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Why we need BC in ILC Project ?

To supply e+e- colliding beams with high luminosity of a few 103 m-=s
® Luminosity L (TESLA TDR 2001):

1/2
n.NZf P )
L=— 2" xH_=~574.-10"m? x—2x Oes. xH, for B =o,
dro, o, en | Eny

For given center of mass energy E_,, and fractional beamstrahlung loss ;¢
- higher average beam power P,

- smaller vertical emittance ¢, ,

- smaller vertical beam size at IP &,

- shorter bunch length g, = smaller £, (hourglass effect, g >0, )

give higher higher luminosity L.

According to Tor Raubenheimer’s new suggested ILC beam parameters
range, we should compress bunch length from 6.0 mm to 0.15 mm for high
luminosity mode operation (compression factor = 40).

Recently, Andy Wolski suggested to use 9.0 mm length in damping ring. In

this case, compression factor from 9.0 mm to 0.15 mm is 60.
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Working Prinicple of Bunch Compressor (BC)

Bunch Compressor Layout for SCSS Project - Y. Kim et al, NIMA 528 (2004) 421

Lg=0.2m
> L L ‘ i
Tail Lo  AL=23m Tal
:'T L’T dt L .
Head o Head 0 18 m
Tail Electrons
QD QF QD BM Head Electrons L1 QFQD A QF QDQF
' 1.3m . 6.8 m ' 29m .
o S B P -
; 1.0 m ;
- >
X-band Correction Cavity, =70 MeV .
from precompressor linac from chicane
Unit-I C=band Linac, 300 MeV ~ © .,
e 2 ........
dz, =dz, + R (dE/ E), + T, (dE / E)? +O((dE/ E) ) (R =205(AL+= SLe)

whereT., = 2 R, for the rectangular bend chlcane
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Considerations - ISR in Dipole

Incoherent Synchrotron Radiation (ISR) is generated when relativistic long beam goes
through dipole magnet. Since ISR is a random quantum process, it generates
incoherent (= slice, or uncorrelated) energy spread, hence slice emittance growth in
the bending plane. For one dipole magnet, the relative uncorrelated energy spread due
to ISR is given by

O s 15r 1dipole = Li\/(4.13><1o-11m2 .GeV*)E®|gg] .
B

Slice emittance growth due to ISR is given by

5
Aye, z8><10‘8E6i—§|:(AL+ LB)+’BmaX;’Bm‘”:| for chicane.
B
Pisr = Ny

- lower energy
- longer dipole
. - smaller bending angle

/_\ Electron path are good against ISR effects
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Considerations - CSR in BC

In BC where dispersion is nonzero, bunch length becomes smaller.
Short electron bunches in dipole can radiate coherently (CSR) at wavelength 4 > ¢,
CSR from tail electrons can overtakes head electrons after the overtaking length.

Lo = (240'ZR2)1/3 where o, is rms bunch length, R is bending radius.

CSR from talil T

Pesr > N /_\ Electron path

CSR generates correlated energy spread along whole bunch:

- e
0-6,1dipole ~ 0.22

Electrons are transversely kicked at the nonzero dispersion region or in BC
Hence, projected emittance is increased in BC due to CSR.
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Considerations - CSR in BC

Without CSR self-interaction Courtesy of M. Dohlus

Head with lower energy
DM1 | DM2 DM3 DM4
im Projected emittance growth due to CSR

| Wlth CSR self-lnteractrlon Head : energy gain by CSR

| Tail : energy lass due to CSR |

A

yA

»
| o
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Considerations — CSR for None Uniform Beams

If there is a nonuniformity in current distribution, the local charge concentration or
spike is generated during the bunch compression process. In this case, CSR is
enhanced due to the local charge concentration. (R. Li, LINAC2000)

Qe & Courtesy of Dr. R. Li
un
2.0 | 4 | | | A |
''''' A () for a=0.1 2_, A -
T )\cmpr(¢) for a=0.2 | || o :\xN
S Acmpr(qb) fora=0.5 | O T —— -
- Ay V() for a=0 | 1 = T
\@ L0 Q_‘vauss < -2 A ]
= (9) 41 T | == (@) fora=0.1 | L
osk i e Fg"() fora=02 | 1]
' 6| === Fg o (9) for a=0.5 \
/‘I/ 150 (¢)
0.0 == ‘ R . 8 | |
2 0 2 4 2 0 2
¢log ¢log

[Longitudinal Charge Distribution and CSR force for a compressed bunch]
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Considerations - Nonlinearities

dz, =dz, + R, (dE/ E), + T, (dE / E)? + O((dE / E).”)
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Distance Deviation dz [mm]

Without higher harmonic compensation cavity, nonlinearity in dz-dE chirping
becomes stronger after BC, and there is some local charge concentration in very small
local region. This nonlinearity by RF curvature makes femtosecond spike at TTF2,
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Considerations — Nonlinearities

L] Linearization of longitudinal phase space with a higher harmonic cavity

d

d(dz,)

d(dE, +dE,) _o
d(dz,) ) _

. GL, =—(GL, /n*)cosg,,

“-” means deceleration !

where GL, is the energy gain of the higher harmonic cavity, GL, is energy
gain of the low frequency linac,and n is the harmonic number.

400
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-400

C-band RF Curvature Linearization by X-band Correction Cavity

Linear range ~ 60 degree
60 deg in 2856 MHz ~ 60 ps (18 mm)

-

eV

decelen

Ation 00 deg in 1300 MHz ~ 126 ps (37.8 mm)

60 deg in 650 MHz ~ 252 ps (75.6 mm)

Good for 9.0 mm (rms) ILC bunch

- ) :
> Only C-band Linac

C-band Linac + X-band Correction Cavity

SCSS BC

Nonlinearities in the longitudinal phase space due to RF curvature, short-range
wakefields, T566, and space charge force can be compensated by harmonic cavity.
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Considerations — Twiss Parameters around BCs

