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diffraction pattern. No useful information can be extracted about the particle size or the
exact structure due to the low level of the peaks. The second pattern has three broad

peaks, or rather plateaus, that can be attributed to the amorphous structure of the
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FIG. 1.4. Diffraction patterns of Sb nanoparticles.”

The second study was undertaken by Sun et al.> who used He as a cooling gas
instead of Ar. By increasing the He pressure to 1.3x107 Torr and keeping the source

temperature at 1100 °C, they obtained three diffraction patterns that are almost identical.



The three diffraction patterns have three broad peaks whose amplitudes got larger with

increasing He pressure (Fig. 1.5).
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FIG. 1.5. Diffraction patterns of Sb clusters. The effect of the ambient gas is shown in the
figure.3

In the third study, M. Kaufmann et al. studied Sb nanoclusters with mean size
range of 20-40 nm prepared under an ambient inner gas. Their study found a phase
change between crystalline and amorphous phases and particles composed of Sby

tetramers. Fig. 1.6 shows the diffraction pattern with background removed.
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FIG. 1.6. Diffraction pattern for antimony nanoparticles with the background due to the
cooling gas removed”.



I.5. Dynamic vibrational properties

Ultrafast optical excitation of nanoparticles and thin films will transfer some of
the laser pump energy to the electrons. Electrons achieve internal thermal equilibrium
through e-e collisions within about a hundred femtoseconds® to a few picoseonds.® For
very thin films and small-sized nanoparticles, the electrons can be considered to be at
thermal equilibrium even within the duration of the laser pulse. The excited electrons
collide both with other electrons and with the lattice; but due to the huge difference
between the masses of an electron and that of an atom, it takes much longer to reach
thermal equilibrium between the electrons and the lattice. As electrons relax to an
equilibrium Fermi-Dirac distribution, they are at a significantly higher effective
temperature than that of the lattice. At this time the electrons transfer their excess energy
to the lattice, resulting in exciting phonons which could be coherent in nature.” Those
coherent phonons are standing waves for a period dependent on the film thickness or the
nanoparticles’ dimensions. Optical pump probe experiments indicate that the electrons’

pressure might play a role in generating the acoustic phonons.®

[.6. Photoinduced electrons as probe

The probing techniques for monitoring laser-induced ultrafast phenomena in
nanoparticles, thin films and various targets are optical probes, laser-induced X-ray or
photoinduced Ulirafast Electron Diffraction (UED). Optical probes deal mainly with the
electrons, give no clear insight about the lattice, and are insufficient for studying
phonons. Laser-induced x-ray probes are effective in monitoring the lattice and lattice

phonons but their low signal-to-noise ratio™ leaves a lot to be desired. In this work, UED



is the technique of choice. UED provides a means to study ultrafast structural dynamics
with picosecond resolution and sufficiently high signal and signal-to-noise ratio. Fig. 1.7

shows the interpretation of an electron diffraction peak after performing radial

integration.
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FIG. 1.7. Integrated Bragg peak correlated to the lattice planes that produce it*

The UED method has a drawback, though, in that the electron pulse suffers
broadening due to the electronic charge. The electrons’ pack disperses in all directions as
the pulse propagates, leading to a longer probe pulse. To keep the electron pulse as short
as possible, it is necessary to shorten the propagating length and increase the acceleration

energy. The details of this effect will be discussed later in the dissertation.

I.7. Previous work on group V semimetals

Studying the dynamics of the optical phonons (Ajg, Eg) of arsenic structure,
semimetals became an attractive research topic in the past decade and is still under

intensive investigation due to the availability of ultrafast lasers, time-resolved electron
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diffraction, and time-resolved x-ray diffraction technologies. The frequencies of these
two phonons at room temperature were determined by spontaneous Raman scattering to
be 4.5 and 3.5 THz for antimony, and 2.9 and 2.2 THz for bismuth.>'* Only fully

1112 which draws interest to

symmetrical phonons (A;,) were observed in early studies,
the generation mechanisms. A Displacive Excitation of Coherent Phonons (DECP)
mechanism was developed' in which the atoms suffer an abrupt displacement from their
equilibrium positions under the effect of the hot charge carriers and start oscillating about
the new, temporary equilibrium positions. This mechanism was able to explain fully
symmetric modes only, which alienated it from Raman scattering. Later studies were able
to detect non-fully symmetrical modes of Sb, Bi, and Te.*'® Theoretical studies
proposed that DECP can be considered to be a special case of resonant Raman scattering
in which both displacive and impulsive components exist.'’

