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Emittance preservation in linear focusing force
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Computing requirements

Typical cell sizes in most (not all!) published results

•Longitudinal 
•Transverse 

Δx∥ ∝ λL
Δx⊥ ∝ λp

# cells (order of magnitude) 
1000x100x100

Collider

•Longitudinal 
•Transverse 

Δx∥ ∝ λL
Δx⊥ ∝ σ⊥ ∝ λp/100

# cells (order of magnitude) 
1000x10000x10000Resources are critical! Community based effort!
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Computational developments

Efficiency
Parallel efficiency, domain 
decomposition, AMR, CPU, GPU, 
ML/AI, …

28

Balance the workload between 
processors

Domains automatically adapt
to the simulation evolution

Laser wakeEeld simulation ~ 2x faster

Courtesy A. Beck
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A new field solver for accurate modeling of relativistic particle-laser interactions

4

Higuera-Cary pusher is used in all the simulations 

• Numerical errors can arise when particles 
with relativistic energies interact with 
intense EM fields that have phase velocities 
near the speed of light  

– Dispersion errors in the phase velocity of 
the wave 

– Staggering in time between the electric 
and magnetic fields and between particle 
velocity and position 

– errors in the time derivative in the 
momentum advance.  

• New field solvers with di!erent k-space 
operators in Faraday’s and Ampere’s law  

– Dispersion errors and magnetic field time-
staggering errors in the particle pusher can 
be simultaneously removed for 
electromagnetic waves moving primarily in 
a specific direction  

Single particle trajectory 
γ0 = 20, a0 = 0.5 

phase, ξ = x1 − t

p⊥ γ

2D LWFA Simulation 
Ionization injection

Boris pusher was used for all cases. The ionization 
injected bunch (blue) interacts with the driver laser 
pulse

Li. F., et. al., CPC 258, 107580 (2021)
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Computational developments

Efficiency Accuracy Multi-physics
Parallel efficiency, domain 
decomposition, AMR, CPU, GPU, 
ML/AI, …

Control/suppress numerical 
instabilities, correct dispersion, 
accurate particle pushers,… 

Hydrodynamics, MHD, radiation 
reaction, spin, disruption, …

28

Balance the workload between 
processors

Domains automatically adapt
to the simulation evolution

Laser wakeEeld simulation ~ 2x faster

The BLAST suite offers a large set of open-source codes

blast.lbl.gov
State-of-the-art simulation tools*:
• Multi-physics frameworks: IMPACT, Warp/WarpX.
• Specialized codes: BeamBeam3D, FBPIC, HiPACE++.
• Libraries & standards: PICSAR, openPMD, PICMI.

Multiphysics:
• beams, plasmas, lasers, structures, beam-beam, e- clouds, ...
• plasma/dielectric accelerators, linacs, rings, injectors, traps, …

At the forefront of computing:
• Novel algorithms: boosted frame, spectral Maxwell solvers, ...
• Supercomputing: Exascale, CPUs & GPUs. 
• Advanced designs: genetic or ML (e.g., Bayesian) optimization

Expanding applications, contributors
• Major contributors: LBNL, CEA, CERN, DESY, HZDR, LLNL, Radiasoft, UHH

blast.lbl.gov

2

Courtesy A. Beck Courtesy R. Fonseca Courtesy J.-L. Vay
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Page 5Page 5Page 5

Start-to-end simulations are critical to develop new designs

Maxence Thévenet, DESY    31 May 2021, Townhall meeting 3

A very common workflow is PIC + X, we address it with the openPMD standard

9 Archive (FAIR) & share

9 Analyze & plot (openPMD-viewer, VisualPIC)

9 Interface with other codes

Beam optics, ICS, FEL, ML

Standard for particle and mesh data
Pioneered at HZDR, contributors worldwide

https://github.com/openPMD
https://github.com/openPMD/openPMD-api
https://github.com/openPMD/openPMD-viewer

FBPIC

WarpX

HiPACE++

Wake-T

«

https://www.go-fair.org
https://github.com/AngelFP/VisualPIC

«

+ Y etc.

openPMD: high-quality standard for particle and mesh data,
• reliable tool for start-to-end simulations
• adopt FAIR principles for longevity
• encourage benchmarks and collaboration for a global effort in a (reasonably)

user-friendly way.

