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Abstract

Free electron lasers (FELS) constructed from storage rings and linear accelerators provide
for strong, tunable sources of sub-visible wavelength coherent radiation. In this work we
perform a one-dimensional simulation of a complete FEL oscillator for the 5 GeV Cornell
electron storage ring (CESR) and the 350 MeV Cornell linear accelerator. We find viable
storage ring FELs in the vicinity of 1.5 GeV beam energy and 50 nm output, and linac
FELs around 320 MeV with 475 nm output. Both devices have a peak cavity power on the
order of Watts.

Introduction

A free electron lasefFEL) essentially converts energy fromedativistic electron beam into
coherent electromagnetic radiation [1]. By runningelettron beanthrough a periodic undulator
magnet, the electrons are accelerated irtrdresverse direction and wgpbontaneously radiate. A
transverse energy modulation introduced by the undulator allows the radiation field to influence the
beam,thereby extracting more energy frdhe electrons via stimulategimission. Given a long
enough time scale, communication between the electrons will lead to an exparemital in the
radiation field.

The simulation code FELSIim models the output radiation field and longituelieetron
trajectories of an arbitrary number of particles as they propagate through the system.aealise
beam parameters from CESR and the Cornell linac, as provided Apgieadix, to studythe time
evolution of thesystem. Thissimulation allows us taleterminehow variablessuch asbeam
emittance, energgpread,and sheer physical size constrdive complete parameter space of
electron beam, undulator magnet, and output field in which a FEL might be constructed.

Theory of the Free Electron Laser Oscillator

The completesystem we use iexamining the FEL possibilitiefor the Cornell electron
sources is shown in Fig. 1. Each device hastkegretical characteristics thaiust beelucidated
in order to understanthe simulationprocedure. For geriodic planar undulator magnet of
wavelength , magnetic field strengtB, and an electrobeam of relativistic gamma factgy the
fundamental radiation wavelength at an angle of obsen&fimm the beam axis is given by:
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whereK is the so-called undulator parametér,= 9.344 B(kG) A, (m). Calculations of the
electron trajectories in the undulator reviiedt atransversevelocity modulationoccurs which
allows for energyexchange with a co-propagatimtectric field[2]. To accurately model this
system, we musapply a self-consistent approachusingthe electron beam as a curreiurce
for the radiation
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FIGURE 1. Schematic of a complete FEL oscillator. The electron beam enters at the
modulator (undulator magnet) and exits after the output section.

field, andthen lettingthis field actback on the electroneam. Murphy anéellegrini derive the
following set of equations to describe this process:
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wherec.c.indicatesthe complexconjugate, andN, is the number oélectrons. Differentiation in

Eqgs. 2-4 iswith respect tdhe scaledime variablet = (4rtpc/A )t. Egs. 2and 3 are ifact 2N,
equations, a scaled phase and energy, respectively, for each electron. Eq. 4 diesailoéstion

field amplitude. Notethat theseequations have only one parametgr, the so-called FEL
parameter:
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is the electron beam relativistic plasiragquency,e andm are the electron charge amdhss,c is

the vacuum speed difjht, |, is the peak current iamperes, and, is ther.m.s. beamradius in
meters. Table | of the Appendixprovides a listing ofthe actual beam parameteused in
simulation. The FEL parameter is a measure obt#ancoupling to the radiatiofield, and goes

inversely withy, indicating lower coupling for high beam energies.

As the system evolves, the electrons will begin to spread out in energy and bunch in phase
with respect tahe field. It is this bunching which allows foenhanced superposition of the
emitted radiation, and a correspondingly high output power [1]. FEdys start up in one of two
ways: a seed laser at the radiation wavelength can provimhdianfield, or aninitial bunching of
the electron beam in the form of phase noise can be used. For sub-200 nm outputs, no seed lasers
exist, and therefore startup from noise is the only option. The sheer physical size constraints of the
magnets severely limits the optical gain of timielulator, so it is advantageous if soappreciable
pre-bunching exists. Aoptical klystron (OK), adevice composed of two undulators and a
dispersive magnet (see Fig. 1) does jagt. By converting the energy modulation introduced in



the first undulator into a phase modulationtbe opticalwavelengththe beam is effectivelpre-
bunched and primed to radiate more strongly and quickly in the second undulator [3].

One final component of a FEL oscillator is the cavity emdors. Forthe electron beams
in consideration, ibecame clear early on thatsangle pass system wouldot provide nearly
enough outpupower, and thus a resonanavity with roundtrip time equal to the electropulse
spacing is required. Materials with reflectance8.865 atwavelengths down to 10 nhave been
manufactured, and could be used for the mirrors [4].

