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1 INTRODUCTION

Since the firstindirect observation of synchrotroradia-
tion (SR) in 1945[1}there has been rapid growth in its

tuations and spectral, intensity,and source position
changes within a cycle pose limitations. With thevel-
opment of high energy physics storage rings, i&Rame
available with constant spectruamd sourceposition, and

scientific use. Starting in the 1950's cyclic electron syrong stored-beam lifetime. These arefirgt generation
chrotrons were used, yielding to the superior properties S8R sources. The superior radiation from these rings led to

electron storage rings starting in 1968.
sources have evolvethrough three generations.First
generation ringgrethose built for highenergy physics
research. The secondgeneratiorarethose built from the
start as light sourcesThird generatiorrings coming on-

Storage rirfyrapid growth in SR programs, and their evolution from a

parasitic effort to partlydedicated, anaften fully dedi
cated, use of the ring.

Radiation from thébendmagnets of firsgenera-
tion rings provided about ¥@imes more tunable, contin-

line since 1992have many straight sections for insertior/um radiationthan conventional sources, includirgat-
devices and lower electron beam emittance. Undulators #i§-anode X-rajubes. The immediate successful use of
third generation rings provide ~1Bigher brightness than this radiation, even in parasitic operatisesulted in an
bend magnet sources of earlier rings. There are now ab8yPlosion of scientific interest[2]. The dandfor SR in

40 operational rings of all generations used assB&ces

the mid-1970’s led Europe, Japan and the US to construct

in 14 countries, 10 of which are third generation sourcesSecondgeneration SR sources; rings fullyledicated to

As remarkable athis performanceémprovement
has been, even higher brightnessl laser-like coherence
appear achievable and are neesleiéntifically, particularly
at soft and hard X-ray wavelengths. Reaching higleer
formancelevels is the goal of fourth generati@ources
which we maydefine assources whichexceedthe per-
formance ofprevious sources by one or maseders of

magnitude in arimportantparametessuch as brightness,

coherence, orshortness of pulse duration. Thmost

SR research. When designsthé first round of these
were finalizedthere was noexperienceusing SR from
wiggler and undulator insertion devices. Thus these rings
were designedor many bend magnet beam linesand a
few locations in which insertiordevices could beadded
later.

3 WIGGLERS AND UNDULATORS
Starting in 1978 wiggleand undulatorinsertion devices

promisingdirections for fourth generation sources in théperiodic magnetplacedbetweenthe bendingmagnets of
wavelength range from the VUV to hard X-rays are storage ring) were tested irfirst generation rings[3]offering

rings with even lower emittance than thiggneration
rings, and short wavelengthfree-electronlasers (FELS)
which offer sub-picosecongulses with full transverse
coherence.

The extraordinaryproperties of SR stertargely
from the fact that the copius emission by relativiste-
trons curving in magnetifields is concentratethto an

higher flux, brightness, and spectral range thand mag-
net sources. Although wiggleend undulatorsare both
periodic magnetic structures, they proddiféerent spectra
due to the different angular deflection in egdie. For a
wiggler this deflection idargerthan the natural emission
angle of synchrotron radiatiog ¢ = m¢&/E). For an un-
dulator it istypically <y *, so undulators provide more

instantaneous forward cone with opening angle giveyn byconcentrated radiation than wigglers or bend magnets. Fur-

1 = mc/E, the electron’s rest massergydivided by its
total energy. For example, this angle is only Buhd at
5 GeV. This small natural emission angle is keyrtder-

thermore, the smalbleflection in each undulator pole
means that polesan beshort, so that morean be ac-
commodated in given length. Permanent magreth-

standing the properties of SR and the characteristics of thelogy has had a major impact on insertd®vicedesign,
different source generations and types of insertion devicesince the absence of coils allows for even more poles.

