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1. Introduction

Although optical spectroscopy is now a well established science dating
back to the carly 19th century, the strong absorpticn of the atmospheric
gases, Ozone at about 3050A, Oxygen at 1850A, and Nitrogen at about
1000A, and the transmission cut off of gquartz optical systems at about
1770A had been for a long time the short wave length bordexr linc of the
spectrum for most spectroscopists. Consequently in gencral only the outer
valence clectrons could be excited and their spectra studied in detail.

A few researchers such as Lyman and Schuman extended their experiments
beyond this limit into the vacuum ultraviolet (VUV) [1]. Meanwhile the
VUV (6 to 6000 eV corresponding to 2000 to 2A has become an important part
of the spectrum: the interaction of short wavelength VUV radiation with
matter allows for an unrestricted investigation of the electronic struc-
ture of matter, including excitations from deep lying valence orbitals or
bands and from inner shells and core levels, [2-4].

Most of the experimental studies were restricted however by the light
sources available, generally the rare gas continua and a couple of
fairly strong resonance lines. [5] In recent years, a major, probably
the most important and real novelty for spectroscopic work in the VUV was
the worldwide effort in the scientific use of synchrotron radiation (SR)
as a source for spectroscopy and for structural analysis.

Synchrotron _radiation is produccd when a fast charged particle with
an energy >> m ¢ is deflected in a strong magrietic field. Circular el-
ectron and positron accelerators and storage rings where the particles move
with relativistic energies are the “"natural" sources of this radiation, [6].
SR has a number of outstanding properties:

Intense continuum from the infrared out to the x—xay xegion.
High degree of collimation (v lmrad).

Polarization, conplctely linear in the planc of Orblt.

Time structure, pulse duration as short as V100 psec.
Calculability of charqgtcrltt;c

. Clean environment (10 Torr), high stability of storage rings.
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Thus, SR bridges the gap between the far UV and the x-ray range and
the unique combination of the above characteristies offers far reaching
possibilities for many fields of science and technology (Fig. 1).

The two most common techniques are absorption and reflection
spectroscopy. Scattering, emitted fluorescence and clectrons ejected
by the radiation may also be studied. For the latter experiments, the
possibility to study these processes as a function of the excitation energy,
which can be selected from the continuum by various types of mono-
cromators, is one of the major advantages. Furthermore, there are a
number of experiments which very elegantly can make use of the white
continuum of the radiation. The "history™ and some of the major develop-
ments in the application of SR are sketched in Fig. 2.

It should be noted at this point that there does not exist a coherent
field of rescarch which cne could name "Synchrotron radiation physics".
The exploitation of the cutstanding properties of this light source has
now become an interdisciplinary cffort where rescarchers from many fields
of science ranging from atomic physics to chemistry, biology, and
applied sciences come together. Consequently, the applications, which
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we shall consider as illustrations for the potentialities of SR as a
spectroscopic tool, can only be sketched by a few cxamples, mostly taken
from the experimental programs in pregress at DESY in Hamburg. TFor a
detailed and more balanced discussion of the results we refer to a number
of review articles [7-18] and to the fairly easy accessible original
literature [19].

2. Basic Properties of Synchrotron Radiation

For a quantitative discussion of the properties of SR one generally
starts with the analytical expressions for the total energy loss as well
as the angular and spectral distribution for a monoenergetic rclativistic
electron on a circular orbit. These expressions have been derived by
Iwanenko and Pemeranchuk [20] and in detail by Schwinger [21].

The total power radiated by such an electron is in c.g.s5. units [21]
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where R is the radius of the electron orbit, E its energy and wherec e,c,m

have their usual meaning. One seces immediately why protgns of identical

encrgy would radiate far less power than electrons (m ¢ = 1836.12
2 ) o proton
& ) and how the total instantancous power radiated by a single
o~ electron

electron depends on the energy E and the orbital radius R.

In the above formula I as a function of the wavelength A and the
elevation angle Y is given by [20,21]:
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there, Ac is the "cut off" wavelength given by
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where y =4/-1- = = E and Kl/3 and K2/3 are modified, Bessel functions

of the second kind [22]).

The intensity decreases rapidly for A 5_lc whereas for A »>> )A_ the
intensity is almost independent from the energy E of the particle.

For practical applications other functions than I(A,¥) such as
I(c,¥) where ¢ denotes the photon energy £ = hc/A might be more useful.
Furthermore, it is often far more convenient to normalize the intensity
to the circulating electron current j. For synchrotrons, where particles
are accelerated from a minimum cnergy, with which they are injected, up
to the final energy, one has to take into account the dependence of the
particles cnergy on time during acceleration and usually an averaged power
radiated off is calculated by taking one third of the current given as an
effective current. Furthermore the finite size of the beam due to
betatron and synchrotron oscillations about a mean stable orbit has to be
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accounted for in considering rcal cases.

Thus for an easy comparison of the characteristics of various
synchrotron radiation sources the following cquations emerge:
12, 1/3 -2/3

Jj R / e /

N=4.5. 10 (2.5)

which is valid for e<<e , where N denotes the number of photons per sec
per eV per mA in an infinitely high slice of one mrad horizontal width
and where the current j is given in [mAl, R in [m] and € in [eV]. In this
spectral range N is almost independent from the particles energy E. The
cut off energy ec = hc/Ac is given by
€, = 2.22 10% g% &7t ‘ (2.6)

For the storage ring DORIS in Hamburg as a specific example the in-
tensity of SR radiated inte a solid angle of 1 mrad x 1 mrad as a function
of the photon energy is depicted in Fig. 3. The beam current j[mA] and
the energy E of the circulating electrons are the parameters [23]. Note
the high intensity over a very large spectral range.

The strong collimation of the radiation has already been mentioned.
The radiation is emitted into a very small angular cone around the
particles instantaneous direction of flight. Thus the plane of the
accelerator is filled with radiation, while the emission in the off-
plane dircction is confined to a wedge of only about one mrad angular
spread (Fig. 4). At the cut off cnergy c¢_ the angular w}?gh <Y> is
<Y> = 1/y. Further <y> varies roughly liKe <y> « (¢ /g) for e<e .
The intensity of the radiation as a function of the Glevation angle
against the orbital plane is shown for three photon energies at the top
of Fig. 5 taking DORIS as an example [23,24].

The polarization characteristics of SR are also displayed in Fig. 5.
The two factors in eq. 2.2 in square brackets are associated with the two
components of the polarization. The first describes the compenent with
the electric field vector E parallel to the orbital plane, the second
where E is perpendicular to the plane. With

I - I
P = Il L
I+
1§ Il (2.7)

as the definition for the degree of polarization one obtains for P as a
function of A and VY

2
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Thus within the orbital plane (¥=o0) the light is completely iinearly
polarized (Fig. 5). The radiation out of the plane of the orbit is not

an irregular superpositicn of parallel and perpendicular polarized com-
ponents but elliptically polarized. It can be decomposed into left and

right hand circularily polarized radiation as shown in the lower part
of Fig. 5.

The time structure of the light pulses emitted from a synchrotron or
Storage ring is determined by the time structure of the orbiting particles.
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The particles are accelerated and stored in bunches due to the fact

that only a limited number of spatial intervals on the circumference of
the accelerator can be filled with particles having a stable orbit. For
example, at DORIS the number of bunches on the circumference is 480
while the length of cach bunch is only 2-3cm corresponding to about

140 psec. Thus as far as the time structurc is conccrned SR from

such a storage ring has outstanding properties: The radiation is emitted
in short flashes of 140 psec. duration. For spectroscopic cxperiments
the repetition frequency is a further important paramcter. It is deter-
mined by the repetition freguency of the f£illed bunches. Maximum separ-
ation between two pulses is obtained in the "single bunch mode" when only
one bunch of particles is on the orbit. In this case, the period of
revolution determines the repetition frequency - in the case of DORIS,
this is lp-sce. It should be noted that such a pulsed VUV - and x-ray

SR source has a very high stability with ncarly gaussian pulse shapes,
constant amplitude and a guartz oscillator precision.

