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Samenvatting 

Verschillende modellen zijn reeds gepubliceerd die laser weefsel 

ablatie (het snel verwijderen van weefsel door verhitting door de 

absorptie van de laser bundel) beschrijven. Op laser ablatie van 

weefsel berusten verschillende medisch therapeutische toepassingen. 

Deze modellen gaan ervan uit dat het weefsel verwijderd wordt door 

volledige verdamping van het materiaal. Uit alle modellen volgt 

dezelfde vergelijking voor de ablatiesnelheid in de "steady-state" 

situatie in het één-dimensionale geval. Uit die vergelijking volgt dat 

deze snelheid onafhankelijk is van de optische absorptie coëfficiënt. 

Rastegar (1987) heeft dunne cylindrische agar staafjes gebruikt om 

deze fundamentele relatie te testen. 

Wij hebben deze experimenten herhaald en uitgebreid met dunne staafjes 

van agar gel en polyacrylamide gel. Beide gels bevatten een 

aanzienlijke hoeveelheid water en lijken wat dat betreft op weefsel. 

Bovendien kunnen de optische eigenschappen gevarieerd worden door 

kleurstoffen toe te voegen aan deze intrinsiek heldere materialen. De 

staafjes zijn geableerd met een 20 W Argon-ion laser. 

De dunne staafjes benaderen slechts de één-dimensionale situatie; 

afwijkingen worden veroorzaakt door warmteverlies aan de voorkant en 

de cylindrische wand van het staafje. Een analyse is uitgevoerd van 

deze verliezen en een schatting is gemaakt van de afwijking van het 

"echte" één-dimensionale geval. 

Het blijkt dat agar gel smelt voor verdamping plaatsvindt in 

tegenstelling tot biologisch weefsel. In het smeltgebied hoopt de 

toegevoegde kleurstof zich op waardoor de absorptie toeneemt en de 

controle op de absorptie verloren gaat. Verder kan de gesmolten 

druppel van het staafje vallen waardoor het materiaal niet geheel 

verdampt. Door deze verschijnselen is agar niet geschikt om als 

fantoom weefsel in ablatie experimenten gebruikt te worden. 

In dit opzicht gedragen staafjes van polyacrylamide gel zich veel meer 

als echt weefsel. Polyacrylamide smelt niet en verdampt geheel tijdens 

laser belichting. Dit materiaal is gebruikt om de ablatiesnelheid als 

functie van de aborptiecoefficient te bepalen. Het blijkt dat deze 

snelheid onafhankelijk is van de absorptiecoëfficiënt over een groot 
-1 -1 gebied van 0. 9 mm tot 30 mm . 

Uit de numerieke analyse van de warmtehuishouding in het staafjesmodel 

blijkt dat dit model redelijk de één-dimensionale situatie benaderd. 



Summarv 

Several models have been published which describe laser tissue ablation, 

i.e. the fast removal of tissue due to heating by absorption of the 

laser beam. This laser tissue interaction is used in several medica! 

therapeutical applications. 

The models are based on the assumption that the tissue material is 

removed by complete vaporization of the material. The models all arrive 

at the same equation for the steady state ablation speed in the 

one-dimensional situation, which states that this speed is independent 

of the optica! absorption coefficient. Rastegar (1987) has used thin 

agar cylindrical rods as an approximation of the one-dimensional 

situation to test this basic relation. 

We have repeated and extended these experiments using agarous gel rods 

and rods consisting of polyacrylamide gel. Both gels contain a 

considerable amount of water and resembie tissue in this respect. 

Furthermore the optica! characteristics can be controlled by adding dyes 

to the intrinsically clear media. The rods are ablated using a 20 W 

Argon-ion laser emitting at all lines. 

The thin rods only approximate the one-dimensional situation, deviations 

are present due to the heat loss at the surface, at the front as well as 

along the cylindrical surface. An analysis has been made of these losses 

and an estimation is given for the deviation from the "real" 

one-dimensional case. 

It is found that agarous gel melts before vaporizing in contrast to the 

removal of real biologica! tissue. In the melted region the added dye is 

concentrated thereby increasing the absorption resulting in the loss of 

control over the absorption. Furthermore the melted drop can fall from 

the rod resulting in incomplete vaporization. This material is therefore 

not suited do be used as tissue phantom material in laser ablation 

experiments. 

Rods made of polyacrylamide gel behave much more as real tissue in this 

respect. Polyacrylamide does not melt and completely vaporizes during 

laser irradiation. This material has been used to evaluate the ablation 

speed as a function of the absorption coefficient. The ablation speed is 

found to be independent of the absorption coefficient over a wide range 
-1 -1 from 0. 9 mm to 30 mm . From the numerical analysis of the heat 

balance in the rod model it is clear that this model resembles fairly 

close the one-dimensional hypothetical situation. 
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Chapter 1 Introduetion 

This chapter starts with a short review of laser applications in 

medicine, followed by some general information on the laser 

application that is subject of the research reported here: thermal 

laser ablation with a CW laser. 

In the final section, a description of the research is given. 

~ Laser applications in medicine 

Laser applications in medicine can be classified by the physical 

mechanism by which the therapeutic goal is achieved [Van Gemert 

and Star, 1987]. In (1) thermal use, tissue is heated by absorption 

of the laser light by chromophores in the tissue. The rise in 

temperature leads to irreversible chemica! reactions like 

denaturation of proteins (at about 60°C), evaparatien of water and 

eventually vaporisation of the tissue (ablation). When the laser 

is used for (2) tissue welding, the laser light is also converted 

into heat but the moderate temperature increase is such that the 

welded tissues stick tagether by the wound that is induced .. After 

healing of this wound the tissues are connected firmly. This 

technique is used to repair damaged vessels and nerve fibers. Tips 

(3) (e.g. sapphire) at the end of a glass fiber in which the laser 

light is coupled, are used in combination with a Nd-YAG laser. 

These tips transmit light to a certain degree but also get hot and 

can be used for cutting and coagulation of tissue. In laser 

angioplasty for instance, where an obstructed artery is 

recanalized by a laser beam, a rounded sapphire tip is used in 

order not to damage the artery. In (4) photo chemical use the 

laser light is absorbed by a dye that has been injected into the 

tissue. This absorption induces a photochemical reaction that 

leads to tissue destruction. This mechanism is exploited in the 

photo dynamical therapy (PDT) of malignant tumour cells. The photo 

sensitive dye that is injected, HPD, is selectively accumulated by 

tumour cells, is activated by laser light of a suitable wavelength 

and oxydizes the tumour cells. In the (5) photo mechanical 

application intense (pulsed) laser light is used to induce a shock 

wave in the tissue which leads to disruption of the tissue in the 

focus. An example of this is laser lithotripsy, the destructien of 

1 



stones in the common bile duet and ureter. In (6) photo ablat1on 

short wave energetic (pulsed) laser light is used. Absorption of 

this light leads possibly to the destructien of the molecular 

bondings in the tissue, which makes it possible to remove tissue 

in a very controlled way. In this way it is possible to reshape 

the cornea to correct for myopia and hyperopia. Application of 

this type of ablation is currently being evaluated in laser 

angioplasty. For (7) biostimulation very low power laser light is 

used to stimulate biologica! processes like wound healing. It must 

be noted that the therapeutic value of this application is still a 

matter of debate. 

Figure 1. 1 shows an overview of laser parameters and applications 

in medicine. 
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Figure 1.1 Overview of laser parameters and applications 

in medicine [Boulnois, 1986]. 
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1.2 The laser application, subject of this research 

The research reported here has dealt with thermal laser ablation. 

The first laser that was used for this purpose was the ruby laser. 

Soon after the invention of the first werking laser, a pulsed ruby 

laser, by Maiman in 1960, investigations started to find out 

whether this laser could be used as a surgical tool to destroy, 

remave or repair biologica! tissue. Preliminary trials on eyes of 

rabbits and cats [Kapany et al, 1963] showed that the ruby laser 

produced retinal burns that satisfied ophthalmologists. Soon, 

various workers had applied the laser to the human eye in an 

attempt to repair peripheral retinal pathologies such as holes and 

tears [Flocks and Zweng, 1964]. These treatments represented the 

first successful surgical application of the laser. 

The different lasers used in surgery today represent only a tiny 

fraction of the types available since most lasers are 

inappropriate for medical use. The most commonly used lasers for 

thermal laser ablation are the CO -laser, the Nd-YAG laser and the 
2 

argon laser (see figure 1.1). 

The CO -laser (10.6 Mm) is suited for precise remaval of tissue 
2 

with little damage to adjacent tissue because of its high 

absarptien coefficient (penetration depthof about 0.02 mm) and 

high available power. Output powers for CO surgical lasers are 
2 

typically in the range 20-40 W, although occasionally devices are 

used with much greater power, say 100 W. The CO -laser is used eg. 
2 

in dermatology to vaporize skin lesions and in many ether 

disciplines in medicine to remave bulky tumours. A disadvantage of 

the CO -laser is that it is not yet possible to deliver the light 
2 

to the operatien site through a fiber. 

The Nd-YAG laser light (1.06 Mm) is poorly absorbed in 'colorless' 

tissue and somewhat better in blood and is highly scattered by 

tissue. So the penetratien depth of the Nd-YAG laser is deep. 

Laser powers are available up to 150 W. The Nd-YAG laser is very 

effective in achieving coagulation and haemostasis and is used for 

this purpose in gastroenterology in combination with an endescope 

through which a glass fiber is inserted. In many branches of 

medicine, the Nd-YAG laser is used to remave bulky tumours. 

The blue-green light of the argon laser is strongly absorbed in 

3 



blood and pigments and much less by colorless tissue. Laser powers 

are available up to 20 W. The argon laser is used in dermatology 

in the treatment of port wine stains, where blood vessels must be 

treated selectively, and in ophthalmology in the treatment of 

retinal pathologies. 

• 
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1.3 The research 

Although laser radlation is now routinely used in surgery to 

cut and remove tissue, the process of thermal laser ablation is 

not well understood. Efforts are currently being made to develop 

an adequate model to describe the ablation process, that could be 

used to optimize the surgical protocol to achleve the desired 

therapeutic effect. This research wants to contribute to a better 

understanding of the ablation process. 

In thermal laser ablation, tissue removal is largely brought about 

by evaporation of interstitial water, but also chemica! processes 

take place like coagulation and carbonization. A more fully 

description of the ablation process is given in chapter 2. 

Several ablation models, based on rigarous simplifications, have 

been published (see chapter 2). All of them arrive at the same 

equation for the one-dimensional steady state ablation velocity. 

This equation states that the ablation velocity is proportional to 

thè laser power density and independent of the absorption 

coefficient of the tissue for the laser used. 

The aim of this research is to evaluate this equation by 

performing well-defined experiments. 

Rastegar already performed.experiments to check this relation 

[Rastegar, 1987]. To simulate a one-dimensional ablation 

situation, he used agar rods with black Schaeffer ink, irradiated 

with a parallel argon laser beam and measured the ablation speed 

as a function of ink concentration. In contradiction with theory, 

he found that the ablation velocity did depend on the absorption 

coefficient. We repeated his experiments with agar rods to check 

his findings and found no dependenee on the absorption 

coefficient. However, the agar rods melted before they ablated and 

it was found that the absorption in the ablation zone increased 

during the ablation process. That is why we were not satisfied 

with agar and ink as an ablation model and performed our 

experiments on polyacrylamide rods with an artificial dye (E110). 

We measured the steady state ablati~n velocity as a function of 

laser power, absorption, water content and rod diameter and 

5 



calculated temperature profiles and ablation speed, based on the 

model by Dabby & Paek but modified to include heat losses due to 

conveetien and radiation in the experimental situation. 

Also some ablation experiments were performed on rods of real 

tissue with a Nd-YAG laser and an argon laser to receive some 

qualitative insight in the ablation process of real tissue. 

6 



~ Thermal laser ablation 

~ Description Qf ablation process 

What happens if a laser beam is directed on biological tissue? 

Several physical, optical and thermodynamical, and chemical 

processes take place. The diagram in figure 2.1 (from [Rastegar]) 

presents a summary of these processes, their coupling and 

interact i ons. 

LASER 

Light 

Energy Dlstrlbutlon 
& Absorptlon 

(Laser Heat soun:e) 

opticalpropcrtics 

Figure 2. 1 Photo-thermochemical processes of laser irradiation 

and ablation of biological tissue. 
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Once laser light is irradiated on tissue, a certain light 

distribut ion in t·he tissue evol ves depending on the beam profile, 

the geometry, the refractive index and the absorbing and 

scattering characteristics of the tissue. The absarptien and 

scattering of light creates a certain spatial energy deposition in the 

tissue and increases the temperature. Due to conduction of heat the 

thermal energy in the tissue is redistributed resulting in a time- and 

space-dependent temperature distribution. The temperature distribution 

depends on the thermal conductivity and heat capacity of the tissue. As 

heat deposition and heat transfer continue a certain threshold can be 

reached above which a process of irreversible thermal injury begins. 

This process leads to coagulation of tissue caused by denaturation of 

enzymes and proteins and finally leads to necrosis of constituent cells. 

As aresult of this thermochemical process of injury, properties of the 

tissue, especially the optical properties (e.g. the whitening of meat as 

it is cooked), start to change. This change in properties in turn 

influences the process of light absarptien and distribution in the 

tissue. 

Another result of the rise in temperature is dehydration of the tissue 

which causes shrinkage. Tagether with the temperature gradients that 

have evolved, this leads to mechanical strains and stresses in the 

tissue. 

The next stage in these processes is the onset of ablation. As the 

temperature continues to rise, a threshold temperature is reached at 

which point, if the rate of heat deposition continues to exceed the rate 

at which the tissue can transport the energy, a process of intense 

vaporization of the water content of the tissue initiates. When the 

surface of the tissue has virtually lost all its cell water, the 

temperature will increase, since there is no langer an adequate water 

heat sink to prevent the temperature from rising. As the surface 

temperature reaches a certain threshold temperature, the more 

superficial layers of the tissue turn black due to carbonization. The 

carbonised tissue is either combusted if the temperature is high enough 

or disrupted by the vapeur escaping from the tissue. 

The vaporization process, that can be quite fierce, accompanied by 

the ejection of small pieces of disrupted tissue and combined with 

ether chemical processes like carbonization and cernbustion is the 

ablation mechanism for biological tissue. 

8 



It might be clear from the above discussion that laser ablation of 

biologica! tissue is indeed a very complicated process with yet many 

unknowns: how do thermal ·and optica! properties change with 

temperature?, what is the energy balance of the different chemica! 

reactions and how do they proceed in time?, how does the intense 

vaporization begin? and how important are the mechanica! properties of 

the tissue in the process of ablation? 

In order to improve our understanding of laser ablation, it is necessary 

to make rigoreus simplifications. 

2.2 Ablation models 

Several models have been published. All of them assume that there 

are no heat losses due to conveetien and radlation at the surface 

of the tissue, that the light distribution in the tissue is a 

known function and that the optica! and thermal properties do not 

change with temperature. Also effects of chemical reactions on 

the energy distribution are discarded. Ablation is assumed to be 

caused by evaporation of tissue water and the influence of steam 

and debris is neglected. Energy balance arguments based on the 

heat flow equation are used to avoid the complexities of the phase 

change and to arrive at the ablation velocity. 

A.L. McKenzie has published a model to predict the extent of 

thermal damage of CO -laser irradiation [McKenzie, 1983]. This 
2 

model applies to a one-dimensional situation withno scattering 

ipcluded. The depth of damage is predicted for the case where the 

ablation front and the damage wave ahead of it advance together at 

the same, constant speed in dynamic equilibrium. 

