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= XFEL Driving Linac
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= Gun with High Performance

= SpaceCharge Forces

= Invariant EnvelopeMatching

A Short-RangeWakefields

A Bunch Compressor

A FODO Lattice

A Control of Chirping and Energy Spread

A Start-to-End (S2E) Simulationsand Error Tolerances

Textbook:
Y. Kim's ISU Lecture Note (AdvancedAccelerator Physicsfor Linac BasedXFEL Projects)
Y. Kim's KoPAS2015 Lecture Note [ntroduction to Advanced BeamDynamics)

Y. Kim's ISBA2019Lecture Note (Simulations on Optimization of RF Photoinjector)
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Scope of This Lecture

(\/4
< KAERI " 0

SASE XFEL = Low Emittance Gun + Bunch Compressor + HighE Linac + Undulator

800 m long Compact PSBwissFEL

Q =200 pC 0, =838 um —» 70.8 um

e-beams

INJECT LH X01-02 BC1

DIAG1 8 C-band FODOs

8.8 um

DIAG2 7+12 C-band FODOs

SwissFELOptimization-XVIII by Y. Kim

Switching Yard to FEL2 & FEL3

55||:| m  UNDULATOR
(T A T T
(TN AT AT

@Tﬂl qmﬂﬂmmmmm%ﬂmmmm ——

100 MV/m 14.35 MV/m 200 MVim 199 MV/m
51 deg 0 deg -200deg 180 deg
from zero crossing 16.62 MV/m
0 des E=407.1MeV
- G~ 1.38%
RSG = 555 mm
§=382deg

26.0 MV/m
08 deg
E=20329MeV
G~ 0.306%
Rsﬁ =203 mm
6=215 deg

26.0 MV/m FEL2 a 34 Ge‘»:
+06deg FEL3 @ 2.1 GeV

E=5800MeV, 5;=0.019%
0,=219pum, ;=219 pm. o, =88 pm
£y~ 0511 pm. g, ~ 0.354 pm

Lo < 2T KA, £ o gtice = 0.293 pm
Tar ice = 340 keV for whole bunch

Y.Kim's ISBA19
(Quick Review)

This Lecture

Dr. T. Tanaka's ISBA24 Lecture
Prof. Tao Liu's ISBA25 Lecture
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My Other Lecture Notes 0
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Yujong Kim's Other Lecture Notesat Idaho State University, KAERI WCI,
POSTECH, KAIST, UST, VITZRONEXTech, Korea-Japan Joint Summer
School,KAERI -KBSI Accelerator School,and ISBA.

A BasicAccelerator Physics
= Magnetsand TransverseMotion in Accelerators

= RF Systemand Longitudinal Motion in Accelerators JEosen Panide
cc:éerator School
N . . . o 201
A AdvancedAccelerator PhysicsTutorial for XFEL Projects o
A Accelerator BeamDiagnostics e

A Linux Basicfor Physicists
A Laser Compton Scattering (LCS)
A RF Technologyand Electron Linear Accelerators

There are my lecture noteson beamdynamicsfor KoPAS2015
There are alsomy lecture noteson RF system,Linac, Beam
Dynamics,ASTRA & ELEGANT Simulations,and Al for
Accelerator Simulationsfor ISBA18~ ISBA25.

You can obtain them by sendingan email to Yujong Kim::
yjkim 3488@gmail.com,yjkim@kaeri .re.kr or with facebook
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Principle of Linac Based SASE Mode XFELs ;77

If an electron linac supplies IROREAUAEAOREE DR OE ultra-bright,
highly denseand cold electron % ultra -fast,
beams to a long undulator, b—WG\ coherent,
XFEL photon can be generated WENANAUE O OE R A6 D Q photon beam
in the undulator | Undlulator ' bear
log( o) RS
~ tensfs -
distance
L

sat

FLASH FEL FaCIIIty @ DESY
BYPASS

REGUN ACCL < ¥8C¥,2 ACC2 ACC3 ACC4 ACC5 ACC6 LOLA 3‘: :E DUMP
COLLIMATOR seeping UNDULATOR

SASE XFEL = Low Emittance Gun + Bunch Compressor + HighE Linac + Undulator
6

ACC39

—
Korea Atomic rch Institute

omic Energy Res

Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI & UST




Principle of Linac Based SASE Mode XFELs 7

C “/’KAERIV
If_ an electron linac supplies AN AN DDA UA AU ultra -bright
highly denseand cold electron . A B ultra-fast,

coherent,

i % photon beam

beams which satisfy following
three conditions;

. Slice normalized rms emittance: aump
/ radiation
€ <9 log( den)
ns g4p pcwer
. Slice rms relative energy spread: ~ tensfs -
1/3
1§1 | o 17 5-K62? distance
Sas<I° 46 77 5 8,84 L
4é2p 1, b f¢g -+ microbunching length =& sat
coherentphotonsfrom microbunched electrons
., Total undulator length: . / & . Kzg
a P 0 =52 St
I‘u > Lsat ° I—G In%go ZOLG Zg (o2 2 =
¢TEeDW~ K © 0.934B,[T]/ . [cm]
/
where L. © u _
G 4’0\/5, P=P exp(z/L;)
.
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Principle of Linac Based SASE Mode XFELs &

< Jlneni =

K © 0.934B_[T]/ [cm]

P=P exp(z/L;)

Incoherent Radiation
P~ NP,
Linear growth

Coherent FELs
Exponential growth

Incoherent emission:
electrons randomly phased

Coherent emission:
electrons bunched at
radiation wavelength

N ~ 139 electrons in abunch

B. W.J. McNeil et al, Nature Photonics Vol 4, pp. 818 821, Dec. 2010
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Beam Phase Space

Ve

< /xneri ™=

The transversephasespaceis describedwith the beamposition (x or y) and angle(x' or y").

beam diameter = full width beam size ~%i, , for Gaussian beam

Similarly,

the longitudinal phasespaceis describedwith the beam longitudinal position

and energy (or time and energyspread,or phaseand momentum)
(z, E), (dz dE), (dz= -cdt, dE/E = dp/p), (dt, dE/E=dp/p), and (df = wdt, dp/p)

[toward
dE/E _ the right]
tail
Electric
head head
< > [toward
the left)

full width bunch length ~ 60, for Gaussian beam

=+

0

—3p amount of energy boost

Aﬁ-fﬁ‘-@ particles
. Megative particles
L

el 4 N ahaad

Fosition

behind

http://www.slac.stanford.edg
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Beam Phase Space anfimittance Q)

 /knerl =

Let's define a new smaller ellipse of the phase spacednd Z), which contains some fraction
of particles (example, 90%)If the area of the smaller ellipse is U we defineUas the beam
geometrical (or projected) coreemittance of the fractional particles.

VA y4

A

z » ~ / Z
total area= "W O total area= " U

contained particles = 100% contained particles
¥ = some fraction, ex, 95%

2 / 12
z2°4+2a =W
i 22+ ~Z2? 4+ 2022 + B2 = ¢

Geometrical (Projected) CoreEmittance z

If the rms emittanceis Qms, (see next page), U=n U
and the coreemittance Uis n{J,,, then, the 10C (1-e"2)(%)
percentage of particles contained within the

ellipse of the coreemittanceis 10@ (1-e"?) (%).

N = €/€ms ) 2 {4 |6 [8
Percentage in 1D (%] | 63 | 86 | 95 | 98 | see S.Y. Lee'dook
Percentage in 2D [%] | 40 | 74 | 90 | 96 | < square of1D

— CFR A X241
Korea Atomic Energy Research Institute

"W (100%)

U« (= area in 39%)
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Beam Phase Space andmittance [
"/KAERI —

The rms emittance e, for a normalized beam distribution  (y,y") with f p(y,y")dydy’ = 1
is defined as:
(y) = f yply,y)dydy', (y) = / y'ply, ¥ )dydy', T example ofr(y,y):

_(-%0)°
0‘3 = /(y - (y))zp(y, y')dydy, G ¢ = / 'y))2p(y y')dydy', r(y)= 1 o

% $

= [(y— W - W)l v)dydy’ = ro,0y, P

25 2s2 0
€rms = ; ﬁ - G'gyr = OyOy V 1—r2

r(y.y)=hAef =

here, <> and <y'> are average of position and angle.

0, & U, are therms values of beam size and angle. Ve/B
andr is the correlated coefficient.

€. IS estimated for 100% particles but its value
IS corresponding to area having about 3% particles.
see more details in S.Y. Lee's book

max divergence(angle) of b-tron motion =v€ &) | entroid
max amplitude of b-tron motion = e )

11
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Beam Phase Space anfimittance ol

< kAERi

In linac where beams are accelerated, generallye use the projected normalized beam
emittance, which is an invariant and given by (see Conte's book pages 10U8).

€, = Pye ° g dor b=%~1

g=U/my?

