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Synchrotron Radiation, Characteristics, Instrumentation and Principles

of Research Applications — an Introduction

E. E. Koch aud D. E. Eastman

1.} Synchrotron Radiation as a Scientific Tool

Observations and studies of the interaction of electromagnetic radiation

with matter have provided us with much of our knowledge about the geome-

tric and electronic structure of the world surrounding us. This has been
evident for some time for the visible and x-ray regions of the radiation
spectrum, 1In the past few decades, important developments in new sources

of radiation bave enabled us to extend spectroscopic wethods into the
nonvisible regions of the spectrum, These extemnsions into the ultraviolet

and shorter wavelengths as well as into the infrared and beyond lhave broadened
our views in many respects. Today, spectroscopic methods and photon-scatter-
ing experiments of a wide-ranging variety are indispensible tools for basic

and applied research in physics, chemistry, biology and medicine.

The concept of electromagnetic waves as developed by Maxwell and others
together with the elucidation of the quantum theory of radiation in our
century has provided us with the knowledge needed both to generate radiation
and to tailor its properties so as to obtein a maximum of useful information
from each experiment. For example, spectroscopy in the visible region has
been the experimeutal basis for quantum mechanics while infrared spectroscopy
has provided detailed information of the geometrical properties of molecules,
For studies of excited states of atows, molecules and condensed matter, the
energy of the radiation quanta must be matched to the excitation enetgfes

of these systems, whjile the geometrical structure of matter, even as complex
as that of proteins, is well matched by the wavelengths of x-rays. Without
exaggeration one can conclude that many new sources of radiation which have
been developed have lead to important discoveries and advances in basic

and applied science, and certainly synchrotron radiation (SR) is such a

source (Pig. I, Fig. 2).

Synchrotron radiation is produced when a fast charged particle with an
energy E >>mg c2 is deflected in a strong magnetic field. Circular
electron and positron accelerators - in particular storage rings - in
which the particles move with relativistic energies, are the "natural
man-made sources of this radiation (Fig. 3, Fig. 4). 1In Figure 4 a SR
source is schematically sketched. Electrons are injected into an electrom
synchrotron (Booster) at a relatively low energy, say several 100 MeV

from a linear accelerator; in the synchrotron these electrons are accelerated
on a fixed circular orbit. The synchrotron consists of an array of magnets
for focusing and bending the beam and straight linear sections for accele-
rating the particles, The magnetic field in the deflecting magnets rises
during the acceleration in order to keep the electrons on the same circular
path when their energy is gradually increased. Finally, whea they veach

the appropriuste energy, the electrons are transferred to the storage rings.
Here the magnetic field remains constant. Accelerator sections within the
storage ring compensate for the losses due to synchrotron radiation. Around
the storage vings the radiation from the stored electrons can be used by

various experiments.
For spectroscopy SR has a number of outstanding properties:

|. Intense continuum from the infrared out to the x-ray region.
2, MHigh degree of collimation (% ) mrad).

3. Polarization, completely linear in the plane of orbit.

4. Time structure, pulse duration as short as 100 psec.

$. Quantitatively known characteristics.

6. WHigh stability of storage rings.

7. Clean environmeat (IO_9 Torr).

Thus, SR spans the large gap between the far UV and the x-ray range as well
as being a unique x-ray source, and the unique combination of the above
characteristics offers far reaching possibilities for many fields of science

and technology.

Traditionally, the two most common techniques have been absorption and
reflection spectroscopy in the 1R, visible and UV, and diffraction in the

x-ray range. Scattering, emitted fluorescence and electron emission by



radiation may also be studied and have bhecome widely practiced. For
the tatter experiments, the ability to study these processes using SR
as a function of the excitation energy, which can be selected from

the courinuum by various types of monochiromators, is a major advantage.
Furthermore, there are a number of experiments which very elegantly

can make use of the white continuum of SR.

We have summarized many of the widely-used spectroscopic techniques
and their relation to scientific problems in the matrix appearing in
Table | and in Fig. 2. In many areas of current research important con-
tributions have been made by the use of SR as a light source. Among

these are:

(i) Atomic and molecular spectroscopy of highly excited states
including absorption, photoelectron and wass spectroscopy, as

well as time-resolved spectroscopy.

(ii) lInvestigation of the energy band structure of solide and surfaces
by means of angle-resolved photoelectron spectroscopy and of ex-

citons; deep level spectroscopy.

(iii) X-ray absorption and x-ray scattering experiments for the investigat-
ion of the geometrical structure of crystalline and amorphous solida,

dilute systems, and biological materials.

{iv) Use of SR for applied research in soft x-ray optics, soft x-ray

microscopy, and x-ray lithograpby.

While the applications of SR are wide-ranging and not a homogeneous subject,

there is no doubt that SR itself is a fascinating theme.
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It is felt that there is much to be gained by bringing the diverse types
and applications of research with synchrotron radiation together and to
provide easy access, thus stimulating cross-fertilization of ideas and
methods. There is no doubt that this large field will continue to expand
and remain a major international scientific activity in the coming

decade. This is due to the world-wide growth in facilities and their new
capabilities as well as to the large and diverse body of researchers inte-

rested in using thie radiation for their research projects.

In the present chapter we give a qualitative introduction to the field
by addressing simple questions such as, what is synchrotron radiation,
what is the historic development which led to the present worldwide interest,
what is the status of SR sources and how do they compare with other sources,
and what are the major areas of activities at present and in the foreseeable

future. These questions are discussed in depth in the following chapters.

1.2 What is Synchrotron Radiation? A qualitative description of its

nroEerties

The theory of synchrotron radiation based on the work of Ivanenke and
Pomeranchuk (1944) and Schwinger (1946, 1949,1954) has been described in detail
during recent years, both in convenient summaries {(e.g. Sokolov and Ternov,
1968) as well as in basic textbooks (Sommerfeld 1949, Jackson 1962).

For a quantitative description of the properties of synchrotron radiation
a convenient starting point is Schwinger's formula for the total power
radiated by a monoenergetic relativistic electron on a circular orbit

(c.g.8 units):
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[n the above expressions, Y = Elanc2 where e, m and ¢ have Lhe usual
meaning, A is the wavelength of the emitted radiation, R the bending
radius of the electron orbit, ¢ the azimutal angle and Xy, £),
KZ/B(E) are modified Bessel functions of the second kind (see for in-
stance Watson (1945)). ln Fig. 5 the characteristic direcLicnal pattern
from a charged relativistic particle is sketched. The radiation is
emitted into a very small angular cone around the particles instantanecous
direction of flight. At the “cut-off" energy ¢, = hc/A; the angular
width <¢> is 1/y; at lower energies <y> varies roughly as <y> “(eclc)”3

for e<eg.

The spectral power per unit photon energy I{e,y) de d¢ rather than per

unit wavelength I{(},p) dX d¢ (eq. 2) is more useful for many purposes:

LG,y = LOL9) - hefe? dh = hele )
For example, using e¢q. 4, the number of photons in an infinitely high
slice of one mrad horizontal width for A > A, is given by

hotons
N —F

se¢ * ¢V ' mA * mrad =45 x 10 j(mA) * (Rtm))'"* - (eleV)) ™ 5)

with j = particle current in the accelerator.

Synchrotron radiation from proton accelerators is negligible. For energies

up to several hundred GeV the classical theory shows that due to the heavier
mass of the proton only a negligible part of the emigted radiation power

is in the range of the visible light spectrum or at shorter wavelength, Sole-
ly the abrupt change of the magnetic field cccurring at the magnet edges can
lead to emission of SR by a high energy proton beam (Coisson 1977) and

indeed recently visible SK emitted by 400 GeV protons in the CERN super proton
synchrotron (SPS) originating from the edges of the bending magnets has been
observed (Bossart et al. 1979).

For applications in spectroscopy, x-ray scattering experiments and other
applications, the fallowing properties of SR from electrons {or positrons) are

of prime importance:

}. Wide spectral range, intense continuum from the infrared to the x-ray region

The general shape for the radiation spectrum of an electron moving in a
curved trajectory is shown in Fig. 6. The horizontal wavelength scale is
defined by the quantity )., known as the critical wavelength, and the
vertical scale of intensity simply by the electron current and energy.

In a practical device, the value of A, is given by the formula

5.6 R 18.6
xc-f i |n-:2'RJ N

with E in GeV, R in meters, B in Tesla and 1 £ =0.1 on

The shape of the spectrum shows that in order to obtain radiation
extending fton the x-ray region to the far infra-red, A. must be
L | 1 or shorter; eq. (b) indicates that this can be achieved with

a value of E of a few GeV and R a4 few metres,

As evident from eq. 5, the amount of radiation emitted from a

storage ring is directly proportional to the number of stored
electrons. The spectra of total emitted flux for several storage
rings are depicted in Fig. 7. Here the number of photons per sec per
an angular segment of | mrad horizontal width per 0,12 bandwidth is
plotted versus a photon energy scale. The total flux is the important

quantity for experiments which do not need resolution.

2, Excellent direction properties, high degree of collimation,

spectral brilliance

The radiation emitted by a single electron emerges (for A = i.) at a

mean angle O~ 1/y where y = Elmhcz, mocz

being the electron rest mass
energy (0.511 MeV), For E in the GeV region, this angle can be smaller
than 0.} mrad (v 0.006° or 20 sec of arc). The intensity of the
vadiation as & function of the elevation angle y against the orbital
plane is shown for a specific storage ring as an example for three photon
energies at the top of Fig. 8. Thus, the plane of the accelerator is
filled with radiation, while the emission in the of f~plane direction
typically is confined to a wedge of only about onme milliradian angular

spread.

Together with the wide apectral range, the excellent directional properties
caa be exploited in order to obtain high spectral brilliance over a large
spectral range. The spectral brilliance is the quantity to be taken into
account for many experiments, e.g. in calculating the properties of an
x~ray monochromator, The brilliance of the source depends on the extent

of the radiating area as seen by an observer (see below); in this case, the

source size and directional properties of the radiation enter. The average



spectral brilliance as a function of wavelength for several synchrotron
radiation sources is shown in Fig. 9. The output spectrum can further be
enhanced in specific beam lines by the use of wigglers and undulators

as described below.

3. Well defined polarisation

The radiation emitted by an electron in the plane of its orbit is 1003
polarized with the electric vector parallel to the orbital plane. Above
and below this plane, the radiation is elliptically polarized to a degree

determined by the viewing angle.

