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Abstract

Recent experiments to study the structural dynamics of polycrystalline gold samples
failed because a femtosecond laser pulse needed to trigger those dynamics damages
the gold sample. This happens even before the melting temperature is reached. The
experiments are performed with ultra fast electron diffraction. Electrons are shot at
the sample and elastically scatter from the atoms to form a diffraction pattern. A
decrease in intensity of this pattern indicates the sample is damaged. The damage
threshold of a 20 nm thick gold film supported by a TEM-grid is determined at
a laser fluence of 1.0 ± 0.2 mJ/cm2. Staying below this fluence will not damage the
sample, above this fluence, microscopic images of the sample confirm severe damage to
the sample. The damage threshold can be increased by working with other supports,
adding a carbon layer on the grid increases the threshold to 1.3±0.2 mJ/cm2. Because
the sample is damaged before the melting threshold, different damaging mechanisms
are discussed. A possible explanation for the induced damage could be thermally
induced stress in the sample which causes irreversible deformation.
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Chapter 1

Introduction

The human cell produces thousends of different proteins which control different pro-
cesses occurring in our body like transportation, regulation and communication be-
tween cells [1]. A protein is a biochemical compound which folds itself in a certain
way. The way how a protein folds determines its functional shape. If this folding
happens in a wrong way it is believed to cause diseases like Alzheimers or the mad
cow disease. Therefore, biologists are asking for an experimental technique to be able
to study the molecular dynamics of proteins to get a better understanding of the
malfunctioning in the folding process that could result in finding the cause of these
diseases. This is a major challenge for physics because the time-scale in which folding
of those proteins occurs ranges between microsecond and picoseconds and the typical
size of a protein is about a few nanometers.

A possible way to study protein dynamics is with the help of ultrafast electron diffrac-
tion (UED) [2]. The basic idea of this experimental technique is to study the change
of the sample structure by using ultrashort electron bunches. These bunches are
created by focusing a femtosecond laser pulse on a copper photocathode and then
accelerating them by a dc-photogun. This bunch is then focussed at a sample. The
ordered structure of the sample causes the electrons to form a diffraction pattern on
a detector behind the sample. This diffraction pattern gives information about the
structure of the sample. To study the temporal dynamics of the sample, the so called
pump-probe measurement scheme is adopted: a laser pulse (pump) is focused on the
sample to trigger the dynamics while a delayed electron bunch (probe) monitors the
ultrafast change of the sample. This way a ‘molecular-movie’ can be recorded.

At the applied physics department of the Eindhoven University of Technology such a
UED setup has recently been built. A capacity group called Coherence of Quantum
Technology (CQT) is currently trying pump-probe measurements on metals like gold
and aluminium before moving on to more complex molecules. Successful single-shot
diffraction experiments in equilibrium conditions have already been done in the past
and gave very good results [2]. Several pump-probe attempts have been tried in the
last months but all of that failed because of some experimental problems affecting the
setup.

The first problem is the shots-to-shot variation of the electron charge of the bunch.
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CHAPTER 1. INTRODUCTION 3

This is partially due to fluctuations in the laser pulse which is used to photoemit
electrons from the cathode. Charge normalization should improve this problem and
is currently done in another project.

This project is focused on determining the damage threshold of the samples. At trying
the pump-probe measurements, it is found that the pump laser damages the sample
well below the melting threshold. A clear signature of this damaging is a gradual
decrease of the diffraction peak intensity. This change is irreversible and is caused by
removal of material due to the laser. Further inspection of the sample surface with
a microscope confirms this result. This project will focus on carefully determining
the damage threshold of polycrystalline gold samples grown on different supports and
finding out how the sample is damaged.

In the next chapter a general theory of laser pulse interaction with a metal sample
is given to describe what happens in pump-probe experiments. Afterwards, the UED
setup will be explained in Chapter 3 followed by the results of the experiments in
Chapter 4. Possible damaging mechanisms are also discussed. The final conclusion
will be given in chapter 5.



Chapter 2

Theory

Before studying the damage threshold of the sample, we first need to get a general
understanding of what happens when a femtosecond laser pulse hits a metal. The
heating of the lattice and the electrons due to the laser pulse can be phenomenologi-
cally described by the two-temperature model in section 2.1. Due to the heating of the
sample, the thermal motion of the atoms increases. The displacement of the atoms
from their equilibrium position due to the thermal motion diminishes the diffraction
peak intensities according to the Debye-waller theory, see section2.2. This is also the
process we want to observe in the pump-probe experiments, but failed because we
damage the sample. In section 2.3 we describe some possible damaging mechanisms
due to the laser pulse.

2.1 Two-temperature model

When a femtosecond laser pulse in the visible range hits a metal sample, the electrons
in the conduction band will absorb most of the energy and they thermalize through
inelastic scattering processes to a temperature Te higher than the initial one. The
electron-electron thermalization occurs in a time of a few femtoseconds, significantly
faster than the temporal width of the pulse. The final value of the temperature Te
depends on the pulse intensity. Those electrons will then interact and exchange energy
with the lattice through electron-phonon scattering processes [3]. This will heat the
lattice to a certain temperature that depends on the energy of the laser pulse.

To describe the thermalization process between the lattice temperature Tl and the
electron temperature Te the two-temperature model is used[4]. This model is de-
scribed by a system of coupled differential equations:

Ce
∂Te
∂t

= ∇(Ke∇Te)− g(Te − Tl) + P (t), (2.1)

Cl
∂Tl
∂t

= ∇(Kl∇Tl) + g(Te − Tl), (2.2)
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CHAPTER 2. THEORY 5

where Te and Tl are the temperatures of the electrons and the lattice, respectively. Ce
and Cl are the heat capacity of the electron and the lattice. Ce strongly depends on
the electron temperature while Cl can be assumed constant for temperatures above
the Debye temperature Θ 1.

