Investigation of the Feasibility of a Free Electron Laserfor the Cornell Electron Storage Ring andLinear AcceleratorMarty ZwikelDepartment of Physics, Grinnell College, Grinnell, IA, 50112AbstractFree electron lasers (FELs) constructed from storage rings and linear accelerators providefor strong, tunable sources of sub-visible wavelength coherent radiation. In this work weperform a one-dimensional simulation of a complete FEL oscillator for the 5 GeV Cornellelectron storage ring (CESR) and the 350 MeV Cornell linear accelerator. We find viablestorage ring FELs in the vicinity of 1.5 GeV beam energy and 50 nm output, and linacFELs around 320 MeV with 475 nm output. Both devices have a peak cavity power on theorder of Watts.IntroductionA free electron laser (FEL) essentially converts energy from a relativistic electron beam intocoherent electromagnetic radiation [1]. By running an electron beam through a periodic undulatormagnet, the electrons are accelerated in the transverse direction and will spontaneously radiate. Atransverse energy modulation introduced by the undulator allows the radiation field to influence thebeam, thereby extracting more energy from the electrons via stimulated emission. Given a longenough time scale, communication between the electrons will lead to an exponential growth in theradiation field.The simulation code FELSim models the output radiation field and longitudinal electrontrajectories of an arbitrary number of particles as they propagate through the system. We use actualbeam parameters from CESR and the Cornell linac, as provided in the Appendix, to study the timeevolution of the system. This simulation allows us to determine how variables such as beamemittance, energy spread, and sheer physical size constrain the complete parameter space ofelectron beam, undulator magnet, and output field in which a FEL might be constructed.Theory of the Free Electron Laser OscillatorThe complete system we use in examining the FEL possibilities for the Cornell electronsources is shown in Fig. 1. Each device has key theoretical characteristics that must be elucidatedin order to understand the simulation procedure. For a periodic planar undulator magnet ofwavelength lu, magnetic field strength B, and an electron beam of relativistic gamma factor g, thefundamental radiation wavelength at an angle of observation q from the beam axis is given by:

l lg g q

g =++u K2 1 1 22 2 2 2( )

(1)where K is the so-called undulator parameter, K = 9.344 B(kG) lu ( m ). Calculationsof theelectrontrajectoriesintheundulatorrevealthatatransverse velocitymodulationoccurs whichallows for energyexchangewithaco-propagatingelectricfield[2]. Toaccuratelymodelthissystem, we mustapplyaself-consistentapproachof using theelectronbeamas acurrentsourcefortheradiation

2ModulatorOutputDispersiveMagne t B, ) B, ) B D , L D R R 2FIGURE 1

field, and then letting this field act back on the electron beam. Murphy and Pellegrini derive thefollowing set of equations to describe this process:

˙ ( )

y r r j j = -12 1 12 2G

(2)

˙ [ . .] G G j j iAe c c j = - +

1r y

(3)

Ȧ N e

e i j jN j e = -=�1 1 yr G

(4)where c.c. indicates the complex conjugate, and Ne

t = (4prc/lu

Neequations, a scaled phase and energy, respectively, for each electron. Eq. 4 describes the radiationfield amplitude. Note that these equations have only one parameter, r, the so-called FELparameter:

r lp g g s = = ( ) , ( ) K c eImu p

p pkr W W 8 2 232 12where

(5)is the electron beam relativistic plasma frequency, e and m are the electron charge and mass, c isthe vacuum speed of light, Ipk sr g, indicating lower coupling for high beam energies.As the system evolves, the electrons will begin to spread out in energy and bunch in phasewith respect to the field. It is this bunching which allows for enhanced superposition of theemitted radiation, and a correspondingly high output power [1]. FELs may start up in one of twoways: a seed laser at the radiation wavelength can provide an initial field, or an initial bunching ofthe electron beam in the form of phase noise can be used. For sub-200 nm outputs, no seed lasersexist, and therefore startup from noise is the only option. The sheer physical size constraints of themagnets severely limits the optical gain of the undulator, so it is advantageous if some appreciablepre-bunching exists. An optical klystron (OK), a device composed of two undulators and adispersive magnet (see Fig. 1) does just this. By converting the energy modulation introduced in

