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1 INTRODUCTION
Synchrotron radiation, the electromagnetic radiation emitted by relativistic electrons traveling in curved paths, opens new possibilities in research
and technology that have already produced important results
and are
33
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expected to have even greater impact in the future. With the development
of high energy electron synchrotrons and storage rings for elementary
particle research, very powerful sources of synchrotron radiation are now
available and are extensively used for synchrotron radiation research,
largely in a symbiotic mannerwith the high energy physics programs. In
more than twenty laboratories throughout the world, the broad spectrum
of intense, collimated, and polarized x rays and ultraviolet radiation is
being used for experiments in structural biology, catalytic chemistry,
surface physics, solid state physics, and manyother areas, including
applications to technology such as microstructure replication and x-ray
topography,
Although synchrotron radiation research began in the early 1960s,
most of the work until 1974 was concentrated in the ultraviolet part of
the spectrum, and almost all the sources were synchrotrons. Starting in
about 1974, a new generation of multi-GeV storage rings became available (SPEAR,DORIS, VEPP-3). These provide higher intensity, a more
constant spectrum, and greater stability than synchrotrons.
The first major synchrotron radiation research facility utilizing a
multi-GeV storage ring was the Stanford Synchrotron Radiation Laboratory (SSRL), which began operation in May1974. The results from SSRL
and from the other multi-GeV storage rings conclusively showed the
enormous capability of synchrotron radiation from 150 eV to 35 keV as
produced by a storage ring. Earlier results from smaller storage rings at
Wisconsin and Orsay had already proven the case for lower photon
energies.
As published work in this new energy region began to appear, an
extremely large growth in user interest occurred. For example, at SSRL
the number of active research proposals in January 1978 exceeded 200
and has approximately doubled each year for the last three years.
Evaluation of national needs has prompted several countries (England,
Germany, Japan, and the US) to construct new storage rings dedicated
only to synchrotron radiation research and greatly to increase the
programs on existing machines.
The unique properties of synchrotron radiation (markedly different
both quantitatively and qualitatively from other radiation sources) are,
of course, responsible for these developments. The most important characteristic of synchrotron radiation is the high and extremely stable intensity
over a broad bandwidth. This frees researchers from working only at the
discrete lines available from conventional sources in the ultraviolet (UV)
and x-ray part of the spectrum. As a continuumx-ray source for example,
synchrotron radiation makes available more than 100,000 times higher
flux than the most powerful rotating anode x-ray generators. This has
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led, amongother results, to the development of the technique knownas
Extended X-Ray Absorption Fine Structure (EXAFS)from an interesting
laboratory curiosity to a powerful analytic tool for the determination of
local atomic environment in complex systems. Spectra that took two
weeks to acquire using powerful conventional sources are now routinely
obtained in 20 minutes--and with improved signal-to-noise ratio. The
widely applicable technique (it can be used on gases, liquids, and solids)
has, for example, alr,~ady contributed significantly to the understanding
of amorphousmaterials, biological enzymes, industrial catalysts, phase
transitions, and dilute impurities.
The high intensity also facilitates structural studies by large- and
small-angle x-ray diffraction. A particularly exciting prospect is the
ability to do dynamic structural studies to elucidate nerve and muscle
functions, crystal growth, and mechanical failure processes on a millisecond time scale.
The extreme collimation (the radiation is emitted in a cone with an
opening angle < 1 mrad for storage rings with energy > 1 (3eV) means
that highly monochromatic beams can be produced using gratings and
crystals, permitting high resolution studies of absorption edges, core
levels, etc. This feature also permits the use of soft x-ray lithography
for the fabrication of microstructures such as memorydevices, Josephson
junctions, and integrated circuits. At soft x-ray wavelengths (10-50 ~),
diffraction effects are muchreduced comparedto visible light. Thus, the
naturally collimated, essentially parallel rays can be used to replicate the
pattern of a mask(with features as small as 1000~ or less) onto a silicon
wafer without penumbral blurring. Future developments in this area are
likely to have a major impact on very-large-scale integration (VLSI)
technology.
Because electrons are not uniformly distributed around the perimeter
of a storage ring, but rather are bunched, the radiation has a sharply
pulsed time structure. In the SPEARstorage ring, for example, the
pulses are of ~300 psec duration with a repetition rate of 1.28 MHz.
This feature is used increasingly for lifetime measurements in atomic
and molecular systems and mayfacilitate the pumpingof an x-ray laser.
In the future, with the increased intensity that will becomeavailable, it is
likely that these timing properties will be used to extend dynamical
structural studies to a submicrosecondtime scale.
In storage rings, the high vacuumenvironment and small source size
of the electron beamhave enabled experimenters to image the source onto
extremely small samples for studies of fresh surfaces prepared in situ
in ultrahigh vacuum sample chambers. The measurement of the energy
and angular distribution of photoelectrons produced by a tunable photon
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beamincident on clean surfaces and on surfaces covered with adsorbed
gases is a very powerfultechniquefor understandingelectronic structure
and surface processessuch as oxidation, catalysis, and corrosion.
The very high polarization of synchrotron radiation (almost 100~o
linear polarization in the medianplane, 75~integrated over all vertical
angles) is an important feature that can be used to advantage in many
measurements
such as scattering and fluorescence experiments, including
resonant nuclear (M6ssbauer)scattering. For example,in trace element
fluorescence measurements,increased sensitivity results from the decreased backgroundscattering in the direction of polarization. Polarization has also madeit possible to observequantumbeats in the fluorescence
from magneticallyoriented atoms.
Anyone of the above-described characteristics wouldmakesynchrotron radiation an important experimental tool. The combinationof all
makesit an ideal source for an extremelybroad, interdisciplinary range
of spectroscopicandstructural studies.
Almostall present sources are primarily operated for high energy
physics purposes. Considerablyhigher intensity and brightness will be
available whenthese machinesbecomeavailable as dedicated synchrotron radiation sources and whennewdedicated synchrotron radiation
sources, nowin construction, becomeoperational. Furthermore, all of
the research to date has madeuse of the radiation producedin the ring
bendingmagnets,wherethe magneticfield is typically ~<12 kG. Overthe
next fewyears, it is likely that special insertions(suchas high field wiggler
magnets,multipoleinterference wigglersand possiblyfree electron lasers)
will significantly extend experimental capabilities by enhancingand
modifyingthe normal synchrotron radiation spectrum.
Similarly, in the experimentalutilization of the radiation, it is likely
that new designs for UVand x-ray optical systems, monochromators
and detectors will result in instrumentsbetter matchedto the properties
of synchrotron radiation, and this will result in a further increase in
experimentalcapability.
In this review, wedescribe the sources and properties of synchrotron
radiation and cover some of the manyscientific and technological
applications andspecific research results fromlaboratories throughoutthe
world. In a review of this size, we cannot properly cover all of the
important scientific accomplishmentsusing synchrotron radiation. We
haveattemptedto describe briefly a fairly large numberof applicationsand
cover a few in moredetail. Mostof the examplesused will be taken from
work at the Stanford Synchrotron Radiation Laboratory because of the
association of the authors with this laboratory and because, at present,
this is the laboratory with the broadest programof research in the UV
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and x-ray spectral regions. Weapologize in advance for being unable to
mention, because of space limitations, some of the excellent results
obtained at SSRLand elsewhere.

2 SOURCES OF SYNCHROTRON RADIATION-SYNCHROTRONS AND STORAGE RINGS
With the development of electron synchrotrons (since the 1940s) and
storage rings (since the 1960s) for high energy physics research, intense
sources of synchrotron radiation have becomeavailable. For the high
energy physicists this radiation is generally considered to be a nuisance
causing background in detectors, requiring water cooling of vacuum
chambers, and large rf systems to replenish the lost energy. However,as
remarked by W. K. H. Panofsky, "The background for one experiment
is the signal for another."
Most of the machines now used as synchrotron radiation sources
were constructed and are still used primarily for high energy physics
purposes. This situation is changing with the design and construction
of several storage rings to be used as dedicated synchrotron radiation
sources and the transition to dedicated synchrotron radiation operation
on existing machines(the parasites are consumingthe hosts).
The most capable source of synchrotron radiation is the storage ring.
Figure 1 shows the.basic features of an electron storage ring designed as
a synchrotron radiation source. A closed continuous high vacuum
chamber threads through various ring elements including: (a) bending
magnets that bend the electrons in a circle and produce synchrotron
radiation (only one magnet is shown); (b) special insertions (optional),
such as the wiggler magnets shownin the drawing, to produce particularly
intense or enhanced radiation; (c) an rf cavity and associated power
supply, which replenishes the energy lost by the electron beam into
synchrotron radiation ; (d) vacuumpumpsto evacuate the chamber ; and
(e) an inflector that permits electrons from a separate accelerator (not
shown)to be injected.
In a properly designed storage ring, large currents of electrons (hundreds
of milliamperes) can be accumulated within’ several minutes and
adjusted within several additional minutes to any desired energy within
range of the ring. Injection can be below the operating energy, with the
storage ring then used briefly as a slow accelerator to increase the energy.
Injection at the operating energy is quicker, provides the highest stored
beam current, and maximizes experimental running time, but, of course,
requires a more powerful injector accelerator.
With storage ring average pressure in the 10-9-Torr range, electron
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beamencounters with residual gas molecules are sufficiently rare that
the stored current decays with a time constant of two to twenty hours
and in somecases evenlonger. Thesynchrotronlight intensity as well as
the spectrumand other source properties are, therefore, quite stable
over long periods of time in a storage ring.
A synchrotronis quite similar in someways; it consists of a roughly
circular ring of magnets, vacuumchamber,and other componentssimilar
to the storage ring. Thesimilarity is so close that a single ring could be
madeto operate as a synchrotron and as a storage ring as was done at
the CambridgeElectron Accelerator (CEA)(1). However,a synchrotron
is designedto accelerate rapidly (in ~ 10 msec)groupsof ~ 1011electrons
from a low injection energy to a maximum
energy some 10-100 times
higher. At the high energythe electrons strike an internal target or are
extracted to strike an external target. The process of injection and
acceleration of a newgroupof electrons then starts over again, repeating
at 50-60 Hz.
Therefore, in synchrotrons the electron energy and consequentlythe
synchrotron radiation spectrum are not constant. Also, the electron
beamcurrent, position, and cross-sectional area vary within an accelera-

~i~ure I Artisi conceptionof an el:~tron storag@ring ~sign~das ~ sourceof syn~hrotro~
radiation. Not s~ownis ike injector aooelerator. Courtesy of I. Godell, 8rookkave~
~tio~l L~borator~.
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tion cycle and from one cycle to the next. Furthermore, the large amount
of high energy radiation near electron synchrotrons requires that synchrotron radiation experiments be totally enclosed in shielded areas,
remotely controlled, and generally less accessible than those performed
on a storage ring.
In spite of these difficulties, muchsynchrotron radiation research has
been done with electron synchrotrons because they produce high photon
flux extending to very high energy and, historically, they were available
before storage rings.
Tangential ports permit the synchrotron radiation to leave the
vacuum enclosure and travel to the experiments. One such port can
accept sufficient radiation (10-50 mrad of arc) to serve more than one
experiment simultaneously. Figure 2 shows how a single tangential port
may be split and mirrors, gratings, and crystals used to serve several
simultaneous experimental stations. Detailed descriptions of synchrotron
radiation beam lines and research facilities are available, including
descriptions of the facilities at Hamburg(2, 3), Orsay (4), and Stanford
(5, 6).

3 HISTORY OF THEORETICAL
EXPERIMENTAL
WORK

AND

Consideration of the radiation from accelerated charges goes back to the
19th century, and the work of Li6nard (7) for example. Further work
during the next fifty years was done by manyauthors (8-13). A useful
bibliography (14) of works relating to synchrotron radiation gives
additional references through 1974.
Amongthe first to be concerned about radiation effects in circular
electron accelerators were Ivanenko & Pomeranchuk (10) and Blewett
(12). Synchrotron radiation was first observed (accidentally) at
General Electric 70-MeVsynchrotron in 1947.
Extensive theoretical work has been done by Sokolov and co-workers
(15-18), Schwinger (13), and others. Quantummechanical effects
shownto be negligible in practical cases. The theory is reviewed in the
textbook by Jackson (19).
Experimental investigations on the properties of the radiation were
carried out by Pollack and co-workers (20) using the General Electric
70-MeVsynchrotron, by several groups (21-23) using the 250-MeV
synchrotron at the Lebedev Institute in Moscow,by Corson (24) and
Tomboulian and co-workers (25-27) using the Cornell 300oMeVsynchrotron, by Codling & Madden(28) using the 180-MeVsynchrotron
at the National Bureau of Standards (NBS) in Washington, DC, and
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Haensel and co-workers (29) using the 6-GeVsynchrotron in Hamburg.
These studies verified the basic theoretical predictions regarding intensity, angular distribution, spectral distribution, polarization, etc, and also
provided practical data and experience in the use of radiation.
A research program using synchrotron radiation was initiated in 1961
at the Frascati synchrotron, in 1963 at the NBSand Tokyosynchrotrons,
and in 1966 at the Hamburgsynchrotron. By 1972, programs were also
underway at synchrotrons in Bonn, Yerevan, Glasgow, Lund, Moscow,
and other locations. In most of these cases, the primary function of the
synchrotron was high energy physics research.
The superior properties of the synchrotron radiation produced by a
storage .ring (e.g. constant spectral distribution, stable intensity) were
first made available at the 240-MeVring (30) at the University
Wisconsin, which began producing ultraviolet radiation in 1968 as a
dedicated synchrotron radiation source. Larger storage rings extended
these desirable characteristics
to higher photon energy. In 1971, a
synchrotron radiation program in the ultraviolet part of the spectrum
was started on the 540-MeVring (4) in Orsay, France. The x-ray part
the spectrum was opened in 1972 at the Cambridge Electron Accelerator
(CEA) in Massachusetts, operating as a storage ring at 3 GeV(31).
Wisconsin and Orsay machines continue in operation with the French
machine nowalso fully dedicated to synchrotron radiation research. The
CEAceased operation for high energy physics and synchrotron radiation
research in 1973.
By 1972, the potential of synchrotron radiation as a multidisciplinary
research tool had attracted the attention of manyscientists. The proceedings of a symposium (32) on synchrotron radiation research held
Brookhavenin 1972 give an overviewof the field and its prospects as seen
at that time. In late 1972, a panel was formed by the National Science
Foundation in the USAto study three proposals for synchrotron radiation research facilities. These proposals were for: (a) construction of
new 1.76-GeVelectron storage ring at the University of Wisconsin to be
dedicated to synchrotron radiation research; (b) dedication of the CEA
storage ring at Harvard University to synchrotron radiation research;
and (c) construction of the Stanford Synchrotron Radiation Project
(SSRP) utilizing synchrotron radiation produced during high energy
physics colliding-beam operation of the storage ring SPEARat the
Stanford Linear Accelerator Center (SLAC).
The panel concluded that synchrotron radiation offered interesting
research prospects for radiation extending all the way into the short
wavelength x-ray region. The third alternative, SSRP, (now SSRL)was
authorized as the least costly way to evaluate th6se prospects.
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SSRP(6, 33) was funded in June 1973 and began research operation
on five experimental stations, each with a monochromator,in May1974.
This was the first time that synchrotron radiation from a multi-GeV
storage ring became available to a large community of users. Within
about a year, programs were also begun on the VEPP-3storage ring in
Novosibirsk, USSR, and the DORISstorage ring in Hamburg, Germany.
The results obtained from the extended spectral range on these newly
available large rings, plus continued results from smaller storage rings
and synchrotrons throughout the world, have convinced scientists that
synchrotron radiation is a powerful tool for basic and applied research in
a large variety of fields such as atomic physics, structural biology, and
microfabrication. A comprehensive report (5) on research with synchrotron radiation at SSRPand the prospects for future use of a multi-GeV
storage ring was completed in 1976.
Compared with the cautious optimism about the usefulness of synchrotron radiation in 1973, by 1975 the capability was clearly proven,
and the enormous increase in user demand created an urgent need to
provide more experimental facilities. In 1975, the British, after completing
a study of their national needs for synchrotron radiation facilities (34),
authorized construction of the world’s first naulti-GeV storage ring as a
dedicated source. Since then, additional proposals for dedicated sources
have been made in Japan, the Netherlands, the Soviet Union, the United
States, and elsewhere. Manyof these have since been authorized and are
nowunder construction. The present status is summarizedin Tables 1-4.
Storage rings designed as dedicated sources of synchrotron radiation
should offer advantages over machines designed for high energy physics
purposes. These include ability to accommodate a larger number of
synchrotron radiation beam lines and higher source point brightness
due to reduced electron beam emittance. Design reports such as those
produced at Brookhaven (35) and in the Netherlands (36) give
detailed considerations.
In early 1976, another panel was formed in the US to assess the
national need for facilities dediczted to the production of synchrotron
radiation. The panel projected the numberof experimental stations that
would be needed by 1986 to accommodatethose scientists expected to be
using synchrotron radiation in their research programs. The .results of
this projection are given in Table 5 taken from the panel report (37).
The major recommendation of the August 1976 panel report (37) was
that "an immediate commitment be made to construct new dedicated
national facilities and to expand existing facilities so that optimized
XUVand x-ray capabilities are provided..." (p. 5).
The case. was so compelling that the recommendations of the panel
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were almost immediately included in budget submissions by government
agencies in 1976 and subsequently approved by Congress in 1977. Under
construction nowin the United States are two dedicated storage rings at
BrookhavenNational Laboratory (35), one at the University of Wisconsin,
and one colliding-beam storage ring at Cornell University (38) to
also used for synchrotron radiation research. In addition, a major
Table 1 Synchrotron radiation
Machine, location

