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1. Preface

For research in natural sciences photons ranging from radio frequencies to hard ~-rays
and including visible light, ultraviolet radiation and X-rays provide the most important tool
to study nature. From these, X-rays, discovered in 1895 by C.W. Rontgen, have been used
for many fundamental discoveries and outstanding applications which were rewarded with
many Nobel Prize Awards. They have played a crucial role in basic science and medical
diagnostics, as well as in industrial research and development. The main reason for this
success is that the X-ray wavelength, which determines the smallest distance one can study
with such a probe, is comparable to the atomic dimension.

In spite of the efforts made in building more powerful X-ray tubes, their progress was
only moderate for along time, certainly if seen in the light of the tremendous progresswhich
finally was made with synchrotron radiation sources (Fig. 1.0.1).
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Figure1.0.1.: Brilliance development of X-ray sources since the discovery of X-rays by W.C. Ront-
gen in Wirzburg, 1895.



V-2 1. Preface

Synchrotron radiation (SR) has provided over the past thirty years an increase in flux
and brilliance by more than ten orders of magnitude. Of course, this opened up fundamen-
tally new areas of research [1]. At DESY scientists began inventing applications based on
synchrotron radiation as early as the late 1960's [ 2] using the DESY synchrotron. The de-
velopment of storage rings such as DORIS, which were capable of ensuring constant beam
conditions, opened the way for systematic scientific studies. The design and construction of
storage rings with special magnetic insertion devices, called wigglers and undulators, over
the past twenty years has led to third generation machines specially designed for synchrotron
radiation research [ 3], such as the ESRF!, which by far surpass their design goals. Thisil-
lustrates impressively how successful accelerator physics has become today.

However, even with these types of brilliant sources, all electrons emit their radiation
field without a fixed phase relation leading to an incoherent superposition. The technical
challenge is therefore to introduce a constant phase relation between the electrons travelling
through an accelerator structure. Already Motz [4] showed in 1951 that an electron bunch
travelling through an undulator magnet array can amplify radiation. Philips|[ 5] built in 1960
the Ubitron and started the devel opment of what we now call the "free-electron laser” (FEL).
Palmer [6] , Robinson [ 7] and Csonka[&] continued with further theoretical work. Madey [ 9]
reconsidered the possibilities for building an FEL in the 1970's and finally operated the first
one in 1977 at 10 mm radiation wavelength. However, only the idea of self amplified spon-
taneous emission (SASE) [10]-[22] opened the path to build an FEL as a source for X-rays.
Nevertheless, the technical realization remained unlikely throughout the 1980’s since avery
high 6-dimensional phase space density is required [23]. Only the operation of radio fre-
guency photo-cathode guns|[24], emittance compensation methods [ 25, 26] and successes in
accelerator development in the early 90's led to thefirst proposal [ 27] that very long undula-
tors coupled to linear accelerators can provide coherent X-rays with true laser properties.

Scientific applications of such a source of coherent laser-like X-rays were discussed in
1992 [28] and 1994 [ 29] and showed the great research potential it would have. Linac based
XFELSs should provide transverse coherent X-rays at wavelengths down to 1 A in pulses of
100fs duration with dark intervals between pulses ranging from nanoseconds up to seconds
inamost flexibleway. Peak brilliances would exceed those of third generation SR sources by
over ten orders of magnitude (Fig. 1.0.1). Their spectral propertiesare shownin Fig. 1.0.2.

Discussions on machine rel ated issues started in aworkshop at BNL? in 1990 [30]. These
were continued in discussing fourth generation light sources [ 31], at the ESRF 1996 [ 32] and
at APS®in 1999 [33]. A general consensus wasthat SASE X FEL swill be the most promising
new X-ray sources for the future. In parallel to this several workshops were held to specify
the scientific case for such anew laser source [34]-[ 36]. Here it became clear that these new
sources are so fundamentally different that they will not replace the 3rd generation sources
but will become for many fields a complementary tool and will also open up completely new
fields of X-ray science and applications.

Finally two conceptual design studies were presented for an A-XFEL, the LCLS* at

1ESRF stands for the European Synchrotron Radiation Facility in Grenoble, France

2BNL stands for Brookhaven National Laboratory, New York, U.S.A.

3APS stands for the Advanced Photon Source at Argonne National Laboratory (ANL), lllinois, U.S.A.
4LCLS standsfor Linac Coherent Light Source
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Figure 1.0.2.: Spectral distribution of angle integrated radiation emitted from three of the SASE-

FELs for smallest gap and different electron energies.

SLAC! in Stanford [37] and the TESLA XFEL at DESY [38]. Furthermore two long wave-
length projects were started, the TTF? FEL with wavelengths between 1000A and 60A at
DESY in 1995 [39] and LEUTL® at ANL/APS in the short wavelength part of the visible
spectrum in 1996. The goal of these projects was threefold: to prove that the SASE pro-
cess works as theoretically predicted in these wavelength regions, to provide these SASE
FELs for experimental research both in machine physics and scientific applications, and to
finaly pave the way technologically towards the construction of X-ray SASE FELs. Both
experiments were successful in 2000 [40, 41]. TTF FEL showed that SASE works down to a
wavelength of 800 A and LEUTL reached saturation [42] at 5300 A. Thus these projects are
successfully working along with their aim to explore the science and devel op the technol ogy
for the next generation of synchrotron light sources. Together with these two studies several
experiments at longer wavelength showed in the last few years that the measurements agree
well with the theoretical predictions for the dependence of exponential growth on electron
beam parameters as well asits statistical behavior [43]-{54]. The experience gained in these
technical steps and the agreement of SASE FEL theory and measurements form the basis
and give us the confidence to propose and to build an X FEL laboratory for the A wavelength
range as proposed in this Technical Design Report for the TESLA XFEL.

Work carried out in a series of scientific workshops and studies (see appendix A for a
list of reports) specified the experimental needs for such a source and the connected infras-
tructure, such as beamlines, photon optics and instruments as presented in this volume. The
experience gained at third generation sources has been essential to extrapolate to the new

1SLAC stands for Stanford Linear Accelerator Center, California, U.S.A.
2TTF stands for TESLA Test Facility
SLEUTL standsfor Low-Energy Undulator Test Line
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regquirements. However, in many aspects no straightforward extrapolation has been possible
and many of the outstanding photon beam properties need more R & D work in the coming
years to finalize constructions and methods.

This requires a worldwide effort which has already begun and needs a very close collab-
oration in future. The new radiation source will be fundamentally different from a sponta-
neous undulator in that the emitted radiation causes electron density modulation at the X-ray
wavelength within each electron bunch. This leads to coherent emission and full transverse
coherence. The result of this process is seen in the spectral shape displayed in Fig. 1.0.2.
The coherently emitted XFEL lines appear in addition to the spontaneously emitted undula-
tor spectrum which extends into the MeV regime. Even the time averaged spectral brilliance
of the XFEL will exceed by three to four orders of magnitude those of undulators at the third
generation synchrotron radiation sources ESRF, APS, and SPring-8*. In fact the spectral
brilliance of each pulse exceeds the spectral brilliance per second of those sources. 1n addi-
tion, the peak brilliance, as displayed in Fig. 1.0.3, within each 100fs pulse would be greater
by more than 10 orders of magnitude than in third generation synchrotron radiation pulses
with more than 30 ps duration. The peak power can reach up to the order of tens of GW. This
proposed source with a circular shape could be as small as 100 um in diameter and with an
opening angle as little as 1 prad. At third generation sources the corresponding values from
undulators will typicaly be 100 x 100 zm? with a divergence larger than 10 urad. For an
XFEL this means that even at 1 km distance the beam size increasesto only 1mm. Thisisa
characteristic which relates to the fact that the XFEL sourceis spatially fully coherent.

In addition the spontaneously emitted synchrotron radiation spectrum is available which
extends from the conventional keV range to the MeV regime. Again characteristics exceed
the performance of third generation sources in operation today. Although the XFEL photon
beam from each device isin principle a single user tool, just like one optical laser, the multi
bunch property and the flexible pulse structure provide efficient ways to generate a multi-
user facility - very similar to present day synchrotron radiation facilities. In contrast to a
storage ring, in alinac each electron bunch will pass the accelerator only once. Therefore it
is possible to extract individual bunches from the linear accelerator and guide them alterna-
tively to various undulators. For the TESLA XFEL a part of the long 250 GeV TESLA linac
will be available (see Fig. 1.0.4). Extraction lines can be built in parallel, for various electron
energies which can be used for producing different X-ray energies in the XFEL |aboratory
in a quasi-simultaneous manner. Thisis shown in Fig. 1.0.5. Two such extraction lines for
electron energies between 15-25GeV and 20-30GeV, respectively, are needed to fulfill the
experimental requirements. However, the electron optics in one of the transfer lines can
even provide amaximum energy of 50 GeV in case new important scientific applications are
discovered in the future which require a higher electron energy. These electron beams are
feeding XFEL undulators which in turn will be of different types and change polarization
and photon energy range.

At the end of an extraction tunnel, a beam switchyard is foreseen distributing the beams
to various undulators. Having left the XFEL, the quality of the electron beam is still high
enough for other lower photon energy FEL undulators. Finally, the bunches will be passed

1SPring-8 stands for Super Photon Ring- 8 GeV, Harima, Japan
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Figure 1.0.4.: Schematic presentation of the whole TESLA facility.

through undulators generating spontaneous radiation. The overall length of the XFEL lab-
oratory area is determined by the length of the electron beam switchyard, the length of the
FEL undulators and by several hundred meters of drift lines for the intense photon beams.
Most important, this long radiation drift lets the SASE beams dilute by natural divergence
until the first optical elements can handle the heat loads. In addition, it makes alarge demag-
nification ratio of the X-ray beams possible. And finally, it also assures that the radiation
safety requirements in the experimental hall can be realized similar to those in present day
synchrotron radiation laboratories.

Thediscussion in the scientific community over the past decade has produced many ideas
for novel applications of the X-ray laser. Brilliance, coherence, and timing down to the fem-
tosecond regime are the three properties which have the highest potential for new science to
be explored with an XFEL. The use of linear and circular polarization as well as wavelength
tunability with extremely narrow bandwidth are clearly additional, attractive characteristics
of this source as is the ideal spontaneous undulator radiation “background”. It is obvious
that studies of time dependent phenomena can be tackled for the first time which relate the
structural aspects with the transition states of those electrons which are responsible for the
formation process of intra-molecular bonds, biologically active macromolecules, clusters,
nanoparticles, liquids, solids or even hot dense plasmas. Structure, function and transitions
will be seen with a femtosecond time-lens up to human real-time speeds. This can possibly
show usdirectly how matter is formed out of atoms. The high brilliance per pulseis certainly
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Figure 1.0.5.. Sketch of the XFEL laboratory. The electron switchyard, SASE XFEL undulators
SASE 1-5, undulatorsU1-U5, beamdumps D1-D4, the photon beamlines in-between, and the
experimental hall are shown.

the most outstanding feature of X-rays from the XFEL. It will make single pulse scattering,
diffraction and spectroscopic measurements possible. This scientific and technical case study
shows not only the new perspectives for science but also the technical challengesin realizing
this outstanding project. The SASE process will be made to work at 1 A wavelength which
requires the generation of an electron beam of unprecedented quality. This beam will be
directed through the magnet and accel erating structures such that it produces coherent laser
light in very long mechanically precise and stable undulator structures.

Guiding the photons to the experiment requires the devel opment of new beamline compo-
nents to withstand the high average and peak photon flux, bringing the photon beam tailored
to the need of the experiment down onto the sample. In addition, fast detectors with high
gpatia resolution need to be developed which cope with the expected photon fluxes and
count rates to open new time windows from presently available nanosecond sensors down
to the femtosecond regime. It is inevitable that these technical developments will lead to
corresponding spin-off applications.

Furthermore, it will bring together the devel opment of so-called table-top lasers of differ-
ent types with the devel opment of accel erator based laser sources (Fig. 1.0.6). Optical, VUV
and X-ray table-top sources are needed in pump-probe timing experiments and for home
based test and preparation runs. The handling of spatially modulated tiny electron beams
will advance today’s techniques so far that even beam chirping can become feasible and lead
the way to reduce the X-ray bunch duration towards 1fs. The extremely high power density
will open the fully new field of nonlinear X-ray phenomena and start experiments in X-ray
guantum optics. It is even suggested that, with the high power levels generated by focusing,
one could study the QED vacuum decay in high fields. Plasma physical phenomenawill be-
come accessible for the first time in a pressure-temperature region, which up to now cannot
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be prepared in the laboratory. The variety of new and exciting experimental possibilitiesin
physics, chemistry, materials science, biology, and industrial applications should in fact lead
to the same sort of revolutionary developments in X-ray studies of matter that was triggered
in optical studies by introduction of the visible/UV lasers.

In chapter 2 we will give a brief description of the SASE XFEL principle and the main
characteristics of the XFEL radiation. Nine different science fields are presented in chapter 3
with proposals and visions for applications of the new laser. In chapter 4.1 and 4.2 we
describe the consequences of the scientific proposals with respect to the design of an XFEL
laboratory and the characteristics of the XFEL radiation and undulator specification. In
chapter 4.3 the readlization of the XFEL undulators will then be described. Chapters 5 and
6 deal with the X-ray optical issues for mirrors, lenses and monochromators and the beam
line designs together with the experimental techniques. In chapter 7 we briefly describe the
civil engineering for the proposed XFEL laboratory and, finally, in chapter 8 a statement on
the expected cost can be found. The machine related issues, which provide the basis for
the successful operation of these XFELS, are discussed separately in Chapter 9 of Part |1 of
this Technical Design Report. Note that the bibliography is attached to the corresponding
chapters. In the scientific case in Chap. 3 we present the bibliography for clarity reasons
after each science field. Finally, we note that many more detailed reports are available as an
appendix on a CD-ROM.
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2. The XFEL Principle

A basic description of the FEL process and the photon beam propertiesis presented. For
a detailed description of FEL theory see [1]-{7]. A simplified approach (in German) can be
found in[8]. In Chap. 4 specific properties of the TESLA XFELSs are discussed.

2.1. FEL vs. Optical Laser

Radiation from a Free Electron Laser (FEL) has much in common with radiation from a con-
ventional optical laser, such as high power, narrow bandwidth and diffraction limited beam
propagation. One of the main differences between the two lasers is the gain medium: In a
conventional LASER (Light Amplification by Stimulated Emission of Radiation) the ampli-
fication comes from the stimulated emission of electrons bound to atoms, either in a crystal,
liquid dye or agas, whereas the amplification medium of the FEL are “free” (unbound) elec-
trons. The free electrons have been stripped from atoms in an electron gun and are then
accelerated to relativistic velocities.

While the electrons are propagating through a long, periodic magnetic dipole array —
a so called undulator — the interaction with an electromagnetic radiation field leads to an
exponential growth of the radiation emitted by the electrons. This amplification of radiation
is initiated by an increasingly pronounced longitudinal density modulation of the electron
bunch. The initial radiation field can be an external one, e.g. a seed laser, or an “internal”
field, i.e. the spontaneous emission of the undulator. Inthelatter caseit iscalled a SASE (Self
Amplified Spontaneous Emission) FEL [9, 10]. Since the electronsin the FEL are not bound
to atoms and thus not limited to specific transitions, the wavelength of the FEL is tunable
over awide range depending on accelerator energy and undulator parameters.

For IR, visible and UV FELSs, light amplification can be reached in a multi-pass setup,
i.e. by using an optical cavity with mirrors on both sides and the electrons passing the un-
dulator as the gain medium in between. With such an arrangement, which — apart from its
normally much larger size — exhibits a certain resemblance to optical laser setups, the light
from many successive electron bunches is stored and amplified. For VUV and X-ray FELSs,
mirrors can no longer be applied due to their low reflectivities in normal incidence geome-
try at these wavelengths and potential mirror deformation/damage due to the high absorbed
powers. Since a SASE FEL operates in the high-gain regime, it does not require an optical
cavity and it can hence be used to deliver light in the VUV and X-ray regime. In such a
"single pass' SASE FEL thefull radiation power builds up from spontaneous emission when
an electron beam with high phase space density passes a long undulator just once. While
FELsinthevisible and UV range can aso be realized in synchrotron radiation storage rings,
there is a consensus that — due to the higher demands on the electron beam properties —
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one needs a linear accelerator to generate FEL radiation in the VUV and X-ray range. The
most promising approach is the setup of asingle pass SASE FEL at a state of the art linear
accelerator in combination with a high-performance radio frequency photo-cathode electron
gun and longitudinal bunch compression to achieve the required peak current of several KA.
Details on the parameters of such an electron gun, the linear accelerator, bunch compres-
sors, etc. can be found in Part |1 of this report, describing the machine setup for the TESLA
project.

2.2. From Synchrotron Radiation to a SASE FEL

The basic principle of the free electron laser can be described within the standard picture for
the generation of synchrotron radiation: while travelling with relativistic velocity (v ~ ¢,
v~ 10? — 10°) through the undul ator, the electrons are accel erated in the direction transverse
to their propagation due to the Lorentz force introduced by the magnetic field. They pro-
pagate along a sinusoidal path and emit SR in a narrow cone in the forward direction. The
typical opening angle of the wavelength integrated radiation is

1 mee?
= mEC , (2.2.1)

where m, isthe electron mass (511 keV/c?) and E, the electron energy. In the undulator, the
deflection of the electrons from the forward direction is comparable to the opening angle of
the synchrotron radiation cone. Thus the radiation generated by the electronswhile travelling
along the individual magnetic periods overlaps. This interference effect is reflected in the
formula for the wavelength ), of the first harmonic of the spontaneous, on-axis undulator
emission

Au
Mpn = —= (1 + K?

= 50+ KL). (222)

where )\, is the length of the magnetic period of the undulator and K., is the “averaged”
undulator parameter*
e B, \,

27T mec

which gives the ratio between the average deflection angle of the electrons and the typical
opening cone of the synchrotron radiation. B, isthe rms magnetic field of the undulator and
e the electron charge.

The interference condition basically means that, while travelling along one period of
the undulator, the electrons dlip by one radiation wavelength with respect to the (faster)
electromagnetic field. Thisis one of the prerequisites for the SASE process of the FEL. To
obtain an exponential amplification of the spontaneous emission present in any undulator,
some additional criteria have to be met: One has to guarantee a good €l ectron beam quality
and a sufficient overlap between radiation pulse and electron bunch along the undulator. To

Krms -

(2.2.3)

1Please note that for a planar undulator and a sinusoidal magnetic field, the commonly used undulator para-
meter K isrelated to K,,s by K = v/2 - K, and equation 2.2.3 can be used for K instead of K, if
B, isreplaced by the peak magnetic field By.
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achieve that, one needs alow emittance, low energy spread electron beam with an extremely
high charge density in conjunction with a very precise magnetic field and accurate beam
steering through along undulator.

Oscillating through the undulator, the electron bunch then interacts with its own electro-
magnetic field created via spontaneous emission. Depending on the relative phase between
radiation and electron oscillation, electrons experience either a deceleration or acceleration:
Electrons that are in phase with the electromagnetic wave are retarded while the ones with
opposite phase gain energy. Through this interaction a longitudinal fine structure, the so
called micro-bunching, is established which amplifies the electromagnetic field (Fig. 2.2.1).
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Figure 2.2.1.: Sketch of the self-amplification of spontaneous emission (SASE) in an undulator
resulting from the interaction of the electrons with the synchrotron radiation they emit. In the
lower part of the figure the longitudinal density modulation (micro-bunching) of the electron
bunch is shown together with the resulting exponential growth of the radiation power along the
undulator. Note that in reality the number of micro-bunches is much latgei(® for the TESLA
XFELS).

