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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. Chan, M. J. Schmitt,
J. McKee, J. Ostic, C. J. Elliott, and B. D. M .Vey

Abstract

The strong coupling of subsystem elements, such as the acceler-
ator. wiggler, and optics, greatly complicates the understanding and
design of a free electron laser (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-
alistic picture of the potential operational capability. To address the
strong coupling character of the FEL the concept of an Integrated
Numnerical Experiment (INEX) was proposed. Unique features of the
INEX approach are consistency and numerical equivalence of exper-
imental diagnostics. The equivalent numerical diagnostics mitigates
the major problem of misinterpretatic- that often occurs when theo-
retical and experimental data are compared. The INEX approach has
been applied to a large number of accelerator and FEL experiments.
Overall, the agreement between INEX and the experiments is very
g‘uml.

Despite the success of INEX, the approach is difficult to apply to
trade-off and initial design studies because of the significant manpower
and computational requiremnents. On the other hand. INEX provides
n base from which realistic accelerator, wiggler, and optics models
can be developed. The Free Electron Laser Physical Process Code
(FELPPC) includes models developed from INEX, provides coupling
hetween the subsystem models, and incorporates application mod-
cls relevant to a specific trade-off or design study. In other words,
FELPPC solves the complete physical process model using realistic
physics and technology constraints, Because FELPPC provides a de-
tailed clesign, a good estimate for the FEL mass. cost, and size can
Le made from a piece-part count of the FEL. FELPPC requires sig-
nificant accelerator and FEL expertise to operate. The code can cal-
culate complex FEL configurations including multiple accelerator and
wizglel combinations. At the present time, the FELPPC assessinent
and evaluation code is being used in conjunction with a neural net to
evidnate new concepts, perform trade-off studies, and perform initial
design studies for a large number of FEL applications.



I. INTRODUCTION

A free eiectron laser is a complex and strongly nonlinear device. As such, the traditional
approach of defining an interface between the various components of the system is difficuir.
at best \oreover, FEL performance is affected by strong coupling between the accelerator.
wiggler. .nd optics. In fact, historically, FEL performance has been greatly reduced because
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 -lectron
beam phase-space distribution. As a specific example, consider some of the ‘ssues associated
with an electron beam accelerator, such as injector emittance and energy sp- 1d. longitudinal
and transverse wakefields, cavity asymmetry, misalignments, and jitter. All these issues affect
the electron distribution in a slightly different manner, but the effects are not inZependent of
one another. The sum total of the effects determines the final state of the electron distribution
function. Similar arguments apply to electron beam transport. wiggler transport, wiggler and
resonator interaction, and energy .ccovery. Given the stringent requirements associated with
high-performance FELs, the strong coupling must be taken into accouant in the evaluation and
design process.

The Integrated Numerical Experiment (INEX) was proposed! to address the strong coti-
pling nature of an FEL. In terms of the physics, INEX is a one-to-one numerical equivalent of
the physical experiment. Engineering and technology constraints are inciuded in the model to
ensure that a given desigr. is realistic. In some cases, INEX is used to set requirements such
as control and alignment tolerances. In addition to the self-consistent nature of the integrated
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 often
a major source of discrepancy between theory and experiment, is avoided. Since validation
against experiments is fundamental to the reduction of risk in any program, the incorporation
of numerical diagnostics has significantly enhanced our ability to accurately evaluate a number
of physics and technology experiments.

The INEX is constructed by linking a number of sophisticated physics programs, or codes.
together in such a way that the evolution of electron phase space and light is determined
in a consistent manner. Since precise knowledge of the electron phase-space distribution
is required, the physics codes used in INEX -2 all particle transport codes. Particle codes
calculate the dynamics of a small volume of phase space that is represented as a point particle.
This type of code provides the most realistic description of particle dynamics and is used
extensively to study complex problems in many areas of physics?. The three primary codes
used in INEX are ISIS,> PARMELAX,* and FELEX.® In addition, there are a large number
of secondary codes used to support the three primary codes, including MAFIA.* URMEL.
TBCI®* and SUPERFISH.?

As a specific example of the INEX approach, consider the master-oscillator power-amplifier
(MOPA) FEL configuration depicted in Fig. 1. The MOPA uses two different accelerators
with separate FEL wigglers. A complete INEX calculation would calculate the electron bewn
evolution from the injector to the electron beam dump. As shown, ISIS and PARMELAX are
linked to calculate the injector, low-energy accelerator, magnetic buncher, high-energy accel-
crator, and transport to the wiggler. At this point, the electron phase space distribution is
linked to FELEX to calculate the FEL electron-wiggler interaction. After the FELEX calcula-
tion is completed, the residual electron phase-space distribution is linked back to PARMELAX
for the electron beam dump calculation. In this case, a separate calculation is performed for
both nccelerators, because there is no direct link between the electron distribution functions.
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Fig. 1. [lustration of the linking of ISIS, PARMELAX, and FELEX for a master oscillator
power-amplifier FEL system.

The link between the master oscillator and power amplifier is through the light pulse.
FELEX provides this light link between the two wigglers. In this fashion, the FEL amplifier
input signal includes the nonideal aspects of the light generated by the FEL oscillator. Al-
though not presently a part of INEX, the evolution of light through the beam control system
and output beam director could be calculated with GLAD!® or QASIS2."!

When INEX was proposed, the linking between the various codes was to be performed
with a controller IFEL.!? At the present time, {FEL is only partly cornpleted, with the link
between PARMELAX and FELEX being manuai. In addition, the link from FELEX back to
PARMELAX is not complete.

Most of the INEX effort has been directed toward verification of the computational model
with ex, >riments. To date, the INEX model has been compared with eleven experiments. as
summarized in Table [. In all cases, good agreement in terms of hoth scaling and magunitude
has been obtained between INEX and the experiments. The success 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, and FELEX; and 3) the use of numerical diagrnostics equivalent
to experimental diagnostics.

As an example, we consider the comparison of the High-Extraction-Efficiency
experiment!? with INEX. In this experiment four distinct wiggler configurations were in-
vestigated: 1) 12% linear taper in wavelength denoted by 12%, 2) 12% linearly taper in
wavelength with a prebuncher denoted by 12% +, 3) 30% parabolic taper in wavelength 30%
and 4)a 30% parabolic taper in wavelength with a prebuncher denoted by 30% +. Figure 2
is a comparison of the experimental results with the INEX predictions.

The purpose of the prebuncher, which is located upstream of the main wiggler entrance.
is to induce a velocity modulation on the clectron beam. In the drift space following the
prebuncher, the velocity modulation is converted into a density modulation on the length scale
of the optical wavelength. This prebunching allows a greater fraction of the electron beam
to be captured in the decelerating bucket of the main wiggler. As a result, the extraction
efficiency of the interaction can be increased, as can be seen by comparing the ciliciency of
the different wiggler configurations in Fig. 2.



