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NOTICE : The project that is the subject of this report 
was approved by the Governing Board of the National 
Research Counc i l ,  whose members are drawn from the 
counc ils of the National Academy of Sciences , the 
Na t ional Academy of Eng ineer ing , and the Institute of 
Med ic ine . The members of the committee respons ible for 
the report were chosen for their spec ial competences and 
with regard for appropr iate balance.  

Th is report has been reviewed by a g roup other than 
the authors accord ing to procedures approved by a Repor t 
Review Committee cons ist ing of members of the National 
Academy of Sc iences , the National Academy of Eng ineer ing , 
and the Institute 'of Med ic ine .  

The Nat ional Research Counc il was established by th e 
National Academy of Sc iences in 1916 to associate the 
broad community of sc ience and technology with the 
Ac ademy's purposes of furthering knowledge and of 
advis ing the federal government . The Counc il operates i n  
accordance with general polic ies determined by the 
Academy under the author ity of its congress ional charte r 
of 1863 ,  wh ich establishes the Academy as a pr ivate , 
nonprof i t ,  self-governing membership corporation . The 
Counc il has become the princ ipal operating agency of both 
the National Academy of Sc iences and the Nat ional Academy 
of Eng ineer ing in the conduct of their services to the 
government , the public , and the sc ientific and 
eng ineer ing communities . It is administered jointly by 
both Academies and the Institute of Med ic ine . The 
Na tional Academy of Eng ineering and the Institute of 
Med icine were established in 1964 and 197 0 ,  respectively , 
under the charter of the Nat ional Academy of Sc iences . 

The work reported here has been supported by the u.s. 

Department of Energy , Off ice of Bas ic Sc iences under 
grant No . DE-PGO l-81ERl0 844 and by the National Sc ienc e 
Foundation under g rant No . DMR 8119500. 
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PREFACE 

I n  1976 an NRC panel was c reated to assess the national 
need for fac i l it ies ded icated to the product ion of 
s ynchrotron rad iation. l The pr inc ipal recommendations 
of that panel were that a new national fac ility be 
constructed and that existing fac i l i t ies be upgraded . 
The panel also made proj ect ions of the number s of users 
a nd areas of sc ience that would benefit from these 
facilities . The recommended construction and upgrad ing 
have now been carr ied out, although the new fac i l it ies 
are not yet fully available to the user communi ty . 

In the spr ing of 1982 the Solid State Sc iences 
Committee , in implement ing one of a ser ies of studie s 
important to maintaining the health of th is d isc ipline , 
as�ed a group of experts to assess the present status of 
f acilities ded icated to the production of synchrotron 
radiation ,  to review accomplishments dur ing the past f ive 
year s ,  and to make project ions for the future . The Solid 
State Sc iences Committee has reviewed the Subcommittee's 
r eport ,  unanimously approves its conclus ions and 
recommendat ions , and recommends it be i ssued as a repor t 
of  the Comm ittee . 

Martin Blume , Chai rman 
Sol id State Sciences Commi tte e 

v�i 
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1 .  CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

1 .  The use of synchrotron rad iation has undergone a 
rapid growth in many areas of sc ience dur ing the pas t  
f ive year s .  Unforeseen f ields have emerged , creating new 
opportunities . I n  add it ion , there is a growing impact on 
many technological areas that will increase further on 
the emergence of new sources and exper imental stat ions . 

2 .  The g rowth in the use of synchrotron rad iat ion ha
·
s 

been so great that all ex ist ing exper imental stat ions 
will be fully utili zed when all current fac i l i t ies in the 
United States beg in ful l-t ime operat ion for user s .  
Development o f  the remaining potential exper imental 
stat ions at ex isting facilities will sat isfy pred icted 
demand unt il 1985.  

3 .  Insertion devices (wigg lers and undulators) provide 
orders-of-magnitude br ighter sources of radiat ion than 
bending magnets and are mak ing possible new exper iments 
not feas ible , or even conce ived , a few year s  ago . 

RECOMMENDATIONS 

1. The Subcommittee recommends that an immed iat e 
commitment be made to construct new wigg ler and undulator 
insertions on storage r ings .  This recommendat ion 
i ncludes the new beam l ines and exper imental stat ions 
associated with these insert ions , which are required to 
pursue new sc ientif ic and technological opportunit ies . 

1 
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2 .  The Subcommittee recommends that a review 
mechanism involving the sc ient i f ic community be 
establ ished to monitor sc ient i f ic and technologica l 
progress and oppor tunit ies for synchrotron radiat ion 
fac i l it ies and to provide recommendat ions for act ion . 
Fu rther , we suggest cons iderat ion of a broader-based 
review mechanism for major fac i l it ies in condensed-matte r 
science that would include synchrotron rad iat ion 
fac i l it ie s .  
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2 .  CURRENT STATUS OF S YNCHROTRON RADIATION 
FACILITIES IN THE UNITED STATES 

We descr ibe br iefly the cur rent status of the f ive 
synchrotron radiat ion ( SR) laborator ies in the United 
S tates , the numbers and characteristics of the users 
( along with a compar ison with the project ions made in 
1 976) , and a general descr ipt ion of the makeup of the 
synchrotron rad iation user community .  A br iefer 
descr iption of overseas fac i l ities is g iven in Chapter 
3. It should be noted that even at a mature fac i l ity 
t here is constant evolut ion in the nature of research 
carr ied out . Moreover , with the development of insertion 
devices ( described in the Append ix) , even the spectrum 
and br ightness* ava ilable from a g iven storage r ing may 
c hange in only a year or so. In view of ongoing rapid 
progress with these devices , it is the judgment of the 
subcomm ittee that cont inuous monitor ing of insert ion 
device performance be carr ied out . 

*Spectral br ightness is def ined as the number of photons , 
within a different ial energy bandpass , emi tted per uni t  
a rea of the source and per unit sol id angle .  Spectral 
intensity is the integral of spectral br ightness over th e 
source area . For some exper iments h igh intens ity is all 
that is needed . For others , h igh br ightness is mandatory . 
Al so in the following we use the terms ultraviolet (UV), 
or vacuum ultraviolet (VUV) , to refer to the photon 
energy range 5-3000 ev , which includes the soft x- ray 
reg ion , and x ray to refer to the range above 3 keV.  

3 
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FACILITY DESCRIPTIONS 

Co rnell High Energy Synchrotron Source (CHESS ) 

CHESS i s  a synchrotron rad iat ion laboratory parasitic to 
the part icle-phys ics operat ion at the 4-8 GeV Cornell 
Electron Storage Ring (CESR) . Both CESR and CHESS ar e 
f unded by the Nat ional Science Foundat ion (NSF) . CHESS 
has suppl ied SR to users at full capac ity for 1 1/2 
year s .  Because of the large c ircumference of the storage 
r ing ,  single-bunch operation of CESR g ives a part icular ly 
u seful t ime structure . Th ree pr imary-beam l ines supply 
hard x rays to s ix exper imental stations for general use, 
entirely constructed f rom $1 . 3  mill ion of NSF funds . The 
useful energy range i s  from 3 to about 90 keV. Three 
s tat ions scan cont inuously from 3 to 2 0 ,  3 5 ,  and SO keV , 
respect ively . Two other l ines provide focused x- ray 
beams of h igh f lux . CHESS has about 75 act ive proposals ,  
about one third f rom Cornell faculty and staff and the 
r ema inder d ivided about equally between univers ity and 
industry , includ ing National Laborator ies . A 6-pol e 
w iggler , on the loan f rom the Stanford Synchrotron 
Rad iat ion Laboratory , provid ing a cr itical energy of 3 4  
keV, was installed i n  one of the CHESS l i nes i n  September 
198 2 . 

Nat ional Synchrotron Light Source (NSLS) 

NSLS at Brookhaven Nat ional Laboratory is  a national use r 
f ac i l ity cons ist ing of an 800-MeV storage r ing for UV and 
sof t x-ray use and a 2 . 5-GeV r ing for x- ray use . Each 
has been designed for h igh br ightness , and each i s  
ded icated 100 percent t o  photon production . The UV ring 
c ur rently i s  in an ear ly operat ional stage , wh ile the 
x-ray r ing stored its f irst beam in September 198 2 .  
There are 1 6  ports on the UV r ing and 2 8  on the x-ray 
r i ng ,  each of which can be d ivided to suppor t several 
exper imental stat ions . Th irteen of the 16  UV ports and 
all the cur rently access ible x-ray ports have been 
ass igned to user g roups . Eight of the x- ray ports cannot 
yet be util ized owing to space requirements for suppor t 
groups . There are 19 exper imental stat ions on the UV 
r ing and 34 on the x- ray r ing .  Approximately 6 0  percent 
of the beam l ines are be ing constructed by par t ic ipat ing 
research teams (PRTs ) from a wide var iety of univer sity , 
i ndustr ial , and nat ional laborator ies , us ing capital 
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expenditures of $6 . 1  mill ion ,  $7 . 3  million ,  and $5 . 8  
m i llion , respec tively . The PRTs , many of wh ich are 
cooperative university/ industry efforts , rece ive up to 75 
percent of the beam t ime in recognition of their  
i nvestment in  equipment and support . The remaining 25 
percent of the t ime , as well as the major ity of the t ime 
on NSLS lines , is available to the general sc ient i f ic and 
t echnological community on a proposal bas i s .  There are 
cur rently 3 2  PRTs with a total membership of 18 5 
sc ientists.  Several hundred other ind ividuals have 
inqu ired about general user ship . The f i rst sol ic itatio n 
of proposals f rom non-PRT sc ient ists for the UV r ing was 
made in late fall 1982 . A free electron laser (FEL ) for 
t he UV i s  under development ,  along with several wigg ler s  
and undulator s .  

