1s due to the fact that the solid-state lasing
medium 100, within the laser oscillator 107, contains one or
more lasing 1ons doped 1n various concentrations within a
host material that have 1n combination the characteristics of
relatively long emission and energy storage lifetimes, which
can store optical energy in the interval between optical
pumping pulses 258 as previously described. The amount of
optical energy stored 1n the solid-state lasing medium 100
that 1s available to allow for more efficient optical pumping
during the generation of subsequent pulses in the pulse
grouping 1s dependent upon many factors. These factors
include, for example, the shape of the leading and trailing
edges of the first and second optical pumping pulses 256 and
260; the amplitude and duration of the first and second
pumping pulses 257 and 259; the time interval between the
optical pumping pulses 258; the time interval between
ogroups of optical pumping pulses 261; the design, construc-
fion and operation of the laser oscillator 107; the design,
construction, and operation of both the fully reflecting
mirror 103 and partially reflecting mirror 104; the tempera-
ture of the solid-state lasing medium 100; the thermal
stresses within the solid-state lasing medium 100; and the
thermal lensing within the solid-state lasing medium 100.

[0067] With some combinations of the above factors in a
ogrven solid-state lasing medium, an order of magnitude or
oreater reduction 1n the subsequent pump pulse energy in
comparison with the first pump pulse energy 1s possible to
achieve output pulses of the same amplitude and pulse
width. For example, operation of the laser oscillator 107 at
low output pulse energies, repetition rates near the low end
of the design margin of the laser oscillator, and little time
between pulses can produce pulse groupings with these
characteristics.

[0068] Particularly, in a pulsed, flash lamp pumped system
using a CrImHo: YAG lasing medium at room temperature,
there are at least five transitions required in order to lase at
2,100 nm, 1 addition to upconversion transitions 1n both
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thulium and holmium in this medium. Many of the non-
oground states 1n this medium can store significant energy
after the end of a laser pulse when radiative emission at
2,100 nm has gone below the lasing threshold. If an addi-
tional optical pump pulse 1s introduced within a relatively
short time 1nterval, for instance, about 1 ms, after the end of
the first laser pulse, the mput energy required for this pump
pulse to allow the same output energy from the second laser
pulse as was present 1n the first laser pulse 1s substantially
reduced. The second pump pulse energy, 1n this example of
one of the preferred embodiments, has been measured to be
as low as an order of magnitude less than the first pump
pulse energy to achieve output pulses of the same energy
level.

[0069] With other combinations of the above factors in the
same solid-state lasing medium, the subsequent pump pulse
energy required to realize output pulses of the same ampli-
tude and pulse width may be greater than the first pump
pulse energy. For example, operation of the laser oscillator
107 at high output pulse energies, repetition rates near the
hiech end of the design margin of the laser oscillator, at
average powers near or above the design margin of the laser
oscillator, and with greater time 1ntervals between pulses can
produce pulse groupings with these characteristics. Regard-
less of other factors, 1f the time between pulses in a pulse
ogrouping 1s long, for example, much longer than the emis-
sion and energy storage lifetimes of the solid-state lasing
medium employed, the energy remaining in the medium
after the end of each pulse of laser energy 1s wasted 1n
sub-threshold radiative and non-radiative decay prior to the
next optical pump pulse. Thus, 1n this example, beneficial
use of this energy 1s not possible and the efficiency of the
laser oscillator reverts to that normally experienced in
typical repetitively pulsed laser systems. Other practical
factors that can strongly increase the energy needed 1n the
second optical pumping pulse include, for example, sub-
optimal thermal stress management and sub-optimal thermal
lensing management 1n the design, operation, and construc-
tion of the laser oscillator.

[0070] Although both the amplitude and duration of the
second optical pump pulse 259 are shown 1n FIG. 3A as
lower than the amplitude and duration of the first optical
pump pulse 257, 1t 1s also possible under other conditions
that these characteristics of the second or subsequent optical
pump pulse 259 may be higher than those of the correspond-
ing first optical pump pulse 257 to generate laser pulses that
contain the same energy per pulse. The efficient generation
of laser pulses, as described 1n this specification, 1s present
when the efficiency (1.e. output energy/input energy) of the
second or subsequent optical pump pulse 259 1s higher than
the efficiency of the first optical pump pulse 257, and 1s not
present when these conditions are not fulfilled. However,
operation of an embodiment utilizing the present imnvention
1s possible under conditions where the efficient generation of
laser pulses 1s not present 1n order to obtain a desired target
cffect with a pulse train consisting of pulse groupings. This
1s especially significant when the desired target effect may
not be otherwise obtained using a combination of parameters
during which the efficient generation of laser pulses 1is
possible 1n a given 1mplementation.

[0071] The second or subsequent pulses in a pulse group-
ing may contain higher, lower, or the same energy levels as
the first pulse 1n the pulse grouping. Additionally, each pulse
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in the pulse grouping may be at the same or at different
levels from the other individual pulse(s) in the pulse group-
ing. The efficient generation of laser pulses 1s also possible
under these conditions, even 1if the second or subsequent
pulses contain less energy than the first pulse 1n the pulse
grouping. This 1s true as long as the efficiency of the second
or subsequent pulse(s) is higher than the efficiency of a
stand-alone pulse of the same energy.

10072] FIG. 3B shows an output laser pulse waveform

252 that 1s generated by the delivery of an optical pumping
waveform 251 of FIG. 3A to a laser oscillator 107. Both the

first 274 and second 276 laser pulses in FIG. 3B are of
approximately the same energy, pulse width, peak power,
and shape, and are separated by a relatively short interval
275. This 1s a result of CPU 115 control of the various
operational parameters that allow the efficient generation of
nearly 1dentical laser pulses 1n a pulse grouping.

[0073] The operational parameters that are controlled in
order to allow the efficient generation of laser pulse group-
ings may include, for example, the amplitude, duration, and
shape of the first and subsequent optical pump pulses 1n the
pulse grouping, as shown by elements 256 through 260; the
time 1nterval between pulses 1n the grouping 238; the time
interval between the groupings of laser pulses 261;

[0074] and the temperature of the solid-state lasing
medium 100. The time interval between groupings of laser
pulses 262 1s nearly 1dentical to the time interval between
groupings of optical pump pulses 261, which 1n general
should be substantially longer than the time 1nterval between
laser pulses 275, depending upon the desired target effects.

[0075] FIG. 3C illustrates a laser pulse feedback wave-
form 253 that 1s proportional to the shape and timing of the
laser pulses delivered in FIG. 3B. As can be observed
through a comparison of FIGS. 3B and 3C, the first and
second detected laser pulses 280 and 282, as detected by
optical detector 119, are proportional in shape and timing to
the actual first and second laser pulses 274 and 276 ematted
from laser oscillator 107. Moreover, the detected time inter-
val between both the individual laser pulses 281 and the
laser pulse groupings 263 are almost 1dentical to the actual
time 1nterval between both the individual laser pulses 275
and laser pulse groupings 262. This detected laser pulse
feedback waveform 253, after going through the processing
clectronics 130, 1s used by CPU 115 to determine and
control various parameters of the first and second laser
pulses of the pulse grouping, for example, amplitude, peak
power, pulse width, pulse shape, pulse energy, and the time
interval between pulses.

