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Η επιςτόμη εύναι δεδομϋνα. Ακριβώσ όπωσ τα ςπύτια χτύζονται με τούβλα, ϋτςι και η 
επιςτόμη χτύζεται με δεδομϋνα. Αλλϊ όπωσ ϋνασ ςωρόσ τούβλα δεν κϊνει ϋνα ςπύτι και 

μια ςυλλογό δεδομϋνων δεν εύναι απαραύτητα επιςτόμη.  
Ανρί Πουανκαρέ,1854-1912 

 

Science is data. Just as houses are built with bricks, so science is built with data. But as 
a pile of bricks does not make a house, a collection of data is not necessarily science. 

Henri Poincaré, 1854-1912 
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Chapter 1: Introduction 
Section 1.1 UV polymer laser ablation and applications 

In 1982 the research groups of Y. Kawamura [1] and R. Srinivasan [2], almost simultaneously,  

the Late Latin ablatio). In particular, it was first reported that material having thickness from 0.1 μm 

to several microns is removed from the polymer surface following incidence of a pulsed ultraviolet 

(UV) excimer laser beam (ArF-193 nm). The characteristic distinction of this phenomenon, which 

seemed to differentiate the interaction of UV laser pulses with polymers from that of visible (VIS) or 

infrared (IR) ones, was the minimal thermal damage of the substrate. The result was the etching of 

the solid with a geometry determined by the light beam.   

R. Srinivasan was the first who proposed the nowadays well established terms of laser ablation 

and ablation decomposition. The characteristic material removal upon laser ablation seems to take 

place once a well defined laser fluence - FLASER (energy per surface units) - is exceeded. The etching 

rate or the thickness of the removed material increases with laser fluence once the latter exceeds a 

certain value, namely the ablation threshold fluence (Fthr). The value of the ablation threshold 

depends on both the material and laser parameters and it can take values from several tens of mJ/cm2 

up to values greater than 1 J/cm2.  

Laser ablation of polymers has proven to be an important tool for a great variety of 

applications being at the same time a subject of extensive scientific research. In a year after the first 

reports on polymer laser ablation, more scientific groups confirmed the same observations using 

different polymers and UV wavelengths (for instance, by Srinivasan, Yeh, Braren, Lazare, Granier and 

Dyer). In 1983, it was reported the potential of using laser ablation in biological tissues.  
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Many applications have been put on the map due the main feature of UV laser ablation: the 

limited extent of thermal damage of the remaining substrate combined with the convenience of 

treatment in an atmospheric air or inert gas environment. Thus, unique advantages can be provided 

by UV ablation regarding the polymer machining with spatial and depth resolution [3, 4]. Several 

specific examples from the broad range of applications that have been developed include:  

 The drilling in polyimide layers and multilevel polymer circuit boards. It was pioneered by IBM and 

Siemens in the 80’s [5, 6] and still remains a major use for excimer laser micromachining.   

 Drilling ink-jet nozzles in polymeric substrates for which precise geometrical configurations can be 

realized (Fig.1.1.a). 

 

 

Figure 1.1.a: Example of the quality and precision achieved by the excimer laser drilling plastic. This is a 

75 micron thick polyimide with 50 micron diameter holes (left). Section of electrode structure for Flat 

Panel Displays by polyimide treatment on copper substrate using the third harmonic of a Nd:YAG laser.   

  Writing sub-micron period relief gratings on polymer surfaces. This is of a great practical importance 

for optoelectronic device applications and also provides a gauge of the potential resolution that might be 

attainable via ablation machining [7].   
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 Fabricating microchannels in polymers for ‘’lab-on-chip’’ components [8] (Fig.1.1.a). 

 Forming complex 3D surface relief structures using programmed mask scanning or diffractive optics 

techniques. Applications for this include micro-optical components such as diffractive lenses [9].  

   Stripping polymer insulation from fine wires [10] and the acrylic jacket from optical fibers [11], for 

which nanosecond processing is advantageous.   

 The laser induced removal of unwanted layers with great accuracy has featured a useful method for 

artworks restoration and the protection of cultural heritage [12, 13]. The excimer laser irradiation can 

successfully remove the upper layers of oxidized varnish which usually cover the surface of artwork 

paintings as well as undesired overpaintings (Fig.1.1.b). In addition, the on-line control of the laser 

treatment procedure by using optical or other analytical techniques can ensure the close control of the 

laser art restoration process aiming to the avoidance of any damage of the substrate. The most common 

used diagnostic techniques comprise the Laser Induced Fluorescence (LIF) technique, the Laser Induced 

Breakdown Spectroscopy (LIBS), the direct imaging (reflectography) and the holography. The structural 

composition of the layers to be removed is firstly determined by employing the latter techniques. The 

most crucial parameters for the removal of those layers are the laser wavelength and the laser fluence of 

irradiation. The typical FLASER values for varnish removal vary between 200 mJ/cm2 and 800 mJ/cm2 and 

for paint removal the laser fluence may exceed 1 J/cm2. The laser art restoration is discussed in more 

detail in a following section.   

  



Section 1.1.: UV polymer laser ablation and applications 

                                              
 

Alexandros Selimis – PhD Thesis Page 12 

 

Figure 1.1.b: Laser restoration of a painting by irradiating its surface with an excimer laser.  

  

 Excimer laser ablation may be exploited as a means of pattering organic films for display use 

and also it offers the possibility of growing novel organic layers by ablation deposition [14]. 

 Vision problems that can be restored via photorefractive keratectomy: myopia; the cornea is too 

convex increasing the distance from the retina, astigmatism; the cornea does not have a round shape 

but rather has an elongate form and thus, both near and far objects seem to be distorted (Fig.1.1.c).  
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Figure 1.1.c: Structure of a human eye (left) and picture of restoration of human eye problems upon 

pulsed laser treatment (right). 

 

The laser beam sculpts by ablation the cornea aiming to a better shaped one, allowing thus the light to 

be focused with accuracy on the retina. In particular, LASIK (Laser Assisted in Situ Keratosmileusis) is 

a procedure that permanently changes the shape of the cornea using an excimer laser. A knife, called 

microkeratome, is used to cut a flap in the cornea. A hinge is left at one of this flap which is folded 

back revealing the stoma, the middle-section of the cornea. Pulses from a computer-controlled laser 

vaporize a portion of the stroma and the flap is replaced. With this way the different focusing 

problems are successfully encountered.    

 The identification of various species. The material ejection in air phase combined with the mass 

spectrometry technique, are used with success as an analytical technique in industrial applications 

and environmental studies. In addition, in biology research, the Matrix-Assisted Laser Desorption 

Ionization (MALDI) is commonly employed for the characterization of enzymes, proteins, DNA and 

drugs. MALDI is a soft ionization technique used in mass spectrometry, allowing the analysis of 

biomolecules (biopolymers such as proteins, peptides and sugars) and large organic molecules (such 

as polymers, dendrimers and other macromolecules), which tend to be fragile and they fragment 

http://en.wikipedia.org/wiki/Ionization
http://en.wikipedia.org/wiki/Mass_spectrometry
http://en.wikipedia.org/wiki/Biomolecule
http://en.wikipedia.org/wiki/Biopolymer
http://en.wikipedia.org/wiki/Proteins
http://en.wikipedia.org/wiki/Peptides
http://en.wikipedia.org/wiki/Sugars
http://en.wikipedia.org/wiki/Organic_chemistry
http://en.wikipedia.org/wiki/Molecules
http://en.wikipedia.org/wiki/Polymers
http://en.wikipedia.org/wiki/Dendrimers
http://en.wikipedia.org/wiki/Macromolecules
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when ionized by more conventional ionization methods. The ionization is triggered by a laser beam. 

A matrix is used to protect the biomolecule from being destroyed by direct laser beam and to 

facilitate vaporization and ionization (Fig.1.1.d). 

 

 

Figure 1.1.d: Operation principle of MALDI. 

http://en.wikipedia.org/wiki/Laser
http://en.wikipedia.org/wiki/Laser
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Chapter 1: Introduction 
Section 1.2 Phenomenological description of polymer laser ablation 

An important parameter of polymer ablation is the thickness of the removed material per 

laser pulse, namely the etching rate. Various data have been provided by many studies concerning the 

dependence of the etching rate, x, on the laser fluence (FLASER) for a great variety of irradiated 

polymers and laser wavelengths. The etching rate (x) is usually determined by employing the 

profilometry technique for measuring the depth of the etching crater (h) formed after irradiation by n 

pulses, namely x=h/n, constituting thus a mean value. However, in several cases, various sensitive 

techniques have been employed for the determination of the etching rate pulse per pulse. It seems 

that a certain laser threshold fluence, Fthr, must be exceeded for significant material removal to take 

place. This is a characteristic observed not only upon UV irradiation but also upon irradiation at a 

great variety of laser wavelengths, from the long wavelengths of IR spectrum to the corresponding 

short ones of the Vacuum UV (VUV) spectrum. Nevertheless, upon irradiation at UV and VUV, the 

Fthr value can be really low, with typical values Fthr  20 – 200 mJ/cm2, depending on both polymer 

and laser wavelength.   

 Material having thickness from some nm to several μm can be removed, depending on laser 

parameters and sample properties, forming a well defined imprint on the surface. The quantity of the 

removed material increases with the laser fluence. The dependence of the material removal rate or 

etching rate on laser fluence is shown at Fig.1.2.a, the so called etching rate curve.  
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Figure 1.2.a: (Α) The etching depth versus the incident laser fluence. (Β) Temporal analyzed photos of 

the material ejection following irradiation at 248 nm of doped polymer (2wt% diphenyl in PMMA). The 

nature of the ejected material as well as the time scale may differ depending on both laser fluence and 

material properties. The last photo shows the side view of the ablated polymeric surface.  

 

The laser induced modifications on the polymer surface upon ablation have been examined by 

optical microscopy technique and Scanning Electron Microscopy (SEM) with a resolution up to 1 μm. 

These techniques have proven really helpful for examining not only the deeper etching imprint 

surface (if it is smooth or not) but also the change due to melting and/or gas desorption, if any. In 

addition, the observation of solid vestiges deposition (debris) inside and around the etching imprint 

can be verily informative. On the other hand, the X ray photoelectron spectroscopy can provide one 

with crucial information concerning the chemical composition of the first 100 Å of the etching 

imprint. This technique has clarified that after the first laser pulse, the composition of the polymer 

surface changes definitively in a depth of at least 50-100 Å. The latter information is confirmed by the 

A) B)
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contact angle measurement of water on the new altered surface. The Rutherford backscattering 

technique is also employed for studying the composition of the etched surface.          

    However, a great number of complex processes take place beyond a simple phenomenological 

description. The dynamic nature of the phenomenon is revealed by the temporal analyzed 

photography of the material ejection procedure (Fig. 1.2.a). There is a great controversy concerning a 

well defined definition of the phenomenon. Laser ablation is usually described as the macroscopic 

(from some nm to several μm) material removal, but obviously this is not but a phenomenological 

description of the phenomenon. However, upon irradiation of a polymer by increasing the laser 

intensity (from low enough intensities to high enough ones) various chemical and structural 

modifications are observed, vitiating thus a proper definition of laser ablation.   

 The various processes which take place upon irradiation with nanosecond (ns) duration laser 

pulses differentiate by increasing the laser fluence which determines the ’’amplitude’’ of the laser 

induced material disorder. The former can be classified as following:  

At low laser fluences, the simple excitation of absorbing chromophores dominates. At those 

fluences, the thermal effects are extremely small or minimal and consequently we may assume that 

the laser beam hardly affects (thermally) the material.  

By increasing the laser fluence, there is a variety of values below the ablation threshold, for 

which laser irradiation induces morphological changes and some material loss. It seems that at those 

intermediate laser fluences, and as far as it concerns ns laser pulses, a mechanism of thermal 

desorption and evaporation takes place. In particular, the observed mass loss at those fluences is 

ascribed to the thermal desorption of fragments and by-products (formed upon laser irradiation) 

weakly connected to the polymeric matrix. In other words, at this range of laser fluences, the ejection 



Section 1.2: Phenomenological description of polymer laser ablation - Limitations 

                                              
 

Alexandros Selimis – PhD Thesis Page 18 

of chemical species from the substrate has to do with their binding energy to the material, namely   

𝑒−
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔

𝑘𝑇 . For instance, upon irradiation of polymers at weakly absorbed wavelengths (e.g. PMMA 

at 248 nm), a swelling of the order of μm is usually observed at the polymer surface. The swelling is 

commonly ascribed to the formation of gas by-products which remain at the substrate without being 

desorbed.   

In general, at even higher laser fluences, a significant (from some nm to several μm) material 

removal is observed which seems to be a non selective one. That is to say, a whole layer of the 

substrate is removed without any particular dependence on the nature, the size, etc. of the particles 

necessitating the action of other mechanisms, namely the explosive boiling, the propagation of elastic 

waves and photochemical processes (described further at the corresponding sections). In that case, 

the quantity (density) of the ejected particles (material) cannot be associated with specific binding 

energies. Furthermore, at high light intensities, some of the ejected atoms or molecules can be 

ionized contributing thus to plasma formation or plume, consisting of ions and free electrons. Upon 

plasma cooling, the recombination of the ions with the free electrons results in the creation of new 

excited species de-excited by fluorescence emission. The latter one is characteristic of the sample 

elements.               

Hence, the classification of the mechanisms taking place at the various laser fluences as well 

as the comprehension of their action is essential for the optimization and the further development of 

laser ablation applications.  

The laser ablation products can be classified accordingly to their morphology. The first 

category includes the volatile stable chemical compounds with molecular weight ordinarily less than 

200 which have been analyzed by employing the mass spectrometry technique. Even though the mass 
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spectrometry technique is of great accuracy (of the order of picograms), the quantitative valuation of 

an ingredient in a mixture of many products is not an effortless one. It is more practical for one to 

employ the use of gas chromatograph combined with a mass spectrometer in order to dissociate the 

mixture of products to its ingredients and then each of the latter ones to be measured separately. This 

technique, however, is especially slow and difficult to be achieved with the maximum accuracy.     

The second category comprises the clusters of great mass ejected in solid phase. According to 

R. Srinivasan, the clusters constitute the greater by weight percentage of the laser ablation products 

(the validity of this result has strongly been disputed). Following their ejection, a part of them settles 

on the etching area sides. The latter material can be collected and analyzed by established chemical 

methods.     

 

Phenomenological models  

From the variety of the phenomenological models which have been proposed for describing 

the features of the etching curves (i.e. the dependence of the removed material thickness on laser 

fluence), two are extensively referred in literature: the so-called steady-state model and the blow-off 

model [15-23].   

Both of them rely on the assumption that material removal occurs at a fixed absorbed energy 

density (per unit mass), once the laser fluence exceeds an ablation threshold value, Fthr. The former 

model [17-23] assumes that the absorbed energy is uniformly diffused to a certain depth l, where 

therefore enough energy exists for material ejection. By increasing the laser intensity, the material to 

be desorbed δ increases by,  
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  , for FLASER>Fthr (1), 

where Ecr  represents the critical energy per unit mass (sometimes referred as ablation enthalpy [23]) 

and ρ is the density. The above relation assumes that the rate of energy deposition is balanced by the 

rate of energy removal due to material ejection, which accounts for the steady case character of the 

model. In order for this balance to be achieved, the material ejection should start early on during the 

laser pulse. Hence, strictly speaking, this model can be applied in microsecond (ms) or longer laser 

pulses.        

Nonetheless, in the case of ns laser pulses, the above balance presumed by the last relation is 

not, in general, accomplished. In that case, one may support that material ejection is mainly 

determined by the spatial distribution of the absorbed energy. The basic assumption is that for a 

given incident energy, the whole material in a certain depth ‘’exposed’’ to a laser fluence above the 

ablation threshold Fthr is removed. It is that premise [15] that eventuates in the so-called blow-off 

model for ns laser pulses. According to Beer’s law for the absorption procedure, the dependence of the 

etching depth δ on the incident laser fluence is given by the relation:  
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   , for FLASER ≥ Fthr (2), 

where Ftr represents the laser fluence transmitted into the depth δ and αeff  is the effective absorption 

coefficient. FLASER corresponds to the incident laser fluence assuming no reflection. Therefore, the 

thickness of the ejected material increases gradually with FLASER (Fig.1.2.a). It is for this reason that the 

blow-off model is also referred as the layer-by-layer removal model. According to this model, the 

absorbed laser fluence in a depth δ is of principal importance, whereas, the energy absorbed by the 
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ejected layers is necessarily ’’consumed’’ since it is mainly converted to kinetic energy of the ejected 

materials.  

 According to relation (2), for a great value of α, sufficient energy to induce material removal is 

absorbed in a shallow depth, whereas, the light penetration into the bulk material is highly reduced, 

limiting, thus, any induced thermal or chemical effects there. Consequently, the material is removed 

with a minimal morphological modification or any other side effects, resulting in a particularly 

smooth surface. The latter one is commonly referred as clean etching. 

        According to the both above mentioned relations,  
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  (1)  and  )ln(
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    (2), 

the parameter which crucially determines the various induced procedures is the laser ablation 

threshold (Fthr). The ablation threshold corresponds to the minimum required laser fluence for non 

selective ejection of a volume of material to occur. In general, the ablation threshold value scales as 

Ecr/αeff (the proportionality constant being dependent on the units employed for Ecr). Therefore, it 

depends strongly on the substrate absorptivity, while Ecr reflects the dependence on other material 

properties, such as the cohesive energy.    
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Figure 1.2.b:  The etching depth dependence on FLASER in the framework of the ‘’blow-off’’ model for two 

different absorption coefficients. For a great α, the small penetration depth of the laser beam results in a 

small etching depth which increases slowly with FLASER, whereas for a small α, the ablation threshold is 

higher, but, once it is exceeded, the laser beam penetration into greater depth contributes to the steep 

slope of the etching depth curve versus FLASER (left). The same results in semi-logarithmic scale (right).    

 

 

 

 

 

 

Limitations and experimental difficulties 

 

It is worth mentioning that the values referred in relations (1) and (2) are usually chosen 

empirically, since they cannot be directly associated with other known material parameters. Thus, the 

graphs do present a linear dependence of δ on ln(FLASER), as it was expected by relation (2), yet in 

many cases their slope deviates enough from 1/α.  