Thelongitudinal distribution of electronsinthe bunchis“cut” into equidistant slices with
a separation corresponding to the wavelength A, of the emitted radiation which causes the
modulation. More and more el ectrons begin to radiate in phase, which resultsin an increas-
ingly coherent superposition of the radiation emitted from the micro-bunched el ectrons. The
more intense the electromagnetic field gets, the more pronounced the longitudinal density
modul ation of the electron bunch and vice versa.

In the beginning — without micro-bunching — all the N, electronsin abunch (N, > 10°)
can be treated as individually radiating charges with the power of the spontaneous emission
o N.. With complete micro-bunching, all electrons radiate almost in phase. Thisleadsto a
radiation power < N.* and thus an amplification of many orders of magnitude with respect
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to the spontaneous emission of the undulator.
Due to the progressing micro-bunching, the radiation power P(z) of such a SASE FEL
grows exponentially with the distance z along the undulator [ 1, 11, 12]:

P(z) = APy, exp(2z/L,) (2.2.9)

where L, is the field gain length, P, the “effective” input power, and A the input coupling
factor. A isequal to 1/9 in one-dimensional FEL theory with an ideal electron beam. For
the estimation of the effective input power of the shot noise P;,, one can use the spontaneous
radiation power on the first gain length inside a coherence angle and within the FEL band-
width. The exponential growth takes place until the electron beam is completely bunched
(see Fig. 2.2.2) after which it is overmodulated resulting in saturation.

Figure 2.2.2.. Example of the development of micro-bunching of the XFEL electron beam along
the undulator. The electron density is represented by the density of the dots (Left: at the undulator
entrance, Middle: in the middle of the exponential growth regime, Right: at the undulator exit, i.e.
for saturation). Note that only an enlarged section of the bunch is shown. In reality the number
of slices (micro-bunches) is much larger.

Themain properties of the FEL radiation can be simply estimated in terms of the FEL pa-
rameter p [10]: thefield gainlengthis L, ~ \,/(47p), the FEL amplifier bandwidth Aw/w
and saturation efficiency (ratio of the output radiation power to the el ectron beam power) are
about p. This parameter depends on the parameters of electron beam and undulator and is
always much smaller than unity (for the TESLA XFELS p ranges between 10~3 and 10~%).

The radiation from an X-ray FEL has a narrow bandwidth, it is fully polarized and trans-
versely coherent. The transverse coherence is also reflected in the development of the trans-
verse intensity distribution along the undulator (Fig. 2.2.3) which inthe end is nearly Fourier
transform limited[ 1, 13].

On the other hand, compared to conventional optical |asers the longitudinal coherence of
an X-ray SASE FEL is rather poor which is a consequence of the start-up from shot noise
(see Fig. 2.2.4). The coherence time is defined by the inverse spectral width Aw and is for
XFELs typically much smaller than the electron pulse duration. To improve the longitudinal
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coherence length, at best up to the full radiation pulse length, a so called "two-stage SASE
FEL" is proposed (see [14] and Chap. 4.2.2), where the final output radiation bandwidth is
close to the limit given by the finite duration of the pulse.

Figure 2.2.3.: Distribution of the radiation intensity across one slice of the pulse close to the
undulator entrance (left), half way through the undulator (middle) and close to saturation (right).
The upper figures display the intensity vs. the transverse coordinates, in the lower figures the
corresponding polar distribution is shown in units normalized to the radial pulse widgh

O

wd

Figure 2.2.4.. Example of the buildup of coherence along the undulator. The left figure shows
the radiation intensity profile half way through the undulator, the figure to the right close to
saturation. Please note that for a better visualization of the effect the figures were obtained from
a simulation that was made at longer wavelengths and for a coherence léngifhich is 10%

of the electron bunch length,, whereas for XFELs the typical ratio ../ L;, ~ 1073,
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Examples of temporal and spectral structure of the radiation pulse from an X-ray FEL
are presented in Fig. 2.2.5. The radiation pulse consists of a large number of independent
wavepackets which giveriseto "spikes®. Within one wavepacket, the radiationistransversely
and longitudinally coherent. The chaotic nature of the output radiation is a consequence of
the start-up from shot noise: since the electron bunch consists of discrete charges randomly
emitted from a cathode, the charge density exhibits fluctuations which are random in time
and space. As aresult, the radiation produced by such a beam has random amplitudes and
phases in time and space. These kinds of radiation fields can be described in terms of sta-
tistical optics with, e.g., the following parameters: time and spectral correlation functions,
transverse correlation functions, probability density distributions of the instantaneous radia-
tionintensity, of itsintegrals (finite-timeand space) and of the energy after amonochromator,
coherence time, interval of spectral coherence, coherence area and coherence volume[ 1].
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Figure 2.2.5.: Typical temporal (left) and spectral (right) structure of the radiation pulse from a
SASE XFEL at a wavelength of 1 A. The red lines correspond to averaged values. The dashed line
represents the axial density profile of the electron bunch. Note that the growth rate in the electron
bunch tail is reduced due to the reduced current. Therefore, the radiation pulse length of 100fs
(FWHM) is about a factor of two shorter than the electron bunch.

Using a planar undulator, a SASE FEL also naturally generates higher harmonics, since
the micro-bunching of the electrons at the fundamental wavelength of the undulator can
also drive substantial bunching at the higher harmonics'. Simulations yield a significant
power output of a high-gain SASE FEL which for the third harmonic amounts to several
per thousand up to one percent of the first harmonic output power [ 15, 16]. Whereas this
nonlinear generation of higher harmonics might be quite relevant when extending the FEL
operation range to even shorter wavelengths, all quantitative examples in the scientific case

1This generation of higher harmonics should not be confused with the so called high gain harmonic generation
(HGHG) for FELs. Whereas the mechanism isidentical, the HGHG consists of an undulator setup creating
amicro-bunching at the first harmonic and a second undulator optimized for a higher harmonic which uses
the density-modul ated bunch to drive the modulation at this higher harmonic.
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and the following chapters are based on the first harmonic of the XFELSs.

2.3. Spectral Characteristics

As aready mentioned, the characteristicsof FEL radiation are high power, short pulselength,
narrow bandwidth, spatial coherence and wavelength tunability. In this section, some exam-
ples will be given that shed light on the differences between the TESLA XFELSs and state-
of-the-art synchrotron radiation sources to illustrate the exceptional properties of an FEL.
Table 2.3.1 gives an example of some typical photon beam parametersfor one of the planned
XFELs at TESLA (adetailed discussion of the properties of all XFEL undulatorsat TESLA
can be found in Chap. 4).

Units SASE1
Wavelength* A 1-5
Peak power GW 37
Average power W 210
Photon beam size (FWHM)** sm 100
Photon beam divergence (FWHM)***  urad 0.8
Bandwidth (FWHM) % 0.08
Coherence time fs 0.3
Pulse duration (FWHM) fs 100
Min. pul se separation™*** ns 93
Max. number of pulsesper train****  # 11500
Repetition rate**** Hz 5
Number of photons per pulse # 1.8 x 1012
Average flux of photons #/sec 1.0 x 1017
Peak brilliance B 87 % 1033
Average brilliance B 4.9 x 10%°

*Parameters are given for the shortest wavelength.

** Value at the exit of the undulator.

*** Far field divergence.

**** Values determined by the time structure of the electron beam in the
accelerator. The average parameters for the SASE-1 FEL are given for
the ultimate case when only this beamline isin operation.

“* Inunitsof photons/(sec - mrad? - mm? - 0.1 % bandwidth).

Table 2.3.1.: Photon beam properties of the SASE 1 FEL at TESLA. In CHgpghoton beam
parameters for all FEL devices and also the undulator parameters are presented.

One of the key parameters to compare different radiation sources is their brilliance®.
For partialy coherent light sources (wigglers and undulators) the brilliance [photons/(sec -
mrad? - mm? - 0.1 % bandwidth)] can be calculated from the spectral flux [photons/(sec -

INote: Inthe US the European “brilliance” is mostly called “brightness’.
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0.1 % bandwidth)] divided by the photon beam’s rms radius >~ and divergence >’ obtained
from convolution of the electron beam and photon diffraction parameters as

brilliance — Spectral flux 23.1)

47T2 : Zx Z; : Zz le
with Y. = o2+, (2.3.2)
and S = oo, (2.3.3)

In the case of full transverse coherence (e.g. FELs in saturation) > and >’ are related
through

oA
= (2.34)
and Equation 2.3.1 can be transformed into
- spectral flux
brilliance = W (2.3.5)

This means that the brilliance is ssmply given by the spectral flux divided by the transverse
photon phase space.

As depicted in Fig. 2.3.1 the peak brilliance of the TESLA XFELSs surpasses the spon-
taneous undulator radiation from today’s state-of-the-art synchrotron radiation facilities by
about eight or more orders of magnitude while the average brilliance is about four orders of
magnitude higher (Figure 2.3.2). The peak brilliance is the brilliance scaled to the length
of a single pulse while average brilliance is normalized to seconds at the highest possible
repetition rate. Figure 2.3.3 shows the number of photons per mode, which can be expressed

as
3

A
No. of Photons/Mode = Peak Brilliance - fh . (2.3.6)
C

Eight orders of magnitude more photons per mode reflect the improved coherence of the
FELs compared to the spontaneous emission of third generation SR sources. In summary,
extremely short pulses, high intensity and full transverse coherence are the attractive features
of the XFEL radiation.
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3. Scienti fic Applications of XFEL Radiation

The idea of an X-ray laser has been around since the invention of the optical laser. X-ray
lasers would combine the outstanding properties of laser light with the atomic resolution
and the penetration power offered by X-rays. However, right from the beginning it became
clear that the ssmple extrapolation of the inversion and stimulated emission process used
in the optical case would not lead to direct success in the Angstrem regime. The idea to
use free electrons confined in a tiny, micrometer sized bunch has therefore been the most
promising step to a successful realization of X-ray lasers - abeit by applying a different
physical principle.

Today we are sure that a free-electron laser for X-rays can be build on the basis of the
SASE principle. In preparation of the proposal for an XFEL laboratory presented here, many
scientific communities were addressed in order to collect proposals for investigations. Of
course, when thinking about this, there is always the possibility to extrapolate what we can
do today with the best performing X-ray sources, towards the improved parameters available
with an XFEL, namely the increased average brilliance, the shorter pulse length, the dramat-
icaly higher coherent flux, and the much better collimation. In turn one can achieve in the
measurements a better spatial and energy resolution, the time resolution will provide access
to new phenomena, and the coherence will allow us to explore new domains of dynamical
processes.

But in addition to these already fascinating possibilities with the proposed XFEL, scien-
tistswill explore new land. In particular, the dramatically increased peak brilliance will offer
a till impossible use of X-rays. The investigation of structural changes on ultra short time
scales will become possible, thus complementing femtochemistry with optical lasers. An-
other application yet unexplored isthe possibility to investigate molecul ar structures without
the need of crystallization. Thiswill give access to avast number of biomoleculesyet impos-
sible to crystallize. A new, and maybe most important domain will be the non-linear inter-
action of X-rays and matter, leading, e.g., to multiphoton processes in atoms and molecules
which can not be studied with the present radiation sources. And last not least, by focusing
the X-raysto um? and below, one will generate plasmas at till totally unexplored tempera-
tures and pressures.

Although most of the collected proposals are based on extrapolations of today’s experi-
ence, having a concept of the new source has naturally stimulated the vision of many scien-
tists. Questions like "Can we see the electron dynamics in the bonds?", "Can we see how
matter forms and changes?’, "Can we take pictures of single molecules?', "Can we make a
movie of a chemical reaction?’, or "Can we study the vacuum decay in a high field?' have
been raised and have found, in many parts, their expression in this report.

In the following sections we have collected ideas going from the ssimpler systems such
as atoms, molecules, and clusters to the more complicated states present in plasma physics,
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condensed matter, surfaces, materials, chemistry, life sciences, and finally quantum optics.
As will be detailed in the chapter about plasma physics, the high intensity of the XFEL
radiation cannot only be used to study systems, but also to generate new states of matter.
While this is exciting for scientists studying these new species, it has to be assured for all
studies, but especially for solid state samples, that the measurement is not affected by sample
damage. Several waysto assure this are proposed in the reports, such as using shorter X-ray
pulses, attenuating the beam, using a higher repetition frequency, using samples which can
be refurbished or scanned, or going to higher wavel ength resolution.

The experimental methods have been separated from these science fields and are col-
lected in chapter 5, which leads over to the beamline proposals. The scientific proposals
presented in this chapter and also several proposals of new experimental methods, in chap-
ter 5, were collected through workshops and working groups. Their chairmen together with
the coordinators have collected the material in reports which can be found on the attached
CD-ROM. From this material the scientific applications of the XFEL in this chapter were put
together by the editors. Some redundancy of issues could not be avoided since many themes
are common in different fields such as bonding in Physics, Biology and Chemistry. Also,
no harmonizing of the different styles has been attempted, among other reasons, in order not
to face the danger of modifying the ideas and intentions of the authors. Due to the huge
amount of proposed ideas the editors have not been able to verify the technical feasibility
of all proposed investigations in detail. In many cases it will only be possible to answer
open questions once the new and fascinating light is available for research. The multitude of
different ideas collected in this scientific case, however, shows the outstanding opportunities
we are looking forward to.
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3.1. Atomic, Molecular and Cluster Phenomena

This chapter about atomic, molecular and cluster phenomenais based on contri-
butions to the reports of several workshops held at DESY on "Atom, Molecule
and Cluster Physics with a FEL" edited by Th. Méller (HASYLAB, Hamburg)
and B. Sonntag (University Hamburg) (see e.g. A.1.1). In these contributions
further proposed experiments and details can be found.

The interaction of radiation from an X-ray free electron laser with matter will first of all
result in the excitation/ionisation of electrons deeply bound in the atomic/ionic core. The
cross corresponding cross sections for the loosely bound valence shell electrons by orders of
magnitude. Within femtoseconds the inner-shell holes "bubble up” to intermediate and outer
shells viaradiative and non-radiative cascades, |eaving the atom/ion in ahighly ionized state.
The detailed understanding of these atomic core-hole creation and decay processes is one of
the most important tasks, especially since not only the sampleg/targets, but also the reflection
and diffraction optics necessary to transport the XFEL photon beam, will involve these basic
interactions between intense X-rays and atoms/ions.

The interaction of intense XFEL photon beams with matter will differ substantially from
that of intense fs-laser radiation in the optical and infrared spectral range. This can beillus-
trated by estimating the ponderomoative energy. The energy afree electron can gain from the
oscillating electromagnetic field £ (w) given by the ponderomotive potential energy,

E, = 2E?/4mw* | (3.1.2)

isvery small at high X-ray frequencies w. Here e and m. are the electron charge and mass,
respectively, and F istheelectric field strength. Focusing the peak power of 30 GW expected
for the wavelength of 0.1nm into a spot of 1um diameter results in a power density of
3.8 x 10'® W/cm? and a ponderomotive potential energy of 1.8 meV, whileinthe case of high
power infrared and optical lasersit can exceed severa keV. The secondary effects caused by
these high-energy electrons dominating the processes induced by high-power infrared lasers
therefore will not occur in the interaction of matter with XFEL radiation. The XFEL will
probe the basic photon-atom interaction undisturbed by ponderomotive effects.

Radiation from an XFEL will open up amazing new possibilities and extend them to a
regime where today only predictions and simulations exist. Two types of experiments will
be particularly promising :

e The study of the electron dynamics (e.g. multiple core hole formation and multiple
photoionization) of atomic, molecular and cluster targets irradiated at different X-ray
wavelengths and power levels.

e The investigation of the structure and dynamics of molecules and clusters by the
diffraction of intense, femtosecond X-ray pulses. Ideadly, a single X-ray pulse would
suffice to record a diffraction pattern as indicated in the schematic picturein Fig 3.1.1.
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Figure 3.1.1.: Schematic of diffraction at a molecule or cluster by an ultrashort X-ray pulse. The
recorded diffraction pattern will look as shown in Fi§.1.5

3.1.1. Atomic physics
3.1.1.1. Multiple ionization

Photoionization of free atoms is one of the fundamental processes in the interaction of pho-
tons and matter. For the ionization of the valence-, subvalence-, and outer core shells, state-
of-the-art experimental and theoretical studies have provided deep insight into the dynamics
of the excitation and de-excitation processes (see e.g. [1]-{6]). In contrast to this, only a
limited number of studies have been performed for deep-inner-shell ionization by X-rays.
In most of these cases, only total cross sections have been determined by absorption- or ion
yield spectroscopy. The high brilliance and the high flux of XFEL photon beams will allow
the limitations set by small cross sections and small number of targets in an atomic beam
to be overcome. The simultaneous detection of outgoing ions, electrons and fluorescence
photons will yield detailed information on the Auger and fluorescence cascades resulting in
highly charged final ions. For example, ionswith charges up to 141 were observed in Xeion
spectra excited by x-ray photons with energies above the Xe L;-edge [ 7].

Although these deep core-hol e excitation and decay processes are only weakly modified
by the surrounding atoms/ions in molecules, clusters and solids, knowledge and understand-
ing of them is a prerequisite for successful studies with XFEL photon beams.

3.1.1.2. Multiple core hole formation

Besides these decay cascades, electron correlation can give rise to direct multiple core hole
formation upon photon excitation or photon ionization, respectively. Since, in the weak field
[imit the photon interacts predominantly with asingle electron, the satellite lines accompany-
ing the main line in the electron- and fluorescence spectra are a clear proof of many-electron
interactions and therefore have stimulated great experimental and theoretical efforts. Espe-
cially the photo-double-ionization of He (see e.g. [8]) and the photoexcitation of hollow Li
atoms (see e.g. [9]) have turned out to be ideal testing grounds for the most advanced many-
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A

Figure 3.1.2.: Schematic illustration of a direct multiphoton ionization process. After the absorp-
tion of two photons, two innershell vacancies are formed.

electron theories. Recently, double K-vacancy production in solid molybdenum by X-ray
photoionization could be detected [10]. The intensity and brilliance of the XFEL photon
beam will allow the extension at these fundamental studies of electron correlation to deep
core levels of free atoms. Freeman, Buchsbaum et a. [11] have pointed out that there is
a further, very promising process for controlled creation of two vacancies in a core-shell
of an atom by a single XFEL photon pulse. For the K-shell of neon atoms, they estimated
that there should be a detectable number of atoms that absorb two photons sequentially or
simultaneously within atime scale shorter than the core hole relaxation time (see Fig. 3.1.2).
Hypersatellites in the electron- or fluorescence spectra provide areliable means of identify-
ing these processes.

3.1.1.3. Multiphoton ionization of inner-shells

Nonlinear photon-atom interactions have been the domain of laser spectroscopy. For inner-
shells, the cross sections for two-photon X-ray photoexcitation/ionisation are too small for
those nonlinear processes to be detected even with third generation synchrotron radiation
sources. The high-brilliance, high-intensity XFEL photon beams will make studies of two-
photon inner-shell processes feasible. As an example, in Fig. 3.1.3, the cross section for
the excitation/ionisation of the Ar 1s-shell by two linearly polarized photons calculated by
Novikov [17] is presented. The energy range shown covers photon energies close to half
of the Ar 1s-ionization energy. The detection of an Ar KLL or KMM Auger electron is a
clean signature of the two-photon excitation/ionisation. For reasonable target densities and
detection efficiencies, count rates significantly above one Auger electron per laser pulse are
expected.
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Figure 3.1.3.. The cross sectiong) of the process of excitation/ionisation of the Ar 1s-shell by
two linearly polarized photons. The solid line shows the result of the calculation, taking into
account the effect of relaxation of the atomic residue in the field of the vacancies being created.
The dotted line shows the result without accounting for this effect. (reproduced fran [

3.1.1.4. Excitation and ionization of highly charged ions

lons are ubiquitous in the universe. The knowledge of their interactions with photons is
therefore of great importance for many areas of science and technology (e.g. astrophysics,
plasma physics). For the X-ray range, experimental data are still scarce, and therefore one
often has to rely on calculations. Stringent tests of these calculations are highly desirable.
In combination with an electron beam ion trap (EBIT), the XFEL will allow the systematic
study of the interaction between X-ray photons and highly charged ions. An EBIT can
produce and trap ions ranging from medium nuclear charge Z up to the heaviest systems
such as Li-like Uranium. Due to the excellent emittance of thision source, slow ion beams
can be efficiently focused into an interaction chamber equipped with X-ray-, electron- and
ion-spectrometry [ 13].

