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Abstract

In this paperwe describeopticalfeedbacksystemof VUV Regenerative FEL Amplifier
(RAFEL) at the TESLA TestFacility at DESY. The aim of the RAFEL experimentis to
constructfully coherent,tunableVUV radiationsourceby meansof applyingnarrow-band
opticalfeedbackin theVUV SASEFEL operatingcurrentlyat DESY. Oneof theproblem
of therealizationof theRAFEL issevererequirementsfor theangularstabilityof theoptical
elements(aboutfew microradians).This problemhasbeensolvedby meansof installation
of active alignmentsystemwith referencelaser. Anotherproblemis alignmentof optical
elementsseparatedby 65 meterswithin complicatedexperimentalconditionsconnected
with aperturelimitations(down to 6 mm).This problemhasbeensolvedin two steps.Pre-
liminary alignmentwith an accuracy of about80 microradianshasbeenperformedwith
laseralignmentsystemandOTR screensusedat theTTF acceleratorfor electronbeamdi-
agnostics.Final alignmenthasbeenperformedwith VUV SASEFEL radiation.Measured
feedbackcoefficient is about1 percentandis in agreementwith designedvalue.
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1 Intr oduction

A VUV/soft X-ray SASEFEL (self amplifiedspontaneousemissionfreeelectronlaser)is
beingunderconstructionat the TESLA TestFacility at DESY [1,2]. At the momentPhaseI
of the TTF FEL facility is in operationcontinuouslycovering wavelengthrangebetween80
and180nm [3,4]. DespiteSASEFEL is capableto provide muchhigherpeakbrilliance than
synchrotronradiationsources,it still possessesa high potentialfor its further increase.Mainly
brilliance of the output radiationfrom the SASEFEL is limited by poor longitudinalcoher-
enceof the radiation:it consistsof a large numberof statisticallyindependentwavepackets.
This is naturalconsequenceof the start-upfrom shotnoiseof the FEL amplificationprocess.
An improvementof the longitudinalcoherenceis possibleonly whencoherentradiationfrom
externalsourceis fed to theundulatorentrance.The power of theseedradiationmustexceed
significantlyeffectivepowerof shotnoisein theelectronbeamin orderto obtainfully coherent
radiationattheexit of theFEL amplifier. Oneof thesolutionsof theseedingproblemexploitsan
approachof regenerativeFEL amplifier[5] with narrow bandopticalfeedback[6]. Ourprevious
studieshave shown thatRAFEL might bean idealsourceof powerful, tunable,fully coherent
UV/VUV radiationwith laser-like characteristics.Expectedparametersof RAFEL option of
RAFEL at theTESLA TestFacility at DESYarepresentedin Table1.

Table1
VUV Regenerative FEL amplifierat DESY

Electronbeam

Energy 180-260MeV

Chargeperbunch 1 nC

Peakcurrent 500A

Bunchseparation 444ns

Undulator

Period 2.73cm

Peakmagneticfield 0.497T

Feedbacksystem

Distancebetweenmirrors 66.4m

Monochromatorresolution �
	���
����
Total transmission �
	���
����

Radiation

Wavelength 80-140nm

Micropulseduration(RMS) 500fs

Peakoutputpower 300MW

Averagepower up to 25 W
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2 Facility description

Generallayoutof RAFEL optionat theTESLA TestFacility is shown in Fig. 1. Theinstal-
lation of the feedbackis greatlyfacilitatedby the fact that thereis freespaceavailablefor the
opticalcomponentsatexactlyhalf thedistancebetweentwo electronbuncheswhentheacceler-
atoris operatedin a2.25MHz multibunchmode.Theopticalsystemconsistsof a mirror anda
grating.Becauseonecanuseopticalcomponentswith goodreflectivity nearnormalincidence,
SiCappearsto beparticularlywell suitedfor theenergy rangeof thePhaseI facility. Thismate-
rial hasexcellentthermalpropertiessuchthatsurfacedistortionsby theaverageabsorbedpower
arenegligible.A simple,fartoopessimisticestimateshowsthatthehighpeakpowershouldalso

module #2 Undulator
chamber
RAFEL

chamber
RAFEL

Accelerating

BC2
Dipole

Dipole EXP1

Fig. 1. Generallayoutof regenerative FEL amplifierat theTESLA TestFacility. Here1 is mirror assem-
bly, and2 is gratingassembly
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Fig. 2. Mirror (left) andgrating(right) assemblymountedat theTTF accelerator

not poseaseriousproblem.If theenergy absorbedperpulseweretransformedinto heatwithin
thesameabsorptionvolume,thetemperaturewould increaseby about1000K — far too little
to causelaserablation.

