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1. Introduction

1.1 Electrostatic Accelerators
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1. Introduction

1.1 Electrostatic Accelerators

et + V= 4n€0r ; To provide higher
—f - - E=_ Emax = 25MV/m » voltage the structure
4n£ r2 becomes very bulky
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Conservative nature of the

» electrostatic fields makes it
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successive acceleration
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1. Introduction

1.2 RF Accelerators

Time dependent fields

To provide a Non-Conservative Fields Lo 0B
successive » B B0 VXE=——
acceleration ot
Alternative
Repeatetl®  —)  clectomagnetic
acceleration fields

U

E) = E)O Sln((,l)t + 00)

4

The structural dimensions of the
accelerator should be reasonable in
ranging from mm to m

=)

electromagnetic fields with wave lengths
ranging from mm to m or frequencies between
several MHz to several GHz
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1. Introduction

1.2 RF Accelerators

RF waves in a metallic cylinder
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In the same years, Hansen at MIT built the first electron Linac (1947, 4.5 MeV, 3
GHz disk-loaded structure ).
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Phase Slippage
and no net
acceleration
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For acceleration
we have to
decrease v,




1. Introduction

1.2 RF Accelerators

Side Coupled RF Cavity
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Normal Conducting RF Cavity v

(12 GHz-100 MV/m) Niobium super Conductor RF
Cavity (1.3 GHz-31.5 MV/m)




1. Introduction

1.2 RF Accelerators

RF Acc. Material

Copper+Aluminum+Steel Niobium+Tita_1nium+Tin

Meissner break .
SCRF q : : Linear Acc.
own Maximum gradient of today’s RF Acc
» accelerators is limited to about » Geometry
MeV - T,
100~ Circular Acc. 80
NCRF RF breakdown O/




1. Introduction

1.3 Necessity for a Novel Technology

Ek dEk dErad dETad
dz dz dz
el ec
1[TeV] 100 [MeV /m] 3.8x 1075 eV /m 1.4 GeV/m
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in TeV Frontier
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drive beam accelerator CRY 1461 m drive beam accelerator
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3 @ @ % 3 decelerator, 24 sectors of 76 m

a-mmm. . £,
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CR  combi ing
TA  turnaroun: d
DR damping ring
FOR prodamping ring | booster linac, 6.14 Gev

BC bunch compressor
BDS beam delivery system
IP interaction point

A new high-gradient accelerator - e
technology is mandatory to /
ensure TeV scale in reasonable
cost and space. GeV/m




1. Introduction

1.3 Necessity for a Novel Technology

Dielectric Wall Terahertz Plasma Wake-Field
AccC. AccC. AcCC.

A
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um
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2. Plasma Wakefield Acceleration

2.1 Plasma and Wakes

o Paa¥al © o @
Paatety . L
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Solid e Liquid e Gas -

* Energy . Molecule ' Excited molecule ‘ Particle ® Free-electron

A beam injected to plasma in

right position and time can Plasma wake fields

excitation

-

be accelerated significantly

Maximum field
gradient can be
excited in a
plasma cell

An ensemble of
coupled oscillators

- A

| B M-

n, = 10*cm=3 is required
to provide 1 ¢¢V/,,

Separation between
ions and electrons
leads to charge
density oscillation

10 times more than
maximum gradient in
today’s accelerators




2. Plasma Wakefield Acceleration

2.2 Wake Excitation

Metal vapor plasma sources (like rubidium),
ionized with lasers, routinely (500cc-1at)
reach plasma densities of this order and even
more

Witness lon bubble

Petawatt Pulse
200J Sem

150 fs Relativistic electrons
flif ~ 40 generated By wave-breaking
differentially pumped gas cell or infection pulse

{or gas jet)

T 7 I ;~3.3-10
n, ~few 107 em Ap =65 pm 27, 160 pm ‘::\’akeﬁeid




2. Plasma Wakefield Acceleration

2.2 Wake Excitation

LWFAf < ( ”WM"N’
driven by high-power lasers.

produces high-current e-beam

PWFA

driven by high-current e-beams.
produces high-brightness e-beams.

