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_,,\va Pascal Lecture Plan
’ | (tentative, need your feedback)

Oct.22: First Lecture (General) “ Laser
Acceleration and High Field Science: 1979-
2009”

Nov.18: Second Lecture “Laser Electron
Acceleration and its Future”

Dec.9: Third Lecture “Laser lon Acceleration”
January,2010: “Relativistic Engineering”
February: “High Field Science”

March: “Photonuclear Physics”

April: “Medical Applications”
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What is collective force ?
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How can a Pyramid have been built?

Individual particle dynamics — Coherent and collective movement

Collective acceleration (Veksler, 1956; Tajima & Dawson, 1979)
Collective radiation (N2 radiation)
Collective ionization (N2 ionization; Ogata,2006)
Collective deceleration (Tajima & Chao, 2008 ; Ogata, 2009)
Plasma lens (Chen, 1987; Toncian et al. 2006)



akefield:a Collective Phenomenon

Al All particles in the medium participate = collective phenomenon

’ Kelvin wake
o=+kg

X=X, cose(l—%cos2 9)

y = X, cos® @sin &
—nl2<0<7xl2

No wave breaks and wake peaks at v=c Wave breaks at v<c

laser
pulse

A A
VAR VAR VARV
A,=2r1k, K, ph = @

,. = (4zne?/m,)"" (The density cusps.
Cusp singularity)
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Thousand-fold Compactification
VYA L
Laser wakefield: thousand folds gradient (and emittance reduction?)
~0.03mm Laser pulse
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MPQ Laser Acceleration Effort (1)
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Monoenergy electron spectra: from few-cycle laser (LWS-10)

(Ig. Schmid, L. Veisz et al., PRL, 2009)
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Electron Energy (MeV)

Large electron spectrometer 2 — 400 MeV

 No thermal background !

* Energies: 13.4 MeV, 17.8 MeV, 23 MeV
« FWHM energy spread: 11%, 4.3%, 5.7 %
«~10 pC charge

Small electron spectrometer:

» Electron energies below 500keV

 No thermal background !

e 4.1 MeV (14%):; 9.7 MeV (9.5%)

Charge (a.u.)
O R N W N O1 O N

0 2 4 6 8 10 12
Electron Energy (MeV)

OIS



MPQ Laser Acceleration Effort (2) ig

Reproducible acceleration conditions

E=169.7 £ 2.0 MeV

1.1% peak energy
fluctuation !

r—
=
=
WA

175 MeV 0
= -+ 0
150 MeV AE/E 1.76__0.26/0 RMS
— Essential property for
A future table-top FEL operation
>
— Source size image: provides
GC) emittance measurement,
LL] given the resolution can be
improved

1 2 3 4 5 6 7 8
Shots

Electron trapping width (J. Osterhoff,...S. Karsch, et al., PRL 2008)
Vtr,e - C/_ao



,I oward Coherent Control of Wakefields:
*"”USV% Frequency-domain Holography

M.Downer (UTexas)
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Figure 1 Experimsantal setup for FOH of laser wakeflelds. An 713 parabola
Tocuses an Imense 307s pump pulsa Info 4 e of hellum gas, creaiing a plasma and
lasar wakeflald. Two chirpad, raguency-doublad 1 ps pulses, temporally
gynichnonizad and co-propagating with tha pump, take holographic snapshots of tha
lanization front and wake. Phasa alfarations Imposad on the iralling probe by thasa
plasma dishurbances are ancodad Inan FD interfarogram, shown at tha top with
(Upper) and without (Jower) 3 pump, recorted by 2 chane-coupled-devica camera at
tha defaction plana of an Imaging speciromater. The wake stuciure s recoversed by
Fourler-transforming this data.

(9002Z'Te 19 SsijreiN)
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Flgure 3 Strongly driven weake wilh curved wavesnnis. 3, Probe phase profie A, (i ¢} for an —30TW pamp. A7 — 2.2 = 10" cm® In the He®* reglon. b, Siemtated
oensity promle mir, £) near the |et centre. ¢, Same data 38 In 3, with the backgrouna i, subiracted fo highlight the wake. o, Evolabion of Te Feciprocal radies of wevelront
curveiore behind the pamp (date poinis), compared with caicutsied evaiution jdashed Ines) for Indicaied walke poieniisl sampilivdes. Each data polt (mecepd at ¢ — 0
averages oeer three adiacent perlods. The horleontal emor kers exiend over the thres periods aweraged, and the verlical emror bars exiend over the rEnge of fited curvature

VEIIEE HWEraged.