Ke and Kl are the heat conductivity of electrons and lattice within the material.
Since we are interested only in the temporal evolution, we can disregard the spatial
part of the equations and set both Ke and Kl to zero. g is the electron-phonon
coupling constant which gives the relation between the heating of the electrons and the
lattice. The value of g directly determines the thermalization time between electrons
and phonons, this means higher g leads to faster thermalization. The constant is
dependant on the temperature of the electrons and the material that is used. The
final term P (t) in the first equation is the source term of the laser pulse that heats
the sample. The laser pulse can be written as the gaussian function f(t):

P (t) = Ef(t), (2.3)

in which,

f(t) =
2
√

ln 2

τfwhm
√
π

e
−4 ln 2

(t−t0)2

τ2
fwhm (2.4)

where τfwhm is the full width at half maximum of the laser pulse with respect to
time and t0 is the time at which the maximum intensity of the pulse is reached. The
energy per volume E is equal to Fα with F the incident fluence in J/m2 of the laser
pulse and α the absorption coefficient in m−1 of the sample at the pump wavelength.

Combining equation (2.1)and (2.3) the following set of differential equations are found:

Ce(Te)
∂Te
∂t

= −g(Te)(Te − Tl) + Ef(t), (2.5)

Cl
∂Tl
∂t

= +g(Te)(Te − Tl), (2.6)

which can easily be solved by numerical integration for different parameters, by the
matlab script in appendix A.

2.1.1 Simulations

A simulation of the electron-phonon dynamics in gold are reported in figure 2.2. For
gold, Cl = 2.49 · 106 J/m3K and αλ=400nm = 6.15 · 107 m−1 [5]. A wavelength of 400
nm is assumed because this is used in our UED setup discussed in the next section. g
and Ce are dependent on temperature [6]. In figure 2.1, the electron-phonon coupling
constant data is fit with a polynomial which closely resembles the actual data. This
polynomial is then used as g depending on temperature. The same procedure is done
for the electron heat capacity.

The τfwhm of the laser pulse is 0.04 picoseconds, which is the temporal width of the
laser pulse used in the UED setup. The energy of the pulse is 50 µJ which corresponds

1The Debye temperature for gold is 170 K [3], whereas the experiments will be done at room
temperature, so a constant value can be assumed
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Figure 2.1: Comparison of the real and fitted data for the electron-phonon coupling constant.
The fit resembles the data and can be used for further calculations.

to a fluence of 10 J/m2, assuming an area of 1 mm2. As can be seen in the figure,
the starting temperature of the sample is set at 300 K because the experiments are
performed at room temperature, and t0 = 0. The heating of the sample occurs on
a very short timescale, the maximum electron temperature is reached after about
0.05 picoseconds, this means all the energy of the laser pulse is almost immediately
absorbed by the electrons in the material in stead of the lattice. After a certain delay
depending on the electron phonon coupling, the electrons start to lose the excess
energy to the lattice. After complete thermalization the lattice heats to a temperature
of 920 K. This final temperature can also be calculated directly by assuming that all
the energy deposited on the sample is absorbed directly by the lattice and dividing
Ce by the density of absorbed energy per volume. This results also tells us that the
temperature of the lattice will not reach the melting temperature of gold (1337 K) at
the used fluence of the laser.

We have to point out that to melt the sample it is not sufficient to increase the
temperature to the melting threshold. An additional amount of energy has to be
provided which is needed to change the state from solid to liquid. This process
depends on the enthalpy of fusion of gold ∆Hfus = 1.2 · 109 J/m3. The total fluence
needed to melt the sample is now given by:

F =
Cl∆T

α
+

∆Hfus

α
, (2.7)

with ∆T the difference between the melting temperature and the initial temperature.
A fluence of F = 60 J/m2 is needed to melt the sample.

It is also good to note, that since Ke and Kl in equation 2.1 are zero, the two-
temperature model describes only the thermalization between electron and phonons
without providing any information on the temperature decay of the lattice. However,
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Figure 2.2: Two-temperature model simulation for gold. A femtosecond laser pulse imme-
diately heats the electrons in the lattice to a very high temperature. Because of the electron-
phonon coupling the electron will exchange their energy with the lattice until it reaches the
final temperature of 920 K.

from the literature is known that the lattice thermalizes completely after a few µs [7].
This means that at our repetition rate of the laser which is 500 Hz, the temperature
of the lattice has already dropped to the surrounding temperature before the next
pulse hits the sample.

For the same starting conditions a simulation for aluminium is reported in figure
2.3, with Cl = 2.42 · 106 and αλ=400nm = 1.5191 · 107 m−1. The two temperature
dependent variables, g and Ce are also included for aluminum. The coupling constant
is an order of magnitude higher than for gold.

Figure 2.3: Two-temperature model simulation for aluminum. The thermalization is much
faster compared to gold and a final temperature of 625 K is reached.

The first thing to notice is that the thermalization of aluminum due to the higher
coupling constant is much faster. After only a few picoseconds the lattice has reached
its final temperature of 625 K. As for gold, the temperature of the aluminum also
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stays beneath the melting temperature of 933 K.

2.2 Debye-Waller model

The two-temperature model describes the heating dynamics of the lattice. To relate
this to the change in the observed diffraction pattern created by a UED setup (chapter
3), the Debye-Waller theory is used [8]. This factor depends on the the averaged
displacements of the atoms from their equilibrium positions due to thermal motion,
see figure 2.4. If the atoms vibrate, the ordered structure of the lattice will decrease
and therefore the observed diffraction pattern as well. The results of this vibration
can be seen as a decrease of the intensity of the diffraction peaks and can be modeled
by equation (2.8). Keep in mind that this change happens on a very short timescale,
so the Debye-Waller theory does not explain the change in diffraction pattern that is
observed later in this report, which is due to the permanent damage of the sample.

Figure 2.4: The femtosecond laser pulse interaction with a lattice will result in a temperature
increase which causes an increase of thermal motion of the atoms.