In order to determine the etching depths, values of absorption coefficients measured at low 

light intensities are commonly inserted in relation (2). Unfortunately, the estimated under this 

consideration etching depths diverge significantly from the experimental ones. One of the reasons for 

this divergence is the fact that the effective absorption coefficient upon laser ablation may differ 

considerably from the linear corresponding one. Those deviations of the absorption coefficient are 
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mostly accounted to the great thermal and chemical changes induced upon laser ablation, altering 

significantly the substrate optical properties. In addition, the excitation of electrons may be modified 

either due to saturation or because of multi-photon processes.     

Regarding the laser ablation applications, the most important note is that the optical 

penetration depth, and thus the extent of any thermal effects and chemical changes, can differ 

substantially from what it would be expected on the basis of a linear absorption coefficient of the 

material. Unfortunately, there is not a definite model predicting the relative importance of such 

processes in different materials. In addition, even when referring to the same system, dynamical 

changes of the absorption coefficient can occur depending on the employed laser wavelength.  

At higher laser fluences, two additional factors may affect considerably the propagation of the 

incident light: the formation of gas bubbles in the material and the plume formation. The former may 

provoke significant scattering of the laser light upon its propagation in the material. On the other 

hand, the latter being of greater importance, has to do with the light scattering and absorption by the 

plume itself, reducing thus the light intensity reaching the substrate. Nevertheless, both factors are 

responsible for the plateau observed at high laser fluences at the etching rate curves.      

Beyond the above restriction, the etching depth measurements are further limited. In 

particular, the irradiation with several laser pulses may induce different morphological alterations 

and material removal rates. It may also cause chemical modifications at the substrate, resulting in a 

change of the absorption coefficient and, thus, in the reduction of the laser fluence value required for 

material removal to occur. Therefore, even upon irradiation at FLASER slightly lower than the ablation 

threshold value, ablation may take place after a certain number of pulses (incubation effect) [15-18]. 

Similarly, upon ablation at laser fluences somewhat higher than Fthr, the thickness of the removed 

material per pulse varies among the number of pulses until, eventually, a stable etching depth per 
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pulse is achieved. However, even the great importance of the employed number of pulses for ablation, 

this dependence is customarily ignored.      

Furthermore, the profilometry technique (employed for the etching depth measurement) 

even if it is a handy one, it is also liable to mistakes since the irradiated surface may be irregular. 

Indeed, in the case of weakly absorbing systems which exhibit swelling upon irradiation at 

intermediate laser fluences, the determination of the fluence value at which etching really occurs can 

be very troublesome. Finally, the comparison among the various experimental results can be thrown 

into confusion depending on the number of pulses used in each experimental study. The resultant 

ablation threshold values are not necessarily the same.                   

 

Experimental temperature measurements 

            Given the important role of temperature as an essential feature upon laser irradiation, it is 

worth mentioning the experimental techniques of its measurement. An experimental estimation of 

the temperature evolution is far from being a simple one. The temperature measurements are rather 

untrustworthy, since the temperature changes upon pulsed irradiation are very fast, while the 

ordinary measurement instruments have a much slower time response. The temperature may be 

measured by employing thermocouples attached to the substrate, but it is crucial them to be close to 

the irradiated area and the sensors to have a fast time response. Measurements of high accuracy may 

derive from the Stokes/Anti-Stokes ratio upon Raman measurements.    



Section 1.3:  Excitation processes and Polymer Ablation Mechanisms                                              

 

Alexandros Selimis – PhD Thesis Page 25 

Chapter 1: Introduction 
Section 1.3 Excitation processes and Polymer Ablation Mechanisms 

 Various mechanisms have been proposed to interpret the experimental findings of the UV 

polymer ablation studies. Originally, it was believed that it was a pure photochemical effect deriving 

from the direct bond breaking by UV photons [15, 16]. Gradually, laser heating of materials became 

evident to be significant and a pure thermal nature of laser ablation was taken into account [24]. 

However, laser ablation of polymers is a complex phenomenon given their complexity and polymer 

ablation is distinguishable from laser ablation of other materials such as metals, semiconductors, 

inorganic dielectrics or molecular solids. 

  The first step of the laser ablation process will in any case and definitely be the absorption of 

the photons and the creation of excited states. The laser beam energy absorbed by the substrate may 

induce a number of various processes. It is customary them to be classified into three main 

categories: the thermal effects, the photochemical modifications and the photomechanical effects. 

Upon weak irradiation, this demarcation is rather justifiable due to the low influence of laser 

irradiation on the substrate. However, upon strong irradiation, a coupling among the different effects 

may take place making, thus, this classification controvertible. Therefore, laser ablation can be 

defined phenomenologically by examining the etching depth curves, but its mechanism(s) is (are) not 

really comprehensible.  

 An alternative method to discriminate the different models describing the polymer laser 

ablation is to classify them into surface and volume models [24]. The former describe the ablation by 

employing processes taking place within several monolayers, while the latter rely on processes 

occurring within the bulk of the material. Therefore, the proposed models have the following 

characteristics:  
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(a) the photochemical surface models being valid for high irradiation laser fluences and long pulse 

lengths.   

(b) the thermal surface models which succeed in describing the Arrhenius tail-material loss from the 

substrate below the ablation threshold (see next paragraph) but they fail to describe the sharp 

ablation thresholds.  

(c) the photochemical volume models which do predict a sharp ablation threshold and linear 

dependence of ablation rate with the logarithm. Nevertheless, they cannot explain the Arrhenius tail 

observed in measurements with QCM (see next paragraph).   

 In any case, there is a variety of experimental data needed to be explained by such models. The 

most basic ones include: 

(a) The etching depth, as measured by profilometry (optical interferometry, stylus profilometry, 

atomic force microscopy), increases abruptly once a certain laser fluence value has been exceeded 

(the ablation threshold).  

(b) The observation that mass measurements by employing sensitive quartz crystal microbalances 

(QCM) techniques or mass spectroscopy technique, reveal a so-called Arrhenius tail-material loss 

from the substrate below the ablation threshold.   

(c) Even though the functional dependences described in relations (1) and (2) are convenient, they are 

not but idealized ones relying on specific assumptions and simplifications, since various processes 

contribute to material ejection and the exact shape of the etching curves may differ according to the 

laser and material parameters [18]. Hence, it is understandable that those relations may either not 

have a general application or fail to interpret the whole etching curve. For instance, a more 
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scrupulous examination shows that the various parts of the etching curves have different 

dependences: below the ablation threshold, an exponential dependence may be valid, whereas, close 

to ablation threshold, δ can be linearly dependent on (FLASER-Fthr) even for ns laser pulses (without 

this dependence being necessarily described by the relation
cr
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  ). In addition, other 

processes, such as the absorbance of the incident irradiation by the ejected plume, may affect the 

shape of the etching curves. Conclusively, the etching curves provide one only with a limited 

conceivability of the intrinsic physical mechanisms.    

(d) How the changes induced upon laser ablation as well as the dependence of ablation efficiency and 

other various ablation characteristics on polymer physical properties and chemical composition can 

be explicated?  

 

        At high enough laser fluences, the ablation rates of most polymers are similar and are limited 

due to the strong scattering of the incident irradiation by the ejected material and the formed plume. 

For this reason, the ablation rates at high laser fluences scarcely give information concerning the 

ablation mechanisms.  

       The composition of the ablated from the polymer surface material is of great importance for the 

comprehension of the chemistry of the procedure. Nevertheless, a variety of difficulties interfere with 

the ablation products study. The number of difficulties includes the following:      

(a) The collected and analyzed ablation products of various systems show that the products may 

involve from atoms and diatomic molecules to volatile polyatomic molecules of a small molecular 



Section 1.3:  Excitation processes and Polymer Ablation Mechanisms                                              

 

Alexandros Selimis – PhD Thesis Page 28 

weight (less than 200 Da) and polymer fragments (with molecular weight up to 10 kDa). Such a 

compound mixture of materials cannot be easily analyzed by just one technique.  

(b) the products composition changes according to the UV applied wavelength, the laser repetition 

rate (since it affects the losses of any thermal energy remaining at the substrate between two pulses), 

the number of pulses and the laser fluence value, given that by increasing the laser fluence the initial 

ablation products dissociate further by the incident photons.  

(c) Even though the etching rate per pulse may not be dependent on the air pressure at the polymer 

surface, the products doubtless react with the air oxygen and nitrogen.   

(d) The clean quantity of the formed products is of the order of several milligrams upon typical 

experiments at a laboratory scale and given also the great variety of products, as it was described 

previously in (a), it is understandable that the analysis is hindered.   

(e) The commercial polymers contain various additive chemical compounds in order to ameliorate 

their physical and chemical properties. They may also contain polymer remainders, catalysts and 

admixtures. Polymers free of such admixtures (ingredients) can be prepared in research, but it must 

be underlined that the results obtained by their study cannot be compared to the corresponding ones 

derived from the study of commercial samples.  
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Chapter 1: Introduction 
Section 1.3.a Photochemical ablation mechanism 

 The photochemical processes have been proposed to dominate or at least to contribute to the 

material ejection upon irradiation of photo-unstable systems. According to this model, the formation 

of a great number of photo-fragments with high translational energies and the high pressure exerted 

by the gas photoproducts may result in material ejection. 

        According to this mechanism, UV laser ablation of molecular solids is directly related to the 

cleavage of chemical bonds and to the formation of new products. The model assumes that material 

ejection from molecular systems occurs once the number of broken bonds exceeds a critical value.  

        The photochemical mechanism had already been proposed since the first ablation studies aiming 

to the interpretation of the clean etching observed upon irradiation by UV laser pulses, but not by the 

IR corresponding ones. This model proposes that heat production and diffusion to the bulk is limited 

since the photon energy is mainly ’’consumed” to bonds cleavage. This argument seemed to provide a 

relatively simple and prototypal approach of the minimal thermal ’’burden’’ to the substrate upon UV 

laser ablation. Therefore, the photochemical mechanism became enough popular as it concerns the 

interpretation and growth of the ablation applications. 

 In its simplest version, the photochemical mechanism presumes that material ejection from 

molecular systems takes place once the number of broken bonds exceeds a critical value: 
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where η is the quantum yield and N corresponds to the total number density of absorption centers 

(chromophores), i.e. if   cr

DD NzzN   then from Beer’s law it is obtained that 
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  . Presumably the formation of a large number of photofragments with high 

translational energies leads to material ejection. On the other hand, usually there is no criterion in 

specifying the critical number of bonds to be broken. A different scenario adopts that the fragments 

formed upon photolysis produce gases (e.g. CO2, CH4) when reacting with surrounding molecules. In 

that case, the high pressures exerted by the expanding gases in the underlayers lead to material 

ejection.   
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Figure 1.3.a:  A suggested decomposition scheme for the laser induced (308 nm) decomposition of 

PMMA. The steps 1 and 2 show the photolysis of ester (the typical small products detected by mass 

spectrometry) and of the double bonds formed upon incubation (end chain and chain). The step 4 shows 

the photochemically and thermally activated reaction to form MMA (= decomposition).  

 

 Nevertheless, even in the case of simple and well defined molecular systems, the appreciation of 

such model has proved difficult. Indeed, the study of UV laser ablation has led to a controversy 

between photochemical and photothernal mechanisms. Nonetheless, there is a more and more 

extended acquiescence concerning the domination of a thermal mechanism upon UV laser ablation of 

common organic and polymeric systems. For instance, the study of polymers doped with highly 

photo-unstable chemical compounds, having quantum efficiency close to unity, has revealed that 

laser ablation is adjusted by the amount of the absorbed energy. Only upon laser ablation at 193 nm of 

several specific designed polymers, which upon photolysis produce a great number of gas byproducts, 

there are some findings not comported with a thermal mechanism.          

         More recent theoretical and experimental studies, even if they reject the extreme case of the 

exclusive action of a photochemical mechanism, they suggest that the chemical processes, like the 

cleavage of bonds, may contribute to material ejection. In addition, beyond the pressure exerted by 

any gas by-products, the heat released upon exothermic reactions contributes to an effective material 

ejection. Consequently, the ablation threshold value is expected to be at lower laser fluence than it 

would be in the absence of such reactions. Given now all these disputations, it is rather difficult to be 

sure for the application of a photochemical mechanism in the irradiation of chemically complex 

materials (polymers).        
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Chapter 1: Introduction 
Section 1.3.b Photomechanical ablation mechanism 

Another mechanism proposed to take place or at least to contribute to material ejection 

upon laser ablation is the photomechanical one relying on the development of stress waves with 

several hundred bar amplitudes [25-29].  The absorption of laser irradiation may provoke a rapid heat 

of the substrate. Normally, the high attained temperatures suggest the substrate thermal expansion, 

which may not be feasible under the very high heating rates related to ns or shorter laser pulses. 

Thus, the heating may take place under a  nearly constant volume (isochoric) condition, resulting in a 

pressure increase by   
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where β represents the thermal expansion coefficient, cV is the heat capacity at constant volume, κT is 

the isothermal compressibility and acpulse   , where  sac c1  (cs the speed of sound in the 

medium) is the time required for an acoustic wave to traverse the irradiated thickness. The factor in 

the parenthesis corrects for the stress amplitude reduction due to the wave propagating out the 

irradiated volume during the laser pulse (under the assumption that it has a rectangular time profile). 

          It is that pressure rise that results in three waves (appropriately termed thermoelastic) 

propagating through the material: 

  A radially propagating cylindrical wave, which can usually be ignored for beam diameters from 

millimeters to centimeters, significantly wider than the light penetration depth of typically few 

micrometers and two plane waves counter-propagating along the beam axis (one towards the 
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surface and the other into the sample). The wave that travels towards the free surface 

(substrate/air interface) suffers a change of amplitude sign upon reflection from it, due to the 

higher acoustic impedance of the irradiated medium, sc , than that of air. Physically, the 

thermal expansion directed into the medium generates compression stress whereas the 

outward expansion generates tensile stress (rarefaction wave) (Fig. 1.3.b). Thus, the axial 

wave produced by this mechanism is bipolar as evidenced in measurements by piezoelectric 

transducers attached to the substrate. 

 

 

Figure 1.3.b: Schematic illustration of the laser induced generation of thermoelastic waves. (a) the 

thermal expansion of the laser heated volume provokes a mechanical tension, (b) upon propagation 

from the free surface a tensile strength is developed with increasing amplitude. Once the tensile strength 

exceeds a certain value, then detachment and material ejection from the front surface take place. The 

elastic wave due to thermoelastic mechanism is drawn at the right versus time [26].    

Time
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The faster the heating, the higher the magnitude of the generated thermoelastic stress in the 

medium, with the ultimate efficiency attained for heating time much faster than the time 

required for stress to propagate through the irradiated depth, i.e., for seffpulse c 1  (“stress 

confinement regime”). In the case of organics, another important source of elastic waves 

derives from the expansion of any gases produced upon thermal or photochemical 

decomposition within the substrate [26-28]. Various research groups by employing mainly 

piezoelectric crystals have reported the generation of elastic waves with amplitude of several 

hundred bars upon excimer laser irradiation of tissues and polymers. 

 If the pressure wave amplitude exceeded the substrate tensile strength (meaning the 

minimum tension pressure required for material fracture), material would be ejected 

essentially via fracture (Fig. 1.3.b). This way of material removal constitutes the 

photomechanical ablation mechanism.  Since fracture can occur without the overheating of 

the material implied by the thermal mechanism, it offers the possibility for “cold” ablation. 

As a result, it has attracted much attention, in particular in medical applications. Indeed, the 

operation of a photomechanical-based ablation can be significant in the nanosecond laser 

irradiation of liquids, as well as in soft tissues (largely because of their low tensile strength). 

On the other hand, for (thick) polymeric substrates (i.e. in the absence of interfaces), for 

typical UV nanosecond pulses, the generated stress waves turn out to be rather weak for 

being exclusively responsible for material ejection. For irradiation above the ablation 

threshold, a third source of stress wave relates to the back momentum exerted by the ejected 

material (independently of the mechanism responsible for its ejection). This results in a 
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compressive wave propagating through the substrate. The peak stress amplitude (and its 

scaling with incident fluence) depends on the time scale of material removal, as well as on 

the nature of the process. At even higher fluences where plasma formation becomes 

significant, the pressure relates to the plasma expansion, in which maxP  scales as 
4/3

LASERF  

[28].   
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Chapter 1: Introduction 

Section 1.3.c Photothermal ablation mechanism 

 

          The de-excitation, in solids or liquids, is very fast; picoseconds for the vibrational states and 

nanoseconds for the electronic ones. Thus, upon light absorption and at least regarding the 

irradiation with nanosecond or longer pulses, an amount of the absorbed energy is converted to heat 

and the thermal effects should be definitely considered. In absence of any mechanisms ’’consuming’’ 

the energy laser, the attained temperature in a depth z at the substrate is given by the relation,    

  e
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         The numerator represents the absorbed energy per unit volume in depth z. However, the 

temperature distribution changes with time due to heat diffusion. By assuming a planar heat source, 

the temporal temperature evolution in depth z at the substrate is described by the relation,    
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where Dth is the heat diffusion coefficient and t the time after the laser pulse. The above relation 

derives from the fact that the heat flow q between two points is proportional to the gradient of their 

temperatures,  LTkq   where ΔL is the distance between the two points and thP Dck   is 

the thermal diffusivity. Hence, the temperature of a point changes as a result of heat diffusion
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 . Therefore, during time t, the heat wave propagates towards the bulk material in a 
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distance corresponding to the   21
2 tDl thth  . Given the heated depth by the laser 1 , the time 

required for thermal equilibrium to be achieved in that depth is  
2

1

effth

th
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  and it constitutes the 

characteristic thermal diffusion time. In  the case of organic substrates, Dth  10-3-10-4 cm2/s (1.1x10-3 

cm2/s for PMMA) and α  102 cm-1 (referring to weak absorption systems, e.g. acrylics at 308 nm) up to 

α  105 cm-1 (strongly absorbing organics). Thus, tth values may vary from several tens of μs (strongly 

absorbing organics) up to ms (weakly absorbing organics). Consequently, in shorter employed times, 

the heat remains in the irradiated volume, and high temperatures can be attained even upon 

irradiation at intermediate laser fluences.    

         At the attained temperatures, the polymer material is ordinarily thermally decomposed [30-35]. 

