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Abstract
Ultrashort X-Ray Pulse Science
by
Alan Hap Chin
- Doctor of Philosophy in Physics
University of California, Berkeley

Professor Charles V. Shank, Chair

A variety of phenomena involves atomic motion on the femtosecond time-scale.
These phenomena have beén studied using ultrashort optical puises, which indirectly probe
atoﬁic positions through changes in optical properties. Because x-rays can more directly
probe atomic positions, ultrashort x-ray pulses are better suited for the study of ultrafast
structural dynamics. One approach towards generating ultrashort x-ray pulses is by 90°
Thomson scattering between terawatt laser pulses and relativistic electrons. Using this
technique, we generated ~ 300 fs, 30 keV (0.4 A) x-ray pulses. These x-ray pulses are
absolutely synchronized with ultrashort laser pulses, allowing femtosecond optical
pump/x-ray probe experiments to be performed. |

Using the right-angle Thomson scattering x-ray source‘, we performed time-
resolved x-ray diffraction studies of laser-perturbed InSb. These experiments revealed a
delayed onset of lattice expansion. This delay is due to the energy relaxation from a dense
electron-hole plasma to the lattice. The dense electron-hole plasma first undergoes Auger

recombination, which reduces the carrier concentration while maintaining energy content.



Longitudinal-optic (LO) phonon emission then couples energy to the lattice. LO phonon
decay into acoustic phonons, and acoustic phonon propagation then causes the growth of
a thermally expanded layer.

Source characterization is instrumental in utilizing ultrashort x-ray pulses in time-
resolved x-ray spectroscopies. By measurement of the electron beam diameter at the
generation point, the pulse duration of the Thomson scattered x-rays is determined.
Analysis of the Thomson scattered x-ray beam properties also provides a novel means of
electron bunch characterization. Although the pulse duration is inferred for the Thomson
scattering x-ray source, direct measurement is required for other x-ray pulse sources. A
method based on the laser-assisted photoelectric effect (LAPE) has been démonstrated as
a means of measuring u1tfashort x-ray pulse durations. LAPE may also serve as the basis
for a gated x-ray detector.

The developmént of the Thomson scattering x-ray source and its application to the
study of laser-perfurbed InSb represent some of the first steps towards studyi'ng ultrafast
structurél dynamics using ultrashort x-ray pulses. To allow a wider range of applications,
sources with higher spectral brightness are required. Schemes to achieve higher spectral

brightness are discussed.
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Chapter 1: Introduction

Since the advent of femtosecond lasers [1, 2], many ultrafast phenomena in
condensed matter have been studied with femtosecond temporal resolution using
ultrashort laser pulses [3, 4]. The ability to excite solids and molecules impulsively with
ultrashort.laser pulses (down to ~ 5 fs [5-8]) permits the study of many relaxation or
energy-transfer processes that would otherwise not be observable. Many of these
phenomena are purely electronic in nature, and are accessible to study using light near the
visible regime. However, a variety of interesting phenomena in condensed matter involves
ultrafast atomic motion [9]. For example, ultrashort laser pulse induced disordering [10,
11], surface desorption [12], coherent phonons [13], and photo-dissociation [14] all
involve the motion of atoms on a femtosecond time scale. These phenomena have mainly
been studied by using changes in optical properties induced by changes in atomic
coordinates. However, the connection between atomic structure and optical properties is
not always straightforward. A more direct method for studying ultrafast structural
dynamics is clearly needed.

X-ray techniqqes have long been used to determine atomic structure in condensed
matter. This is because x-rays interact with core-shell electrons, and these electrons lie
within atomic radii. One of these techniques, x-ray diffraction, is an established technique
for determining crystal structure (long-range order) [15]. The regular atomic arrangement
of a crystal can be directly obtained from the Fourier transform of x-ray diffraction
patterns, which is straightforward for simple crystals. Another x-ray technique, Extended
X-ray Absorption Fine Structure (EXAFS) and related x-ray absorption spectroscopies,

1



can be used to determine local atomic environments (short-range order) [16, 17], which is
particularly useﬁﬂ for studying non-crystalline matter. EXAFS refers to the oscillation in
the x-ray absorption as a function of x-ray photon energy, just above an absorption edge.
The Fourier components of this oscillation depend in a simple manner on the interatomic
spacing. This allows nearest-neighbor distances to be readily obtained. Using these x-ray
techniques with ultrashort x-ray pulses would allow for the study of ultrafast atomic

motion phenomena in condensed matter.

Schemes for Generating Ultrashort X-Ray Pulses

As summarized in Table 1.1, various schemes have been proposed and
implemented for generating ultrashort x-ray pulses [18]. The method of ultrashort x-ray
pulse generation that has received the most attention is laser-produced plasma x-ray
emission [19, 20]. These plasma-based sources are capable of generating x-ray pulses with
photon energies up to the hard x-ray regime. However, laser-produced plasma x-rays are
highly divergent, and the x-ray pulse duration using these sources is dependent upon the
characteristics of the generating laser pulse and the resulting plasma [21].

Ahother scheme, high-order harmonic generation, has been shown to produce
ultrashort soft x-ray pulses. By using a nov¢1 technique of x-ray pulse and laser pulse
cross-correlation based on the laser assisted photoelectric effect (LAPE), the pulse
duration of high-order harmonic x-rays were measured to be on the order of the
- generating laser pulse duration [22]. In fact, the intrinsic pulse duration of high-order
harmonics should be much less than the generating laser pulse duration [23, 24}, but the

effects of the spatial and temporal laser profile tend to broaden the harmonic pulse

2
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duration. Although ultrashort soft x-ray pulses can be generated in this way, extending to

higher x-ray energies is difficult. This lack of hard x-ray generation limits the range of

applications of high-order harmonic sources. The generation of multiple harmonics can

pose a problem if a monochromatic x-ray beam is desired. Monochromators can be used

to select individual harmonics, but the resulting losses due to poor grating efficiency may

not be tolerable.

.Source Advantages Disadvantages
Laser-Produced Large x-ray flux Highly divergent (~ 4%
Plasmas Tunable by using solid angle)
different material K-o Pulse duration and flux
lines, or broadband are highly dependent on
plasma emission laser and plasma
parameters
High-Order Subpicosecond x-ray Limited to soft x-rays
Harmonics pulses Many harmonics (if
Highly collimated monochromatic beam is
Spatial and temporal desired)
coherence
Synchrotrons High-brightness * Pulse duration limited by
Tunable the electron bunch length
Collimated (~ 100 ps)
Very expensive
Laser-synchrotrons "Tunable Relatively low average
. Collimated flux
Subpicosecond x-ray Bandwidth
pulses possible

Table 1.1: Ultrashort x-rqy pulse sources.

The most expensive scheme of x-ray pulse generation are the storage ring

synchrotron based x-ray sources. Although they provide highly directed, tunable x-ray

beams, the x-ray pulse duration from these sources is limited by the electron bunch

duration. However, special techniques can be used to provide femtosecond resolution,
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such as gating the x-ray detection, producing femtosecond slices of the longer electron
pulses [25], or x-ray pulse switching [26].

Laser-synchrotron sources are more compact sources of directed x-rays than
synchrotrons, as only a lower energy electron beam from a linear accelerator is necessary
[27-29]. In these sources, the relativistic electrons see Doppler upshifted light in the UV
regime, which are Thomson scattered in the rest frame of the electrons (i.e. the frame of
reference moving with the electrons). In the lab frame, this scattered light is once again
Doppler upshifted, yielding photons with energy in the x-ray regime. Unfortunately, the
conventional back-scattering geometry yields x-ré.y pulses that are as long as the electron

pulses used to generate them.

Right-Angle Thomson Scattering X-Ray Source

An ideal source of ultrashort x-ray pulses would provide highly directed, -
subpicosecond, tunable pulses of x-rays synchronized with ultrashort laser pulses. One
source that fulfils these criteria is the right angle Thomson scattering x-ray source. Being a
laser synchrotron source, the right angle Thomson scattering source is capable of
generating highly directed beams of x-rays, as described above. By scattering the laser
photons at right angles relative to the relativistic electrons, the x-ray pulse duration is
determined by the transit time of the ultrashort laser pulses across the electron beam waist
[30]. Focusing the electron beam down to a small enough spot (~ 90 um), the x-ray pulse
duration can be made to be subpicosecond (~ 300 fs). The source is also tunable by
changing the angle of interaction between the laser and electron beams, the electron beam

energy, or the laser photon energy. Because laser pulses are used to generate the x-ray
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pulses, the ultrashort x-ray pulses are absolutely synchronized to the laser pulses. This is
crucial to extract‘the maximum time resolution in time-resolved x-ray diffraction or x-ray
absorption experiments.

Although it has many advantages, the right-angle Thomson scattering x-ray source
suffers from relatively poor x-ray flux. The poor x-ray yield is due to the small Thomson
cross-section for electron-photon scattering along with the use of only a small portion of
the electron bunch in the right-angle geometry. As shown below, the source also suffers
from a relatively broad bandwidth, which may be.disadvantageous for some experiments
(e.g. x-ray diffraction). This is a disadvantage for an x-ray source, but it opens up the
possibility for microprobing electron bunches [31, 32]. This possibility arises because the
electron beam emittance can have a significant effect on both the x-ray beam divergence
and the x-ray spectral characteristics, and because the laser pulse only interacts with a
small portion of the electron beam. Thus, performing Thomson scattering in the right-
angle geometry offers the possibility of microprobing the electron beam emittance, rather
than averaging over the entire electron bunch. This opens the possibility of studying
electron beam dynamics within a bunch.

Because they offer many attractive features, right-angle (or more generally, large
angle) Thomson scattering x-ray sources will receive considerable attention. Future
improvements in linear accelerator technology and laser technology should overcome the
intrinsic problem of poor laser photon to x-ray photon conversion efficiency. High-
brightness linear accelerators using laser photocathodes and multi-terawatt peak power

laser systems are becoming mature technologies. Continued development of laser and



electron beam technology will make large-angle Thomson scattering x-ray sources useful

tools for studying ultrafast structural dynamics in condensed matter {33].

Applications of Ultrashort X-Ray Pulses

‘A large number of applications for ultrashort x-ray pulse sources will be available
with continued source development. One such application involves the response of
semiconductors to intense laser excitation. This response includes phenomena such as
lattice heating [34], shock wave propagation [35], and annealing [36-38]. Perhaps the
most interesting of these phenomena is the ultrafast disordering of semiconductors under
intense laser excitation [10, 39]. Ultrafast disordering occurs due to the excitation of a
large number of electron-hole pairs (the creation of a dense electron-hole plasma). This
may also be viewed as the promotion of a large number of electrons from bonding to anti-
bonding orbitals. This conversion to a large number of anti-bonding orbitals weakens the
restoring force between atoms in the semiconductor (modifies the atomic potential
energy), allowing the atoms to move more freely. For a dense enough electron-hole
plasma, the result is a lattice instability due to a change in the potential energy of the
atoms, allowing atomic disordering to occur in the semiconductor [39-44]. The high-
density electron-hole plasma generated under these conditions dominates the optical
properties of the excited semiconductor, and a connection between atomic order and
optical properties may become disguised. For example, optical surface second harmonic
techniques are sensitive to atomic order in a thin surface layer under normal conditions
[45], but can become significantly modified by a dense electron-hole plasma [46].

Therefore, a more direct probe of atomic structure, such as x-rays, is desirable for the

6



study ultrafast disordering of semiconductors.

As x-rays interact with core-shell electrons, using ultrashort x-ray pulses
synchronized to laser pulses allows one to more directly probe ultrafast structural changes
in condensed matter induced by ultrashort laser pulses. This is done by delaying the x-ray
pulse relative to the laser pulse and monitoring changes in x-ray properties as a function of
time delay. For example, performing time-resolved x-ray diffraction, one may observe the
changes in long-range order in a crystal by observing the changes in the x-ray diffraction
signal as a function of time delay. Similarly, time-resolved x-ray absorption experiments
can provide information about local or short-range atomic order dynamics in condensed
matter. Both of these complementary techniques can provide a picture of the time

evolution of the atoms in a laser perturbed condensed matter system.



Chapter 2: Right-Angle Thomson Scattering X-Ray Source

We built a source based on right-angle Thomson scattering because of the
advantages of a highly collimated beam of tunable ultrashort x-ray pulses [33]. Another
advantage of Thomson scattering x-ray sources, especially when comparing them to laser-
produced plasma based sources, is that they are based on relatively simple physics.
Understanding the underlying physics behind the x-ray generation leads to reliable source
characteristics and operation. In this chapter, relativistic Thomson scattering theory,
experimental details and results, and electron beam characterization using Thomson -

scattering will be discussed.

Relativistic Thomson Scattering Theory

The basic idea behind the right-angle Thomson scattering x-ray source, shown
schematically in Figure 2.1, is to increase the energy of laser photons into the x-ray regime
by Thomson scattering the laser photons off of relativistic electrons. A quantitative
description of the Thomson scattering x-ray source can be obtained by using one of three
descriptions: the colliding particle picture, the undulator picture, and the Thomson
scattering picture. Single electron theory will be described first, followed by electron beam

emittance effects on the x-rays generated.

Single electron theory
Perhaps the simplest description of the Thomson scattering x-ray source is the
colliding particle picture. Viewing both photons and electrons as particles, laser photons

8



 terawatt
laser beam

— —

relativistic
electron beam

femtosecond
x-ray pulse

Figure 2.1: Thomson scattering x-ray source.

incident upon relativistic electrons elastically scatter off of them, giving the scattered
photons more energy and taking a negligible amount of energy from the electrons. The
flux of scattered photons, Ficasered, 1S given by

F

scattered

= [laser Nelectrono-T (2 1)
where /i, 1s the incident photon intensity, N,..on 1S the number of electrons that interact
with the photons, and or = 6.65 x 10 ¢cm? is the Thomson scattering cross-section. The

laser photon intensity is determined by

N,

laser

U
1 ~ — laser 2 ) 2
o Alaser Tlaser (h a)laser )A ( )

laser Tlaser

where N is the total number of photons in the laser pulse, 74 is the full-width at half-



maximum (FWHM) laser pulse duration, 4. is the area of the focused laser beam (using
the FWHM beam diameter), Uy, is the total laser pulse energy, and 7., is the laser
photon energy. To determine the number of electrons participafing in the scattering
process, let us consider the right angle geometry (7 = 90° in Figure 2.1), since that is the
scattering geometry chosen for our femtosecond x-ray source. For a laser focal spot
smaller than (or comparable to) the electron beam focal spot size, the number of electrons
undergoing Thomson scattering is given by

(2.3)

N ciectron = PetecronAtaser Weteatron = Metectron Apper (c Ttransit)
Where Weieeron = CTiransic 1S the electron beam diameter (FWHM), 7qpsi 1S the transit time of
the laser pulse across the electron beam diameter (the laser cuts a diagonal path across the
electron beam, since the relativistic electrons travel at a velocity Veecron = €), and

~ Ntatal — Nlotal (24)

nelectron A A

electron *electron electron (C Telec‘tron )

is the electron density in the bunch, where N, is the total number of electrons in the
bunch, A.qron 1S the area of the focused electron beam (using the FWHM beam diameter),
and Loeciron = € Tutectron 18 the electron bunch length (FWHM), where zjeciron 15 the electron
bunch duration (FWHM). Gaussian spatial and temporal profiles are assumed for the
electron bunch. The number of scattered photons is given by Ncanered = Fiscanered Tiasers

which becomes upon substitution

N, N T,

~ _ laser total transit

scattered " neleclraana:erwelectron T A O-T : (25)
electron Telectran

Note that for a laser beam diameter less than Wejecron, Nycattered € 1/ Wejectron and 1s
independent of the laser focal spot size. Because the momentum of the relativistic
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electrons is much larger than the momentum of the photons, the scattered photons
essentially follow the trajectory of the electrons. This leads to a highly directed beam of
photons upshifted to x-ray energies.

Another description of the source 1s the undulator picture [30]. In this picture, the
electric field of the laser pulse serves as an undulator for the relativistic electrons. As the
relativistic electrons are caused to change their trajectory by a single cycle of the electric
field of the laser (the magnetic field of the laser has a negligible effect for laser intensities
considered here), they emit a broad range of radiation due to the acceleration they
undergo [47]. As shown schematically in Figure 2.2, with repeated accelerations caused by
the periodic nature of the laser field, a large amount of radiation is generated in the
direction of propagation of the electron beam. For relativistic electrons traversing a
magnetic undulator, a measure of the amplitude of oscillation of the electrons caused by
the periodic magnetic field, and therefore the flux of x-rays generated, is the deflection
parameter, K [30]. Using the equivalent magnetic field seen by the electrons due to the
electric field of the laser pulse, and equivalent deflection parameter can be obtained, given
by

eE A,
— aser 26
2mme? 26)

K, =a,
where e is the charge of the electron, £ is the peak electric field of the laser pulse, A, is
the wavelength of the laser pulse, and mc” is the electron rest mass energy. The equivalent
deflection parameter can be regarded as the amount of energy gained by an electron in the

presence of the electric field of the laser over a laser wavelength relative to the rest mass

energy of the electron (see Appendix A). It can also be thought of as the ponderomotive
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potential of the laser field relative to the rest mass energy of the electron. When Ky ~ 1,
relativistic effects due to the electric field have to be taken into account. K, 1s also known
as the normalized vector potential (or the dimensionless laser strength parameter), ao,
which is a measure of the strength of the electromagnetic field of the laser pulse. In the

following, let K = K., as we are concerned with Thomson scattering here.

electron angular excursion emitted radiation cone

undulator
/__it-—f 6 ~ 1
i v [ Y e~ S I
\Tﬂ‘
ge,max S l—
e

Figure 2.2: Differences between wiggler and undulator radiation.

Again referring to Figure 2.2, when K < 1, the electrons undergo a small angular
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excursion relative to the emission angle of the radiation [47]. The radiation emitted per
oscillation adds coherently, and is emitted in a narrow cone with emission angle ~1/y,
where y is the energy of the electrons relative to the electron rest mass energy. Radiation
emitted in such a manner is known as undulator radiation. If the deflection parameter is
large (K >> 1), the ponderomotive potential is large enough for the acceleration caused by
the laser to be relativistic. This causes the angular excursion of the electrons to be so large
that the radiation emitted can be viewed as the addition of radiation from a number of
bend magnets [47]. The radiation is emitted in a larger emission angle than 1/, due to the
large excursion of the electrons. This is known as wiggler radiation. The wiggler flux is
higher than for undulator radiation, but the radiation is broadband. For our source, K <1,
so that the undulator picture is valid and a narrow spectrum is expected.

