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Popularvetenskaplig
sammanfattning

Vaglangden for rontgenstralning ar mycket kortare &n den for synligt ljus. I sjélva
verket dr den jamforbar med avstandet mellan atomer i fasta material, vilket &r
i storleksordningen en tiondels nanometer. Genom att anvdnda ljus med sa kort
vaglangd &r det mojligt att studera materials struktur pa atomér niva. Spridning av
rontgenstralar har utvecklats till ett ovarderligt verktyg for att analysera bland annat
gitterstrukturen hos kristaller, saval som strukturen hos stora biologiska molekyler.
Manga av ett materials egenskaper ges av dess interna struktur.

Tidsupplost rontgenspridning har visat sig vara en kraftfull metod for att studera
andringar i strukturen hos ett material pa atom-niva. En mangfald av processer kan
studeras: fran fasovergangar i material till vibrationer i kristallgitter och kemiska
reaktionsvigar. Malet med tidsupplosta studier ar att folja dessa processer i realtid.

Tidsskalan for dndringar av strukturen varierar drastiskt beroende pa mekanis-
men. Strukturforandringer inom en enkel cell tar typiskt 100 fs. Andra viktiga struk-
turdndringar som omfattar stérre grupperinger av molekyler sker pa en tidsskala av
pikosekunder till nanosekunder. For att starta andringar av strukturen kan olika
mekanismer anvéindas. Laserpulser kortare &n 100 fs kan produceras rutinmaéssigt
och anvéands for att initiera &ndringar av strukturen i material. Alternativt kan korta
elektriska pulser anvandas for att starta strukturdndringar i piezoelektriska material.

I detta arbete har framfor allt experimentella studier genomforts for att forbéttra
forstaelsen av strukturférandringar i material. Vi har studerat dynamiken pa
pikosekundniva kopplad till sméltning och aterkristallisering av en halvledare,
akustisk och termisk respons hos laserexciterade fasta material, och dynamiken i
strukturen hos ett piezoelektriskt material.

En kortfattad beskrivning av den teoretiska bakgrunden, de experimentella
teknikerna och den noédvéndiga instrumenteringen ges. Detta foljs av en sam-
manstéllning av publikationerna detta arbete har resulterat i.
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Abstract

The wavelength of x-ray radiation is much shorter than that of visible light. In fact,
it is comparable to the distances between atoms in solids, which is on the order of one
tenth of a nanometer. Using light of such a short wavelength, it is possible to study
the structure of materials on the atom level. Scattering of x-rays has been developed
into an invaluable tool to analyze various characteristics of matter, from the lattice
structure of crystals to the structure of large biological molecules. In this way, we
found that many of the properties of materials depend on their internal structure.

To learn about changes in the structure of materials on the atom-level, time re-
solved x-ray scattering has proven a powerful technique. A wide variety of processes
can be studied: from phase transitions in materials to vibrations in crystal lattices
and pathways of chemical reactions. The aim of time-resolved studies is to follow
these processes in real time.

The timescale for changes in structure varies considerably depending on the under-
lying mechanism. Processes involving neighboring atoms typically take about 100 fs.
Structure changes involving large groups of atoms or molecules occure on a timescale
of picoseconds to nanoseconds. Different mechanisms can be used to trigger changes
in structure. Laser pulses with a duration of less than 100fs can be produced rou-
tinely and are used to initiate ultrafast changes in the structure. Alternatively, short
electrical pulses can be used to trigger structural changes in piezo-electric materials.

In this work, the main focus has been on experimental studies in order to deepen
the understanding of structural changes in matter. The picosecond dynamics involved
in the melting and recrystallization of a semiconductor, acoustic and thermal response
of laser-excited solids, and the dynamics in the structure of a piezo-electric material
have been studied. Additionally, instrumentation required for time-resolved x-ray
scattering experiments has been developed.
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Chapter 1

Introduction

X-ray diffraction has developed into a standard tool for the investigation of the struc-
ture of a wide variety of materials on the atomic scale. This is of interest as the
optical, mechanical, and electrical properties are determined by the internal atomic
structure of the material.

The aim of time-resolved x-ray diffraction is to investigate the evolution of the
structure in real-time. The structural dynamics inferred from such measurements
helps us to understand the mechanisms behind the structural changes and the result-
ing material properties.

The ultimate timescale of structure dynamics is set by the period of lattice vibra-
tions, which is about 100 fs. The term ultrafast z-ray diffraction is used for studies of
structural changes on that timescale. An x-ray detector with sufficient time-resolution
to perform such experiments is the x-ray streak camera. New x-ray sources have been
developed recently, such as free x-ray electron lasers, slicing synchrotron sources, and
laser based x-ray sources. X-ray pulse durations of below 100 fs can be achieved, thus
time-resolved x-ray diffraction measurements are possible by making use of the short
duration of the pulses. An ultrafast laser with comparable pulse duration is used to
initiates the change in structure, while the x-ray pulse serves as a probe.

In work presented in this thesis, time-resolved x-ray scattering techniques have
been used to study processes with dynamics from the femtosecond till microsecond
timescale.

Structural dynamics on the pico- and nanosecond timescale plays a key role, in
processes such as, thermal melting and re-crystallization of solids, and the dynamics
of strain induced by laser pulses in solids. It has been an aim to control the structure
of a material by light or external fields. In this work, ferroelastic switching between
two ferroelectric domains, triggered by an electrical pulse, could be followed. In
another example, a short laser pulse was used to initiate a shock-wave mediated
phase transition from hexagonal graphite to cubic diamond. The intermediate phase
rhombohedral graphite has been observed using x-ray diffraction.

Chapter 2 introduces the background of x-ray diffraction. The theory of x-ray
diffraction and scattering is discussed briefly.

In chapter 3, the experiments conducted in this work are described. Phase transi-



tions, such as melting and ferroelectric switching, lattice vibrations, and the dynamics
of strain in solids are the subjects of interest. Models, which have been developed
in this work, are discussed, describing the underlying mechanisms of the structural
dynamics observed in the experiments.

In chapter 4, relevant x-ray sources are described briefly. The properties of the
generated x-ray radiation from these sources are important parameters for the type
of studies that can be conducted.

Chapter 5 introduces the beamline D611 at MAX-Lab, where most of the exper-
iments where carried out. Source parameters, the instrumentation and the range of
possible studies are explained. Beamline instrumentation, which has been developed
in this work, is discussed in detail.



Chapter 2

X-ray diffraction

2.1 Introduction

X-ray diffraction is a widely used technique for the study of the atomic structure
of materials. In this work, several different techniques based on x-ray scattering
and diffraction were used for structural analysis. In this chapter, the background is
presented, and the techniques used are introduced.

2.2 X-ray scattering

The interaction of x-ray photons with matter can be described in terms of several fun-
damental processes. As the photon energy of x-rays is not sufficient to interact with
the nuclei of the atoms in the scattering medium, only the electrons need to be consid-
ered. The x-ray photon can be either absorbed or scattered. Elastic scattering, where
the photon energy is unchanged, is called Thomson-scattering. Inelastic scattering
is accompanied by a change in photon energy, and is therefore also called incoherent
scattering. The main mechanism for inelastic scattering is Compton-scattering. The
probability of these processes occuring depends mainly on the scattering medium and
the x-ray energy. For silicon, inelastic scattering becomes dominant above an x-ray
energy of about 30keV, whereas in carbon, the threshold is at 18 keV [1].

In classical theory, elastic scattering from a single electron is described by the
Thomson scattering equation for polarized x-rays (gaussian-type cgs units are used):

T'e COS @ 2
R

e

fe=1o m2ct R?

cos? ¢ = I ( (2.1)
where ¢ is the angle between the incident and scattered beam polarization vector, 7,
the classical electron radius, and R the distance from the scattering center [2]. As
the x-ray wavelength is comparable to the size of the electron distribution in a typical
atom, the spatial distribution of electrons in the atom must be taken into account
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for. With the electron density p, we can introduce the atom form factor:

fa= /p(f’)-e“ﬁdgr (2.2)

atom

We define ¢ = k— k_{) as the difference between the scattered wave vector k and the
incident wave vector ko as illustrated in Figure 2.1.

]
o
e ~N
e N
— ~N
~ q ~
N

K, k

Figure 2.1: Scattering geometry. Relation between wave vectors of incident
and scattered wave vectors ko and k and the scattering vector §.

The scattering intensity from a single atom can be described as:

Iatorn = Ie |fa|2 (2'3)

2.3 Kinematic theory of x-ray diffraction

The kinematic theory of x-ray diffraction gives accurate results whenever multiple
scattering and extinction of the incident x-ray beam can be neglected. For strongly
scattering media, such as extended perfect crystals, dynamical x-ray diffraction theory
gives better results [3]. Kinematic theory can still be applied in cases of small crystalls,
weakly scattering media, and systems with only local order.

For an arbitrary sample consisting of N atoms with the atom form factor f, we
can derive the scattering factor f:

F=Y fo-eTm™ (2.4)

The intensity of the reflected x-ray beam becomes:
I=1|f (2.5)

For a small crystal with crystal axes dy,ds,d3, and N = Ny - Ny - N3 unit cells, the
scattering factor can be written as:

f — me . eiq'Fm Z eilf‘nlt_il Z ei¢?'~n2ﬁ2 Z eitf'n353 (26)
™ _ —
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The first sum involves the atoms within the unit cell at positions 7,,. This term is
specific for the crystal structure and is therefore called the structure factor F'. The
other terms describe the periodicity of the lattice and generally have the form of a
geometric series. Therefore, the scattered intensity can be written as:

- 1,87 H (3T %)
(34~ d)
The width of the peaks is inversely proportional to the number of unit cells N. When
the structure factor F becomes zero, the intensity of the scattered wave vanishes.
These cases are structure specific and are called forbidden reflections. The scattered
intensity has maxima when the following conditions are fulfilled:

(2.7)

G a1 =2m-h q-as =27k q-as =2m-1 (2.8)

where h,k,l are integer numbers. Equation 2.8 is known as Laue equation. By intro-
ducing the reciprocal lattice:

- a; X aj
b; = 277%
a; - (aj x a)
the Laue equations can be rewritten as:

q= éhkl éhkl = hgl + kjgg + 153 (2.9)

where G is a vector in the reciprocal space of the crystal lattice.

Ko K

Figure 2.2: Bragg’s law. Diffraction from crystallographic planes (hkl) at the
Bragg angle 6. The lattice plane spacing is daki, and the incident and scattered
wave vectors are kg and k

We now introduce crystallographic planes (hkl). These are a set of parallel planes,
one of which passes through the origin and another at the points @ /h, @z /k, and ds/1.
The spacing between these planes is related to the magnitude of the corresponding
reciprocal lattice vector:

2
dpi =

—

thl‘

Using the Laue equation, we can rewrite this as:

g1 =

471' sinf 2w

" dnw



8 2.3. Kinematic theory of x-ray diffraction

This is equivalent to Bragg’s law:

2dpe sinf = \ (2.10)

2.3.1 The Debye-Waller model

The intensity of the scattered x-ray beam as described in Equation 2.7 assumes a per-
fectly periodic crystal. Here, we introduce the Debye-Waller model, which describes
the influence of statistic fluctuations on the intensity of the diffracted x-ray beam.
This concept can be used for a variety of parameters that are subject to statistical
fluctuations. It was first applied to describe the influence of the thermal motion of
atoms on the intensity of the diffracted x-ray beam. It can also be applied to model
the effect of sample surface roughness on specular x-ray reflection as described in
section 2.7. This was used in Paper V .

Here, the Debye-Waller model for the thermal motion of atoms around the equi-
librium position in a lattice is explained. Atoms oscillate around an average position
with an amplitude depending on their thermal kinetic energy. An atom will be dis-
placed by a distance § from its average position 7 at a given time. The equation
describing the intensity of the scattered wave is modified to:

1=1.Y f. i@ (1 +6n) S or o~ (1 +0m) (2.11)

Introducing u,, as the component of 5n in the direction ¢, we can express the average
as:
7= I@Z Fufs 10 (17 =17) <6iq(un7um)>
n,m

The Debye temperature factor can be expressed as:

6—2]V[ — €—q2<u2>
Assuming only one kind of atom and a gaussian distribution of (u,, — uy,), the scat-
tered intensity becomes:

F = LY e e

n,m

LY S e ) () 1) (219
n,m

The first term is the sharp reflection corresponding to the long range order in the
crystal which is reduced in intensity by the Debye temperature factor. Since the cor-
relation (u,u,,) vanishes at large distances between atoms, the second term represents
the diffuse contribution, called temperature diffuse scattering.
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2.4 Rocking curves

A rocking curve is recorded by measuring the x-ray reflectivity as a function of the
angle 6 as depicted in Figure 2.2. Typical crystal properties, such as lattice constants
and grain sizes, can be inferred from the position and shape of the rocking curve. An
alternative to this technique, which gives equivalent information, is to instead scan
the x-ray energy, while keeping the angle T constant. This is a technique commonly
used at synchrotron x-ray sources, since a broad range of x-ray energies is available.
This method is used routinely at the D611 beamline at MAX-Lab. The sample and
detector geometry can be kept fixed during an energy scan. The width of the rocking
curve is related to the width of the equivalent energy scan:

00 _6£
tanf E

(2.13)

2.5 Bragg reflections from asymmetrically cut crys-
tals

When the reflecting planes are not parallel to the crystal surface, this is called asym-
metric diffraction geometry. This is illustrated in Figure 2.3. The angle at which the
crystal is cut with respect to the diffracting planes is referred to as the asymmetry
angle, . When the crystal surface normal and the incident and diffracted beams are
in the same plane, the diffraction geometry is referred to as coplanar.

O-¢ O+¢
)
- .
Figure 2.3: Asymmetric coplanar diffraction geometry with Bragg angle 6,
asymmetry angle ¢, and incidence angle 6 — ¢.

The x-ray penetration depth is determined by the absorption and extinction length
of the x-ray beam and the asymmetry angle. Absorption lengths can be found in
tables [1]. Extinction is important near the peak of strong Bragg reflections. The x-
ray penetration depth due to absorption in the coplanar geometry can be calculated

from: ) )
[ (cos® ¢ —cos” 6

g L(cos® ¢ — cos0) (2.14)

2 cos ¢sin 6

where [ is the absorption length, 6 the Bragg angle, and ¢ the asymmetry angle.

Typical values of x-ray absorption lengths in solids are on the order of a few pm.
When the value of the asymmetry angle is close to, but smaller than, the Bragg angle,
the incidence angle becomes small. This geometry is referred to as grazing incidence.
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At grazing incidence, the x-ray penetration depth is much smaller than the x-ray
absorption length.

08

06

04

02

0 l

-01 -0.05 0 005 01 015 02
6-6, [

Figure 2.4: Rocking curves for InSb at 3500 eV at incidence angles of 28° (solid
line), 13° (dashed line), and 3° (dotted line). Data from “Sergey Stepanov’s
X-ray Server” [4].

Rocking curves for InSb with different asymmetry/incidence angles calculated us-
ing dynamic diffraction theory are shown in Figure 2.4. With decreasing incidence
angle, the bandwidth of the rocking curve is increased. This is due to the reduced
x-ray penetration length. Furthermore, there is an angular shift caused by refraction
at the sample surface.

For an indium antimonide (InSb) crystal and an x-ray energy of 7500eV, the
absorption length is 4.2 um, whereas the x-ray penetration depth at an incidence
angle of 0.9° is as small as 90nm. This is similar to the penetration length of an
infrared beam at 800nm wavelength. The use of asymmetrically cut crystals allows
the penetration depth of the x-ray beam to be tailored. For an infrared pump - x-ray
probe experiment, this geometry allows a good overlap of the pumped and the probed
fraction of a bulk crystal to be achieved.

2.6 X-ray scattering from non-crystalline matter

X-ray scattering is a useful tool not only for studying the structure of samples with
long-range order and a high degree of orientation, such as bulk crystals, thin crystalline
films and crystal powders, but also dense gases, liquids, molecules in solution, and
amorphous solids. Although these samples lack long-range order and have no preferred
internal orientation, they often retain a short-range or local order, which can be
determined by x-ray scattering.

As a starting point, Equation 2.5 is used, which describes the scattered x-ray
intensity of an arbitray sample with atoms at position 7,:

I=1.%" fofpeTln=rm) (2.15)



Chapter 2. X-ray diffraction 11

From now on, we assume only one kind of atom with an atom scattering factor f. By
introducing the difference vector 7, = 7, — 7y, and by separating the terms with
n = m in the double sum, the intensity is obtained:

I=INf+IY 7Y 7

m#n

Introducing a density function p, (7.,) such that p, dV is the number of atoms in
the volume element dV at position 7, with respect to atom n, we can write:

I=INf+ILY f° / P () €97 AV

sample

Assuming no preferred orientation in the sample, homogeneity, and short range order,
the expression can be rewritten as [2]:

1 *° sin (qr

— =Nf*+ Nf2/ 412 (p (r) — pa) sin (qr) dr (2.16)

e 0 qr
Here, the value N is the total number of atoms of the sample, and p, is the average
density in the sample.

Since correlations of distances between atom are short range (typically less than

a few atom diameter), the x-ray intensity will be distributed diffusely in space. The
scattering angle 20 is related to the absolute momentum transfer by:

_ 4msind

A

The scattered intensity I(q) is an observable quantity in the x-ray scattering ex-
periment. It is common to introduce the abbreviation:

. 2
)= 1012

To calculate i(q) from the scattered x-ray intensity, careful normalization and tabu-
lated atomic scattering factors f are needed. If inelastic scattering, such as Comp-
ton scattering, makes a relevant contribution to the scattering signal, it should be
subtracted. The Compton scattering cross sections are tabulated values [1]. From
Equation 2.16 we can see that for large q:

im 12—y
q—00 e
Jm i(g) = 0

The parameter N, describing the number of scattering centers in the probed volume,
has to be chosen, such that i(¢q) converges to zero for large q. Equation 2.16 can then
be rewritten as:

qi(q) =4m /000 r (p(r) — pg) sin(qr) dr (2.17)
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The equation has the form of the Fourier integral. Inverting it gives the following
equation:

1
272

/ " gilg)singr) dg
0

The average number of atoms between distances r» and r + dr from the center of an
atom in the sample can be derived as:

r(p(r) = pa) =

2 oo
42 p(r) = 4nr?pg + % / qi(q)sin(qr) dq (2.18)
0

This expression is called the Radial Distribution Function (RDF) [5]. It is evident,
that in order to calculate the RDF, measurements of x-ray scattering over a range in ¢
are required. A practical approach is to measure the diffuse scattered x-ray intensity
with a large two-dimensional detector, such as an x-ray charge-coupled device (CCD).
I(q) can be derived from the radial distribution of the intensity. The x-ray wavelength
and the maximum scattering angle that can be detected in the CCD define the limits
for the range of q.

Non-physical termination satellites in the RDF occure when i(g) has not converged
at the truncation limit g,ax. The spatial resolution of the RDF is determined by the

range in q:
2
Ar=T"

qm ax

The prevalence of atoms at certain distances from an atom center creates peaks in
the RDF. These distances can be interpreted as nearest-neighbor distances. From an
analysis of the peak heights, the number of atoms at the individual next-neighbor
distances can be determined. These values are referred to as coordination numbers.

2.7 Specular x-ray reflectivity

Specular X-ray reflectometry is a surface sensitive method used to determine a mul-
titude of sample parameters for thin films as well as bulk samples. Among others,
the densities, surface roughnesses, and the topology of mulilayered structures can be
studied. The refractive index for electromagnetic radiation in the x-ray energy range
is close to unity in all materials since the frequency is above that of most electronic
resonances. Using the complex atom scattering factor, f(0) = f1 +ifs, and the atom
density in the material, p,, we can write:

n

1-6—iB
= 1= 5N, (fi+ifs) (2.19)

The real part of the refractive index is less than unity. However, the difference, ¢,
is small, e.g. § = 3.1-107F in silicon at an x-ray wavelength of A = 0.1nm. Since
the refractive index is higher in vacuum, total external reflection from vacuum to a
sample surface is possible.
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Figure 2.5: X-ray specular reflectivity of silicon at A = 0.1nm, no surface
roughness assumed. The critical angle is o, = 0.14°.

The change in angle of the x-ray beam crossing a sample surface can be described
using Snell’s law. The critical incidence angle, «., for total external reflection is
defined such that the refracted beam would propagate along the surface:

e = V28 (2.20)

At an x-ray wavelength of 0.1 nm, the critical angle for silicon is a. = 0.14°. Figure 2.5
illustrates the specular reflectivity of bulk silicon assuming a perfectly even interface
to vacuum. Below the critical angle, the reflectivity is close to unity, whereas at a,
the reflectivity falls abruptly. Above the critical angle, the x-ray beam propagates
into the material instead of being reflected.

2.7.1 Modelling x-ray reflectivity from multi-layer structures

In the following, the model for specular x-ray reflectivity of multi-layers, which is based
on Abeles matrix formalism [6], is derived. It allows to calculate the x-ray specular
reflectivity of a multilayer structure. This model is absed on the same principles as
Darwin’s matrix-based dynamic x-ray diffraction model [7].

The reflectivity of a multi-layered structure depends on material parameter such
as density, interface-roughness, and layer thicknesses. Using experimental data, the
model can be used to derive these important parameters. In Paper V | we report on
the specular x-ray reflectivity of a thin film of amorphous carbon on a silicon substrate.
Information about the thin film morphology was extracted from the measurements.
The model, which is explained in the following section, was used for this. The de-
scription is kept very general here. It can be applied to more complex multi-layer
samples.

First, we consider the interface between two layers with different refractive indices.
Due to reflection at interfaces, two waves are present. One wave propagates towards
the interface, and the other away from the interface. The electric field components of
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Figure 2.6: Coordinate system used in derivation of x-ray specular reflectivity
from multi-layers

the two waves in layer j can be expressed as:

Ej(z,z)

(ATeikj’zz —|—AJ76_ikj'zZ> eikj’xz—iwt
J J

(U;(z> + Uj(z>) eikscaiwt (2.21)

In layer j, A} is the amplitude of the wave propagating towards increasing z, while

Aj is the wave propagating in the opposite direction. The parameters k;, and k; .
are the components of the wavevector in the x and z directions inside layer j. At an
interface between layers j and j+ 1 with different dielectric constants, the conditions
of continuity must be fulfilled:

Uj(2) + U () = Ul,(2)+Up(2)
ke (UIG) = UNE) = ki (U ()~ Ufa ()
This can be rewritten in matrix notation:
Ui(2) \ _ ( Pij+1 Mjjt1 ) Uina(2) \ _ R Ul (2)
Uy (2) Mjj41 Djjt1 Uyi(2) 7 U (2)
Here, we have introduced the Matrix R j+1, which describes the reflection at the
j,7 + linterface. The matrix elements p and m are:

. kj,z + kj.:,_l’z

Pji+1 = T

Mjj+1 = —kj’Z;kij’z
1,7

which is equivalent to Fresnel’s equations. The values of k; . and k41, at the interface

between layers j and j + 1 are calculated using Snell’s law. The result depends on

the refractive index in these layers. As we have seen in Equation 2.19, the refractive

index for x-rays is related to the type of atoms in the layer j and its density p;.
Surface roughness reduces the reflectivity at the interface:

2
Rioush flat o —=kjz-kjt1,2:05 541

7,341 Jod+1"
The value 0 ;11 is defined as the root-mean-square (rms) roughness of the interface
between layers j and j + 1:

- 2
05 i1 = ((zi41 (T, 9) — Zjj41)7)
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Figure 2.7: Calculated x-ray reflectivity of a thin-film system consisting of one
layer of amorphous carbon on a silicon substrate. The left pane (a) compares
the reflectivity for a 45 nm film (solid line) and a 35 nm film (dashed line). The
right pane (b) illustrates the effect of surface roughness on the reflectivity of
the 45nm thin film: perfectly flat surface (solid line) compared to a surface
roughness of 2nm rms (dashed line).

The effect of surface roughness is described accurately provided that the lateral di-
mensions of the roughness features are considerably smaller than the size of the x-ray
beam. The Debye-Waller type model can be applied, as it is described in Section
2.3.1.

Propagation through layer j with thickness ¢; can be described in the same matrix
formalism. The phases of the two plane waves traveling in the layer j change according
to the layer thickness, ¢;, and the wavevector, k, ;. Absorption can be accounted for
by including the imaginary part of the wavevector k. ; using the imaginary part of
the refractive index in Equation 2.19. We introduce the propagation matrix T);:

U{(Zj) B ( etk=.iti kO ) ) U{H(Zj—&-l) _T. Uj}l(zj—&-l)
- —Whz,gtly - J
U] (ZJ) 0 e 1Rz, ;5 Uj+1(zj+1) Uj+1(zj+1)
For a complete multi-layered structure, we can express the electric field amplitudes
on both sides of the structure using the matrix notation:

Us '\ _ Ur\ _ ( My M up
( U(SL ) = RO,lTlRl,QTQ...Rn—Ln ( UhL - le ]\422 U;l; (222)

where Uj is the amplitude at the surface of the multilayer structure and U, is
the amplitude at the last interface. It is necessary to multiply all the reflection and
propagation matrices in the right order to describe the complete multi-layer structure.
The total reflectivity from the multilayer structure is given by:

2
| M

| Mo

Ul 2

Rtotal = Ué’
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where it is assumed that the multi-layer substrate absorbs the penetrating x-ray beam
sufficiently, so that a reflected wave, (U = 0), from the back of the substrate can be
neglected.

As an example, the reflectivity of a simple multilayer system has been calculated
and illustrated in Figure 2.7. Interference fringes due to reflections from subsequent
surfaces are clearly visible. Their period depends on the film thickness. Surface
roughness reduces the reflectivity according to the Debye-Waller model.

Assuming that the material composition of each layer in the multi-layer structure
is known, the thickness ¢; , the density p;, and surface roughness o; of the layers
j are used as fitting parameter. The Levenberg-Marquardt algorithm for nonlinear
regression [8,9], which is integrated into MATLAB, has been used to extract these
parameters from experimental data and the model described above.



Chapter 3

Time-resolved x-ray
scattering

3.1 Laser-matter interaction

Femtosecond laser pulses were used to initiate structural changes in solids (Paper
I and Paper III - Paper VII ). Laser light couples directly to the electrons in a
medium. The dynamics of the electron system can only be studied indirectly using x-
ray diffraction by its effect on the lattice. A wide variety of processes can be initiated
by the interaction of laser-light with matter, depending on the laser pulse and material
properties. In the following, the interaction of the laser pulse with the medium and
the resulting processes are discussed in a schematic overview.

In the first step, the laser pulse is absorbed by the material. In the case of a
semiconductor, electrons will be promoted from the valence band to the conduction
band. Nonlinear processes such as two-photon-absorption and free carrier absorption
can be important contributions in the absorption of ultrashort pulses. In the second
step, electron-electron scattering establishes a thermal equilibrium within the electron
system, while the lattice is still at the temperature prior to laser excitation. This
takes places in a time on the order of 10fs [10]. Additionally, the diffusion of hot
electrons out of the laser-excited region reduces the initial electron temperature and
increases the excited volume. In the third step, the absorbed energy is transferred
from the electrons to the lattice by electron-phonon coupling. The lattice temperature
rises as phonon modes become occupied. A thermodynamic equilibrium between
lattice and electron system, with a common temperature is established on the 1-
100 ps timescale. The fourth step is the relaxation of the electron and lattice system.
Electrons recombine with holes, emitting photons (radiative) or transferring energy to
another carrier (Auger). Heat conduction towards colder parts of the sample decreases
the lattice temperature. The timescale for this is in the 1-100 ns range.

In quantitative analysis of the lattice dynamics following laser excitation, the
interaction processes described above must be taken into account carefully.

