SLAC—PUB—7525May 1997Fourth Generation Light Sources*H. WinickStanford Linear Accelerator Center, Stanford UniversityStanford CA 94309AbstractConcepts and designs are now being developed at laboratories around the world forlight sources with performance levels that exceed present sources, including the verypowerful and successful third generation synchrotron radiation sources that have comeon line in the past few years. Workshops[1,2], have been held to review directions forfuture sources. A main thrust is to increase the brightness and coherence of the radia-tion using storage rings with lower electron-beam emittance or free-electron lasers(FELs). In the infra-red part of the spectrum very high brightness and coherence is al-ready provided by FEL user facilities driven by linacs and storage rings. It now ap-pears possible to extend FEL operation to the VUV, soft X-ray and even hard X-rayspectral range, to wavelengths down to the angstrom range, using high energy linacsequipped with high-brightness rf photoinjectors and bunch-length compressors. R&Dto develop such sources is in progress at BNL, DESY, KEK, SLAC and other labo-ratories. In the absence of mirrors to form optical cavities, short wavelengths arereached in FEL systems in which a high peak current, low-emittance electron beambecomes bunch-density modulated at the optical wavelength in a single pass through along undulator by self-amplified spontaneous emission (SASE); i.e.; startup fromnoise. A proposal to use the last kilometer of the 3 kilometer SLAC linac (the first 2kilometers will be used for injection to the PEP II B-Factory) to provide 15 GeV elec-tron beams to reach 1.5 � by SASE in a 100 m long undulator is in preparation.[1] M. Cornacchia and H. Winick (eds), Workshop on Fourth Generation LightSources, Feb. 24-27, 1992, SSRL Report 92/02[2] J.-L. Laclare (ed), ICFA Workshop on Fourth Generation Light Sources, ESRFreport, Jan. 22-25, 1996Presented at the17th IEEE Particle Accelerator Conference (PAC 97); AcceleratorScience, Technology and Applications, Vancouver, British Columbia, Canada,May 12-16, 1997

* Work supported by the US Dept. of Energy, Office of Basic Energy Sciences, Contract DE-AC03-76SF00515

Fourth Generation Light SourcesHerman Winick, Stanford Linear Accelerator CenterStanford, CA 94309, USA1 INTRODUCTIONSince the first indirect observation of synchrotron radia-tion (SR) in 1945[1] there has been a rapid growth inits scientific use. Starting in the 1950�s cyclic electronsynchrotrons were used, yielding to the superior proper-ties of electron storage rings starting in 1968. Storagering sources have evolved through three generations.First generation rings are those built for high energyphysics research. The second generation are thosebuilt from the start as light sources. Third generationrings coming on-line since 1992 have many straightsections for insertion devices and lower electron beamemittance. Undulators on third generation rings provide~104 higher brightness than bend magnet sources ofearlier rings. There are now about 40 operational ringsof all generations used as SR sources in 14 countries,10 of which are third generation sources.As remarkable as this performance improvement hasbeen, even higher brightness and laser-like coherenceappear achievable and are needed scientifically, par-ticularly at soft and hard X-ray wavelengths. Reachinghigher performance levels is the goal of fourth genera-tion sources which we may define as sources whichexceed the performance of previous sources by one ormore orders of magnitude in an important parametersuch as brightness, coherence, or shortness of pulseduration. The most promising directions for fourth gen-eration sources in the wavelength range from the VUVto hard X-rays are storage rings with even lower emit-tance than third generation rings, and short wavelengthfree-electron lasers (FELs) which offer sub-picosecondpulses with full transverse coherence.The extraordinary properties of SR stem largely fromthe fact that the copious emission by relativistic elec-trons curving in magnetic fields is concentrated into aninstantaneous forward cone with opening angle givenby g -1 = mc2/E, the electron�s rest mass energy dividedby its total energy. For example, this angle is only 0.1mrad at 5 GeV. This small natural