[J Strong focusing lattice around BCs to reduce CSR induced emittance gfowth

0.8l 250 | | | I
Y
0.6p  200L Strong focusing against CSR -]
Bl o-functions ~0 | Before BC1
_ 041=150] B-functions ~ 3 | £ o .
£ s . . l
= 0.2l 100] | 2]
-3l
-5 -2 - 0 1 2 3
OAO? X \r.1. 1/
2t Ot L v 2 ) I After BC1
| PP | T enans® | 1|
o0 100 150 200 & o >
FTETTTTETTETTrTTITSTTITTITII 7 e T T T T T T T e e e >
0.22 0 L
U [' | B] [L§(1+a2)+9ﬁ2+6aﬂLB} .
: 4 .
€ 2 36 yevf| o 3 -2 1 o0 12 3
 eearmeneanen e ne e enene s eaeae et easen e e e s eneaneanen et e s en s s e s nnnanes ; x (mm)

Lattice optimization to minimize this term
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Considerations — Compression Ratio in BCs

[0 Longer bunch length at BC1 =) Weaker CSR at BC1
) Stronger compression at BC1

[ Shorter bunch length at BC2 == Stronger CSR at BC2
=) Weaker compression at BC2

- _European XFEL (10AUG04 Version)
1.5<10°3 _
E sl BC1 :1.76 um - 94 pym
o Compression factor = 18.7
BC2:94 um —» 21.5 um
Compression facto = 4.4
Ot | / | p | | | | | 7]

@) 200 400 600 800 1000 1200 1400 1600

s (m) 12
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Considerations — Linac Length & Wakefields (39
vy

RS

L1 Shorter linac with a lower frequency between BC1 and BC2 to control over-

compression and CSR at BC2 due to the short-range longitudinal wake fields.

BC2 for LCLS Courtesy of P. Emma
T 1 G.E| ]
.. afterL2 |
a.51
= 0.4
E L 1 E I
oF '_Fﬂ.:i_
o] 05| | e
L o
Wl col
a.oj ]
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1.5 IrmSI:D_?II55 |% 1.5 T Elﬂzﬁ"Elq' Ilse\:ll T 15rr—r—|IS|=Q'|D|2|3' |r—r—||r—|_I
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o.5) _ E
E ool z 5 0
5 o, + 5|
—I-f.n. 41
sl zl
5 a1
'él 5DID 'ICIIDD ']5IC|D ",. —n:oci-nl.otl ﬂ:go:n:m u.lm ooz 0,03 -n.lua -c\.luz 41:01 u.::u q,::n u.::rz u.;l:
[ . N 2" (mm) z (rnm)

Over-compression after BC2 due to longitudinal wakefields in the long L2 linac

generates large project emittance growth at BC2.
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BCs for European XFEL (13JANO4 Version)

With TESLA XFEL Injector, g = 0.9 um

Q=1.0nC ‘
e-beam

=176 mm — 113 um —» 23 um

v

BC1 BC2

RF-GUN ACCl ACC2 ACC3 ACC4 ACC39 ACC5 ACCG6
B OO AT TN

E=510MeV  E =510 MeV

60 MV/m  11.5MV/m 20.5 MV/m 34.8 MVIm 5 _ 1 ggop o, ~ 1.88% 20.65 MV/m
38 deg 25.0 MV/m -29.6 deg 160.6 deg R - 87 mm R, = 4.8mm 0.0 deg
183 deg 9=395deg  6=0.93 deg ‘
ASTRA with To the end of Linac : ELEGANT with CSR
Space Charge with geometric wakefields
0.0m 12.0444 m without space charge
O, = 20.5 um -

FODO MODULES (90 deg) 1567m  UNDULATOR, 200 m
ACC7 ACC8 ACC9 ACC118

e

E =20.0 GeV All projected parameters !

20.65 MV/m o; = 0.008%
0.0 deg o,= 37.3 um, O~ 31.6 um, ¢, =20.5 um

€= 1.15um, g = 0.94 um 14
T E S L A= TeV-Energy Superconducting Linear Accelerator Projects - TTF-2, TESLA X-ray FEL, TESLA Linear Collider ——



New BCs for XFEL (10AUGO04 Version)

With New European XFEL Injector, € = 0.88 um

Q=1.0nC c,=172mm —— 94 um » 21.6 um
e-beam
BC1 BC2
RF-GUN ACCl ACC2 ACC3 ACC4 ACC39 ¥ ¥ ACC5 ACCG6 ! !

i E =518 MeV E =518-760-1100 MeV
soMy/m 128 MV/m 20.2 MV/m B45MVIM . 7 g7y 0-205-35MVIM 7 gt aa o oon
40.0 deg 24.84 MV/m -25.0 deg 165.9 deg R — 87 mm -44.5 deg R; 53 mm

250 deg 0= 3.95 deg 6~ 0.93 deg
ASTRA with To the end of Linac : ELEGANT with CSR
Space Charge with geometric wakefields
0.0m 12.9869 m without space charge
o, =21.6 um >
FODO MODULES (90 deg) 1579m  UNDULATOR, 250.1 m

ACC/7 ACC8 ACC9Y

e

ACC120

All are projected parameters !

E =20.0 GeV

20.38 MV/m o5 = 0.0088%
0.0 deg o,= 34.2 um, ,=29.5 um, ¢, = 21.6 ym

€,= 1.044 um, g, = 0.896 pm "
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Considerations — S2E Simulations on RF Jitter

change ?n bunch length g; w_ithin +10% p2p phase error = 3*0.05 deg
change in beam energy within 0.005% p2p amplitude error = 3*0.02%

change in bunch arrival time within 50 fs

BC1 BC2

RF-GUN ACCl]—[ ACCZ]—[ ACC3HACC4 ACC39 ¥¥ ACCSHACCG ¥ !
@rrent error = 3*0.02%

4[ ACC?]—[ACCSHACCQ ACC120
'7 ©
T
~ N
After applying random error set (p2p = 3 % tolerance) to each component,
| have performed about 400 times S2E simulations from gun to the end of

linac to compare two linac layouts under same jitter tolerance set.

