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Abstract Two Trans-Rex power supplies (5 kA, 500 dgnated by

The OK-4 is the first storage ring FEL operating in th&€Mi Lab) have been repairegquipped with large
United States. It was commissioned in November, 199§xte_zrnal LC filters and are presently usedifive the OK-
and demonstrated lasing in the near Bhdvisible ranges “ Wigglers and buncher. Overglérformance othe OK-4
(345-413 nm) withextractedpower of 0.15 W [1]. In POWer supplies s close to specifications (50 ppm DC and
addition to lasing, the OK-4/Duke FEgenerated a nearly [PPIes)andwill be improved inthe nearfuture using a
monochromatic (1% FWHM)-ray beam [2]. Inthis secondstage of regulatiomand feedbackThe controls of
paper we describthe initial performance ofthe OK-4 the OK-4 FEL are part of the Duke storage ring computer

Duke storage rina EEL andrav source. control system [11]. This systenprovides flexible
u gerng neray sou operation of the OK-4ndthe possibility to ramp the
1. INTRODUCTION energy ofthe storage ring without changing ti@K-4
' wavelength.

The OK-4 /Duke storage ring FEL project is .
collaboration of the Duke University Free Electrosser " Ttlel. DukeStoegeRing Bleion Bean Paandies

Laboratoryand the Budker Institute of Nuclear Physics g.peratifonal Energy [GeV] (1)6275;1161
begun in 1992 [3]. The OK-4 FEL was buihd operated ircumference [m] '
Impedance of ring, Z/n(J] 2.75+0.25

in the 240-690 nnrangeusing the VEPP-3 storage ring
at Novosibirsk [4].After commissioning the 1.1 GeV
Duke storage ring in November, 1994 [5], the OK-4 FE )
made a trip around the globe to Duke in May, 1995. T unch Iengthgs[ps] _nat_ural 15
OK-4/Duke FEL wasready for the first demonstration Wit 5 mA in single bunch 60
experiment in November, 1996. The first run orfielative Energy spreadE/E" natural2.9.10

Stored current [mAmultibunch 155
single bunch 20/8

November 13, 1996 with theOK-4/Duke FEL was at5 mA in single bunch 1.1.10°
successful. The OK-4/Duke storage ring FELPeak CurrenfA] “with 5 mA/bunch 12
demonstratedperation in thenear UV/visible range and with 20 mA/bunct 31
generatednearly monochromatic 3-15 MeV-rays via Horizontal Emittancgnm*rad|
intracavity Compton backscattering. 5 mA/ bunch @ 700 MeV < 10
3 mA/ bunch@ 500 MeV <8'
2 THE OK-4/DUKE XUV STORAGE FEL e o o 1 Gov s i 0 23 ma befarorr

- b Per bunch using standard mode of multibunch injection;
The Duke 1.1 GeV storage riff§,9] has a 34 meter long . In single injection mode with 1 nsec photocathode gun [8];

straight sectiordedicatedor FEL operation. Thepresent ¢ At 500 MeV, ¥-=500 kv; _ f
lattice has transversp-functions of 4 meters in both °Expectedfrom broad band impedance modeth Z/n =2.75;

e o . Extracted from the OK-4 t diati tra.
directions at the center of the OK-4 to optimize the galn.X racted from the spontaneous radiation specira

The storage ring RF system [7] operateslaB.5 MHz Tablell. OK-4 FEL Parameter®ptical Cavity

(64th harmonic of the revolutioffequency).Typical OK-  Optical cavity length [m] 53.73
4 FEL operation mode applies an RF voltage of 500 k\Radius of the mirrors [m] 27.27
The existing 270 MeV injection system limits theR@yleigh Range in OK-4 center [m] 3.3
maximum stored current to 8mA/bunch. We plan to grllgzlar C?”tﬂ ig?uracy [rad] better than”10
. .. .. . . . -4wiggler |4,

improve theefficiency of injection and increasesingle Period [cm] 10

bunch current to 20-40 mA. Some parameters of the Dukg;