Perhaps the most intuitive description of the x-ray source is the Thomson
scattering picture [33, 48, 49], where the scattering is viewed in the rest frame of the
electrons (i.e. the frame of reference moving with the relativistic electrons). In this frame
of reference, the electrons see the incident laser radiation as higher frequency radiation,
due to the relativistic Doppler shift. In the Thomson scattering geometry shown in Figure

2.1, the frequency of the laser light seen by the electrons is given by
w':}/(l_ﬂcosy/)a)laser (27)

where the relativistic parameter /3 is defined as the velocity relative to the speed of light

(2.8)

with the approximation being valid for highly relativistic electrons (¥ >> 1). For electron

and laser photon energies needed to produce hard x-rays, the photon energy in the rest
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frame of the electron is much less than the rest mass of the electron. When this relatively
low energy radiaﬁon is scattered by the electrons, elastic or Thomson scattering occurs.
The electrons scatter the radiation in the usual dipole pattern in this frame of'reference. As
schematically shown in Figure 2.3, this dipole radiation pattern is once again Doppler
shifted when viewed in the lab frame. Using the relativistic Doppler shift relationship, the
frequency of the Thomson scattered radiation in the lab frame has the angular dependence

given by

o=t _o[lzPoosv], 2.9)
7(1 —'-,80056?) 1- fcosé

‘Due to the relativistic angular transformations, the dipole emission pattern of the
Thomson scattered radiation seen in the rest frame of the electron becomes highly
collimated along the electron beam propagation direction when viewed in the lab frame.
The highly collimated nature of the radiation can be understood by considering the angular
extent of the dipole emission pattern, and obtaining the corresponding angular extent in
the laboratory frame using any of the relativistic angular transformation relations (see
Figure 2.3). One of these angular transformations is given by

" sin @'

}/(1 +,Bcos€') (2.10)

sind =

where the primed angles are measured in the rest frame of the electron. Equation 2.10
clearly shows that sin@has a maximum of ~ 1/, and therefore for highly relativistic
electrons (y>>1), sin€ ~6 ~ 1/y<<1.

Because the x-rays are limited to small angles 6, one may make some simplifying

approximations. For small angles 6 ~ 1/y<<'1,
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Figure 2.3: Relativistic transformations.

2

cos&zl—% (2.11)

which, upon substitution into Equation 2.9, using Equation 2.8 for £, and dropping higher
order terms, yields the expressidn for the energy of the emitted radiation by Thomson

scattering (see Appendix A):

1-cosy
E=ho=2yFE —_— 2.12
‘ }/ la:er(1+}/292j ( )

where Ejuer = A0 uaser 1 the laser photon energy, v is the interaction angle between the
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electron and laser beams, and @ is the x-ray emission angle relative to the electron beam
trajectory (see Figures 2.1 and 2.3).

' "fhe number of photons scattered per unit solid angle in the lab frame can be
obtained by assuming Thomson scattering in the rest frame of the electron, and
transforming tﬁe dipole distribution using the relativistic angular transformation into the
lab frame. Wi.th the electric field polarization of the laser perpendicular to the electric field
trajectory, the theory of magnetic undulators may be directly transferred to describe the
radiation resulting from Thomson scattering off of relativistic electrons [48]. Using the
definition of angles relative to the electron beam propagation direction and the laser
electric field direction shown in Figure 2.4 (for y = 90°), the Thomson scattered x-ray
photon distribution (both x-ray polarizations) in the lab frame is given by [48]

dn

dQ

= ZaKZ}/zNu;({%Jr}((z—1)(cos2¢+1)} (2.13)
1

where « is the fine structure constant, &, is the number of periods in the laser pulse, ¢ is

the azimuthal angle measured relative to the laser electric field polarization, and

E 1
L. 2.14
d E, 1+y%6° @.19)
as obtained from Equation 2.12, where
E, =2y%E,,, (1-cosy) (2.15)

is the maximum energy of the scattered photons. Note that Equation 2.13 is valid for any
incident angle y, as long as the electric field vector of the laser beam is perpendicular to
the propagation axis of the electron beam. The angular dependence changes when the

electric field has a component along the electron beam trajectory, and no radiation is
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emitted on-axis if the electric field is aligned with the axis of trajectory of the electron
beam (for K < 1).

For this undulator-like radiation (K < 1), at each angle 6, the bandwidth of the
radiation is determined by N, i.e. the number of oscillations that the electrons undergo.
Due to the angle dependent Doppler shift (see Figure 2.3), the largest Doppler shift occurs
along the relativistic electron trajectory. As a result, the shortest wavelength (highest
photon energy) x-rays are generated along the propagation axié of the electron (6= 0),
and longer wavelength components of the x-ray beam are emitted at larger emission angles
6. Because of the relativistic angular transformations (see Figure 2.3), most of the x-ray

photons are in a small cone around the axis of trajectory of the electron.

X

laser £ = E, X

[S\BY

Figure 2.4: Right-angle Thomson scattering geometry.

Electron beam emittance effects

As described above, the angle-dependent Doppler shift causes the scattered x-ray
wavelength to be angle dependent. This angular correlation between x-ray wavelength (or
energy) and angle relative to the electron beam propagation direction is less apparent for
an electron beam with a large emittance. Electron beam emittance is the distribution in
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spatial and angular coordinates (relative to the electron beam propagation axis) that the
electrons occupy>(see Figure 2,5). Because electron beams have finite emittance, a large
spread in angles (electron trajectories) results when the electron beam is focused to a small
spot size. For a distribution of angles that is comparable to the angular extent of x-rays
emitted from single electrons (8 ~ 1/y), the direct correlation between x-ray wavelength
and angle will be less apparent for the ensemble of electrons. In this case, a convolution
between the Doppler shifted radiation pattern and the distribution of electron trajectories
yields a spectrum that is relatively broad band throughout the angular extent of the x-ray
beam [33]. However, the general feature of having longer wavelengths at larger emission -
angles relative to the electron beam trajectory is still valid.

Electron Beam Emittance

ex(ey)
. / e~ 0.3 mm-mrad
o~ 50 um
: . o ~6 mrad
p®) x(y) 6
0
)

px.y

x(y)

Figure 2.5: Electron beam emittance.

To account for electron beam emittance effects, one can assume that the number of

electrons in the bunch contributing to Thomson scattering, N, = Neieciron (given by

Equation 2.3 in the right angle geometry), has a distribution of trajectories at the focus
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given by P, (9) Due to this distribution of trajectories, at a given observation point these

electrons tend to contribute photons with a broader range of energies than in the single
electron case. The resulting photon distribution is obtained by convolving the electron
trajectory distribution with the singlé electron photon distribution (Equation 2.13). To be
more precise, we define the solid angle over which the x-rays are observed to be dQ, =
SinGes dGoss d@obs (= Eobs ABops APons, since Gops ~ l/.;/ << 1). The number of photons in the
observation solid arigle becomes

dn  dn

— ®P =2aK*y’
o OF.(6.9)= 22Ky NN,

obs - d(21

(2.16)

2rn 1 ]
([ [Em (z, - 1)(cos2¢'+1)}11 (6, = 0,5 ¢~ .5, )sin 6,d6,d ¢’
00

where ¥, = 1/(1+y26,%). Angular integration is converted (see Figure 2.6) from the ¢,

frame (referenced at the observation point) to the ¢' frame (referenced at the electron

under consideration) to account for the proper ¢ dependence of the single electron photon

- distribution (see Equation 2.13).

Due to the direct correlation between energy and angle away from the electron
trajectory, integraﬁon alqng a path of constant 8, is necessary in order to obtain the
number of photons of a vg.iven energy at the observation point. The relative angle 6, is
determined by the photon energy under consideration using Equation 2.14. Solving for the
angle in terms of the photon energy, the radius of the path of integration for constant

energy (see Figure 2.6) becomes

= 1. (2.17)
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Taking the derivative of Equation 2.17, one can express the angular integration in

¥

Figure 2.6: Defining the constant energy path of integration. The angle 0 from the
electron beam axis (z) corresponds to a distance on the x-y plane at a fixed distance from
the generation point.

Equation 2.16 in terms of an integration over energy. Solving for dF, the differential form

of Equation 2.17 becomes

2 2
di = -2V X g 49 (2.18)
E 1 1

0
The negative sign merely indicates the inverse relationship between x-ray photon energy
and angle from the electron trajectory, and can be dropped for our purposes. Using siné,
dé =~ 6,d6 (sincé 6~ 1/y << 1), dropping the integration over @ (since we are

considering constant energy), and ‘using Equation 2.18, Equation 2.16 becomes [33]

d*n 5 1 °%f 1 . ) '
T aK*N,N, 7 ‘(’:[E + x(y — Ncos2¢ +1)}Pe,(9)d¢ . (2.19)

obs

This is a convolution of the electron trajectory distribution, 2, (6), with the single electron

photon distribution given by Equation 2.13, using a coordinate system (9', ¢'), where now
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6, = ' = 6. (see Figure 2.6). In this coordinate system, the angles are shifted by the

observation angles (8,,..9., ) so that only those components of the electron beam which

obs
yield a given energy at the observation point are considered. This provides a relationship
between the convolution and spatial coordinate systems given by [33]

6> =62, + 9'2‘—290b59'cos(¢5"—¢0;s) (2.20)
Wheré 6' = 6, = 6, (given by Equation‘2. 17) 1s determined by the Thomson scattered
photon energy under considerafién. As shown in Figure 2.6, Equaﬁon 2.20 is obtained by
using simple trigonometry.

For a distribution of electron trajectories greater than the angular extent of
undulator radiation from single electrons (~1/y), the x-ray energy spectrum can become
significantly broadened. This results in a more uniform diStribl:lti.On of photon energy over
the angular spread of the beam. A uhiformly distributed spectrum may be useful for
épplications such as Extended X-raiy Absorption Fine Structure (EXAFS) experiments,
where having a range of photoh energies around the absorption edge of an atomic species
is necessary. However, this bfoadening due to electron beam emittance causes more of the

oL

useful x-rays to be spread out over a larger emission angles, causing an overall reduction

in source brightness. ,
Experimental Setup

Although conceptually simple, generating x-rays via right angle Thomson
scattering is not trivial and requires a large amount of apparatus. Two major components

of the Thomson scattering x-ray source are a terawatt laser system, needed to produce
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ultrashort, high-intensity laser pulses, and a linear accelerator (linac), needed to generate
pulses .of relativistic electrons with a large amount of charge per pulse. Large numbers of
elegtrons and photons are.necessary in order to overcome the small T_homson,scatt,ering
cross-section and generate a reasonablei number of x-ray photons. Timing and
synchronization electronics are necessary to ensure the temporal overlap of the electron
and laser pulses. Diagnostics are required‘ to ensure that spatial overlap between the small
laser and electron ‘beam foci is achieved. Finally, x-ray diagnostics are necessary to

characterize the ultrashort x-ray pulses generated.

Terawatt laser system

Passively modelocked lasersb are now routinely used to generate ultrashort laser
pulses [50]. The first féfntc;sécond modelocked lasers were 'based on dye gain me.‘dia, and
relied upon the séturable gain in the gain media in conjunction with the saturable loss in a
saturable absorber I;Iaced in the laser cavity [1, 2]. Saturable géin tends to shorten the |
trailing edgevof the laser pulse traversing the laser cavity, and satu;dble loséjtends to
shorten the leading edge of the pulse. With appropria;[e éompensation of linear dispersion
of the material in the cavity, this process shortens the laser pulse each round trjp. ’Al‘ihe |
pulse shortening continues until higher-order dispersion that cannot be Acompensated
determines the pulse duration.

More récently, femtosecond modelocked lasers based on solid state gain media
have been developed [50]. The pulse shortening mechanism for these lasers is known as
Kerr lens modelocking. During the Kerr lens modelocking process, laser pulse shortening
occurs because the cavity is arrangea in such a way that the cavity loss is reduced for a
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mode in which self-focusing in«ihe' gain medium occurs. Thiis{in such a cavity, a higher
intensity, ultrashort laser pulse is preferred over a continuous wave. As in the case of

modelocked dye lasers, material dispersion in the gain medium must be compensated by
some negative dispersion element in order to achieve the shortest pulses. Schematically

shown in Figure 2.7 is the cavity of the Titanium doped sapphire (Ti:sapphire)

-100 50 © 50 100
delay (fs)

modelocked Iaser used in our terawatt laser system.

PZT control
for RF locking slit

-

. LaFN28 Prisms argbn P ' mp

e N
6 mm T|.AI203
Figure 2.7: Ti:Sapphire based Kerr lens modelocked laser.

The high damage threshold and large gain bandwidth of some solid state media
(e.g. Ti:sapphire) allows for the amplification of ultrashort pulses to high pulse energies
[51, 52]. To amplify ultrashort pﬁlses to the terawatt level, the intensity of the laser pulse
must be reduced in the gain médium to avoid. nonlinear damage due to self-focusing. In the
past, increasing the laser diameter reduced the laser beam intensity, which required very
large and expensive crystals.'Now, a technique known as chirped-pulse amplification
(CPA) is routinely used to avoid self-focusing of the amplified pulses in the gain medium
[53]. By introducing a linear chirp (i.e. a direct correlation between the laser frequency

and temporal profile) on the pulse, thereby temporally stretching the pulse, the intensity in
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the gain medium is reduced. This permits amplification of ultrashort laser pulses to very
high pulse energiés in relatively small and inexpensive crystals. The amplified laser pulses
are then recompressed by sending them through an optical element that introduces the
opposite linear chirp on the pulse, resulting in a high-energy, ultrashort laser pulse. The
laser pulse duration becomes limited by higher-order dispersion terms, some of which can
be reduced by using appropriate tricks [54, 55]. Laser pulses with peak power in the
terawatt range are now routinely generated, and laser pulses with petawatt peak power are
beginning to be realized [51, 52, 56].

Our terawatt laser system is similar to one designed by C. LeBlanc et al. [57], and
is shown schematically in Figure 2.8. It is based on a home-built Ti:Sapphire modelocked
laser following the design of H. C. Kapteyn and M. M. Murnane, and has generated pulses
as short as ~ 20 fs. Individual pulses from the modelocked laser are selected at a 10 Hz
rate using a Pockel’s cell. The triggering of the Pockel’s cell is synchronized to both the
pulses from the Ti:Sapphire modelocked laser and from the frequency -doubled Nd:YAG
laser (10 Hz repetition rate) which pumps the amplifiers. A synchronization circuit
performs this task as follows: 1) the signal from modelocked laser pulses incident on a
photodiode is used as a clock, 2) counters are set to put out pulses at a 10 Hz repetition
rate, based on a fixed number of clock cycles, 3) appropriately spaced pulses are generated
— one to trigger the Nd:YAG flashlamps, and one to trigger the Nd:YAG Q-switch and
the Pockel’s cell (~ 260 ps after the flashlamp trigger), and 4) a delay generator is used for

fine individual adjustments of the triggering of the Q-switch and the Pockel’s cell.
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Figure 2.8: Terawatt laser system.

These laser pulses selected by the Pockel’s cell are sent through a pulse stretcher
to temporally stretch the pulse by introducing positive dispersion. In order to provide
significant positive dispersion, a grating pair with a 1:1 telescope in between is used [58].
This combination, with the gratings placed within the focal length of the lenses, is reduced
in size by using reflective optics (parabolic mirror) for the telescope lens and using a
mirror at the symmetry plane to provide the other half of the lens and grating pair (see
Figure 2.9). A parabolic mirror is used to reduce spherical aberrations that lead to higher
order dispersion. The stretcher lengthens the pulse duration from ~ 20 fs to ~ 200 ps -
about 10,000 times longer. The stretched pulse duration was verified by using a fast

photodetector (Picometrix) and-a sampling oscilloscope.
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Figure 2.9: Pulse stretcher using all reflective opfics.

After the stretcher, the long laser pulse is sent through two amplification stages.
The preamplifier is a multi-pass amplifier with 8 passes in a unique bow-tie configuration,
as shown in Figure 2.10. On each pass through the Ti:Sapphire crystal gain medium, the ~
2mm diameter beam is focused by a 50 cm mirror onto the crystal, and then recollimated’
after passing through the gain medium. The amplifier gain medium is pumped by a fraction
of the output (~ 5 mJ out of ~ 1.3 J per pulse) of a frequency doubled (532 nm) Nd:YAG
laser (Spectra-Physics, GCR 350). This light is relay imaged from the Nd:YAG laser
amplifier rod to the gain medium to a spot size of ~ 1 mm diameter in order to: 1) have the
appropriate pump fluence, and 2) image a good spatial profile onto the gain medium. The
preamplifier increases the laser pulse energy from ~ 1 nJ to ~ 2 mJ - about 10° times
greater.

After the preamplifier, the amplified pulses are then sent through another Pockel’s
cell to reduce amplified spontaneous emission (ASE). ASE that propagates from the
power amplifier into the preamplifier and eventually back to the modelocked laser can stop

the modelocking process. After the Pockel’s cell, the pulses then go through an expanding
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telescope to increase the beam size to ~ 4 mm diameter, as well as to control the
divergence of the beam going:into the power amplifier. It is necessary to have the beam
slightly diverging going into the power amplifier in order to correct for thermal lensing in
the Ti:Sapphire crystal. Thermal lensing is caused by the thermal expansion of the crystal

due to the large amount of power absorbed while it is being pumped.

Figure 2.10: Novel preamplifier configuration in the terawaltt laser system.

The expanded beam is then sent through 4 passes in the power amplifier, which is
pumped by the majority of the Nd:YAG output. As shown in Figure 2.11, the pump beam
is split into two beams, each of which is relay imaged to a spot size ~ S mm in diameter,

and which pumps both sides of the Ti:Sapphire gain medium. The amplified beam goes

through each pass approximately collimated (slightly diverging). After 4 passes, the beam
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has up to 200 mJ per pulse in a reasonable spatial mode. Higher pulse energy can be
extracted, but the mode becomes significantly shaped by the astigmatic beam profile of the
Nd:YAG laser. The poor Nd:YAG beam profile is mainly due to poor collimation of the
laser output, resulting in poor phase-matching in the frequency-doubling KDP crystal. The
elliptical Nd:YAG laser beam mode can be compensated.by offsetting the two pump
beams. This resuits in a more uniform gain volume and a better amplified beam mode, at

the cost of reduced extraction efficiency.

