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RF System Architecture
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—] System Architecture Details —
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Sources of Field Perturbations

—

0 Beam loading

o Cavity dynamics

- Beam current fluctuations

- cavity filling

- Pulsed beam transients

- settling time of field

- Multipacting and field emission

- Excitation of HOMSs

o Cavity resonance frequency change

- Excitation of other passband modes

- thermal effects (power dependent)

- Wake fields

- Microphonics

- Lorentz force detuning

o Cavity drive signal

- HV- Pulse flatness

o Other

- HV PS ripple

- Noise in electronics (mixer, ADC)

- Phase noise from master oscillator

- Thermal drifts (electronics, cables

- Timing signal jitter

- Interlock trips

- Mismatch in power distribution

- Response of feedback system
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—| Noise Sources in LLRF Systems I—

PS ripple

Non-linearity

Phase drift

Microphonics
Lorentz Force

Beam Loading Detector noise

Thermal drift
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— Grouping of Sources of Perturbations and Noise |——
PS ripple

PLANT

Microphonics
Lorentz Force
Beam Loading

ACTUATOR
and DRIVE

Detector noise
Thermal drift

Non-linearity
LO
Cab?krift
Phase noise

Phase drift

EMI EMI
ADC noise

g - = eNes Phase drift

ETECTION

Clock jitter

CLK
/ Ta'A A A A A AAA )
“/{7 uu}imi N e 08, BNL, Feb. 25-26, 2008 S. Simrock, DESY e

DES
/l

VAAAAAAAN/ l



25F

151

=1

-05

Noise Sources at Flash (Simulation)
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— Error Map —

‘ Residual Error
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Sources of field perturbation
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— Control Choices (1)

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

e Vector-sum (VS) vs individual cavity
control

* Analog vs Digital Control Design

« Amplitude and Phase (A&P) vs In-
phase and Quadrature (I/Q) detector
and controller
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— Control Choices (2) —

Phase Amplitude
M.O. Controller Controller _ Klystron
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Choices of field detectors

—

= ampl.

» Traditional amplitude and phase

detection
 Works well for small phase

* | /Q detection: real and imaginary
part of the complex field vector
* Preferable in presence of large

field errors

 Digital I / Q detection

« Alternating sample give | and Q

component of the cavity field

RF__ . |
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.......... > errors
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— Field Regulation at FLASH —
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— Field requlation at FLASH —

relative amplitude error

spectrum of ampl. error
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— Field Regulation at FLASH —

Phase stability of ACCA, Cal = 72.0mV/deg; save =2005-08-27T222223-ac:
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Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

ACC1 rf control:
P control with beam based beam loading compensation

Problem: Scheme implemented for ACC1 at FLASH:

e cavity with fast proportional (P)
RF control corrects after 20 ps

e first 20 bunches suffer

beam VN
P

INANNNNNNNVT
klystron !

e correction within 2 bunches
required J:_dL
oo R
Countermeasures: forward /L
table proportional set point
e prediction of beam current and gain table

derivation of compensation

e measurement of beam current in
real fime and applying appropriate
compensation

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07

FLASH Seminar, June 19™ 2007

'Ideal’ gain for proportional rf control at ACC1

o

-
M

relative energy stability

1E-4

0 10 20 30 40
gain of proportional control

Gain resulting in most stable beam:

e error suppression for small gain values

e noise amplification for large gain values

e 'ideal’ gain between both cases

e best single bunch stability: AE/E = 2x10-4

Gain limitations:

e noise at pick up signal: 6 = 15

e theory w/o paying attention to
the 8/9 m mode: G = 40

e theory with paying attention
to the 8/9 m mode: G > 100

Plus points:
o XFEL requirement:
AE/E = 10-4

e we controlled only 7 cavities
(one pick up makes trouble)

e XFEL injector has four
instead of only one module

presented at FLASH seminar by E. Vogel, June 19™ 2007



Injector beam control studies winter 2006/07 FLASH Seminar, June 19™ 2007

Charge proportional signal from toroid monitor

e taking several samples (5) per
bunch from analogue monitor signal

- | Figure 1
File Edit View Insert Tools Window Help

e SUM ofSQmples DeE&E| s IRam®| € 0E
. . ><1£J4
e offset correction using samples at R T
times without beam il w‘