N— -
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Considerations — Jitter under Random Errors

400 Times Tracking with (13JANO04) 400 Times Tracking with (10AUG04)
most sensitive jitter source on bunch length = ACC2 phase error
40[ - ] 40[ ]
20| : | 20 |
SO ] s 0L w0y o ]
5 o > o © S
~ ~ N
o 205 : o ’
< 201 ] < 201 5 ]
-40 i 40| ¢ i
fO.‘W 5 fO.‘W 0 fO.‘O5 70.‘00 O.‘O5 O“W ¢ O“W 5 fO.‘W 5 fO.‘W 0 fO.‘O5 70.‘00 O.‘O5 O“W ¢ O“W 5
change in ACC2 phase (deg) change in ACC2 phase (deg)
wider change in bunch length for (13JANO04 Version)
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Considerations — Jitter under Random Errors s,

400 Times Tracking with (13JANO04) 400 Times Tracking with (10AUG04)
most sensitive jitter source on arriving time = BC1 current error
300L | 300L |
2001, . A . | 2001, |
~—~ 100 o &%& O‘i 1 ~— 100} % ]
= Lo segle =
5 0 SRR L) DR i 5 oL 3 N i
E o LI FETERCID ChE
— -100| ® Sl A ] = -100] LB ]
og P ® ooooooo ng o:y 9 °
-200 R A | -2001L |
-300 | -300_L |
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
change in BC1 dI/I (%) change in BC1 dI/I (%)
wider change in bunch arriving time for (13JANO04 Version)
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Sensitive Jitter Sources to European XFEL <>

&
Layout with a Single BC Stage — Double Chicane (13JANO4)
ACC234 Phase is the most sensitive jitter source to saturation power
and saturation length
—~ 2000[ ] 0100 ; - ; 3
2 For + 0.5 deg change in ACC2 phase
S 1500] o os
§ 1000L g
§ ., O.00f
5 500] i
L]
= -0.05L
© oL
é 5001 | —0.10_l l o l l
-0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 -0.10 -0.05 0.00 0.05 0.10
change in ACC2 phase (deg) dz (mm)

Ena of LINAC
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Sensitive Jitter Sources in European XFEL

Alternative Layout with 2BC Stages (10AUG04)
ACC234 Phase is the most sensitive jitter source to saturation power
and saturation length
—~ 2000[ ] 0.10[3 i . : 5
:
g 1500 0.05
.g 1000L g
§ ., o©.00f
5 500] | i
L]
= -0.05L
. ol ¥ |
é 5001 | -0.10L
-0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 -0.10 -0.05 0.00 0.05 0.10
change in ACC2 phase (deg) dz (mm)

Ena of LINAC

weak over-comgression against ACC234 ghase error
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Deviation from mean energy [keVV]

150

100

50

-50

-100

—150

—200

RF Jitter at TTF2

a® .

¥ (3 . y

0‘"' BYPASS
‘
RF-GUN ACC1 - BC2 «» ACC2 ACC3 BC3 ACC4 ACCS LOLA
w:)—kﬂm T —
COLLIMATOR 6 UNDULATORS
DUMP
= T % T T T T T EDD T T T T T
o " o ift =

2o ODODQJ ) Sm - igerg‘;drlft 69.991keV ool *3; *Wﬁ
W8 0 €0 % o = “*ﬁ&"g*f;‘*”‘ﬁ"ﬁ% ‘“W«,ﬁ
::ld“'tb':poc'@}g Oc 16015 W%“"?’Q’

ol agp® © o, ? %‘3@@0 ,_-,O o o '
T N TR AT

S o2 :b%%o t ngug d—*?o@oa nr;. g 190
& i ]
o, © ‘f”te;ﬁ;oao 0 % P0 & g oBeto 08 Sgool ., mean g, =168.856keV
P - " 2 S o B0 o = : . |
© 05 ,® %0 SRR, o) a9 . 100 , Mmeango =12 236pixel
! % 2 DD Cg@\'—"c, CC:Q:. 5 o Q | s} ¥
P 6.5 O O . o % & @09 B eof , stdo =6.908keV |
e Q o 957 DR A B A x
o °% o o ® m , stdo =0319pixel
o o o g® o B h ¥
e ®% g
5 a % e al |
i GUN and ACE1'with RF feegtfack y 5l variation of energy spread ~ 1%
varlatlon of energy ~ 0. 0534%@ o
500 mgg 15[][] 2000 2500 3[)[)[) 2500 500 1000 1500 2000 2500 3000 3500
time [sec] time [sec]
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Drift of Bunch Length at TTF2

BYPASS
RF-GUN ACC1 BC *""mcc2  Accs BC3 acca  Accs LOLA
VAL 0 R 3 ) O
Yagst’ COLLIMATOR 6 UNDULATORS
DUMP
Reading at sample point 780: -1.122
a.u.l AaDBCZ2 BCM Pyro [a.u.] ADBECZ2 BECM Pyro
2 0.2
0 | ettty
Lo e
_ﬂ_q. L
0.6 4
-0_.8B+
= e //
_1 -2__ W"'A
E: —1_4|||||!||I|!|||||||
31.5. 30.6. 30.7. 2% 0. 600. 1200. 2000,
2005 2005 2005 Res= 1.Buf= 7 [us]
Drifting pyroelectric detector signal indicates status of drifting bunch length
RF jitter is the most important thing for the proper BC operation !!! ’
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Current ILC Bunch Compressor in TDR

BC Parameters

Im] 5 o5 D fm

: ; e Energy ~ 5.0 GeV
" 03 Charge = 3.2 nC
i i Initial energy spread at DR exit = 0.13%
" 00 Initial rms bunch length = 6 mm
25 ol Final rms bunch length = 0.3 mm
2 % Momentum compaction R, = 215 mm
15 o Compression factor = 20
0.+ = = = = 08 Initial horizontal emittance = 8.0 um

Initial vertical emittance = 0.02 um

¢ Hl/l\l\yl/klxyl/l\l 1 Periodically dispersion : emittance compensation

1 I
l Hemling Magneta I I. Focusing. Defooednpg (amirapole Magnos

- One stage : sensitive to RF jitter

- Many dipoles : twelve dipoles with 3.23 deg bending angle & six dipoles with 6.46 deg
- Large energy spread due to ISR and CSR from many dipole, hence emittance growth
- No consideration of short-range wakefields in TESLA modules (under estimation)

- No effective nonlinearity compensation

- Many dipoles and QMs, which induce chromatic effects
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15t Alternative BC for ILC (10NOVO04 Version)

Initial parameters
E =5.0 GeV

05 = 0.13% (small 1) 1/8.9 1/2.2
Q=32nC o,=6.0mm o, = 6.00 mm —— 673 um > 300 um
e-beam €= 8.0um, €,,=0.02 um
>
BC1 BC2
ACCl1 ACC2 ACC3 ACC4ACC39 S ACC5 ACCG6 ¢

