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GENERAL FEL SCHEMATIC
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PRESENT STATE-OF-THE-ART IN FEL CODES
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GENERAL SIMULATION FORMULATIONS
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GENERAL INFORMATION ON MEDUSA
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THE MEDUSA FAMILY OF FEL CODES
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IMPLEMENTATION/INTERFACE ISSUES
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TREATMENT OF THE ELECTROMAGNETIC FIELD
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SIMPLIFIED 1-D SVEA FORMULATION
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HOW FAR CAN THE SVEA BE PUSHED?
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THE QUASI-STATIC APPROXIMATION
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TIME-AVERAGED MAXWELL EQUATIONS
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PHYSICAL MEANING OF THE SVEA
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TREATMENT OF PARTICLE DYNAMICS
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1-D PARTICLE DYNAMICS
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PARTICLE LOADING ALGORITHM
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1-D MODEL VALIDATION

PHYSICAL REVIEW A VOLUME 26, NUMBER 4 OCTOBER 1982
Collective effects on the operation of free-electron lasers with an axial guide field

H. P. Freund* and P. Sprangle
Naval R h Lab y, Washiy D.C. 20375

D. Dillenburg, E. H. da Jornada, R. S. Schneider, and B. Liberman
Instituto de Fisica, Universidade Federal do Rio Grande do Sul, 90.000 Porto Alegre-RS, Brazil
(Received 14 December 1981)

The collective i ion in a free-electron laser with bined helical wiggler and uni-
form axial guide fields is presented in the linearized regime. The analysis involves a pertur-
bation of the Vlasov-M: 11 ions about the locity helical trajectories, and
the general driving currents are derived for this confi i The ) i i

is then ined for a ic beam. Analytic solutions are obtained in the
strong pump and space-charge dominated regimes, and an extensive numerical analysis is
presented for a wide range of operating parameters. The results indicate that substantial
enhancements in the gain are possible when the relativistic axial gyrofrequency is compar-
able to the free-electron laser doppler upshift. In addition, there is a range of parameters
for which the ponderomotive potential acts to destabilize the electron beam. In this regime,
we find both unstable electrostatic beam modes and largely electromagnetic modes with
broad bandwidths.

PHYSICAL REVIEW A VOLUME 27, NUMBER 4 APRIL 1983

Nonlinear analysis of free-electron-laser amplifiers with axial guide fields

H. P. Freund®
Naval R. h Lab ry, Washin D.C. 20375
(Received 21 September 1982)

The nonlinear evolution of free-electron lasers in the presence of an axial guide field is in-
vestigated numerically. A set of coupled nonlinear differential equations is derived which
governs the self-consistent evolution of the wave fields and particle trajectories in an ampli-
fier configuration. The nonlinear currents which mediate the interaction are computed by
means of an average over particle phases, and the inclusion of fluctuating space-charge
fields in the formulation permits the investigation of both the stimulated Raman and Comp-
ton scattering regimes. The initial conditions are chosen to describe the injection of a cold,
axially propagating electron beam into the interaction region which consists of a uniform
axial guide field and a helical wiggler field which increases to a constant level adiabatically
over a distance of ten wiggler periods. After an initial transient phase, the results show a re-
gion of exponential growth of the radiation field which is in excellent agreement with linear
theory. Saturation occurs by means of particle trapping. The efficiency of the interaction
has been studied for a wide range of axial guide fields, and substantial enhancements have
been found relative to the zero-guide-field limit.
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NON-WIGGLER-AVERAGED FORMULATION

DISTRIBUTION A




1-D ORBITS: HELICAL WIGGLER & SOLENOID
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1-D GAIN COMPARISONS

oot (b) —
002 -

0010 wlcky, = 216
0.008 )

0.006 -
0.004 p~
0002 -

il

-

0.0 T T
Qi Thwe = 006
- 35

¢ = 01

DISTRIBUTION A



1-D COMPARISON OF SATURATION EFFICIENCY
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POLYCHROMATIC GENERALIZATION
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TIME-DEPENDENCE/SLIPPAGE
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TIME-DEPENDENT MAXWELL’ S EQUATIONS
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TIME DEPENDENCE vs POLYCHROMATIC
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SIMULATING SHOT NOISE
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THREE-DIMENSIONAL EEFECTS: BEAM QUALITY
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THREE-DIMENSIONAL EFFECTS:OPTICAL GUIDING

Flat-Pole-Face Wiggler with Quads
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FINITE PULSE LENGTH EFFECTS
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THREE-DIMENSIONAL GENERALIZATION
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THREE-DIMENSIONAL MODAL EXPANSION
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THREE-DIMENSIONAL FIELD EQUATIONS
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THREE-DIMENSIONAL AVERAGING OPERATOR

