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Abstract

In this paperwe describeopticalfeedbacksystemof VUV Regeneratie FEL Amplifier
(RAFEL) at the TESLA TestFacility at DESY. The aim of the RAFEL experimentis to
constructiully coherentfunableVUV radiationsourceby meansof applyingnarrav-band
opticalfeedbackin the VUV SASEFEL operatingcurrentlyat DESY. Oneof the problem
of therealizationof theRAFEL is severerequirement$or theangularstability of theoptical
elementgaboutfew microradians)This problemhasbeensolved by meansof installation
of active alignmentsystemwith referencdaser Anotherproblemis alignmentof optical
elementsseparatedy 65 meterswithin complicatedexperimentalconditionsconnected
with aperturdimitations (down to 6 mm). This problemhasbeensolvedin two stepsPre-
liminary alignmentwith an accurag of about80 microradianshasbeenperformedwith
laseralignmentsystemandOTR screensusedatthe TTF acceleratofor electronbeamdi-
agnosticsFinal alignmenthasbeenperformedwith VUV SASEFEL radiation.Measured
feedbaclkcoeficientis aboutl percentandis in agreementvith designedralue.
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1 Intr oduction

A VUV/soft X-ray SASEFEL (self amplifiedspontaneousmissionfree electronlaser)is
being underconstructionat the TESLA TestFacility at DESY [1,2]. At the momentPhasd
of the TTF FEL facility is in operationcontinuouslycovering wavelengthrangebetween80
and180nm [3,4]. DespiteSASEFEL is capableto provide muchhigherpeakbrilliance than
synchrotrorradiationsourcesit still possessea high potentialfor its furtherincreaseMainly
brilliance of the outputradiationfrom the SASE FEL is limited by poor longitudinal coher
enceof the radiation:it consistsof a large numberof statisticallyindependentvavepaclets.
This is naturalconsequencef the start-upfrom shotnoiseof the FEL amplificationprocess.
An improvementof the longitudinalcoherences possibleonly whencoherentadiationfrom
externalsourceis fed to the undulatorentranceThe power of the seedradiationmustexceed
significantlyeffective power of shotnoisein the electronbeamin orderto obtainfully coherent
radiationattheexit of theFEL amplifier Oneof thesolutionsof theseedingproblemexploitsan
approaclof regeneratre FEL amplifier[5] with narrav bandopticalfeedbacK6]. Our previous
studieshave shavn that RAFEL might be anideal sourceof powerful, tunable fully coherent
UV/VUV radiationwith laserlike characteristicsExpectedparameter®f RAFEL option of
RAFEL atthe TESLA TestFacility at DESY arepresentedn Tablel.

Tablel
VUV Regeneratie FEL amplifierat DESY

Electronbeam
Enegy 180-260MeV
Chageperbunch 1nC
Peakcurrent 500A
Bunchseparation 444ns
Undulator
Period 2.73cm
Peakmagneticfield 0.497T
Feedbaclsystem
Distancebetweermirrors 66.4m
Monochromatoresolution 5 x 1075
Total transmission 5x 1074
Radiation
Wavelength 80-140nm
Micropulseduration(RMS) 500fs
Peakoutputpower 300MW
Averagepower upto25W
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2 Facility description

Generalayoutof RAFEL optionatthe TESLA TestFacility is shovn in Fig. 1. Theinstal-
lation of the feedbackis greatlyfacilitatedby the factthatthereis free spaceavailablefor the
opticalcomponentstexactly half thedistanceébetweertwo electronbunchesvhentheacceler
atoris operatedn a2.25MHz multibunchmode.The optical systemconsistof a mirror anda
grating.Becaus@necanuseoptical componentsvith goodreflectvity nearnormalincidence,
SiC appearso beparticularlywell suitedfor theenegy rangeof thePhaséd facility. This mate-
rial hasexcellentthermalpropertiesuchthatsurfacedistortionsby theaverageabsorbegower
arenggligible. A simple,fartoo pessimistiestimateshavsthatthehigh peakpower shouldalso
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Fig. 1. Generalayoutof regeneratie FEL amplifieratthe TESLA TestFacility. Herel is mirror assem-
bly, and2 is gratingassembly
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Fig. 2. Mirror (left) andgrating(right) assemblymountedatthe TTF accelerator

not posea seriousproblem.If theenegy absorbeder pulseweretransformednto heatwithin
the sameabsorptionvolume,the temperaturavould increaseby about1000K — far too little
to causdaserablation.