[0076] FIG. 3D shows a laser energy feedback waveform
254 that 1s proportional to the energy of the individual laser
pulses 1n FIG. 3B, which may alternately be used by CPU
115 to determine the energy contained within the each of the
laser pulses 1n the pulse grouping. In the operation of this
embodiment, the processing electronics 130 would perform
an mtegration of the laser pulse feedback waveform 253 1n
order to determine the energy delivered by the first 274 and
second 276 laser pulses 1n the pulse grouping.

[0077] In FIG. 3D, rising edge 286 is an integration of the

first detected laser pulse 280 of the pulse grouping, per-
formed by an integrating operational amplifier or other
similar conventional circuit (not illustrated). The integrated
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waveform is then sampled by a sample-and-hold circuit (not
illustrated), as 1s commonly known and utilized in the art.
The sample-and-hold circuit thus holds the plateau or flat
portion 287 of this waveform at the same level as the peak
of the rising edge 286, which 1s proportional to the energy
delivered by the first pulse 274 of laser oscillator 107. This
plateau 287 may then be sampled through the use of an
analog-to-digital converter (not illustrated) or other conven-
tional means and used by the CPU 115 to determine the
actual laser energy delivered by the first pulse 274 of laser
oscillator 107. After the CPU 115 samples the flat portion
287 of laser energy feedback waveform 254, which occurs
preferably 1n the time interval between laser pulses 2735, the
CPU would then send a command to the processing elec-
tronics 130 through connection 131 to zero out both the
integrator and sample-and-hold circuits to prepare them to
measure the energy within the next laser pulse 1n the pulse
grouping. This 1s shown 1n wavetform 254 by the removal of
the accumulated charge 1n the integrator and the value held
by the sample-and-hold circuit through falling edge 288 and
a net zero charge i1n the integrator through trough 289
between laser pulses 1n the pulse grouping. For the second
detected laser pulse 282 in the pulse grouping, the above
process 1s repeated through rising edge 290, plateau 291,
falling edge 292, and the interval between laser pulse
groupings 264.

[0078] FIG. 3E details the target thermal waveform 255
showing the effects of the output laser pulse waveform 252
on target 127. This target thermal waveform 255 shows the
temperature rise 300 on the surface of the target 127 due to
the delivery of the first laser pulse 274 from laser oscillator
107. The temperature of the target near the site of laser pulse
delivery starts rising as the first laser pulse 274 1s starting to
be delivered and reaches a peak 301 after the end of the
delivery of the laser pulse 274. The reason for the delay
between the end of the first laser pulse 274 and the first
thermal peak 301 of the target 127 1s due to the target
thermal diffusion time constant. If this time constant is long,
as 1s the case for many materials, for example, tissue, hair,
cotton, wood, and the like, the delay between the end of the
laser pulse 274 and the thermal peak 301 of the target is
substantial. This time period, for example, can be on the
order of a few hundred microseconds to a few milliseconds
or longer.

[0079] After the target temperature reaches a peak 301, the
target starts to cool back down to ambient temperature. This
1s shown by the decay 302 of the first thermal peak 301. It
the delay between laser pulses 275 1s sufliciently short, for
example, a time period that 1s shorter than the target thermal
diffusion time constant, the effect of the second laser pulse
276 1n the pulse grouping will be a second temperature rise
303 that will start from a temperature that is close to the first
thermal peak 301. The target temperature will then reach a
second thermal peak 304 due to the second laser pulse 276,
followed by a second decay 305 that returns the target
surface temperature back down to the target’s ambient
temperature, assuming that the time between laser pulse
groupings 262 1s substantially longer than the target thermal
diffusion time constant.

|0080] In this case in point, the temperature rise 301 of the
first laser pulse 274 assists in allowing the second laser pulse
276 to impart an enhanced thermal effect through the second
temperature rise 303 of the target 127. The net effect of the
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two pulse grouping in the target thermal waveform 255 1s of
a laser pulse of about twice the energy of the two 1ndividual
laser pulses 274 and 276, without laser oscillator 107 having
to generate a single pulse of about twice the energy per
pulse. This has the numerous and apparent advantages of
reducing laser oscillator 107 complexity, having lower opti-
cal damage thresholds for optical elements and coatings,
lowering the chances of damaging laser delivery devices due
to excessive fluence levels, and decreasing overall system
size, complexity and cost. These advantages can be attained
through the use of pulse groupings in a pulse train that are
part of the present invention.

[0081] During the operation of an embodiment of the
present 1nvention shown 1n FIG. 3K, target temperature
secgment 306 1n the target thermal waveform 255 1s close to
the ambient temperature of target 127 in a near steady state
condition. Consequently, 1n this instance, both the interval
between groupings of optical pump pulses 261 and the
interval between groupings of laser pulses 262 are much
longer than the thermal diffusion time constant of the target
127. For example, in medical applications involving various
fissues, 1t 15 desirable to allow the tissue surrounding the
laser application site to cool back to the tissue’s ambient
temperature between groups of pulses to help prevent col-
lateral tissue damage due to localized overheating of the
surrounding tissue. However, the period between groupings
of laser pulses 262 do not have to be of this duration,
especially 1f some elevation of the target temperature 1s
useful 1 achieving the desired target effects. For example,
in certain forms of industrial materials processing, the
ogroupings of laser pulses may be applied 1 a series across
the surface of a target material 127, where the localized
heating from the previous groupings of pulses would allow
the subsequent groupings of laser pulses to achieve the
desired target effects with less total power or energy expo-
sure than would otherwise be needed at a lower target
temperature.

10082] In FIG. 3A, when the CPU 1135 has determined that
the fixed or variable time between groupings of opftical
pumping pulses 261 and the corresponding interval between
laser pulses 262 has elapsed, the CPU 115 will initiate the
next grouping of optical pumping pulses as depicted by
pump waveform segments 265 through 270. The informa-
tfion gathered from previous laser pulse groupings, including
the information from FIGS. 3C and 3D, along with the
optionally detected target thermal waveform 235 of FIG.
3K, may be used by CPU 1135 to control the optical pumping
pulse waveform 251 of FIG. 3A and consequently the
output laser pulse waveform 252 of F1G. 3B for the present
grouping of laser pulses. Thus, in this subsequent pulse
orouping 1n FIG. 3A, the timing and shape of the rising and
falling edges of the first and second optical pumping pulses
265 and 269, the amplitude and shape of the duration of the
first and second optical pumping pulses 266 and 268, the
interval between optical pumping pulses 267 and between
pulse groupings 270 are all controlled by CPU 1135 based
upon the information from the above described waveforms
for the present and previous pulse groupings. This allows the
two pulses of the output laser pulse grouping 1in FIG. 3B to
be controlled to be of nearly the same shape, timing, energy,
and peak power.

