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Abstract

An x-ray Free Electron Laser (FEL) prefers using an electron beam with low
emittance, small energy spread, and a high core current to generate coherent ra-
diation through an undulator. In order to attain such a high brightness beam,
the linear accelerator beam dynamics design generally involves separate pho-
toinjector optimization and linac optimization. In this paper, we propose a new
beam dynamics design strategy based on global optimization with fast start-
to-end simulations from the photocathode to the end of the accelerator. The
new start-to-end model significantly reduces the simulation time and makes the
global optimization practical. The global optimization method avoids the need
to choose a single solution based on bunch length at the injector exit for the
linac optimization and helps find the solution with unfavorable bunch length at
the injector exit but better phase space distribution that can result in better
final electron beam phase space distribution at the entrance of the undulator.
Using the start-to-end global optimization, we showed in an application exam-
ple, with a 100 pC beam that good transverse emittance and over kilo-Ampere
final core current can be attained using a photoinjector that consists of a VHF

gun and boosting RF cavities.
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1. Introduction

Coherent radiation from an x-ray free electron laser (FEL) light source pro-
vides an important tool for scientific discovery in physics, chemistry, biology
and other fields. To produce such a radiation at short x-ray wavelength, it
is preferable to use a high brightness electron beam with a high core current,
small energy spread, and small emittance through the FEL undulator. In most
modern x-ray FEL light sources, the high brightness electron beam is produced
through a linear accelerator beam delivery system [1l 2 B [4, Bl [6]. This type
of accelerator typically consists of a photoinjector that generates an initial high
brightness electron beam and a Radio Frequency (RF) linac that accelerates the
beam to multiple GeV energy and compresses the beam to hundreds or thou-
sands Ampere core current before entering the x-ray FEL radiation undulator
section.

At present, the beam dynamics design of an x-ray FEL accelerator is gener-
ally divided into a photoinjector design and a RF linac design. In the photoinjec-
tor beam dynamics design, a multi-objective optimizer based on an evolutionary
algorithm is used together with a beam dynamics simulation program to find
optimal solutions at the exit of the injector [7, 8, [@, 10]. The beam dynam-
ics program simulates the electron beam generating from the photocathode,
accelerating, and transporting through the photoinjector. The multi-objective
optimizer uses the simulation results at the exit of the photoinjector as objective
function values and adjusts control parameters inside the injector to obtain a set
of optimal solutions so that each optimal solution is not worse than the other
feasible solutions. The control parameters of photoinjector typically involve
laser pulse length, transverse spot size, RF gun and boosting cavity amplitudes
and phases, and solenoid strengths. The objective functions typically involve

transverse Root-Mean-Square (RMS) emittance and RMS bunch length at the
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injector exit. Some constraints such as final beam energy, energy spread, longi-
tudinal current skewness and high-order nonlinearity of phase space are applied
at the exit of the injector during the optimization process. After the photoinjec-
tor beam dynamics optimization is done, one specific solution is selected from

the optimal solutions and passed to the linac group for the linac beam dynamics

design.
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Figure 1: Initial longitudinal chirped (red) and flat (green) phase space distributions (top)
with the same current profile and final longitudinal phase space distributions (bottom) from
the initial chirped (red) and from the initial flat (green) phase space distributions after passing
through the same linac settings.

Using the selected photoinjector solution as an initial beam distribution, the
linac group will carry out beam dynamics optimization of the rest of the linear
accelerator before sending the electron beam into the x-ray FEL radiation un-

dulator. As the beam energy is sufficiently high inside the linac, the relative lon-
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gitudinal positions among electrons will not change significantly through most
part of the accelerator except the magnetic bunch compression regions, where
the electron longitudinal bunch length is compressed in order to achieve a high
core current. The transverse beam dynamics and the longitudinal beam dynam-
ics can be optimized separately in the linac design. In the longitudinal beam
dynamics design, the linac parameters such as RF cavity amplitudes and phases
and bending angles inside the magnetic bunch compression regions are adjusted
to attain a desired final peak current and longitudinal phase space distribution
at the entrance of the undulator section [IT]. The linac beam dynamics simu-
lation program will track electron beam through kilometer long accelerator to
obtain final longitudinal phase space distribution and peak core current. The op-
timizer will automatically adjust control parameters inside the linac to optimize
the objective functions at the entrance of the undulator section. These objec-
tive functions can be final negative fraction of particles that measures the core
current and RMS energy spread that measure the flatness of the longitudinal
phase space distribution. After the longitudinal beam dynamics optimization,
the transverse beam dynamics optimization can be done by tuning quadrupole
settings inside the linac to minimize transverse emittance growth through the
accelerator.

