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Alternative for Energy Frontier
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Alternative for High Intensity
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Microwave accelerator



Limit of metal wall microwave accelerator

Giradient (GeVvim)
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Current limit of microwave accelerator
* RF source

— X-band (11.424GHz) LC Klystron
Failure of 100MW klystron development
+ RFvPulse compressor

— CLIC Drive beam

AES004 ACCO11 Z108 Z109 MHI-05 MHI-06 MHI-07 MHI-09
FNAL DESY KEK

9 ngh Tc materlal NbN, MgB2 etc,.
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Cryogenic cavity :

Quality factor

B Stored energy
Power loss per 1 RF cycle

1
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RRR=2000 at 10 K
Electric resistivity goes down to 1/1000

) 4

Q, factor expected up to 30 ??? but ...

Copper resistivity
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R(T =4.2K) residual resistivity ratio: RRR

R. L. Powell and F. R. Fickett, Cryogenic Properties of Copper, International Copper Research Association, Dec. 1979.
*N. Ashcroft & N. Mermin: Solid State physics, p.526 (W. B. Saunders Co., 1976).




Cryogenic cavity / Anomalous skin effect
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* 1 GQ/m of Shunt Impedance

(80MQ/m for normal conductor accelerator)

Copper FIG. 1(b). Dielectric Material
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Energy recovery



Energy Recovery Ring (ERR)
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Energy Recovery Ring (ERR)

SuperKEKB LEPII FCC KEKB-Higgs ERL-Higgs
Energy(GeV) 7 100 120 120 120
Circumference(km) 3 27 100 3 15
Bending Radius(km) 04 3.026 11 04 2
Ibeam(A) 2.6 0.008 0.03 0.03 0.03
W1turn(MeV) 0.53122125 2924653 1668.305 45878.4 9175.68
Psynchrotron(MW) 1.38117525 23.39722 50.04916 1376.352 275.2704
) 7 km ‘
R 4.5 GeV = 15 MV/m X 3km Skm
\ 4
ERL &4, FH

80%')Hh/\')—TH')>% T 80MW



SR - RF recovery
* Klystron : DC > RF MZNZE T 50%
e Lasertron : Buncher e- - DCJIIZE - RF
* SR - Bunched e- 1keV - RF

De-buncher Output
converter Cavity Cavity

SR e
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Muon collider



Size Comparison

per parton

ILC eTe (.5 TeV)

CLIC e"e™ (3TeV)

—~
10 km @; Mu-Mu (4 TEV)

*1/10 of pp collider size
* Much smaller than ILC

-2 TeV in KEKB ring (8.3T magnet same as LHC)
p=(0.3GeV /c) p(=400m)B(=8.3T) =1TeV /c



g (fb)

Higgs Cross Section
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Parameter (including Higgs Factory)

CoM energy (TeV)
p energy (GeV)
p’s/bunch
Bunches /fill
Repetition rate (Hz)
p power (MW)
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Other muon generation method

Decay it — 6D Cooling
Surface u —  Ultra Cold
J/V

ete (y)

— Pair Production




Ultra Cold Muon



J-PARC / MLF / Ultra Slow Muon
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- Number of

Considerable Scenario / Surface p - Emittance

- Normalized emittance

Vv

Proton RFQ i
Baseline
\.150 © mm mrad (5.6 0.5 T mm mrad (200 MeV)

Laser scan 1.5 T mm mrad
1000 T mm mra + Pulsed DC

108 p/s Laser ||1.5 t mm m —
3500 1 mm mr&d (4 MeV)

Induction(U-line)

4 MeV n Photoconductive Switch (U-line)

Lee
Required aperture

> G:@

o’  10°mm?

degrader

E=—= =10 zmmmrad
p 10m
Pressurized cavity
Iris .
10° u/s 10° u/s
B | 200 Tt mm mrad (4 MeV) 20 T mm mrad (200 MeV)
55 © mm mrad 55 © mm mrad

5.7keV  30keV  340keV 4 MeV 200 MeV
0.01 0.024 0.08 0.278 2.71

By




Ultra Slow

e Surface u

— Spin Polarized
—p, =29.8 MeV/c (4MeV) Ul

Muon

e Ultra Slow Muon

— Laser (122nm) Excitation

Resonant Laser lonization of
Muonium (~10° u*/s)

