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The report of a study sponsored by the Department of Energy, 
Office of Basic Energy Sciences, and co-chaired by 
Peter Eisenberger and Michael L. Enotek. 

A new generation of synchrotron-radiation sources based on insertion 
devices offers gains in photon-beam brilliance as large as the gains 
that present-day synchrotron sources provided over conventional 
sources. This revolution in aynchrotron capability and its impact on 
science and technology will be as significant as the original 
introduction of synchrotron radiation. This report recommends that 
insertion-device technology be pursued as our highest priority, both 
through the full development of insertion-device potential on 
existing machines and through the building of new facilities. 
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PREFACE 

This report presents the results of a study by an ad hoc 

committee sponsored by the Department of Energy (DOE), Office of 

Basic Energy Sciences, with the charter to "solicit and evaluate 

ideas from synchrotron-radiation providers and users as to the 

future opportunities and technical needs for synchrotron-radiation 

based research." The committee was further charged "to establish 

from the available options a set of priorities for the timely 

development of both existing and new facilities that can meet 

those needs." 

This study critically evaluates the current status and oppor- 

tunities for synchrotron radiation (SR)-based science and technol- 

ogy, facilities, and users. The evaluation serves as the basis 

for a series of recommendations for SR that includes upgrading of 

eiiisting facilities, new instrumentation, new facilities, and 

methods of increasing user participation. While the focus of the 

report is a series of recommended actions, it also contains data, 

analyses, observations, and criticisms, so that it can serve as a 

resource for future deliberations. 

Judgement Criteria 

Our judgements were based generally on the new science and 

technology offered by the next generation of.machines and speci- 

fically on the way in which the properties of new sources lead 

to new experqmental capabilities. Our analysis' took into account 

the technological barriers that define the limits of SR sources 

and various issues affecting the use cf these sources by the 

scientific community. 
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Methodology 

The objective of conducting a comprehensive and critical 

scientific review influenced the choice of the committee members 

and the procedures adopted to obtain and evaluate the needed infor- 

mation. The committee membership of seventeen, listed at the end 

of this preface, was drawn from universities, industry, and DOE 

and Department of Defense (DOD) laboratories. These members rep- 

resent a wide range of disciplines and include 12 SR users. 

To further broaden the representation, we solicited the testi- 

mony and active participation of many other scientists, including 

the personnel of facilities involved in providing SR. The breadth 

and sophistication of SR-based science and technology required the 

participation of all these people, and we thank them for their 

responsiveness and assistance. 

Information was first obtained at a meeting held at Sandia 

National Laboratories, Albuquerque on October 0 and 9, 1983. 

Approximately 30 speakers and 80 participants gave testimony on 

science opportunities, facility needs, user needs, and plans for 

new facilities, including the proposal for the Berkeley Advanced 

Light Source (ALS), which we were specifically asked to examine. 

Over 1000 pages of written technical information was provided to 

the committee, much of which has been distilled and included in 

this report. The meeting included special sessions for debate 

and criticism. 

As the study proceeded, the committee issued additional calls 

for letters of opinion from the community and for technical and 

factual information necessary in our deliberations. Over a hundred 

such correspondences were received from a broad range of scientific, 

technical, and institutional interests. Their input has been evalu- 

ated, distilled, and, where appropriate, included in this report. 
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The committee then met in executive session three times over 

the next three months, at Stanford, MIT, and Exxon, to evaluate 

the material it had received, to reach its major conclusions 

concerning the priorities for SR, and to prepare the report. On 

November 15, 1983, in response to a request from DOE, an interim 

version of the major conclusions and recommendations was submitted 

to DOE in the form of a letter, which is included as Appendix A. 
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EXECUTIVE SUMMARY 

Introduction 

Throughout the development of modern science and technology, 

electromagnetic radiation has been the most effective of exploratory 

probes for the discovery of structural characteristics and for the 

understanding of physical processes. Success in such discoveries 

has been intimately linked to evolution and revolution in the tech- 

nology of photon generation. The electric light, the discharge 

lamp, the x-ray tube, and the laser each ushered in new eras of 

science. We can now add to this list the most versatile of sources: 

synchrotrons, or storage rings for the generation of synchrotron 

radiation (SRI. 

SR has the unique capability of providing radiation over 

eight decades of the electromagnetic spectrum, from low3 to lo5 

eV. Thus, it reaches from the infrared, the visible, and the 

ultraviolet, through the soft and hard x-ray domains, and up to the 

gamma-ray region. Within the last few years we have become confi- 

dent that SR facilities can be built that will provide unprecedented 

control of all the important characteristics of a photon beam: 

source size, spatial coherence, temporal coherence, spectral range, 

polarization, and time structure. As a source of electromagnetic 

radiation, only lasers and perhaps plasma sources will maintain 

any superiority for specific applications. ’ 

In the brief history of experimentation in the newly emerging 

field of SR science and scientific measurements, there are already 

significant accomplishments in a wide variety of fields. In solid 

state physics and in surface science, bulk and surface electronic 

structures have been measured. Grain boundaries and interfaces 

of important semiconductors and metals have been studied. Surface 
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EXECUTIVE SUMMARY 

bond lengths have been determined to a degree of resolution that is 

important to the study of surface chemistry. In phase-transition 

physics, the first studies of structural transitions in two-dimen- 

sional systems have revealed new phases and new transition mecha- 

nisms. In biology, SR has been used to define the active site in 

important metalloenzymes like nitrogenase, the enzyme responsible 

for nitrogen fixation in plants. In energy research, the concen- 

tration and chemical state of impurities in coal and the structure 

of bimetallic catalysts have been determined. And in medicine, a 

noninvasive, low-dose angiography technique with the promise of 

wide applicability as a general medical imaging technique has been 

developed. Although some of the techniques used in SR science 

have been used earlier with conventional photon sources, the bright- 

ness and tunability of SR has carried experiment and measurement 

far beyond the capabilities of the past. 

Though the thrusts to date have concentrated in the basic 

sciences, technological applications of SR are beginning to emerge, 

as evidenced by recent SR studies of catalysis, medical imaging, 

submicron lithography for the computer industry, defect structures 

in solids, amorphous materials, alloy-structure determination, 

phase changes in solids, and applications to biological materials. 

The SR field has had a similar impact in the industrialized 

countries of Europe and Asia. All of these countries expect the 

industrial and defense applications to grow rapidly in significance, 

and they all are building their array of SR facilities to handle 

the work. In some countries--West Germany, France, England, the 

Soviet Union, and Japan--there are SR facilities comparable to 

those in the USA, and these countries all have high-priority pro- 

grams to advance their capabilities. 
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EXECUTIVE SUMMARY 

opportunities have now been demonstrated for orders-of-magni- 

tude improvement in SR capabilities through the use of special 

insertion devices called wigglers and undulators and of storage 

rings with improved characteristics: these innovations make it 

possible to enhance and optimize the radiation for specific studies. 

The gains are not only in the intensity of the radiation source 

but also in its optical qualities, which include extraordinary 

collimation and small source size, variable polarization, and 

extremely short pulse lengths. This added control will lead to 

experiments not previously possible. 

One sees expanding horizons of experimentation in basic con- 

densed-matter sciences, in materials science and technology, and 

in chemistry, biology, and medicine, in addition to increased usage 

of some of the past techniques with better capabilities. The 

added flexibility offered by higher-brilliance sources will greatly 

enhance the sophistication of our physical probes and make possible 

studies of smaller and more dilute samples and of weaker phenomena. 

The future offers x-ray holography, various microscopies, studies 

of low-energy excitations and time-dependent phenomena, the deter- 

mination of the properties of very small particles, and new fron- 

tiers in atomic, molecular, and plasma studies. 

To meet the challenges and opportunities in both scientific- 

research and technological applications of SR, facilities will be 

needed that are dedicated to the utilization of insertion devices 

and that are readily accessible to the whole spectrum of university, 

industry, and defense interests. New machines dedicated to the 

utilization of insertion devices, even if they are developed on 

the most expeditious schedule, will not have significant impact 

until the late 1980s or early 1990s. Therefore, our recommendations 

include the full development of existing insertion-device capabil- 

ity, in parallel with the construction of new facilities specifi- 

cally designed for the use of these devices. 
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EXECUTIVE SUMMARY 

Recommendations and Conclusions 

I. Existing Facilities and Projects . 

The committee recommends that steps be taken to ensure the 

timely completion of the commissioning of the National Synchrotron 

Light Source (NSLS) at Brookhaven National Laboratory and the 

Synchrotron Radiation Center (SRC) at Stoughton, Wisconsin. We 

are encouraged by the actions at NSLS and SRC since our initial 

letter to the Department of Energy (DOE). To optimize utilization 

of existing facilities, we recommend providing operations funding, 

so that such facilities can provide a maximum of beam time in a 

"user friendly" mode, and continued research funding, so that it 

will be possible to take full advantage of the facilities. 

To realize the full potential of existing facilities, the 

committee recommends expeditious completion of currently approved 

projects to construct insertion-device beamlines: the NSLS Phase 

II project at Brookhaven Laboratory and the 

Flux Facility (SEPFF) project at the Stanford 

Laboratory (SSRL). The future construction of 

device-based beamlines at existing facilities 

ded. 

SSRL Enhanced Photon 

Synchrotron Radiation 

additional insertion- 

is strongly recommen- 

II. Major New Facilities 

The committee believes that major new programs based on the 

utilization of insertion devices are of central importance for 

effective progress in materials-science, physics, biology, and 

chemistry research over the next decade. The committee is therefore 

unanimous in its recommendations, which follow in order of priority. 

1. The design and construction of a high-energy storage ring 

capable of providing fundamental undulator radiation in 

the x-ray region of the spectrum up to 20 keV, with an 

early 1990s target date for full operation of the facility. 
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EXECUTIVE SUMMARY 

To achieve this objective, appropriate research and devel- 

opment funding should be allocated now. 

2. The construction of a second, lower-energy ring capable 

cf nynvidina c- - - -----2 fun&mental ~urrdu~tor~~radiati_on_i_n~ the_~_soft 

x-ray region of the spectrum up to 2.0 keV. This machine 

should also provide picosecond (ps) timing capabilities. 

The Advanced Light Source (ALS) is such a machine. 

The committee strongly recommends that no action based on the 

second-priority recommendation interfere with the timely pursuit 

of the first-priority recommendation. 

III. Alternative-Source Facilities 

Free-electron-laser (FEL), ultraviolet (UV)-laser, and laser- 

heated-plasma sources promise to make important complementary con- 

tributions at the low-energy end of the spectrum. To provide a 

complete full-spectrum capability, these sources should be developed 

in as timely a fashion as possible by their respective technical 

communities and funding agencies. However, the committee concluded 

that in the foreseeable future SR will continue to be the premier 

source of radiation in the soft x-ray and x-ray regions. 

IV. Other Comments and Conclusions -- 

The Need for Two Machines and their Relative Priority -- The 

physics governing the performance of undulators dictates that a 

machine designed to produce x-ray radiation at energies above 10 keV 

operate at a different energy level than a machine designed for the 

optimal production of soft x-ray ultraviolet (XUV) radiation at 

energies less than 2 keV. Using existing or anticipated technology, 

fundamental undulator radiation at 10 to 20 keV will require a 5 to 

6-GeV machine, while optimized undulator radiation at less than 2keV 
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EXECUTIVE SUMMARY 

will require a machine operating at approximately 1.5 GeV. Factors 

governing the relative priority of these two machines include: 

A. 

B. 

There are no dedicated facilities where x-ray undulators 

can be developed, whereas some limited opportunities for 

developing XUV undulators do exist. 

Although the low-energy ring cannot provide undulator capa- 

bility in the x-ray region, the high-energy machine can 

access some of the XUV region, albeit with reduced perfor- 

mance. 

Commissioninq of New Machines -- The difficulties being experi- 

enced in the commissioning of the newly constructed machines arise 

from overzealous attempts at economy, from some deficiencies in 

the project-management systems, and from a general lack of big- 

project experience in the materials-science community. These are 

not fundamental technical problems and should be rectified in 

future projects. 

Improving Access to Facilities -- The access to SR facilities 

is currently being restricted by two major factors. The first 

factor is the difficulty experienced by university-based groups in 

obtaining the funding necessary for participation. We recommend 

that beamline funding at future and existing facilities be provided 

in such a way that university-based groups can participate more 

readily. This cooperation would significantly broaden both the 

technical base that could contribute to innovations in instrumenta- 

tion and the scientific base that could contribute to effective use 

of the facility. A proposal-based, peer-reviewed approach for the 

selection of outside participants is strongly recommended. 

The second factor is the limitation on the participation of 

industry, university, and government laboratories that are perform- 

ing applied research. In deciding which groups can participate 
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EXECUTIVE SUMMARY 

in beamline usage, there is currently a bias towards fundamental 

research. The broadening of program-review committees to include 

applied interests, together with procedures to ensure more "user 

friendly" instrumentation and the protection of proprietary and 

classified interests, would increase the participation of applied- 

research groups. 

Continuing Review -- The rapid developments in SR make it 

appropriate that a committee similar to ours convene periodically 

to review current developments in the entire field and to make 

recommendations for future actions. 
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SYNCHROTRON RADIATION 

Introduct ion 

Refore synchrotron radiation (SR) was available for ultra- 

violet (UV) and x-ray experimentation, scientists relied on a 

collection of sources that had low intensity, lacked tunability, 

and in general did not provide radiation that was easily manipu- 

lated. The use of bending-magnet radiation from synchrotrons 

built for high-energy physics provided orders-of-magnitude in- 

creases in source intensity and brilliance and opened many re- 

search frontiers. The design of a new generation of dedicated 

machines (the National Synchrotron Light Source [NSLS] and 

Synchrotron Radiation Center [SRC]) especially configured 

produce a bright source is leading to further improvement. 

the 

to 

Now 

a new class of machines based not on bending-magnet radiation 

but on insertion devices promises increases in source brightness 

and quality as large as the original gains over conventional 

sources. It is this class of devices that has launched new 

initiatives for facility development. An understanding of the 

physics governing the performance of these new devices is neces- 

sary to appreciate the technical issues underlying the recommen- 

dations of this report. This section of the report 

basic concepts needed for understanding the physics 

devices. 

provides the 

of insertion 

The Physics of Synchrotron Radiation 

If the path of an ultrarelaviatic electron of energy E = y mc2 (where m 
is the mase of the electron and c is the speed of light) is bent to a radius R 
by a magnetic Jield, it will emit radiation with a continuous (white) wave- 
length distribution centered around a critical wavelength 

AC = R v-? 

The radiation is emitted into a narrow cone of opening angle 

(1) 

6 f y-l. (2) 
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SYNCHROTRON RADIATION 

For E - 3 GeV and a typical bending radius of 20 meters, * 6~10~ and h = 1.0 A 
(approximately 12 IceV), with an opening angle of 2x10 -I radians or about 40 
seconds of arc. The radiation in the orbit plane is linearly polarized, and 
outside this plane it is elliptically polarized. 

The brightness (intensity per unit solid angle and bandwidth) of such an 
x-ray source is 2 to 3 orders of magnitude greater than that of the characteristic 
lines of a modern 10-kW rotating-anode source; it Is many more orders of magnitude 
more intense than the bremsstrahlung spectrum from such a source. Furthermore, 
the synchrotron source is continuously tunable, highly polarized, and directed 
into an extremely narrow beam. The radiation from an electron bunch comes in 
pulses as the electrons traverse the aperture of the beamline. For a typical 
single bunch, the repetition rate is on the order of hundreds of nanoseconds, 
and the pulse length is a small fraction of a nanosecond. This time structure 
has been found extremely useful in a wide variety of timing experiments. The 
Advanced Light Source (ALS) design would offer pulse lengths in the lo-ps range, 
opening a new regime for time-dependent studies. 

Within the last 10 years, most SR-based experiments have been performed 
using whatever source characteristics the bending magnets of existing high-energy 
storage rings happened to have. Although the beams from these bending-magnet 
sources are considerably brighter than those obtained using conventional light 
sources, dramatic improvements are possible. The newest generation of storage 
rings (NSLS and SRC) has extremely small electron-beam cross section and angular 
divergence (i.e., low emlttance), resulting in bending-magnet radiation with 
significantly higher source brilliance (brightness per unit source size). Even 
higher brilliances are possible using specially designed magnetic structures 
inserted in the straight sections of storage rings. The functional separation 
of the magnets that control the electron orbit and those that produce the radiation 
is an important strategic advantage allowing source design innovations to be 
implemented at will. The physics of these devices is described below. 

Insertion Devices 

A straight electron trajectory can be wiggled in a transverse magnetic field 
that is alternating, say N times, along the path in a device of length L. These 
insertion devices immediately provide an N-fold increase in intensity because 
the radiation from each of the N magnetic sources is superimposed in the forward 
direction. There are two different classes of insertion devices; the distinction 
between them depends on the strength of the orbit perturbation. If the electron 
path deviates by an angle that is approximately equal to or less than the opening 
angle of the SR, l/y, then the device is called an undulator. Devices causing 
larger deviations are called wigglers. In addition to enhanced brlllance, other 
characteristics of the photon beam can be controlled by varying the magnetic 
period h, - L/N and the strength of the magnetic field B. A key parameter 
determining performance is K = 0.93 B(TG) Ju(cm). To a first approximation, K 
is the ratio of the angular excursion of the electron to the synchrotron opening 
angle l/y. If K 4 1, the device is an undulator; for K > 1 it is a wiggler. 
The behavior of both these devices can be described by the same theory, but their 
properties can be significantly different. Both types have been tested and their 
behavior is in agreement with predictions. An N - 27, K = 8 wiggler at Stanford 
is currently the world’s most powerful source of SR. 
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SYNCHROTRON RADIATION 

The total radiation produced by wigglers is similar to bending-magnet radi- 
ation in its vertical opening angle, l/y , and its smooth spectral function. 
However, its horizontal opening angle is reduced to K/y, and its intensity is 
multiplied by N. To understand the properties of undulators, one must take ac- 
count of the interference of the radiation emitted by each of the 2N magnetic 
poles. This detailed interference theory is necessary as K decreases toward 
unity, but it is equally valid for high-K wigglers. The mathematical relation- 
ships that explain the precise properties of wigglers and undulators are contained 
in the footnotes below Figure 2. For the purposes of the following discussion, 
note that (1) undulator radiation has a structured spectrum consisting of peaks 
at the fundamental wavelength k and harmonics m (Footnote l), and (2) the 
fundamental radiation is emitted Pinto a solid ang e P (Footnote 2). P With theas 
definitions one can describe generally the performance of insertion devices. 
Figure 1 shows the spectral brilliance and the qualitative differences in the 
spatial character of the radiation from different sources. Spectra for two 
different undulators are depicted in Figure 2. Finally, Table 1 gives specific 
performance data for a number of different devices. 

Generally, lower-K and higher-N devices (undulators) produce radtation with 
greater directionality. For a low-K undulator, the solid angle 0 = -, and it 

Y2N 
contains a quasi-monochromatic beam with a fractional bandwidth M/X equal to 
l/N. The total number of photons In this beam is increased by a factor of N and 
the brightness by a factor of N2, compared with a beam from a bending magnet. 
Typically, N = 100, so the gains are substantial. As shown by Footnote 4, the 
power in the fundamental Pl is a substantial fraction (two thirds) of the total 
device power PTGT when K = 1, and P~/PTGT + 1 as K + 0. Therefore, the most 
efficient production of radiation in a narrow bandwidth around $ occurs for 
devices with K IL 1. As K increases with fixed b and L (by varying either 

&l or y), the solid angle Q remains constant. Thus, a high-K device is still 
capable of producing highly directional radiation of wavelength $, with N-fold 
intensity enhancement. However, 
harmonic power given by 5' Pl, 

this solid angle now includes substantial higher- 
and the bandwidth is increased to (1 + K2/2)/N. 

2 
This decrease in coherence is a direct result of the large angular excursions of 
the electron in a high-K device, which diminish the relative range of angles 
over which constructive interference occurs. 

Before discussing the specific consequences of the behavior described 
above for the next generation of machines, one more point should be made. The 
brilliance of K = 1 undulator beams is potentially so high that their ultimate 
quality is strongly dependent on the emlttance of the storage ring. First, the 
spatial size of the electron beam in a storage ring must be small enough so that 
at a reasonable distance d one can select out an area d2Q through which the 
first harmonic will pass. Second, the angular divergence of the electron beam 
should be on the order of &I2 or smaller. For this reason, the next generation 
of storage ring will be designed with very low emittance. 
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SYNCHROTRON RADIATION 

KeV 

Figure 2. Spectral Brilliance a8 a Function of Photon Energy. Spectral bril- 
liance through a pinhole aperture.as a function of photon energy is shown for 

the 4000ev-fundamental-energy undulators of Table 1, for both the 1.3~GeV ring 
(eol.fd line) and tha 6-GeV ring (dashed line). The spectral brflliance and 
purity of the 1.3-GeV machine is diminished at 6 GeV, while the power to the 
optical alemane is increaeed. 

Footnotes : Insertion-Device Properties 

The fundamental wavelength Ap of an undulator of period Au at an opening angle u is: 

A 
A; = + ( 1 + K2/2 + Y202 2-Y El 

) 

The radiation i# unitted into an opening angle 

The power in tho~fundamontal is: 

The ratio of the total power to the power in the fundamental is: 

z %I m p I 1 + K2/2 
1 

The total power from the &vice is: 

'T - 0.127 (E(GsW2 <B(kG)> 2 L(a) I (A) 

ml1 1 

(FN3) 

WN4) 
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SYNCHROTRON RADIATION 

Undulator Performance and Storage-Ring Design: 
The Need for Two Machines 

Footnote 1 provides the basis for choosing the energy E of the machine neces- 
sary to produce a K = 1 device operating in the range 0.5 A < b < 1.0 A. For 
a fixed-length straight section, it is best to make the period h, as small as 
possible for K - 1. The limit on Au is determined by magnet technology and re- 
sults in a machine-energy requirement of 6 GeV. There is a similar optimum energy 
of about 1.5 GeV for producing fundamental undulator radiation with Ap > 10 A. 
Nevertheless, there is a basic asymmetry between the two machines: A high-energy 
machine can produce lower-energy undulator radiation by making A,, or K larger, 
but a low-energy machine cannot produce first-harmonic radiation in the x-ray re- 
gion because of the lower limit on Ju. To use higher harmonics for this 
purpose requires large K and greatly diminished brilliance. Let us consider in 
more detail two important technical issues relevant to our recommendations: (1) 
the problems of producing soft x-ray ultraviolet (XW) (b < 10 A) undulator 
radiation on a 6-GeV machine and (2) the thermal loads generated by hard-x-ray 
undulators on a 6-GeV machine. 

