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Integrated Numerical Experiments (INEX)
and the

Free-Elec*ron Laser Physical Process Code (FELPPC)

by

L. E. Thode, K. C. D. Chrm, M. J. Schmitt,
J. McKee, J. Ostic, C. J. Elliott, and B. D. M:Vey

Abstract

T!le strong coupling of subsystem elements, such as the acceler-
ator. wiggler, and optics, greatly complicates the understanding and
ilcsign of a free electron ker ( FEL ), even at the conceptual level.
Given the requirements for high-performance FELs, the strong cou-
pling between the laser subsystems must be included to obtain a re-
iili~t ic picture of the potential operational cnpahility. To address the
strong coupling character of the FEL the concept of an Integrated
X\llnerical Experiment ( INEX) was proposed. Unique features of the
ISEX approach are consistency and numerical equivalence of exper-
imental diagnostics. The equivalent numerical diagnostics mitigates
t IW major problem of misinterpretat ir. that often occurs when theo-

rctirnl and exp~rimental data are conlp,ired. ThcI IN ES approach has
hwn applied to a large number of accelerator and FEL experiments.
Overall. the agreement between INEX and the experiments is very
goo(l,”

Despite the success of ISEX, the approach is difficult to apply to
t rwk. otf and init id design studies because of the significrmt manpower
i~n(lrfmlputntional ref!uirements, On the other hand. IXEX provides
11 I)ilS& frOl’11WhiCh W~liStiC aCC&atOr, Wi@?XJ aII(~ O@iCS I’IIO&?lS

~’:111 l)e developed. ‘rhe Free Electron Lnser Physical Process Code
( F ELP PC ) includes models developed from ISEX, provides coupling
l)vt\v(wl the subsystem models, and incorporates upplicatinn mod-
(I1Srvl~~vnnt to a specific trade-off or design study, In other words.
F EL PPC solves the complete physicnl process model using rwalistic
l~llysirs nnd technology constraints, 13ecause FELPPC provi(lm R &-
[i\il(?[l (Icsign, n good cstim~te for the F’EL mnss. cost, nrd size cnn
Im Ilmde fron] a piece-part count of the FEL, FELPPC requires sig-
Iliticnnt riccelerator and FEL expertise to operate. The (WX1Pcan cnl-
i.lllitt~~tlOinl~le~ FEL couflgurntions including multiple accckntm Md
\Vi~~lvl combinations, At the present time, the FELPPC wc.wtnent
:11111 ~w;~l~mticmcofle is hcing used in conjwlction with n neurtd net to
!IV:tl II:IttB II(IW i.onq)ts, pm-form trade-off st~l~lies, nml ]mform illitird
[IIISI,MIIst udivs for n hwgc number of FEL npplicatious,



1. INTRODUCTION

A fr= eiectron laser is a complex cnd strongly nonlinear device. .4s such, the tradit iolml
approach of de6ning an interface betw-n the various components of the system is difficuir.
at best Moreover, FEL performance is affected by strong coupling between the accelerat iJr.
wiggler. .md opt its. In fact, historically, FEL performance has bem greatly reduced became
this coupling has not been properly taken into account during the design phase of an exper.
iment. In part, the coupling is determined by the evolution of the six-dimensional ‘!ect ron
beam phase-space distribution, As a specific example, consider some of the ;wues =sociarefi
with an electron beam accelerator, such aa injector emittance and ●nergy sp Ld, longitudinal
and transverse wakefields, cavity auymmet ry, misalignments, and jitter. All these issues alfcc c
the elect ron dist nbut ion in a slightly different manner, but the el%cts are not in fl.ependent of
one another. The sum total of the efTects determines the final state of the electron distribution
function. Similar arguments apply to electron beam transport. wiggler transport, wiggler and
resonator interaction, and energy ~~covery. Given the stringent requirements associated with
high-performance FELs, the strong coupling must be taken into account in the evaluation and
design process.

The Integrated Numerical Experiment ( IXEX) waa proposed’ to address the strong c~\i-
pling nature of an FEL. In terms of the physics, INEX is a one-t-one numerical equivalent of
the physical experiment, Engineering and technology constraints are included in the model to
ensure that a given design is realistic. In some cases, INEX is used to set requirements such
as cent rol and alignment tolerances. In addition to the self-consistent nature of the integrat t+
model. INEX includes numerical diagnostics that are equivalent to the physical diagnostics. In
this fashion, the question of theoretical and experimental data interpretation, which is oft(m
m major source of discrepancy between theory and experiment, io avoided. Since vnlidat ion
against experiments is fundamental to the reduction of risk in any progrun, the incorporation
of numerical diagnostics h~ significantly enhanced our ability to accurately evaluate a numbvr
of physics and technology experiments.

The lNEX is constructed by linking a number of sophisticated physics programs, or codes.
together in such a wa~ that the evolution of electron ph~ space and light is detemlinwl
in a consistent manner. Since precise knowledge of the electron phase-space distribution
is required, the physics codes used in INEX v-s all partic!e transport codes. Particle codes
calculate the d ynarnics of a small volume of phuse space that is represented u a point part iclr,
This type of code provides the most realistic description of particle dynanics and is USC(I
extensively to study complex problems in many areaa of physicsz. The three primary CO(!PS

used in I?JEX are 1S1S,3 PARMELAX,4 and FELEX, S In addition, there are a large num!)l’r
(If :jecondary codes used to support the thm primary codes, including MAF1A,6 CRMEL,7
TIICI” and SUPERFISH.9

AS a specific ●xample of the INEX approach, consider the mMter-oscillator p~wer-~@ifi~*r
( \lCIPA ) FEL configuration depicted in Fig, 1. The MOPA uses two different accclmut(m
witl) separate FEL wigglers, A complete INEX calculation would calculate the electron IMWII
rvolution from the injector to the electron beam dump. As shown, 1S1S and PA RMEL.A.S aw
link! to calculate the injector, low-energy accelerator, magnetic !mncher, high-energy m“(xll-
crntor, and transport to the wiggler, At this point, the electron phase space dist rihut ion is
linked to FELEX to calculate the FEL electron-wiggler interaction. After tl~c FELEX (~id~\ll~-
tion is completed, the resichml ●lectron phaae-space distribution is linked back to PAR\ fELAX
for the electrou beam dump calculation. In this case, a separate calculation is pmformc(l f(lr
both accelerators, because there is no diwt link between the ●lectron distribution flm(”ti~ms
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Fig. I. [llustration of the linking of 1S1S, PARAMELAX, and FELEXfor a master oscillator

power-ampI.ifier FEL system.

The link between the mmter oscillator and power amplifier is through the light pulse.
FELEX provides this light link betwen the two wigglers. In this fashion, the FEL amplifier
input signal includes the nonideal aspects of the light generated by the FEL oscilla* or. .41-
though not presently a part of INEX, the evolution of light through the beam control system
md output beam director could be calculated with GLADIO or OASIS2. 11

\Vhen INEX was proposed, the linking between the various codes was to be performed
wit h a cent roller IF EL. 12 At the present time, IFEL is only partly completed, with the link
between PARMELAX and F’ELEX being mam.m, In addition, the link from FELEX back ro
P.\ RMELAX is not complete.

\lost of the INEX effort haa been directed toward veriflcat ion of the computational modrl
wit h ex. :riments, To date, the INEX model has been compared with ●leven experiments, M
summarized in Table I. In all CUS, good agreement in terms of both scaling and magnitude
has been obtained between INEX and the experiments. The succms of the INEX approach
has been the result of 1) a consistent treatment of the physics; 2) a number of improvements
made in ISIS, PARMELAX, ,nd FELEX; and 3) the use of numerical diagnostics equivalent
to experimental diagn(mticso

As an example, we consider the comparison of the High- Extraction-Efficienc~
cxpenment’s with lNEX, In this ●xperiment four distinct wiggler configurations were in-
wst igated: 1) 12% linear taper in wavelength denoted by 12%, 2) 12% linearly taper in
w~velength with a prebunchcr denoted by 1270 +, 3) 30% parabolic taper in wavelcngt h 30%
nnd 4 ) a 30% parabolic taper in wavelength with a prebuncher denoted by 30% +, Figurr 2
is n comparison of the experimental results with the INEX predictions.