23.4 MV/ agMy/m s - 20896V vim ET00GeV
Damping Ring ' m - o, ~ 2.4% - o, ~ 2.174%
6=5.3deg 6~ 1.4 deg

»
>

Up td main linac : ELEGANT with CSR, ISR, and geometric short-range wakefields.

but without space charge
Final parameters

NTERNATIONAL E =6.0 GeV
LG c5=2.173%
¢, = 300 um
WoRksHO? €= 8.7 um, €ny= 0.02 um

24
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15t Alternative ILC BC - Chicane Layout

- =
) |

B=iy |

b

\N_ ¥

From various experiences in Start-To-End simulations and BC designs
for TTF2, European XFEL, SCSS, PAL XFEL, we have chosen two BC stages

 Lg= 1.0 m
N N Do L AL=13.0m Tail
; %
\ N o : L0m : Head 1.309 m

T =

Tail Electrons

QF QD QF QD QF gp Head Electrons QF QD QF QD QF QD
A A
5244 m . 31.0m ' 23.361 m .
L - s e
. 59.605 m .
H -
Two ACC398 3.9 GHz TESLA 3rd harmonic modules, -114 MeV BC2 has same |ayout

ACC4 1.3 GHz TESLA module, 5809 MeV
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15t Alternative ILC BC - Long. Phase Space

10NOVO04 Version
6_[ T T T T T T T T
4
—~ an
X
0l R
~
-2
-4 |
-6 L

1

-20 —1I5 -10 -5 0 5 10
dz (mm)

Before ACCT

15 2

0

dE /E (%)

strong nonlinearity due to RF curvature

41
2|
OL
-2 L
4|
-6

—2lO —1I5 —'llO —|5 [l} é 1lO 1I5 2lO

dz (mm)
After ACC254
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15t Alternative ILC BC - Long. Phase Space TP

| DESY |
'x\ﬁﬁf’
10NOV04 Version
Linearization with two ACC39 modules (3.9 GHz) is not enough !
I I
61 61
4| 4|
o2 o2
! !
g 2 g 2
© 4| | © 4| S A
6l bunch length | 6|
5 < > 5
—2lO —‘IJ5 —1lO —15 El} é) 1lO ’|15 2lO —2lO —‘IJ5 —1lO —15 El} é) 1lO ’|15 2lO
dz (mm) dz (mm)
Before BCT After BCT
¢, = 6.00 mm c,=6/3
wm
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15t Alternative ILC BC - Long. phase space /20

| DESY |mm—
'x\)‘.‘\

10NOV04 Version
Edges - over gor underZ-comEression bz the nonlinearitx due to wakefields, T566, RF curvature

8[ 8[
6 6
4| 4|
o210 o210
ol ol
> -2 > -2
Rl Rl
-6 -6
-8 -8
—ZlO —’IJ5 —1lO —15 El} é) 1lO ’|15 2lO —ZlO —’IJ5 —1lO —15 El} é) 1lO ’|15 2lO

dz (mm) dz (mm)

Before BCZ2 After BC2

G, = 6/3 um o, = 300 um
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15t Alternative ILC BC - Compression Ratio

10NOV04 Version

W 2 507 I I | |\| I | GS

o= |
10| 2.5 | Yo
05 = 2.173%

8L 2.0
& -
E B6l%1.5]

41 1.0 8.9 times compression at BC1

/
“r 93 12.2 ti ' t BC2
.2 times compression a
0l 0.0] —
O o0 100 150

s (m)
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15t Alternative ILC BC - Projected Emittance

10NOV04 Version

even rms horizontal emittance is increased to 8.7 um due to ISR and CSR but
vertical emittance is almost const (0.02 um).

W O L { { { { — 8><,cm
M«uﬁm‘mﬂmﬂml -
L y,cn
3L n £
© final horizsontal emittance = 8.7 um
2 gl ]
= 4 with consideration of CSR and ISR

x,cn’

final vertical emittance = 0.02 pum

0 50 100 150

s (m)
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1st Alternative ILC BC - Zoomed after BC2

10NOV04 Version

Edges : over (or under) -compression due to the nonlinearity

........
s® S

6" ]

4| |

T 2 | -
=

., 0L |
~~

5 2| |

4| i

-6} R .

-1.0 -0.5 0.0 0.5 1.0

dz (mm)
After BC2
It seems that 39 harmonic cavity is not enough to compensate the nonlinearity
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Nonlinearity Compensation with 3"9 Harmonic

Energy (MeV)

Linear range of current compensation layout (1300 MHz + 3900 MHz) is
very close to the initial bunch length of 6.0 mm (RMS). With this layout, we

can not compensate the nonlinearity well if the initial bunch length is 9.0 mm
(RMS).

1.5

cos((x-+40)/180.0)*pi)-(1/9.0)*cos((40/180.0)*pi)*cos(3*(x/180.0)pi)

] I ] 1 I I 1

-150 -100 -50 0 50 100 150
Phase (deg)

20

60 deg (FW) in 1300 MHz Linac

- corresponding to 126 ps (FW)

- corresponding to 37.8 mm (FW)

- corresponding to 6.3 mm (RMYS)
(close to current g, = 6.0 mm)

60 deg (FW) in 650 MHz Linac

- corresponding to 252 ps (FW)

- corresponding to 75.6 mm (FW)

- corresponding to 12.6 mm (RMYS)
(wider than g, = 9.0 mm)

- corresponding 3" harmonic
= 1950 MHz

0 Here Full Width (FW)
~ six times of RMS

32

T E S L A= TeV-Energy Superconducting Linear Accelerator Projects - TTF-2, TESLA X-ray FEL, TESLA Linear Collider ——



Nonlinearity Compensation with 2nd Harmonic

Linear range of a new compensation layout (650 MHz + 1300 MHz) is a wide
range of 85 deg. With this layout, we can compensate the nonlinearity
properly even though the initial bunch length is 9.0 mm (RMS).

1.5

cos((x+40)/180.0)*pi)-(1/4.0)*cos((40/180.0)*pi) *cos(2*(x/180.0)*pi)

0.5

Energy (MeV)
[

-0.5

s .

