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Generic ERL

\main linac
Non-isochronous ﬁ Non-isochronous
section (NI2) \ « section (NI1)
]

Insertion device (
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Questions to Keep In Mind

e Method of Compression
e Single Stage (JLab, ERLP)
o Stepped/2-Stage (FLASH, XFEL, LCLS etc.)
e Progressive/Modular (4GLS)
e Large Dispersion/Split Linac Approach (Cornell)
e Velocity Bunching (JAERI)
e Sextupoles or 3"9-Harmonic for Linearisation?
e Higher-Order Terms

e Problems in Particular Machines
Combined Beams (4GLS)
Topology (Cornell)
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Basics of Chirp/Compression

RF Chir
P Slice Energy

—  Spread
Reduction

RF Curvature

Magnetic Compression
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1D Transport Elements

21 = 20
5 _ (1—I—CSU)EU—FBL;fCOb'(@rf_k-r*fZU) 1
! Ey+ AE
RF Acceleration/Chirp
29 = 21+ Rs01 + Ts6697 + Useesd] + O(37)
62 — 61:
Magnetic Transport
A Eo+ AE 3
Rsg = — £] . 0" Toge = —— Reg
27 tan(orr) AE 2

Required Compression (Linear Only)
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Linear Theory

B Energy time correlation: A
E(z)=E, +eV,cos(kz+ @)

5= o feosthe +¢) - cosg]= 2 +O()
E,+eV,cosp
dé keV, v
chirp: #="2=_ " bl sin @

d= E,+eV,cosgp

N _ 15t order momentuml
E Bunch compressor / compaction

Z,=2;+ R0,
¥ Fmal bunch length and energy spread (1% order):

SEN A \j(l +xRy) 7’ +‘\R;60'§J.E§ E),z O = '\szo-j.f +o;,E; E*

Y
Min bunch length

getting very small at high energy!
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2"d-Order Theory

E Energy time correlation: -
S=wz+1z" +0(2°) \

¥ Bunch compressor

. 22
Z; z. + R0 + 1 6(5

E Final bunch length 1s mimimized 1t

0= Zf(1‘|‘KR-,6)+Z.2(ﬂR56 +K2TS66)
: O

\an order momentum

Limit achievable minimum compaction
Bunch length "
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3rd-Harmonic Linearisation

B Correction with higher harmonic rt-field provide two
independent knobs (k and p parameters to minimize
Gz given Rse and T'sec),

B sextupoles to some extent also provide these knobs

Main LINAC (f) Linearizer (nf) Bunch compressor

B /N

accelerating section linearizing section Bunch compressor
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3rd-Order Linearisation

1.2e+13

le+ld lmeanzer ON
= Besl
-
15 |
5 |
B er12}]

Ge+12 Muwunmr OFF

] (.5 I 1.5 2 2.5 i
nme (ps)
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JLab IR-Demo

e Requirements on phase space:
e high peak current (short bunch) at FEL
bunch length compression at wiggler
o ‘“small’ energy spread at dump
energy compress while energy recovering
“short” RF wavelength/long bunch = get slope and curvature right

E E4 5,~25 psecE‘
6, ~ 0.4 pSEC l Cp ~ 100 KeV
og~ 100 KeV T
,~ 0.4 psec [
AE ~ 2 MeV

— — Az ~ 30 psec /
Az ~ 30 psec ¢ AE -2 MeV/
AE ~ 100 keV
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JLab - Longitudinal Matching Scenario

Ws on phase space:
high peak current (short bunch) at FEL

- bunch length compression at wiggler
using quads and sextupoles to adjust compactions
e “small” energy spread at dump
« energy compress while energy recovering
«  “short” RF wavelength/long bunch,
large exhaust dp/p (~10%)
-~ get slope, curvature, and torsion right

(quads, sextupoles, octupoles)

E

So, its all very clean and simple. What
could possibly go wrong??



JLab — Longitudinal Matching
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energy spread (keV)

500
after acceleration
o} /
~500
= 0 5
500 —
N
g (A)
-500
=5 0 B
500 \'\ ( A)
\\\
\
0 “\
-500 \-
= 0 5

500

=

~500

500

phase (rf deg)

_ 800 —
before wiggler after wigmler
3
F
‘ o 1
L
~-H00 1
0 5 - 0 8
500 - a
V. . 4 vy
/"' recirculation
V'
= _800 ' 4
B 0 g =B 0 B
, (B) (C)
W it | 50
: & o _ after
%w" 0 ,a‘f':?ﬁ'ﬁ.h-ﬁ decaleration
; &l
-100
0 5 . 0 (o
S . .
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Energy Compression

e Beam central energy drops, beam energy spread grows

e Recirculator energy must be matched to beam central energy to maximize
acceptance

e Beam rotated, curved, torqued to match shape of RF waveform
e Maximum energy can’'t exceed peak deceleration available from linac!
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Limits of Energy Compression

70
;
|
|
|
I
|
|
|

EIinac COS ¢O

e Quads rotate bunch to match waveform slope; sextupoles curve bunch
to match waveform curvature; octupoles torque bunch to match
waveform torsion

e No magnet can change largest energy offset to make up limit of
available gradient!!

(AE/E)gg, /2 < Ej,c COS &,

linac
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ERLP — Layout

35 MeV

Superconducting
Linac
B.35 MeV

) Mociies

Dipcle Chicane
Compressor

Energy Recovery Linac Prototype Accelerator Layout
Constructed from Layout Drawing - 180/10078 C

Laser Room Diagnostics Room
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FEL Modelling — GENESIS 1.3

before FEL

e Modeling of FEL interaction
using in Genesis 1.3; 2¢

e Major tool used for design of
4GLS sources;

e Commissioning measurements
will confirm validity of code and
other calculations.

