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Abstract

Precise determination of the time of simultaneous incidence of laser pump and X-
ray probe pulses is essential for ultrafast X-ray diffraction experiments. This work
investigates the use of diffuse scattering from the phase-change material GesSbyTes
(GST) as a timing tool for pump-probe measurements at the FemtoMAX beamline
at MAX IV Laboratory.

A complete data analysis pipeline was developed to process time-resolved powder
diffraction data. Individual detector images were sorted into pump-probe delay bins
using the jitter monitors at FemtoMAX, azimuthally integrated using the pyFAI
software package, and combined to produce time-resolved scattering profiles.

Measurements obtained during three experimental campaigns reproduced the char-
acteristic ultrafast increase in diffuse scattering intensity following femtosecond laser
excitation of GST. By combining data from multiple delay scans, the intensity in-
crease was resolved to occur within 70 fs, consistent with previous measurements
at FemtoMAX. The impact of laser fluence and sample temperature on the diffuse
scattering response was also investigated, with the signal becoming difficult to re-
solve at low excitation fluences.

These results demonstrate that transient diffuse scattering from GST provides a
reproducible marker of time zero for ultrafast X-ray diffraction experiments in a
variety of experimental conditions. The analysis framework developed in this work
provides a reliable methodology for processing future pump-probe diffraction mea-
surements, and supports the continued use of GST as a time-zero monitor at Fem-
toMAX.

LRAP number: LRAP632(2026)
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Popular Science Summary

Ultrafast X-ray diffraction is a powerful technique for observing how materials
change on extremely short timescales. By using a short laser pulse to excite a ma-
terial and an X-ray pulse to measure it, scientists can measure structural changes
occurring within trillionths of a second. To interpret these measurements, it is
important to know exactly when the laser and X-ray pulses hit the sample simulta-
neously. This moment is known as time zero.

This thesis investigates whether the material germanium-antimony-tellurium (GST)
can be used as a reliable time-zero monitor at the FemtoMAX beamline at MAX IV
Laboratory in Lund. GST is a phase-change material that exhibits a rapid change
in its X-ray scattering after being excited by a laser pulse. This fast signal can then
be used to pinpoint time zero.

A data-analysis pipeline was developed to process thousands of individual X-ray
detector images and sort them according to the timing delay between the pulses.
The images were then analysed to track changes in the X-ray signal following laser
excitation. Measurements from several experimental campaigns reproduced a rapid
increase in scattering, as was previously observed in GST. The response was inves-
tigated under different laser fluences, sample compositions, temperatures and X-ray
incidence angles.

The results show that GST produces a reproducible, and sufficiently fast response

to be used as a time-zero monitor for ultrafast X-ray diffraction experiments at
FemtoMAX.
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Introduction

Time-resolved X-ray diffraction is an important technique for investigating photo-
induced structural dynamics in condensed matter systems. Using femtosecond
pulses, these dynamics can be observed on the time-scale of atomic motions [1].
Applications include mapping photo-induced atomic motion |2, 3], phase transitions
[4-6], coherent phonons [7H9|, and coupling between these behaviours [10, [11].

As most X-ray detectors are not capable of resolving sub-picosecond timescales,
most time-resolved X-ray diffraction experiments utilise a pump-probe scheme. A
pump pulse causes a perturbation in the sample, to probe the sample, an X-ray
pulse which is short compared to the timescale of the induced structural dynamics
is required. The scattered intensity provides a snapshot of the instantaneous struc-
ture of the material. By measuring the scattering from the X-ray pulse at many
time delays, the time evolution of the sample structure after the perturbation can
be reconstructed |1, |12].

In such experiments, resolving a time-zero, the time when the pump and probe
beams are simultaneously incident on the sample, is of vital importance. The time
zero is used as a reference for all measured pump-probe delays. Without this value, it
can be unclear which experimental observations are indeed a result of laser-induced
dynamics.

In the early 2000s, sources for femtosecond X-ray pulses began to emerge. FElec-
tron beam slicing involves using a femtosecond laser to transversely modulate a thin
slice of electrons in a synchrotron storage ring. These electrons are then separated,
and used in a bending magnet or undulator to create fs X-ray pulses [13] [14]. An-
other method from this time involves creating a plasma with a fs laser, which then
emits incoherent fs X-ray pulses [15]. For experiments using these methods, the
pump and probe pulses are inherently synchronised, but probe flux is low.

Modern X-ray free electron lasers (XFELs) can be optimised for short-pulse gen-
eration, providing femtosecond X-ray pulses with much higher flux per pulse [12].
These include the Linac Coherent Light Source (LCLS) in the United States [16],
SACLA in Japan [17], Pohang Accelerator Laboratory XFEL in the Republic of
Korea [18], European XFEL in Germany [19], and SwissFEL in Switzerland [20].

At XFEL sources, the X-ray pulse is sufficiently brilliant to induce a rapid change
of the optical reflectivity or transmittance of a semiconductor material, which is



probed by the laser pulse. This was pioneered at the FEL in Hamburg (FLASH)
using XUV /soft X-rays |21, 22]. This technique was further developed at LCLS,
SLAC [23-25], and European XFEL [26] 27].

The MAX IV synchrotron in Lund, Sweden features two electron storage rings oper-
ated at 3 GeV and 1.5 GeV and optimised for the hard X-ray and soft X-ray/VUV
spectral ranges, respectively. A 3 GeV linear accelerator (LINAC) injects both rings,
as well as the short pulse facility, with accelerated electron bunches [28].

The only beamline at the short pulse facility is FemtoMAX. Electron pulses from
the LINAC pass two 5 m long, tunable undulators generating ultrashort (<100 fs)
X-ray pulses with a maximum 7 x 10° photons per pulse at 8 keV. An ultrafast
laser system is located in a laser laboratory directly above the beamline. The laser
oscillator is phase-locked to the 3 GHz radiofrequency (RF) signal originating from
the master oscillator [29].

At FemtoMAX, the X-ray flux is insufficient to pump a sample, inducing measur-
able changes in optical properties. An alternative is to use standardised reference
materials with known temporal responses at the sample position. The faster the
dynamics of the sample, the more accurately time zero can be determined. These
samples include Bismuth [30, 31], and InSb [32]. These are single crystals, which
must be carefully aligned to produce the desired Bragg reflection.

When FemtoMAX was used to analyse a powder sample of the phase-change mate-
rial GeaShoTe; (GST), an increase in diffuse scattering between two of its diffraction
peaks was seen to occur within 70 fs [33]. The study of GST as a timing monitor is
therefore of significant interest to further study of ultrafast dynamics at FemtoMAX.
The purpose of this work is to verify the presence of the transient diffuse scatter-
ing, and to determine its potential as a time-zero monitor in X-ray pump-probe
experiments.



Thesis Overview

This thesis work is built around a set of experiments using powder diffraction to
determine the utility of GeaSboTes (GST) as a time-zero monitor at FemtoMAX.
In chapter 1, I review the basic theory of X-ray scattering of matter, leading to a
description of powder diffraction.

In chapter 2, I provide an overview of the FemtoMAX beamline at MAX IV, where
these experiments took place. I discuss the experimental methods used to inves-
tigate the GST samples. I describe the timing diagnostics used to determine the
relative arrival time of the pump and probe pulses. I introduce the GST samples,
and experimental conditions used during our three measurement campaigns.

In chapter 3, I discuss my Python analysis pipeline built to transform our raw
data to intensity traces as a function of time over the region of interest.

In chapter 4, I present our experimental results from each of the three experimental
campaigns following this analysis. I investigate the dependence of the fast increase
in diffuse scattering signal following laser excitation on laser fluence, sample com-
position, and temperature.