[0083] The CPU 115 control of the second grouping of
optical pumping pulses, denoted by pump waveform seg-
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ments 265 through 270 of FI1G. 3A, allows the generation of
the second grouping of output laser pulses, denoted by pulse
waveform segments 271 and 277 through 279 of FI1G. 3B.
The features and details of operation of the second grouping
of laser pulses are similar to those of the first grouping of
laser pulses and thus they are not described again 1n detail.
This includes pump wavelform segments 271 and 277

through 279 1n FI1G. 3B, pulse feedback waveform segments
272 and 283 through 285 m F1G. 3C, pulse energy feedback

waveform segments 273 and 293 through 299 in FIG. 3D,
and target thermal waveform segments 307 through 312 1n
FIG. 3K. These features are denoted for clarification that the
pulse groupings of laser pulses may be employed 1n a
repetitive manner, although 1t will be recognized that the
present 1nvention may also be employed with a single
grouping of laser pulses.

[0084] The wavelength(s), amplitude, timing, total energy,
and other parameters of the individual pulses 1n a pulse
grouping can be utilized to modulate the various effects of
the pulsed laser beam as described below.

[0085] In order to maximize the available acoustic effects
of a pulsed laser beam, for example, for fragmenting a
relatively hard material such as a urinary or biliary stone, the
pulse spacing of laser pulses of a given wavelength 1s
minimized, and the pulses subsequent to the first pulse may
have an increased pulse width, amplitude, and/or energy. By
spacing the consecutive pulses relatively close to one
another, for example, before the acoustic shock wave of the
first pulse subsides, the effective pulse width and energy
delivered to the target 127 1s substantially increased, thus
enabling a relatively higher energy to be delivered to the
target without damage to a laser delivery device used to
transmit the same. This 1s particularly beneficial for the
delivery of relatively high-energy pulses from short-pulsed,
Q-switched, or mode-locked lasers.

[0086] Conversely, in order to minimize the acoustic
elfects of a pulsed laser beam, for example, for ablating a
relatively hard material such as a urinary or biliary stone 1n
a large, fluid-filled cavity and to prevent the acoustic etfects
of the laser pulses from being additive and propelling the
stone away from the laser delivery device, or damaging the
duct in which the stone 1s located or adjacent tissue, the
individual pulses may be spaced such that the photo-acous-
tical shock wave of each pulse 1 the pulse grouping
subsides prior to delivery of a subsequent pulse. For
example, with a wavelength of 2100 nm, a pulse width of at
least 100 microseconds, and a pulse energy of at least 100
mJ, the pulses would be spaced at least 800 microseconds
apart.

[0087] In contrast, to maximize the thermal effects while
minimizing the acoustic effects of a grouping of two or more
laser pulses, the individual consecutive pulses would be
spaced such that both the acoustic shock wave of a pulse
would subside prior to the delivery of a subsequent pulse and
that the pulses within the grouping are cascaded within a
time period that 1s preferably shorter than the target thermal
diffusion time constant. This interval between pulses would
thus be within a time period that 1s less than the period
during which the heat generated by the preceding pulse is
substantially dissipated. The duration of this interval
between pulses varies with the target’s thermal diffusion
time constant, which 1s a function of the type of target
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material 127, and the desired effect of the laser pulses on the
target material. For example, when the target thermal dif-
fusion time constant (k) is 150 milliseconds, utilization of
the aforestated formula

T=T,+(T,~T)e "™

reveals that starting with a target temperature of 100 degrees
C. and an ambient temperature of 25 C, the target tempera-
ture after 8 milliseconds 1s

T .=25+(100-25)e """-15=96.1 degrees C.

Accordingly, the delivery of a second, third, fourth, etc. laser
pulse within 8 milliseconds, in this example, from the
delivery of the preceding pulse will cause an accumulation
of their respective thermal effects on the target material 127,
with the mcrease 1n target temperature starting from about
the peak temperature from the first laser pulse.

|0088] The present invention permits utilization of com-
mercially available laser generators that produce laser beam
energies subject to significant attenuation during transmis-
sion. During one mode of operation of a repetitively pulsed,
solid-state laser system, the laser oscillator 107 1s operated
to produce laser pulses that are spaced at equivalent time
intervals from each other, for example, with a pulse energy
of about 4 joules at the emission port so as to deliver about
3.2 joules to the target at a repetition rate of 15 Hz. During
a mode of operation contemplated by the present invention
of a repetitively pulsed, solid-state laser system, the laser
oscillator 107 1s operated to produce pulse groupings of
pulses that occur during a relatively short time span that are
spaced at equivalent fixed or variable time intervals from
cach other, for example, with a pulse energy of about 2
joules from the first and subsequent pulses in the pulse
grouping at the emission port so as to deliver about 1.6

joules to the target at a pulse grouping repetition rate of 15
Hz.

[0089] As was previously described as part of the present
invention, the laser pulses can more efficiently affect a target
127, such as tissue, if pulse groupings are used that have
pulse spacings with both relatively short durations and that
occur at equivalent fixed and/or variable time intervals from
cach other. For example, for laser pulses having a pulse
width of about 300 microseconds and a fixed repetition rate
of 15 Hertz, it would be desirable to 1nitiate the second pulse
in a pulse grouping within 0.10 to 10 milliseconds of the end
of the first pulse of laser energy. By the appropriate control
of the power supplies 113 that permit the generation of the
optical pumping pulse waveform 251 by CPU 115, for
example, pairs of consecutive laser pulses can be produced
such that the interval between the two pulses 1s as small as
a few picoseconds.

[0090] The delivery of successive individual laser pulses
with a relatively short time interval between them has a
similar effect in relation to the target site in a thermodynamic
sense as 1f 1t were a single laser pulse having the combined
energies of the plural pulses 1n the pulse grouping. From an
acoustic sense, however, the delivered pulses in the pulse
grouping can remain as two separate laser pulses inasmuch
as an acoustic shock and its associated vapor or plasma
bubble can dissipate within, for example, about 800 to 900
microseconds. That 1s, the emission of consecutive laser
energy pulses within a pulse grouping can be controlled so
that such pulses are emitted sufficiently close 1n time to one
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another to elicit an additive acoustic effect at a target site, for
example, during the fragmentation of kidney or gall stones.
Similarly, the emission of consecutive laser energy pulses
within a pulse grouping can be controlled to elicit an
additive thermal effect without eliciting an additive acoustic
cifect at a target site, for example, during the ablation of
bone or tissue at a blood vessel obstruction.

