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Stanford Synchrotron Radiation Laboratory, P.O. Box 4349, Bin 69, Stanford, CA 94309-0210

Abstract

Avomd the world, there are now 32 laboratorics in 12 countries engaged
e the operation. constinction or plauning of clectron storage rings, ranging
fronn a few hundred MeV to above 10 GeV, as sonrces of synchrotron radiation
for basic and applied vesearcll, More than 6000 scientists now nse radiation
from 27 operational rings in a wide range of studies in biology. chemistry
and physies and their mumerons subfields. About 10 1ore rings intended for
researche are fn construction or design. The new rings are mostly designed
with low electron beam entittance and many straight sections to optimize the
performance of nudulator insertion magnets.

I addition, companies in England, Germauy, Japan and the United States
are designing and constructing storage rings to produce high fluxes of soft X-
rays avound 1 keV for the production of integrated cirenits with line features
of 11.25 niierons or less nsing the X-ray lithographic process. If, as expected by
niny in the sendeondactor field, X-ray lthography becomes the techmigne of
choice for the production of subiiicron strnctures, perhaps 100 storage rings
in the 0.5 to 1 GeVorange will be needed by industry.

It is also possible that present programs nsing synchrotron radiation above
30 keV to develop less iuvasive procednres for coronary angiography will lead
to a need for many nmlti-GeV rings desigued for this purpose.

Introduction

The explostve growth of activity and interest in synchrotron radiation as
ascientific and techological tool s an nnprecedented phenomenon. 1t iz all
the more remarkable cousidering that the radiation was originally regarded
ly aa an noforbnate diain oo bl cacigy of clectrons io cirenlar aceeler-
a nisance and an nuavoidable waste prodoct which made it difhenlt
and costly for high energy physicists to push eircular electron machines to
higher and higher energy.

Storage rings provide radiation from the jnfraved throngh the visible, near
nlbraviolet, vacnnm ultraviolet, <oft X-ray and hard X-ray parts of the elec-
tromagnetic speckrnm extending to 100 keV and beyond. The flux [pho-
tons /{s.nnit. bandwidth)]. brightuess (or brilliance) [photons/(samit source
arcaanit solid angle.nnit bandwidth)] and colierent power [proportional to
brightness] available for experiments, particularly in the VUV, soft X-ray
and X-ray parts of the spectrun, are many orders of maguitude Ligher than
15 avatlable from any other source.

ln

Specindized instrincutation has heen developed for the beam lines to col-
leck, condeuses deflect, seleet certain wavelengths and deliver the radiation
from the ring to the experimental stations, Handliug the ligh power and
power density from wiggler and nndnlator magnets np to several meters long
lias becotne a major engivecring challenge. Devices now in operation at sev-
eral facilities deliver 5-10 kW /cn® of Xoray beam power to the front end
compouents of heau lines. This is about the same as the power density in a
welding are!

Sophisticated cooling technigues are needed, such as liquid gallinm fowing
i ierochanuels and long absorbers which intercept the heam at grazing in-
cidence angles of a few degrees. Care nmist be taken to assure that powerful
X-ray beamns do not accidentally strike inadequately cooled surfaces, This
might happen, for example, if there is a large distortion in the closed orbit
fitch as might ocenr if & power supply trips out. This has led to the devel.
opwent of protection systems whicl dump the stored beam in the event of
o large orbit distortion to prevent melting that iight ocenr in a fraction of
asecond. Severe demands are placed on beam line components such as fo-
enssing mirrors, diffraction gratings and erystals which must maintain tiglt
aptical toleranees under intense thermal loads.

With new facilities coming on line and with the continued developinent of
souren capability, particularly tie brightness and colierent power levels from
nudulators in low emibbance rings, the muuber of practitioners, new arcas of
application and overall scientific impact of synclirotron radiation are expected
to grow. Figure | shows the developiment of source brightness.