The two factors in eq. (2) in square brackets are associated with the two
components of polarization. The first describes the component with the
electric field vector E parallel to the orbital plane, the second with E
perpendicular to the plane. Using as the definition for the degree of po-
larization

Pty DU+ 1L) ()]

one obtains for P as a function of X and

K358 - ((yw)2 U + (yg ) K1a(D)
KL+ (g2 10+ (yp)?h K8

PR Y= (8)

Thus, in the orbital plane (P = 0), the light is 100X linearly polarized.
Taking the storage ring DORIS as an exawple, the degree of linear polari-
zation parallel (I") and perpendicular (Il) to the orbital plane as a
function of angular distance from the plane is shown in Fig. 8 for an

energy of 3.5 GeV. The radiation off the plane of the orbit is not an un-
correlated superposition of parallel and perpendicular polarized components,
but is elliptically polarized. It can be decomposed into left and right

hand circularily polarized radiation as shown in the lower part of Fig. 8.

4, Fast time structure

Electrons circulate in compact groups (bunches) in storage rings in syn-
chronism with an applied radio frequency field which replaces the energy

lost by the emission of synchrotron radiation. The hunch tength is

-8~

typically 50 psec to | nsec. Thus, as far as the time structure is
concerned, the storage ring has outstanding properties; the radiation

is emitted in short flashes of bunch length time and has a very stabie
intensity from bunch-to-bunch (see Fig. 10 for example). For spectroscopic
experiments the repetition frequency is also an important parameter. It

is determined by the repetition frequency of the filled bunches. Maximum
separation between two pulses is obtained in the single bunch mode, i.e.
only one buach in the full ring orbit is filled. In this case the period

of revolution determines the repetition frequency, which ranges from a

few nsec to a few psec. The experimentally determined pulse shape is shown

for DORIS (Fischer and Rossmanith, 1972) and ACO (Lopez-Delgade et al, 1974)
in Fig. 10,

The emission of SR in ordinary bending magnets is incoherent as Bénard

and Rousseau (1974) have shown in their theoretical investigation of the
statistical properties of SR as long as the wavelength is smaller than

the length of the electron bunch. In particular the fields emitted at the

same point by two successive pulses are completely independent,

5. Quantitatively known characteristics

The fact that the properties of SR can be quantitatively calculated with
the help of a small number of well defined parameters is an importamt
attribute of SR for the spectroscopist when planning and designing his ex-
periments, Furthermore, this calculability is the basis for the now well
establighed use of SR as a calibration standard in the UV, VUVAand X-ray

regions,

6. Clean environment (p < l()_9 Torr), high stability of storage rings

SR is generated in an wltra high vacuum environment . This is an important
attribute for wany applications. Thus, e.g., experiments in surface physics
who require windowless monochromators profit from this property. Clearly,

the excellent stability of the source is an advantage.

In addition to these general comments concerning the properties of SR, let
us sumrarize those parameters of primary consideration in describing the
source properties in ordinary bending magnets, in wigglers and undulators.

They are as follows:



Bending Magnets

a)} The natural divergence of the emitted light which is equal to

1/y at A, and which varies like (llAC)O'AJ;

b) The divergence of the electron beam in the wagnet (horizontal

and verticat: Ox' and 0,");

¢) The size of the source seen by the observer: the vertical size
is the size of the electron beam itself (0,) whereas the horizontal
size is determined by the horizontal size of the electron beam (o)
and by the segment (radius R, orbital angle 0) accepted by the 1/2
beam line optics, i.e., effective horizontal size = {ze*(kozlz)z} H
d) The total emitted flux per horizontal unit angle integrated in the

vertical plane in a given bandpass (see Fig. 7 and Section t.5);

e) The spectral brilliance as defined as the ratio of the toral emitted
flux divided by the product of the apparent beam size and the total
divergence of the emitted beam (natural divergence + electron beam

divergence) (see Fig. 9c and Section 1.5),

Thus far we have considered SR originating from the circular trajectories
of electrons in bending magnets of storage rings. With the steadily
increasing technological skills in accelerator design and the growing
experience in operating such machines, very interesting devices for extend-
ing the capabilities of SR sources have become feasible. The principles
of the most frequently discussed devices - wigglers and undutators - are
sketched in Figs. Il and 12,

Wigglers

The purpose of this device, which is located in a straight section of a
ring, is to force the electron beam to execute a trajectory with a shorter
local radius of curvature than in the dipole bending wagnets by using a
larger magnetic field. Such a wiggler increases the critical energy and
shifts the overall spectrum to higher energy. Typically, ™ = 5~10 "wiggles"
can be achieved by usiag 2N+t poles with an increase of N in flux; one

"wiggle" with three poles is shown in Fig. 11,

=10~

Undulators

Normal synchrotron radiation is emitted by charged particles submitted

to a centripetal acceleration., However, it is well known that any

kind of acceleration will give a light emission whose properties can

be calculated via well-known relativistic electrodynamical equations.

If relativistic electrons are subjected to particular contfigurations of
periodic accelerations (e.g. using a periodic transverse magnetic field
with N poles), quasi-coherent or coherent radiation can occur which has

a very different spectral distribution tham that of SR from a bending
magnet. Two configurations which have been considered in detail are (i)

a transverse sinusoidal magnetic field with period Ao and maximum field
amplitude B, and (ii) a helical field in which the field amplitude remains
congtant but the direction of the field vector rotates around the axis of
the undulator as a function of the distance y along the axis (see e.g.
Winick and Knight, 1977; Spencer and Winick 1980, Farge 1980, and Winick
et al. 1981),

The properties of the emitted light depends both on the geometry of the
undulator and on the aperture of the electron beam travelling through this
device. When an undulator is operated so as to obtain quasi~coherent
radiation, the wavelengths of radiation seen at an angle © from the tra-

jectory (ath harmonic) are
1 2 2 2 2
An B—(I'J\0+u Y 9)

Eq. (9) is valid, if the number of poles N> 2 and ay < 1, with g

being the maximum electron deflection angle.
The main characteristics of the radiation from an undulator are:

a) Strong angular dependence of A (at O = 1/y, A is double than for ©= 0).
This makes it very important to have a small electron beam angular spread g'.
la fact, to select a band with a relative wavelength bandwidth (A = AA/A),

the angular spread should be smaller than AZIY,



b) The form of the spectrum depends on the “deflection parameter®
K=ay = 0.01 8, Ao (150 in Tesla and )\0 in cw) which is independent

of the electron energy. For K << | only one spectral harmoaic is
emitted (A = ) /2 YZ); its wavelength is independent of B, and the
power emitted is proportional to B, 2. For K > 1, many harmonics
appear, their envelope being similar to a normal syachrotron radiation
spectrum. The guantitative aspect of the spectrum for different values

of the parameters K = uy and o'y is shown in Fig. 13.
At least three different modes of operation can be proposed:

(i) Curve a of Fig. 13: With a small deflection and a small angular
spread, only one harmonic will be emitted through a small pinhole on
the axis of the undulator. This harmonic will be almost independent of

B and will have a low power compared to the case where K > I.

(ii) Curve ¢ of Fig. 13: With a large deflection and a small angular
spread, high power is emitted throuzh the same pinhole in many bands,
which can be tuned with the magnetic field B, For a well collimated
electron beam (a'y << )//N), the increase in spectral brilliance is

proportional to “2.

{(iii) Curve d of Fig. 13: With a large deflection and no pintole the
spectrum is similar to the usual SR with a power wultiplied by H

("mulciple wigglers").

The usefulness of these devices and theivr properties are curvently
under active study at a number of places and recent reviews of this in-
teresting topic have been given by Spencer and Winick (1980), Farge
(1980) and Winick et al. (1981), The possibility of increasing the
spectral brilliance by N2 (N ~ 50) is very exciting and will offer new
opportunities. To illustrate the present state of these developmunts,
we reproduce in Figs. |4 and 15 the emission of the ORSAY undulator

and observations of undulator radiation at Tomsk.
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Free Electron Laser

A future application of storage rings opened by the increasing
capabilities offered by modern accelerator technology with the use of
undulators is the operation of a free-electron laser (FEL) . For a FEL
in a storage ring, the basic idea is to obtain stimulated elecro-
magnetic radiation directly from relativistic electrons. & schematic
description of such a source appears in Fig. 16. The major components
are a relativistic electron beam along the optical axis of an optical
resonator, or optical cavity. A static spacially periadic transverse
magnetic field along the axis Forces electrons onto a path similar to
that in an undulator. In this way, a gain for one particular frequency
may be obtained. An optical resonator seems necessary in order to

obtain high power.

Two experiments have been done at Stanford in 1975 and 1977 with an
electron beam from a linear accelerator (Elias et al. 1976, Deacon et al.
1977, Pellegrini 1980) which have shown that it is possible to operate a
free-electron laser. The construction of an FEL using the 0,7 GeV NSLS
storage ring is underway at Brookhaven National Laboratory and is dis-

cussed for the storage ring BESSY in Berlin (Gaup and Madey, 1981}.
Other Devices

At the end of this section we mention two other devices which might
be interesting sources of SR, although until now they have not yet proven

their technical feasibility as an advantagous "light source",

Intense relativistic electron rings used for the collective electron

ring accelerator (e.g. Schumacher 1979) can emit a high-inteasity conti-
nuum in the VUV spectral region . Although the ring dimensions are very
wuch smalier (50 cm and smaller) than those of conventional storage rings
the electron current in the rings can be made very high (several Kilo
amperea). Schumacher (1981) has recently discussed such a device having

a time averaged brightness higher in the VUV region than that of present

day storage rings.
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Parcicle channeiing (e.g. Gemmel (974) is another method which may
be exploited as a radiation source. The principle is somewhat simi-
lar to that of an undulator. Relativistic charged particles channeted
in a crystal underge a periodic mwotion which should result iun the
emission of forward-directed electromagnetic radiation of relatively
narrow linewidth. The radiation from these particles is predicted

to be highly directional, linearly polarised and considerably more
intense than ordinary bremsstrashlung on a per-unit-solid-angle
per-unit-frequency interval basia, (e.g. Vorobiev et al. 1975;
Kumakhov and Wedell 1977 and Pantell and Alguard 1979).

Alguard et al. (1979) have recently reported on the first observa-
tion of the emission of such channeling radiation using 56 MeV
positrons and a silicon crystal. They found that the observed spec-
tral peaks in the enecgy range of 30 to 50 KeV, correspond well to

those predicted for the given parameters of their experiment,

1.3 Historical Remarks

Syuchrotron Radiation and its use as & scientific tool has an interesting
history. The prediction of the phenomenon, the search for this new kind

of radiation, its discovery and the notion of its potential usefulness

are indeed "and interesting case history" in modern science, . as has been
noted by G.C. Baldwin (1975) in his paper on the “Origin of Synchrotron
Radiation"; (see also Kerst, 1975). In the following we highlight & few
historical notes (Sokolov and Ternov, 1968, llaensel and Kunz, 1967, Madden,
1974, fulikov 1976 and Lea 1978) heing fully aware of the dangers associated
with giving credit to "firsts” and with the limitations of relying princi-

paltly on the published literature.