Bismuth drew the most attention, followed by antimony and tellurium, which is
not from the arsenic group. Sokolowski-Tinten et al.’® pioneered the x-ray diffraction
study of coherent optical phonons on bismuth. Bismuth attracted attention despite
drawbacks such as the difficulty of producing single crystals of high quality and the
localized generation of photoexcited photons at very shallow depths. On the other hand,
bismuth has the advantages of generating high-amplitude, coherent, optical phonons with
relatively low frequency and very strong phonon spectrum softening.'*? Also, group V
semimetals have a very strong electron-phonon coupling.

The A, phonon of bismuth was found to undergo frequency chirping.?' Phonon
chirping is also called anharmonicity in the form of amplitude-dependent frequency.

Double-pulse excitation experiments and theoretical calculation based on density
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functional theory concluded that electronic softening of optical phonons and electron-
hole plasma are responsible for the chirp.?' Further study of the electron-hole plasma
effect at an excitation level of 1% of the valence electrons to the conduction band showed
optical phonon softening over the entire frequency spectrum.”*

Results for the A;, phonon using ultrafast X-ray diffraction to measure the bond-
softening induced quasi-equilibrium positions were confirmed. Calculations assumed that
an electron-hole pair is generated for each absorbed photon.*' Since the electron-hole
recombination time is generally much longer than the phonon period, the charge carriers
establish Fermi-Dirac distribution in each band. The chemical potential sets different
values for the conduction bands than the valence bands.

Depth-resolved studies concluded that the two-chemical potential model held only
for the length of one phonon oscillation cycle followed by a transition to a single-
chemical potential model.?? At strong photoexcitation it was found that the thermalization
time for the photoexcited carriers is between 2-3 ps, which indicates rapid energy transfer

from the charge carriers to the lattice.”
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CHAPTER 11

THEORY

This chapter covers the physical models and mathematical treatments related to
the different processes involved in our pump probe experiment. These processes include
the electron-probe pulse broadening, the laser-pump beam interaction with the lattice
through the electronic medium in what is known as the two-temperature model, and the
Debye-Waller effect, which explains the drop in the diffraction intensity.

The effect of ultrafast laser excitation, even at low energy, on the electrons of a
semimetal has a tremendous influence on the interatomic forces. Ultrafast laser pulses
shorter than the energy-relaxation mechanisms in the lattice trigger lattice oscillations
due to the alteration of binding forces. The generation of the coherent optical phonon
(A1g) can be explained by Impulsive Stimulated Raman Scattering (ISRS) and another
mechanism through a sudden change in the equilibrium interatomic distance which is the
bond-softening-induced weakening of the Peierls distortion. Therefore, it is also called

Displacive Excitation of Coherent Phonons (DECP).

I1.1. Electron pulse broadening

The probing technique in our work is an electron pulse generated by the
frequency-tripled laser pulse. The electron pulse does not maintain the same pulse length
as the laser pulse. The photoelectron pulse suffers broadening upon its release off the
photocathode surface. The broadening begins in the acceleration region of the electron

gun, followed by the most-effective broadening mechanism in the drift region.
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The electrons of the photoelectron pulse interact among themselves in a way that
broadens the pulse. Such an effect is called a space-charge effect. A mathematical
treatment of the space-charge broadening is performed using one-dimensional and two-

dimensional models. In the two-dimensional approach, the expression®*~"

V(z)——Ne—[\/z?‘+rb2 —z], 2.1)

- 2
2&,7r,

describes the on-axis potential distribution of an electron disk with radius r, and length /,
as shown in Fig. 2.1. The center of the electron disk is at z = 0. In Eq. (1), N is the total
number of electrons in the electron pulse, e is the electron charge, and &, is the vacuum

permittivity.

