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Multistaged LVWFA collider design

Collider physics consideration
beamstrahlung, disruption, emittance
degradation, gamma emission
(spectral degradation)

Driver development
independent and a huge challenge



CMS Energy (GeV)

Luminosity (1034 cm'25'1)

Luminosity in 1% of Ecms

Bunch charge (1010)

Bunches / train

Repetition rate (Hz)

Beam Power (MW)

Emittances ¢,/ £,, (mm-mrad)

IP Spot sizes sx/sy (nm)

IP bunch length sz (um)

Drive beam / Laser / RF Power (MW)
Gradient (MV/m)

Two linac length (km)

Drive beam / Laser / RF generation eff.
Drive beam / Laser / RF coupling eff.

Overall efficiency
Site Power (MW)

SLAC

Laser
1000

2.4

~2
3.80E-06
193
1.50E+07
11.6

1e-4 / 1e-4
1.0/1.0
0.1 — 300
58

400

~4

60%

20%

12%

~137
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Plasma
1000
3.5
1.3
1
125
100
20
2/0.05

140/3.2
10

58
25000
~6

45%
35%
15.70%
~170
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Option for future collider
(Raubenheimer-SLAC)

Examples of TeV Collider Parameters

CLIC
1000

2.3

1.1

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 /3.5
300

80

31.5

47
53.95%
49.01%
17.90%
300
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Raubenheimer(2008)

Keys issues of future colliders

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 1
— Acceleration with beam driven structuresf
- Acceleratfon w?th laser drlyen plasmas 1 10 GV/m
— Acceleration with beam driven plasmas f

7
S L A C 13th AAC Workshop Page 11 @, Patick Pisics
July 27 - August 2, 2008 L BAstraghysics

~1 GV/m



Issues for LWFA Collider

» Collider Physics issues (what is unique
and challenging to LWFA) ----this lecture

strong acceleration (compactness)
small emittance (strong beam)

strong transverse force/large betatron oscillations
large quantum beamstrahlung effects
miniature finesse issues

* Driver issues (high rep rate, high average
power lasers) ----- this afternoon




coreee?) j Motivation and overview

-

Leemans (AAC ,2010)

* Collider size set by maximum particle energy and
maximum achievable gradient limited by breakdown

* Motivates R&D for ultra-high gradient technology

l Driver technology l
r Laser _l r E-beam _]
Direct laser Laser wakefield Plasma wakefield Dielectric
accelerator accelerator accelerator accelerator

BERKELEY LAB

LASER ACCELERATOR

Btit/\  FACET



Laser driven collider concept

Leemans and Esarey (Phys. Today, 09)
ICFA-ICUIL Joint Task Force on Laser Acceleration(Darmstadt,10)



ICFA

ICFA-ICUIL Joint Task Force F‘p

on laser acceleration (Darmstadt, 2010)

Case 1Tev (Scleon::i\(]) I\ (Scle?nz.TriZII)
Energy per beam (TeV) 0.5 5 5
Luminosity (103 cm~2s71) 1.2 71.4 71.4
Electrons per bunch (x10°) 4 4 1.3
Bunch repetition rate (kHz) 13 17 170
Horizontal emittance ye, (nm-rad) 700 200 200
Vertical emittance ye, (nm-rad) 700 200 200
p* (mm) 0.2 0.2 0.2
Horizontal beam size at IP ¢, (nm) 12 2 2
Vertical beam size at [P ¢, (nm) 12 2 2
Luminosity enhancement factor 1.04 1.35 1.2
Bunch length o, (um) 1 1 1
Beamstrahlung parameter Y 148 8980 2800
Beamstrahlung photons per electron 7, 1.68 3.67 2.4
Beamstrahlung energy loss d (%) 30.4 48 32
Accelerating gradient (GV/m) 10 10 10
Average beam power (MW) 4.2 54 170
Wall plug to beam efficiency (%) 10 10 10
One linac length (km) 0.1 1.0 0.3

