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Outline

® \Which is better for high energy acceleration,
plasma wakefields or vacuum laser fields?

® | aser acceleration and focusing mechanisms

® Electron-positron micro-collider concept
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Accelerating field limits
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| s plasma wakefield a high energy
acceler ation mechanism?

 The plasmawave-breaking causes background
electron trapping.

» The accelerating field should be less than

the plasmawave-breaking limit.

e The energy gainislimited by dephasing even if

the optical guiding is accomplished.

« Beam-plasma instabilities breaks high quality

beam accel eration.

 Field control isdifficult.

 High energy background particle and photon radiations

- =

Many disadvantageskill arole of high energy accelerators.



The maximum accelerating energy

The maximum energy gain of particles trapped in the electric
field E,, of which phase velocity v, is given by

AY e = %e?c“gx . Tortheaccelerationlength L, = Cci‘xp
A e le%p o 4VE§E?§XW
where A, I1s the wavelength of the electric field,
ky =2/A,  Bp=Vvy/c  YpT° 1;33
SEma =1

Assuming the maximum electrostatic potential mc?k,
DY e =Y 5




Super-high energy particle
acceleration in plasma

The phase velocity of the electron pl asmawave IS given by
Bp:&: 1—& yp:%g

C N,

where n. isthe critical plasma density,

n[em™]= L =1.11x10"AZum]
IFe)\o ez
with the classical electron radius e = 2 =2.818x10 [cm]

The maximum energy gain is approximately given by
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The acceleration length is Lacczl_'“é =2 A,
p
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With the plasma wavel ength Ap=—=_ |—
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A nalve estimate of 2.5 TeV dectron linac

Consider alaser driver of Ay =1pm
For 2.5 TeV electron acceleration,
the required energy gainis Ay = 5x10°

Necessary plasmadensity isgiven by N, =8x10"cm™

Necessary acceleration length becomes | L.~ 3.3 km

Therequired accelerating gradient is 0.76 GeV/m

The accelerator length will be the order of 1 km
even if the multi-staging can be accomplished.

. B

It IS not so attractive compared to the conventional scheme.



| aser acceleration field

Thelaser fieldsarewrittenas E = _GA B=[]xA

cot’
In terms of the vector potential A of the laser field.

For alinearly polarized laser field, A = Ay cos(kz—-wt)e;

eA
2

m.C

Defining the normalized vector potential as a =
thelaser strength parameter isgiven by
232
_ [ReAgl
%= Dnmch
where | isthe laser peak intensity, and
Ao = 21TC/w,, isthe laser wavelength with frequency w,

Hv 10855 x 10~°1V2[wiem? o [um]

The amplitude of the transverse electric field of linealy polarized laser is
meck 3 21i 02.7x107° 12 [W /em?]
e A[um]

eg. | =1x10" W/cn¥ givesE =2.7 TV/m

E [TV/m]=




L awson-Woodward T heorem

The net energy gain of arelativistic electron interacting
with an electromagnetic field in vacuum Is zero.

The theorem assumes that
(1) the laser field isin vacuum with no walls or boundaries present,
(i) the electron is highly relativistic (v ~ ¢) along the acceleration path,
(111) no static electric or magnetic fields are present,
(iv) theregion of interaction isinfinite,
(v) ponderomotive effects (nonlinear forces, e.q. v x B force)
are neglected.

(J.D. Lawson, IEEE Trans. Nucl. Sci. NS-26, 4217, 1979)

. 2

Accdleration mechanism must violate the Lawson-Woodward theorem.
Usually it is not difficult!