Figure 2.11: Four-pass power amplifier.

After the power amplification stage, the beam is 6nce again expanded using a
telescope to ~ 30 mm diameter before going into the compressor: This ex'pansion is
necessary to avoid damage to the gratings in the compressor (~ 200 mJ/cm’® damage
threshold). Schematically shown in Figure 2.12, the compressor is basically a pair of
gratings that have almost the same angle of incidence as the stretcher grating. The
separation of the gratings and the incident angle of the gratings are adjusted to reduce the
amount of dispersion introduced in the laser beam from the pulse stretcher as well as from
the gain medium and lenses (material dispersion). Aﬁér compreSsioﬁ, the result i§ an
amﬁliﬁed laser beém that has a very high peék intensity (~ 1 terawatt). Beééuse of this
higﬁ iﬁtensity, the compression is performed under vacuum to eliminate laser beam

filimentation and bfeakup due to self-focusing that would result from the propagation of
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the terawatt laser pulse through air.

input ~ 250 ps. output ~ 100 fs

1800 g/mm
grating

1800 g¢/mm
grating

Figure 2.12: Pulse compressor.

Linear accelerator

To generate relativistic electrons, we use the linear accelerator (linac) at the
Advanced Light Source (ALS) in between fill periods. This linac can produce 50 MeV
electron bunches with ~ 1 nC of charge at a repetition rate from 1 Hz up to 5 Hz. These
pulses are transported and focused into the Beam Test Facility (BTF) through a series of
bend magnets and quadrupéle magnets (BTF line), and are ultimately focused to ~ 90 um
(FWHM) in diameter at the interaction point. Efficient transport of charge through the
BTF line to the interaction point is achieved and monitored by beam position monitors
(button-type RF pickup) and retractable phosphor screens [31]. Typically, about 80% of
the charge reaches the interaction point, with the rest generating background radiation due

to electrons scraping the walls of the vacuum transport line.
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Figure 2.13: Optical transition radiation (OTR) electron beam profile diagnostic.

As the x-ray pulse duration in the right angle Thomson scattering geometry is
determined by the transit time of the ultrashort laser pulse across the electron beam waist,
the electron beam profile must be determined and monitored. To measure the electron
beam waist at the interaction point, optical transition radiation (OTR) is utilized [31].
OTR is the emission of light as relativistic electrons encounter a change in dielectric
constant. This radiation is proportional to the amount of charge in the electron beam, and
therefore can be used to monitor the spat:ial profile of the beam at the focus. The OTR
electron beam diagnostic is schematically shown in Figure 2.13, with a typical electron

beam image at the focus.

Interaction apparatus -

In order to generate x-rays'via Thomson scattering, the laser and electron pulses
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must be synchronized to within the electron pulse duration (~ 30 ps). To perform this
synchronization, the frequency of pulses emitted by the Ti:Sapphire modelocked laser is

synchronized to the 500 MHz RF used as the basis for the RF electronics used to drive the

¢ a phase-locked loop synchronizes the pulses
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Figure 2.14: Synchronization of laser and electron pulses using a phase-locked loop.

linac. The synchronization is performed using a phase-locked loop [59] as follows: 1) the
signal from laser pulses detected on an avalanche photodiode is used to determine the
frequency of the laser pulse train (the cavity length of the laser is set to generate laser
pulses at a repetition rate of 125 MHz), 2) the fourth harmonic (500 MHz) of the
photodiode signal is-mixed ‘with the 500 MHz from the linac RF electronics in a RF mixer,
3) the difference frequency is ﬁsed as feedback to control the voltage applied to a

piezoelectric stack attached to one of the end mirrors in the laser cavity, and 4) the
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piezoelectric stack adjusts the cavity length to keep the laser repetition rate locked to the
500 MHz linac master oscillator. Schematically shown in Figure 2.14 are the RF
synchronization system and the optical streak camera measurements of OTR light and

laser light used to put an upper bound on the timing jitter.
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Figure 2.15: Beam Test Facility.

Not. on‘1y<do the electfon and laser pulses have to be synchronized, but the
amplified laser pulses must be temporally overlapped with the electron bunches as well.
Temporal overlap of the electron and laser pulses is determined by using a fast
photodetector to determine the laser pulse arrival time at the interaction point, and a beam
position monitor (button-type RF pickup) is used to determine the electron pulse arrival-
time. The laser beam first passes through the interaction point, then is reflected back and
focused by a focusing mirror to the interaction point. Leakage. from this focusing mirror is

used to monitor the arrival of the laser pulse. By observing the two fast signals on a
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transient digitizer (Tektronix SCD 5000), and knowing the difference in path lengths and
signal arrival times (see Figure 2.15), the temporal overlap of electron and amplified laser
pulses can be monitored.

In order to amplify the correct laser pulse that will overlap with the electron bunch
at the interaction point, another level of synchronization is necessary. This synchronization
involves triggering the Nd:YAG laser and the Pockel’s cells whgn the linac generates an
electron bunch (see Figure 2.16). Because it takes some time for the laser pulse to travel
through the laser system and down into the interaction chamber, triggers that are
generated before the firing of the linac (pre-triggers) are necessary to ensure that the
amplified laser pulse has enough time to reach the interaction point when the electron
bunch does. Fortunately, the booster ring at the ALS also requires pre-triggers for beam -
injection. The Utility trigger and the Anti-magnef pre-trigger (specially created to suit our
needs) are combined thréugh an OR gate, and are generated sufficiently early to be used
to trigger the Nd:YAG flashlamps. The ~ 2 ps jitter in this trigger does not affect the
performance of the Nd: YAG laser. The Injection Sync trigger is used to trigger the Q-
switch and Pockel’s cells. When these triggers arrive, the counters in the synchronization
circuit (described in the terawatt laser system section above) reset, and the appropriate
flashlamp and Q-switch triggers are output. The resulting amplified laser pulse can be
adjusted to within ~ 8 ns (spacing between modelocked laser pulses) of arriving
simultaneously with the electron bunch at the interaction point by means of a delay
generator. To get within 2 ns, the laser has to be synchronized té the correct phase of the
500 MHz RF master oscillator. This is achieved by turning the RF synchronization circuit

on and off until the appropriate phase is chosen. Finally, to achieve temporal overlap
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within the electron bunch duration (~ 30 ps, FWHM), the bias voltage at which the 500
MHz RF master oscillator and the S00 MHz signal derived from the avalanche photodiode
signal are synchronized can be adjusted. This adjustment is performed while monitoring
the signals on the transient digitizer, and ultimately while monitoring the x-ray yield.

—» -2 nsec (500 MHz)
: | Master RF Clock

electron bunch timing
~—— 8 nsec (125 MHz)

[ 0 e ol O

~ - = 0.1 sec (10 Hz)

laser timing
[‘—_> 8 nsec (125 MHz)

Colda b

Figure 2.16: Laser and electron bunch timing.

Spatial overlap of the pulses is determined by sending unamplified laser pulses
through one hole in an alignment cube, and by sending an alignment laser beam (HeNe
laser) for the electrons through the orthogonal hole in the cube. The electron beam is
aligned using beam position monitors and removable phosphor screens to ensure that the
beam follows the trajectory of the alignment laser. The unamplified laser beam is sent
through the orthogonal holes, and the reflected beam is sent back through the cube. The
focused beam going back through the cube is imaged onto a camera to ensure the

alignment of the focusing mirror.
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X-ray diagnostics

When temporal and spatial overlap of the laser and electron pulses is achieved, x-
ray pulses are generated. In order to verify that the characteristics of these x-ray pulses
agree with theory, diagnostics are needed to measure quantities such as flux, divergence,
and energy spectrum. The spatial profile of the x-ray beam is obtained by imaging the
fluorescence created by the x-rays striking an x-ray phosphor screen (see Figure 2.17 a)
[60]. Knowing the distance between the interaction point and the phosphor, the
divergence of the x-ray beam can be obtained. Calibrating the number of fluorescent

1), the x-ray flux can

photons per x-ray photon using a calibrated radioactive source (
also be determined. For x-ray photon energies around 30 keV, ~ 1 CCD count
corresponds to 1 x-ray photon striking the phosphor.

To measure the energy spectrum of the x-ray pulse, a Ge detector is used in
photon counting mode (see Figure 2.17 b). The pulse height of the voltage generated per
photon in the detector can be calibrated to determine the x-ray photon energy. Because
the detector operates in the photon counting mode, radiation shielding is essential to
reduce the x-ray background in the Beam Test Facility. This is accomplished by placing a
thick lead aperture in front of the detector (several lead bricks with ~ ¥4 “ hole in the
middle), and layers of lead bricks around the sides. For spectral measurements of the
source, the x-ray flux is further reduced by using a long (~ 8 “) tantalum slit, ~ 200um

wide. This aperture and the:detector are moveable, which permits the measurement of the

spectrum of the source at different emission angles.
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Figure 2.17: X-ray diagnostics: (a) phosphor imaging system, (b) Ge detector system.

Measured X-Ray Characteristics

When spatial and temporal overlap of the focused electron and laser pulses is

ensured and the pulses are synchronized, ultrashort x-ray pulses are generated by right

angle Thomson scattering. As described earlier, these x-ray pulses should be emitted in a

narrow cone, and the flux per pulse should be proportional to the overlap density of

electrons and photons. In this chapter, the experimentally measured beam characteristics

are described and compared to the Thomson scattering theory [33]. These measurements
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were performed at the Center for Beam Physics Beam Test Facility at the Advanced Light

Source.

Beam divergence and flux

If the electric field of the laser is not too strong, i.e. if K = ay < 1, then the
undulator characteristics described in the Thomson scattering theory section are
applicable. 800 nm, 100 mJ, 100 fs laser pulses focused to a 30 um (FWHM) diameter
spot at the interaction point were used to generate the x-rays. The focused laser intensity
at the interaction point was ~ 1.4 x 10'” W/cm®. This intensity corresponds to a
normalized laser field strength of ap = 0.25 < 1. This indicates that the laser field is not
strong enough to accelerate the electrons to relativistic velocities. Therefore, the Thomson
scattering source produces an x-ray beam with undulator characteristics.

One method of measuring the x-ray beam divergence is to measure the beam
profile at a known distance from the x-ray generation point (interaction point). As
described in the previous chapter, we can measure the spatial profile of the x-ray beam by
imaging the fluorescence from an x-ray phosphor. The phosphor used to measure the
spatial profile was ~ 80 cm from the interaction point. The x-ray beam profile is elliptical,
with horizontal and vertical beam sizes (FWHM) of ~ 12 mm and ~ 8 mm respectively
(see Figure 2.18). This i.nformation yields a beam divergence of ~ 10 mrad.

As described in the Thomson scattering theory section, the divergence of the x-ray
beam from an undulator-like source is expected to be ~ 1/y. For the 50 MeV electrons
used in the x-ray source, y ~ 97. Thus, the expected divergence is ~ 10 mrad, which agrees

with the experimentally measured divergence. Part of the asymmetry in the spatial profile
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of the x-ray beam is due to the asymmetry in the dipole emission pattern in the rest frame
of the electron. In the rest frame, due to the transverse nature of electromagnetic
radiation, the scattered photon flux approaches zero as the propagation direction
approaches the electric field vector of the laser. When viewed in the lab frame, this
asymmetric distribution results in a photon distribution that‘is narrower along the laser

electric field direction (vertical axis in Figure 2.18). This asymmetry is seen in the.cos2¢

term of Equation 2.13. In our case, the majority of the asymmetry is due to the
asymmetric focusing of the electron beam [31]. Because a quadrupole magnet mainly
focuses along one axis, a pair of quadrupole magnets is needed to focus the electron beam
along two axes. The vertically focusing quadrupole magnet was ~ 1.5 times farther from
the interaction point than the horizontally focusing one. To achieve a symmetric spot at
the interaction point, the vertical beam divergence is ~ 1.5 times less than the horizontal
beam divergence. The result is an x-ray beam that has an asymmetric beam profile, ~ 1.5
times larger horizontally (= 12 mm) than vertically (~ 8 mm).

The x-ray flux is determined by integrating the number of fluorescent photons and
using the calibrated number of CCD counts from fluorescent photons resulting per x-ray
photon (~ 1 CCD count per x-ray photon at ~ 30 keV photon energy). The image x-ray
pulse image shown in Figure 2.18 corresponds to ~ 5 x 10* photons with energies around
30 keV. These x-rays were generated from an electron beam with a focused diameter of ~
90 um (FWHM), which corresponds to an x-ray pulse duration of ~ 300 fs. The laser focal
spot was.imaged, and is estimated to be ~ 30 um (FWHM), smaller than the electron beam
diameter. Using the measured electron beam and laser beam diameters, the measured

electron bunch charge and laser pulse energy, and the Thomson scattering cross section,
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an estimate of the expected x-ray.flux can be made. The number of photons in a 60 mJ

pulse at 800 nm is ~ (0.06 J)/((1.6 x 10™"° J/eV)(1.5 eV/photon)) = 2.5 x 10"7 photons.

Figure 2.18: Spatial image of the Thomson scattered x-ray beam. The vertical axis is
parallel to the electric field of the generating laser pulse.

The number of electrons in a ~ 1.3 nC pulse, is ~ (1.3 x 10” coulombs)/(l 6x 107"
coulombs/electron) = 8“1 x 10° electrons. From Equétion 2.5, the estimated number of
scattered laser photons per pulse for a 30 ps (FWHM) electron bunch focused to a ~ 90
pm (FWHM) diameter is ~ (2.5 x 10'")(8.1 x 10°)(6.65 x 10% cm?)(300 x 107
sec)/((n/4)(§ vx 10° c;n)é(30 x 1072 se'c)) =2 x 10° photons. This estimate is about
factor of 4 higher than tﬁe experimentally measured flux of ~ 5 x 10* pho£ons per pulse.

Part of the discrepancy is due to the fact that some of the scattering events result in lower
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energy photons in the lab frame, with laser photons losing energy to the electrons. Half of
the scattering events should. result in lower energy photons. Another factor contributing to
the difference is the fact that significant absorption of x-rays with lower photon energy (~

10 keV) occuré as the x-ray beam passes through the vacuum window (Lexan) and

through air before hitting the phosphor.

Energy spectrum

Using a moveable slit and a Ge detector, the x-ray energy'spectrac"an be measured
at different angles of observation relative to the electron beam propagation axis. The
angles of observation are in a‘plane' perpendicular to thé electric ﬁelAd of the laser used to
generate the )_(-rays‘. ihe slit limits the angular acécptance of'the Ge detector to 50 prad
perpendiéular to the electric field of the laser, and 1 mfad parallel to the giéctric field of
the laser. The measured spectra for three different emission angles are shown as crosses in
Figure 2.19. The spectra are broad (~ 10% relative bandwidth) with the spectrum on axis
having the narrowest bandwidth and the highest energ;/ x-rays. The general trends in the
spectra are that the peak shifts to lower energy, the spectra are broader, and the number of
photons decreases with i-ncreasing emission angle. Using a quadrupole scan technique
[32], th.e electron beam emittance is measured to be ~ 0.3 mm-mrad. With a focused beam
diameter of ~ 50 um (sigma), the angular divergence of the electron beam is ~ 6 mrad
(sigma). Since the electron beam divergence is comparable to the x-ray beam divergence
(~ 1/y = 10 mrad), the x-ray spectrum is expected to be broadened.

Also shown in Figure 2.19 are the predicted spectra (solid curves). The predicted

spectra are calculated using the measured electron beam emittance and results from the
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Thomson scattering theory section of this chapter. These theoretical curves also take into
account the x-ray absorption of the x-ray window (Lexan) used for the spectral
measurements. The agreement is quite good, demonstrating that the source characteristics

are well understood.

counts (normalized)

o

10 15 20 25 30 35
’ energy (keV)

Figure 2.19: Normalized x-ray spectra at observation angles of 0 mrad, 5 mrad, and 10
mrad from the center of the beam.

Using the measured source spectrum, divergence, and photon flux, the spectral
brightness of the source can be estimated. Spectral brightness, in units of photons per
second per unit source area per unit solid angle in a 0.1% relative bandwidth (4AE/E), is

typically used to described synchrotron radiation. It is a good measure of the useful x-ray
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flux for experiments requiring small beam divergence and a small spot size. An average
spectral brightness of ~ 10'® photons/sec/mm*/mrad?/(0.1% bandwidth) can be achieved
using undulators at third-generation synchrotrons, such as the Advanced Light Source.
From the measured characteristics above, ~ 5 x 10* photons are generated in ~ 10 mrad
cone in ~ 15% relative bandwidth from a spot ~ 30 um (FWHM, laser spot size) by ~ 90
um (FWHM, electron beam spot size) at a S Hz repetitién rate. This leads to an average
spectral brightness of ~ 2 x 10° photons/sec/mm?/mrad?/(0.1% bandwidth) for the right-
angle Thomson scattering x-ray source. The main sources of the large discrepancy in
average spectral brightness between storage ring synchrotron sources and the Thomson
scattering x-ray source are the repetition rate (~ 300 MHz versus 5 Hz, or a factor of ~
108), the beam divergence (1/y ~ 1/3000 versus 1/100, or a factor of ~ 10%), the reduction
in the number of electrons used per bunch due to the need for a short pulse duration (~
300 fs/ 30 ps, or a factor of 10?), and the electron beam emittance broadening effect on
the relative bandwidth (~ 15% relative bandwidth for the Thomson scattering source). The
peak spectral brightness of the right-angle Thomson scattering x-ray source is ~ 400
photons/pulse/mm*/mrad®/(0.1% bandwidth). Because of this relatively poor spectral
brightness, the rx;ght-angle Thomson scattering x-ray source is appropriate for only those
experiments that can utilize a relatively large x-ray spot size and/or a relatively large

spectral bandwidth.

Electron Beam Characterization Using Thomson Scattered X-Ray Properties
Not only is right angle Thomson scattering a promising source of ultrashort x-ray

pulses, but it can also be used as a technique for probing structure in electron bunches
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from accelerators [31, 32]. By analyzing the divergence and spectrum of the x-rays with
the laser pulses iﬁteracting wbithfv;rious sections of the electron bunch, the small-scale
emittance of the electron beam can be mapped out. The x-ray yield as the laser is scanned
spatially across the beam diameter, and temporally along the electron bunch duration can
be used to determine the electron bunch diameter and any small scale dynamic focusing of
the beam. Such microprobing of electron bunches may be used to study electron beam

dynamics within the bunch, rather than average behavior over the entire bunch.