—t4~

The phenomenon that an e¢lectron in a circular trajectory would radiate

was predicted in a pre-quantum and a pre-relativistic language almost

100 years ago. At that time, it was well known from classical electrody~
namics that accelerated charged particles radiate. J. larmor (1897) gave
an expression for the instantaneous total power radisted by a single, non-

relativistic electron as

p a2 fav? 22 g2
3 29 3 n2 3 de (10)

where e is the electric charge, ¢ is the velocity of light, v and p are

the velocity and momentum of the charged particle, respectively, and m is
its rest mass, In 1898, A, Liénard (1898) published an extension of Labor's
formula for the rate of radiation from the centripetal acceleration of an
electron in a circular trajectory. G.A. Schott (1907, 1912) further deve-
loped the classical theory in connection with early models of the atom and
in an attempt to describe the discrete nature of atomic spectra. As is

well known, the Bohr model of the atom described the regularities in atomic
spectra elegantly and the resﬁlts of Schott's work were forgotten for a
long time. No attempts were made to verify experimentally the conclusions
of the classical theory and for more than 30 years radiation from an
accelerated charge was mentioned only in textbooks (e.g. Abraham 1923,
Abraham and Becker, 1933; and Heitler, 1936),

After this early work quite some time elapsed without noticeable progress
until, in the 1940's, the subject of radiation from relativistic electrons
received new attention in university and industrial laboratories. 1In the

1940's much effort was being devoted to the design of accelerators for the

production of very high energy electrons and other charged particles, partialarly

in the US (e.g. Kerst 1941} and the USSR (e.g Velslar 1944) . Tt was recopnized that e radiatjon
losses incurred by electrons place severe limitations on the highest
energies attainable, a principal inberent limitation which applies to the
construction and operation of the "big circular machines” to the present
day. On May I8th, 1944, a letter to the editor of The Physical Review
entitled "On the maximal energy attainable in a betatron” by D. Iwanenko
and 1. Pommeranchuk (1944) was received. 1In a discussion of the operating
principles of a betatron, the authors pointed out that radiation losses by
electrons moving in a magnetic field imposed a limitation on the maximal
attainable energy. They also stated that quantum effects do not play an
important role, because the dimensions of the orbits are very large. A

number of pertinent theoretical investigations of the problem followed.
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We mention the papers of the group at Moscow University by Ivanenko,
Sokolov and Ternov (Ivanenko ec al., 1948; Sokolov et al., 1953;

Sokolov aund Ternov 1955; 1957 and 1964) and the work done quite inde-
pendently by Schwinger in the US (Schwinger 1946 and 1949) who communi-
cated his results to various persons interested in the‘design of acce~
lerators prior to his extensive publications in 1949 (see e.g. the re-
warks in Schwinger's 1949 paper and the paper by McMillan, 1945). In the
following years the number of papers devoted to a theoretical study of
- synchrotron radiation rose sharply (e.g. Olsen 1952 and Neumann 1963 and
references therein). Without discussing the subsequent papers in detail
we note that, within errov bars, the classical and quantdm mechanical
approaches show close agreement, i.e. differences are negligible for the

preseatly available accelerators.

The first experimental search for synchrotron radiation was nuly partially
successful. 1n 1945, J.P. Blewett reported on results which appear to re—
present the first systematic investigation of radiation lusses in an
accelerator (BlewetL, 1946), At the 100 MeV Betatron at the General Electric
Laboratories at Schenectady, N.Y., Blewett observed a shrinking of the
electron orbit at the highest energy of 100 MeV “in a manner consistent with
the predictions of the theory". As stated in his abstract "rhe radiation
itself has not yet been detected". The reason for this failure was the

fact that the search for the expected radiation was made in the rf and
microwave range from 50 to 1000 MRz with receivers capable of detecting

less than 10 microwatts, while the energy distribution had its max i mm

at much higher frequencies in the near infrared and visible spectrum.

In May 1947, F.R. Elder, A.M. Gurewitsch, R.V. Langnuir and H.C. Pollock
published a letter entitled "Radiation from Electrons in a Synchrotron"
(Elder et al., 1947) in which they reported their visual observation of
Syachrotron Radiation (SR) (see Fig, 17). We quote #.C. Pollock's

account of the history of the discovery from his letter to Professor

Ivanenko dated September 25, 1970 (We thank Prof. Tvanenko for kindly .

providing us with a copy).
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“If the accelerator tube of the 100 MeV betatron at Schenectady had
not been opaque, the visual cbservation would probably have been made
three years earlier by W.F. Wustendorp or J.P, Blewctt soon after the
publication of your letter to the Physical Review (Phys. Rev. 65, 343,1944).
Unfortunately, they were nut able to see through the silvered wall of the
betatron donut.,

In 1946 at Schenectady we began Lhe construction of a synchrotron, both
to test the synchrotron principle which McMillan had receatly propoged
and to see if electron injection by the betatron principle could lead to
additional reduction in accelerator size. On October 24, 1946 my associate,
Robert Langmuir, wrote to Ed McMillan that we had a synchrotron beam. But
we did not "see" the beam until April 24, 1947 as I shall explain.

We had a magnet coil failure not long after our first successful synchro-
tron operation. Then followed various delays while we improved our gumns,
rf cavity resonator, and other equipment; and also, while there were
experiments with a 50 MeV direct-current hiased betatron in which our x-ray
division was particularly interested.

By spring, the synchrotron was able to operaté with much imnroved com-
ponents and a much greater electron beam. On April 24, Langmuir and T were
running the machine and as usual were trying to push the electron gun and
its associated pulse transformer to the limit. Some intermittent sparking
had occurred and we asked the technician to observe with a mirror around
the protective concrete wall. He immediately gignaled to turn off the syon-
chrotron as "be saw an arc in the tube™. The vacuum vas still excellent,

8o Langmuir and I came to the end of the wall and observed, My notebook for
that date reads as follows:

At first, we thought it might be due to Cerenkov radiation, but it soon
became clear that we were seeing Ivanenko and Pomeranchuk radiation. The
intersity remained high when we decelerated the electren beam from 70 MeV
to 10 MeV without bringing the beam to the target or gun. We observed the
bright spot with mirrors, looking tangent to the orbit at two or three
points in the roow. The intensity decreased as the peak energy was reduced.
When the energy was of the order of 2C MeV, it was no longer visible. We
showed the effect to Dr. Charltoa, Dr. Kingdon and various others.

The beam appears stable and uf small cross-section (perhaps | om square).

(A copy of the April 24, 1947 page from the Synchrotron Notebook is attached.)".

According to Baldwins (1975) description of the first observation of SR it
was Floyd Haber, the technician mentioned in Pollocks letter, who "ventured
a very quick glimpse (with the aid of a mirror) around the corner of the
radiation shield” (Baldwin 1975) and fhus became the first to observe man
made SR. Baldwins memory way have been at some fault in his letter and it

seems that Cerald Knowlton was actually the first to observe the light,

C. Knowlton submitted in 1976 to the American Institute of Physics a notarized

affidavit in which he describes in strict legal way how, from inside the
shielded area he observed the light and shouted out to Langmuir, how the

machine was respondend to the latter's start up, fine tuning operation,
P P g op
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lie noted how the "flickering spot of light" changed position with his
own: " -—-that affiant (then) moved his head along the orbit plane ---
through a small angle ---, found that the bluish spot of light scen moved

a like angle around Lhe orbit ." Haber, working at a bench in the area,
lefr immediately prior to the observation and was pone during the critical
twelve or fifteen minutes, Knowlton claims, The small mirror played no role,
he indicates, but was later replaced with a large one by way of which many

" people subsequently saw the radiation ( Hartmonn, 1982 ).

In their letter to The Physical Review, Elder et al. (1947) already noted
"The light emjtted frow the beam is polarized
It

the polarization pruperties:
with the electric vector parallel to the plane of the electrom otbit,
disappears as the observer rotates a piece of Polaroid before the eye through

ninety degrees."

In the following years Pollock and his group (Elder et al, 1948) studied

the properties of synchrotron radiation more systematically b§ neasuring
with a spectrometer the inteasity distribution from Lhe 0.293 m General
Electric Synchrotron in the wavelength region from 3500 to 7000 £ at several
electron energies up to 80 MeV. High speed plhotography of the light permitted
observation of the size and motion of the beam within the accelerator tube.

We wmention that the ohservation of SR is the most direct way to discover the
electron. "SR is emitted immediately by the electron, moving in the electro~
The electron becowes “tuminous”
(Sokolov and Ternov, 1968).

magnetic field, which has no microstructure.

in the most literal sense”.

These and further studies by Ado and Cherenkov (1956) and Korolev et al.
(1953, 1960) carried out at th FIAN Synchrotron in the Lebedev Institute
in Moscow for electron energies between 150 and 225 MeV gave satisfactory
agreement between theory and experiment. At the 300 MeV Synchreotron at
Cornell, Corson (1952, 1953) corvoborated the shrinking of the electron orbit
and proved the ngh

region 400 to 60 | by Hartman and Tomboulian (1952, 1953), Tomboulian and

~law". Spectroscopic studies were extended inLo the VUV

Hartman (1954, 1956) and Tomboulian and Bedo (1958). Joos (1960) and Bedo

et al. (1960) measured the polarization of SR. Early systematic studies of

the properties of SR were also performed at the NBS
by Madden and Codling (1963, 1964a,b) and by Bathow
6 GeV synchrotron in Hamburg. All these experiments

conclusions,

180 MeV synchrotron
(1966) at the

confirmed the theoretical

et at,

-~ 18 -

The 1956 paper by D.H. Towboulian and P.L. Hartman ()956) marks the
beginning of spectroscopy using SK as a source of VUV and soft x-ray
radiation. ln their paper they pointed out that "the electromagnetic
radiation from centripetally accelersted high-energy electrons appears

to be a useful by-product of such accelerators and is outstanding in

its own rights”. It took roughly another 15 years until the “by-product
aspect"” was no longer the major point of view and storage rings operated
specifically for SR became available., Tomboulian and Hartman were the first
to perform absorption measurements with a grazing incidence spectrograph
in the far UV via a careful analysis of photographic plates. They recorded
the spectra of wmetallic Be and Al. The Be K-edge and Al L2,3 disconti-
nuities occuring at 11} % and 170 § » respectively, were clearly seen in
two orders. Their experiments also suggested the possibility to use SR in
the VUV as a radiation standard. Recently, Hartwan (1982) gave a vivacious

personal recollection of these experiments.

