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Generation of GW-level radiation pulses from a VUV Self-Amplified Spontaneous
Emission Free-Electron Laser operating in the femtosecond regime
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W preseni experimental resulis of SelfAmplifed Spontaneous Emission (SASE) freeelectron
Inser {FEL) operating in the mode of super-shor palse durstion (30-100 = FWHM) with the peak
radiation power st & GW level and a full ransverse cohorence. During the experiment the mdistion

wavelength wmas tuned in the ranges of 951056 mm.
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The experimental results presented in this paper have
hewn achieved b the TESLA Test Facility (TTF) Free-
Electron Laser at the Deutsches Elektronesn-Synchrotron
DESY [1-3]. Im the VUV free electron laser at DESY
the radiation ks produced by the electron beam during &
singhe-pass trough the undulater [4, 5. The nmplifica-
tmmmﬁmﬁutmiuhllndmtmubum
Dmiring the amplifbcation proces powerful, coberent ra-
diation s produced having s narrow band near the fes-
onance wavelength. In the high-gain Unear regime the
radiation power Plz) grows exponentially with the dis-
tance @ along the undulstor [6-8]:

Piz) = Pyexpiz/ly)

where L 8 the power gain length. Simee first lasing
of the SASE FEL st DESY [% its performance has

boen gradually improved. The radistion wavelength =

continuously tunable i & wide renge from B0 w150
am [1]. la ths paper we report on schieving satu-
ration with the peak cutput radiation power ot & GW
level. The eoergy in the rdistion pulse s 30100 ul,
the pulse durntion i 3100 B The peak brillinnes is
10%* phot. fsec fmrad? fmm® (0.1% BW.}, oie orders of
magnitde higher than at state-of-art 3rd generation syn-
chiratran radiation sources. Degeneracy paramster (num-
ber of photons per mode) is abowt 10" and thus hns
the same order of magnitude ns that quantum lesers ap-
erating in visible. During experiment TTF FEL oper-
ated] st the repetition rate up to 60 pulses per second
with the nverage radiation power up to 5 mW. Even
with such & low repetition rate the sverage brilllance =
10" phot, fsec,/mrad® fmm?® /(0.1% BW.), an order of
magnktude above the corresponding value for drd gener.



TABLE It Muin paramwters of the TESLA Test Facility for
FEL experiments (TTF FEL, phase 1)

be=nm ereTRy 40 — 350 Mew
bimich charge 2.7-3.3 0l
charge |n radintive parl of the beam 04-0.2 n{
duration of radiative part af the beam 5150 B
peak current Il —15 kA
tis emergy spread 100 — 200 ket
tine normalized emitlance [slice] 4§ =T mrad mm)
bunch spacing a4 1 s
number of bunches i1 a train up to 6
repetition rate 1 Hz
umculator perfod 979 mm
unclulstor peak field 047 T
Avernged beta-function 1.2 m
ellective undulator lenglh 19.5m
raciation wavelenglh %5106 fm
merey i Lhe radiation palse W0 = LN gl
racliatbop pislse diuration - 100 Fa
rucliaibn peak power (LY
raclial ol AVBERER Puswer B Lo 5 mw
apevirum wideh (FWHA ) 1%
racliation =pol size {FWHA) 50 pm
ralinlion anpular divergence II"l'ﬁ'IEMll 2630 “ﬂ'ld

nlion SH smroes.

A detailed deseription of the experimental facility has
been presented in [8) The main parameters for FEL
aperation are compiled in Table 1. The TTF FEL con-
sisis of & driving saceelerator producing bunches with an
emergy up to B0 MeV, and a 141 m long undulator
[11]. The injector consists of n Inser-driven of gun [12-
14], Rellowed by & capture cavity, boosting the energy to
16 MeV. The main sccelerator consists of two supercon-
ducting acorlerator moedulbes [15] scparated by a magnetic
bunch compressor [16]. At 3 nC, the longitudinal charge
dansity upstream of the main linae i expected to lollow
a Cavssian distribution with 4 mm rms length. As a
cotsequence of the long bunch camprred Lo the rfowave
length (23 cm), the bunch longitudinal phase space se-
curmilates an ri-indueed curvatiure during ils acceleration
ifi the first aceelerating modiile. This distortion results,
downstream of the bunch cnpressor, in & non-Caussian
distribution with & local charge concentration. Simula-
tion results of the described experimental siiuation are
presented in Fig. 1. This numerical result B conslstent
with estimated peak eurrent of 1 — 1.5 kA inferred fram
the measurement of the FEL radiation properiies,