3the first undulator into a phase modulation on the optical wavelength, the beam is effectively pre-bunched and primed to radiate more strongly and quickly in the second undulator [3].One final component of a FEL oscillator is the cavity end mirrors. For the electron beamsin consideration, it became clear early on that a single pass system would not provide nearlyenough output power, and thus a resonant cavity with round trip time equal to the electron pulsespacing is required. Materials with reflectances of 0.85 at wavelengths down to 10 nm have beenmanufactured, and could be used for the mirrors [4].Simulation Input ParametersThe FELSim code is a simulation of the complete FEL oscillator described in the precedingsection. An incoming electron bunch, or series of bunches, between 102 and1 0 4 particlesisinsertedatthebeginningof themodulationundulatorandthenrun through thesystem overanarbitrarytimeinterval. Eachelectronis assigned aphase andenergy, so thathephase spaceispurelylongitudinal.Thesetwodegreesoffreedomdo, however, allowfor accuratesimulationofbeamenergyspread andbunching. Theelectronsareinitiallydistributedinpairs of thesameenergy, chosen at random from a Gaussian distribution, with phases given by:y01 = 2p R(6)y02 = 2p R + p(7)where R is a random number between 0 and 1. This distribution technique cancels theshot noisewhich would occur in thesmallfieldregimedue to inaccuratestatistics, while stillallowing theelectrons to bunch and produce exponential field growth on longer time scales [5].Onetwo-dimensional effect, however, is particularly important to any FEL simulation —beamemittance. If thetransverse beamsize does not sufficiently overlap theopticalmode, thentherewill be littleenergy exchange and opticalgain. Wecandescribe this problem one-dimensionally as an effectiveenergy spread thatwill reduce thegain for high emittances.Expanding Eq. 1 to lowest order in g, K, and q yields:

D D D D ll gg g q

gg »-+2 1 12 1 122 2 22K KK K( ) ( )( )

(8)If we define the beam emittance as e=Dqa, where a is the maximum deflection amplitude along theundulator field axis, then the two rightmost terms become:

( ) ( )[ ( ) ]D gg pl lp pgl e b b eff u K K = + + 1 1 12 2 2 2 2

2 2 2 2

(9)where lbisthebetafunctionoftheundulatormagnet.Wetakelbtobethe�natural�betafunctionof the undulator, which is

2

l ug/K , so that:

( ) ( )

D gg pge l eff u KK

= +81 1 2 2

(10)

4We include this spread in our simulations, using the ring and linac emittances provided in Table IIof the Appendix. Note that the linac emittance is rather poor, and yields an effective spread largecompared to the coupling strength r. All linac simulations were conducted assuming an emittance1/10 the current value, thereby avoiding this isolated problem [6].An optical klystron is even more sensitive to energy spread, with an approximateacceptance given by the simple relation:

()()G GOK FELD Dgg gg»

(11)It is inaccurate, however, to include the effective emittance spread in our klystron calculations, asthe dispersive magnet performs an entirely different function than the undulator. In order toproperly simulate a complete OK oscillator, one must use a three-dimensional simulation, which isbeyond the scope of this work. We may still use an estimate of the ratio GOK/GFEL derivedfromlowemittancesimulationstoobtainaroughpredictionoftheacceptanceandgainfor agivensetofinputparameters.For aFEL/OKinalossy resonantcavity, itis imperativethatenough fieldremaininthecavitywhenthenextelectronbuncharrives. Ithas beendeterminedviasimulationthatagainperpassofunityisrequiredearlyontoensureanexponentialbuildupinthelongrun. Aswe increasetheelectronbeamenergy,eventuallythegainperpasswillreducetounity.Thisenergydefinesthecritical gain criteria of the system. Alternatively, when the energy spread effectively degrades thegain to unity, this energy defines the critical spread criteria of the system. For a given magneticfield, undulator wavelength, energy spread, beam intensity, and emittance, the critical energy is thelower of these two values, and defines the maximum beam operating energy for use in a FELoscillator. The only difference between the storage ring and linac in this regard is that the linac canoutput 35 sequential bunches, while the storage ring can have 25 circulating bunches for the bunchintensities in consideration. After 35 passes of a linac oscillator, the field will simply decay tozero. Oscillations in the storage ring may continue indefinitely, although energy spread willaccumulate within each bunch over time.The parameters described above constitute the full input of the FELSim oscillatorsimulation. Fig. 2 shows the single pass evolution of the electron phase space and radiation fieldamplitude for a typical set of beam and magnet parameters. From t = 0 to t = 1.22 the beam is inthe first undulator, which introduces an energy modulation. The dispersive magnet slews thephase space in a relatively short amount of time, which then allows for exponential buildup in theoutput undulator. In considering the entire parameter space of which a FEL can be chosen,however, we cannot simulate every possible system due to computation time constraints. Insteadwe employ the small signal gain result of Murphy and Pellegrini to determine the gain per pass ofan undulator starting from some small initial field [7]. This approximation may then be used withthe gain and spread criteria described earlier to determine a given system�s critical energy. The fullset of critical energies and input parameters constitutes the complete parameter space of viableFELs. A detailed simulation of an attractive system is then performed to accurately determine theoutput field behavior and peak cavity power.ResultsFigs. 3 and 4 illustrate the parameter space from which a storage ring or linac FEL can beconstructed. The upper plots in each figure fix the bunch current or intensity, and undulatorparameters, to show where the gain and spread criteria limit the choice in beam energy. The lowerof these values is the critical energy for a given parameter set, and this quantity is plotted for anumber of magnetic field contours in the lower plots. One may then simply pick a point on anycontour for simulation, as this represents a viable FEL oscillator.