emission angle iskey to understanding the properties of SR and the char-acteristics of the different source generations and typesof insertion devices.2 EARLY SOURCESFrom the early 1950�s to the early 1970�s cycling elec-tron synchrotrons, developed for high energy physicsresearch, were used as SR sources. These are thezeroth generation. Although their SR is intense, cy-cle-to-cycle fluctuations and spectral, intensity, andsource position changes within a cycle pose limita-tions. With the development of high energy physicsstorage rings, SR became available with constant spec-trum and source position, and long stored-beam life-time. These are the first generation SR sources. Thesuperior radiation from these rings led to a rapid growthin SR programs, and their evolution from a parasiticeffort to partly dedicated, and often fully dedicated,use of the ring.Radiation from the bend magnets of first generationrings provided about 105 times more tunable, contin-uum radiation than conventional sources, includingrotating-anode X-ray tubes. The immediate successfuluse of this radiation, even in parasitic operation, re-sulted in an explosion of scientific interest[2]. Thedemand for SR in the mid-1970�s led Europe, Japanand the US to construct second generation SRsources; rings fully dedicated to SR research. Whendesigns of the first round of these were finalized therewas no experience using SR from wiggler and undula-tor insertion devices. Thus these rings were designedfor many bend magnet beam lines, and a few locationsin which insertion devices could be added later.3 WIGGLERS AND UNDULATORSStarting in 1978 wiggler and undulator insertion de-vices (periodic magnets placed between the bendingmagnets of a ring) were tested in first generationrings[3], offering higher flux, brightness, and spectralrange than bend magnet sources. Although wigglersand undulators are both periodic magnetic structures,they produce different spectra due to the different angu-lar deflection in each pole. For a wiggler this deflec-tion is larger than the natural emission angle of syn-chrotron radiation (g -1 = mc2/E). For an undulator it istypically

£

g -1, so undulators provide more concen-trated radiation than wigglers or bend magnets. Fur-thermore, the small deflection in each undulator polemeans that poles can be short, so that more can beaccommodated in a given length. Permanent magnettechnology has had a major impact on insertion devicedesign, since the absence of coils allows for even morepoles.As an electron traverses an undulator, interference inthe radiation at each of the collinear source points en-hances intensity at certain wavelengths, resulting in aquasi-monochromatic spectrum rather than the broadcontinuum of bend magnet and wiggler sources. Peaksoccur at wavelengths given by l=lu [1 + K 2/2 +g2q 2 ] / ( 2 g 2 ) and its harmonics. lu is the undulator pe-riod, q is the observation angle, andK=0.934B[T]lu[cm] is the angular d e f l e c t i o n in e a c h

pole in units of g -1. Peaks are tuned by varying theelectron energy or the undulator field.4 BRIGHTNESS, EMITTANCE, AND THIRDGENERATION SOURCESThe concentration of the radiation is called the bright-ness, measured in photons/(s,mm2, m r a d 2, 0 . 1 % b a n d - width). The brightness produced by a b e a m of e l e c - trons depends on the electron beam transverse s i z e a n d d i v e r g e n c e , the product of which is c a l l e d the e m i t - tance. Horizontal e m i t t a n c e ( ex = s x s x� ) is d e t e r m i n e d by the electron energy and the ring design. The verti-c a l ( ey = s y s y� ) depends primarily on coupling to t h e horizontal and c a n be as s m a l l as ~0.5% of the hori-z o n t a l e m i t t a n c e . S e c o n d generation sources w e r e originally designed with horizontal e m i t t a n c e s of o n e hundred to several hundred nm-rad, resulting in undula-tor beam brightness of up to ~1016.S i n c e further reduction of e l e c t r o n b e a m e m i t t a n c e would result in even higher brightness, in the mid-1980�s efforts began to design and construct a n e w round of storage rings, the third generation sources.These have many straight sections for insertion devicesand electron beam emittance of about 5-20 nm-rad.These rings began operation in the early 1990�s, reach-ing