In the above design process, the final electron beam quality after the linac
beam dynamics optimization will depend on the initial electron beam distri-
bution at the exit of the photoinjector. A single solution selected from the
optimal photoinjector solutions of transverse RMS emittance and RMS bunch
length does not take into account the effect of electron beam phase space dis-
tribution at the exit of the injector on the final beam distribution at the end of
the accelerator system. Figure [I] shows an example of two initial distributions

with exactly the same current profile, i.e. RMS bunch length, but different
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longitudinal phase space distributions at the entrance of the linac and the final
longitudinal phase space distributions from these two initial distributions. Here,
one initial longitudinal phase space (energy) distribution has a nonlinear depen-
dence (chirp) between the energy and the position, while the other phase space
distribution is flat. It is seen that the initial chirped longitudinal phase-space
distribution results in a flat final longitudinal phase-space distribution while
the initial flat longitudinal phase space distribution results in a distorted final
longitudinal distribution. This example suggests the importance of the initial
longitudinal phase space distribution to the final phase space distribution even
though both initial distributions have the same current profile. The use of a
single optimal solution from the photoinjector optimization might miss a poten-
tial good longitudinal phase space distribution solution from the photoinjector
simulation that results in a better final core peak current and longitudinal phase
space distribution.

In this study, we propose to use an integrated start-to-end simulation in the
x-ray FEL linear accelerator beam dynamics design optimization. This design
will simultaneously optimize the photoinjector control parameters and the linac
control parameters to attain optimal solutions of three objectives, transverse
RMS emittance at the exit of the photoinjector, final core current, and energy
spread at the entrance of the undulator section. Through the start-to-end sim-
ulation, there is no need to decide on a single optimal solution based on RMS
bunch length at the exit of the photoinjector. The effect of the longitudinal
phase space distribution at the exit of the photoinjector on the final electron
beam longitudinal phase space distribution is automatically included through
the start-to-end simulation. Such a start-to-end optimization design helps find
the solution with an initial unfavorable RMS bunch length (or current) at the

exit of the photoinjector, but could lead to better final electron beam longitudi-
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nal phase space distribution and core current at the entrance of the undulator
section.

A global beam dynamics optimization based on the start-to-end simulation
was tried in an LCLS-IT design study [12]. In that study, a brute force start-
to-end model based on fully three-dimensional injector and linac simulations
was used in the optimization. Using a three-dimensional model through the
linac substantially slowed down the computational speed and made the global
optimization extremely time consuming. In this study, we took advantage of the
separation of longitudinal beam dynamics and transverse beam dynamics inside
the linac, and used a fast longitudinal beam dynamics model to simulate electron
beam evolution through the linac beam delivery system. This resulted in a new
start-to-end simulation model that significantly reduced the computational time
and made the global optimization with the start-to-end simulation practical. In
addition, we improved the original multi-objective optimization method and
proposed a new design strategy by optimizing three objective function from the
start-to-end simulation simultaneously.

In the following sections, after the Introduction, we present the start-to-end
beam dynamics simulation model in Section II; We discuss the multi-objective
global optimization method in Section IIT; We illustrate the multi-objective
start-to-end global optimization with an application example in Section IV; and

draw conclusions in Section V.

2. start-to-end beam dynamics simulation model

The start-to-end beam dynamics simulation of an electron beam through
the x-ray FEL accelerator starts with generating a three-dimensional electron
macroparticle distribution with given thermal emittances behind the photocath-

ode following the laser pulse’s longitudinal and transverse distributions. Here,
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each macroparticle represents a number of real electrons. These macroparticles
are then moved out of the cathode during the given emission time. During the
process of emission, space-charge forces among the macroparticles outside the
cathode are included in the simulation together with external fields from the
RF gun and the solenoid magnet inside the photoinjector. After that, the elec-
tron beam macroparticles will be further accelerated by boosting RF cavities
through the injector.

In the beam dynamics simulation, the macroparticles inside the photoinjec-
tor are advanced self-consistently using a particle-in-cell approach with time as
an independent variable [I3]. The equations of motion for a macroparticle are

given as:

Po= m% (1)
q(E + m% x B) (2)

"c.
I

where, r is spatial position vector, p is mechanic momentum vector, v =
1/3/1 =052, B2 = 3.2, Bi = vi/c with i = x,y, 2, ¢ is the speed of light in
vacuum, m is the rest mass of particle, g is the charge of particle. The electric
field, E, and magnetic field, B, include the contributions from both external fo-
cusing and accelerating fields and space-charge fields of intra-particle Coulomb
interactions.