The purpose of the prebuncher, which is located upstream of the main wiggler entrmcc,
is to induce a velocity modulation on the electron beam. In the drift space following tlw
prebuncht=r, the velocity modulation is convert~d into a density modulation on the length scnlc
of the optird wavelength. This prebunching allows a greater fraction of the electron bmul~
to be cnpt ured in the decelerating bucket of the main wiggler. As a result, thr rxtrnct ioi~
rtilciency of the interaction can be increased, as can be seen by comparing the t!!liciency of
r,lm different wiggler cordlgurations in Fig, 2.
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Table 1. Summary of accelerator and FEL experiments compared with the INEX.

Experiment Location

#1 Proof-of-Principle Photoinjector Experiment Los .~kunos
#f? 20-\leV Accelerator Experiment Los .41amos
#3 Harmonic Experiment Stanford
#4 10-~m FEL Mode Media Experiment Los .Alamos
#5 10-pm FEL Sideband Experiment Los .+krnos
#6 Cavity Asymmetry Experiment Boeing
#7 1(1-pm FEL, High-Extraction-Efficiency Experiment Los Alamos
#9 Burst Mode 100-MeV Accelerator Experiment Boeing
#10 0.6-pm Burst Mode FEL Experiment Boeing
#11 HIBAF 17-MeV Accelerator Experiment Los Aknos
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Fig. 2, C )mparison between High-Extraction-Efficiency experiment and INEX predictions
x four different tapered wiggler configurations.

Because the experiment used a conventional therrnionic injcctm, the 1S1S code wns
ll(~t used PARMELAX was used to calculate the electron phase-space distribution up t{)
the entrance of the wiggler and FELEX was used to calculate the FEL interaction. TINI
(nwrni] agreement between INEX and the experiment is quite good,

Alt bough the INEX app wach has proved to be successful, the approach is difficult t()

il[)pl~ to either a trade-off or initial design study, First, INEX requires a number of experts
to operate because there are three primary codes and sixteen support codes required for
n complete calculation. Second, because of the level of complexity of the calculations. thr

nppro~.ch requires significant manpower to support a design effort. Finally, INEX req~lir(*s n
significant amount of computation~ time to complete the design process, In other words, t hr
INEX npproach is best s~litt:d for detailed fins! design,
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FELPPC has been developed to overcome the disadvantages associated with the INEX
approach. Basically, the idea waa to use INE.X ss a guide for the development of realistic
models for the accelerator, FEL int ermt im. ad Optics. Using these relatively simple models.
an accurate prediction of FEL subsystem elements wo~d be pasible. In turn, the subsystem
models could be coupled to obtain a system-like model for the FEL configuration. .+t the
same time, the subsystem models would provide the detailed information required to estimate
mass, cat, and size from a parts count. Finally, since much of the present interest in FELs
is directed toward applications, the physics of the particular application of interest could be
incorporated as a subsystem element into FELPPC. In this fsushion, a rele~ant trade-off or
init ird design would always be performed in the context of the application.

At first, FELPPC might appear to be a system code, similar to other spread-sheet mod-
els developed for FEL applications. It is true that FELPPC takes an application oriented
approach toward understanding a particular problem. However, FELPPC operates from a
detailed physics description of specified hardware to obtain the performance from which the
mass, cost, and size are determined. In general, there is no guarantee that FELPPC can
provide the performance required for a particular application, As such, FELPPC is more akin
to a design database for FEL cot-digurat ions that includes nonideal effects. The application
subsystem is simply used as a “metricq to judge the physics and technology implications of a
particular FEL configuration.

FELPPC requires an expert to operate and is not a user-friendly ‘-black box’”, \Vhat
FELPPC offers is speed with credible physics. There can be hm-idreds of independent variables
involved, depending upon the FEL cordigurat ion and application. As a result, some method
is required to investigate the complicated nonlinear space described by FEIiPPC, \Ve have
chosen to use a neural net 14 for this purpose. To obtain optimal performance the neural net
and FELPPC are combined with M optimization approach.

The entire process of neural net, FELPPC, INEX, and experiments is summarized in
Fig. 3. Over the past few yeara the effort has concentrated on the development and vmifi-
cation of the ol~erall approach, aa indicated by the direction of the top arrow, At this juncture,

DE*N. NEW COWEPTS -

Fig. & The relationship between the neural net, FELPPC, INEX, and experiments is indi-
rated. Here, HI13AF is the LOOAlarnos ~h ~rightneds Accelerator EEL, \fCTD is the Boring
~odular Component Iest Development ●xperiment, HAP is the Boeing ~lgh Average Power
~~xperiment, and WSMR repres~nts the GBFEL eRort as an example of future experiments.
The ovrrall computational approach is applicable to my applied physics program,
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we are beginning to reverse direction, as indicated by the bot torn arrow; that is, we are simul-
taneously developing optimal designs for conventional FELs and investigating new concepts
for accelerators, wigglers and optics. As new FEL regimes are investigated ●xperin~mtally, we
expect that some of the INEX and FELPPC models will prove to be inaccurate and the entire
sequence of verification will ned CObe repeated. Overall, however, the ability to credibly
ext rapcdate FEL t ethnology will be significantly enhanced. In the longer term. it is hoped the

computational methodology developed will benefit future applied physics programs.
In section II, an ovemiew of FELPPC is presented. The eleven subsystem elements of

the laser system are discussed: rf power, injector, accelerator bearnline, magnetic buncher,
magnetic bend, electron beam dump, oscillator, mmplMer, energy recovery decelerator. beam
cent rol system, and output beam director. La addition, a short discussion of thre application
subsys~ems is given.

Some oft he accelerator models sre prewmted in Sec. III: the accelerator layout calculat ion.
electron beam moments, and the cumulative beam breakup instability.

The FEL models are presented in Sec. IV: rescmmce conditions, wiggler magnetic fields.
effect ive energy spread of nonideal electron beam dist nbut ions, small-signal gain, efficiency.
and resonator optics.

Finally, a summary is presented in Sec. V.

11. FELPPC OVERVIEW

FELPPC is written in Fortran 77 and is designed to operate on the Los Alamos Cray
system. Each problem invest igated by FELPPC tends to be unique, ‘Therefore, there are no
defau!?s for the independent variables and constraints between independent variables must
be constructed for each problem. As such, a user must be knowledgeable in accelerator and
F EL physics as well as in the application under investigation. The code is maintained and
modified using Historiem. 15 Within limits, it is possible to plot any dependent variable as a
function of any independent vuiable using Mapperld as a simple postprocessor. FELPPC can
be operated interactively using namelist input. However, except for the initial evaluation of a
problem, we expect FELPPC to be used primarily aa a subroutine that is interrogated by a
neural net.

FELPPC is still under active development. At the present time, Version 11 consists of
about 17,oOO lines of Fortran. Depending upon the complexity of the problem, FELPPC
takes 1.5 seconds per design point when the cumulative beam breakup calculation is not
requested. Typically, the timeacale for calculation increases about an order-of-magnitude
when the cumulative beam breakup instability calculation is utilized.

FELPPC first calculate the lsaer system performance, mass, cost, and size. There are
eleven subsystem elements associated with the laser. In Table 11, the function and subroutine
name associated with each of these subsystem element is summarized.

.4 complex laser configuration can be constructed from these eleven subsystem elements.
Each subsysten ~ubroutine is indexed. The first index refers to the FEL cordiguration. where=
the second in(!) refers to the subsystem ●lement within that FEL configuration, For exam-
ple, a master-oscillator power-amplifier laaer system utilizes a separate FEL ker cord@-
ration for both the 09ciUator and amplifier. As such, both the master oscillator and power
amplifier must be specified as distinct FEL configm ations in FEL?PC. At the same time,
the master-osciUator and power-ampliiler FEL her configurations can be quite different, For
t hr W& of argument, let the oscillator configuration be composed of an injector, an accelmitor

6



Table II. FELPPC laser subsystem elements and corresponding subroutine names.

~

FEL Subsystem Element Subroutine Yarne—

rf Power
Accelerator Injector
Accelerator Beamline
Magnetic Buncher
Magnetic Bend
Oscillator
Amplifier
Energy Recovery Decelerator
Electron Bes.rn Dump
Optical Beam Control System
Optical Output Beam Director

RFEFFIC (j)
PHOTO (j,k)
BEAMLIYE (j,k)
BUNCHER (j,k)
ABEND (j,k)
OSC (j,k)
AMP (j,k)
RECOVERY (j,k)
BEAMDUMP (j,k;
BCS (j)
DIRECTOR (j)

beamline, an oscillator, and a beam dump while the amplifier cofigurat i(,m is composed
of an injector, an accelerator beamline, a magnetic bend, an amplifier, another magnetic
bend, an energy recovery decelerator, and a beam dump. The FELPPC construction of
this laser s~stem is shown in Table 111. The rf power source, beam contro! system, and

Table 111. Construction of a simple mzster-oscillator power-amplifier laser system. The
oscillator contains six subsystem elements while the amplifier contains ten subsystem ele-
ments.