We use a Gaussian distribution function
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THREE-DIMENSIONAL PARTICLE DYNAMICS
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NUMERICAL ALGORITHM
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PARALLELIZATION - MEDUSA
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OSCILLATORS: MEDUSA/OPC
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HARMONIC GENERATION
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LINEAR HARMONIC GENERATION
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NONLINEAR HARMONIC GENERATION
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NONLINEAR HARMONIC GROWTH
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NONLINEAR HARMONICS SIMULATIONS

10
10
10
10

[\ ~ [=)} [es]

10
10
10

Power (W)

10

[ee] =)} B [\S) =]

10

Harmonic No. | Gain Length (m) | Power
1 0.619 110 MW
2 0.364 189 kW
3 0.217 2.67 MW
- 0.166 84.3 W
5 0.128 103 kW
6 0.115 195 W
7 0.092 49.5 kW
8 0.079 478 W
9 0.072 50.0 kW
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NONLINEAR HARMONICS IN FEL OSCILLATORS
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NONLINEAR HARMONIC

PERFORMANCE
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CONCLUSIONS ON NHG IN FEL OSCILLATORS
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CODE VALIDATION AND BENCHMARKS
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MEDUSAID/PERSEO - START-UP FROM NOISE
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MEDUSA/MEDUSA1D/PERSEO
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COMPARISONS: GINGER, GENESIS, TDA3D, RON
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ELSEVIER Nuclear Instruments and Methods in Physics Research A 445 (2000) 110-115

www.elsevier.nl/locate/nima

Multi-dimensional free-electron laser simulation codes:
a comparison study™

S.G. Biedron®*, Y.C. Chae*, R.J. Dejus®, B. Faatz®, H.P. Freund®, S.V. Milton®,
H.-D. Nuhn?, S. Reiche”

*Advanced Photon Source, Argonne National Laboratory, 9700 S.Cass Avenue, Argonne, IL 60439, USA
“Deutsches Elektronen Synchrotron, Notkestrasse 85, 22603 Hamburg, Germany
“Science Applications International Corporation, McLean, VA 22101, USA
IStanford Linear Accelerator Center, Stanford, CA 94309, USA

Abstract

A self-amplified spontancous emission (SASE) free-electron laser (FEL) is under construction at the Advanced Photon
Source (APS). Five FEL simulation codes were used in the design phase: GENESIS, GINGER, MEDUSA, RON, and
T'DA3D. Initial comparisons between each of these independent formulations show good agreement for the parameters
of the APS SASE FEL. © 2000 Elsevier Science B.V. All rights reserved.
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Power (W)

CODE COMPARISONS - POWER vs DISTANCE
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CODE COMPARISONS - GAIN LENGTH SCALING
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CODE COMPARISONS — WIGGLER ERRORS
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ELF EXPERIMENT AT LLNL
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ELF POWER COMPARISON

VOLUME 57, NUMBER 17 PHYSICAL REVIEW LETTERS

27 OCTOBER 1986

High-Efficiency Extraction of Microwave Radiation from a

Tapered-Wiggler Free-Electron Laser

T. J. Orzechowski, B. R. Anderson, J. C. Clark, W. M. Fawley, A. C. Paul, D. Prosnitz,

E. T. Scharlemann, and S. M. Yarema

Lawrence Livermore National Laboratory, University of California at Livermore, Livermore, California 94550

and

D. B. Hopkins, A. M. Sessler, and J. S. Wurtele

Lawrence Berkeley Laboratory, University of California, Berkeley, California 74720

(Received 4 August 1986)

We have substantially increased the output power and extraction efficiency of a free-electron
laser operating at 34.6 GHz by tapering the wiggler magnetic field. In the exponential-gain regime,
the laser exhibited a measured gain of 34 dB/m. With a 50-kW input signal, the amplifier saturated
in 1.3 m with a 180-MW output signal. By using a taper that brought the magnetic field at the end
of the wiggler down to 45% of its initial (peak) value, we increased the output signal to 1.0 GW.