Muonium (Mu = n'e)

W




JEXT#F ure Collider

M)k [T A)yk
QUItra Cold p* 1TeV T e M emittance EA—4X "C'%
OTP- 75\1EF|U% Ths { N

O e HITHMIRITS @
X T-channel (W/Z-fusion) _ f{h
KEKB(TRISTAN) Ring : ECM ~ 300 GeV ) v
— 1TeV (p*): y=10,000(t~20ms), p=400m, 8.3T(LHC&[REIL)
— 20 GeV (e) : y=40,000
Emittance

—5nm/150pm (pu*) XB=3.2/0.3mm > 06=4/0.2 um
—1nm/4pm(e)
Luminosity L= NN

dro,o,

fe, =10 cm™s™ @1MHz(10bunch), 10° 11*,10"e"



e Cross Section
e T-channel M ee KYMZY/PSILN?

e u— v v W+ W-

7.0E-03
6.0E-03
5.0E-03
4.0E-03

(p b)

3.0E-03
© 2.0E-03
1.0E-03
0.0E+00
0 100 200 300 400 500 600 700

s (GeV)



Muon Pair Creation
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2m, + T, +T, =2m, +T,+1T, B, =10mm(h)/0.1mm(v) (ATF®Final Focus% {i7)

p,+P,=pP;+ P, ~600 MeV /c PositronDR(1.1GeV):
&,y =42.5nm(h)/3.15nm(v), o, , =20um(h) / 0.5nm(v)

T, ~2JT.T, =2m
g KEKATF (1.54GeV):

T, =18.7 MeV
¢,y =1nm(h) / 0.0Inm(v), o, , =3.4um(h) / 37nm(v)
Cross section: L= NN, f,
dro,0, P

eIk (2l ) N, =oL =63

5
9?7z\k\ /' (I 5% L% —Electronl e\ )
_ (hey 4 f., =1 N,=10000

=8 ubarn
3s H

2
a=—° , (hc)2z0.4 GeV *mbarn o = N, N — oN.N. =2.5nm
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Luminosity
* 63GeVring:r=25m @ 8T =>C=300m ? (1us)

e ILCOE—L: :3.2nC (2 x 1019)
x 1312 bunch (727us/554ns) x 5Hz
=> 2 x 10° u/bunch
=>1.3 x 10% u x 2 bunch (ring)

N 2
L= LN freph(iij: i freph(iij
dro,o, )i Are p S




Muon collider for Higgs factory

* 45 GeV e* beam x Plasma(e’) => u*u pair

63 GeV Collider Ring for Higgs factory
(r=50m @ 4T magnet)

ETURN

Plasma chanré '@

23 GeV pfureturn



%t & B D355 D Luminosity
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Novel Accelerator R&D

*R&D for ultra high field accelerator (1GV/m)
-=Q & THz

THz : L—H—_  BFE—L., EEENALFERF
- ABBERAYF




Novel accelerators
L_aser driven accelerator
Laser Plasma Acceleration(LWFA)

Direct Laser/THz Acceleration(DLA)

Perodic Phase Modulation Structures

Ey (GV

Plasma wake Channel

Laser pulse

Lab frame e- beam

Beam driven accelerator '

Dielectric wall accelerator(DWA) Plasma wakefield acceleration (PWFA)
Drive beam

Acceleration  Deacceleration

é

Electron beam
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Laser pulse/
Particle beam
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X 500ns X 700us  35J (KEK) 150kJ (LHC)
=7GeV X 5nC = 7TeV X 20nC
300kJ (J-PARC MR)
= 40GeV X 8uC
E5E 40/80MV/m  40MV/m  20GV/m X2m 10 GV/m ?