(1) To produce hp = 10 A with E - 6 GeV requires a reduction In N (an in- 
crease in Au, for fixed L) and changes in either K or B or both. Table 1 
compares XW devices on the ALS machine with devices to produce the same JI, 
on a 6-GeV machine. In this comparison K and B are changed in the device in 
such a way as to keep constant the total power produced. The result for the 
400-eV device, for example, is a reduction in brilliance on the 6-GeV machine by 
a factor of four and a concomitant increase in the 
a factor of eight. Clearly, the beam quality has 
densities may exceed those tolerable on delicate XW 

the spectral purity is decreased, as shown in Figure 

power in the central spot by 
diminished. Also, the power 
monochromators. In addition, 

(2) The power densities produced by hard x-ray undulators are clearly high, 
as demonstrated by the last entry on Table 1. This issue will be the subject 
of substantial research and development during the preparation of proposals 
for 6-GeV facilitfes. It is, however, already clear that the total power and 
power density can be withstood by properly engineered nonoptical components. 
This conclusion follows from considering the powers and power densities created 
in fixed-target x-ray tubes (- l/2 kW/mm2). Starting from the power density 
of 2300 W/mm2 at 10 meters that is listed in Table 1, adjustments should he 
made for the placement of components at larger distances from the source and 
and for the implementation of oblique-incidence geometries. Furthermore, for 
purposes of the comparison in Table 1, the same currents were used for both 
machines. It is unlikely that a 6-GeV machine would have such a high current. 
The combination of all these factors diminishes the expected power densities to 
a few tens of W/mm2, well below known thermal limits for nonoptical components. 
Further research and development will be necessary to develop thermally robust 
optical components, but the situation is clearly less critical than for XW 

optics. 

To use a 6-GeV ring for soft-x-ray science, the higher-order power from the 
beam must be removed before the beam strikes the first focusing optical element. 
There exists in principle a solution to the higher-order-ver problem, using 
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total-external-reflection optics. The basic concept is that by properly choeing 
the mirror material and the angle of reflection, the unwanted highenergy 
photons can be absorbed on the first metal mirror* This is c-n practice in 
the hard x-ray region. For the XW region, an aluminum mirror at 30-mrad 
incident angle would absorb the higher harmonics Well at energies between 800 
and 1000 eV. A fundamental difference between work in the XW and the x-ray 
regions is that experiments in the XW commonly span up to two decades in 
energy (e.g., 20 l V to 2000 eV), while in the x-ray they rarely span a factor 
of two. Utilizing the total-external-reflection phenomenon in the XUV region 
is thus much more complicated because for every factor-of-two energy range, a 
separate mirror is needed. Usa of the total-external-reflection phenomenon in 
the XW will be further complicated by carbon contamination of the nirror, 
which is more of a problem in the XW and which occurs at a higher rate on a 
6-GeV ring. Research and development will be needed to determine the extent 
to which utilizing the total-external-reflection phenomenon can make a high- 
energy ring useful in the XW region. While the above problems can be extreme 
on a new 6-GeV ring, they are much reduced on a 2.5GeV machine like the NSLS. 

In addition to the power-handling problem, the time structure of a 6-GeV 
machine will be worse than that of an ideally designed small ring by a factor 
of two to five. In principle, short pulses could be attained with a 6-GeV ring; 
this is accomplished with lattice changes and optics and rf-driver modifications 
that are more complex and expensive on a 6-GeV ring than on a 1.3-GeV ring. The 
cost of W beamlines will also be higher on a 6-GeV ring, due to the scaling in 
size and the more complex optics. 

Conclusions 

Given these considerations, the need for separate machines 

optimized in the hard and soft x-ray regions, respectively, becomes 

apparent. In determining the relative priority of the two machines, 

there are two factors to be considered. 

1. There are no dedicated facilities where hard x-ray un- 

dulatorr can be developed, whereas some limited oppor- 

tunitiee for developing XUV undulators do exist. 

Of the two high-energy (E > 4 GeV) storage rings operating in 

the USA (PEP and CESR), neither has any prospect of dedicated oper- 

ation. Nevertheless, important experience could be gained by devel- 

oping undulatora for research-and-development purposes on these 

rings. Such a device is now part of the SSRL (Stanford Synchrotron 

Radiation Laboratory) Enhanced Photon Flux Facility (SEPFF) con- 

: struction project. 
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On existing dedicated lower-energy rings (the SPEAR, Aladdin, 

and NSLS rings), undulators to serve the XUV regime are now under 

design or construction. Because other undeveloped straight sec- 

tions exist at these facilities, new construction could be under- 

taken to further increase the XUV capacity. 

2. Although the low-energy ring cannot provide undulator 

capability in the x-ray region, the high-energy machine 

can access some of the XUV region, albeit with reduced 

performance. 

The production of x-rays on a low-energy ring is limited to 

the use of high-field wigglers. Although these sources do not 

represent an improvement in flux over beams produced by bending 

magnets on SPEAR and at NSLS, they would represent an increase 

in capacity. 

Soft x-ray undulator radiation produced on a high-energy 

machine would have a brilliance that is lower than that produced 

on an optimal lower-energy machine but higher than that produced 

by existing devices. Therefore, in principle, the high-energy 

machine could provide new XUV capability. However, two substantial 

difficulties arise. First, the spectral purity is compromised, 

and second, the power in the central spot may exceed the power- 

handling limits of current optical technology. 
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Introduction 

The properties of insertion devices as sources of radiation 

are clearly impressive, yet our recommendations must ultimately 

have a scientific foundation. In our deliberations, the scienti- 

fic case presented in this section gradually emerged. While 

not exhaustive, the range of topics presented here does reflect 

the cross-disciplinary breadth of synchrotron radiation (SR) 

research. 

This section presents brief descriptions of individual re- 

search topics, descriptions that are divided into the general 

areas of techniques and applications. Thebulk-structure, surface- 

structure, and electronic-properties sections discuss general 

capabilities, accomplishments, and future opportunities offered 

by enhanced brilliance. Sections on imaging techniques and emer- 

ging techniques discuss substantially new approaches made possible 

by new capability. The applications sections present more speci- 

fic examples of the types of fundamental and technological pro- 

blems to which SR can be applied. These examples show that 

while SR research has a strong fundamental character, it also 

has a growing relevance to technology. 

Experimental Opportunities for Science and Technology 

Bulk Structure 

X-ray-Absorption Spectroscopy (EXAFS and NBXAFS) -- The extended x-ray- 
absorption fine structure (EXAFS) technique is among the most widely used 
and mature of SR methods for determining local structure, and it is the method 
of choice for structural investigations in certain disciplines. Important 
results have been obtained in the fields of catalysis, biology, metallurgy and 
materials science, and surface science, to name just a few. 

EXAFS specifically deals with fine structure at E > 50 eV above an absorp- 
tion threshold. In addition, analysis of near-edge x-ray-absorption fine 
structure (NEXAFS)--also referred to as XANBS (x-ray-absorption near-edge 
structure)-for E < 50 eV above an absorption threshold, can provide comple- 

. 
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mentary information on local electronic and atomic structure and has found 
equally broad applications. 

EXAFS and NEXAFS are discussed in detail in the following sections that 
deal with the different individual areas of study in which they have been ap- 
plied. Particularly important examples of the application of these techniques 
are found in the sections on biology, metallurgy, micromineralogy, catalysis, 
and surface structure. An example of their application to biology is the 

.~ determination of the structure of the active site for nitrogen fixation in 
nitrogenase. The structure of nitrogtnast is illustrated in Figure 3. 
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Figure 3. The Structure of Nitrogtnast. The enzyme nitrogenast is responsible 
for the conversion of atmospheric dinitrogtn into amonia, which can be assimi- 
lated by growing plants. The structural aspects of the molybdenum site in 
nitrogenase, where this conversion reaction is carried out, were elucidated 
for the first time by EXAPS, thus stimulating activity toward synthesis of 
inorganic analogues. 

Bulk Cry8tallography -- Cryrtallographic rttttrch ctrritd out in the pact 
few year8 at rynchrotron x-r&y tourct8 ht8 led to 8ignificmt advance8 in a 
number of l ra88, notably including the 8tudy of anomalow df8ptrrion and of 
diffraction from very 81~11 ringle-cryrtal rmplo8. In addition to mearuring 
large anoaulou8-8cattaring tfttct8. near 8b8OrptiOn odge8 and dmnon8trating 
the tnonnou8 pourer of mthod8 of cryrtal-rtructuro determination utili8ing the 
tunability of 8ynchrotron 8ourco8, rocont rtudie8 art uncovering fa8clnating 
dichroic tfftctr a88ociat.d with "white lin@. re8OMnt ab8OrptfOM. X-ray-dif- 
fraction data have nw ken obtainad from cry8talr 1~8 than 20 p in diameter, 
5hu8 opening up the pO88fbility Of 8WuCtUral analy8i8 Of & wide Variety of 
technologically-important 8Ub8tmCe8 ruch a8 XtOlitO IlalOcular 8itVO8. Area8 
of crystallographic rt8tarch with SR that &ro 8till 18rgaly unexplored but 
that offer grttt promhe include the dotominatlon of electron-don8ity distri- 

bution in Solid8 (u8ing ultra-high-rt8olution diffraction data) and the rtudy 
of time-dependent structural effect8 , t-g-, the rtrpontt of material8 to pertur- 
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bations such as laser excitations or varying electric fields. These time-re- 
solved applications will require advanced high-speed parallel data-collection 
systems with position-sensitive detectors. 

Some very significant advances may be expected in many areas of powder 
diffraction because of the improved resolution available with SIX. For example, 
it will be possible to apply the Pietveld technique, which involves fitting 
the complete diffraction profile to some structural model, to the analysis of 
considerably more complex structures having perhaps as many as 100 to 200 para- 
meters and also to the study of phase transitions in which there is a very 
small distortion of the structure. Other important applications of SR are to 
peak-shape analysis for particle size, strain broadening, disorder, and thermal 
diffuse-scattering effects; to search-and-match techniques; and to the indexing 
of unknowns. Anomalous-scattering methods will be very useful in powder studies, 
in order to contrast specific elements, especially when they are present in 
low concentrations in multiphase systems such as supported catalysts. 

Surface Structure 

A crucial problem in the study of solid surfaces is the determination of 
atomic positions or bonding geometries for species withfn the first few atomic 
layers. Atomic-structure information is essential to understanding the basic 
physics responsible for the surface structure and the properties of that 
surface (such as chemical reactivity). Historically, the most useful surface- 
structure information has come from the "surface sensitive" probes: electrons, 
ions, and neutral atoms. However, with the advent of SR, the photon has emerged 
as the most versatile of probes. Photon-based surface-structure techniques 
can be surface sensitive under some circumstances and highly penetrating under 
others. In the case of x-ray diffraction, crystallography techniques, which 
have routinely yielded the atomic structures of most known bulk crystals, 
are nw being used to determine surface structures. When local-structure infor- 
mation is desired, spectroscopy techniques such as surface extended x-ray- 
absorption fine structure (SEXAFS), NEXAPS, and photoelectron diffraction have 
been applied with great success* The following sections discuss each of these 
techniques in more detail. 

SEXAFS-- The SEXAFS technique applies the concepts of the established 
(bulk) EXAFS technique to the determination of atomic arrangements at surfaces. 
Like EXAFS, the SEXAFS technique measures the x-ray absorption coefficient of 
an atom that is selected by Its absorption edge. The detailed modulations of 
the x-ray-absorption coefficient, which are caused by the scattering and 
interference phenomena of the excited photoelectron wave, are used to probe 
the local environment of a selected atomic species in the surface complex. 
Measurement of the x-ray-absorption coefficient is accomplished in a surface- 
sensitive mode, usually by means of total-electron-yield or Auger-electron-yield 
detection. Fourier transformation of the measured modulations yields very 
SCCUtatS (2 0.01 A) !DSSSUrSUMmtS of the lengths of the bonds between the 
selected surface atom and its neighbors, as well as its coordination number. 
These positional accuracies are 5 times higher than those of the electron-dif- 
fraction methods that were previously used and developed. The power of SIZXAFS 
lies not only in its accuracy but also in its applicability to disordered 
surface complexes whose local structure could not previously be resolved. 
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Since the beginning of SEXAFS spsctroacopy in 1978, the technique has been 
developed into a reliable surface-structure tool. About 30 surface-*ructure 
determinations have been auccaaafully carried out 80 far, including the deter- 
mination of the structure of atoms and molecules bound to metal and aemiconduc- 
tor surfaces and the determination of the growth of natal/a4miconductor inter- 
faces. The technique now has a sensitivity of about l/3 of an atomic surface 
layer. Next-generation x-ray and soft x-ray aourcaa will permit sensitivity 
increases of 100 to 1000 times and will make it possible to carry out experi- 
ments much more rapidly, in order to observe time-dependent dynamic effects. 
With increased brfghtneea of the x-ray source, it will also be possible to 
develop a microscope based on SEXAFS than can be used to study the structure 
of surface regions approximately 1 p in size. 

NEXAFS -- A technique related to SEXAFS is NEXAFS, also referred to as 
XANES. NEXAFS involves the modulations of the x-ray-absorption coefficient 
within about 50 eV of the excitation threshold. This energy region, which Is 
usually ignored in the SEXAFS analysis, provides important structural infor- 
mation that in many cases is complementary to the information obtained through 
SEXAFS. It is this region that exhibits the largest modulations of the ab- 
sorption coafficlent and that is therefore the moat easily recorded experi- 
mentally. The theoretical interpretation of the nearLedge structures was 
first tested on gas-phase molecules and recently has been applied to chemiaorbad 
species, like hydrocarbons on transition-metal surfaces. NEXAFS makes it 
possible to use a technique that is sensitive to molecular structure to monitor 
chemical-reaction processes of molecules on surfaces. NEXAFS readily reveals 
the molecular orientation, the hybridization of the intramolecular bonds and 
the intramolecular-bond lengths. The importance of such information lies in 
the elucidation of the catalytic-reaction paths of molecules on surfaces. The 
sensitivity of NEXAFS is now about l/10 of an atomic surface layer. Again, 
improved x-ray sources will greatly increase the sensitivity. More importantly, 
because of the large size of the modulations and the relatively small energy 
range (50 eV) needed for NEXAFS studies, it appears that it will be possible to 
record a complete NEXAFS spectrum in a short time interval and thus record 
time-dependent phenomena. 

Surface Crystallography -- Developments in this field demonstrate the po- 
tential for making surface-structure determination as routine as conventional 
crystallography. The variety of systems amenable to study is large because 
the high aynchrotron flux provfdea r4aaonable signals even from low-2 materials 
and because the penetration depth allows studies of deep layers and interfaces. 
Contrast with the substrate or the bulk can be achieved naturally (if the 
adsorbate or reconstructed structure is incommensurate), by employing anomalous 
scattering techniques with the absorbate atom of interest, or by using an 
adsorbate to "decorate' a reconstructed surface. The penetration depth can be 
varied from the bulk absorption length in normal incidence to the extinction 
length in a total-external-reflection geometry. 

Surface reconstruction is one of the moat interesting of surface-structure 
problems. So far, experimental work has been carried out on the reconstruction 
of the (100) surface of germanium, and plans are underway for studies of the 
7 x 7 structure of silicon. Preliminary studies of the Au( 110) surface have 
demonstrated that in very favorable cases, high-intensity rotating-anode x-ray 
sources provide enough flux. However, it is clear that the wider possibilities 
using synchrotron sources will eventually include much more ambitious structural 
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Figure 4. An Application of NBXAFS. This figure provides an example of the 
uee of the NEXAFS technique to determine the orientation of an adsorbed 
molecular species, 02 on Pt, utilizing the sensitivity of the x and Q reso- 
nances (A and 8, respectively) to the polarization of the photon beam. 
The measurement determined not only that the oxygen was molecular on the 
surface, but it also determined the orientation of the oxygen and the O-O 

bond length. 
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work involving more complex systems and smaller atomic motions. In the latter 
category is work on the reconstructed surfaces of transition metals such as 
tungsten and molybdenum. Another category of reconstructed surfaces involves 
insulators, about which very little is knovn because they cannot be studied 
with electron techniques. 

Adsorbate systems have received substantial attention so far, perhaps 
because the surface preparation involved is often simpler than for reconstructed 
surfaces. Studies of lead monolayers on single-crystal copper have revealed a 
metastable commensurate structure and a stable one-dimensional Incommensurate 
structure and have documented the melting process at high temperatures. A 
variety of experimental studies of adsorbates (Xc, Kr, 02, CF4, Ar, N2) on 
various graphite substrates, including single crystals, have been conducted. 
Important issues include incommensurability, orientational epitaxy, and the 
nature of various phase transitions (see the later section, "Phase-Transition 
Physics"). 

A number of studies of thin films have been carried out in two principal 
categories, amorphous films (studied by anomalous scattering) and freely sus- 
pended liquid-crystal films. This work has revealed a number of exciting 
physics and materials-science issues and promises to be a -very active area as 
synchrotron beamlines become. more generally available. X-ray beams that are 
more intense and more highly collimated would make possible a host of improve- 
ments in these studies: (I) extension to a vider variety of systems, (2) in- 
creased resolution, (3) the development of diffraction microscopy, and (4) 
time dependent studies, such as was pioneered recently in vork on Si and Ge 
recrystallization following laser annealing. 

Photoelectron Diffraction -- Xn this technique, as in SKXAFS/NEX.US, core- 
level excitations ate involved, but the emitted-photoelectron intensity is 
measured in a specific direction. Diffraction associated with photoelectron 
scattering from various atoms near the emitter produces modulation6 in inten- 
sity as a function of either the emission direction or the incident-photon 
energy. Changing the photon energy changes the diffraction by altering the 
electron wavelength, as in SEXAFS. 

Such measurements are found to ha very sensitive to the type of surface 
bonding site involved and have also been shown to be capable of determining ad- 
sorbate positions to within approximately 0.05 to 0.01 A. Although such moasure- 
ments have been carried out over photoelectron energies from approximately 30 
to 1500 eV, vorking at energies greater than 200 eV resulta in a single-sat- 
tering procesr similar to that used in SIXMS. Applying Pourier-transform 
methods to data obtained by scanning the photon energy may yield bond dirtances 
very directly., In addition, at energies greater than 1000 l V, simple forward- 
scattering from nearest-neighbor atoms can produce peaks in Intensity along bond 
directions, thus providing very direct structural information. 

Systema studied so far have included atomic and molecular adsorb&es on 
metals and semiconductors, metal/semiconductor interfaces, and.layered compounds. 
Adsorption on stepped surfaces used a8 models for catalysts has also been studied. 
Thus, a wide range of problems is accessible vith this technique. 

In studies of very dilute surface species, the high intensity and tunabil- 
ity of SR is crucial for future work. However, the lack of SR sources in the 
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difficult region of 500 to 1500 eV has led to a coneiderablo numbor of high-energy 
studios being perfornod with standard x-ray sources. Using these eourcee, angle 
scene mey teke several hours, so it is clear that next-generation SR sources 
planned for this onorgy regime will much facilitate photoelectron diffraction. 
In addition, the directional selectivity required in the diffraction measurement 
roducee Intensities by a factor of approximately 100 helow those in SEXAFS, so 
that highor-lnteneity eourcee are needed over the full spectral range fram 100 
to 1500 ev. ?Iaving a much-highor energy reeolution of approxlmetely 0.1 ev 
would also permit separate study of the diffraction effects associated with 
difforont chemically-shifted core peaks; for example, diffraction from ffret- 
layer and second-layor atome could be distinguished for cottain eurfacee. 
Finally, a very finely focused photon beam should permit l uch meaeuremente 
with a spatial resolution of 20 p or lees. 

Electronic Properties: Bonding Structure and Dynamics 

Photoemission from Solids and Solid Surfaces - Photoemission refers to 
the measurement of the energy distribution of electrons emitted when a photon 
is absorbed by matter of any form. Photoelectron spectroscopy has always 
been a very useful tool for probing the electronic states of atoms, molecules, 
and solids, but the use of SR sources in the last IO years has revolutionized 
this field. 

1. Angle-Resolved Photoemission 

Angle-resolved photoemission has become to electronic structure what x-ray 
scattering is to crystallography and neutron scattering is to phonon structure. 
In general, given a single crystal, the three-dimensional bulk or the two-dimen- 
sional surface band structure can be determined. The unique capabilities that 
are available with a polarized, tunable, and intense radiation source allow 
the experimenter to tune to any part of the two- or three-dimensional band 
structure and to determine the orbital symmetry of each state. These simple 
symmetry rules have been used to determine bulk band symmetries, surface 
state (intrinsic or extrinsic) orbital character, and the bonding orientation 
of adsorbed molecules. Electronic-structure measurements have been made on 
such materials as simple metals or semiconductors, transition metals and rare- 
earths, compound semiconductors and alloys, and intercalated graphite and 
layered compounds. 

Angle-resolved-photoemission measurements on surfaces of single crystals 
have revealed in detail the character of the two-dimensional states for clean 
surfaces, i.e., surfaces with atoms or molecules adsorbed from the gas phase 
or with bulk impurities segregated to the surface. Not only can the electronic 
states of the adsorbate/subetrate bond be observed, but the adsorbate/adsorbate 
interaction can also be measured, either directly or through the substrate. 

2. Core-Level Spectroscopy 

There is a type of photoelectron spectroscopy that is conceptually differ- 
ent from the type described above; It involves removing electrons from core 
levels instead of from the valence or conduction bands. This type of experiment, 
which Is called ESCA (electron spectroscopy for chemical analysis), measures 
the binding energy of core levels as a function of the bonding configuration 
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of the atom. The binding energy depends upon the surroundings of the atom 
being studied, such as the coordination number and the charge transfer. For 
example, the 4f core level of Ta will shift approximately 0.4 eV for a surface 
atom compared to the bulk atom, and adsorption of oxygen will cause a chemical 
shlf t of approximately 1 to 2 eV. The inherent line width of these 4f states 
is approximately 0.1 to 0.3 eV. 

The advantages of SR for these core-level studies lie in the energy resolu- 
tion, tunability, and intensity. A resolution of 0.1 eV is available from 
up-to-date grating monochromators. The tunability of the synchrotron makes it 
possible to either optimize the cross section or to select a kinetic-energy 
regime to accentuate the bulk or surface contribution to the spectra. This 

form of high-resolution ESCA has been used successfully to observe such phenomena 
as the various oxide states of a surface such as Sl; the difference in surface 
chemistry on terrace or step sites; the shift in core levels at the clean 

surface compared to that in the bulk; the shift induced by chemisorption of a 
foreign atom or molecule; and the charge transfer In Intercalated graphite. 

An example will clearly demonstrate the impact of eynchrotron core-level 
spectroscopy. On a Pt(ll1) crystal there is a 0.32-eV reduction in the 4f ‘I2 
binding energy of a surface atom compared to that of a bulk atom, but a Pt 
atom at a step edge on the surface experiences a 0.58-eV_reduction in binding 
energy. Once the step atoms were identified, the experiments showed that CO 
adsorbed onto a surface with steps bound preferentially to the Pt atoms at a 
step, thus causing the binding energy of the Pt atom to increase by 1.29 eV 
(0.7 eV higher than the binding energy of a bulk atom). This observation was 
expected, due to charge transfer from the Pt d-states into the CO 2x level dur- 
ing the process of bonding. In contrast, this study showed clearly that the 
addition of K as a catalytic promoter did not donate electrons to the Pt 
d-states as all models had predicted, thus suggesting that the simple models 
for alkali promotors must be reevaluated. 

