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If you work on particle acceleration in plasma you think about:

energy (maximum, spread) ® beam quality and luminosity
emittance (4D and 6D) = plasma density
beam charge and current = transformer ratio

repetition rate = staging, coupling, injection

Brigitte Cros et al., arXiv:1901.10370v2 (2018); Paul Preuss, LBNL, Accelerators and Light Sources of Tomorrow (2009)
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A collider running with polarized beams has certain advantages because:

= Certain observables with high sensistivity to the electroweak parameters
can be measured directly only with polarized beams.

= Precise measurement of the top quark electroweak couplings and couplings
associated with Higgs boson decays would be exessible.

3 Brigitte Cros et al., arXiv:1901.10370v2 (2018); Paul Preuss, LBNL, Accelerators and Light Sources of Tomorrow (2009)
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he Problem

SOURCE

» gas target where the electron
spins are already aligned before
laser irradiation

» pre-accelerated and pre-ionized
bunches

COUPLING

polarization losses and
emittance growth must be
minimized

bunch charge must be
maximized

ACCELERATION
» depolarization must be
prevented / minimized
* spontaneous polarization
build-up is not expected

positrons

100 10 GeV stages

5 Paul Preuss, LBNL, Accelerators and Light Sources of Tomorrow (2009); Wu et al, submitted to nat. com.
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1st option 2nd option
Wait until electron and positron beams Spin-polarized particle beams
are polarized in a storage ring. from laser-plasma accelerators The Problem

Beschleunigerfeld

The Coupling

Ablenk-
magnet

The
Acceleration

Summary

6 Wau et al, submitted to nat. com.
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1st option
Wait until electron and positron beams
are polarized in a storage ring.

= achievable polarization: up to 92% The Problem
= energy in the GeV range

= polarization time for electrons in the
range of minutes to hours The Source

= storage-ring length in the km range

Magnet /
Elektridches

Beschleunigerfeld

The Coupling

Ablenk-
magnet

The
/ Acceleration
< };\ _Lyon Vorbeschleuniger) S u m m ary

7 E. Gianfelice-Wendt et al, IPAC2018, doi:10.18429/JACoW-IPAC2018-MOPMFO071



. The 2nd Source

2nd option
Spin-polarized particle beams
from laser-plasma accelerators

HEINRICH HEINE

SSSSSSSSSSSSSSSSSSSSS

Sketch of the all-optical laser-driven
lari I lerati h ;
polarized electron acceleration scheme The Problem

UV light (213 nm) to photo-dissociate HCI
molecules

a 1064 nm IR laser aligns the bonds of The Source
the HCI molecules,

a 234.62 nm UV laser ionizes the ClI

atoms _

an electric field removes the Cl atoms The Coupllng
from the target volume

a coaxial LG laser pulse traverses the H
gas target to accelerate the polarized
electrons via wakefield acceleration

The
Acceleration

Summary

8 Wau et al, submitted to nat. com.
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2nd option
Spin-polarized particle beams

from laser-plasma accelerators The Problem

evolve according to the T-BMT equation
ds =

= —() X s.

pri

In cgs units the rotation frequency is simply [10]

The Coupling

Q:i[ﬂBB—QU(X-B)X—QEXxE],

mec C C C
where
QB:CL‘f‘l; 2, = Tla QE:Q—F%- The _
7 i 7 Acceleration

Summary

9 Y. Wu et al, submitted to nat. com.; S. R. Mane, Y. M. Shatunov and K. Yokoya, Reports on Progress in Physics 68, 1997-2265 (2005).
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eEy/mmC

r The Problem

., The Source
P
The Coupling
« coaxial LG with unique transverse intensity profile
 different topology introduced to the wakefield/bubble structure
 electrons clusterize off axis in the donut-shaped bubble The
« electrons get injected as a ring bunch Acceleration
Summary

10 Wau et al, submitted to nat. com.
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0 50 eSS 100 s 4 2
55 60 g 0 110 o g
i A The Coupling
« electrons near the symmetry axis leak through the beam center and form a
counter-propagating return flux
« the B field is compensated by the anti-clockwise field generated by the return The
current :
« the B field is lowered down but the total beam charge is maintained Acceleration
« electrons are accelerated to 5 MeV S
ummary

11 Wau et al, submitted to nat. com.
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a b
ne/11019 cm™ eEylzm oC
I | The Problem
05 \g 0
be = The Source

The Coupling

i wum Acceleration
« coaxial LG beam maintaince polarization (>80%)
* in Gaussian beam polarization is lost almost immediately Summary