Acceleration by Higher-Order Gaussian Modes
The x-polarized Hermite-Gaussian TEM,, mode is given by

AEqWoX H_ r? Hsian

== \FZ\NZ(Z) Pr WZ(Z)D

27X

4E,W, E ~ .
== A2 sz(z) G (z)% w?(2)0 cosy ZrW (2)
2

where l_l_j = kz -t + —2tan 1B_H+(Po W(Z)
ZRW (Z)

_Cr 2 o _2 P
P =2 EoWo o= e TEMy,
z=0
On the z-axis E =0 and the axial field Wy = A

accelerating an electron withv,” ¢

7 =

where




The phase velocity of the accelerating field is
Vph = <3[1-9§/(1+2)2]_1
where 04 = (2/kzg)" = A/rw, isthe divergence angle.

-1/2
Near the focal point |2|< Zg Vo 01468 :1+]/(2y§) ye=(283)"
TZR/2

The dippage distanceisgivenby 7z [

1+y¢ vz
T[Z Cc
For yz>>yc ZSZTR
The particle injection energy for afinite interaction length is given by
0 myc® O eEy oL myc? [ ZoP

— |:|+e§ —_

Ein = — myc’ tkleEzo kH+ Ting =MgC 5495 TR 1D -
where Z; =377Q
The maximum energy gainisgiven by
AW[MeV] OeE,, [Zg =2e.2P/c = -/(2/m)Z,P[TW] 015.5./P[TW]
eg. For A =1um,wy =10um,P =10TW
Ty =21IMeV AW =49MeV




Vacuum Beat Wave Accelerator

Two laser beams of different frequencies cause an axial
acceleration from the beat term in the vxB force.

(E. Esarey, PRE 52, 5443,1995) A=A,+A, Beat-Wave

1 -~ -

a-cErwend E=g seoxa | T[\ ﬂ T\ 1\”\’\\

/
Using u=p/mc=yp a=eA/mc’ l % %
B 15 5 1]
/
=Gy = (16 ) \h Al
du_o0a cu dy uoga “’ \H/
= — X(Dxa) — = —)uD:aD -
ar = oty dt ~Vigt '<F, > F, >eF>
The axial component of the nonlinear ponderomotive forceis

Thetotal laser fiddis A(zr,t)=A+A, A;,A, ;thevector potential of laser 1 and 2.

3% =al@= élz + é§ +23,8, COS(L|J 2 —L|J1)+ af g = (aOiWOi /wi)exp(—rzlwf)

dy — aOlaOZ Ak
dz VB,

sin((oz — Poy)

The energy equation along the axisis



Along the axis r=0 and near the focus of the two lasers

Von /€ 01= (1= Zra [ Z, )/ (AKZ o) W/ NEY:
Wl

Vpn <C for  Zg,>Zy

In an infinite interaction region z, = —, Zr = oo _.

3

W, 2

E

Z/ ZRl

y F2 —y | 2 j— 2T[a.01302AkZR 7
Energy gain 3

The accelerated electron energy for theinjection energy W, and P =P,

W (Mev) ={[W; (MeV)]” + 7500\ /A, ~1)R, (TW)}l/ i

eg.
W =20MeV |
At =2ha=1nm >:> {WF=89MeV
Woy =) 1 AW = 70MeV
P =10TW )

:



Effect of Radiative L osses
An attainable maximum energy is limited by radiative |osses
due to transverse quiver oscillations.
11 ! i

2
DV kzgH Electron Energy vs Distance
r, =e’/mc* ; the classical electron radius W =100MeV

The electron energy equation with radiative lossis

P, U % r.mc’Y “adk’

g =1
(.2 52 [
(cjilmam%z%_grvzr@m y 202 Wor = Ay =2A, =1um
VA

e 2 2
3 s Z& U 25004

Assuming Ak = ky, 89, = agy, Zrt = Zgo 2000%
the maximum electron energy Is given by, 1500 §
Winax DT[mCZ(Wm/A 1)(3W01/ re)1/3 10005

