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Outline

» Motivation
» Computational Modeling

- Maxwell's Equations

- Time Evolution of the Electromagnetic Field
* Numerical Results

- Beam-Loading Simulations

- Beam-Loading Measurements

 Summary / Outlook
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Motivation

 Beam Loading of a 9 Cell TESLA 1.3 GHz Cavity
- Comparison of theory with measurement

Bunchtransient measurement sk b 1.A420.L3(30b, 0 48 wd; trSdtHembmeskziement at 2. A20.L3 (300, 0.4 Bod; Hifhdkiznt peaa)rement at M3.A20.L 3 [(30b, 0.48m;MuSkitemk meskakement at M4.420.L3 [5ve,
Mean 200 RF pulses Mean 200 RF pulses Meen 200RF pulses kean 200 RF pulses
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Motivation

CST

* Time Evolution of the Electric Field Strength

- Main-coupler excitation

£

p

- Beam excitation
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Outline

» Computational Modeling
- Maxwell's Equations

- Time Evolution of the Electromagnetic Field
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Computational Modeling

 Maxwell’'s Equations

curl H = J + = D=cE
ot S S

curl £ = _6_§ C o

ot O _ 0

div D = 0 ot

divB =0 ot

Combine both curl equations: Ansatz:

O2E 1 - 8.J S 5, = .
€ o3 + curl(; curlt) = 5 E(rt) = Eo(7,t) + ,; oy (t) E,(T)
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Computational Modeling

* Time Evolution of the Electromagnetic Field
- Fundamental equation

O*E 1 0.J
€ o7 + Curl(; curlE) = N
- Ansatz .
= Eo (i)
E(FJ t) — EO(Fa t) + Z &y(t) EV(F) n
v=1 (l\
- Properties
curl FIO =0 div 130 =0 curlﬁ,, = +jw5y div 5,, =0
curl Eo =0 div go =0 curl Ev — —ngv div EV =0
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Computational Modeling

* Time Evolution of the Electromagnetic Field
- Fundamental equation

Eo( = 92 . > 1 . 7
8 o7, ) Zs o (i E,,(F) +Z a,, (t) curl (— curl E,,(F)) = _9J

ot? ot? v

ot? ot? ot
v=1 v=1
oo 9 i
8 EO ’I" t Z 0 Ofy L (t) wz E—; (’F’) L 0J
v v -
Ot2 _ v ot
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Computational Modeling

* Time Evolution of the Electromagnetic Field
- Fundamental equation

2Ey-E, ~=~ [8%a,(t) S N 0J -
e +;€( > +a,,(t)w,,) B, Ey=—— -k,

- Orthogonality

/f/ eEy-E,dV =0

\%4

/// eE, -E,dV =6,,2W
y

[823t”2(t)+ay( W2 /f 9B, va
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Computational Modeling

* Time Evolution of the Electromagnetic Field

- General solution

Poulh) | (1) = 1,0 oo (] 2 By

i LAPLACE

p*A,(p) + w2 A,(p) = F,(p)

1
Ay (p) = F, (p)
p*+w;
I
a,(t) = — sin(w,t) * fi(t) = f,, ) sin(w, (t — 7)) dr
Wy
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Computational Modeling

* Time Evolution of the Electromagnetic Field
- General solution (including charge in cavity)

o () = wi f £,(7) sin(w, (t — 7)) dr

= sin(w, 1) f fu (1) cos(w, ) dT — cos(w,t) / fu(7) sin(w, 7

- Steady-state solution (excluding charge in cavity)

o () = sin(wyt) — f,,( ) cos(w, ) dr — cos(wyt) — fy( ) sin(w,7) dr
= R(c, e with ¢, = ;—Z f,,( )e T dr
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Computational Modeling

* Time Evolution of the Electromagnetic Field
- Excited mode magnitude and phase

[gyw—j i fu(7T)e W”TdTJ // . E,dV

- Simplification using a point-charge excitation

J = 8(x —x0) 8(y — yo) 0(z — vt) jo & = ovEé. o] = Am
0 =6(z —x0) 6(y — o) 6(z — vt) qo [q0] = As
q0 PR —iw Uy
_ 20 E vE s — _
[QV oW _Oo(ez 1/) € dz = qo QWJ [Qy] 1
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Computational Modeling

= Concentration on the Accelerating Mode
- Field profile on the axis for a TESLA 1.3 GHz cavity

E.
V/m ]
410" |
2« 108 |
0 e
- Uy = 2.87TTMV
—2.10% |
| R/Q = 506.8 0
_4.10% |
- W =1VAs ~
1 1 1 " 1 1 1 1 1 " 1 1 1 1 " JR—
-1.5 -1.0 -0.5 0.0 m
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Computational Modeling