Synchrotron radiation is incoherent. In particular, the fields emit-—
ted from the same tangential point by two successive pulses are completely
independent. As Benard and Rousscau [25] have shown the coherence length,
defined as the maximum distance between correlated cmission points is about
200+A, as long as the wavelength A is smaller than the length of the
electron bunch.

Finally, we mention as important properties of SR the fact that the
above characteristics can be calculated with the aid of a small sct of well
defined parameters and that SR is generated in a clean ultrahigh vacuum
(for storage rings) environment. These properties are very uscful for
practical applications e.g., calibration cxperiments or surface sensitive
investigations.

3. Electron Synchrotrons and Storage Rings as Radiation Sources

An electron synchrotron accelerates electrons on a fixed circular
orbit. Electrons are injected at a relatively low energy, say several 100
MeV from a linear accelerator. The synchrotron consists of an array of
magnets for focusing and bending the becam and straight linear sections
for accelerating the particles. The magnetic field in the deflecting
magnets rises during the accelerxation in oxder te keep the electrens on
the same circular path when their energy is gradually increased. Note
that the number of revelutions of one particle is roughly 10,000 in order
to reach 1GeV energy. In the case of the storage ring, the magnetic field
remains ‘constant. The storage ring must be filled by an accelerator with
electrons of the appropriate energy. Accelerator sections within the
storage ring compensate for the losses due to synchrotron radiation. 1In
Fig. 6, a schematic plan of the Deutsches Electronen Synchrotron (DESY)
installation is given. The lincar accelerator injects pulses of electrons
or positrens into the synchrotron DESY. The particles can be accelerated
up to 7.5 GeV. The synchrotron can also be used to fill the storage ring
DORIS where the particles circulate in two beam pipes one above the other
in opposite directions. They arc allowed to collide at the two
interaction regions. The four places where SR beam pipes are installed
arc also indicated.
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3.1 Synchrotron Radiation Facilitiecs

All the existing SR facilitiecs at electron accelerators or storage
rings arc in three general classes: (i) symbiotie (with high encrgy
physicists) use of operating high-cnergy physics facilities, such as the
DESY installations described above, (ii) conversion of existing but no
longer necded high-cnergy physics facilities to dedicated SR use, and
(iii) construction and operation of dedicated facilities.

Ten years ago SR experiments were carried out only at a few places
at the NBS (Washington} at INS (Tokyo) at Frascati (Italy) and at DESY
(Hamburg) . This situation has changed rapidly since that time as is
obvious from Table I where the relevant parameters for accelerators and
storage rings presently under consideration as SR sources are compiled.
In this list the machines have been grouped according to their cut off
energy €_ into four major categories. Machines from group I and II are
excellent sources for VUV and soft x-ray spectroscopy. With their low
particle encrgies and small diameters, the restrictions imposed by ra-
diation protection during operatien of the machines are less severe and
the access is more casy allowing for small distances between the source
points and the instruments.

At larger machines (group III) also x-rays become available for
spectroscopic purposes, at the same time making remotely controlled
experiments and heavier shielding a necessity.

Interest in the use of even larger machines (group IV) for spectro-
scopic experiments has been only marginal. For the majority of exper-
iments the hard x-ray component of these sources, which is difficult to
eliminate, is only an unwanted by product. Furthermore the current in thesc
machines is generally very low and the distance from the source point to
the laboratory site is large because of the large radii.

3.2 Comparison with Conventional Sources

At this point it is useful to consider conventional light sources and
comparxe them to SR sources. Recently Kunz [26] has collected the main

points for such a comparison for the infared, visible, the VUV and X=ray
range.

It seems as if the potential advantages of SR in the infared [27)
have not been used for any application, probably due to the rapid progress
in the development of tunable lasers for this region of the spectrum.

In the visible part of the spectrum, ordinary sources and tunable lasers
govern the field.

In the VUV below 2000 A SR is superior to any conventional source
because of the high intensity, polarization and tunability. This is
schematically indicated in Fig. 7, where the dependence of the spectral
distribution of SR on the energy of the particle is scetched and
compared to the most commonly used rare gas continua [5,28,29]. The
rare gas continua 8xt0nd from the visiblclao beyond 600 A with a
maximum flux of 10° photons/sec R (5 x 107 photons/sce eV) at the
helium maximum of about 200 A. Similar values hold for the other rare
gases (see Tuble II and Refs 5,28). Only the 21.2 eV Hel resonance line
as cmitted from a capillary discharge ([30], has an intensity comparable
to synchrotron radiation. The problem of gas contamination has, howeverx,
not been solved completely for the rarce-gas lamps and both the emission
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and absorption lines superimposed on the continua are severe limitations.

Bclow 100 A down to 10 A the intensity of classical X=-ray tubes is
weaker than that of SR. The BRV uranium rod source [31] with repetition

rates of 1 to 2 shots per minute is in principle capable of considerable
peak intensity.

In particular in the region below 10 A an advantageous application
of SR has to be discussed with the definite cxperimental goals in mind.
X-ray tubces are characterized by an isotropic brightness (number of photons/
apparent arca x unit solid angle x unit energy interval x unit time),
wherecas the high brightness of SR is restricted te a small vertical angle.
Thus in all experiments requiring a high brightness in space versus total
intensity, such as x-ray interferometry [32], x-ray topography [32) and
X-ray diffraction [34) synchrotron radiation offers decisive advantages
over x-ray tubes.

Quantitative values for the spectral distribution and the brightness
of actual SR sources are shown in Figs. 3, 8, and 9. The horizontal
angular segment of radiation which can be accommodated by an experiment
depends on the distance of the experiment from the tangential point.

This is an important fact when different SR-sources are compared to.each
other (see scction 3 below). Where small distances arc permissible and
inctruments are used which can accommedate more divergence of the SR

beim a smaller accelerator can compensate for the difference in current
cempared to a more powerful machine. This is demonstrated in Fig. 8 where
the tensity into a 2 cm x 2 cm wide window is given at laboratory dis-
tance d for different accelerators and storage rings.

The maximum brightness (photons/sterad x» sec x cm2 % eV) of the scurce
which is obtained in the synchrotron plane, depends also on the size of
the source. This is typically 2 mm high x 10 mm wide. Small storage rings
at low curvent have beam heights as small as 0.lmm. This can be of
considerab le advantage. Comparison is made in Fig. 9 of SR with radiation
from other sources [35,36)] on the basis of brightness.

3.3 Dedicated Storage Rings

In Table I are listed already a number of storage rings which are
exclusively planned or used for SR experiments. These machines offer a
number of advantages over symbiotically used machines. The frec choice
of the particle cnergy E and the resulting cut-off energy e_, the choice
of the pulsc pattern and the control of beam size, shape, and position
tailored to the needs of the SR-users are the most obvious advantages.
Generally alsc a higher stability can be achieved. Finally, the inclusion
of special features and options into a dedicated machine is much easier.
As such special features wavelength shifters or wigglers (see below),
build-in optical devices e¢.g., integrated monochromators which collect
very wide horizontal apertures or beam deflectors may be considered.

With the help of the latter the beam pesition may be changed periodically
in order to achieve wavelength modulation in combination with especially
designed monochromators.

