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Acceleration - Traveling Wave (TW) Accelerator '

To avoid any arc between two electrodes, and to get a much higher beam energy gain,

we use an Alternating Current (AC) type accelerator — RF Accelerator.

To get the best acceleration, we need a good synchronization between charged beams

and RF wave (phase velocity of electromagnetic wave = velocity of electron beams).

— Principle of Traveling Wave (TW) Accelerator, whose position of electromagnetic
wave is continuously moving.
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RF Frequency, Microwave / Radar Bands
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Radio Frequency (RF) is a rate of oscillation of electromagnetic waves in the range of
about 30 kHz to 300 GHz. Frequency Ranges of Microwaves = 300 MHz to 300 GHz.

Frequency Range | Microwave / Radar Bands

216 — 450 MHz P-Band
1—2GHz L-Band
2—4 GHz S-Band
4 —8 GHz C-Band
8 — 12 GHz X-Band

12 — 18 GHz K,-Band
18 — 26.5 GHz K-Band
26.5 — 40 GHz K,-Band
30 — 50 GHZz Q-Band
40 — 60 GHz U-Band
50 — 75 GHZz V-Band
60 — 90 GHZz E-Band

75 — 110 GHz W-Band
90 — 140 GHz F-Band
110 — 170 GHz D-Band

110 — 300 GHz mm-Band

== Jefferfon Lab

IEEE US Bands

30 - 300 kHz : LF-band

300 - 3000 kHz : MF-band
3-30 MHz : HF-band

30 - 300 MHz : VHF-band
300 - 1000 MHz : UHF-band

Bands for
RF Accelerators

American / European Frequencies

S-band : 2856 MHz / 2998 MHz
C-band : 5712 MHz / 5996 MHz
X-band : 11424 MHz / 11992 MHz
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Short-Range Wakefields in Linac Accelerators l

If an electron bunch moves in a periodic linac structure, there are interactions
between the electrons in a bunch and the linac structure, which induce
changes in beam energies and beam divergences (x' and y') of electrons in the
same bunch. We call these interactions between electrons in the same bunch
and the linac structure as the short-range wakefields, which change beam
energy spread and emittance of the bunch.

w \% Z SN % S blue: an interaction between an electron at the head
region and a linac structure.
v A }v\w v
A ~ [ > IQ& 1 pink: short-range wakefield from the linac structure
0 8 § D R to a following electron at the tail region.
\6 Zi |\ 2 \ A. Chao's Handbook of Accelerator Physics & Engineering, p. 252
“%W L \@4/ SLAC-AP-103 (LIAR manual)
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Short-Range Wakefields in Linac Accelerators

daho ——
ccelerator

“ Center
Energy loss 8E; of a test electron (or slice) 1 in a bunch due to the short-range
longitudinal wake function W, (s), which is induced by all other preceding
electrons j located at s = |i - j| distance from the test electron i is given by
electron j moving withv ~ ¢

8Ei=|:VVL2(O)Qi+IZ_:WL(i_j)'qjj|‘L- .ﬂ

a test electron i with a distance s away
from preceding electron j and moving withv ~ ¢

Here g; and g; are charge of electron (or slice) i and J, and L is the length of the
linac structure. i1 or j = 1 means the head electron in the bunch, and the sum
term is only evaluated fori > 1.

The transverse trajectory deflection angle change dx;' of a test electron i due to
the short-range transverse wake function W+(s), which is excited by all

preceding electrons j is given by »

O = D0, X, LW, (i—j) .

j=1
SLAC-AP-103 (LIAR manual)
7
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Longitudinal Short-Range Wakefields prra

Longitudinal wake function W, (s) of the test particle in a bunch is the voltage
loss experienced by the test charged particle. The unit of W, (s) is [V/C] for a
single structure or [V/C/m] for a periodic unit length. The longitudinal wake
IS zero If test particle is in front of the unit particle (s < 0). For a bunch of
longitudinal charge distribution 2, the bunch wake w(s) (= voltage gain for
the test particle at position s) is given by

Wi(s) = — / W) (s — &) ds’
0

And the minus value of its average —()W) gives the loss factor and its rms
W,..« givesenergy spread increase: AFE,,,s = eNLW, s
where L is the length of one period cell, N is the number of electrons in the

bunch.
a unit charged particle moving withv ~ ¢

- — SLAC-AP-103 (LIAR manual)
SLAC-PUB-11829

a test charged particle with a distance s away SLAC-PUB-9798
from the unit charged particle and moving with v ~ ¢ TESLA Report 2004-01
TESLA Report 2003-19

8
S— Jeff.ggon Lap m— Yujong Kim @ Idaho State University and Thomas Jefferson National Accelerator Facility, USA ~ —
o




Longitudinal Short-Range Wakefields P

Phase Space after Unit-I C-band Linac with/without Short Range Wakefield

]

2

. N

Energy Deviation dE [MeV]

AN

-12 -1 -08 -06 -04 -02 0 02 04

Distance Deviation dz [1mm]

red: without short-range wakefield
green: with short-range wakefield

— increased nonlinearity in longitudinal
phase space

a unit charged particle moving withv ~ ¢

e o

a test charged particle with a distance s away
from the unit charged particle and moving with v ~ ¢

SLAC-AP-103 (LIAR manual)
SLAC-PUB-11829
SLAC-PUB-9798
TESLA Report 2004-01
TESLA Report 2003-19
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Longitudinal Short-Range Wakefields
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Longitudinal impedance is the Fourier transformation of the longitudinal
wake function:

Z(k) =+ / W (s)etkeds
0

C.

Yokoya's wakefield model for periodic linac structure: R
b
- \ ( Zﬂ iy g_'_'_'_'_'_'_'_'_' T
Wi(s) = —5 [14+ Wiav/C+ Wia¢ + Wia¢ V] R, S
o 7 _
Wr(s) = ,._”_ﬂ [2 + Wri/C + Wral + Wil \/_] :

B
Wi = —1.6147"12 Wiy = +1.0127%1%° Wiy = —0.231," 1
Wiy = =278 Wiy = 4163771 Wiy = —0.3647™

Ls ) ~a/A
015"

‘.,.I'—I
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PSI S-band Linac Structure
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PSI 4.3 m long 2n/3 S-band TW Structure

RF Frequency = 2997.924 MHz

average inner diameter 2a = 22.005 mm

average outer diameter 2b = 80.302 mm

period p = 33.333 mm

iris thickness t =5 mm

cell number for 4.3 m structure = 122

average shunt impedance = 59 MQ/m

filling time = 900 ns

attenuation factor ~ 0.6

RF pulse length = 4 ps

required RF power for 25 MV/m = 60 MW

PSI disk loaded type S-band linac e 45 MW klystron + SLED with 2.5 power gain
can drive 2 structures.

This structure is used for linac Optimization-1 and
Optimization-I11.

| 11
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Original PSI S-band RF Option

daho ——

S-band 45 MW, 4.0 ps To drive two 4.3 m long S-band Structures
klystron maximum output power = 45 MW
100 MW klystron operational power before SLED with 15 % margin = 38 MW

klystron pulse length before SLED ~ 4.0 us
modulator maximum power ~ 100 MW
SLED power gain with a SLED loss and a 15% power margin ~ 2.5
power after SLED with a SLED loss + a power margin = 94 MW
power per structure with a SLED loss + a margin = 47 MW

< “40m energy gain per structure with a SLED loss + a margin = 95 MeV

38 MW, 4.0 ps gradient with a SLED loss + power margin = 22 MV/m
energy gain per modulator with a SLED loss and a 15% power
margin = 189 MeV
94 MW, 0.9 ps structure filling time = 0.9 us
SLED Gain ~ 2.5 number of structures per modulator = 2
number of structures for 6 GeV with on-crest RF phase = 64
number of modulators for 6 GeV with on-crest RF phase = 32
number of klystrons for 6 GeV with on-crest RF phase = 32
length of one FODO cell =10.4 m
total length of 6 GeV linac with on-crest RF phase = 332.8 m

4‘7 47 MW 4} 47 MW +sensitivity of modulator error = somewhat low due to low SLED-gain

two 4.3 m long S-band structures
total energy gain per modulator = 189 MeV

104 m

d »l
I~ 4
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C-band TW RF Linac
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_ W Frequency 5712 MHz
Microwaye Absorer eSS ooling Water | Phase shift per cell 3n/4
Field distribution semi
C.G.
Number of cells 91 cell
Choke Filter LACtive length 1791 mm
Iris aperture (2a) : up-stream 17.4 mm
AcIﬁggﬁﬁ,g : down-stream 12.5 mm
Mode ~Cavity diameter : up-stream 45.3 mm
S| 5712 MHz : down-stream 43.3 mm
1 % Disk thickness: t 3.0 mm
“1e=C| Choke Mode Quality factor: Q 10.7-1 %103
| cavity 0.3
Group velocity : up-stream 0.035 ¢
AL : down-stream 0.012 ¢
Average shunt impedance: rs 53-67. MQ/m
3
19.7 \Eloctro-platedCopper" Attenuation parameter 0.53
= Filling time: Ty 286 _nsec
MITSUBISHI 2a ~ 14 mm for SCSS structure 8
HEAVY INDUSTRIES, LTD. 2b ~ 40 mm
period p ~16.7 mm, t ~ 2.5 mm 13
I
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C-band TW RF Linac
" ‘I\/Iiuraf'gan, @%—H

= '; l
¢ MITSUBISHI

AU HEAVY INDUSTRIES, LTD.

