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TESLA RF Control
(S. Simrock, DESY)

•  RF Control Issues for TESLA
•  Requirements (Field Stability)
•  Sources of Perturbations
•  Lorentz Force Detuning

•  RF System Design
•  Digital Control Concept
•  Feedback and Feedforward
•  Build-in Diagnostics

•  Operational Experience

•  Amplitude and Phase Stability
•  Operational Limitations

•  Conclusion
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Figure 3.1.1: Sketch of the overall layout of TESLA (the second interaction region with
crossing angle is optional and not part of the baseline design.)
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Figure 2.2.1: Schematic layout of the TESLA Test Facility Linac (TTFL). The total
length is ∼120 m.

part of the TTF project [37, 38].

The TTF (linac) programme for the accelerator modules was planned to check many
of the aspects of operation in the linear collider:

• gradient achievable in a standard linac module;

• input coupler and higher-order mode (HOM) coupler performance;

• radio frequency (RF) control of multi-cavity systems;

• Lorentz force detuning and microphonic noise effects;

• RF conditioning of cavities and couplers;

• vacuum performance / failure recovery potential;

• cryostat design and cryogenic operation / heat load;

• dark current;

• energy and beam position feedback and control;

• alignment.

The TTF Linac was constructed to gain experience with the new components (cavities,
klystrons, diagnostics, etc.) during continuous long term operation. As of writing, the
total beam time at the TTFL was about 8,000 h. In addition, important experience
with the FEL operation was obtained [39] (see also chapter 9).



I-30 3 The Technical Layout

Figure 3.2.1: The 9-cell niobium cavity for TESLA.

Figure 3.2.2: Average accelerating gradients at a quality factor Q0 > 1010 measured in
the vertical test cryostat:
(a) of the cavities in the three production series; (b) of the cavities installed in the first
five cryogenic modules for TTF. The error bars give the standard deviation.

Further progress in cavity performance has recently been obtained by applying
electro-polishing to the niobium surface. Test results with single-cell resonators repeat-
edly show gradients well above 35MV/m: The best single-cell performance obtained to
date is 42MV/m. First results for 9-cell electro-polished cavities show gradients above
30MV/m.

The TESLA collaboration also decided in 1992 to construct a short prototype lin-
ear accelerator (500MeV) as an integrated system test, and to demonstrate that a
linear collider based on superconducting cavities can be built and operated reliably.
The commissioning and operation of the TTF linear accelerator has been the second
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TTF RF System Parameters

Energy 1 GeV
Bunch-to-Bunch Energy Spread σE/E < 2 •10-3

RF Frequency 1.3 GHz
Accelerating Gradient 15(25)MV/m
RF Pulse Length 1300 µs
Repetition Rate of RF Pulses 10 Hz
Particles per Bunch 5.4 1010

Bunch Separation 1 µs
Number of Bunches per Pulse 800
Beam Current 8 mA
Cavity Fill Time 510 µs
Cavity QL 3 • 106

Cavity Q0 3 • 109

Cells per Cavity 9
Active cavity length 1.038 m
Number of Cavities 64
Number of Cavities / Klystron 32
RF Power / Cavity (@25 MV/m) 200 kW
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Figure 2.2.2: View into the TTF Linac tunnel. The electron beam (already accelerated by
the capture cavity) comes from the right and is injected into the first accelerator module,
which can be seen in the background (yellow vessel).

The high energy beam analysis area allows the full analysis of the electron beam
parameters. Transverse profile, divergence, energy, energy spread, and bunch charge
can be measured bunch by bunch. Other measurements (e.g. bunch length) require a
scan over several bunches. The photon diagnostic section downstream of the undulator
allows the full characterisation (intensity, time structure, and spatial distribution) of
the FEL photon beam.

2.2.3 Parameters of the TTF linac

The design parameters for the TTF Linac are summarised in table 2.2.1. The achieved
parameters listed summarise the results of the year 2000 run. A description of the
various experiments, component development, and achievements is presented in the
following sections.