These considerations and the growing nceds of the spectroscopists
have lead to further recent design studies for dedicated SR facilities
at a number of places. Two basic concepts emerge: (i) a storage ring
of v 0.7 to 1 GeV, attractive for most VUV and soft=x-ray applications
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(i.e. 10< Mw < 103 cV). Such a machine could in addition to experiments
in basic research also be used in industrial applications for duplications
of device masks by soft-x-ray lithography (see Section 2). As an example,

we mention the state-of-the-art design study for the storage ring "Adaddin"
of the Stoughton Synchrotron Radiation Center [38] (energy 0,75 GeV,

radius V2 m, proposed current 500 ma and a cut off energy € v 450 eV).

(ii) a Eigh cnergy storage ring (> 2 GeV) for x-ray applicdtions

(Bw > 107 eV). As an cxample the 2 Gev synchrotron radiation source
NINA II at Daresbury [39] may be quoted (energy 2 GeV, radius 5.56 m,
current 1000 mA and € = 3200 eV). Such a ring can, of course, also pro-

vide radiation for chi_lo ¢V and possibly offers greater brightness
than a lower cnergy ring. It also scems possible to use a smaller ring
(i) as part of a facility having a highcr energy storage ring for x-ray
applications. Thus the smaller ring would serve both as an ingector for
the larger ring and as a convenient primary source for Kw < 107 ev.

The costs for a storage ring with e€_ > 3KeV start to rise rapidly as
critical cncrgies above 3KeV are demandeS. Thus, in spite of the incon-
venience of symbiotic use of a machine with a high energy physics pro-
gram, use of SR in the far x-ray region from existing high enecrgy machines
still scems to be appropriate.

3.4 Wavelength Shifters, Wigglers, New Developments

With the steadily increasing technological skills in accelerator
design and the growing experience in operating such machines very
interesting devices for eoxtending the capabilities of SR-sources have be-
come feasible. The principle of the two most frequently discussed
devices, the wavelength shifter and the wiggler, is sketched in Fig. 10.

The wavelength shifter seems particularly useful for extending the
spectral range of smaller machines. Introduction of suitable bending
magnets into the storage ring magnet-lattice results in a local reduction
of the radius and hence according to eg. 2.2 in an extension of the
spectral distribution to smaller wavelength [40].

An introduction of multipole wiggler magnets, that is, a series of
periodic bends into the path of a relativistic electron beam by a periodic
transverse magnetic field, could yield radiation which is to a certain
extent coherent [41]. The local magnetic field can be made much larger
than the ring magnetic field. The collimation of the SR remains, since €
is increcased by a factor n, where n is the number of wiggles put in
series.

Recently Kincaid [42]) proposed to use a helical magnetic field in
order to make the electrons move in short period helical orbits. Accord-
ing to his calculations such a device would yield guasi moncchromatic
light with a band width that depends on the number of perieds in the
helical magnet, the energy resolution of the electron beam and its angular
divergence.

Possibly the most exciting perspective is the possibility to build a
frec-clectron laser completely tunable from the infrared through the VUV
region. Recent experiments performed by a group at Stanford University
[43) show that a free-electron laser, one in which free electrons stimulate
the emission of magnetic bremsstrahlung in a spatially periodic transverse
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magnetic f£icld [44,45], could be a practical device.

In concluding this scction, we mention as a rclated phenomenon the
possibility to use Compton Scattering of photons from relativistic
electrons for the genecration of polarized high encrgy' x-rays [46,47]).

As Yen [48] has pointed out presently available technology, namely
intense lascrs as the photon source and clectron storage rings with high
currents and good stability, seems adequate to construct an intense,

and polarized y-ray source.

4. Some Instrumental Aspects

It follows from the discussion of Sections 2 and 3 that electron
accelerators and storage rings are in principle unique light sources in
the VUV and x-ray region. In order to make profitable use of these
machines one has to consider however a number of other aspects like
access, choice of specific menochreomaters and particular experimental
arrangements as indicated by the sequence of boxes in Fig. 11.

Beam Access

For an sy access to the SR sources and in order to have working
conditions syiwilar to those in conventional laboratories several
instrumenta| developments were necessary. There are the more trivial
points likc safoty requirements making remotely controlled experiments
a necessity «w many cases and the vacuum reguirements imposed on the
experiments by such a clean source. In a number of facilities several
radiation beam lines werc installed making simultaneous experiments
on more than one instrument possible. Where the installation of additional
beam lines was not feasible splitting cf the beams by cone or more grazing
incidence mirrors provided several independent beams at laboratory sitc.
The beam line system and the arrangement of the varicus experiments in the
SR-laboratory at the DORIS storage ring [23], as schematically shown in
Fig. 12, serves as an example.

Monochromators

The SR light scurces are fixed and impose some restrictions on the
design of monochromators. This is why in addition to conventicnal mount-
ings (eventually slightly modified) a number of new instruments have been
developed especially adapted to the source geometry and characteristics
of synchrotron light. The continuous spectrum is monochromatized by
normal incidence (visible to 45 eV range) and grazing incidence (20 to
500 eV range) grating instruments. Due to the polarization properties
and source geometry vertical reflection and dispersion planes and hor-
izontal slits are preferred. We note that no useful instrument for the
range from about 500 eV to 1.5 KeV has been described yet.

In the normal incidence range (visible to 45 eV) conventional types
of monochromators like the McPherson normal incidence type or Seya mount-
ings have been utilized. For a gencral description of these instruments,
see e.g., Ref. 5. A modified Wadsworth mounting very suitable for the
source geometry of a synchrotron or storage ring has been developed by
Skibowski and Steinmann [49]. The instrument operates without an
entrance slit and achieves with only onc single optical component, namely
the grating rotating around an excentric pivot, a medium resolution of i
about 24 and a high flux at the exit slit. With a vertical mounting of
such an instrument [50), an even better resolution of 0.5 to 1 A was
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obtained. Recently, Saile et al. [51] have described a new experimental
set up with a 3m normal incidence monochromator for photon cnergiecs from
4 to 45 eV. With this instrument, having a vertical dispersion planec
(see Fig. 13), high recsolution spectroscopy becomes possible in the VUV
with rapld photeoclectrical scanning of the speectra and a resolution of
0.03A in first order.

The grazing incidence region presents more difficult problems, e.g.,
superposition of higher orders and more complicated imaging than the
normal incidence range. This has lead to the development of sceveral new
instruments in addition to the classical Rowland mounting, Kunz [52]
has reviewed the specific problems cncountered in this spectral region
and discussed a number of instruments. A comprehensive survey on
grazing incidence monochromators designed for usc with synchrotron
radiaticon [53-57] is given in Table III. All of these instruments have
to compromise in one way or the other on the requircments of high
efficiency, high resolution, good order-sorting capability and simplicity
in design (e.g., fixed exit beam for attachment of massive experimental
set ups). Since not all of these requirements are achievable in one
instrument the actual choice of a particular mounting depends on the
needs of the planned experiment.

As an cxample a semischematic layout of the grazing incidence mono-
chromator as described by Dietrich and Kunz [58] is shown in Fig. 1l4.
This instrument operates with a plane premirror, a plane grating and a
focusing mirror, with all three elements moving in a coupled motion. In
this way, a fixed position cof the exit slit and a fixed direction of the
exit beam is achieved. By a careful choice of the paramecters of the
instrument virtually no higher order admimixture occurs over the whole wave-
length range f£rom 40 - 350A. Using the same optical principle Eberhardt
et al. [59] have built an UHV-version of this instrument "Flipper" where
the sliding premirror of the original instrument is approximated by
six different pre-mirrors cach of them with two different surfaces for
optimizing suppression of higher orders.