Adiabatic damping of beamsize angle, andemittancein linac:

€ =€/

|l ncreased ener gy entanceUbetomgsesmatier, tandieaamaizeand
divergence become smalleBut note that the normalized emittanceis an invariant
without any dissipative actions such as space charge force, 4 e
wakefields or coherent synchrotron radiation. >

= o [

€ ux,y’ u X,y
SeeSadiq's & Chris's term projects
on QM scanning basedgmittance measurement method.
http://www.physics.isu.edu/~yjkim/course/2010fall/2010fall_ap_term_projectO4.pdf >
http://www.physics.isu.edu/~yjkim/course/2011spring/2011spring_ap_project07.pdf 9
http://www.physics.isu.edu/~yjkim/course/2011spring/2011spring_ap_project08.pdf
12
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RMS Beamsize (r/W _

In a horizontal dispersionregion, two things contribute to therms horizontal beamsize
one is due to thebetatron amplitude and the other is due to the dispersion function|
and therms momentum spread&Dp:

z(s) = z5(s) + zp(s) X,()- e ts), X, (s)- h (s) ® for rms beamsize

» 8 5,0 |e 8 S50 8 S0
s =leb +ah 22 = |Gwp 135 g = Cuy 15 S
? IO§ bg ? IOg g ¢ +

Here we assumed that there is a horizontal bending
Without any vertical dispersion, therms vertical beamsizecan be written:

High Energy
— eyb y Desired i
ocus :' , /\ 7)' |

/ Low Energy W

Focus

High Energy ‘ \\L ow Enerby \\‘\\\\\V/ ;E;ﬂ'n”
Focus -
Sextupole Beam
Force Directlion
13
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Full Width & FWHM for Gaussian Distribution Q)

(%AERI —

For Gaussian beam distribution,

probability for -1s <x<+I1s: 68.3%
probability for -2s <x<+2X: 95.4%
probability for -3s <x<+3: 99.7%

Therefore, the beam full width is close to a region from3s to +3s = 6s (99.7%).

=
oy
full width at half maximum (FWHM)
L
= | 341% | 34.1%
‘ ‘ FWHM =2y2In 2s © 2.3548%
T o
— I
= |
—3o 2o -lo lg 2o Ao
X
courtesy of Wikipedia beam full width = beam diameter ~ 8
14
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Slice Parameters ~0)

< /kner =
Since we can ignore interaction betweenneighbor microbunchings within a
single bunch, we can usethe sliced beam parameters along the longitudinal
coordinatesin a single bunch. Theseslice parameters (slice emittance, slice
energyspread,peak current) are the mostimportant parametersin XFELSs.

z =20.78m
Longitudinal Phase—Space Momentum Spread
o 5 L
2F N
N\ T
N § -
N\ Z X' near head & talil
& N\ 2 A
) it p—it—it % ........................
N
. N E
S \k : < >
b L5 . ol . 0y X
-10 0 10 . -0.02  -0.01 0.01 0.02 )
head ) ot tail | projected
Longitudinal Distribution Pt I emittance

— / center
- - - L. =—Lg —tensnm

Sr /‘AWWN;—NWW\\ - /u
< " \
LA | «stiNNNERRERDERD-

/ dz projected parameters for whole bunch

. , single bunch slice parameters for slices

. -10 0 10 .
slice 1 e slice 15 15

e OV R X204 10

b e Enarty Ratearch Ratsad Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI| & UST e—




dE (MeV)

Slice Energy Spread 0
( KAERI
Slice (or uncorrelated) energy deviatiordE, ; can be obtained by subtracting
the chirp of a polynominal fitting from the correlated energy deviation:

dE,, =dE_, - FIT [dE]| _

FIT [dE] = a, +a,dz+a,dZ +a,dZ’ +a.dZ' +

10¢ T T ] 10
N
=
. v 0.5]
~ =
© =
= =
~— L A N
U ( j‘] J.Q
Ll _‘,_)
G
i) =
-5 i -5 L o5
J L J %) e
(D]
e
10L 10
1 1 1 1 1 1 L | O L 1 1 1 1 1 1 1 1 1 1 1 L
=03 =0.2 =0.1 0.0 0.1 2 (S =05 =0.2 =0.1 0.0 0.1 Q52 (355 =1.86 =1.0 =0.5 0.0 (.5 1. 1B
( \ U asoms \ 4 \
. , ( ‘ p pracriss Y
dz {rrim) dz (mm) gz )

correl. energy deviationdE,; - chirp from fitting FIT[dE] = uncorrel. energy deviationdE,,;
= slice energy deviation

16
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Slice Parameter Example Sapphire Project 2

< /xaeri =
S-band based DLS Sapphire ProjectE ~ 3.0GeV, Q ~ 0.1nC by Y. Kim
_0.8] _o0.8[
£ £
= =
. 0.6t tail head ~ 96}
& &
O O
c 0.4 c 0.4|
° °
5 0.2] 5 0.2|
© O
© =
% 0.0] @ 0.0]
-0.010 -0.005 0.000 0.005 0.010 -0.010 -0.005 0.000 0.005 0.010
dz (mm) dz (mm)
12 —~ 8
)
10| =
. - 6l
< 8l 3
5 S
5 4] E
O S 21
5l f&\ i
©
oL, | | | ] s 0oL, M ]
~0.010 ~0.005 0.000 0.005 0.010 -0.010 -0.005 0.000 0.005 0.010
dz (mm) dz (mm)
17
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Slice Parameters Example SwissFEL

< e

SwissFELOptimization-XVII with PSI C-band RF Structure - by Y. Kim

Q =200 pC

e-beams

o, =838 um ——— 70.8um + 133 um

INJECT LH X01-02 BCl1 DIAG1 8 C-band FODOs DIAG2 7+12 C-band FODOs

WWMMMMM

Switching Yard to FEL2 & FEL3

55|0m UNDULATOR
(NN NN AN AN
QT T T T ]
FEL1 @ 5.8 GeV
FEL2 @ 3.4 GeV
FEL3 @ 2.1 GeV

E=5800MeV, 5;=10.015%

0,=192 ym. 0,=192 pm. o, =139 pm
£y~ 0392 pm, g~ 0.354 pm

Jpear < LO KA. €7 o gtica = 0.292 um

Tyr aies = 233 keV for whole bunch

100 MV/m 1435 MV/m 2000 MV/im 199 MV/m 26.0 MV/m 26,0 MV/m
51 deg 0 deg 200deg 180 deg -10 deg + 6 deg
from zero crossing 16.62 MV/m
0 des E=407.1MeV E=2031.9MeV
- o~ 1.38% o;~0.31%
R:s= 55.5mm R:s=18.5mm
6=3.82 deg &=2.05 deg
1.5 ' ]
1.01L |
g 0.5L J
o 0.01 - ]
5 -0.5] tail head 1
Great Flat Energy Chirping
. -1.01L |
Narrow FEL bandwidth .
with C-band RFLinac Technology  '.5L, ‘ ‘ ‘ . ‘ A
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
dz (mm)
Fnd of LINACA
SHRYUXIZCIR

18

Korea Atomic Energy Research Institute

Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI & UST se—




Slice Parameters Example SwissFEL 0
C KAERI
3@ i T T T T ] 6 [ T T T ]
Q= 200pC <
E = 5800MeV, sy= 0.015% o E
20) s,=19.2m, sy:(’19.2mn,sZ:13.9mn l = o / I
— e~ 0.392mm, e, ~ 0.354mm
;'E 20 B Ipeak< 1.6 kAven,c);re,slice< 0.292mm I % 21 7
— S e sice< 233keV for whole bunch
_E 1 '5 | | 8 O | 7 |
O IS
S 1.0} . o 2| ]
O < ;
O.51 i § 4| " |
0ol tail head | > &
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 —70.06 -0.04 -0.02 0.00 0.02 0.04 O‘Oé
dz (mm) dz (mm)
. 'I O i T T T T ] . 'I O i T T T T ]
é 0.9 | é 0.9 |
0.8 i 0.8 i
> >
o 0.7 | o 0.7 |
(@) Q
§ 0.6l _ § 0.6l i
é 0.5 i é 0.5 i
L 0.4 i 0.4 i
S 0.3] | S 0.3] |
”?0.21, ‘ g | | ‘ i 7 0.21 ‘ g | | ‘ i
-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
 O1 2 X2 A
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Well Optimized Slice Parameters LCLS Gun (;?Q_

Optimized Results of European LCLS RF Gun

cathode wall angle = 0.0 degree, flat

cathode loading hole : no

cell = 1.6 cells

dual feed + racetrack shape to compensate RF dipole + QM modes
" & 0 mode separation ~ 15 MHz

power for 120 MV/m ~ 9.5 MW (2 us)

“LCLS PSI Ez ASTRAdat'u12 —— |

05 r

Normalized Ez on Axis
o

05+

1k 1 1 1 I -
0 0.02 0.04 0.06 0.08 0.1 0.12

Courtesy of D. Dowell, SLAC 2 m)
We have studieddetails on RFphotoinjector in 2019.

20
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px/pz mrad

~0.04-002 0 0.02 0.04
= T ™

norm. particle density
; .