17
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3.2 The Thomsen model

The Thomsen model [11] describes the generation of strain in a laser heated metal
or semiconductor. Thermal stress due to temperature increase leads to expansion of
the sample starting at the surface. This is accompanied by a strain wave traveling
inwards from the sample surface. Electronic strain due to photo-generated carriers
and coupling by the deformation potential is neglected in the Thomsen model. The
initial temperature change AT decays exponentially with distance from the surface,
z, according to the Beer-Lambert law:

F
AT(2) = (1 - R) = -e #/¢ 3.1
()= (- Rygg e (3.1)
where R is the sample surface reflectivity of the laser light, F' the laser fluence, C' the
heat capacity, and & the absorption length of the laser light. Since £ is negligible small
compared to its lateral size, the problem can be considered quasi one-dimensional.
The initial stress and following expansion will thus only be dependent on z.

1
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Figure 3.1: Calculated strain following laser excitation using the Thomsen
model at various times: 0ps (dotted line), 40 ps (solid line), and 160 ps (dashed
line). Assumed material parameter: speed of sound v=5km/s and laser ab-
sorption length £ = 0.1 pm.

The elastic equations can be used to describe the evolution of strain in the sample:

0%u do
Por T s (3:2)
1—v

where o is the stress, u the displacement, and ¢ = du/9z denotes the strain. The
parameter p is the density, B the bulk modulus, v Poisson’s ratio, and § the linear
expansion coefficient of the medium. As boundary condition, the stress o can be
assumed to vanish at the free surface (z = 0). Using the temperature profile AT(2)



Chapter 3. Time-resolved x-ray scattering 19

calculated in Equation 3.1, Thomsen has shown that an analytic solution of Equations
3.2 and 3.3 can be given [11]:

1 1 1
e(z,t) = AT(z)ﬁl i_ Z <1 ~5 e Ve 3 ezt /€ gon (7 — Ut)) (3.4)

where v is the longitudinal sound velocity. The function sgn is the sign function.
Heat conduction is neglected here. To illustrate the results from Equation 3.4, the
time-dependent strain profile is calculated and plotted in Figure 3.1. It is apparent
that a strain wave is launched from the surface into the sample with the speed of
sound v .

Temperature profiles and strain profiles calculated using the Thomsen model have
been applied for modeling and simulation of the results reported in Paper I , Paper
V , and Paper VII .

3.2.1 X-ray diffraction from coherent acoustic phonons

The strain wave launched from the surface into the bulk due to laser excitation, can be
interpreted as a superposition of coherent acoustic phonons. Due to the steep flanks
of the strain profile €(z,t), the phonon modes in a wide spectral range are occupied.
Sidebands in the rocking curve are created [12]:

Ak=G+q (3.5)

The x-ray beam is diffracted off the sample emitting or absorbing phonons with
wavevector ¢. The x-ray wavelength or the crystal angle can be tuned such that
the Laue equation is fulfilled for a certain phonon mode ¢. Since the phonons are
excited coherently, the intensity of the diffracted x-ray beam will be modulated with
the acoustic phonon frequency v(q) [12,13]. The modulation in x-ray intensity of the
diffracted x-ray beam can be measured in a time-resolved x-ray diffraction experiment
using an x-ray streak camera, such as that described in Section 5.4.1. The phonon
frequency can be determined by Fourier-transforming the time-resolved x-ray diffrac-
tion signal. By detuning away from the Bragg condition and measuring the phonon
frequency, v, for each ¢, we can determine the dispersion curve of the longitudinal
acoustic phonon mode in the direction normal to the diffracting planes:

w(q) =27 - v(q) (3.6)

A modulation effect can be seen in the experiment until the strain wave has left the
volume probed by the x-ray beam. The minimum phonon frequency that can be
determined from the measurements is governed by the time taken for the strain wave
to leave the probed volume, and the accuracy with which the Bragg condition can
be detuned. The limiting factors for this are essentially the x-ray probe depth and
the width of the x-ray rocking curve. The maximum phonon frequency that can be
determined is governed by the time-resolution of the x-ray diffraction experiment as
well as the sensitivity of the detector and signal to noise ratio, since the signal gets
weaker the larger ¢ becomes.
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3.3 Optical phonons in bismuth

The effect of coherent optical phonons on the x-ray diffraction from Bismuth was
studied using the x-ray streak camera (Paper IV ). The period of the A;, mode in
bismuth is about 300fs. If this phonon mode is excited coherently, the integrated
intensity of the (111) diffraction will be modulated accordingly. The time resolution
of the subpicosecond streak camera was tested using this effect.

Bismuth crystallizes in the trigonal A7 structure with a two atom basis, which
can be understood as a distorted fcc structure [14]. Excitation with a femtosecond
laser pulse shifts the equilibrium positions of the basis atoms towards this cubic struc-
ture. This shift can be considered instantaneous compared to the A;, phonon period.
Therefore, the atoms will start to oscillate coherently around the new equilibrium
position with the A;, phonon frequency. This is called displacive excitation [15] and
is illustrated in Figure 3.2.

potential energy

0.46c  0.50C
r

Figure 3.2: Displacive excitation of the A;4 phonon mode in Bismuth. Pho-
toexcitation changes the potential energy surface and shifts the equilibrium
distance between the basis atoms. r is the distance coordinate in units of the
c-axis length (c=11.8 A), the vertical lines indicate the unperturbed and the
perturbed equilibrium distances.

The bismuth A;, phonon mode has been studied using optical short-pulse probes
[16]. The coherent atomic motion modulates the refractive index of the material.
Changes in reflectivity of an optical probe pulse are measured as a function of time
after excitation. The phonon frequency was determined from such a measurement in
the time domain. Anharmonicity of the potential and softening under high excitation
conditions were found. Since optical probes do not reveal directly structural infor-
mation such as absolute amplitudes of the phonon oscillation directly, time-resolved
x-ray diffraction measurements were employed to investigate this. In order to resolve
the optical phonon oscillation, a femtosecond x-ray source or detectors with fem-
tosecond time resolution are required. X-ray-based measurements of the bismuth A4,
phonon mode have been made using laser-plasma-based x-ray sources [17], a linac-
based synchrotron x-ray source (SPPS) [18], and a slicing-based synchrotron x-ray
source [19].

All these experiments were based on short IR excitation and x-ray probe pulses.
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In the study presented in Paper IV | long x-ray probes and a femtosecond x-ray streak
camera detector were used. The ultrafast initial change in integrated x-ray intensity
after excitation could be resolved and was used to estimate the time resolution of the
streak camera. Since the demonstrated time resolution was in the range 400-600 fs,
the phonon oscillation could not be resolved.

3.4 Non-thermal melting of InSb

According to the Lindemann criterion, a crystal starts to melt when the lattice tem-
perature is high that the vibrational amplitude exceeds 10 % of the interatomic dis-
tances [20]. This is called thermal melting. The timescale for laser-induced thermal
melting is set by the required electron-phonon coupling to a few picoseconds. If
the laser fluence is sufficiently high, the excitiation directly modifies the inter-atomic
potential energy surface due to the dense electron-hole plasma generated [21]. The
dynamics of the atoms is determined by the new potential energy surface, while the
lattice temperature is unchanged during the inital picoseconds. The resulting dis-
order of the lattice on the timescale of a few hundred femtosecond is substantially
faster than the thermal melting process. Such an ultrafast light-induced structural
transition of InSb from solid to liquid has been studied by Lindenberg et al. using the
Sub-Picosecond Pulse Source (SPPS) based on linac technology with a time resolution
of about 100fs [22]. A time constant of 430 fs was found for the integrated intensity
change of the 111 reflection in InSb during non-thermal melting. This is consistent
with continued inertial motion of the atoms with their thermal kinetic energy following
laser excitation. Lindenberg et al. proposed, that the inter-atomic potential vanished
completely and atoms continued to move with their respective thermal velocity. This
interpretation is still the subject of debate. Zijlstra et al. recently pointed out, that
the observed dynamics is consistent with a softening of transverse acoustic phonons
in InSb [23], which means that the potential energy surface is merely modified. This
is in agreement with earlier work by Stampfli and Bennemann [21]. Further investi-
gations of the influence of the lattice temperature on the initial dynamics could solve
this open issue.

Non-thermal melting of InSb was studied using the sub-picosecond x-ray streak
camera and x-ray pulses from beamline D611 at the MAX-II electron storage ring
(Paper IV ). The time resolution was found to be 480 fs.

3.4.1 Diffuse X-ray scattering from laser-molten InSb

As explained above, the excitation of InSb with intense femtosecond laser pulses
triggers a phase transition from the solid to the liquid phase. The threshold for non-
thermal melting of InSb is at a laser fluence of about 20mJ/cm?. A thin layer of
liquid InSb is formed at the sample surface. The liquid is characterized by its loss of
long-range order compared to the crystalline structure prior to laser excitation. To
study the remaining short-range order, diffuse x-ray scattering can be employed. This
technique was described in section 2.6. Zhang et al. have reported a pair correlation
function for liquid InSb as a result of a molecular dynamics simulation [24]. This is
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shown in Figure 3.3. They found typical correlation lengths of 0.31 nm and 0.65 nm,
which can be interpreted as next- and next-next-neighbor distance in liquid InSb.
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Figure 3.3: Pair correlation function g(r) of liquid InSb, calculated using a
molecular dynamics simulation by Zhang et al. [24]

To experimentally determine the local order in liquid InSb, diffuse x-ray scattering
of laser-molten InSb was studied using the experimental setup described in Section
5.4.2. The results are reported in Paper I . The molten InSb resolidifies within about
100 ns. The crystalline bulk InSb underneath the molten layer acts as a template for
re-crystallization. Therefore, the experiment could be conducted repetitively. The
structure factor S(gq) of the liquid InSb was measured as a function of the delay
between the laser pump and x-ray probe. Information about the structural dynamics
of the liquid can be inferred by scanning the laser-pump with respect to the x-ray-
probe delay. To obtain a full radial distribution function, a larger range of q than
provided by beamline D611 would be required.

In Section 2.6 it was shown that the scattered x-ray intensity is proportional to
the number of scattering centers in the sample. Therefore, the thickness of the liquid
InSb film can be derived from the amplitude of the diffuse scattering signal.

Modelling thermal melting and re-crystallization following laser excitation

During the course of this work, a one-dimensional heat flow model of a transient
liquid including thermal melting and re-crystallization following laser excitation was
developed. The MATLAB script used for this is included in the Appendix. This
model has been used to explain the dynamics of the laser-molten liquid InSb (Paper
I ). The model is explained below.

Thermalization of the electrons and the lattice is complete after a few picoseconds.
A thin film of non-thermally molten InSb is formed and a temperature profile in the
sample is established. The temperature is calculated using Thomsen’s model (see
Section 3.2). Since the melting temperature is exceeded, the latent heat of fusion
of InSb must be included in the model. The calculated initial temperature profile
T(z,t = 0) was used as a starting condition for the simulation of laser-induced thermal
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melting and subsequent re-crystallization of InSb. Heat conduction is accounted for
and is described using the diffusion equation:

or _ o1

o~ Yo
where « is the thermal diffusivity. This differential equation 3.7 is solved numerically
based on the finite element method. Figure 3.4 shows the results of the simulation
for laser-molten InSb excited with a laser fluence of 45 mJ/cm?.
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Figure 3.4: Results of simulation of the melting and resolidification of InSb
following laser excitation. Panel (a) shows the depth dependency of the tem-
perature (solid line) initially and after 90ns (dashed line). In panel (b) the

energy stored initially as latent heat is shown as a function of depth. Panel (c)
shows the thickness of the molten InSb as a function of time.

The dynamics of the transient liquid can be can divided into three parts. The
first is non-thermal melting. A thin film of non-thermally molten InSb is formed
with a thickness of about 60nm. The timescale for this process is a few hundred
femtoseconds. During this time, the structure changes from the long-range order of a
crystal lattice to the short-range order of a liquid. Due to the impulsive generation of
the liquid, the structure is initially in a non-equilibrium state. The formation of an
equilibrium structure takes a few picoseconds [25]. The second phase is a continued
thermal melting accompanied by a growth in thickness of the liquid film. It requires
thermal equilibrium between the carriers and the lattice, and the conduction of excess
heat deeper into the sample. The thickness of the molten layer increases until about
2ns after excitation. The third phase is re-crystallization due to the conduction of
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heat into colder parts of the sample. The thickness of the film decreases until the
liquid is totally re-solidified after about 90 ns.

3.5 X-ray diffraction from laser-induced ripple-
structured surfaces

Grazing incidence geometry is used to match laser excitation and x-ray probe depth,
as described in Section 2.5. In a time-resolved x-ray diffraction experiment with
repetitive laser excitation, the stability of the sample surface structure and crystal
quality are important. Degradation of the sample surface reduces the number of useful
repeated exposures.

During repetitive laser-induced melting, permanent damage builds up on the sam-
ple surface. It has been shown that for high excitation fluences, the re-solidification
process yields amorphous instead of crystalline material [26].

The repetitive non-thermal melting of InSb has been proposed as a timing monitor
for future short-pulse x-ray sources [27]. The sharp drop in integrated reflectivity
marks the arrival time of the x-ray pulse in respect to the laser pulse. The non-
thermal melting process can be used to monitor this timing from shot to shot. The
long-term stability of the x-ray diffraction signal during repetitive melting has to be
investigated to establish this mechanism as a timing monitor tool at user facilities.

The sample surface can be effected even at intermediate fluences. It has been
shown that periodic ripple structures emerge during the repetitive melting and re-
crystallization of semiconductors and metals [28-30]. This can be explained along
the following lines: Part of the incident laser light is scattered by inhomogeneities
in the sample surface, such as surface roughness, forming a surface wave. Due to
the coherence of the laser light, the incident light wave and the surface wave create
an interference pattern along the sample surface. The laser light intensity varies
periodically along the surface, which causes inhomogeneous melting. This adds to
the surface inhomogeneities and a periodic melting pattern forms along the surface.
The repetitive inhomogeneous melting and re-crystallization form ripples, which grow
gradually. The period of the interference pattern determines the spacing of the ripples
created. For p-polarized light of wavelength A, ripples will be created with periods,
A, of:

A
1+96

where 6 is the angle of incidence of the laser beam.

Paper III describes a study on the influence of the ripple structure on x-ray difrac-
tion at grazing incidence. The focus of this study was on the impact of ripple forma-
tion on time-resoved x-ray diffraction experiments based on repetitive laser-induced
melting. Due to the grazing x-ray incidence, the x-ray diffraction is sensitive to small
changes in angle at the surface. The ripples created cause a variation in the incidence
angle within the x-ray footprint on the sample. This is illustrated in Figure 3.5. The
repeated melting and re-solidification process can also create amorphous material at
the surface, which additionally attenuates the x-ray beam.

Ay (3.8)
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Figure 3.5: Influence of ripple structure on the x-ray diffraction geometry at
grazing incidence. Panel (a) shows the unmodified sample surface. In panel
(b), the surface contains ripples and a layer of amorphous material. The angle
of incidence of the x-ray beam varies over the x-ray footprint.

Paper III reports on the effects of repetitive laser-melting of InSb crystals. The
diffracted intensity as function of x-ray photon energy was recorded after the laser
exposure and compared to energy scans from unexposed surfaces. The laser-induced
ripple structure was studied using an atomic force microscope, leading to a geometric
model of the sample surface. This was used to calculate curves using dynamical x-ray
diffraction geometry. The influence of an absorbing layer of amorphous material was
included. Due to the different angles of incidence, the shape of the energy scan curve
is altered. At the slopes of the ripples, the x-ray beam can penetrate deeply into the
material. This effect reduces the overlap between the laser excitation and the x-ray
probe for time-resolved x-ray scattering and diffraction experiments.

In order to avoid such signal degradation, we found that after about 100000 laser
shots just above the non-thermal melting threshold, this corresponds to approximately
30s exposure time at a laser repetiton rate of 4.25 kHz, the sample has to be refreshed.
This was done in the melting experiment reported in Paper IV . During longer ex-
posures without refreshing the sample, the signal was dominated by slow thermal
melting dynamics. This is due to the much larger depth of the thermal melting com-
pared to the non-thermal melting depth and the increase in x-ray penetration due to
ripple growth.

3.6 Ferroelectric phase transitions in KDP

Some materials have more than one stable phase in the solid state. If a solid-to-
solid phase transition is accompanied by a structural change, time-resolved x-ray
diffraction can be used to follow the phase transition in real time. Ferroelectric
materials exhibit strong interaction electric dipole moments between neighboring unit
cells. Electric dipole-dipole interaction stabilizes the alignment of a permanent electric
dipole moment along an axis in the crystal. Each domain is characterized by its net
dipole moment polarization. When an external electric field is applied, the balance
between the potential energy of domains with different polarizations is changed, thus
facilitating phase transitions of domains from one polarization to a domain type with
the opposite polarization.

Potassium dihydrogen phosphate (KDP) at room temperature has a tetragonal
unit cell. At the Curie temperature of KDP, the crystal undergoes a phase transition
from the paraelectric phase to the ferroelectric phase, which has an orthorhombic
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unit cell and a spontaneous electric ploarization. Phosphate groups are bound by
hydrogen bonds within the unit cell of KDP. The potential energy surface of the
hydrogen atom is double-well shaped [31]. Above the Curie temperature, the thermal
energy is sufficient for the hydrogen atom to move freely between the two minima.
This characterizes the paraelectric phase of KDP. Below the Curie temperature, the
thermal energy is not sufficient to overcome the barrier, and two stable configurations
are formed. The average position of the hydrogen atom is shifted away from the
center between the phosphate groups. This is accompanied by a net dipole moment
and distortion of the unit cell. These two effects are characteristic for KDP in its
ferroelectric phase. The stable domain configurations have been described by Bornarel
and called A+, A—, B+, and B— and M domain [32]. The unit cells corresponding
to the A and B domains in KDP are depicted in Figure 3.6.

b A+ A-

L.

Figure 3.6: Schematic view of unit cells associated with the ferroelectric
domains in KDP. a and b are the axes of the paraelectric KDP unit cell.

The domains A+ and B+, as well as A- and B-, have the same net dipole moment,
but differ in the shear deformation of the unit cell. KDP has ferroelastic as well as
piezoelectric properties. Transitions between the domain types can be induced by
applying shear stress as well as external electric fields [33]. A ferroelectric phase
transition has been observed in deuterated KDP by Larsson et al. [34].

Paper II describes the study of the ferroelastic dynamics in KDP following exci-
tation with an electrical pulse. An electric potential was applied along the c-axis for
1 us. The resulting shear stress was released as a strain wave emanating from the
sample surfaces. Strain waves released from opposite sides of the sample interfere at
the center of the sample. X-ray energy scans were recorded as a function of time after
excitation. Part of the ferroelastic hysteresis was recorded by measuring the shifts
and amplitudes of the individual peaks associated with the domains in KDP.

3.7 Time-resolved specular x-ray reflectivity of an
amorphous carbon thin film

Paper V reports on the evolution of the morphology of a thin amorphous carbon film
following laser excitation, using time-resolved specular x-ray reflectivity. A schematic
view of the experimental setup used for this measurement at beamline ID09B at the
European Synchrotron Radiation Facility (ESRF) is illustrated in Figure 3.7.
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Figure 3.7: Schematic of the setup used for time-resolved specular x-ray re-
flectivity measurements. The reflected intensity is measured as a function of
the angle 6 and the time delay between the laser excitation and x-ray probe.

The theory of specular x-ray reflectivity from thin films and multi-layers was given
in Section 2.7. Using this technique, the thickness, density, and surface roughness of
the amorphous carbon film is determined independently. The software used to analyze
the reflectivity curves and extract these parameters was developed during the course
of this work and can be found in the Appendix. The parameters were extracted for
each delay between laser excitation and x-ray probe. It was thus possible to determine
the evolution of film morphology.

The experiment was carried out in repetitive mode in order to obtain an average
over many x-ray pulses, and the laser fluence was chosen so as to be below the damage
threshold of the thin film. After laser excitation, expansion of the thin film was
observed, followed by relaxation. The timescale for the expansion process could not
be resolved due to the limitation on the time resolution of the setup of 200 ps. The
film relaxed after the expansion process with a time constant of about 1 ns.

Modeling the elastic and thermal response of a thin film following laser-
excitation

In order to understand the mechanism behind the observed dynamics of the morphol-
ogy of the thin film studied in Paper V , a model of the elastic and thermal response
of the film and the underlying substrate was developed as a basis for simulations. As
the time resolution of the experimental setup was 200 ps, a laser-induced initial tem-
perature profile according to the Thomsen model could be assumed. This is explained
in Section 3.2. Heat conduction is described using the diffusion equation 3.7. The
elastic equations 3.2 describe the evolution of strain in the film and substrate due
to laser-induced thermal stress. The problem based on these equations was solved
numerically using the finite element method. To explain the observed fast relaxation
of the thin film within 2ns, the increase in heat conductivity of the substrate due to
the high density of carriers had to be accounted for [35]. The interpretation is similar
to that presented by Sondhauss et al. [36].






Chapter 4

Ultrafast x-ray sources

4.1 Introduction

In the following, x-ray sources, which are suitable for carrying out ultrafast time-
resolved x-ray scattering or diffraction studies, are described briefly. Key parameters,
advantages and disadvantages of the sources are discussed here.

4.2 Storage ring based x-ray sources

Electrons in a storage ring emit electromagnetic radiation when they are acceler-
ated. The dipole magnets in the bends of the storage ring are a source of broadband
radiation. The critical photon energy E. of the dipole magnet is:

B = 3hey?
2R

(4.1)

where R is the bending radius and ~ is the relativistic parameter of the electrons
stored in the ring. The emission spectrum spans from the microwave range up to
higher energies, with a decrease in intensity above the critical energy. Electron storage
rings optimized for synchrotron radiation, such as the MAX-II ring, are designed with
a critical photon energy in the range required for the experiments. The critical photon
energy of MAX-II bending magnet is at 2.3keV.

Insertion devices are magnets placed in the straight sections between the bends of
the storage ring. Wigglers or undulators consist of a row of magnets with alternating
polarity. The electrons passing through an insertion device are accelerated period-
ically normal to the main propagation direction. The main parameter defining the
insertion device is the K factor:

o eB() )\u
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(4.2)

with By the magnetic field strength, A, the period of the magnet, mg the electron
rest mass. The emitted radiation is linearly polarized in the plane of motion of the
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electrons. The emitted radiation of an undulator consists of harmonics of the order
n with wavelengths:

Au K? 9 9
= 202 <1+ 5 + 0%y ) (4.3)
where 6 is the angle between the direction of observation and the propagation direction
of the electron beam. In contrast to the spectrum of bending magnets, the radiation
from undulators consists of lines with narrow bandwidth. The number of photons
emitted from an undulator per solid angle and bandwidth interval is several orders of
magnitude larger compared to bending magnet sources.

Electrons form bunches in the storage ring due to a balance of energy loss due
to synchrotron radiation and the energy gain from the RF driven accelerating cav-
ities in the ring. For a narrow phase interval of the RF field, the losses outweigh
the gain, which creates a stable beam orbit. Therefore, the radiation emitted from a
synchrotron is inherently pulsed. Typical electron bunch durations created in a elec-
tron storage ring are on the order of 100 ps. The duration of x-ray pulses generated
in bending magnets and insertion devices in a storage ring is limited by the electron
bunch duration. A fast detector, such as the streak camera described in Paper IV
, is required to perform time-resolved measurements with a time resolution better
than the pulse duration without additional modification to the storage ring. Two
modifications to the storage ring in order to reduce the x-ray pulse duration direcly
are presented in the following subsections.

4.2.1 Slicing

The duration of x-ray pulses from an electron storage ring can be reduced by several
orders of magnitude using direct interaction of intense femtosecond IR laser pulses
with the electron bunch in the storage ring. This technique is called slicing [37] and
was demonstrated by Schoenlein et al. [38].

The laser pulse co-propagates overlapping with the electron bunch in an insertion
device. The insertion device is tuned to radiate with the same wavelength as the
laser. This causes a modulation of the electron energy of the electrons overlapping
with the laser pulse. Due to the energy modulation, this fraction of the electron bunch
is spatially separated following the subsequent bending magnet. The radiation from
this short bunch of electrons is extracted from the next insertion device through an
aperture as a short x-ray pulse. This scheme is illustrated in figure 4.1. The created
distortion in the electron bunch relaxes before the arrival of the next laser pulse due
to damping mechanisms in the electron storage ring.

The generated femtosecond x-ray pulses are inherently synchronized to the laser
source which facilitates laser-pump x-ray-probe time-resolved measurements. The
advantages of this x-ray source are the femtosecond pulse duration, wavelength tun-
ability, and stability. The number of x-ray photons created per pulse is typically on
the order of one thousand. This is comparable to laser-based x-ray sources but many
orders of magnitude lower than x-ray pulses generated from linac-based sources.

A femtosecond x-ray source based on this design is implemented at the Swiss-
Light-Source (SLS) [39]. In this work, experiments studying the picosecond dynamics
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Figure 4.1: Schematic view of the slicing principle. Depicted is a section of
the storage ring including bending magnets (BM) and insertion devices (ID). A
femtosecond x-ray pulse is generated by modulation of a “slice” of the electron
bunch using a femtosecond laser pulse in a first ID and radiation from a second
1D.

of laser-induced strain in graphite have been carried out at the SLS slicing beamline.
This is reported on in Paper VII .

4.2.2 Rotated bunches

Another technique to reduce the x-ray pulse duration from synchrotron sources is the
rotated bunch method. It has been proposed by Zholents et al. [40], and is planned
to be implemented at the Advanced Photon Source [41].

A cavity inducing a time-dependent transverse deflection of the electron bunch
is installed in the electron storage ring. X-ray radiation is created in a subsequent
insertion device. The deflection is canceled out with another deflection cavity after
the beamline. At the insertion device, the transverse momentum components of the
electrons induce divergence of the generated x-ray beam. The arrival time of the
x-rayy photons is related to the angles within the divergent beam. After collimation of
the x-ray beam, this is equivalent to a tilted wavefront. Using an asymmetric Bragg
reflection, the wavefront tilt can be corrected. This scheme is illustrated in figure 4.2.

An x-ray pulse duration of about 1ps is expected from this source without com-
promising the photon flux of the beamline. Several beamlines of the storage ring
in the section localized between the deflection cavities can be served with rotating
bunches.

4.3 Linac-based x-ray sources

Electron bunches accelerated in a linac are not subject to the balance of synchrotron
oscillations and damping by emission of synchrotron radiation, which determine the
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Figure 4.2: Principle of the rotated bunch method. (a) Transverse deflection
is induced by cavities causing electron bunch rotation and a time-dependent
divergence of the emitted x-ray beam in a insertion device between the cavities.
(b) The x-ray pulse can be compressed to about 1 ps duration by compensating
the wavefront tilt.

bunch length in circular accelerators, such as electron storage rings. Using bunch com-
pression techniques, the pulse duration can be adjusted into the subpicosecond range.
An undulator or wiggler after the linac section can be used to generate femtosecond
x-ray radiation from the short electron bunches. The planned short-pulse-facility as
part of the MAX-IV project is an example of a linac-based source of femtosecond
x-ray pulses. The generated femtosecond x-ray pulses are planned to be utilized in
beamlines dedicated for studies of ultrafast x-ray diffraction and scattering as well as
ultrafast x-ray spectroscopy.

4.3.1 X-ray free-electron lasers

X-ray free electron lasers have been proposed as a source of short x-ray pulses with
ultra-high peak brightness. All present designs are based on the self-amplified-
spontaneous-emission (SASE) principle. The peak brightness of x-ray FELs is
expected to be eight orders of magnitude higher than of conventional synchrotron
based x-ray sources. A free-electron laser for VUV and soft x-ray based on the SASE
principle was demonstrated at DESY [42]. The first hard x-ray FEL LCLS, which is
also based on SASE, started operation in april 2007 [43].

A periodic magnetic field from an undulator serves as a source of radiation and as a
means of coupling between the electrons and the generated radiation. As the electron
bunch propagates along the undulator, the interaction of the undulator radiation with
the electrons causes a density modulation of the electron bunch, which is called micro-
bunching. The electrons are starting to emit x-ray radiation collectively in phase.
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Figure 4.3: Schematic view of an x-ray FEL based on SASE. Femtosecond
electron bunches with very low emittance are injected into a long undulator.
The interaction of the created undulator radiation with the electron bunch
itself, creates a density modulation. The x-ray power is increasing exponentially
in the undulator up until a saturation length.

