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IKSERTION DEVICES FOR THE PRODlJCTION OF ELECTROMAC:NETIC’ RADIATION 

Dipartimento di Fisica, lrniversit,& di Parma 

Viale delle Scienze, 43100 Parma, Italy 

Abstract 
This is a hricf overview of the various types of insertion 

devices (wigglers. unclulat,ors, C!ompt,on scatterers, free electron 
lasers,.,.) used on Illt.ra.relativistic rlrct~rnn beams for the prilduc- 
tion of electromagnetic radiation from infrared t,o T-rays, tlieil 
description as optical sources, the spectrum of applications and 
some possible future lines of developmrnt. 

Introduction. 
lnt,eraction ol charged particle (usually electron) beams with 

electromagnetic (em) fields produces em ra~dia.t.ion as the parti- 
cles are accelerated. 

InsertinIl devicrs (ID) are fields of a suitable shape in order 
1.0 produce racliaiioli with sonic drsird charact~cristics, insert.etl 
in the straight, srrt.ion of ao ult,rarelativistic electroIl storage rillp; 
01’ at tile wit 01’ ,i PingI+pass iniichinr, as for cx. n linar. 

They RI’C us~i to produce radiation (“sl)“lltalleons” or (at 
longrr M’il\‘PlPIIl$‘1S ) “slitln,latpci”i ii1 R r:tllgr frown 7 rays to th(, 
far infrared; or in sonle csses for ha111 monitc.n?ng. They WP 
usually pcrioclir. Iiatlier generally we can view the intPractioll 
producing the radiation as a naillinenr Conlpton effect ( wlrerr 
the amount of nonlinearity is determined by the “deflection pa- 
ramdrr” ii - cii’X0/2rn2c’ (X,, ?*n field period, R rms rllagnetic 
fielrl). ~Jitrarelatlvi~t,i(- electrons (‘7 :‘-:> 1) prod11ce a shrillking 
r)f Ihe f7nit:r~~i 5vavelrlqtll (al arlgir 8 frorrl t11* f~,rwaril tlirec.t.i,~rl) 
wit.11 respect to X, (for the Ii- t.h harlnvili~ ): 

x 7. .._.. -..-“z.. -.--.. -. (1 -- x2 $ 7202) 
2y’f1(1 -I w/c) 

(whew w is the velocity of IlIe jCollIlt~rr;~r~7])agatillp;) field, =:I) 
for a static field) 

Most devices now in use are based vn static tnagnet,ic fields: 
as fields of one (3~ several Tpsla can easily be ohtainrd, which ~TC 
difficult to ohtail with elrctrostafic fields ( I Tesla is rquivalrnt~ 

to 3 10s Vjm) or with cm YIRWP (I Tesla is equivalent to 2.4 
10”Il’/rr~?r/~). 

This short paper caunut be a tutorial or a review; it is a kinli 
of indrx of suhjeds or a memorandum, with bibliographical ref- 
ermws t,o it niininum Iliimhcr of paprrs, mainly rrviews (witli- 

out nt,tempt, tc.1 r.Jtnpldeness or tu a historical picture). An~,ng 
Reneral rPfPrencrs are brief int,rductioris l,‘, reviews ‘-‘“, tuio- 
rids “, conference proceedings “,13. 

Various types of ID. 
Types of electroll beams: 

- beam in a st.raight sect iou of a stc.lrage ring (high rqwtition 
rate, heam sensitive to perturhat,ions as arcumula.ixd over the 
syl~cllrotrot: (laInping tirucs, very high encrgirs obtninah!r). 

- beam in a “bypass ” in a storage ring (lower repetition rate, 
beam less sensitive to perturhntions). 

- beam at exit of machine (for ex. linar) (the heam can 
receive a strong perturbation or lose RII nppreciahle part of eli- 
orgy (w. t,apered FBI,). Low repetition rate. New low emitt.ancr 
cathodes have increased the interest in free electron lasers (FEL) 
based on linacs)“. 

h-of device% 

- TliirpllI. 
A static magnrtic field (pcr!l1imrnt inagnf~t, rlrctrutnagnrt 

s)r slil)l’r““ritlu~iur, from a f:actie,n rtf ‘I;sl;i to .sf~ieri~l ‘I’). peri- 
odic (not necessarily sinusoidal, p~ossil,ly one period 011ly ("waw 

