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Ahstract 

For high-po\\er free-electron laser ;Ipplicltions. an rf 
Iinac must deli\u \·ery bright electron beams. The ELSA Iinac 
h;ls been designed to proyide electron beams \lith 10\1-
emittancc. high-pc<lk current as \lcll as 10\1 -cnergl spre;ld . 
these three quantities arc of primary importance for getting 
high FEL perfonll(mces. The electrons arc produced by means 
of a photo-injector. acceler<lted by lOll-frequency rf cl\·ities . 
magnetic bunching at high energies is used to increase the 
peak current \\hile minimi/ing the emittance gro\lth. This 
paper presents recent measurements of tr;lnSlcrsc and 
longitudmal emitt;lIlces of the electron beam for different 
bllnch p;lr,lI11eters. 

Introtillrlion 

1\ bll\ electron accelerator S\ stelllS hale recenth beell 
designcd to produce high-peak ~lIrrenL 10\l-emittan~e and 
10\l-energy spread bunches. especially for free-electron laser 
,Ipplicatlons Unfortunately. these goals arc difficult to obtain 
,imultaneoush <lS. for e"amplc. the sp;lCe charge forces duc to 
hlgh-pe<lk currents incre<lse both the transyerse ,lIld the 
longitudinal emittances HO\leyer. these difficulties h;1\e been 
attenuated \\Ith the adyent of photoelectric injectors \I hich 
mllllmi/e the emittance gro\l th. It is then pos<,ible to start \I ith 
;1 f:lirh long pulse length. but Illnitedl1\ RF effects. ;Ind bunch 
the bCZllll to the deSired peak currcnt ;Iner it re;lches relnti\lstic 
cncrg\ in a non-isochronous bend or transport system. This 
bunching occurs \I hen a correct energ\ ph;lse correlation is 
gl\ en to the electron bunch t\ pic;J1h l1\ dephasing the rf fields 
slightly from the l1la"imum energy gain 

This paper reports on ne\\ 10ngitudln;J1 emitt,lIlce 
measurements: the technique has been described preyiously 
II. 2J and \lill not be detailed here. These d,lta \I ill be 
combined \lith ne\l tranS\erse emittance InC<lsurelnents 1:11 
leading to generali/ed bnghtnesscs of the electloll bunches 

All the mC<lsu[ements \lcrc Illade at ;1 killetic eller~\ of 
1(,:" Me V The IIljector e'\ It energ\ \I ;IS - I X 1\ 1c V \I ~i h a 
- ~() degrees ph,lse sluft. Pulse duration \I;IS --2:" ps and the 
dme laser spot diameter on the photoC<lthode \las -I IIlnL 

Longitudinal emittance measurements 

Anal~ ~i~ of the longitudinal emittance data 

The emittance data for electron beam e:\peliments arc 
lISu;Jih assumed to be descnbed ll\ ;In ellipse in the phase 
,p;lce ]11'lnc. In the case of the longituclinal phase space. e,lCh 
electron's eon.iug,lte l<lri,lbles of energ\ ,1I1d tilllc ;lle ;Issunled 
to fall \lithin the boundanes of ,In ellipsc dcllncd Il\ 

(I) 

Here ('/.. 11 and yare thc T\liss parameters for thc 
10ngitudin;11 phase space ellipse and f:, is the longitudinal 
emiwlllce. 

The longitudinal beam matri" 1: is defined in terms of the 
Twiss parameters in a manner analogous to the transverse 
phase sp,lce ellipse. i.e. 

(2) 

In tenns of the beam m<ltri" elements. the pulse length IS 

gl\ en bl ,r;:: and the energ\ spread by ..r;; .The units of 

the T-matri:\ h'l\·e been chosen to be picoseconds (ps) and 
MeV. And lor companson \\Ith the e.\perimental results. the 
pulse length alld energy spread represent full \\idth half 
ma:\ima (f\lhm). 

In general. the analysis of tr<lns\·erse emittance d<lta 
inyoh·es determining the beam matri" elements for the phase 
space ellipse Ho\leyeL the longitudinal phase space is highly 
non-linear \\hich means it cannot be represented by a simple 
ph;1se space ellipse. Therefore. the approach taken herc is to 
distort the ellipse \Iith a pO\ler series. 

SpecillcJlh. \\e beglll \lith the ellipse defined by Eq. (I). 
solie for the energy spread and add qu,ldratic and cubiC terllls 
to introdllce the distortion. The ellipse boundary is then 
described by 

6E = -.::. 6t ± 
11 

Ollr longitudinal dat;1 is then analysed to determine not 
onh the three ellipse par;lI11eters but also the additional 
factors. ;1 and b. at the e.\it of the injector Cllity 

The e\penment is perlormed b\ lIIeasuring the beam 
energl spread and pliise length distribution or the time 
spectrum of the bealll ;Il \,Irious -1:13 MHl. accelerator RF 
ph;lses. The accelerated beam energy and time spectra <lre 
measured ,Ifter the non-isochronous bend. The data is analysed 
by assuming the following transformation of energy and time 
fwm the e"it of the 1-1-1 MHI. illiector cavity to the entrance of 
the I X() degree bend. hereafter referred to as the demi-tour (sec 
Fig I). 