VEPP-4
Novosibirsk,

E
(GeV)
7

sources--storage
I
(mA)
10

rings in operation--February
g
(m)

e~
(keV)

16.5

46.1

(18.6)

(10.9)

12.1

1.95
22.9
2.0
11.1
4.2

USSR
4.5

DORIS
Hamburg, Germany
SPEAR
Stanford, US
VEPP-3
Novosibirsk, USSR

2.2
5.0
2.25
4.0
2.25

300
50
300(10)
100(35)
100

12.7
6.15
(2.14)

DCI
Orsay, France
ADONE
Frascati, Italy

VEPP-2M
Novosibirsk, USSR
ACO
Orsay, France
SOR Ring
Tokyo, Japan
TANTALUS I
Wisconsin, US
SURF II
Washington, DC, US
N-100
Karkhov, USSR

(ll.8)

1.8

500

4.0

3.63

1.5

60

5.0

1.5

(2.8)

(2.7)

1978

Remarks
Initial operation at
4.5 GeV
(from 8-kG wiggler
part of magnet
lattice)

(colliding beam
current limits)
Operation to 3 GeV
is possible
(from 35-kG wiggler
planned)

Synchrotron radiation
lines in construction
(from 18-kG wiggler
planned)

0.67

100

1.22

0.54

0.54

100

1.1

0.32

Dedicated"

0.40

250

1.1

0.130

aDedicated

0.24

200

0.64

0.048

Dedicate&

0.25

25

0.84

0.036

aDedicated

0.10

25

0.50

0.004

~ Dedicatedmachinesare used only for synchrotronradiation research. Othermachinesare used for
both high energyphysics research and synchrotronradiation research.
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expansion of facilities is underwayat SSRL(5, 39), and SPEAR
is expected
to be a dedicated source for 50~o of the operations time starting in about
1980.
In 1977, a report surveying European synchrotron radiation facilities
and needs for the future was published (40). The report concluded (p.
Table 2 Synchrotron radiation
Machine, location
expected completion
date
PETRA"
Hamburg, Germany
1978
PEP"
Stanford, US
1979

~
CESR
Cornell, US
1979
PHOTON FACTORY
Tsukuba, Japan
1981
NSLS
Brookhaven National
Lab, US
1981
SRS
Daresbury, UK
1979
ALADDIN
Wisconsin, US
1980
BESSY
Berlin, West Germany
1982
NSLS
Brookhaven National
Lab, US
1981

sourccs--storage

E
(GeV)

rings in construction--Fcbruary

I

R

ec

(mA)

(m)

(keV)

1978

Remarks

18
15
10
18
15
10
12

18
80
50
10
55
35
45

(23.6)

67.4
39.0
11.6
78
45.2
13.4
(163)

8
4

100
50

32.5
32.5

35
4.4

(from 17-kG wiggler
part of PEPlattice)
Synchrotron radiation
facility planned

2.5

500

8.33
(1.67)

4.16
(20.5)

Dedicated
(for a 50-kGwiggler)

2.5

500

8.17
(1.67)

4.2
(20.5)

Dedicated
(for a 50-kG-wiggler)

2.0

500

5.55
(1.33)

3.2
(13.3)

Dedicated
(from 50-kG wiggler
planned)

1.0

500

2.08

1.70

Dedicated

0.80

500

1.83

0.62

Dedicated ; industrial
use planned

0.70

500

.1:90

0.40

192

165.5

Dedicated

a PETRA,
PEP,and CESR
will operate over a range of energies. Examplesof expectedcharacteristics
are given.
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Table 3 Synchrotron radiation sources--storage
Machine, location

ERSINE
Yerevan, USSR
PAMPUS
Amsterdam,
Netherlands
IPP
Moscow, USSR

CSRL
Canada
Electrotechnical
Tokyo, Japan

Lab

rings proposed as of February 1978

E
(GeV)

I
(mA)

R
(m)

ec
(keY)

2.5

50"0

5.21

6,67

Dedicated

1.5

500

4.17

1.80

Dedicated
(2 GeVoperation
possible)

1.35

100

2.5

2.2

Dedicated
(2 GeValso
considered)

1.2
0.6

100
100

3.1
2.0

1.33 Dedicated
0.24 Dedicated

Table 4 Synchrotron radiation
tion--February 1978
Machine, location

DESY
Hamburg, Germany
ARIJS
Yerevan, USSR
BONN I
Bonn, Germany
SIRIUS
Tomsk, USSR
INS-ES
Tokyo, Japan
PAKHRA
Moscow, USSR
LUSY
Lund, Sweden
FIAN, C-60
Moscow, USSR
BONN II
Bonn, Germany

Remarks

sources--synchrotrons

in opera-

E
(GeV)

I
(mA)

R
(m)

ec
(keV)

7.5

10-30

31.7

29.5

4.5

1.5

24.6

8.22

2.5

30

7.6

4.6

1.36

15

4.23

1.32

1,3

30

4.0

1,22

1,3

300

4.0

L22

1.2

40

3.6

1.06

0.68

10

1.6

0.44

0.5

30

1.7

0.16

45
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Table 5 Minimum predicted
facilities

growth in synchrotron

Present (Dec. 1976)
Use
X-Radiation
XUV

radiation

1986

Users

Stations

Users

Stations

85
120

7
16

675
480

~ 60
~ 40

that "There will be a large discrepancy between the numberof scientists
who wish to use synchrotron radiation and the number of stations
available on existing or proposed machines." The report stated (p. 1)
that "A large effort to build a dedicated hard x-ray storage ring and
appropriate advanced instrumentation with a design which goes beyond
that of present day projects is recommended. This machine should be
operational by 1985."
4

PROPERTIES

OF

SYNCHROTRON

RADIATION

The most important properties
of synchrotron radiation from an
experimental point of view are the total power radiated, the angular
distribution,
the spectral distribution,
and the polarization. Other
properties of the radiation depend on the design of the particular
machine. These include the pulsed time structure and the optical properties of the source point (i.e. electron beam size and divergence convoluted with the angular distribution of the emitted radiation).
Webriefly discuss these topics in this section. Moredetailed treatments
are given elsewhere (13, 19, 26, 41, 42). Particularly detailed tables and
graphs describing the spectrum, angular distribution, and polarization
functions are given by Green (43), who also gives an approximate
treatment of the optical properties of the source. Elegant field plots
showingthe directionality of the synchrotron radiation from a charge in
circular motion are given by Tsien (44).
4.1

Power Radiated

The Larmor formula (45) for power radiated by a single nonrelativistic
accelerated charged particle is
~
2 e 2 dv 2 2 e 2 Idp
P = -~ ~ dt = ~ m2¢3

"
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For a particle in circular motionwith radius of curvature p the relativistic
generalization of the Larmorformula is
2 e2c 4[ E . 4
The energy loss per turn can be readily obtained from Equation 2.
_ 47r e2 ~
~1 ~E~
"AE = P"2r~p
tic
3 p [mca J

2:

3.

In practical units (E in GeV, p in meters, I in amperes) for a highly
relativistic electron (fl ~ 1)
AE(keV) = 88.47 E4/p

4.

Multiplying Equation 4 by the current gives the total radiated power
P (kW) = 88.47 E4I/p

5.

or in terms of the magnetic field (B in kilogauss)
P (kW) = 2.654 BE3I.

6.

Equations 4, 5, and 6 are valid also when the orbit is not circular but
consists, as it does in most machines, of arcs of bending radius p and
field-free straight sections.
Reasonable design parameters for an intermediate energy synchrotron
radiation source are E = 1 GeV, B = 10 kG (corresponding to a bending
radius of 3.33 m) and I = 0.5 A. Such a machine would radiate 13.3 kW
in a continuous spectrum that ~aks at about 400 eV and extends to about
3 keV. Larger machines (2~ GeV) such as SPEARat Stanford and the
National Synchrotron Light Source at Brookhaven National Laboratory
(see Tables 1-3) radiate hundreds of kilowatts. At 4 GeV, the photon
spectrum of SPEARextends to about 50 keV. Even larger machines now
in construction such as PEP at Stanford and PETRAat Hamburgwill
reach energies of 15-20 GeVand will radiate several megawatts of
synchrotron radiation power with photon spectra extending above 200
keV. Proton storage rings produce negligible synchrotron radiation
power because the fourth power dependence on the mass (see Equation
2) reduces the radiated power, comparedto electrons, by about 13 orders
of magnitude.
The most powerful rotating anode x-ray generators produce only
about 10 Wof x rays, even though electron beam powers of about 50 kW
are used. Almost all of this radiation occurs within a narrow line at the
characteristic fluorescence energy of the anode (e.g. 8 keV for copper).
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Thus, these sources provide reasonably high intensity at particular
photonenergies, especially if a large fraction of the isotropically emitted
radiation can be used. However, as a continuum x-ray source, synchrotron radiation provides five or more orders of magnitude higher intensity
on small experimental samples.
Weare assuming that the intensity and spectral distribution of the
radiation from N electrons is simply N times that of a single electron
i.e. the radiation emission is incoherent between electrons. This isa valid
assumption for all cases of interest on present machines., It may be
possible for a group of electrons to radiate coherently, producing much
higher intensities, if the electron density is high enoughand if a density
variation with short wavelength components can be produced. This has
been analyzed by Csonka (46).
4.2

Angular and Wavelength

Distribution

For nonrelativistic electrons the angular distribution of the radiation is
given by the familiar dipole radiation formula (19)
dP
e 2 dEr 2
d-~=4-~c 3
d~ sin2 ®

7.

where tO is measured relative to the direction of the acceleration.
Integration of Equation 7 over all angles yields the Larmor formula,
Equation 1. The pattern of the radiation described by Equation 7 is
shownin Figure 3, Case I. This would also be the radiation pattern as
seen in the instantaneous frame of a relativistic electron.
Light emitted at an angle 0 relative to the electron direction of motion
in the rest frame is viewed at an angle 0’ in the lab frame. The transformation is given by (19)
tan 0’ -

sin 0

where ~ = 2.
E/mc

~[~ +cos0]’

8.

At 0 = 90°, tan 0’ ~ O’ ~ 7-1. Thus7 - 1 is a typical openinghalf-angle of
the radiation in the lab system. The concentration of virtually all of the
radiation into such a small forward angle (< 1 mrad for machines >
GeV),as illustrated in Figure 3, Case II, results in extremely high flux
densities on small experimental samples even at great distances from the
source. For example, at SPEARa flux of 2 x 101° photons per second
has been measured (47) in a 1-eV bandwidth at 7.1 keV on a 1-mmhigh
by 20-mmwide sample located 24 m from the storage ring operating at
3.7 GeVand 20 mA. In a focusing system a flux of 1 x 1012 photons per
second has been measured (47) on a smaller sample but with a 5-eV
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CASE’n’ : -~.~,.~,1
Figure 3 Pattern of radiation emitted by electrons in circular motion. Case I: nonrelativistic electrons, v/c ~ 1. CaselI : relativistic electrons, v/c ,~ I.

bandwidth (other conditions the same) corresponding to a factor of 150
increase in flux density. Even higher fluxes and flux densities will be
possible in the future due to dedicated operation of machines like SPEAR
at higher currents (39), the use of wigglers, and the operation of new
dedicated storage rings designed for high brightness (35).
From Equation 8 it can be shown that the spectrum of the radiation
varies as ~,,3, as follows : Referring to Figure 4, an observer starts to see a
pulse of light whenthe electron is at position 1 such that the angle, 0,
between the electron’s direction .and .the observer’s direction is about
y-t. The pulse ends when the electron reaches position 2, where the
electron direction is again at an angle y- 1 from the observer’s direction.
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Fic.Ture 4 Diagram from which time duration of synchrotron radiation pulse as seen by a
stationary observer can be calculated. See text.

For an electron travelling at a velocity/7, the duration of the light pulse
as seen by the observer is
P ~_0_2sin(~)l~t°03
¢

¢

P__~,-3
c

A light pulse of this duration has frequency components up to about
correspondingto photon energies ofe = h~o = hc~/3p- t.
This can be put into a more convenient form :
o9 ~ z- 1 = C.~,3p- t

(hc’~ f 2 ~3 me2 re ~/, 3 rl2 c2

9.

where
~ - hc
e 2 137’
1 re-- mc2ez- -- 2.8 x 10-ts m, mc2 = 0.51 MeV.
Thus our earlier example of a 1-GeVstorage ring with #9 = 3.33 m will
produce a spectrum that extends to photons with an energy of about
500 eV. This qualitative analysis gives a photon energy, Equation 9,
close to the critical energy, defined later in this section (Equation 11),
which characterizes the exact spectral distribution. This analysis applies
only when the electron is uniformly bent by an angle greater than about
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2~- ~. The interesting case of shorter bending magnets has been analyzed
by Coisson (48).
The results of Schwinger (13), expressed in terms of photon wavelength (26, 42) rather than frequency, give for the instantaneous power
radiated per unit wavelength and per radian by a monoenergetic electron
in circular orbit
1(20)-

32rc 3 p3

7S[l+X232

K~(~)+]~-~

K]

I0.

where X = ~, ¢ = 2~[1 +XZ]~/22, K~, and K~ are modified Bessel functions of the second kind, and ff is the angle between the direction of
photon emission and the instantaneous orbital plane (~ is not the polar
angle). The critical wavelength, 2~, and corresponding critical energy,
e~ are given by
33hcy
2~ =4~p
3~ ~, e~ = 2~
11.
[Note: Someauthors, including Jackson (19), define the critical wavelength to be twice that given by Equation 11.] In practical units (E in
GeV,p in meters, B in kG)
2¢(~) = 5.59 piE3 ~)
= 186.4/(BE
~(keV) = 2.218 E3/p = 0.06651 BEz.

12.

Half of the total power is radiated above the critical energy and half
below. Storage rings and synchrotrons are designed with a fixed value of
the bending radius, p, in the bending magnets, and hence the bendingmagnetfield is directly proportional to energy. For technical and economic
reasons, the maximum
magnetic field is generally chosen to be less than
about 12 kG. It is possible to insert special devices (called wigglers) with
muchhigher fields (up to 50 kG for superconducting wigglers) into ring
straight sections. This is discussed in the next section.
It is also shown(13, 26, 42) that the angular distribution of radiated
power integrated over all wavelengths is
I(~)--

16 p~ 75 ~
I+X

1~ 71~X~ ’

13.

and integrated over all emission angles the spectral distribution is
~
3~ e~c ,7. ~ f~
~(X) - ~ ~ ?’ ~
~(n) dn,
where y = 2~/2 = ~/~.