In 1986 Mckenzie published a three zone model of CO -laser 
2 

irradiation to predict the extent of damage, taking into account 

the influence of a carbonization zone, a finite vaporization zone 

and a coagulation zone, all in one dimension and with no 

scattering included [McKenzie, 1986]. 

Partovi et al published a three dimensional model in which 

scattering and the water-steam phase transition are explicitly 

taken into account [Partovi et al, 1987]. The model prediets 

threshold parameters and a steady-state ablation velocity in terms 

of the optical and thermal proporties of the tissue and the laser 

beam intensity and spot diameter. 

9 
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Dabby & Paek have published a model to describe material remaval 

from the front surface of a solid by a high-intensity laser beam. 

They found that for ablation to proceed, subsurface temperatures 

must exceed the surface temperature [Dabby & Paek, 1972]. This 

model is described in more detail in the next chapter. 
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~ ~ dimensional ablation theory 

To explain the ablation processes in the rod experiments we use 

the one-dimensional ablation model developed by Dabby & Paek in 

1972, which will be described below. Dabby & Paek developed this 

model, not for tissue ablation, but for material processing, like 

cutting metal plates and drilling holes. 

The one-dimensional laser ablation situation is depicted in ffgure 

3. 1. An infinitely broad laser beam irradiates an infinitely broad 

and thick piece of material. 'Infinite' practically means large 

enough that edge effects can be neglected as we focus on events 

along the axis of the laser beam. 

2 
[W/mm] 

===~> 

===~> 

===~> 

===~> 

===~> 

===~> 

===~> 

~--~~ v [mm/s) 

Figure 3.1 One dimensional laser ablation situation. An 

infinitely broad laser beam irradiates an infinitely 

broad and thick piece of material. 

To keep the analysis simple, the following conditions are assumed. 

1. The CW laser power density I in W/mm2 is sufficient to 

maintain a steady vaporization process of the materiaL 

2. The laser beam is not scattered, nor absorbed by the debris 

created by the vaporization of the material. 

3. There is no reflection or scattering-of laser light at the 

ablation front. 
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4. The material is a pure absorbing medium for the chosen laser 

wavelength. 

5. The thermal conductivity, specific heat and optical absarptien 

coefficient are independent of the laser beam irradiance and the 

temperature of the material. 

6. The front surface is nat deformed during the process but 

remains flat. 

7. The material vaporizes at a fixed temperature T and a certain 
V 

amount of latent heat L per unit volume is needed for this 
V 

vaporization. The influence of other phase changes, if any, are 

neglected. 

8. Heat losses due to reradiation and conveetien are negligible 

(adiabatic condition). 

An ablation theory based on the above conditions will be presented 

in the next section. In sectien 3.2 heat losses in the 

experimental situation will be included. 

3. 1 The adiabatic ~ 

The analysis of the laser ablation process can be conveniently 

divided into two parts. First the period from the moment the laser 

is turned on until the moment that the front surface reaches the 

ablation (= vaporization) temperature T . This stage is called 
V 

preablation heating. The second period runs from the onset of . 
ablation when the front starts eating its way through the 

material. This is the ablation stage. 

12 



3.1.1 Preablation stage 

Slnce only absorption is assumed to take place, the laser power 

density I [W/mm2
] decreases exponentially along the axis in the 

material, according to the law of Lambert-Beer (figure 3.2): 

10 

-IJ ·x 
I(x) = I ·e a 

0 

-1 
IJ = absorption coefficient [mm ] 

a . ~ 
I = power dens i t y at surface [ W · mm ] 

0 

x = distance along axis [mm] 

power den al ty lW /mm 2 I 

0 0.5 1.5 2 2.5 3 3.5 

depth [mml 

{1} 

4.5 5 

Figure 3.2 Laser power density as a function of depth in a pure 

absorbing material wi th absorpt ion c.oefficient IJ 
a 

-1 equal to 0. 6 mm . 

At a distance x from the front surface, light energy is 

converted into heat at a rate IJ ·I(x) per unit volume. The laser 
a 

light can be regarded as a distributed heat souree in the material 

with a distribution described by equation {1}. The temperature in 

the material starts to rise and the created temperature 

differences (gradients) cause heat to be transported. 

The heat transport equation, based on energy balance arguments 

(see appendix A), describes how the temperature in the material 

changes in time: 

13 



-3 
p = density of material [g·mm ] 

c = specific heat of the material [J·g-1 ·K-1
] 

T = temperature [K] 

t = time [s] 
-1 -1 -1 k = thermal conductivity [J·mm ·s ·K ] 

This partial differentlal equation can be solved to yield 

temperature profiles in the material at any instant, given 

appropriate initial and boundary conditions. Initially the 

material is assumed to be at the same temperature T as the 
0 

{2} 

surroundings. At the front surface, the adiabatic condition is 

applied which means that there is no heat flux across the surface 

during the process. According to Fourier's law, which states that 

the heat flux at any point in the material is proportional to the 

temperature gradient at that point, this condition implies that 

the temperature gradient at the surface (x = 0) is zero. At the 

other end (x= oo), the temperature is assumed to remain equal to 

T. 
0 

Expressed in formulae, these three conditions read: 

T(x) = T for t = 0 
0 

ar 0 for x = 0 --
a x 

T = T for x = oo 
0 

(2a) 

(2b) 

(2c) 

The next step is to transfarm these equations and express them as . 

convenient dimensionless variables. This eliminates the explicit 

dependenee of the equations on material and laser parameters. Once 

the problem is so 1 ved, wi th the sol ut ion expressed i_n these 

dimensionless variables, the salution to any ablation situation 

that meets the model's conditlans can be found by substitution of 

the appropriate laser and material parameters. 

The following transformation equations are used: 

14 



ç = ll ·x 
a 

k•IJ. 
2 

a 
t "'[' = 

p·c 

k·IJ. 
a a (T-T 0) = 

I 
0 

in which Ç is the dimensionless position variable, 1: the 

dimensionless time and a the dimensionless temperature. 

{3a} 

{3b} 

{3c} 

Substitution of these equations into the heat transport equation 

and the initial and boundary conditlans results in: 

8a 82a -Ç -- -+ e 
81: 8Ç2 

{4} 

aCÇ) = 0 for "'[' = 0 {4a} 

8a 
0 for ç 0 -- = {4b} 

8Ç 

a = 0 for Ç = co {4c} 

Dabby & Paek solved this problem by taking the Laplace transfarm 

with respect to 1:, solving the resulting second-erder ordinary 

differentlal equation, and making the inverse transform. Using 

this technique, the dimensionless temperature profile is found to 

be: 

a(Ç,T) = 2·R·1erfc[ _ç_ J - e-Ç + 
2·R 

~·eT· [e -Ç · erfc [n - _ç_J + e ç · erfc [n + _ç_J J { 5} 
2·R 2·1-T 

with the complementary error function, erfc(x), defined by: 

erfc(x) = 1 - erf(x) {6} 
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and the integral of the complementary error function, ierfc(x), 

defined by: 
00 

ierfc(x) = J erfc(~) d~ 
x 

The error function is erf(x) is defined by: 

2 erf(x) = 

{7} 

{8} 

The temperature profiles in the material during the preablation 

stage, given by equation {5}, are plotted in figure 3.3 at several 

instants, transformed to real time, position and temperature for 

certain laser and material parameters. Note that the temperature 

profiles are flat at the front, due to the adiabatic condition 

{2b}. 

temperature ( t] 
120 . 

100 

80 

60 

40 

To 
20 

0 
0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 

depth (mm) 

Figure 3.3 Calculated temperature profiles in a pure absorbing material 

with the same thermal properties as water as a function of 

time. The laser irradiance is 1 W/mm2 and the absorption 

coefficient is 0.6 mm-1
. 
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This solution is valid until the moment that the front surface 

reaches the vaporization temperature 9 . 
V 

The time T it takes for the surface to reach the vaporization 
V 

temperature, can be obtained by solving equation {5} subject to 

the condition that at ~ = 0 the temperature 9 is equal to 9 , 
V 

glving: 

2 T 
9 = -· R + e v • erfc ( R ) - 1 {9} 

V ,;:;;, V V 

This relation is plotted in figure 3.4. This graph can be used to 

determine the time T for the onset of ablation for certain laser 
V 

and material parameters, that affect the value of 9 via equation 
V 

{3c}. 

When vaporization begins, the temperature distribution in the 

material is described by 9(~,T ). 
V 

dimensionless tempersture 
3~----------------------------------------------------~ 

2.15 

2 

1.5 

• 0.15 

0 2 3 4 15 8 7 8 9 10 
dimensionless time 

Figure 3.4 Time required for the front surface to reach the 

vaporization temperature as a function of laser and 

material parameters. The dot represent the ablation 

situation of a sample with an absorption coefficient of 
-1 2 0.6 mm irradiated with a power density of 0.37 W/mm 

and the cross represent a sample with an absorption 

coefficient of 30 mm-1 ablated with a power density 

of 0. 37 W/mm2
. 
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3.1.2 Ablation stage 

When the front surface reaches the vaporization temperature, the 

ablation process starts and the front begins to move. To describe 

this situation, two coordinate systems are used (figure 3.5). 

V 

z=x-X(t) 

-X(t} X+dX x 

Figure 3.5 The two coordinate frames used in the description of 

the ablation stage. An element of thickness dX is 

defined at the surface. 

The variable x in the fixed coordinate frame is used to describe 

the position of the front in time, the variable z in the moving 

frame describes the depth in the material. The position of the 

front in time is x=X(t). The relationship between both coordinate 

systems is simply z = x-X(t). 

In the fixed frame, the heat transport equation for the 

material during the ablation stage is: 

In the moving frame, this equation transforms into: 

82! -~a·z 8T 8T dX p·c·-- p·c·-·- = k·- + ~ ·I ·e {10} 
at az dt az 2 

a 
0 
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The adiabatic boundary condition across the front surface is no 

longer valid during vaporization. A flux of heat towards the 

surface·is required to maintain the vaporization process. A 

description of this heat flux can be found on the basis of an 

energy balance at the surface. Consicter a small element at the 

front as depicted in figure 3.5. This element dX vaporizes in a 

time dt. This requires a certain amount of energy equal to: 

p · L · dX [ J · mm -2
] . 

V 

Energy is supplied to this element in a time dt by absorption of 
-2 the laser light: M ·I ·dX·dt [J·mm ]. 

a 0 

At the left boundary of dX, there is no heat loss (adiabatic 

condition) and at the right boundary heat flows in or out the 

element dX, depending on the s~gn of the temperature gradient. 

This heat flow <11 [ J/mm2
] is gi ven by: 

~(X+dX)·dt T -k·~~ IX+dX·dt 

Fourier's law 

Thus the energy balance reacis: 

p·L ·dX 
V 

aT = J.l • I · <:1:\ • d t + k · a x 
a 0 I 

·dt 
X+dX 

{11} 

Dividing left and right by dt and taking the limit for vanishing 

dX and dt yields: 
dX 

p·Lv·dt = aT ' 
k·- I 

ax 'x=X(t) 
{12} 

The time derivative of X, ~~·is the velocity of the front surface 

and note that for this velocity to be positive, the temperature 

gradient at the surface must be positive. This means that the 

temperature profile must sho\-1 a subsurface peak during the 

ablation process! 
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Solving the heat transport equation {10} and the surface energy 

balance equation {12} with the appropriate initia! and boundary 

conditions will yield the temperature profile in the material and 

the velocity of the front surface. The appropriate boundary 

conditions are that the front temperature remains at the 

vaporization temperature T and at the other end (x=oo) the 
V 

temperature stays equal to the environment temperature T
0

. 

In short: 

T = T 
V 

T = T
0 

for x = X 

for x = oo 

{13} 

{ 14} 

Two initia! conditions are required for {10} and {12}. The first 

condition assumes that at time t = 0, the vaporization process 

starts with zero ablation speed. Thus: 

dX _ 
dt - 0 for t = 0 {15} 

The secend states that the temperature profile in the material at 

the onset of ablation is described by the solution of the 

preablation heating problem (equation {5} in the previous 

section). To allow for an approximate analytica! solution of the 

problem Dabby & Paek suggested to approximate this temperature 

profile with an exponential term (1+qx)e-qx. The constant q is a 

fitting parameter that allows for a close match to the determined 

temperature profile (see figure 3.6). Thus the second initia! 

condition is: 

T-T =(T-T )·(1+qx)·e-qx 
0 V 0 

{ 16} 
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Figure 3.6 Calculated temperature profile at the onset of ablation 

according to equation {5} for an absarptien coefficient of 

0.6 mm-1 and a laser power density of 0.37 W/mm-2 (solid 

line) and the exponentlal term (1+qx)e~qx (dashed line) with 

a value for q that satisfies the least squares condition: 
-1 

q = 1. 03 mm . 

The problem is now well posed and the equations may be transformed 

into a dimensionless farm using the following tranformation 

equations: 

~ = 

't' = 

e = 

u= 

I ·c 
0 

k·L 
V 

2 
I ·c 

0 

p·k·L 2 

V 

T- T 

T-T 
V 

p·L 
V 

-I-
0 

. x { 17a} 

t { 11b} 

0 {17c} 
0 

dX 
dt 

{17d} 
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A heating parameter À, an absorption parameter B and a normalized 

initia! parameter Q are defined as fellows: 

c· (T - To) 
À 

V = L { 18a} 
V 

k•J..L ·L 
B 

a V = I ·c {18b} 
0 

k·q·L 
Q 

. V = 
I ·c {18c} 

0 

After the transformation, the equations {10} and {12} take the 

ferm: 

aa = a
2
a + u·aa + ~.e-B·Ç 

a~ aç2 aç À 

u = À·aa:l 
." Ç=O 

subject to the following conditions: 

9 = 1 

9 = 0 

9 = (1 + Q·Ç)·e-Q 

for Ç=O 

for Ç=co 

for ~=0 

{ 19a} 

{ 19b} 

{ 19c} 

{ 19d} 

{19e} 

An iteration procedure is used to· solve equations {19}, starting 

with the steady state value of the ablation velocity. So first, 

the steady state value of the ablation velocity has to be 

calculated. 

In the steady state the· ablation speed and the temperature 

profiles are independent of time. So the steady state temperature 

profile can be derived by setting aa/a~ to zero in equation {19a} 

and solving the equations for u is constant. It is found that the 

steady state normalized temperature profile 9 in the normalized 
ss 

moving reference frame is: 
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{20} 

where v is the steady state value of u. 

Thus the steady state temperature profile travels along with the 

moving front and is independent of the initia! temperature 

profile. Now the value of v can be determined by replacing u with 

v and 9 with 9 in {19a} and solving for v. The normalized steady 
ss 

state velocity is found to be: 

1 {21} V= 

1 + À 

that transforms into: 

dX 
I 

0 {22} 
dt p·c·(T -T) + p·L 

V 0 V 

This equation will be discussed in sectien 3.3. 

The transient solution can be calculated iteratively by 

substituting v for u in {19a} as an initia! guess and solve the 

partlal differentlal equation {19a} subject to the conditlens 

{19c}-{19e}. 

