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PIC simulations performed using OSIRIS 4.0



Challenges for a PBA-based XFEL or LC 

Beam generation & optimal acceleration
• PBA can enable high gradient acceleration (> 1 

GV/cm) and high quality beam generation for 
next-gen XFEL and LCs. 

• Main challenge: low energy spread acceleration. 

• Ideal loading difficult to realize with injection. 

• Dynamic beam loading (DBL) schemes (e.g., tri-
plateau plasma) aim to flatten average field 

T. N. Dalichaouch et al., Phys. Plasmas, 28, 063103 (2021).

S. Liu, et al., Research, 0, 34133 (2024).

⟨dξEz⟩acc ≈ 0

Q ∼ 1 nC, ϵn ∼ 100 nm

ξ = z − ct



Novel DBL scheme using PWFA

Novel DBL Scheme
• An unmatched e- driver (2.3 nC) self-

focuses leading to injection (0.5 nC). 

• DBL is then induced by wake evolution. 

• Transitions from underloaded (              ) 
to overloaded 

• DBL is dictated by pump depletion. 
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Drive/Plasma Parameters
Ipk ≃ 51 kA, σr ≃ 6.5 um, σz ≃ 5.3 um,
γb = 10GeV, β* = 1.7 cm, np ≃ 1018 cm−3

dξEz > 0
dξEz < 0

Lpd = 7 cm

T. N. Dalichaouch, et al., PRR. 7, 023118 (2025).



“Bubble” evolution causes DBL

Nonlinear theory
• The loading of the wake depends on the bubble 

radius          and beam current  

• DBL induced by wake evolution: rb decreases, 
space-charge force increases. 

•           changes sign from positive to negative. 

dEz
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Injected bunch 

T. N. Dalichaouch, et al., PRR. 7, 023118 (2025).



Final Energy and beam slice parameters (7 cm)

• Beam extracted with ~18.3 GeV and ~90 MeV 
(0.49%) after 7 cm propagation distance. 

• High efficiency acceleration 42.2% and high 
transformer ratio ~1.8. 

Energy/Brightness Booster
Drive Trailing

Energy 10.2 GeV 18.3 GeV
Emittance ~ 50 um ~ 100 nm

Bn [A/m2/rad2] 1014 1019

T. N. Dalichaouch, et al., PRR. 7, 023118 (2025).



Potential Areas of Improvement

• For Gaussian profile, significant energy left in 
beam charge (about 25% remaining). 

• Shaping driver for uniform deceleration. 

• Optimization algorithms exist to optimize profile 
for single snapshot in time. [1] 

•  More complicated because driver evolves. 

• [1] Q. Su et al., Phys. Plasmas 30, 053108 (2023)



Bayesian Optimization of Driver Profile

Bayesian Optimization Formulation
• Find current profile that optimizes acceleration 

distance & energy transfer. 

• Piecewise-linear profile: 

h(ξi ≤ ξ ≤ ξi+1) = λi +
λi+1 − λi

ξi+1 − ξi
(ξ − ξi)

Objective Function
• Maximize acceleration distance and minimize 

max energy loss 

• Evaluations use QPAD (Quasi-static code) to 
simulate driver to pump depletion. 

f =
z

max(Δγd)
∼

1
max(⟨E+

z ⟩)Driver Constraints

Longer Beam : L ≃ 25 um (kpL ≈ 5)

Higher Charge: Qd = ∑ λiΔξi ≃ 2.8 nC



Bayesian Optimization of Driver Profile

Initial driver/wake at z = 0.1 cm

Driver/wake at z = 6 cm

Drive Energy distribution at z = 6 cm

• BO for 170 evaluations. 

• Max decelerating field drops from 
<Ez> ~ 1.7 to <Ez> ~ 1 

• Best result shown below for objective 
f ~ 1/<Ez>. 



OSIRIS Simulation with Shaped Driver
Lpd = 10.5 cm

Drive/Plasma Parameters
σr ≃ 7.4 um,

γb = 10 GeV, β* = 5.1 cm, np ≃ 1018 cm−3

DBL with Shaped Driver
• Plug shaped driver back into 

OSIRIS to simulate self-injection 
and dynamic beam loading. 

• Unmatched electron driver (2.8 nC) 
injects high quality beam (0.5 nC). 