Laser Subsystem Element (Subroutine) FEL Configuration (j) Segment Number (LT

Oscillator rf power (RFEFFIC)
Oscillator Accelerator Injector (PHOTO)
Oscillator Accelerator Beamline (BEAMLINE)
FEL oscillator (OSC)
Electron Beam Dump (BEAMDUMP)
Optical Beam Control System (BCS)
Amplifier rf power (RFEFFIC)
Amplifier Accelerator Iqjector (PHOTO)
Amplifier Accelerator Beamline (BEAMLINE)
Amplifier Magnetic Bend (ABEND)
FEL Amplifier (AMP)
Amplifier hfagnetic Bend (ABEND)
Energy Recovery Decelerator (RECOVERY)
Electron Beam Dump (BEAMDUMP)
Optical Beam Control System (BCS)
Optical Output Beam Director (DIRECTOR)

1
1
1
1
1
1

2
2
2
2

2
2

2

2

2

2
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output beam director subroutines are not indexed by eLement because each is only utilized
once in a configuration. AS co~tructed, the rf power source is allowed to be different
for .Se oscillator and amplifier cm.f@ration. The bcm control system for the oscillator
cordiguration consists of the transfer optics between the oscillator and the amplifier end
no output beam director is required. The actual beam cent ml system and output beam
director are associated with the higher output power amplifler configuration.

A. R.f Source Subsystem Element

For each FEL configuration, the efEciency associated with the specified rf source is
determined using the RFEFFIC subroutine. Al present, there are six sources that can be
selected: 1) solid state, 2) tetrode, 3) klystron, 4) crossfield amplfier, 5) lasertron. and
6) klystrode. The efHciency of each source is a function of the rf frequency. In add it i >n,
each source has a specific frequency rage of operation. If the frequency falls outside this
operational frequency rage, the efficiency of the source becomes small. In this manner,
during optimization, each source is electively limited to the correct operational regime.
For each source a risk value must be -signed: low, medium, or high. Generally, the higher
the risk, the higher the efficiency of the source.

B. Accelerator Subsystem Elements

The accelerator performance, mass, cost, and size are calculated by the subroutines
PHOTO, BEAMLINE, BUNCHER, and ABEND. The functional block diagram for these
accelerat m subsystem elements is depicted in Figs. 4 through 7, In many inst antes, the
functiom.1 blocks correspond to additional subroutines.

I
I

PMOTOI
1

Ml LAUn
CAVIW ~

9MCIPICATIOM MomaNT9
COOLIMO

I ?mmamr II w II MAWCOW
.IMITB IM9TACILITV 811[ I

Fig. 4. Functional block diagram of the subroutine PHOTO for the imector subsystem
element, The order of calculation is from left -t*right and top- t~bot tom.
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Fig. 5. Functional block diagram of the
beamline subsystem element. The order of
bottom.

subroutine ?3EAYILIXE for the accelerator
calculation is from left-to-right and top-to-

Fig. 6. Functional
subsystem element.

owAKIPl~LO

block diagram of the subroutine BUNCHER for the magnetic buncher
The order of calculation is from left-to-right and top-to-bottom.

WAVCQUIDE POWER
OEOMETRY MOMKNTS COOLINO

\ @ \ \ ●
I I * 1

CExziEIm
Fig, 7, Functional block diagmmof the subroutine ABEND for
slibsystem element. The order of calculation is from left-to-right and

the magnetic bcm(l
top-to-bottom,
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In order to calculate the accelerator performance with some precision, the accelera-
tor layout must be calculated correctly. First, the accelerator technology and associated
hardware must be specified. It is possible to select pulsed or continuous-wave operatio~.
The accelerator technology can be specified as cryogenic, conventional superconductor, or
high-temperature superconductor. Room temperature operation is included as a subset
of cryogenic technology. In addition, the accelerator cavity shape is a hardware option.
.4t present, there are five cavity shapes in FELPPC, each with a data base generated
by UR.MEL and TBCI. It is possible to select a thermionic injector or photoinjector. In
addition, the magnetic buncher and magnetic bend types must be specified.

After the hardware is specified, the accelerator layout is calculated taking into accow”..
the rf frequency, ti source characteristics, cavity coupling, micropulse charge, peak current.
operating temperature, average current, focusing, magnetic bur~chers, and magnet i, bends.
hi addition, there are a number of design constraints determined from a low, medium. or
high risk specification: 1) breakdown limited electric field gradient, 2) rf window power
limit, and 3) rf power source safety margin. Finally, the electron beam current pulse
shape, the method for determining the cavity phase, and method for determining energy
gain per subsystem element enter into the accelerator layout calculation.

The electron beam kinetic energy, peak curTent, average current, emit tance, and en-
ergy spread are updated as FELPPC moves from elerneut to element within an FEL
configurate ion. First, micropulse emittance growth due to nonuniform fieicls, wakefields,
and space charge is calculated. Second, micropulse energy spread growth due to space
c}:. rge, wakefields, and magnetic bunching is calculated. Third, the micropulse moments
are modified to take into account jitter and misalignment. Finally, emit t ante growth re-
sulting from the cumulative beam breakup instability is determined. The cumulative beam
breakup instability calculation includes jitter aad misalignment, stagger tuning, focusing,
and higher-order-mode coupler design.

From the accelerator layout, the power and cooling requirements are determined and
the mass, cost, and size of each subsystem element is calculated. The subsystem element
costs are obtained using mass categories with difTerent specific costs. Because of the parts
count approach, it is expected that the mass, cost, and size algorithms should provide
reasonable scaling and magnitude estimates.

C. Amplifier and Oscillator Subsystem Elements

The conversion of electron beam kinetic energy into light is calculated by the subrou-
tines AMP and OSC. In each case, the performance, mass, cost, and size is detemined
for each subsystem element. The functional block diagrams for the FEL subroutines are
shown in Figs. 8 and 9. In many instances, the functional biocks correspond to additional
subroutines,

As with the accelerator subsystem elements, hardware options must be specified for the
FEL subsystem elements, First, the type of laser system configuration must be selected:
1) oscillator (OSC), 2) spontaneous emission amplifier (SEAMP), 3) conventional laser
driven amplifier (CLAMP), 4) master-oscillator power-amplifier ( hfOPA), or 5) single-
accelerator master-oscillator power-amplifier (SAMOPA). The FELPPC code requires
knowledge of the laser system cordiguration to update elertron beam moments, deter-
mine transfer optics, and determine the input, amplifier power correctly, Second, the type
of wiggler, mirrors, and resonator configuration must be specified. At present, there are five
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wiggler options: permanent, hybrid, electromagnetic. superconducting, and pulsed. \[etal
or dielectric mimer can be specified. In some cmes, the mirrors information is frequency
dependent. The resonator option~ are 1) simple concentric, 2) ring, and 3) ring with a
grating rhomb.

The A~MP subsystem element first determines the resonance condition based upo:, the
wiggler type and safety margins, At present, the safety margins are not options. i- .,ing
the nonideal electron beam moments determined by the accelerator subsyste,n elements,
the effective energy spread swociated with the beam-wiggler combination is determined,
The small-signal gain is then determined from the solution of an integral equation, At
this pIjint, it is possible to calculate the nonlinear conversion efRcienc y of electron beam
kinetic energy into light, a calculation ~hat includes the nonideal aspects of the electron
dist nbution and micropulse efhcts. The ratio of the tapered-to-untapered wiggler length
is determined from the nonlinear model. Mormver, if possible, a wiggler prebuncher is
utilized to enhance efilciency.

The I?EL interaction gives rise to energy spread growth on the electron beam, whose
amplitude depends upon the efEciency of the interaction. In the AMP subroutine element
tne elect ron beam micr(. ldse moments are updated for the energy recovery or electron
beam dump calculations. At this point, the emittance growth from the cumulative beam
breakup instability is calculated.