The equations of motion are solved using a second-order leap-frog algorithm:
the particles are drifted half time step; the particles are collected and deposited
onto a three-dimensional grid in the beam frame; the Poisson equation is solved
in the beam frame; the electric and magnetic fields are obtained in the laboratory
frame through the Lorentz transformation; the particle momenta are updated
using both the space-charge fields and the external fields for one time step

following Eq. [2} the particles are drifted another half time step. This procedure
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is repeated for many time steps until the beam exits the photoinjector.
To calculate the space-charge forces, we solve the three-dimensional Poisson
equation in the beam frame. The solution of Poisson’s equation can be written

as:

) = — / / / Glard g,y 2 2 )l sy ) de'dy'ds ()

4deq

where G is Green’s function, p is the charge density distribution function. For
the electron beam inside a photoinjector, an open boundary condition can be
assumed for the solution of the Green’s function in the above equation.

The computational domain containing the macroparticles has a range of
(0,Lg), (0,L,) and (0,L,), and each dimension is discretized using Ny, N,
and NNV, points. The integral of the above equation in the entire computational
domain can be written as a sum of integrals of individual cells. If we assume
that the charge density is constant within each cell centered at the grid point
(xi,vj, zk), from Eq. 3, the electric potentials on the grid can be approximated

as:

Gz — i,y — yjrs 2k — 210)p(Tir Y7, 200

(4)

&(xi, Y5, 2k)

where z; = (i — )hy, y; = (j — 1)hy, and 2z = (k — 1)h,, and the effective

Green function G is defined as:

_ Ii/—‘rhm/Q yj/—‘rhy/Q Zk/-‘rhz/Q
G(xz — X Y; — Y5y 2k — Zk’) = / d.’IJI/ dy// dZ/G(xi - $/7 Y; — yl7 2k — Z/)
T z

i’_hm/z yj/—hy/Q k/_hz/Q

where hg, hy, and h, are cell size in each dimension respectively. The above

()



10 integral can be calculated analytically in a closed form for the Green function

w G =1/R [14]:

drdydz = yzIn(x + /2?2 + 4?2 + 22) + zzln(y + /22 + 92 + 22) +

] =

2

2’2 Ty Yy xrz
xyln z+ .I‘Z + y2 + 22 — — arctan(———————) — — arctan(————————) —
( ) 2 (Z /$2+y2+22) 2 (y /x2+y2+22)

2

x z
5 arctan( Y

Y
161 After the electron beam exits the photoinjector, a fast longitudinal beam
12 dynamics model with position as an independent variable is used to track those
13 macroparticles through the linac and beam transport lattice to the entrance of
16« the undulator section [15]. Using such a simplified model is based on the obser-
165 vation that for an electron beam with an energy over multiple MeVs, transverse
166 focusing does not significantly affect longitudinal phase space distribution of the
17 beam. The longitudinal and the transverse beam dynamics designs through the
168 rest of the linear accelerator can be done separately. This dramatically improves
160 the computational speed to track the macroparticles through thousands of beam
o line elements of the accelerator system.

7 In the fast longitudinal beam dynamics model, each electron macroparti-
w2 cle has longitudinal coordinates (z, Avy) with respect to the reference particle

s (S0,70) and charge weight w. Here, z = s — s is the bunch length coordinate

s (Zmaz corresponds to the bunch head and z,;, the bunch tail), Ay = En:c]f", FE
s is the total energy of the particle, and Ej is the total energy of the reference
s particle. For the longitudinal beam dynamics study, we include only drifts, RF
w7 cavities, and magnetic compression chicanes as the beam line elements of the
s x-ray FEL linear accelerator. The other focusing elements such as quadrupoles

7o are treated as drifts.

180 For a macroparticle transporting through a lumped RF cavity element with
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total length L., its longitudinal coordinates will be updated following a leap-

frog approximation:

LU.CC
zH o= o+ 5 Av1/(701B801)? (7)
Laee 4V,
+ acc acc
Yo = 701+?WCOS<¢O) (8)
VG.CC
Ave = Ayt Lo 55 (cos(do — kz*) = cos(6)) (9)
LIICC
n = Z++TA72/(7§50+)3 (10)

Lace qV,
— + acc acc
Y02 Y T 2 e

cos(¢o) (11)

where subscript 1 and 2 denote the quantity before and after the lumped cavity
element respectively, Voee = ¢V;p/Lace is the accelerating gradient amplitude,
k is the RF wave number, and ¢q is the RF cavity design phase.

The magnetic bunch compression chicane is modeled as a thin lens element.