[ - w

|'

Let's thank to C-band RF Pioneers

Prof. H. Matsumoto of KEK
Prof. T. Shintake of RIKEN/SPring-8
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260 m long C-band RF LINAC for XFEL/SPring-8
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RF Option for C-band TW RF Linac

~3m CEr

|A »
« »

| C-band 50 MW, 2.5 ps To drive two 2 m long C-band Structures

klystron maximum output power = 50 MW

klystron operational power before SLED with 24% power margin = 38 MW
klystron pulse length before SLED = 2.5 ps

modulator maximum power ~ 100 MW

100 MW SLED power gain with a SLED loss ~ 2.63

38 MW, 2.5 ps power after SLED with a SLED loss + 24% margin = 100 MW

power per structure with a SLED loss + 24% margin = 44 MW

energy gain per structure with a SLED loss + 24% margin = 60 MeV

100 MW, 0.5 ps gradient with a SLED loss + 24% margin = 30.0 MV/m

SLED Power Gain ~ 2.63 energy gain per modulator with a SLED loss + 24% margin = 120.0 MeV
structure filling time = 0.300 us

number of structures per modulator = 2

number of structures for 6 GeV with on-crest RF phase = 100

number of modulators for 6 GeV with on-crest RF phase = 50

number of klystrons for 6 GeV with on-crest RF phase = 50

length of one half FODO cell =4.95 m

length of one FODO cell =9.9 m

total length of 6 GeV linac with on-crest RF phase = 247.5m

44 MW+ sensitivity of modulator error = low due to low SLED gain and many RF
stations.

~‘744 MW

two 2 m long C-band structures
total energy gain per modulator = 120 MeV

le— 4.95m J
| 'l
16
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X-band TW Linac for SwissFEL

X-band Linac Structure with Alignemnt Monitor Courtesy of M. Dehler

® developed with collaboration with CERN, ELETTRA & PSI

® original model: SLAC H75 type.

® resonance frequency: ~ 11991.648 MHz

® phase advance: 5n/6

® cell number: 72

® active length: 750 mm

® average iris diameter 2a: 9.1 mm

® average outer diameter 2b: 21.4267 mm

® cell length p: 10.4104 mm

® iris thickness t : 1.6963 mm

® filling time: 100 ns

® average gradient : 40 MV/m for 33 MeV with 35.1 MW

® sensitivity : 1.53 dB/mm for 200 pC et m RS S

® cell 36 and 63 have radial coupling waveguides to extract D-E]“g:j | pstrear coupler 7]
dipole mode signals, which can be used to structure alignment 0.0035 ot SO ]

® expected alignment resolution <5 pum (rms) '

® available signals : tilt, bend, offset, cell-to-cell misalignment

L
0.0025 |- N RN -
0.002 frrrmfrmmemonbodimimen b
0.0015 f--- ! o]

0.001 et
0.0005 |-

A1/A2 (sqrt(W)/pC/mm/m)

t/ns
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RF Option for X-band TW RF Linac

~12m
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X-band 50 MW, 1.5 ps To drive six 0.75 m long X-band Structures

klystron maximum output power = 50 MW

klystron operational power before SLED with 10% power margin = 45 MW
klystron pulse length before SLED = 1.5 s

modulator maximum power ~ 100 MW

SLED power gain with a SLED loss ~ 4.8

power after SLED with a SLED loss + 10% power margin = 220 MW

100 MW
45 MW, 1.5 ps

220 MW, 150 ns power per structure with a SLED loss + 10% margin = 35 MW

12 m long Dual-Mode SLED-II energy gain per structure with a SLED loss + 10% margin = 33 MeV
Power Gain ~ 4.8 gradient with a SLED loss + 10% margin = 44 MV/m
energy gain per modulator with a SLED loss + 10% margin = 198 MeV
structure filling time = 100 ns
number of structures per modulator = 6
number of structures for 6 GeV with on-crest RF phase = 186
number of modulators for 6 GeV with on-crest RF phase = 31
number of klystrons for 6 GeV with on-crest RF phase = 31
length of one FODO cell =7.89 m
total length of 6 GeV linac with on-crest RF phase = 244.59 m

35 MW 35 MW — 35 MW {1 '35 Mw 35 MW — 35 MW o _ . .
sensitivity of modulator error = high due to high SLED-I1 gain & smaller
six 0.75 m long X-band structures RF stations.
total energy gain per modulator = 198 MeV
789 m =‘| Note that one X-band Kklystron (SLED-I1) is about 3 times (2 times)

—  svcmnmab i dlann dlhann AR O omal £ asals
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Wo(v/C)

Short-Range Wakefields of S-, C-, and X-band Lin
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Longitudinal Short-Range Wakefields: Strong if bunch length is short (after
BC2). A higher RF frequency linac with a stronger longitudinal short-range
wakefield is better after BC2 for effective control of energy chirp.

Transverse Short-range Wakefields: Strong if bunch length is longer (before
BC1). Impact of the transverse short-range wakefields after BC2 is weak
enough even though we use a high frequency RF linac after BC2.

2.0=1 Q18

1.9=1 Q15
1.0= 015

5.0= 0120

== Jefferfon Lab

bunch length after BC2 < 100 um 1
: but nonliearity in long. phase space can be
ideveloped if bunch length is too short.

1.0x107%

4.0x1 0 &.0x1 0% B 0«10

z (m)

Long. Wakefield in European S-band C-band and ¥X-band

1
o ' 2QOa 0%

Ws

We

Wx

W (V/C/m)

2.0= Q18

1.5+ 018

1.0= 019

S.0= 01+

\ bunch length after BC2 < 100 pm

4.0x1 0 &.0x1 0% B 0«10 1.0x107%

z (m)

Trans. Wakefield in European S—hand C-band and X-band

1
o ' 2O ot

-_—~
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Performance of X-band based LINAC?2

Performance of Optimization-XIX is exactly same as that of Optimization-111 !

3.0
2.0
2.0
— 1.5
1.0
0.5

0.0

BC1 LINAC1 BC2 X-band LINAC2

oo {11y

(1+0.25i)9.55¢,NrW, (1.30,) — 2.356,k G sing,
%" 2.35G Cos ¢, ‘

Z,c

na,/a’ +8z4,,

é.. giving minimum o, is determined when Re(o,;) =0
Optimization - XIX, ¢ ~ -5 degree

W, (2) ~ (V/IC/m); long. wakefield

due to near on-crest operation at LINAC2,
sensitivity of RF phase error becomes weaker ! -
149 m shorter than Optimization-111

PRST - AB Vol 3, 121002 (2000)
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Q0

00 200 300 400 500
s (m)

dE/E (%)

1.5
1.0L
0.50
0.0L
-0.51
-1.0L

-1.50,

1
-0.06 -0.04 -0.02 0.00 0.02 0.04

LINACI = S-band
LINAC2 = X-band: 40 MV/m

c_‘——___.T:—

Optimization-XIX
LINAC?2 phase = -10 deg
Linac length =501 m
o= 0.021%

dz {(mm)

L
0.08

" LINACL1 = S-band
| LINAC2 = X-band: 44 MV/m

L Optimization-X1X

LINAC2 phase = -5 deg

" Linac length =501 m
|0;=0021%

1
-0.06 -0.04 Q.02 0.00 0.02 0.04

dz (mm)
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5, (%)

dE/E (%)

RF Amplitude & Phase for Chirping Control

X-band based SwissFEL Optimization-XIX

gradient : 40 MV/m
phase: +5 deg

5= 0.074%
S.0[ ‘

2.5
2.01

1.5]
1.0]
0.5]
0.0

s (m)

0 100 200 300 400

500

1.5F '
1.01
0.5|
0.0} -
-0.50

=1.0L

-1.51, ‘ s \ .

