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Fig. 8.1. Overview layout of the EuPRAXIA site for beam-driven plasma acceleration.

linac producing electron beams with energy of around 500 MeV. An extension of
the accelerator to 1 GeV is further considered as an upgrade / backup option as
the plasma accelerator stages could be omitted or used to reach higher energies
than with the baseline design. More details on the RF injector and accelerator for
generating the driver and witness electron beams at the PWFA site can be found
in Chapters 14 and 12, respectively.

Plasma accelerators: Two types of plasma accelerators are foreseen at the PWFA
site of EuPRAXIA: one focussed on high beam quality for radiation generation
and the other aiming to produce high-charge, high-average-power electron beams
suitable for positron generation and as test beams. The baseline in both cases con-
siders the external injection of the electron drive and witness beams from the RF
accelerator into a weakly non-linear plasma stage to achieve beam-driven wake-
field acceleration up to 1 GeV. The generated electron bunches based on current
results comply with the requirements for both types of accelerator stages but could
be optimised further towards high charge or high quality in the future. A detailed
design is described in Section 17. Additionally, potential future development paths

are foreseen through (1) increasing the energy reach to 5GeV (see Sect. 17.2)
as well as (2) improving the beam quality further, for example through using
the RF-accelerated electron beam as a driver in a beam-driven plasma wakefield
injector based on the Trojan horse injection mechanism (more details in Sect. 26).

Free-electron laser: The EuPRAXIA facility baseline foresees the use of con-
ventional undulators in all of its FEL beamlines as a risk-mitigating measure,
as described in Chapters 18 and 24.1. The adoption of more compact, novel
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The interaction chamber, transfer line and diagnostic 
dipole

INTERACTION CHAMBER: 
Contains plasma target 
and optics for matching 
and capture of the 
electron bunch(es)

TRANSFER LINE: 
A chicane for separating 
driver(s) from witness. 
Quadrupoles for 
transport and matching 
to the dipole.  
Diagnostics.

DIPOLE: 
A bending magnet 
that opens dispersion 
and allows energy 
measurement. 
We assume 22 deg 
bending angle.

DUMP: 
Only a placeholder!
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The spectrometer dipole @ 5 GeV

https://www.sesame.org.jo/accelerators/technology/magnets-and-ids

SESAME bending dipole @ 2.5 GeV

EuPRAXIA@SPARC_LAB bending dipole @ 5.0 GeV
≈ 10000

≈ 4000

≈ 1.7

Assuming a bending angle as the 1 GeV 
spectrometers (same resolution)

SC option? 
Possible, but expensive.
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Transfer line

Driver - Witness separation chicane: 
most probably not needed.

Transfer - matching line (3125 mm). 
Very rough approximation: × 3 ≈ 10 m

Again, SC magnets could be a viable 
but expensive alternative.
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Fig. 17.2. Witness phase-space plots at the exit of the plasma-accelerating section (a–c).
Longitudinal phase space at the plasma exit, plot of both the driver and the witness (d).
Rolling slice analysis for the witness bunch at the plasma entrance (solid line) and at the
plasma exit (dashed line). The top panel (e) shows the emittance in both transverse planes
as well as the current. The bottom panel (f) plots the energy spread and the current. The
corresponding current axis is the right y-axis.

for the preservation of the total transverse emittance [364]. In future full start-to-end
simulation studies, where the accomplishment of such conditions is not trivial, the
required attention will be dedicated to emittance preservation.

17.2.2 Driver Train Structure and Transformer Ratio

We assume a train of driver bunches generated by an X-band RF linac up to the
energy of 1.2GeV. Increasing energy transfer in a PWFA stage requires a driving
structure with a higher transformer ratio RT than the 1 GeV case. This condition can
be obtained by utilising a train of drive electron bunches [192]. An energy increase
from 1.2 GeV to 5 GeV requires an effective transformer ratio of RT ⇡ 3.2, whereby
“effective” means the transformer ratio is evaluated using the average field acting on

7

The PWFA option: high transformer ratio
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Table 17.1. PWFA bunch parameters at plasma entrance and at plasma exit. The best
slice value is also reported.