In chapter 5, I discuss our results, and assess the suitability of GST as a time-zero
monitor for ultrafast X-ray pump-probe experiments at FemtoMAX.



Chapter 1

Theory

1.1 X-ray Scattering

When an atom is probed by an X-ray beam, its electrons can either absorb the
beam, or undergo scattering. Scattered radiation can be studied to determine the
properties of the target atom. This comprises both elastic (scattered radiation at
same wavelength as incident field), and Compton scattering (scattering at longer
wavelength). Since it is elastic scattering that gives rise to Bragg reflections, only
this process is of detailed in this work. This discussion follows ” X-ray Diffraction”
by B.E. Warren [1].

1.1.1 Single Free Electron Scattering

Firstly, taking an unpolarised X-ray beam falling on a single free electron. The
electric field in some direction Ey can be decomposed into polarisation components
E, and E,. The instantaneous values of the electric field at the interaction point
are then
€0z = Fog sin(wt
o0 = Eoz sin(ut) (1.1)

€0y = Eoy sin(wt)

where w is the angular frequency of the probe beam. The electric field then exerts a
force, inducing an acceleration, a, in the xy plane, once again taking the orthogonal
components separately

_ fa  eBEygsin(wt)

ay = =
m m
c c 1.2
fy  eEy,sin(wt) (12)
ay = ——
Me Me

where e and m are the electron charge and mass respectively. The electric field
induced by an accelerating electron is

€ ¢ asin(a) (1.3)

- 4megc?|r|
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Figure 1.1: Scattering by a single electron at the origin due to incident field Ej

for an observer at r. The component of acceleration perpendicular to r is asin(a).
The electric field for an observer in the zz plane at azimuthal angle ¢

1 e?
E,=————Fycoso
4mey mec?|r|
: (1.4)
Bt ¢
Y dreg mecfr] Y
and the electric field amplitude at the point of observation
2 2 2 1 et 2 2 2

E*=FE,+E, = (Egy cos™ ¢ + Eg,) (1.5)

~16m2e2 m2ct|r|?

In the case of an unpolarised beam, E, will take all values in xy with equal proba-
bility

(Eo) = (Eg,) + (Egy)

1 (1.6)
L) = () = (B,
then using equation [L.5}
1 et 1 1
2 2 2 2
<E > = 1671'26(2)m204|1"2[§<E0>COS ¢+§<EO>]

¢ 1.7
1 et ( 2><1+COSQ¢) (1.7)

16m2eZ m2ch|r|2 " 2

The observable quantity here is the optical intensity, which can be substituted into
equation to obtain the observed scattering intensity as follows,

I= ?(E% (1.8)

>



e 19)

The factor (1 + cos? ¢)/2 is the polarisation factor for an unpolarised probe beam.
For the results presented in this work, a horizontally polarised X-ray beam was
used. Since Ejy, = 0, the polarisation factor becomes cos? ¢ and the intensity of the
scattered radiation

I:I()

1672€3 m2c*|r|?

1 et
0 2.2 9 A2
16m2eg m2ct|r|

I= cos® ¢ (1.10)

1.1.2 Scattering by an Atom

Scattering from a group of n electrons confined in a small volume, as in an atom,
can now be considered. Each electron has some position r,, close to atomic origin
O. The wave-front of an x polarised beam with amplitude Ej in the direction of
unit vector sg is incident through O. The scattering intensity measurable at P,
some distance R >> |r,| in the direction of unit vector s can be calculated. The
instantaneous field at r,, has travelled an additional d; and therefore collects a phase
term

€0 = Ep cos(wt — kdy) (1.11)

where the wave-number k& = 27w/c. The instantaneous electric field at P due to

electron n is
Foe’ (wt — k(dy + da)) (1.12)
€, = ———— cos(wt — )
47T60m662d2 ! 2

The path length d; + ds can be simplified since the electrons distance from O is

Figure 1.2: Scattering by a wavefront in the direction of unit vector sy incident on
a group of electrons at r, measured at observation point P.

much less than the observation distance R. Since d; is the length of the projection



of |r,| onto sy, it can be stated as a dot product

di =1, sy = |r,|cosd

r, s =|r,|cosp
Using the law of cosines, and that |r,|? << R,

& = |ra? + R? — 2|e,|Reos ~ R? — 2Rr, -s

dy ~\/R?—2Rr,-s~R—2Rr, s

di+do~R—r,-s+r,-so=R—(s—sp) I,
Substituting this into equation [1.12),

E062

€Enp = mCOS(wt—k’(R— (S—SQ) I'n)) (113)
Using the complex representation,
2
c Epe 6iwt—z‘k(R—(s—so)-rn) (114)

n— 7 __ 571
47T€0m662d2

The total field at P is the sum of contributions from each electron,

2
c EO—eei(wt—kR) Z 6z‘k(s—so)-rn (1.15)

471'60026[2
n

Each electron can be treated as a diffuse cloud of charge density p in volume dV
such that the [ p dV =1 for each electron, the above sum can be replaced with an
integral over charge elements p dV at r

E0€2

€Ce = ——
47T€0m602d2

ei(wt—k:R) /eik(s—SO)rpdV (116)
Where the amplitude of classical scattering per electron

fe= /eik(s_sO)'rpdV: /ei(k_k(’)'rpd\/ (1.17)

Thus, the scattering amplitude is given by the Fourier transform of the electron
density, evaluated at the scattering vector q = k — kg. Since the observed intensity
is proportional to the squared magnitude of the scattered field,

Ee? 2
Lo el = (—) e, (1.18)

dmegmecids



1.2 Crystallography

This discussion follows " Introduction to Solid State Physics” by Kittel . A crystal
is a repeating structure of some unit cell of atoms, identical under translation along
(a1, ag, a3). These vectors define an array of discrete points known as the Bravais
lattice. Here, unit cells are labelled by 3 integers m;, mso, and mg such that the
position of an atom n in the crystal is given by

R, = mja; + meay + mgag +r, (1.19)

OZAﬁ 12A3ﬁ7 22Aﬁf 32Aﬁ?

01A§ﬁ7 11A§ﬁ? 21Aﬁ? 31Aiff

00 10
ar r A* ZOAﬁ? 30Aﬁf

a;
Figure 1.3: 2D crystal with unit cells labelled m;ms characterised by lattice vectors

a; and ay. The position of atom n, represented by the blue triangle, is given by the
vector r,,.

A primitive unit cell is the smallest cell that, when the translation vectors are
applied, reproduces the full lattice. Conventional unit cells are often chosen for con-
venience, with volume an integer multiple of the primitive unit cell volume.

Crystallographic planes are sets of parallel, equidistant planes, each passing through
the origin with the next plane in the set intercepting with the crystallographic axes
at a;/h, as/k, az/l. The Miller indices hkl of crystallographic planes in a cubic unit
cell are shown in figure [1.4



100 010 001

A
a,
a;
as 1

101 110 011

Figure 1.4: Crystallographic planes in a cubic unit cell labelled by their Miller indices
hkl defined by intercepts with the lattice vectors a;, as, as.

For diffraction from a crystal to be measured, the waves reflected by successive
crystallographic planes must interfere constructively. This means that the path
difference shown in figure must be some integer multiple m of the incident

wavelength A\,
Zdhkl sinf = mA (120)

Figure 1.5: The path of an incoming beam at angle 6 is shown to have path length
difference 2dp;; sin 6 between reflections from two successive planes separated by a
distance dp;.

This is Bragg’s law, which can be used to predict when constructive interference will
give rise to intensity peaks in the observation plane corresponding to some Bragg



angle 0 for each family of crystallographic planes hkl. The intensity peaks arise
directly from the periodicity of the crystal structure, and not from the properties of
the atoms and molecules inside each unit cell.

