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Abstract

Start-to-end simulation plays an important role in de-
signing next generation light sources. In this paper, we
present recent progress in a parallel beam dynamics code,
IMPACT, towards the fully start-to-end, multi-physics sim-
ulation of a next generation X-ray FEL light source. We
will discuss numerical methods and physical models used
in the simulation. We will also present some preliminary
simulation results of a beam transporting through photoin-
jector, beam delivery system, and FEL radiation.

COMPUTATIONAL FRAMEWORK

The computational framework used for the start-to-end
simulation of next generation light sources is the IMPACT
code suite. The IMPACT code is a parallel particle-in-
cell code suite for modeling high intensity, high brightness
beams in rf proton linacs, electron linacs and photoinjec-
tors. It consists of two parallel particle-in-cell tracking
codes IMPACT-Z [1, 2] and IMPACT-T [3] (the former
uses longitudinal position as the independent variable and
allows for efficient particle advance over large distances as
in an RF linac, the latter uses time as the independent vari-
able and is needed to accurately model systems with strong
space charge as in photoinjectors), an rf linac lattice de-
sign code, an envelope matching and analysis code, and a
number of pre- and post-processing codes. Both parallel
particle tracking codes assume a quasi-electrostatic model
of the beam (i.e. electrostatic self-fields in the beam frame,
possibly with energy binning for a beam with large energy
spread) and compute space-charge effects self-consistently
at each time step together with the external acceleration
and focusing fields. The 3D Poisson equation is solved
in the beam frame at each step of the calculation. The
resulting electrostatic fields are Lorentz transformed back
to the laboratory frame to obtain the electric and mag-
netic self-forces acting on the beam. There are six Poisson
solvers in the IMPACT suite, corresponding to transverse
open or closed boundary conditions with round or rectan-
gular shape, and longitudinal open or periodic boundary
conditions. These solvers use either a spectral method for
closed transverse boundary conditions, or a convolution-
based Green function method for open transverse bound-
ary conditions. The convolution for the most widely used
open boundary condition Poisson solver is calculated using
an FFT with a doubled computational domain. The com-
puting time of this solver scales like Nlog(N), where N
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is the number of grid points. The parallel implementation
includes both a 2D domain decomposition approach for the
3D computational domain and a particle-field decomposi-
tion approach to provide the optimal parallel performance
for different applications on modern supercomputers. Be-
sides the fully 3D space-charge capability, the IMPACT
suite also includes detailed modeling of beam dynamics
in 1f cavities (via field maps or z-dependent transfer maps
including rf focusing/defocusing), various magnetic focus-
ing elements (solenoid, dipole, quadrupole, etc), allowance
of arbitrary overlap of external fields (3D and 2D), struc-
ture and CSR wake fields, tracking multiple charge states,
tracking multiple bin/bunches, Monte-Carlo simulation of
gas ionization, an analytical model for laser-electron inter-
actions inside an undulator, and capabilities for machine
error studies and correction.

A SECOND-ORDER PHOTO-ELECTRON
EMISSION MODEL

A fast and accurate model is important to simulate
the photo-electron emission process for start-to-end light
source modeling. In this study, we have developed a
second-order computational model to simulate the produc-
tion of photo-electrons from a photo-cathode driven by an
external laser. For a given laser temporal pulse distribu-
tion and spatial distribution, a number of electrons equal
to the total emitted charge are generated behind the cath-
ode with the same transverse distribution as the laser’s and
the same longitudinal distribution as the laser’s temporal
profile times a reference longitudinal velocity vg. Those
electrons are moved outside the photo-cathode during N
time steps. Here, the time step size At = t45¢r /N, where
tiaser 18 the total laser pulse length. In the second order
photo-electron emission model, the positions and the ve-
locities of an electron after the emission are given by

r = o+ Ug00t; + %%(5%)2 (1)
Uy = Ugpo + g0t (2)
Z = vyt + %aw(éti)z (3)
vy = vy t+aylt; 4)

where 0t; = z;/vg, v is the reference longitudinal veloc-
ity, z; is the electron longitudinal coordinate out of the pho-
tocathode right after the emission during the time step At,
a is the acceleration that can be calculated using the field
at the photo-cathode surface. The y position and velocity
can be obtained by replacing the x with the y in above equa-
tions. In the following, we generate 300 pC photo electrons
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from a photo-injector gun using the second-order emission
model and the first-order emission model without including
acceleration. The current profile of the beam shortly after
the emission is shown in Figure 1 using different emission
steps of the above emission models. It is seen that the crude
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Figure 1: A section of current profile of the beam after the
emission using the second-order emission model and the
first-order emission model with different emission steps.

first order emission model can introduce aritifial modula-
tion of the beam. A much larger number of emission steps
(a factor of 4) i.e. smaller emission step size, are needed in
order to achieve the same level smoothness of the current
profile.