Platform for multi-code cross-talk and benchmark

Courtesy A. Beck Courtesy R. Fonseca Courtesy J.-L. Vay

Courtesy M.  Thévenet
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• electrons
• positrons
• plasma vacuum matching 

Extreme conditions

emittance preservation and acceleration 
under extreme witness bunch densities



Jorge Vieira | 5th EAAC | September 22nd,  2021 

Positron acceleration

3

FIG. 1. Analytical (solid lines) and simulation (cir-
cles and dashed lines) results for energy-transfer e�ciencies
in 3D linear regime, for large beams �r � 1/kp (a) and
small beams �r < 1/kp (b). The plasma density is set
to n0 = 4⇥ 1017 cm�3 and the peak drive bunch density
is nb = 0.042 n0 for all simulations. The drive bunch has
�dr = 100 µm and �dz = 4 µm in (a) and �dr = �dz = 2 µm in
(b). The trailing bunch has a beam size �tr = 0.25�dr (blue),
�tr = 0.5 �dr (orange) or �tr = �dr (green), a bunch length
�tz = �dz, and its charge is varied according to Nt/Nd. The
simulated wakefields corresponding to the annotated points
1-3 are shown in Fig. 2.

In three dimensions, the energy-transfer e�ciency not
only depends on Nt,d, but also on the size and shape
of drive and trailing plasma wakefields. In particular,
one cannot expect to reach perfectly-destructive interfer-
ence (⌘ = 1) if the size and shape of drive and trailing
wakefields di↵er. In general, ⌘ will also depend on drive
and trailing beam sizes (�dr and �tr), bunch lengths (�dz

and �tz) and on the plasma skin depth 1/kp. In the lin-
ear regime, analytical calculations can be performed for
separable bunch shapes, as shown in Appendix A and
Eq. (A8), and can be simplified for large (kp�r � 1)
Gaussian bunches to

⌘ =
Nt

Nd

�2
dr

�2
tr

2

4 4

1 +
�2
dr

�2
tr

� Nt

Nd

3

5 , (3)

under the same assumptions as Eq. (2), and also takes
the form of a parabolic relationship between ⌘ and
Nt/Nd, with parameters now depending on beam sizes.

In Fig. 1, the analytical results of Eqs. (3) and (A8)
are compared to numerical simulations performed using
the Open Source quasi-static Particle-In-Cell (PIC) code
QuickPIC [42–44]. The plasma wakefield generated by
both bunches is obtained from a single-step quasi-static
simulation (no beam evolution), and the energy-transfer
e�ciency is computed from the simulated wakefield by
averaging Ez over each bunch [see Eq. (1)], showing

FIG. 2. Simulated wakefields [Ez left column, e(Ey + cBx)
right column] for the annotated points 1-3 in Fig. 1. Point 1
[(a)-(b)] corresponds to the small beam case with near-100%
e�ciency (�tr = �dr), point 2 [(c)-(d)] to the small beam
case with maximum e�ciency for �tr = 0.25 �dr, and point 3
[(e)-(f)] to the large beam case with maximum e�ciency for
�tr = 0.25�dr. Dashed ellipses show the location of drive and
trailing bunches with the 1� contours of their bunch densities.