(@l

W. Leemans,
Chair

Collider subgroup
List of parameters
(W. Chou)

Table 1
Collider parameters



ICFA JTF Report #2

Case 1Tev (Scle?n:f'i\(]) N (Sct(r)lz;l;i?)lll)
Wavelength (um) 1 1 1
Pulse energy/stage (J) 32 32 1
Pulse length (fs) 56 56 18
Repetition rate (kHz) 13 17 170 .
Peak power (TW) 240 240 24 COI I Id er su bg rou p
Average laser power/stage (MW) 0.42 0.54 0.17 L I St Of p aram ete r's
Energy gain/stage (GeV) 10 10 1 (W C h ou )
Stage length [LPA + in-coupling] (m) 2 2 0.06
Number of stages (one linac) 50 500 5000 Table 2
Total laser power (MW) 42 540 1700 Lase r pa ram ete rs
Total wall power (MW) 84 1080 3400
- 0
Lsser o wake 50% + wake t0 beam 40%] 20 20 20
Wall plug to laser efficiency (%) 50 50 50
Laser spot rms radius (pm) 69 69 22
Laser intensity (W/cm?) 3x 108 3x 108 3 x 1018
Laser strength parameter a 1.5 1.5 1.5
Plasma density (cm3), with tapering 107 10'7 1018
Plasma wavelength (um) 105 105 33 9




ICFA

JTF Report #3: Comparison of Choices

Beam energy Beam power Efficiency
Accelerator Beam (GeV) (MW) AC to beam Note on AC power
H+
PSI Cyclotron 0.59 1.3 0.18 RF + magnets
SNS Linac H- 0.92 1.0 0.07 RF + cryo + cooling
TESLA e i
(23.4 MV/m) et/e 250 x 2 23 0.24 RF + cryo + cooling
ILC efle 250 x 2 21 0.16 RF + cryo + coolin
(31.5 MV/m) ' y &
CLIC e/e” 1500 x 2 294 0.09 RF + cooling
LPA e/e” 500 x 2 8.4 0.10 Laser + plasma

10




‘\l . BELLA Project: state-of-the-art PW-facility

fllll(

_\H for laser accelerator science
BELLA Laser

I oo oo

Gowning Room

.....

Final focus

Leemans
(AAC, 2010)




« Laser power and energy requirement: Leemans(AAC, 2010)
— Simple energy balance:
* 400 pCat 10 GeV =4 J }40.]
« Assume laser -> beam efficiency = 10 %
— Point design

« 40 J, 30 fs laser provides wide parameter range
— Highly non-linear regime a>> 1
— Mildly non-linear regime a ~ 1

* 1 Hz repetition rate:
— Fast enough to do:

* Rapid parameter scans: science with error bars
— Slow enough that:

« Thermal loading of optics remains low
« Radiation yield remains < 5 mR/hr outside shielding

_-



‘,‘:\‘I \ Basic design of a plasma accelerator: single-
_,;_}ﬂ stage limited by laser energy

Leemasn(AAC, 2010)

« Laser pulse length and plasma density

- kyo,s1, a~A~m~ ".’*\
|
- Wakefield regime determined by laser intensity . ?'e:\
— Linear (a,<1) or blowout (a,>1) ANARAWAN
| /| /| [/ U/ \\

ag ~ 7.3 % 107"\ (um)]* L(W /em?). \ \/ 1/
_Ex: ap=1 for lp=2x10® Wicm? and 4= 0.8um £ wake
« Accelerating field determined by density and laser intensity
- E, ~(a,2/4)(1+a,22Y "2 n'?2 ~ 10 GV/m
« Energy gain determined by laser energy via depletion®
— Laser:  Present CPA technology 10's J/pulse

— Bunch parameters also determined via beam loading

*Shadwick, Schroeder, Esarey, Phys. Plasmas (2009)



