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| outline AT

Karlsruhe Institute of Technology

@ Introduction: Beam - HOM interaction

@ Important parameters based on different studies (SPL, SNS, ESS)
® choice of the cavities‘s geometrical beta
® mode frequency spread
@ resonances

@ Power dissipation due to HOMs - probably more critical than the
beam dynamics

® Conclusions
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I Effects of HOMs AT

Karlsruhe Institute of Technology

Monopole modes:
Acceleration / Deceleration

JU
Multipole modes:
Deflection
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Higher Order Modes - My Definition ~ IT

Karlsruhe Institute of Technology

@ All modes beside the accelerating one

@ Typically the accelerating mode is the TMo1o,w - hence, there are modes
below this mode in a multi-cell cavity

@ Divide into monopole, dipole, ... according to the field profile
@ Focus on monopole modes :
@ Protons travel with <1 =» more sensitive to errors in longitudinal plane

@ Deflecting forces less efficient due to higher mass compared to electrons

@ Accelerator length small compared to planed ex colliders - influence of
deflecting modes increases with the linac length
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I Mode characterization ﬂ("

stitute of Technology

@ Type: TE, TM,...

® Frequency f,

® Quality factor Qo
® Damping Qex,n, QL

& R/Q(B)n:
® Monopoles: o 2
{O E,.(r=0,z)exp (iwné)dz
(R/Q)u(9) = —
@ Dipoles: - 2
P —L En..(r = xq,2)exp (iwné)dz
(R/Q)1Ln(B) = 2002 A
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Mode excitation

@ Monopole modes
@ Induced Voltage (fundamental theorem of beam loading)

Wn
AVyn = —45" (R/Q), (8)
@ Exponential voltage decay

_ 2QL,n - 2Qex,n

Y

Wn Wn

Td n

Y

@ Sum over voltage taking into account phase, charge jitter
@ Half of the induced voltage act back on the same bunch

@ Dipole modes
@ Only bunch of axis excite HOM

AV = —ixq—(R/Q) 1L »(B)
1.,q,n 9 q - 1.,n
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I Longitudinal Beam Dynamics ST

Karlsruhe Institute of Technology

@ Energy error change in cavity m:

dby 11 = dEy, + dUgp.m + AU,

1
dUp.m = q (%(Vn,m) cos(wp mdtp) — S(Vim) sin(wy mdty,) + §AVq,n,m>

dURF,m — qVR*F,m ) COS(¢:,m + wRthm) — Al']’rn A(jrn — qVO,m COS(¢S,m)

@ Phase error change in cavity m:

dtpmi1 = dt,, + (dt/dE)

L,
c-moc® - (2, — 1)3/2
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Transverse Beam Dynamics

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

@ Transfer Matrix between cavities:
( Tt 1 ) B ( cos (L/B)  Bsin(L/B) ) | ( T )
o) —%sin (L/B) cos(L/B) T

@ Bunch induce a imaginary voltage:
2

AV, = mq“’?(z«z/Q)L

@ HOM kicks bunch/particle - momentum change:

6%(‘/]_)
¢ P
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| Simulation of higher order mode QAUT
Dynamics (SMD) 77 N R

- (D | | | I,

Pulse f4 fo fs fn
R/Q([31) R/Q(B2) R/Q(B3) R/Q(Bn)
Qex Qex Qex Qex

@ One HOM per cavity (monopole or dipole)
@ Gaussian HOM frequency distribution

B R/Q(Bbeam)
@ Set global Qex (Damping)
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| Simulation of higher order mode
Dynamics (SMD)

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

- (D | | |

Pulse i f, fa
R/Q([31) R/Q([32) R/Q([33)
Qex QeX Qex

@ One HOM per cavity (monopole or dipole)
@ Gaussian HOM frequency distribution

B R/Q(Bbeam)
@ Set global Qex (Damping)

= Load HOM via bunch tracking simulation
(Bunch & HOM interaction)
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| Simulation of higher order mode
Dynamics (SMD)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

- (D | | |

Pulse i f, fa
R/Q([31) R/Q([32) R/Q([33)
Qex QeX Qex

@ One HOM per cavity (monopole or dipole)
@ Gaussian HOM frequency distribution

B R/Q(Bbeam)
@ Set global Qex (Damping)

= Load HOM via bunch tracking simulation
(Bunch & HOM interaction)

» GOAL.: Define upper limits for Qex
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Simulation Input Data AT

Karlsruhe Institute of Technology

® Linac layout (cavity spacing, Vacc(cavity), ¢s)
@ Beam noise at injection
@ HOM data

10°
10?

