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Compact Linear Accelerator for Research and Applications (CLARA)

E. Snedden et al. PRAB 27 041602 (2024)

Ï CLARA is a test facility at STFC Daresbury Laboratory.

Ï Delivers ultrabright electron bunches up to 250 MeV.

Ï FEBE beamline provides access to a dedicated shielded
experiment area (hutch).

Ï Access to a high-power (100 TW; 25 fs; 5 Hz) Ti:Sapphire laser.
Image courtesy of D. Angal-Kalinin,
CLARA User Meeting, 2024
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Mid-energy range facilities at Europe

D. Angal-Kalinin D et al., IPAC23

CLARA is comparable to CLEAR and SPARC_LAB, with a significant
potential for plasma wakefield acceleration (PWFA) research.
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Schematic of the PWFA experiment

Research Focus

We investigate driver evolution, wakefield generation and witness acceleration inside
plasma in this simulation study.
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CLARA Beam parameters

Parameter [Unit] FEBE (general) FEBE (for PWFA)

Energy [MeV] 50-250 250
Charge [pC] 5-250 250
Repetition rate [Hz] 100 100
RMS bunch length [fs] 50-10e3 50-100
RMS bunch radius [µm] 50-100 50
RMS energy spread [%] <5 1
Normalized emittance [mm-mrad] <5 2

Table 1: Reference for FEBE parameters are E. W. Snedden et al., PRAB (2024) and D. Angal-Kalinin et al., Front. Phys. (2024)
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Two-beam parameters for PWFA

Parameter [Unit] Driver beam Witness beam

Energy [MeV] 250 250
Charge [pC] 150 10
Electrons per bunch [×108] 9.4 0.6
RMS bunch length [fs] 50 33
RMS bunch radius [µm] 50 10
RMS energy spread [%] 1 1
Normalized emittance [mm-mrad] 2 2

Two-bunch generation

Longitudinal bunch shaping is needed to generate driver and witness from the CLARA
beam using the mask technology.
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Two-beam parameters for PWFA

Parameter [Unit] Driver beam Witness beam

Energy [MeV] 250 250
Charge [pC] 150 10
Electrons per bunch [×108] 9.4 0.6
RMS bunch length [fs] 50 33
RMS bunch radius [µm] 50 10
RMS energy spread [%] 1 1
Normalized emittance [mm-mrad] 2 2
Bunch population [×108] 9.4 0.62
Peak density [cm−3] 1.6×1015 4.0×1015

Hossein Saberi | LPAW2025 Plasma wakefield acceleration at CLARA April 15, 2025 11 / 31



Introduction to CLARA facility Two-beam PWFA simulation Betatron radiation analysis Concluding Remarks

Simulation experiment

Ï QV3D code.

Ï Computing resources provided by
STFC Scientific Computing
Departments SCARF cluster.

Ï Simulation approach

◦ Simulate driver beam
◦ Study witness acceleration
◦ Study betatron radiation

Simulation parameters

Simulation window
(x, y, z) Dimension [k−1

p ] (7, 12, 12)
(x, y, z) Resolution [k−1

p ] (0.1, 0.01, 0.01)
Time step [ω−1

p ] 5

Macroparticles per cell
Plasma 4
Driver 16
Witness 16

Other
W/D delay λp/2
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Plasma cell and its assumptions

Ï The length of plasma cell is 25 cm.

Ï Pre-ionized plasma is considered.

Ï Uniform plasma density.

Ï Density scan over 1015 −5×1016 cm−3. 10 20 30 40 50
Plasma length [cm]
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Figure 1: Acceleration gradient that is needed for energy doubling (final
energy of 500 MeV) over any specific distance.
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In this range of densities, the
beam loses charge so the
mean energy is quite
constant at the end.
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In this range of densities, the
beam loses charge so the
mean energy is quite
constant at the end.