(Matlis et al, 2006)
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Phase and Phase Language is Critical E

temporal phase expansion (stacking of fields):

(P.Bolton)




Polarization-Gated (PG) FROG: Single Pulse Dynamicsiiz s

a Finesse Approach

o } g FROG Trace
incident - ESig (t’ T) = Eir—test (t)‘ Eir—gate (t o T)‘
Iultrasholrt ir o ) ,
aser pulse 3 “ |
< g | roc (@, 7) = j E (t, 7) exp(—lewt) dt
—00
+ . Delay A
splitter =5
50/50
% camera
half waveplate Q. 5bit
E(t- ) ~ 45 polarization
L rotation

variable coarse E(t)

delay
I I
gate beam generation

the pulse to be measured

Is split into a replica pair and
one replica pulse

(the 'gate’) is delayed with a
polarization rotation ~ 45°

diffraction grating

150 groove/mm

test fast nonlinear
medium (quartz)

I | L I
Kerr effect imaging and spectral
polarization gating dispersion
the two pulses are coincident grating provides spectral
In an isotropic medium, Kerr-induced resolution for a 2D FROG
birefringence by the trace

gate pulse yields an autocorrelation

P.Bolton + Y. Fukuda
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Single Shot Phase-Preserved fs Metrology of the
Laser system and Laser-Plasma Interaction

Laser pulse spectrum modified in plasma,;
Dynamical information of ultrafast interaction 'encoded' onto the laser waveform
Extract spectrum and phase of the transmitted laser pulse.
Feed back info to laser by simple feedback, neural net, genetic algorithm,....

FROG

(Frequency
Resolved

Optical Gating)
Measurement
|

(Bolton)

-

Input pulse
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Wakefleld Fast electrons

e -

Plasma: o w), n(w)

Change due to interaction with plasma

spectrum
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Another Finesse Single-shot Diagnosis: @3
‘”M@"' Electro-Optical Method ]
- ZcanbdnBninvasive

Electrodeless Case

 important for future accelerators

o all-optical: Coulomb field
; .. of the e- bunch
— optical controls in ideal laser is the EO field
setting ‘ (electrodeless)
— can apply optics sophistication
o jitterless (probe synchronized with . —

laser driver)

» ultrafast — single bunch profile _ o _
overlapping (coincident) portion of the

(~ 100 fsec) laser probe pulse experiences the phase
* high repetition rate — multi-bunch retardation in transit across the crystal
timing jitter

 potential for feedback and beam
(facility) control

Use reference ‘pi’ field instead of ‘pi’ voltage:

transmission, T (E ) oc sin’ ¢ 7 E
2 2E,

7
Polarizer

= want _low_E_ a P Bolton  °



EO Example: Spatial-Temporal
W-r.anscﬂpijﬂnwjm_P_ockels_Eﬂeci_

e require ultrashort probe and thinnest possible EO crystal
e optional horizontal line focus of probe at crystal

P.Bolton



MPQ Laser Acceleration Effort (3)

Laser-driven Soft-X-Ray Undulator Radiation

( F. Gruener, S. Karsch, et al., Nature Phys., 2009)

wwatatioworld.de
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.. - £
Characteristic undulator £ g
radiation spectrum £ 5
c 2=
5
30 20 .. 10 0 10 D 30
Warvglgnath [nm]
Electron beam KRy
Electron beam: diagnostic e-f:tm meter
zm mw
Magnetic
Driver laser: mfs quadrupir:rlﬁ Undulator
850 mJ Gald
37fs mirror
Hydrogen-filled Electron spectrometer

gas cell



Intra-Operative Radiation Therapy (IORT) %
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LWFA electron sources: technology transferred to company

NOVACY

(HITESYS SpA)
RF-based

El. Energy < 10 MeV
(3,5,7,9 MeV)

CEA-Saclay

experim. source
Laser-based

El. Energy > 10 MeV

wwatatioworld.de

(10 - 45 MeV)
Peak curr. 1.5 mA Peak curr. > 1.6 KA —
Bunch dur. 4 pus Bunch dur. <1 ps —

©

Bunch char. 6 nC

Rep.rate 5 Hz
Mean curr. 30 nA

Releas. energy (1 min)
@9 MeV (=dose)
18 J

(A. Giulietti et al.