10

R/Q [Q]

_'I'I'ITIII1 ||||I|||| |||||I||| ||||I||1 ||||I|||| Ty

10~
1072

107

@ HOM frequencies
® (R/Q)(B) map

R/Q-Map 704.4MHz,$=0.75
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I Beam Dynamics Simulations ﬂ("
Studied effects

® High R/Q, Ip, as function of Qex
@ HOM frequency spread

@ Beam noise
® Bunch to bunch charge scatter
@ Injection

®@ Resonances
@ RF errors
® TMo10 modes

@ Alignment (transverse)
@ Injection position
@ Cavity alignment

» Details see: Phys. Rev. ST Accel. Beams, 2011, 14, 051001
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| The SPL R&D Project AT

Karlsruhe Institute of Technology

www.cern.ch/project-spl

160M9V—)[ 8=0.65 'l B=1.0 '

General parameters Cavity parameters B:=0.65 |Bs=1.0
Beam power [MW] 4 Operation Frequency [MHz] |704.4 704.4
Beam current [mA] 20 - 40 Cells per cavity 5 5
Pulse length [ms] =1.0 Design gradient @ 3, [MV/m] |19 25
Rep. frequency [Hz] |50 R/Q(By) [linac Q] 320 560
Physical length [m]  |~500 Cavities installed (5 GeV) ~54 ~192
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| R/Q(B)max Monopoles AT

Karlsruhe Institute of Technology

103 EI l 1 1 1 1 1 I I J I.I I | I I I I I | IE
= ¥ A z .1 | Cavity (B):
> L ?5 » L ||— 0.65 (SPL)
10°E % % . i 1S
S XG0 ? 1 4|—1.00 (SPL
C X XXy ok x § F X .. J|—1.00(SPL)
10 = X o D AT g +><XJr FH+% §+—§ — 0.92 (MS)
— : X ' b +4+d|>§<¢>|< + ++ + XE+>§
= — : : ' by Xy PR X K
G - RS SN RS R T L T
el §+X : : + X x )KXX X -|- D ¢
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c - Lol x Mk
— : ' X >(>(-|- —
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- P ; ]
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- L ; -
P Ly 0 AT | A
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I Longitudinal: SPL example A“("
e = m\/(dE?){d¢?) — (dEdg)?

1.05_ ! L L ! T I T T T 11T
_ | 1, [mA]:
I S ofHom) = 1.0 MHz
1.04 - 400 0a = 3% ]
- 200 N =100 -
1 1.03 [ 100 I [ 1=
~ B v 80 I 1 l —
= - ¢ 1 Z
LI? 1.02 — 40 4 : —
1.01} . 3
1.004—¢ = 2 & & % 3 : Foxoxorrt ity
[ | Ll II| IIIII| | | Ll II| | | | Ll 1 1.1
10° 10° 10° 10 108
Qex
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I Transversal: SPL example ﬂ("
e = m/(22)(2?) — (za’)?

1.10_| T BRI R _
Rk [mA]: | 5;=1.0 MHz ]

1.08[~ |* 400 | 0q=3% ~

- 00 | N =100 I:

g - |v 80 —
. - _
o) - |* 40 1 7
F 1.04 [ r§ -
— T e ¢ . :

1.02 : il
_i— $ & 8 5§ % % ; ; 1:

1.00 | | T
10* 10° 10° 107 10°

Q.
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I HOM frequency spread (SPL)

Longitudinal

5.0@ ass :
a5f, Q=107 o max | —

- lb =400 mA - avg -

MO 0q=3% E

. N=100 =

U 3.5EE :
~ | |
5 30p E
T o5k =
2.0 =
1.5 E
1.0 M e ey s e T
10°* 10° 10° 10

o, [Hz]

Siom/ €

4]}
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10

Transversal
Qex = 107 o max
lb = 400 MA > avg ] -
Oq = 3% i
N = 100 —

o, [Hz]

» Higher HOM frequency spread decreases growth
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I Bunch Charge Scatter (SPL)

Longitudinal

L ' I -i_ ]

B Qex = 107 |

114 1

C |p =400 mA [ ]

112 of=1.0 MHz I -
110 N =100 T : =

W - 1 .
= 1.08 ; =
2 n " .
7 1.06 - : .
1.04 ; —
1.02 . =

[ L ]
100—_T T R | | R I_—

0 2 4 6 8 10
Oq [°/o]

1.0322

1.0321

Siom/ €

1.0320

Transversal

4]}
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——
Qex = 107
l, =400 mA
of= 1.0 MHz
N =100

OoOn

N

Gq [cyO]

o]
-
o

» Bunch charge scatter drives HOM in longitudinal plane
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I Machine Lines (SPL)

Longitudinal
102 J III 1 1 1 1 1 IIII IL
B : O RF+HOM
- b =40 mA o
- o0r=1.0 MHz i RF-+ML
» 0q= 3% _
B A . A ML
W A
~~ A RF
Iﬁ:l- 10 o \ 4 4 \ 4 @ @ @ @ ) 4 @ @ @ —@
= - N
@) - A m|
Llf — - solid: max
B A Al hollow: avg
v”:;-euoo@@-c—-géa
A
N N _
A A
| A A A _
A A A .
1~ . L | TT
10* 10° 10° 10’

Qex

4]}
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» Use RF-Errors as reference to judge impact of HOM
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| Chopping - Longitudinal AT

Karlsruhe Institute of Technology

@ New machine lines, created by the pulse substructure

®Can resonantly excite HOMs
10°

E E Chopping
L Qex =107 qlo  ss

- lb =40 mA 1% 5080
~ 0r=1.0 MHz 11 soors00

Oq = 3%

10 N =1

S | e

1
Xox
|

1 M af s asinannannanan annnannacranannanaldannaasaadranananns 0 ssannaancraan x X

1050 1100 1150 1200 1250 1300 1350 1400 1450
f [MHz]
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I Chopping - Longitudinal

