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Abstract
Start-to-end simulation plays an important role in the de-

sign and optimization of next generation light sources. In

this paper, we will present start-to-end (from the photo-

cathode to the end of the undulator) simulations of a high

repetition rate FEL-based Next Generation Light Source

driven by a CW superconducting linac with the real number

of electrons (∼2 billion electrons/bunch) using the multi-

physics parallel beam dynamics code IMPACT. We will

discuss the challenges, numerical methods and physical

models used in the simulation. We will also present sim-

ulation results of a beam transporting through the photoin-

jector, the beam delivery system, and the final X-ray FEL

radiation.

INTRODUCTION
Next generation x-ray light sources provide an important

tool for scientific discovery in biology, chemistry, physics,

and material science. A high repetition rate, soft x-ray

free electron laser (FEL), Next Generation Light Source

is being studied at LBNL [1]. High resolution start-to-end

macroparticle simulation is an important tool for evaluating

and optimizing the design of the light source. For exam-

ple, a microbunching instability starting from the electron

shot noise or initial laser temporal fluctuations can signif-

icantly degrade the electron beam quality at the end of the

accelerator beam delivery system and lower the resulting

performance of the FEL x-ray radiation. Accurate mod-

eling of the microbunching instability with a large num-

ber of macroparticles will help to determine the final elec-

tron beam properties for generating x-ray radiation. For

a given number of macroparticles, Nmp, the shot noise in

the simulation can be artificially magnified by a factor of√
N/Nmp, where N is the real number of electrons. In pre-

vious studies, a low pass filter was proposed to suppress the

numerical noise associated with the use of a small number

of macroparticles in comparison with the real number of

electrons [2]. Applying such a low pass filter does not com-

pletely suppress the artificial numerical noise in our simu-

lations. Figure 1 shows the final uncorrelated energy spread

at the exit of a beam delivery system using direct sampling

of 1 billion macroparticles, 100 million macroparticle sam-

pling with a low pass filter (c1=0.2, c2=0.25) from [2], with

a low pass filter (c1=0.03, c2=0.167) and with a low pass

filter (c1=0.125, c2 = 0.167). It is seen that even with the
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Figure 1: Final uncorrelated energy spread using 1 bil-

lion macroparticle direct sampling (red), using 100 million

macroparticle sampling with the low pass filter from [2]

(c1=0.2, c2=0.25) (green), with a low pass filter and

c1=0.03, c2=0.167 (blue), and with a low pass filter and

c1=0.125, c2 = 0.167 (pink).
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Figure 2: Fourier Coefficient Differences from the FFT of

an Analytical Gaussian Function and a Sampled Gaussian

Function with 10k, 100k, 1M and 10M Macroparticles.

use of the low pass filter and with different choices of fil-

ter parameters, the 100 million macroparticle simulations

still predict larger energy modulation than the one-billion

macroparticle simulation. In order to understand these ef-

fects, we use an FFT to calculate the difference between the

Fourier coefficients of an analytical Gaussian function and

a randomly sampled Gaussian function using 10 thousand,

100 thousand, one million, and 10 million macroparticles.

The results as a function of the mode number (proportional

to the wave number of the input) are shown in Fig. 2. It is

seen that the sampled shot noise amplitude goes down with

the use of a larger number of macroparticles. Sampling

using a small number of macroparticles over-estimates the

level of shot noise through the whole frequency domain,

not just in the high frequency region. A low pass filter

helps to suppress the high frequency numerical noise as-
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Figure 3: A schematic diagram of the layout of the next

generation high repetition rate FEL.

sociated with sampling using a small macroparticle num-

ber, but the low frequency numerical noise still exists and

increases the final modulation level after being magnified

by the microbunching instability through the linac. In our

previous study, high resolution beam dynamics simulations

were carried out in the study of an old design of the FEL

linac and reported in reference [3]. In this paper, we will

report on the start-to-end simulation of a new design of the

Next Generation Light Source, starting from the photocath-

ode and ending with the final FEL x-ray radiation.

THE LIGHT SOURCE MACHINE LAYOUT
A schematic diagram of the Next Generation Light

Source layout is shown in Fig. 3. It consists of a high

brightness high repetition rate injector, a high stability CW

superconducting linac, a beam spreader, and an array of

FEL undulator lines. The injector includes a low RF fre-

quency (187 MHz) high repetition rate (1 MHz or higher)

normal conducting gun to generate an electron beam with

750 keV energy, a 1.3 GHz buncher cavity to provide ini-

tial velocity bunching, and seven 1.3 GHz Tesla supercon-

ducting cavities to accelerate the electron beam energy to

about 94 MeV. It is then followed by a laser heater to gen-

erate the uncorrelated energy spread in the beam needed to

control the effects of the microbunching instability. After

the laser heater, two 1.3 GHz Tesla superconducting cav-

ity cryomodules are used to accelerate the electron beam

energy to about 215 MeV before entering the first bunch

compressor. The first bunch compressor has a momentum

compaction factor of R56 = −94.0 mm, and provides a

factor of two compression of the electron beam current. Af-

ter the first bunch compressor, the electron beam is further

accelerated to 720 MeV in six cryomodules before entering

the second bunch compressor. This bunch compressor has

a momentum compaction factor of R56 = −76.0 mm and

provides another factor of five compression of the electron

beam current so that the final beam peak current is between

500 A and 600 A with a total of 300 pC charge. After the

second bunch compressor, the electron beam is further ac-

celerated in 18 superconducting cryomodules to a final en-

ergy of 2.4 GeV before entering the spreader section, where

the 1 MHz electron beam is distributed into different FEL

undulator beam lines to generate coherent x-ray radiation.

