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Background: CEPC
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CEPC Accelerator System

Booster Energy Ramp

Electron 10GeV—>45/120GeV

2) Booster
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Positron
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Three rings in the sane channel:

> CEPC & booster
> SppC

The key systems of  5) Civil Eng.

CEPC:

1) Linac Injector
2) Booster

3) Collider ring
4) MDI

5) Civil Eng.
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3) Collider

C=100km
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CEPC Low field Dipole in Booster Ring

Can we using a 10m scale plasma accelerator to boost the energy of the

injector to about 45GeV?

to design | (Twice excitation current)

 Field reproducibility
<29Gs*0.05%=0.015Gs — how to
measure

e The Earth field ~0.2-0.5 Gs, the remnant
field of silicon steel lamination ~ 4-6 Gs.

(> Thinking beyond CDR ) Sl

« Nominal field error: ~0.1%

2003

« Uniformity requirement: ~0.05% 0

 Eddy current effect oA
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Plasma-based wakefield acceleration

laser pulse

e- bunch
proton beam
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Plasma wave excitation

>10GeV/m acceleration



CEPC plasma injector & THU-IHEP AARG

IHEP-THU joint group on Advanced Accelerator
Research

> Foundation : March 2017

> THU Member : Wei Lu, Jianfei Hua, Shiyu Zhou, Yue Ma, Shuang Liu,
Bo Peng, ......

> IHEP Member : Jie Gao, Dazhang Li, Guan Shu, Cai Meng, Dou Wang,
Jingru Zhang, Xiaoning Wang ......

RF Gun

——
RF Gun 300 MeV 240 MeV
Plasma linac Il

Jianfei Hua, ACC, August 2018
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CEPC Plasma Injector/Overall Goal

m  Working out a conclusion on the feasibility of plasma injector for 45GeV energy.
m |f feasible, presenting a technology design with as much as possible details.

m  Meantime, also working on the feasibility study of a full energy plasma injector at
120-180GeV

Key Issue to address :

Driver/ Trailer design : large charge(10+ nC) shaped bunch generation
Plasma source : meter-10meter scale uniform/hollow plasma source

High transformer ratio high efficiency electron acceleration

Stable high efficiency positron acceleration in electron beam driven PWFA

Staging between different accelerators



CEPC Project timelines

CEPC Project Timeline
»

* 2015.3 Release of Pre-CDR

* 2018.2 1510 T SC dipole magnet built * 20 T dipole magnet R&D with Nb;Sn+HTS or HTS

* 15T SC dipole magnet & HTS cable R&D
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8 and civil engineering design :
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HTS Magnet R&D Program
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CEPC plasma injector timeline

2019/1/1 2020/1/1 2020/12/31 2021/12/31 2022/12/31
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CEPC Piasma Injector 7] {71545
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CEPC plasma injector concept design (V2.0)

Driven -_l _ S
beam —_ 10GeV 45GeV
@ o - < PWFAl ] .
Witness -_I>I_ | aw® o=
beam  GHD—] I— PWFANI —s
Witness rareet 0.4 GeV P
peam @ 1.0 GeV 6 o A _‘HFI
Parameter Symbol  Unit Requirement Achieved(in sim.)
Energy E, GeV 45.5 45.3(c-) / 45.2(+)
Energy Spread O, <0.2% 0.2%(e-) / 0.14%(e+)
Frequency Srep Hz 100 100
Bunch Charge N, nC > 1.0 1
Emittance €, nm-rad <30 1.89(e-) / 1.0(e+)
Bunch Length o, mm <3 0.3(e-)/ 0.3(e+)
Energy Stability <0.2%
Longitudinal Stability mm <2
Orbit Stability mm <5(H) /3(V)
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Key Physics and Technology

Electron Acceleration
High transformer Ratio, High efficiency, Stability

Positron Acceleration

» Stable acceleration (different schemes), energy spread control,

efficiency enhancement......

