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"'IE Requirements for ILC

e CM energy: 500 GeV. Range 200 - 500 MeV.
Upgradeability to 800 GeV

 Luminosity and reliability of the machine should
allow L, = 500 fb* four years

e Energy scans between 200 GeV and 500 GeV.
Energy change should take less than 10% of
data taking time.

 Beam energy stability and precision should be
below the tenth of percent level
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,',IE RF Systems for ILC

e e and e* source
 |njectors
« Damping Rings

e Malin Linacs

e Crab cavities at IP
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,',IE RF System Architecture
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,',IE Architecture of LLRF System
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in LLRF Installation at FLASH
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1A Scope of Main Linac RF
total number of klystrons / cavities per linac ~ 280/ 7,280
per rf station (klystron):
# cavities / 10 MW klystron ~ 26
# of precision vector receivers (probe, ~78
forward, reflected power, reference line,
beam)
# piezo actuator drivers / motor tuners ~ 26/26
# waveguide tuner motor controllers ~ 26
# vector-modulators for klystron drive 1

Total # of meas. /control channels per linac

~22,000 / ~22,000
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"'{: o 9-Cell Cavity

HOM-Koppler Verstirkungsring Einkoppler-Flansch

!

| A ) A

Messantenne HOM-Koppler
(HOM: Higher-Order-Mode)

Parameter Wert

Resonatortyp Stehwelle, 9 Zellen

Beschleunigungsmode TMyq0

Frequenz der Beschl.-mode 1300 MHz

aktive Linge 1.038 m

Af/ AL 315 Hz/ um

unbelastete Giite >1010

belastete Giite, Bandbreite 2.5 106, 260 Hz
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,',IE Why vector-sum control
Benefit :
 Significant cost savings
 Maintenance reduced
« Less units to be controlled

Disadvantage
 Calibration of vector-sum challenging
« Cannot operate each cavity at individual limit
« RF power distribution must be precise (power,
« By-passing of individual cavities more difficult

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



,',IE Why digital control

Time-varying setpoint during cavity filling

Digital 1Q detection for measurement of rf field vector and forward
and reflected wave

Robust & flexible feedback algorithms (optimal controller)

(Adaptive) feedforward to compensate repetitive errors

* Need for automated operation such as fault recovery and changing
beam energy

* High level applications (example: automated cavity tuning)

« Exception handling (example: recovery from cavity quench)
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,',IE Typical Parameters in Pulsed System

- fill > flat-top ——»

ampl.
accelerating voltage

— Beam Loading

__——

incident power

beam pulse ] /\

ﬂty Phase v
Br-i%m pulse att

cavity detuning icfo andamlcfirgulse structure)
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:p
o

Sources of field perturbations

o0 Beam loadinq

- Beam current fluctuations

- Pulsed beam transients

- Multipacting and field emission

- Excitation of HOMs

- Excitation of other passband modes
- Wake fields

o Cavity dynamics

- cavity filling
-settling time of field

o Cavity resonance frequency change

- thermal effects (power dependent)
- Microphonics
- Lorentz force detuning

o Cavity drive signal

- HV- Pulse flatness

- HV PS ripple

- Phase noise from master oscillator
- Timing signal jitter

- Mismatch in power distribution

o Other
- Response of feedback system
- Interlock trips
- Thermal drifts (electronics, power
amplifiers, cables, power
transmission system)

Stefan Simrock
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ilp -
o Lorentz Force Detuning

* Radiation pressure : P = (1,H? — £,E?)/4
* Deformation of the cavity shape:

Outward pressure at the /
equator

Inward pressure at the
iris

N\

° Frequency shift : Af = KL*Ezacc
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Cauvity Gradients (First Cryomodule)
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,',IE Measurement of Q, and 4w
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e

T Measurement of Lorentz Force Detuning

TESLA 9-cell cavity
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ilp -
1A Lorentz force detuning

Lorentz Force Detuning of D39 in Chechia
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,'IE Microphonics at JLAB
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# of measurements

# of measurements

1k . |
11F Microphonics at FLASH
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,',IE LLRF System Requirements

« Maintain Phase and Amplitude of the accelerating field within
given tolerances to accelerate a charged particle beam to given
parameters

- up to 0.07% for amplitude and 0.24 deg. for phase

 Minimimize Power needed for control

* RF system must be reproducible, reliable, operable, and well
understood.

« Other performance goals
- build-in diagnostics for calibration of gradient and phase,
cavity detuning, etc.
- provide exception handling capabilities
- meet performance goals over wide range of operating
parameters
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,',IE LLRF Requirements (C’tnd)

 Derived from beam properties
energy spread
Emittance
bunch length (bunch compressor)
arrival time

« Different accelerators have different requirements on
field stability (approximate RMS requirements)

1% for amplitude and 1 deg. for phase (example: SNS)
0.1% for amplitude and 0.1deg.for phase (linear collider)
up to 0.01% for amplitude and 0.01 deg. for phase (XFEL)

* Note: Distinguish between correlated and uncorrelated errors
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I Requirements for Main Linac

 LLRF stablility requirements (@ ML and BC)
are < 0.07%, and 0.24deg. respectively

* In order to satisfy these requirements, feedback (FB) with
proper feedforward (FF) control will be carried out.

TABLE 3.9-1

Summary of tolerances for phase and amplitude control. These tolerances limit the average luminosity
loss to <2% and limit the increase in RMS center-of-mass energy spread to <10% of the nominal energy

spread.
Location Phase (degree) Amplitude (%) | limitation
correlated | uncorr. | correlated | uncorr.
Bunch Compressor 0.24 0.48 0.5 1.6 | timing stability at IP
(luminosity)
Main Linac 0.35 5.6 0.07 1.05 |energy stability <0.1%

Stefan Simrock
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ilp -
I Requirements
« Reliability
not more than 1 LLRF system failure / week

minimize LLRF induced accelerator downtime
Redundancy of LLRF subsystems

* Operability
“One Button” operation (State Machine)
Momentum Management system
Automated calibration of vector-sum

 Reproducible
Restore beam parameters after shutdown or interlock
trip
Recover LLRF state after maintenance work
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iIn SeqUi
equirements
"o q
e Maintainable
Remote diagnostics of subsystem failure
“Hot Swap” Capability
Accessible Hardware

 Well Understood
Performance limitations of LLRF fully modelled
No unexpected “features”