For He- or Li-like ions the fundamental studies of the few-electron correlation can be
extended to strong field systems, e.g. U*®, where relativistic effects, QED and nuclear
effects become large.

3.1.2. Molecular physics

Typically, chemical reactions proceed on a fs- to ps- time scale (see also Sec. 3.6.1). Ideal
systems for the study of chemical reactionsin great detail are small molecules e.g. diatomic
and triatomic molecules in the gas phase. The understanding of basic principles and test-
ing of experimental techniques for the investigation of rather simple systems is essential for
the application to more complicated systems, e.g. biochemical samples, which will be dis-
cussed in Sec. 3.7. Photodissociation of a diatomic molecule AB induced by a fast laser
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pulse can be understood on the basis of awave packet moving on molecular potential curves.
In real molecular systems, several electronically excited states are involved in the dissoci-
ation process. By going from diatomic to triatomic molecules, the situation becomes even
more complicated. Dissociation takes place on a potentia surface that sometimes can have
saddle points and barriersin the exit channel [14]. Using fs optical |asers, researchers were
able to collect a wealth of information on the details of reaction pathways in many molec-
ular systems e.g. |,, CHzl5, and even larger systems [15]. Since al information in optical
fs-experiments is obtained from spectroscopic results, e.g. ionization probability or kinetic
energy of photoelectrons, a detailed knowledge on the energy surface is required for the in-
terpretation and understanding of the experimental data. An X-ray FEL operating at short
wavelength would provide a unique tool for the study of ultrafast reactions. For the first
time, direct information on changes in bond length could be obtained. A direct measurement
of the atomic separation as a function of the time can be performed with time-resolved pho-
toelectron diffraction or scattering techniques in combination with optical lasers. This will
certainly open new fields in fs-chemistry.

3.1.2.1. Multiple ionization, nonlinear effects

The illumination of molecules with intense radiation from a focused XFEL beam will, first
of all, involve optical nonlinear processes e.g. multiphoton ionization and multiple core hole
formation in their atomic constituents [ 16]. As aresult, one can expect that the molecules
break apart and ultrafast dissociation takes place. If several charges are created in the
molecule, Coulomb explosion is expected to happen. Such processes have aready been
observed with optical laser excitation in molecules [17] and clusters [18]. In the optical
spectral range, the underlying first step process is either multiphoton or field-mediated ion-
ization. It seemsthat, in aromatic molecules, the transition to field ionization (’ above thresh-
old ionization’) takes place at considerably smaller ponderomotive energies than in atoms
under similar conditions [ 19]. The lowered threshold is due to the electronic delocalization
in cyclic molecules. The XFEL will allow the study of dissociation processes and Coulomb
explosion in molecules being damaged by short-wavelength radiation. Since the chemical
composition and the size of molecules can be variedin avery controlled way, it will allow the
detailed study of many important radiation-induced processes. The understanding of these
processes is one of the most important early tasks. Thisinformation is needed, for instance,
as a basis for exploring dynamical processes in biological samples, solid state physics, or
surface science.

3.1.2.2. Resonant elastic scattering, nonlinear effects

In afirst approximation, many excitation and scattering processes can be described in the
electric dipole approximation. The validity of the dipole approximation implies that the
symmetry of the involved states largely determines the excitation or scattering spectrum. If,
for example, the molecule has inversion symmetry, only transitions which change the parity
from even to odd (or vice versa), are allowed. At conventional intensities, the symmetry
selection rulesare strictly valid. Dueto vibronic coupling the el ectronic symmetry may break
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during the scattering process, thereby relaxing the selection rules so that ’forbidden peaks
appear in the spectra [20]. Intense radiation from the XFEL will allow the investigation
of non-dipole transitions without symmetry breaking by vibronic coupling [ 21]. Detailed
information can be collected by measuring the intensity dependence of the’forbidden peaks'.
In the absence of vibronic coupling, the appearance of ' forbidden peaks would immediately
indicate a departure from the conventional description of scattering processes. The L- and
K-shells of many relevant diatomic molecules, e.g. O,, Cl,, and Br,, are within the spectral
range of the soft-X-ray beamline of the XFEL . With the high intensity, non-dipoletransitions
can be easily separated from two-photon processes due to complementary selection rules.

Furthermore, information on the breakdown of the dipole approximation can be obtained
from pump-probe experiments combining the XFEL with an optical laser [ 21]. The opti-
cal laser can be used to pre-excite a symmetric molecule. By excitation to high vibrational
states, one can appreciably increase the average bond distance in a homonuclear diatomic
molecule. Close to the dissociation limit the vibrational wavefunction has a large weight at
the classical outer turning point. By performing scattering experiments within initial states
that have been pre-excited in this way, one can examine effects beyond the dipole approxi-
mation. This approximation is expected to break down when the distance between the atoms
becomes longer than the wavel ength of the radiation. Through symmetry selection rules, this
can be followed experimentally. The breakdown of the dipole approximation can therefore
be directly associated with the localization of the core hole to one of the atoms. In other
words, the XFEL will alow investigations of fundamental X-ray photon-induced processes
in molecules.

3.1.3. Clusters
3.1.3.1. Multiple ionization and Coulomb explosion of clusters

Research on clusters has become a very important and active field of interdisciplinary in-
terest in recent years [22]. Clusters, because they bridge the gap between molecular and
solid-state physics, allow one to study how macroscopic properties of matter are determined
by the interaction of their microscopic units. The transition from the atom to the solid is
not a smooth transition at all, indeed rather interesting variations can occur. The size of the
clusters is a new parameter, which can be used to control the variation of their properties,
namely geometrical and electronic structure, magnetic properties and chemical reactivity. A
thorough understanding of these propertiesis also of fundamental interest for applications of
clusters, since they hold great promise for applications e.g. in microelectronics and photo-
catalysis [23]. Work on photon—cluster interactions especially has lead to new physics over
the past decade. Light-induced processes in clusters can cause photo-fragmentation [24],
desorption [25, 26] and Coulomb explosion [27, 28], producing atomic and ion fragments
with a few eV of energy. Recently, studies of the photoionization of clusters with high in-
tensity (> 10'6 W/cm?) optical fs-laser pulses have shown that superheated plasmas with
ion kinetic energies up to 1 MeV can be produced. The clusters (typically rare gas clusters
comprising up to 10° atoms) are themselves very bright sourcesfor X-rays[29] and act as an
active medium for high order harmonic generation [ 30]. Analogous effects may occur with
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Figure 3.1.4.: A schematic of dynamical processes in clusters induced by focused XFEL radiation.

the XFEL beam, however, it can be expected that there are several important differences
because the ponderomotive energies are very small compared to the photon energy [11].
Fundamental work on clustersis particularly important, since it can be generalized to studies
of radiation damage in bulk materials. The XFEL will be a unique tool for cluster research
because of the very high probability of multiple ionization of cluster atoms.

The whole process of cluster excitation and heating with optical fs-lasers is controlled
by a movement of electrons in a microplasma driven by the electromagnetic laser field. At
X-ray wavelengths, the ponderomotive energy is small, and thus the amplitude of oscillating
electrons will be small. As aresult, the kinetic energy distribution of electrons emitted from
the cluster will contain a signature of the primary processes (photoemission, Auger decay)
and of the electron-electron and electron-ion interaction in the cluster. Therefore, in contrast
to what optical high-power irradiation permits, the dynamical processes can be analyzed
without strong perturbation by the laser field. This situation isillustrated in Fig. 3.1.4.

3.1.3.2. Time-resolved structure determination by X-ray scattering

The geometric structure of clusters is of fundamental importance for the understanding of
many other properties, e.g. their electronic structure, reactivity, magnetic and optical prop-
erties. While X-ray diffraction has revealed an enormous amount of detailed information on
the structure of bulk matter, it yet cannot be applied to clusters, since the particle density
of clustersin a beam is very low. Therefore, most information on the geometric structure
of clusters comes from indirect methods e.g. mass spectrometry [22], [31]- 3], flow tube
measurements [34] and theoretical work [35]. Recently, electron diffraction from trapped
cluster ions has provided a means by which the structure and structural phase changes can
be observed. Typically, data acquisition requires several minutes because the signal to noise
ratio is very low [36]. The acquisition times using conventional X-ray sources are even
longer, since the cross section for X-ray scattering is substantially smaller than that for elec-
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tron scattering. The intensity of the XFEL offers the possibility to overcome the limits for
X-ray diffraction and will open a completely new field of research [ 37]. The experimental
situation is rather similar to that planned for biomolecular imaging [ 3¢] (see Sec. 3.7). Es
timates show that, under optimal conditions, diffraction patterns of single cluster ions can
be recorded within one pulse of the FEL. Here it is assumed that the XFEL radiation can
be focused to a spot of 300 nm in diameter. At 0.15nm wavelength, the estimated flux den-
sity will be 3 x 10% photons/m? (correspondingto 3 x 107 photons/nm?). The clusters will
certainly survive under such power levels only for very short time, but with 100fs X-ray
pulses in many cases recording of scattering patterns should be possible before the clusters
are destroyed. The destruction of the clusters results from multiple charging and consecu-
tive Coulomb explosion as described in the preceding section. The total number of photons
scattered incoherently in 47 by agold cluster comprising 1000 atoms will be approximately
50000 in asingle pulse, if an average scattering angle of 30° is assumed. A particle density
of 1 x 107 cluster ions'em?® would be needed in order to get one ion per interaction volume,
if avolume of 300nm x 300nm x 10mm is assumed. This is somewhat higher than what is
obtained with radio frequency traps with a rather large volume [ 36]. On the other hand, one
can expect that considerably higher densities could be obtained with ion beams focused into
the interaction volume. This will allow the recording of scattering images at the repetition
rate of the XFEL, which means every 93ns. If the density in the ion beam is lower, only
part of the photon pulses will be scattered by a cluster. Nevertheless, once the photons are
scattered by a cluster the scattering patterns should be of sufficient quality.

Scatteringintensities cal culated for asingle pulse and anideal cubic gold cluster compris-
ing 21 x 21 x 21 atoms are presented in Fig. 3.1.5. Somerather intense Bragg peaks can be
seen, since the cluster has trandlational symmetry. In this particular case, structural informa-
tion can be directly obtained from the scattering pattern. In small or disordered systems, the
peaks broaden and get weaker. However, the estimated signal is sufficient in order to obtain
information on the orientation of the particle with respect to the photon beam. The structure
of the particle can then be derived from the correctly added scattering patterns of identical
particles recorded in different shots. Experiments on single small particles offer an important
advantage compared to experiments on macroscopic crystals, since phase information can be
obtained. The intensity distribution between Bragg peaks contains additional information.
This oversampling [39] will enable, for the first time, the determination of precise structural
information on mass-selected cluster ions. The accessible size range of clusters depends on
the scattering cross section of their constituents. It is expected that, under optimal condi-
tions, clusters comprising 1000 or even fewer atoms can be studied successfully. Particularly
interesting are studies on clusters which undergo structural phase transitions like gold clus-
ters [40] or aloyed clusters (e.g. Au,,Si,,), which could provide an opportunity to observe
the competition between atomic segregation and stoichiometric mixtures as a function of
size and temperature [ 36]. Furthermore, the time structure of the XFEL will alow the com-
bination of all types of scattering experiments with pump-and probe techniques using optical
fs-lasers that can be used to induce well-defined changes in the samples (see Fig. 3.1.6). An
experimental scheme fur such measurementsis shown in Fig. 3.1.7.
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Figure 3.1.5.: Calculated X-ray scattering pattern of 2l x 21 x 21 atom gold cluster. The
two-dimensional intensity distribution is shown for two detector coordinates.

3.1.3.3. Cluster vibrations and reactions

Clusters have unique €electronic, optical and chemical properties that result from their large
fraction of surface atoms and the confinement of charge carriers. The topological shape of
cluster surfaces differs considerably from the almost perfect surfaces of macroscopic solids,
since the atoms try to arrange in low-energy, usually compact and strongly curved structures.
As aresult, cluster dynamics are expected to differ substantially from those of molecules,
surfaces, and bulk solids. In the last few years, substantial progress has been made in the
study of the dynamics of electronically excited statesin clusters and in molecules, especially
vibration and dissociation [41]-{43]. Since many experiments are performed with optical
pump-probe techniques, there is no direct information on the nuclear motion. Meanwhile,
rather detailed studies are performed on photoreactions and even on solvation dynamics.
Usually, information on the nuclear dynamics has to be inferred from spectroscopic infor-
mation with the aid of potential curves and potential surfaces [15]. In some cases, cluster
dynamics, especialy surface vibrations, could be studied by inelastic atom scattering [44].
The XFEL will offer very new experimental possibilities, since cluster vibrations and defor-
mations can be observed in real time using pump and probe techniques in combination with
optical lasers. Depending on the geometric structure, size, and temperature of the clusters,
different vibrational modes can be excited. This will be particularly interesting for systems
which show strong variations of the melting temperature with size, as observed for Sn clus-
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Figure 3.1.6.: A schematic representation of a time-resolved experiment on phase transition and
cluster melting. Small, covalently bound clusters have isomers with rather different geome-

try [42]. The dynamics can be studied by recording diffraction patterns in combination with
pump—probe techniques.

ters[45]. Furthermore, time-resolved structural studies will allow oneto follow the pathway
of photo-induced reactions in real space. As aresult, dynamical processes can be analyzed
without knowledge of the potential surfaces involved. The experiments can be performed as
described in the preceding section by recording scattering patterns within one pulse of the
XFEL. In addition, if an optical fs-laser is fired to induce a reaction or a phase transition,
a scattering pattern can be recorded with the XFEL for variable delays of the optical pump
pulse with respect to the XFEL probe pulse. In this way, the change in the cluster structure
and the dynamics can be followed on a fstime scale.
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Figure 3.1.7.. Schematic illustration of an experimental setup for the investigation of nonlinear
processes and the electronic and geometric structure of clusters and cluster ions. Time resolved
studies may be performed in combination with optical fs-lasers.

3.1.3.4. Phase transitions and cluster melting

Phase transitions in clusters, especially melting, metal to non-metal and magnetic to non-
magnetic transitions are of considerable scientific and technological importance. The re-
duced dimensions and the small size of the particles give rise to many unusual properties, e.g.
a coexistence of liquid and solid phase [46] or strong size-dependent and irregular variations
of the melting temperature[47]. Recent work on clusters with unusually high melting points
above those of the bulk solid materials point out that very stable isomers with compact shape
could beresponsiblefor the experimental findings. The XFEL will offer aunique opportunity
to investigate the dynamics of melting and crystallization in clusters and nanocrystals. One
could use an optical fs-laser to deposit sufficient energy, so as to induce complete melting.
Using the method of time-resolved X-ray diffraction outlined above, it should be possible to
study the process of cluster melting in real time. Furthermore, it should also be possible to
obtain information about changes in the particle's shape by scattering of X-rays with wave-
lengths longer than the typical interatomic separations in the cluster (Mie-scattering). The
combination of different methods will probably allow one to distinguish between melting at
the surface and in the interior of the particle. By choosing suitable wavelengths, the move-
ment of different elements in the particles can be followed. Finaly, collective vibrations of
liquid clusters, which can be regarded as nanodroplets, can be investigated. Thus, the advent
of direct time-resolved structural probes will open new scientific opportunitiesin thisfield.
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3.2. Plasma Physics

This chapter has been written on the basis of contributions submitted by:
Richard W. Lee (Lawrence Livermore National L aboratory, U.S.A.),

J. Meyer-ter-Vehn and co-workers (MPI flir Quantenoptik, Garching Germany),
R. Redmer (University of Rostock, Germany),

Th. Schlegel (University of Darmstadt, Germany).

Further details and references can be foundin the report " Hard condensed Matter
Physics" (see A.1.3).

High peak power X-ray FEL radiation deposits energy uniformly in the volume rather
than at the surface, in distinction to optical laser light. Exciting possibilities therefore arise
for the field of plasma physics, discussed in this chapter. The XFEL will allow small vol-
umes to be heated to unprecedented states of plasma with temperatures up to keV (107 K)
and pressures in the Gbar (10'4 Pa) range. After constant-density (isochoric) excitation, the
XFEL generated plasma expands hydrodynamically along isentropes cutting into yet un-
explored regions of the plasma phase space. The investigation of equation of state (EOS)
parameters and, in particular, of the regions of critical pointsin any kind of solid matter will
thus become possible. The 100 femtosecond long X-ray pulses will lead to equilibration at
the picosecond timescale. During generation of the plasma a highly non-equilibrium plasma
state is created with an abundant K-hole population, of fundamental interest for example
to plasma X-ray lasers. Scattering of X-rays provides, in addition, the means to study the
microscopic structure of plasmas.

Plasmas at solid-state density, strongly coupled for I' = E,,;/Fyi, > 1, are found in
the interiors of the giant planets such as Jupiter or the recently found extrasolar planets [ 1].
Further, Brown Dwarfs, main sequence stars or compact objects such as White Dwarfs pro-
vide other astrophysical examples. The knowledge of the behavior of matter under extreme
conditions, especially at these ultra-high pressures, is of fundamental importance to develop
improved models for planetary and stellar structure and formation, as well as the evolution
of the universe. The behavior of hydrogen and helium (and their mixtures), as the simplest
and most abundant elements in nature, is therefore of special interest over a wide range
of densities and temperatures. Various methods have been successfully applied to produce
dense, strongly coupled plasmas in the laboratory. For instance, strong shock-waves can be
generated by chemical explosives [2] or powerful gas guns [3]. Using the technique of fast
wire evaporation [4], solid metals can be expanded through the warm fluid region up to hot,
dense plasmas. Moreover, the capacity of heavy-ion beams like those available at the GSI
in Darmstadt [5], of high-power lasers such as NOVA in Livermore [6], and of ultra-short
laser pulses in the femtosecond range [ /] can be used to produce strongly coupled plasmas.
Many of these capabilities providethe basic ingredientsfor inertial confinement fusion (ICF),
which employs both laser-driven or heavy-ion driven compression of deuterium-—tritium cap-
sules [8]. InFig. 3.2.1 acomparison of astrophysical and earth-based plasma sources in the
electron density - temperature phase space has been shown.

A variety of new physical effects has already been obtained at ultra-high pressures using
these experimental techniques. For instance, metallic-like conductivities in hydrogen have
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Figure 3.2.1.. Density—temperature diagram for astrophysical objects (left) and for earth-
based plasma generation (right) (afte?]). Lines indicate the Coulomb coupling parameter

I' = e?/(4meokpTd), d = mean distance between particles, and the degeneracy parameter
© = kpT/Er. The grey shaded area in the left plot corresponds to the area of the right plot.

been demonstrated for the first time in dense hydrogen fluid around 1.4 Megabar and 2500 K
by multiple shock-compression experiments [ 10]. Figure 3.2.2 compares the experimental
data with theoretical models for this nonmetal-to-metal transition, e.g. thermally activated
transport of free electrons as well as hopping between atoms [ 11]. Furthermore, substantial
deviations from standard equations of state, e.g. provided by the SESAME library, have been
observed from shock-wave experiments driven by the NOVA laser (see Fig. 3.2.3). These
deviations have important consequences, e.g., for models of the interior of giant planets and
the design of fusion capsules used in the ICF scenario, and have already stimulated many
new theoretical efforts to study the properties of strongly coupled plasmas. Some of the
most exciting problems to be tackled are the equation of state and its stability behavior,
possible phase transitions and the location of critical points, and the impact of reactions such
as dissociation and ionization in a plasma. With the XFEL one can access experimentally a
regime where the plasma phase transition with a second critical point has been proposed; see
eg.[12, 19, 20].