4]}

Karlsruhe Institute of Technology

@ New machine lines, created by the pulse substructure

®Can resonantly excite HOMs

2 LI L L
10 Z | | 4| Chopping
_ Qex = 10° 1jo s
o jOormH 1 =
Of = ;A z 500/800
U B Oq = 3% .
e N =1
E I —
U? 10 E ]
L : -
®
1 \“‘22‘C‘CQC:C‘3‘332‘3‘C‘CC:‘“"CCCC:3‘3‘CC’CC:C“"CC:C‘C‘C“‘:C‘C‘CCQ:C‘C‘??”
1050 1100 1150 1200 1250 1300 1350 1400 1450
f [MHZz]
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| Chopping - Longitudinal AT

Karlsruhe Institute of Technology

@ New machine lines, created by the pulse substructure

®Can resonantly excite HOMs

102: L 4| Chopping
E Qex = 10° E O 5/8
. |, =40 mA 1% som0
- 0= 1.0 MHz 1. soos00
U - Oqg~= 3% 7
u N = 1
s 10p E
Ui i :
- = Maximum Qex: 10° .
1 ienepesodiorestera@poseesotastoptfiteuoip@ontopetooptpetiatdooetetd? |
1050 1100 1150 1200 1250 1300 1350 1400 1450
f [MHz]
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I Passband modes AT

Karlsruhe Institute of Technology

TMo10,4/51T TMo10,3/51T (chopping)

I ' ' U T ' "T"'i | ' L 10'0' LN I T'T"T
2| [WIMAL| o= 10.0 kHz [ ] d jo2 | | otmak|  0r=10.0kRz | Lo 4
F 1. 40| N=100 { I ¢ " o 400 | N=100 [ I [ .

- 200 o . - 200 .
- |4 100 - - |+ 100 I ° ]
J - (v 80 ) § 2 - | 80 ro |

5 * . S 40 |
F 1) 20 ‘ 4 & 10f [ i{}[%
[ ] a ;1* """"" [ 1T
! [ ] , g ; I - 1 I ]
1 i.i.i.i...: * % ¥ x ¥ x ¥ % ¥ ¥ 1B i.:.*. ’T ] 1
10°* 10° 10° 10’ 10°* 10° 10° 10’
Qex Qex

» Passband modes can drive instabilities at high currents or if they get
resonantly excited
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I Transverse alignment AT

Karlsruhe Institute of Technology

Cavity alignment Injection position
1.035 1 ——————————————
 Qex =107 ) i Qex = 107 1
lb =400 mA : : lb =400 mA
- 0f=1.0 MHz | 1.0302 or= 1.0 MHz N
- N=100 . . N =100 .
J ] | Y 1.0300}- -
51.030 n 5 i 1
F i . W
i Jf ; 1.0298 — -
</ N N N vy W X * >I< ] __ |
i | 1.0296 [ —
-| ! ! | ! ! Lol =S N N S TN T TN TR (NS SN SR S SR A SR S S M N
1 .0251 - ; 10 -10 -5 0 5 10
Og4, [MM] Injection Position [mm]

» Not a concern In the used simulation model
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I Impact of different effects ﬂ("
SPL case study

Effect Longitudinal Transversal

HOM Frequency Spread

Machine Lines ~ -

I-R/Q ” ”
Charge Scatter ” -
Chopping ~ ~ (bunch charge)
Passband Modes -~ (Chopping) -
RF-Errors - -
Alignment Errors - -

= Maximum Qex between 10* and 107
dependent on the operation mode (chopping)
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I Differences SPL, SNS & ESS

Parameter

Beam power [MW]
Output Ekin [GeV]

Beam current [mA]

Pulse length [ms]

Pulse substructure

Cavity freq. [MHZz]

Pulse rep. [HZ]

Bg
Cells

EoT(Bg)

Lenght EIll. Cav Sec. [m]

2011-09-22

Marcel Schuh

SNS
1,44
1
26
1
yes
805

60
0.61/0.81
6/6
10.1/15.8
~160

Laboratory for Applications of Synchrotron Radiation

marcel.schuh@kit.edu

SPL
~4
4-5

20 - 40
0.4-0.8
yes (high freq.)
704,4
50
0.65/1.0
5/5
19.3/25
~525

Slide 23
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Karlsruhe Institute of Technology

ESS

5
2.5
50

2.86

no
704,4
14
0.7/0.9
5/5
~15(?)/~18.1
~300
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I To be studied in ESS linac AT

Karlsruhe Institute of Technology

@ Passband modes, especially TMo10,4/5r mode - to be considered in
choice of geometrical beta

@ Resonances - only fundamental machines (integer multiples of the
bunch frequency) lines are a concern

@ Effect of long pulses (higher HOM voltage can build up)

@ Power dissipation

@ Beam noise is to weak to drive instabilities - assuming same
values as SPL

@ Problems at the moment
@ No cavity design of the proposed geometrical beta is available
® HOM frequencies and R/Q values have to be estimated
@ No dedicated beam dynamics simulations carried out so fare

@ Analytic studies based on the experience with SPL study...
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I Passband modes AT

Karlsruhe Institute of Technology

500

400 ~

. -—- TC b86 TM_010_4/5pi

= 300 P ~ ’,:—”'/, = ——TCb86 TM_010
g - 7(: : /,,/ //K\ ~==RCb67 TM_010_4/5pi
S P . ~  ——RCb67 TM_010
N e /// o ] -—==RCb74 TM_010_4/5pi
- P y’\ ——RCb74 TM_010
OQ e - ____.—" — Transition

