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Goal of Accelerator Science:
To Answer Fundamental Questions

We humans have long been obsessed
with four great questions:. -

e workmas f ml

Herbert A._ Simon

Nobf;{:aureate in Economics

m the Lecture in 1986




Universe
Matter |

Accelerators have been and will be a powerful tool
to challenge for answers to them.
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Constituent Center-of-M ass Energy

(http://tesla.desy.de/~rasmus/media/Accelerator%20physics/slides/Livingston%20Plot%202.html)

When can we reach to 1 PeV ?
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When can we reach to 1 PeV ?
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- Evolution of Accelerators and their Possibilities

Ultra-High
Voltage STEM
E=40 MV/m with
Superconducting
Electrons Detostors  Elestran soures .
Unidulator ) RF cavity
Y + il
2020s ( e
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Earth-based space debris radar
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Ultra-High Voltage STEM

(Scanning Transmission Electron Microscope)
CW stable beam

FPGA board
. -

Suceessful achievem ts:
J-PARC Linac, ILC R&L

optics

" Full utilization of
accelerator technology
e compact
* low cost
* high resolution
excellent transmission power /
* versatile

* well functional - non-axially symmetric
optics

[Retey  [CxmE

linear optics

Existing STEM
huge size

% linear optics

® more transmission power




Two-Beam Accelerator Application to Space Debris Radar System

Distribution of cataloged space debris (~ 9,000 beyond ¢ = 100 cm) Impact Damage on Internatlonal Space Statlon

o
Backside Spall

LEO region . . .+

Low Earth Orbit (LEO) Geostationary Orbit (GEO) o . .

Use of High Power Pulse pu-waves ,
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Properties:
» well-defined phase
» well-shaped pulse trains Reference receiver A
* high peak power -> deep space antenna  // — —
* short wave length -> size 6 ~ 1 cm
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Driving beam

Seed p—wave pulses



<: Particle Driven Plasma
Acceleration

Laser pulse ~ Bubble

3D-PIC PWFA simulation by F. Tsung/UCLA
(CERN Courier June 2007, P.28, C. Joshi)
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42GeV e-beam energy doubled by
PLASMA WAKEFIELD ACCELERATOR

|. Blumenfeld et al., Nature 455, 741, 2007

Plasma wakefield in the “bubble” regime
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1 GeV capillary accelerator experiment at LBNL/Oxford U. ||
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Divergence Angle (mrad)

Stable electron beams and more
high-energies from 1 cm gas jet
at GIST, Korea

Mean electron energy = 236.9 MeV
SD/Mean E =5 %
Charge: ~100pC
Divergence angle: ~afew mrad
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100TW laser system
at Gwangju Institute of
Science and Technology
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(N. Olo—lafz et al., nature photonics, 2, 571, 2008)



SLAC Linac . 4m

Linac Coherent Okm e

Light Source SICLS Injectorg e 200TW 30fs 10Hz
e T e e CPA laser system
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Photon
Beam Lines

X-ray Holography Microscope

Beam stop

Coherent X-ray

Pin hole

Zone plate




*Target/Capture

| |

*Muon Accelerator o
*Muon Storage Ring o
E=20(50)GeV . -;

AB<1/(5-10)y

71>1 x 10°° muon ;'I;:(:E:I._r)/lfi'(lr @one 5.5
’-7.‘13 n-collider
Neutrino factory

1000 times Sludes
ylelg= pQwerful ¢ “Brighte
beame® ¢ ¢

condukcting
Accelerator
Technology



Beam Power

Beam Power = Energy x | Bunch Charge x Bunch Repetition

High field acceleration

High beam current
continuous acceleration (CW beam)

HOM damping, large bunch size
high power transfer to beam (small wall loss)

—= feasible solution : Acceleration by L-band Superconducting Cavities,
Continuous beam accelerated by Linac

ILC cavity or
ERL cavity



Prescription of 100 MW Beam Power

beam time structure

For example; taking
10nC/pulse, 10MHz repetition, CW : it is 100mA continuous beam,

developing 9-cell SC with 40MV/m and using only 2-cells,
40MV/m x 2cell/9cell = 8.9 MV energy gain
8.9MV x 100mA = 890kW power transfer to beam

developing 2MW CW RF power source,
it deliver RF power to two 2-cell cavities.
using this RF unit, 100,
then, 100 x ( 2 x 8.9MeV) = 1.78 GeV beam energy
100 x ( 2 x 890kW) = 178MW beam power
with 100m Linac length.



