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LWEFA for future TeV collider M

F. Albert PPCF 2014
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LWFA based accelerator has the advantages:
e Carrying strong longitudinal fields and transverse
focusing fields (~100GV/m).

_— \ H e Can serve as a high gradient lepton accelerator
Electron sheath /Ion:ubble g Betatron x-ray beam and a ngglel’ for X'raY/ Yy 1ay generatlon.

10—-20 micrometers

 Beam quality 1s important: electrons

positrons
Energy spread and Emittance

| 100 10 GeV stages | 100 10 GeV stages |
1 TeV

e Both Coulomb scattering and synchrotron - — . -
radiation emission are shown to result in beam = IE = | = _el

quality degradation [1].
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e As beam energy get higher how about P. Preuss News from Berkeley Lab 2009
Quantum radiation effect?

[1] C. B. Schroeder PRSTAB 2010



Radiation effect on energy spread M

Radiation heating due to orbit effect Radiation cooling

—— i
jil'j

P : emﬁgl orbit
e

e Radiation reaction force inside wakefield scale e Radiation cooling due to high energy particle
with F, , o r3, 1z 1s the betatron amplitudes radiate more energy than those at lower energy

* On-axis particles will not radiate, whereas off-
axi1s particles radiate strongly.



Quantum radiation etfect on energy spread

T. G. Blackburn, Rev. Mod. Plasma Phys 2020

E, : characteristic field strength does m,c”

work over a (reduced) Compton length

eE. A.>mc* - E. ~10°V.m™!

Radiation reaction 1n classical picture (left) and quantum regime (right)
Xp Quantum strength parameter
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Beam emittance control inside waketfield

Elipse equation:
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RMS normalized emittance:
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Beam matching condition 7, = (8 / }/kﬁ)l/z Can radiation reaction cool the emittance?



Spin polarized beam transportation in waketield M

Polarized lepton beam is an important How about the radiation induced

. Classical spin precession induced .
(?
tool in HEP research depolarization can be controlled spin change
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Quantum parameter for TeV LWFA accelerator M

X. for beam inside waketfield at 1TeV
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(SE)

P

(Sp)
With spin and polarization resolve QED!

OSIRIS framework

Massively Parallel, Fully Relativistic
Particle-in-Cell Code /‘

Support for advanced CPU / GPU architectures
Extended physics/simulation models

Al/ML surrogate models and data-driven discovery




Radiation induced energy spread in LWFA

Field and density plot,t=00ps
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An analytic model for predicting energy spread growth
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Radiation induced energy spread for TeV LWFKA based accelerator

o Use the previous equations to estimate the energy spread change for beam accelerated to 1 TeV
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Ring distribution to reduce orbit effect induced energy spread

py(MeV)

Field and density plot,t=00ps
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e Using ring shape distribution to reduce the
orbit effect induced energy spread

 The energy spread 1s now mainly due to the
quantum radiation effect

- Simulation with Quantum radiation
- Simulation with Classical radiation
- Analytic prediction
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Quantum parameter for 10 TeV LWFA accelerator

X. for beam inside wakefield at 10TeV
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Radiation induced energy spread for 10 TeV LWFA based accelerator

Energy spread from Stochastic broadening

Total Energy spread
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Radiation induced Emittance cooling
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Osiris 2D simulation: 10 GeV beam with a normalized emittance
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Radiation induced Emittance cooling

n, = 1018 ¢m-3

No radiation reaction
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Ring shape forming mechanism M
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Ring shape forming mechanism

n. = 10'% cm-3
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Ring shape forming mechanism

Classical Radiation reaction Quantum Radiation reaction
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Due to the radiative emittance cooling, it 1s possible to use high density LWFA to accelerate beam to TeV



QED effect on spin transportation:

Begin with a longitudinally polarized beam
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Conclusion M

e The quantum parameter for a 1 TeV electron beam inside the wakefield could be about 10~
(For 10 TeV is 5.6 X 107%). Although small, quantum effects on the beam energy spread can
accumulate and eventually become unignorable.