Bunch char. 1.6 nC

Rep.rate 10 Hz
Mean curr. 16 nA

Releas. energy (1 min)
@20 MeV (=dose)
21

, Phys. Rev. Lett.,2008.
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Beam dump: harder to stop and more hazardous radioactivation
l
Gas (plasma) collective force to shortstop the HE beams
- the shorter the bunch is, the easier to stop
(ideally suited for laser wakefield accelerated beams)
- little radioactivation (good for environment)

example of ‘Toilet Science’ that tends downstream
(as opposed to ‘Kitchen Science’ of 20" C that tends upstream)

- possible energy recovery

Beam Stopping and its Energy Recovery UUsing
Plasma

Febouary 25, 2008
Toshkiki Tnjimue and Alexnnder W Cheo

Tajima and Chao, (2008 applied for patent)
H. C. Wu et al. (2009)

1 Motivations

1.1 Beam Stoppeing

In the efhot to meke n high energy nocelerntor system as compect ns possible,
it is mecessary not only to meke the sccelerstor compect, bot albo to moke the
]:-e-n.l:ll.-rtuppu:lp_' sy stem compunct. With this motivetion, we introdsoe t I:I.I':--Ch'.ll:il_‘tE']'.h‘l
af passive ploasme decelermtor at the end of the use of the kigh energy benm by
immeTsing & I:hE‘] »enIns to b-l_ ]ucm-l crot ted into nn mpproprist tely dr.“-;lgu.ed FI].D.'FI'I:I.I'L



High energy beam dump: a nasty business
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Stopping range

Radiation length of
high energy charged particles

o1 a 3 1.0 o B 1.0 o 5
By = .w'-'rl"r-
oz 0.0G LR oz o 1 .0 2.0 5.0

e .’““.’“E'”."'.“.".“. o (1) Stopping length increases
| P rapidly as energy 1

[ [=Fr] 0.5 1.0 =0 S0 11}_:,';_-é:lil_l:l ’ -SI}_II

L (2) Amount of radiation increases

chambeser) hydrogen, helinm gas, carbon, irom, and Besonal, .
ecample: For o & whose momentum is 700 'I'-'[-c:"‘.?_.--c:. Ly = 1. ~1 dI T
For lesd wea read /B == 306, and so the range s 195 g om rapl y aS energy

o S f (3) Fraction of useful interaction
A T N 9 Byrea A o (e R )T

In older references [3.4] the “low-emesgy” approimasion | decreases rapidly as energy 1

;max — Emgc ..:'2 2 wmlid fl:l:l' Eprree SR - 1, 15 often konplics Fi
pion in copper, the error thus ir I.:-Dduced it o 50 ol s presier ¢
G5 at 100 GeW. The correct expression shonbd be psed
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Stopping power due to collective force @)
M\~ MU

Bethe-Bloch stopping power in matter
Plasma stopping power due to individual force

—(dE/dx), , = (F /%) In(mv?/e’k,)
That due to collective force (perturbative regime)

—(dE/dx),, = (F/£%)In(kov/ o,,)

4 2 21,2
F=4re'n,,/mc” =ek

pe,m

(Ichimaru, 1973)

Plasma stopping power due to short-bunch wakefield (wavebreak regime)

—(dE/dX); =m.Cw,, (N, /N,)

(Wu et al, 2009)
Greater by several orders in gas over Bethe-Bloch in solid
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Can we employ collective force to tackle this problem?

Given the TeV-beam, its decelerating field in the plasma 15 Egoea, which s
on the order of the Tajima-Dawson field,

Foeal = 22" )
or mumerically,
—
Edonsl = | —&- GeV/m (4)
Ry

Here nyy is the density of 10" em=*. If we choose ny = 10 em~?, the beam
particles lose 1 GeV per meter in the plasma. To stop & 1 TeV beam m 100
m would require & plasma with n, = 10" em=*. The corresponding plasma
frequency then becomes 900 GHz.