Table I. Summary of accelerator and FEL experiments compared with the INEX.

Experiment Lecation
#1 Proof-of-Principle Photoinjector Experiment Los Alamos
#2 20-MeV Accelerator Experiment Los Alamos
#3 Harmonic Experiment Stanford
#4 10-um FEL Mode Media Experiment Los Alamos
#5 10-um FEL Sideband Experiment Los Alamos
#6 Cavity Asymmetry Experiment Boeing
#7 10-um FEL High-Extraction-Efficiency Experiment Los Alamos
#9 Burst Mode 100-MeV Accelerator Experiment Boeing
#10 0.6-um Burst Mode FEL Experiment Boeing
#11 HIBAF 17-MeV Accelerator Experiment Los Alamos
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Fig. 2. Comparison between High-Extraction-Efficiency experiment and INEX predictions
or four different tapered wiggler configurations.

Because the experiment used a conventional thermionic injector, the ISIS code was
not used. PARMELAX was used to calculate the electron phase-space distribution up to
the entrance of the wiggler and FELEX was used to calculate the FEL interaction. The
overai] agreement between INEX and the experiment is quite good.

Although the INEX app-rach has proved to be successful, the approach is difficult to
apply 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
a complete calculation. Second, because of the level of complexity of the calculations, the
approech requires significant manpower to support a design effort. Finally, INEX requires a
significant amount of computational time to complete the design process. In other words, the
INEX approach is best suited for detailed final design.
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FELPPC has been developed to overcome the disadvantages associated with the INEX
approach. Basically, the idea was to use INEX es a guide for the development of realistic
models for the accelerator, FEL interaction. and optics. Using these relatively simple models.
an accurate prediction of FEL subsystem elements would be possible. In turn, the subsystem
models could be coupled to obtain a system-like model for the FEL configuration. At the
same time, the subsystem models would provide the detailed information required to estimate
mass, cost, and size fromn 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 fashion. a relevant trade-off or
initial 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 configurations that includes nonideal effects. The application
subsystem is simply used as a “metric” 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™. What
FELPPC offers is speed with credible physics. There can be hundreds of independent variables
involved, depending upon the FEL configuration and application. As a result, some method
is required to investigate the complicated nonlinear space described by FELPPC, We have
chosen to use a neural net!* for this purpose. To obtain optimal performance the neural net
and FELPPC are combined with an optimization approach.

The entire process of neural net, FELPPC, INEX, and experiments is summarized in
Fig. 3. Over the past few years the effort has concentrated on the development and verifi-
cation of the overall approach, as indicated by the direction of the top arrow. At this juncture.
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Fig. 3. The relationship between the neural net, FELPPC, INEX, and experiments is indi-
cated. Here, HIBAF is the Los Alamos Hlgh Brightness Accelerator FEL, MCTD is the Boeing
Modular Component Test Development experiment, HAP is the Boeing High Average Power
experiment, and WSMR represcnts the GBFEL effort as an example of future experiments.
The overall computational approach is applicable to any applied physics program.
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we are beginning to reverse direction, as indicated by the bottom arrow; that is, we are simul-
taneously developing optimal designs for conventional FELs and investigatiug new concepts
for accelerators, wigglers and optics. As new FEL regimes are investigated experimientally, we
expect that some of the INEX and FELPPC models will prove to be inaccurate and tle entire
sequence of verification will need to be repeated. Overall, however, the ability to credibly
extrapolate FEL technology 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 overview of FELPPC is presented. The eleven subsystem elements of
the laser system are discussed: rf power, injector, accelerator beamline, magnetic buncher.
magnetic bend, electron beam dump, oscillator, amplifier, energy recovery decelerator. beam
control system, and output beam director. In addition, a short discussion of three application
subsysiems is given.

Some of the accelerator models are presented in Sec. [II: the accelerator lavout calculation.
electron beam moments, and the cumulative beam breakup instability.

The FEL models are presented in Sec. IV: resonance conditions, wiggler magnetic fields.
effective energy spread of nonideal electron beam distributions, small-signal gain, efficiency.
and resonator optics.

Finally, a summary is presented in Sec. V.

II. FELPPC OVERVIEW

FELPPC is written in Fortran 77 and is designed to operate on the Los Alamos Cray
system. Each problem investigated by FELPPC tends to be unique. Therefore, there are no
defau'ts 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
FEL _hysics as well as in the application under investigation. The code is maintained and
modified using Historian.!® Within limits, it is possible to plot any dependent variable as a
function of any independent variable using Mapper!? 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 as a subroutine that is interrogated by a
neural net.

FELPPC is still under active development. At the present time, Version II consists of
about 17,000 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
requesred. Typically, the timescale for calculation increases about an order-of-magnitude
when the cumulative beam breakup instability calculation is utilized.

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

A complex laser configuration can be constructed from these eleven subsystem elements.
Each subsyster :ubroutine is indexed. The first index refers to the FEL configuration. whereas
the second in¢:  refers to the subsystem element within that FEL configuration. For exam-
ple. a master-oscillator power-amplifier laser system utilizes a separate FEL laser configu-
ration for both the oscillator and amplifier. As such, both tke master oscillator and power
amplifier must be specified as distinct FEL configwations in FELPPC. At the same time,
the tnaster-oscillator and power-amplifier FEL laser configurations can be quite different. For
the suke of argument, let the oscillator configuration be composed of an injector, an accelerator



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

FEL Subsystem Element Subroutine Name
f Power RFEFFIC (j)
Accelerator Injector PHOTO (j,k)
Accelerator Beamline BEAMLINE (j.k)
Magnetic Buncher BUNCHER (j k)
Magnetic Bend ABEND (j,k)
Oscillator OSC (3.k)
Amplifier AMP (j,k)
Energy Recovery Decelerator RECOVERY (j.k)
Electron Beam Dump BEAMDUMP (j.k;
Optical Beam Control System BCS (j)

Optical Output Beam Director DIRECTOR (j)

beamline, an oscillator, and a beam dump while the amplifier configuration 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 system is shown in Table III. The rf power source, beam control system, and

Table III. Construction of a simple master-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 (k)

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 Injector (PHOTO)
Amplifier Accelerator Beamline (BEAMLINE)
Amplifier Magnetic Bend (ABEND)

FEL Amplifier (AMP)

Amplifier Magnetic Bend (ABEND)

Energy Recovery Decelerator (RECOVERY)
Electron Beam Dump {BEAMDUMP)
Optical Beam Control System (BCS)

Optical Output Beam Director (DIRECTOR)
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output beam director subroutines are not indexed by ciement because each is only utilized
once in a configuration. As constructed, the rf power source is allowed to be different
for .he oscillator and amplifier configuration. The beam control system for the oscillator
configuration consists of the transfer optics between the oscillator and the amplifier and
no output beam director is required. The actual beam control system and output bean
director are associated with the higher output power amplifier configuration.