The RAFEL at the TESLA Test Facility operatesas follows. The first bunch in a train
of up to 1800bunchesamplifiesshotnoiseandproducesintense,but wide-bandradiation.A
fractionof theradiationis back-reflectedby aplaneSiCmirror. Thesphericalgratingin Littrow
mountingwhichis installedin astraightsectionin theelectronbunchcompressionareabetween
the first andthe secondacceleratormodule,dispersesthe light andfocusesa narrow bandof
radiationbackon theentranceof theundulator.

At presentall RAFEL equipmentis installedat theTTF accelerator. It consistsof threeele-
ments:mirror assembly(installed14 metersdownstreamtheundulator),gratingassembly(in-
stalledin thebunchcompressorarea,35 metersupstreamtheundulator),andradiationdetector
unit (installed6 metersupstreamtheundulator).Figures1 and2 show themirror andthegrating
assemblyat TTF accelerator. Eachassemblyconsistsof a vacuumchamber, a setof translators
anda rigid support.Theopticalelements(mirrorsandgratings)arefixedfirmly insidethevac-
uum chambers.The tuning of the optical elementsis providedby meansof translationof the
wholevacuumchamber. Thechambersareinstalledonthetranslatorshaving sufficientnumber
of degreesof freedom.

The vacuumchambershave similar design.A planeSiC mirror and radiationdetectors
(MCP andphotodiode)aremountedinsidethevacuumchamberof themirror assembly. Tiny
fractionof radiationis scatteredto thedetectorsby a thin gold wire or wire grid, thusprovid-
ing the possibility of non-destructive monitoring.The following elementsaremountedinside
the vacuumchamberof the gratingassembly:a curved SiC mirror, curved grating,an optical
prism,andradiationdetectors.Thedesignof thegratingvacuumchamberallows oneto move
all theelementsout of thebeamaxis, thusproviding sufficient aperturefor theelectronbeam
transportin the modeof the TTF Linac operationwithout bunchcompressor2 (BC2). Each
vacuumchamberhasa viewport for laserpre-alignmentof theopticalelements.During recent
shutdown we installedadditionallynon-destructive monitorof theradiationin front of theun-
dulator[7] whichallowsusto detectpositionof thelight beamandto measurethespectrumof
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theradiation.

In orderto minimizeeffort andrisk, theopticalsystemhasbeensimplifiedasmuchaspos-
sible,particularlyin orderto facilitatethealignmentandstability of thesystemat adistanceof
66.4m betweenmirror andgrating.Eachassemblyis equippedwith anactive laseralignment
systemfor stabilizationof angularpositionof thevacuumchamberssimilar to thatusedatDuke
University[8]. Theactivealignmentsystemprovidesaccuracy of measurementsof angledevia-
tionsof afractionof microradians.Specialeffortsweredirectedto avoid mechanicalresonances
in orderto keeposcillationamplitudesaroundamicroradianlevel (seeFig. 3).

3 Alignment of the RAFEL components

3.1 Suppression of angular oscillations

Oneof theproblemsfor RAFEL designwasthatof tight requirementsfor stabilityof optical
elements.Thedistancefrom thegratingassemblyto theundulatorentranceis of about35 me-
ters.Thespotsizeof theradiationat theundulatorentranceis of about1 mm,andthetransverse
sizeof theelectronbeamis of about0.1-0.2mm.Transversespacejitter of theelectronbunches
andtransversewalk of the opticalpulsepositionat theundulatorentrancewill leadto the re-
ductionof their overlapanddegradationof RAFEL operation.Tolerancefor theoff-axis walk
of theopticalpulseis of about0.2mm,or about5 microradiansfor angularstability of optical
elements.Angular motion of the optical elementsconsistsof two contributions.The first one
arebroad-bandandrelatively fastoscillationsexcitedby industrialnoisein thetunnel.Figure3
shows thetime structureandprobabilitydistribution of fastoscillations.It is seenthatthey are
within tolerablelimit. Long-termobservationshaveshown thatfastoscillationsoccuronthetop
of slow variationof averageangularpositionwith typical timescaleof few hours.Slow angular
deviationsarecausedmainly by temperaturevariationsinsidethe tunnelandgroundmotion,