The particle longitudinal position after the chicane is given by [16]:

A A A
z = z+R56—7+T566(—7)2+U5666(J)3 (12)

Yo Yo Yo

where
Rss ~ 20°(Lap+ =Ls) (13)
3

Tse6 =~ *5356 (14)
Usess ~ 2Rse (15)

where 6 is the bending angle of one of dipole magnets (assuming that all four
dipoles have the same bending angle amplitude), L; is the length of the dipole
magnet, and Lgp, is the distance between the first and the second (or between

the third and fourth) dipole bending magnets.

10



103 Collective effects such as the longitudinal space-charge effect, structure and
104 resistive wall wakefields, and the coherent synchrotron radiation play an impor-
105 tant role in the longitudinal beam dynamics and are included in this model. For
19s  the longitudinal space-charge effect, instead of using the space-charge impedance
17 model in the frequency domain, we assume that the electron beam is a round
s cylinder with separable uniform transverse density distribution and longitudinal

199 density distribution. The longitudinal space-charge field on the axis is given as:

sc 1 2 ’70(2 — Z/)p(zl)
B0.02) = - / / A (16)

20 After integrating with respect to the transverse radial dimension, the longitu-

20 dinal space-charge field on the axis can be written as:

() = 2 ( / T (e — / T e — / o _olz = 2)e() a2')

Areg a2\ J, . smin V(2 —2)2 + a2
(17)

22 where a is the radius of the cylinder, z,,;, and z,q, denote the minimum and the
23 maximum longitudinal bunch length positions, and p is the electron beam lon-
204 gitudinal charge density distribution. The above convolution can be computed
205 efficiently using an FFT based method [I7], [18].

206 The longitudinal wakefields from both the structure wakefields of RF cavities
27 and the resistive wall wakefields of conducting pipes are included in the model.
28 The coherent synchrotron radiation effects through a bending magnet are also
200 included in the model using a one-dimensional model [19]. This fast longitudinal
20 beam dynamics model was benchmarked with the three-dimensional simulation
au  using the IMPACT code [20, 21] in the previous study. The benchmark between
212 the above 1D longitudinal beam dynamics model using lumped elements and the

a3 3D element-by-element multi-particle simulation shows good agreement between

11
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these two models. The use of the 1D model is based on the assumption of
decoupling between the transverse and the longitudinal beam dynamics, which
is normally valid in x-ray FEL electron linacs. In an electron accelerator where
the coupling between the transverse and the longitudinal dynamics is significant,

the 3D simulation will be needed.

3. Multi-Objective Global Start-to-End Optimization

In accelerator design, there could be multiple physical objectives (e.g. emit-
tance and current) that need to be optimized simultaneously. The multi-objective

optimization can be written in the general mathematical form as:

f1(Z)
min g ... subject to constraints (18)
fn(Z)
where fq,---, f, are n objective functions to be optimized and & is a vector

of control parameters. The goal of multi-objective optimization is to find the
Pareto front in the feasible objective solution space. The Pareto front is a
collection of non-dominated solutions in the entire feasible solution space. Any
other solutions in the feasible solution space will be dominated by those solutions
on the Pareto optimal front. In the multi-objective optimization, a solution A
dominates a solution B if all components of A are at least as good as those
of B (with at least one component strictly better). Here, a component of A
corresponds to one objective function value in the optimization problem, i.e.
A; = fi(Z). The solution A is non-dominated if it is not dominated by any
solutions.

For global optimization of accelerator designs, we adopted an evolutionary al-

gorithm. An evolutionary algorithm is a stochastic global optimization method.

12
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It uses a group of solutions as a population, evolves these solutions from one
generation to the next generation like biological evolution. The number of so-
lutions in the group is called population size. Different evolutionary algorithms
use different strategies to generate next generation solutions (offspring popula-
tion), from the present solutions (parent solutions). The mutation strategy is
a method to generate a new solution from the parent solutions, which will be
discussed in the following sections.

The genetic evolutionary optimization algorithm has been used in accelera-
tor community [22 23] 24 25]. In this study, we extended a recently developed
multi-objective differential evolution algorithm for the x-ray accelerator start-
to-end global design optimization. This algorithm varies population size of each
generation and uses an external storage to save all non-dominated solutions [12].
The use of variable population from generation to generation is based on the
observation that during the early stage of evolution, the number of nondomi-
nated solutions is small. There is no need to keep many dominated solutions
in the parent population. As the search evolves, more and more nondominated
solutions are obtained. These nondominated solutions are stored in an exter-
nal storage so that they can be used to select the new parent population. The
variable population size with the external storage helps reduce the number of
objective function evaluations and improve the speed of convergence. This al-

gorithm is summarized in the following steps:

e Step 0: Define the minimum parent population size, N P,,,;, and the max-
imum size, N P, of the population. Define the maximum size of the

external storage, N P.,;.

