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Energy gain per LWFA stage limited by depletion
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STAGING REQUIRED TO GO BEYOND ENERGY RANGE OF ORDER 10 GEV (WITH MODERN LASER TECHNOLOGY)

10
15

10
16

10
17

10
18

10
19

0.1

1

10

100

1000

10
4 Single-stage laser energy

U L
 (J

)

np (cm-3)

UL / n
� 3

2
p

1 PW class

50 TW class

W / n�1
p

W
 (G

eV
)

Single-stage energy gain

np (cm-3)

50 TW class

1 PW class

by courtesy of C.B. Schroeder

Coefficients determined from simulations 
in the quasi-linear regime (a0 = 1.5)

10 GeV energy gain per stage 
seems good compromise, 
will use collider parameters from
→ C.B. Schroeder et al., 

Phys. Rev. STAB 15, 051301 (2012) 
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Definition of staging
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STAGING REQUIRES A FRESH WAKEFIELD DRIVER PER STAGE

Lacc

Lstage

Lc

mirror

accelerator module accelerator module

laserlaser

laser

This presentation will (mostly) focus on what happens between the accelerator modules…
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Staging concept demonstrated at Berkeley Lab
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DEPLOYED SETUP CONTAINS ALL CRUCIAL INGREDIENTS, NEEDS FURTHER REFINEMENT FOR COLLIDER APPLICATION 
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Multistage coupling of independent laser-plasma 
accelerators
S. Steinke1, J. van Tilborg1, C. Benedetti1, C. G. R. Geddes1, C. B. Schroeder1, J. Daniels1,3, K. K. Swanson1,2, A. J. Gonsalves1,  
K. Nakamura1, N. H. Matlis1, B. H. Shaw1,2, E. Esarey1 & W. P. Leemans1,2

Laser-plasma accelerators (LPAs) are capable of accelerating charged 
particles to very high energies in very compact structures1. In theory, 
therefore, they offer advantages over conventional, large-scale 
particle accelerators. However, the energy gain in a single-stage LPA 
can be limited by laser diffraction, dephasing, electron-beam loading 
and laser-energy depletion1. The problem of laser diffraction can 
be addressed by using laser-pulse guiding2 and preformed plasma 
waveguides to maintain the required laser intensity over distances of 
many Rayleigh lengths3; dephasing can be mitigated by longitudinal 
tailoring of the plasma density4; and beam loading can be controlled 
by proper shaping of the electron beam5. To increase the beam energy 
further, it is necessary to tackle the problem of the depletion of laser 
energy, by sequencing the accelerator into stages, each powered by 
a separate laser pulse6. Here, we present results from an experiment 
that demonstrates such staging. Two LPA stages were coupled over 
a short distance (as is needed to preserve the average acceleration 
gradient) by a plasma mirror. Stable electron beams from a first 
LPA were focused to a twenty-micrometre radius—by a discharge 
capillary-based7 active plasma lens8—into a second LPA, such that 
the beams interacted with the wakefield excited by a separate laser. 
Staged acceleration by the wakefield of the second stage is detected 
via an energy gain of 100 megaelectronvolts for a subset of the 
electron beam. Changing the arrival time of the electron beam with 
respect to the second-stage laser pulse allowed us to reconstruct the 
temporal wakefield structure and to determine the plasma density. 
Our results indicate that the fundamental limitation to energy 
gain presented by laser depletion can be overcome by using staged 
acceleration, suggesting a way of reaching the electron energies 
required for collider applications6,9.

The limitations of conventional particle-accelerator technology10 are 
motivating the development of advanced particle-acceleration tech-
niques, such as laser-plasma acceleration, which could see a broad 
range of applications—ranging from particle colliders that produce 
energies beyond 1012 electronvolts (TeV)9 to compact free-electron 
lasers and Thomson γ-ray sources. Within the past few years, tre-
mendous progress in LPA development has been made. After the first 
demonstration of per-cent-level energy spread and small divergence 
in millimetre-scale plasmas in 2004 (refs 11–13), electron beams with 
energies of 109 eV (GeV) were obtained with 40-terawatt laser pulses14. 
Subsequently, electron beams with multi-GeV energies were reported 
with petawatt-class laser systems and plasmas of a few centimetres in 
length15–17. Controlling the injection of electrons into plasma waves 
enables the accelerator to be precisely tuned18–21.

The accelerating gradient, Ez, of a single-stage LPA scales with the 
plasma density, ne, as ∝ /E nz e

1 2. The single-stage length, Lstage, is given 
by the laser-depletion length, Ldeplete: ≈ ∝ − /L L nstage deplete e

3 2. Thus, the 
energy gain per stage scales as ∝W nstage

1
e
. With the help of particle- 

in-cell simulations, it has been shown22 that, in order to reach an energy 

of 1 TeV in a single stage, a plasma density of about 1015 cm− 3 is 
required. This would result in an acceleration length of 1 km, a low 
acceleration gradient, 10 kJ of required laser pulse energy, and an elec-
tron bunch that is not suitable for collider applications9. However, 
staging using multiple petawatt laser systems would allow for the use 
of much higher plasma densities, and hence the generation of higher 
accelerating gradients; this would result in a reduction in the total 
LPA-based linear-accelerator length to a few hundred metres, as well 
as more favourable laser parameters and electron-bunch charges9. To 
obtain such a compact set-up, coupling distances of the order of the laser- 
depletion length, at the 1-metre scale, are assumed. Because the flu-
ence restrictions of conventional laser optics require them to be posi-
tioned several metres away from the focal plane of the laser, plasma 
mirrors23 have been proposed instead as the final steering optics24. 
Such a compact staging set-up is also important to photon sources (for 
example when using γ-rays to inspect materials)25, where it can be 
used to decelerate electrons after photon production to mitigate shield-
ing needs.