Thermal dissociation, a typically unimolecular reaction, usually follows an Arrhenius equation with 

rate   TRE GactAeTk


 , where A is the pro exponential factor, Eact represents the activation energy and 

RG is the universal gas constant. In the case of organic material, A  107-1010 s-1 and Eact  50-200 

kJ/mole. For a certain thermal transition, the number of bonds thermally dissociated in time t may be 

expressed by the relation  
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exp . If the dissociation results in enough small 

fragments or oligomers with small cohesive energy to the polymeris matrix, they can eventually be 

desorbed. By this way, energy is removed from the system reducing, thus, the substrate temperature. 

In Fig.1.3.c, it is shown the temperature evolution with depth in a polymer substrate after irradiation 

at three different laser fluences.  
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Figure 1.3.c: (Α) The material removal velocity for different laser fluences as it is estimated in the 

framework of the bulk photothermal model. At fluences <35mJ/cm2, no material removal occurs; thus 

the velocity is zero (the estimation was done for polyimide with α=3,2x105cm-1, λ=248nm) (Β) Estimation 

of the temperature distribution versus depth.  

 

         For ns or shorter pulses and at high enough laser fluences, the material decomposition and 

ejection take place very fast so that the heat diffusion at the bulk is minimal. In contrast, for 

microsecond laser pulses, the heat diffusion and the consequent thermal decomposition are 

considerably extensive. This differentiation can be described by how much 
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 is greater 

than the laser pulse duration. If this condition is fulfilled, it is said that the process is performed 

under thermal confinement.    

         The so far description provides us the basis of the so called photothermal ablation mechanism. 

According to this model, ablation comes exclusively from the material thermal dissociation and 

desorption. In that case, the minimum energy per unit mass or volume required for material ejection 

is given by difftransfP HHTcE   , where the first term corresponds to the required energy for 
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heating a mass up to its decomposition temperature, the second term represents the energy required 

for polymer decomposition and the last term is the energy lost upon heat diffusion at the lower sub-

layers. Therefore, in conformity with what is mentioned above, the ablation threshold value is



difftransfP

thr

HHc
F


 . That means that, in the case of a high heat diffusion coefficient, Dth, 

there are great heat losses at the sub-layers resulting in an increase in the ablation threshold value. 

More detailed description can be obtained by employing the heat diffusion equation. In this case, 
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, where V is the material removal rate, K the heat conductivity, ρ is 

the density, CP corresponds to the heat capacity, I is the laser intensity and z the depth (distance) 

from the moving surface (with z=0 corresponding to the surface). This equation has two boundary 

conditions: firstly, sz HV
dz

dT
K  0|  which describes the temperature change at the surface due to 

the energy removed by the desorbed material (ΔHs corresponds to the enthalpy for gas 

transformation of polymer). Secondly,     in

roomTtTzT  0 where 
in

roomT  is the initial room 

temperature. The rate of material removal is presumed to be sBa TkE
eVV


 0 .          

  It is usually used the heat diffusion equation by employing enthalpy since the latter is more 

convenient when phase changes (including melting) are employed. The just referred equation, within 

the framework of a receding surface in the z direction, is expressed as
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0

 , int  is the interface velocity and ξ 

is the thermal conductivity. The solution of the equation requires the determination of the 

appropriate boundaries conditions regarding, for example, the energy loss at the surface due to 
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material removal. A satisfactory solution has been obtained only for ablation with long pulses, in 

which case, a steady state condition can be attained (as in the case of the equation
cr

thrLASER

E

FF





 , 

FLASER≥Fthr, where the material removal rate during the laser pulse is constant). However, this 

condition is difficult to be achieved in the case of irradiation with ns laser pulses. 

           The appropriate approximations for solving the equation in the non stationary case are 

extensively discussed in literature [24]. In this case, the material removal rate is obtained either by 

the temperature attained at the surface or by the condition that a critical concentration of broken 

bonds is reached. The former condition leads to the surface photothermal model, whereas the second 

one directs to the volumetric photothermal model. The applicability of each model depends on the 

substrate absorptivity, with the surface model being more appropriate for highly absorbing substrates 

(e.g. metals), while the volumetric one is suitable for weakly absorbing substrates. Yet, despite the 

various approximations, the volumetric photothermal model has successfully interpreted the most 

experimental results of polymer ablation. 

           Upon laser ablation, the back pressure exerted by the ejected material, pushes the fluid towards 

the edges of the irradiated area. Upon cooling, this fluid material resolidifies resulting in the 

formation of irregular edges. Such morphological features are commonly employed as diagnostic 

tools for the interaction mechanism. Hence, the absence of a melting zone surrounding the irradiated 

area is usually considered to be evident of a non thermal mechanism; however, this is not essentially 

the case. The depth at which the material melts as well as the melting duration is significantly 

reduced with absorption coefficient. In addition, the material flow velocity is considerably affected by 

the melting depth: given a high viscosity fluid, the presence of the adjacent solid interface limits 
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importantly the flow velocity. Thus, even a simple thermal mechanism may result in perfectly regular 

limits of the irradiated area.     

 

Explosive boiling 

         Explosive boiling has become a quite favorable mechanism for metals, semiconductors and 

simple molecular solids. The processes that take place upon explosive boiling can be comprehended 

in terms of the usual (P, T) thermodynamic diagrams, at least for a simple compound. Upon a slow 

heating process, the system follows the binodal and the transition from liquid to gas can be 

mentioned as vaporization. The liquid-gas transition is well described by the Clausius-Clapeyron 

relation 
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, where P is the pressure at temperature T and P0 corresponds 

to the reference pressure at the reference temperature T0 (T0 is usually the boiling point at P0 = 1 atm).   

        Gibbs thermodynamic theory predicts two limits for the existence of the condensed phase; the 

binodal line: the equilibrium (P, T) curve for the liquid and vapor, and the spinodal line: the 

boundary of the thermodynamic stability of the liquid phase. The latter line is defined by the 

condition 0


























PT S
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P
, which describes a physically impossible case. The region of meta-

stable (superheated) liquid lies between these boundaries. When crossing the binodal line, the liquid 

phase loses its stability. The system then disintegrates spontaneously into a two phase state, 

consisting of individual gas molecules and liquid droplets (Fig.1.3.d). 
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Figure 1.3.d: Typical (P, T) thermodynamic phase diagram: Illustration of explosive boiling concept.        

  

        Instead of the previous description, the metastability can be understood in terms of the barrier to 

be exceeded for bubbles formation as necessary for boiling. The creation of homogeneous vapour 

nuclei in a defect-free volume of the superheated one is accompanied by an increase in the Gibbs free 

energy. Regarding the formation of a spherical critical nucleus this increase is 
2

3

3

16

g
Gk


  with the 

parameter g characterizing the penetration depth into the region of metastable states. A given 

metastable state at the point (P0, T) can be reached by increasing the temperature from T0 to T under 

constant pressure P0 (T0 is the boiling point at P0). In this case,
 200

3

3

16




 kG  where ρ0 is the 

saturated vapor density, λ0 the specific heat of vaporization at (P0, T0) and β = (T-T0)/T0 corresponds 

to the relative superheat. Under stationary conditions, the rate of nucleus formation of homogeneous 
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nucleation at temperature T is given by the relation  TkGBJ Bk /exp  where B is a function 

with a weak dependence on both temperature and pressure compared to the exponential factor. The 

nucleation rate J(t) under non-stationary conditions is related to J as    tJtJ  exp  where t is the 

time and τ the time required for stationary nucleation establishment after instantaneous 

superheating of the system.        

        Following the previous discussion, at low heat deposition rates, no significant superheating of 

the liquid is achieved given that practically all the heat contributes to the growth of heterogeneous 

vapor nuclei (ordinary boiling) which arise in the liquid at various pre-existing centers (impurities). 

In contrast, at very high heating rates (similar to those attained upon laser irradiation), the time for 

vaporization and consequently the mass of the vaporized material within heterogeneous nuclei (the 

former suggested to be ≥ 1 μs) will be negligible; hence, the superheating close to the spinodal line 

may be accomplished. This possibility (in relation with laser damage of metals) was first reported by 

Martynyuk [44] but it was rather ignored. Later [45, 46], the molecular dynamics (MD) simulations 

and thermodynamic considerations suggested that the explosive boiling mechanism can indeed be 

feasible in laser irradiation of molecular solids.  

        On the other hand, the liquid-gas transformation does require the formation of gaseous bubbles. 

Their formation costs energetically, since energy is required for the formation of the essential 

interface. The required energy is determined by the surface tension, ς, of the compound. The overall 

work, W, necessary for the formation of a bubble of radius r is given by    23 4
3

4
rrW lv  . 

The first term, expressed in terms of the chemical potentials of the compound in the gas and liquid 

phases, represents the ’’driving’’ energy, whereas the second one corresponds to the energy (work) 

required for the interface formation. The ratio of the two terms scales as 1/r. The bubble nucleation 
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rate scales as TkW Be
 . Therefore, for very small values of r, the surface tension term is much greater 

than the driving force (with W having a large positive value). Consequently, the formation of nuclei is 

a rather slow process (μs to ms); thus, in the case of irradiation with ns laser pulses, the system can be 

heated to temperatures much higher than its boiling point, before the bubble growth takes place. 

With increasing temperature, the driving force eventually exceeds the surface tension limitation and 

the rate of nuclei formation competes with the heating rate. This leads to an ’’abrupt’’ liquid-gas 

transformation and accounts for the explosive character of laser ablation.  

         Nevertheless, the extension of the explosive boiling concept to more complex systems, such as 

polymers, is far from being well defined. The reason for this difficulty lies on the polymer complexity 

itself: with increasing the molecular complexity, thermal decomposition sets in at lower temperatures 

compared to the temperature for liquid-gas phase equilibrium. Therefore and strictly speaking it is 

not possible to define the ’’overheating’’ degree related to a reference phase transformation 

temperature. Nonetheless, the term is indiscriminately used to describe the ablation of complex 

substrates without being at the same time fully valid scientifically.                   
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Chapter 1: Introduction 
Section 1.4 Molecular Dynamics (MD) simulations 

 

           Upon a high energy photon interaction with PMMA, many possible scenarios may occur: 

          The cleavage of the ester side chain results in products such as carbon dioxide, carbon 

monoxide, formic methyl-ester and methane, eventuating in polymer chains netting. 

 At short wavelengths (157 nm and 193 nm), the Norrish II type reaction dominates with the arising 

main products being MMA monomers and smaller molecular weight PMMA chains.  

At 248 nm, the Norrish I type reaction prevails and products such as C2, CO, CO2, methanol, formic 

methyl-ester and MMA monomers are detected in the ablation plume. In fact, it has been estimated 

that there is a ratio of 1:6.25 between the main chain cleavage and the carboxyl.  

Upon irradiation at 260 nm and 266 nm, MMA, CO2, CO, formic methyl-ester and MMA without 

formic methyl-ester or methyl groups are detected in the plume.  

At 308 nm, MMA dimmers are observed.   
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Figure 1.4.a: PMMA photochemistry (left) and PMMA structure (right). The carbon atoms are in grey, 

the hydrogen atoms in white and the oxygen ones are in red. The ellipse correspond to approximations 

of relatively large particles.  

 

  B. Garrison et al. [36, 37], have recently developed a model for the simulation of the molecular 

dynamics upon light interaction with polymeric materials. A ‘’breathing-sphere model’’ is essentially 

employed and the atoms/monomers are represented by spheres that have a single vibrational degree 

(‘’breathing’’) and are connected with each other with rigid bonds (or springs). The laser radiation 

incidence on the system is simulated by randomly selecting the particles which absorb the photon 

and the effects taking place (bonds breaking or heat deposition) on the base of a chosen quantum 

efficiency. The sum of the photons participating in the model during the laser pulse is determined by 

the laser fluence. The Beer’s law is employed for the exponential reduction of the laser intensity with 

depth. The photon absorption possibility can be dependent on the occurring processes, i.e. bond 

breaking Norrish type I or II or it can be changed with time accordingly to the modifications of the 

material composition. The photons are absorbed by the system in a certain interval of time allowing 

the assessment of the influence of the various laser pulse durations. The effects taking place at the 

centre of the laser beam are modeled and boundaries conditions are set at the two horizontal 

directions, as shown in Fig.1.4.b. In order for the material ejection and the stress wave exerted 

backwards to the solid to be included, the sample is greater in depth rather than in width.  
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 Figure 1.4.b: Computational configuration of atoms. The colors are similar to the corresponding ones of 

Fig.1.4.a.    

 

 Firstly, ablation due to exclusively photochemical processes was simulated. A laser fluence of 

0.3 mJ/ cm2 and a pulse duration of 50 ps was chosen. Four snaps of the plume are shown in Fig.1.4.c.  
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Figure 1.4.c: Snapshots of MD simulations of PMMA ablation based on purely photochemical processes 

(FLASER= 0.3mJ/cm2: 59 photons, penetration depth 8nm, pulse duration 50 ps). Each color corresponds 

to a different polymer part. Initially, all the chains are colored in dark tones of blue or green. The greater 

variety of colors indicates that more chains have been broken (speaking for a photochemical ablation).        

 

 A number of 59 photons are absorbed by the material resulting in the photochemical 

dissociation of 59 bonds and the simultaneous formation of reaction products. At this laser fluence, a 

small number of particles, mainly CH3 groups, are desorbed after the pulse end at 50 ps. At 60 ps 

there are much more polymer fragments in the plume, denoting the ablation onset. At 70 ps the 

efficiency has increased dramatically and even whole polymer pieces are ejected in the plume. The 
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increase in the polymer pieces number, as signified by the more colors from 50 ps to 70 ps, indicates 

that the bonds cleavages go on well after the laser pulse end.          

          Secondly, the photothermal processes were simulated by depositing the photon energy on the 

material in the form of heat (Fig.1.4.d). Since the bonds are not directly broken by the photons, more 

energy is required for ablation to occur and a laser fluence 0.5 mJ/cm2, corresponding to 98 photons, 

was used. After the laser pulse end, the deposited heat is almost three times greater than the 

corresponding one upon the simulation of the photochemical procedure. In contrast to the latter, at 

50 ps there are fewer pellets above the surface. In progress of time, some thermal and mechanical 

bonds breaking still go on but the ejected particles are not so many compared to the photodissociated 

bonds simulation. The ablation onset in that case is retarded compared to the photochemical 

processes. The ablation commences at 80 ps while previously only sporadic particles exist in the 

plume. The higher attained temperature at the absorption area provokes the material overheating 

and the photothermal bonds dissociation. Besides the greater number of photons, the efficiency is 

lower for photothermal processes compared to the photochemical ones given the smaller number of 

broken bonds in the former case.   
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Figure 1.4.d: Snapshots of MD simulations of PMMA ablation based on strictly photothermal processes. 

The laser parameters are the same as in Fig.1.4.c, but the laser fluence in this case is 0.5mJ/cm2 (98 

photons). 

 

          In Fig.1.4.e, it has been drawn the particle yield versus time for different laser fluences and laser 

pulse durations, for both photochemical and photothermal procedures. The intense increase in yield 

denotes the ablation onset. The cohesive energy to the polymeric matrix is lower for the 

photochemical processes rather than for the photothermal ones; the faster ablation onset when 

considering photochemical processes can be ascribed to this fact.  
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Figure 1.4.e: The particles efficiency versus time for laser pulse durations of 5 ps, 15 ps and 50 ps upon 

consideration of (a)photochemical and (b) photothermal processes. The efficiency is expressed in terms 

of ablated (ejected) pellets from the surface.   

 

          Another differentiation between the excitation mechanisms is the plume composition. The 

calculated spectral mass distribution of the ejected material is shown in Fig.1.4.f. In the case of 

photochemical processes, the plume consists of small polymer fragments and some larger. The small 

fragments are composed of CH3 radicals and parts of less than two MMA groups. The greater ones 

comprise whole polymer parts and polymers missing one MMA group. Considering the photothermal 

mechanism, there are larger polymer fragments with more than four MMA groups per polymer.            
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Figure 1.4.f: Normalized intensity of ejected particles versus mass for (a) photochemical and (b) 

photothermal processes. A MMA group has a 100 Da mass. The efficiencies are measured at the last 

snapshot of the Figures 1.4.c and 1.4.d.  
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 Chapter 1: Introduction 
Section 1.5 Influence of Molecular Weight (MW) on UV polymer laser ablation 

Due to the steadily increasing significance of UV laser ablation concerning the study of 

molecular substrates (e.g. in microelectronics, in medicine [23], in art restoration [12, 13] – see 

corresponding section), a great effort has been expended on the comprehension of the processes 

occurring upon ablation [15, 17, 19, 20, 23, 38]. Thus, numerous studies have been carried out 

concerning the dependence of the phenomenon on laser irradiation, particularly on laser wavelength, 

and on material parameters. A wide range of different polymers has been examined in order for the 

influence of polymer chemical composition on ablation efficiency and mechanism to be determined. 

          It is, therefore, surprising the scarcity of studies [39, 40] concerning the influence of polymer 

molecular weight on laser ablation mechanism, given the crucial role of this parameter on regulating 

the most physical polymer properties, such as transition temperature and mechanical properties. 

Furthermore, regarding several applications and in particular the medical and the art restoration 

ones, the molecular weight of the substrates to be treated (which can be simulated to polymers) may 

vary from case to case. Specifically, the collagen polymerization degree of human eye changes with 

age and the substrates of an artwork (varnishes, pigments, etc.) have different molecular weight. 

Eventually, for mechanistic points as well as for applications, it is essential the role of molecular 

weight on laser ablation to be defined. 

          Lemoine et al. [41] have studied the influence of MW on polystyrene (PS) ablation at 248 nm. 

Lippert et al. [42] have examined the influence of polymerization degree on PMMA ablation at 308 

nm. Mito et al. [43] have published the temporal evolution of morphological changes induced to PS of 
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various MWs by employing interferometry of temporal analysis. According to their observations, the 

films expansion time and particularly the contraction one upon irradiation vary with MW.                    
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Chapter 1: Introduction 

Section 1.6 UV laser ablation of chromophores doped polymers  

 

          An important difficulty concerning the systematic examination of the chemical effects upon 

UV laser ablation derives from the chemical complexity of the polymeric substrates. Firstly, as it has 

been mentioned above, the variable chemical complexity of the products formed upon laser ablation 

deters any detailed experimental identification of the photochemical effects. In addition, the 

perplexity of the processes as well as the scrappy information on polymers photo-physics/chemistry 

inhibits the unambiguous interpretation of the observed chemical changes. 