Higher Order Mode (HOM) damped High Gradient Cavity

L-band superconducting 2 cell cavity with damped port

2MW CW
RF power

500kw CW
power coupler
E——

Superconducting 2-cell
Cavity (40MV/m )

500kw CW
circulator

ERL 2-cell cavity for Injector line, as an example



Surface Polishing for High Gradient Cavities

To improve superconducting cavity performance, for example,

Remove Nb surface defects (surface steep steps should be < 1-2um)

Develop fine EBW, fine EP
and
Develop local grinder

to remove local defects

Develop rinse and HPR,
and
Develop sponge wipe rinse

-

sponge wipe tool
(direct physical cleaning inside of cell)
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“andidate of possible Accelerator in Drawing

High intensity LINAC cryomodule with many RF power feed
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ILC cryomodules for LINAC, as an example

Rey.Hori



Brighter Neutron & Neutrino Sources

for proton or ion linac

® superconducting rf technology

high gradient -> compact

low wall loss -> efficient

High B cavity

CW operation -> high beam power

® Compact Neutron Source

100MW-class proton linac may

® Modest peak current
® Less requirement for target design

be feasible; e.g., 5GeV*x20mA. "“"'
It is a single accelerator but not §--
an injector. S

® Does not need H ion source :E:i':;%m:u_,. N‘“

® Less beam loss @

Very High Power

Neutron/Muon Source Power CW Neutrino Beam

(> 10 MW)

CW Mode

Unprecedentedly High

(100 MW)



The dream of realizing accelerator driven (subcritical reactor) system and

high power superconducting linacs !

Subcritical reactor alone

Proton Beam

Beamn channel| ——»

S

Collimator

Heat Heat
Exchanger Exchanger

S

window Liquid Lead

Fuel

221h
| @

Extended lead
molted medium

gl=

Spallation Breeding
CR2Th=%Y)

Fission Fuel: Thorium
(**“U — Fission Fragments)

Electric power generation

& nuclear transmutation

Accelerator-driven System (ADS)
m&s Dedicated Transmutation System

High-intensity proton accelerator

s B I ——

To accelerator Bratin b
To arid roton beam
oo Energy : 0.6-1.5GeV
Current : 20-30mA
Electricity
generation < f—

250MWe

-High-intensity prot

spallation reactic Wasted nuclear fuels
-Spallation neutrons cause usswn v A,
-A fission reaction of MA produces a few neutrons.
-Fission neutrons also cause fission of MA (chain reaction)

-Fission energy is used to supply accelerator power MA subcritical core

k. - about 0.95
ke : Effective multiplication factor (k=1 at critical ) Power : 800MWth

MA: minor actinide



Idea of Proton Driven Inertial Fusion : Down

Driver for Heavy lon Inertial Fusion Program in US-VNL

Induction Linac

0.73A N 36 X drift compressor
20 usec gfo MV \Z/_-9100 MV (150 m) in neutralizing plasma :aji:;
HOt'pIate 50 MeVl st stripper _ 1 GeV ond Li stripper A target
source Z=+1->+9 Z=+9 -> +35 chamber
+ Electron traps ‘, \* Elgctron trap l r A\ .
B o e Y
o Lttt
7.4kJ
per

. beam

. & T on
. % —% 50m target
L . 1

G.B.Logan (VNL), presented at HIF2008, Tokyo Japan



Future PF Accelerators

[ ] 1000 x Higher Energy
] 1000 x _Higher intensi:i_byv
[]
[]

- Universe
Matter
Life

1000 x Faster Timi:ngI
1000 x Finer resolution

b oo o =

e Ultra —short light pulses : enable to visualize dynamics of molecules
and transient phenomena of materials

e Ultra — small size beams : provide powerful tools to probe biological
cells or materials with an atomic precision




Functions of ERL, SASE-FEL & XFEL-O

Synchrotron Radiation N

Return Loop on
IAUNENUE N IOEONEE Bnnm AlOs undulator ALO,
gl:g:‘on N PSR N ¥ % % — Egg'r:n UOU?’U] e- w [l U 30)
/Eemmneun r AUEE AN NEDamD o060 \ ¥ {%ﬂ.ﬁ
Injector Linac ) Unculator ' beam . D Ty
Superconducting Main Linac Iog[ ;J;j\’:’ae':on - . o
Merger _ k=09 ) ) R=092
g Accelerating Beam \_/\ : Tl: Ulmj
‘%’F{F Frose - — distance
Deccelerating Beam E RL SASE' F E L X F E L = O
average peak repetition | coherent bunch # of
- . : - Remark
brilliamnce | brilliance | rate (Hz) fraction BLs
Non-perturbed
ERL ~10% | 13G | ~20% 30 g
measur ement
SASE | . One-shot
~10% | 100~1K | 100% ~1
-FEL measurement
XFEL-O Single mode
_ ~10% | ~IM | 100% few 0
( Option) FEL

(brilliance : photons/mm?/mrad?/0.1%/s @ 10 keV)
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Photosynthetic

odopsin ) | reaction in leaves
~200 fs \ fﬂQ fs
Ll 4
Wi/

1

AN

e —
1S
N
AN
S

1OQO.'ti.més - b

shorter time®," ¢, °

resolution !