-0.06 -0.04 Q.02 0.00 0.02

dz (mm)

0.04

006

gradient : 40 MV/m

ccelerator

.'-' er

gradient : 44 MV/m

phase: -5 deg phase: -5 deg
o5=0.032% o5=0.024%
300 ‘ ‘ 300 ‘ oy
250 250
2.0 2.0
£y 5] £y 5]
b‘o b‘o
1.0 1.0
0.5L 0.5L
O'O? I I I | - O'O? I I I | -
0 100 200 300 400 500 0 100 200 300 400 500
s (m) s (m)
1~5_ T T T 1~5_ T T T T
1.0L 1.0L
g\g/ 0.51 g\g/ 0.51
W Dol - W Dol R —
T T
5 -0.5 5 -0.5]
=1.0L =1.0L
7T°57\ I I I I I L5 7T°57\ I I I I I L5
-0.06 -0.04 Q.02 0.00 0.02 0.04 006 -0.06 -0.04 Q.02 0.00 0.02 0.04 006
dz (mm) dz (mm)
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Impact of Energy Chirping on XFEL Photons
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From our recent full S2E simulations with ASTRA, ELEGANT, and GENESIS codes
(Y. Kim and S. Reiche), we confirmed that we can effectively minimize the bandwidth
of XFEL photon beams by optimizing energy chirping of electron beams.

Optimization-11l &V

Optimization-V ] T Optimization-111, VI, VI .
chirp for 1, =2.7 kA ] chirp for I =16 KA ] S-band based Linacs
o ~—_ N Linac Length =650 m

p (mec)

Optimization-VI & VI
C-band based Linacs

- 11 _
Sam ration Leng th = o0 m M T | Linac Length = 540 m, 510 m

-1.0%1 0713 -5.0%1 0714 4] 5.0¢1 074 1.0%1 0712 -1.0%1 07132 -5.0x1 014 Q 5.0 014 1.0<1 013
dt () dt ()
R T wavelength=0.1 nm @ FEL1
End of LINAC tnd of LINAC no of photon per pulse ~ 1.0x10%!
saturation length ~ 40 m with 2.7 kA
saturation length ~ 48 m with 1.6 kA
H FFTTTTT I T T [TT T T[T T I T I T[T T T T T T T T[T TTTITTITT 1[)10 BT T T [T T [T T T s
- - = =
= C E  15kA 3
= 1.5% 10" — — 10° = 27kA
3 3 - N 10°
3 S 1.0x10° — — % Eg
- = C ] o B
4 < C ] v 10 E
= 5.0x 10° — — =
J - C - 10° £
L] Lt | BLL JL lhﬂh} Lo = I i 105 AT | ||||||||| | ||||||||| | ||||||||| | ||||||||| | ||||||||| Ju
0.0998 0.1000 0.1001  0.1002 0.0998 0.0999  0.1000 0.1001  0.1002 0 10 20 30 40 50 60
A [nm] A [nm] z [m] 22
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Energy Chirp Control with S-band Linac

ASTRA up to exit of SB02 & ELEGANT from exit of SB02 to consider space chare, CSR, ISR, anadwakerieias !
Q =02aC 0, =840 pm —— 55pum * 142 pm Switching Yard to FEL2 & FEL3
e-beams
] 565 m UNDULATOR
RF-GUN S01-04 X01 BC1 DIAGI 9FODOs@LINACI BC2 DIAG2 26FODOs@LINAC2 '| (NN T
* s FEL2 @ 5.4 OV
100 MV/m 13.6MVim  212MVim 22.0 MV/m 22.0MV/m & 25 beV
37.0 deg 0 deg 180 deg 41 deg 0 deg FEL3 @ 2.1 GeV
from zero crossing  18.9 MV/m . ) )
0 des E=25590MeV E=1460.4 MeV E=6115MeV, o= 0.068%
- g,~ 1.673% g~ 0473% ;=19 um, o, =19 pm, 5. =14.2 um
Rss=46.8 mm Res=8.63mm

£y~ 0.397 pm. £~ 0.347 pm
6=41 deg G=1065deg I

e ek = LO KA. £ 450, 033 um,
o / Gar e 148 ke'V for whole bunch

SwissFEL Optimization-1 with S-band RF Linacs

Q =02nC o, =840 um —— 55 um > 142 pm Switching Yard to FEL2 & FEL3

650m  UNDULATOR

e-beams o

RF-GUN S01-04 X01

BCl1 DIAGI 9 S-band FODOs BC2 DIAG2 34 S-band FODOs

AT T T T T 1]
l_ll1 lz I3 4' FELI @ 6.4 GeV
100 MV/m 13.6MV/m  21.2MV/m 22.0 MV/m 22.0 MV/m FEL2 @ 3.4 GeV
37.9 deg 0 deg 180 deg -41 deg 40 deg FEL3 @ 2.1 GeV
from zero crossing  18.9 MV/m
E=2559MeV E=1469.4 MeV E=6121 MeV, 5;3=0.013%
o5~ 1.673% o5~ 0.473% 6,=19 ym, 5,= 19 um, 6, = 14.2 pm
Ry, =46.8 mm Rs;=8.63 mm €~ 0.397 pm, g, ~ 0.347 um
o ~— N #=4.1deg 6=1.65 deg L <1.6KkA & <0.33 um

peak. 2 ©n,slice
Gy slice < 148 keV for whole bunch

SwissFEL Optimization-111 with a longer S-band RF Linacs for Chirp Compensation
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SWISSFEL - S-band based LINAC2 after BC2

daho ——

. c ceer fator
LINAC?2 for Optimization-111
4.3 m long S-band Tube QD 4.3 m long S-band Tube
0.7 m long diagnostic section
< » T
2998 MHz S-band Tube 2998 MHz S-band Tube _
I ———
22 MV/m 22 MV/m
0.2 m long QM 0.2 m long QM |
|‘ One FODO Cell for LINAC2 = 10.4 m |

length of one FODO cell in LINAC2
Optics for S-band Based LINAC2 = two 4.3 m long PSI standard S-band tubes

O4p 120p ‘ ‘ ‘ ‘ ‘ ‘ ‘ J 8, + two 0.7 m long PSI standard diagnostic sections
o5l 1ol |- +two 0.2 m long QMs =10.4 m
s pure active length per tube = 4.073032 m
0.2l  80L | number of cell per tube = 122 including two coupler cells
central cell length = 33.333 mm
iris diameter = 25.4 mm
" ool< 40 total cells in LINAC2 = 34 FODO cells
No. of S-band tubes = SB23-SB90 for 34 FODO cells
0T 2Of AN SN total needed S-band tubes in LINAC2 = 68
osl  of | total needed RF stations = 34 with two tubes per station
| | | | | ‘ ‘ ‘ total needed QMs in LINAC2 = 2x34 = 68
300 310 320 330 340 350 360 3/0 total |ength of LINAC2 =353.6m

s (m) 24
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SwissFEL - Performance of S-band LINAC?2

LINAC?2 for Optimization-111

BC1 LINAC1 BC2 S-band LINAC2

3.07 ' ' ' ' ' 1o

daho ——
y ccelerator
;- er

v mrkaaagur -1 eyt e s

o bptimizaﬁon-l
" onel LINAC2 phase = 0 deg

) | Linac length = 565 m
2.35G cos ¢, ‘ e e ;
Z.C i
2 ° O - W, (2) ~ - 0 (V/IC/m); long. wakefield g
na,/a’ +8z4 -
" L LINACL = S-band

@ giving minimum o5 is determinedwhen Re(o;)=0 | LINAC2=S-band
Optimization-1ll, ¢, ~ 40 degree

el __|@+0:251)9.556, Nrw,(1.30,) - 2350k, G sing

~

P tm

05 (%)

dt (s)

i End of LINAC
due to far off-crest operation at LINAC2, e

-1.0:1 0713 -5.0x1 07 0 5.0 0"* 1.05107"%

sensitivity of RF phase error becomes stronger ! LINACL = S-band

eeo LINAC2 = S-band

PRST - AB Vol 3, 121002 (2000)

=

P Optimization-111

h =

0ol o Lo
| | | | | | | 95:0.013% | | ]
O 100 200 500 400 500 o6C &= = 7
End of LINAC
s (m)
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Performance of S-band based LINAC?2

daho

c ce ator_
3~ O [ T T T T ] 6 i T 1 T 1 er 7,
lpeak < 1.6 KA for [dz| <20 pm =~ Gyesiice < 148 keV for whole bunch

2.5 , = 4| Ogesice< 29.8 keV for |dz| < 20 um |
;;é 2.0L | %5 pal
E 17.51 | 8 O A‘7 |
o 5 s
; /‘ : O [ 7 6 _2 - ;"v -
(@) = £