e Radiative emittance cooling acting together with the evolution of the matched beam leads to
a ring-shaped distribution 1n transverse phase space, which reduces radiation induced energy
spread.

e Generally, the radiative effect does not influence the polarized beam transportation inside the
laser wakefield for lower density.

e The emittance cooling effect may be a consideration for laser produced positron beams,
which have much higher emittance
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An analytic model for predicting energy spread growth
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Beam off axis

py(MeV)

py(MeV)

100 GeV beam inside LWFA,
plasma density =5 X 10'® cm™>
Beam off axis
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Ring distribution to reduce radiation induced energy spread

X. for ring shaped beam at 1TeV Energy spread of ring shaped beam at 1'TeV
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Flow chart of polarization resolved QED code

NLC
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- to MC QED Photon emission/ Pair production via probability:
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Pypw = Rnpw(k, o, E, B)At

I Maxwell solver for E, B

Y |

AU (IOTET U Electron momentum Lepton momentum p

I Classical Lorentz+T-BMT pusher: selected from 5> o .7
5 > o .~ selected from dRy gy in k
Update X, p, s dRyicinD

- Photon pusher: update X HOEGEER € = a2/ i Spin § = +b/|b| Lepton spin s = 1j/|]]
kand& .h d SEREL I based on based on
l and ¢ unchange (dRuic % |F1)/2dRy ¢ (dRuic + |B])/2dRyyc (dRygw + [71)/2dRygw

dS AS
dt dt dt Spin change from radiation: | — Spin change from precession: | —

NLC BMT dt NLC dt BMT



Spin and polarization depends rate and the spin basis M

Non-Linear Compton Non-Linear Breit-Wheeler
dR | | dR ®;
ZLC = — (1 + wIntK, ;5(u) + (u* + 2u + 2)K,5(u’) dNBW = (—— = DKy3(p) + IntK ;3(p) — &Ky p3(p)
€, ELE_
—5 - e uK 1(u") > @y . Yy Dy o
i} 273 J+ =~ 518_K1/3(P)€1 — K 5(p)( - 538_)62
b=—(1+uw|[IntK, ;) — 2K/ 5 = u(l + w)K, 5(u)e, - T
2 IntK / K N2 5 \2 @, €_|2_ — 82 .
—u? |IntK,5(u') — Kyps(u)| (5 - €,)e, To |~ IntKys(p) + ———Koi(p) | ¢,
+ +€—

-

Here, &, = v/|v| is the direction of motion, d = v/| v |is the direction & = (&}, &y, &) is the photon polarization vector, & (i = 1, 2, 3) is the
of acceleration. &, = (&, X 4)/| e, X 4| stokes parameters defined with respect to basis €, and é,.

(Sk)
Expected spin vector:

bIRy = (Sp)e; + (Sp)eé; + (Sk)é,

N (S,) Since |I;/RO| < 1 To preserve spin length = 1, We project
(S5) - spin along or opposite to the spin quantization axis:

Schematic of spin measurement . S S
’ Ss01 = b11B|

From Supplemental Materials of Y. F. L1 et al.Phys. Rev. Lett. 125, 044802(2020)



Sokolov Ternov eftect

B field amplitude = 2.255 MT 0.0

Electron energy = 1 GeV (Mono)

Electron beam is unpolarized —0.2]

B field stay 1n z direction,

Quantum parameter y, = 1.0 G 04
No back reaction .
D —0.8
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Photon Spectrum for y,= 0.01, compare with classical spectrum M

10t
| = photon m, simulation
photon o, simulation X, =0.01
107 i
| ---- photon m, analytic == .
: ’.—’ \
| ---- photon o, analytic " \
5 1071
I

%- |

e Compare the spectrum
from the simulation with 1073+
the classical synchrotron |
radiation spectrum

10_4 -8 )—6 —4 —2 N 2
10 10 10 10 10 10

Y

W3 T o[ > '
From I M Ternov 1995 Phys.-Usp. 38409 1 Wo, z =) (1;+1;;)j Ks/3(x)dx + (I — Ix) K>3 (0) | -




Benchmark against published result
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