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GHz MV/m GeV nC Hz
LCLS (U.S.) S (2.9) 17 4 ~ 14 0.02~ 0.25 120
SCSS (Japan) C (5.7) 35 ~ 39 6 ~ 8 0.3 60
LLNL/SLAC MEGA-ray X(11.4) 80 0.25 0.25 60
SwissFEL C 26 2.1 ~ 5.8 0.2 100
PAL (Korea) S/C 25~27/40 10 0.2 60
SPARX-FEL (Italy) S/C 23.5/35 2.6 1

MAX IV (Sweden) S/C > 25/>35 3.5 0.1 100

Shanghai XFEL (China) C 40 6.4 0.2

ZFEL (Netherlands) X 100 2.1 0.01 ~ 0.1 10 ~ 1000

NC Linac Driven Light Sources
(Operating, Under Construction, Proposed)

Compact – Affordable site size
High Efficiency – Available AC Power
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 High gradient -- a compact  Linac
 High efficiency-- less AC Power Needed 

× May need larger iris radius to reduce short-range wakes 

× May need HOM damping to reduce long-range wakes

XFELs: bunch charge low (< 250 pC) and short 

(< 30 microns). wake effects generally small 
How about Cost, Risk and Tolerance ?
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Travelling Wave Structure

Quality factor, Q
Beam current, Ib

Shunt impedance, rs

RF frequency, ω
Acceleration gradient, G

Beam train length, Tb

Field attenuation constant, τ
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rs ~ ω1/2, Q ~  ω-1/2

Constant 
Gradient

G = const.
S  X
SB/LB
η ↗16/4
P↘6/2

However,
a/λ and gradient 

generally not 
constant with 

frequency

For constant average iris radius / rf wavelength (a/λ), efficiency (η) 
increases and power per unit length (P/L) decreases at higher frequency



S C X Unit

Structure SLAC S-band SCSS C-band NLC H60VG3 

RF Frequency 2.9 5.7 11.4 GHz

Length 3 1.8 0.6 m

Filling time, Tf 830 286 105 ns

Shunt
Impedance 53 ~ 60 53.1

48.8 ~ 
77.8

MΩ/m

Gradient 20 35 65 MV/m

Urf  /Ub, Urf = 
Prf*(Tf +Tb)

0.46 0.34 0.25 J/MeV
(Tb = 50ns)

1.08 1.55 2.20 J/MeV 
(Tb=1250ns)

(Optimized for Higher Beam Loading)
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S (2.9 GHz)
C (5.7 GHz)
X (11.4 GHz)
SLAC, S 3 m
SPring-8, C, 1.8 m
NLC, X, 0.6 m

Curves assume the same a/λ where r ~ ω1/2, Q ~ ω-1/2

τopt
0.44
0.28
0.17

80 MV/m, X

40 MV/m, C

20 MV/m, S
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Shunt Impedance Structure Length

Choosing a/λ -vs- Frequency
Want high shunt impendence (rs) but reasonable wakefields

Also want long TW structure length to minimize cost (SW cavities also 
considered but would lose a factor of two in efficiency)

Choose average a/λ = 0.13-0.15 (dashed line) so structures similar in 
length to those for linear colliders – wakes manageable at X-band
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Frequency S (2.9) C (5.7) X (11.4) GHz

Length 2.4 1.2 0.6 m

Fill time, Tf 265 150 77 ns

Iris radius, <a/λ> 0.13 0.14 0.15
Average Shunt 
impedance 58 74 87 MΩ/m

Gradient 20 40 80 MV/m

Peak rf power 57 60 77 MW
RF to beam energy 
ratio, Urf /Ub

0.37 0.25 0.20 J/MeV



S C X Unit

Klystron 5045 E3746 XL4

Maximum Pulse 
Width, Tk, max

3.5 2.5 1.5 μs
Structure Fill 
Time, Tf

265 150 77 ns
Given Tf << Tk, max,use SLED (SLAC Linac Energy 
Doubler) to boost rf peak power – not particularly 

efficient, but cost effective

Available RF Power Sources
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S, CG-TW
C, CG-TW
X, CG-TW

Acceleration Boost with SLED Cavities
(for two bunch operation)
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S (2.9) C (5.7) X (11.4) GHz