Driver phase space is under more investigation for a better
understanding of its evolution and the wakefield generation.
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In this range of densities, the
beam loses charge so the
energy spread reduces.
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The beam-loading effect is
evident in the maximum
wakefield, as the witness
field suppresses the driver
wakefield.
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Optimum plasma parameters

Ï According to current simulations, a plasma cell of length 15-25 centimeter is
needed to achieve witness energy doubling.

Ï We may consider two set of parameters as the optimum plasma

◦ Set I. A plasma cell of length 15 centimeter and density of 3×1016 cm−3.
◦ Set II. A plasma cell of length 20 centimeter and density of 2×1016 cm−3.

Ï In the following slides, we investigate betatron radiation in the PWFA within the
plasma of Set II.

Hossein Saberi | LPAW2025 Plasma wakefield acceleration at CLARA April 15, 2025 24 / 31



Introduction to CLARA facility Two-beam PWFA simulation Betatron radiation analysis Concluding Remarks

1 Introduction to CLARA facility

2 Two-beam PWFA simulation

3 Betatron radiation analysis

4 Concluding Remarks

Hossein Saberi | LPAW2025 Plasma wakefield acceleration at CLARA April 15, 2025 25 / 31



Introduction to CLARA facility Two-beam PWFA simulation Betatron radiation analysis Concluding Remarks

Betatron radiation

◦ Betatron radiation is a byproduct of plasma accelerators.

◦ The integrated radiation over 25-centimeter plasma is
calculated.

◦ The proportion of driver and witness radiation is
determined.
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Radiation properties

Radiation spectrum
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Summary and Conclusion

+ Simulations indicate the witness beam energy doubling in a two-bunch PWFA at
CLARA facility.

+ Optimum parameters for the witness/driver beams and plasma were investigated.

+ Betatron radiation in the experiment is mainly in the range of the low energy
photons to UV.

+ Further simulation and design studies will be conducted for this experiment in the
future.
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Thank You
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2. Betatron Radiation at AWAKE

Radiation Features  Predict Parameters

10 hidden layers, each with
36 nodes
leaky ReLU activation
function 
Adam optimisation
function

Neural Networks
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In plasma accelerators, betatron
radiation is a footprint of the electron
beam.  
It could potentially provide information
about the beam parameters, and serve
as a non-invasive diagnostics tool.

The results demonstrate the ability to predict several witness
parameters, including emittance, energy and energy spread
based on X-ray features of the betatron spectrum.
Ongoing research is in progress to refine and optimize the
machine learning models.

1) L. Liang et al. J. Plasma Phys. 89, 965890301 (2023).
2) B. Williamson et al.  Nucl. Instrum. Methods Phys. Res. A 971, 164076 (2020).
3) V. K. B. Olsen et al.  Phys. Rev. Accel. Beams 21, 011301 (2018).
4)A. Döpp A et al.  High Power Laser Science and Engineering 11, e55 (2023)

MACHINE LEARNING TECHNIQUES FOR BETATRON
DIAGNOSTICS IN AWAKE RUN 2

Machine learning models are developed and trained using the dataset generated from simulation
scans over witness initial emittance and its rms radius. 

Explore machine learning-based betatron diagnostics to predict witness beam parameters in the context of the AWAKE experiment. 
Generate a dataset through large-scale simulations with a comprehensive parameter scan.
Determine the radiation features to train the machine learning models.
Validate the models and explore their applicability as diagnostics.

Step 1 Step 2 Step 3 Step 4

In AWAKE Run 2 setup, witness beam is injected and accelerated
in the second plasma cell.

With a simplified simulation model we explore witness beam
acceleration and radiation over 10 meters plasma cell [1-3].

QV3D simulation code has been employed.

The authors would like to acknowledge the assistance given by Research IT and the use of the Computational
Shared Facility at The University of Manchester.
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Machine learning models [4] to predict final witness beam
parameters using X-ray photon data.

Neural network predicts beam parameters to various degrees of precision.
Dataset was split into 80% training, 10% validation and 10% test dataset.
Results varied depending on how the test/train data was split, so an average was taken across many
different random splits.

With the current dataset generation, increasing the amount of data will not significantly enhance the
neural network's predictions.

