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ABSTRACT

We model numerically the interaction of an ultrashort VUV laser pulse (FWHM = 10 {s, photon energy of 100eV)
with liquid water.

The incident laser photons interact with water by ionizing water molecules and creating free electrons. These
excited electrons are elastically scattered by water molecules and are able to produce secondary electrons via
ionization. To track each free electron and its collisions event by event, we use the Monte Carlo method similar
to (N. Medvedev and B. Rethfeld, Transient dynamics of the electronic subsystem of semiconductors irradiated
with an ultrashort vacuum ultraviolet laser pulse, New Journal of Physics, Vol. 12, p. 073037 (2010)). This
approach allows us to describe the transient non-equilibrium behaviour of excited electrons on femtosecond time
scales.

We present transient electron energy distributions and a time resolved energy transfer, i.e.: the changing kinetic
energy of excited electrons, the increase of the energy of holes, and excitation of water molecules via elastic
collisions. We compare results obtained with different models for the energy levels in liquid water: either
assuming dense water vapour or an amorphous semiconductor with a band gap.
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1. INTRODUCTION

The free electron laser in Hamburg (FLASH) is able to produce ultrashort laser pulses in the extreme ultraviolet
(EUV) spectral range [1]. We investigate the electron dynamics of liquid water irradiated by an ultrashort laser
pulse with the photon energy and time duration possible with FLASH. The electron dynamics is described on a
femtosecond time scale with the Monte Carlo Method (MC) similar to Ref. [2, 3]. We take into account impact
ionization, elastic scattering and two models for dissociative recombination.

As results we present time resolved differential and integrated energy transfer rates as well as energy resolved
electron densities. We discuss the difference in both our models of the dissociative recombination and show a
first approach of describing liquid water as dense water vapour with a density of states. Finally, we present an
application of our model to a thin layer of ice.

2. MONTE CARLO MODEL
2.1 Photon absorption

At first we have to model the photon absorption. We need to know how many photons are absorbed and assume
a Gaussian temporal distribution. The number of photons is calculated from the given flux density, average
absorption depth [4] and a given simulated control volume, e.g. 103nm®. We assume that the time resolved

intensity I(t) has a Gaussian shape for a laser pulse with a time duration of 7 = 25fs and FWHM = 10fs

(t—m)?

I{t)ce ® o2 (1)
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with the mean p = 7/2. We acquire the variance o2 via the correspondence FWHM = 2,/21n(2) 0. We want to
come up with a random variable ¢, which determines the time when a photon is absorbed during laser irradiation,
which is distributed according to the intensity profile I(¢). This can be achieved via the Inversion Method [5]
which leads to the well established Box-Muller-Method [5]

t=p+oy/—2In(uy) - cos(2mus)  uqi, uz € (0,1), (2)

where u1 and ug are two uniformly distributed random numbers. This enables the concept of the Monte Carlo
Method (MC) to simulate a time resolved photon absorption on a femtosecond time scale.

For the photon absorption we take into account four distinctive molecule orbitals for water at I; = 12.6eV,
I, = 14.7eV, Is = 18.4¢eV and Iy = 32.2eV [6]. Electrons, which are created due to photon absorption, start
with a kinetic energy of T' = E,, — I; = 100eV — I;. We treat all four binding energies I; as equally probable
and sample them with an according discrete random variable.

2.2 Electron dynamics

Our simulation of electron dynamics treats each electron individually which means that we calculate for each
electron the time until the next interaction occurs. The time evolution is simulated in fixed time steps, here
0.1fs. According to the Monte Carlo Method we determine for each time step whether the electron performs a
collision or not.

To calculate the average mean free path for the electron between two collisions with a water molecule, we take
into account the cross sections of the involved interactions, namely impact ionization, elastic scattering and
dissociative recombination. Together with the number density for liquid water ny, = 3 x 1022 cm ™3, we calculate
the mean free path Ag based on the given formula [7]

1

Ao = ,
0 Ny - (Uio + 0 + Udr)

(3)

where oj, is the energy dependent cross section of ionization, o the cross section for elastic scattering and oq,
the cross section for dissociative recombination.

Based on the Monte Carlo Method we have to sample the mean free path (to get a realized length until the next
collision occurs) with a uniformly distributed random number u

A=—X In(u) withu e (0,1). (4)

Furthermore we derive the velocity of the electron classically from its kinetic energy and can thus calculate the
time it takes until another collision occurs.

