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Outline

• Motivation

• Novel distributed coupling to each accelerator cell enables doubling 

RF to beam efficiency and ultra-high-gradient operation

• Experimental setup, processing software development and initial 

results

• The extension of this work to novel dual-mode dual-frequency linac

• Conclusion



New linac architecture has to allow for the use of single-cell optimized geometries and compatible 

with manufacturing techniques that don’t require brazing or diffusion bonding 3

This work is motivated by the discovery of the correlation between 

breakdown rates and the peak magnetic field on surface



Distributed Coupling: How does it work?  
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Two separate systems

In-between pure traveling 

wave

Alternating pairs of cell sections are 

connected to opposite distribution 

waveguide manifolds

S. Tantawi, P. Borchard, Z. Li

All rounded edges are 1 mm radius

𝑆 =

1

−1−2𝑛
−1 +

1

1+2𝑛
−

2ⅇⅈ𝜎 𝑛

1+2𝑛

−1 +
1

1+2𝑛

1

−1−2𝑛

2ⅇⅈ𝜎 𝑛

1+2𝑛

−
2ⅇⅈ𝜎 𝑛

1+2𝑛

2ⅇⅈ𝜎 𝑛

1+2𝑛
ⅇ2ⅈ𝜎(−1 +

2

1+2𝑛
)

,

Pure travelling wave

Large isolation between the manifolds and the 

cavities

𝜆𝑔/2~𝜆



5

Cavities can be optimized without the usual coupling constraints 

leading to a much enhanced performance

• Cavities can be optimized without  the constraint usually applied from the 

coupling between adjacent  cavities.  

• This has the benefit of much more efficient designs that consume less RF 

power. 

Scalable technology with enhanced shunt impedance capable of reaching high duty factors
S. Tantawi

New Scaling Laws Determine the 

Best Performance for Accelerating 

Structures



Under testing at NLCTA: X-band (11.4 GHz), 𝜋-mode, 20 cells Linac
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X-band Distributed Feeding Linac

Distributed Coupling to Each Cell

Inexpensive manufacturing using 

two quasi-identical parts 

Only possible through modern virtual prototyping using high power computing
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Experimental setup for processing and testing 

breakdown rate of this SW structure

Phosphorus screen to 

analyze the beam energy

Photo multiplier tube for sensitive 

detection of dark current

NLC-type Linac T0105
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Experimental setup for processing and testing 

breakdown rate of this SW structure

• Processing started with a single 

klystron and 300 ns square pulses and 

we reached a peak gradient of 130 

MV/m, limited by the available klystron 

power.

• Then, using stepped pulses for a flat 

gradient of 150 ns we reached a 

maximum gradient of 100 MV/m , 

limited by the available klystron power.

• Total processing with klystron 

alone of 150 hours at 60 Hz.

• We decided to install a pulse 

compressor (SLED line).
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Experimental setup for processing and testing 

breakdown rate of this SW structure
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Experimental setup for processing and testing 

breakdown rate of this SW structure

ON

400 ns

OFF

200 ns

Tantawi, S. G. et al. High-power multimode X-band rf pulse compression system for future linear colliders. Phys. Rev. ST Accel. Beams 8, 042002 (2005). 
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Experimental setup for processing and testing 

breakdown rate of this SW structure

ON

400 ns

OFF

200 ns

Square pulse: Mode Converter ON

Stepped pulse: Mode Converter OFF

Phase flip

Phase flip

Tantawi, S. G. et al. High-power multimode X-band rf pulse compression system for future linear colliders. Phys. Rev. ST Accel. Beams 8, 042002 (2005). 

1.2us 0.4us
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Developments of processing algorithm software

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

SLED PPM

Tunnel PPM

Output

input
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Processing software Developments

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

Γ 𝜔 =
Γ0 + 𝑗𝑄𝑡𝛿

1 + 𝑗𝑄𝑡𝛿
, 𝛿 =

𝜔

𝜔0
−
𝜔0

𝜔

Reflected Signal
measured

From Model

Γ0, 𝑄𝑡
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Processing software Developments

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

Γ 𝜔 =
Γ0 + 𝑗𝑄𝑡𝛿

1 + 𝑗𝑄𝑡𝛿
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𝜔

Forward Power Gradient
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Processing software Developments

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

Pulse correction 

module
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Processing software Developments

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

Flat gradient F.B.