A. Rf Source Subsystem Element

For each FEL configuration, the efficiency associated with the specified rf source is
determined using the RFEFFIC subroutine. At present, there are six sources that can be
selected: 1) solid state, 2) tetrode, 3) klystron, 4) crossfield amplifier, 5) lasertron. and
6) klystrode. The efficiency of each source is a function of the rf frequency. In addition,
each source has a specific frequency range of operation. If the frequency falls outside this
operational frequency range, the efficiency of the source becomes small. In this manner,
during optimization, each source is effectively limited to the correct operational regime.
For each source a risk value must be arsigned: 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
accelerator subsystem elements is depicted in Figs. 4 through 7. In many instances, the
functional blocks correspond to additional subroutines.
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Fig. 4. Functional block diagram of the subroutine PHOTO for the injector subsystem
element. The order of calculation is from left-to-right and top-to-bottom.
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Fig. 5. Functional block diagram of the subroutine BEAMLINE for the accelerator
beamline subsystem element. The order of calculation is from left-to-right and top-to-
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Fig. 6. Functional block diagram of the subroutine BUNCHER for the magnetic buncher
subsystem element. The order of calculation is from left-to-right and top-to-bottom.
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Fig. 7. Functional block diagtam of the subroutine ABEND for the magnetic bend
subsystem element. The order of calculation is from left-to-right and 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 operatior.
The accelerator technology can be specified as cryogenic, conventional superconductor. or
high-temperature superccnductor. Room temperature operation is included as a subset
of cryogenic technology. In addition, the accelerator cavity shape is a hardware option.
At present, there are five cavity shapes in FELPPC, each with a data base generated
by URMEL 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 accour.-
the of frequency. f source characteristics, cavity coupling, micropulse charge, peak current,
operating temperature, average current, focusing, magnetic bunchers, and magnet. bends.
I11 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) f 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 current, average current, emittance, and en-
ergy spread are updated as FELPPC moves from element to element within an FEL
configuration. First, micropulse emittance growth due to nonuniform fieids, wakefields,
and space charge is calculated. Second, micropulse energy spread growth due to space
cl..zge, wakefields, and magnetic bunching is calculated. Third, the micropulse moments
are modified to take into account jitter and misalignment. Finally, emittance growth re-
sulting from the cumulative beam breakup instability is determined. The cumulative beam
breakup instability calculation includes jitter and 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 different 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 determined
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 (MOPA), or 5) single-
accelerator master-oscillator power-amplifier (SAMOPA). The FELPPC code requires
knowledge of the laser system configuration to update electron 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

10



___1 - ) p A § Il 1
errEcTIVE ELECTROM ——
RESONANCE ENERQY EFFICIENCY sEAM COOLING
SPARAD MOMENTS t
1 1
WIGGLER suaLL sanaL | {untarem Taren ) MAsS cost
#IELD GAIN PATBUNCHER INSTABILITY e

MICROPULSE
EFFECTS

Fig. 8. Functional block diagram of the subroutine AMP for the FEL amplifier subsystem
element. The order of calculation is from left-to-right and top-to-bottom.

osc
1 L - S -l
r R
! LacTRON
StanTUs TEST POWLN
STanTUP -l o\ [unonuouJ (uo‘n“u [ oo
\
1 A g
- ~ ‘ -
wrrecive "y uass cost
L".”““ tnerar EPFICIING Y Lo0e l e TABILITY 18
d -1 )|
— N\
wIoaLEA WAL BoNAL 1 UNTAPER TAPEA BATURATION
1O 7Y PRASUNCHER AN o LOSE
L
i i
]
1ot W erricncy
1
UNTAPER TAPSA
PREBUNCHEN
\
WCROPULEL
(rrecTs

Fig. 9. Functional block diagram of the subroutine OSC for the FEL oscillator sutsystem
element. The order of calculation is from left-to-right and top-to-bottom.

11



wizgler options: permanent, hybrid, electromagnetic. superconducting, and pulsed. Metal
or dielectric mirror can ve specified. In some ceses, the mirrors information is frequency
dependent. The resonator options are 1) simple concentric, 2) ring, and 3) ring with a
grating rhomb.

‘The AMP subsystem element first determines the resonance condition based upc:. the
wiggler type and safety margins. At present, the safety margins are not options. «.ing
the nonideal electron beam moments determined by the accelerator subsystem elements,
the effective energy spread associated with the beam-wiggler combination is determined.
The small-signal gain is then determined from the solution of an integral equation. At
this point, it is possible to calculate the nonlinear conversion efficiency of electron beam
kinetic energy into light, a calculation \hat includes the nonideal aspects of the electron
distribution and micropulse effects. The ratio of the tapered-to-untapered wiggler length
is determined from the nonlinear model. Moreover, if possible, a wiggler prebuncher is
utilized to enhance efficiency.

The FEL interaction gives rise to energy spread growth on the electron beam, whose
amplitude depends upon the efficiency of the interaction. In the AMP subroutine element
tue electron beam micr: - 1ulse 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.

After determining the detailed amplifier performance, 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 sufficient that the
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 ensiure startup.

If startup is possible, an iteration is performed to establish the oscillatur operation
point where saturated uonlinar gain equals the total resonator loss. As in the ampli-
fier subsvstem element, the nonlinear conversion efficiency is calculated with a nonideal
electron distribution and micropulse effects. Again, the ratio of the tapered-to-un:apered
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 number
and reflectivity of elements in a particular resonator. The outcoupling efficiency is an
independent variable. Both the resonator loss and outcoupling efficiency enter into the
saturation 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 a SAMOPA configuration,
electron beam energy spread is induced on the electron beam. In the OSC subsystem
clement the electron beam micropulse moments are updated for the following accelerator,
amplifier, energy recovery, or electron beam dump celculations. Again, the emittance
growth from the cumulative beam breakup instability is determined.

Given the detailed oscillator performance, the power and cooling requirements can be
calculated. A parts count is then used to generate the mass, cost, and size of the oscillator
subsystem element.
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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= shown in Fig. 10. In some instances, the functional blocks correspond to additional

subroutines.
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rig. 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 technology: pulsed or continuous-wave operation
and cryogenic, conventional superconductor, or high-temperature superconductor technol-
ogy. To start, a same-structure or parallel-structure configuration must be specified for
the decelerator. Here, same-structure energy recovery implies that the accelerator and
deceleratcr 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 kineti: 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
beam energy spread. A special energy recovery bend is used to dxsperse the electron beam
along the direction of propagation in correlation with the electron energy'’. The FEL
interaction and deceleration are distinct nonlinear processes. Consequentiy, it becomes
more difficult for the decelerator to “put *ha electron distribution back together” as the
FEL conversion efficiency increases.