12 Wau et al, submitted to nat. com.



UNIVERSITAT DUSSELDORF

. The 2nd Source il

c d
= L e — The Problem
E \/' } =
SN AN, s The Source
0 RN -
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250 100 150 f 50 100 150 50 100 150 ; 50 100 150 The COUpllng
x/um x/pum

LEFT: in the Gaussian case, the electron spins oscillate incoherently at
high frequencies and lose their initial spin orientations instantly The

leration
RIGHT: the spin precession time in the LG case is large compared to the Acceleratio

acceleration duration

13 Wau et al, submitted to nat. com.
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The Problem

The Source

= |ateral injection

" 0on axis

The
Acceleration

Summary
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= (asynchrone) spin rotation described by the T-BMT equation  The Problem

W/
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KRR The Source
= beam splitter (Stern-Gerlach) o
VBN
Wb S to . .
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g AR AR pling
= self-polarization (Sokolov-Ternov)
b TR InI%I %ﬂéiwﬁ Acce-ll_greation
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15 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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. Possible (De-)Polarization mechanisms et I

= (asynchrone) spin rotation described by the T-BMT equation  The Problem
W .

MY J/}(% "M | _implemented in

{1 .r\\})‘“}I ~ \/\.}\ PIC, fluid and

quasi-static codes The Source
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= beam splitter (Stern-Gerlach)

\ ! -]
N “3: - always discussed
MR ”;ﬁﬁf ELLN away: The Coupling
e T T ° SGT is weaker
= self-polarization (Sokolov-Ternov) ~  than Lorenz force
%I ILiI IW * STis coupledto The
/o] I radiation which is :
TTE Lt My L Acceleration
O & | legibl

Summary

16 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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evolve according to the T-BMT equation

%:—ﬁxs.

In cgs units the rotation frequency is simply |10]

Q:i[QBB—QU (X-B>X—QEX><E},
mec C C C
where
1 ay 1
Qp=a+—, Q= . Qp=a+——
b ¥ v+1 b L+~

W/

e The Problem
A 'f/}./

N \

* |f an electron bunch has zero
emittance, all particle spin vectors The Source
precess coherently.

* |If all spins are synchronised, the
beam polarization changes its The Coupling
orientation but its norm is
conserved.

* How long can a given polarization The

be conserved, if the spins stay

synchronized? Acceleration

How long can a given polarization
be conserved, if the spins precess
iIncoherently?

Summary

17 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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evolve according to the T-BMT equation
P dxs
In cgs units the rotation frequency is simply |10]
G=L [QBB—QU (X-B) Y _qpY XE},
mc c c c
where
1 ary 1
Q - + R va — 3 Q — + —
PTETS v+ F T T

AT

L4

e The Problem
A 'f//L/

N A \

* If an electron bunch has zero
emittance, all particle spin vectors The Source
precess coherently.

* |If all spins are synchronised, the
beam polarization changes its The Coupling
orientation but its norm is
conserved.

* How long can a given polarization Th
be conserved, if the spins stay € :
synchronized? Acceleration
How long can a given polarization

Summary

be conserved, if the spins precess
iIncoherently?

18 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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evolve according to the T-BMT equation

ds -
— = - X s. °
dt >
In cgs units the rotation frequency is simply |10]
G="L [QBB—QU (X-B) Y _0,Y XE},
mc c c c .
where
1 ary 1
Qp=a+—, Q= , Qp=a+——
N gl v+ 1 " L++°

The Problem
If an electron bunch has zero
emittance, all particle spin vectors  The Source
precess coherently.
If all spins are synchronised, the
beam polarization changes its The Coupling
orientation but its norm is
conserved.
How long can a given polarization
e T The

be conserved, if the spins stay

synchronized? Acceleration

How long can a given polarization
be conserved, if the spins precess
iIncoherently?

Summary

19 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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ds -
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The Problem
If an electron bunch has zero
emittance, all particle spin vectors  The Source
precess coherently.
If all spins are synchronised, the
beam polarization changes its The Coupling
orientation but its norm is
conserved.
How long can a given polarization
ved i the S0 The

be conserved, if the spins stay

synchronized? Acceleration

How long can a given polarization
be conserved, if the spins precess
incoherently?

Summary

20 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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. Depolarization due to asynchron spin rotation AT
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* |f an electron bunch has zero
s - B emittance, all particle spin vectors The Source
| | precess coherently.

* |If all spins are synchronised, the

beam polarization changes its The Coupling
orientation but its norm is

conserved.
* How long can a given polarization Th
. inside the | . infront of the | be conserved, if the spins stay € :
Inside the laser in front of the laser synchronized? Acceleration
" Inthe wake " Inthe sheath * How long can a given polarization
= inthe bunch be conserved, if the spins precess Summary

iIncoherently?