Aft er determining the detailed amplifier performmce, the power and cooling require-
ments are calculated. A parts count is then used to generate the mass, cost, and size of
the amplifier subsystem element.

The oscillator subsystem element is more complicated than the amplifier subsystem
element, as seen from Fig. 9. First, it must be determined if it is possible for the oscillator
to startup. Because of mode mismatch resulting from gain, it is not sticient that rhr
small-signal gain simply exceed the resonator loss. Basically, depending upon the small-
signal gain and resonator loss at saturation a safety margin is required to ensl Ire startup

If startup is possible, an iteration is performed to establish the oscillatm operation
point where saturated uonlirt?ar gain equals the total rescmat or loss. As in the ampli-
fier subsystem element, the nonlinear conversion efficiency’ is calculated with a nonideal
electron distribution and micropulse effects. Again, the ratio of the tapered-to-untapmed
wiggler length is determined from the nonlinear model and, if possible, enhanced efficiency
is obtained using a wiggler prebuncher. In addition, after startup, it is possible to enhance
oscillator efficiency with a dynamic wiggler.

The resonator type is a hardware option. Resonator loss is calculated from the nurnlm
and reflectivity of elements in a particular resonator. The outcoupling efficiency is nn
independent variable. Both the resonator loss and outcoupling efficiency enter into the
sat uration calculation. The mirror and resonator size are calculated taking into account
distortion and electron-light overlap.

Even if the oscillator interaction is weak, as occurs for n SAX1OPA cotigurnt i(m,
~lect r{m beam energy spread is induced on the electron beam. In t hc OSC subsyst~’ill
cl:’ment the electron beam micropulse moments are updated for the following nccelerat(m,
amplifk, energy recovery, or electron beam dump calculations. Again, the wnittum.~’
growth from the cumulative beam breakup instability is determined.

Given the detailed oscillator performance, the power and cooling requirements cm] INS
calculated. A parts count is then used to generate the mass, cost, and size of the oscillot or
suhsystexn element.

12



D. Energy Recovery Decelerator Subsystem Element

The energy recovery decelerator performance, mass, cost, and size are calculated in
subroutine RECOVERY. The functional block diagram for the RECOVERY subroutine
i~ sho~ in Fig. 10. In some instances, the functional blocks correspond to additional
subroutines.

nacovanv I
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ACCUIRAl~ ILN#a Rtcovanv ?OWus@sclrlcArlOM LA171c~ MoM@lcTs
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mnr40mtvv
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~ig. 10. Functional block diagram of the subroutine RECOVERY for the energy recovery
decelerator subsystem element. The order of calculation is from left-to-right and top-to-
bottom,

There are a number of hardware options for RECOVERY, The accelerator and decel-
erator must have identical operation and techrm!ogy: pulsed or continuous-wave operation
and cryogenic, conventional superconductor, or high-temperature superconductor technol-
ogy, 7’0 start, a same-structure or parallel-structure configuration must be specified for
the decelerator. Here, same-structure energy recovery implies that the accelerator and
dereleratcr ure the same structure, Parallel-structure energy recovery implies that the
accelerator and decelerator structures are separate, but are coupled together in parallel.
The cavity shape is a hardware option, Thus, in the parallel-structure configuration the
accelerator and decelerator can have different cavities,

At present, the energy recovery is composed of two parts. First, the fraction of the
residual electron beam kinetic energy recovered is calculated, The residual electron beam
power from the kinetic energy recovery process must be handled by the electron beam
dump, Second, the fraction of the recovered kinetic energy available for rf power in the
acceleration process is calculated,

As the electron beam kinetic energy is converted into light, an energy spread is induced
on the electron beam, The higher the FEL conversion efficiency, the larger the electron
Iwwn energy spread, .4 special energy recovery bend is used to disperse the electron b~arn
nl(mg the direction of propagation in correlation with the electron energy’7, The FEL
intcmcti”.m and deceleration are distinct nonlinesx processes. Conseq\wnt ky, it becomvs
more difficult for the decelerator to “put +h- electron distribution back together” M the
I’EL conversion efficiency increases.

The kinetic energy recovery efficiency also depends upon the cumulative beam break~lp
instability, In the decelerator the electron kinetic energy decreases u the beam propagates
nlung the structure, As a result, the beam becomes more sensitive to transverse deflecting
forrm M the decelerator continues to remove kinetic energy, ( [ncldentally, with snmc-
st ruct Im energy recovery the situation is more difficult because the magnetic focusiilg
f(wrr is iuistnatched, ) At some point the electron be~m kinetic energy becomes t(j(~ low for



the beam to be controlled, and the deceleration must be truncated. The energy recovery
efficiency is sensitive to this truncation energy.

Once kinetic energy is removed from the electron beam, the fraction of the energy
last in the walls of the rf cavities must be calculated. The rf heating depends upon the
accelerator technology, cavity type, operation temperats we and frequency, and deceleration
electric field, In turn, the deceleration electric field depends upon the truncation energy
determined by the cumulative barn breakup instability,

Once the decelerator layout, cooling, and recovery efficiency are determined. the mass,
cost, and size of the decelerator can be calculated. The choice of same-structure or parallel-
structure recovery significantly impacts these parameter.

E. Electron Beam Dump Subsystem Element

The subroutine BEALfDUhfP is intended to calculate the residual electron beam
transport and electron beam dump performance, mass, cost, and size, At present, the
residual electron beam transport model is not fully developed. The electron beam dump
mass, cost, and size are determined from the residual electron beam kinetic energy and
average power, which depend upon the previously calculated F EL and energy recovery
efficiencies.

F. Beam Control System and Output Beam Director Subsystem Elements

The subroutines BCS and DIRECTOR calculate the performance, mass, cost, an{l
size of the beam cent rol system and output beam director, respectively, Simple algorithms
are presently used. The efficiency of each subsystem depends upon the number of mirrors,
\*ignett, ing, and reflectivity. Metal or dielectric mirrors can be specified, In some cases, the
n]irror information is frequency dependent. At present, jitter, vibration, and alignment,
which are important for some applications, have not been implemented,
G. Application Subsystems

.4pplication subsystems are provided as a “metric” against which a particular FEL ccm-

fiquration can be evaluated, At present, there are three application subsystmns:
1) continuous-wave space-based FEL ICBM booster mission, L‘) continuous-wave groutlt{
Imsd FEL cost, and 3) pulsed compact FEL cost,

There are a large number of models that make up the space-based FEL applicatitm
s~lbsystem. Specifically, this subsystem application includes standby md startup powm:
primr power; cooling; reactants; power conditioning; platform str~lcturc Rnd hnrding; :~t-
tit \Nle, tracking, and pointing; attitude control; propulsion; ICB\l bcxwter mission: un(l
ro~~strllation sizing and launch.

Typically, cost is not thought to be an application fiowmwr, in the c(mtext of
FEL PPC rest is a valid “metric” for eva.luntion, TII~ two rest ~pplicntion s~ibsystvllls
c(~ntnixl more extensive estimates thnn the stnmhrd tnass, cost, and size information pro-
vitir(l by t}w subsystt?rn elemrnts,
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III. ACCELERATOR MODELS

In this section, some of the accelerator pexforrnance algorithms are discussed, .4
complete discussion of all the algorithms, including the mass, cost, and size, is beyond the
scope of the present article. Our goal is simply to provide the reader with an idea of the
level of complexity of models used ir, FELPPC.

A. Photoinjector Laser

Define fb asthe micropulse frequency and Qm ,cro as the micropulse charge. The rf
frequency must be an integer multiple of the micropulse frequency. Therefore, the average
accelerator current is

(1)

For pulsed operation Eq. 1 represents the average current during the macrop’.dse.
F’or a photocathode excited by green light the required photoinjector laser power is

given by

Pg = 2.361. /qq

where qq is the photocathode quantum efficiency, If qpcl is the photoinjector laser efficiency,
the electrical power required to generate the electron beam is

Pp?l = p9/qpel , (3)

These three relations are used to estimate the power, cooling, mass, cast, and size of
the photoinjector laser.