Peak rf power, Pk 1×65 1×50 2×50 MW

RF pulse length, Tk 1.5 1 0.6 μs

Efficiency of SLED 71 65 64 %

Gradient, G 20.3 40 77.4 MV/m

Number of Structures 4 3 5
Beam energy, Ub 196 145 234 MeV

Rf to beam energy ratio,
(Urf = Pk*Tk), Urf /Ub

0.5 0.34 0.26 J/MeV

~ ½ Urf /Ub with ×4 Gradient !
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S (2.9 GHz)
C (5.7 GHz)
X (11.4 GHz)
SLAC, S 3 m
SPring-8, C, 1.8 m
NLC X, 0.6 m

20 MV/m, S

Curves assume the same a/λ where r ~ ω1/2, Q ~ ω-1/2

50 MV/m, X

40 MV/m, C

τopt
1.4

1.0
0.7

Long Beam Optimization 
(consider Tb = 1250 ns, which is close to the maximum at X-band)  
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S, 2π/3, τ = 0.7
C, 2π/3, τ = 1.0
X, 2π/3,τ = 1.4
X, 2π/3,τ = 0.9

Again choose a/λ so the TW structures are of a 
reasonable length and the wakefields are manageable

Accelerator Design for Tb = 1250 ns



S C X
Length 4 2 1 m

Fill time, Tf 999 511 159 ns

Iris size, <a/λ> 0.11 0.12 0.15
Shunt impedance 65 83 91 MΩ/m

Gradient 20 40 50 MV/m

Peak rf power 34 47 34 MW

Urf /Ub 0.85 0.93 0.95 J/MeV
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S (2.9) C (5.7) X (11.4)

Klystron Peak Power 65 50 50 MW

Rf Pulse Width 2.25 1.75 1.5 μs

Number of Accelerators 2 1 3

Gradient 19.5 41.4 49.7 MV/m

Beam Energy, Ub 157 83.5 148.9 MeV

Urf /Ub 0.93 0.95 0.99 J/MeV

(With long beam, cannot use SLED effectively)

Similar Urf /Ub with x2.5 Gradient



For realistic structures and tolerances : r ~ ω1/4
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Design for Tb = 50 ns
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Design for Tb = 1250 ns

ω1/4.4

Short Beam Long Beam
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Short beam pulse
Tb << Tf

Long beam pulse
Tb >> Tf

Shunt
impedance ~ ω1/4 ~ ω1/4

Q factor ~ ω-1/2 ~ ω-1/2

Filling time ~ ω-3/4 ~ ω-7/6

RF power per
unit length ~ G2ω-1/2 ~ G2ω-1/4

Efficiency, η ~ G-1ω7/4 ~ G-1ω5/12

Repetition rate* ~ G-2ω-5/4 ~ G-2ω-5/12

* at a constant cooling rate per unit surface area

Scaling Relations
(follows from shunt impedance scaling)
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Design for Tb = 1250 ns

Scaling Law ω5/12
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Design for Tb = 50 ns

Scaling Law ω7/4

Long BeamShort Beam

Structure Efficiency: Design versus 
Values Predicted by Scaling Relations

At same efficiency, SX SB: 7.4 ×
LB: 2.5 × Gradient



S C X
Klystron 0.73 0.86 1
Modulator1) 1.5 1.1 1
1m Structure 2) 0.7 0.8 1
RF Distribution per MeV 1.5 0.94 1
LLRF per Klystron 1 1 1
AC Power + Cooling Same per Watt
Tunnel Same per Unit Length

Efficiency of modulator = 85%
efficiency of klystron = 48 %

1)  0.5 + 0.5*(Tk/1.5)*(Prf/50)
2)  0.5/freq + 0.5*sqrt(freq)

Rough Cost Comparison by Component
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(excluding Tunnel cost)

page 22



0 20 40 60
15

20

25

30

35

40

Gradient (MV/m)

C
os

t (
k$

/M
eV

)

 

 

S, 4m
C, 2m
X, 1m

LLRF Kly Mod Acc RFD Tun AC+C
0

5

10

15

20

25

30

35

40

45

50

%
 o

f t
ot

al
 li

na
c 

co
st

 

 