Today the impact of synelirotron radiation on basic and applied rescarch in
physics. chemistry, biology and their nunmerous subfields Las led to an intense
activity aronud the wetld to more fully exploit existing electron storage rings
anel to constinet more storage ring sonrces of this radiation. This interest
is further fueled by the expectation that synchrotron radiation will, via the
Xoray lithographic process, cuable large scale production of higher density
integrated cirenits and the possibility that it can be used in less invasive
procedures for coronary angiography. For recent reviews of synchrotron ra-
diation facilitios in the USSR and elsewhere see Kulipanov]1] and Winick[2]
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Figure 1: Development of Source Brightness

respectively.

The rings now iu design and constriction as dedicated light sovrces range
from 0.5 GeV superconducting devices for X-ray lithography that conled fit
into a large living room, to rings up to 1.5 kilonteters in ciremnferrnce. There
is also increaging interest to exploit Hie recently demonstrated capabilities and
potential of very Ligh energy colliding beam rings such as PED and Tristan
as very high brightness sources, particnlarly when they are operated ab lower
cnergy in low emittance modes, The most advanced rings for basic rescarch
are based on a inagnet lattice with two main characteristics: low clectron
beam ewittance and many straight sections for insertion devices, Below we
disenss insertion devices and emittance in worve detail.

The use of storage rings for both high energy physics aud synchrotron
radiation research has resulted in important discoveries in both fields. The
synchrotron radiation commmnity owes a great deal to the high energy physics
commmity for providing the first conrees and for assistance in adapting their
rings and making them available for synchrotron radiation researcly.

Insertion Devices (Wiggler and Undulator Magnets)

Much of the developnient of synchrotron radiation facilities is linked to the
increasing use of wiggler and wndulator magnet insertion devices as sonrces.
Wiggler and undulator magnets are arrays of alternating polarity imagnetic
poles which can be inserted between the bending magunets of storage rings.
By deflecting the beam in alternate directions they produce radiation with
no net deflection.  They can be several meters long, depending on avail-
able straight section space, and most or all of the radiation produced can
be delivered to a single experiniental station. This is to be compared with
bending magnet sources where typically a few centinmeters of continnously
curving path radiates into a single station. Figure 2 gives a comparison of
the spectra from bending magnets, wigglers and undulators. The continnons
speckriun from a bending magnet is characterized by the eritical energy given
by e.(keV) = 0.665B(T)E*(GeV). Half of the power is radiated above the
critical energy and half helow.

An insertion device is called a wiggler if the deflection of the electron beam
in each pole is large compared with the instantancous emission angle (given by
7”172/E) of synchrotron radiation. In this lmit, the device can be considered
as a succession of bending magnet sources. each producing the continnous
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speckrm of a bending maguet ab the same magnetic field. The superposition
of the radiation from each pole results in an overall enhancenent of the ra-
dintion given by the wnber of poles. Pennanent magnet devices with wore
tlian 50 poles have been built, so this enhancement can be quite large.

The deviee is called an nndulator if the deflection angle in each pole is less
than, or comparable to, the instantancous emission angle. In this Hmit, in-
tetference effects in the radiation by individual electrons traversing the many
poles produce Targe culiancements ab certain wavelengths and snppression af
other wavelengths, I the enseble of eleckrons in the stored beant has an-
gnlar divergence less tHian the instantaneons enssion angle, radiation with
the highest brightness and colierent power js prodiced. Most present storage
rings have large emittance (see next section) and do not satisfy this eriterion;
hence the interest in lower emittance rings.

The photon wavelengbh of the lowest energy. or [nmLuman pv.Lk in the
spectrnm trom an nndndator is given by A = (A, /247 (14 K? /2 +4°0? ) where
A, i the period length of the nudulator magnetic field, - E/mne? K =
BN, /(2mne) = 0.934B,(T)A () = ¥8, B, is the ]m:xk umy,,u(tl( field,
28 3% the angntm deflection of the electron aud © iz angle of observation.
For K <« 1. only a weak fundamental peak is present.  As K increases,
the fundamental becones stronger, reaching a maxinnin aronnd K=1, and
liarmonics appear. For K 3 1, the many closely spaced harmonies blend into
the smooth coutiuvnn characteristic of wigglers and bending magnets.