Stanford Synchrotron Rad iat ion Laboratory (SSRL) 

SSRL at the Stanford Linear Accelerator Center ( SLAC ) i s  
a national user fac i l i ty cur rently utilizing the 4-GeV 
storage r ing ,  SPEAR . Electrons can be stored at energ ie s 
up to 4 GeV. With its high elec tron energy and 14 usable 
stra ight sections , it is part icularly well suited for 
w iggler s and for x- r ay and soft x-r ay undulator s ,  for the 
product ion of ultrahigh fluxes . F ifty percent of its 
operating t ime i s  dedicated to SR produc t ion , and 
parasitic use is possible at other times . At present i t  
has 1 5  exper imental stat ions on 5 beam l ines .  Of these , 
3 use bend ing magnets and 2 are illuminated by a-pole 
w iggler magnets . Each of these wigg lers may be replaced 
by an existing 30-per iod undulator . Two new beam l ine s 
a re being developed in collaborat ion with outs ide g roups . 
One will contain a 54-pole wiggler , whereas the othe r 
w ill be illuminated by interchangeable undulators that 
are optimized for d ifferent por tions of the spectra l 
r eg ion between 10 and 1000 eV. Of the rema ining stra ight 
sections , one is committed for deve lopment of an 
i n-vacuum unulator capable of produc ing 8-keV x rays and 
another for an add it ional multipole wiggler to be 
d eveloped in collaborat ion with outside g roups . The rest 
will be ass igned on the bas i s  of proposals that have bee n 
sol ic ited . Almost all of the time on the ex ist ing 15 
exper imental stations and at least one th ird of the time 
on the stat ions being built under collaborat ions with 
outside g roups is ava ilable to the general sc ientific and 
technolog ical community on a proposal bas i s .  In recent 
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years industry has contr ibuted $2 . S  million of capita l 
equ ipment funds for beam l ines , and university/nat ional 
laboratory groups contr ibuted $2 . 3  million . Future plan s 
call for the ut il ization paras it ically of an existing 
undulator on PEP ( a  16-GeV storage r ing) to produc e 
ultra-h igh-br ightness hard x rays.  

Synchrotron Rad iat ion Center ( SRC )  

S RC  i s  operated by the Graduate School of the Univers i ty 
of Wisconsin-Mad ison . I t  is funded ent irely by NSF as a 
Na t ional Fac ility .  At present ,  research at the SRC i s  
carr ied out using Tantalus I ,  a 240-MeV electron storag e 
r ing that has been in operat ion s ince 196 8 .  Concurrently 
the new 1-GeV mach ine , Aladd in , is be ing commiss ioned . 
It  i s  designed specif ically as a very-h igh-br ightness 
source for the UV and sof t-x- ray range ( 6-3000 eV) .  I t  
has 3 6  pr imary ports , averag ing SO mr , 3 S  o f  wh ich are 
available for SR research . The thirty-sixth port i s  
ded icated to use as a n  inverse-Compton-scattered beam of 
gamma photons at energ ies �SO MeV. At present , 2 0  of 
the ports are be ing equipped with beam l ines ,  7 by PRTs ,  
and 13 by the SRC with either new monochromator& des igned 
spec ially for Al add in or instruments currently installed 
at Tantalus , suitably upgraded . Four more poss ible PRTs 
a re awaiting act ion on proposals . Capital outlays for 
beam l ines by PRTs have been $1 . 9  million and $0 . 8  
million , f rom univers i t ies and Nat ional Laborator ies , 
respectively . Bes ides the normal bend ing-magnet sources ,  
there are four long stra ight sect ions , three of wh ich are 
avai lable for the future installat ion of wiggler s ,  
undulator s ,  and FELs . Low-current stored beam was f i rst 
achieved in January 198 2 .  Cur rently , improvement of 
rel iabil ity and beam current are be ing pursued apace with 
the installat ion of beam line s .  

Synchrotron Ultraviolet Rad iat ion Fac ility (SURF) 

SURF I I  is a 2 80-MeV storage r ing at the Nat ional Bureau 
of S tandards ,  used in a mode ded icated to the production 
of synchrotron rad iat ion . The small beam cross sect ion 
r esults in a h igh-br ightness source for photon energ ies 
up to 40 0 ev . There are 11 exper imental stat ions , and 2 
more are planned for installat ion in 198 3 .  All are used 
regularly . These are used for atomic and molecular 
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spectroscopy , includ ing the spectroscopy of laser-exc ite d  
state s ,  photoelectron spectroscopy o f  atoms and molecules , 
and surface phys ics . The users are usually NBS sc ien­
t ists , w ith collaborators from National Laborator ies and 
unive r sitie s .  

THE USER COMMUNITY 

As time passes it becomes more d i f f icult to characte r iz e  
the synchrotron rad iation user community . There are 
three modes of use that may be labeled as "comm itted , "  
"m ixed , "  and •trans ient . "  Committed users are those 
whose research programs are bu ilt almost exclus ively 
a round synchrotron rad iat ion .  Th is category includes (a ) 
the sc ient i f ic staff member s  of the SR fac ilities and ( b) 
members of PRTs . Such PRTs usually des ign and construct 
thei r  own beam line s ,  includ ing monochromators , and 
ma intain them. They usually have one or more people in 
permanent res idence at a fac ility . The teams normally 
have pr ior ity usage of the major ity of the beam t ime on 
the beam l ines they construct . Other committed users are 
(c )  sc ient ists not falling into committed categor ies ( a) 
an (b ) but whose research programs are centered around SR . 

These committed sc ient ists are the core of the 
community , for they are the ones who develop new 
i nstrumentation and techniques and who introduce new 
users to SR util izat ion .  Graduate students associated 
w ith them often become committed users when they f inish 
and take employment elsewhere . They also are hosts for a 
var iety of vis itor s ,  and many permanent and transient 
collaborat ions form around them . The number of such 
sc ient ists has  g rown s ignif icantly as the new synchrotron 
radiation fac il ities come on line .  These g roups are easy 
to count . 

The second mode of use is that employed by people who 
have an ongoing research program at the i r  home inst itution 
but for whom the use of synchrotron rad iat ion adds a new 
d imens ion to the ir programs . Examples are those doing 
x- r ay d if fraction or photoemiss ion with fixed wavelength 
x- ray or UV sources and those whose interest may be in a 
c lass of mater ials , such as catalysts or metalloprote ins , 
and whose ma in research does not involve photons . Suc h 
u sers may br ing a sample chamber to a fac i l ity for one 
run per year , or they may use the apparatus available at 
the fac ilities , supply ing only samples and ideas . Such 
ind ividuals often become regular users but not with the 
frequency of the committed users .  
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The th ird mode is that of the transient , who may mak e  
a few measurements then leave . Such people may not come 
f rom the tradit ional user community .  They frequently 
obtain interesting results but do not par tic ipate 
regularly in the development of better techniques o r  
i nstrumentat ion . Examples occur most frequently in the 
biolog ical , biochemical , med ical , and mater ials-sc ienc e  
f ields. There have been many such users at all 
fac i l it ies , and few fail to continue in this mode . 
In stead , they return per iodically to improved sources , 
instrumentation , and techniques with increasingly 
sophist icated approaches to the ir problems . Such users 
can be counted eas ily in retrospect , but thei r  futur e 
number i s  d i f f icult to est imate . They may account for 
fewer hours of beam t ime than do committed users , but 
t hey apply SR to d iverse f ields and do a great deal of 
new sc ience with SR . 

The or ig inal users of synchrotron radiat ion in the 
United States often were e ither atomic and sol id-state 
spectroscopists or surface sc ient ists . The exper iments 
were s impler than those carr ied out today . The ear ly 
u sers often used SR to extend into a new spectral reg ion 
measurements that they had been doing in the past . These 
measurements then became the rationale for designing new 
methods and instrumentation . As a result , the major ity 
of  soft x-r ay and VUV l ines today are used for photo­
electron spectroscopy of atoms , molecules , sol ids , 
surfaces , and inter faces . These beam lines emphasize 
high flux at moderately h igh resolut ion and a wide rang e 
of photon energ ies . The exper iments often involve many 
measurements in addit ion to the pr imary one , in order to 
produce well-c haracte r i zed samples .  In addition to 
photoelectrons , emitted ions or photons may also be 
detected , sometimes in coinc idence with the electrons . 
Other common uses of VUV beam l ines include sol id-state 
spectroscopy and modulat ion spectroscopy , absorpt ion , 
emission , and c ircular d ichroism spectroscopy of gases . 

The x-ray l ines are devoted pr imar ily to x- ray 
absorpt ion and scatter ing ( including what is often termed 
d iffract ion) . S ince scattering and x- ray absorpt ion , 
inc luding EXAFS , are generally applicable to a var iety o f  
d i sc ipl ines , the user community for these l ines is  most 
d iver se . Samples may be located in l iving cells , ins ide 
h igh-pressure chamber s ,  w ith in electrochemical cells , or 
as prec ipitates within a host matr ix .  As intens ities 
increase , t ime-resolved spectroscopy is  be ing developed 
so that a structural determinat ion of a trans ient phase 
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may be determined . A few of these experimental areas 
will be reviewed in more detail in Chapter 4. 

Ideally , a census of users should not be just a head 
count , because of the varying amounts of beam time that 
the different types of users require . However , a simple 
number does suggest how much the use of SR has diffused 
into the scientific community . A similar assessment of 
the use of SR is the number of published papers based in 
whole , or in part , on its use . Both of these assess 
quantity . Quality assessments require a detailed view of 
a given field, the rate of production of new ideas , and 
their adoption in other areas . We attempt this in 
Chapter 4 with a few illustrations .  

The growth in use of SR facilities in the United 
States is shown graphically in Figure 1 .  A user in 
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FIGURE 1 Total annual number of users at u.s. 
synchrotron radiation facilities .  
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FIGURE 2 Annual number s  o f  synchrotron publications . 

F i gure 1 is a sc ientist who appeared at a SR fac ility at 
least once dur ing the year on the abc issa to take data . 
Those for whom beam t ime was unavailable are not counted . 
A d i st inct ion between "committed• and •general" users wa s 
not made on a year-by-year bas i s .  The increase between 
1981 and 1982 is due to the beg inning of operations at 
CHESS and NSLS . 