PWFA

Propagation length

P 2 ) -

of e~ drivers about
1m.

Propagation length
of p* drivers about
10m.

A 4

LWFA

Electron

++ +++4
+ + + + 4+
“w t+ +

Electron plasma wave

Propagation length about 1cm




2. Plasma Wakefield Acceleration

2.2 Wake Excitation

Proton Beams of

1004 and Hundreds CERN SPS : 400 GeV protons
GeV are Required ‘ with 3 x 10 particle , 19 kJ
energy and 120A.

%-’DF

In order to derive the

plasma wake fields
/ efficiently.
A, = Ay

\‘ Plasma wavelength

\ 1015 A, = 1 mm while SPS q?@)
Ay = wlem=] ™ ‘ Eroton bunches are about Y

2cm long. v I




2. Plasma Wakefield Acceleration

2.3 Self Modulation Instability

Discovery of self-modulation \:—T #
instability (SM1) (2010). R e Wb i
SMI splits the long proton beam &= The excited wak Along proton bunchiin a
into several ultrashort bunches of © eXCIted Wakes can plasma can generate a low
length A,,, which can resonantl modulate periodically bunch amplitude transverse wake
9t Ap, y radius with the period of 1,,. ; o
drive the plasma wake efficiently. P fields within its body.
Demonstration of the proton-
» driven plasma wake field
acceleration power Advanced Proton Driven Plasma
This ability launches Wakefield Acceleration Experiment
the AWAKE (2013). Develop necessary (AWAKE)
» technologies for the long-
term application.
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3. AWAKE

3.1 AWAKE Experiment

CERN SPS: 400 GeV protons with

3 x 101 particle , 19 kJ energy and ~
12 cm bunch length. 13 Inst. A

ALICE
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London
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Wake potential

AWAKE: Advanced proton
driven plasma wake-field
acceleration experiment

2018
ACHV

Edda Gschwendtner




3. AWAKE

3.1 AWAKE Experiment

Awake underground

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

Acceis galleries

LHC/TIB turel i\

WAKE experiment

eery
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Second muon detector %
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Awake e source

Cathode Quadrupole
Ieading triplet

|

—
=+ PHIN electron
SOUTCE am

Booster.
structure

Awake Area

—
Access gallery

Laser power
supplies

Items in dark blue: ventilation ducts
Items in light blue: AWAKE electronic racks
Ttems in ¢ 2 0: existing CNGS equipment (cable trays, pipes,...)

Electron gun

Klystron system

Proton beam line

Laser & proton beam
junction

Electron beam line |

Plasma cell
(10m long)

Electron spectrometer

Experimental |
Diagnostics

CNGS: CERN Neutrinos to
Gran Sasso




3. AWAKE

3.2 AWAKE Run |

RUN 1: 2016-2018: Proof-of-concept experiment. Successful electron acceleration in wakefield driven by a self-modulated proton beam.

electron source system : S, _
J accelerated electrons on the scintillator screen

laser beam .
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3. AWAKE

3.3 AWAKE Run I

RUN 2: 2021 : Accelerate electrons to high energies (~10GeV) while preserving the beam quality and demonstrate the scalability in order to
have first high energy physics applications.

e Laser

Bunch Pulse
Electron source system s

Lazer beam

eV % SSMI

‘ Rf soucare L_ . MNEW: higher energy

. i y — Electron source system
¥

Accelerated electrons on the scintillator screen
L oie ;_,‘f/. 2 Electron beam
= 5 —
— L. _ Dipole 10 m Rb Plasma
o ~150 MeV RFgun w5
g e | L’
a—

NEW: density step

RF strisctune
| ot | B
Proton beam e
s L
e « %~ = Hectron beam
Lodim g/ Dipole 10m Rb Plasma
=
NEW
- =L
|

