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Abstract The natural boosted frame for FEL computations is the
. . . .. so-called “ponderomotive” frame in which the e-beam lon-
Numerical simulation of some systems containin

charged particles with highly relativistic directed matio %Itzdllrrﬁlhfsp; z(rjne(zv:rr::rrlelt?-stﬂi?telzj(;]lcilljzll?tggiatznetrv?/a?/glz\r/]e;h
: : . g
can by speeded up by orders of magnitude by choice 9  omn |  to the blue-shifted undulat g
i . '= = 2vr AR is equal to the blue-shifted undulator wave
the proper Lorentz-boosted frame[1] . A particularly goo , 5 _ 5 o\
. ength), = A\, /vr. Hereyzs = +5/(1 + a2) with a,, be-
example is that of short wavelength free-electron lasers u ! u
. . . . -1ng the normalized, RMS undulator strength. The Lorentz
(FELSs) in which a high energy electron beam interacts wit . .
: . ) . tfransformation to the boosted frame shrinks the undulator
a static magnetic undulator. In the optimal boost frame witl . -
Lorentz factoryr, the red-shifted FEL radiation and blue y a factoryr anq Increases the_rad_latlon wavelength by
: ' . . the same factor times two, resulting in an overall decrease
shifted undulator have identical wavelengths and the nUM= " heeded number of time steps by a fator2y?
Iqer of required time-steps (presuming the Courant con "ikewise, from the point of view of the Courant condlimtion
tion app_hes_) decr_eases by a factarqf; for fully electro- e incre,ase i\t permits (in general) a similar increasé
magnetic simulation. We have adapted the WARP code [éi . : . . .
: . . “In the spatial grid zone size so that the savings in 2- and
o apply this method to several FEL problems involvin -D simulations can be immense. However, in cases where
coherent spontaneous emission (CSE) from pre-bunche E ) '

beams, including that in a biharmonic undulator. e electron beam is much longer than the so-called slip-

page lengthi;;, = N,Ar) in the lab frame, this length
exceeds the undulator length in the boosted frame and one
INTRODUCTION factor ofyr is lost (.e, the ratio ofl, / A g remains constant
independently ofyr).

To study various standard FEL problems, we used the

magnetic simulation will have its time stet limited by . . o
the Courant condition corresponding to the numerical griM\IARP_am_ulatlon code [2] with its standard full EM solver
perating in slab-mode geometd., z — z ory — z). A

spacing and/or that necessary to achieve sufficient temp%D il Pyih ot imol tod I I larized
ral resolution of the highest frequencies important to th p(lectla f'yld on s::r:lpblmpte??n € mgar yjplo(?rlze 1:.n-
physics of the particular situation. For problems in whic ulator Tields in the boosted frame. Special diagnostcs

a highly relativistic charged particle beam is present, th%easure forward-and backvyard-r_‘noving radiation intensity
through a transverse plane fixed in the lab frameg.(at a

overall system time and/or length scdlg;,,, can be large . _ :
4 ¢ i g fixed z relative to the undulator entrance) and also on-axis

and the ratio of scale lengtts,;,, /cAt can become enor- . L :
mous. Recently, Vay [1] pointed out that for some of thes}éalues of electric and magnetic fields. In order to avoid re-
problems perfor,ming the simulation in a Lorentz-booste§uiring initialization of theE- and B-fields associated with

frame offers potentially orders of magnitude speed-up ift beam pulse W't_h a net current and charge, we “added a
computation time. positron beam with the exact same charge and current dis-

A natural candidate for boosted frame calculations is g|butlon at_t = 0'in the simulation (see [3] for some addi-
short wavelength free-electron laser (FEL). Here a Sa’_’t_onal details). We now present some boosted frame results

It is well known that in general, explicit, fully electro-

ple problem could have the resonant radiation waveleng}fl’ sub-harmomcally p.re-punc‘r)e-d beam:_:, ?nd also for pre-
Ar = 10nm, an undulator wavelength, — 25 mm, and unched beams radiating in a “biharmonic” undulator.

a system length.,;,,, > 10m. Performing this simula-

tion in the laboratory frame requires 4 x 10° time steps EMISSION BY A SUB-HARMONICALLY
or greater. Presuming a “moving window” type simulation BUNCHED LONG PULSE
centered about the electron beam of lenggth~ 100 um There i . FEL
and radius, ~ 50 um, the number of grid points for an . ere Is great current interest among many groups