Well Optimized Gun - Phase Space

ASTRA Simulation Results at the end of LCLS Type Backup Injector

z=8700m
Transverse Phase—Space Transverse Phase—Space

__center_ head & tail

Longitudinal Phase—Space

;- N
S §° I n. 1
23 / g :g‘ |
-6 . :m 0.5 -0.5 , :lm ] -4 -2 t::w 2 4 =10 d:/P 10~
Longitudinal Distribution
E‘ | g E l-
R S R "
-~ head e tail
symmetric current profile
Gun gradient = 120 MV/m higher peak current ~ 34 A
E=137.7MeV, Q= 0.2nC
S4=0.07%
S,= 247mm, s, = 247mm, s, = 510mm
€= 0.369mMm, g,,= 0.369mm
21

— OFR IR

orea Atomic Energy Researc! h Institute

=

Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI & UST se—




€ T mrad mm

0.5
T

Well Optimized Gun - Slice Emittance ~)

 /knerl =

ASTRA Simulation Results at the end of LCLS Type Backup Injector

wide & symmetric sliceemittances core slice ellipses are same

Slice Emittance

| core slicee,~ 0.32mn] ‘
. much flat and excellent slice parameters;! |

- - —_ —

center |

: tail head

-1 -0.5 0 0.5 1

z T

Gun gradient = 120 MV/m
E=137.7MeV, Q= 0.2nC
S4=0.07%

S,=247mm, s = 247mm, s, = 510mm
€= 0.369mMm, g,,= 0.369mm

22
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€ T mrad mm

Well Optimized Gun - Slice Emittance ~)

(/kAEkI
ASTRA Simulation Results at the end of LCLS Type Backup Injector
wide & symmetric sliceemittances core slice ellipses are same and aligned
Slice Emittance

-— head & taiﬁ

| core slicee,~ 0.32mn] ‘

- much flat and excellent slice parameters;! . gL 1
° center 1

. tail } head | T
° —Il - —6_5 - 0 — ﬂfﬁ - 1I —Ell_d- I —{;.2 I o I n:z I D_Iri-

Gun gradient = 120 MV/m
E=137.7MeV, Q= 0.2nC
S4=0.07%

S,=247mm, s = 247mm, s, = 510mm
€= 0.369mMm, g,,= 0.369mm

23
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Mismatching of SliceTwiss Parameters 0

(/kAERI —
CTF3 gun - big mismatching along slices! LCLS gun - good matching along slices!
Mismatch parameter Mismatch parameter
L il 1 head | 1 head

ﬁ_k//ékl/_

" Q=200pC
i 1 ] - E=128.6MeV T i
-E = 149.394MieV, s 4= 0.1969 . | S¢=0.14% | |
's,= 267mm, s,= 267Mm, s, =912 : | Sx= 222mm, §,= 222mm, S} = 821mm
| €= 0.475mm, €, = 0.475mm,|€, gjice~ 0.3mMm | & 0.324mm, &,,= 0.324mn
| Q=0.2nC, | .~ 20 A - peak™ 22 A coresice” 0-280mm
R R Ip.ea. R B N B RS S 0—1.5 -1 -0.5 0 0.5 1 1.5
-1.5 -1 -0.5 0 0.5 1 1.5

0.5

z mm
zZ mm

PITORES XTrves0ptenn. TrmaySim.TubedsTom. 200K 1300001 0308 £33

l{=%(b0gi - 2a,a,+g,b,)° 1.0

a,, b,,g, = Twiss parameters of anintegrated bunch

a. b ,g =Twiss parametersof ith slice
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Twiss Parameters at the end of Injector (74
Small Twiss parameters at the end of the injector g, ~ 40 m & |a, | ~ 0.0)
are helpful to control chromatic effects at the downstream of the injector.

b-function along injector

e

INSBO1-RAC INSBO2-RA

db, |K|Lyy < 4

30

Q=200pC

E =128.6MeV

S4=0.14%

S,= 222mm, s = 222mm, s, = 821mm
€= 0.324mm, e, = 0.324mm

I peak 22 A’en,core,slicem 0.280mm

B m
20

10
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Gun with High Performance A
If we have a higher performance gunwe can reduce the size of XFEL facility,

and we can get a stable and high performance XFEL facility. The higher
performance gun should supply:

Eu PSl-Gun =5
- higher peak current 1 ., Tfiii o |
- lower slice emittance e, o
- lower projected emittance e,
- lower slice energy spreadiy,

(but large enough to avoidmbunching instability in BCs)
- wide, uniform, and symmetric current profile
- lower slice Twiss parameter mis-matching V ~ 1 aie ™" 7500 WimdK | Water nlet 30°C
- small Twiss parameters at the injector exit ¢, < 40 & Ja,|<0.2) | © ™" _
- 35,678 #9-607 43,536 47485 51.394 - 59,252 i 67,11 |

800 m Iong ComEact PSBwissFEL

Q =200pC 0. =838 um ——— 708 um > 88 um
e-beams

Switching Yard to FEL2 & FEL3

550m  UNDULATOR
INJECT LH X01-02 BCl1 DIAG1 8 C-band FODOs DIAG2 7+12 C-band FODOs | MR

WWMMMMMMMM ——

FEL1 @ 5.8 GeV

P T
100 MV/m 14.35 MV/m 200MV/im 19.9 MV/m 26.0 MV/m 26.0 MV/m FEL2 '{{ 3.4 GeV
S1deg 0 deg -200dez  180deg -9.8 deg +6deg FEL3 @ 2.1 GeV
from zero crossing 16.62 MV/m
0 deg E=407.1 MeV E=2032.9MeV £ = 5800 MeV. 5= 0.019%
- oy~ 1.38% o, ~ 0.306%

0,=21.9um, o;,=219pm o, =88 pm

Rss= 55.5mm Rs5=20.3mm gy~ 0511 pm, gy~ 0354 pm
F=382deg §=215deg Do < 2.7 KA. £ copn gice = 0.293 um
. — . . Tyr oics = 340 keV for whole bunch
SwissFELOptimization-XVIII by Y. Kim - 26
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Space Charge Force Transverse ~)

TransverseSpaceCharge Force on a Test Chargein a Bunch

Therefore, at the laboratory frame, the radial repulsive spacecharge force on the test
particle is given by:

a a r?2 oo a a r? g0
- ex 2 - X 2
_ng &R B _Ngp & T 27
E, = B, =
p ¢ r ’p & f
F(r) = q(E; — BcBs) s=y1-
. O°r
12 F(r)” “forr< </2s
I 2
Ng? 1—exp 552 _ g
F(r) = 5 > 0 repulsive . QP 7
2meyly r F(r) rIngor r> x/2s

transverse (or radial) beam broadening due

to the transversespacechargeforce Y

O ) » transverse emittance is increased at a low
beam energy and a high charge due to

transversespacechargeforce. 7
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Space Charge Force Transverse (7”7

By performing Taylor series expansion oexponentionalpart, we can finda linear
space force term and the summation of nonlinear space charge (SC) force terms:

= [)(a)

(z—a)"

2

r
Ng? ﬁ—exp (_m) Y — (-1
F(r) = ZHEOIVZL r » Y 20,2 Z 2nn! oy

)n y2n—1

n=2

let's consider only ycomponent linear SC nonlinear SC

The transverse space charge force can induce the phase spileenentation if the beam
energy I s | ow, and t he amittangdgewtiatigurcrégiot har g

x/

x/
before sc consideration after sc consideration
- X
s book

See details from Chapter 11 of Conte'
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Space Charge Force Transverse

guadrupole: horizontal focusing & vertical defocusing

space charge: always defocusing
radial uniform beam distribution : linear defocusing force forr < a (see page 37)
radial Gaussian beam distribution: nonlinear defocusindout linear force for r<<+2s

?/4 —

Quadrupole Uniform Gaussian
(Hor. Foc.)
Ly Ly : S .Y..--:
-/,-._-.' :... \-\ : »
Proton N:j‘- .2:% = i l’::'._\\. .
® : - X et —=t—X
Beam Rl g LT
S - N AT b I
N\ - 7/
. zero force @x =0 i o A
X, . . s -
goodemittance -
- compensation possible
20
- ¥ s\/ |- X%
Focusing Defocusing Defocusing
Linear - Linear - Non-Linear

See details from K.Schindl's CERN CAS 2006002, p. 305 -
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Space Charge Force Longitudinal Q)

Then, in the rest frame, the voltage from the beam center to the beam pipe for the
parabolic distribution canbe givenby:

b 2
* Nq q9 3Ny 2z*>
YV = B dp = » = L~
/0 ' 47r€o’ylbg’ ¥ dmeg 270y [ ('ﬂb
Ng/al, Y N*(z¥)
Then, the longitudinal componentsof the electric field in the rest frame:

round ! /

b| be .
o _ 3ggNe . L L
oz* 7T€()’73lg vacuum pipe\

E*(2%) = —

Then, the longitudinal electric field in the stationary lab frame can be given by
(z*Y 22):

_ 399Ny
E(z) = megy2lE

Then, the longitudinal componentof force on a singlechargedparticle in the bunch
canbe givenby (F, = qE(2): o
stronger longitudinal space charge force
3  Nog? b if bunch length is shorter,
= iy % g=1+4+2In - beam energy is lower,
and single bunch charge is higher. 20
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Space Charge Force Lengthening & Broadening%/ﬂ _

TZ
2 1—exp|—=—= 2
v 1erlam) 3 Md b
T eolpy 9)

under a low enerqgy, a high charge, a long bunch length
0 | » and a small transv_erse beam s:ize_

transverse beam size broadening is generated
due to the transverse space charge force.