A detailed description of the injector, linac, spreader, FEL

undulator, and design concepts of the light source can be

found in references [4, 5, 6, 7, 1].
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Figure 4: Evolution of horizontal rms emittance (top)

and longitudinal rms emittance (bottom) inside the injec-

tor from a three-step model (red), a x-ray photoemission

model (green), a semi-Gaussian model (blue), and a Gaus-

sian model (pink).
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Figure 5: Current profile at the exit of the injector from

a three-step model (red), a x-ray photoemission model

(green), a semi-Gaussian model (blue), and a Gaussian

model (pink).

EFFECTS OF INITIAL DISTRIBUTION

In the start-to-end simulation, the first step is to gener-

ate an initial ensemble of macroparticles in six-dimensional

phase space. The spatial coordinates of these macroparti-

cles can be sampled following the transverse spatial pro-

file and the longitudinal temporal profile of the input laser

pulse. The momentum coordinates of these particles can

be generated following some commonly used distributions

such as a Gaussian distribution, a semi-Gaussian distribu-

tion [8], a x-ray photoemission model [9], or a three-step

model [10]. Here, the semi-Gaussian distribution is given
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Figure 6: Uncorrelated energy spread along the beam at

the exit of the injector from a three-step model (red), a x-

ray photoemission model (green), a semi-Gaussian model

(blue), and a Gaussian model (pink).

by:

f(vx, vy, vz) ∝ e
(− v2

x
2σ2

vx

− v2
y

2σ2
vy

)

vze
− v2

z
2σ2

vz ; vz > 0(1)

The x-ray photoemission model is given as:

f(E) ∝ E

(E + Ewk)4
(2)

f(θ, φ) ∝ sin(2θ) (3)

where θ is the angle with respect to the normal direction of

the cathode surface, and φ is the azimuthal angle between

0 and 2π.

In the three-step model, electrons are first excited inside

the cathode material by absorption of photons with energy

hν. Then, those electrons migrate to the surface and may

experience e-e scattering or e-phonon scattering. In the

third step, the electrons with kinetic energy above the bar-

rier potential will escape into the vacuum. To include this

model in our simulations, we first assumed an excited elec-

tron energy distribution inside the cathode material given

by the following:

f(E) = (1− fFD(E))fFD(E − hν) (4)

where hν is the single photon energy of the laser, fFD is

the Fermi-Dirac distribution function representing the ini-

tial density of the state:

fFD(E) =
1

1 + e(E−EF )/kBT
(5)

where kBT is the electron gas thermal energy, and EF is

the Fermi energy. If an electron succeeds in moving to the

inner surface of the cathode, a three-dimensional momen-

tum is generated by assuming an angular distribution

f(θ, φ) = sin(θ) (6)

After the angular distribution is sampled, the electron trans-

verse and longitudinal momentum can be calculated. Only

an electron with normal momentum satisfying the follow-

ing condition will be emitted:

pinz =
√
2mE cos(θ) ≥

√
2m(EF + φeff ) (7)

where φeff is the effective work function of the photocath-

ode material (including both the material work function and

the Schottky work function). The transverse and longitudi-

nal momenta for an electron outside the cathode surface

will be:

px =
√
2mE sin(θ) cos(φ) (8)

py =
√
2mE sin(θ) sin(φ) (9)

pz =
√

2m(E − EF − φeff )− p2x − p2y (10)

The above process is repeated many times until a specified

amount of electron charge is generated.

As a comparison, we ran simulations with above four

momentum distribution models while keeping the initial

transverse emittance and longitudinal emittance fixed. The

spatial distribution was taken to be a uniform cylinder with

a 2 ps rising time on both ends. The physical parameter set-

tings of the injector were obtained from a multi-objective

optimization discussed in reference [4]. Figures 4-6 show

the evolution of the transverse rms emittance and the lon-

gitudinal rms emittance through the injector, the beam cur-

rent profile, and the uncorrelated energy distribution along

the beam at the exit of the injector using the above four mo-

mentum distribution models. The differences among the

simulation results from these momentum distribution mod-

els are very small. This might be due to the fact that all

these models use the same spatial distribution. In addition,

the differences in the initial momentum distribution were

quickly washed out by the strong space-charge forces after

emission from the photocathode.