          In order to encounter those problems, the present work indirectly studies the UV ablation of 

polymers by using polymers doped with chromophores (dopants). The additives in weakly absorbing 

polymers at the irradiation wavelength, usually, result in the photosensitization of those polymers 

towards explosive ablation. The main features of the photosensitization comprise (a) the ablation 

threshold reduction and (b) the significant material removal rate increase, in several cases by a factor 

of ten.             

        Considering the photo-unstable dopants, the photochemical characteristics of the dopants are of 

great interest, i.e. the dopant dissociation leading to the formation of photoproducts in gas phase. In 

particular, the formation of those photoproducts accounts for the observed volume change (swelling). 

At high laser fluences, it is observed an increase in ablation rate (more than 80 μm per pulse) and 

polymer melting.     
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  In contrast, a different behavior is met in the case of photostable dopants. The swelling is less 

pronounced, lower ablation rates are observed and upon ablation multi-photon absorption occurs.  It 

was shown by spectroscopic data (time resolved absorption/emission measurements and TOF-MS 

data) and is valid for laser wavelengths greater than 248 nm. The just mentioned process involves 

absorption of more than ten photons. From the highly excited polyaromatic dopant molecules, the 

photon energy is transferred to the polymeric matrix via a fast conversion. It is the relative 

temperature increase that procures the ablation of the polymer in that case. The multiphoton 

absorption circle has been confirmed by the temporal profile of anthracene fluorescence on 

polystyrene film with results relied on circular procedure for the ground state, the first excited state 

and the lower triplet one. The estimated temperature increase during the laser pulse depends on 

linearly on laser intensity. This model has been proposed by Masuhara.     

 

Scope of the present work 

 In the present work the laser induced thermal and structural changes at a wide range of MW 

PMMA and PS are examined. Three excimer laser wavelengths are employed, namely 193 nm (ArF), 

248 nm (KrF) and 308 nm (XeCl). The study relies on the examination of the formation yields of the 

products formed upon photolysis of iodoaromatics (iodonaphthalene and iodophenanthrene) – ArI – 

dopants. It must be underlined that according to this work, the products remaining in the polymer 

substrate are monitored and thus the results interpretation is free from complications met in gas-

phase studies. In particular, the aryl (Ar) radicals produced upon the ArI photolysis may abstract a 

hydrogen atom from the polymer to form ArH via a thermally activated process. Consequently, the 

yields as well as the kinetics of the ArH product reflect the temperature evolution in the substrate 
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following irradiation. In addition, in the case of the NapI product, biaryl species, namely 1,1-

binaphthalene (Nap2) and perylene are additionally detected. As far as it concerns the employed 

dopant concentrations, the formation of these species is ascribed to diffusion-limited reactions. 

Therefore, their formation indicates the extent of the substrate melting upon laser irradiation.  

 The idea of the doped polymers for the study of polymer ablation is in the present study 

extended to studies concerning the amelioration of Modern Art paintings laser treatment. In 

particular, the laser induced modifications at the original painting surface upon laser treatment of the 

overpaintings or the upper contaminated layers of a painting are examined. Doped polymers 

(indicators of the laser induced processes) are used to imitate the original painting and an acrylic 

paint imitates the overpainting. The whole sample simulates very well a real case scenario found in 

laser restoration of Modern Art paintings. Specifically, PhenI doped PMMA and POPOP doped 

Paraloid B72 were used as polymer indicators. POPOP is a common laser dye whose strong 

fluorescence is employed for the examination of the laser induced modifications. On the other hand, 

PMMA and Paraloid B72 were chosen since they are commonly used acrylics in restoration of Modern 

Art paintings. More details on this part of the present work are given in the next section.             
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Chapter 1: Introduction 

Section 1.7 Laser treatment of paintings 

        Besides the valuable use of polymers doped with chromophores in the study of UV laser 

ablation of polymers, they can prove to be really useful in estimating the any photochemical laser 

induced modifications at the bulk of Modern Art paintings upon their laser treatment. Firstly, it is 

necessary to state the problem.  

         Upon conventional restoration interventions on modern paintings, various acrylic materials are 

often used either to fill out or to retouch stains and other alterations. Yet, both time and exposure to 

atmospheric conditions may cause irreversible alteration to these layers necessitating, thus, their 

removal. In addition, these acrylic overpaintings may alter the original texture of the painting. In 

Figure 1.7.a, the example of the ‘’Black Painting’’ by Ad Reinhardt is shown.  

  

Figure 1.7.a: The ‘’Black Painting’’ by Ad Reinhardt in the Guggenheim Museum of New York (left). The 

various layers of overpaintings on the surface of the authentic painting (right).  
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         The conservators upon restoring it, they overpainted it with several layers of acrylics even upon 

its first restoration treatment. The result was a modified if not destroyed texture of the original 

painting surface necessitating thus their removal. The problem of their removal becomes more 

complex given the fragility of the employed painting layers.     

         The progress in the field of art paintings conservation has highlighted the inadequacy of the 

conventional methods relying, mainly, on mechanical and chemical means. The latter techniques, 

being difficult to control, can provoke serious modifications of the original painting, namely, 

alteration of the original painting, pigments and medium effects or painting ageing. However, laser 

ablation has proved lately to be a satisfactory method for layer removal of paintings surfaces with 

high precision and great accuracy. In particular, an excimer laser beam under the appropriate 

irradiation parameters can induce material removal with minimal thermal or photochemical effects 

on the underlying material. Laser ablation can thus be used as an effective tool for the treatment of 

paintings; nevertheless the broader implementation of laser cleaning interventions in modern 

paintings is hampered by the not yet studied and hardly to be estimated extent of the laser induced 

side effects on the original painting upon laser treatment of the over-paintings. From the standpoint 

of that challenge, a method for the in-depth assessment of the photochemical or any modifications 

induced during the laser cleaning of modern paintings is presented. In a few words, the problem of 

damaging the original painting surface upon (laser) removal of the overpaintings still remains. Thus, 

it is crucial to know when to stop the laser irradiation.  

        Towards this scope, PhenI doped PMMA and POPOP doped Paraloid B72 are used to imitate the 

original painting and acrylic paint to imitate the overpainting. The whole sample simulates a real case 

scenario of art conservation. The idea is, by employing LIF, to monitor the laser cleaning process. In 
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parallel, by employing non linear microscopy techniques, we turn towards the assessment of the in 

depth laser induced photochemical or any modifications of the doped polymer (imitating the original 

painting) upon laser removal of the acrylic paint (imitating the overpaintings to be removed). This 

technique can provide us with an online control of the laser cleaning process.  
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Chapter 1: Introduction 
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Chapter 2: Experimental techniques and methodologies 
Section 2.1 Samples preparation 

    The samples used in all the experimental measurements are thin polymer films doped with 

chromophores at various concentrations. The thin films provide one with a stable structural base 

easily controlled regarding its structural characteristics (thickness, smooth surface, texture), being 

thus suitable for ablation effects studies. The doping of the polymeric matrix with chromophores 

modifies the substrate optical density and, therefore, the coupling degree with laser irradiation. In 

parallel, the chromophores play the determining role of a crucial photochemical witness/indicator for 

the identification of the photochemical effects accompanying laser ablation.      

          The polymers studied in the present work are poly (methyl methacrylate) PMMA of MW (kDa): 

1.9, 2.5, 23, 80, 120, 212 and 996, polystyrene of MW (kDa): 15, 532, +++ and Paralloid B72 (105 kDa), 

the latter for the art restoration studies. PMMA, even of 99 % purity, incurs further purification for 

removing any fluorescent impurities. The PMMA purification procedure is the following: PMMA is 

soluble in dichloromethane (CH2Cl2) but remains insoluble in menthanol (CH3OH). In contrast, the 

impurities to be removed are soluble in methanol. 10 g of PMMA are diluted in 100 ml of 

dichloromethane. The solution is then added slowly in 1000 ml of methanol. The new solution is left 

for 24 hours in order for the PMMA to be completely precipitated. The superjacent liquid layer is 

finally removed and the PMMA residual is collected and dried for 24 hours till the total solvent 

removal. 

         The samples are prepared as following: firstly, solutions of pure PMMA, PS and Paralloid B72 

doped with iodonapthalene, iodophenanthrene and POPOP at the suitable concentration varying 

from 0.4 wt. % up to 2 wt. % are prepared. By varying the proportion of chromophore and polymer, 

http://www.in.gr/dictionary/lookup.asp?Word=superjacent
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the absorption coefficient of the system is modified as well. Thin films were prepared by casting 

solutions of polymer/dopant in dichloromethane (CH2Cl2) on quartz plates, subsequently dried in 

vacuo. The film thickness was in the range of 20-50 μm (depending on the solution content in PMMA; 

from a dense solution we can get a thick film) as measured by profilometry (Diftek). 

Dichloromethane in room temperature and atmospheric pressure is considerably viscous and, thus, 

some ‘’irregularities’’ on the eventually solid sample surface are observed upon solvent evaporation. 

Therefore, upon slow solvent evaporation, the good optical sample quality can be ensured.  However, 

this was not the case for the low MW polymers. The problem was overcome by employing a less 

viscous solvent, i.e. toluene (C6H5CH3). In every case, the quartz plate serves as a chemically inert 

substrate having the additional advantage of being transparent at UV. The transparent substrate 

ensures that the irradiation is not absorbed and, thus, any heat aggregation at the substrate.             
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Chapter 2: Experimental techniques and methodologies 
Section 2.2 Laser Induced Fluorescence (LIF) technique 

 

         In Fig.2.2.a, it is shown the experimental setup for the kinetics formation of the photoproducts 

by employing the Laser Induced Fluorescence (LIF) technique. Two lasers are employed; one laser 

beam, the ‘’pump’’ pulse, induces the ablation and the other one, the ‘’probe’’ pulse induces the 

fluorescence excitation of the formed photoproducts. The time delay between the two pulses is 

achieved by employing a Delay Unit. A xyz translational stage is used for the sample movement 

aiming to irradiate each time a fresh, ‘’virgin’’ surface of the sample.  The experimental setup relying 

on a ‘’pump-probe’’ scheme employs two excimer laser irradiation sources: 

   1.  a ‘’pump’’ laser: Excimer laser (Lambda-Physik LPX 210), with pulse duration 30 ns, by 

which ablation is performed  at 193 nm (XeCl), 248 nm (KrF) and 308 nm (ArF)-LPX 315.  

   2.  a ‘’probe’’ laser: Excimer laser (Lamda-Physik COMPEX 110), with pulse duration 25 ns, 

which consists the excitation beam and by operating always at 248 nm (KrF), at low fluences 

(FLASER  5 mJ/cm2), induces the product fluorescence after variable time delay. This fluence is 

low enough to ensure that photolysis by the probe beam is negligible.  

         Irradiation is performed in ambient atmosphere. Both laser beams was focused perpendicularly 

onto the sample by a planoconvex lens. The induced emission was collected by an optical fiber 

(diameter 0.6 mm) nearly perpendicularly to the sample, at  2 cm away from its surface, and was 

spectrally analyzed in a 0.20 m grating spectrograph. The latter incorporates a diffraction grating (300 

lines/mm) which analyzes the irradiation .The spectrum is then recorded on an Optical Multi-
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channel Analyzer (OMA III system, EG&G PARC Model 1406), interfaced to computer. Cut-off filters 

were used to block any probe beam scattered light. For the given spectrograph and detector (OMA), a 

spectral range of 280 nm is recorded with a resolution of 0.4 nm/photodiode. OMA consists of a 1024 

photodiode array and is supplied with a MCP intensifier (Micro-Channel Plate intensifier-EG&G 

PARC Model 1420UV). The detector pulsed operation is provided by MCP by applying the appropriate 

potential. The signal can be recorded for a specific time period, from 20 ns up to several tens ms.     

          For our recording the kinetics, the intensifier is triggered by a high voltage pulser, which … is 

triggered either by a photodiode in synchronization with the laser pulse or by the laser SYNCOUT, 

which goes before the pulse by 1 μs. The fluorescence spectra are recorded as following: the OMA 

system triggers the ‘’pump’’ laser. The laser irradiation emission is detected by the photodiode. The 

‘’pump’’ laser SYNCOUT triggers the Delay Unit, which then triggers the ‘’probe’’ laser with a variable 

time delay. Two photodiodes are employed for the determination of the time delay between the 

‘’pump’’ and the ‘’probe’’ pulse. A time delay extending from 4 μs up to 10 ms can be interfered 

between the two pulses for recording the kinetics formation of the produced radicals and the final 

stable photoproducts.     

    The laser beam fluence is arranged mainly by the interference of optical attenuators of 

variable reflectivity at the beam path or by changing the voltage operation of the laser. The laser 

beam energy is measured by a Joulemeter. The sample lies a few millimeters before the lens focal 

point and the surface of the irradiated area varies from 0.2 mm2 up to 10 mm2, allowing thus the 

achievement of laser fluences up to 5000 mJ/cm2.   
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Figure 2.2.a: Experimental setup of the Laser Induced Fluorescence (LIF) technique 

     

         The fluorescence experiments aim to the identification and the quantification of the products 

formed at the substrate, after irradiation of the various MW sample surface at various laser fluences. 

The fluorescence spectrum is characteristic of the formed compounds allowing thus their 

identification. It should be mentioned that regarding the irradiation at high fluences, the relation 

between quantity and fluorescence intensity is partially revoked since the substrate morphology is 

affected. The samples are irradiated by a single pulse by a high ‘’pump’’ laser beam at various FLASER 

values. The ‘’probe’’ beam, which induces the photoproducts fluorescence, has exactly the same 

geometry with the ‘’pump’’ one and a low laser fluence value (as mentioned earlier) for inducing 

minimal photochemical changes at the samples. The ‘’probe’’ beam low fluence value ensures the 
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single photon excitation of the molecules. Thus, any problems that could be raised upon results 

analysis (if the emitted fluorescence was due to multi-photon excitations) can be avoided. 

         LIF technique was also employed in the assessment of the laser induced modifications upon 

laser treatment of modern art paintings (see the corresponding Section). In particular, laser ablation 

can be used as an effective tool for the treatment of paintings; nevertheless, the broader 

implementation of laser cleaning interventions in modern paintings is hampered by the not yet 

studied and hardly to be estimated extent of the laser induced side effects on the original painting 

upon laser treatment of the over-paintings. From the standpoint of that challenge, a method for the 

in-depth assessment of the photochemical or any modifications induced during the laser cleaning of 

modern art paintings is presented.           

 Aiming to simulate the real case of an over-painted modern painting, a sensitive polymer 

indicator covered with acrylic was examined. As a polymer indicator of the laser induced 

modifications, thin films of poly (methyl methacrylate) (PMMA) of molecular weight MW  350 kDa 

and Paraloid B72 (MW  105 kDa) doped with aromatic compounds (iodophenanthrene: PhenI or 1,4-

Di[2-(5-phenyloxazolyl)]benzene: POPOP) casted on a quartz plate were used. Doped PMMA was also 

used in an earlier study of the photochemical changes induced to polymers upon UV laser ablation of 

polymers2 and Paraloid B72 was chosen since it is a commonly used material in the restoration of 

modern art paintings. Films are prepared by casting solutions of the polymer and of the dopant in 

dichloromethane (CH2Cl2) or in toluene (C6H5CH3) on quartz substrates and are subsequently dried in 

vacuo. The dopant concentration is 0.5% by weight and the film thickness is in the range of 10–20 μm 

as measured by profilometry. 
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      Over the polymer film a layer of acrylic paint with organic or inorganic pigments (red paint 

Rowney 513,1:2 dihydroxyanthraquivone and ultramarine acrylic paint (Winsor & Newton) 

NaxAl6Si6O24Sx)
3,4 was casted to simulate the overpainting. The acrylic overpainting film thickness 

varies from 20 to 120 μm. Following a well studied methodology2, Laser Induced Fluorescence (LIF) 

technique was employed to detect the formation of products of the dopants induced upon irradiation 

and thus to qualitatively monitor the cleaning process.  A ‘’pump-probe’’ fluorescence scheme is 

employed in which irradiation/ablation (and thus laser induced removal of the acrylic overpainting) is 

performed at 248 nm (Compex 110) with pulse duration τ = 20 ns, and an excitation beam operating 

always at 248 nm, at low fluences (FLASER  5mJ/cm2), induces the product fluorescence after variable 

time delay. This fluence is low enough to ensure that photolysis by the probe beam is negligible. The 

induced emission is collected by an optical fiber oriented nearly perpendicularly to the sample, at  

2  cm away from its surface, and is further analyzed and recorded as described earlier in the present 

Section.   

         Experimentally, in the case of the PhenI dopant, the study takes advantage of the fact that it does 

not fluoresce, whereas the aryl-deriving photoproduct PhenH is a relatively ‘’good’’ emitter. Thus, 

photoproducts can be conveniently characterized and quantified via LIF. LIF is employed for the 

detection of the aryl products that are formed in the polymer substrate (PMMA, Paraloid B72) 

following irradiation and removal of the acrylic overpainting (PhenI does not fluoresce, whereas the 

aryl products fluoresce strongly). Once the fluorescence peak of the aryl photoproducts is observed, 

we may conclude that the acrylic layer has been removed and the laser beam affects the substrate.  

         Moreover, in the case of POPOP and concerning the LIF technique, the dopant is used once 

more as an indicator of the laser induced substrate effects. The observation of the POPOP 

fluorescence peak after irradiation of the acrylic layer with several pulses at specific laser fluence 
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denotes when the photochemical changes induced at the underlying polymer substrate take place 

once the overpainting has been removed.     
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Chapter 2: Experimental techniques and methodologies 
Section 2.3 Pulsed Laser Deposition (PLD) technique 

         For the further characterization of the ejected material by the various MWs, the Pulsed Lased 

Deposition (PLD) technique was employed. PLD has been proved a successful technique for the 

deposition of thin films (of various inorganic materials) as well as for the growth of thin organic (and 

polymeric) films. The degree of success, of course, varies from case to case. In particular, when PLD is 

used for the fabrication of chemical sensors from polymer nanocomposites, the required functional 

groups for the sensor remain intact, even if the MW distribution as well as the chemical structure of 

the polymeric material is altered [47]. However, in some cases, upon UV laser ablation a reuction in 

the MW is observed whereas the chemical structure remains intact [2]. On the other hand, for several 

polymers such as poly-methyl methacrylate (PMMA), poly-tetrafluorethylene (PTFE), and poly-

amethyl styrene (PAMS), a rapid depolymerization has been observed upon UV laser ablation, with 

the monomer in each case being present in the ablation plume. For these polymers, the MW 

distribution of the deposited film can be increased just by raising the substrate temperature [3].  

