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|. Beam Cavity Interaction

 Beam excites EM modes, described by

- Resonating frequency 2 : , :

| 4 |
w 1 | 1 . | 1 =
- Quality factor Q= Wy — = I . L S \<
Ddiss = — §°_">\ . Zop | //Cj
- Shunt impedance = Gett [€©2/m] A ’ ’41 R ——— |
e \
pdiss 72'0.2 0 0.2 0.4 0.6 0.8 1 72—0.2 0 0.2 0.4 O.G‘ 0.8 1 7270.2 0 0.2 0.4 0.6 0.8 1
Z/L [ 2/L [ ZL[H

> Particle flying through a cavity and leaving an EM field behind it (excited mode).
» Ideally, cavities exhibit low Qnomand high Qeu

« The TMos induced excitation lasts for a long time:
. froct L Beam Loading Effect:
ong range etrec ~ | Reduction of available accelerating gradient
- Accumulated from bunch to bunch Due to beam — cavity interaction

_/
[1] Chao A. Physics of collective beam instabilities in high energy particle accelerators. New York, US: John Wiley and Sons (1993).
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. Power-Diffusion PDE

From Poynting Theorem: Gradient reduction PDE: ﬁ

aG aG v a(T/Q) w a’U G W’I"i ‘ '"“""“""“""“"E E. ________________
TW _—— = I — 9 —_ —g —_ D Input power Energy transfer to beam
ot~ "oz T ( 7jQ 0z Q@ 9:)2 " 20 e

,/
Stored Energy

Beam Loading term

oG wG  w G? wt wrl
_— =4 —— — unloaded 1 _ exp — | + — > Energy balance schematics for an accelerating
ot Q 2 2Q G 2Q 2Q structure
Common features: Beam Loading term

- Beam Loading term: Decelerating gradient dependent on Intensity (i.e charge).

- Quasi-static approximation - Admitted temporal dependency of phasors — G depends on t

Expansion of the expressions found in:

[3] Leiss JE. Beam Loading and Transient behavior in travelling wave electron linear accelerators. In: PM Lapostolle, editor. Linear accelerators.
Amsterdam, Holland: A.L. North Holland Publishing Company (1970). p. 147-72.

[4] Lunin A, Yakovlev V, Grudiev A. Analytical solutions for transient and steady-state beam loading in arbitrary travelling wave accelerating structures.
Phys Rev Spec Top Accel Beams (2011) 14:05.
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ll. BL in RF-Track

* Particle tracking code developed at CERN
- Allows integration of motion of arbitrary charged particles in user-provided 3D fieldmaps
- C++; GSL & FFTW libraries; Octave and Python interface

« Beam Loading Module:

- Based on numerical resolution of Power-Diffusion PDEs (Finite-Difference Method)

1 dv dr/Q vg(2n) w vg(zn) 1
\ Bn) =3 d—zg . + dz |, Zr;Q(zn) C2Q(z,) gAz At
G(n’ m) = G(Zna tM) wé(zn)f(zn,tm)
y * C(n,m) = 5
m K
At\ ™ Gn,m+1) =G(n,m)AtB(n) + At%in)G(n —1,m)—C(n,m)
| Az
< » wAt Pinput
. SW G(n,m+1)=G(n,m) (1_2Q(n)) —C(n,m)+Tp

[5] A. Latina. RF-Track Reference Manual. CERN, Geneva, Switzerland, June 2020 DOI: 10.5281/zenod0.3887085
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Il. Transient Gradient Reduction — CLIC AS

Reliable gradient reduction calculation

(A)
130 |

120 |

70 |

60 L :

0 005 O.