""E I = ""Eo + E4.11 (sin (4'411 + ""to) - sine ql 4J]» (-Ia) 

I~t I = ""to (-lb) 

Here L\[,o ;Ind LIto arc the electron's IIlllial energ\ and 
tlille dc\i;ltion from the central ra: at the e.,it of the 1-1-1 MH/. 
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injeclor cayil\ F.n-' is Ihe 1lI;}\;inlllln energl gain for Ihe 
·n~ MH/ c;lIilles and 0.-1:'.1 is Ihe ph;15e of Ihe eenllal ral 
relalile 10 the crest of the ·Ln t\lHz RF Ilale forlll. t./ . .", ;lIld 
;',(, arc the energl and phase after the :Ieceleralor ,1I1d before 
Ihe demi-Iour 

Demi-Tour 

180 Degrt"e Bend 

Streak Camera Measurements 
of Time Spectrum 

.. ~ 

~. 
"\ OTR Screen For Energy 

> ! 
7 

OTR Screen 

Fig. I 

144 MHz 

Spectrum Measurements Injector 

~ < [JT~T'CJ1~ 
Initial Longitudinal 

Phase Space 

E:\perimenlal 1:11 oul of Ihe ELSA acceler;lIor for Ihe 
10nglludll1:11 emill:ln(e I11C:lSllrelllCII15. 

The Icmpomilransforlllalion In Eq -Ib aSSllllles Ihc beam 
IS relatil iSlic and no RF bunching is prcscnl The Ir:lnsport 
around the dcnli-Iour is gil ell I Cl\ sllllpil In ICllllS or Ihe 
bend's non-isocinonicill '" (II ilh ulll15 of ps/t\leVJ. 

I'.E2 = I'.EI 

1'.1 2 = 1'.1 1 + iil'.E I 

(5a) 

(5h) 

\\'here 1'./'·2 and 1'.'2 arc Ihe eleclron coordin;lles after Ihe 
dClIlI-Iom 

These relations are used II ilh slmplc 1':11 lli!cill!! 10 oblain Ihc 
ph:lse space distributiolls after ,lccelcr:I1iOIi and ;Iner Ihe delni-
101lr The ener!!y and time proJeclions glle Ihe calclll:iled ellergl 
and lime slxTlra for eomlxlrison II ilh Ihe e'\llCrimenl:Ii sllCClr;! 

The inilial philse space paramelers :11 Ihe illjeclor ell ill 
e.\11 ,Ire delerl1l1l1ed by filling Ihe ener!!y ,1I1dlime speClr,1 for a 
r:lIlge of RF phases HOII eyer. 111 pr:lclice. nol all fiyc 
paramelers arc lariedlo fit Ihe d:II,! AI 101l-hc;lI11 chargc. and 
hcnce lOll-peak curren!. there are no pllise ciollg:llion effecls 
III the injector call1~. Therefore. Ihe eleclron beam pllise 

Ienglh. ~. is idelllic:I1 to Ihe drile laser pllise lenglh. In 

addillOlL Ihe acceler:llor IlInlng procedllle IlI;Ikes Ihe injeelor 
calitl be ph:lsed such thai a beam Ililh mininlllnl energl 
spread is produced after acceler:lllon. HeIlce. il is a rC;lsonabll 
1;llId ,Issumplion that the ener!!1 spread is also :1 minillllllll at 
Ihe Injeclor (;11 It I oil ThiS :lppro,\llll;lllon le;lels 10 Ihe l\ilisl 
conciIlioIls. T 1:'= 0 Therefore. Ihe lOll -(h;nge d;II;1 is CII IISlIlg 
onll Ihe Ihree parallleters Tn. a alld b 

Di~rll~~i(ln of the C\Jlerilllcntal re~lIlt~ 

This method of anallsis has been ;Ipplied 10 I nC per 
1l1lcwpIlise dala II ilh the resllits beill!! gilell in figllres 2 10 -I 
The besl fil IIlllial phase SP;ICC p;n;l111ClerS arc 

Til I ('()O ps2 

TI2 o ps MeV 

Tn 2.5 :\ I ()-(, MeV2 

il () MeV / ps2 

b - I 10-(' MeV / ps' 

As disellssed in the prelious section. ~ is dctennined 

hI' Ihe dlll'e laser pulse lenglh and Ihe initial ellipse is 
assllmed 10 be :11 a II aisl in the beam energy. T 12 = () The 
remaining three p;lr;lIlieters h;I\'e been \'aried to fit the electron 
energl speelr;1 and Ihe pllise lengths for il range of -IJJ MlII 
RF ph:lse. It is inlereslillg 10 note that the parilbolic terlll. a. is 
not necessary to fit the dat;!. 

