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3.11 Free-Electron Laser and Related (unantum Beams
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Past, present and future developrmttal prograrms of the JAERI super-conductmg ¢f linac-based FELs and
light sources with and without energy recovery have bsen discussed and introduced briefly.  The JAERI FEL
pruup hes successfully discoversd, snd realiced the orand-new FEL lising maode of 2556 ulia fast pulse, §-9%
high-efficiency, one GW high peak pewer, a few kW average power, and wide mnability of medium and far
infrared wavelsngth regions ot the same time.  Using the pew laging. we could realize a powerful and efficient
free-glectron laser (FEL) for indusirial uses near future. 1In order to realize such a tumable, wltca-short-pulse,
high wverayed-power FEL, we have needeod the offickent and powerful CW FEL driver of the JAERT compact,
sinnd-shone and zero-boil-0ff super-conducting rf linec with an encrgy-recovery geomemry, The JARRN epergy-
resovery andfoc super-conducting rf linac driver hias besn developed to use as an industrial electron irradiator,
and inillirierer-wave, fr-infrared, nid-infrared, near-infrared and shorter wavebsngth quantum beans sources.
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LIntroducidon

ik order w realize a wnable, highly offiwent, high wverugs power, high peak power atd wh-short pukse
frae-electron laser {FEL), the JAERI FEL group has develeped an industrial FEL driven by a compact, stand-
2lone and zara-boi-o it super-vonducting rf linac [1] with an ensrgy -recovery goometry.  Tha JAVR] FEL
group bas wried 1o develop a compast, sand-alons and 2eco-boil oFF swper-conducting of linac-based FEL with
and wilbou an enerpy -recovery geomatry.  The JAERI crvogenics will be explained briefly, and the future

directions and plans iemized.
Original stratepry to develop the industrial FELs o JAER( tongists simply of thrae steps, the Arst of

making & highly sfficient and high power FEL driver using an rf super-conducting technodogy, the second of
demonsiradng a powerfill FEL lasing using the driver, and the third of increasing an tofal systiem efficieny
using a beameenergy recovering.  Afier we found the new FEL [asing mode of high efficiency in the beginning
of 2000 [2], we modified slightly the ariginal, and added a new path to the ald in the third siep o develop and &©
realize the industrial FELs wsing the new lazing mode. The new path using the new efficient lasing will be
discugsed briefly. Now, the TAERI snergy-recovery andfoc superconducting of linac driver will be uzable Ffor
producing a varisty of quantum beams from milimter wave to pamma-ray, electron and other charped and
neutral particlss,

1JAERL FEL Cryogenics
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As each module of the super-conducting ¢ linac has its own shiskd cooler and liquid He re-condenser,
independently stands alone without any cryogenls liquid coclant outside the moduke, The zero-boil off
crycstat for a super-conducting rf
linac has been first designed and
developed for the JAER] FEL since 1990 - — 1996 @ﬂ‘;{w;n;c Driver for
the beginning of the program in
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aach other. and the zero-boil off ore waually cuts srownd 30%% of tha loss in the conventional one,

. A compact d K He' (IM-FT (Gifford-Mchahon refvigerator with foule-Thomson expansion valve) gas
closed-laop refrigerator was introduced so realize a stand-alone and zers-boil off supsrconducting linac wsing
S00MHz UHF band cavities. Coollng efficiencies of the liquefier ks about 3046 higher than the GM-IT
recondenser.  1Fthe liquefier efficiency includes trangferring lossss, both liquebiar and recondenser have pearly
the same.  The capital cost of the liquefier and coolant transferring system is nearly the same with or alightly
cheaper than the GM-JT refrigerator a5 long as the system capacity is as small as the JAERI system.

We have intraduced the 3'W 4K refrigerahr foc the Japan Railways' Maghkey train, and modified it 1o an
11W one to cool down our cavity cryostats sbout |5 years ago.  We could successfully keep running the whole
systern over these 10 years,  There have besn suceessfully no trouble and no malfunctioning in the 4 shisld
cavlees For about 10 vears up to now, and 0o dry up of liquid Ha in the 4 modules.  We eould suepssefully and

routinely run the system without any rouble for 355days or 500days.
The compacd, stand-along, zero-boil-off ¢ryostat, and non-stop cocling operation with no wann-up or very

long maintenance interval except for a quarisr hour of maintenzmes every one and half years will completely
solve 2 large number of operational problems.  We plan 1o perform z cold mainienance in exchanging a
displacer unit of the shiel coolers and to keep the whole cryostat coo! without de-conditioning the super-
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conducting cavities. We have parformed the cold maintenance ¢ fmes over a few months s an aging test of
the coMd maintenance including air kak accidents, Because we have not found any accumulated contemination
or dirt, and resultant instabilities and malfunctioning in the cooler, we expected we could keep the moduls and

linac cald over afew tens of years.