We now estimate the radial extent of the plasma meollation doven by the
intense electron beam with N electrons. Most of the plasma oscillation energy
will be within this radial distance to the plasma colimn axis. We assume & blos-
out regime in which all plasms electrons are doven out radially by the beam
while the plasmea ions stay stationary providing the Coulomb foree drawing the
plasma electrons beck toward the eolumn axis. Consder & plasma electron
imitially at rest at radial position vy After the driving electron bunch passes
by, this plasma electron receives & radial kick yielding an initial radial veloaty

Al 2
L (1 _c-ﬂ?ﬂ“f) (5)

pl

where o, 15 the rms radial size of the doving electron beam. We have as-
sumed that the driving beam hes & circolar transverse cross-section, and that
the motion of the plasma electron 15 nonrelativistic. Maximum kick securs when
ro = 1.6, In which case, the initial velocity reads

0.ON:?

T 0T

(€)

I.'|:| £)

(Tajima and Chao, 2008)

= stop short in mm, rather than in m

= convert its energy into electricity

elaciron ge— - r—— s ”'"“'"ﬁluurmﬂu] the enering |

6 G, which is e gt 0o e TeVebeam, i docelerating g  Inteise

iy B on the orifer of (ke Tagiime- i i Lrdient imthe plasmg
RO ﬂ: a

Gy~ !

. e e

Ir.c PMasma cscillation wij] Last for jime r,J-uhi.:h is the

uplﬁ :n:remm Fi befsre extmction or &
I Eew bibween (e Imicrw e |
Masma medium fllows e

kil
inverse af e Larsday
nerey of the excited wivemmide mode, &

Mmare: scurately THz wives) stnpet
e 0 plaiia density of 11* Plasmia & 6l the struciure wigh [ — relreem
Eailiar Troguency a': 3'_;: LI, the exgiting o wine becomes ) oY €. (I we
veling wave f st Eb?lcgm i:'ll:hulrlul EOHIpanents sre mﬁ'l‘a“tlrr:e'-;':’:
input plasme o ened that couples It ohi o
o mmﬁ:irr wTikréErz;mrf:m Almiciiiee with ;,-mi:armi: 5o that
i the Lpaydag : 167 e plasmn lomperate, :
damping. We diciate tha the eErgy aumtnﬁ:ffﬁ,‘ﬁ

e ehorter that this dam
[I'."_ IMEg e of B The details are Provided h]‘ Chag and

DISCUSSION AND rovncrs oo o

(Kando et al, 2008)

- dump without much radiation/activation
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\ — Collective deceleration over m
N v~u5 Rt

1.0h

Bunch energy

Isomorphic, regardless of energies

0.8}
0.6
0.4}

0.2+

0.9

Results of computer simulation

—— 100 MeV-
——-- 1GeV]
......... 10 Gev-
100 GeV

0

Distance (mm=*E

05 10 15

GeV)

(Wu et al, 2009)
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o X=2 mm
c
)
c
| _ o 100
~ Saturation length L Period L, g Ol — g
m - : c
0 2 4 6 8 10 oD
X 2
1.0 o 1.0 - )
— Uniform plasma 0, 00— o ° —
I - - )
3 08 Lplkpe—Z 4§ 08 1\ T /]\ 20
(92} /.—.-I
8ost ™ N I 9
5 —m— Uniform
© 0.4r —e— Structured plasma 1
c
W 1(d)
0.2 : : : : :
0.0 04 0.8 1.2
GL/Xpe

Technique of phase velocity modulation (PVM)
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Key issues of future colliders

i (F-Raubenheimer—SEAC—2008 LMU
! \I  TNXAUMUTTTICTITIVEH, L7\, LV

Beam Acceleration

* Largest cost driver for a linear collider is the acceleration
— ILC geometric gradient is ~20 MV/m - 50km for 1 TeV

* Size of facility is costly = higher acceleration gradients

— High gradient acceleration requires high peak power and
structures that can sustain high fields
+ Beams and lasers can be generated with high peak power
» Dielectrics and plasmas can withstand high fields

* Many paths towards high gradient acceleration
— High gradient microwave acceleration }- ~100 MV/m
— Acceleration with laser driven structures :L
— Acceleration with beam driven structures |
— Acceleration with laser driven plasmas
— Acceleration with beam driven plasmas _

S L A C 13th AAC Workshop Page 11 {@; Fartick Phsics
July 27 - August 2, 2008 '\‘._l\ B Retraghysics

~1 GV/m

L ~10 GV/m

wwatatioworld.de



Option for future collider

»Mku_gRaub@nhengr_-SLAC)

|3 .
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Examples of TeV Collider Parameters