2 EARLY SOURCES

From the early 1950’s to the early 1970’s cyclelgctron
synchrotrons, developed foigh energyphysicsresearch,
were used as SRources. Thesarethe zeroth genera-
tion. Although their SR is intenseycle-to-cycle fluc-

As an electron traverses an undulatoterference
in the radiation at each ahe collinear sourcpoints en-
hancesintensity at certain wavelengths, resulting in a
guasi-monochromatic spectrum rattiean thebroad con-
tinuum of bend magnet and wiggler sources. Peakar
at wavelengths given by=A [1 + K¥2 + y*6?)/(2y?) and
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its harmonicsA, is the undulator period, is the observa- The maindirectionsthat have emargedfor fourth genera-
tion angle,andK=0.934B[T]\ [cm] is the anguladeflec- tion light sources in the wavelengtangefrom the VUV
tion in each pole in units gf'. Peaks are tuned by vary-to hardX-rays arelower emittance ringsindshort wave-
ing the electron energy or the undulator field. length FELs using both ringandlinacs asdrivers. Li-
nac-basedrELs offer sub-picosecongulsescompared to
4 BRIGHTNESS, EMITTANCE, AND THIRD 10-50 ps for present storage ringslowever, it may be
GENERATION SOURCES possible tooperateexisting rings or design new rings

The concentration of the radiationdalledthe brightness, With low momentum compactiofactor[4] to produce a
measured iphotons/(s,mfmrad,0.1%bandwidth). The Pulse duration of ~1 ps, albeit with relatively low current
brightness produced by a beam of electrons depends on ghe| ower Emittance Storage Rings
electron beam transverse semddivergencethe product
of which is called the emittance. Horizontal emittance
(s,=0,0,) is determined bythe electron energyand the
ring design. The verticak(=0,0,,) dependgrimarily on
coupling to the horizontadndcan be asmall as ~0.5%
of the horizontal emittance.Second generation source
were originally designed with horizontal emittances of o
hundred toseveralhundrednm-rad,resulting in undulator
beam brightness of up to ~£0

Since further reduction of electron beam emit-
tance wouldresult in even higher brightness, in timéd-
1980’s efforts began to desigmd construct a newound
of storage rings, thé¢hird generation sources. These
have many straight sections for insertibevices ancklec-
tron beam emittance of about 5-20 nm-rad. Thasgs
began operation in the eary990’s, reaching undulator
brightness as high as ?20opening new opportunities for
research.A brightness of 1% is about 1& times higher
than thatprovided byrotating-anode X-raytubes. Al-
though spectacular, this brightnessds from fundamen- 6.1.1 Lattice design and dynamic aperture
tal limits. Furthemeduction of electron beam emittancea formidable Cha”enge inhe design of fourtfgeneration
would result in increased photon beam brightnpasjcu-  storage ring sources is to develop a vieny emittance
larly at X-ray wavelengths. Achieving this is one of thenagnet lattice with sufficierdynamic aperture taccom-
most important objectives of fourth generation sources. modate stable orbits with large amplitudescillations
resulting from, for example, Coulomb scatteringetefc-
trons on theresidualgasand off-axis injection. Thefor-
mer results in the continuous population of a halo much
larger than the core. As the large amplitude betatron os-

The relative ease with which third generation lightirces
havereached, and indeed exceededsigngoals indicates
that fourth generation storage ringan reach even lower
electron beam emittance, producihggher photonbeam
brightnessand diffraction-limited light at shorter wave-
S1engths. Thechallengeghat must be met to accomplish
"his havebeenconsidered atwvorkshops on fourtlyenera-
tion light sources[5,6]. Of concern are the variagpects
of stability of the electron beam; position stabilitgpro-
ducibility, single and multi-bunch instabilities, etc. A
variety of countermeasures (such faedback systems,
Landaucavities, high-harmonic cavities) have besrc-
cessfullydeveloped to deakith these problems impres-
ently operating rings. Thesgill need to bepushed to
higher performance levels to meet the stability demands of
fourth generation rings. A major obstacle is thduced
lifetime and increase@mittancedue tointrabeamscatter-
ing (the Touschek effect) as bunch density increases.