— i Leemans(AAC, 2010)
"T."_\"l n 10 GeV reachable with BELLA laser at 30 -40 J

GmmmN

« 10 GeV design scalable with density

. — ~n32 O~ n1R2
E o', Epe~n™% Q~n

* Baseline laser performance: 40 Jin 30 fs
« At 10"/cc 210 GeV 300pC™™

*For 30 J: increase density and lower charge

« At 1.2x10"/cc 210 GeV for ~ 100pC 0

Scale gain [GeV at 1e17) 16

Scale gain [GeV at 12e17]

« Alternative: reduce spot size 15% at 10" /cc .
Performance vs spot size

W
« Performance vs. spot size charadterized B e
D-. o Eaccard I * ' |
« Should allow ~ 200pC at 10 GeV w/ 30J — - \.__ —
" / |
of 30)  40J base
*Cormier-Michel et al, AAC 2008, ™ Geddes et al, PAC [ —— \1 e
2009. & SciDAC Review 2009 o s it I 4
3 KW, 7



First LWFA Collider Study (1997)

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

M. Xie', I'. Tajima?, K. Yokoya?
and S. Chattopadhyay!

! Lawrence Berkeley National Laboratory, USA
2 University of Tezas at Austin, USA
SKEK, Japan

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, etc. 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™3, »suchj;x gradienrt can .be lFljoéque,d ;123::;
linear regime with more or less existing T® laser, giving a pldzma « pr i
length of about 1 m [13]. If we assume a plasma ch'anne teils o' ,L:vouxd
width can be formed at a length equals to t.he.dephasmg lengt 1,(;\;3 .
have a 10 GeV acceleration module with an"acmve lelﬁ)gth of 1. m. C (‘01:] ]C
creating and maintaining a plasma channel of the required c!uaht,y is fno azzopTO
matter. To date, propagation in a plasma chaxmel over a (Ilstancezlglsuwg/can)
Rayleigh lengths (about 2.2 ecm) of modgrately intense pulse (~a . o)
has been demonstrated [14]. New experlrneznr. aiming at ]:>ropa,,a.d.mgt pOf o
with intensities on the order of 10*¥W /cm? (required for a gradient

GeV/m) is underway [13].

Table 1. Beam Parameters at Three Values of Beamm Power

| CASE | P,(MW) | N(10°) | fe(kHz) | &(nm) | By(um) | oy(nm) | o=(um)
1 2 0.5 50 2.2 22 0.1 0.32
IT 20 1.6 156 25 62 0.56 1
111 200 6 416 310 188 3.5 2.8

Table 2. Results Given By the Formulas

CASE| T Dy | Foie | ny | 62| mp | £4(10%em2s71)
I 3485 | 0.93 | 0.89 [0.72 | 0.2 | 0.19 1

I 631 | 0.29 | 0.89 [0.72 | 0.2 | 0.12 1

11 | 138 | 0081 091 |[0.72 | 0.2 | 0.072 1

Table 3. Results Given By CAIN Simulations

CASE | n, | 65 | 0e/Bo| np | £/Le(Wem € 1%) | £/Lo(Wem € 10%)
I 1.9 [0.38 | 0.42 |0.28 0.83 1.1

I |097|026| 036 |0.12 0.65 0.80

III |0.84|021| 032 |0.06 0.62 0.75

Although a state-of-the-art T® laser, capable of generating slulb—ps uplzls:ﬁ
with 10s of TW peak power and a few Js of‘ energy per pulse [11], coLhe e
most serve the need for the required acceleration, the average p(')wedr oruate [E
rate of a single unit is still quite low, apd wall-plug efﬁcxen?y‘ma e?ﬂse f).:om
addition, injection scheme and synchronization of laser and electron p

15
Xie et al. (1997)




Collider Physics |

Basic parameters and scalings of LWFA Collider in
Maximizing luminosity with constraintsof
beamstrahlung , disruption, and y emission

