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Abstract 

The bunching of a FEL energy-modulated electron beam 
at optical wavelength is studied assuming a drift space 
composed of a magnetic isochronous section. The effect of 
the second order term on the longitudinal distribution is 
considered to provide periodic modulation at the second 
harmonic of the laser wavelength. The beam quality re- 
quirements to obtain 80nm bunching from a modulating 
excimer laser at 160nm are defined. 

1 INTRODUCTION. 

In a FEL interaction the energy modulation impressed by 
the e.m. field laser of wavelength X to an electron beam 
causes a density modulation at the same wavelength X af- 
ter drift through a dispersive section. In a standard Op- 
tical Klystron this happens in the magnetic field of the 
undulator itself. If the beam emittance is low, so that 
negligible longitudinal straggling is caused by t,ransverse 
motion, more complex dispersive transport lines can be 
conceived [l], as shown in fig.1. Provided that at the end 
of the line 77)~’ = 0, the dispersive effect depends on the 
value of the first order TRANSPORT coefficient R56 given 
by the integral along t.he magnets 

Ras=j-;ds {$; -+;;g;;;. (1) 

Since the integral is positive in the first and last magnet, 
the minimal configuration for an isochronous line includes 
a third magnet where 7 < 0; this inclusion is shown in 
dashed line in fig. 1. At first order the displacement with 
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Figure 1: Schematic of magnetic transport line and disper- 
sion function 77 for bunching. Dashed elements are to be 
included for the isochronous transport line which requires 
17 < 0 in the middle magnet. 

respect to the unperturbed motion is 

b”,O, 66 = al- sin I/]~ (2) ? 

where &~,,~or/~ is the energy modulation dcpt,h and li,, = 
(L + k,,)z - tit + 4 is the electron phase in the FEL 
pendulum-like ponderornotive pot,ential rrsult,ing from thp 
coupling of the laser field Xcos(~z - wf + 4) with the trans- 
verse velocity -(IC/y)sin(k,,z) in tht> undulafor Thcl co- 
efficient al used in eq. (2) is given bs 

The term Rs6 accounts for the longitudinal displacement, 
caused by the trajectory dispersion in the 1)Pnding mag- 
nets, and the last t,erm accounts for the dispersive effect 
of velocity modulation E/?/p aft,er a drift space’ of length 2 

(‘1) 

The condit,ions to neglect the last term so that al = 0 
will be discussed later. Assuming al = 0 the next most 
significant term of a series development in 6~/7 is of course 

hn,, 2 
61= a2 - 

c > 
sin2 G0 

Y 

giving a density modulation at A/2 as shown in fig. 2. 
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Figure 2: Energy modulation at ti, and longitudinal po- 
sition $J after an isochronous tranport line. The resulting 
longitudinal density modulation of an initially monoener- 
getic beam is shown in the vertical projection on t,he right 
side. 
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2 TRANSPORT LINE 
SPECIFICATIONS. 

F:q (5) can be valid, up to second order terms, only for an 
ult,r;lrelnt,ivistic anal zero cmittance, monochromatic beam 
In a real beam both the emittance eZ, cy and the initial 
c’nergy spr(~ad AJ /y cause different, path length, changing 
the amplitude of the Fourier components of the density 
rnodulal ion ‘I‘IIc~ idtzal bram descript,ion is appropriate if 
the eikcts of 6 and Ay/y are found negligible. This esti- 
matcy iI:lplics the 11s~’ of full second-order expansion of the 
dispersiv<> c>ffect of the transport line; eq. (5) is therefore 
suhstitut cd using the TR.ANSPORT notation, by 

61 = ~~TjrJZilj (i~j = l,..!G) (5’) 
iJ 

where iris6~F~6 is just the rhs of eq. (5). Limits to either 
the tranport matrix elements Tj,J or to the initial condi- 
tions rci (i.j = l,..,. 5) must be set so that t,heir overall 
contrihlltion is SI << X/4. The transverse phase space vari- 
ahles zi ii,j = 1,..,4) are easily related to beam emit- 
tance and optical funtion of the transport line, assuming 
for simplicity that the beam has a waist at z = 0, by 

c 

21 = (tzpz)+ 13 = (q3,)+ 

J-2 = (E&!&p I4 = (E&3,)+ 

No simple analytical expression is available for the ma- 
trix T of an isochronous transfer line, therefore the perfor- 
mances of the minimal configuration of fig. 1 have to be 
extimated from a sppcifc design. A more complex line is 
described Pxtensively in literature [2]; it is composed by 4 
cells of a periodic structure ensuring by symmetry the can- 
c.ellatlon of the transverse second order chromatic t,erms of 
single cell, so t,hat TQ = 0 (h = 1,...,5 and i or j = 5) 
The t,ertn T566 can still be tailored after these cancella- 
tions have been obtained. Thereafter it is assumed that 
all second order term linearly depending on energy can be 
neglected. 

3 BEAM QUALITY REQUIREMENTS. 
Bunching at short wavelength A FZ 8Onm can be exploited 
in high power UV FEI, design required in heavy-ion in- 

Table 1: Electron beam and undulator parameters for 80 
nm bunching. 