B. Accelerator Lattice Calculation

There are two options for the accelerator lattice calculation. First, an ac(~:icrntm
clement can have a specified kinetic energy gain such t hut !he required rf power must be
calculated, Second, the rf power can be specified and the resultant kinetic energy gail~ cm
I)e calculated, The choice of either option depends upon the problem under invest igt~ti(m,
The mathematical model used is the same for both options; only the solution appronci] is
(!iffmrmt, Only the latter option will be discussed here

The lattice calculation aawrnes a coupled r-mode structure in order to drterminr tlw

spncin~ between acceleration cavitieq A tank is defined M a collection of coupled cnvit irs
nu({ n limit is set on the rf power f! d, There is no coupling between tanks, Thor~f(m*,
nn IIncoupld str~~ct~~re is tnade up of tanks with only one ncceleratirm cavity. TII~ tnnk
~~i)nration is detertilled fro~T1t~ie intercavity coupling coefflc,ient (which (lcptsII(is \I])OIl I\
n~llnher of variables and design issues),

rf power feed lifi~it is specified, the tank deaigr~ can bc calculated. Dt4iIw ?)l,,
nnd windows dflciency nnd q“tife w the mfety and control margin Airirilcy
dficieucim arc dcflned on the b~is of risk, Let PIM~~be the ratrd tf p~W($I’

15



Ievel of the rf source and Pfl~,t be an upper bound estimate for the tank rf power feed,
This limit can be set by if window breakdown, the rf waveguide layout, or the rf souce

itself. Given these power levels, the number of tanks that can be driven by the specified
rf source is

i~tonk = ~lwqsaftptube fpltmtt . (4)

This is only the initial estimate for the number of tanks. If a tank structure becomes too
long or contains too mar.y cavities, the number of tanks driven by the specified source will
be increased, Given the number of cavities per tank, the if power feed limit per tank is

Pfced = ~!w~8afeptube/’’tank . (5)

There are four limits associated with the design of an individual cavity: 1) i-f power,
2 ) heat generation, 3) Kilpatrick, and 4) specified, ‘The rf power limit is

Pfeed = [~ab~p COS @ + (JEP)2/ZT2] , (6)

where d is the rf phase angle and ZT2 is the cavity shunt impe.knee times the square of
the transit time factor. Here, 6EP is the kinetic energy gain across the cavity at zero rf
p!mse, In Eq. 6, both the kinetic energy gain and the if phase are unknown and must be
determined by an iterative approach.

The second limit is associated with if wall power, In this case, 6~h is determined by
keeping the ~f wall power below the cooling capacity P~ea~:

The third limit is due to electric field breakdown. The Kilpatrick limit relates the rf
frrqmmcy to the maximum electric field strength, El:, c.n th~’cavity surface:

\ = l,643E~,exp (-8,5/EK) (3)

6EK = (KEK/G)(A/2) , (9)

where Ii is the Kilpat, rick factor, G is the cavity enhancemmit, and Ais the wlvelcnqth, Thr
Kilputric.k factor is how far above the Kilpatrick limit one wt~uld operate and is (irtm-minc(l
from a specified risk level, The ca~’ity ei~hancement factor is defined M the ratio of thr
nvvrnge ~cceleration gradient across the cavity t I the maximum electric field oil cnvity
s~lrfnrr, and it is obtained from a cavity data lookup table.

In some cases, the user may wish to specify an, ~~pper bound for the kinetic ri~vrgy
~i~ii~,hES. This option allowrJ one to tailor the design to invesitigatc th~ trade-offs betwwn
nrcelrrntion tind if wall power.

As Ii initinl guess, the design kii~etic ri~ergy gain is tht=n detcrminwi by

(11)

Aii itrrntioil is theil cnrried out to deterinine 6E such that
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where N~~#k is the number of cavities in a tank. The reduction of 6E due to wakefields is
then calculated. The final value of 6E satisfies

where PU,~k~ is the power converted into higher order modes during the acceleration pro-
cess,

The length of a tank is determined by

As a next step the tank separation, S, is determined. The coupling between t.h+~~Inks is
given by

1 C2 s
— = Clexp(-— ,
10Q,Zt (2)

where

G
Qert = ~+— .

W*II

(13)

(14)

Here. P,av and Pw,all are the total power required for the cavity and the rf power dissipate[i
in the cavity wall, respectively, The coupling coefficients C 1 and Cx, the cavit! aperture
radius a, and the cavity intrinsic Q are determined from a cavity data lookup table.

The electron beam kinetic energy is now known as a function of tank position. .4
!?ODO arrav is used to provide electron beam focusing between the tanks. Design of slich.
i-m array can be found in Ref. 18. The periodicity of the focusing system is chosen to IN}
twice the sum of the tank and tank separation length. Given a phase advance and the
focal length, the required quadxupole magnetic field strength can then be calculated for
mch tank. These focusing fields are utilized in the cumulative beam breakup instnhility
calculation, The radius of the beam. rh, is calculated as a matched beam to the FODO
iuT~j’.

Knowing the number of tanks, the number of cavities, the number of magnets, the d
power nnd the rf heat load, the mass, cost, and size of the accelerator can be estimntrd.

C. Electron Beam Emittance and Energy Spread

“rhc models for the electron beam emit tance and energy spread arr bn:~’~{IIimn IX ES
r:~lrlllntions. The emittance is !lO”lonormalized with units of m tnm-mrad, Th( W? killvt i(.
{*ll~*rgyspread has units of kilovolts,

1. Photoinjector

The corrclnted photoinjector mittance is

e = 10 + 3Q~,r,0(nC) !
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The kinetic energy spread is

~E=~O+.~t6n&,V~~~k6~V , (16)

where 61V is the induced wakefield energy spread per cavity calculated from FIXDDE.

2. Beamline

3.

The bearnl.ine space charge emittance growth is

Je=O .

The kinetic energy spread growth is

AE = Nhl nk i~::;k b It’ ,

Buncher

The magnetic buncher space charge emittance growth is

(17)

(1s)

(19)

and

fdItn/fOtit)

Ibun = fin
I,n/’IO”t -1 ‘

(20)

whmc [in and IOut Me the input and output peak micropulse current, E~ is the electron
h, I;,III kinetic energy, r~ is the electron beam radius, and al, a2, and rro are coefficients
thnt depend upon the bur.cher configuration.

The kinetic energy spread growth is

whrre ~.Eb is the residual energy spread from the induced energy spread reqllirwl for
hmching.

4. hlagnetic Bend

Tlw magnetic bend spiwe charge emittance growth is

AE=O m



5. Jitter and Cumulative Beam Breakup Instability

Eqs, 15 through 23 do not include emittance growth due the cumulative beam breakup
instability or energy spread due to charge jitter. These latter contributions are treated
as uncorrelated emittrmce and energy spread growth when combined with the micropulse
emittance and energy spread obtained from the abo~’e e.~pressions. Typically, micropulsc
emittance growth is uncorrelated while the wakefield contributions to the ener~- spread
are correlated.

D. Accelerator and Ilecelerator Cavity Speciflca.tions

Subroutine ACAVITY provides n cavity data lookup for accelerator calculations. The
similar subroutine EC AVITY provides the cavity data lookup for t$e energjv recovery decel-
erator calculation. The data computed includes cavity geometry, cavity field enhancement.
cavity coupiing coefficients, intrinsic Q value. and shunt impedance for the fundamental
mode. In addition. the data includes the f: ‘quency, coupling impedance, and Q for rhc
dipole mode. The data base corresponds to room-temperature cavities operating at a fun-
damental frequency of 433 MHz, see Table IV. The cat’ity datn are scaled to the required
operating frequency and temperature,

Table IV. Summary of the cavity data contained in AC.4VIT\’ and EC.4VITY,

Cavity Parameters

.—..—
ERX \lCTD L.’,5 L.4S L.412

Aperture Radius (m)
Ilmhus (cm)
Stu-fm-c Area ( m2 )
: .:unt hnpedance ( JIQ )
()-value
Firld Enhancement Facto:
Dipole \lode frequency ( \lHz )
Dipole \fode Shunt Impedance(\lil/m2 )
Dipole \lode Q-}”alue

3.8i
~3.-J7

0.706
10,91
33667

5.0
847.4
~400(J
fjo~oi

2,50
~3,50

0.7!)?
l~mgg

37812
~~.O

811.9
16021

635!)7

‘,.00
30,00
0,s44
7,02

46~30

2.0
643.4
5005

55196

5,00
30.00
0.S60
6,s0

50344
‘lo

641.1
3~go

56595

12 d)

50.00
CJ.sss
boo

;3317
9J)