Emittance measurement

As seen in the previous section, the spectrum and the spatial profile of the x-rays
generated by Thomson scattering depends on the emittance of the electron bunch, through
the divergence of the electron beam at the focus. For a given beam emittance, a more
tightly focused beam yields a more divergent beam. Thus, if the electron beam spot size is
determined by some other means, the.emittance of the beam can be obtained by
determining the electron beam divergence by analyzing either the spatial profile or the
energy spectrum of the Thomson scattered x-rays.

Because the laser only interacts with a small portion of the relatively long electron
bunch, the emittance over the entire electron bunch can be mapped out. Measuring the
emittance in this manner is also a more direct method than currently used methods. Also,
performing an emittance measurement by analyzing the spatial profile of the Thomson
scattered x-rays can be done in a single shot, only requiring a single electron bunch.
Currently used emittance measurements, such as quadrupole scans, take the average
emittance over the entire electron bunch, and need to take measurements over many
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bunches [32].

. Divergence measurements using the spatial proﬁle of the x-ray pulse may not be
very sensitive to the divergence of the electron bunches at the focus. If the electron- beam
divergence is on the order of the intrinsic x-ray beam divergence for perfectly collimated
electrons, ~ 1/, the spatial broadening due to the large electron beam emittance is not
- readily apparent. As a result, this type of divergence measurement is best suited for higher
energy electron beams, or to observe if an electron beam has extremely poor emittance:
Analyzing the energy spectrum of the Thomson scattered x-rays is much more sensitive to
the divergence of the electron beam, as a readily evident broadening of the spectrumis -
observed. This broadening is most evident at larger emission angles, but the x-ray flux is
much lower in this region.

In either case, both of these measurement techniques actually measure the electron
beam divergence. Since the electron beam emittance is determined by the divergence and
spot size along each traﬁsverse axis, a sensitive means of measuring the electron beam
spot size is necessary to determine the emittance. Imaging the spatial profile of OTR
generated by the electron bunch going through a foil is one means of measuring the
electron beam spot size. As shown below, analyzing the yield of Thomson scattered x-rays
under different degrees of laser and electron beam overlap can also be used to determine

the spatial size of the electron bunch.

Transverse and longitudinal profiles
Because the flux of Thomson scattered x-rays depends linearly on the number of

electrons, monitoring the x-ray yield as a function of laser focus position in the electron
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bunch determines the charge density profile of the bunch. As stated above, knowledge of

x-ray yield
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Figure 2.20: Transverse scan using the Thomson scattering electron beam diagnostic
fechnique.

the electron beam spatial profile in conjunction with the Thomson scattering divergence
measurements is necessary to detefmine the emittance of the beam. By scanning the laser
focus across the transverse (perpendicular to the electron beam propagation direction)
profile of the beam and monitoring the x-ray yield, the electron beam spot size may be
determined, as shown schematically in Figure 2.20. OTR measurements of the electron
beam spot size agree well with the Thomson scattering transverse scan. As a result, an
emittance measurement technique based solely on Thomson scattering may be used.

Current electron beam diagnostics can only yield averages over larger beam slices
(e.g. streak camera measurements of OTR), or average over the entire bunch. By

measuring the x-ray yield as the laser beam is scanned across longitudinal (along the beam

45



propagation direction) profiles of the electron bunch, the electron bunch duration can be
determined. If any nonuniformities in charge distribution exist, these can be located using
‘the Thomson scattering x-ray probe.

OTR streak camera measurements of electron beams going through magnetic
lattices with differing chromatic behavior do not appear to have any substantial structure
[31]. However, as shown in Figure 2.21, longitudinal scans of the laser beam through the
electron bunch for both of these lattices yield significantly different behavior. The large
spike in the yield for the lattice with higher chromatic sensitivity may be explained by

dynamic focusing caused by energy dependent focusing [31].
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Figure 2.21: Longitudinal scans using the Thomson scattering diagnostic probing
electrons transported through magnetic lattices with (a) low energy dispersion, and (b)
high energy dispersion.

average X-ray yield (a.u.)
average x-ray yield (a.u.)

The ability to microprobe electron beam phase space using the Thomson scattering
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diagnostic will lead to better understanding of electron beam dynamics in accelerators. As
shown above, right-angle Thomson scattering off of electrgn bunches from the ALS linac
propagated through a highly dispersive magnetic lattice permits the probing of electron
beam energy structure. This small scale energy structure is not seen with time-averaging
diagnostics. It is also not seen with OTR viewed on a visible streak camera (~ 2 ps
resolution) [31]. Going to a magnetic lattice with low energy dispersion permits both
longitudinal and transverse profiling of the electron bunch. This diagnostic is equivalent to
imaging OTR and viewing OTR on a streak camera. Thus, the Thomson scattering
diagnostic can be used for both conventional and non-conventional electron bunch

characterization.
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Chapter 3: Time-Resolved X-Ray Diffraction

X-ray diffraction is a very useful and well-established technique for studying long-
range order in crystals. By performing time-resolved x-ray diffraction, structural dynamics
in condensed matter may be observed. For.example, the time-resolved x-ray diffraction
technique has been used to study laser annealing of semiconductors on the nanosecond
time scale [36, 37, 61]. By using intense femtosecond laser pulse excitation, ultrafast
structural dynamics in semiconductors can be studied. Optical studies of Si [10, 11, 62;
63], GaAs [46,.64-69], graphite-[70], and InSb [71] irradiated with femtosecond laser
pulses suggest that disordering can occur on a subpicosecond time-scale. However,
optical probes interact with valence electrons, which are extended states in condensed
matter. As a result, optical probes are only indirectly sensitive to atomic positions. A more
direct probe of long-range order in crystals is x-ray diffraction, because x-rays scatter off
of core shell electrons. When the Bragg condition is satisfied, the scattered x-rays add
coherently due to the periodic nature of the atomic positions in crystals. Determination of
atomic position is achieved by spatial Fourier transform of the x-ray diffraction pattern.
Because x-ray diffraction is a direct probe of long-range atomic order in crystals, ultrafast
disordering in semiconductors may be studied using the Thomson scattering x-ray source
by performing a time-resolved x-ray diffraction experiment. In this chapter, the theory of
x-ray diffraction in strained crystals will be introduced, followed by a description of time-
resolved x-ray diffraction experimental setup and results, and time-resolved x-ray

diffraction studies on laser-perturbed semiconductors.
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X-Ray Diffraction

X-ray diffraction has long been used to study atomic structure in condensed
matter. The theory of x-ray dii%a&ion is now quite establi;hed, and can predict diffraction
efficiencies from perfect crystals quite accurately. The theory used to describe x-ray
diffraction in perfect crystals, where interference between the incident and diffracted
beams and multiple scattering of both beams are taken into account, is known as
dynamical x-ray diffraction [15, 72]. Using only information about the particular atomic x-

ray scattering {73], one can use the dynamical x-ray diffraction theory to accurately

predict the x-ray reflectivity of a solid.

Theory

The most basic description of x-ray diffraction in crystals is that planes of atoms
“reflect” incident x-rays. In analogy to optical reflection from multilayer dielectric
structures, constructive interference of these “reflected x-rays” occurs when the path
length difference for x-rays reflecting off of different planes is an integer multiple of the x-
ray wavelength. As shown in Figure 3.1, this constructive interference occurs when

2dsin @ = nA 3.1

which is the Bragg condition for x-ray diffraction to occur, where d is the spacing between
lattice planes. As the spacing between lattice planes are typically ~ 3 A, x-rays with
photon energies ~ 12 kéV (wavelength ~ 1 A) are suitable for x-ray diffraction.

Of course, x-rays incident upon a crystal do not interact with planes, but scatter oft
of individual atoms. Let us consider a small crystal (i.e. < 10* atomic layers) and assume x-
ray absorption is negligible (or equivglently, a crystal made of weakly scattering atoms). In
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this case, most of the incident x-rays pass through the crystal, and one only needs to
consider how. the small amount of x-rays scattered from the individual atoms interfere with
each other at a given observation-angle. The following explanation will closely follow the

explanation of W. H. Zachariasen [15].

Figure 3.1: Bragg condition for x-ray diffraction.

To first order, x-ray scattering from an atom can be regarded as the sum of
scattered x-rays from free electrons. Due to the greater mass (~ 10° times greater), the
nuéleus contributes a negligible amount to the x-ray scattering compared to the electrons.
The intensity of scattered x-rays from a single free electron is given by.the familiar

Thomson scattering-formula, .

e*sing ) sing )’
[scattered = ]0[ 2R¢j = r:]o (—¢ (3 2)

mc R

where /; is the incident x-ray intensity, 7. = 2.82x 10" cm is the classical electron radius, ¢
is the angle between the electric field of the incident x-rays and the direction of scattering,
and R is the distance to the point where the scattered x-rays are observed. The scattered x-
rays are emitted in a dipole pattern, which is a fairly uniform distribution around the

electron. Integrating over a sphere of radius R around the electron, the total flux of
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scattered x-ray photons becomes

:§£r2]0:GT10‘ (33)

iscattered 3 e

where or is the Thomson scattering cross-section.

A proper treatment of x-ray scattering from atoms takes into account the fact that
the electrons in atoms are bound and occupy a finite volume [74, 75]. The fact that the
electrons are in an attractive potential leads to absorption resonances and dispersion. The
finite extent of the electrons causes relative phase shifts from different electrons in an
atom, resulting in a change in t};e interference of the scattered fields from each electron.
The net effect is that the x-ray scattering from electrons in atoms is modified relative to x-
ray scattering from the eduivalent number of free electrons. This modification is accounted
for by the atomic scattering factor, f, which is defined as the amplitude of the x-ray electric
field scattered by an atom relativé to a free electron. In addition to being dependent upon
atomic properties, the atomic scattering factor is dependent upon the scattering angle
(angle between incident and scattered x-rays) and x-ray photon energy.

As crystals consist of repeated arrangements of atoms, one may consider the
relative phases of the scattered x-rays from a section of a crystal that is repeated
throughout the crystal, and then determine how the scattered x-rays interfere from the sum
over all of the sections scattering x-rays. Each repeated section is known as a unit cell.
The amplitude of scattered x-rays from a unit cell relative to a free electron is known as

the structure factor, /. The structure factor, solely determined by the constituent atoms

and their positions in the crystal (i.e. the crystal structure), is given by
F=Yf explis-7,) (3.4)
-
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where 7, is the position of the jth atom in the unit cell (referenced to one corner of the

~ unit cell), £, is the atomic scattering factor of the jth atom in the unit cell, and

S5=k-k, (3.5
is the difference between the scattered ( k ) and incident ( I?O) x-ray wavevectors, defined
by

k=k|=k, =|k,|=—. - (3.6)

Note that this definition of wavevector differs from-the definition used by W. H.
Zachariasen by a factor of 27 [15]. The photon recoil is very small for x-ray energies
under consideratidn, and are neglected (i.e. the scattering is elastic). Using the same

reference corner used for the atomic positions within a unit cell, the positions of one unit

cell relative to another unit cell is given by a lattice vector, 4,,,, defined by

A, =ha +ka, +la, A (37
where A, k, and / range from O to the number of unit cells along each lattice vector
direction, N, N,, and Nj respectively. For simplicity, assume the whole crystal is a
parallelopiped with edges of length Nja;, Nja,, and Nsa;, making N = N;N,N;j the total .
number of unit cells in the crystal. The scattered x-ray amplitude (relative to the scattered
x-ray -amplitude from a free electron) of an arbitrary unit cell relative to the unit cell at the

origin is given by

-gghi = Fexplis - 4,,) (3.8)

1
where £ is the electric field amplitude of x-rays scattered by a single electron. The total

scattered x-ray amplitude is then given by summing over all of the unit cells, with the
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appropriate phases taken into account:

Sopuar _ FY explis - 4,). (3.9)
€ bkl

A

It is here that we see the spatial Fourier transform nature of the x-ray diffraction technique
in determining atomic order in crystals. Using the fact that each summation is a geometric

series,

2 v explina)-1
Zexp(zxa)_ —exp(ia)—l (3.10)

Equation 3.9 becomes

c,ym; _FH exp(lN s-a )—1'

el 7)- o

Multiplying the amplitude ratio by its complex conjugate, one obtains the intensity ratio

c»ystal _|F] H{ﬂ__j)y . (3.12)

w1 | SIN (% .,
Maxima occur when the momentum change of the scattered x-rays relative to the incident

x-rays equals a reciprocal lattice vector:

§5=B,, =2 (haljju[‘/faﬁ]{fazj = 27(hb, +k52.+153), (3.13)
L [al] a,| |

1.e. when the Laue equations are satisfied. Note the factor of 27 difference between this

definition of the reciprocal lattice vector and that of W. H. Zachariasen [15]. Under
conditions of strong x-ray diffraction, the resulting x-ray scattered intensity from the

crystal relative to a single electron becomes

I
- |Fl N2 (3.14)
1
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where

Fru :ij exp(Bhkl F]) (3.15)
J ,
is the structurg facto;‘ under conditions of strong x-ray diffraction.

As most x-ray sources have a beam divergence that is greater than fthe angular
acceptance for strong x-ray diffraction, a useful measure of the diffraction efﬁciency ofa
crystal is the integrated intensity. The integrated intensity is the total diffracted power
integrated over the entire solid angle fhat the diffracted beam subtends. Taking into

account the appropriate geometrical factors, the integrated intensity for a small crystal

becomes

Pcrystal _ 152— Z3Vcrystal ll:‘hlcll2 [1 + COSZ zej

P, A4, V2 2sin 26

cell

(3.16)

where A, is the area of the incident x-ray beam, V. is the unit cell volume, and the total
crystal volume Veyseat = N Veen. The 1+ cos® 20term is due to averaging over x-ray
poiarizations, assuming theji‘ncid'ent x-ray beam is unpolarized, and becomes 1 if the x-ray
polarization is perpendicular to the plane of diffraction. For a mosaic crystal, i.e. a érystal
consisting of randpmly oriented blocks of small crystals, x-ray diffraction from each block
is described by Equation 3.16. Averaging over the distribution of orientations leads to an
increase in the rocking curve width of a mosaic crystal. The number of small crystals that
the x-rays interact with is limited by the photoelectric absorptidn depth, 1/u, where pis
the photoelectric absorption coefficient. The resulting averaging leads to the following

integrated intensity for mosaic crystals:
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P .2 /13‘Fhk,’2(1+cosz 2(9]

P, © oV 25sin 26

cell

(3.17)

The main difference between Equation 3.17 and 3.16 is that the number of diffracting unit
cells is determined by the photoelectric absorption depth, rather than the crystal thickness.
When x-ray scattering from each atom is strong, or the number of atoms
coherently adding to the diffracted x-ray beam is large (ideal crystal), i.e. when the
scattering of the diffracted wave must also be taken into account, the small crystal picture
above does not apply. Theories that self-consistently take into account multiple scattering
are known as dynamical x-ray diffraction theories. In dynamical~ x-ray diffraction,
electromagnetic fields propagating in a medium with a periodic dielectric function (due to
the atoms in an ideal crystal) are considered. The dielectric constant of the crystal can be

expressed as
e=¢,(1+vy) (3.18)

where & is the dielectric constant of vacuum, and

Y= Z‘/’hkl exp(— iBy 'F) (3.19)
hkl
where
Ar, A,
Vo = —;I;——FO’ Vi = —TFhkl (3.20)

cell cell

with F,; given by Equation 3.15, and with the average structure factor given by

Fy=Fuy :ijexp(Booo'F):ij- (3.21)

The distance along incident and diffracted beam paths is given by
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AAd A4
Xo ===, Xy =~ ¢ (3.22)
Y, TY by

where the average and periodic part of the dielectric constant due to the crystal is given by

Wo =W, HiWg, Wiy = W;kz +iyy, = ‘//;kl(l+ik)' (3.23)
With 7 defined as a unit vector perpendicular to the incident crystal surface, the direction
cosines for the incident and diffracted beams is given by

70:ﬁ'_So> Vi =1 S, (3.24)

p="o_ (3.25)
Y wa

Note that b is negative for x-ray diffraction in the Bragg geometry (reflection), and & is
positive for x-ray diffraction in the Laue geometry (transmission). For symmetric x-ray
diffraction (incident angle = diffracted angle, relative to the surface), b = 1 for the

Laue/Bragg geometries, respectively. The reduced depth into the crystal becomes

_ yhk(Ahkz +704
'707;:/:1/

A= (3.26)

The reduced absorption factor (accounting for photoelectric absorption in the crystal) is
given by

I )74 (3.27)
2 Y ‘b

and the reduced deviation from the Bragg condition for strong x-ray diffraction from the

crystal (the Bragg condition is met for -1 <y < 1), is given by
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= _l(l—b);:/0+bahk,’ (3.28)
2 Vi ‘b’
where
a,, =2sin20,(0, -6). (3.29)

Finally, the scattering efficiency per reduced unit distance is given by

X(A) — M ] V[}/""’I (3.30)

ONAN

where D, and Dy, are the electric field of the incident and diffracted waves, respectively.
There are two points to note from these equations. One is that the reduced depth A
represents the depth into which strongly diffracted x-rays penetrate the crystal (attenuation
depth). The other is that we can see from Equations 3.28 and 3.29 that the incident x-rays
experience refraction (albeit small) in the crystal, resulting in a slight shift of the Bragg
angle than that expected from Equaﬁon 3.1

Strong x-ray diffraction (attenuated propagation into the crystal) occurs for certain
propagation directions (when the Laue conditions are satisfied), analogous to bandgaps
for electronic wavefunctions in crystals. Details of the theory can be found in 7heory of X-
Ray Diffraction in Crystals, by W. H. Zachariasen [15]. The resglts are that when strong
x-ray diffraction occurs, the x-ray reflectivity (in the Bragg geometry) per unit reduced
depth of an ideal crystal can be determined by the following diﬂ“erential equation
(expressed in reduced units):

i%:X2(1+ik)—2X(y+ig)+(1+ik), (3.31)

and the resulting x-ray reflectivity of the ideal crystal is determined by (after integrating
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Equation 3.31)
R©®) =|X0) (3.32)

where X(0) = X(6, A = 0).