3. The Future with Insertion-Device Machines 

For most problems, angle-resolved photoemission can be accomplished with 
the intensity and resolution available with the current-generation bending-mag- 
net machines. However, there are several modifications of the conventional 
experiment that require considerably more brightness. In contrast to angle- 
resolved photoemission, high-resolution core-level spectroscopy can benefit 
immensely from the new-generation insertion-device machine. 

The ultimate angle-resolved-photoemission experiment should resolve not 
only the energy and momentum of the emitted electron but also the spin polarl- 
ration. The limitation is the 10B3 to 10v6 efficiency of spin-polarization 
detectors. Given the capability to resolve spin polarization, the detailed 
character of the exchange splitting and the spin polarization as a function of 
temperature could be determined for any point in the two- or three-dimensional 
band structure; phase transitions in rare-earth intermetallic compounds could 
be investigated; current theories of itinerant ferromagnetic8 could be tested; 
and magnetic properties of surfaces could be investigated. 

A study of magnetic surface properties has recently been carried out in 
Europe. Figure 5 shows angle-resolved-photoemission spectra from a specific 
point in the surface Brillouin zone of Ni(ll0). The two peak8 near the Fermi 
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Figure 5. Angle-Resolved-Photoemission Spectra from Ni(ll0) 

energy are surface states, one from the majority spin band and the other from 
the minority band. The exchange rptitting is 0.3 eV, approximately equal to 
the bulk exchange splitting of Ni. This laeasurement clearly shows that the 
surface of Ni is not magnetically "dead." Future work will measure the net 
macroscopic polarization in each state as a function of crystal temperature. 
The local exchange splitting will persist above the Curie temperature, but the 
polarization will disappear. Such an experiment would lead to an understanding 
of the surface magnetization, including both the surface Curie temperature and 
the magnetic domain size. Bventually one wants to study the magnetic properties 
of surfaces that are contaminated with impurities. 

Clearly, undulators would make spin-polarized experiments as easy as angle- 
resolved photoemission is today. It ia important to be able to tune the 
incident polarization; such control could be achieved by means of a combined 
vertical and horizontal undulator. The momentun resolution of most energy 
analyzers now used at synchrotron facilities is too large for studies at 
higher photon energies or for samples with large unit cells. A reduction of 
an order of magnitude or more in signal will result when the momentum resolution 
is improved. The new high-brightness insertion device0 will allow measurements 
to be routinely conducted with better energy and angular resolution. 
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Modern grating monochromators specially adapted to tha unique source 
characteristics of a storage ring promi to give a resolution of better than 
0.1 ev (up to 1000 eV). To estimate the flux available at this resolution, 
it can be noted that a typical comsorcial ESCA instrument using an Al; target 
at 1 kW deliver8 approximately 1012 photons/S/30 rrma2. ‘l)rs inherent resolution 
due to the Alma line vidth is 0.83 eV. When the resolution is improved to 
approximately 0.3 eV by using any of the cwrical 0.5mater quarts-crystal 
monochroaators, the counting rata is reduced by approximately two orders of 
magnitude. In contrast, a nsw toroidal grating monoohroaator will conser- 
vatively yield 4.0~10~~ photons/s/mm2 at 0.3 eV resolution when coupled to 
a bending magnetic with a 0.5-A beam current. Thir performance is an improve- 
ment over that available vith comaorical II&CA instruments, but it is probably 
not significant enough to bring a large majority of convsntional ESCA users 
out of their laboratories. 

The performance is considerably better using an undulator on a machine 
operating at approximately 1 GeV. 
of 1012 photons/s/mm2 

A good monochromator could produce in excess 
with a resolution of 0.1 eV. Compared to what is 

available with conventional ESCA instruments, this performance represents an 
increase in flux of at least two orders of magnitude and an order-of-magnitude 
improvement in resolution. Such a capability would allow the study of very 
small concentrations and dynamical processes. For example, it is quite possible 
that the thermal evolution of any species such as an adsorbate, impurity, or 
intercalant could be followed directly. 

4. Excitation Experiments 

The order-of-magnitude increase in brightness available from undulators 
-_ will make it quite feasible to measure the angle-resolved-photoemissfon spectra 

of normally unoccupied states that have been populated by laser excitation. The 
few experiments that have been attempted in this area indicate that excitation 
is accompanied by quite dramatic charge redistribution in the occupied bands. 

There are many coincidence-type experiments that become possible with the 
Increased signal available from an insertion device. In many of these experi- 
ments, one of the channels is the energy-resolved electron that is emitted 
either by the direct ionization or by the subsequent Auger decay.. The sections 
in this report on gas-phase spectroscopy and photon-stimulated desorption dis- 
cuss experiments in which one of the coincidence channels is the ion fragment 
and the other is the emitted electron. There is also a class of experiments 
that is concerned with electron/electron colcidence between the primary emission 
and the subsequent Auger decay. For example, one channel could be set on the 
surface core-level peak for a step-edge atom, and the other channel could 
sweep through the Auger signal. This technique would give direct information 
about the local density of states on an atom located at a step. 

Gas-Phase Spectroscopy 

1. Current Studies 

.- 

Gas-phase spectroscopy as practiced at SR facilities Is primarily the study 
of highly excited states of atoms and molecules. This study includes the 
characterization of the electronic states of these many-particle systems, of 
the decay channels of the excited states, and of the interaction of the excited 
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atom8 or molecule8 with other gar-phase molecules. In the last decade, the 
scientific progress in this small but active area of research has been substan- 
tial, and the new generation of insertion devices will lead to revolutionary 
improvements. 

Experimental investigations of the resonance states (shape resonances) in 
the continuum of molecules, coupled with theoretical calculations, have lead 
to a clear understanding of the origin of shape resonances. The symmetry 
properties of these resonances are now commonly used to determine the bonding 
orientation of molecules adsorbed on surface8, and the energy position of the 
resonance reveals the bond length of the molecule on the surface. 

Experiments in Europe and the USA on the photoionization characteristics 
of metal vapors are producing a clear picture of the photoexcitation process 
in transition and rare-earth metals. When the next-generation light sources 
become available, it will be possible to study multimetal clusters with and 
without ligands. These experiments will be seminal la identifying the degree 
of localization of the chemisorption bond on a surface and could be the key to 
understanding reactions on a finely dispersed catalyst. 

Work is also being conducted on photoinduced fragmentation of molecules 
and transition-metal complexes; this work will have a direct impact on the 
understanding and the utilization of photon-stimulated deeorptioa (PSD) from 
solids. In addition, this type of study suggests the use of tunable soft 
x-rays to stimulate selected chemical reactions that will selectively break 
large organic molecules. 

A final example of the impact of gas-phase spectroscopy on condensed- 
matter science is the exciting photochemistry being investigated in Europe. 
This work uses a tunable synchrotron source to preferentially excite molecular 
ions to specific vibronic stater. The ions are then allowed to interact with 
a second gas-phase species. Thi8 work, along with the work described in the 
previour paragraph, constitute8 jurt the first sign of a new type of photo- 
chemistry. 

2. The Impact of New Machines 

In the future, the new insertion-device-based machines will have a great 
impact on gas-phase spectroscopy. The signal in most gas-phase-spectroscopy 
experiments is very low and will benefit spectacularly from the orders-of-magni- 
tude increase in brightness that is offered by these insertion devices. In a 
gas-phase experiment, the sample density is approximately lo-lo times the 
sample density in an experiment involving a solid, and the required resolution 
Is at least an order of magnitude smaller. For example, in many gas-phase 
experiment8 the output signal may be proportional to the machine brightness to 
the third power, so a lo4 improvement in brightness would permit qualitatively 
new experiments. A simple argument will illustrate the dependence of the experi- 
ments on brightness. 

For a given monochromator design, the output flux per unit energy resolution 
depends linearly upon the brightness of the source. If the ions or electrons 
being produced are to be energy analyzed, then the product of source area and 
accepted solid angle (brightness) is conserved In the analyzer, thus giving 
another measure that is linearly dependent on the brightness. Also, in many 
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Figure 6. Ion-Fragmentation Patterns for N2 Near the Nitrogen K Absorption 
Edge. The singly ionized molecule appears only at 401 eV, the nbolscular- 
nitrogen TL rsronance, whore a direct-recombination process resulta in removal 
of only a single chargo from the molecule. other Auger decay processes lead 
to singly and doubly ionized atamic nitrogen. 

. 
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future experiments, the amount of sample material may be very small, thus re- 
quiring small beams and a bright source imaged onto the sample region. 

One prototype experiment will clearly illustrate the gains that are pos- 
sible with the new sources. The core-level ion-fragmentation studies described 
above were carried out on a bending-magnet beamline. The counting rate for 
the ions produced was approximately 10 Hz in a peak, and the equivalent count- 
ing rate in the energy distribution of emitted electrons was approximately 1 
Hz. These rates were accumulated with a photon resolution that was 10 to 50 
times poorer than what was needed to fully separate features in the spectra. 
The experiment that one would like to do requires better resolution in both 
the incident light and energy analyzer and enough light Intensity so that the 
electron-decay signal and the ion fragmentation can be run in coincidence 
while simultaneously measuring the kinetic energy of the ions. Such an experi- 
ment would require the brightness to be increased by a factor of approximately 
104; It would also require a new monochromator that would produce an energy 
resolution of 1 part in lo4 at a photon energy of hundreds of volts. 

The new insertion devices will also create the following opportunities 
in gas-phase spectroscopy: 

A. When a photon excites an atom or molecule, electrons, ions, and photons 
are emitted as a result of either the excitation process or the resul- 
tant decay. An in-depth picture of the dynamics of the process can 
be obtained by coincidence measurements. For example, coincidence 
between the energy-resolved electrons and the ion fragments can deter- 
mine the decay channel. Ion/ion-coincidence measurements will relate 
the ion pairs in the fragmentation, and electron/electron-coincidence 
measurements can detect multiple Auger decay or relate structure in 
the Auger spectra to the initial excitation state. 

B. It will become possible to study the electron energy levels and the 
lifetime of excited complexes by synchronizing a laser and the short 
time pulses from the storage ring. 

c. The photoemitted electrons will be intense enough so that they may 
be run through a spin-polarization detector, which usually has an 
efficiency of 10e3 to 10B6. 

D. The proposal from LBL to couple a vertical and a horizontal undulator 
to “control” the polarization points the way to a technique that 
would allow the experimenter to easily investigate the “right” or 
“left” handedness of complexes. 

E. It will be possible to use dilute supersonic beams or to investigate 
the interaction in crossed molecular beams. 

In summary, these new and bright insertion-device sources will open up 
new frontiers in gas-phase spectroscopy for exploring in detail the geometric 
and dynamic properties of atoms and molecules In electronic states previously 
inaccessible. 

Photon-Stimulated Desorption (PSD) -- PSD is a relatively new application 
of SR that has both promise as an analytical tool and the potential for provid- 
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ing some new insight into the energetic6 and dynaricr of highly excited surface- 
bonding states. The analytical uacfulnero l riaoa from the highly specific 
nature of the desorption process. Desorption occurs only from the surface 
layer and only from the surface-bonded complex that is electronically excited 
by the incident radiation. Thus, surface-and site-specific information can be 
derived for the desorbed species by analyzing the spectral dependence of the 
desorption (by means of NEXAPS and EXAPS), as dlscuased in the preceding sections 
on surface structure. Surface structure can alao be directly analyzed through 
the study of ion-angular distributions. There are a number of important problems 
of fundamental and technological interest regarding which desorption can 
provide unique insight. Two examples of such problems are: 

1. Catalysts and Catalyst Supports -- Catalysts in general have complex 
surface structures whose chemistry is dominated by minority sites. 
The site and adsorbate specificity of PSD allows the study of such 
complex surfaces in a direct way. 

2. Hydrogen on Surfaces -- Hydrogen/surface chemistry is critical in a 
range of technologically important processes, including catalysis, 
corrosion, semiconductor processing, electrochemistry, ceramic proces- 

sing, and many others. PSD is very sensitive to hydrogen and can not 
only define its bonding site but also determine the electronic and 
geometric structure of the site. 

Because desorption cross sections are often extremely small and because 
systems of interest involve submonolayer coverages, PSD is one of the most 
"photon hungry" of techniques. In addition, many systems and processes of 
high importance--e.g., catalysis, corrosion, and ceramic powders--involve the 
study of small particles, requiring the use of a highly focused photon beam. 

Desorption is now known to be induced by multiply excited states in which 
strong correlation effects lead to unique charge dynamics, which in turn can 
lead to both high-energy deposttion on a site and electronic lifetimes of suf- 
ficient length for desorption to occur. Investlgatlons of the physics of this 
effect will require examining systema with a. range of desorptfon cross sections. 
One of the most potentially informative of experiments involves the measurement 
of ionlion- and electron/ion-coincidence events. These studies require high 
flux, high spatial resolution, and timing capability. Coincidence experiments 
are not feasible with bending-magnet sources but could become feasible with 
insertion-device beamlines. An important adjunct to the desorption experiments 
is the study of photon-stimulated dissociation of large molecules. This 
research has had a direct impact on our thinking regarding radiation-induced 

- damage and chemistry. 

Imaging and Microstructure Pahrication 

Soft X-ray nicro8copy -- The term Wx-ray microscopy” rmfera to a broad 
range of techniques that use soft x-ray8 to obtain morphological Information 
about small objects. BiOlOgiCal and medical applicationa of aiCrO8COpy are 

. tha most prominent applicationa, but other8 are emerging. The acientif ic 
value of theae techniquea derives from limitationa in the preront approaches 
to microscopy. Specifically, visible-light microscopy, l lactron mlcroecopy, 

: and hard x-ray crystallography all provide excellent imaging capability, but 
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they have various limitation8. ror example, con8ldor a biological cell that 
i8 1 to 3 p wide and that contain8 intere8ting 8tructure8 smaller than l/4 p. 
It cannot be cry8tallited. It cannot be viewed with visible light and can 
only be imaged in the electron microecope if it ie dehydrated, rectioned, 
8tained with (maybe even replaced by) heavy metal, and placed in a high vacuum. 
There are many life-rcience problem8 that reguire a more gentle probe to gather 
morphological information with lees damage than would be done in the electron 
mIcroscope and to allow the eample to remain in its natural, wet, living 8tate 
in the atao8phere. Imaging with eoft x-ray8 promise8 all this plu8 element 
di8crimination using X-ray-abOOrptiOn edge8. 

1. General Technical Requirements 

It appear8 that a breakthrough in x-ray imaging will result from advances 
in the microfabrication method8 developed by the 88miCOndUCtOr indurtry. Zone- 
plate lenses with a epatial re8olution of 600 A are being fabricated, and 
values of 100 to 200 A are expected 8oon. This development open8 the way to a 
range of soft x-ray imaging method8, provided that a euitable 8ource i8 avail- 
able. This 8ource mu8t have optimum output in the 20 to SO-A region (covering 
the 0, C, and N K edges), and for imaging it muet provide the highe8t poaeible 

coherent power. (Thi8 quantity ir clo8ely related to the spectral brilliance.) 
The88 requirement8 will be met by an undulator having a large number (e.g., 100 
to 300) of period8 and operating on a low-emittance 8torage ring of an energy 
between 1 and 2 GeV. 

For example, the emittance of a spatially coherent, 30-A x-ray beam is 
- 2 x 

t in 1 
too9 m.rad. 

(%o)2 

30-h photon8 emitted from a phaoe-space volume larger 
cannot be utilized. A8 a result 99.99% of the radiation from 

bending magnet8 is Wasted in imaging experiment8 conducted on pre8ent storage 
ring8i the next-generation atorage ring8 and UndUlatOr8 are very important to 
this work. 

2. Specific Experimental Method8 

Table 2 indicate8 six of the more important method8 of x-ray imaging and 
the improvement8 expected with the next generation of 8ource8. Only one method 
(number 1) now give8 u8eful biological results, but mart of them will do 80 
given the new 8ource8. The mo8t fully developed method8 are number8 2 and 3, 
which are already applied to biology. The three-dimen8ional method8 will take 

longer to develop, but they are of considerably more importance. 

3.. Specific Examples of Research Problems That can be Approached through 
Soft X-ray Microscopy 

The manner in which bone-matrix vesticles organize themselves and eventu- 
ally determine the calcium structures that form bone is not well understood. 
It is expected that this process can be followed using calcium-specific x-ray 
imaging methods and understood with the help of calcium EXAFS studies, if 
necessary, on a pixel-by-pixel basis. 

Nerve cells can be imaged by conventional means, but there is no easy way 

to distinguish a joint (a synapse) from a simple overlap. Thus, the "wiring 
diagram” cannot be understood . Wfth the aid of element-specific x-ray imaging, 
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Table 2 

Six Important Methods of X-ray Imaging 

Technique Prwnisa 

AA 
x Status 

with Present Next Steps Given 
Disadvantages (N SOUfCeS New Sources 

1. Contact 

2. Zone plate 
lens imaging 

3. Scanning 
through zone 
plate focus 

4. Scanning 
rpflec0oll 
systems 

Mew x 10% 
SCAM30 
capability, 
high speed 

5. Holographic 30 images 
microscopy d-few x 102A 

6. Soft x-ray 30 images slaw 
diffraction 6-f~ x 10A high diu~ge 

l 6 f resolution 

65oA+ 

6-NO-200A 
(zone plate 
limited) 

6-MI-2OOA 
(zone plate 
limited), in- 
trinsically 
low damage, 
integrated 
with computer 

20 
thin specimens 
only, damage 
problems 

mainly 2Il 
high damage 

mainly 2D 
SlW speed 
hence snail 
field 

difficult to 
fabricate 

SlaJ 

2 

0.3 

0.3 

none 

0.1 

0.3. 

successful 
biology In 
progress 

successful 
trials at 
6-A 

successful 
trfals at 
6-3000A 
exposures of 
an hour or so 

trials at 
6- 3un with 
high contrast 
Objects 

achieve 6 
goal 

trials at 6-lun smaller 6 
with high shorter exposure 
contrast with low contrast 
objects 30 objects 

proof of 
principle 
stage 

reconstructions 
fran single 
exposure (axial 
res'n less good) 

30 
refinements 

achieve 6 goal, 
faster exposures, 
mitigation of 
damage problem 

achieve 6 goal, 
few second 
exposures, 
incorporate 
spectroscopy L 
microanalysis 
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it should be possible to highlight the synapses and thus follov the neuron-to- 
neuron connection sequence. 

A similar three-dimensional structural problem is the elucidation of the 
arrangement of proteins, lipids, carbohydrates and vater in ordinary biological 
cells. This basic problem cannot be solved by ordinary methods even in such 
well-known cells as blood platelets and bacteria. Bacteria have been chosen 
for a structural study that uses the C, 0, and N K edges to give atomic speci- 
ficity. L 

Microprobe Characterization -- Microprobe characterization of materials-- 
an effort that includes both biological and medical applications-involves 
an investment of over $500 million nationally in electron microprobe equipment 
alone. However, x-rays have always been the radiation of choice for microprobe 
anal 

r 
sis because they provide the following advantages over electron excitation: 

a LO -better 
of 10 to 102; 

signal-to-noise ratio; cross sections that are higher by a factor 
reduction by a factor of low5 to lO’6 in the energy dissipated 

in the sample for the same detectable limit; improved accuracy in quantitative 
analysis; and the capability for measurements in the preeence of air or H20 
(in viva) with negligible charge collection. Historically, the low brightness 
of x-ray sources has prevented them from competing with electron sources, both 
because of the high brightness of the electron sources and-because of the ease 
with which electrostatic and magnetic lenses collect and focus electrons. 

With the advent of SR from insertion devices, the performance of an x-ray 
microprobe can exceed that of a microprobe based on electron sources. To 
cover the elements of the Periodic Table, an optimal x-ray microprobe requires 
a tunable undulator insertion device capable of delivering photon energies 
of from 2 to 33 keV. Obtaining energies of 33 keV from an undulator device re- 
quires circulating-electron energies of from 5 to 9 GeV, depending on the 
intensity of the higher-energy harmonics. Over the ener y 
keV, undulators in such a ring vould deliver LO3 to 10 J 

range of 10 to 33 
times the intensity 

produced by current or soon-to-be-completed facilities. 

The small angular divergence of the radiation from advanced insertion de- 
vices enables x-ray-diffraction techniques using crystals and multilayers to 
be used for collection and focusing. Thus, the demagnification achievable--just 
with present technology--would be about 1OO:l. As a result, spatial resolutions 
of 500 angstrom-diameters would be achieved in the analysis of bulk samples, 
as compared with the resolution attainable vith an electron micro robe, which 
is limited by electron spreading in the sample to a level of 1 5 p . Impurity 
levels on the order of parts per billion could be detected, compared to the 
limit of 100 parts per million with an electron microprobe. Diffraction studies 
of particles smaller than 60 A in diameter would be possfble. Auger, photo- 
electron spectroscopy, and EXAPS analysis could be done in small selected areas 
of less than 1 w-diameter. In summary, the x-ray microprobe would be a 
highly versatile tool, and many fields of research would benefit from its 
unparalleled performance. 

X-ray Lithography -- The need for an alternative to optical lithography 
for manufacturing integrated circuits will probably occur in the 19908, when 
it will become necessary to achieve a feature resolution of 0.5 pm. Electron- 
beam systems will be needed to make masks, but they will not be cost effective 
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for high-volume production in the direct-write mode. Synchrotron x-ray sources 
thus could become important tools for mass production of integrated circuits. 

For microlithography, there are four basic requirements: resolution, regi- 
stration, throughput, and defect density. Using optical lithography, it is now 
possible to make lines and spaces that are smaller than 1 p and that are 
controllable to 0.1 pm. Optical techniques can be expected to attain a 
registration error of less than 0.25 w between any two out of eight levels. 
In order to make x-ray lithography aa economically desirable aa optical litho- 
graphy, processing must be done at a rate greater than 1 cm2/s. Finally, the 
defect density must be leas than one defect in 10 cm2. 

Several technological problems must be solved before x-ray lithography can 
be employed industrially to manufacture electronic devices. The technology for 
making an x-ray absorbing mask on a thin, x-ray-tranaparent, dimensionally sta- 
ble support is probably the moat important problem. Another problem involves 
simultaneously optimizing the source power and the resist seaaitivity. Mechan- 
isms for aligning the devices automatically during the exposure muat be devel- 
oped. Finally, a technology is needed for creating large (several square 
centimeters) high-transmission windowa that can withstand the large pressure 
difference between the evacuated beamline and the lithography chamber. 

1. Insertion Devices 

The new high-brightness insertion-device synchrotron sources will allow 
the 4 to 14-A broadband range of the single bending-magnet source to be replaced 
with a bandwidth of a few percent that is centered at 15 A. Such a move favor- 
ably affecta the mask-fabrication problem in that the gold-absorber thickness 
can be reduced from 0.6 to 0.2 pm, thus allowing 0.2-p linewidths to be made 
with l:l-aspect-ratio masks. Both wiggler and undulator insertion devices 
are sufficiently powerful and flexible to allow them to be uaed in an evolu- 
tionary way with conventional x-ray-tube technologies or in a revolutionary 
way at high-contrast, soft x-ray wavelengths (15 A). Wigglers would likely 
require a very thin (l/4 mil), high-power (10-W) window technology. On the 
other hand, undulator radiation is sufficiently compact (3 mm) ao that dif- 
ferential pumping could be used instead of a window. The undulator also offers 
an additional degree of scientific sophistication that might ultimately be 
used to optimize the design of the beam while suppressing power load. 