IMPROVED COHERENT SYNCHROTRON
RADIATION MODEL

Accurate simulation of the beam energy loss, induced
energy spread, and microbunching effects of coherent syn-
chrotron radiation (CSR) is of central importance to the
modeling of future light sources. We have developed and
implemented an Integrated Green Function (IGF) method
for computing CSR wakefields based on the 1D model of
[4]. This model accurately includes short-range wakefield
effects, is accurate over a large range of energies, and in-
cludes transient wakefields due to the bunch entering and
exiting a bend. An additional IGF routine based on the
model of [5] has also been developed that can treat the ef-
fect of radiation that has propagated from upstream across
multiple beam-line elements.

In the integrated Green function method, the 1D charge
density A is approximated by a piecewise polynomial of
fixed degree, and the CSR wake integral is performed an-
alytically [6]. As a result, the accuracy of this technique
does not depend on how well one resolves the rapidly-
varying integral kernel, but instead depends only on how
well one resolves the longitudinal charge density. In addi-
tion, this method does not involve computing the derivative
d)\/dz, which may require artificial smoothing due to the
presence of numerical noise. Fig. 2 shows a comparison
between results obtained using the IGF method and results
obtained using several common 1D CSR models [4, 7, 5],
demonstrating good agreement. Shown are results obtained
using direct integration of the CSR wake integral of [4]
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with 104312 points (red), using the IGF method based on
[4] using 1024 points (green), using the IGF method based
on [5] using 1024 points, and using the method of [7] with
1024 points (purple). The curves are indistinguishable ex-
cept the curve based on [7].
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Figure 2: Comparison between the CSR wake computed
using several 1D methods for the parameters in Fig. 3 of

[7].

The importance of including CSR from upstream bends
is demonstrated in Fig. 3. We computed CSR wake-
fields throughout a chicane that has been proposed for mag-
netic bunch compression as part of a next generation X-ray
FEL. The two central bends have a common bending an-
gle of 89 mrad and are separated by a drift of 5 m. Asa
bunch travels through the downstream bend, particles in the
bunch will encounter radiation generated within this bend
(“downstream CSR”), as well as radiation that was gener-
ated upstream within the previous bend (‘“upstream CSR”).
Fig. 3 illustrates the wakefield due to upstream CSR along
the length of a Gaussian bunch, at various angles into the
second bend. The bunch energy is taken to be 250 MeV,
the bunch charge is 0.3 nC, and the rms bunch length is
o = 577um. The normalization is given by Wy = 28.2
keV/m. Despite the large drift separation of 5 m, the peak
value of the CSR due to the upstream bend is 39%, 132%,
and 126% of the peak value of the total CSR, respectively.

START-TO-END SIMULATION USING
REAL NUMBER OF ELECTRONS

The time-dependent IMPACT-T code, the position-
dependent IMPACT-Z code, and the FEL X-ray radiation
GENESIS code are integrated into a single code to facili-
tate full start-to-end simulations with a real number of elec-
trons (about 2 billions in this study). Here, the IMPACT-
T code is used to simulate the photo-electron production
and accleration inside the photo-injector. The IMPACT-
Z code is used to simulate the electron beam acceleration,
compression and transport through the linac and spreader.
The GENESIS code [10] is used to self-consistently sim-
ulate FEL X-ray radiation inside an undulator. The self-
consistent 3D space-charge effects, the accelerating cav-
ity structure wakefields, and the CSR wakefields are in-
cluded in the IMPACT code simulation. The macroparti-
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Figure 3: (Blue) The total CSR wake within the third bend
of the NGLS chicane [8], shown when the bunch centroid is
located 30, 60, and 89 mrad into the bend. The peak value
of the wake increases as the bunch moves farther into the
bend. (Red) Contribution to the CSR wake due to radiation
emitted from the previous bend, located 5 m upstream.

cle electrons pass from the one code to the other code di-
rectly through the internal memory of the supercomputer.
As an illustration of this start-to-end capability, i.e. from
the photo-cathode to the end of undulator, we simulated
a next generation X-ray light source with 300 pC electrons
that is being studied at LBNL [9]. Figure 4 shows the beam
current profile and sliced emittances at the end of the accel-
erator beam delivery system. It is seen that the peak current
reaches about 900 A. The sliced emittances are about 0.7
mm-mrad. Figure 5 shows the averaged 1 nm X-ray rada-
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Figure 4: The electron beam profile (top) and sliced emit-
tances at the end of the accelerator beam delivery system.
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temporal profile at the end of the undulator.
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Figure 5: The averaged 1 nm X-ray radation power along
the undulator distance (top) and X-ray radiation temporal
profile at the end of the undulator (bottom).
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