 Meet (technical) performance goals

Maintain accelerating fields - defined as vector-sum of
24 cavities - within given tolerances

Minimize peak power requirements
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,',IE The Simple Picture: LLRF Control

Klystron RF field probe

Control |-

#* Measure cavity RF field

#* Derive new klystron drive signal to stabilize the
cavity RF Field
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,',IE Control Choices (1)

» Self-excited Loop (SEL) vs Generator
Driven System (GDR)

e VVector-sum (VS) vs individual cavity control
* Analog vs Digital Control Design

« Amplitude and Phase (A&P) vs In-phase
and Quadrature (1/Q) detector and
controller

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



:p
o

Phase

Amplitude

Control Choices (2)

Generator Driven Resonator

Cavity

M.O. Controller Controller _ Klystron
@ @ A —
Phase
Setpoint=™ @ .
Phase Gradient Detector
Detector o
Gradient !
Set Point
Phase Amplitude
Limiter Controller Coﬁtroller Klystron
S D A
A A

@® |<—Loop Phase

Gradient
Set Point

Gradient Detector

M.O.

O—

Phase Phase

Setpoint

Stefan Simrock
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,',IE Analog 1Q Control

Analog 10 Control

Klystron

Vector Ml R s R A
Modulator

M.O.

Phase

Cavity

1/Q Control
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,',IE Digital 1Q Control

Klystron

Vector r ==+ i

Modulator
M.O. I

> &
.

Cavity

' v
> AT } : Vector
:. _'Exix__]_ — _! Demodulator
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Design Choices: Field Detectors

Traditional amplitude and phase

cavity X ampl. :
000 ER%Q\ IF > detection
LO; - /> Pphase
L ) « Works well for small phase errors
“optional” " [ LO
downconverter 2
Cawiby.rroesan e - . .
o . « 1/Q detection: real and imaginary

part of the complex field vector

» Preferable in presence of large

field errors

downconverter  0° 90°
‘L{::2

cavity RF ““““

: IF !
e

: \1{01 ' clock

" “optional ’

downconverter

Stefan Simrock

 Digital 1/ Q detection

 Alternating sample give I and Q

component of the cavity field
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,',IE Digital RF Control at FLASH

o vector
master modulator

oscillator [T>T=< mYSWOH . |
@‘ e power transmission line
1.3 GHz Mhals ~ ' |

Z vector-sum

Re¢ Pm

1 digital
4 — ﬂLIT OW pass
~ filter
fsad Rel [Im Rel [Im | Rel [Im DSP
forward | === =——| gamn =——=— | setpoint
table '——— ——— | table ——— | table system
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Digital field detection
"o J
, amplitude
mixer
RF local oscillator (LO)
1300 MHz 1300.25 MHz
IF
250 kHz time
[1s]
« downconversion of cavity field

to IF frequency at 250 kHz . sample IF signal at 1MHz rate

complete phase and amplitude
Information of the accelerat-
Ing field is preserved.

« subsequent samples describe

real and imaginary component of
the cavity field.

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



e
1A RF Control Model

Goal:
Maintain stable gradient and phase

Solution:
Feedback for gradient amplitude and phase:

amplitude
phase -
D lar ::Dnt;::ller klystron cavity
— .-"'“'-.e'”\
(%) ;/( — 5\;— (Y
e -r’F f AL x...r
P P4
_ /. "\ Controller A 4
) Gradient
L setpoint
N )
k><f
phase
detector
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e
1A RF Control Model

Model:
Mathematical description of input-output relation of compo-

nents combined with block diagram:

Amplitude Loop (general form):

eference controller Klystron cavity
input __grror — rf power output
(> amplifier = amplifier| [ Plant —t—>
1 monitoring
transducer

gradient detector
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e
1A RF Control Model

RF Control model using “transfer functions”

reference controller Klystron cavity

Input error control input output

R(s U(s) Y(s

) Rfﬂ ) T K L Py Y
M(s)

gradient dectector
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HOM emup

flange

il Cavity Model

b Schwingkreis:

0000000

ROHR AT GO LT
Tl g

= [I/

L 0=

1

2T LC

Frequenz: |f, =

_S _G

Gutefaktor: |O,

Af R

/., =1.300.000.000 Hz

f

- = Q0=10°-101

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



Beschleunigungsspannung:
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1A Cavity Model

|
‘ | .
Ig Wellenleiter Zirkulator Wellenleiter |

|

Resonator

I, I i
—- -
I
i i
| |
o~ L ——C
Ig Rext | O/ b
Generator i RO : Strahl-
U . A strom
Resonator
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il Cavity Model

"o
C'UI 1 ,DT+1.LT=j!+jb L.O.D.E.
Ry L g
with 1 W

“1275RC T 20,

. . 9 . .
U+ 2w1/2 U +w§ U = QRLwl/g * (E[g - Ib)
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,',IE Reduction to model for envelope

Only envelope of rf (real and imaginary part) is of interest:

U(t) = (U(t) +iU;(t)) - exp (iwgpt)
L(t) = (Ip(t)+il(t)) - exp (iwnFt)
Ib(t) = (Ibwr (t) + iy ('If)) - exXp (z’wHFt) = Q(Ibgr (f) + ’Z‘-Ibgi(t)) - exXp (?:LUHF.C)

Envelope equations for real and imaginary component

: r 1
Ur(t) + wije - Ur + Aw - U, wgp(é) (=TI + Toor)
/i

: 1
Uzt ( U@—A 'U’r —==lI0 5 By o o il ol 1 _It I, i
(t) + w12 W IIF(Q) (m gi + Ihoi)

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems




,',IE Cavity Model

 Continuous Model

1% vV .
rl _ =0, “AO)| | n R-o, 0 *
VZ' _A(l)(f) _(1)1/2_ VZ- i O R * (1)1/2_
_ Oy
where ©;,, = 2_Q and Aw(t) = (no(r)—co;:f
State Space Form x=A4-x+B-u
y=0C-x+D-u
/
: : At A-T

with solution x(t) = e - x(0) + J.e B-u(t—1)-dt

0
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e | |
TR Cavity Model Discrete

 Discrete Model

State Space Form Y +1 Ad Y + Bd”k
A-TS ‘TS AT ~ al
where A; = e B, = J e Bdrt C,=¢ D,
0

y ~wy 5 T, {cos(Acng) sin(Acng)} {l —W, I, AT, }
Ve d = (5 . =
§

sin(AwT ) cos(AwT)) AoT, 1-o,,T

2
Wyl A0, T2
AO®, 2 T/2 o ,T,
k
|

with solution x(k) = Ak- x(0)+ 2 AF:_ -B-u(k—1)
i=1
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,',IE Induced voltage as funct. of detuning angle

Induced cavity voltage as a function of the tuning angle 1. The voltage
induced by a generator current I, on resonance is denoted by an index
'r’. This applies to both generator- and beam-induced voltages. In the
case of superconducting cavities with (Jy > (Qcqt, the voltage V. is twice
that of the incident wave Vg,,.
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:]p Vector diagram of generator and beam
JLF Induced voltages

;B

Vector diagram of generator- and beam-induced voltages in a detuned
cavity. The angle ¢, denotes the beam phase and 1 the tuning angle.