In Fig.2.3.a, a typical PLD setup is shown. The experimental apparatus includes:     

 248 nm(KrF) and at 193 nm (ArF)  

 A cylindrical vacuum chamber.  

 A mechanical vacuum pump  

 A turbo vacuum pump 

 A Piranni pressure measurement sytem (for pressures > 10-2 mbar) 

 A Penning VAC PM31 (for pressures < 10-2 mbar) 
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    The laser beam is focused onto the chromophore doped polymer surface (the lens as well as the 

mirrors is placed out of the chamber). Each time a ‘’fresh’’ sample area is irradiated due to the 

target rotation. The target-substrate distance is 4 cm and was chosen empirically as an efficient 

one for material deposition (detectable by Scanning Electron Microscopy (SEM) or Atomic Force 

Microscopy (AFM) techniques) to occur by employing the least possibly number of laser pulses 

(FLASER  1.0 -3.5 J/cm2).   

 

       Figure 2.3.a: Experimental setup of the Pulsed Laser Deposition (PLD) technique 

 

         The plume/plasma ejected upon ablation has an angular distribution dependent on ncos , 

where θ represents the angle regarding the perpendicular at the substrate and n an integer which 

for low laser intensities (but above the ablation threshold) is commonly between 4 and 8. The 
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substrate is placed opposite the irradiated target and, thus, the central part of the plume incidents 

on the substrate. In the following Figure, the various possible processes that may occur upon 

material deposition on the substrate are shown, namely atom deposition on substrate, re-

evaporation from substrate, cluster nucleation, diffusion of cluster, atom deposition on cluster, 

re-evaporation from cluster or dissociation of cluster. Therefore, the material which is collected 

by employing the deposition on a substrate is not necessarily representative of the ejected 

material nature.  

         In any case, after the UV irradiation and the consequent material ejection from the target, 

the substrate with the deposited material is examined through SEM or AFM techniques.   

       

             

Figure 2.3.b: Various processes occurring upon material deposition on the substrate 
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Chapter 2: Experimental techniques and methodologies 
Section 2.4 Probe Beam Deflection technique 

         For studying the nature of the material ejection, the time beam scattering by the ejected 

material is observed. The Probe Beam Deflection technique (Fig.2.4.a) is employed. The experimental 

setup cosnsists of:      

 A KrF Excimer laser (Lambda-Physik LPX 210) with pulse duration 30ns emitting at 248nm. 

 He-Ne laser (Uniphase) with emitting wavelength at 633nm.  

 A photomultiplier. 

 A cylindrical vacuum chamber. κυλινδρικό θϊλαμο κενού  

 A mechanical vacuum pump.  

 A turbo vacuum pump.   

 A Piranni vacuum measurement system  (for pressures > 10-2 mbar) 

 A Penning VAC PM31 (for pressures < 10-2 mbar) 
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Figure 2.4.a: Experimental setup of the Probe Beam Deflection technique 

 

The excimer laser (‘’pump’’) beam is focused onto the sample which is placed in a vacuum 

chamber (vacuum pressure  10-5 mbar) and can be ratated. The He-Ne laser (‘’probe’’) beam is 

focused (f = 10 cm) and aligned in such a way that it can pass in parallel over the sample surface 

exactly above the UV laser spot. So the detection of the He-Ne beam intensity attenuation as well as 

the beam angular deflection caused by the ejected particles of the polymer ablation (e.g. CO2 

molecules) is possible with great resolution. In the present study, only measurements of beam 

intensity attenuation were performed. The distance between polymer plane and ‘’probe’’ beam is  1 

cm.          
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After it passes over the irradiated area, the He-Ne beam incidents on a photomultiplier. In front 

of the photomultiplier a cut-off filter is placed for the avoidance of UV irradiation and of the plume 

emission formed upon irradiation. The photomultiplier signal is recorded on an oscillograph trigerred 

via a photodiode by the ‘’pump’’ laser in order that the signal recording begins on ‘’pump’’ pulse 

incidence on the sample.            

           The time evolution of the deflection embraces the time for material ejection and in addition 

the time required for the particles to cross the substrate-observation point distance. The former is 

much less than the latter and, hence, the recorded ‘’spectra’’ provides in essence the kinetics 

distribution of the ejected particles.  

         The sample is placed in vacuum in order to avoid the acoustical impedance/deflection of the 

beam. Indeed, when the irradiation is performed in ambient atmosphere, the ejected material 

‘’presses’’ the air creating thus a shock wave which provokes the intense deflection of the ‘’probe’’ 

beam.  
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Chapter 2: Experimental techniques and methodologies 
Section 2.5 Non-linear microscopy techniques: Multi-Photon Excitation 
Fluorescence (MPEF) and Third Harmonic Generation (THG) 

  Aiming to examine the extent of the laser induced photochemical modifications at the 

polymer substrate, a non-linear microscopy diagnostic technique, taking advantage of POPOP 

fluorescence properties, is employed: Multiphoton Excitation Fluorescence (MPEF) measurements 

were employed for the highly sensitive detection of the chemical changes with a high axial resolution 

(perpendicularly to the surface)5. Thin films of POPOP doped Paraloid B72 were casted on a round 

glass slide of 35 mm diameter and of  45 μm thickness (Marienfeld) to imitate the case of the 

underlying substrate of a modern painting. The use of POPOP doped PMMA was also tried but 

disqualified due to the warp of the glass plate upon drying of the casted polymer solution. PhenI 

doped films were also disqualified since the fluorescence of the laser formed photoproducts (PhenH) 

could not be induced by the wavelength employed in the non-linear microscopy. The sample is 

irradiated at 248 nm (Compex 110) with pulse duration τ = 20 ns at a specific below ablation threshold 

laser fluence and with several number of pulses until a minimal change at the fluorescence spectrum 

of POPOP is detected via LIF.   

         For the non linear measurements the excitation source used is an Amplitude System t-pulse 

femtosecond laser oscillator with emission wavelength at 1028 nm. The average laser output power is 1 

W, whereas pulse duration is less than 200 fs with a repetition rate of 50 MHz. Thus, single pulse 

energy is calculated to be 20 nJ. These laser beam specifications combined with tight focusing have 

been proved to provide very high efficiency of exciting non-linear optical procedures. The beam is 

directed to a modified optical microscope (Nikon Eclipse ME600D) using a number of suitable 

dichroic mirrors and is finally focused tightly onto the sample by employing a high numerical aperture 
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objective lens (Nikon 50X, NA 0.8). To ensure that the back aperture of the objective is fulfilled, a 

telescope system has been used. Sample observation through the objective lens during experimental 

procedure is attained with a CCD camera (PixeLINK PL A662). The energy per pulse on the sample 

plain is 0.6 nJ. Samples are placed on thin coverslips that fit into a motorized xyz translation stage 

(Standa 8MT167-100) with a minimum step in each direction of 1 μm. This minimum step of the stage 

in combination with beam axial waist size (around 2 μm), consist the main constraints of the 

transversal resolution of our set-up. By using specifically developed Labview software (National 

Instruments, Labview 6.1), we are able to control the movement of the stage at z axis and to record the 

signals in every single step during each spot measurement. Each step in z direction is 1μm. The 

accumulation time in each step is 100 ms. 

 

Figure 2.5.a: Schematic representation of the experimental set-up. Two signals are collected MPEF in 

the backward and THG in the forward direction. PMT: photomultiplier tube, M: Mirror, DM: Dicrhoic 

mirror, O1: objective, O2: condenser, F1/F2: filters, L1/L2: telescope lenses. 
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         MPEF are collected in reflection mode by a photomultiplier tube (PMT Hamamatsu R4220) 

connected to a lock-in amplifier (SR810 Stanford Research Systems) which provides satisfactory noise 

reduction so that measurements can be performed in less stringent light conditions. A short pass filter 

(SPF 750 nm) was placed at the PMT input in order to cut off reflected laser radiation from the 

sample. The above configuration can provide precise information about sample thickness. 
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Chapter 3: Experimental results 

Section 3.1 Etching rate studies and morphological examination 

The irradiation of PMMA films results in their swelling and/or their etching according to the 

laser fluence (results taken after a single pulse). Upon irradiation at weakly absorbed wavelengths (i.e. 

PMMA at 248 nm and 308 nm, PS at 308 nm), the onset of swelling as well as the ablation threshold 

values increase with MW. However, by increasing the dopant concentration (i.e. by increasing the 

absorption coefficient) and upon irradiation at strongly absorbed wavelengths (i.e. PMMA and PS at 

193 nm, PS at 248 nm) the variation among the ablation threshold values becomes much less 

pronounced. Below the ablation threshold, swelling is observed for both (doped in NapI and PhenI) 

PMMA MWs. Yet, upon comparison of the swelling just before the corresponding ablation 

thresholds, the swelling is greater for the high MW system (Fig. 3.1.a). The ablation threshold for the 

high MW is higher than the corresponding one for the low MW. Once the laser fluence exceeds the 

ablation threshold, material removal occurs but the etching rate is higher for the low MW system.        
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Figure 3.1.a: The etching depth versus the incident laser fluence upon irradiation: at weakly absorbed 

wavelengths – 1.2% NapI/PMMA at 248 nm (left) and at strongly absorbed wavelengths – 1.2% 

NapI/PMMA at 193 nm (right) for high and low MW systems.  

 

 Regarding the irradiation at strongly absorbed wavelengths, no swelling is observed below 

ablation threshold and the various differentiations among the MWs (i.e. ablation threshold values, 

etching rates) are considerably reduced or even difficultly distinguishable.  

         For PMMA films irradiated at 248 nm, micro-bubbles are observed (by employing optical 

microscopy) at the laser irradiated surfaces (Fig. 3.1.b). The typical bubble diameter increases 

significantly with laser fluence due to the greater amount of gas products formed in the substrate 

upon polymer decomposition at higher fluences. Above the ablation threshold, material ejection in 

the plume takes place limiting, thus, any further increase of the bubbles size. The increase of the 

absorption coefficient upon doping (e.g. α 1.2% NapI/PMMA = 360 cm-1, α 0.5% PhenI/PMMA = 560 cm-1, α 1.2% 

PhenI/PMMA = 910 cm-1) results in the decrease of bubbles size.  

         The bubble formation and the swelling of the polymeric surface constitute a common 

observation of the ablation studies even if the dependence on the molecular weight has not been 

examined. Yet, the laser induced morphological changes, and in particular the bubbles size, seem to 

be strongly dependent on that polymer parameter. The bubbles are on the average greater in the low 

MW films, with the maximum bubble diameter being comparable to the optical penetration depth, 

1/α.   
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         The bubbles formation of greater size at the low MW systems is not so surprising an 

observation, given the extremely rubbery state and the elastic properties of those systems. However, 

the formation of smaller but definitely greater in number bubbles at the high MW films denotes the 

greater accumulation of gas products at their surface and thus their more extended decomposition.   

 

   

 

 

 

 

 

 

 

 

 

Figure 3.1.b: Optical microscopy images (magnification 50x) of the 1.2% NapI/PMMA film irradiated 

areas with one laser pulse at 248 nm at the indicated laser fluences: (a) 2.5kDa, (b) 120 kDa and (c) 996 

kDa. The dimensions of each image are 70x95 μm2.  

a) MB= 2,5 kamu

350 mJ/cm2 1150 mJ/cm2

b) MB= 120 kamu

c) MB= 996 kamu

350 mJ/cm2 1150 mJ/cm2

360 mJ/cm2 1040 mJ/cm2

Non-irradiated

Non-irradiated

Non-irradiated

70 m

95 m
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          Upon irradiation at strongly absorbed wavelengths (e.g. PS at 248 nm), the morphology of the 

etched surfaces depends on polymer MW, though this dependence is not as pronounced as that 

observed in PMMA. Bubbles are formed in the low MW systems, but definitely smaller in size than 

the corresponding ones formed upon irradiation of the low MW PMMA at 248 nm.        

 

Figure 3.1.c: Optical microscopy images (magnification 100x) of the 0.5% PhenI/PMMA film irradiated 

areas with one laser pulse at 248 nm at the indicated laser fluences and polymer molecular weights.   

  The linear absorption coefficient of PS at 248 nm is higher by nearly an order of magnitude 

than that of PMMA. Accordingly, both etching efficiency and morphological characteristics differ 

much. Most importantly, for PS, hardly any difference in the ablation threshold and etching 

efficiencies is observed with MW, in contrast to what found for ablation of PMMA at 248 nm. In 

agreement with previous studies, irradiation results in very smooth craters with sharp edges, i.e. 

‘’clean etching’’ (as established by optical microscopy). However, for the lower MWs, small-size 

bubbles are observed following irradiation (Fig. 3.1.c). On the other hand, generally, very few, if any, 

surface features are observed for the high MW polymers (the ones noted in Fig. 3.1.c are mainly 

debris, though some carbonization cannot be excluded). Thus, the morphology of the etched surfaces 

depends on MW, though this dependence is not as pronounced as that observed before in the 

ablation of doped PMMA at 248 nm.  
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Chapter 3: Experimental results 

Section 3.2 Photoproducts identification   

         For a more sedulous research of influence of MW on the UV laser ablation of the studied 

polymers, PMMA and PS were doped with sensitive aromatic photosensitizers of known 

photochemistry: 1-iodonahpthalene (NapI) and 9-iodophenanthrene (PhenI) (Fig. 3.2.a). The use of 

dopants, besides altering the polymer optical properties, it enables the study to employ the LIF 

technique for a deeper examination of the laser induced processes and their dependence on polymer 

MW, given the differentiations observed upon the etching rate studies and the optical examination of 

the samples.      

 

 

 

 

PMMA                                                                              PS 

                       

                                 NapI   PhenI 

Figure 3.2.a: Chemical formulae of the examined polymers (up) and the used doping molecules (down).  
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        The aromatic chromophores 1-iodonaphthalene and 9-iodophenanthrene are photosensitive 

molecules of low MW, which have been well studied in gas phase and solutions. Upon UV irradiation, 

the C-I bond is homiletically dissociated to naphthalene radical (Nap) and iodine. This dissociation 

has a quantum yield equal to unity in gas phase and solutions and it occurs according to the following 

simplified scheme:  

NapI + hv  Nap + I 

The molecule photolysis in a percentage of 100% provides one with a great sensitivity for the 

detection of the products formed upon photochemical reactions following photolysis, since those 

products fluoresce. By analogy to what is valid in the case of solutions, it is radical to be proposed 

that Nap formed following reaction can lead to the formation of NapH and Nap2 products. The NapI 

quantum yield of fluorescence efficiency is nearly zero (life time of excited state 0.9 ps). In contrast, 

the NapH and Nap2 products fluoresce strongly constituting thus sensitive indicators/labels for the 

observation of the mother molecule photolysis percentage.  

         The study is not limited by the complications involved during the analysis of the particles 

ejected in the gas phase, since it examines the compounds remaining in the substrate. In other words, 

regarding the studies employing mass spectrometry techniques for the identification of the particles 

ejected in gas phase, there are always doubts whether the detected particles represent particles 

directly ejected from the polymer or if they represent products formed upon secondary absorption 

and photodissociation processes in the plume. In the present study, however, the detected 

photoproducts are formed at the substrate during laser ablation and the observations are not affected 

by the secondary procedures occurring in gas phase.     
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        The main observations concerning the chemical results of the UV laser ablation of the under 

study doped PMMA films, as described in previous studies, can be summarized as following:   

(a) upon irradiation of NapI and PhenI doped PMMA at 248 nm, given the low PMMA absorption 

coefficient at 248 nm ( 102 cm-1), NapI and PhenI absorb the greatest amount of the laser energy and, 

consequently, the fluorescence spectrum is expected to be dominated by photoproducts deriving 

from chromophore photolysis. Given now that the Nap radicals are especially effective in abstraction 

reactions, it is expected them to abstract a hydrogen atom or other small units from the polymer to 

form abstraction photoproducts of NapH-kind detected in the fluorescence spectra. At the recorded 

from the irradiated NapI (PhenI) doped polymers ‘’probe’’ spectra, an emission band between 320 nm 

and 340 nm dominates. This band may be ascribed to the characteristic transition 1B3u  1A1g of NapH 

compound. The just mentioned identification is supported by the comparison with the NapH/PMMA 

spectrum, given as spectrum reference in Fig. 3.2.b.  
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Figure 3.2.b: Fluorescence emission spectra of NapI doped PMMA systems at low (left) and high (right) 

laser fluences. It should be mentioned that the by-aryl photoproducts formation at high fluences is 

observed for high NapI concentrations.  

 

(b) at high irradiation fluences, especially concerning NapI concentrations ≥ 1 wt.%., the formation of 

new products, additional to those observed at lower fluences, is observed (Fig. 3.2.b). Upon the 

spectra deconvolution, it appears that those additional products are Nap2 and fused aromatic 

condensates (perylene). The formation of those products at doped polymer systems becomes 

particularly evident for NapI concentrations ≥ 1 wt. %. In contrast, such spectral features are not 

found at the corresponding PhenI doped PMMA and PS systems.           

(c) the FLASER-dependence examination of the of the intensity of the NapH, PhenH-type 

photoproducts (at 337 nm and 372 nm respectively) remaining at the substrate after single ‘’pump’’ 

pulse irradiation at 248 nm shows that the linear increase of the photoproducts formation at low laser 

fluences is followed by an abrupt increase of the amount of the formed photoproducts (0.4 wt.% 

NapI/PMMA sample). The increase is observed for the photoproducts ensemble, namely it is not due 

to the formation of one photoproduct against the others (Fig. 3.2.c). Therefore, the increase should be 

ascribed to the photolysis percentage increase of the photosensitive NapI, PhenI.          