undulator brightness as high as 1020 , opening n e w opportunities for research. A brightness of 1020 is a b o u t 1 0 13 t i m e s higher than that provided by r o t a t i n g - a n o d e X-ray tubes. Although s p e c t a c u l a r , this brightness i s far from fundamental limits. Further reduction of e l e c - tron b e a m e m i t t a n c e would result in i n c r e a s e d photonb e a m brightness, particularly at X-ray w a v e l e n g t h s . Achieving this is one of the most important o b j e c t i v e s of fourth generation sources.5 DIFFRACTION LIMITSDiffraction sets an ultimate limit, on the geometricproperties of photon beams. Because of diffraction thelower limit on the photon beam emittance is given ap-proximately by the wavelength, l. Using standard de-viation values for Gaussian distributions, this diffrac-tion-limited photon beam emittance is given by l/4p.For light produced by electron beams, photon beambrightness increases as electron beam emittance de-creases until the electron beam emittance reaches avalue of ~l/4p. Thus third generation rings with anemittance of 5 nm-rad can produce diffraction-limitedlight at wavelengths longer than ~60 nm, (photon ener-gies below ~20 eV). An emittance three orders ofmagnitude lower, 5 pm-rad, would be needed to reachthe diffraction limit at 0.06 nm (20 KeV).6 FOURTH GENERATION SOURCESAs mentioned earlier, we consider a light source to befourth generation if it exceeds the performance of pre-vious sources by an order of magnitude or more in animportant parameter such as brightness, coherence, orpulse duration. The main directions that have emergedfor fourth generation light sources in the wavelengthrange from the VUV to hard X-rays are lower emittancerings and short wavelength FELs using both rings andlinacs as drivers. Linac-based FELs offer sub-picosecond pulses compared to 10-50 ps for presentstorage rings. However, it may be possible to operateexisting rings or design new rings with low momentumcompaction factor[4] to produce a pulse duration of ~1ps, albeit with relatively low current.6.1 Lower Emittance Storage RingsThe relative ease with which third generation lightsources have reached, and indeed exceeded, designgoals indicates that fourth generation storage rings canreach even lower electron beam emittance, producinghigher photon beam brightness and diffraction-limitedlight at shorter wavelengths. The challenges that mustbe met to accomplish this have been considered atworkshops on fourth generation light sources[5,6]. Ofconcern are the various aspects of stability of the elec-tron beam; position stability, reproducibility, single andmulti-bunch instabilities, etc. A variety of counter-measures (such as feedback systems, Landau cavities,high-harmonic cavities) have been successfully devel-oped to deal with these problems in presently operatingrings. These will need to be pushed to higher perform-ance levels to meet the stability demands of fourthgeneration rings. A major obstacle is the reduced life-time and increased emittance due to intrabeam scatter-ing (the Touschek effect) as bunch density increases.6.1.1 Lattice design and dynamic apertureA formidable challenge in the design of fourth genera-tion storage ring sources is to develop a very low emit-tance magnet lattice with sufficient dynamic apertureto accommodate stable orbits with large amplitudeoscillations resulting from, for example, Coulomb scat-tering of electrons on the residual gas and off-axis in-jection. The former results in the continuous popula-tion of a halo much larger than the core. As the largeamplitude betatron oscillations of particles in this haloare damped, they coalesce with the core. If the aper-ture (dynamic or physical) is too small, particles in thehalo are lost before being damped, reducing lifetime.It is difficult to maintain a large dynamic aperture in alow-emittance lattice because of the chromatic effectsof the strong quadrupoles. This chromaticity, the en-ergy dependence of the betatron tune, is corrected bysextupole magnets, whose non-linear fields reduce thedynamic aperture. A possible countermeasure is the �modified sex-tupole�[7], which provides a magnetic field with aquadratic dependence over the core of the beam, butwhich then levels off or rises much less rapidly withdistance