» but large transversebeamsize
bunch length lengthening is generated due to
due to the longitudinal space charge force.

under a low energy, a high charge, a short bunch length
and a small transverse beam size

» bunch length lengthening & transverse beam broadening
are generated due to the longitudinal and transverse
space charge forces. a1
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Space Charge Effects in BCs 0

(/ KAERI ™

SwissFELOptimizatiorV with S-band RH.inacs

Q =02aC 0, =840 im ——— 55 pm > 92 pm Switching Yard to FEL2 & FEL3

e-beams o

650m  UNDULATOR
RF-GUN S01-04 DIAGI1 9 S-band FODOs BC2 DIAG2 34 S-band FODOs

FEL2 @ 3.4 GeV

IELDEEEE R R E DN D

100 MV/m 13.6MVim  21.2MV/m 22.0 MV/m 22.0 MV/m = i
37.0 deg 0 deg 180 deg 41 deg 40 deg FEL3 @ 2.1 GeV
from zero crossing  18.9 MV/m . . ) B}
0 deg E=12559MeV E=14694 MeV E=6121 MeV, ;= 0.033%
17.5 MVim 0~ 1.673% o5~ 0473% G,=20 um. o, =20 pm_ 5, =92 pm
_3'4 2 deg R;s=46.8 mm R =071 mm £y~ 0.463 pm. g, ~ 0346|.un
17.5 MV/im =4.1deg 6=175 deg Lo < 27 KA. £ 0, < 033 um.
349 des Oar e = 210 4 keV for whole bunch
u
5 ! !
| | o Slice Emittance Growth at BCs
4.5¢-meefe- D AT boemnonnes R -
H H hor gm 10

e | SwissFELBC1 @ 255.9MeV
| . Q~ 200pC
el 7] Peak Current = 350 A
44| ELEGANT (Y. Kim) & CSRTrack (B. Beutner)
| crosschecking on space charge effect &C1.

[ rad]

ernittance

longitudinal [m] w10

Sliceemittance can be increased at thist BC dueto longitudinal spacecharge
force if beam energy isabout 256MeV and peak current is 350 A at BC1
Y beam energy at BC1400Me¥. i ncreased t
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Energy Gain of TW Accelerator <)

150 m long 2.5GeV S-band linac @ Pohang Accelerator Laboratory (PAL) in Korea
Forty four 3 m long Sband linac structures were installed at PAL in1992

2" /13 mode Traveling Wave (TW) structure
about 55 + 2 0.5 cells for 2 m
shunt impedance ~ 55 M /m
Q, = 1100013000
attenuation parameter ~0.42 =¥/2v,Q,
filling time ~ 0.6 psfor 2 m =L/yv,
gradient ~ 25 MV/m @ 50 MW, 3 m
~ 6.9MV/Im @ 3.0 MW, 2 m
~ 8.8 MV/m @ 5.0 MW, 2 m

Vean(MV) = /P, Ry L(1- expt 21)

G =V, ,/L(MV/m)

P, = RFinput power (MW)

R, = averageshuntimpdeanceper length(MWm) 1 inch (approx.)

L =lengthof structure (m) Veiectron® VR phase = W/ K
[ = attenuation parameter v, = dw/dk
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C-band TW RF Linac

5
C rapp —
KAERI
) ) ) T t 5
§
_ R, Frequency 5712 MHz
Microwaye Absorher T 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
Ac{gﬁgg‘;ﬁ,g : down-stream 12.5 mm
Mode ~Cavity diameter : up-stream 45.3 mm
NI J 5712 MHz : down-stream 43.3 mm
1 é Disk thickness: t 3.0 mm
“1e=C| Choke Mode Quality factor: Q 10.7-1 x103
| cavity 0.3
Group velocity : up-stream 0.035 ¢
i : 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~ 15 mm for SCSS structure

HEAVY INDUSTRIES, LTD.
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C-band TW RF Linac

Miura f'§an, @ MHI
7

!
7

i
b/ ¢
1 ".

RS /

s MITIUBISW

[ . = e

|'

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 GCband RF LINAC for XFEL/SPring

( / KAERI "0

vl | s b
{l!!!'!"! :
' ‘ ’"'T‘Wj'“i iR e A

;LI i‘ éi 'l

(

{ |
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C-band TW RF Linac

C-band Main Linac System for XFEL

AC420V or DC 600V

50 kV, 35 kW
Inverter HV Power Supply C-band System for 6 and 8 GeV XFEL

&N & Thyratron Final Beam Energy 6 GeV 8 GeV

b Active length 191 m 260 m
C-band system unit 27 36
Klystron&Modulator 54 72
Accelerating Tubes 108 144

Smart Modulator
Oil Filled Tank

50 MW C-band Klystron —s
Accelerator Length 243 m

Wallplug Power 2.6 MW

RF Pulse Compressor — Accelrating gradient 32 MV/m
Injection nergy to C-band is 450 MeV,

packing efficiency 80%,

C-band Waveguide 5 energy margin 10%
Loss ~0.5%
WR-187

Accelerator Tube 32 MVim

Multi-bunch Beam
~10 bunches

38
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RF System ofSwissFELLINAC Optimization -VI

< / KAERI
Modified SCSS Cband TW Structures
klystron output power = 50 MW
pulse compressor gain = 3 (max ~ 3.8)
pulse compressor output power = 150 MW
forward power to tube ~ 70 MW
average shunt impedance = 56 NI (no choke)
iris diameter ~ 14.6 mm
energy gain per tube ~ 6éveV
gradient ~ 38 MV/m
50 MW, 2.5¢s 50 MW, 2.5¢s
. ~3.0m ~30m .

150 MW, 0.5¢s 150 MW, 0.5¢s

modified SCSS structures
iris diameter ~ 14.5 mm

70 MW — 70 MW 70 MW — 70 MW

39
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Invariant Envelope Matching & Emittance Damping

(/KAERI —
emitted electron bunch
X - X
1 tail center head 4

center

near head tail
due to nonlinear

> X >
/ > X space charge forc
initial zero emittance just after emission from cathode increased emittance due to space chare force
X' X'

Solenoid Compensation

center
near head tail

> X / > X

center

near head tail Before BOOSTER

rotated phase space by an external focusing solenoid compensation by reaction of space charge force after some drift

40
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Invariant Envelope Matching & Emittance Dampmg

/KAERI
X' X'
center .
Invariant Envelope
near hea tail BOOSTER LINAC -0'/2
/ > X ~ E > X
Before BOOSTER After BOOSTER

Space charge force induces oscillations in envelope amhittance.
The emittaceand envelope oscillation arouncan ideal invariant envelopecan be damped
by accelerating beams in booste(L Serafini and J. Rosenzweig®?RE Vol 55, Page 7565)
Q
— Inc“g 8

S Sr )/
e ° INV ‘cog/ , YV = \/E g 0

Invariant envelopeis an |deal case WhICh makea constant slope'/2) for all different
slicesin the phase space by the acceleratian booster. In this case,beam spot size as well
as transverse momentum are reduced togethelue tothe reducedspace chargdorcesin
booster.Projected (and even slicegmittancedamping in booster !!!

41
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Conditions for Invariant Envelope Matching )

4 /I(AERI —

ASTRA Simulation Results on FLASH Injector

12 . . . . . . good matched case at the entrance of boost
g 2.478 m |
g 107 BoosterLinac (ACC1) - [
i osf |
o i
B \
= 6
-g 6 “‘ |
E- ‘ v ot ' ' . . "
E 4 I 0 4 N
= bl @ |
§ / rms normalized emittance ~ 2.qum R = |
g L beamsize

ol

0 ) 4 6 3 10 12 14 somewhat mismatched at the eq’tra ce of booster

distance from cathode [m] \

At the entrance of booster, invariant envelope
concept based matching conditions should be
satisfiedto getemittance damping in booster!

local maximum emittance
local minimum beamsize

pa/pzy8 mrad
-5 0

o e e —

b — o —m e

T sz it s s 88 S
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Other Difficulty Example - SwissFELInjector 2

=

1-4 | | | | | ] | | | | | ]
-1% gun gradient error
Q ~100pC ; no error
. 1% ient
. » L gun gradient ~ 100 MV/m + e S gragient erer |
1% gun gradient error
11t See pages 901 for detailed injector layout and parameters "
El
: BT T
§ -
I=
(¢}]
°
N -
©
£
2
| rodimdsinbboottd
0 1 '] [ ] [ [ ] 1
0 2 4 6 8 10 12 14
z(m)
o d=m KTy g H=CTo fum Fo¥| ; ; : ; i 43
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Other Difficulty Example - SwissFELInjector

