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Projected Performance of RF-Linac-Drhren Free-Electron Lasers

in the VUV and Soft X-Ray Regions

Brian E. Newrwm

Cfmmical and Laser Sciences Divisbn, MS J564

Los Alamos National Laboratory

Los Alamos, New Mexico 67545

For We past three years, a multidisciplinary team of Los Alamos scientists, supported

by the lJ.$. Department of Energy, has been developing the requisite technologies to extend

iree-electmn laser (F EL) operation from infrared and visible wavelengths into the exf;eme -

uitravickt be!ow 100 nm using rf-linear accelerator technology. The goal is to establish an

XUV Free-C.lectron Laser User Facility, the neyt-generation light source that will make

availabk 10 researchers opt!cal power more than one-million times greater than provided by

synchrotrons light sources. @ased primarily on a ser[es of FEL oscillators driven by a single,

rf.linac, the Los Alamos facility is designed to generate broadly tunable, picosecond-pul~e,

coheron! :adiation spanning the soft xIay through the ultraviolet to the visible spectral

ranges frow 1 nm t~ 400 nm.

An ~f-Iinac is an alternative to a stol age ring as the source of the very bright electron

beam (big!} peak current, fow transverse emltlance and energy spread) needed to enable FELs

10 reach YLJV wavelengths. Their use offers several potential advantages which include: 1) the

electrons pas~ through the FEL only once at 107 to 108 Hz without the constraints imposed by

beam st~.~ragcr,2) the linear geometry allows unrostrlc%d and variable undulalor length, 3) a

numbw of FEL oscillators can be driven in series restricted only by tho mailable laboratory

space, 4) the electrons exiting the FELs can be used to generate neutrons, posilrons, and

gamrnn rays for additional e~~rimen!s in synchronism with the FEL pho!ons, and 5) the Iinac

FELs can simullarwously produce bc:h high-peak and high average oulpuf power.

‘The conceploal design of the rrwitlple oscillator FEL facility, driven by a slnglr? rf

Iirwc, l:; shown in Figu’? 1 and design spec;fics aro given in Tabfe 1~ Thcr shorlrrsl wavdonqlh

osclll$Wrs are ordered first In [he seq~tence since they roquho the hlghost qurdify e!octron
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Table 1. Design

● Energy:

c Pe+ Cum:

● Normalized Emittance:

(90% d eiectrms)

● EnergySpread:

● Lerq#tl:

● Pefb.xf:

● Pea AxialfFietd

● Utilalor Parameter, K:

● End Mirrors:

Parameters for a Frae-Electron Laser Facility for the

Ultravlo!et to the Soft X-Ray Region

100 to 500 MeV, FEL oscillators

750 MeV to 1 GeV, FEL ampiilier

100 fo 200A

25x to 40n mm-rnr, for oscillators

tin mm-mr, for 115-mamplifier mdulalor

(Amptillad Spontaneous Ernlssbn)

0.1 to 0.2”/0, FWtiM

8mfor50nm, 12 m for 10nm

1.6 cm

7.5 kG

1.1, peak

R >40%, Multifaceted mqlai films of Al,

sit Ao, ati FM; aitio, CVD SIC for 260 nm

● Beam Expanding t iyperbolcdds: Au caating on SiC or Si

ONE rt LINEAfI AC CELE~ATOn Dill VES
MULTIPLE, FEL OS CILLATOn S IN SEllt ES

FOC,USING

OUAOWJI”‘(x. E , 10-14 nm ?0- 40 nm 75-150 nm

I
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beam; the gain at longer wavelengths is less affected by beam degradation. Even so, all of the

oscillators are designed to perturb the elec!ron beam energy only very slightly, with the

ene{gy extraction efficiency being less than 0.1%.. Further beam degradation by wakefield

effects in Ihe beamline and magnetic undulator is minimized by proper design. The number of

oscillators may be increased arbitrarily, consistent with the amount of accumulated energy

spread and/or emittance degradation in the electron beam. A broad range or wavelengths,

limited cmly by the high-reflectance bandwidth of the re~onator mirrors, can be reached by

varying the electron energy. At a given setling of e!ectro~ energy, the operating wa.wiength, of

the individual FEL oscillators may be tuned independently over a smaller range by adjusting

the undulator gap.

Since mirror reflectance drops rapldiy below 10 nm, a long, single-pass undulaior will

be used to produce coherent pulses between 1 nm and 10 nm by self-amplified spontaneous

emission. Alternatively, using the best mirrors available, a two ~ or three-pass regenerative

amplifier may produce more power or allow use of a shortw undulatcr. (Even with 10%
/e

reflectance mirrors, the soft x-ray beam fedback for the second pass should have more power ~

than the spontaneous emission produced In the first few meters of she long undulatory.)

