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Evolution of Electron-Positron Colliders
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Linear Collider @) Technical Challenge

 Ring collider&iED R I, single passTHAH_E
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Main Linac

e Key area of ILC
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XFEL Status March 14, 2014

4 Test Results for the Testing of 800 Series Cavities for the European XFEL

European

XFEL

Yield of gradients: After 1. re-treatment (2. pass)

Yield of usable and maximum gradient of ~207 cavities (2.pass) => 85%
(cavities that passed in 1. pass + results of cavities after re-treatment)

Average gradients increased + spread reduced

9]
(]

100%  co 100%
40 80%  4p 20%
g o B ] st L
230 : 60% T30 | s istpuss 60%
o =a—yield 1st+2nd pass ] L
E25 ; —a—vyield 15t pass i “525 BV - R o :{
Ezu ' 40% .“nE’m e~ yield Ist pass i
215 30% 2.15 0%
10 l 20% 10 20%
s {m ERR: 10% 5 10%
0 | e ow " o 0% 0 0%
12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
Gradient MV/m Usable Gradient MV/m
Average maximum gradient: Average usable gradient: A
0A
(32.8 = 4.9) MV/m (29.3 £ 51) MV/im . TTC?
y e SC\‘\\( )
given errors are standard deviation D. Re

NishiaceaiercsiPreliminary data; results are not published CRISP': iﬁ’ vt | (6%) €,

15

 KYokgya . . _ N
Aliaksandr NAvitski, EXFEL/ILC-Higrade cavities, AWLC 2014, FNAL



XFEL Status May 6, 2014

| B Siatus of XFEL Series Cavity Resuilts

European

XFEL ] Yield of gradients: After 1. re-treatment (2. pass)

Yield of usable and maximum gradient of ~244 cavities (2.pass)
=> 84% (204 cavities) => sum of “as received” + 1. re-treatment

Average gradients increased + spread reduced
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C ryo m Od u I e SySte m Te St 2014/07/05, A. Yamamoto
DESY: FLASH " e

—e e

-

e MMM XFEL Prototype at PXFELL — Voricatton

= Cryomodule

‘0

1.25 GeV linac (TESLA-Like tech.)

ILC-like bunch trains: .

600 ms, 9 mA beam (2009) < Demonstrated
800 ms 4.5 mA (2012)

+* RF-cryomodule string with beam -

PXFEL1 operational at FLASH
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1 B 100 s.c. Modules for the European XFEL IPAC14: Courtesy: H. Weise

European

XFEL

An Accelerator Complex for 17.5 GeV

100 accelerator modules
Some specifications
Photon energy 0.3 - 24 keV
Pulse duration ~ 10 - 100 fs
Pulse energy few mJ
Superconducting linac. 17.5 GeV
10 Hz (27 000 b/s)

=

800 accelerating cavities
1.3 GHz / 23.6 MV/m

25 RF stations
5.2 MW each

. I‘ .. -
e e
3000 i T . & i S i ~
2500 - — | SC Llnac(”}hII(Im)
2000 — T —
1500 e 4
1000 T o

Sm.- —— — ___.-"--

ﬁ EXFEL: 1/20 Scale Project on going, Industrialization being verified !!
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Damping Ring
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o NUFHHZULNV(1312~2625)

o MRMINERZZITIT/ N FREIEEEEA KLY (600~300ns)
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BFEALALTENHE

A=Y N) %*EE—C% LIEIRILEF—BFMN. BEFE—LIZFIED
FonT BEFONELZET

KEKBTC %ﬁﬁb’c AV
%t R
— E—L/\{TIZAnti-chamber ({8IZE) #{£5
— E—LNAMTHNEOXREUNIE
— AMIWEE—L/INATITENTHISEZEE5 (KEKBTEA)
- E—L/INATR@EIZEZE1ESD (groove structure)
— BFZWIEI S FE M (Clearing Electrode)
7"& t 7"& t Water cooling tube bonded with high temp. epoxy

Water Cooled Conductor




ETEFALTEE

o EFMHF—LIZKSKECESR-TA TOWHE

e Gave recommendation for the mitigation method (table below)
— Arc and wiggler sections requires antichamber
— Full power in 3.2km ring needs aggressive mitigation plan

* No significant difference between 6.4km with 2600 bunches and
3.2km with 1300 bunches