For the range below 10 A, where crystal monochromators have to be
used, the techniques how to monochromatize SR and to eliminate harmonics
in the most appropriate way, have been described recently by Bonse et al.
[60] and Beaumont and Hart [6l] have discussed a multiple reflection
version of the classical crystal diffractometcr for SR - x-ray ap-
plications. The remotely controlled optical bench incorporating two
focusing premirrors and a bent quartz crystal monochromator as described
by Barrington Leigh and Rosenbaum [62], is schematically shown in Fig. 15.

As examples for further very intercsting new instrumental develop-
ments, we mention here the interferometer for SR-x-ray interferometry as
developed by Bonse and Materlik [32,63], the use of zone plates for
imaging in an x-ray microscopec by Niemann et al. [64] (sec Section 5), the
time of flight clecctron spectrometer as developedé by Bachrach et al. [65]
making use of the time structure of the SR source and a number of modula-
tion experiments [66,67,68].

Finally, data handling should be mentioned, when experimental as-
pects are discussed. An advanced interactive system for the evaluation
of spcctroscopic data has been set up at DESY for SR uscrs [69). It is
capable to perform data acquisition, processing, and reduction of the in=-
put data, and more complicated data handling such as a Kramers-Kronig



analysis. A further system directly linked to the experiments is avail-
able at the DORIS SR-laboratory.

5. Examples of Experimental Results

In the following only a very small selection frem the large number
of experimental results obtained with SR can be given. A number of top-
ical revicw articles are available for the use of SR in atomic [11,13,20]
moleccular [11,13,16] and solid state physics [11-18,71) reflecting the
bread spectrum of activities. Intercst in the x-ray part of the spectrum
is of more recent vintage. For a synopsis of the various cxperiments
and some references to the original literature, sce Fig. 1 and Tables
IV, Vv, and VI.

5.1 Atoms and Molecules

The fine structure near the onset of the absorption of a particular
shell as well as the absorption cross section in the range of transitions
into continuum states far above onset has been investigated for a series
of atoms and molecules with the use of SR. Spectra as shown in Fig. 16
for krypton [93] provide a large amount of detailed information as re-
gards the electronic structure of the free atom and excitations from
various subshells. In particular, in almost all cases, "sawtooth" like
absorption at the onset of a new shell as familiar from X-ray spectra is
missing and a delaycd onset due to a potential barrier or strong resonance
lines are observed instecad. Comparison of the gascous and solid phase
e.g., in the range of the 3d transitions in Kr (Fig. 16) reveals the
local character of the states inveolved in the spectrum form the seolid.
Spectra in the VUV are now available for all rare gases [17] for a
number of metal vapours [73-77] for alkali=[73] and for alkaline earth-
atoms [74]). 1In Fig. 17 arc shown the spectra from metallic and atomic
barium in the range of the 44 shell excitations [75]1. These spectra,
also obtained at other laboratories [76,77] have been discussed in
detail by Wendin [24] in his theoretical investigation of many body
effects. They constitute the proving ground for theories of the collective
response of electron shells in the process of photoicnization, as advanced
by Amusia and collaborators [95]. For instance, the broad maximum in the
cross section at about 110 eV in both phases of Ba has been ascribed by
Wendin [94] on the basis of his calculations as caused by a strong col-
lective resonance of the clectrons from the 4d subshell.

As an example for the resonance-like structure in inner shell spectra
the analysis of the 4d + np type transitions in Xe above 64eV as dis-
cussed in detail by Ederer and Manalis [96) is shown in Fig. 18. An
important point is that here only transitions into np-type final states
are observed and that the d»f transitions cause a large maximum in the
continuum delayed towards higher energies. This has been explained as a
centrifugal barrier effect by Cooper [(97].

Recent studies of the valence shell excitations of the rare gases
Xe, Kr and Ar under high resolution (AA = 0.038) in the range of auto-
ionization revealed Rydberg states with main guantum numbers n, up to
n > 40 superimposed on the first continuum (Beutler — Fano- resonances)
(98] (see Fig. 19). Ancmalies in the s and d scries due to interference
effects could also be cbserved. The high reselution at low gas
pressure made the investigation of field quenching of the highly excited
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Rydberg states in weak static electric fields possible.

As an ecxample for the detailed information obtainable from photo-
electron spectroscopy of atomic gases, we mention the experiments of
Houlgate et al. [B2] in which the B parameters could be determined over
a fairly large energy range. Thelr results for the Ar 3p electrons, when
comparcd to theoretical predictions enabled an unambiguous decision to be
made in favour of the theory of Amusia (RPA) [95) against the Hartree-Fock

calculations of Kennedy and Manson [99]. Turning now to molecular spectros-

copy we leave out the many absorption measurements on atmospheric [78,79]
and simple inorganic molccules, e.g., [80,8l] which provided a vast
amount of new information. Spectra for the valence shell absorption of a
nurber of simple organic molecules such as alkanes [50], benzene [100]
napthalene and anthracene [LOl] have been measured and compared to
existing theoretical predictions of excited molecular states. The com-
parison of gaseous and solid phase yields interesting informatien also

in this case. If single crystals of these materials are studied [92]
they may be considered in a first approximation as an oriented gas

and the response of such erystals to photons is highly anisotropic.
Consequently, the high degree of polarization of the SR is of considerable
help in such experiments [16].

The fine structure at the carboen ls K-edge in the range 280 < hw <
300 eV has been measurcd recently [102] for a number of simple hydro=
carbons. The spectra being fairly simple compared to the valence shell
absorption are characterized by weak maxima for encergies below the ion-
ization threshold for C ls in the case of methane and ethane, whereas
additional strong resonances are observed in the spectra from molecules
containing m-electrons (see Fig. 20). These highly excited states
have beecn assigned as cither ls - Rydberg or ls —T* excitations on the
basis of their term values and oscillator strengths.

In a series of papers Baumgdrtel and coworkers [88] have discussed
the photoreactions of small organic molecules studied by absorption-,
photoion-mass- , and resonance photoelectron spectroscopy. As an example
the rescnance photoclectron spectra of halogenated methanes are shown in
Fig. 21. These spectra were recorded by collecting zero or nearly zero
energy electrons while varying the energy of the incident photon beam.
Advantages of this threshold photoelectron spectroscopy [103] making
very cfficient use of the SR-continuum are the constant transmission of
the electron analyzer, the accurate energy scale given by the wavelength
setting of the monochromator and the suppression of angular distribution
effects of the electrons. By investigating the fragmentation processes
for the molecules shown in Fig. 21 it could be shown that the stability of
the parent ions decrecases with increasing symmetry of the parent molecules

The continuum of SR makes possible also another mode of photoelectron
spectroscopy where the cnergy distribution of photoelectrons is measured
for various fixed excitation frequencies of the exciting light.' By
measuring the relative intensity of each group of clectrons originating
from different orbitals as a function of the excitation encrgy the
branching ratios and the partial photoionization cross sections can be
determined. Such experiments are in progress for a number of molecules
[83]. They are also important for the interpretation of photoelectron
measurements of molecules adsorbed on surfaces [104].

[88].
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Another area of current experiments with SR is the investigation of
the decay of excited molecular states via fluorescence or fragmentation.
As an example, we mention the dissoclative decay of NO SEudied bx Hertz
et al. [105]. 1In Fig. 22, the relative yields of NO , 0, and N as a
function of the exciting wavelength between 550 and 650 A are shown.

It turns out that higher (ncutral) Rydberg states of the molecule strongly
influcnce the decay channels giving rise to the marked structure observed
in the yield spectra. Similar experiments have been reported in a

number of papers by Lee et al. [85].

