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Electron-Positron collider:
Ø Center-of-mass energy  - 15 

TeV
Ø Single beam power - 10.3 MW
Ø Facility site power – 344 MW
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A Path Towards TeV-scale Lepton Collider: 
Basic configuration of a laser-plasma linear collider

• Plasma density optimization:  n ~ 1017 cm-3

• Staging & laser coupling into plasma channels:
• J-class laser energy/stage required
• multi-GeV energy gain/stage

• 10s of kHz rep. rate to achieve luminosity (100s kW)
• High laser efficiency required (tens %) 

Leemans & Esarey Phys. Today (2009)

Whitepapers submitted to Snowmass21:
• The science case for an intermediate energy 

advanced and novel accelerator linear collider facility
S. S. Bulanov, et al., JINST, 2023

• Linear collider based on laser-plasma accelerators,
C.B. Schroeder, et al., JINST, 2023

Report of snowmass 21 accelerator frontier topical group 6 on advanced accelerators
C. Geddes, M. Hogan, P. Musumeci, and R. Assmann, arXiv:2208.13279
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LPA based collider needs a compact positron source. How positron creation, 
capture, and acceleration can be achieved?
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Single LWFA beam is used to produce, capture, and accelerate positrons
Particle distribution after the high–Z target

Capture efficiency ~1%
Energy gain ~ 5 MeV
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Two LWFA beams are used to produce, capture, and accelerate positrons

Capture efficiency ~25%
Energy gain ~ 1 GeV

8.6 GeV
e- beam

10 GeV
e- beam

This two beam configuration is similar to PRAB 22, 091301 (2019)
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Single LWFA beam is used to produce positrons, which are captured and 
accelerated by the laser driven wakefield

Capture efficiency ~49%
Energy gain ~ 0.8 GeV

Laser
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LPA based collider needs a compact positron source. How positron creation, 
capture, and acceleration can be achieved?

1. Single e-beam

2. Two consecutive e-beams

3. Single e-beam + LWFA

Capture efficiency ~1%
Energy gain ~ 5 MeV
Capture efficiency ~25%
Energy gain ~ 1 GeV

Capture efficiency ~49%
Energy gain ~ 0.8 GeV

D. Amorim et al., PPCF, 2023
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Single e-beam + LWFA Capture efficiency ~50%
Energy gain ~ 1 GeV
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Will the interaction of a multi-GeV electron beam with a PW class laser pulse 
produce enough positrons?

Charged particle motion and radiation in strong electromagnetic fields
A. Gonoskov, T. G. Blackburn, M. Marklund, and S. S. Bulanov, Reviews of Modern Physics 94, 045001 (2022).

Extremely high-intensity laser interactions with fundamental quantum systems
A. Di Piazza, C. Muller, K. Z. Hatsagortsyan, and C. H. Keitel, Reviews of Modern Physics 84, 1177 (2012).

Advances in QED with intense background fields
A. Fedotov, A. Ilderton, F. Karbstein, B. King, D. Seipt, H. Taya, G. Torgrimsson, Phys. Rep. 1010, 1 (2023)
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https://scholar.google.com/citations?view_op=view_citation&hl=en&user=tcmFLWEAAAAJ&sortby=pubdate&citation_for_view=tcmFLWEAAAAJ:F9fV5C73w3QC
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Strong Field QED describes the phenomena in strong EM fields in the 
environments where the field strength is large relative to the QED critical field

4-wave mixing 

(Lundström et al, 2006)

Mulitphoton Compton and Breit-Wheeler 
processes
A. I. Nikishov, V. I. Ritus (1964); 
Bula et al (1996); Burke et al (1997)
Cole et al (2018); Poder et al (2018)

High order harmonic 
generation (Di Piazza, 
Hatsagortsyan, C. H. Keitel, 2005 
Fedotov & Narozhny, 2006) Birefringent e.m. vacuum 

(Rozanov, 1993)

Electron positron 
pair production 
from vacuum 
(Schwinger, 1951)

Photon-photon scattering via 
relativistic mirrors (Koga et al (2012))

- Electromagnetic avalanches
- Electromagnetic cascades
(Bell&Kirk, 2008)

e+ e-

Interaction point physics at future 
TeV- class lepton colliders

(Yakimenko et al, 2019)

Laser fields may provide both
strong electromagnetic fields
and generate high-energy
particles and therefore
represent a particularly
interesting environment for
studying a number of High
Intensity Particle Physics
effects.
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laser power

- Nonperturbative Quantum Field Theory
- Matter in Extreme conditions
- Next generation lasers