[0091] The principles of the present invention can also be
applied to other embodiments, including in systems employ-
ing a thermoelectrically cooled, end diode-pumped laser
assembly coupled to an articulated arm laser delivery device.
Thus, 1n contrast to FI1G. 1, FIG. 4 reveals a system 1n which
thermoelectric cooling replaces conventional liquid cooling;
a semiconductor laser diode array end-pumps a solid-state
lasing medium, replacing a flash lamp that side-pumps a
solid-state lasing medium; and an articulated arm laser
delivery device 1s used that replaces a flexible optical fiber
delivery device.

10092] In the embodiment illustrated in FIG. 4, the laser

oscillator 107 consists of multiple components that permit
the efficient generation of the above mentioned pulse group-
ings 1n accordance with the method of the present invention.
Some of these components and their properties are similar to
those shown 1n the embodiment of FIG. 1, such as the
solid-state lasing medium 100, a fully reflective optic 1 an
adjustable mount 103, and a partially reflective optic 1n an
adjustable mount 104, and are not once again described 1n
detail. The laser oscillator 107 of FIG. 4 also partially
consists of other components, such as a lasing medium
thermoelectric (TE) cooler 150 for housing the solid-state
lasing medium 100 and facilitating efficient cooling of the
same, and a semiconductor laser diode array 151, which
contains one or more laser diodes for optically exciting and
achieving population inversion in the solid-state lasing
medium 100. This laser oscillator 107 also consists of a laser
diode TE cooler 152 for housing the semiconductor laser
diode array 151 and allowing efficient cooling of the same,
and an array of optical elements 154, which contains one or
more elements for combining and collimating the multiple
laser beams 153 from the semiconductor laser diode array
151 1nto a single, substantially collimated beam 135. The
laser oscillator 107 furthermore consists of a support struc-
ture 137, upon which 1s mounted the lasing medium TE
cooler 150, the laser diode TE cooler 152, the array of
optical elements 154, a fully reflective optic 1n an adjustable
mount 103, and a partially reflective optic in an adjustable
mount 104. The fully reflective optic 103, the partially
reflective optic 104, and the array of optical elements 154
are typically adjusted with their corresponding mounts to be
centered on the beam paths 155, 105, and 106 that go
through the solid-state lasing medium 100.

[0093] The solid-state lasing medium 100 in laser oscil-
lator 107 1s optically end-pumped by semiconductor laser
diode array 151, which 1s powered by power supplies 113
through electrical connections 156 and 157 as shown 1n
FIG. 4. This semiconductor laser diode array 151 optically
excites the solid-state lasing medium 100 to population
inversion by emitting one or more pump laser beams 153
into an array of optical elements 154 for combining and
collimating the multiple laser beams 133 into a single,
substantially collimated beam 155 which then goes through
the tully reflective optic 103 and beam path 1035 to reach the
solid-state lasing medium 100. In this embodiment, the
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optics 103 and 104 may be coated, as known 1n the art, to
allow the optical pump beam to pass through the solid-state
lasing medium 100 twice, 1n order to maximize the absorp-
tion of the pump wavelength(s) emitted from the semicon-

ductor laser diode array 151 by the solid-state lasing
medium 100.

[10094] As represented in FIG. 4, the laser oscillator 107 1s
thermally managed by utilizing an assortment of support
components. Both the lasing medium TE cooler 150 and the
laser diode TE cooler 152 thermally manage the solid-state
lasing medium 100 and the semiconductor laser diode array
151, respectively, by removing excess heat from these
components and spreading that excess heat to the support
structure 137, which also acts as a heat sink for the laser
oscillator 107. The cooling system of F1G. 4 1s comprised of
the lasing medium TE cooler 150, the lasing medium TE
cooler connections 161 and 162, the laser diode TE cooler
152, the laser diode TE cooler connections 158 and 159, the
support structure 137, and the thermoelectric (TE) control-
lers 160. The TE controllers 160 can provide thermal sta-
bility for the solid-state lasing medium 100 and the semi-
conductor laser diode array 151 below, at, or above room
temperature, and at the same or different temperatures to
allow lower power consumption and greater lasing efli-
ciency. In this embodiment, the power supplies 113 also
provide power to the TE controllers 160 through connec-
tions 133 and 134 to the CPU 1135, along with connections
163 and 164 to the TE controllers 160.

[0095] The components of both the power supplies 113
and the TE controllers 160 may give feedback to facilitate
CPU 115 control through connections 133 and 163, respec-
tively, and their outputs may be controlled by way of the
CPU 115, through connections 134 and 164 to the power
supplies 113 and TE controllers 160, respectively.

[0096] During operation of the laser oscillator 107 of FIG.
4, a pulse of laser energy 1s generated and directed along the
axis denoted by beam 116. The CPU 115 commands the
power supplies 113 through connection 134 to provide a
waveform of a commanded pulse amplitude and duration to
the semiconductor laser diode array 151 through connec-
tions 156 and 157. In turn, the optical energy generated by
the semiconductor laser diode array 151 1s end-coupled into
the solid-state lasing medium 100 through components 154
and 103, using beam paths 155 and 105 as previously
described. When population mversion 1s achieved, the laser
oscillator 107 operates as known 1n the art, emitting a
portion of the optical radiation as the output laser beam 116.
In an alternate approach to achieving beam 116, CPU 115
may command the power supplies 113 through connection
134 to provide a continuous supply output to the semicon-
ductor laser diode array 151 through connections 156 and
157, which produces a continuous wave (CW) output from
the semiconductor laser diode array 151. In this instance, an
intra-cavity Q-switch (not illustrated) could be used to
produce pulses of laser energy from the laser oscillator 107,
with operation similar to the Q-switching elements 207 of

FIG. §.

[0097] When a pulse of laser radiation is generated by
laser oscillator 107 of FIG. 4 and directed along the axis
denoted by beam 116, part of the optical radiation may be
sampled to facilitate monitoring and control of the present or
future laser pulses, through the use of a prism beam splitter
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165, which directs a portion of the energy from beam 116
along the path indicated by beam 118. The remainder of the
pulse sampling components and operation, including com-
ponents 119, 130, 115, 128, 129, 131 and 132 remain similar
to those described in conjunction with FIG. 1 and are not
once again expressed 1n detail. Subsequently, the CPU 115
may use the mmformation from the sampled laser pulses to
monitor the proper operation of components 107, 160, 113,
165, 119, 130, and cach of the applicable mterconnections
between these components, and to control the outputs of
components 113, 160, and 130 in order to adjust the wave-
length(s), amplitude, timing, total energy, and other param-
cters of the present and future laser pulses.