good agreement with the analytical results. For large
beams, kp�r � 1, the maximum e�ciency [see Eq. (A14)]
and the corresponding value of the trailing charge [see
Eq. (A15)] both rapidly decrease when the trailing beam
size is reduced with respect to that of the driver [see
Fig. 1(a)]. This low e�ciency can be understood by the
strong mismach between the size of the wakefields of the
drive and trailing bunches, as can be seen in Fig. 2(e).
Indeed, in such a situation, the trailing wakefield can only
overlap and cancel the drive wakefield over a small region
of the drive wakefield, leaving a large amount of energy in
the plasma wave behind the trailing bunch, thus leading
to low e�ciency, with ⌘max ' 23% for �tr = 0.25 �dr in
Fig. 1(a). In contrast to large beams, for which the size
of the wakefield is determined by the size of the beam,
the wakefield for small beams typically extends over a
plasma skin depth. As a result, a better overlap between
drive and trailing wakefields is found for �tr 6= �dr in
the small-beam case, leading to higher maximum e�-
ciencies corresponding to higher trailing charge, as seen
in Fig. 1(b), with ⌘max ' 74% for �tr = 0.25 �dr.
Figure 2 shows simulated wakefields (longitudinal and

transverse fields) for a few cases of interest. For �tr =
�dr, the drive and trailing wakefields have exactly the
same extent and shape, and it is therefore possible to
approach ⌘ = 1 with near-cancellation of the wakefield
behind the trailing bunch [see Fig. 2(a)-(b)]. For the case
of small beams and �tr = 0.25�dr, the wakefield can still
be significantly weakened by the trailing bunch at trans-
verse positions |x| � �tr despite di↵erent beam sizes
and di↵erent wakefield shapes for the drive and trailing
bunches. This is because the fields extend typically over a
distance 1/kp � �tr [see Fig. 2(c)-(d)], thereby ensuring

Positron acceleration schemes

Hollow channels, linear/mildly nonlinear 
regime, doughnut wakefields, …

example in linear regime 
C.S. Hue et al. arXiv 2107.01145v1 (2021)
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of small beams and �tr = 0.25�dr, the wakefield can still
be significantly weakened by the trailing bunch at trans-
verse positions |x| � �tr despite di↵erent beam sizes
and di↵erent wakefield shapes for the drive and trailing
bunches. This is because the fields extend typically over a
distance 1/kp � �tr [see Fig. 2(c)-(d)], thereby ensuring

Positron acceleration schemes

Hollow channels, linear/mildly nonlinear 
regime, doughnut wakefields, …

example in linear regime 
C.S. Hue et al. arXiv 2107.01145v1 (2021)

New (?) questions?

• Acceleration in linear regime: still possible?
• Ion motion: maybe beneficial for positrons?

Explore positron acceleration under 
extreme conditions
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Plasma-to-vacuum transitions:  
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Tailored plasma density transition from and to vacuum. 
D. Whittum (1990); Assmann and Yokoya, NIMA 410, 544 (1998).

z

n/n0Concept: Tailored plasma-vacuum transitions 

Quasi-adiabatic matching/extraction*

- Focussing changes slowly compared to local betatron period, or

- Beam RMS parameters adiabatically matched - no emittance degradation 


Optimized matching/extraction**

- Phase advance tailored such that emittance growth is minimized 

- Shorter than quasi-adiabatic transition but sensitive to fluctuations

Mitigation of matching/extraction challenges

*Assmann and Yokoya, NIMA 410, 544 (1998); Floettmann PRAB 17, 054402 (2014); 
Dornmair et al. PRAB 18, 041302 (2015); Mehrling et al. NIMA 829, 367 (2016)

** Vay et al. AIP Conf. Proc. 1777, 040018 (2016); Xu et al. PRL 116, 124801 (2016).

132 density-tapered beam extraction
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Figure 27: Adiabaticity for exponential plasma-vacuum density transition
according to eq. (6.2) with L = 8.0 mm.

In order to quantify if the transition occurred adiabatically, the quan-
tity K0 b̂/K, expressing the adiabaticity is introduced and examined.
If the adiabaticity is much smaller than one, K0 b̂/K ⌧ 1 the transition
occurs fully adiabatic. On the contrary, if K0 b̂/K & 1, the transition
does not act adiabatically on the beam evolution. The adiabaticity for
the three cases C1, C2 and CM, for L = 8.0 mm is depicted in Figure
27. It can be seen that the transition initially is adiabatic but becomes
non-adiabatic towards the exit of the plasma cell.