14.
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The shape of the distribution
on 2c and is given by

given by Equation 14 is dependent only

G(y) = y3 K~(tl)
This function and other related, synchrotron radiation functions have
been plotted and tabulated (43, 49). Examplesof spectral distributions
are given in Figure 5.
At the critical wavelength, it may be shown that the total number of
photons emitted per second within a 10~ bandwidth per milliradian of
angle in the orbital plane, integrated over the narrow range of angles
out of the orbital plane, is given by
N~ = 1.6 x 1015 I(A) E(GeV).
The photon flux varies slowly for 2 > 2c but drops exponentially for
2 < ;~c. At 2 = ~2c the flux is reduced by a factor of 25 comparedto the
flux at 2c. The radiation from a single stored el’ectron is easily detectable
(50), including observation of the visible light by eye.
4.3

Polarization

The radiation is elliptically polarized with the intensities of the polarization componentsparallel and perpendicular to the electron, orbit given
13
"i- IO

~o ioiO
n
O.OOI

O.OI

O.I
I
PHOTONENER(~¥ (KeVl

Figure 5 Spectrum of synchrotron radiation
radius, p = 12.7 m.

IO

IOO

from the storage ring SPEAR;bending
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by the two terms of Equation 10. In the plane of the orbit, the radiation
is 100~o linearly polarized with E parallel to the electron acceleration
vector. Integration of Equation 10 over all angles and all wavelengths
yields a 75~ polarization parallel to the orbital plane independent of
electron energy and bending radius.
Figure 6 is a plot of the parallel and perpendicular components of
polarization as a function of the opening angle for several photon wavelengths. It is clear that polarization can be enhanced by the use of
apertures.
Also, in the vacuumultraviolet (VUV)part of the spectrum, polarization can be enhancedby use of the polarization dependenceof reflectance
,from optical surfaces (51).
Vertically deflecting wiggler magnets (see Section 5) would produce
radiation polarized perpendicular to the plane of the ring. Circularly
polarized radiation is produced by electrons travelling helical paths as
would be produced by special insertions l-called helical wigglers (52)3
that might be added to storage rings.

4.4 Pulsed Time Structure
The radiation is produced in a train of pulses that is different for each
ring. The pulse duration, which is determinedby the rf system, is typically
about 10~o of the rf period. The interval between pulses is determined by
the pattern of filling of the numberof rf wavelengths (or buckets) that
can fit into the orbital circumference. For example, SPEAR
operates at

0oI//
I

2

3

4

5

6

7

8

Fi#ure 6 Vertical angular distribution of parallel and perpendicular polarization components. Courtesyof G. K. Green, BrookhavenNational Laboratory.
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a frequency of 358 MHz,the 280th harmonic of the 1.28 MHzorbital
frequency. Thus the pulse length is typically 0.24).4 nsec and up to 280
buckets can be filled. By filling one or more desired buckets, a range of
pulse intervals from 2.8 to 780 nsec maybe obtained. By filling only one
bucket, a long interval betweenpulses is obtained (780 nsec) with greater
stability than is possible with multiple buckets each of which may be
filled to a different level. This feature is particularly useful in measurementsof fluorescence lifetimes.
4.5 Source Size and Divergence
As an optical source both the size and angular spread of the electron
beam [due largely to betatron oscillations (53, 54)] must be considered.
In a storage ring or synchrotron the position of an electron and its angle
(both measuredrelative to the equilibrium orbit) are correlated (53, 54).
Phase space plots of radial electron position vs angle in the medianplane
summarizethis correlation in a so-called radial electron emittance ellipse.
A similar plot of vertical position vs vertical angle gives the vertical
electron emittance ellipse. The precise shape and orientation of these
phase space ellipses change from point to point on the electron orbit,
but their area (called the electron emittance) is invariant. Lowemittance
(.or high source brightness) is generally desirable. To obtain the actual
emittance of the synchrotron radiation the distribution of emission
angles of synchrotron radiation must be convoluted with the electron
emittances to obtain photon beam emittances.
Thesecan then be used to determinethe effect of slits, mirrors, crystals,
etc on the spatial distribution and intensity of synchrotron radiation
in a real experimental configuration. This use of phase space techniques
is discussed further by several authors (43, 55-57).
The actual value of the phase space emittance of electrons is determined
largely by the amplitude of the betatron oscillations. The emission of
synchrotron radiation is a kind of frictional force that damps these
oscillations.
However, quantum fluctuations in the emission process
excite these oscillations. Thus, the resultant oscillation amplitude and the
electron emittance are determined by the balance between the damping
and antidamping effects of synchrotron radiation. In a given machine, the
electron emittance varies approximately linearly with electron energy.
Thus, all machines have their smallest emittance, and therefore highest
synchrotron radiation brightness, when operated at their lowest energy.
Of course, at lower electron energy the synchrotron radiation spectrum
cuts off at lower photon energy, so the above considerations are not the
only factor determining the optimum operating conditions of the
ring.
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5 STANDARD
WIGGLERS,
INTERFERENCE
WIGGLERS,
AND THE FREE ELECTRON
LASER
Until now, all research with synchrotron radiation has utilized the
radiation produced by the ring bending magnets. Plans are now being
implementedat several laboratories to utilize special magnetic structures
called wigglers, which will enhance and modify the spectrum of synchrotron radiation compared to that produced by the bending magnets. This
will considerably extend research possibilities.
The proceedings of a workshopon wiggler magnets (58) gives examples
of various designs and analysis of their effects on storage ring performance
as well as the properties of wiggler-produced radiation. Webriefly
summarize the main points here for the two general types of wiggler-the standard wiggler and the interference wiggler or undulato’r--and the
related free electron laser.
5.1

Standard

Wi991ers

A standard wiggler (59-62) consists of several short sections of alternatingpolarity transverse field magnets designed to produce no net displacement
or deflection of the electron orbit. Thus, such a device could be placed in
a field-free region (straight section) of a storage ring or synchrotron. The
electron path through such a magnet would resemble a biased sine wave.
The magnetic field of the wiggler could be higher (or lower) than that
tlie ring bending magnets. The synchrotron radiation spectrum would
then have a critical energy (see Equation 12) shifted to higher (or lower)
photon energy, and there would be an overall flux enhancement due to
the superposition of radiation from the several oscillations of the orbit.
For example, an 18-kG wiggler magnet planned (63) for the 1.5-GeV
storage ring ADONE
would extend the critical energy from 1.5 keV in
the bending magnets to 2.5 keV in the wiggler. Superconducting wigglers
operating at 35-50 kG would produce even larger increase in critical
energy and are being planned at Brookhaven (64), Daresbury (65),
Novosibirsk (G. Kulipanov, private communication). At SSRL, an 18-kG
seven-pole wiggler magnet (66) is in construction to extend the synchrotron radiation spectrum when SPEARoperates for colliding-beam
experiments with electron beamenergies in the 2-GeVregion.
Standard wiggler magnets could also be designed to deflect in the
vertical plane, which would produce synchrotron radiation with polarization direction perpendicular to that produced by the ring bending magnets.
This wouldbe of advantage in certain experimental situations permitting,
for example, convenient horizontal reflection by mirrors or crystals
without loss of polarization,
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5.2

Interference

Wigglers

A device with many periods designed to produce quasimonochromatic
synchrotron radiation is called an interference wiggler or undulator.
Several authors have analyzed such devices in helical (52, 67, 68) and
transverse geometries (69) or both (70, 71). Other examples of radiation
producedby relativistic electrons in periodic fields include the radiation
produced by high energy electrons in crystals (72) and Comptonbackscattering (73). Both of these produce quasimonochromatic peaks and
are basically processes similar to interference effects in wigglers.
Interference wigglers can produce peaks in the spectrum of radiation
corresponding to wavelengths given by
,~. ~2y2- 1+~202q-~

15.

z,
where 2w is the period or repeat length of the magnetic field, ~, = E/mc
0 is the angle of observation relative to the average direction of the
electron and K is a parameter that depends on the strength and geometry
of the wiggler field (52, 70). For example, for a simple sinusoidal field
2 = ~Po, where ~P0 is the maximum
Br = Bo sin (2rcZ/2w), K = eBo2w/2rcmc
angle between the z axis and the approximately sinusoidal trajectory of
the electron. The analysis is simplest for the "weak field" case, K ~ 1,
and then the radiation contains only a single wavelength at each angle 0,
given by Equation 15. For K >> 1 (strong fields) larger angular deflections
occur, the electron transverse motion becomesrelativistic,
and harmonics
appear (52, 70, 71). The total power radiated at a wavelength given
Equation 15 is maximumfor K = 1.
The fractional width of the peaks can be no smaller than 1In where n
is the numberof wiggler oscillations. In a practical case, the width may
be further broadened by inhomogeneity in electron energy or magnetic
field or particularly if the angular divergence of the electron beamexceeds
~,-1. Partly for this reason, new storage ring designs (35) stress low
electron beam emittance and provide locations for wiggler insertions
where the angular divergence of the electron beam is particularly small.
Recently, measurements have been made on the spectrum and angular
distribution produced by an interference wiggler installed in the Pakhra
1.3-GeV synchrotron (74). The ring and magnet pa.rameters were chosen
to produce the interference peak in the visible part of the spectrum for
convenience.
A practical wiggler for a stdrage ring might have 2w ~ 10 cm. Thus,
in a 2-GeVstorage ring (y = 4 x 103) the interference peak would occur
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(Equation 15; 0 = 0, K = 1) at 2 ~ 45 A. Peaks at shorter wavelength
can be obtained by reducing 2w or increasing 7’. Although somereduction
in 2w could be made, it becomesdifficult to design a structure with 2w
less than the transverse aperture requirement for the circulating beam
(typically 2-10 cm). Thus, interference peaks in the important region
~< 1 A will require higher energy storage rings such as PEP and PETRA.
These machines will have stored beam energy of ~ 16 GeV(y ~ 3.2 × 104)
and be capable of producing interference peaks down to 0.7 A with
2,~ = 10 cm.
Co’fsson (75) suggested that an interference wiggler could be used in
high energy (~>200 GeV) proton machine to produce narrow band synchrotron radiation in the visible part of the spectrum. For example, he
calculates (75) that an interference wiggler with a period of 13 cm, a field
of 500 gauss, and a length of 5 m would produce more than 10~ visible
photons per second per milliradian with a 6-A, 400-GeVproton beam.
This opens the possibility of monitoring the intensity, cross-sectional
area, and energy of such high energy proton beams as is now done on
electron machines(76).

5.3 Free Electron Laser
This elegant and intriguing device is basically an interference wiggler
structure (as described in the preceding section) plus a pair of mirrors
forming a resonant cavity. Under the correct conditions, the mirrors
provide feedback resulting in stimulated emission at a wavelength given
by Equation 15. The device was first suggested by Madey(77), whose
group was the first to demonstrate gain (78) and lasing action (79) in
device, using a linear accelerator as a source of electrons in both experiments. Several other authors have analyzed the device (80).
Although important in verifying the theory and establishing the
practicality of the device, the experiments of Madeyand co-workers (78,
79) produced only small average laser power (0.36 W, although the peak
powerwas 7 kW)and at low efficiency (the total energy collected on the
detector was 0.01~ of the electron beam energy). By incorporating the
device into an electron storage ring as shownschematically in Figure 7,
muchhigher power at high efficiency may be attainable, thus providing
the basis of a newclass of tunable lasers.
A variation of the free electron laser, called the optical klystron, has
been suggested by Vinokurov & Skrinskii (81). Their analysis shows that
the threshold current for lasing can be reduced (perhaps by a factor of
103) in their two-stage device.
Neither the free electron laser nor the optical klystron has yet been
tried in an electron storage ring. Studies for specially designed small
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Figure 7 Schematic of free electron laser incorporated into an electron storage ring.
Courtesy of J. M. J. Madey, Stanford University.

storage rings to incorporate such devices are in progress (private communications from C. Pellegrini and J. M. J. Madey).
6
OF

INSTRUMENTATION
FOR THE UTILIZATION
SYNCHROTRON
RADIATION

Muchspecialized instrumentation is required to collect, transport,
monochromatize, and focus the synchrotron radiation onto an experimental sample and then to detect the transmitted, diffracted, or scattered
photons or secondary electrons produced. It is clear that the development
of instrumentation optimized for the characteristics of synchrotron radiation has already significantly expanded the research capabilities. Much
remains to be done in this area, because many of the instruments now
used were developed for other radiation sources and are not optimized
for synchrotron radiation research. For example, advances are being made
in the fabrication and polishing of mirrors (82) to reflect and focus synchrotron radiation in the VUVand x-ray regions using grazing incidence
and total external reflection. Also multilayer reflective coatings (83)
are being developed for normal incidence use in the VUVregion.
Here, we give only a few examples of synchrotron radiation research
instrumentation. More information can be found in the proceedings of
several conferences and workshops on the subject (84-86) and in detailed
descriptions of particular laboratories (2-5).
6.1 Monochromators
Perhaps the most important single instrument for research with synchrotron radiation is the monochromator. Specialized monochromators
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for the vacuum ultraviolet, soft x-ray, and hard x-ray regions of the
spectrum are described in the above-mentioned proceedings and laboratory descriptions. A particularly successful vacuumultraviolet and soft
x-ray grazing incidence grating monochromatorcalled the "Grasshopper"
has been designed by Brown, Bachrach & Lien (87) and utilized since
1974 at SSRL.It covers an unusually large energy range (32 eV to >~ 1500
eV). At DESY,Eberhardt and co-workers (88) have designed and built
grating monochromatorcalled "Flipper," which covers a narrower energy
range (20-300 eV) but with excellent order-sorting capabilities. More
recently, instruments based on holographically made toroidal reflection
gratings (89) appear to offer extremely high efficiency up to about 150
eV. Several authors (90, 91) suggest that holographically made transmission gratings can open up new possibilities
for vacuumultraviolet
and soft x-ray monochromators. A review of monochromatordesigns for
the VUVspectral region is given by Pruett (92). Sagawa(93) reviewed
monochromatorsdeveloped for synchrotron radiation use in Japan.
In the harder x-ray region, Bragg diffraction from crystals (e.g. Si, Ge,
graphite) is the basis of monochromatordesigns. A review of the many
possible configurations was given by Hastings (94) as well as by Beaumont
& Hart (95). A very versatile yet simple monochromatorutilizes a plane
channel-cut crystal. Such a device was very successfully implementedby
Kincaid (96)at SSRLin 1974 and is used extensively in manyexperiments,
particularly on studies of Extended X-Ray Absorption Fine Structure
(EXAFS)as described in Section 7 of this review. It provides rapid
tunability,
high transmission, narrow bandwidth (AE/E ~ 10-4), and
almost constant exit beam position and direction.
In 1976, a major increase in capability was achieved with the implementation of a focusing version of this device by Hastings, Kincaid &
Eisenberger (47) at SSRL. This powerful monochromatorsystem employs
a toroidal double-focusing mirror [first used by Horowitz (97)] in conjunction with a two-crystal monochromator. The properties of doublefocusing grazing incidence mirrors were studied by Howell & Horowitz
(98). The ability to adjust the crystals relative to one another facilitates
compensation for thermal effects on the first crystal due to high power
densities of focused radia!.ion, and permits the suppression of harmonics.
The mirror collects a large amount of synchrotron radiation and focuses
it into a small spot (2 mm×4 ram) resulting in flux densities 150 times
higher than in unfocused beams. The platinum coated mirror is used at a
grazing angle of incidence of 10 mrad, which reflects x rays up to ~9 keV
with high efficiency but cuts off sharply at higher energy. This provides
excellent rejection of harmonics above ~ 10 keV. The system is shown in
Figure 8.

Annual Reviews
www.annualreviews.org/aronline
60

WINICK

& BIENENSTOCK
ION CHAMBER~
/

F~ure 8 Schematic of separated
Nnction monochromator system.
Courtesy of J. Hastings, Brookhaven National Laboratory.

6.2

See discussion

in text.