As can be seen from above, at any particular eleetron energy the shortest
wavelength that can be reached with siguificant intensity by an undualator is
determined by the period length and the maguetic field strength. The iat-
ter falls exponentially with the ratio of the maguet gap to period. This fact
wikes permanent magnet deviees pactiondarly well suited for wndnlator ap-
phications. Heating effects in the coils of conventional electromagnets and the
space required for coils, even in superconducting magnets, make it diffienlt
for these devices to reach adequate field strength with the desired short pe-
riod tengths, With permanent maguet arrays, it is possible to reach periods
ot 3-6 e with gaps of 1-2 e and with K valnes aronnd 1 ov greater. This
lesds to eleckron energy reguiretnents of 1-2 GeV to reach frudianental wave-
lengths aronnd 10-30 A (or 0.4-1.2 keV), 3-4 GeV for 2-6 A (or 2-6 keV) and
6-5 GV for 0.5-1 A (or 12-24 keV). Micropole undulators[3] with periods and
gaps of one millimeter o1 less conld extend the spectral range if sucll deviees
condd be impleweuted in low beta seetions of storage riugs. Important con-
tributions to the development of insertion device teelinology, partienlaly the
carly developient of strong. short period perutanent magoet deviees, have
been made by K. Halbach at LBL and by G. Kulipanov and N. Vinoknrov at
Novosibirsk,

Electron Beam Emittance and
Photon Beam Brightness

Enittance is the phase space arca of the beantin each of the two transverse
directions and is given egsentially by the prodiet of the transverse size and
divergenee of the heaun ab o symmctry point (where the emittance ellipse
is upright). The recognition in 1976, by Ken Green and Rena Chasman at
Brooklawvew. of the importance of low eleckron heam ciittance to achicving
high brightness radiation was a major skep in sonree developent.,

The liorizontal emittance of the bean in an clectron storage ring is deter-

mined by an equilibrinne betweeu the excitabion of hetatron oscillations die
to the quantin nature of the radiation process, and the damping of these
orcillations duc to the fact that the energy lost to synchrotron radiation is
restoredd by RF cavities which lupart momentwn only iu the lTongitudinal
direction. The resultant emittance depends on the magnet lattice of the ring.
The emitbance is a constant aronnd the ring (Liowville’s theorem) and varies
quadratically with clectron energy for constant lattice optics. The vertical
emitkance is nsually primarily determnined by conpling to the lrorizoutal.

A low cmittance lattice generally has short bending magnets (since eit-
tance grows in the bending inagnets as the third power of the angle of bending)
separated by strong gquadrupoles to focus the beanm tightly, Chromatic aber-
rations in the strong ¢uadripoles nmst be corrected by sextupole magnets
in order to store high currents. But the non-linear fields of the sextupoles
cause a rednetion of dynamic aperture. Non linear fields of wiggler and nn-
dulator magnets also cause a reduction in dynaniic apertare. Therefore the
main chatlenge in the design of advanced light =onrees is to achieve the desired
low emiittance while maintaining adequate dynamic aperbure for injeetion and
long beamn lifetinee (10 howr or longer lifetine is highly desivable) in the pres-
euce of many insertion devices, Figure 3 illustrates bhe reduction of dynanie
apertie of an assnmed ideal mwachine (in this case the ALS at LBL) due to
random error imperfections in the ring mwaguets and also due to a partienlar
array of insertion devices. Although there js a significant redietion. the final
apertnre still exceeds that of the sinall gap vacunu chambers planned for the
nndulators, and is snthcient for injection and long beam lifetime,
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Fignre 3: Effect of Random Ring Magnet Errors and Effect of Insertion De-
vices on the Dynamic Apertire, (Conrtesy Ao Jackson. LBL)

At constant stored eurrent, the photon beam brightness and coherent power
level increage as electron beam emittance deereases nutil fundamental diffrae-
tion effects are reached, These diffraction Hmits seb the lowest isefnd electron
bean emittance at a valne numerically equal to the photon wavelength -
vided by 47, Thus a “diffraction limited” electron beam for prodiving X-rays
with a wavelength of 1 um (or 10 A or 1.2 keV) wonld biawve an emittance of
about 0,1 mu-radians, forty times less than the lowest emibtance vet measired
For .1 mn (or 1 A or 12 keV) radiation, the
diffraction limited” electron beam emittanee iz a dannting 0.01 mneradians,

in a synchirotron light souree.