The potential use of SR in x-ray physics was also discussed quite early.

In his 1959 paper Paratt (1959) compared the prospective usefuiness of SK

from a | GeV and a 6 GeV synchrotron in the wavelength range of 0.) to 20 '
with x-rays obtainable from a conventional x-ray tube. He also briefly dis-
cussed prospective experiments involving SR in the x-ray ramge including
diffraction experiments for x-ray structure analysis and spectroscopic studies
of absorption and Eluorescence. Concluding his assessment of the use of SR

in the x-ray range he noted that SR, provided the stability of the accelerators

was good enough, “would be a boom in many aspects of x-ray physics'.

We do not attempt to follow in detail the history from this point onward.
1t suffices to say that once the potential of SR became appareut, acti-
vities started at a number of places. Developments which occurred in the
early 60's at the NBS in Washington (Codling and Madden, 1965), in Frascati,
at the Institute for Nuclear Studies in Tokyo (Sagawa et al,, 1966a, 1966b),
at DESY, Hamburg (Haensel and Kunz, 1967), at the Physical Science Labora-
tory in Wisconsin, and at other facilities have been described in detail

by Madden (1974), A description of the later developments may be found,

tor example, in articles by lea (1978), Kunz (1979), Winick and Doniach (1980)
and Rowe (1981). The list of topical reviews dealing with SR and its applicat-—
ions in the appendix of this handbook provides also an impressive documentation

for the recent vapid protiferation of SR ir many fields of science.
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As a major advamce, we mention the use of storage rings with greatly
improved electron currents and stability in the beginniag of the 70's.
Around 1970, TANTALUS in Stoughton, Wiscomsin, a 240 MeV storage ring,
originally planned and operated in the 1960's as a test facility for
advanced accelerator corcepts, but later operated exclusively for SR
work, came into full operation (Brown et al., 1966, Rowe and Mills, 1973,
Gibwiller et al., 1973). After 1974 che ACO storage ring at Orsay was also
exclusively used for SR research (Dagneaux et al,, 1975 and Guyon et al.,
1976). The first storage ring designed and built specifically as a lLight
source is the 300 MeV INS-SOR storage ring in Tokyo (see Fig. 3) which
went into operation in 1976 (Miyahara et al., $976). At the same time,
SURF 11 at the National Bureau of Standards, weat into full operation as
a 240 MeV dedicated storage ring (Bderer and Ebner, 1976) replacing the

180 MeV electron synchrotroa there.

The use of larger storage riugs (E X 2 GeV) so far still occurs

mainly symbiotical with high energy physics (see Table 3). Of the

large rings presently being used for experiments we mention

especially (i) VEPP 2M and VEPP 3 at Novosibirsk {(Anashin et al.,

1976); (ii) SPEAR at Stanford, where since 1977 the Stanford Syn-

chrotron Radiation Laboratory (SSRL) is in operation (Hodgson,

Winick and Chu, 1976, Winick 1980), (iii) the 5 GeV storage ring DORIS

at DESY in Hamburg (Koch et al., 1976; Behrend et al.,1978;Koch 1980;Beim-
graben et al., 1981), and (iv) the 8 GeV storage ring CESR at Cornell
providing radiation for a laboratory named Cornell High Energy Syn-

chrotron Source {CHESS) (Battermann 1980 a, b).

At several of these laboratories improvement and expansion programs
have greatly increased the usefulness of the storage rings as SR
sources. For example, DORIS, which vas used since 1974 right from its
conmissioning for SR experiments, is pregently used as a part-time
dedicated source (Behrend et al., 1978) by three institutions, Fraun-
hofergesetlschaft, European Molecular Biology Laboratory, and lamburger
Synchrotronstrahlungslabor, which, aside from their own research pro-

jects, channel the efforts of a large user community in industrial and
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applied physics (Heuberger, Betz and Pongratz, 1980), biophysics
{Stuhrmann, 1978) and general physics and physical chemistry (Koch 1980;
Beimgraben et al., 1981).

While the use of the above mentioned high energy storage rings occurs
mainly symbiotically with high energy phyaics, we observe today the
exclusive use of large storage rings by the community of SK users at
several places (Table 3). A number of storage rings have now been speci-
fically designed, built and operated or are in the planning stage as
radiation sources. The 2 GeV storage ring at DARESBURY is the first large
machine dedicated for SR. It started operation early in 1981 (Thompson
1980a). We further mention explicitly the Photon Factory Project at
Tsukuba, Japan (Huke 1980, Kuroda 1980), the National Light Source project
at Brookhaven (van Steenbergen 1980 a, b) and the detailed plans for the
proposed European Synchrotron Radistion facility (Farge 1979; Farge and
Duke, 1979; Thompson and Pool, 1979; Buras and Marr, 1979; Thompson, 1980b},

Some of the interesting current developments are the use of wigglers, such
as studied in Moscow (Alferov et al. 1973, 1974) and pioneered at the
Stanford Synchrotron Radiation Laboratory (Spencer and Winick, 1980;

Winick et al. 1981), the imminent use of unduwlators, such as are being
studied at Tomsk (Didenko et al. 1978) and ACO in Orsay (Farge 1980) and

the construction of free electron lasers (Elias et al., 1976; Deacon et al.,
1977; Pellegrini 1980) based on storage rings, such as the project at the

Narional Synchrotron Light Source at Brookhaven National Laboratory.

The present level and range of interest and activity in the use of SR

as a tool for research can be judged from a number of national and inter-
national reports which also contain a good deal of background information
for an assessment of the historical developwents (e.g. Morse 1976;
Maier-Leibnitz 1977; Cardona 1977; Farge 1979).

As further sources for the recent historical developments concerning

both the design and operation of machines and the many improvements in

the general facilities and instrusentation, we refer to the proceedings

of recent topical conferences (McGowan and Rowe, 1976; Willeumier and

Farge, 1978; Ederer and West, 1980; Howells 1980; Mills and Battermann,1982;
see also Appendix I of this Handbook).
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1.4 Modern Synchrotron Radiation Facilities

As a result of the research opportunities which become evident in the 1970's,
the demand for synchrotron radiation sources significantly outran the supply.
In response, a nuuber of SR facilities have recently increased their capacity
and a number of new dedicated storage rings have been built or are nearly
completed. in the present section, we summarize the present status and brief-
ly describe as examples a few of the modern synchrotron radiation facilities.
The basic considerations and principles for storage ring design are treated

in depth in Chapter 2 of this book.

Generally speaking, all the existing synchrotron radiation facilities at
electron accelerators or storage rings fall in three general classes:

(i) facilities which use operating high-energy physics facilities symbiotically
or "parasitically"; (ii) dedicated SR facilities which are converted facili-
ties that were initially built for high—energy physics, and (iii) facilities

designed, constructed and operated as dedicated SR facilities,

The present situation is described in Table 3, where relevant parameters for
storage rings presently used as SR sources or under construction are compiled.
In this liet, the storage rings have been grouped according to their cut—off
energy into four major categories. Machines in Groups I and IT are excellent
sources for VUV and soft x-ray spectroscopy. With their low particle energies
and small diameters, restrictions imposed by radiation protection during
operation are minimat and access is easy, which allows for small distances

between the source points and instruments.

At larger machines (Group I11), x-rays also become available for spectroscopic
purposes and structural analysis; however, at the same time, radistion
shielding becomes necessary and remotely controlled experiments are often
required. Interest in the use of even larger machines (Group IV) for SR ex-
periments has only been marginal with the exception of a few expaimms pomsed in
nuclear physics (Chrien, Hofmann and Molinari, 1980). For the majority of ex-
periments, the hard x-ray component of these sources, which is difficult to
eliminate, is only an unwanted by-product. Furthermore, the current in these
machines is generally very lov and the distance from the source point to the
laboratory site is large, hecause of the large radii. While interest in the

short wavelengths (A = 0.1 %) attainable with these rings appears to be modest,
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the use of undulators to generate intense radiation in the ™1 % range

is an interesting potential development.

We do not attempt to describe individual SR-facilities in detail.
Descriptions are disseminated by the facilities in their annual reports
and in user booklets which describe sources, their characteristics,

and instrumentation and access to these facilities.

As an example, let us look in some detail at the outline and design of the
National Synchrotron Light Source (NSLS) built at Brookhaven which is
similar to the SR center schematically ghown in Fig. 4. The overall

layout of the facility is given in Fig. 18, Electrons are accelerated in

a linear accelerator to 100 MeV, injected im a multiturn mode into a

booster synchrotron and accelerated to 700 MeV. The beam is then trans-
ferred either to the 0.7 GeV VUV-ring or to the 2.5 GeV x-ray storage ring.
The combination of two high intensity storage rings and a wultiplicity of
monochromatized photon lines comprises the NSLS., The design, first pro-
posed in its earlier stage by Chasman and Green (1977), has been described in
detail by van Steenbergen and the NSLS staff (1980). With the incorporation
of wigglers in the x-ray ring, the whole spectrum from hard x-rays to the
VUV range is covered (see Table 4). In order to maintain precise control

of the synchrotron radiation source locations and exit angles, an eleborate
electron beam orbit detection and correction system is incorporated in

both storage rings which is capable of maintaining source locations to
within 0.1 mm. The VUV ring has eight ports which each deliver a fan of

75 wrad horizontal width and eights ports which each deliver 90 mrad. The
x-ray ring will make use of 50 mrad ports, of which each will normally be
split into two or more branches subtending typically 4 10 mrad per branch.
Two high field wigglers are under developement, and eventually five high
field wigglers will be incorporated in the x-vray storage ring. For ‘the VIV
ring, an undulator which is the basis of & free electron laser is under con-
struction, and it is planned to incorporate a second undulator in the
structure. The basic storage ring lattices have been optimized to achieve
optimum source values at the various source locations in the storage ring
structures. FPurthermore, various beam operating modes are possible, so as to
optimize brightness while sacrificing photon flux, or optimize photon flux

with somewhat reduced brightness, etc.
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As another exampte of an x-ray storage ring fully dedicated to SK research,
the 2.5 GeV electron storage ring being constructed for the "Photon Factory"
at the National Laboratory for Bigh Esergy Physics in Tsukuba is shown in

Fig. 19 (Huke 1980). The storage ving has an elliptic shape with diameters
of 68 m and 50 m. The basic structure of the ring consists of 28 bending

magnets, 58 quadrupole magnets and many small magunets for orbit corrections.
There are two 5 m long and eight 3.55 m long straight sections. The magnet
structure will result in a flexible use of the storage ring as a SR source

including the incorporation of wigglers and undulaturs. Tn the first stage
of Lhe project, a vertical wiggler magnet which produces fields of 6 T with
a vertical deflection will be installed in one of the eight 3.55 m straight

sections.