The reciprocal lattice vectors bibybs are defined as

Ao X ag az X ap a; X as

b1:271' b2:2ﬂ' b3:27T

e Ra _AME® (191
a] A9 X a3 a] A9 X a3

al'agxag’

such that each reciprocal vector is perpendicular to the plane formed by the lattice
vectors with the other two indices. The dot product of vectors a and b is then

b i
ai-b; =" "= (1.22)
0 i#]

Now a vector Gy can be defined as
thl - hb1 —+ kbg + lbg (123)

It can be shown that Gy has direction normal to the hkl planes, and length

a
92 A n/l /1'1
k
as
h a;
e q
as;

Figure 1.6: hkl plane in green with normal vector n making an angle ¢ with az/I.

reciprocal to the inter-planar distance dyz;. As in figure (%2 —2) and (3 - %)
are two vectors along the hkl plane. If the dot product of Gy with each of these
vectors is 0, orthogonality with the plane is verified.

(%—%)-(hbﬁkbgﬂbg):%k-br?z.bgzzw—zw:o
(%—%)-(hbﬁrkbfrlbg):%h-bl—%k-bgzﬁ—%rzo

Then the magnitude of Gy can be derived geometrically. From figure the
inter-planar distance djy; is as follows

dpry = |%|cosg0 = % ‘n (1.24)

10



where n is the vector normal to the hkl plane making angle ¢ with a3. Since Gy is
known to be orthogonal to hkl, we rewrite the n and hence the expression for dj,,

he Gl
|Gl

dhkl _ % ) hbl + kbg + lbg _ 2 (125)
[ |G |G

as required. The reciprocal lattice will prove to be a useful tool as we build toward
a description of scattering by a crystal. From equation [1.17] scattering amplitude of
a charge element at r is proportional to ¢**X*. In a crystal, the scattering amplitude

must be periodic in djy;, so the scattering vector

has magnitude;
2m
g=ldl = (127
hkl
or simply,

A graphical representation of this equation, the Ewald sphere, is shown in figure
[1.71 By taking the dot product of Ak and Gy with the lattice vectors ajasas, and
using equation [1.22] this can be restated as the Laue equations

q-a; =27h
q-ay =27k (1.29)
q-as =27l

In a cubic unit cell with length a; the magnitude of the scattering vector, Miller
indices, and lattice spacing are related by the following,

\/ﬁ
2, VR E+E (1.30)

q pry
dhp a
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Figure 1.7: Ewald sphere construction in 2D, the diffraction condition is met where
the sphere about the origin of k intersects with another reciprocal lattice point.
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1.3 X-ray Diffraction by Crystals

This section continues from X-ray Diffraction by Warren , now considering the
classical scattering of a monochromatic X-ray beam by a small crystal at a point of
observation P some distance R from the crystal origin. Since the crystal is small,
and X-ray source far away, the primary beam can be treated as a plane wave.

The phase of the electric field acting at atom n in unit cell mymoms, R}, then

d; R;

m

Figure 1.8: Scattering by an atom n in unit cell m;moms of a small crystal by
a primary beam plane polarised perpendicular to the paper, as measured by an
observer at P some distance R from the crystal origin.

depends on d;, shown in figure (1.8} Following from equation the instantaneous
electric field at P due to classical scattering from atom n is given by the following,
. E0€2

 Amegmec®R

fncos(wt — k(dy + ds)) (1.31)

€p

Since the crystal is also small with respect to R, the scattered beam can also be
treated with the plane wave approximation such that d; + dy — dy + d,. Rewriting
in terms of s, sg, and R,

dy=R—-R} -s

d =R, -so

di+dy=R—-R] -s+ R}, s

=R—-R}, -(s—s0)
The instantaneous field at P due to atom n in unit cell mymaoms at R}, is then
Eye?

— mfnCOS(Wt—k(R—R%- (s — s0))) (1.32)

€p
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In exponential form

2
Eqe . p(iwt—ik(R—R7,-(s=s0)))

ep=—"——
dmegmc*R

with

piwt—ik(R=R},-(s=s0))) _ ,(iwt—ikR+ikR}, (s=50)) _ ,i(wi—kR) ,ikR, (s=s0))

The total field at P is found by summing over all n atoms in all unit cells. Assuming
the crystal is a parallelepiped with dimensions Nja; x Noas X N3ag, and separating
into 4 summations

2
_ E()G i(wt—kR) —ik(s—sg)Tn
€p=———>55¢€ fne
dregmec? R
n
(1.33)

N1—1 Na—1 N3—1
% E :efik(sfso)-mlal 2 efik(sfso)-mgag § efik(sfso)-mgag

m1=0 mo=0 m3=0

The first summation is known as the structure factor, F', this term defines the scat-
tering intensity contribution from atomic positions within the unit cell.

Each of the latter 3 terms are sums of geometric progressions a + ar + ar® + ... + 1,
where r is the common ratio between consecutive terms. This has a well-known

solution, 7;[:1@, as such the above can be simplified
. E()€2 ei(wt—kR) eik(sfso)-Nlal -1 eik(sfso)-Ngaz -1 eik(sfso)-Ngag -1
P 47T€0m602R eik(s—so)-a1 _ 1 gik(s—so)az _ | etk(s—so)-az—1

(1.34)
Recalling E? = €*¢, this product produces terms of the form
(eiNx — 1)(6_“\“” = 1) 11— N 92— 2cos(Nx)
i — ] —ie 17 14 1—¢i®—e-w 2 2cos(x)

where x = ik(s — sg) - a;. Using the identity
1
sin?f = 5(1 — cos(20))

4sin?§ = 2 — 2cos(26)

(1.35)
In practice, atoms in a crystal oscillate about their average positions due to ther-
mal vibrations. This attenuates the scattering amplitude by the Debye-Waller factor
e M — o=8m*(u?)sin®0/X* where v is the component of instantaneous thermal displace-

ment along s — sg. Including this term in a temperature-modified structure factor,

F2 =" freblemsorra N p cibls—so)ra (1.36)
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Figure 1.9: % as a function of x for N = 20, sharp maxima appear where x

is an integer multiple of 2.

As in equation a polarisation factor is introduced by taking the average value of
E? at P. For a horizontally polarised primary beam with intensity Iy, the diffracted
intensity from a small parallelepiped crystal is

fo = 1o sin?[(5)(s —so) -au]  sin[(5)(s —s0) -a]  sin®[(§)(s — so) - as]

where I, is defined as follows,

64

1672e2m2c* R?

I. = Iy (cos® @) (1.38)
The intensity of the diffracted beam is sharply dependent on the three quotients
above as in figure [1.9] The maxima of the quotients occur at

k

a(s—so)wzi:mr

q-a; =2nw

which are simply the Laue equations, as in [1.29, The structure factor F' for which
Bragg’s law is satisfied can hence be written in terms of Gy, and unit cell vectors
ry,

Fop = Z fneiQ'l‘n — Z fneithl'(wnal+yna2+znaa) (139)

n

15



Using equations and [1.22] the structure factor for a hkl reflection becomes
Fi = Z fn€27ri(hxn+kyn+lzn) (140)

Since the intensity of a Bragg reflection for a certain hkl vanishes where the structure

Figure 1.10: Face-centred cubic (FCC) unit cell with blue atoms positioned on its
corners, and red atoms on its faces.

factor is zero, the underlying Bravais lattice can be identified. Shown in figure
is the unit cell of a crystal with a face-centred cubic (FCC) Bravais lattice. The
unit cell contains 4 atoms at positions (0, 0,0), (%, %,O), (%, 0, %), (0, %, %) in terms
of the unit cell length a. The crystal structure is then identical under the following
translations

1

1
T, n’Zn_>xn+_7 n+_7zn
Y 2Ty

1
ny nan_> n o Iny ~n a
Ty Yns 2 x+2yz+2

LnyYn,y Zn — T, Yn + §7Zn + 5

Expressing the structure factor as a sum over such a group of 4 identical atoms

. 1 1
Fhkl _ E fn {627ri(hxn+kyn+lzn) + 6271’2[h(mn+§)+k(yn+§)+lzn]

! (1.41)
+627ri[h(acn—i—%)—i—kyn—l—l(zn—i-%)] +627ri[hwn-l-k(yn-‘r%)-l-l(zn‘i‘%)]
which simplifies to
Fua = [1+ emi(hth) | mi(h+l) | 6m’(k+l)] Z fpe2milhnthyn-tizn) (1.42)

n/4
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and since e™™ = (—1)™, the structure factor vanishes for mixed even and odd values
of hkl and becomes
4 Z fn627ri(hzn+kyn+lzn) (143)

n/4

for all even or all odd hkl.