0.51 ] o -4 ]

o _
0.0} | | | | | B = 6l from unf:orrelatled energy spregd N
-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
Slice Parameters at the end of LINAC2 (~ 6 GeV) of Optimization-I11
. " ) O [ T T T T ] . " ) O [ T T T T ]
g 0ol €nslice < 0.33 um for |dz| < 20 pm | % 09l €nslice < 0.33 pm for |dz| <20 pm |
j 08l all in(cje parameters a_’i FELlh | : 0.8l |
Uo7l FEL2, and FEL3 are similar to these. | o7l |
O O
E 0.6 i E 0.6 i
= 05| | = 0.5 1
& &
© 0.41 i © 0.4 i
S 0.3 | S 0.3 |
” 02 | 1 1 1 1 1 [ . 02 | 1 1 1 1 1 [
-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
dz (mm) dz (mm) 26

S— Jeff_;gon Lab m—— Yujong Kim @ Idaho State University and Thomas Jefferson National Accelerator Facility, USA
[ ]



S-band LINAC2 - A¢,: Sensitivity

O,
oo
G
-]
1
[~ d
-]
‘ﬂ
|

12020+ T T J T T i 0.0140[
1Ot N/’_b i 0.0135|
fa 1198104 ‘:\—/)/’;} i /;\
Ew N//—;) B 0.0130| -
o resnorl _ bbo
| A¢rf =+1.2 deg | 0.01250
at the end of LINAC2 for five A¢,; changes 0oian At the end of LINAC2 for five A¢,; changes |
-1.0.107%  -5.0107 0 5.0107 1.0107 -1.5 1.0 -0.5 0.0 0.5 1.0 1.5
dt (s) S-band Optimization-I11 Phase Error (deg)
/I 5 7[ T T T T | . .
big change of beam energy against Ag ! (top left) change of longitudinal phase space, (top
10l phase error sensitivity is higher | right), change of projected relative energy spread,
due to far off-crest operation (bottom left) change of beam energy when RF phase
= Of at S-band LINAC2. . of an RF station in S-band LINAC?2 is changed by
- 0 +1.2 deg (= 0.4 deg in rms) with five steps (step size =
“’ 11.6 MeV 0.6 deg). please note that £1.2 deg in S-band RF
S system corresponding to about + 1.2 ps.
101 1ps | dE ~ 27.9 MeV for 2.4 ps, dE ~ 11.6 MeV for 1.0 ps
at the end of LINAC2 for five A¢,; changes dE/E ~ 0.19% for A¢,¢ = 1.0 deg (= 1 ps)
154 ‘ ‘ . ‘ ‘ - energy spread change ~ 0.5% for A¢,; = 1.0 deg
-1.> -1.0 0.5 00 05 1.0 1.5 In this case, XFEL wavelength change ~ 0.38%

Phase Error (deqg) ”7
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S-band LINAC?2 - dV/V Sensitivity

1.202x104L

1.200x1 041

[€5)
V5]

=
C
g

1.194x104L

1.192x104L

N

O o ;O o OO

dE (MeV)

almost constant for AV/V =-0.12% ~ +0.12% |
0.0135L
b
~— 0.0130
b"O
0.01251L
at the end of LINAC2 for five dV/V changes o100 AL the end of LINAC2 for five dV/V changes |
-1.0x107"3 -5.0%1 014 0 5.0x1 014 1.0x10°13 -0.15 -0.10 -0.05 -0.00 0.05 0.10 0.15
dt (s) S-band Optimization-111 dv/V (%)
| | | | | (top left) change of longitudinal phase space, (top
right), change of projected relative energy spread,
(bottom left) change of beam energy when RF
amplitude of an RF station in S-band LINAC?2 is
changed by +£0.12% (= 0.04% in rms) with five steps
(step size = 0.06%b). please note that energy is almost
constant even though dV/V is changed by +0.12%.
dE ~ 1.92 MeV for dV/V = £0.12%
7 at the end of LINAC2 for five dV/V changes | dE/E ~0.03% for dV/V = £0.12%
L . . ‘ . ‘ = energy spread change ~ 0.045% for dV/V = £0.12%
S00e s S000 S0.050 S0.000 0.05 0.0 0.0 In this case, XFEL wavelength change ~ 0.06%
dv/V (%) -

== Jefferfon Lab

1.198x1041

1.196x1041
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ce ator
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S-band LINAC?2 - Alignment Issues

daho —
ccelerator

.'-' er

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency, and bunch length.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

27 .Cz :
W, (2) ~ g (VIC/m?); transwerse wakefield, Z ,~ 377Q
7ta:‘3\/a2+52,1rf
2 12 212 S-band Optimization-111

+A 7tr N“W,) L

uz 1+( e) < J‘> ﬂAXZ 2007 \ \ \ \ \ 1 < x>
i~ oo SRR -

€o ZyC &Y 150] 1 <y>
If all 68 S-band tubes in LINAC2 have a 100} 1 <x>
horizontal misalignment of 500 pm, beam | <y>

horizontal centroid is slightly changed while
change in the vertical centroid is ignorable.
Generally, for the same linac length,
transverse wakefield effect in S-band linac is
weaker than that in C-band linac. But

2 LA AAA

<x>, <y> (um)
@)

accumulated overall beam dilution due to the -1500 cyan : no tube misalignment in LINAC2 :
transverse short-range wakefield is larger ~200/|, Plack: tube misalignment in LINAC2 = 500 um.
than C-band based LINAC2 due to its much 0 ] OO 200 300 4@@ 5@@ 6@@

longer S-band linac.
s (m)
29
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S-band LINAC?2 - Alignment Issues

daho —
y ccelerator

'-' er

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

27 ,CZ :
W, (2) ~ 20 (VIC/m?); transwerse wakefield, Z ,~ 377Q
naS\/a +524
2 12 212 S-band Optimization-111
g, +A¢ nir N“W ) L
O— ~ 1 +( € J < J_> ﬂ AXZ 4‘ . O ,‘ Il ‘ | |‘ “‘ Wm”_"“llm‘_mmwmhﬂmh‘ mmwm - Sx,crw
80 ZOC 8n}/ 2.5 | €,en
. . 3.0L |
Even though all 6? S-band_ tl_,lbes In S > = |  small emittance growth (~ 1%) though all S-band
LINAC2 have a horizontal misalignment — ' tubes have a horizontal misalignment of 500 um |
of 500 pum, emittance growths due to the 5 2.01 1
transverse short-range wakefield at the Y9 5] |
end of linac are small enough: o -
Ag,,~0.004 um, Ag,, ~0.001 pm h T M 1
_ 0.51L . |
Therefore, S-band tubes can be aligned 0.0l

with the normal alignment technology. | ‘ | | w w L]
O 100 200 3200 400 500 ©0O0
s (m)
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Energy Chirp Control with C-band Linac

Co
ASTRA up to exit of SB02 & ELEGANT from exit of SB02 to consider space chare, CSR, ISR, andwa eflelds !

Q =02nC 6, =840 um —— 55 um » 142 um
e-beams

Switching Yard to FEL2 & FEL3
650m  UNDULATOR

RF-GUN S01-04 X01

BCl1 DIAGI 9 S-band FODOs BC2 DIAG2 34 S-band FODOs

| [T TN
" (INNNNNNENN NN
r[ITI”.1234 FELI @ 6.4 GeV
100 MV/m 13.6 MV/m  21.2MV/m 22.0 MV/m 22.0 MV/m FEL2 @ 3.4 GeV
37.9 deg 0 deg 180 deg 41 deg 40 deg FEL3 @ 2.1 GeV
from zero crossing  18.9 MV/m
E=2559MeV E=1469.4 MeV E=6121 MeV, 5= 0.013%
G5~ 1.673% G5~ 0.473% 6,= 19 pm, 6,= 19 um, 6. = 14.2 pm
Rss=46.8 mm Rss=18.63 mm €ny~ 0.397 um, €, ~ 0.347 um
o —_ 6=4.1 deg 6=1.65 deg

T < 1.6 kA, & <0.33 um

2 ©n,slice

Gy slice < 148 keV for whole bunch

SwissFEL Optimization-111 with a longer S-band RF Linacs for Chirp Compensation

Q =02aC 0, =840 pm —— 55pum * 142 pm Switching Yard to FEL2 & FEL3
e-beams
540m UNDULATOR
RF-GUN S01-04 X01 BC1 DIAGI1 9 S-band FODOs BC2 DIAG2 24 C-band FODOs | (NN
CDTM—DMWFII}II}E[I}E{II [0 e —
23 FEL2 @ 3.4 eV
100 MV/m 13.6MVim  212MVim 22.0 MV/m 30.0 MV/m % ey
37.0 deg 0 deg 180 deg 41 deg 10 deg FEL3 @ 2.1 GeV
from zero crossing 189 MV/m . )
E=1559MeV E£=1469.4 MeV E=6324MeV, 6,=0.014%
g,~ 1.673% g~ 0473% 0,=18 um, o, =18 pm, o, =14.2 pm
Rss=46.8 mm Res=8.63mm .~ 0396 ~0.346
= f=41 deg 6=1.65 deg = b o