Apip%]

after FEL

100 F

| [A]

a0

0.4 0.2 a 0.z 0.4
s [mm)]
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ERLP — Start to End Maodelling

1

after deceleration

o = N

1[A]
o N = O @

Ap/p[%]

35 MeVv

&

8.35 MeV &/
Z

Superconducting
Booster

J50 KeV . Cavily

Dipdle Chicane
Compressor

: ‘W’@

3 after FEL

5 before FEL
e FEL Optical Cavity (9.224 m) 2B
0
: J
-9 -1
-2
150 . . .
First case of complete S2E modelling of an ERL with a FEL 150
100
50 and energy recovery 0
50
0
-2 0 2 0
s [mm] -2 0 2
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TTF-II/VUV-FEL and BESSY-FEL

3rd-harmonic RF

M1 operates at 120MeV because of limited gradient

FEL

bypass

FPhotoinjector BC1

Module 1 Module 2 Modules 3... 6

3rdyarm
Q=25nC JEids = 1.4 MeVimm

2.7 mm

E =219 MeV

8.6 mim 2.7 mm
180° Arc
E=753 MeV
Extraction 2
FEL?Z BC2
E = 2300 MaV
€ E = 753 MeV
\ Modules 9 ... 18 Modules 7 ... 8
AVAVAVAVAY
FEL1
E = 2300 MeV FEL3 Extraction 1 0.29 mm 2.3 mm

E =1020 MeV
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FERMI & LCLS

7 MeV 150 MeV 250 MeV 454 GeV 14.35 GeV
g=083mm g=~083mm 0.~ 0.19 mm o~ 0.022 mm o,~0.022 mm
g5~02% o5~ 0.10% o;~18% g5~ 0.76 % 05~ 0.02 %

Linac-X
L=06m
@~180°
Linac-1 Linac-2 Linac-3
Linac-0 L=9m L=330m L=550m
L=6m @=—38° @=—43° @=—-10°
e D 21-3b 25-1a undulator
4 .existing linac w -
214 [P e BC-2 08 | \ ‘:I:l‘lzo m
L L=6m L=22m
L=12m Rs5=-36 mm Rs=-22 mm DL-2
Rsg L =66m
Rjﬁz 0

i e 4
harmf:ttnlc FEL-1 T ser
cavity (1 - stations
gun linac / linac s
Imi-, clc_ oMo
()]s
hnnster D-
accelerator FEL-2
FEL-1 FEL-2
100 40 | 40 10 nm
Wavelength Target 10 11 25 124 oV
Electron Beam Energy 0.70 0.55 1.00 GeV
Bunch Charge 1.0 1.0 nC
Peak Current 0.8 2.5 kA
Bunch Duration (rms) 500 160 fs
Energy Spread (rms) 0.7 1.0 MeV
Normalized Emittance 2.0 1.5 #10% m
Undulator Period 52 36.6 mm

SLAC linac tunnel

undulator hall
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4GLS FEL Branch Options

BC1

INJECTOR p—s o/

ARC (Isochronous)

LINAC-0 3rd_ARM LINAC-1
BC2
FEL LINAC-2 /~\
: -

e 2-stage:
e Vary first stage energy: 100 to 250 MeV (BC values fixed)

e Vary injector bunch length and energy spread:
0.5 to 50ps, 0.01% to 1%
e Need for 3r9-harmonic cavities
e Jl-stage:
e All combinations of BC and 3'-Harmonic position examined
(before/after acceleration)
e ‘Realistic’ limits on BC1/BC2 and RF assumed



2 Stage, BC1 at 150 MeV
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INJECTOR

[Medd ]

[Hed

4 MeV +/-0.102%

Z [pa]

149 MeV +/-1.08%
154 % =
152 =
150 &
147 \ 5
146 ]

-20 =10 0 10 =
z [pa]

702 MeV +/-0.502% o
710 f* o
705 \ =
700 i
§95 4

=
£90 o
_7.552.502.557.5>
z [pa]
BC1

FEL

LINAC-0 3r-HARM

n 6067.21 £3
Z 70
EE:
T 19
T 30
=20
w10
2 7n
= -201510-50 51015
z [p3]
w 6067.21 f3
270
e
D10
T 30
=20
e 1%
= -20151050 51015
z [p3a]
n I3
:_:3 =
| 3
+ &0
o o
I 40 n
w 2 =
=R
.y -52.502.557.5
z [p3]

LINAC-1

LINAC-2

[ MeM

[Med]

[Hed

ARC (Isochronous)

178
176
174
172
170
1la8

-20 -10 0

154
152
150
148
148

710

175 MeVW +/-1.04%

<

12.

10
Z [p=]

143 MeVW +/-1.08%

Mo fgp=1ThY

*

.

RCL=0,

]
{iE

702

5

MeWV +/-0.502%

15

12.5

10

# of Samples

n 6067.21 £3
< B <
5 50 -
= 40 =]
T 30 i
=~ 20 =
w10 o
A
# -201510-50 5 1015

Z [ps]
w 2506.98 f£3
© 80 -=
orf e
L a0
) (=31
T 40 =
w 20 S
g
= -52.502.55 7.5

2 [p3]
n 18.3895 f3
= 400
. ==
= 300 e
= =t
5 200 o
=100 i
- N
= -0.0.19.0.0500.05

z [p=]

15

17.5

20 22.5
Bunch Length [fs]

25 -
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2 Stage Compression: Bunch Length and Energy Spread

i (]
__ 500 F 1
e I *
o 200
Z .
= 100
g *
= 50
_ *
= 20 * . . * *
*
0.001 0.01 0.1 1 140
4 MeV Energy Spread [%]
200 .
*
*
= 100
= P
- r * L L ] * & & ¥ &
50
E *
= 3
o 20 *
- +
T 10} *
g 3 + ] . *
aal 5 L *
= 2 *
+
1 L L L L L L L L
1 1.5 2 2 5 7 140 15 240