!eqr,th shifter”)) in which, at leasl in the part of tllr hjx~trim~ 
we are looking at, spectrum and ttngular dislributioll are smoutlt 
and similar to those from ii uniforni magnet (with intemity mu- 
tiplied by 2N (N = number of periods)), and phase spare clis- 
!.rihution a bit smeared 15. The right value of the deflection 
parameter Ii is a conlpromise t,et,weeu slnottt 11 7prrtrkini alld 
gotrd phase spacr rlisbrihution ” 

I~ntfulat.or ._____- 
A prriotlir (11nud1y sinusc.Gdal, s~,jldimr; tielit itl~ magr~eti( 

li<,lrl i pernkalrf-rltj Irlagut~ts Tan shitrl~~r ;,csl,iciils, ~~i~~~~ir~.~~lliigilcli 
for longer ones) wl~ere interfercnte ttrtweP11 difi’rrrnt peaks cd 
13~ t,i~ajt~ci<,r,s (for rhr* ICLLLII~ r-,lrdrcrii> is I),]/ ~ic~stro~d 1,~. tlii 
coiltriliutioIi c.lf electrons at r;trld~,in posili<.)n> imd a:lglias anti it 
is 11d to cvrircntralr thP radiili io11 ill a smaller did arlglr :tl~d 
IiiLI‘rower hands. TllP Sam? (l?ViW rail he a ‘vi~~l?r iii s11,1rt .\ 
and an untiulator (.)*I the first harmonics “, 

‘l’hc spcdral flux (IlllIlllwr of ~‘ll~ltl~ll~~‘ic~~~ollrl lY'lilli:r- hi!!1 

witlt h) (‘iill 1,~ expressrtl a~: 

(1) ~rnxrT,(It i 

, (with CL ‘2 l/l37 fiur structure’ cwl~sta~tt, IL 11ulilll('r <,f PIW 

tronsjsec., N num. of periods, I!!, a function of K 0111~’ (UI- 

of X/Xl, with X1 -:- A,/2~:‘)). I!,(K) 7 Ii-’ fo1, Ii I:.‘.. I. 
-: 

11, (IT) 4 0.97 for h --+ o(,. 
For the distriburivn of tltis flux in phase sllacc, we have two 

limiting cases: 
clnittancc-limit.crl radiat ioli: sour~‘c sl?i(x iI.lld di i’ergt‘Il“<‘ 

are cq11al to those of thr electrc-m hpam: thr- ratliatii~rl cali Ire 
descrihctl as gPotnet.rirai-optics rays. 

. clifl‘ractic.)Il-liirliteti raciiatior~: it is spatially coherent a6 
fioul a single electron (so~irw size is *- (XL)‘:2 ih, angular 
aperture r- (X/1,)“‘, I, = uiidulator length); rrlat,ire hanwilltll 
AAjX ^a l/N. 

Laser untlulat.vrs (C’oml)ton I)ackscai,terirlL?). 
Very short periods (0.1 -t lO/d?~) can he ohtainetl 0111> with 

lasers. These have been used to produce 100.Me\’ polarised 7- 
rays I’. Quant,um recoil (or eurrgy conservatic.)n) reduces the 
energy of the emittd ~)llr.btcm: tlkc: eukitted yliot,on rnergl hi,‘. 
(IT <:-: I), is 

flX _ J12Ftw /(I ., 7*(p .,. “!“?“) 0, 111 C.2 

Plasma unclulat!~~~ 
liclds in plits~nrts c’aii he ;~ery high, arid il,.)~i-~iilii’or~~i prciari- 

isation and plasma resonance can br used for a wide varirtp <-mf 
untlulator and FEI, configurations proposed. 
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#.~ariogs aspects: 
- “Spontaneous” and “stimulat~etl” radiation. 
Depending on corditicu~s~ a device can emit, !‘spontaneous” 

radiation, emit “Coherent” radiation on a pre-bunched beam (as 
irr an “optiCa klystron”), amplify radiation by stimulated emis- 
siou or osciilat.e, as t,he FIST, (in different regimes: small or large 
gain or siguai saturatiqm, antplified sponlanrolts emission, poa- 
sibiy superratiiance). 

In t.he corlriition of homogcr~e~n~s broadeuing (A2 /? c: l/N, 
circtron bran] snatched to the em mode (rmittanres cz I= CY ‘s- 
X/2a. sizes 17, -- fly -2 L/27r)), with ii - 1, at optimum detun- 

ing ?hc small signal gait: per pass , wit,h I peak current in Amps, 
is 9 -. 3 lo--“. iN”/?. 

