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HIGH POWER FREE-ELECTRON LASERS"
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Abstract

Though free-electron lasers have long had the potential Egr

high average power, only recently has significardgress
towardsthis goalbeen evident. This paperwill summa-
rize some of the issues that all higlveragepower free-
electron lasersnust contendwith andwill show how re-
searchers havaddressethese problems asncountered in
four different approaches.

Progressaand problems ineach ofthese programsvill
be summarizeéndthe pathstowards everhigher power
will be discussed.

1 INTRODUCTION

From theearly days of free-electrdasers, it wagyener-
ally believedthat FELs were capable ohigh average

The output couplingefficiency is normally rather close
unity. It is very unwise to design a high averpgever
evice with low efficiency since the power lost in tay-
ity will lead toproblems with component failure. Since
this efficiency is alreadyhigh, the dominant knobs one
has toincreasethe power are the averageelectronbeam
current and the FEL efficiency.

Increasing the electron beam current leadm#my prac-
tical design problems such as providing thquired accel-
erationand dumping the beanafter the FEL. One ap-
proach tothese problems is teecover asmuch of the
energy of the electrons a®ssible. The higher theffi-
ciency, the more difficult a tasknergy recovery becomes.
When using energy recovery, the efficiency is limited to a
few percent. If one can increate efficiency by a large
factor, therequiredbeam current igeduced bythe same

power, if for no other reason than that higverage power factor for agiven averagepower. The problem withhis

electron beam$ad been demonstrated.
Defense Initiativeproduced ahugeeffort aimed atproduc-
ing high average power from a FEL but the initdflorts

The Strategigpproach is that theequirement for electron beam bright-

ness is much more stringent.
With all the previous comments ihand, two ap-

were predominantly aimed at developing the technologigsioaches toattaining highaveragepower present them-

involved in building a highpower deviceratherthan actu-
ally building one [1]. Recently several projects haeen
initiated using existing technologies to build a higker-
age power free-electron lag¢tAPFEL). Thispaperwill
discuss the problems such projefeise andwill describe
four projects as examples of the approaches possible.
It is useful to start with the most baddeas. The
power from a free-electron laser is given by
Peer = Ewlen/lrerTopt @)
whereE,, is the electron beam energy, is the average
electron beam currem, is theefficiency of conversion
of electron beam energy to lagght, andn,, is the out-
put coupling efficiency of the optical cavity. Tletectron

selves. The first is tproduce avery high-average-current
beam withmoderatebrightness, lase withmoderate effi-
ciency,and recover amuch of the electron beaenergy

as possible. Theecond approach is to produce a very
high brightness electron beam at modeeateragecurrent,
extract as much power as possildeddump the beam at
full energy.

A third possibleapproachwhich hasreceived a great
deal ofstudy is the use of a storage rindgnfortunately
the efficiency of storageing FELs is limited by the so-
called Renieriimit [2] which limits thelaser power to a
small fraction of the synchrotron light emission in the
ring. Until this limit can be circumvented, storage ring

beam energy idracketed bythe resonance equation for FELs will not scale well to very high power.

FELs
3 = Aw@+K?)

2

(L+B)By* ()
where A,, is the wiggler wavelengtlK is the wiggler
parameterfis the velocity of theelectrondivided by the
speed oflight andy is the relativisticenergydivided by
the rest mass of the electron. The numerator range
from about 3 cm to 300 cm for amdulator capable o
transporting ahigh-average-power electrompeam.
brackets the energy for any given wavelength tarme of

a factor of ten. One generally likes to operate at the hi

estenergyone canafford in this range. Thenergy of a
HAPFEL is thereforedeterminedmore by thedesiredcost
and footprint rather than by any physics requirements.