Ipeak <16 kA, En slice ™ 0.33 Hm
T4E sgice = 148 keV for whole bunch

SwissFEL Optimization-VI with S-band & C-band RF Linacs for Chirp Compensation
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C-band based LINAC?2 after BC2

daho ——

- c ceer fator
LINAC?2 for Optimization-VI
QF 2.0 m long Two C-band Tubes QD 2.0 m long Two C-band Tubes
0.1 m long drift 0.5 m long diagnostic section 0.1 m long drift
< Yy Y
5996 MHz —— C-band Tube 5996 MHz — C-band Tube — ———
I — I —
30 MV/m 30 MV/m
| 0.25 m long QM 0.25 m long QM |

P
|‘

A 4

One FODO Cell for LINAC2=99m

length of one FODO cell in LINAC2
= four 2.0 m long PSI standard C-band tubes
Optics for C-band Based LINAC2 + two 0.5 m long PSI standard diagnostic sections

Hhp 120 MMWMMMMMM ‘ + four 0.1 m long drifts for component assembly
0.3l 100 J— +two 0.25 m long QMs =9.9 m
" pure active length per tube ~ 1.71578 m
02 80 number of cell per tube = 91 including two coupler cells
= o1l E so| | central cell length ~ 18.750 mm
P iris diameter ~ 14.6 mm
0.0 40 total cells in LINAC2 = 24 FODO cells
ol w0l | No. of C-band tubes = CB01-CB96 for 24 FODO cells
P00 000 % total needed C-band tubes = 96
-0.2| ol 1 total needed RF stations = 48 with two tubes per RF station

| | | | | | total needed QMs in LINAC2 = 2x24 = 48

T total length of LINAC2 = 237.6 m (116 m shorter than OPT-111)

s (m) 32
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Performance of C-band based LINAC?2

Performance of Optimization-VI is exactly same as that of Optimization-111 !

5.0
2.

o 0O O O

BC1 LINAC1 BC2 C-band LINAC2

N

{ { { { #

daho ——
celerator

~ Center

Os

LINACL1 = S-band

(1+0.25i)9.55¢,NrW, (1.30,) — 2.356,k G sing,
%" 2.35G Cos ¢, ‘

Z.C
na,/a’ +8z4,,
é.. giving minimum o, is determined when Re(o,;) =0
Optimization-VI, ¢, ~ 10 degree

o (m )
p (mJL.)

W, (2) ~ (V/IC/m); long. wakefield

due to near on-crest operation at LINAC2,
sensitivity of RF phase error becomes weaker !
116 m shorter than Optimization-I111

PRST - AB Vol 3, 121002 (2000)

- 3\
(m.c)

o]

s (m)

ool LINAC2 = C-band

| o — >

a0t Qptimization-VI

LINAC2 phase = 10 deg

=t | jnac length = 540 m

5= 0.014%

0x10-'3 -5.0x1 0714 o] 5.0x10-1% 1.0x10713

End of |

-1.0x1 03

LINAC1 = C-band
reanorl L INAC2 = C-band

e Optimization-VII

LINAC2 phase = 9 deg

T Linac length = 510 m
| 05=0.016%

100 200 300 400 5C

33
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Performance of C-band

nased LINAC?2

gghoator_
BO i T T T T T i 6 [ T T T T c er *_
lpeak < 1.6 KA for [dz| <20 pm = Gyesiice < 148 keV for whole bunch
2.5 | -~ 4| ogesice< 30.0 keV for |dz| < 20 um |
20 ] a4 /
— 1.5 ] o 0 = ; |
v S ,
= 1.0 i 2 - ; |
O - ~
0.51 1 o -4 |
-
0.0l | | | | | | B - 6l from unForreIaFed enerlgy spre?d -
-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
Slice Beam Parameters of Optimization-V1 is exactly same as those of Optimization-111 !
. " ) O [ T T T T T ] . " ) O [ T T T T T ]
% 0.9l €nslice < 0.33 um for |dz| < 20 pm | g 0ol €nslice < 0.33 pm for |dz| <20 pm |
j 08| all slice parameters at FEL1 | : 0.8l |
Loo7l FEL2, and FEL3 are similar to these. | o7l |
O O
E 0.6 | E 0.6 |
= 0.5 i = 0.5] i
- -
© 0.4 i © 0.4L i
O 0.3 | o 0.3 |
” 02 [ | | | | | -] 7 02 [ | | | | | -]
-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
dz (mm) dz (mm) -
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C-band LINAC2 - A¢,; Sensitivity

2aeh°ator
1.242 0% T T 0.0150[ T I c er ]
looser phase tolerance due to near on-crest
rasene | 0.0145|
A =-1.2 deg
/L—):) 1.238*10 / § /
E — ~— 0.0140L -
\;/_ 1.2361 0% A¢rf =+1.2 deg bbo
0.01 351 B
at the end of LINAC2 for five A¢,; changes L the end of LINAC2 for five A¢,; changes |
-1.0x107'3  -5.0x107"4 0 5.0¢1 074 1.0+1073 -1.5 -1.0 -0.5 0.0 Q.5 1.0 1.5
dt (s) C-band Optimization-VI Phase Error (deg)
1 5 7l T T T T T T i .
small change of beam energy against Ag,; ! (t_op left) change of I_ongltudlnal_ phase space, (top
101[ phase error sensitivity is lower due | right), change of projected relative energy spread,
to near on-crest operation (bottom left) change of beam energy when RF phase
= Of at C-band LINAC2. _ of an RF station in C-band LINAC2 is changed by
- ol +1.2 deg (= 0.4 deg in rms) with five steps (step size =
o 5.3 MgV 0.6 deg). please note that +1.2 deg in C-band RF
5 -5 1ps l system corresponding to about % 0.6 ps.
10! dE ~ 6.35 MeV for 1.2 ps, dE ~ 5.3 MeV for 1.0 ps
at the end of LINAC?2 for five A¢,; changes dE/E ~ 0.084% for A¢,¢ = 2.0 deg (= 1 ps)
154 ‘ ‘ . ‘ ‘ A energy spread change ~ 0.67% for A¢,; = 2.0 deg
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Phase Error (deg)

In this case, XFEL wavelength change ~ 0.17%
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C-band LINAC?2 - dV/V Sensitivity

daho .
celerator
1242004 1 T \ \ T 0.0150[ T T T 1 Center ]

almost constant for AV/V =-0.12% ~ +0.12% |
rasene 0.0145|
/:)\ 123804 = _ o
E“’ W 5/ 0.0140
1.236410% | i bbo
= weaker nonlinearity in C-band :
ol FEL BW is almost same as that of S-band 00135
‘ at the end of LINAC?2 for five dV/V changes oorsn AL the end of LINAC2 for five dV/V changes |
-1.0x1 013 -5.0x1 0714 0 5.0 074 1.0%10713 -0.15 -0.10 -0.05 -0.00 0.05 0.10 0.15
at (s) C-band Optimization-VI dv/V (%)
2.0 | | | | (top left) change of longitudinal phase space, (top
1oL right), change of projected relative energy spread,
1.0L (bottom left) change of beam energy when RF
= 05| amplitude of an RF station in C-band LINAC?2 is
- 00 changed by +0.12% (= 0.04% in rms) with five steps
~ (step size = 0.06%b). please note that energy is almost
o 0ok constant even though dV/V is changed by +0.12%.
-1.0]
e dE ~ 2.06 MeV for dV/V = £0.12%
O at the end of LINAC?2 for five dV/V changes ] dE/E ~ 0.033% for dV/V = £0.12%
—2.0L, . . ‘ | ‘ i energy spread change ~ 0.001% for dV/V = £0.12%
S00e s S000 S0.050 S0.000 0.05 0.0 0.0 In this case, XFEL wavelength change ~ 0.066%
dv/V (%)
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C-band LINAC?2 - Alignment Issues

daho —
ccelerator

.'-' er

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

W, (2) = 222 (VIC/m?); transwerse wakefield, Z ,~ 377Q
na’ \/ a’®+524
2 12 212 C-band Optimization-VI