.   
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Figure 3.2.c: FLASER-dependence of the NapH-like photoproducts formation in the weakly absorbing at 

248 nm 0.4 wt. % NapI/PMMA system.   
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Chapter 3: Experimental results 

Section 3.3 Examination of the Molecular Weight (MW) influence on UV irradiation of 

PMMA and PS 

         Firstly, the experimental results of the PMMA interaction with laser irradiation at 248 nm are 

presented. PMMA constitutes a weak absorbing system at this wavelength. The ablation threshold 

values of the ArI doped PMMA at 248 nm are lower for the low MW systems (Table I). At higher 

fluences, the etching (or material removal) rates are found to decrease by increasing the polymer MW 

(for instance, at 1400 mJ/cm2 and for 1.2 wt. % NapI concentration:  8μm in the case of 2.5 kDa vs. 5  

μm in the 120 kDa corresponding one) being in consistent with the results of Lippert et. al. study at 

308 nm.        

         

Table Ι: Various data of the under examination ArI/PMMA systems at 248 nm  

 

 

System 

 

Polymer 

MW (kDa) 

 

 

αsmall 

(cm-1)1 

Effective          

absorption                        

coefficient 

(cm-1) 2 

Swelling onset 

(mJ/cm2) 

Ablation 

threshold value 

(mJ/cm2) 

 

 

0.4% NapI 

2.5  

 

 

210 

 

 

 

1000-1300 

400 1200 

120 550 1600 

212 550 1600-1700 
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1.2% NapI 

2.5  

 

 

5500 

 

 

 

 

1500-2000 

 

250 1100 

120 600 1500 

212 550 1500 

 

 

0.5% PhenI 

 

2.5  

 

 

2000 

 

 

 

 

2750-3000 

200 500 

120 200 800-900 

212 300 1000 

 

At below ablation threshold and for each MW, the polymer surface swelling and the extensive bubble 

formation at the bulk polymer are observed via optical microscopy. For a given fluence, the swelling is 

much more pronounced for low MW PMMAs. However, the maximum swelling induced just below 

the corresponding ablation thresholds is much more pronounced for the high MW PMMAs. For 

instance, in the case of the 1.2 wt. % NapI/PMMA system, the swelling is  8 μm for MW 120 kDa vs. 

just  4 μm for MW 2.5 kDa. 

       In order to clarify the responsible factors for these observations, the study turns towards the 

examination of the products formation at the ArI doped PMMA relying on the ratiocination 

developed in a previous Section . Regarding the case of low ArI concentrations (< 0.8 wt. %), ArH is 
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the exclusive formed product of the dopants. ArH is detected in the emission band 1B3u  1A1g (at  

320 nm for NapH and  370 nm for PhenH) as shown in Fig. 3.3.a.           

Figure 3.3.a: Probe fluorescence emission spectra of doped NapI PMMA systems of two MWs (2.5 kDa 

and 120 kDa) at (a) low and at (b) high laser fluences 

 

         In Fig. 3.3.b it is shown the LIF PhenH intensity (measured at 370 nm) after single pulse 

irradiation at 248 nm of 0.5 wt. % PhnenI/PMMA systems versus the ‘’pump’’ laser fluence.   
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Figure 3.3.b: PhenH fluorescence intensity after single pulse irradiation of 0.5 wt. % PhenI/PMMA 

systems (of four MWs: 2.5 kDa, 23.2 kDa, 120 kDa and 212 kDa) at 248 nm versus the fluence of the 

‘’pump’’ laser. The arrows indicate the corresponding ablation threshold values.   

In order to record those spectra, a time delay of several seconds intervened between the ‘’pump’’ and 

the ‘’probe’’ pulse to ensure the quantitative/ complete/integral reaction of the photoproduced 

radicals. The LIF intensity is actually proportional to the amount of the product formed at the 

substrate as a result of ‘’pump’’ irradiation.    

         At low laser fluences, the ArH amount scales linearly with FLASER (slope 1.0 ± 0.2 in log-log 

graphs), being in accordance with the single photon photolysis of the ArI dopant molecules. At those 

fluences, the ArH amount efficiency is independent of the polymer MW. At higher fluences, however, 

the dependence of the ArH amount on FLASER ceases to be a linear one. As it has been shown 

previously, the deviation from linearity is due to the higher attained temperatures at the polymer 

films, leading to the greater reactivity of aryl radicals to ArH. In addition, at those fluences, the ArH 

intensity after irradiation of high MW PMMAs is found to be higher than the corresponding one of 

the low MW. Indeed, the divergence becomes more pronounced by increasing the polymer MW. The 

deviation in the ArH formation is observed at laser fluences (250 mJ/cm2 - 500 mJ/cm2) enough lower 

than the corresponding ablation thresholds and, thus, cannot be ascribed to the different etching 

rates or material removal rates. For each MW, the ArH intensity reaches to a plateau for laser fluences 

close to the corresponding ablation threshold as a result of the etching process. Furthermore, it is 
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very important the fact that, in parallel, corresponding LIF measurements of the ejected plume 

indicate that the intensity of the ArH ejected from the low MW PMMA is lower than the 

corresponding one ejected from the high MW PMMA (even if in the former case a greater amount of 

material is ejected). Consequently, the ArH formation is eventually lower in the case of low MW.     

         A more thorough study of the observed differentiation is provided by the examination of the 

ArH kinetics formation (Fig. 3.3.c). By varying the time delay, t, between the ablation pulse and the 

‘’probe’’ one, the fluorescence signal recorded following excitation by the ‘’probe’’ pulse t μs after the 

‘’pump’’ pulse, informs one about the amount of the product formed during the time delay 

intervention.     

       

 

                     

 

 

 

Figure 3.3.c: The PhenH amount product from 0.5 wt. % PhenI/PMMA systems of three MWs (2.5 kDa, 

120 kDa and 212 kDa) versus the time delay (right) and the same results for two MWs (2.5 kDa and 212 

kDa) at the first millisecond (left).   

         At the laser fluences for which the linear dependence on FLASER is observed, the ArH formation 

rate is independent of the polymer MW. However, at fluences higher than 250 mJ/cm2, the ArH 
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formation rate starts to be different among the various MWs. Upon comparison at the corresponding 

ablation thresholds, it is shown that the ArH formation rate increases with MW (a fact especially 

evident at times greater than 1 ms). In parallel, the ArH formation steadies in  1 ms for MW 2.5 kDa 

whereas it goes on up to  4 ms for high MWs. These differences clearly highlight that at the 

corresponding ablation thresholds higher temperatures are attained by increasing the MW.   

        The significance of polymer MW in the laser induced processes is also elevated by the 

examination of the bi-aryl products formation upon irradiation of doped NapI PMMA systems with 

concentration 1.2 wt. %. The products include Nap2, detected in an emission band at   360 nm, and 

perylene, having a double peak at  450 nm and at  475 nm (Fig. 3.3.d). For a NapI concentration of 

1.2 wt. %, those products are detected firstly at laser fluences close to swelling onset. Their yield 

increases with FLASER reaching at a plateau at the ablation threshold value. The most important 

observation pertains the fact that, for the same NapI concentration, the Nap2 and perylene formation 

is comparable with (or even lower in) the case of PMMA with MW 2.5 kDa (Fig.3.3.d). This 

observation is particularly impressive since the radical diffusion and Nap2 formation is considered to 

occur easier in the low MW polymers. Obviously, upon laser irradiation, the polymer structure and 

viscosity change significantly so as the typical standing dependencies for liquid polymers are no more 

valid.                 
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Figure 3.3.d: The Nap2 fluorescence intensity after single pulse irradiation of 1.2 wt. % NapI/PMMA 

systems of four MWs (2.5 kDa, 120 kDa, 212, kDa and 996 kDa) at 248 nm versus the laser fluence of the 

‘’pump’’ pulse. The arrows indicate the corresponding ablation threshold values.   

        The study of the Nap2 formation kinetics in the case of low MWs is hindered by the low 

Nap2 signal. Therefore, it is difficult the differences in the initial formation rate (namely at 

the first 500 μs) to be distinguished in the given signal to noise ratio. Yet, it is clear that Nap2 

formation recesses much faster in the case of low MW PMMA.    

     

 

 

 

 

 

Figure 3.3.e: Nap2 amount from 1.2 wt. % NapI/PMMA systems of three MWs (2.5 kDa, 120 kDa and 212 

kDa) versus the time delay intervention.   

 

 Turning next to the assessment of the temperatures attained upon UV laser irradiation of 

strongly absorbing systems, we examine first the PhenH yield as a function of FLASER for different MW 
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about a factor of 3 lower than that in the PMMA irradiation at 248 nm. However, qualitatively, the 

FLASER-dependence of PhenH formation is the same. The factors responsible for the observed FLASER-

dependence have been described above for PMMA and a detailed mathematical simulation is 

presented at the corresponding Section. Specifically, at FLASER < 50 mJ/cm2, the PhenH yield grows 

linearly with FLASER, consistent with one-photon photolysis of PhenI.     

 

 

 

 

 

Figure 3.3.f: FLASER-dependence of PhenH fluorescence intensity formed each time upon a single pulse at 

248 nm on virgin doped samples (0.5% wt.) for the indicated PS MWs. The error bar represents 2σ as 

specified from at least 5 measurements for each system.  

At these FLASER, by comparison with authentic PhenH-doped PS, it is estimated that, in the PhenI-PS, 

only a small percentage ( 10-20%) of the produced Phen radicals react to PhenH (the accuracy of the 

estimation is limited by the fact that the PhenH signal is somewhat overlapped by the PS emission 

band). The rest of the Phen radical are expected to recombine with the I radical to reform PhenI. 

However, at FLASER ≥ 50 mJ/cm2, the PhenH fluorescence intensity increases nonlinearly (i.e., a higher 

percentage of Phen radicals react to PhenH). Since H-atom abstraction is a thermally activated 

process, the increase of PhenH demonstrates that at these fluences, increasing temperatures are 

attained. Close to ablation threshold, the PhenH reaches a plateau as a result of the fact that any extra 
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PhenH product formed is removed by the etching process. The most important finding is that in 

contrast to what observed for PMMA (see above), PhenH product yields are, within the accuracy of 

the experiments, identical for all polystyrene MWs. In parallel, time-resolved examination 

demonstrates that at all FLASER, PhenH formation follows the same kinetics for all MWs (Fig. 3.3.g). 

Both FLASER-dependence and the kinetics of PhenH formation demonstrate that nearly equal 

temperatures develop in the irradiation of PS at 248 nm independently of MW.   

 

Figure 3.3.g: Kinetics formation for PhenI-doped PS samples of the indicated MWs upon irradiation at 

the indicated laser fluences. The solid lines represent the kinetics as predicted by the simulation for 

(surface) film temperatures of 600 and 850 K. The procedure for the simulation is described in detail at 

the corresponding Section.  

 Simulations of the observed PhenH formation kinetics on the basis of a methodology 

described at the corresponding Section indicate temperatures of  800 K (the exact value depending 

on the activation parameters assumed for the H-abstraction from the PS).  
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 In contrast to what observed at 248 nm, the (single-pulse) ablation thresholds (Table II) and 

the etching rates for 0.5 wt% PhenI/PMMA at 193 nm show a very weak, if any, dependence on MW. 

Furthermore, as expected for irradiation at strongly absorbed wavelengths, no swelling blow the 

ablation threshold(s) is observed.  

Table IΙ: Single pulse ablation thresholds for irradiation of 0.5wt% PhenI-doped PMMAs of the 

indicated MWs at 193 nm. 

 

Polymer 

MW (kDa) 

Ablation 

threshold value 

(mJ/cm2) 

2.5 20 

120 32 

996 35 

 

We turn next to the determination of the temperatures reached in the PMMA upon 

irradiation at 193 nm on the basis of the methodology previously demonstrated. On the basis of this 

methodology, it is found that at 193 nm, the differences in temperatures with MW are much smaller 

than those determined in the ablation at 248 nm. Nevertheless, even at this wavelength (for which a 

photochemical mechanism has often been suggested), a temperature of  700-800 K is estimated (Fig. 

3.3.h). The estimated temperatures are higher than the ‘’ceiling’’ decomposition temperature 

determined for PMMA by conventional thermogravimetric measurements. This is not surprising, 
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given that the rate of heating (≥ 108 K/s) upon laser irradiation surpasses by several orders of 

magnitude those achieved by conventional methods so that thermal decomposition cannot compete.     

 

   Figure 3.3.h: Kinetics PhenH formation in the irradiation of PhenI-doped PMMA samples of the 

indicated MWs at 193 nm. The lines represent the kinetics of NapH formation as predicted by simulation 

(the simulation curves are ‘’normalized’’ for the detection efficiency of PhenH).    

 

 

EXAMINATION OF THE EJECTION DYNAMICS  

        Further information can be derived by examining the kinetics distribution of the ejected particles 

(upon observation of the probe beam scattering being parallel to the irradiated surface). The spectra 

as they have been recorded for two MWs versus the laser fluence are shown in Fig. 3.3.i. In both cases, 

the scattering intensity increases with excimer laser intensity. The increase may be ascribed to the 

fact that by increasing FLASER, the amount of the ejected material increases as well. However, this 

correspondency is neither so simple nor straightforward since the scattering intensity depends also 
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on the particles size as well as on their geometrical shape. In particular, the latter parameters 

differentiate by increasing FLASER.      
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Figure 3.3.i: Probe beam scattering intensity spectra versus the laser fluence for high MW (up) and for 

low MW (down).   

Beyond the intensity increase, the scattering maximum is observed at smaller times indicating that 

the mean kinetic energy of the particles increases (at higher fluences, however, the plasma formation 

affects the recording of the attenuation signals).   

        The most significant result of those experiments is the great difference between the two 

examined MWs. Schematically, for the low MW, a wide distribution is observed (in fact, it resembles 

a bimodal one). In contrast, for the high MW, the observed distribution is particularly narrow and 

indicative of significantly high velocities. The differences between the MWs are observed at every 

laser fluence showing that even if a thermal mechanism (as described in the corresponding Section) 

takes place, different processes/procedures lead, eventually, to material ejection. 

        Another way of the results presentation is the conversion of the flow distribution to velocity 

distribution (Fig. 3.3.j). The velocity distribution Iparticle(t) may come up from the attenuation signal 

S(t).For this reason, it is worthy of note that the faster particles spend less time in the He-Ne beam 

and, thus, they attenuate less the beam than the slower particles which spend more time in the beam. 

Hence, Iparticle(t) is proportional to the attenuation signal being in sequence proportional to time t 

required for the particles to reach the beam. Therefore, it can be assumed that Iparticle(t)  S(t)/t. 

Finally, Iparticle(v) = Iparticle(t) ∙ t2 /l  S(t) ∙ t/l, where v = l/t by taking into account the appropriate 

coordinate systems change.     
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       However, a problem we face here is that regarding the small velocities v and thus the greater 

times t, the noise is amplified and the real signal is recognized with great difficulty. For this reason, 

this method was applied only upon irradiation at high laser fluences and small sample – probe beam 

distances (and thus at good signals) for its accuracy to be proved. It is also important to be noted that 

the weak point of the above thought is the one size particle assumption. A Boltzmann distribution 

could not be applied since the mass of the particles is not known and thus any parameters are rather 

meaningless.  

        Similar conclusions are extracted by examining the deposited material by employing the PLD 

technique (Fig.3.3.k). As it is shown in the SEM photos, upon laser ablation of the high MW, the 

deposited material is significantly rich in clusters. In general, the clusters are spherical and of size 100 

-500 nm. In contrast, upon laser ablation of the low MW (by employing the same number of pulses), 

only a small number of great (> 1 μm) droplets is observed.   
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Figure 3.3.j: Attenuation signals (left) for the 0.5 wt. % PhenI/PMMA system of high MW (up) and low 

MW (down) after irradiation at 248 nm (2200 mJ/cm2). The corresponding velocity distributions are 

shown right.  

         

        The following explanation can be proposed for the observed differentiation: in the case of the 

high MW, the ejection occurs as soon as a pressure in the bubbles efficient to exert the necessary 

acceleration for material ejection is developed/achieved. However, the pressure (feedback) exerted by 

the ejected material is not sufficient enough to provoke a secondary ejection of the melt droplets. In 

contrast, as far as it concerns the low MW, the melt (liquid) has such low a cohesive energy that even 

a small feedback pressure leads to ejection of great droplets.    
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996 kDa 1,9 kDa

15 kDa532 kDa

PMMA at 248 nm (WEAK ABSORPTION)

PS at 248 nm (STRONG ABSORPTION)

 

Figure 3.3.k: SEM photos of the deposited material by employing the PLD technique upon laser ablation 

of two absorbing systems at 248 nm and of four MWs.   
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Chapter 3: Experimental results 

Section 3.4 Control of Modern Art paintings laser treatment and assessment of the in 

depth laser photochemical changes induced at the original painting substrate 

Upon restoration interventions on modern paintings various acrylic materials are often used 

to fill out and retouch stains and other alterations. Time and exposure to atmospheric conditions, 

however, may cause irreversible alteration to these layers necessitating thus their removal. The 

progress in the field of conservation of art paintings has highlighted the inadequacy of the 

conventional cleaning methods, relying mainly on mechanical or chemical techniques. The latter 

processes, being difficult to control, can provoke serious modifications to the original painting, 

namely, pigments and medium effects or painting ageing. However, laser ablation has proved lately to 

be a satisfactory method for layer removal of paintings surfaces with high precision and great 

accuracy. In particular, an excimer laser beam under the appropriate irradiation parameters can 

induce material removal with minimal thermal or photochemical effects on the underlying material. 

Previous work has actually demonstrated the potential of using a KrF excimer laser emitting at 248 

nm (pulse duration 30 ns) for the removal of unwanted acrylic over-layers from the particularly fragile 

surface of “The Black Painting” by Ad Reinhardt, in collaboration with the Guggenheim Museum and 

the Museum of Modern Art of New York (MOMA). 

 

In parallel to practical laser cleaning investigations, background studies, aiming to elucidate the 

photochemical mechanisms induced upon laser cleaning of aged varnish layers from easel paintings 

and icons, were undertaken. A series of irradiation tests on doped polymeric systems enabled the 
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systematic characterization of UV laser induced modifications to the remaining polymeric material. 

