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Abstract

The 10-pm Los Alamos free-electron laser (FEL) facility is b~ing upgraded, The

conventional electron ~n and bunchers have been replaced with a ~nuch more compact 6-\Ie V

phot-oinjector accelerator. By adding existing parts from previous experiments, the primnry

be[im energy will be doubled to40 M~V. With the existing l-m wiggler (.!W= ’2.7 cm) and

restlnutor, the f~cility can produce photons with wavelengths from 3 t-o 100 pm when Iasing on

the fundamental mode and produce photons in the visibt~ specwum with short-period wigglers

l}r hnrmt)nic operation. After installation ofa 1,50” bend, a second wiggler will be nddcd ns an

amplitier. ‘~he install tition of laser transport tubes between the accelerator vnult and an

upstnirs Iubornwry will provide experimenters with a radiatiotl-free environment for

experiments. Although the initial experiments] progrum of the upgraded facility will be to

trst the sin~le [“rrelvrator m~sterosci lla~r’power nmplifie rconfiguration, same portion of the

operational” time ~)fthe fncility crin be dedicated to user experiments.
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being replaced with a photncathode RF gun based on technology developed at Los Alamos [ 1].

This change plus the addition of an existing fourth accelerator tank used on the eiler-gy

recovery experiment [21 will raise the primary electron beam energy to 40 Me\-. The original

optical resonator will remain basically unchanged, but installation of a second wiggler [3] will

allf~w in~estigation of the single accelerator mflster oscillatorpcwer amplifier lSA.MOPA)

concept.

If the degradation of the beam quality caused by the FEL interaction in the first wiggler

can be sufficiently minimized. then the SAJl OPA can be as efficient as a conventional, tw[J-

electron beam N’IOPA. A substantial cost savir~gs results by elimination of the second

accelerator system. The SA.MOPA concept is of interest for space -bnsed FEL applications.

Fig. 2 shows the Los Alamo~ FEL reconfigured inta the High-Brightness Accelerator FEL

(HIBAF) facility. Replacing the conventional high-voltage electron gun and bunchers with u

photocathode RF gun significantly improves the brightness of the resulting electron beam.

HIBAF is the first FE Ldesigncd using the integrated numerical experiment (INEX)

~pproach. [NEX calculations indicate that the emittance of the electron beam cun be

decreased by a factor of 4 M 8 when compared tu that ofcoriventiona] high -vol~ge gun und

buncher systems, The photoinjector nccelera~r tank (fig. 3) is an on-axis coupled device

opermt.iilg nt 1300” MHz with nn avernge acceleration gradient of 10 Me V’m. Table 2 describrs

the relevnr,’ design features of this device.

Ph{)tm.utht)des will eventually be fabricated in groups ~)fsix and stired in a portable

“fi-puck” contninvr. After t,hc 6-prick is l~ttncher-1 h) the 11(’[’Vlt?rnt(Jr, the ~.~th(des cnn be

selectrd one ~t a time nnd inserted inb) thv first cell of the nccelern~]r without brcnkinti

vucuum 13nsed on pr[:viousexperirl~entnl results 141, wc ~xprrt cuch c;~th(dc h) lnst 1111(’[\tjt

follr wevks nt thv [{llIAF duty f[~(tor. IIt’nrr, n (l-prick ~)frnt.h(des should be su~~cierlt for SIX



Pockels cells areused hselect al OO-psti~me slice ofmicropulses. Adivide-by-5 chopper

reduces the micro pulse repetition rate to the ‘.21.67 -YIHz i-a~e required by the 7-m opti~’al

resonator. Fig. 4 summarizes the properties of the photocathode drive laser and of the

resulting electron beam frcm the photoinjector.

The 6-MeV beam frGm the phot.ainjector is accelerated to 40 MeV by three side-coupled

accelerator structures. An achromatic and isochronous 60° bend brings the electron beam into

the optical resonator cavity. Table 3 summarizes the beam characteristics expected at the

entrance to the first wiggler Table 4 shows the expected FEL gains and saturated power

levels using various wigglers with HIBAF operating in the oscillator mode.