/waeri

14 L] | L] L] L] L]
-1 deg gun phase error
Q ~ 100pC no error
+1 deg gun phase error
. » L gun RF phase ~ 37.89 deg Jgunp |
1 1 -
€
2
: | 2098MHz SbandLines | | 2098 Mz SbandLinec |
§ 0.8 -
I=
[}
©
S o6 -
©
E
o
j
04 -
0.2 -
O [ ] 1 1 1 1 1
0 2 4 6 8 10 12 14
z (m)
CIRQUX|201AQ) 44
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Other Difficulty Example - SwissFELInjector f=q

fanes

1'4 L] L] L] L]

l-1% solenoid ('arror
Q N 1OOpC +1% solenc?ig ggg:
1.2 F main gun solenoid field ~ 0.206 T -
1% solenoid field error = 0.00206 T = 20.6 Gauss
needed power supphdl/l ~ 10 ppm (rms)

misalignment of solenoid ~20 pm @-ma x ) gUwv 1% g |e

=3
=2
5 | 2998MHzShandlinac | | 2998 MHz Shandlinac |
4% 0.8 K b
=
()]
©
N 06 i
T
€
(@]
c
04 L eamsipresriomporivirsispiiots ittt "
02k 4
O [ [ ] '] I | '] ']
0 2 4 6 8 10 12 14
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Wakefields - Definition (r//’ _

A Interaction of charged beams& discontinuous surroundings

moving charged beam fields from the beam- response from surroundings
fields from surroundings - response of the beam changes in energy oemittance of
following bunches (or at the next turn of the same bunch) (lorgange wakefields) /

changes in energy and angle (hen@&mittance) of following electrons in the same bunch
(short-range wakefields).

Induced
Wall
Current
E
I(Beam)
@ - B i
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Short-RangeWakefieldsin Linac Accelerators (r/ﬂ

KAERI
If an electron bunch movesin a periodic linac structure, there are interactions
between the electrons in a bunch and the linac structure, which induce
changesin beamenergiesand beamdivergences(x' and y') of electronsin the
samebunch. We call theseinteractions betweenelectronsin the samebunch
and the linac structure as the short-range wakefields, which change beam
energyspreadand emittance of the bunch.

W \? ZSSS % S blue: an interaction between an electron at the head
region and alinac structure.
v e }v\u ¢
A ~ - > IZa 1 pink: short-range wakefield from the linac structure
0 8 § g N to a following electron at the tail region.
\¢6 é A28 5 \ A. Chao'sHandbook of Accelerator Physics & Engineering, p. 252
? \ 1 o r\ r n \ J— SLAC-AP-103 (LIAR manual)
_ | ) p . _

a7
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Short-RangeWakefieldsin Linac Accelerators (r/,ﬂ _

Energy lossdE; of a test electron (or slice)i in a bunch due to the short-range
longitudinal wake function W, (s), which is induced by all other preceding
electronsj locatedat s = |i - j| distancefrom the testelectroni is given by

electronj moving withv~c

L(O)\q.\+aW (i- H@, uCL .H

a test electroni with a distances away
from preceding electronj and moving withv ~c¢

Here g, and ¢ are charge of electron (or slice)i and j, and L is the length of the
linac structure. i or | = 1 meansthe head electron in the bunch, and the sum
term is only evaluatedfor i > 1.

aE =

\
V4
é

The transversetrajectory deflection angle changedk;' of a testelectroni dueto
the short-range transverse wake function W4(s), which is excited by all

precedingelectronsj is given by 1

d(u =é. qujLWT(i - 1)
j=1
SLAC-AP-103 (LIAR manual)
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Longitudinal Short-RangeWakefields )

< kAERi

Longitudinal wake function W, (s) of the test particle in a bunch is the voltage
lossexperiencedby 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 |, the bunch wake w(s) (= voltage gain for

the testparticle at position s) is given by
Wi(s) = — / W () (s — &) ds’
0

And the minus value of its average —()V) givesthe lossfactor and its rms
W.... givesenergyspreadincrease AFE, .. = eNLW, s
where L is the length of one period cell, N is the number of electronsin the

bunch.
a unit charged particle moving withv ~c

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

a test charged particle with a distances away SLAC-PUB-9798

from the unit charged particle and moving withv ~c TESLA Report 2004-01
TESLA Report 2003-19
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Longitudinal Short-RangeWakefields

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

]

2

. N

Energy Deviation dE [MeV]
o

AN

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

Distance Deviation dz [1mim]

i
 /knerl =

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

- increased nonlinearity in longitudinal
phase space

a unit charged particle moving withv ~c

 e— v

a test charged particle with a distances away
from the unit charged particle and moving withv ~c

SLAC-AP-103 (LIAR manual)
SLAC-PUB-11829
SLAC-PUB-9798
TESLA Report 200401
TESLA Report 2003-19
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Longitudinal Short-RangeWakefields )

< (/ KAERI ™

Longitudinal impedance is the Fourier transformation of the longitudinal
wake function:

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

-
Yokoya's wakefield modelfor periodic linac structure: R
b
- , Z AT \l';_'_'_'_'_'_'_'_'_' T
Wile) = 23 [t Woav/T Wial+ Wiad V] B D—
- \ Z = —=
Wr(s) = :_”_ﬂ [2 + Wi/ + Wral + Wyl \/_] :
B
Wi = —1.6147"12 Wiy = +1.0127%1%° Wiy = —0.231," 1
Wiy = =278 Wiy = 4163771 Wiy = —0.3647™
_Ls _a/X
MR "0
ol
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Wakefield of Two C-band Linac Structures <

e

KAERI

MHI 2 " /3 Mode Gband Structure

average inner radiusa = 6.9535 mm

average outer radiusb = 20.10075 mm

period p=16.6667 mm

iris thicknesst = 2.5 mm

cell number for 2 m structure = 119

attenuation constantU= 0.452

average shunt impedance = 69.5 §/m

filling time = 222 ns

RF pulse length = 0.5 us

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

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

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

iris thicknesst = 4.0 mm

cell number for 2 m structure = 106
attenuation constantU= 0.630
average shunt impedance = 66.1 §/m

disk loaded type linac structure filing time = 333 ns
RF pulse length = 0.5 us

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 forlinac Optimization-XVII,

and Optimization-XVIIl with RF Option -VII, VIII.
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Short-RangeWakefields of Two C-band Structures”

< /kneri =

MHI 2 /3 Mode Gband Structure (red lines in plots below)
This structure is used forSwissFELIlinac Optimization-XIV and Optimization -XV with RF Option -IV.

PSI| 3 /4 Mode CGband Structure (black lines in plots below)

This structure is used forSwissFELIlinac Optimization-XVII, and Optimization -XVIII with RF Option -VII or
RF Option-VIII.

2.0.10'3 T T T T T .| W 1.0x1 0187 T T T T ] W
W 8.0x10M4 | 4 W
1.5%10'5 4
&) <
6.0x10"4 | -
-~ &
= 1.0¢10 a ~
— >
. aoaortL 4
=
=
5.0«10'21
2.0x10"4 4
D
oLy ! L L L4 op ! L L LA
0 2x1 073 4x1 09 6x1 Q3 8x1 072 0] 2x1 073 4x1 03 6x1 03 8x10°°
z (m) z (m)
Long. Wakefield in C-band: 26 MV/m (black) & 28 MV/m (red) Trans. Wakefield in C-band: 26 MV/m (black) & 28 MV/m (red)
both structures have almost same shoimange wakefields!
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Why we need Bunch Compressor? )

( KAERi

A To reducesaturation length of XFEL, we needa high peak current (~ kA).

But normal gunscan not supply sucha high current dueto the longitudinal
spacechargeforce.

A To generatefemtosecondphoton beams,the bunch length of electronbeams
should alsobe femtosecondrange.

A To avoid the longitudinal spacechargeeffect, we haveto compressbunch

length at high energies Y We needthe bunch compressor(s)t oneor two
positionsin linac.

Q =200pC o, =88 pm — 70.8 ym 8.8 pm Switching Yard to FEL2 & FEL3
e-beams
550m  UNDULATOR
INJECT LH X01-02 BCl1  DIAGI] & C-band FODOs C2 DIAG2  7+12 C-band FODOs | (NN AR

MWMMMW{MMHHN%MMM S

FELL @ 5.8 GeV
o A T
100 MV/m 1435 MV/m 200MVim 199 MVim 26.0 MV/m 26.0 MV/m FEL2 :(:?\ 3.4 GeV
51 deg 0 deg 200deg 180 deg -0.8deg +6deg FEL3 @ 2.1 GeV
from zero crossing 16.62 MV/m
0 deo E=407.1MeV E=12032.9MeV E=5800MeV, 55=0.019%
: 05~ 1.38% o5~ 0.306% 0,=219um. o, =219 um. o, =88 pm
Rs;g= 555 mm Rse=20.3 mm g~ 0511 pmsn ~0.354 ym
6=3 82 deg 6=2.15 deg

Lo < 2T A, £y o ice = 0.293 pm

Tar ice = 340 keV for whole bunch
Optimization -XVIII with PSI C -band RF Structures for 2.7 kA
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Working Prinicple of Bunch Compressor (BC) / .