Here we demonstrate coupling of, and acceleration in, two sepa-
rately powered LPA stages. Two synchronized laser pulses were applied 
to drive two acceleration stages in series (Fig. 1). The first stage gen-
erated electron beams from a gas-jet target with a central energy of 
120 MeV (see Methods). To maximize the coupling efficiency to the 
second stage, these electron beams were refocused by a first discharge 
capillary, acting as an active plasma lens8, to the entrance of a second 
discharge capillary, serving as the second-stage target. The acceler-
ation fields in the second capillary were excited by the second laser 
pulse, reflected by a tape-based plasma-mirror a few centimetres away. 
Depending upon the relative timing of the two laser pulses, an energy 
gain of about 100 MeV might be observed, with a charge-coupling 
efficiency of 3.5%. Continuous scanning of the relative timing of the 
laser pulses allowed us to reconstruct the femtosecond-scale temporal 
field structure of the second-stage wake, providing an important wake 
diagnostic. Numerical modelling confirms the effective trapping of the 
electron beam in the second-stage wake structure, and provides evi-
dence for the femtosecond duration of the first-stage electron beams.

The electron beams generated in the first stage were transported to 
the second-stage target using a pulsed active plasma lens8. Radially 
symmetrical focusing was achieved in a gas-filled, 15-mm-long cap-
illary with a diameter of 500 µm, using an axial discharge current of 
650 A, which produced an azimuthal focusing magnetic field. The 
high field strengths produced (∼ 0.5 tesla) re-focused electrons with 
energies of 75–125 MeV within a distance of 25 mm through the  
plasma-mirror tape to an energy-dependent spot size of 20–30 µm 
(r.m.s.) at the second plasma stage (Fig. 1 inset). The divergence 
acceptance of the lens was 5 mrad.

The second-stage LPA target was formed by a separate discharge 
capillary structure (see Methods). The discharge current created a 
pre-formed plasma that served as a waveguide, guiding the driving 

1Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA. 2University of California–Berkeley, Berkeley, California 94720, USA. 3Eindhoven University of 
Technology, PO Box 513, 5600MB Eindhoven, The Netherlands.

© 2016 Macmillan Publishers Limited. All rights reserved

S. Steinke et al., Nature 530, 190–193 (2016)



Jens Osterhoff  |  ALEGRO, Oxford  |  March 27, 2018  |  Page 00 

Staging concept demonstrated at Berkeley Lab

4

DEPLOYED SETUP CONTAINS ALL CRUCIAL INGREDIENTS, NEEDS FURTHER REFINEMENT FOR COLLIDER APPLICATION 

0 0  M O N T H  2 0 1 6  |  V O L  0 0 0  |  N A T U R E  |  1

LETTER
doi:10.1038/nature16525

Multistage coupling of independent laser-plasma 
accelerators
S. Steinke1, J. van Tilborg1, C. Benedetti1, C. G. R. Geddes1, C. B. Schroeder1, J. Daniels1,3, K. K. Swanson1,2, A. J. Gonsalves1,  
K. Nakamura1, N. H. Matlis1, B. H. Shaw1,2, E. Esarey1 & W. P. Leemans1,2

Laser-plasma accelerators (LPAs) are capable of accelerating charged 
particles to very high energies in very compact structures1. In theory, 
therefore, they offer advantages over conventional, large-scale 
particle accelerators. However, the energy gain in a single-stage LPA 
can be limited by laser diffraction, dephasing, electron-beam loading 
and laser-energy depletion1. The problem of laser diffraction can 
be addressed by using laser-pulse guiding2 and preformed plasma 
waveguides to maintain the required laser intensity over distances of 
many Rayleigh lengths3; dephasing can be mitigated by longitudinal 
tailoring of the plasma density4; and beam loading can be controlled 
by proper shaping of the electron beam5. To increase the beam energy 
further, it is necessary to tackle the problem of the depletion of laser 
energy, by sequencing the accelerator into stages, each powered by 
a separate laser pulse6. Here, we present results from an experiment 
that demonstrates such staging. Two LPA stages were coupled over 
a short distance (as is needed to preserve the average acceleration 
gradient) by a plasma mirror. Stable electron beams from a first 
LPA were focused to a twenty-micrometre radius—by a discharge 
capillary-based7 active plasma lens8—into a second LPA, such that 
the beams interacted with the wakefield excited by a separate laser. 
Staged acceleration by the wakefield of the second stage is detected 
via an energy gain of 100 megaelectronvolts for a subset of the 
electron beam. Changing the arrival time of the electron beam with 
respect to the second-stage laser pulse allowed us to reconstruct the 
temporal wakefield structure and to determine the plasma density. 
Our results indicate that the fundamental limitation to energy 
gain presented by laser depletion can be overcome by using staged 
acceleration, suggesting a way of reaching the electron energies 
required for collider applications6,9.

The limitations of conventional particle-accelerator technology10 are 
motivating the development of advanced particle-acceleration tech-
niques, such as laser-plasma acceleration, which could see a broad 
range of applications—ranging from particle colliders that produce 
energies beyond 1012 electronvolts (TeV)9 to compact free-electron 
lasers and Thomson γ-ray sources. Within the past few years, tre-
mendous progress in LPA development has been made. After the first 
demonstration of per-cent-level energy spread and small divergence 
in millimetre-scale plasmas in 2004 (refs 11–13), electron beams with 
energies of 109 eV (GeV) were obtained with 40-terawatt laser pulses14. 
Subsequently, electron beams with multi-GeV energies were reported 
with petawatt-class laser systems and plasmas of a few centimetres in 
length15–17. Controlling the injection of electrons into plasma waves 
enables the accelerator to be precisely tuned18–21.