3.Novel Ulira shor-Pulsed and Highly-Efficient Lasing Mode

A novel lasing moda has bean discovered to reallze ulira-short pulsed and highly efficient lasing in FELs
at the JAER] FEL in the teginning of 2000 [2]. As the world-highest 2.3:4kw average power and about 1GW
petk pawer were obtaned at JAERL FEL. As well known thal an FEL conversion efficisacy fiom the beam
power equals with 12N, whers M, stands for the number of wigpler periods, it 3 natucally enderstood that the
FEL officiency will become largs if N, will becorne smail by anomer novel mechanism.  There huve bean
expected to be wffectivaly small numbac of the period, and efficient after the FEL saturation because of some
pulse shorisning and spiking mechanisms.  As reported thal pulse width of the new mode was measured (o be a
few cycle lasing of 3.4 cycle and 255 €5 af 22.4 micron (2], the high efficioney of 6-9%% is consistent with
1R8N0 where By stands for the number of cycle over the uitra short pulse FEL width,  Ifwe cap find soms
mechanism and succesd to realize the smaller cycle numbered lating than the 3.4 ¢ycle, the higher FEL

efficiency from the bwam power can be feasible to convert almost the whok beam power to the FEL power.
The new lasing can open up new passibilities In FEL sclence and technology that we can drastically increase

an FEL conversion efficiency and the FEL peak and avarags power from the slectron bearn pawsr, 1o realize an
uitra-short and & few cyche FEL pulse, and 1o andérstand the new FHEL lsing mechanism.

4. Energy Revovery FELs at JAER]

‘The energy recovery circwiar ioop at the JAER| FEL has besn under commisgioning from Decamber
21 afier one-year conslroction. The 36tdegree circular snergy recovary geometry has been planned and
used for ecadanic facilities liks an X-ray FEL and a light source o produce soft and hard X-rays mnging
from {0 o 0.01nm. Another energy Tevovery geometry and conceptual explanation have a E80-degres
isochronous bending magnes o decelerate the slectran beam apti-pamllel with the accelemtion direction.
The 130-degree one can wwcopl and recover the lower eneigy electron beam tham a few MeV because
nearly no velocity differsnce can ke accermred batwesn the deceleration and accelemtion.

The JAERI plans to make a piototype for the industrial FELs using the [80-degree geometry
because the reflextron has intinsically several better features discussed sbove o realize an ideal energy

recovering FELs near future.

5. [Indwstrin! Free-Electron Lavers

Market requirements for the industrial Feels from the users should be discussed briefly here, and itemized
foe each category to check how much they can be fulfilled before the FEL businesses would b started.  They
are tentativaly itemized here, for examples, costs, reliability, compacmess, easiness in the production, operation
and maintenance, the operational and maintenance intrvats, fulfilment for eadiation safety code, pressuse vessal
code, other official regulatory rules and so on.
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The capital, operational, and maintenance costs for the indusirial FELs should be minimized as low as the
costs for existing and future conventional laser systems. Compaciness of the FEL is very important because
the FELs used in the factories, schols, hospitals and other small facilites must be fitted inter a tabletop sized, or
a track-cart or trailer sized space being availzble in these small buiMings. In addition to them, we can easily
find other important requirements of readiness to uss any time, casiness to wse, no specielist required in the
operation and maintenance, safety in the operation and maintsnance, very long maintenance alervals, and ne
regulations fram eny legal and official codes and rules. Most of them have been roplied positively by the
JAERI eryogenics design concept and others up to now [2].

&, Industral FELs pear Fulare

Four industrial FEL models having the 180degree {reflextron} georoaimy ane under consideration st JAERL
Three af them are infrared FELs, and the forth ultraviolet FEL.  The far-infrarcd FEL {FIR FEL) ranging from
204 o S0misron wavelengths nses the S00MHz UHF band cavigy of 53-10MeV electron energy with the
reflextron energy recovery geometry.  The smallest model of the idusirial FIR. FEL wil) be made to perform
an FEL higher power demonstration than 100k'W or 1MW, to produce an intenge Compton-backscattering
gamme-ray Fux of about 10MeVia synchrotran light sources, to image forelgn materials inside foods, grain,
fruits and pawder as non-desiructive festing and inspection, custam inspection, and 5o on.

A mid-infrared FEL (MIR FEL) ranging from 50 to 8micron wavelengths will use the 500MHz UHF band
cavity of |2-24MeV slectron energy with the reflaxiron geometry.  Possible and typteal applications wre
expactad to be large-pealed phitochernweal processing, inedical, pharmacy, rare-material separation and so on.

A pear infeseed FEL (MIE FEL) ranging from 12 0o Zimcron gses the same S00MHz cavny of 24-4EMeV
electron baam energy with the reflaxmon. A 10 o0 206W indusivial FEL which can 1ase af acound a Fibar-
transmitmhle wavelength of 1.3 <1.35micron will be very usefisl o transmit their power to a pin-pninted pasition
in a distart arez from the FEL,  The FEL will be widely used in the many Factories Nike a shipyard, autcmobile
factory, civil engineering and 5o on. Possible lacge-scale applications in nuclear industry have bean discussed
recently frorn the laser cutting for the nuclear reactar decommissloning like the reactor pressure vessel and
container steasl walls, stable snd radio isctope ensichment, fiber-transmittable light and heat sousces, and 50 on.

An uhliraviolet FEL (LY FEL} canging from 0.3 to 0.1 micron wavelangths will be planned to use an 5 o
L band cavity of 200-300MeY electron energy with the reflextron geometry. The FEL will be appilied to
lithography, photochemical processing, polymer surface modification, aptical mass spectromeler, and sa on.
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