500}

W, [Gev] Dl.B(WSf’ m /AL m])

eg.
Wmax D13GeV for WO]. = }\1 - 2)\2 = 1IJ.m




Ponder omotive acceler ation

Energy-momentum equations of electronsin alinearly polarized plane wave
dp _

ay ___€
o - AETVXB) = e VE
vV 1
where B=2.v = _Bz’p:VmCB
E, t
E = XEo(p)sng, B=Y ((p)smcp cp(t)=w§ ?E
SoB)=-20-p)sng| | P CO“:O 0 Br)=oons =y o(i-Po
d ) S mow  2mmc?
5 ¥8,)=0 v(cp)=vo%+a§(coscp-1)zgl+f°%
d eE ‘
a:(sz)__—o By sing B ((p): 2aO(COS(p_1)
. . v [2 +a3 (L+ B, )(cosp —1)2]
Ety :_R BXSIn(p BZ((p):]._ . 2(1_ BO) S
y0[2+a0 (1+ B, )(cosp - 1) ]

(F.V. Hartemann et al.,PR E,51,4833,1995)



Energy and trajectory of an electron
The maximum energy at ¢ = (2n +1)n :

2IA _ 2|

=yof1+2a5(1 = c 1 = =

Y max =Y oL+ 285 (1+Bo)] Voé -~ 5(+Bo)E with E, ‘/SOC
Thetransverse and longitudinal positions are

_ca,(sing—-q@)
<) (")\/o(:L Bo)

a5 P Sa8(L+ Po) ka5 (1 Bo) T ~singl

2(p) =

Electron energy Electron trajectory
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Ponder omotive scattering X

*The quiver amplitude becomes comparable

to the beam waist in the high field.

*The electron can be scattered away with ahigh
energy asthe interaction is terminated within a
wavelength.

Threshold power given by x = Ayoa0 =W,

W0 gl p UM NG 02100,
o ok ™ oyeD e OIAD yg

Scattering angle 0

VA-B.)=Vol~Bo) |y B Y71
Vy?=1-gi-p; | TPD ()

%HZBO %yo _1%2

Y =Yo - Bo)

B(y )= arctan

At ©=0 Y =Yo ‘ No acceleration



|svacuum laser acceleration possibleto accelerate
particlesup to super high energy?

Consider energy gain of laser acceleration in vacuum.
Higher Order Gaussian Mode Acceleration

Ay =228, % (HGMA)
0

Energy gain as afunction of
laser intensity
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Direct laser-particle interaction

eA

pD:EAD as— IS the normalized vector potential.
ImMC

- Non-relativistic interaction

q<<1 PD ~ MCa
 CAVAYAST

n Relativistic interaction
a>>1] QQ{
!




Reflection of electromagnetic wave
on an e ectron plasma

The dispersion relation of the
electromagnetic wave in plasma Photon
with electron density n_is Electron Plasma

—
W = K*C* + W’ /\/\ /\/\
w
4T, €°
where W, = - \/ Wy
m Ne

This means that a photon inside Electromagnetic wave
plasma has an effective mass:

Photon-' Electron Plasma’
[OM | nteraction
m = —

h
P CZ

The reflection condition of the electromagnetic
wave (photon) is given by

(D<00p




Reflection of an electron on an intense photon field
In an analogy to reflection of

el ectromagnetic wave from Electron Photon
the electron plasma, an electron plasma
in an intense laser field has ->

a mass shift

A = ant = aén .

Consderlng alaser pulseasa <
‘plasma’ of photons, the photon de Broglie wave

plasma frequency 1S Electron-’ Photon Plasma’

_amc’ .
Wphp = " Interaction

An electron de Broglie wave will be reflected for its frequency
2 —
o :meczyB<w _amg e V<a
R L

An electrom with momentum yf3 ——
Is expelled in the condition: v <~Nil+a _%

a

=
0

92
_0
2




Particle acceleration In super-strong

| | laser fieldsin plasma
Basic equations
L aser field and el ectron space charge field can be given by the vector potential
A and the scaler potential @