4 MeV Bunch Length [p=s]
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2 Stage Compression without 3"9-Harmonic RF

4 MeV +/-0.0988 n 5970.71 £s 175 MeV +/-1.04% 0 5970.71 fs
4.015 = Eg . 178 "\ ™ 5 EH -
— 4.01 = — - =
= 4.005 o 50 n = 176 = T 50 =
= el r~ = 174 P =40 -
, 3.995 = 20 = L " 30 o
~ 3.99 a1t s =170 N—|= % 10 =
" -10 o 10 20 10 0 10 20 = =
z [p3] z [pa]
175 MeV +/-1.04% = 175 MeV +/-1.04% "
_ 138 \ : _j Eg = _ 123 rﬁ-\ ~ E 80 -
= 174 = = 50 v = 176 i = &0 =
Z 174 = o 10 - 2 174 = v <
= p—— i T 30 0 R, 2 o 40 L
Lz & =20 e 172 = B 5
= 170 —1 5 1o S 3 170 = I =
“io 0 10 20 © " _10-8-6-4-20 2 =
z [ps] z [ps]

727 MeV +/-0.492% 1y n 727 MeV +/-0.492% 0 674.829 f£3
735 == o = - 7354, - = 400 -
= 730 S T = = 730 ~ T 300 =
= 725 2 & & = 725 T T 200 o

I = — ; o n
= 720 ~ - 720 o 100 -
= = [T = = i [TH] =

715 ady = 715 =0
_10-8-6-4-20 2 = - 2 _-1.5 -1 _-0.5 0 # -6-5-4-3-2-10
z [pal z [p3] Z [p3]
BC1
INJECTOR

ARC (Isochronous)

FEL

LINAC-2
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2 Stage without 3"9-Harmonic RF: Very Off-Crest

FEL

LINAC-0 3rd_HARM

LINAC-1

LINAC-2

ARC (Isochronous)

4 MeV +/-0.0962% - 6015.02 fs 147 MeV +/-3.35% . - 6015.02 fs
— U -= — U -=
< 4.005 = 50 s = 150 B o 50 =
= 4 : 40 = = 145 = 40 =
= ' 238 S — 140 5 z 30 =
. 3.995 A 20 = . n A 20 =
3.99 . ¥ = q 130 = = Tq
-1510-5 0 % -1510-50 5 101520 -1510-50 5 101520~ % -1510-50 5101520
z [ps] z [ps] z [ps] z [ps]
147 MeV +/-3.35% - 6015.02 fs3 147 MeV +/-3.35% - 6015.02 £
160 - 270 160 270
155 = T 60 < _ 155 = &0 <
= 150 = Z 309 = = 150 = o 50 =
= 145 o u 40 = = 145 I u 40 =
— | @ 30 = — = @ 30 =
140 & 235 = 140 ® 2 350 =
=1 135 = w10 = =1 135 = w10 =
130 = 20 130 = g
-1510-50 5 101520 w -1510-50 5 101520 -1510-50 5101520 w -1510-50 5101520
[ps] z [ps] z [ps] z [ps]
675 MeV +/-2 0 6015.02 fs 675 MeV +/-2.1% @ 744.31 £
_ 700 I ég = __ 700 Fae. o o 00 =
. - gg e = g8 = " 300 =
= 660 % 30 2 = 660 3 7 200 e
. =20 = . 3 = “
= 640 o 1 . e G40 e = - 100 L
820 =0 620 2 0
-1510-50 510152 = -1510-50 5 101520 -2-1.5-1-0.50 = -6-5-4-3-2-10
[p=] z [p=a] z [p3] z [p=a]
BC1
INJECTOR
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1-Stage: Compress @ Low Energy + 39 @ Low Energy

[ M ]

[ M)

[ Met )

4 MeW +/-0.103%
4,015 v

4,01
4,005

3.995
3.99

158
158
154
152
150
l4s

706
-0.

%
Wy =660 5.

46.08.0200.02.04

&

(B3]

# of particles

# of particles

s
o
=

# of particles

Not realistic at all!
Short bunch transport through arc and linac not possible

[ I R = R e ]

L]

| T R = T
L]

6052.5 £3

L T . S |

L]

D.06BRE kA

-1510-5 0 5101520

z [pa]

6052.5 £=

L T

[ o }

D.06R kA

-1510-50 5101520

]
[

Fd s £ OO
L . e e o

2 [pa]

18.1303 f=s

22,004 kA

-0 90805026 . 08505
z [ps]

[ M ]

[l el

[ M)

[ Met )

175 MeV +/-1.05%

(== R s B B [
[= e % S ]

158
158
154
152
150

E [p3]

712 MeV +/-0.229%
716 |
- e,
714 i
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710 >
708 - ird
706 La

706
-0.08.08.0200.02.04
£ [pa]

12.

Mo fga=1Thy

RCL=0. 17

RCZ=0.

# of particles # of particles

# of particles

6052.5 f3

D.06BRE kA

-1510-50 5101520
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100
20
a0
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-
r
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18.1303 f=s
-
]
o
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-G.0. 90805028 . 0B505
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18.1303 £s

22004 kA
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1-Stage: Compress @ High Energy + 39 @ Low Energy

[ Med |

[ Met )

| Met )

4 MeW +/-0.101%

4.015
4.01
4.005

3.9485
3.99

158 [°

156 \
154

152

£ i =1 =1--1 -1
CO DL =
Ly R Ty e Yl o )

709 MeV +/-0.742%

I

Wy /Py =560 /-B.