The Debye-Waller factor (DWF) is given by:

DWF = e−2M (2.8)

in which

M =
2π2ūs

2
s2, (2.9)

with s is the scattering vector of a certain diffraction peak. The average amplitude
of the thermal vibration of the atom is given by ūs:

ūs =
9h2T

4πmkBΘ2

(
Θ

4T
+
T

Θ

∫ Θ
T

0

x dx

ex − 1

)
. (2.10)

This relates the lattice temperature T to the thermal motion. Θ is the Debye temper-
ature, m the mass of the atoms and kb the Boltzman constant. The scattering vector
s depends on the position of the different diffraction peaks in the material.

When we put the results of the first simulation of section 2.1 in the Debye-Waller
model and normalize it to the DWF at room temperature, we get figure 2.5. This is
done using the MatLab script found in appendix B
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Figure 2.5: Due to the heating of the lattice, the intensity of the diffraction peaks will
decrease by the Debye-Waller factor. The factor is normalized by the value at room temper-
ature.

We can see that the diffraction pattern decreases by a large amount in a few pi-
coseconds. Because the process is completely reversible, if the lattice temperature
decreases to the room temperature value, the diffraction pattern intensity goes back
to it’s start value (not shown in the figure).
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2.3 Damaging mechanisms

The experimental part of the project consists of the determination of the damage
threshold of different gold samples. In this section, two possible damage mechanisms
due to exposure to a femtosecond laser pulse will be presented. In chapter 4, the
results will be compared with the possible damage mechanisms.

2.3.1 Electrostatic Ablation

A possible damaging mechanism could be electrostatic ablation [9]. When an fem-
tosecond laser pulse hits a sample, the sample is ionized early in the laser pulse
creating a high-density plasma of excited electrons. When the fluence of the pulse
is high enough the electrons and ions can interact through an electrostatic field that
can appear due to charge separation, even before the electron exchange energy with
the lattice (as described with the Two-Temperature model in section 2.1). This field
becomes significant if the energy absorbed by the electrons exceeds a characteristic
energy of approximately 10 eV (the Fermi energy in metals). Energetic electrons can
then escape from the target and pull ions from the solid via the electrostatic field re-
sulting from charge separation. This is known as electrostatic ablation. If a sufficient
amount of atoms are pulled out from the material, a possible damaging of the sample
can be observed.

This ablation only happens at a certain energy threshold Ee which depends on the
heat evaporation per atom Eb and the work function Eesc of the electrons:

Ee = Eb + Eesc =
4AI0tp
3lsne

. (2.11)

The threshold laser fluence Fth for ablation of metals is then defined as the following:

Fth =
3(Eb + Eesc)lsne

4A
, (2.12)

in which ls is the penetration length of the pulse, ne the electron density and A the
absorption coefficient of the used material. This way the ablation threshold can be
calculated. For a gold sample with Eb = 3.37 eV/atom, Eesc = 5.1 eV, ne = 5.9 ·1022

cm−3 and A ≈ 0.4 (at a pulse wavelength of 400 nm) the damage threshold is in the
order of 100 mJ/cm2.

2.3.2 Thermomechanical Stress

Another possible damaging mechanism is thermomechanical stress which can result
in irreversible deformation of the sample [10]. According to section 2.1, a femtosecond
laser pulse heats a metal sample causing a certain temperature rise ∆T . This results
in local thermal expansion of the material which causes distortion in the surface region
and causes thermomechanical stress.
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The stress τ (in transverse direction) is given by[10]:

τ =
E

1− ν
α∆T, (2.13)

in which E is the Youngs modulus in N/m2, α the thermal expansion coefficient in
m−1K−1 and ν the Poisson ratio. These parameters determine the strength of the
material and how much stress they can withstand before any from of irreversible
deformation occurs. If the value of τ exceeds the Yield strength Y in N/m2, the
material can be irreversibly deformed. The temperature rise that is needed to reach
this value is given by:

∆TY =
1− ν
Eα

Y, (2.14)

with ∆TY the temperature rise at the surface of the material. It should be noted that
we do not know the exact regime for which this equation is valid, in literature it is
only used to calculate damage on a very clean metal mirror surface. Nevertheless, we
can still make the assumption that it is indeed valid in this regime and calculate the
temperature rise needed to reach the Yield stress. For a gold sample, the following
material constants can be used: E = 79 · 109 N/m2, a = 14.2 · 10−6 m−1K−1 and
v = 0.44. The assumption is made that all values are temperature independent. The
Yield stress of gold is equal to 0.12 · 109 N/m2. To reach this a surface temperature
rise of ∆T = 60 K is needed.

If the laser pulse hits the material with a certain frequency, every time this can cause
some deformation. Accumulation of this effect can eventually lead to cracks and
complete removal of the material for stress values higher than the yield stress.



Chapter 3

Experimental Setup

In order to study the damage threshold of gold samples we are going to look at their
diffraction pattern measured with the UED setup. This setup will be described in
section 3.1. Sample fabrication will be discussed in section 3.2.

3.1 The UED setup

To measure the damage threshold of thin gold films, a diffraction pattern created by
scattered electron is analyzed. The UED-setup is used to capture those diffraction
patterns.

3.1.1 The laser system

A femtosecond laser pulse is used to photo-emit electrons from a copper cathode. The
laser system consists of an optical oscillator and an amplifier which create 800 nm
laser pulses at a repetition rate of 1 KHz. The pulses are about 50 fs long and have an
energy of 2.5 mJ. This laser pulse is split into two parts, one is called the pump which
is used to trigger certain events (in our case heating) in the sample and the other part
is called the probe which is used to create electrons due to photo-emission. To excite
the electrons, the probe laser frequency is tripled by creating third harmonics with
a BBO crystal. This way 266 nm UV light is produced that has an energy slightly
higher than the copper work function. The reflection of the laser beam on the cathode
is captured by a UV-diode to monitor the stability of the laser.

3.1.2 Magnetic lens system

A schematic overview of the UED setup can be seen in figure 3.1. The electron
bunches created at the cathode are accelerated by a 100 kV photo gun. Because of
the Coulomb force the electrons will repel each other. To make sure the electrons
are focussed on the sample, two solenoid lenses, S1 and S2, are placed in the setup.