-200 -150 -100 -50 0 50 100 150
Phase (deg)

200

85 deg (FW) in 1300 MHz Linac

- corresponding to 178.5 ps (FW)

- corresponding to 53.55 mm (FW)

- corresponding to 8.93 mm (RMS)
(not enough for g, = 9.0 mm)

85 deg (FW) in 650 MHz Linac
- corresponding to 357 ps (FW)

- corresponding to 107.1 mm (FW)
- corresponding to 17.9 mm (RMS)
(much wider than g, = 9.0 mm)

- corresponding 2"d harmonic
= 1300 MHz

Here Full Width (FW)
~ six times of RMS
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2nd Alternative ILC BC - (04APRO5 Version) e

o l.r_.' |

UES

\N_ ¥

[J Frequency of precompressor linac (before BC1) = 650 MHz
® helpful in reducing tight RF jitter tolerance, wakefield effects, and misalignment effects

[0 Frequency of compensation cavity = 1300 MHz (2"d harmonic of 650 MHz)
O Frequency of main linac from down stream of the 2"d bunch compressor = 1300 MHz

[J Chicane type = S-type to control dispersion within about 1.0 m
and to compensate the projected emittance growth due to CSR

O Initial bunch length = 9.0 mm (rms)

O Final bunch length = 100 um (rms) with 1.4 deg bending angle at BC2
138 pm (rms) with 1.35 deg bending angle at BC2

Main Linac = 1300 MHz TESLA Modules

=3.2 1/14.4 1/4.5
Q=3.2nC AL

ete- beams 0,=9.0mm — 624 um » 138 um e ™
_—

SACCI1
650 MHz

SACC2 SACC3

650 MHz

SACCA4 ACC2 ACC3 ACC4 ACCS

e e

ACCI

E=5370GeV'i {E=6.0 GeV

13.3 MV/m 25.1 MV/m 13.3 MV/m

e 05~2.26% i 05~ 2.05%
Damping Ring -60 deg 160.5deg  g* 370 mm | =200 ceg t Ryg ~ 24 mm
0=53deg i §6=135 deg

1300 MHz TESLA module can replace 650 MHz SACC56 "
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2nd Alternative ILC BC — (04APRO05 Version)

Initial parameters

E=5.0GeV
o5 = 0.13% (small !) 1/14.4 1/4.5
Q=32nCc ©,=9.0mm G, =9.00 mm — 624 um > 138 um
e-beam €= 8.0 um, g, =0.02 um
>
SACC12 SACC34 AcCCl ~oo¢t ACC56  “5%? ACC2 ACC3
1300 MHz
E = 5.370 GeV E=6.0GeV
- : 13.3 MV/m 251MVIM o 5o 133MV/im oo
Damping Ring -60 deg 160.5 deg g; ~2'327620/mm -20.0 deg g; ~2'235:T/1m
6€=5.3 deg 6=1.35deg

Up to main Linac with ELEGANT under CSR, ISR, and geometric short-;ange
wakefields. but without space charge

Final parameters

Here from SACC12 to SACC56 are two 650 MHz subharmonic E =6.0 GeV
modules with 12 cavities, and ACC1 is the 1300 MHz TESLA o5 = 2.0491%
module with 12 cavities. From the downstream of SBC2, we will o, = 138 um

use the 1300 MHz TESLA module for the main linac. e =9.2 um, €0y 0.02 pm
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2hd Alternative ILC BC - Twiss Parameters

To avoid chromatic effect with high beta function, we chose doublet in modules

S-type BC1 chicane = 6 dipoles

1’5_ 300 T T T T T T T T
1.0L 250}
0.5 200l
= |z
E o0l 150!
" «Q
& %
«Q
-0.5L. 100l
-1.0l 50| f: \
-1.5] oL Too small modules for FODO ceIIs

O 20 40 60 80 100 120 140 160

(m)

dispersion is within £1.0 m

B,
By
M

n, (m)

1.6|

1.0}

0.51L

" B8, 8, (m)

300[ T ! y ! T T ]
250}
2001
150
100}

501

ot

S-type BC2 chicane = 6 dipoles

B.

Too small modules for FODO ceIIs

200 220 240 260 280 300 320

s (m)

emittance growth due to CSR is compensated by reversed dispersion

T E S L A= TeV-Energy Superconducting Linear Accelerator Projects - TTF-2, TESLA X-ray FEL, TESLA Linear Collider ——

36

By
My



2nd Alternative ILC BC — Long. Phase Space o8

§®
04APRO05 Version
edge-to-edge ~ 42 mm for 2o cutting In initial beam distribution
8[ 8[
6 6
4| 41
20 ! 20
IV ] R — e
> -2 > -2
© 4] R}
6| | -6
-8 | | | | | g -8 | | | | | g
30 -20 -10 O 10 20 30 30 -20 -10 O 10 20 30
dz (mm) dz (mm)
Before SACCT After SACC234

reduced nonlinearity due to weaker wakefield
and weaker RF curvature in 650 MHz linac !
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2nd Alternative ILC BC — Long. Phase Space <>,

dE /E (%)

&
04APRO5 Version
Nonlinearity was compensated by 1300 MHz TESLA module (ACC1)
8[ 8[
61 61
4| 41
21 v o2l
ol e
2| o -2
-4 © -4
-6 -6
-8 | | | | | g -8 | | | | | g
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
dz (mm) dz (mm)
Before BCT After BCT
o, = 9.00 mm o, = 624 um
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2nd Alternative ILC BC - Long. Phase Space

04APRO5 Version
8l 8
6 6
4| 41
oo 21 oo 21
= ol ol
D 2 D -2
R S
6| -6
-8| | | | | | - -8| | | | | | -
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
dz (mm) dz (mm)
Before BCZ2? After BC2
C, = 624 pm o, = 138 um for 1.35 deg at
SBC2

o, =100 um for 1.40 deg at SBC2
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2nd Alternative ILC BC — Energy Spread

04APRO05 Version
BC1 BC2
12 I 3‘0- I I I I I I I ] os
Il ———— |
10| 25| _ _ | %
o, =9mm /\ o; = 2.0491%
8l 2.0| T
O =
E 6l%1.5]
4] 1.0
2l 0.5 |
o, =138 um
O = O"O- 1 1 1 1 1 1 ‘_I‘__ -
O 50 100 150 200 250 300
s (m)
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2" Alternative ILC BC — Projected Emittance