Beam Units Driver-IN Driver-OUT Witness-IN Witness-OUT

Charge pC 200 200 30 30

�x m 8 6.4 1.47 1.42

�y m 3.1 10 3.17 1.4

�z m 52 50 3.85 3.8

"n,x mm mrad 2.56 4.1 0.6 0.96

"n,y mm mrad 4.8 11.4 0.55 1.2

�E % 0.2 20 0.07 1.1

E MeV 567 420 575 1030

Best Slice

Current kA 2 2.0

"n,x mm mrad N/A N/A 0.59 0.57

"n,y mm mrad 0.58 0.62

�E % 0.011 0.034

placement will limit the transformer ratio. The central part of the driver that mostly
contributes to generating the wake loses about 150 MeV after a 40 cm distance; the wit-
ness gains about 460MeV at the same time. This value indicates that the accelerating
gradient is about 1.1 GV/m and that a transformer ratio of about 3 is achieved.

The electron beam properties from the simulations reaching 1GeV beam energy
are shown in Figure 17.2. Note that the rolling slice analysis technique was used here
to estimate the witness bunch slice properties. Rather than defining a fixed binning
across the longitudinal distribution of the bunch, which may misidentify high- or low-
quality portions of the beam if they are split between bins, separate values are defined
in this method for the bin size (L) and the step size with which to move the bin across
the beam length (dz). Slice values are thus calculated in steps of size dz along the lon-
gitudinal beam distribution, while the region of macroparticles taken into account for
each slice is defined by the length L�dz (e.g. corresponding to the cooperation length of
an FEL). This provides a larger number of points at which slice parameters are calcu-
lated without having to reduce the number of macroparticles considered in each slice,
therefore providing a better sampling of the bunch properties.

17.2 Numerical Design for the 5 GeV Case

17.2.1 Plasma Parameters

Simulations for the 5 GeV case have been performed assuming ideal bunch shapes.
The simulations described in this section have been run with a longitudinal and
transverse resolution of 1.0 m with a mesh that allows one to reasonably resolve
the witness bunch structure at a moderate computational cost. The advancing time
step is 0.59 fs. The drivers and the witness bunches use 200k and 30k particles,
respectively.

The simulation includes focussing via a plasma ramp before the plateau; thus,
the discretisation corresponds to ⇡ 1 particle per cell at the initialisation reaching
⇡ 1000 particles per cell at the plateau. The plasma channel is ideal, composed by
a ⇠2.4 m plateau with a plasma density of np = 2.5 · 1016 cm�3, preceded by a 1 cm
long injection ramp with a density that varies from zero to np with a cos2 shape and
a constant transverse dimension of 160 m.

In this section, less attention has been given to the transverse evolution of the
bunch since for ideal bunch shapes, it is always possible to find a matching condition
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Fig. 17.3. Electron bunch and background density after 15 mm propagation within the
plasma. The bunch density is plotted with a plasma colour map, while the background
is plotted with a grey colour map. The longitudinal accelerating electric field on axis is
over-imposed with a solid orange line.

the witness, including the beam-loading effect. Given the high current of the witness
(3 kA), the beam-loading effect generates a critical reduction of the accelerating
field and consequently reduces the effective transformer ratio. To avoid this problem,
we designed an ideal train of 3 drivers with ramped increasing charge densities.
Theoretically, this configuration allows reaching a transformer ratio of RT = 2N ,
where N is the number of drivers. The bunch length for any bunch is �z=33 m, to
have the condition for the maximum accelerating gradient kp�z = 1. The separation
between the bunches is constant, with �⇠ = 0.5�p, corresponding to �⇠ ⇡106 m.
The transverse injection condition is calibrated in order to have bunch focussing
inside the ramps, reaching the matching condition (Eq. (17.1)) at the beginning of
the plateau (Twiss functions ↵x,y ⇡ 1, �x,y ⇡ 22 mm for all bunches). The transverse
emittance of the two bunches is chosen arbitrarily as "n,xy =1 mm mrad. The charges
are Q1=40 pC, Q2=140 pC, and Q3=270 pC. They are properly calibrated to obtain
a maximum decelerating field within the bunches that is constant for all drivers.
In this configuration, without the trailing witness bunch, the transformer ratio is
RT ⇡ 7.5.