BMERFKE »HToF =406V
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Proton beam driven
electron accelerator
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focusing quadrupoles

TSXIMRIZIESS VAL DERAELHS (DWW, < W,).
TeV [Z17<IZIE
- ZERDEFE—LERFH
- [5FERE)
EREI TR ILF—I&
<40 J (laser), <120 J (electrons)
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bunch
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AWAKE Collaboration

AWAKE collaboration (>60 ¥1I2F . ~25 #EH)
SPS M5 M 450GeV [GFE —LZFIALI-EEREITD

e spectrometer

RF gun
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protons dump
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Streak camera
- CTR

o2y E EO diagnostic

Proccccccccccceianwnw N

Shieldin: 1m
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+ —Eoig
space for /
handling
Primary
CERN NEUTRINOS TO GRAN SASSO Laser pump

RF Gun

Underground structures at CERN
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Laser for
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LHC/TI8 tunnel
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e table
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diagnostic ' junction laser
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J-PARC D Energy Frontier ~NDELFHIE ?

J-PARC MR
6.6uC /58 ns

x” X 220 bunch
30 nC, 260 ps => 300 fs [Z[E#E

( CC

> €
< 30 GeV, 6.6 uC (30nC X 220 bunch) X 4 30 GeV, 6.6 uC (30nC X 220 bunch) X 4

e e’

OO

BIfE: ISVAVR, /N\—X, etc,.




Photoconductive switch
accelerator



Electric field concentrator using ultra fast switch
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\ Ez \
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RF accelerator 27 g ,
/ 3GHz, 30MV/m o /
LU for electron /
@ Induction accelerator @
RF accelerator 300kV/m Electric field concentrator
100MHz, MV/m Low energy particle 30MV/m
for Proton / lon Phase slip High gradient for low energy particle

during long beam bunch
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Dielectric accelerator using photo conductive switch

Photoconductive switch:
Direct carrier injection by picosecond laser

Current

Metal

electron-hole ...

pPairs conductor

Metal

O\O

© Q0 QP /e Qe e i~
Laserg )g )g )g )g )g Dielectric Laser
Switch




Semiconductor for photoconductive switch

300 MV/m

Bandgap(eV)
Wavelength(nm)
Insulation voltage(kV/cm)
Relative permittivity
Dark registance(Qcm)

Electron mobility(cmz/Vs)

Hole movility(cm®/Vs)

Saturation electron velocity(107cm/s)

Thermal conductivity(W/cm/K)

Expansion coefficient(lO'5/K)
Lattice constant(A)

Si GaAs InP

1.11 1.424 1.34
1116.06306 869.964888 924.5
300 250(600?) ) 200

11.8 12.8
2x10° 2x10’ 3.6x10’
1500 6500
600 420

1 2

1.4 0.55 0.7

2.4 6 45
5.43 56535  5.45

Ideal material for photoconductive switch
- High mobility / High withstanding voltage

- Small dielectric loss

- Cost of wafer

10
>10
1000
115

2

4.9
4.2/4.68

11

GaN GaP

3.37 2.26
367.605341 548.154867
3300

9.5
1200 200
10
2.5
2.1 1.1

5.58/3.17 5.3~5.81

3.073/10.05:3.189/5.178 5.45



Field Concentrator Microtron

Laser

58ns = 8.7m / n=3 (Al203)

Alternative
gradient

magnet
—

Muon phase rotaion is
possible in last turn.

1 GeV =20 MV/m X 50m




Energy (MeV/iu)
Injection Energy(MeV/u)
Particle per bunch
Particle per spill
Particle per second
Repetition

Numer of Bunch
Bunch Length(ns)
Bunch Spacing(ns)
Charge per bunch(nC)
Charge per spill (nC)
Current (nA)

Peak Current(A)

Revolution (MHz)
Revolution (us)
Circumference(m)
Bending Radius(m)
Bending Magnetic Field(T)

Injection(s)

Acceleration(s)

Acceleration Gradient(MV/m)
Accelerator Length(m)
Number of Acceleration Unit
Acceleration Voltage(MV)

Q value

Number of Turns

Real Acceleration(s)

Delay Line Length(m)

Injection Emittance(TT mm* mrad)
Painting Emittance(TT mm=mrad)
Extraction Emittance(TT mm*mrad)

Power Consumption(W)
Beam Power (W)