Laser
CMS Energy (GeV) 1000
Luminosity (1D34 cm'zs"'} 2.4
Luminosity in 1% of Ecms ~2
Bunch charge (10'") 3.80E-08
Bunches / train 193
Repetition rate (Hz) 1.50E+07
Beam Power (MW) 11.6
Emittances g, / £,y (mm-mrad) 1e-4 / 1e-4
IP Spot sizes sx/sy (nm) 1.0/1.0
IP bunch length sz (um) 0.1 — 300
Drive beam / Laser / RF Power (MW) 58
Gradient (MV/m) 400
Two linac length (km) ~4
Drive beam / Laser / RF generation eff. 60%
Drive beam / Laser / RF coupling eff. 20%
Overall efficiency 12%
Site Power (MW) ~137

13th AAC Workshop

SLAC

July 27 - August 2, 2008

Plasma
1000

35
1.3

1
125
100

20

2/0.05

140/3.2
10

58
25000
~B

45%
35%
15.70%
~170

Page 10

CLIC
1000

23
14

0.37
312
50
9.2

0.7/0.02

140/ 2
30
36.8
100

14
49%
25%
12.10%
~150

ILC
1000

2.8
1.9

2
2820
4
36.2

10/0.04

554 1 3.5
300

80

31.5

47
53.95%
49.01%
17.90%
300

1@“‘ Farticle Physics
\‘L B Retrahiisics



Collider application: Early version(1997)

PN T .

Studies of Laser-Driven 5 TeV ete-
Colliders in Strong Quantum
Beamstrahlung Regime

M. Xie', 'I'. Tajima?, K. Yokoya3
and S. Chattopadhyay!
! Lawrence Berkeley National Laboratory, USA

zUmuermty of Tezas at Austin, USA
SKEK, Japan

(AIP Proc. 398, 1997)

Abstract.

We explore the multidimensional space of beam parameters, looking for pre-
ferred regions of operation for a e*e— linear collider at 5 TeV center of mass
energy. Due to several major constraints such a collider is pushed into cer-
tain regime of high beamstrahlung parameter, T, where beamstrahlung can be
suppressed by quantum effect. The collider performance at high T regime is
examined with IP simulations using the code CAIN. Given the required beam
parameters we then discuss the feasibility of laser-driven accelerations. In partic-
ular, we will discuss the capabilities of laser wakefield acceleration and comment
on the difficulties and uncertainties associated with the approach. It is hoped
that such an exercise will offer valuable guidelines for and insights into the cur-

rent development of advanced accelerator technologies oriented towards future
collider applications.

INTRODUCTION

It is believed that a linear collider at around 1 TeV center of mass energy
can be built more or less with existing technologies. But it is practically im-
possible to go much beyond that energy without employing a new, yet largely
unknown method of acceleration. However, apart from knowing the details of
the future technologies, certain collider constraints on electron and positron
beam parameters are considered to be quite general and have to be satis-
fied, e.g. available wall plug power and the constraints imposed by collision
processes: beamstrahlung, disruption, backgrounds, ete. Therefore it is ap-
propriate to explore and chart out the preferred region in parameter space
based on these constraints, and with that hopefully to offer valuable guide-

With a plasma density of 1077em™2, such a gradient can be produced in the

linear regime with more or less existing T° laser, giving a plasma J::fph uqi
; H . - -
length of about 1 m [13]. If we assume a plasma channel tens of um i

width can be formed at a length equals to r.her(.iea-.phasing lengl.h,(_\;‘fe \Vc;xil{;.‘l
have a 10 GeV acceleration module with an »a(_‘tl\’e lmrxgth of 17 m 10-9,‘”“31(_:
creating and maintaining a plasma channel of the requ-n'ed c!ua.llty 15;1( mtor_ﬂ)
matter. To date, propagation in a plasma chann.el over a dl-sr’armiglfv;l{')/ ok
Rayleigh lengths (about 2.2 em) of moderately intense pulse (mcy J y :‘1595
has been demonstrated [14]. New expenmezm alming at propat,adp?g( pjf e
with intensities on the order of 10**W /em? (required for a gradient o
GeV/m) is underway [13].