0.8 0385 09 0.9

@ High R/Q values at injection could cause instabilites
@ Lower 34 is preferable in medium beta section
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I Longitudinal:
Mode with high R/Q, not resonant

1.06
1.05
1.04
1.03

Siom/ €

1.02
1.01

[
lb = 400mA ¢ SPL
_ [
ofHom) = 1.0 MHz . m ESS 2.86ms
0q= 1% . ESS 2ms
¢ o B
L mE SNS
|
&
H
-
4 :‘ Al
1.007|VWVWﬂﬂVI‘ﬁ”ﬁ”| | | |
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09

4]}
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» ESS linac with old layout and cavities - used in frequency review

meeting

» R/Qmax of test cavity a factor two higher

2011-09-22

Marcel Schuh

Laboratory for Applications of Synchrotron Radiation

marcel.schuh@kit.edu

Slide 26

ANKA
HZ GROUP


mailto:marcel.schuh@kit.edu
mailto:marcel.schuh@kit.edu

I Power dissipation N("

e of Technology

@ Average Power dissipation:

Poy) = ! T Vi, ()| dt
(Pesc) = 7707 / Viu(t)

@ Analytic formulae for HOM voltage (no noise considered)

1 —exp (—k;T;/Tq + ik;w,T;)
V4 . = — AV . J=J J J
P b H 1 —exp (=T;/Tq + iw,T})

]_

@ Most power is dissipated in load

@ Dissipated power scales

@ linear with R/Q
@ linear with frequency
@ quadratic with |y
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I Resonant HOM voltage growth ﬂ("

stitute of Technology

800 [F E
700 |- E
g 600 E
= 500 |- Damping: | —
o - 10° .
400 -
c b 107
2300 [ 10’ -
T Z.E . 6 7
= 200 — 10 | E
100 [ \_ﬁ =
Oﬁ'r?u.. ol T
0 10 20 30 40 50 60 70

time [ms]

® RF voltage error about 100kV = (R/Q) - Qex~ 10° in case of resonant
excitation
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I Power dissipation spectrum AT

Karlsruhe Institute of Technology

102 i_ Qex:

10 é— X X X X X X X 10;3

1 é_ X X X X X X 136

£ 107 <100

= 102F —1&
g 10°F E
T 107F E
o 5E X X X X o
o 10 ' F X X X X e X g
ﬂ.ﬁ 10‘6 E< ><>< X>S< XX X ><>$<><><><>< X ><>g<><><><>< X X&XXXX * X&Xxxxxx_é
= WX % X IO XX Koo 56X X 5 %0000 %3
1 0—7 %xxxxx X X XXX II% "o XXX o E
—8 £ 60 e _
107 E 3
10—9 _ 5 X X X X )(X X XX x)g( XX X>S< XXX_
1 0_1 0 L I \,IX 1 X X Xix\, |v><>f |>S<XXX1< I >?<X>§XX| | >|<><><|>< I I X>|<X I a

1.0 1.5 2.0 2.5 3.0
fuom [GHZ]

@ Power dissipation is only high at a resonance
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I Power dissipation close to a ﬂ("
resonance

Resonance Spectrum Q,:

[ ) ' A

=)
|n|| ||||I1||| ||||I1||| ||||I1|l| Ty

avg /(R/Q) [W/Q]
S

a® 10°°

. | . | . | . | . | . | . | . | . | .
10 "4 7609 1.7610 1.7611
f.on [GHZ]

@ Sharp resonance
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I ESS Test Cavity

Data from G. Devanz

Frequency Max. r/Q Q
(MHz) (Ohm)
First monopolar band
1420.3 8 1.58 10°
1421.9 17 4.30 10°
1431.7 4 3.22 10°
1442.8 29 3.30 10°
1456.0 60 44110
Second monopolar band (TMO02)

1480.1 5 1.98 10*
1491.5 17 1.3310°
1431.7 4 1.40 10°
1518.2 4 1.8710°
1527.9 0.2 4.5710"

1000

N ’--\F\
10

0,1 -

0,01 +—— Y —

0,001

0,75

0,8

0,85

0,9

0,95

4]}

Karlsruhe Institute of Technology

—693194589,454745
—696310019,053317
-+700148767,167934
+-703244003,494207
—704421473,818693
—1420210995,64437
—1420708177,30205
—1431598755,64484
1442802035,8065
—1454390392,39723
—1454390878,33966
1456060117,08569
—1473539698,03097
—1474793822,13206
1476018423,69873
—1480115549,78498
1491609385,87013
1505452005,60772
1518297911,51078
1527932010,77596

® No mode below cut-off close to machine line

® R/Q values are moderate - no noise induced instabilities are

expected
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Conclusion AT

Karlsruhe Institute of Technology

@ Based on the analytic analysis only Resonances are a real concern

@ Damping has to be very strong Qex~ 104 to enable operation with a HOM
directly at HOM

@ Resonances are very sharp at weak damping - probability to hit a
resonance is very small. If so the mode can be shifted by cavity detuning

@ Dedicated HOM couplers are not needed from the beam dynamics point of
view
@ Check, if a lower geometrical beta in the medium beta section
could be used

@ Proposed studies:
@ Analyze final cavity geometry - exclude mode close to resonances

® Beam loss studies in the context of HOMs - all simulations showed assume
a point charge
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| Thank You! AT