If interaction takes place we have to decide which kind of interaction. This decision is based on the involved
cross sections of the interactions. Since we have only a uniformly distributed random number u € (0,1) we have
to weight the cross sections to come up with a probability between 0 and 1:

Oel Oel Oel + Tio Oel + Tio
(0, ) , [ , ) and [ 1) (5)
Ototal Ototal Ototal Ototal
where 0total = el + Tio + Tdr-
The interactions of elastic scattering and impact ionization lead to energy transfer. In the first case energy is

transferred from the electron to a water molecule and second from electron to a newly created electron. We treat
the collision between two particles with mass m; and my classically via the formula:

; (6)

miy - Mo

AFE . =4
* (m1 4+ ma)®

T

where T is the kinetic energy of the incident particle, in our case an electron. Particle two is assumed to be at
rest.
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In the case of elastic scattering, we set without loss of generality m; = Melectron and Mg = Myater. Since
Melectron << Mwater N0lds true we end up with the approximation

AECI ~d MMelectron T (7)

max
Mwater

Due to the huge difference in the mass of electrons and water molecules only a small amount of energy is
transferred.
In the case of ionization, the kinetic energy of the incident electron has to overcome the binding energy first.
This leads to a possible maximal energy transfer of AE, = 1/2(T — I;). The coefficient 1/2 is needed since the
electrons are indistinguishable and by definition the slower one is the newly created one.
In both cases, elastic scattering and impact ionization, we assume that the transferred energy is uniformly
distributed and we determine the transferred energy by using a uniformly distributed random number u

AFE =u-AES° 4 e(0,1). (8)

max

2.3 Cross Sections

As shown in equation (3) we need the cross sections of the included processes to simulate the time evolution of
the electronic system. First, the cross section for impact ionization is taken from Ref. [6], which was already
used in Ref. [8]. The cross section for elastic scattering is fitted from the data in Ref. [7].

The dissociative recombination leads to the neutral parts of the water molecule due to the recombination of
single ionized water molecule H,O" and an electron and the following dissociative process.

The cross section oq, for the dissociative recombination needs a more detailed description. We distinguish
between two methods of including the dissociative recombination in our model. The first method is a numerical
tool to come up with an energetic lower boundary. If an electron has a kinetic energy of lower than 0.01eV it is
removed from the electronic system. In that case, the cross section does not contribute to the mean free path as
shown in equation (3) and is set to zero. We call that method an artificial dissociative recombination.

In the second case, we use the energy dependent cross section o4,(T") from Ref. [9]. We fitted the data shown in
Figure 4 in that paper and also correlate the cross section to the number of single ionized water molecules.

3. RESULTS
3.1 Influence of dissociative Recombination

As a first result Figure 1 shows the energy resolved electron density at distinctive time steps, namely 10fs, 30 fs,
100 fs and 1000fs. The corresponding simulation uses the artificial cross section for dissociative recombination
as described in the previous section.

The red curve shows four little peaks, which represent the four distinctive free electron energies 7' = Eyy, — ;.
This is due to the fact, that free electrons are created via photon absorption which did not interact yet during
this time step at 10fs. Until the laser pulse is gone, e.g. after 25fs, further free electrons are created due to
photon absorption. In addition to that, electrons can also create secondary electrons via impact ionization. Both
processes lead to a rapid increase in the electron density, as the blue curve shows at 30 fs.

The electrons transfer their kinetic energy via elastic scattering and ionization to water molecules or secondary
electrons, respectively. The blue and black curve in Figure 1 show a sharp bend at roughly 13eV. The lowest
binding energy is 12.6eV. Electrons with a kinetic energy below this threshold cannot create further secondary
electrons and are left to transfer their energy via elastic scattering. After 1000 fs, the green curve shows that the
majority of the electrons posses a very small amount of kinetic energy. Multiple elastic scattering processes, with
each a small energy transfer according to equation (7), have shifted the maximum kinetic energy of electrons to
lower values.

Figure 2 shows the results of the same simulation but with an energy dependent dissociative cross section
according to Ref. [9], see previous section. This Figure shows a drastic change in the course of the curves and
also in the total electron density. In contrast to Figure 1, electrons with a kinetic energy higher than 0.01eV
can be removed due to dissociative recombination. As can be seen, after 1000 fs nearly all electrons are removed
from the electronic system.
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Fig. 1: Energy resolved electron density at certain
time steps, calculated with artificial dissociative re-

Fig. 2: Energy resolved electron density at certain
time steps, calculated with dissociative recombination

combination. from data set [9].

In Figure 3 and 4 it can be seen where the photon energy is transferred to. Figure 3 corresponds again to the
simulation with the so called artificial dissociative recombination while 4 accounts for an energy dependent cross
section according to Ref. [9].

Figure 3 shows the four channels where the energy, brought into the system via photon absorption, is transferred
to. A huge amount is stored in the holes (blue curve) by photon absorption and impact ionization, which is
lost for the electronic system. As can be seen, the two ionization processes occur completely during the laser
irradiation. A significant amount of energy is transferred to the water molecules via elastic scattering (red curve).
This is important since we consider this increase of the molecule energy as heating up the water sample. This
is a very slow process and happens on a pico second time scale. Finally the kinetic energy of the free electrons
decreases (green curve) due to impact ionization (fast), elastic scattering (slow) and the artificial dissociative
recombination (slow). The latter channel is shown as a black curve.