The kinetic energy recovery efficiency also depends upon the cumulative beam breakup
instability. In the decelerator the electron kinetic energy decreases as the beam propagates
along the structure. As a result, the beam becomes more sensitive to transverse deflecting
forces as the decelerator continues to remove kinetic energy. (Incidentally, with same-
structure energy recovery the situation is more difficult because the magnetic focusing
foree is mismatched.) At some point the electron beam kinetic energy becomes too low for
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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
lost in the walls of the rf cavities must be calculated. The rf heating depends upon the
accelerator technology, cavity type, operaiion termperat'wre and frequency, and deceleration
electric field. In turn, the deceleration electric field depends upon the truncation energy
determined by the cumulative b-am 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 BEAMDUMP 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 FEL and energy recovery
efficiencies.

F. Beam Control System and Output Beam Director Subsystem Elements

The subroutines BCS and DIRECTOR calculate the performance, mass, cost., and
size of the beam control system and output beam director, respectively. Simple algorithms
are presently used. The efficiency of each subsystem depends upon the number of mirrors,
vignetting, and reflectivity. Metal or dielectric mirrors can be specified. In some cases. the
mirror information is frequency dependent. At present, jitter, vibration, and alignment.
which are important for some applications, have not been implemented.

G. Application Subsystems

Application subsystems are provided as a “metric” against which a particular FEL con-
figuration can be evaluated. At present, there are thrce application subsystems:
1) continuous-wave space-based FEL ICBM booster mission, 2) continuous-wave ground-
based FEL cust, and 3) pulsed compact FEL cost.

There are a large number of models that make up the space-based FEL application
subsystem. Specifically, this subsystem application includes standby and startup power:
primme power; cooling; reactants; power conditioning; platform structure and harding: at-
titude, tracking, and pointing; attitude control; propulsion; ICBM booster mission: and
constellation sizing and launch.

Typically, cost is not thought to be an application. however, in the context of
FELPPC cost is a valid “metric” for evaluation. The two cost application subsystems
contain more extensive estimates than the standard mass, cost, and size information pro-
vided by the subsystem elements.
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II1. ACCELERATOR MODELS

In this section, some of the accelerator performance algorithms are discussed. A
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 comnlexity of models used i FELPPC.

A. Photoinjector Laser

Define fy as the micropulse frequency and Qmicro as the micropulse charge. The rf
frequency must be an integer multiple of the micropulse frequency. Therefore, the average
accelerator current is

Ia = bemicro . (H

For pulsed operation Eq. 1 represents the average current during the macropulse.
For a photocathode excited by green light the required photoinjector laser power is
given by

P, =2.361:/n, (2)

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

Pp¢|=Pg/nP¢| . (3)

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

B. Accelerator Lattice Calculation

There are two options for the accelerator lattice calculation. First, an acccierator
clement can have a specified kinetic energy gain such thet the required rf power must be
calculated. Second, the tf power can be specified and the resvitant kinetic energy gain can
be calculated. The choice of either optiun depends upon the problem under investigation,
The mathematical model used is the same for both options; only the solution approach is
different. Only the latter option will be discussed here

The lattice calculation assumes a coupled 7-mode structure in order to determine the
spacing between acceleration cavities. A tank is defined as a collection of coupled cavities
and a limit is set on the tf power . ‘d. There is no coupling between tanks. Therefore,
an uncoupled structure is made up of tanks with only one acceleration cavity. The tank
w-paration is determined from the intercavity coupling coefficient (which depends upon a
munber of variables and design issues).

Once the rf power feed limit is specified, the tank design can be calculated. Define ny,
as the of lines and windows efficiency and n,, . as the safety and control margin ethiciency.
Both of these efficiencies are defined on the basis of risk. Let Piupe be the rated of power
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level of the rf source and Piimit be an upper bound estimate for the tank f power feed.
This limit can be set by rf window breakdown, the rf waveguide layout, or the rf source

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

Niank = Ulw'hafcptube/Plimu . (4)

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

Pfud = mwnaafeptube/"vunk . (3)

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

Pjeca = [Ia8E, cos ¢ + (8E,)2/ZT?] (6)

where ¢ is the rf phase angle and ZT? is the cavity shunt impe .ance times the square of
the transit time factor. Here, §E, is the kinetic energy gain across the cavity at zero rf
phase. In Eq. 6, both the kinetic energy gain and the ff phase are unknown and must be
determined by an iterative approach.

The second limit is associated with rf wall power. In this case, §E), is determined by
keeping the if wall power below the cooling capacity Ppeqr:

Pheat = (6En)}/2T? . (7)

The third limit is due to electric field breakdown. The Kilpatrick limit relates the rf
frequency to the maximum electric field strength, E;:, ¢n the cavity surface:

f = 1.643E%exp (-8.5/Ex) (8)

and

6En = (KER/GY)A/2) (9)

where K is the Kilpatrick factor, G is the cavity enhancemerit, and \ is the wavelensth. The
Kilpatrick factor is how far above the Kilpatrick limit one would operate and is determined
from a specified risk level. The cavity enhancement factor is defined as the ratio of the
average acceleration gradient across the cavity ty the maximum electric field on cavity
surface, and it is obtained from a cavity data lockup table.

In some cases, the user may wish to specify an upper bound for the kinetic energy
gain, 0E,. This option allows one to tailor the design tc investigate the trade-offs between
acceleration and of wall power.

As u initinl guess, the design kinetic energy gain is tnen determined by

¢E = minimum{4E,, 8Ep. 6Ex, 0E.} . (10)

An iteration is then carried out to deterinine 6E such that
Preed == N2v[8Ecoas + (8EV1/2TY (11
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where N2, is the number of cavities in a tank. The reduction of 6E due to wakefields is

then calculated. The firal value of 6E satisfies

Precd = Nigailla6E cosé + (6E)*'ZT? + Puake] .

where Pyqke 1s the power converted into higher order modes during the acceleratinn pro-
cess.

The length of a tank is determined by

Liank = Njgai(A/2) . (12)

As a next step the tank separation, S, is determined. The coupling between the -anks is
given by

s, = e 13
where
Q
Qe:l =T r - (14)
1 + ] well

Here. P.av and Pyqi1 are the total power required for the cavity and the f power clissipated
in the cavity wall, respectively. The coupling coefficients C, and C;, the cavity 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. A
FODO array is used to provide electron beam focusing between the tanks. Design of such
an array can be found in Ref. 18. The periodicity of the focusing system is chosen to be
twice the sum of the tank and tank separation length. Given a phase advance and the
focal length, the required quadrupole magnetic field strength can then be calculated for
each tank. These focusing fields are utilized in the cumulative beam breakup instability
calculation. The radius of the beam. ry, is calculated as a matched beam to the FODO
array.