Table 1. Beam Parameters at Three Values of Beam Power

[ cASE [ A(MW) [ N(10°) [ f.(kH2) [ &,(nm) | 8, (um) oy(em) | o2(um)
I 2 0.5 50 2.2 22 | 0.1 0.32
II 20 1.6 156 25 62 0.56 1
I11 200 6 416 310 188 }‘ 3.5 2.8
. Tabl—e 2. Results Given By the Formulas
CASE| T | Dy | Foae| ny | 62| mp | Lo(10%cm™7s7)
1 3485 | 0.93 | 0.89 | 0.72 | 0.2 | 0.19 1
II 631 0.29 | 089 [0.72 (02| 0.12 1
111 138 | 0.081 | 091 | 0.72 | 0.2 | 0.072 1 ]
Table 3. Results Given By CAIN Simulations
CASE [ ny | 85 |0u/Eo | mp | £/£s(Wem € 1%) | £/L,(Wem € 10%) |
I 1.9 | 0.38| 0.42 | 0.28 0.83 Tl
I 0.97 | 0.26 | 0.36 | 0.12 0.65 0.80
881 0.84 | 0.21 0.32 0.06 0.62 0.75 ]

Although a state-of-the-art T? laser, capable of generating slull]a-ps pl::;ls:ls
with 10s of TW peak power and a few Js 0{, energy per pulse [ iR co'uh ki
most serve the need for the required acceleration, the average F9“£ ort t(. Iz
rate of a single unit is still quite low, and \yall.plug emc;en;r}r_m : eclll]l:eef;om
addition, injection scheme and synchronization of laser and electron puls

Incorporated collider physics at collision point (beamstrahlung, Oide limit, etc.)

d.de



Toward energy frontier : Multistaging (earliest version,19@

7V

I'I

(pre-CPA version)

collector P _
- E"' _________________ :1. ____________
1! 11
1l N
1! i;I
" e fiber accelerator oA
i:r 0 _:_—_:=__ I‘-_ n-r' "h.“ _—F e
plasma
N . I, phase %
) |~ adjustor
XaCl amplifier X Ct
—— / = - ———
. 7
master
oscillator

i i lification in sinu. The
Ficure 34. A conceptual plasma fiber accelerator with laser staging amp
separation between the modules is characterized by the sum of the focal length and the pump

depletion length. An example of X.Cl lasers is taken.

(Tajima, Laser Part Beams,1985)
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Multi-stage acceleration

M

Particle Dynamics and its Consequences

in Wakefield Acceleration in a High
Energy Collider

S. Cheshkov, T. Tajima, W. Horton and K. Yokoya®

Department of Phiysics and Mmstitute for Fusion Studies
The University of Teras af Austin
Austin, Teras TETIZ USA
* KEK National Laboratory for High Encrgy Physics, Jopan

Abstract. The performance of a wakefield accelerator in a high encrgy collider appli-
cation is analyzed by use of & nonlinear dynamics map built on a simple theoretical
maodel of the wakefield generated by the laser pulse (or whatever other method) and a
eode based on this map (1), The crucial figures of merit for such & system other than the
final energy include the crmittance [that determines the luminosity). The more complex
the system is, the more “opportunities” the system has to degrade the emittance (or
entropy of the besm). Thos our map guides as to dentify where the crucial elements
liv that affect the emittance. I the focusing force of the wakefield is strong when there

AIP Proc.
(1999)

|3
] | :
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Transverse focusing/defocusing need to be mitigated. Plasma channel ideal




Toward energy frontier (earliest version,19895) (3)

Self-similar collision
High energy faser plasma aecilenaiie “5 (beamstrahlung)
toward ‘a point’ (enhanced
< luminosity) possible?

———
- —
—

—flat beam profile control

r
Enem prafile

Figues 17, (Callective] beerarmihmg o eollsoms ef vy 84 the fecw af & lopion solide.

("¢ nenms) o efficiently comvert the pertele encrgy Emio high photon seesges m
purn, #c flzurs 37, At the ollision poins the oerrent-unneutralized and chargs-
fewraliaed coliding besms produce an inense magnetic feld B, = 2eMila L) Cemily
preacding ME3), which leads o cxplosive pinching of bemms. I this process, including
pollective emission of synchreiron redntion as a mesalk of & panch can oocor m o
self-similar fmshian §o that the entre epetgy of the baomi i@ convermed Lo y-Teys,
bopebully in lgh frequency domairs, & possibiliny of 4 y=y collider arises. A (Aeorctical
explaraton of such a sell-simiar explosive salmion for the willeaive beamsirahlung
wield be interesting. IF this dogs ot oecar in a collectnee faskion, % showkd uss the
Dethe-Heatler fonemia for the yoray spooinem:

de_164° f.i}'[1 _ﬂ_w.r_!fr’w‘j{m 2EE *j

el e E 4B I\ mecthe 2/
where the pholon coinff frequency s o= B msesd of the clsicy voles of o =
%%cin with p bring the corvatare radies of boptans in By and B = qre” and E' melr
engrgiel. Recently this point his boon well appresisied (Erher 1366; Noble & Himel,
1965, Apseeding 1o Schwinger 1054 and Flenikev 1954, the radiaced power loss by o
constant magnetic figld m the sirang quariam eBeat limit