e Step 1: An initial N P;,; population of control parameter vectors are sam-

pled quasi-randomly to cover the entire feasible parameter space.

e Step 2: Generate the offspring population using a unified differential evo-

13
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lution algorithm.
e Step 3: Check the new population against the constraints.

e Step 4: Combine the new population with the existing parent population
from the external storage. N P, 4om Non-dominated solutions are obtained
from this group of solutions and min(N P,qom, N Peyt) of solutions are put
back to the external storage. Pruning is used if NP,gom > NPeyt. NP
parent solutions are selected from this group of solutions for next gen-
eration production. If NP, < NPriom < NPpnaz, NP = NP,jom-
Otherwise, NP = NPpin if NPugomm < NPpin or NP = NP, if
NPogom > NPa:- The elitism is emphasized through keeping the non-
dominated solutions while the diversity is maintained by penalizing the
over-crowded solutions through pruning by removing the solution with

least distance to the other solutions.

e Step 5: If the stopping condition is met, stop. Otherwise, return to Step
2.

The differential evolution algorithm is a simple but powerful method that
uses the differences of parent solutions to generate new candidate solutions in
global optimization [26] 27 28]. It generates new offspring using two operations:
mutation and crossover. In the mutation operation, for each population member
(target vector) Z;, i = 1,2,3,---, NP at generation G, a new mutant vector ;
is generated by following a mutation strategy. A number of mutation strategies
have been proposed in the standard differential evolution algorithm. A single
unified mutation strategy that contains most standard mutation strategies can

be written as [29]:

14
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where 7 is the best solution among the parent solutions, %, ¥, and &,, are
three randomly selected pareent solutions, and the three parameters Fy, Fo, and
F3 are the weights from each difference of parent solutions. This unified expres-
sion represents a combination of exploitation (using the best found solution) and
exploration (using randomly chosen solutions) when generating the new mutant
solution. Using the equation , the multiple mutation strategies of the stan-
dard differential evolution algorithm can be included in a single expression. For
example, a standard differential evolution algorithm can be attained by setting
Fy =0, F; =1 and F3 = 1. This new expression provides an opportunity to
explore more broadly the space of mutation operators. Using a different set of
parameters Fi, Fo, F3, a new mutation strategy can be achieved. Moreover, by
adjusting these parameters during the evolution, the multiple mutation strate-
gies and their combinations can be used during different stages of optimization.
In this study, these parameters are randomly sampled from a uniform distribu-
tion between zero and one at each generation to cover a wide range of mutation
strategies. Using a range of mutation strategies improves the diversity of the
next generation solutions.

A crossover operation between the new generated mutant vector #; and the
target vector T; is used to further increase the diversity of the new candidate
solution. This operation combines the two vectors into a new trial vector ﬁi, 1=
1,2,3,---, NP, where the components of the trial vector are obtained from the
components of ¥; or Z; according to a crossover probability Cr. In the binomial
crossover scheme for a D dimensional control parameter space, the new trial

vector lji, 1=1,2,---, NP is generated using the following rule:

[ji = (uuyum T auz’D) (20)

15
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- v;;, if rand; < Cr or j = mbr; (1)

x;;5, otherwise
where rand; is a randomly chosen real number in the interval [0,1], and the
index mbr; is a randomly chosen integer in the range [1, D]. This ensures that
the new trial vector contains at least one component from the new mutant
vector. The cross probability C'r varies from generation to generation following

a uniform distribution between 0.5 and one.
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Figure 2: Projected Pareto front of final RMS energy deviation versus negative fraction of
charge from the three objective function optimization using random search (red), best random
(green), and best search (blue) for the linac sub-optimization.

The objective function values in the above optimizer result from the start-to-
end simulation of the x-ray linear accelerator system. In the start-to-end simu-
lation, the computational time spent in the photoinjector section is an order of
magnitude longer than that in the rest of the accelerator due to the use of the
fast longitudinal beam dynamics model inside that section. In order to enhance
exploration of the linac control parameter space, sub-optimization of the linac is
performed during each objective function evaluation of the global optimization.
That is, during the start-to-end simulation, the longitudinal phase space distri-

bution at the exit of the photoinjector is used for a few extra iterations of the
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linac control parameters before returning the objective function values of the
linac to the global optimizer. In this study, we tested three sub-optimization
methods for the linac parameter exploration. These methods include a random
search method, a best random method, and a best search method. In the random
search method, a number of random solutions are obtained from the randomly
sampled control parameters in the feasible range of the linac parameters. The
best solution (e.g. based on the final core current) is selected from these random
solutions and used as the linac objective functions of the start-to-end simulation.
In the best random method, a best solution is selected from an initial group of
random solutions. A few iterations are applied to these solutions following a
mutation strategy similar to the best random mutation strategy of the differen-
tial evolution method. That is, the next generation solution for the i*" solution

will be:

—

v; = X+ 2E1(fb — fz) + RQ(fT. - a_c’rj) (22)

i

Here, Ry and Ry are two random number vectors between zero and one from
the uniform distribution, &} is the best solution from the previous generation,
Ty,

k3

and 7., are two random solutions of the previous generation. There is no
crossover operation in the iteration. The use of the difference of two previous
random solutions increases the diversity of the new solution. In the best search
method, only the best solution of the previous group of random solutions is used

to guide the production of next generation solutions, that is:
T = & +2R(F - T) (23)

There is no use of the difference of two previous solutions to increase diversity

of the new solutions.
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347 As a comparison of the above three methods, we ran the three-objective
us function optimization using the application example in the next section for
s 11 hours of computing time. Figure [2] shows the projected two-dimensional
w0 Pareto front after that computing time using these three linac sub-optimization
s methods. It is seen that the best search method shows better performance than
2 the other two sub-optimization methods and generates more solutions towards
3 larger fraction of charge inside the core with smaller energy spread. In the
¢ next section, we will use this method for the linac sub-optimization during
s the electron beam start-to-end global optimization. When the optimization
6 process approaches convergence, the linac sub-optimization is switched to a

7 local Simplex optimization method for several iterations.

cavity solenoid boosting cavities

VAVAVAVAVAN
e bea Vo ____ emmmm.
AVAVAVAVAVA
N— e A
Y Y
Injector Linac

Figure 3: Schematic layout of an x-ray FEL linear accelerator that consists of an injector
section and a linac section.

s 4. An application example

359 The above beam dynamics design via global start-to-end optimization is il-
w0 lustrated using an x-ray FEL linear accelerator application example. A schematic
s of the linear accelerator system is shown in Figure [3] This accelerator consists
2 of a photoinjector and a LCLS-II like linac that accelerates a 100 pC electron
33 beam to over 4 GeV final energy [30] B1]. The photoinjector consists of a normal
s« conducting Very-High-Frequency (VHF) RF gun operating at 187 MHz with 20

s MV /m accelerating gradient at the photocathode [32], a solenoid magnet, and
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eight superconducting RF cavities operating at 1.3 GHz frequency with a 32
MV /m maximum electric field on the axis. The linac consists of a laser heater
(LH) section, a linac section one (L1) with 16 1.3 GHz RF superconducting
cavities and 16 3.9 GHz RF superconducting cavities as harmonic linearizers
(HL), a bunch compression section one (BC1), a 1.3 GHz superconducting linac
section two (L2), a bunch compression section two (BC2), another 1.3 GHz
superconducting linac section three (L3), and a beam transport section to the
entrance of the x-ray FEL radiation undulator section. The photoinjector gen-
erates and accelerates the electron beam to more than 90 MeV and the linac

accelerates the beam to over 4 GeV.

Parallel Multi-Objective

Global Optimization Program
/pu\

injector control parameters linac control parameters
- laser pulse size and length - L1 amplitude + phase
- gun phase - HL amplitude + phase
- solenoid strength - BC1R56
- 15t boosting cavity starting location - L2 amplitude + phase
- 4 boosting cavity amplitudes + - BC2 R56

phases - L3 amplitude + phase

1 7 outputs
- I et emittance
}njectc?r —>| |nacl onglt.u ina > frac. of particles
simulation simulation
energy spread

Figure 4: A schematic of flow diagram of global accelerator beam dynamics optimization.

In global start-to-end optimization, there are three objective functions to be
optimized. These three objectives are transverse RMS projected emittance at
the exit of the photoinjector, negative fraction of particles inside a core window
to measure beam peak current, and RMS correlated energy spread inside the
window to measure longitudinal phase space flatness at the entrance of the
undulator section. Figure [4] shows a flow diagram of the global optimization
including both injector control parameters and linac control parameters in the

start-to-end beam dynamics optimization. The optimizer calls the start-to-end
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beam dynamics simulation to obtain objective function values by passing the
injector control parameters and the linac control parameters into the subroutines
for objective function evaluations. There are total 23 control parameters. A list
of these parameters and their ranges is given in Table [1| and Table

Table 1: Injector Control Parameters

Parameter value Range
Laser trans. size (mm) 0.35 0.14—0.56
Laser pulse length (ps) 50.5  20.2—280.9
Gun phase (deg) 340 306 — 374
solenoid peak field (T) 0.05  0.02—10.08
cryomodule starting loc. (m) 1 0.5—2
15t — 4" cavity accel. gradient (MV/m)  12.5 0—16
15t — 4% cavity phase (deg) 180 0 — 360