The solution is: 

9(~,T) = ~· [1 + 
1 

À· (B-v) 
] · (e -v~·erfc [ -~ - ~·R] 

2·R 2 

+ erfc [ -~ + ~·n]J 
2·R 2 

eB(B-v)T [ -B~ [ ~ ] · e ·erfc --- (B - -
2
vl ·R 

2À(B-v) 2·R 

+ e(B-v)~·erfc[ 
2
:R + (B- ~)·n]J 

Q(Q-v)T [[ ] Q~ 
+ e 

2 
· 2·Q·(Q- ~)·T- Q·~- 1 ·e- · 

erfc [ -~- - (Q - ~) ·R] 
2·R 2 
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[ 
v ] (Q-v)Ç 

+ 2·Q·(Q- ;)·T + Q·Ç- 1 ·e · 

erfc[ _ç_ + 
2·-R 

e-BÇ [ 

À(B-v) . 
1 B(B-v)T ] - e 

- e Q ( Q-v )T-QÇ · [ 2 · Q · ( Q - ~) · T - Q · Ç - 1] { 23} 

The dimensionless front surface velocity u(T) can be calculated by 

substitution of this rather lengthy salution in equation {19b}. 

This results in: 

u = 1 - À· v + ~- [ À + 
1 

) · erfc [ ~- R ] 
2 (B - v) 2 

BB--V~2·eB(B-v)T·erfc[ (B- ~)·fi] 

·e ·er c Q(Q-v)T f [ (Q 

Since this salution of u(T) does not depend on the temperature 

profile e(Ç,T), the iteration can be doneon equation {24} itself 

by replacing v with u until convergence. Then the final salution 

u(T) can be used in equation {23} to yield the dimensionless 

temperature profiles S(Ç,T). 
• 

Using this methad of calculation, temperature profiles and velocity 

curves have been calculated for several laser powers and absarptien 

coefficients. Plots of the calculated temperature profiles and velocity 

curves are displayed in figures 3.7-3. 11. 

In figure 3.7 calculated temperature profiles from the onset of 

ablation till the steady state are displayed for a material with an 

absarptien coefficient of 0.6 mm-1 irradiated by 0.37 W/mm2 laser light. 
0 

A very high temperature peak of about 380 C develops during the 

ablation process at a depth beneath the ablation front of about 1 mm. It 

is not likely that such high temperatures are reached in a tissue of 

high water content without explosive events because according to the 
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handbock of chemistry and physics [59th edition, table D-233] the vapour 
• 0 

pressure above water of a temperature of 180 C is already around one 

hundred atmospheres. The development of high pressures inside the 

material is not taken into account by the model. 

temperature l "Cl 
400~----------------------------------------------------~ 

steady state 

300 

200 

100 

0,_--~----.---.----.---,.---.----.---.----.----.---.--~ 

0 0.5 1.5 2 2.5 3 3.5 4 
position z (mm] 

4.5 5 5.5 6 

Figure 3.7 Calculated temperature profiles from the onset of ablation 

until the steady state situation in a pure absorbing 

material with absorption coefficient of 0.6 mm-1
, irradiated 

with a laser power density of 0.37 W/mm2 

Figure 3.8 shows the calculated initial time dependenee of the ablation 

velocityfora laser irradiation of 0.37 W/mm2and 1.16 W/mm2
. The steady 

state ablation velocity in case of a three times higher irradiation is 

reached about three times as fast and is three times faster. The 

influence of the laser power density on the steady state temperature 

profiles is displayed in figure 3.9. At higher power densities, the 

subsurface peak is calculated to be higher and the extent of the heated 

region beyond the ablation front is smaller. The ablation velocity is 

higher, so the flow of heat from the material to the ablation front is 

largerand thus, according to Fourier's law, a steeper temperature 

gradient exists at the surface. 
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ablation velocity (mm/s) 
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Figure 3.8 Calculated ablation velocity of a pure absorbing 
-1 

material with an absorption coefficient of 0.7 mm 

irradiated with a laser power density of 0.37 W/mm
2 

and 1. 16 W/mm
2 as a function of time from the onset of 

ablation. 

temperature (°C) 
600r-------------------------------------------------~ 

500 

400 

300 

200 

100 

1.16 
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Figure 3.9 Calculated temperature profiles in the steady state in a 
-1 pure absorbing material with absorption coefficient 0.6 mm 

irradiated with three different laser power densities; 
2 2 2 0. 37 W/mm , 0. 76 W/mm and 1. 16 W/mm . 

26 



In figure 3. 10 the influence of the absorption coefficient on the 

steady state temperature profile is assessed. The absorption 
-1 

coefficient ranges from 0.6 to 30 mm and the laser power density 

is 0.37 W/mm2
. In case of lower absorption, the subsurface peak is 

higher and the extent of the heated region beyend the ablation 

front is larger. Note that the temperature gradient at the front 

is the same for all samples since the steady state ablation 

velocity is the same. 

tempersture [ •c] 

300 

200 

100 

0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 
position z [mm) 

Figure 3. 10 Calculated temperature profiles in the 'steady state' 

in a pure absorbing medium. The laser power density is 

0.37 W/mm2 and the absorption coefficient ranges from 

0. 6 mm - 1 to 30 mm -1
. 

The highest temperature peak occurs in sample of 

lewest absorption coefficient. 

For three absorption coefficients, 0.6, 0.9 and 3 -1 
mm ' the ablation 

velocity was calculated as a function of time (figure 3. 11). It was 

found that the convergence of the iteration process is slower for higher 

absorption coefficients. The plot of the highest absorption sample 

contains a straight line from 12 seconds till 43 seconds since at these 

instants more than 1000 iterations still did not lead to convergence. 

The highest ablation velocity for this plot (~ = 3 mm-1
) is calculated 

a 
to occur during transient conditions. 
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Figure 3.11 Calculated initial ablition veloeities for samples with 
-1 -1 different absarptien coefficients: 0.6 mm , 0.9 mm and 

-1 3 mm . Note that the sample of highest absarptien reaches 

the highest ablation velocity during trarisient conditions. 
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3.2 ~ losses in experimental geometry 

The picture in figure 3.1 shows a one-dimensional situation that 

is impossible to realise in an experimental situation. It would 

take infinite laser power to yield a finite power density over the 

surface of the infinite material to be ablated. 

Fortunately, the heat conduction coefficient of air is small 
-5 -1 -1 -4 compared with water (air: 2.5·10 W·mm ·K ;water: 6.09·10 

-1 -1 W· mm · K ). This is the reasen that a thin rod of agar or 

acrylamide, consisting mainly of water (chapter 4), irradiated by 

a homogeneous laser beam parallel to the rod (figure 3. 12), might 

be a reasonable approximation of a one-dimensional situation. 

Conduction will take place mainly in the axial direction; only 

small temperature gradients will exist in the radial direction. 

This is the reasen that Rastegar used this geometry. 

In order to Judge the validity of this approximation, the heat 

losses from the rod to the surrounding air will be calculated in 

this section. 

Radlation and conveetien cause heat losses across the cylindrical 

surface and the front surface of the rod. Loss of heat due to 

conduction is accounted for in the conveetien mechanism. These 

heat losses will be calculated as a function of rod diameter, 

laser power and absorption coefficient . 

• 

Figure 3.12 Experimental quasi one-dimensional situation. A 

homogeneous parallel laser beam irradiates a 

horizontal rod of material from the left. 
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A methad to account for heat losses due to radiation and 

conveetien in the experimental situation is to incorporate bath 

mechanisms in the one-dimensional heat transport equation. Loss of 

heat due to radiation is described by the law of Stefan-Boltzmann. 

A body at absolute temperature T surrounded by a black body at 

temperature T will lose heat per unit area at the rate: 
0 

4 4 cr·E· (T -T ) 
0 

-2 [W·mm ] {25} 

er= Stefan-Boltzmann constant: 5.67·10-14 W·mm-2 ·K-4 

E = emmisivity of the body, that is the ratio of the 

heat emitted by it to that emitted by a black 

body at the same temperature. 

When a hot body is surrounded by air, heat is conducted from the 

body and warms the surrounding air. The air in the neighbourhood 

of the body tends to rise and in this way conveetien currents are 

set up. This process is called natura! convection. In this case it 

is found experimentally [Carslaw & Jaeger, page 21] that the rate 

of loss of heat from the body is proportional (T-T )5
/

4
• 

0 

For example, for surfaces a few centimetres or more in width the 

rate of loss of heat in air is approximately: 

-2 [ W· mm ] {26} 

According to Carslow & Jaeger for very fine wires in air the 

factor in front of this equation may be twenty times as large. 

However, see addendum. 

Figure 3. 13 compares the heat losses due to radiation and due to 

conveetien as a function of (T-T ) . . 0 

30 



rate of heat Joss [W /mm2
] 

0.025 ~----------------------------, 

0.02 

0.015 

0.01 

0.005 

----------------------
0 20 40 10 80 100 120 140 

temperature difference [°C) 

Figure 3.13 Rate of heat loss per unit area due to convectlon 

(dashed) and radlation (solid) as a function of 

(T-T
0

). The two conveetien plots correspond to 
. -6 -2 -5/4 -5 -2 -5/4 x = 2 • 10 W · mm • K and x = 4 • 10 . W · mm · K . 

Loss of heat occurs over the whole surface of the rod, the front 

and the cylindrical surface. The heat loss across the front 

surface is accounted for in the boundary condition at the front. 

The heat loss across the cylindrlcal surface is balanced in the 

heat transport equation. The heat transport equation in the 

preablation stage now becomes (see Appendix A): 

aT a2
T -f..L ·x p·c·- = k·-- + f..L ·I ·e a 

at ax2 
a 0 

2 [ 4 4 5/4] - ~· CT· E· (T -T
0 

) + x· (T-T
0

) {27} 

r = radlus of rod [mm] 

x = constant that describes the amount of heat loss 

due to conveetien (2-40·10-
6 

W·mm-2 ·K-
514

) 
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This partlal differentlal equation will be solved numerically with 

the appropriate initia! and boundary conditlens 

(cf. equations {2}): 

T(x) = T 
0 

T = T 
0 

for t = 0 {27a} 

for x = 0 {27b} 

for x = co {27c} 

These equations are transformed into a dimensionless form with the 

following tranformation equations: 

ç = IJ. ·x 
a 

{28a} 

2 
k•IJ. 

a t {28b} 't' = 
p·c 

9 = k•IJ. . (T-T
0

) {28c} 
I 

0 

and ten dimensionless parameters, defined by: 

I3 

"' 
0 . o-· E {29a} = c. 

r4 k4 4 •IJ. 
a 

4· !2 

"' 
0 ·o-·E·T {29b} = r3 3• 3 0 

k "IJ. 
a 

6· I 

"' 
0 2 {29c} = ·o-·E·T 

r2 2 2 0 
k • IJ. 

a 

4 

"' 
3 {29d} = ·o-·E·T 

rl 
k•IJ. 

0 

a 

Il/4 

"' 
0 {29e} = ·x 

c kS/4 S/4 
"IJ. 

2·111 
r4 {29f} L = r4 

wr 
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2·111 
r3 

f. = 
r3 

{29g} 
wr 

2·111 
r2 

(. = r2 
{29h} 

wr 

2·111 
rl 

(. = 
rl 

{29i} 
wr 

2·111 
c 

f. = c 
{29j} 

wr 

111 to 111 are heat loss parameters related to radiation, 111 is a 
r4 rl c 

heat loss parameter related to convection, t to 1. are radius 
r4 rl 

parameters related to radiation, 1. is a radius parameter related 
c 

to convection. 

Applying equations {29} to equations {27} transforms the problem 

into a dimensionless form: 

89 

t ·9 - t ·95
/

4 {30} 
r 1 c 

with init i al and boundary conditions: 

9(Ç) = 0 for T = 0 {30a} 

89 111 4 111 ·93 + 111 2 -- ·9 + ·9 + 
aç r4 r3 r2 

111 ·9 + 111 ·95/4 for Ç = 0 {30b} 
rl c 

9 = o for Ç = oo {30c} 

This problem is solved numerically by finite differences, using 

the difference scheme of Crank-Nicholson, to yield the temperature 

profiles as a function of time. The rate heat loss at the onset of 

ablation is determined by integrating the equations of radiation 

and conveetien losses over the temperature profile at the onset of 

ablation. 
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In appendix B the finite difference equations are shown, the 

algorithm is explained and the program is tested for the situation 

without heat losses for which the exact salution (equation {5}) 

is known. Also the order of convergence is tested and it is found 

that it is quadratic (as it should be). 

The results of the numerical analysis are summarized in figures 

3.14- 3.17. 

In figure 3.14, the numerically calculated temperature profilefora 

material of absorption coefficient 0.37 mm-1 irradiated with a power 

density of 0.37 W/mm2
, is displayed tagether with the temperature 

profile at the onset of ablation for which heat losses were neglected. 

The difference is not big, and even the highest conveetien coefficient 

was used (4E-5 W/mm2 K 14
). The largest discrepancy is exhibi ted near 

the surface where the temperature gradient is no longer flat. For higher 

absorptions, the difference is even less (figure 3.15). 

tempersture ·(·c] 
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0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 

position z (mm] 

Figure 3. 14 Calculated temperature profile at the onset of ablation in 

a pure absorbing material with an absorption coefficient of 

0.6 mm-1
, with heat losses included (solid line) and heat 

losses neglected (dashed line). 
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Figure 3. 15 Calculated temperature profile at the onset of ablation in 

a pure absorbing material with an absorption coefficient of 

30 mm-1
, with heat losses included (solid line) and heat 

losses neglected (dashed line). 

In Figure 3·. 16, four plots are displayed for 0. 37 W/mm2 laser 

irradiation on 0.6 mm-1 absorption samples. Only two are visible since 

two pairs coincides; the two at the top are profiles for a 3 mm and a 4 

mm rod respectively. No difference is visible. The .lowest two are 

profiles for which for one of the two no heat losses were calculated and 

for the other one, radlation loss and conveetien loss were taken into 

account but for the conveetien parameter the lowes value was taken 

(2E-6 J/mm2/K514 
). The heat losses then become so small that they have 

no effect on the temperature profile at the onset of ablation. 
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Figure 3.16 Calculated temperature profiles at the onset of ablation in 

a pure absorbing material with an absorption coefficient of 

0.7 mm-1 irradiated with a laser power density of 0.37 

W/mm
2

. The upper plot consists of two lines that coincides. 

One for 3 mm rod, the other for a 4 mm rod. No difference is 

visible. The lower plot also consists of two lines; one for 

the case that heat losses are neglected, the other for the 

case that heat losses due to radlation and conveetien are 

accounted for but a low value for the conveetien coefficient 

was used: (2E-6 W/mm2/K5
/

4 
) • 

• 

Figure 3.17 contains calculated temperature proîiles for an absorption 
-1 coefficient of 30 mm and a laser irradiation of respectively 

2 2 2 0. 37 W/mm , 0. 76 W/mm and 1. 16 W/mm . The profile of the lowest 

irradiation is compared to the temperature profile when heat losses are 

neglected and again the difference appears to be smal!. The difference 

in extent of the profiles is a conduction effect since the lower the 

irradiations, the longer it takes that the front surface reaches the 

ablation temperature. 
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Figure 3. 17 Calculated temperature profiles in a medium with an 

absarptien coefficient of 30 mm-1 irradiated with a laser 

power density of respectively 0.37 W/mm2
, 0.76 W/mm2 and 

1. 16 W/mm2
. The profile of th~ lewest irradiation is 

compared to the·temperature profile, calculated without 

taking heat losses into account. 

A value of 40·10-6 J/mm2/K5
/

4 for the conveetien 

coefficient was used. 
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~ Steady state ablation velocity 

Insection 3.1.2 an expression for the one-dimensional steady 

state ablation velocity was derived (eq.{22}) by solving the 

one-dimensional heat transport equation with a special boundary 

condition (eq.{12}) in the situation of ablation. The same 

relation was found by HeKenzie [McKenzie, 1983] using the 

following energy balance arguments. 