(A) CLIC main AS gradient reduction for a train of

1 0.15 0.2

z [m]

I = 1.02A and length of 152 ns. Theoretical

calculation. Fig. from [4]

(B)

130

120 ¢
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—t=0.0
r|= -t=16ns
- -t=33ns
= -t=50ns

=t =66 ns

0 50 100 150 200

z [mm]

(B) CLIC main Accelerating structure gradient
reduction for a train of | = 1.02A and length of 152 ns

250

Magnitude Units Value
T/ Qaverage Q/m 16178
Qaverage - 5636
Ugaverage ¢/100 1.21
fo GHz 12.00
fo/ fo - 6
Nbunches - 312
o mm/c 0.3
(I) A 1.20
terain ns 152.0

[4] Lunin A, Yakovlev V, Grudiev A. Analytical solutions for transient and steady-state beam loading in arbitrary travelling wave accelerating structures.

Phys Rev Spec Top Accel Beams (2011) 14:05.
[6] Aicheler M, Burrows P, Draper M, Garvey T, Lebrun P, Peach K, et al. A Multi-TeV linear collider based on CLIC technology: CLIC Conceptual

Design Report. Menlo Park, CA, United States: SLAC National Accelerator Lab (2014).

> CLIC main Accelerating structure
gradient details [4,6]

Ml'
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Il. Tracking algorithm with BL

« 2 different strategies depending on particle v

- Ultrarelativistic bunches:

e Solve G prior to tracking (Finite differences)
* Ea(31) = Re |Gz, 1)el (HEm )=o)
* Apply F. = qF.(2part, tpart) (Cubic interpolation)

- Relativistic bunches:

« Intensity depends on particle’s velocity:  I(z,t) = B,(z,t) q;::;h
* Therefore, gradient reduction depends on instantaneous bunch info

G is solved on the fly

[7] Olivares Herrador J, Latina A, Aksoy A, Fuster Martinez N, Gimeno B and Esperante D (2024), Implementation of the beam-loading effect in the tracking code RF-
track based on a power-diffusive model. Front. Phys. 12:1348042. doi: 10.3389/fphy.2024.1348042
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ll. Bunch-to-bunch effect — CLIC PETS

Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

Intensity along cells (dt = T_ /4, #Bunches = 0) Intensity along cells (dt = T__/4, #Bunches = 3) S S
B RF Magnitude Units Value
300 f E 300 J T/Qaverage Q/Hl 2294
< 200 r E g 200 i Qaverage - 7200
S _3 Vgaverage  ¢/100  45.3
b 1 fo GHz  12.00
0 = ) * + 0 . ! *
0 50 100 150 200 0 50 100 150 200 fO/fb - 1
z [mm] z [mm] Nounches - 2928
Effective electric field along cells att = 0 ns Effective electric field along cells at t = 0.25013 ns o mm / c 1.0
0 O v T T T *
T 4 = 2[ (I) A 101
S 6t S 6} Ey MeV 2400
ey 2 8}
.10 f 510 . .
B [ (P g | > PETS gradient details [6]
-14 1 1 1 1 -14 ¢ 1 1 1 I
0 50 100 150 200 0 50 100 150 200
z [mm] z [mm]
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ll. Bunch-to-bunch effect — CLIC PETS

Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

Intensity along cells (dt = TRF/4, #Bunches = 3)

ay Al

300
<
200
100
" .
0 50

100 150 200
z [mm]
Effective electric field along cells at t = 0.25013 ns

0 v
— _2 I
E 47
S 6}
2 8f
=10 1
w2}
14t ; i : i
0 50 100 150 200

z [mm]

Intensity along cells (dt = TRF/4, #Bunches = 7)

ay Al

300 ;
<
200 ;
100 ;
50 150 200

100
z [mm]
Effective electric field along cells at t = 0.62533 ns

eff

E _[MV/m]
ol f— S R

Magnitude Units Value
T/Qaverage Q/Hl 2294
Qaverage - 7200
Vgaverage ¢/100 45.3
fo GHz 12.00
fo/ fo - 1
N bunches - 2928
o mm/c 1.0
(I) A 101
Ey MeV 2400

0 50 100 150 200
z [mm]

> PETS gradient details [6]
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ll. Bunch-to-bunch effect — CLIC PETS

Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

Intensity along cells (dt = T__/4, #Bunches = 7 Intensity along cells (dt = T_ /4, #Bunches = 14) . .
yalong celn(dt=Teg ) RF Magnitude Units Value

ay Al

300 J 300 T/Qaverage Q/m 2294
< 200 : = 200 Qaverage - 7200
_s . Ugaverage c/lOO 45.3
100 y L fo GHz 12.00
0 5lo : 1éo 2(l)o ° 50 150 200 Ji 0/ Jo 1

0 _
100 100

z [mm] . .2 [mm] Nbunches - 2928
Effective electric field along cells at t = 0.62533 ns Effective electric field along cells at t = 1.1673 ns / 1.0
0 : e E 0 - ' : . g mmy/c .
= 2f = 2f (I) A 101
S 6f S 6} Ey MeV 2400
ey 2 8}
=10} =10 } . .
o L (P g | > PETS gradient details [6]
-14 1 1 1 1 -14 ¢ 1 1 1 I
0 50 100 150 200 0 50 100 150 200
z [mm] z [mm]

@
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ll. Bunch-to-bunch effect — CLIC PETS

Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

Intensity along cells (dt = T__/4, #Bunches = 14 Intensity along cells (dt = T_ /4, #Bunches = 21) . -
yelongicol (I =Ty ) RF Magnitude Units Value
- - T/ Qaverage Q/m 2294
g 200 E 200 Qaverage - 7200
_3 _3 Vgaverage  ¢/100  45.3
100 g fo GHz 12.00
0 0 . - . . _
0 50 100 150 200 0 50 100 150 200 f 0/ o 1
z [mm] . 2 [mm] Nbunches - 2928
Effective electric field along cells at t = 1.1673 ns Effective electric field along cells at t = 1.7718 ns o mm /C 1.0
0 re ; . . . 0 T T T T :
= 2 = 2 (I) A 101
S 6t S 6 Ey MeV 2400
2 s} 2 8
=10 | .10 . .
o L i 15 > PETS gradient details [6]
-14 1 1 1 1 -14 i I i H
0 50 100 150 200 0 50 100 150 200
z [mm] z [mm]
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ll. Bunch-to-bunch effect — CLIC PETS

Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

Intensity along cells (dt = T__/4, #Bunches = 21 Intensity along cells (dt = T, /4, #Bunches = 28) T :
yelong el (I =Ty ) RF Magnitude Units Value
300 300 ] T/Qaverage Q/m 2294
< 200 = 200 i Qaverage - 7200
_& _& Vgaverage  ¢/100 453
100 g fo GHz 12.00
0 : - : : 0 . - : - }
0 50 100 150 200 0 50 100 150 200 f 0/ fo 1
z [mm] Cells [mm] Nbunches - 29928
Effective electric field along cells at t = 1.7718 ns Effective electric field along cells at t = 2.3763 ns o mm /C 1.0
0 0 " : s : .
= 'i = 'i I (I > A 101
z 6 > 6f Ey MeV 2400
2 8 2 8f
= =10} . .
T i” 2ol > PETS gradient details [6]
14 14 ¢ , ; ; ;
0 50 100 150 200
z [mm] z[mm]
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ll. Bunch-to-bunch effect — CLIC PETS

* Transient tracking

- PETS: Power Extraction and Transfer Structures. — Deceleration due to BL

(A)

2500
2000 f i

1500 1 ‘

E [MeV]

1000 |

500 |

0

|
"lnn

Initial energy
Final energy

0.5 1

1.5
tieave [NS]

2 25

(A) Beam Energy after 20 bunches go through

1492 PETS.

(B)

600

500

E [MeV]
i
3

300

200

229

(B) Beam Energy of the 20" bunch after 1492 PETS.

2.295 2.3 2.305

t leave [n S]

[8] Erik Adli (2009). A Study of the Beam Physics in the CLIC Drive Beam Decelerator. PhD Thesis.

