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Abstract

Urinary stone fragmentation with long pulsed Ho:YAG laser (wave length

equal 2.1 um) and Er:YAG laser (wave length equal 2.94 um) investigated in this
paper.
Fragmentation efficiency of these two lasers is measured by using various energy
settings. Laser induced crater depth and ablation volume for both lasers were
examined and compared using mathematical model. Theoretical results were
compared with experimental results obtained by Hyun Wook Kang.
The study shows that the theoretical results and experimental results are
comparable, and the crater depth when using Er:YAG laser was more than that on

Ho:YAG laser.
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1- Theory

here are many different

mechanisms through which

laser light can interact with
stone, and these have been
categorized in a number of different
ways. The most common interaction
mechanisms for therapeutic an
surgical applications are :
photothermal ablation and
photomechanical/photoacoustical
ablation.[1]
The Ho:YAG laser is a solid state,
pulsed laser that emits light at 2.1

.e):“}jx—“

pm. the ability to fragment all stone
into tiny fragments that are easily
passed with little risk of ureteral
obstruction[2].

The pulse duration in lithotripsy of
the holmium laser ranges from (250-
350) psec., pulse energy from (0.2-
4.0) J/pulse, frequency from -¢@b)
Hz and the average power from (30—
80) watts. The version that one
chooses will depend on the intended
application. Light at the 2.lum
wavelength is invisible to the human
eye and falls in the near-infrared
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region of the electromagnetic
spectrum [2].
The Er:YAG laser operates at a

wavelength of 2.94 um at 20°C and a
pulse duration in lithotripsy of ( 250-
300 ) psec. the ErYAG laser
application is 2.25 W potency, 11
mm focal distance, 4 Hz frequency,
0.2 J/pulse energy; 62 J total energy
and 313 mean impulse[3]. The
applications of ErYAG is an
excellent choice for Medical Laser
Systems, and dental laser systems.

2- Unification of Blow-off and
Steady-state Models

The basis of steady-state ablation is
that a certain amount of energy (heat
of ablation) must be supplied to the
stone before ablation can begin.

The absorption coefficient
determines the spatial distribution of
the energy, and hence, the time
necessary for a given ablation
threshold to be reached. If the heat of
ablation is delivered to the stone
during the laser pulse, material
ejection begins, and all of the laser
energy following this point will be
used to drive an ablation front that
moves into the stone at a constant
velocity, until the end of the laser
pulse. In the traditional steady-state
model, it is assumed that the ablated
material is removed instantaneously
and no longer plays a role in the
ablation process [4].

However, a more realistic scenario
is that once the ablation threshold is
reached, material is ejected from the
stone surface and interacts with the
incident beam. If the ablation begins
early enough during the incident

laser pulse, the plume of ejected
particles may obscure the incident
beam, and attenuate the beam by
absorbing the laser radiation [5]. By
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assuming that the screening of the
incident laser beam follows a Beer's
law distribution in the plume:

E(z) = E,e™”

...... (1)
Where z: Certain depth (cm).
where E(W/mm2) laser beam

irradiance,y (mm-1) is the plume

attenuation coefficient. By applying
equation (1) to the source term for a
one dimension heat equation and
neglecting heat diffusion, one can
derive an expression for the ablation
depth[6,7]:

:lln L(i—1j+1
y :ua ch

Where Ho . Incident laser radiant
exposure (J/cm2).
Hth Threshold laser 'raci%ﬂwt

exposure (J/cm2).
Ha : Absorption coefficient (cm -1).
If multiple laser pulses (n) are used

to reate an ablation crater, the total
crater depth becomes:

- 1 | y(H
d=%) =In L L -1|+1
g) 14 |:lua(ch J :|

Where Hi : Laser radiant exposure
for multiple pulses (J/cm2).

This assumes that successive laser
pulses are sufficiently far apart in
time so that ejects from the previous
pulse do not screen the current pulse
[6, 7].

However, if plume attenuation is
not negligible, then assume the
plume attenuation coefficientto be
proportional to the stone absorption
coefficient pa since the material
composition of the ejector should be
the same as the unablated stones [4,
5].

Furthermore, we expegt <<ua
since much of the plume consists of
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vapor with a much lower density
than the native tissue. With these
assumptions, substitute y= pua, p
should be << 1 to get the conditign
<<ua, into equation (2) to arrive at a
modified form of the ablation depth
model [6]:

H
d —ﬁ—ﬂaln{ﬁ(Hm 1}”} ..(4)

wherep is proportionality constant.

In this case, as the astone
absorption coefficient rises, the
increasing plume attenuation
coefficient causes the ablation depth
to plateau. As the absorption
coefficient rises further, the plume
attenuation coefficient (seen here as
) asserts a stronger effect, and
begins to decrease the ablation depth
as more of the laser pulse energy is
attenuated [4, 6, 7].