The RAFEL at the TESLA Test Facility operatesas follows. The first bunchin a train
of up to 1800 bunchesamplifiesshotnoiseand producesntense,but wide-bandradiation.A
fractionof theradiationis back-reflectedby a planeSiC mirror. Thesphericalratingin Littrow
mountingwhichis installedin astraightsectionin theelectronbunchcompressiomreabetween
the first andthe secondacceleratomodule,disperseshe light andfocusesa narrav bandof
radiationbackon the entranceof the undulator

At presenall RAFEL equipmenis installedatthe TTF acceleratont consistsof threeele-
ments:mirror assemblyinstalled14 metersdownstreanthe undulator),gratingassembly(in-
stalledin thebunchcompressoarea,35 metersupstreanthe undulator),andradiationdetector
unit (installedé metersupstreantheundulator) Figuresl and2 shav themirror andthegrating
assembhat TTF acceleratorEachassemblyconsistof a vacuumchambeyra setof translators
andarigid support.The opticalelementgmirrorsandgratings)arefixedfirmly insidethe vac-
uum chambersThe tuning of the optical elementds provided by meansof translationof the
wholevacuumchamberThechamberareinstalledon thetranslatoraving sufficientnumber
of degreesof freedom.

The vacuumchambershave similar design.A plane SiC mirror and radiation detectors
(MCP andphotodiode)are mountedinside the vacuumchamberof the mirror assemblyTiny
fraction of radiationis scatteredo the detectordoy a thin gold wire or wire grid, thusprovid-
ing the possibility of non-destructie monitoring. The following elementsare mountedinside
the vacuumchamberof the gratingassemblya curved SiC mirror, curved grating,an optical
prism,andradiationdetectorsThe designof the gratingvacuumchamberllows oneto move
all the elementsout of the beamaxis, thus providing sufficient aperturefor the electronbeam
transportin the modeof the TTF Linac operationwithout bunch compressog (BC2). Each
vacuumchambethasa viewport for laserpre-alignmenbf the optical elementsDuring recent
shutdavn we installedadditionallynon-destructie monitor of the radiationin front of the un-
dulator[7] which allows usto detectpositionof thelight beamandto measurehe spectrumof
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theradiation.

In orderto minimize effort andrisk, the optical systemhasbeensimplifiedasmuchaspos-
sible, particularlyin orderto facilitatethe alignmentandstability of the systemat a distanceof
66.4m betweermirror andgrating.Eachassemblyis equippedwith anactive laseralignment
systenfor stabilizationof angularpositionof thevacuumchambersimilarto thatusedat Duke
University[8]. Theactive alignmentsystenprovidesaccurag of measuremenisf angledevia-
tionsof afractionof microradiansSpecialefforts weredirectedto avoid mechanicatesonances
in orderto keeposcillationamplitudesarounda microradianevel (seeFig. 3).