Karlsruhe Institute of Technology

| I3

-~
\ p ~

R -y, - -
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| HOM Power Simulation AT
with Beam Noise (SPL)

Average HOM power dissipation in HOM coupler

E Runs: 100 é It —fool [H2] .
10* E 1= 40 mA ] |x oesom Beam noise:
- R/Q=100Q 11 e _ .= 10
10° F poomz13 o q| |l -Ca= 1% |
102 E = I - 09 = 0.4 ps (not const. during
E 10 : S | 264006 pU|Se)
'_'m 1E o | X 1E+007
o o1k E
oF . Average HOM power dissipation in cavity
103? E? 103 : IR”””'IIIOOI AL I T
-3 - 2 uns: .
10 S 10 l,= 40 mA X OE+000
10_4%_ 10 R/Q =100 Q X 1E+004
_5$ T T T T 1 fres =2.113 GHz 1E+005
10 0° 10°* 10° 10° 107 108 _ 107 1E 006
Q = 1072 X 2E+006
ex '—'g’ 10_3 X 1E+007
o’ 107
107
. . . . . 1()_6
Solid lines are analytic values without noise. 1077 x
] ] -8 X =
Deviation only off 13_9§ el
10° 10 10° 10° 10’ 10

resonance! Q.
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I By dependency of R/Q AT

Karlsruhe Institute of Technology

BTo keep Bpeak/Eacc small, Riris has to be reduced with
Bg and so also R/Q(Bgy) decreases.

: """"""""""""""""" : """"""""""""""""" I
550 - Cavities: 7.5 :_ '_: Cavities:
- 1| RC - 1|® RC
500 [ *— 7.0 ° —_
- . BL - : BL
_ 450 [ ] — 6.5 —
9. E A E A MS g B 11a MS
= - ] o O0F . . N
350 ° ] B 7]
- . ] 5.5 ]
300 * = - 5
250, o ° = >0 E
ey e e e b b e = oy by b by b
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1 00
B B
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I R/Q -maps SNS linac AT

Karlsruhe Institute of Technology

Bg=0.61 Bg=0.81
3 _ = 3 e —r—/—"—"—"—"r—r" 7T =
TF { |t [MHz]: 0F 1 |fa [MHz]:
102 & _é — 804.2 102 é_ _é — 804.1
- 3| 805.0 - 1| 804.9
10 g |- 2207 10 & H |- 1756
o 1: 1 |- 2824 c 1: 1 |- 2821
o = E o = =
= ; - = ; -
107 = 10'15_ E
107°F E 107 E
N IETAN A0 R R BN F DO U P LT T DS WO O 0
0.56 058 0.60 0.62 0.64 0.66 0.68 0.70 0.70 0.72 0.74 0.76 0.78 0.80 0.82 0.84 0.86 0.88
B B
805 facc [MHZ] 805
6 cells 6
33 (3) cavities (per module) |48 (4)
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| R/Q -maps SPL

Bg = 0.65

4]}

Karlsruhe Institute of Technology

marcel.schuh@kit.edu

3 ————————————— " 3
10 2 ' ' ' f. [MHz]: 10 2 f. [MHz]:
102 /| |- 703.5 6 E — 703.1
; | 704.4 § 704.4
10 H | 1759 10 1336
= 1: 1 (1769 & 1: — 2112
g 3 = o =
e é z
107 E 107
102 = 102
10_3_,5,,|§,,,,é,,,,|§,,,,|§,,,,§|,,:,,§|,§, | 10_3_,|,E,,|,5,|,E,,|§,,,§|,E,,§| ,,,|,,
050 055 060 0.65 0.70 0.75 0.80 0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98
B B
704,4 facc [MHZ] 704,4
S cells S
54 (6) cavities (per module) 196 (8)
x
* old CDR2 layout
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| SPL baseline AT

Define operation B limit, where R/Q(B) of other TMo1o
mode exceeds R/Q(f) of operation mode.

160 MeV 643 MeV 5000 MeV
600'|§"'|""|""|'§':"|'

Cavity (p):

BL (0.65)

so0f- & 20 MeV <> 180 MeV

— BL (1.00)

400

300

R/Q(p) [€]

200

100

R R N NN E NN RN

-t
=)

0.6
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| SPL Baseline + By = 0.92 AT

Karlsruhe Institute of Technology

600

Cavity (p):

BL (0.65)

500

— BL (1.00)

400

— MS (0.92)

300

R/Q(B) [€]

200

100
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Induced HOM voltage AT

Karlsruhe Institute of Technology

Qex = 10°
o= 10.0 kHz
Gq=3%

N =100

—
Q

)
T

6 — — — —— —— —_
10 : J| 1, [mA]L:

5 - ... RF-Error
= 10° E e o 5| wom| gBaseline
g _ 11— 40 (avg)

4 | _ _
S 10 = |- RF-Error
g B 1l--- 40 (max) mOdIerd
= 10° = — 40 (avg)
@) -
I n
>
o
>
©
&)

71000 2000 3000 4000 5000

o

Energy [MeV]
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Induced HOM voltage AT

Karlsruhe Institute of Technology

Qex = 10°
o= 10.0 kHz
Uq=3%

N =100

8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
10 |, [mA]:
|
1 07 .-':': ----- RF-Error .
S i --+ 400 (max)| Baseline
et 6 N
o 10 ,,l : — 400 (avg)
(o) ' e
..g 105 T L eI ) REEES RF-Error
§ ) - -+ 400 (max)| odified
4 “\l.‘:,:"\“:ll:' “‘4'
CE) 10 T j""l’{‘i","l'.‘ Hybfebactesco — 400 (avg)
L
>
et
>
©
&