Characterization of the FEL radiation has boen peer-
forted by menns of messuremonts of the radiation en-
argy, spectral charscteristics, angular distribution, and
statistical properties,

Figure 2 presents the average energy n the radiatben
pulkse versus unduwlater length. The interaction length
has been changed by means of switching on electromag-
netle orreciors installed indde the undulntor, The waloe
ol the orbit kick provided by & corrector is sufficient to
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FIG. 1@ Simualations of the longiticlinal phase space alis-
tribution of the electrons at the undulator entrance | ggper
plot), Lower plol presents dstribution of the currenl along
the buncls. Head of the hanch & on U dght sikde. Here el
charge is 3 ni.

stop FEL amplification process downstream the correc
tor, The radistion swergy has been measired by e of
an MCP-based detector of 10 man diamseter installed 12 m
downstream the undulater [17]. When the FEL lierac
tiom is suppressed along the whoele undulater lengih. Uhe
detector shows the level of spontaneous emission of aboi
25 nl oollectedd from the full andulstor |nr|g_1i1 Then
FEL internction was switched on gradually abeng the un-
diilator aind the energy in the radintion pulse reached the
valie between 30 and 100 o depending on the aceelera-
tor tuning. Independent messurements of the radiath
emeTgy at saturation were taken by thermopbe [19). e
sults of both measurements agree well. ALl Lhe mesnlis
presented in this paper corresponad Lo Lhie buning lor 50 50
raciation pulse energy. Analvsis of the exponential pori
afl the gain curve presented in Fig. 2 gives s the value
for the power gain length of about [, = 67 + 6 om
Ench point in Fig. 2 was avernged over 100 shots. The
energy in Lhe radiation pulse Buctuates fron shot o sl
The plot for standard deviation o is presented in Fig. 3
AL the imitinl stage fuctuatisns are definesd mabnly by s
flustnations of the charge in the electron bunch, When
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IFles 8 Average epergy in Lhe rsdiation pulse versus undu-
latar bngtle. Ulrels - exparinsntal reidts. Salel ciarve
niamierial smmelatiens wilh code FAST.

=,

I % Fhsetustions of energy o the radistion palse versas
wmmlulnar ngls. Cieches  experimsmnial resulie. Solkl eorve
nmiercal similations with code FAST.

Fics, 4: Adeasuresd probabsiliny distribogion of the suergy in
e raslint s paikse sl the wadulator bugih of % me Salid line
peprmseids gasmns distribsion with 4 = 2.5

no [ )

FILi. & Probahdlity dstribution of the epergy motbe radiat jon
milse an the undlulstor lempth of 14 m. Upper plat - sxpen.
mital rwalis, Lower plol - almialations wigh eale FAST

the FFEL amplificatbon proces takes place, hweimtions of
the rndiation energy are mainly given by the hosdamen-
tal statistical hectustions of the SASE FEL raciaom
[18]. A sharp drop of e Muctuations i the last parn
of the undulator is & clear physical conhrmation of tle
spturation process,  When the FEL amplifier operates
im the high-gain lincar regime, the valoe of porameter
M = 1/o? gives the mamber of spikes (wavepackels) in
the radiation pulse. In the case under stdy i is about
M = 25 This allows us te estimate the radiation plse
lesigth as rpp = ML /. The cooperatbon length s absai
L. = IJ.F.'_."..L" = Sy, As A resull, we oblain an estima.
timm for Uhee radiniion pulse duration aof aboat 50
I"i:'lll'l‘ 4 shows the prulul:-il'il._'.-' distribution of the en-
ergy in ithe radistion pulse measursd al the wdulator
length of B neeters correspending to the high gain lin-
ent iodde of operation, 1L s seen that e probabdlicy
distribation = the gamima disteibanbon. Ths experimen.
tal resull & in good apreemend with the prediction ibai
the radistion from a SASE FEL operating in the lisear
reginge posssses fealures of completely chantie polarized
light [1&]. When amplification enters the nonlinear stage.
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FFICe, 6: Spectram of the radiation (experimenial resulis).
Thin curss are single-ghol specira.  Bald curve represents
averuga] spectrm
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FlE 7 Angilar distribation of the rsdiation inlensity al Lhe
tlubator #xit, Circles - experimental msols, Salid curme
rmerical simulations with code FAST.

this property is no ager valid, as it i dlestrated with
Fig. 5.