In the steady state situation, consider the front as remaining at 

x=O and the tissue as advancing with a constant speed v towards 

the origin (see figure 3.18). 

Figure 3.18 One-dimensional laser ablation situation in the 

steady state. The frónt remains at the origin and the 

material moves with a constant speed v towards the 

origin [McKenzie, 1983]. 

Since at any distance x from the ablation front there is no net 

loss or gain of heat in dynamic equilibrium, all the power of the 

laser must be used in ablating the material rather then being lost 

through diffusion in the x direction. Since any ablated material 

has, nevertheless, been raised from room temperature T to its 
0 

boiling point before being evaporated, the energy required to 

ablate a unit area of tissue of thickness dx, is: 

ablation energy per unit area= p·c·dx·(T -T) + p·L ·dx {31} 
V 0 V 
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where the first term on the right hand side describes the amount 

of energy needed to raise a unit area of tissue of thickness dx to 

the vaporization temperature and the secend term describes the 

amount of energy needed to vaporize a unit area of tissue of 

thickness dx. 

If this energy is supplied by the laser in a time dt, then: 

p·c·dx·(T -T) + p·L ·dx =I ·dt 
V 0 V 0 

and so the velocity of ablation in dynamica! equilibrium is: 

V 
ss 

dx I 
0 = -- = ----------------

dt p·c·(T -T) + p·L 
V 0 V 

{32} 

{22} 

Partovi et al. [1987] derived an expression for the steady state 

ablation velocfty for a three dimensional situation with a finite 

laser spot (figure 3. 19). 

Figure 3. 19 Steady state ablation process. The bottem of the 

crater. advances with a constant speed. The region, 

called the ablation cylinder is going to be ablated. 

In region 1 the temperature is equal to the 

vaporization temperature, in region 2 the temperature 

decreases with distance (two isothermes T and T < T 
1 2 1 

are drawn) [Partovi et al., 1987]. 
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The sectien of the material that is going to be ablated by the 

laser beam is called the ablation cylinder. Two regions are 

identified, one in which the temperature is constant and equal to 

the vaporization temperature T . The other is defined as the area 
V 

outside this region, in which the temperature decreases with 

distance from the T region and heat diffuses outwards (figure 
V 

3. 19). The expression for the steady state ablation speed is: 

V 
ss = 

I - I _____ o ____ d_tr_r _____ .f(x) 

p·c·(T -T) + p·L 
V 0 V 

in which I is the rate of energy that diffuses out of the 
diff 

{33} 

ablation cylinder and f(x) is called the geometrical efficiency 

factor that describes the fraction of energy that is absorbed in 

the ablation cylinder. It tends to one as the beam diameter tends 

to infinity, and to zero as the beam diameter tends to zero. 

Equation {33} reduces to equation {22} when it is applied to a 

one-dimensional geometry, because I becomes zero since there 
dlff 

is only conduction in one direction and f(x) becomes unity since 

the beam diameter becomes infinite. 

Equation {22}, derived by several authors in different ways, 

prediets that the one-dimensional steady state ablation speed does 

not depend on the absorption coefficient and that it is 

proportional to the laser power density. For.a material mainly 

consisting of water, soft tissue and gels, the ablation velocity 

can be approximated by substituting the values for water in 

equation {22}: 

1·10-3 -3 
p = g·mm 

4. 18 J·g -1 -1 c = ·K 

T -T = 75 K 
V 0 

L 2.26·103 J·g 
-1 = 

V 

which results in: 
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V ~ 
ss 

I 
0 -1 [mm·s 1 {34} 

2.57 

-2 wi th I expressed in W · mm . 
0 

These predictions are evaluated by the experiments described in 

the next chapter. 

Because some of the experimental conditlans were neglected in the 

derivation of equation {22}, this equation needs some 

modification. First of all, the polyacrylamide rods consist of 15% 

acrylamide and 85% water. The density of the polyacrylamide gel 

was found to be the same as the density of water. Adding 15 g of 

acrylamide to 85 ml water led to a volume of the salution of 100 

ml. This volume did not change during the polymerization reaction. 

Also the specific heat of polyacrylamide is the same as the 

specific heat of watèr [Bini et al, 1984]. 

Equation {22} can be modified for a gel with a water fraction f 

to yield: 

V = 
ss 

I 
0 

p · c · ( T - T ) + p · [f · L + (1-f ) · L ] 
V 0 W W W p 

{35} 

w 

L = amount of energy, consumed in the dissociation 
p 

of 1 mm3 polyacrylamide [J·mm-3 1 

It is assumed that the heat involved in a possible temperature 

rise of the polyacrylamide, once the water in the gel has 

evaporated, above the vaporization temperature of water (T ) is 
V 

neglegible. The value of L is nat known and it is also unknown 
p 

what fraction of the polyacrylamide is dissociated. Polyacrylamide 

rods with a water content of 85 %, 90 % and 95 % have been ablated 

to assess the influence of the polyacrylamide on the steady state 

ablation velocity. 
3 With v denoting the amount of energy, needed to ablate 1 mm of a 

polyacrylamide gel: 

L 
v = p • c · ( T -T ) + p • L · (f + (1-f ) · _E ] { 36} 

V 0 w w w L 
w 
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equation {35} becomes: 

V 
-1 . I = IJ • {37} 

ss 0 

In the experimental situation, not all of the light energy that 

irradiates the rod is used to ablate the rod. A certain fraction 

of the incoming light is scattered and reflected by the ablation 

front, scattered and/or absorbed by the vapeur and there is some 

loss of heat due to radlation and conveetien {see previous 

section). A predietien of the ablation velocity should include 

these losses. The amount of energy that is used in the ablation 

process, I , is given by: 
a 

I=I-I -I 
a 0 11 hl 

{38} 

I = light losses that are not converted into heat 
11 

in the rod. 

I = heat losses due to reradiation and conveetien 
hl 

-
Assuming that the light losses are some fraction ~ of the incoming 

laser power I and that the heat losses are independent of the 
0 

laser power, the following predietien of the experimental ablation 

velocity is made: 

V 
ss 

-1 
IJ • I 

hl 
{39} 

This equation will be used in chapter 5 to evaluate the 

experimentally obtained dependenee of the ablation velocity of the 

polyacrylamide rods on the power density. In figure 3.20, this 

equation is drawn as well as equation {34} descrihing the ablation 

velocity as a function of laser power density in an ideal 

situation, where the influence of the polyacrylamide, light losses 

and heat losses are neglected. Due to the heat losses, a certain 

threshold power density, equal to I , exists. Lower power 
hl 

densities cannot maintain a steady ablation process. 
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ablation speed 

power density 

Figure 3.20 Schematic drawing of the steady state ablation 

velocity as a function of laser power density in an 

ideal situation (solid) and in the experimental 

situation (dashed). 

Due to loss of light and the influence of the polyacrylamide the 

experimentally determined slope is smaller than the slope in an 

ideal si tuation. 
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i Experimental set ~ 

4. 1 Biologica! tissue and phantom materials 

In order to evaluate the ablation model of tissue, outlined in 

chapter 3, ablation experiments have to be performed on a tissue 

that meets the conditlens that the model is based on. It must be 

purely absorbing, homogeneaus and isotropic, vaporize at a certain 

temperature for which a specific amount of latent heat is required 

and show no ether significant phase changes. Furthermore, there 

should be no variatien in properties of the tissue between 

experiments in order to yield reproducible results. 

biologica! tissue 

We could choose a kind of tissue with a high water content to 

approach the conditlens of the Dabby & Paek model. 

The percentage of water content in biologica! tissue varles from 

tissue to tissue but according to Guyton [1983], about 56 %of tha 

adult human body is fluid. To investigate the influence of the 

absorption coefficient on the ablation, we could perferm the 

ablation experiments with several lasers of different wavelength 

for which the absorption coefficient of the tissue differs. 

However, almest all real tissues not only absorb but also scatter 

light of the argon and Nd-YAG wavelengths and the structural, 

optica! and thermal parameters of different samples of the same 

tissue vary considerably, which jeopardizes obtaining reproducible 

results. Furthermore, ether important phase changes, besides the 

vaporization of water, take place like denaturation of proteins 

and carbonization and cause drastic changes in the optica! 

behaviour of the tissue. 

Nevertheless, some experiments were performed with an argon and a 

Nd-YAG laser on biologica! tissue to obtain some qualitative 

insight into the ablation process of real tissue. Bovine heart 

myocardium, the inner side of the heart muscle, and aortic wall 

tissue were purchased from a local slaughterhouse and cut into 

little rods with a diameter of approximately 3 mm using a hollew 

cylinder with a sharp edge. The results of these experiments 

(chapter 5) clearly showed the necessity to use a phantom material 
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instead of real tissue. 

phantom materials 

A phantom material must resembie tissue in its structure but at 

the same time it must meet the conditions outlined above. Gels are 

good candidates. Bath gels and tissue are a matrix of molecules 

that contain a lot of water. Gels ensure reproducibility of the 

samples and enable control of the optical absorption coefficient 

by variatien of the concentratien of a suitable dye, soluted in 

the water in the gel. Two gels, agar and polyacrylamide, were used 

in this research and bath are described below. 

agar 

The first ablation experiments to investigate the influence of 

absorption on the steady state ablation speed were performed using 

the ablation model of Rastegar; agar gel with black Schaeffer ink 

(for preparatien details, see appendix C). Agar is a white 

amorphous powder, obtained by processing algae, and has many uses 

in industry, in laboratories, and in food processing. The powder 

dissolves readily in heated water, which on cooling results in the 

formation of gels. With a plastic tube, agar rods were produced 

from a block of gel. The gel, used in the experiments, contained 

95 % water. 

The advantages of agar gel are its easy preparatien and the 

possibility of adding all kinds of additives (e.g. blood). 
0 

However, a severe disadvantage is that agar gel melts at 50-60 C, 

which does not occur with tissue. 

Because the use of black ink resulted in a poor contrast in the 

video pictures of the ablation process, it was not possible to see 

what happened in the ablation region of the rod. For example, it 

was not possible to see if the concentratien of ink in the 

ablation region changed or if carbonization occurred at the 

ablation front. That is why experiments were performed with an 

orange dye, an artificial food color named European Sunset (EllO), 

with an absorption peak at the argon wavelengths (strongest lines 

488 nm and 514 nm, see appendix D). 
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The melting of the agar rods prior to vaporization did not allow 

proper ablation experiments. So another phantom material was 

sought and found to be a polymer of acrylamide, called 

polyacrylamide. 

polyacrylamide 

Polyacrylamide is, like agar, a gel [Fischer, 1969]. It is formed 

by co-polymerization of acrylamide and bis-acrylamide. 

Polyacrylamide gels have found widespread use for separation 

techniques like electrophoresis and gel chromatography. 

Polyacrylamide is well suited to serve as a phantom material for 

tissue in this research·because it can contain 70-95% water, its 

melting point lies well above the boiling point of water, it is 

homogeneaus and isotropic, it is transparant and does not scatter 

the laser light, water soluble dyes and ether substances can be 

added as long as they are not affected by the polymerization and 

it is mechanically and chemically stable. 

A disadvantage is that acrylamide and bis-acrylamide are toxic so 

care must be taken in handling them. Polyacrylamide, when fully 

polymerized, is believed to be harmless. It is not known whether 

toxic by-products are formed during ablation of polyacrylamide. 

Therefore it is advisable to remove the vapeur from the 

laboratory. Another disadvantage is the rather complicated 

preparatien in comparison to agar and the limited possibilities of 

adding substances because of the agressive polymerization 

reaction. 

Acrylamide rods containing different concentrations of EllO were 

prepared in glass tubes and used in the ablation experiments 

described in the next two sections. Preparatien details of 

the acrylamide rods are given in appendix C. 
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4.2 Apparatus 

In this sectien the experimental set up is described for the 

tissue, agar and acrylamide experiments. 

tissue and agar 

Figure 4.1 shows a schematic drawing of the experimental set up of 

the tissue and agar rod ablation experiments, that were performed 

at the department of Experimental Cardiology of the Academie 

Hospita! of Utrecht. 

Figure 4. 1 Experimental set up of the tissue and agar rod ablation 

experiments. 

A 30 W Nd-YAG laser was used in the tissue experiments, a 7 Watt 

argon laser was used to ablate both tissue and agar rods. The 

laser light passes through a microscope obje~tive that focusses 

the laser beam with a gausian profile on the flat end of a 600 ~m 

quartz fiber. The fiber deliberately contai-ns some sharp turns and 

the light leaves the fiber at the ether end with an almest flat 

radial power density profile. A beam expander, consisting of two 

lenses (f=lSO mm and f=lS mm), turns the divergent laser beam into 

a parallel beam of the same diameter as the agar rod. The beam is 

reflected from a mirror and directed onto the end of the rod. The 

tissue rod hangs vertically from a clamp, the agar rod hangs 

vertically from a plastic tube that was used to punch it from the 

bulk material. The laser beam is incident on the sample from 

below. A ruler is placed parallel to the rod. 
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The vertical position of the rod has several advantages. One is 

that there is no need to support the rod; it hangs freely in the 

air. Another advantage over a horizontal position of the agar rod 

is that as the front of the rod melts during the ablation process, 

the melted agar stays in the laser beam. In a horizontal position 

the melted agar would fall under influence of gravity. The 

ablating rod and the ruler are filmed with a video camera equipped 

with a macro lens and connected to a video cassette recorder and a 

monitor. A filter is placed in front of the camera to block the 

intense argon laser light. In the case of the myocardium rods, a 

photo camera with a macro lens was used instead of the video 

camera. 

polyacrylamide 

Several modifications were made in the set up used for the 

experiments with the acrylamide rods (see figure 4.2). 

! \ 
Ar laser ~==t=l &<() «. 

'--:-rad 
I' I I I I' I I I I' I I I I' 1_11 I' I I '~I 

rul er dlaphragm -hP ~v~------~~~1 ~~ VCR 

Figure 4.2 Experimental set up of the polyacrylamide rod ablation 

experiments. 
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The experiments with the acrylamide rods were performed with a 20 

W argon laser at the Laser Center of the Academie Medica! Center 

of Amsterdam. In these experiments no use was made of a quartz 

fiber because it was found that the power density profile of the 

laser beam, having passed through the fiber and the beam expander, 

varied along the axis of the laser beam. A spatial filter, which 

consists of a pinhole placed in the diverging beam from the 

fiber, can eliminate this variatien but it bleeks the major part 

of the laser light. This was nat a useful solution. Instead, the 

laser beam with its gaussian pro~ile was used and to flatten this 

profile, the beam was expanded 2.5 times with two lenses (f=lO and 

f=25) and a diaphragm of the same diameter as the rad was placed 

in the middle of the parallel beam. For 3 mm diameter the 

diaphragm blocked 40 % of the laser power, in case o~ the 4 mm 

diameter rad, 25 % of the laser light was blocked. This resulted 

in a power density profile that was about twice as high in the 

middle of the beam as at the edge of the beam (figure 4.3). 

power denalty a.u. ..• ,------'------------------, 
..• 
•.. 
0.3 

... 
•.. 
. ~~-~~-~~-~~-~~-~~___;__~ 

a ... 1.1 I 1.1 31 3.1 4 4.1 ... 
• radlal dletance [mm) 

Figure 4.3 Radial power density profile of the laser beam, 

expanded 2.5 times with two lenses (f=lO mm and f=25 

mm) at a distance of 35 mm from each ether. 