This corresponds to an extraction efficiency of 34%.
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ELF TUNING COMPARISON

150 Nuclear Instruments and Methods in Physics Research A250 (1986) 150158

North-Holland, Amsterdam |

COMPARISON OF THE LIVERMORE MICROWAVE FEL RESULTS AT ELF
WITH 2D NUMERICAL SIMULATION

E.T. SCHARLEMANN, W.M. FAWLEY, B.R. ANDERSON ** and T.J. ORZECHOWSKI

Lawrence Livermore National Laboratory *, Livermore, CA 94550, USA

The experimental results of the ELF microwave free electron laser experiment are compared with 2D numerical simulations using
the LLNL code FRED. The data comprise (1) microwave power vs wiggler magnetic field at fixed wiggler length, (2) microwave
power vs wiggler length at fixed wiggler field, and (3) relative power in the two waveguide modes that couple strongly to the electrons,
vs wiggler length.

The code evolves the electrons’ energies and ponderomotive phases according to the averaged single-particle equations derived by
Kroll, Morton and Rosenbluth, and the fields according to the paraxial wave equation with the source term as derived by Colson.
The particle motion is fully three-dimensional. The field solver is two-dimensional, but because only the lowest mode is excited in the
short waveguide dimension, the code is accurately three-dimensional for microwave simulations.

Longitudinal space-charge forces reduce the gain and increase the synchrotron period of the clectrons (after saturation of the
amplifier) by roughly 20%. Space-charge forces have been included in the code approximately (so that the running time of the code is
not significantly increased), and bring experiment and theory into excellent agreement. The approximation used to add space-charge
forces is described.
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MIT 500 GHz SASE FEL EXPERIMENT

Phys. Fluids B 1 (7), July 1989 0809-8221/89/071511-08801.80  © 1989 American Institute of Physics 1511

A millimeter and submillimeter wavelength free-electron laser

D. A. Kirkpatrick,” G. Bekefi, and A. C. DiRienzo
Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

H. P. Freund® and A. K. Ganguly
Naval Research Laboratory, Washington, D.C. 20375-5000

(Received 20 January 1989; accepted 28 March 1989)

Measurements of millimeter and submillimeter wavelength emission (240 GHz < w/27 <470
GHz) from a free-electron laser are reported. The laser operates as a superradiant amplifier
and without an axial guide magnetic field; focusing and transport of the electron beam through
the wiggler interaction region are achieved by means of the bifilar helical wiggler field itself.
Approximately 18 MW of rf power has been observed at a frequency of 470 GHz,
corresponding to an electronic efficiency of 0.8%. Frequency spectra are measured with a
grating spectrometer and show linewidths Aw/w ~2%-4%. The experimental results are in
very good agreement with nonlinear numerical simulations.
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MIT/SASE SPECTRAL COMPARISONS
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MIT REVERSED-FIELD FEL AMPLIFIER

VOLUME 67, NUMBER 22 PHYSICAL REVIEW LETTERS 25 NOVEMBER 1991

Experimental Study of a 33.3-GHz Free-Electron-Laser Amplifier with a Reversed
Axial Guide Magnetic Field

M. E. Conde and G. Bekefi
Department of Physics and Research Laboratory of Electronics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
(Reccived 22 July 1991)

We report on a new regime of free-electron-laser operation with reversed axial guide magnetic ficld, in
which the rotational motion of the electrons in the helical wiggler ficld is opposed by the presence of the
uniform guide field. The 33.3-GHz free-electron-laser amplifier is driven by a mildly relativistic electron
beam (750 kV, 300 A, 30 ns) and gencrates 61 MW of radiation with a 27% conversion cfficiency. Meca-

surements with the conventional orientation of the axial field show a considerable loss of power and
efficiency.
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AXTAL GUIDE FIELD EFFECTS ON THE FEL
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MIT REVERSED-FIELD FEL CONFIGURATION
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AMPLIFIER PERFORMANCE COMPARISON

TE11 Mode (Rg =0.51 cm; f=33.39 GHz)
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ANTI-RESONANT POWER HOLE

TE11 Mode (Rg =0.51 cm; f=33.38 GHz; Pin = 8.5 kW)
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REVERSED FIELD ORBITAL INSTABILITY

0.10 015 [ e
r 0.10 4
0.05 - - ]
r 005 [ 3
0.00 |- 2= 000 B =
L 005 [ ]
005 F . ]
; 10 F B,—-72kG |
~0.10 " -0.15 Covvv b v b v v v by by 0
~0.10 015 <000 -005 005 010 0.5
0.6 [T T T T ) —
05 F N 3 i 1
04 [ E 05 I ]
03 - & i ]
i 12200 I
02 - i 1
0.1 1 R ]
00 [ B =-109kG = 4 i ]
201 Pl e e do bl
-01 00 01 02 03 04 05 06 -0.6 -04 -02 02 04 06 0S8
k x k x

w

DISTRIBUTION A



2"d HARMONIC EXPERIMENT AT JEFFERSON LAB

s NUCLEAR
& INSTRUMENTS
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Second harmonic FEL oscillation