Blumlein DWA Microtron

TREERA
430

HEX
400

1.15E+08 2.40E+09
2.30E+08 1.20E+09
2 0.5

1.84E-02
3.68E-02

3.84E-01
1.92E-01

1.697 4.761905
0.589275 0.21
176.7826 63

1.58E-02 7.69E-02

Blumlein Microtron
400 3000

0 400

4 15E+13

8.30E+13

2.08E+15

25

2

58

6.65E+03
1.33E+04
3.32E+05
1.15E+02

0.00E+00
0.00E+00

0.833333333
1.2
348.333

0.0005

0.02
20
0.5

10

40

216

54

0.00E+00 9.97E+05

J-PARC RCS J-PARC MR

50000
3000
4.13E+13
3.30E+14
9.90E+13
0.3

8

58

598
6.61E+03
5.29E+04
1.59E+04
1.14E+02

0.188679245
53

1567.5
89.381

1.9

0.17

1.96

0.03

1.846

6

0.28

20
167857.1429
0.889642857

54

7.93E+05

Blumlein Microtron
50000
3000
415E+13
415E+13
2.08E+14
5
1
58

6.65E+03
6.65E+03

3.32E+04
1.15E+02

20

50
1000

47

17.4

1.66E+06



Experimental plan
for stageing laser plasma acceleration
at KEK




LWFA (linear region)
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Possible experimental region for LWFA

r, = 100um, Elaser = 1J, 20J, 1kJ

10000 1.00E+19

Standarc e Emax(GV/m)(10)

. - 1.00E+18
experiments Phase-1 = Emax(GV/m(20)

Emax(GV/m)(1kJ)

Phase_z - 1.00E+17

;M Phase-3
M 1.00E+16

100
E Phase-3(2019 e
§ 1k‘l ) ase ( ) - 1.00E+15
¢ ; Phase;215017) Yb:YAG .
€
w /m X 20cm=1GeV . 1.00E+14

1.00E+13

Phase-1 2015) - 260 360 460 5 ‘ ‘ ‘ ‘ 1000

1GV/m X 2¢m=20MeV N\\lj 1008412

Ti:Sapphire 0.1 Ti:Sapphire

(already installed) t » »YM . 1.00E+11
0.01 b:CaF2 »Cryogemc 1.00E+10

OPCPA ' 00 © T Yb:YAG

FWHM(fs)




Stageing laser plasma acceleration

LWFA LWFA
< 50fs > 100 fs
Re-bunching
LWFA
RE-Gun Bunch Compressor Bunch Compressor > 100 fs

S S E =

Conventional accelerator
KEK / DESYZF



Facility concept of Ultra High Intense Beam-Laser Complex
using existing/7 GeV KEK LINAC

Advanced photocathode RF-Gun (under operation) =

N

0 Bl
¥4
!/
.
. >

\ Experimental Area
“\

\‘ v Laser

% Y synchronization T|Sapph|re

o
Ve )

> G
\2 3
% 4

Pulse compression

10ps ‘6; § ) ==—2y Yb:YAG
20ps, q > 5nC pm—— " 5h
ex,y < 10 mm=mrad
I .Al!illll.s.
Pulse compression
e b e o e e e o e e e e e e e e e e e e e e e e e e R \
Total length ~400m => 7 GeV
~a few 100 fs
) e- 7 GeV, /nC
cooool- ox,y = 35um (B~1m)
g-dD{JDD—
oot / 50fs =1 PW
10000

0

M
s T ¢ Future target: 1 PW beam x 10 J laser
(upgrade to 100J in the future)




Beam Quality

Transverse Logitudinal

High Charge & Low emittance RF-Gun 3 R 1$nc

55 \\ \
20 - .
" —e— emittance(RF) x@5nC&IOMV/m Gaussian
-

16 b s | —=—emittance(SC) x@5nCRIOMV/m : i k\ ///

4 z
14 emittance(total) x@5nC&IOMV/m =

A 8 GeV T AL
12 . o
n
v = 16,000 \\A\ o
a, V4 !

