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INTRODUCTION

Synchrotron radiation is having a wry significant Impact on the many
disciplines that make use of the radiation in the x-ray, vacuum ultra-
violet, and infra-red regions of the spectrum. The rapidly increasing
demand for beam time at existing facilities, the construction and commis-
sioning of new facilities, and the world wide planning for future sources
Is clear testimony to the unique, interdisciplinary nature of the research
applications. The nature of synchrotron radiation research continues to
change and expand. This conference on the application of synchrotron
radiation (SR) to polymer research illustrates that point. In this intro-
ductory paper it will be impossible to cover in depth any of the applica-
tions. The intent, instead, is to give a brief, condensed summary of the
properties of SR which have brought it to the fore as a research tool. No
single source can provide the proper radiation for all applications. This
paper should provide enough information and references to allow anyone
contemplating a particular experiment to understand the widely varying
parameters from different facilities, end thereby make some initial
decisions concerning feasibility, and proper source. The NSLS will, in
general, be used for illustration purposes since the conference is being
held at Brookhaven where the attendees can get first hand familiarity with
the facility.

Perhaps most important to scientists contemplating applying SR
techniques to polymer studies will be a listing of some recent compre-
hensive reviews of synchrotron radiation and experimental techniques. The
accompanying references, in particular references 1-5, will be more than
sufficient. Although reference 5 by G.K. Green is not a review article, it
is a superbly organized collection of the equations necessary for the
calculation of SR spectra and properties. Much of tine material is
presented in very easy to use graphical form.

PROPERTIES OF THE RADIATION

A charged particle constrained to move in a curved path experiences
acceleration and this radiates electromagnetic energy. A nonrelativistic
electron emits radiation at its frequency of revolution, and in a pattern
which is known as the Larmor pattern. The Case I of Fig. 1 illustrates
this pattern. When the same particle approaches the speed of light, which
is true for electrons in SR storage rings, the Larmor pattern as seen in
the laboratory frame of reference is distorted by relativistic effects.

*Work performed under the auspices of the U.S. Department of Energy.
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Fig. 1. Radiation emission pattern of electrons in circular motion:

Case I, nonrelativistic electrons. Case II, relativistic
electrons.

As shown in Fig. 1, the relativistic transformation causes the radiation to
be emitted in an extremely narrow cone along the instantaneous velocity
vector, tangent to the circle. For an electron with energy E « y n^c2

the frequency spectrum in the radiation extends from the revolution
frequency in, to harmonics on the order of t «i For large values of y the
opening angle of the radiation cone is given by

where fly is the angle transverse to the orbit plane. The peak intensity
is in the plane of the orbit at a, « o. The radiation is thus
concentrated in a very small opening angle giving rise to the extremely
high photon flux intensities, high brightness, and high power densities
from SR sources.

In principle the spectrum should be a series of sharp lines at the
harmonics of the orbit frequency. However, the orbit frequency is not
exact because the electrons continuously oscillate in position and energy
about the equilibrium orbit, smearing the spectrum into a continuum.
There are many ways of presenting the spectrum, one of which is shown in
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Fig. 2, where the photon flux Is given in units of (photons/sec/unit of
electron current/1% bandwidth) for various numbers of horizontal
mi 111 radians. The spectrum 1s integrated over all vertical angles and
presented as a function of photon energy or wavelength. For certain uses
other representations, I.e. flux/eV, may be more useful.. Formulas
presented by Green5 can be used for these purposes. For synchrotron
radiation a handy relation between photon energy E p and wavelength, X, is

Ep(keV) - 12.396/A( A).
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Fig. 2. Synchrotron radiation spectra for the NSLS VUV storage ring
operating at 750 HeV, and for the x-ray ring operating at 2.5
GeV. Also shown are curves for the superconducting high field
wiggler and the VUV undulator. All curves are for the spectra
integrated over all vertical angles.

The calculated spectra for the NSLS storage ring bending magnets at
1.2 T are shown in Fig. 2. The calculations are based on the design limits
of the rings which are Eei|ectron * 2*5 GeV, I * 500 mA for the VUV ring,
and Eelectron - 750 HeV, I * 1 A for the VUV ring. Also shown is the
calculated spectrum for the 6 T superconducting wiggler, a device which
will be discussed later. These curves i l lustrate two of the most
significant properties of SR from storage rings - the very high flux and
the continuous spectrum. The flux makes possible such experiments as small
samples, dilute samples, rapid data acquisition (real-time spectroscopy and
diffraction) techniques, and complex structure analysis. The continuous
spectrum allows complete nonoc^romatization of the radiation, allowing the
experimenter to finely tune the energy to an absorption edge or to scan
wavelength in.EXAFS or anomalous diffraction experiments. The latter two
techniques will prove very important in polymer structural work. These
properties of SR are l isted in summary form in Table 1 .