E——}a—A—DCD B=0xA
Cc ot
The equati on of a particle motion iswritten as
———DeE+ ><B = QJCD +LOAD vV, x(OxA)  with EEQ+VDD
ot U c dt ot
10ALC
Th n of < T+
e equation of energy is dymc = ev oot
The Maxwéll’ sequatlons are
01 92 4. (10D C [ﬁj 10A0_
0~ —-0° DA——'—D—— OA P+ —4
k2 ot? " C cot
where | isthe current density, j =(-env)

p isthe charge density, p=(-en)



The continuity equation of plasmadensity nis

@+Dmv:0
ot

assuming the plasma is an ensemble of cold fluids.
1D field-electron interaction in plasma

In a 1D laser field according to the Coulomb gauge [J[A =0
letting A, =0
the vector potential is expressed as
A = Axeyx + Ayey  for circular polarization,
A = Ay€Ey for linear polarization.
Consider the laser pulse frame propagating at a group velocity in plasma

\Vj =a_w =C _w_rz) Where wW. = 4T[neez
g~ ok (.0(2) p V m

IS the plasma frequency for the ambient electron density n..

Transforming the momentum equation to a new variable, (=2- Vgt



[]

d [ _
D_O

€
From the transverse component of the equation, aC P07, A
This gives conservation of canonical transverse momentum.

€
Pp :EAD
The electron quiver veloCity ISgiven by v = Po __© A

_ ym ymc
with the Lorentz factor y = (1— BZ) v

Defining the normalized vector potential g = oA — B = ap
’ i 2 Sy
Thelongitudinal component of the energy equation becomes
[] 2 ]
i Dpz - yme + € d1=0

d¢ 0O Vg Vg O
Thisgives ‘V ~YBgB, —¢ = const :Vo(l_ BgBO]

Where _Vg (p:ﬂ
Bg = C mc?
ing that prior to laser interacti {aD:(p:O
assumin ror 10 1asgy 1nNtgracton
Jiap Y =Yo. B, =Bo



Using vy =.1+u?+u?=y_y, where y;=+1+a% V; 2
the solutionson 3 and y are given by

) -2 B2 Ho[HZ - - p2)2]"
Ty BT H3 + Bgy £

2 2,2
_v2H 4 242 _, 212 - Ho + BgYr

with Ho = Yo (1= ByBo )+
Space-char ge potential

The space-charge potential @ is obtained from

}% +O00{nB)=0 (Continuity equation)
C

D=k (V-1 (Poisson's equation)

where nisthe electron density, Kp =W, /C

In an initial equilibrium (prior to the laser pulse), the space-charge potential
Isnegligible, i.e. =0



Assuming n=n(()
- Bo

26, -p)=0 = n=ni—>

~ K

Ky = 3272
Vo(l_Bo) Py P(L-Bo)

dyp kZO1+a? L

dc? T Hlﬂb)z _1E (Nonlinear wake equation)

For By=1 leting Y =

Ap

.. -1 _
In the short-pulselimit T << (ckp) L, =cr << -

where T, isalaser pulse duration. P <<1

Inthelong-pulselimit 1 >> (ckp)_l L, =ct >> 2—p

Tl
|L|J ~(+a?)" -1
The averaging over alaser wavelength,

(+a*)" 0@+ai/2)”

IS nearly constant.




In the short-pulselimit @ =0 let By =1 for vacuum

1+ ] 1+ C 1
Y:Yogl ZBO ’ —Vogl Boag[ — Eyoag a, >>1

1+ 1+ for
B, + 2[3032_[30 Boag { Bo=1

1+1+Boa2 B 1+1+Boa(2)
2 4

B, =

In the short-pulse limit @™ O

Y :Véyo(l_ BgBO)ngBg[/éyg(l_ BQBO)Z _yér
=y ol Bo)vBo f 3, - 8. -]

For ygyO(l_BgBO)>yD

the maximum and minimum energies are

(Vo =¥¥olo- 380 )~V B 3B, - Bof -2
ymin :yO




For

ygyO(l_ BgBO)S Yo

Vo =vavo[(Bs - o) +v]