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



,',IE Effect of change Iin resonance frequency

\__— increased
input power

(3)

Principle of RF control. The change of the resonance frequency (left plot,
curve (1) to curve (2)) results in a decreasing amplitude at the operating
frequency wrp. This is compensated by adjusting the input power (curve
(3)). The resonance frequency variation yields also in a phase shift (right
plot) corrected by applying a phase shift in the opposite direction.
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,',IE Klystron Power In presence of detuning
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,',IE Power Required as function of detuning

Vear = 25 MV, Q1 = 3 - 10°% no beam:

2
P, — BOKW ( (ﬁ) )
fi/2

V::tm = 23 MV, QL =3- 1061 Ib =8 II]A, Qﬁb = 0° (UH-CI'ESt)Z

|
P, = SOKW - ( (ﬁ) )
fi/2
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il Detuning vs rf power

150
detuning [Hz]

* 50 Hz detuning requires additional 2% rf power
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-E 26-2

:p
o

LLRF Tuning Overhead

* As in RDR, lIrf tuning overhead is only 16% in power.

corresponding to 8% in driving amplitude.

nit parameters.
Parameter Value Units
Modulator overall efficiency 828 | % Aw()pf, (%) Qv '
Maximum klyston output power 10 | MW tan opt 2QL g = - ¢ s P
Klystron efficiency 65 | % , e
RF distribution system power loss 7 % M _ (6) Ivo sin é
Number of cavities 26 W 2Veau T
Effective cavity length 1.038 m ( QL) opt Veaw
Nominal gradient with 22% tuning overhead 31.5 MV/m (%) Iy cos qﬁb
Power limited gradient with 16% tuning overhead 33.0 MV/m tan ??%m — tan ‘.i’b — Uf)opr, — qu
RF pulse power per cavity 293.7 kW V2
RF pulse length 1.565 ms (Pg)mm % = Vv * Lpo * cOS qﬁb
Average RF power to 26 cavities 59.8 | kW (6) (QL)OPE
Average power transferred to beam 36.9 kW /

e Under optimal QI and detuning, Pg becomes minimum.
Pg= 33 MV/m*1.038 m *9 mA *cos(5deg.)*26 cav.= 7.98 MW ~ 8 MW

RF loss (7%) -> available rf power= 9.3 MW

LIrf overhead = 9.3/7.98 -1 ~16%

Stefan Simrock

2"d |C School, Erice 2007, Radio Frequency Systems




,,IE LLRF operating point

* As in RDR, lIrf tuning overhead is only 16% in power.
corresponding to 8% in driving amplitude. (too narrow!)

10— | —_— 1 Waveguide loss (7%)
B LIrf tuning overhead —| _ operation
g I <1 (-8 MW @33 MV/m)
2 6 =
e [ —
8 4 Note: 10;1 change — —
o [« In the klystron gain -
|
2j slope! .
0 | | |

0 50 100 150 200
Pin (W)
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A Other Passband Modes
Example: TESLA 9-cell cavity

CH1 Sz log MAG 20 dB/ REF -80 dB i —-90,73€ db

[z 1274 228 344 cHZ
N~ - Lt £ =1300.091 MHz

E e e ' =1 T 1299.260 MHz

0 ol | f ¥ ;
; T4 3 an 3 SN £,=1296.861 MHz
0 e s g| presd r fio= 1293.345 MHz
£ 1 79 |
e - f,,= 1289.022 MHz
X f£,, = 1284.409 MHz
| 1 | LA

f,,= 1280.206 MHz

|

generator

spectrum
V4

—-j-——/-/-fr\ PN S v f0= 1276.435 MHz
I W TV [ AT E
1271 MH Feenppene 1301 MHz
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phase [deg.]

e

"b Bode Plot Cavity (wout/w 8/9-pi mode)

50

; : 8/9n-mode
. [36dB/dee (800 KHz)
] 52)
ENEEEE = 9
e 1 g \, 40dB/dec
S : cavity detuned * \
: i 1 by 20 Hz ___________________
= : 1 R \
50 EE.] ;E == ::.-l i B ::.:l L—' : : \
- 2l axil — — aii _ H L A
10° 10" 10° 10° 10° 1 10° 50 0 o e
f [Hz] I I
" f [Hz] I
I |
| 1
. I
i 0 ; : ™
i = I
LI, o] JEIXEITIRTITCr-Tar Serraees) P8 - T T T oo o
: |->} 5 us delay | :
1 - - ST G | ISP o
-50 b _"1oo : : 1
2 o H 1 :
00 L P S o '
_ e E 1 :
2 200 ten 3 e A .
s : : I
-150 -250 ; ; oo, -
: : I
-200 -300 : : R, .
4 §=-1350°
_250 :5 -;: :3 :::-4 i —350. .............. .:.; ................. T T .;\:1..............»:_ .............. 3 .6. ............ -
10 10 10 10 10 10 10 10 10
f[Hz]
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accelerating voltage [au)]

Field Regulation at FLASH

| . ACC23!

098- ,,,,,,,,,,,, S N s D L. N SO USSR b, -
noek Sl ... T S T A T S e B ., o
650 700 750 800 850 900 950 1000 1050 1100

time [us]
3FT Z T T o T T T T T =

=

8] :

=, :

2 :

o :

£ i

L :

o i .