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

C. Electron Beam Emittance and Energy Spread

The models {or the electron beam emittance and energy spread are ba:.cd apon INEX
calenlations. The emittance is 90% normalized with units of # mm-mrad. The 90% kinetie
energy spread has units of kilovolts.

1. Photoinjector

The correlated photoinjector emittance is

¢ = 10+3Qmuro(nC) f (1:)
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The kinetic energy spread is

AE =30 + Nignk Negni6W (16)

where 61} is the induced wakefield energy spread per cavity calculated from FINDDE.
2. Beamline

The beamline space charge emittance growth is

be=0 . (1%)

The kinetic energy spread growth is

AF = A'Vlanktvf::gau' . (18)

3. Buncher

The magnetic buncher space charge emittance growth is

Iyun .
be = on (:—:+02+03r6) (19)
and
[hn=[iuM ’ (20)

[ml'[oﬂ -1

where [, and I,y are the input and output peak micropulse current, E; is the clectron
beam kinetic energy, ry is the electron beam radius, and a;, az, and aj are coefficients
that depend upon the burncaer configuration.

The kinetic energy spread growth is

AE = AEy + Nank N2, 6W (21)

where AE) is the residual energy spread from the induced energy spread required for
hunching.

4. Magnetic Bend

The magnetic bend space charge emittance growth is

I

. b, )
be= —(— +074+0ry) (22)
E.( o toito )
where I, is the p~ak micropulse current and 0,1, o3, and o3 are coefficients that depend
upon the magnetic bend configuration.
The energy spread growth is

AE =0 . (23
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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 emittance and energy spread growth when combined with the micropulse
emittance and energy spread obtained from the above expressions. Typically, micropulse
emittance growth is uncorrelated while the wakefield contributions to the energyv spread
are correlated.

D. Accelerator and Decelerator Cavity Specifications

Subroutine ACAVITY provides a cavity data lookup for accelerator calculations. The
similar subroutine ECAVITY provides the cavity data lookup for the energy recovery decei-
erator calculation. The data computed includes cavity geometry, cavity field enhancement.
cavity coupling coefficients, intrinsic Q value. and shunt impedance for the fundamental
mode. In addition. the data includes the {r ‘quency, coupling impedance. and Q for the
dipole mode. The data base corresponds to room-temperature cavities operating at a fun-
damental frequency of 433 MHz, see Table V. The cavity data are scaled to the required
operating frequency and temperature.

Table IV. Summary of the cavity data contained in ACAVITY and ECAVITY.

Cavity Parameters ERX MCTD LAS LAS LAL2
Aperture Radius (m) 3.81 2.50 .00 8.00 12 )
Radius (ecm) 23.07 23.50 30.00 30.00  30.00
Surface Area (m?) 0706 0.792 0844  0.860 0.888
=.unt Impedance (M) 10.91 12.83 7.02 6.30 2.00
Q-value 33667 37812 46230 50344 33317
Field Enhancement Factor 5.0 5.0 2.0 2.0 2.0

Dipole Mode frequency (MHz) 847.4 811.9 643.4 641.1  612.7
Dipole Mode Shunt Impedance(MQ/m?) 24000 18021 5005 3280 1478
Dipole Mode Q-value 60207 63397 33196 36595 52367

An accelerator or decelerator cavity can have one of the five shapes: ERX, MCTD.,
LAS. LAS. and LA12. The ERX and MCTD shapes ar: typical of those designed wich nose
cones for high shunt impedance. [n this case. ERX is the cavity shape u= " in Los Alamos
FEL cxperiments, whereas the MCTD cavity shape is used for the MC7 _ experiinent at
the Boeing Aerospace Corporation. On the »ther hand, LA5, LAS and LA12 are cavity
shapes designed for beam stability. At 450 MHz they have an aperture radii of 5. 3.
nnd 12 cin, respectively. The cavity shape resembles those used in a superconducting
linne. The dipole mode coupling 1:upedziize is relatively low for all three of these cavities,
possible to lo-ver the dipole mode coupling impedance using a higher-order mode coupler.
This collection of cavity shapes combined with the higher order mode . pler provides
an adequate database for assessing the trade-off between accelerator efficiency and bewn
stability.
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E. Wakefield Calculations

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

G(r) =C) exp(~Ci7r) + C3 exp (—=C47) cos (Cs7) (24)

where 7 is the distance behind the slice. The parameters C, for the five cavities are
con:ained in a database in subroutine ACAVITY. These coefficients were derived by least-
squared fitting of wake functions calculated using the computer code TBCI.® Once the
charge and wake function of a slice are known, the longitudinal wakefield forces on the
bunch can be determined.

If the field gradient and the operating phase of the 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 calculared. In addition, the power lost by the beam to higher
order modes of the cavity due to wakefields is computed.

There are two options associa‘ed 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. 19, where the
ene gy spread of the micropulse is minimized. With this approach. the micropulse will be
advanced in phase to compensate for the increase of the wakefield amplitude toward the
end of the bunch. As e result, a minimum energy spread is induced across the micropulse.

F. Beamn Breakup Instability Calculations

The beam breakup instability is caused by beam excitation of dipole modes in ac-
celerator cavities. These modes can deflect the beam in the transverse direction causing
effective emittance growth and beam loss. FELPPC include: ‘wo types of beam breakup
phenomena: regenerative beam breakup and cumulative beam breakup. In the follow-
ing paragraph, the treatment of these two instabilities are briefly described. For more
information the reader should refer to references 20 and 21.

Regenerative beam breakup occurs in individual accelerating tanks. An accelerating
tank 1s composed of cavities whose dipole modes are electromagnetically coupled to one
another. Investigation of the regenerative beam breskup has shown that there exists a
threshold current for the instability. If the average current exceeds the threshold current,
the beam power lost t» the mode exceeds the mode resistive nover loss in the tank. As a
result, the deflecting mode will grow to large amplitude.

Unlike regenerative beam breakup, cumulative beam breakup occurs among tanks
tnat are not coupled. The coupling of the deflecting modes between tanks is provided by
the electron beam. The source of excitations of the deflecting modes can be divided into
two categories: time independent and time dependent. The time-independent sources are
misalignment of transport elements and accelerator cavities. Because these sources are
time independent, they usually only induce e transient deflection of the beam and are not
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harmful. Time-dependent sources include jitter of the input beam position, angle, and the
micropulse 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. anc. decelerator. The tracking is done using
a set of subroutines which include BBU, CUMTBU, 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 be ‘ncluded in the
calculation. In the end. the presence of the instability leads to a reduc .n of the FEL
interaction efficiency because of effective emittance growth.