Detectors

A large variety of detectors have been used in synchrotron radiation
research including scintillation counters, position sensitive detectors,
photographic film, proportional counters, channeltrons, image intensifier
systems, solid state detectors, and ionization chambers. A review of x-ray
detectors for synchrotron radiation was given by Brown (99). Reviews
of electronic area detectors of several types are given in chapters of a
recently published book (100).
Improvements in many of the detectors have been made to meet the
requirements of synchrotron radiation research (e.g. high counting rate,
better angular and energy resolution). There is a particularly important
need for the development of area detectors with good spatial resolution
and high counting-rate capability to replace film as a recording medium,
for example, in recording x-ray diffraction patterns. Developmental
programs for such detectors are under way in several synchrotron
radiation research laboratories (DESY,Novosibirsk, Orsay, SSRL).
A multiwire proportional chamber (MWPC)
system has been developed
by Xuong and co-workers (101) using a chamber developed by PerezMendez.The system has been used to solve protein structures by recording
diffraction patterns generated by a conventional x-ray tube. A very
promising MWPC
system capable of higher counting rates and improved
spatial resolution is the spherical drift chamberas developed by Charpak
and co-workers (102). Several reports on position sensitive detectors were
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presented at the Orsay Instrumentation Conference (85) and at the
Stanford Workshop on X-Ray Instrumentation for Synchrotron Radiation Research (86).
7
APPLICATIONS
RADIATION

OF SYNCHROTRON

In this main section of our review, we discuss several applications of
synchrotron radiation to basic and applied research and technology.
From the very large amount of work that has been done, we have tried
to select important recent developments and those that best illustrate
the special characteristics and capabilities of synchrotron radiation. We
also include several suggested applications, somespeculativel that may
be developed in the future.
Wehave found it impossible, however, to be complete. The spectrum
of scientific and technological activities affected by synchrotron radiation
is so broad in scope that it is beyondour capabilities to describe all of
them well. These activities range from determination of biological
structures to analyses of electronic structures of metals and semiconductors at surfaces, using techniques that vary from the scattering
and absorption of x rays to photoemission induced by ultraviolet
radiation. Since one of us is close to the x-ray absorption and diffraction
fields, and since synchrotron radiation activities in these fields are new
and not yet described by such a review, we have concentrated more on
these and less on the equally important, but more completely, previously
described research lines in the ultraviolet portion of the spectrum.
Of necessity, several applications are not covered at all. These include:
(a) the use of synchrotron radiation as a radiometric standard (42, !03);
(b) the calibration and characterization
of instrumentation such
gratings (104) and detectors; (c) the use of synchrotron radiation
monitor and diagnostic tool in electron synchrotrons and storage rings
(76) to measurethe intensity, bunch dimensions, and energy of circulating
electron beams; (d) radiation damagestudies including the simulation
of plasma conditions (105); (e) synchrotron radiation as an infrared
source (106).
7.1

X-Ray Diffraction

7.1.1 Ir~a’RODUCa’ION
X-ray diffraction has been, for over fifty years,
the basic tool for the determination of atomic arrangements in condensed
matter. Synchrotron radiation offers the potential for major improvements in a number of experimental approaches because of its unique
characteristics. In particular, as discussed in separate sections below, the
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capability of choosing the wavelength to be employed in an experiment,
rather than being restricted to the characteristic radiations produced
by x-ray tube anode materials, makes possible the exploitation of
anomalous scattering in structure determinations. The intense white
radiation makespossible experitnents in whichx-ray diffraction intensities
can be measured extremely rapidly by sorting photon energy electronically (i.e. pulse height analysis) rather than by mechanical angular
scans. In addition, it allows for the rapid production of x-ray topographs.
Finally, the high degree of natural collimation of the beam leads to
relatively simple small-angle scattering experiments as well as high
resolution x-ray topographs. These applications are discussed in the
sections that follow. Before proceeding, however, we review briefly some
of the basics of x-ray diffraction.
The geometry of a typical experiment is shown in Figure 9. There, ko
and k’ (of magnitude 2~r/3‘ where 3, is the x-ray wavelength) are the wave
vectors of the incident and diffracted beams, respectively. It is convenient
to describe the scattering process in terms of the diffraction vector,
which is defined by the relationship
16.

k = k’-k0.
It is easily showntl~at

I kl = sin

0/2.

17.

////
Figure9 Geometry
of Braggscattering, ko andk’ are the wavevectorsof the iv.cident
anddiffractedbeams,respectively.
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In most diffraction experiments, the incident photon energies are far
from the absorption edge energies of the atoms in the sample and, in
addition, multiple scattering of the x rays can be neglected. In this case,
the diffracted intensities, I(k), are related to the electron density, p(r),
the sample through the following relationships.
18.

I(k) = C(k)[ F(k)12,
where
F(k)

re(r)exp (i k" r)

dr

19.

and C(k) is a slowly varying function of k that depends on the geometry
of the experiment. Thus, the scattering amplitude, F(k), is the Fourier
transform of the. electron density. To further simplify, we define the
atomic scattering factorfi ° of the ith atom through the relation
ri°(k) = fV,(r) exp (ik" r) dr,

2O.

where pi(r) is the electron density associated with the ith atom, but with
r now measured relative to the center of that atom. Then, Equation 19
can be rewritten in its commonform as the structure factor
F(k) = Xlj~° exp (ik" rl),

21.

where the summationis over all the atoms in the sample. In a crystalline
material, this maybe expressed as N times the summationover one unit
cell for Braggreflections: Here, N is the numberof unit cells. A unit cell
is the basic repeating element in the crystal.
Equation 19 implies that if F(k) were a measurable quantity, its
Fourier transform would yield the electron density, which would be the
maximuminformation obtainable about the atomic arrangement. Unfortunately, only the magnitude of F(k) can, in general, be obtained
through diffraction experiments. The phase associated with this complex
quantity cannot be determined directly. This indeterminability leads to
difficulties and ambiguities in determining crystal structures from x-ray
diffraction data. For example, in protein crystal structure determinations,
it is commonto obtain these phases through the method of multiple
isomorphous substitution. In this method, diffraction data are gathered
from a numberof similar crystals, which differ chemically only in that
each crystal has a different heavy atom substituted into a specific known
atomic site. It is assumedthat the basic structure of the protein is undisturbed by this substitution. The differences in intensities are used to
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determine the phases. The method works only when suitable isomorphous
derivatives can be prepared, a limited subset of all protein crystals. The
anomalousscattering of x-rays offers a different approach, as explained
below.
7.1.2 AYOMALOVS
SCAVTERING
When the incident photon energy is
close to that of an absorption edge of an atom in the sample, Equations
19 and 20 are no longer valid. Instead, the atomic scattering factor, as
used in Equation 21 must be replaced by
fi = f~o + Aft’

+ iAfi".

22.

Here, i, Af’, and A]~" are real functions of both photon energy and
scattering vector magnitude, k. This phenomenonis reviewed by James
(107) and by Ramaseshan & Abrahams (108). The forms of Af’ and
near an absorption edge are shownin Figure 10. It is important to note
that Af’ becomes large and negative for photon energies just below the
edge energy, so that large changes in9~ can be achieved through variation

Figure10 Real,f’, andimaginary,
f", shifts of the atomicscatteringfactor as a function
of angularfrequency,
~o,nearan absorption
edge,~o
K.

Annual Reviews
www.annualreviews.org/aronline
SYNCHROTRON RADIATION RESEARCH

65

of the x-ray wavelength near the absorption edge. These changes have
been employedby Phillips et al (109) in their synchrotron radiation study
of the protein rubredoxin. This paper contains the details of the analysis
as well as a large bibliography dealing with the theory of the use of
anomalousscattering for this purpose. The great advantage of synchrotron
radiation for this purpose is that 2 can be tuned to achieve maximum
chan, ges in the J~. It should also be noted, however, that Phillips et al
(110~ have also shownthat the diffracted intensities observed in their
synchrotron radiation experiments are a factor of at least 60 greater than
those obtained with a sealed x-ray tube using the same crystal and
instrumental parameters. In addition, in the few protein crystals studied
with synchrotron radiation, it appears that there is essentially no loss of
diffracting power during an exposure lasting several minutes. With
conventional sources, exposures are often many hours, and radiation
damageoften causes reduced diffraction capability toward the end of the
exposure. It appears that there are some radiation damageeffects with
a time constant measuredin hours or days, since the crystals exposed to
synchrotron radiation are badly damaged and diffract poorly several
days later, even though they did not degrade measurably during the
brief exposure. This is extremely important, since degradation of the
protein crystals in the x-ray beam, coupled with the long exposure time
and difficulties of producing crystalline samples, are major limitations
in performing protein crystal structure analysis with conventional x-ray
tubes.
Anomalousscattering has also been employed in the study of binary
alloy order-disorder critical phenomena. In such phenomena, the alloy
of composition ABis arranged in an ordered fashion at low temperatures.
In CuZn, for example, the Cu atoms can be assigned to the corners of a
cubic unit cell, while the Zn atoms occupy the body centers. As the
temperature is elevated, the Cu and Zn atoms interchange positions until,
at the critical temperature of approximately 460°C, the Cu and Zn atoms
are equally distributed over the two sites.
The diffraction patterns from such alloys consist of two types of
Bragg reflections plus a diffuse scattering, as discussed extensively by
Guttman (111). One type of Bragg scattering comes from reflections
whoseintensities are independent of the state of order. These intensities
are proportional to If~,+fB 12. Those reflections that provide information
about the state of long-range order in the material (i.e. the occupancies
of the two different sites) have intensities proportional to
Similarly, the diffuse scattering, whichis related to the short-range order,
or the probability that each A is surrounded by B atoms, is proportional
to 2.
IA-fBI

2,
ITA-TBI
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It is usually difficult to measure the scattering that depends on the
IfA-fBI 2, the order dependent scattering, because the alloys that show
such transitions,
(e.g. CuZnand CoFe) contain elements adjacent
the periodic table. As a result, there is little difference in their atomic
scattering factors. The difference can be magnified greatly by tuning the
photon energy to just below the absorption edge energy of either the A
or B atom, so that the anomalous scattering is large. Synchrotron
radiation experiments employing this approach have been performed
by Sparks (unpublished).
It has also been proposed to use anomalous scattering of x rays to
aid in the determination of atomic arrangements in amorphousmaterials.
One approach, proposed by Keating (112) and discussed extensively
Bienenstock (113), involves the measurementof intensities diffracted
an amorphous binary (A-B) material at three different wavelengths.
With such measurements, it should be possible to obtain separate A-A,
A-B, and B-B atomic pair correlation functions. This method has been
attempted using standard x-ray tubes by Waseda & Tamaki (114). Under
such circumstances, when one cannot tune close to the edge, the method
is extremely sensitive to experimental error, as discussed by Fuoss &
Bienenstock (115). Since, however, the reliability of this approach can
be increased markedlywith increasing differences in the atomic scattering
factors associated with the three different x-ray wavelengths, synchrotron
radiation tunability offers the potential for further developmentof this
technique as a reliable structural tool. However, a complete set of
experiments has not yet been performed, although it has been initiated
by Fuoss and co-workers.
The second approach, proposed by Shevchik (116), uses the strong
variation with wavelength of the anomalous scattering factors near the
absorption edge to obtain the coordination of individual atomic species
in polyatomic amorphous materials. Because this variation is strong
near the edge and weakeverywhere else, the first and second derivatives
of the intensity with respect to wavelength are determined by the coordination of the atomic species associated with the edge. Again, it is the
tunability of the synchrotron radiation that makes this experiment
feasible, although it has not, to our knowledge, been performed yet.
As discussed in Section 7.1.3, anomalous scattering may also be
employed in small-angle x-ray scattering to increase the contrast
between two phases.
The availability of tunable x-ray sources and the increased interest
in the employmentof anomalous dispersion has also lead to utilization
of synchrotron radiation for the determination of Af’ and Af". Such
measurements are quite important because the methods described above
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depend rather sensitively on accurate knowledge of the wavelength
dependence of these parameters. Bonse & Materlik (117) used an x-ray
interferometric technique (118) to measure Af’ for Ni. Fukamachiet
(119) studied the wavelength dependence of the relative intensities
centrosymmetricpairs of reflections to obtain Af’ for Ga in GaP.Finally,
Hodgson, Templeton, and co-workers (private communication) recently
observed a Af’ of over 20 for Cs, very close to its absorption edge. This
important result implies that utilization of anomalous dispersion will
increase markedlyin the near future.
7.1.3 SMALL-ANGLE
X-RAYSCATTERING
Small-angle x-ray scattering is
the measurementof the scattering of x rays for small values of k. From
Equations 17 and 19 it is apparent that such scattering is sensitive to
long wavelength components of the electron density fluctuations. Consequently, it is commonlyemployed to obtain information about the
size and shape of large (e.g. protein) molecules, the form of phase separation in a multicomponentalloy, or the form of the density fluctuations
associated with critical phenomena.
Synchrotron radiation offers three advantages over x-ray tubes for
the performance of this work. The first, and most important, is the
natural collimation of the beam, which eliminates the necessity for the
normally required sophisticated collimation systems to separate the
diffracted from the transmitted beam. This natural collimation also leads
to an extremely high usable intensity, relative to a normal x-ray tube.
Finally, synchrotron radiation offers the possibility of obtaining increased
contrast in special circumstances where a sample consists of two or more
phases with almost the same electron density, but different chemical
compositions. According to Equation 19, the intensity of normal scattering is rather small under such circumstances. By tuning the radiation
close to the absorption edge of an element present in one phase, however,
the effective contrast in electron density and the corresponding intensity
can be made quite large.
A most dramatic display of the first two of these advantages is work
carried out at Novosibirsk on the VEPP-3storage ring as reported by
Kulipanov &Skrinskii (50). The small-angle diffraction from frog muscle
was recorded by means of a one-dimensional position-sensitive detector
and accompanying multichannel analysis. Contraction of the muscle was
produced by electrical excitation with a special stimulator triggered by
pulses from a synchronizing generator. This generator synchronized the
operation of the detecting apparatus with the phase of the muscle contraction. The muscle contraction cycle (~ 64 msec) was broken downinto
eight time intervals, and information from the detector in each of the
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intervals was recorded in one of the eight groups of the analyzer memory.
This detection system permitted an eight-frame film to be made and
permitted the change in the muscle structure to be observed in the various
phases of the contraction. The first experiment was carried out by superposition of the information obtained from 100 muscle contractions. By
contrast, manyhours are required for the observation of usable small-angle
diffraction data from muscle with a standard x-ray tube, and dynamic
experiments are therefore difficult or impossible. With the increased
intensity expected from synchrotron radiation sources in the future, it
should be possible to obtain a complete diffraction pattern in a few
milliseconds, and therefore a series of diffraction patterns could be
recorded during a single muscle contraction.
Extensive studies, both static and dynamic, performed at DESYon
muscle or muscle-related material have been described in the review of
applications of synchrotron radiation to biological structure and
chemical analysis by Barrington Leigh & Rosenbaum(120). Bordas et
(121) have reported work on rat tendon using the energy dispersive
detector technique described below, while Kretzschmar et al (submitted
for publication) have reported a detailed analysis of the shape and size
of myosin snbfragment-1, Blaurock (122) has shownthat stacking disorder
is characteristic of myelin in a freshly dissected nerve, using the smallangle mirror-monochromator system described by Webb(123).
7.1.4 ENERGY DISPERSIVE DETECTORS FOR POWDER DIFFRACTOMETRY AND
SMALL-ANGLE
SCATTERING
In most x-ray diffraction
experiments
employing a standard x-ray tube, it is customary to scan k-space by
varying the scattering angle and using monochromatic radiation (see
Equation 17). Such an approach takes advantage of the very large ratio
of characteristic to white radiation intensities producedby an x-ray tube.
An alternative approach, employing the white synchrotron radiation
and energy dispersive detectors, has been explored recently. In this
approach, the detector is held at fixed scattering angle and has incident
upon it radiation of all wavelengths scattered by the sample. The lithiumdrifted silicon or germanium detector then sends to a multichannel
analyzer a signal that is dependent on the x-ray photon energy. Thus
k-space is covered by sorting diffracted photon energies by electronic
means. The method has been used for powder diffractometry by Buras
et al (124) and by Bordas et al (125). Small-angle scattering experiments
on biological materials have also been performed by B0rdas et al (121)
this manner.
The major advantage of this technique is the speed of data acquisition ;
diffraction
patterns are obtained in a few seconds under optimum
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conditions. This speed should make possible the diffraction analysis of
dynamic phenomenalike phase transitions and biological changes.
7.1.5 XO~’OGRAPHY
X-ray topography has been used for many years
as a technique for imaging defects, cracks, voids, dislocations, etc in
crystals. In this technique, the intensity of Braggreflection as a function
of position on the reflecting planes is measured carefully, yielding an
image of that plane. Contrast is achieved in the image because of the
difference in reflecting power between the perfect and distorted parts of
the crystals.
Synchrotron radiation appears to be an ideal source for x-ray topography for the following reasons :
1. The high intensity reduces exposure times by two to four orders of
magnitude.
2. The entire white spectrum can be used, or a narrow band can be
selected with a monochromator. The use of white radiation offers
two very great advantages. The first is that extremely simple crystal
mounting techniques can be used since each Bragg reflection picks
out the appropriate wavelengthfor diffraction. As a result, the topography measurements can be performed readily in combination with
magnetic field or temperature variations. In addition, the high intensity
means that very short exposures are required, so dynamic effects can
be studied.
3. The extremely small angular divergence (~10-’~ rad for multi-GeV
machines) permits high spatial resolution (~ microns).
The general features of white radiation topography were explored by
several groups including Tuomi et al (126) using the DESYsynchrotron,
Hart (127) using the Daresbury synchrotron, and more recently Parrish
& Erickson (unpublished) using the SPEARstorage ring. The simple
geometry used in these experiments is shown in Figure 11. Figure 12
gives some results. There have been many time dependent experiments,