2.2.4 Electron gun

The test of superconducting cavities with the design bunch charge and beam pulse
current and length was planned as part of the TTF program. A radio frequency (RF)
gun is the state-of-the-art way to generate this electron beam. Furthermore, the X-ray
FEL requires bunches of sub-picosecond length at 1 nC charge. At present only laser-
driven RF photocathode guns are capable of producing such ultrashort bunches. The
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Prerequisites

•   Determine requirements for energy spread and long term
     energy stability

•   Determine requirements for correlated and uncorrelated 
     amplitude and phase stability and timing jitter

•   Determine quantitatively the various contributions to rf
     field perturbations

•   Determine by what factor each of these perturbations must
     be reduced
       

RF Control Design Considerations (1)



CEBAF

LINAC 94

  Design

•   Eliminate/Reduce sources of perturbations
        -- 60 Hz (and harmonics) ripple on HV-power supplies
        -- HV-pulse flatness (optimize pulse forming networks)
        -- select components with small temperature coefficient 

•   Passive reduction of perturbations
      -- Lower Q of higher  order mode (HOM damping)
      -- Detune higher order modes to reduce wakefields  
      -- Temperature stabilization of cavities, electronics, power
          amplifier, etc.

RF Control Design Considerations (2)
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LINAC 94

Design (Cont’d)

•   Feedforward 
        -- Adaptive control of high power pulse flatness
        -- Pulse to pulse noise cancellation
        --  Beam loading compensation

•   Feedback
      --  RF based fast amplitude and phase control
      --  Slow and/or fast control of cavity resonance frequency
      --  Beam based feedback
         --  for slow (thermal) drift corrections (energy and phase)
         --  for fast corrections of energy and energy spread 

RF Control Design Considerations (3)
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Requirements for Amplitude and Phase Stability

Allowable contribution to 
energy gain fluctuations for 
vector-sum of 32 cavities correlated uncorrelated

302 klystr.
(22 klystr.)

correlated uncorrelated
302 klystr.
(22 klystr.)

σE/E (ampl, phase) = 1e-3,
φ=-4 deg.

0.7e-3 1.2e-2
(3.3e-3)

0.6 deg. 6 deg.
(2 deg.)

σE/E (amp, phasel) = 1e-3,
φ=-10 deg. 

0.7e-3 1.2e-2
(3.3e-3)

0.25 deg. 3.5 deg. 
(1.1 deg.)

σE/E (ampl, phase) = 3e-4,
φ=-4 deg.

2.1e-4 3.5e-3
(1.0e-3)

0.2 deg. 2.3 deg.
0.8 deg.

σE/E (amp, phasel) = 3e-4,
φ=-10 deg. 

2.1e-4 3.5e-3
(1.0e-3)

0.07 deg. 1.1 deg.
(0.3 deg.)
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o Beam loading
  - Beam current fluctuation
  - Pulsed beam transients
  - Multipacting and field emission
  - Excitation of HOMs
  - Wake fields
o Cavity drive signal
  - HV- Pulse flatness
  - HV PS ripple
  - Phase noise from master oscillator
  - Timing signal jitter
  - Mismatch in power distribution 
    system (reflections)

o Cavity dynamics
  - cavity filling
  - settling time of field
o Cavity resonance frequency change
  - thermal effects (power dependent)
  - microphonics (vibrations; only 
     sc-cavities)
  - radiation pressure (only sc-cavities)
o Other
   - Instabilities in feedback system
   - Interlock trips 
   - thermal drifts (electronics, power
     amplifiers, cables, power 
     transmission system) 

RF Field Perturbations

Stefan  Simrock

Stefan  Simrock

Stefan  Simrock

Stefan  Simrock



D:\doc\talks\fnal\noise_1.doc November 20, 1997 9:10 pm

DESY

S.Simrock

Perturbations to be Controlled

Lorenz Force
• Lorentz for detuning constant of  
-1 Hz/(MV/m)2 results in a steady state detun-
ing of -625 Hz at 25 MV/m. Due to the mechan-
ical dynamics of the cavity the actual frequency 
change will be only 400 Hz (corresponding to 
±45° in tuning angle in steady state). Τhe 
Lorentz force detuning is a correlated perturba-
tion.