Th e sc ient ific output , as measured by annual publ ica­
t ions , has increased substant ially s ince the 1976 report 
and shows a long-term g rowth rate of about 3 0  percent per 
year . F igure 2 shows the number of annual publication s  
reported by the following institutions: United States: 
CHESS , SRC , SSRL , and SURFr world: U . S .  fac ilit ies and 
Ha sylab (West Ge rmany) , SRC ( Un ited Kingdom) , and LURE 
( France) . The figure does not include publ icat ions from 
SR fac i l i t ies in I taly , Japan , and the Soviet Un ion .  
( Data for 1981 are incomplete a t  the time o f  th i s  
r eport . )  The current annual rate of publ icat ions based 
on SR exceeds 550 . 
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In 1981 , about 4 0  percent of the SR user community 
came from univer sities ,  3 0  percent from National 
Laboratories , and 30 pe rcent from industry . Those from 
industry came not only from the large industrial research 
laboratories with prominent basic research efforts but 
also f rom many other companies with relatively nar row 
interests . The univer sity-based users who had funding 
from NSF were distributed ac ross several disciplines: 
condensed-matter science , 3 0%1 chemistry , 25%1 biology , 
15%1 materials science , 15%1 miscellaneous , 15% . Such 
figures fail to show the remarkable number of collabor a­
tions that have occurred among user s .  These go far 
beyond collaborative research and include joint industry­
unive r sity and university-National Laboratory funding of 
beam lines and experimental stations . 

An important aspect of the user community is g raduate 
education. Many graduate students do all or part of 
their thesis research at SR facilities .  All told , about 
200 g raduate students have earned Ph . D . s with wor k  partly 
done at SR facilities .  This number is g rowing rapidly . 
These students are not just from nearby institutions. 
For example , at the SRC in Wisconsin , Ph . D . students from 
Cornell , Pennsylvania , Georgia Tech , Chicago , Illinois , 
Iowa State , and Montana State have carried out much of 
the experimental part of their research with SR . These 
student s ,  as well as postdoctoral students , often take 
positions at new academic institutions or in industry and 
become users themselves or encourage others at their 
institutions to become users . 

The availability of more SR facilities allows the 
development of new types of exper iments , e . g . , pulsed 
x-ray diffraction and far-infrared spectroscopy . These 
methods ,  especially pulsed diffraction , which can be used 
by many people in a transient mode , should have wide 
application and should draw large numbers of users .  Thi s 
type of g rowth of the user community is expected but is 
hard to quantify. 

Another change in the character of the user community 
is expected when more beam lines are functioning in the 
500-3000 eV spectral region , making it more easily 
access i ble . Part of this region can be reached with 
grating monochromators ,  e . g . , the •g rasshopper . •  The 
remainder can be reached w ith grating-crystal mono­
chromator s ,  e . g . , •jumbo• at SSRL . Once more high-quality 
beam lines are more widely available in this spectral 
range , the K edge of the important elements carbon and 
oxygen can be utilized more widely , as can the L edges o f  
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TABLE 1 Supply and Demand for Synchrotron Rad iation ( units are 
average user s ,  as def ined in the tex t )  

Supply Demand 

Facility PR'r General Undeveloped PR'r General 

CHESS 

x-ray 24 24 
uv 

NSLS 
x-ray 240 168 96 240 .!! 
uv 132 120 48 132 .!! 

SRC 
x-ray 
uv 132 120 168 132 72 .... 

...., 
SSRL 

x-ray 16 140 192 16 280 
uv 24 72 .!. 24 144 

Total 
x-ray 256 332 288 256 304 
uv 288 312 216 288 216 

Developed Undeveloped 

Sul!l!lX Sul!l!lX Demand 

x-ray 588 288 560.2. 
uv 600 216 504.2. 

.!. Any number of the porta listed as x-ray porta could be developed as UV porta • 

.!! The projected number of NSLS general users is discussed in the text • 

.2. Does not include NSLS general user s . 
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c alc ium and potassium .  The former i s  of g reat i nteres t 
i n  studies of ox idat ion of metals and semiconductor s ,  as 
well a s  in far more complex processes , and the latter 
t hree are of biochemical i nterest , thus i ncreas i ng the 

d iversity of the user community .  

SIZE OF THE USER COMMUNITY 
AND COMPARISON WITH 1976  PROJECTION 

In this sec t ion , the user demand i s  compared with the 
pred ict ions of the 1976 repor t .  I n  that report ,  the 
number of x-rad iat ion users was predicted to g row f rom 85 
in December 1976 to 675 i n  19 8 6 ,  with a cor respond ing 
g rowth i n  exper imental stat ions f rom 7 to about 6 0 .  The 
cor respond ing growth in UV users and stat ions was f rom 
120 to 4 80 and from 16  to about 4 0 ,  respectively . I n  the 
1976 report , a •user• was def ined as an advanced-deg r e e  
u . s . -based sc ient ist who i s  d i rectly involved with 
exper iments requir ing the use of SR. The report mad e 
•the somewhat arbitrary def i n i t ion that three average 
use r s  are equal to one full-t ime equ ivalent user (FTE ) • 
and that four full- t ime users would fully ut i l ize an 
exper imental stat ion . For consistent compar i son 
p urposes , we have followed these def initions . It was 
al so assumed that stat ions would have photons availabl e 
for the equivalent of at least 10-12 hours per day , 6 
days per week , as i s  cons istent with operat ing pattern s 
a t  ex ist ing fac i l it ies . We have followed these 
def init ions . 

Subsequent to the 1976  repor t a substant ial construc­
t ion program took place , lead ing to new capab i l i ty .  
Ta ble 1 summar izes the current s tatus . Fi rst the user 
capac ity of SR fac il i t ies in the Uni ted States , which 
will be avai lable when NSLS and Aladd in are fully 
func t ion ing , is summar ized , using the same algor ithm a s  
in the 1 9 7 6  study , i . e . , 12 average users are assumed to 
ut il ize an exper imental stat ion . Furthermore we have 
categor ized the avai lable capac ity in terms of beam l ines 
already constructed for use by PRTs , beam lines ava i labl e 
for g eneral users , and por ts ava i lable but not yet 
developed . 

I n  determining the current demand for the ex isting 
capabi l i ty we assume that the PRTs will use the i r  t ime 
allocat ions completely . The general users  const i tute 
those people who have currently act ive proposals . I n  
add i t ion , the antic ipated decrease i n  demand o n  SSRL , 
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SRC , and CHESS was taken i nto account i n  thes e 
proj ect ions . I t  was ,  however , only partially added bac k 
into the NSLS numbe r s  through the PRT f igures . Because 

that fac il ity i s  not at present ava ilable to general 
use r s , hard numbe r s  for general users  are not 
obta inable . A recent NSLS survey spec i f ically designed 
to assess general user demand ind icates approx imately 
1 , 0 0 0  people i nterested i n  us ing the fac i l i ty ,  70  percent 
of whom have not previously used SR. 

A few general conclus ions can be drawn f rom Table 1 . 
F irst and foremost i s  that , even without the g roup 
i nd icated in the NSLS survey , there i s  c lose cor respon­
dence between the ex isting demand and the supply tha t 
will be real i zed when NSLS and Aladd in reach normal 
operation. We also note that the UV use r  demand , 4 8 0 , 
that was pred icted to ex ist in 1986 already has been 
real ized in 198 2 and that thi s  is almost the case for th e 
x- r ay demand . I t  i s  also c lear that , as pred icted in 
197 6 ,  there i s  g reate r demand for x- ray capab i l i ty tha n 
for UV. Namely ,  the x- ray demand i s  560 , almost equal to 
the deve loped supply , 5 8 8 , and the UV demand i s  5 0 4 ,  
wh i le the supply i s  6 0 0 .  

Th e remaining quest ion i s  how rap idly the undeveloped 
por t capac ity will be requ i red . To th i s  end , we note 
that there has been a long-term average yearly g rowth 
rate of j ust over 20 percent in ident i f iable user s and 3 0  
percent i n  annual publ icat ions ( see F igures 1 and 2) . 
Assuming that th i s  u ser  g rowth rate cont inues , demand 
w i ll approx imately equal total supply by 1985 . Such 
g rowth may not occur as a result of limited funding o f  
u sers by fund i ng agenc ies , e ither through budget 
const raints or the normal proposal referee ing process . 

I n  summary , these numbers i nd icate that the 1976 

repor t contains a mar ked underest imate of the demand fo r 
SR capab i l i t ie s .  I n  fact , the proj ect ions of 1 9 7 6  were 

explic itly labeled "Minimum Pred icted Growth. " In 
add i t ion ,  however , the re have been a number of 
s ignif icant sc ient i f ic and source developments ( se e  
Chapter 4),  wh ich were unforeseen in 1976 and which have 
tended to increase the demand for SR fac i l it ies . 
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3 . OVERSEAS SYNCHROTRON RADIATION FACILITIES-­

STATUS AND PROJECTIONS 

S ince 1976  several storage--r ing fac i l i t ies have been 
designed as sources of synchrotron rad iat ion ( SR) in a 
number of countr ies . Ex isting fac i l ities have been 
expanded at other s i tes. The newly designed and 
constructed fac i l i t ies are SRS at Daresbury , England , 
BESSY i n  West Ber l in ,  and the Photon Factory , in Tsukuba , 
Japan . These are desc r i bed in more deta il below .  In  
add i t ion , the European Sc ience Foundat ion has proposed a 
very large European SR fac i l ity , also desc r i bed later . 

Expans ions of SR fac i l ities at LURE , Or say , France , a t  

HASYLAB , Hamburg , and a t  ADONE, Fr ascat i ,  I taly , have 
taken place . Several small storage r ing s have been bu i l t 

i n  Japan , all for a l imi ted number of SR user s .  In  the 
Soviet Un ion , VEPP- 2M is largely ded icated to SR 
g eneration , and VEPP-3 is so ded icated 6 weeks per year . 
In add i t ion ,  a new storage r ing for SR research i s  unde r 
construct ion at the Kurchatov Institute in  Moscow. 