_ -127() - -Zg7r11111
n Eq
Eorn [MeV] 241.6
NMPLACET | /0] 90.0
% [%0] 89.7
) [%] 0.67
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lll. BL measurements at CLEAR

Klystron (MKS31)

Klystron (MKS15)

5@

Klystron (MKS11)
),

Dipole Matching )
Section 1
To uséll \ \‘ . ] . il N C
beamline e p [ PP REEEIEE L EI oL .
ACS 0270 ACS 0250 ACS 0230
f\\ T EOS \ ] \ /l T T T T
T Transv. diagn. Longit. diagn. Acc. structures Corrector Buncher BPM ICT RF-GUN
VESPER
Magnitude Units Value Magnitude Units Value
T/Qaverage Q/m 4400 T/Qaverage Q/Hl 3765
Qaverage - 15000 Qaverage - 5920
fo GHz 3.00 fo GHz 3.00
fo/ fo - 2 fo/ fo - 2
Nbunches - 150 Nbunches - 150
o mm/c 1.0 o mm/c 1.0
> CLEAR SW photoinjector information

>CLEAR TW structures information

[9] CLEAR Official Website [Accessed October 2023]. https://clear.cern/content/beam-line-description

14
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lll. BL in CLEAR photo-injector

Train of 150 bunches with variable charge (Quunch) per bunch; f, = fre/2

Gun voltage -- raw

Unloaded reference
Loaded measurement
Difference

MY
L]

Max Vbeam = 0.17 MV
Q bunch = 299.68 pC

-1

t[ns]

> Voltage measurement at the gun loop in CLEAR
photo-injector.

0 2000 4000 6000 8000 10000

Eiss B [keV]

(A) (B)
250 - . 250 : : —
1 Experimental » RF-Track .
— _Fit- - ot ——-Fit- Egssg.=ma+n}”
200 | Fit E|OSS BL=M q/-l/- n 200 + loss BL Q/
/// — ‘//
> b
150 l({){% 2 150 i
A o
/ ] P
100 ; + 8100 i
¥ ‘
50 t X 50 t
m = (0,56 = 0,03) keV/pC m = (0,577 £ 0,024) keV/pC
r? =0,9991 r% = 0,998
0 : 0 .

100 200 300 400

Obunch [pC]

200 300 400
Qbunch [PC]

(B) Beam Loading Energy Spread induced in a train
of 150 bunches as a function of charge (RF-Track)

(A) Beam Loading Energy Spread induced in a train
of 150 bunches as a function of charge
(measurement at CLEAR)

19.03.2024
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lll. BL measurements in VESPER (after Tw + sw)

e Train of 50 bunches with variable charge (Quunch) per bunch; f, = fre/2

(A) (B)
Spectrometer BTV0420 194 T T T 194
N " m = (—22,5 £ 2,4) keV/pC m = (—23,67 £ 0,17) keV /pC
= 192 1 - 2 192 9
£ 0 e r* =0,98 s T =10,9990
> 190 Ny i
g} i * 7 o | 1 90 \‘x a
5 % \{\\\E\_\} % \\.\
178 180 182 184 E]tﬁfev]lss 190 192 194 z 188 \{.,\- : z 188 "\-\.‘\\‘- |
Energy distribution Lﬁ { \}\“\} Lﬁ REL
I I ' k= Vv e
0.015 | i Mean E = 191.1&9 MeV 186 1 \}\E\i\ | 186 1 B |
«—  0.01r i nge = 7.q}31 eV 184 | I Experimental . 184 | T RETrack \\\_
0.005 } E sigma = 8? MeV - Fit:<E> = m*q +n ——Ft:<E> = m*q +n
0778 180 182 184 186 1‘a‘38 190 192 1s|34‘ 182 I I I ka2 ) : ‘
0 100 200 300 400 100 200 300 400

E [MeV]

Ubunch [DC]

Qbunch [PCI

(B) Beam Loading Energy Spread induced in a train

> Spectrometer image and energy distribution for a train of
of 150 bunches as a function of charge (RF-Track)

13 bunches @ VESPER (A) Beam Loading Energy Spread induced in a train

of 150 bunches as a function of charge
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IV. BL compensation - Photocathode