17.2.3 Bunch Acceleration

The witness is designed with the energy of E = 1.2 GeV and an initial uncorrelated
energy spread of �E = 0.7 %. As in the 1GeV case, a triangular current shape is
chosen to reduce the energy spread growth with an RMS bunch length of �z = 3.6
m. The transverse emittance is arbitrarly chosen as "n,xy = 0.7 mmmrad, and the

Twiss functions are ↵x,y ⇡ 1 and �x,y ⇡ 22 mm, to reach the matching condition
from equation (17.1) at the beginning of the plateau. The peak field is located at
the bubble closure with a value of Ez ⇡ 2.7 GV/m (see Fig. 17.3). The bunch
separation between the centroids of the last driver and the witness is set as 0.46 �p,
corresponding to ⇡97 m in order to minimise the energy spread growth. With this
fixed, the mean accelerating gradient acting on the witness is Ez ⇡ 1.6 GV/m.
The maximum decelerating field acting on the drivers is ⇡450 MV/m, leading to an
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fixed, the mean accelerating gradient acting on the witness is Ez ⇡ 1.6 GV/m.
The maximum decelerating field acting on the drivers is ⇡450 MV/m, leading to an

…

…
Train of 4 bunches (3D+1W) with tuned, increasing charge and 
tailored current profile 
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Table 17.1. PWFA bunch parameters at plasma entrance and at plasma exit. The best
slice value is also reported.

Beam Units Driver-IN Driver-OUT Witness-IN Witness-OUT

Charge pC 200 200 30 30

�x m 8 6.4 1.47 1.42

�y m 3.1 10 3.17 1.4

�z m 52 50 3.85 3.8

"n,x mm mrad 2.56 4.1 0.6 0.96

"n,y mm mrad 4.8 11.4 0.55 1.2

�E % 0.2 20 0.07 1.1

E MeV 567 420 575 1030

Best Slice

Current kA 2 2.0

"n,x mm mrad N/A N/A 0.59 0.57

"n,y mm mrad 0.58 0.62

�E % 0.011 0.034

placement will limit the transformer ratio. The central part of the driver that mostly
contributes to generating the wake loses about 150 MeV after a 40 cm distance; the wit-
ness gains about 460MeV at the same time. This value indicates that the accelerating
gradient is about 1.1 GV/m and that a transformer ratio of about 3 is achieved.

The electron beam properties from the simulations reaching 1GeV beam energy
are shown in Figure 17.2. Note that the rolling slice analysis technique was used here
to estimate the witness bunch slice properties. Rather than defining a fixed binning
across the longitudinal distribution of the bunch, which may misidentify high- or low-
quality portions of the beam if they are split between bins, separate values are defined
in this method for the bin size (L) and the step size with which to move the bin across
the beam length (dz). Slice values are thus calculated in steps of size dz along the lon-
gitudinal beam distribution, while the region of macroparticles taken into account for
each slice is defined by the length L�dz (e.g. corresponding to the cooperation length of
an FEL). This provides a larger number of points at which slice parameters are calcu-
lated without having to reduce the number of macroparticles considered in each slice,
therefore providing a better sampling of the bunch properties.

17.2 Numerical Design for the 5 GeV Case

17.2.1 Plasma Parameters

Simulations for the 5 GeV case have been performed assuming ideal bunch shapes.
The simulations described in this section have been run with a longitudinal and
transverse resolution of 1.0 m with a mesh that allows one to reasonably resolve
the witness bunch structure at a moderate computational cost. The advancing time
step is 0.59 fs. The drivers and the witness bunches use 200k and 30k particles,
respectively.

The simulation includes focussing via a plasma ramp before the plateau; thus,
the discretisation corresponds to ⇡ 1 particle per cell at the initialisation reaching
⇡ 1000 particles per cell at the plateau. The plasma channel is ideal, composed by
a ⇠2.4 m plateau with a plasma density of np = 2.5 · 1016 cm�3, preceded by a 1 cm
long injection ramp with a density that varies from zero to np with a cos2 shape and
a constant transverse dimension of 160 m.