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

LB =0.2m
Tail : : » AL=23m Tﬂ
Y % S o el
Head v Head 0 18 m
Tail Electrons
QD QF QD BM Head Electrons QFQD QF QDQF
' 1.3 m ' 6.8 m ' 2.9m '
e S S e -t
; 1.0 m ;
i >
X—band Correction Cavity, =70 MeV .
from precompressor linac from chicane

Unit—1 C—band Linac, 300 MeV

------------
................
.......
. .
. L]
** T
. LR

dz, =dz + R, (dE/E), + T, (dE/E)? +O((dE/E) ) RO 2qB(DL+ L,)

0. ‘0
. .
v, .
ay .
......
-------
-----------------

whereT,, = 3 R56 for the rectangula bend chlcane
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BC for PSI 250MeV Injector Test Facility d

=

laser beam - o =270 um, AT=99 ps (FWHM), rise & falling time = 0.7 ps Angust 21st, 2009 by Y. Kim
e-beams : Q0 ~02n0C, €y, =0.195 pm, [, =22 A

: ;=840 pm ———— 58 pm v )
GUN TDS1 S-band LINAC X-band BC TDS2 Future EEHG FEL Upgrade

= = = = == = = == =3 s | s [ s | s | = === ==
T NSBOL INSBOJ
=

= 2X5QMs 3FODO

100.0 MV/m 13.59 & 18.86 MV/m 175MVim 212MV/im E=2556MeV Q E=255.5MeV. 0. = 1.665%

37.89 degree 0.0 degree -34 2 degree 180 degree g;~1.674% G.~55 G~ 5; G ~58

from zero crossing AE=-20MeV R;,=468 mm = HIm, Oy Hm, O, Hm
6=141deg Ep~ 0.379 pm, &, ~ 0.350 um

s= 00m 295m 1295m 28.14m 3864m 4247m 47043 m 57543m 6122m

ASTRA up to exit of INSB02 & ELEGANT from exit of INSB02 to consider space chare, CSR, ISR, and wakefields !

T T T T T

67 6| T T T T 6| T T T T
4| 4 4
g 21 g 21 g 21
[ O- L Q L Q
g g g
5 -2 5 -2 B 2]
4 4| 4
6L, | | | i 6L, | | | i 6L, | | | i
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
dz (mm) dz (mm) dz (mm)
Before X0O1 Before BCIT After BCT
— CPE XA 56
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BC for PS| 250MeV Injector Test Facility (c/’i .
) 4.375m | L 075m

BPM
Collimator

BM BM

) 10.5m -

BC1 Dipoles

QMs length =0.25 m

length ~ 0.1 m max bending angle ~ 5 deg @ 250 MeV

max gradient ~ 1.5 T/m
E =255.9 MeV
Sq~ 1.673%
Rs6 = 46.8 mm
g=4.1deg
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Knobs to minimize Emittance Growth @ BC

<)
C /KAERI —

From field tolerance studies, we assumedfollowing dipole field errors in BC
dipoles qb/b,=3.328 103

b,/b, = 1.838 10°

b,/b, =8.708 10°
by/b, = 6.658 10°

b,/b, = 4.808 10°

In this case, the minimum projected emittance can be obtained by
compensatingresidual dispersionwith two small QMs in BC.

0.4,

0.2l
01l E

N
0oL
—0.1].

-0.2L

— CFE A X}2101

120F

100L

80L

: 73
H 2 5
d 1+§(O'22) N (|9| LBJ

75Nﬂk O'j

[L§(1+a2)+9/32 +6a,8LB}

.
S NN NN NN NI NI NN NI NN NN EEE NN NN EE NN EE NN NN EEEEEEEEEEEEEEEEEREEN 3

Lattice optimization to minimize this term

Korea Atomic Energy Researc| h Institute

4’ O T T T T T \7 ax,n
After BC1, zero residual dispersion .
5.9 can be obtained wherkl of QMs S0
_3.01 is -0.04 (1/n%). In this case,
£ o 5 horizontal projected
= T emittance after BC1 also i
s 2.0L becomes its minimum. i
r 1.951 i
* 1.0l ]
0.51L B i
0.0 ‘ o

7(7]“6 70‘.4 70‘.2 -0.0 O.‘Z O.‘4 0.6
Q1 @MBCT.K1 (1 /M?)
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BC for PSI 250MeV Injector Test Faclility =N

(/KAERI
351( ] 400[ I ‘ 250 A ,
peak
o0 |peak ~ 22 A | 520} 1
o 95 o 300 i
£ ] 1 £ 250 |
~ ZO, B ~
— . — 200 i
- -
g I i g 150 j
= 101 E ~ 256 MeV, Q =0.2 nC 1 S 1001 E ~ 256 MeV, Q =0.2 nC |
5 Sq~ 1.67%,s,=840mm Sq~ 1.67%,s,=58mm
- €, 0.35mm, &, ~ 0.35mm 1 501 &,~ 0.38mm, &~ 0.35mm
O*\ | | | | Q* | | |
-2 -1 O 1 7 -0.17 0.0 0.
dz (mm) dz (mm)
Before BC] After BC]
__1.0[ | | | 1 1.0 | | | ]
- -
— 0.8 j — 0.8( j
< <
o 0.6 i o 0.6l i
@) @)
- -
@) @)
= 0.4] | = 0.4} ]
- -
© 0.2 | Y 0.2 ]
© ©
© ©
» 0.0L | w 0.0L j
-2 -1 O 1 7 -0.2 -0.17 0.0 0. 0.2
—?%?Exgﬁﬁhﬁ%’ < Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAER| & UST —
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Considerations- ISR in Dipole G5 —

Incoherent Synchrotron Radiation (ISR) is generatedwhen relativistic long beamgoes
through dipole magnet Since ISR is a random quantum process, it generates
incoherent (= slice, or uncorrelated) energy spread, henceslice emittance growth in

the bending plane. For onedipole magnet,the relative uncorrelated energy spreaddue

to ISR is given by

sa’, ISR, 1dipole

° iJ (4132 10" 'm* dBeV*)E®g5) .
B

Sliceemittancegrowth dueto ISR is given by

gDL+L )+bmax-|3-b H for chicane

Dg £° 83 10 E6‘ZB
B

I:)ISR ’ Nb

- lower energy
- longer dipole
- smaller bending angle

/—\ Electron path ~ are good against ISR effects
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Considerations- CSR in BC ~)

6. / KAERI

In BC where dispersionis nonzerg, bunch length becomessmaller.
Short electron bunchesin dipole canradiate coherently (CSR) at wavelength / 2 s,
CSRfrom tail electronscanovertake headelectronsafter the overtaking length.

Lor © (2452R2)1/3 where s, is rms bunch length, R is bending radius.

EPAC2004 THYCHO1
EPAC2002 WEPRI029
NIMA 398 (1997) 373394
SLAC-PUB-7554

| PRST-AB 4, 070701 (2001)
o CSR from tall PRST-AB 12, 030704 (2009)

Pesk Np /_\ Electron path

CSR generatescorrelated energy spreadalong whole bunch:

r.NL De bal, & 1b&L, @&
S 1dipole ° 0.22—F Y —0 \/1+—é?1 sd8 - 10 ——éae—Bsdg
R*°s,""g & &¢R "+ 26¢R "+p ginec
Electrons are transverselykicked at the nonzerodispersionregion or in BC h dE
Hence,projected emittanceis increasedin BC dueto CSR. “E
61
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Considerations- CSR in BC ~)

(//KAERI —
Without CSR selfinteraction Courtesy of M. Dohlus
RS i e
ﬁ 7 $1 mm | I

Head with lower energy h, , 0inBC

DM1 DM2 DM3 DM4 Sy +h dE
. S TE

\_‘\R__._
Tm Projected emittance growth due to CSR

With CSR selfinteraction Head : energy gain by CSR

A ' T T T T \

5S due to CSR -

, 0inBC
dE

o
[da)

Tail : energy

y4

v

spreading due to
P g 62
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Considerationsi CSR for None Uniform Beams(r/ <

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

enhanceddue to the local charge concentration. If uncorrelated energy spread is

smaller, the local charge concentration becomesstronger and CSR force alsobecomes
stronger. (R. Li, LINAC 2000

a’ d 0 Courtesy of Dr. R. Li
un,
2.0
----- A (¢) for a=0.1 i\
1.5 " X (9) for a=0.2 L~
e . Cmpr _ A i
? A (qS) for a=0.5 i I )
: — )\ P(¢) for a=0 ~ -]
~ 1.0 &auss S - Nk
S ©) Iy < ot o | 3
= El L? A F@ (¢) for a=0.1 1| ]
05 =~ 1t - I Fo "P(¢) for a=0.2 ‘-\ !
B : 6] =" FE) fora05 || ]
— B @)
0.0 ' 3 , | ,
4 -4 -2 0 2
log Blog