# of particles # of particles

# of particles

= et LAET -]
i T T i e

-1510-5 0 5101520

P G AT -]
| DoDOoOooOo0o
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55848.8
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151050 5 101520

R0 La OR 2y -1
===l o D

151050 5 101520
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0.067T kA n.067T ki

0,067 kA

[

[ Met )

| Met )
[y e T SR S S |
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154
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CO DL =
Ly R Ty e Yl o )

176 MeV +/-0.863% .

155 MeV +/-0.848%

Mo fg=1Thy

RC1=0.

709 MeV +/-0.742%

-

RCz2=0.25

-3.532.521.5%:0.30

g k3]

n 5949,8 f3
= 70
= &0 =
o 50 .
=40 b
=30 LS
1| =
y 10 =
= -1510-50 5101520

2 [ps]
0 5943.5 f=
—~ 70
1] =
o 50 .
=40 -
=30 =
=oan ;
5 10 =
= -1510-50 5 101520
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@ 1175.92 f3
— 500 .
= 400 s
= 300 =
2 200 et
w 100 =
.: |:|
=

Linearisation — but
without too much
deceleration
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1-Stage: Compress @ High Energy + 39 @ Low Energy

4 MeV +/-0.102% 0 176 MeV +/-0.853% . 0
_ e ] =3 s e [ :E 3
= 4,005 = 50 . = 176 = T 50 —
= 4 5 40 ~ = - - = 40 -
"~ 3.005 | *v el N E§.8 = — 174 - E§~8 =
= 2 e . " *_:i% = =1 172 £ *.:ig =
-201510-5 0 5 1015 = -201510-50 5 1015 _201510-50 5 1015 = = 20151050 51015
z [pa] z [pa] z [pa] z [pa]
83 MeV +/-1.61% 0 5970.2 f£3 B3 MeV +/-1.61% 0 £3
o il — 70 an [} — 70
_gi s | u &0 < _. g7 + u &0 <
= 86 = o 50 n = 86 B o 50 =
— ) = 40 - — | = 40 -
=53 = Z 30 = Z s = Z 30 =
L =2 ~ = =2 =
= Bl = - S = 84 ~ - E
N7 510 N/ Y
-201510-50 5 1015 = = -201510-50 5 1015 -20151050 51015 = -20151050 51015
z [pa] z [pa] z [pa] z [pa]
697 MeV +/-0.716% = 5970.2 fs 697 MeV +/-0.716% = 11.6375 £s
715 . [T a
= — 70 —
_ 710 U g0 = _ Ly u 300 i
= 705 ; = 50 = = o~ = iEG L
£ s : i : 2 = im e
e l| = 20 = B} o =100 i
= gz = =il = = = " =
o '_| J L
_201510-50 5 1015 = = -201510-50 5 1015 _0.020.01 0 0.0lo0.02 =  -0.20.150.10.050
z [ps] z [ps] z [ps] z [pa]

Over-Linearisation — with
significant deceleration
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1-Stage: Compress @ High Energy + 3" @ High Energy

4 MeV +/-0.0996% 0 5835.03 f= 786 MeV +/-0.692% n 5835.03 £s3
— 1.0 3 10 < 790~ 5 e <
= 4.005 - 88 = = 785 3 - 88 =
= 4 o 40 @ = 780 = = 40 @
= T 30 = = 775 ~ T 30 =
. 3.995 il 1 i ~r 770 = =20 =
= 3.99 =1 = = 785 - R =

-201510-50 5 1015 = -1510-50 5 1015 _20151050 51015 = = ~1510.50 5 1015

z [p3] z [p3] z [p3] z [p3]

£94 MeV +/-0.673% - 5835.03 f£= 694 MeV +/-0.673% - 12.6095 f£s3
710 e = 710 R, .
== = 5 &0 Z — 705 ot 8 2 250 =
= 700 - o 50 = 700 . ; O 5o0 -
= §95 = z 4] z = 695 . |7 Z 150 m
830 = 25 = 830 Ju 2 100 =
=1 &85 g w10 = =1 &85 - = w50 =
£20 d = =70 £20 2 0
-201510-50 5 1015 = " -1510-5 0 5 1015 -0.020.01 0 0.010.02 " -0.15-0.1-0.05 0

z [ps] z [p3] z [ps] z [pa]

694 MeV +/-0.673% n 12.6095 fs3 694 MeV +/-0.673% @ 12.6095 f£a3
708 S < 300 = e = 300 <
= 700 M eH . 3 220 = = 700 [P = 3 220 =
= §35 ] o A = £95 | H T =
= « 1o 1 150 oL = + . | T 150 £
~ &30 L= ~ 100 - ~ &30 VY= =100 -
=1 685 e = w50 =, =835 s w50 =,

£20 & g 620 2 g
-0.020.01 0 0.010.02 - -0.15-0.1-0.05 0 -0.020.01 0 0.010.02 = -0.15-0.1-0.05 0
z [pa] z [pa] z [pa] z [pa]

Linearisation — significant
deceleration

Same overall voltages for
LO/L1 and 3@ harmonic
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3'd-Harmonic Cavity

Q vs. Gradient

1.E+10 ‘ ! ‘ !
1.E+02 *
—&— 15t test
E+02 14004 0—0—-0-00¢——
1EE —m— 7nd test
3d test
4th test
1B —3%— 5th test
—8—Fith test
1 E<08 —f—Tth test
a 2 4 g ] 10 12 14

Simply 2 x scaled 9-cell TESLA/TTF cavities
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Bunch compression in an ERL light source - JAERI

possible location for bunch compression

4 magnetic bunching : merger, mid-energy, arc
4 velocity bunching : injector, main linac



Velocity Bunching (Hajima)

Is it possible to make velocity bunching
at the beginning of main linac ?