.
P 35500 S, (¥ )

(Tajima, 1985) 29
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7V

2.1. HIGGS

Large amount of cost down possible by 7 7 collider
perhaps half (or even a third)
clearer Higgs physics than e+e- collider
likely Higgs mass ~120GeV (< input from LHC)

1.1. -y COLLIDER

electrons /, electrons

- fﬁf’ﬁlﬂSthﬂrﬂﬂE laserphotou&‘h _ J— -
= e e

—_— .l-.:-._ — - E— —_— _— — _-H-‘-': ——ee
— H_tghmmg_l,rphc-mﬂs H‘“‘-HH-“"" -

. .
/" CP IP CP \
d

Figure 1.2: Conceptual view of the interaction region of a vy collider
1.1  ~v Collider

The idea of generating high-encrgy photons by backward-zseattered Compton photonz iz discussed in
[23, 30, 31, T2, 73] and recent status s summarized in [80, 27]. In 7y colliders, photon beams are
renerated by the inverse Compton scattering of clectron- and laser-heams just before the interaction
point. By this method, a photon beam of the highest energy close to the original electron beam can he

Figure 2.1: Couplings of the Higgs boson to two photons.

New:
Study Group started
at KEK-JAEA,
ELI discussion
(Sept, 2008)

— a new strategy
for HEP?
more affordable



Challenge Posed by DG Suzuki %

Frontier science driven by advanced accelerator

P %= PeV Accelerator
= 4C P e T

Table-top X-ray FEL
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1000 times, ¢
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Exﬁ dimension

Dark matter »
Supersymmetry

ol s
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| “Standard mode[’

Higgs 9‘
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Leptons

Plasma
Acceleration
Technology

compact, uItrastrong a

Can we meet the challenge?
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. reaction in leafs
~100fs
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o HN Femto-sec Beam
Technology
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atto-, zeptosecond

A. Suzuki @KEK(2008)

wwatatioworld.de
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When can we reach to 1 PeV

t)

Constituent Center-of-M ass Energy

10 TeV
Hadron Colliders
e*e~ Colliders O
LHC
1 TeV (CERN) __|
O
TEVATRON NLC
(Fermilab)
® LEPII
SLC __ LEFP

100 GeV ®® 5 .C) T (CERN) —

TRISTAN

° o (KEK)

PETRA __ PEP
(DESY) —_ (SLAC)
ISR @' CESR (Cornell)
10 GeV — (CERR) @ VEPP IV (Novosibirsk) —
® /spEAR I
®@®@® sPEAR _ DORIS . VEPPII
(SLAC) (DESY) (Novosibirsk)
ADONE
(Italy)

1GeV — ® PRIN-STAN VEPP II ACO -

(Stanford) — (Nowvosibirsk) —  (France)

| l | |

196 0 197 0 188 0 199 0 2000 2010

Year of First Physics

(http://tesla.desy.de/~rasmus/media/Accelerator%20physics/slides/Livingston%20PI0t%202.html)
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When can we reach to 1 PeV ? bz}
= LMU';
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e-e* colliders

Symehra-Cyalodrn (CERN
Batamon {Karsi)

4 E=tairon (Karst & Sarber)
@ Electroatatic {Van da Graaf)

i Recifier [Socheroll & Walton)

@ Aternating-Fleid (Widerpe)
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VEFF Il {(Noveakirsk)
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Laser plasma accelerator
experiments

>

10

Year of Completion

V. Yakimenko (BNL) and R. Ischebeck (SLAC), AAC2006 Summary report of WG4
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Evolution of Accelerators and their Possibilities (Suzuki,2008) ,L?
MPQ
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_,%W_er acceleration toward ultrahigh energlesL_Pu