[Longitudinal Charge Distribution and CSR force for a compressed bunch]
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< ns ==

z=1.288m
longitudinal electric field

z=1.288m
longitudinal electric field

Considerations- Nonlinearities due LSC

ASTRA Simulation Results with SpaceCharge - PSI| SwissFEL Injector

ﬁqE(z)dz ) at the 'head

L I
10 0 10—
w29
T T
(=== =]
1w o w o |- — 7 T T T T T T e T T T Tay T T T T
S S Toe
—{uu o K
Iororarﬁr . A N S
TERE
_ _ |||||||||||||||||||||

|||||||||||||||||||||

|||||||||||||||||||||||

T

|

|

|

|

|

|

|

|

|

|

|

|
of |

|

|

|

|

|

|

|

|

|
b

K
ool

bogureseds

50

35
o0

-”

Strong nonlinearities in the energy distribution(

64

2
Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI & UST se—

15

100MeV

longitudinal cell = 20

Q=200pC
radial ring
radial variable

E

6.652MeV
Atomic Energy Research Institute

Korea

s,= 946mm, s,= 946mm, s, = 828mMm

e,= 0.75mm, €= 0.75mMn
I peak 20 A!en,core,slice“' 0.266mm

Q= 200pC

E

and trail regions are generateddue to the Longitudinal Space Charge (LSC).
s4= 0.16%
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Space Charge Effects in BCs ~)

< / kAERi —

6 GeV, XFEL/SPring-8 CDR Version

Q =0.4nC e-beam 6,=1.03mm ——— 57 um 8.8 um

INJECTOR ' 11 FODOs

m UNDULATOR, ~100 m
NIRRT EEREIDOUSLEREOD LD RR AN
[T T

306
GUN CHOP SHB BOOST S1AB E-FILT S1CD  S2 S3 XC BCl Cl C2 C3 C4 BC2 C5C6 C7C8 C9Cl0 C47C48

AB PROJECTED PARAMETERS
E =495 MeV E =446 MeV E=791 MeV E=6.1GeV
0.~ 3.3% 14.8 MV/m 63MV/m o | ggoy 31.8 MV/m o~ 1.27% 34,0 MV/m a. = 0.04%
’ -17 deg 180 deg R;=49.2 mm -40.5 deg R;:B.S mm 0deg G::83 wm, 6,= 83 um, o_ = 8.8 um
30SEPO4 Version by Y. Kim =36 deg 0= 1.0 deg €,=3.2 um, £,= 1.6 um
5x1D'T
e ] | Slice Emittance Growth at BCs
45 ___________ i_ ___________ i_ ___________ hDrng (R —]
, , ror gm0 SwissFELBC1 @ 250MeV
_ ) R | S S, . h0r|9|993m A O | Q — ZOOpC
sl o B L 1 | Peak Current = 350 A
: A st @ [ ELEGANT (Y. Kim) & CSRTrack (B. Beutner)
R e L4 crosschecking on space charge effect at BC.
oY S A §
15 1 05 0 0s 1 156

longitudinal [m] win?

We found that slice emittance can be increased at the 3rd BC (here notation = BC2
due to space charge forc# beam energy is low there.
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Considerations- Nonlinearities due to RF

dz, =dz + R (dE/E). +T..(dE/E)?+O((dE/E),)

10
8_ .....................
6

Z 4

=

o

= 0

g

g,

P4

=6

3

]
-10
12 b
14

... Blue : After BC for different compression

-1.6-1.4 -1

2 -1

08-06-04-02 0 02 04 06 08

Distance Deviation dz [mm)]

|

|

2 14 1.6

' o .
 (
\

C /KAERI =

nonlinearity due to RF curvature

Without higher harmonic compensation cavity, nonlinearity in dz-dE chirping
becomesstronger after BC, and there is somelocal charge concentrationin very small
local region. This nonlinearity by RF curvature makesfemtosecondspike at FLASH.
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Considerationsi Nonlinearities 5 Q)
/KAERI ©

A Linearization of longitudinal phase space with a higher harmonic cavity

a + 0 - -
@ g =0\ eL=-GL/nees, (RS

d(dzz) G d(dzz) 42,0 . . :
? - means deceleration !
where GL, is the energygain of the higher harmonic cavity, GL, is energy

gainof the lower frequency linac,and n is the harmonicnumber.

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

400 Linear range ~ 60 degree

60 deg in 2856 MHz ~ 60 ps (18 mm)
60 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

eleration

Beam Energy [MeV]

(> Only C-band Linac

C-band Linac + X-band Correction Cavity

2300 feo “SCSS BC e i

-400 i i i
Nonlinearities in the longitudinal phase space due to RF curvature, short-range
wakefields T566, and spacechargeforce can be compensatedoy a harmonic cavity.

O/
(o} 290 . . . o i
— H%?‘—"}E;‘Jh?% Yujong Kim for Agentic Al, Physical Al, and Superfacility for Accelerators @ KAERI| & UST e—




Energy (MeV)

Nonlinearity Compensation with 3¢ Harmonic (r/,ﬂ _

Linear range of original ILC compensationlayout (1300MHz + 3900MHz)
IS very closeto the initial bunch length of 6.0 mm (RMS). With this layout,
we can not compensatethe nonlinearity well if the initial bunch length is 9.0
mm (RMS) for the ILC first BC.

s cos(((x+4(|§))/180,0)*[§)i)-(1/9.0 %cos((40/1:80.0)*pi)*Los(3*(x/l?so.())*pi)? 60 deg (FW) in 1300 MHz Linac
3 | N E - corresponding to 126 ps (FW)
- corresponding to 37.8 mm (FW)
- corresponding to 6.3 mm (RMS)
(close to current(l, = 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 (RMS)
(wider than (,=9.0 mm)

- corresponding 39 harmonic

~60d f d tIRFf 3 3
‘ eg in fun amen a requency — 1950 MHZ
Alternative ILC BC
-1.5 : : : ' ' ' ' Here Full Width (FW)
200 -150 -100 -50 0 50 100 150 200
- ~ six times of RMS
ase (deg)
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Nonlinearity Compensation with 24 Harmonic

L. / KAERI

Linear range of a new ILC compensationlayout (650MHz + 1300MHz) is a
wide range of 85 deg With this layout, we can compensatethe nonlinearity
properly eventhough the initial bunch lengthis 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)

85 deq (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 ford, = 9.0 mm)

85 deq (FW) in 650 MHz Linac

Energy (MeV)

Alternative ILC BC

- ~85 dieg in fundamenta? RF freqfaency

15 5 ‘

-200 -150 -100 -50 0 50 100 150

Phase (deg)

- 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 29 harmonic
= 1300 MHz

Here Full Width (FW)
~ six times of RMS
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Considerationsi Twiss Parameters around BCs -

/waeri

A Strong focusing lattice around BCgo reduce CSR induced emittance growth

0.8 250 | ‘ ‘ By
y Sm : : : :
0.6l 2001 Il Strong focusing against CSR 7721 Before _BC
Bl a-functions ~ 0 T |
0.4[~ 150| b-functions ~ 3 < ]
E - 2|
T 020 100¢ - 1 -3 2 -1 0 1 2 3
| “ a x (mm)
0.0L 3 ; : : :
2. After BC1
1L
-Q.2 R G e
O | s < | TS | m E oL
o0 100 120 200 = -
. N =20
ST i S
. 2 2.0 5 s 3L . . ‘ ‘ ‘ d
0.22 N 6] L : 3 2 1 0 1 2 3
£ 5 1+§( ) le | | £ [L§(1+a2)+9ﬁ2+6aﬁLB} : x (mm)
& 36 penf| ol
:................: ........ -“"-"":""."“":":"-:""“];.' .................. : Y. Kim, NIMA 528 (2004) 421426
Lattice optimization to minimize this term SLAC-R-593, Chapter 7
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BC2 Optics of SwissFELOPT-XVII

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

Korea Atomic Energy Reseal

0.8L 120
0.6. 100
0.4 30
© 0.2LE s0L
I
& *
0.0L.%2 40
-0.2L 20L
0.4 | O
— O X201

rch Institute

LINAC1

focusing optics around BC2
maximum b, < 80 m

l

|

/\f_l

horizontal phase advance per FO

By

Dchu’}?:z‘JSQeg

vertical phase advance per FODO cell = 25 deg
3 m long space for a vertical deftecting TDS installation
2 m long space for a horizontal deflecting TDS installation

LINAC2

phase advance per FODO cell 6() deg

maximum b, , < 17.4 m (much sn

I

120

140 160

180 200 220 240 260 280

s (m)

aller than OptimizationXIV & XV)
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Considerationsi Compression Ratio at BCs (r/ﬂ _

A Longer bunch length at BCle=) weaker CSR at BC1
stronger compression factor at BC1: 10 12

A Shorter bunch length at BC2) strongeCSR at BC2
weaker compression factor at BC2: 58

BC1 LINAC1 BC2 LINAC2 SY LINAC3
10000 T T T T I o
ot~ 11 o111 oy | ygugugnannngugng |- s
800 L i
BC1:8380m Y 70.8 |Om
c 600} < Compression factor = 11.8 i
3
o 400 ) | SwissFELOPT-XVII
© i BC2 70.8 Om Y 133 Om
Compression factor = 5.3 5251%0%,?\/ s’ysz" :1520;151/S= 13.9mm
200 / €~ 0.392mm, e, ~ 0.354mm
i ] Ipeak< 1.6 kA' en,core,slice< 0.292mm
" Sdesice< 233keV for whole bunch
O =1 | \1| | | (
9 100 200 500 400 500
s (m) 72
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Considerationsi Linac Length & Wakefields (r/ﬂ _

A Shorter linac between BC1 and BC4s better to control over-compression
and CSR at BC2due to the shortrange longitudinal wake fields.