L ! L A R SR TR KN SR TR T S NN S S SR R
1000 2000 3000 4000 5000
Energy [MeV]

o ! IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T TTT0
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Induced HOM voltage AT

Karlsruhe Institute of Technology

Qex = 10°
o= 10.0 kHz
Gq=3%

N =100

I I I I I I I I I I I I I I I I I I I I I I I I I I g Ib [mA]:
. _

1 07 ; v ,--~'A' = RF-Error .
; L :‘\‘ 'l' “v: “' l'l E -=-- 400 (max). Basellne
(I 6 . f w Y A ' =
o 10 AN i 3|— 400 (avg)
..g 5 ] ) A RF-Error
3 107 B 7 et 8 T = . o
S  Fay T S |--+ 400 (max)| modified
= 10°g O\ / — e
O
L
>
bt
>
©
&

———_r _ﬁ — 400 (avg)

- IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| T TTTTTH

200 300 400 500 600 700 800
Energy [MeV]
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I RC Cavities: R/Q(B) AT

Karlsruhe Institute of Technology

S0 T T T T T T T T T cavity (6):
E E —  0.63
400 — ] 0.65
i 1l— oe7
E —: — 074
= 1l— o075
g ||— os3
E —  1.00

|
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I LINAC Layout

4]}

Karlsruhe Institute of Technology

50 MeV 225 MeV 500 MeV 2500 MeV
704 MHz 704 MHz
352 MHz
M -
§ >
I 52 m 237 m
Om 57 m 109 m 345 m
50 MeV 380 MeV 660 MeV 2500 MeV
1300 MHz 1300 MHz
325 MHz
u -
L >

Om
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I Gradient and Phase

Along Linac

4]}

Karlsruhe Institute of Technology

Accelerating voltage

2011-09-22 Marcel Schuh

marcel.schuh@kit.edu

14
12
= 1 N
2 ~r T
(¢))
E’ 6 - / /
(@] ——
s 4 704 .4MHz
2 ==—1.3GHz
0 -
0 50 100 150 200 250 300 350 400 450
Position [m]
Synchronous phase
0
-10
¥ 20 i? ]
2,
o -30 TH'F"H-'
(7]
£ .40
o ——704.4MHz
-50 —=—1.3GHz
60 ! —
0 50 100 150 200 250 300 350 400 450
Position [m]
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I Gradient and Phase ﬂ("
Along Linac

Accelerating voltage

14
12

= 1 I

s SN

g ° )| Z

£ 6 i

2 4 : ——704.4MHz
2 ‘% ) -==1.3GHz
0 -

0 50 100 150 200 250 300 350 400 450
Position [m]

Synchronous phase
Frequency Jump 0
-10
8 20
. S, p
The sync. phase is @ -30 \; ; T.-v-""".,“I
reduced at the 'E -40 —=704.4MHz
frequency jump. 50 ~-13GHz
0 Y] P N i | 13GH|
&
0 50 100 150 200 250 300 350 400 450
Position [m]
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I Gradient and Phase ﬂ("
Along Linac

Accelerating voltage

In both cases power

- per cavity is limited to
S 10 Jﬁ 0.9 MW
2 f"* (212MV@75mA).
g 6 - / => Real estate
S 4 I ] T70saMRz gradient:
2 / \ —1.3GHz 704.4 MHz: 8.5 MV/m
(0

1.3 GHz: 8.1 MV/m

0 50 100 150 200 250 300 350 400 450
Position [m]

Synchronous phase
Frequency Jump 0
-10
8 20
. S, p
The sync. phase is g 30 NA S T.-r""#
reduced at the E -40 —=704.4MHz
frequency jump. -50 —=-1.3GHz
X Y] P €0 AU™ | |
<&
0 50 100 150 200 250 300 350 400 450
Position [m]
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| Simulation ParamEter
General Beam Dynamic

704.4 MHz 1.3 GHz
Current 50 mA 50 mA
NC Frequency 352.2 MHz 325 MHz
Input Energy 50 MeV 50 MeV
No. Particles 50,000 50,000
Distribution Gaussian 3xo Gaussian 3xo

e.X. norm. rms

0.2455 pi.mm.mrad

e.y. norm. rms

0.2419 pi.mm.mrad

€.Z. norm. rms

0.6464 pi.mm.mrad
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I Elliptical Cavities

4]}

Karlsruhe Institute of Technology

704.4 MHz 1.3 GHz
By 0.63 0.75 0.74 0.84
Cells 5 5 9 9
L (Lactive) [M] 0.99 (0.67) 1.11 (0.79) 1.09 (0.77) 1.19 (0.87)
Riris [cm] 5.5 6.2 3.5 3.5
R/Q(Bg) [QT] 238 307 513 715
Gradient [MV/m] 14 20 15 21
fcutot [GHZ] 2.09 1.85 3.28 3.28
Installed 36 168 40 160
flinac definition
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| Monopole Spectrum

