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Abstract up-grades arideam-line construction isndemway. The new

In this paper we presestatusanddevelopments dheDuke Keck Life Science Laboratory -tavo story bgilding t'o host
storage ring facility. The Duke storage ring facifitpvides O the UV, Xray,y-ray and IR user stations - is under
the unique combination of phase-locked light Sourcggnstructlop since end of March, 1998. and planned to be
ranging from high power OK-4 XUV FEL to quasi_completed vthin oneyear. Generalayout of the Duke FEL
monochromaticy-ray beam and IR/X-ray Sloontaneous<.:torage ring facility is shown on Fig 1. The heart of the
radiation. facility is the OK-4 /Duke storage ring FEL which a
The XUV OK-4 FEL. which is collaborative Collaborative project of the Duke University Free Electron

project with BINP, Novosibirsk, is in operation Sincel_.aserLaboratorandtheBudkennstitute ofNucleaPhysics

November, 1996. The OK-4 UV FEL is also used fopince 1992 [3]. In the past,. tkeK-4 FEL was operating'in
production of nearly monochromatjeray s with tunable the 240-690 nm range using .the_ VEPP-3 storage ring at
energy. We present the results of UV lasing with the ORYOVOSibirsk [4]. After conmissioning the 1.1 GeV Duke

4 FEL and selected results of its applications. We wifitorage ring in November, 1994 [5], t0&-4 FEL madea

discuss our future plans for extension of this source alffp @ound the globe to Duke in May, 1995. The OK-

status of the construction of dedicated used facilitgcadit 4/Duke FEL was prepared for the first demonstration
to the FEL building. experiment in Novembet,996. The first run oNovember

13, 1996 with the OK-4/Duke FEL wascsessful. The
1 INTRODUCTION OK-4/Duk§ ;torageing FEL demonstratedperation in the _
near UV/visible range and generated nearly monochromatic

At present time, the Duke storage ring FEL facility startegl ;5 MeVy-raysvia intracavity Comptorbackscattering.
the pilotuser programtilizing theUV/VUV radiation from

the OK-4 FEL. Very intense program of modifications,
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Fig. 1 Layout of the Duke/OK-4 storage ring FELiliag. The 1.1 GeV Duke storage ring is saunded by 2’ concrete
shielding. Twomirrors of the 53.73 m long@K-4 optical cavityandits diagnosticare locatedutside of the shieldingin
the optical shacks. These shaaksd dlex -lab are usefbr pilot OK-4 FEL user experiments. The completion of the two
story Keck Life ScienceLabaratory - adedicatediser facility -isexpected inyearly 1999.

4 FEL operation mode applies an RF voltage of 500 kV.
2 THE OK-4/DUKE XUV STORAGE FEL The existindow-current 240 MeV linac-injectdimits the

The Duke 1.1 GeV storage ring [5,9] has a 34 meter lofg@imum stored current to 8 mA/bunch. We plan to

straight section dedicated for FEL operation. The presef{fiProve the injector and increase single bunch current to
lattice has transverspfunctions of 4 meters in both 20-40 MA. Some parameters of the Duke storage ring are

directions at the center of the OK-4 to optimize the gairsummarized in Table 1. The main parameters and expected
The storage ring RF system fjerates at 78.5 MHz performance of the OK-4 FEL are described in previous

) . , publications [4,10]. Table Il gives an up-to-date summary
(64th harmonic of the revolution frequency). Typical OK-



of the OK-4 FEL parameters. The magnetic system of thary the OK-4 wiggler current while keeping the betatron
OK-4 FEL was slightly modified to accommodate a newtunes stable.

vacuum chamber and to provide a field-free collision point

for the Comptony-ray source. The controls of the OK-4 3 COMMISSIONING OF OK-4 FEL AND

FEL are part of the Duke storage ring computer control y-RAY SOURCE

system [11]. This systeprovidesflexible operation of the
OK-4 andthe possibility to ramp thenergy ofthestorage
ring without changing th&K-4 wavelength.

It took less than two hours to obtain first lasing.
Knowledge of the optical cavity length provedto be very
useful [6]. Lasing wademonstrated at\zariety ofelectron
energies from 0.25 to 0.55 GeV. A standard operation
energywas 0.5 MeV.

The OK-4 FEL in Near UV Range

Table I. Duke StoragRing ElectronBeam Parameters

Operational EnergiGeV] 0.25-1.1 50000 1o
Circumference [m] 10746 E L Tyning Range with 3.5 mA/bunc |
Impedance ofing, Z/n, Q] 2.75:0.25 T 20000k \ | s
Stored currenfimA]*multibunch 155 < F[ e Losses perum Jo oK specia) || £

singlebunch 20 /8 5 20000 6 &
Bunchlength,oJps] natural 15 & g \ B

with 5 mA in singlebunch 60 T o000 & ) .
Relative EnerggpreadoE/E“ natural 2.9.10° 3 i / 8

at 5 mA in singlebunch 1.1.10° © L0000 A\ ./'/ 2
Peak CurrenfA] ¢ with 5 mA/bunch 12 eessenadtosssts®™

with 20 mA/buncH 31 ) PRV (S LS AR | D S ES S

Horlzontal EmlttanCQnm*l’aC!l 340 350 360 370 380 390 400 410 420

5 mA/ bunch @ 700 MeV < 10 A [nm]

