TTF

TESLA RF Control
(S. Simrock, DESY)

o RF Control Issues for TESLA

 Requirements (Field Stability)
« Sources of Perturbations
« Lorentz Force Detuning

* RF System Design

« Digital Control Concept
» Feedback and Feedforward
e Build-in Diagnostics

 Operational Experience

« Amplitude and Phase Stability
« Operational Limitations

o Conclusion
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Figure 2.2.1:  Schematic layout of the TESLA Test Facility Linac (TTFL). The total
length is ~120m.
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Figure 3.2.1: The 9-cell niobium cavity for TESLA.
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Figure 3.2.2: Awerage accelerating gradients at a quality factor Qo > 10'° 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.



DESY

TTF RF System Parameters

Energy 1GeV
Bunch-to-Bunch Energy Spread og/E  |< 2 107
RF Frequency 1.3 GHz
Accelerating Gradient 15(25)MV/m
RF Pulse Length 1300 ps
Repetition Rate of RF Pulses 10 Hz
Particles per Bunch 5.4 10
Bunch Separation 1 s
Number of Bunches per Pulse 800
Beam Current 8 mA
Cavity Fill Time 510 ps
Cavity Q, 3.10°
Cavity Qg 3.10°
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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TESLA Test Facility at DESY il ==
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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).
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| CEBAF ~\
RFE Control Design Considerations (1)

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 guantitatively the various contributions to rf
field perturbations

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

LINAC 94 >,
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RFE Control Design Considerations (2)

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 coefficien

N

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

er

e LINAC 94 >,
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RF Control Design Considerations (3)

Design (Cont'd)

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

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

A\~ 4
_—

e LINAC 94 >,




DESY

Requirements for Amplitude and Phase Stability
Allowable contribution to o/ A G/ A o o
energy gain fluctuations for A A ¢ ¢
vector-sum of 32 cavities correlated | uncorrelated = correlated | uncorrelated
302 Klystr. 302 Klystr.
(22 Klystr.) (22 Klystr.)
oE/E (ampl, phase) = le-3, 0.7e-3 1.2e-2 0.6 deg. 6 deg.
d=-4 deg. (3.3e-3) (2 deg.)
oE/E (amp, phasel) = 1e-3, 0.7e-3 1.2e-2 0.25 deg. 3.5 deg.
$»=-10 deg. (3.3e-3) (1.1 deg.)
GEIE (ampl, phase) = 3e-4,ii2.1e-4ii3.5e-3ii0.2 deg.iiZ.B deg.i
h=-4 deg. (1.0e-3) 0.8 deg.
GE/E (amp, phasel) = 3e-4, 2.1e-4 3.5e-3 0.07 deg. 1.1 deg.
$=-10 deg. (1.0e-3) (0.3 deg.)

o

(_ S.Simrock J J
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DESY

RF Field Perturbations

o Beam loading

- Excitation of HOMs
- Wake fields

- Timing signal jitter

system (reflections)

- Beam current fluctuation - cavity filling
- Pulsed beam transients - settling time of field
- Multipacting and field emission o Cavity resonance frequency change

o Cavity drive signal sc-cavities)
- HV- Pulse flatness - radiation pressure (only sc-cavities)
- HV PS ripple o Other
- Phase noise from master oscillator - Instabilities in feedback system

- Mismatch in power distribution - thermal drifts (electronics, power

o Cavity dynamics

- thermal effects (power dependent)
- microphonics (vibrations; only

- Interlock trips

amplifiers, cables, power
transmission system)

=

(_ S.Simrock fJJ
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DESY

Perturbations to be Controlled

| orenz Force

e Lorentz for detuning constant of
-1 Hz/(MV/m)? results in a steady state detun-
Ing of -625 Hz at 25 MV/mDue to the mechan-
iIcal dynamics of the cavity the actual frequepncy
change will be only 400 Hz (corresponding
+45° In tuning angle in steady statdhe
Lorentz force detuning is@orrelatedperturba
tion.

Microphonics

e The microphonic noise level measured in the
TTF are about10 Hz(x2°). This has to be
compared to the cavity bandwidth (HFHM) ¢
215 Hz. The microphonics amacorrelated
along the linac.