Emittance (mm mrad)
=)

8 L t
6 LLL'—L,_J \l/ S uar 3nC
- 0.6 . d 05 quare-1honc
4 g=v.onm=mra W 15nC
' RoncC
2
o . . : . .
I ¢ 0ot
0 ™1 0 5 10 5nC electréh 245nC 25 30
0 10 20 %0 40 %0 FWHM (ps) Primary beam for positron production
Tlaser (ps)

0.1 % energy spread

at5nCx 12 ps

= 30fs /5nC/40%
=1.2 PW

Maximum Current : 5nC X 200bunch X 50Hz = 50 pA



Beam-Laser complex at KEK

e Beam driven accelerator Dielectric accelerator(DWA)
— Stable PW beam 7 GeV x 7 nC/50fs Drive beam

— Reliable path to MW average power
(FLAST Forward is on going.)

— Resonant DWA for the energy multiplification =
.e‘\. ©0o00000 e

— PWHFA for High brilliance X-ray source
Betatron oscillation with offset witness bunch injection
Beta matching using Laser Plasma Focussing

e Laser plasma after burner

— Synchronization : PLL between photocathode drive laser and LWFA
laser.

— Focus to Linear regime (no LWFA injection)

— Precise beam diagnostics with beam optics
e=1.5nm,pB=1m =>c=40um, 1n =100 mm
<1 MeV /7 GeV resolution is possible
* Direct Laser / THz acceleration

— 1GV/m




8 GeV LINAC Third Switch Yard

KEKB
(continuous inj.)

KEKB Beam Transporttime 8 GeV LINAC

et
R s
=]
)
ey

New RF Gun

Damping ring
under construction)



Experimental area for laser plasma after burner

= —"

kA

7 GeV, 350TW beam

Ok

KEK




Experimental area for laser plasma after burner
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Ti.Sapphire Laser
7 TW => 100TW(future)

[ = N 0 <
‘ Beam du ?4

< Compressor under installation
kY 55Gevor | > Vacuum chamber




Ti:Sapphire Laser from U-Tokyo Uesaka-lab

THALES a-10 + OsciIIator -
= i Pulse compressor,

!

o

£

Il

i m......mm»mm

’300mJ/40fs 7 TW at present
=> 25 TW (upgrade compressor and Nd:YAG pump) in FY2013

=> ??2? TW (Yb:YAG pump)




Schedule (FY2011-2019)

FY2011 2012

FY2012 2013

FY2013 2014|FY2014 2015|FY2015 016|FY2016 2017|FY2017 2018|FY2018 2019

Q2 Q3 Q4 Q1

Q2 Q3 Q4 Qi

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 |Q2 Q3 Q4 1 ]1Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 [Q2 Q3 Q4 Qi

Laser

Thales a 10 installation (3SY)
Oscillator

Precise synchronization
Compressor chamber

Yb Disk Laser

Thales a 10 Upgrade

Plasma
Channel

Vacuum chamber

Plasma discharging circuit
Plasma waveguide

Long Plasma waveguide

Plasma diagnostics

After
Burner

Advanced RF-Gun
Bunch compressor
Beamline

Beam diagnostics

AGV/mx 1|0cm) (5GV/m x 2|00m)

[DWA structure & equipments

<
g DWA experiment at AIST

| |
< [DLA structure & equipments |
3 DLA offline experiment

DLA installation

-~ lad~Al
COUI I_ eleu

.Design

Development
Installation
Operation

— Oscillator and synchronization
— Ti:Sapphire laser already installed
— High charge & low emittance RF gun installed
— 4-stage bunch compressor
* Under development

— Laser upgrade
Transmission grating compressor
High energy Yb:YAG disk laser

— Long plasma waveguide
— Beam diagnostics



Direct Laser / THz acceleration



Direct Laser / THz acceleration

* Direct Laser Acceleration

— Test Structure is fabricated in NIMS process

* Direct THz Acceleration

— Same gradient at
10mJ (1.2THz) < 100J (12GHz)