Electron pulse

Iy

FIG. 2.1 An electron pulse disk simulating a drifting femtosecond photoelectron pulse.™

The Poisson equation for the problem of Fig. 2.1 can be written as

2 2 0
lﬁ_(r%j+iza¢z+a‘/j=e”(r’ 2). 2.2)
ror\ or) r-00° oz &,
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where ¢ = @(r,t,z) is the potential distribution in free space and n = n(r,6,z) is the

electron density. In order to solve Eq. (2.2), one can use the Green’s function

1

G(r,r',0,0,z,2")= = (2.3)
Jri+r?=2m'cos(0-0')+(z -2")

satisfying,

1o( oG\ G 4rx

S P =—265(r-r)6(6-0)6(z -2"). .

L2180 T8 S5 -r)5(0-0)0(z ) 4

The details of the solution can be found at Ref.(30). The solution to the
propagation model is presented in Fig. 2.2, which also shows a comparison between the
developed two-dimensional model and the one-dimensional fluid model. Fig. 2.2(a)
shows the electron pulse broadening At = I/v, (where v; is electron pulse velocity) as a
function of electron pulse drift time ¢ for initial electron pulse duration of 7 = 50 fs,
electron initial energy of 30 keV, r, = 0.4 mm, and N = 1000. Fig. 2.2(b) shows the
electron energy spread AE as a function of electron pulse drift time ¢ for initial electron
pulse duration of T = 1000 fs, electron initial energy of 30 keV, r, = 0.1 mm, and N =
5000. Fig. 2.2(c) shows the electron pulse broadening At as a function of electron pulse
drift time ¢ for initial electron pulse duration of 7' = 1000 fs, electron initial energy of 30
keV, r, = 0.1 mm, and N = 5000. Fig. 2.2(d) shows the electron energy spread AE as a
function of electron pulse drift time ¢ for initial electron pulse duration of T = 3000 fs,
electron initial energy of 30 keV, r, = 0.4 mm, and N = 3000 in the cases of one- and

two-dimensional models.
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FIG. 2.2 (a) The electron pulse broadening At as a function of EP drift time ¢ for initial
EP duration of 50 fs, electron initial energy of 30 keV, r, = 50.4 um, and N = 1000. (b)
shows the electron energy spread AE as a function of electron pulse drift time ¢ for initial
electron pulse duration of T = 1000 fs, electron initial energy of 30 keV, r, = 0.1 mm, and
N =5000. (c) shows the electron pulse broadening At as a function of electron pulse drift
time ¢ for initial electron pulse duration of T = 1000 fs, electron initial energy of 30 keV,
rp = 0.1 mm, and N = 5000. (d) shows the electron energy spread AE as a function of
electron pulse drift time # for initial electron pulse duration of T = 3000 fs, electron initial
energy of 30 keV, r, = 0.4 mm, and N = 3000 in the cases of 1D and 2D models.*

As can be seen from Fig. 2.2(a), the results of both the one- and two-dimensional
models almost coincide because the parameters satisfy the condition of one-dimensional
model limit I/rp, << 1.

Due to the one-dimensional limit, the one-dimensional model is suitable for

analyzing femtosecond photoelectron guns, but it becomes inaccurate when the electron
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pulse duration develops into the picosecond regime, especially for the smaller electron-

beam radius.>’

I1.2. Hot carrier dynamics

The femtosecond laser pulse triggers a burst of hot electrons of energy up to Ay,
above Fermi level, where AV, is the photon energy. Depending on the pumping strength,
the excited, nonequilibrium electrons travel through the material with ballistic speeds
prior to establishing an electron temperature. The ballistic range is expected to cover the
entire length of our samples, both thin films and nanoparticles. For example, in the case
of Au,3 8 the speed of the ballistic electrons is in the range of 10° m/s, which means that
the ballistic range can reach 100 nm for 100 fs laser pulse. Following the photon-electron
interaction is an electron-relaxation process dominated by electron-electron collisions.
The duration of this stage is determined by the density of states at the Fermi level. The
duration of this stage is typically in the range of 10™* s, thus the electronic system is
considered to be at equilibrium during the lifetime of the laser pulse. Having established
Fermi-Dirac distribution, the electronic collisions with the lattice transfer the excess
thermal energy of the electrons that are now at much higher temperature than the lattice
to the crystal until thermal equilibrium is achieved. Fig. 2.3 shows the phases of the