In addition, fluid metals or aloys are intensively studied in the high-pressure region.
These materialsarefluidsat high temperature, have high heats of evaporation, high electrical,
and high thermal conductivities so that they provide optimum high-temperature working
fluidsin technical equipment for the production, storage, and conversion of energy [ 21]. The
accurate location of the critical points of the liquid—vapor phase transition is known with
satisfying accuracy only for some metas, e.g. Cs, Rb, K and Hg [27], whileit isuncertain up
to afactor of two for metals like Al, Cu, or Mo. Furthermore, a metal-to-insulator transition
similar to that occurring in expanded alkali fluids has now been verified in dense metal
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vapors of Al and CuZ3). It will be of particular interest to have new diagnostic methods to
determine the equation of state independently of model assumptions.

The continuous increase in available computer capacity has stimulated the development
of advanced simulation techniques such as path-integral Monte Carlo (PIMCypantum
molecular dynamicsl[d], or wave-packet molecular dynamics/] that are increasingly ca-
pable of modelling the quantum nature of an interacting many-body systenthis case
of strongly coupled plasmas. Together with standard methods of many-particle thépry [

a more detailed description and understanding of the behavior of strongly coupled plasmas
will be possible in the next few years and await its experimentafieation. The XFEL will
provide here unique possibilities for the generation and diagnosis of dense, strongly coupled
plasmas. The behavior of matter in the plasma state produced by the XFEL pulse is related
to various fundamental problems, e.g.

e The XFEL interaction will create matter in a wide area of the n-T phase diagram (see
Fig. 3.2.7). This area includes interesting values for both Coulomb coupling and de-
generacy, allowing detailed studies of extreme plasma states. The versatility of the
XFEL permits varying parameters over a wide temperature range at densities at and
below solid density, and thus provides the experimental basis for improving theoreti-
cal simulations of plasma generation and evolution, including radiation transport and
hydrodynamic expansion.

e The detailed study of the interaction between energetic X-rays and cold, warm, and hot
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matter will provide the data for an improved theoretical description. That is, the in
ence of in-medium effects on the absorption ficent of X-rays can be studied that

will assist many-particle theoretical modelling. Moreover, the generation and behavior
of hollow atoms in a dense plasma can be studied, which is of fundamental interest to

X-ray laser research.

e The dynamical behavior of strongly coupled plasmas can be investigated. In particular
nonequilibrium correlations formed during plasma generation and the relaxation of the
nonequilibrium state into an equilibrium state could be studied. Here, the expansion

kinetics of the plasma is of interest.

3.2.1.

Interaction of X-rays and plasmas

For optical femtosecond lasers one reaches in the focus values*of- 10'° W, where

electrons acquire speeds close to that of light, and the relativistic regime of laser plasma in-

teraction is entered’[]. In contrast, XFEL pulses of an intensity of £®/cm? correspond
to much smalled \? ~ 10® W, and therefore produce far less energetic electrons.

With respect to plasma generation, the difference between X-ray and optical laser beams
lies in the interaction. While visible light cannot penetrate into dense matter and is therefore
absorbed in surface regions mainly by interaction with free electrons, XFEL photons pene-

trate into the target. They are absorbed in the wavelength regime of one to devyae
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dominantly through photoionization of bound K-shell electrons. The X-rays thus heat solid
targets isochorically in the volume, much as do ion beams. The primary electron population
has energies of the order of the photon energy and the free electrons equilibrate on typical
time scales of 10 to 100fs. As a consequence, XFEL pulses will generate well-behaved
equilibrium plasmas (see discussion in Sé@.2.9. Optical pulses at intensities above
10*® W/cm?, instead, produce almost collision-free relativistic electrons which self-organize
into collimated beams with ultra-high currents and magretids of up to GigaGauss .

Plasma generation by X-rays béite from the high penetration into the whole volume
in similarity to heavy-ion beams. However, whereas ions deposit their energy preferentially
at the end of their range by collisions with atoms and ions (stopping power), X-rays are
uniformly absorbed and therefore also deposit the energy uniformly along their path. This is
one of the requirements which enable the isochoric heating of the target by X-ray providing
thus plasma generation along isochores.

In addition to the generation of dense plasmas, the diagnosis of plasmas wiiit bene
strongly from the XFEL source. The critical electron densityem 3] = 10*"(\[nm])~2,
where visible light will not propagate, is 10?2 cm™3, indicating that all dense plasmas
can not be probed. For X-rays this critical density is of the oid@é? cm=3 well above the
plasma frequency at any conceivable density of matter.

3.2.2. Generation of plasmas at solid density

Focused XFEL pulses will convert solid target matter into dense plasma with record tempera-
tures and pressures opening a new branch of dense plasma research. We illustrate this by giv-
ing an explicit example of XFEL target heating, using a standard hydrodynamic simulation.
As depicted in Fig3.2.4 XFEL pulses produce a solid-density plasma with temperatures
beyond 100 eV (10K) and pressures close to 1 Gbar.

3.2.2.1. Hydrodynamic response to X-ray pulses

In the following, we discuss heating and hydrodynamic response of a solid gold foil exposed
to an X-ray beam at the XFEL. FiguBe2.4represent the results of a two-dimensional sim-
ulation in terms of temperature and pressure contours for cylindrical symmédingeddoy

the X-ray beam impinging onto the targetaat= 0.5 um. A homogenous beamspot with

a diameter of um is assumed and theaxis describes the radial distance from the beam
center. The FEL X-ray photons are emitted in micro-bunches 90fs long corresponding to
103 photons per bunch at 3.1 keV photon energi @avelength), and lead to an intensity

of 5 x 108 W/cm? when focused to &l um)? spot or everb x 102° W/cn?, if a focal area

of (0.1.:m)? proves feasible. For the calculation, a pulse of 3.1 keV photons is incident from
the right, rising linearly in time over 90fs t'” W/cm? and then falling in the same way.
Although the0.5 um thick disk is heated to 360 eV at its right boundary, implying a pres-
sure of 1 Gbar, it undergoes minimal expansion durinditis€200 fs. Strong hydrodynamic
expansion, however, is seen at the time of 5 ps, as the target explodes and completely disin-
tegrates. Note that two-dimensional expansion is observed only at the edgdiat tisk,

while the central part of the foil is expanding in a purely planar manner. This is a crucial
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Figure 3.2.4.:Temperature (in eV, left) and pressure (in Mbar, right) distribution of a gold foil
irradiated by 1017 W/cn? of 3.1 keV photons. After 200fs the foil till has itsoriginal size, while
after 5psit has expanded hydrodynamically.

condition for quantitative studies.

The simulation results were obtained with the MULTI cod¢€][ which includes beam
energy deposition, hydrodynamics, heat conduction and radiative transport. Since hydro-
dynamic expansion is mainly planar during thest few picoseconds (see Fig.2.4), we
restricted ourselves to one-dimensional simulation in the following. Irradiation of thin lay-
ers of various materials with 90 fs X-ray pulses were studied. The absorption of the XFEL
photons was modelled with Bésrlaw, using absorption cdefients calculated with the
SNOP code?d]. Itis important to note that the hydrodynamic simulations assume instanta-
neous equilibration of the deposited photon energy, such that equations of state can be used.
This assumption is adequate for times larger than 100 fs, when the interaction with the XFEL
pulse is over. Since hydrodynamic and radiative losses are still small at 100 fs, the deposited
internal energy can be calculated at this time in the fefilg) = I(W/cm?®)k(cm?/g)7(s),
from the intensity/, the pulse duratiom, and the absorption cdefientx. Temperaturd’
and pressure can be calculated using the equations of stéie p,) andp(7’, py) from the
SESAME library, wherg is the initial target density. This simple analysis well describes
temperatures and pressures just after the pulse and can be used for the initial design of ex-
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Figure 3.2.5.Temperature (red line, left scale) and pressure (short-dashed black line, right scale)
versus internal energy at normal density in gold. The melting temperature at normal pressure is
also given. For XFEL radiation at 3.1 keV focused to 1 zm? we obtain an internal energy for gold
of > 107 J/g, corresponding to a temperature of ~ 300 €V and a pressure of 1 Gbar.

periments. For the example of solid gold, temperature and pressure are given as a function
of the internal energy in Fig. 3.2.5 The melting temperature is also indicated. At 3.1 keV
a large fraction of the X-ray beam is absorbed in the gold target and the intensity decays
exponentially along the X-ray path, leading to gradients in T and p (see3Eig). For
targets thin compared to the photon mean free path almost no gradients are generated along
the X-ray beam path.

The 1D hydrodynamic response is further illustrated in F&§8.6and3.2.7. We have
again chosen the same XFEL beam parameters used to genere&@e2FigA 500 nm thick
gold layer is illuminated with 3.1 keV photons. The penetration depth of the X-ray photons
is given by the inverse mass attenuation coefficient of 0.5 mty/and it depends weakly on
target density and temperature. In Fig2.6the density evolution is shown as a function of
space and time coordinate. While almost no hydrodynamic expansion occurs on the heating
timescale of 90fs, rarefaction waves are seen later moving into the heated foil from both
surfaces and meet in the middle after 5ps. At this time, outer layers have expanded over
a um scale, more so on the irradiated right side. FigBu&7shows temperature profiles
at different times and temperature evolution versus time for few foil positions. The highest
gas kinetic pressure in the target is reached during laser heating in the region of highest
temperature, where values up to a Gbar are predicted.

3.2.2.2. Non-equilibrium plasmas

Transient states of non-equilibrium plasma produced by XFEL micro-pulses will occur dur-
ing the 100fs interaction period. An important issue is equilibration of the dense plasma
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temperatures are produced.
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Figure 3.2.8.: Temporal evolution of Ly-a: emission of Al plasma heated by 10 17 W/cm? XFEL
pulse of 100fs duration (thick curve, lower part). For comparison, the temperature evolution
(upper part) and the corresponding Ly-o: emission under equilibrium (LTE) conditions (lower
part) are also shown.

generated by intense FEL X-rays, which depends on the collision times involved. The
electron-electron collision time is of the order of femtoseconds for temperatures of a few
100eV. Thus, one can expect that the free electrons quickly acquire a Maxwellian distribu-
tion. In contrast, the characteristic electron collision times for ionization and excitation are
in the range of picoseconds. Therefore, the beam-excited matter will be in a state far from
local thermal equilibrium (LTE) during the heating period. In particular, photoionization
and excitation caused by the X-ray pulse will drive the matter into a state that strongly devi-
ates from LTE. The equilibration between electrons and ions takes place on the picosecond
timescal e due to the mass ratio m. /1o,

The importance of non-equilibrium processes is illustrated by Fig. 3.2.8 showing the
emission of Al Lyman-alpha (2p-1s) line at a photon energy of 1730€V in an Al plasma,
heated to 200eV by a 100fs pulse. For ssimplicity, hydrodynamic expansion has been sup-
pressed here, i.e. the density isfixed at solid state density (2.7 g/cm?), and cooling by expan-
sion is neglected. The heated layer is considered as optically thin for the Al Ly-a photons.
By solving the rate equations with an atomic kinetics code [ 29], the time-dependent varia-
tion of the Ly-a emission is calculated. In this preliminary simulation, the layer was heated
for 100fs at a radiation temperature of 1000 eV, corresponding to the energy deposition of
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an XFEL beam with an intensity of 107 W/cm?. A non-equilibrium state strongly deviating
from local thermal equilibrium is generated. The strong photoionization and excitation cre-
ated by the driving radiation causes an overpopulation of the upper states by many orders of
magnitude. After the driving pulse is switched off, the overpopulation decays within about
1 ps and approaches a steady state value. Thisis somewhat below the LTE state, because the
Al layer is considered as optically thin and the electron collision frequency is, despite the
high density, not high enough to establish LTE.

3.2.2.3. Investigation of warm dense matter

The regime of warm dense matter isaccessed in all laboratory experiments where one creates
aplasmafrom solid or near solid density targets. It is, however, difficult to study this part of
the plasma creation process in isolation. Rapid temporal variations, steep spatial gradients,
and uncertain energy sources lead to indecipherable complexity. Indeed, although there has
been much interest in thisregime, as evidenced by the literature on strongly coupled plasmas,
there has been little progress [ 30]. Thefact that the X FEL will allow the creation and probing
of the warm dense matter regime in the laboratory, will provide high quality data that will

gpark the field. In contrast to other techniques the generation of the warm dense matter
along an isochore, i.e. atrack of constant density, and subsequent probing along the release
isentrope, i.e. atrack of constant entropy, will be unique and provide new datafor this vast
research field. Theimportance of thisdata derivesfrom the fact that currently all high quality
data derived for warm dense matter is generated by shocking the material. The shock method
providesinformation along the principal Hugoniot, that is, the locus of pointsin the pressure-
density space that are accessed by a single shock - one point for each shock. Although this
has been quite useful, itisavery limited set of dataproviding littleinformation on the general

behavior in the warm dense matter regime. Indeed, the amount of data that is now available
provides insufficient constraints on theoretical development.

3.2.3. Plasma spectroscopy
3.2.3.1. Plasma diagnosis

Plasma diagnosis first of al will strongly benefit from the penetration power of X-rays,
allowing usto obtain information from the volume even for solid-density plasmas. However,
in order to obtain important plasma parameters, like temperature, density, charge state, and
collective behavior of dense, strongly-coupled plasmas, hew spectroscopic tools have to be
developed. Very promising here is energy resolved inelastic X-ray scattering to map the
velocity distribution of electrons. Furthermore, the density distribution of differentionization
stages of atomic species with Z ~ 20 can be determined by absorption contrast imaging or
X-ray interferometry with the photon energy tuned to the respective absorption edge. The
use of X-ray diagnostic tools would provide the first direct measurement of microscopic
parameters of solid—density plasma, which could be used to properly interpret measurements
of thermal and electrical conductivity, equation of state and opacity found in astrophysical
environments as well asin virtually all plasma production devices.
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Figure 3.2.9.. Schematic of an energy resolved X-ray inelastic scattering spectrum, with informa-
tion provided by each feature noted. The intensity distribution is shown for energies relative to
the energy of the probing X-ray beam. For explanation see text.

Inelastic X-ray scattering Inelastic X-ray scattering can provide information to obtain
the ionization state, density, temperature and the microscopic behavior of plasmas. The
obtained information can also shed some light on the transport properties. The method is
an extension of Thomson scattering using visible light, which is very successfully applied
to low density plasmas [31]. Indeed, the corresponding Thomson scattering cross-section
is directly related to the dynamic structure factor, S(k,w), of the plasma and thus provides
insight into the theoretical predictions from different theories [ 32]. In recent years, it has
led to new and important discoveries [33]. Extension of this method to densities above
10%! cm~3 using visible light will be very difficult. We propose instead to extend the power
of spectrally resolved Thomson scattering from the visible light regime to the X-ray regime.
However, the preconditions for the interpretation of the scattering data is that there is a
valid theoretical model for the S(k,w) in the high density regime, which in itself will be
a challenge. The tunable X-ray wavelength, the high energy, band width, the short pulse
duration and, importantly, the large peak photon flux make this source the only one that can
address the X-ray inelastic scattering diagnosis of transient plasmas.

Figure 3.2.9 shows schematically a generic energy resolved spectrum. It contains var-
ious contributions providing the means to determine several parameters of the investigated
plasma. Coherent scattering from tightly bound electrons (7, per atom) will provide an
unshifted peak at the probe wavelength (Rayleigh scattering) whose integral intensity is pro-
portional to Z32. Incoherent Compton scattering occurs, in particular, at the weakly bound
electrons (Z,,, per atom) and will lead to a second peak, which is downshifted in energy by
the order of iw/mc? (the Compton shift). The integral intensity of this peak is proportional
to Z,,». Thomson scattering from free electrons (Z, per atom) should provide a dispersed
spectrum centered on the Compton peak, with aspectrally integrated intensity varying as Z ;.
The form of the spectrum will in general depend on the free electron density, n.., free elec-
tron and/or Fermi temperature 7T'r.,..,; and electron-ion collisionality v.;. Hence, by energy
resolving the scattered X-rays one gains access, for the first time, to an unparalleled source
of information on warm dense matter.

For example, we should beabletoinfer 7, Zy,, and Z,,, from therelative contributions of
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coherent, incoherent and free electron scattering. This would allow discrimination between
different ionization balance models used to define the equation of state of the corresponding
plasmas [34]. Using the free electron temperature and density (and hence ionization state
since the ion density is effectively hydrodynamically frozen) will shed further light on the
equilibrium states of warm dense matter, and the obtained plasma collisionality would allow
tests of the validity of various strongly-coupled statistical physics models.

Imaging plasmas  The possibility to use coherent X-ray beam from synchrotron radia-
tion to image dense matter quantitatively and thus to observe the density distribution with
high spatial resolution of the order of 1 um? has been proven throughout the last years. This
technique can be applied for imaging the plasma region and to obtain information about
density distribution for all plasmas and/or solids one could produce. The use of interferom-
eters, as done in previous work on plasmas [35], will not be necessary due to the intrinsic
coherence of the X-ray beam. New techniques, similar to common point interferometry, can
obviate the problem of the statistically varying pulse structure.

We note in closing that there is the intriguing possibility of using part of the beam, for
example the spontaneous background, to warm a sample and then use the X-ray pulse to
probe it. This is distinct from the idea where we create the plasma using a standard long
pulse laser system. The experiments using the XFEL as the heater and probe are much more
demanding as the number of free electrons may decrease by at least an order of magnitude.
Note that the number of free electrons is a matter of great controversy in this regime as the
definition of "free" is open to debate [36]. Further, the need to delay the heater from the
probe by X-ray optics creates additional losses. While thismay still be possible, and spectral
resolution can easily be achieved, thefirst experimentsin both the warm dense matter regime
and the plasma X-ray inelastic scattering at higher temperatures should be independently
pursued.

3.2.3.2. Investigation of X-ray laser transitions

The difficulty for X-ray plasmalasersisto find inversion schemes that can be populated with
high efficiency and enable, therefore, high gain factors. These schemes are developed by
simulations, experimentally they are, however, often very difficult to verify. The XFEL will
enable for the first time highly efficient photo pumping of specific X-ray laser transitions
and therefore offer the possibility to separate the kinetic processes occurring during plasma
creation from the pumping of particular transitions used for the laser emission. The XFEL
thus could provide a very sensitive test for models of plasma population kinetics. Of further,
and particular, interest are those states with a high density of K-vacancies (hollow ions),
generated due to the preference in the X-ray interaction for ionizing deeply bound electrons.
Such states are of primary interest for so-called gammarray lasers. After a consideration
plasmakinetics studies two examples are presented, where the X FEL offersnew and exciting
possibilities.

Investigation of plasma kinetics The importance of the XFEL isthat one can useit to
pump individual transitions in a plasma, creating enhanced population in the excited states
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that can be easily monitored. The idea has been used in lower density plasmas with optical
lasers and can, with XFEL s, be employed to advance the study of high density plasmas. Fur-
thermore the XFEL will allow pumping of transitions from core states, employed in plasma
X-ray lasers. Variations on theideaof pumping individual transitionsinclude the pumping of
selected transitions to attempt to understand the inversion mechanisms for the production of
laboratory X-ray lasers and the selective pumping of the wings of aline transition to observe
redistribution within the line profile. Using the XFEL will therefore allow us for the first
time to test theoretical modelsin the areas of atomic processes, kinetics model creation, line
shape formation, and X-ray gain studies.