Simulation Input Parameters

The FELSIm code is a simulation of thempleteFEL oscillator described in the preceding
section. Anincoming electrorbunch, or series of bunchdsetween 10 and 10 particles is
inserted at the beginning of the modulation undulator and rinerthroughthe system over an
arbitrarytime interval. Each electron isssigned a phase aadergy, sathat thephase space is
purely longitudinal. These two degrees of freediton howeverallow for accurate simulation of
beamenergy spread and bunchin@he electrons are initiallgistributed in pairs othe same
energy, chosen at random from a Gaussian distribution, with phases given by:

Yo, = 2rR (6)
Yo, = 2MR + 1T (7)

whereR is a random number between 0 and 1. This distribution techocameels theshot noise
which wouldoccur in the small field regime due to inaccurstiatistics, whilestill allowing the
electrons to bunch and produce exponential field growth on longer time scales [5].

Onetwo-dimensional effecthowever, isparticularly important to any FEL simulation —
beam emittance. If theansversdbeam sizedoes notsufficiently overlap the opticainode, then
there will belitle energy exchange andptical gain. We can describethis problem one-
dimensionally as an effective energpreadthat will reduce the gairfor high emittances.
Expanding Eq. 1 to lowest orderynK, and6 yields:
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If we define the beam emittancesa#\6a, wherea is the maximum deflection amplitude along the
undulator field axis, then the two rightmost terms become:
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where; is the beta function of the undulator magnet. We gke be the “natural” beta function
of the undulator, which is/2A y/K, so that:
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We include this spread in our simulations, using the ringlinad emittancegrovided inTable Il
of the Appendix. Notehat the linac emittance is rathgoor, and yields an effectivepreadarge
compared to the coupling strength All linac simulations were conducted assumingeamittance
1/10 the current value, thereby avoiding this isolated problem [6].

An optical klystron is even more sensitive to energpread, with anapproximate
acceptance given by the simple relation:

G2 = (6., (11)
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It is inaccurate, however, foclude the effective emittanspread in our klystron calculations, as

the dispersivemagnetperforms arentirely different function than thendulator. In order to
properly simulate a complete OK oscillator, one must use a three-dimensional simulation, which is
beyondthe scope of thisvork. Wemay stilluse arestimate of the rati®,,/G., derived from

low emittance simulations to obtain a rough prediction of the acceptance aorgagiven set of

input parameters.

For aFEL/OK in alossy resonant cavity, it ismperative thaenoughfield remain in the
cavity when the next electron bunch arrives. It lbesn determined via simulation that a gain per
pass of unity is required early on to ensure an exponential buildup in theulengAs weincrease
the electron beam energy, eventually the gain per pass will reduce to unity. This energy defines the
critical gain criteria of thesystem. Alternatively, whenthe energyspreadeffectively degrades the
gain tounity, thisenergy defines theritical spreadcriteria of thesystem. For aiven magnetic
field, undulator wavelength, energy spread, beam intensity, and emittaraéjdhkenergyis the
lower of thesetwo values,and defines thenaximum beam operatingnergy for use in a FEL
oscillator. The only difference between the storage ring and linac in this regfaat tise linac can
output 35 sequential bunches, while the storage ring can have 25 circulating bunémebuoch
intensities in considerationAfter 35 passes of dinac oscillator, the field will simply decay to
zero. Oscillations in the storagang may continue indefinitely, although energpreadwill
accumulate within each bunch over time.

The parameters described above constitute the full input of the FELSIm oscillator
simulation. Fig. 2 shows the singdassevolution of the electrophase space and radiatifield
amplitude for a typical set of beam and magnet paramdteosn 1 = 0 tot = 1.22the beam is in
the first undulator, which introduces an energy modulatidrhe dispersivemagnetslews the
phase space in a relatively short amount of time, which then ditovexponential buildup in the
output undulator. In considerinthe entire parameter space which a FEL can bechosen,
however, we cannot simulate every possible system doentputationtime constraints. Instead
we employ the small signal gain result of Murphy and Pellegrini to determine the gaiaspeof
an undulator starting from some small initial fi¢fd. This approximatiormay then beaused with
the gain and spread criteria described earlier to determine a given system’secriiggd. The full
set of critical energies and input parameters constitutesctmplete parameter space \déble
FELs. A detailed simulation of aattractivesystem is then performed &mcurately determine the
output field behavior and peak cavity power.

Results

Figs. 3 and 4 illustrate thgarameter spadeom which a storage ring dinac FEL can be
constructed. The upper plots ineachfigure fix the bunch current or intensity, and undulator
parameters, to show where the gain and spread criteria limit the choieanmenergy. The lower
of these values is theitical energy for agiven parameteset, and this quantity is plottetbr a
number ofmagnetic fieldcontours inthe lower plots. One maythen simply pick a point on any
contour for simulation, as this represents a viable FEL oscillator.
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FIGURE 2. Typical FEL oscillator single-pass simulation conducted with 2,000 electrons.
The radiation field amplitude |A| is given a large initial value of 0.2, as might be the case
after field buildup over a number of passes, to demonstrate the effect of the dispersive
magnet more clearly. The dashed lines on the field plot indicate the start and end of the
dispersive magnet. The lower figures illustrate the evolution of the electron longitudinal

phase space.
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FIGURE 3. Parameter space for storage ring FEL oscillators. Figs. 3a & 3b show the
parameter space for a single 15m undulator, while Figs. 3c & 3d describe an OK with a
pair of 7.5m undulators and a 1m dispersive magnet. The upper plots illustrate the critical
gain and spread criteria for a particular system, and the lower plots show various critical
energy contours for different undulator magnetic field settingsis presented in cm, and