Breakdown 

Detection
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Processing software Developments

M. Nasr, S. Tantawi

Demodulation

Pulse 

Correction

Cavity model 

fitting

Gradient 

Calculation

Processing 

Code

Gradient 

Calc

F.B. to preserve 

gradient level
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Verification of high shunt impedance and acceleration 

properties of the structure

Power in Wakefield

Measured Charge with Faraday Cup 

and Calculated from Induced Wakefield

M. Nasr , C. Limborg, S. Tantawi

• Operating with ~100 MeV/m gradient with 16.5 MW of input 

power and 300 ns square pulse before installation of the 

SLED line

• Confirmation of gradient by measuring 24 MeV energy gain

• Confirmation of RF performance by measuring wakefield

power to determine charge

87.5MeV85.6MeV 89.4MeV

Beam Energy
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Verification of high shunt impedance and acceleration 

properties of the structure

Measured dark current energy

M. Nasr , C. Limborg, S. Tantawi

After SLED line installation 

• Charges drifted and accelerated from the first cell have 

energy gain ~ Gradient / 4

• Confirmation was done at ~140 MV/m gradient by measuring 

35.7 MeV maximum dark current energy
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Fowler-Nordheim field enhancement factor

• After connecting the SLED system and working with 

the stepped pulse, we had ~100 processing hours at 

60 Hz

• Fowler-Nordheim field enhancement factor is 

calculated using the measured charge at the Faraday 

cup and fitting the data

Fowler-Nordheim plot

𝛽 = 64

This is to be verified

M. Nasr , C. Limborg, S. Tantawi

Max Es
G

= 2.5
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Outline

• Motivation

• Novel distributed coupling to each accelerator cell enables doubling 

RF to beam efficiency and ultra-high-gradient operation

• Experimental setup, processing software development and initial 

results

• The extension of this work to novel dual-mode dual-frequency linac

• Conclusion
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• Typically power ∝ (gradient)2

• Performance of cavity improves  when powered with two different RF modes

• Efficiency: Linear superposition of fields by adding power in the two 

modes.

• Gradient: doubling the accelerating gradient without doubling surface 

fields; ~ 300 MV/m gradient at room temp

M. Nasr, S. Tantawi

Previous designs were strict to harmonically relate frequencies which is not optimal. 

Our design is free from this constraint, and instead operate at the common sub-

harmonic of the used frequencies. 

Using distributed feeding network that feeds every cell independently for each mode. 

Having every cell fed individually by a manifold naturally inspires the use 

of another manifold with another mode feeding the same cavity

M. Nasr et al. A Novel Dual-Mode Dual-Frequency Linac Design, IPAC,17 
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Conceptual Foundation for Dual-Mode Operation

The total energy gain (ΔU) for a charged particle with a charge (e) that passes 

through a cavity of length (L) and operating simultaneously with two modes can 

be expressed as 

ΔU = eන
0

𝐿

ℰ1 z, t + ℰ2 z, t dz = e G1 + G2 L = eGtotL

∴ Gtot
2 = G1 + G2

2 = r1P1 + r2P2 + 2 r1r2P1P2

∴ rt =
Gtot
2

PL,tot
=
r1 + αr2 + 2 αr1r2

1 + α
, α =

PL,2
PL,1

Deriving the condition for maximum shunt impedance

𝜕𝑟𝑡
𝜕𝛼

= 0

⋮

M. Nasr, S. Tantawi

G2
G1

=
r2PL,2

r1PL,1
=
r2
r1

Maximum: 𝛼 =
𝑟2

𝑟1
→ rtot = r1 + r2

M. Nasr et al. A Novel Dual-Mode Dual-Frequency Linac Design, IPAC,17 
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Conceptual Foundation for Dual-Mode Operation

The maximum total shunt impedance for dual-mode operation equals to

the summation of the individual shunt impedance for each mode.

Under the constraint that the gradient (power) ratio of the two modes

equals to the individual shunt impedance ratio.

The derivation didn’t require any harmonic relation between the operating

frequencies.