Beam Loading

A single bunch (8101°%¢ ) induces a transieft
of 1.4x10° . 10%rms bunch-to-bunch charge
fluctuation will result in an energy spread can-
tribution of 1.4x10* (correlated ).
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Error in Vector Sum

» The calibration of the vector sum can only be done to
a certain accuracy. Required are +10% for gradient
calibration and £1° or phase calibration.
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In the presence of microphonic noise,
the actual field vector as seen by the
beam will fluctuate, even 1f the mea-
sured vector is held constant, if the
vector Sum errors are non-zero.
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TTF

Open Loop Response
Gradient
+200 Hz e 25 MV/m
= 50 kW
5,
Q 15° Incident Wave
2 O g b e
a
e
@
Af (detuning)
-200 Hz
0.0 0.5 1.0 1.5 time [ms]

\\ (_ S.Simrock } J
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TTF

amplitude [a.u]
o

0.0

-

Closed Loop Response

Gradient e
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I~~.. - =" I
ooy m ™ 1
Beam On 0
50 kW

Beam Off

Incident Wave

Phase

Af (detuning)
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Determination of Q, and detuningAf
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Lorentz-Force Detuning

e regulate on individual cavities (only feed-
back)

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

50

_50 -

detuning [Hz]
iR
o
o
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~250 ' ' '
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time [us]

[1 first order equation for Lorentz-Force
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Messung der Lorentzkraft-Verstimmung
wihrend des HF-Pulses
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Cavity Model

Cavity Field
Vil _ —0yp AW Dvr +R..01 0 Dlr
vl | Aw —w,| |V “oa |1,

Mechanical Properties

[aed = [/t Had] + [F2v 1k D2 +1?)

or

0 1 0
Aw - ) 129 + 2me?K,, D[O 0} q .,

Typical Parameters

AW = Wn— , W ooo DEQ
= Wy =Wy, Wy = 20, EQEI L

Wy = 2n.300 , Q, = 3me® L= 10309 K = —1 Hz/(MV/m)°

QU



DESY
| orentz Force Model
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DESY

\ector
Modulator

=

Analog IQ Control
Klystron

. Vector
== _ _Demodulator

Loop
Phase

Cavity

/O Control
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Digital IO Control
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Vector r — — - —
Modulator | |
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TTF

Digital RF Control Concept

vector
master modulator

oscillator>=7< klystron . .
[ power transmission line
25 Soline o
1.3 GHzl L« T T eaig T
|
Im Re N
cryomodule 1 | 1.3GHz
AR field probe
Q] 12 1.3 GHz Lo
+ 250 kHz
250 kHz
clock
o
f= 1 MHz <<
} (a -b (a -b a —bz (a -b i
} b aj b a 3 b a 5 b a Lo
\
} z vector-sum
\
| Re¢ *Im
| digital
| +)3 X — ﬁLIW low pass
| filter
. feed ReT Im RETIm ReTIm DSP
- forward = =——=| gain =—— | setpoint
| table Y= =—— | table =—— | table system
K (_ S.Simrock J
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Principle of RF Control

Vector Modulator

|A amplitude ; phase |
|'—~ . | |
[ e | — F———— = == — = = — — .
| } | | | amplitude | phase @D @) "t
L — — — — - — - — — 4 | | |
Actuator Setting | | |
| | |
Feed Forward [—— | - ‘
Table —_— _ J—
S— Setpoint | — a -b a -b
— A Table —
r—— - — — - - - — — - Bl 1 7
|A amplitude | phase |
|'—~ . | |
| e | —
I Ty | | X —
- - - — — l_ _ __ __ _ _ |
L @mphase) |} @ (quatranre) | | i
in-phase
A p A Q (quadrature) | f——= Phase | | phase |
| . | . — | Gain | amplitude | |
| . | . ——— | Table | | |
| u u — [ e | [ e

Klystron

L T 1]
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TTF O
Generation of Reference Signal

90150

A Q) -
T A

1 time(us) 4. +
12348 N QUL 0
Vector LO : 4
®—> Modulator | a0 i Y

1300 MHZ ¢I ? Q 240 300

2XDAC 270
10 MHz 1O-Table /

|

|Q-detection
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TTF
Beam Based Gradient Calibration

beam induced transient

A Eacc
Pinc (open loop)
Ibeam
time
Qcav
A Im(E;C) beam induced transient
field decay

' Poea \ Re(i;C)

cavity filling

for At << Ty, :

_ O
AV = | (At %D[’ﬂ
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TTF
Power Calibration

_ DI’ [] [ E(tl_to) Lo
Eacc(tl) =2 DN/QDEQL EPinC(toststl) EEIL—expD—ED

020 m

IPinc

to t 1 1:2

- /OO0
F)ref(to) = F)for(to) EaCC(tZ) _. /\/EQDEQL [Pref(tZ)

e b e

| |

| - =

IPI‘ef i — — = no beam
| and steady state

e
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TTF O
Design of 24 Cavity Control