4]}

Karlsruhe Institute of Technology

Maximum R/Q per mode in used energy range
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% . : | : 704.4MHz,
+ : | I p=0.63
& X . ## ! X 704.4MHz,
10 N ; " ‘0 ; B=0.75
r— | 1 + i
S, . 5 i Bx A A M * 1.3GHz,
g X R : e : B=0.74
1 + 1
1 L 2 i
0.1 : : + “ 7 : +1.3GHz,
% : t . : B=0.84
0.01 ; rs ;
0.001 X +
500 1000 1500 2000 2500 3000 3500
f [MHz]
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| Monopole Spectrum

4]}

Karlsruhe Institute of Technology

R/Q[Q]

100

10

0.1

0.01

0.001

Maximum R/Q per mode in used energy range

% . : | : 704.4MHz,
+ : N\ : $=0.63
X I T '
o @ . ( * > . X 704.4MHz,
N/ = P _
. S : B=0.75
+ , ] + ‘ |
P B x . R ¢ : ¢ 1.3GHz,
V2 XX 3 +& 4+ i
X + X - - B=074
X I Teo + i
t : + ¢ : -
: 0~ ¢ : 1.3GHz,
I 0 =0.84
3 | AR :
: o :
X &
500 1000 1500 2000 2500 3000 3500
f [MHz]
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R/Q -MAP AT

Karlsruhe Institute of Technology

R/Q-Map 704.4MHz,3=0.63 R/Q-Map 704.4MHz,3=0.75

10° "3 f [MHz] 10°F "3 f [MHz]
- 1 —690.8 ; 1 —688.0
102 o 694.6 102 < 6924
2 3 —699.2 - 1 —698.0
B 1 —703.0 I 1 —702.6
_ 10¢ H —704.4 _ 10 ' —704.4
S, - 7 1500 e} - 11483
g : i 1527 g § 1 1505
= 1545 i | 1523
107'F H 1560 107'g 5 - 1546
- 1 -- 1802 - 1 -- 1568
102 1 ess 102 ER
3: / L g ; I J | 4 -- 1850 _3: PRV ESD s S 1--1624
10° = 550 300 350 400 450 500 1652 10" 500 1000 1500 2000 2500 '6%
Energy [MeV] Energy [MeV]
R/Q-Map 1300MHz,3=0.74 ,
10— T T T T T T T T T g kg 10° E 3 MKz
S q —1268 - =
- 1 —12m - ] 1
1287 2 —| —1283
102 B 0°F \ i
[ 4 — 1292 B 1 —1297
- - —1297 —_—
10F <4 _ 10F ER-
= - 7 o G - {2
Red __ __ 2731 1=_ — - 2672
e 1 = 1 7z (@] = E [
T - ] s - o -z
107 — 24 107 E 7
= = v E 3 -
- N 3002 — T 2770
102 S 102 E
= 35 ® Pt T L = I - q -- 2821
R (R n I ] 2096 e L AANAY /S
- DY R L I I O VI N TR S I St R CO BRI S BRI 1R L . o
10°"""00 450 500 550 600 650 ™ 10 1000 1500 2000 2500 ~

Energy [MeV]

Energy [MeV]
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4]}

Karlsruhe Institute of Technology

R/Q -MAP

R/Q-Map 704.4MHz,5=0.63

R/Q-Map 704.4MHz,3=0.75

3 = - =
10°F T3 f[MHz] 10°F T £ (2]
- 1 —690.8 5 > —688.0
102 o 694.6 102 < 6924
= 4 —699.2 S 3 —698.0
B 7 —703.0 - )T e T 1 —702.6
_ 10g H —704.4 _ 1o H —704.4
€] - 1 -~ 1500 e} - 1 1483
1 - 1511 1k 1 1402
g : i 1527 g § 1 1505
= 1545 i | 1523
107'F H 1560 107'g 5 - 1546
- 1 -- 1802 - 1 -- 1568
2oL 1 1817 2 | 1589
L 3 - 1835 107 3 - 1604
_3: ] o o | 1 - 1850 Nl | | 1 -- 1624
10° = 550 300 350 400 450 500 1652 10" 500 1000 1500 2000 2500 '6%

R/Q-Map 1300MHz,3=0.74

Energy [MeV]

Energy [MeV]

103 g L s B By B B B B B B B |§ fﬂ":";és ? fﬂll‘ll'lzzg2
- = J B 1274
- 1 — 1271 N 1278
1287 2 L 1283
102 = — — 1281 10 = 1288
= g —1287 - 1293
— 4 —1202 - 1 Z 127
~ 4 —1297 10 —1299
— 1299 = -
10 o —1300 — = 3 T
p— - = - 2713 [ ]
= 1 g f ] =
b B 1273 1 — 2672
1 —- - e2ra7 (&) g E
(@] = 3 2767 = 3 2683
E - q - 2790 o - q - 2696
- . — 1 ... 2709
= - 2815 -1 5719
107 - ggg; 107 = Y 1
= 3 = q -- 2753
- A -- 2983 - q - 2756
- 1 [ 1
1072 — -~ 3050 107°F D H T e
= H - 3070 - o -- 2821
— s B BN X A s o gggg u vEL - -- 2834
RN A P S A TG ] -3 2N who . ! 2844
-3 kYT AN e A A A il s L e e 3114 1 0 2850
10 400 450 500 550 600 650 ™ 1000 1500 2000 2500

Energy [MeV]
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I Beam Parameter A\K"
HOM Simulations

Parameter Mean (704.4 MHz/1.3 GHz) )