An interesting and unique application of SR for molecular spectroscopy
are the fluorescence decay experiments with a very good resolution in time
by Lopez = Delgado et al. [86] in which use is made of the pulsed structurc
of the SR source.

5.2 Solids

Up to now, SR found its most fruitful application in the investigation
of the electronic structure of solids. The various investigations (see
Table V) centered around a better understanding of the band structure,
of quasi particles such as excitons, which as in the case of rare gas
solids govern large portions of the spectra (see e.q., Fig. 16), the elu-
cidation of edge anomalies manifested as increcased absorption spikes at
the onset of the absorption from inner shells in metals, surface - and many
body cffects. As extensions of absorption and reflection spectroscopy
sensitive experimental techniques such as thermomedulation or electro-
reflectange have been developed for use in the VUV and also the preparation
and characterization of samples has improved considerably. As secondary
processes optical-[18,87] and photoelectron emission [18,71] have been
studied for a variety of materials. Tunability of the exciting light offers
in such experiments the possibility to selectively excite a particular state,
to separate the contributions from initial and final states to the photo-
electron energy distribution spectra and to enhance or lower the probing
depth of the measurement by exploiting the enerxgy dependence of the
electron attenuation length in solids [71]. New convenient modes of
photoelectron spectroscopy could be developed by the use of SR. For
instance for the constant initial state spectroscopy the electron analyzer
pass encrgy is scanned simultaneously with and at the same rate as the
exciting photon energy. [121] For all these developments we can again
give only a very small selection of illustrative examples.

Much information on the band structure of solids has been inferred
from optical data obtained by absorption and reflectivity measurements.
In the upper part of Fig. 23 the absorption spectra of single crystalline
and amorphous GaP in the encrgy range from 16 eV to 30 eV [122] are pre-
sented as an example. The maxima in the spectrum from the single crystal
are ?uc to spin orbit split transitions from the Ga 3d levels. The
D and D double structure corresponds essentially to transitions
tgx%hc two lowest conduction bands [122]. 1In the lower part of Fig. 23,
the electroreflectance spectrum of crystalline GaP in the same encrgy
range [68) is shown. The amount of additional information available from
the modulation spectrum enhancing weak structures is obvious. The detailed
assignment of such spectra and their correlation to the band structure
is, however, not an easy task [18,68].
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Photoelcctren encrgy distribution mcasurements using SR have con-
tributed significantly to a detailed understanding of the band-structure
[71,106). In Fig. 24, the photoclectron cnergy distribution curves for
solid Ne, Ar, Kr, and Xc [123] are shown. These data demonstrated that
almost all available band structure calculations for rare gas solids,
often considered to be the most simple solids, fail to predict quan-
titatively other features than the spin orbit splitting.

As an example for the determination of partial emission intensities
of various initial statecs to the photoelectron energy distribution spectrum
we refer to an experiment by Eastman and Frecouf [124]. Several photo-
electron cnergy distribution curves for NiO (100) arxe shown in Fig. 25.
Contributions from different states can be disentangled by observing their
chaxacteristically different Hw - dependent photoelectric cross sections.
The emission due to localized 34 states and oxygen derived valence 2p
bands are shown by the dashed and broken lines respectively. The d-state
features are almost independent of Hw whereas the p-band emission is
gradually decreasing with increasing photon encrgy. In the XPS spectrum
the p-band has almost disappeared and cannot really be observed.

Angle resolved photocmission measurements cen give significant addi-
tional information. s an example, the polar diagram of the photo-
emission intensity for a XCl single crystal is presented in Fig. 26 as
obtained by Himpsel and Steinmann [125]. Most remarkably, belew the
electron-electron scattering threshold the pattern depends cnly on the
final energy irrespective whether the level has been populated by excit-
ation from the valence band of the K 3p core level. This can be +ak'n
as an indication for the fact, that duc to el|ec:ron-phonon scatterrmg the
electrons leaving the sample have lost the rwformation about their
initial states.

Optical, as well as photoemission experiments, have also success-
fully been used to study surface effects, that is, the ‘occurrence of sur-
face excitons [116], unoccupied surface states [115] and electronic states
of adsorbates [104].

In order to illustrate the current debate about edge anomalies in
simple metals, the Li 1ls [126] and Na 2p [127] absorption edges arc de-
picted in Fig. 27. From the different explanations proposed the many
electron theory of the threshold anomaly by Mahan [128] Nozires and
deDominicis [129] was the most attractive onec because it could account
for both the rounded edge in Li and the spike at the Na edge. It
obtained support for the case of Na by the observation of an enhancement
at threshold in both the solid and the liguid phase [118]. For Li, how-
ever, recent measurcments of the partial photoyield from massive specimens
taken at 77K showed that the Li K-edge is really composed of two parts
[119]. The new results are in good agreement with the predictions cof the
onc electron theory [13C], taking Auger and phonon broadening into account.

5.3 X-Ray Experiments

Interest in using the x-ray part of the SR-spectrum has increased
considerably during the last several years. Table VI gives a list of
experiments performed or proposed and some representative references to
the original literature, where more details can be found. In the follow-
ing we will mention only a few of these experiments.
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X-ray absorption edges and the structure found above the cdges have
been studied both cxperimentally and theoretically for some time [133].
The currcnt view of the origin of the extended x-rav absorption fine
structure (EXAFS) found above about 100 ¢V from the cdge, is that the
normal atomic absorption matrix element is modulated by the interfercnce
ef outgoing photoeclectrons with those backscattered from the ncarest
neighbours. Conseguently, one sceks to obtain structural information, i.e.,
accurate interatomic distance information, from an analysis of the ob-
served EXAFS structure e.g., [131,132]. For thesc high resolution
K-cdge-absorption studies SR from a storage ring offers intensity im-
Provement over a powerful conventional source by & factor of 5 x 10  [131].
Thus, EXAFS measurements within half an hour with an excellent signal to
noise ratio become possible. At SPEAR EXAFS-studies for structural in-
vestigations on a varicty of compounds have now been completed or are
in progress including such materials as crganometallic molecules, which
are of biological interest.

Presently it seems as if the theories used to date to analyze EXAFS
data are still not sufficient in order to obtain quantitative agreement
with experimental data. Nevertheless, atomic-shell spacings around an
absorbing atom have been determined by empirically adjusting paramecters
and trying to fit the experimental curves [132]).

Energy Dispersive X-ray Scattering [144), made possible by the development
©of encrgy discriminating x-ray cetectors with high accuracy and resolving
power, makes excellent use of the characteristics of SR. The method until
recently exclusively carried out with Bremsstrahlung from conventional
x-ray tubes, is illustrated in Fig. 28. A parallel beam of poly-
chromatic SR x-rays falls on a sample. For a selected scattering angle €
there will appear o ..umber of wavelength which fulfill the Bragg con-
dition. Recently, Rordas et al. [136] using the NINA Synchrotron and
Buras et al. [137] werking at DESY reported some preliminary results.

In Fig. 29 the entryy dispersive spectrum of iron powder as obtained by
Buras et al. [137] +s shown as an example. It is clear already from
these first tests that SR due to the high brightness of the source and

the resulting short exposurc times together with the special features of
the energy dispersive method (e.g., simultancous appearance of all
reflections and a fixed scattering angle) is very suitable for structure
studies. Investigations of phase transitions and of time dependent
phenomena where the pulsed structure of the SR-scurce may be used seem also
possible and very promising.