As another example of a modern VUV-machine, we bricfly describe the BESSY
project, a national synchrotron radiation facility presently under development
in Berlin {Fig. 20), The choice of the principal design parameters has been
described recently by Einfeld and Miilhaupt (1980), Beginning in 1982, this
facility will be available for (i) applied research and industrial development
in the field of x-ray lithography, (ii) wetrology and (iii) basic and applied
research in physics, chemigtry, bioclogy, medicine, etc. 1In order to meet the
requirements of users working in these different fields, a lattice with a

high flexibility has been chosen and six differcnt electron beam oplic modea

"small emittance” mode, beam dimens-

have been worked out. Thus, e.g. with a
ions in the bending magnets of g, = 0.08 mwm and oy = 0.08 msu are attainable.
With a "small-bunch-length” mode, bunch lengths of 3ps can be reached for
time-resolved experiments with, however, electron currents that are sub-
stantially lower than with ordinary bunch lengths., A "large emittance" mode
atlows a high electron current to be stored and provides a large acceptance
for sweeping the beam, thus making thiz mode suitable for use in x-ray litho-~

graphy.

These few examples give ample.evidence of Lhe large efforts being made to
improve the availability and properties of SR sources, Further projects,
such as the development of a European Synchrotron Radiation Center built
around a 5 CeV electron storage ring and possibly a VUY ring have actively
been studied (Farge 1979; Thompson 1980; Thompson and Pool, 1979). With the
rapid development rate at present, it is difficult to assess future develop-

ments in this field. Certainly, the large capacity for production of SR
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(see Table 3) will be used effectively. In parallel, new designs of
lattices and sources optimized for specific purposes will be developed.
Thus, e.g., there might be a demand for a simple, inexpensive and easy

to operate small VUV storage ring which, though lacking the virtue of

high flexibility, can be used very effectively for solid state and atomic
and molecular spectroscopy or for x-ray lithography. The storage ring
presently under construction at the Institute for Molecular Science Okazaki
is a good example for this development (Watanabe, et al. 1980). The
possible exploitation of Sk in industrial laboratories for x-ray lithography
wmay even trigger the development of “table top" machines, e.g. small

simplified storage rings making use of superconducting magnets. Such a
project is presently under active study at the Technical University

of Munich (Jahnke et al. 1981 ),
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1.5 Comparison of the Properties of Synchrotron Radiation to other Sources

Questions raised time and again by the conscientious experimentalist in-—
clude: How does SR compare with other sources? Can an experiment be carried
out profitably with SK? Is there an alternative (conventional) source which is
either more convenient and inexpensive to use or even superior in quality
compared to SR? Clearly, this kind of question cannot be answered in general.
For each experiment or class of experiments, a detailed analysis of specific
requirements is needed, i.e. spectral range, limiting source characteristics,
compatibility requirements, etc. For example, it is abvious that the

"power" or "intensity" of a source cannot be discussed considering the source
alone; rather, the acceptance and transmittance properties of the measuring

apparatus mwust be included.

The purpose of the present section is to provide a semiquantitative comparison
and to give a few key references where such comparisons, each with different
aspects, have been made in the past (e.g. Kunz 1974; Koch 1977; Jortner and
Leach, 1980; Munro and Saberski, 1980; Bonse 1980, Koch 1981; and references
in Tables 5 and 6). We caution the reader that more detailed statements and
general comparisons can be easily misinterpreted (and have in the past) and
can even be open to objections. Ultimately, the comparison depends on the
success of experiments, and the following chapters in this handbook dealing

with research applications of SR give evidence for the utility of SR.

For a quantitative definition of the source characteristics we refer to Fig. 21.
Generally, the spectral flux of a source (number of photons per sec per

0.1% Ac/c bandwidth) as well as its directional emission characteristics are

of importance. It is convenient to define the spectral source brilliance

(sometimes aiso called brightuess):

brilliauce

o (x, z, 8, §, €, ¢) [phot ¢! ru:uh2 mrad_2 per 0.1% Ae/e} (10)

wheve n is the number of photons with energy € emitted at a time t From the
source point (x, z) along the direction (8,{) per time interval, unit source

area, unit solid angle and 0.1% bandwidth.
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The intensity N is given by integrating over the source area:

intensity
N(O, P, €, t) = f n dx dz [phot ! mead™2 per 0.1 Ae/e] (1)

source

The spectral flux ¢, is obtained by integrating over the solid angle Q:

b (£, 1) = { Na6 dp [phot s~ per 0.12 Ac/c) 12)

The total flux is given by: -

total flux
% ¢g de {phor s-l]

¢p (1) =

O B

(13

In a storage ring, the gize and angular spread of the electron beam

varies at different points of the orbit. 0, and a, ﬁy@] denote the
standard deviation of horizontal and vertical beam dimensions, re-
spectively (full width at half maximum is 2.350), Thus, the source area F
is given by F = o, gy (2.35)2 tﬁmzl. Similarly, the standard deviation
of horizontal and vertical angular beam divergence are denoted by Gx' and
oy" [orad), respectively, and Q = o' - gy (2.35)2 [mrad?] is the

solid angle of emission.

The position of an electron and its angle, both measured relative to the
equilibrium orbit, are correlated. This correlation is depicted in phase-
space plots (electron emittance ellipse) of angle and position in the
horizontal {(orbital) plane and vertical plane {see Fig. 22). Flectron
emittances €y, €y are important beam characteristics which are defined as

follows:

horizontal emittance

€y = Oy Oy' Lo - wrad) (14)

vertical emittance

€, = 0z 0, {om - wrad} (i5)

The area of these ellipses is invariant along the electron path, i.e.

£y and Ey are conserved, while the shape and orientation of these phase
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space ¢llipses change from point to point on the orbit. This is discussed

in more detail by Watson, Perlman and Krinsky in Chapter 2 of rhis Handbook.
when compating sources these definitions have to be kept in mind, becauge
different experiments usually trequire different parameters to be maximized.
Thus, e.g., protein crystallography using x-ray diffraction requires high
spectral source brightoess (large flux on small sample areas with minimum
angular divergence), while in other experiments maximum spectral flux is

required.

Armed with the above caveats and definitions, we present in Tables Sad 6, and Figs.
23 and 24 a number of alternative sources grouped accovrding Lo spectral
range. Also indicated are the spectral ranges in which different types of

monochromators can be used for selecting particular energies fur an experiment,

There are only a few experiments, such as enerpy dispersive x-ray scattering
or x-ray microscopy which can make use of the continuum without manochromati-
zation, The demanding and sometimes tedius tasks of designing, fabricating
and operating these monochromators, which are presently far from heing
commercially available laboratory equipment, is sLill one of the major diffi-
culties in optimizing the use of SR, Basic principles and practical examples
for YUV and x-ray monochromators are described in detail by Johnson and
Matsushita and Hashizume in Chapters, 3 and 4 of this Handbook. However,
similar problems exist with all alternative continuum Jight svurces and even
with many line sources when unwanted satellite lines have to be suppressed
(e.g. He 1I source and conventional x-ray line sources for photoelectron

spectroscopy).

Infra~-Red .

In the infra-red region, the radiation per unit bandwidth decrcases less
vapidly wvith increasing wavelength than that of Lhe continuum of radiation
emitted from a Llack-body radiator. Por wavelengths A = 100 ~ 200 pa,
synchrotron radiation sources can in fact provide more vadiation flux than a
black body source (Stevenson et al., 1973). Agaiast this higher flux must

be set the much greater physical convenience of the black body source.
Nevertheless, the prospect of constructing an intense tunable infra-red
source, such as a free electron laser, makes the use of synchrotron radiation

in this wavelength region & most attractive proposiLion.
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Visible Light and Vacuum Ultraviolet

For wavelengths below about 2000 X, the SR source is superior to conventional
sources for most experiments, because of its high intensity, polarisation and
tunabitity. This is schematically indicated in Fig. 24, where the dependence
of the spectral distribution of SR un the energy of the particlé is sketched
and compared to the most commonly used rare gas continua (Tanaka et al., 1958;
Samson 1962). The rare gas continua extead from the visible to beyond 600 1
with a maximum flux of about I09 photons/sec R x I0lo photons/sec eV) at
the helium maximum of about 800 X. Similar values hold for the other rare
gases (see Table 6). Only the 21.2 eV Hel resonance line as emitted from a
capillary discharge, has an intensity comparable to synchrotron radiation. Both
the emission and absorption lines superimposed on the continua of rare-gas

lamps are severe limitations.

When one adds to this the fact that tunablility and polarisation are entirely
absent for the discharge lamp, there is no doubt that SR ie superior for prac-

tically all applications.

Comparison must also be made with vacuum ultraviolet lasers which operate at
the preseat time down to about 1400 § (Table 7). Here the intensities in
photons/second may easily exceed those available from a SR source in the
narrow bandwidth and extremely short range of tunability associated with laser
operation. The difference in intensity of the laser and the SR may be put to
good effect by using the narrow bandwidth and power of the laser to generate

a high density of population of a specific molecular excited state which can
then be immediately interrogated with relatively low power SR over a broad
range of tunability., Temporal coherence available in a laser source is not

in general provided by SR except to a limited extent from an undulator magnet.
Also, the pulse length of present-day vacuum ultraviolet Jasers is shorter

by several orders of magnitude compared with time resolutions in the ten pico-

second region which can be obtained using SR.

A critical discussion of the properties of VUV sources for time-resolved
spectroscopy has been given by Munro and Sabersky (1980) and Rehn (1980).
The main points of a comparison of pulsed light sources are compiled in
Table 8 (see also Fig. 10).

Studies of the intensity distribution within a single individual bunch

have recently been reported by Rehn (1980) for the storage ring SPEAR,
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which has similar parameters as DORIS (Fig, 10), as far as the time structure
is concerned (bunch length 100 to 240 psec, single bunch repetition frequency
780 nsec). Using a streak camers, various modes of electron buuch-shape
oscillations have been observed, These were found to be sensitive to beam
current, electron energy and accelerator cavity voltage., With higher demands
for better time resolution in time resolved spectroscopy these plenowena

deserve more attention.