5 DIFFRACTION LIMITS

Diffraction sets an ultimatémit, on the geometrigrop-
erties of photon beam8ecause ofdiffraction the lower

limit on the photon beam emittance is givapproxi-
mately by the wavelength. Using standarddeviation
values for Gaussian distributions, thifffraction-limited
photon beam emittance is given M4t For light pro-

cillations of particles in this halare dampedthey coa-
lesce with the core. If thaperture (dynamic or physical)
is too small, particles in the hakre lost before being
damped, reducindjfetime. It is difficult to maintain a

duced by electron beams, photon beam brightness iarge dynamic aperture in a low-emittance latlieeause
creases as electron beam emittance decreases umliéthe of the chromatieffects ofthe strongquadrupoles. This
tron beam emittance reaches a valuesfire Thusthird  chromaticity, theenergydependence ahe betatron tune,
generation rings with an emittance offn-rad can pro- is corrected by sextupole magnets, whose non-lifiglds
ducediffraction-limited light at wavelengths longer than reduce the dynamic aperture.

~60 nm, (photon energies below ~20 eV). émittance A possiblecountermeasure ithe “modified sex-
three orders of magnitude lower, 5 pm-rad, would betupole”[7], which provides a magnetiield with a quad-
needed to reach the diffraction limit at 0.06 nm (20 KeV).ratic dependence over the core of the beam, but which then
levels off or rises much less rapidly with distance from the
axis, thereby lowering the non-linear fieldsperienced by
As mentioned earlier, we considerlight source to be particles with large amplitude oscillations. Dynamic aper-

fourth generation if it exceeds the performance of previolidr® might also beenlarged byalternately rotating the
sources by an order of magnitude or more in an importdaftice cells by +/- 45 so that sextupoles can piaced at

parameter such as brightness, coherence, or pulse duration.

6 FOURTH GENERATION SOURCES
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locations of maximum dispersion i@achplane foreffi- all beam dimensionand the charge pebunch are kept
cient chromaticity correction[8]. constant, Touschek lifetimacreases quadraticallyith

The large dynamic aperture needed for injection ielectron energy and with the cube of the enegpeptance
present rings is due to the fact that stored beam is accurnfithe rf system. Thus lower emittance VUV/s¥ftay
lated with off-axis injection of many low intensity rings aredesignedwith higherelectron energy [th&wiss
"shots”, each ofwhich executes large amplitude betatrorLight Source (2.1 GeV), Soleil ifRrance(2.155eV) and
oscillations until theycoalescewith the already stored the Shanghai Synchrotron Radiation Facility (2.2-2.5
beam due to radiation damping. Tégerture requirement GeV)] and with large rf overvoltage to incredake energy
can bereducedwith single-shot, on-axis injectiofrom acceptance. The Swiss Light Source plans to use a high-
another ring, in which a high intensity beam h@en Q superconductingassive rf cavitytuned severaband-
accumulated with multi-shot, off-axis injection. Injectionwidths awayfrom the main rf system, tincreasethe rf
into synchrotron phase space is another possibility. overvoltage and energy acceptance[12].

The horizontal emittance in an electrstorage Short lifetime can also beompensateavith fre-
ring scales as thequare ofthe electron energyand the quent, or “top-up”, injection. The nearly constatdred
third power of the bend magnet length. Thus, lower emiturrent also keeps a constant hHeatl onbeam line opti-
tance fourth generation rings would have maepd mag- cal elementsand compensates for lifetimeeduction if
nets separated by quadrupolasd many straight sections small gap, short period undulators, which extendsitez-
for insertiondevices, leading to larger circumference at &al range, are used. “Top-up” injectionpiannedfor the
given energy than third generatioings. Forexample, 7 GeV APS facility at Argonne National Laboratory[13].
the lattice working group at th&renoble Workshop[6] 6.1.3 Other considerations