In order to provide useful datathe XFEL radiation must fulfil certain requirements. First,
to enable investigation of various transitions the probe must be tunable. Thisis easily satis-
fied. Second, the line width of the pump must be such that it can pump entire line profiles
and also be capable - for studies of redistribution within line profiles - of pumping parts of
the line profile. Again, these conditions are readily met. Finally, one needs to have a pump
that can move enough population from one state to another so that the population changes
can be monitored. The last requirement can be verified by comparing the pumping rate, R,
and the spontaneous emission rate, A,,;, of the transition being pumped. For systems without
non-radiative decay channelstheratio [37]

B _ 6 65 10-2 A 0u [ W ]

Au A g O em2

of these rates is proportional to the number of photons per mode. The ¢'s are the statisti-
cal weights of the upper and lower states, A and I, are the wavelength and intensity. A is
the smaller value of either the incident bandwidth or transition line width. If we conserva-
tively assume I, ~ 10" and A ~ 0.001 we find that the ratio is approximately 1 at 10A.
This number is at least 1000 times larger than can be obtained by using a plasma source to
pump atransition. The ratio decreases with decreasing wavelength, and matching, or at least
controlling the bandwidth, can have salutary effects.

(3.2.1)

The He-like Ne scheme A proposed inversion scheme to be used as a plasma laser
is shown in Fig. 3.2.10. To obtain the proposed He-like Ne scheme laser transition (n =
4) — (n = 3), the (n = 4)-state needs to be populated very effectively to achieve inversion.
Attempts have been madeto study the popul ation kinetics and the laser transition by pumping
the (n = 4)-state of He-like Ne with an optical laser. The radiating decay of this state
was intended to serve as a pump for the He-like Ne (n = 1) — (n = 4) transition (see
Fig. 3.2.10). Unfortunately, thiswas not successful due to missing pump power. A particular
problem for such pumping schemes of X-ray plasma lasers are hot electrons, which are
created in plasmas generated by optical lasers and which lead very efficiently to non-radiative
decay.

Using the XFEL tuned to the energy for the transition (n = 1) — (n = 4) of He-like Ne,
one would very efficiently pump the (n = 4)-state, enabling a study of its (de-)population
kinetics. The XFEL provides not only a brightness several orders of magnitude higher than
the plasma generated He-like Ne pump, it also allows study of the proposed plasma laser
system, independent of the difficulties inherent in coupling two separate plasma sources.
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Figure 3.2.10.: Term scheme for a proposed plasma X-ray laser transitionin He-like Ne at 231 A
(right). Instead of using the radiative decay of the He-like Ne (n = 4)-statefor pumping (lft) the
XFEL offersthe possibility for direct pumping of the (n = 1) — (n = 4) transition of He-like Ne
(dotted line), thereby disentangling pumping and (de-)population of the proposed laser state.

The XFEL thus could fully disentangle the process of pumping the laser transition from the
population kinetics of the lasing state.

Redistribution  Recent advances in the computation of the radiative properties of com-
plex ions in hot, dense plasmas, made possible by the development of the frequency fluc-
tuation model [38], have resulted in an adequate understanding of the effect of the plasma
environment on the emission or absorption process and the shape of the associated spectral
lines[39]. The next logical step in understanding the radiative properties of hot dense plas-
mas is to develop models for the study of the multiphoton response, e.g., the scattering of
resonance radiation. One motivation for this study is that for lines with a large optical depth
there remain difficult problemsinvolving radiative transfer. Beyond the simplest assumption
that the line shape is independent of the radiative redistribution, these problems cannot be
understood simply through cal culations of the one photon absorption or emission spectrum,
but require the development of a computational ability to treat the scattering of near resonant
radiation in hot dense plasmas. This means that a theoretical formulation of the two photon
plasma spectral propertiesin the presence of a combination of homogeneous and inhomoge-
neous broadening processes must be developed. Clearly the creation of an X-ray laser source
such as the TESLA XFEL will provide the necessary experimental test bed to evaluate the
complex processes that contribute to the redistribution of radiation in aline profile.

As an example we present here a simulation of the radiative redistribution processes of
Li-like Fe created in a laser produced plasma. An estimate of the ratio of pumping and
spontaneous decay rate at a density N, = 10*2 cm~2 and temperature T, = 500 €V indi-
cate that the investigation of this pumping processis feasible. In Fig. 3.2.11 simulations of
line profiles are shown for two cases. In the absence of XFEL radiation (left-side plot) one
observes two emission lines. Stark collisions lead in addition to the appearance of two for-
bidden emission linesat 1544.6eV (4.5, — 151 /2) and 1554.7eV (4D, — 15, 5). Photo
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Figure 3.2.11.. Left: Transitions of Li-like Fe (n = 4) — (n = 1) at T, = 500eV and
n. = 10%2cm=3. Only electron broadening (black curve) and electron and ion broadened (red
line) have been taken into account. Right : Line profiles including electron and ion broadening
after photopumping with the XFEL at three energies. 1550.4¢eV (red), 1552.3¢eV (black), and
1554.7 eV (blue).

pumping now with the XFEL at three energies (right-side plot), populating thus different
states selectively, leads to line profiles exhibiting far more details. One for example sees
that pumping at 1550.4 €V leads to the forbidden (4D3,» — 15, /2) transition forming the
shoulder at 1554.0€V. Thisisaclear indication of redistribution of the excited states within
the plasma. A further example for such studies with the XFEL would be aluminum plasma,
where similar approaches have already been made [40].

In summary to this chapter, the XFEL opens new possibilities to plasma physics. The
generation of dense and strongly coupled plasmas by X-rays that penetrate into the sample
and heat it isochorically has the capacity to illuminate the physics of dense plasmas and to
study in detail the plasma phase space of many elements. XFEL generated plasmaswill cover
a wide range of temperatures from warm solids up to hot plasmas at solid density. It will
furthermore be important to study equilibration processes occurring in these plasmas and to
investigate the plasma kinetics, of interest not only to X-ray laser research. The quality of
the XFEL radiation will in addition enable development of new concepts of X-rays based
plasma diagnosis, important to study these dense plasmas not accessible by optical means.
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3.3. Condensed Matter Physics

This chapter has been written on the basis of contributions to the reports of the
workshops "Hard Condensed Matter Physics” edited by Th. Briickel (FZ Jilich)
and H. Franz (HASYLAB, Hamburg) (see A.1.3) and "Nuclear Resonant Scat-
tering at the X FEL" edited by U. van Blrck (Technical University, Miinchen)
and H. Franz (see A.1.7). In these contributions, more detailed description and
further references can be found.

Condensed matter comprises a large spectrum of materials, from clusters consisting of
only a few atoms only through composites up to macroscopic solids. Objectives of con-
densed matter research can be described as follows: first is the determination of the atomic,
electronic structure and dynamics; second, the determination of the fundamental interac-
tions, third is the relation of the microscopic and mesoscopic structure and dynamics to the
macroscopic properties of the materialsin question. This field of research thus constitutes a
basic pillar of modern material science and engineering applications, described in Sec. 3.5.
Historically, solid-state research provides a beautiful example of the application of quantum
mechanics and statistical physicsto an extreme many-body problem, and has found its great-
est success with the theoretical description of ssmple periodic crystalline materials. Thisis
now standard material in many basic textbooks on solid-state science. Scattering and spec-
troscopy of X-rays have greatly contributed to our present day understanding of materialson
an atomic scale. However, in any real material, deviations from thisidealized average perfect
structure occur in the form of defects, which can turn out to be decisive for the appearance of
certain material properties. The determination of such heterogeneities (dislocations, grains,
composites etc.) on a hano- or mesoscopic length scale in bulk materials represents a real
challenge for modern condensed matter research. In addition, new materials, such as lay-
ered or laterally structured materials created on a nanometer length scale either artificially
or by self-organization, have come to the center of attention. Thisis partly triggered by the
fascination of designing materials with certain desired properties, and partly due to previ-
ously proven applications. One example is magnetic multilayers, which have found a wide
range of application as information storage media or field sensors. New techniques have
yet to be developed to study these materials and their dynamic response on wide length and
time scales. Besides studies of the geometric structure, another very active field in solid
state research is the study of magnetic structures, magnetic excitations and magnetic phase
transitions. With the rapidly growing applications of magneto-electronics, the behavior of
nanostructured magnetic material s has recently attracted alot of attention. But also, new bulk
materials have appeared with unusual properties resulting from electronic correlations, such
as novel superconductors or colossal magnetoresistance manganates. For many problems
concerning these novel magnetic materials, traditional probes, such as neutron scattering or
X-ray scattering and spectroscopy on present synchrotron radiation sources, face their limit
of applicability, e.g. in the observation of ultra-fast response in the femtosecond time regime.
Again, the study of such ultra-fast processes is not only of fundamental interest, but bears
direct application for magnetic data storage devices, where the times required to switch the
magnetization in a nanostructure determine the limitations of the write or read cycles for
magnetic memories.
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The femtosecond magnetic response discussed aboveisjust one example that shows that
not only the static properties, but also the function and performance of devices are gov-
erned by the electronic, spin, and vibrational dynamics. Apart from elementary excitations,
the time-dependent kinetics of solid-state reactions (e.g. Sintering processes in ceramics)
or phase transitions play a decisive role for functional materials, such as smart materials.
Metastability or nucleation mechanisms for phase transitions are largely unexplored, since
local probes capable of resolving fast kinetics have not been available.

As will be shown in the subsections below, for many of the above problems, an XFEL
source can provide new insight not attainable with other, more conventional methods. The
unique properties of the XFEL source, such as a large degree of lateral coherence, fem-
tosecond time structure, high brilliance, and also the appearance of short-pulse high-energy
spontaneous radiation, provide new experimental possibilities and gives access to quantities
not attainable at present. It has to be stressed that the XFEL provides not only mere growth,
but a qualitative leap promising to make certain observations possible for the first time. Last
but not least, the XFEL allows the investigation of materials under extreme conditions, for
example, high temperatures, high magnetic field or high pressure.

3.3.1. Magnetism
3.3.1.1. Some open problems in magnetism

Magnetism is a very active and challenging subject of solid-state science, since it represents
a typical many-body problem and a complex application of quantum mechanics, statistical
physics and electromagnetism. During the last few decades, new discoveries have emerged
inthisfield dueto the synthesis of new classes of magnetic materials, due to improved or new
powerful experimental techniques or due to advancements in solid-state theory. Let us men-
tion a few examples of materials of current interest: the high-temperature superconductors
and the colossal magneto-resistance manganite compounds, both of which have structures
derived from the perovskite structure; the rare-earth nickel-boron carbide compounds with
a coexistence of magnetism and superconductivity; the large class of Kondo systems and
heavy fermion compounds; spin glasses and spin liquids; molecular magnets or new and
rather complex hard magnetic materials, just to mention a few. Besides bulk materials, the
magnetism of thin films and surfaces has become atopic of great current interest, mainly due
to the improved preparation techniques. Driven by pure curiosity, scientists have discovered
many fundamental effectsin thin film devices, such as oscillating interlayer coupling or gi-
ant magneto-resistance. Within less than ten years from their initial discovery, these effects
found their applications, for example, in read heads of computer hard disks. A promising
new field of application is emerging, so-called magneto-electronics with spin transistors or
magnetic random access memories MRAM [1].

Some 3000 years after the discovery of magnetism, fundamental problems remain. The
XFEL could contribute significantly to answering the following open questions —alist which
is by no means exhaustive:

e Strongly correlated el ectron systems: How do el ectronic correl ations determine ground
state, thermal, or transport properties?
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e Molecular magnets. How are the unpaired electrons distributed? What determines
the ordering temperatures? How can we design materials with the desired properties?
What are the time scales for quantum molecular tunnelling?

e Nanostructured materials. What are the magnetic structures, couplings and excitations
in magnetic thin films, magnetic quantum wires and quantum dots or nanostructured
permanent magnets? What determines time scales for the switching of magnetization
in an external applied field?

e Low dimensional magnetism: Do we understand the statistical physics in two and
one dimensions with quantum spin plaquettes, spin ladders or spin chains as model
systems?

e Magnetism at surfaces and interfaces. What is the magnetic structure at surfaces? Is
the magnetism enhanced or reduced as compared to the bulk material? How are the
phase transitions altered at the surfaces? How are magnetic and structural roughness
related and how do they influence transport or coupling?

e Frustrated and/or disordered spin systems: What is the ground state of highly topolog-
icaly frustrated systems? Are there new universality classes for the magnetic phase
transitions of chiral spin systems? What are the phase diagrams, and the dynamic
response of complex, disordered magnets?

Apart from these fundamental questions, solid-state magnetism has become an active
area in applied materials science because of the many industrial applications. While it is
impossible to predict the progress of science over a decade, it is very likely that similar or
related problemsin the field of magnetism will be in focus several years from now, when an
XFEL source becomes available.

While macroscopic measurements (magnetization, susceptibility, etc.) or local probes
such as magnetic resonance imaging or Muon spin resonance give very valuable informa
tion, the interpretation of the data obtained with these techniques always relies on model as-
sumptions, which can only be tested by probes with atomic space and time resolution. Since
the experiments of C. Shull in 1949, neutron scattering has been the traditional microscopic
probe for magnetism. However, within the last decade, various forms of X-ray absorption
spectroscopy (linear and circular dichroism, spin sensitive X-ray absorption spectroscopy or
related techniques such as Kerr or Faraday effect measurements) as well as X-ray scattering
techniques (non resonant magnetic scattering, resonant exchange scattering, magnetic re-
flectivity measurements, nuclear resonant scattering) have been established and contributed
largely complementary information [ 2]. X-ray scattering provides information on pair cor-
relation functions, and, in contrast to neutron scattering, allows one to distinguish spin and
orbital angular momentum [3]-{5]. The high momentum space resolution gives access to
larger periodsin direct space [ 3, 5]. By tuning the X-raysto an absorption edge of the mag-
netic elements, element-specific magnetization [6] or spin pair correlation functions [ 7] can
be determined, giving new insight into the physics of disordered systems. The study of sur-
face magnetism using X-ray methods has been initiated [ 8, 9]. Recently a magnetic speckle
pattern could be observed with the partly coherent beam from a third-generation source[ 10].
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While many of these techniques have become routine, others, such as surface scattering and
the full exploitation of coherence or of time resolution on sub-millisecond time scales, await
the advent of more powerful X-ray sources.

Considering that magnetic scattering is several orders of magnitude weaker than charge
scattering, it istempting to extrapolate today’s X -ray scattering techniquesto the possibilities
offered by the high peak intensity of the XFEL. This has to be done with extreme caution,
since the energy in the XFEL pulse is deposited directly into the electronic system in which
magnetism resides. In many cases we will no longer be able to neglect the perturbation
by the X-ray beam. Phenomena due to multiple core hole excitations will be studied on
the XFEL. First experiments on single atoms investigating electron correlations in double
ionization processes have recently been reported [11]. Coherence might play a role in de-
termining electron correlations by multiple excitation processes, but at present, we can only
speculate about the implications for magnetic studies. In what follows, we assume that the
experimental conditions are such that information on the unperturbed system is obtained
(e.g. unfocused monochromatized beam under grazing incidence). The XFEL beam param-
eters match well the requirements for magnetic studies. The energy range from 0.82 keV
to 14.5keV of the coherent radiation covers all the interesting absorption edges of the ac-
tinides (M edges at 3 to 6keV) and lanthanides (L edges at 5 to 11 keV) used nowadays for
resonant magnetic X-ray scattering or magnetic dichroism studies. 1t would be desirable to
push the lower limit down to 0.5 keV in order to cover all of the 3d transition metal L edges.
Additional monochromatization downto AE/E < 10~* is indispensable for spectroscopic
studies. The spontaneous radiation extends up to several 100keV and is thus well suited for
non-resonant magnetic X-ray diffraction. Clearly, the high inherent degree of polarizationis
of utmost importance for magnetic studies.

Novel applications result from the coherence, the time structure, and the high brilliance
of the XFEL beam. The transverse coherence length will be increased from about 10 ;m at
a third-generation synchrotron radiation source to the full beam size at the XFEL. Thisis
reflected by an increase in coherent flux of about ten orders of magnitude. The observation
of magnetic speckle patterns due to the domain structure of magnetic systems will become
routine. Photon time correlation spectroscopy will alow the study of magnetic dynamicsin
the momentum transfer range Q = 10~* to 10A~! and the time range 10— to 100s. This
method surpasses the possibility of the neutron spin echo technique towards a larger Q and
energy range.

3.3.1.2. Magnetic domains, surface and thin  films

One application isthe study of magnetic thin filmsor surfaces, where the structural interfaces
and the magnetic interfaceswill in general have different roughness. The” magnetic” speckle
pattern will differ significantly fromthe” charge” speckle pattern. The interface structure can
in principle be reconstructed without model assumptions from such a speckle pattern [ 17],
while the interpretation of reflectivity measurements with incoherent beams always relies
on model assumptions for the interface structure. Slow dynamics in the magnetic system at
the interface will occur for example in the vicinity of magnetic phase transitions and can be
studied without background due to charge scattering by the fluctuating magnetic specklesin
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between the static structural or ”charge” speckle peaks. This example demonstrates quite
generally how coherence can be used to study magnetic fluctuations in the presence of a
much higher charge background and for very small quantities of magnetic material (herejust
a surface or interface layer!). The method will allow the influence of spatial restrictions to
be studied.

With existing sources, it is almost impossible to determine the statistical parameters of
magnetic thin-film systems such, as average domain sizes, magnetic roughnesses or relax-
ation time constants of magnetic fluctuations. Most frequently, there are two ways to in-
vestigate magnetic properties. 1) performing two measurements with differently circularly
polarized incident beam of opposite helicity and analyzing the normalized difference or 2)
illuminating with linearly polarized beam and monitoring the perpendicularly polarized scat-
tering. The first method has the advantage of reasonably high scattered intensity, but defi-
nitely preventstime-resolved investigations. Furthermore, in the case of magnetic roughness,
the signal scales with the correlation to the charge roughness. Thus, no clean magnetic in-
formation is expected. The second method decouples magnetic and charge contributions, but
for diffuse scattering the intensity is extremely small.

The FEL source would be capable of doing novel kinds of experiments on the properties
of magnetic thin films. Most crucial will be the full coherence and the complete linear
polarization of the beam. The high flux isaso helpful.

[lluminating the sample surface under grazing incidence causes diffusely scattered in-
tensity, which contains information about the above-mentioned magnetic properties. If the
beam is fully coherent, a spiky speckle pattern is expected - see the simulation shown in
Fig. 3.3.1. The magnetic speckles with quite weak intensity will be at different positions
compared to the charge speckles. (Only if both structures are EXACTLY the same will the
patterns match). Both kinds of speckles can easily be distinguished by their direction of
polarization if the incident beam is completely polarized.

The following experiments are possible:

e Magnetic X-Ray Photon Correlation Spectroscopy (XPCS). In the case of magnetic
fluctuations, the magnetic speckle pattern will change according to the relaxation time.
In contrast, the charge speckle pattern remains unchanged. The fluctuating magnetic
signal becomes visible in between the charge speckles. Performing a typical XPCS
experiment at these positions with polarization analysis will yield the magnetic relax-
ation times.

e If the magnetic structure is almost static, a scan of the diffuse scattering with polar-
ization analysis yields the compl ete magnetic speckle pattern. Doing this on different
sample positions and averaging the scanned intensities give access to the correlation
lengths of the magnetic roughness and domain size in the films.

e Combining the coherence of the XFEL beam for imaging purposes and nuclear reso-
nant scattering techniques, one may obtain 2D or 3D maps of the sample. Using the
contrast in the hyperfine structure to obtain two-dimensional images, domain distri-
butions of thin films or surfaces can be investigated at very high spatial resolution.
In 3D reconstructions, provided e.g. by holotomography, information on nucleation
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Figure 3.3.1.. Calculation of a speckle pattern from a rough surface. An incident angle scan
with fixed scattering angle (¢ = 2°) is shown. The beam size is 20 um. The distance from the
defining pinhole to the sampleis 500mm, as is the distance from the detector to the sample. The
wavelength is 1 A. The inset shows the surface roughness assumed to generate the pattern. The
sample size is 0.4 mm, the rms-roughness5 A.

and growth (on a time scale of ms) of magnetic domains or new phases may become
accessible. Possible applications of such studies are e.g. the homogeneity of an ar-
ray of magnetic structures and the response of magnetic nanostructures to external
field pulses. Also elements specific surface depth profiles may be reconstructed from
dynamical beat maps.

e Magnetism in surfaces and multilayers was studied successfully using nuclear reso-
nance scattering of >"Fe. With the XFEL new isotopes will become available for this
kind of study, which has already proven to provide detailed information about mag-
netic electronic ground states. Of particular interest here are the rare earth isotopes
149Gm, 151 Eu and 61Dy, since the 4f-magnetism of the rare earth elements determines
many properties of magnetic devices using these elements. As shown by conven-
tional M Ossbauer spectroscopy at the 112Sn resonance, non-magnetic Snis avery use-
ful probe for magnetic samples and also for heavy fermion systems|[ 13].