£ '- f

™ : :

@ : :

:

1 | 1 l 1 i 1 1 | 1
6550 700 750 200 850 Q00 950 1000 1050 1100

time [us]
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Field Regulation at FLASH

relative amplitude error

spectrum of ampl. error

1.005 , . : . "
; —acc! rms.er 0.00055289
—ace23 rms.er 0.00026888
_%‘
o
Lol
R =
E —
= o
0 E
e Q
E 5
I =
i o
= B
©
QD
&
0.005 i : 1 ) 10'4 ; i i i
800 850 900 950 1000 1050 0 100 200 300 400
time [us] frequency [kHz]
phase error . spectrum of phase error
0.6 T T T T T =
: 5 —acc! rms.err 0.055742
OAF gy — —acc23 rms.err 0,030381 1
; . | ——accA5 rms.err 0.041623 2
— 0.2 R A T e R - ]
g =
= op \ ; g
e | 2
o —02 e i
@ ; =
iy i o F
Ol s ssnminsns e s e - s
: = .
: o [
NEL o TRTRER—— ................................................................... B
-0.8 i i f i L 10'2 i i i i
800 850 900 a50 1000 1050 1100 0 100 200 300 400
time [us] frequency [kHz]
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,',IE Field Regulation at FLASH

Phase stability of ACC1, Cal = 72.0mV/deg: save =2005-08-27T222223-ac:
0.4 - . . . . .

Fhese Comprassion Mon lior Sigmal ve. Phase, AC0CH

0.3}

021

01}

FeEEGE NS00 weckeE szl 0 Swed

-0.3 :
/ * Mean
-04

© Std pulse—tn—puls
-05 : : . :

-100 0 100 200 300 400 500 600
time [sec]

But! This is the phase stability between
the beam arrival into the acceleration module

Phase jitter [deg]

Signal ampiitude

3
b A.265 05 3075 N NB MNh

ACCH phase (deg relative to the RF phase!!!
———— Ly => Major contribution is likely from laser
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RMS Error as Function of Galin

A
Error

lower latency

l

A

unstable

--—------’

Stefan Simrock

2"d |C School, Erice 2007, Radio Frequency Systems



,'.,IE Cornell RF Control Test at the TJLab FEL

5 1 X107 0.05% o
£ 181 0.0451-
8. 5
Z 1.6 optimal gain A= 0.04 - optimal gain
Z14F 20035
= 0 Ie)
£ 12| \ £ 0.03 |- \
o 77 0
2 10| 0 o 4 7 £ 00251 A
208 20.02 -
< 06 - Loaded Q=1.2.10° 0,015 Loadd Q=1.2.10°
| ! — 0.01
0 200 400 600 |
prop. feedback gain prop. feedback gain
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,',IE Motivation for beam based feedback

Motivation to use beam based feedbacks:

= to Improve machine stability

—> to Increase machine performance
—> to enhance operability of machine
—> to Improve the reproducibility

Why beam based?

-Because of technical, physical or financial reasons
acceleration subsystems cannot be made drift/jitter free

-Ultimate goal: beam needs to be stable (not sub-systems)
-Beam based measurement can be more accurate
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Principle of beam based feedback
LI
Ref: X, X’ .
1 Act_uator Monltor_ o B
beam — - l 1 l = l 1 1
I B B I eSS > >
T | T L L
. | _ _FBcontroller _ _, _ !
|
!, Uity K X TU; |
T e aan [ Complex FB:
u = actuator value T - — Several monitors to increase
K = gain matrix accuracy => ref. plane, state
X = offset (state)

space formalism

K can be measured or predicted - Fast such that actuator action
by acceleration model operator needs to be predicted
=> Predictor-corrector

formalism of dig. control theory

—Cascaded FBs ...

See.: L..Hendrickson. et al. (SLAC)
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i Longitudinal feedback with 3" harmonic

RF Laser
gun~ACC1 3.9GHz ACC2&3 ACC4&5
il = | W | |
! Oacer  Dathy D pccog3s
) Aacer Aar Apccrss
laser v vV Vv v v
()Iaser (I)b]_ é] (I)bZ C]—I— spectrum E2 (I)bS C2+Spectrum

aun

Monitors: arrival phase laser, up stream BC1, downstream BC1&?2
energy BC1, BC2, compression downstream BC1&BC2
very like longitudinal bunch shape also required

Actuators: laser phase, gun phase, phase & ampl. ACC1 & ACC23

Response Act->Mon: strongly depending on operation point

Stefan Simrock
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Cavity Field

!

Mechanical Properties

[&I(ﬂ] = [—1/ ’an ' [A(ﬂ] T [—211:/ T, K

/ 0 1 - 2
A.G) - 2 ' A.w +2nw,K,, -
Am —y, _1/Tm Am

Stefan Simrock

Cavity Model

Yy —01; A®| |V 10

I

Typical Parameters

. 2 2 = - =
;,] [(v}.ﬂgﬂ A0 = 0 — @, 0,

9 6
®, =2m-13-10 . Q; = 3-10 (5)

{0 0] 0
0-1) |(v;+¥)

%0
E-QL'
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,'IE Modelling Lorentz Force Detuning

[ o 1 .. 0 0| r - _ _
Aw, | Aw, ;
. —00% —— ... 0 0 . :
: ~ > - : + 21T : _|:V2 }
. ' acc
A U)A; 0 0 - 0 1 A (‘Oj\f 0
d L \ —K .03,
_A (DJ\: 0 0 s (,l)i%r — T—\T _A (DJ\,: i 1\’ j\;‘_

where A®,, : detuning of mode m, V __ : accelerating

acc -

voltage, T : mechanical time constant of mode m and

K, : Lorentz force detuning constant of mode m.
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Lorentz Force Detuning

Transfer function Lorentz Force --> Detuning, SNS cavity

N

et Melasured
— Reponstricted

- 7
amplitude [
3 [l
o Meagured ni2
; — Recpnstrudted
ai a0
S 8 phase
<]
-7 2
0 50 100 150 200 250 300 i 50
f [Hz]
courtesy: J. Delayen, JLAB, M. Doleans, ORNL

Stefan Simrock

100 150 200 250 300
f [Hz]
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I Plezotuner

Piezo-Actuator:

He-tank
+ cavity 1=39 mm

UIIIH.K: 1 50\‘?