Different energy rangesre more efficiently provided
with different acceleratorechnologies. Wéhereforefind
that the mm-wave region is bestrved by DC otdong
pulseaccelerating techniquesich as Pelletronsnodula-
tors, and Induction linacs. Toreachthe optical wave-
lengthrange it is more efficient to use RF acceleration.
When energy recovery is used, the choicesugferconduct-

f ing RF isvery attractive since the RF powerquired is
This dramaticallyreduced. The costand complexity of SRF

acceleratiormay not be as attractive feystems without

gﬁ,wpergy recoveryhough it may still beappropriatedue to

e large aperture of the SRF cavities. The low shunt im-
pedance of the SRF cavities reduces wake figldscause
emittance and energy spread growth.
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With the previous comments as a guiding principle, |

have organized this paper as follows: In sectiomBduss 3. LOW ENERGY MACHINES
some of thedesignissues in common with all. then
cover, in section 3, a pair of examples of lemergyelec-
tron acceleratorgdriving mm-waveFELs both with and
without energyrecovery. Finally, in section 4, discuss
two high-energy RFacceleratorsdriving infrared FELs
again with and without energy recovery.

FELs operating in the mm-wave region requisdectron
beam energies in the range of 2-20 MeV. Elecheam
brightness in the range can be quite high usingdocal-
eration as in a Pelletron or in a pulsed modulator or an
induction linac. The very higpeak current irthe induc-
tion linac provides one with the option of higffficiency.
The first approach discussed here is an induction lisad

2. GENERAL DESIGN ISSUES to drive a high-extraction-efficiencfEL. The example

Many of the challenges in building a higlbwer FEL used isthat of the ETAIll induction linac driving a 2.1
are common to allapproachesThis section discusses mm FEL usedfor plasma heating experiments in the Al-
some of these challenges. cator C tokamak [4]. The ETAI producedhigh current

The biggest design challenge facing those building higlulses with a 35 nsec, 2.5 KA, flattop atearergy of 6.3
power FELs is to build an electron soukgith a combi- MeV. The typical repetitiomatewas 1 Hz but the ma-
nation of high average current and high brightness. Eitheline could be operated in burst mode with up to 50
feature is easy tproducebut theyare rarelyavailable si- pulses being emitted at 2 kHz. In low repetitiate op-
multaneously. Forhigh-energy RF acceleratorsthis eration the laser put out up to 2 GW in a 15 radlse.
pushes ong¢owards photocathodsources. DGndlong The peak efficiencywas thereforeover 12%. In burst
pulse sources are well served by state-of-the-art thermioniode, the efficiency dropped but approximately 6 kW in a
guns. 12 ms burst was achieved.

Even with a high-extraction-efficiendyEL, theaverage  Though thepeak powerand efficiency in the ETA Il
current in a HAPFEL is quite high. Since theakcurrent device is quite impressive, it is important to note that the
is also high, the possibility ofion-linear effectdeading efficiency averagedver the 50 nsec FWHM pulse is not
to halo formation arises. Halyeated inthe injector is quite asimpressiveandthe efficiency in burst mode was
often present as well. The beam loss in the transport sgsite modest. Any attempt tecalethis system to high
tem must beheld aslow as possible. It is important to averagepowerwill have todealwith the problem of the
rememberthat the electron beam in suchdavice will wastedbeam during the turn-omnd turn-off transients.
have onthe order of 1 MW ofpower. A loss ofeven Since this beam may not be well transported, it feag
0.1% can lead to serious problems unless the loss pointastransport problems as well. In general, haerage
designed to handlthe power. Energyecovery carexac- power lasers have been CW or long-pulse devices. Pulsed
erbate this problem since tle@ergyspreadafterthe FEL systems, though useful in their own right, do soale
can be quite largandthe energy aperturenust belarger well to high average power.
than this energy spread. A second approach tachieving high-average-power

Even if losses are low in most of the system, fthel mm-wave radiation isbeing used atthe FOM Plasma
beam dump is usually a tremendous design challenge. PIlfysics Institute in Rinhuizen, théetherlands.The ap-
the beam isdumped athigh energy, activation of the plication, as with the ETA Il FEL, is for plasma heating.
dump and production of radionuclides is problem that It uses a DCacceleratowith anenergy up to 2 MV to
must bedealtwith. At low energy, thecurrent density accelerate acontinuous electron beam along a straight
must be sufficiently low to keep the power density on tHeeam path through the FEAndthen deceleratgéhe beam
dump below 1kW/cn?. Since the totalpower at the back to a depressed collector [5]. The design current is up
dump might be as large as 1 MW, the resulting size of thee 12 Amperes. The power supply for thecelerator is
dump can be quite large. only capable of providing 20 mA afurrent sothe energy