1 1 L 1 1 1
400 450 500 550 600 650 700 750 a00

presented at FLASH seminar by E. Vogel, June 19™ 2007



FLASH Progress Report

SRF2007 Workshop, October 15™ 2007

Actual status of the ACC1

Status:

0.0

e not yet ideal, but... 9

e sufficient for SASE with &
more than 400 bunches E 0

5
Next steps: e -0.2

o

. ) . )

e improvement of calibration 2
e further qualification by 2 03

beam measurements

beam loading compensation

—o—p control only results in
bunch to bunch rms = 0.021%
repetitive intra train rms = 0.070%
—e— p control and beam loading
compensation result in
bunch to bunch rms = 0.020%

i %%W%{Wm%ﬁ

0

10 20 30 40 50 60 70 80 90 100

bunch number /1 us bunch spacing

presented at SRF 2007 by E. Vogel, October 15™ 2007



FLASH Progress Report SRF2007 Workshop, October 15™ 2007

'Ideal’ gain for proportional
rf control at ACC1

Gain giving most stable beam:

e small gain: error suppression

—a— Klystron linearisation off 10/2007 e large gain: noise amplification
—o— Klystron linearisation on 10/2007
—o— scan 2/2007 e best single bunch stability:
z 150 AE/E = 1.6x10-4
3 ] T
s - } - Gain limitations:
@ | / e
-% | E\ %% j jjl TT O/O/% e noise at pick up signal?
E e OOO Fgs /O\cro‘o/ | e w/o paying attention to the
| ﬂ‘o oo;iA OOO# L T 8/9 m mode: G = 40
T[] e paying attention to the
1E'4 frrrryrrrrrrrrryrrrrrrrrryrrrryrrrrryrrrryrrrrrrrrr T T T rTT 8/9nm0de:G>loo

0O 10 20 30 40 50 60 70 80 90 100110120

gain of proportional control

presented at SRF 2007 by E. Vogel, October 15™ 2007



® Phase noise measurements :

-80 I I I I

L
o
o

Master
Oscillator

M

Modulator

SSB phase noise [dBc/HZ]
= )
[en] (wn]

Downconverter (Frontend)
| | I |

(Klystron+Preamplifier)

-160
100 102 10° 10* 10°  10° 10
frequency [HZ]
Cavity
YYyyywym
Modulator Hc.w(s)
:.___T’_
gqq_Y(S)imymn 5

Master
Oszillator

Controller

G(s)

e Contributions to cavity field jitter :

SSB phase noise [dBc/Hz]

Phase noise budget at FLASH (Switched LO, single cavity)

o5

| | I | |
Master Oscillator

= = = = Downconverter output
= = = = Cavity output
§ - Residual phase noise
-100 —
- o s Noise appears at the DWC
120 output but not on the cavity field!
D P .. P ]/_ 5
' Bt 5 sl
-140 (= ., \» k- =
it e b '
4560 Residual Jitter i Beam-based
- Induced Cavity Field Jitter . monitors
L - i i
_180 8 | | L {
10" 10° 10® 10* 10° 10®° 10’
frequency [Hz]
Subsystem Phase noise | Residual | Induced
[dBc/Hz] | jitter [fs] | jitter [fs]
MO see Fig.3 14.1 5.5
DWC (Frontend) —147 1.8 1.8
DWC (ADC) —135 5.8 5.8 | (Complete ADC module)
MOD —110 1.2 1.2
/"\\ - High frequency noise is filtered by

the cavity, but not drifts or 1/f-noise!
- Beam relevant frequency range [1Hz,100kHZ]

Frank Ludwig, DESY



Available technologies and selection of the detector concept

® Passive Mixer + GaAs FET:

+ High linearity

+ Low NF

- Large LO drive needed
- Low LO/RF isolation

® Active Mixer (Gibert cell):