Conventional Accelerator design and optimization

» Photon-guns, Linac, Positron generation and damping

Beam manipulations:
» dechirper, external injection, staging and cascading

14



I. Electron Acceleration

Goal : Stable High Transformer ratio Acceleration ( 3-4)

To Do : more realistic simulations, experimental demonstration, scaling
verification

Tech :

v High fidelity 3D simulations with real parameters, tolerance analysis

v Cross-checking between different codes, combining PIC with beam line dynamics
simulations

v Experimental verification on Tsinghua and SXFEL facilities, and scaling test
v FACET-II high charge experimental test

How to Check :

1. Finishing front-to-end simulations, code cross-checking, tolerance analysis
2. Preliminary experimental results from Tsinghua and SXFEL facilities
3. Collaboration on FACET-II High energy High charge experiments

Expecting timeline : 1) 2021.12 ; 2) 2021.12 ; 3) 2022.12

15
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Tolerance analysis for HTR e- acc.

Perturbation No. Error Source Sensitivity
L Beam ener Driver £
2 i Trailer E,
3 Driver the error of phase and E
Bunch ch : ’
4 Hhch charge Trailer amplitude of Linac E,
5 Driver accelerating structure E & 6g;
Bunch length . . :
6 HneR ieng Trailer wakefield effect in E,
7 : Driver Linac and orbit errors E,
3 RMS spot size Trailer of Linac E
9 Beam energy spread E,
10 Beam distance E,
11 Plasma density plasma source E,
12 T iti &
LA LA St the misalignment error Q& ey
13 Offset . Driver . I,
Transverse velocity . of Linac elements and
14 Trailer . E,
, wakefield effect in
15 : Driver . E
Tilt , Linac !
16 Trailer E&Q &en
17 . Driver E,
Transverse position : transverse-
18 o Trailer g . L,
Slice jitter . longitudinal coupling :
D T velocit Driver in Linac Ly
20 ransverse velocity o 3
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Error analysis for HTR e- acc.

Perturbation Limitation
Transverse position +2.3um
offset
Transverse Driver <0.05nrad
velocity Trailer <10urad
) Driver +0.038urad
Tilt
Trailer +180mrad
Transverse Driver +0.025nm
position Trailer +3.7um
Slice jitter _
Transverse Driver <0.1nrad
velocity Trailer <5urad
Beam distance +0.16%
Plasma density +0.26%

On going process

See Dr. Xiaoning Wang’s talk

Linac output data

35nrad/68.8nrad

2.7urad
0.9mrad

1.4um

4.4um

12nrad
~0.1mrad
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Error analysis for HTR e- acc.

---- booster requirements:45.4/45 6GeV

The sensitivity of trailer energy to perturbations

---- hooster requiremants: 200umrad

The sensitivity of trailer emittance to perturbations

---- booster requirernents:0. 78nc
==== 10 perturbation:d.B4nc

The sensitivity of trailer charge to perturbations

---- hooster requirements: 3000um

The sensitivity of trailer length to perturbations

---- booster requirements:1%
""""""""" e ol perturbation:0,4%

The sensitivity of trailer energy spread to perturbations

---- booster requiremants:2000um

B - “==-.---- no perturbation:5 88um
/’ “
f; N "8,
.r' x
.'. ‘\'
1' b
E \
|r l'
: 16 '
: \
I, I'
1 |
|
| H
! i
! i
| ;
' 12 :
L |
N !
A '
) !
) .'
[ J"
;
\‘ ,'
\
LN ,“

The sensitivity of trailer RMS spot size to perturbations
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II1. Positron Acceleration

Goal : Stable high efficiency positron acceleration in an electron beam driven
PWFA (with low energy spread)

To Do : check the feasibility of three (or more) possible schemes, stability and
parameter tolerance
Tech :

v High fidelity 3D simulations with real parameters for three schemes, tolerance analysis

v Explore new possible schemes

v Experimental verification on Tsinghua and SXFEL facilities for stable possible
acceleration modes

v Collaboration on FACET-II positron experiments
How to Check :
1. Finishing front-to-end simulations, code cross-checking, tolerance analysis
2. Preliminary experimental results from Tsinghua and SXFEL facilities
3. Collaboration on FACET-II positron experiments

Expecting timeline : 1) 2021.12 ; 2) 2022.06 ; 3) 2022.12 ?