» F RN .
=g %) )
o, = 5 (VW) o~ 1N, oo~ VN, D, ~0a,, T~ Njg, u
() (78) (Vg ) o) for AN, 0y )~ 0 | .
I ENCAYRY: )( (V) n, ~ U(TWN, 6 ~ TU(TIVN. (8)
L [,_6'3'1:/_‘3',} (_1 + R \ P. )(\ o: / L NS £ W o
I the limie T 5 1, Us(T) = 1/TY3, TULY) = 1/TY5, Eq.(8) becames
(L
D, = (16mmc’r H —1]
’ ¢ ] Pl [} O I Y
n-' ~ 'IA‘\?OX."' ' 6£ e I‘\'C’xlx ' [9"
» = 2B840(T)F, &g = LUTUI(T)F 3]
ENGAY VR |1',,..C { )
- |t N
F N ](\l n R) (]' B ViV 6)

First paper on LWFA collider

Xie, M., Tajima, T., Yokoya, K. and Chattopadyay, S., Studies of Laser-Driven 5TeV 16
e+e- Colliders in Strong Quantum Beamstrahlung Regime,

(AIP Conference Proceedings, New York, 1997), 398, p. 233-242.



Collision parameter
dependence
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Collider Physics I

Xie et al (1997)

Optimization for LWFA Collider at IP

Collision energy
spectrum
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First LWFA Collider design

Table 1, Beam Parameters ar Three Values of Beam Power

CASE | A(MW) [ N(10°) | f.(kHz) | ey(nm) | B,(um) | oy(nm) | o(um)
I 2 0.5 50 22 2 0.1 0.32
1l 0 1.6 156 % 62 0.56 1
111 200 6 416 310 188 3.9 28

Table 2. Results Given By the Formulas
CASE| T | D, | Fage| ™ |82 | n» | £(10%em~%")
[ [3435) 093 [ 089|072 (02| 019 1
)| 631 | 029 | 089 (07202 012 1
Il | 138 | 0.081 | 091 [0.72]02 0072 1
Table 3. Results Given By CAIN Simulations
CASE | ny | b5 |o0/Ey | ty | L/E,{Wem € 1%) | £/L,(W e € 10%)
— —
| 19 (D38| 042 |0.28 0.83 1]
II (097 (026| 036 |0.12 0.65 0.80
I 084021 032 |0.06 0.62 0,75

Physics under extremely strong quantum beamstrahlung regime Y >> 1

17
(the shorter the bunch, the smaller Y)



Collider Physics lil

LWFA properties under multistage collider design
First multistage model for LWFA collider

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 3, 071301 (2000)

Particle dynamics in multistage wakefield collider

S. Cheshkov, T. Tajima.* and W. Horton
Department of Physics and Institute for Fusion Studies, The Umiversity of Texas at Austin, Austin, Texas 78712

K. Yokoya
KEEK National Laboratory for High Energy Physics, Tsukuba-Shi, Japan
(Recerved 24 January 2000; published 27 July 2000)

The dynamics of particles mn laser pulse-diven wakefields over multhstages in a collider 15 studied
A map of phase space dynamics over a stage of wakefield acceleration mduced by a laser pulse (or
electron beam) 15 dermved. The enfire system of a collider 15 generated wath a product of multiple maps
of wakefields, dnfts. magnets. etc. This systems map may include offsets of vanous elements of the
accelerator, represenfing noise and emrors ansing from the operation of such a complex device. We find
that an unmithigated strong focusing of the wakefield coupled wath the aliznment emrors of the posihion
(or laser beam amnung) of each wakefield stage and the unavoidable dispersion m mdnadual particle
betatron frequencies leads to a2 phase space mxng and causes a transverse enmttance degradation. The
rate of the emuttance increase 1s proportional to the number of stages. the energy of the particles, the
betatron frequency. the square of the musahgznment amplitude, and the square of the betatron phase shuft
over a single stage. The accelerator with a weakened focus in a channel can. therefore. largely suppress
the emuttance degradation due to emrors.