X-ray diffraction from crystals with stfainéd layers

For laser perturbed samples, heating and disordering is not necessarily uniform
across the x-ray attenuation depth. A theory that takes into account a spatially varying
strain profile has been develdped [76], and used quite successfully in analyzing
nanosecond .annealing of semiconductors [61]. To account for the effects of thermal
randomization of atomic positions, the Debye—{Valler' factor e™ is includéd, with M given

by

M:[ 6h2T2 jq{gp_j(sin(ﬁl; J (3.33)
me 62 )\ TN 4

where ®(x) is the Debye function, and the temperature 7 =7(A), is'a function of the depth

into the Crystal. Because thermal strain causes the crystal planes to shift in spacing, the
Bragg angle needs to be modified to account for different amounts of strain as a function

of depth. Taking the d‘e‘fivat_ive of the Bragg condition (Equation 3.1, with n = 1)

2Ad = cox(8,)08, =——24 e, (3.34)
sin“(6;) . tan(6,)
and utilizing the strain relationship, one obtains
8—é€_— 1 A6 (3.35)

T d tan(d,) 5

which may be a function of depth, e.g. through a thermal gradient. The strain as a function
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of depth may be determined byv [61]
T ' '
&(T) = J;Da(T MGl (3.36)

where the temperature 7'is a function of depth into the crystal, a(7") is the thermal
expansion coefficient, and 7. is a factor accounting for the one dimensional nature of the
strain, and the elastic anisotropy of the crystal [61]. For elastically anistotropic crystals
with surfaces parallel to the (111) or (100) planes, 7 is given by

- 3(1+2C,/C,)
"o1420,/C, +4C,, 1C,, (3.37)
Mo =1+2C,, /Cy,

where C11, C12, and Cy, are elastic constants. Using Equations 3.35 and 3.36, the Bragg
angle as a function of depth becomes

0,(A4) =6, —e(A)tan(8,) (3.38)
where @) is the non-perturbed Bragg angle, and &(4) = &(7) is an implicit function of

depth. Equation 3.38 determines the Bragg angle in Equation 3.29 for a crystal with a
strained layer. Note that the strained crystal theory only applies if the strain and the
variation of the strain between atoms is small [76].

Equation 3.31 may be solved numerically (e.g. using the Runge-Kutta integration
method) to solve for the x-ray sc'attéring amplitude at the surface, X(0), using the
boundary condition X(4a) = 0. This boundary condition simply states that there is no
scattering beyond the bottom of the crystal. Once the scattering amplitude at the surface is
obtained, the x-ray reﬂééti\}ity as a function of incident angle of ‘the x-rays is determined
by Equation 3.32. The reflectivity curve as a function of angle may be fitted to

experimental data to yield a temperature distribution, or a theoretically based temperature
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distribution may be used to determine a reflectivity curve that may be compared with
experiment to test models of laser perturbed crystals. This was done in the case of

nanosecond laser annealing of silicon [36, 61].

X-Ray Diffraction Using the Thomson Scattering X-Ray Source |

| Due té the relaﬁve;ly low flux per pulse in a fairly broad bandwidth, the number of
diffracted photons per pulse is less than one. This allows for the use of the Ge detector in
photon counting mode with pulsé-height analysis to obtain spectral information on the
diffracted x-réys. Such spectra obtained while tuning the angle of incidence on an
unperturbed crystal of Si shows a shift in the energy of the diffracted spectrum with angle.
This spectral shift can be used to obtain information about the strain in the sample under
laser perturbation.

X-ray diffraction measurements performed on unperturbed crystals using the
Thomson scattering x-ray source demonstrate that time-resolved experiments are possible.
Figure 3.2 shows a schemati; of x-ray diffraction using x-rays frorrg the Thomson o
scattering x-ray source, with their divergent, polychromatic properties. Also shown are x-
ray diffraction spectra at different sample angles, and the resulting shift in spectral peak
position with crystal angle. The spectral peak shift follows the Bragg law, modified by
geometrical factors to account»for the stationary nature of the detector (see Appendix B).
The bandwidth of the diffracted spectrum is mainly determined by the acceptance aperture
of the detector (~ 1 mrad), due to the relatively large divergence of the x-ray beam
compared to the acceptance divergence of the silicon crystal (~ 10 urad), and the broad

bandwidth of the x-rays. This broad bandwidth allows for matching of the Bragg condition
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at different x-ray energies in the bandwidth over the divergence of the x-ray beam.
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Figure 3.2: X-ray diffraction from Si (111) using the Thomson scattering x-ray source.

Time-Resolved X-Ra){ Dijfraction Studies of Laser-Perturbed InSb

Time-resolved x-ray diffraction is a useful tool for the study of structural dynamics
in condensed matter, allowing long-range order dynamics in crystals to be observed. For
example, nonequilibrium. elect{pn-phonon dynamics may be studied by probing the
resulting lattice expansiqn after intense laser excitation. Due to the high density electron-
hole plasma formed, semiconductor dynamics under high-intensity laser excitation are

difficult to study using optical techniques. In order to study the ultrafast structural
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dynamics in InSb under high-intensity laser excitation, we performed femtosecond. time-

resolved x-ray diffraction using the right-angle Thomson scattering X-ray source.

Asymmetric x-ray diffraction

One of the factors thét determines the observed modification of x-ray diffraction
properties due to laser perturbation is the penetration depth of the laser and x-ray beams
into the sample. If the x-ray penetration depth is much larger than the laser penetration
depth, then only a fractional change in the diffraction signal is expected, even if the laser
melts the crystal. Another factor to consider is the x-ray attenuation depth versus the x-ray
absorption depth in the crystal. The x-ray attenuation depth is the depth penetrated intb
the.crystal by x-rays.that meet the Bragg condition. X-rays that undergo diffraction only
penetrate a finite amount of the sample because diffraction takes energy away from the
incident beam when the Bragg condition is satisfied. The attenuation depth is different
than the absorption depth due to photoelectric absorption. If this attenuation depth is
smaller than the absorption depth, then diffraction from both laser perturbed and
unperturbed layers may be seen, even if a melted layer with a depth comparable to the
attenuation depth is formed. One means of assuring that only the laser perturbed sample is
probed by the x-rays is to choose an x-ray wavelength that provides an absorption depth
that matches the laser penetration depth. Another means is to utilize crystals with atomic
planes at an angle relative to the surface, so that x-ray diffraction occurs in the asymmetric
geometry. This x-ray diffraction ‘geometry allows for a smaller penetration depth due to
the largef component of path length traversed parallel to the surface, as shown

schematically in Figufe 3.3.
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Figure 3.3: Asymmetric Bragg diffraction.

Experimental setup

Time-resolved x-ray diffraction studies of InSb were performed by using the x-ray
pulses along with synchronized femtosecond laser pulses involved in the x-ray generation.
The experimental setup is schematically shown in Figure 3.4. The InSb crystal used was

cut 3° off the (111) orientation to allow x-ray diffraction in the asymmetric Bragg

geometry (the x-ray beam is incident ~ 0.4° relative to the crystal surface). This geometry

provides a better match between the penetration depths of the x-rays (~ 500 nm) and laser
(~ 100 nm),.measured berp;;;xdicular to the surface (note that the optical absorption depth
remains ~ 100 nm even foriangles of incidence close to 90° from normal incidence, due to
the large refractive index of InSb.) The asymmetric Bragg diffraction geometry also
increases the x-ray diffraction acceptance bandwidth for x-rays incident at shallow angles

[15, 72].

A fraction (10%) of the laser beam used to generate the x-rays is split off and used
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for sample excitation. As it is part of the laser used for x-ray generation, the sample

excitation laser beam is absolutely synchronized to the ultrashort x-ray pulses generated by

§ lead
wfj aperture X
electron st W energy
bunch dispersed,
, diffracted
", X-1ays

Ge detector .

Terawatt delay arm
laser
pulse

Figure 3.4: Time-resolved x-ray diffraction experimental setup.

the rest of the laser beam. The angle between the sample excitation laser beam and the x-
rays (~ 4°) is kept small in ofdér to reduce the temporal walkoff (~ 500 fs) between the
beams. The temporal zero between the x-ray and laser pulsesis 6btained by sending
unamplified laser pulses through;the system, and imaging the x-ray generation point
(interaction point) onto the sample (see Figure 3.5). This imaging is performed by using a
HeNe laser (the one used for electron beam alignment) to illuminate the alignment cube
(see Chapter 2, experimental setup section) placed at the interaction point, and imaging
the scattered light from the hole in the cube (200 pum diameter) with a lens onto a CCD
camera (Cohu, 33.3 um by 27.0 um pixel size). The alignment cube is removed, a
beamsplitter is placed at the electron-laser interaction point to allow part of the laser beam
to follow the x-ray beam path, and cross-correlation ltechniques are used with the two

beams. The uncertainty in the position of the beamsplitter is mainly determined by the size
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of the hole in the alignment cube (since the smaller electron beam can be anywhere within
the hole), as the beamsplitter can be reproducibly positioned to within 25 um. Thus, the

uncertainty in the beamsplitter position (= 100 um) leads to a 300 fs temporal uncertainty.

beamsplitter ] ' L frequency
insertecf at the Vi imaging lens doubling crystal
interaction o i
point\

E I

material
T " compensation
erawa
laser
pulse

Figure 3.5: Determining the temporal zero.

Material dispersion compensation o% the Lexan vacuum window and beamsplitter 1s
achieved by placing the equivalent amounts of material in the delay arm path. The material
dispersion in the imaging lens (Newport KPX 106, 200 mm focal length, BK7 glass, 3.78
mm £ 0.1 mm speciﬁed thickness) is accounted for by measuring the thickness of the
imaging lens (7 = 3.86 mm i b.Ol mm) and calculating the appropriate delay introduced by
the lens at the laser wavelength (index of refraction of BK7, »=1.51 at 800 nm). The
resulting delay introduced by the imaging lens is determined by the transit time through the
glass relative to the ;ransit tirﬁe through air, given by 7, = (n — 1) t/c, where c is the speed
of light in vacuum. The time delay.introduced by the lens is 7, = 6.57 £ 0.02 ps. Therefore,

the estimated uncertainty in the zero position is ~ 300 fs, and is mainly determined by the
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uncertainty position of the beamsplitter. The p-polarized (electric field perpendicular to
the page in Figure 3.4) laser beam is focused by a 75 cm focal length lens to a 3 mm
diameter spot at the sample, with the sample positioned before the laser focus. The laser
beam illuminates an elliptical spot on the sample at a fluence of 20 mJ/cm?, which is
consistent with the laser fluence needed to see signs of disorder in optical experiments
[71]. The laser spot on the sample is slightly larger than the x-ray spot to provide more
uniform excitation of the area probed by the x-rays. The sample is moved after multiple
(~10%) laser shots. While slight surface damage (monitored while collecting data by
observing the scattered laser light from the sample) occurs after multiple shots, no
significant degradation in the x-ray diffraction signal is observed. The damaged regions
were smaller than the laser and x-ray spots on the sample. Inspection of the slightly
damaged areas (visible as a white streak) under an optical microscope revealed flat regions
mixed in with srgaller raised spotsv, which may indicate recrystallized areas mixed with
amorphous regions. Only the reversible changes in the sample are probed in our
experimem.

The x-ray beam is apertured to ~ 200 urad in the diffraction plane to allow for
better spectral resolution and to allow the beam to cover a reasonable area on the InSb
crystal. The aperturing reduces the number of diffracted x-ray photons to about 1 every 10
x-ray pulses. This allows for pulse-height analysis of the voltage signal from the diffracted
- x-ray photons detected by a LN, cooled Ge detector (~ 300 eV resolution at 30 keV) to
obtain the diffracted photon energy spectrum. The unused portion of the x-ray beam is
used to monitor the x-ray flux, via the phosphor detection system [31, 33]. A hole is

placed in the phosphor to allow the central portion of the x-ray beam to reach the sample.
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For each time delay, 100 x-ray shots are accumulated. Further accumulation of data is
accomplished by repeating the sequence of time delays, thereby minimizing any systematic

effects.

Experimental results

Representative x-ray diffraction spectra (averaged over ~ 10* x-ray shots) for —20
ps and +100 ps time delays (positive time delays indicate that x-ray pulses arrive after laser
pulses on the sample) are shown in Figure 3.7. The peak of the x-ray diffraction spectrum
at +100 ps is slightly shifted towards lower energy relative to the x-ray diffraction
spectrum at —20 ps. This provides evidence that thermally expanded layers are formed
near the surface on this time scale. The x-ray diffraction spectrum at +100 ps is also

broader than the spectrum at —20 ps. This may be explained by the fact that x-rays
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Figure 3.6: X-ray diffraction from (a) an unperturbed crystal, and (b) a crystal with
thermally expanded layers.

diffracting off both an expanded layer and an unperturbed layer result in an increase in the

bandwidth of the diffracted x-rays. As schematically shown in Figure 3.6, with our
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collimated3 polychromatic Thomson scattering x-ray source, the result is an increase in the
integrated x-ray diffraction signal.

Laser-induced lattice expansion has also been.observed in time-resolved x-ray
diffraction experiments studying nanosecond laser annealing in Si [61], and more recently
in femtosecond laser‘penurbéd GaAs [34]. Our results are consistent with the ultrafast
lattice expansion.observed in the laser perturbed GaAs, where an increase in the X-ray
diffraction angular acceptance is observed using a divergent, monochromatic laser-
produced plasma x-ray source [34]. Using the thermal expansion coefficient of InSb
(5x10"%/K) and assuming the lattice is heated up to the melting temperature (803 K), the

maximum spectral shift in diffracted x-rays due to increased lattice spacing is ~ 80 eV,

which is on the order of the observed ~ 40 eV shift in the Gaussian fits to the spectra in

Figure 3.7.
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Figure 3.7: X-ray diffraction spectra from laser perturbed InSb at time delays of —20 ps
and +100 ps.

The x-ray diffraction spectra integrated over the Bragg peak as a function of time
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delay is shown in Figure 3.8. We call attention to two features of the data. First, there is a
rise in the integrated counts for long time delays. The rise is evidence of an increase in the
diffraction bandwidth caused by the growth of a thermally expanded layer near the surface.
Second, a delay (~ 10 ps) in the onset of the rise is observed, which may be attributed to
energy relaxation from the electron-hole plasma to acoustic phonons. Figure 3.9 shows the
corresponding spectral peak position and width (using Gaussian fits to the spectra) as a
function of time delay. The increasing shift in the spectral peak position and spectral width
of the x-ray diffracted photons as a function of time delay strongly suggests that the rise is

due to an expanded layer that is increasing in thickness.
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Figure 3.8: Total diffracted x-ray photons versus time delay from.laser perturbed InSb.
The curve is a fit to the data assuming an exponential strain profile growing in thickness
at the speed of sound, and a 10 ps delay in the onset of growth.

X-ray diffraction from a crystal with a strain profile can be calculated following the

method used by B. C. Larson, et al. [61]. Using this method, a modeling of the rise in x-
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ray diﬁ‘raction signal is performed, including the x-ray source parameters and assuming an
expanded layer at the surface. The expanded layer is assumed to be governed by the
thermal expansion coefficient and an exponentially decreasing temperature profile
(maximum temperature is assumed to be the melting temperature, 803K). The 1/e depth of
the temperature profile is assumed to increase at the speed of sound (5x10° cm/s),
simulating nonequilibrium acoustic phonon transport. As shown in the curve in Figure 3.7,
with a 10 ps delay in the onset of e#pansion, the simple model fits the data well. The

model also qualitatively fits the spectral peak and spectral width as a function of time
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Figure 3.9: Parameters of Gaussian fits to x-ray diffraction spectra versus time delay:
(a) spectral peak position, and (b) spectral width. The curve is from the same fit in
Figure 3.7.

delay (see Figure 3.9). The error bars to the Gaussian fit parameters are estimated by
using the shot noise limited errorbars for each point in the spectrum.to be fitted. The
simulation used assumed an x-ray photon energy peak ~ 230 eV above the experimental
peak, so the curve in Figure 3.9 (a) is shifted by 230 eV. In Figure 3.9 (b), the spectral

width of the simulation was convolved with a 195 eV sigma Gaussian, to account for

detector broadening of the spectrum. Note that the data cannot be matched if the
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thermally expanded layer is assumed to grow via a diffusion process (using the thermal

diffusion coefficient).

Simulation of laser-heated semiconductors

While the simple model described above agrees with the data, it does not take into
account all of the physical processes that are occurring. In order to better understand the
nonequilibrium laser heating process, a more complex simulation (a modified version of
the model of Lietoila and Gibbons [77]) was implemented. The simulation accounts for
Auger recombination, longitudinal-optic (LO) phonon emission, acoustic phonon
generation (accounted for as lattice heating), phonon propagation, and lattice expansion
(governed by a temperature profile and the thermal expansion coefficient). Measured
values of various parameters for InSb were used: Auger recombination coefficients, the
ambipolar diffusion constant, the speed of sound, etc. The less well known (especially
under high-excitation conditions) energy relaxation times were assigned reasonable values

to try to better fit the data.
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Figure 3.10: Delayed transfer of energy 1o the lattice due to Auger recombination and
carrier heating, and subsequent LO phonon emission.
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The laser heating process is assumed to proceed in the following manner. The
absorbed laser pulse energy is absorbed in the semiconductor by creating electron-hole
pairs. This results in the creation of a dense electron-hole plasma (~ 4x10*' carriers/cm”).
The dense electron-hole plasma may remain dense for. a relatively long time (~ 1 ps) due to
ambipolar diffusion and bandgap renormalization, which tend to offset hot carrier
transport [78]. Consequently, Auger recombination becomes the dominant recombination
mechanism for the carriers, resulting in a lowering of carrier density while maintaining the
energy in the carriers (see Figure 3.10). This energy is eventually transferred to the lattice
through the emission of longitudinal-optic (LO) phonons [79]. The time scale for this
energy relaxation has been recently observed to be ~ ld ps in GaAs near the ultrafast
melting threshold [64]. Delayed heating due to Auger recombination was also observed in
Si at lower carrier density [80]. Because LO phonons involve relative' motion between
basis atoms in the zinc-blende structure, these phonons do not induce thermal expansion
of the lattice. As acoustic phonons involve motion of one set of basis atoms relative to
another, the rélaxation of LO phonons into acoustic phonons and the propagation of these
acoustic phonons is the likely cause of the lattice expansion. Since the surface is free to
move, and most of the enefgy is deposited closest to the surface, significant lattice
expansion is likely to occur at the surface first (see Figure 3.11). Expansion is expected to
only occur in a direction perpendicular to the surface, as the lateral dimensions are
confined. This confinement of expansion in the lateral dimension was observed in
nanosecond time-resolved x-ray diffraction measurements on Si [81]. As more Ld
phonons relax into acoustic phonons, which then propagate into the sample at the speed of

sound, lattice expansion moves deeper into the sample.
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Figure 3.11: Nucleation of thermal expansion at the surface.