20



Ele/wm,)

Positron Acceleration Scheme 1 (in CDR)

e-, shaped

2nC, 45GeV
e+

Hollow Plasma Channel 1nC, 45GeV

e+
1.2nC, 2/4GeV

QEB m  High efficiency 60%

Time = 1600.00 [1/w,]
T T | T T | L | LI | T T | T T 0

10 —

m Low energy spread ~0.5%

o5 | m  Small emmitance growth

b m Tight tolerance on injection parameters
I to control transverse instability (beam

'U.EIIIIIII

N tilt or offset ~ 0.1um)




Positron Acceleration Scheme 2 (Stable mode)

e-, shaped & evolved
3-4nC, 45GeV

Hollow Plasma Channel

e+
1.2nC, 2/4GeV

30 0 P
150 - 24
4

- -4 280 300 320 340
&(um)

&(mm - mrad)

x(um)

e+
1nC, 45GeV

Energy efficiency ~ 40%

Slice energy spread ~1% (to be

optimized)
Tolerable emittance growth
High tolerance on beam tilt and offset

debuncher + dechirper to reduce

energy spread down to 0.2%
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Positron Acceleration Scheme 3

e-, shaped
10nC, 45GeV

e+
1.2nC, 2/4GeV

x{c/wp)

20 15 10 5 0

Elciwyp)

Transverse non-uniform e+

Plasma column 1nC, 45GeV

[
g
)
]
E

mcwgfe)

Relative low efficiency ~10% (to be

optimized)
Slice energy spread ~0.2%
Tolerable emittance growth

High tolerance on beam tilt and offset
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mIIl. Accelerator design and optimization

Goal : Generation of 15nC (or more) 10GeV shaped bunches for driving HTR
PWFA; Generation of positron beam with 1nC charge, 10mm mrad or less
normalized emittance, short bunch ( ~100fs)

To Do : to determine the beam and accelerator parameters, design of gun, Linac,
and positron beam line

Tech :

v Detailed beam line simulations with tolerance check
v lteration loop: Booster->plasma injector->Linac—>gun
v Collaboration with FACET-II design

How to Check :

1. Giving detailed design of gun, Linac and positron beam line with tolerance check.

Expecting timeline : 1) 2019.12 (V1) : 2) 2021.12 (V2, final)
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CEPC Plasma Injector beam requirements

\beam

e- Gun Main Factor:
« High bunch ¢l
« Longitudinal :
 Low emittancg

(Driven d
beam -—-

Witness -‘
beam  (ElRD-

Witness -_
J

shaping

drive beam 1
2ps/6.5nC

itr

bear
0.27ps|

ess

ml
(1.2nC

45GeV

I{kA)

rive beam 2

ithess
aeam 2

3ps/18nC 0.7ps/5nC

800

1000 1200 1400 1600 1800
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Large Charge Photon gun —KEKB, S-band

S band RF gun (highest bunch charge to my knowledge)

* Installed at KEK ATF facility for the X-rays based '
inverse Compton scattering® I

* Sband (2856MHz), 1.6 cell

« 5nC/15 mm mrad

+ Cs2Te (QE>3%)

» Laser width (FWHM) 10 ps

* Ecathode=140 MV/m, 6 MeV @ 15 MW

« SuperKEKB RF gun** v I P

« S band side coupled structure, 7 cells

47.515

47.515

*« 5nC /5.5 mm mrad (simulation)

« Ir5Ce (QE ~ 2*10%)

» strong focusing field at cathode

« Ecathode ~100 MV/m, ~13 MeV @ 20 MW

transverse
focusing

*Hirano. K et al., Proc. of 9th EPAC, 2004.
**T. Natsui et al., proceedings of IPAC 2013, TUOCB103
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Large Charge Photon gun:Argonne, L-band
a2

+ Installed in Argonne wakefield accelerator facility*

+ Wakefield acceleration application, high peak current, short
beam length (2~5 ps)

* Drive gun
» L band 1.5cell RF photocathode gun (1.3 GHz)
+ Single bunch operation 10 pC~100 nC (world record)

* Bunch train operation, 1~32 bunches/s, with up to 600 nC/s
+ (Cs2Te photocathode, diameter > 30 mm (QE~3%)
» Ecathode > 80 MV/m (14 MW, 8 MeV)

