Proposals for conceptual design of
the CLIC DR RF system at 2 GHz
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CLIC DR parameters

Y. Papaphilippou New DR parameters
_ Paameer  |DR@IGHz|DR@2GHz
Circumference [m| 420.56% * The ting
Harmonic number 1402 2805 circumference
Eiucray Loue/ e [V 470 was shoreened
Dambing 4 185101006 after relaxing
Amping 11m|:.5 [ms] (1.58, : J.96) longitudinal
Number of wigglers 32 parameters in
{-current emittances [nm,nm,eVm)| (280 3.7 4400, order to reduce
O-current mom. spread /bunch length Y/ mm| 0.11/1.4 space-charge
RF Voltage/Stat. phase [MV/deg] 4.0/549 44773
Momentum compaction factor 7.6 x 107
Steady state emittances [nm,nm,eYm] (480 4.5, 5040 ** #* [sing Bane
St. state mom. spread/bunch length |6/ mm)| 0.13/1.6 ﬂppmxima .
Space charpe tune-shift -[1LODG,0.12) Prwinsk
heory gve:
e e e 066/0.145  1.3/0.145 FHEOTY gIves

(3104401000
Peak/ Average power [MW] 28/0.6 5.5/0.6

Kicker rise / revolution time [ns] 54571403 1246/ 1403



“A la linac”-type rf system
(low stored energy option)



Scaling of NLC DR RF cavity

From PAC 2001, Chicago NLC DR RF cavity parameters CLIC DR RF

AN RF CAVITY FOR THE NLC DAMPING RINGS Frequency: f[6Hz] 0714 |2 1

R.A. Rimmer, et al., LBNL, Berkeley, CA 94720, USA Shunt impedance: R, [MQ] (~ 1//f) | 3 18 25
Unloaded Q-factor: Qg (~1/J/f) | 256500 | 15400 | 21500
Aperture radius: r [mm] (~ 1/f) 31 11 22

Max. Gap voltage: V, [MV] (~ 1/f34) | 0.5 0.23 0.39
Wall loss per cavity: V,2/2R; [MW] 0.042 | 0.015 | 0.03
HOM (,=3.3mm)

HOM loss factor: kll, [V/pC] 1.1 3.08 154
(~f)

Transverse HOM kick factor: kT, 394 309 77.3
[V/pC/m](~ f2)

From PAC 1995,
Collective effects in the NLC DR designs
T. Raubenheimer, et al,,

Alexej Grudiev, CLIC DR RF. 20 October 2010



— o e Cavity parameters

©

Number of cavities: =~ N=V./V,=4.4/0.23 =19.1 ~ 20 = 10 x 2-cells cavities

Gap voltage: Vy=V.¢/N=4.4/20 =0.22 MV
Total wall losses [MW] : Py = V,.2/2NR = 4.42/(2*20*1.8) =0.27 M\W
Peak beam SR power [MW]: P, = U*I, = 4.2*1.3 = 5.46 MW

Matching condition:
Total power lost in the cavities when the beam is in: P,, =P, + P, =5.73 MW

CGViTy COUp“ng: ﬁ = QO/QCXT = Pin/PO = (Pb+PO)/PO = 21
External Q-factor: Q..+ = Qo/p = 15400/21 =733
Filling time: 1 = Q/f = Q./(1+1/p)/f = 733/(1+1/21)/2 GHz =350 ns

Klystron bandwidth: of

f » 1/t; =1/ 350 = 3 MHz.
AND
of » 1/t ., = 1/ (1402-156) = 0.8 MHz; where 1., - time between the bunch trains

RF system total length: 10 x 1 m =10 m

Alexej Grudiev, CLIC DR RF. 20 October 2010



N 7><% Transient beam loading compensation

Transient beam loading compensation with infinite bandwidth rklys‘rr'on

1.2 b L

1 L | Vin ul AmpllTUde
£ o modulation
S I N e | from1to
> A\V/FR /B : , || 055is
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Alexej Grudiev, CLIC DR RF. 20 October 2010
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Basic layout of 2 GHz rf station

2-cells cavity

Reflections from the
cavities go to the load

[ Load

Klystron
0.6 MW

Voltage program input ‘A

Alexej Grudiev, CLIC DR RF.