Te Sb

Figure 1.11: Unit cell of rock-salt GST consisting of an FCC tellurium sublattice,
and interpenetrating FCC sublattice of germanium, antimony, and vacancies.

The rock salt configuration of Ge;SbhoTes consists of two interpenetrating FCC sub-
lattices; an anion sublattice is occupied by Te, and a cation sublattice occupied by Ge
(40%), Sb (40%), and vacancies (20%). The cubic cell contains 4 Te at the FCC lat-
tice positions as above, and 4 Ge/Sb/vacancies at (3, 3,3), (0,0, 3), (0, 3,0), (3,0,0).

21272 ’ 20
The structure factor can be written as the sum of the two lattice contributions
Fhkl _ Z fTee27ri(ha:n+kyn+lzn) + Z fcat€27ri(hzn+kyn+lzn) (144)
Te cat

where the average scattering factor for the cation sublattice is
Jeat = 0.4fqe + 0.4 fgp (1.45)
Using and positions (0,0,0) for Te, and (%, %, %) for Ge/Sb, for unmixed hkl
Frpg = 4fre +4[0.4 e + 0.4 fgpem (hHr+D (1.46)

if hkl are all even,
Fhkl = 4fTe + 1.6fGe + 1.6be (147)
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if hkl are all odd,
Fhkl = 4fTe - 1.6fGe - 1.6f5b (148)

and for mixed even and odd hkl values
Fr =0 (1.49)

Due to the finite width of the peaks in figure some diffracted intensity comes
from q differing slightly from Gyy;. The observable quantity will therefore be an
integrated intensity over an angular range close to the Bragg angle. Letting q =
Gii + Aq, and rewriting the sin? terms in equation in terms of Aq,

k -k 1 1

Sinz(W/A)<S — SO) . N1a1 = Sin2 % : N1a1 — Sin2(§thl —+ §Aq) . N1a1
1

= Sin2<7ThN1 + §Aq : Nlal)

1
= sin2(§Aq . Nlal)
Writing Aq in terms of the reciprocal lattice vectors,
Aq = (p1b1 + pabs + psbs) (1.50)

Using equation [1.22]
1
sin2(§Aq - Nyay) = sin*(7Nyp;) (1.51)

The intensity at point of observation P can hence be expressed as

sin? (7 N1py ) sin® (7 Nopy) sin? (7 Naps)

sin?(rpy)  sin*(mpy)  sin®(7ps)

I, = I.FpFy (1.52)

Since Bragg’s Law is satisfied only for pipaps close to zero, the denominators can be
further simplified as

sin?(7Nyp1) sin® (7 Nops) sin? (7 Nsps)
(mp1)? (mp2)? (mps)?

I, = I.FrFy (1.53)
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Figure 1.12: Diffraction by small crystals in a powder, each set of planes hkl will
be oriented at the correct Bragg angle in some of the crystals, forming elements of
diffraction rings for each dyy.

In this work, powder samples of GST are used, these contain large numbers of small
GST crystals with random orientations. When a monochromatic beam is incident
on a powder sample, there will always be some crystals with hkl planes at the correct
angle to allow the corresponding Bragg reflection. As the diffracted beam makes an
angle 20, with the primary beam, the radiation from the small crystals at random
orientations create elements of a cone for each plane spacing dp with half apex
angle 260, as illustrated in figure [1.12

Each set of hkl planes in each crystal makes some angle 0y, + o with the pri-
mary beam, each with a normal vector Gyy;. The number of normal vectors is a
product between the number of crystals in the sample M, and the hkl multiplicity
mpr- The latter term accounts for different hkl planes having identical spacing dj
and structure factor. This emerges from the symmetry of the crystal.

The termini of the Mmyy normal vectors are uniformly distributed on a sphere
of radius |Gyl = 72 and surface area 47 (%)% as in figure The number of
crystals with a hkl plane at an angle between 6y, + « and 0y, + o+ da with respect
to the primary beam is

M 2
AM = =M or ()2 cos(0 + a)da (1.54)
471'(%) dhkl

with 27‘(‘(%)2 cos(f + a)da being the area of a narrow ring on a sphere. The Bragg
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Figure 1.13: Sphere of radius % containing termini of normal vectors to hkl planes
in a powder sample. A narrow ring on the sphere is traced out by hkl reflections
from planes angled between 6y, + o and 0y + o + da with the primary beam.

condition is satisfied where o ~ 0,

dAM — Mmpy

cos(f)da (1.55)

The area element on the receiving receiving surface is given by dA = R?dSd~y where
B and v are the angular coordinates on the receiving surface measured relative to
the diffracted beam, with § lying in the scattering plane and ~ perpendicular to it.
The total diffracted power is the product between the single crystal intensity and
number of crystals integrated over the detector area,

P = // I, M?hkl cos(6) R*dadBdry (1.56)

The intensity I, is expressed in terms of the reciprocal space variables pipsps. To
express the above as a volume integral in reciprocal space, the volume element traced
by Aq in reciprocal space when dadfdy are changed is as follows,

dV = d(Aq)s - d(Aq), x d(Aq), = sin 20dadBdry

as the angle between reciprocal-space displacement vectors d(Aq)g and d(Aq)., sub-

tends the scattering angle 26 in reciprocal space. In terms of p;psps where v, is the
(2m)?

Va

unit cell volume, and is related to the reciprocal unit cell volume by v, =

d(Aq) = (dp1by + dpaby + dpsbs)

(2m)*

dV = bydp; - bedps X bsdps = vpdp1dpadps = dp1dpadps

a
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The total diffracted power becomes

P I@MmhleTF}2w3 /Oo sin2(7rN12p1)d 1/00 Sin2(7TN22p2)dp2
v ) (o) . ) -
/°° sin?(7 N3ps) '
X | =5 dps
0 (7'(']93)

Power per unit length of the diffraction ring on detector at a distance R from the

sample is
P

- 27 R sin 260

/

(1.58)

Intensity between the diffraction rings on the receiving surface is due to deviations
from the ideal periodic crystal structure. This diffuse scattering data can be used
to determine crystal properties outside of the structure of its average unit cell. This
can include thermal lattice vibrations, vacancy/substitutional defects, and faults.
Essentially, anything that disrupts the local order in a crystal will act to decrease
the amplitude of Bragg peaks, and create diffuse scattering [34].
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Chapter 2

Experimental Methods

2.1 Time resolved X-ray Diffraction

By pumping a sample with an optical pulse, and probing with an X-ray pulse,
structural dynamics can be induced and mapped in crystalline materials. By sorting
the resultant diffraction patterns by delay between the pulses, real-time structural
dynamics can be reconstructed. Using femtosecond pulses, this can be achieved on
the timescale of atomic motions [35].