Microphonics

• The microphonic noise level measured in the 
TTF are about ±10 Hz (±2°). This has to be 
compared to the cavity bandwidth (HFHM) of 
215 Hz. The microphonics are uncorrelated 
along the linac.

Beam Loading

• A single bunch (5×10-10 e- ) induces a transient 
of 1.4×10-3 . 10% rms bunch-to-bunch charge 
fluctuation will result in an energy spread con-
tribution of 1.4×10-4 (correlated !).
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Open Loop Response

time [ms]

am
pl

itu
de

 [a
.u

]

0.50.0 1.0 1.5

200 kW

50 kW

Incident Wave

Gradient

Phase

∆f (detuning)

25 MV/m+200 Hz

-200 Hz

0
15°



D:\doc\talks\franfurt\loop_closed.doc 20 November 1997 11:48 am

TTF

S.Simrock

Closed Loop Response
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Th. Schilcher

Determination of QL and detuning ∆f
•  QL :

•  detuning ∆f :
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Lorentz-Force Detuning
•  regulate on individual cavities (only feed-
back)

•  vary rf pulse length in order to determine 
detuning
at different time steps

⇒ first order equation for Lorentz-Force
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Cavity Model

Cavity Field

Mechanical Properties

or 

Typical Parameters
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Lorentz Force Model

0 0.5 1 1.5 2
0

5

10

15

20

25

30

time [ms]

E
ac

c 
[M

V
/m

]

0 0.5 1 1.5 2
−1200

−1000

−800

−600

−400

−200

0

time [ms]

de
tu

ni
ng

 [H
z]

1st order
2nd order

Cavity Gradient

25 MV/m

tfill = 510 µs

tbeam = 800 µs QL=3•106

Cavity detuning

τ=1ms

K=2.0

K=0.5

K=1.0

K=1.0

Qm=700 , fm=300 Hz



−800 −600 −400 −200 0 200 400 600 800

−50

0

50

delta f [Hz]

P
h

a
s
e

 [
d

e
g

.]

−800 −600 −400 −200 0 200 400 600 800

0.2

0.4

0.6

0.8

1

delta f [Hz]

A
/A

o

Stefan  Simrock


Stefan  Simrock


Stefan  Simrock


Stefan  Simrock


Stefan  Simrock
1

Stefan  Simrock
 

Stefan  Simrock
2

Stefan  Simrock
3



TTF Oct. 95

Gradient Modulator Drive

Phase Modulator Drive

Off-Resonance

Gradient Modulator Drive

Gradient Modulator Drive

Phase Modulator Drive

Phase Modulator Drive

On-Resonance
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Stefan  Simrock
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Digital RF Control Concept
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Principle of RF Control
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Beam Based Gradient Calibration

time

Eacc

Pinc

Ibeam

(open loop)

φcav

cavity filling

field decay

beam induced transient

beam induced transient

Re(Eacc)

Im(Eacc)

φbeam

∆Vind I ∆t
r
Q
---- 

  π f⋅ ⋅ ⋅⋅=
for ∆t << τcav :



D:\doc\ttf_meet_jun_97\cal_pow_princ.doc August 21, 1999 2:27 pm

TTF

S.Simrock

Power Calibration

time

Eacc
Pinc

time

Eacc
Pref

Eacc t1( ) 2
r
Q
---- 

  Q⋅
L

Pinc t0 t t1≤ ≤( )⋅ 1
t1 t0–( ) ω⋅

2 QL⋅--------------------------
 
 
 

exp–
 
 
 

⋅ ⋅=

t0 t1 t2

t2t1t0

Eacc t2( ) r
Q
---- 

  Q⋅
L

Pref t2( )⋅=Pref t0( ) Pfor t0( )=

= =

= = ≡ no beam
and steady state 









D:\doc\ttf_meet_nov_98\new_24_llrf.doc August 21, 1999 2:35 pm

TTF

S.Simrock

Design of 24 Cavity Control

ROT

ROT

ROT

ROT

A
D

C

SMITH

KAL
MAN

241

Vector Modulator KlystronMaster 
Oscillator

EXCEP
TION

A
D

C

DAC

DAC

Re Im

A
D

C

A
D

C

2 23

I/O

P(z) z-m

P(z)*z
-m

Kalman Filter

beam table
(BT)

feedforward
(FF)

tablegain table
(GT)