This power density profile was measured with a photocell, glued to 

the back of a diffusor and placed behind a tiny hole with a 

diameter of 0. 1 mm. The photocell was attached to a micrometer and 

in this way the profile was scanned across the beam in steps of 

0.2 mm. 
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Wi th the diaphragm inserted in the beam, i t was found that the 

laser power that passed the diaphragm was not proportional to the 

tot al laser power impinging on the diaphragm. This effect is 

thought to be caused by the fact that, since the laser is used in 

mul ti-line mode, more act i ve modes come into existence at higher 

powers and change the distribut ion of the laser power across the 

beam. A change in the distribution changes the fraction that is 

blocked by the diaphragm. Because a direct measurement of the 

higher laser powers was not possible with the available power 

detector, the laser power at the site of the rod was calibrated 

with the use of a filter. This calibration is described in 

appendix E. 

Another modification in the experimental set up was the horizontal 

position of the acrylamide rods. This modification was required 

because of the rather explosive nature of the ablation process. 

The rod must be supported in order to keep it in the laser beam 

during ablation and in a horizontal orientation the rising hot 

vapeur moves away from the rod and out of the beam. The vapeur 

rising from the acrylamide rod is sucked away because it might be 

taxie. This horizontal orientation is possible because the 

acrylamide.does not melt befere it is vaporized. The rods are 

supported by a holder of three thin glass tubes of 0.6 mm 

diameter, placed at the the corners of an equilateral triangle 

(figure 4. 4) . 

• 

Figure 4.4 Glass holder for the polyacrylamide rods. The three 

thin glass tubes have a diameter of 0.6 mm. 
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The choice of tubes over solid cylinders was made to 

limit trandport of heat by the helder. The tubes were streng 

enough to keep the rod in place. The holder is attached to a 

micrometer that is used to align the rod in the beam. A ruler is 

placed parallel to and under the rod and both are filmed with a 

videocamera with a filter and macro lens as in the agar 

experiments. 

4.3 Experiments 

In this sectien a description of the experiments on the tissue, 

agar and polyacrylamide rods are presented. 

tissue 

Rods of aorta wall tissue of about 1 cm long were illuminated with 

a parallel beam of a Nd-YAG laser with a power density of about 2 

W·mm-2 and filmed with a video camera through an operatien 

microscope. A description of the video pictures is given in 

chapter 5. Ablation of the myocardium rods were photographed 

through an operatien microscope. A power density of about 0.6 
-2 W·mm of argon light was used. With the Nd-YAG laser a power 

. -2 
density of about 2.5 W·mm was applied. 

agar 

The ablation of the agar rods containing various concentrations of 

black Schaeffer ink was performed with a power density equal to 

0.3 W·mm-2 which was the maximum attainable with the 7 W argon 

laser. The diameter of the rods was 4. 1 mm and the absorption 
-1 -1 . 

coefficients ranged from 0.8 mm to 8 mm . The steady state 

ablation velocity was determined from the videotapes by measuring 

two positions of the front with respect to the ruler next to the 

rod and using a stopwatch to determine the time it took the front 

to travel from one position to the other. Ablation experiments 

have been performed on agar rods with E110, an orange dye, instead 

of black ink to improve the visibility of the processes in the 

ablation zone. The results of these experiments are used to 

evaluate the agar-ink model. The results are given in chapter 5. 
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polyacrylamide 

In the acrylamide rad experiments more parameters were varied. Two 

different diameters were used, 3 and 4 mm. Thinner rods appeared 

difficult to prepare and we did nat want to make thicker ones because 

the power density drops quadratically with an increasing radius of the 

rod. The diameter was varled to study the influence of the heat losses 

on the ablation velocity, since the heat losses depend on the rad 

diameter (section 3.2). The power density was varled from 0.27 W·mm-2 to 
-2 1.2 W·mm . Lower power densities did nat result in a smooth ablation 

process, higher power densities could nat be achieved with the 20 W 

argon laser (appendix E). The absarptien coefficient was varied from 0.6 
-1 -1 . mm to 30 mm (appendix D) to yield an absarptien range of a factor of 

50. Rods of three different contents of acrylamide were prepared, 5 %, 

10 % and 15 %. Unfortunately the 5 % rods were very sticky and the rods 

did nat ablate nicely; instead, pieces of material glued to the glass 

tubes and carbonized. Thus no ablation speed could be determined for the 

5 % rods. 

Care was taken to position the rods precisely in the path of the beam. 

The ablation speed was determined from the videotapes with a video 

cassette recorder that displayed the time in seconds, synchronised with 

the tape. This time was checked by filming a stopwatch for three minutes 

and found to be correct. For each ablation experiment, the position of 

the front was traeed in time by writing down the elapsed time per 

actvaneed millimeter from the moment the laser was turned on. Plots were 

made of these positionltime data sets and the ab~ation speed was 

determined with the least squares methad (see chapter 6). 
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~ Results 

ablation of tissue rods 

The video pictures of the ablation of rods of aortic wall tissue 

wlth the Nd-YAG laser revealed the following processes. 

First, slight thermal expansion of the tissue was observed and 

then shrinkage probably due to dehydration, since vapeur was seen 

to escape from the front. Some rods did not ablate at all, but 

just shrank. Most rods started to carbonize (turned black) at a 

spot on the edge, immediately followed by a spread of 

carbonization across the whole front surface. Ablation of the rod 

proceeded smoothly. 

Photographs of the ablation process of the myocardium rods 

revealed the following processes. 

A power density of about 0.6 W/mm2 of argon light caused a change 

of color from red to white/brown and shrinkage due to dehydration. 

The change of color is caused by denaturation of proteins 

like haemoglobin. Vapeur, probably evaporating water, was seen to 

escape from the rod. After 30 seconds the front surface turned 

black due to carbonization. Figure 5.1 shows a drawing of the rod 

at this stage. 

ccar~ -lare~t 

---=~~1CDfltb~~ .la,yc't 

Figure 5. 1 Schematic drawing of a myocardium rod of 3 mm diameter 

after 30 se·conds irradiation with 0.6 W/mm2 argon laser 

light. 
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Figure 5.2 shows the evolution of the observed ablation process 

caused by Nd-YAG laser light. A power density of about 2.5 W/mm
2 

of Nd-YAG light caused the.same visual events as did 0.6 W/mm
2 

argon light, except that it took longer (about 50 seconds) before 

the carbonization appeared. An explanation for this difference in 

behaviour is given in chapter 6. 

Figure 5.2 Schematic drawing of a myocardium rod of 3 mm diameter 

after 10, 30 and 50 seconds of irradiation with 2.5 

W/mm2 Nd-YAG laser light. 

ablation of agar rods 

The steady state ablation velocity of agar rods with black 

Schaeffer ink and a diameter of 4. 1 mm was determined as a 

function of the absorption coefficient. The outcome of these 

experiments was that the steady state velocity did not depend on 

the absorption coefficient (see figure 5.3). 
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Figure 5.3 Steady state ablation velocity as a function of 

absorption coefficient for agar rods with black 

Schaeffer ink and a diameter of 4.1 mm. The laser 
2 power dens i ty was 0. 3 W/mm . 

The video pictures of the ablation of agar rods revealed the 

following processes. When the laser is turned on, the light 

penetrates the rod; the lower the ink concentration, the deeper 

the penetration. The top of the rod shrinks a bit due to 

dehydration and then melts. In the low absorption samples, the melting 

deforms the front surface and causes a non-uniform light 

distribution in the rod (figure 5.4). Next bubbles form in the 

melted region. This boiling process is most violent for low 

absorption samples and sometimes leads to disruption of the top 

layer of the rod. The depth of the melted region with bubbles 

depends on the absorption coefflcient (lower absorption, larger 

vaporization zone). In due course, the depthof the vaporlzation 

region is reduced, which indicates an lncrease in absorption. At 

a certain point evidence of burning may be seen at the front 

(glowing, accompagnied by smoke). A non-burning black layer 

develops that stays with the rod surface as it moves. This hard 

black layer makes proper interpretation difficult tsee discussion 

in chapter 5). This black layer is formed in low absorption rods 
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as well as in high absorption ones and probably partially 

eliminates the difference in absorption between rods, because most 

light energy is absorbed by the black layer. It is hard to see 

when and how the black layer develops because of the poor contrast 

due to the black ink. 

Figure 5.4 Video frames of the ablation proces of agar rods.with 

black Schaeffer ink and a diameter of 4. 1 mm, 

irradiated with 0.3 W/mm2 argon laser light. 

Using the orange dye instead of the black ink improved the 

visibility of the processes in the ablation front of the agar 

rods. During ablation the melted region turns darker due to an 

increase in dye concentration. Evidently, the water evaporates but 

the dye remains in the melted front. When a certain amount of 

water has evaporated, carbonized agar forms at the ablation 

surface and burns if the power density is high enough. In the low 

absorption rods a large volume is heated and melted causing 

eruption of agar droplets and large bubbles in the melted region. 

In the case of ~he high absorption samples, ablated at high power 

densities the melted region is limited. 
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ablation of polyacrylamide rods 

The video pictures of the ablation of polyacrylamide rods with 

EllO revealed the following processes. 

When the laser is turned on, the light penetrates the rad; the 

lower the dye concentration, the deeper the penetration. The top 

of the rad shrinks a bit due to dehydration but does nat melt. In 

the samples of lewest absarptien (0.6-0.9 mm-1
), the uniform 

light distribution in the rad, visible to a depth of about 6 mm, 

changes and a focus develops at a depth of about 4-5 mm. The time 

it takes the focus to appear varies from rad to rad. If the focus 

appears at an early stage, an 'explosion' takes place at the spot 

of the focus; if more time elapses befare the focus appears, an 

'explosion' takes place nearer to the surface (figure 5.5). The 

explosion rips off the top of the rad and in some cases the 

explosion causes the rad to be thrown from the holder. The higher 

the power density, the more violent the explosion. 

This is the reason that these rods were ablated with an initia! 

low power density of 0.37 W/mm2
. After the explosion, the freshly 

exposed polyacrylamide is heated, vapour escapes the front surface 

and ablation proceeds smoothly. Laser light is visible, 

penetrating the rad beyond the ablation front and remains focussed 

at a depth of about 4-5 mm. Small pieces or draplets are ejected 

from the ablation front, especially at higher power densities. 

Carbonized pieces of material are ejected or burned. 

No explosion takes place when ablating higher absarptien rods. 

The ablation process begins and proceeds smoothly. The ablation 

zone is smaller in these rods and the ejection of pieces of 

material is less pronounced. Sametimes the ablation front sticks 

to one of the glass tubes supporting the rad, especially at lower 

power densities. 
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Figure 5.5 Schematic drawings of video frames showing the start 

of the ablation process of a polyacrylamide rod. The 

laser power density is 0.37 W/mm2
, the absorption 

coefficient is 0.6 mm-1
. A focus develops and an 

explosion occurs at the spot of the focus. 

The front pos.i tion/time data sets, obtained from the video 

pictures, showed a linear relationship and thus a constant 

ablation speed. An example is given in figure 5.6. See next 

chapter for an explanation of the fact that the graphs do not 

interseet the axis at thè origin. 
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Figure 5.6 The ablation front position versus time for various 

power densities (1. 16, 0.76 and 0.37 W/mm2
), incident 

on a 3 mm polyacrylamide rod with an absorption 

coefficient of 30 mm-1
. The ablation velocity is 

respectively 0.24, 0.15 and 0.06 mm/s (table 5.3). 

The following tables (5.1-5.3) contain the ablation veloeities as 

a function of absorption coefficient, power density, rod diameter 

and water content. The uncertainties displayed include 

experimental uncertainties in rod diameter and laser power density 

and the uncertainty involved in the determination of the ablation 

velocity from the position/time data sets by a least square fit 

(see discussion in chapter 6). 
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0.55 W/mm2 0.74 W/mm2 0.91 W/mm2 

0.9 -1 0.12 ± .01 0.16 ± .01 0.19 ± .01 mm 

3.0 
-1 0.11 ± .01 0.16 ± .01 0.21 ± .01 mm 

9 -1 0. 12 ± .01 0. 16 ± .01 0. 19 ± .01 mm 

30 
-1 

0. 11 ± .01 0.15 ± .01 0. 18 ± .02 mm 

Table 5.1 Ablation veloeities in [mm/s] of 3 mm acrylamide rods. 

0.27 W/mm 2 0.42 W/mm 2 0.51 W/mm 2 

0.9 
-1 

0.063 ± .005 0.096 ± .007 0.13 ± .01 mm 

0.063 ± .005 0.086 ± .007 0. 11 ± .01 

3.0 -1 
0.064 ± .006 0.096 ± .007 mm 

l 0. 105 ± .007 

9 -1 
0.056 ± .005 0.094 ± .007 mm 

0.092 ± .007 

30 -1 
0.083 ± .01 0. 12 ± .01 mm 

0.11 ± .01 

Table 5.2 Ablation veloeities in [mm/s] of 4 mm acrylamide rods. 
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0.74 W/mm 2 

0.9 -1 0.16 ± .01 mm 

0.16 ± .01 

0. 16 ± .01 

30 
-1 0. 17 ± 0.01 mm 

Table 5.2 continued 

0.37 W/mm 2 0.57 W/mm2 0.76 W/mm 2 

0.6 
-1 

0.061 ± .005 0.11 ± .01 0.15 ± .01 mm 

10% acrylam. 

30 -1 0.062 ± .006 0.11 ± .01 0. 15 ± .01 mm 

15% acrylam. 0.063 ± .006 0. 10 ± .01 0. 15 ± .01 

Table 5.3 Ablation veloeities in [mrnls] of 3 mm acrylamide rods, 

containing 10 % and 15 % acrylamide. 

0.99 W/mm 2 
1. 16 W/mm 2 

-
0.6 -1 

0.21 ± .01 0.25 ± .01 mm 

10% acrylam. 

30 
-1 

0.20 ± .01 0.24 ± .01 mm 

15% acrylam. 0.20 ± .01 0.24 ± .01 

Table 5.3 continued. 

In the following graphs, the ablation veloeities are displayed as 

a function of absorption coefficient, power density, rod diameter 

and water content. The values, given in the subscript of figures 

5.8-5. 10, are obtained by linear regression and commented in the 

next chapter. 
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Figure 5.7 Ablation velocity of 3 mm polyacrylamide rods versus 

absorption coefficient for different power densities: 

0.55 W/mm2
, 0.74 W/mm2 and 0.91 W/mm2 (table 5.1). 

ablation velocity lmm/s) 
0.3~--------~--~--------~------------------, 

0.25 
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0.05 
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 . 
power density [W /mm2) 

Figure 5.8 Ablation velocity of 3 mm polyacrylamide rods versus 

power density (table 5.1). The absorption coefficient 
-1 -1 ranges from 0. 6 mm to 30 mm . Linear regression 

3 yields a value for v = 4.5 ± 0.5 J/mm. The graph 

intersacts the axis at power density 0.02 W/mm2
. 
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ablation velocity [mm/s) 
0.3r-----------------------------------------------~ 

0.26 
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Figure 5.9 Ablati~n velocity of 4 mm polyacrylamide rods versus 

power density (table 5.2). The absorption coef~icient 
-1 -1 ranges from 0. 9 mm to 30 mm . Linear regression 

yields a value for v = 4.7 ± 0.5 J/mm3
. The graph 

intersects the axis at power density -0.02 W/mm2
. 
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ablation velocity [mm/s) 
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0 

1.1 1.2 

Figure 5.10 Ablation velocity of 3 mm polyacylamide rods versus 

power density for different acrylamide contents: 10 % 

and 15% (table 5.3). The absorption coefficient is 

0.6 mm-1 for the 10 % rod and 30 mm-1 for the 15% 

red. 