If the c~i~ta.irn~t~ie i is suI)poscYi to be proport,ional to 2 C,cy ‘.- 
-J i2. Ior a givcu Imrllrliitor~ leugl,h alrd f)eriod. the gain is pro- 
portional to X2 

At sallrrwti<~n: a fraction - 1 ;w of the beam power can 

Iv transf<irtutYi lo em wa\-e (or tnc,re if titlwred). Amplified 

sp,,~ll;L~l~.c),~s +ttiission has IHWI observed in tjhc IR and has been 
st,rdied as a i)ossiblr VU\’ source ‘. 

to a Certain extent, with an undulat,or, an arbitrary speC- 
tr,ctll car1 iv realisrcl with a suilahle form of t,lle field t’. 

Poinrisation. 
l:r~ci,ri;~l )rs or lasers cim produce arbif rary elliptical polari- 

~r~+ion ‘” C,jr axis (possibly a function of phof~cnl cllergy), possibly 
ruotiuiate it, 

tj ci~-clll;ij~ly pc,iariscti iaber C8*1 l~c Ilsd t0 ItleES11R the [‘Cl- 

laris;ltioll of tile rlrctrorts in tlrc machine, a11d has been proposed 
t,, polill.iSt~ ttlrl Cirrtrous 19. 

iJcscriE!ion of t_hc.~adi~~tioa.diatrji~~ll, 

Reciprocal slt”‘cl The characteristics of the raciiat.ion from a sin- 
glr cl~~ci 1’011 ~ol~servation dist aucr Y, :’ I,) are usually expressed 
wit.ll its si~~.tral-angular distribution (ti 8 diagram, with fixed 
&I (aziur:ltll arounl H Oj “. 

‘rl;ih 1s iI1 fi1i.t d fornl of rcriprircai s;jac” diag,ra*u7 if We think 
1 it at L&g -: b* / t ’ alid 0 = ,&,/n, (k wavevector, x a transverse coor- 
(ii*latp)(fjllly. i{ is &stcjr!vtl as 0 is r.rpl.eWl;lPd ilS 1L COOrdiltat? 
iuhlritd r>E al2 nllglr). 

I’hasr qp$<~ 

- whcu c r, arici c (diff‘~aclii~u alrd beant crnit tances) are ~.rf 
comparable sizr, rniriiruulri r;itii;ition errritlancc c is tr!,lained for 
an “optimum” value of the brawn hcta funrt,iou /? r- Lj27~. This 
is iurpo’tant for fC*l-s, wlir~rc matching of enrittarlc‘es and hcta 
functicms is practically a urccssary condition (a lower electron 
beam erriittance is uuuecrssary auti would rrciuce current). 

ht. a given LC’, ratiiat.iou as an errsemble of photons in ge- 
onretrirai ollt,ics can be drscrihcd in terms of phase space X, 

x’= dx/dz, v, y’, j ‘ust like the familiar picture for electrons in 
tlli~chinfS. with fret-space proI)agation described by a matrix 
[ 1 ,z;l),l Jo and t.he phase space densi1.y representing the (spectral) 
“t~riliiance” R [also called “brightness” or “radiance”). 

Rut also for waves the phasr space description can be usrd 
2’1J’ ( wii II 1 :re \.Vigirer- functiorl 

- for a single electron [or a diffraction-linlited beam, cr’ i 
c&): diflraCt,ion and depth-of-field blurring of the source are not 
two distinct phrnomrna (and should not be added to each other). 

B(.F,k,) - 
J 

E’(.c U/2’)E(3. -t- 42~crp(ik,u)du 

(or the closely related Ambiguity fuuction) representing the phase1 
space dcrisiiy. 7’1 re surprisirtg consrqurnce is that, the evolu- 
tion equalic3rr is identical. The wave nature implies only that 
(,\/27r)’ is the mininmm ph.sp. voluwe allowed by “diffraction” 
(or “uncrrt:rinty principle”) (this volunrr is Called a “mode”). 
\Vtt can alsr, use w and t (time) as other Iwo cc)ordinatcs (anti 
Awill > 1). 