3 Alignment of the RAFEL components

3.1 Suppression of angular oscillations

Oneof theproblemdor RAFEL designwasthatof tight requirementsor stability of optical
elementsThedistancefrom the gratingassemblyto the undulatorentranceas of about35 me-
ters.Thespotsizeof theradiationattheundulatorentrances of aboutl mm, andthetrans\erse
sizeof theelectronbeamis of about0.1-0.2mm. Trans\ersespacgitter of theelectronbunches
andtrans\ersewalk of the optical pulsepositionat the undulatorentrancewill leadto there-
ductionof their overlapanddegradationof RAFEL operation.Tolerancefor the off-axis walk
of the optical pulseis of about0.2 mm, or about5 microradiandor angularstability of optical
elements Angular motion of the optical elementsconsistsof two contribtutions. The first one
arebroad-banandrelatively fastoscillationsexcited by industrialnoisein thetunnel.Figure3
shows thetime structureandprobability distribution of fastoscillations.It is seenthatthey are
within tolerablelimit. Long-termobsenationshave shovn thatfastoscillationsoccuronthetop
of slow variationof averageangulampositionwith typical time scaleof few hours.Slow angular
deviationsare causedmainly by temperaturevariationsinside the tunneland groundmotion,
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Fig. 3. Angular oscillationsof the gratingchambei(left) andprobability distribution of the angledevia-
tion (right). Solid line ontheright plot presentdRayleighprobability distribution with o = 0.96 urad
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Fig. 4. Laserpre-alignmenbf RAFEL opticalelementsPlots(a) and(c) referto alignmentof elements
in the gratingassemblyand plots (b) and (d) illustrate alignmentprocedureof elementsn the mirror
assembly

andmayreachthevalueof aboutfew tensof microradiansThis slow walk is suppressefy the
activelaseralignmentsystenmentionedabove. As aresult, RAFEL elementsarekeptstabilized
with anaccurag betterthan5 microradians.
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Fig. 5. MCP signalin the mirror chamberFirst peakis SASE pulse.Secondpeakis the sameSASE
pulseaftercompleteround-tripin the opticalfeedbacksystem Pulseseparations 444 ns

3.2 Alignment procedure

Specificproblemsof pre-alignmenof opticalelementof theRAFEL at TTF areconnected
with long baseof opticalfeedback66.4m) andaperturdimitationsof vacuumchamber9 mm
in the undulatorand6 mm in the collimator at the undulatorentranceUndertheseconditions
the optical elementanustbe pre-alignedwith anaccurag betterthan80 microradiansDueto
spacdimitation problemin the TTF tunnel,pre-alignmenprocedurehasbeenperformedwith
laserbeamspropagatingn the vacuumchamberTwo alignmentlasershave beeninstalledat
eachassemblyseeFig. 4). Helpful factorfor visualtracingthelaserbeamin thenarrov vacuum
chambemasthe presencef opticaltransitionmonitorscreensisedatthe TTF for obsenation
of electronbeam.Thesescreengremanugcturedof athin captarfilm coveredby anAl layer,
andaresemi-transpareriior laserlight. Alignmentproceduréhave beenperformedn two steps.
First, we alignedthe mirror in BC2 area(seedrawving (a) in Fig. 4). The beampassedhrough
thewholedistancebetweemmirrors,reflectedoackfrom themirror in the gratingassemblyand
is detectedhfterthe beamsplitter (seephoto(c) in Fig. 4). This techniqueguaranteesbtaining
of requiredpre-alignmentccurag dueto long basepassedy referencebeam(130 m) with
aperturdimitation of 6 mm. At the secondstageplanemirror in themirror assemblhjhave been
alignedusingreferencdaserbeamfrom thelaserinstalledin thegratingassemblyseedraving
(b) in Fig. 4). At this alignmentstagewe madethe useof autocollimationtechniquewith small
apertureinstalledat the path of the laserbeam5 m in front of the mirror. Photo(d) in Fig. 4
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shows the final view of back-reflectedight on the rear surfaceof the aperturefor alignment
accurayg of the planemirror of about80 microradians.

Final alignmentof the mirrors hasbeenperformedwith SASEFEL radiation(seeFig. 5).
VUV radiation,generatedn the undulatorreachegplanemirror in the mirror assemblyA non
destructve radiationmonitor [7] detectghe radiation(left pulsein the oscillogram).Thenre-
flectedradiationpropagateso the mirror installedin the gratingassemblyreflectedback,and
is detectechgainin the mirror assemblysecondpulsein the oscillogram).Measuremendf the
efficiengy of the opticalfeedbaclgivesthe valueof about1%.

4 Presentstatus

At themomentwefinishedtrans\ersealignmenif theopticalelementsRAFEL experiment
is in the progressThe mainproblemwhichis solvednow is alignmentof thelongitudinalbase
andtuningthe acceleratoto reducetime andtrans\ersespacgitter of the electronbunches.
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