+ High conversion gain
+ Low LO drive needed

+ High LO/RF isolation

- Normal NF
- Additional 1/f-noise

down up down | down down down down [ down | down down down
LT5522 | LT5521 | LT5526 | MC1502 | CDB-9050 | DBM-182 | MBA-15L | HMJ7 | HMJ7-1 | 1AM-92516 | AD8343
P(RF)  [dBm 7 -15 -10 5 -10 L | 10 -10 12
PLO)  |dBm 5 5 7 5 7 a) 2z 3 10 )|
P(F)  [dBm : N— 1
NF dB 132 | 125 | 123 | 75 15 8,5 85 [ 105 12,5 14,1
IP3 dBm 25 242 | 165 12 3 3 34 27 Py
1dB dBm 108 | U 5 0 23 23 9 [(28)
MS11  [dB St
PS11 deg
MS22  |[dB
PS22 deg
MS33  [dB
PS33 deg
Gain dB 04 | 05 | 05 6 6 75 65 | 85| -85 55 71
RFtoIF |deg
isol IF RF |dB
iso LO RF [dB 50 38 55 30 33 25 P 34
isoLO IF [dB 49 59 55 25 35 20 14 24 30 56 54 )|
Fmin) Mz 01 | 10 | o1 | 0 30 0 0 M 0 il

Frank Ludwig, DESY

® Other detectors :

HMC439: phase detector SiGe
+ Low NF, - Limited to 1.3GHz

AD8347 : quadrature demodulator
-to be tested in ,parallel’

ADB8302 : gain, phase monitor
+ good temperature stability
- worse NF

8IIII|IIIIIIIIIIIII

AD8343
LT5522 (7

Spectral density V'S, [nV/ VHz]
S
||I|||||||||||||||||||||||||||||||||

Olllllllllllllllllll

0 5 10 15
Noise factor NF [dB]

N

0

Multi-channel detector :
"\ Gilbert cell mixer



Actual down-converter (AD8343+OPAmMp) operating at 1.3GHz

==

(Designed by G.Méller/DESY/MHF-p) + High LO/RF isolation

- RF-range [DC-2.5GHZ]

- Mixing into baseband
caused additional noise

A - ‘E:- ﬂi b El" En-- Eu

e R T s i e e —

- e W W
uu!u ¥w .|

8-channels from cavity probe : 8-channels to ADC-Board : LO-Input :
Py ~[-40dBm,~10dBm] \/g ~70nV | Hz P, , =-5dBm

—70dB linearity

Frank Ludwig, DESY



Multichannel Packaging and Preprocessing

8 layer stripline design VME interface

IF Outputs
g (8 channels):
» [OMHZz,54MHZz]

LO input:
[1309MHz, 1354MHZ]
+0dBm input power

. RF inputs (8 channels):
1300MHz
+0dBm input power / channel

Frank Ludwig, DESY
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Single channel receiver performance at FLASH

e Single channel stability results: ® Shortterm stability 800us (bunch-to-bunc

BW=27MHz 0332
BW=1MHz

Short-term, bunch-to-bunch (800us) :
M/A, =0015%, Ap, =0.0092deg

Mid-term, pulse-to-pulse  (10min) :

M/ A =0016%, Ap =0.0147 deg

Long-term, drifts (1Thour) :
M/ A, =009%, Ap,.,=0.05 deg

pkpk
8, = 2e-3/°C, 6, = 0.27/°C

e Midterm stability 10min (pulse-to-pulse):
BW=1MHz 0.3342

Parameter : BW=1MHz S
- Readout bandwidth 1MHz R - b
- VME active multi-channel receiver 03538 {758
- SIMCON DSP (14-Bit ADC) 03335
- LO / IF leakage —72dB
- Crosstalk —67...-70dB ol

81 samples over 1 us D”g::z

-~ 11Q value nasalt

- ~5 Hz through 10 minutes i .

o] 1 2 3 4 5 B 7 g 9 10

Frank Ludwig, DESY



Single channel receiver performance at FLASH

Ed

® Single channel receiver . - Analog Receiver has 0.0052 deg [1kHz,10MHz].
performance at FLASH : - IF[9,54MHz] works also with a lowpass
- Incl. LO-Generation phase noise - Powerful diagnostic using the CW modulation scheme!