12



CHAPTER 3. EXPERIMENTAL SETUP 13

Figure 3.1: Overview of the UED setup. The electrons that are emitted by a femtosecond
laser pulse out of the cathode on the left are accelerated by a dc-gun. A combination of lenses
results in focussing of the electron bunch onto a sample. The structure of the sample will
cause the electrons to diffract and form a diffraction pattern behind it.

Those magnetic lenses contract the bunch in the transversal direction (if the bunch
travels in the longitudinal direction). To compress the electrons in the longitudinal
direction, a 3GHz compression cavity is used [2]. However, this is not necessary for
our experiments. The electron bunch is adjusted in order to hit the sample at the focal
point of the lenses to get the highest spatial and temporal resolution. After the beam
is diffracted by the sample, it will pass through another magnetic lens behind the
sample. This will focus the beam onto a Multi-channel-plate (MCP). When electrons
hit the MCP an avalanche of secondary electrons is created. These electrons are then
collected by a phosphor screen. The diffraction pattern detected on the phosphor
screen is imaged 1:1 on a CCD camera.

With the help of a small steering coil placed around the setup, the electron bunch
can be directed to the center of the CCD. The sample is then placed in the bunch
and the electrons will scatter. This forms a diffraction pattern on the CCD camera.
Because of the relatively low intensity of the diffraction pattern compared to the
original electron bunch, the 0th order beam in the center is blocked. The sample
chamber is kept under vacuum just as the rest of the setup to make sure the electron
beam has the least amount of interaction with the environment. The vacuum is also
necessary for the MCP and photo gun to function properly.

The typical electron bunch consists of 106 electrons with a total charge of 160 fC.
Integration of multiple shots on the CCD camera is needed to get clear results.

3.1.3 Pumping the sample

In order to analyze the structural dynamics of the used sample and for determining
the damage threshold, the sample is pumped by a laser pulse. The 800 nm pump
laser used in section 3.1.1 is frequency doubled to obtain a 400 nm pulse because
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the reflectivity of gold is very high (98%) at 800 nm compared to a reflectivity of 38
% for 400 nm. A small pinhole on the sample holder is used to align the electron
bunch and the pump laser. The pump laser can be temporarily delayed in respect
to the electron bunch. In normal pump-probe measurements the diffraction patterns
is acquired at different delay times between the pump and probe. In that way one
can gain information about the structural dynamics of the sample. In the present
case we are not interested in the structural dynamics of the sample (in other words:
reversible change of the diffraction pattern described by the Debye waller model in
section 2.2). In this project, we are interested in the irreversible change of the sample
like fracture, necking and removal of material due to the pump laser. For that reason,
the electron bunch hits the sample with a negative delay (the diffraction pattern is
probed before the pump laser hits the sample). By recording multiple images on the
CCD, the structural dynamics can be observed.

3.2 Sample fabrication

Samples with different supports are grown in two different ways. One way consists
of a direct depositing of gold onto a carbon layered copper grid. With the help of
chemical vapor deposition, a thin 20 nm thick layer of gold is deposited on the sample.
The grid lines are 0.06 mm apart from eachother (400 lines per inch) and support the
gold film on top of it.

Drawbacks of this method are that the area of the grid is very small. The diameter of
these Transmission Electron Microscope (TEM) grids is 3 mm. A close-up image can
be seen in figure 3.2. It shows that the gold is more or less uniformly spread across
the grid.

Another way of sample preparation is to manually put the layer on top of a TEM-grid.
Those grids can be up to a few cm wide. To do this, a gold layer is first deposited
on a salt crystal. To transfer the gold layer from the crystal onto the TEM-grid, the
crystal is put into a bowl of water. The salt will dissolve and the gold layer will float
on top of the water. The gold layer is manually scooped on the grid and will stick on
top of it. The disadvantage of this method is that scooping of the sample could induce
some imperfections and cracks on the sample surface (ie. when the TEM-grid is tilted
before scooping the gold layer). Figures 3.3 and 3.4 show some close up images of the
samples. A grid with line spacing of 0.05 mm and 0.3 mm are used (500 and 100 lines
per inch respectively).

When figure 3.2 and 3.3 are compared, it can be seen that the latter has more defi-
ciencies, the gold seems to differ in thickness across the sample. This might influence
the results of the damage threshold measurements.
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Figure 3.2: Close-up image of the carbon layered grid. The lines are 0.06 mm apart. The
20 nm thick gold is uniformly distributed onto the sample.

Figure 3.3: Close-up of the copper TEM-grid. The gold film has more deficiencies indicated
by the circles compared to the grid in figure 3.2.
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Figure 3.4: View of the sample holder. The gold film is scooped onto the sample and rests
on top of the TEM-grid. The sample holder is placed into the UED setup for the experiments.



Chapter 4

Results & Discussion

In this chapter, the results of the measurements will be presented and discussed.
In the first section, a typical diffraction pattern measurement will be shown. Some
experimental issues that arise during the measurements are discussed and corrected.
In section 4.2, the damage threshold of different gold samples is determined and
compared with other values found in literature. In the last section, we discuss and
compare our experimental values of the damage threshold with the theoretical models
described in section 2.3.

4.1 Diffraction pattern of polycrystalline gold

The image captured by the CCD camera when a 20 nm thick gold sample is placed
in the sample holder is reported in figure 4.1. The repetition rate of the laser is 500
Hz while the integration time of the CCD is set to 500 ms. The image is the result
of the average of 250 electron bunches. The beam stopper is clearly visible in the
center of the image and is used to to block the 0th order electron beam. The circular
diffraction lines, called Debye-Scherrer rings, are formed because of elastic scattering
of electrons on the atoms of the gold sample. Kinematical diffraction theory can be
used to calculate the scattering vector of those diffraction lines[3].