Fig. 3. Angularoscillationsof thegratingchamber(left) andprobabilitydistribution of theangledevia-
tion (right). Solid line on theright plot presentsRayleighprobabilitydistribution with ����
������ � rad
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Fig. 4. Laserpre-alignmentof RAFEL opticalelements.Plots(a) and(c) referto alignmentof elements
in the gratingassembly, andplots (b) and(d) illustratealignmentprocedureof elementsin the mirror
assembly

andmayreachthevalueof aboutfew tensof microradians.Thisslow walk is suppressedby the
activelaseralignmentsystemmentionedabove.As aresult,RAFEL elementsarekeptstabilized
with anaccuracy betterthan5 microradians.
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Fig. 5. MCP signal in the mirror chamber. First peakis SASEpulse.Secondpeakis the sameSASE
pulseaftercompleteround-tripin theopticalfeedbacksystem.Pulseseparationis 444ns

3.2 Alignment procedure

Specificproblemsof pre-alignmentof opticalelementsof theRAFEL atTTF areconnected
with longbaseof opticalfeedback(66.4m) andaperturelimitationsof vacuumchamber:9 mm
in theundulatorand6 mm in thecollimatorat theundulatorentrance.Undertheseconditions
theopticalelementsmustbepre-alignedwith anaccuracy betterthan80 microradians.Dueto
spacelimitation problemin theTTF tunnel,pre-alignmentprocedurehasbeenperformedwith
laserbeamspropagatingin the vacuumchamber. Two alignmentlasershave beeninstalledat
eachassembly(seeFig.4).Helpful factorfor visualtracingthelaserbeamin thenarrow vacuum
chamberwasthepresenceof opticaltransitionmonitorscreensusedat theTTF for observation
of electronbeam.Thesescreensaremanufacturedof a thin captanfilm coveredby anAl layer,
andaresemi-transparentfor laserlight. Alignmentprocedurehavebeenperformedin two steps.
First, we alignedthemirror in BC2 area(seedrawing (a) in Fig. 4). Thebeampassedthrough
thewholedistancebetweenmirrors,reflectedbackfrom themirror in thegratingassembly, and
is detectedafterthebeamsplitter(seephoto(c) in Fig. 4). This techniqueguaranteesobtaining
of requiredpre-alignmentaccuracy dueto long basepassedby referencebeam(130 m) with
aperturelimitation of 6 mm.At thesecondstageplanemirror in themirror assemblyhavebeen
alignedusingreferencelaserbeamfrom thelaserinstalledin thegratingassembly(seedrawing
(b) in Fig. 4). At this alignmentstagewemadetheuseof autocollimationtechniquewith small
apertureinstalledat the pathof the laserbeam5 m in front of the mirror. Photo(d) in Fig. 4
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shows the final view of back-reflectedlight on the rearsurfaceof the aperturefor alignment
accuracy of theplanemirror of about80 microradians.

Final alignmentof themirrorshasbeenperformedwith SASEFEL radiation(seeFig. 5).
VUV radiation,generatedin theundulatorreachesplanemirror in themirror assembly. A non
destructive radiationmonitor [7] detectsthe radiation(left pulsein theoscillogram).Thenre-
flectedradiationpropagatesto themirror installedin thegratingassembly, reflectedback,and
is detectedagainin themirror assembly(secondpulsein theoscillogram).Measurementof the
efficiency of theopticalfeedbackgivesthevalueof about1%.

4 Presentstatus

At themomentwefinishedtransversealignmentof theopticalelements.RAFEL experiment
is in theprogress.Themainproblemwhich is solvednow is alignmentof thelongitudinalbase
andtuningtheacceleratorto reducetimeandtransversespacejitter of theelectronbunches.
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