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Deflecting cavity for ILC
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Requirements for the ILC deflecting cavities*
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* The International Linear Collider, Machine Staging Report 2017 .  

• Bunch population  N =2e10
• Number of bunches/pulse nb=1312
• Bunch separation Δtb= 554 nsec.
• Colliding rate frep=5 Hz
• Bunch length σz = 0.3 mm



Requirements for the ILC deflecting cavities*
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*Toshiyuki OKUGI, KEK (11/20/2020, ITD WG2 SCRF, BDS joint subgroup meeting)

Total kick voltage × RF frequency
Present location               2.399      MV ×GHz
Alternative                         3.424      MV ×GHz
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HOM impedance limitation due to resonance excitation
Transverse effects
The crab cavity HOM impedance should be small enough to avoid 
single bunch effects such as
1. Distortion of the crabbing voltage along the bunch
2. Emittance dilution

1. To avoid distortion of the crabbing voltage, horizontal kick 𝑈௞௜௖௞ caused 
by HOM should be much smaller than the crabbing voltage 𝑈଴. In the most 
pessimistic case of resonance

𝑈௞௜௖௞ ≪ 𝑈଴ 𝜎௭𝜔ோி/𝑐, (1)

and 
𝑟 ≪ ௎బ ఙ೥ఠೃಷ/௖

௞బ௫బூ೛
. (2)

Here 𝜔ோி is the RF frequency.
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HOM impedance limitation due to resonance excitation
2. To avoid emittance dilution, the transverse kick spread along the bunch 
caused by an HOM should be much smaller than the transverse momentum 
spread 𝜎௣఼, or
𝑈௞௜௖௞ ≪

ఙ೛఼௖
௘

, (3)
here
ఙ೛఼௖
௘

ൌ ∆௣||௖
௘

ఌ
ఊఉ
ൌ 𝑈 ఌ

ఊఉ
, (4)

Where U is the beam energy, 𝜀 is the normalized transverse emittance, 𝛾 is 
the relativistic factor and 𝛽 is the beta‐function corresponding to the cavity 
position. Therefore, for both horizontal and vertical transverse shunt 
impedance one needs

𝑟 ≪ ௎
௞బ௫బூ೛

ఌ
ఊఉ
. (5)

Here 𝑟 is the horizontal or vertical transverse shunt impedance, 𝑥଴ is the 
horizontal or vertical transverse offset, and 𝜀 is the horizontal or vertical 
transverse normalized emittance.



06/25/21 V. Yakovlev | QMIR Deflecting Cavity for ILC 7

Single-bunch effects

If the bunch has very high population, the kick caused by the bunch 
transverse horizontal wake potential may alter the crabbing kick 
voltage. This gives us limitation for the transverse kick‐factor:
𝑘ୄ ≪

௎బ
௤௫బఙ೥ఠೃಷ/௖

, (6)

where 𝑞 is the bunch charge and 𝑥଴ is the beam horizontal offset. The 
transverse vertical wake potential should not increase the bunch 
emittance: 

𝑘ୄ ≪
௎
௤௫బ

ఌ
ఊఉ

. (7)

Here  𝑥଴ is the beam vertical offset.
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Required RF power
RF power necessary to maintain the crabbing voltage should compensate the ohmic 
losses in the cavity – negligible for SC cavities – and compensate the voltage induced 
by the beam if the beam has an offset with respect to the electric axis of the cavity. 
Note that the kick voltage induced by the beam may be in phase or out of phase with 
the crabbing voltage depending on the sign of the offset. The maximal required RF 
power P for the cavity detuned from the resonance frequency by Δω is (see Appendix 
III):

𝑃 ൌ ௎బమ

ସொ ೝ఼
ೂ

1 ൅
ூ೛ொ

ೝ఼
ೂ ௞బ௫బ
௎బ

ଶ

൅ ଶொ୼ఠ
ఠబ

ଶ
. (8)

Here 𝜔଴ ൌ 𝜔ோி  is the RF frequency. The optimal external Q corresponding to minimal 
power is

𝑄௢௣௧ ൌ
ଵ
ொబ
൅

ூ೛
ೝ఼
ೂ ௞బ௫బ
௎బ

ଶ

൅ ଶ୼ఠ
ఠబ

ଶ
ିଵ/ଶ

, (9)

where 𝑄଴ is the cavity unloaded quality factor. For the SRF cavity one can use 
simplified estimation for the loaded Q:

𝑄 ൎ
ூ೛

ೝ఼
ೂ ௞బ௫బ
௎బ

ଶ

൅ ଶ୼ఠ
ఠబ

ଶ
ିଵ/ଶ

. (10)
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Requirements for ILC

For the current version of ILC collider we have
Beam energy U = 250 GeV and γ = 5×105

Pulsed beam current Ip = 5.8 mA
Pulse width tp = 727 μs
Repetition rate fr = 5 Hz
Average beam current Iav = 20 μA
Vertical β function at the cavity position β = 5 m (? should be specified)
Horizontal β function at the cavity position β = 5 m (? should be specified)
Bunch charge q = 3.2 nC
Crab cavity kick voltage 𝑈଴= 0.6 MV (3.9 GHz) or 0.9 MV (2.6 GHz)
The bunch length                    𝜎௭ൌ 300 μm
Normalized vertical emittance ε = 35 nm
Normalized horizontal emittance ε = 10 μm
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Requirements for ILC

Suppose the HOM electric axis offset with respect to the beam is 1 mm. 
In this case, to avoid distortion of the crab voltage kick distribution along the bunch, 
one has for the horizontal shunt impedance of the “most dangerous mode”:

𝑟 ≪
௎బ

഑೥ഘೃಷ
೎

௞బ௫బூ೛
 = ௎బఙ೥௙ೃಷ

௙ಹೀಾ௫బூ೛
  and (11)

𝑟 𝑓ுைெ ≪ ௎బఙ೥௙ೃಷ
௫బூ೛

  = 0.12 GOhm∙GHz. (12)
To exclude the HOM influence on the vertical emittance, one should have
𝑟 ≪ ௎

௞బ௫బூ೛

ఌ
ఊఉ

and (13)

𝑟 𝑓ுைெ ≪ ௎௖
ଶగ௫బூ೛

ఌ
ఊఉ

= 0.24 GOhm∙GHz. (14)

To exclude the HOM influence on the horizontal emittance, one should have
𝑟 𝑓ுைெ ≪ ௎௖

ଶగ௫బூ೛

ఌ
ఊఉ

= 4.1 GOhm∙GHz >> 0.12 GOhm∙GHz (15)

necessary to avoid distortion of the crabbing voltage.
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Requirements for ILC

The horizontal kick factor necessary to avoid the crabbing voltage distortion 
should be
𝑘ୄ ≪

௎బ
௤௫బఙ೥ఠೃಷ/௖

= 1.7×107 V/pC/m

The kick factor necessary to avoid horizontal emittance dilution should be
𝑘ୄ ≪

௎
௤௫బ

ఌ
ఊఉ

= 1.6×105 V/pC/m

The kick factor necessary to avoid vertical emittance dilution should be
𝑘ୄ ≪

௎
௤௫బ

ఌ
ఊఉ

= 9.4×103 V/pC/m

Typically for the cavities operating at 1-5 GHz the kick factor has the order of
< 103 V/pC/m. It means that single-bunch effects are not a problem.
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QMIR For ANL SPX Project, 2.815 GHz, 2 MV Kick

Es ≤ 54 MV/m 

Bs ≤ 75 mT 
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Variant B (3.9 GHz) Variant A (2.6 GHz)

10 mm13 mm

□ 35 mm
□ 45 mm

Modification of QMiR for ILC Crab Cavity 

Variant A is preferable due to the larger aperture (lower beam loss)



06/25/21 V. Yakovlev | QMIR Deflecting Cavity for ILC 14

QMiR Variant A for ILC Crab Cavity  

For the ILC bunch length (0.3 mm rms), the loss and kick factors:
k_loss <= 50 V/pC  and k_kick <= 0.1 V/pC/mm
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QMiR Variant A for ILC Crab Cavity  

HOMs Longitudinal and Transverse* impedances :
(R/Q)z <= 100 Ω,  (R/Q)x <= 1 Ω and (R/Q)y <= 10 Ω

* @1mm offset
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QMiR Variant A for ILC Crab Cavity  

Calculated HOMs external couplings:  Qext < 104
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QMIR Variant A for ILC
For QMIR cavity scaled from 2.8 GHz to 2.6 GHz one has:
Operation mode ௥఼

ொ
ൌ 1040 Ohm (2.6 GHz)

Maximal dipole horizontal HOM ௥఼
ொ

ൌ 10 Ohm (2.47 GHz); Q < 1×104.

Maximal dipole vertical HOM ௥఼
ொ

ൌ 1 Ohm (4.7 GHz); Q < 1×104.
Horizontal kick factor 𝑘ୄ = 100 V/pC/m – no problem
Vertical kick factor 𝑘ୄ = 10 V/pC/m – no problem

We have requirement for horizontal shunt impedance:
𝑟 𝑓ுைெ ≪  0.12 GOhm∙GHz
or 𝑟 << 48 MOhm. It means that for this mode Q << 5×106. QMIR has Q < 1×104

A QMIR cavity well satisfies the horizontal HOM impedance requirement.

We have requirement for vertical shunt impedance:
𝑟 𝑓ுைெ ≪  0.24 GOhm∙GHz
or 𝑟 << 51 MOhm. It means that for this mode Q << 5×106. QMIR has Q < 1×104.
A QMIR cavity well satisfies the vertical HOM impedance requirement.
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QMIR Variant A for ILC
Power requirements
Suppose we have max beam offset x0 < 1 mm and Δ𝑓 < 1 kHz (LFD, 
microphonics). Based Eqs (8‐10) on slide  #8  we can estimate:

Beam OFF:  𝑃𝑚𝑖𝑛 ≈ 200 W
Optimal Coupling: QL ≈ 1x106

Beam ON & Microphonics: 𝑃𝑚𝑎𝑥 ≈ 500 W 

Required RF power from the generator:

Pgen = Pmax + (overhead of 100%) ≈ < 1 kW
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Summary
From physics point of view, it makes sense to put the following 
parameters into specification for the ILC crab cavity:
• Horizontal kick voltage 𝑈଴𝑓ோி ൌ 2.4 MV∙GHz
• Requirement for horizontal HOM impedance

𝑟 𝑓ுைெ ≪ ௎బఙ೥௙ೃಷ
௫బூ೛

  = 0.12 GOhm∙GHz

• Requirement for vertical HOM impedance

𝑟 𝑓ுைெ ≪ ௎௖
ଶగ௫బூ೛

ఌ
ఊఉ

= 0.24 GOhm∙GHz

• The cavity kick factors – vertical and horizontal are not critical
• Input pulsed RF power depends on the cavity design and may be 

specified < 2 kW
• Beam offset with respect to the cavity axis  < 1 mm
• HOM electric axis offset with respect to the cavity axis < 1 mm