- Day-to-day operation
- New applications

- Future lepton colliders
- Future !! colliders
- Various astrophysical phenomena
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Behavior of particles and fields is characterized by Lorentz invariant parameters

Critical QED field  can create  an electron-positron pair at Compton length,

Relativistic regime of interaction

Electron energy gain 
over laser wavelength in units of mc2Classical 

nonlinearity 
parameter

!" =
ℏ%
&'( = 4.1×10./0 =

&('1
2ℏ = 1.32×1056V/cm

10

electron

bunchQuantum 
Effects

counter-propagating laser and electron/photon

photon

;< =
2ℏ (>?@A@)(

&1'C

;D =
2ℏ (>?@E@)(

&1'C

;< = 2F //0
, ;D = 2 ℏ%&'(

/
/0



Office of
Science

/1911

What can be expected in terms of positron production by high intensity lasers?
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e-beam + laser
1. Blackburn 2014
2. Magnusson 2020
3. Lobet 2017
4. Vranic 2018

single laser
5. Chen 2015
6. Liang 2015
7. Ridgers 2012
8. Gu 2018

dual laser
9. Jirka 2017
10. Chang 2015
11. Zhu 2016
12. Nerush 2011

4+ lasers
13. Gong 2017
14. Vranic 2017
15. Efimenko 2018

* Sarri 2013
** Sarri 2015

Number of positrons produced in high-intensity
laser-plasma interactions. For laser-electron
beam interactions (open circles), the energy of
the electron beam is noted in brackets. Points
marked with asterisks indicate experimental
results from LPA electron-beam interactions with
high-Z foils; in these cases the laser power is not
indicated.

Charged particle motion and radiation in strong electromagnetic fields
A. Gonoskov, T. G. Blackburn, M. Marklund, and S. S. Bulanov, Reviews of Modern Physics 94, 045001 (2022).

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=tcmFLWEAAAAJ&sortby=pubdate&citation_for_view=tcmFLWEAAAAJ:F9fV5C73w3QC
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PW laser needs to be split into two beams for one of them to accelerate electrons 
via LPA and the other to provide high-intensity electromagnetic field
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code Ptarmigan: T. G. Blackburn et al 2021 New J. Phys. 23 085008

Particle spectra

electrons

positrons

photons

Simulation input:

§ laser peak a0 = 40
§ laser pulse focal spot size w0 = 2.5 um
§ laser duration = 30 fs
§ electron beam energy = 9.1 GeV (+-5%)
§ electron bunch size = 2.5 um
§ electron beam charge = 120 pC

Simulation results:

§ electron beam energy loss = 42%
§ positron beam charge = 5 pC
§ positron energy at peak = 500 MeV
§ number of photons per electron ~ 10

!" = 3.7
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Electron and positron beams demonstrate broad distributions 
as a result of interaction
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Positron beam charge depends strongly 
on the total laser energy and electron beam radius
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Positron beam charge produced in the electron 
beam collision with a laser pulse for 40 J, 80 J, and 

120 J of total laser energy.

Dependence of the positron beam charge on the initial radius 
of the 9.1 GeV electron beam for 40 J (solid curve), 80 J 

(dotted curve), and 120 J (dashed curve) total laser energy
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Positron beam emittance can be reduced by employing 
small radius electron beams

The dependence of the Compton (red
curves) and Breit-Wheeler (black
curves) process probabilities on the
transverse profile of the laser EM field
for different initial radii of the electron
beam

a0=20 a0=40

electrons
electrons

positrons positrons

rb = 0.75 µm
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a)
<latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit>

b)
<latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit>

c)
<latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit>
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Higher frequency laser pulses offer a way to produce positron beams with 
collider-relevant emittances.

!"|!$ [%&]
'( = 20, - = -( '( = 40, - = -(

electron positron electron positron
/ = 0.1, !( = 0.1 %& 0.18 0.038 0.32 0.025 0.44 0.02 0.61 0.02

/ = 0.25, !( = 0.2 %& 0.2 0.089 0.33 0.05 0.46 0.03 0.61 0.03

/ = 0.5, !( = 0.48 %& 0.26 0.2 0.34 0.1 0.45 0.07 0.62 0.06

/ − 56575'8 989:7;<6 =9'& >5?9;@96:9 56 &;'>; !( − 56575'8 989:7;<6 =9'& 6<;&'85B9> 9&577'6:9 56 [%&]