In this section, less attention has been given to the transverse evolution of the
bunch since for ideal bunch shapes, it is always possible to find a matching condition
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Fig. 17.3. Electron bunch and background density after 15 mm propagation within the
plasma. The bunch density is plotted with a plasma colour map, while the background
is plotted with a grey colour map. The longitudinal accelerating electric field on axis is
over-imposed with a solid orange line.

the witness, including the beam-loading effect. Given the high current of the witness
(3 kA), the beam-loading effect generates a critical reduction of the accelerating
field and consequently reduces the effective transformer ratio. To avoid this problem,
we designed an ideal train of 3 drivers with ramped increasing charge densities.
Theoretically, this configuration allows reaching a transformer ratio of RT = 2N ,
where N is the number of drivers. The bunch length for any bunch is �z=33 m, to
have the condition for the maximum accelerating gradient kp�z = 1. The separation
between the bunches is constant, with �⇠ = 0.5�p, corresponding to �⇠ ⇡106 m.
The transverse injection condition is calibrated in order to have bunch focussing
inside the ramps, reaching the matching condition (Eq. (17.1)) at the beginning of
the plateau (Twiss functions ↵x,y ⇡ 1, �x,y ⇡ 22 mm for all bunches). The transverse
emittance of the two bunches is chosen arbitrarily as "n,xy =1 mm mrad. The charges
are Q1=40 pC, Q2=140 pC, and Q3=270 pC. They are properly calibrated to obtain
a maximum decelerating field within the bunches that is constant for all drivers.
In this configuration, without the trailing witness bunch, the transformer ratio is
RT ⇡ 7.5.

17.2.3 Bunch Acceleration

The witness is designed with the energy of E = 1.2 GeV and an initial uncorrelated
energy spread of �E = 0.7 %. As in the 1GeV case, a triangular current shape is
chosen to reduce the energy spread growth with an RMS bunch length of �z = 3.6
m. The transverse emittance is arbitrarly chosen as "n,xy = 0.7 mmmrad, and the

Twiss functions are ↵x,y ⇡ 1 and �x,y ⇡ 22 mm, to reach the matching condition
from equation (17.1) at the beginning of the plateau. The peak field is located at
the bubble closure with a value of Ez ⇡ 2.7 GV/m (see Fig. 17.3). The bunch
separation between the centroids of the last driver and the witness is set as 0.46 �p,
corresponding to ⇡97 m in order to minimise the energy spread growth. With this
fixed, the mean accelerating gradient acting on the witness is Ez ⇡ 1.6 GV/m.
The maximum decelerating field acting on the drivers is ⇡450 MV/m, leading to an
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

1 GeV plasma target: , 
int chamber  (contains PMQs)

≈ 40 − 60 cm
≈ 3 m ASSUME: 

•  

•

Ein = 1.2 GeV

⟨Ez⟩ ≈ 2.0 GeV

5 GeV plasma target: , int chamber  (?)≈ 250 cm 5 m - 7 m
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

The only way to reduce size is 
improving WP average field.
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168 Chapter 11. High power laser system

fs) – which will be upgraded with bigger size optics.
• A transport line to reach the interaction point placed after the linac.

Figure 11.3: Possible layout of the 500 TW laser systems.

The rack room is placed on the upper floor but completely overlapped with the laser clean room.
This choice is due to the fact that the maximum length for the cable can be only 8 m (mainly to
avoid power dispersion). Therefore the rack room needs to be quite close to the laser room.

The 500 TW laser will have the parameters summarized in Table 11.2.

Units value

Central wavelength nm 800
Bandwidth nm 60 - 80
Repetition rate Hz 1 - 5
Max energy before compression J 20
Max energy on target J 13
Min pulse length fs 25
Max power TW 500
Contrast ratio 1010

Laser spot size at focus (optics dependent) µm 2 - 50
Peak power density at focus (optics dependent) W/cm2 1022 - 1019

Table 11.2: Laser beam parameter for the upgraded FLAME laser.