Fol]owing the first wiggler, a 150° bend is used to transport the electron beam to the second

wiggle r( fig, 2). Reconfiguration ofthe layout of the accelerator and resonator would have

allowed installation of the second wiggler without the large angle bend. However, one of the

pro~nmmatic goals is ta demonstrate that the electron beam quality can be preserved

throu~h the large angle bends that are typical of MOPA [m)nfigurations and of energy recovery

schemes, Table 5 summarizes expected gain value~ for SA.MOPA operntion using a wiggler

provided by Rockwell [nternation~l [31.

The primary HIBAF program goals arc ( l) b) demonstrate operation of a high quantum

eff~ciency pnotocathode RF gun on ~n accelerator, (2) tu demonstrate production and trnnsport

of vvry high bri~htness electron beams, (3) U) vulidnte, cnlibrnte, and develop beam diagnostic

instrument~tion suit~hle for such high-brightness beams, (4) ~ vulidnte md calibrate INEX,

the (v)mputntionn] model used tn design HIBAF ~lnd other F’lil, devices[5,6],(5) U]

d(’ml}nstrnte vinblp sAMf)t-’A (Iperatil)n. (6) to use the fnci]ity us ii test bed for new concepts

[7:,(: ) U)demonstrate the mnintennnce of ~lertr~]nbetim qunlity through lnrge angle benris,

IIIId (H) tf) prl)vidv hi~h quulity, vnrinble wnv~len@ Iuser bt’nms to the outside user

(,l)mm(lnitv, With the vxistinti 2 ‘7 crn p~ri(d l)s(.illntor wigglrr. th[~ III}3AF’ fncility ~.;In

~)rl)vid~’ h~’:lnl+ with wnv~’lrn~ths vl~rylng fr(~ll~ :~h~~~lt1~)(1P,II in thr (nr in frnr(’d dowI\ to

: 7 ~lrll W’tlt’11 1:1s1 ::~ 1)11 Itlf ’ ((lll({:ln]llH~:l] I!v ;I (.oll)l)ir]lltil)n l)fll:lrll]oni(” ()])clr:ltl()n, l-r(l(~ll,~t)f}



doubling, and short-period wigglers, beams with wavelen@s well into the ultraviolet c~n be

made ava~lable.

To better accommodate outside users, as well as FEL experiments, the FEL beam is

directed out of the accelerat.or vault and into an upstairs laboratory. This arrangement

provides easy access to experiments during operation and protects personnel and sensitive

electronic equipment from the high-radiation levels present in the vault.

The IIIBAF facility should provide electron beams whose high-current brightness far

exceeds those available at most other facilities. To produce such high-brightness beams,

careful attention must be paid to all parts of the beam tr~nsport lines w minimize both the

longitudinal and transverse wakefields. Effects that are completely negligible for 150- to

200-~~mr~mrad emittances become serious contributors to degradation of beam quality

with 40- to 50-/1 ”mmmrad beams.

Such high-quality electron beams nlso require improvement of the diagnostics devices used

previously [8]. In particular, the beam emittance wili be derived fr(lm optical transition

rndiation (OTR) [9!. As a crosscheck of the OTR method, these emittance values can be

c~mpfired tn val Les obtained using more conventional but less accurate techniques. Beam-

energy spread and beam micropulse information can be obtainr. d by using R combination of

magnetic spectrometers with fast and slow deflectors [ 10] ‘vith improved resolution, Some of

the improyed resolution comes naturally as a result of the reduced beam emittmce; the

rcmninderuomes from improvements to the particular devices and their method of

emplcyrnent. For more detailed discussions of the HIBAF diagnostics, see refs. [1 1-131.