2.1.1 FemtoMAX Overview

MAXPEEM FinEstBeAMS

Bloch HIPPIE
SoftiMAX

., l)/ "',."_',_.- == FemtoMAX
- |/+°

*I R1
NE) I/

o *
sty RN

FlexPES S yd
/s \ NanoMAX
b R3 B
%, % . DanMAX
.Q.. l:
MicroMAX :\ ol
— Balder
Accelerators ,-"'""/ -
w—— Beamlines in operation ~ COSAXS “ ForMAX

= === Opportunities for
new beamlines

Figure 2.1: MAX IV overview with FemtoMAX at the short pulse facility (SPF)
highlighted by the yellow box. Image credit: MAX IV Laboratory.

The FemtoMAX beamline at MAX IV Laboratory is dedicated to investigating
structural dynamics at femtosecond timescales. Electron bunches from the MAX
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IV linear accelerator (LINAC) with <100 fs duration are sent through a 10 m un-
dulator, the accelerated electrons emit fs X-ray pulses with energies in the 1.85-20
keV range. A dipole magnet then bends the electrons onto a beam dump, and an
adjustable slit defines the X-ray beam which propagates the experimental hutch.

s &
= v
25 95
s 3 (=%, )
‘6 xo-l,_ c — 0&'- -
— 1] o] =1 =108 T 9
- = = = §~= = S35 -g Laser hutch
= (o)} £ o < (=Y
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Figure 2.2: Top-down overview of X-ray generation and optics at FemtoMAX. Image
from Enquist et. al. [29].

The X-ray radiation produced by the undulator contains both the fundamental
energy defined by the undulator period, and harmonics. To select only the desired
X-ray energy, a multi-layer monochromator (MLM) is used. Each strip on the MLM
consists of many alternating layers of two materials. This creates a crystal-like peri-
odic structure where the thickness d of each pair of layers defined the Bragg condition
for an wave incident at an angle 6,

nA = 2dsinf (2.1)

X-rays with wavelength \ are reflected. Two such multi-layer mirrors are oriented
such that the outgoing and incoming beams are parallel. Each multilayer mirror at
FemtoMAX has three stripes of different material pairs, corresponding to different
energy ranges.

td

Substrate

Figure 2.3: Workings of a stripe on the multi-layer monochromator. Different layer
thicknesses d can be used to select for different .
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An additional pair of stripes on the same substrate are the harmonic rejection mir-
rors, used to reject higher order harmonics. Higher energy X-rays require a more
grazing angle to be reflected than those with lower energy. Therefore, by placing a
mirror close to the critical angle of the desired harmonic, the higher energy radiation
is not reflected. The X-ray beam from the undulator is focused by a bendable cylin-
drical mirror. Further lens stacks can be used to optimised the beam as required .

A femtosecond Ti:sapphire laser (KM Laboratories Red Wyvern) is housed in a ded-
icated laser hutch on the upper floor. The laser provides 800 nm optical pump pulses
for pump—probe experiments, and an optical parametric amplifier (OPA) can be used
to generate 1100-2600 nm pulses [36]. The laser is synchronised to the LINAC using
dedicated timing diagnostics. Motorised delay stages are used shorten/lengthen the
laser path, and therefore scan over some interval of pump-probe delays.

2.1.2 Timing tools at FemtoMAX

< < {Ti:sapph amplifier |

' i .
diagnostic beam photodiode oscilloscope

Z <

80 GSs™

cyllgrcljsrlcal

filir Ieéscamera
BBO .

band-pass filter

e-beam dump
to . \’/isﬂib&j V4 V|4 V|4 ¥4V electron beam
setup > < e <
X-rays dump magnet | §|4|¥|4(¥[4|4/4/¥| antenna from LINAC
undulators

Figure 2.4: Schematic of the timing tools used to measure timing jitter at Fem-
toMAX. In the blue box, the 'ping’ timing monitor uses the ringing of an RF cavity
excited by RF pulses from the laser beam and electron bunch. The resultant signal
is sampled by the oscilloscope, from which the relative timing between the pulses
can be extracted. In the green box, the cross-correlator-based timing monitor uses
visible light from the bending magnet, and laser light from the diagnostic beam to
induce an SFG signal from a nonlinear crystal. The position of the SFG signal on
the CMOS camera is dependent on the timing delay between the beams.

Of particular interest in this work are the timing tools at FemtoMAX used to mea-
sure pump-probe delay. The 'ping’ timing monitor compares the delay between
radio-frequency (RF) electronic signals derived from the laser pulse and electron
bunch, shown in the blue box in figure [2.4 The electron bunch passing the button
antenna induces a short RF pulse, and a small part of the laser beam used for di-
agnostics is diverted to a fast photodiode. These signals are combined using an RF
combiner.

The signals then excite a 6 GHz RF cavity band-pass filter which rings for about 10
ns. This produces a waveform whose phase depends on the relative arrival time of
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the two RF pulses. The signal is passed through an amplifier before being sampled
by an oscilloscope at 80x10° samples per second. A Hilbert-transform algorithm
extracts the relative phase, and hence the delay between the two signals can be
determined with an accuracy of 200 fs (FWHM) [29]. In reality, two sets of pho-
todiodes, and button antennae are used in parallel, and the resulting pump-probe
delays are averaged to reduce measurement error.

The cross-correlator-based timing tool also uses part of the the diagnostic laser
beam, as well as visible light extracted from the dump magnet of the LINAC. The
beams are vertically focused using a cylindrical lens, and spatially overlapped in
the interaction region of a beta barium borate (BBO) crystal. The position where
the peaks of the pulses intersect is dependent on the timing delay. The position on
a CMOS camera (Zyla 5.5M from Andor) of the sum-frequency generated (SFG)
signal can therefore be used to determine the delay between the pump and probe
pulses with a timing error of <30 fs during the few ps window when both overlap
in the BBO [33]. The timing delay measured by the ping timing monitor is used
to calibrate the relationship between pixel position on the Zyla camera and pump-
probe delay.

These methods measure jitter, the fluctuations in arrival time between the pump and
probe pulses. To determine the time-zero, or time when the pulses arrive simultane-
ously, a standardised sample is needed. To create a narrow time-zero window, this
sample should have a fast response when the pump and probe beams are spatially
and temporally overlapped. We used the FemtoMAX beamline to study powder
samples of rock-salt GST as a candidate for this purpose.
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2.2 Experiments on GST

In our experiments, powder samples of both stoichiometric Ge,SboTes, and ger-
manium enriched GST were used, each on a silicon substrate. Each sample was
mounted on a sample holder at grazing incidence (~ 1°) with the X-ray beam. The
pump and probe beams were spatially overlapped on the sample, and timed up to
within a few ps using the ping timing monitor. The cross-correlator-based timing
monitor could then be used to precisely measure jitter throughout the experiment.
The diffracted X-rays are imaged by a Pilatus3 1.2M detector for each probe pulse.
The pump-probe delay was varied using a delay stage. Each image therefore cor-
responds to a particular shot where a pump and probe beam were incident on the
sample with some delay.

Figure 2.5: GST sample mounted on sample holder at FemtoMAX

The data presented in this work comes from three experimental runs which took
place in January, March, and May 2026. In these experiments, a 1500 nm OPA
beam was used to pump the sample, and an 8 keV X-ray beam was used as the
probe. The parameters of these beams fluctuated depending on the state of the
LINAC, and use/alignment of optics. During our second run, we had a 50 fs X-ray

Table 2.1: Experimental conditions for each of the three pump-probe measurement
campaigns.

Beam Parameter Run 1 Run 2 Run 3
X-ray flux (photons/pulse) 3.2x105 1.2x105 2x10°
X-ray beam size (um x pm, FWHM) 65 x 14 69x20 66x20
Max laser fluence (mJcm™?2) 38 39 45

pulse, allowing for our highest temporal resolution. The first 2 runs were in-air,
and the third in vacuum. The diffraction pattern was imaged as a function of delay
with varying laser fluence, incidence angle, and temperature. The quality of spatial
overlap, and integrity of the sample also varied throughout the experiments.