Tt is conveniertt to usr “reciprocal space” (as in X-ray- optics) 
iuslrad of augies iu the definition of the phasr space: t,hus the 6 
dinierisiorts are: 

x: yt z -. ct, 

Stimulated vs, sl)c.mtanc:ous ~;~d&&X~ r-.. .._ 
Spont,aneous and stimulated scatteriug are connected with 

each other by a general reia.tionship, indepeudeut of the particu- 
lar system emitting the radiation. Tlrr, ‘c is also practically useful 
when CaicuIatiug gain when the spontaneous spectrum is known. 
This relation is a consequence of the general fact that the prob- 
ability of emission int,o a mode of the em field. if it is already 
occupied by n photons, gets multiplied by rr+ 1. Bu’ this reia- 
tion has also a classical meaning 24, which can be related to the 
flucl,~lation-dissipation l.hrorrm ‘s: arid can be expressed by say- 
ing t,hat, the gain is the derivative, with respect to input energy 
or to w, of the spontaneous spectral angular intensity 25126,27. 

Related to these arc some relations for the energy modu 
iation 2s prc>ducrd by a wave of intensity 11, of frequency urr. 
in a beam emitting a spontaneous spectrum r&(W): 61 7 

(4K 3/21111CcJL)I:,‘2[llG(WI,)]1:2 and the spectral angular distribu 
tion S(k) (k = wavevector) of radiation emitted by a modulat,ed 
beam *’ : 

SC k) - G(k)(n + P(k)) 

With these units, the “mode volume is 1, and the phase 
space density is expressed by the dimensionless quantity 6, called 
“degeneracy parameter”. 

U and “coherent power” 1: or “coherent flux” 0, can be 
expressed it) terms of b as: 

Iil~~‘hof~sicl’0.1’~,!‘r,~rir2/r!i~~c,c~2;l 0.7435 Ii)“” b,‘X3(pm3) 

I’,.(, f,7Il;i(.Oh.OrT~l . I~‘T”.(.,J~i.lCltgfII) - l.i.Ol.t8 h,‘X(,/‘7?1! 

~,(phof/scc~coiI.crrciJ 1~‘“mJh./r7lgth ) = 0.7435 1014 I; 

Apart from t,he colrvenience of bring dimensionless, and giviug 
the same information as L7 and P,, 6. as a number of photons per 
mode, is an indicat,ion of the relative importance of spontaneous 
and stimulated processes (6 ‘:a;.> 1 and 6 G:,< 1 are completely 
different kinds of em fields). 

radiai ion from the whole beam: convolution. 
A single electron in an unduiator of length L = NX, emits 

it wave E of wavelerrgth X, diffractioIl-IiInited (and, in t,itne, 
Fourirr-traIlsform limited: Lf c- h.h;X , L!LW/W w I/hN): the an- 
gular aperture at the peak is h (2X/L)“* and the corresponding 
dilfraction size is h (,XL/2)1/“/2~ (the trausverse phase space 
volume is CR -2 (X/Z-rr)’ (wider off-peak). 

I~;lrctroris are at tii!ferrnt phase spare posii~ions: each one 
emits a field around it, so the resulting field is a convolul,iorr 
of the electron distribut.ion D(s! 2’ , ..) with the single-electron 
field Er If the electrons are distributed as a (nonuniform) 
Poisson process~ t,he Wignrr function n of the radiation is the 
convolution of D with Ii, (siuglc-electron M’igner function) “. 

Smne couscqucnccs of this tlescription are: 
- the spatial colirrence area in the far-field is - X2/a , where 

CT is the source si7Ie (in x or y) (convoiuliou of electron beam size 
and diffraction). 

6, -. k.c’, k, -MY ky’, k, 2 k = w/c. 
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, where G is the single-electron spec.tral-angular distribution, II 
the number of c=lt:ctrons, p(lc) the Fourier transform of the elec- 
tron density p(r) (r=x,y,z), the first term being the “incoherent” 
one and the second one is the “coherent” term, an increase in 
power due to the electron modulation. 

bplications. 

The range of photon energies (and correspondiug ~~~~II~III- 
ena aud applications) is very wide: 

- T-rags from 0.5 MeV to several GrV: nuclear and particle 
physics. 

- X-rays (3-30 KeV) and Hard X-rays (30-500 KeV): crystal- 
lography, spectroscopy (edge absorpt,ion, Compton, Miissbauer), 
imaging (tomography, topography) 

- soft X-rays and VlTV (10 ev - 3 l&V): spectroscopy 
(photoemission, Ruoresceure), imaging (microscopy, holography, 
lithography); potential enhancement 1u the lower eurrgy range 
with development of FET,. 