BL can be compensated with early injection of the particles

- RF-Track allows the simulation of this scenario

Voltage cycle for the injector. tj/t;= 1.5 Beam Energy after photoinjector
7 ' 7
Beam Energy after photoinjector for bunch = 50
6 L i 6 L 3.88
3.86
5 5 - 3.84
3 382
— < =3
=>4 — Loaded | %4§umumumamamumaaw”
E E 3.78
— — Unloaded =4 T
> 3r T T 3761
oL Long range Energy Spread = 0.01 MeV| 2+ es m ms 1785
t[mm/c
1H 1
0 : ‘ : ‘ 0 ' ' ' ' '
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
t[ns] t [mm/c]
> Voltage along an RF-cycle for CLEAR SW photo-injector. > Energy gain of a train of 50 bunches with a charge

per bunch of 300 pC.
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IV. BL compensation in TW structures

« Latest feature: possibility to tune input power — BL compensation

Power inputs i =

68 . ‘ : ‘ e Unloaded gradient 2000 Bl,JnCh WIth EO 90 MeV :

66 1.2 130 Il First bunch Energy
__64r 11 = 128 1 I Final bunch Energy
S 62 108 S
s s s > 126 + | |
= 60| los sz = 1500
o — 124 ¢

58 10.4 0]

56 - 102 122 F

54 : ‘ ‘ Jo 120 : : : ' 1000 ¢ 1

-850 0 50 100 150 0 0.05 0.1 0.15 0.2 0.25
t [ns] z [mm]
Beam Induced Gradient (Transient) Total accelerating gradient 500 | |

70 ; - - ; 130 - . —

60 F|—1t=00 20— | ___-——=
3 EMO=—t=00 [ 777
>4t 7 > 100 |~ -t=15ns T — ; ;
=, _—-t:45ns ] 2 |- -t=30ns = 0

30 |- -t=60ns = — 0 _4sns 95 100 105 110 115 120 125
O 20 H|—t=75ns|— ™ - O 80 - -i_gons B E [MeV]

10 = . 70 r|=——t=75ns

0 60 . ' ' ' Elapsed time is ©.32189 seconds.
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25 BL Energy spread from tracking = 5.87 MeV
z [mm] z [mm] BL Energy spread from fieldmap = 6.00 MeV

[4] Lunin A, Yakovlev V, Grudiev A. Analytical solutions for transient and steady-state beam loading in arbitrary travelling wave accelerating structures.
Phys Rev Spec Top Accel Beams (2011) 14:05.
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IV. BL compensation in TW structures

« Latest feature: possibility to tune input power — BL compensation

Power inputs

Bunch with EO = 90 MeV

70 ‘ ‘ : ‘ e Unloaded gradient 3000
60 | 1.2 128 [(—izo0 T, g I First bunch Energy
_50¢ i - T 110 | |- ~t=15ns = \\\\\\\ 2500 | Il Final bunch Energy| |
S 40} 108 S . ||--t=30ns ~o N
2‘30* 106 B = 100 7/ _{_45ns ~
o A = 90 r|--t=60ns N 2000 - )
20 | 104 O 80} |==t=75ns
10 | 10.2 70 F
0 ‘ ‘ 0 60 : : : : 1500 1
-50 0 50 100 150 0.05 0.1 0.15 0.2 0.25
t [ns] z [mm] 1000 | |
Beam Induced Gradient (Transient) Total accelerating gradient
70 : : - : 130 . ; : .
L 120 r 500 [ i
E 110 ¢
S 100 | 0 ‘ ‘ . .
=
o 0 70 80 90 100 110 120 130
¢ 80 E [MeV]
70 t )
60 ' : ' ' BL Energy spread from tracking = ©.71 MeV
0 0-05 01 0.15 02 0.25 0.05 01 0.15 02 0-25 BL Energy spread from fieldmap = 0.64 MeV
z [mm] z [mm]
[4] Lunin A, Yakovlev V, Grudiev A. Analytical solutions for transient and steady-state beam loading in arbitrary travelling wave accelerating structures.
Phys Rev Spec Top Accel Beams (2011) 14:05.
ﬁ '
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V. CLIC Positron Source

