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Using molecular dynamics simulations with an embedded chemical reaction scheme, two pathways of chemical
decomposition of poly(methyl methacrylate) leading to ablation are independently investigated using two
photon energies. The model employed in this study uses a coarse-grained substrate with predetermined reaction
channels and a fixed penetration depth. The simulations allow for single-photon absorption per site with the
possibility of photochemical bond cleavage. Within these parameters, the absorption of 7.9 and 5 eV photons
(equivalent to 157 and 248 nm radiation, respectively) is simulated over a range of fluences to demonstrate
the fundamental photochemical effects of the number of photons versus the total energy absorbed. Above the
ablation threshold, similar mechanisms of ejection occur using either photon energy, but, at equal fluences,
more material is ejected with a larger number of lower energy photons. When more photons are absorbed
cleaving a greater number of bonds, more transformation occurs deeper within the substrate, and the amount
of ejected material increases. If thermal as well as photochemical processes occur, the ablation threshold is
shifted to a higher fluence. The amount of residual photon energy following the bond scission affects the
ablation plume composition.

Introduction

Laser ablation is playing an increasingly important role in
application development as tools and methods shift further into
the nanoscale. The introduction of ultraviolet (UV) laser ablation
has been effective in advancing many applications such as
drilling ink-jet nozzles1 and developing lab-on-chip devices.2

Many experiments have been performed and many models have
been developed in order to gain an understanding of the
material-light interaction and the processes that drive ablation
in polymeric materials with the expectation to further optimize
current technology.3-10 A full microscopic insight, however, has
eluded these investigations due to the complex interplay between
the laser and the material. Molecular dynamics (MD) simulation
is ideal for this fundamental task as it can resolve the irradiation
process into microscopic details and shed light on the mecha-
nisms that contribute to material ejection.11-15

Many experimental investigations have probed the mecha-
nisms of ablation for the material poly(methyl methacrylate)
(PMMA). These studies have varied over the parameters of laser
wavelength, pulse width, and fluence. Initial studies of PMMA
ablation by Srinivasan et al. used wavelengths of 193 and 248
nm with fluences above the threshold and analyzed the ejected
materialsa majority of which was comprised of smaller
oligomers of PMMA.16,17 In addition, the yield consisted of
lesser amounts of C2, CO2, and MMA monomer with more
monomers for the 193 nm experiments. Srinivasan concludes
that the main mechanism for both wavelengths involves the
photochemical decomposition of material preceding the ejection
of small molecules and gases that aid in the transport of the
large pieces of material. Using a range of nanosecond pulse
widths, Srinivasan also observes an optimal pulse width and
delay time between pulses to maximize the etch depth.18 Stuke

and co-workers describe material ejection using the interaction
of 193 and 248 nm radiation with 2,2,4,4-tetramethylglutaric
acid, dimethyl ester which is used as a model compound of
PMMA.19 The results, which do not differ significantly with
changing wavelength, show that the side chain is preferentially
broken releasing such products as CO2, methane, CO, methanol,
and methyl formate with only a minor amount of MMA formed.
The remaining compound incubates producing double-bonded
carbon sites in the chain. Srinivasan also observed incubation
in PMMA using 193 and 248 nm radiation.20 Unsaturated
PMMA polymers formed through incubation were experimen-
tally determined by Krajnovich to more strongly absorb the UV
photons which led to the thermal ejection of lower molecular
weight fragments with masses less than 150 amu.21 Following
the incubation described by both Stuke and Krajnovich, further
studies at 248 nm show that cleavage of the main chain bond
and thermally activated unzipping of the MMA monomer
ensues.22 Ablation studies of PMMA at 157 nm indicate a high
photochemical component of material breakdown similar to that
of the longer 193 and 248 nm wavelengths with mass loss
attributed to side chain cleavage.23,24At wavelengths above 248
nm, thermal mechanisms rather than photolytic bond breaks
dominate the breakdown of PMMA and lead to the ejection of
large amounts of monomer and monomer fragments.25,26 The
collective picture of the process using the sum of these
investigations remains unclear but shows the degree of variation
in the description of the ablated material and the potential
mechanisms of ablation.