61Q7

147s
52367

An accelerator or decelerator cavity can hav~” (me of the five shnpes: ERX, \lC’TD,
L.+;, LAS, and LA12. The EFLX and \lCTD shapes ar~ typical of thusr ilmigncd with no~l~
r~mw for high shunt impedance. In this case, EKK is the cnvity dmpc ~1~ in Los ,+lrm~tj~
FEL wqmriments. whereas the MCTD cavity shape is used for thr \fC; . vxperhncnt at
t INSLhwing Aerospace Corporation. (In tin ‘Jther hand, LA5, L.\8 and L.412 rm ct~vity
shnprs designed for beam stability. At +Lo MHz thvy hnve an aprrturc mdii of .7. S.
nml 12 cln, rmpectivcly. The cavity shape resembles thosr Iwed in n supmconduct illg
lilmr, Thr ~lipolo mode coupling l:npcds.ee is relatively low for nll three of these cavitirs,
i)~wil)lt’ to 1(,.vrr the dipol,e mode coupling impedance using a highm.ordm mo(lr cmlplrr
This collection of cavity shapes combined with the higher order mode )~lp!rr provi(los
m] n(h’quntc database for assessing the trmlc-off tx=twtm mcc(’lmntoc rflicirncy mi Iw:ull
stnbility,



E. Wakefleld Calculations

FINDDE allows FELPPC to compute the energy spread of a beam micropldse un-
der the combined longitudinal force of the external rf accelerating voltage and the beam
induced wakefield. In order to calculate the waimfield forces, the beam micropulse is di-
vided into fifty-one longitudinal slices according to the specified electron current bunch
shape. The presently available bunch s%pes arc Gaussian, parabolic, and square. The
wake function of a slice, G(r), is calculated according to

G(T) = Cl exp(-Cz~) + C3 exp (-CAr) cos (C’5T) (24)

where r is the distance behind the slice. The parameters C. for the five cavities are
con; ained in a database in subroutine .4CAVITY. These coefficients were derived by least-
squared fitting of wake functions calculated using the computer code TBCI,8 Once the
charge and wake function of a slice axe known, the longitudinal wakefield forces on the
bunch can be determined.

Lf the field gradient and the operating phase of che external rf accelerating field are
specified. the subroutine will calculate the combined accelerating force on each slice due to
the external rf and wakefield forces, from which the energy spread and average acceleration
of the beam bunch can be caicula’ ed. In addition, the power lost by the beam to higher
order modes of the cavity due to wakefields is computed.

There are two options associated with determining the operation phase of the external
rf accelerating field, The operating phase can either be set by the user or the optimum
operating phase can be calculated according to the method described in Ref. !.9. where the
enei”gy spread of the rnicropulse is minimized. With this approach. the micropulse will Ix>
advanced in phase to compensate for the increase of the wakefield amplitude toward the
enci of the bunch, As e result, a minimum energy spread is induced across the micropulse,

F, Beam Breakup Instability Calculations

The beam breakup instability is caused by beam excitation of dipole modes in ac-
celerator cavities. These modes cart def?ect the beam in the transverse direction causing
effective emittance growth and beam loss. FELPPC includes *WOtypes of beam break lip
phenomena: regenerative beam breaku~ and cumulative beam breakup, In the follow-
ing paragraph, the treatment of these two instabilities are briefly described. For more
inforrnat ion the reader should refer to references 20 and 21,

Regenerative beam breakup occurs in individual accelerating tanks. An accelerat in~
tank is composed of cavities whose dipole modes are electromagnetically coupled to one
i~not her, Investigation of the regenerative beam breakup has shown that there exists ii
thrwhoid current for the instability, If the average current exceeds the threshoid current,
thr beam power lest t J the mode exceeds the mode resistive T_K)’.f”f’r loss in the tank, As a
result, the tieflect ing mode wili grow to large amplitude,

1,’niikc regenerative beam breakup, cumulative beam breakup occurs among tanks
t Ilat arc not coupled. The coupiing of the deflecting modes between tanks is provided by
the elect ron beam, The source of excitations of the deflecting modes can be divided into
two categories: time independent and time dependent, The time-independent sources arv
misalignment of transport elements and accelerator cavities, Because these sources m
t irm’ indeptmdent, they usually only induce a t ra.nsitmt deflect ion of the beam and are riot



harmful. Time-dependent murcesinclude jitter of theinput bemposition, mgle, and the
micropuke charge. In this case, the excitation of the dipole mode will amplify the jitter
in beam position resulting in an effective emittance growth,

In FELPPC, the cumulative beam breakup instability is included by tracking mi-
cropulses -. irough the accelerator, wigglers. am?, decelerator. The tracking is done using
a set of subroutines which include BBU, CUM~BU, LOOP, TRANS, and RESULT. The
calculation allows for the specification of misalignment and jitter. The stabilizing effects
of focusing, stagger tuning, and external higher-order-mode coupler can b~ ‘ncluded in the
calculation. In the end, the presence of the instability leads to a redu( n of the FEL
interact ion efficiency because of effective emit t ante growth.

IV. FREE-ELECTRON LASER MODELS

Several parameters must be speciiied so that a FEL can be designed. The following
rout ines use parameter outputs from the accelerator routines previously described. These
parameters include the electron beam energy, ymc2, energy spread. A?, the emittance,
e. the peak electron beam current, lP. and the average beam current, ldt, ~, The inputs
required from the user include the lasing wavelength of the FEL, ~,, the number of wiggler
periods. .YW. and the specification of the FEL configuration. H an amplifier configuration
is desired, the user must specify the ber power, P,m, injected into the wiggler. The user
must also specify the type of wiggler to be used. A set of routines are called in series to
e’.aluat e the \wious F Z L parameters. These routines design the wiggler, determine the
effect ive energy distribution of the electron beam (provided by the accelerator routines ~
inside the wiggler. determine the small-signal gain of the FEL, determine the gair and
efficiency of the FEL at saturation, imd design the FEL optics. Each of these routines \vill
he discussed :~ the following subsections.

A. Wiggler Design

The resonance condition determines the rat io of the radiation wavelength, A,, to t hr
wiggler period, J ~, for a given electron beam energy (in units of its rest mass), ~, and
wiggler magnetic field amplitude, BW, In general this relation has the form

A, 1-3,—=—
Atin J:

tvll{~re .3: is the normalized electron velocity along
with T z 10 this equation can be approximated by

(25)

the wiggler axis. For elect n-m b(*i~llls

A,

Aw
- ~(l+a~/2) ,— - 272

Whm
le[BtttL

aW =
2xmcz

(27)

is t Iw normalized magnetic vector potential. As seen from Eqs. 26 and 27 the nm~n~sti(-
tirl(l amplit mk, BU,, is required to evaluate the wiggler wavekngt h. The wduc of l?,,
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depends on the type of wiggler specified. The following wiggler types have been con-
sidered for FEL applications: 1) all permanent magnet wiggler, 2) permanent magnet
and high-permit tivity pole-piece combination, 3) conventionally cooled cw electromagnet.
4) superconducting electromagnet, and 5) pulsed elect romagnet. For each of the wiggler
types listed an algorithm for the peak on-axis magnetic field is given which depends on
the gap, g, and the wiggler wavelength, i.e.

Bw = Bw(g, Aw, type) . (~~j

These relations in turn require that one know the wiggler gap. An approximate expression
for g is given by

g(cm) = 0.3+ 5w(c.m) , (~g)

where w is the spotsize of the optical beam at the entrance to the wiggler. The constant
factor of 0.3 cm arises frr~m the need for a vacuum envelope around the electron beam inside
the wiggler. A larger value of 0.7 is used for superconducting applications to allow room
for the refrigerant. The factor of 5W insures that the optical intensity at the beam tube
radius will not significantly fiect the on-axis optical mode. The spotsize at the \viggler
entrance is typicadly twice the diffraction limited spotsize, or

‘w’’=’E=’@w=. (30)

where it has been assumed that the wiggler length. L w, is twice the Rayleigh range. =,.
and the optical focus is at the center of the wggler. For high-gain amplifiers, the radiation
of the electron beam produces gain guiding that can significantly reduce the efFects of op-
tical beam d!!fraction in the wiggler. For this case one could conceivably focus the optical
beam at the entrance to the wiggler and maintain a constant optical beam radius through-
out the length of the wiggler, thereby reducing the wiggler gap. For such applications
Eq. 29 can be modiiled, provided the gain guiding conditions can be met under all oper-
ating conditions. L7sing Eqs, 26-30 and knowing that Lw = .VWAW,where LVWh= been
specified, the wiggler wavelength and magnetic field are uniquely determined.