PACS numbers: 52.40.Nk, 52.65.Cc, 52.75.D1, 05.40.-a

L INTRODUCTION P 2 y f.N? .
The use of plasma waves excited by laser beams for elec- Amooy dmJeBI\ ey B, )
tron acceleration was proposed by Tajima and Dawson [1].  where £_ is the collision framency A is the narticle mm-




Collider Physics IV

LWFA model for collider
Stage accelerator matrix

4 _ g cos(V). (19)
v kp 20
dz 37‘,;:. @
"N W W
WV WV W
\ |\ | i\ f \ /] \
. i | | [ [ |

o0 ".‘ \/ /] | WY [ Al
WMLV

FIG. 1. The lonzitudinal phase space: electron Lorenz factor
y vs its phase with respect to the wakefield V. The parameters
nsed were y, = 15, &y =02.

Cheshkov et al (2000)

Longitudinal dynamics

I'he lineanzed equations of motion for the longitudinal
degrees of freedom are

5q’n+l - (5"1’,,. (23)

Syn+1 = 2y5dolcos(¥; + A) — cos(¥)]6Wa + Sya.
24)

Transeverse dynamics

it 4 [w}; sin(w,z + V¥, + 6V,)

1y 1 &3]~ _
— Xy X la=0, @5
2y 4 52 “ @3
where
w, = 2L Q6)
Dy
_Yp
1/2
4d,
= 27
“p (yrf) @

cos(—A) L sin(24A) 1 L
[ — w, / w w, =/ 2
M ( wsin(;-4)  cos(3-A) ) (() 1 ) )

where L is the drift distance between the wakefield stages
and 1 /w 1s the betatron length in the wakefield. The matrix
(29) may be also wrntten as

Vo cos(Z-A)  —sin(=-A) + Leos(=A)
B w sin(;-4) Lwsin(Z-A) + cos(ﬁAJ ’
(30
The transverse map ‘M for the whole accelerator system
1S

M =MV, (31)

19



Collider Physics V

Cumulative effects over multistages
Strong LWFA betatron oscillations lead to emittance degradation

{(D)=0, (38)
SEVEIE U4dlDVEIDE ELLUELUCE SIUWUL Daicauy. waan
)ens 15 that the particles rotate at different angular ve- Rys ‘5. — D ') D AD () = arlélz. — 7)
STESER  ()-w(n12)+(3) o DEIDE) = rhist ~ 2. 69
m°;5§ﬁm~w§§?a,mmmbmﬁ; ' ' S Applying the theory of random walk of 2 harmonic oscil-

stbution (see Fig. 3c) (it is banana shaped only  where 7). is the stochastic misaliznment (D, = : , :

e dislocation size is larger than the beam size, butin /3, D,). The longitudinal degrees of freedom are not lator driven by 2 random force, we obtamn
case the particle dismbution gets diluted because of  affected. For this map to deseribe realistically the electron (%) =0, (%) =0, )= 0. (40)
msaliznments). This process cnfically depends onthe  motion, we assume that oy << r,. The total transverse ad of et
mtude of the betatron frequency spread. This means  map (in the presence of errors) can be wntten in the form 2\ . 22, 2
the typical strength of the focusing force 15 of great {(X°) = Dz = DNI, (X)=De"z, (41)
atance. Of cowrse, additional information can be ex- Xut1) _ D, . . . -
ed from the ofher total phase space cross sections: see (xg-l) MMy - M(1 = “l’(_ ) where the diffusion coefficient D 15 ziven by

4. However, here we concentrate on the transverse P 1 e 5
tance as a fizure of ment due to 1ts mmportance to the + (1 -Mg_)( 0‘) D =—yurlr7.j:,. (42)
luminosity of the collider. The effect of plasma noise TR 2