For most of the above-mentioned experimentsacompletely coherent and polarized source
is needed. A monochromatic beam is necessary (JE = 1€V, determines the accuracy of the
polarization analysis), thus the FEL should be seeded to get the same wavelength for each
bunch. The spontaneous emission is small enough if it is about four orders of magnitude
less intense than the laser. A well defined time structure is desired. The grazing incidence
conditions prevent the damage of the sample by the beam.
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Femtosecond magnetism of nanostructures Miniaturized magneto-electronics de-
vices are expected to have a high potential for applications in information technology and as
magnetic field sensors. A goal in data storage technology isto devel op non-volatile magnetic
random access memory (MRAM) nanoscal e devices (see Fig. 3.3.2) that can replace present
RAM chips. The reduced system dimensions should lead to many new phenomena that are
of scientific and technological interest. Although thermodynamically stable magnetization
reversal after application of short external field pulses has been achieved, a considerable
deficiency exists in our understanding of the spin dynamics and the ultimate timescales on
which exchange coupled spinsin asolid could eventually be reversed.

RAM devices usually consist of different magnetic and non-magnetic materials that re-
quire element-selective measurements of their electronic and magnetic properties. X-ray
circular dichroism is to date the only technique that can achieve this. Of special interest is
the separation of orbital and spin contributions to the magnetic moment [ 14]. An example
is shown in Fig. 3.3.2.B, where the orbital moment per spin for self-assembled Co dots is
plotted as a function of the dot size [15]. The orbital moment links the spins to the crystal
|attice and establishes a preferred direction of magnetization [ 14]. The dramatic increase of
the orbital moment in Fig. 3.3.2.B isthen indicative of an enhanced spin-orbit coupling with
reduced dot size. Such self-assembled magnetic dots can be viewed as prototype systems
for nanoscale magnetic storage media. Along with the shrinking bit dimensions, the time
scale for read-write operations has to be reduced in order to cope with the increasing storage
capacity. In magneto-optical storage media, an intense laser pump-pulse erases the bits. Itis
expected that enhanced spin-orbit coupling in small devices will help to promote electronic
spin-flip scattering leading to faster magnetic switching times[16]. This can be measured in
X-ray dichroism experiments utilizing the time structure of an XFEL . A with respect to pump
pulse time-delayed femtosecond X -ray pul se would then probe the time evol ution of spin and
orbital magnetic properties. Such information is unavailable with present femtosecond-|aser
based techniques [17]. The magnetic switching speed of nanostructures such as MRAM
devices (see Fig. 3.3.2.A) could also be measured with such pump-probe techniques. A
pump-pulse would then trigger an optical switch and generate an ultra-short current pulse.
Combining this method with X-ray [ 18] or photoel ectron emission microscopy [ 19] would
then allow unprecedented studies of the magnetic switching dynamics with femtosecond or
picosecond time resolution of small particles and devices.

A second field of interest arises from the understanding of timescales for the demagne-
tization of RAM elements. Today most experiments on ultrafast magnetization processes
employ visible light lasers with time resolution below 50fs. In these pump—probe experi-
ments, valence electrons are excited, and the probe yields information on the induced local
changes in electron temperature and average spin direction. The latter is obtained magneto-
optically, either by measuring Kerr rotation (and/or éllipticity) or by using second-harmonic
generation [20]. Experiments on Ni clearly suggest that a reduced average spin direction
("transient demagnetization™) is established aready ~ 250fs after the excitation. Thisisthe
same timescal e on which electrons reach a new thermal equilibrium [ 20]. However, this pic-
ture has been disputed on the basis of time-resol ved magneto-optical Kerr experimentswhich
reveal clear differences between Kerr rotation and ellipticity during the first few 100fs [ 21].
The results rather support the notion that a true demagnetization cannot be achieved faster



3.3. Condensed Matter Physics V-65

A
read line
magneto resistance
device
write line
current pulse
B Co coverage (AL)
0 0.5 1.0 15
025 [ [ [
0.20 i
£
g

0.15

010 | J

0 2000 4000 6000 8000 10000 12000
N (atoms)

Figure 3.3.2.. A) Schematic diagram of a magnetic random access memory (MRAM) unit con-

sisting of a giant magneto-resistance device. The free ferromagnetic layers can be switched by

the magnetic field of a short current pul se propagating along a write line. The changing magneto-

resistance caused by an (anti)parallel alignment with another ferromagneticlayer can be detected

via a read line. The magnetic moment of the second layer is pinned through exchange biasing

with an adjacent antiferromagnet. B) Orbital magnetic moment per spin, m ;/mg, for various
Co dot sizes N measured with magnetic circular X-ray dichroismbelow (red symbols) and above
(blue symbols) the blocking temperature. The dots were self-assembled on an Au(111) surface by
controlling the Co coverage. A scanning tunnelling microscopy imageis shown in the inset.
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than in a few picoseconds, i.e. on the time scale of electron-phonon relaxation. This find-
ing is supported by the argument the demagneti zation timescal es should be comparable with
electron-phonon equilibration because the lattice is needed as a 'reservoir’ to maintain an-
gular momentum conservation during the de-magnetization (spin flip), but also ultrafast spin
dynamics has indeed been predicted theoretically [ 16]. To resolve the experimental discrep-
ancy it has been argued that the high excitation densities in second harmonics generation
"dichroic bleaching" affects the reflectivity of the probe pulse during the first few 100fs.
Such vast conceptual discrepancies show that research on spin dynamicsis obvioudly in its
infancy.

The aim of the proposed project isto perform a series of basic pump-probe experiments
on the spin dynamics in itinerant and localized magnetic systems, employing 100 fs short X-
ray pulses of circular polarization fromthe XFEL. While current pump-probe experimentsin
the (near) visibleinvolvetransitions between val ence bands (with small spin-orbit parameters
(s.0. Of afew 0.1eV), thelarge (., of corelevelsgiveriseto arich multiplet structure of low-
spin and high-spin core-hol e states, which allows one to tune the photon energy to individual
lines such that an electron with a well-defined spin is excited into the "magnetic’ 3d (or
4f) shell. This so-called Fano effect has been the basis of many successful X-ray magnetic
dichroism experiments. Starting from simple ferromagnetic Fe and Gd films , we propose
to investigate the timescales at which magnetization reversal occurs in itinerant (Fe) and
localized (Gd) spin systems. Through comparison of these two prototype cases (Stoner-type
versus Hei senberg-type system) we expect to el ucidate the rol e of the valence-band electrons,
which either carry the magnetic moment (Fe) or mainly just mediate the coupling between
the localized 4f moments (Gd).

It is the unique possibility of an X-ray pump-probe experiment that one can reverse the
spin of the optically excited electron, just by a small change of the photon energy from
one multiplet line to another. (This is principally not possible for transitions in the visi-
ble owing to the much smaller valence-band (,,. parameters.) Through this’pumping’ of
a spin-polarized electron into the "'magnetic’ shell, we aim at an experimental separation
between postul ated optical effects (dichroic bleaching) and true, possibly ultrafast demagne-
tization processes on the order of 100fs, well beyond el ectron-phonon equilibration times.
The magnetic state after excitation will be probed via time-resolved X-ray magneto-optical
Kerr effect, i.e. by measuring the reflectivity of the circularly polarized probe pulse [ 22].

For investigations of magnetic materials, the XFEL offers an energy range covering all
relevant core levels from the heavier 3d-transition metal L » 5 edges (2p — 3d excitations) to
the lanthanide M4 ; edges (3d — 4f). The measurements on RAM compounds make use of
the 100 fstime structure and the coherence of XFEL X-ray pulses. In addition, the XFEL has
to be interfaced with an optical femtosecond pump laser. In order not to damage the often
delicate nanostructures, it would be necessary to reduce the peak X-ray power and instead
increase the number of electron bunches to achieve an average photon flux of about 10'2 -
108 s,
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3.3.1.3. Bulk magnetism

The investigation of hyperfinefieldsin rare earth elements has been an active field for many
years. Other methods aside conventional Mdssbauer spectroscopy and nuclear forward scat-
tering (NFS) have contributed to the understanding of magnetism in such systems. NFS
proved to particularly useful when the brilliance of a synchrotron radiation beam could be
used; i.e. in studies of thin films and under high pressure [ 23].

The XFEL will open new possibilitiesin thisfield also. The time structure enables study
of the large hyperfine splitting in ordered Dy (H =~ 600 T"). This corresponds to a beating of
~ 100psin bulk as well asin thin films. Also multilayer systems of Fe and Dy will be an
interesting system to study. The high brilliance will for the first time give access to studies
of phononic excitationsin films or under high pressure for both elements.

Collective magnetic excitations Thehigh brillianceisindispensablefor inelastic mag-
netic studies. Since monochromatizationto AE/E ~ 107" isrequired for meV energy res-
olution, the remaining flux does not pose a severe "heat load problem” for the sample. At
third-generation sources, phonons can be conveniently measured with meV resolution. Due
to the increase in average brilliance by five to six orders of magnitude, the same will be
possible for magnetic excitations at the XFEL, in particular at high energy transfers, where
excitations are broader and the energy resolution can be relaxed. Thisis of particular interest
for steep, high energy excitations in strongly correlated magnets, which are at the limit or
beyond the possibilities of neutron scattering. By means of resonance exchange scattering
or nuclear resonant scattering, the magnetic fluctuations of one specific species can be stud-
ied. Inelastic tensor scattering (Templeton scattering) will become accessible and will, for
example, alow the study of the dynamics of orbital order. Critical dynamics close to the
magnetic phase transition can be investigated using the coherence of the XFEL beam. The
method will allow the study of the influence of spatial restrictions for al universality classes
in combination with the above topic.

Magnetic collective excitations (magnons) have not yet been accessible to X-ray studies
due to the very small excitation energy. Using nuclear resonant scattering techniques at
the XFEL it will be possible to enable the investigation of inelastic processes with energy
transfers of the order 1 €V. By exploiting the g-dependence of the scattering, the scattering
function S(7, w) can bestudied. Thiswould allow the observation of the spin dynamics and
the determination of magnon dispersion curves.

3.3.1.4. Relaxation phenomena of magnetic states

Relaxation of magnetic phenomena after short pulse initiation is a new class of experiments
not accessible today for the study of magnetism with X-rays. Exploiting the bunch structure
of the XFEL, one can apply an external field pulse in the 200 ms between two bunch trains
and study the relaxation phenomena in the us to ms time domain by stroboscopic (cyclic)
measurements. With a pulsed magnetic field, the behavior of magnetic materials in fields
up to 100 T can be studied, while the present limit for static diffraction measurements is
15T. In the same way, electric field pulses, temperature pulses, or pressure pulses can be
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applied. One example is the investigation of systems having a non-magnetic ground state,
but a magnetic excited state, such as singlet ground state systems or organic molecules in
a diamagnetic matrix. The molecule Pentazen can be excited into an spin S = 1 state by
application of an optical laser pulse. The lifetime of the excited states ranges between 50 s
and 830 us, so that the decay of the excited state takes place during one XFEL bunch train.
In nanostructured devices, of particular interest for applicationsin magneto-electronics, time
constants for magnetic switching are in the femtosecond regime.

Another investigation of great technical relevance for the development of high-speed
magnetic storage devices and spin electronics is the dynamics of magnetization reversal.
For example, long-lived (milliseconds) electronic states in Eu compounds can be excited by
laser light and their relaxation followed with extreme time resolution using nuclear resonant
scattering. This would give simultaneously information on the decay and on the magnetic
properties of these states, or the symmetry around the Eu atom. The envisaged time structure
of the XFEL source fits perfectly to such experiments, enabling one to synchronize the exci-
tation of the electron shell at the start of one bunch train and monitor the physical properties
during the decay. The long distance between bunch trains helps to avoid over-heating of
the system. The experimental method proposed here offers the possibility to study magnetic
phenomena with an outstanding time resolution, in particular for the rare-earth magnetism
(see above). The theory of nuclear resonant scattering in the presence of hyperfine-field
switching has already been developed and tested to a great extent [ 24, 25].

3.3.2. Phase transitions

Phase transitions present interesting possibilities and problems for condensed matter and
material science physicists. Fundamental and universal aspects make a deep understanding
interesting for all scales of physics from sub-nuclear to astronomic scales [ 26] where often
one particular case is given, but no experimental data are available. The endless variety of
condensed matter samples and the enhanced capacities offered by the X FEL , notably the high
g-resolution and adjustable coherence, will make possible the study of unsolved fundamental
guestions and cases, such as the nature of quantum transitions and many others.

More mundane material aspects will be considered in the following, which are neverthe-
less important for producing self-organized micro- or mesostructured materials. At a phase
transition, or more generally at phase separation conditions, a material is particularly sus-
ceptible to external influences. Related to thisis the fact that most real materials are not in
an equilibrium state, but only in a metastable, though perhaps very useful state. A much
better understanding of metastability and of nucleation mechanisms for phase growth is se-
riously missing at present due to a lack of experimental methods which probe the correct
space and time regime. Here the XFEL promises to be very important with respect to the
possible time resolution of phenomena from the pico- to the millisecond scale also. It further
offers possibilities to carry out in-situ experiments under extreme conditions, such as high
pressure. Problems in the field of phase transitions range from understanding the freezing
or glass formation of water, through instrumental goals such as assisting protein folding,
to understanding and controlling the growth of nanostructured bulk or surface crystalline
materials.
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3.3.2.1. Smart materials

As a more detailed example, let us look at the so called smart materials, which are the in-
organic representatives for functional materials, with built-in special abilities, not occurring
in nature spontaneously. Smart materials constitute a group of materials, usually metals or
metallic alloys of two or more metals, which crystallize in the open bcc phase at high tem-
peratures and condense into a more closed packed phase (hcp, fcc, w-phase etc.) at low
temperatures. The latter phase is textured, and if it is possible to generate one or a few of
the symmetry-allowed crystalline variants (domains), it is possible to use the characteristic
shape and anisotropy changes in technologically important applications. The materials ex-
hibit ’shape-memory’ and are called 'smart’ because they can be'trained’ to exhibit a certain
property (by repeated forced cycling through a desired operation). What actually happensin
the 'training’ process is not known in any detail, and further information about it would be
highly significant. It is supposed to be related to nucleation and growth of particular variants
at defectsin the crystal. A further knowledge of spontaneous or fixed nucleation centersis
crucial. Typical materials include NiTi or NiAl aloys and brass-like materials as CuZnX
alloys (X= Al or Be for example), pure metals as Ti and Zr, and of course Fe.

The martensitic transformation is a first-order transition accompanied by large strain ef-
fects [27]. Therefore, the transition (upon cooling) starts at a temperature M, and ends at
a significantly lower temperature M, (the process exhibits hysteresis effects, and the cor-
responding temperatures upon heating,called A, and Ay, are higher). The process can be
stopped at any intermediate temperature in a partially developed intermediate state, proba-
bly a self-organized critical state, stabilized by the induced strain. Ultrasound and calori-
metric measurements indicate that the transition in the intermediate phases proceeds with
avalanches of domain growth [28], which is quite reproducible, and which can be detected
by the energy release, the Barkhausen noise. However, a more detailed understanding is
missing.

Here, time-resolved X-ray scattering in the nanosecond range would be highly useful.
It is a relatively simple experiment in which the time evolution of Bragg peaks from the
textured sample must be followed. A possible accurate measurement of the peak position
would in addition give a direct microscopic evaluation of the strain build-up and release. The
technical difficulty restsin getting sufficiently fast countersto resolve the time evolution.

One could also see apossible use of the good spatial coherence up to over 100 x 100 pm?
that the XFEL may offer. This allows essentially a perfect Fourier-transformed picture of
the investigated volume, or a snap shot of the actual structure. Hence a detailed "speckle’
pattern will result. Although difficult to interpret in detail, it might be useful as a time-
and temperature-dependent 'finger print’ of the structure. This would for example alow
one to see whether the nucleation occurs at the same positions during a memory cycling.
Phase coherence is a well known feature in Monte Carlo ssimulations, and considerable ef-
fort is usually made to obtain proper ensemble averages (which average out the speckle
peaks). As an example is shown the simulated speckle pattern [29] of the oxygen ordering
in YBa,CusOq. ., Fig. 3.3.3. The pattern does not change at low temperatures because the
domain pattern, which givesrise to it, changes very slowly. Clearly, the two speckle patterns
to the right contain much more information than the simple Bragg peak plus diffuse back-
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Figure 3.3.3.: Real space picturesof the simulated oxygen configurationinY Ba 2 C'uz Og4-,, below
the ordering temperature for oxygen stoichiometriesxz = 0.4 x = 0.5 and x = 0.6, from|eft to

right. The effect of domain structuresis most clearly seen in the corresponding structure factors

at z = 0.5 and = = 0.6, showing a pronounced speckle pattern even when averaged over long
time at the low temperatures (log[ S(q)] plotted along the (h,0,0) g-direction in reduced units).

The simulated systemis 3D (256 x 256 x 16) corresponding to a top plane of a spatial extent of

about 0.1 x 0.1 um?.

ground to the left. The task will be to utilize such information. Clearly, examples on phase
transitions should not be restricted to "hard’ condensed matter. Many current problems exist
in the 'soft’ matter realm. One could mention polymer mixtures, behavior of surfactants,
(poly)electrolytes, suspensions of (charged)colloidal particles, protein folding, etc. The ad-
vantage of the XFEL for the study of polymer systems is enormous and is discussed in
Sec. 3.5inthisreport.

3.3.2.2. Dynamics in the vicinity of phase transitions

Possible applications of the proposed XFEL laboratory for the study of disordered crystals
are introduced in this section: Many crystalline materials show deviations from the average
perfect structure, and awide range of defects exist fromindividual atomsto large clustersand
even to microscopic aggregates of adifferent phase[ 30, 31]. The defects can be distributed at
random, or may show short-range order. Often the physical properties are decisively shaped
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by the type and distribution function of the defects. The exact composition of many ma-
terials undergoes local fluctuations. These fluctuations may be due to local changes in the
chemical composition, extended domains, or even different crystal structures embedded in
the matrix of the host crystal. As a consequence of the compositional variation, the local
structure will change. The local chemical variations may be gradual or abrupt, in the latter
case forming domains. Often, the average structure does not change significantly due to the
change in composition. Locally, however, a change can be expected to display a variation of
bond lengths, coordination numbers and, most significantly, local defects. A prominent class
of materials that may be expected to display this type of behavior are decagonal quasicrys-
tals. Here, a significant change of the diffuse scattering is observed for samples that display
chemical differencesaslittle as 1 atom percent. The changes observed include intensity vari-
ations of the different diffuse scattering phenomena and even the reversal of satellite vectors
[37].