4 how short bunch ?

4 merging energy ?

4 emittance growth ?

4 energy-recovery OK ?

4 HOM loading to the main linac ?
4 residual energy spread ?

£ [radlan]



Initial bunch parameters: 5 MeV, 3.2 ps,
c.=12.5keV, 77 pC, ¢ =1 mm-mrad

Eacc=8.2 MV/m (a=0.64), TESLA 9-cell

Eave (MeV)

25 T T T T T T T T T
20 r .

10 | :

X 8

AE (keV)

AE (keV)

10 b
20 F
230 F

-40 :
10 -

40

30 r

20

10

2000

1500

1000

500

-500 r

-1000 |

-1500

o, =177 f5

0, =514keV 4

time (ps)
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4GLS Conceptual Layout

High Average

Beam Separator
J{ Tl = = = = =

YUV—FEL () Seed Laser

A High Average

Current Loop
Linac

Undulator / FEL
Dipole

Beam dump
Photoinjector / gun

Laser

~ O -EIE

Optical Mirror
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Beam Paths

High Average
Current Ingactor
XUV-FEL Injector

Main Linac

XUV-FEL

) LUnac

B Undulator / FEL
0 oo
= Beam dump
O Photoinjector / gun
ﬂ Laser
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Present Layout

a4 | INJECTORHALL  soscumen
Hﬂ H] = XUV FEL INJECTOR PUIECTOR
[ ——— — Y
160 MeV LINAC_.av#"
.l‘i |
- 7
S ! -
T et \ ey | ] t A
XUV BEAMLINES | A e sy 1 = =
__I_ R '“"'"_'_""r-v‘r'cmwn'nmun 4 B G MME\’B‘?&SEFUNK ]
- %
{D BEAMLINE S
ID BEAMLINE4 e ﬁ

D BEAMLINE 3 e L 3 — | = @3’&
= s e o°

e ‘
RECEPTION EXPERIMENTAL HALL
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4GLS - Electron Bunch Patterns

1nC (1kHz)

80 pC train > <

= -

Train repetition time
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Wakefields

1 nC/1kHz 80 pC/1.3GHz 1nC@40ps gives ~50kV shift to CW bunch (~10)

rom In[56]:= 500

400

300}

200¢

v nc

100¢

10 20 30 40 50
t [ps]

~20°
(~40 ps)

Long. wake from 5 modules each of 8 cavities

Beam loading from 1nC bunch

R..>0 R._.<0 passage through cavities is also
> 56 an issue — changes the
accelerated voltage seen by

following CW bunches. To be
determined.
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HAC Loop — Nominal Operating Mode

Parameter Value

1.7 nm rad o 58 um

ﬂ:Z m oy 58 um

oy 29 prad

High Average (bOth planes) G, 29 prad

Current Injector

(R
L'NAC 1 1590 MeV Main Linac (LINAC 5) ~2000 TS o er
B: — $ 4 i

T e e -

Low energy

HAC merge ~2000 fs Extraction & Dump

Arc 2 HAC
Arc 1

i

VUV-FEL 400/900 fs
80/100 fs HAC ID Arc
1000
800
<< HACL Bunch Parameter 100 mA Operation VUV-FEL Operation
4; 600| ( i Energy at VUV-FEL, E 600 MeV 600 MeV
) . Normalised Emittance at 600 MeV, & 2 mm mrad 2 mm mrad
o 400 ' ] RMS Projected Energy Spread 0.1% 0.1%
3 200| | | RMS Bunch Length at Device 100-900 fs in six straights 100 fs
w,i::l} Bunch Charge 77 pC 77 pC
D—-—-=.—-I-:'-’""--ﬁ . { \%ﬁ——:—__ Bunch Repetition Rate 1.3 GHz nx4.33 MHz
-5,0¢1 013 0 5.0M0%  1.0M02 Electron Beam Average Power at 600 MeV 60 MW nx200 kW
£ (S) Injector Energy 10 MeV 10 MeV
Dump Energy ~ 10 MeV ~ 10 MeV
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Variability of ID Arc Bunch Lengths

+590 MeV Main Linac (LINAC 5) Spreader
T~ T 5 - I ]

Extraction & Dump

HAC
Arc 1

Golden Rule:
&Y beam ‘compression’ (i.e.

shear) only goes one way.
S

Mode 3: VUV Short

-

\
|
%lT*

ode 1: or {h {h {h
(I:/AVal?efie:I-d I'lb\rr!llt)sh t fi; *
Mode 2: Centre Short 4 W

[ W
VN
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CW ‘Start’ to ‘End’ Simulation

“rom In[f7E]:= ]

e 50,000 particles T
e CSR, cavity wakes included 0

Ak %)
|
=
K = 3

.
-0.4
-1 -0.5 0 0.5 1
t [ps]
Start B )
‘rom In[fFE]:= F
Straight &
0.4 ¢t =
0.4
0.2
0.2
= ﬁuta!yuﬁunun-n.n-ﬂm*““’ =
o " -0
2 i et =
-0.2 -0.2
-0.4
-0.4
-1 -0.5
-1 -0.5 a 0.5 1
t [pal “rom In[F74]:= :
102.1 f£s Energy Spread = 0.1142 %
1750 1000
% 1500 - R -
T 1250 - B &0n -
d 1000 g g 600 z
2 750 = 2 100 =
= 500 e =, e
° 250 = e =
= = 0
-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4
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CW Near Start to FEL Simulation