Master  Vector Modulator ~ Klystron
Oscillator
2 2
oo
DAC O O O O
[a) [a) [a) [a)
< ||< < || <
| |
ROT SMITH
EXCER I/0
ROT TION >
KAL
o ROT F— A
: : ROT
L — 4
. gain table feedforwardtable
setpoint (GT) (FF)

(SP)
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Pz)*Z

|
P(z) | ;M i be(aBn_?_)tabIe

Kalman Filter
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LIA
out D1 ~= .
in D5 - (VME)
in D4 -= 0o
owt 1 =
ot G2 - -~
n €2
l T l ¥
C4 | c2f o5 | ci
J ! )
o
jﬁ!ﬂﬂﬁ
—
Co
$ LIA
in A5 = {VME)
- az
o B2 = [ i o5
L I .
B4 | B2 | B5 | Bt
1 1 4_3—
u BA 717
Mﬂﬂm-_
’ J._T'J
ﬂmm
£ B
w D
—
B3 | B0
in Al -
ot AD -
in B3 -
out BO =

*) xA @ primary processor  {connected b Link Tnterface Adapior)
AP :arcondary processor (connected t Link Interface Adapior via primary processor)
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11 : processer I (processor 2)



DESY
Cavity Transfer Function
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DESY
Cavity Transfer Function
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DESY

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.



Step Response of the Closed Loop Sysem
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Adaptive Feed Forward

Measure Step Response
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Adaptive Feed Forward can handle nonlinear systems through
linarisation around the operating point.

The calculation of a new feed forward table needs only a

few seconds.
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System Identification:

Electrical Dynamics of Cavity 4

differential equations for amplitude and phase of the field

V = -0,V +Ro,L cos(y, —0+8)+ R®, 51, cos(yy, + @)

[

I.
¢ = Ao+ Rm”z%sin(win -Q+9)+ Rmmﬁhs‘in(wbﬁL ?)

—E,‘v’ .01y, I are measured or derived from measurements

least square fit

L

W;»  bandwidth Are found by fitting them to
| Ro,,, shunt Impedance the first differential equation
Fi

phase between probe and with the assumption that they
0 directional coupler are constant.

T
e

Yy equivalent beamphase

L

]_I

calculate Aw{t)
For calculation of A®(t) one only has to transform the second
differential equation:

*-

I [
Awm(t) = {p—Rmmﬁﬁin{win t|]+5}mR{!J”2$Sin(’qfh+(p}

—
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System Identification:

Lorentz-Force-Detuning of Cavity 4 at 18MV
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~ DOOCS Operator interface

System selection:
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TTF

Principle Kalman Filter (steady state)

Plant

-

y Yv Filter

W
Process noise

Discrete Plant:

X[n+1]=Ax[n]+B(u[n]+w[n])

y[n]=Cx[n]

Kalman Ye

Sensor noise v

y

Noisy output measurement:

Measurement update:

e

yy[n]=Cx[n]+v[n]

K[n[n]=X[n|n-1]+M(y, [n]-CX[n|n-1])

Time update: X[n+1|n]=AX[n|n]+Bu[n]

The correction term is a function of the innovation, i.e. the discrepancy
y,[N+1]-CX[n+1[n]=C(x[n+1]-X[n+1|n])

<

D:\doc\ttf_meet_nov_97\kalman_1.doc

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]")=Q and E(v[n]v[n]")=R

(_ S.Simrock )
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TTF \\

Kalman Filter (Cnt'd)

where M is the solution of the Riccati Equation:
M=Q+AMA-AMCT(R+CMCT)1CMAT
Combining time and measurement update into state space model (the kalman filter):

: : [
= A(I-=MC) CX[n|n—
x[n+1|n]] = A( ) X[n|n—-1]+ [B AM| L’v[”]]}

y[n|n] = C(1-MC) [X[n|n—1] + CMy,[n]

This filter generates and optimal estimate 25,01 ——————— T
y[n|n] of y[n]. Note that filter state is X[nn-1] ~ 2%5f | || |1 — Lns??ﬁ;{eed
ok 8 I — actual state | ]
[ L (VT