presented a “straw-man” design fo2 GeV fourth gen- . . . N
eration ring with ~0.3ym-rademittanceand a circumfer- €ducing the energy at which a given ringoperated can

encethe same as the 6eV ESRF machine, ~850 m. be used taeducethe emittance, takingdvantage of the
LBNL is studying a 2 GeV ring[9hlso with ~0.5nm-rad guadratic dependence of #tance on electron energy, as
emittanceand a circumference about 350 m. Such has beerdone atPEP[10]and TRISTAN[11]. However
rings might achieve abrightness at sofiX-ray wave- damping time constaniecr_easeandins_te_lt_)ility threshold
lengths of about 5x28 more than rders of magnitude currentsdecrease asnergy isreduced, linting the effec-

greater than third generation VUV sources. Note that oty€ness of this approach. To some extent tas be
nm-rad is the diffraction limit for light at 3.6 nm, 6r34 Ccompensated by aking moreradiation with damping
KkeV. wigglers, which also reduce the emittance[14].

Improving unculator field quality by shim-
ming[15] extends their spectredinge beyondhe 5thhar-
monic, previously the highest thabuld be used imprac-

Fourth generation rings fdnard X-rays (below
~2 A) would requirehigher electron energgnd larger cir-
cumference. They would cost much more thanldieer

energyrings discussecabove, even toeach an eittance UCe. It also opens the possibility of designifigure
of about 0.3 nm-rad, which is much larger than the diffra&ings to produce hard X-rayrightnesscomparable tahat

tion limit for hard X-rays. Limited use has bemade of of third generation hard X-ray sources with loveéctron

undulators on the larggircumferencePEP[10]and TRIS-  €nergythan 6-8 GeV. For example, high harmonics of
TAN[11] rings as third generation sourcedoweverboth undulators in 8.5-4 GeV ring with a circumference of
are now beingconverted toB-Factories. Although the 2P0ut 300-400 mand anemittance of ~10hm-rad could
PETRA ring is part of the HERA injection system, arProduce abrlghtnes_s of *for grea_ter at photo_ane_rgles
undulator has been installed PETRA for usebetween UP 10 ~15 keV. Brightness of high harmonicsdter-
HERA injections. Operating at 12 GeV, thimdulator mined by emittance, undulator erroasid electronenergy

provides third generatiobrightnessextending tovery SPréad. A comprehensiede taking all these into ac-
high photon energy. In the future fourth generattwnd count haseendeveloped atAPS[16]. As emittance is
X-ray rings may be installed in these tunnels. reducedand undulatorsare made mre perfect, theenergy

spread ultimately determines high harmonic brightness.
6.1.2 Beam lifetime - Touschek effect
Very low emittance fourth generation rings will havery
high bunch charge density, leading to short lifetime due
the collisions ofelectrons within a bunch; th&uschek
effect. This is particularlysevere alow energyand is

already a problem in third generation 152V rings. To X X ) X . .
achievelifetime of theorder of 10hours, the bunchen- a0 intense opticdield in the spatiallyperiodic magnetic
sity must bereduced inseveral third generationings. field of an undulator. When electroase bunchedvithin

This is usuallydone byincreasing the vertical emittance@" OPtical wavelength, the poweadiatedvaries as the

above its minimum value, trading brightness for lifetimgnumber of electrons squared, rather than linearly as for an
Multiple Touschek scattering alsmlargesemittance. If unbunchedoeam.  FELshave operated atwavelengths

6.2 FELs Based on Storage Rings

FFLs produce extremely high brightnesstransversely
coherent radiation by inducing a bunch-density modulation
of the electron beam at the optical wavelength. This is
achieved by the interaction of a bright electron beeth
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from the IR to the UV for many years, using storage rings
such as ACO, TERAS, UVSOR, VEPP-3, Super ACO,

and others. Several storage rings have hiesignedwith
long straight sections taccommodatéong FEL undula-
tors. These include NIJI-IV in Japan and the new rings
Duke and DortmundUniversities. Long straight sections
are also included in several proposedngs such as the
Swiss Light Source, the Shanghai SynchrotRadiation
Facility, Soleil (France), and Diamond (U.K.).