IV. FREE-ELECTRON LASER MODELS

Several parameters must be specified so that a FEL can be designed. The following
routines use parameter outputs from the accelerator routines previously described. These
parameters include the electron beam energy, ymc?, energy spread. A, the emittance,
€. the peak electron beam current, Ip. and the average beam current. I,,.. The inputs
required from the user include the lasing wavelength of the FEL, A,, the number of wiggler
periods. .V,,. and the specification of the FEL configuration. If an amplifier configuration
is desired, the user must specify the laser power, P,,, 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
evaluate the various FZL parameters. These routines design the wiggler, determine the
effective 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, and design the FEL optics. Each of these routines will
be discussed - the following subsections.

A. Wiggler Design

The resonance condition determines the ratio of the radiation wavelength, A,, to the
wiggler period. A,. for a given electron beam energy (in units of its rest mass). ¥. and
wiggler magnetic field amplitude. B,,. In general this relation has the form

A. 1 = 3'

—_—=— (23)

Aw J:

where 3, is the normalized electron velocity along the wiggler axis. For electron beams
with 4 > 10 this equation can be approximated by

As 1

= ;2-(1 +al/?) , (26)
w -
where B
€ w -
au = Gese (27)

is the normalized magnetic vector potential. As seen from Eqs. 26 and 27 the magnetic
ficld amnplitude, By, is required to evaluate the wiggler wavelength. The value of B.
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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-permittivity pole-piece combination, 3) conventionally cooled cw electromagnet.
4) superconducting electromagnet, and 5) pulsed electromagnet. 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.

B, = Bw(y.)\w.type) . (28

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

g(ecm) = 0.3 + Sw(em) (29)

where w is the spotsize of the optical beam at the entrance to the wiggler. The constant
factor of 0.3 cm arises from 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 refrigeront. The factor of 5w insures that the optical intensity at the beam tube
radius will not significantly affect the on-axis optical mode. The spotsize at the wiggler
entrance is typically twice the diffraction limited spotsize, or

rAl L ’\'
w=2wo=2v2—ﬂ-=2\/—'2"?— (30)

where it has been assumed that the wiggler length. L., is twice the Rayleigh range. -,.
and the optical focus is at the center of the wiggler. For high-gain amplifiers, the radiation
of the electron beam produces gain guiding that can significantly reduce the effects of op-
tical beam d:ffraction in the wiggler. For this case one could conceivably focus the optical
beam at the cntrance 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 modified, provided the gain guiding conditions can be met under all oper-
ating conditions. Using Eqs. 26-30 and knowing that L, = .VNyA,, where N, has 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 and saturation characteristics of the FEL. The effective energy distribution of
an electron beam is the distribution of tue electrons with respect to axial velocity. J;. or
axial energy, ), related by

y=(1-8)""" . (31

An electron’s axial energy is a function of its initial transverse position and velocity (due
to the finite emittance of the electron beam) and the wiggler magnetic vector potential.
We nave

11 +a1(0)/2)!/2

(1 +ad(r)/2+ 9232 + 73§

(3
/2
)l
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where

-

k2 2
aw(r) ~ aw(0) (1+ 'f,") (33)

gives the transverse dependence of the wiggler magnetic vector potential r.ear 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
given by _

€= TF3, (34)

£2 . g2 32 + 32
F=y/= 2y f,=\/—_2__9_ (35)

are the average radial position and average transverse velocity. Assuming gaussian distri-
butions in r, 3., and ¥ — v we can write

o0 20 1 2
2 , _(7—‘70) _
F~epr) =4r A/; dq/(; drA dJ,exp{ st }exp{ [(r

X 8(Yess — 1)

where

'l B |
N
[ ®]
+
N
c..,.lb.,
] ]
N—’
)
—d
S

(36)
where v, inside the é-function is given in Eq. 32 and A is a normalization constant.
The integration of this expression can be performed provided the y-dependence in the
denominator of Eq. 32 can be eliminated. Since (v — ¥9)/v « 1 for the FEL beams being
considered here, we can replace the exact energy, v, in the denominator of Eq. 32 with
the mean energy, 7o, and perform the integrals, yielding??

Cle¥’ )
Flress) = Zoi= L= VA(x + Cf2)erfe(x + C/2)e €72 (37)
'h
wiere _ Yo = Yess (38)
2872 wau
C = 2202ulu (g g2 o) (39)
Yo

and erfc(z) represents the conjugate error function?® evaluated at r. The A coefficient has
been determined by setting the integral of F'(v.sy¢) equal to unity. 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 (¢ = 0), the distribution is gaussian due to the intrinsic energy spread.
Av. For relatively large emittance, the distribution exhibits the characteristic low-energy
tail  From these distrihiitinng ane ecan calculate the effective energv soread. Av.¢r bv
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Fig. 11. Effective energy distributions in the limit ¢ = 0. The solid line plots the
distribution due to a thousand electrons randomly sampled from a gaussian distribution in
energy spread while the dashed line plots the analytic effective energy distribution functio:
F(qess). The width of the distribution is given by the intrinsic energy spread, Av.

Effective energy distribution
004

o\
003 - '

002 A

001 1

Relative number densily

rd

e’ )

™0 780 7o 780 0 800 810
Y

000

Fig. 12. Effective energy distributions for a beam witi large emittance. The solid
line plots the distribution due to a thousand electrons randomly sampled from gaussian
distributions in emittance and energy spread while the dashed line plots the ana!vtic
effective energy distribution function F(v.ss). Note the characteristic low energy taii Jue
to the finite transverse velocity that slows the electron’s axial s o sed.
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C. Small-Signal Gain

The investigation of the small-signal gain for a FEL us'ngzan electron beam with a
:pecified energy distributi: :: has previously been performed.?*#% An i-itegral equation is
obtained by combining the optical field and phase equations in the lii.it of weak optical
fields (the small signal regim.-. The analysis gives the evolution of the optical field in the
form

IJ- /Ly P - )
es(z) = eq0 + ?/ dP/ dgqF(q)e™"**%a,s(p - q) (40)
« JO 0

where F(q) is propurtional to the Fourier transform of the effective energy distribution
and vg = 47Ny (70/v, — 1) is the detuning at the intrinsic mean energy, 4o, with respect
t -he resonant energy, ¥,. The dimensionless optical field strength is given by

es(2) = 2Nymlelaw(Jo(€) = Ji(E)LwE(2)/(v?me?) (41)
where E is the electric field amplitude, Ja(z) are n'! order Bessel functions of the first
kind, £ = a2, /(4 4 2a%) and
4N, lemay(Jo(€) = Ji(E)Lw)ney

~Ime?