EC Working Group Baseline Mitigation Recommendation

Drift* Dipole Wiggler Quadrupole*
M?'fi;:!ciirc‘:'\ | TiN Coating G;ﬁ\loz(e)zt\?:;h Clearing Electrodes TiN Coating
Mi?;::::z I \i/oilne dr:(;:gci Antechamber Antechamber

ECLOUD 10 (October 13, 2010, Cornell University)

NishinaCenter 2014-1110
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Damping Ring E—Lu/\(
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BDS(Beam Delivery System) D & Rk,

BDSDEREN I REMIZIIE —LEZFHE L TRDET
HOMN, TNLUNMIZHDEEN LA TS
Machine Protection System
FHE-REARE—LELT

1) A—~A

E—LEZMto 3> (beam energy, emittance, {R1R)
Muon absorber

Crab cavity

Feedback system

EEZRDOE — L 2B (beam energy, {RiB)

Main beam dump
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Local Chromaticity Correction

IREDILCDERET TIX. dispersionBEEI D OTAEULGAERIZ, 4467 A L6
BHEAZHRTESE, TDETRINEZET AiZZEHoTLVS,

bend IP
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EflDeiEiEa DML, BRIOMEN DT FERBEZHZRI SBEMT
ENNTND,

DAL ATF2 TIEAIN TS,
CHNIIFFTBTiREESINT=-A K EITEL S,



IR Region Layout

i tat Grouping
First Cryostat Grouping Second Cryos

SD0/ SF1/

4mr, 0CO cn:1
lf* n
IP: -=-F L; L‘_
T |'I'I'IIIEII'r
- Actively Shielded
i - Unshielded i
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Final Doublet

* Final doublet

— Under study at BNL e QDO lJitter

— Split QDO (2m) into 2 pieces — Simulation by White below
— Easier mechanical support — Shows average, 10%, 90% CL
— Flexibility for low energy optics — Luminosity loss 1%

- jitter < 50nm rms

100

Anti—smenc:-id‘. =
the inner and =
outer coils w '
o]
|E :
S -1-] SEELTELIREL SEETEELLEET
3 : H
L] L]
5 E E
Co-wound SDO £ 94p-----ne- mmmmme s ymmmEmmm———
and OCO coils £ i i
2 : :
R frmmemnnena e S
| E :
-y First exgaction line 90 i 1 i
g “Z quad, QDEX1A (with
Egﬁﬁéc:n?mﬁmenl ; active shield coll) 9 0 50 100 150 200
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K.Yokoya 37



IP Feedback

 Bunchintervalis long enough for __ g ==
intra-train digital feedback Dy

— Advantage of SC collider
e Large disruption parameter

| Resst /A

4 BP“ / 3 ’
Prceauor s
X _

B

— Dy=25 S
Bunch 1 Bunch 2 Bunch 3
" e R
E an {April 16 2010

= . 5 0 5 0
Calkaed i crais) AT [mierons)

Dftmet [mucrors]

2.1 um -> 0.4 1507 1620102 0.8 um

FB OFF: jitter 14.7 nm
FB ON: jitter 2.6 nm

12

FIRCIFF; jitmr 14.7 nm
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Test Facility : ATF and ATF2

38m

- -
* -

ATF2 IP  ATF2 Final Focus System Beam Diagnostics  Extraction Line

IPBSM (Shintake monitor)
IP feedback (FONT)

C-band BPMs
S-band BPMs

+— eglectron beam

emittance meas. coupling
4-0TRs,
wire scanners (4skew-Qs)

" sl L e L e e e e e B B i = b e e I-‘
- l. -t .‘0
. -

ATF2 Goals

e Beam size ~37nm (with ~same
chromaticity as ILC

e Beam stabilization to a few nm

Photocathode RF Gun

1.3GeV S-band Linac, 70m

dispersion

corrections corrections

Pulse kicker

'\-\._\_\\
g wa v - - - —-.h—[—l-- —
'.,”r"_""':— .4 =
" - L «
1

Damping Ring

138.6m, RF=714MHz, Rep.=3.56Hz
v €x=bx10-%m-rad, &.=2nm

Y £y=2.6x108m-rad, £y=10pm

,ﬂq—-nna&l— s 4 * -
-
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IP Beam Size monitor (BSM)