As we can see from Table 11.2, there are different peak power density that can be reached, from
1019 W/cm2 to 1022 W/cm2 which of course depends on the off-axis parabola focal length.
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Fig. 23.23. High-energy transfer line for Scheme 2: Beam beta function (a), normalised
emittance (b), transverse size (c), and bunch duration and energy spread (d) of the core
beam along the transport line for the case of one LPI + LPAS (5 GeV). The calculations
were performed with the tracking code TraceWin.

Table 23.7. High-energy transfer line for Scheme 2: Comparison between the beam param-
eters at the end of the LPAS and at the entrance of the undulator. These parameters have
been calculated considering only the beam core, i.e. only a 1.4 fs long slice in z around
the peak current. This bunch core contains 5 pC of charge. The slice parameters and peak
current are calculated assuming 0.1 m long slices.

LPAS exit Undulator entrance
�x [m] 0.021 3.16
�y [m] 0.023 7.33
↵x – –0.48 –0.70
↵y – –0.54 1.56

"n,x [ m] 0.76 0.76
"n,y [ m] 0.90 0.88

Mean Energy [GeV] 4.98 4.98
��/� [10

�3] 1.0 1.0
Î [kA] 3.2 3.3

�⌧ [fs] 0.4 0.4
"n,x (slice) [ m] 0.86 0.85
"n,y (slice) [ m] 1.00 1.00

��/� (slice) [10
�3] 0.85 0.76

Fig. 23.24. Scheme 3 combining a 500MeV RF injector with an LPAS to 5 GeV.I assume discharge capillaries. The high power laser pulse needs 
to be guided for the whole capillary length.
I am NOT considering the laser transport system!
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Fig. 23.23. High-energy transfer line for Scheme 2: Beam beta function (a), normalised
emittance (b), transverse size (c), and bunch duration and energy spread (d) of the core
beam along the transport line for the case of one LPI + LPAS (5 GeV). The calculations
were performed with the tracking code TraceWin.

Table 23.7. High-energy transfer line for Scheme 2: Comparison between the beam param-
eters at the end of the LPAS and at the entrance of the undulator. These parameters have
been calculated considering only the beam core, i.e. only a 1.4 fs long slice in z around
the peak current. This bunch core contains 5 pC of charge. The slice parameters and peak
current are calculated assuming 0.1 m long slices.
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Fig. 23.24. Scheme 3 combining a 500MeV RF injector with an LPAS to 5 GeV.
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Fig. 23.24. Scheme 3 combining a 500MeV RF injector with an LPAS to 5 GeV.
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emittance (b), transverse size (c), and bunch duration and energy spread (d) of the core
beam along the transport line for the case of one LPI + LPAS (5 GeV). The calculations
were performed with the tracking code TraceWin.

Table 23.7. High-energy transfer line for Scheme 2: Comparison between the beam param-
eters at the end of the LPAS and at the entrance of the undulator. These parameters have
been calculated considering only the beam core, i.e. only a 1.4 fs long slice in z around
the peak current. This bunch core contains 5 pC of charge. The slice parameters and peak
current are calculated assuming 0.1 m long slices.
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Î [kA] 3.2 3.3

�⌧ [fs] 0.4 0.4
"n,x (slice) [ m] 0.86 0.85
"n,y (slice) [ m] 1.00 1.00

��/� (slice) [10
�3] 0.85 0.76

Fig. 23.24. Scheme 3 combining a 500MeV RF injector with an LPAS to 5 GeV.
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Plasma chamber: the LWFA option

ASSUME: 
•  

•

Ein ∼ 0.5 − 1.0 GeV

⟨Ez⟩ ≳ 7.0 GeV

5 GeV plasma target: , int chamber ∼ 50 cm 3 m - 5 m
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate
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168 Chapter 11. High power laser system

fs) – which will be upgraded with bigger size optics.
• A transport line to reach the interaction point placed after the linac.

Figure 11.3: Possible layout of the 500 TW laser systems.