This in-phase emission is the cause for the high brightness and the full transverse
coherence of the emitted free electron laser beam. The radiated power increases
exponentially along the undulator until the end of the micro-bunching process, which
is called saturation length. For x-ray FEL sources, saturation lengths are typically
several tens of meters. The photon flux is scaling with the square of the electron
number instead linearly as in a synchrotron source.

4.3.2 Energy-recovery linac

An energy-recovering linac (ERL) is an x-ray source operating at high repetition
rate delivering femtosecond x-ray pulses into multiple beamlines simultaneously. In
comparison to third generation synchrotron sources, it features low emittance, a high
degree of transverse coherence, and high peak brightness. The average brightness is
comparable. Successful operation of an ERL as a source of coherent IR radiation has
been demonstrated at Jefferson Laboratory [44]. Recently, this principle has been put
forward as an x-ray source at Cornell University [45].

Electrons are generated in a low emittance source and accelerated by a linac. After
a single-pass around a ring with multiple insertion devices generating x-ray radiation,
the electron bunches are entering the linac again at a decelerating phase. Thus, the
kinetic energy of the electrons is returned to the electromagnetic field of the cavity.
Electrons are not stored in this ring, therefore synchrotron oscillation is avoided and
femtosecond electron bunches can be maintained.
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Figure 4.4: Energy recovering linac principle (schematic).

4.4 Laser-based x-ray sources

Focusing femtosecond high energy laser pulses onto a target material creates a plasma,
which radiates in wide spectral range [46]. Electrons in the plasma are accelerated
by the Ponderomotive force generated by the laser pulse. Bremsstrahlung and x-
ray radiation of the characteristic lines of the target material are emitted due to
interaction of the relativistic electrons and the atoms in the target material. If the
characteristic x-ray lines are used, the wavelength can be selected by the choice of
target material. The duration of the generated x-ray pulses depends on the plasma
lifetime, the laser pulse properties, and the target. It has been shown, that x-ray
pulses of a few hundred femtosecond duration can be produced [47]. The generated
femtosecond x-ray pulses are synchronized inherently to the short pulse laser source,
which helps time-resolved pump-probe x-ray diffraction experiments using this x-ray
source. Disadvantages are the comparably low photon flux and the x-ray emission
into a large solid angle.
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Beamline D611

5.1 Introduction

Beamline D611 is a bending magnet beamline at the MAX-II storage ring, which is
part of the synchrotron radiation facility MAX-Lab in Lund, Sweden [48]. The key
parameter of the MAX-II storage ring are listed in Table 5.1. Due to the relatively
small dipole bending radius at the moderate electron beam energy of the MAX-II
storage ring, the critical photon energy is in the hard x-ray range at 2.2keV. D611
is a versatile hard x-ray diffraction beamline for time-resolved structure studies in a
variety of setups. Diffraction in Bragg- and Laue-geometry, diffuse scattering, and
powder diffraction experiments can be carried out.

Supplementary to the x-ray beamline, a short-pulse amplified laser system enables
measurements combining IR and x-ray radiation. The laser pulses are used to trigger
structural changes in a sample, which are probed with the x-ray beam.

A variety of detectors are available for time-resolved measurements. A gated 2-
dimensional x-ray detection system for measuring diffuse x-ray scattering, which was
implemented as part of this work, is described in Section 5.4.2 and Paper I . The time
resolution of this system, typically 300 ps, is limited by the x-ray pulse duration and
the synchronization jitter. An ultrafast x-ray streak camera is used for time-resolved
x-ray diffraction measurements with sub-picosecond time resolution. This system

Table 5.1: Key parameters of the MAX-II storage ring

Electron energy 1.5GeV
Ring circumference 90m
Injection current 200 mA
Typical lifetime 20h
Dipole magnet field 1.5T
Critical photon energy 2.2keV
Accelerator radio frequency 100 Mhz
Electron bunch duration 300 ps
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is described in Section 5.4.1 and Paper IV . A variety of x-ray diodes allow x-ray
diffraction measurements for steady state as well as time-resolved studies limited by
the x-ray pulse duration. A setup for powder diffraction has been implemented in the
course of this work, which is described in Section 5.5.

An alternative way to initiate structural dynamics in the sample is to apply a short
electrical pulse to the sample. This was used in a piezo-electrically active sample as
described in Paper II .

5.2 The x-ray optics

Figure 5.1 shows a schematic view of the core components of the x-ray beamline.
Valves and beryllium windows, which protect the ring vacuum, have been omitted
for clarity. The x-ray source is a bending magnet at the MAX-II storage ring. The
divergence of the source is defined by an initial beryllium window to 4 mrad in the
horizontal and 0.34 mrad in the vertical direction. The x-rays are focused by a gold-
coated toroidal mirror to a minimum focal size of 200 pm horizontally and 400 pm
vertically. The focal spot can be adjusted by changing the tilt angle and the vertical
bending radius of the mirror. The setup allows the x-ray beam to be focused at
different positions inside and outside the sample chamber for experiments in vacuum
or air.

toroidal mirror monochromator sample chamber

——I—.\\ZJ\‘\_

Figure 5.1: Layout of the x-ray beamline including focusing mirror, monochro-
mator and experimental chamber.

A double-crystal monochromator is placed further downstream to select a certain
part of the broad bending magnet spectrum. There are several options to monochro-
matize the x-ray beam: a multilayer, silicon crystals and InSb crystals. It is possible
to switch between the multilayer and either silicon or InSb crystals within a few
minutes using translation stages inside the monochromator chamber. The calculated
reflectivity and bandwidth for these three options are given in Table 5.2.

Table 5.2: Reflectivity and bandwidth of the double crystal monochromator options
available (calculated).

Monochromator option Reflectivity Bandwidth
Silicon 111 0.80 0.02%

InSb 111 0.65 0.07%
Multilayer 0.6 1% — 2%
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5.2.1 InSb double-crystal monochromator

When no slits are used, the divergence at the sample position is 0.51 mrad. The
x-ray energy varies by about 0.3 % within the incidence angle at the sample, which
is large compared to the ideal bandwidth of silicon and InSb monochromators (in a
collimated x-ray beam configuration: 0.02 % and 0.07 %). As a result of this, the total
x-ray bandwidth after the monochromator is determined by the divergence. This is
illustrated in Figure 5.2.
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Figure 5.2: Calculated x-ray energy for the InSb crystal monochromator (di-
vergence 0.51 mrad, and monochromator angle 14.125°. The two vertical lines
indicate the beam divergence, and the horizontal lines the spread in x-ray en-
ergy. The blue curves show the ideal bandwidth of an InSb monochromator.

A good method of checking the total x-ray bandwidth downstream of the
monochromator is to measure an absorption spectrum around an inner-shell edge of
an absorber. The natural linewidth of these edges is sufficiently smaller than the
bandwidth of crystal monochromators. The divergence induced x-ray bandwidth can
be reduced by closing vertical slits upstream of the sample. The disadvantage of this
is, that the x-ray flux at the sample position is reduced.

The x-ray photon flux at the sample position for both a double crystal silicon and
an InSb monochromator has been calculated and is shown in Figure 5.3. Absorption
in beryllium windows and the reflectivity of the gold coated mirror is accounted
for. The x-ray brightness is calculated for the average electron current in the ring.
It is evident, that the x-ray photon flux from an InSb monochromator is expected
to be much higher throughout the spectrum of the bending magnet beamline than
that from the standard silicon monochromator. This is mostly due to the higher
natural bandwidth of the InSb reflection. During the course of this work, the InSb
monochromator was designed, installed, aligned, and used in several experiments.
The alignment procedure involved optimization of the tilt angles of both crystals in
the monochromator with respect to each other.

Silicon is superior to other monochromator crystals when cryogenically cooled
crystals are required. Heat-induced strain in silicon is small at the temperature of
liquid nitrogen (77 K). Since the x-ray heat load at bending magnet beamlines at
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Figure 5.3: X-ray throughput. Dashed lines: silicon crystal monochromator,
solid lines: InSb crystal monochromator. Brightness (a) of a bending magnet
source at MAX-II. Reflectivity (b) and bandwidth (c) of the double-crystal
monochromator. Number of photons per pulse (d) at sample position.
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Figure 5.4: Comparison of the calculated x-ray photon flux with a measure-
ment after installation of the InSb monochromator at beamline D611.

the MAX-II storage ring is only a few watts, cryogenic cooling is not required, and
alternatives to silicon crystals can be considered.

If the sample is of the same crystal type as the monochromator crystal in single-
crystal diffraction studies, the bandwidth caused by divergence will have no effect.
Within the divergent beam, the Bragg condition for diffraction from the sample is ful-
filled for all angles. Therefore, measured rocking curves of InSb crystals using an InSb
mono-chromator will retain the ideal narrow width, independent of the beam diver-
gence. On the other hand, studies employing techniques such as x-ray spectroscopy,
powder diffraction, or diffuse x-ray scattering will be affected by divergence-induced
bandwidth. The choice of monochromator crystal type is unimportant for the resolu-
tion in g-space of these experiments, as long as the x-ray divergence is not reduced.
In short, most experiments performed at the D611 beamline benefit from the in-
creased x-ray flux of the InSb monochromator compared to the more common silicon
monochromator, while not suffering from the larger natural bandwidth.

The calculated x-ray flux of the monochromator based on the InSb crystal at the
D611 beamline was compared to a measurement scanning the complete energy range
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available at the beamline after the InSb monochromator was installed. The results are
displayed in Figure 5.4. The measurements were performed with calibrated PIN-type
x-ray diodes. The diode current was converted into absolute values of the photon
flux. Reasonable agreement was found between the calculated and measured values.
Overall, the x-ray flux is substantially higher than that which could be achieved
using a standard silicon crystal monochromator. Previous to the installation of the
new InSb monochromator, a full-range energy scan of the monochromator was not
possible without step-by-step realignment of the crystal pitch angle.

5.3 Laser system

The laser system at beamline D611 is located in a separate hutch. It includes a
titanium-sapphire-based ultrafast laser oscillator and amplifier. Both are manufac-
tured by KMLabs. External mechanical delay stages allow the time delay of the
various beams to be varied. An overview of this can be seen in Figure 5.5.
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oscillator —
harmonic |, UV - streak camera
|delay generation timing fiducial
multipass amplifier photo-
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Figure 5.5: Schematic overview of the laser system including laser oscillator
and amplifier. The main beam is split into three parts with adjustable delays.

The oscillator is a passively mode-locked titanium-sapphire laser. It is pumped by
a cw solid-state laser (Coherent Verdi). To facilitate measurements combining a laser
and x-rays, the output of the oscillator is synchronized to the train of x-ray pulses
at the beamline. This is explained further in Section 5.3.1. Detailed figures of the
oscillator are listed in Table 5.3.

Table 5.3: key parameter of the ultrafast titanium-sapphire laser oscillator

Average power 500 mW
Repetition rate 100 MHz
Center wavelength 780 nm
Bandwidth 40 nm
Pulse duration 100 fs
Fourier-transform limit 25fs
Chirp parameter 3.9

The temporal intensity and phase of the oscillator pulses are inferred from
frequency-resolved optical gating (FROG) measurements. The results are plotted in
Figure 5.6. The oscillator pulse duration was determined from these results.
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Figure 5.6: Temporal intensity and phase of the laser pulses from the ultrafast
titanium-sapphire laser oscillator. Calculated from a measured FROG trace.

The oscillator is used to generate the seed beam for the laser amplifier, which
is based on chirped-pulse amplification. The input pulses are stretched to about
200 ps duration using a grating stretcher, and the repetition frequency is reduced
to an adjustable rate in the kHz range by a Pockels cell. A Q-switched, diode-
pumped solid-state laser (Coherent Corona) pumps the cryogenically cooled multi-
pass amplifier module. The last element in the amplifier is a grating compressor
which shortens the duration of the pulses to about 45fs (measured using FROG).
The main characteristics of the amplifier system are listed in Table 5.4.

Table 5.4: key parameter of the ultrafast titanium-sapphire laser amplifier

Repetition rate 4-8kHz
Typical pulse energy 1mJ
Typical average power 5W

Center wavelength 780nm
Bandwidth 35nm
Pulse duration 451s

The beam is split into three arms, all of which are sent into the x-ray hutch.
The power of each can be set using a half-wave plate and a polarizing beam splitter.
Mechanical delay lines allow the time delay of each beam to be set separately. A
schematic view of the various beams is given in Figure 5.5. The main fraction of
the amplifier output is used to excite the sample and trigger a transient structure
change. A second beam is used in a photo-conductive switch to generate a voltage
surge. The third beam is converted by a third harmonic generator into UV pulses,
used for timing. These two beams are used for the x-ray streak camera, which is a
time-resolving x-ray detector. This device is explained in detail in Section 5.4.1.
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5.3.1 Synchronization

The oscillator is synchronized to the x-ray pulse train from the MAX-II storage ring.
The repetition rates of the two sources are matched to facilitate time-resolved experi-
ments involving IR and x-ray radiation. This is achieved by regulating the repetition
rate of the laser oscillator. The repetition rate is determined by the cavity length.
One end mirror is mounted on a piezoelectric crystal for rapid adjustment, and the
mirror mount is fixed onto a translation stage for slow movements. A schematic view
of the synchronization circuit is given in Figure 5.7.
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Figure 5.7: Schematic view of the system synchronizing the laser oscillator
to the x-ray pulse train. BP = band-pass, LP = low-pass.

The output of the oscillator is measured using a sufficiently fast photodiode, and
the x-ray reference signal originates from a beam pickup in the MAX-II storage ring.
Both signals are fed into a mixer. The resulting error signal represents the frequency
mismatch. A regulating circuit, which is connected to the actuator’s piezo crystal and
translation stage, is set to remove the error signal. When the regulator is activated,
the frequencies of the two sources are matched, and the phase is kept constant. The
amplitude of the remaining error signal is a measure of the jitter between the laser
and the x-ray source. Using a 3 GHz reference, a synchronization jitter of 170 fs can be
achieved, which is much smaller than the x-ray pulse-duration, and thus sufficiently
small. Tt is possible to set the delay between the laser and x-ray pulses. This is done
using a voltage-controlled phase shifter, installed at one of the mixer inputs. Since
the repetition rate is 100 MHz, a delay of 0-10 ns can be set by introducing a phase
shift of 0-2m.

5.4 Setups for time-resolved measurements
5.4.1 An ultrafast x-ray streak camera for time-resolved x-ray
diffraction

To improve the time-resolution beyond the limit set by the x-ray pulse duration, the
beamline is equipped with an x-ray streak camera. This type of detector has proven
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invaluable in various time-resolved x-ray diffraction experiments [12,13,27,34,49-57].
A schematic overview is given in Figure 5.8. Impinging x-ray photons create electrons
along a slit-shaped photo cathode. In the cathode material, an x-ray photon generates
hot primary electrons and, following this, a cascade of secondary electrons. The x-ray
beam strikes the cathode at grazing incidence in order to match the x-ray absorption
depth with the escape depth of the secondary photoelectrons [58], thus increasing
the number of electrons extracted. The electron yield and energy distribution have
been characterized for a variety of cathode materials [59,60]. After acceleration by
an anode mesh, the electrons pass through a pair of sweep plates. An electric field
varying in time, applied between the sweep plates, deflects electrons depending on
their arrival time. A photo conductive switch triggered by the laser beam generates
the sweep voltage [61,62]. The voltage at the photo conductive switch is reversed
within a few nanoseconds after laser excitation. This voltage ramp is inherently
synchronized to the laser beam exciting the sample. To accommodate the difference
in electron velocity and electric sweep signal, a meander-line-shaped structure is used
to apply the sweep voltage. A subsequent magnet lens focuses the electrons onto a
multichannel-plate and phosphor based detector. A fast CCD camera with embedded
image processing capability is used to capture the signal, thus enabling single-shot
readout and analysis.
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Figure 5.8: Schematics of the streak camera as it is used at beamline D611.
See text for description.

The time resolution of this detector depends on several factors. The photo cathode
material used is cesium iodide, which has a secondary electron energy spread of 1.5eV
[59]. After acceleration of the electrons, this will create an electron bunch with a

duration of:
1 V2mee
At ~ —
FE e

with F standing for the acceleration field strength and e for the energy spread of
the photo electrons. Assuming an acceleration field strength of 10 kV/mm, Equation
5.1 predicts the duration of the resulting electron bunch to be approximately 400 fs.
Other factors determining the time resolution are the width of the photo cathode, the
sweep voltage, and the jitter. It has been shown that jitter can be reduced to 50 fs by
stabilizing the laser used to trigger the photoconductive switch [63].

(5.1)
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The time resolution can be drastically improved by analyzing each sweep indepen-
dently [64,65]. This method requires that a sufficiently large number of photoelectrons
can be detected and analyzed for each x-ray photon. Thus, the x-ray photon arrival
time can be determined more accurately. A timing fiducial is required for every shot
in this technique, which is implemented using a third-harmonic beam of the laser.
The photo electron yield was increased by utilizing grazing incidence at the photo
cathode. Sub-picosecond time resolution for hard x-rays has been achieved. The im-
plementation of theses features and the performance of the streak camera are desribed
in Paper IV .

5.4.2 Setup for time-resolved diffuse x-ray scattering

An overview of diffuse x-ray scattering from non-crystalline media can be found in
Section 2.6. To measure the x-ray scattering pattern for samples without long-range
order, an x-ray imaging detector is required. Typical samples are liquids, amorphous
solids, or molecules in solution. To resolve structural dynamics in these samples, a
time-resolved x-ray imaging scheme is necessary. Chemical reactions in molecules
or re-arrangment of the local order in solids and liquids usually take place on the
femtosecond or picosecond timescale. Using pulsed laser excitation and x-ray probing
by diffuse scattering, an experiment can be performed with sufficient time resolution.
The pulse duration of an ultrafast laser is on the order of 100fs, whereas the x-ray
pulse duration depends on the source. Typical values are in the range between 300 ps
(synchrotron source) and 100fs (slicing-, LINAC-based sources, laser plasma). For
synchrotron sources, both synchronization of the laser to the x-ray source and gated
detection are necessary. Snapshots of the structure are recorded. The structural
dynamics can be resolved by scanning the excitation-probe delay.

b)

!mage_ ) CCD camera
intensifier

10 ns gate

0:=0.9° Insb scintillator
X,Y,Z,0,05 stage

Figure 5.9: Overview of the setup used for time-resolved diffuse scattering at
beamline D611. Figure from Paper I

In the course of this work, a time-resolved diffuse scattering setup was implemented
at beamline D611, and the first experiment was performed. A schematic overview of
the setup is given in Figure 5.9. The time resolution is limited by the duration of
the x-ray pulses from the MAX-II storage ring, which is about 300ps. The laser
is synchronized to the x-ray source with a jitter of about 10 ps, which is sufficiently
small compared to the x-ray pulse duration. The sample is excited by the laser pulses.



44 5.4. Setups for time-resolved measurements

X-rays, scattered off the sample, are converted into visible photons by a scintillator
plate. The lifetime of the scintillator must be sufficiently short to avoid pile-up effects
arising from consecutive x-ray pulses. The interval between x-ray pulses from MAX-
IT is 10 ns, thus the 2.1 ns lifetime of the BC-408, Saint-Gobain plastic scintillator is
sufficient to discriminate between different x-ray pulses. Since the excitation rate of
4.25kHz, which is set by the laser, is different from the x-ray probe repetition rate
(100 MHz), a gating mechanism is required to select individual x-ray pulses. This is
achieved by using a gated image intensifier (Hamamatsu C9546), which images the
scintillator plate. The image intensifier consists of a photo cathode followed by a
multichannel plate (MCP) and a phosphor screen. Gating is achieved by applying
a short voltage pulse to either the cathode or the MCP, therefore gain exists only
during the selected time interval. The gate duration of the image intensifier can be
as short as 3ns, thus individual x-ray pulses can be singled out. A CCD camera in
averaging mode is used to read out images. Alternatively, if single shot analysis is
required, a sufficiently short exposure time (to include only one x-ray pulse) has to be
chosen, and the exposure of the CCD must be synchronized. A schematic overview
of the timing system and gating is given in Figure 5.10. The delay between laser
excitation and the x-ray probe is set using the phase shifter, which is part of the laser
synchronization system described in Section 5.3.1, with an accuracy of about 20 ps
(synchronization jitter).

laser
4.25kHz
—_—— = B e

delay

AT
e B | L

Figure 5.10: Timing system for the time-resolved diffuse scattering setup
based on a gated detector. As an example two different laser-x-ray delays are
shown.

The detection system was installed at beamline D611, and the first experiment
using this setup studying the phase transition from crystalline to liquid InSb was
performed (Paper I ). Since the time resolution was limited to 300 ps, the structural
dynamics during the non-thermal melting process following laser excitation could not
be resolved. The scattering from the liquid InSb after thermalization was studied
and the subsequent regrowth into the solid phase was observed and explained by heat
conduction. A model based on heat conduction and melting in InSb, which includes
the latent heat in the liquid, has been developed to describe the thermal melting
and resolidification dynamics after laser excitation. A computer simulation based on
this model was conducted to verify the model. A good agreement was found with
experimental data. The source code for this computer simulation is listed in the
Appendix.
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Improvement of the time resolution of this detection scheme to the 100fs range
for diffuse x-ray scattering requires shorter x-ray pulses, such as those provided by
LINAC- or slicing-based x-ray sources. The same gating and timing scheme can be
used. Induced temporal smearing resulting from the crossed beam geometry has to
be carefully avoided. A co-linear pump-probe geometry or tilted laser wavefronts are
possible solutions to this problem.

5.5 A setup for powder diffraction

A powder diffraction setup was developed and implemented at beamline D611 during
the course of this work.

Samples in the form of powders or polycrystalline solids can be studied using x-ray
powder diffraction (the Debye-Scherrer method). A schematic overview of the setup
is shown in Figure 5.11. A bulk solid sample is exposed to the x-ray beam at grazing
incidence. To facilitate this, the x-ray spot size is reduced by closing the x-ray slits
located close to the sample. The grazing incidence geometry was used to increase the
surface sensitivity when bulk solid samples were studied.

camera '@
phosphor

screen

x-ray A

vertical sample
slits

Figure 5.11: Overview of the setup for powder diffraction at beamline D611.

Diffracted x-rays impinge onto a phosphor screen, which converts the energy into
visible light that can be recorded using a CCD camera. Each diffraction order of
the species probed by the x-ray beam creates a conical shaped beam diffracted from
the sample. The diffraction angles are determined by Bragg’s law (Equation 2.10),
from which the lattice constants can be determined. To further analyze the structure
of the sample studied using powder diffraction, the refinement method presented by
Rietfeld can be applied [66].

A MATLAB script for the analysis of the diffraction pattern recorded with a
detector under an oblique angle, as depicted in figure 5.11, has been developed and
applied in this work. The source code of the script can be found in the Appendix.

In the study reported in Paper VI | this setup was used to determine the struc-
ture of carbon based polymorphs generated by a laser-induced shockwave at a
graphite crystal surface. Highly oriented graphite was excited using laser pulses with
80mJ/cm? fluence and 100 fs duration. To investigate the structures created by the
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shockwave launched from the sample surface after laser excitation, powder diffraction
at grazing incidence and Raman spectroscopy were employed. It was shown that a
phase transition from the hexagonal phase of graphite to the rhombohedral phase
was triggered. A further analysis using Raman spectroscopy revealed, that nanoscale
cubic diamonds were created locally at the sample surface.



Chapter 6

Outlook

Experiments studying ultrafast structural dynamics have so far been restricted to a
few model systems. An early successful study was on the non-thermal melting process
in InSb. Later, phonons in bismuth crystals and in superlattices were studied. All
these model systems offer comparably high x-ray reflectivity, strong signal modulation
and the possibility to aquire data repetitively, thus making the studies feasible at the
time.

In April 2009, first lasing was observed at the first hard x-ray free electron laser,
the Linear Coherent Light Source (LCLS), at the Stanford Linear Accelerator Center.
Towards the end of 2010, the first experimental runs of the x-ray pump-probe instru-
ment at the LCLS started. The main scope of this instrument are investigations of
ultrafast structural dynamics using x-ray scattering or diffraction. The unprecedented
high-intensity hard x-ray beam combined with pulse durations below 100 fs will enable
studies of the ultrafast dynamics of more and more complex systems. With such high
intensities it is now possible to carry out measurements in a single shot meaning that
non-reversible dynamics can be studied.

So far, the LCLS is a unique source, and therefore access to users is very limited.
Ultrafast structural dynamics of weakly scattering samples can be investigated. As
interest in the research community is growing rapidly, new bright sources of ultrashort
x-ray pulses are emerging. The European X-FEL at DESY in Hamburg is expected
to start operations in 2014, and x-ray free-electron lasers are planned at SPring8 in
Japan and the Paul-Scherrer-Institute in Switzerland. The linac-based short-pulse
x-ray source SPF at MAX-Lab is planned to start operating as early as 2013.

One example of an experiment well suited for these sources would be the study
of the structure of liquid carbon. It is difficult to melt graphite using conventional
heating. But it can be molten non-thermally using an intense, short laser pulse. A
large fraction of the bonds in graphite are broken, triggering a solid-to-liquid phase
transition. The elusive transient state of liquid carbon could be captured by an x-
ray pulse immediately after excitation. The graphite sample will be permanently
damaged by the excitation pulse, therefore the structural dynamics will have to be
captured using a single-pulse scheme.

So far, coherent excitation of optical phonons has mainly been realized indirectly
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using electronic transitions, for example, in bismuth. Using short THz pulses, op-
tical phonon modes in crystals can be excited directly. The pathways of structural
dynamics that are coupled to optical phonon modes can be elucidated directly using
a short-pulse x-ray probe.

It was predicted that free-electron laser-based sources have the potential to deliver
x-ray pulses with duration as short as 1fs. This can open up the possibility of direct
studies of the dynamics of electrons in atoms and molecules using x-rays.
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Comments on my
participation

In addition to my contributions to the studies presented above, I have worked on
improvements and maintenance of various systems at the D611 beamline at MAX-
Lab. I have contributed substantially to the implementation of a new InSb-based
x-ray monochromator, thus improving the performance of the beamline. During the
course of my work, the existing x-ray streak camera has been modified to achieve
sub-picosecond time-resolution. I spent considerable time developing and implement-
ing new detectors at the beamline, such as the time-resolved diffuse x-ray scattering

detector presented in Paper I, and the powder diffraction setup described in Paper
VI.

Paper 1

A new concept to carry out time-resolved diffuse x-ray scattering measurements at a
synchrotron x-ray source was demonstrated. The melting and resolidification of InSb
following laser excitation was investigated.

I was responsible for implementing the new setup at beamline D611, which was
used in this experiment. I was involved in the measurements and data analysis,
developed the model and performed the simulations, and wrote large parts of the
manuscript.

Paper 11
A ferroelectric sample below its Curie temperature was excited using electrical pulses.
The resulting stress caused acoustic pulses, influencing the polarization state of the
domains in the sample.

I took part in setting up the experiment and carrying out the measurements. I
contributed to writing the manuscript.

Paper II1

In this study, the influence of the surface structure created by repetitive melting of
InSb with short laser pulses was investigated. It was found that ripples were formed

57



o8

at the surface, affecting x-ray diffraction. This effect is important for x-ray diffraction
experiments based on repetitive melting.

I participated in the x-ray diffraction measurements and data analysis. I per-
formed the atomic force microscopy measurements to characterize the sample surface.
I contributed to the manuscript.

Paper IV

The improvements in the x-ray streak camera are reported here. A sub-picosecond
time resolution and improved quantum efficiency were achieved using a cesium io-
dide photocathode at grazing incidence and real-time, single-shot data analysis. The
performance of the setup was demonstrated with time-resolved x-ray diffraction ex-
periments to study non-thermal melting of InSb and coherent optical phonons in
bismuth.