FELs have very goodptical mode quality and a very recoverymust begreaterthan 99.8% for thisdevice to
small modevolume. This means that thp@wer density operate with CW beam.
in the optical cavity can be enormous in a HAPFEL. TheThe laser has beaperated in “inverted mode” to date.
optical cavity must belesigned sdhat themodediffracts In this mode, the gun iplaced inthe high voltagedome
out to areasonable power density befdrigting any sur- andthe beam isacceleratedlown to ground. It is then
face. Thiscanlead to alarge increase ithe devicefoot- passed through the FEAnddumped. The current inthis
print, especially at short wavelengthdere the mode case iscoming from thestored energy irthe accelerator
divergence is small. and the pulse length is limited tovound 20us before the

Finally, it should benotedthat the overall system costvoltage has drooped too much. In thi®dethe laser has
for a given average power increases as the net efficiencyopératedwith power levels as high as 730 kW at
the FEL falls [3]. Thus, the neffficiency must bemade 1.46-1.52 mm with anelectron beam energy of
reasonably high to keep the capital cost down. 1.75-1.83 MeV. The laser lases fmound 10 microsec-
onds beforethe electron beam moves out w#sonance
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with the cavity mode. Thefficiency ofthe FEL is ap- The biggestchallenge facinghe designer of RAFEL
proximately 5%, which isequal tothe design value for type lasers is increasing the duty cyelkile maintaining
full power operation. the electron beam brightness. The presientce islim-

The project is now installing thdepressedollector and ited to around 3QA of averagebeam current. Ahigh
the mm-wave transport so that the machiar operate in powerdevicewill needaveragecurrentexceeding 1 mA.
energy recoverynode. Even whemperatedpulsedwith  Thedrive laser is the main limitation in thgresent sys-
ms pulses, the laser should be capable of kilojoule pulstsn. A high power system may have to use a photocath-
The FEL has a novel optical cavity that alloweriable ode with a good efficiency in the visible. When #iec-
cavity output coupling and low losses while allowing th&ron beam israisedabove 20 MeV the issue of theam
electron beam to pass through in a straight line. Themp must be addressed. Dumping a tpglver electron
power density orthe mirrors in this cavity isextremely beam at highenergy producemassive quantities afadi-
high andremains one of the largest risks of this projecbnuclides. This is a major design challenge. Ivegy
The power may ultimately be limited by opticedvity high powerdevicethe beam may have to lkecelerated
distortion. just to reduce the radiation.

Note that there are many other efforts at produbiigdp There have beemany proposals to use a higfi-
average power in the mm-wave range. The University ofency FEL to attain highaveragepower but the Los
California at Sant&8arbara[6], the University of Central Alamos device is the first to make much progress in
Florida [7], Tel Aviv University [8], and KAERI irKorea showing that such devices may be practical. Desigd-
[9] have programs producing machinesnilar to the ies show that such device may be scalable to the 100
FOM machine but withaveragepower in the kilowatt kW power level.
range. The Naval Research Laboratpryduced gulsed .
modulator based device thatoduced up to 36 W of aver-4'2 SRF Linacs

age power as well [10]. The IR Demo FEL afeffersonLab wasconstructed in
the periodfrom July 1996 through July 1998 [12]. The

4 HIGH ENERGY MACHINES accelerator is shown in figure 1. The beanprgduced in
. a DC photocathodgun at a nominal voltage of 350 kV.
4.1 Room temperature Linacs It is thenbunched in @oom temperature buncher cavity