Schwentner et al. (1979) have described the present status of time-resolved
experiments at storage rings and have discussed some aspects of how to re~
duce the pulse length of SR pulses emitted from storage rings and thus how to

improve time resolution.

It appears likely that in the near future free electron lasers will be available
in the waveleagth range from 1200 % to the far infrared, with powers ranging
from a few watts to “ 1| kW according to the wavelength. The availability of
coherent radiation of high intensity extending into the vacuum ultraviolet would

provide a unique capability which is not avaitable with presenL sources.

While the characteristics of the traditional rare gas continua and discharge
lamps and resonance line sources ave well documeated and their properties have
been largely explored (Samson 1962), there is still room for significant deve-

lopment of sources of VUV and x-vay radiation generated in hot plasmas produced

either by a focused laser or a focused electron beam (see e.g. Ehler and Weissler,

1966; Carroll et al., 1978; Baker and Burgess, 1978; Mallozzi et al., 1974;
Nagel 1980; Yamaguchi 197%9; Mahajan 1979, McCorkle and Vollmer, 1977).

Recently, plasma sources have been developed mainly for soft x-ray lithography

and microscopy and for work directed towards laser fusion, A very intense pulse

of laser light striking a target (e.g, Yb, Sm, Cu, Al) produces a hot plasma near

the vaporized surface. The plasma, in turn, emits a burst of soft x-rays. The

low tepetition rate of these devices, their low stability and unproven reliability

appear to be drawbacks, However, improvements appear feasible within the near

future in several instances,

X-Ray

In the wavelength region below 10 S, SR has to he compared with x-ray tubes. In

the conventional x~ray tube, the radiation is produced in two distinct ways - the
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rapid deceleration of electrons as they strike the ancde and the excitation

of electronic core levels in the atoms of the anode. These core levels are
excited by transfer of energy from the incident electrons and subsequently
de-excited by the emission of x-rays. Both these processes are very imefficient
as far as x-ray production is concerned, and more than 99 per cent of the
electron energy is converted into heat at the anode. The dissipation of this
heat constitutes a severe practical limitation on the production of x-radiation

by x-ray tubes (see e.g. Yoshimatsu and Kozaki, 1977).

In an electron storage ring, the radiation is produced entirely by accelerating
electrons, but in this case the acceleration is a continuous process generated
by the magnetic field of the guiding dipole wagnets which cause the electrons
to follow a curved trajectory in the storage ring. This process is far more
efficient - almost all the energy supplied tu the electrons is converted into

radiation, though not all of this is in the x-ray region.

An x-ray tube is charcterized by an isotropic brilliance (number of photons/
apparent area x unit solid angle x unit energy interval x unit time). The
characteristic lines emitted by an x-ray tube have about IO3 times more inten~
sity than the bremsstrahlung background. Its emission in time is continuous.
In all these respects it differs markedly with respect to synchrotron radiat-
ion (see Fig, 25). In its narrow angular range, the brilliance of SR is

several orders of magnitude greater than that of x-ray tubes.

Proceeding now to a more detailed comparison in terms of experimental features

of the two sources, the following comments can be made:

Spectral brilliance; The limitation of heat dissipation for x-ray tubes

coupled with the mechanical properties of materials means that there is a

limit to the size of the electron focus. This limit, combined with the
approximately isotropic distribution of the emitted photons, means that for

all experimental situations which require the radiation to reach a small

sample, the x-ray tube is greatly inferior to a synchrotron source, which

has a much smaller source size and produces a well collimated beam of radiation.
To give a realistic comparison between these sources, we present in Table 9

a comparison between a 2,4 kW rotating anode tube and a 100 kW rotating anode

tube with a present-day synchrotron source and an estimation for the proposed
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Furopean Synchrotron Radiation Facility (ESRF). The comparison is made in
terms of different experimental configurations and in each case an improve-
ment factor is given relative to unity for the x-ray tube. The advantage of

the synchrotron source can be seen clearly,

OLher important clharacteristics;

compared to an x-vray tube, SR has the following important teatures:

(i) Full range of wavelength tunability over the entire x-ray region up to
A 200 keV.

(ii) Pulsed time structure free of electronic noise.

(tii) ligh degree of polarisation compared with the x-ray tube which is an

uvapolarised source.

For a furcther detailed discussion and comparisen we refer to the recent

paper by Bonse (1980).

Y-rays

As mentioned above, interest in SR from very large storage rings, such as
PETRA or PEP has thus far been minimsl. Thus research possibilities and
comparisons with alternative sources have not yet been explored in any detail.
As previously mentioned, undulators on these machines offer the intriguing
potential of being exiremely intense sources in the couaventional x-ray rvange.
Critical energies are 43.8 keV for PEP running at 15 GeV and 75 keV for

PETRA running at 19 GeV, and thus the spectral distributions ¢xtend well into
the hard x-ray region. The spectrum of synchrotron radiation from the pro-
posed large European electron - positron storage ring facility LEP would
extend into the y-ray region. Recently, Chrien, Hofwann and Molinari (1980)
have described the research possibilities of this latter machine in nuclear
physics. LEP would have electron hesm energies ranging up to 86 GeV,
Radistion from the bending magnets would have a critical energy of 0.4 MeV.
The use of wiggler wagnets would easily extend the critical emergy up to

10 to 20 MeV, Many potential users are probably sLill unaware of these de-
velopments, including the possibility to use SR as a source of low energy

neutrons (Chrien, 1980).

A qualitative comparison of unmonochromatized SR from PETRA with y-ray sources
based ou data given by Yelon (1976) appears in Fig. 26. From this comparison

the SR flux seems to be superior to the flux produced by nuclear sources.

_32_

However, as with the other spuctral ranges, movre detailed comparisons

must be carried out for specific experiments. Such a comparison of gamma
ray source properties for studying electron momentum densities via the
Compton effect has been presented by Cooper (1979). Considering the nature
and intensity of currently available sources (x-ray, y-ray, SR), he came
to the conclusion that for Compton scattering, radioactive y-ray sources
with energies exceeding 100 KeV are optimum. Again, this situation is very
likely to change with the recent improvements of SR sources, and trial
measurements at DARESBURY (Holt er al. 1978) have already established the

advantage of using SR for this type of experiments,

1.6 Research with Synchrotron Radiation

In the past ten years, the impact of syanchrotron radiation on research in
physics, chemistry, biology and in applied sciences has become pervasive,

both in the VUV and x-ray regions. We have briefly touched upon the new
possibilities and research applications offered by modern SK sources, but

up to this point have mainly discussed the characteristics of SR and its
sources. The latter is treated in depth in Chapter 2 of this handbook,

while the principles of wonochromator design and beamline optics are described
in Chapters 3 and 4. These chapters together with the description of the
operating principles and characteristics of photon and particle detectors
(Chapters 5 and 6) provide basic background information needed by experimenta-
lists to design and optimize their experiments for optimal and efficient use
of SR.

A general introduction into the field of SR and its applications would,
howvever, be incomplete without mentioning the principles of its many research
applications. Here we can only mention a few selected areas where SR

has proved to be a powerful and indispensible tool., In fact, descriptions of
the numerous and diverse research applications of SR, descriptions of their
principles, and illustrations by selected examples form the central part of
this handbook and planned forthcoming volumes. Thus, the following is a rather

general and brief synopsis of SR research.

The theoretical framework within which most of the work concerned with the
electronic atructure of matter is treated has been developed in the last two
decades to a high degree of sophistication (see e.g. the review by Kotani and

Toyozawa, 1979). The principles are discussed in Chapters 7, 8, 9 and 10
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and iltustrated by selected examples. Although important advanceé in the
theoretical description of inner-level spectroscopies {(e.g. Chapter 7) and
the band struciure of solids (Chapter 8) have been made, there avre still
severe limits to the predictive capabilities of the theoretical models,

This is particularly due to the omnipresence of complications due ro wany-
electron effects (Chapter 9). Fortunately, a close and intense collaboration
between theory and experiment occurs in these areas which is advancing our

understanding of new experimental observations obtained from SR experiments.

Many kinds of different experiments using SR have been made on all classes

of substances and systems (Figs. 27 and 28), and the following is a brief

summary of this research.

In atowic and molecular physics SR offers the unique possibility to tune

the excitation energy in optical or photoelectron emission experiments so as
to optimally probe binding energies ranging from those of loosely bound
valence electrons up to energies corresponding to the most tightly bound core
levels. The studies include both ground state systems as well as higher
excited states. Fundamental quantities, such as binding energies, their shifts
in molecular environments, potential curves and hv-dependent cross—sections
way be determined over extended energy ranges. In addition to the static pro-
perties determining the energetic structure of the systews, dynamical pro-
cesses, such as relaxation and energy transfer processes, are receiving
increasing attention. All of these studies (Chapter 7) which originate from
the interaction between light and the electronic charge, are the basis for

further developwents and refinements of theoretical models,

This general understanding is basic to a large number of more obvious im-
portant phenomena, such as (i} photon-induced chemical reactions in plasmas
and in various regions of the atmosphere, (ii) the performance of molecules
and clusters on surfaces in catalyzing chemical reactions, (iii) emergy
tvansfer processes between molecules or molecular assemblies as an important
step in biological processes and (iv) the development and improvement of
spectroscopic techniques used in applied vesearch (e.g. for the development
of VUV lasers).
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The electronic structure of solids and surfaces is subject of widespread

interest and an area of much active research with SR. Early applications

of SR in this field were in optical absorption and reflection spectroscopy
(e.g. Lynch 1979). While a certain foundation in the understanding of optical
properties of solids in this hitherto largely unexplored frequency range was
established by these studies, much more refined and extended investigations have
become possible by the study of secondary and second order processes. In
particular, photoelectron emission and luminescence spectroscopy when combined
in their many forms with a tunable SR source have proven to be versatile and
powerful probes of the electromic structure of solids and surfaces. Plioto-
electron spectroscopy {(Chapter 10) encompasses a wide range of topics, such

8s atomic and molecular cross-section effects, accurate determination of
binding energies and material-induced binding energy shifts, valence band
structure (i.e. one-electron energy band versus momentum E(k) dispersions)

for solids and for two dimensional surfaces, intrinsic surface states, ad-
sorbate systems, surface reactioms, etc, Information on these topics is of
central interest because they are fundawental for our understanding of the
chemical and physical properties of solids and surfaces. Moreover, the
experimental results provide not only crucial tests for any theoretical wodel,
but have also many interesting and important applications. For example, the
topic of adsorbates and surface reactions covers basic mechanisms of catalysis,

corrosion and oxidation,

Synchrotron radiation has given new incentives to a large variety of classical

methods in structural research. This is especially true for the application

of Extended X-Ray Absorption Fine Structure (EXAFS), that is the absorption
of x-ray radiation (rather than diffraction) as a powerful tool to determine
the local arrangement of atoms. The principles and application of this tech-

nique are described ia Chapter ).