Figure 2a shOl\'s the inilial and final phase spaces Il'hen 
the aeecler;l1or ph:lse is acljllsled for minimulll energ\' sprc;]d. 
defined to be 0~:n + <)11

0 Figure 2b plots the e.'\perimen!al and 
e:lieulaled energy speclra for this phase and the lelel of 
:Igreemenl is seen 10 be e.\cellcn!. 
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Lon!!illldilial ph:lse spaces of the electron beam ;11 

Ihe injeelor Cillill' e\il (:1) and after acceleration and 
tr;lnsport aronnd Ihe non-isochronous demi-Iour (b) 
The phase of Ihe -I:;:; iVIH/ RF calities is adjusted or 
minilllllni energy spread. 0~n = <)()O 
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Fig.2b 

Energy (MeV) 

Conlp;lrison of Ihe e.\llCrimenlal allCl fi!!ed electron 
be;lIli speci r:l The fi!!ed sllCctrulll is e;i1culilted bl 
~lCrronning Ihe projection of Ihe Clnal phase space 
ShOll n ill Fig 2:101110 the ellerg\' iJ:\is. 
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Ch:lnging the ·n~ MH/ RF ph:lse by four degrees \\ill 
bunch the beam as sho\lI1 in Fig .. '. The energy spectJ'\lm 
e.\hlbits the e"pected increase in energy spre;ld \\ith an 
interesting curyed p:lttern for its ph;lse space distribution. And 
ag;lin there is e"cellent :lgreement of the calculation \\ ith the 
e"penment:ll energ\' spectrum. 
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Longitudin:ll ph:lse spaces of the electron be;lIu ;It 
the injector cil\it~· e"it (:l) and ;Ifler :lcce\cr:ltion ;md 
transport around the non-isochronous dcmi-tour (bl. 
The phase of the ·n~ t\lHl RF GI\ities is ;Idjusted to 
bunch the be;lIn. O~n = S(," 

Energy (MeV) 

Fig ,[J Comparison of the e'pcl'llnental ;llld fitted 
elecllon beam spectra. The fitted speetruill is 
cillculated b\ performing the proJection of the fin;lI 
plwse space sholl n in Fig Ja onto the energy a.\is. 

The e\cctron beam pulse length ;Iner the dellll-tour as a 
function of 0~\-, is plotted in Fig. ·L \\ith the fit reproducing 
the data o\,er the measured phase range. 
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Dependence of the electron be:ull pulse \yidth UpOIl the 
~,~ MH;: RF phase The eLiJa h:IS beell corrected for 
the streak C:lIllera resolutioll. ;lIId the Gllcul;lled fit is 
b;lsed on the initial ph;lse sp;lCe P;lI:lI11cters gi\en ill the 
te.,1 The electroll beam pulse length h:ls been 
compressed b\ ;1 f;lctor of clglll In tIllS ('pennlellt 

Trans\'crsc cmittancc mcasurcmcnts 

BC:lIll tranS\'erse enlitt;lnee ",as measured at the end of 
the linae by means of the three-gradient technique. The beam 
is focused in both \'ertic:lI and horizontal dircetions by using a 
triplet and sC:lnncd \\ith the Inst one. Datn arc tnken for 7 to 
I () different \'alucs of the qU:ldrupolc eurrcnt. 

BCGnisc of r:ldial and longitudiml spnce-charge effects. 
trallsyerse emittance is strongly dependent upon the current of the 
;lIIode coil located at the photo-injector e"it. It hns been 
il1\'estig;lted for three dlfTcrent bunch charges: 02. 10 and 20 ne. 

The minimum \'ertlc:i\ ;lIId horimlltal emittances are plotted 
in Fig -" ;IS a fllnction of the bunch charge. 
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Fig. ) Dcpendence of the norm;i\i/.ed tranS\'CI'se enlllt:lIICeS 
on the bllnch chargc. 

The di/Terence bet\\ een hori/.ontal and yertical emittanccs is 
probably duc to ;llignment impcrfcctions of the anode-coil in 
the photo-injector or to the dri\'c laser incidence angle on the 
photocathode of ~ 60 dcgrees. c;lusing a \0 ps delay across the 
laser spot and gener:lting a non a"is\'lllllletric e-bunch. 

Conclusions 

We h;l\e dc\clopcd a technique far anah ,ling clcctron 
bealll energ\ ;lIld IIIlIC spectr;1 to obtain the longltuelinal phase 
sp;lCe distribution ;11 the c.\it of a photocathode injcctor canty 
At I nC of micrapulsc charge. thc data IS \\ell reprcsentcd b\' a 
phasc sp;Ke ellipsc distortcd only "ith a cubic function. For 
this bunch chargc and a peak currcnt of 'i0 A. the emitl:lnccs 
arc : 

III 

121 

1-'1 

f: ~n' ~ IT. n1l11. m rad 

1<"" -". ~ IT nlill. mr;ld 

cl''''' () ()6~ IT ps. McV 

IC;IC\ing to a gcncrali/.ec\ bealll lllightncss [2] 
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