electron dynamics following the laser pulse.
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FIG. 2.3 Stages of the electron distribution following optical excitation. (a) High
nonequilibrium in the electron distribution. (b) Electrons at equilibrium at a much higher
temperature than the lattice. (c) Electrons and lattice at thermal equilibrium.>*

Following the electron-electron thermalization, the hot electrons establish a
Fermi-Dirac distribution and the use of the term “temperature” becomes justified.
Following the thermalization of electrons, electron-phonon collisions become
predominant until both the electronic system and the lattice are at thermal equilibrium.

The next section gives a detailed treatment of this process.
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I1.3. Two-temperature model (TTM)*'*>%

The most acceptable scenario is that laser energy is absorbed into the sample via
photon-electron interactions, and the electrons are driven to a highly excited state of
nonequilibrium but only for a few tens of femtoseconds. Electrons regain an equilibrium
Fermi distribution within a few hundreds femtoseconds that they can be considered to be
at equilibrium during or shortly after the interaction with the laser pulse. While the laser
pulse and electron-electron collisions are of comparable durations, the energy transfer
from the electrons to the lattice phonons takes many collisions due to the small mass of
an electron in comparison to a lattice constituent. The time it takes the electrons to reach
thermal equilibrium with the lattice phonons is termed thermalization time.

For the sake of this mathematical analysis, it is practical to consider the laser
beam diameter to be much larger than both the optical and electron penetration depths,

hence the one-dimensional treatment is justified.

C, ﬂt =V(K.,VT,)-G T, -T,)+S(z,t) (2.5a)
2t =6(r-1) (2:50)

where C, is the electronic heat capacity, C;is the lattice heat capacity, T is the electron
temperature, 7; is the lattice temperature, K, is the electrons thermal conductivity, and G
is the electron-lattice coupling coefficient.

The first equation represents the increase in the electron temperature due to the
external source (laser). The second step is the heating of the lattice by means of the hot

electrons.
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Equations (2.5a) and (2.5b) provide two equations for two unknowns, the
electron-gas temperature 7, and the metal-lattice temperature 7;. They can be solved in a
coupled manner, or they can be combined to give a single-energy equation describing
heat transport through phonon-electron interaction.

The complexity of solving Egs. (2.5a) and (2.5b) lies in the temperature-
dependent heat capacity of the electron gas, i.e., C. = C.(T,). For an electron-gas
temperature lower than the Fermi temperature, the electrons’ heat capacity is proportional
to the electron temperature. Such temperature dependence makes Eqgs. (2.5a) and (2.5b)
nonlinear. The electron-phonon coupling coefficient characterizes the energy exchange
and is given by

2 2
G :”_M, (26)
6 T,

for T, >> T}, where m, is the electron mass, n.is the electron density and v,

is the speed of sound, where

v, = 2k—;h(6ﬂ2na 50, @2.7)

Then, the coupling coefficient can be written as

— 7[_4 (nev kB)2

G=2_2"e"s"B) 2.8
18 K (28)

It is clear that G shows a dependence on the thermal conductivity, Kj; the atomic
number density, n,; and the Debye temperature, &p. To obtain the single-energy equation
governing either the lattice or the electron temperature, one can proceed by assuming all

thermal properties, including heat capacities of the electron gas and the metal lattice as
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well as the thermal conductivity, to be temperature-independent. Then, by obtaining the
electron temperature, T, as a function of the lattice temperature 7, from Eq. (2.5b) and

substituting in Eq. (2.5a), we get

T=Tl+—Ci@
G a

e

; (2.9)

