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Abstract re-installed mirrors with central wavelength of 24, re-
establishedasing and usedhese set-up for usqrogram

till the February, 1999 [8]. During these six months of
operation wedeliveredOK-4 FEL beams to our user on
regular basis for experiments inornea surgery, cell
rt])iology, photo-emission electron microscopy Eid y-
rz%/ nuclear physics (10-40 MeV) [1].

At present, weoperate the OK-&EL in the visible/near

In this paper we preserthe result of thedeep-UV lasing
with the OK-4/Duke storageing FEL. TheOK-4 FEL
was initially commissioned in theear-UV atDuke Free
Electron Laboratory in November, 1996llowed by a
year-long shutdown. After re-establishing the storage ri
operation in early1998, the OK-4 FEL lasing was

demonstrated in the wavelength range of 217 to 256 nmj ranges (345- 730 nm) to generate low energies (2 - 20

1998. A number of lasingnodeswith electron energies eV) monochromatig-rays via Comptorback-scatterin
ranging from 300 to 750 MeV have been established M(i Fray P g

accommodateapplication research.Starting September,

1998, the coherent deep-UV radiation is wused for 2 OK_4/ DUKE STORAGE RING FEL
applications in cornea surgery, cell biology, surface

physics,and nuclearphysics. In thispaper we report the ) )

results of the deep-UV lasing with the OK-4/Duke storaga'® layout of the Duke storage ring with the OK-EL,

ring FEL as well as our plans tadvancetowards the and the 270. MeV linac-injector are shown on Figvbst
VUV. of the technical parameters of the storage angthe OK-

4 FEL hasbeenpresented inour previous publications
1 INTRODUCTION [10, 8]. The recent developments ofhe OK-4/Duke

storage ring FEL involved installaticemd commissioning
The 1.1 GeV Duke storage ring was commissioned iolosedorbit measuring systemomprised of 34units of
November, 1994 [2] and later was used for number of FBergoz BPM electronics [11], the neiming system, the
experiments. Thelevelopment of the OK-4/Duke storageyain modulator [7]. We havealso purchased the
ring FEL started in April 1992 when the Duke FEL Hamamatsu streabamerawith 2 ps resolution which is
Laboratory and Budker Institute of Nuclear Physics used for both storage rirgndthe OK-4 FELdiagnostics.
(Novosibirsk, Russia) signed a Memorandum of These systems enhanced diagnostics capability of the OK-
Understanding on collaborativesearch indevelopment of 4/Duke storage ring systemand the use ofclosed orbit
the XUV FELs [3]. The OK-4 FEL was previouslymeasuring systenendedpreviously used DFELL “blind-
employed forthe visible and the UV lasing at VEPP-3 folded technique” ofthe UV FEL alignment. Wehave
storage ring [4]. It wadransferred tothe Duke FEL improvedthe performance othe linac-injector by raising
laboratory (DFELL) in May of 1995and was its energy to 270 MeV and by installing the new nitrogen
commissioned in November, 1996, byemonstrating laser with higher power and low jitter (less thamskc) to
lasing in the near UV and the visible [&hd production of drive photo-cathode for single bunch injection. At present,
nearly monochromatig-rays via Comptorback-scattering the system iscapable ofcontinuos injection with 0.5
[6]. At the middle of December, 1996 the operations of tteA/shot rate inthe desirable RFbucket with nospills.
Duke storage ring has been stopped and next operationslakimum stored current in a single bunch is limited to 5
the OK-4 FEL was possible only in 1998. In April, 1998 15 mA. Above the threshold valuelectron beam
we demonstratedlasing in thedeep-UV range with develops verticalnstability and reducedts intensity by
tunability from 226 nm to 256 nmand also tested the about a half. This threshold valdeesnot exhibit strong
operation of newly build gain modulator [7]. Aftéiree dependence othe globalparametersuch as chromaticity
months shut-down for construction of initial stage of near betatron tunes budlepends onthe beam orbit and
Keck Life Science building , we reestablished operation HOMs in the RF cavity. The nature of teffectlimiting
the OK-4 FELand lased ashorter wavelengtldown to the current pertbunch is not obviousnd westudy it in
217 nm. The set of mirrors used for this lastogned out order to improve this parameter in the future. A typical set
not to beradiation resistive and mirrors degradedwithin of Duke storage ringparameters usedor described
two weeks to unusable condition. In September, 1998 e®periments is listed in the Table I.
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Figure 1. Layout of the Duke/OK-4 storage ring FEL.