Sources and Research Facilities

The first synchrotron radiation researcly was carried ont using electyon syn-
chirotrons starting in the 1950%s, after the discovery of the radiation in 1946,
Althongh some synchrotrons are still nsed ag sonrees in the Soviet Union,
storage rings have largely replaced tlem as gources bocanse the constant in-
tensity and spectrmn they provide is more snitable than the fluctnating sonrce
properties of eyelie synechrotrous. Table 1 Hsts sborage ring sonrees around
the world now in operation, construction or desipn. Layont drawings for sev-
eral of these facilities are given in Figmres 4 0. The table does not inclade
about 10 storage rings now in operation, constrnction or design by industry
as sonrees for Xoray Hthography.

First Generation Sources and Facilities

The first storage vings to become available as light sontees were rings huilt
for bigh energy physics parposes. starting with the pioneering work of Ed
Rowe in developing the Tantalus 240 MeV ring at the University of Wisconsin
as a light source in 1968, An exception is the SOR-Ring at the University
of Tokyo, built from the start as a dedicated light sonice ju the early 19707
The SOR-Ring is still in aperation, bat the Tantalns ring and other high
cnergy pliysies storage rings that hiave also been nsed as light sources (e.g..
the 540 MeV ACO and the 3.5 GeV CEA) are no longer used as light sources
due Lo the availability of newer rings at the same laboratory oro in the case
of the CEA. the closing of the laboratory.

Programs are now underway on the Accmuandabor Ring (AR) in Tenkaba,
ADONE in Fraseati, CESR at Cornell University, DCT at Orsay. DORIS at
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STORAGE RING SYNCHROTRON RADIATION SOURCES (MARCH 1989)

LOCATICN RING (LAB) ELECTRON ENERGY NOTES
(GeV:

BRAZIL —

Campinas LNLS 2.0 Dedicated*

CHINA (PRC) )
Ba:jing BEPC (IHEP) 2.2-2.8 Part.ly Dedicated
Hefei HESYRL (USTC) 0.8 Dedicated~

CHINA (ROC-TAIWAN)

Hsinchu SRRC (Sync.Rad.Res.Ctr.) 1.3 Dedicated*

ENGLAND
Daresbury SRS (Caresbury) 2.0 Dedicated

FRANCE

Grenoble ESRF 6.0 Dedicazed*

Qrsay OCI (LURE) 1.8 Dedicated

SuperACO (LURE) 0.8 Dedicated

GERMANY .

" Bonn ELSA 3.5 Partly Dedicated
Dortmurd DELTA 1.3 Design/FEL Use
Hamburg DORIS II1 (HASYLAB) 3.5-5.5 Partly Dadicated
West Berlin BESSY 0.8 Dedicated

BESSY II 1.5-2.0 Design/Dedicated

INDIA

Indore INDUS~I (CAT) 0.45 Design/Dedicated*
INDUS-II (ZAT) 2.Q Degign/Dedicated*

ITALY
Frascati ADONE  (LNF) 1.5 Partly Dedicated
Trieste ELETTRA 1.5-2.0 Dedicated~”

KOREA X
Fohang Pohang Light Source 2.0 Design/Dedicated*

JAPAN
Kansai area STA Ring g.0 Design/Dedicated
Okasaki UVSCR (IMS) C.6 Dedicated
Tokyo SOR-Ring (ISSP) 0.4 Dedicated
Tsukuba TERAS (ETL) 0.6 Dedicated
Tsukuba Photon Factory (KEK) 2.5 Dedicated

Accumulator Ring (KEK) 6.0-8.0 Partly Dedicated
Tristan Main Ring {(KEK) B.0-30.0 Planned Use

SWEDEN
1UND Max (LTH) 0.5% Dedicated

Lsa

T Argonne, IL APS (ANL) 7.0 Design/Dadicated
Baton Rouge, LR LSU 1.0 Design/Dedicated*
Berkeley,CA ALS (LBL) 1.5 Dedicated*
Gaitnersburg, MD SURF I1 (NIST) 0.28 Dedicated
Ithaca, NY CESR (CHESS) 5.5-8.0 Partly Dedicated
Stanford,CA SPEAR (SSRL) 3.0-3.5 Partly Dedicated