MD simulations have shown to be particularly useful in giving
insight into how the microscopic processes involved with laser
irradiation result in ablation for PMMA.27-30 For these studies,
a hybrid Monte Carlo-MD simulation protocol was developed
in which photons directly cleave bonds, and activated chemical
reactions ensue.31 A comprehensive analysis of the photothermal
and photochemical interaction of 7.9 eV photons (157 nm* Corresponding author. E-mail: bjg@psu.edu.
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radiation) with a PMMA substrate was performed.27 The ablation
studies were conducted over a range of fluences for 5 and 150
ps pulse widths. In addition, three different channels of photon
absorption were simulatedseparatelyin order to assess the
effects each has on the ejection mechanism and plume composi-
tion. In one channel, the photothermal case, absorption was
simulated by heating monomers in the polymer sample. In the
two other channels, photochemical absorption of a photon either
led to the cleavage of the main chain bond or the side chain
bond in the polymer. Following the photochemical scissions,
further chemical reactions occurred in the simulations according
a Monte Carlo scheme.

For each of the photothermal and photochemical simulations,
ablation was observed to occur above a threshold fluence. With
the longer 150 ps pulse width, pure photothermal simulations
elucidated a mechanism in which the energy deposited in the
sample induced a critical number of bonds to thermomechani-
cally break and material to eject. In the photochemical cases
with the 150 ps pulse, the connectivity of the polymer chain
was disrupted following a photolytic scission, the cohesive
energy decreased, and the amorphous substrate chemically
transformed and fragmented. In one pathway of chemical
breakdown (Norrish type I, see Figure 1), small molecules and
gases were formed and released which hollowed out the
substrate. Thermal induced ejection of large clusters of polymer
having low velocities followed. In another pathway of chemical
decomposition (Norrish type II, see Figure 1), the polymer chain
unzipped to form monomers. The monomer formation disrupted
the connectivity of the polymer, and the thermally driven
ejection of clusters occurred in a layer-wise manner. Both
photochemical ablation processes occurred in two steps: the
photolytic scission of bonds leading to subsequent reactions
fragmenting the substrate followed by the thermally driven
ejection of large fragments of material. For the shorter 5 ps
pulse width simulations, there was high compressive pressure
present which was absent using the 150 ps pulse. The amount
of molecules ejected from the substrate, however, did not
significantly differ at any given fluence between the two pulse
widths. For the 5 ps photothermal simulations, the fast deposition
of heat created pressure gradients in the material. The high-
pressure provided higher liftoff velocities but did not influence
the ejection process which was established to be thermal in
nature. For the 5 ps photochemical simulations, decomposition
of the system occurred analogous to the longer pulse widths,
but the formation of the reaction products occurred more rapidly.
Similar to the photothermal simulations, the pressure and heat
that developed as a result provided higher ejection velocities
but did not significantly change the mechanism of ablation.

In this study we extend the discussion regarding the photo-
chemical effects of the material-light interaction in PMMA to
a comparison between two photon energies. Experimental
investigations into the basic mechanisms of laser ablation have
underlying obstacles which accompany a change in wavelength
including variation in the penetration depths and branching ratios
as well as the difference in photon energy.19 The advantage of
using molecular simulation is that such variations can be studied
in a systematic approach in order to assess each of their effects.
Here, MD simulations are analyzed along a range of fluences
for two photon energies which are of experimental interest, 7.9
eV/photon and 5 eV/photon equivalent to 157 and 248 nm
radiation, respectively, while keeping the other parameters
constant (including penetration depth, decomposition pathways,
and possible chemical reactions). While these conditions do not
allow the simulations to map directly to experiment and interpret
the results, the fundamental physics associated with the differ-
ences in photochemistry and energy can be analyzed. In the
simulations, the influence of the number of photons versus the
total energy deposited is investigated, and their effects on the
ablation yield as well as substrate and plume characteristics are
compared and contrasted. The simulations highlight the essential
physical and chemical differences that occur using two different
energy photons and help unravel some of the experimental
complexity that accompanies the ablation phenomenon.