B. Electron Beam Effective Energy

The effective energy distribution of the electron beam is required to determine the
small signal amd saturation characteristics of the FEL, The effective energy distribution of
an electron beam is the distribution of the electrons with respect to axial velocity. 3:, (x
axial energy, Yll, related by

71 =(1 -8:)-’/2 . (31)

.+x1electron-s axial energy is a function of its initial transverse position and velocity (duc
to ~he finite ernittance of the electron beam) and the wiggler magnetic vector potential.
Jve ilave

7(1 + a:(o) /2)1/2

7“ = (1 +a~(r)/2+~23~ +y’i3j)”2

(32,
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where

( %aw(r) & aw(0) 1 + (33)

gives the transverse dependence of the wiggler magnetic vector potential riear the wiggler
axis. To calculate the effective energy distribution, the emittance and energy spread dis-
tributions must be known. The emittance for an azimuthally symmetric electron beam is

where

d.j2 + g2

?== —
2

are the average radial position and average
butions in r, 6., and y - y. we can write

Pm em PI

transverse velocity.

_(Y - 70)2 exp

}
~72 ‘

(34)

(35

Assuming gaussian distri

{-

(;)2+(;)2]}

(36)
where TII inside the &function is given in Eq. 32 and .4 is a normalization const&t .

The integration of this expression ~an be pe~ormed provided the ~-dependence in the
denominator of Eq. 32 can be eliminated. Since (~ - TO)/? <<1 for the FEL beams being
considered here, we can replace the exact energy, y, in the denominator of Eq. 3? with
the mean energy, y., and perform the integrals, yielding22

(37)

where
7’0 - ?eff

r =—
AT

(3s)

c = -(l+ a~/2) (39)

and m-fc(r ) represents the conjugate error functions evaluated at r. The .-l coefficient has
been determined by setting the integral of F(y, f f ) equal to umty, Plots of this function are
given in Figs. 11 and 12. The effective energy distributions generated by a random sampling
of gaussian emittance and energy spread distributions are also plotted for comparison. For
small emittance (e ~ O), the distribution is gaussian due to the intrinsic energy spread,
A-y. For relatively large emittance, the distribution exhibits the characteristic low-energy
tail, From these distributions one can calculate the effective energy spread, ~~,~f by
measuring the distribution width at the l/e points.
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Effective energy distribution
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O. The solid line plots theFig. 11. Effective energy distributions in the limit c ~
distribution due to a thousand electrons randomly sampled from a gaussian distribution in
energy spread while the dashed line plots the analytic eHective energy distribution functio:
F( ?Cff ), The width of the distribution is given by the intrinsic ener~ spread, Ay.

Effective ene~ distribution
004

J

b
,%

003

002

001L..\/
Ow /

no ?80 770 760 7+0 noo 010
Y

Fig, 12. Effective energy distributions for a beam witil large ernitt ante. The solid
line plots the distribution due to a thousand electrons randomly sampled from gaussian
distributions in emittauce and energy spread while the dashed line plots the m-m!;”tic
effective energy distribution function F(yelJ ), .Note the characteristic low energy tail due
to the finite transverse velocity that slows the electron’s axial s P.=ed.
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C. Small-Signal Gain

The investigation of the small-signal gain for a FEL usin ~ an electro n beam with a
~pecified energy distributi( :: has previously been performed. ‘f’ s An ;ntegral equation is
obtained by combining the optical field and phase equations in the lix.,it of weak optical
fields (the small signal regim. 1. The analysis gives the evolution of the optical field in the
form

e,(:) = e,o + Hz’Lwddpd’’F@’e-’’’Oq(40)

where P(q) is pro~~,)rt ional to the Fourier transform of the effective energy dist nbution
and V. = 47r.vw(yl)/~, - 1) is the detuning at the intrinsic mean energy, 10, with respect
t :he resonant energy, y,. The dimensionless optical field strength is given by

e,(z) = 2.~w~lelaw[JO(() - J1({)]LwE(:)/( 72mc2) (41)

where E is the electric field amplitude, ~n( r ) are nth order Bessel functions of the first
kind, ~ = a~i/(4 + 2a~) and

4.Vw[eraw( JO(<) - Jl(())Lul]2neb~= (42)
~3mc2

is the dimensionless current density. The electron density is given in the limit .3’ * 1 by

1P
ncb = —

ec.ieb

where .~eb is the transverse area of the electron beam. Typically 1P is derated by the factor
of 0,S to account for the degradation in gain caused by rnicropulse effects. The transform
of the energy distribution functiou required to evaluate Eq. 40 is given in terms of Eq. 36
by

'(''= e'u0ql:dve-'"qlmdyc'fJ'v-4ry1J'(Te'f'1s-`)`F(Te'') ’44)

for an azimuthally symmetric electron beam, Evaluating the integrals one findszz

whine

r=
4i7.vw
—’ ,

7.$

(M)

Using Eq. 45 one ,n numerically evaluate the integrals in Eq. 40 to determhlc th~
small sigx,al field amplitude inside the wiggler. A gain detuning curve can be produced by
scanning the resonant signal l:wrgy, y,, around the menn energy, ?0. This corresponds to
scanning the optical wavelength around the desired optical wavelength, A, ns seen from Eq,
26. Figure 13 shows an example of a typical detuning curve. Note t!lat the gnin is zero on
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Fig. 13. Plot of small signal gain versus wavelength detuning for the effective energy
dist ribut ion F( ye~~ ). The asymmetry in the curve is due to the asymmetry in the energy
distribution.

resonance. Since the peak gain is desired at the resonant wavelength, the wiggler magnetic
field can be slightly adjusted to position the peak gain point at the desired wavl’mgth.
The modified magnetic vector potential is given by

Qwlnew =
4

2[(1 + a&/2)* - 1]
8

old

(47)

where J, is the wavelength where the peak gain appears, The modified magnetic field cnn
(1’then be etermined using Eq, 27. With the peak gain shifted to A,, the small signal electric

field amplitude as a function of distance through the wiggler, is known. This formulation
assumes that the FEL remains in the small signal regime and therefore does not predict
where saturation occurs. The location of the sat urat ion point requires a sepamt e argument
that will be discussed in the following section.

D. Efllciency and Gain

In the last few subsections a constant period wiggler was designed and its optimizrd
small signal gain was determined, If the optical field amplitude in the wiggler (Iocs not
snturate, the efficiency of the interaction can easily be determined, The field nrnplituclc M
tile wiggler exit is given by

E:z,f = Efn(l +G) (4s)

where Eln is the electric field at the wiggler entrance and G is the power gnin from the
smnll signal calculation. The efRciency of the untapered wiggler is given hy

0.7P,nC
~untop = —

P,b
(4!))
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where f~b is the peak power in the electron beam and ~,tl is the power injected into the
wiggler. The !;.7 coefficient represents the reduction in efficiency caused by the electrons
in the wings of a gaussian axial electron beam pulse chat do not interact effectively with
the optical micropulse,

To increase the efl’iciency of a FEL design, the optical wave must saturate so that
the wiggler magnetic vector potential can be tapered. Tapering allows the pondcromotive
wave to remain in phase with the electron beam as it loses energy to the optical wave.
Saturation will occur after the electrons execute one-tialf synchrotrons period. The electric
field at satuation, Esa~, can be determined by energy conservation between t hc elect n-m
beam and the optical wave. The energy lost by the ele~tron beam after one-half synchrotrons
OS(:ilation can be expressed j

(50)

where where n,b is the average electron density in the electron beam, (YO- 1;mc2 is t hc
kinetic energy per elect ron, 1/2 A$’~d”IS the maximum energy corn ersion efficiency in an
untapered wiggler with .YL periods , and

[1-ex+(:’;’31 1511

rrprmcnts the fraction of electrons that cm rotate coherently in the ponderomotive po-
trnt id well (i.e. the bucket )27’20, The quantities 7P and A7C/f rcprcscnt the peak of t hr
rticctive energy distriblltion and the effective energy half-width, respectively, Thr vnrrgy
of t hv ponc!ercmmt ive wave, 7., is obtained by solving Eq. 26 for ? ?(~r an elect nm 1)(’itiI)