Figure 4 shows the energy channels with an energy dependent cross section for dissociative recombination which
accounts for the degree of ionization. Note that only the first pico second is shown since here the processes take
place. As can be seen the course of the curves changes drastically. The process of dissociative recombination
dominates the flow of energy. At first, dissociative recombination removes the kinetic energy of the free electrons
out of the electronic system, since it removes them and second, it also takes out the hole energy, due to the
recombination of H,O" and e ™. As a consequence only a fraction of the absorbed photon energy is transferred
via elastic scattering to the water molecules.
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To further investigate the energy transfer with an energy dependent cross section for dissociative recombination,
we derive the transfer rates for elastic scattering, ionization and dissociative recombination from Figure 4. Figure

5 shows the energy transfer rate for elastic scattering and Figure 6 both the rates for ionization and dissociative
recombination.
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At first, it can be seen that the energy transfer rate of elastic scattering, Figure 5, is several orders of magnitude
lower than those shown in Figure 6. This is due to the fact, that only a small fraction of energy can be transferred
via elastic scattering because of the huge difference in the mass of an electron and a water molecule, compare
equation 7 .

Figure 6 shows that the ionization transfer rate reaches its maximum during the laser irradiation, where both,
photon absorption and impact ionization, occur. This increases the degree of ionization and thus the cross
section of dissociative recombination. As this process reaches its maximum rate, the energy transfer rate due
to ionization has dropped to zero and further decreases. This is due to the fact that dissociative recombination
reduces the energy stored in the holes via the recombination of H,O" and e".
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Fig. 5: Energy transfer rates of elastic scattering. Fig. 6: Energy transfer rates of ionization and disso-

ciative recombination.

3.2 Band Gap: A first approach

Here we present the results of our first approach to replace the distinctive molecule orbitals with a band structure
of liquid water. According to Figure 2 in Ref. [10] we assume a distribution of energy levels in the region of
10eV to 20eV and 30eV to 37eV. In our approach we consider a uniformly distributed density of states within
these intervals. Thus, instead of creating an electron from one of the four molecule orbitals, the newly created
electron must overcome a binding energy continuously distributed in the two energy intervals.

Figure 7 repeats Figure 2, calculated with molecule orbitals, to compare the course of the curve with the
simulation containing a density of states as described above, see Figure 8. In Figure 8 mainly the curve after
10fs shows differences: The initial excitation peaks are now reproduced by two intervals and the number of
electrons at low energies is slightly increased. In contrast, after 30fs a lower number of electrons is present as
compared to Figure 7. Reasons for these differences and other mechanisms as the energy channels (similar to
Figure 4) are currently under study.
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4. APPLICATION

As an application we present the results for laser absorption in a thin ice layer of 60 nm. As an approximation
we treat the ice layer with our model assuming molecule orbitals and include the laser parameters as well as the
average absorption depth of 31.3nm for the wavelength of 13.5nm [4].

Furthermore we simulate our control volume of 10° nm? at certain depths from 0nm to 50 nm at the intervals of
10nm. According to the exponential absorption law, Figure 9 shows the time evolution of the density of the free
electrons within the simulated volume. We assume, that more electrons are created beneath the surface than
deeper in the layer. The number density increases rapidly during laser excitation and decreases slowly after the
pulse is gone due to the energy dependent dissociative recombination.
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Fig. 9: This Figure shows the time resolved number Fig. 10: Energy transfer from kinetic electron energy
density of the free electrons. to the molecule energy via elastic scattering.

Furthermore we present the time resolved energy transfer from electrons to water molecules via elastic scattering,
since the increasing energy of the molecules represents the heating of the probe. Figure 10 shows the time-resolved
integrated transfer rate at certain depths. The integrated transfer rate follows the curve presented in section 3.
Again, as more free electrons are created beneath the surface, the water molecules are more heated up in this
region.

5. SUMMARY

In this work we showed and discussed the results of our model to simulate the electron dynamics in liquid water
irradiated by an ultrashort laser pulse with the MC method. We presented the difference in using an artificial
dissociative recombination as well as an energy dependent cross section derived from a data set in Ref. [9]. This
difference is studied through the examples of the energy resolved electron density at distinctive time steps as
well as time resolved integrated transfer rates. Furthermore we investigated the differential transfer rates of the
involved processes, elastic scattering, impact ionization and dissociative recombination. In addition to that we
showed our first approach to leave the four molecule orbitals and come up with a band structure, modelled as
uniformly distributed density of states. Finally we presented a first application of our model to the irradiation
of a thin ice layer.

6. OUTLOOK

The actual model shall be extended into several ways to consider possible applications. At first, we introduce a
band gap instead of distinctive molecule orbitals derived from the water molecule. First results are shown in this
work, further study of the energy dissipation into various channels is necessary. Furthermore the energy transfer
rates will be used as input parameters for an MD simulation.

Moreover, electron-electron scattering will be included by an Ensemble Monte Carlo Method approach [11]. This
new model may also be applied as the intermediate step of a pulse propagation (PP) simulation, see Ref. [12,
13]. Whereas the PP code simulates the interaction of light and the electronic system, our MC model will couple
the electrons to the water molecules and the interaction among themselves. Thus calculated electron distribution
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of the PP code will be the input into our MC calculations and give back a time-step updated distribution.
Finally, with the incorporation of the electron-electron scattering, electron transport shall be included in our
model to come up with a time resolved electron transport during laser irradiation and afterwards on a femtosecond
time scale.
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