George R, Neil™*, S.V. Benson®, G. Biallas®, H.P. Freund”, J. Gubeli®, K. Jordan®,
S. Myers®, M.D. Shinn*

sleffason Labovatory, Natdowal Acackerator Facility, 12000 Jeffer son Arense, MS 64, Nevipors News, VA 23606, USA
Y Seience Applicarions Internarional Corp., Melean, VA, USA

Abstract

We have produced and measured for the fist time sacond harmonic oscillation in the infrared regon by the high-
average-power Jefferson Lab Infrared Free Electron Laser. The finite grometry and beam emittance allows suflicient
gain for lsing 1o cocur. We were able to kase at pulse rates up to M35 MHz and could produce over 4.5 W average and
A0KW peak of IR power in a 40 nm FWHM bandwidth at 2025nm. In agreement with predictions, the source
preferentially ksed ina TEMy mode. We present results of indtial source performance messurements and comparsons
with theory and simulation. € 2002 Ekevier Science B.V. All rights reserved.
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SECOND HARMONIC IN THE JLAB FEL

Small-Signal Gain (%)
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SIMULATIONS OF THE HGHG EXPERIMENT

VOLUME 86, NUMBER 26 PHYSICAL REVIEW LETTERS 25 JUNE 2001

Characterization of a High-Gain Harmonic-Generation Free-Electron Laser at Saturation

A. Doyuran,'! M. Babzien,! T. Shaftan,' L.H. Yu,! L.F. DiMauro,' I. Ben-Zvi,' S.G. Biedron,? W. Graves,'
E. Johnson,' S. Krinsky," R. Malone.' I. Pogorelsky.' J. Skaritka,! G. Rakowsky.! X.J. Wang.! M. Woodle,!
V. Yakimenko,' J. Jagger.” V. Sajaev.? and 1. Vasserman?

' Brookhaven National Laboratory, Upton, New York 11973

2Advanced Photon Source, Argonne National Laboratory, Argonne, Hlinols 60439
(Received 18 January 2001)

We report on an experimental investigation characterizing the output of a high-gain harmonic-
generation (HGHG) free-electron laser (FEL) at saturation. A seed CO, laser at a wavelength of
10.6 pgm was used to generate amplified FEL output at 53 gm. Measurement of the frequency
spectrum, pulse duration, and correlation length of the 53 pm output verified that the light is
longitudinally coherent. Investigation of the electron energy distribution and output harmonic energies
provides evidence for saturated HGHG FEL operation.

Modulitive Section: Radiative Section:
Seod Laser: B =016T B =047T HGHG FEL:
A=10.1n A =8an A,=33cm A=53,m
P.‘:l],'})m' L=07m L=2m P.‘='.b MW

U™ AN

Dispersive Sadtion:
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ENHANCED BUNCHING IN THE CHICANE
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HGHG/MEDUSA COMPARISONS
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OSCILLATOR SIMULATIONS WITH OPC
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OUTPUT POWER AND PULSE SHAPE
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ELECTROMAGNETIC MODE PATTERNS
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MODE SIZE ON THE MIRRORS
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DETUNING EXPERIMENT AT BNL

APPLIED PHYSICS LETTERS 91, 181115 (2007)

Efficiency enhancement using electron energy detuning in a laser seeded
free electron laser amplifier

X '|.f'uiang,zlJ T. Watanabe, Y. Shen, R. K. Li, J. B. Murphy, and T. Tsang
National Synchrotron Light Source, Brookhaven National Laboratory, Upton, New York 11973, USA

H. P. Freund
Sctence Applications International Corporation, McLean, Virginia 22102, USA

(Received 31 August 2007; accepted 9 October 2007; published online 31 October 2007)

We report the experimental characterization of efficiency enhancement in a single-pass seeded
free-electron laser (FEL) where the electron energy is detuned from resonance. Experiments show
a doubling of the efficiency for beam energies above the resonant energy. Measurements of the FEL
spectra versus energy detuning shows that the wavelength is governed by the seed laser. The
variation in the gain length with beam energy was also observed. Good agreement is found between
the experiment and numerical simulations using the MEDUSA simulation code. © 2007 American
Institute of Physics. [DOL 10.1063/1.2803772]
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ENERGY DETUNING - OUPUT COMPARISONS
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ENERGY DETUNING - SPECTRA

Intensity (a.u.)
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PROSPECTS FOR START-TO-END SIMULATIONS
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