26



Chapter 3

Analytical Methods

raw data
|

|
load scan data

use pyFAlI calibration
tool to generate .poni file

determine pump-probe
delay for each shot

At, A, At

assign each shot to a delay bin ﬁ -— { f |II

Vool

take the average of F
images in each bin

1]
!

azimuthally integrate to produce I(q, t)

t05 sum g-bins in ROI to produce At

I f time-dependent intensity trace

'A’[ | time zero determination |

Figure 3.1: Analysis pipeline flowchart, the steps in blue were done using custom
built python software, the steps in red were done with the help of existing tools from
pyFAIL

The raw data for each scan over pump-probe delay is saved in a .h5 file . Hun-
dreds to thousands of shots are contained in each scan, with typically 10’s of shots
per delay motor position. For each shot, there is;

1. a 2D X-ray diffraction image from the Pilatus detector

2. an RF-timing tool delay value (s)
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3. delay motor position (mm)
4. a 2D image of the cross-correlator signal from the Zyla camera

There is also other information such as time of day, command line prompt for the
scan, and positions of the many motors used for sample/beam alignment. These
images need to be sorted and binned according to pump-probe delay given the
timing information. The following analysis was implemented using Python.

3.1 Post-sorting

Figure 3.2: Partial camera image showing the cross-correlator signal. The x-pixel
position of the signal peak is dependent on pump-probe delay.

A typical camera image of the cross-correlator signal is shown in figure To
determine the pump-probe timing delay for each shot, we use the following proce-
dure. Firstly, we image the constant background from the Zyla camera. This is
then subtracted from each of the cross-correlator images. Next, we sum the rows
in each image to create a 1D lineout relating intensity to pixel column. We define
window about the column with highest intensity, and use the centroid tool from
scikit-image to find the weighted centre of the beam. As some peaks are due to
random 7-rays and cosmic rays, we perform a Gaussian fit to filter out shots which
have peaks of small width. This can also be used to filter images with low peak
intensity due to a lack of signal.
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Figure 3.3: Vertical lineout of cross-correlator beam image for a single shot. The
weighted centre of the peak is used to determine pump-probe delay, and the Gaussian
fit is used for filtering unwanted shots.

We then plot the x-pixel position of the peak against the RF-timing tool delay value
for each shot. We fit the plot with a quadratic polynomial as in figure which
is then used to convert the x-pixel value of the cross-correlator beam to a timing
delay. The data can then be binned according to timing delay.

3.0
55 —— Quadratic fit
2.0
1.5
1.0
0.5

0.0+

Ping timing value (ps)

—0.51

1025 1050 1075 1100 1125 1150 1175 1200 1225
Cross-correlator peak x-pixel value

Figure 3.4: Cross-correlator timing calibration using the RF-timing tool delay value.

During our first experimental run, we delayed the laser pulse before it reached
the cross-correlator based timing monitor. As a result, cross-correlator signal only
existed for a small window during the scan as in figure 3.5, For these scans, we used
the RF-timing tool to sort the data at the expense of accuracy, as there was too
little data to meaningfully sort using the cross-correlator signal. Where the laser is
delayed after the diagnostic beam is separated as in our 2°¢ and 3'¢ experimental
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runs, the delay motor position Ad is summed with the cross-correlator timing delay

as,
2Ad
(3.1)

Atpump—probe = Atx—corr -

C

—— Xx-corr delay
—— ping delay

0 250 500 750 1000 1250 1500 1750 2000
Shot Number

Figure 3.5: RF and cross-correlator timing values for each shot from a scan over
pump-probe delays. The cross-correlator signal appears on the camera for a small

window.
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3.2 Diffraction Image Calibration

The raw data for each shot contains a 2D detector image showing the powder diffrac-
tion pattern. This data is some number of counts for each pixel on the detector.
Although the detector is at some arbitrary position and angle with respect to the
sample, we know that the diffraction rings are defined by scattering vectors with
magnitude ¢ making an angle 20 with the probe beam. For the data to be physi-
cally meaningful, it should be interpreted based on the g-value at each point on the
detector.

rotation 1-

f rotation 2
X
detector
origin

sample

Figure 3.6: Diagram showing parameters needed to calibrate detector position to
scattering vector amplitude. These parameters are the distance between the sample
and the PONI (point of normal incidence), the coordinates of the PONI, and the
three rotations as shown.

To perform this calibration, the pyFAI python library was used . The pyFAI
calibration tool computes the experimental geometry shown in figure [3.6| given the
q values of the diffraction rings on a detector image. The unit cell length of the
rock-salt GST is known to be a = 6.01 A, using equation m the characteristic
scattering vector magnitude ¢ and lattice spacing dj,; of each ring can be calculated.

We summed images from 2020 shots to create the summed detector image in figure
3.7 We then input the values from table into a calibrant file, input the dimen-
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Table 3.1: Planar spacing and scattering vector magnitude for the first six allowed
diffraction rings for cubic rock-salt GST (a = 6.01 A).

Reflection (hkl) duw (A) ¢ (A7)

(111) 347 1.81
(200) 3.01 2.09
(220) 2.12 2.96
(311) 1.81 3.47
(222) 1.74 3.62
(400) 1.50 418

sions and pixel sizes of the Pilatus detector, then masked out the beamstop and
unwanted reflection from silicon substrate. We input the X-ray photon energy (8
keV), and manually select points on the rings, the pyFAI software can then fit curves
to the rings, and output the parameters shown in 3.6 These steps are illustrated in
figure [3.8] These results are saved in a .poni file, which we use for performing az-
imuthal integration with pyFAI, determining the average intensity per pixel at each
q value. The calibration output for one of our experiments is shown in appendix A.

1000

800

600

e
. |

200

200 400 600 800 1000 1200 1400
X

Figure 3.7: Summed detector image for use in pyFAI calibration showing clearly the
first 4 allowed reflections from rock-salt GST.
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(a) Detector image (b) Manually selecting points on the diffrac-

tion rings
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+
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(c) pyFAL fits curves to the diffraction rings, (d) g-bins on the detector surface
and computes the experimental geometry

Figure 3.8: The pyFAI calibration tool is used to assign ¢-values to each point on
the detector surface, and to compute the experimental geometry given the g-values
and locations of the Bragg peaks.

33



3.3 Data Reduction and Azimuthal Integration

Given the detector image, and a pump-probe delay value for each shot, we assign
each image to a timing bin, while also accumulating the number of shots per bin
for later normalisation. The pyFAI integrateld ng function takes the sum of the
images in each timing bin, and produces a one-dimensional diffraction profile by
averaging detector pixels within radial bins of constant scattering vector.

It should be said explicitly that this intensity value is an average of the counts
per pixel that have fallen into each radial (¢) bin. We normalise the resulting 1(q)
by dividing by the number of shots assigned to each timing bin. The data can now
be saved as a 2D ¢-t map, as visualised in figure [3.9

Intensity (a.u.)

-3 -2 -1 0 1 2 3
Pump-probe delay (ps) [500 fs bins]

Figure 3.9: Two-dimensional ¢-t map representation of scan data from our second
experimental run at laser fluence 50 mJ/cm?. The region of interest in this work is

from ¢ = 2.3 A to qg=28 AT

Through this process, we condense gigabytes of data for each scan to kilobytes.
By taking vertical slices of the ¢-t map, we generate 1D plots of intensity as a func-
tion of ¢ for a some timing delay bin. One of these plots is shown in figure [3.10}
Horizontal slices of the ¢g-t map represent the intensity fluctuation for a given ¢ value
as a function of pump-probe delay.