• Pump depletion extended to > 10 cm, 
energies up to 26.6 GeV. 

• Driver shape changes throughout 
simulation. 

Qd ≃ 2.8 nC, L ≃ 25 um
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Drive/Plasma Parameters
σr ≃ 7.4 um,

γb = 10 GeV, β* = 5.1 cm, np ≃ 1018 cm−3

DBL with Shaped Driver
• Plug shaped driver back into 

OSIRIS to simulate self-injection 
and dynamic beam loading. 

• Unmatched electron driver (2.8 nC) 
injects high quality beam (0.5 nC). 

• Pump depletion extended to > 10 cm, 
energies up to 26.6 GeV. 

• Driver shape changes throughout 
simulation. 

Qd ≃ 2.8 nC, L ≃ 25 um



Energy and final beam slice parameters (10 cm)

• Beam extracted with ~26.6 GeV and ~115.6 
MeV (0.43%) after 10.6 cm prop distance. 

• High efficiency acceleration 46.4% and high 
transformer ratio ~2.6. 

Energy/Brightness Booster
Drive Trailing

Energy 10.2 GeV 26.6 GeV
Emittance ~ 20 um ~ 100 nm

Bn [A/m2/rad2] 1014 1019



Comparison: Gaussian vs Shaped Driver Results

Shaped DriverGaussian Driver

Summary of Results (10 GeV Drivers)
Gaussian (2.2nC) Shaped (2.8 nC) Improvement

Trailing Charge 0.5 nC 0.5 nC ~ 1x
Trailing Energy 18.3 GeV 26.6 GeV ~ 1.45x

Transformer Ratio 1.8 2.6 ~ 1.45x
Efficiency 42.2% 46.4% ~ 1.1x



Shaped BunchGaussian Bunch

Improved Efficiency due to Shaped Profile

• Energy Efficiency improvement primarily driven by higher drive-to-wake transfer efficiency. 

ηeff = ηdr−>wakeηwake→tr

ηeff ≈ 42.2 %
ηdr−>wake ≈ 75.3 % , ηwake→tr ≈ 56.1 %

ηeff ≈ 46.6 %
ηdr−>wake ≈ 83.3 % , ηwake→tr ≈ 55.7 %

• Room for further efficiency improvement by collimating non-participating precursor charge.



Extending the results to 25 GeV+ Drivers

Drive/Plasma Parameters
Qd ≃ 2.9 nC, σr ≃ 8 um, L ≃ 25 um,

β* = 11 cm, np ≃ 1018 cm−3

25 GeV Driver Results
• Repeated BO to shape drive beam 

with higher energy (25 GeV).  

• OSIRIS sims demonstrate injection-
DBL concept scales with energy. 

• Similar injected bunch (0.5 nC). 

• Pump depletion extended to > 27 cm, 
energies up to 63.15 GeV. 

Lpd = 27 cm

γb = 25 GeV,
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Energy and final beam slice parameters (26.8 cm)

• Injected beam accelerated to ~63.15 GeV and 
with energy spread ~243.4 MeV (0.38%) after 
26.8 cm prop distance. 

• High efficiency 43.4% and high transformer 
ratio ~2.5. 

• Low slice emittance O(~ 100 nm) leads to high 
peak brightnesses ~ 1019 A/m2/rad2. 



Summary and Conclusion

Summary of Results
10 GeV Gaussian 

(2.2nC)
10 GeV Shaped 25 GeV Shaped

Driver Charge 2.2 nC 2.8 nC 2.9 nC
Trailing Charge 0.5 nC 0.5 nC 0.5 nC
Trailing Energy 18.3 GeV 26.6 GeV 63.15 GeV

Efficiency 42.2% 46.4% 43.4%
Transformer Ratio 1.8 2.6 2.5

Bn [A/m2/rad2] 1019 1019 1019

• Demonstrated self-injection of high brightness beams with low energy spread acceleration 
(via DBL) using shaped driver. 

• Improved efficiencies (up to 46.4%) & transformer ratios (up to 2.6) for drive beam 
energies up to 25 GeV. 

• Room for further optimization of drive-to-wake energy transfer (> 90%) and total 
efficiency >50%. 



Thank you for your time!