Mz 1+(m‘ej NZW,) L'BAX2 200[ ‘ ‘ ‘ ‘ T <>

&, Z,C &y | 0| | —

o shorter accumulated region E—

If all 96 C-band tubes in LINAC2 have a & 100, < > | <>
horizontal misalignment of 500 pm, beam — 50| /]\ | <y>
horizontal centroid is slightly changed while A /)\
change in the vertical centroid is ignorable. v% Ob i \/ y il
Generally, for the same linac length, . -50L \/ \\/ o |
transverse wakefield effect in C-band linac is N 400 \/ \\/
stronger than that in S-band linac. But \/ i |
accumulated overall beam dilution due to the -1501 cyan : no tube misalignment in LINAC2 :
transverse short-range wakefield is smaller ~200|, black: tube misalignment in LINACZ =500 um
than S-band based LINAC2 due to its much é 1 OO 2@@ BOO 4@@ 5@@

shorter C-band linac.

s (m)
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C-band LINAC?2 - Alignment Issues l

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

27 ,CZ :
W, (2) ~ 20 (VIC/m?); transwerse wakefield, Z ,~ 377Q
naS\/a +524
2 12 212 C-band Optimization-VI
g, +A¢ 1 N“W ) L
O—z 1+( eJ < J-> ﬂAXZ 4 0O \ \ \ \ T &y
£, Z.C £y o 7“' w111 e | ...
_ . 5.0L |
Even though all 9(_3 C-bano! tl_JbeS In S 2 5 ignorable emittance growth though all C-band
LINAC2 have a horizontal misalignment — . tubes have a horizontal misalignment of 500 um |
of 500 pum, emittance growths due to the 5 2.00 1
transverse short-range wakefield at the Y9 5] |
end of linac are ignorable: o g
A€~ 0.001 um, Ag,,~0.000 pm M 1
0.5 |
. |
Therefore, C-band tubes can be aligned 0.0l

with the normal alignment technology. | | | | | -
. & O 100 200 300 400 500
s (m)
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Energy Chirp Control with X-band Linac

ASTRA up to exit of SB02 & ELEGANT from exit of SB02 to consider space chare, CSR, ISR, andwal e‘f‘lelds !
Qb— 0.2nC o, =840 pm —— 55pum > 142 pm Switching Yard to FEL2 & FEL3

650m  UNDULATOR
RF-GUN S01-04 X01  BC1 DIAGI . (NN

9 S-band FODOs BC2 DIAG2 34 S-band FODOs

" (INNNNNNENN NN
r[ITI”.1234 FELI @ 6.4 GeV

100 MV/m 13.6MV/m  21.2MV/m 22.0 MV/m 22.0 MV/m FEL2 @ 3.4 GeV

37.9 deg 0 deg 180 deg 41 deg 40 deg FEL3 @ 2.1 GeV

from zero crossing  18.9 MV/m
E=2559MeV E=1469.4 MeV E=6121 MeV, 5= 0.013%
G5~ 1.673% G5~ 0.473% Gx: 19 ym, 5,= 19 um, .= 142 pm
Rsg=46.8 mm Rs5=18.63 mm ~0.397 pm, g, ~ 0.347 pm

o —_ 6=4.1 deg 6=1.65 deg

peak <16 kAﬂ En slice <0.33 pm
Gy slice < 148 keV for whole bunch

SwissFEL Optimization-111 with a longer S-band RF Linacs for Chirp Compensation

Q =02nC g.=840 ym —— 55 um

> 142 pm Switching Yard to FEL2 & FEL3
ebeams ——
502m UNDULATOR
RF-GUN S01-04 BC1 DIAGI1 9 S-band FODOs BC2 DIAG2 26 X-band FODOs i (A
(L) DMHHM AT ID A0 E0-TT—4- 4400 - U
CD‘\‘ 1234 :II II: FEL1 @ 6.4 GeV
100 MV/m 136MVim  212MVim 22.0 MV/m 44.0 MV/m FEL2 @ 3.4 GeV
37.0 deg 0 deg 180 deg 41 deg -5 deg FEL3 @ 2.1 GeV
from zero crossing  18.9 MV/m
E= 255.9 MeV E=14604MeV E=6380 MeV. g, =0.024%
~ L.673% g~ 0473% c,=17um o,=17 pm. g, = 14.2 pm
&s 46.8 mm Rss=8.63 mm £~ 0300 um_ £, ~ 0347 um
8=41deg 6=1.65 deg Is<16KA g . <033 um
T Gt sice < 148 keV for whole bunch
SwissFEL Optimization-XIX with S-band & X-band RF Linacs for Chirp Compensation
e s i et e I ——————————————————————
gt (s)
End of LINAC
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X-band based LINAC?2 after BC2

daho ——

- c c:r ator
LINAC?2 for Optimization-XIX
QF 0.965 m long Three X-band Tubes QD 0.965 m long Three X-band Tubes
0.1 m long drift 0.5 m long diagnostic section 0.1 m long drift
e > e s
11992 MHz — 11992 MHz — 11992 MHz 11992 MHz — 11992 MHz — 11992 MHz — —
40 MV/m with 29 MW 40 MV/m with 29 MW
| 0.25 m long QM 0.25 m long QM |

P
|‘

A 4

One FODO Cell for LINAC2 =7.89 :
ne eror & length of one FODO cell in LINAC?2

Optics for X-band Based LINAC2 = six 0.965 m long PSI standard X-band tubes
0.4 120p I | | . | . 3 ¢, *1two 0.5 mdiagnostic sections
8, +six 0.1 m long drifts + two 0.25 m long QMs =7.89 m
031100 AN ORI 0F 1 U 01 008 08 201 ,. pure active length per tube ~ 749.5544 mm
number of cell per tube = 72 including two coupler cells

o 89 i central /coupler cell length ~ 10.4104 mm / 10.4132 mm
= ol ol | average iris diameter ~ 9.0969 mm
= o flange length = 107.7228 mm
" ool 40 total tube length with two flanges = 965 mm
total cells in LINAC2 = 26 for AE ~ 4600 MeV
0L Z0% : No. of X-band tubes = XB01-XB156 for 26 FODO cells

XA A KA KK total needed X-band tubes = 156
oz Op 1 total needed RF stations = 26 with six tubes per RF station
' ' ' | ' ' ' ' total needed QMs in LINAC2 = 2x26 = 52

200 310 320 230 340 350 360 370
total length of LINAC2 = 205.14 m (148.46 m shorter than OPT-111)
s (m) 4y
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Performance of X-band based LINAC?2

Performance of Optimization-XIX is exactly same as that of Optimization-111 !

3.0
2.0
2.0
— 1.5
1.0
0.5

0.0

BC1 LINAC1 BC2 X-band LINAC2

oo {11y

(1+0.25i)9.55¢,NrW, (1.30,) — 2.356,k G sing,
%" 2.35G Cos ¢, ‘

Z,c

na,/a’ +8z4,,

é.. giving minimum o, is determined when Re(o,;) =0
Optimization - XIX, ¢ ~ -5 degree

W, (2) ~ (V/IC/m); long. wakefield

due to near on-crest operation at LINAC2,
sensitivity of RF phase error becomes weaker ! -
149 m shorter than Optimization-111

PRST - AB Vol 3, 121002 (2000)

daho —
ce ator

c er

Q0

00 200 300 400 500
s (m)

dE/E (%)

1.5
1.0L
0.50
0.0L
-0.51
-1.0L

-1.50,

1
-0.06 -0.04 -0.02 0.00 0.02 0.04

LINACI = S-band
LINAC2 = X-band: 40 MV/m

c_‘——___.T:—

Optimization-XIX
LINAC?2 phase = -10 deg
Linac length =501 m
o= 0.021%

dz {(mm)

L
0.08

" LINACL1 = S-band
| LINAC2 = X-band: 44 MV/m

L Optimization-X1X

LINAC2 phase = -5 deg

" Linac length =501 m
|0;=0021%

1
-0.06 -0.04 Q.02 0.00 0.02 0.04

dz (mm)
41

S— Jeffe-?k’on Lap m— Yujong Kim @ Idaho State University and Thomas Jefferson National Accelerator Facility, USA ~ —
b ]

L4
006



Performance of X-band

nased LINAC?2

3.
2.
2

current (kA)
o 0 o o O o O

lpeak < 1.6 KA for [dz| <20 pm

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

Uncorrelated dE (MeV)

6
4
Z
0

daho ——

Slice Beam Parameters of Optimization-XIX is almost same as those of Optimization-111 !

N

slice emittance-x (um)

N WA T OO

© 0000000

all slice parameters at FEL1
FELZ2, and FEL3 are similar to these.