Azimuthal integration of figure 4.1 is done by applying a MatLab procedure. Most of
the background noise due to inelastic scattering is subtracted. The scattering vector
given by s = 2

λ sin θ with λ is the De Broglie wavelength of the electron and θ is the
Bragg angle. The different diffraction peaks correspond to theoretical predictions of
elastic scattering from the planes of the reciprocal space, see appendix C.

4.1.1 Issues with the diffraction pattern

Close observation of the diffraction pattern in figure 4.1 reveals that the Debye-
Scherrer rings are slightly elliptical. This causes errors in the angular integration
procedure and causes the small bumbs seen on the left of the (220) and (311) peak in

17
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Figure 4.1: Circular diffraction pattern image taken by the UED setup. The different rings
are caused by elastic scattering of the electrons by the structured gold lattice. In the center
of the image, we see the beam stopper that blocks the 0th order beam.
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Figure 4.2: Angular integration of figure 4.1. The different diffraction peaks correspond
to the Miller indices of the gold sample. Background noise due to inelastic scattering is
removed. The theoretical predictions of those peaks calculated in appendix C agree with this
result.
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figure 4.2. This is most likely caused by slight misalignment of the setup, and is very
hard to correct for.

To study the change of the diffraction pattern in time, multiple images of the pattern
are recorded with a set time interval. For each image, the intensity of the highest
diffraction peak (in figure 4.2) is recorded while the sample is continuously pumped
by the laser. A result of this is shown in figure 4.3. In this measurement 300 images of
a polycrystalline gold film of 20 nm thickness are taken with an interval of 10 seconds.

Figure 4.3: The intensity (in arbitrary units) of the (111) peak shown in figure 4.2 after
different probings of the sample are presented in this figure. Because the laser intensity
fluctuates, the electron bunch charge does as well. This results in the variation of the intensity
over time.

As we see in the figure, the peak intensity fluctuates by a large amount (∼ 15 %). A
possible reason of this behaviour is the fluctuating intensity of the third harmonics
of the laser pulse. As a consequence, the number of electrons that are emitted from
the cathode will fluctuate as well and so does the intensity of the Bragg peaks. A
solution to this problem is to monitor the intensity of the laser with a UV-diode, and
use the signal to normalize the intensity of the diffraction peaks.

In figure 4.4 a comparison between the original and the normalized data is reported.
Each data point is divided by the relative laser intensity at that point in time. This
normalization decreases the fluctuations by a substantial amount. The standard de-
viation for the normalized and not normalized intensity are 7.5% and 12.7%, respec-
tively.
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Figure 4.4: The intensity in figure 4.3 is normalized by the UV-diode. The fluctuations
decrease from 12.7% to 7.5%.

Even with the normalization there is still quite some fluctuation, which can have
multiple causes. The laser intensity and electron charge can be related by a non-
linear relation. This means that the normalization of the diffraction peaks with the
UV laser intensity is not completely straightforward. In this case further investigation
is needed to solve the fluctuation problems or to compensate for the instability of the
laser.
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4.2 Damage threshold

The previous section is dedicated to measure the diffraction pattern of gold in equi-
librium condition. In this section we will determine the damage threshold of thin gold
film samples for pumping with the laser.

4.2.1 Pump pulse characteristics

To induce damage, the pump pulse laser is focused on the sample. An image of the
pump pulse is shown in figure 4.5. The pulse duration is about 50 fs and the repetition
rate is 500 Hz. The energy per pulse can be adjusted with optical density filters. The
pulse energy is varied between 10 and 90 uJ. Once the energy and the area of the
pulse are known, the incident fluence can be calculated.

Figure 4.5: Image of the shape of the pump pulse, which has a frequency of 500 Hz and has
a duration of about 50 fs. The dimensions of the pulse can be seen in figure 4.6. The pulse
is not entirely uniform, which could cause fluctuations in the results observed in section 4.1.

The horizontal (x) and vertical (y) profile of the pulse can be seen in figure 4.6. Since
the shape of the laser is slightly elliptical, we fit a gaussian function to both the
horizontal and vertical profile of the laser pulse. With a minor diameter of 0.97±0.01
mm and a major diameter of 1.68±0.02 mm the area of the pulse is equal to 1.28±0.02
mm2.

4.2.2 Variation of the fluence

First, we measure the damage threshold of a 20 nm thick gold film sample placed on
a TEM-grid of 500 lines per inch. For different pulse energies, we collect 300 images
with an interval of 10 seconds. Table 4.1 shows the different pulse energies that are
used. For each new scan we change the spot on the sample. The electron bunch has
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(a) Intensity profiel of figure 4.5 in the hori-
zontal direction

(b) Intensity profiel of figure 4.5 in the vertical
direction

Figure 4.6: Spatial intensity of the pump laser pulse. The shape is more or less gaussian as
showed the fit shows. The dimensions indicate that the pulse is elliptic and that the vertical
profile in less uniform.

a diameter of about 0.5 mm, so it is smaller then the laser area. With the help of the
pinhole on the sample holder, the spatial coincidence of the pump and the electron
bunch is checked.

The peak intensity of the diffraction pattern is analyzed for each image and plotted
versus the number of shots (the laser has a repetition rate of 500 Hz, so that means
5000 shots per interval). In figure 4.7, intensity variation of the highest peak is plotted
vs the number of shots N .

Table 4.1: Damage threshold results for the 20 nm thick gold sample. τ indicates how quickly
the sample is damaged. The first three measurement did not damage the sample, therefore
τ is infinite. Each measurement corresponds to a different pulse energy and fluence. At a
fluence of 1.4 ± 0.2, immediate damaging of the sample in combination with a lot of noise
results in fitting errors, so no τ can be determined.

No. Pulse Energy (µJ) Absorbed Fluence (mJ/cm2) τ (105 N−1)
1 22± 2 0.43± 0.04 ∞
2 37± 4 0.73± 0.08 ∞
3 45± 5 0.9± 0.1 ∞
4 52± 5 1.0± 0.2 2.5± 0.4
5 61± 5 1.2± 0.1 3.7± 0.6
6 72± 7 1.4± 0.2 0

At low fluence, the diffraction pattern doesn’t change no matter how much the sample
is pumped. This means the damage threshold of the 20 nm gold film is not reached.
The material can recover between each shot, so no accumulation of the damage is
seen.