J =

(42)
is the dimensionless current density. The electron density is given in the limit 3; = 1 by

Ip
ecAd.p

Nep =

1431

where A, is the transverse area of the electron beam. Typically [, is derated by the factor
of 0.8 to account for the degradation in gain caused by micropulse effects. The transform

of the energy distribution function required to evaluate Eq. 40 is given in terms of Eq. 36
by

20 = -]
F(q) = e"‘°"/ due"”"/ dyespblv =4 Nw(vess/ve = D)jF(2eqs) (44)
-0 0
for an azimuthally symmetric electron beam. Evaluating the integrals one finds*?
. e-T'377/4
F(q)= - 3 (43)
[1 —ir (5xw(l+wa’u,7'1))]
where \
r - 4”.\wq . (46)
Vs

Using Eq. 45 one .n numerically evaluate the integrals in Eq. 40 to determine the
small sigral field amplitude inside the wiggler. A gain detuning curve can be produced by
scanning the resonant signal uergy, v,, around the mean energy, vo. This corresponds to
scanning the optical wavelengti around the desired optical wavelength, A, as seen from Eq.
26. Figure 13 shows an example of a typical detuning curve. Note that the gain is zero on
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Fig. 13. Plot of small signel gain versus wavelength detuning for the effective energy
distribution F(v.ss). The asymmetry in the curve is due to the asymmetry in the energy
distnibution.

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 wav:'ength.
The modified magnetic vector potential is given by

A,
Qwlnew = \/2[(1 + 0?0/2)7'.& - 1] » (47)

where )\,, is the wavelength where the peak gain appears. The modified magnetic field can
then be determined 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 saturation point requires a separate argument
that will be discussed in the following section.

D. Efficiency and Gain

In the last few subsections a constant period wiggler was designed and its optirnized
small signal gain was determined. If the optical field amplitude in the wiggler does not
snturate, the efficiency of the interaction can easily be determined. The fleld amplitude at
the wiggler exit is given by

53,.. = Eizn(l +G) (48)

where E,, is the electric fleld at the wiggler entrance and G is the power gain from the
small signal calculation. The efficiency of the untapered wiggler is given by

0.7PnG
Nuntap = —P“ (49)

26



where P, is the peak power in the electron beam and P;, is the power injected into the
wiggler. The 1.7 coefficient represents the reduction in efficiency caused by the electrons
in the wings of a gaussian axial electron beam pulse that do not interact effectively with
the optical micropulse. :

To increase the efficiency of a FEL design, the optical wave must saturate so that
the wiggler magnetic vector potential can be tapered. Tapering allows the ponderomotive
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-half synchrotron period. The electric
field at saturation, E,q, can be determined by energy conservation between the electron
beam and the optical wave. The energy lost by the elegtron beam after one-half synchrotron

osc:ilation can be expressed /
4
- 1 (1p = Yo)
~ 2_._.- 2
6Elost ™ nep(v0 — 1)mec INL II ~ exp {——:ﬁ;!—;}] (30)

where where n.; is the average electron density in the electron beam, (yo — 1jmc? is the
kinetic energy per electron, 1/2.V) is the maximum energy conversion efficiency in an
untapered wiggler with .V, periods®®, and

(vp = ~eo) .
[l—exp{—ﬁ-}] (31)

represents the fraction of electrons that can rotate coherently in the ponderomotive po-
tential well (i.e. the bucket)?”:?®, The quantities v, and Av.ys represent the peak of the
effective energy distribntion and the effective energy half-width, respectively. The energy
of the ponderomnotive wave, 44, is obtained by solving Eq. 26 for +. For an electron bewn
of cross-sectional area, A,y = 77%, and an optical mode with transverse arca, 4, = 7n*. 2
(where 1w is the optical spotsize), energy conservation dictates

2 E? 0.81 1 (Yp = 7o)
Zaat _ . in ) Y - 2 — @) —p__'° 22
T 4, gr T Aoy (ecA.a) 2‘\'.'..(‘"' Hime [1 “p{ 2294y }] 2!

A

where the factor containing the peak current, [, also includes explicitly the 0.8 derating
factor. Using Eq. 48 and 52 the gain at seturation can be expressed

Aa (@ L y=~1 (v Yo)
=2 [ =2 Il —exp{ -0 53
G at 1, (u’) P ) 1 :xp{ 2370, }] (93)

where wy /w, is the ratio of the derated plasma frequency nnd the optical frequencey. Sinee
the s'nmfl-signnl annlysis gives the gain as a function ot position through the wivgler, one
ean determine where the small-signal gain is equal to the saturated gain, G0 thereby
giving the saturation position, L,q¢. Some error will be introduced due to the fact that
the actual gnin begins roll over as one approaches saturation with respect to the «snall
signal gan profile. Thus the predicted length required to reach saturation is shorter than
the netunl saturation length. However, this error is usunlly small with respeet to the total
wiggler length.

If the untapered wiggler ‘ength is smaller than the total length of the wiggler, the
cemnining length ean be tapered to improve the overal! FEL efficieney. The rate at which
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the wiggler can be tapered is determined by the FEL configuration and the need to prevent
the majority of the electrons in the ponderomotive bucket from being lost. Through
analysis of optimized taper INEX designs the following rule of thumb has been adopted
for the average change in a. with respect to distance:

Aay _{1.2 x 107¥/A, for oscillators (54
2:  120+10-%/), for amplifiics o)

The wiggler vector potential at the end of the wiggler is

Aay,
Qu,end = Tw,in — '—a'([-w - Lul) . (39)

A

The efficiency of the taper section can then be approximated by

1+a"., /21 p
=07 — —— wend 7| 9(1 = ¢=%v/3%yy P L.LTA TS -
ma,—O.t\/l T+al,,/2 [°+0.-(1 e )] (1 € H) . 136)

where the square root term represents the efficiency of a single electron decelerated from
Uyan 1C Ay end. the factor of 1/2 represents the nominal fraction of clectrons trapped in
the ponderomotive bucket, the 0.2 term (including its exponential multiplying factor) gives
the possible enhancement in trapping efficiency caused by prebunching. and the final term
involving the exponential represents the degradation in trapping caused by emittance and
intrinsic energy q})read. The factor 4+ is the bucket height (at the entrance to the taper
section) given by??

(a7

S awﬂs/\w[JO(E)-Jl(f)] 1/2
0 =| % ]

where ay is the optical vector potential defined in analogy with Eq. 27 s

- le] E(z)A, .
a —_—

= - [ =
' 2rmc?