- Drift calibration <100Hz is needed!
(Injector door effect on LO) e.g. injected, reflected or
Biased by MO reference : LO or Beam-based feedbacks

,r
|

SSA?  Spurious from Power Supply

-> Local LO-Generation near DWC

-> Analog regulated supplies .
/ { Desired XFEL value

/ 1/f-noise

White noise from LO
and down-converter

/ ] Desired pp-value

"’MJJLLL_“‘I L‘i‘ E

ey i

? L ]

and Dow serter 2:_ [f, 1 OOkHZ] E

IF Gain 20dB Frag Band [33M-101MHz] Opt [ =150kHz] 1 0'4 [ I I I I l l |

Phase Moise | Start 1 Hz Stap 20 MH; 1 100 101 102 103 104 105 106 107
Set RF ATT 0dB Phase Noiss: Meas -----|

frequency [Hz]

Frank Ludwig, DESY




Summary of ACC1 beam stability at FLASH 09/07

® |Q sampling down-converter (250kHz): e |F sampling down-converters (9,54MHz):
0.0019 0.20IIIIIIII:[Il]lIIIlll]ll]llllllllll]lil[llill!
0.0018 - FLASH #2007-10-10T231156-dEE-ACC1-SR-BC2 -
1 i CW modulation scheme:
0.0017 No significant [ __»—- SR-4BC2, on crest, active frontend, f-=54MHz
0.0016 diff I E A +2 deg phase off crest -
: merence: < ¥ -2 deg phase off crest
0.0015 \ B -6 deg phase off crest =
L 015 I O on crest, f.=9MHz |
0.0014 « BC2 slope std Feb 2007 < ’ SR-3BC2, on crest, passive frontend, f.=54MHz
0.0013 0_.; o before beam based VS calibration E
w = BC2 slope std = after beam based VS calibration
lu —
0.0012 i w
; BC2 slope wio KiyLin | Switched modulation scheme (250kHz) |
= o & : . .
= 0.0011 > . (cr_.o_ss check): 0.098% Fermilab Re¢ceiver
o] = 1RN P o
% 0.001 i i >
j1] 1. x .
Bl w 010 5 - Non-linearity problems ?
£ = - (Gradient not constant) 1
0.0008 ¢ ] % .
o | ~ i . - Accelerator settings ? -
£ 0.0007 B S
@ . = N Beam-based ]
0.0006 = = o S—
o H calibration e e i
0.0005 += 14
. 0.05
0.0004 -4 -
* | |
0.0003 . .
{. *ot - g Em
0.0002 —J:“ﬁ:-ﬁ.:.i“ 0022% B
o - Desired XFELvalue
' 0.016%
0 T T T T T O_UO IIIII1I|!II1|II|IIIIIIIIIIIIIIIITIIIIIII!III
0 20 40 60 80 100 120 0 10 20 30 40 50 60 70 80 90

p control feedback gain

p controlled feedback gain of ACC1

Frank Ludwig, DESY



Actual multichannel down-converter

e Compromise between noise and linearity :

‘;.

IP3 P2
o ’ | / PIF A -
; - High IP3
2 b3 F, OUT, 1dB 9 .
F g e Passive
o = Mixer
o =
- N g - Gilbert Spurious Free Dynamic Range
-3 y 0 167 Mixer Dynamic Range (DRout)
A i a (R (SFDRout)
. l i __ Noise

|:3

PRF

V SU,® ‘\/ SU,AMP \/S_U
N ~4.5nV /I Hz ~TnVINHz  ~T0nVIHz

- Second amplification determines performance S =1300 MHz

- Expected down-converter performance X
from baseband measurements:

(A4/ A)=0.2E -4 =0.26U ,,,, (Cavity filtered)
Af = 100kHz,

£, =1300 MHz

S =Su.e +Su.amp) v

Frank Ludwig, DESY




Noise characterization of the LLRF System (TTF2)

Ed

® Noise from IQ-driver modul :

1000 [T I T I“III T T T T ||||| LRI | T T T ||||| L | T I: 1000
C ” ‘ |‘ voltage noise Je
g: | | | from [f 10MHz] - fE)
s ETTT —Q
£ il .
s Epy.-
R S R I I lHi } T =Z100§8
5 Db b 28
100 Jw WW HWM W ;g
a : -_2 <
o 6 f) LSB jumping from ; <
% i: 16-Bit DAC, power supply E 10 tS
0 r channel O (I -driver)
I channel 1 (Q-driver) '2
10-....| 1 |||||||....| 1 |||||||....| 1 1 ||||||....| 1 |‘1
10’ 10° 10° 10°

frequency f[Hz]

U,y =35x6U 4y,

"\ - Merge fiberlink+DAC+VM,
- Merge DWC+ADC+fiberlink
- Low-noise design down to 10mHz for long term stability!