80 kV DC HVPS

18 kV AC

20 October 2010



T //><% Alternative layout for 2 GHz rf station DR

4-cell cavity

Reflections from the
cavities go to the load

= Load ]

Alternative layout doubles peak
power for a pulse of ~600 ns

3 :
L ~ - ~
: s\\ r ~~\~ : ~‘\\ : 5 Vin
2.5 1 N N AN [ N — |
1
A
2 LR RN N AR
L L |
B -
= 1 80 kV DC
eg 15 : - Klystron VA HVP s
2 \\ ‘\ , 0.6 MW
>
1 3 T T T
\"IK /.Ik "’ I\\ /"/| " 4 I
AN VI 0 \ R \ /
05k XN TN NN 18 kV AC
\:*K P i : !
0 1+ 1T " 1 H : : ! F .
0O 2000 4000 6000 8000 10000 12000 14000 16000 18000 VolTage program input

LVrev/ 2n

Alexej Grudiev, CLIC DR RF. 20 October 2010
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| Summary table for “a la linac"-type &N

Overall parameters alternative
Total rf power [MW] 6 3
Total length [m] 10 5
Number of HVPS 10 5
Number of klystrons 10 5
High voltage power supply (HVPS)

Output voltage [kV] 60
Output current [A] 20
Voltage stability [%] 0.1
Klystron

Output power [kKW] 600
Efficiency [%] 50
Bandwidth [MHz] >1%
Gain [dB] ~40

Alexej Grudiev, CLIC DR RF.

20 October 2010



KEKB-type rf system
(high stored energy option)



Beam cavity interaction, dV/V << 1

2GHz case 1GHz case W =V2/pw; dW =dV 2V/pw
Ib dW/dt = _Pb + ntrains*Tb/Trev*Pb ; dt '> Tb
dV/V = 'PbTb(1'ntrainsTb/Trev)pw/2Vz
T, T t d¢ =dV/V*1/tand,)
do, =dd+dd, = dV/V*(1/tand.- tand,)
i~ " g
V, =V sind, = energy loss per turn = const;

t dV, = dVsind, + Vcosd, dd, =0
do, = - dV/V*tand,

V 2GHz case

Ty T

b, 2GHz case
y / x\
dd)b V}/ /\
t do

rev dd)s




Table 1: BF-related machine parameters and BF operation

KEKB RF system

K. Akai, et. al, “THE LOW-LEVEL RF SYSTEM FOR KEKB”, EPAC98

Parameters.

2] HER
Energy [GeW] i3 g0
Current [4] 2.6 1.1
Beam power [MT] 4.5 4.0
Bunch lenzth [mm] 4 4
FF frequency [MHz] 508887 50E 827
Hammomic mambsr 5120 5120
Cavity type ARES SCC  ARES
Mumber of Cavities 20 ] 12
Pelative phasa i 10 degrees
Total BF voltage [MMV] 1] 179
B = [»/fcaw] 148 03 148
Q. £10° 3.0 7.0 3.0
Toxprat £1 27 1 27
Violtage [MWVicav ] 0.5 1.5 0.5
Toprut porarer [k cam. ] 375 250 340
Wall loss [EWicav] 154 1 1+
Besm power [KW/ cav ] 21 240 173
Mumber of Elystrons 1 ] 6
Elystron power ¥ [KW] | = 10 | » 270 = T30

¥ 7 % loss at wavegmde sysiem is mcluded

dv/V =P, T,(1-T,/T

rev
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Figure 3: Transient response of the hybrid system in HER

to a 5% gap.