The longest transition length regarded here is L = 32.0 mm in Fig-
ure 28. This transition transports the matched beam at waist almost
until the exit of the plasma target with âCM,e = �0.15 for the matched
case. The divergence is damped by more than one order of magni-
tude compared to the initial divergence with a gamma function at the
exit of ĝCM,e = 0.057 mm�1 for the matched case. The divergence is
thus reduced by a factor of h = 11.70. Figure 29 shows the adiabatic-
ity for this transition. Although the transition is fully adiabatic for
all beams at the beginning of the decay, the adiabaticity approaches
unity towards the end of the density taper. However, the transition ex-
hibits an significant quasi-adiabatic reduction of the divergence. The
exit beam parameters are less sensitive on the local betatron phase
at the start of the density transition than for the shorter transitions,
but depend on the local phase at the exit. The curves of the Courant-
Snyder parameters for the matched case in Figure 28 indicate that
the beam stays matched and the final parameters at the exit only de-
pend on the plasma density value at the exit. This comes from the
quasi-adiabaticity of the transition.

Figure 30 shows the ratio of the initial divergence over final diver-
gence h = ĝ0/ĝe of the matched case (CM) for different transition
lengths L. For a fully adiabatic transition, the beam stays at waist and
stays matched during the full transition. This means that the final di-
vergence is given only by the final plasma density. The ratio h for such
a fully adiabatic transition is indicated in Figure 30 by the dashed line.

Emittance preservation - plasma to vacuum transitions

T. Mehrling et al, ALEGRO 
2018 workshop

Tailored plasmas and beams

Will these schemes hold under extreme 
conditions and in the possible presence of 

ion motion?

Electron and positron acceleration under extreme conditions

ALEGRO 2018 workshop, Oxford, UK 
Tue March 27, 2018
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z

n/n0Concept: Tailored plasma-vacuum transitions 

Quasi-adiabatic matching/extraction*

- Focussing changes slowly compared to local betatron period, or

- Beam RMS parameters adiabatically matched - no emittance degradation 


Optimized matching/extraction**

- Phase advance tailored such that emittance growth is minimized 

- Shorter than quasi-adiabatic transition but sensitive to fluctuations

Mitigation of matching/extraction challenges

*Assmann and Yokoya, NIMA 410, 544 (1998); Floettmann PRAB 17, 054402 (2014); 
Dornmair et al. PRAB 18, 041302 (2015); Mehrling et al. NIMA 829, 367 (2016)

** Vay et al. AIP Conf. Proc. 1777, 040018 (2016); Xu et al. PRL 116, 124801 (2016).

132 density-tapered beam extraction
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Figure 27: Adiabaticity for exponential plasma-vacuum density transition
according to eq. (6.2) with L = 8.0 mm.

In order to quantify if the transition occurred adiabatically, the quan-
tity K0 b̂/K, expressing the adiabaticity is introduced and examined.
If the adiabaticity is much smaller than one, K0 b̂/K ⌧ 1 the transition
occurs fully adiabatic. On the contrary, if K0 b̂/K & 1, the transition
does not act adiabatically on the beam evolution. The adiabaticity for
the three cases C1, C2 and CM, for L = 8.0 mm is depicted in Figure
27. It can be seen that the transition initially is adiabatic but becomes
non-adiabatic towards the exit of the plasma cell.