Frank Ludwig, DESY



Choice of modulation scheme

o ADC equilvalent noise spectral density :

SNR ( fs.€)
: e =B g w2
— W LTC2241 n /s f
z W LTC2242 s
g 30 | .
E AD85463 Typ Bits .,I';‘__,m.,‘:_ SNR [{lBl-'H_ SFDR [c]Bv] Vis t;
= n [MSPS] |  7OMHz TOMHz | [Vp| | [fs]
% LTC2207 16 105 7.0 a0 225 1 80
S LTC2208 | 16 130 7.5 a0 225 ) TO
é 20 AD9446 . AD9230 ADGGAR 14 &f) T35 1 2.2 1:](]
g B AD7641 B ADS5546 ADO6L | 16 [ 130 7 84 3.4 || 60
b MAX1958 ADO4AG 16 10M) 79 =9 3.2 Gl
(f-)' 6... . AD]_ZSO]L ADSRRAG | 14 1) 735 =27 2.0 0 150
2 LTC2207 " Tc2208
S 10
>
(]
2 M AD7760 _
s X Aot of available ADCs have
. roughtly the same performance.
1 10 100 1000
sampling rate [Msps]
\/ Y \/
Baseband or IF Detection IF Sampling Direct Sampling

Frank Ludwig, DESY



Bunch-to-bunch beam stability

e Bunch-Arrival Monitor : Short-term fluctuation
/ are filtered by the cavity.

pd
A °
E
reference %
laser pulses beam 2
H m
plekeup amplitude detection S Ll
of single laser pulses E
electron bunch arrival time: & . i i | i |
—=| -early ,voltage modulating ' 5 10 15 50 o5 a0
5| -correct the laser pulse amplitude bunch #
2 b
Q
-
~
i . . : . T ..
2’ g 500} L b : ol . ..r...:..'_"?
(4] = . . D e "'""t
3 = B ¥ L O
0 -g) : ’?.% .
reference laser pulse 2 0 | ’;m.;..f;'{fﬁ R
Q . ..mvbﬁ .o| : .
= SR _ _ :
/\ - S|ng|e bunch resolution better 30fs C_;E 500 b ;.;;'.:-:.E':s..':.' I SN
- Synchronization problems @

800 600 400 200 0 200 400 600
arrival time bunch #2 [fs]

Courtesy of F.Loehl / DESY

Frank Ludwig, DESY



Motivation

Synch. System  Cabeling
Signal Generation Analog Hardware

b Packagin
Gilbert-Mixer Linearity Drifts ang

Crosstalk compensation

Beam-based Digital Hard Arrival time
. _ igital Hardware
monitors

Mixer
Modulation scheme
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What is most important for a beam stability significantly lower than 0.01% ?
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Summary & Outlook

- The amplitude beam stability requirements for FLASH are nearly fulfilled:
0.008% using the 1Q sampling scheme operating at 250kHz and
0.022% using the IF sampling scheme operating at 9MHz and 54MHz (may be better)

- Possible noise sources of pulse-to-pulse energy jitter are:

- 1/f-noise and drifts from the Receiver and LO-generation [1kHz, 100kHZz]
(amplitude and phase noise)

- ADC noise (to be shown in lab characterization)
- VS calibration and DWC non-linearity influence is minor (to be investigated off-crest).
- Accuracy of waveguide phases for all cavities, MO amplitude noise

- The IF sampling scheme offers a powerful error diagnostic tool.

- LO generation is much more complicated and requires a drift calibration scheme.



— Conclusions (1) —

* Field stablility as required for crab cavities
has been demonstrated at various places
(JLAB, DESY, KEK, Cornell, ...)

 Major challenge are beam loading variations
as result of beam position fluctuations.

o Careful design of LLRF electronics, beam
and rf diagnostics, and rf reference and
calibration signals Is required.
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— Conclusions (2) —

 Field stability requirements for crab cavities are
challenging but achievable if

— Sources of perturbations and noise sources can
be managed.

— Combination of feedforward and feedback
schemes are used and beam diagnostics Is
optimized for this purpose (beam position, beam
current, etc.)

— Phase reference and calibration signals are state
of the art (combination optical and microwave)

— Crab cavities must be individually controlled

— 2 probes and independent phase monitoring
(electro-optical detectors) desirable

> )

= DESY |u= low el radio requency memmmmm | HC-C C 08, BNIL, Feb. 25-26, 2008 S. Simrock, DESY

A ’l _J