LURE ( Laboratoire pour !'Ut i l i sat ion du Rayonnemen t  
El ectromagnet ique emis par l'Anneau d e  Coll i s ions d'Or say )  
is  a laboratory for the use o f  S R  f rom the 540-MeV 
s torage r ing ACO ( used in a ded icated mode but not 
des igned as a source of SR) , from the 1 . 8-GeV storag e 
r ing CC I  ( used paras it ically) and f rom the super-ACO , and 
800-MeV r ing des igned spec i f ically for SR , now unde r 
construct ion . In add i t ion ,  i f  the proposed European SR 
fac i l ity i s  not to be bu ilt , France probably will opt to 
bu i ld her own ded icated x- ray sourc e .  ACO h a s  8 
exper imental stat ions , to increase to 10 by the end o f  
19 82, and CCI has 14 . Use of these fac i l it ies i s  
saturated , and the demand i s  cont inuing t o  g row at abou t 
2 0 percent per year . Super ACO , with 6 to 7 undulators ,  
should al leviate the user pressure , since up to 3 0 new 
exper imental stat ions will be ava ilable . There are over 

15 
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35 0 users , wor k i ng on a large var iety o f  researc h 
programs . 

SRS ( Synchrotron Rad iation Source) Daresbury , Eng land , 
is the f irst major purpose-bu ild synchrotron l ight sourc e 

to become truly operat ional as a research device . I t s  
f i rst year of regularly scheduled operat ion began i n  
March 1 9 8 1 . While the des ign of the r ing results in a 
rather larger electron-beam cross sect ion than thos e 
expected of the mach ine s  currently be ing commiss ioned , i t  
now has reached its design obj ect ive o f  380  mA a t  2 GeV , 
a nd thus i t  i s  now the most powerful ded icated SR source 
in the wor ld .  A h ig h- f ield superconducting wiggler ha s 
r ecently been commiss ioned , and the spectral capab i l i t i e s  
of t h i s  device when the r ing i s  operat ing at f u l l  cur ren t 
a nd energy are impressive .  There are at present nine 
exper imental stations in operat ion . N ine more stat ions 
a r e  expected to come on l ine dur i ng the 1982-1 983 
per i od .  A total of more than 450 invest igators are 
expec t i ng access to these stat ions as soon as schedul ing 
and/or complet ion permi ts . S i ng le-bunch operat ion fo r 
t ime-resolved stud ies i s  now bei ng developed and i s 
expected to become a normal operat ing procedure shortly .  
Fu ture developments i nclude an i ncrease in beam cur rent 
at full energy , mult ipole wigg lers , and a modi f ied magne t  
latt ice . These will g ive th i s  machine capab i l i t ies qui te 
comparable with its more modern contemporar ies . Over 15 0 
FTE users will be i nvolved i n  this operat ion . 

BESSY (Ber l i ner Synchrotronstrahlungslabor)  i s  an 
8 0 0-MeV storage r ing des igned as a source of SR. It  is 
now operat ing for users but not yet at full cur rent and 
beam l i fe t ime .  There are 21 ports not yet all in use . A 
un ique feature of BESSY i s  that German industry i s  
i nvolved i n  the organ izat ion and operat ion o f  the 
fac i l i ty .  One quadrant of the r ing is devoted to UV and 
soft X-ray l ithog raphy by groups f rom the West Ge rman 
elec tron ics industry . Two of the 10 poss ible beam l ine s 
i n  this sect ion are be i ng constructed , separated from the 

rest of the r ing by clean-room walls . In all , 20 , 0 0 0  

f t2 of clean space a r e  ava ilable for exposure and 
processing of photoresi st& . Another sect ion of the r ing 
is  ava i lable for use of the PTB ( Physikal isch-Techni sche 
Bundesanstalt)  for cal ibrat ions and for standards and 
i nstrumentat ion development . The rema inder of the r ing 
i s  for the general sc ient i f ic user commun ity .  There are 
1 1  exper imental stat ions now in operation for exper iments 
in surface and interface sc ience , atomic and molecular 

spectroscopy , and x- ray microscopy . The users are partly 
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local (BESSY and Pr itz-Haber I nst itut) and partly from 
many institut ions from the rema inder of West Ge rmany . 
BESSY has been designed to have extremely shor t (3  psec ) 

pulses in the s ingle-bunch mode , but th is capabi l i ty will 
not be implemented in the near future. 

HASYLAB (Hamburger Synchrotronstrahlungslabor) i s  a 
laboratory using SR from the 5 . 6-GeV storage r ing DORIS 
in Hamburg . There is a large exper imental hall fed f rom 
5 ports on DORIS . Rad iat ion from 5 eV to 100 keV i s  
provided t o  24 exper imental stat ions , most of which are 
newly instrumented . Many support fac i l ities ex ist on the 
s i te . Th is laboratory i s  a cont inuat ion of the one that 
began us ing SR from the synchrotron DESY some 15 year s 
ago. There is a large user community f rom west Germany 
and regular part ic ipat ion by groups from Denmark , F inland , 

Fr ance , Sweden , and I s rael . The storage r ing i s used 
paras i t ically , as wel l  as in a mode ded icated to SR . Th e 
r elative fract ions of the two modes has var ied over the 
recent past , as the usefulness of the parasi t ic beam t ime . 

The Photon Factory at Tsukuba , Japan , became ava ilable 
for exper imenters in March 198 2 . I t  is a 2 . 5-GeV storag e 
r i ng des igned as a SR source . Phase I ,  now in operat ion , 
has 4 ports with 11 exper imental stations . Phase I I ,  
a l ready under way , will add 4 more ports with 10 new 
stat ions in an expanded exper imental hall . Complet ion i s 
e xpected by March 1983 .  Approx imately 6 0  percent of the 
stat ions are for x- ray use J the rest are for VUV and sof t 
x- r ay user s .  Future plans include a 1-GeV storage r ing 
and a 400-MeV storage r i ng ,  both on the photon factory 
s ite , and paras i t ic use of an 8-GeV r ing be ing built for 
h igh-energy phys ics . The re is a large user community i n  
Japan , with a g reat diversity o f  research interests . 

There are two other smaller storage r ing s in Japan . One 
for l i thography and cal ibrat ion of standards is  in 
operat ion , wh ile the other i s  be ing bu ilt at the Nat iona l 
I n s t i tute of Molecular Sc ience in Okazaki for its own use . 

There are other SR fac i l i t ies abroad , but these e i the r 
s erve smaller user communi t ies or are built around older 
storage r i ngs . There are six exper imenta l stat ions on 
the beam l ine of the 1.55-GeV storage r ing ADONE at 
Frascat i ,  I taly , and s ix stat ions on f ive beam l ines a t  
the 4 0 0-MeV INSOR storage r ing i n  Tokyo . Both of these 
storage r i ngs now have insert ion devices. The INSOR r ing 
has a very large user community ,  which has produced 117 
publ icat ions based on wor k at INSOR , as of February 

1 9 82. There is also a 550-MeV storage r ing , MAX, under 
construct ion at Lund , Sweden , with 8 bend ing magnet por t s  

and one wiggler por t .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

C u r r e n t  S t a t u s  o f  F a c i l i t i e s  D e d i c a t e d  t o  t h e  P r o d u c t i o n  o f  S y n c h r o t r o n  R a d i a t i o n
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 0 4

http://www.nap.edu/catalog.php?record_id=19504


1 8  

The European Synchrotron Radiation Fac i l ity wa s 
o r ig inally designed in 1977-1 979 as a 5-GeV storage r ing, 
but such a mach ine has not been built . The European 
Sc ience Foundat ion is organizing a new study to plan a 
d i f ferent fac i lity ,  based on wigglers and undulators. 2 

The s i te for the fac i l i ty has not yet been chosen,  
although several countr ies have made tentat ive offer s of  
substant ial fund ing i f  they are chosen to host the 
fac i l i ty .  The dec i s ion to bu ild such a fac i l ity appear s  

to be more than a year i n  the future , s ince i t  will 
depend on the result of the design study . A rough 
e st imate of the cost of th is fac i lity i s  over $10 0  
million. 
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4. RESEABCH WITH SYNCHROTRON RADIATION 

The report in 1976 outlined a number of areas in which 
extens ive appl ications of synchrotron rad iation ( SR )  wer e 
antic ipated. For some of these areas , progress has been 
faster and more extensive than previously envisioned. A 
f ew areas have been slow to develop and are still not 
widely pursued. Several unforeseen applications of SR 
have already appeared. In the following sections we 
cover some of the techniques that one can use with SR , 
g iving a br ief descr ipt ion of each ( more extensive 
descr iptions are found in the 1976 report) ,  an assessmen t 
of the appl ications in l ight of the 1976 report , and an 
assessment of future developments. These sections are 
organized by method rather than by field of appl ication. 

X-RAY SPECTROSCOPY : EXAFS , SEXAFS , AND XANES 

Wh ile the power of �ray absorpt ion spectroscopy was 
cer ta inly reali zed in 197 6, the breadth and depth of 
technical and scientific ach ievement was only h inted at 
in the study of that year. With the conversion of the 
S tanford Synchrotron Radiation La boratory ( SSRL) from 
parasitic to semided icated operation , th is f ield has 
advanced markedly. The s imple act of measur ing the 
transmission of x rays through a sample as a function o f  
energy to determine i ts absorpt ion spectrum has been 
transformed in many cases to a complex measurement of th e 
secondary products of absorpt ion : fluorescence ( photon) , 
Auger ( electrons) , and photon st imulated desorption 
( ions) , whose spectra resemble the absorpt ion spectrum. 

These secondary detection techniques have extended the 
r ange of absorpt ion spectroscopy to g reater dilution 
( 1-10 ppm) , the surfaces (1/10 monolayer ) ,  and to 

19 
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more-c omplex mater ial s .  The testing o f  EXAFS i tself has 
been extens ive and thorough with a clear understand ing 
r esult of the strengths and l imi tat ions of the tech­
n ique s.3 Analysis of the data has been standard ized , 
and results on the same system taken by var ious g roups 
a re i n  agreement. 

Th e many uses of EXAFS were speculated on in the 1 9 7 6  
report , and even the early results o n  rubredox in and 
Cu-Ru catalysts ma inly ind icated the promise of the 
technique. Sine then , virtually hundreds of systems hav e 
been studied , many of wh ich have been important i n  the i r  
respect ive fields . The fol lowing br ief descr ipt ion of 
several s ignif icant accompl ishments in var ious d i sc iplines 
g ives a sense of the magni tude of the impact of EXAFS . 