The value of SR for x-ray topography has been first explored by
Tuomi et al. [33,138] and later in some more detail by Hart [139]. For
topography, the high intensity and in particular, the collimination of SR
proved to be most advantageous. With these experiments, it could be
shown that transmission and diffraction topographs taken with SR can have
the same resolution as the best taken with laboratory sources. As an
additional advantage larger areas could be covered with one exposure
in times of a few seconds and many different topographs could be ob-
tained simultaneously. Fer an example, sece Fig. 30. Recently, Bordas et
al. [140] have used SR in order to study phasec transitions at the ferro-
electric-paralectric phase transition in barium titanate with x-ray
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topography. It is anticipated that in the future high speed topography
using SR with X-ray sensitive vidicons or with conventional television and
phosphor screens with cxposurc times below 1 sec. will become feasible.

Obviously, the cxtension of microscopy down to smaller dimensions
with the help of x-rays would have many useful applications. To build an
X-ray microscope is, however, not fecasible with normal refractive optics,
since the refractive index of all materials in the soft X-ray region is
only slightly less than unity. Thus other means have to be employed to
operate an x-ray microscope with SR.

In a simple design, Horowitz and Howell [141] have used an x=-ray
condensing mirror under grazing incidence to focus SR onto a collimating
2 um pinhole. By illuminating a sample with the resulting pencil like
polychromatic x-ray beam in a raster pattern and monitoring the character-
istic fluorescent x-rays they obtained element disciminating pictures of
specimens up to 100 um thick in an atmospheric environment. No attempt
was made, however, to form a focused x-ray image and consequently the
resolution was roughly the same as the diameter of the collimated x-ray
beam (v 2 um). An alternative approach without focusing was taken
by Spiller et al. [142] using soft x-rays from a synchrotron for micro-
graphy. Alrcady in a first test experiment a resoluticn below 1000 A
was obtained (see below) .

Niemann, Rudelph and Schmahl [64] were the first to employ real
imaging of SR - x-rays with the help of a zone plate diffraction optical
system {Fig. 31). Diffraction optics for x-rays have become possible by
using holographically produced zone plates [145] with large zone numbers
[146). 1In this zone plate microscope, SR is dispersed by a holographic
grating. A holographic zone plate (5mm diameter, 2400 zones) focuses
one particular wavelength at a point in the object plane. The object is
then imaged by a holographic micro-zone-plate with a ratio of 1:15 onto
a photographic £ilm. With a prototype sct up a resolution of approximately
0.5 ym was obtained. This resolution can be increased considerably. In
Fig. 32 an cxample of a wire mask as a test object is given. It should
be noted that in this case monochromatic light was used, thus microscopy
with variable x-ray encrgics in order to selectively enhance the contrast
for a given element is possible.

The effort by Acki, Ichikara and Kikuta who obtained an x-ray holo-
gram by using SR [147] is also worth mentioning in this context.

X-Ray Micrography and X-Ray Lithography The combination of intense SR as
a soft x-ray source, an x-ray resist as detector with high resolving power
and a scanning clectron microscope for viewing the resist profile has been
used by Spiller et al. [142] as a powerful technique for the study of
biological objects. The principle of this technigue is illustrated in
Fig. 33. The spccimen is brought into contact with the X-ray resist sup-
ported by a wafer. It is illuminated with a parallel x-ray beam. After
exposure and development of the resist a relief like replica of the
absorption pattern of the object remains, which when coated with a thin
metal f£ilm, is ready for viewing in a scanning electron microscope.
Examples of the resulting micrographs of biological objects obtained

with SR radiation from DESY, reflected from a gold mirror with 4°

glancing angle are shown in Fig. 34. During these experiments, DESY
operated at 3.5 GeV and 8 mA and the exposurc times ranged from 4 to 10
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minutes. These parameters can even be improved when working with a storage
ring. The first cxperiments already demonstrated the great potentialities
of this technique: The natural high degree of collimation of SR minimizes
losses in resolution by penunbral blurring and a resolution close to 100 A
seems to be possible. The high intensity of soft x-rays available from a
SR source drastically reduces the cxposure times which might even be pushed
below one second.

The technical application of this procedure for x-ray lithography is
evident. In this case, the "specimen" is a device mask gencrated by
a scanning electron beam system. Exact, fast, and cheap replications of
such masks with patterns as small as 100 A linewidth seem possible with
the present day technology. Actually, Spiller and coworkers [143] have in
the same run of experiments, successfully used SR for the replication of
bubble memory patterns and zone plates. By using only the scft component
of the spectrum masks with very thin absorber patterns could be copied
with linewidth down to 500 A. The control of other paramcters important for
practical applications such as heating of the wafcrs exposed to SR resulting
in loss of resolution and radiation damage in the masks proved to be no
problem. The authors conclude [143] that a dedicated storage ring would be
a very desirable light scurce for x-ray lithography, for many applicaticns
far superior to a conventional source due to its collimation and intensity.

5.4 Applied Physics with Synchrotron Radiation

The advances in basic research in the VUV mentioned above suggest
that within the next decade in addition to basic science also a VUV~
technology oricnted towards applied problems will be developed.

For instance SR holds great promises as an important technigue in
molecular biology as has been discussed recently by Holmes [148]. Some
other areas like x-ray microscopy, x-ray lithography, time resclved top-
ography and EXAFS for structural analysis have already been mentioned.
There are a couple of other aspects of the application of SR which we
would like to mention here briefly.

The accurate knowledge of absorption cross sections and dielectric
constants for all kinds of materials in the gaseous and solid phase
throughout the VUV might find useful applications, e.g., in plasma physics,
atmospheric physics, and laser technolegy. The vast amount of data now
available for these purpcses has been collected and critically reviewed
only for a small number of materials [e.g., 149]. Further data compilations,
although in themselves scientifically not very exciting goals, might turn
out to be very useful for many applications.

Experiments on optical multilayer coatings by which the normal in-
cidence reflectance can be raised by almost a factor of 10 at around
A = 190 A [150] promise progress in the design of high guality imaging
elements (myeror microscopes and telescopes) for soft x-rays.

At several SR-laboratories, calibration experiments are in pro-
gress, e.g., Ref. [151,152]. In thesec cxperiments use is made of the cal-
culability and high stability of SR from storage rings. As a further
application we mention also that the pulse shape of SR from ACO has been
used to study the time resoluticn of high speed photomultipliers with
bialkali cathodes and its dependence on the incident photon cnergy [153].
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6. Conclusion

Experiments with SR have matured in many ways from the use of an
unwanted byproduct of hich energy electron accelerators to a systematic
effort to make VUV-radiation available to scientists from basic and
applicd physics rescarch groups, to chemists and to bioclogists. It was
the aim of these lectures to outline the present status of the field. It

should be apparcnt that SR as a tool for research has an assured future
for some time to come.
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Table I Synchrotrons (SY) or storage rings (ST) used (ox considered) as
light sources. E, particle energy; R, magnet radius; I, max
currcent (during acceleration for SY); Ec, critical photon encrgy

Name and location Type E(GeV) R(m) I(ma) ec(eV) Remarks

Group I, €, = 1l - 60 ev

Tantalus I (Stoughton) ST .24 .64 100 48 dedicated
Surf II (Washington) sT .24 .83 N30 50 dedicated
INS-SOR II (Tokyo) ST o Bk ~50 54 dedicated