The longest transition length regarded here is L = 32.0 mm in Fig-
ure 28. This transition transports the matched beam at waist almost
until the exit of the plasma target with âCM,e = �0.15 for the matched
case. The divergence is damped by more than one order of magni-
tude compared to the initial divergence with a gamma function at the
exit of ĝCM,e = 0.057 mm�1 for the matched case. The divergence is
thus reduced by a factor of h = 11.70. Figure 29 shows the adiabatic-
ity for this transition. Although the transition is fully adiabatic for
all beams at the beginning of the decay, the adiabaticity approaches
unity towards the end of the density taper. However, the transition ex-
hibits an significant quasi-adiabatic reduction of the divergence. The
exit beam parameters are less sensitive on the local betatron phase
at the start of the density transition than for the shorter transitions,
but depend on the local phase at the exit. The curves of the Courant-
Snyder parameters for the matched case in Figure 28 indicate that
the beam stays matched and the final parameters at the exit only de-
pend on the plasma density value at the exit. This comes from the
quasi-adiabaticity of the transition.

Figure 30 shows the ratio of the initial divergence over final diver-
gence h = ĝ0/ĝe of the matched case (CM) for different transition
lengths L. For a fully adiabatic transition, the beam stays at waist and
stays matched during the full transition. This means that the final di-
vergence is given only by the final plasma density. The ratio h for such
a fully adiabatic transition is indicated in Figure 30 by the dashed line.
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• Hosing
• Asymmetric beams
• Disruption
• Spin conditioning
• Radiation reaction and synchrotron radiation
• Long term plasma dynamics
• Coupling with transport lines
• …
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z

n/n0Concept: Tailored plasma-vacuum transitions 

Quasi-adiabatic matching/extraction*

- Focussing changes slowly compared to local betatron period, or

- Beam RMS parameters adiabatically matched - no emittance degradation 


Optimized matching/extraction**

- Phase advance tailored such that emittance growth is minimized 

- Shorter than quasi-adiabatic transition but sensitive to fluctuations

Mitigation of matching/extraction challenges

*Assmann and Yokoya, NIMA 410, 544 (1998); Floettmann PRAB 17, 054402 (2014); 
Dornmair et al. PRAB 18, 041302 (2015); Mehrling et al. NIMA 829, 367 (2016)

** Vay et al. AIP Conf. Proc. 1777, 040018 (2016); Xu et al. PRL 116, 124801 (2016).

132 density-tapered beam extraction
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Figure 27: Adiabaticity for exponential plasma-vacuum density transition
according to eq. (6.2) with L = 8.0 mm.

In order to quantify if the transition occurred adiabatically, the quan-
tity K0 b̂/K, expressing the adiabaticity is introduced and examined.
If the adiabaticity is much smaller than one, K0 b̂/K ⌧ 1 the transition
occurs fully adiabatic. On the contrary, if K0 b̂/K & 1, the transition
does not act adiabatically on the beam evolution. The adiabaticity for
the three cases C1, C2 and CM, for L = 8.0 mm is depicted in Figure
27. It can be seen that the transition initially is adiabatic but becomes
non-adiabatic towards the exit of the plasma cell.

The longest transition length regarded here is L = 32.0 mm in Fig-
ure 28. This transition transports the matched beam at waist almost
until the exit of the plasma target with âCM,e = �0.15 for the matched
case. The divergence is damped by more than one order of magni-
tude compared to the initial divergence with a gamma function at the
exit of ĝCM,e = 0.057 mm�1 for the matched case. The divergence is
thus reduced by a factor of h = 11.70. Figure 29 shows the adiabatic-
ity for this transition. Although the transition is fully adiabatic for
all beams at the beginning of the decay, the adiabaticity approaches
unity towards the end of the density taper. However, the transition ex-
hibits an significant quasi-adiabatic reduction of the divergence. The
exit beam parameters are less sensitive on the local betatron phase
at the start of the density transition than for the shorter transitions,
but depend on the local phase at the exit. The curves of the Courant-
Snyder parameters for the matched case in Figure 28 indicate that
the beam stays matched and the final parameters at the exit only de-
pend on the plasma density value at the exit. This comes from the
quasi-adiabaticity of the transition.