3- Calculations:

The volume of urinary stone that
is vaporized by the excess of one
laser pulse energy above threshold
can be estimated by multiplying
equation (2) by the area of the laser
spot size (A):

_A;L L(i_l},l
y :ua ch

..(5)

V.

vaporized

If multiple laser pulses (N) are
employed to achieve sufficient
ablation effect, the total ablation
volume will be:

} ..(6)

vaponzea' Z
= V{
between

evaluate the relation
ablation volume or depth and the
pulse duration, the simple equation
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which connects the pulse duration
and energy as used is:

E=Pzp (7
wheretp is the pulse duration in (s)
and P is the peak power in (W). The
threshold radiant exposure gets from:

e

P.rp
A

Hi =

The following relations for crater
depth and ablation volume are
achieved by substituting equation (9)
into equations (2) and (5):

d=2in| 2| AHe _4119.20)
v | M.\ PT,

v="mnX AH, -1(+1{-(11)
v |l P,

The absorption coefficient of each
stone for Ho:YAG and Er:YAG can

be calculated by using equation (12)
as[6]:

:_:L = :%'...(12)
H, Hﬂ[p(«ﬂo T)+L] .

PR
The paratpneters which are necessary
to substitute in the mathematical

models are shown in Table (1).

4- Results:

a- Crater volume

Figure (1) compare between the
results of calculating the crater

volume as a function of incident

radiant exposure for single pulse
Ho:YAG laser and Er:-YAG laser-
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COM stone . This figure presents
both the experimental results and
unification model results. Crater
volume when use Er:YAG laser is
more than that when use Ho:YAG
laser in both experimental and
theoretical results.

Figure (2) show the crater volume
as a function of incident radiant
exposure Ho:YAG laser and
Er:YAG laser-COM stone . This
figure presents both the experimental
results and unification model results
under the effect of five laser pulses.
Crater volume when use ErYAG
laser increase about three times that
when use Ho:YAG laser but on
Ho:YAG laser the experimental and
theoretical results was comparable
more than that of Er:YAG laser.
Figure (3) compare between The
crater volume as a function of pulse
duration for Ho:YAG and Er:YAG
laser-COM stone by applying
equation (13). As pulse duration
increase crater volume decrease
when use both lasers.

Figure (4) compare between The
calculation results as a function of
multiple Ho:YAG laser pulses and

Er:YAG laser on COM stone by

applying equation (8). As number of
pulses increase the ablation volume
increase.

b- Crater depth

Figure (5) compare between the
results of calculating the crater depth
as a function of incident radiant
exposure for single pulse Ho:YAG
laser and Er:YAG laser on COM
stone . This figure presents both the
experimental results and unification
model results. The depth created by
Er:YAG laser is more than that
created by Ho:YAG in both
experimental and theoretical results.
But on Ho:YAG laser the
experimental and theoretical results
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were close than that on Er:YAG
laser.

Figure (6) show the crater depth
as a function of incident radiant
exposure Ho:YAG laser and
Er:YAG laser on COM stone . This
figure presents both the experimental
results and unification model results
under the effect of five laser pulses.
On figure (6) the crater depth of
Er:YAGis about four times that
occurred by Ho:YAG laser in both
theoretical and experimental results,
but on Ho:YAG laser the
experimental results and theoretical
was more comparable than the
results obtained by using Er:YAG
laser.

Figure (7) compare between The
crater depth as a function of pulse
duration for Ho:YAG and Er:YAG
laser on COM stone by applying
equation (12). The crater depth on
both lasers are inversely proportional
with pulse duration.

Figure (8) compare between The
calculation results as a function of
multiple Ho:YAG laser pulses and
Er:YAG laser on COM stone by
applying equation (3). As number of
pulses increase crater depth also
increase.

5- Discussion

One of the sources of the small
differences between the
mathematical and practical results is
due to the collection of different
parameter values for the
mathematical model from different
references; beside the model
consider only one laser-stone
interaction phenomenon, while the
experimental results are based on
real application of laser to the stone.
The  theoretical results and
experimental results for two types of
lasers are comparable. The ablation
volume crater depth when using
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Er:YAG laser was more than that on
Ho:YAG laser because the
absorption coefficient of COM stone
in Er:-YAG laser fia COM) is much
more than the absorption coefficient
of (na COM) COM stone in
Ho:YAG laser, so that Ho:YAG
laser introduced a shelling operation
on the stone but in ErYAG laser
were introduced a drilling operation
on the stone , so the Ho:YAG laser
favorite on laser lithotripsy. The
pulse duration governs the dominant
mechanism in calculi fragmentation,
which is either photo thermal or
photo acoustical. Lasers with long
pulse durations induce a temperature
rise in the laser-affected zone with
minimal acoustic waves, material is
removed by means of vaporization,
melting, mechanical stress, and
chemical decomposition.  Short-
pulsed laser ablation, on other hand,

produces shock waves, and the
resultant mechanical energy
fragments calculi.
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Table (1) Physical parameters of calciumxalate monohydrate COM stone

Arameter Symbol Value Unit Ref
Temperature rise required for ablation | AT 596 K [8]
Latent heat of vaporization L 2580 Jig 4]
Laser number of pulses N 5-50 - Chosen
Density of COM Pcom) 2.224 g/cm [8]
Threshold radiant exposure of COM in | Hincowm 7.4 Jicrh [6]
A=2.1um
Specific heat of COM Eowm) 1 J/(g.K) [8]
Threshold Radiant Exposure of COM in Hicowm 0.4 Jicm [6]
A=2.9um
Absorption coefficient of COM in Ha(com) 700 cm' Calculated
Ho:YAG laser
Absorption coefficient of COM in Ha(com) 1250 cn Calculated
Er:-YAG laser
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