I took part in the development of the subpicosecond x-ray streak camera. I
participated in measurements, data analysis, and contributed to the manuscript.

Paper V

In this paper, a concept for measuring time-resolved specular x-ray reflectivity is de-
scribed. The time resolution was improved from the millisecond to the picosecond
range compared to previous experiments. The evolution of the structure of a thin film
of amorphous carbon following short-pulse laser excitation was studied, and was inter-
preted as the result of thermal strain generated by laser excitation and the subsequent
relaxation due to the diffusion of heat.

I participated in the measurements and did most of the data analysis. This
included the development of software to extract structural information from x-ray
reflectivity measurements of multi-layer samples. To understand the changes in thin
film structure induced by laser excitation, I developed a model and conducted simu-
lations of the elastic and thermal properties of the sample. I was responsible for the
preparation of the manuscript.

Paper VI

I participated in the measurements and did most of the data analysis. This included
the development of software to extract structural information from x-ray reflectivity
measurements of multi-layer samples. To understand the changes in thin film struc-
ture induced by laser excitation, I developed a model and conducted simulations of
the elastic and thermal properties of the sample. I was responsible for the preparation
of the manuscript.

I participated in the x-ray diffraction measurements and performed the Raman
spectroscopy measurements. I analyzed the data and wrote the first draft of the
manuscript.
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Paper VII

This paper describes the evolution of strain generated by short laser pulses in a
graphite crystal using grazing incidence, femtosecond time-resolved x-ray diffraction.
I participated in the measurements and contributed to the manuscript.

Paper VIII

This paper reports on the evolution of surface deformation of x-ray optics induced by
the absorption of intense x-ray pulses. This is of importance for the application of
x-ray optics in a free electron laser based x-ray source. A surface deformation affects
the wavefront of a laser pulse reflected of the surface. The experiment was carried
out time-resolved in a x-ray pump - laser probe scheme.

I took part in the measurements at ID09/ESRF and I contributed to writing the
manuscript.
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Time-resolved x-ray scattering from laser-molten indium antimonide
R. Nuske, C. v. Korff Schmising, A. Jurgilaitis, H. Enquist, H. Navirian,

P. Sondhauss, and J. Larsson

Department of Physics, Atomic Physics Division, Lund University, P.O. Box 118, Lund SE-221 00, Sweden
(Received 13 November 2009; accepted 16 December 2009; published online 22 January 2010)

We demonstrate a concept to study transient liquids with picosecond time-resolved x-ray scattering
in a high-repetition-rate configuration. Femtosecond laser excitation of crystalline indium
antimonide (InSb) induces ultrafast melting, which leads to a loss of the long-range order. The
remaining local correlations of the liquid result in broad x-ray diffraction rings, which are measured
as a function of delay time. After 2 ns the liquid structure factor shows close agreement with that
of equilibrated liquid InSb. The measured decay of the liquid scattering intensity corresponds to the
resolidification rate of 1 m/s in InSb. © 2010 American Institute of Physics.

[doi:10.1063/1.3290418]

I. INTRODUCTION

Significant advances have been made in picosecond and
subpicosecond time-resolved x-ray scattering techniques dur-
ing the past decade. Experimental efforts have mainly been
focused on the observation of nonthermal melting]*3 and op-
tical and acoustic phonon motion*™ in crystalline solids,
while x-ray studies of transient states of disordered materi-
als, e.g., liquids, have remained a greater experimental chal-
lenge. In contrast to strong Bragg reflections from crystalline
material, the liquid state exhibits only weak x-ray scattering
amplitudes due to the short correlation length of the disor-
dered structure. The broad features of the liquid structure
factor give insight into nearest-neighbor distances and occu-
pation numbers, i.e., directly encode the local structure.
Time-resolved liquid x-ray scattering experiments have al-
lowed precise measurements of the reaction pathway of mol-
ecules in solution,” and have shed light on the dynamic
structural changes of liquid water." The emergence of the
liquid phase of InSb after laser-driven nonthermal melting
was recently captured directly with femtosecond resolution
at the SPPS at the SLAC National Accelerator Laboratory.*
This study focused on potential voids and ablated material
which occur in the scattering pattern at low momentum
transfer vectors. It was found that the liquid is formed within
1 ps. Simultaneously, Bragg peaks, indicative of an ordered
lattice, disappeared.

In this letter we demonstrate the possibility of carrying
out laser-pump/x-ray probe experiments using a two-
dimensional (2D) detector at a synchrotron radiation facility
with 10 ns bunch spacing and a uniform filling pattern, and
report on laser-molten InSb and its subsequent regrowth with
a temporal resolution of 400 ps.

Il. SETUP FOR TIME-RESOLVED X-RAY SCATTERING

The time-resolved, liquid scattering experiment was car-
ried out at beam line D611 at the MAX-laboratory synchro-
tron radiation facility in Lund, Sweden. X rays from a bend-
ing magnet of the 1.5 GeV MAX-II storage ring are focused
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by a toroidal gold-coated mirror and reduced in aperture by a
set of slits. The small x-ray incident angle (65=0.9 = 0.05°)
leads to an elongated x-ray footprint of 0.1X 3.0 mm?. The
x-ray divergence is 3X 0.7 m rad® (horizontal-vertical), and
a multilayer monochromator allows the energy to be set to
Ey 1y=7.5 keV with a bandwidth of AE, ,/Ey 1,y=10"% A
single x-ray probe pulse at the sample contains about 700
photons, and has a duration of approximately 300 ps.

A Ti:Al,05-based femtosecond laser system, operating
at a repetition rate of 4.25 kHz, with a 790 nm center wave-
length, 4.5 W average power and 45 fs pulse duration, was
used for excitation. The optical pump beam was focused by
two cylindrical lenses to a spot size of 0.3X 4.0 mm? [(full
width at half maximum (FWHM)] which, assuming a Gauss-
ian beam shape, yielded a fluence of 45 mJ/cm? incident on
the sample. The laser pulses are synchronized to a particular
electron bunch in the storage ring with a jitter below 10 ps.

A. Detection system

To study the diffuse scattering of the liquid phase of
InSb a single-photon-counting detection system was de-
signed and set up as shown in Fig. 1. The scattered x rays are
converted into visible radiation (center wavelength \
=425 nm) in a 2-mm-thick plastic scintillator (Saint Gobain,
BC-408). The scintillator features a 2.1 ns decay time (1/e),
and a 0.9 ns rise time (10%-90%), which corresponds to a
total 2.5 ns pulse width (FWHM). The conversion efficiency
was measured and found to be 60 photons per single 7.5 keV
x-ray photon. The spatial resolution of the scintillator for
x-ray detection is limited due to the deviations from normal
incidence for x rays onto the scintillator and its thickness.
This effect sets a lower limit for the Q resolution of the
detector. In our case, the spatial resolution is 0.27 mm close
to the beamstop, and 2.8 mm at the outer edge of the scin-
tillator. This corresponds to 0.02—0.20 A~'. The Q reso-
lution in our experiment is limited to 0.4 A" at Q=3 A"
due to the size of the x-ray spot. A thin aluminum coating
(<500 nm) on the front of the scintillator blocks any stray
light from the pump beam and reflects the generated visible

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Concept of the time-resolved liquid x-ray scatter-
ing setup. The broad scattering rings of liquid InSb are detected by a plastic
scintillator. An image intensifier is used to electronically gate single x-ray
bunches to achieve a time resolution of one x-ray bunch length plus the
timing jitter between the x rays and laser radiation, i.e., approximately 350
ps. b) A typical 2D image of the liquid structure factor at £=2 ns; the lines
indicate the equivalent scattering vectors, Q.

light toward the detection system. The generated photons
from the scintillator are collected with a lens of 7.5 cm focal
length and 15 cm diameter at 30 cm distance and imaged
onto the photocathode of an image intensifier unit
(Hamamatsu C9546). This results in a collection efficiency
of 1.4%. The overall image magnification from the scintilla-
tor onto the charge-coupled device (CCD) is 1/9. The spatial
resolution of the intensifier unit is 45 Lp/mm.

The image intensifier provides signal amplification and
has a gating mode with gate times as short as 3 ns, i.e., it
allows the selection of a single x-ray bunch synchronized to
the laser repetition rate at 4.25 kHz. The minimum available
gate time would be short enough to gate out single bunches
at synchrotrons with rf frequencies up to 500 MHz, and 2 ns
bunch spacing respectively. A scintillator with a sufficiently
short pulse width, such as barium fluoride, would be required
in this case.

To reach single x-ray photon sensitivity, a second (iden-
tical) image intensifier was connected in series, which al-
lowed single, clearly distinguishable scattered x-ray photons
to be counted. The maximum photon gain of the intensifier
units at the emission wavelength of the scintillator (425 nm)
is 3.8 X 10°. The first intensifier was set to gating mode with
high gain (900 V), and the second image intensifier was set
to moderate gain (700 V) in continuous mode. The accessible
voltage range is 600-1000 V.

The 2D scattered intensity is recorded using a thermo-
electrically cooled Electron Multiplying CCD camera (An-
dor iXon). The sensor was cooled to =70 °C and the electron
multiplying gain factor was set to 100. In conjunction with
the gain from the image intensifiers, single x-ray photon sen-
sitivity was reached. The CCD pixel size is 8 um, the chip
area is 8 X8 mm?.

The gain of the detector is sufficient to clearly detect
single x-ray photon events. A single photon counting algo-
rithm is used in the data analysis, which limits the signal-to-
noise ratio to the shot noise level.

A realistic estimate for the quantum efficiencies of the
components can be done as follows: The x-ray absorption at
7.5 keV in the scintillator is 64% and it converts on average
into 60 photons, of which 1.4% is collected with the lens.
The optical components used transmit in total 74% of the
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photons at the scintillators emission wavelength 425 nm. The
image intensifier is specified with a quantum efficiency of
10% at the emission wavelength of the scintillator. All in all,
it results in a total of 3.9%.

We determined the overall quantum efficiency of the de-
tector using a strongly attenuated Bragg reflection of InSb.
The x-ray flux before the scintillator is measured using a
calibrated Si x-ray diode (AXUV100GX, International Ra-
diation Detectors) and compared to the x-ray count rate on
the 2D detector when the diode is removed. The overall de-
tection efficiency (i.e., the ratio between scattered and de-
tected photons) is measured to be 3.2%.

This detection technique eliminates the necessity for
x-ray choppers to select a single x-ray pulse for time re-
solved x-ray scattering experimcnts.15 A hybrid or single
bunch filling pattern in the storage ring is not required. It
offers a unique alternative to the gateable area pixel array
detector PILATUS (gate time 150 ns), which was recently
tested in time-resolved x-ray experiments.'®

lll. EXPERIMENTAL RESULTS

An InSb wafer [asymmetrically cut at —17° to the
(1 1 1) planes] is mounted on a motorized xyz stage, which
also allows 6y and the azimuthal angle ¢ to be set remotely.
The grazing incident geometry allows the x-ray penetration
depth, & ray (=90 nm for 65=0.9° and Ex ray=7.5 keV) and
the melting depth &, to be matched."

Over 100 short exposures with an acquisition times of
5 s alternating with “laser on” and “laser off” settings were
measured. This means that the same surface area was molten
more than 10° times. In order to investigate if this repetitive
melting affects the data, we measured the total counts as a
function of measuring time. We observed a moderate sublin-
ear increase (o¢) in the total counts as a function of mea-
suring time. In high-repetition-rate melting experiments with
moderate melting fluences (<45 mJ/cm?) the only observed
degeneration is the emergence of small ripple structures be-
low 100 nm in height.]7 Such small surface structures do not
adversely affect the scattering geometry, i.e., the matching of
the x ray and laser penetration depth.

To control the spatial and temporal overlap of the x-ray
probe and the optical pump, the decrease of the intensity of a
strong Bragg reflection, e.g., (1 1 1) at 0=1.68 A~ is
monitored. The Bragg condition for different reflections is
fulfilled by changing the azimuth angle ¢ and/or tuning the
X-ray energy.18 We tuned the x-ray energy to 5.4 keV on
resonance with the (1 1 1) Bragg reflection from the asym-
metrically cut InSb crystal. The gate of the image intensifier
is set to include a single x-ray bunch shortly after excitation.
If the overlap is good, a decrease in scattered intensity of
about 40% 1is easily detected during an integration time of
several seconds. This technique is also used to determine the
time-delay zero. During the measurement of the scattering
signal from liquid InSb, the Bragg reflection used for the
overlap check was attenuated beyond the point where it
could be detected, by tuning the x-ray energy off resonance
to 7.5 keV. Figure 1(b) shows an example of an image of the
difference signal of the integrated laser on and laser off mea-
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FIG. 2. (Color online) Liquid structure factor S(Q) at various time delays:
—2, +2.5, and 52 ns in respect to the laser pulse. Good agreement is seen
with an ab initio calculation of equilibrated liquid InSb (solid line)
(Ref. 19).

surements. The black lines indicate equivalent scattering vec-
tors Q, where Q=41r-sin(6)/\, with the scattering angle 26
and the x-ray wavelength N\. O space is calibrated by record-
ing several low-indexed Bragg reflections of InSb. Integra-
tion yields the scattering intensity as a function of Q, which
is shown in Fig. 2 for different time delays: 2 ns prior, 2.5 ns
after, and 52 ns after the laser excitation. Here, the measured
number of photons is corrected for the atomic form factor
squared and, hence, yields a value directly proportional to
the structure factor S(Q). The first broad diffraction ring has
its maximum at 9=2.2 A~'. This is in excellent agreement
with an ab initio calculation for liquid InSb (red line) for
1<Q0<3 A-1" However, the shoulder at approximately
Q=3 A~!is more pronounced in the measurement.

Figure 3 shows the integrated scattering intensity for the
main and the second peak at 0=3 At (inset) as a function
of delay time. The intensity of the main peak increases more
slowly than the temporal resolution of the experiment, and
reaches a maximum after approximately 2 ns. It then falls to
zero within 100 ns. The integrated scattering intensity of the
second peak shows identical temporal behavior within the
margin of uncertainty.
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FIG. 3. (Color online) Integrated structure factor S(Q) as a function of time
delay. The squares and triangles (inset) correspond to the integrated struc-
ture factors of the peak at Q=2.2 A™! and Q=3 A7, respectively. The
melting depth as a function of time (solid line) was calculated using a 1D
heat flow equation and reproduces the initial, noninstantaneous melting and
the subsequent regrowth of InSb well. Experimental melting depths ex-
tracted from a nonthermal melting experiment conducted at a laser fluence
of 36 mJ/cm? are also shown (dots) (Ref. 21).
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IV. DISCUSSION

The good agreement between the integrated, scattered
intensity and previously measured and calculated structure
factors of equilibrated liquid InSb (Ref. 19) suggests that
already after 2 ns the laser-formed liquid has a local structure
similar to that of thermalized liquid InSb. Figure 2 shows
background-corrected integrated, scattering intensities. The
curve for a x-ray bunch 2 ns prior the laser excitation repre-
sents the overall noise level for this experiment, since the
sample had sufficient time to resolidify and thermalize after
the previous laser pulse. The curve for the delay of 2.5 ns
shows the integrated scattering intensity from the liquid InSb
when it is close to its maximum. After 52 ns the signal has
dropped due to resolidification.

The shoulder of the structure factor at Q=3 A~! origi-
nates from the second nearest neighbor, at r=4.3 A, of the
crystalline zinc blende structure of InSb, and has been inter-
preted as a covalent Sb—Sb bond in liquid InSb." This pro-
nounced feature is well reproduced in our time-resolved
measurements; its decay time unambiguously shows that it
indeed arises from liquid InSb (cf. inset of Fig. 3). Because
outer coordination shells generally disappear with increasing
temperature,zn this feature strongly corroborates the rapid
thermalization of laser-molten InSb, i.e., within approxi-
mately 2 ns. More precisely, the temporal evolution of the
scattering intensity is well explained by a simple one-
dimensional (1D) heat flow model (red line in Fig. 3). Not-
ing, that up to the probe depth, & 1,,=~90 nm, the liquid
scattering intensity is, to a first approximation, directly pro-
portional to the melting depth, the model identifies the fol-
lowing four time regions of the transient liquid InSb. First,
the energy deposited by the laser excitation leads to ultrafast,
nonthermal melting of a surface layer with a thickness of
£ne=50+10 nm." In the second time region, the initial,
high temperature gradient then results in rapid redistribution
of energy and to subsequent thermal melting of deeper lying
layers. This thermally molten volume contributes signifi-
cantly to the measured scattered intensity, and leads to a
noninstantaneous increase within approximately 2 ns. The
high standard enthalpy of fusion of InSb initially causes an
approximately 130-nm-thick layer at the constant melting
temperature, 7;,,,,=800 K, directly below the molten surface
layer, &,c1- This delays the conduction of heat and causes the
plateau seen in the melting depth in the third time region
between 3 and 15 ns. The decrease in the liquid scattering
intensity during the subsequent fourth time region corre-
sponds to the resolidification of InSb at a rate of approxi-
mately 1 m/s. The model shows best agreement with the
measurements when a static sample temperature of 600 K is
assumed.”’ In previous laser-induced melting experiments
the formation of the liquid state was inferred by studying
the ultrafast decrease of intensity in Bragg reflections, !
providing complementary information about time-dependent
melting depths. Data from Harbst et al.*' are shown in Fig. 3
as green dots. We attribute the smaller melting depth re-
ported by Harbst et al. compared to the simulation of the
present experimental conditions to weaker laser excitation
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(36 mJ/cm? compared to 45 mJ/cm? in this study). The
temporal characteristics reported by Harbst e al. are in ex-
cellent agreement with our data.

V. SUMMARY

In conclusion, we have demonstrated that time-resolved
X-ray scattering experiments on laser-molten disordered InSb
can be carried out at a synchrotron radiation facility with a
uniform bunch fill pattern. Excellent agreement with previ-
ously determined liquid structure factors has been shown.
The measured rise and decay times of the liquid scattering
amplitude correspond to continued thermal melting and sub-
sequent resolidification, respectively.
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Acoustically driven ferroelastic domain switching observed by time-resolved x-ray diffraction
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Domain polarization switching in potassium dihydrogen phosphate (KH,PO,, KDP) induced by a propagat-
ing strain wave has been observed with time-resolved x-ray diffraction. A pulsed electric field with amplitude
of 6 kV/cm and duration of 1 us was applied along the crystallographic ¢ axis. The field-induced strain waves
emanating from the sample surfaces are the result of the converse piezoelectric effect. In the center of the
probed surface two waves interfered constructively inducing ferroelastic domain switching, in the absence of
an external electric field, at a delay of 3 wus, corresponding to acoustic propagation at a velocity found to be

1500 m/s.

DOI: 10.1103/PhysRevB.81.024113

I. INTRODUCTION

Ferroelectric crystals have many applications in both sci-
ence and technology. They are used, e.g., as components in
computer memories,! as electro-optical devices,>? and
microsensors.* The relation between the microscopic struc-
ture of ferroelectrics and the observed mesoscopic and mac-
roscopic properties has been studied. Optical techniques
have been used to study the domain structure and the effects
of external electric field, stress, and temperature.s’8

Potassium dihydrogen phosphate (KH,PO,, KDP) was
one of the first ferroelectric materials to be discovered, and
the theoretical modeling of ferroelectrics is based on studies
of this material.>!* Experimental studies of KDP and isomor-
phs have included optical techniques,'' x-ray scattering,'?
electron-spin resonance,'? and neutron scattering.'* Recently,
the piezoelectric effect in paraelectric KDP at room tempera-
ture was studied at a third-generation synchrotron facility by
Van Reeuwijk ef al.'> Grigoriev et al.'®'7 measured the do-
main dynamics of thin films of [Pb(Zr, Ti)O5], also known as
PZT, which is ferroelectric at room temperature.

In the present work, time-resolved x-ray diffraction was
used to study how high-amplitude strain waves induce fer-
roelastic domain switching in KDP just below the Curie tem-
perature (7). Our work does not only demonstrate that it is
possible to achieve sufficient amplitudes to induce domain
switching but also demonstrates a way to measure the stress-
strain relationship in ferroelastic materials. The acoustic
strain waves were induced using the converse piezoelectric
effect in a manner similar to that used by Van Reeuwijk et al.
Close to T, the piezoelectric modulus is orders of magni-
tude higher than at room temperature, resulting in large-
amplitude Rayleigh waves emanating from the corners when
an electric pulse is applied. These strain waves have been
observed to induce domain polarization switching. Rayleigh
waves both rotate and strain the lattice planes. In the center
of a surface though, the rotational components of Rayleigh
waves coming from opposite ends compensate each other
and only strain remains. This has been confirmed in simula-
tions that are discussed later.

At room-temperature KDP has tetragonal symmetry and

belongs to the space group /42d. When the crystal is cooled
below T, it undergoes a phase transition to the ferroelectric
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phase, which has an orthorhombic symmetry and belongs to
the Fdd?2 space group. The unit-cell dimensions as shown in
Fig. 1 are a=10.5459(9) A, b=10.4664(10) A, and ¢
=6.9265(21) A at 20 K below Tc.'8 Unless otherwise stated
we will use a coordinate system with axes (x,y,z) parallel to
the axes of the ferroelectric unit cell a, b, and c¢. This will be
referred to as the ferroelectric coordinate system as shown in
Fig. 1. The standard coordinate system for the parelectric
phase is rotated by 45° around the common z axis compared
to the ferroelectric coordinate system. The structural change
in KDP at T is explained by the double-well potential of the
hydrogen bond between the oxygen atoms that link the PO,
groups. This is discussed in the review article by Nelmes."?
Above T, the hydrogen atoms move freely between the two
potential minima. Below it, the thermal energy of the hydro-
gen atoms is not sufficient to overcome the potential barrier
and hence they remain on one side or the other. As a conse-
quence, the hydrogen bonds become asymmetric, which af-
fects the internal structure of the phosphate groups as well as
the position of the potassium ion. The structural changes in
turn affect the unit cell, which undergoes shear deformation
(in the paraelectric coordinate system). The displacement of
the phosphor and potassium atoms results in a permanent
dipole moment along the ¢ axis. The dipole moments in the

FIG. 1. Sample geometry. The sample was coated with gold
electrodes as indicated by the shaded box close to surface H. The
orthorhombic unit cell dimensions (a, b, and ¢) are drawn for the
two studied domain types. Sample surfaces are marked as F, G, H,
and 1.

©2010 The American Physical Society
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A" and B* domains are in the same direction, which is op-
posite to the direction of the dipole moments in the A~ and
B~ domains.

II. EXPERIMENTAL SETUP

The experiment was carried out at beamline D611 at the
MAX-laboratory synchrotron facility in Lund (Sweden),
which provides x rays in the range 3-10 keV. A double-
crystal Si (111) monochromator was used to obtain 4.3 keV x
rays with a bandwidth of AE/E=2.0X 107*. The x-ray foot-
print on the sample was 1X 0.2 mm? The KDP sample had
dimensions of 10X 10X 1 mm? along the a, b, and ¢ axes,
respectively, and was mounted on a cryogenically cooled
manipulation stage so that the position in all three spatial
directions, and the incidence angle could be changed. The
crystal was cooled to about 3 K below 7~ which is known to
be 123 K. The temperature was measured by a diode-based
temperature sensor mounted in contact with the sample. The
measured fluctuations were less than 0.2 K. Any systematic
dependence from applying the electric pulses was less than
that. However, it is difficult to measure the absolute tempera-
ture, so all temperatures are given relative to 7. The KDP
220 Bragg reflection was studied, where the Miller indices

are given in the paraelectric /42d basis corresponding to the
400 reflection in the ferroelectric Fdd2 basis. This is hence-
forth referred to as the 400 reflection. The sample was sym-
metrically cut, i.e., the probed reciprocal-lattice vector was
parallel to the surface normal. The Bragg angle was 30°. In
this setup the x-ray penetration depth was 6 um, limited
mainly by absorption.

An electrical field was applied parallel to the ¢ axis by
means of gold electrodes which were evaporated directly
onto the crystal. Square voltage pulses were applied with a
duration of 1 us at a 500 Hz repetition rate. The rise time of
the high voltage was on the order of 100 ns. An avalanche
photodiode (APD S5343LC5, Hamamatsu) with a time res-
olution of about 1 ns and active area of 1 mm? was used to
detect the x rays reflected off the KDP crystal. The x-ray
energy was scanned and the diffracted intensity was recorded
as a function of time for each energy step using a LeCroy
WaveMaster 8500 oscilloscope. Each such transient building
up the time-resolved energy scan is the average of 570
events. Scanning the energy is a convenient way of recording
a rocking curve as long as there are no absorption edges
nearby and the scanning range is small. Scanning the diffrac-
tion angle would require scanning of the small fast detector.

III. EXPERIMENTAL METHOD

As can be seen in Fig. 2 the single paraelectric peak splits
into four separate peaks in the ferroelectric phase. This is due

to the fourfold rotation-inversion (4) symmetry axis of the
paraelectric phase. Thus, there are four different ways in
which the structure can be transformed, and hence four pos-
sible domain types with a permanent dipole moment can
exist below T¢. These domains are termed A*, A~, B*, and
B~ according to the definition used by Bornarel.”’ Below T,
the 400 reciprocal-lattice vectors of the four domain types

PHYSICAL REVIEW B 81, 024113 (2010)

x 10
12 paraelectric peak
1

10

Photon/sec
[}

e — —

424 426 428 43
Energy (keV)

==

432 434

FIG. 2. X-ray energy scan. A paraelectric peak at room tempera-
ture (dashed line), B* and B~ peaks (solid lines), A* and A~ peaks
(dashed-dotted line). We also show the domain orientation for the
four main domain types (Ref. 20). The representation is in the
paraelectric coordinate system.

have different orientations and magnitudes (see Fig. 3). Each
of the domains fulfills the Bragg condition at a different
x-ray energy for a certain angle of incidence. Figure 2 shows
three energy scans at the same angle of incidence. One scan
was taken above T and shows the paraelectric peak. The
other two scans were recorded below 7 and show the ferro-
electric peaks. In these two scans the sample has been con-
ditioned by cycling the temperature and by applying a dc
field in order to produce either A* and A~ domains or B* and
B~ domains, Fig. 3.

We use the relative intensity of the peaks to measure the
volume ratio of the different domain types. The interpretation
of the intensity as a measure of the volume ratio is unam-

Kns+)

G
AT Gy

FIG. 3. (Color online) Vector representation of Bragg’s law for
the different domain types in KDP. The incoming wave vector
(Ko) is shown together with the scattered wave vectors
(Kn(B+)> Kn(s-)» Kn(a+)» Kn(a-))- The 400 reciprocal-lattice vectors for
the different domain types are also drawn as solid lines. A strain
modifies the lattice vectors (shown as dashed lines) and thereby the
scattering vectors.
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biguous under our conditions. First, we have observed ex-
perimentally that domains are much smaller than the x-ray
footprint on the sample which confirms previous measure-
ments of domain size to be about 10 um by Bonarel® and
others.?!?? This excludes the possibility that the intensity
variation is due a few large domains moving in and out from
the 1 mm probe area. Second there are no effects from x-ray
scattering efficiency changes. Since we are making energy
scans and the integrated intensity is evaluated, shifts cannot
significantly change the intensity of the scattered radiation.
Shifts of 5 eV can change the structure factor by only by
0.5% whereas the changes observed are as large as 50%.

IV. MODEL

Applying a homogeneous electric field to a KDP crystal
results in homogeneous stress due to the converse piezoelec-
tric effect, giving rise to a homogeneous strain defined by?’

77i=djiEj’ (1)

where dj; is the piezoelectric modulus and E; is the applied
electric field.