[0098] After the laser oscillator 107 of FIG. 4 emits a
beam 116 of laser radiation, the portion of the beam 116 that
1s not redirected by partial beam splitter 117 1s directed along
the axis indicated by beam 120 to the target 127. This
direction may be through various means, including the
redirection of beam 120 by mirror 166 into the proximal end
of an articulated arm 167, which 1s of a given fixed or
variable size and 1s suitable for transmittance of the wave-
length(s) generated by laser oscillator 107. The construction
and operation of articulated arm 167 1s known 1n the art and

consists of: segments 168, 172,176, 180, 184, 188, and 192;
rotating joints 169, 171, 173, 175, 177, 179, 181, 183, 185,
187, 189, and 191; adjustable mirrors 170, 174, 178, 182,
186, and 190; and handpiece 194 containing one or more
optical elements 193. Beam 120 1s directed along the interior
of this articulating arm 167 by reflecting off of mirrors 170,
174,178,182, 186, and 190, and through one or more optical
clements 193, until 1t exits the articulating arm 167 as beam
195. Beam 195 1s directed to the target 127 by repositioning

the articulated arm 167 through handpiece 194 until beam
195 strikes the target 127 at site 196.

[0099] Furthermore, the effects on the target 127 of FIG.
4 may be monitored and the various parameters of the beam
195 may be controlled to produce the desired results at target
site 196 using a feedback mechanism, as known 1n the art,
by processing reflective radiation from the target through the
articulated arm 167. Such a feedback system may regulate
the wavelength(s), amplitude, timing, total energy, and other
parameters of the present and future laser pulses to produce
these desired effects. As the components and operation of
such a feedback system, imncluding the monitoring and con-
trol of various outputs, expressed by elements 138, 139, 140,
141, 130, 115, 113, 160, 131, 132, 142, and 143, are similar
to those described in conjunction with FIG. 1, they are not
once again described in detail.

[0100] An aiming beam may also be provided if desired
with the embodiment represented in FIG. 4. The compo-
nents and operation of this aiming beam, including elements
146, 145, 144, 115, 147, and 148 remain the same as
described 1n conjunction with F1G. 1 and are not once again
described 1n detail.

10101] FIG. 5 illustrates yet another embodiment of the
present 1nvention which employs a thermoelectrically
cooled, Q-switched, diode-pumped laser assembly coupled
to a flexible, hollow wave-guide beam delivery device. In
contrast to FIG. 1, this embodiment uses thermoelectric
cooling 1n place of conventional liquid cooling, a semicon-
ductor laser diode array that end-pumps the solid-state lasing
medium 1nstead of a flash lamp that side-pumps the solid-
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state lasing medium, and a flexible, hollow wave guide
delivery device 1n lieu of the flexible optical fiber delivery
device. However, the operation of those embodiments
depicted i FIGS. 4 and 5 are quite similar to one another,
and thus only the differences between FIGS. 4 and § are
detailed below.

[10102] In the embodiment represented by FIG. 5, the laser
oscillator 107 consists of multiple components that allow the
eficient generation of the above-mentioned pulse train of
pulse groupings that are part of the method of the present
mvention. Some of these components and their properties
are similar to those shown 1n the embodiment of FIG. 4,
such as elements 100, 150, 151, 152, 154, and 104, and are
thus not again described in detail. The laser oscillator 107
furthermore partially consists of a lasing medium TE cooler
heat sink 213, upon which 1s mounted the solid-state lasing
medium 100 and to which heat extracted from the same 1s
directed, a laser diode TE cooler heat sink 212, upon which
1s mounted the semiconductor laser diode array 151 and to
which heat extracted from the same 1s directed, and a
support structure 137, upon which 1s mounted the lasing
medium TE cooler heat sink 213, the laser diode TE cooler
heat sink 212, the array of optical elements 154, the intra
cavity redirecting optic 203, the Q-switching elements 207,
and a partially reflective optic in an adjustable mount 104.

[0103] In the laser oscillator 107 of FIG. 5, the fully
reflective optic 1s the rear surface 202 of the solid-state
lasing medium 100, the partially reflective optic 1s front
surface 209 of the partially reflective optic 104, and oscil-
lator 1itself includes solid-state lasing medium 100, intra
cavity redirecting optic 203, Q-switching elements 207, and
partially reflective optic 104. Surface 205 of intra cavity
redirecting optic 203 1s curved to allow a large volume of the
solid-state lasing medium 100 to be excited by the optical
pumping beam and to collimate the oscillator output beam,
which has the advantage of creating a small beam size at the
Q-switching elements 207.

10104] For proper operation of the laser oscillator 107, the
array of optical elements 154 1s typically adjusted with 1its
corresponding mounts to be centered on the beam paths 155
and 200, the infra cavity redirecting optic 203 1s typically
adjusted with 1ts corresponding mount to be centered on and
at about a 45 degree angle to the beam path 200 to create
beam path 206, and the Q-switching elements 207 and
partially reflective optic 104 are typically adjusted with their
corresponding mounts to be centered on the beam paths 206

and 208.

10105] In FIG. §, solid-state lasing medium 100 is opti-
cally pumped utilizing and going through elements 151, 113,
156, 157, 153, 154, 155, 203, and 200, 1n a manner similar
to that shown 1n FIG. 4, and 1s thus not again described in
detail. In this embodiment, any of the optics 100, 104, and
203 may be made up of one or more physical shapes or
elements, and their surfaces 201, 202, 204, 205, 209, and
210 coated for the reflection and/or transmittance of various
wavelength(s), to ensure their desired operation.

[0106] As indicated in FIG. 5, laser oscillator 107 is
thermally managed using a variety of support components.
However, since these components and their functions are
similar to those 1illustrated 1 FIG. 4, mcluding lasing
medium TE cooler 150, lasing medium TE cooler heat sink

213, laser diode TE cooler 152, laser diode TE cooler heat
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sink 212, support structure 137, connections 161, 162, 158,
159, 133,134,163, 164, and the TE controllers 160, they are

not again described 1n detail.

[0107] As was the case for FIG. 4, both the optical
pumping and cooling parameters mn FIG. § may be con-
trolled by way of the CPU 1185, through connections 134 and
164 to the power supplies 113 and TE controllers 160,
respectively. The components of both the power supplies
113 and the TE controllers 160 may also give feedback to
facilitate CPU 1135 control through connections 133 and 163,
respectively.

[0108] In the preferred embodiment of FIG. 5, the CPU
115 commands the power supplies 113 to provide a con-
tinuous supply output to the semiconductor laser diode array
151 through connections 156 and 157, which produces a
continuous wave (CW) output from the semiconductor laser
diode array 151. The one or more pump laser beams 153
from the semiconductor laser diode array 151 go through an
array of optical elements 154 for combining and collimating
the multiple pump laser beams 153 1nto a single, substan-
fially collimated beam 155 which then passes through the
intra cavity redirecting optic 203 and beam path 200 to reach
the solid-state lasing medium 100. The optical pump energy
travels a path through the solid-state lasing medium 100 that
involves going through its front surface 201, its length,
reflecting off of 1ts back surface 202, and then going through
its length again. In this manner, the optical pump beam can
pass through the solid-state lasing medium 100 twice, in
order to maximize the absorption of the pump wavelength(s)
emitted from the semiconductor laser diode array 151 by the
solid-state lasing medium 100.