Long protan bundch 1 Proton mirobundhes ‘
i ) i
4 - o Laser beamn
E': E:r‘ "' LN NEW: back-propagating
4| u |ﬂﬂ|5|“4p¢ﬂ ‘ 4 Captured electrons . =

[ irmm




3. AWAKE

3.4 IPM Collaboration

A TWALKE

4

Electron Source, Design,

\ 4

IPM Contribution
Since 2017

Simulation and Optimization

Ultra Short

AAAAA

High Current

High Quality

In Compact
Structure

Simulation of the Plasma
Wake field Acceleration




3. AWAKE

3.4 AWAKE Phases

Predicted by
Si m U I ati Ons, but not yet -- not to scale - beam propagabion direction —
fully explored in data plasma .

SEM seeding «

Demonstrate electron SSMI

A » in first plasma cell

Tntensity

A
Find the best
parameters to work
reliably and phase-
stable
» C
AWAKE
Run 2
Phases
» D
Design and install new EE
plasma cell (SSMI 0] stepped-up
source) £ o] n—
v Demonstrate the %, 06 _ —CI:
B » stabilization of the micro- o 047 o r "
bunches with a density step 024 -
Show levelling of 3 20 40 60 80 100

strong acceleration field




3. AWAKE

3.4 AWAKE Phases

Expand the
experimental area

New electron source
and beam line

Demonstrate
AWAKE electron
Run 2 » C » acceleration —»  New plasma cell
Phases and emittance
preservation

New laser to 2nd
plasma cell

y

New diagnostics ‘
Experimental program to / .,‘
demonstrate simultaneous energy

gain and good emittance




3. AWAKE

3.4 AWAKE Phases

Laboratory developments in
dedicated plasma labs

AWAKE Demonstrate
Run 2 » D > scalable
Phases plasma sources

Proof-of concept in AWAKE
experiment

\ 4




3. AWAKE
3.4 AWAKE Phases




3. AWAKE

3.5 AWAKE Phases C

Run 2c: Demonstrate Electron Acceleration and Emittance Preservation

Electron soufce system J,--'"_-_- S,
: it i e
“,
Laser beam e ™~
F sun \
ZoMEY B -
. AIF mruietaire h_ v NEW: higher energy :
— i Electron source system ',
- - y %
. ’ / \
k cw - Electron beam /! b
, / \
= - P : \
| iomeAbPlasma/ | <150MeN 1 e \.
— = NEW: density st oot
: N R flf EE srustar: A 1}
E f
Proton beam { . ‘|
— | ’ |
o x Electron beam |
e ! I 10m Rb Plasma
g |
— 0 NEW T : |
| - - : |
|
1 - { i
\ ari i
1 r
Lodi=
\ =1
\ B ""-— ‘
\\
Las l:‘r beam m b
\ MEW: back-propagat nh ﬁ] e
o
\\"\_ -~
\\-\"-\.
= — -
Laser
dump

Detailed studies of the electron acceleration

need to be done now to be ready for Run 2 2024-2025




4. AWAKE E-Source

4.1 E-Source Layout

Injection of a compact and high-quality electron bunch at a right phase allows for a propagation
over long distances with no emittance growth (apart from the head of the bunch)

Buncher

RFGun

Mirror

Plasma Cell




4. AWAKE E-Source

4.2 E-Source Requirements

Beam
Characteristics

Type Bunch Charge | Bunch Length | Energy Spread Emittance Beam Size Energy
1st 100 — 600 pC 2 —3ps <1% <5um < 190um 15— 20MeV
2nd 100 pC 50 — 300fs <1% < 2pm < 5.75um 80 — 160MeV
Parameter RF Gun Buncher Acc. | Acc. Il
RE Frequency 3.0 3-12.0 3—-12.0 3-12.0
Characteristics | gradient 120MV/m  20—50MV/m  20—80MV/m 20— 80MV/m
N. Cell 1.5 30 120 120
Al[nm]  wlev] r[mm] t[ps]  qlpc]
Laser
Characteristics 262 431 1020 1.0  100-600