)Jow/2V2 ~ 1% itis consistent with simulation presented in Fig 3

do, = dV/V*(1/tand, —tand ) ~ 3° it is consistent with simulation presented in Fig 3

Dominated by direct cavity voltage phase modulation in KEKB case



THE ARES

CAVITY FOR KEKB, Kageyama et al, APAC98

Table 1: RF design parameters of the ARES production

) o model. and the high-power test records achieved with| Frequency: f{[GHz] 0.509 1 2
o S Bl par Wavegride the production prototype ARES96.
o Congls P P EO—— Normalized shunt impedance (linac): | 15 15 15
Vi Port a H Ua-Us =1:9 p=R/Q[Q] (~)
P R/ Q =150
2 0 - 11x10° % Unloaded Q-factor: Q (~ 1/f¥/2) 110000 77000 55000
_ M . Pe =150 kW per ARES Cavity Aperture radius: r [mm] (~ 1/f) 80 40 20
\ ) - generating )
Ve =0.5MV (KEKB Design) Max. Gap voltage: Vg [(MV] (~ l/f3/4) 0.5 0.3 0.18
v Born * High-Power Performance Nominal
GBP Maximum Continuous: Pc =380 kW A
! X Maximum for 20 minutues: Pc =450 kW Max. Gap VOItage: Vg [MV] (~ 1/f3/ ) 0.85 0.5 0.3
— — — High power tested times sqrt(3)
= T: in high-power operation with Pc = 150 kW
— Tmais (_CC ) (IS - - Wall loss per cavity: P=V,?/R, [MW] | 0.44 0.22 0.11

Part

AN

Scaling of the gap voltage is done to keep heat load per
meter constant: P/g = V,?/R.g = V,?/p,Qg => V, ~1/f3/4

Figure 1: A schematic drawing of the ARES production model based on the prototype ARES96.

~2.5m

<€




CLIC DR parameters for scaled ARES cavity

The incoming beam needs to be stable to

0on<0.4deg @2 GHzand o /E <3.8X 10™*(distributed timing reference)

Specs from RTML
F. Stulle, CLIC meeting,

or 0,n<0.1deg @ 2 GHzand o, /E,; <5.4X 10~ (outgoing pulses as timing reference) | | 2010-06-04

Circumference: C [m] 420.56

Energy loss per turn: U, [MeV] 4.2

RF frequency: f. [GHz] 1 2 Assuming parameters of ARES cavity
RF voltage: V.. [MV] 49 44 from nominal up to tested (150 - 450
Beam current |, [A] 0.66 1.3 kW) and scaled to 1 or 2 GHz

Train length T, [ns] 2 x 156 156

Harmonic number: h 1402 2804

Synchronous phase : ¢, [°] 59 73

Gap voltage: V, [MV] 0.3-0.5 | 0.18-0.3

Wall loss total [MW] 12-21 | 09-1.6 || dV/V =-P,Tp(1-ninsTp/Tre)Pgw/2V,V
g;zig]ph?sgejfsreg)d for scaled ARES cavity: | 0.7-0.4 15-9 dq)b = dV/V(1/tan¢S-tan¢s)

Factor missing to get the specs ~10 ~100 f

Specified bunch phase spread: dd, [°] 0.05 0.1 Dominated by cavity voltage modulation ->

synchronous phase modulation



Solution 1: Modification of the scaled ARES cavity

Table 1: RF design parameters of the ARES production
model, and the high-power test records achieved with
the production prototype ARES96.

Two SiC Ballets par Waveguide

gl e 21 fir = 508.887 MHz
Vacuuz Port cE Ua : Us =1:9
3 R/0 =150
..... = o) = 11x10° §
_EE - - T _ Pc =150 kW per ARES Cavity

generating
Fe =0.5 MV (KEKB Design)

High-Power Performance
GEP Maximum Continuous: Pc =380 kW
| 5 Maximum for 20 minutues: Pc = 450 kW