* Properties of the Accelerating Cavity
- Mean accelerating gradient

1 . | I. _I' | ! 4
! = i EE f=g it EER- e HER R 44 \} 1
) R
' =
2/ [ I I\ I \_/
L=1.035 m J
< >
] 1=1.283 m ‘
E Yo
mean —
L
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Outline

* Numerical Results
- Beam-Loading Simulations

- Beam-Loading Measurements
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- Cavity parameter |
Time scales
fres = 1.299 GHz toun/tres = 289
Qres = 5.407-10° tqua/tres = 1.7-10°
Uy = 2877TMV tqua/tbun = 5958.2

R/Q = 506.8

- Bunch parameter

tbun cCp — 6661’I1

= 4.5 MHz
fbun Qbun
Qbun = 0.49nC S . [ =]
Noun = 30 o o o o o o .IH Qi}w [}t}{ '
fbun
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 Beam-Loading Simulations

- Example
Emea.n i : I ' I I ; I I I I I I I : : ' I I I =
MV/m | |
i _:I I I I I 'E:II:I:I I I I I1:I:II:I:I I I I I 1'.=:II:I:I I I I IE:I:IIC_ICI Bunch
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 Beam-Loading Simulations

- Example
Emean - __ I I 1 i I I I I I I I I I 1 I I I i
MV /m _
3L -
1L ]
:I -_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
1] 5000 10000 15000 200040 Bunch
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 Beam-Loading Simulations
- Example

Emea.n

MV /m
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Numerical Results

» Beam-Loading Measurements L=1.035 m, Q = 0.49 nC

Bunchtransient measurement sk b 1.A420.L3(30b, 0 48 wd; trSdtHembmeskziement at 2. A20.L3 (300, 0.4 Bod; Hifhdkiznt peaa)rement at M3.A20.L 3 [(30b, 0.48m;MuSkitemk meskakement at M4.420.L3 [5ve, Eatad
Mean 200 RF pulses kean 200 RF pulses
E wGE g6 - : LT 0.07 : ; ,
mean
MV /m
O |
pys b RS | 0gH5
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opg4 o4 | 0p4
b4 |
G ppsl ... JF... L S 0pH3
; ' o3
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: : : 1) R U Dt ......... 1
e o061 .o L L SR g1 5 : :
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d
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fsampling = 9.0 MHz
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Numerical Results

» Beam-Loading Measurements 1=1.2834 m, Q = 0.49 nC

Bunchtransient measurement sk b 1.A420.L3(30b, 0 48 wd; trSdtHembmeskziement at 2. A20.L3 (300, 0.4 Bod; Hifhdkiznt peaa)rement at M3.A20.L 3 [(30b, 0.48m;MuSkitemk meskakement at M4.420.L3 [5ve, Eatad
Meen 200RF pulses Ivlean 200RF pulses MemEDDHF pulses kean 200 RF pulses
E w6 : 66 r ——— a6 : 0.07 : : ,
mean : \L .
0
MV /m -1 0 Yo
; QEE
995 oS I SRTEETERESERRRRRES W0as
4 : : 285
04 wopa L....... V... ST ........ | 9064
a4 |
B33 wogs L. K SO R S i was
: : : 803
noaz | nog2 ......... ........ L oozl .. M
: : : 1082
00l 1 YRS, A R reeens 1 o
X : : e |
0.00pe ; ; ; 0.008 ; 00 ; ; ; .00 0kt i i ;
50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Samples Samples Samples Samples
fsampling = 9.0 MHz
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Numerical Results

» Beam-Loading Measurements 1=1.2834 m, Q = 0.49 nC

0.06 0.06 0.06
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Discussion

= Possible Sources for the Observed Mismatch
- Bunch repetition frequency?
- Bunch charge?
- Number of Bunches?

- Longitudinal voltage of the fundamental mode?
(loss parameter, R/Q)

- Influence of the bunch length?

- Measurement of modes other than the fundamental one?
(signal processing for the pickup voltage, offset)

- Mean gradient definition?
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Summary / Outlook

 Summary
- Modeling of the beam-loading process

Derivation from first principles.

Concentration on the fundamental mode and a point charge excitation.

- Comparison {0 measurements
The measured data can be reproduced on a trial basis with a modified
mean gradient and an offset of the pickup signal, but another set of

parameters may lead to similar results. Further discussions required.

» Outlook
- Rule out step-by-step any possible source of errors
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