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Qutline

» Projects Comparison
* EIC, HL-LHC & ILC

« EIC Crab Systems

e 394MHz
« WOW with beamline absorber or RFD with waveguides

e 197/7MHz
« DQW or RFD
« Waveguide or coax absorbers

* CO nTrOl | Damping Rings IFi£.‘detect‘c/:r“s-\(sum‘mw“Et - W;E;E;Jeﬂ;lr
i Tuning \ "‘;I‘ e- source ‘ :
. - DQW: Double Quarter Wave ( :

MU.|TIpO|eS RFD:  RF-Dipole e- bunch .
 Noise and LLRF WOW: Wide Open Waveguide ‘~ i
_ HSR: Hadron Storage Ring
: e SU m mOry ESR:  Electron Storage Ring



Presenter Notes
Presentation Notes
Quickly evolving specs → designs. 
Tuner, multipole components, noise control, high gain low delay control loop etc.



Project Comparison
. jmc JHLlHC _Juic__

Crossing angle 25 for IP6 (baseline) 0.590, two IPs, one 14
[mrad] 37.5 for IP8 (TBD) vertical one
horizontal
Frequency [MHZz] 197 & 394 for HSR 400, DQW (vertical)  1300/2600/3%900
394 for ESR & RFD (horizontal)
Voltage [MV] 33.83 from 197, -4.75 from 6.8 per IP perside as 1.845@1.3GHz, 250GeV
394 for HSR, 2.9 from 394 the baseline, 7.4@1.3GHz, 1TeV
for ESR, per side for IPé, upgradable to Inversely proportional to
50% more for IP8. 12~13 frequency
Space adllocation- 15m for HSR, 4.5m for ESR, ~3.5m 3.8m
longitudinal per side for IP6, 50% more
for IP8.

Space allocation - 1.0m for HSR, 0.7/m for ESR, 0.194m, to adjacent 0.1967+0.0266m, to adjacent
transverse to adjacent wall beampipe center beampipe center



Presenter Notes
Presentation Notes
ILC specs by Peter McIntosh, for HL-LHC and ILC, adjacent beampipe can be included into the cryomodule. For EIC, the adjacent wall could be beampipe wall, tunnel wall or other instruments like magnet/solenoid. https://inis.iaea.org/collection/NCLCollectionStore/_Public/46/034/46034889.pdf


Damping Regquirement
. JEC_ |HLWC_Juic_

Longitudinal  316kQ for hadron ring 2.4MQ -
26kQ-GHz for electron ring

Horizontal 2.64MQ/m for hadron ring 1.5 MQ/m 48.8MQ/m for 250GeV

0.96MQ/m for electron ring 195.2MQ/m for 1TeV
Vertical 13.2MQ/m for hadron ring 1.5 MQ/m 61.7MQ/m for 250GeV
0.96MQ/m for electron ring* 246.8MQ/m for 1TeV

*This number could be higher if vertical beta function at crab cavity location
can be confined.

High-Luminosity Large Hadron Collider (HL-LHC): Technical design report
P. McIntosh, Crab Cavities for ILC, FRIBAO4
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Presenter Notes
Presentation Notes
EIC beam is not round at crab cavity location


ILC pulsed machine with CW crab cavity operation


EIC Crab Systems

g::i)ties H ESR /
(per IR) (Cavities/CMs) | (Cavities/CMs)

SR
197 MHz 8/4
4/4

50% more

394 MHz 2/2*

*or 4/4 for redundancy

« Operating voltage per cavity: 8.5MV for 197/MHz & 2.9MV for 394MHz.
« Designed specs: 11.5MV for 197MHz & 3.5MV for 394MHz, with Epk 45MV/m & Bpk 80mT.

 Impedance budget (per cavity):. For 197/7MHz 10kQ longitudinal 0.132MQ/m horizontal
0.66MQ/m vertical & for 394MHz 3.25kQ-GHz longitudinal 0.12MQ/m transverse (with two
394MHz for ESR per IP per side, considering two IPs).

« And high HOM power per cavity, a few kW for hadron ring 197MHz and ~40kW for electron
rnng 394MHz.
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Presenter Notes
Presentation Notes
Low in freq -> large in size, geometric constraint/mechanical design/fabrication/surface treatment/installation.
Tight impedance budget, high HOM power -> difficulties in damper designs.

for EIC, the longitudinal impedance budget is two orders of magnitude lower comparing with HL-LHC for 197MHz and three or-ders of magnitude lower for 394MHz, while the transverse impedance budget is one order of magnitude lower for both 197MHz and 394MHz. 


 Due to the high current and short bunch length, especially for electron bunch, the HOM power of both 197MHz and 394MHz systems are high while comparing with HL-LHC. 



ESR 394MHz Crab Cavity MOPMB054

* Wide Open Waveguide (WOW) type with beamline absorbers
or RFD cavity with rectangular waveguide absorberse HOM
power (in S0kW range) is the major concern. The former
produces >50% more HOM power than the |later thus is not
preferred.