1000[ ' ' ' Data from SDDS file temp?2, table 1
1190
B00|
<C 1188
-+ BO0L 1186
C EainaN
L O, 1184
Loo400]
— — 1182
= .
L 200l 1180
1178
0
L L L 1176
-5.0%1 Q13 o 5.0x) Q13 1.0%10712
—4=1 13 -3x1 013 —2x10713 —1=1013 0] 1= 013
t (s) ¢ (s)

Bunch profiles at each of the ID straights, with CSR. frequency as a function of t and p



opoF B QD OF QD B2 D OF QD B3 (o Triple Bend Achromat

p=25m,0=3+6+3=12deg.
Ree=2cm / cell

0.25 P 60
201 5 no CSR assumed
y 40 i
0.20| 7
151 20
0150 —
— E ot
5'010 =10 % %
= 0100 5
= 20
] S
0.05 i -40
T B
o.0a| oL . L — o —y . -60 O, :BpS —)100ﬁ
O 5 1 O 1 5 _80 1 1 1 1 1 1 1 1 1
s (m) 10 -8 6 -4 2 0 2 4 6 8 10
Twiss parameters--input: TBA12. ele lattice: TBA1 Z.lte 't (ps)

4 a 3-ps bunch is compressed into 100 fs after 15-cell (half arc)
4 fairly linear compression with sextupole correction
a relatively large energy spread remains 5 _/E =0.34%

-- may degrade brilliance of a long undulator
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The Effect of Wakefields

[
15 \ _— 7mm ID Energy Lost n
\ —_ 7mm ID Energy Spread
12.5 12 8
o Y mm 1D Energy Lost g
S‘ 10 NV e 12mm ID Energy Spread | | E
A\
Cu, 1 nC,50fs R s
% \\:\ g
% 3
150 *\‘& =
2.5 ‘._: S
100 5‘\%\\
R — — |
50 ob i . | R
—_ 0 50 100 150 200 250 300 350 400 450 500
‘E | Bunch Length (fs)
= -50 2. mm
@] 3. mm
&
= -100 4. mm
\':/_150 5. mm 4105
g 6. mm —_ Cu HACL
~200 ;- mm Cu XUV -FEL
. mm
-230 9. mm — \ o :lleAncz%FEL
10. mm 5 6107
-300 . £ \ \ / 3 — S HACL
o | ausslmn | e 1 r —_ 38 XUV -FEL
- L]
&
-5 -4 5 6 7 8§ 9 10 - \ \\
E 4107
& \ \\
=
T 2107 P 4 T~
— |
\\17-‘\_7?::_____ i T
. . . o
(In reality bunches will not be Gaussian) ; . , , p - - —

Pipe Radius (mm)



ID Arc Tuning

Accelerator Science and Technology Centre

EBPM EBPM

Val

Quad/Quad Quad

Beta Tuning

(more flexibility means more quads;
2m needs a bit more study)

Dipole

Qua uad

Compression Tuning

(small)

Beam Direction
-

EBPM EBPM

OTR

Valve

[cm]

Nz

5 7.5 10 12.5 15 17.5
5 [m]
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lteration #1

600 MeV

750 MeV

5 CW Loop

1z

[cm]

CW ID

1z

2.5 5 7.5 10 1z.5 15 17.5
s [m]

Iteration #1 is same as CEBAF,
LUX, BESSY-FEL etc

e Chicane/Slide spreader
Advantages:

e Allows variable energy ratio
between lines

e Large apertures and beam
separation

Disadvantages:
e Overcompression of FEL section
e Large size

e Tuneability of CW Loop arc/FEL
arc limited — can’'t compensate
spreader compression

Handling the beam separation is the
single most complicated problem in
the optics design!!
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lteration #2

e Look at alternative:

e Spectrometer spreader + FODO arc
e Advantages:

e Sizeis smaller

Opposing bend
CW Arc . ,
\ \ e Compression in spreader is much lower

e FODO can compensate spreader — correct
overall compression

L R T — e Disadvantages:
' il ks i S e Energy ratio now fixed between lines
% e Apertures much reduced (10 vs. 100 mm)
R ~ e Much more complicated optics (>10 quads

for matching vs. 4)

e Geometrical difficulty in fitting FEL arc
inside CW arc.

e Opposing bends worsen CSR and waste

o elements
FEL Arc start — hard to fit in!

e Note: All spreaders must have positive
(chicane-like compression

e thisis always bad for the FEL branch, and
must be kept small



ERL Layout

The split linac can be useful for bunch

compression, bunch linearization, and bunch

flattening in phase space.

€<—210cm——>

K440 cm

Georg H. Hoffstaetter

Some ERL optics considerations

May 2006

Corne



Cornell University O PT | C S

100 B (-‘)
S CESR
a0 Eégg ::] .
S Linac |||
"I loop | [ |

hillside
hillside

i 200 1000 1500 2000

Georg H. Hoffstaetter Some ERL optics considerations May 2006 Corne




Opti

=Funnel Layout

mization of

Requirements: Fitin
two 2 m undulator,

four 5 m undulators, and

one 25 m undulator and
achromats between the undulators

Achromats

A—

Georg H. Hoffstaetter

Some ERL optics considerations

May 2006

Corne



50 |- 1 Optimize optics in the Linac for the
_ | accelerated and the decelerated
energy.
20 [ H L 1 Emittance growth due to
Ie::: iIncoherent radiation: 0.04mmmrad
00 100 200 500 600 700 800 900 Retu rn arC OptICS
B ] I |\ || E| |l ] | 1 ‘ I‘ :;‘ 3 ! Jlmiﬂ.t
|| Emittance growth due to coherent
.l radiation: 0.006mmmrad
Computed by ELEGANT )
02 'J ‘l{Hll ‘
l ' u RN

Georg H. Hoffstaetter Some ERL optics considerations May 2006 Corne
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0.0 50. 100150 200. ___ 250.
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B (m)

100.
90.
80.
70.
60.
50.
40.
30.
20.
10. -

0.0 -
0.0

ETERE

ERL optics for the CESR arcs

HIC

OGO

!