4. AWAKE E-Source

4.3 E-Source Structure

Focusing Channel
Solenoid.I Solenoid.Il Solenoid. 111 Solenoid. 1V
|
[ 1 | l 1 { \ { 1
X X X 1 1 B ) B B I B 51 B 0 B B 1 ) 1 ) B B ) B ) 5 50 51 5 ) 0 B I 50 ) ) 0 ) 0 BRI
RF Gun
Buncher Acc. 1 Acc. 11
< g X< Bl B ) 0 ) B ARRERRRR R X R KRR R
L L, ) L, ] : L, ”
d; d, S ds
) L=38m
A 4

S Band RF Gun Very High X Band Buncher for \ery Strong X Band Acc for Very Compact

Quality EBeam Generation Bunching Acceleration

—



4. AWAKE E-Source

4.3 E-Source Structure

120 cell, X-Band, Swiss FEL Str. 1.6 cell, S-Band, LNF-INFN Str.

waveguide

FEEDTHROUGH

COOLING SYSTEM

VACUUM INTERFACES
RF INTERFACES

part 2 flange for RF

probe




5. Beam Dynamics Studies

5.1 Ray Equations

Pz > DL
Dimensions of the
, . . dp — — d _ d External
Lorentz’s Force Equation:  —=qE +qv X B » PR Apparatus
T K dgy
B~ FS3 S5 5 Ei e
E=Eg2+ B3+ (2 -2 o) ES
— ﬁo _~ rit d r@ d
B=—EQ+|Z2———|Bf +|=—=—=|ES
c ro 20z) 7 \2c%20t) *
Energy Terms External Terms Space Charge Terms
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5. Beam Dynamics Studies

5.2 Envelope Equations

Or =+ (r2)

Beam Envelops |:>

0, = +/{Az?)

Particle Trajectories

Yo', nor 9E7  Bo0dE:

2.2
oy e2 n

Voﬁo2 " 2,302]/0 dz ¢ Ot

)

)+
4)/02,302 ’ ,302)/03@

Space charge Forces

External Forces

Take an
Average over
Whole

Particles

Emittance Forces




5. Beam Dynamics Studies

5.3 Space Charge Forces

Envelope Equations ) i)
Full/Semi-

Analytical » Fast Design » Most problematic issue is
Model for E- Tool Vs Trks Space charge forces

Source Design

Radial reduction factor

I :
sy _ Kr ( _ _ImBo_,(r0ES(r'z) 4 )= Ky < Radial perveance
BoV (E ry = - X 1 2<I(TJZ)>(f r'dr') ar X 25
K, = —(f p(r',z)2nr'dr")
27Tfoﬁo Yo?
n K« longitudinal perveance
(ESAz) = a, X =
Bo’vo30, 5\02 .
— K =— 5 | pradz)
Longitudinal enhancement eoﬁo Yo® J-oo
factor

Space Charge Dictionary




5. Beam Dynamics Studies

5.3 Space Charge Forces

These coefficients should be largely independent of the details of
bunch structure

From Physics point of
view We expect that

They should greatly depend on the general bunch characteristics and
be determined functionally from the bunch dimensions o, and o,.