2. Throughput 

Conventional x-ray-tube sources have required the development of very sen- 
aitive multilayer resist techniques. The throughput of these sourcea decreases 
quadratically with linewidth. Synchrotron sources do not auffer from the 
penumbra problem that underlies that loss and have consequently been pursued 
for the laat several years. 

J/cm3 
To expose robust single-layer resists, an absorbed dose of 250 to 1000 

ia needed in materials like PMMA. At 8 A thia dose requirement translates 
to a flux of 0.25 to 1 J/cm2 or 1~10~~ to 4~10~~ photons/&. Because the x- 
ray optical-delivery system is only 13 to 17% efficient and because a writing 
speed of 2 cm2/a is needed to compete with the optical throughput, a source 
of 1x1016 to 5x1016 photons/s is needed. This flux requires a 4 to 14-A band- 
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width for a single bending magnet at 400 mA and has led to a full-spcctrum- 
synchrotron-source approach. The recent development of wiggler and undulator 
technologies offers the unique possibility of obtaining sufficient power from 
a very restricted bandwidth. It will be possible to tune the source so as to 
minimize other technological problems such as mask alignment. 

3. Registration and Resolution: Mask Technology 

With sources available to date, x-ray masks have required about 0.6 p 
of gold absorber. Yet the major application of x-ray lithography will likely 
be in the 0.5 to 0.2-p region, due to the success of optical lithography at 
larger dimensions. A gold absorber with a thickness of 0.6 p will lead to 
very high aspect ratios in this region. By shifting to softer x-rays such as 
15 A, the mask thickness can be reduced. How far the wavelength can be shifted 
depends on the window absorption, the mask-substrate absorption, the amount 
of mask heating, the amount of diffraction, and the resist. 

The main limitation involved in going to 15 A is the absorption in the 
intermediate windows, in the mask support, and In the atmosphere on the way to 
the resist. Even a l/4-mil beryllium window produces an almost 3-fold decrease 
in writing speed, and 1/2-mil windows are unacceptable. Mask heating actually 
favors the use of 15 A because for a fixed flux level of 100 mW/cm2, the 
incident power on the mask at the exposure rate of the resist Is three times 
higher at 15 A than at 8 A. Diffraction limits the mask to wafer spaces up to 
17 pm for 0.2-w resolution, but this is not a major problem. 

Given a 1/4-mil 3-mm x 3-cm window, a high-throughput wiggler lithography 
system could be built using a neon-gas absorption dip as a filter. However, 
the energy of the ring may need to be reduced to help eliminate the hard x-ray 
radiation. For an undulator an opening of 3-mm diameter is sufficient. By 
using three lOO:l-aspect-ratio tubes and differential pumping, a windowless 
system could be built. Undesired harmonics could be filtered out using neon 
and helium gas. More sophisticated filtering could be done by using magnesium 
or multilayer mirrors. Any of these undulator systems would compete with the 
present optical-system throughput of 2 cm2/s. 

Although either a wiggler or an undulator insertion device might be ade- 
quate for x-ray lithography, undulators would offer the prospect of differential 
pumping, the heat load on the x-ray optics would be much lower, and the power- 
load-to-output efficiency would likely be higher. Finally, from an engineering 
point of view, there is an interesting optimum-design problem involved in ob- 
taining the desired beam properties from an undulator magnet. 

Emerging Techniques 

Inelastic X-ray Scattering_ -- Dynamic excitations whose energies are on . 
the order of the ambient temperature (so-called thermal energies) play a 
special role in the physics of condensed-matter systems. Traditionally, 
excitations in this energy range, below say 100 meV, have been examined using 
both laser-based Eaman and Brillouin techniques for long-wavelength excitations 
and neutron-scattering techniques, which can cover a larger range of excitation 
wavelengths. Fundamental limitations in conventional-x-ray-source flux, colli- 
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mation, and tunability have prevented x-ray techniques from 
ability to resolve x-ray energy transfers below 1 eV. 

developing the 

The development of synchrotron sources, and particularly the improvements 
that will be made in the next generation of high-brilliance machines, will 
make it possible to establish inelastic x-ray-scattering techniques. Studi es 
carried out so far indicate that inelastic scattering with 1%keV x-rays could 
be resolved at the 1 to lO-meV level, using back-reflection technqiues with 
spherically bent perfect silicon crystals. For better resolution, perhaps to 
below 1 (rV 
with the l?es7 

nuclear-resonance scattering from crystals or multilayers made 
isotope is under active consideration. The only fundamental 

limit to be discovered so far is the limit imposed by the available source flux 
per energy bandwidth. For a l-meV bandwidth, undulator sources on a high-energy 
storage ring would produce lOlo to lo11 photons in a beam whose area is less 
than 1 mm2. Such flux levels are considerably higher than those available 
using neutron sources, so one imagines that a wide range of applications will 
be possible. 

1. Inelastic-Scattering Applications in Condensed-Matter Physics 
C’ 

X-ray techniqu,cg*y will be able to compete in many problem areas tradition- 
ally accessed by neutrons, such as the study of phonons between 1 and 100 meV 
in bulk crystals. However, for certain applications, inelastic x-ray techni- 
ques will be unique. These areas include (1) the study of collective electronic 
excitations to which the neutron does not couple, (2) the range of energy 
transfers above 200 meV, which is easily accessed with a 1%keV x-ray probe 
but difficult for the much lower-energy neutron, (3) excitations in disordered 
materials in which high neutron-energy transfer cannot be produced at small 
momentum transfer, and (4) the study of systems for which only small samples 
are available. In the last category, the study of the dynamics of two-dimen- 
sional systems should be revolutionized by inelastic x-ray scattering. It 
should be emphasized that there are, correspondingly, areas in which the neutron 
probes will remain unique. These include the regime of energy transfer below 
1 meV and the study of magnetic excitations. 

2. Inelastic X-ray Scattering Applications in Biology 

Much of the importance of neutron scattering has derived from its appli- 
cability to the study of inelastic processes in solids. Furthermore, neutron 
scattering is an essential tool for studying hydrogen in biological systems. 
However, because of the low count rate and large sample size needed, inelastic 
neutron scattering has found somewhat limited application in biological mater- 
ials. The development of inelastic x-ray-scattering techniques would have 
important application to the study of vibrational spectra in biological systems. 
For example, work on I&man scattering from proteins has suggested that there 
are anomalous features in the phonon spectrum as a result of a protein molecule 
being a pseudorandomly folded one-dimensional polymer. This is a kind of 
“fractal” structure. The understanding of this kind of behavior could help 
resolve the nature of intramolecular motions in proteins and polynucleotides. 

Magnetic X-ray Scattering -- In considering the qualitatively new science 
that will develop with a high-brilliance source of hard x-rays, the possibility 
of magnetic x-ray scattering arises. There is a relativistic term in the 
x-ray-scattering cross section of atoms that Is dependent on the magnetization 
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density. This magnetic scattering is veaker than the conventional Thomson 
cross section by the square of the ratio of the x-ray energy to the electron 
mass, which results in a factor of about 1000 for 15-keV x-rays. Further re- 
duction in expected intensity results from (1) the number of magnetic electrons, 
which is usually small and always less than the total number of electrons, and 
(2) the form factor of the magnetic electrons, which falls off faster at high 
momentum transfer than the form factor representing the total charge density. 
As a result, the magnetic scattering from iron, for example, is weaker than 
the charge scattering by a factor of 4~10’~. Although the magnetic effect 
is relatively weak, it should be easily obeerved with aynchrotron sources, and 
magnetic ecattering should mature into an important technique. 

Preliminary experiments using conventional x-ray tube8 and rotating anodes 
have succeeded in measuring magnetic Bragg peaks from antiferromagnetic and 
spin-density-wave materials at inteneity levels coneistent with the above esti- 
mates. On the basis of current experience with conventional charge scattering 
at synchrotron sources, it is clear that the next generation of high-energy 
storage rings will enable a variety of magnetic-scattering studies in bulk 
materiala. These studies will have a number of advantages over neutron-scatter- 
ing studies: (1) small sample8 (10e3 to 1 mm3) will be quite adequate, (2) 
the hfgher resolution (10B4A’l) typical of SR vi11 be routine, (3) materials 
with high neutron’absorption (e.g., Cd or Cd) will be easily studied, (4) spin 
and orbital magnetization effects can be differentiated, and (5) anomalous 
magnetic-scattering techniques can be exploited. Perhap more importantly, 
the intensity estimates are favorable for the study of two-dimensional magnetic 
structures and the surfaces of magnetic materials. The long-standing problem 
of surface-enhanced magnetism will be addreaaed, and it 18 possible that mag- 
netic-reconstruction effects could be discovered. 

Time-Resolved Technique8 

1. Picosecond Timing in the Soft X-ray Ultraviolet (XUV) 

Response-time meaeuremente in the picosecond range open up a number of 
interesting pO88ibilitieS. When a solid or liquid 1.9 excited (valence or core 
electronic excitation), a nonequilibrium-excited-state ‘configuration results, 
and de-excitation leads to the production of phonons, photons, electrone, and 
sometimes displaced ions or atome. Frequently , defect8 form and atomic re- 
arrangement occura around the excited atom. Over a period of time of about 
lo-lb second (corresponding to the absorption of radiation) 
(corresponding to the final decay processes in the vacuum 
a host of radiative and nonradiative de-excitation8 occur 
tural rearrangements. Very little is known about these 
decay, especially for core-&eve1 excitation. 

to about 10Bg second 
ultraviolet [VW]), 
that include struc- 
various channels of 

The potential of a new timing technique, cross-correlation phase fluor- 
ometry --employing the short, repeated light pulses from an SR source was recently 
demonstrated in experiments to measure the luminescence lifetime of a number 
of organic and inorganic substances. In one caee, a fluorescence lifetime 
of 196 ps was measured with an uncertainty of f 6 pa. The technique is not 
constrained to lifetimes longer than the synchrotron-pulse duration. In fact, 
lifetimes as short aa 0.05 ps might be measured with the nev high-brightness 
sources, providing that the pulse structure ia stable. 

50 



SCIENCE AND TECHNOLOGY 

In addition to precise time-structure stability, high brightness is essen- 
tial in timing experiments for at least two reasons. First, high intensity 
makes it possible to achieve good signal-to-noise ratios, especially with 
small samples. Second, highly collimated beams are important to reduce time 
spread or spatial dispersion in the picosecond regime. 

2. Time-Resolved X-ray Scattering 

High-resolution x-ray-scattering measurements performed at synchrotrons 
have yielded considerable insight concerning the equilibrium states of condensed 
matter. Time-resolved x-ray-scattering experiments will similarly enhance 
our understanding of nonequilibrium phenomena in liquids and solids. The 
problems that can profitably be studied using time-resolved techniques come 
from a variety of disciplines and have many practical implications. Examples 
are grain-boundary formation and growth in metals, melting, laser annealing, 
electrical switching, and phase separation in liquids and solid alloys. To 
date, very few time-resolved x-ray-scattering studies have been carried out. 
Nonetheless, these few studies have revealed dramatically new information, 
unavailable from other techniques, on laser annealing in silicon, phase sepa- 
ration in polymers, and switching in ferroelectrics. 

The most important attributes that a synchrotrdn must have to make such 
studies feasible are high intensity and low emittance. The time structure of 
the photon flux is not particularly important because the photons are being 
used as probes of the systems under study. Detection technology borrowed from 
high-energy physicists will obviate the need to use a pulsed x-ray probe beam 
to time resolve the scattering data, even in very fast applications. A level 
of beam intensity that is higher than what is currently available will permit 
exploration of processes in systems--such as surfaces --with intrinsically small 
scattering amplitudes and of phenomena that cannot be reproduced at a sufficient 
rate to permit the use of present x-ray sources for the accumulation of statis- 
tically satisfactory data. 

Time-Resolution Experiments in Biology 

1. EXAFS on a Microsecond to Millisecond Scale 

Current studies using energy-dispersive, time-resolved x-ray-absorption 
spectroscopy have achieved useful EXAFS spectra on a time scale on the order 
of fractions of a second. 
of 102 

The increase in brightness on the order of a factor 
shows time resolution to be extended down into the submillisecond time 

scale. It should thus be possible to work on such a time scale in following 
conformational intermediates in photon-stimulated or chemically stimulated re- 
actions initiated by a photolysis reaction. For example, it might be possible 
to study the unstable intermediates of the enzyme xanthine oxidase; in this 
enzyme, intramolecular electron transfer between the MO site and the Fe/S 
center is thought to be on the order of or faster than 10 me. 

2. Study of Time-Dependent Phenomena in Biological Membranes 

The use of time-synchronized detection in small-angle scattering has been 
demonstrated in Europe in studies on muscle function that were conducted on a 
millisecond-to-second time scale. The advent of higher-brightness sources 
should allow this technique to be extended into the submillisecond time range. 
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For example, the study of photocycling of bacteriorhodopsin at around 300 p 
would be possible. A photocycle intermediate has been identified in this time 
scale by observing changes in the W absorption spectrum after an initiating 

. light flash. Accompanying structural changes could in principle be studied by 
performing a similar experiment using time-synchronized small-angle x-ray dif- 
fraction. 

3. Single-Crystal Studies of Atomic Motions in Proteins 

With current photon sources it is possible to use two-dimensional elec- 

tronic detection techniques to collect intensity data for single crystals, on 
a time scale measured in the range of 'seconds to minutes. With higher-bright- 

ness sources, this time scale might be extended down into the ten-to-one hun- 
dred-millisecond time range. It is possible that certain thermally activated 

conformational changes in proteins, such as the flipover of a tryptophane 
side group, could be seen on this time scale by studying intensity fluctuations 
in various Bragg reflections. This kind of "noise spectroscopy" has been used 
to measure quantities like molecular weights in terms of fluctuations in a 
dielectric signal. An extension of this kind of fluctuation spectroscopy to 
x-ray diffraction would provide a new direction in biological-structure deter- 
mination. 

Applications 

Metallurgy and Materials Science 

Scientists and engineers in the fields of metallurgy and materials science 
comprise a community that is making Increasing use of SR and that will become 
increasingly involved in developing new applications of this tool as new sources 
become available. This large community of new users has recognized the utility 
of synchrotron sources for diffraction, EXAFS, photoelectron-spectroscopy and 
x-ray-absorption measurements, topography, lithography, small-angle scattering, 
and flourescence analysis; but they have not been able to make extensive use 
of these techniques due to the unavailability of sources (particularly hard 
x-ray sources). Typical metallurgy and materials-science applications for 
which the synchrotron sources have unique advantages may be summarized in the 
following categories. 

Diffraction and Scattering -- Structural analysis of small crystals or 
powders that are not available in the form of single crystals (e.g., zeolltes 
and crystalline polymers) or small precipitated phases can be carried out. In 
fact, small crystals are often desirable for obtaining accurate electron-density 
distributions and for m.lnimiefng extinction and absorption. Alloy-structure 
determination for both crystalline and amorphous solids is an important area 
of future oynchrotron research that will utilize the high resolution available 
in elastic-scattering experiments and the wide wavelength tunability that 
allows the use of anomalous scattering to selectively probe the 'structure 
associated with different elements. These SR capabilities allow studies of 
alloys comprised of near-neighbor elements in the periodic table. 

Structural studies of clustering, precipitation, and spfnodal decomposi- 
tion will also be enhanced by the high brilliance of SR. It will be possible 
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to study the kinetics of phase changes, including fluctuation phenomena that 
characterize the early stages of many phase transitions. Studies of the time 
dependence of crystallization and of the liquid/solid phase change are important 
areas of investigation for many different types of materials. 

The structure of two-dimensional phases such as those at grain boundaries 
is an ongoing subject of research in which the high brilliance, tunability, 
and high collimation of synchrotron sources will make important advances pos- 
sible. For example, the study of metals and ceramics have shown that signifi- 
cant diffracted intensities can be obtained from the small volumes of materials 
at the grain boundaries. 

Finally, the high brightness and tunability of the new sources will allow 
studies of diffuse scattering in systems that cannot now be adequately studied, 
such as ternary and quaternary alloys and polymer samples that are comprised 
of weak x-ray scatterers. 

Topography -- Topography in both the white-beam and monochromatic modes 
will be extensively used to image lattice strains. In this application the 
methods are complementary to the more commonly used electron-microscopy methods. 
X-rays have a higher sensitivity to lattice strains_ and can be used to image 
larger areas of the specimen. Other novel applications will include time- 
resolved studies of plastic deformation and fracture using topographic imaging 
of line defects. Using high-brilliance sources, these studies will be able to 
determine lattice strains with a spatial resolution of a few micrometers. 
Experiments can be carried out in aggressive environments, and in situ studies 
of corrosion and oxidation will be possible. 

Studies of the dynamics of phase transitions such as precipitation, solid- 
ification, and melting will be carried out by direct imaging; the same techni- 
que will be used to study the dynamics of domains in ferromagnets and ferroelec- 
tries. Dynamic imaging of acoustic waves and of their interaction with lattice 
defects will also be possible, thus allowing the study of acoustic delay lines 
and filters. 

Area-resolved EXAFS using wavelengths near an adsorption edge to form a 
white-beam topograph has been demonstrated and will allow correlations of the 
EXAFS data obtained from small-volume samples such as precipitates and grain 
boundaries. With extremely high-intensity sources, all these experiments could 
be done with a time resolution in the millisecond to microsecond range, thus 
making it possible to observe dynamical changes. 

EXAFS and NEXAFS -- These techniques have a wide range of possible appli- 
cations to metallurgical problems. Some of the more interesting possibilities 
involve investigation by fluorescent x-ray-absorption spectroscopy of the 
structures formed by relatively dilute (0.01% to 1.0%) solutes that influence 
the physical properties of steel and other alloys. Experiments of this type 
have studied internally oxidized Fe in Cu at a level of 75 ppm and have revealed 
that the structure differed from that of bulk oxides. Investigations of fine 
carbide, nitride, and carbonitride precfpitates in high-strength low-alloy 
(HSLA) steels containing 0.05% to 0.2% Nb, V, or Ti have been carried out, and 
time-resolved techniques have been used to study the precipitation of Nb car- 
bides in a steel. 

53 



SCIENCE AND TECHNOLOGY 

Some of the many other metallurgical problems that are amenable to investi- 
gation using EXAFS/NEXAFS techniques are: 

1. Investigation of the structure and chemistry of the complex precipi- 
tates that form in industrially important alloys. These studies will 
include the partitioning of solutes between the solid solutions and 
the several types of precipitates. Examples of such important pre- 
cipitation systems are the complex alloy carbonitrides in HSLA steels. 

2. The formation of complex oxides in stainless steels and other cor- 
rosion-resistant alloys is poorly understood. Through the use of 
high-intensity sources, EXAFS techniques may be applied to these 
problems. These measurements will be carried out in situ during 
oxidation or corrosion reactions. 

3. Using high-intensity synchrotron sources, studies can be undertaken 
of the local atomic structure and chemistry of grain boundaries en- 
riched by segregation of such elements as Sn, Sb, As, P, and S. 
These measurements can then be correlated with those obtained from 
studies of temper embrittlement in steels, of grain-boundary embrittle- 
ment in Ni-base alloys, and of hydrogen embrittlement. 

Fluorescence Analysis -- New synchrotron sources offer exciting oppor- 
tunities in the use of flourescence analysis to chemically analyze micrometer- 
sizeii areas; elemental sensitivities on the order of parts per billion would 
be possible for many important elements, including some of the important lighter 
alloying elements. Additionally, the x-ray optics developed for this technique 
will also allow the use of EXAFS and NEXAFS techniques on micrometer-sized 
regions. 

Small-Angle Scattering (SAS) -- New synchrotron sources will enable sig- 
nificant advances in small-angle-scattering techniques. These techniques will 
be of great importance in studying the early stages of precipitation in many 
alloy systems. Particularly important applications will be made to polymer 
studies, and some of these have already been undertaken. Real-time acquisition 
of small-angle-scattering patterna at a data rate of 30 Ha has been accomplished 
and is being applied to the study of crazing in rubber-modified polymers and 
glassy polymers. Many other properties of polymeric systems, particularly 
their behavior under applied fielda, will be better understood with the advent 
of these new techniques. 

Phase-Transition Physics 

One of the major achievements of modern condensed-matter physics ia the 
general understanding of the phase-transition problem. In the context of this 
basic understanding, it is remarkable that so much remains to be discovered 
about the mechanisms and characteristic8 of various phase transitions. SR 
techniques have made important contributions to our understanding .of these 
subjects, particularly in the heretofore virgin area of two-dimensional struc- 
tural phase transitions. generally, theee SR studies have produced higher- 
quality data than have been obtained using conventional x-ray and neutron 
sources in studies of three-dimensional systems.. The advantages here of SR 
are: 1) intensity levels high enough to get a reasonable scattering rate from 
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a single atomic layer and 2) high colllution of the beem, which permit8 the 
l tudy of structural correlations involving lengths up to 1 cpa. Some of the 
highlight8 of this research are described below. 

The Absence of Long-Range Order in mo-Dlmenaional Cryatale -- On quite 
general theoretical grounda, two-dimanaional l yatema, unlike their three-dimen- 
aional counterparts, cannot develop rigoroua long-range order. Although this 
concept has been understood theoretically for a few decades, no experimental 
verification of these effects was possible with conventional x-ray l ourcea or 
with other probes. With the development of S&baaed high-reaolution l cattaring 
techniquea, such studies have become poeaible. Detailed l nalyafa of the dif- 
fraction line ahapea obtained from freely l uapended liquid-cryatal bilayers 
and from incommensurate xenon monolayer8 adsorbed on graphite have documented 
these effects quantitatively. 

Two-Dimensional Melting -- Experiments designed to follow the melting pro- 
cess in a two-dimensional layer, with temperature reaolution of a few milli- 
kelvin, have been carried out on a number of eyatema, including variable-thick- 
nese liquid-crystal films and krypton and xenon monolayer8 (see Figure 8). 
Systems without a eubatrate and incoimnenaurate l yateraa ahow both first- and 
eecond-order melting behavior; the type of melting behavior that ia ahown in a 
particular case depends on the details of the eyatim. A new phaae in two 
dimenaiona, the ao-called hexatlc phase, has been eeen in l ubatrate-free 
ayatema, in multilayer ayateme , and in syatema with an incommensurate aubstrate. 