M. Nasr, S. TantawiM. Nasr et al. A Novel Dual-Mode Dual-Frequency Linac Design, IPAC,17 



These new dual-mode dual-frequency designs provide much enhanced acceleration 

efficiency compared to single mode optimized designs
25

Optimization Results

• We provide two sets of designs that utilize TM011 or TM020 as the second mode of

operation.

M. Nasr, S. Tantawi

C-band X-band

C + X band X + K band

•TM010 + TM011 designs: the cell width ≈ 0.5𝜆1 with 𝑓𝑟ⅇ𝑠,2 ≈ 1.66 𝑓𝑟ⅇ𝑠,1
•TM010 + TM020 designs: the cell width ≈ 0.3𝜆1 with 𝑓𝑟ⅇ𝑠,2 ≈ 2.3 𝑓𝑟ⅇ𝑠,1



How does the fields add on the surface?

𝐓𝐌𝟎𝟏𝟎 + 𝐓𝐌𝟎𝟏𝟏

Common-harmonic period=6.13 ns Common-harmonic period=2.63 ns

𝐓𝐌𝟎𝟏𝟎 + 𝐓𝐌𝟎𝟐𝟎

cm cm cm cm

|𝐄𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭 𝐙𝟎|𝐇𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭
|𝐄𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭 𝐙𝟎|𝐇𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭
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Surface fields plots for each individual mode

Total surface fields plots at many time instants during a common-harmonic period

• 𝑅𝑠𝑡𝑜𝑡 = 153 MΩ/m
• 𝑓𝑟ⅇ𝑠,1 = 5.712
• 𝑓𝑟ⅇ𝑠,2 = 9.629 GHz

• 𝑓𝑐𝑜𝑚 = 163.2 MHz

• 𝑅𝑠𝑡𝑜𝑡 = 174 MΩ/m
• 𝑓𝑟ⅇ𝑠,1 = 5.712 GHZ

• 𝑓𝑟ⅇ𝑠,2 = 12.95 GHz

• 𝑓𝑐𝑜𝑚 = 380.8 MHz



Maximum fields for the two modes doesn’t occur at the same time.

The maximum fields occur over the larger period of the common-harmonic.

How does the fields add on the surface?

Common-harmonic period=6.13 ns Common-harmonic period=2.63 ns

cm cm cm cm

|𝐄𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭 𝐙𝟎|𝐇𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭
|𝐄𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭 𝐙𝟎|𝐇𝐬𝐭𝐨𝐭|/𝐆𝐭𝐨𝐭
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Surface fields plots for each individual mode

Total surface fields plots at many time instants during a common-harmonic period

𝐓𝐌𝟎𝟏𝟎 + 𝐓𝐌𝟎𝟏𝟏 𝐓𝐌𝟎𝟏𝟎 + 𝐓𝐌𝟎𝟐𝟎

• 𝑅𝑠𝑡𝑜𝑡 = 153 MΩ/m
• 𝑓𝑟ⅇ𝑠,1 = 5.712
• 𝑓𝑟ⅇ𝑠,2 = 9.629 GHz

• 𝑓𝑐𝑜𝑚 = 163.2 MHz

• 𝑅𝑠𝑡𝑜𝑡 = 174 MΩ/m
• 𝑓𝑟ⅇ𝑠,1 = 5.712 GHZ

• 𝑓𝑟ⅇ𝑠,2 = 12.95 GHz

• 𝑓𝑐𝑜𝑚 = 380.8 MHz
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Next steps for the dual-mode dual-frequency design

• We are now working on developing more optimized generic shapes 

to produce even higher performance. 

• Also, we are working on the design for the distributed feeding 

network for our dual-mode designs. 
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Conclusion

• Distributed coupling Linacs provides a new technology that enables much 

enhanced cell design optimization and pushes the limitation of Linacs

performance.

• An X-band SW distributed feeding Linac is under testing at NLCTA with the 

experimental setup done and the processing software developed to push the 

structure to ultra-high gradient.

• The idea of distributed coupling Linac is extended to a novel dual-mode 

dual-frequency designs. The frequencies are not constrained to be 

harmonics and the designs provides much enhanced performance and lower 

surface fields compared to single-mode optimized designs.
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