A
Figure11 Geometryfor x-ray topographywith broadbandsynchrotronradiation (A
Aperture,F = Film,C = Crystal).(Le~)Arrangement
for backreflection. (Right)Arrangementfor grazingincidence.Courtesy
of W.Parrish,IBM,SanJose, CA.
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including the study of phasetransitions (128), domainwall motion(129),
plastic deformation(130), and recrystallization (130). Composite
crystals
havebeenstudied by several groupsusing synchrotronradiation including
studies of polytypes in ZnS(131), bicrystals in germanium,and various
heteroepitaxial systems(132).
It is clear that x-ray topography with synchrotron radiation will
Continueto attract moreworkersparticularly on the large storage rings
such as DORIS,DCI, SPEAR,and VEPP-3that are ideally suited for
these studies.
7.1.6 COHERENT
NUCLEAR
SCATTERING--M~JSSBAUER EFFECTThe high
brightness, high polarization, and pulsed time structure of synchrotron
radiation open the possibility of performing experiments on coherent
nuclear scattering with improvedintensities (comparedto radioactive
sources) and at any desired photon energy. Certain (M6ssbauer)nuclei
have, at an extremelywell-defined energy, scattering amplitudesexceeding that of all their electrons. If crystals madeonly of such nuclei were
available, it wouldbe possible to Bragg-reflectphotonsof only that energy
from the incident beam. For example, with 57Fe, a 14-keVx-ray beam
with energydefined to one part in 1011can be obtained. This is five or
six orders of magnitudebetter than can presently be achievedwith conventional crystal monochromators.With present synchrotron sources
such as SPEAR
more than 10’~ photons per second are available within
this narrowenergy range. With dedicated operation and with wigglers,
two or moreorders of magnitudecould be gained.
The primary experimental problem is to observe the narrow band
radiation from the decay of the nuclear resonantly scattered radiation
(lifetime ~ 100nsec) in the presenceof an intense, brief(~0.3 nsec) prompt
pulse. This can be accomplishedin several waysincluding the following:
1. Suppression of the wider band (~ 1 eV) atomic electronic Braggscattered radiation maybe obtained using the fact that this radiation
is electric dipole whereasthe resonant nuclear scattering is magnetic
dipole, i.e. the polarizationselectionrules differ.
2. The muchlarger nuclear cross section makesit possible to use very
thin crystals, whichare nearly transparent to electronic processes.
3. By using a multicomponentcrystal, the electronic scattering from
different types of atomscan be madeto cancel approximately.
4. The larger Darwinwidth for nuclear reflections makesit possible to
use successive reflections fromtwo slightly misorientedcrystals such
that overlapof the nuclearscattering is large andthat of the electronic
scatteringis small.
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Efforts are under way by groups in Novosibirsk (V. A. Kabannik,
private communication) and Stanford (P. A. Flinn, S. L. Ruby, private
communication; and R. L. Cohen, G. L. Miller, private communication)
to solve the technical problems involved such as obtaining sufficiently
perfect, isotopically enriched single crystals containing 57Feand developing special gated detectors to register delayed emission of photons or
conversion electrons.
If these efforts are successful, they will facilitate study of coherent
nuclear scattering and open exciting possibilities in x-ray interferometry
and holography, for which the large coherence length (,-~ 1 m) of these
photons is a vital newproperty. Full exploitation of the potential of this
highly monochromaticradiation (for x-ray holography, for example) will
require the higher intensity that should be available in the future and
also the development of higher resolution recording media. Meanwhile,
it should be possible, for example, to duplicate the classical interference
experiments, such as the Fresnel biprism, in the x-ray region.
Moredetailed treatments of coherent nuclear scattering with synchrotron radiation are given in the literature (50, 133, 134).
7.2

Extended

X-Ray Absorption

Fine Structure

7.2.1 INTRODUCTION
The development of Extended X-Ray Absorption Fine Structure (EXAFS)analysis as a meansof determining the local
coordination environment of individual atomic species in complex, polyatomic materials is one of the most important results of the availability
of synchrotron radiation in the x-ray regime. Unlike the single-crystal
diffraction techniques, this methodmay be applied to the determination
of such coordinations for: (a) noncrystalline and poorly crystallized
materials, as well as crystalline materials; and (b) dilute impurities
crystalline or amorphous materials. Here, by coordination we mean the
numberand type of atoms surrounding a specific atom and the interatomic
distances.
These types of structural problemsare often of considerable scientific
and/or technological interest, since the determination of atomic arrangements is usually the first step in obtaining microscopic understanding
of the physical and chemical properties of condensed matter. For example,
the importance of these classes of problems becomes clear when one
notes that most glasses used commercially or scientifically
contain
mixtures of SiO2 or B203 with a number of metal oxides, which are
added to control physical properties. Little is known about the coordination of the metal atoms. Similarly, small concentrations of
impurities are used to control the electrical properties of crystalline and
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amorphous semiconductors. Their electrical action is intimately linked
to their coordination. Finally, it is believed that the biological action of
many large molecules is mediated by changes in the coordination
geometry of metal atoms, which are often present in low concentrations.
While some techniques, such as nuclear magnetic resonance or
electron spin resonance, might be applied to specific atomic species fo~
the determination of coordination, there was no generally applicable
approach prior to the development of EXAFSanalysis.
The EXAFSis the fine structure on the x-ray absorption coefficient
that appears for photon energies in the range of approximately 0-1500
eV above an absorption edge, as illustrated in Figure 13. Here, Hunter’s
(135) measurementsof the relative absorption coefficient of crystalline
CuAsSezare shown as a function of photon energy in the region of the
Cu K edge near 9 keV. For photon energies below the edge, the absorption coefficient, which is due here to lower energy processes, is a slowly
varying and monotonically decreasing function of photon energy. At the
edge, the photon has enough energy to excite the K-shell electron to
the lowest energy empty states, yielding the sharp increase in the absorption coefficient. This change is shown more clearly in Figure 14, in
which the absorption due to the lower energy processes has been subtracted out. Above the edge, the absorption coefficient consists of a
slowly varying, monotonically decreasing part, superimposed upon
which is a fine structure, the EXAFS.
As is discussed extensively below, this fine structure results from the
backscattering of the photoelectron by the atoms surrounding that from
which the electron was ejected. Consequently, it may be analyzed to
obtain information about the average coordination of the atomic species
i
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Figure lJ Relative x-ray absorption coefficient
of crystalline
CuAsSezas a function
x-ray energy near the Cu absorption edge. Courtesy of S, Hunter, SSRL.
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Cu ExAFS: AFTER PRE-EDGE ABSORPTIONREMOVED
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Figure 14 Relative x-ray absorption coefficient
of crystalline
CuAsSe2 after removal of
pre-edge absorption,
as a function of x-ray energy near the Cu absorption edge. Courtesy
of S. Hunter, SSRL.

whose absorption edge is being studied. Thus, if the absorption edges of
all the atomic species in a sample being studied are sufficiently separated
in energy, the average coordination of each maybe determined separately
through studies of the EXAFSassociated with each edge. This feature
makes EXAFSanalysis a powerful structural tool in problems of the
type discussed in this section.
Although EXAFShas been observed for nearly half a century, its
importance as a structural tool becameapparent through the pioneering
work of Lytle (136, 137) and then Sayers et al (138, 139) in the mid-1960s
and early 1970s. The availability of synchrotron radiation in the x-ray
region during the past few years has led to dramatic progress in EXAFS
data acquisition and analysis.
From the experimental point of view, the progress has been vastly
accelerated because synchrotron radiation provides high intensity over
a broad spectral range and is thus well suited for studies of the absorption coefficient as a function of photon energy over an extended energy
range. In contrast, the classical x-ray tube source provides a high intensity
of characteristic radiation at specific photon energies, but a very low
intensity of the continuous Bremsstrahlung needed for such studies. As
a result, a very large part of all the experimental EXAFS
work published
thus far has been performed at the Stanford Synchrotron Radiation
Laboratory. It should also be noted that the polarization of synchrotron
radiation makes it naturally useful for EXAFSstudies of anisotropic
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materials. For such studies, radiation from a tube source must be
polarized in a separate step, whichfurther decreases the available intensity.
7.2.2 EXAFS--SOME
BASICCONSIDERATIONS
In order to provide a basis
for the review of recent EXAFSresearch, the fundamental theory of
Sayers et al (139) as well as of Ashley &Doniach(140) is reviewed here.
As indicated above, the x-ray absorption process consists of the ejection
of an electron from an atomic core state by a photon of energy E. Since
the resulting photoelectron’s energy is large relative to binding energies
in the material, it maybe considered as almost free, so that its wavenumber magnitude, k, maybe well defined by the relation
23.

h2k2/2m = E- Eo,

where E and E0 are the photon and the absorption edge energies,
respectively. The EXAFS,
;~(k), is defined by the relation
24.

~(k) --- {#(k)-#o(k)}/#o(k).

Here, #(k) is the experimentally observed absorption coefficient, while
/~o(k) is the smooth, monotonically decreasing portion of it. Figure
showsz(k) for the previously illustrated CuAsSe2absorption, as obtained
by Hunter (135).
Physically, the EXAFSarises in the following manner. The cross
section for absorption of the photon is proportional to the square of the
matrix element of the interaction, Hint, taken between the initial core
Cu ~XAF$
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state, i, and the excited final state, f. The final state maybe described
as the sum of an outgoing wave with waves scattered by the atoms
coordinating the photoexcited atom. Since the initial state, usually a
K-shell state, is highly localized in the vicinity of a specific nucleus, this
matrix element samples the form of the final state wave function in the
vicinity of that nucleus. [For a discussion of EXAFS
in which the initial
state is an L state, see Lytle et al (141) and references contained therein.]
This form is influenced by the interference between the outgoing and
scattered waves. The interference depends strongly on the magnitude of
the effective free electron wave vector of the photoemitted electron and
the distance to the surrounding atoms. The change in k with changing
photon energy, leading to the changing interference of outgoing and
backscattered electrons, accounts for the oscillatory nature of the fine
structure.
For K edges, the derivations of Sayers et al (139) as well as those
Ashley & Doniach (140) have led to a semiempirical equation for the
~(k) in terms of the atoms coordinating the specific species whose edge
is being studied. It is
z(k) = - ~ (Nj/kR~)If~.(k)l exp (- 2k2 (u~)) exp { Rj/2(k)}
J

× sin {2kR~+aj(k)}.

25.

Here, the summation is over coordination shells and atomic species
within a shell, all denoted by the index, j. Rj is the average separation of
atomj from the absorbing atom; (u~) is the mean square deviation
that distance. The backscattering amplitude for the photoelectron from
the neighbors is Ij~(k)I, Nj is the numberof atoms in the shell at average
distance R j, 2(k) is the energy dependent mean free path, and a~(k)
twice the phase shift of the outgoing electron waverelative to the is core
state together with the phase shift on backscattering.
Equation 25 implies that it is possible to determine the Nj, Rs., and
(u].) for each absorbing species in a complex, polyatomic material.
These parameters constitute an almost complete description of the
coordination of each species, and provide more information than is
obtainable by any technique other than diffraction analysis of crystalline
materials.
Since this equation is the basis of almost all attempts to use EXAFS
to determine coordinations, it is worthwhile to review some of the
important approximations associated with its derivation.
It is assumed,first of all, that the absorption process is dominatedby
a simple phenomenonin which a single core electron is promoted to an

Annual Reviews
www.annualreviews.org/aronline
78

WINICK

& BIENENSTOCK

excited state, while all the other electronic states remain essentially
unchanged. It has become apparent, through the work of Kincaid &
Eisenberger (146), Lee & Beni (143), and others that this simplification
leads to an overestimate, by something between 30~o and 100~ of the
magnitude of the EXAFS.As discussed by Rehr et al (submitted for
publication), the discrepancies arise from two phenomena.First, even in
this simple process, there is a relaxation of the surrounding electrons
caused by the presence of the core hole. In addition, as the photon energy
is increased above the edge, additional channels for absorption open up
as the simultaneous excitation of one or more electrons in addition to
the core electron associated with the edge (referred to as shake-up and
s,hake-off) becomespossible.
They estimate that the first effect leads to a reduction to 0.60, 0.64,
and 0.64 + 0.04 for F2, C12 and Br2, respectively, of the EXAFS
magnitude
predicted by Equation 25. They estimate that the second effect leads to
an additional reduction on the order of 10~ for these molecules. In
addition, their theory of these effects indicates that the reduction factors
should be quite sensitive to the nature of the local chemical environment
of the absorbing atom. The consequences of this are discussed below.
Wenote here, however, that uncertainties in the magnitude of these
reductions lead to uncertainties in coordination numbers, Nj, determined
by EXAFSanalysis and are therefore very important.
In addition, it is assumedthat single scattering dominates the scattering processes. That is, multiple scattering processes in which the photoexcited electron is scattered by more than one neighboring atom before
"returning" to the excited atom are neglected. This approximation has
been examined carefully by Ashley & Donaich (140) and by Lee
Pendry (144) for metallic copper. In addition, an exactly solvable onedimensional model has been studied by Rehr & Stern (145). All three
works lead to the conclusion that such multiple scattering cannot be
ignored when attempts are made to determine coordinations beyond the
first coordination shell, but that they are unimportantfor first coordination shell determinations.
An important early test of Equation 25 was performed by Kincaid &
Eisenberger (146), who measured the EXAFSspectra of gaseous Br2 and
GeC14,and calculated the relevant backscattering amplitudes and phase
shifts in the static-exchange Hartree-Fock approximation. They showed
that the theory predicts EXAFSroughly a factor of two larger than what
they observed experimentally. In addition, there were disagreements of
peak positions that were well outside their stated experimental error
limits. They noted, "If one adjusts the starting value of the interatomic
spacing, which is the most sensitive parameter in the theory, to improve
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the peak-position agreement, the distance so determined is in error by
In associated work, Kincaid (147) presented two more results
particular importance in this context. The first was that the general
shapes of the If~.(k)[, and the values of the phase shifts, vary markedly
with atomic number. The former have a peak as a function of k or E- Eo
approximately 100 eV above the edge for C1, but 350 eV above the edge
for Br. In general, the peak position moves to higher energy, and the
peak itself becomes less pronounced, with increasing atomic number.
This change of shape, which has also been noted by Lee & Beni (143),
as well as the changes of phase imply that one should be able to identify
the atomic constituents of each coordination shell observed if the discrepancies between theory and experiment can be resolved. Consequently,
EXAFSanalysis is a potential means of determining chemical ordering
in amorphousmaterials and crystalline alloys.
In addition, Kincaid noted that the calculated backs~attering amplitudes and phase shifts are quite sensitive to the many-electron approximation used. Consequently, some of the large difference between theory
and experiment found by Kincaid & Eisenberger may be due to the
inadequacies of the static-exchange Hartree-Fock approximation.
The absence of a complete theoretical basis for the analysis of EXAFS
data coupled with clear experimental evidence of the insufficiencies of
Equation 25, as well as the unavailability of reliable calculations of the
backscattering amplitudes and phase shifts, mean that EXAFSanalysis
has been far from achieving the potential implied by Equation 25. In
mature structure determination techniques, such as x-ray or neutron
diffraction, there are a minimumof uncertainties in the theory and in
important data analysis parameters like the scattering factors. Instead,
the uncertainties are related to the atomic arrangements themselves. In
EXAFS,on the other hand, the large uncertainties in the magnitude of
the EXAFS,
relative to the total absorption, and the smaller uncertainties
in the phase shifts, have implied that structure analyses must necessarily
lead to uncertain conclusions.
Consequently, two important lines of research have developed. One
includes theoretical attempts to understand and calculate the spectra
better. The other includes attempts to determine the backscattering
amplitudes and phase shifts experimentally so that they maybe used for
structure determination. Included within this category are attempts to
determine whether these parameters depend primarily on the atomic
species being studied or whether, alternatively, they vary strongly from
sample to sample even though the same elements are involved.
Initial emphasis in the latter line has been on the phase shifts, since
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these play an important role in the determination of interatomic distances.
This importance arises from the fact that they maybe written, to a very
good approximation, as
2.
~zj(k)=~Zjo+~zsl k +~j2k
26.
Substitution of Equation 26 into the last factor of Equation 25 yields
sin [2kRj + aj(k)] = sin [2kRi + ajo + ~1 k

+

k2]
~j2

27.