Commeneurate/Incoenaurate Transition8 -- The influence of a eubstrate 
potential may -lead to new phases in the phase diagram of a monolayer system. 
Specifically, the monolayer may be perfectly registered with the surface, or 
it may be inconaaenaurate. When it is incommensurate, It may have ita crystal 
axes either aligned or rotated with respect to the aubetrate axes. In cases 
in which the substrate is biaxial, the adsorbate ayatem may be incommensurate 
in one l patial direction and conuneneurate in the other. ~11 of theae cases 
have recently been seen in various ~yatema atudied with SR, and transitions 
between them are under active study. One of the moat unexpected discoveries 
in thfa endeavor waa the observation that the commeneurate/inconsurate tran- 
sition proceeds through an intermediate, disordered, liquid-like phase. This 
phenomenon may have important conaequencea in the growth of ordered epitaxial 
etructures. 

Multilayer Phenomena and Wetting -- The structure of multflayer ayatems 
ia as important as the structure of the surface and adaorbate layera. Smportant 
questions concern the tranaitlon frolp the nonwetting regime, in which only a 
few layers will a&orb below bulk coexistence, to the wetting regime, in which 
an infinite number will adsorb. Remarkable phase transitions occur in which, 
for example, a system consisting of one adsorbed layer and of bulk crystallites 
transforms to two adsorbed layers with correspondingly lee8 bulk material. so 
far, this behavior has been studied for ethylene and oxygen adsorbed on graphite, 
and a great deal of work remains to be done in many other systems. 

Biological Structure 

Over the past decade, SR etudles have played an 
eome caaea, pivotal role in unraveling aspect8 of the 

ever-increasing and, in 
molecular structure and 
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function of biological systems. This has been true in studies of local 
structural environments of metalloproteins, using x-ray-absorption spectroscopy 
(NEXAFS and EXAFS); studies of macromolecular assembly and function, using 
small-angle x-ray scattering; and studies of three-dimensional protein struc- 
tures, using crystallographic and anomalous-scattering methods. 

X-ray-Absorption Spectroscopy -- The availability of SR revolutionized 
dur ability to obtain useful information from x-ray-absorption spectra. EXAFS 
has proven its capability for determining the atomic arrangement around a 
specific atom in materials under physiological conditions. Distances can be 
determined to accuracies of within a few hundredths of an angstrom and coordina- 
tion numbers and types can also be determined. Information about site symmetry 
and oxidation state is provided by edge analysis. 

EXAFS and edge spectroscopy have demonstrated particular applicability to 
biological systems in which a metal ion is the site of catalytic action that 
results in the binding of a biologically active small molecule (such as dioxy- 
gen) l For example, the enzyme nitrogenase is responsible for the conversion 
of atmospheric dinitrogen into ammonia, which can be assimilated by growing 
plants. Structural aspects of the molybdenum site in nitrogenase were eluci- 
dated for the first tfme by EXAFS (see Figure 3), thus stimulating activity 
toward synthesis of inorganic analogues. In chloroplasts, EXAFS has been used 
to help define the role of manganese In photosynthesis. Cytochrome oxidase is 
the terminal electron acceptor In the mammalian respiratory chain. Crucial 
questions about the nature of the iron and copper atoms in the enzyme have 
been resolved by EXAFS. 

X-ray Crystallography -- X-ray-crystallographic studies provide virtually 
all of the information that we have about the three-dimensional structure of 
proteins and about how enzymes function on a molecular level. One of the most 
common problems in protein crystallography is obtaining crystals of sufficient 
size and stability to allow collection of three-dimensional diffraction data. 
SR studies in the USA and in Europe have shown significant enhancement in 
achievable resolution and significant reduction in the time required for such 
studies. It has also been found that some protein crystals undergo less 
radiation damage for a given dose if it is applied over a short time. 

Recent developments in the ability to crystallize membrane proteins, using 
special detergents, enable the use of protein crystallography for the determi- 
nation of the atomic structure of these proteins. However, a major difficulty 
is the production of sufficiently large crystals to obtain diffraction to a 
reasonable resolution. Use of high-brightness sources would allow measurements 
on crystals whose volume is on the order of lo3 times smaller than the volume 
needed at the present time. A measurement technique capable of such resolution 
would find a very wide range of applications because many proteins can only 
be crystallized in very small sizes. 

Another important technique involving the preparation of two-dimensional 
protein single crystals by adsorption to a lipid monolayer is opening up a new 
field of structure determination for biological molecules. Preliminary work 
has shown that it is possible to obtain well-defined diffraction peaks from 
adsorbed lipid monolayers on a crystalline substrate. The extension to 
crystals of macromolecules, such as proteins, has not yet begun. In the near 
future, it should be possible to repeatedly prepare 10x10 p monolayers of 
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immunoglobulin crystals. The use of x-ray diffraction from 
could allow the determination of structure at high resolution, 
that will not crystallize as three-dimensional structures. 

: Anomalous X-ray Diffraction Studies -- The use of anomalous scattering is 
gaining importance for biological-structure studies. Normally, the classical 
phase problem is solved in protein crystallography by means of multiple lsomor- 
phous replacement through soaking the crystals In solutions containing heavy- 
metal ions. By using multiple data sets, one from each heavy-atom derivative, 
the structure of the protein crystal can be determined. 

such samples 
for molecules 

The same information can be obtained by changing the wavelength of the 
x-rays around the absorption edge of an element already preeent in the sample. 
This technique is currently proving to be very useful in obtaining direct-phase 
information and thereby a solution of the crystal structure. The experiments 
are difficult owing to the sma:Ll change in total effective electron density 
as the x-rays are tuned through an absorption edge: for lanthanide ions 
these changes, some of the largest known in any element, are In the range of 
about 20 electrons. The resultLng change in diffraction intensity in a large 
molecule that may contain many thousands or tens of thousands of electrons is 
on the 0 .l% to 1% level. In order to obtain a measure of such small changes 
with a sufficiently good signal-to-noise ratio, a very large number of counts 
needs to be taken. 

A very high data rate is important because radiation damage Is likely 
caused by migration of free radicals. Thus, it Is advantageous to use a very- 
high-brightness source in addition to taking other precautions (such as rapid 
cycling of the sample through the beam) to minimize the effects of radiation 
damage. As the sensitivity of the technique is improved, new ways of labeling 
specific regions of molecules of Interest may be developed, for instance by 
means of special lanthanide chelating agents that would bind in a controlled 
way to specific sites in a macromolecule. Anomalous diffraction could then be 
used to locate the marker group within the overall molecular structure. 

Small-Angle Scattering -- Small-angle scattering is useful for studying 
the structure of biological molecules at intermediate resolution and for fol- 
lowing changes in the structure as a function of time. One of the earliest 
uses of SR was to record time-dependent diffraction from a contracting muscle. 
The studies yielded information about the nature of cross-bridge action in the 
contracticle process. Studies of scattering from solution have helped define 
the way in which microtubules are assembled from subunits and the assembly of 
viral proteins into a capsid. The conformation of macromolecules in solution 
can also be studied as a function of biological effector. 

Summary -- In summary, the availability of sources of increased brightness 
will open up new possibilities in the use of x-rays for biological-structure 
determination. The availability of an intense, highly collimated x-ray beam 
cao be exploited in a number of ways. These all depend on selective use of 
the very high fluxes that can be made incident on a biological sample either 
in time, to give time-resolved diffraction information; in energy, to give 
increased ultrahigh resolution that can be used for Inelastic studies; or in 
real space, to make It possible to get useful diffraction information, from 
ultrasmall samples. The combination of high brightness and tunability available 
in an SR x-ray source will also make possible the use of anomalous x-ray dif- 
fraction on samples involving high dilution of an anomalous scatterer. 
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Medical Applications of SR 

In the U.S. there are about 3-l/2-million people who suffer from sympto- 
matic coronary-artery disease and about 1-l/3-million new heart attacks per 
year, half of which are fatal. Screening high-risk subsets of the population 
is currently ineffective because the tests are too insensitive, too risky, and 
too costly. The present reference standard for assessing the extent and the 
severity of coronary disease is the invasive coronary arteriogram, in which a 
catheter is inserted through an incision and an iodine-containing contrast 
agent is injected into the artery; radiographs, including tine images, are 

then recorded. 

The properties of SR make it highly suitable as an x-ray source for use 
in a relatively safe and inexpensive approach based on iodine K-edge dichro- 
mography. A rapid scanning procedure is performed in which pairs of line 
images are recorded with monochromatic radiation above and below the K-edge of 
iodine (33.16 keV). The logarithmic subtraction of the two recordings results 
in an image whose sensitivity to iodine is about 39,000 times greater than it 
is to bone and about 170,000 times greater than it is to soft tissue. Prelimi- 
nary recordings of the central circulation in anesthetized dogs provide good 
images of the major vascular structures and have‘ demonstrated one of the 
coronary arteries, the left anterior descending artery, whose diameter in a 
dog is typically about 1 to 2 mm. 

What will happen if future experiments on humans are successful? There is 
a high probability that there will be the need to develop compact, inexpensive, 
and widely available SR sources. These can also be used for other medical pur- 
poses. For instance, barium K-edge (37.44 keV) dichromography could result in 
a reduction in x-ray dose and in an increased information yield in studies of 
the gastrointestinal tract. A similar approach can be used for nonangiographic 
iodine-based procedures such as myelorgraphy, cholecystography, and urography. 
The extreme sensitivity of the K-edge dichromographic technique to iodine will 
allow a major reduction in contrast-agent dose in those patients who cannot 
tolerate conventional doses. Such patients include the elderly and patients 
with severe hypertension, poorly controlled diabetes, renal failure, and other 
disorders. Finally, tunable monochromatic imaging could increase contrast in 
any form of radiography, thus improving the information yield for a given 
radiation dose. 

Catalysis 

Heterogeneous catalysts represent one of the most complex class of mater- 
ials that have been studied with x-ray-absorption spectroscopy. These materials 
can be classified broadly as either metallic or nonmetallic catalysts, and in 
both cases the catalytic components are generally distributed on high-surface- 
area insulating supports. Supported metallic heterogeneous catalysts have 
been more widely studied with x-ray-absorption spectroscopy, but nonmetallic 
systems (mostly oxides and sulfides) have received some attention. Both types 
of catalysts are important technological materials, and numerous industrial 
proceases in the petroleum and chemical industries are dependent on them. 

Supported Metal Catalysts -- The early EXAFS studies of supported metal 
catalysts were initiated in the period (mid 70s) when EXAFS was in its infancy. 
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Figure 9. An Example of K-edge Dichromatography of the Arterial Structure 

of a Pig's Heart. Logarithmic subtraction of line images taken above and 

below the iodine K-edge yields greatly enhanced sensitivity to the arterial 

structure and discriminates against bone and soft tissue. *Successful 

experiments have been carried out on anesthetized dogs. 
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The early work focused primarily on the structure of rupported monometallic 
catalysts and for the first time provided catalytic chemists with detailed 
structural information on the small met81 clusters that comprise these catal- 
ysts. Studies of the more complex supported bimetallic catalysts were under- 
taken following the early work on monometallic systems. Techniques were 
developed for analyzing these systems, and there is now a growing body of li- 
terature concerning the structure of these mixed-metal clusters. This work 
a'rso contributed to the general development of EXAFS as an analytical technique 
by providing a body of structural information that could be assessed and corn- 
pared to information from established catalytic-characterization techniques 
such as chemisorption, probe reactions, and electron microscopy. 

Studies Under Reaction Conditions -- The use of SR for x-ray-absorption- 
spectroscopy studies of catalyst systems while reactions are actually occurring 
is an exciting development. The feasibility of such studies has already been 
demonstrated, and the resultant measurements will undoubtedly receive increased 
emphasis in the future. The possibility of relating the activity of a catalyst 
to structural and electronic properties of the catalytic system under reaction 
conditions is now at hand, and one can anticipate that such research will lead 
to a greater depth of understanding of catalytic phenomena. 

With further experience in the use of SR in the study of catalysts and 
catalytic phenomena, one can anticipate that the volume of research will in- 
crease markedly. Although studies to date have been concerned primarily with 
basic-research programs on catalysts, an increased awareness of SR as a valuable 
tool In process- and catalyst-development programs in industry can be antici- 
pated. 

Zeolite Catalysts -- The activity and selectivity of seolite catalytic 
materials are largely governed by their framework structures. Detailed struc- 
tural information is then the key to understanding the properties of reolitic 
materials. Unfortunately, most zeolites cannot be made in crystal sizes suf- 
ficiently large for conventional single-crystal x-ray structure analysis. 
Quantitative structural information is then only accessible through the use of 
powder-diffraction data. The averaging of the three-dimensional information 
limits the precision with which the structure can be defined. 

High-brightness sources present the opportunity of accessing single-crystal 
diffraction data from very small particles-- Micro-crystal Diffraction. In the 
first measurements obtained with this technique, data were taken from two 
cancrinite crystals with volumes of 13,000 p3 and SO0 cm3 respectively.hese 
data demonstrate the feasibility of the technique and indicate that complete 
diffraction-data sets from micrometer-sized crystals should be routinely aces- 
sible. Owfng to the severe limitations inherent in the use of powder data 
for structure solution, the application of synchrotron x-radiation in Micro- 
crystal Diffraction is expected to provide novel structural information on many 
catalytic materials, notably seolltes. 

Earth Sciences 

The application of SR to problems in the earth sciences is just beginning. 
It is clear that the many nev studies that are possible with SR but not possible 
with conventional laboratory photon sources will have both substantial impact 
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in the earth sciences and important technological applications. Although the 
growth of this synchrotron effort has been severely limited by a lack of avail- 
able beam time, a number of investigations have highlighted the areas in which 
exciting results can be obtained. The major applications to date mainly involve 
x-ray-absorption and -scattering studies. 

Structure and Composition of Silicate Glasses -- The major purposes of 
this effort are to derive interatomic distances, coordination numbers, and 
concentrations for various elements in amorphous silicates. This work will 
improve understanding of structure/composition-dependent melt properties such 
as viscous flow, cation diffusion, and the solubility mechanism of volatiles 
(H20, CO2) in silicate melts. Future work in this area will involve study of 
trace levels (<0.1X) of rare-earth, lanthanide, and actinide elements in sili- 
cate glasses and crystalline model compounds. In terms of geological impor- 
tance, these studies have bearing on magma transport, eruptive mechanisms, 
crystal-melt element partitioning, element segregation in magma chambers, and 
melt growth of crystals. For certain glass compositions, these studies will 
also have bearing on nuclear-waste disposal. 

Aqueous-Metal EXAFS -- This work has focused on the structure of metal 
complexes in concentrated aqueous solutions and on how this structure varies 
as a function of pi and ionic strength. Systems studied to date include elec- 
trolyte solutions involving Cr, Fe, Ni, Cu, and Zn cations and Cl and Br anions. 
Fluorescence EXAFS studies of ZnCl solutions at concentrations as low as 0.0001 
M have been carried out. These concentrations approach those in natural hydro- 
thermal solutions and in sea water, thus making it feasible to carry out 
speciation studies on the types of complexes that transport metal ions such as 
Fe, Ni, Cu, Ag, Au, and U in hydrothermal fluids emanating from cooling magma 
bodies and from midocean-ridge hydrothermal systems. These types of hydrother- 
mal solutions are thought to be responsible for the transport and deposition 
of metallifferous ores that are so critical to our economy. Future work on 
geochemically important solutions should involve EXAFS studies at temperatures 
in the hydrothermal range (100. to 350.C). Our knowledge of the types of com- 
plexes present in heated solutions is currently limited to indirect information 
derived in part from rolubility measurements. An important application of 
high-temperature (<lOO°C) BXAFS studies of aqueous complexes will be the study 
of radionuclide complexes such as those that could escape into heated qround- 
waters surrounding geologic waste-disposal sites. 

High-Pressure/High-Temperature Phase Transitions and Equations of State 
-- One of the earliest applications of synchrotron x-ray work to geologic 

materials involved crystallographic studies of phases held at high pressure in 
diamond-anvil devices. With current technology, preosures as high as 1.7 Mb 
can bs generated and held by such devices, permitting geochemists to model 
phases that might occur in the earth's lower mantle and outer core. Recently, 
simultaneous heating of pressurized samples has been accomplished to determine 
the equations of state of mantle materials. Because of the thickness of the 
diamond windows necessary for such experiments and because of the need for 
rapid measurements, these experiments are best done using synchrotron. sources. 
Future work will involve scattering studies of oxides and silicates at pressure, 
in order to determine elastic constants. An exciting evolution of the current 
high-pressure/high-temperature phase-transition work involves time-dependent 
studies of the kinetics of phase transitions. One of the key theories developed 
recently for deepfocus earthquakes near plate boundaries involves mantle 
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phase transitions. However, questions concerning the kinetics of such tranei- 
tions must be answered before these theories can be fully evaluated. 

Powder-Diffraction Studies - Many geological materials occur in such 
small particle size that conventional structural characterization involving 
single-crystal techniques Is not possible. Similar difficulty Is faced with 
many synthetic materials, particularly those quenched from high pressures, 
that are used to model chemically more complex natural analogues or phases 
that may occur deep In the earth’s interior but that are not naturally present 
in crustal rocks. Profile fitting of high-quality powder-diffraction data of 
such phases is essential for their structural characterization. Preliminary 
synchrotron studies have shown significant gains in resolution relative to the 
resolution obtainable using conventional sources; these gains will permit 
considerably more complicated structures to be studied. Future applications 
of powder-diffraction studies Include phase-transition studies and the study 
of order/disorder relationships in minerals. 

X-ray-Microprobe Analysis - There is a critical need to improve the 
detection limits for trace elements in geologic samples, while maintaining high 
spatial resolution for in situ analyses. The electron microprobe has revolu- 
tionized the study of materials, including those that occur naturally, and is 
capable of detecting elements with 2 greater than 5 in amounts as low as 0.05 
weight percent, with a spatial resolution of eeveral square micrometers. 
Plans are underway to construct an x-ray analogue of the electron microprobe. 
Preliminary work has already shown that current technology is capable of pro- 
ducing a microprobe with minimum-detection levels of 1 to 10 ppm/s/m and a 
bulk-analysis system with a sensitivity of 30 to 100 ppb in a l-minute irradi- 
ation. In situ measurement of trace elements will permit the study of trace- 
element partitioning among phases. Such data are essential for unraveling the 
origin of magmas and for studying their crystallization histories. 

Structural Characterization of Metamict (Radiation Damage) Materials -- A 
number of important geologic phases commonly occur in the metamict state due 
to the structural damage caused by the decay of radionuclides present in small 
amounts. An important example is the abundant mineral zircon, ZrSiO4. These 
heretofore poorly characterized phases to some of the crystalline and amorphous 
materials proposed as hosts for waste radio-nuclides. The benefit of studying 
naturally metamict materials derives from the fact that the metamictization 
process in these materials has proceeded at natural rates, which are much 
slower than those realizable in the laboratory but which are similar to those 
that would occur in nuclear-waste repositories. Anomalous-scattering radial- 
distribution function (RDF) studies of these materials will also yield struc- 
tural data that are complementary to those obtained using EXAPS. 

Other Applications - Many other applications of SR to earth-science 
problems are possible within the next few years. Some important examples of 
such applications are: (1) x-ray-adsorption studies of melts, (2) characteriza- 
tion of mineral surfaces, including adsorption and desorption properties, 
using the surface techniques made possible by synchrotron sources, (3) the 
study of melting phenomena involving minerals, (4) the application of anomalous- 
scattering methods in the study of amorphous and metamict silicates, (5) the 
study of phase separation in geologic systems, using small-angle x-ray scat- 
tering, (6) single-crystal diffraction studies with superior signal-to-noise 
ratios and involving very small crystals, and (7) time resolution of transient 
effects such as those occuring during melting and during reactions of mineral 
surfaces with water and gases. 
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. Plasma Physics 

: 

. . 

Plasma physics is an area with important defense, energy, and materials- 
technology implicationa. Studies of the optical properties of dense, hot 
(106 to 10' K) plasmas in the soft x-ray region have been very limited due to 
the high Intrinsic brightness of the plasma. The ability to study hot and warm 
atoms and ions in both equilibrium and nonequilibrium conditions is crucial in 
the design of devices based on plasma interactions. Such devices are used in 
energy research, in the development of inertial- and magnetic-confinement 
fusion; in defense technology; in the study of such problems as arc formation 
in electrical switches and in flashover phenomena; and in the development 
of various plasma surface-processing techniques. 

Undulators on a machine such as the Advanced Light Source (ALS) would pro- 
duce x-rays that are unusually brilliant in the prime area of interest (100 to 
1000 eV). In this energy range, the peak brilliance of the radiation from such 
an undulator would be greater than that of the radiation from a l-keV Planckian, 
and this brilliance vould make it possible to conduct studies on warm and hot 
atoms that heretofore could not even be contemplated. Above 10 keV even the 
radiation from wigglers on such a machine would be more brilliant than most 
laboratory-produced plasmas, and the radiation from undulators on a 6-GeV 
machine would far exceed the plasma in brilliance. 

The new generation of SR sources would be very useful in the detailed 
study of dense plasmas. Diagnostics to measure Doppler broadening and even 
classical plaema lnterferometry would be possible, and measurements could be 
made at much higher frequencies than is currently possible. Plasmas with 
electron densities in the 1O25 to 102'e/cm3 range would be transparent to 
x-rays at these frequencies (100 to 1000 eV), and thus undulator beams could 

; be used as back-lighting sources. The beams could also be used to study 
bound/bound and bound/free absorption by highly ionized atomic species. Details 
of ionic populations could be measured, and x-ray-absorption coefficients of 
*vana” or "hot" atoms could be studied in detail. 

Owing to the short pulse length and the high degree of linear polariza- 
tion of these beams, the signal-to-background ratio could be substantially im- 
proved from the ratio attainable with conventional methods, which employ laser- 
produced plasmas to emit copious amounts of line radiation at restricted 
energies. Finally, the high brilliance of the new sources makes it possible 
to obtain the high spatial resolution required to perform such measurements as 
those described above. 

Actinide Chemistry 

The actinide or transuranium elements from Th to Lr constitute the least- 
understood chemical series due to their variety and high radioactivity. They 
are also, of course, of central importance in nuclear-energy development, 
nuclear-waste disposal, and nuclear-weapons technology. However, .especially 
for the heavier elements of this series up to Es, the quantities available for 
study may be only in the milligram to microgram range. Effective source sizes 
are thus only 0.2 to 0.5 mm in diameter, with samples often being prepared in 
small capillaries. The extreme radioactivity of these materials also dictates 
that the sample be placed at least 1 meter from an external radiation source 
so that adequate safety shielding can be present. 
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Thus, although it is clearly of high interest to better study these ele- 
ments and their compounds--for example, by photoelectron spectroscopy and other 
related techniques--achieving adequate intensities will require a special radi- 
ation source, particularly one with high brilliance in the VW/XW range. A 
source of sufficiently high brilliance could yield a beam of the requisite 0.2 
to 0.59~11 diameter even at distances greater than or equal to 1 meter from the 
monochromator and could thus illuminate the specimen with full efficiency. 
It is estimated that such brilliances would have to be higher by a factor of 
from lo2 to lo4 than those of presently available SR sources, so that a highly 
optimized undulator-based source is suggested, such as those planned for the 
ALS. The optimum range of photon energy would be 20 to 600 eV so as to permit 
studying both valence (Sf, 6d, 7s) and core (4f, 6p) levels. 