B iology has emerged as one of the major bene f ic iar ies 
from EXAFS . Stud ies on ni trogenase and its var ious 
cofactor s , 4 on the oxygen-b ind ing prote ins , cytochrome 
oxidase and hemoglobi n ,S as well as stud ies of the 
photosynthesis process , includ ing Mn chloroplasts6 and 
Fe react ion centers , 7 have s ignif icantly contributed to 
our understand ing of the metal coord inat ion in these 

important systems . Experts i n  th is f ield look to the 
future with continued enthus iasm.  I n  fact , EXAFS i s  
probably the most s ignif icant advance i n  structural 
biology s ince d iffract ion , although i t  i s  not a 

s ubst i tute for complete s i ng le-c rystal d i f fract ion 
analysi s .  

In  catalys i s ,  the other f ield in which early results 
were mentioned in the 1976 study , there have also been 
s ignif icant developments but at a slower rate than in 
biology . The early wor k on Ru-Cu has been extended to a 
g eneral study of b imetall ic systems , includ ing the 
commerc ially important supported Pt-I r catalyst . a Th e 
f uture trend in EXAFS and catalys is i s  to perform i n  s it u  
stud ies of real catalysts under actual operat ing 
cond i t ions . 

The role of EXAFS in d i sordered systems l ike amorphous 
and glassy mater ials has been mixed . The i n-depth study 
of the technique itself revealed some diff iculties w i th 
EXAFS and h igh structural d i sorder , which have been shown 
to l imit the appl icabil ity of the technique for 
d i sordered systems to nearest ne ighbor s with l imited 
local d isorder . In spite of this l imitat ion , beaut iful 

work on T i02-doped Si02 and Cu-doped As 2Se3 has 
been performed. 9 As will be d i scussed br iefly in the 
fol lowing sect ion , the outlook for EXAFS applicat ions to 

d i sordered mater ials is that by combining it with 
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dif ferential anomalous scattering (DAS) one should be 
able to have a signif icant impact on the study of 
d isordered mater ials . 

Within the l imited scope of th is review one cannot 
begin to cover the var ious ind ividual stud ies in the 
f ield of solu t ion , ionic conductors ,  and geology and in 
general sol id-state problems such as mixed-valence , 
l ayered , and impur ity systems . Al so , the use of EXAFS in 
more-complex systems such as coal and oil has proven 
f r u i tful and will be i ncreasingly important in the 
future . What one can say is that the breadth of EXAFS 
u tilizat ion has certainly been beyond that expected i n  
1976. 

The development of surface-extended x- ray absorpt ion 
spectroscopy (SEXAFS ) has been a major accomplishment 
s ince 1976.  Merely h inted at in the 197 6  study , i t  has 
blossomed into a f ield of its own . The early worker s 
have shown that by use of electron detect ion (Auger or 
total yield) , or ion detect ion , one can make the EXAFS 
technique have the requ i s ite submonolayer sens i t ivity and 
also be comple tely compat ible with ultra-high-vacuum 
cond i t ions . l O Until  now , th i s  technique has been 
extensively pract iced by only a l imited number of groups , 
but  many g roups at the new fac il i t ies are planning to 
have SEXAFS capabi l ity . I t  is  hard to imag ine th i s  
t echnique not be ing a permanent part o f  any substant ial 
surface-sc ience prog ram where structural characterizat ion 
is important . 

Th e techn ique of x- ray absorpt ion near edge structure 
( XANES) was essent ially nonex istent in 1976 but has grown 
i nto a subf ield of EXAFS s i nce then . The bas ic idea i s  
that the transi t ions t o  the low-lying unoccupied state s 
g ives one i nformation on those states and thus on the 
local bond i ng .  Edge structure has been used in several 
stud ies , together with mode l compounds , to ascertain the 
ox idation state and local geometry of a site .  Also , 
cor relat ions of edge features with d character and 
catalyt ic act ivity have been successfully made . A maj o r  
h indrance to the successful u t i l izat ion o f  XANES has been 
the d i f f iculty of theoret ical interpretat ion . Recent 
prog ress in the theory looks promis ing ll and suggest s 
that i n  the future XANES will provide local chemical and 
structural informat ion not obta inable by other 
spectroscopies .

· 

I n  summary , i t  i s  fair to character i ze the f ield of 
absorpt ion spectroscopy as having more than ful f i lled th e 
promise seen in 1 9 7 6 .  It i s  currently a vital techn ique 
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be ing appl ied to an extremely broad range of problems . 
Th e use of EXAFS in s itu for a whole range of biolog ical 
and chemical processes will be greatly expanded . The 
g eneral future outlook is for continued g rowth in the 
number of practit ioners  as well as the range of problem s 
impacted . 

X-RAY SCATTERING AND DIFFRACTION 

At the time of the 1976 study there was only a l imited 
demonstration of the possibi l i t ies for scatter ing with 
SR , through studies of anomalous scatter ing ef fects from 
s ingle c rystals of rubredox in and dynamic small-angle 
scattering from muscle contraction ,  as well as l imited 
i nelastic scatter ing stud ies . Since that t ime there have 
been many developments , and while the view of the futur e 
i s  extremely pos i t ive , the g rowth i s  expected in ways not 
ant ic ipated in 197 6 .  Before descr ibing those development s 
i t  should be pointed out that the delayed development of 
SR scatter ing is  due to several factors , includ ing the 

exper imental complex i ty ,  the need for h igher intens i ty 
than requi red by EXAFS to make real breakthroughs , and 
t he need for source stability .  The development of 
improved fac i l i t ies at SSRL has resulted in all three o f  
these points be ing addressed successfully , and i t  is 
expected that a vigorous and expand ing scatter ing 
community i s  be ing developed to the extent that the new 
x- ray fac i l i t ies will have about equal numbers of 
scatter ing and EXAFS exper iments . 

I n  197 6 ,  anomalous scatter ing studies , wh ich ar e 
i ntended to solve the phase problem , were presented as 
having the largest potent ial impact on crystallog raph ic 
s tud ies conducted with SR . Whi le anomalous scattering 
data have been collected on gramic id in and parvalbumin , 
the cur rent outlook i s  for a much more restr icted 
impact .  The reason for thi s  is both the diff iculty o f  
i nterpretation and the availability of other approaches ,  
most importantly the use of isomorphous der ivat ives . 
However ,  the more restr icted outlook , expressed in 1976 ,  
o f  l imi ted appl icability ( i . e . , small crystals with few 
d er ivatives) for anomalous scattering has been replaced 
by an enthusiast ic outlook for the general util izat ion o f  
SR for prote in crystallog raphy owing t o  increased 

br ightness . Increased br ightness has been shown to allow 

one to get more data before a sample d ies from radiation 
( i . e . , rate can be impor tant as well as dose) . In  
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add ition , smaller samples can be measured at highe r 
r e solut ion in a shor ter t ime .  Al l this has recently 
created a rebirth in macromolecular crystallography wit h  
SR. The observat ion o f  increased dosage before degenera­
tion , if that dose is  at a high rate , is probably the 
s ing l e  most important development in attracting the 
interest of crystallog raphers . Once involved , they have 
d iscovered , e . g . , that in three days they can accumulate 
data on deoxyhemoglobin with 3 0  percent better resolution 
than i n  the or ig i nal study , which took months to 
p e r form . l2 Al so i t  has been found that , with SR , 
crysta l s  of about 25 t imes smaller volume can be use d 
than would be needed to get comparable data with a 
convent ional source . Further reduct ions in crystal s i z e  
w i ll  b e  feas ible with new sources .  Al l these develop­
ments portend increased use of SR for regular prote i n  
c rystallography . 

As important as these developments are , they are 
further enhanced by the development of surface 
c rystallography . Convent ional x- ray sources are not 
i ntense enough to allow the study of the crystallog raphy 
o f  the t�d imens ional structure on the surface of a 
mater ial . Previously , one depended on low-energy 
e lectron diffract ion ( LEED) , which has all the well- k nown 
d i f f iculties of interpretat ion because of multiple 
scattering .  With the use o f  the wiggler beam l ines at 
SSRL , not only has surface Bragg c rystallography been 

d emonstrated , l3 but the count rate is large enough that 
one can expect the method to be generally appl icable to a 
w ide range of sur face and inter face structural stud ies . 
Several groups are already planning to perform s imila r  
exper iments . One can speculate conf idently that th is 
techn ique , regular Bragg d i ffraction , will be used 
r outinely to character i ze s tructurally the t�d imens ional 
wor ld of surfaces and the sol id-sol id and l iquid-solid 
i nter faces . 

While much of the emphasis in the 1976  study was on 
crystallography , the per spect ive in 1982 is that thermal 
d i ffuse scattering in the small- and wide-angle reg ime 
will be extremely important in the future . In the 19 7 6  
study , the use o f  SR for such stud ies was only speculated 
on with no real accompl ishments . Since that t ime there 
has been a virtual explos ion in activity ,  such that it  is  
probably fair to character ize i t  as the fastest-g rowing 
f ield . Studies already completed span phase-t rans i t ion 
stud ies of thin l iqu id-crystal f i lms , l4 adsorbed atoms 
on g raph i te , lS and adsorbates on single-c rystal 
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s urfaces . l6 They also i nclude rad ial d istr ibut ion 
funct ion stud ies of amorphous and glassy mater ials . l 7 

The technique of d ifferent ial anomalous scatter ing ( DAS) 
has been developed successfully , which enables one to u s e  
a nomalous scatter ing t o  i nterpret radial d istr ibutions 
measured i n  binary and ternary d i sordered mater ials . As 
ment ioned previously , this appears to be more useful i n  
many cases than EXAFS for study ing d i sordered mater ials . 
Fi nally , small-angle d i f fuse scatter ing is provid ing 
exc iting results in the solut ion and assembly propertie s 
of macromolecular systems . l8 The results to date spa n 
the range of the study of solut ion propert ies of heavy 
oils to biolog ical systems . These stud ies , as in the 
c ase of EXAFS , are beg inning to be performed under 
cond it ions of temperature and pressure in wh ich rea l 
processes are carr ied out . 