04APRO5 Version

1 O L ex,cn
ey.Cn
81
& 5 final horizontal emittance = 9.2 um
‘o>’.
- 4|
wx’
21 final vertical emittance = 0.02 um -

0 50 100 150 200 250 300
s (m)

with CSR and with ISR
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ex.cn’ & y,.cn ( pum )

2hd Alternative ILC BC — CSR & ISR Effects

04APRO5 Version

Action of CSR and ISR when we compress g, = 9.0 mm to 138 pm

® Final horizontal emittance with consideration of CSR and ISR = 9.2 um
® Final horizontal emittance with consideration of only ISR = 8.68 um
® Final horizontal emittance without consideration of CSR and ISR = 8.04 um

BC1 BC2

[

2L vertical emittance = 0.02 pm

L

horizontal emittance = 8.68 pm 1

0 50 100 150 200 250 300
s (m)

without CSR but with ISR

x,cn

y.cn

ex.cn’ 3 y.cn ( pum )

BC1 BC2
1 O [ T T T T T T T ] sx.cn
) ) sy,cn

81 L | I |

8.04 um H

" We never ignore CSR and ISR !
2t 0.02 um -

@) 50 100 150 200 250 300
s (m)

without CSR and without ISR

42

T E S LA™ TeV-Energy Superconducting Linear Accelerator Projects - TTF-2, TESLA X-ray FEL, TESLA Linear Collider —m—



2d Alternative ILC BC - Peak Current

04APRO5 Version

good compensation by ACC1

good symmetric peak current

/‘OO,‘ T -\ T 50007 T R T T
o, = 9.0 mm with 3.2 nC o, = 138 um with 3.2 nC
. 80}¢ i ___ 4000}
c c
=< 60| i =L 3000
§ 401 | §2ooo,
E 2@/\ O 1oool
Of\ | | | L3 O, | | | |
-0.02 -0.01 0.00 0.07 0.07 —4x1 0% —2x1 074 O ox1 074
dz (m) dz (m)
Before BCT with 70 slices After BC2 with /0 slices
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3rd Alternative ILC BC - (09JULO05 Version)

[0 Frequency of precompressor linac = 650 MHz
@® helpful in reducing tight RF jitter tolerance, wakefield effects, and misalignment effects

O Frequency of compensation cavity = 1300 MHz (24 harmonic of 650 MHZz)

[J 1300 MHz normal TESLA modules can be usable for linac betweens BC1 and BC2
[ A short linac between BCs to reduce construction cost

0 Frequency of main linac from down stream of the 2"d bunch compressor = 1300 MHz

[0 Chicane type = S-type to control dispersion within about 1.0 m
and to compensate the projected emittance growth due to CSR

O Initial bunch length = 6.0 mm (rms)
O Final bunch length = 150 um (rms) or shorter

[ Final relative rms energy spread = 1.44% (reduced !)
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3rd Alternative ILC BC - (09JULO05 Version)

Initial parameters

E =5.0GeV
o5 = 0.13% (small !) 1/12 1/3.3
Q=32nCc ©,=6.0mm G, = 6.00 mm —— 500 um > 150 um
e-beam €= 8.0 um, g,=0.02 um
-
SACC12 SACC34 Acci ~oo¢l ACC56  “°“? ACC2 ACC3
1300 MHz
E = 5.345 GeV E = 6.00 GeV
g 13.3 MV/m 25IMVIM e 1335MVIM 0
Damping Ring -61 deg 160.5 deg (F;; ~1;°>55710/mm -26.0 deg g; ~léA;14:r/1m
6 =5.15 deg 6=1.35deg

Up to main Linac with ELEGANT under CSR, ISR, and geometric short-;ange
wakefields. but without space charge

Final parameters

Here from SACC12 to SACC56 are two 650 MHz subharmonic E =6.0 GeV
modules with 12 cavities, and ACC1 is the 1300 MHz TESLA o5 = 1.44%
module with 12 cavities. From the downstream of SBC2, we will o, = 150 um

use the 1300 MHz TESLA module for the main linac. e = 8.8 um, €0y 0.02 um
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3rd Alternative ILC BC — Long. Phase Space <>

&
09JULO05 Version
Nonlinearity was compensated by 1300 MHz TESLA module (ACC1)
8[ 8[
61 61
4| 41
20 Y 20
e e
o -2 o -2
R} R}
-6 -6
-8 | | | | | g -8 | | | | | g
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
dz (mm) dz (mm)
Before BCT After BCZ2
o, =6.00 mm o, = 150 pm
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3rd Alternative ILC BC - Peak Current

09JULO5 Version
100[ ' ' : : : ] BOOO[
o, = 6.00 mm with 3.2 nC o, = 150 um with 3.2 nC
—~ 801{ ___ 4000} z
Q. Q.
;% 60| ;%3000
§ 40| §2ooo-
5 5
S 920 © 1000
oL . . . . . oL 4 . . . )
-0.010 -0.005 0.000 0.005 0.010 -4x104  -2x104 0 26104 4x] 04
dz (m) dz (m)
Before BC1 with 70 slices After BC2 with 70 slices
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3rd Alternative ILC BC — Energy Spread

09JULO5 Version
BC1 BC2
12 3‘0- I I I I I I I ] O-s
T =1 A
10| 2.5 9s
8L 2.0 i
T Y o =6 mm O5 — 1.44%
£ 6lE1 57 AN T
b. ©
41 1.01 1
2|1 0.5( |
o, = 150 um
O - O'O- 1 1 1 | 1 1 ‘_I\_ -
@) 50 100 150 200 250 300
s (m)
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3'd Alternative ILC BC — Projected Emittance

09JULO05 Version

1 O L ex.cn
8y.(:n
81
é 5 final horizontal emittance = 8.8 um
w>‘.
- 4|
w’:
21 _ : :
final vertical emittance = 0.02 um

0 50 100 150 200 250 300
s (m)

with CSR and with ISR
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4t Alternative ILC BC - (0LAUGO5 Version)

[ Still several 650 MHz modules against RF jitter and wakefields, and misalignment
1 Keep a low gradient in 650 MHz modules to reduce RF jitter sensitivity