PEP (SSRL) 5.0-15.0 Partly Dedicated
Stoughton, WI Aladdin (SRC) 0.8-1.0 Dedicated
Upten, NY NSLS I (BNL) 0.75% Dedicated

NSLS II (BNL) 2.5 Dedicated

USSR
Karkhov N-100 (KPI) 0.10 Dedicated
Moscow Siperia I (Kurchatov) 0.45 Dadicated

Siberia II (Kurchatov) 2.5 Dedicated”
Novosgibirsk VEPF-2M (INP) 0.7 Partly Dedicated

VEPF~3 (INF) 2.2 Partly Dedicated

VEPF-4 (INP) 5.0-7.0 Partly Dedicated

* In construction or approved for construction as of 3/89

Table 1: Storage Ring Sonrces Aronnd the World Now in Operatiou. Con-
struction or Design.

DESY. SPEAR and PED at Stanford. SURF 1T at NIST and VEPP-2M,
VEPP-3 and VEPDP-4 at Novosibirsk, Plans are being wade to utilize the
Tristan ting as a synchrotron vadiation sonree[4]. The AR has recently been
cquipped with aomigne permanent magnet mdnlator that produces ellipti-
cally polarized radiation[4].

SURF I, a converted syuchrotron, lias o civenlar orbit well snited for nse
as an absolute stadard for radiometry, The DCLand SURF 1T riugs are now
fally dedicated to synchratron radiation research. The other tings operate
parasitically during colliding bemm ruus and also have dedicated single heamn
s tor synchrotron radiation research. All exeept SURF 1T (which has no
straight sections) have tmpleneated or are planuing to aplement wigglers
and/or mndnlators,

The DORIS ving will be modified with the addition of a4 bypass to accom-
miodite wp o 6 insertion devices in addition to the three now in operation,
The VEPP rings have been eqpaipped with nnigque ingertion devices inclnding
a helical nudulator (producing cirenlarly polarized radiation} and sapercon-
ducting wigglers (8 T, 4 poles and 3.4 T. 19 poles). SPEAR has space for
tore tlian 12 insertion devices with b in operabion now. DCIL DORIS, SPEAR
and the VEPT rings serve major nser commmnities with many shoaltanconsly
operating stations.

Second Generation Sources and Facilities

The expericnce nsing high energy physics rings as lght sourees and the
growing wunber of nsers competing for beam time led, in the mid to late
107006 to the design and coustruction of new storage riugs to be nsed as
fully dedicated radiation sonrees. Many of these second generation dedicated
light sources are now in fdl operation including major national researel facil-
ities in Bugland (SRS). Germany (BESSY), Japan (UVSOR and the Photon
Factory) aud the USA (Aladdin and the NSLS rings). These rings have an
nense capacity (zome witlh 50 or wore experimental gtations) and serve
several lnndred o ore than 1000 nsers,

Several of these rings have electron beany emittances of 40-150 nm-radians,
whereas most first generation rings have several hundred mn-radian eniit-
tances. Two rings (SRS and the Plhoton Factory) have recently had additional
quadrapoles installed to reduee the emittance to thislevel. At the SRS a per-
manent magnet nudadator and a 3 pole. § T wiggler serving 6 stations are in
nse. At the Photon Factory several insertion devices ave in use including 4 3

pole, 5T wiggler with a horizontal ficld to produee vertically polatized radia-
tion and several permanent magnet undulators. At NSLS perinanent magnet
nndudators have been in nuse on the (1175 GeV ring for several years and several
wiggler and undulator magnets are now coming on line in the 2.5 GeV xing,
inchling a 5 T, 6 pole supercoudncting wiggler for angiography and other
shidics,

The nse of positrons rather than electrous for the stored beam resnlts in
improved beam stability and lifetime, important considerations for all syn-
clhivotron light sources, Positive ions produced ju the vesidnal gas of the vac-
wun systemn, or dust particles that tend to become positively ciarged, can be
trapped by an electron beam, but are repelled by a positron beam. Trapped
jous or dust particles can canse abmpt beam losses, rednetion in lifetime
and tune changes. The DCI aud Photon Factory rings now rontinely nse
positrons. Most new facilities are designed vither to use positrons from the
start or to add a posttron capability at a later dabe if incasures to prevent ion
trapping (snch as leaving a gap in orbital filling pattern) prove inadegnate.