ESR 394 MHz RFD Crab Cavity ML

- . . 0] ing 394.0
» 394 MHz cavities will be installed on 15?:r;iﬂn[ng:j]“ency o
both HSR and ESR
« 197 MHz crabbing system is the primary £ JE" 387
crabbing system at HSR B"/Et* er— 08
« Second harmonic crabbing system . '
operating at 394 MHz will be installed aft el A ) 209
HSR to linearize the kick for the 6-7 cm Glal o
long proton bunches R/Q[Q] 308.6
« Beam aperture = 100 mm from HSR RiR, (] 3.9x10%
« Damping specs from ESR |
« HOM power handling from ESR MEP Vg [IMIV) PR @RSy | 2
i . . . E_[MV 29.5
- 394 MHz crab cavities will be designed as a single [[mT]/m] oy

cavity cryomodule to be similar for both HSR and ESR Total V, [MV] By

S De SiIVO No. of cavities 1 2




HOM Damper Designs

W Acc [Q]
« HOMs are suppressed with 4 waveguide dampers |
. . . 1.0E+03 u
» Tilted rndged waveguide allows more space between === = —_—
the beam pipe and waveguide for flanges . "'__ . . " .
- With increased crossing angle at the second IP, . ! T 3
oy . E - |
number of cavities may need to be increased to 8 | . . - .-:i
« HOM dampers are designed with sufficient margin; will ™™ -
not exceed impedance thresholds B U g B8 r
- HOM power for the 4 waveguide absorbers are 25.0 S e
kW for modes below 2 GHz and 30.3 kW above 2 GHz mAcc 0] Dip X /] o Dip-Y [0/
. <12kW for each waveguide load _
« ~5kW each beampipe port i . ; <ol
« Further optimization going on to reduce HOM power “gi:llm 3 e 0pn 2 ;t:‘ .
- T " IR A P T
| Single ridged . e 8 . A ". - .‘:'
waveguide cross g 1o Jigu " " ta H,e iE {'.i
section 2 106000 o o " eestpvian’
T Minimum Distance ¥ 8655566 mm [ ¢4 = E o e %o o . ® . 3 - ® g ﬂ Llﬂ

400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00 1800.00 2000.00

-~ - = Freq [MHz]
30 oT—mMm




HSR 197MHz Crab Cavity

* DQW or RFDe¢

* RFD Is preferred majorly because it is more mature in
engineering design, and the shape is more favorable as a
vacuum vessel.

S. De Silva




RF Properties

» Electromagnetic design requires to achieve:

- Cavity peak surface fields of E, < 45 MV/m and
B, <80 mTat11.5 MV

0.59 m

1.44 m —>

« Bare cavity dimension:s:
RF Property

« Cavitylength<1.5m

« Cavity diameter (without couplers) < 0.6 m Vi Y] 8.5 1.5
. Reasonable surface fields at nominal voltage & MY/l 323 437
of 8.5 MV B, [mT] 58.1 78.6
Dimension | Valve _
Total V; [MV] 34
Cavity Length [mm] (iris-to-iris) 921.9 No. of cavities 7 =
Cavity Length [mm] (flange-to- 1435
flange) |
Cavity Diameter [mm] 587.2 Operatfing Temp. [K] 2.05
Pole Length [mm] 524 Stored Energy [J] 50.3 92
R, [Q] (Rges = 0.4 NQ) 15

Angle [deg] 20
P iss [W] 9.6 17.6

L Q, (G=972Q) 6.48x107



197 MHz Crab Cavity Design

« Bare cavity design: Frequency at 2.0 K- 196.643 MHz

. (C\:/?_Ivci;r?\//\k)wos two HOMs: Horizontal HOM (HHOM) coupler and Vertical HOM coupler

« HHOM — Couples to horizontal dipole modes
« VHOM — Couples to vertical dipole modes

« FPC - Coaxial antenna
 Field Probe — Hook coupler

HOM

Horizontal /7P
HOM '

qt - '.}j-‘
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Waveguide or coaxial absorber

 Both meet the requirements.

« Affer comprehensive comparison on  cost,
manufacturability, engineering difficulties, maturity,
further R&D effort needed, hardware readiness etc,
coaxial design is chosen as the current baseline.