In Chapter 12, a summary ie given of the elementary theory of diffraction of
electromagnetic radiation in the x-ray region. X-ray diffraction is a well
established and very important tool for determining the geometric structure
of matter. In the sawe chapter, various experimental methods are described
and new possibilities offered by SR for elastic scattering studies reviewed.

For example, the use of SR for the classical methods offers the advantages of
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obtaining increased reliability or higher resolution in space or time.
Furthermore, a oumber of new ideas can be realized effectively for the first
time with SR. Among these we mention x-ray interferometry, real time topo-
graphy and real time diffraction which can be used for kinetic studies of

phase transitions, polymerization or muscle contraction in biological fibres.

Investigations with SR are not confined to vesearch in basic sciences.

Many of the experimental methods can serve as unique tools in applied

research. The electronic structure of solids plays a fundamental role for

an understanding of their physical properties, e.g. optical, magnetic, electronic,
chemical, ete. Today, the optical properties of a large number of elements

are being studied over extended hitherto unexplored spectral ranges, largely
with the use of SR {e.g. Weaver et al., 1981). Thesc and similar data for
semiconductors and new materials (including organic compounds) may serve as

a yardstick for builders and users of optical systems currently being explored
and their potential applications in the fields of astronowy, microlithography and
microscopy in biology and medicine, which are under active study and develop—

went .,

x-ray lithography is yet another area of applied research which benefits
from SR. It is perhaps the most obvious example of how work with SR is be-
coming increasingly importamt in technology. The final chapter (Chapter 14)
of this handbook gives an introduction to this field and provides a large
amount of practical information applicable to the design and evaluation of

x-Tay lithography systems and processes.

In summary, this Handbook on Synchrotron Radiation provides a concise and
up-to-date picture of the present situation and gives easy access to a broad
vange of information concerning SR methods and its many applications in basic
and applied sciencel). while the principles and basic methods are stressed

in the present volume, it is intended to provide in Jepth sunmaries of the
diverse results from VUV applications and x-ray applications of SR in Volumes II

and LII, yespectively.

1)
The increasing range of applications of SR in various fields of science
is also documented in the appendix of this handbook, where several books
and major review articles dealing with SR and its properties - each with
a different emphasis - have been listed in chronological order.
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1.7 Future Prospects

Today SR is used in more than 20 laboratories throughout the world, A
number of institutes have just begun with their programs for using SK,

or are in the process of making their facilities available to a large
community of users. One can safely predict that there will be a steadily
increasing output of interesting and new results in many scientific
disciplines Erom these laboratories. This ia in particular true for

many of the x-ray synchrotron radiation applications which have just begun.
Unfortunately, space considerations preclude mention of several important
but developing uses of SR in this intreduction. Although it would be
tempting to comment on these, we refrain from doing so and refer to the

ensuing chapters.

The development and use of superconducting wigglers, as well as the im-
provement of simple and inexpensive permanent magnet wigglers will greatly
increase useful intensities by a factor of ten to a hundred. In certain
spectral ranges even these intensities will be greatly surpassed by SR from
undulators. These future improvements of SR sources will be, by today's
stendards, spectacular. The greatly improved sources will undoubtedly be a
driving force for new instrumentation and new techniques and will permit

entire new classes of applications and lead to new breakihroughs.

In summary, during the last two decades SR has matured from being an
unwanted byproduct of high energy electrom accelerators to being a widely
used source of radiation in the VUV and x-ray range which is in increasing
demand. It is apparent that SR has an assured future for some time to come

as a tool for research in basic and applied science.
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Table 2: Basic Synchrotron Radiation Relationships
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ELECTRON ENERCY: E {Gev)
RADTUS OF CURVATURE: K (meters)
ELECTRON CURKENT: I (Ampures)
MACNETIC FIELD: B |Gauss)

Total power radiated by a relativistic electron

f 2 e EY
U Jl(l.#)dMﬂl .i RT -(-?27"

Enerpy loss per turn, per electron

E* [tev
ok {kev) = #8.5 = mIl

Total power radiated:

oo, (k) = 2.06 -3 (Cev) +B (k) - 1 (A)
L]
Critical wavelength:
A () =55y R (w) _ 186.4
¢ k2 (Gev) B (kr) - E2(Cev)

Characteristic cnergy

5. k3 {Gev . _ y3
e, (ev) =228 - T‘h_)- 2.96410 ’]‘_[;]

oome?
E

s s [
3 9 P -
Ewission angle: ~ Y

. K -
with y = ac? = 1957 - £ [Cev)

12.40

A (])

Energy of a phoron: s(e\'] =

References:
=_=TRacees

lvanenka, D., et al., Phys.Rev. 63, 343 (1944

Schwinger, J., Phys.Rev. 70, 798 (1946); 75, 1912 (1949)

Green, G.K., Spectra and Optics of Synchrotron Radiation

BNL Report 50522 (1976)
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Table 4a:

Summary of Pirameters describing the NMational Synchrotroa
Radiation Light Source (Brookhaven) for a Wiggler in the

Table 5:

2.5 GeV x-ray ring and a bending magnet in the x-ray ring.

(From Steenbergen, 1980)

~50-

Alternative Sources

Comparison of synchrotron radiation source with alternative
sources.

Remarks

Lasers, tunable
over limited regions

Lasers
gas discharge tubes

a few emission lines
plasma sources

Characteristic x-ray
emission lines

Nuclear
Y-ray sources

Nuclear
Y-Tay sources

Laser very much
stronger, coherent
SR fully tunable

for Lasers see Table 7
SR more intense

than discharge and fully
tunable

SR more intense (X1000)
and fully tunable

SR from wigglers
or multi GeV rings

X-ray (wiggler) X-ray (arc) Spectral range
Wavelength &) 1 10 faf 4
nfrare
[, &) e, kew)] {o.5; 25.0] [2.5: 5.0}
Source dimensions
20y x 20 t(m...z) 0.035x0.65 0.2x0.5 Visible
*
arc length, Ax'{(mrad) 5 10
vert. opening angle (wrad}(20') 0.3 0.4
14 Near UV
Flux, per 0.1% 83/} (ph/s) olé 2.5x10
Time structure
Vac! w
number of bunches jo 30 um
orbital cime (ns) 568 568
eftfective bunch length {ns) 1.5 1.7 Soft x-ray
Beawm ports, max. N{N=5) (28 - N)
Medium x-ray
Table 4b: Comparison of VUV sturage rings. Hard x-ray
ACO BESSY NSLS{(VUV)
{Orsay) (Berlin) (Broakhaven)
y-ray region
Energy  E  [GeV] 0.55 0.80 0.70
Radius R [m] 1.1 1.83 1.90
Current 1 [ma] 130 500 1.000
A ] 37 20 2
Beam size (FWiiM) 1200x1200 240x240 6B0x260
2
(v
Flux at A 1. 1axio!? 6.4x10'2 1.37x10"
{photons/sev/mrad horiz./ '
0.1Z bandwidth)
. - 10 . 14 13
$pectral brilliance 6.7 x10 1.37x10 6.55x10
¥
(in flux/mm” fmrad)
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Table 68 VUV and %-ray radiation sources (from Kochk, 1981)
Source Photon energy vange (eV) Linewidth Remarks References
He continuum 12 € fuy € 21 -
Ne continuum 12,4 €4y € 16.8 - pressures of
' 50 - 200 torr
Ar continuum 8 E&Hhu € 11.8
Kr continuum 6.9 &ha £ 9.9 -
Xe coptinuum 6,2 &M & 8.4 -
Hinteregger lanp(a) 4 & he & 14 multiline >(a),(b)
He I resonance lamp 2).2 ~l meV ?
He 11 resonance lamp 40.8 € |0 meV pressures of
0.1 - 0.5 torr
Ne I resonance lamp 16.8 Al meV
Ne Il resomnance lamp 26.9 <10 meV ]
Laser generated plaswas
Yb carget
Sm target 20 4 e € 300 eV continua
Cu target with a few
discrete lines (e)-(h)
of much higher
Other targets possible intensity
(A1, Te, Fe)
Electron beam continum.l
sliding spark ~300 eV plus dominant . 0)
(McCorkle Source) enission in a Y]
line at *300 eV
BRV Source 4 & he & 250 eV cont inuum *)
and mulriline
YME x-rays 132.3 0.5 eV -
ZTME x-rays 151.4 0.8 eV
NbM{ x-rays 171.4 1.2 ev .
RhME x-rays 260.4 4.0 eV >(1),(m)
TiME x-rays 452 -
MgKa x-rays 1254 0.7 eV
Al Ko x-rays 1487 A0, 8 eV
Cu Ka x-rays 8055 2.5 eV —
Nuclear y-ray 50 - S00 KeV i eV
sources several lines 198 (v}

Storage ring

1074 ¢ € 2x10°

e.g. DORIS (4 GeV)

e.g. PETRA (18 GeV)

0% 6B € 5x10

(

Au 41) KeV lipe)
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References for Table 6

(a)

(b)

()

(d)

(e)

{f)

()

(h)

(3

(k)

)

{m)

(n)

Tanaka, Y., Jursa, A.S., and LeBlank, F.J., 1958,
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E.g. Krause, M.0., 1971,
Chem. Phys. Lett, 10, 65
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Table 8: Comparison of Pulsed Light Sources (from Munro and Sabersky, 1980)
Synchrotroa Incoherent
Charactaeristic radiation Lasers sources

Wavelength range

0.l nm to ~] cm

Intensity (number of photons) <1o?
per pulse within a 0.1%

wavelength band.

Minimum approximate pulse

duration

100 ps

~1 to 500 MHz

Tuneable over narrow
ranges in ultaviolet
and visible. Some

A wide variery of sources
are needed to cover the
vange ~ 15 nm to radic

lines below 200 om frequancies.
and many in the

infrarad.

~1010 in | ps pulse <108

of width <10cm™!