Computational Details

MD simulations are used to study the photochemical interac-
tion of light with PMMA. Photons of 7.9 and 5 eV (equivalent
to 157 and 248 nm radiation, respectively) are absorbed by the
substrate for fluences of 4-15 mJ/cm2. The number of photons
absorbed by the sample at each fluence is given in Table 1.
The photon energies are chosen to be greater than 4.7 eV/photon
with the intention that the corresponding wavelengths are less
than 266 nm radiation, a region where the photochemical
processes dominate.25 The absorption site of each photon is
chosen randomly with the probability attenuated by Beer’s Law
using a penetration depth of 100 Å for both photon energies.
Even though the absorption characteristics of PMMA differ
according to the wavelength with weak absorption at 248 nm
and strong absorption at 157 nm32, the simulations do not include
this distinction. Following photon absorption, either the main
chain C-CH2 bond (Norrish type II) or the side chain C-CO
bond (Norrish type I) is directly cleaved to form their respective
radicals (see Figure 1).33 The strength of either bond is
approximately 3.6 eV; the excess energy of each photon goes
into heat. Each type of bond break (Norrish type I or II) is
simulated separately in order to assess the effects of one set of
reactions that might result following laser irradiation. Following

Figure 1. Structure of a PMMA molecule. The circles group the coarse-
grained beads used in the simulations. The Norrish type I and Norrish
type II breaks used in the simulations are also denoted.

TABLE 1: Number of 7.9 and 5 eV Photons Absorbed at
Fluences Ranging from 4 to 15 mJ/cm2 for a 51 × 51 Å2

Substrate Area

number of photons

fluence/mJ cm-2 7.9 eV 5 eV

4 825 1303
5 1031 1629
6 1237 1955
7 1443 2280
8 1650 2606
9 1856 2932

10 2062 3258
12 2475 3910
14 2887 4561
15 3094 4887
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the formation of radicals, further reactions are possible which
are discussed below. The reactions include the unzipping of the
monomer from the polymer chain, which can absorb a photon
(with the same probability as a main chain carbon) as heat rather
than causing a bond scission. Monomer absorption is the only
situation in the photochemical simulations where photons are
absorbed as heat due to the CdC bond strength. The simulations
will therefore have higher quantum yields than in experimental
studies19 to maximize photochemistry in the system and observe
its effects. Pulse widths of 5 and 150 ps are chosen to examine
two different ablation regimes-with and without pressure
buildup in the sample.27 Using short pulses, multiphoton
absorption could occur,34 however, the simulations limit one
photon absorption per carbon center. Each of these assumptions
is made in the simulation so the effects of fluence and the
accompanying number of photons on ablation can be examined
independent of other parameters.

A scheme has been developed which allows further activated
chemical reactions to occur during the MD simulation using an
embedded Monte Carlo scheme following the formation of
radicals by photons. The simulation protocol is based on the
coarse-grained chemical reaction model developed by Yingling
and Garrison,35 and exact details of the method will be described
elsewhere.31 Briefly, each radical site has a set of reaction
pathways available with associated activation and reaction
energies. During the dynamics calculation, a survival probability
of a radical is calculated using its simulation existence time
and rate constant. The rate constant is determined by summing
all possible Arrhenius reaction rates of the reacting radical with
each computed one using the local temperature, the activation
energy of a particular reaction, and the Boltzmann constant.
The radical is able to react when a randomly chosen number is
greater than the survival probability. A reaction is then attempted
by comparing another random number with the normalized
reaction rates of each possible reaction pathway. The chosen
reaction is then performed by changing the reactant species to
products and measuring the change in potential energy. If the
change is within 10% of the reaction energy, the reaction is
accepted, the reactants are replaced with products, and the
kinetic energy of the system is changed to correspond with the
energy difference. If not, the reactants remain unchanged, and
they continue in the MD simulation and attempt to react again
at a later time step.

The reaction pathways included in the simulation are chosen
as a representative set based on experimental results.17,19,36

Following the Norrish I type break, Figure 2a, the methyl
formate radical is able to decompose into CO2 and a methyl
radical (1), decompose into CO and a methoxy radical (2), or
abstract a hydrogen to become methyl formate (3). The resulting
methyl radical and methoxy radical each can abstract hydrogen
(4 and 5), and radical-radical recombination reactions can occur
on the main polymer (6 and 7). Following the Norrish type II
break, Figure 2b, the polymer radicals are able to unzip into
monomer units (1 and 2), abstract hydrogen (3 and 4), or
eliminate a methyl radical and terminate the polymer with a
double bond (5). The resulting methyl radical can abstract
hydrogen to become methane (6), and radical-radical recom-
bination reactions can occur to form double bonds on the main
chain (7 and 8). The activation and reaction energies for each
of these reactions have been calculated or taken from the
literature.37,38 These reactions used in the simulations are by
no means the entire set of possibilities but contain the essential
processes including formation of small molecules, monomers,

and double bonds which chemically change the composition of
the substrate and affect the ablation process.