Group II, sc = 60 - 2000 eV

Bonn I (Bonn) 8Y ) 1.7 30 163 SR Lab
ACO (Crsay) sT .55 1.11 35 333 dedicated
C-60 (Moscow) sY .68 2 10 349
Frascati (Frascati) sy L.1 3.6 15 821
PACHRA (Moscow) ST 1.3 4 n100 1220 gf{d;;imd
Adone (Frascati) ST 1.5 5.0 60 1500 SR Lab
Sirius (Tomsk) sY 1.5 4.23 20 1770 SR Lab
Group III, cc = 2 - 30 kev
Tantalus II (Stoughton) ST 1.76 4.5 100 2690 §§§§§§§§d
Nina II (Daresbury) ST 2.0 5.55 1000 3200 dedicated
under construction
DCI (Orsay) sT 1.8 3.82 400 3390 SR Lab
Phot-Fac (Japan) ST 2.5 B ; 4300 dedicated, planned
Bonn II (Bonn) sY 2.5 7.65 30 4530 SR Lab
Vepp 3 (Novosibirsk) ST 2.5 6.15 ~100 5600 SR Lab
DORIS (Hamburg) ST 3.5 12.12 500 7850 2 SR Labs
SPEAR (Stanford) ST 4 12.7 60 11200 SR Lab
NINA I (Daresbury) SY 5.0 20.8 50 13300 SR Lab
ARUS (Erewan) sY 6.0 24.65 20 19500 SR Lab
DESY (Hamburg) 534 7.5 31.7 30 25500 2 SR Labs
Group IV, € > 30 keV
Cornell III (Ithaca) sY 12 120 2 32000 SR Lab
EPIC ST 14 172 22 35000 proposed
Pep (Stanford) ST 15 170 100 44000 proposed

Petra (Hamburg) ST 19 200 90 75000 under construction

Table II: WUV and soft x-ray radiation sources.
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28, 30, 37.; (a): monchromatized H2 discharge

Source

Photon encrgy range

Linewidth

For references, see Ref. 5,

Remarks

He continuum
Ne continuum
Ar continuum
Kr continuum
Xe continuum
Hintercgger lamp(a}
He I resonance lamp
He II resonance lamp
Ne I resonance lamp
Ne II resonance lamp

BRV Source

YME x-rays
Z2rME x-rays
NbME x-rays
RhME x-rays
TiME x-rays
MgKa x-rays
Al Ko x=-rays
Cu Ko x-rays
DORIS (4 GeV)
DESY (7.5 GeV)

10
10 < Hw < 3x10

12 < Hw < 21
12.4 < fiw < 16.8
8 < fw < 11.8
6.9 < lw < 9.9
6.2 < lw < 8.4
4 <hw <14
21.2

40.8

16.8

26.9

4 < Hw < 250

132.3
151.4
171.4
260.4
452

1254
1487
8055

N < 2x10?

-4 4

A
=18
=4
A

multiline
~lmev ?
<10meV
“lmeV
<10mev?
continuum and
multiline
0.5 ev
0.8 ev
1.2 ev
4.0 ev
0.7 eV
0.8 eV
V2.5 ev

pressures of
50-200 torr

pressures of
0.1 - 0.5 torr

-4
10 torr

10'8 torr
].D_6 torr
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Table III. Survey on different types of grazing incidence monochromators

used for SR experiments Table IV Main areas of research with synchrotion radiation in atomic and

molecular physics. Only a small selection of typical rcferences

. is given.
NUMBER OF . EXIT
TYPE ACCELERATOR REFLECTIONS GRATING BEAM RESOLUTION REFERENCE
plane DESY 1 plane moving low 52 GENERAL AREA REFERENCES
grating (Nowak et al.)
Absorption cross sections
planF IN§-SOR 2 plane fixed medium 52 rare gases 17,72
grating (Miyake et al.) alkali- , alkaline ecarth atoms 74-77
. . atmospheric molecules 78,79
plane EESE 3 plane fixed .  medium 58 molecular alkali halides g0
grating (Kunz et al.) . polyatomic inorganic moleccules 81
simple hydrocarbons 11
plane DNPL 2 plane fixed medium 53
grating (West et al.)
. Photoelectron spectra, partial cross sections :
spherical Stanford/ 4 spherical fixed medium 54
grating Stoughton angular distributions, P parameters g2
(Brown et al.) energy dependence of partial cross sections 83
zero kinetic electron spectra 84
Rowland all labs 2 spherical moving high 5 rhotoelectron spectra from the condensed phase 79
Rowland Glasgow/DNPL 4 spherical  fixed high 52 Fluorescence
(Codling et al.)
study of dissociative products 85
Rowland- Stoughton 3 spherical fixed high 52 time resolved fluorescence 86
Vodar (Pruett et al.) (two) fluorescence from matrices, energy transfer 87
Rowland Bonn 2 spherical  fixed high 56 Mass spectroscopy
{(Thimm et al.) (two)
fragmentation processes 88
Rowland ACO 5 spherical  fixed medium 57 supcrsonic beam experiments 89
(Jaecgle et al.)
Spectra from condensed gases
Rowland INS-SOR 4 spherical fixed medium 57
(Sagawa et al.) atomic effects in solid state spectra : 72,80,90
. condensed gases, matrix isolation spectroscopy 17,79,91
parallel DESY 1 spherical moving medium 52 organic molecular crystals 16,92

illumination (Haensel et al.)

distant NBS 1 toroidal fixed medium 52
source (Madden et al.)
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Table V Some of the main areas of rescarch with synchrotron radiation in
solid state physics. Only a small selection of typical references

is given.

GENERAL MAREA

REFERENCES
Bandstructure investigations
absorption and reflection spectroscopy 10-18
modulation techniques 66-G8
photoemission 18,711,106

Localized excitations

Wannier-, Frenkel-, Core-Excitons
liegand field model
inner well states

Decay of excited states

electron-electron scattering

relaxation of cxciton states

enexgy-transfer processes
Surface Studies

unoccupied surface states, surface excitons
electronic states of adsorbates

Many body effects

intraatomic correlation effects
edge anomalies in simple metals

le-18,91,108
109
920,110

114
87,111,112
113

115,116
104

117
15,118,119
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Table VI X-ray experiments with synchrotron radiation.
by an asterik have been proposed but not yet pexformed,

EXPERIMENT

DESIRED INFORMATION

Experiments marked

REFERENCES

EXAFS (absorption)

XPS (photocmission)

x-ray fluorescence

Intexferometry

Raman Scattering

Compton Scattering

Small angle
scattering

Energy dispersive
scattering

Topography

X=ray microscopy

X-ray lithography

Icdography*
(Iodine absorption
at I X-edge)

Standing wave im-
purity lattice
location*

Nonlinear and mix-
ing with Lascrs*

MBssbauerspectroscopy*

local structure

binding cnergies
chemical shifts
Xw dependence of cross sections
surface studies

electronic band structure

real part of the forward
scattering amplitude

accurate position of edges
dispersion, linewidths

structure determination
structure determination
phase transitions

dislocations
phase transitions

observation of living cells
element discriminating

structure information
element discriminating

application medicine

and biology, low iodine dose

impurity lattice location
information on surfaces

131,132

see chapter by
H. Siegbahn in
this book, 71

134
32,63

135

46,47

34,62

136,137

33,138,139,140

64,141

142, 143
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FIGURE CAPTIONS

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

1.

10.
11.

Applications of Synchrotron radiation in basic and applicd
research. The various spectral ranges and spectroscopic
techniques are indicated.

A sketch of the history of synchrotron radiation as a research
tool. For references, see Ref. 8,9, and 13.

Spectral distribution of synchrotron radiation into a solid

angle of lmradx lmrad for DORIS at different operating con-

ditions. For comparison a curve typical for the DESY synch-
rotron is given (from Ref. 23).

Geometry of synchrotron radiation cmission. The plane of the
accelerator or storage ring is filled with radiation (top)
while the intensity in the off plane direcction drops rapidly
with increasing angle Y (bottom) from Ref. 29.