Type p(r,z,0.,0,) We can consider a few simple cases
2 , where their calculations are more
z r . .
GG qbe_< ﬁaz) e_(U_r) straightforward and fully analytic
m\2mo,20,
N
2V3mo, 20, 1 |z| < \/§O’Z
X 0 Else
(UN ——1b___ VZr\? z \?
5 Tz Z
et 1 (\/Ecrr) t (\/Ecrz) =1
2 2
UG qbe_(\/i—az) 0 ElSe
2m\2no,20, 1 r< \/fa
0 Else
dp
— X
Uc 431020, {1 lz| < \/§O‘Z , T< \/iO'r




5. Beam Dynamics Studies

5.3 Space Charge Forces

2
81e0Bo Vo305 ﬂ“““

“ 1Nk 143 125 1T 143
K. — nqpo,
z Deviation
Without US 4.8 % |« » With US 1.2 %
US bunch - zero-temperature Maxwell- A bunch with vanishing emittance
Boltzmann distribution. - u g
s ny(x) Ex = \/(xz)(pxz) - (xPx>2
1.2¢ xp (mrad)
________ ts & =15mm-
1.0 Fzzczcoz:z ::1:. 2f
0.8 —e 4t
— =0
0.6 ‘-‘:' x(mm)
0.4 . z
%k 1L
0.2 ‘:::l“.‘e
0.0 :“‘- ---- X B
0.0 0.5 1.0 1.5 2.0 2.5 3.0




5. Beam Dynamics Studies

5.3 Space Charge Forces

CMF
1 (T® (® " p(r',z' 0, 0,)r'dr'd®’ dz’
Space-Charge Y3(r,z,0.,0,) = = J J rz 72
Potential 0/-c0 J0o 0 ((z — 722 +r2 4% — er’Cos((ZY))
' LF
E— Broz— lim (20 +7f— | )
pace-Charge r,z)=— lim |(Z—+4y,r— T, Z, 0y, 0y,
Field Z-Yo6 0z or
O'Z_Wogz

—



5. Beam Dynamics Studies

5.3 Space Charge Forces

X

(E;zZ + ESrt) = —

lim
Z-Y0z
0z7Y00z

1 f+°°
Amenqp J_o Jo

00 (2T
j f p(r,z, 0.0, rdrd@dz
0
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) LT

, 1/2
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. Beam Dynamics Studies

5.3 Space Charge Forces

2
o J1 (\/%uu) e‘“(uCosh(u) — Sinh(u))

Qb\/go-zf
E;z) =
(E22) 2meg0,2 ), u* du
J \/z,uu Ji \/zuu e “Sinh(u)
qp 4\/’6 coJ1 3 2 3
(Eir) = 1——— 3
8m\/3€,y0, moJg u

du




5. Beam Dynamics Studies

5.3 Space Charge Forces

Type ar (W)
o 5w (M) 1
GG vru? [ ute e W2 Erfc(u)du -
2 o —(HY 2
GU %fo e (%) (u— e “sinh(u))du — UC
1 UG
us 2Ar(5,uz—1) I
_(1)2 &3 010 GU
uG 16 f°°€ V2) Ky (uu) 1 (pu) din GG
V2mru 70 u 0.05}
UC 1 _ﬂfoo J1(2/3pu) J2(V2/3pu) e ~“sinh(w) du
u 0 u3
0001 oot0
Type a, (W)
o 2 —(emy*
GG TN u(l — Jmuet Erfc(u))e 2/ du
pu)?
GU 2 ooe_(ﬁ) (e “[ucosh(u)—sinh(w)])
w - du
12
us A, (E 2 —1)
4 ()’
UG 1-— [, e V7 L(u)K; (uu)du
uc . ]1<\/§Hu>11<\/gﬂu> , . \ , ﬂ
6 fo & e U (ucosh(u) _ sinh(u))du 0.001 0.010 0.100 1 10 100




5. Beam Dynamics Studies

5.3 Space Charge Forces
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6. Results and Simulations

6.1 Design
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6. Results and Simulations

6.3 More Considerations

300F
ol EMev)
100+
50
200 MeV
10} ‘
5_
b e
05} F,/F,
0.1 ‘ : - - - . | . , Z [m]
0.5 1. 1.5 2. 25 3. 3.5 4. 4,:5 5.
166 MeV — =0.999995
e beam
247 MeV — [3=0.999998
p beam |EE) 400 GeV - =0.999997
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Thanks for Attention
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