Linear regression has been applied to a small dataset from
plasma-matched witness beam with an emittance scan.
Linear regression performs very poorly when the initial beam
radius is varied.
Neural network aims to capture this nonlinear behaviour.

Email: hossein.saberi@manchester.ac.ukEmail: hossein.saberi@manchester.ac.uk
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screen
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photons
X-ray critical energy

Witness final energy 
witness energy spread
Witness final emittance

Our current focus is on improving dataset generation and refining the model architecture.

E. Gschwendtner et al. Symmetry 14, 1680 (2022)

➢Background: Plasma wakefield acceleration (PWFA) has gained global attention for the 

achievable ultra-high accelerating gradients [1], which will drastically reduce the footprint, 

price, and carbon load of accelerators to be used for medical applications, free electron 

lasers (FELs), and future high-energy physics experiments [2]. 

➢Problem: Energy doubling experiments focused on increasing the accelerating gradient, 

this normally sacrifices the beam quality (charge loss, energy spread, and emittance) 

preservation, thereby hindering the broader applications of PWFA.

➢Facility: The Compact Linear Accelerator for Research and Applications (CLARA) at the 

Daresbury Laboratory is a state-of-the-art electron accelerator for a future FEL test facility, 

capable of producing 250-MeV electron bunches. Recently, a new beamline attached to 

CLARA, the Full Energy Beam Exploitation (FEBE) facility, has been designed to provide 

ultra-short and low-emittance electron bunches [3]. 

➢ Investigations: Here we numerically investigate PWFA with a two-bunch configuration, i.e., 

the driver/witness bunch, at FEBE to double the energy of the witness bunch. The coupled 

up-ramp and down-ramp plasma density profile exhibits a significant effect in preserving the 

incoming beam quality.

➢Research goals:

• Energy doubling of a 250-MeV electron bunch within a 20-cm-long plasma cell

• Beam quality preservation

Based on the CLARA FEBE specification, we numerically achieved the energy 

doubling with a high-quality beam obtained within a 20-cm-long plasma cell. 

Particularly, we obtained a preserved quality with the 5 pC bunch.

➢Self-focusing: A transition from the linear to non-linear regime at z = 2.5 cm. 

➢Energy spread preservation: With coupled ramp plasma, the under-

compensation and over-compensation effects of the beam loading have been 

regulated to preserve the energy spread. 

➢Charge preservation: The transverse wakefield can initially cover the whole 

beam to preserve the charge. 

➢Emittance preservation: The reduced beam radius makes a closer 

matched condition preserving the emittance. 

➢Significance: Our research can provide attractive insights into beam-quality 

preserved proof-of-principle experiments for energy doubling, as required for 

high-energy physical, industrial, and medical applications.

[1]  I. Blumenfeld et al., Nature 445, 741 (2007).

[2]  P. Muggli et al., Comptes Rendus Phys. 10, 116 (2009).

[3]  E. W. Snedden et al., Phys. Rev. Accel. Beams 27, 41602 (2024).

[4]  R. Lehe et al., Comput. Phys. Commun. 203, 66 (2016).

[5]  F. Filippi et al., J. Instrum. 11, (2016).

Self-focusing of the driver bunch

➢ Front part of the driver expels plasma electrons away

➢ Back part is focused by the transverse wakefield

➢ Peak density of the driver rises from 0.05n0 to 3.74n0

➢ Acceleration mode transition from linear to non-linear regime 

2. Schematic of PWFA Experiments at CLARA FEBE

4. Simulation Parameter Settings

Laser-Plasma Accelerators Workshop 13–19 Apr 2025, Ischia Island (Naples, Italy)

Enabling energy-doubling at CLARA FEBE: 

High-quality beam generation in plasma wakefield acceleration
Jiaqi Zhang1,2, Hossein Saberi1,2, Guoxing Xia1,2, Oznur Apsimon1,2, Stewart Boogert1,2, Deepa Angal-Kalinin3,2, Thomas Pacey3,2, Toby Overton3,2, and Richard D'Arcy4