Table 1 . Properties of Synchrotron Radiation

Characteristic Advantage

High Intensity Dilute samples, small samples,
rapid data acquisition

Continuous Spectrum Tunability - EXAFS, anomalous
scattering

High Brightness High flux on small samples, low
aberrations, nigh Q and E
resolution

Time Structure Time resolved experiments

Polarized Polarization dependent analysis

Collimation High brightness, high resolution

The curves in Fig. 2 are parameterized by a very useful quantity JU
(or Ec) which is the cr i t ica l wavelength (energy) for the source. In
useful urtits,

5.59 fl/E3« 186.4/BE2

where P is the radius of curvature of of the bending magnet in meters, B is
the f ie ld in kG, and E is the electron energy in GeV. Half the total power
is radiated above the cr i t ical energy and half below. The cr i t ica l
wavelengths, electron source dimensions, and beam time structures are given
in Table 2 for the NSLS.

Table 2. NSLS Storage Ring Parameters
X-Ray

VUV (Arc) X-Ray (Arc) (Higgler)
Wavelength

(25.3; 0.49) (2.5; 5.0) (0.5; 25.0)

Source Dimensions

2<r x2oi(mm2) 0.2 x 0.55 0.2 x 0.5 0.035 x 0.65
Vertical Angle 20l(mrad) 1.4 0.4 0.3

Time Structure
Number of Bunches.
Orbital Time (nsec)
Bunch Length {nsec)

9
170
1.1

30
568
1.7

30
568
1.7



Along with the high Intensity of the radiation goes a corresponding
high power dissipation for the bending magnet sources and wiggiers. Even
for undulators, which will be discussed later, where the total power
radiated may be low, the power densities can reach levels of 3-10 kW/c*2.
One of the most significant problems facing instrumentation, ttesigners,
experimentalists, and machine designers (6 GeV ring, for example) is the
thermal dissipation. In practical units (E in GeV, P in meters, B in
kHogauss, I in amperes) the total power radiated by highly relativistic
electrons in a storage ring is

P(kW) - 88.47 E"l/P- 2.654BE3!.

For electrons traversing a length L(m) of a magnetic field with average
field <B*>, the total power radiated is

P(kW) - 1.267 * 10-2 E2(GeV) < B2(k0) > I(A)l(m).

This equation can be used for a constant field or for a field that varies
along the trajectory such as in a wiggler or unduiator.

Electrons in storage rings are grouped in bunches whose length is
determined by the rf system. The orbital period, of course, is determined
by the geometry of the ring and must be an integral multiple of the rf
period. Using the NSLS x-ny ring as an example (see Table 2), th» rf
frequency is 52.88 MHz and the orbital time is 568 nsec. When operated in
a single bunch mode (one bunch only circulating in the machine) a pulse of
light will be seen down a beam line once each 568 msec, with a duration of
1.7 nsec. The x-ray ring can be run with up to 30 bunches, decreasing the
bunch-bunch time to 18.9 nsec. Such a time structure and constant pulse
amplitude make the SR source ideal for a variety of lifetime studies in
both material and life sciences (see reference 1, chapter 10). Examples
are time resolved spectroscopy and fluorescence lifetime measurements of
organic molecules.

The storage ring radiation is inherently highly collimated into the
Tl opening angle, and is also predominantly polarized with the electric
vector parallel to the acceleration vector. Elliptical polarization is
present off the median plane. Figure 3 shows the intensities of parallel
and perpendicular polarization as a function of emission angle, ri>, for
different wavelengths.5 The inherent polarization of the SR is. used in
programs such as circular dichroism analysis. It is also the reason that
most synchrotron radiation scattering experiments are arranged to have the
scattering vector in the vertical plane. The scattered intensity vanishes
when the scattering angle 28 is such that it is parallel to the
polarization vector of the incident radiation. For scattering in the
vertical plane, the scattered radiation is always normal to the
polarization vector and the polarization factor is unity (see Sef. 1,
Chapter 14). '
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Fig. 3. Vertical angular distribution of parallel and perpendicular
polarization components. Units of vfare radians.