By summing a band of ¢ values over a region of interest, such as a Bragg peak, we
can observe the time-dependent behaviour of this feature. This is shown in figure
where data from a band of ¢ values in the above ¢-t map are summed to create
a 1D plot. In practice, we sum data from many scans to improve signal-to-noise and
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Figure 3.10: 1D plot of intensity as a function of scattering angle for rock-salt GST,
a median filter was applied to remove noise. The Bragg peaks are labelled with hkl
values. The diffuse scattering region highlighted in grey is the focus of this work.

time resolution.
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Figure 3.11: Time-dependent behaviour of the 200 peak intensity, 2.0 A< q<?2.2
A ina group of scans from our second experimental run.
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3.4 Error Analysis

As we are measuring a relatively weak diffuse scattering signal, we expect the dom-
inant source of uncertainty to arise from shot-to-shot variations in the number of
X-ray photons falling on each pixel. This includes photon shot noise, and genuine
fluctuations in the sample response, such as those caused by damage. It also ac-
counts for pulse-to-pulse X-ray/laser intensity fluctuations and detector noise, but
these are expected to be relatively small in comparison.

When each shot is assigned to a pump-probe delay bin, the intensity and squared
intensity of every detector pixel are accumulated over all images contributing to that
bin. We then estimate the variance of each detector pixel using the unbiased sample
variance. The pixel variance over N shots in a timing bin is

N N
0_2. _ Zi:l IZ - %(Zi:l 11)2 (3 2)
pixel N —1 :

The pixel variances were propagated through the same azimuthal integration pro-
cedure described above to obtain the variance within each radial bin 0?(g). Where
we are interested in looking at the intensity over a region ¢uin < ¢ < Qmax, the
uncertainty of the integrated intensity was calculated by adding the variances in

quadrature,
OROI = ‘ IZ U?nean(%) (33)

These uncertainties are shown as the error bars on the time-dependent intensity
plots shown in this work.
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Chapter 4

Results

4.1 First Experimental Run

As previously discussed, the following plots show the intensities of the region be-
tween the 200 and 222 peaks on the 2D diffraction image. The scans in this run
were post-sorted using the less accurate RF-timing tool. The speed of the intensity
rise cannot therefore be well resolved, so the presence and magnitude of the rise are
the points of discussion in this section.

Our first measurements were on stoichiometric GST, with varying laser fluence.
Both of the plots in figures and show a 1-2% intensity rise in the region of
interest. The 10 mJ cm~2 scans have too little data to meaningfully pinpoint time
zero, but the 15 mJ cm =2 show a clear rise over ~ 2 ps. This suggests that the diffuse
signal appears for pump intensities as low as 10 mJcm™2. Further measurements

25.04
22.14

N
N
o

> 24.6 4

Intensity (a.u.)

Intensit
N
N
)

~N
»
S

21.74

_'4 _'2 6 é Lll —‘4 —‘2 6 é 21
Pump-probe delay (ps) [500 fs bins] Pump-probe delay (ps) [500 fs bins]
(a) 4 scans at 10 mJ cm 2 (b) 23 scans at 15 mJ cm—?2

Figure 4.1: Diffuse scattering intensity from stoichiometric GST in for scattering
vector 2.3 A1 < ¢ < 2.75 A.

were done on a germanium-rich GST sample at varying laser fluence. The data
shown in figure does not show significant evidence of a rise in diffuse scattering
for 5 mJ cm ™2 laser fluence. At 10 mJ cm™2, a small ~0.6% rise can be seem. At 25
and 35 mJ cm~2, there is a ~2.6% intensity increase. These scans show that the rise
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is more significant for higher pump fluences, and resolvable with data from fewer
scans.

18.85 A
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-6 -4 =2 0 2 4 6 -6 -4 =2 0 2 4 6
Pump-probe delay (ps) [500 fs bins] Pump-probe delay (ps) [500 fs bins]
(a) 37 scans at 5 mJ cm 2 (b) 80 scans at 10 mJ cm™—?2
20.2 1
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—_ 20.0 —
S S 1044
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g g 19.2 4
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(c) 16 scans at 25 mJ cm™—2 (d) 28 scans at 35 mJ cm™?2

Figure 4.2: Time evolution of diffuse scattering intensity from germanium enriched
GST for scattering vector 2.3 A< q < 2.75 A using 500 fs timing bins.
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The data from is presented in figure [4.3] as intensity in each radial bin for 3
different time slices. This shows that the rise in diffuse scattering occurs relatively
uniformly in the region of interest.
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(b) Within the region of interest.

Figure 4.3: Radial intensity profiles, I(q), before pumping, shortly after pumping,
and approximately 3 ps after excitation with a 25 mJcem~2 laser pulse.
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4.2 Second Experimental Run

The data presented here was sorted using he cross-correlator based timing tool. The
scans in figure [£.4] were taken at a 0.4° X-ray angle than the typical ~ 1°. The data

from these scans is not sufficient to show a pump-induced intensity rise in the region
of interest.
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6 4 2 o 3 4 6 6 4 2 o 3 4 6
Pump-probe delay (ps) [500 fs bins] Pump-probe delay (ps) [500 fs bins]

(a) 4 scans at 9 mJ cm 2 (b) 6 scans at 17 mJ cm 2

Figure 4.4: Diffuse scattering behaviour at 0.4° of stoichiometric GST in 2.3 A<
q<275 A"

We switched to a germanium-rich GST sample, and increased the laser fluence to
22.5 mJem™2. Here, the signal-to-noise was sufficiently high that a ~ 2% rise in

diffuse scattering can be seen in some single scans, as in figure [{.5] The rise can
now be seen to occur within 500 fs.

= = =
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-4 -3 -2 -1 0 1 2 3
Pump-probe delay (ps) [500 fs bins]

Figure 4.5: Diffuse scattering rise in single pump-probe delay scan in
23 A" < q <275 A7 with laser fluence 22.5 mJ cm 2.
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This timing resolution can be improved by summing data from repeated scans with
these same conditions. To this end, 108 further scans were made. In figure 1.6, the
behaviour of the diffuse scattering rise can be resolved. An initial ~ 1% intensity
rise is followed by a slower ~ 2% intensity rise. The initial fast rise is of particular

12.7

12.6 1

12.5

Intensity (a.u.)

,_.
N
W

3 2 1 6 1 2 3 a
Pump-probe delay (ps) [500 fs bins]

Figure 4.6: Diffuse scattering rise in 109 pump-probe delay scans in scattering vector
range 2.3 A< q < 2.75 A" with laser fluence 22.5 mJ cm~2 and X-ray incidence
angle ~ 1°.

interest, as this defines the time-zero window that we can define by using GST as
a time-zero monitor. Figure shows the fast rise region with 30 fs timing bins,
the uncertainty limit of the cross-correlator timing tool. This aligns with the result
from Kroon et. al. [33], a rise in diffuse scattering in this region occurs in <70 fs.
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Pump-probe delay (ps) [30 fs bins]

Figure 4.7: Fast 1% rise in diffuse scattering intensity in range 2.3 A< q <275

A~ driven by laser fluence 22.5 mJ cm™2.
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As previously discussed, an increase in diffuse scattering intensity will coincide with
a reduction in Bragg peak intensity. The intensity of the 220 peak in this same data
is shown in figure [4.8] This intensity drop is slower than the rise seen in ROI.