The accelerating gradient, Ez, of a single-stage LPA scales with the 
plasma density, ne, as ∝ /E nz e

1 2. The single-stage length, Lstage, is given 
by the laser-depletion length, Ldeplete: ≈ ∝ − /L L nstage deplete e

3 2. Thus, the 
energy gain per stage scales as ∝W nstage

1
e
. With the help of particle- 

in-cell simulations, it has been shown22 that, in order to reach an energy 

of 1 TeV in a single stage, a plasma density of about 1015 cm− 3 is 
required. This would result in an acceleration length of 1 km, a low 
acceleration gradient, 10 kJ of required laser pulse energy, and an elec-
tron bunch that is not suitable for collider applications9. However, 
staging using multiple petawatt laser systems would allow for the use 
of much higher plasma densities, and hence the generation of higher 
accelerating gradients; this would result in a reduction in the total 
LPA-based linear-accelerator length to a few hundred metres, as well 
as more favourable laser parameters and electron-bunch charges9. To 
obtain such a compact set-up, coupling distances of the order of the laser- 
depletion length, at the 1-metre scale, are assumed. Because the flu-
ence restrictions of conventional laser optics require them to be posi-
tioned several metres away from the focal plane of the laser, plasma 
mirrors23 have been proposed instead as the final steering optics24. 
Such a compact staging set-up is also important to photon sources (for 
example when using γ-rays to inspect materials)25, where it can be 
used to decelerate electrons after photon production to mitigate shield-
ing needs.

Here we demonstrate coupling of, and acceleration in, two sepa-
rately powered LPA stages. Two synchronized laser pulses were applied 
to drive two acceleration stages in series (Fig. 1). The first stage gen-
erated electron beams from a gas-jet target with a central energy of 
120 MeV (see Methods). To maximize the coupling efficiency to the 
second stage, these electron beams were refocused by a first discharge 
capillary, acting as an active plasma lens8, to the entrance of a second 
discharge capillary, serving as the second-stage target. The acceler-
ation fields in the second capillary were excited by the second laser 
pulse, reflected by a tape-based plasma-mirror a few centimetres away. 
Depending upon the relative timing of the two laser pulses, an energy 
gain of about 100 MeV might be observed, with a charge-coupling 
efficiency of 3.5%. Continuous scanning of the relative timing of the 
laser pulses allowed us to reconstruct the femtosecond-scale temporal 
field structure of the second-stage wake, providing an important wake 
diagnostic. Numerical modelling confirms the effective trapping of the 
electron beam in the second-stage wake structure, and provides evi-
dence for the femtosecond duration of the first-stage electron beams.

The electron beams generated in the first stage were transported to 
the second-stage target using a pulsed active plasma lens8. Radially 
symmetrical focusing was achieved in a gas-filled, 15-mm-long cap-
illary with a diameter of 500 µm, using an axial discharge current of 
650 A, which produced an azimuthal focusing magnetic field. The 
high field strengths produced (∼ 0.5 tesla) re-focused electrons with 
energies of 75–125 MeV within a distance of 25 mm through the  
plasma-mirror tape to an energy-dependent spot size of 20–30 µm 
(r.m.s.) at the second plasma stage (Fig. 1 inset). The divergence 
acceptance of the lens was 5 mrad.

The second-stage LPA target was formed by a separate discharge 
capillary structure (see Methods). The discharge current created a 
pre-formed plasma that served as a waveguide, guiding the driving 

1Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, California 94720, USA. 2University of California–Berkeley, Berkeley, California 94720, USA. 3Eindhoven University of 
Technology, PO Box 513, 5600MB Eindhoven, The Netherlands.

© 2016 Macmillan Publishers Limited. All rights reserved

S. Steinke et al., Nature 530, 190–193 (2016)



Jens Osterhoff  |  ALEGRO, Oxford  |  March 27, 2018  |  Page 00 

Staging demands for collider application
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GOING BEYOND WHAT HAS BEEN DEMONSTRATED

> Preservation of normalized transverse emittance on ~10 nm level → spot size at IP → luminosity

> Limited inter-stage distance to keep effective gradient > 1 GV/m, implying < 1 km/TeV → construction cost

> Preservation of bunch charge → efficiency → operation cost

> Operation at high repetition rate and average power → luminosity
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Compact, emittance-conserving interstage beam transport
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Beam release 
- chromatic emittance growth in drift

I. PARTICLE BEAM TRANSPORT

Beam injection 
- matching for emittance conservation

Beam optics 
- nonlinear fields → emittance growth

- field gradient × length → coupling distance
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Beam release from plasma

Phase space ellipses during drift
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→ K. Floettmann, Phys. Rev. STAB 6, 034202 (2003)

> beams at plasma exit

- finite energy spread

- finite emittance and matched β → finite divergence


> leads to growth of transverse emittance in free drift
R. Robson et al., Annals of Physics 356, 306 (2015)  

T. Mehrling et al., NIM A 829, 367 (2016)
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Emittance growth depends on transition length

> Plasma-to-vacuum transition ≫ β for adiabatic release

> Strong focussing for beam capturing required

→ K. Floettmann, Phys. Rev. STAB 6, 034202 (2003)

> beams at plasma exit

- finite energy spread

- finite emittance and matched β → finite divergence


> leads to growth of transverse emittance in free drift
R. Robson et al., Annals of Physics 356, 306 (2015)  

T. Mehrling et al., NIM A 829, 367 (2016)
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I. PARTICLE BEAM TRANSPORT



Jens Osterhoff  |  ALEGRO, Oxford  |  March 27, 2018  |  Page 00 

�x =

s
✏N�m

�
<latexit sha1_base64="hqNjUJqH3ipzM8b72yki9U1p1j8="></latexit><latexit sha1_base64="hqNjUJqH3ipzM8b72yki9U1p1j8="></latexit><latexit sha1_base64="hqNjUJqH3ipzM8b72yki9U1p1j8="></latexit><latexit sha1_base64="hqNjUJqH3ipzM8b72yki9U1p1j8="></latexit>

Beam release from plasma
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→ K. Floettmann, Phys. Rev. STAB 6, 034202 (2003)

> beams at plasma exit

- finite energy spread

- finite emittance and matched β → finite divergence


> leads to growth of transverse emittance in free drift
R. Robson et al., Annals of Physics 356, 306 (2015)  

T. Mehrling et al., NIM A 829, 367 (2016)
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I. PARTICLE BEAM TRANSPORT

Case: ne = 1017 cm-3, εN = 10 nm, σp/p = 0.5%

- 10 GeV stage 
→ βm ≈ 3 mm, σx ≈ 40 nm, σx’ ≈ 10 µrad

→ 10 nm / m emittance growth in drift  

- 1 TeV stage 
→ βm ≈ 30 mm, σx ≈ 10 nm, σx’ ≈ 0.3 µrad

→ 1 nm / m emittance growth in drift 
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I. PARTICLE BEAM TRANSPORT