Interferometer

(Tokyo U./KEK, SLAC, UK)

Compton Scattered
yray ﬂux -ray Detector

T

e |[mprovement FFTB BSM
— 1064nm=>532nm
— dynamic range:
35nm up to a few um Bean
— phase scanning mode

Interference
Fringes

NishinaCenter 2014-1110
K.Yokoya
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Progress in measured beam size at ATF2

IPAC2014, K. Kubo + ICHEP S.Kuroda

400
i 2 |Beam Extraction Line|
350 b Par 9010 B e | ] S ——
= - Dec 2010 m ] f;g:/// -
Sgmp e P Sl
/FT ::,.:r;if L A = _Dampmgnlng
o e — S S
>R o = | == ——
8 0 - g 777777777 Feb_Jun2012 777777777777777777777777777777777777777777777777777777777777777 ] | Electron Linac |
; % 150 —:: """"""""""" e =
N o i,
[4v]
o@ 00 © Mar2013 ] 1000 —- ook from Aol 1
S g Dec 20126 Aor 2014 | . Week from April 14, 2014
70 T = A Nay 2014 800 R * 2-8deg. mode
- = ] . o 30 deg. mode
[ @ Jun 2014 wl s o 174 deg. mode
0L L ﬂ 1 ’g\ :
/ o~ 400
/
Beam Size 44 nm observed,
i 8o
0

(Goal : 37 nm)
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Beam Size Tuning after 3 weeks shutdown
Small beam (~60 nm) observed

. By April 2014
~32 hours from operation start
1000
Different colors: different crossing angle modes
800 :‘ ¢ 2-8 deg. mode
0 30 deg. mode
E 00 | . o 174 deg. mode
= | :
N’ [ Interruption
D:h 400 * = o by BPM study
[ g%n including
I = E H waist shift
200 nog @ %
- |
|
: | % Qo B @
0 ! :
10 20 30 40 50 60

Time (hours) from Operation Start after 3 Weeks Shutdown

Week 2014 April 7
K.Kubo IPA€14
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Conventional Facilities

* MR Linac b7 LB E EERR—ILTED T &

Actual Scale
Isometric View
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Access Tunnel ex. == Beam Tunnel excavation — Survey & Supports set-out
Cavern ex. Concrete Lining - Electrical general services
Hall ex. Invert & Drainage - Piping & Ventilation

— Shield Wall e Cabling

= BDS Tunnel excavation = Supports

= BDS Service Tunnel excavation .i == Machine installation
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Energy Staging

e TDR adopted 500GeV as the design reference
— Not knowing Higgs mass
e Staging strategy for actual construction under study

 Energy related to the thresholds of various processes
— 250GeV ZH
— 350GeV tt

| sy
— 500GeV ttH "'-;‘1025515}%3E Pole)=0 = -1'—_
E ttZ (w/ NRQCD)
e Starting with energy << 500GeV 105 ttH wF NRQE B ot
* earlier start | e i i
* Relaxed cryomodule production rate H“*‘*fo‘ﬁ L ﬂg\(g_, B} -
o Tunnel length should be prepared | ¢ /¢ erieeo 1
for 500GeV 107/ = tEH-(H o Z)
 Or ~550GeV ? W/ R R T
e 500GeV is too close to ttH 00 G IO 60 09 1000

e Can gain factor ~4 at 550GeV NS [GeV]

* Will be decided soon (~this year)



Luminosity Upgrade

e Baseline (1326 bunches)
— Possible to double the luminosity at E.,=250GeV by doubling the
collision rate to 10Hz

— ~upto 7Hz at E,,=350GeV
* High power (2625 bunches)
— Reinforcement of RF system (plus 2" positron DR depending on e-
cloud)
— This will double the luminosity
— Another factor 2 (250GeV) or 1.4 (350GeV) by 10Hz collision

Luminosity (x1034 /cm?/s)

Collison | 250GeV |350GeV |500GeV
bunches freq

Baseline 1312 0.75
10(7) 1.5 (1.4)
Hi power 2625 5 1.5 2.0 4.9 (3.0)

10(7) 3.0 (2.8)

NishinaCenter 2014-1110
K.Yokoya
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TeV Upgrade : From 500 to 1000 GeV

<26 km ?