The simulation consists of coarse-grained PMMA substrate
with a united atom representation of the functional groups C,
CH2, CH3, CdO, and O of the polymer chain (Figure 1) as
well as CH4, OH, and CH groups which are formed as a result
of chemical reactions. Coarse-grained beads are used in order
to increase the time step of the simulation by eliminating the
computationally expensive CH and CdO bond vibrations which
are not essential in observing the mesoscopic motion of
ablation.14,30 The potentials used in the simulation have been
previously described and allow for bonds to mechanically break
under conditions of high temperature and stress.30,39 The
substrate consisting of 951 PMMA chains (19 monomer units
per chain) is initially constructed in a computational cell using

Figure 2. Radical chemistry following the photolytic scission used in
the MD reaction scheme: (a) the Norrish type I primary and secondary
reactions and (b) the Norrish type II primary and secondary reactions.
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a self-avoiding walk at low density and then gradually com-
pressed until a density of 1.19 g/cm3 is attained corresponding
to a 51 × 51 × 936 Å3 sample size. Periodic boundary
conditions are imposed in the surface plane simulating the center
of the laser. At the bottom of the sample, a pressure-absorbing
boundary condition is used which mimics an infinitely long
sample and prevents the reflection of a propagating pressure
wave as a result of the excitation pulse.40

Results and Discussion

1. Ablation Yield. The ablation regimes for 7.9 eV photons
and 5 eV photons are established by plotting the yield of
particles in MMA equivalents as a function of fluence for 5
and 150 ps pulse widths, parts a and b of Figure 3, respectively.
The yield is calculated by dividing the sample based on density
into a bulk substrate (density greater than 0.2 g/cm3) and an
ejected plume (density less than 0.2 g/cm3). The density of 0.2
g/cm3 is not critical to characteristics of either the substrate or
the plume as the density decreases rapidly at the interface. When
there is a discontinuous jump from tens of MMA equivalents
to several hundred MMA equivalents ejected following laser
excitation, the ablation regime is realized. The threshold fluence
lies between 4 and 6 mJ/cm2 for the Norrish type I case
regardless of pulse width and wavelength, and for the Norrish
type II case, the threshold fluence varies between 7 and 13 mJ/
cm2 depending on pulse width and wavelength used. The
characteristic mechanism for ejection below the ablation thresh-
old is mainly desorption of small molecules, such as CO2, CO,
CH4, MMA monomers, and monomer fragments. Similar
mechanisms have been described for subthreshold ejection of
molecules in simulations of organic solids41 and chloroben-
zene.13 An average cluster size of hundreds of MMA units is
observed in the plume for each simulation that exhibits ablation.
Clusters are determined by grouping together molecules regard-
less of their bonding characteristics within 5 Å, as all the
bonding potential energies go below the available thermal energy
with a separation of 3-5 Å. Average cluster size is determined
by the ratio of the second moment of the cluster size distribution
to its first moment. An analysis of the ablation plume shows
that a majority of its makeup consists of sizable clusters between
240 and 1900 MMA units and also includes small gaseous
particles, MMA monomers, and polymer fragments. The pres-
ence of large clusters in the plume is indicative of the ablation
regime.41