3 mA/ bunch @ 500 MeV <8 Fig. 2 The tuning range of the OK-4 FEL (with 3.5

" Maximum curent a 1 GeV'is limited to 2-3 mA beforgna/punch at 500 MeV with 500 KV RF voltage) using 380

crotch-chambersith absorbersareinstalled; nm mirrors. The line in theenter is a measurtithe lasing
Perbunch usingstandardnode ofmultibunchinjection; |4 This line was tuneti18% from 345 to 413 nm by

“ Insingle injection modeith 1nsec pbtocathodguni8],  changing the current in the OK-4 wigglers. The dots are

d — .
. At 500MeV, ;=500 kV; ) ) measured rounttip cavity losseandthe smootfturve is a
Expected from broad band impedance model with Z/n & - gound-rip losses at the edges of the tuning range give

. f i At 1
2.7%2; " Extracted from the OK-4 spontaneous radiationype yalye of the FEL gain at a given current: gain >9% at

spectra. 345 nm with 3.5 mA/bunch, 500 MeV electron beam and
Table Il. OK-4FEL Parameters Optic&avity 500 kV RF voltage .

Optical cavity length [m] 53.73 The OK-4/Duke storage ring FELgain :
Radius of the mirrors [m] 27.27° 30 ....000 MeV, 550 kV, Z/n=2.75 Ohm
Rayleigh Range in OK-denter [m] 3.3 :

Angular controlaccuracyjrad] better than 10 25}

OK-4 wiggler [4,10] N //
Period[cm] _ 10 s E rescured . ///
Number ofperiods 2 X33.5 I S e s e e
Gaplcm] 2.25° © . b // | Gain, % @ 193 nm I
Kw/I [1/kA] 1.804 s

Kw 0-5.4 5 4

4 Measured;, " Increased to accommodate new vacuum ‘

chamber. ° 0 10 20 30 40 50

I, mA/bunch

We have installed temporary crotch chambetgthput
absorbersandsmoothtransitiong providing passage of the Fig. 3Themeasureddots, 345 nmand predictedain(solid

OK-4 optical beam to facilitate its commissioning. Thislines) for 380 nmand193 nm of theDK-4.

makes thémpedance ofthe vacuum chamberather large.

According to the bunch length and the OK-4 FEL gairft typical tuning range (obtained by variation of the
measurements, the impedance of the vacuum chamberWigglers’ current) and one measured lasing spectrum are
2.75 Ohm.Threemainandlarge number of supplementary shown in Fig.2. Lasing was reasonably easy because the
modeswereestablished betwedh25and0.55GeV forthe OK-4 gainwas at least Ines higher than its losses at 380
OK-4 commissioning. We have created computer tools tom. The start-up ctent forlasing was 0.3 mAandwith 3



mA/bunch weavereable to lase in both optical klystron and After one month of operation, which was mostly
conventional FEL mode (buncherff)o In all cases the dedicated toy-ray generation and spectrum measurements,
optical klystron mode had higher gain and power. Figs. the injector for the storage ring watsut down irDecember,
shows a comparison of timeeasured artedidedgain for 1997 to condition one of the klystronBhere wereery few

the OK-4 FEL in the near UV. We have used our selfregular operation ghe injectorin 199'andthe OK-4 FEL
consistent storage ring FEL code [13] and broadbamtogram wasot continued.

impedance model to predict the OK-4 performance. The

agreement of the measured and predicted values is very 4 USER PROGRAM AND PLANS

reasonable and we can rely on our predictions of the OK-4,q pilot user program [8] for Duke FEL storage ring
FEL gain. Withexpectedtavity Iosse; less than 3% [1], thefacility [8] includes the deep-UV surgery (keratectomy and
OK-4 should lase below 200 nm with a beam current of g.¢ e welding), photo-emission electron microscopy
few mA/bunch. (PEEM),  isotope separation, time-resolvezhoto-
chemistry (pump-probe UV/IR) and intense nucheamy
physics program. Ihial applications has been started by
late 1997andsubstantial progress hiaserachieved towards

Table Ill. MeasuredParameters dhe OK-4 FEL

Tur_ung Range (3.5nA/bunch)] 345-413nm e gy performance of the facility. The gain modulator
Gain per pass (3.5mA/bunch, 345 nm) >9% requiredfor highpeak power operation tife OK-4FEL has
ExtractedPower (8 mA, 380 nm) 0.15W been commissioned in February 1998. 34 units of BPM
Inducede-bunchiength, os[ps] electronics (Bergoz, France) has been installed on the
IO_W current . =35 storage ring and will be commissioned In M&g98. The
with 3.5 mA in singlebunch ~200

permanent crotch-chambevith absorbers, nitroggurged
beamlines and user intaces are in progress. We do not
expect serious problems to lase below 200 nm in the near

Inducedenergyspread 3.5mA/bunch)oE/E 0.45%
FEL pulse lengthps]

IO_W current =25 future. Later this year we plan to have regularly scheduled
with 3.5 MA in singlebunch ~20 runs for user experiments.

Linewidth a,/A 410% °

Lasing life-time 2-4 hours ACKNOWLEDGMENTS

& Measured; 75 mW penirror. Accuracy ~25%;
P Timeaveragedalue presumablgausedbyipples inpower

supply. instantaneous value should be 1’ Laboratory and Physics Department (Duke University),

BudkerInstitute ofNuclearPhysics (Novosibirsk, Russia),
Argonne National Laboratory and Triangle Univies
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ring facility.

We have observed an increasthefenergyspread andunch
length by dactor of2-3 duringlasing. TypicaRMS values
of the FEL pulsavere5-10 times shorter than te&ctron
bunch lengthOperating at verjow currentandusingvery
precise tuning of the revolution frequency, we have REFERENCES
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