Al= 4 to 5 um at 2K
Afma}(, static= 200HZ
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detuning |Hz]

"o Detuning
400 ; i
: “beam on”- time !
.. :* ol
3o0r : i
e | I
e ' :
® | without compensation !
J00f%e | Without compensation
oy Wi |
L A v : s
100+ @ "o with compensation ”ﬂ
¢, | ®eo i R 2
I ®e l : g” -
I & I &
() promm—mene—s -#0-’4‘3*0#‘.;-;;*1-;--i-*--"--;-lr!"--
i ® ‘l o*
| e I e
-100} i ®o, i'.
I o |
fill time | 900 us constant gradient |
1 |
-200 . . Lt
0 500 1000 1500

tume [us]

Stefan Simrock

2000

:]p Active Compensation of Lorentz Force

9-cell cavity
operated at
23.5 MV/m

Lorentz force
compensated
with fast
piezoelectric
tuner
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I Concept for Controlling Microphonics

___________

_— - — — = — — = — = = — — = = = — — = = - — - — — — — — — — — — 4

___________

Stefan Simrock

| Microphonics LO, IF: y
N piezo ><\ : i
| : sensor ﬁ: |

: klystron AR AYANA [ :

| 1 \J U U\ Bl |

| cavity :

| /\ /\ f\ f\ / |

| ) U \/ \/ \/ |

| piezo P(s) |

| actuator |

___________________________________

OIS Fuc(s)

Controller
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¢y [deg]

,',IE Transferfunction Piezo - Detuning

Transfer function Piezo Tuner --> Detuning, SNS cavity

12 m
o Measured

nstruc

9 = Measured -7T
— Recpnstrugted
s 1 £ 3
@ amplitude o
phase
-5
-
0 100 200 300 400 500 600 0 100 200 300 400 500 600
f[Hz] f[Hz]

courtesy: J. Delayen, JLAB, M. Doleans, ORNL
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G0

— Lndamped

== Darped

Cavity Detune (HZ)

B.5Hz

13Hz

1 i 1 I
10 20 a0 40 50 60 T

Disturbance Freguency (Hzi
Active damping of helium oscillations at 2K.

T. Grimm

Stefan Simrock

Microphonic Suppression with
Feedforward

35 ! [ [ R
. : . = Lndamp
: == Dampec

: 5 : 5
e e T

! i i I !
i 40 45 ag a5 G i) 70 7a
Disturbarice Fratusnsy (Hz)

Active damping of external vibration at 2K.

2"d |C School, Erice 2007, Radio Frequency Systems



,',IE Challenges for RF Control

e Topics
Vector-Sum Calibration (Ampl. & Phase)
Operation close to performance limits
Exception Handling
Automation of operation
Piezo tuner lifetime and dynamic range
Optimal field detection and controller (robust)
Operation at different gradients
Defining standards for electronics (such as ATCA)

Interfaces to other subsystems
Reliability
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P Beam Transient Based
JIF Phase/Gradient Calibration

beam induced transient Module 2

(open loop)

|bean1

‘ beam induced transient

field decay 240 —_

cavity filling
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beam induced transient

(open loop)

! -
time
A Im(E4cc) beam induced transient

field decay

/
 fowes &
S~—

cavity filling

for At << 1.,

Ade=I-At-(é)-n-f

Stefan Simrock

Gradient and Power Calibration

Pref(r()) B Pfor(fO)

A

to

|
:Pref

_/ -

time

,
Epeeliz) :. J(@) ' QL 'Pref(rZ)

j Eacc \

— — = no beam
and steady state

t4 ty time
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e o
1o Vector-Sum Calibration

How precise can we measure the vectorsum
seen by the beam (not: how good can we
2 control the vectorsum...). We are not interested
accuracy  precision — in accuracy but in precision!

Every vector carries an error Two extreme configuration: the dsp sees
that is assumed to be constant: identical vectorsums but the beam does not!
1 3
seen by beam seen by dsp 2 .
1
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e o
1o Vector-Sum calibration

Number of cavities: 1,12,32,64, Predetuning: 50 Hz, Detuning-Spread: 11 Hz, Amplitude cal. error: 0.01
number of cavities = 1,12,32.64

0012
=
-g; oo+
- |+ N=12
vl 03
ﬁuou*a ‘
5 | :
- :
g“”“ﬁ' f I L1+ N=32
l ¢t 1T 4 1
o $ { : ' 1
g oor | LoDl 1 1N=64
o A ¢ i { 1
:oom:z + i t } }
g onz
N=1
e e - e = !

0 03 1 15 ? 25
rms calibration error phase [deg]
Surprising result: the more we measure, the better we get!
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Feed Forward Real Part (A ff{(t) ) [bits]

:p
o

1200

Step

Adaptive Feedforward

1000

[= =1
[ —
[—T

[=x]
[ —
[—T

400

20

Eﬂ 200

400 600 800

time [Us]

Stefan Simrock

1000 1200

AE(1))
AE(7,)

AE(t,)

Closed Loop
System

. T

Step Response

measured

calculated fora
linear time-invariant
System

E 02
< o
— oo
sl
< 0.14
=
[l
- (.
@ =
oz J\B 0.08
S 0%
&)
L
~ 04
0.02
0
0
In AJf 1
T2n AJf n
nn| _Affﬁ_

200 400 600 800 1000 1200

time [Us]

Aff (1) = ZAﬁf}.@(r 1)),
I
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Automation: example adaptive
Feedforward

Beam-Lo:

Feedforward-
Table

Flattop w/
Adaptive FF
(3 Iterations)

gart,
1 Duration I

I o, K F

b

Flattop w/o
Adaptive FF

X Fem control JX FEM PR
LEREE0RNIL
Amplltuces 3 ;
o — e AL
\
\ B
1500 L Phise -200 —13 200 ALy
5\ PaiEs
10C00 E
Star: 1] : 300 1300 o
5000 -‘r—- |
o 2 13001300 0
=] ;
L i L D B i | Feedback L : =100
490 £ON 300 1OCC 1200 (400 BCO ERAUHOR LD
; S 15431 20 n .37z’ I e § 06 |
% Fhases Al e @ Amplitucs -h Urversal .J! fi.'f.-':*.‘:-/:'a
h T e . e
| FE [N U bgs
— 5] ) Fazo
Gin e . | ... E ann a0
. Hain |
e e e roap RS
~160 5" T E e et e Aut-| End g Lk "IEDB_.
200 a 1500 a o —
—E00— =1 T | . B 0
0 200 400 GCO 300 1C00 1200 1430 "6CO it o
, (ionzantal aves | oowans | Gain Ramp 138E
[ Ao s [ T O [
- ralicn = i g
Gl g 18450
: _ 13400 \,—. — e i
Averages Start Juralicn  Fed Ampl Froor Figil Phase Snor ul Phase  Peak Bron G 4 }
T Samples a7 NEAN ) IReSME G09%0 SiaTAe Ties Sl T1E e
Fnd" Samples 108700 300 15440 MWim 020%  -1040deg OMcey  -S7.00dey 19250 ‘
1320
[SeTelag T —EUHE e T T T T
e Sy - Lirit ; Tadlt 'I BN 1 ¥ [N T T " 1 - VRV
sl | On a1l 0.15 % e
Fre BF load [Uplo2a 1w IRz Cir | I (Bosizaital axes % RIGRISO0E) -
R W D | |-..—uu-s-J’ . - g
185003 LY
NS LLRF C | Panel o] |
ontrol Pane
18350 L
18300
18260
1BZ00FHs——rrpr
Z00 400 600