250 kHz FF

setpoint
(SP)

+
-

---

























D:\doc\talks\franfurt\bode_1.doc November 19, 1997 8:17 pm

DESY

S.Simrock

Cavity Transfer Function
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Cavity Transfer Function
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Discrete Cavity TF
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Figure 2.2.3: Acceleration of long macro pulses. The beam energy and the bunch charge
within one single macro pulse are shown. The RF control system was operated with beam
loading compensation. The bunch spacing was 444 ns.

2.2.8 Collimator

The second installed accelerator module of the TTFL is followed by a collimator section
which combines the transverse matching of the electron beam to the undulator with
the protection of the undulator vacuum chamber and magnets. As a consequence of
the small beta function in the undulator — typically 1 m, corresponding to an rms
beam sizes of ∼100µm — it only requires 10 bunches with 1 nC charge to burn a hole
into the vacuum chamber. In addition radiation damage of the Sm2Co17 permanent
magnets in the undulator from either beam halo (dark current) or direct beam loss
could degrade the field quality. The collimator consists of a pair of spoiler / absorber
units, and the optics (quadrupole settings) is matched so that the physical apertures
of the downstream undulator lie within the collimator shadow.

2.2.9 Undulator

The undulator is a 12 mm gap permanent magnet device which uses a combined func-
tion magnet design [56]. It has a period length of 27.3 mm and a peak magnetic field of
0.46 T, resulting in an undulator parameter of K = 1.17. The beam pipe diameter in
the undulator (9.5 mm) [57] is much larger than the beam diameter (300µm). Electron
beam focusing is achieved by integrated quadrupoles producing a gradient of 12 T/m
superimposed on the periodic undulator field. The undulator system is subdivided
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Principle Kalman Filter (steady state)

Plant

Kalman
Filter

Process noise Sensor noise v

u y yv

y

ye

Discrete Plant:
x[n+1]=Ax[n]+B(u[n]+w[n])
y[n]=Cx[n]

Noisy output measurement: yv[n]=Cx[n]+v[n]

Measurement update:

x[n|n]=x[n|n-1]+M(yv[n]-Cx[n|n-1])

Time update: x[n+1|n]=Ax[n|n]+Bu[n]

^ ^^

^ ^

w v

The innovation gain matrix M is chosen to minimize steady-state covariance of the
estimation error given the noise covariances E(w[n]w[n]T)=Q and E(v[n]v[n]T)=R

The correction term is a function of the innovation, i.e. the discrepancy

yv[n+1]-Cx[n+1|n]=C(x[n+1]-x[n+1|n])^^
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Kalman Filter (Cnt’d)
where M is the solution of the Riccati Equation:

Combining time and measurement update into state space model (the kalman filter):

M=Q+AMAT-AMCT(R+CMCT)-1CMAT

x̂ n 1 n]+[ ] A I MC–( ) x̂ n n 1–[ ] B AM
u n[ ]

yv n][ ]
+⋅=

ŷ n n[ ] C I MC–( ) x̂ n n 1–[ ] CMyv n[ ]+⋅=

This filter generates and optimal estimate
^ ^

Example: TTF Cavity QL = 3*106

y[n|n] of y[n]. Note that filter state is x[n|n-1]
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Principle of Smith Predictor
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Smith Predictor (Cnt’d)
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sTd–P̃ s( )

Ỹw u
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Y

Desired Feedback produced by Smith predictor

Command Step Response of Smith Predictor:

Gw s( ) P s( )C s( )
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--------------------------------
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sTd–

C s( )
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hCommand Step Response of desired feedback:

Smith Predictor :
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Time Optimal Control

Eacc
Pinc

time [Ts]n n+1n-1

Eset

Principle: Power correction at time n*Ts is

assuming no perturbations on plant.