(site length <52 km ?)
£ £
— <10.8 km ? 10.8 km - 2.2 km——>
K-_\ _ / ;_
~ . / o ]
g_ Main Linac g BDS
S : P
z Main Linac central region
o <Geaity> =31.5 MV/m
G = 22.7 MV/m
(fill fact. =0.72)

Snowmass 2005 baseline recommendation
for TeV upgrade:

Based on use of
low-loss or re-

G_.vi =36 MV =
’ cavity /m entrant cavity
m shapes
(VT 240 MV/m)
NishinaCenter 2014-1110 N.Walker, granada 47
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CM Energy vs. Site Length

Under the assumption
— Keep the modules for the initial 500GeV linac
— Available total site length  Lkm

— Operating gradient G MV/m
(to be compared with 31.5 in the present design)

— Assume the same packing factor

Then, the final center-of-mass energy is
Ecm =500 + (L-31)*(G/45)*27.8 (GeV)

— e.g., L=50km, G=31.5MV/m - 870GeV
L=50km, G=45MV/m - 1030GeV
L=67km, G=45MV/m - 1500 GeV
L=67km, G=100MV/m = 2700 GeV

This includes the margin ~1% for availability

But does not take into account the possible increase of the BDS for
Ecm>1TeV

— Present design of BDS accepts 1TeV without increase of length

— A minor point in increasing BDS length: laser-straight
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CLIC

Gamma-Gamma collider
Muon Collider

Plasma Collider



BC2
m VY RYVYY 8 J
6A/¥ e~ main linac, 12 GHz, 100 MV/m, 21 km

CLIC (CERN Linear Collider)

819 klystrons . 819 klystrons
15 MW, 142 ps | | | circumferences | | | 15 MW, 142 ps
delay loop 73 m
drive beam accelerator CR1293m drive beam accelerator

CR2435m

25km

Drive Beam '

2.5 km

4 delay loop

decelerator, 24 sectors of 878 m

e+ main linac %

N\ [

PDR
BC
BDS
IP

48.3 km
combiner ring Main Beam .
turnaround
damping ring

booster linac
286t09G

predamping ring
bunch compressor
beam delivery system
interaction point
dump

DRIVE BEAM

QUAD
= QUAD

POWER EXTRACTION
STRUCTURE

ACCELERATING
STRUCTURES

e injector,
2.86 GeV

MAIN BEAM

BPM

NishinaCenter 2014-1110
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CLIC Main Parameters

parameter symbol
centre of mass energy Ecm [GeV] 500 3000
luminosity L [10°* cm—2s71] 2.3 5.9
luminosity in peak Loo01 [103* cm2s7 1] 1.4 2
gradient G [MV/m] 80 100
site length km] 13 48.3
charge per bunch N [10%] 6.8 3.72
bunch length o [pm] 72 44
IP beam size ox/0y [nm| 200/2.26 | 40/1
norm. emittance €x/ €y [NM] 2400/25 | 660/20
bunches per pulse Np 354 312
distance between bunches Ay |ns] 0.5 0.5
repetition rate f, [Hz] 50 50
est. power cons. Puwail [MW] 271 582

NishinaCenter 2014-1110
K.Yokoya
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CLIC project time-line

S.Stapnes, LCWS14

2013-18 Development Phase

4-5 year Preparation Phase

: Construction Phase

A

: Develop a Project Plan for a
staged implementation in

: agreement with LHC findings;
further technical developments
i with industry, performance
studies for accelerator parts and
systems, as well as for detectors.

CTF3 — Layout

DRIVE BEAM

CLIC Experimental Area

Two-Beam Test Stand (TBTS
Test Beam Line (TBL)

: Finalise implementation parameters,
: Drive Beam Facility and other system
verifications, site authorisation and

: preparation for industrial

: procurement.

Prepare detailed Technical Proposals
for the detector-systems.

el
i Stage 1 construction of CHE ™
i parallel with detector

i construction.

Preparation for implementation
i of further stages.

on
B dump

2024-25 Construction Start Commissioning
Ready for full construction

and main tunnel excavation.

2018-19 Decisions

On the basis of LHC data |

and Project Plans (for CLIC and
other potential projects as FCC), :
take decisions about next
project(s) at the Energy Frontier.

Becoming ready for data-

taking as the LHC |

programme reaches
completion.