Stefan Simrock

BOO 1000 120D 1400

1600
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,',IE Operation at different gradients

Variations in Loaded Q

E 2
s — .
€ 1. _i'r 24
- / E
= ‘ / o 2
g
[l =3 o
// i, =35 o 2.
0.5
E{/ al, =5 22
0
0 500 1000 1500 20C
time [us] 2 1

8 cavities

1N |
800 1000 1200 1400
time [us]
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,',IE Subsystem Susceptible to Fallure

o RF phase reference ‘0 Waveguide tuner and controls
- from main driveline o Cavity resonance control
- LO for downconverter - slow (motor) tuner

o Timing System - fast (piezo) tuner

o Vector modulator o CPU in VME crate

o Downconverter o Network to local controls

o Digital Control (Fdbck + FF) o Cabels and connectors
- ADC, DSP, DAC o Power supply for electronics

- includes exception handling o Airconditioning in racks
- Redundant simple feedforward o Software
- Redundant monitoring system | - DSP (FPGA) code

o Transient detection - Server programs
o Interfaces to other subsystems - Client programs
- includes interlocks - LLRF Parameters

- Finite State Machine
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e -
o Plezo Tuner

Calibrated “Bullet” Strain
Gauge Sensor to measure
preload changes during
cooldown and stepping
motor operation

CC2 Piezo
assembly
instrumentation:

- 11 strain gauges
-2 RTDs
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1A Piezo as Vibration Sensor

Piezo Tuner & RF Mixer Measurement of CC2 @10W CW Mode

Piezo sensor & RFin/RFnut Mixer vs. Time
(10W CW Mode, SR=100kHz)

—Piezo
—RF Mixer

0.1F

0.05H ¢~

Voltage (volts)

o

-0.05

| i i L
2 22 2.4 26 2.8 3
Time (seconds)

There is a good correlation
between the Piezo Tuner and the
RF Mixer in the time domain.

FFT of Piezo "Sensor” & RFin.’RFout Mixer vs. Frequency
(10W CW mode, SR=100kHz)

0.06 T T T
: ! —Piezo x5

—RF Mixer

0.05-

0.04

Voltage (Volts)
=4
=}
w

0.02-

0.01F

0 10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

An FFT of the Piezo Tuner and the
RF Mixer signals show close
agreement in the frequency domain.
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,',IE Real Time Cavity Simulator

Accelerating Gradient, RF+Beam Current and Q of cavity Ephase and Deturning
20 T T T T T 1.5
— T T T é _— T
Test run of ILC = S e o
Cavity Simulator (no T
beam st 05|
; E

Dfill: 0 - 0.3 ms at—_3 .
20 mA (full power) js&% S
2)flat-top: 0.3 -1.47 428" g
ms at 12 mA gﬂ “s 41
3)cavity emptying,—— il
decay curve shows
high Q of cavity. s

ﬂc- 015 1l 1I5 zl zt5 3 Q'E'u uls 1I 1‘5 2 215
Compare Wlth {a) r‘ll]‘lpliIilljl-::?tET::I‘npmlﬂ- (h) le-;i? ;Li-r::jrms[-

TESLA cavity
measurements:
Shapes are similar,
model is working.

IF 1n these simulations 1s 50 MHz.
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,',IE Evolution of Hardware at SNS

1st Generation 2nd Generation 31 Generation
Control Chassis Control Chassis Field Control Module

MEBT Rebunchers RFQ & DTL CCL, SCL & HEBT

4 installed, 1 spare 7 installed, 3 spares Retrofit to MEBT, RFQ & DTL
Retrofitted with FCM Retrofitted with FCM 08 systems + spares
Nov 04 Jul 04

Evolutionary Development: build on proven concepts, hardware and software

Artnhar 10 200N
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e
1A Lesson Learned at SNS

Document the system requirements.
— Avoid feature creep.
Document the development plan.

Make a resource-loaded schedule and budget.

Use proven solutions. Don’t reinvent the wheel. Resist the “not
iInvented here” syndrome.

Keep it simple.

If your schedule iIs at risk, ask for help.

Your team must “take ownership” of the system.
Software support and development is an integral and essential
part of the process.
Be willing to cross functional and subsystem boundaries.
Avoid dictating the choice of software tools and languages if
possible.

Ref. M. Champion
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,',IE Advice for Hardware Development

Avoid early parts obsolescence.
Install a RF PIN switch diode on your RF output.

Install extra channels — you will need them later!

Verify your parts can withstand a wet wash process following SMT
assembly.

Do not use epoxy-mount components (difficult to replace)
Provide adequate shielding between motherboard and daughterboard.

Provide “clean” DC power to your circuits.
— Beware of DC-to-DC switching supplies. The switching frequency
(usually 200 kHz) will find its way into your system!
Don’t waste your time building cables. Let a vendor do it.
Use a symmetric layout for your ADC clock distribution and pay
attention to impedance matching.
Think about how you will test, troubleshoot and repair your circuit
boards when you do your board design and layout (not after you
receive the circuit boards)
Ref.: M. Champion

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



iln - RF Station with 3 Cryomodules

< RF Phase Reference Line
L |

Cavity Probe (plus optional 1. 48x HOM m?l
i—I:.'. =
1 1
- ¥ Mo

ATELETT —

i

Accelerator Tunnel

Service Tunnel

WG pressure | WG pressure”

LLRF &
Instrumenation Rack

RF & Low Level Signal Penetration

Cryogenic Vacuum Controls Klystron Control Klystron Water Medulator Control
Controls (Rack) (Rack) & Interlock PLC & Interlock (Rack)
x x Local Oscill x
. 4 Timing & Synct
v !Inm ety I— Ak (PR} L "B..:‘.
v 4 MPS /B
v v A4 RT Control Network v v d
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,',IE Rack Layout