Resulis of speciral measurements are presenied in
Fig. 6. Single-slud spectra were token with a monoachro.
mator of 0.2 nm resolution [19].  Images from che
monochromator wens deteele] by an intensifed LD
camiera. [he bold curve in this plol presents spectram
averaged over 100 shots, Figure 7 shows the angular di-
vergeiee of the FEL radiation. Measirements were per-
levired by means of scanning the radiation beam with &
L5 neme apertare instolled in front of the radintion detee-
Liar

Informatioin presented in Figs. 2-6 is safficient w0 per-
lorin preliminary estimation of the parnmeter spoee. s
ing the value of the FWHMN spectrem width, (&) mwase.
we ean estirnate the radistion plse length as [8] r =
M VEN A pwan = 50 B Analysis of the measured
sngle-shol spectra shows that typical width of the spike
in the speciral domain, & = |7, B in good qualita-

Fldi. 8 Spectmun of the radiation (simndstsas witls csale
FAST} Thin curves are single-shot specttn. Bodd carve rege
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FIG. 8 Tenaparal structurs of the radistion pales calonlatsl
with cole FART, Thin curves are singleshot pulsss. Bl
curve represenis averaged temporal strietnre. FWHA] pailse
duwration s 50 & Dolted e denofes lonpabmdmal profile of
the lesdd af the electron bunel approsinnstml v Ganssian (s

Fig 1).

tive ngreenwnl witl sstimated valoe of the polse durae-
tion, I i= well known that the FWHN spectman wiedtls,
§ s pwen, eoTresponds approximately to 2p (8], where
@ s FEL purameter ﬂ'ﬂ| Annlvsis of the svwramed spec-
trum (ser Fig. 6] gives an estimation for the FEL pa
mmmeter 5= 4 x 1 a Hemembering Lhat e eslipiat i
lor the radintion pulse energy & given by F = plE 0
[B]. we eomie to the estimntion for the valoe of (e pesk
current f == | KA This estimation for che duration of ©le
radfiative part of the slectron beam anad for the valie of
peak current is in good sgreeeend with paraneiers for
the eleciran beam discussed above

More deep analvais of the FEL operation enn le diis
anly with numerical simulation coeles. Calealat s e
been performed with theee-dinsersional. time-depeaden



FEL rule FAST |EI]. Hiarting point iz the choioe of the
timslel for ilie el ion och. Analvsis of simolation re-
sinles antp Ul elect ron beinch forneation (see g, 1) show
thiat wnily Teeasd ool the buanch s enpnble o generate FEL
vadintivn. In the FEL sirmulations this part of the bunch
[, enclintive L ) wias approximated with grossian lon-
sitidineal ciirvent prodile. 7he resilis of these simmilntions
slosw tlant the mosi probable parameters for the raclintive
part ol thie dectron besm are o, = I S, {=13%kA,
Ui S1ergy HFH'MI alsmpl W k=Y, rios normalized emit-
Lativws 4, = s pnineinrad, Stovilation resulls {ealendnted
wnver 2500 alalisticallv |r.|r.||-||-|-|||irl1l rnks) are presented in
i plest= [ eaminprarison with experimental psailis. Cne
cal =9 goon] guantitative agreement. The only visible
ditferetwee refers 1o the averaged specirim (see Figs. 6
arml A1 The wesssured spectaom whith of 1% FWHM =
wieler than the siimlated one (0275 ) Tl reason for this
crlel b shl-to-slien energy jiler of the dlectron beam.

Ol agreemnent betwes experinental and simulation
remaili= allows e o specily porameters of the FEL whidh
cabi died b peeasired divectly, bl recalealoied from ex-
peeriniiial data. First of all this refers o temporal strue.
vinie ol Ul radbation pilse {see Fig. ). I b= seen that a
uirl asl F.\'|i‘l‘|'lr|'|-|'|||l| wlmervalions prﬂ-nll.rd ahove should
cuftesguiel 1o the peak power close o one GW w50 Ix
il elairat b (FWEHM ). Anolher importam characteris-
e b= Ll alb et s ol dlee rasdiation intensiey g te -
shislator exit. Spot siee of the radhalion is approximately
sagianl ter e pped size of the sbection beam. Shnulatbons
aive the valiee of the FYWHM spot skee of te radiation
2500 g, Takiing bivbo account bl messuied angular s
sergenice of ahowr 260 prad FWHA, we conchede that
witlin moviracy of messaremens onipat radhaton s
liall prap=yerse cnlw e,
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