[0109] During the operation of the laser oscillator 107 of
FIG. §, a process 1s 1nitiated whereby a pulse of laser energy
1s generated and subsequently emitted. The active Q-switch-
ing elements 207 are commanded by the CPU 115 through
connection 214 to not permit laser output while the solid-
state lasing medium 100 1s bemng optically pumped to
achieve population inversion. In this instance, the active
Q-switching elements 207 are also supplied power by the
power supplies 113 through connections 133 and 134, the
CPU 115, and connections 214 and 215. At the appropriate
time, CPU 115 commands the active Q-switching elements
207 to permit one or more wavelength(s) of optical radiation
to pass multiple times through the components of the laser
oscillator 107. The optical radiation consequently reflects off
of surface 202 of the solid-state lasing medium 100, passes
through the length of the same, travels along beam path 200,
reflects off of the intra cavity redirecting optic 203, travels
along beam path 206, passes through the Q-switching ele-
ments 207, travels along beam path 208, and partially
reflects off of surface 209 of the partially reflective optic in
an adjustable mount 104. This permits laser emission for a
brief mterval to form a laser pulse, which 1s then propagated
along the axis denoted by beam 116.

[0110] When a pulse of laser radiation i1s generated by
laser oscillator 107 of FIG. 5 and propagated along the axis
denoted by beam 116, part of the optical radiation generated
may be sampled to facilitate monitoring and control of the
present or future laser pulses. The pulse sampling compo-
nents, operation, and interaction, including elements 1685,
118, 119, 130, 128, 129, 131, 132, and 115, remain the same
as described in conjunction with FI1G. 4 and are not once
again described 1n detail.
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[0111] After the laser oscillator 107 of FIG. 5 emits a
beam 116 of laser radiation, the portion of the beam 116 that

1s not redirected by partial beam splitter 117 1s directed along
the axis indicated by beam 120 to the target 127. This
direction may be through various means, including direction
through one or more optical elements 216, which typically
focus beam 120 into a smaller size 217 for entry into a
flexible, hollow wave-guide 220, which 1s of a given fixed
or variable size and 1s suitable for transmittance of the
wavelength(s) generated by laser oscillator 107. Flexible,
hollow wave-guide 220 1s of a conventional type known 1n
the art consisting of: proximal end 219, body 225, distal end
221, and one or more optional distal optical elements 222.
The beam 217 1s thus directed along the interior of this
flexible, hollow wave-guide 220 by both reflecting off of the
interior surface of the body 225 as shown by reflected beams
219 and through one or more optional distal optical elements
222, until 1t exats the flexible, hollow wave-guide 220 as
beam 223. This beam 223 may be focused to a small spot,
spread out to a large spot, or distributed 1nto an array of spots
through the use of one or more optional distal optical
clements 222. Beam 223 1s directed to the target 127 by
repositioning or bending the distal end 221 of the flexible,
hollow wave-guide 220 until beam 223 strikes the target 127
at site 224.

[0112] Note that the distal end 221 of the flexible, hollow
wave-guide 220 may either be 1n contact with target 127 (not
illustrated) or at some distance away from target 127. If the
distal end 221 of the flexible, hollow wave-guide 220 1s 1n
direct contact with target 127, the optical beam 223 exiting
the distal end 221 of the flexible, hollow wave-guide 220
may be either directly transmitted to the target 127 if one or
more optional distal optical elements 222 are present at the
distal end 221 of the flexible, hollow wave-guide 220 or
fransmitted through a gaseous medium if none of the
optional distal optical elements 222 are present at the distal
end 221 of the flexible, hollow wave-guide 220. However, 1t
the distal end 221 of the flexible, hollow wave-guide 220 1s
not in direct contact with target 127, the optical beam 223
exiting the distal end 221 of the flexible, hollow wave-guide
220 may be transmitted to the target 127 through a gaseous,
fluid, and/or solid medium, one or more of which may be
preferred to achieve the desired effects on target 127.

[0113] Moreover, the effects of the laser beam 223 on the
target 127 may be monitored and the various parameters of
the beam 223 may be controlled to produce the desired
results at the target site 224 using a feedback mechanism. In
the embodiment illustrated 1n FIG. 5, the effects on the
target 127 may be monitored by target site 224 feedback
through the flexible, hollow wave-guide 220, 1n a manner
similar to that described in combination with FIG. 4 (not
illustrated). An aiming beam may also be provided if desired
with the embodiment shown 1n FIG. §, 1n a manner similar
to that described 1n connection with FIG. 1, and 1s not once
again described 1n detail.

[0114] It will also be appreciated that additional variations
of generating pulse groupings are contemplated by the
present invention. FIGS. 6A-6k contain a set of simplified
charts showing the pumping, generation, pulse feedback,
energy feedback, and target thermal effects of a laser device
operating as a function of time, where two pulses of differing
energies and peak powers are generated in each pulse
grouping also 1 accordance with the method of the present
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invention. As previously described, the waveforms in this
simplified chart include the optical pumping pulse waveform
251 of FIG. 6A, the output laser pulse wavetorm 252 of
FIG. 6B, a laser pulse feedback wavetform 253 of FIG. 6C
that 1s proportional to the shape and timing of the laser pulse
delivered 1n FIG. 6B, a laser energy feedback waveform 254
of FIG. 6D that 1s proportional to the energy of the laser
pulse delivered 1in F1G. 6B, and the target thermal waveform
255 of F1G. 6K. One can realize through a comparison of the
diagrams that the features and operation described 1n con-
junction with FIGS. 3A-3K are very similar to the features
and operation of F1GS. 6A-6k., and thus only the differences
in the features between FIGS. 3A-3K and FIGS. 6A-6K arc

subsequently described 1n detail.

[0115] As illustrated in FIG. 6A with regard to the optical

pumping pulse waveform 251, the shape, timing, and ampli-
tude of the rising and falling edges 260 of the second optical
pump pulse 259, along with the duration of second optical
pump pulse 259 itself are nearly 1dentical to those shown for
both the rising and falling edges 256 of the first optical pump
pulse 257 and the duration of first optical pump pulse 257
itself. This method of generating pulse groupings can be
advantageous when 1t 1s less complex to generate multiple
optical pump pulses that are of nearly the same shape and
duration than it 1s to individually control the shape and
timing of each optical pump pulse. This method can also be
valuable to produce different, desirable target etfects versus
having laser pulses of the same shape and duration.