Consequently, a~1 looks like an interatomic distance. Fourier transformation of the EXAFSyields peaks that are shifted from Rj by
All analysis techniques produce interatomic distances that are as uncertain as are the linear parts of the phase shifts. It is therefore important
to determine the phase shifts reliably.
In an extremely important work, Citrin et al (148) established the
transferability of phase shifts. That is, they showed that phase shifts
associated with the absorption of a photon by a specific atomic species,
A, and the scattering by a neighbor, B, in a known structure may be
used to analyze the EXAFSfrom a system with unknownstructure, where
A is

again

the

absorber

and B the

scatterer.

Thus,

even though

there

have only recently been theoretical calculations of phase shifts that
might allow for such accuracy, experimental determinations of interatomic distances relying in one way or another on experimentally
determined phase shifts have proceeded and have been accepted with
somedegree of confidence. Someof these are discussed in a later section.
More sophisticated theoretical calculations of phase shifts were
recently published by Lee et al (149). These will constitute a substantial
step forward in our ability to analyze data if, as anticipated, they prove
to be generally reliable.
Similarly, more sophisticated theoretical calculations of backscattering
amplitudes have been published by Teo et al (150). These, with the phase
shifts, should aid considerably in the use of EXAFSto identify the
chemical species surrounding the scatterer. Their immediate use in the
determination of coordination numbersis limited, however, by the factors
affecting the EXAFS
amplitudes discussed above.
No comparable test of the transferability
of EXAFSmagnitudes from
one system to another has been published. In view of the comments of
Rehr et al discussed above, on the potential sensitivity of these magnitudes to chemical environment, such studies seem particularly appropriate. Lacking them, experimental determinations of coordination
numbers must be accepted with caution.
7.2.3 DATAACQUISITION
Presented here is a brief discussion of the
EXAFSmeasuring equipment presently being used by most experi-
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mentalists at SSRL. Far more detailed descriptions have been presented
by Kincaid (96) and by Hunter (135).
As shown in Figure 16, the x-ray beam from SPEARpasses through
a Be window and a slit before it is monochromatized by successive
Bragg reflections from the parallel faces of a channel-cut crystal located
about 20 m from the source point. The beam then passes through ion
chamberNo. 1 for a measurementof the intensity incident on the sample,
through the sample, and into ion chamber No. 2 for a measurement of
the transmitted intensity. As the diagram indicates, the experiment is
computer controlled. Although a complete analysis of the experiment
is inappropriate here, somedetails will interest the general reader.
The long wavelength cutoff of this arrangement, determined by the
thickness of the Be window,is presently about 3.5 keV. Efforts are under
way to produce thinner windows, which will be consistent with the need
for reliable isolation from the storage ring high vacuum.
The channel-cut crystal, when set to the Bragg angle for a specific
wavelength, 20, mayalso pass ½20and/or ½20. As Hunter discusses, this
harmonic contamination decreases the accuracy of coordination number
determinations, but not determinations of interatomic distances. This
problem may be dealt with by maintaining the stored electron energy
at a sufficiently low value so that the intensity of these harmonics is
negligible. It is also possible, at manywavelengths, to choose a monochromator configuration that does not strongly reflect harmonics, or to
suppress harmonics with mirrors.
Finally, as discussed by Hunter (135), the use of ion chambers in the
configuration shown does not allow for an absolute measurementof the
absorption coefficient. Instead, the absorption coefficient plus a slowly
varying function of photon energy is measured. This fact must be taken
into account in someapplications of the data.
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SSRL.

Block diagram of EXAF£experimental apparattzs. Courtesy o[ S. Hunter,
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It should also be noted that the monochromatized beam emerges from
the channel-cut crystal along a path parallel to, but displaced from, the
original path. This displacement depends mostly on the crystal geometry
and slightly on wavelength. Over the range of wavelengths in a typical
EXAFSscan, the displacement of the monochromatic beam varies by
about 1 mmor less. In some cases, this can be ignored. In other cases,
the sample and detector system must be displaced to track the beam
position.
7.2.4 DATAANALYSIS
Along with rapid developments in basic theory
and data acquisition have come considerable advancements in data
analysis, of which a very brief review is presented below.
As originally proposed by Sayers et al (139), Fourier transformation
of the EXAFS
data yields a radial structure function, 4~(r), whose peak
positions are shifted from the Rj as a result of the k dependence- of the
phase shifts, cg(k), and whose peak heights and shapes are related in a
complicated manner to the Nj and (u~). This complexity arises because
of the shape of [J~(k)[, the k dependenceof the c~(k), the presence of
Debye-Wallerfactor, and the finite region in k-space over which data is
obtained, as discussed by Hayes et al (151, 152) as well as by Stern et
(153).
The Fourier transform, qS(r), of the Cu-edge.EXAFS
from crystalline
CuAsSe2is shown in Figure 17. The first neighbor maximum
is at 1.95 ~
whereas the interatomic distance is approximately 2.4t /~. Also shown
Cu EXAFS
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Figure 17 0(r) vs r for crystalline CuAsSe2and amorphous Cuo.o~(Aso.,,Seo.~)o.9~
Cu-edge data. Courtesy of S. Hunter, SSRL.
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obtained

from the Cu-edge EXAFS from amorphous
, in which the Cu is also shown by Hunter et al
(154) to be fourfold coordinated. Note that the peak height is much
larger for the crystalline than the amorphousmaterial. They show that
this is because of the greater disorder in the amorphousmaterial.
In the simplest analysis procedures aimed at determining coordination distances, the shifts in the peak positions due to absorber, A, .and
scatterer, S, are determined by using the ~(r) obtained from EXAFS
studies
of a sample in which the A-S interatomic distance is well known.Because
of the complex factors that influence the peak shape, however, this
approach may lead to small errors in interatomic distance. For this
reason, more sophisticated methods have been developed.
These involve, in general, attempts to fit the contributions of the first
or higher coordinations shells to the EXAFS
,or ~b(r) with least squares
or related analyses in which the rj and ~u]) are the parameters to be
determined. Examples of these approaches are presented in References
142, 149, 150, 153, and 155.
Cu0.os(Aso.4Se0.6)o.gs

7.2.5 EXAMPLES OF THE USE OF EXAFS FOR STRUCTURE DETERMINATIONS
Despite the brevity of the period in which EXAFSanalysis and x-ray
synchrotron radiation have been available, there are already more
materials studied by this technique than can be described in such a
review. To provide the reader with a slightly systematic summary, we
concentrate, therefore, on four areas; (a) molecules of biological interest,
(b) amorphousmaterials, (c) catalysts, and (d) surfaces.
7.2.5.1 Molecules of biological interest EXAFSanalysis has been
applied extensively to the determination of metal-ligand distances in
molecules of biological interest. The applieabili.ty of EXAFS
for studying
crystalline materials is that it can be focused directlyon the determination
of the metal-ligand distances. In contrast, x-ray diffraction crystallographic structure determinations treat all the atoms in the unit cell
equally, except for a weighting by the atomic number.Even the diffraction
approach is unusable for many of these large molecules that have not
yet been crystallized.
In this case, EXAFSprovides information unobtainable in any other way.
One of the .most extensively studied proteins is rubredoxin, which has
a molecular weight of approximately 6000 with one iron atom tetrahedrally coordinated by four cysteine sulphurs. Initial x-ray diffraction
studies indicated that three Fe-S bonds were about 2.30 A while the
fourth was 2.05 ~ (156). It was believed that appreciable strain energies
were stored in the short bond.
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EXAFSstudies by Shulman et al (157), Bunker & Stern (158), Sayers
et al (159), and Shulman et al (160) have shown that all four
distances are equal to within 0.10 ~. Consequently, the localized strain
energy storage model does not seem to be applicable to this system.
Similar conclusions about the coordination of iron in different forms
of hemoglobin have been drawn through the EXAFS studies
of
Eisenberger et al (161) as well as that of Eisenberger, Shulman,Kincaid,
Brown & Ogawaavailable in preprint form. They have shown that the
3 kcal difference of oxygen binding energy between the high and low
affinity forms of hemoglobin cannot be attributed to strain energy
localized in the immediate vicinity of the iron atom. In addition, their
determination of iron-nitrogen distances in oxy and deoxy complexes of
hemoglobin also suggest that hemoglobin has a complex delocalized
response to oxygen binding.
Several metal-containing molecules of biological relevance have been
the subject of extensive EXAFS
studies. Sayers et al (162) studied copper
etioporphyrin I, Crameret al (155) studied a numberof iron porphyrins,
while Kincaid et al (163) studied copper nickel tetraphenylporphyrin and
methemoglobin. Hu et al (164) studied oxidized and reduced cytoehrome
c oxidase. Finally, the primary coordination environment of the "blue"
copper iron in oxidized azurin has been determined by Tullius, Frank &
Hodgson(preprint).
The coordination of Moin various forms of nitrogenase has been
investigated extensively by Cramer et al (165-167). This protein
important because of its role in bacterial nitrogen fixation. It is believed
that the Mois associated with the fixation site.
The reader may find a more detailed summary of the application of
EXAFSto biological molecules in the review by Shulman, Eisenberger
& Kincaid (preprint).
7.2.5.2 Amorphous materials Amorphous materials were among the
very first studied by the Fourier analysis ofEXAFS.Sayers, Stern & Lytle
(139) presented an analysis of the data from crystalline amorphous
in 1971 and followed this by an analysis of amorphous Ge, GeOz and
GeSe in 1972 (168) and of GeSe, GeSez, As2Se3, AszA3, and As~Te3
1973 (169). Amongthe contributions of this set of papers was the partial
resolution of an important structural problem in the field of amorphous
semiconductors, the coordinations of Ge and Se in amorphous GeSe.
X-ray and electron diffraction radial distribution studies (170) of the
amorphous germanium-monochalcogens had been unable to distinguish
between two models for the atomic arrangements in these materials. In
one, the germaniumis fourfold coordinated while the chalcogen is two-
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fold coordinated. In the other, each is threefold coordinated. The EXAFS
work presented strong evidence for the first model. This model was
rather important for understanding why many impurities have little
effect on the electrical properties of amorphous semiconductors, as
discussed by Mott (171).
Morerecently, Hunter et al (154, 172, 173) have studied an amorphous
semiconducting system in which impurities have a drastic effect on the
electrical conductivity, Cu in As2Se3. Using EXAFS,they were able to
follow the changing coordination with copper concentration of the Cu,
the As, and the Se separately. Similarly, Knights et al (142) have studied
the coordination of arsenic impurities in amorphous silicon-hydrogen
alloys. This work constitutes the first direct evidence for the occurrence
of substitutional doping in an amorphous semiconductor.
Crozier et al (174) extended such studies of armorphoussemiconductors
into the liquid state in their analysis of the atomic arrangementsin liquid
As2Se3. The EXAFSdata indicate that a major structural rearrangement
does not occur in the nearest neighbor shell when As2Se3 is melted.
These experiments, however, indicate small structural changes.
Finally, structural studies of the metallic glass PbTsGe22
and sputtered
amorphous PbsoGe2o have been performed by Hayes, Allen, Tauc,
Giesson & Hauser (preprint).
The work indicates that the amorphous
materials are chemically ordered, with each Ge being surrounded
exclusively by Pb atoms. This result is important for understanding the
formation and stability of metallic glasses.
7.2.5.3 Catalysts EXAFShas also been utilized extensively to determine the coordinations of metal atoms in catalysts. Its importance arises
from the fact that the catalytic systems are often very finely dispersed,
either on a support or in solution, so that normal x-ray diffraction
procedures yield little information. EXAFSanalysis yields the desired
structural information, because it can be used to examine the average
coordination of each metallic species in the catalyst. In addition, the
valence state of the metals can often be determined.
In an early work, Lytle et al (175) used a standard x-ray tube to obtain
EXAFSdata from an alumina-supported CuCr catalyst. Cu is found to
occupy both tetrahedral and octahedral sites in the supporting alumina
lattice, while Cr was found only in octahedral sites. It was determined
that the valence state was Cr+5 in the fresh catalyst, which changed to
Cr÷6 in the exhaust-cycled material. Confirmation of the valence state
assignment was obtained by electron paramagnetic resonance.
Using similar experimental techniques, Bassi, Lytle & Parraveno (176)
examined preparations of Au and Pt supported on A1203, MgO, and
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Si02. The L~ x-ray absorption coefficient was normalized and Fouriertransformed to yield a radial structure function for each preparation.
The analysis of the results showed that metals were present in two
distinct phases : metallic with coordination (and metal-to-metal distance
characteristic of bulk Au and Pt) as well as a highly dispersed one. It
was concluded that the latter consisted of metal atomically dispersed or
condensedin small, flat clusters of a few atoms. It was further estimated
that the majority of Au and Pt was present in the highly dispersed form.
The subsequent work described below was all performed at the Stanford
Synchrotron Radiation Laboratory.
Lytle et al (177) examinedthe interaction of oxygen with a rutheniumsilica catalyst containing one weight percent ruthenium. Reed et al (178)
studied the structure of the catalytic site of polymer-boundWilkinson’s
catalyst. Reed & Eisenberger (179) studied the coordination of Rh and
Pt in BromoTris(triphenylphosphine)
rhodium(I). Reed, Eisenberger,
Teo &Kincaid (preprint) studied the structural effects of cross linking
polymer-bound Bromo Tris(triphenylphosphine)
rhodium(I) catalyst.
Reed, Eisenberger & Hastings (preprint) studied the Ti-C1 bond distance
in TiCI3, a componentin the Ziegler-Natta catalyst. Reed &Eisenberger
(preprint) studied bond distances in RhBr3 and BromoTris(triphenylphosphine) rhodium(I). Sinfelt et al (180) studied the coordination
platinum in two silica supported platinum catalysts as function of
chemisorbed hydrogen.
In related work, Lytle (181) used the Lin x-ray absorption threshold
to determine d-band occupancy in pure metals and supported catalysts,
and to examine the correlation between percentage d character of the
bulk metals and the catalytic activity of the supported metal.
7.2.5.4 Surfaces Studiesofatomic arrangements on surfaces have been
performed in two different ways with EXAFS.The simpler, in terms of
technique, is to examine the EXAFSabove the absorption edge of an
atomic species adsorbed on a substrate that does not contain that
species. The analyses by Stern et al (182, 183) as well as Heald & Stern
(preprint) of bromine adsorbed on graphite are examplesof these.
A second approach, examined in detail by Lee (184), involves the
measurement of the intensity of the Auger emission line as a function
of photon energy. Since the number of Auger electrons emitted is proportional to the number of photons absorbed at the surface, the
measurement is essentially the same as measuring the x-ray absorption
coefficient of the atoms at the surface and therefore the EXAFS.Citrin
et al (185) determined directly the bond length and position of I adsorbed
on the (111) face of Ag in this manner. These authors claim that this
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approach, called surface-EXAFS(SEXAFS),offers three main advantages
over low energy electron diffraction (LEED).It is easier to interpret, it
more accurate, and it does not require that the surface atoms be in a
periodic array.
A related technique, described by Jaklevic et al (186) has been employed
to measure the EXAFSspectrum from an atomic species present in very
low concentrations in a material. Rather than measuring the transmitted
radiation, the fluorescence radiation is counted as a function of incident
photon energy. Since the fluorescent yield is expected to be a very slowly
varying function of photon energy above the edge, the measurement is
again an indirect measurement of the EXAFSassociated with the
fluorescing species. The gain in signal-to-noise is achieved by blocking
out the fluorescent radiation from the other atomic species in the material.
The authors demonstrate the power of the technique by showing EXAFS
spectra from the Mnin a leaf, where it is present in concentrations of
10-50 ppm. They also show the As spectrum from a single crystal of Si
doped with As at a concentration of 2-4 x 1019 cm-3. This method was
also employed by Shulmanet al (160) in their study of rubredoxin. The
concentration below which fluorescence gives better results than transmission depends on several factors, particularly the edge energy. For
example, for energies below about 7 keV and concentrations below 10
millimolar in the metal atom, fluorescence is the preferred method.
Element Analysis
7.3 X-Ray Fluorescence--Trace
The repopulation of an electron core level vacancy in an atom can result
in the emission of characteristic fluorescence radiation, which can serve
as a tag of the particular element and thus provide the basis of quantitative element identification. The creation of core level vacancies can be
accomplished by exposing the sample to sufficiently energetic proton,
electron, or electromagnetic radiation. All of these are used in trace
element analysis work. The advantage of photons as the exciting radiation
lies in their relatively high absorption cross section and relatively low
cross section for scattering.
As a source of photons, synchrotron radiation has several favorable
characteristics, particularly its high intensity, broad bandwith (which
permits wavelengthselection near absorption edges), and high collimation
(facilitating the efficient use of focusing crystals to produce very small
area beams of monochromaticradiation). Furthermore, the high linear
polarization of the radiation, with its E vector in the plane of the electron
acceleration means that the Rayleigh (elastic) and Compton(inelastic)
scattering goes through a minimumin the direction of this E vector.
Thus, a detector placed in this location will have muchreduced back-
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groundwithout decrease in the intensity of the isotropically emitted
fluorescenceradiation.
All of these properties havebeenvery effectively usedin an experimental
search for super-heavyelementsby Sparkset al (187, 188) at SSRL.Their
experimentalarrangementis shownin Figure 18, and typical fluorescence
spectra are shownin Figure 19. The hot-pressed curved pyrolytic
graphite (mosaic spread 0.4 °) monochromatorcollected 2 mrad of
synchrotronradiation in the horizontal.plane and 0.14 mrad(about half
of the total vertical divergenceat 37 keV)in the vertical plane, which
2 at 37.5
produceda focused flux of about 4 × 101° photons per sec-mm
keV [300 eV full width half maximum
(FWHM)]
with SPEARoperating
at 3.4 GeVand 20 mA.By tuning the monochromator,photon energies
can be selected to bracket an absorption edge(in this ease the L edgeof
element 126). Thus, a high degree of confidence can be obtained in any
observedsignal.
Noevidence for the existence of super-heavy elements was found in
a variety of samples, including monaziteinclusions in mica crystals in
which an earlier proton-induced fluorescence experiment (189) had
reported possible evidence. The synchrotron radiation experimentshad
a sensitivity sufficient to observe about 5 x l0 s super-heavyatoms per
sample--about55 times higher sensitivity than the proton experiment.
Further refinements in the technique and higher incident fluxes should
makeit possible to detect concentrations as low as 106 atomsper sample
(C. J. Sparks, private communication).
In the Soviet Union, trace element concentrations of 2-3 × 10-s g/g
have been observed in samples of petroleum, powderedminerals, and
salt solutions using the VEPP-3storage ring in Novosibirsk(190). Concentrations of 10- 7 g/g could be detected in 100sec.