[IV, visiblr. III and Far TR (10 rV 1 n)eV): in this rangr 
the interest is mainly on FEL: n~~nliuear aud time-resolved spcc- 
trvscol~?;, phi~t o(.llf’tniPfry. possi!7ly production nf strong wava’s 
as uIldulat~ors,. 

What is a suitable “figure of merit”, particularly for an X- 

ray source? llsu.llly one is iutrrested in having the maximum 
11i1711tKT Il of “11s<~f111” pIlotoIls. 

If’ we define ali accrpt.a~lrc .4 111 ptmse spa” for an exper- 
ilnrut plus bcamiine (0 2 il *C l), 24 = J ALltIl’ (where dl’ z 
di-ds’dydy’dwdf, ul<l Iwt h A and LZ arr p~~qmgakd to the sa,,~r 
positicnl 2). If B curltaius A (or can be modified by focussing 
et,c. to rontaill it 1, 2.1 is proport,ional to the maximum lralue of 
B. Iu the opposiir casr, Il -.. A,,,,,. J Bdl’ - .4,,,.. J Gdwtlf (in 
intermrdiafr ciis~=i o!Ic’ iuttsgratcs over lhc \,arial)les for wllirh .4 
is wider thau 8. 

1x1 other worcls, for high rrsolut~ion (ill angle, positiou (small 
sarl~plr) nntl sprctl,rllll) thy figure of merit is 6 (c)r B or I’,:), and 
one would use aI1 undulator (c)r FEL, if possible), while for low 
spectral arid anp~llar rrscrlulicrn an, I large sam1)lcs Q is relevant, 
and out would possibly use a wiggler. 