Angular distribution of intensity components with electrical
vector parallel (I,.) and normal (IL) to the plane of the synch-
rotron, linear poldrization, and circular polarization (from
decomposition inteo left (I_) and right (I_) hand circularly
polarized components) for ~the DORIS storage ring calculated

for three photon energies Kw. ¥ is the elevation angle per-
pendicular to the orbital plane (from Ref. 24).

The DESY synchrotron and DORIS storage rings at Hamburg. There
are four synchrotron radiation laboratories Ll to L4. Labora-
tories 1 and 3 arc used by various groups for VUV and X=Yay
experiments. Laboratories 2 and 4 are used for x-ray dif-
fraction experiments on bielegical objects by the European
Molecular Biolegy Laboratory (EMBL).

Schematic spectral distribution of synchrotron radiation with
the electron energy in GeV as a parametcr. The spectra of
rare gas discharge lamps (Ref. 28) are shown for comparison
(£rom Ref. 29).

Spectral distribution of intensity into a 2 cm x 2cm wide
aperture at laboratory distance d at different accclerators
and storage zings (from Ref. 26).

Brightpess of synchrotron radiatioa from DORIS (source size
1x10mm™~) , DESY (source size 3x10mm”), Cu K characteristic
radiation and bremsstrahlung from a 60 KW x-ray tube [36]
(estimated source size 2mm diameter) and the He,I (21.2 eV)
resonance line [30] (estimated source size 10 mm diaTgter, 20
meV line width, guessed collimation of the quoted 10 photons
into 0.0l sterad) (from Ref. 26).

Principle of a wavelength shifter and a wiggler device.

Block diagram showing the various instrumental aspects of VUV-
spectroscopy with synchrotron radiation (from Ref. 29).
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Fig. 12.
Fig. 13.
Fig. 14
Fig. 15.
Fig. 16.
Fig. 17.
Fig. 18.
Fig. 19.
Fig. 20.
Fig. 21.

Optical layout of the synchrotron radiation beam lines at the
synchrotron radlation laboratory at DORIS. The beam (from

left) is split into four independent beams, L., L., D and R.

S, to §,, plane mirrors, FM, focusing mirrors; FG, concave re-
flectance gratings; G, grating; Mi, flat mirrors; SL entrance

and exit slits respectively, FL, x-ray fluorescence experiment,
x-ray/row, space for an x-ray experiment or a Rowland monchromator
(from Ref. 23).

Schematic drawing of the beam pipe and the 3 m normal incidence
monochromator cut perpendicular to the storage ring plane.
Synchrotron radiation (SR) enters from the left, is deflected
15° out of its direction by a plane mirror in the mirror chamber
PCM and reflected upwards 15° and focused by the toroidal mir-
ror TM in the TM=-chamber TMC onto the entrance slit (S) of

the monochromator (225.3 D). It hits the grating (G). A
monochromatic beam emerges horizontally from the exit slit

(S) into the experimental chamber (EC). V = valve (from

Ref. 51).

Layout of the grating incidence monochromator built by Dietrich
and Kunz. Units I and II are vibrationally isclated from the
vacuum housing. They sit on separate supports and arc de-
coupled by soft bellows B. A, and A, beam apertures; M, pre-
mirrors; G, grating; F, focusing mirfFor; S, exit slit; Fi, thin
film filters; MP, open photomultiplier; GP and TMP, pumping
system (from Ref. 58).

Top view and side view of the remotely contrelled optical bench
in the EMBL laboratory at DESY for x-ray diffraction on bio-
logical specimens (after Ref. 62).

Absorption of gaseous (g) and solid (f) Krypton in the photon
energy range from 9 to 600 eV (from Ref. 93).

4 d absorption spectrum of atomic and solid barium and cal-
culated relative oscillator strengths of 44 -+ 4f, 5f, and 6p
transitions (from Ref. 75).

Structure in tEO phBtolgnlzat§On COEtlnuum of Xenon duc to
transitions 4d -+ 44755 "5p np (from Ref. 96).

Absorption spectrum of Krypton in the range between the first
and second ionization potential (Beutler-Funo resonances) with
high resolution. The two p»s and prd series interact with each
other and with the underxlying continuum (f£rom Ref. 98).

Electron yield spectra of gaseous cthylene, benzene and acety-
lenc in the range of the C ls absorption. Photon energies of
the peak positions and the ionization potentials are given
for cach spectrum (from Ref. 102).

Resonant photoelectron spectra of CF Cl CF Cl and CFC13
(after Ref. 84).
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Fig. 22. Relative Ehotoionizatien yield curves of NO; (a) No+; (6] 0+
and (c) N (from Ref. 105).

Pid- 23. Absorption of crystalline and amorphous GaP (upper part, after
Ref. 122) and Schottky-barrier eclectroflectance spectrum of
GaP at 80K (lower part, after Ref. 68) (from Ref. 18).

Fig. 24. Photoclectron energy distribution curves for solidé Ne, Ar, Kr,
and Xe for various photon energies below the onset of electron-
electron scattering (from Ref. 123).

Fig. 25. Photeoclectron energy distribution curxves for NiC. The =zcro
of the cnergy is placed at the d-state peak and the arrows
; and E are the fermi energy, d-state energy and p-band
eEge. Partial d-state emission intensities (dashed lines) and
p-band intensities (broken lines) are shown (from Ref. 124).

Fig. 26. Polar diagram of the photoemission intensity as a function of
azimuth @ for KCl (100) face at a fixed polar angle ® of 45°
for three final energiecs (15, 16, and 18 eV above the top of the
vaicnce band) and two initial energies (C1_3p valence band and
K = 3p core level) (10) marks the orientation in which the
(10) surface vector lies in the emission plane (from Ref. 125).

Fig. 27. The Li ls absorption edge [126] and the Na 2p absorption
edges [127) (from Ref. 18).

Fig. 28. Principle of the energy-dispersive x-ray method using synch-
rotron radiation. 26, fixed scattering angle; S and S_,
slits; A, focus point; D, semiconductor detector: MCA, fulti-
channel pulse-height analyser (from Ref. 137).

Ref. 29. Energy dispersive diffraction spectrum of Iron powder recorded
with a Ge detector; Slit widths are given for S, and S_; ec,
escape peaks. In addition to the diffraction lines, séme fluor-
escence lines are seen (from Ref. 137).

Fig. 30. A 220 transmission (Guinier-Temerin) topograph of a 0.3 mm
thick silicon crystal. The maximum electron energy of the
synchrotron was 6 GeV and the current was 7mA. The exposure
time was 8 sec. (from Ref. 138).

Fig. 31 Experimental arrangement for the x-ray zone-plate microscope
(from Ref. 64).

Fig. 32. Test picture of a wire mesh taken with the zone-plate micro-
scope. The resolution is about 0.5 um. (B. Niemann, unpublished).

Fig. 33. Principle of x-ray micrography. (a) Irradiation of the x-ray
resist through the specimen. In x-ray lithography, the
specimen is a mask gencrated by an e¢lectron beam. (&) the
replica after development of the resits (from Ref. 142).

Fig. 34. X-ray replicas of diatoms obtained with synchrotron radiation
() is a detail of (b) (from Ref, 143).
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free electron VUV lasers?

photon factories, wigglers

more applications in x-ray spectroscopy
dedicated use of storage rings

storage rings become available

secondary processes are studied at several labs
number of facilities increases n~I0

absorption and reflection spectroscopy at several labs

first spectroscopic application (Tomboulian, Hartmann)

analytical expressions for most properties (Schwinger)
observation of visible part (Elder et al.)

search for microwave radiation, no result (Blewett)
prediction (Iwanenko et al.)

classical theory (Schott)

an electron on a circular trajectory
should radiate (Lienard)
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