B in kG.
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FIGURE 4. Parameter space for linac FEL oscillators. Figs. 4a & 4b show the parameter
space for a single 15m undulator, while Figs. 4c & 4d describe an OK with a pair of 7.5m
undulators and a 1m dispersive magnet. The upper plots illustrate the critical gain and
spread criteria for a particular system, and the lower plots show various critical energy
contours for different undulator magnetic field settin@s.is presented in cm, ariglin

kG.
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FIGURE 5. Radiation field amplitude for a 15m FEL in a 17m cavity. Mirror reflectances
areR,=R,=0.85. Simulation was conducted with:= 1.4 GeV A, = 10 cm,B = 4.0 kG,
I, = 20 mA. Radiation wavelength is 52 nm.
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FIGURE 6. Radiation field amplitude for a 15m FEL in a 17m cavity. Mirror

reflectances ard?;=0.98,R,=1.0. Simulation was conducted with:= 320 MeV,
A, =10cm,B =25 kG,l, = 2.5 x 1¢° electrons. Radiation wavelength is 475 nm.



Note that inboth the storageing andlinac cases,the opticalklystron system allows for use of
beam energies roughly 200 MeV greater than would be possible with a single undulator of the
samelength. This in turn lowerghe output radiation wavelength as well as tiegnetic field
required to obtain such an output.

The contour plots foeach electrorsource have qualificatiortat must be notedhere. In
the case of the storagang, the beammust be operated at an energy greater th&e¥, and
possibly even greater than 1.5 GeV, to avoid beam decay via the Touschek effect [8]. Conversely,
the linac cannot be operated at an energy much greateB3bavieV. To reach higheenergies,
the beam could be acceleratsmmewhat irthe Cornellsynchroton. This, howevewill increase
the beam emittance and reduce gain at some point as well. Thus it is suggested that 400 MeV is the
maximum linac FEL energy.

We now choose patrticular storage ring éndc systems fronthese contours and perform
a high quality simulation of 2,000 electrons. The radiation field amplitudes presemigg.irb &
6 reach maximum values near unity, a rethdt isfound to beindependent of undulator tweam
parameters. The cavity power at thissaturation value themlepends only orthe undulator

parameteilK and the FEL parametgy. For bothsimulations conducted we find a peak of
approximately 8/Natts, an impressivamount ofpower inthe tens of nmregime ofour storage
ring FEL, and still a significantaluefor the visible linacFEL. Examination of the Okcontours
for each electrorsource revealshat evenlower wavelengthscan beobtained, and from a
theoretical standpoint these systems should achieve the samepcavty attheir critical energies.
We cannot, howeverssimulate the complete OK oscillatoising the one-dimensional FELSIm
code,but theresultsindicate thatvavelengths irthe ultraviolet are within the reach of a Cornell
linac FEL.

Conclusions

Both the Cornell electron storagiang (operating afl.4 — 1.8GeV) and linearaccelerator
(with an improved electron injectomake quite feasible electr@ources for powerful sub-visible
wavelength FELs. Using the FELSIim simulation code, we have identified regitims admplete
parameter space of the beam-oscillator system in which a FEL oscillator catdddtricted, and
have simulated attractivi/stems for botlelectronsources. Wdind a storage ring FEL in the
vicinity of 50 nm and dinac FEL in the visible orSUV regime, withpeak cavitypowers of
approximately 6/NVatts. Use of awptical klystron is shown tallow for even lower wavelength
operation at a similar power output.
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Appendix

Table I. Storage ring and linac beam characteristics that contribute to the FEL parameter
g, is the r.m.s. bunch length, is the bunch current in the case of the storage ring, and the
bunch intensity (in number of electrons) in the case of the lipais, the peak beam current,
o, is the r.m.s. beam radius, akds the beam energy. Ring values are produce® for4.0
kG, A, = 10 cm, and, = 20 mA. Linac values for 2.5 kG, 10 cm, and 2.5 ¥ particles per
bunch.

Parameter Storage Ring Linear Accelerator
Dependencies | Value at 1.4 GgV Dependencies  Value at 0.3 GeV
o, E 2x10°m Constant 3 x Idm
| ol 1, 3100 A I, 4400 A
: E 25x10'm E*? I, 1.1x10°m
P See Page 2 1.2 x 10 See Page 2 1.8 x 0

Table Il. Storage ring and linac beam energy spread and emittance effective energy spread
contribution. € is the beam emittance, aidis the beam energy. Emittance values are given
in mrad mm.

Parameter Storage Ring Linear Accelerator
Dependencies | Value at 1.4 GgV Dependencies  Value at 0.3 GeV
(AYY),eam E 1.7 x 10 E* 22x10°
€ E? 3.2x 10 EL L7 8.1x 10°
(DY) & E 3.6 x 10 g, E 2.6 x 10°
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