. . . . mber of periods 2 x 335
storage ringare summarized inTable |. The main Gap [cm] 2 25p
parameters and expected performance of the G4 are  kwy| [1/kA] 1.804
described inprevious publications [4,10]. Table Il gives Kw 0-5.4

an up-to-datessummary of the parameters. The magnetitMeasured; * Increased to accommodate new vacuum chamber.

system of the OK-4FEL was slightly modified to e have installed temporary crotch chambewithout

accommodate a new vacuum chambed to provide a apsorbersand smoothtransitiong providing passage of
field-free collision point for the Comptory-ray source.
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the OK-4 optical beam to facilitatés commissioning.

This makes the impedance of the vacuum chamiéher The OK-4/Duke storage ring FELgain :
large. According tothe bunch lengtlandthe OK-4 FEL . 500 MeV, 550 kV, Z/n=2.75 Ohm
gain measurements, thémpedance ofthe vacuum i
chamber is ~2.75 Ohm. 25|

3. COMMISSIONING OF OK-4 FEL AND 20 —

%

y-RAY SOURCE

Threemain storage ring operational modesre :
established (injection energy 6f265 GeV, at 0.5 GeV 1o} -
and 0.7 GeV the OK-4) along with a number of .
supplementary modes (betwe@r85 and 0.75 GeV) for
proper FEL operation. We haweeatedcomputer tools to 0 ‘
vary the OK-4 wiggler current while keeping the betatron 0 10 20 30 40 50
tunes stable. It took less than two hours to obtain first . mAbuneh
lasing. Knowledge ofthe optical cavity lengthproved to Fig. 2 The measured (dots, 345 nm) and predicted gain
be very useful [6]. Lasing was demonstrated at a variety of (solid lines) for 380 nm and 193 nm of the OK-4.
electron energies fror.265 to 0.55 GeV. Astandard

F L /
[ Measured //

s T
, — |

Gain,

Gain, % @ 380 nm
Gain, % @ 193 nm

5 0

operation energy was 500 MeV. Power at 500 MeV, near UV
The OK-4 FEL in Near UV Range - Losses 0.6% per turn, outcoupling - 0.5%
50000} L Tuning Range with 3.5 mA/bunc 10
Y [ 0.4
S 40000¢ \\ , 8 z /
< E,| o Losses per turn, jo OK-4 Spectru|1 / g é_ 0. 37 Poul,vn
£ g 2 3 , _
2 30000\ 6 8 £ | Scaling: POE* Dmanshoxal/Nbumne/
;)-]- £ \ E © 0. 27 >
= o L
my F J g i
L 20000F 4 3 [
N E ./ < 0.1
S E ° [
E s’ 0 5 10 15
E S ST I, mA/bunch
0 el e — 0 . . X
340 350 360 370 380 390 400 410 420 Fig.3 Measured and predicted extracted lasing power from
A [nm] the OK-4 FEL. More than 80% of thepower was
extracted.

Fig. 1 The tuningrange ofthe OK-4 FEL (with 3.5
mA/bunch at 500 MeV with 500 kV RF voltage) usingTable Ill. Measured Parameters of the OK-4 FEL

380 nm mirrors. The line in the center isn@asuredime  Tuning Range (3.5 mA/bunch)] 345-413 nm
lasing line. This line watuned+18% from 345 to 413 Gain per pass (3.5mA/bunch, 345 nm) >904
nm by changing theurrent inthe OK-4 wigglers. The Extracted Power (8 mA, 380 nm) 0.15 W
dots are measured round trip cavitgsesandthe smooth |nduced e-bunch lengtlys[ps]
curve is a fit. Round-trip losses at the edges of the tuningy current ~35
rangegive the value of the FEL gain at a givemrrent: wijth 3.5 mA in single bunch ~200
gain >9% at 345 nm with 3.5 mA/bunch, 500 MeV|nduced energy spread (3.5mA/bunal/E 0.45%
electron beam and 500 kV RF voltage . FEL pulse length [ps]