The processes described above are modeled using the following equations. One
dimensional (along x, perpendicular to the surface) diffusion is assumed, as the area
excited by the laser is orders of magnitude greater than the depth. Carrier generation,

diffusion, and recombination are accounted .for by
= -=ZD —):S—(Ce+ch)N2(N—NO) (3.38)

where N is the carrier concentration (electrons and holes), Ny is the intrinsic carrier
concentration, D, is the ambipolar diffusion coefficient, C, and C, are the electron-
electron-hole and hole-hole-electron Auger recombination coefficients, and § is the source

term (concentration of carriers generated per unit time) due to the laser

2

. :"‘R /

S — Easer (l laser) exp _ X _ _1_ t (3 39)
“’ 27z-o-laser llaser Elaser llaser 2 O—Iasgr

where F., is the incident laser fluence, Ry, is the reflectivity, Ej., is the laser photon
energy, Ol is the temporal pulse duration (7,,,,, =2v2In20,,, ), and /i is the

absorption depth of the laser light. The carrier relaxation and hot carrier transport are

modeled by
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. dt . —dx[ N Da dx) :Ela:erS_Egap(Ce +Ch)N2(N_NO)~
(3.40)

£

carrier

~ 3Nk, T,

Tel—p}:
where E,, is the energy bandgap, 771is the lattice temperature, 7. is the electron-phonon
relaxation time (representing LO phonon emission), and

E.,. =2CNk,T,) ; (341

is the carrier energy, where 7, represents ‘the carrier temperature. The factor of 2 in
Equation 3.41 accouhts for electron and hole energies. The carriers are assumed to
thermalize on a Qery short time scale under high density excitation, due to carrier-carrier
scattering [82]. This scattering thermalizes the electrons and holes to a common quasi-
equilibrium temperature, well above the lattice temperature (7, ~ 10* K). Equation 3.41
assumes that the carriers are distributed in a Boltzmann-like distribution [77]. Fermi-Dirac
statistics should apply in principle [78]. However, the large photon energy (Ej ., = 1.5 V)
compared to the energy bandgap of InSb (£, = 0.17 eV) makes the average deBroglie
wavelength of the carriers at a quasi-thermalized temperature of ~ 10* K (~ 1.1 A) smaller
than the average inter-carrier spacing under high densities (N ' ~ 6 A, for N ~ 5x10*'
carriers/cm’). When the inter-carrier spacing is much greater than the deBroglie

wavelength, the carriers act like an ideal gas, and Boltzmann statistics apply. Alternatively,

the quasi-Fermi energy of the excited carriers is comparable to the average carrier energy,
50 that the Fermi-Dirac distribution ( f(E)= {exp[(E ~ E, )/k,T,]+1} ") is approximately
a Boltzmann (or Maxwell) distribution ( £, (E) = exp(- E/k,T.)) [83].

The carrier energy is transferred to the lattice by the combination of Auger

74



i

recombination and LO phonon emission. LO phonon emission is the dominant mechanism
for transfer of energy in zincblende materials, due to strong Frohlich coupling between
electrons and the polar basis atoms [79]. While the LO phonon emission time is ~ 200 fs,
the large number of phonon emissions (~ 50 meV) needed to reduce the carrier energy (~
1 eV) makes the effective relaxation time longer (~ 2 ps) [79, 84]. Assuming no LO
phonon propagation, the energy in LO phonons is given by

dELO — Ecarrier _3NkB]11 _ ELO (3 42)
dt T T '

el-ph ph—ph
where E;0 is the energy in LO phonons, and 74,4 is the LO phonon to acoustic phonon
relaxation time. Although the LO phonon lifetime is ~ 4 ps {79, 85], z4.,» is made longer

to account for phonon thermalization as well. The lattice temperature evolution is then

given by

ﬂ_i I_CT_E’I’. :i (3.43)
dt de\C, dx | 1 '

ph-ph
where k7 is the lattice thermal conductivity, and C; is the lattice heat capacity.

In order to simulate the nucleation at the surface and growth into the sample of the
thermally expanded 1ay9r, an eﬁ‘e{:tiye temperature profile used to determine lattice
expansion is used. This effective temperature profile is simply modeled by the lattice
temperature profile given by Equation 3.43 multiplied by a step function in x that has a
width determined by the speed of sound in InSb (¢; = 5x 10° cm/s) multiplied by the time
delay. The lattice thermal conductivity does not permit significant heat conduction into the
sample on a ~ 100 ps time scale. In fact, phonon propagation under highly nonequilibrium

conditions is expected to be quasi-ballistic, so that heat propagation into the sample
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should travel at the speed of sound, and not be determined by diffusion. This quasi-
ballistic propagation has been observed under low laser excitation (<< 0.02 W/cm?) and at

low temperature (1.2 K) in GaAs and InP [86].

Parameter : Reference Value
Ambipolar diffusion coefficient, D, [88] 10% cm?/s
Auger recombination coefficient, Cs I [89] 102 cm®/s
Screened Auger recombination time constant (fixed [88] 2.6 ps
above a carrier concentration of 10*'//cm®)
Laser fluence, Flaser 20 mJ/cm?
Reflectivity, Riaser 0.3
Laser photon energy, Fiaser 1.5eV
Laser temporal pulse duration, Ojaeer 50 fs (sigma)
Laser linear optical penetration depth, Jiaser , [71] 100 nm
Bandgap energy, Feap 0.17eV
Electron-phonon relaxation time, i, [79] 2 ps
Acoustic phonon generation and equilibration, s.ps [79] 10 ps
Lattice heat capacity, C, [90] 2 J/em*K
Speed of sound, ¢, [90] 5x10° cm/s

Table 3.1: Parameters used in the simulation of laser heated InSb.

The coupled differential equations above are solved numerically. The parameters
used in the simulation are summarized in Table 3.1. Equations 3.38 and 3.43 are solved
using the Crank;Nicholson method [87], and Equations 3.40 and 3.42 are solved by
inserting the appropriate values for coefficients at each time step and using the basic finite
difference approach. The difference between the absorbed laser energy and the energy in
the carriers, LO phonons, and lattice is monitored to ensure energy conservation in the
calculations.

Shown in Figure 3.12 is an initial attempt to model the data, assuming a 2 ps
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carrier energy relaxation time due to LO phonon emission ana a 10 ps acoustic phonon
generation and equilibration ﬁme. The delayed onset of the increase in the signal is seen in
the simulation, although the magnitude of the delay does not quite match the
experimentally measured one.

Figure 3.13 shows the results of a similar simulation, but with screening of the
Auger recombination time constant taken into account. According to E. J. Yoffa [88],
screening should limit the Auger recombination time when the carrier density is ~ 10!
carriers/cm’. Using this, we assume that the Auger recombination coeﬂiciént is limited to
~ 2.4 ps above 10°' carriers/cm’. The resulting simulation shows better agreement with the
data.
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Figure 3.12: Laser heated InSb simulation compared to data.
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Figure 3.13: Laser heated InSb simulation accounting for a screened Auger
recombination coefficient compared to data.
Indications of ultrafast disordering

Figure 3.14 shows finer time step data taken around zero time delay. The data
suggests a very abrupt (<1 ps) transient reduction in the x-ray diffraction signal, as shown
in the fit to the data. A reduction in x-ray diffraction is indicative of disordering. Many
optical experiments have been performed on ultrafast diSordering in Si [10, 11] and GaAs
[46, 64], all of which indicate that a high electron-hole plasma density induces lattice
instébility [39-44, 91, 92]. The coherent phonon period in highly excited Tellurium show a
shift towards lower frequency with higher carrier density, indicating that bond softening is
beginning to occur [93]. A recent time-resolved x-ray diffraction cross-correlation
technique also indicates that disordering may be occurring in less than 2 ps [26]  At the
laser fluence used in our experiment, a carrier density of ~ 4x10%*'/cm’ is estimated,

assuming the linear absorption depth (~ 100 nm) of 800 nm light in InSb. This should be
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sufficient to induce ultrafast disQrdering in a thin layer at the surface [71]. This disordered
layer does not contribute to the x-ray diffraction signal, but attenuates the number of x-
rays entering and diffracting from the sample by photoelectric absorption. The magnitude
of the decrease (~ 1.3%) indicates that ultrafast disordering is occurring in a very thin (~

15 nm) surface layer due to the presence of a dense electron-hole plasma.
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Figure 3.14: Indication of ultrafast disordering.

In Qrder to achieve better overlap between the x-ray and laser penetration depths,
we attempted to perform time-rej,solved x-ray diffraction using lower energy x-ray photon
energy. The photon energy was iowered by reducing the electron beam energy. This was
accomplished by turniné off the second of two accelerating structures in the linac. The
resulting reduction in electron beam energy (factor of 2 reduction in ) resulted in a factor
of 4 reduction in the x-ray photén energy (7.5 keV), along with a reduction in the x-ray
flux (é factor of 4 reducnon du;e to a factor of 2 increase in beam divergence ~ 1/y). This

decrease in x-ray flux, along with increased photoelectric absorption in air, caused the

79



number of diffracted x-rays to drop by about an order of magnitude. As a result, only a
small amount of data could be obtained in a reasonable amount of time. Preliminary time-
resolved x-ray diffraction data on InSb 12.8° off (111) (~ 0.5° angle of incidence for the
7.5 keV x-rays) is shown in Figure 3.15. The data is smoothed using a 1 point Gaussian
smqothing function. The smoothed data seems to indicate that'peak reductioﬁ and a low
energy shoulder increase is present. This peak reduction would be consistent with the data
of J. Larsson, et al. [26]. A peak reduction indicates disordering, while a low energy
shoulder indicatés lattice expansion. As a disordered layer is likely to introduce strain
underneath it, the observation of both effects is certainly possible. Further improvements

in the signal to noise are needed to make any conclusions.
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Figure 3.15: 7.5 keV x-ray photon energy time-resolved x-ray diffraction on InSb 12.8°
off(111). "
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Laser-perturbed GaAs

In additioh to the experiments performed on InSb, we also performed time-
resolved x-ray diffraction (at 30 keV photon energy) on laser-perturbed GaAs crystals. As
shown in Figure 3.16, the lattice dynamics of laser-perturbed GaAs 3.3° off (111) are very
similar to those of laser-perturbed InSb 3.0° off (111). The fit to an exponential rise in
Figure 3.16 shows that a delay (~ 10 ps) and a rise (~ 30 ps time constant) are present in
the integrated x-ray diffraction spectrum from laser perturbed GaAs, indicating the
presence of a thermally expanded layer propagating deeper into the sample. GaAs has a
larger melting threshold than InSb, due to the larger laser penetration depth (~ 1 um for
GaAs at 800 nm). As a result, the laser excitation fluence used in the GaAs experiments

was higher than the fluence used in the InSb experiments by about a factor of 5.
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Figure 3.16: Laser-perturbed GaAs 3.3°off (111). The curve is a fit to an exponential
rise, with a 10 ps delay and a 27.4 ps rise time.

1 photon counts + 2*(2 photon counts)

In addition to performing time-resolved x-ray diffraction on asymmetric cut GaAs,
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we attempted to observe lattice dynamics in symmetric GaAs (111). The data (shown in
Figuré 3.17) seems to show very similar dynamics to GaAs 3.3° off (111). This may be a
consequence of the fact that the laser penetrates deeper into the sample. Although the x-
rays penetrate more deeply into the sample in the symmetric crystal, because the laser is
able to perturb a larger volume, the volume that the x-rays can probe still interacts with a

large fraction of laser perturbed material.
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Figure 3.17: Laser-perturbed GaAs (111).
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Using the right-angle Thomson scattering x-ray source, we obtained new insights
into ultrafast lattice dynamics of laser-perturbed semiconductors. An interesting
phenomenon of delayed lattice expansion is observed. This highly nonequilibrium
condition can only be achieved using femtosecond laser pulse excitation, as carrier-phonon
equilibration times are on the order of picoseconds. As a result, the right-angle Thomson
scattering x-ray source is ideal for such studies. We also demonstrated the versatility of

the source by performing time-resolved x-ray diffraction with lower x-ray photon energy.
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Chapter 4: Femtosecond X-Ray Pulse Leligtli Measurement

In order to perform time-resolved x-ray experiments using ultrashort x-ray pulses,
the pulse duration must be known. To date, streak cameras have been used to measure x-
ray pulse durations, but they typically have picosecond resolution [94, 95]. More recently,
laser-assisted photoemission has been used to measure the duration of soft x-ray pulses
from high-order harmonics with sﬁbpicosecond resolution [22]. This method is also a
promising technique for measuring the duration of ultrashort hard x-ray pulses. A related
method, laser-assisted Auger decay, has also been used to put an upper limit on the pulse
duration of laser-produced plasma x-rays [96]. Autocorrelation of extreme ultraviolet
high-order harmonic pulses by using two photon ionization in a gas can in principle be
applied to x-ray pulses [97]. In this chapter, the laser-assisted photoelectric effect (LAPE)

and its application to ultrashort x-ray pulse duration measurement will be discussed.

Laser-Assisted Photoelectric Effect

In the normal photoemission process, a bound electron is emitted from a solid,
molecule, or atom by absorbing a photon with energy greater than the binding energy of
the electron. The resulting photoelectron has a kinetic energy that is equal to the
difference between the photon energy and the binding energy of the electron. The presence
of a high-intensity laser pul‘se‘ during the photoemission process can cause modifications to
the photoelectron energy's'pectrum, which may be referred to as the Laser-Assisted
Photoelectric Effect (LAPE) [22]. As shown in Figure 4.1, one modification is due to the
ponderomotive potential of the intense laser field. Another modification is the absorption
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and emission of laser photons, which causes sidebands to form in the photoelectron
spectrum. Either of these modifications can be used to cross-correlate ultrashort x-ray and

laser pulses, since they depend on the presence of both pulses.
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Figure 4.1: Laser-assisted photoelectric effect (LAPE).

Theory

The most apparent LAPE modification is the absorption and emission of laser
photons caused by the intense laser field. An analytical expression for the probability of
absorption (n > 0) or emission (n < 0) of laser photons may be obtained with the use of
reasonable assumptions. One assumption is that the ground state of the electron is not
significantly modified by the laser field, and is hydrogen-like in character. This assumption

is reasonable for noble gases, because the outer shell electron essentially sees a uniform
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single positive charge core. Also, the intensity at which absorption and emission of
photons occurs is relatively small,’ éo that the ponderomotive potential of the laser field is
much less than the electron binding energy. The other assumption is that the final
electronic states in the presence of the laser field are well described by Volkov states. As
Volkov wavefunctions are free electrons in the presence of an electromagnetic field, and
the photoemitted electrons are closer to free electron states for higher photoemission
energies, this approximation becomes better for high-energy photoelectrons. The effect of
the ponderomotive potential on the photoelecton spectrum is incorporated as a shift in the
binding energy of the electron.

To simplify the expression for the probability of photoemission with absorption or
emission of laser photons, the following electron momenta expressions are used (following

T. E. Glover, et al. [22]):

p=2m(ho, +nho -E, -U,) (4.1)
and

po =y2mho, —F,) (4.2)

where m is the mass of the electron, %a; is the x-ray photon energy, 7w is the laser photon

energy, £, is the electron binding energy without the presence of the laser field, and

e’d] (2m’ ) I ‘
U =—== - 43
P 4mc? ( me j(a)zJ (43)

is the ponderomotive potential of the laser field, where 4, is the magnitude of the vector

potential, / is the intensity of the laser field, e is the charge of the electron, c is the speed

of light, and w s the laser frequency. Equation 4.1 incorporates the effect of the
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ponderomotive potential of the laser field as an additional binding energy, causing a
‘reduction in the photoelectron kinetic energy. Using the above assumptions and
definitions, the probability for absorption (7 > 0) and emission (n < 0) of n laser photons

during the photoemission process is given by (calculating the scattering matrix in the

radiation gauge)

- 2|1+ /) 4>< " sin(©) cos*(©)J 2 (t, £)dO
4, (3/2)[%}{ H(ap/h)z} J; sin(@)cos™ (@) (a, §) (44

where a = agop /€ Zeore = 12 /Me€” Zeore, and eZ,oy. is the effective nuclear charge the
photoemitted electron sees in its ground state. The arguments of the generalized Bessel

function, J.(a,f3), are given by a= erpcos(G))/)nc'ha) and 8=-U,2hw.
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Figure 4.2: Laser scattering probability for one photon interaction as a function of laser
intensity for 1 keV (dotted line) and 10 eV (solid line) photoelectrons.

Numerous sidebands may be observed with high enough laser intensity. However,
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the appearance of multiple sidebands indicates the saturation of the LAPE laser photon
absorption and emission modification. For x-ray pulse duration measurements, it is helpful
to keep the sideband amplitude linear with laser intensity. This allows for direct extraction
of the x-ray pulse duration from the amplitude of a sideband as a function of time delay
between the laser and x-ray pulses. Otherwise, deconvolution of the intensity dependence

of the sideband amplitude needs to be performed to extract the x-ray pulse duration.
Because the formation of sidebands is a result of the pe A term in the Volkov

wavefunction, the laser scattering occurs with less laser intensity for photoelectrons with

higher momentum. This scaling can be seen from Equation 4.4, and using the fact that
J(a,f) < Ja , for a<< 1. Since ais proportional to App (from the pe A term), the

scattering probability, A,, is also proportional to Ayp, for & << 1. As shown in Figure 4.2
(n=1 case), for a given laser vector potential 4, (i.e. a fixed ponderomotive potential, U,
and therefore a fixed £5), a higher photoelectron momentum results in a higher scattering
probability. Therefore, harder x-rays pulses can be measured using this method. However,
a higher x-ray flux may be needed to compensate for the smaller x-ray absorption cross-
section of harder x-ray photons (the x-ray absorption cross-section scales as (hay)” for x-
ray photon energies above an absorption edge).