+ Witness gun

| I front
solenoid

RF input coupler

* Mg photocathode
« 10pCto10nC
+ 20~100 nC, BSA=20 mm, logitudinal Gaussian laser, rms pulse

length 2~5 ps (w/o bunch compressor), normalized rms TP
emittance 30~108 mm mrad tuning punger

middle
solenoid

|
|
| [
bucking
JI‘ solenoid

“Wei. G etal., NIM A 410.3 (1998). pp. 431-436.
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Shaped bunch —Laser Shaping (V)

» Laser shaping on photocathode + beam line optics
« Shaping by adding Gaussian quasi-pulses
+ Gaussian pulse relative delay is given by crystal thickness, relative amplitude can be varied by adjusting crystal angle
* Powerful but complicated tuning
* High bunch charge (~18 nC) means strong space charge effect — difficulty in longitudinal shaping preservation

Laser pulse simulation Bunch measurement
\ —_—05
g f £ o
g |\ X 05
a3t | \ ; 1 i . . .
‘i , ; 5 10 15 20 25
s Bunch time [ ps]
(0] |
3 2f | ' Y —) . T
= b \ =
€.l " \ g w0 ~a
© B \ \ oy \ 3
/ v \ / "\ 1 RN ﬁ 20
0, .L /" x;;‘;;__x_‘\_ig‘l_;i,‘/_x \~ ‘\‘ g o / ~
5 0 5 10 15 20 25 @ 5 10 15 20 25
pu[se time [ps] Bunch time [ ps]

DESY PITZ laser shaping experiment (500pC)*

*G. Loisch et al., NIM A 909, pp. 107-110 (2018)
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e- Gun requirement and preliminary design

Bunch length (ps)
Gun type A EECIU9E  Requirement R Gun Compression
ratio

Gunl L-band Drive 6.5 2 30 ~15
Electron
Gun3 L-band Witness 1.2 0.27 8 ~30
Gun2 L-band Drive 18 3 33 ~11
Positron
Gun4 L-band Witness 5 0.7 13.5 ~20
o al] I | I | | I 7000 -
6000 -
0. 21 i 5000 -
| —
O .o L | o [ 11 | | %‘“’0"‘
gf( ” H ll ll §3ooo—
—0.2|
2000 -
0.4 | 1000 -
| | | | | | | | . | | | | |
O 5 10 15 20 25 30 325 3 2 -1 0 1 2 3
- <m ) ot (ps)
Bunch compressor lattice before main linac Required (red) and simulated (blue) beam profile
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Y(mm)

Linac optimization for ideal beams

ing no coupilng between x — y direction

. = 156mm (V1.0) - 146 mm (V2.0) "
|

L-band photocathode rf gun under design.

Finished the preliminary linac design and
the end-to-end simulation (e- gun = FFS).
Beam distribution improved but can not
meet the requirements yet.

NEED MORE OPTIMIZATIONS

Optimized by Dr. Cai Meng (2020)

30



Preliminary design for e+ damping ring

Energy (MeV)

Circumference (m) 20 29.62
Bunch number 2 2
Bending radius (m) 1.5 1.375

BO (T) 0.89 0.97
U0 (keV/turn) 5.0 1.65

Damping time x/y/z  10.7/10.7/5. 47.7/48.0/2

(ms) 3 4.1
80 (%) 0.05
€0 (mm.mrad) 5
Nature oz (mm) 4.4
Extract oz (mm) 4.4
einj (mm.mrad) 2400
gext x/y (mm.mrad) 62/57
dinj /8ext (%) 0.6 /0.05
Storage time (ms) 20

Wiggler parameters _

Dipole strength (T)

Magnetic period (m) 0.2
Total length (m) 1.5
average Bx (m) 1.3

RF parameters _

RF frequency (MHz) 500
RF voltage (MV) 1.5
Energy acceptance by RF(%) 2.1
harmonic 33
Conceptual design was finished, further

lattice optimization is ongoing. Error study
and correction are needed. Impedance and
stability study are also required.
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IV. Beam Manipulations

Goal : Carry out dechirper, hollow plasma channel generation, external
injection experiments on Tsinghua and SXFEL facilities, verify their
feasibilities