As can be seen in figure 4.7c, a pulse energy equal or higher than 52 µJ degrades
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the sample over time as it is confirmed by the gradual decreasing of the diffraction
peak intensity. This corresponds to an absorbed fluence of 1.0 mJ/cm2. The fluence
can be calculated by dividing the incident pulse energy by the average area of the
laser pulse. In order to calculate the absorbed fluence, the Lambert-Beer law given
by I = I0 exp(−dα) is used, wherein I0 is the incident intensity and I the transmitted
intensity. The damage of the sample is confirmed by the fact that the change of
the diffraction pattern is irreversible. To get a more quantitative expression for the
temporal scale of the damage process, an exponential decay function of the form:

I = Ifinal + I0 exp(−N
τ

) (4.1)

is fitted to the data, where I0 is the initial intensity, τ the decay constant and Ifinal
is the asymptotic value reached by the diffraction peak. The different values for τ
can also be found in table 4.1. This shows that after the damage threshold has been
reached, τ increases with higher fluence. At a fluence of 72 µJ the damaging of the
sample is very rapid so the intensity immediately drops to very low levels. This occurs
at a fluence of 1.4 mJ/cm2.

In figure 4.8 a microscope image of the sample after pumping for 1.5 million shots
with a fluence of 1.4 mJ/cm2 is shown. The gold film (where the pump pulse hits the
sample) is completely removed.
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Figure 4.7: Some results of table 4.1 shown in different figures. The variation of intensity
is plotted versus the number of shots for different pulse energies. At a pulse energy of 52 µJ
and higher, a decay of the diffraction peak intensity can be seen.
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Figure 4.8: Result of pumping a sample with a 500 Hz femtosecond laser pulse with an
energy of 61 µJ for over half an hour. The gold is completely removed in the center of the
image. At the edges, a transition between damaged and non-damaged gold film is shown



CHAPTER 4. RESULTS & DISCUSSION 26

4.2.3 Single-shot damage threshold

In this section the damage threshold obtained in our diffraction experiment and some
results found in literature are compared. Since the damage threshold might depend
on the experimental technique adopted, we want to verify if the experimental value
that we have obtained has the same order of magnitude than the other results. In
particular we take into consideration the work of Gudde et al. Here they study the
damage threshold of thin gold films and its dependence on the thickness by focusing
femtosecond pulses on the sample and measuring the amount of scattered light. Once
the laser starts to damage the sample the light is increasingly scattered by the defects
and cracks induced on the surface of the sample by the laser. They also measure an
accumulation effect which is the result of the storage cycle of thermal stress-strain
energy induced by the laser pulse, see figure 4.9. The accumulation effect follows this
equation:

FN = F1N
S−1
th , (4.2)

with F1 the single-shot threshold, FN the multi-shot threshold and S an exponent for
the accumulation effect between the single and multi-shot results. The equation shows
that the number of pulses before sample damage decreases with an increasing laser
fluence. For a 20 nm thick gold film the single shot damage threshold is 4 mJ/cm2, see
figure 4.9. Now we want to compare this value with the corresponding value obtained
from our experiment. In our case, due to the large fluctuation of the signal, is difficult
to determine exactly after how many pulse N, the sample is damaged. For that reason
we decide to make a rough approximation by using the decay time tau (see formula
4.1) obtained by the fit of our data. We calculate the single shot damage threshold
by inverting formula 4.2 and using the same value of the parameter S. The calculated
values are reported in table 4.2 for two different set of data (see fig. 4.7 c-d). As
we can clearly see the two single-shot values found are comparable with each other
within the uncertainty intervals and they are close to the value of 4 mJ/cm2 obtained
by Gudde et al. We should also note that some experimental parameters in [11] are
different: the laser pulse is longer (200 fs instead of 50 fs) and the sample is placed
on a silicon plate instead of a TeM grid.

Table 4.2: Single-shot damage threshold fluence F1 is calculated for different pulse energies
for which we damage the sample.

No. FN (mJ/cm2) N (105) F1 (mJ/cm2)
1 1.0± 0.2 2.5± 0.4 2.6± 0.6
2 1.2± 0.1 3.7± 0.6 3.3± 0.8

4.2.4 Influence of the different supports

In this section, the damage threshold of the same gold sample grown on different
substrates, is studied. A 400 mesh (lines per inch) copper grid with carbon layer on
top and a 100 and 500 mesh copper grid without carbon layer are used. The method of
determining the threshold is exactly the same as in the previous section. The results
for the 500, 400 with carbon layer and 100 mesh are reported in table 4.3. Only the
results for which the damage threshold is reached, are shown.
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Figure 4.9: Figures from Gudde et al. [11]. The left figure shows the scattered light
intensity versus the absorbed fluence. At a certain value this intensity rapidly increases, which
indicates damage to the sample. The right figure shows the different single-shot thresholds at
different thicknesses. A 20 nm gold film is damaged at a fluence of 4 mJ/cm2.

Table 4.3: Threshold at which the sample is damaged for different supports. τ indicates
how quickly the sample is damaged. A carbon layered grid increases the damage threshold,
while a lower mesh decreases it.

Support Pulse Energy (µJ) Absorbed Fluence (mJ/cm2) τ (105 N−1)
400 mesh + carbon layer 63± 6 1.3± 0.2 1.6± 0.2

500 mesh 52± 5 1.0± 0.2 2.5± 0.4
100 mesh 21± 2 0.4± 0.1 0.50± 0.04

Looking at the results, we can conclude that the support of the gold film plays a
significant role. Especially for the 100 mesh copper grid support the damage threshold
strongly decreases, and the decay time τ is much faster, as seen in figure 4.10. This
is due to the fact that the grid lines are further apart which weakens the sample.
On the other hand, the 400 mesh carbon layered sample gives higher values for the
damage threshold then the 500 mesh copper grid sample. This carbon layer on top
of the copper grid makes the sample a lot stronger. Observing the close-up images in
section 3.2, it can be seen that the gold is less uniformly distributed onto the copper
grid without the carbon layer, due to the other way of depositing the film. This could
also cause the change in damage threshold. A more uniform grid results in a higher
threshold.