from the axis, thereby lowering the non-linearfields experienced by particles with large amplitudeoscillations. Dynamic aperture might also be enlargedby alternately rotating the lattice cells by +/- 45o , sothat sextupoles can be placed at locations of m a x i m u m dispersion in each plane for efficient chromaticity cor-rection[8].The large dynamic aperture needed for injection inpresent rings is due to the fact that stored beam is ac-cumulated with off-axis injection of many low intensity�shots�, each of which executes large amplitudebetatron oscillations until they coalesce with the al-ready stored beam due to radiation damping. The aper-ture requirement can be reduced with single-shot, on-axis injection from another ring, in which a high inten-sity beam has been accumulated with multi-shot, off-axis injection. Injection into synchrotron phase spaceis another possibility.The horizontal emittance in an electron storage ringscales as the square of the electron energy and thethird power of the bend magnet length. Thus, loweremittance fourth generation rings would have manybend magnets separated by quadrupoles, and manystraight sections for insertion devices, leading to largercircumference at a given energy than third generationrings. For example, the lattice working group at theGrenoble Workshop[6] presented a �straw-man� designfor a 2-3 GeV fourth generation ring with ~0.3 nm-rademittance and a circumference the same as the 6 GeVESRF machine, ~850 m. LBNL is studying a 2 GeVring[9] also with ~0.5 nm-rad emittance and a circum-ference of about 350 m. Such rings might achieve abrightness at soft X-ray wavelengths of about 5x1023,more than 3 orders of magnitude greater than third gen-eration VUV sources. Note that 0.3 nm-rad is the dif-fraction limit for light at 3.6 nm, or 0.34 keV. Fourth generation rings for hard X-rays (below ~2 � ) would require higher electron energy and larger circum-ference. They would cost much more than the lowerenergy rings discussed a b o v e , even to r e a c h an e m i t - t a n c e of about 0.3 nm-rad, which is much larger t h a n the diffraction limit for hard X-rays. Limited use h a s been m a d e of undulators on the large c i r c u m f e r e n c e PEP[10] and TRISTAN[11] rings as third g e n e r a t i o n sources. However both are now being converted to B-Factories. Although the PETRA ring is part of t h e HERA i n j e c t i o n s y s t e m , an undulator has been in-s t a l l e d in PETRA for use b e t w e e n HERA i n j e c t i o n s . Operating at 12 GeV, this undulator provides third gen-eration brightness extending to very high photon en-ergy. In the future fourth g e n e r a t i o n , hard X-ray ringsmay be installed in these tunnels.6.1.2 Beam lifetime - Touschek effectVery low e m i t t a n c e fourth generation rings will h a v e very high bunch charge density, l e a d i n g to short life-time due to the collisions of e l e c t r o n s within a b u n c h ; the Touschek effect. This is particularly s e v e r e at lowenergy and is already a problem in third generation 1-2GeV rings. To a c h i e v e l i f e t i m e of the order of 10hours, the bunch density must be reduced in s e v e r a l third generation rings. This is usually done by i n c r e a s - ing the v e r t i c a l e m i t t a n c e above its minimum v a l u e , trading brightness for lifetime. Multiple Touschek scat-tering also enlarges emittance. If all b e a m d i m e n s i o n s and the charge per bunch are kept c o n s t a n t , T o u s c h e k l i f e t i m e i n c r e a s e s q u a d r a t i c a l l y with e l e c t r o n e n e r g y and with the cube of the energy a c c e p t a n c e of the rfsystem. Thus lower e m i t t a n c e VUV/soft X-ray ringsare designed with higher e l e c t r o n energy [the S w i s s Light Source (2.1 GeV), S o l e i l in France(2.15 G e V ) and the S h a n g h a i Synchrotron R a d i a t i o n F a c i l i t y (2.2-2.5 GeV)] and with large rf overvoltage to i n c r e a s e t h e energy a c c e p t a n c e . The Swiss Light Source plans t o use a high-Q superconducting p a s s i v e rfc a v i t y , t u n e d s e v e r a l bandwidths away from the main rfs y s t e m , t o increase the rf overvoltage and energy acceptance[12].Short lifetime c a n also be c o m p e n s a t e d with f r e q u e n t , or �top-up�, injection. The nearly c o n s t a n t stored cur-rent also keeps a constant heat load on b e a m line opti-c a l e l e m e n t s a n d c o m p e n s a t e s for l i f e t i m e reduction ifs m a l l gap, short period undulators, which extend t h e spectral range, are used. �Top-up� injection is p l a n n e d for the 7 GeV APS f a c i l i t y at Argonne National Labo-ratory[13].6.1.3 Other considerationsReducing the energy at which a given ring is o p e r a t e d can be used to reduce the e m i t t a n c e , taking a d v a n t a g e of the q u a d r a t i c d e p e n d e n c e of e m i t t a n c e on e l e c t r o n energy, as has been done at PEP[10] and TRIS-TAN[11]. However damping time constants increaseand instability threshold currents decrease as energy isreduced, limiting the effectiveness of this approach.To some extent this can be compensated by makingmore radiation with damping wigglers, which also re-duce the emittance[14].Improving unculator field quality by shimming[15] ex-tends their spectral range beyond the 5th harmonic,previously the highest that could be used in practice. Italso opens the possibility of designing future rings toproduce hard X-ray brightness comparable to that ofthird generation hard X-ray sources with lower electronenergy than 6-8 GeV. For example, high harmonics ofundulators in a 3.5-4 GeV ring with a circumference ofabout 300-400 m and an emittance of ~10 nm-rad couldproduce a brightness of ~1018 or greater at photon ener-gies up to ~15 keV. Brightness of high harmonics isdetermined by emittance, undulator errors, and electronenergy spread. A comprehensive code taking all theseinto account has been developed at APS[16]. As emit-tance is reduced and undulators are made more perfect,the energy spread ultimately determines high harmonicbrightness.6.2 FELs BASED ON STORAGE RINGSFELs produce extremely high brightness, transverselycoherent radiation by inducing a bunch-density modula-tion of the electron beam at the optical wavelength.This is achieved by the interaction of a bright electronbeam with an intense optical field in the spatially periodic magnetic field of an undulator. When electronsare bunched within an optical wavelength, the powerradiated varies as the number of electrons squared,rather than linearly as for an unbunched beam. FELshave operated at wavelengths from the IR to the UV formany years, using storage rings such as ACO, TERAS,UVSOR, VEPP-3, Super ACO, and others. Severalstorage rings have been designed with long straightsections to accommodate long FEL undulators. Theseinclude NIJI-IV in Japan and the new rings at Duke andDortmund Universities. Long straight sections are alsoincluded in several proposed rings such as the SwissLight Source, the Shanghai Synchrotron Radiation Fa-cility, Soleil (France), and Diamond (U.K.).Storage ring-based FELs provide light with very highbrightness and coherence and may already be consid-ered to be fourth generation sources in the wavelengthrange in which they now operate. Reviews of operatingstorage ring-based FELs and the prospects for futuredevelopment, particularly the prospects for extendingtheir operation to shorter wavelength, have beengiven[17]. Present storage ring FELs operate in theoscillator mode, using optical cavities to build up theradiation from many passes of the electron beam untilthe optical field is strong enough to induce a densitymodulation of the electron bunch at the optical wave-length, resulting in coherent, stimulated emission ofradiation at that wavelength. It is difficult to makeoptical cavities at wavelengths below ~200 nm due tothe lack of good reflectors. To overcome this, grazingincidence reflection, with higher reflectivity at shorterwavelength, can be used in a multiple-mirror, ring cav-ity configuration. Also, harmonics have been used toreach shorter wavelength. Using these approachessome groups are aiming for the 20-50 nm range.An alternative approach is to eliminate the cavity andto achieve lasing in a single pass of a very bright elec-tron beam through a long undulator, either by amplify-ing an input signal or with no input, in a process calledself-amplified spontaneous emission (SASE)[18]. Adesign for such a single-pass, high-gain FEL amplifieroperating down to 40 nanometers in a bypass of a 750MeV