7: in high-power operation with Pc = 150 kW

[E Tows S0 Budlets por Wavegside

p=V?/w(W_+W,); in ARES W .=10W,
If we keep the size of the storage cavity

the same as for 0.509 GHz when scaling to
1 or 2 GHz: W=10W,_*(f/0.509)3

p=1/f
In addition, Q-factor improves ~f1/2
Frequency: f[GHz] 0.509 1 2
Normalized shunt impedance (linac): | 15 1.9 0.23
1 p=R,/Q[Q] (V1/F)
Unloaded Q-factor: Q (~ f1/2) 110000 156000 220000
Aperture radius: r [mm] (~ 1/f) 80 40 20
Max. Gap voltage: V, [MV] (~ 1/f%/%) | 0.85 0.35 0.15
Scaled to keep wall loss per cavity
| constant
Wall loss per cavity: [MW] 0.44 0.44 0.44

Scaling of the gap voltage is done to keep heat load per
cavity constant: P = V.2/R.g = V,2/p Qg => V, ~1/f>/4

= This implies that we go to higher order mode in storage cavity from TEO15 to whispering-
gallery modes like in the BOC-type pulse compressor.
= Wall loss per cavity increased dramatically what requires gap voltage reduction.




CLIC DR parameters for modified ARES cavity

The incoming beam needs to be stable to

o

0on<0.4deg @2 GHzand o /E <3.8X 10™*(distributed timing reference)

Specs from RTML
F. Stulle, CLIC meeting,

or 0,n<0.1deg @ 2 GHzand o, /E,; <5.4X 10~ (outgoing pulses as timing reference)

2010-06-04

Assuming parameters of ARES cavity
in the range from nominal up to
tested and modified to 1 or 2 GHz
keeping the same storage cavity
volume

Circumference: C [m] 420.56

Energy loss per turn: U, [MeV] 4.2

RF frequency: f; [GHZ] 1 2

RF voltage: V; [MV] 4.9 4.4
Beam current |, [A] 0.66 1.3
Train length T, [ns] 2 x 156 156
Harmonic number: h 1402 2804
Synchronous phase : ¢, [°] 59 73
Gap voltage: V, [MV] 0.2-0.36 | 0.09-0.15
Wall loss total [MW] 3.5-6 7.5-12.8
Bunch phase spread for modified ARES 0.1- 0.07 0.5-0.3
cavities: do, [°]

Specified bunch phase spread: d¢, [°] 0.05 0.1

Performance is almost within specs
but the power loss in the cavities is
big. It is acceptable for 1 GHz but
probably too big for 2 GHz




Solution 2: Detuning rf frequency from bunch frequency

In the presence of linear phase shift of d¢, over a period of time T :
f,=f-dd,/2nT,;
To compensate dd, = dV/V (1/tand,- tand,) = 1.7° at 2 GHz, 6V/V = -1%, $.=73°,
df (/f=-1.5e-5 is needed, which is very small
BUT the associated voltage reduction 6V/V results in bucket reduction and
consequently in bunch parameters modification. Radiation damping keeps
og=const for all bunches in the train so the bunch length varies along the train.
The limit from RTML is that RMS{&0, /0,} < 1%(F.Stulle)

il IY: AE/Az = o./0, => AE 0,= Az O,

el Az Variation gives 6AE o,+ AE 80,= 6Az o+ Az 80,
Which results in 60, /0,= 6Az/Az — §AE/AE
o, A ~ (d)s-Tl/Z) . /2 ©=73° s 0
60¢/Ad = b, /(d,T1/2) e

AE2~ V(cosd +(d-T/2)sind,) 6¢.=-6V/V tand,
SAE/AE = %[8V/V+6d /(tand, +1/(¢./2))] SAD/AD = 5 -
5d.=- 6V/V tand, -6V/V tand,/(¢,-11/2)
SAE/AE = 1%8V/V[1-1/(1+1/(tand,(d1/2)))] SV/V =-1%, $=73° => s, |
8V/V = -1%, d.=73° => SAE/AE = -17% 80z2/Dz=80b/Db =-11% ' 54,

60,/0,= 6Az/Az — SAE/AE =-11% + 17% = 6% (peak-to-peak) Fig. 2.3: Bucket length ¢, = g versus syn-

chronous phase ¢o.