2
VT, +(Q)_5_V2]; = (C’ +C€jf‘7_}_+[%)é%. (2.10)
G/a K o KG/ a

A similar equation describing the electron temperature can be obtained in the

same manner by using

o)
-1 -Kyp e (2.11)
G G &

Heat conduction through the metal lattice is neglected in Eq. (2.5b). However,
when the transient time lengthens or the physical domain becomes too thick, heat
conduction may become appreciable and should be included. Thus, the second coupled

equation becomes

¢ 2 =KV +G(T. - T), (2.12)

where K is the thermal conductivity of the metal lattice.
Fig. 2.4 illustrates an application of the TTM for Au and Ni 100 nm films with an

applied 200 fs laser pulse with wavelength 400 nm and fluence of 23 mJ/cm®.
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FIG. 2.4 The temporal profile of 100 nm films of Au and Ni irradiated by a 200 fs laser
pulse of 400 nm wavelength. The TTM is used for a laser fluence of 23 mJ/cm?® The
dashed line is used to show the back of the film; for Au the front and rear surfaces follow
perfectly.31

I1.4. Debye-Waller factor

The Debye-Waller effect is the attenuation of Bragg peaks as the temperature of
the lattice rises. As the temperature of the lattice increases, the mean vibrational
amplitude of the lattice atoms also increases, causing a reduction in the diffraction

intensity. Thermal energy increases the temperature of the crystal and fuels inharmonic,
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thermal atomic vibrations. The attenuation due to the Debye-Waller effect is expressed

as33-34

1(Q,T)xexp(-2M),i.e.,

1Q.T)=1,Q.T,)exp(-2M ), (2.13)
where Q =7(k, —k,) is the momentum transfer vector of the scattered electrons, and

2M is the Debye-Waller factor along the direction of Q. The Debye-Waller factor could

be expressed as
2M =(u} )0, (2.14)
where <u5> is the mean square atomic deviation in the direction of Q.

For cubic basis crystals, <u5> will be simplified to <u2> due to isotropy. The

mean square elastic deviations <u2> is related to the diffraction intensity, so measuring
the integrated intensity of an elastic scattering over small temperature increments A7,
<u 2> could be measured through the expression

Aw*Y=Q7AI[1(Q,T)]. (2.15)

A measurement at a given temperature should be taken as a reference, and then the

variations from that point could be calculated with the help of the previous equation.

I1.5. Two-temperature model (TTM) simulation

Ultrafast laser heating of metals has distinctive mechanisms of energy transfer

due to temporal pulse width and physical dimensions of the metal film. Classical large
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scale models lose their fidelity when the metal film dimensions are of the same order as
the electron mean free path or when the laser pulse width is less than the electron-phonon
interaction time. Those models, namely, Fourier heat conduction law and parabolic one-
step model, are unable to reliably describe the energy transfer in the case of ultrafast laser
heating of metal thin films. As an upper limit, when the film thickness becomes of the
same order of magnitude as the mean free path of energy carriers, the physical foundation
of the Fourier model loses its ground. This is due to the collapse of the concept of
temperature gradient because of the lack of sufficient carriers within the film. Therefore,
defining the heat flow vector in the conventional way becomes invalid.

Since an analytical solution for Eqs. 2.5(a, b) is unavailable, we resort to
numerical solution methods. Several groups®’ have developed their own numerical
techniques or used existing options in some complex software libraries in order to solve
that set of coupled equations. In our case we decided to use FlexPDE® for its ease of use

and flexibility. Figure 2.5 shows the TTM simulation for a 20 nm Sb film.
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FIG. 2.5 TTM simulation of Sb thin film 20 nm thick. The code is run in FlexPDE®,
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Thermal-insulation boundary conditions were used so as to constrain the sides of
the sample to the ambient temperature and neglect any heat losses from the back surface.
The electron and lattice temperature were used as the two variables for which the
equations are to be solved. The initial conditions for the electron and the lattice systems
were chosen as T, = T} = T, =300 K. All the details of the application of this numerical

solution and code algorithm can be found in Ref. (37).
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CHAPTER III
EXPERIMENTAL SETUP