storage ring was proposed at LBNL[19] and wasconsidered for PEP[20].6.3 FELs BASED ON LINACSFELs using low energy linacs have operated for severalyears, providing coherent infra-red radiation at severaluser facilities. These use optical cavities in oscillatorconfigurations, as do the storage ring-based FELs. Re-cent developments open the possibility to constructmuch shorter wavelength FELs, using bright electronbeams from high energy linacs to achieve lasing in asingle pass through a long undulator. With no opticalcavity the lack of good short wavelength reflectors isno longer a limitation. However, the demands on theelectron beam and undulator quality are severe, par-ticularly to reach �ngstrom wavelengths. The devel-opments opening the path to single-pass FELs operat-ing at such short wavelengths are:1. Photocathode rf electron guns[21], which provideshort (5-10 ps), 1 nC pulses with normalized emittance(geometric emittance times g) approaching 1 mm-mrad. 2. Control over emittance degradation during accelera-tion and compression, as demonstrated in the SLACSLC project. Based on this and subsequent studies[22]it appears possible to accelerate and compress thebeam from the gun to produce multi-GeV, kiloamperebeams with emittance approaching the diffraction limitat wavelengths down to a few �ngstroms. Note thatgeometric emittance varies as g -1 in a linac, as op-posed to g 2 in a storage ring.3. Precision undulators as have been built at many SRsources. These must be extended to 50-100 m lengths,while including distributed focusing and maintainingtight tolerances on magnetic properties and alignment.Designs are being developed for single-pass FELs op-erating from the VUV to the �ngstrom range, usingphotocathode rf guns and bunch length compressors toachieve high peak current in sub-picosecond pulses.BNL will use an existing 230 MeV linac to reach ~75nm in a deep UV FEL by harmonic generation and sin-gle-pass amplification[23]. At DESY the TESLA TestFacility (TTF) superconducting linac will be used todrive a single-pass FEL[24] for SASE tests at ~250 �.The linac will then be extended to ~1 GeV for an FELuser facility operating down to ~60 �. The DESYgroup also proposes[25] to include several SASE-basedFELs, operating down to about 1 �, as an integral partof a proposed 250 GeV-per-beam linear collider. Ener-gies up to about 30 GeV will be used for the FEL. Twoapproaches are being considered; a 1.3 GHz supercon-ducting linac operating for the FEL at 5 Hz with 11,300microbunches in each macropulse and a 3 GHz linacoperating at 50 Hz with 125 microbunches permacropulse. The goal is average brightness of 1024-1026and peak brightness of 1033-1034. The SLAC group[26] proposes to use the last third ofthe 3 km linac (the first 2 km will be used for i n j e c t i o n to the B-Factory now in construction) to g e n e r a t e a 5-15 GeV beam for a 1.5-15 � SASE FEL with an aver-age brightness up to ~ 1 0 23 and a peak brightness up t o ~ 1 0 34 . A design report for the project, c a l l e d the L i n a c Coherent Light Source (LCLS), is in preparation. Withan available 15 GeV linac, SLAC provides an opportu-nity to study the SASE process at very short w a v e - lengths and to start using the r e m a r k a b l e b r i g h t n e s s , coherence and short pulse duration of an X-ray FEL.The c a l c u l a t e d LCLS b e a m properties at 1.5 � a r e : bandwidth = 0.1%, pulse duration ( F W H M ) = 280 f s , peak coherent power = 10 GW, coherent ph/pulse = 2 x1 0 12 , coherent ph/s = 2 x 1 0 14 ( 1 2 0 H z ) , a v e r a g e coherent power = 0.3 W, transverse beam size (FWHM) =70 microns, divergence (FWHM) = 10-6 radians. Inaddition, use will also be m a d e of the broad s p e c t r u m of spontaneous undulator radiation with the s a m e p u l s e duration, several times higher peak power and a l a r g e r opening angle.Many laboratories (ANL, BNL, DESY, LANL, S L A C , TJNAF, UCLA) are pursuing single-pass FEL r&d in-cluding: SASE studies at micron wavelengths of startupfrom spontaneous r a d i a t i o n , e x p o n e n t i a l gain[27], a n d saturation; studies of the effects of s p a c e charge a n d coherent SR in bunch-length compressors; undulatordesign and a l i g n m e n t ; photocathode rfgun design a n d c h a r a c t e r i z a t i o n ; e l e c t