Pin

Pout Klystron Characteristic

Psat
Pmax
Pnom

Pnom : nominal power (beam power)
Pmax : maximum power useable for 

field control (incremental gain =0.5)
such that gradient is correct at time (n+1)*Ts Psat : klystron power in saturation

Optimal gain = 700 (τcav/Ts)
Note: with power reserve of 20% the maximum error that can be corrected in 1 µs
is 1/7000 = 1.4*10-4 . Problems: Measurements noise and klystron saturation
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RF System Diagram with Bunch Compressor

RF Capture Module #1 Module #2
Gun

5 MeV 15 MeV 110 MeV

Three Stub Waveguide Tuner
Fixed Power Ratio set by power divider

max.max.
5 MW 300 kW

max. 4MW

270 MeV

Bunch Compressor

12 MV/m 20 MV/m

∆Vacc

Vacc
--------------- 1%<

∆φacc 1°<

Vacc 95MV=

φacc 8.7– °=

Vacc 160MV=

φacc 0°=

∆E
E

------- 1%<

R56 17.8cm=

∆l 8.5cm 130°≈ ≈

i.e. 2.8° %⁄≈
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Operation at Different Gradients (1)

vg2
vg1
--------

1 e
tf τ2⁄–

–

1 e
tf τ1⁄–

–
------------------------⋅ α

vg2 vb2–

vg1 vb1–
----------------------= =

Vc1

Vc2=αVc1

vg1, vg2 : generator induced voltage (steady state)
vb1, vb2 : beam induced voltage (steady state)
τ1,τ2 : cavity time constant

accelerating voltage in module 2

accelerating voltage in module 1

α : ratio of cavity voltage during acceleration

tf
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Operation at Different Gradients (2)

 • Solution
   1.  Select Parameters tf, v1, and α 

   2.  Solve    for  as function of  and 

   3.  Plot solutions in contour plot and superimpose contour plot of correspond-
ing gradients  with  and 

   4.  From the solutions with the desired gradient v1 select one with acceptable 
incident power during filling and flattop and within adjustment range for  
and 

   5.  Repeat steps 1.-4. with different fill times tf to determine the optimum solu-
tion.

   6.  Verify that solution is acceptable in presence of Lorentz force detuning

α

vg2
vg1
--------

vb1
vg1
--------

τ2
τ1
-----⋅–

1
vb1
vg1
--------–

---------------------------------

α 1 e
tf τ2⁄–

–

1 e
tf τ1⁄–

–
------------------------⋅

vb1
vg1
--------

τ2
τ1
-----⋅–

1
vb1
vg1
--------–

----------------------------------------------------------= =
τ2
τ1
----- τ1

vb1
vg1
--------

νc νg νb–= vg 2 r Q⁄( ) ωτ P⋅ ⋅ ⋅= vb r Q⁄( ) ωτ( ) 2⁄ Ib⋅ ⋅=

τ1
τ2
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Operation at Different Gradients (1)

10 MV/m

Example:
τ1 = 700 µs ( QL=3•106 )
τ2 = 210 µs
P1 = 97 kW (with beam)
P2 = 212 kW (with beam)
Pfill/Pflattop = 1.45

Module 1 : 10 MV/m
Module 2 : 20 MV/m
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Figure 2.1.15: Excitation curve of a TESLA 9-cell cavity after buffered chemical polishing
(BCP) and electropolishing (EP), but before application of the baking procedure.
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Figure 2.1.16: Piezoelectric compensation of the Lorentz-force induced frequency shift in
pulsed-mode cavity operation. The accelerating field is 23.5 MV/m.
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•  Conclusion
•  Superconducting cavity technology has demon-

strated a to be a viable alternative to normalcon-
ducting technologie

•  Gradients of 20-25 MV/m are currently state of the 
art. Goal is 35 MV/m for TESLA.

•  The perturbations of the accelerating field caused 
by microphonics and Lorentz force detuning can be 
successfully controlled. This is even true if the vec-
tor-sum of 16 or more cavities is controlled. Perform-
ance has been demonstrated with beam.

•  Digital technology allows for extensive diagnostics 
and exception handling.

•  Outlook
•  Lorentz force compensation ( and microphonics !) 

with piezoelectric tuner.
•  Operation of klystron close to saturation with 

dynamics linearisation scheme
•  State machine for fully automated operation.
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