Unfortunately, not enough data was collected to make a comparison between different
thicknesses of gold samples on different supports.
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Figure 4.10: The variation of intensity in arbitrary units plotted versus the number of shots
for a fluence of 0.4 ± 0.1 mJ/cm2. The sample is supported by a 100 mesh grid, therefore,
even at this fluence the sample is clearly damaged.
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4.3 Damaging mechanisms

The previous section clearly showed that there is indeed a certain damage threshold
for which the gold sample is damaged. Here, we discuss possible explanations for
this damage induced by the femtosecond laser pulse. Recalling the values in section
2.1, we can conclude that the sample is not sufficiently heated to reach the melting
temperature of gold. To melt the sample a fluence of around 6 mJ/cm2 is needed.
This indicates that another mechanism is causing the observed damage. Two possi-
ble theories were presented in section 2.3:damage mechanism caused by electrostatic
ablation and with thermally induced stress.

Calculating the fluence needed to pull out an atom from a gold surface due to elec-
trostatic ablation results in a fluence of 100 mJ/cm2 (see section 2.3) This value is far
higher than the damage threshold fluence found in this article. Therefore electrostatic
ablation in most likely not the reason for the induced damage in the thin gold films.

The other mechanism describes thermally induced stress to the surface of a sample
due to a rapid temperature rise ∆T . It is calculated that for a gold sample, a rapid
temperature rise of 60 K could be sufficient to induce permanent deformation in the
sample. The fluence needed for this temperature rise is about 0.3 mJ/cm2. This
fluence is the same order of magnitude of what we obtained in the previous section,
so it could possibly be a cause for the induced damage. Some remarks should be
made, it is unclear whether the calculation for the needed temperature rise is valid
in this regime. It is primarily used for calculation of metal mirror surfaces. It is also
possible that reaching the yield stress does not result in actual damage. It is only a
value at which possible deformation can occur. But it depends on other parameters
(time, temperature, condition of the sample) if this will actually happen.
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Conclusion &
Recommendations

The goal of this project is to determine the damage threshold of thin gold films for
UED experiments. This is needed because recent pump-probe experiments failed
to observe structural dynamics in different metal samples. Before the dynamics of
the sample can be observed, the samples are irreversibly damaged by a high energy
femtosecond laser pulse.

In chapter 2 a theoretical background for femtosecond laser pulse interaction with
thin metal samples is given. The two temperature model describes the heating of the
electrons and phonons in a lattice. The electron temperature will rise to high levels far
above the lattice temperature before the electron-phonon coupling exchanges energy
between the electrons and the lattice. At a fluence of 1 mJ/cm2 gold will heat to a
temperature T = 920 K, which is below the melting temperature of 1337 K. Including
the heat evaporation, a fluence of 6 mJ/cm2 is needed to melt a gold sample. The
increase in temperature will cause atoms to vibrate around their equilibrium position,
this will cause a decrease in diffraction pattern intensity described by the Debye-Waller
factor. Using the temperature increase of 620 K the diffraction pattern intensity will
drop by 20 to 50 percent depending on the different diffraction peaks. This is the
change we want to observe in the pump-probe experiments, but even though we stay
beneath the melting threshold the gold sample is damaged before we can observe the
dynamics.

By monitoring the diffraction pattern intensity with the help of ultrafast electron
diffraction we can see if the sample is damaged. Three different samples are made
which consist of a support with a thin 20 nm polycrystalline gold film on top of it.
Two samples consist of a copper TEM-grid with 100 and 500 mesh lines. The other
sample is a carbon layered copper TEM-grid with 400 mesh lines.

To deliberately damage the sample, the pump laser pulse is focussed onto the sample.
A decrease in diffraction peak intensity indicates damage and is confirmed by micro-
scope images of the sample. The damage threshold is defined as the laser fluence at
which the sample is permanently damaged after a certain number of shots τ . Staying
below this fluence will not result in damage to the sample. We found that the damage

30
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threshold of the polycrystalline gold sample (500 mesh) is 1.0 ± 0.2 mJ/cm2 which
increases to 1.3± 0.2 mJ/cm2 for the carbon layered 400 mesh sample and decreases
to 0.4± 0.1 mJ/cm2 for the 100 mesh grid. This clearly indicates that the support of
the sample plays significant a role.

Unfortunately, not enough data was collected to compare different sample thicknesses
on their damage threshold. Also, different materials like aluminum or graphite should
be tested on their threshold to get a more detailed overview.

As mentioned before, the two temperature model shows that the heating of the sample
by the used fluence does not increase the temperature to the melting point. However,
we still observe damage to the sample. Two possible mechanisms were studied in
section 2.3: electrostatic ablation and thermally induced stress. The calculated fluence
needed for electrostatic ablation is 100 mJ/cm2, which is far higher than the fluence at
which the sample is damaged. To induce thermal stress, a fluence of only 0.3 mJ/cm2

is needed, so this mechanism could cause the sample damage.

There are still many other improvements to the setup needed to perform successful
pump-probe experiments. The fluctuations of the laser pulse as seen in section 4.1
are very high. By normalizing the results with the UV-diode, the fluctuations are de-
creased from 12.5 to 7 percent. A linear relation between the UV-diode and the actual
amount of electron emitted out of the cathode is assumed. A better understanding of
the process that is most likely not linear could result in better normalization. Not only
the temporal fluctuation, but also the spatial fluctuations of the laser pulse should be
reduced.