An experiment at an XFEL beam line should utilize the specific properties of the X-
ray laser. Thus, the use of a coherent X-ray beam, the time structure and last but not |east
the primary beam intensity and its relation to sample stability must be discussed. Coherent
X-ray diffraction has up to now been used in studies of surfaces and dynamical changes,
mostly in amorphous solids [33]-[41]. LeFloc'h et al. [42] and Brauer et al. [43] studied
intensity fluctuations in crystalline Fe;Al near the phase transition. Studies of the local
structure by coherent X-ray diffraction should be a very promising experimental field at an
XFEL beam line. Fully coherent scattering experiments on disordered materials will allow
the study of precursor phenomena near phase transitions and local variations of the disorder.
The peak intensity of diffuse scattering istypically four to six orders of magnitude less than
the peak intensity of Bragg reflections. The integral intensity of the diffuse scattering in
highly disordered materials, however, may be close to that of the Bragg reflections, and
the information contained in the diffuse scattering is essential to fully understand the real
structure of materials. Presently, large samples and, consequently, large incoherent beams
are used to study diffuse scattering. By use of awell focused coherent beam, small sections
of the samples can be analyzed. The modifications of the expected "speckle" pattern will
yield information on the variation of the local structure.

Systems of particular interest are materials undergoing second-order phase transitions.
Here, distinct differences can be found for the high-temperature phase and the low temper-
ature phase for specific atoms of the unit cell. In the case of lead phosphate, Pb3(PO,)., a
ferroelastic phase transition occursat 453K [44], exhibiting at temperatures above the transi-
tion an intermediate regime with excitations between different ferroel astic orientation states
inside monoclinic clusters of short-range order. In pure lead phosphate, these excitations are
fully dynamical, whereas they can be frozen in diluted systems (e.g. for phosphate arsen-
ate Pby(P;_,As,04), [45]). The micro-domains are of the order of 50 A and show different
temperature stability depending on the orientation. Three orientations have been found. In
the vicinity of the phase transition, the orientations start fluctuating and it would be inter-
esting, and has not yet been accessible to experimenta investigation, to see the dynamics
of this fluctuation. Such investigation would provide new insight in the dynamical precur-
sor processes leading to phase transition. It is expected that characteristic time scales range
from nanoseconds to microseconds. A series of coherent diffraction patterns covering the
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full timerange will offer an exciting new insight in the time-dependent devel opment of local
structures.

These investigations create several experimental requirements which have to be fulfilled.
First, the coherence of the beam is of crucial importance, and no elements can be introduced
into the photon beam that reduce the nearly perfect degree of transverse coherence from the
source. This requirement will put a strong constraint on the focusing or collimating ele-
ments inserted to achieve beam spots at the sample in the order of =~ 1 um. As one intends
to investigate sample dynamics on variable time scales from picoseconds to milliseconds, it
is important to preserve the sample during the exposure and to avoid heating effects. For
the lead phosphates, a stability range of typically 100K can be expected. A possibility to
select the primary photon energy is important in order to control for different elements the
absorption in the sample and therefore the deposited power. It may be necessary to use in
addition to the basic harmonic of the undulator its third harmonic. Suitable meansfor inten-
sity absorption of the primary beam are also needed. For detection, two-dimensional CCD
detectors will be used. As these detectors do not offer enough time resolution, a monitoring
of the primary beam is crucial for normalization. The variable filling pattern of the bunch
train offers for the experiment the possibility to select a bunch distance according to the in-
vestigated time delay. Time delays in the range from 100ns to 1 ms in steps of 100 ns can
be achieved using the structure of the bunch train. For shorter delays, it will be necessary
to apply split and delay techniques for the photon beam. Longer time scales from 1 ms to
200ms will not be easily provided by the proposed TESLA XFEL.

3.3.3. Liquids and disordered systems

The glass transition from aliquid to aglassy state has already been mentioned in the former
section on phase transitions. Despite the fact that glass production is a fairly old technique
developed empirically over many centuries, the scientific understanding of the glass tran-
sition is poor. An open question for example is whether the transition from a glass to a
liquid happens via a two-phase intermediate or rather as a homogeneous process. Closely
connected to this is the discussion on a diverging length scale (cooperativity length) at the
transition. Finally not even the transition temperature itself is defined in a generally accepted
manner.

The study of the dynamics of undercooled or supercooled liquids will be and is already
the key to the understanding of thistransition. Inelastic neutron scattering experiments have
supplied the bulk of information on which modern theories are based. The XFEL will allow
to determine the dynamical structure factor S(¢,w) with unprecedented resolution in both
variables. In particular using nuclear resonance scattering an extreme energy resolution in
the order of few neV can be achieved. Combined with an extraordinary ¢ resolution, X-ray
spectroscopy with an XFEL will allow to map out S(7, w) over arangethat is not accessible
with any other technique. In addition, the coherence together with the high spectral brilliance
would allow to map the relaxations in an undercooled liquid on a zm length-scale. This will
lead to new information on low-energy excitations (slow dynamics).

The study of structural relaxation in disordered systems and diffusion jumps require in-
elastic scattering at rather high momentum transfer not attainable with present day sources.
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With such experiments new information can be obtained about the scaling behavior of re-
laxations. At the XFEL time domain interferometry (TDI) using nuclear resonant scattering
could be utilized as a standard method for the study of dynamics. TDI has the option to
extend the ¢-range of present high resolution inelastic scattering techniques. While neutron
spin echo covers the range of low—momentum transfer with similar (neV) energy resolution
this techniqueis limitedto ~ 2 A~ in g-space. TDI will be ableto go out to ¢ ~ 12 A",

Inelastic scattering with very small momentum transfer and extremely high momentum
resolutionis of particular interest for the study of systemsthat are confined in large structural
units. Those rather complex samples are currently used to investigate the question concern-
ing cooperativity effects at the glass transition [46]. Besides that such experiments may help
to understand the interaction of the liquid with a surface, important for example for the un-
derstanding of friction or catalysts. In particular element specific methods are helpful in this
case as they allow to suppress the signal from the matrix.

Another open guestion is connected to the boson-peak, a low-energy (few meV) exci-
tation found in disordered systems [47]. Extremely high energy resolution and momentum
resolution are mandatory here to unambiguously decide whether the excitation exhibits dis-
persion or not or whether it couples to other excitations. Only under those conditionsiit is
possible to resolve the nature of that particular excitation, i.e. if it is propagating or localized.
The same holds true for experiments tackling the problem of phonon damping in disordered
systems. Presently the rather poor energy resolution of inelastic X -ray scattering experiments
(or neutron experiments at high momentum transfer) prevents accurate line shape analysis.

3.3.4. Materials under extreme conditions
3.3.4.1. High pressure and temperature phases

High pressure investigations, often also connected with high temperatures, are of utmost
interest to geosciences and related mineralogy [48] as well asto materials sciences [49]. For
the former in particular the understanding of the earth’s interior (compare Fig. 3.3.4) isthe
driving force whereas for the latter field aspects of materials behavior under extreme load
such as high pressures or temperatures present the focus of interest.

High pressure studies have received a great deal of attention at the third generation syn-
chrotron sources due to the high brilliance of the beam and the possibility of using diamond
anvil cells which explore completely new regimes for X-ray based structure determination
in high pressure research. This field will benefit largely from the XFEL as the possibility
to focus hard X-rays in the range of 10 to 200keV down to a beam size of 1 um?, which
enables unprecedented studies of smallest samples in diamond anvil cells, also at highest
temperatures by Laser heating (even temperature/pressure profiles in a pressurized sample
can be studied). The "classical” high-pressure X-ray diffraction studies, using the energy
dispersive [50] or the angle dispersive [51] mode, have reached with diamond anvil cells, at
maximum and not simultaneously, up to 4Mbar and about 3000K and 5000K with static
and pulsed Laser heating, respectively. New methods have developed rapidly at 3rd genera-
tion SR sources. For instance, inelastic X-ray scattering has been applied for sound velocity
measurements up to 1.1 Mbar [52]. By X-ray emission spectroscopy (analyzing the K 5 fluo-
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Figure 3.3.4.: Schematic of the earths crust and indication of several temperatures and pressure
estimates. For a better understanding of the processes in the earth interior one has to determine
the equation-of state by experiments, because no direct accessis possible. This means one needs
to measure the p-V-T phase diagram for all relevant materials. Up to now only the outer part
(= 2900 km below surface) is under stood in sufficient detail.

rescence of iron), the depression of magnetic moments has been studied in FeO at pressures
up to 1.4 Mbar [53]. Wide new applications are presently developed with nuclear resonant
scattering. Using elastic nuclear forward scattering, magnetism and valence transition can
be studied in the Mbar range [54, 55]. Nuclear inelastic scattering provides a unique tool
to study phonon densities-of-states (DOS) and vibrational excitation on minute samples un-
der high pressure [56]. The phonon-DOS in the hcp phase of iron (e-Fe) was studied up to
1.53 Mbar, the derived thermodynamic and elastic parameters (like the sound vel ocities) are
of utmost geophysical interest [57].

At the XFEL all established and new methods would profit from the increased flux and
brilliance of the source. More importantly, however, is the use of the time structure of the
XFEL for new types of high-pressure studies. For instance to study the impact of a shock-
wave, which has the same time scale as an XFEL bunch train, on various properties of the
compressed sample. These experiment are described in the next section. Here we want to
mention that static high-pressure experiments can be combined with pulsed Laser population
of excited electronic levels (e.g. 4f-multiplets) with drastic modifications of the electronic
and magnetic properties. With pulsed Laser heating, which allows for higher temperatures
than with continuous heating, one can study at multi Mbar pressures samples at temperatures
exceeding the present upper limitsaround 3000K, so arriving at the conditions of the Earth’s
core and approaching that of larger planets.
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Shock-wave high pressure states In shock waves, produced by implosive techniques
[58] or by intense Laser pulses [59], extreme high pressures (up to 20 Mbar) and, simultane-
ously, high temperatures (up to 10000 K) may be reached within a very short time window.
The propertiesof the compressed matter are derived from the shock-wave velocity « ; and the
particle velocity u,, which are, up to now, mostly monitored by optical methods (e.g. streak
cameras). From the measured vel ocities, using conservation laws for mass, momentum and
energy, one obtains the volume V, the pressure p and the internal energy E in the compressed
material [58], the derived p-V relation represent the Hugoniot curve for the material. Evalu-
ation of isothermal p-V data from shock wave measurements require additional information
about the equation of state of the material. It is not surprising, because of many assumptions
involved in the evaluation of the shock-wave data, that thermodynamic and elastic properties
derived from shock-wave and static high-pressure experiments often differ. For iron at con-
ditions of the Earth’s core, there are large differencesin the derived sound vel ocities (which
deliver direct information from the Earth core) and the melting temperature at the solid-liquid
boundary [59]. Also recent ab-initio calculations differ from each other and from the exper-
imental results [60]. Conventional shock-wave studies provide little information on struc-
tural phase transitions. Recently, different groups have used laser generated shock waves
(1 ns pulse) and recorded diffraction patterns from a compressed sample (Si crystal and LiF
powder) with a 100 ps pulse of X-rays. The results indicate that time-resolved diffraction
measurements of the lattice parameters can be made on Laser shock-wavesin crystals. This
is promising for future combined optical and diffraction studies that may allow not only "one
pulse", but a series of pulses within the bunch sequence of the XFEL, from which detailed
information on the p-V-T variation within the shock-wave can be derived. It is obvious that
with this technique pressure and/or temperature induced phase transitions, including their
kinetics, can be studied in an unique way.

Other methods for high-pressure studies are applicable in similar ways. For instance, the
suppression of a magnetic moment as function of p, T can be followed using K 3-fluorescence
or by nuclear scattering. Inelastic nuclear scattering may provide, as demonstrated for
iron [56, 57], a complete picture of the dynamic properties, including sound velocities and
Debye temperatures, from which melting curves could be determined independently from
theoretical models.

Shock-wave generation It should also be noted that the broad band X-ray beam can
be directly used to apply a shock-wave. As aready shown in Sec. 3.2 on plasma physics
the X-ray beam can produce enormous pressures of up to Gbar (104 Pa). This transient
state will have only a very short life-time. Investigations may be carried out using pulse
split-and-delay techniques.

3.3.5. Excitations
3.3.5.1. Electron relaxation processes

The ultimate goal and experimental challenge for our understanding of electronic transitions
leading to molecular reactions or phase transitions is the time dependent measurement of
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the electronic wavefunction forming the bonding configuration. These processes occur on
the femtosecond to sub-femtosecond timescale. The XFEL offers a unique possibility to
perform such experiments which are at the frontier of condensed matter studies as well as of
molecular science in biology, chemistry and physics.

Optical spectroscopy with ultrashort laser pulses has already given deep insightsinto the
nature of chemical reactions. Itslimitation is however thelong wavelength at optical frequen-
cies which does not permit any spatial resolution of the moleculesthat are probed. Ultrashort
X-ray pulses offer a possibility to achieve spatial resolution within chemical bonds and to
obtain information on changes of the electron density at the sites of specific elements by X-
ray spectroscopic methods. Whereas the reorganization of the nuclei happens at timescales
from few 10 fsto severa 100ps or longer, the fundamental processes of electron charge
redistribution leading to the chemical reaction occur in the sub-femtosecond regime. Here
the atomic time unit is ~ 0.024 fs [61] which derives from the circulation frequency of the
electron in the hydrogen model. Thisis considerably less than optical oscillation periods but
should be attainable with X-rays.

X-ray diffractive and spectroscopic studies of changes induced by optical excitations,
especialy if used together, provide insights into the electron dynamics, relaxation, multipar-
ticle effects, etc. which cannot be obtained with present day techniques. X-ray diffraction
gives spatial resolution on the atomic scale and X-ray spectroscopy is element specific and
provides areference energy level which ismissing in optical spectroscopy.

Lattice dynamics and melting Optical excitation of a crystal with ultrashort laser
pulses produces the phenomenon of nonthermal melting: The electrons in the bands (or
chemical bonds, depending on the point of view) heat up while the nuclear motion still shows
avelocity distribution that reflects the original temperature of the sample. However, the nu-
clei become free to move because of massive breakup of chemica bonds. A statistical and
isotropic velocity distribution of the cores leads to a progressive reduction of the structure
factor of an X-ray reflex within afew picoseconds as isindicated schematically in Fig. 3.3.5.
Any anisotropiesin the structure factor decay will thus directly reflect an anisotropic veloc-
ity distribution of the cores due to the phonon dispersion in thermal equilibrium, or due to
coherent phonon excitation by another short laser pulse.

These processes are presently subject of intense study [62], using X-rays from a plasma
that is generated by the same laser pulse that triggers the changes in the sample. Such a
plasma based X-ray source has the brilliance of a very small X-ray tube and is not well
matched to diffractive techniques. Conventional ring-based X-ray sources, as used in the
study of coherent phonon excitation [63] by intense laser pulses, have a much larger time-
integrated brilliance but the number of photons provided within a few femtoseconds is also
rather low. The best X-ray source for these studies would be an XFEL, providing highly
brilliant ultrashort pulses.

Electron dynamics and relaxation in crystals Whereas so far, diffractive studies of
optical excitations can be based only on the changes in the structure factor due to motion
of the atom cores, the XFEL would permit to study the changes in band occupancy which
occur within few femtoseconds after the optical pulse. These changes have a much weaker
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Figure 3.3.5.: Three stages of nonthermal melting: Left: Atomsin a crystal oscillate around their
equilibrium positionswith a thermal energy given by room temperature as an intense laser pulse
hits the crystal, middle: The chemical bonds are broken and the electrons have high velocities,
the atom cores still have low velocities but are beginning to move away fromtheir rest positions,
right: Many picoseconds later some energy has been transferred fromthe electronsto the cores.
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Figure 3.3.6.. Change of the structure factor of X-ray scattering by electronic excitation from
the valence to the conduction band (left), i.e. from bonding to antibonding orbitals (right). Be-
cause no movement of the atom cores is involved, the change in structure factor occurs within
femtoseconds.

effect on the structure factor, even more so if the excitation stays below the melting limit,
and are not visible with the present low-brilliance ultrashort X-ray sources (see schematic in
Fig. 3.3.6) .

It has been demonstrated in various recent experiments that femtosecond time-resolved
photoel ectron spectroscopy is a valuable technique for the study of dynamical processes
in eg. molecules [64]-{67]. Performing such experiments with a combination of visible
pump/X-ray probe pulse offers several advantages over the use of visible laser pulses only.

Investigations of chemical shifts Femtosecond pump excitation in the visible regime
resultsin electronic excitation of molecules. Dueto the broad spectral width of the ultrashort
pulses, nuclear wave packets are created in excited electronic states and thus the nuclei expe-
rience new intramolecular interactions. This, in turn, induces geometrical changes which are
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Figure 3.3.7.. Schematic representation of the excitation of wavepackets in chemical bonds of a
mol ecul e, leading to time-dependent chemical shiftsat element specific sites. These can be probed
by spectroscopic means with sufficiently short pulses (a few fs) of X-rays.

connected to internal vibrational motion or chemical reactions [ 63, 69]. Such time resolved
experiments probe the energy difference between the intermediate and final €lectronic state
[ 70] of the system under consideration and thus are not sensitive to the dynamics of particular
atoms. Much more detailed information can be obtained by use of an X-ray probe and moni-
toring the time-dependent chemical shiftsin photoel ectron or photoabsorption spectroscopy.
This might even be carried further to obtain information on the electron dynamics imme-
diately following the pump excitation, and before any nuclear motion sets in: A coherent
superposition of excited states leads to oscillating wavepackets in chemical bonds and cor-
respondingly to an oscillating electron density near the atom cores. This should result in a
chemical shiftin X-ray spectroscopy (XAFS, Auger, photoemission, etc., see Fig. 3.3.7) just
as much as that due to nuclear motion within a molecule. Information can thus be obtained
on the electron dynamics and relaxation after an optical excitation at element specific sites
inamolecule or crystal.

Furthermore, X-ray spectroscopy provides a reference energy level. Whereas optical
absorption spectroscopy aone can probe only the combined density of initial and final states,
a combination of optical photons and X-rays can deconvolute this combination because it
provides the initial state of the X-ray process as a reference.

Dynamics of core-excited states Femtosecond pump-probe experiments in the vis-
ible study molecular dynamics in valence-excited electronic states. Completely different
dynamics are to be expected if core-excited states [ 71] are prepared by coherent X-ray ex-
citation. As an example, molecular Auger processes may be induced which take place on
various time scales. A particularly interesting situation is encountered if the characteristic
time constant for the Auger decay is comparable to the time-scale of the vibrational mo-
tion. In this case a strong coupling of the electronic and nuclear degrees of freedom isto be
expected.

Up to now, there is no time-resolved spectroscopic information about the dynamics of
nuclear and electronic wave packets in core-excited states, the reason for this is obviously
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lack of brilliance. Coherent X-ray-visible probe spectroscopy is a unique tool for investigat-
ing such elementary processes. In a possible experiment, the optical probe excitation could
produce photoel ectrons to be detected as a function of their kinetic energy and pump/probe
delay, see above.

Visible Pump, X-ray Probe: Separation from Parasitic Processes A decisive
advantage of visible pump/X-ray probe over visible pump and probe experimentsis that due
to the large difference in photon energies, the pump-probe processes under consideration
can be separated easily from what might be called parasitic processes which are based on
interaction with several photons from the pump or from the probe beam only. A typical

experiment [ 72] would be to couple two electronic states | 1), |2) resonantly by afemtosecond
pump-field at a frequency v, in the visible range. This interaction prepares nuclear wave
packets in each state. The dynamicsis then probed by time-delayed ionization and detection
of the photoel ectron spectrum as a function of delay time. In order to detect the ground state
motion in |1), a resonant transition via |2) is necessary to achieve sufficient electron yields
(disregarding super intense field ionization). In the simplified picture of Fig. 3.3.8 this fixes
the probe frequency v, to be equal or closeto ;. However, this means that the photoel ectron
spectrum obtained by two-photon ionization from |1) falls into the same energy range as the
spectrum obtained by one-photon ionization from state |2). As a consequence the dynamics
in both states cannot be separated. Obviously, asisillustrated in Fig. 3.3.8, the use of aprobe
pulse at shorter wavel ength solves the problem since now the spectrafall in different energy
regions, i.e. are well separated. A theoretical treatment can be found in Ref. [ 73].