[0116] The effect of having nearly identical pump pulses
in F1G. 6A 1s that the resulting laser pulses 274 and 276 1n
the pulse grouping have different energies, peak powers,
pulse widths, and pulse shapes. This 1s due to the fact that
the solid-state lasing medium 100, within the laser oscillator
107, contains one or more lasing 1ons doped 1n various
concentrations within a host material that have 1n combina-
tion the characteristics of relatively long emission and
energy storage lifetimes, which can store optical energy in
the 1nterval between optical pumping pulses 258 as previ-
ously described. Therefore, the threshold optical pump
energy 1s lower for the second laser pulse 276 than for the
first laser pulse 274 and as a result, leads to the differences
in output beam characteristics. The second laser pulse 276 1n
the pulse grouping, in this embodiment, has a wider pulse
width, higher total pulse energy, broader pulse shape, and
lower peak power than the corresponding first laser pulse
274 1 the pulse grouping.

|0117] These differences in characteristics between the
first and second laser pulses 274 and 276 in the pulse
orouping of FIG. 6B also translate to corresponding ditfer-
ences 1n FIGS. 6C, 6D, and 6E. As depicted in FIG. 6C, the
second detected pulse 282 1n the laser pulse feedback
waveform 233 has the same changes to 1ts waveform as are
present 1n the second laser pulse 276; namely, a wider pulse
width, higher total pulse energy, broader pulse shape, and
lower peak power. The higher total energy 1n the detected
seccond pulse 282 translates into a higher total energy
detected 1n the second detected pulse 291 of FIG. 6D. This
increase 1n total pulse energy for the second pulse thus
produces a much larger thermal change 1n the target 127 for
the second pulse of the pulse grouping, as illustrated in FIG.
6L by the larger change 1n temperature 303 and higher peak
temperature value 304 than observed in the comparable
target thermal waveform segments of F1G. 3EK. This much
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larger thermal change 1s also seen 1n FI1G. 6K as a difference
in temperature changes between temperature rise 300 of the
first pulse and temperature rise 303 of the second pulse of
the pulse grouping. In this instance, not only does the
temperature rise 300 of the first pulse assist in allowing the
second pulse to provide an enhanced thermal target effect,
but the increase 1n energy of the second pulse of the pulse
grouping can also enhance the target effects achieved by the
second pulse 1n the pulse grouping.

[0118] The CPU 115 control of the second grouping of
optical pumping pulses, denoted by pump waveform seg-
ments 265 through 270 of FIG. 6A, allows the generation of
the second grouping of output laser pulses, denoted by pulse
waveform segments 271 and 277 through 279 of FIG. 6B.
The features and details of operation of the second grouping
of laser pulses are similar to the features and details of
operation of the first grouping of laser pulses and thus they
are not described again in detail. This includes pulse wave-
form segments 271 and 277 through 279 of the second
grouping of output laser pulses in FIG. 6B, pulse feedback
waveform segments 272 and 283 through 285 of the second
ogrouping ol detected laser pulses in FI1G. 6C, energy feed-
back waveform segments 273 and 293 through 299 of the
second grouping of detected laser pulses in FI1G. 6D, and
target thermal waveform segments 306 through 312 of the
second grouping of laser pulses in FI1G. 6E. These features
are again denoted for clarification that the pulse groupings of
laser pulses may be employed in a repefitive manner,
although 1t will be recognized that the present invention may
also be employed with a single grouping of laser pulses.

[0119] The principles of the method of the present inven-
fion can also be applied to the generation and delivery of
pulse groupings with more than two pulses per grouping.
FIGS. 7A-7E contain simplified charts showing the pump-
ing, generation, pulse feedback, energy feedback, and target
thermal effects of a laser device operating as a function of
time, where three pulses of approximately equivalent energy
and peak power are generated 1n each pulse grouping in
accordance with the method of the present invention. Again,
as previously described, the waveforms in this simplified
chart include the optical pumping pulse waveform 251 of
FIG. 7A, the output laser pulse waveform 252 of FIG. 7B,
a laser pulse feedback waveform 253 of FIG. 7C that 1s
proportional to the shape and timing of the laser pulse
delivered in F1G. 7B, a laser energy feedback waveform 254
of FIG. 7D that 1s proportional to the energy of the laser
pulse delivered 1n F1G. 7B, and the target thermal waveform
255 of F1G. 7E.. One can realize through a comparison of the
charts that the features and operation described 1n conjunc-
tion with FIGS. 3A-3E are very similar to the features and
operation of FIGS. 7A-7E, and thus only the differences in

the features between FIGS. 3A-3K and FIGS. 7A-7E are
subsequently described 1n detail.

[0120] As depicted in FIG. 7A with regard to the optical
pumping pulse waveform 251, several additional features
have been included, consisting of an extra interval between
pulses 351, further rising and falling edges 353, and an extra
amplitude 352 to allow for the delivery of a third optical
pumping pulse 1n the pulse grouping. The values of the
shape and timing of this third optical pumping pulse are
controlled by CPU1135, in addition to the other parameters of
FIG. 7A. These values are controlled, 1n this depiction of the
operation of an embodiment of the present invention, such
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that the laser pulses 274, 276, and 358 shown in the output
laser pulse waveform 252 are both nearly 1dentical i shape
and timing, and have nearly 1dentical intervals 275 and 357
between them.

[0121] The effect of having different shapes or amplitudes
for the optical pumping pulses 257, 259, and 352 1n FIG. 7A
1s that the resulting laser pulses 274, 276, and 358 in the
pulse grouping of FI1G. 7B have nearly i1dentical character-
istics. The need for having different shapes and timing for
optical pumping pulses 257, 259, and 352 in FIG. 7A 1s
again due to the fact that the solid-state lasing medium 100,
within the laser oscillator 107, contains one or more lasing,
ions doped 1n various concentrations within a host material
that have 1n combination the characteristics of relatively
long emission and energy storage lifetimes, which can store
optical energy 1n the interval between optical pumping
pulses 258 and 352 as previously described. Therefore, the
threshold optical pump energy 1s higher for the first laser
pulse 274 than for the second laser pulse 276, and 1s similar
for both the second laser pulse 276 and the third laser pulse
358, that thus lead to the differences in pumping pulse
characteristics. Each of the three laser pulses 274, 276, and
358 1n FIG. 7B have nearly 1dentical pulse widths, total
pulse energies, pulse shapes, and peak powers.

[0122] These similarities in characteristics between the
first, second, and third laser pulses 1n the pulse grouping also
translate to corresponding similarities in FIGS. 7C, 7D, and
7E. All three detected pulses 280, 282, and 362 1n FIG. 7C
have nearly identical characteristics, including the intervals
281 and 361 between the detected laser pulses 280, 282, and
362 and energy levels. Because of their nearly identical
characteristics, the detected energy levels shown 1n energy
feedback wavetorm segments 287, 291, and 367 of FIG. 7D
are also nearly identical, as well as the interval between laser
pulses 289 and 365, rising edges 286, 290, and 366, and
falling edges 288, 292, and 368. The nearly identical total
pulse energies from all three laser pulses 1n the pulse

orouping allow similar target temperature rises 300, 303,
and 374 1n F1G. 7K for each of the laser pulses delivered to

the target 127. This also imncludes similar peaks 301, 304, and
375 for the three laser pulses on the target 127 at progres-
sively higher temperatures, as well as similar temperature
decay times for the three laser pulses as denoted by target
thermal waveform segments 302, 373, and 305. In this
instance, the temperature rise 300 of the first pulse and
temperature rise 303 of the second pulse assist in allowing
the second and third pulses, respectively, to provide an
enhanced thermal effect to the target 127.