Example: TTF Cavity Q = 3*10° ”24.995 H ‘ | \ HMMI’MIMH W.
E 24.99F It LR RE S GO, AT, G
Wo = 1'3*109 Hz %24.985"' & | J { ‘ ‘ | ‘M HHMUW ’ llllllll
Beam noise : o(lp)/l, = 0.1 & ool [T |” | l l HH ‘ [ ........
Sensor noise : 0(Vy)/V4 = 0.01 24.975} 1 B O B B RLAY B 1 RR TR S
24.97F | AR LA RS B R Y R
> oy /'y =0.0009 24.9650 | \; --------- ; -------- ---------- S TR et
24. 985 06 07 08 09 l 161 162 1.3 /
\\ (_ S.Simrock ) o
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Principle of Smith Predictor
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(_ S.Simrock ) J
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Command Step Response of Smith Predictor: hCommand Step Response of desired feedback:

Gy(s) =

TTF \\

Smith Predictor (Cntd)

W u

- Y
T_ > Cf(S) —> P(s) T e T >

Desired Feedback produced by Smith predictor

P(9C(s)  _ _P(s)e " “C(s) 6 (9 = G(SICHS)_ o,
1+P(s)C(s) 1,4 FN)(S)e_STdC(S) w 1+ é(S)Cf(S)

:> c(9

Smith Predictor : C(s) =

1+C(9)P()(1-e )

<
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A — Poutd Klystron Characteristic
EaCC Psat | _ _ _ __ _ _ _
Pmax f—-—————— 2"~ ——— — — —
Pinc - Pnom
set [~ f - ——-

TTF ™\

Time Optimal Control

%
4/
sz | | | -
77 1 1 1 . >
n-l1 n n+1 time|[Tg] Pi
Prom : Nominal power (beam power)
. . : , Pax - maximum power useable for
Principle: Power correction at time n*Tg is field control (incremental gain =0.5)
such that gradient is correct at time (n+1)*Tg P klystron power in saturation

assuming no perturbations on plant.

—> Optimal gain = 700 (t¢q/Ts)
Note: with power reserve of 20% the maximum error that can be corrected in 1 us
is 1/7000 = 1.4*10™* . Problems: Measurements noise and klystron saturation

(_ S.Simrock ) 4

o

8 November 1997 11:00 pm
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TTF

RF System Diagram with Bunch Compressor

max. 4MW

il

max.
300 kW

: max.
5 MW

5 MeV 15 MeV

Fixed Power Ratio set by power divider
Three Stub Waveguide Tuner

Kl

110 MeV

12 MV/m

RF

Capture
Gun

a

(pacc -

Module #1

cc = 95MV

= 8.7

Bunch Compressor
R56 =17.8cm

lLe. = 2.8/%

Al =8.5cm= 130

BE 106
270 MeV
20 MV/m
Module #2
V,ee = 160MV
(pacc = 0°

<
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TTF
Operation at Different Gradients (1)

accelerating voltage in module 2

--Vc2:aVcl \ \
—t./T
ngz;L—e vE o VgV
VR
Vol 1_¢ " g1~ Vb1
4V, /

accelerating voltage in module 1

Vg1, Vg2 : generator induced voltage (steady state)
Vp1, Vp2 : beam induced voltage (steady state)
11,T, : cavity time constant

a : ratio of cavity voltage during acceleration

: .

\ (_ S.Simrock fJJ
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TTF
\\

Operation at Different Gradients (2)

e Solution
1.

Select Parameters t; vy, and a

L2y T
gz \_/b_lTZ GD]. e bl 2

D—
T Vg Tl 12 Vb1

Solve ofc)fg—laé%uﬁcﬂ 1o 1, -

1 b1 1 b1 B gl
Vo1 Vo1

Plot solutions in contour plot and superimpose contour plot of correspond-
ing gradients v, = v,-v, With vy = J20r/Q) Tt [P and v, = (r/Q) Quwt)/20,

g

From the solutions with the desired gradient v; select one with acceptable
incident power during filling and flattop and within adjustment range for t,
and 1,

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

Verify that solution is acceptable in presence of Lorentz force detuning

(_ S.Simrock fJJ
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Operation at Different Gradients (1)

T, [Us
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detuning [HZ]

Figure 2.1.16: Piezoelectric compensation of the Lorentz-force induced frequency shift in
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pulsed-mode cavity operation. The accelerating field is 23.5 MV /m.



TTF
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o Conclusion

e Superconducting cavity technology has demon-
strated a to be a viable alternative to normalcon-
ducting technologie

o 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.

« Qutlook

« Lorentz force compensation ( and microphonics !)
with piezoelectric tuner.

« Operation of klystron close to saturation with
dynamics linearisation scheme

« State machine for fully automated operation.

\\ (_ S.Simrock ) //
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