[d 2 m long four bends normal chicane in BC1 with 16 m long drifts
® helpful in reducing ISR induced emittance growth at BC1

O Four FODO cells with eight 650 MHz subharmonic modules between BCs
® helpful in adjusting beam energy at BC2 and easy Twiss parameter matching between BCs

[ Still S-type BC in BC2 to compensate the projected emittance growth due to CSR

[ Still short length (total about 450 m)

[J Horizontal and vertical emittance after BC2 is 8.28 um 0.020 um with ISR and CSR

[0 Horizontal and vertical emittance after BC2 is 8.04 um 0.020 um without ISR and CSR

4 FODO Caells

SACC5-13
. 650 M

SBC2

SACC12 SACC34 ACCl BG1 ACC2 ACC3

. | 650 MHz H 650 MHz - AL AS

D ing RI
amping Ring -
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4t Alternative ILC BC - (0LAUGO5 Version)

Initial parameters

E=5.0GeV
o5 = 0.13% (small !) 1/10.0 1/4.0
Q=32nC ©, = 2-8 mm S 6.00 mm ——» 600 um > 150 um
e-beam €= o.uum, g,,=U.0sU0 um
S S

SBC2

SACC12 SACC34 ACCl ACC5-13 ACC2 ACC3

‘ . 650MHz H 650MHz (H

E =5.244 GeV E =6.4(7.6) GeV
Dampind Rin 14.0 MV/m 263 MVIm 5 _ 1819 6.7 (14) MV/m 6.~ 1 Sé%)
Ping g -66.5 deg 163.0 deg R8 302 -27.7 deg o 7
55~ mm Res ~30.3 mm
6€=5.3 deg 6=1.41 deg

Up to main Linac with ELEGANT under CSR, ISR, and geometric short-;ange
wakefields. but without space charge

Final parameters

Here SACC5-13 are eight 650 MHz subharmonic modules with E=6.4(7.6) GeV
12 cavities, and four 90 deg FODO cells is used in SACC5-13 O = 1.55%
modules. SACC5-13 can be replaceable with normal 1300 MHz o, = 150 pum

TESLA modules. €n,= 8.28 um, g, = 0.020 pm
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4t Alternative ILC BC - Twiss Parameters

About 14 m long S-type chicane is under operating at TTF2 !
BC1 SBC2
2.0L 300 ' ' ' ' ' B, 2.0 300 ' ' L T " B
A i == A S D T -
'8¢ 250L i f’i 1-5¢ 250L =
1.0 1.0L
200L i 200L
0.5_,\ 05_,\
—~ € —~ €
£ ool ;150 £ o0l 150 N\
05 100[ | o5 100[
-1.0L -1.0
50'““&6@@0& >
-1.51 -1.5
-2.0f O_I | | | | s -2.0f oL | | | | |
O 50 100 150 200 250 250 300 350 400 450
s (m) s (m)
90 deg four FODO cells between BCs 90 deg four FODO cells between BCs

Emittance growth due to CSR can be compensated by strong focusing Twiss
parameters at BCs and by reversed dispersion at SBC2
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TTF2 Two Bunch Compressors Y,

| |
g &
Q=10nC
0,=1.821 mm T 794 pm —Qa 728 pm (FWHM = 200 fs ~ 50 fs) BYPASS
+* BC2 s +* BC3 s
RF-GUN ACCL & s ACC2 ACC3 s ACC4 ACC5 LOLA
M H M K } O ﬁﬁﬁﬁﬁﬁ&’
R K R K COLLIMATOR 6 UNDULATORS
A A Caas® A Caas® DUMP
E ~ 127 MeV E =380 MeV E =445 MeV
Res = 181.3 mm Rs=431mm g5 =0.16%
g5 =0.60% 05 =0.18% . . -
© =18.0355 deg © =3.577 deg 2nd Bunch Compressor (BC3) =il
(15 deg ~ 21 deg) (1.7 deg ~ 5.4 deg) . . . -
12.95 MV/m 17.29 MV/m
16.84 MV/m 13.53 MV/m
-9.0 degree 0.0 degree

40.25 MV/m (peak)
38 degree
from zero crossing

S-type chicane with 6 dipoles
bending angle ~ 3.577 deg
Res ~43.1 mm

dispersion ~0.192 m

total length ~ 14 m
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4t Alternative ILC BC - Long. Phase Space

01AUGO5 Version
Nonlinearity was compensated by 1300 MHz TESLA module (ACC1)
8[ 8[
61 61
4| 41
20 Y 20
e e
o -2 o -2
R} R}
-6 -6
-8 | | | | | g -8 | | | | | g
-30 -20 -10 O 10 20 30 -30 -20 -10 O 10 20 30
dz (mm) dz (mm)
Before BCT After BCZ2
o, = 6.00 mm o, = 150 um

At BC2, we can compress further because we have good linearity in dz-dE

o4
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4t Alternative ILC BC - Long Emittance

. 9900[T T T ]
01AUGO5 Version
98501
_s _ : : _ _ . =
4 j 5 98001 ]
| - A , =, ~ 2.55 MeV (RMS)
5 2| | 9750 | l
- Z00m In 9700
9650_[ 1 1 1
-1.0%1Q-10 -5,0x1 Q-1 0 5.0x1 011 1.0x10-10

dt (s)
Before SACCT

RMS value through region A gives total (or projected) rms energy spread, oz (or its relative
RMS energy spread oz ). In our case, initial total rms relative energy spread o5 = 0.13%.