NishinaCenter 2014-1110 K.Yokoya 53




CLIC Technology Maturity

CDR published

Cavity with accelerating gradient ~100MV/m
almost confirmed

Drive Beam generation demonstrated. Emittance
and stability to be further improved

Deceleration in PETS in progress

Emittance preservation in linac with stabilization
system developed

Linac beam dynamics being tested at FACET
Final Focus System to be tested at ATF2



Gamma-Gamma Collider

electron-electron collider

irradiate lasers just before ee collision

create high energy photons, which made to collide
no need of positrons

\ase' M

electron Cp cp electron CP : conversion point

J\,V IP :interaction point

Lots of recent proposals of y y 2 H (not “beyond LHC”)

ILC and CLIC can be converted to y-y collider if physics
demands

In principle, advanced linear colliders (plasma, etc) can also
be converted to y-y collider. In particular when positron
acceleration is difficult.



Technology for Gamma-Gamma

 Laser
— Pulse structure must match with the electron beam (difference
between NC and SC linacs)

— Flash energy : a few to 10 Joules

— Some lasers close to gamma-gamma application
e LIFE (fusion), fiber
e But still needs years of R&D including the adaptation of pulse structure
e Optical cavity
— Can accumulate laser pulse from relatively weak lasers (mostly for SC
linac case)
— Many R&D studies in the world for other applications

 |R design
— Path of laser beam
— In particular complex with optical cavity is used
— background studies



Muon Collider

Properties of muons are quite similar to electron/positron

— What can be done in e+e- can also be done in P
but muon is 200x heavier = can be accelerated to high energies in
circular accelerator

W collider is much cleaner than e+e- (beamstrahlung negligible)
— except the problem of background from muon decay

But muons do not exist naturally

— need cooling like antiproton

“lonization cooling” invented by Skrinsky-Parkhomchuk 1981,
Neuffer 1983
O @

Make use of energy loss dE/dx @ -€
by ionization 8y / H .-/
Coulomb scattering heats the

beam 5 @ @

@@@



Create and Cool Muon Beam

e Muons created by hadron
collision

e Muons decay within 2us in the

rest frame

— must be accelerated quickly

e Staging

— Higgs factory at E_,=126GeV
(Z-pole used to be the first

target)
— Neutrino factory
— TeV muon collider

Long Emittnace (mm rad)

=
1000g 6D Coolingin LiH| |2
F [ 3T & 201 MHz
c
i . Phase
100 ] Merge to single 3 |_Rotate
- \ bunches to 12
o - g // 5 bunches
l
E 7 / Trans Cooling
X 9 4 in LiH, 3T
10 | Liquid H2 \\ & 201 MHz
WE inS50T 8 6D Cooling in H2
- Solenoids 6D Cooling in LiH 6T & 402 MHz
10T & 805 MHz
0.! Ll | PI#I L 1 L1 IIlII 1 1 L L ]lli
0.1 1.0 10

Trans Emittance (mm rad)

Proton Driver = Front Cooling Acceleration Collider Ring
{571 ]
: : o End VTS T
ﬁ R —
---I:I:-
= S | @ § 5
8 GeVlinac? = 2 ol E § = a0 8o
= st T = = =3 = =
E 2 [Es|S32| 8 s 8
= ~ %ﬂ; = é - 5= = Accnreleratq:rur Types: Linac,
&l & Recirculating Linacs (RLAs),
3 FFAG
INIDITIIAaLCCTIHILTI VLS9~ 1L11Vv 58
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Cooling Test Facilities