The dependence of the Compton (red
curves) and Breit-Wheeler (black
curves) process probabilities on the
transverse profile of the laser EM field
for different initial radii of the electron
beam

rb = 0.75 µm
<latexit sha1_base64="N0o08tUtgC9MlPSJ/2PPQ8T0ck8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnaLUi9CwYvHCvYD2rVk02wbmmSXJKuUpf4OLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYDVZrF8s6MExoIPJAsYgQbK92rXnjludWLp65IkeiVyp7rzYCWiZ+TMuSo90pf3X5MUkGlIRxr3fG9xAQZVoYRTifFbqppgskID2jHUokF1UE2u3qCTq3SR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif14nNdFlkDGZpIZKMl8UpRyZGE0jQH2mKDF8bAkmitlbERlihYmxQRVtCP7iy8ukWXF9z/Vvz8u1Sh5HAY7hBM7AhyrU4Abq0AACCp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A/6mReQ==</latexit><latexit sha1_base64="N0o08tUtgC9MlPSJ/2PPQ8T0ck8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnaLUi9CwYvHCvYD2rVk02wbmmSXJKuUpf4OLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYDVZrF8s6MExoIPJAsYgQbK92rXnjludWLp65IkeiVyp7rzYCWiZ+TMuSo90pf3X5MUkGlIRxr3fG9xAQZVoYRTifFbqppgskID2jHUokF1UE2u3qCTq3SR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif14nNdFlkDGZpIZKMl8UpRyZGE0jQH2mKDF8bAkmitlbERlihYmxQRVtCP7iy8ukWXF9z/Vvz8u1Sh5HAY7hBM7AhyrU4Abq0AACCp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A/6mReQ==</latexit><latexit sha1_base64="N0o08tUtgC9MlPSJ/2PPQ8T0ck8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnaLUi9CwYvHCvYD2rVk02wbmmSXJKuUpf4OLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYDVZrF8s6MExoIPJAsYgQbK92rXnjludWLp65IkeiVyp7rzYCWiZ+TMuSo90pf3X5MUkGlIRxr3fG9xAQZVoYRTifFbqppgskID2jHUokF1UE2u3qCTq3SR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif14nNdFlkDGZpIZKMl8UpRyZGE0jQH2mKDF8bAkmitlbERlihYmxQRVtCP7iy8ukWXF9z/Vvz8u1Sh5HAY7hBM7AhyrU4Abq0AACCp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A/6mReQ==</latexit><latexit sha1_base64="N0o08tUtgC9MlPSJ/2PPQ8T0ck8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnaLUi9CwYvHCvYD2rVk02wbmmSXJKuUpf4OLx4U8ep/8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3dvv3Rw2NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHF1P/dYDVZrF8s6MExoIPJAsYgQbK92rXnjludWLp65IkeiVyp7rzYCWiZ+TMuSo90pf3X5MUkGlIRxr3fG9xAQZVoYRTifFbqppgskID2jHUokF1UE2u3qCTq3SR1GsbEmDZurviQwLrccitJ0Cm6Fe9Kbif14nNdFlkDGZpIZKMl8UpRyZGE0jQH2mKDF8bAkmitlbERlihYmxQRVtCP7iy8ukWXF9z/Vvz8u1Sh5HAY7hBM7AhyrU4Abq0AACCp7hFd6cR+fFeXc+5q0rTj5zBH/gfP4A/6mReQ==</latexit>