— High Intense THz is single cycle or a few cycle

— Normal injection is ineffective
=> Prism Injection Schme

Wavefront

Microchip parametric THz
Laser

200fs

I ~20mA ,: ‘\

(Thanks Laser

1l

— 7/ —k 1 mm

0“’
E o “
SR W ".\‘7?/ K (Ir) ‘0
DC 2‘_—.ll\\ I
I I< 10 pux

@
0"
’0

B " AOEH( or MCP)
40) Cyn ~ 0.1t00.01 fC
Im ~ 1pA

THz DLA structure




Test Bench for DLA

Electron gun
\D. -V A




Laser development
toward high energy sub-picosecond
LWFA afterburner experiment



Laser development in KEK

g FIash pumped I
qﬁ

,‘,J

4 \

Amplified
sssssssss

sssssssssssss

broadning

I 'In~0. 5%/, Nd:Glass >

Ti—Sap\phire *

./ Superconitnuum

Yb-Fiber

Using at electron gun

r]~40%
I 940nm LD

Pump

Oscillator

‘1035nm

Material Nd:YAG Yb:YAG Ti:Sapphire
o Wavelength 1064nm 1030nm 660-1100nm
[$)
a§ Fluorescent time 230y s 960 s 32u s
(%]
% Spectral width 0.67nm 9.5nm 440nm
=}
I Fourier minimum
Pulse width 2.48ps 165fs 2.59fs
£ § Wavelength 807.5nm 941nm 488nm
o
500 S é Spectral width 1.5nm 21nm 200nm
Q
< Quantum efficiency 76% 91% 55%

Use commercial product & upgrade.
500 mJ / 40fs =12 TW

— To 1J (Transmission Grating)

N — ? J (Nd:Glass pump)

l
Ultra broadband laser |
for electron injector |

D!

High efficiency
80kW pump =>20J/200fs
X 4 units

VbiBOYS, YbiCaF2

5J / 100fs

- Broadband

Amplifier



YDb:YAG regenerative amplifier: Experimental setup

B0ns —H6. 000ns

Coupling

DC1MQ

. Thickness of Yb:YAG
disk: 1.0 mm

. Size: 12.7 x 12.7 mm

»  Doping concentration:
10 a.t.%

Bandwidth

Probe

Invert

o

4AnVEmp ty
RIC:2015/11/18 10:50:39

*  High quality copper
heatsink by water

. Repetition rate: 10 MHz HWP Telescope X

P ) PBS Faraday rotator P cooling
*  Power: 160 mW Seed from fiber part »  Cooling temperature: 16
*  Pulse width: 30 ps P Centigrade

Cavity length: 1.65m Yb:YAG disk

DM

*  Repetition rate: 1-50 Hz
+  Peak power: 10 kW
*  Pulse width: 600 ps

«  Small divergence along
the fast axis direction

Pockels cell rise time: 10-15 ns

Yb:YAG regenerative amplifier 9 of 11



R

> 38¢ Yb:YAG Disk
+ 10kW x 8
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Novel Accelerator / THz-DLA



Direct Laser / THz acceleration

* Direct Laser Acceleration

— Test Structure is fabricated in NIMS process

* Direct THz Acceleration

— Same gradient at
10mJ (1.2THz) < 100J (12GHz)

— High Intense THz is single cycle or a few cycle

— Normal injection is ineffective
=> Prism Injection Schme

Wavefront

Microchip parametric THz
Laser

200fs

I ~20mA ,: ‘\

(Thanks Laser

1l

— 7/ —k 1 mm

0“’
E o “
SR W ".\‘7?/ K (Ir) ‘0
DC 2‘_—.ll\\ I
I I< 10 pux

@
0"
’0

B " AOEH( or MCP)
40) Cyn ~ 0.1t00.01 fC
Im ~ 1pA

THz DLA structure




Test Bench for DLA

Electron gun
\D. -V A




Alternative for Energy Frontier

BT
— FARILESS : EB5T TR ?

o LNOFEERATELY = 100 km D FCC

— Y=7a545F—: BER L=V/E &hE
* NbEBIZE(2KGEERE, <40MV/m) > FEimiEEE FHEBEE
« FENK: FEARTI4HF=Y2 DLA(Laser, THz)
- BIRBEE
« TSR TINE
- L—Y—TS5XIF7I78—1\—F—
— BEFE—LTSA7 <& J-PARC O Energy Frontier ~DE5 A D AT REE

[5F : $RETHVEEL

— 581153 p(GeV/c)=0.3 B(T) p(m) LHC 7TeV=0.3x8.4Tx2804m - HE-LHC
— R—=/\—2zx)vy%

Sa7  EEHNEVAREIH[HRE
— MICE(FERMI)

DA >