When the electric field is switched on and off, the relax-
ation of the piezoelectric stress generates Rayleigh waves
that emanate from the corners of the crystal and propagate
along the surfaces. In the paraelectric coordinate system the
pure shear strain for the initially applied electric field (6 kV/
cm) is calculated to be 9 X 107 using Eq. (1) and the piezo-
electric tensor given by Liidy.>* In the ferroelectric coordi-
nate system, it corresponds to a tensile strain of 4.5 X 107,
The temporal profiles of the acoustic wave essentially mimic
the temporal evolution of the electrical pulse. In order to
fully understand the acoustic conditions in the experiments,
two-dimensional simulations were carried out using the finite
element method (FEM). The simulations take into account
the piezoelectric and elastic tensors of KDP, the size and
orientation of the crystal and the size of the gold coating.
Waves propagating along the ¢ axis had been neglected in
order to reduce the computational costs. The simulation
shows that on the probed surface a Rayleigh surface wave
propagates. As expected, we observe that the displacement of
the wave is rotating and that the direction of rotation differs
between the waves emanating from either edge. At the center
of the probed surface, where interference of the two waves
occurs the horizontal parts cancel out and a vertical displace-
ment giving rise to a vertical strain remains. The time evo-
lution of the strain at the center of the probed surface is
plotted in Fig. 4. The full movie showing the strain propaga-
tion is available online.?> The velocity of Rayleigh waves in
KDP has been found to be 1500 m/s (Ref. 26) which means
that the strain pulses are only 1.5 mm long. The simulations
also show that the electric pulses induce bell-mode oscilla-
tions in KDP, i.e., resonance of the crystal as a whole. The
displacement of an atom by these bell modes can be signifi-
cant but the strain (the gradient of the displacement) is small
for these long-wavelength modes. The strain-generation
mechanism is quite similar to the work by Thomsen et al.?’
who studied laser-induced low-dispersion waves using opti-
cal techniques. Later such low-dispersion strain waves have

PHYSICAL REVIEW B 81, 024113 (2010)
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FIG. 4. Simulated evolution of the strain in the probe region
from an FEM model. It is in good agreement with the measured
shift of the B* and B~ peaks.

been extensively studied by x-ray scattering techniques,?$-3>

and the probing techniques for measuring these propagating
waves are nearly identical to the work described here.

The strain can experimentally be observed in the energy
scans as shifts of the peaks representing the different domain
types. As seen in the FEM simulations, the excited acoustic
waves do not induce any significant rotation of lattice planes
in the middle of the surface H where they are probed. So the
change in peak position can be readily used to evaluate the
strain.

The tensile stress, o, can be calculated from the strain
using Hook’s law and the elastic tensor, C, for the ferroelec-
tric phase

o=Cn. (2)

For the geometry employed in this experiment, strain in y
direction (7,) is parallel to the normal of surface H. The
stress in y direction is negligible due to the free surface. The
strain 7, can be calculated from the tensile stress along the x
axis using the elastic tensor using Eq. (2).

Care must be taken not to induce temperature effects via
the applied electric field. However, no dc peak shift was
observed when applying the pulsed voltage to the sample,
which agrees with the temperature sensor measurement. Fur-
thermore the signature is different as a temperature change
moves the ferroelectric peaks closer or further away from the
center of gravity whereas the acoustic wave moves them in
the same direction (toward higher or lower energy, depend-
ing on whether it is expansive or compressive strain).

V. MEASUREMENTS AND RESULTS

A time-resolved energy scan showing the effect of the
acoustic waves is shown in Fig. 5. The diffracted intensity is
coded in false color. The data were obtained by probing the
center of the sample. Due to the conditioning of the sample
the probe volume consists of only two domain types, B* and
B~. The B* domains have diffraction peaks at higher energy.
The B* signal is stronger, indicating that there is a larger
volume fraction of B* domains in the probe volume. When a
voltage of 6 kV/cm is applied with a polarity which we will
refer to as positive, an initial shift of each peak is observed.
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FIG. 5. (Color online) Diffracted intensity as a function of time
and x-ray energy. The signal at 4.24 keV corresponds to the B~
domain and the signal at 4.31 keV comes from the B* domains. The
data were recorded following a positive 600 V pulse with 1 us
duration starting at time r=0. The center of the crystal was probed.

This shift follows the 1 ws pulse shape of the electrical
pulse. This is consistent with a longitudinal wave propagat-
ing from the H surface (Fig. 1). Approximately 3 us later, a
shift is observed which is twice as large. This arises from the
interfering Rayleigh waves emanating from the corners.
When these waves are reflected at the respective opposite
surfaces their phase changes from expansion to compression,
and as they travel back to the probe area a shift in the oppo-
site direction is seen. This is repeated several times with a
period of 13 us determined by the propagation time in the
crystal. Knowing the dimensions of the crystal, the speed of
the waves in the crystal was calculated to be 1500 m/s,
which is in agreement with the room temperature measure-
ment by Bakos et al.?® Another striking feature of the data is
that expansive strain is accompanied by enhancement of the
B* integrated peak intensity and a corresponding decrease in
the B~ peak, indicating a smaller fraction of B~ domains.
Similarly, compressive strain induces enhancement of the B~
signal at the expense of B* intensity.

In order to understand these observations and to analyze
them quantitatively we note that in a ferroelastic material,
strain is made up from two contributions. The first is a con-
tribution proportional to the stress and the second one comes
from domain reversal. In KDP a full domain reversal corre-
sponds to a 0.76% change in strain. We will from here on
refer to these contributions as the linear strain and the fer-
roelastic strain, respectively. Hence, the amplitude of the lin-
ear strain can be evaluated from the shift in the energy of
each peak and the amplitude of the ferroelastic strain can be
evaluated by the relative integrated peak intensities from the
two domain types as shown in Fig. 6. As discussed in the
experimental methods section, the integrated intensity of
each domain peak is a measure of the fraction of that par-
ticular domain type in the probe volume.

Since the electric field is applied along the crystallo-
graphic ¢ axis the only nonzero element of the piezoelectric
modulus is dss. The matrix element, ds4, in the tetragonal
paraelectric coordinates couples the electric field along the
crystallographic ¢ axis to linear pure shear strain in the plane

PHYSICAL REVIEW B 81, 024113 (2010)
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FIG. 6. (Color online) (a) Position and (b) integrated intensity of
the diffraction peaks of the B* and B~ domains derived from the
data in Fig. 5.

normal to the ¢ axis. The piezoelectric modulus, ds4 has been
investigated by Liidy.>* It shows an anomaly and increases
from 23.2 pC/N at 20 °C to 1470 pC/N at T which is the
value used in our calculations since the temperature variation
in dzq below T is small. The linear shear strain at the ap-
plied field of 6 kV/cm can be calculated, and it corresponds
to a linear tensile strain of 4.5X 107* corresponding to a
tensile stress of 620 N/cm? in the rotated ferroelectric coor-
dinate system. This is in excellent agreement with the present
experimental study, where the initial strain from the shift in
the energy was found to be 5X 107*. The strain after 3 us is
twice as large (1073) since we probed the center of the upper
surface, where Rayleigh waves emanating from the top cor-
ners of the crystal interfere constructively. Near the surface,
this corresponds to a tensile stress perpendicular to the strain
which is 3100 N/cm?. When probing an area off-center by
more than 0.75 mm, where no interference can occur, the
peak energy shifts and changes in x-ray intensity are less
prominent and more complex due to the rotary displacement
vectors which are present. Attempts to induce higher stress
by increasing the voltage resulted in sample damage, which
was manifested as a crack in the exact center of the crystal
where the interference occurred.

The stress-strain relation for ferroelastic materials is de-
scribed by a hysteresis loop.3* As shown above, the stress
can be calculated from the linear strain. The ferroelastic
strain can be derived from the relative integrated peak inten-
sities of the two domain types. Hence we can plot the stress-
strain relation from the data in Figs. 5 and 6.

The measured stress-strain relationship of KDP is shown
in Fig. 7. The stress was not sufficient to observe actual
hysteresis. However, the deviation from linear behavior is
obvious. The points in Fig. 7 are experimental data and are
built up by all the time points in Fig. 6. The stress (x axis in
the Fig. 7) was calculated from the linear strain which was
directly measured by the shift in peak energy of the B* do-
mains using Eq. (2). The integrated peak intensities were
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FIG. 7. (Color online) Measured stress-strain relation for KDP
at Tc=3 K. The data from Ref. 34 is added as an inset.

determined for each time point. They provide the ferroelastic
strain which is the main contribution to the strain in Fig. 7.
The deviation from a linear stress-strain relation is an indi-
cation of ferroelastic hysteresis, although we do not observe
a significant difference in strain depending on if stress is
increasing or decreasing. The only ferroelastic measurement
previously carried out for this brittle material has been added
for comparison. That measurement was carried out using
electron paramagnetic resonance in Cr**-doped KDP.3* We
show the data from Ref. 35 as an inset to Fig. 7 since the
strain scale was arbitrary in that paper.

VI. DISCUSSION

The switching process can be understood from the ideas
of Slater” and Yosama and Nagamiya.'” The Gibbs free en-
ergy can be written as

1
U= ENa 77— &'N— By(N* =N~) — (N* = N )uE - TS,

3)

where N* and N~ denote the number of (H,PO,)~ dipoles in
the unit cells belonging to domains with polarity parallel or
antiparallel to the ¢ axis, a is a number proportional to the
normal elastic constant, and N is the total number of dipoles.
The first term stands for the elastic energy, which is the same
for both domain types. The second term represents the inter-
action of dipoles with each other, where &° is a constant

PHYSICAL REVIEW B 81, 024113 (2010)

parameter. The third term was introduced by Yosama and
Nagamiya.!? It describes a correction to the elastic energy
which has opposite signs for the two domain types and 3 is
a constant. This term is the most important when discussing
ferroelastic switching. The fourth term was introduced by
Slater® to account for the reorientation of domains of dipole
moment x4 in an external electric field (E). T is the tempera-
ture and S is the entropy which is a function of N, N*, and
N~

The domain ratio follows from the minimization of the
free energy. In the absence of external fields or forces the
crystal will have an equal fraction of domains with opposing
polarization in order to compensate the depolarizing fields.
In the presence of an external field or forces the equilibrium
ratio changes and domain switching occurs in order to mini-
mize the free energy. Domain switching in ferroelectric ma-
terials has been studied extensively and has been found to
occur in different ways: through nucleation of a reverse po-
larization domain, through domain propagation in the direc-
tion of the electric field, and through domain growth in the
direction perpendicular to the electric field.!>3

In our experiment the field is turned off after 1 us by
grounding both electrodes, and the electrodes will rapidly
redistribute the surface charges to compensate for the polar-
ization induced by the piezoelectric effect as the strain waves
propagate. This means that there is no macroscopic external
field present. In Eq. (3), the term including the electric field
is zero while the ferroelastic term is independent of the field.
Hence, we find that the mechanism responsible for domain
switching is ferroelastic rather than ferroelectric. We have
experimentally observed that expansive strain is accompa-
nied by the increase in B* domains and compressive by that
of B™. This is consistent with the fact that the factor g in Eq.
(3) is positive as predicted by the original calculations.!” In
conclusion, we have generated and observed high-amplitude
strain waves in the ferroelectric phase of KDP, and that these
waves drive domain polarization switching in the absence of
an electric field.
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Abstract In this paper, we present the investigation and
characterization of the laser-induced surface structure on
an asymmetrically cut InSb crystal. We describe diffraction
from the ripple surface and present a theoretical model that
can be used to simulate X-ray energy scans. The asymmet-
rically cut InSb sample was irradiated with short-pulse ra-
diation centred at 800 nm, with fluences ranging from 10 to
80 mJ/cm?. The irradiated sample surface profile was inves-
tigated using optical and atomic force microscopy. We have
investigated how laser-induced ripples influence the possi-
bility of studying repetitive melting of solids using X-ray
diffraction. The main effects arise from variations in local
asymmetry angles, which reduce the attenuation length and
increase the X-ray diffraction efficiency.

1 Introduction

Laser—matter interaction has been studied since the 1960s.
During the past decade, investigations of time-resolved
structural changes in solids using ultrafast X-ray tech-
niques have become an important research field. Laser-
induced ultrafast non-thermal melting induced by a laser has
been studied using X-ray probes [1-3]. Coherent acoustic
phonons [4-6], optical phonons [7] and folded phonon
modes in the layered semiconductor structures [8, 9] have
also been investigated. Due to insufficient flux of present-
day X-ray sources, many of these studies have to be carried
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out in repetitive mode. When a laser beam interacts with
matter, a series of complex events is triggered. Laser irradi-
ation can excite the solid to a state far from equilibrium. In-
teresting surface behaviour was observed by Birnbaum [10]
when the laser fluence was close to the melting threshold of
the material. Spontaneous, highly periodic permanent sur-
face structures or “ripples” can be created on the surface of
a solid material irradiated with pulsed or CW light.

Several explanations of the mechanism behind these rip-
ples have been proposed. Emmony et al. [11] first suggested
that these ripples were the result of the interference between
an incident wave and the wave scattered from imperfections
such as dust particles or scratches on the surface. A mech-
anism for ripple formation from the liquid phase was later
proposed by Kerr et al. [12]. According to Sipe et al. [13],
the transverse transport of energy following melting with
laser radiation is slow. Hence the solid-liquid interface maps
the inhomogeneous energy deposition due to interference,
reflecting the sine like shape. Laser-induced ripples are clas-
sified as ST, §~ and c fringes and occur preferentially with
three different periodic spacing, given by:

Ar=A/(1 £sinf) and Ac=21r/cosb, (1)
where 6 is the angle of incidence of the laser with respect
to the surface, and A is the wavelength of the laser radia-
tion [13]. The wavelength, polarization and incident angle
of the laser radiation determine the spatial period. The S+
and S~ ripples occur perpendicularly to the polarization and
have a period given by (1). ST is usually dominant [14].
The c-type fringes are rarely formed and run parallel to the
direction of polarization. It has been found that the ripple
structures do not depend on surface orientation, and follow
only the laser irradiation direction [15]. The ripple structure
is independent of the atmosphere, and is most pronounced
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at fluences close to the melting threshold [16, 17]. Ripple
formation can be directly applied in hard material microma-
chining due to its precision and lack of ablation, and can also
be used to manufacture gratings [18]. The general conclu-
sions in this paper are true for repetitive diffraction studies
of opaque materials subjected to high-intensity laser radia-
tion near the damage-threshold.

In the present work, we have studied InSb, which has a
narrow bandgap of 0.17 eV at 300 K. The electron mobil-
ity is the highest of all semiconductors; typically a factor of
10 higher than that of GaAs [19]. It is therefore a promis-
ing candidate for high-speed field effect transistors (FETSs)
operating at very low supply voltages [20] or as IR emitters
and detectors [21-23]. These attractive properties make it
important to study and understand InSb.

In a recent study, we investigated the formation of rip-
ples using time-resolved X-ray diffraction, and reported on
the conditions under which the melting dynamics of InSb
could be studied without being influenced by the ripples. In
the present study, we investigated the effect of ripples on
X-ray diffraction efficiency and the probe depth in the mate-
rial at higher fluences and longer exposure times. The mea-
surements were compared with an X-ray diffraction model.
This model takes many phenomena into account, including
local variations in the asymmetry angle, diffraction from fi-
nite crystal sizes, amorphous surface layers and specular re-
flection from the surface. The model successfully explains
diffraction intensity variations in repetitively melted struc-
tures [24].

2 Experimental set-up

The experiment was carried out at beam line D611 at the
MAX 1I electron storage ring in Lund, Sweden. Beam line
D611 is dedicated to laser-pump/X-ray probe experiments.
It has a double-crystal Si monochromator with a bandwidth
of AE/E =2 x 107*, which operates in the spectral range
between 2.5 and 12 keV. A 400 x 200 um? X-ray focal spot
size can be obtained with 7 x 0.7 mrad? divergence (hori-
zontal x vertical). The X-ray angle of incidence on the sam-
ple was 0.8° & 0.05° with respect to the surface. The angle
was chosen to be similar to that in a non-thermal melting
experiment where such a grazing angle is used to reduce the
probe depth to match the laser pump depth by absorption in
the molten layer. In our experiment, the main benefit of the
grazing angle was that the probe was more sensitive to struc-
tural changes near the surface. The probe depth is defined as
the depth over which the intensity of the incoming X-rays is
attenuated by a factor 1/e. In the scattering geometry used in
this study, the absorption depth was 25 nm while the extinc-
tion depth was 10 nm. The short laser pulses were generated
by a passively mode-locked, titanium-doped sapphire oscil-
lator followed by a cryogenically cooled Ti:Al,O3 multipass
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laser amplifier. The amplifier was operated at 4.25 kHz and
an average power of 4 W. The wavelength was centred on
800 nm, and the pulse duration was measured and found to
be 70 fs. Laser pulses with fluences up to 80 mJ/cm? were
used to excite the InSb sample, which was mounted on a
sample holder, with five degrees of motional freedom. The
diffracted signal from the sample was collected with a sil-
icon PIN photodiode. At very high laser fluence, the pat-
tern is deep and can be rather complex, and in this paper
we therefore only describe the analysis of data obtained at
fluences below 50 mJ/cm?.

Laser-induced surface structures on the InSb sample were
studied with optical microscopy (OM), atomic force mi-
croscopy (AFM) and X-ray diffraction. AFM images were
obtained using a commercial scanning probe microscope
in tapping mode. The system had a scanning spatial range
of 90 x 90 um?2. Our sample topography limited the scan
range to 15 x 15 um?. AFM scans were performed at a low
scan rate of 0.2 Hz over a wide area (10 x 10 um? and
15 x 15 um?). The average time required to obtain one im-
age was about 20 min.

3 Experimental method

Periodic surface structures were created on asymmetrically
cut (17° to the (111) plane) InSb samples. The InSb samples
were exposed to the laser beam for 60 s. The experimental
sample geometry is shown in Fig. 1. X-rays at grazing in-
cidence do not penetrate deep into the crystal and are thus
more sensitive to changes in a thin surface layer than X-rays
at a steep angle of incidence. The InSb sample was placed
in the vacuum chamber and exposed to femtosecond laser
pulses at an incidence angle of 15°. The laser beam was p-
polarized and had a spot size of 0.6 x 0.4 mm?. The beam
was scanned over the surface of the sample to irradiate an
area of 4 x 0.4 mm?. To avoid contaminants such as water
deposition, the sample was kept under vacuum between laser
exposure and X-ray examination. The X-ray reflectivity was
measured in the energy interval 5.1-5.3 keV, while the dif-
fraction angle was kept constant. At laser fluences above the

Laser beam Diffracted beam

X - ray beam

/| InSb crystal

Fig. 1 X-ray diffraction geometry
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melting threshold, which is about 30 mJ/cm? for InSb, the
laser non-thermally melts a thin surface layer on the sam-
ple [25]. The molten InSb can resolidify in a crystal structure
or freeze in an amorphous phase. X-ray diffraction measure-
ments of laser-irradiated areas show higher peak reflectivity
values when the laser fluence approaches the melting thresh-
old. With very high intensity pulses and sufficiently long ex-
posure times the crystal structure is completely destroyed,
and the diffracted beam disappears. A study by Harbst et al.
showed that under suitable conditions the molten InSb can
regrow to form a crystal after femtosecond laser irradia-
tion [24]. The present study confirms this, based on the
X-ray diffraction measurements.

4 Results

The ripple structures seen in the OM and AFM images agree
qualitatively with known ripple formation models. Ripples
started to grow at irradiation fluences above 25 mJ/cm?.
Figure 2 shows AFM images of some laser-induced sur-
face structures created on InSb irradiated with fluences of
30 mJ/cm? and 50 mJ/cm? at a laser incidence angle of 15°.
At low fluence we observed the pattern shown in Fig. 2(a),
which is consistent with that reported by Navirian et al. [25].
At higher fluences these short-period ripples were over-
grown by a structure with a periodicity of 6 um, as can be
seen in Fig. 2(b). This periodicity does not match any of the
fringes described in (1) above. However, the periodicity cor-
responds to a quarter of the S~ periodicity. Ripples of this
periodicity have been observed previously [25, 26]. It has
been found that the model on which the equation is based
is best suited for CW laser exposure, and is less accurate
for femtosecond laser pulses [14, 15, 27]. Since the surface
structures formed have different heights and periodicities,
both OM and AFM were used to extract surface properties
such as periodicity, ripple height and surface roughness.

The X-ray reflectivity recorded from an unexposed sam-
ple/area was lower than that after laser irradiation with flu-
ences up to 40 mJ/cm?. This could be due to the removal of
an oxide layer on the crystal surface by the laser pulses. Al-
ternative explanations could be laser annealing, or effects re-
sulting from the periodic surface profile after laser exposure.
In the X-ray diffraction energy scans, we observed asym-
metric curves on areas with rippled surface structures, while
the X-ray diffraction curves from non-irradiated areas were
symmetric. Figure 3 shows experimental diffraction curves
after laser irradiation at an incidence angle of 15°.

At fluences above 50 mJ/cm?, the reflectivity again starts
to decrease. This decrease in reflectivity may be due to
amorphous surface material and the large number of im-
perfections arising during crystal regrowth [28]. At laser
fluences above 80 mJ/cm?, the X-ray reflectivity decreases
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Fig. 2 AFM images showing laser-induced surface structures cre-
ated by femtosecond laser pulses with fluences of (a) 30 mJ/cm? and
(b) 50 mJ/cm? and a 15° incidence angle. The laser irradiation direc-
tion is from the bottom upwards
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Fig. 3 Measured X-ray diffraction reflection curves (energy scanned
at constant angle) from the laser-irradiated area. The sample was irra-
diated with laser fluences of 20, 40 and 80 mJ/cm?
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even more and disappears due to a thick amorphous layer
on top of the surface, and poor InSb surface crystal structure
after the laser irradiation.

5 X-ray diffraction modelling

The X-ray energy scans show a much different shape and
width compared to the virgin wafer. In order to understand
the observed asymmetric curves, the exact shape of the rip-
ples within the probe area had to be taken into account. The
procedure for the analysis and modelling is given as a flow-
chart in Fig. 4. The details of the modelling are given after a
short overview. First, the atomic force microscope was used
to obtain a 3D map over the probe area. Second, a computer
algorithm was used to extract the local asymmetry of each
point on the probe area. A histogram over the asymmetry an-
gles was derived for use in the fourth step. In the third step,
X-ray energy scans were simulated for an X-ray energy of
5.12 keV and for the asymmetry angles which were found
in step two. In the fourth step, the X-ray energy scans were
weighted corresponding to the fraction of the surface with
that angle. Finally, the absolute reflectivity was matched by
assuming an amorphous layer on top. We now discuss the
modelling in detail.

OM and AFM images were used in the first step to create
a 3D map of the wafer surface. The AFM provided the local
structure of a fraction of the investigated area while the OM
provided an overview of the probed sample area. The com-
bined OM and AFM image in Fig. 5 shows the distribution
of the ripples over the X-ray-probed area. The surface peri-
odicity and amplitude were obtained directly from the AFM
measurements and was used as an input for the modelling.
We found the ripple periodicity in this data set to be 6 pm,
and the ripple height to be 70 nm. From the OM image, one
can see that the ripples do not cover the whole surface, and
thus diffraction from both rippled and non-rippled surfaces
must be taken into account. Our estimate is that 45% of the
surface was covered by ripples.

As a second step of our modelling effort, surface data
from the rippled area were extracted from AFM measure-
ments, while the surface that appeared smooth was found to
be flat. The transition from rippled to flat surface was mod-
elled by gradually decreasing the ripple height from 70 to
0 nm. To simulate the energy scan, a MATLAB code was
developed to perform the calculation and find out the distri-
bution of angles between the laser-modified surface and the
incoming X-ray beam. It was found that the angle can vary
by up to 10°, depending on the ripple height and periodicity.

The third step of modelling involved X-ray diffraction
simulations. The X-ray reflectivity from the virgin wafer
was obtained by simulating X-ray energy scans for an X-ray
energy of 5.12 keV and a 17° angle of asymmetry, i.e. the
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Fig. 4 A flow chart describing the steps in the X-ray diffraction mod-
elling. The surface structure was measured by AFM, subsequently
the distribution of asymmetry angles were calculated. Energy scans
were calculated for a range of asymmetry angles and these scans were
weighted in order to obtain energy scans which could be compared to
the experimental data. To match the absolute reflectivity an amorphous
layer on the top was introduced

angle of Bragg planes with respect to the surface. X-ray dif-
fraction from perfect or distorted crystals can be described
by the Takagi—Taupin equations [29, 30]. These equations
are derived from Maxwell’s equations in the periodic struc-
ture of a crystal, and are valid for a wide range of distor-
tions and diffraction geometries. The program COINS was
used for these simulations. It is based on the dynamical the-
ory of diffraction and uses generalized Takagi—Taupin equa-
tions [31].
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800 nm

Fig. 5 OM image and AFM image (inset) showing the X-ray probed
area which was irradiated with a laser fluence of 40 mJ/cm? at an inci-
dent angle of 15°
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Fig. 6 Simulated energy scans from a perfect InSb crystal for different
asymmetry angles

In order to simulate the effects of the laser-induced rip-
pled structure, X-ray reflectivity from perfect InSb crystal
was simulated (COINS) with varying angles of asymmetry.
Figure 6 shows the evolution of the reflection curve as the
angle of asymmetry changes/increases. Based on the distri-
bution of the X-ray incidence angle, energy scans were sim-
ulated for asymmetry angles between 0° and 18.6°, where 0°
corresponds to InSb lattice planes parallel to the sample sur-
face. Asymmetry angles larger than the Bragg angle (18.6°)
were not modelled since in this case, the diffracted X-rays
cannot leave the sample. The reflection peak moves to the
low-energy side and becomes narrower as the asymmetry
angle becomes smaller. At grazing incidence the amplitude
falls due to X-ray absorption, and the peak moves to the
high-energy side due to refraction at the surface. Above 17°
broadening of the curve is observed, which is directly related

a /‘ InSb crystal

InSb crystal

b

Fig.7 (a) X-ray path through a flat crystal with a molten surface layer.
(b) X-ray path through a crystal with ripples with a molten surface
layer, showing multiple diffraction from consecutive ripples

to the X-ray penetration depth. The smaller the penetration
depth, i.e. the thinner the diffracting layer, the broader the
diffraction peak.

In the fourth step of modelling, the contribution from
the different asymmetry angles were weighted according to
the ripple map obtained from the AFM measurement using
a MATLAB post-processor which resulted in energy scans
which could be directly compared to the experimental data.
The MATLAB code was designed as a ray-tracing code in
order to include other effects which influence the absolute
integrated reflectivity such as losses by specular reflection
and attenuation of X-rays as they propagate through one
ripple to be reflected by the next one (compare Fig. 7(a)
and 7(b)). X-ray beams which were attenuated by propaga-
tion through three or more ripples were neglected.

Another effect which influences the absolute reflectivity
is the formation of an amorphous or poly-crystalline layer
on the top of the crystal. The thickness of the amorphous
layer is difficult to measure directly. Therefore, the inverse
problem was solved, i.e. the thickness of the amorphous
layer required to reproduce the measured absolute integrated
X-ray reflectivity was determined. For an incidence angle
of 15° and a laser fluence of 40 mJ/cm?, the thickness was
20 nm. For fluences between 15 mJ/cm? and 60 mJ/cm?,
thicknesses between 0 and 30 nm were found, which is in
good agreement with other studies [24].

After this fifth step, good agreement between model and
data was found as seen in Fig. 8. In Fig. 8(a), it can be seen
that the ripples actually increase the integrated X-ray reflec-
tivity. Figure 8(b) shows the comparison between the simu-
lations and experimental data.