e MICE (Muon lonization
Cooling Experlment) @RAL

RF-Coupling
Coil (RFCC)
Units

Spectrometer
Solenoids

e MTA (MuCool Test Area)
@FNAL

e cavity test

NishinaCenter 2014-1110
K.Yokoya



Exquisite Energy
Resolution
Allows Direct
Measurement
of Higgs Width

MAP Designs for a Muon-Based Higgs
Factory and Energy Frontier Colliders

~l

A S

Muon Collider Baseline Parameters

Site Radiation
mitigation with
depth and lattice
design: <10 TeV

Higgs Factory Multi-TeV Baselines

Startup | Production

Parameter Units Operation | Operation
CoM Energy TeV 0.126 0.126 1.5 3.0
Avg. Luminosity 10*'cm?s? 1.4
eam Energy Spread % 0.1
Higgs/10’sec A 200,000
Circumference /Iﬁ 4.5
No. of IPs 2
Repetitiw Hz 12
_—PB* cm 33 1.7(1\(0.5-2) |0.5(0.3-3)
No. muons/bunch 10" 2 4 \ 2 2
No. bunches/beam 1 1| |\ 1 1
Norm. Trans. Emittance, £, | T mm-rad 0.4 0.2 \ 0.025 0.025
Norm. Long. Emittance, g, |7 mm-rad 1 1.5 \ 70 70
Bunch Length, o, cm 5.6 6.3 \ 1 0.5
Beam Size @ IP um 150 750 | 6 3
Beam-beam Parameter / IP 0.005 0.02 \0.09 0.09
Proton Driver Power MW 4* 4 | 4 4

NishinaCenter 2014-1110 K.Yokoya

# Could begin operation with Project X Stage 2 beam

M.Palmer, Jul.30.2013

Success of advanced cooling
concepts = several Iég%O-"2




Technical Challenges on Muon Collider

* Proton driver of several MW
e Target at several MW

e |onization cooling
— ~10%in 6D emittance
— High field HTS solenoid (>30T)
— High gradient acceleration in magnetic field (Teslas)

e colliderringissues

— High field dipole (10-20T)

— muon decay (background, magnet shielding)
 Will require tens of years of R&D
 Energy limit comes from radiation (~10TeV?)

ea

~y spray Ring AN



Advanced Acceleration Mechanisms

e Dielectric material
— Laser-driven (DLA)

— Beam driven
e Plasma wakefield acceleration

— Laser-driven (LWFA)
— Beam driven (PWFA)



Dielectric Laser Accelerator (DLA)

* Direct extension of present accelerator
concept (microwave + resonant
structure)

— Klystron = laser

— Resonant cavity = micron scale dielectric
crystal (semiconductor technology)

— less power loss than metal at optical
frequencies

— expected higher breakdown thresholds (>
1 order of magnitude than Cu structure)

e Very short wavelength (micron)

e Require very low bunch charge 0(10%)
plus very high repetition rate O(GHz)
— In one hand this relaxes the beam-beam
interaction

NishinaCenter 2014-1110
K.Yokoya
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DLA

¢ ChaIIenges An example of 10TeV

— material to ensure the gradient collider
. . . Bunch population 3.80E+04
— power coupler of high efficiency bunches per train 150
— electron beam with required bunch  rep rate 5 MHz
pattern (hundred bunchlets in macro bunch length 150 pm
picosecond repeated a few MHz) wavelength 1.89 um
. normalized emittance 1e-10 m
— for colliders IP spot size 0.06nm
* emittance growth by transverse wake Luminosity 4 90E+36
(alignment) Beam power 24 2MW
e positron beam Wall-plug power 242MW
almost impossible to create the beam Gradient 400MV/m
structure? Total linac length 25km
e Can go to y-y collider? Laser pulse energy 1uJ
But require extreme laser (Y5TW x 1ps,  Average power TKW
average “50MW) Pulsewidth 1ps

Wall-plug efficiency 30-40%

one of the examples in ICFA-ICUIL report




Plasma Wakefield Accelerator

Linac in the past has been driven by microwave technology

e Plane wave in vacuum cannot accelerate beams: needs material to make
boundary condition

 Breakdown at high gradient
Excite plasma wave by some way (electron beam, laser beam)
e Charged particles on the density slope are accelerated, like surfing.
* Need not worry about breakdown with plasma
— can reach > 10GeV/m
* Plasma oscillation frequency and wavelength are related to plasma density

no, - [m]
come o fnelem—3)

ne = plasma density

(,Jp:

o2 2me 3.3 x 104
)\p p— p—

=& &=



How to Generate Plasma Wave

e Beam-Driven (PWFA)

— Use particle (normally electron) beam of short bunch
e Laser-Driven (LWFA)

— Use ultra-short laser beam

* |n both cases the driving beam

— determines the phase velocity of plasma wave, which
must be close to the velocity of light

— must be shorter than the plasma wavelength required

— can also ionize neutral gas to create plasma



LWFA

e kick out plasma electrons by pondermotive force of laser
* Laserintensity characterized by the parameter a,
— 3p< 1:linear regime