Of cross-sectional area, .-leb = ~f21 and an optical mode with tramwr.w area, .4.~ = =IIb2: 2
I whwr w is the opticnl spotsize), energy mnservation dictntt=s

the peak current, 1P dso includes explicitly the !),S (lmntil~~
the gain at m.turiltion can hc cxprrsm.i

()5bJ# 2*%[1-f’x’){-(Ji~;;’}1



the wiggler can be tapered is determined by the FEL configuration and che need to prevent
the majority of the electrons in the ponderomotive bucket from being lost. Thr~~,@l
analysis of optimized taper INEX desi~s the fnllowing rule of thumb h= been MI(~Pt~d
for the average change in a,, with respect to distance:

Aam ( 1.2 ~ 1~-3/,\w for os~illator~
-= 1

.—
A: 2.0:’ 10-J/Aw for amplifi~:s ‘

The wiggler vector potential at the end oi the wiggler is

The efficiency of the taper section can then be approximated

(54)

whmp the square root t mm reprwwnts the efficiency of a single elrcc ron clwrlt’rntd frfml
~I,,,,ln tc aU,,en~, the factor of 1/2 represents the norninnl frrwtion of rlectr(ms trnppo(l in
the pondcromotive bucket, the 0.2 term (including its exponential multiplying factor) qivrs
tht* possible enhancement in trapping efficiency caused by pmbunchinq, an[l the finnl tmnl
involving the exponential represents the degradation in trapping caused by m-nittancc aml
intrinsic energy s read. The factor d~ is the bucket height ( ~t the cnt rance to t hr t npm

Ewwt ion ) given by

wl]~w t~~is the optical w-ctor potentird defined in annlogy with Eq, 27 m

q Ppb
(I’=— ,
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As previously stated, P,n is the optical power at the entrsnce to the wiggler, In the case
of an amplifler, this power is provided by by an external laser and must be specified, For
an os \!lator, pi. is scanned until the gain through the wiggler is equal to the losses of the
resonii[or. The kmes include both outcoupled power and losses caused by absorption and
diffract ion beyond the edges of the mirrors,

E. FEI Optics

Resonator optics are required to manipulate the tightly collimated optical radiation
produced in the wiggler, In ‘he case of an arnpltier, the radiation spot sixe must l-w
expanded up to a size that ,’...1 be handled by the beam control system. For rm oscil-
lator, optics must provide the required feedback and output coupling. .4 ring resonator
configuration incorporating grazing incidence optics is typically considered for high power
osciUator operation, The size of the mirrors and the overall resonator are determined by
the average optical power extracted inside the wiggler, the absorption coefficient of the

mirror material with respect to optical wavelength and the angle of incidence, the o[ltpllr
cmlpling percentage of the cavity and the genersl resonntor layout,

.+ schtmmtic of n ring resonator is shown in Fig, 14, The power entering thr ~vigglt’r
is rq~rmentr[l by P “I , while the power ~xiting the wiggler nfter nmplifirntion is (knottu!

4%++==%
L“’:.LJ’



U we define the outcoupled fraction qo,~ so that PO. I = qOUIPC,,c rmd the remnator ~fi.
ciency by

P.”,
m =

P.”, + Pi.,,
(64 :)

the required wiggler gain becomes

(63)

If the small-signal gain of the wiggler does not exceed the gain in Eq, 65, the oscillator
cannot startup and only spontaneous emission will be generated,

The placement of the mirrors of the resonator is determined by the spotsize (i.r.
footprint ) of the light on the mirror surface, the average optical power of the light, P,,,,,
the reflectivity of the mirror material, R, and the maximum allowable intensity absorption,
I maz. The spousize is given in terms of the Rayleigh range, :, and the optical wavelength
by~g

(M)

where : is the distance from the focus to the position of inter~st, The spotsizc of thr
intensity distribution on a planar surface whose normal is at angle t9 from the axis of the
opt icnl beam is

A=.TL ,
2cWe

(67)

Knowing that the total power absorbed is given by

I ma, = Pctrc(l - R)/A , (Gs)

for tlw phwmucnt of the first hyperboloid,
The radius of cu.rvt~ture of the optical wavefronts (near the opt icnl nxis ) nt t l~is I(WMit)ll

i~
R, = :[1 +(2,/2)2] , ( 7[1)

R
,VRC

“r = 2= ‘

Rp. —
1

l/l?I. - 2/J?”,,

(71)

(Z?)
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The new Rayleigh range, image spotsize and image

‘0= ~ti
- Rp

~f =
l+(Rp/~r)2

where

is n fiducial range, The position of
results of Eqg, 72 through 74 in Eq.

-r = 7W2/A:

the paraboloid can

focus position axe given by

(73)

(74)

(75)

(76)

now be determined by using the
69. This gives the resonator half-size for &cillato-rs or

tie size of the beam expansion optics for amplifier applications. The physical size of ench
I,irror is determined by specifying the ratio of the mirror diameter to the optical spotsize,
L-]li , ratio is typically 3 to 5 depending on the power inside the resonator and the dcsirtui
rt’senator efficiency.

VI. SLJMMARY

The [ntutrated ?Jumerical Experiment ( IN E,S) has proven to bc a succcssflll nwt}lml
for FEL design, However, for a n;mber of rewms; the ~NEX approach is difficult to [tp-
I)ly I(J a trade-off or initial design study, The INEX calculation is best suited for finnl
(lrsigl~, The FELPPC code has been developed to overcome the disadvantages associ-
nt r:l \vith t h? INEX approach, Relatively simple but rralistic models for the riccclrmt or,
FEL illtcrnction, and optics have been developed, \Vith these models subsystem cI(I: ‘1!s
Iinvr been dev?’loped, FELPPC has eleven subsystem !’l~ments to cal~’ulate FEL 1t. :~)r-
Il)nll(’r: rf power, accelerator injector, accelerator betul,,ine, magnetic buncher, mngnvtir
hsIld, oscillator, amplifier, energy recovc~ decelerator, electron beam dump, beam control
syst.rn], and o~~tput benrn director, Each subsystem element provich the detailed informw
tion required to estimate mms, cost, and size from a puts count. \Vith these suhsysten~
(’lvltlmlts a system-like model for ths FEL configuration can be c~mstructed. FELPPC
cnn rrdcldate a number of FEL cotigurations: 1) oscilh-dor, 2) spontmco(is-efn ission ~m-
I)liflrr, 3) convent iorml-imer driven tmplificr, 4) muter-oscillator power-amplifier, or 5)
si[lglr.accelerator mMter-oscillator powrr-nrnplifler, Becnuse FELPPC CUI pelfcmn n FEL
rldclll~tion in less thtm 30 seconds, trm-ie-off mnd initial design studies of complex col~flK-
~lrntions can be completed in a short period of time,

Sinrc m~lch t)f the interest in FELs is directed townrd npplint ions, the physics (If tlw
]Jnrtit’lilnr npi)licntion of interest is incorporated M a subsystem element into FELPPC’. Ill
tlii~ ftud]i~)ll. n rrkvnnt trnde-off or initinl (Icsign atmly is perforrrwd in the contrxt t)f t,l~v
Iil)l)licntioni FELPPC operntm from n dctailrd physics description of speri!kd hmlwnrr tt)
f~t~tnin the FEL performmce from whirh mnan, cost, nud size are (lrf(’rrr~ined. In gtwrrnl,
IIirre in no guareultee thnt FELPPC can providr a desigl~ with tl~c , ~+~formanrr rwl~iirc~l
for Ii ])nrtirlllar ap~)licnti(mh The mpplicntion suhsy~tmn is sinq)ly used M a “mrtrir” to
jli~{gr the ~)liynir~ mid tmtllnoh)gy implications of n pnrticulnr FEL coldlg~untio[l,
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Depending upon CIIC FEL roldigllri]tit)ll ;m{l ill)]~li~a[it~l~. Illln(keds of independent
vmrinbles tnav be reclllired to dmcrihv the l~rt)l>leln, .b i~ w:slllt. some method is required
to illvcstigat; the complicated llolllilwi~r sl)i]~(~(Iesuilml :IY FELPPC, At present, a neural
mt npl~romcll is king usml for this I)llrl]osc. T() c,l)tnin olnill~;ll Im-formance the neural
net and FELPPC nrc combined wit 1) nn optilnizntion n]~pr(~ii{.11.The final design is then
(Icvcloped using IXEX from the initinl illformi~tion provi(hvi I)y FELPPC.
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