LLRF/Instrumentation Racks

N o i
rd
Cavity FWD Power — 2:" 3 Reference
Cavity REV Power ——;ﬁ | Lo
YY v
S55 - HHHH
[P | (| | || PP PP
' |I ] | ' 1 R R/R R
" ‘P: FIFFF
clLILIL| | U
plLILIL| [ml“|B LLRF PIP|P|P
R/R R o|P Control RRIR R
U I
F FF NI M M O|O 00
G
|
| ‘ Klystron Drive Amplifier
MMM M M .
000 O ; ;
Cc HETIE Cavity/Tuner
P cC C Motor Control
seieielele| |5
R R
RRR R R LlL
LIL|L|L|L
24,
24, 7 :
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Stefan Simrock

Control
Ref Line (3)

Cavity Probe
(24)

Cavity FWD
Power (24)

Cavity REF
Power (24)

ocal Oscillator
(LO)

Timing

Analog Down Converter
ETH

LO Distribution

LL

RF Rack Detall

&I Crate CPU
8Ch
12 bit
85 Mslps Controller
-ADC|— - 32 Bus
ADC|- o » Interface
ADC|— - FPGA FPGA
<ADC|- = \UF) o | .l R_F
DA Q(F » Converter Drive
HpAC—— lwo |
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Drive
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DSP
Local ]
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Forward/Reflected Power | —
ADC}— 32 Bus | ‘
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ADC| =
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4 - Protection
A 4
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| Local bl Drive Drive/
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® cikGen | | .“‘_f‘" orda
Forward/Reflected Power | HSSI
[ 32} < Bus LI
- rd Ll
FPGA FPGA
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» DAC
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A Control
Start
Trig P v
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.-I ClKGen [ *» |
: Timing
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LLRF Field Module Controller

Start Trig

32 Channel DownConverter FPGA

L COD"W‘I_} SetPoint Feedforward
2l Table Table
X | Vector Sum —l— LO
Clk CiC v
| Filter
|
— ADC| || Gain + Rotation Gam +— \ | SSB
| Table Modulator
12bit ( - DAC\—>~
65MHz cic UpConverter,  *
. Filter ToIF
. | !
| Down Q Vector Sum
* Converter SetPo:nt Feedfomard
° Table Table
- Analog
¢ Down =
24 X Converter
[ ]
L]
LO
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8-channels frorL cavity 8-channlls to

Downconverter

probe : ADC-Board :

Pr 4

POUT,ldB

Compromise
between noise and

linearity No

Ay ST ;=‘: F/

u 242 , ._...i..._m‘IINILI\, b il

® SNR for oversampling :

| = 80MHz )
f,= 9MHz @ -1dBFS

..{ SFDR=86dB
SNR'=72dB

0 DRIt o 014141 1o V14 L LIRS
Bandlimited noise from Mixer

e NQISE from ADG.......

LO-Input :

P IP

0 5 10 15 20 25 30 35 40

. Frequency - MHz
Spurious q Y

Free
Dynamic
Range
(SFDRout)

Per
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ADC clock

80 MHz

LO-input

Filter

1291 MHz |
Stripline

1300-9 MHz

Attenuator

RF-input
1300 MHz

Stefan Simrock

BPF

&

1300 MHz
Stripline

Filter

I| REL .II..L.NI“"]L L. l' Ll il
|

Gilbert Cell Mixer

® SNR for oversampling :

0
L r—— | —— B — .| &= 80MHz I
.= SMHz @ -1dBFS
o ) | e
23 frer nene e
o R NOT— / SFDR=86dB *
SNR=72dB /
Bl s estaiisiovericinse
I IR Blgﬁaibandwrdth
;. Bandlimited noise from Mixer
e e QISE TTOM ARG .

L ul o [T 1 Lo | 4 CRW
1] 5 10 15 20 25 30 a5 40
Frequency - MHz

BPF

AY

SNR is limited to 72dB by the
NF of the front end mixer.

SNR of about 70dB from
JLAB using HMJ mixers.
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.'Ip Passive Mixer

,|l
e |
I

- Mixer non-linearities
.-""'; - LO, RF, IF leakage
- Reflections

ADC clock

LTC2207

75 MHz (-------- ! \ 80 MHz
11350 MHz ! Oversampling
1 Filter 1
i i
1
1 1
LO-input i ;{; | 0dBm
1380 MHz == 1
. V) [ T 4 S L
- : 1 ; Passive Mixer
: I8 HMC483
oo :
1300 MHz !
Filter . -
e : - SNR of 73dB is limited by the reference
1
1

, signal generation of RF and LO.
16 Bit, |
105 MSPS

B0fs jitter

&

BPF
RF-input
1300 MHz

"\ - Test setup with fs resolution.
- Diplexer design to reduce distortions.
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1A 8-channel downconverter

L i b Bl B B B

f 2% F =X = - ..._ J E
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,,'E DESY SIMCON 3.1 Controller

2.SIMCON3.1 board description and schematics.

iiiiiiiiiiiiiiiiiiiiiiiiiiii

12 3456 17 8910 1234
< > >
Analogue input outputs
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,",E Next generation: SIMCON DSP

F Y

R EER IR TIEFTTITTOVT =

i

Mo b

o

iy
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ny  Nextgeneration: ATCA

e e e L e e L ] L ] @

!
/ 8 x Probe
/

Cryo-module 8 cavities |
Klystron
Control

Bk 0.0.0‘00? /

8 x Forward )

8 x Reflected

8 x Piezo a o
Analog vector sum I-Q Driver Hl ; g
1
Q
- Q@ x
o2
Forward power =
Strobe £z
3

Reflected power

\

Trigger 1
\ Trigger 2

Piezo-tuners and
step motors control

Gigalinks!