Both e- and e+ travel together through 11 TW structures (See Nafiseh’s talk in CLIC Mini Week)

Courtesy of Nafiseh Mesbah

- Both BL contribution seem to cancel each other — Bunch-to-bunch E, t spread is minimized

wio BL
1400
1400
1200 1
1200 150
g 1000 1000
5 800 E 800
% 600 i e00
400 400
200 200
o [}
0.1 005 0 005 01 02 0 02 04 05 08
t[ns]
35:]
3U:||-
250 |
5
£ 200
o
-5:||
-n:J]
50 it
01 005 0 005 0.1 0 500 1000 1500 2000 2500 3000
t[ns] population

> Positron bunches longitudinal phase-space for
optimized phases by Yongke Zhao.

w/e+ BL
i 4001
3
i 1200 e
200 = =150
c 1000 l 1000 1300
§ 505 k ; 800
- -
% 600 ; o eo0p =
400 4001 - -
200 200 l E\ -
o L=y o L0
01 005 0 005 0.4 02 0 02 04 06 08
t[ns]
350
2
3001, -
250 | S
=
£ 200 ;‘.\
e
150 feiagpe \
e L
100 §
50
01 005 0 005 0.1 0 500 1000 1500 2000 2500 3000
t[ns] population

> Positron bunches longitudinal phase-space for
optimized phases by Yongke Zhao with BLe+

wie- e+ BL
1400
1400
i 1200 -1
1200 1 » 150
£ 1000 5 i n=300
2 I Z 800
800 2
g 600 ' o €00
400 ] 400 ” =]
200 5 200 P
o 4 — o L2 )
0.1 005 0 005 01 02 0 02 o 08 0B
t[ns]
350
-
300 " 1 i
o F L A
Eeua 4 4 % \..
o - f A 1 i
150} ap il
H f
100 T Lt
F i
50 k. =%
£1 005 0 005 01 0 500 1000 1500 2000 2500 3000

t [ns] population

> Positron bunches longitudinal phase-space for
optimized phases by Yongke Zhao with both BL

Contact: nafiseh.mesbah@cern.ch

19.03.2024
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https://indico.cern.ch/event/1335148/contributions/5675041/

V. Conclusions

Basic principles — Understanding of power-diffusive model for BL

Implementation in RF-Track with fast computational times

— Orders of magnitude below EM solvers
Consistent with experimental measurements @ CLEAR
Bridges beam dynamics simulations with RF-BL compensation

Potential:
- Compact high-intensity linac for medical and industrial applications — Neutron sources

- Multi-species structures such as CLIC positron source

19.03.2024 Javier Olivares Herrador | CLIC #45 — Beam Loading effect in LINACS
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GUN: (Ez, ¢) Calibration

For a 50 pC bunch:
- Collect (Ek, ®«) measurements

- Fit then to target function F(E., ¢)

* F: RF-Track calculation of E after gun.

Magnitude Units Value
Eex MV/m 60.8+9.8
r? 0.94

> Results of the minimum square fitting with a test function
computed with RF-Track.

With Avni Aksoy

Fit GUN

E [MeV]

3.8 T + Experimental

36 | — Fit: Ez=(60.8 +- 9.8) MV/m |

180 190 200 210 220 230 240
¢ [deg]

> Energy gain after the gun as a function of the phase. In
red, RF-Track prediction. In blue, experimental results

Iy
(cErn Yy
i
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GUN: Beam Loading Measurements

2) Divergent slope

Looking again at the BL equation ...

8G_wG

o g2 "

... the slope of the plot E vs Q depends on r/Q and Q

>
From design report: r/Q = ; Q0 = 14530; % 2 r2 =0.989
However, we learn that the Q governing the dynamics is 10
Q = (598 £ 8) - 10 ol

Wregd

2Q)

Ginitw

g

This is the loaded quality factor!