- Fas&) to-switc.hing
@ of metal-to-insulator

Femto-sec Beam
Technology




Photo-induced phase transition
(Strongly-Correlated Electron Systems)

. [O

fselaior ] Phiass Sub-pico-second photo-induced
e metal-insulator phase transition
f 5;:4-- G Fiat - Application for a THz-switching device -
e e " _%_’ B § “| ERL will provide us
e | . £ following information!!
pay ﬁ_l_:" Flat g 04
b ' b Structure?
‘ Mekas (¥ Phiaes % >0 | (X-ray diffraction)
" > 04
-G8 GO0 = | Electronic state?
09, , h -7 (Photo-emission
§ " e i = | spectroscopy)
" Py 60
1 e ) .| Domain formation?
-*:51 - o - (X-ray Photon Correlation
‘ | . 230 | Spectroscopy)
Chollet et al. (2005) Science 307, 86 | e —

2
Delay Time (ps)



Solar Cells and Photon-Catalysts

- How do molecules act after absorbing photons ? -

IMLCT

400nm

Energy

1A1
(LS)

Fe-N bond length

Understanding the wholeg
time sequence of reac

\4

solves the difficulties

J
High Efficiency Solar Cells



Visual Sensing and Photosynthesis

Leaf, Chloroplast and

LT Granum
r L)
Igl inact 5 100 fS
(& osep i A

outer le

segment €32 -L Na® channels “i-Na* channels

(light Tes>T open > 1 closed COLOREREAET

sensitive)

Visual
Sensing -
segment depol. d I hyperpolarized
Cascade : :

nuclear

region N
L. N
M n

synaptic

region high rate of n low rate of

(signals to transmitter W transmitter

neurons release n release

in retina)

Rhodopsin Photochemical

reaction center
absorbs light in
~ 100 fs, and
converts light
to chemical

absorbs light in ~
200 fs in eye, and
transmits visual
information to

brain in ms order. )
f Figures from THE CELL (4™ edition) energy.



Nano-crystal — 1 nm

1000 times OO\l
higher spatial N\
resolution

catalytic chemistry g*
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Diffraction
’--.____Patte mil

cellular g ucture
afd fungtion ~ @1-10) nm | Synehrotion _,
e | 10 nm [
"

*
b X-ray detector
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. Technology
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Cedllular and sub-cellular imaging &
elementary mapping inside cells

New Insightson Real Cell Functions

Current Studies

—> Kinesin and
Adapter proteins Clathrin microtubule

T,

Diffraction from a yeast cell Reconstructed image
D. Shapiro et. al. PNAS 102, (2005)




Catalysis Chemistry

In situ observation of active site (species) itself using nano beam

active site (species) of catalysts

Nano beams enable to evaluate
local structure and electronic state of
active site (species) for various catalysts

Nano beam

20 nm

NaTaOj:La + NiO catalyst
A. Kudo, et al. J. Am. Chem. Soc. (2003)

Pd nanocluster
K. Kaneda, et al. J. Am. Chem. Soc. (2002)
J. Am. Chem. Soc. (2004)

MCM-41 (zeolite)
N. Ichikuni et al. (2005)



Nano-Beam : Charge, Spin and Orbital States of
Single Layer or Single Nano-Crystal
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Application to the Earth & Planetary Science

High intense sub-micron focused beam gives
information on the center of the earth.

Exploration of Earth’s Core

L ower mantle: 140GPa and 4600K
Center of the earth: 360GPa and 6000 K

High temperature and high pressure states
like the Earth core
in small size of materials at laboratory
Information on atomic, electric and magnetic
structures

Diamond Anvil Cell

Diffraction
Patternl

YAG Laser

‘\.__

Efflehrotron _, . : .J.- '

X-ray detector



Superconducting RF cavity

Laser Plasma accelerator
Induction accelerator

ERL, SASE-XFEL, XFEL-O
Low temperature technology

1000x Htgher intensity

1000x Finer resolutiqn

1000x FasterTiming .

1000x Higher Enerqu

Real cell imaging and mapping, ...

Fast photo switching technology, ...

Compact neutron source

\/Accele\gtor driven reactor, Nuclear transmutation, Inertial fusion
Ultra-high energy STEM, Space debris radar system, Table-top accelerator



As the size of accelerator science projects grows
bigger and bigger and the time span of each project
becomes longer and longer, we can never conduct such
research programs, unless we have the strong support
of taxpayers, and active contributions from researchers
to society in general.

Now it is time for us to make a serious commitment to
solving various societal issues such as energy and
environmental problems through cooperation with
industry and technology transfer to society, in addition

to producing the highest level research outcomes.