0.2 ps <l us

de to vIOO Mz

dc to <100 MHz

Pulse repetition rate

Source size and divergence

Iancoherent Coherent Iacoherent
vl mm Y ! om ~few om
<10 mrad ¥ 5 mrad isotropic

Table 7: Comparison betweaen VUV Lasers and Synchrotron Radiation Sources (from Koch, 1981)
Source Energy Region Linewidth/Resolution Intensity Pulse Length Remarka
-3 18 20 .
ArF laser (a} (b) 6.41 eV 10 = eV 0" - 10 55 nsec polarized
(1933 {) photons/pulse cohereut
3rd harmounic (c) 8.0 - 9.0 aV 1073 ov 10'! 10 asec polarized
mixing in Mg vapor (1400-1600 &) photons/pulse coherant
discharge pumped (d) 7.85 e 3 x 10'3 eV 1016 15 nsec polarized
Fz laser (1580 &) coherent
Present IO-l - 3x104ev IO-3 eV (0.03 R) ~4I09 - H.'l13 140 psec polarized
SR sources at 5 - 40 eV pho:onslx sec not cohereunt

1072 ev (0.02 %)
at 40 - 100 eV

at 5 - 1000 aV
at exit slic

Befarences: (a) For rare gas halide lasers in general, see e.g. data sheets by LUMONICS, Otcawa.

(b) Hoffmann et al., Appl. Phys. Letters 28, 538 (1976)

(e¢) Wallace et al.,

d)

Pummer et al.,

Appl. Phys. Letters 28, 449 (1976)
Optics Comm. 28, 104 (1979)
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Figure Captions

Table 9: Comparison of Cu ¥a emission from a rotating anode tube and
i ati anode wi esent
;:; z;:z;:z:?o:rzzu:clo?ng)r:zztzggeztimat:;;hfzrpzhe Fig. ) Synchrotron Radiation covers a large part of the
proposed European Synchrotron Radiation Facility ESRF.
Note that similar values as for the ESRF hold for radiation .
from wigglers from the 2,5 GeV NSLS storage ring (Table 4). out to the hard x-ray and y-ray region.
(From Farge and Duke, 1979.}

electromagnetic spectrum from the microwave range

Fig. 2 Experimental uses of the synchrotron radiation spectrum.
The unique properties of synchrotron radiation including

its broad spectrum extending from the infrared to the

e —————— x-ray region wake it a unique research tool for a broad
GX6 rotating anode DCI ESRF £ discipli I b ful i . Qi
tube 2.4kW (Cuka emission) 1.72 GeV 5 CeV range of disciplines. It can be useful in any scientific

and 240 mA and 565 mA investigation where the structure or nature of a material

i M . . . .
Small angle scattering or specimen can be examined by means of its interaction
with a double monochro-  |x 500 to }.000( x 15.000 with electromagnetic radiation. The spectrum graphically
mator te 30.000 . .

A illustrates the range of wavelengths available from a
o Protein crystallography typical synchrotron radiation source. Some of the
a 4 =1 ] f o
g vith a “‘"5 e tocus disciplines and vesearch subjects that make use of the
o monochromator
» « | mm3 samples x 50 to 160 % 900 ro 1.800 synchrotrou radiation are also shown, the titles placed
° . 2 0 1.300 . .
b4 small sawples x 30 to 60 x 630 to 1.3 to correspond, very approximately, with the part of the
- .
® Diffuse scartering spectrum that is utilised (after Lea 1977).
“ (vide angles, low
o resolution and large
samples) with a curved Fig. 3 a) Visible part of synchrotron radiation from the storage
i 20 to 40 160 te 320 X
graphite monochromator x o x ring DORIS.
o ing VEPP-

Non characteristic wavelength b) Synchrotron radiation from the storage ring VEPP-3

{continuous background) EXAFS emerges from a bending magnet through a beam pipe and

experimental set-up sith a 4 5 . . B . L

100 KW rotating anode x 10 x 10 a Beryllium window. The x-trays (XiAg) are so intense

that they ionize the air along their path causing

visible fluorescence of the molecules.(Courtesy of

Kulipanov).

c) Visible part of synchrotron radiation from the 0,3 GeV
SOR storage ring in Tokyo emerges through a window from
the extraction chamber. One can clearly see the emission
characteristics of synchrotron radiation: within the
plane of the storage ring the window is fully illuminated,
while the intensity drops vapidly above and below. (Foto~-
graph by E.E. Koch).
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Fig. 5

Fig. 6

Fig. 8

Fig. 9

Fig. 10
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General arrangement of a synchrotron radiation center:

L, linear accelerator; B, booster synchrotron; X-SR,
x-ray storage ving; VUV-SR, vacuum ultraviolet and

soft x-ray storage ring; W, wiggler in a low insertion;

U, undulator; possible radiation fans are indicated.

Geometry of synchrotron radiation emission; (a) the plane
of the accelerator or storage ring is filled with radiat~
ion, (b) the intensity in the off plane direction drops

rapidly with the increasing angle Y{(bottom). (From Kock 1977).

General shape of the radiation spectrum of an electron

moving in a curved trajectory per GeV.

Intensity spectra for several storage rings used as
synchrotron radiation sources. The paramelers for operating
the storage tings are the same as given in Fig. 8 (after

Tliompson and Pooie, 1979).

Average spectral brilliance as a function of wavelength
for several different storage rings used as synchrotron

radiation sources (after Thompson and Poole, 1979),

Angular distribution of intensity components with electrical
vector parallet (1" ) and normal (ll) to the plane of the
synchrotron, linear polarization and circular polarization
{from decomposition into left (1) aod right (IR) haad
circularly polarized components) for a storage ring with

R =12.12 m and an energy of E=3.5 GeV (DORIS) calculated

for three photon energies oo, § is the elevation angle per-

pendicular to the orbital plane (after Koch er al. 1976).

Experimentally determined shape of the tight pulses for the
storage rings DORIS and for ACO (after Koch et al. 1976).

A three-pole wiggler with strong central field.

Fig. 12

Fig. 14

Fig. 15
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Description of a planar undulator. A horizontal periodic
magnetic field of period A, forces electrons to oscillate
in the vertical plane with the same period. Instantaneous-
ly, the tight is emitted in a 1/A cone centered on the
tangent of the trajectory. © is the angle of observation.
If a is the maximum deflection angle of this trajectory,
with the z axis, the nonrelativistic transverse case (K<)
corresponds to @ <I/Y and the relativistic one (K> 1) to
a>1/Y. (From Farge 1980).

Expécted spectral distribution of the light emitted by an
undulator in different modes of operation (after Thompson
and Poole, 1979): (a) low field case (K<< 1); observation
through a small pinhole with a very parallel electron beam;
(or through a small pinhole, but with a divergent electron
beam}; (c) high field case (K > 1); observation through a
small pinhole with a very parallel electron beam; (d) high
field case (K > 1); angular integrated with a very parallel
electron beam (or through & small pinhole, but with a diver-

gent electron beam).

Emission of the Orsay undulator on ACO observed on a white
screen with 150-MeV electrons and By, = 3200 g (K = 1.2).
Upper and lower parts of the emission are limited by the

size of the vacuum chamber in the ring.(Courtesy of Y. Petroff).

Obgervations of SR and UR at Tomsk with a I10) wiggler set

for K = 0.7 for different electron energies and photon po-~
larizations., The first column gives the G component and the
second gives the T component. Different rows correspond to
decreasing beam energy going from top to bottom (t-6). The
frequency or barmonic number for each spectrum is n = 0.6 (1),
0.8 (2), 1.0 (3), 1.4 (4), 1.8 (5) and 2.0 (6). (Courtesy of
M. Nikitin; Tomsk).
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Schematic picture of an electron storage ring with the

insertion of a Free-electron laser oscillator, Fig. 24
.

Synchrotron radiation from 70 MeV Electron Synchrotron at
General Electric Research Laboralory, Schenectady, New York, vig. 25
where it was first discovered in 1947,

Overall layout of the National Synchrotron Light Source,
Brookhaven National Laboratory (from Van Steenbergen 1980). Fig. 26
Plan view.of the 2.5 GeV electron storage ring, beam lines
and the experimental hall for the Photon Factory at TSUKUBA, Fig. 27
L means the location of the long straight sectivns and M

means the medium straight sections (from Huke 1980).

Outline of the BESSY storage ring (Courtesy of Bradshaw).

bDefinitions for describing the characteristics of a light source.

Phase space ellipses for the vertical coordinate of the electron Fig. 28
beam alone (solid lines) and inctuding the SR divergency

{(dashed lines). The source is located at Z = 0, Lhe light beam
expands in the positive Z direction., The upright ellipse for

Sk at Z = 0 (a) is sheared while Lhe beam moves to 2 = L(b).

The invariants are the intersections with the y-axis, the pro-
jection on the y' axis and the area. A slit (with boundaries S,
and Sy) inserted at Z = L can be projected back to the origin
{(a). The shaded area is an invariant also., Figures ¢ and d show
the same traneformation for an already tilted etectron beam
ellipse (divergent electron beam!). Siwilar graphs hold for the

horizontal emittance. (From Gudal and Kunz 1979).

Spectral ranges covered by synchrotron radiation and alternative
light sources. The ranges for operating varivus kinds of wono-

chromators are also indicated (From Koch 1981),

- 60 -

Schematic spectral distribution of synchrotron radiation
with the electron energy in GeV as a parameter. The spectira
of rare gas discharge lamps (Tanaka et al., 1958) are shown

for comparison. (From Koch 1976)}.

Schematic comparison of synchrotron radiation with an
x-ray tube with respect to theivr characteristics in angle,

energy and time (after P. Eisenberger, 1974).

Flux comparison for several x-ray and Yy-ray sources. (After
Koch and Materlik, 1979),

Upper panel: The interaction of photons with wolecules is
schematically depicted indicating the many possible spectros-
copies. Lower panel: photo-excitation spectroscopies applied
to solids and surfaces. Atoms in the outermost surface layer
have different geometries and physical properties than the
underlying bulk counterparts. Also adsorbed species may be

studied by the indicated techniques.

Schematic representation of the many different x-ray experiments

possible with synchrotron radiation.
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Fig. 12

BERLINER ELEKTRONENSPEICHERRING FUR

SYNCHROTRONSTRAHLUNG
BESSY
Design Paramasters:
| 800 MeV
Sextupole By (Dipol) 157
Quadrupole doublet ? 1778 m
R R Circumference 62.4m
Dipale Number of magnets
with radiation chamber
Dipoles 12
Quadrupoles 32
Sextupoles > 16
horiz. Emittance (var) : 3:107... 2107 rrad m
Bunch length 2-10"... 5107 sec
RF frequency 5007125 MHz
Ae : Znm
Getter pump
Numnber of beamlines : 2

Injection from

800 MeV synchroton

Injection septum magnet

RF cavity
500 MHz
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