In particular. tlrc’ paraltl?t?r to he tnaxilniiird is 6 (or I?) 
when the quaritity of interest is the iuteusity (ri.phot./area) ovrr 
any small area, a7d wlrrlr it is thts nurrll~rr of ~)tlotcltlsj:~ixel in a 
diffrartion-lii,litc~cl ilrlaging sgai.etn. 

~~~&c.q~.~xpb~e~gg~ 
Without going int.0 “uudulatvr engiueeriug”, but just to 

give an idea of \vliy rPa1it.y Iuighl 1~ different fro~u ideal ndrls 
30, here are some examples: 

- impcrfrctions in the rnagttrt.ic field of uudulators broadens 
peaks aud decreases 8, part,icularly on higlt harmonics 3t. 

- flux reduction in inonochro~liilt.ors. 
slope prror:i on mirrors (a 1” error ran seriously increase 

thr rffpctive source siz? 32), 

&LIIC- possible_deyel~~~~~~~. 

Short ~e.cr 
Possible use of short period undulat,ors is of grpat interest 

as it could allow the emission of shorter X for a give11 machillr 
energy, or the same A with a lower energy (less expensive) nla- 
chine. This could be obtained either with permanent magnets 
and small gaps (mirroundulators) or with very strong em waves. 

For rnicro~~ridula.ttrrs 34, the analysis of how small a gap 

can be made in a st,ora.ge ring is essential, and &I1 requires 
experimental work. However, while the present experience is in 
the cm range, theoretical analysis shows that limitations (due to 
spurious vertical dispersiou, residual gas,...) could imply gaps 
in the 1 mm range, allowing a reduction of a factor 3 in machine 
enrrgy 34 Magnetic uudulators can be made wilh periods, say, 
0.2 to a frw ~;m by au inrxpensive fabrication process on a 
permanent magnet bloc, while for X, > 3 mm sandwitches of 
ha.rd and soft Irlagnct,ic materials could be used. 

The use of lasers as undulatnrs, on t,hr other hand, requires 
very high powers: thr ccpiivalencc, with nlagnrtic undulators is 

Riven by: 

u 
~ ‘- O.2( L- 
Tt-SlCi 

‘,I ,/2 
GIi’/nt7u2 ’ 

(1 = int,etisit,y (power/area)). 
Except for the production of GeV photons (for ex. in LEI’), 

where excimrr or Nd lasers can be used to get harder photons, 
for the use on a low rnc’rgp ~nachir~c, to gr( X-rays, a Iongrr wavr- 
length is IIIOI‘C ronvrnirnt~, as a CO2 lasrr. For cx. 0x1 a 700 hleV 
beam, it could produ~r 1 A radiation (.I 1.4.1 O’“~~hot/src/O.l 76, 
with 2 C?1’/t71rr13, L 10 cm, 1 A). A transverse laser lvwii with 
a cylindrical leus could allow tutlability with angle. At. longer 
wavelengths, fel-s themselves could constitute au u1idulat.4~r. 

L~g.~~~l<!.u~~o 011 very high cr,c-rl;~ machines 13a3’ 
Csually drdicat.rd machiiles arc nmtle with an energy just 

sufficieut to reach the desired wavrlmgths with a small (cm) gap 
uridulator, so thr protllrm is to obtain thr highcs! magnrtic fiplrl 
possible with the shortest possiblr period. In vrry high rnrrgy 
ntac!linrs (1 O-30 CrV) malls fol, parliclr p1~~~i1.s r~sei~rcli (17ltt 
wliich can be adapted Tao run at a very low etuittarice and used 
as synchrot rou ratlialic~n ~ourccs, a~ PEP auf1 Tristan), i hr r?lc~ 
tron rnergy is more tbau nrressarp and the periods cau bc mucti 
longrr than thr gap, and Ihi+ given n 1111tch greater flrxilGlitg: 
for PX. with a period of 20 ~111, to ubtaiu ic -- 1 requires a &Id 
of only -500 Gauss. This allows not, only an easy ronsirurtion 
with electromagnets, but also polarisation modulations and even 
continuous change of period, and partial suppression of the third 
harmonic. Moreover, as l.hr straight sections in such marhinc5 
are very long, more than 100 mri,rrs, they could arcomndate 
extremr1y pc’“PrfuI Ilrltllllal,or.s: iu particular, au~plitird span 
taneous elnission at 40 A(- C: K-edge) could be an important 
possibility, and 6 ~‘2 1 could be obtaiued at 1 or 2 l\ (wit,11 thr 
ring running at low energy, 4 6 GeV.). 

liratiug c8f <)l~i,i~.iil CYIIII~~OIL~IL~I cau pr0dur.c. stroug distclr- 1’1as111a fielcls A... - _I 
tions 

(in fact, whertrver possible, it is convenient to use uo optics 
Very high electric fieids can be obtaiuetl in plasmas, up t.o 

t.lle “Dawson limit”. 
at all 33). 

Elect.rons can travel over dist.ances much 

vibrations (routrol loops uecessary for each experiment, 
shorter than the “n‘ordsieck length” (for multiple scatteriug de- 

which makes co~~trol of a syuchrotron radiation ring a compli- 
gradation of beam properties), which is inversely proportional tr) 

cated task) 
gas density, so the gas density has to be adjusted to compromise 
between high field arid small perturbation. 

High electric fields cau be obtained in 2 ways: 
Plasma oscillations provide a resonance phenomenon that 

can be used to enhance a longitudinal electric field (with widely 
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tunal~le wavelength), for CX. like in the propostd beat-wave laser 
acceleration niechanism36. Such a wave, wit.11 wavevector per- 
p~ndicu!ar to the beam, could be a transverse elrctric undulator. 

Strong transient fields cm IBe ohtaiued by a yreiorlisation 
providxl by ii pulse of eleclrons. Fgr ex. a low energy elect,rori 
pulse in a static magnetic undulator could provide a wiggling 
ic,uisr*d channel for Iiigh~ r,lrrgy electroun. 37 

OtJier I,!,ssil.>jlities, 
IIlcdulatIr~1l of a twan1 of llg’ light fnml au lltltlulator ii!. 

Ilt frctqucncics. A C’Oz laser collinear with eleclroris (with au 
u:ltlulntr~r) c(~ul~l ~~rc,clu~e a density ~nodulation of the e1~ctr~111 
lneii.nl, Inoiluli~tiug the irilensity of the UV light at 3 1013 Hz. 

an FISL ~nnclr of t\vo different undulators and a dispersive 
serlivn. as ilt an optical klyst,ron, wit,Il bunch length < NX, could 
tat used for d(~lI~,la-rest~tiarlc’~’ t itrl+ resolved experiments iri thr 
11~ (‘!). 

- If graviial.ioual waves can 1x, producrd by particle beams 
iu magnetir iicltls 3s. thru uudrilators are probably the best 
sources. 

- to suggwl otll+ar itleas is left as an exmcise lo thr reader. 
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cd’ Sli anrl c.,f iis s~)urcea”: chapter 2 ii,: “Handbook 01 Syri 
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