The disparity in the ablation yield with varying photon energy
at a given fluence is due to the effect of the different number
of photons. The basic process that results in ablation following

the irradiation of the polymer substrate, though, is the same
regardless of the photon energy. As explained in a previous
study, the photochemical cleavage of a bond (either Norrish
type I or II) disrupts the polymer connectivity, decreases the
cohesive energy, and allows the substrate to transform, fragment,
and eject.27 For discussion here of the comparison between
fluence versus number of photons, Figure 4 displays a contour
plot of the fraction of original polymer converted to products
by reactions in the top 500 Å of the polymer substrate as a
function of depth below the initial surface and time for (a) a
7.9 eV/photon, Norrish type I simulation, (b) a 5 eV/photon,
Norrish type I simulation, (c) a 7.9 eV/photon, Norrish type II
simulation, and (d) a 5 eV/photon, Norrish type II simulation,
each with a fluence of 15 mJ/cm2 and a pulse width of 5 ps.
The contour color in each plot designates the fraction of the
beads in a 10 Å slice that have been transformed into the reaction
products shown in Figure 2, such as CO, CO2, CH4, CH3OH,
HCOOCH3, MMA, and double-bonded carbon. For example, a
value of 0 (blue) would indicate the original pristine material,
while a value of 1 (red) would indicate that the material has
been completely transformed into new products. The jagged
jumps in the plots of the material occur as large pieces of the
substrate eject and are then considered as yield, or ablated
material. Activated reactions take place 1-2 ps after the radicals
are formed; therefore, by 15 ps most of the transformation has
been completed for the 5 ps pulse width simulations. In the
Norrish type I simulations, the dominant reactions include the
formation of CO2, CH4, and double-bonded carbon. In the
Norrish type II simulations, the dominant reactions include the
formation of MMA and double-boned carbon on the main chain.
Due to the presence of more photons at a given fluence (Table
1), higher fractions of material transformation occur deeper in
the material for the 5 eV/photon simulation compared with the
7.9 eV/photon simulation as shown in the plots of Figure 4.
For example, with a fluence of 15 mJ/cm2, 680 eV of energy is
deposited in a 25 Å slab at a depth of 200 Å beneath the
substrate surface. For the 7.9 eV/photon simulation, this amount
of energy corresponds to 86 photons compared with the 5 eV/
photon simulation where the energy corresponds to 136 photons.
The greater number of photons cleaves more bonds, creates more
radicals and allows for a greater number of reactions to occur
farther below the surface of the substrate. Since more material
transformation occurs (more reactions transpiring), the swelling
of the surface is 50-100 Å greater prior to ablation for the 5
eV photon simulations. Additionally, significant chemical
damage penetrates 80 to 100 Å farther into the substrate for
the 5 eV photon simulations. In most cases, the eventual ejection

Figure 3. Yield in MMA equivalents plotted as a function of fluence for (a) a 5 pspulse width and (b) a 150 ps pulse width. The Norrish type
I results are circles (b), and the Norrish type II results are squares (9). The solid lines are the yield for 7.9 eV/photon simulations, and the dashed
lines are the yield for 5 eV/photon simulations.

Simulations of Laser Ablation of PMMA J. Phys. Chem. C, Vol. 111, No. 32, 200712027



of more material using 5 eV photons is a direct result of this
greater transformation with more of the material fragmenting,
weakening the integrity of the substrate, and allowing for liftoff
of material from deeper within the substrate.

2. Mechanisms of Ablation.For the short pulse simulations,
the ejection mechanism is dominated by the creation of small
molecules, high temperatures, and high compressive pressure.
As previously stated, chemical reactions occur within 1-2 ps
after bond cleavage, many of which are exothermic in nature,
particularly the double-bond formation which deposits a large
amount of energy in the substrate. In addition, the residual
photon energy following the bond cleavage increases the kinetic
energy of the system. After each photon absorption and
subsequent bond scission, approximately 4.3 or 1.4 eV of energy
remains from a 7.9 or 5 eV photon, respectively. This excess
energy is added to the kinetic energy of the participating radicals.
As a result, prior to ablation, the maximum temperature in the
top 100 Å of the substrate (one penetration depth) is higher for
the 7.9 eV Norrish type I or II simulations than for the 5 eV
Norrish type I or II simulations. For both wavelengths, this
deposition of heat in the sample drives the thermal ejection of
substrate. The rapid addition of heat and formation of many
gases and monomers also creates a pressure gradient in the
substrate in a process described as thermochemical pressure
generation.42 Maximum pressures of 4.4 and 6.9 GPa are
observed using a fluence of 15 mJ/cm2 for 7.9 eV/photon and
5 eV/photon Norrish type II simulations, respectively. As

discussed, simulations have shown that the high pressure causes
the rapid and violent (high velocity) ejection of the gases and
some polymer clusters.27