Bunch frequency [MHz] 352.2 /325 -

Pulse length [ms] ~2 (700,000 bunches) -

Period length [ms] 50 :

Beam current [mA] 50...400 1%

Winput [MeV] 225 (380) /380 2.10-5

Phase [deg] -30 (-16) / -60 0.3 (0.2)/ 0.4
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|HOM Voltage along the linac after one

Pulse

100 linacs

4]}

Karlsruhe Institute of Technology

704.4MHz Linac

all cavities:
Qex=1 08

) TE T T T T T T T T T T g [ LA
simulated.: s [ Otom =1 MHz T |- 400 mex)
- mode with highest & - i [ e

. = 1072 = , Jinett \.:“ - " \ ) bpyn® ol orne —= 200 (avg)
R/Q (B) present in S = e, S | o
each cavity S 100 S~ N — = soavg
> — =
frequency patterns 10—5 E I 1 1 1 I 1 1 1 I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] ] ] I ] I:
: 0 20 40 60 80 100 120 140 160 180
along linac Cavity
- no HOM voltage
present at start 1.3GHz Linac
1 %I I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I I? Ib[mA]:
one pulse s - Ofom = 2 MHz Y f b ein A b | a0 maw
simulated S 10 n BN e W AN me S AL
% E “ ‘," "b.' w=" \A vy \,\,“ L L A E — 400 (avg)
- same injection s UFE - | 20w
. E E 100 (avg)
nOISG § 10° 'E_ _EI — 50 (avg)
- same dampingin £ [ 3
b b E

10°°

|
100 120 140 160 180 20
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I Machine Line AT

Karlsruhe Institute of Technology

704.4 MHz 1.3 GHz

HOM voltage in cavities after beam pulse HOM voltage in cavities after beam pulse
10 -+ 1. .. !T T T ~—Tr——~~—+Trm—TTroTo T~ T 10 Y+ 1. T Tt rTr"Trrr~rrrrr~ r°TrTororro°oor T
= s
s 1 s 1
S )
g 10" g 10"
E E
= 107 = 107
o o
= 107 = 10°
T 10tk - T 10
10—5 i i i | i i i | i i i | i i i | i i i | i i i | i i i | i i i | i i | 10—5 A n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1 " " " 1 n n n 1 n n n
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180 200
Cavity Cavity
HOM voltage time developement in Cavity no.: 100 HOM voltage time developement in Cavity no.: 100

= 1T .‘T T~ rTr"m-rrTmTT—T——Tmrrrrrrr T — -1 ..’ .!T° T~~~ TToTT T T —
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I SNS - Parameters
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Karlsruhe Institute of Technology

Parameter Unit Value

Beam power [MW] 1.0

Repetition rate [Hz| 60.0

Average pulse current [mA] 26

Peak pulse current [mA] 38

Beam pUIse length [mS] 1 1 03 = I I I 1. I I I I ' L | | | L | —

Sub-pulse length 8] 645 S | i 5 -

Sub-pulse repetition rate [MHz| 1.059 - 1| Cavity: | 3

Bunch frequency |MHz| 402.5 102 = ' o Bg=0_61 =

Sections Bg = 0.61 By =0.81 E , - . Bg=0_81 E

Output energy [MeV] 379 1,000 10 L . " ; _

Number of cavities 33 48 = . i . =

Cavities per cryostat 3 4 - . am u . " oam ]

Period length [m] 5.839 7.891 =— | I.. o my " -.
1 — : [ u ue =

Operation phase |deg| —20.5 —19.5 Q = ‘ . o e W : =

Qex Power Coupler 7.3-105 7.0-10° OO - : D ® g e .

Qex HOM Coupler 104 104 1 ° . ° .. _

Length [m] 64 95 100, % * % g

g o @ * ]

Cavities By =0.61 S, =0.81 - I n -
2L ° ! ° —

Cells 6 6 10 = o =

Frequency [MHz| 805 805 - : -

Geometrical beta £, 0.61 0.81 3 R T I

(7/Q)(5,) 1 279 3 10 10 1500 2000 2500 3000

EyT(8,) IMV/m] 10.1 15.8

Beam Unit Value Variation f [MHZ]

Injection energy [MeV] 185.6 0.07

Injection phase |[deg @ 805 MHz] -20.5 0.225

Beam current [mA] 0.26-0.4 0.3%

RF Errors

Amplitude 0.5%

Phase |[deg @ 805 MHz]| 0.5
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I SNS Simulations
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Karlsruhe Institute of Technology

Average Max
1030~ S | set: i | T set:
1025 q= 1 e BIE
- -0 2 - x 1l° 2
) 1.0205— E(CE: ) i 1+ 3
210151 - 4 E i 1> 4
10105_ - _E X 6 E__* _____________________________________________________________ E X 6
1.005 |- ' E ) |
1.000 2% e T 1 o T T B I L 2 B :—
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
|, [mA] |, [mA]
Qex
Set [, =0.61 [, =0.81 o [%] comment
1 108 108 1 f,, shifted to chopping machine line
2 108 108 1
3 108 108 0.3
4 10* 10® 0.3
5 10% 10% 0.3
6 108 108 1 SPL 5/8 chopping and f, shifted to
chopping machine line
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I Karlsruhe Institute of Technology AT

Karlsruhe Institute of Technology

Karlsruhe Institute of Technology
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