An interestingapproachusing a roomtemperature linac @nd accelerated up @5 MeV in two highperformance
with high-extraction-efficiency ishe regenerativeampli-  SUPerconducting cavities. The beam is then sent into a 38
fier arrangement (RAFEL) [11]. Thidea ofthis device is MeV cryomodule using an achromathicaneand acceler-

to use the simplesicceleratopossible toproduce a very ated up tothe operating energy. For most of the results

high brightness electron beam. This is then sent throufiported heréhe final kineticenergywas 38 MeV. The

a high gain wiggler with two plane focussing. The firspeam is then bergroundthe output coupler of théaser

part of the wiggler is untapered to produce high gain. TA8VIty and matched into a 4geriodwiggler with aperiod
second part is tapered to enhance the extraefiiiency. ©f 2.7 cmand awiggler parameterK of 0.98. The ex-
The outeredge ofthe output of thislaser isscraped off haust beam is then bearoundthe high reflector and
using an annular mirraand recirculatedback through the ransport back to thentrance ofthe cryomodule in two
wiggler using another annular mirror. Since the gain Rat€sstyle achromatic bends [13]. These bends have a
very high, the output is onlyveakly dependent on the d€Sign acceptance of greater than 6%.
recycled light. Since the exit mirror only sees uge of Photocathiode zun
the output distribution, it is natxposed tahe high in- Bunch Buncher cavity
tensities in the center of the cavity. The output couplin
efficiency is extremely high since only 8% of the light is
actually picked off to be sent back into the optical cavity
The electron beam iseparatedrom the opticalmode us-
ing a magnet after the annular mirror and dumped.
Results todatefrom this device arampressive. With
4.5 nC, 16 ps longlectronpulses at 16.7 MeV with a
normalized emittance of 7m mm-mradand an energy Figure 1. Schematic of IR Demo: the dimensions of
spread 0f0.5% FWHM, thelaseroutput is 1.9 mJ per the recirculation loop are roughly 49m x 6m.
micropulse [10]. The macropulse energy for a&c When operated in a “straight-ahead” mode that the
macropulse is 2.1 J at 1 Hz. When the macropigpeti- beam is dumped at full energy, theeragecurrent islim-
tion rate is increased, the average power increases to 13tédl to 1.1 mA by the available RF power. In thien-
at 10 Hz. For 1 Hz operation, thefficiency is 2.5%. figuration the laser emitted up to 311 W [11]. When the
The design efficiency is 5% for 6 nC bunches. beam isrecirculatedvery little RF power is required and
the current is limited to 5 mA by the injector. Tieeir-
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culator has beenperated aturrent up to 4 mAwith no achieved byoperating at a longer cavity length but that

lasingand 3.8 mA while lasing. When optimized, thethe efficiency is then dependent on the current. We do not

laser emitted 710 W with eurrent 0of3.6 mA onMarch understandhis at this time. The IR Demo hdmd few

11, 1999. This is the higheaveragepoweryet recorded problems arise in its commissioning. The mestious

from a FEL. problem has been the availability of the gun, which is
Several features of this laser should be notEitst, the now around35%. High voltagearcs during operation

powerrequired inthe full cryomodule isessentiallyinde- causesufficient damagethat several weeksare required to

pendent of the current up to 3.5 mA as shown in figurer@pair the gunafter anarc. Recently the quantureffi-

[14]. This is a verification that recirculation &ffective ciency ofthe photocathode has been poorvasil. This

in reducingthe required RFpower. Theloadedcavity Q has limited thephotocathode tdhe 4 mA run todate.

was chosen to minimized the RF power for a level of mkinally, thepressure in the 10 MeV dump region grows

crophonics much higher than actually seen soréfjaired rapidly for average current higher than 3 mA.

power might be lowered below that required now.
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Figure 2. Required RF power feach ofthe 8 cavities emittanceand energy spreadproportional to thesquare
of the full cryomoduleandtheir average as éunction of root of the charge per bunch.
the current. The 1.1 mA values are withenergyrecov-