A similar ejection process occurs for the longer 150 ps
simulations with 5 eV versus 7.9 eV photons as for the described
5 ps simulations. However, there is no propagating pressure
wave present as a result of the laser pulse in contrast to the 5
ps pulse. For the 150 ps simulations, the reactions take place
throughout the longer pulse duration, and the eventual ejection
is not as explosive due the gradual formation and removal of
small molecules.27 The ejection mechanism still occurs analo-
gous to that of the 5 ps simulations with the production of gases
hollowing out the substrate and preceding the release of large
clusters for the Norrish type I case. At equal fluences for the
Norrish type I simulations with a 150 ps pulse width, more
transformation of material occurs deeper in the substrate using
a greater number of 5 eV photons, and more material is ablated.
For the Norrish type II case, the formation of MMA disrupts
the connectivity of the polymer before layers of substrate are
removed. Due to the nature of photon absorption in the
simulation, the ablation threshold for the set of Norrish type II
simulations using a 150 ps pulse with 5 eV/photon, though, is
shifted to a higher fluence, Figure 3b. This shift can be attributed
to the length of the pulse width in relation to the time scale of
the unzipping reaction and the thermal effects of the 5 eV
photons which are discussed below. The generation of MMA
follows directly from a Norrish type II bond scission and

Figure 4. Contour plots of the fraction of original polymer converted to products by reactions in the substrate as a function of depth from the
initial surface and time for (a) 7.9 eV/photon Norrish type I simulation, (b) 5 eV/photon Norrish type I simulation, (c) 7.9 eV/photon Norrish type
II simulation, and (d) 5 eV/photon Norrish type II simulation for a 15 mJ/cm2 fluence and a 5 pspulse width.
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propagates along the polymer chain eventually producing more
than 1 monomer per photon-induced bond break. In the
simulation, a MMA monomer, however, can only absorb a
subsequent photon as heat. When the pulse width is 150 ps,
activated unzipping occurs during the pulse, and, as a conse-
quence, a significant amount of photons are then absorbed as
heat by MMA monomers in the simulation. It has been
previously shown in simulations that the energy density in the
substrate must be above a critical value to initiate pure thermal
ablation.27,43 Using 7.9 eV photons, ablation is able to occur
solely due to pure heating of the PMMA substrate with the
number of photons absorbed at a fluence of 10 mJ/cm2.27,43

However, the amount of 5 eV photons that are absorbed in the
surface volume do not supply enough energy to cause mechan-
ical failure and initiate pure thermal ablation at a comparable
fluence.43 Though the polymer becomes fragmented with the
formation of MMA with either of the wavelengths, 5 eV photons
do not supply enough thermal energy for ejection of large pieces
of material. Therefore, the photon energy in addition to the
number of photons is important in setting off photothermal
ejection.

The Norrish type II simulations with a 5 pspulse width do
not see the shift in the ablation threshold using 5 eV photons
due to the rapid formation of small molecules and high pressure
that is present. Since most of the reactions occur within 1-2
ps following bond cleavage, more 5 eV photons are able to break
the main chain bond rather than heat the material, e.g., at a
fluence of 12 mJ/cm2 with 5 eV/photon, 76% of the photons
photochemically cleave the main chain bond using a 5 ps pulse
width compared with 51% using a 150 ps pulse. The number
of photons causing photolytic scissions is instrumental in the
subsequent rapid formation of small particles and a pressure
wave. For example, a maximum pressure of 4.8 GPa is observed
at a fluence of 12 mJ/cm2 with the 5 ps pulse compared with 1
GPa at the same fluence with the 150 ps pulse. The result is a
more fragmented substrate with ejection driven by pressure using
a 5 ps pulse. The Norrish type I simulations do not include the
unzipping reactions, and hence the variance in yield is not
observed with changing pulse width. The bond scissions occur
on the side chain and do not result in monomer formation, which
allows every photon to photochemically break a C-CO bond.