The rack room is placed on the upper floor but completely overlapped with the laser clean room.
This choice is due to the fact that the maximum length for the cable can be only 8 m (mainly to
avoid power dispersion). Therefore the rack room needs to be quite close to the laser room.

The 500 TW laser will have the parameters summarized in Table 11.2.

Units value

Central wavelength nm 800
Bandwidth nm 60 - 80
Repetition rate Hz 1 - 5
Max energy before compression J 20
Max energy on target J 13
Min pulse length fs 25
Max power TW 500
Contrast ratio 1010

Laser spot size at focus (optics dependent) µm 2 - 50
Peak power density at focus (optics dependent) W/cm2 1022 - 1019

Table 11.2: Laser beam parameter for the upgraded FLAME laser.

As we can see from Table 11.2, there are different peak power density that can be reached, from
1019 W/cm2 to 1022 W/cm2 which of course depends on the off-axis parabola focal length.
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Straight PWFA
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

5 m 10 m

4 m

The most trivial solution is “invasive”! 
It’s implementation prevents facility operation for a long time and requires significant 

intervention and careful planning
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Dogleg PWFA

5 m
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

10 m 4 m

PROS: 
• Compatible with facility current layout 
• All PWFA

CONS: 
• Large bending angle (22 deg) 
• Highly risky: dogleg + COMB structure
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Dogleg PWFA: building constraints

23 Simona Incremona

Executive design –overlap with machine layout

Moredetailsaboutthemachinelayoutin
AndreaGhigopresentation.
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate
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Dogleg LWFA: injection @ 500 - 600 MeV
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

3 m 10 m 4 m

PROS: 
• Compatible with facility current layout 
• Dogleg with smaller angle (10 deg) 
• Works with 12J laser on target 
• Undulator room downstream

CONS: 
• No PWFA at all 
• Risky: long laser guiding 
• Low rep rate 
• Laser should be removed
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Dogleg LWFA @ 500 MeV: building constraints
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

3 m 10 m 4 m
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Dogleg LWFA: injection @ 100 MeV
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate3 m 10 m 4 m

PROS: 
• Compatible with facility current layout 
• Dogleg with smaller angle (10 deg) 
• Lot of space downstream

CONS: 
• No PWFA at all 
• Lower injection energy, requires 1 PW 

laser 
• Risky: long laser guiding 
• Low rep rate
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Dogleg LWFA @ 100 MeV: building constraints
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate
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Hybrid PWFA + dogleg LWFA, option 1
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

3 m 10 m 4 m

PROS: 
• Compatible with facility current layout 
• PWFA + LWFA!

CONS: 
• Large angle dogleg 
• Risky: long laser guiding 
• Staging

From PWFA: Eout = 1.0 - 1.7 GeV

LWFA: Eout = 5.0 GeVEin = 1.0 - 1.7 GeV
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Hybrid PWFA + LWFA 1: building constraints
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate
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Hybrid PWFA + dogleg LWFA, option 2

PROS: 
• Compatible with facility current layout 
• Small dogleg angle (10 deg) 
• Only 1D + 1W in dogleg 
• PWFA + LWFA!

CONS: 
• Comb structure in dogleg 
• Risky: long laser guiding 
• Staging
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate3 m 10 m 4 m

Angelo.Biagioni@lnf.infn.it | TDR Review committee 26 – 28 June 2024 | Page 9/17

High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate2m 2m

Ein = 500 MeV Eout = 1.0 GeVPWFA:

Ein = 1.0 GeV Eout = 5.0 GeVLWFA:
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Hybrid PWFA + LWFA 2: building constraints
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate

3 m 10 m 4 m
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High repetition rate plasma sources - 60 cm long plasma source 

40 cm

1.1 GeV (1.5 GV/m  600 MeV in 40cm 
long  capillary - density 1016 cm-3 ):

 3D printed plastic material
 6 uniform inlets
 Density range 1016 -1017 cm-3

 9-10 kV – 380 A
 100 Hz rep Rate

1.1 GeV (1 GV/m  600 MeV in 60cm 
long  capillary - density 1016 cm-3 ):

 Fabrication by machining
 10 increasing diameter
 Density range 1016 -1017 cm-3

 10-15 kV with 400 - 500 A
 100 Hz rep Rate2m 2m
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Risk mitigation