rb = 2.5 µm
<latexit sha1_base64="N1qbe0ZTRt31hcWdo7fM4oaPxnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbB07JbFL0IBS8eK9gPaJeSTbNtaJJdk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHQ781tjqjSL5YOZJDQQeCBZxAg2VgpUL7ypupdPXZEi0StXPNebA60SPycVyFHvlb+6/ZikgkpDONa643uJCTKsDCOcTkvdVNMEkxEe0I6lEguqg2x+9BSdWaWPoljZkgbN1d8TGRZaT0RoOwU2Q73szcT/vE5qousgYzJJDZVksShKOTIxmiWA+kxRYvjEEkwUs7ciMsQKE2NzKtkQ/OWXV0mz6vqe699fVGrVPI4inMApnIMPV1CDO6hDAwg8wjO8wpszdl6cd+dj0Vpw8plj+APn8weHGpE6</latexit><latexit sha1_base64="N1qbe0ZTRt31hcWdo7fM4oaPxnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbB07JbFL0IBS8eK9gPaJeSTbNtaJJdk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHQ781tjqjSL5YOZJDQQeCBZxAg2VgpUL7ypupdPXZEi0StXPNebA60SPycVyFHvlb+6/ZikgkpDONa643uJCTKsDCOcTkvdVNMEkxEe0I6lEguqg2x+9BSdWaWPoljZkgbN1d8TGRZaT0RoOwU2Q73szcT/vE5qousgYzJJDZVksShKOTIxmiWA+kxRYvjEEkwUs7ciMsQKE2NzKtkQ/OWXV0mz6vqe699fVGrVPI4inMApnIMPV1CDO6hDAwg8wjO8wpszdl6cd+dj0Vpw8plj+APn8weHGpE6</latexit><latexit sha1_base64="N1qbe0ZTRt31hcWdo7fM4oaPxnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbB07JbFL0IBS8eK9gPaJeSTbNtaJJdk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHQ781tjqjSL5YOZJDQQeCBZxAg2VgpUL7ypupdPXZEi0StXPNebA60SPycVyFHvlb+6/ZikgkpDONa643uJCTKsDCOcTkvdVNMEkxEe0I6lEguqg2x+9BSdWaWPoljZkgbN1d8TGRZaT0RoOwU2Q73szcT/vE5qousgYzJJDZVksShKOTIxmiWA+kxRYvjEEkwUs7ciMsQKE2NzKtkQ/OWXV0mz6vqe699fVGrVPI4inMApnIMPV1CDO6hDAwg8wjO8wpszdl6cd+dj0Vpw8plj+APn8weHGpE6</latexit><latexit sha1_base64="N1qbe0ZTRt31hcWdo7fM4oaPxnM=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbB07JbFL0IBS8eK9gPaJeSTbNtaJJdk2yhLPVvePGgiFd/jDf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUVPHqSK0QWIeq3aINeVM0oZhhtN2oigWIaetcHQ781tjqjSL5YOZJDQQeCBZxAg2VgpUL7ypupdPXZEi0StXPNebA60SPycVyFHvlb+6/ZikgkpDONa643uJCTKsDCOcTkvdVNMEkxEe0I6lEguqg2x+9BSdWaWPoljZkgbN1d8TGRZaT0RoOwU2Q73szcT/vE5qousgYzJJDZVksShKOTIxmiWA+kxRYvjEEkwUs7ciMsQKE2NzKtkQ/OWXV0mz6vqe699fVGrVPI4inMApnIMPV1CDO6hDAwg8wjO8wpszdl6cd+dj0Vpw8plj+APn8weHGpE6</latexit>