Courtesy of P. Emma

BC2 for LCLS
. '.—m.SZ.O‘.74.5 .% s E“.:4'54. Ge\fI Prl-msle_'I 55 malay
= after L2
. EB 0.0 E, g
L2 = 330 m long linac §as
LO O£§2 OTR‘I 2 ¢ OTR Screen OTR22 o 200 400 sew mga 1000 @ 0.4 0.2 0.0 Q.2 0-0—0.4 -0.2 0.0 0.2

L1X L mE=0.735 % N Eg=4.54 Gev rms=0.023 mm

,,,,,, - = 2 i E, n.o E. o

DL1 BC1 L2-linac BC2 L3-linac BSY | - R

135 MeV 250 MeV 4.3 GeV 14 GeV e -

Over-compression after BC2 due to strong longitudinal shortange wakefieldsin the
330 m long L2linac generates large project emittance growth at BC2.

Please note that we can meet the same situation if lengthliofac between the 1st BC and

the last BC is too long.
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Considerations- No of Dipoles and BC stages

ACC39

6. / KAERI "

FLASH Facilig at DESY TESLA Test Facilitx Phase 2 ‘TTFZZ

BC2

BYPASS

REGUN ACCL < V¥ ACC2 ACC3 ACC4 ACC5 ACC6 LOLA 3‘: :E DUMP
COLLIMATOR seeping UNDULATOR

~— 6x107°°L

5x107°L

4x107°8L

3x1 0761

2x1076L

1x1076L

NormalizedEmittance-x (m

strong slice emittance growth !

6-bends Stype chicane

-5x1 0713 O 5x1071"3
Time position (s)

/~

NormalizedEmittance-x (m

6x10°°L

5x107°L

4x107°8L

3x1 0761

2x1076L

1x1076L

0

no strong slice emlttance growth !

~ 4-bends normal chicane

-5x10713 O 5] O -
Time position (s)

From the TTF2/FLASH S2E Simulations on the microbunching instability, we found that S-type
chicaneis more dangerousagainstthe microbunching instability due to two additional dipoles
When a 2.0 ps 20% current density modulation is applied at the cathode,we got thoseresults at
TTF2/FLASH BC3. No more S-type chicaneBC for XFEL project !

— PP M XA

Korea Atomic Energy Researc| h Institute
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First Observations ofnBl .

Observed Microstructures at SDL & TTF1

Under Comressin Under Compression

‘ _,[_ c::.—al

DUV FEL @ SDL in BNL
W.S. Graves, et al., PAC 2001, p. 2860 M. Huning et al., NIM A 475 (2001) p. 348

TTF1 FEL @ DESY

Under No Compression

Q,=30pC
GHeE

Under No Compression

Q,~20pC ; | | 9

DUV FEL @ SDL in BNL DUV FEL @ SDL in BNL

T. Shaftan, 2ndnBl workshop

nBl is much stronger with a lower charge under no compression !
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LSC & CSR Microbunching Instability (74_
- p

by longitudinal space charge forcgLSC) in the drift & linac
by coherent synchrotron radiation (CSR) in the bunch compressor
by the geometric wakefieldsin Linac

- )

|n|t|a| current Induced
_density modulation I energy modulation

]

dz = dz +R{dE/E);in BC

normalized amp. of current densityz\

Gain = : ;
normalized amp. of current denlstyl\
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Laser Driven LSC nBIl at FLASH (;fi_

d,=2.09 mm  —— 339um > GiMm BYPASS
BC2 BC3
RFGUN ACC1 ACC39 ACC2 ACC3 ACC4 ACC5 ACC6 LOLA
. S = S S
E =120.9 MeV E =437.9MeV COLLIMATOR  SEEDING UNDULATOR
Rsg = 169.9 mm R,5 =48.7 mm
fi; =1.03% {iy =0.57%

U =175deg o -38‘1; 2.0 ps modulation with 1.5 million particles

(Yujong Kim et al, EPAC2004)

T1300

200

—100.

periodic due to laser modulation

| | | | 1

-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

dt (ps) dt (ps)
After BC3 with 2.0 ps 2.5% modulation and with CSR After BC3 with 2.0 ps 20% modulation and with CSR

Gain of Laser Driven nBl at FLASH is not so high !!!
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Shot Noise in Electron Beams (r/ <

Shot Noise in Electron Beams

. fluctuation of discontinuous and randomly quantized electrons.
., all electron bunches coming from cathodes have such a shot noise.
. Itis a broad bandwidth noise and it has a much shorter modulation period than

that of the gun driving laser beam modulation.

Aperiod of 1D laserdriven uBI > 200fs range (modulation wavelength> 60 um, low frequency region)
Aperiod of 3D shotnoisedriven puBI < 3 fs range (modulation wavelength< 1 pm, high frequency region)

. It makes a coupling between longitudinal and transverse planes.
., according to 3D shot noise model, radial correlation between electrons becomes
weaker when frequency is increased (higher gain of 3D shot noise driven uBl).
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shot noise = fluctuation of quantized electrons at a time t
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Situation of COTR at LCLS jore
- - “‘/'KAERI —
COTR Observations

B OTRZ2: Linear with charge OTRS L2342

E OTR12, BC1 off Enhanced by ~4-6.
beam size changes

B OTR12, BC1 on: Enhanced by <100,
transverse structure ‘\ i

E OTR22,BC1&2 on: Enhanced by <109,
break up, rings

460

¥ (Pixaly

540

G20 G40 ilali] 880 ] 720 740

Courtesy ofH. Loos « P

L0 0'552 OTR12 #OTRScreen (OTR22
L1X

DL1 BC1 L2-linac BC2 L3-linac BSY
135 MeV 250 MeV 4.3 GeV 14 GeV
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Situation of COTRatLCLS -~

Courtesy ofH. Loos

COTR Observations of Doughnut-like Shapes

20 40 60 20 40 60 20 40 60
OTR12, downstream of BC1

20 20 a ;
0 II
'\ 40 40 !
60 60

20 40 60 20 40 60 20 40 60
Shot to shot samples, 300pC, max compression w/ L1S & L1X

20
40

60
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Design Concepts of BCs for XFELsS ~)

(\//KAERI —
A Somewhat large energgpread at BC1- smaller Ry, but g, |K|L,, < €
A Somewhat long drift spaceyl to reduce bending angldor a required Ry

dz, =dz + R, (dE/ E), +T,ei(dE/ E)? + O((dE/ E),?) R, © 2q§(DL+§ L)
whereT,, = - gR% for the rectangula bend chicane.
A Lower Q against CSR,wakefield, and space charges, ;. © 0.22 ;esN"jS

A Uniform current profile from RF photoinjector (no velocity bunching) *
A Longitudinal phase space linearizatiorwith a higher harmonic cavity

A Wide good dipole field regionagainst higher order field errors

A Small dipole roll error tolerance against the vertical CSR effects

A Balancing compression factors at BCs (higher @ BC1 & lower @ BC2)
A Tight tolerance of power supply current dl/l < 10 ppm (rms)

A Sufficient energyagainst space charge and COTR

A FOCUSIr]g Opth%.round BCS | (022)2r62N2(|9|5L8J273|:2 ........ 2 ......... 2 ......................
+r LB(1+a )+9ﬂ +6a,6’LB}
P 36 | o

---------------------------------------------------------------------------------

Lattice optimization to minimize this term 81
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Design Concepts of BCs for XFELsS fg,

e (| KAERI

A To avoid too tight RF jitter tolerances,choosethe near on-crest RF phases
and smaller bunch length compressionfactors if possible

A To minimize CSR, keepsomewhathigh energyspreadsat BCs for weak
strength chicanesbut keepll; 01.4% @ BC1, (1;00.35% @ BC2 to avoid
chromatic effectsand to relax RF jitter tolerances(SwissFELcase)

A BCswith too many stages(ex, three stagebunch compressors)may increase

microbunching instabilities and COTR.
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FODO Lattice <4

el

™
( KAERI

The most simplest lattice block of modern accelerators = a pair of QF and QD.
FODO cell = a simplest periodic lattice block with QF, O, QD, and O in a cell.
Here O can be a drift space, a bending magnetindulator, or linac structure.

If the horizontal plane has a FODO cell, the vertical has a DOFO cell.

Betatron phase advances fok and y planes can be different (Se&wissFELDBC1).

QF -Band Tube QD -b&nd Tube

0.7 m long diagnostic section

d »
T - T

4.3 m long Sband tube

4.3 m long Sband tube
I ————

22 MV/m 22 MV/m
| 0.15 m long QM 0.15 m long QM |

P
|‘

Length of One FODO Cell with TwoLinac Structures =1 =10.3 m

A 4
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FODO Lattice

)
(%AERI —
To find the maximum and minimum b-function and phase advance of a FODO cell
l