• Long guiding channel: filament, HOFI

Oscillation damper for misaligned witness in plasma wakefield accelerator

K.V. Lotov, I.Yu. Kargapolov, P.V. Tuev
1)Novosibirsk State University, Novosibirsk 630090, Russia
2)Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia

(Dated: 19 September 2024)

If a laser- or particle beam-driven plasma wakefield accelerator operates in the linear or moderately nonlin-
ear regime, injecting an externally produced particle bunch (witness) to be accelerated may encounter an
alignment problem. Witness alignment tolerances can be relaxed by using a damper, an additional particle
bunch produced by the same injector and propagating at a submillimeter distance ahead of the witness. If
misaligned, the damper perturbs the wakefield in such a way that the witness shifts on-axis with no quality
loss.

Wakefield acceleration of particles in plasma, in which
a strong field is excited in the plasma by a compact
laser pulse or a relativistic particle bunch, promises
a drastic reduction in the size of high-energy parti-
cle accelerators.1–3 The quality of the accelerated beam
(called witness) in this method depends largely on the
injection of particles into the plasma wave.4–6 Most in-
jection techniques rely on trapping of plasma electrons
by the wave. Injection of an externally produced beam
from a conventional accelerator is also of interest,7–21 as
it offers additional degrees of freedom in shaping and po-
sitioning of the witness, and in some cases is the only
applicable method. Our study relates to the latter op-
tion.

The external witness injection comes along with the
alignment problem. The witness and wakefield axes
must coincide to a small fraction of k�1

p , where kp =p
4⇡ne2/(mc2) is the plasma wavenumber, n is the

plasma density, m is the electron mass, e is the elemen-
tary charge, and c is the speed of light. Otherwise, the
witness wriggles around the wakefield axis (Fig. 1) be-
cause the focusing force in the plasma depends on the
co-moving longitudinal coordinate ⇠ = z � ct and differ-
ent parts of the witness oscillate transversely with dif-
ferent frequencies. As a result, the quality of the wit-
ness deteriorates, i.e. its radius and emittance increase.
This was not a problem in early proof-of-principle experi-
ments with external injection,7–14 but it may be an issue
in future experiments aimed at demonstrating witness
quality.15–21 The required tolerances may be difficult to
achieve.22–24 Only the blowout regime of acceleration25,26

is free from this source of emittance growth, but this
regime usually involves the injection of plasma electrons
into the wave.

In this paper, we propose a method which can relax re-
quirements on witness-to-driver alignment. The method
works for linear or moderately nonlinear wakefields only,
but this is exactly where it is most needed.

The idea is illustrated by Fig. 2. The witness is pre-
ceded by an additional bunch of particles of the same sort,
which we call a damper. It is assumed that the damper
is produced by the same injector as the witness. If the
witness is misaligned with the driver axis, the damper is
misaligned by the same amount x0. The damper is in

approximately the same focusing field as the witness. If
misaligned, the damper oscillates transversely with a fre-
quency close to the witness oscillation frequency, and the
wakefield perturbation induced by the damper dampens
the witness oscillations (Fig. 3). As a result, the witness
aligns to the axis without quality loss.

This method relies on several physical principles and
technological advances.

First, there is always a cross-section in which the fre-
quency of damper oscillations equals that of the witness
head. The electromagnetic force ~F acting on the wit-
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FIG. 1. Distortion of a misaligned electron witness as it prop-
agates through the plasma. The black points show the witness
particles, the color shows the perturbation �n of the plasma
electron density. The witness propagates to the right (in the
z-direction).
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• Laser removal: plasma mirror
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Dogleg LWFA: injection @ 500 - 600 MeV

Laser parameters: 
σtr = 40 μm 
El = 12 J 
στ = 30 fs  

Bunch parameters: 
q = 30 pC 
Ein = 500 MeV 
στ = 13 fs  

n0 = 5 × 1016 cm−3