€nslice < 0.33 um for |dz| < 20 pm

-0.06

-0.04

-0.02

0.00

0.02

dz (mm)

0.04

0.06

slice emittance-y (um)

1

© 0000000

.0

N W B O O N 00 ©

ce ator

T T T T T c er [

Gyesiice < 148 keV for whole bunch
| Ogesiice < 30.0 keV for |dz| < 20 pm i

from uncorrelated energy spread

| | | | 1 1 [
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.08
i | | | | | | [
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

dz (mm)
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C-band & X-band LINAC2 - A¢

4 C-band based LINAC2
A =-1.2 deg
/Z); 1.238«10% -
=
o feserort A¢rf =+1.2 deg ]
e +1.2deg in C-band = £ 0.6 ps
at the end of LINAC2 for five A¢,; changes
-1.0x1 0713 -5.0<1 074 ¢} 5.0x1 074 1.0<107"3
C-band Optimization-VI
/I 5 7[ T T T ]
C-band based LINAC2.
101 |
< 5l |
O
= OL |
o 5.3 MeV
Lo
QO 75 L 1 ps 4
-101L |
15 at the end of LINAC2 for five A¢,; changes
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Phase Error (deg)

Sensitivity

1254904

1252604

19501 0%

1.248x1 0%

1,246 Dt

1.2440 0%

-1.0x1 013

15

A¢,; =+1.2 deg

X-band based LINAC2

A¢,; =-1.2 deg

+1.2deg in X-band = £ 0.3 ps
at the end of LINAC2 for five A¢,; changes

C

daho ——
celerator
er

—5._ 0«1 g-14

o

5.0x1 014

1.0x10-13

X-band Optimization-XIX

dE ~ 3.6 MeV for 0.6 ps, dE ~ 5.9 MeV for 1.0 ps
10 dE/E ~0.092% for A¢,; = 4.0 deg (= 1 ps)
In this case, XFEL wavelength change ~ 0.18%

= 5L

@

=

— Ot //ZE.% MeV

|_I_| ~ Pl

< bl 0.5 ps _
-10L i
_1 5_| | | 1 1 1 =

-1.5 -1.0 -05 00 05 1.0 1.5

Phase Error (deg)
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C-band and X-band LINAC2 - dV/V Sensitivity

t.2420q04 T T I f T j.aeaA e T T T T

almost constant for AV/V =-0.12% ~ +0.12% almost constant for AV/V =-0.12% ~ +0.12%

1.240%104L 4 1252604

.
5 tesenos] = | 10804 04| i
— o -:;‘EEE-' [

O_ o H

1.236x10%L i 1,248 04

1.234x10%1 4 1,246 D+

stronger nonlinearity in X-band :

at the end of LINAC?2 for five dV/V changes XFEL BW ~ 449% larger than C-band &
-1.0x107"3 -5.0x107" o] 5.0 074 1.0%107"3 -1.0x10-13 —-5.0=10-14 o 5.0x10-14 1.0<10-13
C-band Optimization-VI X-band Optimization-XIX
20 i T T T T T ] 2“0 K T T T T T T T ]
1.91 | 1.50 ]
1.0L i 1.0L0 ]
= 0.5 | = 05| |
<B) e}
= 0.0} = o0l i
w -0.5( 1w -0.51 i
O e
-1.0| | -1.0L il
-1.5( | -1.5
5 | attheend of LINAC2 for five dV/V changes _o o Similar to C-band but the power gain of

Z, . ] .
e oin oon oo s o o . )I\(/I-bandf_SLED-:: |saboutt2tllm_esh|ghc.Id
ore fine voltage control is neede
d\//\/ <7> modulators for X-band.

daho ——
ce
c er

ator

S-band
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X-band LINAC2 - Alignment Issues

daho —
ccelerator

.'-' er

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency. The wakefield was controlled by choosing smaller g-function.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

W, (2) = 222 (VIC/m?); transwerse wakefield, Z ,~ 377Q
nas\/ a’®+524
2 12 212 X-band Optimization-XIX
& +AE 1+(nrej N* W)L o S RN L
ok i el —
€o ZoC &Y 150 1 <y
T shorter accumulated region I —
If all 156 X-band tubes in LINAC2 have a & 100} 1 <x>
horizontal misalignment of 500 pm, beam ~— 50l 1 <y
horizontal centroid is slightly changed while A [/\ [J\ A A A A
change in the vertical centroid is ignorable. \? Ut ¥ il
Generally, for the same linac length, 501 w/ \R\# W \{Ff i
transverse wakefield effect in X-band linac is ,f; ool \\/ |
stronger than that in S-band linac. But N/
accumulated overall beam dilution due to the -150L cyan : no tube misalignment in LINAC2 .
transverse short-range wakefield in X-band ~200]|, black:tube misalignmentin LINAC2 =500 um |
linac can be controllable by choosing smaller 0 100 200 300 400 500

B-function and shorter X-band linac.
s (m)
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X-band LINAC2 Alignment Issues l

When linac tubes are misaligned, emittance growth is a function of misalignment, p-
function, charge, transverse wakefield, beam energy, the structure length L, and the
structure frequency. The wakefield was controlled by choosing smaller g-function.

PRST - AB Vol 3, 121002 (2000) & LCLS-TN-01-1

27 Cz :
W, (2) ~ 20 (VIC/m?); transwerse wakefield, Z ,~ 377Q
naS\/a +524
2 12 212 X-band Optimization-XIX
g, +A¢ ar, | N*W, ) L’ , B
] 1+ AX 4 O _I I ! I I — E}{,c:|'|
£, Z.C £y 2 5 _""' - ——— ..
: — 2.0L i
Even though all 15_6 X-banq tybes In 5 25 ignorable emittance growth though all X-band
LINAC2 have a horizontal misalignment - | tubes have a horizontal misalignment of 500 pum
of 500 pm, emittance growths due to the 5 2.0 1
transverse short-range wakefield at the S |
end of linac are ignorable: 5 10
A€, ~ 0.005 pm, Ae,,~0.000 pm T r .
0.51 . i
Therefore, X-band tubes can be aligned 0.0l

with the normal alignment technology. ' ' ' ' ' —
. v 0 100 20O 300 400 500
s (m)
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Several Directions for Stable Compact XFELSs

daho ——

[J Reduce overall bunch compression factor by choosing a high gradient gun,
by choosing a shorter bunch length at gun, and by choosing a lower

peak current at undulator. These make all things easier (wakefields, CSR,
RF jitter, and so on).

[0 Reduce RF jitter tolerances and transverse wakefield in front of BC1 by

choosing a lower RF frequency linac (ex, S-band), which is also helpful to
install a higher harmonic RF cavity (ex, X-band) to linearize the

longitudinal phase space for BC operations. If you are rich, avoid a higher
frequency RF linac between BC1 and BC2 too to reduce the nonlinearity
in longitudinal phase space and to improve XFEL photon bandwidth.

J Avoid using any SLED in front of BC1 (also BC2 if you are rich) to reduce
RF jitter tolerances.

[ To relax RF jitter tolerances, choose somewhat lower gradients and
the near on-crest RF phases by optimizing energy chirping and BCs.
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Several Directions - continued

daho ——
ccelerator

" Center
[ To relax RF jitter tolerances, if it is possible, use many RF stations and
avoid too high power gain from the X-band SLED-I1 after BC2.
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Summary 0 ez

1 We can control energy chirp effectively even at compact XFEL facilities by
optimizing RF gradient, RF phase, and RF frequency, and linac length.

O In case of C-band and X-band linacs, RF phase jitter tolerance can be
reduced by operating near on-crest RF phase.

[J C-band and X-band can supply similar performance of that S-band
(or much effective) if we consider energy chirp, XFEL bandwidth, and linac
length.

O But X-band linac supplies a somewhat worse nonlinearity in the longitudinal
phase space and a somewhat bigger energy spread and XFEL photon beam
bandwidth than those of C-band based linac.

[ In case of X-band, further optimizations on linac structure geometry, power
gain in SLED-II, hardware cost, RF gradient, RF phase, and reachable RF
tolerances are required to realize compact, stable, and high performance
X-band based XFEL facilities.

[J We may find a better solution in X-band based linac by using several
recommended directions (see previous pages).
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Appendix - Back Up Slides
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ccelerator

" Center
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<x> (um)

Single Spike with 10 pC - CSR Orbit Kicking

Under RF jitter tolerances, random RF jitters generates random CSR orbit ki

-
Ce celerator

g In the

horizontal plan. There is no good way to compensate it because the CSR orbit kicking is random.
Since its rms orbit fluctuation is larger than 100% of electron rms beamsize in undulator, there is
a big impact on FEL lasing.