5

0 0.5 1

2 2.5 τ

0.3 0.4 0.5

|A|

− 4π − 2π 0

4π ψ − 0.003

− 0.001 0 0.001

0.003 Δγ −−−−−−−−−−− γ τ= 0

− 4π − 2π 0

ψ

0 γ τ= 1.22

− 4π

− 2π

0

ψ

0 γ τ= 1.37

− 4π − 2π 0

ψ

0

−−−−−− γ τ= 2.49

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 caseafter field buildup over a number of passes, to demonstrate the effect of the dispersivemagnet more clearly. The dashed lines on the field plot indicate the start and end of thedispersive magnet. The lower figures illustrate the evolution of the electron longitudinalphase space.

6

1 1.2 1.4

1.8 2 2.2 1 2 3

5 6 7

156 92 61 32 Wavelength(nm)

I_b = 20 mA

B= 5.0 kG

Crit.Gain= 1.55 GeV

Crit.Spread = 1.65 GeV

1 1.2 1.4

1.6 1.8 2 Energy(GeV) 1 2

4 5 6 Gain 156 92

43 32 Wavelength(nm)

λ_u = 10 cm

B= 5.0 kG

Crit.Gain= 1.76 GeV

(a)(c)

10 12

16 18 20 0.8 1 1.2

E (GeV) 26 30

52 66 λ_γ (nm)

B=2.0

B=3.0

B=4.0

λ_u = 10

10 12

1 1.2 1.4

20 23

40 50

B=3.0

B=4.0

(b)(d)FIGURE 3. Parameter space for storage ring FEL oscillators. Figs. 3a & 3b show theparameter space for a single 15m undulator, while Figs. 3c & 3d describe an OK with apair of 7.5m undulators and a 1m dispersive magnet. The upper plots illustrate the criticalgain and spread criteria for a particular system, and the lower plots show various criticalenergy contours for different undulator magnetic field settings. lu is presented in cm, andB in kG.

7

0.1 0.2 0.3

0.5 0.6 Energy(GeV)

4 6 8 Gain

3585 708

159 100 Wavelength(nm)

λ_u = 10 cm

B= 2.0 kG

Crit.Gain= 0.464 GeV

0.2 0.3 0.4

0.5 0.6 0.7

2 4 6

10 Gain 896 177 108 73

I_b = 100 x 10^8

λ^u = 10 cm

B= 2.0 kG

Crit.Spread = 0.35 GeV

(a)(c)

50 100

200 250 I_b (10^8)

0.1 0.2 0.3

0.5 0.6 E (GeV)

845 475 346 λ_γ (nm)

B=1.0

B=1.8

B=3.2

B=4.0

λ_u = 10

50 100

0.2 0.4 0.6

1 E (GeV) 957

187 134 109

B=1.0

B=1.8

B=2.5

B=4.0

λ^u = 10

(b)(d)FIGURE 4. Parameter space for linac FEL oscillators. Figs. 4a & 4b show the parameterspace for a single 15m undulator, while Figs. 4c & 4d describe an OK with a pair of 7.5mundulators and a 1m dispersive magnet. The upper plots illustrate the critical gain andspread criteria for a particular system, and the lower plots show various critical energycontours for different undulator magnetic field settings. lu is presented in cm, and B ink G .

8

0 20 40

80 100 120 τ 0 0.2

0.6 0.8 1 |A| 1 7

20 27 NumberofPasses

FIGURE 5 . Radiation field amplitude for a 15m FEL in a 17m cavity. Mirror reflectancesare R 1 = R 2 =0.85. Simulation was conducted with: E = 1.4 GeV, l u = 10 cm, B = 4.0 kG,Ib = 20 mA. Radiation wavelength is 52 nm.

0 50 100

200 250 300 0 0.2 0.4

0.8 1 1.2

1 11 21 41 NumberofPasses

FIGURE 6 . Radiation field amplitude for a 15m FEL in a 17m cavity. Mirrorr e f l e c tances are R 1 =0.98, R 2 =1.0. Simulation was conducted with: E = 320 MeV,l u = 10 cm, B = 2.5 kG, Ib = 2.5 x 1010 electrons. Radiation wavelength is 475 nm.