6 Interpretation
The simulations suggest that the shape of the energy scan
from the laser-irradiated sample is determined mainly by lo-

cal variations in the asymmetry angle. The X-ray reflectivity
is reduced mainly by the presence of an amorphous surface
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Fig. 8 (a) Simulated energy scans from rippled InSb crystal surfaces
with different ripple heights. (b) Simulated and measured energy scans
for a wafer exposed to a laser fluence of 40 mJ/cm? at an incident angle
of 15°

layer. At higher laser fluence (>50 mJ/cm?) the amorphous
layer becomes thicker, and thus the X-ray reflectivity de-
creases. The obtained experimental X-ray reflection curves
were also asymmetric and fit the simulated weighted aver-
age curve well. Since the ripple height increases with irradi-
ation fluence, a situation will arise where every X-ray beam
passes through several ripples before being reflected. In a
grazing geometry, this occurs when the height of the ripples
is greater than 30 nm. The effects of laser generated ripples
on X-ray diffraction are undesirable in many laser-pump/X-
ray probe experiments with high laser fluence. An example
is non-thermal melting of InSb in repetitive mode, i.e. if the
sample is melted and regrown thousands (or even millions)
of times. X-ray studies on non-thermal melting rely on the
X-rays being attenuated by the molten layer. The asymmetri-
cally cut crystal helps by increasing the path length through
the molten layer, hence increasing X-ray attenuation. At the
beginning of the exposure, the sample is flat, and a large
X-ray path length can be achieved. After prolonged expo-
sure, ripples are formed. Since this changes the asymme-
try angle locally, a higher sample reflectivity is obtained at
the expense of the sensitivity to the molten layer. The laser-
induced local asymmetry variations thus reduce the surface
sensitivity. Figure 9 illustrates this effect. The simulation of
diffraction from a flat, asymmetrically cut (17°) InSb sample
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Fig. 9 Simulated energy scans from the asymmetrically cut InSb sur-
faces with a liquid top layer: (a) shows the expected reflectivity for
a smooth surface; (b) shows the expected reflectivity if the surface is
modulated by 30 nm high ripples; (¢) shows the simulated X-ray re-
flectivity as a function of melting depth

is shown in Fig. 9(a). To determine whether melting could
be detected by monitoring the X-ray intensity, a molten layer
with a thickness varying from 0 to 70 nm was added. A sim-
ilar simulation for a sample with sinusoidal ripples on the
surface is shown in Fig. 9(b). The integrated reflectivity
as function of melting depth for different ripple heights is
shown in Fig. 9(c). The total attenuations was modelled by
averaging the attenuation over all local asymmetry angles in
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the probed area taking into account the absorption by prop-
agation through multiple ripples before diffraction.

Non-thermal melting occurs within 1 ps and melts about
30-50 nm depending on the laser fluence. Due to high en-
thalpy of the InSb there is a thick (about 100 nm) layer of hot
InSb beneath the molten layer. A part of this layer melts ther-
mally at later times. Hence the sensitivity for non-thermal
melting will be significantly reduced by the ripples, whereas
the slower non-thermal melting which is deeper is less sensi-
tive. Since the ripple height grows with integrated exposure
time, the integration time in a repetitive non-thermal melt-
ing experiment will be limited. The maximum exposure time
will depend on the laser fluence and the X-ray diffraction
geometry.

7 Conclusions

We have observed how surface structures created by fem-
tosecond laser pulses influence the surface sensitivity in an
X-ray diffraction measurement. The laser-induced ripples
were studied with AFM, OM and X-ray diffraction. The sur-
face properties extracted from the AFM measurements were
used as input to X-ray diffraction simulations. The main
conclusion is when the local asymmetry angles vary, the sur-
face sensitivity is decreased. It is important to keep track of
laser-induced periodic structures in order to facilitate laser-
pump/X-ray probe measurements in repetitive mode. In our
measurements on InSb, the experimental results show that
the strongest ripple growth occurs when the laser fluence is
close to the melting threshold, i.e. >30 mJ/cm?. At higher
fluences (>50 mJ/cm?) an amorphous layer is formed re-
ducing the X-ray reflectivity. The measured X-ray reflection
curves were asymmetric. This effect could be explained by
local variations in the angle between the surface and incident
X-ray beam due to the ripple structure. For fluences below
30 mJ/cm?, the lattice regrows and the crystal is restored,
even after many millions of shots. This allows non-thermal
melting experiments to be carried out in repetitive mode, but
care must be taken as ripples exceeding 30 nm influence the
surface sensitivity.
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We have developed and characterized a hard x-ray accumulating streak camera that achieves subpicosecond time
resolution by using single-photon counting. A high repetition rate of 2 kHz was achieved by use of a readout camera
with built-in image processing capabilities. The effects of sweep jitter were removed by using a UV timing reference.
The use of single-photon counting allows the camera to reach a high quantum efficiency by not limiting the diver-

gence of the photoelectrons.

© 2010 Optical Society of America
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Time-resolved x-ray diffraction has become a standard
tool for studies of the dynamics of laser excited solids
[1]. Synchrotron radiation sources operating in standard
mode produce high brilliance x-ray beams, but the time
duration of the pulses is in the 50-500 ps range. Any ex-
periment requiring better time resolution will need to rely
on a fast detector. Streak cameras have been reported to
give a time resolution down to 233 fs [2] for UV radiation
in the accumulating mode and 350 fs using 1.5 keV x rays
[3] in the single-shot mode. This time resolution is, how-
ever, not yet reached for hard x rays. The fastest streak
cameras rely on limiting the divergence of the photoelec-
trons [4]. This implies a severe reduction in quantum
efficiency.

In time-resolved x-ray diffraction experiments carried
out at third-generation electron storage rings, the number
of photons per pulse is relatively small and operation in
the accumulating mode is necessary. The mechanisms
limiting the time resolution of a streak camera are de-
scribed in detail elsewhere [3-5]. The main factors are
the sweep speed, the size of the input slit, the aberrations
of the electron optics, and the energy spread of the
photoelectrons. The field generated by the sweep plates
also introduces additional dispersion [4,6].

In this Letter we describe an x-ray streak camera that
uses single-photon counting to reduce the effects of dis-
persion and imperfect imaging. Images are analyzed in
real time, and a UV timing reference is used to track and
compensate the sweep jitter. The use of a readout cam-
era with built-in image processing capabilities reduces
the bandwidth required to transfer data to the host com-
puter. Thus a frame rate of 2 kHz can be reached. The
concept of a single-photon counting camera was first
proposed by Murnane et al. [7], and a proof-of-principle
demonstration was published by Larsson [8], who im-
proved the time resolution of a commercial streak cam-
era from 5 to 1.5 ps.

A set of experiments to demonstrate the performance of
the streak camera was conducted at beamline D611 at the
MAX-lab synchrotron radiation facility. This bending mag-
net beamline is designed for laser pump—x-ray probe ex-
periments and produces about 5000 photons per pulse and

0146-9592/10/193219-03$15.00/0

0.02% bandwidth. The pulse duration is 500 ps. A Ti:Al;,O4
femtosecond laser system, operating at a repetition rate of
4.25 kHz, with a 790 nm center wavelength and 45 fs
pulse duration was used for the measurements. The laser
beam was split into three arms. Laser pulses with an en-
ergy of 100 uJ were used to trigger a photoconducting
switch that generates the high voltage sweep ramp for
the streak camera. Part of the pulse (200 wxJ) was used
to generate the third harmonic, which was sent onto
the photocathode as a timing reference. Up to 700 uJ
was available to pump the sample. The streak camera
was mounted with a 100-um-wide Csl photocathode in
a 6° grazing incidence configuration [9]. Electrons were
accelerated, using a mesh with a >90% open area ratio,
to 8 kV over a gap of 2 mm. Subsequently, electrons were
imaged from the cathode to a microchannel plate (MCP)
with gain larger than 108, enabling a single photoelectron
emitted from the cathode to be detected by the readout
camera. Thus, the overall quantum efficiency of the streak
camera equals that of the photocathode. The quantum ef-
ficiency was deduced by measuring the photon flux using
a calibrated x-ray diode and comparing it with the single-
photon count rate and was found to be larger than 10%.
The readout camera (Mikrotron MC1364) uses a comple-
mentary metal-oxide semiconductor sensor and has an
embedded FPGA image processor that can perform a
large part of the image analysis. This enables images to
be analyzed in real time at frame rates of several kilohertz.

We will now discuss how single-photon counting in the
accumulating mode can increase the temporal resolution
compared to the single-shot mode [7,8]. The x rays are
sent onto the photocathode together with a UV pulse de-
rived from the same laser that is used to pump the sample.
Each incident x-ray photon generates up to 20 photoelec-
trons [10]. If the aperture of the streak camera is not con-
strained, many of the photoelectrons can propagate to the
MCP. Because of dispersion and imaging errors, electrons
will travel individual trajectories and be imaged as a spot
that can be irregular in shape. The idea behind single-
photon counting is that the center of each spot can be de-
termined with an accuracy smaller than the spot size. The
uncertainty of the center position depends on the number

© 2010 Optical Society of America
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of detected photoelectrons per photon, and, hence, it is
important to keep as many as possible to minimize statis-
tical variations. Typically four photoelectrons per x-ray
photon are detected. Each sweep generates an image in
which all spots corresponding to photon events are found,
and their center of gravity is determined. The UV pulse
consists of several hundred photoelectrons, and its posi-
tion can be determined with high precision and isused as a
timing fiducial. As this pulse has a known fixed delay
relative to the pump pulse, the position of this pulse
can be used to remove the shot-to-shot jitter in the pro-
cessed data.

To test the system, a second UV pulse was generated
by splitting off part of the power in the reference beam.
This second beam was then used as a simulated x-ray sig-
nal at a fixed delay of 8 ps. Figure 1(a) shows a gray scale
image averaged for 1 s at a repetition rate of 4.25 kHz.
The time resolution in this particular image is 2.5 ps.
When the pulses are accumulated using the single-photon
counting mode, the time resolution measured as the
FWHM is 280 fs. The vast improvement can be seen in
Fig. 1(b).

In the following we demonstrate the effective time re-
solution of our streak camera for hard x-ray pulses by
repeating three previously performed ultrafast diffrac-
tion experiments.

The structural rearrangements associated to ultrafast
melting of semiconductors, such as InSb, has previously
been studied [11,12]. The disordering can be detected as a
fast drop of x-ray diffraction efficiency [12]. An asymme-
trically cut InSb sample was illuminated with laser pulses
with a fluence of 38 mJ/cm2. The incidence angle be-
tween laser and sample surface was 15°. The disordering
was probed by x rays with a photon energy of 3.15 keV at
an incidence angle of 0.9° and a bandwidth of 2%. The in-
tensity of the (111) reflection was recorded. The sample
was continuously translated to exchange the surface in
order to avoid effects from ripple formation [13]. At the
translation speed of 1 mm/s, the ripples did not reach a
high enough amplitude to influence the measurement.
This limited the data acquisition time to 30 s. Figure 2
shows the drop in x-ray diffraction as recorded by the
streak camera in the single-photon counting mode. The
curve was fitted to an error function, yielding an upper
bound of 640 fs for the 90% to 10% fall time. The fall time
of the (111) reflection has been measured at 430 fs [12]. A

along slit
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Fig. 1. Images showing two UV pulses separated by 8 ps. (a)
Gray scale image of averaging mode and (b) lineout in aver-
aging mode (dashed curve) and photon counting mode (solid
curve). In the photon counting mode, the smearing effects of
jitter and imaging are removed, yielding a time resolution of
280 fs.

Relative reflectivity

Time (ps)
Fig. 2. Time-resolved drop in xray diffraction induced by
nonthermal melting of InSb. The dashed line shows the fitted
error function.

quadratic deconvolution yielded the time resolution of the
streak camera to be 480 fs.

Laser excitation of bismuth (Bi) leads to the excitation
of optical phonons [14]. The (111) reflection in Bi is very
close to being forbidden. Excitation of the A; ; phonon
mode induces a drop in the x-ray reflectivity followed
by an oscillation. The period of the oscillation depends
on temperature and excitation strength and is 340 fs for
weak excitation [15] and 467 fs for stronger excitation
[14]. A symmetric thin-film Bi sample was illuminated
by laser pulses with a fluence of 4 mJ/cm? at an incidence
angle of 45°. The phonons were probed by x rays with a
photon energy of 3.2 keV. Figure 3 shows the drop in x-ray
reflectivity associated with the excitation of the optical
phonons. The accumulation time was 40 min. Fitting an
error function yields an upper bound for the time resolu-
tion of 660 fs, which is large compared to the expected
170 fs fall time.

When a superlattice of SrTiO3 (STO) and SrRuO5 (SRO)
is excited by a short laser pulse, large-amplitude coherent
acoustic superlattice phonons can be generated. For an
excited superlattice consisting of ten bilayers of 17.9 nm
of STO and 6.3 nm of SRO, the (0 0 116) reflection shows a
strong oscillating reduction of the reflectivity, with a per-
iod of 3 ps [16]. The sample was excited at a fluence of
30 mJ/cm?, and the phonons were probed by x rays with
a photon energy of 5.8 keV, and a bandwidth of 2 x 104,
Directly after excitation the reflectivity drops, followed by
a damped oscillation, as shown in Fig. 4. This oscillation
was compared to measurements done using a laser

0.8

0.6

Relative reflectivity
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-4 -2 0 2 4 3]
Time (ps)
Fig. 3. Time-resolved diffraction of bismuth following laser
excitation. The fitted error function is shown as a dashed line.
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Fig. 4. (Color online) Oscillations in the x-ray reflectivity of the
SrTiO3/SrRuO; superlattice as recorded by the streak camera
(solid curve) and from [16] (dashed curve). The dotted curve
shows data from [16] filtered to simulate a time resolution of
2 ps.

plasma x-ray source at a time resolution of ~200 fs [17].
The comparison shows that the amplitude of the oscilla-
tion is unaffected by the temporal resolution of the streak
camera. This is consistent with a resolution in the
400-600 fs range, as found in the studies of nonthermal
melting and optical phonons in Bi. For a temporal resolu-
tion lower than 2 ps, the oscillation amplitude of the con-
voluted data is reduced, as illustrated in Fig. 4.

In conclusion, we have developed a hard x-ray streak
camera capable of achieving subpicosecond resolution
using single-photon counting. The performance has been
demonstrated by reproducing three well-characterized
experiments. The temporal spread due to jitter is re-
moved by using a UV reference, and the single-photon
counting compensates for smearing due to imperfect
imaging and energy spread of the photoelectrons.

Streak cameras with subpicosecond time resolution
will have a significant impact on the field of time-resolved
science at synchrotron radiation facilities. They will also
play a role at x-ray free-electron lasers. When lasers are
synchronized to the accelerator it is essential to have a
user-controlled diagnostic to track the delay between
laser and x rays. By using a streak camera this can be
measured directly at the position of the sample.
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We demonstrate thin film x-ray reflectivity measuratsewith picosecond time resolution.
Amorphous carbon films with a thickness of 46 nmreveexcited with laser pulses
characterized by 100 fs duration, a wavelengthGsf 8m and a fluence of 70 mJfriThe
laser-induced stress caused a rapid expansioredhih film followed by a relaxation of the
films thickness as the heatffdised into the silicon substrate. We were able tasue
changes in film thickness as small as 0.2 nm. Htexation dynamics is consistent with a

model accounting for carrier-enhanced substratedifasivity.

PACS numbers: 46.80.+j, 62.20.-x, 62.25.-g, 62.§562.30.+d, 62.40.+i, 62.20.de, 65.40.-
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X-ray reflectivity is an established technique foe tharacterization of the structure of thin
films and multilayers Layer thicknesses, densities and surface roughoas be inferred
from measured x-ray reflectivity curves. The layarphology is a crucial parameter for the
performance of thin film based devices. Until noimet:resolved x-ray reflectivity studies
have focused on slowly varying states with a timsstution from minutes to milliseconés
34 We have extended the technique to the ultrafastaih by recording the x-ray reflectivity
of an amorphous carbon thin film with picosecondetirasolution using the pump-probe
scheme in repetitive mode. In the present expetimenhave used 46 nm thick amorphous
carbon films coated on a silicon wafer. These asé substrates for the X-ray mirrors at the
European X-FEL. Structural changes and thermal msipa of the thin films on this
timescale are of importance for the beam qualitythef X-ray FEL radiation, and more

generally for other thin-film based coatings foe uis the optical range.

The experiment was performed at beamline IDO9Btextat the ESRF. This beamline is
dedicated to time-resolved x-ray diffraction andtsering techniquésA high speed chopper
system isolated single x-ray pulses at a rate &E38z. A titanium:sapphire-based laser
system provided excitation pulses with 100 fs daraait 800 nm center wavelength with up
to 2 mJ pulse energy. The laser was synchronizethd¢ox-ray source with a jitter of
approximately 100 ps when the present experimestpeaformed. The x-ray pulse duration
in 16-bunch mode was about 100 ps, which togetlitbrtive timing jitter set the limit for the
time-resolution in this experiment. The sample wat nm thin film of amorphous ?spch
carbon on a single-crystal silicon substtafthe amorphous carbon film had 2098 bpnds.
The laser was focused under normal incidence orsaheple to a spot size of 0.2x8.2fam
where the elongated direction was parallel to tirayxpropagation direction. The induced
time-resolution limit due to the crossed-beam gdoyne&as about 30 ps, which was well

below the x-ray pulse duration. The laser fluences wat to 70 mJd/ch The damage



threshold of the amorphous carbon film was founetd 00 mJ/cf which is similar to what
has been reported previously for amorphous cdrbbnAt this fluence we found no
significant graphitization, which would have masifed itself as a permanent change in
density and film thickness up to 20%4° In our measurement, the permanent density change
was less than 0.1 %. Thus, the measurements caulghebformed below the damage
threshold, in repetitive mode. The critical angle tbtal external reflection for the used x-ray
energy of 18 keV is 0.092In order to match the laser and x-ray footpriosthe sample

when the x-rays were incident at angles near tiiealrangle, the x-ray focus size was set to

0.18 0.02 mrh(horizontalx vertical) by closing the vertical xyraample slits. The incident x-

9
ray flux was 2.4- 1(photons/s. X-ray reflectivity measurements werequaréd by scanning
the x-ray incidence angle and the delay betweesyxand laser pulses, while the x-ray en-
ergy was kept constant. The specular reflected signal was recorded using a calibrated x-

ray photodiode.

Knowledge about the film can be extracted fromax-reflectivity measurements. The period
of the fringes is determined by the film thickneEbe fringe contrast depends on the density
of film and substrate. As the roughness increasérop of intensity for high-q values is

observed. In our experiment the changes of filmapeaters were subtle and not evident
obvious from visual inspection of plots like theesnin Fig.1. However the parameters could
be extracted with high accuracy using a fittinggeaure from the raw data. The specular x-
ray reflectivity for a thin film system can be calteld using the matrix based method
described by Gibaud et al. in Ref. 1. Using nordimegression, the films average thickness,
density and root-mean-square (rms) surface roughtmsdd be extracted for each delay. The
time-dependence of these parameters is display&Wji2. The films thickness and density

have been chosen as independent parameters ittitigegrocess. We find that the product of



the thickness and density of the film is approxehatonstant for all delays. This shows that
the laser excited the film below the threshold fernpanent damage. Following excitation,
the film expands rapidly by 0.3% accompanied byreesponding decrease in density. From
the measurement, we can set an upper limit fortithescale of this expansion process of
200 ps, which was the temporal resolution at theniime during the experiment.
Subsequently, the film thickness and density reldakimv2 ns. We also observe an increase
of surface roughness of the film from 0.1 nm to M after laser excitation. The surface
roughness is given as the root mean square. THaceuoughness of the thin film does not
recover within the observed time frame of 10 ns. Werprete the results as follows. After
absorption of the pulsed laser radiation, the eaand lattice temperature equalize within a
few picoseconds in the thin film and in the substrahe interface between film and substrate
acts as a barrier for carriers generated in the fitm, similar to what has been reported by
Cavalleri et al’. According to Thomsen et H. the initial temperature increageT(z)

following laser excitation in the film is given by:

F -

AT(z):(l-R)C—ge A (1)
where F is the laser fluence (energy per unit a@a3 the heat capacity,is the attenuation
length, z is the distance from the surface, ands Rhé reflectivity of the surface at the
boundary between air and amorphous carbon. Thectgfity at the boundary between
amorphous carbon and Si is below 4 % and has begleated in our simulations. Since the
thickness of the film is smaller than the 200 nreetaabsorption depth (800 rinthe
excitation of the underlying substrate is substdntiVe calculate the initial temperature
distribution using Eq. (1). The initial temperatuige at the amorphous carbon top surface is

calculated to be 1400 K, leaving the film well beldhe melting point, which is above



3000 K. The initial increase of the temperaturesiicon at the interface is 150 K. The
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generated temperature profile in the thin film anostate produces thermal stress, which is
released as a strain wave starting at the samplacsuand at the interface between Si and
amorphous carbon. Since the speed of sound in dmospcarbon is about 10 knif the
timescale of this expansion process is estimatedetoabout 5 ps. This timescale is
significantly faster than the 200 ps temporal resoh, meaning that the waves have
propagated out of the probed depth and the obsemxgansion is governed by temperature.
Finally, the film thickness decreases due to heéision into the substrate. The timescale of
this process is determined by the heat conductiitgt capacity of both the film and the
substrate.

Below, a model to simulate the temporal evolutiodhtlwe film thickness and density
following laser excitation is described. Since #xeitation deptlg is negligible compared to
its lateral size, the problem can be consideresiguae-dimensional. The initial stress and
following expansion will only be z dependent. Tlystem is determined by the heat equation

and the elastic equations:

In equations (2)-(4), T denotes the temperaisithe stress, u the displacement, andu/oz
denotes the strain. The parameter k is the headuotinity, p the density, B the bulk
modulus,v is Poisson’s ratio, anfl is the linear expansion dfieient of the medium. The

calculated initial temperature profile T(z, t =O}ssthe initial condition for the simulation.



The displacement u(z, t) and temperature T(z, I)esare calculated numerically from Egs.
(2-4) using the finite-element method (FEM). The slaystem is a 46.3 nm thin amorphous
carbon film on a bulk silicon substrate. The caladatime-dependent film thickness and
density are plotted together with experimental galin Fig. 2. The dashed line displays the
simulation results assuming the material parametesilicon and amorphous carbon under
equilibrium condition as reported in literaturé*™*® From this simulation, a time constant of
about 3 ns is predicted for the film thickness aadsity relaxation. Experimentally, the thin

film relaxation process is found to be about adaé faster. We assign this discrepancy to
the increase of ambipolar thermaffdsivity for high carrier densities in the siliconbstrate

as reported by Young et &l. The authors calculate an increase of thermalslifity above a
19
carrier density of 10cm?®. The photo-induced carrier density in the siliceubstrate is

20
estimated to be 7-1a&m®We find, that a five-fold or higher increase in thebstrates
thermal dffusivity can reproduce the thin-film relaxation dynesnmore accurately. This is
in good agreement with Ref. 19. The dynamics otfttirefilm thickness when the increase in

thermal diffusivity has been included is displayedrig 2 (solid line).

The relaxation process of the surface roughnessshosubstantially different behavior. We
observe a rapid increase of roughness followingrlagcitation, which does not relax within
10 ns. The surface roughness is sensitive to lagcitation inhomogeneity of both film and
substrate. The total expansion of the substratstisnated to be about 4 nm at a delay of
600 ps. This is much more than the increase intfilickness. A 10 % variation in the lateral
laser beam intensity is sufficient to induce theseslied 0.4 nm roughness. The variation
could be due to a non-uniform laser beam profile frimges arising from interference
12

between the incident and reflected laser lighd&21* The heat conduction process within

the substrate is slow compared to the film due tehmsmaller temperature gradients. This



explains the observed slow roughness relaxatioomRhe experimental data, we can set a
lower limit of 10 ns required for the thin film rolugess to recover under the used excitation

conditions.

In conclusion, we have shown that x-ray reflectiviigasurements of thin films can be
performed with picosecond resolution. Thermal stigenerated by laser excitation causes the
film to rapidly expand and increases the surfacghinass substantially. The subsequent re-
laxation of the films thickness is determined bytlfiusion into the substrate. This process

is accelerated by photo-induced carriers in thetsate.
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Figure Captions

FIG. 1: X-ray reflectivity of an amorphous carbomtfilm as a function of incidence angle
and delays between laser excitation and x-ray p(obeves are offset for clarity). The solid

lines are fits using the thin film reflectivity model.

FIG. 2: Time-evolution of the amorphous carbon tfilm thickness(a), density(b), and
surface roughness(c) following laser excitationedietically calculated dynamics using a
thermo-elastic model: for equilibrium heat condutyi (dashed line) and modified heat

conductivity (solid line), see text. The dotteceliis a guide for the eye.
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Abstract

Formation of cubic diamond from graphite following irradiation by a single, intense, ultra-short
laser pulse has been studied. Highly oriented pyrolithic graphite (HOPG) samples were irradiated by
100 fs pulses at a wavelength of 800 nm. Following laser exposure, the highly oriented pyrolythic
graphite samples have been studied using Raman spectroscopy of the sample surface. In the
laser-irradiated areas, nanoscale cubic diamond crystals have been formed. We have also studied the
exposed areas using grazing incidence powder diffraction. We observed a restacking of planes from
hexagonal graphite to rhombohedral graphite. The intensity of the rhombohedral graphite powder

peaks get more pronounced as the fluence is increased due to restacking at larger depths.

Introduction

The types of bonds in Carbon materials range from the extremely strong sp>-type bonds in diamond,
to weak van der Waals bonds in graphite. As a result of many types of bonds a large variety of natural

and manmade allotropes of carbon exist. Finding controlled pathways between these allotropes and



in particular to be able to transform graphite to diamond has been a subject that has fascinated
scientists and engineers for a century. The first report of manmade diamonds was reported by Bundy
et al. in 1955 [A1]. They synthesized diamond by subjecting graphite to high temperature and
pressure. Today CVD grown diamonds rival the quality of natural diamonds, but the topic of
transforming the material is intriguing. There are also emerging technical applications for
nanodiamonds which recently were reviewed by Baidakova and Vul' [A2]. The wide range of
applications has triggered many methods for syntheses. These methods include high-pressure, high
temperature transformation during detonation of carbon-based explosives [A3], charged particle
beam bombardment of graphite onions or graphite [A4, A5] and pulsed-laser induced interfacial
reaction (PLIIR) in liquids. Yang et al have reported on synthesis of nano-diamond particles consisting
of both hexagonal and cubic diamond from hexagonal graphite using a pulsed-laser induced
interfacial reaction (PLIIR)[A6] with rhombohedral graphite as an intermediate. [A6]. So far, electron
and ion bombardment of graphite [A4, A5] has proven to give an unprecedented control of size and

position of the nanodiamonds, making it possible to write patterns on a surface

The interaction of short-laser pulses with graphite has over the last decade been studied in
order understand a range of processes [A7] including laser ablation of graphite in order to isolate
graphene [A8, A9]. It has also been suggested that hexagonal diamond can be created by
laser-irradiation of highly oriented pyrolythic graphite [A10]. Hexagonal diamond has been predicted
to be even harder than cubic diamond [A11] and methods to directly synthesize it would be of great
importance. Work related to direct light-actuated transformation of graphite to diamond on the
surface has been carried out by Raman et al who have reported on transient sp3 bonded structures
in laser excited graphite [A12] and Kanasaki et al. who observed sp3 bonded structures on graphite

with transmission electron microscopy following exposure by approximately 10* pulses [A13].

In the present experiment, we have irradiated the sample with short laser pulses and created
structures on the surface which contains nanodiamonds thereby opening a path to making diamond

patterns on graphite with pim precision. We observe laser-driven restacking of hexagonal graphite to



rhombohedral graphite and the formation of cubic diamond nanocrystals. We observe the restacking

with X-ray diffraction and the diamond formation with Raman spectroscopy.