Time step 1 Time step 3Time step 2Slice rotation speeds vary  
along electron bunch
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L
β,mix

Matched case (CM)
Miss−matched case (C1)
Miss−matched case (C2)

εn,fin,C1

εn,fin,C2

Only beta matched 
Only alpha matched

T. Mehrling et al., 
Phys. Rev. STAB 15, 111303 (2012)

Matching conditions
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Figure 1.4: y-z slice plane of Ez field compo-
nent of a 3D PIC-simulation with a0 = 0.5
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Figure 1.5: y-z slice plane of Ez field compo-
nent of a 3D PIC-simulation with a0 = 1.5
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Figure 1.7: y-z slice plane of Ey field compo-
nent of a 3D PIC-simulation with a0 = 1.5

Electron self-injection

The effects taking place when focusing a relativistic laser pulse into underdense plasma not
only enable relativistic electron acceleration due to high longitudinal fields, but inherently
provide the mechanism of the electron placement in the accelerating phase of the wakefield.
This inherent injection is called self-injection.

Different mechanisms for self-injection or self-trapping of electrons in the accelerating phase
of the wake exist. The one-dimensional fluid theory cannot provide a full description but the
understanding for some of these mechanisms.

The energy of an electron in presence of the vector potential a(ξ) of a laser pulse and the
scalar potential φ(ξ) induced by a plasma wave in accordance to the one-dimensional fluid
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Beam matching into plasma
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I. PARTICLE BEAM TRANSPORT
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Matching conditions
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Figure 1.4: y-z slice plane of Ez field compo-
nent of a 3D PIC-simulation with a0 = 0.5
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Figure 1.5: y-z slice plane of Ez field compo-
nent of a 3D PIC-simulation with a0 = 1.5
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Figure 1.6: y-z slice plane of Ey field compo-
nent of a 3D PIC-simulation with a0 = 0.5
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Figure 1.7: y-z slice plane of Ey field compo-
nent of a 3D PIC-simulation with a0 = 1.5

Electron self-injection

The effects taking place when focusing a relativistic laser pulse into underdense plasma not
only enable relativistic electron acceleration due to high longitudinal fields, but inherently
provide the mechanism of the electron placement in the accelerating phase of the wakefield.
This inherent injection is called self-injection.

Different mechanisms for self-injection or self-trapping of electrons in the accelerating phase
of the wake exist. The one-dimensional fluid theory cannot provide a full description but the
understanding for some of these mechanisms.

The energy of an electron in presence of the vector potential a(ξ) of a laser pulse and the
scalar potential φ(ξ) induced by a plasma wave in accordance to the one-dimensional fluid
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↵(z) = � z

�m
<latexit sha1_base64="Itp2mgYlDqHJOycYVK4BNS8Jkkw=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhahLiyJCOpCKLpxWcHYQhPKzXTSDp08mJkIbcjSjb/ixoWKW3/BnX/j9LHQ1gMXDufcy733+AlnUlnWt1FYWFxaXimultbWNza3zO2dexmnglCHxDwWTR8k5SyijmKK02YiKIQ+pw2/fz3yGw9USBZHd2qQUC+EbsQCRkBpqW3uu8CTHuDK8Ahf4mM3EECyYZ65PlXQDvO2Wbaq1hh4nthTUkZT1Nvml9uJSRrSSBEOUrZsK1FeBkIxwmleclNJEyB96NKWphGEVHrZ+JEcH2qlg4NY6IoUHqu/JzIIpRyEvu4MQfXkrDcS//NaqQrOvYxFSapoRCaLgpRjFeNRKrjDBCWKDzQBIpi+FZMe6CyUzq6kQ7BnX54nzkn1omrfnpZrV9M0imgPHaAKstEZqqEbVEcOIugRPaNX9GY8GS/Gu/ExaS0Y05ld9AfG5w/XqpjS</latexit><latexit sha1_base64="Itp2mgYlDqHJOycYVK4BNS8Jkkw=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhahLiyJCOpCKLpxWcHYQhPKzXTSDp08mJkIbcjSjb/ixoWKW3/BnX/j9LHQ1gMXDufcy733+AlnUlnWt1FYWFxaXimultbWNza3zO2dexmnglCHxDwWTR8k5SyijmKK02YiKIQ+pw2/fz3yGw9USBZHd2qQUC+EbsQCRkBpqW3uu8CTHuDK8Ahf4mM3EECyYZ65PlXQDvO2Wbaq1hh4nthTUkZT1Nvml9uJSRrSSBEOUrZsK1FeBkIxwmleclNJEyB96NKWphGEVHrZ+JEcH2qlg4NY6IoUHqu/JzIIpRyEvu4MQfXkrDcS//NaqQrOvYxFSapoRCaLgpRjFeNRKrjDBCWKDzQBIpi+FZMe6CyUzq6kQ7BnX54nzkn1omrfnpZrV9M0imgPHaAKstEZqqEbVEcOIugRPaNX9GY8GS/Gu/ExaS0Y05ld9AfG5w/XqpjS</latexit><latexit sha1_base64="Itp2mgYlDqHJOycYVK4BNS8Jkkw=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhahLiyJCOpCKLpxWcHYQhPKzXTSDp08mJkIbcjSjb/ixoWKW3/BnX/j9LHQ1gMXDufcy733+AlnUlnWt1FYWFxaXimultbWNza3zO2dexmnglCHxDwWTR8k5SyijmKK02YiKIQ+pw2/fz3yGw9USBZHd2qQUC+EbsQCRkBpqW3uu8CTHuDK8Ahf4mM3EECyYZ65PlXQDvO2Wbaq1hh4nthTUkZT1Nvml9uJSRrSSBEOUrZsK1FeBkIxwmleclNJEyB96NKWphGEVHrZ+JEcH2qlg4NY6IoUHqu/JzIIpRyEvu4MQfXkrDcS//NaqQrOvYxFSapoRCaLgpRjFeNRKrjDBCWKDzQBIpi+FZMe6CyUzq6kQ7BnX54nzkn1omrfnpZrV9M0imgPHaAKstEZqqEbVEcOIugRPaNX9GY8GS/Gu/ExaS0Y05ld9AfG5w/XqpjS</latexit><latexit sha1_base64="Itp2mgYlDqHJOycYVK4BNS8Jkkw=">AAACB3icbVDLSsNAFJ3UV62vqEsXDhahLiyJCOpCKLpxWcHYQhPKzXTSDp08mJkIbcjSjb/ixoWKW3/BnX/j9LHQ1gMXDufcy733+AlnUlnWt1FYWFxaXimultbWNza3zO2dexmnglCHxDwWTR8k5SyijmKK02YiKIQ+pw2/fz3yGw9USBZHd2qQUC+EbsQCRkBpqW3uu8CTHuDK8Ahf4mM3EECyYZ65PlXQDvO2Wbaq1hh4nthTUkZT1Nvml9uJSRrSSBEOUrZsK1FeBkIxwmleclNJEyB96NKWphGEVHrZ+JEcH2qlg4NY6IoUHqu/JzIIpRyEvu4MQfXkrDcS//NaqQrOvYxFSapoRCaLgpRjFeNRKrjDBCWKDzQBIpi+FZMe6CyUzq6kQ7BnX54nzkn1omrfnpZrV9M0imgPHaAKstEZqqEbVEcOIugRPaNX9GY8GS/Gu/ExaS0Y05ld9AfG5w/XqpjS</latexit>