To Do : Prepare and perform systematic experiments on dechirper, hollow plasma
channel, and external injection to verify their feasibilities for plasma injector
Tech :

v Plasma dechirper experiments with uniform and hollow channel plasma

v External injection from Linac to wakefield accelerator

How to Check :
1. Generating long uniform hollow plasma channel
2. performing dechirper experiments to reach 0.1% level energy spread

3. External injection experiments to show the feasibility of high efficiency high quality
staging

Expecting timeline : 1) 2020.6 ; 2) 2020.12: 3) 2021.12
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Current External Injection Experiment

EMCCD with lens
mirr i.

band-pass filter FS

UV Laser
266nm @300fs

IR Laser
800nm @30fs

Interaction
Chamber

ThnmnannEn |
==l CEEEEEEEEEEE

y

Coil2 S-band Linac Triplet1 Chicane Triplet2

| Interferometer
@
- | 1 | |
—without plasma
K —with plasma
05! external injection

i

arb. units

oy | | with ~100% capture
—— k efficien Ccy
. ‘ ‘ 0

31 32 33 34

- - MeV AAC 2018, Plenary

31 32 33
MeV
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Current Plasma dechirper @ THU lab

charge density p / nC/%

0.6

0.4

—— no plasma
9.8 ps delay
—— 7.9 ps delay

-1.5 -1 -0.5 0 0.5 1 1.5 45.4

relative energy 8 / %

45.8

Energy [MeV]

2
(a)
~151
E
£ - ’
< 4l .
Pos 4
ol
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Energy (MeV)
2r -
(b)
~15}
E <
E S
2 1
®os
46.2 S I el B 1)
97 975 98 98.5 99 99.5 100
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PHYSICAL REVIEW LETTERS 122, 204804 (2019)

Phase Space Dynamics of a Plasma Wakefield Dechirper for Energy Spread Reduction

Y.P. Wu,' I.E. Hua,"" Z. Zhou,' J. Zhang,' S. Liu,' B. Peng,' Y. Fang,' Z. Nie,' X. N. Ning,'

C.-H. Pai,' Y.C. Du,' W. Lu,"" C.J. Zhang,” W. B. Mori,* and C. Joshi®
‘n'JL’pamrr('m of Engineering Physics, Tsinghua University, Beijing 100084, China
2University of Los Angeles, Los Angeles, California 90095, USA

® (Received 20 January 2019; revised manuscript received 19 April 2019; published 24 May 2019)

Plasma-based accelerators have made impressive progress in recent years. However, the beam energy
spread obtained in these accelerators is still at the ~1% level, nearly one order of magnitude larger than
what is needed for challenging applications like coherent light sources or colliders. In plasma accelerators,
the beam energy spread is mainly dominated by its energy chirp (longitudinally correlated energy spread).
Here we demonstrate that when an initially chirped electron beam from a linac with a proper current profile
is sent through a low-density plasma structure, the self-wake of the beam can significantly reduce its energy
chirp and the overall energy spread. The resolution-limited energy spectrum measurements show at least a
threefold reduction of the beam energy spread from 1.28% to 0.41% FWHM with a dechirping strength of
~1 (MV/m)/(mmpC). Refined time-resolved phase space measurements, combined with high-fidelity
three-dimensional particle-in-cell simulations, further indicate the real energy spread after the dechirper is
only about 0.13% (FWHM), a factor of 10 reduction of the initial energy spread.

DOL: 10.1103/PhysRevLett.122.204804

Energy spread reduction down to 0.2% level
AAC 2018, Plenary

The experimental resolution on energy spread
Is limited, refined experiments is planned

The effects on emmittance and slice energy
spread needs to be quantified

Hollow channel dechriper seems to be a
better solution
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2"d round plasma dechirper experiment

y/im

0.01

0.005

-0.005

-0.01
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-0.01
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gascell

2 Sh
PUER4REE B2 R

-0.005 0 0.005 001 01 -0.005 0
x/m x/m

#2357 hollow channel plasma

dechirper B FBIRBE

0.005 0.01

155

LARTEY AR

AE~0.17MeV
REEFR LRI IR ~mm
FREHmE:

AE~0.01MeV

FPER < < 100um
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Hollow Channel experiment preparation at THU Lab