The other LAPE médiﬁcation to the photoelectron spectrum is the shift in the
photoelectron energy due to the ponderomotive potential of the laser field. This shift can
also be considered as the extra energy required for the photoemitted electron to be in a
state of oscillation in the electric field of the laser. As seen in Equatioh 4.3, the

ponderomotive potential is linear in the intensity of the laser field. Thus, the
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ponderomotive.potential shift can also be used as a simple way to extract x-ray pulse
durations. Using the ponderomotive potential shift to measure x-ray pulse durations has
the advantage of not being a saturable effect, making it applicable over a wide range of
laser intensities. However, fairly large laser intensities (~ 10" W/cm®) are needed to
produce reasonable photoelectron energy shifts (~ 1 eV). Therefore, either a
photoelectron energy detector with good energy resolution or a very high laser intensity is
needed. to use the ponderomotive shift. These alternatives may not be as practical as

monitoring the sideband amplitudes. -

High-Order Harmonic X-Ray Pulse Duration Measurement

In order to test the LAPE method as a means of x-ray pulse measurement, a
known source of ultrashort x-ray pulses is needed. The right-angle Thomson scattering
source is a candidate, as it generates subpicosecond hafd x-ray pulses. However, hard (>
10 keV) x-ray pulses have the problem of small absorption cross-section. Use of soft x-
rays is therefore a better candidate for initial tests of the LAPE x-ray pulse duration
method. As high-order harmonic generation is capable of producing ultrashort soft x-ray
pulses, and the physics of the generation process is still under investigation, we chose to
test the LAPE method of x-ray pulse measurement by measuring high-order harmonic x-

ray pulse durations.

High-order harmonic generation
High-order harmonic generation has been studied for several years now. Harmonic
photon energies > 100 eV can be generated by using high-intensity laser pulses
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propagating in noble gases [98, 99]. High-order harmonics are the result of non-
perturbative excitation of atorﬁic électrons, i.e. the ponderomotive potential of the laser
field, U, is on the order of the atomic binding energy. The harmonic generation process
can be viewed in the semi-classical picture developed by P. B. Corkum [100]. In this
picture, the intense laser field causes electrons to oscillate through the anharmonic atomic
potential. The resulting electron motion has very high frequency components that result in
the emission of many harmonics of the driving field. High-order harmonic spectra typically
have a sharp decrease in intensity for harmonics up to the 9th harmonic, and a fairly
constant intensity from there up to ~ 3U,, where the harmonic yield dramatically drops off.
The region of approximately constant harmonic yield is known as the plateau region or
cutoff region.

One may expect that the high-order harmonics generated by ultrashort laser pulses
also have ultrashort pulse durations. This can be seen by considering the atomic dipole
response to an intense laser ‘ﬁeld. Using the simple atomic model of W. Becker, et al.
[101], the single atom dipole response can be estimated. An example of such a calculation
is shown in Figure 4.3 for tﬁe 23rd harmonic from intense 800 nm laser excitation of
Argon. The nonlinearity of hérmonic yield versus laser intensity, /juer, is initially in the
perturbative regime, and“b'ehaves as (1iser)?, where g is the harmonic order (number of
harmonics of the fundamental). As the laser intensity approaches the cutoff intensity, the
effective nonlinearity, g.g; reduces, and approaches a value ~ 5. Significant high-order
harmonic yield for a single atom occurs when the laser intensity is greater than the cutoff
intensity, i.e. when the harmonic in question lies in the plateau region. For peak laser
intensities around the cutoff intensity, since the temporal profile of the harmonics should
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be ~ (Luser)?, the high-order harmonic pulse duration from a single atom is expected to be
less than the laser pulse duration. When the peak laser. intensity is around the ionization

intensity, a quenching of harmonic yield occurs because ionization removes the electron

100
10F
7] B . .
g 1L W
E‘
E oaf :
2 -
& o1l 23rd harmonic
° - Argon
0.001 - . . .
~&— cutoff - jonization
0.0001 - L i : —
0 1E+14 2E+14 JE+14 4E+14 S5E+14

laser intensity (W/ sq. cm)

laser

ionization —%

——= time
A

harmonic generation
Figure 4.3: Ca)culated dipole amplitude of a high-order harmonic (23rd) as a function
of driving laser intensity.
from the atom. Since the accelerated electron is no lbnger able to experience the
anharmonic potential of the atom, harmonic productioﬁ stops. Harmonics are then
generated only during the leading temporal edge of the laser pulse, before ionization
occurs. The net effect, schematically shown in Figure 4.3, is that when the peak laser
intensity is abové the ionization intensity, the pulée duration of high-order harmonics can
bev significantly shorter than the laser pulse duration, due to the narrow range of intensities

where significant harmonic yield is produced.
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Experimental setup

Using the laser assisted photoelectric effect, we measured the pulse duration of the
21st (33 eV) through 27th (42 e\;) harmonics generated m afgon gas by intense laser light
[22]. The experimental apparatus is schematically shown in Figure 4.4. The terawatt laser
system described in Chapter 2 is used to generate 800 nm, 70 fs pulses. These pulses are
sent through a beamsplitter, with one beam (modifying beam) being sent out of the
vacuum chamber, through a delay arm (to provide temporal overlap), focused with a lens,
and sent back into the vacuum chamber to be overlapped with the high-order harmonics
from the other beam. This other beam (generating beam) is focused to an intensity of ~
10" W/cm® in argon gas at the exit of a gas valve. The argon gas is pulsed through this
gas valve to a density of ~ 10'® atoms/cm’. Harmonics generated at this point propagate ~
2 m through a 150 nm thick Al filter (to block the co-propagating generating bearri) toa

Mo:Si multilayer coated curved mirror. This multilayer mirror has a peak reflectivity of

22% at 38 eV, with a 4 eV (FWHM) bandpass.

The harmonics reflected by this multilayer mirror are focused to the output of
another gas valve to a spot size ~ 20 um. This gas valve outputs helium at a pressure
between ~ 0.1 Torr to 1 Torr. This pressure is adjusted to yield the maximum
photoelectron signal without broadening of the photoelectron peaks due to space charge
effects. The photoelect;ons generated by the harmonic photons absorbed in the helium gas
are collected using a time O.f flight preserving pair of reflecting parabolic grids. These grids
collect photoelectrons over a large solid angle and direct them through a ~ 1 m field-free
flight tube to a microchannel plate detector. The photoelectron energy is determined by

the time of flight of the photoelectrons through the flight tube using a 2 GS, 500 MHz
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Figure 4.4: Laser-assisted photoelectric effect (LAPE) experimental setup.

digitizing oscilloscope (Tektronix TDS 620). The modifying beam, sent back into vacuum
through a 4 mm diameter window in the multilayer mirror, causes the LAPE modifications
to the photoelectron spectrum. The modifying beam is focused to a spot size of ~ 450 um

at the exit of the helium gas valve, providing an intensity of up to ~ 10> W/cm®,

Experimental results

Shown in Figure 4.5 are a typical unperturbed photoelectron spectrum along with
a spectrum showing the LAPE modifications caused by the high-intensity modifyihg laser
beam. For a modifying laser pulse with this intensity, both the laser scattering and
ponderomotive potential shift effects are present. Using the LAPE theory above, and

codvolving the resulting scattering probabilities with the unperturbed photoelectron
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Figure 4.5: Photoelectron spectra without (dotted line) and with (solid line) LAPE
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Figure 4.6: Comparison of LAPE theory (dotted line) to experimental data (solid line).

spectrum, a comparison of theory and experiment can be made. As shown in Figure 4.6,
the agreement is quite good. This indicates that core potential effects can be neglected
under these conditions. For lower photoelectron energies, i.e. for photoelectrons closer in
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energy to the bound continuum states, core potential effects may play a more important

role, and the use of simple Volkov wavefunctions may no longer be valid.
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Figure 4.7: Cross-correlation of laser and high-order harmonic x-ray pulses. The first
order sideband amplitude as a function of time delay is represented by crosses. The solid
curve is a Gaussian fit to the data.

By measuring the magnitude of the sidebands or the ponderomotive shift as a function of

time delay between the x-ray pulse and the modifying laser pulse (i.e. by performing a

94



cross-correlation between x-ray and laser pulses), the pulse duration of the x-rays can be
determined. This cross-correlation is shown schematically in Figure 4.7, with a typical
cross-correlation (monitoring the sideband amplitude) between ultrashort laser and high-
order harmonic pulses shown in the plot on the bottom of the figure. The pulse duration of
the high-order harmonic x-rays are seen to be ultrashort, as expected. Extending this x-ray

pulse measurement technique to the higher energy x-rays is possible in principle.

Macroscopic Effects in High-Order Harmonic Generation

Besides being a means of ultrashort x-ray pulse measurement, the LAPE effect can
be used to elucidate some of the physics of high-order harmonic generation [22]. Ideal
experiments would be able to*measﬁre the harmonic emission from a single atom in the
presence of an intense laser field. Practically, reasonable harmonic yield is obtained by
observing high-order harmonics from a macroscopic ensemble of atoms. Therefore, one
needs to account for macroscopic effects in order to understand the single atom high-
order harmonic generation process. For example, macroscopic phase-matching effects,
such as propagation in anionized medium, are important in determining the overall
efficiency of the harmonic generation process. The relative importance of phase matching
relative to the single atom response is not well known. The spatial and temporal profile of
the generating laser pu.lsté can also have a significant effect on the observed high-order
harmonics. As mentioned earlier, significant high-order harmonic generation occurs in a
limited intensity range - a' minimum intensity is needed for harmonic generation, but
ionization cuts off the generation. Because laser beams typically have Gaussian spatial
profiles, there will be spatial and temporal dependence on laser intensity. The intensity in
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the spatial wings of the laser beam will reach the high-order harmonic generation regime at
a later time than at the center of the beam. If the high-order harmonic generation and
phase matching processes.are uniform across the laser beam, with only the intensity

dependence described above, then one expects that the high-order harmonic pulse duration
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Figure 4.8: Spatial profile effects on the harmonic generation process. (a) illustrates

temporal broadening due to spatial intensity variation. (b) compares high-order
harmonic temporal profiles for Gaussian and flat-top laser spatial profiles.

will appear to be longer than the generation process actually allows it to be. Figure 4.8 (a)
illustrates the different positions in time for which the range of intensities harmonic

generation occurs (for a laser beam with a spatial profile that drops off radially). Figure
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4.8 (b) compares the expected:}'ligh-order harmonic temporal profile for a laser beam with

a Gaussian spatial profile and a flat-top spatial profile.

Experimental results
One way to evaluate the temporal broadening effects of spatial wings in the driving

laser pulse on the high-order harmonic pulse duration is to introduce an aperture that clips

- the spatial wings of the laser pulse. Cross-correlation measurements were performed

without aperturing, and with apértured laser beams (800 nm, 110 fs) by imaging the
aperture (90% diameter transmissidn) onto the harmonic gas jet. The experimental setup
used for these experiments is a slightly modified version of the setup used for high-order
harmonic pulse duration measurements described above. Measurements for a given laser
intensity were taken under identical laser alignment and delay stage positions. The laser
intensity was adjusted to keep the apertured and unapertured laser beam intensities the
same at the harmonic generating gas jet (Argon) and at the cross-correlation gas jet
(Helium). Cross-correlation measurements of the 25th harmonic taken at 2.4x10"* W/cm®
(weakly ionized medium) are shown in Figure 4.9 (a), and at 1.1x10"* W/cm” (strongly
ionized medium) in Figure 4.9 (b). The apertured data sets (open circles) are both shorter
correlations and are shifted temporally compared to the unapertured cross-correlations
(diamonds). Deconvolved harmonic pulse durations from an unapertured laser beam are
55 fs and 110 fs for the weakly and strongly ionized cases, respectively. The deconvolved
harmonic pulse durations from an apertured laser beam are < 40 fs and 75 fs for the

respective weakly and strongly ionized cases.
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Figure 4.9: Spatzal aperturing effects on the temporal broadening of high-order
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The data indicate an increase in the effective harmonic pulse duration with
intensity, contrary to the single atom response described above. This may be explained by
the combination of two factors. First, temporal broadening is caused by the delayed
increase in intensity in the spatial wings of the laser pulse. This effect can be calculated
using the single atom response model of M. Lewenstein, et al. [102], and propagating the
different atomic responses (due to the spatial and temporal laser profiles) using a fast
Hankel transform algorithm to calculate the three-dimensional phase-matching integral.
The calculation indicates that the curvature of the Gaussian wavefronts tend to speil the
phase-matching in the spatial wings. Therefore, another mechanism must be in effect to
spoil the phase-matching on axis, thereby increasing the importance of the temporal
broadening due to the spatial wings. This mechanism can be attributed to ionization on
axis, where the laser intensity is highest. The significant pulse shortening with aperturing
of the spatial wings supports this picture. The shift in the cross-correlation peak
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corresponds to a shift earlier in ti;rle, which is also consiste;ntAwith the fact that the spatial
wings of the laser contribute to harmonic generation at later times relative to harmonics
generated on axis. As the spatial wings are more important in the more strongly ionized
medium, clipping the spatial wings has a larger effect on the pulse duration of the
generated harmonics for the strongly ionized medium.

These experiments clearly show that macroscopic effects must be considered when
interpreting high-order harmonic generation in terms of*the single atom response. In
particular, the temporal duration of high-order harmonics is thought to be sub-
femtosecond in duration, but macroscopic phase matching and the spatial and temporal
profiles of the generating laser pulse tend to mask this fact in the macroscopic high-order
harmonic pulse. These macroscopic effects also need to be accounted for when

interpreting the efficiency versus harmonic order.
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Chapter 5: Future Prospects in Ultrashort X-Ray Pulse Science

In order to study a wide variety of ultrafast structural dynamics in condensed
matter using x-ray spectroscopy, continued development of ultrashort x-ray pulse sources
and ultrafast x-ray detectors will be required. This development will lead to X-ray sources
. with sufficient flux and/or x-ray detectors with sufficient temporal resolution to perform a
wider variety of ultrafast x-ray spectroscopies. These time-resolved spectroscopies include
x-ray diffraction, x-ray absorption techniques (e.g. EXAFS), and x-ray photoelectron

diffraction.

Ultrashort X-Ray Pulse Source and Ultrafast X-Ray Detector Development

Several techniques are being considered to generate femtosecond x-ray pulses with
higher peak or average spectral brightness. One possibility is to improve the laser and
electron beam performance in the Thomson scattering x-ray source [33]. Another is to use
a femtosecond laser pulse interacting with an electron bunch in a wiggler. The laser
accelerates a femtosecond slice of electrons from the longer electron bunch, which is then
spatially separated using an energy dispersive element, such as a bend magnet [25]. Slicing
out x-ray pulses using a fast switch, such as x-ray diffraction from semiconductors
undergoing ultrafast disordering is another means of utilizing storage ring facilities to
provide ultrashort x-ray pulses [26]. Femtosecond electron bunch generation using
advanced linear accelerators [103, 104] or using laser wakefield acceleration [105, 106] is
also being pursued. These femtosecond electron bunches can be used to seed an x-ray free
electron laser or for use in a Thomson scattering x-ray source. Laser-produced plasma and
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high-order harmonic generation sources are still being dev_eloped. Some or all of these
techniques may provide experiiymentally useful ultrashort x;ray pulses in the future.

An alternative to ultrashort x-ray pulse generation is to have ultrafast gating of the
x-ray detector. One possibility for femtosecond gating is the laser assisted photoemission
technique, which has already been demonstrated as a means of measuring ultrashort x-ray
pulse widths. X-ray streak cameras have long been used to time resolve ultrashort x-ray
processes, and are currently being developed to provide subpicosecond temporal
resolution [94, 95]. These and other possible ultrafast gating techniques allow the use of
longer x-ray pulses, such as from synchrotrons, which provide other benefits (highly
collimated, tunable, high flux, etc.) that femtosecond x-ray sources may not be able to

provide.

Scaling of the Thomson scattering x-ray source

As mentioned above, the small Thomson scattering cross-section requires the use
of terawatt laser pulses and high-brightness electron beams in order to generate a
reasonable pumber of x-rays. The number of x-ray photons generated scales linearly with
the number of photons and the number of electrons interacting. The terawatt laser system
in the current Thomson scatte;ing x-ray source provides ~ 90 mJ of laser energy at the
interaction point.. Currently, terawatt laser systems can provide ~ 1 J of laser energy after
compression [107], and future developments will provide even higher pulse energies. This
leads to potential scaling of x-ray flux of at least an order of magnitude. The linear
accelerator currently used to generate the electron bunches only operates at a maximum
repetition rate of 5 Hz. State of the art linear accelerators can run at ~ 100 Hz repetition
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rates, thereby-providing another order of magnitude increase in flux. Using the linear
accelerator at the ALS, the relatively large beam emittance causes a large angular spread
at the electron beam focus that increases the bandwidth and divergence of the x-rays,
thereby reducing the flux. Also, only a small portion of the .long (~ 30 ps) electron bunch
is involved in the x-ray generation process. With state of the art linear accelerators, lower
emittance and shorter buﬁch lengths will provide additional increases in x-ray flux using
Thomson scattering. Alternatively, higher flux may be obtained by using high-repetition
rate laser and electron beams. A small storage ring and a high repetition rate laser system
can be used to generate low peak flux, high average flux x-rays for experiments where
high pulse energies are not acceptable for the sample under consideration.

Consider what might be done with state of the art laser and accelerator technology.
Lasers generating 2 J, 100 fs laser pulses at a 10 Hz repetition rate are certainly possible.
Current linac technology, with a photocathode generating the electrons,.can produce ~ 1
nC, ~ 1 ps electron bunches at 10 Hz or higher repetition rates. Using these numbers, and
Equation 2.5, assuming a 90 pum electron beam waist, the estimated number of scattered
x-rays that can be generated is ~ (8 x 10'* photons)(6 x 10 electrons)(6.65 x 10
cm?)(300 x 107 sec)/((m/4)(9 x 107 cm)*(1 x 107" sec)) = 2 x 10% photons. Assuming an
ordgr»of magnitude better electron beam emittance by using a photocathode injected linear
accelerator compared to the thermionically injected ALS linac, the relative bandwidth
should be ~ 3%, lifnited by the bandwidth of the laser pulses. Aésuming a 50 MeV
electron beam (~ 10 mrad x-ray divergence), this leads to a peak spectral brightness of ~ 6
x 10° photons/pulse/mm?/mrad®/(0.1% bandwidth). This is a significant improvement over

the peak spectral brightness of 400 photons/pulse/mm*/mrad”/(0.1% bandwidth) for the
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current right-angle Thomson scattering x-ray source. This increased peak spectral
brightness would make the soiircé ideal for single-shot time-resolved x-ray diffraction
experiment. This type of experiment is particularly suited for studying irreversible laser-
induced phase transitions in condensed matter. With pulses generated at 10 Hz, the
average spectral brightness is expected to be ~ 6 x 107 photons/sec/mm’/mrad®/(0.1%
bandwidth). At this level of spectral brightness, one can begin to consider performing

time-resolved EXAFS experiments using the right-angle Thomson scattering x-ray source.