An impor tant component i n  following real processes is 
the observat ion of the i r  t ime dependence . The intens i t y  

provided by S R  is  beg inning t o  make t h i s  possible . 
Several exper iments have been completed , in add i tion t o  

the prel iminary results on the t ime-dependent scatte r i ng 

from muscle reported in 197 6 .  I n  a recent exper iment a t  
CHESS the structural changes dur ing the laser anneal ing 
of a sil icon surface were observed with a t ime resolution 
o f  10 nsec , l9 permitting compar ison with theoret ical 
models for laser annealing .  Such measurements requ i r e  
the t ime structure ava i lable with single-bunch operat ion 
of a storage r ing .  The t ime dependence of spinodal 
decomposi tion has been followed s imilarly at SSRL . New 
detector developments should make many more t ime­
dependent stud ies possible . Recent act ivity suggests 
that the in-situ smal l-angle-scatter ing studies of 
solut ions and porous mater ials are l i kely to i ncorporate 
t ime-dependent stud ies in the future . 

The f ield of scattering i s  in the midst of a rapid 
expansion . The shor t-term future is  extremely br ight , 
w i th the init ial exper iments descr ibed in th is sect ion 
creat ing many opportun i t ies for scatter ing that were not 
env isaged in 1976.  These opportun i t ies have many of the 
features that character ized the EXAFS era of SR . Namely, 
x- r ay scatter ing is becoming i ncreas ingly impor tant to 
many disc ipl ines , both sc ient i f ically and technolog ically. 
Th e informat ion provided is in many cases un ique , not 
ava ilable by other techn iques , and ut i l ize s the unique 
properties of SR. If this promise i s  ful f i lled , then 
even the s ignif icant SR resources that we possess today 

will  not be adequate to address effect ively the 
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sc ie n t i f ic and technolog ical oppor tunit ies . Considerable 
advances in the development of ultra-high-resolution 
x- r ay monochromators have taken place , and mill ivolt 
(meV) resolution has been achieved . These bac kscatter ing 
Br agg reflect ion devices permit the study of low-level 
collective exc itations an phonons in crystall ine sol ids , 
but i ntensit ies g reater than those avai lable f rom bending 
magnets will be needed . Undulator s presumably will mee t 
this need . 

PHOTOEMI SSION 

The 19 70s witnessed two maj or advances in the techn iqu e 
o f  photoemiss ion : ( 1 )  exploi tation of the polar i zed SR 
cont inuum and ( 2) introduct ion of angle-resolved photo­
e lectron spectroscopy (ARPES ) . Initially these 
deve lopments proceeded independently . At the t ime of th e 
1 9 7 6  r eport they had j ust recently been combined , and the 
future promise was clearly evident . We now have a 
versatile spectroscopy with which we can measure not only 
the energ ies , E ,  of photoemitted electrons but also the i r  
momenta , ,, and this can be done over a continuous range 
of photon energ ies . The photon polar izat ion has been 
exploited to determine level symmetries and molecular 
or ientations . In  the lower end of the UV range , � < 
50 ev , emphas i s  i s  on i nvest igation of valence electronic 
states J in the intermed iate range , 5 0-80 0  eV, attention 
turns more to studies of core levels , i ncludi ng chemical 
shifts , resonant photoemission ,  photoelectron diffrac­

t ion , and near-edge structuresJ in the x-ray range , 
SR-based photoemiss ion assumes the name SEXAFS .  

I n  choos ing examples f rom among the large number of 
expe r iments done in the last f ive years , we shall focu s  
o n  n ickel . The wor k done on this metal i s  particularly 
r ich s ince i t  makes contact with a number of important 
topics in condensed-matter phys ics : band theory , fer ro­
magneti sm ,  and many-body satellites and resonances . 
Nickel i s  also a favored substrate in surface adsorption 
expe r iments . 

The band structure of N i , i . e . , its E (k) d ispersion ,  
has now been determined with cons iderable prec i s ion . 20  

S ince E and k are exper imental var iables , i t  is  poss ible 
to tune in on any desired point in k-space . The cont inuum 
nature of SR permits one to i solate unambiguously opt ical 
transit ions at cr itical points . Thi s  has el iminated the 
guesswork assoc iated with the more trad i tional techniques 
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o f  opt ical absorpt ion . A pr i nc ipal d iscovery i s  that the 
width of the d band in N i  i s  cons iderably smaller ( by 
a bout 2 5 percent ) than predicted in the best theoretical 
band calculat ions . Li kewi se , the ferromagnetic exchang e 
splitt ing , which can be resolved in the vicinity of the 
Fermi level , is found to be less than 50  percent of the 
theoretical values . The temperature dependence of the 
exchange spl itting has been followed through the Cur i e  
temperature . wor k o f  this  k ind goes t o  the heart of the 
phenomenon of fer romagnet i sm and has renewed theoret ical 
activity and controversy on this long-s tand ing problem . 
( I ndeed thi s  i s  a good example of how an increasingly 
s ubstantial number of theoret ic ians , not generally 
counted as • users , •  are looking to SR spectroscopists fo r 
i nspi ration and for ver i f icat ion of the ir  ideas . )  The 
preva i l ing view on Ni is that the d i screpan ies in d-band 
w idth and exchange spl itting ar ise through the need for a 

many-body cor rection owing to hole-hole correlation . 2 1 

They can be l inked theoretically to the " 6-eV satell ite• 
( or two-d-hole shake-up peak)  seen j ust below the valenc e 
band . Much exc itement was generated i n  1977 when a group 

at LURE took photoemiss ion data on pass ing through the N i  
3p core-l evel edge ( 6 7  eV) and d i scovered a resonance 
when the 6-ev satell i te comes into energy coinc idence 

w ith an Auger peak that leaves the N i  atom in the same 
two-d-hole conf iguration . 22 This  observation ha s 
spawned an unantic ipated subs idiary school of study 
cal led • resonant photoemission . • The two-hole­
correlation p icture in N i  has recently rece ived further 
suppor t from wor k by a German g roup wor k ing at LURE , 
which has accomel i shed the formidable feat of measur i ng 
not only E and K out also the photelectron spin . 2 3 

While photoemiss ion i s  the technique par excellence 
for electronic structure determination , it has also 
enjoyed use in the determinat ion of atomic structure , 
spec i f ically of surfaces and adsorbates . The 1976 repor t 
made mention of the then- r ecent ARPES work ,  wh ich used 
polar i zat ion select ion rules in the valence reg ion to 
determine the or ientation and polar ity of the molecular 
axi s  of CO adsborbed on N i . (CO stands up on a N i  
sur face , with i t s  C end down . ) S ince then , three new 
photoemission structural tools have been been developed 
that focus on core-level rather than valence-l evel 
emiss ion : photoelec tron d i ffract ion , sur face-extended­
x- r ay-a bsorption f ine structure , and x-ray absorption 
near-edge structure . ( The latter two are treated i n  a 
preceding sect ion . ) Photoelectron diffract ion is  
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e xper imentally the most soph isticated and can be thought 
of as an angle-resolved vers ion of SEXAFS in which one 
detects core photelectrons emi tted in spec i f ic d irect ions 
and mon itor s d i rectly the effects of interference between 
the outgoing electron wave and the waves scattered from 
ne ighbor ing atoms . Photoelectron diffraction has been 
appl ied successfully to a number of systems . Perhaps 
most impress ive is recent wor k  done on CO on Ni , since 
this  was carr ied out in the extremely d i f f icult 
expe r imental range above the C K-edge . 24 Analysis o f  

t he data i s  more cumber some than i n  SEXAFS since i t  
requ ires a full-blown multiple-scattering calculation . 
An important discovery , however , is  that the problem i s  
p i ec ewise separable . Because of the dominance o f  
bac k scatter ing , the C ls  photoelectron diffraction i s  
sens it ive pr imarily t o  the C-Ni d istance , whereas the 0 

l s  photoelectron d i f fract ion is  sensitive to the c-o 

d is tance . 
O ther outstanding achievements in SR-based photo­

emi s sion over the last f ive years include determination 
of E ( ') dispers ion relat ions for surface states and 
adsorbate levels , observation of surface-atom cor e-leve l 
c hemical shifts , core-level monitor ing of the formation 
of semiconductor interfaces , stud ies of laser annealing 
a nd molecular-beam epitaxy , and photon-stimulated 
desorpt ion of ions and the i r  subsequent f luorescence . 

Even with present capabilities we foresee a strong 
cont inuing role for SR-based photoemiss ion studies . Of 
spec ial technolog ical impor tance will be more extens ive 
invest igat ions of var ious semiconductor interfaces . Suc h 
s tudies are under way already and i nclude wor k on 
semiconductor-metal inter faces , i . e . , Schottky-barr ie r 
format ion , semiconductor- i nsulator interfaces relevant to 
metal-oxide-semiconductor (MOS ) devices ;  semiconductor ­
semiconductor inter faces , i . e . , heteroj unctions; and new 
materials produced by molecular beam epitaxy . This f ield 

will prof i t  g reatly f rom the forthcoming new h igh­
intensi ty , h igh-resolution monochromator s for the region 
above the carbon K-edge . Th is  will enlarge the range of 
elements available for study , as well as increase the 
precis ion with which local surface chemistry can be 
infer red through cor e-level chemical shfts . 

There will also be a number of qualitatively d i f ferent 
exper iments that will be c r i t ically dependent on the 
performance of the new h igh-br ightness sources . ARPES 

exper iments with an order-of-magni tude improvement in 
'- s pace resolut ion are quite feas ible and could uncover a 
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new layer of phenomena that probe sur faces on a scal e 
comparable with the much smaller Br illouin zones 
assoc iated with surface reconstruct ion and charg e-densi t y  
wave format ion .  Time-resolved photoemission exper iments 
could monitor sur face chemical react ions in real t ime . 
High-r esolut ion , high- i ntensity monochromator & for the 
reg ion above the C K-edge promise to extend cor e-leve l 
c hemical- s h ift spectroscopy . Small illuminated spot s i ze 
offers the poss ibil i ty of photoemiss ion with f ine spatial 
resolut ion . 