0 I—r Ethernet
|

\
far aley from the tunnel area

-l
=
Il
w [] @ & [ [ [T [] @ & o @ w L] @
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Stefan Simrock

Architecture of carrier board

oW +3.3——*

BOW +12V
Fower

U

— 5P Link
— P ERpr.
— gt link to AMC
= [zt link
Ghit ethemet

Firmware
FPGA

AMC

Mezzanine

Card

| AMC

AMC

Mezzanine

T

ZONE1

T2A T8dD
I t PCIE
user FPGA - AP
FX4 “"f“’“
LE”E
oM 00
MEZ
ZON -
ZONE3
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e
1A AMC Modules

& All modules:
+ IPMIv. 1.5

- PCIExpress
- Fast link to the camier (10 differential pairs)
=+ Virtex 5

& 8 channels “slow” ADC board

< 14 bits
-+ BW 200 MHz
=+ SF ext. & int. up 105 MHz

& 2 channels. “fast” ADC board
+ BW 1 GHz
-+ 10 bits
-+ SF 1-2.5 GHz

& Timing Module
-+ Receive coded clock signal, produces &
different clocks

& Vector Modulator
<+ Digital input
+ 1.3 GHz, 0OdBm
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,',IE Software Modules (Examples)

Control Algorithms (Fdbck/ Feedforward)
« Meas. QL and detuning

e Cavity Frequency Control (Fast and Slow)
 Amplitude/Phase Calibration

e Vector-Sum Calibration

 Loop phase and loop gain

 Adaptive Feedforward

Exception Handling

« Klystron Linearization

 Lorentz Force Compensation
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“flL  Software Architecture

Timing managment
Parameters
optimization

RMS /

" - " Rotation
ADC Field detection Filter + dec e peak err Vector mod.

HE 1 "‘ Loop Klystron
H S phase lin.
' DAC
" - " Rotation
ADC Field detection Filter + dec
P controller

compare
Field
calc

8XADC Forw power Filter + dec -
Rotation
matrix
8XADC Refl power Filter + dec .

Kalman filter

compare

Cav. Freq slow ctrl DAC

Cav. Freq fast ctrl DAC

SYSTEM Piezo driver
IDENT.
waveguide tuner ctrl. DAC

waveguide

step motor
ADC
ADC
ADC
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,',IE Software Architecture with Comm. Links

E

BEEEEL
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o Example Use Cases for Acc. Section

Basic Use Cases

Set and maintain beam end energy or energy gain and phase
of accelerator section

Stabilize end energy with use of beam based feedback
Monitor radiation levels (neutrons and gammas) in real time

Advanced Use Cases

Limit field emission and cryo heatload

Provide rf pulses for machine studies

Conditioning of cavities/couplers

Assess performance and limitations of accelerator section

Diagnose problems and identify the source especially if beam
guality is unsatisfactory.

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



,',IE Example Use Cases for RF Station

Basic Use Cases

Establish moderate RF power and cavity gradients

Enable and perform measurements of all LLRF relevant signals
Stabilize fields for beam operation

Advanced Use Cases

Set parameters to maximize availability during beam operation
Optimize parameters for best beam stability

Assess performance and performance limitations of rf station
Diagnose problems and identify the source (hardware/software)
Detect and handle exceptions

Stefan Simrock 2"d |LC School, Erice 2007, Radio Frequency Systems



e

o

g~ wWN P

6
7
8
9

Examples for Scenarios

Coarse tuning of cavity resonance with motor tuner
Compensate Lorenz force detuning

. By-pass (and un-bypass) cavities

. Adjust klystron HV for sufficient power margin

. Set correct timing

.. If gate, rf pulse, klystron HV, flat-top with respect to beam
. Limit field emission in cavities

. Apply adaptive feedforward

. (Re)-start missing or faulty lirf servers

. (Re)-calibrate rf station

10. Calibrate vector-sum with full beam loading
11. Correct downconverter linearity
12. Klystron linearization
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,',IE Work breakdown for the LLRF project

Risk . Major System
Assessment 1 LLRF Project Managementr Requirements

|
\ \ | \ |

Infrastructure Commissioning/ Special
Hardware Software : . :
Inst/Maint. Operation Topics
] 1 1 ]
. . 4.1 Operation and 5.1 Transients
1.1 MO & distr. L 2.1 Controller L | 3.1 Cabling L | Evaluation in L detection
FLASH/MTS
|| 1.2 Digital Feedback 2.2 Low Level | | 3.2 Racks and crate | | 5.2 WGT Control
] Applications | | 4.2 Procedures
1.3 Field det. & 23 Hiah Level 3.3 Documentation 5.3 Interfaces to
— Actuators -5 High Leve and Operation . —  other systems
— Applica’[ions L Marr])uals L 4.3 Automation y
1.4 Piezo Control 2.4 Communication — S.TlmRrra]tSLaii[)i/on
: 3.4 QA and QC i i
L protocols — Q Q —{ 4.4 Diagnostics
1.5 Radiation 5.5 Calibration
T monitoring 2.5 Control system —parameters database
] (DOOC%/) — 35 Redundancy, " 4.5 Simulation
Availability Analysis
1.6 Communication
T interfaces
| 13.6 System integration
L1 1.7 Slow control

3.7 Installation in
| FLASH/MTS/XFEL
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ile Rossendorf/ERLP (Daresbury)

* Developed for cw
operation of 1.3 GHz
s.c. cavities at ELBE

» Analog amplitude and
phase control

» Achieved very good
field stability at
QL=107:

- 0.02% in amplitude
- 0.03 deg in phase

» Adopted by Daresbury
for the ERL Prototype
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o

CEBAF LLRF 1993

RF control requirements with vernier

RMS error uncorrelated correlated
T4 2 % 10~ 4 1.1% 107°
o; 0.25° 0.13°

&, 24" o0

o4 relative RMS amplitude error

o : fast RMS phase error

o, : slow RMS (along linac) phase error

Stefan Simrock

Loaded Q = 7-10°
<12 MV/m
| ~ 400 pA

& bhl—l.-i.-dhHlll--l-d—odiéil#it-l
n

i Pras Phaso Phase Ampiude  Up !
T0 MH2 Reterenca Cantreller Citsat Controller  Corvarter | Klyatran
[}
y R CPM -4 TCPM ICPPa'IT S =X
Cantrol Blas Caonirol
10 MHz Mputs Z& inputs
b N
- Variabl
T + Outn Siage Smak
Phase -
Muhr&&i“n Amptude 4
- \:::; i [ |

Achieved stability: a

i
BTN EE I WEN PR EEE PR PPy fna ey e

bout 0.007 %, 0.02 deg !
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,',IE Spectrum of noise sources at JLAB

I
9
O

|

—100 |

amplitude [dbV]

I'egula.tedl l

107" 10° 10! 102 103 104
Frequency [Hz]
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