3.3.5.2. Multiphoton excitations in condensed matter

Multiphoton absorption is a commonly investigated phenomenon in outer shells using low
photon energies, especially in theoptical region and usually using conventional laser sources.
In contrast, multiphoton absorption of inner shells is a quite unexplored new area of X-
ray physics (see also Sec. 3.1). The XFEL will open the possibility of examining hitherto
inaccessible excited atomic states, and allow sensitive tests of core-hole screening theories,
important in wide-band materials such as oxide insulators and superconductors.

Two effects make multiphoton absorption very difficult to observe especially for the most
fundamental 1s-shell. First, absorption cross-sections are typically by some four to six or-
ders of magnitude lower with corresponding reduction in absorption probability of the first
photon. Second, lifetimes of the excited states are shorter, making the absorption of a second
photon by the excited atom less probable. The theory of the simplest multiphoton process,
the two-photon absorption from the ground state A to aresonant state B, gives for the transi-
tion rate [ 74]

7’ _ p€ BI pé)m .
I Bl 0B — Ba = 2)i
wherer, isthe electron radius, m the electron mass, w the photon frequency and j,,, the beam
number density. Summation over all intermediate states / makes the calculation unwieldy
even for the simplest atoms, and has caused substantial difficulties in the theory of optical
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Figure 3.3.8.: Schematic ionization scheme for pump—probe ionization in the visible wavelength
regime (left part) and for visible pump/X-ray probe transition (right part). In both case the pump
pulse at frequency v; couples the electronic states 1) and |2) coherently. If the probe frequency
vo is similar to vq, photoelectrons are created with average energy E in the ionic state |I) via
a two-photon ionization process from |1) and via a one-photon ionization process from |2). If
the probe frequency is chosen much higher, then the two processes can be separated since the
photoel ectrons have very different kinetic energies.

multiphoton absorption [ 75]. For simplicity, the consecutive photoabsorption of two photons
can be considered as a limiting case where the intermediate state is in the same energy shell
and the energy denominator reduces to the lifetime width.

As an example, two-photon excitation of the K-shell of copper is estimated. Assum-
ing 5 - 10'? photons/bunch focused into a spot of 1 m diameter ~ 15 photons/atom will
be absorbed. The short K-shell lifetime (= 0.2fs) thus leads to ~ 0.04 photons absorbed
per atom per lifetime, which is a weak effect. A much higher effect is obtained for argon
(0.36 photons/atom/lifetime), with factors of ~ 3 gained in both the cross-section and the
lifetime. Evidently, this hypothetical case represents the threshold of observable two-photon
absorption, but the effect would be significant to allow investigation of some of the important
phenomena. The expected non uniformity in the radiation within abunch should increase the
multiphoton absorption rate. Also, if extreme focusing can be used (=~ 100 nm), the number
of absorbed photons per atom per lifetime can be drastically increased.

Element specific X-ray absorption spectroscopy by itself is a versatile and widely used
method for the characterization of materials. The position, the shape and the polarization
dependence of X-ray absorption edges contain important information about the electronic
structure, the chemical composition as well as about the magnetic properties of samples.
The cross section for the absorption process is usually governed by a dipole matrix element
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between initial and final state and by the density of empty states available for the transition.
Since the dipole selection rulesfor optical transitions require a change of angular momentum
Al = +1 between initial and final states the investigation of empty d-states is usually only
possible through the excitation of p-levels. Sincethese empty d-states closeto the Fermi level
turn out to be very important for the properties of many materialsthisis a severe restriction.

However, for two-photon photoabsorption the respective selection rules are Al = 0, +2
which would for example allow the investigation of s-d or d-d transitions. Hence, if two-
photon photoabsorption experiments which are quite common for conventional laser sources
would become possible in the X-ray regime through the use of FEL radiation this would
greatly increase the flexibility of X-ray absorption spectroscopy. The aim of this project
is to investigate the possibility of correlated two photon photoabsorption to obtain unique
spectroscopic information on the properties of selected materials. Possible candidates for
first experiments could be high Z-elements like tungsten or platinum.

For these investigations high photon flux together with very low background is needed.
The detection of the two photon photoabsorption process shall be performed through the
detection of secondary decay processes i.e Auger electrons emitted in the decay of the core
hole created by the photoabsorption processes. Possible spin analysis of the emitted el ectrons
would in addition allow the investigation of magnetic properties of materials.

3.3.5.3. Collective excitations

The development of advanced new materials and their engineering on nanoscopic length
scales will be an important key technology in the new millennium. The technological prop-
erties of these materials are determined not only by their structure but also by their electronic
and vibrational dynamics. Examples of technological relevance are friction accompanied by
phonon excitation, heat transfer in microelectronic devices, and magneto-elastic effects in
magnetic microstructures or electronic excitations in band-engineered semiconductors. The
more that dynamical properties are expected to govern the function and performance of fu-
ture devices, the more important are efficient methods for their characterization.

Synchrotron radiation has become an ideal tool in this field in recent years. The high
brilliance of third-generation synchrotron radiation sources initiated enormous progress in
established X-ray methods and enabled the development of completely new types of spec-
troscopies for the study of condensed matter dynamics.

Electronic and ionic excitations can be studied by the observation of the electron distri-
butions and their fluctuations in space and time. In addition, it is also possible to study the
dynamics of the nuclei directly by inelastic nuclear absorption spectroscopy [ 76]- 7€].

The strengths of these methods are the access to very small amounts of materials and the
possibility of working on amesoscopic length scale. This allows new insight into the dynam-
ics of ordered and disordered systems. New aspects in systems with reduced dimensionality,
confined geometry or under high pressure can be studied [ 55, 56].

At present, few dedicated beamlines are available for inelastic X-ray scattering spec-
troscopy studies at synchrotron radiation facilities. However, these techniques will improve
in quality when radiation from the X FEL becomes available.

The measured quantity ininelastic X-ray scattering spectroscopy isthe dynamic structure
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factor S(q,w) of the scattering electron system, the Fourier transform in space and time of
the time-dependent expectation value of the density-density correlation function. Therefore
this technique offers the most direct experimental access to the correlation in a Fermi liquid,
a problem that, even for simple metals, has not been solved theoretically with sufficient
accuracy. Because of the low cross section of inelastic scattering, together with the problem
of high photon absorption cross section when going to higher-Z elements, the application
of inelastic scattering with radiation from third-generation synchrotron radiation sources to
the study of electron correlation was limited to elements with Z below 20. Thus, the study
of most of the interesting new materials, such as high-T,. superconductors or heavy fermion
systems, by means of inelastic X-ray scattering was not possible, in spite of the fact that
electron correlation plays the crucial role for many physical properties of these materials.

One can easily predict that the flux of XFEL radiation, useful for inelastic X-ray scatter-
ing investigations, will be two orders of magnitude larger than that for synchrotron radiation
sources of the third generation. This will shift the application of inelastic X-ray scattering
in investigations of electron correlation to the end of the periodic table. These experiments
will be area step into a new quality, rather than a quantitative step in the sense of faster,
higher accuracy etc. Moreover, the high collimation of the XFEL radiation makes feasible
coherent inelastic scattering, where the quantum interferences of excitation amplitudes from
two coherently coupled plane waves deliver information about the full spatial distribution of
the correlation function without any restriction with respect to the atomic number Z.

For the studies of ionic dynamics with inelastic scattering, the use of radiation from the
XFEL will allow the limit of the energy resolution expected for crystal optics in the range
of 0.3meV to be reached. In addition, the improved flux will allow smaller solid angles
for the detection of the scattered photons, thus improving the spatial resolution drastically.
Improved resolution curves will be obtained by multiple reflections at the analyzer crystals.
This will be of enormous advantage in the studies of the dynamics of disordered systems
likeliquidsor glasses, whereit isimportant to measure at small momentum transfersand low
energy transfersto gain further insightsinto the dynamics within the mesoscopic regime. The
dynamics of such systems including high-Z elements will easily be studied under extreme
conditions as high pressure and/or high temperature, too.

Due to the gain in photon flux at the XFEL, the inelastic scattering technique can also
be applied in grazing incidence geometry. This will lead to depth sensitivity and, thus, to
the study of the surface influence on the bulk phonon dynamics, such as soft modes for
instance, interesting in the case of invar alloys. The already very successful technique of
nuclear resonant absorption for the determination of partial density of the vibrational states
will aso gain by the improved energy resolution possible at the XFEL source. This method
is an idea tool to study the influence of reduced dimensionality or confined geometry on
the vibrational spectrum to get more insight into the unusual mechanical properties of such
systems. Phonons are influenced in their propagation in nano-sized structures. Topological
disorder caused by impurities or rough boundaries leads to a reduced lifetime compared
to perfect crystals. For the studies of thin films, interference effects in grazing incidence
geometry can be used to enhance the intensity of inelastic nuclear absorption significantly.

Currently there is no X-ray spectroscopic technique available that covers the range from
afew peV to afew meV with peV resolution. On the other hand, vibrational excitations
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in this energy range have recently attracted considerable attention. For instance, vibrational
spectra of disordered solids exhibit a universal feature around 4 meV, the so-called boson
peak, that is presently not fully understood [47]. Further examples are magnons, two-level
systems, phasons in quasicrystals, rotational excitations in liquids, soft phonons, etc. While
these excitations have been studied by neutron scattering in the past, the use of X-rays opens
conceptually new possibilities:

e Dueto thehigh brilliance of the synchrotron radiation from an XFEL, regions of phase
space become accessible that cannot be reached by other methods. Due to the high
angular resolution of crystal optics, the range of very small momentum transfers can be
studied with extremely high momentum resolution. This range is of particular interest
for the study of dynamicsin disordered systems with low-energy excitations that are
confined in large structural units.

e While these advantages can already be exploited to some extent at third-generation
facilities, the XFEL will push this field into new areas of research: The momentum
resol ution can be expected to be an order of magnitude better than allowed by existing
sources, and the average flux will be 2 — 3 orders of magnitude larger. This pushes
the sensitivity limit down by about the same order of magnitude so that dynamical
properties of very dilute systems can be studied.

Spin excitation in Si —Ge heterostructures  Modern and future semiconductor de-
vices will be engineered by tailoring monolayers and two-dimensional heterostructures. Si-
Ge heterostructures are for example presently used in high-frequency wireless communica-
tion transistors and other high-speed applications. The most ambitious projects involving
Si-Ge heterostructures, however, are devices for quantum computation. In many present
solid-state approaches to quantum computers, it is proposed to generate the basic two-bit
guantum gate by a tunable Heisenberg exchange interaction between different spins (see
e.g. [79] and references therein). Besides quantum dots and donor-atom nuclear spins, both
electron spins and nuclear spinsin Si — Ge heterostructures are being considered for that
purpose. Electron-spin-resonance transistors based on Si-Ge heterostructures have recently
been proposed for quantum computing [30]. In these devices a stack of epitaxial layers
of different compositions Si; _,Ge, is essential both for tuning the spin-resonance frequency
(dueto different g-factorsin Si and Ge) and for band-structure engineering in order to control
the extension and overlap of the wave-functionsfor the exchange interaction. Another recent
proposal aims at computation vianuclear spins incorporated in Si/Si;_,Ge, heterojunctions
[81]. Here the two-dimensional heterojunctions operated in the quantum Hall effect regime
are essential for detection and control of the nuclear spinsviatheir hyperfineinteraction with
the electron spins. Since Si and Ge have only one isotope each with non-zero spin, the varia-
tion of the isotopic composition will permit the engineering of heterostructures with tailored
concentrations of nuclear spins.

In such systems the observation and monitoring of hyperfine interactions and phononic
excitations by means of nuclear resonant scattering on the Mdssbauer isotope "*Ge, E, =
13.3 keV, which will be feasible at the XFEL, seems to be a fascinating possibility. It will
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become possible to investigate extremely thin layers or quantities of Ge in these devices
and the ">Ge M Gssbauer isotope can be employed as a high-resolution local probe to study
electric field gradients and magnetic fields in semiconductor devices containing Ge. Three
types of experiments can be envisaged.

e nuclear forward scattering which gives the most detailed information on hyperfine
fields but will face low count rates,

e incoherent elastic nuclear scattering, which will be a high count rate experiment, giv-
ing access to hyperfine splitting in the excited state

e inelastic scattering yielding the partial phonon density of states of the Ge probe [ 57].
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3.4. Surface and Interface Studies

This chapter has been written on the basis of contributions to the report of the
workshop "Surfaces, Interfaces and Nanomaterials" edited by H. Dosch (MPI
Metallforschung, Stuttgart) and W. Drube (HASYLAB, Hamburg) (see A.1.9).
In these contributions, more detailed description and further references can be
found.

The equilibrium structure, the structural changes, and the associated properties of sur-
faces and interfaces have been in the focus of scientific interest for the last 30 years. Most
static structures of the ssmple metal and semiconductor surfaces are known today on the
atomic level and their range of stability has been studied in detail [ 1]. Surface sensitive X-
ray diffraction techniques have been key techniques in unravelling surface reconstructions
[2, 3] and surface disordering phenomena|[4]. These studies have become possible because
of the availability of highly brilliant synchrotron radiation provided by synchrotron radiation
facilities of the so-called second and third generation.

Future research in condensed matter physics and chemistry will face new challenges in
the investigation of surfaces and interfaces: The rapid development in nanotechnology pro-
duces systems and devices which contain small-sized materials with a high density of sur-
faces and interfaces. Today’s microel ectronic and micromechanical devices are composed of
micrometer-sized structures of all kinds of materials, ranging from semiconductors through
metal alloys to polymers. The future trend is to reduce the typical length scale in such de-
vices significantly below the micrometer size and to increase the speed of their performance.
Functional properties of materials such as electrical conductivity, magnetic susceptibility
or thermal conductivity become increasingly sensitive to the size of the system and to its
boundaries, when the linear dimensions of the system fall short of a critical length. Further
reduction of the device size will raise new scientific challenges to understand and control the
influence of the size on their properties. With the increased speed of performance, it also
will become essential to understand how these modified properties behave on various length
and time scales.

Almost all interactions with materials in technology and in our everyday life is medi-
ated viathe surface: Selective catalytic reactions, oxidation and corrosion processes, or the
tailored reactivity of surfaces to special organic and inorganic molecules in sensor technol-
ogy are examples of solid-gas and solid-liquid reactions which are of paramount importance.
Another far-reaching field which is highly relevant for future technol ogies is the microscopic
understanding of friction and lubrication between gliding and rolling surfaces. From every-
day experience we know that a liquid film confined between two solid surfaces acts as a
lubricant. Such films, as they reduce friction and wear, are of significant economical im-
portance. It is well-established that even fluid films of only a few monolayers thickness
may reduce the friction between dliding objects substantialy [5]. A microscopic description
of “boundary lubrication” [6] is needed for a directed search for materials and conditions
yielding maximum lubrication and minimal wear. In all these examples, the challenge isto
understand the dynamics of the structural changes associated with these surface phenomena.

Liquid and soft-matter surfaces and interfaces have been extensively investigated in the
past decades [7]-{ 11]. Inour daily life, soft-matter films and liquid/solid interfaces are play-
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ing a more and more important role: Thin polymer films are used as coatings in many tech-
nological applications. The variety extends from their simple use as protection of surfaces
against corrosion to the use of ultra-thin films in semiconductor technology. Organic multi-
layers are promising materials for biosensors, and liquid films are present in many obvious
contexts.

The microscopic understanding of surface propertiesisalso of fundamental interest: The
symmetry breaking at surfaces and interfaces poses a serious challenge to theory which
strives for quantitative model swith predictive power. This holds particularly for co-operative
phenomena (like electronic correl ations and magnetic order), which are crucialy affected by
the size of the system and by the presence and detailed structure of its surfaces and inter-
faces. In thin films, liquids and organic macromolecules may be confined in a quasi-two-
dimensional geometry. The state of soft-matter (fluids, complex mixtures, polymers, self-
organized assemblies, proteins) confined between two solid surfaces at spacings comparable
to the size of the supramolecular structure or even to the size of single moleculesis expected
to betotally different from the respective bulk behavior [ 12]-{ 14].

The intense ultra-short X-ray pulses from the XFEL offer novel opportunities to study
these phenomena in a coherent and time-resolved manner. In the following, we selectively
discuss intriguing scientific problems of current and future interest which can be attacked
with experiments specifically utilizing the unique properties of the XFEL. They are subdi-
vided into time-resolved X-ray diffraction from surfaces (Sec. 3.4.1), X-ray diffraction from
liquid and soft surfaces (Sec. 3.4.2) and from collective excitations in low dimensional sys-
tems (Sec. 3.4.3).

3.4.1. Time-resolved X-ray diffraction from surfaces

The study of the temporal evolution of surface and interface structures on very short time
scales is particularly important for a fundamental understanding of dynamic properties. A
challenging task ahead is the experimental access to atomic motions during rapid struc-
tural changes and the correlation of these dynamics with the short-time properties of sur-
faces and interfaces. Taking kgT = 50 meV as a typica thermal energy and a, = 0.1 nm
as the typical microscopic distance in condensed matter, the thermal velocity IS viperm =
\/ (2kgT/m) = 1000 m/s, implying atypical “thermal timescal€’ tyerm = 100 fs. A unique
way to study these short-time dynamics associated with structural changes, phase transitions
and irreversible processes is given by pump-probe X-ray scattering and X-ray spectroscopy
experiments. In such experiments (Fig. 3.4.1), the surface under investigation is exposed
to a short laser, pressure, or gas pulse (“pump”) that triggers certain reactions at the surface
and/or in the subsurface regime, which are subsequently monitored by a synchronized X-ray
pulse (“probe’). Essentially all established X-ray methods which today effectively use the
high brilliance of synchrotron radiation may enter the ultra-short (eventually single-pulse)
time domain as pump-probe X-ray techniques, such as pump-probe surface crystallogra-
phy using truncation-rod scattering and evanescent scattering, pump-probe X-ray diffuse
scattering, pump-probe coherent X-ray diffraction, pump-probe magnetic X-ray diffraction,
pump-probe X-ray spectroscopy (magnetic and nonmagnetic, EXAFS) and pump-probe X-
ray imaging.
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Figure 3.4.1.: Schematic view of pump-probe experiments.

3.4.1.1. Short-time transients during phase transformations

Novel non-equilibrium structures and phases of condensed matter can be expected in a short
time interval after a sudden temperature change: In order to understand the origin of such
transient structures, consider a system in an initial equilibrium state given by the initial free
energy F; = E; — T,S;. After a heat pulse the system will arrive a a final equilibrium state
F¢ = E; —T¢S;. Noticethat the internal energy involves only nearest and next-nearest neigh-
bor interaction and thus readj usts fast, while the entropy maximization requires long-ranging
rearrangements of atoms, which necessarily proceeds in a more sluggish manner. Conse-
guently, new transient states will be able to emerge on a short time scale that are governed
by the minima of the local energy (Fig. 3.4.2) and not by the free energy. These short-time
structures can potentially have a hitherto unknown effect on the microscopic details of the
final equilibrium structure which forms from these transients.

3.4.1.2. Nature of melting and stability of solid phase

Melting and freezing are phase transitions of first order which are accompanied by a latent
heat. In order to promote the solid-liquid transformation in either direction, the formation
of a critical nucleus of the metastable phase is a prerequisite, leading quite generaly to
undercooling and overheating phenomena. While, however, one can undercool aliquid quite
considerably, the overheating of a solid is not observed, at least if its boundary is a free
surface. One thus is forced to assume that the free surface necessarily sparks the melting of
the solid. Several experiments have unravelled this so-called “ surface melting phenomenon”
in various systems [15, 16]. The detailed structural changes during the formation of this
quasi-liquid surface layer upon heating are greatly unknown up to now, but are crucial for
the understanding of both the stability of the solid phase and the melting process.



V-92 3. Scientific Applications of XFEL Radiation

energy

A excited

,,,,,

(short-lived)
transient
states