S, 4m, 20MV/m
C, 2m, 40MV/m
X, 1m, 50MV/m
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S C X
Basis SLAC Linac Operation XFEL/Spring-8 Test Linac NLC Test Accelerator

Klystron

• SLAC 5045
• 65 MW, 3.5 µs, 120 Hz 
• 46% efficiency 
• 30 million hours of 

operation (since 1984)
• > 1100 tubes
• MTBF 75K-100K hrs

• Toshiba E3746
• 50 MW, 2.5 µs, 60 Hz
• 47% efficiency
• Successfully operated in Test 

Accelerator
• 72 installed on Main 8 GeV linac
• Commissioning begins March 2011
• No MTBF Data

• SLAC XL4 and XL5
• 50 MW/9 kW avg, 1.5 µs, 60 Hz
• 23 XL4/5 klystrons produced 
• Several have > 10,000 hrs but 

mostly below 35 MW
• Life test starting on a new tube

Modulator Line type modulator “Compact” line type modulator Solid state or Line type modulator

Linac • 20 MV/m
• SLAC Trf = 800ns 

• 40 MV/m
• SCSS Trf = 250 ns

• 80 MV/m
• NLC Trf = 400 ns

Compact modulators and klystrons
For XFEL/SPring-8 (72 total)

SLAC 
XL4

SLAC 
5045

Low Risk
Med. Risk
High Risk

Michael Fazio



Linac-1
250 MeV

Linac-2
2.5 GeV

Linac-3
6 GeVBC1 BC2

undulator
L = 70 m

X- rf
gun

X

undulator

X-band injector
L~20 m

250 pC, γεx,y ≈ 0.4 µm

X X

X-band main linac+BC2
G~80 MV/m, L~130 m

•x-band structure (<a>/λ=0.17) through

• Impact-T, Elegant simulate beam 
dynamics with wake, CSR, and space 
charge and obtains 3 kA “Gaussian” 
distribution

• Genesis simulation for FEL lasing at 1.5 Å

X-band Linac Driven Compact X-ray FEL
(Design Example: Juhao Wu, Feng Zhou)



FEL @ 1.5 Å
• Undulator: λw=1.5 cm, reach GW around 70 m 



Misalignment in x—plane 
Misalignment  (µm): 0 (black), 100 (red), 200 (blue), and 500 (green); 

80 MV/m, 
a/λ = 0.15

50 MV/m, 
a/λ = 0.17

50 MV/m, 
a/λ = 0.15

80 MV/m, 
a/λ = 0.17



Tolerance for Single Bunch Operation

Strength parameter:

Emittance growth due to 
injection jitter xo if Υ small:

Chao, Richter, Yao

(for β~ Eζ)

•For, eN= 250 pC, εN= .4 µm, ζ= 0, and

Linac-2: E0= .25 GeV, Ef= 2.5 GeV, σz= 56 µm, l= 32 m, β0= 10 m (σx0= 90 µm)  => Υ= .14
Linac-3: E0= 2.5 GeV, Ef= 6 GeV, σz= 7 µm, l= 50 m, β0= 10 m (σx0= 29 µm) => Υ= .01

• <a/λ> = 0.18
An injection jitter of σx01% emittance growth in Linac-2 and .003% in Linac-3

Misalignment of 1 mm rms  an emittance growth of 1% in Linac-2, 0.1% in Linac-3 
• <a/λ> = 0.13 tolerances are 3 times smaller

• The wake effect is weak mainly because of high gradient, 
short bunch and low charge.



LLNL 250 MeV X-band Linac for
Compton Gamma Ray Production

(Injector under Construction)
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MOP127, MOP128, TUP023, 
TUP132, THP181, THP182, THP223



LANL MaRIE Project: 50 keV XFEL
(in pre-conceptual design phase)

20 GeV, 50+ MV/m Linac
(space limited)

THP045, THP163 



 Single bunch (S: 20 MV/m, C: 40 MV/m, X: 80 MV/m)
Compact 
High efficiency
Less expensive

 Long beam pulse (S: 20 MV/m, C: 40 MV/m, X: 50 MV/m)
 Compact
 Similar efficiency & cost
 Have solution for long-range wakefield suppression at 

X-band

Summary: Advantages of High 
Frequency Linacs for XFEL Drivers
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