Reducing Cb helps a lot Image from H. Damerau, PhD Thesis, 2005
s



Proposal for conceptual design at 2 GHz
based on the ARES-type cavities

Fix the value of acceptable bunch
length increase from first to the last
bunch to 60, /0,=3%

This defines allowed voltage
reduction 8V/V = -0.5%, which
corresponds to dd, = dV/V (1/tand.-
tand,) = 0.85°, ¢, = 73°

To assure this voltage reduction the
total normalized shunt impedance:
p=-dV/V *2V2/(P, T, (1-ny 5 T f oy) W)
=20Q

Reducing ¢, helps a lot

trains

Parameters of the proposed rf system at 2 GHz

Gap voltage: V, [MV] 0.15
Normalized shunt impedance per 0.7
cavity (linac): p, [Q]

Q-factor ~190000
Number of cavities 30
Total stored energy [J] 77
Wall loss total [MW] ~5
Average beam power [MW] 0.6
Total length of the rf system [m] ~50
Bunch phase spread: dé, [°] 0.85
Relative rf frequency detuning: df/f -0.75e-5
Required for compensation of d,
Corresponding mean radius ~0.4
increase: dR=R*df/f [mm]




Possible layout of an RF station with ARES type cavities

Reflections from the
cavities go to the load

—

Load ]

Klystron
0.4 MW

18 kV AC

Voltage program input




Superconducting RF option

**Making ARES-type cavity superconducting is probably possible but certainly
beyond the present state-of-the-art in SC RF technology

*»Elliptical cavity is an option but it has relatively high normalized shunt
impedance. Let’s consider TESLA-like cell:

pf:ck up Image and pars from PhysRevSTAB.3.092001 HOfl}lﬁggpler Parameters of SC rf system at 2 GHz
ange \
/IWYWWQ_ Total stored energy: [J] 77
: o Needed for dV/V =0.5%
Q j\ L1 Gap stored energy: [J] 0.7
\‘HOM coupler gap
flange 115.4 mm power coupler Number of gaps 110
(rotated by 65) flange
1067 mm Gap voltage: V, [MV] 0.04
1276 mm . .
Normalized shunt impedance per gap 0.09
Frequency: f[GHz] 1.3 1 2 (circuit): Pq [Q]
Normalized shunt impedance per 58 58 58 Q-factor 2e9
cell (circuit): p,=R,/Q[Q] (const)
Unloaded Q-factor: Q (~ 1/f?) 5e9 8e9 29 Wall loss total [W] at 2K 484
Aperture radius: r [mm] (~ 1/f) 35 46 23 Total cryogenic power [MW] at 300K ~0.5
Max. gradient in CW: G [MV/m] 14 14 14 Average beam power [MW] 0.6
Scaled to keep gradient constant
" e T e > ) Total length of the rf system [m] ~22
ax. gap voltage: . .
gap g% % Dependent on the # of cells per cavity | for5 cells
Stored energy per gap: V,*/2p,w [J)] | 2.7 5.5 0.7




RF station layout for SC cavities

Reflections from the
cavities go to the load

—

Load ]

18 kV AC
Voltage program input




Comparison of 3 options

All 3 options seems to be feasible but have different issues summarized below

Train length [ns]

Total stored energy [J]
Shunt impedance R [MQ]
Total rf power [MW]
Total length [m]

Klystron bandwidth [%]

Voltage modulation

Strong HOM damping

Transverse impedance
Cryogenic power [MW]
Main Challenge

0.3
36
6 (3)
10 (5)
>1

Strong:
Phase + amplitude

demonstrated

Highest
0

Voltage modulation
for transient
compensation,
Low efficiency

77 154

1.9 0.95

6 ~12

~50 ~50
<0.1

Could be
stronger

No, or very
small phase

demonstrated

Lower
0

Low efficiency
Big size

77 154
20000 10000
0.6 1.2
~20 ~40
<0.1
No, or very Could be
small phase stronger

demonstrated in single cell

Lowest
>0.5

Low R/Q,
Rf design both for
fundamental and for HOM

¢, reduction will help a lot here