Third Generation Storage Rings

Present rings canunot achieve the full perfornance potential of insertion
deviees, particularly the higl brightuess thiat can be produced by nndulators.
This has led to an intense worldwide activity to design and construct the next
generation of storage rings with lower cinittance and many straight sections
for insertion devices. These are briefly deseribed below witl the nnmbers in
parentheses giving the emittance in mn-radians and the wunber of straight.
seetions available for insertion devices respectively.

The first of these, the 1.8 GeV Snper- ACOS] ring (30.5) iu Orsay, France,
began operation in early 1987, Several others hiave been anthorized for con-
struction. This includes the 6 GeV Buropean Syncliotron Radiation Facility
(ESRF){6] (7.28) in Grenoble, the 1.5 GeV Advanced Light Souree (ALS){7)
(7.11) at Berkeley, the 1.3 GeV Taiwan Light Source {2050, the 1.5-2 GeV
Elettra riug(8] (4.11) in Trieste and the 2.5 GeV Siberia 1T ring{1] in Moscow.
The 7 GeV Advanced Photon Souree[9] (7.34) at Argonue National Labora-
tory is in advanced stages of design with & construction start expected iu the
FY90 budget now being considered by Cougress. The 1.5 GeV BESSY 11
ring[10] (8.8) in Berlin and the 8§ GeV STA ring (5.40) in Japan/11] are also
i an RED phase with constrnetion approval expeeted soon. A 1.3 GeV ring
is pliumed in Brazil.

Tliere is great expectation it the synchrotron radiation comnmuity that
thiese new sonrces will open tie way to tuportant new scicuce. Iudeed, onr
experience with synchrotron radiation over the past two decades lias shown
that with cach order of magnttude huproveinent in finx or brightuess has cone
new applications, i many cases unimagined antil the source was available.
Receut examples include the nse of the coherence properties of VUV and soft
X-ray synchrotron radintion to make holograms in this new spectral region
and the nge of X-ray scattering as a probe of the maguetic properbies of
materials and 1 the study of phase trapsitions in two diliensionnd systems
snch as snrface monolayers, lipid bilayers and lignid crystal filins,

The goal of the third generation rings now being designed and constuneted
is to achieve a brightuess of 1018 to 1019 photons/(s.unimrad® 0.1% band-
width). This can be reached with 5 aneter long nndnlators in rings operating
at about 100 mA with a horizontal emitbance of 5-10 mn-radians,  These
performance levels will require meeting stringent tolerance requirements in
the storage ring (e.g., magnet quality and aligmnent. orbit stability and re
producibility) and in Hhe precision and gnality of the insertion deviees, Tt
will also require colution to difficult engineering problems, partienlarly
associabed with the high theomal loading on beam e front ends and optical
components,

Future Sources

The many third generation storage rings now in design and constrietion
will offer extremely bright and increasingly cohersnt soft Xoray and Xeray
phioton beams toy a very large scientific commmunity. When beans from these
rings hecome available in the mid 1990% they will be more than two orders of
nignitude brighter than is routinely available now. opening np entirely new
seientific opportanities. It appears Hkely, however, that brightuess and co-
herent power will continne to be the frontiers in sonrce development, sinee, as
explained carlier. we are still far fronr fundamental diffraction Timits at these
short wavelengths,  Higler brightness and colierent power can be reached
with longer nndulators, higher stored enrrent and lower cmittance. Signifi-
cant advances in any of these areas reqnires solntion to even more difficult
engineering problems and meeting even tighter tolerances than for third gen-
eration rings. Some of the possible development directions for the fonrth
generation sonrces can be explored with high energy electron-positron eollid-
ers such as PEP (15 GeV){12,13] and Tristau (30 GeV)[4]. Since emittance
decreases as the square of the vlectron energy, by operating these rings at
1/2 to 1/3 their maxinmm energy the cmittance is reduced by a factor of
4 to 9. Low ewmittance optics can be wsed to further reduce the emittance
by ahout a factor of 4 or more. For exawnple, PEP has been operated in a
low cruittance optics at 7.1 GeV with a measnred emittance of 6 nim-radians
with the nsnal daunping partition and 4 mmeradians with & modified damping
partition[12,13].