?m;‘::j;h:;m léga:rm::d:fmbobemmco?p:agpfa + MM, Wl(i’] ) (33 We are also assunnng that the emittance grqwth 15 large
’ (compared to the mutal enuttance). So, using (40) and
. (41), we obtam
b e e P Ae = wD 7 = -.l’—‘yw(wl,)la-zDN. (43)
0 S ] -
RTINS /
weak focus g
. . : . 1 AyN
R 5:0 1000 Ae = —yw(wll (TD( ) v:\'h(l -+ Y )
b. o. (44)
& T T T 80 T T T T
where y 15 the munal particle energy. Typically, Ay =~
w e 5 oo adda.ndw*—:oweobtam
| Tk Pradoly [ AN
) o 2 020 o 2 de = # INID(I + —) (43)
xg, xa,! r; ho \ . Y

Cheshkov et al (2000)
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Optimization for LWFA collider
Strategy of synchronous orbit operation
PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS. VOLUME 3. 101301 (2000)

High energy laser-wakefield collider with synchronous acceleration

C. Chm.! S. Cheshkov.! and T. Tajima'-
! Department of Physics, University of Texas at Austin, Austin, Texas 78712
*Lawrence Livermore National Laboratory, Livermore, California 94550
(Recerved 5 May 2000; published 23 October 2000)

A recent study on a high energy accelerator system which mvolves multistage laser wakefield accel-
eration shows that the system 1s very sensitive to jitters due to nusalignment between the beam and the
wakefield. In particular, the effect of jitters in the presence of a strong focusing wakefield and mnitial
phase space spread of the beam leads to severe emittance degradation of the beam. One way to improve
the enmuttance control 1s to mutigate the wakefield by working with a plasma channel. However, there
are limatations in this approach. Our present mvestigation does not mvolve a plasma channel Instead
of averaging over the full phase range of the quarter-wave acceleration. we treat the phase range as a
variable. We have found that, for a fixed final acceleration energy and a small phase slip. the final
enuttance 15 mversely proportional to the total number of stages. This leads us to consider an accelerator
system which consists of superunits. where each superunit consists of closely spaced short tubes, or
chips, with the wakefield of each chip being created by an independent laser pulse. There 1s a relatively
large gap between adjacent superumits. With this arrangement the beam electrons are accelerated with a
small phase slip: 1.e.. the phase of the beam 1s approximately synchronous with respect to the wakefield.
This system 1s designed to have resilience against jitters. It has its practical limitations. We also consider
a “hom model” with an exact synchronous acceleration based on a scheme suggested by Katsouleas.
Computer simulation of both the chip model and the horn model confirms an expected (sing )*/? law for
emittance degradation in the small phase angle region. Thus the choice of a small loading phase together
with a small phase slip provides another important ingredient in controlling enuttance degradation.

PACS numbers: 52.40.Nk. 52.65.Cc. 52.75.D1. 05.40.—a
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optics of the LWFA

collider stages

a. Phamy-WakeSiold Accelanaton
-k (z-%1)

Fz ’ : ! '
oL, i)/ :
L )

0 -
' 1 1 1
NG/
. ! !

Fx . ) )

0 N

L

b. Multi-tage Acceleration
Nrli=(N:=<1)Le

v

¢. Quadnupols doublet

‘%ﬁ}ﬁ”“

Chiu et al (2000)

factor from the nth stage to the n + 1th stage for
typical particle? is given by

dA
7.-1=7.+A7+TJM. v
where the mcrease in the Lorentz factor over an accelera-
fion stage 15 given by
Ay = Ay [sin(g, + A) — smi, ],
with

Ayaa = 2y, v,
dAy
a

To the extent that one neglects the order of 1~ fora typical
particle, the deviation of its longitudinal phase from the
center of the beam m gomng from one stage to the next
remains fixed; 1e.,

= AYaus[cos(s + A) — cosuhl

6!,1'&’.1 = 8((’; - stfl . (8)

C. Transverse iterative map

Transverse eguation of motion. For the transverse mo-
tion of the beam particles in the x direction. we work with
the two vanables p, and x. The equations of motion for
these two vanables are ziven by the Lorentz force equation
and the defimtion of momentum

dp. _dp. _ _eE. . dx _ b

—_— = 9
dz cdt c dz myc ®

It 15 shown m Ref [5] that, in terms of the vanable u =
J¥x, the transverse force 15 approximately harmome. The
two equations of motion lead to