Additif)nally, the HIBAF beam quality will be suficient]y hiKh so that the fncility cnn be used

:is a test bed for debugging new FEL devices and concepts. For exnrnple table 6 shows the FtIll,

performunle vxp~rted using n shl~rL-pvriod wiggler,

All thes~ {m[)n~’epts,de~i~mes, unci deve]opmfrlLs Iv[id vt”ry nnturnlly into what we believv to

i-y’(ho nt”xt r’nt~rntion FEl,—thv “rompurt”” ~1’:i., ‘l’he combinnt,il)n of phot(wnthlde RF gIIr,,



compact. Fig. 5 shows one concept for a compact FEL. The entire accelerator, photocathode

drive laser, arid FEL optical resonator fit on the top of a conventional 8- by 20-ft optical table.

Typically, the RF drive would occupy lrea of equal size. However, by using

superconducting accelerator cavities and energy recovery, it is conceivable that the RF system

could be included orI the same table.

In conclusion, the IIIBAF facility will provide one of the brightest electron beams available

anywhere for continued investigation of FFL technology. Such a bright beam requires

extreme care in the design and implementation of beam transport systems, Although the

primary goals of the facility arc to continue the development of FEL technology and the

verification of the I.NE.X design approach, some portion of the operational time can be devoted

to outside user experiments. High-quality laser beams can be produced with wavelengths

from the far infrared into the ultraviolet. hence, providing a unique facility for physim

investigations.
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Figure Captions

Fig. 1. Outline drawing of the old Los Alamos FEL facility as it was configured from 1961 to

1988. Shown in the figure are the high-voltage electron gun with the subharmonic and

fundamental buncher cavities, the two accelerator tanks, the 60° isochmnous bend, the 6,9-m

iaser resonator, and the l-m wiggler,

Fig, 2. Outline drawing of the Los Alamos FEL facility reconfigured into the HIBAF. Shown

in the figure are the photoinjector siccelerabx, followed by three conventional accelemtor

tanks. The old 60° bend has been replaced with an isochmnous and achromatic bend. The

InsPr resonator remains as before, but the installation of a 150” bend briligs the electron heiirn

out of the resonator and directs it inta a second wiggler. The FEL beam produced in the

oscillator is co-directed with the electron beam inb the second wiggler to produce SA\lol)A

~)per:l!.il)n.
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Fig.3. Cutaway drawing of thephotoinjector accelerator tank. Theaccelerator is anon-axis

coupled structure operating at 1390 -MHz. To facilitate the high-vacuum requirements of the

photocathode, the six-cell accel~rator is encased in an insulated vacuum manifold and can be

baked at up to 300”C. The vacuum is maintained by a combination of a 500 t!s triode ion pump

and a titanium sublimation pump. The RF power is iris coupled into the last cell of the

accelerator through the WR-650 waveguide shown, in the figure.

Fig, 4. Summary of the properties of the photoinjector drive laser and of the resulting electron

beam produced by the photoinjectm accelerator.

Fig, 5. Conceptual arrangement of a compact FEL design. The combination of photoinjector,

high gradient accelerat.m. and short-period wiggler reduces the footprint of an FEL device to a

very reasonable size. The RF power system would occupy an area of roughly equal size.
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Table 1

Highlights of the Los Alamos FEL program since 1981

1981-82

1983-84

1985-86

1987-88

Amr)lifier Experiment

Demonstrated 4% extraction e~lciency with tapered wiggler amplifier

Measured optical gain

oscil~ator Experiment

Achieved 10 kW output at 10 pm

Demonstrated “perfect” optical quality

Demonstrated tunability from 9 to 35 pm

Energv Recovery Experiment (ERX~

70% of electron-beam energy recovered

● Demonstrated stabl’ FEL operation during recovery

Demons~-ated 2% energy extraction in oscillator

FEL Experiments

Demonstrated sideband suppression using Littrow grating

Demonstrated 5% extraction efficiency using prebuncher

Validation of computer design codes

Demonstrated lasing on 3rd harmonic (4 pm)