Figure 30 shows the ratio of the initial divergence over final diver-
gence h = ĝ0/ĝe of the matched case (CM) for different transition
lengths L. For a fully adiabatic transition, the beam stays at waist and
stays matched during the full transition. This means that the final di-
vergence is given only by the final plasma density. The ratio h for such
a fully adiabatic transition is indicated in Figure 30 by the dashed line.

Emittance preservation - plasma to vacuum transitions

T. Mehrling et al, ALEGRO 
2018 workshop

Tailored plasmas and beams

Other key questions

Will these schemes hold under extreme 
conditions and in the possible presence of 

ion motion?

Electron and positron acceleration under extreme conditions

ALEGRO 2018 workshop, Oxford, UK 
Tue March 27, 2018
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z

n/n0Concept: Tailored plasma-vacuum transitions 

Quasi-adiabatic matching/extraction*

- Focussing changes slowly compared to local betatron period, or

- Beam RMS parameters adiabatically matched - no emittance degradation 


Optimized matching/extraction**

- Phase advance tailored such that emittance growth is minimized 

- Shorter than quasi-adiabatic transition but sensitive to fluctuations

Mitigation of matching/extraction challenges

*Assmann and Yokoya, NIMA 410, 544 (1998); Floettmann PRAB 17, 054402 (2014); 
Dornmair et al. PRAB 18, 041302 (2015); Mehrling et al. NIMA 829, 367 (2016)

** Vay et al. AIP Conf. Proc. 1777, 040018 (2016); Xu et al. PRL 116, 124801 (2016).

132 density-tapered beam extraction
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Figure 27: Adiabaticity for exponential plasma-vacuum density transition
according to eq. (6.2) with L = 8.0 mm.

In order to quantify if the transition occurred adiabatically, the quan-
tity K0 b̂/K, expressing the adiabaticity is introduced and examined.
If the adiabaticity is much smaller than one, K0 b̂/K ⌧ 1 the transition
occurs fully adiabatic. On the contrary, if K0 b̂/K & 1, the transition
does not act adiabatically on the beam evolution. The adiabaticity for
the three cases C1, C2 and CM, for L = 8.0 mm is depicted in Figure
27. It can be seen that the transition initially is adiabatic but becomes
non-adiabatic towards the exit of the plasma cell.

The longest transition length regarded here is L = 32.0 mm in Fig-
ure 28. This transition transports the matched beam at waist almost
until the exit of the plasma target with âCM,e = �0.15 for the matched
case. The divergence is damped by more than one order of magni-
tude compared to the initial divergence with a gamma function at the
exit of ĝCM,e = 0.057 mm�1 for the matched case. The divergence is
thus reduced by a factor of h = 11.70. Figure 29 shows the adiabatic-
ity for this transition. Although the transition is fully adiabatic for
all beams at the beginning of the decay, the adiabaticity approaches
unity towards the end of the density taper. However, the transition ex-
hibits an significant quasi-adiabatic reduction of the divergence. The
exit beam parameters are less sensitive on the local betatron phase
at the start of the density transition than for the shorter transitions,
but depend on the local phase at the exit. The curves of the Courant-
Snyder parameters for the matched case in Figure 28 indicate that
the beam stays matched and the final parameters at the exit only de-
pend on the plasma density value at the exit. This comes from the
quasi-adiabaticity of the transition.

Figure 30 shows the ratio of the initial divergence over final diver-
gence h = ĝ0/ĝe of the matched case (CM) for different transition
lengths L. For a fully adiabatic transition, the beam stays at waist and
stays matched during the full transition. This means that the final di-
vergence is given only by the final plasma density. The ratio h for such
a fully adiabatic transition is indicated in Figure 30 by the dashed line.
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Conclusions and outlook

Connection with collider physics brings new and exciting fundamental physics questions 

Creative field with tremendous progress in both theory and simulations

Prospects are exciting, and a lot of work is ahead of us to explore all we need for HEP at 100 
GeV and beyond.