Finally, there is a property of the radiation from the storage rings
which is perhaps the most significant, since it ties together the high flux
and intrinsic collimation of the beam and the storage ring electron beam
parameters. It is called the brightness or spectral brilliance. The
definition used here is that brightness is the flux emitted by tltte source
per unit source area and per unit solid angle. It thus has units of
photons/(sec mm 2 mrad2 0.1% bandwidth). The fundamental importance of the
brightness is that it is the real measure of how many photons/sec can he
inaged on a small sample with a small angular divergence. The brightness
of a given source is related to the size and angular spread of the electron
beam source {the electron beam emittance) and to the intrinsic opening
angle of the synchrotron radiation. If the source size and angular spread
of the electron beam are small, the machine is said to be a low emittarace,
high brightness source. Optical systems can then image the source onto the
sample without sacrificing flux, without increasing angular divergence
{thus optimizing momentum and energy resolution), and with minimum optical
aberrations.

The emittance of a storage ring is the phase space area of the
horizontal and vertical emittance ellipses, effectively the product of the
source size and the solid angle of divergence. It is a conserved quantity
around a ring for a given magnetic lattice. No natter what devices are
placed on beam lines, or even what undulators or wiggler magnets are
installed on a ring, the limit on brightness is the emittance of the
storage ring.

The N5LS rings are two of the first storage rings to be built with a
high brightness lattice; Figure 4 shows a comparison of the brightness of
several rings. The fluxes for the NSLS and SRS are comparable, but the
figure shows a large difference in the brightness. The differences in the
brightness come from the differences in the electron beam emittances. New
machines which are being proposed, such as the ALS at Berkeley and the ESftF
in Europe are all designed to be very high brightness electron storage
rings in order to maximize the flux on the samples with minimum aberrations
and maximum spatial and angular resolution. They are also being designed to
have many straight sections, in order to accommodate as many special
insertion devices as possible. These devices maximize and enhance the
brightness of the source and will now be discussed.
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Fig. 4. The spectral brilliance for various synchrotron radiation sources.

INSERTION DEVICES - HIGGLERS AND UNDULATORS

In the preceeding discussions the properties of the radiation emitted
from the storage ring dipole bending magnets have been considered. The
overwhelming response of the scientific community to instrumenting
experiments on thesa beam lines proves the value of the sources. However,
it is possible to design magnetic structures, which can be inserted into
the straight sections of storage rings, and which are more effective than
the bending magnets at producing radiation. These devices* called higglers
and undulators, are periodic magnetic structures that have no net effect on
the electron beam but can produce synchrotron radiation with brightness
much greater than the bending magnets, or extend the spectral range to much
higher energies. Because of the improvements in spectral range and
brightness, many Higglers and undulators are being installed in present
machines. All new storage rings are being designed to maximize the number
and type of insertion devices that they can accept.

Higgler and undulator magnets deflect the electrons periodically in
alternate directions, producing an angular excursion or the photon beam.
The primary differences in the spectra arise out of the extent to which the
electron beam is deflected. A wiggler has a relatively small number of
periods in which the angular excursion of the beam is much greater than
T . The horizontal extent of the beam is many mi 11 iradians. Higglers
have a continuous photon spectrum identical to that of e bending magnet
but, since they have 2N magnetic poles their brightness is 2N times that of
the bending magnets. The wigglers can be constructed to have very high
magnetic fields and extend the photon spectrum to very high energies. An
example is the superconducting wiggler at the NSLS x-ray ring. It has a
magnetic field of 6 T, 6 poles, and an angular excursion of 38 mrad. The
spectrum is shown in Fig. 2, with the shift of the critical energy from S
to 25 keY. Higglers and undulators can also be constructed from permanent



magnets, the material of choice being the rare-earth cobalt, SmCos.
8 A

schematic of the arrangement of the alternating blocks of permanent
magnetic material Is shown in Fig. 5. Such a device can be designed to
give very high flux at energies up to about 10 keV on the 2.5 GeV x-ray
ring. The NSLS is planning a magnet with 30 poles and a cr i t ical energy of
8.3 keV.9 Recently, SSRL has started operating a 54 pole wiggler.1 0

Higgler magnets produce beams, with very high total power and very
high power densities. For example, the NSLS superconducting wiggler
radiates about 40 kW of power, a power density of about 3.2 kW/mrad .
Comparable power is radiated by the other devices discussed. I t is the
extremely high power density of these devices which makes optical thermal
problems so severe.