For the 10 % red linear regression yields a value for 

v = 4.2 ± 0.2 J/mm3
. The graph intersects the axis 

10Y. 

at power density 0.12 ± 0.03 W/mm2
. 

For the 15 % red, linear regression yields a value for 
3 . 

v = 4. 5 ± 0. 2 J/mm . The graph intersects the axis 
1SY. 

at power density 0.09 ± 0.04 W/mm2
. 
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~ Discussion 

Tissue experiments 

In the experiments on aortic wal! tissue with a Nd-YAG laser, the 

ablation did not start until carbonization occurred at the front 

surface. Then ablation proceeded rapidly. The explanation for this 

behaviour is that the laser light is efficiently absorbed by the 

carbonized tissue, whereas absorption in the non-carbonized 

white aortic wal! tissue is smal!. So in the beginning, a large 

volume of the tissue is heated, dehydration takes place but the 

ablation temperature is not reached. Only when carbonization 

occurs at some spot on the surface, enough energy is deposited in 

the smal! volume of carbonized tissue to maintain the surface 

temperature at the ablation temperature. 

Ablation of the myocardium rods showed that 2.5 W/mm2 Nd-YAG light 

caused carbonization afterabout 50 seconds whereas 0.6 W/mm2 

argon light caused carbonization in 'only' 30 seconds. The 

explanation for this is the lower absorption coefficient of the 

Nd-YAG light. A larger volume of the rod is heated which is 

manifested in the larger extent of the denaturation zone and the 

greater shrinkage of the top of the rod. Once carbonization 

occurs, the Nd-YAG light is more efficiently absorbed and ablation 

of the rod starts. As the ablation process proceeds, the shrinkage 

of the top becomes less pronounced and the denaturation zone 

becomes smaller. 

It might be clear from the description of these experiments that 

ablation of real tissue with a CW laser is too complicated to be 

described by the ablation model of chapter 3. This model is based 

on the assumption that vaporization is the sole mechanism of 

ablation and that the optical parameters do not change during the 

process. In real tissue denaturation of proteins and carbonization 

of the remaining tissue appear to play a significant role in the 

ablation process. 
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Agar experiments 

The ablation of the agar rods with various concentrations 
2 of black Schaeffer ink by 0.3 W/mm argon light showed that the 

steady state ablation velocity did not depend on the initia! 

absorption coefficient. However, the absorption coefficient 

changed during the process because a black layer formed at the 

ablation front and the experiments on agar rods with an orange dye 

clearly showed that the dye concentratien increased in the melted 

ablation region. Because the agar rods melt before vaporization, 

which increases absorption and creates bubbles that reflect and 

scatter the light penetrating the agar rod, the agar-dye model 

does not mimiek the analytic model of chapter 2 very well. The 

discrepancy between model and theory is smaller when the melted 

region is smaller. This is the case when high absorption rods are 

ablated at high power densities, which results in steep 

temperature gradients in the rods (figures 3.7-3.10). 

On the average, the ablation velocity was found to be 0.06 mm/s. 

Theory predicts, by substituting the power density used in the 

experiments I = 0.3 W/mm2 into equation {34}, a value of 0.12 
0 

mm/s. The lower experimental value might be explained by the loss 

of light, due to reflection of the ablation front and absorption 

and scattering by the vapour, heat losses due to radlation and 

conveetien and the influence of the black layer which, being free 

of water, reaches temperatures beyond the boiling temperature of 

water (a maximum temperature of the front of about 300 

measured with a thermal camera). 

Polyacrylamide experiments 

preablation heating 

0 
C was 

In the preablation stage of high absorption rods, some shrinkage of 

the front surface of the rod was visible, foliowed by escape of 

vapour. Eventually the front started to move and ablation 

proceeded smoothly. The light penetratien in these rods is small, 

the heat is deposited in a smal! volume and so only a smal! volume 

is involved in the ablation process. 

The most interesting events occurred when ablating low absorption 
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rods. A larger volume of the rod is involved in the ablation 

process. The laser light, penetrating the rod, was visible to a 

depth of about 7 mm in the rod with an absorption coefficient of 
-1 0.6 mm . In every rod, the laser light became focussedandan 

explosion occurred. If there are no particular weak spots in the 

rod, the explosion is likely to occur at the point of the 

temperature peak which according to theory (chapter 3) develops 

inside the material. Just befere the explosion, the rod is thought 

to be in an unstable situation; the water in the rod is hotter 

than the vaporization temperature, but because the water is 

enclosed in the polymer, vaporization can not take place. The 

pressure rises until the polymer can not withstand the pressure 

and with a loud noise it cracks. The higher the incident power 

density, the faster the temperature rises. Higher transient 

temperatures and pressures are achieved, resulting in more violent 

explosions. 

The explosion only takes place at the start of the ablation 

process. A possible explanation might be that in the preablation 

stage, the polymer at the front surface is still intact and can 

withstand fairly high pressures. During the ablation stage, the 

vapeur can escape through fissures in the front surface. 

The strenger ablation process in the case of low absorption 

samples can be explained by the temperature profiles, calculated 

in chapter 3 with the model of Dabby & Paek. Higher sub-surface 

temperatures are reached in the low absorption samples causing 

fierce vaporization. Ablation experiments with metals in which 

explosive ablation occurred, were performed by Gagliane and Paek 

[1972]. They also found that explosions were more fierce in low 

absorption samples. 

The mechanism that causes the focussing of the laser light might 

be the deformation of the front surface due to dehydration and/or 

a gradi~nt in the index of refraction of the rod due to 

differences in density caused by the temperature gradients in the 

rod (thermal focussing). A careful study of the video frames that 

show the focus, reveals that the total laser beam is not focussed. 

Instead the rays, deflected by the deformed edges of the surface, 

cross (figure 6.1). The rays seem to be slightly curved, which 

indicates that inside the rod a gradient in the index of 

refraction exists. However, it is difficult to interpret the 
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curves because the curved surface of the rod acts as a lens. A 

method to establish whether thermal focussing is present in these 

rods, might be to reduce the laser power drastically the moment 

the focus has appeared and watch the light distribution inside the 

rod as it cools. 

Figure 6. 1 A schematic drawing of a low absorption polyacrylamide 

rod in the preablation stage after the laser light is 

focussed. Rays of light are deflected by the deformed 

edges of the surface. 

steadv state ablation velocitv 

The graphs, displaying the ablation front position in time showed 

a linear relationship (figure 5.6). The graphs do not 

interseet the axis at the origin for several reasons. The higher 

the intensity, the more fierce the vaporization process. Laser 

light is scattered by the vapour and causes a 'smearing out' of 

the ablation front on the video pictures. This is the reason why 

the lines of the higher power densities in figure 5.6 interseet 

the positive y-axis. The line of the low power density in figure. 

5.6 intersects the positive x-axis, because the initia! ablation 

velocity is lower then the steady state velocity and more time is 

needed to reach the steady state velocity as compared to the 

situation of higher power densities. 
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Linear regression yielded fairly accurate values for the steady 

state ablation velocity. In some cases, some points at the 

beginning of the ablation process were neglected, since for those 

points the steady state velocity was not yet reached. The 

measurement uncertainties, displayed in the velocity tables in 

chapter 5, are determined as fellows. 

The values for the ablation velocity, determined by experiments, 

contain uncertainties due to (a) variations in the diameter of the 

rod, (b) variations in the total power that is incident on the rod 

and (c) an uncertainty in the deduction of the ablation speed from 

the position/time data sets by linear regression. 

ad (a) and (b): the ablation speed depends on the radius of the 

rod and the laser power P [W] according to the following equation: 

. p 
v = const·--

2 
r 

Variatiens in the rod radius and the laser power cause a variatien 

in the ablation speed, described by: 

d: = J :; I· d: + I :; I· d: = 2 . d~ + d: 

ad (c): the method of least squares is used todetermine the 

ablation speed from the position/time data set. This method 

yields an estimation of the standard error in the determined value 

of the ablation speed, due to uncertainties in the position and time 

data. Multiplying this standard error by 3 y}elds the 

estimated maximum uncertainty in the determined ablation speed. 

Dividing this maximum uncertainty by the determined ablation speed 

results in the maximum percent uncertainty in the ablation 

speed. 

With an estimated variatien of 3% in the rod diameter and 5% in 

the laser power, the uncertainty in the ablation velocity becomes 

8% plus the estimated uncertainty in the determination of the 

ablation speed from the position/time data set. 
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dependenee on absorption coefficient 

According to figure 5.7 the ablation velocity is found to be 

independent of the absarptien coefficient, as predicted by 

equation {39} in chapter 3. Although the ablation process of the 

low absarptien rods was more fierce, resulting in the ejection of 

more pieces of unvaporized material, no higher ablation velocity 

was found within experimental error for the low absarptien rods. 

Apparently, not a substantial amount of unvaporized material was 

ejected. At higher power densities, it is expected that the 

ejection of more unvaporized material in the low absarptien rods 

would lead to a significant dependenee of the ablation velocity on 

the absarptien coefficient. Higher ablation veloeities would be 

expected for lower absarptien coefficients at high power 

densities. This tendency may be visible, though not experimentally 

significant, in figure 5.7. Unfortunately, it was not possible to 

reach higher power densities with the argon laser that was 

available. 

dependenee on rod diameter 

A camparisen of the ablation veloeities of the 3 and 4 mm rods 

(figure 5.8 and 5.9) shows no significant difference. Figure 3.16 

also showed no difference in the tempe~ature profile at the onset 

of ablation of a 4 mm and 3 mm rod. See addendum. 

dependenee on power density and acrylamide content 

The ablation velocity was found to be proportional to the power 

density: 
-1 

v=v ·CI -I > 
exp 0 threshold 

{ 1} 
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The following results were obtained by linear regression 

from (figure 5.8-5. 10): 

15%, 3 mm rods: 

15%, 4 mm rods: 

10%, 3 mm rods: 

15%, 3 mm rods: 

V = 4. 5 ± 0. 5 
exp 

I = 0.02 ± 0.07 W/mm2 

threshold 

V =4.7±0.5 
exp 

I = -0.02 ± 0.08 W/mm2 

threshold 

v = 4.2 ± 0.2 J/mm3 

exp 

I = 0.12 ± 0.03 W/mm2 

threshold 

v = 4.5 ± 0.2 J/mm3 

exp 

I = 0.09 ± 0.04 W/mm2 

threshold 

I is the power density at the intersectien of the graph 
threshold 

and the x-axis. 

The reasen that the last two values for v are more accurate 
exp 

then the first two is that the data showed less variation. The 

objective of these experiments was to determine the dependenee of 

the ablation velocity on the power density and especially to 

determine the intersectien with the power density axis. The 

experimental errors were minimized by using rods that had the same 

absorption coefficient, were prepared with the same monomer 

solution and ablated in the same session. 

Assuming that all laser power is used to vaporize the material and 

the material consists purely of water, theory prediets v to be 

equal to 2.57 J/mm3 (equation {35} and in chapter 3). No threshold 

power density exists in a one-dimensional situation (see figure 

3. 17). 

The fact that in the experimental situation almest twice as much 

light energy is needed to ablate 1 mm3 of material as was predicted 

by theory, might be explained by light losses, loss of heat and 

the influence of the polyacrylamide, as described below. 
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In chapter 3 an expression ({39}) for the steady state velocity 

was derived in which the influence of light losses, heat losses 

and the polyacrylamide was incorporated: 

V = 
ss 

in which v is given by equation {36}: 

{2} 

L 
v = p·c· CT -T ) + p·L • [f + (1-f ) ·~] {3} 

V 0 w w w L 
w 

with a = fraction of the incoming light, not used to ablate 

material 
-2 I = ra te of heat losses [ W/mm ] 

hl 
3 •3 

L = energy needed to ablate 1 mm of polyacrylamide [J/mm ] 
p 

The values of a and L can be adjusted to fit equation {3} to the 
p 

experimental results for the rods with a water content f of 85% 
w 

and 90%. The values are found to be: 

a = 0-50 % 

L = 1-16 kJ/mm3 

p 

I = I = 0. 12 ± 0. 03 W/mm2 for the 10% rods 
hl t hresho 1 d 

= 0.09 ± 0.04 W/mm2 for the 15% rods 

The uncertainty in the determination of a and L is quite large, 
p 

since there is not a large difference in the slope of the 85 % and 

the 90 % graph. Unfortunately the experiments with the 95 % rods 

were a failure (95% rods E110 are sticky). In order to assess the 

influence of the polyacrylamide on the slope experiments are 

needed with rods of 80 % ~~content. 
It seems reasonable that the loss of light might be up to 50% 

since, when looking at the ablatton front during ablation without 

the safety goggles, intense argon laser light is seen to be 

reflected from the top of the rod. 

The found value range for L is of the same order as the latent 
p 

heat of water. A lot of heat is generated in the polymerization 

process. So dissociation of polyacrylamide consumes a lot of heat. 

No value for L was found in the literature. See addendum for 
p 

comments on the values for the heat loss. 
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I Conclusions and suggestions for further investigation 

conclusions 

The following conclusions can be drawn: 

- the one-dimensional ablation speed does not depend on the 

absorption coefficient and is proportional to the power density, 

as predicted by one-dimensional ablation models 

- ablation of real tissue with CW laser is a complex phenomenon 

that cannot be described by an ablation model, based solely on 

vaporization of tissue water 

- polyacrylamide proves to be a better ablation model than agar 

- rods are a good model of a one-dimensional situation; heat 

losses are calculated to be small 

- 'explosive ablation' of low absorption material supports the 

predietien of a sub-surface peak temperature by the 

one-dimensional ablation model 

suggestions for further investigations 

For a further evaluation of the one-dimensional ablation model of 

chapter 3, the temperature profiles in the rods could be measured 

with a thermal camera. 

Since polyacrylamide has proved to be a useful ablation model, the 

following suggestions are made: 

- the use of polyacrylamide rods with EllO to study pulsed laser 

ablation by the determination of the ablation velocity and the 

temperature profile in the rod as a function of laser parameters 

and the absorption coefficient 

the use of polyacrylamide with EllO in a cylindrically symmetrie 

situation to evaluate the ablation model of Partovi et al 

[1987]; polyacrylamide is transparant so the actvancement of the 

erater could be monitored with a video camera. 

introduce a substance in polyacrylamide that is damaged by an 

increase in temperature and study the extend of damage beyond 

ablation surface as a model of coagulation in real tissue (see 

next page). 
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Blood can be added to the agar solution instead of ink at a 
0 

temperature of 56 C without being coagulated. Coagulation of blood 
0 

takes place at a significant rate above about 60 C. This blood 

agar can serve as a tissue model with a coagulation process 

included. Ablation tests with the argon laser on pieces of blood 

agar clearly showed a coagulation zone around and under the crater, 

'drilled' with the laser. Unfortunately, there was considerable 

melting of the agar involved that caused the erater to be bigger 

than the laser beam. 

Attempts to introduce blood in polyacrylamide without the blood 

being coagulated during the polymerization reaction failed. 

However, this does not mean that it is not possible. Better 

cooling during the polymerization reaction might do the trick. · 
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Appendix A perivation 2!. ~ ~ transoort eauation 

In this appendix, the heat transport equation is derived for an 

one-dimensional situation of laser radlation on a purely absorbing 

medium (figure A. 1) and for the quasi one-dimensional situation of 

a rod, irradiated by a laser in the axial direction (figure A.2). 

one-dimensional situation 

==> 
==> 
==> 

=~> 

=~> 

A ... 
x=O x x+dx 

heat flow 

Figure A.l One-dimensional situation of laser radlation on a 

purely absorbing medium. For a small volume at depth 

x inside the medium, having a length dx and a surface 

area of size , the energy balance is evaluated. 