Th is record of cont inu ing ach ievement and advances in 
condensed-matter photoemission has been paralleled by 
s imi lar successes in gas-phase photoemiss ion stud ies of 
atoms and molecules , both angle-resolved and ang l e­
i ntegrated studies . The r ichness of the l ine spectra 
permits a more deta i led study of many-body correlat ion 
e f fects . TO quote but one example we ment ion the study 
of the var ious autoion i zation channels of the Ba+ ion 
after exc i tat ion of the 6 s  level . 25 The many-body 
shake-up l ines are frequently more intense than the usual 
• one-electron• 6s  line .  The wor k  i s  add it ionally 
noteworthy in that i t  exploi ted the pulsed nature of SR 
by ut i l i zat ion of t ime-of-fl ight energy analys i s  of the 
photelectrons . More-ref ined t ime-doma in exper iments 
include detection of var ious par t icles ( photons , 
photoelectrons , photo ions) in coinc idence . These have 
a lready begun26 and are expected to be a major act ivity 

in the future .  

X-RAY LITHOORAPHY , MICROSCOPY , TOPOORAPHY , AND OTHER 
X-RAY TECHNIQUES 

Soft x- r ay l ithography has been demonstrated . Structures 
as small as 7 0  A have been produced . Little add itiona l 
wor k  has been carr ied out at the current SR sources s ince 
these demonstrat ions , but interest in x-ray l i thography 
has not d iminished . One beam l ine at NSLS i s  devoted to 
l ithography , as are several on BESSY . I t  i s  premature to 
pred ict whether soft x r ays will be the radiat ion of 
choice in future commercial appl ications of l i thography . 
The Ge rman electronics i ndustry has made a l imi ted bet 
that it will . x- ray l i thog raphy is a f ield not advanced 
much further than its status i n  1976,  but i t  still seems 
to have a potentially promising f uture . 
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The same i s  true of x-ray microscopy . Lithographic 
m icroscopy has been demonstrated but not yet widely 
used . Scanning x-ray microscopes have been demonstrated , 
a nd a beam l ine at NSLS i s  devoted to improved microscopy 
of thi s  type . Imag ing microscopy has advanced over the 
past years i n  the hands of the GBttingen group , but i t  is 
not yet at a state where it is used by anyone other than 
i ts developers .  Soft x-ray l ithography may a id in 
produc ing h igher-quality zone plates , and smaller sourc e 
s izes j ust becoming available will provide add itional 
prog ress , but at th is  time , one cannot be sure that the r e  
w il l  b e  widespread appl icat ions of x-ray microscopy , and 
i f  so , when they may appear . 

x-ray topog raphy i s  an area in which the gains f rom SR 
are already spectacular . Not only may data be taken muc h 
f as ter than with conventional sources , the apparatus i s  
far s impler and cheaper . Considerable wor k  has been 
c a r r ied out at the Daresbury synchrotron ( now replaced by 
a storage r ing ) and at DCI . With video imag ing systems , 
dynamic topography allows stress propagat ion studies to 
be carr ied out in crystals . At the moment , the 
c ollection of data with the present sources ( not even the 
new ones)  takes far less t ime than thei r  interpretation . 

In  the Un ited States s ign i f icant progress has been 
made by a number of researchers in the area of d ichr o­
mography around the iod ine edge t o  per form non invas ive 
a ng iography .27 With the aid of s ignif icant technical 
deve lopment and the h igh intens ity provided by SR from 
w iggler s ,  the ang iogram can be taken quickly enoug h ,  
-2o msec , s o  that there is  l i ttle blurr ing due t o  
t ime-d ependent changes . Plans are under way to study 
human subj ects . 

NUCLEAR PHYSICS 

Compton scattering of photons from a laser by the oncoming 
e lectrons in a storage r ing can g ive a beam of mono­
chromat ic gamma rays , tunable by varying the electron 
energy , laser wavelength , or angle of scattering .  The 
bandpass in an actual exper iment can be far less than 
that f rom the monochromati zed bremsstrahlung normally 
used . Such rad iat ion was produced in the late 19 60s  bu t 
not really used . A recent attempt to increase the f lux 
by includ ing a storage r ing (ADONE) stra ight section 
inside the laser cavity was successful . 28 An 8-W Ar+ 
laser gave 5 x 104 linearly polar i zed Compton gamma 
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photons per second with a bandpass of a few percent . 
The i r  energy was tunable from 5 to 80 MeV, and they were 

used to measure the asymmetry in neutron photod i s­
integration . 29 

FU'l'URE RESEARCH PAT'l'ERNS 

The potential of SR research i s  suf f ic iently large and 
i ts g rowth so r apid that we must plan for the future at 
the same t ime that we br ing the new sources into 
operat ion . Wh ile i t  is  hard to pred ict how much longer 
the current growth rate of about 20 percent per year wi l l  
cont inue , i t  i s  certain that i t  will depend o n  further 
developments in sources and in sc ient i f ic investigations . 
The past has shown that with each i ncrease in intens ity , 
new poss ibilities with ex ist ing exper imental technique s 
have been created , which , i n  tur n ,  have opened new 
opportunities and created new demands . Also , increase d 
i ntensi ty has opened up new f ields that d id not exist 
previously . An example of the former i s  the EXAFS 
technique , which was or ig inally carr ied out with SR i n  a 
transmiss ion mode with x rad iation from a bend ing 
magnet . It was then l imited to concentration ranges of 
a bout l part i n  103 . The development of focusing 
elements to collect more rad iation from a bend ing magne t 
led to the development of f luorescence EXAFS detection 

and extended the d ilution range to l part in 104 to 
lO s , thereby greatly expanding the b iolog ical 
applicat ions of EXAFS . Finally , with the development o f  

wiggler sources , the technique o f  surface EXAFS ( SEXAFS ) 
has become pract ical and has developed into an importan t 
surface-sc ience tool . 

A parallel h istory can be d i scerned i n  the VUV range 
with the development of angle-resolved photoemission 
spectroscopy (ARPES ) . I n i t ially ,  low intensities 
permitted only angle- integrated photoemission 
measurements whose novelty resided in the use of the 
continuum nature of SR . As more intens ity became 
available it was possible to resolve other exper imental 
var iables , namely the three components of the photo­

e lectron momentum .  The ARPES technique now has yielded 
prec i s ion information on the electronic band structure s 
of bulk sol ids , c lean surfaces , and adsorbate systems . 
Photon polar i zat ion has been fully exploited to determin e 
symmetr ies of electron ic states and the or ientat ions of 
molecules . Most recently , the UV flux has been 
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suf f ic i ent to resolve photelectron spin , an exper imen t 
t hat i ncurs a lo-4 loss in detection eff iciency .  In  
the future we envisage ARPES exper iments car r ied out wit h 

h igher momentum resolution , suff ic ient to detect a new 
rang e  of phenomena assoc iated with super lattices and 
long- r ange order . 

An example of the creat ion of entire new research 
f ie ld s  by the availability of higher f luxes is  surface 
scatter ing .  Wigglers were necessary to obta in suff ic ient 
intens ity to investigate the structure of surfaces and 
t h i n  laye r s .  Th is new capabil i ty has begun t o  attract 
sc ient ists with interests in phase transitions , 
i nter faces , and surfaces . Future improvements in 
intensity would signif icantly broaden the user communit y  
i n  this a rea . 

Th is pattern of increased capability with existing 
tec h niques should continue into the future . Scatter ing 
techniques , in particular , can be expected to exhibit a 
growth similar to that of EXAFS and ARPES . Each increase 
i n  i ntens ity will enable smaller samples to be studied 
with higher resolution . In that regard , a major new 

opportunity is the development of very-h igh-energy­
resolution ( 1-10 meV) x-ray scatter ing capac ity ,  whic h 
opens up the util izat ion of SR for the study of phonons . 

S ignif icant breakthoughs in other areas can be expected 
w i th future intensity increases that will result from 
wiggler and undulator developments . This study i s  not 
i ntended to r eview these in any depth . The major ones 
are likely to be time-dependent x- ray and UV studies of 
r eactions , x-r ay holography , and x-ray microscopy and 
microprobe analys is.  I f  successful , these would attrac t 
new communities of sc ientists with interests in biology , 
chemistry , and the solid-state sc iences . These , and 
other sc ienti f ic developments , will not only depend on 
the increased intensity that wigglers and undulator s 
provide but also on other machine and i nstrumentation 
parameter s .  I ssues of time structure , br ightness , and 
be�l ine opt ics will affect s ignif icantly the sc ienti f ic 
poss ibilit ies achievable with SR. 

Increas ing amounts of research will be d irected toward 
topics of technolog ical relevance . The characteri zation 
a nd control of semiconductor interfaces will cont inue to 
improve our understand ing of Schottky barr iers , sil icon/ 
s il icon-oxide device interfaces , and the entire process 
of molecular-beam epitaxy mater ial fabr ication . Micr o­
f abr ication of integr ted c ircui ts by means of x-r ay 

Copyright © National Academy of Sciences. All rights reserved.

Current Status of Facilities Dedicated to the Production of Synchrotron Radiation
http://www.nap.edu/catalog.php?record_id=19504

http://www.nap.edu/catalog.php?record_id=19504


32 

lithog raphy will rece ive renewed attent ion . EXAFS wor k 
r elevant to the operat ion of supported catalysts is  
expected to extend further into stud ies in real t ime . 

Fi nally , some med ical appl ications , such as noninvasive 
ang iography , should become prevalent . 

The sc ient ific possibilities that are confronted 
successfully ,  and consequently the new members of the 
scient i f ic and technolog ical community who will be 
attracted to SR fac i l it ies , will depend strongly on th e 
development of wigg ler s  and undulators .  

Unforeseen in 1976 were the order s-of-magnitud e  
i ncreases i n  SR intens ity and br ightness , compared with 
those from bend ing magnets , which are obtained from 
i nsertion devices (wigglers and undulators ,  see Appendix) . 

These increased br ightnesses and intens ities already have 
had a substantial impact in condensed-matter and 
mater ials sc ience . They make poss ible exper iments no t 
possible with the rad iation f rom bend ing magnets . I t  
seems certain that there w i l l  b e  increas ing demand for 
the radiation from these device s .  He re we summar ize the 
present status of these devices and d i scuss research on 
i nser tion devices that we bel ieve should be per formed . 