RMS value through region B gives uncorrelated (or slice) rms energy spread o, In our case,
peak-to-peak momentum change in region B is about 30 (=9800-9770). If we change its unit to
MeV, it is 30%0.511 ~ 15.3 MeV. Since RMS value is about six times smaller than peak-to-peak
one, its RMS value o, is about 2.55 MeV. Please note that o , * G, should be constant during
bunch compression to conserve the longitudinal emittance. But unfortunately, many persons
misunderstand that 65 X 6, (or Oz X G, ) should be constant (wrong concept).
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4t Alternative ILC BC - Long Emittance

T
1.401 0%

01AUGO0S5 Version

1.35<1 04

130904 T &

P
O
Q
1.251 04
' | ‘ £ A

zoomin |

B, Gz j~ 98.4 MeV (RMS)

1105104
|

B« 012 —4x] 0-12

dt (s)
After BCZ

After BC2, longitudinal phase space is rotated about 90 deg such as shown in left plot. In this
special case, total rms energy spread, 6= (or o5 ) is very close to uncorrelated (or slice) rms
energy spread og , (or GM). after BC2, peak-to-peak momentum change in region B is about 1155

(=13005-11850). If we change its unit to MeV, it is 1155*0.511 ~ 590.2 MeV. Since RMS value is
about six times smaller than peak-to-peak one, its RMS value o , is about 98.4 MeV. Therefore is

relative RMS uncorrelated energy spread Gg, ~ 98.4 /6400 ~ 0.0154 or 1.54%, which is slightly
smaller than our total relative RMS energy spread o5 = 1.55% after BC2.
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4t Alternative ILC BC - Long Emittance

At SACC1 (=before BC1), oz , * 0, = 6.0 mm*2.55 MeV ~ 15.3 mm.MeV
After BC2, oz , x G, =0.150 mm*98.4 MeV ~ 14.8 mm.MeV

Since (og , * O,)sacct ™ (O y X O,)gcy: thelongitudinal emittance is well conserved during bunch

compression. Small difference is due to the short-range wakefield in modules, CSR and ISR
effects in BC.

Therefore there is no special problem in the longitudinal emittance conservation in the 4t
alternative ILC bunch compressor.
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4t Alternative ILC BC - Peak Current

01AUGOS5 Version
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4t Alternative ILC BC - Slice Emittances

01AUGO5 Version
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Emittance around head and tail is slightly increased by chromatic effects and CSR.
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4t Alternative ILC BC - Energy Spread

01AUGO0S5 Version
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4th Alternative ILC BC - Projected Emittance

01AUGO5 Version
BC1 SBC2
1 O - T T T T LI ] Sx,cn
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4t Alternative ILC BC — CSR & ISR Effects

01AUGO0S5 Version

Action of CSR and ISR when we compress g, = 6.0 mm to 150 um

® Final horizontal emittance with consideration of CSR and ISR = 8.28 um
® Final horizontal emittance with consideration of only ISR =8.218 um
® Final horizontal emittance without consideration of CSR and ISR = 8.04 pm
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By optimizing BC layout, by choosing ACC1
module for linearization, and by choosing short
650 MHz modules around BCs, CSR effect
becomes weak, but there is still small ISR
effect.
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Ao Jo . (%)

4t Alternative ILC BC — RF Jitter Sensitivity

Threshold of Jitter Sensitivity (just chosen conditions)

O £15% p2p change (or 5% rms) in bunch length
[0 £300 fs p2p change (or 20% in rms bunch length) in bunch arrival time
(rms bunch length = 500 fs, hence 20% = 100 fs)

Much looser than European XFEL or other ILC design !!!
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p2p jitter sensitivity = £0.5 deg p2p jitter sensitivity = £1.0 deg
rms jitter sensitivity = 0.17 deg (tightest) rms jitter sensitivity = 0.33 deg o
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Ao, (%)

4t Alternative ILC BC — RF Jitter Sensitivity

Threshold of Jitter Sensitivity (just chosen conditions)

[J £0.01% p2p change in relative energy spread
[d £0.02% p2p change in beam average energy
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change in ACC1 phase (deq) change in ACC1 phase (deqg)
p2p jitter sensitivity = £1.5 deg p2p jitter sensitivity = 1.3 deg
rms jitter sensitivity = 0.5 deg rms jitter sensitivity = 0.43 deg o
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4t Alternative ILC BC - RF Jitter Tolerances

Linac Performance Based Tolerance - Y.Kim’s EPAC2004 paper

For each Klystron

Sensitivity (p2p) Tolerance (p2p)  Tolerance (rms)

dT(damping ring) 3.8 ps 3.8 ps 1.26 ps

dQ 6.0% 4.5% 1.5%

SACC1234 Phase 0.4 deg 0.4 deg 0.13 deg @ 650 MHz
SACC1234 dVv/IV 0.5% 0.5% 0.17% @ 650 MHz
ACC1 Phase 0.5 deg 0.5 deg 0.17 deg @1300 MHz
ACC1 dVv/V 0.5% 0.5% 0.17% @1300 MHz
SACC5-13 Phase 1.0 deg 0.5 deg 0.17 deg @ 650 MHz
SACC5-13 dV/V 0.6% 0.5% 0.17% @ 650 MHz
BC1 dl/I 0.02% 0.02% 0.02%

BC2 dl/I 0.30% 0.02% 0.02%
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Summary

To supply e+e- colliding beams with a high luminosity, we should compress
bunch length down to 150 um by bunch compressors.

To optimize BCs, we should consider various things such as ISR, CSR,
nonlinearity, chicane type, compression ratio, energy spread at BCs, Twiss
parameters around BCs, and chromatic effect.

We choose 2 BC stages to reduce jitter sensitivity and construction cost. 3 BC
stages is expensive and it is not effective if nonlineariy in the longitudinal
phase space Is not compensated properly.

A shorter linac with a lower frequency BCs will be proper to avoid over-
compression at BC2 due to longitudinal short-range wakefields and to reduce
construction cost. Linac with a lower frequency also help in reducing RF
jitter sensitivity.

From 2" and 4% alternative bunch compressors, we choose subharmonic
cavity with 650 MHz as a precompressor linac (before BC1) to compress a

bunch with g, = 9.0 mm (rms) to 100 um or more shorter.
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Summary & Acknowledgments

The 4t alternative bunch compressor can compress a bunch with g, = 6.0
mm (rms) to 150 um or more shorter with a lower final energy spread of
1.55% and about 3.5% (~ 0.0%) overall horizontal (vertical) emittance
growth.

The most tight phase jitter tolerances in 4t alternative BC are about 0.14 deg
@ 650 MHz and 0.17 deg @ 1300 Mz, which are much looser than other ILC
BC design.

The 4™ alternative BC layout are very promising in RF jitter tolerance and
emittance. Even we can compress further with this layout.

To reduce horizontal emittance growth due to CSR and ISR effects at the
ILC bunch compressor, we will optimize beam energy at BC2, optics around
BCs, and chicane type and layout further.

Y. Kim sincerely thanks K. Flottmann, and M. Dohlus for their
encouragements of this work and many useful comments and discussions.
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