with

and

✏⇤N = ✏N

✓
1 +

z2

2�2
m

◆

<latexit sha1_base64="Rf711u1ZLoVFCNji9vBmXfKSLA0="></latexit><latexit sha1_base64="Rf711u1ZLoVFCNji9vBmXfKSLA0="></latexit><latexit sha1_base64="Rf711u1ZLoVFCNji9vBmXfKSLA0="></latexit><latexit sha1_base64="Rf711u1ZLoVFCNji9vBmXfKSLA0="></latexit>

→

> for z = βm emittance grows by 50% 
w/o matching (βm ≈ 33 mm for 1 TeV)

> Do we need matching even at high energies?
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I. PARTICLE BEAM TRANSPORT

Plasma lens

in collaboration between

  cathode (-)    anode (+)  

e--beam

e-

p

e-

p

e-

p
e-

p e-

p

azimuthal magnetic field

J. van Tilborg et al., 
Phys. Rev. Lett. 115, 184802 (2015)

 20 kV plasma 
discharge  

→ F = I x B, tunable and symmetric focussing force for e--beam

plasma on

plasma off

Röckemann et al., submitted,  
arXiv:1803.06663 (2018)

> direct field measurements with 855 MeV beam at Mainz Microtron 
> transverse offset scan, measure kick to beam 

→ no measurable effect on pointing / position stability observed 
> (non-)linear field gradients ≤ 823 ± 1 T/m detected, scalable to mult-kT/m  

(~order of magnitude stronger focusing than conventional EM-quadrupoles) 

> measured emittance evolution of beam in line with gradient measurements 

> kT/m-lens applications: beam matching into plasma wake & high-field generation, 
compact beam capturing and transport with emittance conservation
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Scaling of coupling distances
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I. PARTICLE BEAM TRANSPORT

Coupling distance Lc 
- 1:1 point-to-point imaging of beam with α=0 and β=βm at exit cell n and entrance cell n+1, thin lens approximation…  

- aim at Lc = Lacc with Lacc  ≈ 1m

- Llens = 0.13m for 10 GeV beam with g = 1kT/m

2f
<latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit>

2f
<latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit><latexit sha1_base64="eb0zJEkjlyCytusxh4Wh8RPxPV4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu61GvUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AqhSM+g==</latexit>