Alzo, these rings have long., dispersion-free straight sections which ean be
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nsed for very loug undulators and also for damping wigglers(14] to reduce the
cmittance by another factor of 5 or wore. Using daping wigglers it should
be possible to achieve au emittance of less than one nm-radian in these rings.
They could therefore be prototypes of future Ligh performance rings. offering
Ligher brightness and coherent power and approaching diffraction limits at
shorter wavelengths,

At some poink techuical or fundamental limits will be reached in reducing
electron beam emittance and increasing photon beam brightiess nsing circu-
lar electron machines and otlier directions may become more promising, As
has been pointed ont by Fuoss[15]. high cnergy electron beans from linear
accelerators offer very low emittance and shotter bunehes than storage rings.
For exanple linear collider devices such as the SLAC linac aim at producing
ann emibbance of about 0.3 u-radians at 50 GeVowith 5 x 1010 electrons in
busches that are only a few picoseconds long. Such beams conld be passed
throngh long nudulators generating very high peak power, brightuess and co-
lierent, power even thougl the time averaged valne of these quantities is lower
than conld be produced in storage rings(15].

It iight also be noted that the design emittance of the 8SC is & respectably
low 0.95 mun-radians at 20 TeV. Although protons radiate much more weakly
than clectrons (by the ratio of the masses rajsed to the fourth power if other
conditions are the same) one conld imagine overcoming this with a very long
nndilator. For a1k undnlator with a period length of 33 e and a peak
field of 6 T {K=0.1), the time averaged stored cnrrent of 73 1A would produce
abont 50 W ol radiation within a very narrow bandwidth at 3 keV. resulting
in excordingly high brightness, If the proton beam were stored for a day or
so. the cmittance wonld further decrease due to radiation damping which has
a one day time constant[16].
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Fignre 4: Layont of the SPEAR and PEP rings at Stauford showing the 9
existing beain lines serving 22 experimental statious on SPEAR and the 2
existing mndilator bean lines on PEP. Also shown is the SPEAR 3 GeV
injector, now in constrietion, and a possible transfer Tite to PED so that tlis
injector conld serve PED after upgrading it to 5 GeV.
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Fignre 5: Layont of syuchrotron radiation bean lines on the DORIS storage
ring at DESY. The bulge on the right side is a bypass, now in design. that
will acconmmodate 6 nsertion devices. (Courtesy W, Brefeld, HASYLADB)
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Fignre 6: Layout of the Aladdin 0.8-1.0 GeV dedicated light sonree ab the
Tujection is provided by o 108 MeV microbron.

University ol Wiskconsin,
(Conrtesy E. Rowe, University of Wikconsin}
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Figmie 71 Storage rings at KEK, Tsukuba. Japan. The 2.0 GeV Photon
Factory ix o bidly dedicated Hght sonree. Several heam lines have heen him-
plonaented on the 628 GeV Tristan Acennmlator Ring. Plans are beiug made
to ndibize the 300 GeVo Tristan main riug {3 kin in circmnfercuce) as o low
cinittanee lieht sonree operated aronnd 10 GeV. {(Conrtesy M. Ando, KEK)

Fignre 8:
tional Laboratory, The ring ciremnferenee is 1 ki and ean accommodate 34

eV Advanced Photon Sontee ab Argonone Na-

Layont of the 7

insertion beam lines plas 35 bending magnet lines,

un

Fignte 00 Layont of hbean Hues b NSLS storage rings. Many bemn lines serve
nltiple experimental stations. The total capacity 1= abont 100 experimental

stations. (Courtesy S. White-Delace, NSLS)
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