Beam parameters 

Energy [MeV] 
Duty cycle [‘%I 
< Current >r,laC,.O [mA] 
Inv. emitt. 7tz[7rm rad] 
Inv. emitt. ?f,Tm. rnd 
Energy spread 
Undulator @ 160 nm 

period X, [mm] 
length [?n] 

Heavy ions 
fusion 

215 
5 10 

2 
1.7 x 10-j 
1.7 x 10-5 
2 x 10-3 

28.3 
0.283 

ertial fusion scheme [3], so the parameters are defined for 
this wavelength; for comparison both the beam parameters 
of the linac in [3] and those of the TESLA Test Facility 
(TTF) [4] are considered. The most relevant ones are listed 
in table 1. The TTF linac is couccivrd as a feasibility test 
bench in view of a future very large superconducting linear 
collider, but it could provide in a few years t,hr Itc~+l, bc+ml 
for UV-FEL experiment. 

The longitudinal spread contribution by A?/‘? must, be 
<< X/4, to avoid blurring of the modulation at X/2. The 
energy modulation depth must be comparable with the 
energy spread, so &7maz/~ x A?/:. Assuming a r<,alistic 
length z M 10m for the isochronous transfer line eq (4) 
sets the upper limit to AT/-~ vs y at different value of the 
ratio X/6ld,.,~t as shown in fig. 3. Assuming that the 
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Figure 3: Upper limit to ily/? to have C;ldrift/X < l/4 
(continuous line), Eld,,!,/X < l/8 (,da.shed line). 
61d,.;ft/X < l/16 (dotted hne) 

optimal value of the undulator parameter II~,,, = 1.0 the 
undulator period is given by the basic FEL relationship 

The modulator itself acts as a dispersive element for the 
being-modulated beam. When Fy # 0 in an undulator of 
length &od the dispersive effect is 

Assuming that the energy modulation is linearly increasing 
along the modulator the maximum displacement is 

as = 

s 

Lmod 1+ rc:,, S~mozSds = it I<&,, 

Y3 &nod 2r3 
Ey,,zL,od 

0 

(8) 
and with substitution of (6) 

As T )( < 2h brna* 
7 

877 



Since Syn,,,/r < 0.01 the condition As/X << 1 is satisfied 
assuming IV = 10. 

4 MODULATING LASER. 

The laser field required for the modulation increases with 
energy 

& = eK 2mcz 

PnaS 
L,,,dy2* (9) 

Assuming Ii,,,, = constant the y2 dependance of eq. (9) 
is cancelled replacing L,,& = A;&, = Ayz from eq. (6), so 
that 

(9’) 

and the laser power density P is constant when 6y,,,/y 
is const,ant, The laser power PL depends on the electron 
beam sect.ion 

c = u,uy = (~lpz)q~zyp,)” = “+ 
Y 

where it has been assumed equal emittance in both planes, 
i.e. t, = ty = en/Y, and matched optical functions 

Pz = & = Lu/2 in the undulator. The condition 
6y,,,/y = constani must be reconsidered, since fig. 3 
shows that a trade off is possible between electron beam 
quality and laser power The curves in fig 4 show t,hc, 
laser power density P vsy and the peak power PL vs y 
required to get 67r,Zor /y =I Ayjy where Ay/y has been 
defirl<,tl try the condition that the longitudinal straggling 
61 drrfl = A/4 according to eq. (4) assuming a normalized 
beam emittance t, = 1. x 10W5. Since the energy spread 
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Figure 4: Laser power density Pvsy and laser power 
PL 71.5 y. 

requirement is very tight for low energy linacs, it would 
be easier to realize this FEL with higher energy machines. 
This also favours the reduct,ion of emittance depending 
blurring. Of course, a trade-off must be obtained with the 
increase of cost of both the linac and the laser. However, 
the advantages of prebunching deserve a depeer study from 
the economical point of view. It is worthwhile noting that 
clean prebunching provides a localized distribution of clec- 
trons in the FEL pendulum-like phase space; subsequent 
evolution does not cause filamentation and the cxausted 
beam ,can be easily driven to an energy recovery system. 

5 BUNCHING IN AN ISOCHRONOUS 
TRANSFER LINE. 

The density distribution p($) z) after the drift space of 
length z is determined by the time delay at z caused by 
the impressed energy variation 6~ = 6y,,,,, sin 2/! according 
to eq. (5). Assuming that the spreading given by eq. (4) 
is negligible, the phase displacement on the scale of the 
laser wavelength X is 

61 ~ = il, + ~ = II,, + ~a,(~,2 sin2 zl,, W 

Assuming an initially flat distribution pu the final d&i- 
bution is 

di, 
p(ljs. z) = po- = p,b($,QO)(l + 2cz sin d, cos do)-’ 

& 
(11) 

where c2 = a2(2a/X)(&y,,,/y)’ and 6($1, G,) is the Dirac 
function indicating that only the value of 6, satisfying 
the relation (10) must be considered. The Fourier series 
expansion of p(Q, z) gives fon the nth harmonic component 

1 4 
Pn=2TT --g J COS{~L(J~~ + c2 sin2 $jo)}d$, (13) 

The shapt of p? as a EuncOion of (‘2 from ~q (13) is plotted 
in fig. 5 (continuous line) for comparison wit,h the shape 
of JZ(2cz) (dashed line), which would have been obtainc,d 
in a dispersive transport line. 
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Figure 5: Amplitude oscillation of the harmonic compo- 
nent pz in an isochronous transport line (continuous line) 
and in a dispersive one (dashed line) . 
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