II1.1 Sample preparation

The method of choice for our sample preparation is thermal deposition in a high
vacuum chamber. The vacuum chamber is pumped down using a turbomolecular pump to
the 10°° torr range. After the vacuum is appropriate for the process of thermal deposition,
the tungsten filament that is used to host the deposition material is heated until the
deposition starts. Tungsten is suitable because of its high melting point and low vapor
pressure. The filament is heated using resistive heating in the following manner. A Variac
is plugged into a 110 V outlet with the output connected to a 10:1 step-down transformer.
The output of the transformer goes through a high-current feedthrough to the filament. In
our lab setting, the voltage value at the Variac is about 12 V for the antimony deposition,
and it varies significantly for different materials, with gold, chromium and platinum
requiring the maximum output level of power our system can deliver.

The produced vapor condenses on the inside walls of the chamber including the
substrate. In the case of antimony nanoparticles, the substrate is a thin graphite film (< 10
nm) on top of a 400 mesh grid (400 holes per inch). The thin carbon film is almost
transparent for our electron beam and the 400 mesh grid has a transmission of 35%. A
crystal thickness monitor is used to monitor the deposition progress. To produce well-
dispersed nanoparticles with decent coverage (for practical electron diffraction pattern
intensity), we found that a mean thickness of 5 nm is ideal. Crossing to, or exceeding, 10

nm will produce a continuous film rather than nanoparticles.
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To increase the diffraction intensity without the risk of increasing the mean
thickness that would produce a continuous film, we found it worthwhile to prepare one
film on each side of the carbon film, thus doubling the diffraction intensity without
changing the morphology of the sample. The tungsten filament is loaded with a few small
pieces with a total weight of about a gram. After the deposition process had ended, the
antimony pieces are found to be without any significant change in shape, which indicates
that antimony has a very high vapor pressure and tends to sublime rather than melt and/or
boil for the vapor pressure to be significant. In metals with low-vapor pressure, like
aluminum, the loaded material has to melt and reach the boiling point for the deposition
to start.

Several samples were investigated while the system was still being improved for
reliable data collection. Those samples included aluminum, silver, gold, and bismuth. The
samples were in the form of free-standing or deposited on a thin carbon support film. In
the early stages of the experimentation, films of thickness varying between 20 to 40 nm
and from polycrystalline to singly crystalline of the above-mentioned elements were
prepared and studied briefly before attention was directed to antimony nanoparticles and
20 nm thin films. The antimony samples (Alfa Aesar®, 99.999% 1-4 mm pieces, stock #
11676) were loaded into the tungsten filament, Fig. 3.1.

Some of the solids we tried showed a better ability to form well-isolated
nanoparticles than others. In this experiment, we found that antimony produced the best-
quality nanoparticles compared to the others that we tried. The other materials that we
tried tended to form more flattened and continuous thin films. There is a trade-off;

nevertheless, in this thickness range the diffraction intensity is directly proportional to the
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film thickness.

Because they are grown on an amorphous carbon substrate film, the resulting
nanoparticles do not have a preferred growth direction; and they are grown amorphous, as
shown by the TEM images in the following chapter. After the samples have been
mounted in the electron diffraction vacuum chamber, we heat them slowly to a 200 °C
temperature. After the annealing process is over, the isolated nanoparticles become
crystalline with no collective alignment or any kind of correlation between each other.
The resulting electron diffraction pattern is, therefore, that of a polycrystalline film, i.e.,

concentric rings.

TEM grids or NaCl as film \
or nanoparticles substrate Crystal thickness monitor

ol |
— (T =

FIG. 3.1 The tungsten filament that we used for depositing Sb thin films and
nanoparticles
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The variation of the intensity of the diffracted pattern, as a function of probe
delay, probes the lattice dynamics on the atomic level. Among the applications of the
electron diffraction patterns, the Debye-Waller effect can give the temperature rise due to
a given drop in the diffraction pattern intensity. The diffraction pattern rings shrink in
size as the lattice expands with the rising temperature. The thickness of the rings may
indicate anharmonicity in lattice spacings. These are examples of the physical parameters
characteristic of the transient nature following the effect of a pump pulse that we can
extract from a time-resolved scan. The TEM grids that we used are (Pacific Grid Tech.)
400 Mesh Cu pre-coated with thin carbon film. The carbon film thickness is < 10 nm, per

the manufacturer’s specifications.