Experimental methods

An HOPG sample (12x mm * 12x mm * 2 mm, ZYA grade with mosaic spread of 0.4°) was used in
this study. It was irradiated by single laser pulses. The laser was a titanium-sapphire laser with
wavelength centered around 800 nm. The duration of the laser pulses was 100 fs. The laser radiation
was focused to a peak intensity of up to 2.1x*10™ W/cm?. The fluence range 80-210 J/cm?* was
investigated. After laser irradiation, the crystal structure was analyzed using grazing incidence x-ray
powder diffraction performed at beamline D611 at the MAX-laboratory synchrotron radiation facility
in Lund. The X-ray spot size on the sample was 0.2*2.5 mm? at the incidence angle of 0.8° used in the
experiment. This footprint is comparable to the spatial extent of the array of single laser —pulse
irradiated spots which has a size of 0.15*3.0 mm?. Each individual laser spot size was 0.15*0.15 mm?>.
The separation between the laser spots was 0.25 mm. The laser spot-size was measured by a
knife-edge scan whereas the X-ray spot was measured using a phosphor and a CCD camera. The
photon energy of the X-rays was 9 keV and the bandwidth AE/E=0.1%. X-rays incident on a phosphor
screen were imaged onto a CCD camera. The images were recorded and analyzed in order to produce
the powder patterns. The set-up was calibrated with silicon powder. The set-up allowed for coverage
of a g-range from (2.9-4.4 A™) with a g-resolution of (0.02 A™). The samples were also inspected by
optical microscopes, a scanning electron microscope (SEM), and using Raman spectroscopy. A
fiber-coupled Raman microscope system was used to study the phonon characteristics of the
irradiated samples. The system is equipped with an imaging CCD and a motorized stage allowing for
simple identification of the laser-irradiated spots. Raman spectra were obtained in a backscattering
configuration using a 100x objective (NA 0.8) and a 632.8 nm HeNe laser (~2 mW at the sample). For
system details see Chen et al. [A14]. It provides a spatial resolution of 1 um and a probing depth of

about 100 nm.



Results-Raman spectroscopy

Raman spectroscopy was used to investigate the sample surface. This method provides high
spatial resolution and surface sensitivity. The Raman spectra from both pristine and laser-irradiated
HOPG are shown in Figure 1. Within the laser-exposed area, the measured Raman spectra vary
locally. This is shown in Figure 1 with two typical spectra from different spots within area exposed to
a single laser pulse with a incident fluence of 90 mJ/cm?. The most striking difference is the peak at
1332 cm™, which is the characteristic Raman peak for the T,, phonon mode in cubic diamond [A15].
This clearly shows formation of nanodiamonds in the laser-exposed area. The feature at 1580 cm™
can be identified as the E,; mode of graphite and is present in all spectra [A16]. In laser irradiated
areas we find a broad feature at 1360 cm™, which originates from the graphite A mode. This mode
becomes Raman active due to laser-induced disorder in the graphite structure [A17, A18]. The
linewidth of the measured diamond peak is 20 cm™. Yoshikawa et al. reported on the effect of crystal
size on the linewidth of Raman spectra of cubic diamond [A19]. According to this model, which
accounts for homogeneous broadening of the Raman line due to phonon confinement and damping,
the cubic diamond crystals found in our experiment are at least 8 nm in size. Other broadening
mechanisms such as strain induced by the rapid quenching may be present. Hence, the crystal may in
fact be larger than 8 nm. The area, over which the diamond peak is visible in the spectra, is several

micrometers in size which is an upper limit of the size of the diamond.

Results-Grazing incidence X-ray diffraction

The result of the Raman measurement was in disagreement with a recent powder diffraction
study by Sano et al. The authors claimed that they could see a powder diffraction pattern from
hexagonal diamond but no powder peaks from cubic diamond was seen [A10]. In order to resolve the
disagreement we investigated our samples using X-ray powder diffraction. The result can be seen en
Figure 2 where we show powder diffraction data from laser-exposed areas as well as from areas with

pristine HOPG. As can be seen, all peaks can be identified as reflections from either hexagonal or



rhombohedral graphite. The rhombohedral modification of graphite can be found only after the laser
irradiation. The structure of rhombohedral graphite (ABCABC) can be understood as an extended
stacking fault of the hexagonal configuration (ABAB), and is known to be generated when hexagonal
graphite is deformed mechanically [A20]. In Figure 3, we show the relative amplitude of the
rhombohedral graphite as function of fluence. What is clear is that a single laser pulse can restack the
graphite and the higher the fluence the larger volume fraction of the restacked material is obtained.
No reflections from hexagonal diamond are present in the powder diffraction data. Since the
result was different from that reported by Sano et al [A10], we reinvestigated their data. The
authors showed x-ray powder diffraction data covering a q-range range of 2.8 A-1t03.6 A1 with a
resolution of 0.03 A-1. Table 1 summarizes results obtained from their diffraction data, values for
hexagonal and cubic diamond [A21], and hexagonal and rhombohedral graphite [A20][A22] and
the results from this study. The reflection of the 100 plane of hexagonal diamond at 2.87 A is not
present in their data. Furthermore, the peaks at 3.01 A and 3.20 A are better matched with

reflections from rhombohedral graphite.

This comparison shows that the data presented in their work can be better explained with the
hexagonal and rhombohedral modification of graphite. Based on the powder diffraction data, one
may draw the conclusion that nano-diamonds are not created. However, one should note that due to
the small total area covered with cubic diamonds in our work they are not expected to be seen in the
powder-diffraction data. Similarly nano-diamonds created by PLIIR described by Wang and Yang [A6]
were observed with electron diffraction whereas it was not possible to observe them with X-ray

powder diffraction.

Possible mechanism for diamond formation

There are different potential mechanisms for the diamond formation. The first is similar to the
mechanism in a shock-wave experiment. Within a few picoseconds after laser excitation, the
temperature will rise to the melting temperature. When the topmost layer is molten, the graphite

will start to expand towards the density of liquid carbon. As this occurs, a pressure is formed at the



boundary between the solid and liquid material. This launches a strain wave into the material.
Experiments investigating such waves generated by ultrafast melting have been carried out in Si
[A23] and InSb [A24]. As the density of liquid carbon which is 1.6 g/cm® [A25] differs significantly
from that of graphite(2.26 g/cm®), the shock wave amplitude is large. The amplitude can be
calculated by solving the elastic equations, similar to Thomsen et al [A25], if the density,
compressibility and speed of sound are known for the solid and liquid. The compressibility of liquid
carbon is 150 GPa [A25]. The density mismatch between the solid and liquid corresponds to a strain
of 38% in the liquid. The stress at the solid liquid boundary is then 150GPa/2*0.38(1-0.46), where the
46% reflectivity of the stress wave has been taken into account and the factor of 2 originates from
the fact that two counter-propagating waves are created. The sum of the static strain and the two
counter propagating waves must be zero at the time of generation to fulfill the initial condition of
zero strain. A boundary condition is that the stress must be equal on the two sides of the solid-liquid
boundary [A24]. Thus, the amplitude of the stress wave in graphite is 15 GPa and due to laser
heating, the temperature will be close to the melting temperature of graphite. Under traditional
shock experiments the transformation has been shown to be martensitic below 2000 K and
hexagonal diamond is created. Cubic diamond which has been found experimentally is believed to be
created from hexagonal diamond. At temperatures above 4000 K only cubic carbon is formed [A27].

It should be noted that in our study, the high pressure would last only for 5-10 ps.

In the study by Kanasaki et al [A13], the formation of sp3 bonds at the surface of the HOPG
sample was induced using much lower laser fluence. The mechanism in this case cannot be pressure
driven. The authors speculate on a restacking to AAA graphite followed by buckling of planes and
formation of sp3 bonds. Such restacking has been predicted by tight binding molecular dynamics

(TBMD) calculations [A28]. Their work did not show any diamond formation.

A third possibility, which cannot be ruled out, is that diamonds are formed during rapid

quenching [A29].



Conclusion

In conclusion, we find that intense, short laser pulses can transform graphite to nanoscale cubic
diamond. We find that the surrounding material to a large extent has restacked from hexagonal
graphite to rhombohedral graphite. The restacking has in PLIIR experiments been shown to coincide
with the transformation from graphite to diamond [A6]. There is no indication of hexagonal diamond
which would manifest itself as a Raman peak between 1319 cm™ and 1326 cm™ [A31] and in the
powder diffraction pattern. This indicates a pathway from hexagonal graphite via an intermediate

restacked graphite phase to cubic diamond.
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Figure captions

Figure 1: Raman spectra of HOPG after femtosecond laser irradiation and pristine HOPG in
comparison. Peak positions for graphite G- and D-peaks, and the diamond peak are marked as

reference.

Figure 2: grazing incidence powder XRD pattern of single laser pulse irradiated HOPG. The laser
peak intensity: 2.1x10" W/cm?, x-ray energy 9 keV, x-ray grazing angle: 0.22. A,0 : before and after
laser exposure; hG: hexagonal graphite, rG: rhombohedral graphite, hD: hexagonal diamond, cD:

cubic diamond .

Figure 3: integrated x-ray intensity of the rhombohedral graphite reflections 100 (squares), 110

(triangles), and 211 (circles) as function of excitation laser fluence.

Table captions

Table 1: Powder diffraction peak positions from this study, compared to results from [A10],
hexagonal graphite, rhombohedral graphite [A20] [A22], hexagonal diamond [A21], and cubic

diamond.



Figure 1

2000 .
D peak
1800 diamond (1360cni?) G peak g
(1332cm?) (1580cm?)
1600 \ ¢ B
1400}  pristine H] |
HOPG
S 1200 f
s, ~ irradiated
> 1000 spot 1 |
12}
g 800 irradiated J
£ I
= spot 2
600 B
400 B
200
o wm: Wl "m idrnd ‘ o ‘ ‘ w%
800 1000 1200 1400 1600 1800 2000
Raman shift [cm]
Figure 2

intensity [a. u.]




Figure 3.

O 100 O
0.1t v o 110 B
O 211
e 4
g 3 oost .
22
[l
> g 006 O 1
EE O
0.04 - E %l B
002 L L L L L L L
80 100 120 140 160 180 200 220
laser fluence [J/cn?]
Table 1
hexagonal | hexagonal | rhombohedr ’
this study ;a[r;olg]t graphite diamond al graphite gf:rl:ond
: [A22] [A21] [A20]
q[A"] q[A"] q[A"] q[A*] q[A*] qA'r
2.96 2.95 2.95 2.87
3.02 3.01 3.05 3.02 3.05
3.10 3.09 3.10
3.21 3.20 3.27 3.21
3.49 3.50 3.50
3.75 3.75 3.75
3.88 3.87
4.08 4.08




Paper VI1I






Picosecond Dynamics of Laser-Induced Strains irpkita

M. Harb', A. Jurgilaitig, H. Enquist, R. Niské, C. v. Korff Schmising J. Gaudif,
S. L. Johnsoh C. J. Milné, P. Beaud] E. Vorobev4 A. Caviezel, S. Mariaget, G. Ingold, and
J. Larssoh

1Atomic Physics Division, Department of Physics,d_Umiversity, P.O. Box 118, 22100 Lund, Sweden
2MAX-lab, Lund University, P.O. Box 118, Lund, Swede
*European XFEL GmbH, Albert-Einstein-Ring 19, D-2RHamburg, Germany
“Swiss Light Source, Paul Scherrer Institut, 523f#0éin PSI, Switzerland
SLaboratorie de Spectroscopie Ultrarapide, EcoleyRethnique Fédérale de Lausanne, 1015 Lausanne,

Switzerland

Abstract

We report on the use of grazing-incidence time luesb x-ray diffraction to investigate the
evolution of strain in natural graphite excitedfeyntosecond laser pulses in the fluence range of
6-35 mJ/cr. Strains corresponding to up to ~2.8%xis expansion were observed. We show
that the experimental data is in good agreemerit walculations based on the Thomsen strain
model in conjunction with dynamical diffraction tivg. Furthermore, we find no evidence of
non-thermal lattice expansion as reported in reatrafast electron diffraction studies of laser-

excited graphite conducted under comparable eiamitabnditions.

PACS numbers: 63.20.dd, 61.05.cp, 78.47.J-

Ever since the discovery of fullerenes there hanlan explosive interest in the synthesis of

carbon-based materials, placing these materiateeaforefront of the nanoscience revolution.



Today, carbon-based materials are the basis foermm novel technologies including graphene
based nanoelectronics [1] and nanofluidics in can@notubes [2]. At the most basic level, the
existence of different carbon allotropes with raofid often exotic material properties owes to the
variety of bonding types that a carbon atom camfoGraphite is characterized by the weak van
der Waals bonding between the interlayer planestemdtrong covalent $jybridized bonds in-
plane. This bonding structure is responsible lierligh anisotropy in the electronic, optical, and
mechanical properties of graphite. The abilityriodify the bonding configuration in graphite
through irradiation by a laser pulse has been éeuldo synthesize novel carbon structures such
as nanodiamonds [3-4] and>sjch carbon nanofoams [5]. The ablation of intiters of
graphene off graphite has been also predicted @8] demonstrated [7]. While a detailed
understanding of the processes leading to the ehiantfpe bonding configuration in laser-excited
graphite is still lacking, it is believed that thrkey mechanisms are involved: the abrupt change
in the electronic configuration due to the excitatof ther electrons, the ensuing launch of large
amplitude coherent optical phonons, and the thestnains that develop at relatively later times.
The strain wave dynamics studied in this papesansitive to the interlayer binding strength and
should lead to an improved understanding of thestraks and strain effects in graphite. Given
the important role of strain in modulating the &lenic properties of graphene [8], understating
of stress and strain effects is essential to thecessful application of graphene in the next
generation of electronics. To further our undemdiiag of strain wave dynamics and other laser-
induced electron-phonon processes, one would dilgain a glimpse of the dynamics that follow
optical excitation from an atomic perspective amdtle relevant femtosecond to picosecond
timescales. Capturing transient atomic structuséth such unprecedented time resolution
became recently possible due to advances in tirelwed x-ray and electron diffraction

techniques [9-16]. These techniques, with theitgbib directly probe the structure of the



perturbed lattice, offer extraordinary insightsointhe complex and competing channels of

relaxation that follow the interaction of laser kvinatter.

In a recent study by Carborm al, laser-excited graphite was investigated usintpfast
electron diffraction (UED) in reflection geometriq]. Carbone and coworkers observed
contraction of the graphite lattice along theaxis at the onset of excitation, followed by
expansion of up to 1.25% of the interlayer distamicthe highest fluence of 44.5 mJfcnit was
argued that such a large amount of lattice expansimnot be accounted for by linear thermal
expansion alone. Instead, the authors attribtiedekpansion to non-thermal mechanisms that
include the anisotropic population of carriershie electronic band and the subsequent generation
of coherent optical phonons. The results repoote€arboneet al. started a debate within the
scientific community on whether the observed shifighe positions of the diffraction spots
represent real structural dynamics or are someletated to transient electric fields generated at
the surface of the sample due to the ejection ettedns by the laser pulse. Pak al.
investigated the effects of transient electricdgebn an electron probe pulse both experimentally
and through simulations, and concluded that thietgsfcan indeed deflect the electron probe in
a way consistent with the dynamics observed in @ls work [17]. The claims of Pask al,
however, were recently disputed [18-19]. In anotjraphite study by Ramaat al, performed
under similar excitation conditions and using tame technique of UED, even larger amounts of
shifts in the positions of the diffraction spotsreveeported, corresponding to 6% expansion of
the interlayer distance at an excitation fluencet®imJ/ci[16]. Ramanet al. attributed the
shifts partly to structural dynamics and partlystoface charging of the sample, and presented a
model of the surface potential which was used passe the two effects. It is evident from the

forgoing survey of conflicting results that in orde settle the question of whether or not laser



excitation of graphite gives rise to non-thermakisis, an alternative approach to UED is
warranted. To this end, here we investigate thecttral dynamics of laser irradiated graphite
using time resolved x-ray diffraction. X rays make ideal structural probe in this context as

they are insensitive to transient electric fieldsttmay be generated at the surface of the sample.

The experiment was carried out at the Swiss Lighir€& (SLS). The FEMTO slicing
beamline at SLS generates 120 fs x-ray pulses ghrdaser-slicing of the electrons in the
insertion device. The overall time resolution b tpump-probe scheme is dictated by the
duration of the x-ray probe and laser pump puldestiming jitter of the laser system, and the
geometrical mismatch angle between pump and preamb. An overall time resolution of <200
fs has been demonstrated in several recent stpdiésrmed at this beamline (e.g. see Ref. [20]).
The sample used in our study is a mined naturadhite flake, which was cleaved to produce a
surface with high quality flatness. The singlestayline nature of the sample was verified
through static x-ray diffraction measurements earout at beamline D611 at MAX-lab. For the
time resolved measurements, the x-ray source wasdtto an energy of 5.85 KeV with ~1%
bandwidth and focused to a spot size of ~300xh0 To match the x-ray penetration depth with
the optical absorption depth in graphite, we emgley noncoplanar diffraction geometry with
extreme (near critical angle) grazing incidencevgh FIG. 1a. The grazing angle)was set
by first calculating the corresponding verticalpfiigement of the specularly reflected x-ray beam
relative to the direct beam on a screen positiome#nown distance from the sample. An
avalanche photodiode (APD) was then placed at ¢helisplacement and the intensity of the
speculary reflected x-ray beam was maximized byiagrp;. Measurements were conducted at
two different grazing angles below (0%27and above (0.5) the critical angle of 0.30 The

sample was excited at fluences ranging from 6-3%mfJwith p-polarized 120 fs laser pulses



centered around 800 nm, and incident &t rklative to the sample surface. The 0.75x4.5 mm
footprint of the laser beam on the sample was @#fitly large to cover the 0.3x2 mm x-ray
footprint, ensuring homogeneous excitation of tmebpd area. X-ray rocking curves were
recorded at selected time delays in the -10 psl@®+s range, by measuring the intensity of the
101 reflection with an APD as function of the sampt plane rotationf(). The respective
repetition rates of the x-ray probe and laser ppuges of 2 KHz and 1 KHz imply that every
other x-ray pulse contributes to a reference (ummdjsignal. Figure 1b shows the 101 rocking

curve of the unpumped sample at a grazing angde2af.

Results of time resolved measurements are showsiGn 2 in the form of rocking curve
differences at selected time points both below) (arfd above (g-I) critical angle and for an
incident excitation fluence of 26 mJ/&m It is evident from the time-dependent shift bét
rocking curves that the graphite lattice is strdind o explain the detailed shape of the curves,
modeling of strain-wave propagation and x-ray scatg is needed. We employ the strain model
proposed by Thomseat al. [21] in which the laser-excited sample is assurt@dievelop
instantaneous thermal stress of the for8BSAT (z), whereB is the bulk modulusg is the
linear expansion coefficient, anfiT (z) is the temperature profile along the sample dépth
The finite coupling time between electrons anddattan be accounted for by considering the
following time dependent temperature profile

AT (zt) = (1_(:?':[1— exp(-t/7)|exp-2/9) ,

whereR is the reflectivity,F is the incident fluenceg is the volumetric heat capacity, is the
optical absorption depth, ard is the electron-phonon coupling time constant. ewkhe finite

coupling time is introduced, the analytical expi@ssfor the strain propagation given by



Thomsenet al. can no longer be used. Instead, the strain petfmagis calculated numerically.
The numerical solution of the relevant equationglasticity is presented in FIG. 3a in the form
of a spatio-temporal map of tleeaxis strain. Note the maximum strain of ~2.5%hat surface
corresponding to a ~1000 K temperature change andxés thermal expansion coefficient of
27x10° K [22]. An electron-phonon coupling constant of 8was assumed [15-16]. In
addition, we verified by solving the heat diffusiequation that the effects of heat diffusion can
be neglected due to the relatively low thermal emtigity along thec-axis of graphite [23]. This
assumption is also supported by Carbone’s studwhith following the initial drop in the

diffracted intensity no significant changes areasbsd up to ~1 ns [15].

The spatio-temporal map of strain was used to era@ateformed lattice structure of graphite,
and subsequently calculate the x-ray diffractiotensity of the deformed structure using
dynamical diffraction theory performed on the Stapa X-ray Server [23]. The ~0.85
divergence of the x-ray beam was accounted forésfopming simulations at different grazing
angles and weight-averaging the results accordirey Gaussian distribution of angles. The 1%
bandwidth of the x-ray beam was also accountedyoconvoluting the weight-averaged result
with a voigt lineshape. The calculated rockingveuior zero strain (unpumped sample) is shown
as solid line in FIG. 1b. Calculated rocking cudiferences at selected time points are shown
as solid lines in FIG. 2a-l. It is evident frometigood agreement between measurements and

calculations that the Thomsen model provides aaorate description of strain dynamics.

Qualitatively, the time-dependent features of tliférattion profiles can be understood as
follows. Below critical angle, the x-ray absorptidepth is less than the optical absorption depth

of ~140 nm [4]. Strain is initially confined toehsurface but evolves over time to mimic the



laser absorption profile. As strain waves propaghgeper into the material, more atomic layers
become disturbed but the average strain withindibtirbed region is reduced. This is clearly
seen by comparing the strain profiles at 50 ps H@ ps in FIG. 3b. With respect to x-ray
diffraction, this simple picture explains both timerease in the intensity of the rocking curve
difference with time and the monotonic shift towsardmaller angles of the zero-crossing
(intersection of rocking curve difference axéxis) indicating reduced strain. We note that at
these shallow angles, strain estimated directiynftbe raw data, as double the value of the zero-
crossing [24], agrees well with calculated straifhe maximum amount of shift of the 101
rocking curve of 0.1% observed at +10 ps, corresponds to a c-axis siganf 2.4%. Another
interesting feature of the dynamics is the asymimetraracter of the rocking curve differences.
This complex feature originates from the portiontled x-ray beam that by virtue of its large
divergence penetrates deeper into the sample. é\batical angle, the x-ray absorption depth is
much larger than the optical absorption depth. Tbeking curve difference for these
measurements loses the character of a simpleddtaftiffraction peak with conserved amplitude
and width. For these measurements, strain canaadditectly extracted from the raw data.
Nevertheless, employing dynamical diffraction thefaithfully reproduces the observed features

as evident in FIG. 2g-I.

A summary of the fluence dependent measuremestwisn in FIG. 4 in the form of surface
strain at +50 ps as function of incident fluend¢ote that the deviation from linearity is similar
in character to the saturation of the atomic meamase displacements above ~20 mJ/cm
observed by Raman at. [15]. We verified the nonlinearity cannot be iattited to a change in
the optical reflectivity of the sample, since theasured reflectivity was found to be constant up

to the damage threshold of ~100 mJcntHowever, we cannot rule out the possibility tta



saturation effect is related to an increase inopical absorption depth with fluence. Evidence
for such effect is implied from recent optical pupmobe measurements, in which laser
excitation induced a transient increase in thestrattivity of graphene and graphite films

[26-27].

We discuss our results in light of the recent UEges of graphite [15-16]. Carboeeal.
came to the conclusion of non-thermal strains bagedn estimate of the temperature change of
the sample of 40 K at 44.5 mJ/cand a thermal expansion coefficient of 7.9%1K™. First, we
note that the relevant thermal expansion coefficianall of these experiments is not the
7.9x10° K™ of isotropic graphite but the 27x1&™ along thec-axis of natural graphite [22].
Second, we believe Carbone’s estimate of temperatusinge to be significantly underestimated.
Our estimate of temperature change of ~1000 K ah2@nf and Ramaret al. estimate of 950 K
at 21 mJ/crhsuggest a temperature change of around 2000 K.5tdJ/crh. We note here that
a 2000 K temperature change can explain the ~5@bidrthe intensity of the 0014 reflection in
Carbone’s study in accordance with the Debye-Walisct. Furthermore, Carboeéal. argues
that the observed non-thermal strains are relatethé excitation of the so called strongly
coupled optical phonons (SCOP) [28-29]. HoweMee, ineasured lifetime of SCOP, of 5-7 ps
[28-29], does not support the persistence of nematll strains up to ~1 ns as observed in
Carbone’s work. Based on the above accounts, Wevbethat the ~1.25% positive strain in
Carbone’s study is purely thermal in nature. Apothteresting feature of the UED studies is the
detection of negative strains within picosecondfofdng excitation. The amount afaxis
contraction varies from ~0.03% in Carbone’s stunly-5% in Raman’s study. In our data, we
see no clear evidence of a negative strain compon®e have carried out additional simulations

to set a limit on the lowest negative strain we o@serve. Since the negative stress is short



lived, it gives rise to strain confined to the tagsh~5 nm of the sample. Given our surface
sensitivity and the signal-to-noise ratio this rtegastrain component cannot be larger than 0.5%

for the 26 mJ/cfhmeasurements.

In conclusion, our experiment supports the measen¢of positive strains by Carboreal.
enforcing that these strains represent real straictlynamics. However, we disagree with the
interpretation of the data suggesting that the eskstrains point to a non-thermal contribution
to the expansion of the lattice. To the contrarg,believe that the saturation effect in the atomic
displacements in our experiment and in Raman’systudicate that the measured positive strains
above 20 mJ/cfmare smaller than what is expected from thermahesjon. Finally, this work
demonstrates time resolved x-ray diffraction inzgmg geometry as a tool for resolving structural
changes in light elements that do not efficienttatter x-rays. The new generation of light
sources, with their superior beam qualities, walvé sufficient surface sensitivity to fully explore

the contraction effect that is thought to be limite the topmost few layers in graphite.
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Scherrer Institut, Villigen, Switzerland. The amith thank the Swedish Research Council (VR),
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FIG. 1: (a) The noncoplanar diffraction geometrtred experiment. 5.85 KeV x-rays incident at
a grazing angle of <0’Felative to the surface of the crystal diffract tife 101 lattice planes.
The diffracted beam is deflected by 2@2imuthally 0;+0,) and by ~18relative to the surface of
the crystal ¢,). (b) Measured (open circles) and calculated ddlatie) rocking curve of the 101

reflection.
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FIG. 2: Rocking curve differences taken at selediewt delays relative to laser excitation at
26 mJ/cr. Two sets of measurements were taken: panelsr@-ftaa grazing angle of 027
(below critical angle), and panels g-I are at azigigp angle of 0.5(above critical angle). Open

circles with error bars are experimental data moentd solid lines are dynamical diffraction

calculations of a thermally strained crystal.
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FIG. 3: (a) A spatio-temporal map of the % strdisng c-axis of graphite excited at 26 mJfcm
The strain was numerically calculated accordintheoeThomsen model [21]. (b) Strain profile at

+50 ps (dashed) and +100 ps (solid).
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Abstract. Up-coming of a new generation of x-ray light smscnamely x-ray Free-Electron
Lasers, puts new demanding constraints on the mesig-ray optics. The behaviour of optical
devices, mainly mirrors, has to be carefully stddie order to take profit of the unique
properties of these sources. In this article, wes@nt results of a time-resolved pump-probe
experiment performed at the ESRF ID09 beamline.iWestigated the time behaviour of an
optical substrate mimicking an x-ray mirror exposed high 15keV photon flux. Monitoring
the wavefront deformation of an optical laser prbkbam allowed measuring the build-up and
relaxation of the x-ray induced nanometer heat huhhye results are compared to simulations
based on finite element technique.

1. Introduction

Linear accelerator based lasers, so called FredritelLasers (FELS), are now becoming a
reality as 4' generation x-ray light sources. Based on the Sf&#f Amplified Spontaneous
Emission) process, they deliver ultra-short cohietigit pulses. After the first successful
development of FELs in the soft x-ray region at B\ (Free-electron LASer in Hamburg
[Introl]), several hard x-ray facilities recenthaged (LCLS in Stanford [Intro2]) or are under
construction (European XFEL in Hamburg and XFEL/8¥E38 in Japan).

The intrinsic properties of FEL beams open up nield$ of research, putting, however, high
constraints on the optics/beamline design. A kenapater is the wavefront, firstly since it
determines the focusing properties of the beanrd®jt and secondly because a highly
distorted wavefront leads to similar effects aserehce loss [Intro4]. A wavefront sensor for
soft x-ray radiation, developed for the specialursments of FLASH, was presented in
[Intro5, Intro6] and successfully employed to reglweavefront distortions from misaligned
optical elements. However, in addition to alignmissues, both static and dynamic surface

properties of the optical elements become moremaock crucial when dealing with intense
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hard x-ray wavelengths in the sub-nanometer raiighas been shown that for 0.1 nm
radiation the surface quality should be better thaam over a 800 mm long grazing incidence
optics [Intro4]. While the manufacturing relatea@tit surface figure can be controlled with
extremely high precision using interferometric teicjues [Intro7], the in situ performance of
FEL optics will also strongly depend on the perfanoe under heat load.