With the determination of the damage threshold and a more stable laser, we are a
step closer to perform successful pump-probe experiments in the near future. This
brings us also closer to the ultimate goal of our UED project: studying the complex
dynamics of proteins.
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Appendix A

Two-temperature model in
MatLab

Script for simulating the two-temperature model in section 2.1.

clear a l l

%two temperature model

function dT=twotemp ( t ,T)
C l =2.42∗10ˆ6; %l a t t i c e heat c a p a c i t y
a l f a =6.145 e7 ; %a b s o r p t i o n c o e f f i c i e n t
E=50e−6; %p u l s e energy
a=2e−6; %p u l s e area
fwhm = 0 . 0 4 ; %l a s e r peak width
t0 =0; %beg in time
P=(E. / a ) .∗ a l f a ∗normpdf ( t , t0 , fwhm/2 .35 ) ; %l a s e r power
ElectronHeatCapacity ; %i n s e r t s temperature dependant heat

c a p a c i t y
ElectronPhononCoupling ; %i n s e r t s temperature dependant

c o u p l i n g cons tant
dT=zeros ( 2 , 1 ) ;
dT(1)=(−g . ∗ (T(1)−T(2) )+P) . / C e ; %1 s t equat ion
dT(2) =(g . ∗ (T(1)−T(2) ) ) . / C l ; %2nd equat ion

%s o l v e ode

T 0=[300 3 0 0 ] ; %s t a r t v a l u e s in Kelv in
tspan1=[−1 1 ] ; %time when p u l s e h i t s
tspan2 =[1 1 0 0 ] ; %second time span to reduce computation time
opt ions1 = odeset ( ’ RelTol ’ ,1 e−3, ’ AbsTol ’ ,1 e−3, ’ MaxStep ’ ,1 e−1)

; %smal l s t e p s
[ t , x]= ode15s (@twotemp , tspan1 , T 0 , opt ions1 ) ; %s o l v e ode
T 1=[x (end , 1 ) x (end , 2 ) n ] ;
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opt ions2 = odeset ( ’ RelTol ’ ,1 e−3, ’ AbsTol ’ ,1 e−3) ; %l a r g e r s t e p s
[ t1 , x1]= ode15s (@twotemp , tspan2 , T 1 , opt ions2 ) ; %s o l v e ode
A=[t , x ] ;
B=[t1 , x1 ] ;
C=[A;B ] ; %combite data

%p l o t f i g u r e

f igure (1 )
plot (C( : , 1 ) ,C( : , 2 ) , ’− ’ ,C( : , 1 ) ,C( : , 3 ) , ’−. ’ )
xlabel ( ’Time ( ps ) ’ ) ;
ylabel ( ’ Temperature (K) ’ ) ;
h l eg1 = legend ( ’ E lec t ron Temperature ’ , ’ L a t t i c e Temperature ’ ) ;
hold on
pause ( 0 . 1 )
dlmwrite ( ’ twotempmodel . txt ’ ,C) ; %w r i t e data f o r use in debye

w a l l e r model
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Debye-Waller model in
MatLab

Script for simulating the Debye-Waller model in section 2.2.

clear a l l
%d e f i n e c o n s t a n t s
h=6.626068∗10ˆ−34; %planck
kb=1.380∗10ˆ−23; %boltzman
theta =170; %debye temperature g o l d
m=3.2706∗10ˆ−22; %atomic mass

%s c a t t e r i n g v e c t o r v a l u e s
s =[0.4277 0 .4938 0 . 6984 ]∗10ˆ10 ;

%import temperature data out o f two temperature model
data=importdata ( ’ twotempmodel . txt ’ , ’ ’ ) ;
T=data ( : , 3 ) ;
s i z=s ize (T) ;
i n t=zeros (1 , s i z ) ;

%e v a l u a t e d e b y e w a l l e r i n t e g r a l
for n=1: s i z
x=T(n) ;
i n t (n)=quad( @debyeint , 0 , x ) ;
end

i n t ;

for nn=1:3 %t h r e e d i f f e r e n t peaks
s1=s (nn) ;

u s =9.∗h . ˆ 2 . ∗T. / ( 4 . ∗ pi .∗m.∗ kb .∗ theta ) . ∗ ( 0 . 2 5 . ∗ theta . /T+T. /
theta .∗ int ’ ) ;

M=(2.∗pi . ˆ 2 . ∗ u s .∗ s1 . ˆ 2 ) . / 3 ;
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M 0=(2.∗pi . ˆ 2 . ∗ u s (1 ) .∗ s1 . ˆ 2 ) . / 3 ;
DWF=exp(−2.∗M) ;
DWF 0=exp(−2∗M 0) ;
hold on
plot ( data ( : , 1 ) ,DWF/DWF 0) ;
xlabel ( ’Time ( ps ) ’ ) ;
ylabel ( ’DWF’ ) ;
h leg1 = legend ( ’ 111 peak ’ , ’ 200 peak ’ , ’ 220 peak ’ ) ;
axis ([− i n f , i n f , 0 , 1 . 2 ] )
end



Appendix C

Diffraction peak theory

When an electron hits a lattice of atoms, the electrons will scatter in two different
ways: elastically an inelastically. In our case we will ignore the inelastic scattering.

A lattice consists of different planes indicated by Miller indices hkl. The distance d
between those planes for a cubic lattice is given by:

d =
a0√

h2 + k2 + l2
, (C.1)

with a0 the size of a cubic unit cell.

The Bragg condition states [3]:

2d sin(θb) = nλ (C.2)

with 2θb the Bragg angle and λ the wavelength of the electron. The Bragg angle is
the angle at which the electrons will scatter from the lattice.

Different scattering planes can now be defined fulfilling the Laue condition[3]. For
gold, the first three planes are the (111), (200) and (220) planes. A scattering vector
of the first order (n = 1) can now be defined as:

s =
2

λ
sin θ, (C.3)

in which θ = λ
2d . For gold (a0 = 4.05 · 10−10) this results in the following scattering

vector for the different planes:

(hkl)-plane s (10−10 m−1)
111 0.4277
200 0.4938
220 0.6984

We can now compare these values with the experimental values in figure C.1. This
confirms our theoretical prediction.
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Figure C.1
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