Storage ring-baseBELSs provide light with very
high brightness andoherence anchay already be consid-

ered to befourth generation sources in the wavelengtB.
range inwhich they now operate. Reviews of operating

storagering-based-ELs and the prospects for future de-

velopment, particularly the prospects for extending their
operation to shorter wavelength, have been given[17].

Present storage ring FEloperate inthe oscillatormode,
using optical cavities to build up thadiation from many
passes of the electron beam until the optical field is stro
enough toinduce adensity modulation of theelectron
bunch at the optical wavelength, resulting doherent,

stimulated emission of radiation at that wavelength. It

tance (geometric emittandemes y) approaching 1
mm-mrad.

2. Control over emittance degradation during acceleration
and compression, as denstrated inthe SLAC SLC
at project. Based orthis andsubsequent studies[2#]

appears possible taccelerate andompress théveam
from the gun toproduce multi-GeV, kiloampere
beams with emittance approaching théfraction
limit at wavelengths down to a few Angstroms. Note
that geometric emittance varies\as' in a linac, as
opposed toy? in a storage ring.

Precision undulators as have been built at many SR
sources. These must bextended to50-100 m
lengths, while includingdistributed focusing and
maintaining tighttolerances on magnetic properties
and alignment.

Designs are beindevelopedor single-pass FELsperat-
ing from the VUV to the Angstrom range, using photo-
cathode rfgunsandbunch length compressors &ohieve
high peak current in sub-picosecond pulses. BNL will use
i@n existing 230 MeV linac to reach ~75 nm indeep UV

difficult to make optical cavities at wavelengths belowrEL by harmonic generatioand single-passamplifica-

~200 nm due to the lack of good reflectors. dvercome
this, grazingincidencereflection, with higher reflectivity
at shorter wavelengtitan be used in aultiple-mirror,

ring cavity configuration. Also, harmonics habeen

used to reach shorter wavelength. Using tlaggeoaches
some groups are aiming for the 20-50 nm range.

tion[23]. At DESY the TESLA Test Facility (TTF) su-
perconductinglinac will be used to drive asingle-pass
FEL[24] for SASE tests at ~250 A. The linac will then
be extended to ~1 GeV for &EL user facilityoperating
down to~60 A. The DESY group also proposes[25] to
include several SASE-basdeELs, operating down to

An alternative approach is to eliminate the cavitgbout 1 A, as an integral part ofpeoposed250 GeV-per-

and to achieve lasing in a single pass of a very bright eldieam linear collider.

tron beam through a long undulator, either by amplifyin
an input signal or with no input, in @rocesscalled self-
amplified spontaneous emission (SASE)[18]. désign
for such a single-pass, high-gain FEL amplifigerating
down to 40 nanometers in a bypass of a 750 Mvage
ring wasproposed at LBNL[19Jand was considered for
PEP[20].

6.3 FELs Based on LINACs

FELs using lowenergy linacs haveperatedfor several
years, providing coherent infra-red radiation at sevesat
facilities. These use optical cavities in oscillatonfigu-
rations, as do the storageg-based~ELs. Recentdevel-
opments open the possibility to construct mstiorter
wavelength FELs, using bright electron beams fiagh

Energies up to about 30 GaV

be usedor the FEL. Twoapproaches arbeing consid-
ered; al.3 GHz superconducting linac operating for the
FEL at 5 Hz with 11,300 microbunches ieach
macropulseand a 3GHz linac operating at 50 Hz with
125 microbunches per macropulse. The goahvierage
brightness of 18-10°° and peak brightness of .0,