\ ymin =Y 0
Scattering by ponderomotive potential

Scattering condition
YoYoll - BgBo)S Y Lth

Yin = (1"' agth cos’ k¢ )NZ

Aoth = ygyO(Bg - BO)

Electron trgjectory in phase space

Scattering  ag = ay, = Y4 1

-lll o -0.5 | \
Trapping a, =5 < ay,

.5 kZ/T[ 1

yg :1O1y0 ::LBO =0



Simulations of ponderomotive acceleration

Below threshold a; =5

. QuickTimey G2 , Y
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Group velocity
Vv
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Yy =167
_ . QuickTimey G2 Y
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Ponder omotive acceler ation and focusing

High energy booster acceleration of a pair-beam can be accomplished
by the relativistic ponderomotive acceleration with focusing in vacuum or
tenuous plasma.

Acceleration
Thefinal energy is obtained approximately as
—_ A2
Yi=d

for aparticleinitialy at rest.
E; [Gev] = 0.37x1072 1 [wicm? p3[um]

Eg. At Ap =0.8um
| =10%W/cm?> mmy E; =24GeV

| =10°W/cm? mm) E; =24GeV
| =10**W/cm?® mm) E; =240CGeV
| =10°W/cm? mm) E; =24TeV



Focusing

The electric field of Hermite-Gaussian modes is given by

(z-ct)’C

—it+ X o C r?
E'™ = ReE,Me Mg Wim(T Ay EHmE Y Hooo exp s ——
N2o O 20 ,0c0 "H 40}
O ISthe rms beam size.
O :050\/1"' ZZ/Zé

Z. isthe Rayleigh length.
O, Isthe beam pulse length.

Congder the lowest mode of the laser beam
with I=m=0, and the amplitude electric field E,

ex

The ponderomotive potential is

X =c/w 0.6]

aO:'\/érnCZEO 0.45

40 F

2 2 2
o Cor (z—ct) L
Uy(r,zt) = ai—L exp — -

o(r,2.1) o} pE 207 202 F




The amplitude of the quiver oscillations is estimated to be
_ah _2X(Zefo ) [ %
Omo Ono (ZR}V/Z)]/2 )\ o,

Off axis particles in a Gaussian laser beam are accelerated by the radial
ponderomotive force and quickly expelled from the beam in the radia direction.

To avoid transverse instability of motion, superposition of a Gaussian mode
with I=m=0 and higher order modes, e.g. alinear combination of |=1, m=0 and
|=0, m=1 with the same polarization vectors e*° =e’*, and E1° =IE%! creates a
potential well in the radial direction:

202 DFGDO (z=ct)’C
Q 208  20° F

U,(r,zt) = aEL

where a, 1s the dimensionless vector potential.
The total ponderomotive potential isgivenby U =U,+U;

The focusing force is given by

2 3.2 00 [0 .2 2[
mc-  or (o oy B O ZO'D 202 E



Focusing strength at r=0, and z-ct=0

Ke = th = 28 ;ag
ymcr YO o
The beam envelope equation on the rms beam radius g, IS
d%o r.N £f
+ KO, — 5 -—3=0
dz* TP VIR 40, O
5 B 5 B

Space charge force | | Thermal emittance

where N is the number of electrons in the bunch,
0, 1S the rms bunch length,
g, is the geometric emittance, €, = €,/\B
£, the normalized emittance
r,isthe classical electron radius.



Estimate of afocused beam size

1) The space-charge-force dependent beam size
2

The equilibrium radius is obtained from % -0

JreN N O o

Op [] []
U emKeTBy o emViRa-ag) ‘ol ¥
Assuming & =8y O =T15/2 0,4 =Xy

@' r, [N

e
2 ad’\ A

VN ro[um]
17 4[W/(:mz] AG[Hm]

O-rb

o ,[pm] = 2x10*

eg. For Ap=0.8um Y
o, =10pm

N, =1 x 10
| =1.06 x10°W/cm®

> |0, = 0.2 pm|




2) The emittance dependent beam size

If an electron-positron pair beam is focused, the space chrage force
will be neglected.