Such a source would permit studying the gas-phase elements, the solid 
elements, and their compounds. Gas-phase atomic studies would provide an im- 
portant reference point in determining the detailed electronic structure and 
in assessing the very strong relativistic effects involved. The rich multi- 
plet structure expected in valence- or core-photoelectron emission from these 
elements would also require resolutions less than or equal to 0.1 to 0.5 ev to 
adequately resolve the features expected. 

The types of measurements feasible would then include W and soft x-ray 
photoemission, possibly in an angle-resolved mode. Two closely related photo- 
emission measurements that could be performed are CP$ and CIS spectroscopy. 
In the first of these techniques, a constant final state photoelectron energy 
is used with swept photon energy to map out initial-state density; in the 
second technique, a constant initial state energy is used with swept photon 
energy to map out final-state density. These materials would also be expected 
to exhibit "resonant photoemission," in which the photoelectron intensity from 
a given level exhibits abrupt changes as photon energy is swept through the 
binding energy of a lower-lying level; such measurements would provide very 
subtle information on the valence-state configuration and the valence/core 
interactions in those materials. 

In compounds, it also would be of interest to do core-level EXAFS in order 
to determine bond distances. Particular features of the actinides that would 
be of interest include the atomic number at which the relatively weakly bound 
valence 5f electrons change so as to exhibit the behavior of the more strongly 
bound valence 4f electrons in the rare earths. Density-of-states measurements 
in solids, by means of photoemission, also would be of interest in locating the 
5f levels, which lie very near the Fermi level. Finally, these materials might 
be expected to exhibit a different divalent state near their surfaces; this 
possibility could also be studied with these SR techniques. 

In conclusion, studies of 'this very important and very poorly understood 
series of elements would be significantly enhanced by the availability of a next- 
generation VW/XW undulator source with high brilliance. 
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1.5 to 2.5 GeV, with beam currents of 5 to 25 m.4. The remaining time the 
ring is operated in a dedicated mode for SSRL at beam energies of 3 to 3.5 GeV 
and with a typical current of 100 mA and a beam lifetime of between 10 and 20 
hours. 

SPEAR has many 2-meter-long straight sections that were originally used for 
beam-diagnostic and control equipment. Over the past several years, a program 
of modifications to the storage ring has made many of these straight sections 
available for insertion devices, and SSRL has pioneered the use of wigglers 
and undulators in such locations. There are now two 8-pole, 18-kG wigglers, a 
60-pole variable-gap undulator, and a 54-pole variable-gap wiggler. The last 
two devices were constructed in collaboration with Lawrence Berkeley Laboratory 
(LBL). 

Cornell University--CHESS 

This facility operates parasitically on the high-energy electron-positron 
storage ring CESR, which typically runs at beam energy of 5 to 5.5 GeV. CHESS 
is the source of the hardest radiation available in the United States. There 
are six experimental stations, each accepting 14 mrad of light, on three beam- 
lines. Until recently, typical currents were 15 to 20 mA, but recent modifica- 
tions allow multibunch operation, and 75 mA In three bunches 870 ns apart is 
now anticipated. The bunches are very short (130 pa), and much of the research 
at Cornell has made use of this time structure in time-dependent studies. 

A six-pole, 18-kG wiggler station is currently being implemented at CHESS. 
On it will be a carousel monochromator spanning 4 to 60 keV and a line for 
Bragg-Laue crystallography. In addition, there will be a large four-axis Huber 
instrument for accurate structure-factor measurements and for the electron- 
density mapping of crystals. Hard radiation will be employed for these studies 
so as to reduce the importance of extinction corrections. 

Brookhaven National Laboratory--NSLS 

The NSLS at Brookhaven National Laboratory is the first dedicated SR 
source in the U.S. with storage rings individually optimized for high bright- 
ness in the x-ray and ultraviolet (UV) regions. It is a national user facility, 
with user groups organized principally into PRTs; these PRTs have committed 
substantial resources and personnel to the construction and operation of beam- 
lines on which they will utilize up to 75% of the operating time. (The remain- 
ing time is available to general users.) Representation in these PRTs includes 
28 groups representing universities, industrial laboratories, and government 
laboratories. 

The NSLS Phase I was a four-year construction project that began October 
1, 1977. Groundbreaking occurred in September, 1978, and startup of the VUV 
ring took place late in 1981. Research at the WV ring was underway by mid- 
1982. The XRAY storage ring Is now in the commissioning stage and is expected 
to provide photons to-users within the next few months. - 

The VUV storage ring is a four-superperiod machine of 51-meter circum- 
ference. Its principal design parameters are an energy of 700 MeV and a 
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circulating beam current of 1 A. It now operates at 750 MeV and has achieved a 
peak beam-current value of 300 mA and a source-brightness value of approximately 
4x1013 photons/sarm**O.lX bandwidth. Each superperlod or ring quadrant con- 
sists of a go-degree bend section with optical characteristics that are favor- 
able for achieving minimum beam-emittance values and that permit greater freedom 
for installing undulators or wigglers in the straight sections without adversely 
affecting the storage-ring beam parameters. 

The four connecting long straight sections (each 3.2 meters in length) are 
used as follows: One is used for beam injection, one is used for an rf station, 
and two are used for insertion devices. One of these last two sections is now 
used for a 38-pole permanent-magnet undulator, which has been installed and 
operated and which is now being instrumented for usage in the 100 to 1000-A 
range. It provides for a potential brightness increase, compared with a VW 
bending-magnet arc source, of approximately a factor of 100. 

The photon beams are transported from each VW-ring bending magnet, with a 
radiation fan of 75 to 90 mrad. The fluence is approximately 1014 photons/ 
s wrad *1X( Sx/ A) at the critical wavelength of about 25 A (750 MeV) . Under 
design conditions, 

l4 
the maximum source brightness at approximately 1-keV photon 

energy is 3x10 photons/s m 2*1X( 6h/A) for the VUV-ring- arc source. There are 
presently 13 ports being used or developed, and they split into two or three 
beamlines. By the end of 1983, there should be 18 beamlines in use or being 
commissioned, with 6 more under construction. 

The thresholds for the various modes of instability for the NSLS rings 
have been calculated, and corrections have been designed. The dominant insta- 
bility mode now encountered in the VW ring Is the longitudinal coupled-bunch 
instability mode, caused by the beam in conjunction with the rf-cavity parasitic- 
mode impedances. Therefore, a one-or-three-bunch mode of VW-ring operation 
has been established, which, for one-bunch operation, results in a (present) 
maximum current of 300 mA but also in greatly improved beam stability and 
source brightness. Future improvements in the source emittances should result 
from a resurvey and realignment of storage-ring magnets during the next long 
shutdown, and the overall current values should improve after a tune-splitting 
cavity is installed this winter. 

The XBAY ring, which is 170 meters in circumference, is similar in optical 
design to the VUV ring. However, it is comprised of eight achromatic bend 
sections, thereby providing a greater number of straight sections for insertion 
devices. The operating energy will be 2.5 to 3.0 GeV, and studies are in pro- 
gress regarding the use of a new booster synchrotron to raise the injection 
energy to the operating energy. The XBAY ring has already operated at up to 2 
GeV in beam energy with modest beam lifetime and beam current. A commissioning 
program is in progress to enhance the beam intensity and to align the external 
photon lines with the photon fans emerging from the XBAY ring. Seventeen 
front ends are operational, and 25 “hutches” are assembled and are being outfit- 
ted with experimental equipment. 

The maximum radiation fan in an x-ray port is 50 mrad, which is typically 
subdivided into two or three beam lines. The maximum integratedlfrh;t;ni;;t 
for the XBAY-ring design parameters of 2.5 GeV and 0.5 A is 3x10 
1X( &,/A) l O.SA at the critical wavelength, for an arc source, of 2.5 angstroms. A 
superconducting wiggler at 50 kG would extend the spectrum into the hard x-ray 
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region with a flux (at a photon energy of 100 keV) of 1014 photons/s~rad~lX 
(6x/A) at 500 mA. 

General Summary 

There continues to be rapid growth in the number of faci- 

lities coming on line for research in both the VW and x-ray 

regimes. Although the needs of the community are for more 

sources at all energies, there will be larger increases in the 

number of beamlines for WV and soft x-ray research. 

The new facilities, including insertion devices on existing 

machines, will make available much brighter sources than those 

of the past. This progress, combined with the technological 

development of beamline design and instrumentation, is opening 

up new fields of research and enhancing the capability for 

research in the many areas of science that presently use SR. 

Some of these facilities are taking longer to become opera- 

tional than the SR community had expected. The problems have. 

not involved technical considerations but rather a lack of 

resources, both manpower and money. Although the rings being 

built are physically smaller than those built for high-energy 

physics, they are equally complex and technologically chal- 

lenging. To build and commission them on an expeditious 

schedule requires not only adequate funding but also a larger 

well-managed team of accelerator physicists and engineers than 

has been available on some recent projects. 
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Future Facilities 

The following table lists the new U.S. SR facilities that are being con- 
structed, have been proposed, or are being designed or considered. 

Table 4 

Future SR Facilities in the USA 

Funded and under construction 

Brookhaven National Laboratory 
Stanford University 
Stanford University, SSBL 

NSLS Phase II 
l-GeV FEL storage ring 
SSBL Enhanced Photon Flux Facility 

(SEPFF) 

Active Proposals 

Lawrence Berkeley Laboratory 1.3-GeV Advanced Light Source (ALS) 

Under Design or Consideration 

Brookhaven National Laboratory NSLS Phase III 6-GeV Facility 
Stanford University, SSBL 6-GeV-Ring Facility 
Cornell University, CHESS High-Energy Ring 

These projects are described briefly in the following, in the order in which 
they appear in the table. 

Brookhaven National Laboratory--NSLS Phase II 

The NSLS Phase II Construction Project is made up of two basic components: 
1) beamline construction, involving the development and installation of at 
least six additional beamlines and associated insertions; and 2) conventional 
construction, involving expansion of the existing NSLS building. Briefly, the 
objectives of the project are to: 

- design and build six state-of-the-art beamlines with emphasis on wiggler 
and undulator insertions , 

- provide laboratory and experimental support areas to accommodate up to 
80 beamlines 

- provide integrated work and office space for 128 NSLS personnel. 
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Proposed Insertion Devices and Experimental Beamlines -- Six beamlines 
and three insertions* will be designed and built as part of the Phase II Con- 

struction project (Table 5). The locations of these beamlines and insertions 

on the XRAY and WV storage rings are noted in the table. The first three 

beamlines in the table were proposed to the scientific community as pertinent 
to the community's current needs and haV8 been endorsed by the Users' Executive 
Committee. The NSLS Department Chairman has approved them for early construc- 
tion. The remaining three beamlines will be reviewed by user groups and then 
approved for construction by the NSLS Department Chairman no later than July 
1984. 

Table 5 

Experimental B8amlfn8S and Insertions, 

NSLS Phase II Construction Project 

B8alllliIl8 Insertion Device 

Superconducting Wiggler 
High-Q-resolution x-ray 
X-ray microscopy and holography 

Infrared 
TCK soft x-ray 
High-Energy-Resolution 

inelastic x-ray scattering 

Superconducting wiggler 
Hybrid wiggler 
Soft x-ray undulator 
Non8 
Multipole wiggler 

Hybrid wiggler 

Stanford University--1-GeV FEL Storage Ring 

This l-GeV storage ring has been designed specifically for the study of 

free-electron lasers (FELs) and is not primarily planned to be used as an SR 
source. HOWeVer, the present design inClUd8S locations for up to four inser- 

tion devices, and SR research in the soft x-ray region and basic accelerator- 
physics research are planned as secondary uses. 

Stanford University, SSRL--SSRL Enhanced-Photon Flux Facility (SEPFF) 

In addition to a plan to increase the number of beamlines from both bending 
magnets and Insertion d8ViCeS Over the next several years, there are several 
other improvement programs Underway as part of SEPFF. They include: (1) machine 

lattice modifications that could reduce the dedicated-mode beam emlttance by a 
factor of three, thereby increasing the brightness from all sources; (2) changes 
in the beam-control systems, to improve the stability and control of the elec- 

tron orbits; (3) construction of a new alternate injector using only a small 

*The sup8rconducting Wiggler has already b88n COnStrUCt8d. The transverse op- 
tical klystron (ToK) insertion magnet will be built with non-NSLS funds. 
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Table 7 

Specifications for the PEP-Beam-Facility Undulator 

Magnet gap 45 nun minimum (variable) 
Electron aperture 36 mm (fixed) 
Magnet period 72.58 mm 
Peak magnet field 2.239 kG (maximum) 
K parameter 1.518 (maximum) 
Material Smco, steel 

The beamline will immediately be ready for high-resolution scattering and 
diffraction experiments. It should be noted, however, that the unique proper- 
ties of the PEP-undulator radiation will make it possible to explore, as re- 
search-and-development projects, alternative configurations that will optimize 
the beamline for, e.g., Mossbauer diffraction and high-energy-resolution x-ray 
scattering. 

The schedule calls for the approximately 3000-ft2 building (and the 
interconnecting beamline tunnel) to be built during the PEP summer shutdown in 
1984; the beamline components will be installed in the summer of 1985. 

Lawrence Berkeley Laboratory--1.3-GeV Advanced Light Source (ALS) 

The design of the ALS has been optimized to achieve two major goals: to 
provide intense photon beams in the energy range of from 0.1 to 5000 eV and 
to provide very short pulses (20-ps duration) of synchrotron light for the 
many experiments that are performed in this energy range and that involve 
timing requirements. At a reduced flux, pulses of as short as 5 ps could be 
available under certain operating conditions. The use of a superconducting 
wiggler could provide useful fluxes of photons at higher energies, e.g., 40 
keV. 

To meet these design goals, the electron beam has a very small design 
emittance (7x10'gxm*rad), and the ring has twelve 6-meter-long straight sec- 
tions for wigglers and undulators. The low emittance, which is an order of 
magnitude smaller than that of existing machines, makes it possible to optimize 
performance from the undulators in the soft x-ray region and to minimize power 
loading on optical components in the beamlines. 

All told, 30 or more photon beamlines (user ports) would emanate from the 
ALS's complement of 12 insertion devices, and a comparable number of beamlines 
could originate in bending magnets. According to the proposal, half of the 
insertion devices and beamlines would be built as part of the main construction 
project, with the remainder being developed by affiliates or PRTs. Table 8 
summarizes the parameters of the ALS design, and Table 9 gives the project 
cost estimates. The insertion devices included in the project costs are listed 
in Table 10. 

LBL has had a pioneering role in insertion-device development and has done 
a great deal of work in beamline design relating to the AL.9 and to the problems 
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associated with very high brilliance and high power density. The laboratory 

has recently formed the Berkeley Center for X-Bay Optics, where these problems, 
along with the development of 

. - 
sued. LBL has a large, highly 
and technicians; they have had 
this country. 

x-ray instrumentation, will be intensively pur- 
qualified team of machine physcists, engineers, 
an important role in synchrotron development in 

Table 8 

AS Design Parameters 

INJECTION 

STORAGE RING 

GENERAL-USER 4 undulators 
PHOTON BEAMLINES 2 wigglers 

(Construction Project) 14 branch lines 

Accelerator systems 
Storage ring 
Injector 
Control system 
Contingency 

Beamline systems 
Insertion devices 
Photon beamlines 
Contingency 

SO-MeV Linac 
1.3-GeV Booster 

Design Current (400 mA) 
Beam lifetime (> 8 h) 
mittance (7~10'~ nm*rad) 
Filling time (approximately 3 min) 
12 (6-meter) straight sections 
(> 30 branch lines *possible) 
24 bending magnets 
(>30 branch lines potential) 

Table 9 

ALS Construction Cost Estimatesa 
(In FY83 Millions of Dollarsb) 

Conventional facilities 
Removals and site preparations 
Building addition 
Shielding 
Utilities 
Contingency 

26.5 
11.7 
7.2 
2.6 
5.0 

26.4 
7.2 
14.2 
5.0 

10.4 , 
2.2 
2.7 
1.8 
2.4 
1.3 

TOTAL 63.3 

"Including project management, engineering, and design costs 
bDoes not include escalation 
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Insertion-Device Peak Field Period Numberof Length Energy 
NaElO Type (tesla) (cm) Periods (meters) (ev) 

U A Permanent-magnet 
undulator 

UB Hybrid undulator 

DC Hybrid undulator 

DD Hybrid undulator 

WE 
WF 

Hybrid wiggler 
Superconducting 
wiggler 
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Table 10 
Summary of Currently Planned ALS 
Insertion Devices (1.3 GeV) 

0.39 16.7 30 5 5 to 700 

0.74 6.25 
0.54 5.0 
0.57 3.5 

1.60 10.0 
5.0 14.0 

80 

100 
142 

25 
14 

5 25 to 1500 
5 75 to 3000 
5 200 to 5000 

010,000 at 
1.9 GeV) 

2.5 0.1 to 10,000 
2 1 to 10,000 

040,000 at 
1.9 GeV) 

Brookhaven National Laboratory--NSLS Phase III 6-GeV Facility 

NSLS Phase III includes the construction of a 6-GeV, 5-mA booster syn- 
chrotron and a 6-GeV high-brightness "undulator/wiggler" electron storage ring. 
This construction program is planned in two stages. The first stage involves 
upgrades to the existing facilities and construction of the booster synchrotron, 
referred to as Booster II in the following discussion. Booster II will be used 
as a full-energy injector into the upgraded existing XEAY storage ring. Con- 
struction of the high-energy “undulator/wigglern storage ring will follow as 
the second stage of the program. 

Plans for the design, siting, and commissioning of Booster II have been 
made in such a manner as to make use of the existing linear-accelerator and 
booster as the injection system. Booster II will be located where construction 
and commissioning will not interfere with ongoing operations. 

The existing XRAY ring was designed for a maximum energy of 2.5 GeV; how- 
ever, easy upgradeability to 3 GeV was allowed for. The dominant component in- 
volved in increasing the energy to 3 GeV is the addition of rf acceleration 
stations. Additional rf cavities are presently in the construction stage. 
With the presently installed rf power amplifiers and a complement of four rf 
cavities, a beam energy of 3 GeV, with a 300-mA circulating beam, can be 
achieved. 1 

There is a growing consensus that, in the coming years, a high-energy ring, 
operating at an energy on the order of 6 GeV, will become increasingly attractive 
for a variety of experiments. Thus, the Booster II synchrotron will not only 
be capable of injecting into the energy-upgraded XRAY ring, at an energy of 3 
GeV, but it will also be designed to accelerate electrons to 6 GeV for full- 
energy injection into the high-energy "undulator/wiggler" storage ring to be 
constructed in the second stage of the program. 
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The basic parameters of Booster II are as follows: 

Energy 6 GeV 
Circumference 340.3 meters 
Magnetic radius 26.7 meters 
Beam current 5 mA 
Radio frequency 370.2 MHz 

Because the initial operating energy will be only 3 GeV, construction of a good 
fraction of the rf hardware could be postponed. It is desired, however, to 
avoid subsequent interruptions of the XRAY programt therefore, the full rf- 
cavity complement will be installed during the first stage of the construction 
program. 

The siting and construction of Booster II and its associated tunnels and 
service buildings would have to take into account the subsequent construction 
of the 6-GeV undulator/wiggler (U/W) ring, which would have to be carried out 
with no interruption of the XRAY-ring experimental program. Reinjectlon of 
the 3-GeV Booster II beam into the XBAY ring has been examined in a preliminary 
manner. In crossing the XRAY experimental area, the -charged-particle beam 
transport would pass under a number of photon lines in a manner analogous to 
what is presently done with the transfer line from Booster I to the WV storage 
ring. Table 11 provides cost estimates for the various components Involved in 
the construction of Booster II. 

In order to improve the present charge-transfer rates into the VW and 
the XBAY rings (and, from a longer-range point of view, into the U/W ring), an 
improvement program to increase the prebunch intensity in Booster I is being 
carried out. This program involves not only Incorporation of a new state-o+ 
the-art gridded electron gun but also the rebunching, at 800 MeV, of five 
bunches into one bunch, by means of a new 10.6~MHz rf unit. As a result, 
significantly shortened charging times will be achievable in the two existing 
storage rings, and, after completion of the U/W ring, charging of the three 
rings from zero circulating beam to design current values would be done in 
significantly leas than 30 minutes. 

A preliminary study of the high-electron-energy U/W storage ring has 
been carried out with the objective of potentially providing for ultimate- 
brightness radiation sources in the hard part of the x-ray spectrum. The 
design parameters were guided toward the use of a 0.86-A first-order spectral 
peak from a state-of-the-art permanent-magnet undulator source. These conaider- 
atlons led to a maximum electron energy of 6 GeV. While still keeping economic 
factors in sight, the design of this storage ring was optimized for minimum 
source emittance, thus resulting in the principle parameters shown in Table 12. 

With its superperiodiclty of 16, this ring would permit the ultimate use 
of (28-N,) undulatora, NW wiggler sources, (32-N,,) dipole sources, and NW, 
short wiggler sources. Table 13 gives more detail on these potential sources 
and compares them with those of the "P-ESBP," the European Synchrotron Radiation 
Facility, which is proposed for construction at a coat of approximately $150 
million. 
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Table 11 

Cost Estimates for the Construction of Booster II: NSLS Phase III 
(In FY85 Millions of Dollars) 

A. Engineering, Design, and Inspection 5.50 

B. Booster II 
1. Principal Systems 14.76 

2. Associated Equipment 1.48 

c. Conventional Construction 4.87 

Subtotal 26.61 

D. Contingency at 20% 5.32 

TOTAL 31.93 

Energy (GeV) 
Periodicity 
Circumference (meters) 
Bending Radius (meters) 

vH# w 
Momentum Compaction, aP 
di(m*rad) 
fl(m*rad) 
Dipole Field, B(kG) 

6 
16 
753.58 
33.40 

-25, -9 
4.5x10-4 
0.7x10-8 
7x10-10 
7.5 

Sextupole strength, B" (kG/m') -120 
Number of "High Beta" long straights (Xp=O) 16 
Number of "Low Beta" long straights (Xp=O) 16 
Beam Current (mA) 250 
Bunch Length (at 1~0) (ps) 22 

Table 12 

NSLS High-Energy U/W Ring 
Preliminary Parameters 
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Table 13 

A Comparison Between the NSLS U/W Ring and the ESRF 

Ports and Stations U/W Ring P-ESRP 

A. BENDING MAGNETS 
x, (A) 
FIUX at b//mrad (photons/mrad/l% BW) 
Number of Ports 
mrad/port 

B. MULTIPOLE WIGGLERS 

h, (A) 
Flux at k//mrad (photons/mrad/l% BW) 
Number of Ports 
mrad/port 

C. SHORT WIGGLERS 
h, (A) 
Flux at Ac/mrad (photons/mrad/l% BW) 
Number of Ports 
mrad/port 

D . UNDULATORS 
Al (A) 
Number of Ports 

;:::lo13 
< (32~~,) 
10 

0.35 
2.2x1015 

Nw 
2 

2 
2.7~10~~ 
10 
10 

1 
3.2~10~~ 
38 
2 (:2) 

0.09 t 
8.8x10 14 

0.35 0.25 
2.7~10~~ 

< Nws 10 
2 12 (:3) 

0.86 
< (28~Nw) 

Stanford University, SSRL--6-GeV-Ring Facility 

SSRL has been studying new ring designs that are optimized around wiggler/ 
undulator sources that give orders-of-magnitude-greater flux and brightness 
than bending magnets. SSRL experience with high-power wigglers reinforces 
the belief that, because of thermal problems, we are close to the limit of 
x-ray intensities that can be used at existing rings and that major advances 
in x-ray intensities and brightness require x-ray undulators that concentrate 
the spectrum in the desired region. 