20U ! ! ' ' z00[ . . .
L A n |
1500
1500 | __ toop
g sal
1T00L i -0
g\ =500
5010 i v -100L
-150L
O | | _2004 | | | | -
0 100 200 300 400 500
-50L . Y-Centroid Change under RF Jitter
-100L - . S .
electron rms beam size in undulator ~ 13 pm 300 S2E simulations with RF Jitter Tolerances:
1501 ing? i
can we get stable lasing?, maybe, no. change error <1% (rms)
_200 laser arrival timing error <20 fs (rms)
=] injector S-band RF phase error <0.04 deg (rms)

O 1 O O 2 O O 5 O O 40 O 5 O d injector S-band RF voltage error

injector X-band RF phase error
= ( 17 ) injector X-band RF voltage error
BC power supply error

x-Centroid Change under RF Jitter

s— .gefﬁ;gon Lab

<0.04% (rms)
<0.16 deg (rms)
<0.16% (rms)
<10 ppm (rms)

o1
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<x> (um)

—
ator

Nominal Mode with 10 pC - CSR Orbit Kicking e
Under same RF jitter tolerances for the single spike mode with 10 pC, we checked srt% or CSR
kicking for the nominal mode with 10 pC. Clearly, its CSR orbit kicking is ignorable during the

nominal mode, and lasing will be OK.

2T ' ' | T T an

mﬂmmw ] " median : ~ 2.5 GW (80% core S”CGS) 1
/UL rms variation : ~ 5% 1
1501 = ©0 L very stable saturation power!
2
1001 il C
-
O
S0L il O
O I~ ‘%—/‘WW - r b
~50 : -10 -5 0 5 10 15 20
B v | Asaturation power/saturation pawerg, (%)
-100| i Ry — _
electron rms beam size in undulator ~ 8.5 um 300 S2E simulations with Required Tolerances:
B . : .
1501 can we get stable lasing?, certainly, good lasing. 1 change error < 1% (rms)
laser arrival timing error <1 fs (rms)
~200L ' ' ' ' L= injector S-band RF phase error <0.005 deg (rms)
) 100 200 300 400 500 injector S-band RF voltage error <0.005% (rms)
injector X-band RF phase error <0.005deg (rms)
5 ( 171 ) injector X-band RF voltage error <0.025% (rms)
. . BC power supply error <7.5 ppm (rms)
X-Centroid Change under RF Jitter
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Other Difficulty Example - SwissFEL Injector

normalized emittance (um)

1.4

1.2

Q lOO. C . . . 1% gun gradient error
- b no error
I 1% dient
| gun gradient ~ 100 MV/m +1% gun gradient error _

1% gun gradient error

See pages 90-91 for detailed injector layout and parameters

0 2 4 6 8 10 12 14

daho ——
ccelerator
c enter
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Other Difficulty Example - SwissFEL Injector

daho ——
ccelerator
c enter

1.4 r ' : : . .
-1 deg gun phase error
Q ~ 100 pC no error
1 deg gun phase error
;> | gun RF phase ~ 37.89 deg +1deggunp _
1 -
€
=
3 | 28MHzsbandLinas | [ 2998 MHzSbandLinac |
§ 0.8 |
€
[0h]
©
8 o6 |
©
£
o)
c
04 |
0.2 |
0 | 3 M ' . )
z (m)
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Other Difficulty Example - SwissFEL Injector

1.4

1.2

B
=
8

§ 0.8
€
[0h]
©

S o6
T
£
(@]
c

0.4

0.2

0

— .gefﬁ;gon Lab ™
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c enter

Q ~ 100 pC

= main gun solenoid field ~ 0.206 T
196 solenoid field error = 0.00206 T = 20.6 Gauss

needed power supply dI/l ~10 ppm (rms)

misalignment of solenoid ~ 20 um (0-to-max) giving Ag, = 1%

| | | |

-1% solenoid error
no error

+1% solenoid error

0 2 4 6 8 10 12

14

55

Yujong Kim @ Idaho State University and Thomas Jefferson National Accelerator Facility, USA




daho ——
celerator

Wakefield of Two C-band Linac Structures

MHI 2x/3 Mode C-band Structure

average inner radius a = 6.9535 mm

average outer radius b = 20.10075 mm

period p = 16.6667 mm

iris thicknesst = 2.5 mm

cell number for 2 m structure = 119

attenuation constant = = 0.452

average shunt impedance = 69.5 MQ/m

filling time = 222 ns

RF pulse length = 0.5 ps

required RF power for 28 MV/m = 38 MW
one 50 MW klystron can drive 3 structures
This structure is used for linac Optimization-XIV

and Optimization-XV with RF Option-1V.
PSI 3n/4 Mode C-band Structure

average inner radius a = 6.9545 mm
average outer radius b = 20.7555 mm
period p = 18.7501 mm

iris thicknesst = 4.0 mm

cell number for 2 m structure = 106
attenuation constant = = 0.630

. . average shunt impedance = 66.1 MQ/m
disk loaded type linac structure filling time = 333 ns

RF pulse length = 0.5 ps

required RF power for 26 MV/m = 28.5 MW
required RF power for 28 MV/m = 33 MW

one 50 MW klystron can drive 4 structures

This structure is used for linac Optimization-XVII,

and Optimization-XVI1II with RF Option-VII, VIII.
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Short-Range Wakefields of Two C-band Structu

MHI 2nt/3 Mode C-band Structure (red lines in plots below)
This structure is used for SwissFEL linac Optimization-X1V and Optimization-XV with RF Option-1V.

PSI 3n/4 Mode C-band Structure (black lines in plots below)

This structure is used for SwissFEL linac Optimization-XVII, and Optimization-XVI1Il with RF Option-VII or
RF Option-VIII.

2.0 03T T T T T ] W 1.0%1 0187 T T T T ] W
W 8.0 01| g W
1.5%10"3
5 =
6.0x1 Q" 4
\ Q
= 1.0¢10 ~
~ -
 aomol 4
=
=
5.0:10'21
2.0=x10" | 4
T
oLy I ! I [ op | I I L4
0 2%1 073 4x1 073 6x1 02 8x1073 0 2x1 073 4x1 073 Gx1 03 8x1 073
z (m) z (m)
Long. Wakefield in C-band: 26 MV/m (black) & 28 MV/m (red) Trons. Wakefield in C-band: 26 MV/m (black) & 28 MV/m (red)

both structures have almost same short—range wakefields !
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SwissFEL - Best Optimization with C-band LINA

Q =200pC 0. =838 pm —— 70.8 um > 133 um Switching qud to FEL2 & FEL3
e-beams
350 m UNDULATOR
N INJECT LH X01-02 BC1 DIAGI1 8 C-band FODOs DIAG2 7+12 C-band FODOs
CD—'TEII1 W—MHMMMMHWMMM FEL1 @ 5.3 GeV
T
100 MV/m 14.35 MV/m 200 MV/im 19.9 MV/m 26.0 MV/m 26.0 MV/m FEL2 Lg 3.4 GeV
51 deg 0 deg 200deg 180 deg 10 deg +6deg FEL3 @ 2.1 GeV
from zero crossing 16.62 MV/m
0 deg E=407.1MeV E=2031.9MeV E=5800MeV, 5;=0.015%
O~ l-g'?% gy~ 0.31% o,=102 pm o,=192 pm, o.=13.9 pm
Rss= 555 mm Rss=18.5mm £~ 0392 pm. gy, ~ 0.354 um
§=3.82 deg §=2.05 deg Lo < 16 KA, £ = 0.202 pm
Tyr ies = 233 ke'V for whole bunch

Optimization-XVI1I with PSI C-band RF Structures for 1.6 kA

Q =200pC 0. =838 um 70.8 pm > 88pum Switching Yard to FEL2 & FEL3
e-beams
550 m UNDULATOR
N INIECT LH X01-02 BCI1 DIAGI 8 C-band FODOs DIAG2 7+12 C-band FODOs (NN T
!
@T@ E [Im DD s A “l "m MMMM"MMM FEL1 @ 5.8 GeV
o T
100 MV/m 14.35 MV/m 20.0 MV/m 19.9 MV/m 26.0 MV/m 26.0 MV/m FEL2 <& 34 GEW‘T
51 deg 0 deg 200deg 180 deg -08deg +6deg FEL3 @ 2.1 GeV
from zero crossing  16.62 MV/m .
0 deg E= 407.{11\4&\1 .E'=2032.‘§?;1\.‘[6V E=5800MeV, 5;=0.019%
;6" l%?‘;" ga" 0-23;)5"" o,=21.9pm o,=21.9 ym, 5. =8.8 pm
5= 3.0 mm 55 = <U.5 mm £ge~ 0,511 um, £y, ~ 0.354 pm
=382 deg f=215deg jp:“ 2.7 kA, En,:mm ©0.293 um
Tyr ies = 340 ke'V for whole bunch

Optimization-XVII1I with PSI C-band RF Structures for 2.7 KA
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