The LIF monitoring of the photoproducts formed upon excitation of the Aryl chromophores 

dispersed into simple polymeric materials (PMMA and PS), enabled the investigation of the influence 

of laser parameters (fluence, wavelength, applied number of pulses and pulse duration) and material 

properties (molecular weight etc.) on the induced chemical processes. It was thus shown the 

significance of using highly absorbed wavelengths, a moderate number of pulses and shorter pulse-

widths to achieve optimum cleaning results with confined and minimal chemical alterations to the 

remaining thin varnish layer, so as to safeguard the sensitive original surface.  

 

Laser ablation can thus be used as an effective tool for the treatment of paintings; nevertheless the 

broader implementation of laser cleaning interventions in modern paintings is hampered by the not 

yet studied and hardly to be estimated extent of the laser induced side effects on the original painting 

upon laser treatment of the over-paintings. From the standpoint of that challenge, a method for the 

in-depth assessment of the photochemical or any modifications induced during the laser cleaning of 

modern paintings is presented. 

 

2. MATERIALS AND METHODS 

 

2.1. LIF monitoring 
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This study aims to simulate the real case of an over-layered modern painting by employing a thin 

polymer layer (to imitate the original acrylic surface) covered with acrylic paint. The polymer is 

doped with photo-sensitizers of known photochemistry, whose strong fluorescent emission allows the 

employment of Laser Induced Fluorescence (LIF) technique for the detection of any modifications 

generated into the substrate upon the laser assisted removal of the acrylic paint. As a polymer 

indicator, thin films of Paraloid B72 (a copolymer (70:30) of Ethyl methacrylate and methyl acrylate of 

MW  105 kDa) doped with an aromatic compound (1,4-Di[2-(5-phenyloxazolyl)] benzene: POPOP) 

casted on a quartz plate were used. Paraloid B72 was employed due to its broad use in the restoration 

of Cultural Heritage objects  (although its alteration problems with ageing are well established and its 

removal issue -by means of lasers or rheoreversible polymeric organogels  is under investigation). The 

main reason for choosing this polymer in this study was its negligible fluorescence in the applied 

wavelengths, while –on the other hand- POPOP was chosen as it fluoresces strongly upon excitation 

at all studied wavelengths. Thin films were prepared by casting solutions of polymer/dopant in 

dichloromethane (CH2Cl2) or in toluene (C6H5CH3) on quartz plates, subsequently dried in vacuo. The 

dopant concentration was 0.5% by weight and the film thickness was in the range of 10–20μm 

(measured by profilometry). 

 

To simulate the over-painting, a layer of acrylic paint with organic (red paint Rowney 513, 1:2 

dihydroxyanthraquivone) pigment was casted over the doped polymer film The thickness of this 

acrylic over-paint film varied from 20 to 120 μm. 
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Following the well studied methodology described in detail previously, Laser Induced Fluorescence 

(LIF) technique was employed to detect the strong fluorescence from the doped substrate and thus to 

qualitatively monitor the cleaning process. A ‘’pump-probe’’ fluorescence scheme was employed in 

which irradiation/ablation (and thus laser induced removal of the acrylic over-painting) is performed 

at 248 nm (Compex 110, LAMBDA PHYSIK) with pulse duration τ = 25 ns, and an excitation beam 

operating always at 248 nm, at low fluences (FLASER  5 mJ/cm2), induces the product fluorescence 

after variable time delay. This fluence was low enough to ensure that photolysis by the probe beam is 

negligible. Irradiation was performed in ambient atmosphere. Both laser beams were focused 

perpendicularly onto the sample. The induced emission was collected by an optical fiber oriented 

nearly perpendicularly to the sample, at  2 cm away from its surface, and was spectrally analyzed in a 

0.20 m grating spectrograph . The spectrum was recorded on an optical multi-channel analyzer (OMA 

III system, EG&G PARC Model 1406), interfaced to a PC. Cut-off filters were used to block any probe 

beam scattered light. 

 

Experimentally, this study relies on the strong fluorescence emission of POPOP and the non-existing 

fluorescence of the employed acrylic paint at 248nm. Thus, the situation where the non-fluorescing 

over-layer has been removed to reveal the surface of the strong fluorescing doped polymer surface 

can be conveniently characterized and quantified via LIF. In particular, upon irradiation of the sample 

surface with several pulses at specific laser fluence the observation of the POPOP fluorescence peak 

denotes the critical pulse at which the laser beam has removed the acrylic paint and the underlying 

polymer substrate has been exposed. From this pulse and on photochemical changes to the 

underlying polymer substrate may potentially be induced. 



                                             
 

Alexandros Selimis – PhD Thesis Page 114 

 



                                             
 

Alexandros Selimis – PhD Thesis Page 115 

2.2. Non-linear microscopy examination 

 

To examine the extent of the laser induced photochemical modifications at the bulk of the polymer 

substrate non-linear microscopy techniques were employed; namely Multi-photon Excitation 

Fluorescence (MPEF) and Third Harmonic Generation (THG). 

 

MPEF can be very advantageous for specific imaging applications over conventional confocal 

fluorescence microscopy, which is based on single photon absorption processes. Thus, Two or Three 

Photon Excitation Fluorescence (TPEF – 3PEF) has demonstrated novel possibilities and new 

detection capabilities since exhibits intrinsic three dimensionality and ability to section deep within 

samples, due to the use of infrared (IR) light as excitation source. Furthermore, the efficiency of 

MPEF is significant at extremely high light intensities; therefore the whole procedure takes place only 

within a well defined volume around the focal center of the incident laser beam. As a result of this 

non linear process, out of focal plane photo-bleaching is dramatically reduced in comparison to single 

photon confocal microscopy. 

 

THG involves a scattering procedure in which three photons of a certain frequency ω are effectively 

“combined” to form a new photon having the triple fundamental frequency 3ω. THG signal originates 

when laser focus is in an interface between two media having different refractive index values and its 

intensity strongly depends on the magnitude of this difference. This specific THG feature can be 
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utilized in order to detect structural changes or in-homogeneities on the sample surface after laser 

irradiation, as complementary information to MPEF measurements. 

 

In this study the above mentioned non-linear microscopy diagnostic techniques take advantage of the 

POPOP fluorescence properties to detect chemical changes in the bulk of the doped polymeric film 

with a high axial resolution (perpendicularly to the surface). Thin films of POPOP doped Paraloid B72 

were casted on a round glass slide of 35 mm diameter and of  45 μm thickness (Marienfeld) to 

imitate the case of the underlying substrate of a modern painting. The sample is irradiated at 248 nm 

(Compex 110, LAMBDA PHYSIK) with pulse duration τ = 25 ns firstly at a laser fluence below ablation  

threshold and with several pulses until a minimal change at the fluorescence spectrum of POPOP is 

detected via LIF. The sample is then examined by non linear microscopy techniques in order to check 

the detection limits of our experimental setup. 

 

Upon establishing a protocol on how non-linear spectroscopy may detect the extent of laser-induced 

photochemical modifications to the doped polymer substrate, further experiments were focused on 

the identification of potential alterations to the substrate under laser cleaning conditions. Over-

painted POPOP- doped Paralloid B72 films were irradiated at 248 nm until the POPOP fluorescence 

spectrum was collected by LIF technique and the treated areas were further investigated with MPEF. 

 

The experimental set-up for the realisation of MPEF and THG measurements is outlined in the 

corresponding Section. The excitation source used is an Amplitude System t-pulse femtosecond laser 
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oscillator with emission wavelength at 1028 nm. The average laser output power is 1 W, whereas pulse 

duration is less than 200 fs with a repetition rate of 50 MHz. Thus, single pulse energy is calculated to 

be 20 nJ. These laser beam specifications combined with tight focusing have been proved to provide 

very high efficiency on the generating non-linear optical phenomena. The beam is directed to a 

modified optical microscope (Nikon Eclipse ME600D) using a number of suitable dichroic mirrors 

and is finally focused tightly onto the sample by employing a high numerical aperture objective lens 

(Nikon 50X, NA 0.8). To ensure that the back aperture of the objective is fulfilled, a telescope system 

has been used. Sample observation through the objective lens during experimental procedure is 

attained with a CCD camera (PixeLINK PL A662). The energy per pulse on the sample plane is 0.6nJ. 

Samples are placed on thin cover-slips (45μm thickness) that fit into a motorized xyz translation stage 

(Standa 8MT167-100) with a minimum step in each direction of 1 μm. This minimum step of the stage 

in combination with beam axial waist size (around 2 μm), consist the main constraints of the 

transversal resolution of our set-up. By using a specifically developed Labview software (National 

Instruments, Labview 6.1), we are able to control the movement of the stage at z axis and to record 

the signals in every single step during each spot measurement. Each step in z direction is 1 μm. The 

accumulation time in each step is 100 ms. 

 

Multi Photon Emission Fluorescence (MPEF) signals are collected in reflection mode by a 

photomultiplier tube (PMT Hamamatsu R4220) connected to a lock-in amplifier (SR810 Stanford 

Research Systems) which provides satisfactory noise reduction so that measurements can be 

performed in less stringent light conditions. A short pass filter (SPF 750 nm) was placed at the PMT 

input in order to cut off reflected laser radiation from the sample. The above configuration can 

provide precise information about sample thickness. 
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Most of Third Harmonic Generation (THG) signals propagate with the laser beam and are collected 

and collimated by employing a condenser lens (Carl Zeiss Plan-Apochromat 100X, N.A. 1.4). The 

transmitted beam is then reflected by a suitable dichroic mirror (Enhanced Aluminium Mirror) and 

passes through a 340 nm coloured glass filter (Hoya U 340). A second PMT (Hamamatsu H9305-04) 

connected to the same lock-in amplifier is used for the intensity measurement of THG signals. 

 

LIF monitoring 

The fluorescence spectra collected on the irradiated surface of the over-painted 0.5% POPOP / 

Paraloid B72 film upon successive number of 248nm laser pulses is shown in Figure 3.4.a. The 

employed laser fluence was 1.1 J/cm2, while the thickness of the red-acrylic paint was measured to be 

about 17 ± 1 μm. 
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Figure 3.4.a: Probe product LIF spectra recorded following irradiation with various 248 nm laser pulses 

at 1.1 J/cm2 of 0.5 % POPOP / Paraloid B72 film over-painted with 17μm red alizarine acrylic paint. 

 

As it can be seen from the sequence of spectra on Fig. 3.4.a the acrylic paint does not fluoresce 

upon excitation at 248 nm (1st pulse), while the fluorescence emission from the POPOP appears to be 

distinguishable at the 14th pulse, indicating partial removal of the over-paint. The clear and 

characteristic POPOP fluorescence peak recorded at the 15th pulse denotes the complete removal of 

the acrylic over-paint layer and the initiation of laser-induced effects to the substrate. 

The above results were also confirmed through optical microscopy. In Figure 3.4.b the 

irradiation spots of a) one b) fourteen and c) fifteen UV pulses at 1.1 J/cm2 are shown. It is clear that 

the 14th pulse has partially removed the over-paint layer while total removal at the whole pulse area 

was achieved at the 15th pulse, in agreement with LIF measurements. 

 

 

 

Figure 3.4.b: Photo-micrographs (optical microscope, reflected mode, spot diameter ~ 2mm) of 0.5% 

POPOP / Paraloid B72 sample upon irradiation (248 nm, F = 1.1 J/cm2) with a) 1, b) 14 and c) 15 pulses. 

 

This specific fluence was chosen as it was shown to lie above the removal threshold of this paint and 

thus it is expected to remove efficiently the over-layer. The etching rate at 1.1 J/cm2 lies in the range of 

1μm. 

a b c 
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3.2. Non-linear microscopy examination 

 

For the systematic in-depth assessment of the laser induced photochemical modifications upon laser 

removal of the acrylic paint, non-linear microscopy techniques were employed. Initial measurements 

aimed to verify the sensitivity of non- linear microscopy on the identification of photochemical 

alterations induced by laser irradiation on a doped polymer substrate (0.5 % POPOP / Paraloid B72 

sample) without acrylic over-painting. The sample was measured using MPEF technique, pre- and 

post- laser irradiation at 0.25 J/cm2 (Figure 3.4.c).  
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Figure 3.4.c: MPEF spot measurements on a 0.5 % POPOP / Paraloid B72 sample without acrylic over-

painting. 
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This fluence was chosen as it lies below the ablation threshold of both materials (Paraloid B72 and 

acrylic paint). Full Width Half Maximum (FWHM) before irradiation was calculated at 47.5 μm 

whereas after single pulse irradiation at 0.25 J/cm2 no significant alteration was detected (FWHM 

measured 47.0 μm). However, a significant decrease of the FWHM of MPEF intensity was observed 

within system axial resolution (2 μm) after 10 pulses of the same fluence (FWHM decreased at 44.4 

μm), indicating an extent of photochemical alterations on the sample surface in the range of 3 μm. 

Consequently, this non-linear technique could detect the differences in fluorescence width before 

and after excimer irradiation and thus the laser induced chemical modifications at the substrate 

surface. In fact, those modifications were not detectable by simple optical microscopy, proving the 

sensitivity of non-linear microscopy techniques in assessing the in-depth laser induced 

photochemical modifications at this fluence. 

In addition, MPEF and THG measurements were realized at the same sample, pre- and post- 

laser irradiation at 1.1 J/cm2 (1 pulse). The FWHM of MPEF intensity distribution after irradiation was 

measured at 41.1 μm, about 6.5 μm less in comparison to non irradiated case (Figure 3.4.d).  
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Figure 3.4.d: A) MPEF and B) THG measurements on a 0.5 % POPOP / Paraloid B72 sample pre- and 

post- laser irradiation (1.1 J/cm2, 1 pulse). 

It is expected that a perfect homogenous interface will generate THG signal characterized by a 

normal (Gaussian profile) distribution of intensity. However, an obvious deviation in comparison to 

the Gaussian intensity distribution was detected in the case of irradiated sample in the interface 

sample-air (Figure 3.4.c B). This finding is consistent to a significant alteration of the refraction index 

values on the sample surface and the consequent formation of additional interfaces due to the 

photochemical changes induced upon laser irradiation. 

The next step was to assess the photochemical modifications upon laser removal of the red 

paint and thus MPEF spot measurements were performed on a doped Paraloid B72 sample coated 

with Alizarin Red paint. Reference measurements of the 0.5% POPOP/Paraloid B72 sample were 

taken prior the paint application. The sample was then coated and irradiated at 1.1 J/cm2 until the 

paint layer was totally removed (as indicated by LIF). Consequent MPEF spot measurements showed 
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that the respective FWHM of MPEF spectrum was reduced approximately by 5 μm in comparison to 

the reference measurements (Figure 3.4.e). Thus, it can be concluded that laser removal of the over-

layer at 1.1 J/cm2 does affect photo-chemically the substrate as indicated by the fluorescence 

properties change into the substrate.  
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 Figure 3.4.e: MPEF spot measurements on a 0.5 % POPOP / Paraloid B72 sample pre and post laser 

irradiation paint removal at 1.1 J/cm2. 

  



 

Alexandros Selimis – PhD Thesis Page 124 

     

Chapter 4: Results analysis 

 Modeling of ArH formation and temperature evolution estimation 

 

The important finding of the present study is the fact upon irradiation at weakly absorbed 

wavelengths (i.e. PMMA at 248 nm and 308 nm, PS at 308 nm) at intermediate and high laser 

fluences, the ArH and Nap2 products formation at the NapI doped polymers is significantly higher for 

high MW polymers. At high laser fluences, at which ablation occurs, the above differentiation could 

be ascribed to the higher etching rates of the low MWs PMMA. Yet, this explanation is not valid at 

lower fluences since the difference in the ArH product is greater than the corresponding one in the 

etching depth. Furthermore, difference in the ArH product formation is also observed below the 

ablation threshold (with no material removal which could directly explicate the difference in ArH 

formation). In the present chapter, the factors responsible for these differences as well as how they 

come into the picture of PMMA ablation mechanisms are mentioned.   

 

Modeling of ArH formation and temperature evolution estimation 

         Firstly, the attained temperatures upon irradiation of PMMAs are estimated by modeling the 

ArH kinetics formation. The ArH product is formed via a ‘’pseudo-unimolecular’’ abstraction of a 

hydrogen atom by the aryl radicals. Thus, 

      zArAe
dt

ArHd tzRT

Eact

,
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where [Ar] represents the concentration of aryl radicals formed upon ArI photolysis. Such reactions, 

for small aromatic compounds, are characterized by an activation energy Eact with values in the range 

of 40 – 60 kJ/mol and a pro-exponential factor A = 105 – 107 s-1. The evolution of the temperature in the 

material after irradiation is estimated by the relation 
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where z corresponds to the depth from the film surface, t is the time after the laser pulse, erfc is the 

complementary error function, ρ = 1.19 x 105 kg∙m-3, and T0 = 300 K. The above relation is derived from 

the solution of the heat diffusion equation under the condition that the initial temperature evolution 

at the substrate has a Beer’s-type dependence on depth.   

         Regarding firstly the absorption, (at low light intensities) it is due to the dopant, since pure 

PMMA is almost transparent at 248 nm. At higher laser fluences, however, non linear multi-photon 

absorption processes take place upon irradiation of doped PMMA at 248 nm. This has been 

confirmed by transmission measurements of the ‘’pump’’ beam at various fluences below the ablation 

threshold. For instance, as far as it concerns the 0.4 wt. % NapI/PMMA system, the absorption 

coefficient at low light intensities is just 150 cm-1, whereas at laser intensities close to the ablation 

threshold increases almost at 500 cm-1. Yet, the most important finding is that at laser fluences for 

which light scattering or absorption by the plume is insignificant, the (effective) absorption is 

independent of polymer MW. This directly indicates that the differences observed by increasing the 

MW are not due to the different laser beam absorption. Therefore, in order to model the ArH kinetics 

formation, a mean value of the transmission measurements determined values at various below 

ablation threshold fluences is adopted as αeff.  
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         The other parameters being important for the temperature determination are the heat 

conduction and the thermal expansion coefficient. Due to the number of freedom degrees reduction 

upon polymerization, cP is slightly reduced by increasing MW. No data were found for PMMA in the 

literature concerning the dependence on MW, whereas for PS the difference in cP,melt between 1 kDa 

and 490 kDa is just 0.0064-7 x 10-5 T (in J∙g-1∙K-1 units and for T in the value range of Tg + 20 – 440 K). 