Df v ¥ Ven0n0
Op ]/4 (2 2 _aO)J/

Assuming & =8y Oy =TIg/2 €bDﬁn/\/zﬁn/fjlg:?l/aé1

_VE&Omo _ 1 Aol

a, 2a5 \ ™
4x10%
Grb[pm] [W/cm]

eg. For Ay=08um O
o, =10pm

N, =1 x 10
| =1.06 x10°W/cm®

> |0, = 0.13 pm|




_aser micro collider

Two counter propagating laser-accel erated beams make a micro collider.

The space charge limited luminosity

N/ freIO ach, Ny frep

L =
Ao s, N2t

L[cm'zs'l] ~2x10701%2 [W/cmz]xg [um]rg 2 [UmIN ,f

eg. | =1.06x10°W/cm? = |Ecy. =5TeV|
Ao =0.8um "
o =10um L 1| =2x10%f cm™s7]
N, =1x10"

Required peak power and pulse energy
P=17EW E >2x4kJ



e'e pair-beam micro-collider

Two counter-propagating laser-accelerated pair beams will create
anew e*e, ee, e'e” micr-size collider without beam disruption at collision.

The emittance-limited luminosity is

2 402
_ Npfre DaOprrep

L= 2
4110 1, Aol

where N, is the number of accelerated e*e pairs and
fep 1S the repetition rate of laser pulses.

Llem™s™t|= 5.3x107%71%[W/cm? I3 [um]rs Hum]NZ £ [HZ]
0 0 p'rep

Eg. For | =1.06x10*W/cm’

N, =1x10%° )
Ao=08um  ~ |[L=3x10%f, cm™s]
o, =10pm




Laser Micro Collider Concept

'

Pair beam production |

e beam et beam
Hmm




E.,[Gev] | [Wicn] P[PWipulse]  E, [J] L [cm2sY] at 1 Hz

1 2.1x10% 3.3 1.6 12x10% ® factory
4 8.4 x10% 13 6.4 2x10% JW factory
10 2.1x10% 33 16 1.2x10% B factory

500 1.1x10% 1700 800 3x10%

1000 2.1x10% 3300 1600 1.2 x 104

5000 1.1x10% 17000 8000 3x10%

Vacuum or tenuous plasma

NS Sie2 =S

Pair-beam micro-collider concept




L uminosity of laser micro-colliders

Ao =0.8um 1o =10pum N, =1x10"

1% Emittance-limited
W luminosit .
£ 10% SR
L. 110000 O
: ol
6

= 103 \ B E
E C.M. energy |1 LL]
= 3 f .
‘D 10° ] =
= O
g 10%0 Space charge-limited
3 ' luminosity

1027

100 102 102 1028 10% 10%
Laser Intensity [W/cny]



Summary

@® Theplasmaacceeration concept has difficultiesin high energy gain
and high beam quality. - {The beam injector,
The ete pair beam generator

A single stage energy gain < 1 GeV

@ The proper shaped superstrong laser fields are useful for accelerating
and focusing electron and/or positron beams.

| =10%Wiem® | Ef =24Tev
N, =1x10% Oy = 0.13 pm

@ Two counter-propagating electron and positron beams result in
amicro-collider with extremely high luminosity.

| = 10BW/crm? L=2x10% 4 cm™s™
N, =1x10" L=3x10%f, cm™@s™



Advanced Accelerator Research &
Development at KEK

® Thereare great interests in advanced accelerator researches,
growing in the national and industry institutes, and
the universities around Japan.

® TheC.O.E.on A.A. R&D isconcelved in KEK
to organize developments of the future high energy accelerator
technologies, holding long term visions of the post-LC, or
the post-B factory.

® \We are eager to make collaboration and a word-wide network

for A.A. R&D.
5 B

The 1st Workshop on Advanced Accelerator R&D
April 24, 25, 2003 at KEK, Tsukuba, Japan
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