B

B

undulators

)

80. 12

LA™

5 (m)

Requirements: Match Twiss parameters from the linac (white paper) to
beta=0.5 * undulator length and waist in the undulators. D=0, D’=0 in undulators.
Quad strength mostly achievable with current CESR.

200.

Georg H. Hoffstaetter Some ERL optics considerations May 2006

Corne



D (m)

HEHRTITH S eI

Dispersion for short bunch operation

=y

D.

AN A AAA/J

9 ]
A L
-0. undulators
-8.
-mi
-12, —m—— : ——— :
0.0 50. 100. 150. 200. 250. 300. 350. 400.

Requirements: The large dispersion has advantages: ¥ {om)

Can be used to manipulate R56, and with sextupoles also higher chromatic orders.

Georg H. Hoffstaetter Some ERL optics considerations May 2006




E Bunch compression
A\ E
N
’ r
E /\ \ . E
-

gfiig

Here low energy particles fly longer

On crest acceleration leads to
long Bunches with small energy
spread.

Off crest acceleration leads to
short Bunches with more energy

- spread.

The bunch length can be made
even shorter by nonlinear bunch
compression

E

3rd order bunch
compression

T

Georg H. Hoffstaetter Some ERL optics considerations May 2006

Corne



First order bunch compressic

| R56 (m)‘E ' ' ' ' i e L U B i

R

0.4 |
0,6 |

0,8 F

i

0 Lo 100 150 200 2580 200 50 400 L m
Requirements: Matching of beta functions and dispersion from the linac to the

undulators, R56 to 20cm at the center and R56 to 0 at the end is possible with current
quadrupoles.

Georg H. Hoffstaetter Some ERL optics considerations May 2006 Corne



ER

Short bunches with large energy

5(107%)

gl
ol
-l
-1nf

-iE}

i-.

R56=0.2m, Ap = 15°
Center of arc (5GeV)

0.1

1 are lost in the last cavity

4.4.107°
-15& -1n —g(luﬂ ,) 5I in
S0 F*

After ERL A 3

(10MeV) — \

20000 -‘i
(65)=2.8
The low energy particles"s5——=——=—=
r(mm§

Georg H. Hoffstaetter

Some ERL optics considerations

May 2006
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u

Transverse motion with large energy
spread .
X' (urad) P X'(urad)
! Second order dispersion has : :
:EE 3 Centerof CESR 1 be corrected: Center of CESR * &
40
200 i Due to the large first order dispersion .,
300 . at the beginning of the arc, this is quite g
2ao . .
) }f"“' . Simple with CESR sextupoles. _;z
g 10 = = S
X(mm) 10 T166( ) : . . . — —EI-E III_:J 0.2 X([I:hm)
m
° W/\/‘“\JM_J“\W\, i
Agp =15° Il RF
0.44% energy spread ™|
= 0 L] 100 150 200 260 200 350 400 m

Georg H. Hoffstaetter Some ERL optics considerations May 2006 Corne



Second Order Time of flight

"disp.dat” u 1i6

.T566(m)

[y
T

Ap =15°RF
0.44% energy o
spread

-1k

-z

-3 -z L L L L L L L
5 (10 ) 0 G 100 150 200 260 00 60 400
- T T

1% Yol

100 . N T
b Center of arc | .| 2(7) . 16(107) .
(5GeV) | 1| O =8o4m
of | o} ATpypm =304m After -
[0 - ERL =2500
o - 2t .I -7500 .'M.
- ..-"I | ; -10000 i
-0.5 0 T(rr?r;'l) 1 -0.5 Tﬂ(mm)UE 1 -U.?E-U.E—D.EETIZI(rTI:i.rET%)D.E 0.?5 1

»The energy spread is too large
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Undercompression

Peak at 6° RF phase Overfocused peaks
175000 SUCh peaked 50000
= distributions lead
oma. 1O Strong CSR effects
25000 In& loooo
With second order optimization: 9° RF phase and undercompression 30
_ Center of arc (5GeV -3
5(10%) _centergachsey) 510°),
sto; =2.6-10 . After ERL (10MeV)
2o =27 um 500
2.5 T
e 400
0
300
& 200
=8 100
7.5 0
ot -100 T(mm)
-0.1 -0.05 0 o.05 0.1 _0.1 -0.0% 0 0.0t 0.1 -2 -1 0 1

r(mm) z(mm)

Georg H. Hoffstaetter Some ERL optics considerations May 2006

Corne



6° RF phase, peaked bunch

=2 | | |
Horizontal emittance with coherent synchrotron radiation
-
31 Q-3
L
2x1 0-5|
&, =1-£,(0)
1x1 079
v — —t —
DI
| L
OL |_ - 1 1 =]
O 20 1400 150 200 250 S00 5350
< {: 1 3, Length along arc of CESR
emittance In 25 mM

wiggler 1s 5.85

Georg H. Hoffstaetter

LIrm
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Horizontal emittance with coherent synchrotron radiation

ORI DR

i W]

01 078 L

A QR

A BT

Ox1 078

oL |

g, =18-¢ (0) )

e

RIS - o

O

Result:

ok 10O 190 2QLE 280 HLL S0 M
After suitable nonlinear bunch length manipulation, the emittance growth

can be controlled in all undulators.