rb = 5 µm
<latexit sha1_base64="fwMSFB5C1mgowlSJMGbdKDtbeuQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewGRS9CwIvHCOYBmyXMTmaTIfNYZnqFEOJfePGgiFe/xpt/4yTZgyYWNBRV3XR3xangFnz/2yusrW9sbhW3Szu7e/sH5cOjltWZoaxJtdCmExPLBFesCRwE66SGERkL1o5HtzO//ciM5Vo9wDhlkSQDxRNOCTgpNL345vKpKzMse+WKX/XnwKskyEkF5Wj0yl/dvqaZZAqoINaGgZ9CNCEGOBVsWupmlqWEjsiAhY4qIpmNJvOTp/jMKX2caONKAZ6rvycmRFo7lrHrlASGdtmbif95YQbJdTThKs2AKbpYlGQCg8az/3GfG0ZBjB0h1HB3K6ZDYggFl1LJhRAsv7xKWrVq4FeD+4tKvZbHUUQn6BSdowBdoTq6Qw3URBRp9Ixe0ZsH3ov37n0sWgtePnOM/sD7/AGl55DG</latexit><latexit sha1_base64="fwMSFB5C1mgowlSJMGbdKDtbeuQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewGRS9CwIvHCOYBmyXMTmaTIfNYZnqFEOJfePGgiFe/xpt/4yTZgyYWNBRV3XR3xangFnz/2yusrW9sbhW3Szu7e/sH5cOjltWZoaxJtdCmExPLBFesCRwE66SGERkL1o5HtzO//ciM5Vo9wDhlkSQDxRNOCTgpNL345vKpKzMse+WKX/XnwKskyEkF5Wj0yl/dvqaZZAqoINaGgZ9CNCEGOBVsWupmlqWEjsiAhY4qIpmNJvOTp/jMKX2caONKAZ6rvycmRFo7lrHrlASGdtmbif95YQbJdTThKs2AKbpYlGQCg8az/3GfG0ZBjB0h1HB3K6ZDYggFl1LJhRAsv7xKWrVq4FeD+4tKvZbHUUQn6BSdowBdoTq6Qw3URBRp9Ixe0ZsH3ov37n0sWgtePnOM/sD7/AGl55DG</latexit><latexit sha1_base64="fwMSFB5C1mgowlSJMGbdKDtbeuQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewGRS9CwIvHCOYBmyXMTmaTIfNYZnqFEOJfePGgiFe/xpt/4yTZgyYWNBRV3XR3xangFnz/2yusrW9sbhW3Szu7e/sH5cOjltWZoaxJtdCmExPLBFesCRwE66SGERkL1o5HtzO//ciM5Vo9wDhlkSQDxRNOCTgpNL345vKpKzMse+WKX/XnwKskyEkF5Wj0yl/dvqaZZAqoINaGgZ9CNCEGOBVsWupmlqWEjsiAhY4qIpmNJvOTp/jMKX2caONKAZ6rvycmRFo7lrHrlASGdtmbif95YQbJdTThKs2AKbpYlGQCg8az/3GfG0ZBjB0h1HB3K6ZDYggFl1LJhRAsv7xKWrVq4FeD+4tKvZbHUUQn6BSdowBdoTq6Qw3URBRp9Ixe0ZsH3ov37n0sWgtePnOM/sD7/AGl55DG</latexit><latexit sha1_base64="fwMSFB5C1mgowlSJMGbdKDtbeuQ=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKewGRS9CwIvHCOYBmyXMTmaTIfNYZnqFEOJfePGgiFe/xpt/4yTZgyYWNBRV3XR3xangFnz/2yusrW9sbhW3Szu7e/sH5cOjltWZoaxJtdCmExPLBFesCRwE66SGERkL1o5HtzO//ciM5Vo9wDhlkSQDxRNOCTgpNL345vKpKzMse+WKX/XnwKskyEkF5Wj0yl/dvqaZZAqoINaGgZ9CNCEGOBVsWupmlqWEjsiAhY4qIpmNJvOTp/jMKX2caONKAZ6rvycmRFo7lrHrlASGdtmbif95YQbJdTThKs2AKbpYlGQCg8az/3GfG0ZBjB0h1HB3K6ZDYggFl1LJhRAsv7xKWrVq4FeD+4tKvZbHUUQn6BSdowBdoTq6Qw3URBRp9Ixe0ZsH3ov37n0sWgtePnOM/sD7/AGl55DG</latexit>

a)
<latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit><latexit sha1_base64="eyZ8ZMMEadSnPxLoKLthE7GBBvk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPdCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASIFjQg=</latexit>

b)
<latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit><latexit sha1_base64="5KfTlbe3Hn9ghCJScUt+BYWF3Q0=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPQRXg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxaXzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jYZCs0ZyqkllGlhbyVsTDVlaMMp2RC81ZfXSbtW9dyqd1+vNGp5HEU4g3O4BA+uoQF30IQWMAjhGV7hzZk4L86787FsLTj5zCn8gfP5AyOKjQk=</latexit>

c)
<latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit><latexit sha1_base64="Qu7dXZtEflKj8BWtrkNyp6w+11w=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyUpBT0WvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPbCrQbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UY3viZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2rem7Vu69XGrU8jiKcwTlcggfX0IA7aEILGITwDK/w5kycF+fd+Vi2Fpx85hT+wPn8ASUPjQo=</latexit>
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Higher frequency laser pulses offer a way to produce positron beams with 
collider-relevant emittances.

!"|!$ [%&]
'( = 5, , = 4,( '( = 10, , = 4,(

electron positron electron positron
0 = 0.1, !( = 0.1 %& 0.06 0.04 0.08 0.026 0.1 0.02 0.13 0.02

0 = 0.25, !( = 0.2 %& 0.11 0.096 0.095 0.05 0.1 0.016 0.13 0.016

0 = 0.5, !( = 0.48 %& 0.2 0.2 0.13 0.1 0.13 0.1 0.13 0.016

0 − 56575'8 989:7;<6 =9'& >5?9;@96:9 56 &;'>; !( − 56575'8 989:7;<6 =9'& 6<;&'85B9> 9&577'6:9 56 [%&]
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Conclusions

18

• Positron creation, capture, and acceleration is one of the key missing 
components on the way to the plasma based collider.

• High intensity laser driven positron source is a feasible option for the collider 
design.

• Present day PW-class laser facilities can be used for proof-of-principle 
experiments on positron production.

• Higher frequency laser pulses offer a way to produce positron beams with 
collider-relevant emittances (~100 nm) using the interaction of a small radius 
electron beam with a high intensity laser pulse.

18
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Thank you!