9Note that in both the storage ring and linac cases, the optical klystron system allows for use ofbeam energies roughly 200 MeV greater than would be possible with a single undulator of thesame length. This in turn lowers the output radiation wavelength as well as the magnetic fieldrequired to obtain such an output.The contour plots for each electron source have qualifications that must be noted here. Inthe case of the storage ring, the beam must be operated at an energy greater than 1 GeV, andpossibly 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 greater than 350 MeV. To reach higher energies,the beam could be accelerated somewhat in the Cornell synchroton. This, however, will increasethe beam emittance and reduce gain at some point as well. Thus it is suggested that 400 MeV is themaximum linac FEL energy.We now choose particular storage ring and linac systems from these contours and performa high quality simulation of 2,000 electrons. The radiation field amplitudes presented in Figs. 5 &6 reach maximum values near unity, a result that is found to be independent of undulator or beamparameters. The cavity power at this saturation value then depends only on the undulatorparameter K and the FEL parameter . For both simulations conducted we find a peak ofapproximately 6 Watts, an impressive amount of power in the tens of nm regime of our storagering FEL, and still a significant value for the visible linac FEL. Examination of the OK contoursfor each electron source reveals that even lower wavelengths can be obtained, and from atheoretical standpoint these systems should achieve the same cavity power at their critical energies.We cannot, however, simulate the complete OK oscillator using the one-dimensional FELSimcode, but the results indicate that wavelengths in the ultraviolet are within the reach of a Cornelllinac FEL.ConclusionsBoth the Cornell electron storage ring (operating at 1.4 — 1.8 GeV) and linear accelerator(with an improved electron injector) make quite feasible electron sources for powerful sub-visiblewavelength FELs. Using the FELSim simulation code, we have identified regions of the completeparameter space of the beam-oscillator system in which a FEL oscillator could be constructed, andhave simulated attractive systems for both electron sources. We find a storage ring FEL in thevicinity of 50 nm and a linac FEL in the visible or SUV regime, with peak cavity powers ofapproximately 6 Watts. Use of an optical klystron is shown to allow for even lower wavelengthoperation at a similar power output.AcknowledgmentsThe author would like to thank Professor Gerry Dugan of Cornell University, who proposedthis Research Experience for Undergraduates project, for his help in understanding the freeelectron laser and for his guidance in the simulation coding and analysis.This work was supported by the National Science Foundation REU grant PHY-9731882 andresearch grant PHY-9809799.

10AppendixTable I. Storage ring and linac beam characteristics that contribute to the FEL parameter r .ss is the r.m.s. bunch length, I b is the bunch current in the case of the storage ring, and thebunch intensity (in number of electrons) in the case of the linac, Ipk is the peak beam current,s r is the r.m.s. beam radius, and E is the beam energy. Ring values are produced for B = 4.0kG, l u = 10 cm, and I b = 20 mA. Linac values for 2.5 kG, 10 cm, and 2.5 x 1010 particles perb u n c h . Storage RingLinear AcceleratorParameterDependenciesValue at 1.4 GeVDependenciesValue at 0.3 GeVssE2 x 10-3 mConstant3 x 10-3 mIpks s-1 , I b3100 AIb4400 AsrE2.5 x 10-4 mE-1/2 , I b1.1 x 10-3 mrSee Page 21.2 x 10-3See Page 21.8 x 10-3Table II. Storage ring and linac beam energy spread and emittance effective energy spreadcontribution. e is the beam emittance, and E is the beam energy. Emittance values are givenin mrad mm.Storage RingLinear AcceleratorParameterDependenciesValue at 1.4 GeVDependenciesValue at 0.3 GeV(Dg/g)beamE1.7 x 10-4E-12.2 x 10-3eE23.2 x 10-9E-1 , I b 28.1 x 10-8(Dg/g)effe, E3.6 x 10-4e, E2.6 x 10-3Footnotes and References 1.J.B. Murphy and C. Pellegrini, �Introduction to the Physics of the Free Electron Laser,� in

Lecture

Notes

inPhysics

296 , M. Month and S. Turner, eds., p. 163. 2.H. Wiedemann,

Particle

Accelerator

Physics

II , (Springer, Berlin, 1995), p. 400. 3.R.H. Pantell, �Free Electron Lasers,� in

AIPConference

Proceedings

184 , M. Month andM. Dienes, eds., p. 1718. 4.R.L. Johnson, �Grating Monochromators and Optics for the VUV and Soft X-Ray Region,�in

Handbook

onSynchrotron

Radiation

, Volume 1A, E. Koch, ed., p. 177. 5.C. Brau, �Free Electron Lasers,� in

184 , M. Month and M.Dienes, eds., p. 1689. 6.Implementation of a more modern electron gun should decrease the linac beam emittance bythe required order of magnitude. 7.While we are interested in startup from noise, this is difficult to simulate due to the relativelysmall number of particles in consideration. We thus assume a very small initial field, one thatwould certainly develop from noise after the first pass in an oscillator. 8.Aipiwinski, �Touschek Effect and Interbeam Scattering,� in

ofAccelerator andEngineering , Tigner and Chao, eds., p.125.