To utilize x-ray undulators effectively, high-energy storage rings (5 to 
6 GeV) with very low emittance are required, along with a large number of 
straight sections for insertion devices. In the effort to achieve additional 
capabilities in the soft x-ray/VW region, SSRL has studied the concept of 
having a 2-GeV ring with very long straight sections in the same housing as a 
6-GeV ring. The rings would share the facility, thus reducing costs, and 
beamlines from each ring would alternate (spaced at six degrees) around the 
circumference. 

. 

and 
The 
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Various designs for such a dual-ring system have been studied. A proposal 
a conceptual design report for a 6-GeV facility are expected during 1984. 
parameters now being considered are shown in Table 14. 
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Energy (GeV) 
Circumference (meters) 
Beam Emittance (marad) 
Beam Current 

per bunch (mA) 
total (mA) 

Beam Lifetime 
Touschek (h) 
Coulomb Scattering (h) 
Gas Bremstrahllung (h) 
Total (h) 

Bunch Length (ps) 
Average Vacuum (torr) 
SR Power (kW) 
Insertions 

High Brightness 
free length L(meters) 

Small Spot Size 
free length L(meters) 

Table 14 

SSRL 6-GeV-Ring Parameters 

6 
532 
5.7x10-9 

< 5.0 
G 100 

20 
20 
20 
6.7 
-100 
5.10’9 
600 

10 
4 
20 - 
2 
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Some of the major deeign criteria beyond the need for a 6-GeV ring are: 

- The beam current--both per bunch and total--should be moderate. 

- The design should aim for the smallest reasonable beam emittance. 

- In some insertions the brightness of the photon beams from an undulator 
should be maximized. This ie achieved by reducing the beam divergence 
to such a level that the spectral line width as determined by the divar- 
gence ie equivalent to the line width due to a loo-period undulator. 

- There should be space for 30 insertion devices in the ring, and the 
aperture requirements for the beams should be minimized in both planes 
to allow short-period insertion devicee to deflect the beam in either 
plane. 

- The beam lifetime should be at least 10 hours. 

These criteria are met with a new magnet-lattice arrangement using “triplett 
achromate” in between straight sections. This arrangement provides a small 
emittance and good flexibility and reduces the circumference of the ring by 30% 
for a given number of straight sections. 

The radiation characteristics of the many possible sources in this ring 
are shown in Table 15. 
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Table 15 

Radiation Characteristics of Poseible SSIU 6-GeV-Ring Sources 

High-Brightness Insertions 

Energy (GeV) 
Beam Size ox/oy( mm) 
Beam Divergence ox’/ 

“r 
*(mW 

Line width/y (100 per ode) 
Total Line Width/y 
Minimum Gap Gx/Gy (mm) 
Highest Fund Photon 

Energy cph( keV) 

Small-Spot-Size Insertions 

Energy (GeV) 
Beam Size oxoy( cm) 
Beam Divergence ox’/ 
Minimum Gap Gx/G 

E 
“3 

’ ( pad) 
(mm 

Critical Photon nergy 
BW - 20 kB sc(keV) 

Bending Magnets 

Energy (GeV) 
Bend Field (kG) 
Critical Photon Energy (keV) 

6 
3241116 
13/13 

8.5x10-6 
2.0x10-5 
715.5 

20 

6 
48/41 
48/41 
2/2 

47.5 

6 
10.5 
25 

As in any high-energy ring with undulators and wigglers, a major design is- 
sue is handling the photon-beam pover on downstream components in the beamline. 
The latest beamline at SPEAR (LBL/Exxon/SSEL S&pole, 1.2-T vi gler) has front- 
end components designed to take power densities of 200 z W/mm . Present down- 
stream optical element8 can take considerably less power density and many 
possible solutions are being considered. They include in-vacuum monochromators, 
new materials including multilayer and SIC mirrors, and lOOmeter-long beam- 
lines. With the aaeumption that power densltles should not exceed twice the 
present level (i.e., C 400 W/mm2), SSEL has studied a wide range of undulatorl 
wiggler parameters and has concluded that: 

- An array of undulators can cover the energy range of from 3 to 21 keV 
in the fundamental, 
1018 to 1019 

with conservative gaps and a source brightness of 
photonslsec =rad2 a.lAd.lXBW. 

- Given the parameters of the 6-GeV ring, wigglers can operate with criti- 
cal energies up to 40 keV. 

- Continued research and development is required to improve the downstream 
optical components; much experience will be gained from the present 
high-power lines on SPEAR. 

82 



. . 

FACILITIES (USA) 

Summary of Future Facilities 

It is clear from the above that future SR facilities will 

predominately use insertion devices and, as a result, will 

achieve source brightness that is orders of magnitude higher 

than would otherwise be possible. The storage-ring designs 

reflect this design direction in having small beam emittance 

and many insertions whose beam optics are tailored for undula- 

tors and wigglers. These trends are illustrated in Table 16, 

which gives a summary comparison of machine parameters and 

source characteristics for some representative existing and 

proposed SR facilities. 

The ALS has been formally proposed for construction, and 

its projected performance and cost have-been detailed above. 

This facility would enhance the US capability in the VUV and 

soft x-ray energy range. 

In the harder x-ray range, there are several studies in 

progress, and proposals for construction are currently being 

initiated. These facilities will again use insertion-device- 

based storage rings but will operate at higher energies--around 

5 to 6 GeV. Because injection at the operating energy is be- 

coming increasingly important in optimizing the storage-ring 

design and in improving operation, it is worth noting that 

there are three locations in the USA where existing electron 

accelerators could be used as injectors, thereby reducing 

the construction cost of a high-ene?rgy facility. At Cornell 

studies have begun on a possible dedicated synchrotron light 

source that could use the high-energy-electron synchrotron as 

an injector. The cost of a 5 to 6-GeV facility including an 

injector is estimated to be approximately $168 million in FY85 

dollars. This figure includes the experimental areas and an 

initial complement of approximately 10 undulator/wiggler beam- 

lines. The designs could eventually accommodate 30 or more 
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to the expanded number of beamlines. There are also limited opportunities 
to develop and utilize insertion devices. The primary impact of 
generation of machine will be to: 

1) make available a lo2 to LO4 increase in brightness, compared 
previous machines, and 

this current 

to 

2) allow access by a wider community to the benefits of SR. 

The increased beam quality achieved by these machines and the greater 
beam time they offer will allow expansion of ongoing studies and will cross 
the threshold for studies that were previously unfeasible. Intensified efforts 
at making these facilities “user friendly” will increase involvement by the 
materials-science and technology communities. Important research and develop- 
ment on beamline and endstation performance will be conducted to provide rela- 
tively low-cost gains in overall performance. 

The development of insertion-device opportunities on existing machines will 
begin to establish the science possible with those devices and the technology 
applicable to the next-generation machine. Given the rapid movement in techno- 
logy in this area, it is anticipated that there will be further advances over 
the near term. The revolutionary capabilities of these devices is expected to 
draw to the synchrotron area new communities of scientists and materials tech- 
nologists, which will establish a new driving force for further capacity and 
expanded capability. 

The construction of Insertion-device-based machines, If implemented on 
the most expeditious schedule technically possible, cannot be expected to 
greatly impact the field until the late 1980s or early 1990s at best. The 
demand will then be high for insertion-device capability, as the emphasis is 
shifted to techniques requiring insertion-device performance. 

Facility Cost Projections 

There are three primary components to the facilities-development picture 
over the next 10 years: development of insertion-device capability on existing 
machines, design and construction of a high-energy facility to produce undula- 
tor radiation in the hard x-ray region, and construction of a low-energy facility 
to provide undulator capability In the soft x-ray ultraviolet (XUV) region. 
The individual development schedules for these components are as follows: 

Development of Existing Straight Sections for Insertions -- There currently 
exists the following potential for new insertion-device development at dedicated 
facilities: 
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Number of 

. . 
Straight 

Facility sections 

. - 
SSRL 4(short term)a 

$(fully dedicated) 

Approximate Development 
Cost per Beamline 

(FY85 Millions of Dollars) 

2.0 to 4.0 

NSLS 7b 0.8 to 1.4 

SRC 4 1.5 

a0ne of these is included in SEPFF. 
bSix are included for development in Phase 11. 

The actual development costs will of course depend to a great 
complexity of the beamlines involved. Their development should 
measured pace to take advantage of technological advances, but 
time user demand will force rapid development of a basic capacity. 

deal on the 
proceed at a 
at the same 

The High-Energy Facility -- The high-energy facility is in the conceptual 
development stage. The design and engineering work needed to get to the pro- 
posal stage will take approximately two years. The construction-and-procure- 
ment phase will require approximately five years and has a projected coet of 
$168 million (in FY85 dollars), which can be broken down as follows: 

Approximate Cost Breakdown for a 6-CeV Facility a 
(In FY85 Millions of Dollars) 

Engineering Design and Inspection 17 
Conventional Construction 40 
Technical Construction and Capital Equipmentb 83 
Contingency 28 

TOTAL 168 

aCost figures provided by SSRL--figures are not reviewed 
blncludea 10 instrumented beamlines and $14 million for an injector 

The Low-Energy Facility -- The low-energy facility can be constructed from 
the existing ALS design at a cost of $72.6 million (in FYSS dollars). Construc- 
tion will require four years. The cost is broken down as follows: 

ALS Construction Costs 
(In FY85 Millions of Dollars) 

Accelerator Systems 
Beamline Systemsa 
Conventional Facilities 

TOTAL 

88 
aIncludes 14 branch lines on 6 insertion-device ports 

30.5 
30.4 
11.7 
72.6 
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The report on the "Current Status of Facilities Dedicated to the Produc- 

tion of Synchrotron Radiation" (the Lynch Report), published in 1983, concluded 
that user demand would saturate capacity by 1985. While the primary motivation 
for the actions recommended in this report is the creation of new opportunities 
in science and technology rather than the creation of added capacity, we found 
that indeed the Lynch Report projections seem to be valid. The NSLS XUV-ring 
bending-magnet ports are fully subscribed, and no more than four ports remain 

open on the XR ring. The SRC is approximately 70% committed even before becom- 
ing operational, and SSRL remains heavily oversubscribed. Development of the 

available straight sections by means of insertion devices is, of course, high 
among our recommendations, in concurrence with the Lynch report. 

The following table shows, for the indicated years, the user count at 
various SR facilities and the number of publications arising from work done at 
each facility. The user count shown is the number of scientists who actually 
came to the facility to take data. Others associated with the proposals but 
not directly involved in data collection are not included. The user counts 

from 1983 are high in that they include the members of the NSLS x-ray PRTs who 
would have been at the facility had it been operational. NOTE: There is some 
overlap of users between the various facilities, in particular between NSLS 
and SSRL but between the others as well. This overlap is not accounted for in 
any manner. 

Users Publications 

1981 

SSRL 167 

SRC 135 

NSLS 

SURF 57 

CHESS lsb 

TOTALS 374 

aIncludes x-ray PRT members 
_it had been operating; 124 

1982 1983 

249 275 

130 96 

39aa 

39 39 

186 249 

604 1057 

who would have been 
users actually took 

1981 1982 1983 

136 168 162 

78 84 78 

40 

30 42 20 

4 30 36c 

240 324 336 

using the facility if 
data on the VW ring. 

bOperation started in December 1981. 
c70 more publications are presently in print. 
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A general idea of the S&demand distribution across disciplinary boundaries 
can be obtained from the current breakdown of SSRL proposals, which is as 

. . 
follows: 

Physical sciences 35% 
Materials sciences 28% 
Biology and medicine 21% 
Chemical sciences 16% 

User Interactions 

SR facilities interact with a large number of users having various levels 

of expertise, under a variety of sometimes difficult circumstances. In 
order that efficient use be made of these limited and unique facilities, it is 
imperative that user interactions be carefully thought out and that facility 
personnel and users clearly understand their responsibilities and prerogatives. 
The classes of people involved in these interactions include facility managers, 
facility research personnel, facility technical personnel, scientific personnel 
from research groups that have built beamlines, users who have had extensive 
SR experience, and users who have had little or no SR experience. Furthermore, 
the users may need to operate under a variety of constraints ranging from the 

open research characteristic of university groups, to proprietary research 
having commercial restrictions, and to defense research requiring classifi- 
cation restrictions. The range of sociological interactions is large and 
complex. It takes effort and goodwill to assure that these facilities operate 
efficiently. 

Dedicated SR sources operate 16 to 24 hours per day, seven days per week, 
for a large part of the year. The time scheduled for each user is highly 
variable, depending on the experimental requirements, and it is possible to 
have several user groups alternate in the use of a beamline during a day. 
Large research groups may have the manpower to operate for the required long 
hours, but small user groups and individuals require assistance. Such assis- 
tance might consist of cooperative interactions between small groups having 
common interests or interactions between the small user and a larger group. 
Cooperative research might also involve the user group and facility profes- 
sionals, or the user group may arrange assistance from SR-facility technical 
personnel. 

The SR-facility staff has responsibility for development of new instrumen- 
tation for the facility. Qualified user groups can greatly assist in this 
task. In fact, much of the advanced instrumentation at Tantalus, at SSRL, and 
at NSLS has been developed by user groups. Unfortunately, as facilities become 
larger and more complicated, sheer cost may prevent highly qualified university- 
based groups from developing beamlines. To assure continued participation by 
such groups, we urge that a sizable fraction (say 75%) of the beamlines at new 
facilities be developed by means of collaborations between such university 
groups and the facility staff. These collaborations would be similar to PRTS 
but with the important difference that funding would be provided by the instru- 
mentation budget of the facility. Groups participating would be selected by 
a peer-review process to ensure their capability and suitability for the de- 
velopment proposed. 
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An overall plan, therefore, must address the following topics: (1) the 
development of science-driven goals for the performance of the machine, the 
insertion devices, and the beamline instrumentation, and (2) the implementa- 
tion of appropriate R&D to assure successful achievement of these goals. Each 
of these topics is discussed below. 

Development of Science-Driven Goals 

This process is the scientific core of the development of SR facilities. 
It is by nature an evolutionary, community-wide process that is continually 
underway. We recommend that this process be fostered by the Department of 
Energy (DOE) sponsorship of periodic workshops to be held alternately at varf- 
ous laboratories. These workshops should be organized by a local committee of 
the host laboratory, working together with a national advisory group; the work- 
shops should be international in scope. Travel budgets should be provided to 
encourage the attendance of the most experienced people and of those students 
and postdocs who are without adequate financial resources. 

Indeed, one workshop has already been held at SSRL in June 1983, and 
another is planned for the summer of 1984. These workshops are endorsed by 
this committee provided that they involve international participation and that 
it is understood that the site chosen for such workshops will vary in the future. 
It is to the great benefit of the synchrotron community to encourage the parti- 
cipation of as many institutions as possible in the planning for next-genera- 
tion sources. Further, it is our hope that a number of institutions will ul- 
timately make proposals to construct the planned facility. 

R&D Activities 

Unlike the development of science-driven goals, the actual new-ring R&D 
activities pursued at each of the various institutions involved must be lnte- 
grated with that institution’s other R&D activities and must be commensurate 
with the talents and interests of the staff scientists at the institution. 
Such a process will necessarily involve some duplication of effort, but such 
duplication serves an essential function in scientific research and should not 
be considered wasteful. Both NSLS and SSRL have moved rapidly to develop R&D 
plans for FY 85 and FY 86 at the approximate level of $1.25M/year at each in- 
stitution. We strongly recommend funding of these programs. The following 
summarizes the items that are considered important to address in these R&D 
plans; many of these items appear in the plans already developed. 

Machine-Physics R&D 

1. Multibunch instabilities 

2. Ion trapping, measurements and calculations; the feasibility of the 
use of positron rings to alleviate ion trapping 

3. Beam steering, orbit stability 

4. Full-energy injection; utilization of a top-off mode to achieve 
“steady-state” operation 
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5. Vacuum studies (the vacuum Is more important in low-emittance machines); 
deaorption studies 

6. Ring-lattice-structure studies, modular-prototype development 

7. Development of new injector technology 

8. New ring-control systems and beam diagnostics 

9. Time-structure studies 

10. Coupling of horizontal to vertical emittance. 

Insertion-Device R&D 

1. Calculation of photon fields from wigglers and undulators 

2. Use of higher undulator harmonics 

3. Minimum gap requirements 

4. New methods of producing periodic magnet fields (e.g., the use of 
microwave devices) 

5. Helical wigglers and other circularly polarizing devices 

6. Permanent-magnet/hybrid-structure R6D, optimization studies, and 
in-vacuum devices 

7. PEP undulators 

Beamline-Instrumentation R&D 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Beam-steering systems, detectors 

Beryllium-window R&D, determination of thermal-stress limits 

Thermal tolerances for optical elements; tests with simulated heating 
by lasers and electron beams 

Mirror surfaces and effects of radiation, roughness, coatings, and 
metrology 

Multilayer optics; focusing and monochromatizing 

Ray tracing under thermally stressed conditions 

Absolute-flux monitors 

Optical observations of source image 

Tests of cooling schemes (e.g., radiative cooling) 
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November 14, 1983 

Dr. Alvin W. Trivelpiece 
Director, Office of Energy Research 
Department of Energy 
Washington, D.C. 20585 

Dear Al: 

In this letter we will respond to your request to provide a status report on 
the Committee's deliberations on a long-range plan for advanced synchrotron 
radiation (SR) facilities in the U.S. We have met with over 75 scientists in 
Albuquerque on October 8 and 9, 1983, and in executive session at Stanford on 
October 26, 1983, and in Boston for two days on November 12‘and 13, 1983. In 
this series of meetings we performed a critical review of both the scientific 
imperatives and facility options. We do not expect a final report until 
February 15, 1984. The great breadth and diversity of both the scientific and 
technological impact and facility options are the strength of SR. It is, 
therefore, a significant task to make sure all the opportunities and problems 
are correctly presented and documented in our final report. However, we can, 
at this time, provide you with an overview of the situation and a prioritized 
list of recommendations which we are certain will be featured in our final 
report. 

OVERVIEW 

The scientific and technological impact of synchrotron-based research is growing 
rapidly with numerous high quality advances in chemistry, biology, and physics, 
as well as in medical and materials technologies. As exciting as the past has 
been, the future opportunities in both science and technology are even greater. 
The new sources just being commissioned already offer a significant gain in 
capability from which new science will evolve. Insertfon devices, which will 
form the basis of a revolutionary new generation of machines, promise such 
enormous gains in radiation flux and brightness that fundamentally new science 
can be approached. 
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There are significant plans already underway in Japan and Europe to exploit the 
new opportunities presented by insertion devices. Given the long lead time to 
develop these facilities, this country needs an aggressive program to provide 
such capabilities to our scientific and technological communities. The following 
recommendations represent such a program which we believe is justified by the 
scientific promise and practical importance of synchrotron radiation research. 

RECOMMENDATIONS FOR A TEN-YBAR PLAN FOR SYNCHROTRON RADIATION FACILITIES AND 
SPECIFIC RECOMMENDATIONS FOR THE FY85 BUDGET CYCLE 

The Committee recommends as its top priority that steps be taken to assure the 
timely completion of commissioning of NSLS and SRC as well as providing adequate 
operations budgets to assure the effective utilization of all existing facili- 
ties. 

The future of synchrotron radiation research is clearly dependent on the signi- 
ficant gains offered by insertion devices. Our unanimous prioritized recom- 
mendations to exploit these new opportunities are as follows: 

1) To realize the full potential of existing facilities, the Committee 
recommends expeditious completion of current projects to construct in- 
sertion device beamlines at SRC, NSLS and SSRL. 

2) The Committee recommends the construction of a 6 GeV storage ring 
beginning in 1987 as a dedicated national facility. To achieve this 
objective, appropriate R&D funds must be allocated in FY85 and FY86. 

3) The Committee recommends proceeding with the ALS in FY85 as a 
dedicated national facility. 

The Committee strongly recommends that no action on a lower priority recom- 
mendation interfere with the timely pursuit of the higher priority items. 

COMMENTS 

The Committee determined that the physics of synchrotron radiation and inser- 
tion devices dictates different energy machines for the x-ray and XW regions 
of the spectrum. The Committee unanimously concluded that if only a single 
new facility was to become available, the 6 GeV facility must have priority 
because it addresses regions of the spectrum and new science not accessible 
with insertion devices on existing dedicated facilities. In such an eventuality, 
the existing lower energy machines could be used to expand XW insertion- 
based capability. 
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The difficulties presently being experienced in the commissioning of the newly 
constructed machines are not fundamental in nature and result partially from 
over-zealous attempts at economy. Therefore, our recommendations reflect the 
need for adequate funding for their commissioning and operations. 

In our meetings and deliberations we received strong support for synchrotron 
radiation research from a broad spectrum of the scientific, industrial, and 
defense interests. We heard of achieved and potential breakthroughs in many 
areas, including catalysis, protein crystallography, angiography, plasma 

physics, and a broad spectrum of materials science. 

There will clearly be considerable future growth in industrial participation as 

long as their participation is facilitated by user friendly instrumentation and 
the protection of their proprietary interests. The Committee also concluded 
that university participation would be greatly augmented if the funding for new 
beamlines at future and existing facilities was provided in such a way that 
outside groups can participate; and the facilities would profit greatly from 
their expertise. A proposal-based, peer reviewed approach for selection of 
outside participants is strongly recommended. 

The rapid developments in synchrotron radiation led the Committee to unanimously 
recommend that a group such as ours be convened on not less than a yearly basis 
to review current developments in the entire field and to make recommendations 
for future actions. 

While the Committee has considerable work still to do before completing its 
final report, we can already conclude that the aggressive program in synchrotron 
radiation that we have recommended will contribute significantly to the 
scientific, technological, and defense strength of this country. 

For the Committee, 

P. Eisenberger 

M. L. Knotek 
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APPENDIX B 

Survey of Synchrotron-Radiation Research Facilities 
Outside the USA 

Introduction 

Interest in synchrotron radiation (SR) research is growing so rapidly in 
many parts of the world that it is difficult to present an upto-date comprehen- 
sive survey. This report attempts to briefly summarize the information that 
has been collected from numerous sources (questionnaires, laboratory reports, 
personal correspondence, etc.), with an emphasis on insertion devices and emit- 
tance, because these are of particular interest to the SR planning committee. 
The discussions of the different facilities vary greatly, reflecting the dif- 
ferences in the amount of information readily available. 