?Comuments on a typical beam particle: Techmically we could
have inroduced beam partucle labels e,/ = 1,2, Ny Then
the ith particle would have a Lorentz factor of y, = v, + d7v,.
Here vy is the Lorentz factor at the “center” of the beam. To
be precise, 6y, = oy yi1(i) with y, (i) being a random number
generated by a Gaussian distmbution having a umt width By
the constuction bere, o, 15 the Gaussian width, or simply the
width of the vaniable §y. For brevity throughout the text we
will suppress the beam particle label and refer to, for example,
¥ = yo + &y as the Lorentz factor for a typical partcle which
has a width or,. Simularly, the same typical parucle will have
a longimdinal phase v, with a width o, and a random variable

xa from {y,(i)} . We will also apply the same comention to

its transverse coordinates x and «’. They have their widths and
the corresponding random varizbles from the set of [y, (i)} and
{_,p[i)}.

diu 1 _dp. 1 _eE _ g
dz*  me [y dz me J¥ ¢
10)
where
Q2 = 1 e _ DoEm sing = T Ging
me [¥ c fyr; kK, riy
an

Jitters and the mansverse map. So far the system 15
Hanultoman and thus the emuttance of the electron beam
15 preserved. Now consider jitters in the transverse direc-
tions, which, as mentioned earlier. may be due to the mus-
aliznment at each stage between the wakefield wath respect
to the beam line. We follow a procedure similar to those for
the generation of random phase space vanables. At each
acceleration stage a random number y 15 generated based
on a pormahzed Gaussian dismbution with a wadth umty.
Denote the modified jitter displacement mn the x duection
by D = /¥ opy- This leads to a following recumrence
relation m going from the nth stage to the n + 1th stage:

+ - D
(:z-:) = M!JPMUA(“. uJ D) + (0) (12)

The wzkefield acceleration mamix 15 ziven by

1 .
. cosf 77 s

Mux = [ -0 =mf “eosﬂ ]
Here L, 15 the spatial mterval of acceleranion. whuch
is the tube length: see Fig 1(b). From Eq. (6), L, =
2y;A,/k,, where A, 15 the phase slip over the come-
sponding spatial interval. For a gap with a fiee space
interval Lo, the corresponding transport matiix 15 given by

My, = S(L) = [(‘) 'l] (14)

Magnets. It 15 well known that the presence of magnets
increases the stability of electron orbits. Fizure 1(c) shows
the layout with magnet:. Within the gap there 15 a pair of
quadrupoles separated by a distance s/, and the distance
between each of the magnets to the cormresponding end of
the tube 15 given by alg. So2a + s = 1. With magnets,
the matrix M, 1s to take on the following form:

6 =0QL. (13)

Mzap — SlaLo)M(f)S(sLo)M(—f)S(aLo)

= l+%-:—“ [l-‘:‘_“]L ] 1
[ECF ] e
where b = /L, and f 15 the magnitude of the focal length
which 15 assumed to be the same for both the comergent
and the divergent quadrupoles. The magnet matix in the
thin lens approxamation, for focal length £ 15 grven by

M(f) = [_'% ‘l’] a8



Collider Physics VIl

Minimization strategy of emittance growth due to LWFA betatron effects

the local wakefield, as defined earlier. is i, then the elec-

tron phase relative to the laser pulse defined by the local ddk, 1 dy
. ) . plasma wave number &, 15 kp dz 20Nyaa — s dz
€ = {07) = (sinbe )~ (. kosy = 27N , N
pS1 = 20 Npat — s, B 1 @p 35)
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conclusions

LWFA provides unique tool to a future
collider option

More compact and thus less expensive
collider framework

Collider physics requirements: luminosity
maximization, small beam, large betatron
emittance preservation: tough challenge

Driver laser for collider: a huge challenge,
topic of discussion for the afternoon
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