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Self-consistent model of a stationary 3D bunch with a nontrivial
core-halo distribution, now supported within ImpactX.

Background
ImpactX [1] is a GPU-capable C++ successor to the code
IMPACT-Z [2] built on the AMReX software framework [3]
for modeling relativistic charged particle beams in linacs or rings. 
The code is currently under active development.   Similar to 
IMPACT-Z, tracking is performed with respect to the path length 
variable s, and space charge is included using a second order 
operator splitting [2].  All tracking methods are symplectic by 
design, and maps are used where possible for efficient particle 
pushing.  The 3D space-charge fields are computed with an 
iterative Multi-Level Multi-Grid (MLMG) Poisson solver [3],
providing new support for adaptive mesh refinement.  The code 
is continuously benchmarked (after every code change) against a 
suite of >20 test problems, designed to validate each feature of the 
code.  The space charge benchmarks, to be described, are valid for 
3D bunched beams in the presence of open boundary conditions.

ImpactX was used to reproduce the standard benchmark problems
described in both [4] and [5].  The suite of tests includes:

Cold, uniform ellipsoidal bunch increasing in size (in a drift) 
due to its own space charge fields.

Conclusion
In this work, we have used the code ImpactX to reproduce 
documented space charge benchmarks appropriate for 3D 
particle-in-cell codes in the context of high intensity bunched 
beams [4,5].  All numerical results shown here are archived in 
[7], and additional benchmark tests can be found in [1].   Future 
plans include detailed code performance and scaling studies, 
detailed exploration of benchmark tests with mesh refinement, 
the implementation in ImpactX of 2D and/or 2.5D space charge 
models appropriate for long or unbunched beams, and the 
implementation of additional collective effects (including 
resistive wall wakefields and CSR models).  In the future, we 
hope to participate in benchmarks involving 2.5D space charge 
appropriate to multi-turn tracking of long beams, such as the 
GSI benchmark on space charge induced trapping.

Space Charge Benchmark 
Problems

Testing is fully open and details are archived online [7]. 

1 nC charge, 1 M particles, grid [128,128,256] 

Proton bunch matched to a 3D constant focusing section 
(using the rms envelope equations)
bunch:  Q = 10 nC, KE = 2 GeV, 𝜀= 1 𝜇m (in each plane)
focusing:  k = 1/m, L = 2 m
We verify the rms beam sizes remain stationary to within
a specified tolerance.

On-axis RF electric field:

Matched initial beam moments were obtained from MaryLie/ 
IMPACT.  This case is challenging due to RF-induced energy evolution 
and absence of symmetry among the x/y/z planes. 

Spatial density of a bithermal distribution as a function of radius, 
showing that the distribution remains stationary in a CF channel

Space charge fields in a Gaussian bunch

Kurth beam in a periodic focusing channel Bithermal beam in a CF channel

 0.1

 1

 10

 100

 1000

 10000

 100000

 1x10
6

 0  0.005  0.01  0.015  0.02  0.025
r (m)

Ideal density
Initial beam
Final beam

 1.4

 1.5

 1.6

 1.7

 1.8

 1.9

 2

 2.1

 2.2

 0  0.5  1  1.5  2  2.5  3  3.5  4

x 
(m

m
)

s (m)