.Measured harmonic content to 7th harmonic

.—
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‘I’able 2

Specifications for the 1300-MHz Photiinjector Linac

Electrical Properties:

Frequency

Accelerating field:

csll#l

C[!ll #2

Cells #3-6

Duty factor

Coupling fac’wr

Expected Q (85% SUPERFISH)

Expected shunt impedance (ZT2)

Power requirements (85% SUPERFISH)

Structure copper losses

Beam loading

Length

1300 MHz

26,0 lAV/m

14,4 MV/m

10,0 MY/m

0.1%

5.2%

19800

35.0 MQ/m

1810.0 kW

600.0 kW

63.415 cm

Beam performance requirements:

Output energy 6 .MeV

Bunch charge 5 nC

Beam current (average) O.l A

(peak) 300.0 A

Emittance (90%, normalized) s50 nmmm.mrad
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Table 3

Predicted HIBAF beam characteristics at the oscillator wiggler

Electrical Properties:

Beam energy

Energy spread

Macropulse repetition rate

N’hcropulse length

Micropulse repe ition rate

Micropulse length

Emittance

Bunch charge

Peak current

40 MeV

0.290

1 Hz

1o-1oo ps

21.67 .MHz

16 PS

<50 ii’mm.rnrad

5 nC

31OA
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Table 4
Predicted lIIBAF performance in the osci llator mode. The assumed electron-beam parameters
iwe 41-MeV beam ener

f
50-n. mm.mrad emittance (90~0), 0.25% energy spread, and 250-

A peak current. Case 1 is the existing LANL l-m wiggler with a 12% linear ta er, Case W2
is the existing LA.?JL l-m wir Ier with a 30~0 parabolic ta er. Case W3 is case

Y !
J’ 2 with the

addition of a prebuncher wigg er. Calculations courtesy o J. C. Goldstsin

A. Small signal gain values

Small signal Wavelength
Wiggler case gain (pm)

W1 113 2.65

W2 43 2.’70

W3 60 2.73

B. Power and efficiency for 20’%gain

Wavelength Saturated Efflcienc;~
Wiggler case (pm) power (GW) (90)

W1 2.775 3.0 3.’7

W2 2800 3,5 3,7

W3 2,725 5,0 5,5

C. Power and efficiency for 10% gain

W~veiength Satumted Ef?’!ciency
Wiggler case (pm) power (GW) (’%)

W1 2.800 6,5 4.4

W2 2,800 9,0 5.8

W3 2.70(1 12,0 9“1.1

——— ——— —-——.. . .. - —— . -. ., .-. -— —--



Table 5
Predicted H.!BAF SAYIOPA operation gain arameters. The

\assumed electron-b~ am parameters are 4~-. Ie\’ beam energy
and .50-n ”rnm. mrad emittance [90%). Calculations courtesy
~iJ. C. Goldstein

Peak Small signal gain Saturated signal

current

~AylY= ().25% 0,50%) \pin = 1 }~ 10 1~)

250 A 210 104 16.7 4.9

400 A 1067 600 48.2 8.0
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Table 6
Expected HIBAF oscillator performance with a short-period
wiggler (lw= 3 MM), The assumed electron-beam partimeters
are 40-MeV beam energy, 50-n -mm.mrad emittance (90%),
0.25% ener

Y
spread, and 25(JA peak current. Calculations

caurtesy of, . C, Goldstein

Y =37 Periods N = 100 Periods
(Lw = 11 cm) (Lw = 30 cm)

Rayleigh range 25.0 cm 1.5.0 cm

Small signal gain 15.5% 64.0%

(Jptical wavelength 3792 nm 375.0 nm

Power at saturation 1.0 Gw 0.6 GW

Saturated gain 4,7% 6,1%

Saturated wavelength 386.0 nm 386.0 nm

Extraction efficiency 0.48% 0,35%