Lc = 4f with f = (kLlens)
�1

<latexit sha1_base64="r5XKm0y7KoekFI3kO8xffTQHpLo=">AAACGnicbVA9SwNBEN3zM8avqKXNYhC0MNwFQS2EoI2FhYJRIYnH3mbOLNnbO3fn1HDc/7Dxr9hYqNiJjf/GTUzh14OFt+/NMDMvSKQw6Lofzsjo2PjEZGGqOD0zOzdfWlg8NXGqOdR5LGN9HjADUiioo0AJ54kGFgUSzoLuft8/uwZtRKxOsJdAK2KXSoSCM7SSX6oe+pzu0s2QNq9S1m4i3GJ2I7CTD/403F3r0kM/k6BMvn6RbXi5Xyq7FXcA+pd4Q1ImQxz5pbdmO+ZpBAq5ZMY0PDfBVsY0Ci4hLzZTAwnjXXYJDUsVi8C0ssFtOV21il0j1vYppAP1e0fGImN6UWArI4Yd89vri/95jRTD7VYmVJIiKP41KEwlxZj2g6JtoYGj7FnCuBZ2V8o7TDOONs6iDcH7ffJfUq9Wdire8Wa5tjdMo0CWyQpZIx7ZIjVyQI5InXByRx7IE3l27p1H58V5/SodcYY9S+QHnPdPz5egQw==</latexit><latexit sha1_base64="r5XKm0y7KoekFI3kO8xffTQHpLo=">AAACGnicbVA9SwNBEN3zM8avqKXNYhC0MNwFQS2EoI2FhYJRIYnH3mbOLNnbO3fn1HDc/7Dxr9hYqNiJjf/GTUzh14OFt+/NMDMvSKQw6Lofzsjo2PjEZGGqOD0zOzdfWlg8NXGqOdR5LGN9HjADUiioo0AJ54kGFgUSzoLuft8/uwZtRKxOsJdAK2KXSoSCM7SSX6oe+pzu0s2QNq9S1m4i3GJ2I7CTD/403F3r0kM/k6BMvn6RbXi5Xyq7FXcA+pd4Q1ImQxz5pbdmO+ZpBAq5ZMY0PDfBVsY0Ci4hLzZTAwnjXXYJDUsVi8C0ssFtOV21il0j1vYppAP1e0fGImN6UWArI4Yd89vri/95jRTD7VYmVJIiKP41KEwlxZj2g6JtoYGj7FnCuBZ2V8o7TDOONs6iDcH7ffJfUq9Wdire8Wa5tjdMo0CWyQpZIx7ZIjVyQI5InXByRx7IE3l27p1H58V5/SodcYY9S+QHnPdPz5egQw==</latexit><latexit sha1_base64="r5XKm0y7KoekFI3kO8xffTQHpLo=">AAACGnicbVA9SwNBEN3zM8avqKXNYhC0MNwFQS2EoI2FhYJRIYnH3mbOLNnbO3fn1HDc/7Dxr9hYqNiJjf/GTUzh14OFt+/NMDMvSKQw6Lofzsjo2PjEZGGqOD0zOzdfWlg8NXGqOdR5LGN9HjADUiioo0AJ54kGFgUSzoLuft8/uwZtRKxOsJdAK2KXSoSCM7SSX6oe+pzu0s2QNq9S1m4i3GJ2I7CTD/403F3r0kM/k6BMvn6RbXi5Xyq7FXcA+pd4Q1ImQxz5pbdmO+ZpBAq5ZMY0PDfBVsY0Ci4hLzZTAwnjXXYJDUsVi8C0ssFtOV21il0j1vYppAP1e0fGImN6UWArI4Yd89vri/95jRTD7VYmVJIiKP41KEwlxZj2g6JtoYGj7FnCuBZ2V8o7TDOONs6iDcH7ffJfUq9Wdire8Wa5tjdMo0CWyQpZIx7ZIjVyQI5InXByRx7IE3l27p1H58V5/SodcYY9S+QHnPdPz5egQw==</latexit><latexit sha1_base64="r5XKm0y7KoekFI3kO8xffTQHpLo=">AAACGnicbVA9SwNBEN3zM8avqKXNYhC0MNwFQS2EoI2FhYJRIYnH3mbOLNnbO3fn1HDc/7Dxr9hYqNiJjf/GTUzh14OFt+/NMDMvSKQw6Lofzsjo2PjEZGGqOD0zOzdfWlg8NXGqOdR5LGN9HjADUiioo0AJ54kGFgUSzoLuft8/uwZtRKxOsJdAK2KXSoSCM7SSX6oe+pzu0s2QNq9S1m4i3GJ2I7CTD/403F3r0kM/k6BMvn6RbXi5Xyq7FXcA+pd4Q1ImQxz5pbdmO+ZpBAq5ZMY0PDfBVsY0Ci4hLzZTAwnjXXYJDUsVi8C0ssFtOV21il0j1vYppAP1e0fGImN6UWArI4Yd89vri/95jRTD7VYmVJIiKP41KEwlxZj2g6JtoYGj7FnCuBZ2V8o7TDOONs6iDcH7ffJfUq9Wdire8Wa5tjdMo0CWyQpZIx7ZIjVyQI5InXByRx7IE3l27p1H58V5/SodcYY9S+QHnPdPz5egQw==</latexit>

k[m�2] =
0.3 · g[T/m]

p[GeV/c]
<latexit sha1_base64="0vMJMxufBRXQVn99YtYz1elXzAU=">AAACEnicbVDLSsNAFJ3UV62vqks3g0UQwTSpgroQii50WaEvSGOZTCbt0JkkzEyEEvIPbvwVNy5U3Lpy5984fSy09cCFwzn3cu89XsyoVJb1beQWFpeWV/KrhbX1jc2t4vZOU0aJwKSBIxaJtockYTQkDUUVI+1YEMQ9Rlre4Hrktx6IkDQK62oYE5ejXkgDipHSUrd4NHD4fXpcydzLTiAQTi3zpIP9SMGeUy9zN0tj54Y0y9jNusWSZVpjwHliT0kJTFHrFr86foQTTkKFGZLSsa1YuSkSimJGskInkSRGeIB6xNE0RJxINx3/lMEDrfgwiISuUMGx+nsiRVzKIfd0J0eqL2e9kfif5yQqOHdTGsaJIiGeLAoSBlUERwFBnwqCFRtqgrCg+laI+0hHo3SMBR2CPfvyPGlUzAvTvjstVa+maeTBHtgHh8AGZ6AKbkENNAAGj+AZvII348l4Md6Nj0lrzpjO7II/MD5/AMmUnQ8=</latexit><latexit sha1_base64="0vMJMxufBRXQVn99YtYz1elXzAU=">AAACEnicbVDLSsNAFJ3UV62vqks3g0UQwTSpgroQii50WaEvSGOZTCbt0JkkzEyEEvIPbvwVNy5U3Lpy5984fSy09cCFwzn3cu89XsyoVJb1beQWFpeWV/KrhbX1jc2t4vZOU0aJwKSBIxaJtockYTQkDUUVI+1YEMQ9Rlre4Hrktx6IkDQK62oYE5ejXkgDipHSUrd4NHD4fXpcydzLTiAQTi3zpIP9SMGeUy9zN0tj54Y0y9jNusWSZVpjwHliT0kJTFHrFr86foQTTkKFGZLSsa1YuSkSimJGskInkSRGeIB6xNE0RJxINx3/lMEDrfgwiISuUMGx+nsiRVzKIfd0J0eqL2e9kfif5yQqOHdTGsaJIiGeLAoSBlUERwFBnwqCFRtqgrCg+laI+0hHo3SMBR2CPfvyPGlUzAvTvjstVa+maeTBHtgHh8AGZ6AKbkENNAAGj+AZvII348l4Md6Nj0lrzpjO7II/MD5/AMmUnQ8=</latexit><latexit sha1_base64="0vMJMxufBRXQVn99YtYz1elXzAU=">AAACEnicbVDLSsNAFJ3UV62vqks3g0UQwTSpgroQii50WaEvSGOZTCbt0JkkzEyEEvIPbvwVNy5U3Lpy5984fSy09cCFwzn3cu89XsyoVJb1beQWFpeWV/KrhbX1jc2t4vZOU0aJwKSBIxaJtockYTQkDUUVI+1YEMQ9Rlre4Hrktx6IkDQK62oYE5ejXkgDipHSUrd4NHD4fXpcydzLTiAQTi3zpIP9SMGeUy9zN0tj54Y0y9jNusWSZVpjwHliT0kJTFHrFr86foQTTkKFGZLSsa1YuSkSimJGskInkSRGeIB6xNE0RJxINx3/lMEDrfgwiISuUMGx+nsiRVzKIfd0J0eqL2e9kfif5yQqOHdTGsaJIiGeLAoSBlUERwFBnwqCFRtqgrCg+laI+0hHo3SMBR2CPfvyPGlUzAvTvjstVa+maeTBHtgHh8AGZ6AKbkENNAAGj+AZvII348l4Md6Nj0lrzpjO7II/MD5/AMmUnQ8=</latexit><latexit sha1_base64="0vMJMxufBRXQVn99YtYz1elXzAU=">AAACEnicbVDLSsNAFJ3UV62vqks3g0UQwTSpgroQii50WaEvSGOZTCbt0JkkzEyEEvIPbvwVNy5U3Lpy5984fSy09cCFwzn3cu89XsyoVJb1beQWFpeWV/KrhbX1jc2t4vZOU0aJwKSBIxaJtockYTQkDUUVI+1YEMQ9Rlre4Hrktx6IkDQK62oYE5ejXkgDipHSUrd4NHD4fXpcydzLTiAQTi3zpIP9SMGeUy9zN0tj54Y0y9jNusWSZVpjwHliT0kJTFHrFr86foQTTkKFGZLSsa1YuSkSimJGskInkSRGeIB6xNE0RJxINx3/lMEDrfgwiISuUMGx+nsiRVzKIfd0J0eqL2e9kfif5yQqOHdTGsaJIiGeLAoSBlUERwFBnwqCFRtqgrCg+laI+0hHo3SMBR2CPfvyPGlUzAvTvjstVa+maeTBHtgHh8AGZ6AKbkENNAAGj+AZvII348l4Md6Nj0lrzpjO7II/MD5/AMmUnQ8=</latexit>