2D axisymmetric (or slab) model exceetls (and likely in exploiting configurations where an e-beam is first

3-10 times greater to model transverse diffraction effects st_ron_gly bunched in a modulator/dispersive chicane com-
bination by an external laser at a long wavelength and
*This work was supported under the auspices of the Office @igei then resonantly emits at a shorter wavelength in a subse-
U.s. DOEd under Cgmf:CtL'J\'g- DDEO-/IE*Cg?f-_%C':;l?& This WOfk]f'SfﬁS guent undulator whose resonant wavelength is tuned to an
supported in part by the U.S. , Office of Science grant efSii- . : o :
DAC program, Community Petascale Project for Acceleratier®e and mtegral harmonlc_such that x Ap = Ay We StUdle,d .
Technology (COmPASS). such a configuration in the boosted frame by examining

T WMFawley@Ibl.gov emission originating from a 180-MeV e-beam strongly pre-
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Figure 1: On-axis electric-field ;pectrujﬁ(wﬂ atz = 5T or o T T s
0.15m (left plot) andz = 0.65 m (right plot) from an elec- A_uz2
tron beam sub-harmonically bunched)at= 1200 nm in
an undulator resonantly tuned % = 200 nm (hw = Figure 2: Outgoing radiation energy beyond the undulator

6.1eV). In addition to strong sideband emission early in exit as a function ot » for a biharmonic undulator with
whose blueward components persist latet,ithere is also A, 2 = 3A,,1 anda,; = 1.0.
evident third harmonic emission at 18 eV.

A=A, cos(ku,lz—i—m)—i—ffg cos(ky,22+¢2) inwhichk,, 1
bunched aty; = 6Ar = 1200 nm propagating in a 0.5-m and k,, » are related harmonicallye.g., to enhance third
long, linearly polarized undulator with,, = 25mm and harmonic emission. Another possible use of a biharmonic
a,, = 1. Here we used a 1-A current to minimize anyconfiguration is to provide an additional “source” df
complications due to gain and also employed negligible etier an external laser seeded FEL amplifier where the elec-
ergy spread and transverse emittance to prevent debuntten beam energy must remain fixeglq,, the accelerator
ing. The simulation time step wasg'24th of the resonant is feeding a multiplexed set of FEL's operating simultane-
radiation period in order to resolve third harmonic emiseusly). Then the maximum output radiation wavelength of
sion. a particular undulator depends upon the peak value of nor-

As expected from previous numerous studies usingialized undulator strengti, available at minimum gap
eikonal codes, there is strong on-axis emission centered@bsureg,,;,. If the “primary” undulator has a shox, ;
A = Agr that grows (initially) quadratically withe. Un-  and a peak on-axis value af, ; limited physically to not
like an eikonal code which typically can only properlymuch more than 1 becau&g 1gm., > 2, there will be a
model radiation in a narrow wavelength region around amall effective tuning range ihz. Adding a “secondary”,
central value, full EM codes (including those operating in aariable strength undulator field, with a longer period
Lorentz-boosted frame) can study emission at wavelengthan strongly increase the maximum reachable wavelength
over a rang€cAt < A < oo. We find (see Fig. 1) for if max|As| > 2max|A;| because the FEL resonance re-
z < 12, there is significant sideband emission separatddtion (at the shorter resonant wavelength) obeys
(in wavenumber) from the fundamental &% by integral \
harmonics of\;;. However, the sideband emission steadily Ar1 = “21 X (1 +a’, + ai_Q) (1)
weakens in a normalized sense with increasingnd is 2y 7 '
quite weak forz > L, = 0.5 m (although still apparenton Note that from a mathematical point of view, there is no re-
the "blue” side ofA in the right plot of Fig. 1). quirement that the two undulators be related harmonically,
Simulations done at a larger harmonic upshift numbegithough from a construction point of view this choice may
(i.e, Am = 12Ag) show that the sidebands persist longepe easiest to implement. Also, the polarity of the two undu-
in z than is true for\,; = 6Ar case and also that the side-|ators can be entirely differene., cross-polarized linear
bands closest tar are non-negligible on-axis for tens of yndulators).
cm beyond the undulator exit at= 0.5m. Consequently,  Modeling FEL radiation emission in such a configura-
for high gain harmonic generation (HGHG) FEL experition poses accuracy issues for eikonal codes employing
ments, it may be possible to investigate diagnosticallinfro the standard wiggle-period-averaging approximations un-
the near-field radiation spectrum some details of the imess/\mg > A,.1. For linear undulators, the/:/” Bessel
posed microbunching structure. function difference term also needs to be modified because
of dephasing associated with the wiggle motion dudio
EMISSION BY A PREBUNCHED BEAM IN There also can be harmonic couplinghif » is an integer