Rising time fitting

Q factor = 5976.71 +- -82.22

-1 ‘ : : :
2000 3000 4000 5000 6000 7000

0
Q= ¢ =(598+£8)-10 = pB=15 t [ns]
1+
l*\kl.ijjl IFIC ~CsIC 19.03.2024 Javier Olivares Herrador | CLIC #45 — Beam Loading effect in LINACS 25
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CLEAR - Injector BL

Train: 150 bunches; f = fre/2; Qouncn = 250 pC — 1500 pC

Train Energy after injector, ¢pgun = -69.0 deg

Bunch Energy after injection; ¢pgun

-69.0 deg

=

6.2 B.2 e -
6 _ . 6 *%“ik“h_"‘-i‘
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5.8 f BB T e
;' ; . 1“““.-\_‘\
) L e
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...... Q = 1500 pC -+ 1 =100.0ns
5 : : : : 5 ' '
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Bunch Q [pC]

> Energy profile for bunches with different charges after
having travelled along the photoinjector

400 600 800 1000 1200 1400 1600

> Energy profile for different bunches depending on their

charge
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CLEAR - Injector BL

* First consequence: Energy loss depending on Q

* Another consequence: Arrival time to TWS1

- If all particles travel with same /3, then the arrival time to TWS1 would be equally spaced. Ideally, it
would be perfectly synchronized so that
_dmk [f ds 4

w o B(z)c w

Injection time  Flight time along gun

- However, particles have different Sbecause of Gradient reduction = Different spacing!

« Definition: Bunch phase ®bunch,k = wtx (mod 27)
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CLEAR - Injector BL

* Bunch phase distortion depends on Q

85 ' ' 80 - - - - —
— BL @ Gun, Q=250 pC -+~ Bunch # 20
— BL @ Gun, Q=500 pC -+~ Bunch # 60 e
80 | —BL @ Gun, Q =750 pC L ' -~ Bunch #100 o
------ BL@ Gun,Q=1000pC| .~ .~ 75 |-+ Bunch#140 ;
S| [ BL @ Gun, Q = 1250 pC ,.".,-” o = —=— All bunches WIthOUt?L - './’,,-
$ 73 7|...BL@ Gun,Q=1500 pC " .- 3 e o
5 — without BL @ Gun / =70+ et
s _ | 5 o ae
65 | e
65 r i'_d_fg—c————*)""—*’__'_ 77777
60 : : : 60 : : : ' : : :
0 50 100 150 200 0 200 400 600 800 1000 1200 1400
Bunch Q [pC]

> Comparison of the bunch phase for different bunches

> Bunch phase for differently charged trains. and its dependency on charge
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CLEAR - TW structures

Inhomogeneous ¥bunch = Spoils train E homogeneity

— tk no longer synchronized with RF.

t=t,+ 0.00 Txe Energy gain
12
ST
10 B _
ol | F, o< E, o cos (Pbunch + ®RF)
—_— 5 k
S 3
= 0 1 = 9 r
N L
w 5t 1 al
10} -
_1 5 L
1 1 1 1 6 1 L L L
0 100200 300400 0 100200 300400
z [mm] z [mm]
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CLEAR - TWS1 BL

BL@ GUN = ¢rr affects Energy profile!

BL @ GUN: ¢gun = -69 deg; pTwi = 55 deg; Q = 250 pC BL @ GUN: ¢gun = -69 deg; pTwi = 95 deg; Q = 250 pC
60 - - - - - - - 60 - - - - - - -
Y S — B i 55
50 ........................... g 50 e i
% % ..... i
S 45 S 45
L L
40 40
35 | - without BL @ TWST 1 35 [| - without BL @ TWST
- with BL @ TWS1 - with BL @ TWS1
30 - - - - - - - 30 - - - - - - -
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Bunches Bunches
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CLEAR - TW structure

e Beam Loading at GUN helps compensating overall Beam Loading

_ Correct phase ChOiCG' Pgun = -69 deg; Pty = 68deg; prw23 = 111 deg; Q = 250 pC

200 }
< 150
)
=
L

100 |

- without BL @ TWS23
with BL @ TWS23
50 - -

0 20 40 60 80 100 120 140

Bunches
> Beam Loading compensated train.
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