The one-dimensional heat transport equation tiescribes the 

temperatures in a solid. Transport of heat takes place in one 

dimension by the mechanism of conduction and energy is deposited 

by absarptien of laser light inside the material. The 

one-dimensional heat transport equation can be derived on the 

basis of an energy balance for a small volume element at depth x 

inside the material (figure A.l). 

Heat flowing into or out of this element across the surfaces at x 

and x+dx is denoted by ~(x) and ~(x+dx). The total amount of heat 

that flows into the volume element in time dt is given by: 

[~(x)-~(x+dx)]·A·dt [J] {1} 

Al 



The arnount of energy, deposited in the volume element in time dt 

by the laser is given by: 

IJ ·I(x)·dx·dt [J1 {2} 
a 

[mm-11 in which tJa = absarptien coefficient 

I(x) = laser power density at depth x [W/mm2
] 

Since only absarptien is assumed to take place, the laser power 

density I [W/mm2 1 decreases exponentially along the axis in the 

material, according to the law of Lambert-Beer: 

I (x) 
-IJ ·x 

= I ·~ a {3} 
0 

During the time dt, the temperature inside the volume element 

increases by an amount dT, which consumes an amount of Èmergy, 

given by: 

p·c·dT·A·dx [J1 

-3 
p = density of material [g·mm 1 

c = specific heat of the material [J·g-1 ·K-1 1 

T = temperature [K1 

{4} 

This consumption of energy must be equal to the supplied arnount of 

energy, described by {1} and {2}: 

p·c·dT·A·dx = [~(x)-~(x+dx)1·A·dt +IJ ·I(x)·A·dx·dt {5} 
a 

According to Fourier's law, which states that the flux of heat at 

a certain point in asolid is proportional to the temperature 

gradient at that point, ~(x) is equal to: 

ar I ~(x) = -k·-ax 
x 

-1 -1 -1 k = thermal conductivity [J·mm ·s ·K 1 

A2 

{6} 



Substituting equation {3} and {6} into equation {5}, dividing by 

A·dx·dt and taking the limit for vanishing dx and dt, results in 

the one-dimensional heat transport equation for a pure absorbing 

medium, irradiated by a laser power density I: 

quasi one-dimensional situation 

heat IOSS 

[W/mm 2
] heetloss:E) '\ '\ ]fj '\ '\ '\ 

x=O x x+dx 

Figure A.2 Experimental quasi one-dimensional situation. A 

homogeneaus parallel laser beam irradiates a 

horizontal rod of material from the left. 

{7} 

In the energy balance for the volume element dx·x·r
2 

at a 

distance x from the front surface of a rod with radius r (figure 

A.2), an extra term appears to describe the heat loss across the 

surface of the volume element. As described in chapter 3.2, this 

rate of heat loss is given by: 

-2 [W· mm ] {8} 

~ = Stefan-Boltzmann constant: 5.67·10-14 W·mm-2 ·K-4 

E = emmisivity of the body, that is the ratio of the 

heat emitted by it to that emitted by a black 

body at the same temperature. 

x = constant that describes the amount of heat loss 

-due to conveetien (2-40·10-6 W·mm-2 ·K-5
/

4
) 

A3 
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The energy balance becomes: 

2 2 
[~(x)-~(x+dx)]·n·r ·dt + ~ ·I(x)·n·r ·dx·dt 

a 

Dividing equation {9} by n·r2 ·dx·dt, taking the limit for 

vanishing dx and dt and applying Fourier's law results in the heat 

transport equation for the quasi one-dimensional experimental 

situation of a pure absorbing rod, irradiated by a parallel laser 

beam of power density I: 

ar a2r p·c·- = k·--- + 
at ax2 

-~ ·x 
~ ·I ·e a 

a 0 

The heat loss across the front surface is accounted for in the 
2 boundary condition. For a volume element n·r ·dx at the front 

surface, the heat balance equation becomes: 

Dividing this equation by n·r2 ·dt, taking the limits for vanishing 

dx and dt and applying Fourier's law results in the boundary 

condition at x=O: 

for x= 0 {12} 
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Appendix ~ Numerical analysis 

In this appendix, the numerical analysis of the equations {30} of 

chapter 3, descrihing the heat transport in the polyacrylamide 

rods, is described. The dimensionless equations are: 

89 

t.. ·9 - t.. ·95/4 {1} 
r 1 c 

with initial and boundary conditions: 

9(Ç) = o for T = 0 {la} 

89 
'lt 

4 
'lt ·93 + 'lt 

2 -- ·9 + ·9 + 
aç r4 r3 r2 

'lt ·9 + 'lt ·95/4 for Ç = 0 { lb} 
rl c 

a = o for Ç = co {lc} 

discretization 

With respect to the front of the rod at Ç = 0, N discrete steps ~Ç 

define N points inside the rod. At each point the temperature will 

be calculated as a function of dimensionless time T. N must be 

sufficiently large that the temperature at point N·~Ç remains 

equal to the starting temperature. The time is divided in discrete 

steps ~T. 

The following notation is used to describe the dimensionless 

temperature as a fuhction of position and time: 

a(j·~Ç.n·~T) = a 
j' n 

o:s j :s N, o:s n :s 

T is the time needed to raise the front temperature to the 
V 

vaporization temperature. 
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Points in space and time can be displayed on a two-dimensional 

mesh, as depicted in figure B.l. 

6.§ 
n+1 

'\ / 6.1: / '\. 

n 

j-1 j j+1 

Figure B. 1 The computational mesh, with ~ = j·ä~ displayed in the 

horizontal direction and T = n·äT displayed in the 

vertical direction. The cross denotes the point at 

which the derivatives are evaluated in the 

Crank-Nicholson scheme. 

The set of equations {1} is solved with a finite differences method, 

using the difference scheme of Crank-Nicholson. In this scheme, 
1 the derivatives are evaluated at (j,n + -), denoted by the cross 
2 

in figure B. 1. This method is stable for all combinations of time 

and space steps and quadratically convergent in space and time. 

The differena.e quotients, valid for O<j<N, are: 
• 

89 I = 

8T j·ä~,(n+~)·äT 

9 - 9 j ,n+l j ,n {2} 
äT 

9 - 2·9 - 9 j+l,n+l j,n+l j-l,n+l 
+ 

ä~2 

· j+1,n j ,n j-l,n 9 - 2·9 - 9 ) 
{3} 
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Substitution of these expresslons in the heat transport equation 

and rearranging the terms, results in: 

- ~·9 + (1+2·~)·9 - ~·9 = 
j+l,n+l j,n+l j-l,n+l 

~·9 + (1-2·~)·9 + ~·9 + ~T·e-j·~~- ~T·L {4} 
j+l,n j,n j-l,n j,n+l/2 

with ~ = 

L = -· t.. • 9 + t.. • 9 + t.. • 9 + 1 ( 4 3 2 
j,n+l/2 

2 
r4 j,n+l r3 j,n+l r2 j,n+l 

(. ·9 + (. ·95/4 + 
rl j,n+l c j,n+l 

4 3 2 (, ·9 + (. ·9 + (. ·9 + 
r4 j,n r3 j,n r2 j,n 

(, ·9 + (. ·95/4] 
rl j,n c j,n 

This difference equation does not apply to the boundary point j=O, 

since for this point, j-1 lies outside the rod. 

At this boundary, boundary condition {1b} holds, which prescribes 

the temperature gradient at j=O. 

With the use of this boundary condition, the second order 

derivative in the heat transport equation {1} can be approximated, 

by taylor expansion, using three points inside the rod: 

9 = 9 + 
1 0 

~~·aal 
a~ ~=o 

with 0(~~4 ) denoting a truncation error of order ~~4 . 
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The third order derivative can be eliminated by multiplying {5} by 

8 and subtract {6}. Rearranging the terms, yields for the second 

order derivative at O,n: 

aal 
2 -e + 8 · e - 7 · e - s · t.Ç · -a 9 I = 2. n 1 • n o. n a ç o. n + 0 ( t.Ç2) 

aÇ2 O,n 2·t.Ç2 
{7} 

The second derivative at O,n+1/2 can be approximated by: 

{8} 

Substituting equation {3} and {8} in the heat transport equation 

{1}, and using boundary condition {1b}, results in: 

!.~·9 - 4·~·9 + (1+ ~·~)·9 
2 2,n+1 O,n+l 2 1,n+1 

1 = - -·~·9 + 4·~·9 + 
2 2,n 1,n 

(1- ~-~)·9 + ÄT- t.T·L - 6·t.Ç·~·M {9} 
2 O,n O,n+l/2 O,n+1/2 

with M = !. (w ·e4 + w ·93 + w ·92 + 
0, n+ 1 I 2 2 r 4 0, n + 1 r 3 0 , n + 1 r 2 0 , n + 1 

1!1 ·9 + 1!1 ·95/4 + 
r1 O,n+1 c O,n+1 

1!1 ·94 + 1!1 ·93 + 1!1 ·92 + 
r4 O,n r3 O,n r2 O,n 

1!1 ·9 + 1!1 ·95/4] 
r1 O,n c O,n 

At the other boundary, Ç=N·t.Ç, the temperature is not allowed to 

rise. If it rises during the preablation heating period, N has to 

be chosen larger. Thus at point N·t.Ç, the following equation 

holds: 

9 = o 
N,n 
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Equations {4}, {9} and {10} show that there areN equations and N 

unknown temperatures at each time step n. Thus knowing the 

temperature at every point j·à~ at time n·àT, the temperatures at 

the next time step n+1 can be calculated. The linear set of 

equations in matrix ferm is given below: 

j=O j=1 j=2 

~ ~ 

7 
1+~ -4~ 0 

1+2~ 0 

0 1+2~ 

0 

0 

0 

0 

j=N 
~ 

1+2~ . -~ 

0 1 

n+1 

~ 

n 

r.h.s {9} 

r.h.s {4} 
~ 

0 

{11} 

This tri-diagonal matrix can be solved by Gaussian eliminatien and 

back substitution. This means zeroing the lewest diagonal by 

subtracting from each row the row above, multiplied by a suitable 

factor, starting with the secend row downto the last one and then 

calculating the temperatures at n+1 by back substitution, starting 

with the secend last row, upto the first ~ne. 

But there is one problem; L and M in the right hand 
j,n+l/2 O,n+l/2 

side of {10} are not known at time step n, because the 

temperatures at n+1 are needed in their calculation (see eq. {4} 

and {9}). This problem is solved with the following iteration 

process. 

As a first guess for the value of L and M , the 
j,n+l/2 O,n+l/2 

temperatures at time step n are used in the calculation of 

L and M as an approximation of the temperatures at 
j,n+l/2 O,n+l/2 

n+1. With this substitution, the temperatures at n+1 are 

calculated by the methad described above. Using these calculated 
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temperatures at n+l, a better value for L and M is 
j,n+l/2 O,n+l/2 

calculated. With these better values, the temperatures at n+l are 

recalculated. This process is repeated until convergence, which 

means that a subsequent recalculation of 9 , with O~j~N. does 
j,n+l 

not change the values of 9 more than some arbitrary small 
j ,n+l -a number ~- In the calculations reported here, a value of ~ = 10 

was used. 

The finite difference method, described above, has been 

implemented in a turbo pascal program to calculate temperature 

profiles inside the rod in the preablation stage for certain laser 

and material parameters. A listing of this program can be found in 

appendix C. 

Several tests have been performed to check if the program works 

properly. 

With the heat loss terms set to zero, the program was run to check 

whether the numerical solution matches the exact solution of the 

temperature profiles, given by equation {5} in chapter 3. 

The results are displayed in figure B.2. 

The match is perfect and can be improved by taking smaller time 

and space steps. 

temperature rel 
120r-------------------------------------------~ 

• 
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depth [mm] 

5 6 

Figure B.2 Temperature profiles, numerical and exact. 
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Since the Crank Nicholson scheme yields a quadratic convergence 

in time and space, dividing the time step or the space step by 

two, the differences between the subsequent numerical solutions 

should become smaller by a factor 1/4: 

since: 

9 = 9 (ä~) + O(ä~2 ) 
ex n~ 

1 1 2 
9 = 9 (-·ä~) + 0(-·ä~ ) 

ex n~ 2 4 

1 1 2 
9 = 9 (-·ä~) + 0(--·ä~ ) 

ex num 4 16 

it is found that: 

1 1 
9num(4·ä~) - 9num(2·ä~) 

= 
· 9 <~·ä~) - e (A~) 

num 2 num 

. This test was performed and it was found that withor without heat 

losses, the order of convergence in the space variabl~ is indeed 2 

at every point inside the rod. At the boundary the convergence is 

a bit slower. 

Without heat losses, a quadratic convergence in time was found, 

but with heat losses included, the order of convergence was found 

to be one. The iteration procedure that is used to calculate the 
1 heat losses at n + 2 causes the convergence to be slower. 

All 



Knowing the temperature profile at the onset of ablation, the rate 

of heat loss at the onset of ablation can be calculated by 

integrating the expressions for heat losses due to radiation and 

conveetien over the temperature profile: 

rate of heat 
J

oo 4 4 
loss = 2·n·r·(~·E·(T (x)-T

0
) 

x=O 
2 4 4 

+ n·r · (~·E· (T (0)-T ) 
0 

5/4 
+ z·(T(x)-T) )·dx 

0 

+ z·(T(O)-T ) 5
/

4
) {12} 

0 

in which the secend term accounts for the heat loss over the front 

surface of the rad. 

The integral is evaluated numerically over N equally spaeed points 

in·the rad, using the extended trapezoidal rule: 

x 
1 

x 
J N f(x) ·dx ee flx· [ !..f + f + .... + f 

2 1 2 N-1 
{ 13} 

Integrating the heat loss expressions over thé steady state 

temperature profiles, described by equation {20} in chapter 3, 

gives an estimation of the rate of heat loss in the steady state. 

See addendum. 
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Appendix ~ Preparatien of agar and polyacrvlamide 

Agar is a white, harmless powder, that is readily dissolved in hot 

water. Agar gel is easy to prepare in comparison with 

polyacrylamide gels. The gels used in the first experiments 

contained 3 g agar per 100 ml gel and the black schaeffer ink 

concentratien varled from 0.5 to 4 ml per 100 ml agar to yield an 
-1 -1 absorption range from 0. 8 mm to 6 mm . 

The preparatien went as follows: first 1.5 g of agar was measured 

with an electronic balance. Then 0.5, 1, 2, 3 or 4 ml black 

schaeffer ink was added to the agar powder with a syringe and 

water was added till the salution had a volume of 50 ml. While 

stirring, the salution was heated till it started to boil and 

then, covered with plastic, it was set to cool. The gel farms 
0 

below 56 C and melts again when heated above this temperature. 

When the gel was formed, rods of about 4 mm length could easily be 

punched out of the gel. 

polyacrylamide 

For the preparatien of polyacrylamide gel several chemieals are 

needed; the monomers acrylamide and bis-acrylamide, and the 

initiators TEMED (tetramethylethylenediamine) and ammonium 

persulfate. Acrylamide and ammonium persulfate consist of little 

white crystals, bis-acrylamide is a white powder and TEMED comes 

as a solufion. 