. . Many potential problemsid not arise. No RF insta-
ery. All values are with lasing. yp P

bilities have been seen ithe system. Calculations

The losses in the transport at felhergyare quite low.  showedthat this should be theasebut the model could
This is very evident in radiation surveys takafter run- not use theexactphysical model ofthe FEL gain me-
ning at high current. Wherunning in “straight-ahead” dium. The laser has been very easy to stadt diagnos-
mode atl.1 mA theradiation near the dump is over 10dics have allowed gooaptimization beforelasing is at-
mrem/hr even severdlours after the beam is shut off. tempted. The quality of the magnets hagn excellent
After running for hours with over 3 mA, the higheatiia- and the energgpcceptance othe Bates bend$ias exceeded
tion level in the vault shorthafter shutting off thebeam its specification.
was only 0.5 mrem/hr. This level wasar an insertable Recent work hagentered onlasing at 3um using a
dump used fotuning up the beam. The only loss poinbeam energy of 47 MeV. With onlyfaw days operation
that could be found from these surveys is in ¢beter of we havesucceeded imecirculating up to 3 mA obeam
the cryomodule wherghe dosewas 0.2 mrem/hr 30 c¢cm with no lasing. When high-power 3im mirrors are in-
from the module. Losses at tleatrance ofthe wiggler stalled, lasing at over one kilowatt should be straightfor-
with full current in the machine are less than 1 nA. ward.

The power and extraction efficiency seem to bgaond Several other groups have proposed aoe building
agreementvith simple theoretical estimates as shown iHAPFELs withenergy recovery.Some do not use SRF
figure 3 [15]. Theerrors inthe theory (about20%) are cavities. A group from the INP in Novosibirsk ha®-
actually muchlargerthan thedifferencesbetweenthe the- posed a recirculatingnicrotron with 100 mA ofbeam
ory andthe experiment. Thefficiency for acontinuous currentandhas built the injector fothis device[16]. A
beam should be approximately W4vhereN is the num- group at JAERI hasperated a devicaith SRF cavities
ber of wiggler periods. For pulseddevicethe theoretical but without energy recovery arathievedpulsed operation
normalized efficiency is 70% dhis value. This ixlose at 100 W [17]. Future planisclude energy recovery to
to what we see. Thefficiency isalso notdependent on increase the average power. A group at LawrdBerkeley
the current. Wehave foundhat higherefficiency can be Lab has proposed using PEP B Factory cavitiesperate
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at very high average power in the near IR for polagam-
ing [18]. All thesedeviceshave moderate efficiengnd,
at least in the future, energy recovery.

5 CONCLUSIONS

Clearly FELsare capable ohigh averagepower. The
most promisingdevices to dateise energy recovery to
enhance the overall efficiency of the devic8inceeven a
low peak currentlevicecan achieve reasonatitygh effi-
ciency in the mm-wave region, there seems to belesy
benefit to usingoulseddevices inthat wavelengthrange.
The FELs using DCacceleratorseem to beextremely
promising sources of venhigh mm-wave power. The
high brightness available from pulsgihotocathode RF
guns make them attractive as sources High average
power FELs in the opticalrange with large extraction
efficiency but the duty cyclenust beincreased by several
orders of magnitude with no degradation of the beaat
ity. This is a major challenge. The lack esfergyrecov-
ery is also a problendue toradiation hazards.The con-

[14] L. Merminga et al. “First results on energy recovery in

the Jefferson Lab IR FEL” these proceedings.
[15] S. Benson, “A Spreadsheet for Calculating the Performance of a
Free-electron Laser”, TINAF TN-94-065.
[16] N. A. Vinokurov et al., Nucl. Inst. and MetA375 (1996) 403,
“2-MeV CW Electron Accelerator for High-PoweFree-Electron
Lasers”, B. C. Lee, Y.g U. Jeong, S. O. Cho, S. K. Kim, J. Lee, and G.
N. Kulipanov, To appear in Nucl. Inst. And Meth. A.
[17] E.J.Minehara et al., “A 0.1 kW Operation of the JAERIper-
conducting RF Linac based FEL” To appear in Nucl. Inst. And Meth.

>

[1-8] “FEL Designs for Power Beaming” A. Zholents, Presented at
Photonics West, San José CA 1999. Proc. 3614.

cept of recirculatiorandenergy recovery has been proven

at JeffersorLab. The mairchallenge inthat type of de-
vice is scaling up thenergyand current toreach even
higher power levels.
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