A typical tuningrange (obtained byariation of  |ow current ~25
the wigglers’current)andone measuredasing spectrum  with 3.5 mA in single bunch ~20
areshown in Fig.1.Lasing was reasonably easgcause |ijnewidth o,/A 4104 °
the OK-4 gain was at least 10 times higher than its lossggsinglife-time 2-4 hours

at 380 nm. The Start-upul’l’ent forlasing was 0.3 mA, a Measured; 75 mW per mirror. Accuracy ~ 25%,

and with 3 mA/bunch we were able to lase in both opticalTime averaged value presumably caused by ripplegoiner

klystron and conventional FEL modeuncheroff). In all  supply, instantaneous value should belgi

casesthe optical klystronmode had higher gain and

power. Figs. 2 and 3 show a comparison ofrfeasured With expecteccavity losses less than 3% [1], ti@K-4

and predicted gain and extracted power from the OK-4 FEdhould lase at 193 nm with a beasarrent of a few
in the near UV. Weéhaveusedour self-consistenstorage mA/bunch. With 10 mA per bunchnd existing set of
ring FEL code[13] and broadbandmpedance model to mirrors, we expect to lase within the 188-197 range.
predict the OK-4 performanceThe agreement of the We have observed an increasetloé energyspread and
measured and predictedlues is very reasonabnd we bunch length by dactor of 2-3 during lasing. Typical

can rely on our predictions of the OK-4 FEL gain at 19RMS values of the FEL pulseere 5-10 timesshorter
nm. than the electron bunclength. Operating at very low
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currentand using very precisetuning of the revolution
frequency, we have registered FEL micropulses as short
2.5 psec RMS with the APStreak-cameralhe duration
of these pulses is consistent wiluper-modegpredicted
in [14]. Tablelll gives a summary of thmeasured OK-
4/Duke storage ring parameters.

Monochromatic y-rays (with 1% FWHM
resolution) were produced byoperating theOK-4/Duke
storage ring FEL with twoequally separated electron

bunches. This mode provides for head-on collisions of tl‘@'

optical and electron beams at theenter ofthe optical
cavity, and the generation ofy-rays via Compton
backscattering [12]. Small emittance of the electseam
ensures a high level ofcorrelation between the
observation angl® andthe energy ofthe generatedy-
rays:

4y’E,, _

5 1+(y8)° + 4E,, /mc?’
A simple collimatorcan be used teelect themost
energetigy-rays neaf=0. Using alead collimator with 3
mm diameter (located 30 m downstreafrom the
collision point) and a Ge detector we measutbe 1%
FWHM energy resolution of the-rays. Wedemonstrated
the tunability ofy-ray energy within the 3-15 MeYange
tuning both thdaser wavelength+18%) andthe energy

E,

2

Ep =howry =
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of the electron beam (265-550 MeV). Most of our shift§ EL user program.

were dedicated tothese studiesand the results will be
published elsewhere [2].

After one month of operation, which wasostly
dedicated tg-ray generatiorand spectrum measurements,
the injector for the storage ring was shdown in
December,1997 to condition one of the klystrons. We
expect to resume operation of the OKREL when
conditioning is finished.

4. CONCLUSIONS AND PLANS

Commissioning theOK-4/Duke storage ring
FEL demonstratedhigh performanceandreasonablyhigh
gain. Initial evaluation of the OK-4 FEparameters is in
good agreemenwith our predictions. We do nagxpect

serious problems when we attempt to lase below 200 nm

in the nearfuture. The gain modulator, thpermanent
crotch-chamberswith absorbers,and nitrogen purged
beamlinesare in progress. The gain modulatawill
provide for high intracavity powerand generation of
coherent VUV harmonics. Later this year we plan to
begin use of the OK-4 cohereahd spontaneousadiation
as well as monochromatigrays for user experiments.
The user program includes nuclegray spectroscopy,
UV corneasurgery, studies of PMM, photo-absorption
and spectroscopy.

Absence of absorbersind permanent crotch
chambers prevent us from operating at 1 Geth full
current and limits us to 10 mA at 750 MeV. Withese
beams wecould not gofar above a fewvatts ofaverage
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