The effective energy spread of the electron beam, A4,7, was previously ealeulated from
the half-width of the effective ener-* distribution. Again, the 0.7 coefficient represents the
recdluction in efficiency due to the ussian micropulse shape.
The resultant efficiency from both sections of the viggler the wiggler can now be
expressed
Mot = Nuntap + Ntap (59

and including degradation of the efficiency caused by slippage gives
0= Neae(1 = e "reee/Toe) (60)

for the overall single pass efficiency. In Eq. 60, ranp = Nud,/c i3 the slippage of the
cleetrons from the optical pulse at the end of the wiggler and rpui,. is the axinl electron
micropulse width, The corresponding wiggler gain is

- "Prb

(' Plll

(6
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As previously stated, P,, is the optical power at the entrance 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, P;n is scanned until the gain through the wiggler is equal to the losses of the
resonicor. The lcsses include both outcoupled power and losses caused by absorption and
diffraction 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 rhe case of an amplifier, the radiation spot size must he
expanded up to a size that ... be handled by the beam control system. For an oscil-
lator, optics must provide the required feedback and output coupling. A ring resonator
configuration incorporating grazing incidence optics is typically considered for high power
oscillator 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 output
coupling percentage of the cavity and the general resonator layout.

A schematic of a ring resonator is shown in Fig. 14. The power entering the wiggler
is represented by P, while the power exiting the wiggler after amplification is denored

e

P,
. p”:(\ J PARAHBOLOID
A\ N\ N

OUTCOUPLER

WIGGLER )

HY PEIRBoE o

Fig. 14. Schematic representation of a FEL ring resonator. The focus is assumed to be
at the center of the wiggler.

P, since this is the power that circulates in the cavity. Some type of output coupler is
assiined to exist iu the backleg of the resonator which extracts Py watty, Other losses
i the resonntor including those due to absorption and diffraction beyond the miurror edges
are given by Pla,e. The gain required in the wiggler to compensate Lor outeoupling nnd
lowies is

G == (6

P

nnd with reference to Fig. 14 this becomes

Peyre .
P.-urr = Pnu( ~ pl-;u

G 1 . (6
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If we define the outcoupled fraction nout 20 that P,y = nousPeirc and the resonator effi-
ciency by P
oul

r = Poul+Plou (64)

the required wiggler gain becomes

G - noul/ﬂr

= 63)
1- ﬂout/ﬂr (

If the small-signal gain of the wiggler does not exceed the gain in Eq. 63, the oscillator
cannot startup and only spontaneous emission will be generated.

The placemenut of the mirrors of the resonator is determined by the spotsize (i.c.
footprint) of the light on the mirror surface, the average optical power of the light, P.,r..
the reflectivity of the mirror material, R, and the maximum allowable intensity absorption,
I'"'f ;- The spotsize is given in terms of the Rayleigh range, z. and the optical wavelength
by

w? = %[1 +(z/z0)Y) . (66)

where : is the distance {rom the focus to the position of interest. The spotsize of the
intensity distribution on a planar surface whose normal is at angle 8 from the axis of the
optical beam is

rw?!
A= 2cos b

Knowing that the total power absorbed is given by

(67)

Imar =l'-"¢:u-c(‘l—R)/-"l ' (G8)

one can make use of Eq. 66 and solve for the position = of the mirror yieiding

:=:rJ2Pc|rc(l‘-R)C0!0-1 (60'

zrl\nlmct

for the placement of the first hyperboloid.
The radius of curvature of the optical wavefronts (near the optical axis) at this location
is

Re = (1 + (2¢/2)Y] . (70)

The hyperboloid modifies the radius of curvature of the phase fronts The eurvature of the
opticnl wave and the mirror surface ure related by the mirror magnification, M through

MR -
ler = 2A—l—_c—l (i 1)
After ret'setion, the new curvature can be expressed
1 —
R,. =MR. . ()

= mzr - 2/Rm"-
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The new Rayleigh range, image spotsize and image focus position are given by

r

I GIRT )

0= ———— (74)
Vvi3+ (.=,/1'@t,,)’72

-R

i = ——"——2 (73)

1+ (Rp/Zr)
where

o= rw?/A (76)

i3 a fiducial range. The position of the paraboloid can now be determined by using the
results of Eqs. 72 through 74 in Eq. 69. This gives the resonator half-size for oscillators or
the size of the beam expansion optics for amplifier applications. The physical size of each
rirror is determined by specifying the ratio of the mirror diameter to the optical spotsize.
vl ratio is typically 3 to 3 depending on the power inside the resonator and the desired
resonator efficiency.

VI. SUMMARY

The Integrated Numerical Experiment (INEX) has proven to be a successful method
for FEL design. However, for a number of reasons, the INEX approach is difficult to ap-
ply to a trade-off or initial design study. The INEX calculation is best suited for final
design. The FELPPC code has been developed to overcome the disadvantages associ-
ate:l with the INEX approach. Relatively simple but realistic models for the accelerator.
FEL interaction, and optics have been developed. With these models subsystem ele:  uts
have been developed. FELPPC has elevan subsystem rlements to calculate FEL .o tor-
mance: f power, accelerator injector, accelerator beai...ne, magnetic buncher, magnetic
hend, oscillatcr, amplifier, energy recovery decelerator, ¢lectron beam dump, beam control
system, and output beam director. Each subsystem element provides the detailed informa-
tion required to estimate mass, cost, ard size from a parts count. With these subsystem
elements a system-like model for the FEL configuration can be constructed. FELPPC
cnn calculate a number of FEL configurations: 1) oscillator, 2) spontaneous-emission am-
plifier, 3) conventional-laser driven amplifier, 4) master-oscillator power-amplifier, or 5)
single-accelerator master-oscillator power-amplifier. Because FELPPC can perform a FEL
enlenlation in less than 30 seconds, trade-off and initial design studies of complex config-
urntions can be completed in a short period of time.

Sinice much of the interest in FELs is directed townard applications. the physics of the
particular application of interest is incorporated as a subaystem element into FELPPC. In
thix fashion, a relevant trade-ofl or initial design study is performed in the context of the
application. FELPPC operates from a detailed physics description of specified hardwnre to
obtain the FEL performance from which maas, cost, and size are determined. In general,
there is no guarantee that FELPPC can provide a design with the | erformance required
for n particular application. The application subsystem is simply used as & “metric” to
judge the physics and technology implications of a particular FEL configuration,
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Depending upon the FEL contignration and application. hundreds of independent
variables may be required to describe the problem. As a result, some method is required
to investigate the complicated nonlinear space deseribed by FELPPC. At present, a neural
uet approach is being used for this purpose. To obtain optimal performance the neural
uet and FELPPC are combined with an optimization approach. The finzl design is then
developed using INEX from the initial information provided by FELPPC.
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