High repetition rate FELs will deliver pulses at iifate within trains of a few hundred ps.
The heat load during such a bunch train can bagisds 60 W [Intro8], inducing transient
deformations of the optics (mirrors as well as talysmonochromators). These deformations
should be lower than the 2 nm value previously rieitged.

The deformation of x-ray optics under high heatllbas already been addressed in the case
of synchrotron optics. Measurements have been meeib using different techniques, as, for
instance, in situ long trace profilers [Intro9], different types of Hartmann-Shack sensors
[Intro10] [Introll]. These measurements provided-micron resolution in terms of height
deformation, but only under steady state load. @ndther hand, some models have been
developed [Introl2] to describe the specific casa single FEL pulse, providing insight on
the kinetics of the deformation. However, no resuf time-resolved measurements were
published so far. In this article, we report onlsind of time-resolved investigations in the
case of a bunch train of x-ray pulses at MHz ré¢jpetirate. The experiment was performed at
the ID09 beamline at the European Synchrotron Riadidacility (ESRF). This beamline
accomplishes both high x-ray flux and a dedicatgeup for time-resolved studies. The heat
bump induced on an optical element was monitoredniepasuring the deformation of the
wavefront of a reflected femtosecond optical lasEhe wavefront measurement was
performed using a highly sensitive Hartmann-Shaekser, which had already been
employed to monitor wavefront distortions due terthal lensing in fused silica with sub-nm
accuracy [Introl3]. Due to their high relative démgy and robustness, Hartmann-type
measurements are well suited for photothermal meamnts. Actually, the thermal
distortion in a collimating objective was one oétery first applications Hartmann presented
in his landmark paper on the new wavefront sengognique in 1900 [Introl4]. Finally we
used Finite Element Method (FEM) to model the ekpents. This method is routinely used
to predict behaviour of x-ray optics under statieah load [Introl5]. In this specific
experiment the dynamics behaviour has also beerlewd

After a presentation of the experimental set-up Hred measurement method (sect. 2) the

procedure to retrieve the bump height from the mmemswavefront is described (sect. 3).
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Time- resolved experimental results obtained froms@bstrate are compared to FEM

simulations in sect. 5.

2. Experimental set-up and procedure

a. Description of the set-up

The experiment was performed at the IDO9B beandinthe ESRF. This beamline provides
guasi-monochromatic intense x-ray pulses (pulsehns@ ps) synchronized with a near infra-
red (NIR) femtosecond lasek£780 nm), delivering 1 mJ / pulse within 50 fs. Téet-up
allows performing pump-probe experiments where lysibe optical laser represents the
pump and x-ray pulses act as probe [SetUpl]. Irspacific case a 82 us long bunch train of
120 x-ray pulses selected by a fast shutter wagd as@ump and a single NIR pulse as probe,

both running at one kilohertz repetition rate. Experimental set-up is displayed in figure 1.

Figure 1

The undulators were tuned to deliver the peak sitgrat 15 keV. The estimated energy per
pulse from a calibrated photodiode was 2.7 pJ.8has bunch train was focused at normal
incidence onto the target within a spot of 125 purG4xum (full width half maximum, as
measured by a knife-edge scan) in order to maxithiggohoton flux on the sample. In order
to improve its wavefront, the NIR laser beam waatigfly filtered using a vacuum pinhole
and attenuated to 5 nJ/pulse before reaching tiplea A spherical lens (focal length f=25
cm) focused the laser under an incidence angleldfohto the sample positioned in the
divergent beam 4 cm behind the focal plane. THectfd NIR radiation was monitored by a
Hartmann-Shack wavefront sensor located at a distari 41 cm from the sample. The
Hartmann-Shack sensor developed by Laser-LabonatofGottingen consists of a digital
CCD camera (12 bit, 1280 x 1024 pixels) placed methdan array of plano-convex quartz
micro-lenses (f=40 mm, pitch 0.3 mm). The camera wynchronized with the NIR pulse.
The overall set-up was covered to avoid perturbatinf the probe laser beam due to air flow.
The experimental geometry introduced here, usimfivargent test laser beam, enables the
geometrical magnification of wavefront distortiomghich are laterally smaller than the
microlens array pitch. Using a lensless setup lekbltie sample, the reconstruction of the

sample surface profile relies on numerical mettrardy.
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The sample consists of a super smooth Si subgflatieess\/10 @ 633 nm, rms roughness 1
A) coated with a 100 nm thick layer of Platinum. #dgrmal incidence the Platinum coating
absorbs 3 % of the incoming radiation, hence beihgost transparent for the x-rays.
However, the metallic coating acts as a perfectaniior the NIR laser, avoiding heating of
the sample by the test laser beam.

b. Measurement procedure

Before performing the experiment, both spatial tevdporal overlap of the pump and probe
beams had to be accomplished. Spatial overlap wasaply checked by an optical
microscope monitoring the sample surface, makimgadsghe fact that the x-ray flux was high
enough to excite luminescence from the platinumticgaThe scattered light of the NIR
laser, also visible on the microscope, was thenplsindirected to the position of this
luminescence. A fine-adjustment was achieved initarative way by monitoring the
Hartmann-Shack sensor signal, centering precibayaser spot on the heat bump. The time
delay between x-ray and laser pulse was contraledtronically using a delay generator
which shifted the phase of the laser oscillatodbeek loop. Temporal overlap at the sample
position was obtained monitoring the photodiodeais.

The wavefront distortion measurement was perforrimedwo steps: first the test laser
wavefront and intensity pattern were measuredeasémsor position without heat load on the
sample (non-distorted test beam). Thereafter,ia 6fal20 x-ray pulses was directed onto the
sample, and the delayed NIR pulse reflected from hieated zone of the surface was
registered by the Hartmann-Shack sensor at onbékilp repetition rate (distorted test beam).
For each delay 64 camera frames of 25 ms each memded and averaged, optimized
according to the wavefront stability of the fs lasgstem. Thus, each wavefront and beam
profile reconstruction contains information from0D6x-ray bursts. After this measurement of
the distorted beam, another record of the nonwdeslobeam was taken to check the
remaining wavefront, giving a measure for the aterfice level. The procedure was repeated

for each delay time.

3. Wavefront and surface profile reconstruction
An absolute wavefront calibration is obtained franplane wave reference, making use of a
50x expanded HeNe laser. The displacement of tbepimduced by the microlens array

(21x19 spots) from their reference positions yiglis wavefront gradient, from which the
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wavefront is computed by fitting a set of Zernikelymomials (up to 6 order in the radial
coordinate) [Rec01] in a least squares approach.Wavefront reconstruction is described in
greater detail in [Rec02] and the Hartmann-Shaokaein [Rec03].

The surface topology of the sample is computed ftbenmeasured wavefronts as follows.
We define a mirror coordinate systenwhich is described by the coordinatésy({), where
{=0 is the mirror surface. Let the plane of incidebe given by thé and directions and let

o be the angle of incidence of the test laser b&8dra.wavefront sensor-coordinate system S
is described by the coordinates (x,y,z), wherezifaxis is the optical axis of the test laser
beam after reflection and=0 defines the detector plane. S follows framby a rotation
around thep-axis by-a followed by a translation alongby the distance L from the mirror to
the detector, measured at the beam center.

The scalar complex amplitude of the laser beanT afféection from the sample surface is
given by

U(En.0)=U,(70)T(én) @)

whereU; is the complex amplitude of the incident testldsmam and (&,77) the complex
phase factor imposed by the sample surface. Sircsurface height deviation is small

compared to the wavelength and the divergence denate, we can use

T(&,17) = ex~ 2ik cos@) h(é,77)) (2)

with the wave vectok of the test laser beam and the local surface helig¥iation from the
non-distorted surfacéh(é,7).

Employing Huygens-Fresnel principle [Rec01] andleeting the inclination factor, we write

U Gy 0) = [[aéan (6 1 0} .

The squared distan(%(fo, Xo,) for a given pointé=(<o,770,0) on the mirror surface (ik) and

point Xg=(Xo,Y0,0) in the detector plane (in S) is

R? =(x, - & cosa)’ +(y, -n,) +(L-¢&,sina)’ (4)
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R is expanded up to second ordeE/imandx/z in the exponential and we ukseR in the
denominator. This yields the Kirchhoff-Fresnel-ligawpagation operatdt for paraxial,
guasi-monochromatic coherent beams, adapted foFtie back propagation onto the surface

is given byU(&,7,0=F(U(x,y,0))with the inverse operator

G(en0)=F "0 lxy )= e e~ (FPeosavy))| »

”dxdyU (X,y,O)ex;{—;i(Xz + yz)) ex[{i:f (x&cosa + yly)j (5),

whereU is the complex amplitude less tilt terms.
The phase factor follows from the ratio of the alisdd and the non-distorted complex

amplitude in the sample plane,

— F * (U distorted(x1 y,O))
T(f,”) B F l(U non—distorted(x! y'O)) (6)

where the intensiti€9qistorted Unon-distorted@r€ NON-ZEro.

The integral (5) was solved on a 1500 x 1500 sqgark using a Fast Fourier Transform
(FFT) algorithm, representing the circular evalomatarea (2.85mm radius) of the Hartmann-
Shack sensor. The intensity between the individyaits on the CCD was interpolated by
bicubic splines.

4. Results

After spatial filtering, the probe laser's waveftat the Hartmann-Shack sensor position
showed a remaining wavefront root-mean-squakgs( of about 20nm relative to the HeNe
reference. Figure 2a shows the shot-to-shot flticlis of 3.6nmw,,. The relative wavefront
of the distorted and non-distorted beam is showiigures 2b and 2c for a delay of 82us (at
the end of the x-ray burst) and 122ps. Wavefroakge-valley () at the sensor position
grows for each pulse in the x-ray burst up to apipnately 24nm. The mean stability of the
reference wavefront was determined as describsédtion 2b and we found 2.1nmg, with

standard deviation 1.1nm.
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Figure 2

The wavefront distortion at the sensor positiofrigader than the distortion on the sample
surface due to both diffraction and divergencehef probe laser beam. Thermal distortions
for the delays 82us and 122us are plotted in figBeeand 3b. The actual surface deformation
(figures 3a, 3b) shows a Gaussian profile, whichiesponds to the lateral dimensions of the
x-ray spot and a broader background.

The amplitude of the distortion is determined lfjrfg a Gaussian function of the form

(7)

e B Eme) = mex{_ £(p.&) _f7'(ﬁ’,/70)2J

207 20;
whereé(5,&) and 7 (5,no) are the the lateral coordinates on the samplacgirvhich allow
for decentring §o,no) and rotation§) in the plane. A cross section along thexis is plotted

in figure 3c for both the best-fit curve and thenputed surface profile. Averaging the bump
width over the delays from Ous to 180 us yieldspd#or & and 72um for” (FWHM),
showing that the lateral extension of the centistiodtion is corresponds to the size of the x-

ray focal spot size.

Figure 3.

Finally the bump height (fit parametey) is plotted against the delay in figure 4. We famd
exponential decay constant of 31.1+ 6 us, the dveor corresponding to the confidence

interval of the fit.
Figure 4

5. FEM modelling

Finite elements simulations were performed to mathe experimental conditions. The
sample was modelled by a quarter of cylinder of @@0radius and 600 pm thick as shown in
figure 5. We models two cases: one with the barsuBstrate and the same substrate with a
100 nm Pt coating. The heat load was simulated wsiBglimensional Gaussian distribution

reproducing the x-ray beam profile. The profile gahe propagation direction follows a
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regular exponential decay law. The absorbed poweupit of volumeP can then be written

as follow:

2
PW em™®) = p% [@xp(—% -

X

2
zijz) epc) g
Wherepy is the average power over a full bunch train eqod@.72 W,V= oy o laps is the
volume where the absorption takes plageb3.2 pmands,= 27.2 prare the rms value of the
Gaussian profile calculated from the FWHM of theasweed x-ray spot, arighs= 442 umis

the absorption depth at 15 keV in Si. In the cdse abated sample, we considered a constant
load profile corresponding of 3% of absorption ¢hd same heat load profile in the Si
substrate. The relevant thermo-dynamical constasesl for the simulation are given in the
table 1. As the substrate is monocrystalline, wli surface being oriented along the (111)
direction, the constants are then chosen accosdinghe relevant direction from ref [Fem1].
Thin metallic coating are usually polycrystallineence we used non dependant direction
values. For both materials these values were kaptant as the temperature variation is very

weak, as shown in the figure 5.

Densit Poisson Young Thermal Thermal Specific heat
/cm3y coefficient modulus expansion | conductivity pJ/ °C
9 GPa 10°%°C W/m°C 9
Si (111) 2.34 0.26 187 2.56°10 163.3 0.703
Pt 214 0.36 275 9.0 fo 71.6 0.133

Table 1 : Thermo-dynamical constants of Si (111 Bhused in the FEM model.

This figure shows the simulated volume with colmap showing the temperature at the end
of the x-ray pulse train corresponding to the maximbump height in the case of the coated
sample. The maximum temperature rise is equal2l #h case of non coated Si and 11.3K
for the coated substrate. The maximum displacerisefdtund to be 3.9 nm for the bare
substrate and 4.2 nm for the coated substrate.sHuws the very weak effect of the coating
due to the low absorption of the thin layer. Nelheltss as Pt has a larger thermal expansion,
the height of the bump is a slightly larger.

8/14



Time-resolved investigation of nanometre scale mhefion induced by high flux x-ray beam

The figure 6 shows the time dependence of thidatigment. The time constant for the decay
can also be retrieved assuming an exponential d@teydecay constants are then 41.6 ps for
the bare Si substrate and 40.4 ps for the coatediSitrate. Once again the influence of the
coating appears to be weak. As can be guessedtfrerfigure 5 the heat gradient is much
higher in the radial direction than along the defthe heat flux is taking place primarily in
the radial direction, which leads to the first fdstcay of the heat bump. On a longer time
scale as the temperature gradient decreases, #hdlire also slow down inducing a long
decay of the bump. The simulation has been rur ardielay corresponding to 300 us. The
figure 6 clearly shows that at this delay the Heahp on the substrate has not yet completely
disappeared.

Figure 5
Figure 6

6. Discussion and Conclusion

The experiment and the FEM simulations give resaoltee same order of magnitude in terms
of bump height and time constant. Neverthelesstiea noticeable difference between the
height of the bump experimentally measured andotie obtained with FEM simulations.
This difference can be explained by the high reéjpetirate of the bunch train. As shown by
the FEM results the bump firstly decreases rapidtiiin 30 to 40 ps and then relaxes slowly.
Further FEM calculations shows that after 1 mshiln@p height is still in the range of 0.5 nm.
As described in the section 2, the measuremenegwre is done such that the wavefront is
averaged over 25 ms, i.e. 25 bunch train at a &itah The broad background, which is
present in our measurement but too large to beecthyrevaluated and subtracted explain the
discrepancy between model and experiment. On ther dtand the agreement of the time
constant is quite good and reflect the behaviounezft dissipation largely dependant of the
temperature gradient, i.e. the intensity profilghef beam.

In this experiment we have measured the dynamiesdgéformation in the nanometer range
induced by a bunch train of x-ray pulses. We havews that the deformation can be
modelled with FEM simulations in a reasonable man@ur results clearly show that
nanometre scale deformation can be measured qoitgredely which paves the way to
practical applications and to further developmeAs.this technique is robust and easy to
implement it can be used for in-situ measurementsiging real time deformation of the
surface. Moreover as underlined in reference [fjtrdue to the high energy per pulse (in the
9/14
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mJ range) a single pulse of FEL can lead to theordedtion of the optic relaxing a
nanosecond time scale. It is then questionable tifié case of high repetition rate facility the
optical surface can be deformed from pulse to pulbés fast process could then be studied
with the technique we presented here. Apart from d¢fvious technical interest, more
fundamental questions on the behaviour of matetatier non equilibrium condition would

be addressed and answered.
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Figure 1: Schematic view of the experimental set-up
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Figure 2. (a) shows residual fluctuations in the wavefrdrthe test laser beam (3.6rnw,).
The thermally induced wavefront distortion of tkettlaser at the sensor position is shown
(b) for a delay of 82us (23.9rww,) and in (c) for a delay of 122us. (17.7mR).
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Figure 3. (a) shows the reconstructed surface topology frawefront measurements for a
delay of 82us (peak-to-valley (pv) 17nm) and (b)dalelay of 122us (pv 8.6nm). The
surface profiles correspond to the wavefronts shiowiigure 2 (b) and (c). Figure (c) shows a
crosssection of the surface profile alongnhexis (solid lines) together with the three-
dimensional Gaussian fit curve (dash-dotted).

12/14



Time-resolved investigation of nanometre scale mhefion induced by high flux x-ray beam
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Figure 4. Heat bump dynamics form wavefront measuremerg.réH line is the
exponential decay used to fit the experimental gsdig= 31.1 ps].
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Figure 5: Simulated volume with the FEM. The color shows tmperature at the end of the
x-ray pulse train. The picture corresponds to thea® substrate.
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figure 6: Height of the surface point at the cemtithe simulated volume as a function of
time resulting from FEM simulations. The blue cuiwdor the Si substrate and the black on
for the Si + Pt coating.

14714



Part 111

Appendix - Matlab scripts

155






1D heat flow simulation of melting-resolidification

%++++++++++++++++++++material parameter of INSh+HHHE+++++
Xi = 140E-9; % Penetrationdepth in m

d1l = 60E-9; %inital melt in m

delta_d = 150E-9; % thickness of latent heat layen

specificHeat = 293; % J/(kg K)

Density = 5.8e3; % kg/m"3

Enthalpie_m = 1.32e9; % latent heat J/m"3
conductivity = 4.57; %J/m-K-s
k=conductivity/Density/specificHeat; %m"2/s

meltingpoint=800;
offset=800-meltingpoint;

%+++++++++++++++++++world creation+++++++++++++++++++++++
s1 = 0; % begin of sample

size=1500E-9; %m

nx=1500; %no of points

dx=size/nx; %m

x=linspace(0,size,nx);

range=200E-9; %s

stop=200E-9;

timesteps=2000000; % no of timesteps
dt=range/timesteps; %s

tmod=100;
time=linspace(0,range,int32(timesteps/tmod));
e = ones(nx,1);

A = spdiags([e -2*e €], -1:1, nx, nx);
A(1,1)=-1;

A(nx,nx)=-1;

%++++++++++++++++++initial condition at t=0++++++4H++++++

%temperature

T1 = (x>=s1).*(x<sl+dl).*
meltingpoint/exp(-(s1+d1)/xi).*exp(-x./xi);

T2 = (x>=(s1+d1)).*(x<(delta_d+d1+sl))*meltingpgint

T3 = meltingpoint/exp(-(s1+d1+delta_d)/xi)*exp ().

*(x>=delta_d+d1+s1l);

T=T1+T2+T3;

T=T.}

%latent heat

Q1=Enthalpie_m;

Cl=Enthalpie_m/(1-exp(-delta_d/xi));

C2=C1-Q1;

Q=(x>=s1).*(x<(s1+d1)).*Q1 + (x>=(s1l+d1)).*
(x<(delta_d+d1+s1)).*(C1*exp(-(x-d1)/xi)-C2);

Q=Q.;

%+++++++++++++++ R

figure(1);

t=0;

c1=k/(dx"2)*dt;

c2=conductivity/(dx"2)*dt;

counter2=0;

molten=zeros(int32(timesteps/tmod),1);



for counter=1:timesteps
t=t+dt;
test=0;
test2=0;
testn=0;
nl=0;
n2=0;
for i=1:nx %search for liquid-solid interface
if ((T(i)==meltingpoint) & (test==0)) % fod at n1
nl=i-1;
test=1,
end;
if ((T(i)<meltingpoint) & (test==1))
n2=i-1;
test=0;
end;
if ((T(i)<meltingpoint) & (test2==0))
testn=i-1;
test2=1;
end;
end;
if n2>(n1+1)
dQ=c2*(T(n1)-T(n1+1));
Q(n1+1)=Q(n1+1)+dQ; % change in latent
% heat at interface
if Q(n1+1)>Enthalpie_m % continued melting
nl=nl+1;
end;
dQ=c2*(T(n2+1)-T(n2));
Q(n2-1)=Q(n2-1)+dQ; % change in latent
% heat at interface
if Q(n2-1)<0 % resolidification
n2=n2-1;
end;

el=ones(nl,1);
e2=zeros(n2-n1,1);
e3=ones(nx-n2,1);

else

nl=testn;

dQ=c2*(T(n1+1)-T(nl)); % change in latent
% heat at interface

Q(n1)=Q(nl)+dQ; % resolidification

if Q(n1)<0

nl=nl-1;
end,;

el=ones(nl-1,1);
e2=zeros(1,1);
e3=ones(nx-nl,1);

end;
%+++++++++++++calculate diffusion matrix+++++++++++++
K=cl*spdiags([el;e2;e3],0,nx,nx)*A;



%+++++++++++++calculate new temperature prefile+++++
T=T+K*T;

if mod(counter,tmod)==0
counter2=counter2+1;
molten(counter2)=dx*1E9*n1;
subplot(3,1,1);
plot(x*1E9,T+offset); % plot temperaturefite
xlabel('x [nm]’);
ylabel('T [K]);
axis([0 500 0 1100));
title(strcat('t=",num2str(t*1E9),'ns’), RSize',18);
subplot(3,1,2);
plot(x*1E9,Q); % plot latent heat profile
xlabel('x [nm]");
ylabel('latent heat [3J/m"3]);
axis([0 500 0 1.5E9));
subplot(3,1,3);
plot(time*1E9,molten); % plot thicknessmélt
xlabel('t [ns]");
ylabel('molten layer [nm]’);
drawnow;

end;

if t> stop
break;

end;

end;






Specular thin film x-ray reflectivity

Yo++++++++++++++++++++++ reading data +++++++++++HHH+HH b+
for j = l:size(tearly,2)

[header,test] =

mhdrload(strcat(DataDirectory, prefix, tearly{j},

suffix, ".txt");

Data{j} = [test(:,2), test(:,5)]; % 2 columns: dagreflectivity
end;

%o++++++++++++++++++++ initial guesses ++++++++H+HHH
angle_offset=-1ES3;

10=1.4E-6;

density=1.99;

dc_offset=3E-9;

thickness=46.5E-9;

sigmal.0E-10;

nsmooth=3;

Yo++++++++++++++++++ creating fits +++++++++++++++tt++++++
timesteps=size(tearly,2);
r=zeros(size(tearly,2),size(Data{1}(:,1)));

figure(1);
hold on;
forj=1:10 % loop over all timesteps
X = Data{j}(:,1); % measured data (angle)
Y = Data{j}(:,2); % measured data (intensity)

% ++++++++++++++ inital guess +H++t+ b
fitparamsO = [angle_offset 10 density dc_off¢etkness sigma];

%++++++ determine parameterset using nonlineaessipn +++++++++
[fitparams,r(j,:),J] = nlinfit(X', log(Y"), @_form2, fitparams0) ;

ci{j} = nlparci(fitparams,r(j,:),J) % fit results

dphi=fitparams(1)*180/pi
dlogY=-log(fitparams(2))

XFIT = X
YFIT = R_form2(fitparams, XFIT);

subplot(2,2,1)
plot(X+dphi, CdB*(log(Y)+dlogY), plotColors{j});
% plotting measured reflectivity
hold on;
plot(XFIT+dphi, CdB*(YFIT+dlogY), plotColors_sinp);
% plotting fitted reflectivity
test=ci{j};
result_amplitude(j)=test(2);
result_density(j)=test(3);



result_thickness(j)=test(5);
result_sigma(j)=test(6);
end;

%+++++++++++++++++++ Plotting fitting results +++++++++++

xlabel(\theta [\circ]);

ylabel('log(l/I_0)";

axis([min(X+dphi) max(X+dphi) -30 5]);

title(strcat(['Time resolved reflectivity of a-C @
ParametersFile(10:13), /fcm27));

legend(T);

hold off;

subplot(2,2,2);

plot(TIME,result_sigma*1E9);

hold on;
axis([-1 10 min(result_sigma*1E9) max(result_sigiha9)]);
xlabel('delay time [ns]"); % plotting roughness(THM

ylabel('roughness [nm]);

titte('Reflected intensity below critical angle’);

subplot(2,2,3);

plot(TIME,result_density); % plotting density(TIME)

hold on;

axis([-1 10 min(result_density) max(result_den$jty)

xlabel('delay time [ns]");

ylabel('density [g/cm”3]");

titte('Carbon density");

subplot(2,2,4);

plot(TIME,result_thickness*1e9);% plotting thickis¢SIME)

hold on

axis([-1 10 min(result_thickness*1e9)
max(result_thickness*1e9)])

xlabel('delay time [ns]’)

ylabel(‘thickness [nm]’)

title('carbon thickness')

%++++++++++++++function calculating reflectivity ##+++++++++++
function Y = R_form2(params, X); % params: 1=angféset
%%%%%%%%%%%2=10 3=density 4=dc_offset 5=thicknessdgina

energy=18000; lambda = Energy2lambda(energy);

k0=2*pi/lambda;

n_film = XraylndexOfRefraction('C', params(3), emer,
% refractive index of film

n_substrate = XraylndexOfRefraction('Si', 2.33,rgyiE
% refractive index of substrate

%-+++++ calculating beam angles

x1 = pi/2-X*pi/180 - params(1);

x2 = asin(sin(x1)*1/n_film);

x3 = asin(sin(x2)*n_film/n_substrate);

%+++++ and wavevector - z-components
k1l=cos(x1)*k0;
k2=cos(x2)*k0;
k3=cos(x3)*k0;



%-++++ debye-waller factor describing roughness
r = exp(-k1.*k1*(params(6)"2));

%+++++ phase change in thin film
phase=k2*params(5);

%+++++ setting up matrices
for i=1:size(X);
RO(:,:,i)=[k1(i)-k2(i) k1(i)+k2(i) ; k1(i)-k2(i)k1(i)+k2(@i)]/(2*kL(i))*r(i);
% reflection matrix 1

T1(:,:,))=[exp(i*phase(i)) O ; 0 exp(-i*phase(r))
% propagation matrix

R1(:,:,i)=[k2(i)-k3(i) k2(i)+k3(i) ; k2(i)-k3(i)k2(i)+k3()]/(2*k2(i));
% reflection matrix 2

R(:,:,)=RO(C,:,1)*TL(,: ) *R1(,:D);
% total matrix

reflectivity(i)=abs(R(1,2,i)/R(2,2,i))"2;
% the absolute reflectivity
end;

Y = log(params(4) + params(2)*reflectivity)
% reflectivivty (log scale)
%o+ +++++++++++++++++ bbb






Analysis of x-ray powder diffraction with detectander oblique angle

%++++++++l0ading powder diffraction data+++++++++HHH+++++
path="Z\ANDOR_CAM\20100126\’,

filename='calib.tif";

picture=imread([path filename]);

energy=7; %keV

%++++++++ detector definitons+++++++++++++++++++HH+H+H++++
center=[458 372 201.72]; %direct beam

cropping=[ [170 750] [410 640] ];

alpha=53*pi/180; %detector angle

%++++++++making g-map for all pixels of detector+H++++++
g_space=zeros(1004,1002);

clear s;

for m=cropping(1,1):cropping(1,2)

for I=cropping(2,1):cropping(2,2)

a=m-center(1); %distance in z
b=-(I-center(2))*cos(alpha); %y
c=-(l-center(2))*sin(alpha)+center(3); % x
r=sqrt(a”2+b"2+c"2); %absolute distance
g_space(l,m)=1.0136*energy*sin(acos(c/r)/2);%q
end;

end;

%-+++++++binning the data according to their g-vatte+++++
g=linspace(0,4.5,101);

for n=1:(length(q)-1)
mask=(q_space<q(n+1)).*(q_space>q(n));
weight=sum(sum(mask));
s(n)=sum(sum(double(picture).*mask));

end;

%o+++++++plotting++++++++++++++++++ bbb bbb
figure(1);

imagesc(picture); % measured data
figure(2);

imagesc(g_space); % q-map for detector
figure(3);

plot(q(1:(end-1)),s); % 1(9)