3. Plume Composition. The composition of the plume
following ablation is consistent with the mechanisms described.
Figure 5 displays the yield of small molecules (defined here as
an MMA monomer or smaller) in units of MMA equivalents
that have ejected from the substrate as a function of fluence
using 7.9 eV/photon and 5 eV/photon for (a) 5 ps and (b) 150

pulse widths. The Norrish type I results show a greater number
of small molecules released at any given fluence using 5 eV
photons which is indicative of the greater transformation deeper
within the substrate due to the greater amount of photons. Even
though the amount of total material ejected is greater using 5
eV photons, the composition of particles in the plume is
approximately the same with a majority of the plume consisting
of CO2, CH4, and large polymer clusters. The yield of small
molecules for the Norrish type II simulation using 5 eV photons,
however, is consistently less than the 7.9 eV/photon simulations
for either the 5 ps or 150 ps pulse width. In comparison to the
Norrish type I simulations, where the smaller molecules such
as CO, CO2, and CH3OH that are produced are able to diffuse
out of the material, Norrish type II simulations produce MMA
monomers and polymer fragments which are less mobile. For
the 7.9 eV/photon simulations, the ablation plume consists of
many MMA monomers and MMA fragments in addition to
several large polymer chunks. In contrast, the 5 eV ablation
plumes mainly consist of one to three large pieces of substrate
and very few monomer or monomer fragments. Simulations at
both wavelengths produce MMA monomers, but the 7.9 eV
photons dispense enough residual thermal energy after the
photolytic scission to break up large pieces of material which
consist of a mixture of polymers, polymer fragments, and
monomers.

Several facets of this study are complementary to experi-
mental findings. Experiments using nanosecond pulses have
measured a mixture of gases, monomers, and polymer fragments
in the ablation plume.19,21,22From the simulations, the ablation
plume is determined to consist of gases and clusters for Norrish
type I decomposition of PMMA and monomers and large
clusters for Norrish type II decomposition. While this result
cannot directly correlate to experimental findings, it does
indicate the complexity in each mechanism which occurs during
photochemical ablation. Further experimental investigations of
the species present in the plume and the distribution of their
velocities, for example using 266 nm or lower wavelength
radiation and short pulses, can shed light on the importance of
each pathway in the ablation process.

Conclusions

In this article, the effects of chemical reactions, the formation
of molecules, the amount of photons and energy deposition were
studied for two photon energies interacting with a PMMA
substrate. Two particular pathways of chemical breakdown
following a photolytic scission were usedsin one case, the

Figure 5. The yield of particles less than or equal to one MMA monomer in size plotted as a function of fluence for (a) a 5 pspulse width and
(b) a 150 ps pulse width. The Norrish type I results are circles (b), and the Norrish type II results are squares (9). The solid lines are the yield for
7.9 eV/photon simulations, and the dashed lines are the yield for 5 eV/photon simulations.
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Norrish type I, small molecules and gases are formed, and in
the other, Norrish type II, there is activated monomer unzipping.
The lower energy photons ablate more material at equal fluences
due to more photons causing fragmentation and chemical
transformation deeper within the substrate. If the bond break
event competes with heating, the fragmented substrate has to
be sufficiently heated to thermally eject the material. This effect
shifts the ablation threshold to a higher fluence for simulations
using 5 eV photons with Norrish type II reactions and a pulse
width of 150 ps. At equal fluences, the residual photon energy
using 5 eV/photon heats the substrate less. The ablation plume
composition does not change for the Norrish type I simulation
with varying photon energy. However, for the Norrish type II
simulations, the extra photon energy using the 7.9 eV photons
allows the large pieces of material to thermally decompose
which is reflected in the plume composition. Even though there
are more photons available at a given fluence using lower energy
photons than were used in this investigation, the ablility for
single photons to cleave bonds and to directly initiate photo-
chemical reactions becomes energetically prohibitive. For those
cases, the thermal effects and multiple photon absorption events
then are extremely important in determining the amount of
material transformation and the mechanism of ejection that
occurs.

This study sheds insight into the mechanistic process of
ejection using two different photon excitation energies. The
contributions of the different Norrish type processes help in
understanding the complexity of the relationship between the
photon energy and the number of photons at a given fluence.
Though the experimental absorption depth varies with wave-
length and both reactions are likely to occur during the laser
pulse, the simulations give a fundamental description of the
ablation phenomenon and provide an account of the microscopic
details that occur with differing amounts of photons and
energies. Future studies will probe the mechanistic process of
polymer ablation by varying the penetration depth, including
multiple photon absorption events and using photons of longer
wavelengths.
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