An undulator is a magnetic structure with many periods in which the
horizontal angular excursion of the electron beam is less than or of the
order of the synchrotron opening angle, y . Interference effects in the
undulator radiation result in peaks at a fundamental wavelength and the
harmonics of the fundamental. Such a spectrum is shoi/n in Fig. 6 for the
permanent magnet undulator on the NSLS VUV ring. This magnet has 76 poles
with a magnetic period of 6.5 cm. The horizontal extent of the beam is
only 3.5 mrad. The difference in the spectrum between Fig. 6 and Fig. 2 is
due to different vertical gaps for the device.
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Fig. 5. Schematic cross section of a
permanent magnet undulator.

Fig. 6. Spectrum for the NSLS
Free Electron Laser
Undulator

In general, undulators greatly enhance the brightness of the source
compared to the bending magnets. It can be shown that the enhancement is
between 2N and N , where N is the number of magnetic periods. Extremely
high peak fluxes per mrad are produced. A significant feature is the con-
centration of the radiation into one or a few peaks and a corresponding
reduction in waste power incident on the beam line optics. In some cases
the peaks may 'be narrow enough in energy to eliminate the need for mono-
chromators which greatly decrease the flux due to their narrow bandwidth.



Designs exist for undulators with the fundamental wavelength between 3
and 50 A for use at the NSLS. One of these devices will be a 37 period
soft x-ray undulator 1n the range 19-72 A to be used on an x-ray imaging
beam line.11 The coherence length of the synchrotron radiation sources Is
about 0.1% of the total emission angle of 0.4 mrad.

Due to the N z central brightness of the photon beam, a pinhole
coinmator subtending that angle will be effectively a coherent source for
holography and microscopy and still allow total flux on a sample 10 3 times
greater than from a bending magnet. Even though the total power radiated
by this device is a few watts, the power density Is still on the order of 3
kw/mrad2.

These two undulator examples illustrate the direction being taken in
the development of new, high brightness sources. The new designs for
storage rings are being considered to maximize the effectiveness and total
number of both wigglers and unduiators. In fact, based on the scientific
goals of the synchrotron radiation community, the desired insertion devices
are being planned, and that in turn will help to determine the new machines
to be built.

USER VERSUS MACHINE

Anyone who has done experiments at a synchrotron radiation facility is
well aware of the often frustrating and irritating Interruptions and delays
which occur due to unscheduled down time of the storage rings. Such
interruptions are inevitable simply because of the incredible complexity of
the operation. In spite of the difficulties, many faciiiies have achieved
greater than 90S of planned operating time. Users must plan on a certain
level of down time or delays. Judging by the rapidly increasing number of
users of synchrotron radiation, the scientific advantages outweigh these
problems.

Even if the source is operating normally the user must plan the
experiments to be compatible with the regular refilling of the storage ring
which interrupts the experiment, and the regular exponential decline of the
photon flux as a function of time. Figure 7 shows a 12-hour period of
operation of the NSLS VUV ring. Long beam lifetimes are certainly
desirable in order to reduce the number of refills, to avoid rapid
variations in heat load on beam line optical elements* and to eliminate
rapid changes in data rates.

Throughout this paper the NSLS has been used as an example of a U.S.
facility. The user must decide, based on the experimental equipment
available and ring parameters, where a given program can be carried out. A
complete survey of U.S. and worldwide facilities has recently been compiled
by H. Winick and R.E. Watson.12 Details of beam lines and experimental
stations are available from each of the facilities. As a reference, Table
3 lists the presently operating U.S. facilities.
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Fig. 7. Stored beam current as a function of time for 'the NSLS VIW ring on
September 21, 1984

Table 3. Storage Ring Synchrotron Radiation Sources in the United States
Electron Energy

Location Ring (Lab) {GeV)
Gaithersberg, MD
Ithaca, NY
Stanford, CA
Stoughton, WI
Upton, NY

5UKI- \m5)
CESR (CHESS)
SPEAR (SSRL)
TANTALUS (SRC)
NSLS (SNL)
NSLS (BNL)

U..ZU
5,5 - 8
2.5 - 4

0.24
0.75
2.5
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