UV Laser IR Laser
266nm @300fs 800nm @30fs

Interaction
Chamber

| %Mlnllu | | A
=" %{u_r_uu_u H Jyj—jl\J H

RF Gun Coil2 S-band Linac  Triplet1 Chicane Triplet2

Deflecting
Cavity Screen2

|
Dipole /

Screen

Estimated Start Time: 2019.12

= Diagnostic system upgrade(1~2 weeks)

= Assembling quadrupoles (1 week)

= Online test (1 week)

= Offline test (4 weeks)

= Optical layout (1 week)
= Bessel beam profile measurement(1week)

= Plasma density measurement(2 week)

= Dechirper experiment (8 weeks)

= Optical layout (2 week)
= Debugging (3 weeks)

= Accessing data (3 weeks)



Hollow Channel experiment preparation at THU Lab
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Plasma dechirper & HTR experiment Preparation@ SXFEL

()

Parameter | Value

H7H Lo LH LI HL BC1 ) L3 il DSI - DS2 - FB - DS3 W)
- W‘N—-r“mr"nnnai Energy 0.8Ge
WRENHOG 840 MeV  FiFHOL1 FiFiO62 V
(b) i
B L0 LH Ll L BC1 BC2 L3 Plasma Section SASE Chafge 50pC
— /H\'-rxll\ FEL@2 nm .
B Emittance  0.8um

ot

DS2 FB DS3

M3

2.34m .

EfEFR %1, 6m*1m

%4 £1.2m*0.32m i -
i Q4kx4 =
— = Im| Im| O m i i
L] |} {8
nnnnn o : < &
: R LR A A % & |«
##1%20. 8m*0.6m &
== == =14

ki | E%i0.9m*0.6m

B AT Qe 24k KA
0.1m, #%# E<30T/m

Main beam of laser
OTR/Yag light
Electron beam
Relay

K261, 8m*0.9m. 51, 15m

i

A FE1.2m*0.6m. 1. 15m

i M—ZWB‘ R L Beam size  10pm

oL Frioe

Peak 2.4KA
current

Energy ~8MeV
Chirp

Dechirper experiment schedule

» First step: Obtaining a stable
positively-chirped beam with
few percent energy spread

» Second step: Post-processing
the beam using a passive
dechirper



Experiment preparation @ SXFEL
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Slides from Dr. o Peng (2020)
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Experiment preparation = laser system

lAmpIifier energy

Amplifier output profile before expandef

performanceI

Running...
323 pulses

Average Value:
Maximum Value:

Minimum Value:

RMS Stability: 253 % _ -

PTP Stability: Running...
513 pulses

Slides from Dr. Bo Peng (2020)
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Experiment preparation = gas loop

BRFENE (BF)
GE Druck DPI 104 (B f50-
300PSt) . #FK1/4NPT

SFENE (B8)
DEDruckDPI104 (£120- @) BmETHIEASE b

A (SKERE>10Mpa) -
i EFERER i BFEEHE
A e o 0000 ____ Ll (a#&) - EBH
A Exa | uaj - B4 aihia ERBE : ! DE Druck DP1 104
#ER @R Fam) B B0 B (@EiTem (a#) e (#150-30P5)
S B&aprv (Proportion-Air) : ‘ : ‘
#if AL1/8 NPT : , - .
& b‘ié/g.m/sggﬁ% ' ' g Tonk (-sD & 01/4inchéth
30psi/f5 B 3psi) - : Tank (~SL
(Thae A D2MPREE E<1000a) | &  THR hfemete
(A 2= KM, | (8
! ) B o I
o E R WESHR
TR
(gii)

HERBABRETE (He: N2EEDIFMNEL=00:10854899:1)

Requirement :
200 ~ 10° pa (Negative pressure)
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Summary

CEPC Plasma Injector Is a possible innovative solution
to address the low field issue in CEPC booster ring

A preliminary design for CEPC plasma injector at
45GeV has been carried out, and a step by step plan to
verify its feasibility has also been mapped out

Key experiments are planned to be carried out in future
on several available facilities

It Is expected that a conclusion on the feasibilities of
CEPC plasma injector should be reached in about 5
years study period
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