Two 8-pole , 18-kG wigg lers have been in operation 
r outinely and rel iably at SSRL for over a year . They 
have been used as sources of SR in a number of 
exper iments by users .  At low energ ies , the intens ity 
gain is  about the expected factor of 8 . Because the 
magnetic f ields exceed those in the bend ing magnets , the 
wiggler critical energy is increased signi f icantly , 
g iving hundredfold to thousandfold increases in intensity 
at photon energ ies above the c r i t ical energ ies of the 
bend ing magnets . 

I n  contrast , the undulator y ields a hundredfold to 

thousandfold increase in br ightness at photon energ ie s 

that are generally less than the normal bending-magnet 
cr itical energy . Based on the rel iable operation and 
u t i l i zation of an undulator with its f i rst-order peak 
near 1 keV, there is  no doubt that these devices can be 
used to produce extremely br ight rad iation in the soft 
x-ray and VUV spectral reg ions . 

Dur ing the past year it has become apparent that 
characteristics of these devices and the i r  rad iation may 
i nfluence strongly the des ign of future storage r ings for 

SR. It is  imperative that an increased understanding of 
them and of their  interact ion with the storage r ings in 
which they are embedded be obtained . It has been 

proposed that relat ively low-e nergy storage r ings with 
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very low emittances may be used to obtain high photon 
e nerg ies with permanent-magnet undulators having 
ex tremely small gaps and correspond ingly shor t undulato r 
wavelengths . I f  these are real izable , substant ial cost 
savings could be ach ieved in a new generation of storage 
r ings ,  because they could operate at relat ively low 
e l ectron energ ies . There are , however ,  two problems tha t 
s hould be invest igated to determine whether such 
ut ilizat ion of these r ings can be realized in pract ice . 
F i rst , there i s  concern that the presence of several such 
insert ion devices will increase the emittance of the r ing 
to such an extent that the small-gap insertion devices 
cannot be uti l i zed . The other problem is that the 
m in imum gap may not be determined by the emittance , wh ich 
represents the phase-space spread of the major ity of the 
e lectrons . Instead , it may be l imited by the spread of 
the small numbers of electrons in the ta ils of the 
d istr ibut ion in phase space . Both factors would increase 
the minimum gap and , therefore , the h ighest photon energy 
achievable . These l imitat ions might lead to the need for 
h igher-energy storage r ings in order to cover the x-ray 
spectrum with undulators .  

S imilarly there i s  concern that i t  will not b e  
possible to achieve another order-of-magnitude increase 
in x-ray intens ity over that from ex isting wigg lers . The 
calculated power dens ity in a 54-pole permanent-magnet 
wiggler , currently under construction ,  is about 10 
kW/cm2 . The heat-transfer problems assoc iated with 
such a h igh power dens ity are barely manageable . They 
must be overcome i f  still h igher intens ity gains are to 
be obtained through wigglers . 

Thus the two least expens ive approaches to ach ieving 
one to two order s-of-magnitude gains in intens ity or 
br ightness at x-r ay energ ies , mult ipole wigglers and 
smal l-gap undulators ,  have s ignif icant uncertaint ie s  
a ssoc iated with them that should be resolved . With the 
recognition of these problems comes the real i zation that 
there may be other problems with the ut i l i zat ion of many 
insert ion devices on storage r ings .  These known and 
unknown problems are most l i kely to be resolved by 
aggress ive insert ion device programs in the near futur e 
on exist ing storage r ings .  
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APPENDIX :  INSERtiON DEVICES 

H .  Winick , SSRL 

An insert ion device is a per iodic array of d ipole magnet s 
or a bifilar-wound solenoid placed in a straight sect ion 
of a storage r ing .30- 3 5  The magnets may be convent ional 
electromagnets , superconducting magnets , or permanent 
magnets , and they may be located inside the electron-beam 
vacuum tank or outs ide it . For illustrat ive purposes , we 
cons ider an array of 2N electromagnets of alternat ing 
polar ity ,  forming N per iods of a spatially per iod i c  
magnetic f ield . The spat ial per iod i s  A u , and the 
peak f ield is s 0 • The spatially alternat ing magnet ic 
f ield causes an  electron of energy E to osc illate about 
its or ig inal ( straight ) path , but with no net deflect ion 
or d isplacement on exc iting the device . � d ist inguish 
between wigglers and undulators ,  the parameter K = 

0 . 9 34B o ( kG )  A u ( em) i s  very useful.  When the 
magnetic f ield is s inusoidal , K • y a ,  where y • 

E/ (moc2 ) and 2a is the full angular excursion of 
t he electron beam travers ing the magnet . 

For K S 1 the device i s  called an undulator . The 
angular excursion of the electron beam is less than , or 
comparable with , the natural opening angle of synchrotron 
rad iat ion ( SR) emission (-y-1) and hence the rad iation 
emerg ing from the device is  concentrated in the smallest 
possible opening angle . Thus an undulator produce s 
r ad iation with very h igh br ightness . For an undulator 
with a large number of per iods , interference effects i n  
the r ad iat ion produced a t  a large number o f  essent ially 
collinear source points result in a spectrum with 
quasi-monochromat ic peaks at wavelengths g iven by 

( 1 ) 

3 4  
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wher e  e i s  the angle of observat ion relat ive to th e 
average electron direct ion and n is the harmonic number . 
For K << 1 , only the fundamental peak ( n  = 1) is 
impor tant . For K = 1 the power in the fundamental is 
a max imum and the f ir st few harmonics have apprec iable 
i ntens ity ( see Figure 3 for an example) . The suppression 
o f  rad iat ion at most wavelengths and the concentration of 
the rad iat ion into one or a few quas i-monochromatic peak s 
r esults in rad iation of very h igh spectral br ightness . 

The spectral width of the peaks i s  determined by the 
n umber of per iods in the undulator , the transverse s ize 
and d ivergence of the electron beam , and the angular 
a cceptance of the detector . For an electron beam of 
neg l ig ible s i ze and d ivergence , and for a detector of 
very small acceptance , the fract ional bandwidth of the 
peaks is  g iven by AA/A n • 1/ ( nN ) , where N i s  the numbe r 
o f  per iod s .  In this case the spectral br ightness 
i ncreases as N2 . A device with 100 per iods could 
therefore produce a br ightness that i s  4 order of  
magnitude greater than that produced by r ing-bend ing 
magnets . When beam s i ze and d ivergence and detector 
acceptance are taken into account the br ightness gain is  
l es s  than N2 but still large . 

For K > 1 the wavelength of the fundamental become s 
l onger [ see Eq .  ( 1 ) ] and more harmonics appear . For K 
> >  1 the fundamental has a very long wavelength and 
there are many closely spaced harmonics . In  this l imit 
the device is  called a wiggler , and the envelope of the 
spectrum approaches the famil iar continuous SR spectrum 
characterist ic of bend ing magnets . However ,  interference 
e ffects are still present in devices with K >> 1 ,  
espec ially at long wavelengths and i n  devices with many 
pe r iods . At the shorter wavelengths , where these device s 
a r e  used more frequently , interference effects , although 
st i l l  present , produce only very small var iations about 
the normal cont inuous spectrum.  For devices with K >> 1 
the spectrum can be character i zed by the c r i t ical energy 
calculated in the usual way [ i . e . , E c ( keV) = 0 . 0 6 6 58 
( kG )  E2 (GeV2 ) ] .  The intens ity i s  enhanced owning to 
the superposition of rad iat ion f rom ind ividual poles . 
Depend ing on the des ign of the wiggler and the emittance 
of the electron beam , th is enhancement factor can be a s  
large as the number of poles in the wiggler . The 
beam-l ine opt ics and the deta ils of the spectral-angula r 
d istr ibution from an extended source must be cons idered 
in calculating the actual intens ity del ivered to an 
exper imental stat ion . 
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Dev ices with 1 . 5  < K < 5 represent a transition 
reg ion between wigglers and undulators .  These are also 
be i ng cons idered as rad iat ion sources . 3 6  

H i gh-f ield wigglers offer extended spectral range 
cCMDpared with r ing-bend ing magnets . Extension of the 
s�tral range can be ach ieved with a very s imple 3-pole 
wigg ler produc ing only one osc illation of the electron 
becun. Add it ional poles produc ing additional osc illat ions 
wou1d provide higher intens ity .  As an example , cons ide r 
an 8 0 0-MeV r ing with typical bend ing-magnet f ields of 
about 12 kG . The SR spectrum has a c r i t ical energy of 
5 1 1  eV and a max imum useful photon energy of 2-2 . 5  keV. 
A SO-kG superconducting wiggler in the same r ing produce s 
a spectrum with a critical energy of 2 . 13 keV and a 
max imum useful energy reaching the important 8-10 keV 
r eg ion . Thus , a relat ively low-e nergy r ing could provide 
rad iation over an extremely broad spectral range . Thi s  
means that a s ingle moderate-s i zed r ing can serve a s  a 
h igh- intensity source in both the VUV and x-ray parts of 
the spectrum. 

I t  may be poss ible to modify exist ing r ings or bui ld 
new r ings to permit the use of undulators with smalle r 
g aps than used at present , with correspond ingly shorter 
per iods . This would extend undulator high-br ightness 
peaks to energ ies above 7 keV in existing r ings and make 
it possible for even lower-energy r ings (<2 GeV) to 
reach x-ray energ ies with such devices . 3 7  Permanent­
magnet undulator technology has developed to the point 
where a storage r ing with permanent-magnet bend ing 
magnets , hence low power consumpt ion , may be possible . 

Carrying wigglers and undulators one step further by 
i nt roduc ing reflectors to create an opt ical cavity for 
the radiat ion results in a f ree-electron laser . Such 
devices may be based on e ither l inear accelerators or 
storage r ings and may indeed be bu ilt into an ex ist ing 
storage r ing . They have been stud ied by a recent 
subcommittee38 and are cons idered no further in th is 
repor t .  

Insertion devices not only have the capabil ity of 
chang ing the character of research at a SR facility ,  the y 
also offer a d ifferent way of think ing about the SR 
source . I n  future SR sources , the emphasis may be on 
insert ion devices in the stra ight sect ions , with the 
bend ing magnets be ing secondary sources of rad iat ion a t  
best . Several such storage

. 
r ings have been des igned . 

This repor t will not address the role of •all-wiggle r•  
machines , but we emphas ize that in the near future , 
panels should cons ider ser iously the i r  design and mode s 
of use . 
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