CURVED
GR/kPHITE
MONOCHROMATOR

Fi.qure 18 Schematic layout of Oak Ridge National Laboratory experiment used in the
search for superheavy elements (188). Courtesy of C. J. Sparks, Oak Ridge National
Laboratory.
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Figure 19 Typical fluorescence
spectra obtained in the superheavy elements search (187).
The L emission lines from superheavy elements, if present, would appear in the 22-31 kcV
region. The Cd and Sn peaks are due to trace quantities
of these elements in the sample,
sample chamber, or detector.
The peak labeled Cd in the upper curve is due to the
presence of about 5 × 109 atoms of cadmium in the sample. Courtesy of C. J. Sparks, Oak

RidgeNationalLaboratory.

7.4 X-Ray Lithography--Microstructure Replication
Thereplication of patterns with micron-and submicron-sized
features
(suchas integratedcircuit patterns)by x-raylithographyis a newtechnique, begun in 1972 with the pioneering work of Spears & Smith (191)
using conventional x-ray generators. The qualities of synchrotron radiation (e.g. high intensity, natural collimation) for this purpose were clearly
demonstrated in the experiments of Spiller of IBMand collaborators in
1976 using the DESYsynchrotron (192) and also by a group from the
Thomson-C.S.F. Company and Orsay in 1976 using the ACOstorage
ring (193). A comprehensive review of x-ray lithography has recently
been produced by Spiller &Feder (194).
The industrial interest in x-ray lithography using synchrotron radiation is increasing very rapidly. In both Germanyand France, provisions
have been made for private companies to use government-operated
synchrotron radiation facilities for research and development work in
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x-ray lithography, including proprietary work. In somecases, production
of devicesis also anticipated. In the US,wherethere are greater restrictions on proprietary work at government-sponsoredlaboratories, a
private company, the Electron Storage Ring Corporation in San
Francisco (195) has been formedto build a privately ownedstorage ring
for x-ray lithography and other commercialapplications of synchrotron
radiation.
Thex-ray lithographic process consists of the followingsteps:
1. A maskcontaining a pattern is placed in close proximity to a wafer
(normally silicon) overcoated with a thin layer of x-ray sensitive
material called a photoresist--generally an organic polymer.
2. The photoresist is exposedthrough the maskto an x-ray beam.If the
maskpattern consists of x-ray absorbingmaterial (e.g. gold) on a thin
backingfilm (e.g. mylar), then x rays are transmitted only wherethere
is no absorber. The transmitted x rays cause chemicalchangesin the
photoresist (e.g. they break bondsin long chain polymers).
3. The photoresist is developed in a solvent that removesexposed and
unexposedregions at a different rate. Thus, the pattern of the mask
is replicated in the photoresist.
Subsequentprocesses (e.g. plating, diffusion, ion implantation) are
used to transform the pattern into an integrated circuit, a memory
device, or other microstructure. Often successive exposures overlaying
several different patterns with processing steps betweenexposures are
required to makea single device. Precise registration of these different
exposuresis necessary to a tolerance of a fraction of the size of the
smallest linewidthor feature.
The steps described above are basically the samewhether x rays or
moreconventionalradiation sources (visible or UVlight, electrons) are
used. However,x rays have several distinct advantagesover the others,
particularly in the replication of submicronstructures. Briefly, these
advantagesare: (a) Shortwavelength(10-50A) reducesdiffraction effects.
This makespossible the replication of structures with line-widths ~0.1
~tm. Withvisible and UVlight, diffraction limits linewidth to ~ 1 /~m.
(b) Maskneed not be in direct contact with wafer. This increases mask
life. (c) Relativeinsensitivity to dust. (d) Deepparallel grooveswith large
aspect ratios can be made(see Figure 20). (e) Highintensity available
with synchrotronradiation makespossible short exposuretime (,-~ 1 sec)
even with high resolution, low sensitivity photoresists such as polymethylmethacrylate (PMMA).
In the Soviet Union, x-ray lithographic work has been done using
the VEPP-3storage ring in Novosibirsk (196). Patterns were recorded
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Figure 20 Comparison of grooves made by ( u ) electrons of 15-keV energy [Courtesy of
M. Hatzakis. IBM, Yorktown Heights, NY (256)] and ( b ) x rays of 2.5-keV energy
[Courtesy of E. Spiller, IBM, Yorktown Heights, NY (194)].

on chalcogenide glass films, producing a direct change in index of
refraction without the need for development.
It appears likely that, with the increased availability of synchrotron
radiation sources, particularly to industrial users, the technique may
become developed and perfected to the extent that it will have a major
impact on the semiconductor industry and other areas of microstructure
fabrication. Examples of structures that have been fabricated using x-ray
lithography are given in Figure 21.

7.5 X - R a y Microscopy
There is a growing interest in the application of synchrotron radiation
to x-ray microscopy. Since 1972 three quite different x-ray microscopes
have been built and operated using synchrotron radiation. Sayre et a1
(197) reviewed soft x-ray microscopy. Kirz et a1 (198) made a comparative analysis of x-ray emission microscopies for biological specimens
using incident proton, electron, or x-ray beams focused to a small spot.
They conclude that radiation damage limits the resolution for unstained
biological specimens and that incident x-ray beams give the lowest dose
for elements with atomic number above about 10.
We now discuss the three types of microscopy that have been
demonstrated with synchrotron radiation.

7.5.1 SCANNING X-RAY MKROSCOPY The principal of operation of this
device, as implemented by Horowitz & Howell (97) in 1972, is shown in
Figure 22. Synchrotron radiation from about IO mrad of orbit from the
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Figure 21 Examples of patterns replicated by x-ray lithography: (a) zone plate pattern
and (b) magnetic bubble memory pattern. The individual features are 1 pm wide and
3 pm high for the bubble memory pattern. Courtesy of E. Spiller, IBM, Yorktown
Heights, NY (194).
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CEAstorage ring was collected at grazing incidence, totally externally
reflected, and focused by a quartz ellipsoidal mirror. Just upstream of
the focus, the synchrotron radiation passed through a very thin (10 #m)
beryllium foil, which terminated the high vacuum beam run. The
focused x-ray beamwas so intense that upon emerging from the beryllium
window,it caused a readily visible air fluorescence as shownin Figure
23 (with the microscope removed). The focal spot was roughly 1 x
2, but this was further collimated by a 2-/~m pinhole in a 100-/~m
mm
gold absorber foil.
The sample, which could be in an air or helium atmosphere, was
scannedraster (line by line) fashion across the resulting 2-gin-sized beam.
Fluorescent x rays, produced by the part of the sample being irradiated,
were detected, energy analyzed, and the resulting signal used to intensify
the beam of a cathode ray tube that was being swept synchronously with
the sample. The main features of the microscope are the following (97):
(a) The sample could be in air or other atmosphere, which facilitates the
study of hydrated, even live, biological specimens. (b) A resolution
,~2 /~m can be obtained, determined by the diameter of the pinhole.
(c) The depth of field was about 1 ram, which facilitates stereoscopic
viewing of pictures taken at different angles. However,the x rays penetrate 10-100 #mof most material. (d) It is possible to select a given
element whose absorption edge is in the range of the instrument and
determine the distribution of that element in the sample. The condensing
mirror provides a cutoff above about 3.5 keV, and the beryllium window
absorbs strongly below about 1 keV. (e) It takes about two minutes
form a picture.
The development of this microscope with synchrotron radiation
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Figure 22 Schematic of scanning x-ray microscopy
of P. Horowitz, Harvard University.
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terminated in June 1973, when the CEAwas shut down. The instrument
has since been continued as a proton microprobe (199).
7.5.2 ZONEPLATEX-RAYMICROSCOPY
Using synchrotron radiation
from the DESYsynchrotron, Niemann, Rudolf& Schmahl (200) operated
the zone plate microscope shown schematically in Figure 24. The
incident white synchrotron radiation is dispersed at grazing incidence
by a reflection grating. A focal spot of monochromaticlight is produced
onto the sample by the first zone plate, which has a 5-mmdiameter, 2600
zones, and a focal length of 522 mmfor 46 ,~ radiation. A second zone
plate with a diameter of 1 mm,850 zones, and a focal length of 64.5 mm
for 46 A radiation forms a magnified image of the object. In their first
tests, a resolution of 0.5 #mwas obtained, and several biological objects
were examined. Workis in progress to improve the resolution, reduce
the exposure time (now some minutes long), and to study other samples
(200).
7.5.3 CONTACT
X-RAYMICROSCOPY
Using a technique quite similar to
x-ray lithography, a collaboration of scientists from IBM, DESY,NYU
Medical School, and Yale University have obtained contact x-ray
micrographs of biological objects with very high resolution (20l). Both
synchrotron radiation and carbon K~ x rays were used.
The specimen to be examinedis placed in direct contact with a photoresist and exposed to the x rays (see Figure 25). The absorption profile
of the specimen is recorded in the photoresist, which is then developed,
coated with a metal film, and examinedin a scanning electron microscope.
The highest resolution (~ 100 A) was obtained using broadband synchrotron radiation with wavelengths in the range of about 30-44 A. For
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Figure 24 X-ray microscopy using zone plates.
Sternwarte, G6ttingen (200).

Courtesy of B. Niemann, Universit~its-
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Figure 25 Schematic of contact x-ray microscopy technique. Courtesy of E. Spiller,
Yorktown Heights, NY(201).

IBM,

shorter wavelengths, the resolution is poorer because secondary electrons
have a longer range in the photoresist. For longer wavelengths, diffraction
limits the resolution. Someresults are shownin Figure 26, which includes
a scanning electron micrograph for comparison. The figure shows that
the x-ray micrographs reveal the interior structure, while the scanning
electron micrographexhibits only surface structure.
A collaboration from the University of Paris and the Orsay Synchrotron Radiation Laboratory (202) performed similar measurements using
monochromatized synchrotron radiation. By selecting incident photon
energies corresponding to particular elemental absorption edges, they
were able to do chemical microanalysis with a resolution of a few
micrometers.
7.6 Ultraviolet
and Soft X-Ray Studies of the Electronic
Structure of Matter
7.6.1 INTRODUCTION
Compared to its utilization
in the x-ray portion
of the spectrum, vacuumultraviolet (VUV)radiation research utilizing
synchrotron radiation is a well-established field with a vast primary
literature and several fine recent review articles (42, 203-215). Because
this field has been reviewed so extensively and well, we present here a
brief overview of the types of studies being performed, with references
to recent reviews containing more detail.
The basic utility of VUVfor exploring electronic states arises from
the fact that the photon energies range from 101 to 103 eV. That is, the
photon energies cover the range of binding energies from deep valence
states to many core states. Consequently, the basic experimental
approaches--reflection,
absorption, fluorescence, and photoemission-provide valuable information about the nature of those electronic states
and related collective excitations (plasmons, excitons, etc). At the same
time, research in this field must necessarily be concerned with obtaining
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increased understanding of the interaction between the electromagnetic
radiation and the substances being studied.
In performing VUV experiments, synchrotron radiation offers a number
of advantages over other sources. As in most of the x-ray experiments,
the most important feature is that high intensity is obtained over a continuous spectral range. That is, one need not be constrained to the use
of characteristic radiation to obtain high intensity. It is quite apparent