A BIHARMONIC UNDULATOR harmonic of\,, ;. This difficulty does not arise for boosted
frame EM simulation so long as the effective temporal and

Several authors have discussed the possible utiligpatial gridding supports the shortest radiation waveleng
of a biharmonic undulator configuration (seeeg., of interest.
Refs. [4]-[7] ) where the magnetic vector potential stréngt  We did a series of slab model, boosted frame simula-
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w w w w ‘ ‘ speedup relative to lab frame EM simulation of short wave-

length FEL's, it is still several orders of magnitude slower
than use of the eikonal method.

There are at least two reasons that eikonal codes will be
much faster than a boosted frame EM code. First, for most
normal high-gain FEL's wheré ,.;, > 50\,, one can use
Az—steps of> 5\, and maintain high accuracy. More-

] I over, the choice ofAz does not impose any limit concern-
ool ML ‘ A N W e b . ing which radiation harmonics can be modeled. In con-
’ Photon Energy (eV) . ’ Photon Energy (V) trast, the boosted frame code must use time steps where
cAt < X /24 if one needs reasonable accuracy for third
harmonic emission (and less than half that to model the
seventh harmonic and so on). Consequently, although the
total number of such steps scales directly with the undu-
lator length for both types of codes, the number of steps
will be much greater in a boosted frame code. Second, in

tions for a 1-A, 40-fs (waterbag profile), 180-MeV e-beanf" eikonal code, the time resolution of slowly varying e-
propagating in @.75—m length biharmonic undulator with P€am and radiation quantities can be one or two orders of
At = 25mMM, ay 1=1.0, \y2 = 75mm, anda, » rang- magnitude larger than the resonant periqg/ ¢, whereas

ing from 0 to 1.5. Both undulators were linearly polar-2# in @ boosted frame code must e cAt ~ N /24.

ized in the same direction. As was true in the previou§nsequently, the number of-grid points in an eikonal
section,cAt = Ap1/24 and there was negligible trans- code can be several orders of magnitude less than the num-
verse emittance and energy spread to minimize kinetic d8€r of z—grid zones in a boosted frame EM code with the
bunching effects. We prebunched the beam owgt in total number in each case scaling with the electron beam
phase at\r; which, using Eq. 1, ranges from 200 tolength (presuming, > lip). For many long electron
425 nm. Figure 2 plots the output power measured through/|S€ problems, an eikonal code also has a further advan-
a transverse plane 5-cm downstream of the undulator eXtg€ that periodic boundary conditions in time can be read-
as a function ofa,». One sees an-eight-fold decrease ily adopted; such is not straight-forwardly possible in an
in power with increasingz, » although~ 25% of this EM code, whatever the frame. _

can be attributed to short-pulse slippage effectsasin- Al these scalings suggest that if the necessary FEL
creases. In many situations where optimizing performand#1Ysics can be studied with an eikonal code, it will be much
at the shortest wavelengths is most important, the pow&ster than a full EM code (in whatever frame). However, if
falloff with longer wavelength may be quite acceptable. I{1€re are optical or shorter wavelength physics that cannot
Fig. 3 we plot the on-axis electric field spectrum just outP€ resolved properly by an eikonal code with its underlying
side the undulator for the separate cases,of = 0 and slowly-varying envelope approximation, a boosted-frame
uo = 1.5 with a,; = 1.0 as before. As éxpected the EM code is avery attractive option in terms of CPU speed-
au2 = 1.5 case (right plot) shows the fundamental photoiyP relative to doing the problem in the lab frame.

energy shifts redwards by a factor 625/2 but the rel- e are pleased to acknowledge continuing help from D.
ative spectral width appears unchanged. The biharmorfi©te in modification and use of the WARP code.

case also shows a greater relative strength of the third har-
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Figure 3: On-axis electric-field spectryi(w)| from (left)
a "normal”, single frequency undulator with, ; = 1.0
and (right) a biharmonic undulator with, o = 3\, 1,
Ay,1 = 1.0 andau72 =1.5.