Table 1. Typical parameters used for the deep-UV lasingper bunch. Well-developed and saturated microwave

Electron Energy [GeV] 0.3-0.75 instability determinesthe energy spread andbunch-
RF voltage (178 MHz), kV 200-550 lengthening of the beam at most of operatpagameters
Number of electron bunches 1-3 listed in Table. 1andtherefore determinethe maximum
Beam current [mA], per bunch 3-8 gain attainable with the OK-4EL. Fig. 2 shows
Broad band impedance , Zn/n [Ohm] 3.25+0.25 dependence dhe maximum gain in th&K-4/Duke FEL
Typicallifetime with laseron [hours] 1-3 for deep-UV with typical cubic root dependence conrent

per bunch. Our direct measurements of the maximum gain
The only improvement in the OK-4 FEL system was thare in good agreement with our predictions.
increase of currents irboth power supplies for the
electromagnetic wigglers (8.7 kA andmaximum K, to 3 LASING IN THE DEEP-UV
4.6) and in the buncher(to 1.5 kA). These up-grades
allowed us to operate at higher energies of eledbeam The deep-UVlasing with the OK-4/Duke storage ring
(up to 750 MeV) and to generate higher average power. FEL hasbeendemonstrated ifApril and August of 1998

Calculated gain of the OK-4/Duke FEL at 217 nm. using a number of set-upsdenergies. Generally, lasing
, oeam eneray - 0.5 GeV, RE voliage - 550 kv was easier to achieve and was more stable wherpamte

/// storage ring at higher energiése. from 500 to 750
8 j MeV). We contribute thiseffect to better stability of

electron beam and power supplies.

6

We usedwo sets of multilayedielectric mirrors custom

Gain per pass, %

4 manufactured byLumonix Optics Group(Canada). The
) / reflectivity bands of these mirrors as well as typical

; tunability ranges attained duringnitial lasing runs are
R SR BN AP SIS SR S | shown on Fig.3.

3 4
I bunch, mA

Mirrors with central wavelength 025 nm were not
Fig.2. Typical calculated dependence of the OK-4/Duke FELradiation resistive and we did not use them foruser
gain on the electron current per bunch. We used broad-banapplications. Starting September, 1998 wsed the 245

impedance of Zn=3.25 Ohm for this calculations nm mirrors toprovidethe OK-4 FEL laser beams to our
users onregularscheduledbasis for six months in both

The 53.73 m long optical cavity of the OK-4 FELCW andpulsed mode. We out-coupledaximum of 100

comprises of two mirrors with 26.46 madii and has mW of averagdaser power per mirronto TEMoo mode

Rayleigh range only 3 m. It makes is very susceptible tising 700 MeV electron beam with 16 mA averageent

vibrationsandangular errors. The design of the opticah two bunches. Giant pulses with 50-2@ficrosecond

cavity and a its sophisticatdeled-back an@ontrol system duration were generategsing the gain modulator [7], at a

are described elsewhere [5, 12]. maximumreprate of 30 Havith maximum 0.25-0.4 mJ

The present vacuum chambers of Duke storage hiang per macropulse and a peak out-coupled powexbolt 0.3

very large longitudinalimpedance (see Table 1) whichMW. In addition tothe full transversecoherencé TEMoo

causes microwavistability to start at sub-mAurrents mode) ofthe OK-4 FEL radiation we demonstratefiill
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longitudinal coherence byenerating the Fourier limited nm, the mirrortransparency 00.035%andinitial loss of
Gaussianwavepacketsvith RMS duration close to 2 ps 0.47% provide an outcoupling efficiency less than 8%. We

and RMS linewidth close to 0.003%. ordered anew set of mirrors withtransparency of0.5-
OK-4/Duke SR FEL 0.75% at thecentral wavelength for better extraction
Gth, % Lasing around 245 nm .- s . .
10 - o o s e efficiency. These modifications as well as extension of the
Ay lopses, 9% OK-4 FEL operation below 200 nm willenhance
8 !‘/ o capability and strength of our user program. The UV
A DEMonstrate| - .
<7 oo pm nga \R ol andy-ray beams from the OK-4 FEL will be soon
° g [varue deliveredinto newly built Keck Life Science Laboratory

housing the FEL users. The exploration of tteorter

\ wavelength rangaith the OK-4/Duke storage ring FEL
2 NG e Rend 32 o S will continue in parallel with the user applications. We are
M ﬁtm g " ‘U‘ in the process of design and construction of the 22 m long
0 el : ! OK-5 FEL comprising four electromagnetic helical
225 230 235 240 245 250 255 260 265 . . . . .
Wavelength, nm wigglers with switchable polarization. The OK-5 FEL
will have gain inexcess of 100% perassandwill allow
The OK-4/Duke SR FEL us to lase in the VUV range.
Loss curve, Lasing lines
Gth, % and Tunability around 225 nm
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