In addition to providing a brief narrative about each facility (listed 
alphabetically by country), this appendix summarizes the available data in 
Table B-l at the end of the appendix. More information, in the form of ques- 
tionnaires filled out by individual laboratories, will be available in the 
proceedings of the 1983 U.S. National Conference on Synchrotron Radiation 
Instrumentation. 

Also included at the end of this appendix are tabular summaries of European 
scientific interest (Table B-2) and of European storage-ring sources (Table 
B-3); these data are taken from the proceedings of the Scientific Worksohp 
held at Stanford in July, 1983 and are also available in "Synchrotron Radiation 
Facilities in Europe" by B. Buras, Y. Farge and D. J. Thompson, ESRP-PG-l/83, 
March, 1983. 

Additional information on SR facilities is contained in the Lynch Committee 
Report ("Current Status of Facilities Dedicated to the Production of Synchrotron 
Radiation," available from the Solid State Sciences Committee, 2101 Constitu- 
tion Ave., Washington, D.C. 20418) and in A. Bienenstock and H. Winick, "Syn- 
chrotron Radiation Research--An Overview," Physics Today, 36:48-58, June 1983. 

Brazil 

Feasibility studies are in progress that may lead to a proposal for a 
dedicated light source in the 1 to 3-GeV range. 

China 

Two facilities are under construction in the People's Republic of China. 
Both are scheduled to begin operation in about 1988. One is HESYRL, an 800-MeV, 
fully dedicated light source being built at the University of Science and 
Technology in Hefei, Anhui. The ring design follows the, very successful ap- 
proach of BESSY; it will have four configurations (general purpose, high flux, 
high brightness, and short pulse) and 24 ports from bending magnets and 3 from 
insertions. The injector is a 200~MeV linac that is eictendable to higher 
energy. About 160 scientists are planning research at the .facility. 
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France 

In Orsay the LURE laboratory uses two operational rings and has one in 
construction. All rings use a l.l-GeV e+e' linac for injection. The AC0 
540-MeV ring is fully dedicated and has three bending-magnet ports serving 12 
stations. Undulator/free-electron laser (FEL)/optical-klystron studies are 
pursued using one straight section. In 1983 the Orsay/Stanford group operated 
the first storage-ring FEL. 

The DC1 1.72-GeV ring is used primarily for colliding-beam studies, with 
25% of the beam time now dedicated to SR. In January, 1985 the DC1 will become 
fully dedicated to SR. Two bending-magnet ports now serve 10 stations. An 
undulator and a superconducting wiggler are in construction. More than 350 
scientists are involved with research at AC0 and DC1 and are planning research 
at Super-ACO. 

Super-ACO, an 800~MeV dedicated source, is under construction and is 
scheduled for operation in late 1986. 
3.0x10-8 

It will be a low-emlttance ring (Ex = 
mn*rad) with six straight sections for insertions. Twenty-four 

bending-magnet stations are also planned. 

A study is in progress for a 240 to SOO-MeV permanent-magnet storage 
ring. In collaboration with the Lawrence Berkeley Laboratory (LBL), a prototype 
dipole and quadrupole are being built. 

Germany 

The major facilities here are BESSY, an 800~MeV dedicated ring in Berlin, 
and HASYLAB, which utilizes the 5.5-GeV ring DORIS in Hamburg In both dedicated 
(30%) and parasitic modes. Both rings have full-energy injectors. In addition, 
there are two synchrotrons (0.5 and 2.5 GeV) in Bonn that are used for SR. 

BESSY has 22 stations in operation on bending-magnet beamlines and 6 more 
in construction. A multipole wiggler and undulator are under construction. 
Part of the facility is devoted to soft x-ray lithography by industrial groups, 
part is devoted to radiometry by the PTB (Physikalisch-Technische Bundesanstalt), 
and the largest part is devoted to use by the general scientific community. 
Three different magnet optics have so far been implemented: x-ray, metro (which 
has the lowest emittance), and IS0 (which has a bunch length of 25 ps). A 
bunch length of 10 ps should be possible in the future. The BESSY group is 
planning a compact 2nchrotron source (COSY). It will be a 560~MeV ring with 
5-T superconducting bending magnets and a 38-cm radius of curvature. About 56 
scientists are active in research at BESSY, excluding students and postdoctor- 
ates. 

HASYLAB has 28 bending-magnet experimental stations in operation and 
more in construction. A multipole wiggler is being built. Four hundred scien- 
tists from more than 80 institutions are involved with SR research at HAYSLAB, 
and there are others associated with the European Molecular Biology Laboratory 
outstation on DORIS. The annual HAYSLAB Activity Reports contain much detailed 
information about the lab and its program. 
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India 

The Indian government has approved in principal the construction of SR 
research facilities. Several design approaches are being considered. 

Italy 

The PULS project utilizes the ADONE 1.5-GeV ring in both dedicated and 

parasitic modes. Four bending-magnet stations, two wiggler stations, and one 
undulator station are in operation. More wiggler stations are under construc- 

tion. Injection is from a linac at 300 MeV. About 200 scientists use the 

facility each year. 

Japan 

Four fully dedicated storage rings are now in operation, one dedicated 
ring is proposed, and two colliding-beam rings that will also be used for SR 
are under construction. In addition, a 1.3-GeV synchrotron is used for SR. 

The main facility is the Photon Factory, a 2.5-GeV -fully dedicated ring 
that has been in operation since 1982. Injection is at full energy from a 
linac. In operation are 19 experimental stations on bending-magnet lines, 4 
on a superconducting wiggler line, and one on a permanent-magnet undulator 
line. The superconducting wiggler is unique in having a horizontal field and 
hence in producing a vertically polarized beam. The Photon Factory is located 
at the KEA Laboratory, which has two colliding-beam rings in progress. These 
rings will also be used parasitically for SR. The Accumulator ring (6 GeV) 

\ began operation in November, 1983, and the Tristan main ring (30 GeV) is under 
construction. Future plans include low-energy rings along the 2.5-GeV linac. 
Six hundred scientists are now involved in performing or planning research at 

the Photon Factory. 

The TERAS 600~MeV dedicated ring has been in operation at the Electro- 
technical Laboratories in Tsukuba since 1982. It is used for lithography, 
radiometry, and other vacuum ultraviolet (WV) studies. Injection is at 300 
MeV from a linac. 

The 380~MeV SGR ring at the Institute of Nuclear Science (INS) of the 
University of Tokyo is the first ring to be designed and built as a dedicated 
light source. Injection is at 300 MeV from the INS 1.3.GeV synchrotron. The 
storage ring began operation in 1974. The SOR ring program is under the direc- 
tion of the Institute for Solid State Physics (ISSP) of the University of 
Tokyo. Five stations use bending-magnet radiation. A permanent-magnet undula- 
tor was tested in this ring, but limited experimental space precludes full 
utilization of such insertions. The ISSP group has proposed a new source, 
Super SOR, a 1.0-GeV low-emittance ring with eight long straight sections for 
insertions. This ring is described in the proceedings of the 1983 International 
Conference on High-Energy Accelerators (to be published). 

At the Institute of Molecular Science in Okazaki, the first stored beam 
was obtained in November, 1983 in the 600-MeV WSOR ring. Eleven experimental 
stations are under construction. The ring can accommodate four insertion 
devices. Injection is from a 600~MeV synchrotron. Two hundred scientists are 
planning research at this facility. 
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Sweden 

The MAX 550~MeV storage ring/pulse stretcher is under construction at 
Lund. The facility will be shared by SR and nuclear-physics users. Four 
experimental stations are under construction. 

Taiwan 

The Taiwan Light Source (TLS), a l-GeV low-emittance ring is approved for 
construction by the government and is now in design. Five straight sections 
will be available for insertions. It will be located near universities in an 
industrial park in Hsin Chu, about 50 miles from Taipei. About 100 Taiwanese 
scientists are planning to do research at the facility. 

The main SR facilities here are at the Institute of Nuclear Physics in 
Novosibirsk, Siberia, which operates three storage rings, VEPP-ZM, VEPP-3, and 
VEPP-4, all of which were built as colliding-beam rings. VEPP-2M is now largely 
used as a dedicated VW/soft x-ray source, with eight experimental stations in 
use. This ring has an operational helical undulator originally built for 
high-energy-plysics purposes but also useful as a source of circularly polarized 
radiation. 

VEPP-3 SUppOrtS a major program of x-ray research on its experimental 
stations. Much work has been done on VEPP-3 with insertion devices, including 
a 3.5-T, 20-pole superconducting wiggler and permanent-magnet undulatore used 
primarily for optical-klystron experiments. Although VEPP-3 is not itself 
used for high-energy-@ysics experiments, it is part of the injection system 
for VEPP-4 and therefore only available for SR research for about 6 weeks per 
year. 

VEPP-4 is a powerful x-ray source that is being fitted with beamlines, 
insertion devices, and experimental stations, of which some may already be in 
operation. 

The Novosibirsk group has designed and built a 450~MeV storage ring that 
is being set up as a dedicated source at the Kurchatov Institute in Moscow. 
This ring will also be the injector to a proposed 2.5~GeV dedicated SR source. 

A small 100~MeV storage ring, the N-100, has been operational at the 
Karkhov Physics Institute for many years. 
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Table B-2 

, 

_. 

L 

I in S.R. I 

perience 

I 

problems 
I 

concrete 
in S.R. proposals 

Austria 1 7 (44) 1 3 (14) 1 3 (16) 1 3 (23) 

Belgium 1 31 (214) 1 9 (71) 1 12 (112) 1 7 (62) 

Denmark 1 14 (28) 1 3 (10) 1 3 (10) 1 3 (TO) 

Finland 1 ll'(47) 1 6 (27) 1 5 (22) P/P4 (19) 

European Interest in Synchrotron Radiation Research 
(based on answers to a recent (1982) questionnaire) 

Number of groups (nlbnber of scientists) 

Country Interested Have ex- 1 Indicated 1 Made 

1145 J643) 1 89 (422) 1 93 (449) 1 77 (376) 

G.ennany 1 82 (551) 1 53 (349) -1 41 (252) 1 26 (181) 

Great 
Britain 57 (192) 43 (145) 33 (135) 26 (97) 

Netherlands1 z (70) I 1 (35) I 

Norway 

Italy 

Total 

I 6 (27) I 3 (8) 1 

1 83 (236) 1 .54 (150) 1 26 (73) 1 19 (71) 

1455(2138) 1268(1247) (227(1123) 1 171(868) 
i 
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18.0 20 67.4 0 

x) See text: in parenthesis the number of devices under 
construction. 

+I Expected values. 

*I Under construction. 

**I Not used for S.R. research 

. 
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APPENDIX c 

Alternate Photon Sources 

Laser Sources 

Several groups have used nonlinear optical techniques to produce vacuum 
ultraviolet (VW) and soft x-ray ultraviolet (XUV) pu1see.l The shortest 
wavelength achieved to date, via seventh-harmonic generation in He gas, is 355 
A.2 There has also recently been a report of a 930-A stimulated emission in 
krypton gas.3 These experiments all require powerful pump lasers anda compll- 
cated vacuum and gas-handling systems. Nevertheless, the equipment costs are 
modest compared to those of an ultraviolet (UV) eynchrotron. Thus, it is 
pertinent to ask how laser UV sources might, in the future, compete with syn- 
chrotron UV sources. 

Laser UV sources generally make use of high-order optical nonlinearities 
and require intense pump beams. They inevitably operate in a pulsed mode with 
relatively low repetition rate (10 Hz Is typical). The average power generated 
by such devices is orders of magnitude lower than that of a UV eynchrotron. 
Hence, for conventional, continuous-wave (CW) spectroscopy, the synchrotron 
will almost always be superior to a laser source. At present, most UV spectro- 
scopy is CW spectroscopy. 

Looking to the future, however, one can envisage a growing need for short, 
intense UV pulses. A number of biological and chemical-kinetics experiments 
require UV pulses in the nanosecond range; for other chemical applications and 
for many time-resolved condensed-matter-science measurements, picosecond pulses 
are needed. 

The bunch structure of synchrotron beams naturally generates pulses in the 
0.1 to l.O-ns range, but it will be difficult to produce bunches shorter than 
20 ps. Thus, direct picosecond spectroscopy with synchrotrons does not seem 
feasible. It has been suggested that picosecond time resolution might be 
achieved, In an indirect way, by making ueeAof the extreme reproducibility (In 
shape and time) of the eynchrotron pulses. That technique, termed Harmonic 
Phase-Shift Analysis, has recently been demonstrated at the picosecond level. 
Laser UV sources, on the other hand, often generate pulses in the picosecond 
range and could be modified, without excessive difficulty, to produce eubplco- 
second pulses with some degree of tunability. Thus, it can be argued that the 
laser source, rather than the eynchrotron, Is the natural tool for picosecond 
UV spectroscopy. A number of scientists hold that view, and several excellent 
groups in the U.S. are trying to develop pulsed UV sources for such purposes. 

Until recently, laser sources for the XUV required complicated differen- 
tial-pumping systems. The nonlinear process generating the radiation takes 
place in a moderately dense gas, whereas high vacuum is needed for subsequent 
experimentation. This difficulty has now been eliminated in systems employing 
pulsed supersonic jets. Though still Inefficient, these devices promise ultl- 
mately to produce sufficient energy for such experiments as time-resolved XUV 
photoemission. 
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Facilities for generating XW picosecond pulses via laser techniques will 
cost on the order of $lM; though not inexpensive, the price is amall compared to 
that of a synchrotron. At this stage, It is not clear that either laser sources 
or synchrotron sources can actually be used for picosecond W spectroscopy. 
The current vigorous research effort on laser-produced XW pulses should soon 
determine the potential of that technique. To date, there has not been a com- 
parable experimental program concerning the use of synchrotron-generated W 
pulses to achieve picosecond time resolution. Such mearurcmente would be 
valuable; If successful, they would strengthen the case for constructing the 
Advanced Light Source (ALS). At present, however, the claim that ALS will be 
capable of doing subpicosecond W spectroscopy is largely based on theoretical 
ideas that have not been extensively tested and that are vieved vith some 
skepticism in the picosecond-optics community. 
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Plasma XW Sources 

Multimillion-degree plasmas emit intensely in the extreme W and soft 
x-ray regions ( A > 3 A). Hence, they are useful in the range belov 1000 eV 
where operation of coherent direct-laser or harmonic-generation sources is not 
yet routine. Intensities available from plasma sources make them useful alter- 
natives to synchrotron radiation (SR) for some experiments and superior to cur- 
rent storage-ring sources for other measurements. 

Hot, dense laboratory plasmas of use as XW sources are never large enough 
to be optically thick. That is, they are not blackbody radiators at short 
wavelengths. Their spectra consist of numerous lines on top of usually much 
weaker continua from recombination and Bremsetrahlung. At vavelengths longer 
than about 30 A, the lines can be so dense that plasma-emission spectra from 
high-atomic-number elements are effectively continua. Plasmas that are dense 
enough to emit x-rays intensely are commonly about 1 mm in extent. They pro- 
duce x-radiation for times usually in the 100-ps to lOO-ns range, depending on 
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the method of plasma heating. XUV radiation from plasmas is unpolarized, in- 
coherent, and emitted into large solid angles 02x sr). Laboratory plasma XUV 
sources now typically cost $200K to 400K. 

Two types of energy sources are employed to produce x-ray hot plasmas-- 
lasers and electrical dischargeso Laser wavelengths in or near the 1 to O.l- 
* range are of most interest. Nd systems (1.06 cm, with harmonics at 0.53 and 
0.35 p) and excimer lasers at 0.31 or 0.25 p have been or soon will be used 
for plasma XUV-source work. Capacitor banks, used either alone or with a pulse- 
forming network, are employed to produce electrical discharges greater than 
100 kA that heat plasmas resistively or by magnetic-field-driven implosions. 
No matter how heated, plasma x-ray sources involve undesirable vapor (the ex- 
panding plasma) and sometimes debris. That is, they are not as clean as storage- 
ring sources. 

X-rays from plasmas produced by very large, low-repetition-rate (10’3 Hz) 
Nd lasers have been widely measured in fusion-research programs for the past 
decade. Wavelengths 8s short as 0.1 A have been recorded. Now XUV radiation 
down to 1 A, produced by table-top Nd and excimer lasers that operate at 10 to 
100 Hz, is being measured. Uses of soft x-ray emission from laser-heeted plas- 
mas are now increasing rapidly. The formation was announced recently of a U.S. 
company that will sell 8 lithography system using x-rays from laser-heated 
plasmas. Development of 100-W slab-glass Nd 8nd excimer laser systems engine- 
ered for optimum production of x-ray-emitting plasmas is in progress. Such 
systems may be commerically available in a few years. Lasers for x-ray genera- 
tion must have both high peak power (short energetic pulses), to achieve plasma 
temperatures adequate for efficfent x-ray emission, and high average power 
(high repetition rate), to yield high average x-ray power. 

Absorption of laser radiation by 8 target typically varies from about 50% 
with Nd at 1.06 p to over 75% for excimer-laser wavelengths near 0.25 pm. As 
much as 30% of the incident laser energy can be emitted 8s XUV radiation in 
the 3 to 300-A region. Conversion efficiencies depend on target and focal con- 
ditions as well as on the laser-pulse characteristics. For some conditions, up 
to 0.1% of the incident laser energy can be re-emitted in a single strong x-ray 
line. XUV radiation from laser-heated plasmas mostly arises from a region less 
than 1 mm in diameter. In the 1 to lo-ns range, XUV pulse lengths are compar- 
able to the laser pulse length. For picosecond lasers, plasma cooling extends 
x-ray emission times, so that x-ray pulses much shorter than 100 ps are uncommon. 
The limit on laser plasm8 x-ray emission times may be near 10 ps. 

X-rays from large terawatt electrical-pulse generators have also been 
studied for the past ten years in fusion and weapons-related programs. Now, 
smaller, 10 to 100~MW pulsed-power systems are available commercially to pro- 
duce x-ray-emitting plasmas at rates near 10-l Hz. Their use is lagging the 
employment of lasers as plasma x-radiation sources because laser technology is 
more widely known and because laser systems tend to have more uses. 

Material8 for the plasmas in discharge-heated x-ray sources can originate 
from four different sources: 1) solid mater181 (e.g., fine wires) placed across 
the interelectrode gap, 2) low-pressure gas filling the interelectrode region, 
3) gas puffed into the cathode/anode gap immediately prior to the discharge, and 
4) erosion of the electrodes. Of these, the puff sources are most reproducible, 
easiest to operate, and have the best chance of operation at rates exceeding 
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1 Hz. Whereas a laser-heated plasma will currently produce only 100 mJ of XUV 
radiation at 10 Hz (1 watt), commerical puff sources now yield about 20 joules 
at 10’1 Hz (2 watts). The line spectra from the puff source falls in the 4 to 
40-A range, depending on the gas used, while x-radiation from CW laser plasmas 
tends to fall near 20 A. X-ray emission from discharge-heated plasmas is most 
intense from a cylindrical region about 1 mm in diameter and 1 cm long, with 
emission times of 10 to 100 ns. 

Detailed comparisons of the radiation from plasma XUV sources with direct 
laser emission or SR are complex and can only be done on a case-by-case basis.2 
The wide variation in geometry among the different sources (e.g., emission 
directions) tends to require the use of different monochromators with different 
sources. However, in general, plasma sources of XUV radiation are superior to 
storage rings for peak power, and the opposite is true for average power. Some 
dynamic measurements, such as flash x-ray diffraction from or radiography of 
rapid events, require high peak intensities. Nonlinear x-ray-optics experi- 
ments that require high peak x-ray intensities are expected. Calibration of in- 
strumentation for pulsed-x-ray measurements is also done with plasma radiation. 
Uses of laser plasma x-radiation in atomic, molecular, and solid state (surface) 
studies were 3examined recently, and many of them apply to discharge-heated 
sources also. 

In general, the development and use of plasma XUV sources is now where em- 
ployments of SR sources was 10 to 15 years ago. Devices, especially lasers, 
that were engineered for other uses are being applied to x-ray generation, a 
process that is the equivalent of parasitic SR usage. However, lasers and 
discharge sources specifically designed for x-ray work are becoming increasingly 
available, and these Items are analogous to dedicated storage rings. Plasma 
x-ray sources will not supplant storage rings. They may, however, be widely 
available for a variety of work within the next decade. 

1. For recent review of plasma x-ray sources oriented toward x-ray lithography, 
see D. J. Nagel in N. G. Einspruch (Editor) VLSI Electronics, Volume 7, 
Plasma Processing for VLSI, Academic Press, New York (1984) p. 137. 

2. E.-E. Kock (Editor) Handbook on Synchrotron Radiation, Vol. lA, North- 
Holland, Amsterdam (1983) p. 41. 

3. D. J. Nagel, “Characteristics and Uses of X-Radiation from Laser-Heated 
Plasmas,” Society for Photographic Instrumentation, Vol. 447 (1984). 

Free-Electron Laser (FEL) Sources 

In the language of this report, the radiation provided by an FEL is stimu- 
lated undulator radiation. The first observation of FEL behavior was made in 
the early 1970s by Madey and coworkers on the Stanford superconducting linear 
accelerator. Since that time there has been a rush of activity. Using labor- 
atory-scale accelerators (approximately 10 MeV), groups at Santa Barbara 
(funded by the Air Force) and at Bell Laboratories are exploring the use of 
FEL sources in the far infrared (75 p to 2 mm) region. Other groups, at 
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the National Synchrotron Light Source (NSLS) on the 750~MeV storage ring and in 
a joint Stanford/LURE project in France, have been pursuing FEL operation in 
the visible region, with the goal of ultimately moving into the UV and XUV 
regions. These storage-ring applications use insertion devices that are very 
similar to the ones described in thie report but that have first harmonics in 
the visible region. The Stanford/LURE collaboration has successfully observed 
lacing action in the visible (red). While attempts at NSLS continue, Madey 
has obtained Department of Defense (DOD) funding to build a 1-GeV storage 
ring for FEL studies; the plans are to push the wavelength into the UV and XUV 
region and to increase the power in the visible. Because of the damage to 
mirrors by the accompanying x-ray SR, there are serious problems in going to 
the UV. 

Calculations of the power and brightness of the radiation produced by 
storage-ring-based FELs are very impressive, and this radiation will certainly 
be more intense and brighter than the SR that can be produced in the UV. Thus, 
the net impact of FEL sources will significantly depend on how far into the 
XUV they can successfully achieve lasing. 

Other concepts such as the transverse optical klystron also offer oppor- 
tunities for producing UV laser radiation. It is unlikely that they will go 
above 100 eV. The storage ring designed for FEL use obviously can produce SR 
in the XUV region and as such is both complementary and supplementary to other 
activities. At Stanford, for example, the SR and FEL programs will share the 
new ring that is being built primarily for FEL development. 

Because of the FEL’e similarity to insertion devices, calling it an al- 
ternative source rather than another use of insertion devices in a storage 
ring is somewhat questionable. In any case, the development of FELs should 
certainly be pursued in both the infrared and the UV; their development is 
of course of, great interest to the SR community. Hopefully, the new facility 
at Stanford will be made available as appropriate to the SR community. 
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