On the other hand, as it was shown by Dlott et al., upon laser irradiation, the thermal conductivity 

increases significantly due to the extensive decomposition in smaller units.oligomers etc. For the 

PMMA examined at this study (MW  120 kDa), cP was shown to increase from the value of 2x103 J∙kg-

1∙K-1 at room temperature to  3x103 J∙kg-1∙K-1 at temperatures  600C. Hence, the just mentioned 

increase seems to be more important than any other PMMA cP dependence on MW. Finally, 

regarding Dth, the data of the limited literature indicate a weak dependence of polymer thermal 

diffusion coefficient on MW (e.g. as it concerns PS, the thermal diffusion coefficient decreases with 

MW by a factor of 15%). Consequently, upon modeling the same value Dth = 4x108 m2∙s-1 is employed 

independently of MW.  

        From what is mentioned above, it is evident that the above mentioned relation for the 

temperature evolution fails in explicating the different temperatures attained by varying the MW. 

This relation, as it was firstly proposed by Burns and Cane, does not take into account not only the 

energy removal due to desoption of volatile species (before ablation) or material ejection (ablation) 

but the heat losses due to polymer decomposition as well. The different attained temperatures may 

be ascribed to the different material desorption rates (and thus energy removal rates) from polymers 

of different MWs. The term ‘’desorption’’ is describing the removal of gases from the free polymer 

surface and the diffusion of gases into bubbles formed in the bulk material. Actually, in the weakly 

absorbing at 248 nm PMMA, the latter process is the dominant one.  
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        The bulk photothermal model as well as the MD simulations suggest that desorption is 

significantly important below polymer ablation threshold. For this reason, we introduce in the 

temperature relation the term Erem, namely 
P

remLASEReff

c

EF





2


, in order for the energy removed upon 

monomers/oligomers desorption to be represented. The latter is assumed to take place quickly 

enough before the heat diffusion terms of relation become significant. Upon modeling the ArH 

dependence on FLASER and kinetics formation, all the parameters are fixed at the afore-mentioned 

values and only the Erem term varies.    

        For low laser fluences, at which the substrate temperature increase is minimal, the ArH 

formation is independent of polymer MW, as it has been observed during the reactions of radicals in 

polymers resulting in the hydrogen atom abstraction. At higher fluences, however, the ArH formation 

is determined by the temperatures attained at the material and by the extent of the heat diffusion at 

the substrates. In the case of 0.5 wt. % PhenI/PMMA sample, the heat ‘’influence’’ is estimated, being 

in accordance with the experiment, to become significant at  250 mJ/cm2 (at this laser fluence 10% 

of the aryl radicals is estimated to react towards ArH formation). Thus, the dramatic increase in ArH 

efficiency at fluences ≥ 250 mJ/cm2 (as shown in the Figure) for MWs > 120 kDa indicates that at those 

systems higher temperatures are attained. In parallel, at laser fluences ≥ 250 mJ/cm2, the energy 

removal from the low MW systems (2.5 kDa, 23 kDa) increases more and more, whereas for MWs ≥ 

100 kDa, the Erem term is negligible at fluences lower than 500 mJ/cm2. Therefore, even though the 

thermal relaxation time  theffth D21  

 

is the same, the heat diffusion at the substrates is higher at 

the high MW polymers; this fact actually may interpret the greater duration of ArH formation at 

these systems. Thus, according to the modeling (Fig. 4.1.a), the (surface) temperatures attained after 
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the end of the pulse at the corresponding ablation thresholds  are estimated to be  600 K for PMMA 

of MW 2.5 kDa and  800–900 K for MWs ≥ 120 kDa.                            

   

 

 

 

 

 

 

Figure 4.1.a: Modeling of (surface) temperatures attained after the end of the pulse at the corresponding 

ablation threshold values.  

 

 

 Modeling of Nap2 formation and viscosity changes estimation 

         In the present chapter the PMMA viscosity changes induced upon laser irradiation are estimated 

taking into account the kinetics and the efficiency of Nap2 formation. It has been shown previously by 

spectroscopic measurements, that the ensemble of aryl products is formed only at dopant 

concentrations ≥ 15 wt. %. Thus, as far as it concerns the NapI concentrations employing to the 

present study (< 2 wt. %), the Nap2 formation is exclusively due to diffusion processes, namely Nap + 
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Nap  Nap2. For these concentrations, the mean distance between the dopant molecules is estimated 

to be  4nm. Assuming now a Fickian-type diffusion, the distance at which Nap diffuses scales as 

     2
1

2
1

6 NapBsp RTtktD  , where kB is the Boltzmann’s constant and RNap represents the 

naphthalene radius  3-4 Å. Hence, the Nap2 formation in ms times (Fig. 4.1.b) indicates that at these 

times, the polymer viscosity is  101-103 Pa∙s, being comparable to what is referred for molten polymer. 

Therefore, the Nap2 formation observation unambiguously denotes that PMMAs independently of 

MW melt upon irradiation at 248 nm.   

         Aiming to the quantitative evaluation of the viscosity changes, the Nap2 formation is modeled by 

assuming a second order reaction with a Smoluchowski reaction rate  sPa
Tk
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. The 

polymer viscosity   dependence on temperature is described by the Williams-Landel-Flory (WLF) 

relation:  
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where MWcr is the critical molar mass for entanglement coupling ( 30 kDa for PMMA) and cr is 

the corresponding viscosity ( cr  3x105 Pa∙s). The temperature evolution is described by the relation 

previously mentioned and in addition it is taken into account the influence of the competitive 

reaction of hydrogen atom abstraction to ArH formation, as it was described in a previous Section.  

         The Nap2 efficiency and kinetics simulations relied on literature parameters diverge significantly 

from the experimental results. For instance, even if the WLF relation suggests a very lower viscosity 

(and thus a higher diffusion rate of Nap radicals) for low MW polymers, Nap2 formation in the case of 

PMMA of MW 2.5 kDa is predicted to be two orders of magnitude higher than the corresponding one 

for PMMA of MW 120 kDa (Fig. 4.1.b). In addition, the Nap2 formation is predicted to pause at shorter 

times than the experimentally observed ones.  

         It seems that for a satisfactory description of Nap2 kinetics formation and its dependence on 

FLASER to be achieved, the polymer viscosity dependence upon irradiation should be enough different 

from what is expected relying on the above relation. In order to avoid any further hardness of the 

problem by introducing novel dependencies, the viscosity relation is considered to be valid and the 

relation parameters are modified by simply adjusting the C1 and 0  employed in it. It is worthy to 

note that Nap2 kinetics formation is determined by the (exponential) dependence of  on 

temperature and that its efficiency is determined by 0 as well as by the exponential term. 

Considering the Nap2 kinetics formation, a satisfactory simulation can be achieved by setting C1 = 

0.5x8.86 for the low MW system and C1 = 0.3x8.86 for the high MW one. Upon simulating next the 

Nap2 intensities ratio the value  0   105-104 Pa∙s is shown in Fig. 4.1.b. 
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Figure 4.1.b: Estimated temporal viscosity evolution at 1.2 wt. % NapI/PMMA systems of low MW 

(straight line) and of high MW (dotted line) upon irradiation at 248 nm.    

 

         The typical parameters of relation  are derived from measurements at much lower temperatures 

than those attained upon laser irradiation. Since laser irradiation induces the polymer thermal 

decomposition, the gas bubble formation, etc., it is obvious that those parameters fail in describing 

the polymer viscosity changes; in fact, it is not apparent if under such conditions the terms ‘’viscosity’’ 

and ‘’radical diffusion’’ are appropriate or even valid. The dependence of the laser induced polymer 

viscosity changes on MW can be rationalized. The higher temperatures attained at high MW PMMAs 

result not only in a greater decomposition extent but also in a higher reduction of   (from its initial 

value). Indeed, it has been shown that at the high MWs systems, the bubbles at the substrate, even 

smaller in size, they are much greater in number compared to the corresponding ones at low MW 

systems. On the other hand, at the corresponding ablation thresholds, the swelling is much more 
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pronounced at the high MW PMMAs, suggesting thus a greater free available ‘’effective’’ volume for 

the Nap radicals diffusion.    

 

Influence of polymer molecular weight on the laser induced processes 

         The high temperatures estimated to be attained as well as the suggested melting indicates that a 

thermal mechanism dominates upon irradiation of polymers at weakly absorbed wavelengths, 

independently of MW. Hence, the dependence of the ablation thresholds, the attained temperatures, 

the viscosity, etc. on MW are considered within the framework of a bulk photothermal model which 

seems to be the most appropriate one for polymer ablation. 

         The energy losses occurring upon laser irradiation compromise the following:     

(a) the energy ‘’consumed’’ upon polymer decomposition   Tk

E

bbb
B

b

eAnNH


 10 , where ΔHb 

represents the  enthalpy per polymer ‘’strong’’ bond, Ab is the Arrhenius factor, Eb is the activation 

energy for its discission to occur, and N0 corresponds to the initial number density of bonds.  

(b) the energy removal through desorption (at a rate JH des , where J is the monomer/oligomer 

desorption rate and ΔHdes the evaporation/desorption enthalpy of these species). The ‘’term’’ 

desorption includes the removal of gases from the free polymer surface as well as the diffusion of 

gases into the bubbles formed within the bulk polymer. Regarding the weakly absorbing at 248 nm 

PMMA, due to the great number of bubbles formed within the bulk, the desorption into the bubbles 

is the dominant procedure being responsible for the energy removal.     
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Thermogravimetric measurements have shown that the Eb, ΔHb and Ab are almost 

independent of MW. Hence, the rate of the energy ‘’consumed’’ upon polymer decomposition is not 

responsible for the observed different temperatures. The rate of oligomers/monomers formation, 

however, should vary according the MW. Since the polymers are chemically identical, desorption is 

expected to occur for the same oligomer size. Nevertheless, at the high MW systems, the oligomer 

formation rate is considerably diminished, while at the low MW PMMAs, decomposition into 

monomers is significant even at low fluences such as 250 mJ/cm2. Under this consideration, the lower 

attained temperatures can be interpreted. Practically, the difference in the attained temperatures is 

expected to be greater than it was estimated, given that the relation employed for the temperature 

estimation does not take into account the fact that the low MW PMMA is lower than the PMMA 

‘’unzipping length’’ ( 50 kDa). 

Ablation of high MW systems is achieved at particularly high fluences/temperatures 

compared with the low MW ones, even if higher temperatures are attained at the former. According 

to the bulk photothermal model, the ablation threshold as well as the etching rate is under the 

condition that a critical ratio of bonds have been broken at the interface. The model clearly implies a 

critical concentration of monomers/oligomers must be reached. In the case of the high MW, this 

critical concentration can be achieved only at high enough temperatures. The greater polymer 

decomposition degree is confirmed by the micro-Raman examination of the irradiated samples, but it 

is also suggested by the more pronounced surface swelling occurring at the high MWs compared to 

the low MW systems at the corresponding ablation thresholds. The swelling is ascribed to the 

accumulation of gas products into the substrate. Since the optical penetration depth is the same, the 

depth at which the gas products are formed is the same. Relying now on the previous viscosity 

changes estimation, the efficiency of the gases diffusion at the surface should be comparable. Thus, 
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the more pronounced swelling observed at the high MW polymers suggests the greater amount of the 

formed gas products and therefore that a more extent decomposition is required for material removal 

to occur.    

In spite of that and besides the generally good agreement with the bulk photothermal model, 

the nature of the ejected material as well as the dynamics of the removal does exhibit several 

considerable differences accordingly the MW. In addition, even though the model predicts the 

observed dependence on MW, the theoretical dependence is not quantitatively estimated to be as 

strong as the experimental one. These differentiations highlight the necessity of the further 

development of the model in order that it can interpret the ensemble of the nanosecond UV polymer 

ablation characteristics. 

The differentiation can be ascribed to the fact that the model does not take into account the 

role of the strains/pressures exerted by the gas products formed in the material. At a given 

temperature, as it is described above, the number of the gas products is greater in the low MW, but 

due to the effortless diffusion a significant ratio of them desorbs and at a low FLASER ablation is 

accomplished. In contrast, at high MWs, FLASER increases without ablation achievement; however, it is 

evident that the pressures exerted by the gas products increase as well. The pronounced swelling of 

the high MWs at laser fluences below the ablation threshold directly reflects the considerably high 

attained pressures.     

              

CONCLUSIONS 

         The influence of polymer molecular weight on the laser induced processes was examined via 

the temporal observation of the products formed upon the photodissociation of iodo-aromatic 
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compounds. It is concluded that with increasing molecular weight: 1) the ArH product efficiency 

increases and 2) the rate of ArH formation increases and goes on for longer times. The observed 

kinetics suggest that at the same laser fluences (above the onset of swelling), higher 

temperatures are attained at the higher MW systems.  In the case of 2.5 kDa MW, 

characteristically, the substrate temperature is estimated to be ~650 Κ, whereas for molecular weight 

>120kDa, the attained temperatures are as high as 900 Κ.  In parallel, the formation of Nap2 

suggests that melting takes place upon irradiation of PMMA of all MWs. However, the viscosity 

changes are much more different than it is predicted by results relied on typical literature values. 

Specifically, it is estimated that just below the corresponding ablation thresholds, the ‘’effective’’ 

viscosity of the high MW PMMA is comparable to the low MW corresponding one. Therefore, the 

decomposition percentage of the high MWs is much greater. The obtained results are well 

interpreted in the framework of a bulk photothermal model. The divergence of the experimental 

results from the bulk photothermal model must obviously be related with the differences observed at 

the measurements of the ejected material with the probe beam deflection technique and the PLd 

technique.   In particular, the material ejection in the form of clusters in the case of a high MW 

suggests that the decomposition of all the bonds between the monomers is not essential for these 

polymers. This directly explains why the material ejection/ablation from/at the high MWs is achieved 

at lower temperatures than those predicted by the bulk photothermal model.    

 In the case of low MWs, the decomposition of the polymer chains into monomers that desorb 

is efficient and, therefore, their ablation can successfully be described by the bulk photothermal 

model. In contrast, for the high MWs, the decomposition of the polymer chains leads mainly to 

oligomers that do not desorb thermally. Consequently, the energy removal from the system is lower 
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and higher temperatures are attained. However, at these temperatures, the formed gas products exert 

higher pressures.     

     Thus, even if for both low and high MW systems a thermal mechanism takes place, different 

processes lead to material ejention due the difference in the efficiency of energy removal:        

- At the low MWs, the decomposition into monomers and small oligomers (which desorb 

thermally) is dominant.  

- At the high MWs, the high pressure exerted by the gases formed in the bulk polymers 

dominates.   

    Therefore, it is obvious that it should be taken into account the contribution of the monomer 

thermal desorption along with the contribution of the pressure exerted by the any gas products 

formed in the bulk. It must be underlined, that this is not a case of the photomechanical mechanism 

(generation of thermoelastic waves), but both contributions are simple results of the thermal 

mechanism.  

` It is worthy to be noted that the influence of MW has to do not only with the ablation 

(etching) efficiency, but with the degree of the substrate modification as well. Indeed, in the case of 

high MWs, at the higher attained temperatures at the substrate, the thermal destruction of the 

polymer and the degree of by-products formation are greater. On the other hand, these parameters 

depend also on the aborptivity of the substrate at the irradiation wavelength: The influence of the 

polymer MW is significantly reduced with increasing the absorption coefficient.   

 PS absorption coefficient at 248 nm is nearly one order higher than that of PMMA. Thus, 

given that within the ‘’blow-off’’ model, the ablation threshold and the etching rates scale nearly 

inversely with the absorption coefficient, their difference between different MW polystyrenes are 

accordingly much reduced. Furthermore, the heat relaxation time (τth=1/α2Dth, where Dth represents 
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the thermal diffusivity) is much shorter than for doped PMMA ( 100 μs vs.  5ms). Therefore, the 

reaction of Phen radicals to PhenH is quenched much faster, which explains why PhenH yield is 

much lower in the irradiation of PS (in addition, less PhenI is photodissociated, due to the competing 

strong absorption of PS matrix at 248 nm). Similarly, PS decomposition/unzipping that would be 

expected to result in more extensive chain decomposition and higher material removal from the low 

MWs (the ‘’unzipping length’’ of PS is  50 kDa) are quenched very fast. Thus, differences between 

high and low MWs are minimized.  

 Because of the high absorption, melting of PS is limited to a thin ( 1μm) surface layer and in 

that thin melt layer, hydrodynamic flow is highly restricted. In addition, the fast viscosity increase 

upon PS cooling restricts further melt deformations, as well as diffusion and agglomeration of 

gaseous products into large bubbles. Both factors explain why limited morphological changes are 

induced to PS at the strongly absorbed 248 nm. The formation of a few bubbles on the surface layer of 

the low MW polystyrenes can be ascribed to the low viscoelasticity of these polymers.        

   

 

 

IMPLICATIONS FOR APPLICATIONS  

      

       The results of the present study, beyond allowing the illumination of the polymer properties 

significance upon laser ablation, they have a great importance for laser applications of molecular 

substrates (e.g. laser surgery, laser art restoration, etc.) in which the influence of molecular weight 

has been ignored. However, especially in the case of artworks as well of biological systems and 
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tissues, the polymerization degree may vary from case to case. For instance, in the case of human eye, 

the cornea ‘’hardens’’ upon time. In general, this is attributed to its greater polymerization degree. In 

such cases, it is important to know how the material removal can be determined in every case.    

 In addition, the polymerization degree (e.g. in paintings) may decrease with increasing depth 

from the system surface. This is due to the much higher exposure of the upper layers to light and 

environmental conditions, leading thus to their accelerated aging (polymerization). In these cases, 

the material removal efficiency may be differentiated as the cleaning process goes on in depth.   

 Another important consequence deals with the use of lasers for the deposition of polymeric 

substrates. As it is described at the corresponding Section, the nature of the deposited particles differs 

significantly with the polymer molecular weight. From this fact, a rather ignored difficulty emerges: 

since with increasing molecular weight higher temperatures are attained, the thermal decomposition 

and the by-products formation increase as well and this should be taken into account upon the laser 

deposition techniques.    
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Section 4 
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