Llensf =
p

0.3 · g
<latexit sha1_base64="YzFNX0xXH+n5gQshCop1iC9xHdY=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0hUUA9C0YsHDxWMLTQhbDabdulmE3Y3Qgm5evGvePGg4tWf4M1/47bNQVsfDDzem2FmXpgxKpVtfxu1hcWl5ZX6amNtfWNzy9zeuZdpLjBxccpS0Q2RJIxy4iqqGOlmgqAkZKQTDq/GfueBCElTfqdGGfET1Oc0phgpLQUmvAkKRrgsY3gBvVggXGRlYVvHHo5SBftlYDZty54AzhOnIk1QoR2YX16U4jwhXGGGpOw5dqb8AglFMSNlw8slyRAeoj7pacpRQqRfTD4p4YFWIhinQhdXcKL+nihQIuUoCXVngtRAznpj8T+vl6v4zC8oz3JFOJ4uinMGVQrHscCICoIVG2mCsKD6VogHSMehdHgNHYIz+/I8cY+sc8u5PWm2Lqs06mAP7IND4IBT0ALXoA1cgMEjeAav4M14Ml6Md+Nj2lozqpld8AfG5w/0Mplt</latexit><latexit sha1_base64="YzFNX0xXH+n5gQshCop1iC9xHdY=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0hUUA9C0YsHDxWMLTQhbDabdulmE3Y3Qgm5evGvePGg4tWf4M1/47bNQVsfDDzem2FmXpgxKpVtfxu1hcWl5ZX6amNtfWNzy9zeuZdpLjBxccpS0Q2RJIxy4iqqGOlmgqAkZKQTDq/GfueBCElTfqdGGfET1Oc0phgpLQUmvAkKRrgsY3gBvVggXGRlYVvHHo5SBftlYDZty54AzhOnIk1QoR2YX16U4jwhXGGGpOw5dqb8AglFMSNlw8slyRAeoj7pacpRQqRfTD4p4YFWIhinQhdXcKL+nihQIuUoCXVngtRAznpj8T+vl6v4zC8oz3JFOJ4uinMGVQrHscCICoIVG2mCsKD6VogHSMehdHgNHYIz+/I8cY+sc8u5PWm2Lqs06mAP7IND4IBT0ALXoA1cgMEjeAav4M14Ml6Md+Nj2lozqpld8AfG5w/0Mplt</latexit><latexit sha1_base64="YzFNX0xXH+n5gQshCop1iC9xHdY=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0hUUA9C0YsHDxWMLTQhbDabdulmE3Y3Qgm5evGvePGg4tWf4M1/47bNQVsfDDzem2FmXpgxKpVtfxu1hcWl5ZX6amNtfWNzy9zeuZdpLjBxccpS0Q2RJIxy4iqqGOlmgqAkZKQTDq/GfueBCElTfqdGGfET1Oc0phgpLQUmvAkKRrgsY3gBvVggXGRlYVvHHo5SBftlYDZty54AzhOnIk1QoR2YX16U4jwhXGGGpOw5dqb8AglFMSNlw8slyRAeoj7pacpRQqRfTD4p4YFWIhinQhdXcKL+nihQIuUoCXVngtRAznpj8T+vl6v4zC8oz3JFOJ4uinMGVQrHscCICoIVG2mCsKD6VogHSMehdHgNHYIz+/I8cY+sc8u5PWm2Lqs06mAP7IND4IBT0ALXoA1cgMEjeAav4M14Ml6Md+Nj2lozqpld8AfG5w/0Mplt</latexit><latexit sha1_base64="YzFNX0xXH+n5gQshCop1iC9xHdY=">AAACCHicbVBNS8NAEN3Ur1q/oh69LBbBU0hUUA9C0YsHDxWMLTQhbDabdulmE3Y3Qgm5evGvePGg4tWf4M1/47bNQVsfDDzem2FmXpgxKpVtfxu1hcWl5ZX6amNtfWNzy9zeuZdpLjBxccpS0Q2RJIxy4iqqGOlmgqAkZKQTDq/GfueBCElTfqdGGfET1Oc0phgpLQUmvAkKRrgsY3gBvVggXGRlYVvHHo5SBftlYDZty54AzhOnIk1QoR2YX16U4jwhXGGGpOw5dqb8AglFMSNlw8slyRAeoj7pacpRQqRfTD4p4YFWIhinQhdXcKL+nihQIuUoCXVngtRAznpj8T+vl6v4zC8oz3JFOJ4uinMGVQrHscCICoIVG2mCsKD6VogHSMehdHgNHYIz+/I8cY+sc8u5PWm2Lqs06mAP7IND4IBT0ALXoA1cgMEjeAav4M14Ml6Md+Nj2lozqpld8AfG5w/0Mplt</latexit>