I11.2 Electron gun

The electron gun is the heart of Ultrafast Electron Diffraction (UED) time-
resolved pump-probe scans. Part of the laser beam is utilized to generate an electron
pulse which is energized to 35 keV and focused onto a microchannel plate (MCP)
detector, followed by a phosphorous screen. There are three main techniques used to
probe the lattice in a time-resolved scan. Low-energy lasers are used mainly to monitor
the change in reflectivity following the application of a strong laser-pump pulse; such
technique is desired for the experimental simplicity and non-broadening of the pulse
width. A major drawback for this technique is the interference of the electronic cloud
with the lattice signal. X-ray is another probe that was successfully used to probe ultrafast
phenomena in solids. While pulse broadening is not a threat here either, the signal-to-

noise ratio is very low and the experimental complexity is the highest.
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The choice of the probe makes for the centerpiece of any time-resolved
experiment. As we have seen, there are optical, x-ray, and electron beam probes. In
choosing any of these, we need to fulfill a number of conditions. A good probe must have
a large cross-section for elastic scattering with the lattice, i.e., diffraction, no or minimal
interaction with the electron cloud of the sample, decent signal-to-noise ratio, minimal
experimental complexity, minimal pulse width broadening, stability, reproducibility,
minimal effect on the sample, and probe size at the sample must be smaller than that of
the pump.

With these conditions in mind, we chose to go with the electron beam. There are
no commercially available photo-activated electron guns, so we had to design and build
our own. The structure of the electron gun is shown in Fig. 3.2. The photocathode is a 25
nm silver thin film deposited on a sapphire window. The work function of silver is 4 €V,
so the 800 nm (1.55 eV) laser wavelength is tripled before it hits the photocathode. The
photoelectrons are accelerated normally to the surface due to the applied -35 kV on the

photocathode. The photoelectron beam goes through a grounded mesh followed by a 200

pm pinhole.
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FIG. 3.2 The configuration of the photoactivated electron gun. The frequency tripled
laser beam hits the Ag thin film deposited on a sapphire window and generates an
electron pulse. The photoelectrons accelerate due to the biasing of the photocathode (-35
keV) to the grounded mesh. A 150-200 pm pinhole follows the mesh; then the electrons
drift freely to the sample. An external electromagnet is used to focus the e-beam and two
smaller pairs of electromagnets are used to direct the e-beam in the x-y directions.

After leaving the pinhole, the electrons drift through the field-free region towards
the sample. The electron beam leaves the pinhole and drifts towards the target with some
divergence due to the Coulomb’s repulsion between the electrons. The focusing of the e-
beam is done by applying a magnetic field which is generated by an external
electromagnet. The electromagnet consists of a wrapped copper wire (~ 200 turns) wound
around the external of the nipple just past the pinhole. A DC current (~ 4 A) was found to
be sufficient to focus the laser beam on the MCP to a minimal spot size (~ 0.4 mm). The
e-beam is manipulated in the (x) and (y) directions with 2 pairs of smaller electromagnets
placed just past the focusing electromagnet.

The e-beam pulse stretches as it propagates in the chamber due to the Coulomb
repulsion between the electrons, an effect that is called space-charge effect. Reducing the

distance between the e-gun and the sample helps in reducing the space-charge effect; also
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reducing the number of electrons per pulse helps reduce the pulse stretching. The details
of the pulse broadening were given in the previous chapter.

The distance between the photocathode and the mesh is 3.7 mm, resulting in a
field strength 9.8 kV/mm. Such high field strength can give rise to a major problem that
we faced in operating our high-voltage e-gun; that is, the discharge that can happen in
various parts of the e-gun either glow (constant) or arc (pulsing) discharge. To minimize
the occurrence of any discharge, the e-gun metal components were polished to a near-
mirror finish and the machinable ceramic (Macor®) was neatly handled and rigorously

cleaned.