Care must be taken in handling acrylamide and bis-acrylamide, 

because bath are neurotoxic. Repeated skin contact, inhalation or 

swallowing may cause nervous system disorders. Also TEMED is 

taxie. Wearing gloves during the preparatien is recommendated. It 

is also recommendated to perfarm the preparatien of the gels in a 

vented hood. Polyacrylamide, when fully polymerized is believed to 

be harmless. 

The polymerization of a salution of acrylamide and bis in water is 

initiated by TEMED and ammonium persulfate. The ammonium 

persulfate yields a persulfate free radical which, in turn, 

activates the TEMED. The TEMED acts as an electron carrier to 
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activate the acrylamide monomer to a free radical state. The 

monomer then reacts with unactivated monomer to begin the polymer 

chain elongation. The elongating polymer chains are randomly 

crosslinked by bis, resulting in closed loops and a complex 'web' 

polymer with a characteristic porosity which depends on the 

polymerization conditions and monomer concentrations (see figure 

C.l). 

10 IJ 101.1 
J:------~ 

Figure C. 1 Scanning electron microscope images of polyacrylamide 

gels at increasing monomer concentrations and a 

constant ration of cross-linker (5%). (A) Image of a 

gel at 2.5% monomer concentration, showinga low 

degree of structural organization. (B)-(D) Gels of 

3.8, 8.0 and 11.6% monomer concentratien 

respectively, show the normal picture of cellular 

construction and an increasing average diameter of the 

acrylamide membranes. 
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It is because of their controlable porosity that polyacrylamide gels 

have found widespread use for separation techniques like 

electrophoresis and gel chromatography. Polyacrylamide gels are 

xero-gels which means that they shrink as the water is removed and 

swell as they re-absorb water. This process of drying and swelling 

can be repeated over and over again. This property has led to the 

use of polyacrylamide gels as little sponges in a mixture with 

fertilisers called 'terracottum'. This mixture is added to soil in 

order to increase its capability of holding water. 

If no additives are used, proper preparatien using the right 

amount of each chemica! yields a clear, colorless, mechanica! and 

chemica! stable gel. In this research an orange dye, EllO, soluble 

in water is added to the monomer solution to absorb the green-blue 

light of the argon laser. The dye is pH sensitive and turns darker 

with increasing pH. Because TEMED is a streng base, the pH of the 

solution must be neutralized by adding HCl. If no HCl is added, 

the prepared and stored gels with EllO turn darker with time. 

A balance is needed to weigh the chemieals and precise micro 

pipets are needed to yield reproducible gels. 

First a monomer solution of acrylamide and bis is prepared. Then 

additives, such as a dye solution, are added. The polymerization 

reaction is initiated by adding TEMED and ammonium persulfate. 

Then there is some time to pour the solution in a suitable mould. 

How much time is available for pouring the polymerizing solution 

depends on the concentratien of monomers, initiators and • 

additives. For the solutions, prepared according to the recipes at 

the end of this appendix, several minutes pass befere gelation 

takes place. 

Care has to be taken to expose the monomer solution to air as 

little as possible, befere and during the polymerization process, 

because oxygen stops the polymerization reaction by reacting with 

the free radicals created in the·solution during the 

polymerization. If the monomer solution has been exposed to air 

for some time or has been shaken to dissolve the monomers, the 

oxygen can be outgassed by reducing the pressure above the 

solution with a pump. 

A lot of heat is generated during the polymerization process. If 

the concentratien of monomers and initiators is too high, the 
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polymerization runs very quickly and enough heat is generated in a 

short time to vaporize the water almest instantly and cause the 

polymerizing salution to explode. Care must be taken to use 

the right concentrations. 

The adding of the dye slows down the polymerization reaction and 

results in softer gels. The higher the dye concentration, the 

higher concentrations of initiators needed to establish 

polymerization. If excess amounts initiators are used, little 

bubbles of trapped gas are formed inside the gel. Reducing the 

amount of initiators results in longer polymer chain lengths, 

lower turbidity and greater elasticity. These are desirable 

properties. However, lower initiator concentrations also mean 

slower polymerization, and if polymerization is too slow then, due 

to oxygen and dye in the solution, the polymerization reaction is 

inhibited. 

It is apparent that there is a trade-off between efficient, 

complete polymerization and desirable gel properties. The recipes 

at the end of this appendix have been found by trial and error. It 

was found that keeping the ratio of TEMED and ammonium persulfate 

to one fifth leads to satisfying results. Ammonium persulfate acts 

as a buffer, but adding the same amount of SN HCl as TEMED is 

necessary to keep the pH value between 7-8. 

Initially stainless steel tubes with an inner diameter of 3 and 4 

mm were used as moulds for the rods. The choice for stainless 

steel was made because it is chemically inert and it conducts heat 

pretty well so the heat g~nerated during the polymerization 

process can be well conducted from the rod. Unfortunately it was 

very difficult to press the polyacrylamide rods undamaged out of 

the tubes. By trial and error it was found that glass tubes, with 

rounded ends, well cleaned and covered with a thin silicone layer 

by plunging them in 'repelcote', are suitable moulds. With a close 

fitting plastic piston, the polyacrylamide rods can be pressed out 

of the glass tubes undamaged. 

The prepared glass tubes are covered with parafilm on one side 

(figure C.2). 
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glass 

parafilm 

polyacrylamide 

Figure C.2 Glass mould, covered with parafilm, used to prepare 

the acrylamide rods. 

Then using a syringe with a long needle, the polymerizing monomer 

salution is injected in the tube at the bottorn to prevent air to 

be trapped in the tube. When filled with the polymerizing 

solution, the ether end of the glass tube is covered with parafilm 

as well and set to complete the polymerization. As acrylamide 

polymerizes, UV absorbing bonds are eliminated. The progress of 

the reaction can therefore be foliowed by monitoring absorbance at 

260 nm. As the reaction proceeds, the UV absorbance drops. 

Absorbance increases with the amount of unreacted monomer. In this 

way it was established [Bio-Rad, 1984] that, without additives 
• 

such as dyes, polymerization is largely complete after about 90 

minutes and that slower polymerization results in more complete 

polymerization. 
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The following solutions were used for the preparatien of 15 % 

polyacrylamide gels with absarptien coefficients ranging from 0.6 
-1 -1 

mm to 30 mm . A concentratien of 15 % means 15 g of monomers 

per 100 ml. 

- monomer solution: 14.7 g acrylamide and 

0.3 g bis-acrylamide 

dissolved carefully in 60 ml bidest 

- amonium persulfate solution: 1 g in 10 ml (=10 %) 

- TEMED 

- hydrochloric acid: 5 molar 

- dye solutions: 1) 1.5 g in 30 ml bidest 

2) 0. 15 g in 30 ml bidest 

Bidest is twice distilled water. 

The amonium persulfate salution must be fresh because ammonium 

persulfate begins to break down almast immediately when dissolved 

in water. The older the solution, the more needed to yield the 

same polymerization result . 

. The following recipes were used toprepare the 15% 

polyacrylamide rods: 

-1 
absorption: 30 mm 

(= 50 mg dye per 10 ml) 

- 3 ml monomer salution 

- 0.5 ml dye solution 1 

- 1360 ~l bidest 

- 20 ~l HCl 

- 20 ~l TEMED 

- 100 ~l ammonium persulfate 
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-1 
absorption: 9 mm 

(= 15 mg dye per 10 ml) 

- 3 ml monomer. solution 

- 1.5 ml dye salution 2 

- 395 ~l bidest 

- 15 ~l HCl 

- 15 ~l TEMED 

75 ~l ammonium persulfate 



-1 
absorption: 3 BID 

(= 5 mg dye per 10 ml) 

- 3 ml monomer solution 

- 0.5 ml dye solution 2 

- 1430 t-Ll bidest 

- 10 t-Ll HCl 

- 10 t-Ll TEMED 

50 t-Ll ammonium persulfate 

-1 
absorption: 0.6 BID 

(= 1 mg dye per 10 ml) 

- 3 ml monomer solution 

0. 1 ml dye solution 2 

- 1865 t-Ll bidest 

- 5 t-Ll HCl 

- 5 t-Ll TEMED 

- 25 t-Ll ammonium persulfate 
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-1 
absorption~ 0.9 BID 

(= 1.5 mg dye per 10 ml) 

- 3 ml monomer solution 

- 0. 15 ml dye solution 2 

- 1815 t-Ll bidest 

- 5 t-Ll HCl 

- 5 t-Ll TEMED 

25 t-Ll ammonium persulfate 



Appendix Q. Dves 

agar 

Black Schaeffer ink was used as an absorber in the agar rods. The 

absorption coefficient was determined by measuring the 

transmission of the argon laser through a 1.2 mm thick slab of 

agar with a photocell. Regarding the agar as a pure absorbing 

medium, the absorption coefficient is given by the law of 

Lambert-Beer: 
-IJ. • d 

a 
-= e 

with d = thickness of the sample [mm] 

I = transmitted power density 
d 

2 [W/mm ] 

I = incident power density [W/mm2
] 

0 

absorption coefficient -1 
IJ.= [ mm ] 

a 

In figure D. 1 the determined absorption coefficient of black 

Schaeffer ink in agar is displayed as a function of ink 

concentration. Correctlens for the reflection of light from 

the agar/air boundary have been made using Fresnel relation: 

(n - n )2 

2 1 
r = -----

(n + n ) 2 

1 2 

with n = index of refraction of air ~ 1 
1 • 

n = index of refraction of agar ~ 1.3 [Rastegar, 1986] 
2 

r = fraction of light that is reflected ~ 2% 

Linear regression yields a value of /Ja 

in 100 ml agar. 

-1 = 1. 5 ± 0. 1 mm per ml ink 

This method is not quite correct since the 7 W argon laser was 

operated in multi-line mode and according to the absorption 

spectrum of black Schaeffer ink in figure D.2, the two strengest 

lines, present in the beam (488 nm and 514,5 nm) have different 

absorption coefficients. 
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Figure D.l Absorption coefficient as a function of ink concentratien in 

agar gel. 
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Figure D.2 Absorption speetagram of black Schaeffer ink measured with a 

photo-spectrometer. 
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polyacrylamide 

An orange artificial food color, called European Sunset or E110, 

was used as an absorber in the polyacrylamide rods. The absorption 

coefficient of E110 in polyacrylamide was measured with a standard 

photo-spectrometer. The absorption spectrum of E110 in 

polyacrylamide is displayed in figure 0.3. According to this plot, 

the absorption coefficient differs for the different lines present 

in the 20 W argon that was operated in multi-line mode. An average 

absorption coefficient for the total beam was established as described 

below. i> 
1·-· ·-

1'-f. 
,, '-i~ t-H L ,_,_ 

c • 

~+" u. 

• 

The total laser power is a sum of the powers of the different 

lines in the beam (see appendix E). The total power density 

profile inside a polyacrylamide rod with EllO can be calculated by 

summing the power density profiles of each line present in the 

beam. Each individual power density profile is characterized by 

the power and the absorption coefficient of that line. These 

parameters are listed in table D. 1. 

The overall absorption coefficient is calculated by a least 

squares fit to the sum of the individual power density profiles. 

The absorption coefficient of the total beam is calculated to be: 

IJ.= o.-s ± 0.05 mm-1 per mg dye in 10 ml polyacrylamide (see figure 
a 

D. 4). 
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relathle atrength 
1.2..,..----...:;..---------------, 

0 0.5 1.5 2 2.5 3 3.5 4 4.5 5 5.5 8 
poeltion lmml 

Figure 0.4 Laser power density profiles inside an acrylamide rod 

containing 1 mg E110 per 10 ml of the lines present in the beam. 

An exponentlal fit to the total power den9ity profile yields a 
-1 value for fJ. = 0.6 ± 0.05 mm . 

a 

wavelength (nm) 
. 

457.9 

465.8 

472.7 

476.5 

488 

496.5 

501.7 

514.5 

relative power 

0.056 
D 

0.031 

0.048 

0.11 

0.25 

0.11 

0.069 

0.33 

f.l.a 
[mm-1] 

0.54. ± 0.05 

0.59 ± 0.06 

0.64 ± 0.06 

0.66 ± 0.07 . 
0.67 ± 0.07 

0.61 ± 0.06 

0.63 ± 0.06 

0.54 ± 0.05 

Table 0.1 Argon laser lines, their relative intensities in the 

total laser beam and the absorption coefficients for 1 ml E110 in 

10 ml polyacrylamide, measured with a photo-spectrometer. 
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Appendix ~ Laser characteristics 

A 20 W Spectra Physics argon laser was used to ablate the polyacrylamide 

rods. The laser was operated in multi-line mode because we wanted to use 

all available power. 

In table F. 1 the argon laser lines are displayed and the maximum 

powers that can be delivered when the laser is operated in the 

single line mode are given for each line. 

wavelength (nm) maximum power (W) 

457.9 1.45 

465.8 0.8 

472.7 1.25 

476.5 2.9 

488 6.5 

496.5 2.9 

501.7 1.8 

514.5 8.5 

Table E. 1 Argon laser lines and the maximum output in single 

line mode. 

The laser beam was expanded with two lenses, f=10 mm and f=25 mm, 

at a distance of 35 mm from each ether. A diaphragm with the same 

diameter as the rad (3 and 4 mm) was placed at the center of the 

beam. The position of the diaphragm with respect to the beam axis 

was checked with a piece of paper. A piece of paper was held in 

the laser beam, just behind the diaphragm. The position of the 

diaphragm was adjusted in such a way that the paper started to 

burn at the center of the diaphragm. 



The beam profile was measured with a photocell that was glued to 

the back of a diffusor in order to yield an evenly distributed 

laser irradiance over the surface of the photocell. The diffusor 

with the photocell was placed behind a pinhole of 0.1 diameter and 

scanned across the laser beam with a micrometer in steps of 0.2 

mm. Figure F.l shows the measured beam profile. The power density 

was found·to be roughly twice as high at the center of the beam 

than at the side. With a 4 mm diaphragm inserted in the beam, 

about 25 % of the laser beam was blocked; with a 3 mm diaphragm 

roughly 40 %. 
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Figure E.1 Radial power density profile of the laser beam in 

arbitrary units. The laser beam was expanded 2.5 times 

with two lenses f=10 mm and f=25 mm seperated by 35 mm. 

The laser could not be operated at powers above 18 W, because at 

higher power levels the beam started to drift. This drift caused a 

change in the laser power that passed the diaphragm, since the 

beam profile was not flat. The drift is caused by a misalignment 

of the mirrors due to heating during the operatien at higher power 

levels. 

The calibration of the laser power was performed in two steps. 

First the laser power behind the diaphragm was measured with a 

filter inserted in the beam at several output levels between 2 Wand 

18 W. Then the power behind the diaphragm was measured at several 

low output levels with the filter removed. In this way the 

attenuation of the light by the filter was established. This 

method of calibration, using a filter was necessary because the 
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power detector used to measure the laser power could not withstand 

powers in excess of 2 W for a 3 mm spot. 

The results of the calibration are displayed in figure F.2. 

According to this graph, the power passing the diaphragm is not 

proportional to the output level. This is probably due the fact 

that, since the laser is used in multi-line mode, more active 

modes come into existence at higher power levels and change the 

distribution of the laser power across the beam. A change in the 

distribution changes the fraction that is blocked by the 

diaphragm. Linear regression yields an attenuation value of the 

filter of factor 9. 1. Using this value, the laser power behind the 

diaphragm at higher output levels can be calculated. 

During the calibration and the ablation experiments, the laser was 

operated in the light loop, which means that the output power is 

stabilized by a feed back system that adjusts the current through 

the tube to yield a constant laser power. 
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Figure E.2 Laser power calibration graphs (see text) 
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