C O OXi O | H O M C O U p | e rS Impedances are in circuit definition and includes 0.5 factor

* |denftical coaxial antennas in all //
the 3 couplers VY /i

4

* No more than 2.3kW each port “

« Simulated with RF window designed for
LHC Hi-Lumi crab cavities

« Simulated with coax absorbers with VSWR
similar to the off-the-shelf product

 All longitudinal and dipole modes are well
damped

« 2 cavitiesin 1 cryomodule.
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Tuner for 197 MHz Crab Cavity

« Cavity body is comprised of 4 mm Nb with some regions .| Tuner plate
thicker than 4 mm and adapter

« Stress analysis

« For VTA test at 22 psi is within allowable stress of 6.3 ksi
« Tuning specs

* Frequency range of acceptance: +/-25kHz

* Resonant frequency in MHz during energy ramp Min 196.158 Max
197.050

« Addf.,,/2 and acceptance: 196.643MHz + 472kHz

« Tuning analysis - Tuning in the magnetic field region
« Af =1 6823 kHz

Tuning sensitivity = 126.4 kHz/mm for a total 5.4 mm
displacement

2.7 mm push/pull tuning limit at allowable stress
7400 lb force on each tuner pad (2740 lb/mm)

Scissor jack tuner (in orange) .
M. Marchlik



Multipole Components

» Specs at TOMV:
« b, <205 mT
¢ ;2698 MI/m
. b, <1360 MT/m?
« b;<85300 mT/m3

* Specs are sfill preliminary as we need fo add
394MHz crab into the study, include the 2nd
IP, use realistic errors for magnets etc.

« We know how to meet the specs
« Capacitive plates (poles) need to be curved
» Error analyses need to be done

« Prototype with flat poles and first article will
be curved poles, and only poles will be
different in these two designs.

 Poles machined from ingot Nb to ensure the
accuracy so that multipole components will

not be compromised.
_ A ) = Q. Wu, MOPL0O41, IPAC 2023

.,r? ), .
(““llu\\\\" Z. Li, TUPTBO68
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Crab Cavity Noise -

Linear theory of crab cavity noise: P. Baudrenghien and T. ' |
Mastoridis, Phys. Rev. Accel. Beams 18, 101001 (2015) -

— LHC Main RF Cavity
* LHC betatrond sidebands
— HL-LHC Crab Cavity estimate | ]
* HL-LHC betatrond sidebands
EIC Crab Cavity estimate

o0 "*'ﬂ.,FJL * EIC betatrond sidebands
Bunch length N ‘
T
'g 100 f
: de, eVyfrev ) = L S
Phase noise - =ﬁcc( - ““"") Cag(04) D Sagllk £ 0p)frer] 8 ol
b k=—00 o
Z
| o dey | (Vo) e B N
Amplitude noise g=ﬁcc( F ) Caa(0g) D Saal(k £ 0y £0)fre] N
b k=—00 180 II‘..I,
)
Frequency (Hz)

Estimated tolerance for HL-LHC (<1%/hr emittance growth) and
Hadron beam for EIC (Emittance growth comparable to IBS)

Iag(Urad) | oas(le-¢) Tighter requirement on the crab cavity noise (a

HL-LHC 82 13.3 factor of 2~7 lower), both phase noise and
amplitude noise, compared with HL-LHC.

FIC 41 GeV Proton 3.1 10.1 Feedback system with small-error pickup (TBD).

EIC 100 GeV Proton 27 94

T. Mastoridis, P. Fuller, P. Mahvi, Y. Matsumura, MOYD3, in the proceedings of
NAPAC 2022, Albuguerque, NM

EIC 275 GeV Proton , 7.1



http://link.aps.org/doi/10.1103/PhysRevSTAB.18.101001

Crab Cavity Feedback System

* The fundamental mode of the crab cavity has a large transverse
iImpedance and the beta functions at the cavity are large.

* Plan to keep fixed resonant frequency with wideband feedback on with
zero voltage setpoint during injection and ramping.
« High gain feedback: FPC Qext at1.75E6, effective Q ~300, a ~6000 gain.
« Short feedback delay at ~380 nS.

« Recent study by Themis showed it is possible to lower the requirement to
1400 gain with 1uS delay, still challenging but much better.

« Requirement on high gain contradicts with the noise control
requirement.

* Plan to place the amplifiers right on top of (and outside) the tunnel to
minimize the delay.

M. Blaskiewicz, Instabilities Driven by the Fundamental Crabbing Mode, BNL Tech Note BNL-222221-2021-TECH
M. Blaskiewicz, EIC MAC Review, July 15, 2022
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Summary

« Specs and conseguences
« Large crabbing angle — high crabbing voltage
« Tight mpedance budget — on-cell damper
« High current short bunch — high HOM power
« Tight space
* Tight multipoles — pole shape
 Tight in noise and feedback system

» Designs

« To provide higher crabbing voltage, elongated DQW is not
mechanically suitable, thus RFD is chosen.

« On-cell waveguide ports to provide better damping

« 197MHz: waveguide to coaxial design to avoid large waveguide damper; 2
cavitiesin 1 cryomodule to save longitudinal space.

« 394MHz. waveguide damper (preliminary); WOW type causes higher HOM
power thus is Not preferred.

« Curved pole (machine from ingot Nb) for multipoles specs.
« High gain low delay loop

« Amplifier on top of tunnel for low delay
» Noise control

« Feedback with good pickup.

T E——
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