1Department of Physics and Astronomy, University of Manchester, Manchester, M13 9PL, United Kingdom
2Cockcroft Institute, Warrington, WA4 4AD, United Kingdom
3Accelerator Science and Technology Centre (ASTeC), STFC Daresbury Laboratory, Warrington, WA4 4AD, United Kingdom
4John Adams Institute, University of Oxford, Oxford, OX1 2JD, United Kingdom

Email: jiaqi.zhang-11@postgrad.manchester.ac.uk

Parameters Driver 10 pC  witness 5 pC  witness

Beam density (cm-3)

Charge (pC)

Energy (MeV)

Bunch length (μm)

Transverse size (μm)

Energy spread (%)

Emittance (mm mrad)

1.19×1015

150

250

10

50

1

5

1.98×1015

10

250

10

10

1

5

1.98×1016

5

250

2

5

1

2

5. Transition from the Linear to Non-linear Regime

1. Introduction

References

Summary

3. Particle-in-cell Code

6. Beam Loading Effect

7. Effects of Ramp Plasma on Beam Quality

Fourier-Bessel particle-in-cell (FBPIC) [4]

➢ Quasi-3D cylindrical coordinate

➢ Maxwell 's equation solver in the spectral space

➢ GPU-based code running in the STFC SCARF cluster

➢ Avoid spurious numerical dispersion

PIC loop

Up-ramp & down-ramp 

profiles coupled

Wakefield flattened for the 10 pC witness bunch

➢ Back part of the witness bunch gains more energy before np = 3.6×1016 cm-3 

➢ Relatively uniform acceleration at np = 3.6×1016 cm-3 

➢ witness bunch undergoes a significant inhomogeneity subsequently 

z = 0.57 mm z = 16.77 mm z = 29.97 mm

np = 2.8×1016 cm-3 np = 3.6×1016 cm-3 np = 4.2×1016 cm-3

np = 1.9×1016 cm-3 np = 3.2×1016 cm-3 np = 4.2×1016 cm-3

5 pC witness bunch

➢ Uniform plasma: 
• Defocusing force dominates

• Charge loss terminates

➢ Ramping plasma:
• Consistent focusing force

Beam quality improvement

➢ 10 pC beam: 
• Energy spread: 7.8 → 5.8% (26% lower)

• Charge loss: 2.3 → 1.4 pC (39% lower)

• Emittance: 11.5 → 6.5 mm mrad (43% lower)

➢ 5 pC beam:
• Energy spread: 5.2 → 0.9% (preserved)

• Charge loss: 0.3 → 0 pC (preserved)

• Emittance: 7.88 → 2.17 mm mrad (≈preserved)

10 pC bunch 5 pC bunch

5 pC witness bunch

➢ Under-compensation of the accelerating gradient at np = 1.9 – 3.2×1016 cm-3 

➢ Optimised beam loading effect at np = 3.6×1016 cm-3 

➢ Over-compensation effect when np = 3.2 – 4.2×1016 cm-3 

10 pC witness bunch (5σ statistics)

➢ Uniform plasma: 
• Focusing force dominates initially

• Charge loss terminates

➢ Ramping plasma:
• No defocusing force initially

• Defocusing force dominates during ramp

• Charge loss terminates

➢ Driver/witness configuration is generated by the mask technology.

➢ The discharge method is planned to form the ramp plasma density profile.

➢ Diagnostics include the energy spectrometer, quadrupole scanner, and so on.

Plasma length selection for individual stages:

➢ Initial stage (*S1): shrinks the witness bunch radius until it becomes stable.

➢ Up-ramp stage (S2): 1 cm, referencing the practical implementation at SPARC_LAB [5].

➢ High-density stage (*S3): 4.2×1016 cm-3, acquires adequate acceleration within a 20-cm-

long plasma cell.

➢ Down-ramp stage (S4): 1 cm, for the practical reason as well.

➢ Final stage (*S5): requires adequate length for quality recovery.
* Based on parameter scanning optimisation.

S1

S2
S3

S4

S5
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