— 3, > 1: blow-out regime (all electrons expelled out of the drive
beam region)

ag ~ 8.5 x 10710, [um]IY/2[wW/cm?]
 Accelerating field
a%/Q
V14 a3/2

Eg = cmewp/e = 96n(1)/2[cm_

E = Ej

]



Blowout and Linear Regime

e The gradient can -
be higher in the Elubble.-‘blow-aut Quasi-linear
blowout regime

bUt acceleration
— difficultto  field
accelerate
positron

— narrow region plasma
of acceleration density
and focusing

transve
rse field

Figure from ICFA Beamdynamics
News Letter 56

LATRA- S0 A-



Positron Acceleration

e Positron beam is defocused in the acceleration
phase

 Use hollow plasma channel

e Acceleration+focusing phase created when
plasma electrons go back to the axis

CEEEEEEEE o ;.:.:..oo
CEEEEEEE® e®  “Ceee

NishinaCenter 2014-1110
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Limitation by Single Stage

Laser must be kept focused (Rayleigh length)

— solved by self-focusing and/or preformed plasma channel
Dephasing: laser velocity in plasma

— longitudinal plasma density control

Eventually limited by depletion

— depletion length proportional to n,3/2

— acceleration by one stage proportional to I/n,

Multiple stages needed for high energy, introducing issues of

— phase control
— electron orbit matching



Concept of LWFA Collider

NishinaCenter 2014-1110
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Example Beam Parameters of 1-10TeV LWFA

Case: CoM Energy 1 TeV 1 TeV 10 TeV 10 TeV
(Plasma density) (10"’ :3111'3) (2x 10" -:111'3) (10” -:111'3) (2x10" :3111'3]

Energy per beam (TeV) 0.5 0.5 5 5
Luminosity (10* cn1'35'1} 2 2 200 200
Electrons per bunch (x10'%) 0.4 2.8 0.4 2.8
Bunch repetition rate (kHz) 15 0.3 15 0.3
Horizontal emiftance ve, (nm-rad) 100 100 50 50
Vertical emittance ye, (nm-rad) 100 100 50 50
B* (mm) 1 1 0.2 0.2
Horizontal beam size at IP ¢ « (nm) 10 10 1 1
Vertical beam size at IP LT:. (nm) 10 10 1 1
Disruption parameter 0.12 5.6 12 56
Bunch length o. (pum) 1 7 1 7
Beamstrahlung parameter T 1580 180 18,000 18,000
Beamstrahlung photons per e, i, 14 10 32 22
Beamstrahlung energy loss d¢ (%) 42 100 95 100
Accelerating gradient (GV/m) 10 14 10 1.4
Average beam power (MW) 5 0.7 50 7
Wall plug to beam efficiency (%) 6 6 10 10
One linac length (km) 0.1 0.5 1.0 5

From ICFA Beamdynamics News Letter 56 (ICFA-ICUIL White paper)

NishinaCenter 26Tz=TTTO
K.Yokoya
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Example Laser Parameters of 1/10TeV LWFA

Case: CoM Energy 1 TeV 1 TeV 10 TeV 10 TeV
(Plasma density) (107 em™ | (2x10 ey | (10Y em™) | (2%10% em™)
Wavelength (pum) 1 1 1 1
Pulse energy/stage (kJ) 0.032 11 0.032 11
Pulse length (ps) 0.056 0.4 0.056 0.4
Repetition rate (kHz) 15 0.3 15 0.3
Peak power (PW) 0.24 12 0.24 12
Average laser power/stage (MW) 0.48 3.4 0.48 34
Energy gain/stage (GeV) 10 500 10 500
Stage length [LPA + in-coupling] (m) 2 500 2 500
Number of stages (one linac) 50 1 500 10
Total laser power (MW) 48 34 480 34
Total wall power (MW) 160 23 060 138
' o

E::: E i?ﬂalg ng;?ﬁi; :;?:1 beam 40%] 20 20 20 20
Wall plug to laser efficiency (%) 30 30 50 50
Laser spot rms radius (um) 69 490 69 490
Laser intensity (W/cm?) 3 x 10 3% 10" 3 % 10'F 3 % 10%
Laser strength parameter a, 1.5 1.5 1.5 1.5
Plasma density (cm™), with tapering 10" 2x 107 10" 2x 107
Plasma wavelength (mm) 0.1 0.75 0.1 0.75