242 2
AE = 2m,c a,7

;1\.!5’302;'mc2
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’ (when 1D theory applies)

ne
L, —g/lpa2 (&j L, = 31 ﬂpao[ij,
T n, 4 n,
case | case Il case Il

a, 10 3.2 1
energy gain GeV 1000 1000 1000
plasma density cm?® | 5.7x10%® 5.7x10%° 5.7x10%
acceleration length m 2.9 29 290
spot radius um 32 100 320
peak power PW 2.2 2.2 2.2
pulse duration ps 0.23 0.74 2.3
laser pulse energy kJ 0.5 1.6 5

Even 1PeV electrons (and 7 s) are possible, albeit with lesser amount
— exploration of new physics such as the reach of relativity and quantum gravity
(correlating with

observation)?
(laser energy of 10MJ@plasma density of 1016/cc; maybe reduced with index 5/4)




Zettawatt Laser
Tajima,Mouroy (PR, 2002)
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PeV vy from Crab Nebula
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The Crab Pulsar, a city-sized, magnetized neutron star spinning 30 times a second, lies at the center of
this composite image of the inner region of the well-known Crab Nebula. The spectacular picture combines
optical data (red) from the Hubble Space Telescope and x-ray images (blue) from the Chandra
Observatory, also used in the popular Crab Pulsar movies. Like a cosmic dynamo the pulsar powers the x-
ray and optical emission from the nebula, accelerating charged particles and producing the eerie, glowing
x-ray jets. Ring-like structures are x-ray emitting regions where the high energy particles slam into the
nebular material.
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SpeC|aI theory of relat|V|ty OK” o
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A limit on the variation of the speed of light arising
from quantum gravity effects

A list of authors and their affiliations appears at the end of the paper

A cornerstone of Einstein’s special relativity is Lorentz invariance—
the postulate that all observers measure exactly the same speed of
light in vacuum, independent of photon-energy. While special refati-
vity asswmes that there is no fundamental length-scale associated
with such invariance, there is a fundamentai scale {the Planck scale,
i!-‘lanck =1.62% 10"  ¢cm or Eptanc = Mﬂandcigw 1.22 X 1019(18‘;],
at which quantum effects are expected to strongly affect the nature
of space-time, There is great interest in the (net yet validated) idea
that Lorentz invariance might break near the Planck scale. A key test
of such violation of Lorentz invariance is a possible variation of
photon speed with energy'™”, Even a tiny variation in photon speed,
when accumufated over cosmological light-travel times, may be
revealed by observing sharp features in y-ray burst (GRB) light-
curves’, Here we report the detection of emission up to ~31 GeV
from the distant and short GRE 090510. We find no evidence for

scele (when By, becomes comparable 10 Eppnc. = M), For
Ep < Eptanet the leading term in a Taylor series expamlcm of the
classical dispersion relation is [wn/e — 1= (Bw/Mag, L0 where
Mo 18 the quantum gravity mass for order rand it = Lor2 s usually
assumed. The linear case {(n=1) gives a difference Ar=: Z{AL/
MQ(;.[C”)D}c in the arrival time of photons emitted together at a
distance D from us, and differing by AE= Ee, — By At cosmaological
distances this simple expression s somewhat medified (see Sup-
plementary Information section 4).

Because of their short duration {typically with short substructure
consisting of pulses or narrow spikes) and cosmological distances,
GRBs are well-suited for constraining LIVZ'"' Individual spikes in
long™ (of duration >2 s} GRB light-curves {10-1,000 keV) usuatly
show'! intrinsic lags: the peak of a spike occurs eatlier at higher
photon-cnergies. However, there are cither no lags or very short lags

(Abdo et al, 2009)
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Figure 1| Light curves of GRB 090510 at different energies. a, Energy lowest to highest energies. f also overlays energy versus arrival time for each
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B Conclusions —

Laser electron acceleration: experimentally well established; its
unique properties getting known

Laser has come around to match the condition set 30 years
ago; Still some ways to go to realize the dream (such as ELI)
GeV electrons; 10 GeV soon; 100GeV considered,;

TeV laser collider contemplated; PeV ?

Beam control: greater attention necessary

Other applications: already beginning, soon to flourish :
radiolysis, intraoperative therapy, bunch decelerator, nuclear
detection, compact FEL source, compact radiation sources,
ultrafast diagnosis,...)

Combination of laser accelerated electrons and other beams:
new dimensions for science and applications
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Merci Beaucoup
et ala Prochaine Fois!

Centaurus A:

cosmic
wakefield
linac?