Recent ex >erimental progress at Los Alamos in two key areas provides opti!ni~m that

operation in the XUV IS feasible. These include development of high-reflectance metal-film

mirrors in a multifaceted configuration and a low-emhtance, high-peak current, eloctron-

Iinac injector. Prior to building a complote facility, Los Alamos proposes a series of FEL

oscillator demonstrations al progressively shorter wavelengths, ?he first of which will be

from 50 to 100 nm. Additional accelerator structure will permit operation down to <10 nm,

Num6:ica! simulations of FEL operation below 200 nm using the Los Alamos 3-D FEL

Code “FELEX” predict that the peak- and average. power output of these oscillators ar~d

aroj)ltfiers should surpass the capabilities of any existing, continuously tunable photon

sources by many orders of magnitude. Table 2 lists the FEL output radiation chnracteris!ics,

and cornpa!’~ ‘ns with sychrotron radiation sources are given III Table 3 and FIgures 2 and 3,

With Increases in power of the order of 106 plus transform-llmlted bandwidth, a Ihrac baswf

U’4/XUV FEL user fncllity should greatly enhance research capabilities at the frontiers nf a

number of sclenliflc disciplines.



Table 2. Rad!ation Properties of the

Proposed Los Aiamos RF-Linac-Driven UV/XW FEL Faciiity

Q Micropulse Duration: 10 -30 ps; possibly compressible to <1 ps

● !hlicropulse Repetition Rate: 107. 1~8Hz

● Macropulse Duration: 300-ps, Rep. @ 30 Hz

c Facility Wavelength Span :

● Spectral Bandwidth

● Peak Power at sample:

● Averaga Power at sample:

● Photon FIM at sample:

● Spectral Brightrwss:

* Polarization

● Temporal Gohewmce

● Spatial Coherence

1 nm to 400 nm, multi-oscillators

and amplified spontan. emission amplifier

1 cm-l Fourier-transform limit of 10-ps pulse

up to -1 % if sidebands are allowed to grow

1 to~l OMW, for12to 100nm

10 W, at 4 nm (3rd hi.vmonic of 12 nm)

z200 kW, at 4 nm (ASE Amplifier)

1 to >10 W for oscillators

1021-1028 photons/10-ps puise

1015-1020 photorw/see, average

>10~6 photons/1 O-ps pulse/( mm-mr)2/l cm-1 E3W

21020 photons/secl(mm-mr) 2/l cm- 1BW, aver.

Lir aar with circular/elliptical option

Limited by Fourier transform of micropulse

Near diffraction- limited focusability
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Table 3.

Predicted Performance at 100 nm of an RF-Linac-Driven XUV

Free-Electron Laser Compared with Synchrotrons Sources

SSRL ALS Xuv
WKicdama UNDULATO~ b ~c,d

1012 1013 1019

1(J-3~ 10-2 w >10+6w

PHOTONS/See
at SAMPLE

PEAK POWER

at SAMPLE

AVERAGE POWER 10-6w
at SAMPLE

AVER. SPECTRAL 1012

BRIGHT’IESS

at SAMPLE

(photons/sec/(mm-mr)2/f3W)

1 ()-5 w

1014

>1 w

1020

a

b

c

d

Stanford Synchrotrons Research Laboratory wiggler;
0.170 spectral bnndwidth after a monochromator with 10/0efficiency assumed.

Predicted performance of undulator D in the Advanced Light Source ring
beginning construction at Lawrence Berkeley Laboratory.

O.i ‘/0 spectral bandwidth after a monochron~ator with 10/0efficiency assumed.

Single-pass, 190 MeV rf-linac tTL operated at 30 Hz with 300-mA average current
during the 300-Ns macropulse, i.e. 1‘4 duty factor.

Minimum spectral bandwidth is limited bj the Fourier transform of i O-ps micro-
pulses, i.9. ‘1 cm-l (O.OO1O/Oat 100 rim).

Wider bandwidth, with higher output power limit~d by mirror distortion, IS attain-

able by allowing controlled side-band gr~wth.

Multiply all above FEL fiqures by another 10X with 500-Me J Iinac source!
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Figure 2. Time-average spectral brlgh!ness (de!lvered on target) of FELs will far exceed
that of the most powerful storage-rings with insertion devices (undulatory rmd wlqglers)
such as !hal o! Ihe Advanced Light Source 10 be constructed al Lawrence Berkeley LaborrNory.
(A monochromator efficiency of 10/’ was applied to lhe calculated inserlion-device oIJlpul.)
Br!sides the narrowm s~clral bandwidlh, the FEL has an additlorwl faclor of 104 advantaga In

comparisons of ~ speclra[ brightness. To cmverf the tlrne-avernoe curves In Fig. 2 10
peak brightness, the appropriate conversion factor for the FISL IS 1(# (1O ps pIJlsrI rwr?ry
100 n!? during the 300 ps macropulse .epeated at 30 Hz); that for the s!oragorlnq
inserlion devices is -102,
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Figure 3. The lime-average spectral flux (delivered on target) of FELs will far exceed that
from synchro!ron sources. (A monochromalor efficiency of 1% was applied to the calculated
insertion device output.) As in Ilw case of speclral bdghlness st?own In figure 2, the FEL
has an additional Iac!or of 104 advantage in terms of W* spectral br~hlness. The nppro -
prlale mulliplk?r to converl 10~ flux values is 108 for Ihe FEL and -102 for the storage
ring inswllo’1 devices.