Georg H. Hoffstaetter Some ERL optics considerations May 2006
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1.99725 |
0.998 0.998 1.9972
0.99% 0.99% 1.99715
e —
1.9971
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1.99725

Nonlinear time of flight oo
l 2nd order time of flight,.
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0.9%6

0.9085 5
0.99825 0.4
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4th order time of flight,
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-3 -2 -1 0 1 2

Georg H. Hoffstaetter Some ERL optics considerations May 2006 Corne



Split Linac Bunch Linerizing

0.998

0.9%

0.9%4

0.992

-10

5

0 5 10

Nonlinear time of flig

1

0.99925
0.99
0.99875
0.9985
0.99825
0.998

0.99775

Subsequent bunch compression is linearlized and relatively simple

ht

0.998

0.9%

0.9%4

0.992

0.998

0.99%

0.94

0.992

1.9985
1.998
1.9975
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1.99%
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Lo @
CrlESS

2nd order time of flig

3

ht

N
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End of Talk
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Arc Choices

S-Dalinac (TBA)

IR-Demo (Bates)
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TBA

e TBA:

e Usually 3 identical bends
(doesn’t have to be)

e guadrupoles control
dispersion and
Isochronous tuning

o drift spaces required to
be set for both
Isochronous and
achromatic solution 2 4 6 8

15 |

—
LA =

Optical Functions |[m |

=
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TBA Matching

e Series of eauations aovern drift lengths

Caq . [ = pptan(o/2), a = —D%/sin(¢y),
Ly = a (L3 — _:f +q2) — I+ ¢ g2 42 q1 . oo .. \
Clias D' I ), €= g (i =1 or 2).
J Cs Cy  aly’ Sivks '
/ , , . B
Lg = q1 — (2 + 7 D j’D* ) ) = ('(}huq\;"ﬂ}. 0] = h]l]{f-rq\ffq IR
3T Hi T Q2 'y = cosh(l,/ ‘v""@}- So = sinh(/, Vo,

e Scanover L, L,, L;and ky, k, ranges of interest to find
Isochronous achromat solution

e Scan over Kj, k, to find optical solution

F-quad F-quad F-quad F-quad
/ k k / / k k /
q 3 . 1 q . q 1 . 3 q
Dipole Dipole Dipole
k|l PO L, ly Lok, |Ls P Ly ky, | Ly 1y L b I, |k

D-quad Ly=p9 D-quad Ly=p¢ D-quad Ly=p9 D-quad
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Bates Bend

e 4-dipole chicane splitin two by a
180-degree dipole. 1 |

e Bend R, cancels chicane R.
No quadrupoles required.

e L determined for a particular
bend radius by:

180-degree dipole: Reo — L — R 1}

Chicane drift 4Lp TR

length to cancel: D= "3 + 502" b |

small
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Bates Solutions

5 2.5
4 71
|
HB 1.5 ¢ :
E 5
.“-=~12 ey 1|
1 0.5t I
|
0 ot
0 1 2 3 4 5 3] Q 0.5 1 1.5 2 2.5 3
X [m] x [m]

1m radius (0.16 T at 50MeV) 0.5m radius (0.32 T at 50MeV)

You can’t easily make the Bates wide and short.
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Path Length Control

e Required to adjust for energy recovery:
e ~1 A range, i.e. 23 cm (real or effective path length)
e ~degree accuracy - ~1mm

e Methods of changing path length:
e Physically move the arc — e.g. JAERI-FEL

e Trajectory change in dipoles
Bates bend central dipole
JAERI dog-leg adjustment?
Global perturbation (v. complicated)
e Change of RF frequency
23cm = 5.7 MHz over ~50m at 1.3GHz
only for fine adjustment

e Need to be aware of impact on energy, FEL etc.
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Trajectory Adjustment
General equation:

o nrmay,

2 ._:.._.,.:1:':'-?;9.---1(—
= ! "’.‘ I"“' 'S.E
0l = Ry + Rso’.
* S design orbit  § §
," ,O._: f Iy
] i
Dipole length L, angle 6: f LA
P J o J E ri2xi _é—e*center of design orbit
| % )
. "| ) ..' L JO X.
5l L BQL‘-” cos 16 “\\ '-_' center of steered orbit
, — — — I slG. E i
6

Symmetric condition on x and x "

- Lpa'cscO(1 + cos0) 2L ga’ Path length adjustment in a =-
= 9 ol = — g bend (e.g. JLab IRDemo)
Requires two correctors each side to set x and In 0.35T TBA., an extra 120mm of

s

X,
unless 6 = «t, then x = 0 and only 1 corrector
each side is needed

transverse aperture is needed for
23cm path adjustment in one magnet.
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ERLP In The Tower

Tower
Entrance
Foyer

h Su;{wcbnduc!ing
B \ |

Diagnostics
Room

Energy Recovery Linac Project Building Layout

Constructed from Layout Drawing - 180/10080 A

Linae
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ERLP — Moving Arc (Arc 1)

Adjustment
OTR Screen Quadrupole Mechanism Bearings

Sextupole Magnet Magnet
Bellows \ ; -

Electron Beam
Position Monitor

v

Dipole Magnet

/

Adjustment
Mechanism Bearings

o
e

Adjustment
Mechanism Drive

lon Pump
Girder Frame Sub Frame

Pedestal
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FEL Branch - BC1 Layout and Optics

rom In[1027]:= 7
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BC1 Layout Diagram

0.8 m 1.5m 0.8 m 0.5m

0.8m

A N | |

I /'\/’\/’\ 01710 deg

0.65m

i i 0.1 T/10 deg/4 deg
I I I

Y ~.
0.1 T/4 deg
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BESSY FEL Bunch Compressors

BB2 BB3 BC1

EBG a3 Q4

03m D3 m

BAm

BE2 BBl B C 2

SASE 0im DIm
HEHG him 1.35m

BASE Z2OSm
HGHEG 240m

Increase bend radius towards end to reduce CSR effects
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