I11.3 Sample holder/heater

Just as the e-gun was home-designed and built, the sample holder was also
designed and built in the same fashion. Once the samples are prepared they must be
moved quickly into vacuum to reduce the chance of oxidization. The sample holder was
built with the capacity to hold 10 TEM grids. The sample holder is mounted on an x-y-z-
rotatable manipulator to place the samples in the pump-probe beams intersection point.
Once we have the samples inside the vacuum chamber, we need to be able to heat them to
a certain temperature either for sample annealing or temperature scans, so we designed
the sample holder to also be a heater. That was done by using resistive heating by means
of running a molybdenum wire through ceramic rods inserted in the heater body. A
thermocouple is placed in contact with the heater surface to monitor the temperatures of

the heaters and samples.
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FIG. 3.3 Schematic of the sample holder/heater. The sample holder is made from
stainless steel and can hold up to 10 samples. There is a thermocouple placed near the
samples and connected to a temperature controller for sample heating.

111.4 Diffraction pattern imaging

The diffracted beam is very weak and needs to be amplified before it can form a
tangible pattern on the phosphor screen. We used a Chevron (Burle Industries, Inc.)
configuration of Multi-Channel Plates (MCP) to amplify the pattern by about a million
times followed by a phosphorus screen that is deposited on a one-to-one fiber optic
faceplate. The image that is formed on the phosphorus screen is then acquired by an
electrically cooled CCD camera. The details of MCP design and functionality are given

in Fig. 3.4.
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FIG. 3.4 MCP detector/signal amplifier. a) amplification of a single channel, b) a single
MCP, c) Chevron configuration with biasing coupled to a phosphorus screen faceplate.
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1.5 Optical and experimental setup

The laser system is the most essential component in our experimental setup. The
long- and short-term stability and the beam profile quality are very important to be
reliable. There are four optical components to the laser; namely, the oscillator, the
oscillator pump laser, the regenerative/multipass amplifier, and the amplifier pump laser.
There are also electronic controls and environmental conditions to manage when running
the laser. The oscillator is a Spectra physics Tsunami laser pumped with a diode-pumped
Nd:YLF Spectra physics Millennia laser that provides 5 W of 527 nm CW laser. Details
of the self-mode locking and chirped pulse amplification cannot be hosted here. More
information can be found at the manufacturer’s website.

The optical-setup part of the system is illustrated in Fig. 3.6. The laser output is
split 50:50 and one part is directed towards a half wave plate — polarizing beam splitter
combination to control the pulse energy that we apply to the sample. Following the
polarizing beam splitter, the laser beam goes through a Galilean beam reducer to a beam
diameter of ~2 mm at the sample location. The input window reflects 8% of the input and
the laser beam hits the sample with 45° angle. We measure the beam size at the target
equivalent plane by placing a mirror after the beam reducer and perform a knife-edge x-y
scan to the laser beam. The result of the profile scan is shown in Fig. 3.5; for the

horizontal scan, the diameter for Gaussian beams is measured at 90% - 10% of the
energy. The beam area is 2 mm? (2*V2 = 2.83 mm’ corrected for the 45% angle of

incidence).
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FIG. 3.5 The beam profile of the pump laser at the target equivalent plane. The area is 2

2
mm .

The other half of the laser beam that gets reflected off the surface of the beam
splitter is directed towards the delay stage; then the frequency tripling BBO crystal set.
The three frequencies that leave the BBO crystals are reflected by two narrow-band
dielectric mirrors for Nd:YAG fourth harmonic (264 nm), which is suitable for 3w of the
800 nm (266 nm) wavelength. The residual first and second harmonics that reach the
fused silica window are too weak to have an effect on the photocathode of the e-gun. The
frequency tripled laser is lightly focused before it hits the photocathode. The number of
electrons per pulse is measured using a Faraday cup and found to be ~ 4000 electrons.
From the previous chapter we estimate that this number of electrons corresponds to a

pulse length ~ 1.7 ps.