Figure 26 X-Ray replicas of diatoms (u, c, d ) and scanning electron micrograph of a
diatom (b). In (a) the x-ray source was carbon K, radiation and the exposure time was
20 hr with a source-to-specimen distance of 15 cm. Part (d), a detail of (c), was taken with
synchrotron radiation in 10 min with the specimen 40 m from the source. Courtesy of
E. Spiller, IBM, Yorktown Heights, NY (201).
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that this feature facilitates absorption and reflection measurementsas a
function of photon energy. Less obvious is that it allows the probing of
electronic states as a function of depth in the photoemission experiment,
as discussed below. This feature has led to the rapid growth of surface
studies and studies of sorbed gases through photoemission in recent
years, as discussed by Spicer (214).
Of equal importanceto such studies is the fact that the electron storage
ring is a high vacuumsource, hence it does not contaminate the surfaces
being studied. The high intensity also makes possible photoemission
experiments in which the electron yield is sufficiently high to perform
angle-resolved photoemission experiments. Similarly, there is the fact
that a flat "pancake" of radiation is producedwith very little dispersion
awayfrom the plane of the electron orbit. This lack of dispersion is very
important because it allows the radiation to be collimated with much
less loss than that given by more divergent sources. Finally, another
important characteristic of the radiation is its natural linear polarization
in the plane of the electron orbit. This can be particularly important for
studies involving optical selection rules and/or angularly resolved photoemission.
A particularly active area of research has been the study of the optical
properties of metals and semiconductors. This research is particularly
timely because band structure calculations can nowprovide fairly good
representations of the one-electron theory predictions of these optical
properties. Of particular importance in these analyses are the modulation
spectroscopy techniques--electroreflectance,
thermoreflectance, and
wavelength modulation--made possible in the region above 10 eV by
the intense, continuous, and stable synchrotron radiation available
from electron storage rings. These techniques enhance weak structure in
the optical spectra, emphasizing the contributions of localized regions
in the Brillouin zone, such as critical points, and have been particularly
effectively utilized at the Synchrotron Radiation Center in Wisconsin.
While data so obtained are important in the analysis of band structure
and the testing of band structure calculations, it has been apparent for
sometime that not all of the spectral features can be treated within the
one-electron, Bloch-type theory, so there is a strong interaction between
these experimental studies and many-electron theory.
Muchof the experimental work and its relation to theory has been
described well by Brown(207), by Haensel (209), and by Kochet al (213).
Lynch’s review article (216) emphasizes the relationship between existing
theory and experiment for metals, while that of Aspnes (217) deals with
semiconductors. Mahan(218) has provided an excellent description
the many-body theoretical treatments of the VUVand x-ray optical
properties of metals.
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Another area that has advanced considerably as a result of synchrotron radiation is the use of VUVphotoemission to probe the electronic
structures of bulk solids, as well as surfaces. At the same time, the
photoemission process itself has been the subject of considerable study.
In these experiments, a monochromaticbeam incident upon the samples
yields photoemitted electrons. In manyexperiments, the total yield is
measured as a function of photon energy. In energy-resolved photoemission, however, the energy distribution of the photoemitted electrons
is determined as a function of photon energy. From such measurements,
information about the densities of initial and final states can be obtained.
If, in addition, angle-resolved photoemissionstudies, in which the direction of emission is also analyzed, are performed, information about the
form of the initial and final states involved in the photoexcitation may
be obtained. These energy- and angle-resolved studies, which involve a
small portion of the total photoelectron yield, have benefited greatly
from the high intensity of synchrotron radiation.
7.6.2 CROSS-SECTION
EFFECTSExamples of fundamental studies of the
photoemission process are the studies of energy dependent cross sections,
which take advantage of the tunability of the synchrotron radiation.
Cooper & Fano (219, 220) predicted minima in the atomic photoemission
cross section if the initial state wavefunction exhibits a radial node. This
effect has been studied (215, 221, 222) for the d-band intensity in the
noble metals Cu (3d, no radial node), Ag (4d, one radial node), and
(5d, two radial nodes), as well as for In and Sb (223, 224). As shown
Figu{e 27, the energy dependenceof the d-band intensity, which is proportional to the photoionization cross section (222), is significantly
different for the three noble metals. Abovethreshold, the intensities first
exhibit maximathat occur in the order Au 5d (< 40 eV), Ag 4d (~ 60 eV),
and Cu 3d (~ 130 eV). This is due to an increasing overlap of the d-initial
and f-final state wavefunction (the d ~f channel dominates the d ~
one abovc ~20 eV). This overlap is small above threshold where the
f-wave is pushed out by the centrifugal barrier, but it increases at higher
energies in the order 5d > 4d > 3d, the order of decreasing radial expectation values of the d-orbitals. At still higher energies, the d-bandintensity
decreases steeply to a minimumfor Ag and Au. These so-called Cooper
minima arise from a change of sign in the radial dipole matrix element
associated with the d ~f channel. The photoexcitation cross section,
which is proportional to the sum of the squares of the p and f channel
radial matrix elements, will exhibit a minimumat the energy for which
one of the matrix elements vanishes. As compared to the 4d function in
Ag (one node), the 5d function in Au has two nodes and the Cooper
minimumis smeared out. These minima have important consequences
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for the utilization of photoemission in the study of adsorbates on 4dor 5d-type metals, as discussed below.
By tuning the photon energy to the Cooper minimumof the metal, a
significant enhancementof the relative absorbate spectral intensity is
achieved.
7,6.3 BANDSTRUCTURE
EFFECTSPhotoemission has been used for many
years to probe the band structure of solids. In these studies, the availability of synchrotron radiation has had two important consequences.
First, the exciting photon energy maybe varied continuously over a very
large range, with a resultant variation in the relationship between the
initial and final states involved in the process. This variation has allowed
for more detailed determinations of the densities of states involved.
Second, as discussed above, the high intensity has facilitated the development of energy- and angle-resolved photoemission. Thus the information
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obtained has becomestill moredefinitive. Recent workis reviewed by
Kochet al (213), by Eastman(225), andby Shirley et a1.(215).
7.6.4 SURFACE
ANDABSORBATE
EFFECTS
An entire line of research that
owes its existence very muchto the availability of tunable synchrotron
radiation, andthat is also of considerablecurrenttheoretical andpractical
interest, is the study of structure andelectronic states of surfaces andof
absorbateson surfaces, as reviewedby Lindau(226), by Shirley et al (215),
by Spicer (214), as well as by Plummer
& Gustafsson(257).
The importanceof a tunable source can be understood through reference to the plot (227) of the electron escape depth as a function of the
electron energy above the Fermi level for a large numberof materials
shown in Figure 28. This depth has a minimumof the order of a few
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angstroms at energies that range from ten to a couple of hundred eV,
depending on the material. To study core electronic states of surfaces or
of absorbates, one maytune the incident photon energy so that electrons
photoemitted from a specific core level have energies close to the minimum.
As a result, few electrons excited from the bulk of the material escape,
and hence those detected are primarily from the surface or from the
absorbate. Alternatively, in studies of absorbates on appropriate substrates the photon energy can be tuned to the Cooper minimumof the
substrate, so absorbate emission dominates the detected electrons.
These studies are of considerable theoretical interest since methodsfor
calculating the electronic states at the surface of solids are nowbeing
devised and employed actively. In addition, they are of considerable
practical importance for the understanding of semiconductor surfaces,
semiconductorpassification, and catalytic activity. The reader interested
in the latest work in this rapidly developing area is referred to the
reports of the users’ meetings of the Synchrotron Radiation Center at
Wisconsin (228) and the Stanford Synchrotron Radiation Laboratory
(229),
Finally, we should call attention to the very recent work of St6hr,
Denley & Perfetti (preprint) as well as Bianconi & Bachrach (preprint)
in which SEXAFSstudies have been performed through the measurement of inelastically scattered photoelectrons as a function of photon
energy. St6hr et al determined the O-AI near neighbor distance on an
oxidized A1 surface, while Bianconi & Bachrach measured the A1-AI
distance on a clean A1(111) surface.
7.7 Time-Resolved
Spectroscopy
Usin9 Synchrotron
Radiation
The pulsed time structure of synchrotron radiation is very well suited
to a variety of applications in time-resolved spectroscopy (TRS). The
first TRS using synchrotron radiation excitation was done in 1974 by
L6pez-Delgado, Tramer & Munro at ACOin France (230). Several
studies of time-resolved excitation, emission, and decay of excited states
in organic and inorganic molecules have resulted from this work (231,
232). Nevertheless, the relatively short (73 nsec) interpulse period
rather broad pulse width (~ 1 nsec) available at ACOprevented those
investigators from studying very short and very long lifetimes. The time
structure of synchrotron radiation at SSRLfrom the SPEARring with
its 300-psec pulse width and 780-nsec interpulse period, enabled L6pezDelgado, Mieh~ & Sipp (233) to measure fluorescence decay times
short as 0.2 nsec in tetracene crystals. A review of TRStechniques and
results has been given by L6pez-Delgado(234).
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Several TRS experiments have since been done at SSRL (235).
Matthias, Shirley, and co-workers have investigated fluorescence lifetimes in noble gases and simple molecules (236). Of special significance
is their use of the polarization of synchrotron radiation to observe
quantum beats in the fluorescence from magnetically oriented atoms
(237). Simultaneously, Monahan& Rehn have been studying excitonenhanced energy transfer in the pure and doped noble solids (238, 239).
These investigators
have demonstrated that TRS using synchrotron
radiation can be used to determine the principal channels of energy
transfer and their relative importance in these systems. This work has
been highlighted by the discovery of previously unobserved electronic
states, excimer (i.e. a diatomic molecule with one or more bound excited
states and a repulsive ground state) species, and dissociation phenomena
(239, 240).
The application
of TRS techniques at SSRL and throughout the
world are on the increase. A visible light and near-UVTRSport on the
SPEARring was made operational in early 1978, and plans are being
made to install a VUVport with large acceptance angle. Hahn, Jordan
& Schwentner (241) have done some preliminary lifetime studies at the
DORISstorage ring in Germany and are planning a number of experiments when DORISis converted to single-bunch operation (~ 1-~tsec
period). In addition, storage rings in Novosibirsk have time structure
suitable for TRS, and work in this area is expected in the near future.
Manyof the new storage rings nowunder construction as dedicated synchrotron radiation sources will be capable of operating in multibunch
mode for maximumsynchrotron radiation intensity and also singlebunch modeto facilitate timing studies.
in Atomic and Molecular Physics
7.8 Applications
The continuous spectrum feature of synchrotron radiation, coupled
with its high intensity, offers the opportunity, largely unexploited, for a
vast array of experiments involving the interaction of electromagnetic
radiation with atoms and molecules. One set of experiments, however,
makesclear the powerful potential.
Ice & Crasemann(242) measuredthe differential cross sections for the
total scattering of photons by H2 at large momentumtransfer. Such
cross sections are of interest because total x-ray scattering is a twoelectron expectation value, whereascoherent (elastic) intensity is a oneelectron property (243). Thus, coherent scattering is routinely used
determine radial charge density distributions, i.e. the expectation of the
electron-nucleus separations. The inelastic scattering intensity, on the
other hand, is sensitive to electron correlation and depends upon the
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expectation of the inverse the electron-electron separation, (r~l).
considerable interest in this regard are the two-electron systems H2 and
He. Because the cross sections are very small, of the order of hundreds
of millibarns per steradian, they cannot be measured with adequate
accuracy using ordinary x-ray sources.
In experiments now underway on neon, Ice, Parente & Crasemann
(G. E. Ice, private communication)are utilizing the tunability of synchrotron radiation to perform a more sophisticated version of this experiment
in which the elastic part of the scattering is experimentally removed.
The motivation for this work is that the inelastic scattering is much
more sensitive to the scattering model and the wave functions than is
the elastic. Experimentalremoval of the elastic scattering provides a more
direct and accurate measurementof the inelastic scattering.
This is achieved by using incident photons whose energies are a few
eV higher than an absorption edge of an absorbing element placed
between the scatterer and the detector. Consequently, the element absorbs
heavily the elastically
scattered radiation, but for most momentum
transfers is relatively transparent for the inelastically scattered x rays,
whose energies are below the edge. These then reach the detector and
are counted. Such a technique is possible with a highly tunable x-ray
source but is generally impossible with standard sources.
7.9

Some Future

Applications

7.9.1 PUMPINGOF
X-RAYLASERSSynchrotron radiation offers probably
the most promising approach to achieve the high spatial and temporal
energy densities required for pumpingan x-ray laser (244). Furthermore,
the ability to select any desired photon energy from the synchrotron
radiation continuum is a major advantage. By selecting an energy just
above the K edge, a muchhigher fraction of the incident energy results
in pumping the desired level with corresponding reduction in unwanted
ionization and heating of the medium.Since the lasing material remains
relatively cool, and ionization is relatively low, homogeneousand inhomogeneousline broadening will be small, which thus enhances laser
action. In addition, in a cool plasma, the outer electron structure of
atoms can be rearranged by resonant transitions induced by low energy
photons, and one is no longer restricted to configurations commonin
nature.
For example, a small volume of Li gas of 5 × 1018 cm-3 density
irradiated with 1.8-eV photons from a conventional laser as well as with
x rays just above the K edge of Li can be madeto lase at 90 eV with about
100 times the photon pumping intensity now delivered by SPEARin
this energy range (244). The required intensity is likely to be reached
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with wigglers and with high current, low emittance dedicated operation
of SPEAR
and other storage rings.
7.9.2 X-RAY HOLOGRAPHYWITH SYNCHROTRONRADIATION: COI-IERENCE
The coherence properties of synchrotron radiation are superior to those
of conventional x-ray sources,, a feature that should greatly facilitate
x-ray holography. For example, for VEPP-3, the power useful for holography has been calculated to be three orders of magnitude greater than
the coherent radiation power from x-ray tubes (245).
Using such a source and a MWPC
detector, it should be possible (50)
to obtain x-ray microholograms with 1 A incident radiation with a
resolution of 50 A transverse and 2500 A longitudinal. The calculated
exposuretime is 1 sec.
Considerably higher coherent power would be available from a free
electron laser (see Section 5.3) if such a device could be madeto operate
at the required photon energy and in a storage ring. It has also been
suggested that synchrotron radiation could pump x-ray lasers (see
previous section), which would be powerful sources of coherent x rays.
Lensless Fourier-transform x-ray holograms of simple one-dimensional
objects have been obtained (246) with carbon K~ radiation (44.8 ,~)
with synchrotron radiation (60 A) (247). Two- and three-dimensional
objects have also been studied (248) with aluminumK, radiation (8.34
with a resolution of 4/~m transverse and 4 mmlongitudinal and with
exposure times of ~ 1 hr.
By recording a hologram at one wavelength and reading it at another
wavelength, a magnification corresponding to the ratio of the wavelengths
may be obtained. Csonka(249, 250) recently analyzed the application
synchrotron radiation to x-ray holography.
7.9.3 RADIATION
TECHNOLOGY
Synchrotron radiation opens possibilities in the field of radiation chemistry and technology that have not yet
been evaluated. It is possible, for example, that techniques will be
developed to modify the surface and bulk properties of materials by
irradiation with synchrotron radiation, similar to radiation processes
now in use commercially to manufacture "shrink-tubing" for electrical
insulation.
With existing storage rings and synchrotrons, photon energies up to
50-100 keV are available for such work. With machines under construction and with wigglers, this could be extended to several hundred
keV. Richter (251) has pointed out that a very large (100 GeV)electron
storage ring would make available an enormous flux of x rays extending
into the MeVrange and has suggested that applications such as the
sterilization
of grain for storage in a worldwide "grain bank" should
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be considered. At these high photon energies, the walls of the ring vacuum
chamber are transparent, so the radiation emerges from all parts of the
orbit without the necessity of installing tangent beampipes.
7.9.4 MEDICAL
APPLICATIONS
Using conventional x-ray sources, it has
been shown (252-254) that a significant improvement in the contrast
diagnostic x radiographs can be achieved with a technique called
dichromatography. In this method, a pair of transmission radiographs
are recorded, one below and one above an x-ray absorption edge. The
difference between the signals obtained has high sensitivity for the
detection of small concentrations of the particular element whose edge
has been selected. This could be an aid to early detection of tumors that
may have a higher concentration of a particular element than normal
tissue. Other applications include improving the sensitivity and reducing
the dose to the patient in thyroid dichromatographyat the iodine K edge
(33 keV).
Synchrotron radiation offers precise tunability and high intensity,
which should greatly facilitate
dichromatography. The use of improved
electronic position-sensitive
detectors and associated data storage
systems should also be of great benefit in developing the technique. A
system for using synchrotron radiation for dichromatography and other
medical purposes is briefly described by Kulipanov & Skrinskii (50).
Combining dichromatography with computerized axial tomography
(255) might result in contrast and sensitivity improvements beyond
that available from either of these techniques alone. The possibility also
exists that monochromaticradiation just above the K edge of a particular
element might be useful in radiation therapy (50), if the concentration
that element was high enough in the tumor. Such selective absorption
could also be the basis of molecular microsurgery (50), the cutting apart
of individual molecules at particular locations.
8

CONCLUSION

The extraordinary properties of synchrotron radiation and its rapidly
increasing availability
throughout the world are having a profound,
perhaps revolutionary, impact on a broad range of scientific and technological disciplines. This is all the more remarkable when one realizes
that the very substantial results to date, as reviewed in this article, have
been accomplished largely symbiotically during high energ-y physics
experimental runs.
With dedicated operation of existing sources and with the design and
construction of dedicated storage rings in at least three countries, a
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significant increase in experimental capability will soon be realized.
Furthermore, there is the exciting promise of enhanced and modified
radiation produced by special insertions such as high field standard
wiggler magnets, narrow-band interference wigglers, and even narrowerband, tunable, free electron lasers.
The breadth of application of intense synchrotron radiation, extending
from the infrared through the visible and ultraviolet parts of the electromagnetic spectrum and deep into the x-ray and soon the y-ray regions,
brings into the same laboratory scientists from diverse specialties such
as catalytic chemistry, surface physics, structural biology, and metallurgy.
The interchange among these groups during experimental runs or at
users’ meetings provides added stimulation and enrichment to all, particularly to students just beginningtheir scientific careers.
It is clear to those of us close to the development of synchrotron
radiation research over the past several years that manis nowproducing
electromagnetic radiation in one of nature’s most effective ways-witness the crab nebula. The simplicity and efficiency of producing
electromagnetic radiation by using relativistic electrons following curved
trajectories in an ultra-high vacuumand the scientific appropriateness
of this radiation makesynchrotron radiation a most elegant, aesthetically
pleasing phenomenon.
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