Table 2: Linac Control Parameters

Parameter value Range
Linacl accel. gradient (MV/m) 13 9.8 -16.0
Linacl phase (deg) -14 -28 — -7
Harmonic linearizer gradient (MV/m) 11 8.5 —13.5
Harmonic linearizer phase (deg) -150 -195 — -105
BC1 bending angle (rad) -0.1  -0.12 — -0.08
Linac2 accel. gradient (MV/m) 13 11.7 - 16.0
Linac2 phase (deg) -20 -40-0
BC2 bending angle (rad) 0.044 0.035 —0.057
Linac3 accel. gradient (MV/m) 15.5 14.0 — 17.0
Linac3 phase (deg) 1 -3-3

The 13 control parameters inside the injector are laser transverse size, laser
pulse length, VHF gun RF phase, solenoid strength, first four boosting cavity
amplitudes and phases, and starting location of the boosting cavity cryomod-
ule. The rest four boosting RF cavities were assumed to run with 32 MV /m
maximum field on the axis and zero degree RF design phase. The 10 control
parameters inside the linac are the linac section one 1.3 GHz superconducting
RF cavity amplitude and phase, the 3rd harmonic cavity amplitude and phase,

the bending angle in bunch compressor one, the linac section two RF cavity
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amplitude and phase, the bending angle in bunch compressor two, and the linac
section three RF cavity amplitude and phase. A number of constraints are ap-
plied at the exit of the photoinjector. These constraints include the electron
beam energy (> 91 MeV), electron RMS energy spread (< 2%), electron beam
transverse RMS size (< 0.4 mm), and transverse RMS emittance (< 0.3 mm
mrad). At the exit of the photoinjector, the electron beam transverse RMS
emittance is recorded as the first objective function value of the optimizer. This
emittance sets the limit of the final transverse emittance that can be achieved
at the entrance of the undulator section. With a careful design of the linac
quadrupole settings to minimize the emittance growth due to the space-charge
effects and the CSR effects, the initial emittance through the linac can be rea-
sonably preserved. The electron beam longitudinal phase space distribution
at the injector exit is fed into the longitudinal beam dynamics model to track
the beam through the superconducting RF linac and transport beam line el-
ements. All simulations were done using about 200 thousands macroparticles
with 64 x 64 x 64 grid points through the injector and 64 grid points through the
linac. The final negative fraction of particles inside a longitudinal phase space
region of [—7.5 : 7.5] pm and [—5.11 : 5.11] MeV, and the RMS energy spread
of these partilces are recorded as the second and the third objective function
values of the optimizer. The larger fraction of charge inside the window, the
higher core current will be. The smaller RMS energy spread inside the window,
the flatter longitudinal phase space will be. A high core current and flat longi-
tudinal phase space helps improve the x-ray FEL radiation power and reduce
the radiation band- width. Besides constraints at the exit of the injector, there
are constraints at the linac and beam delivery system exit such as electron beam
energy (> 4 GeV), fraction of particles inside the window (> 0.4), and RMS

energy spread (< 0.51 MeV).
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432

Instead of starting with an initial 512 random population of the entire ac-
celerator control parameter space, we first run several generations of the pho-
toinjector optimization only. This ensures that there will be sufficient solutions
out of the photoinjector with a reasonable beam energy satisfying the injector
energy constraint. Those solutions at the exit of the injector that do not satisfy
that constraint will be automatically excluded during the global start-to-end
optimization. The photoinjector control parameter solutions are then combined
with 512 quasi-random samples of the linac control parameter space to form an
initial population in the entire 23 accelerator control parameter space.
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Figure 5: Pareto front of two-dimensional projection of the three objective functions onto the
emittance-negative fraction of particle plane (left) and the energy spread-negative fraction of
particle plane (right). The green star is the illustrative example solution.

Figure [f] shows Pareto front of the three objectives projected onto a two-
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dimensional plane for the purpose of better visualization. The transverse RMS
emittances at the exit of the injector are below 0.3 mm mrad for all these so-
lutions. These emittances are comparable to those at the exit of LCLS-II pho-
toinjector including a RF buncher cavity [9]. The final RMS energy spreads are
also below about 0.5 MeV. There is a correlation between the injector transverse
emittance and the final fraction of particles inside the core, and a correlation be-
tween the final RMS energy spread and the fraction of particles inside the core.
The final higher current with a larger fraction of particles inside the core shows
larger transverse RMS emittance at the exit of the photoinjector and larger
RMS energy spread at the entrance of the undulator section. The higher core
current is probably due to the higher initial peak current at the injector exit and
the larger longitudinal compression through the linac. The higher peak current
at the exit of the photoinjector is correlated with larger transverse emittance
at the exit of the injector. The larger longitudinal compression inside the linac
can result in a larger final RMS energy spread at the entrance of the undulator
section.