Femtosecond electron bunch slicing

Another possibility for generating ultrashort x-ray pulses in the future is
femtosecond electron bunch slicing in a storage ring [25]. This source would take
advantage of the desirable properties of synchrotron radiation from storage rings (high
brightness, tunability, and existing beamline facilities) while providing femtosecond x-ray
pulses at a high repetition rate (limited by the laser system). The idea is schematically
shown in Figure 5.1. A femtosecond laser pulse co-propagates with the longer electron
bunch in a wiggler. When the wiggler is adjusted to generate radiation at the laser
wavelength, the laser can provide acceleration to a slice of the electrons interacting with
the femtosecond laser bunch, as' schematically shown in Figure 5.2. The resulting net
acceleration that this slice of electrons experiences results in a chgnge of electron energy
for t}{at slice, Wthh can Ab;e spatially separated in a dispersive element, such as a bend
magnet. This femtogegond electron beam slice can then be sent through a bend magnet,
wiggler, or undulator to provide a femtosecond x-ray pulse. Because the slice of electrons

generates x-rays in the same fashion as the longer pulse would, this femtosecond x-ray
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pulse has all of the advantageous properties (small divergece, high brightness, high

repetition rate, etc.) of the longer storage ring synchrotron radiation.

30 ps electron
bunch at 1.5 GeV femtosecond electron

laser pulse bunch \ /./ ‘
——(

electron/photon spatial separation bend magnet beamline
interaction in wiggler (dispersive section)

Figure 5.1: Electron bunch slicing in a storage ring.

|aser field laser field

electron trajectory through
wiggler

Figure 5.2: Acceleration of an electron slice in a wiggler with a co-propagating laser
pulse.

Gated x-ray detection
Another way to utilize storage ring synchrotron radiation and provide femtosecond
time resolution is by using an x-ray detector gated on a femtosecond time scale. One way
to gafe the %—ray-detection is by using laser-assisted photoemission (LAPE). As seen

above, this technique car be used for ultrashort x-ray pulse measurement. The LAPE
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modification can also be used to detect femtosecond changes due to a laser-perturbed
sample in a longe-r x-ray pulse, such as from a storage ring. An example of an experiment
using this gated x-ray detection is shown schematically in Figure 5.3. Here, the ultrafast
modifications in the long x-ray pulse due to the laser-perturbed sample would be detected
as changes in the sideband amplitude caused by the LAPE modifications, just as they are

monitored for ultrashort x-ray pulse measurement.

Femtosecond Optical Sampling of Synchrotron X-rays

time delay
femtosecond femtosecond A

excitation pulsejt —® ,  sampling pulse

parabolic
colllection grids

x-ray pulse from g;

synchrotron beamline

sample

time-of-flight
photoelectron
energy analyzer

L = gated integrator/ LT‘

time delay discriminator

x-ray signal

Figure 5.3: Laser-assisted photoelectric effect based gated x-ray detector.

Time-Resolved X-Ray Spectroscopies
Continued ultrashort x-ray pulse source development towards sources with higher

peak or average spectral brightness will open up new possibilities for studying structural
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dynamics in condensed matter. Similar source improvements were necessary in order to
perform high-resolution structural studie; in unperturbed crystals using x-ray diffraction
techniqués. Due to the small signal, extended x-ray absorption fine structure
measurements and related techniques were not practical until x-ray sources with high
spectral brightness became available [17]. Now, EXAFS is routinely used to study local .
order in amorphous materials or at surfaces, and x-ray diffraction techniques have made an
impact in many fields over the years (e.g. protein crystallography [108]). X-ray techniques
are now well established and yield vital structural inforrﬂation. Undoubtedly, improving
“the brightnéss of ultrashort x-ray pulse .sources will have a similar impact on the study of

ultrafast structural dynamics.

Time-resolved x-ray diffraction experiments

Uéing the right-angle Thomson scattering x-ray source, we have demonstrated that
ultrafast time-.resolved x-ray diffraction experiments are feasible. Ultrafast x-ray diffraction
experiments have also been derﬁonstrated using laser-produced plasma x-ray sources [34,
109]. With appropriaté source development, a wide variety of time-resolved x-ray
diffraction exéeriments should be able to be performed. One example is studying ultrafast
disordering in semiconductors using single-shot time-resolved x-ray diffraction.
Performing the experiment in a single-shot mode would eliminate any unwanted
cumulative damage effects, and permit studies above the disordering threshold laser
fluence. As metals behave in a simpler manner than semiconductors in some respects, it
would be interesting to compare the heating [110] and melting dyﬁamics tl 11] of metals
versus those of semiconductors on tile femtosecond time scale. Another exciting
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possibility is time-resolved crystallography [112-115]. By studying the structural dynamics
of proteins during photoexcitation, one may learn more about the connection between

structure and function.

Time-resolved EXAFS experiments

Analyzing the extended x-ray absorption fine structure (EXAFS) around x-ray
absorption edges has become an important tool for studying short-range order in
condensed matter [16, 17]. Although recognized many years ago, because of the high
spectral brightness needed to perform EXAFS experiments, the technique has only
recently achieved wide-spread use. With continued development, ultrashort x-ray pulse
sources with the necessary spectral brightness to perform time-resolved EXAFS
experiments will become available.

One example of a future time-resolved EXAFS experiment is the study of ultrafast
disordering. Because loss of long-fange order does not necessarily mean that a crystal has
melted, performing time-resolved EXAFS to study ultrafast disordering in semiconductors
is an important, complementary technique to time-resolved x-ray diffraction. The
feasibility of such experiments has been demonstrated by nanosecond resolution
experiments using laser produced plasma x-rays to study the melting of Aluminum [116].
Another example is surface desorption [12, 117]. Surface EXAFS is a useful tool to
understand the structural properties of surfaces, and applying the technique to study
surface dynamics such as laser induced desorption should be possible. Time-resolved

EXAFS can also be applied to the study of ultrafast photodissociation of molecules.
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Chapter 6: Conclusion

Ultrashort x-ray pulse sources for the study of structural dynamiqs are just
beginning to be developed. Until recently, ultrafast structural dynamics had to be studied
using optical techniques, which indirectly probe atomic positions. Continued development
of ultrashort x-ray pulse sources will lead to the development of the field of ultrafast
structural dynamics in condensed matter. Ultrafast heating and/or disordering in
semiconductors induced by laser pulses is already being studied using current sources.
Other potential condensed matter physics applications include surface desorption,
coherent phonons, and other forms of laser-induced phase transitions. In chemistry, atomic‘
positions in molecules during photochemical reactions may be studied, instead of just
observing the initial and final products. Another exciting possible application is in
structural biology. As structure is related to function in proteins, one may be able to
observe how a protein performs its function. These and other future applications make .
ultrafast x-ray spectroscopy of structural dynamics in condensed matter a promising field
of research.

Of the several approaches towards ultrashort x-ray pulse generation, the Thomson
scattering x-ray source may have the most attractive features. One of these features is the
simplicity of the physics behind the x-ray generation,- which results in reliable source
performance. It also leads to the knowledge of the x-ray pulse duration, which is difficult
to determine when the pulse duration is in the femtosecond range. The fact that the
Thomson scattering source is tunable makes it applicable to a wide range of experiments.

The highly collimated nature of the x-ray beam from the source makes it especially
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attractive in the hard x-ray regime, where x-ray optics are difficult to make and expensive.
Because an ultrashort laser pulse is used in the x-ray generation, the x-ray pulses are
synchronized to laser pulses. This permits laser perturbed samples to be probed with the
femtosecond x-rays with no timing jitter. The Thomson scattering x-ray source is also
inexpensive compared to storage ring synchrotron sources of x-rays, as only a linear
accelerator and a terawatt laser system are necessary. Finally, the Thomson scattering
process is not only useful as a means of x-ray generation, but may be used as a probe of
relativistic electron bunch properties.

Although it has many advantages, the Thomson scattering x-ray suffers from low
x-ray flux, due to the small Thomson scattering cross-section for electron-photon
scattering. As a result, many alternative schemes for ultrashort x-ray pulse generation are
being pursued. These schemes range from laser-produced plasmas and high-order
harmonic generation, to various means of modifying synchrotron radiation sources. For
the most part, these alternative means of ultrashort x-ray pulse generation suffer from the
fact that the actual pulse duration is not known. X-ray streak cameras may be used to
determine the pulse duration, but their time resolution is generally in the picosecond range.
One method of measuring the duration of femtosecond x-ray pulses is the laser-assisted
photoelectrié effect (LAPE). We have succesfully used the LAPE method to measure the
pulse duration of soft x-rays generated by high-order harmonic generation, and it is in
principle scaleable for use in the hard x-ray regime.

Of course, it is not enough to have a source of ultrashort x-ray pulses. In order to
demonstrate that the Thomson scattering x-ray source is experimentally useful, we have

performed time-resolved x-ray diffraction experiments on laser induced lattice dynamics in
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semiconductors. Our experimental observations of ultrafast lattice expansion in laser
perturbed InSb cfystals using the Thomson scattering x-ray source show. that-time-
resolved x-ray diffraction experiments can provide useful information about the trar.lsfer. of
energy from excited electrons to the lattice. The source development and time-resolved x-
ray diffraction experiment represent some of the first steps in the development of ultrafast
X-ray-spectroscopy.

In order to perform a wider variety of time-resolved x-ray spectroscopy
experiments, future ultrashort x-ray pulse sourées need to have higher x-ray flux. One
possibility is to improve the laser and linear accelerator performance. Because of the
advantages that the Thomson scattering x-ray generation process possesses, and because
laser and linear accelerator technologies are rapidly developing, making improvements to
the Thonison scattering x-ray source may be the best option for a future source. Other
likely candidates involve utilizing storage ring synchrotron-sources to take advantage of
the high flux, highly collimated, and tunable x-ray beams they provide. One of these is
femtosecond electron beam slicing due to acceleration of a portion of the electron bunch
. interacting with a femtosecond laser pulse in a wiggler. Other methods involve modifying
the x-ray pulses produced by the synchrotron. The modification of x-rays due to a laser
perturbed sample may be time-resolved by gating the x-ray detection using laser-assisted
photoémission. Femtosecond x-ray pulses may be switched out of the longer pulse by
means of ultrafast disordering in semiconductors or some other ultrafast process. Some or

all of these schemes may be used in the future to perform ultrafast x-ray spectroscopy.
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Appendices

Appendix A: Relativistic Thomson Scattering Theory Mathematical Details

A number of approximations can be made when electrons are highly relativistic.
Many of these involve the relativistic parameters f=v/c= 1 and y= E/mc*>> 1. Care
must be taken when using these approximations in quantities involving ratios or other

combinations of these relativistic parameters.

Equivalent deflection parameter
In cgs units, the force exerted on a relativistic electron by the periodic magnetic

field of an undulator has a peak magnitude given by

F =efB, (A1)
where e is the charge of the electron, and By is the peak magnetic field in the undulator.
The force on an electron in an electric field of moderate intensity (i.e. the electron is not
accelerated to relativistic velocities in the electric field) has a peak magnitude given by

F =eg, (A.2)
where &) is the peak electric field of the laser pulse. Therefore, the laser acts as an

equivalent undulator, with an equivalent peak magnetic field given by (cgs units)
Bequivalent = 50 /IB zgO : (A3)

All of the magnetic undulator formalism can be applied to the relativistic Thomson
scattering case by simply replacing the undulator magnetic field with the electric field of

the laser. Doing this for the deflection parameter, we obtain the equivalent deflection
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parameter in Equation 2.6. As mentioned in Chapter 2, the equivalent deflection parameter
(or dimensionless vector potential) can be thought of as the ratio of the ponderomotive
potential of the electric field of the laser to the rest mass of the electron. To see this, let us

start with the expression for the ponderomotive potential:

22
e’&
U,= . A4
P dmae 2. (A4)
Using @w= 27nc/A, the ponderomotive potential can be expressed as
3252/12
Uu,=—3>"—. AS
¥ 16n’mc? (A.5)
Comparing this to Equation 2.6, we see that
UZ
K:=—t A6
“ 4mc? (A.6)

X-ray photon energy expression
To get from Equation 2.9 to Equation 2.12 using the approximations in Equations
2.8 and 2.11, care needs to be taken to keep terms of the appropriate order. Upon

substitution of the approximate expressions, the denominator of Equation 2.9 becomes

. (L, e
1-fBcosf ~1 [l Zyzj(l 2}. (A7)

Distributing the multiplication, we get

2 2 2
1-fcosO~1-|1- 12 —9—+ 02 ~ 12+9— (A.8)
2y 2 4y 2y 2

where the final expression is obtained when the highest order terms are kept. Equation

2.12 is obtained when Equation A.8 is substituted into Equation 2.9, and the factor of 25
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Appendix B: X-Ray Diffraction Using a Polychromatic, Divergent Source

Because of the polychromatic and divergent nature of the Thomson scattering x-
ray source, a larger bandwidth of x-rays is diffracted than expected due to the intrinsic
acceptance bandwidth of the crystal. This is due to the fact that different wavelengths
satisfy the Bragg condition at different incident angles. In this way, matching of the Bragg
condition can be achieved over a large range of the divergence of the source, assuming a

uniformly distributed spectrum. This is schematically shown in Figure B.1.

AN

A
A=2dsin 6

s
Bragg

AB

Bragg

-“+— A —>
source

Figure B.1: Maiching of the Bragg condition over the divergence of a polychromatic
source. '

For a beam divergence that is not too large (~ 1 mrad) so that matching within the

source bandwidth can occur over the entire beam, the diffraction efficiency can be
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estimated simply by the ratio of the intrinsic rocking curve width, A6, over the beam
divergence, AGurce. Récking curve widths are typically ~ 10 prad, so the diffraction
efficiency for a 1 mrad divergence polychromatic source is ~ 10”. For the Thomson
scattering x-ray source, aperturing the beam to a 1 mrad divergence in both transverse
dimensions leads.to’ a reduction of ~ 107 in the total number of photons per pulse reaching
the sample. Therefore, an overall diffraction efficiency of ~ 10 is expected for the
Thomson scattering x-ray source, apertured to ~ 1 mrad. Since ~ 5x10* photons per pulse
are generated, about 5 diffracted photons per pulse should be diffracted ov’er‘ the 1 mrad
angular range that is incident on the crystal.

Not only does matching of the Bragg condition for different wavelengths over the
source divergence lead to a larger diffraction efficiency, it also results in a spectral shift
that is less than expected for a given change in the sample angle, for a fixed detector. This
is schematically shown in figure B.2. The measured spectral shift with a fixed detector can
be determined by cc;nsidering which paﬁ of the divergence of the source the detector sees
when the crystal is rotated, and calculating the expected spectral shift of that part of the
beam. The net result is that the modified Bragg condition for the polychromatic source is

given by

Y Y [1— 2d) B.1)

A det_tanGB s+d

where s is the source to crystal distance, d is the crystal to detector distance, and 65 is the
Bragg angle for the unrotated crystal. From Equation B.1, we see that the spectral shift
detected is less than the expected spectral shift using the derivative of the Bragg condition
(Equation 3.1). Equation B.1 is used to fit the spectral shift in Figure 3.2.
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Figure B.2: Matching the Bragg condition with a fixed detector and rotating the crystal.
The source to crystal distance is s, and the crystal to detector distance is d.
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Comparison of X-ray Pulse Sources
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spectral spectral
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photon source | pulse- mm flux (photons/s mm " pulse
-photons 'divergence: energy relative area (mmz) -mrad’ ‘rep. (photons/s -0.1% b.w.- -mrad? -(0.1% duration
X-ray source perpulse (mrad) | (keV) bandwidth (0.1% b.w.)): rate -mrad?) ’ mrad®) bw.)) (fs)
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ALS bend magnet 1.32x10% 1 1.00 105 1.00 | 1.00x10%  1.32x10" 3.8x10® 5.00x10" | 5.00x10" | 5.00x10" 3.0x10*
ALS wiggler 7.89x10°  1.00 1t05 1.00 | 1.00x10% 7.89x10" 3.8x10° 3.00x10"  3.00x10" 3.00x10"® 3.0x10*
ALS superbend 132x10°  1.00 2to10 1.00 | 1.00x10% | 1.32x10" 3.8x10% 5.00x10""  5.00x10" 5.00x10"  3.0x10*
laser-produced plasma (French)| 5.00x10* 71.00 2 0.0005 | 2.40x10° 8.27x10° 10 | 9.92x10'  1.98x10° | 827x10* | 7007
laser-produced plasma (Wilson) | 1.00x10°  3500.00 8 0.0002  1.00x10*  4.08x10° 20 1.63x10° § 8.16x10° @ 8.16x10’ ?
x-ray diode (Rentzepis) 1.00x10” : 1000.00 8 0.0002 | 1.60x10' 3.13 300 @ 3.00x10° 1.50x10* | 9.38x10° @ 8x10°

Notes:

e Variations by factors of 2 are likely in many of these numbers.
+ Theright-angle Thomson scattering x-rays source numbers assume 30 keV x-rays (scattering off of 50 MeV electrons) with an electron
beam emittance of 1x10° m-rad.
e  ALS undulator numbers assume 100 periods (for the relative bandwidth) and an electron beam emittance of 1x107 m-rad (for source size
and divergence). Most of the radiation is contained in a cone of ~ 1 mrad divergence. At 1.5 GeV, the natural x-ray divergence is ~ 300
urad, but the electron beam emittance may determine most of the divergence.
e ALS bend, wiggler, and superbend assume an electron beam emittance of 1x107-m-rad (for source size and divergence). The vertical
divergence is limited to ~ 1 mrad, but the horizontal divergence can be much larger.
e The numbers for the Iaser—produced plasma x-rays by the French group at ENSTA assume that the source spot size is comparable to the
quoted x-ray focal spot size, and the-divergence is the square root of the collection solid angle of the focusing toroidal x-ray mirror. The
photons per pulse are on the target. Approximately 20 mJ of laser pulse energy are used for x-ray generation, 10% of which creates a
preformed plasma for efficient generation of hot electrons. :
e The numbers for the laser-produced plasma x-rays by the Wilson group at UCSD assume that the source spot size is ~ 10 pm from knife

edge imaging measurements of the x-ray emitting volume. The numbers are for 4n collection solid angle. Approximately 150 mJ of laser
pulse energy are used for x-ray generation.

¢ The x-ray diode numbers assume the source area is the same as the anode area.
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