→ solution for 1 TeV with fixed g: Llens = 1.3m mit Lc = 10m 

But: beam size in lens! 
6 µm for 10 GeV

2 µm for 1 TeV
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Summary of interstage beam transport
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Beam release 
- want small energy spread

- want plasma density tailoring for  

adiabatic release

I. PARTICLE BEAM TRANSPORT

Beam injection 
- need beam matching even at TeV energies

Beam optics 
- want 1 kT/m × 1 m scale focussing optics 

to conserve emittance and keep coupling distances in range 1 to 10 Lacc

- plasma-based lenses may not work owing to generated wakefields
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Compact laser in-coupling
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II. LASER BEAM TRANSPORT

Laser in-coupling 
- mirror technology for short coupling distances

> conventional mirrors require ~10 m distance 
from focal point to prevent damage 
(for PW-class lasers and required f-number)


> degradation of effective accelerating field strength 
by > 1 order of magnitude acceptable?


> Lc may dictate multi-stage accelerator length for Lacc ≈ 1 m
Number of stages: Nstage∝n

D. Panasenko et al., PAC Proc. A14, 2976 (2009)

Challenge: jitter/pointing tolerances 
- jitter in timing 
→ jitter in energy + energy bandwidth (beamloading)


- pointing fluctuations must be less than matched 
σx ≈ 10 nm (compare to laser spot size of ~λp) 
→ emittance degradation 
cf. R. Assmann and K. Yokoya, NIM A 410, 544 (1998)
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Compact laser in-coupling
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II. LASER BEAM TRANSPORT

Option: plasma mirror 
- based on liquid jet 
→ D. Panasenko et al., PAC Proc. A14, 2976 (2009) 

- based on tape drive 
→ T. Sokollik et al., AIP Conf. Proc. 1299, 233 (2010)

High laser intensity (~1016 W/cm2) 
generates an optically flat, 
critical-density plasma surface 
→ minimizes Lc to cm-scale

Challenge 
- emittance growth due to beam scattering in mirror  

& collective plasma effects?

- impact on efficiency? reflectivity ~80%
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Emittance growth to multiple small-angle scattering
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II. LASER BEAM TRANSPORT

Minimum mirror thickness → order of plasma skin depth (efficiency, do not want to waste laser energy)

- skin depth ~50 nm for 1022 cm-3 plasma


- scattering angle


- x/X0 is mirror thickness in radiation lengths

- z is charge number of incident particle

- example: thin water-jet with X0 = 36 cm → θ0 (10 GeV) = 1.3 µrad (compare to σx’ = 10 µrad, ~13%/stage) 

→ θ0 (1 TeV) = 0.013 µrad (compare to σx’ = 0.3 µrad, ~4%/stage)
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Alternatives to straight solutions?
II. LASER BEAM TRANSPORT

Bend

Option: bend electron beam, study needed 
- requires dispersion closure, R56 = 0 → additional optics 

- coherent synchrotron radiation may compromise beam quality

→ emittance growth + longitudinal beam slice-centroid offsets (hosing!)

reference 
trajectory

synchrotron radiation 
altered trajectory

magnet e-
Formation of slice-centroid offsets in high-current bunches 

> emission of synchrotron radiation in dispersive element 
→ causes energy loss → dispersion not closed 
→ kick/offset w.r.t. reference orbit


> energy loss/kick dependent on slice current 
→ non-uniform along beam


> emitted radiation acts back on beam→ talk by S. Libov in WG5
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Alternatives to straight solutions?
II. LASER BEAM TRANSPORT

Option: bend plasma channel  
to combine laser and beam, study needed (apparently done?) 
- allowed radius of curvature?

- effects at combination point?

Bend plasma channels 
Y. Ehrlich et al., Phys. Rev. Lett. 77, 4186 (1996)


M. Chen et al., Light: Science & Applications 5 (2016)



Alternatives to straight solutions?
II. LASER BEAM TRANSPORT

Bend plasma channels 
Y. Ehrlich et al., Phys. Rev. Lett. 77, 4186 (1996)


M. Chen et al., Light: Science & Applications 5 (2016)
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Scalability to multi-10 kHz rep. rate and high avg. power
III. HIGH-AVERAGE POWER OPERATION

Plasma mirror 
- replenish surface at multi-10 kHz rep. rate

Depleted laser 
- needs compact ~100 kW dump/recycling

Plasma source 
- etching of wall at multi-10 kHz rep. rate, 

life time of device?

- heat management (losses of ~100 kW per Lacc) 

L. Goldberg, PhD thesis (2018)
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Summary
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> Staging is unavoidable for LWFA-based collider designs 
> Basic scheme has been demonstrated → S. Steinke et al., Nature 530, 190–193 (2016)

> Emittance conservation on 10-nm level is a challenge

> Technology wishlist 

- plasma sources with shaped boundaries

- kT/m scale, emittance conserving focussing optics

- highly stable alignment between laser and electron beam


> Needed studies 
- alternatives to co-linear laser-electron-beam coupling? (study must be done for PWFA staging…)

- scalability of technologies to high repetition rate and high average power


> The community should work on a detailed conceptual collider-ready staging design 
> It’s tough, but no principal showstopper