As an illustration, we selected a solution from these Pareto front solutions.
Figure [6] shows the electron beam kinetic energy evolution through the photoin-
jector. The energy of electron beam at the exit of the injector is over 110 MeV.
The energy gain through the first boosting cavity is less than the rest of the
boosting cavities. The lower energy gain through this cavity helps longitudinal
velocity bunching through the cavity. Figure [7] shows the horizontal RMS size
and longitudinal RMS size evolution through the injector. The electron beam
out of the VHF gun is transversely focused by the solenoid field before entering
the boosting RF cavity cryomodule. Inside the first boosting cavity, the beam
is longitudinally focused down to around 2 mm through velocity bunching be-

fore entering the second boosting cavity. After the second boosting cavity, the
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longitudinal bunch length stays nearly constant due to the fast acceleration of
the electron beam to more than 20 MeV energy. The transverse beam size is
further focused by the RF fields inside the second boosting cavity and contin-
ues decreasing through the boosting cavity cryomodule. Figure [§| shows the
transverse emittance evolution through the injector. The transverse emittance
shows little change after the second boosting cavity and stays about 0.2 mm
mrad till the exit of the injector. The initial transverse thermal emittance was
assumed 1 mm mrad per mm RMS transverse size in all simulations. Figure 9]
shows the longitudinal current profile and phase space distribution at the exit
of the injector. Here, the relative energy deviation in this figure denotes the
individual electron energy deviation with respect to the average beam energy
divided by that energy at the exit of the injector. The peak of current is about
6 Ampere while the relative RMS energy spread is less than 1%. This current
is much lower than the 12 Ampere peak current at the exit of the LCLS-II in-
jector [33]. However, with the appropriate choice of linac parameters through
the start-to-end global optimization, a reasonable final core current can still
be achieved. Figure [I0] shows the final longitudinal current profile and phase
space distribution at the entrance of the undulator section. It is seen that over
kilo-Ampere core current is attained with a relatively flat longitudinal phase
space distribution. Such a high brightness electron beam can be used for the

generation of coherent x-ray FEL radiation.

5. Conclusions

In this paper, we proposed a beam dynamics design method of the x-ray
FEL linear accelerator based on multi-objective global optimization with start-
to-end simulations. The start-to-end simulation involves three-dimensional self-

consistent beam dynamics simulation of electron beam evolution from the pho-
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Figure 9: Electron beam current profile (top) and longitudinal phase space distribution (bot-
tom) at the exit of the photoinjector.

tocathode to the end of the injector and fast longitudinal beam dynamics simula-
tion through the RF linac and beam transport system. The global optimization
employees control parameters inside both the photoinjector and the RF linac.
The objectives of optimization include transverse emittance at the injector exit
and the core current and RMS energy spread at the undulator entrance. Us-
ing the start-to-end simulation avoids the need to choose a specific solution
with a given current and longitudinal phase space distribution at the photoin-
jector exit for the linac optimization. The impact of the current profile and
longitudinal phase space at the injector exit on the final electron beam current
and longitudinal phase space is automatically included through the start-to-end

simulation. The multi-objective global optimization uses a variable population
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Figure 10: Electron beam current profile (top) and longitudinal phase space distribution
(bottom) at the end of the linear accelerator beam delivery system.

size with external storage and a unified differential evolution algorithm with the
linac sub-optimization to speed up the search for optimal solutions.

The above global optimization with start-to-end simulations was illustrated
using an application example that consists of a photoinjector and a LCLS-II
like RF linac. Good solutions with small electron beam transverse emittance, a
high final core current, and relatively flat longitudinal phase space distribution
were obtained through the start-to-end global optimization. In one solution,
over thousand Ampere final core current was achieved with a 6 Ampere current
and 0.2 mm mrad transverse emittance electron beam at the exit of the injec-
tor without the use of RF buncher cavity in the photoinjector. This suggests

that a useful final high brightness electron beam could be obtained for an ini-
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tial unfavorable solution at the linac entrance through the start-to-end global
optimization.

In this study, we used an improved multi-objective optimizer based on the
differential evolution method in the accelerator global beam dynamics design
optimization. In the future study, we would like to further improve the compu-
tational speed in the global design optimization by exploring methods to include

surrogate models in the optimizer [34] 35].
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