21 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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W/
v % -’M The Problem
III III IIIIIIIIIIII III IIII { DA j\ MR \.}
™ ™ The Source
TD e X —
, 2Qe,GeV bact
this formula holds for arbitrary field strength :
| | | y_ | J The Coupling
no information about field configuration
this formula is to harsh
better estimations possible if fields are The
known Acceleration
Summary

22 J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams; J. Vieira, PRST_AB 14, 071303 (2011)
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. Depolarization due to asynchron spin rotation AT

LA
A, ok F‘K The Problem
III III III IIIIIIIIIIIIIIII {1} | j\' \\I - \.f} /
IIIIIIIIIIII ly IIIIII B v \ . \
T T E=FEe +FE.e. The Source
, 2Qe,GeV bact CT
B = Bd,ed,
= this formula holds for arbitrary field strength o :
R | Y I STEN I | ~ The Coupling
no information about field configuration @dr s;_(a n _)Fr + 540
= this formula is to harsh dt
= Detter estimations possible if fields are d_g = —(a + l)FrSr The
dt :
known o 7 Acceleration
L Cb .
— = —5.0,
di ; Summary

23 J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams; J. Vieira, PRST_AB 14, 071303 (2011)
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. Depolarization due to asynchron spin rotation AT

sumilation of single particle spin The Problem

0.904 f

0.902 Fif I AL 4 E=FLe, +E.e The Source

0.808 FRup i e b1 b The Coupllng

[)896 i [T I T R A | 1

0.894

Acceleration

0.892

0.890 . _ . . . o
— = =59,
0 5 10 15 20 At

Summary

24 J. Vieira, PRST_AB 14, 071303 (2011)
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evolution of the beam polarization for zero emittance

[ 0, = 0.5¢/wp
L vo = 10?
[ P.o/Py=10.9 _

0 5 10 15 20
v [10°]

J. Vieira, PRST_AB 14, 071303 (2011)
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. Depolarization due to asynchron spin rotation
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evolution of the beam polarization for zero emittance

[ 0, = 0.5¢/wp
L vo = 10?
[ P.o/Py=0.9
-I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 5) 10 15 20
v [10°]

J. Vieira, PRST_AB 14, 071303 (2011)
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.: proper choice of the

cceleration length can preserve
the emittance

deS‘ |

a + —)F + s*d)qb

dr 0%

ds, |

E = —|a T+ ; FrSr

ds :

¢
— ——— —S‘ ,
dt rd)
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= spin dependent scattering experiments are favourable
= acceleration of polarized beams is necessary The Problem
= pre-polarized targets are suitable as sources because:
» conservation of initial polarization in coaxial LG pulse
» up to 80% polarization maintained The Source
» simulations for energies in the range of 5 MeV
» Gaussian beam destrois initial polarization immediately The Coupling
= depolarization grows like squar root of energy
= fetching the bunch at the right energy can contain the polarization at TeV
energies but: The
> radiation reaction and strong QED effects not jet included Acceleration
Summary

> |
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. Polarization due to field gradients AT

R, 1
VS " A— ‘FSGT‘
B e ST el

o? ! !

beam splitter

displacement in field-gradient-free
region due to the spin-change-rate
caused by the T-BMT rotation

d
Fsar = (V — avv> (2 -s)

Ae(aF — O) ~ ASGTCLG’)/T

acc€ the temporal and spatial field variation

separates two electron beams if

OF > a.F?
A~ A T2 2 e _ . .
e ~ NASGTHL 5¢c€ 9 * this formula holds for arbitrary field
strength
th

AsaT = ~1.2-107°Ar[um] ™"« no information about field onfiguration

2M, 2

28 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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= coupling of spin to radiation field
= different possibility for spin-flip up than spin-flip down

= different transition rates

= build up of polarization along a certain axis

29 Anna Hiitzen et al. , HPL_SE 7 E6 (2019) ; J. Thomas et al., publication in preparation for Phys. Rev. Accel. Beams
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Hiotonl = Hem + HseT + Hrap + Hst
Hgm = ’}’mCQ + 49, Hsar = Q- S,

—

q
HRAD = q¥rad — v Arad,  Hst = Qaq - s

Pr—P _ 1
P(t) = Peg1 = exp(—t/Tpat)],  Pog= 5—5¢ ™= By p,

eq_PT+P¢

30 S. R. Mane, Phys. Rev. A 36, 105 (1987); Ya. S. Derbenev and A. M. Kondratenko, Zh. Eksp. Teor. Fiz. 64, 1918-1929 (1973)
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31 S. R. Mane, Phys. Rev. A 36, 105 (1987); Ya. S. Derbenev and A. M. Kondratenko, Zh. Eksp. Teor. Fiz. 64, 1918-1929 (1973)