EFFECTS OF TRANSVERSE
SPACE-CHARGE AROUND LASER

HEATER
A laser heater is used after the injector to increase the

electron beam uncorrelated energy spread. The transverse

rms size of the beam is designed to match the laser spot size

(with the same horizontal and vertical sizes) at the center of

the undulator in order to optimize the laser electron beam

interaction. A diagnostic section right after the laser heater

also requires the same sizes in both horizontal and verti-

cal directions. Figure 7 shows the evolution of rms sizes

and emittances without and with transverse space charge

effects through the matching section, the laser heater, the

diagnostic section, and two accelerating modules. Trans-

verse space charge is seen to cause both a mismatch in

the envelopes (particularly evident in the vertical plane,

red curve) and an emittance growth of more than 20% in

the vertical plane, with a smaller growth in the horizontal

plane. Such a transverse space-charge induced mismatch

can be rematched by tuning the focusing quadrupoles in
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Figure 7: Evolution of transverse rms sizes (top) and

transverse rms emittances (bottom) without (red) and with

(green) space-charge effects in the simulation.

Figure 8: Evolution of transverse rms sizes (top) and

transverse rms emittances (bottom) with rematched space-

charge effects in the simulation.
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Figure 9: Evolution of transverse rms emittances (red and

green) through the whole accelerator beam delivery sys-

tem.

the matching section after including the transverse space-

charge effects. The rms size and emittance evolution of the

rematched solution are shown in Fig. 8. It is seen that the

envelopes are rematched with correct sizes at the location

of the laser heater and inside the diagnostic section. The

rms emittance growth is also significantly reduced after re-

matching the transverse space-charge effects.

START-TO-END SIMULATION OF FEL
RADIATION

We carried out a full start-to-end simulation of the FEL

x-ray radiation using the real number of electrons (about

two billion) in the 300 pC beam. The time-dependent

IMPACT-T code [11], the position-dependent IMPACT-Z

code [12], and the FEL x-ray radiation GENESIS code [13]

are integrated into a single code to facilitate seamless start-

to-end simulation in a single run. Here, the IMPACT-T

code is used to simulate the photo-electron production and

acceleration inside the injector. The IMPACT-Z code is

used to simulate the electron beam acceleration, compres-

sion and transport through the linac and the spreader. The

GENESIS code is used to self-consistently simulate FEL

x-ray radiation inside an undulator. The self-consistent

3D space-charge effects, the accelerating cavity structure

wakefields, and the CSR wakefields are included in the IM-

PACT code simulation. The macroparticle electrons pass

from the one code to the other code directly through the

internal memory of the supercomputer. The whole simula-

tion takes about 10 hours using 2048 cores of a Cray-XE6

supercomputer at the National Energy Research Scientific

Computing Center (NERSC). Figure 9 shows the rms emit-

tance evolution through the accelerator beam delivery sys-

tem. It is seen that the final normalized rms emittances are

below 1 mm-mrad. There is a small emittance growth after

the second bunch compressor due to CSR effects. A part

of the longitudinal phase space distribution of the beam at

the end of the beam delivery system is shown in Fig. 10.

The uncorrelated energy spread in the relatively flat region

is about 150 keV with a peak current between 500 A and

600 A. The multiple billion macroparticles from the exit of

the beam delivery system are directly transported into the

Proceedings of FEL2013, New York, NY, USA MOPSO66

Beam Physics for FEL

ISBN 978-3-95450-126-7

115 C
op

yr
ig

ht
c ○

20
13

C
C

-B
Y-

3.
0

an
d

by
th

e
re

sp
ec

tiv
e

au
th

or
s



Figure 10: Longitudinal phase distribution at the end of the

accelerator beam delivery system.
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Figure 11: Evolution of the averaged SASE FEL radia-

tion power at the fundamental 1 nm wavelength with the

real number of electrons (red) and a subsampled number of

electrons (green).

undulator section in the simulation of SASE FEL x-ray ra-

diation. A detailed description of the SASE/self-seeding

undulator beam line can be found in reference [7]. Fig-

ure 11 shows the average x-ray radiation power evolution

along the undulator beam line for the fundamental 1 nm

radiation using the real number of electrons (about 2 bil-

lion) and a sub-sampled number of electrons (about 450k).

The sub-sampled electrons were used in a separate GEN-

ESIS simulation with distribution repopulation to approx-

imate the shot-noise in the real electron beam. It is seen

from Fig. 11 that the simulations agree well in their predic-

tions of the average power for the fundamental 1 nm x-ray

radiation. Figure 12 shows the average power of the 3rd

harmonic 0.333 nm radiation as a function of distance in

the undulator beam line from both simulations. The sim-

ulation using the sub-sampled electrons significantly over

predicts the radiation power in comparison with the sim-

ulation using the real number of electrons. This could be

due to the lack of particle resolution in the transverse phase

space that results in the growth of higher order modes be-

sides the Gaussian mode.
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Figure 12: Evolution of the averaged SASE FEL radia-

tion power at 0.3333 nm wavelength with the real number

of electrons (red) and a subsampled number of electrons
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