10123] The CPU 115 control of the second grouping of
optical pumping pulses, denoted by pump wavelorm seg-
ments 265 through 270 and 354 through 356 of FIG. 7A,
again allows the generation of the second grouping of output
laser pulses, denoted by pulse waveform segments 271, 277
through 279, and 359 through 360 of F1G. 7B. The features
and details of operation of the second grouping of laser
pulses are similar to the features and details of operation of
the first grouping of laser pulses and thus they are not
described again 1n detail. This includes pulse waveform
segments 271, 277 through 279, and 359 through 360 of the
second grouping of output laser pulses in FI1G. 7B, pulse
feedback waveform segments 272, 283 through 285, and
363 through 364 of the second grouping of detected laser
pulses 1n KFIG. 7C, energy feedback waveform segments
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273, 293 through 299, and 369 through 372 of the second
cgrouping of detected laser pulses 1n FIG. 7D, and target

thermal waveform segments 306 through 312 and 376
through 378 of the second grouping of laser pulses in FIG.

TE.

10124] Of course, more than three laser pulses may be
employed 1n each grouping of laser pulses 1n a pulse train by
modifying the various components and control system as
necessary.

[0125] Other modifications of the illustrated embodiments
and method of the present invention may be made. It will be
appreciated, however, that the present invention provides a
novel means for the generation and application of laser pulse
frains, constituted by one or more pulse groupings, using
selected solid-state lasing media 1n one or more laser oscil-
lators or resonators. The systems that embody this invention
permit a number of pulses of laser energy to be directed to
a target 1n a relatively short time period so as to provide
various beneficial target effects, for example, efficiently
cutting or ablating tissues of different hardnesses.

[0126] It will be readily apparent from the foregoing
detailed description of the mvention and from the 1illustra-
tions thereof that numerous variations and modifications
may be effected without departing from the true spirit and
scope of the novel concepts or principles of this invention.

I claim:

1. A device for generating laser pulse trains for delivery
to a target comprising:

a single laser generator for generating and delivering a
plurality of laser pulse groupings as a laser pulse train
to a target at selected time 1ntervals wherein each of the
laser pulse groupings comprises two or more individual
successive pulses generated at selected time 1ntervals
wherein the laser pulse train has a pulse width of at

least about 30 microseconds and a pulse repetition rate
of 1 to about 1,000 Hertz; and

a controller operably associated with the generator for
selecting and controlling the time intervals between
cach of the pulse groupings and each of the individual
pulses.

2. The device of claim 1 wherein the controller 1s adapted
to select and control amplitude, duration and shape of each
of the mndividual pulses 1n each of the laser pulse trains.

3. The device of claim 2 wherein the controller 1s a central
processing unit.

4. The device of claim 1 further comprising a sampling
monitor operably associated with the controller for sampling
and monitoring the characteristics of the individual pulses
generated by the generator.

5. The device of claim 1 wherein the generator 1s a
resonator.

6. The device of claim 1 wherein the generator 1s an
oscillator having of a pump chamber housing a solid-state
lasing medium having an energy storage lifetime of at least
100 microseconds, and a flash lamp.

7. The device of claim 1 further comprising a feedback
monitor operably associated with the controller for moni-
toring and controlling the characteristics of the pulses deliv-
ered to the target.
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8. The device of claim 1 wherein the generator 1s a
continuous-wave pump for pumping a solid-state medium
by a semiconductor laser diode source and a Q-switch.

9. The device of claim 1 further including an aiming beam
generator.

10. The device of claim 1 wherein pulse spacing within a
laser pulse grouping 1s 0.1 to 10 milliseconds.

11. The device of claim 1 wherein the pulse width 1s 1n the
range of about 50 microseconds to about 2,500 microsec-
onds.

12. A method of generating laser pulse trains for delivery
to a target comprising the steps of:

providing a single laser generation source;

generating a plurality of laser pulse groupings within a
laser pulse train at selected time 1ntervals wherein each
of the laser pulse groupings comprises two or more
individual successive laser pulses generated at selected
time intervals; and

delivering the laser pulse train to the target.

13. The method of claim 12 wherein the selected time
intervals between the plurality of laser pulse groupings is
orcater than the selected time intervals between the indi-
vidual pulses 1n each of the pulse groupings.

14. The method of claim 12 wherein the selected time
intervals between each of the individual pulses 1n each of the
pulse groupings 1s less than the thermal diffusion time of the
target.

15. The method of claim 12 wherein the selected time
interval between each of the laser pulse groupings is greater
than the thermal diffusion time of the target.

16. The method of claim 12 wherein the selected time
interval between each of the laser pulse groupings 1s equal
to the time required to cool the target back to its ambient
temperature.

17. The method of claim 12 wherein the selected time
intervals between each of the individual pulses 1n each of the
pulse groupings is less than ten milliseconds.

18. The method of claim 12 wherein the selected time
interval between each of the pulse groupings 1s fixed.

19. The method of claim 12 wherein the selected time
interval between each of the pulse groupings is variable.
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20. The method of claim 12 wherein the selected time
interval between each of the individual pulses 1n each of the
pulse groupings 1s less than the dissipation time of an
acoustic shock wave generated by the preceding pulse in the
respective pulse grouping.

21. The method of claim 12 wherein the selected time
interval between each of the individual pulses 1n each of the
pulse groupings 1s greater than the dissipation time of an
acoustic shock wave generated by the preceding pulse 1n the
respective pulse grouping.

22. The method of claim 12 wherein the selected time
interval between each of the individual pulses 1n each of the
pulse groupings 1s greater than the dissipation time of an

acoustic shock wave generated by the preceding pulse 1n the

respective pulse grouping and less than the thermal diffusion
time of the target.

23. The method of claim 12 further comprising the step of
sampling the characteristics of each of the generated pulses.

24. The method of claim 12 further comprising the step of
sampling the characteristics of the pulses delivered to the
target.

25. The method of claim 12 further comprising the step of
controlling the time intervals between each of the pulse
oroupings and each of the individual pulses 1n each of the
pulse groupings.

26. The method of claim 12 further comprising the step of

controlling the shape, amplitude and duration of each of the
individual pulses in each of the pulse groupings.

27. The method of claim 26 wherein each of the pulse
groupings comprises first, second and subsequent pulses and
the amplitude and duration of the second and subsequent
pulses 1s less than the amplitude and duration of the first
pulse 1n each of the pulse groupings.

28. The method of claim 26 wheremn first and second
pulses are generated 1n each of the pulse groupings, and the
amplitude and duration of the second pulse 1n each of the
pulse groupings 1s of an order of magnitude less than the
amplitude and duration of the first pulse.
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