r o n and photon d i a g n o s t i c s ; a n d X-ray optics.The p r o j e c t e d c h a r a c t e r i s t i c s of l i n a c - b a s e d shortwavelength FELs, particularly their short pulse dura-tion, peak brightness, and coherence, are extraordinary.The peak brightness of the X-ray FELs proposed a t SLAC and DESY is ~ 1 0 10 t i m e s higher than that ofthird generation storage ring sources, with ~100 t i m e s shorter pulses. These properties are likely to open en-tirely new opportunities in imaging, non-linear p h y s i c s , and pump-probe experiments. There is i n c r e a s i n g con-fidence in the accelerator community that l i n a c - b a s e d , short wavelength FELs c a n be built. There is also in-creasing realization that their properties will open n e w science in the 21st century.ACKNOWLEDGMENTSIt is a pleasure to acknowledge discussions with andcomments on the manuscript by J. Barger, A. Bienen-stock, R. Carr, J. Corbett, M. Cornacchia, J. Galayda,R. Gould, K. Halbach, A. Hofmann, A. Jackson, E.Johnson, C. Limborg, B. McSwain, H.-D. Nuhn, C.Pellegrini, J. Schmerge, R. Tatchyn, H. Wiedemann.REFERENCES[1] J. P. Blewett, Phys. Rev. 69 (1946) 87.[2] H. Winick, S. Doniach, Synchrotron Radiation Re-search, Plenum Press, 1980.[3] G. Brown, K. Halbach, J. Harris, H. Winick, Nucl.Instr. & Meth. 208 (1983) 65-77.[4] D. Robin, A. Amiri, E. Forest, C. Pellegrini, Phys.Rev. E 48, 2149 (1993).[5] M. Cornacchia, H. Winick, (eds.), Wkshp on FourthGen. Light Sources; Feb. 24-27, 1992, SSRL 92/02.[6] J.-L. Laclare (ed) Workshop on Fourth GenerationLight Sources; ESRF, Grenoble, Jan. 22-25, 1996.[7] M. Cornacchia, K. Halbach, Nucl. Instr. & Meth.A290 (1990), 19-33.[8] A. Hofmann, personal communication.[9] A. Jackson, J. Byrd, W. Decking, R. Keller, C. Kim,D. Massoletti, H. Nishimura, D. Robin, H. Zyngier,Proc. of this conf.[10] A. Bienenstock, G. Brown, H. Wiedemann, H.Winick, Rev. Sci. Instr. 60 (7), (1989), 1393-8.[11] N. Yagi, K. Wakabayashi, H. Iwamoto, K. Horiuti,I. Kojima, T. Irving, Y. Takezawa, Y. Sugimoto, S.Iwamoto, T. Majima, Y. Amemiya, M. Ando, Jour.Synchr. Rad. 3 (1996) 305-312.[12] SLS Design Handbk, 11/96. Also, P. Marchand, L.Rivkin, Proc. 1991 IEEE Part. Accel. Conf., page 78-82.[13] G. Decker, Proc. of this conf.[14] H. Wiedemann, Nucl. Instr. Meth. A266, 24(1988).[15] D.Quimby, S.Gottschalk, F.James, K.Robinson,J.Slater, A.Valla, Nucl. Instr. Meth. A285 (1989) 281; J.Chavanne,P.Elleaume,Rev. Sci. Instr. 66(2) (1995)1868.[16] R. Dejus, personal comm.; R. Dejus, M. Sanchezdel Rio, Rev. Sci. Instrum. 67(9), (1996), CD-ROM[17] M. E. Couprie, proc. FEL96, Rome, Nucl. Instr. &Meth. to be published; M. Poole summary in ref. 6.[18] R. Bonifacio, C. Pellegrini, L. Narducci, Opt.Commun. 50 (6) (1985); J. Murphy, C. Pellegrini, Jour.Opt. Soc. of Amer. B2, 259 (1985); K.-J.Kim, Phys.Rev. Let. 57, 1871 (1986); C. Pellegrini, Nucl. Instr. &Meth. A272, 364 (1988).[19] K.-J. Kim, J. Bisognano, S. Chattopadhyay, M.Cornacchia, A. Garren, K. Halbach, A. Jackson, H.Lancaster, J. Peterson, M. Zisman, C. Pellegrini, G.Vignola, Proc. 1985 IEEE Part. Accel. Conf. P. 3377-9.[20] H-D.Nuhn, R.Tatchyn, H.Winick, A. Fisher, J. Gal-lardo, C.Pellegrini, Nucl. Instr. Meth., A319,89-96,1992[21] R. Sheffield, in Phys. of Part. Acc., AIP Vol. 184,1500-31, M. Month, M. Dienes,eds. (1992); D. Palmer,R. Miller, H. Winick, X.-J.Wang, K.Batchelor, M.Woodle, I.Ben-Zvi; Proc.1995 IEEE Part. Acc. Conf.982-4.[22] T.Raubenheimer, Nucl. Instr. Meth.A358, 40(1995).[23] DUV FEL Concept. Des. Rep., BNL rep. 48713,Jan. 1994; I. Ben-Zvi, E. Blum, W. Graves, R. Heese,E. Johnson, S. Krinsky, J. Murphy, L.-H. Yu, Proc.FEL96[24] DESY Report TESLA-FEL 95-03, June, 1995; J.Rossbach, proc. of this conf.[25] R. Brinkman, G. Materlik, J. Rossbach,J.Schneider, B.-H. Wiik, Proc. FEL96, Nucl. Instr.Meth. to be pub.

[26] M. Cornacchia, Proc. SPIE Photonics West Conf,San Jose, CA, Feb. 8-14, 1997; R. Tatchyn et al. Nucl.Instr. & Meth. A375 (1996) 274-83; H. Winick, J. Elec-tron Spectrosc. & Related Phenom. 75 (1995) 1-8.[27] D. Bocek, P. Kung, H.-C. Lihn, C. Settakorn, H.Wiedemann, Nucl. Instr. & Meth. A375, (1996), 13-16;M. Hogan, C. Pellegrini, S. Reiche, J. Rosenzweig, G.Travish, A. Tremaine, S. Anderson, K. Bishofberger, P.Frigola, A. Murokh, A. Varfolomeev, Proc. of this conf.