-0.1

-0.08

-0.06

-0.04

-0.02

 0

 0.02

 0.04

 0  20  40  60  80  100
number periods

1 M particles
10 M particles

<latexit sha1_base64="yEhq8L3SYm8RLgPuq6KBHmN9oBE=">AAACIXicbZDLSgMxFIYzXmu9VV26CRahgtYZ8dJl0Y3LCrYVOqVk0tM2mLmQnBHLMK/ixldx40KR7sSXMW0HvP4Q+PKfc0jO70VSaLTtd2tmdm5+YTG3lF9eWV1bL2xsNnQYKw51HspQ3XhMgxQB1FGghJtIAfM9CU3v9mJcb96B0iIMrnEYQdtn/UD0BGdorE6hUnIh0kIaTu73la/Tgy+jm+4dfr+5CPeY0JK7u5d2CkW7bE9E/4KTQZFkqnUKI7cb8tiHALlkWrccO8J2whQKLiHNu7GGiPFb1oeWwYD5oNvJZMOU7hqnS3uhMidAOnG/TyTM13roe6bTZzjQv2tj879aK8ZepZ2IIIoRAj59qBdLiiEdx0W7QgFHOTTAuBLmr5QPmGIcTah5E4Lze+W/0DgqO6flk6vjYvU8iyNHtskOKRGHnJEquSQ1UiecPJAn8kJerUfr2XqzRtPWGSub2SI/ZH18ApgQpGI=</latexit> (✏
x
,r
m

s
�

✏ d
)/
✏ d

(%
)

rm
s b

ea
m

 si
ze

<latexit sha1_base64="7LnHa+9aRajLjR6J/2SxUXsomtM=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgxpCIWjdC0Y3LCvYBbSyT6aQdOnkwcyOWEH/FjQtF3Poh7vwbp20W2nrgwuGce7n3Hi8WXIFtfxuFpeWV1bXiemljc2t7x9zda6ookZQ1aCQi2faIYoKHrAEcBGvHkpHAE6zlja4nfuuBScWj8A7GMXMDMgi5zykBLfXM8ujStqpdYI+Q4iC7T4+drGdWbMueAi8SJycVlKPeM7+6/YgmAQuBCqJUx7FjcFMigVPBslI3USwmdEQGrKNpSAKm3HR6fIYPtdLHfiR1hYCn6u+JlARKjQNPdwYEhmrem4j/eZ0E/As35WGcAAvpbJGfCAwRniSB+1wyCmKsCaGS61sxHRJJKOi8SjoEZ/7lRdI8sZxz6+z2tFK7yuMoon10gI6Qg6qohm5QHTUQRWP0jF7Rm/FkvBjvxsestWDkM2X0B8bnD3tMlAo=</latexit>

k = 0.7 m�1

Free expansion of a cold uniform bunch

Cold beam in a FODO channel with RF cavities

• static tests of the Poisson solve for space charge fields
• dynamical tests involving coasting or stationary beams
• beams matched to periodic focusing channels
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Phase space of a 10 MeV, 1 nC electron bunch, 
initially Gaussian,
after a 1 m drift .  ImpactX vs. IMPACT-Z shown.
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Analogous to a K-V beam in a FODO channel, but 
appropriate for 3D bunched beams [6].

Described by 3D envelope equations (SC is linear).

Proton bunch:  Q = 10 nC, KE = 2 GeV, 𝜀 = 1 𝜇m
Focusing:  alternating drifts and CF (                       )
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Matched beam envelopes over a single period
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envelope eqs.

constant focusing
driftdrift

Emittance evolution over 100 periods

We verify the bunch has the correct second moments at ∆𝑠.

For a bunch spherical in its own rest frame, the distance required
to double in size is given explicitly by:

Proton bunch:  Q = 0.14 nC, KE = 250 MeV, 𝜀 = 0 (cold)
Focusing:  FODO channel with RF cavities for long. focusing [5]
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Beam envelopes over a single period using ImpactX

Phase advance: depressed from 121°       74°

(Red) 1 M particles, [72,72,72] and (Black) 10 M 
particles, [128,128,128].  Fluctuation about the 
design value                      is purely numerical.  
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✏d = 1 µm

Phase space density (6D): 

A system of 4 ODEs is solved to yield the space charge potential 
and cumulative density function of each of the two populations.

H – particle Hamiltonian, including the space charge potential
𝑐! , 𝑐"  – constants controlling the weights of core & halo populations

Proton bunch:  Q = 0.14 nC, kT1 = 36×10#$ , kT2 =	900×10#$
Focusing:  k = 2𝜋	m#! , L = 10 m

95% charge – core
  5% charge - halo

Using 10 M particles, [128,128,128] grid.  A log scale is used to 
visualize the beam halo.  The distribution is stationary over 7 
decades. 

large aspect
ratio (blue)