The SLAC group[26] proposes to use the last
third of the 3 km linac (the first 2 km will based for
injection to theB-Factorynow in construction) taener-
ate a 5-15 GeV beam for a 1.5-15 A SASE FEL with an
average brightness up to 43and a peak brightness up to
~10*. A design report for the projectalled the Linac
Coherent Light Source (LCLS), is in preparation. With
an available 15 GeV linac, SLAC provides an opportunity
to study the SASE process at very short wavelengths and

energy linacs to achieve lasing in a single pass throughagart using theemarkablebrightness, coherence and

long undulatorWith no optical cavity the lack ofjood
short wavelength reflectors is rlonger a limitation.
However, the demands on the electron beadhundulator
quality aresevere, particularly taeachAngstrom wave-

lengths. Thedevelopments opening the path to single

pass FELs operating at such short wavelengths are:

1. Photocathode rf electron guns[21], whighovide

short (5-10 ps), 1 nC pulses witiormalizedemit-

40

short pulse duration of an X-ray FEL.

The calculatedLCLS beam properties at.5 A
are: bandwidth = 0.1%, pulse duration (FWHM) = 280 fs,
peak coherent power = 10 GW, cohemghtpulse = 2 x
coherenph/s = 2 x 1& (120Hz),average coherent
power =0.3 W, transverse beam size (FWHM) = 70 mi-
crons, divergence (FWHM) = f@adians. In addition, use
will also bemade ofthe broad spectrum of spontaneous
undulator radiatiorwith the same pulse duratioseveral
times higher peak power and a larger opening angle.



Many laboratories (ANL, BNL, DESY, LANL, [12]SLS DesignHandbk,11/96. Also, P. Mrchand, L.
SLAC, TINAF, UCLA) are pursuing single-pass FEL Rivkin, Proc. 1991 IEEE PartAccel. Conf., page
r&d including: SASE studies at micron wavelengths of 78-82.
startup from spontaneous radiation, exponential gain[27],3] G. Decker, Proc. of this conf.
andsaturation; studies of theffects of space charge and[14] H. Wiedemann, Nucl. Instr. Meth. A266, 24 (1988)
coherent SR in bunch-length compressors; undulator @@5] D.Quimby, S.Gottschalk, F.James, K.Robinson,

sign and alignmentphotocathode r§un designand char- J.Slater, A.Valla, Nucl. Instr. Meth. A28BL989)
acterization; electrorand photon diagnosticsand X-ray 281;J. Chavanne,P.Elleaume,Rev. Sci. In§8(2)
optics. (1995) 1868.

The projected characteristics of linac-basgtbrt [16] R. Dejus, personal comm.; R. Dejus, M. Sanchez del
wavelengthFELs, particularly their short pulsguration, Rio, Rev. Sci. Instrum. 67(9), (1996), CD-ROM

peak brightness,and coherence, are extraordinary. Thgl7]M. E. Couprie, proc. FEL96, Rome, Nucl. Instr. &
peak brightness of the X-ray FELs proposed at SLAC and Meth. to be published; M. Poole summary in ref. 6.
DESY is ~1@° times higher than that dhird generation [18] R. Bonifacio, C. Pellegrini, LNarducci,Opt. Com-
storage ring sources, with ~100 times shorter pulses. mun. 50 (6) (1985); J. Murphy, C. Pellegrini, Jour.
These propertiearelikely to open entirely new opportu- Opt. Soc. of Amer. B2, 259 (1985); K.-J.KiRhys.
nities in imaging, non-linear physics, and pump-probe Rev. Let. 57, 1871 (1986); C. Pellegrini, Nucl. Instr.
experiments.There is increasingonfidence inthe accel- & Meth. A272, 364 (1988).

erator community that linac-based, short wavelength FE[E] K.-J. Kim, J. Bisognano, S. Chattopadhyay, M.
can be built. There is also increasing realization that their Cornacchia, A. Garren, K. Halbach, A. Jackson, H.

properties will open new science in the 21st century. Lancaster, J. Peterson, M. Zisman, C. Pellegrini, G.

Vignola, Proc. 1985 IEEE Part. AcceConf. P.
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