From ICFA Beamdynamics News Letter 56

NishinaCenter 2014-11To
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Beam-Driven Plasma Accelerator

e Use electron beam
to generate plasma  raceru
wave

e Bunch patternis
more flexible than
in LWFA (not
constrained by the
laser technology)

e R&D works led by
SLAC
(FACET/FACET2)




An alternative ILC upgrade by PWFA

5\
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Main beam structure
L [ o w

4 <5
DI’IVE‘.‘ beam structure out of ||nar_:

> E % w W
= B

BDS and final focu,s,
(3.5 km)

SCRF CW recirculating linac ===
& N 915 ms

Drive beam (pulsed at 5Hz) :
. ="~500 m, 19 MV/m

E = 25 GeV, Q=2.0 x 10*% @ 87.4 MHz during 1ms
EDM =2x20 MW

e
—

2450 bunches per pulse every 200ms (5Hz)

|l

—p -~

One possible scenario could be:

1) Build & operate the ILC as presently proposed up to 250 GeV (125 GeV/beam): total extension 21km

2) Develop the PFWA technology in the meantime (up to 2025?)

3) When ILC upgrade requested by Physics (say up to 1 TeV), decide for ILC or PWFA technology:

4) Do not extend the ILC tunnel but remove latest 400m of ILC linac (beam energy reduced by 8 GeV)

5) Reuse removed ILC structures for PWFA SC drive beam accelerating linac (25 GeV, 500m@19MV/m)

6) Install a bunch length compressor and 16 plasma cells in latest part of each linac in the same tunnel for a 375+8 GeV

PWFA beam acceleration (382m)
7) Reuse the return loop of the ILC main beam as return loop of the PWFA drive beam



ILC upgrade from 250 GeV to 1 TeV by PWFA

S N S P

Energy (cm)
Luminosity (per IP)
Peak (1%)Lum(/IP)
#IP

Length

Power (wall plug)
Polarisation (e+/e-)
Lin. Acc. grad. (peak/eff)
# particles/bunch

# bunches/pulse
Bunch interval
Average/peak current
Pulse repetition rate
Beam power/beam
Norm Emitt (X/Y)

Sx, Sy, Sz at IP
Crossing angle

Av # photons

0b beam-beam

Upsilon
NishinaCenter 2014-1110 K.Yokoya

103%cm2s?
103%cm2s?
km
MW
%
MV/m
1010

ns
nA/mA
Hz
MW

10%/10°rad-m

nm,nm,um
mrad

%

0.75
0.65
1
21
128
80/30
31.5/25
2
1312
554
21/6
5
2.63
10/35

729/6.7/300

14
1.17
0.95
0.02
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What’s Needed for Plasma Collider

High rep rate, high power laser (Laser-driven)
Beam quality

— Small energy spread << 1%

— emittance preservation (alignment, instabilities, laser stability, Coulomb
scattering)

High power efficiency from wall-plug to beam
— Wall-plug = laser (Laser-driven)
— Laser (beam) = plasma wave
— plasma wave - beam (high-beam loading required)
Staging (BELLA at LBNL--- 2 stage acceleration to 10GeV)
— laser phase (Laser-driven)
— beam optics matching
Positron acceleration
Beam-beam interaction
Very high component reliability
Low cost per GeV
Colliders need all these, but other applications need only some of these
— Advantage of LWFA (PWFA requires big drive linac)

Application of plasma accelerators would start long before these
requirements are established



Summary

Microwave acceleration up to 3TeV (ILC + CLIC)

— Accelerator technology nearly ready
Gamma-gamma collider

— Laser technology not too far

— Need detailed design including IR

Muon collider

— Staging possible (Higgs = nu factoryb = TeV collider)

— several beyond-state-of-art components needed

— but already in the region of accelerator physics
Plasma collider

— Still long, long way to colliders
 Still in the level of plasma physics. Not yet at the stage of accelerator physics

— PWFA seems to be better for colliders

— LWFA can have lower-energy application, so step-by-step experience
can be gained

US is in leading position in most of the collider R&D



Time Line???

 An example of poor prediction : Don’t make prediction!

20?0 20 l[ 0 20%0 20?0
*
VLHC??
0 HERA
| LEP | i
CLIC?? -
uw Collider??? 1

~ T2K.NUMletc
v-Factory??

Does not include R&D and construction period
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