~ 7.50 A

Intensity

.
N
o

7.35 A

.30 T T T T T
’ -2 -1 0 1 2 3 4
Pump-probe delay (ps) [500 fs bins]

Figure 4.8: 220 peak intensity, 2.85 A" < ¢ < 3.00 A~

Another view of this behaviour is shown in figure [£.9, Once again, a relatively uni-
form increase is evident across the ¢ values in the ROI. In contrast, comparing the
Bragg peaks before and after time zero, there is no dimming until ~500 fs after the
pump and probe beams are coincident on the sample. This is shown using the same
timing bins in figure

42



0.150

0.145 A

o
=
S
o

Intensity (a.u.)

0.130
— -0.59 ps
0.125 —— -0.53 ps
— 1.21 ps
0.120 T T T T T
2.3 2.4 2.5 2.6 2.7 2.8
q (A-1)

Figure 4.9: Three snapshots of the diffuse scattering region between the 200 and 220
peaks. The initial fast rise, and continued slower rise, are evident across the region.
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Figure 4.10: The 200 and 220 peaks in three snapshots. The first are before, and
after time-zero, and the final is ~700 fs later.
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4.3 Third Experimental Run

The primary purpose of our third experimental run was to observe lattice distortions
in stoichiometric GST after pumping with a 1500 nm OPA beam. However, some
of the results are still of interest to this work. These measurements were taken in
vacuum, so we can observe the diffuse rise with a lower noise floor. We now observe
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Figure 4.11: Diffuse scattering in GST before and after pumping with a 1500 nm
laser in vacuum.

several distinct peaks in the diffuse region, which seem to undergo the same intensity
increase as the surrounding region under pumping. The largest peak is close to the
101 peak of hexagonal GST, at = 92.33A7". Tt could be the case that the sample

underwent partial crystallisation due to cycles of pumping/heating/cooling, causing
a small amount of hexagonal GST to form.
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Figure 4.12: Previously unseen peaks in diffuse scattering region of interest.
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During this run, the scans were completed over a number of fluence values. Here,
we sum together those scans which used a pump fluence < 10 mJ ecm ™2, and those
using pump fluence > 10 mJ cm~2. The familiar rise behaviour is reproduced by the

higher fluence scans in figure
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Figure 4.13: Diffuse scattering rise between 200 and 220 peaks of stoichiometric
GST from 92 delay scans at fluences between 11 mJem=2 and 30 mJem™2 pump
laser fluence.

The data in figure shows fluctuations that are not accounted for by shot-to-shot
variance. Since these 26 scans were taken separately over the course of days, any
drift in the cross-correlator signal may be too significant to meaningfully sum the

data.
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Figure 4.14: Diffuse scattering signal between 200 and 220 peaks of stoichiometric
GST from 11 delay scans at 3 mJ cm ™2 pump laser fluence, and 21 delay scans at 6
mJ cm~? fluence.
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We used a heater to change the temperature of the sample. Figure [4.15| shows that
the same rise behaviour can be observed at 100°C.

2.00 1

Intensity (a.u.)
= = = = =
O [t} O O O
o N » (<)} o

=
©
©

-4 -2 0 2 4
Pump-probe delay (ps) [500 fs bins]

Figure 4.15: Intensity between 200 and 220 peaks from 175 delay scans at 100°C
using a range of laser fluences from 3 to 30 mJcm™2.

In these scans, we are able to resolve an intensity rise between the peaks at low
pump fluence, albeit with low temporal resolution. This suggests that the fast rise
may be easier to induce at high temperatures.
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Figure 4.16: Intensity between 200 and 220 peaks from 30 delay scans at 100°C
using pump laser fluences from 3 to 6 mJcm™2.
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Chapter 5

Discussion & Conclusions

5.1 Experimental Conditions for Time-Zero Mon-
itoring

Pump laser fluence was found to have a strong influence on the detectability of
the diffuse scattering rise. However, we did not note a significant improvement in
signal-to-noise for fluences above 22.5 mJcm™2. Since higher pump fluences con-
tribute more to sample degradation, laser fluences close to this value are ideal for

time-zero determination using GST.

Both stoichiometric and germanium-enriched GST produced a measurable diffuse
scattering response. The two samples did not perform identically, but were also not
measured in identical conditions. There is no evidence to suggest that either sample
performs better as a time-zero monitor.

The diffuse scattering rise could be observed at elevated sample temperature. This
suggests that the rise can be measured under a wide range of experimental condi-
tions.

5.2 Conclusions

The primary aim of this work was to investigate whether the transient diffuse scat-
tering response of GeaSboTes (GST) could be used as a reliable timing tool for
ultrafast pump-probe X-ray diffraction experiments at FemtoMAX. The time evo-
lution of the diffuse scattering following femtosecond laser excitation under a range
of experimental conditions was analysed. This work demonstrates that the diffuse
scattering response can provide a fast, and reproducible signature of time zero.

A complete analysis pipeline was developed to process pump-probe diffraction data.
This included shot-by-shot timing correction using the FemtoMAX cross-correlator,
sorting detector images into pump-probe delay bins, azimuthal integration using
pyFAI, and propagation of experimental uncertainties from detector images to the
final time-dependent intensity plots. The resulting workflow provides an efficient
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and reproducible method for analysing ultrafast diffraction data and can readily be
applied at FemtoMAX.

Measurements performed during three beamtimes reproduced the characteristic ul-
trafast increase in diffuse scattering intensity that was previously reported for GST.
A combination of data from more than one hundred delay scans allowed the initial
diffuse scattering rise to be resolved using 30 fs timing bins. The rise was found to
occur within >70 fs, in agreement with previous measurements at FemtoMAX. The
corresponding decrease in Bragg peak intensity was seen to occur on a much slower
timescale. This demonstrates that the diffuse scattering response is fast enough to
define the time-zero window for ultrafast X-ray diffraction experiments.

Several limitations were identified during this work. While shot-to-shot statistical
uncertainties were propagated throughout the analysis, some measurements exhib-
ited fluctuations larger than those expected from these alone. This is likely to arise
from changes in experimental conditions, such as drift in the timing diagnostics or
variations in sample quality.

Overall, this work demonstrates that diffuse scattering in GST is a practical and re-
liable timing monitor for femtosecond pump-probe X-ray diffraction at FemtoMAX.

5.3 Outlook

The results presented in this work establish transient diffuse scattering from GST as
a promising time-zero monitor, but several questions remain concerning the physi-
cal origin and practical optimisation of the technique. The most immediate area for
future work is to determine the structural dynamics behind the fast change of the
diffuse signal.

A more direct comparison between stochiometric and germanium-enriched GST in
identical conditions could determine whether one composition is a more suitable
time-zero monitor.

Future studies would benefit from improved monitoring of long-term timing sta-
bility. Repeated measurements of GST throughout a beamtime could be used to
quantify cross-correlator drift, and hence determine an appropriate recalibration
interval.
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Appendix A
PyFAI Output

This is the output of the pyFAI calibration software for one of our experiments. We
export this information in a .poni file, and use it to integrate the detector image
over each scattering vector ¢ bin.

Figure A.1: Output from pyFAI calibration tool, showing fit curves, beam centre,
and PONI.
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~History

~ Refined experiment settings

Wavelength: 1.5498024804150032 A a

~Geometry
Distance: 0.0676929101709754¢ m &
PONI1: 0.0780794838823454° m &
PONI2: 0.0219812261414625: ' m @&

Rotation 1: 0.0149464175657781: | rad &

Rotation 2: 0.0148334800760705¢ | rad o

Rotation 3: 0.0 rad &
Default constraints SAXS constraints
~Fitting

RMS: 2.3706-10™ rad

—

Figure A.2: Output from pyFAI calibration tool showing experimental geometry.
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Appendix B

Analysis Code

The Python notebook implementing the analysis pipeline used in this work can be
found at https://github.com/sallydolanphysics/Lund-University.
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Appendix C

Plagiarism Declaration

I confirm that the work presented in this thesis is my own and that it has not been
plagiarised.
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