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Performance Requirements

Specification name Rms Value Driving requirement
Common-mode voltage < 1% Keep intensity and pulse
Common variation length variation under
1% rms
Mode Common-mode phase < 4.0° Keep intensity variation
variation under 1% rms
Voltage mismatch <1.1% Keep rms emittance
between sectors variation under 10% of —— >
Differential nominal 40 pm
Mode Phase error between < 0.18° Keep rms beam motion
sectors under 10% of beam f\
size/divergence
| ~50m between SPX Sector A and B N
4 ca\‘/ities 4 ca‘vities
AN S
S}(%\:ity 8}5
Sector A Sector B

July 2011 SPX Workshop



N
Conceptual Design Strategy

B Orbit Feedback System provides long-term stability ... < 100 (200) Hz
B LLRF System on its own > 10 Hz
- 10 Hz —100(200) Hz overlap with Orbit Feedback

Orbit
Feedback System
/ 1 \
LLRF | LLRF |
Controllers Controllers
— Main LLRF |« SPX SPX
RF Systems RF Systems
x4 Intersector x4
Tilt Monitor
Main ﬂ
Storage o BPM U BPM HResidual Tilt|—
Ring RF Monitor U Array 1 U Array 2| Monitors |——
SPX Cavity SPX Cavity
Sector 5 Sector 7

BPM Array 1: sets phase of Sector 5
BPM Array 2: sets phase of Sector 7

Intersector Tilt Monitor: sets amplitude of Sector 5
Residual Tilt Monitors: sets amplitude of Sector 7

Beam Arrival Time Monitor: sets phase of Main Storage Ring RF
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Conceptual RF Control Architecture

B Single Klystron per cavity with digital LLRF + Analog Front End
— Want fast independent control of each cavity

* Deflecting cavity beam loading is a function of offset and tilt — not expected to be the same
cavity to cavity or sector to sector (i.e., electrical alignment errors)

e Microphonics not expected to be common mode, especially between sectors

B Phase Reference, LO (& CLK) distributed centrally to keep phase noise common mode
— Provisions for both coax-based and LBNL phase stabilized fiber reference
— Orbit feedback eliminates long-term drift concerns

— Coax provides superior short-term noise, fiber provides superior long-term noise to
alleviate control effort of orbit feedback and is needed for synchronizing user laser

— Comparison of short-term noise of fiber link vs. coax needs to be measured

B Receiver Chain Drift Compensation via Calibration Tone
B Sector to Sector Control derived from beam-based Feedback

B Beam Arrival Time Feedback to Main Storage Ring RF to lock beam to Master Oscillator
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R&D System Concept (1 Sector, 2 cavities)

LLRF BAT
Feedback

Phase
Shifter

Phs

“Calibration Tone
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Master
Oscillator
351.9 MHz

A y . Ph:
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Head & Head Py
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D A . - A
2 Cavity L
R&D Beam
Arrival Time oW C ryostat oW
Diagnostic T . Tuner
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S sirage O
Storage
Ring
Klystron HLRF HLRF
System Klystron Klystron
Systems [_| Systems
Slow ﬁ TS low
Tuner Du_ner
Driver 4 river
tron! D i Jystron []
I3 00d iEiLL
AOM Beat AOM Beat
Output y Fiber Qutput ! Fiber
. Cal RF Drive Kly RFL Fwd Cav Phs Cal RF  Drive Kly RFL Fwd Cav Phs
g:@ Storage Ring Coax Tone Drive  Mon Cut Ref Timing & Tone Drive  Mon Out Ref Timing &
LLRF System Reference - . N
Distribution LLRF Receiver/ Synchronization e :.LII'\;F Tcewe;{ " Synchronization
yy Controller Assembly #1 Fiber Stabilizer omrofler Assemuly Fiber Stabilizer
EPICS High Receiver EPICS High Receiver
flo Interface  Speed Link 10 Interface  Speed Link
Fiber Reference y y ry i ¥
Distribution
Timing & Synchronization 1 Y ¥
Frequency Generation RF Interlock / MPS
Chassis ~2815.5 MHz Systems
Lo Controls -
System -
SPX Common
LO Distribution
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Synch
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s First, we need to regulate the fields at the
HLRF (™ - - -
Srem Individual Cavity Level ....
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Strategy #1 - Regulate to a Desighated Phase Reference

« Don’t let the LO assume the role of the phase reference

e Phase is a Differential Measurement

 Mixers preserve phase information, x’s and +’s preserve timing

e In theory, common mode LO and clock n

oise cancels

(¢REF B ¢Lo + ¢CLK )

(¢CAV o ¢REF )

¢REF
Reference 4>®_> N ADC |—p] Digital _*
N Downconvert
f I Phase
I | . Comparison
: D Digital
Signal %% ADIC 1 Downconvert —
I
¢CAV | I ——————— (¢CAV - ¢|_o + ¢CLK)
I
LO CLK
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LLRF4 Board - Input Differential Phase Noise

DataSet test_0_00*.bin from 6/10/2011
5 T T T T T T T

Ch1 [ded]
=}
|

(: ] R % . =1 _ I ! I I ! I !
{ o 7 TN A 1 ‘_' o 50 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8
- . i 2o 1 " ) |
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IF
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=
CLK g
£
a | |
_0'020 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (sec)
LLRF4 Single Channel vs. Phase Diff. PSD, IF=58.68MHz, CIKIN=1378.98MHz Cumulative Integrated Phase Noise
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LLRF4 Board - Output Phase Noise

Differential Phase Noise between LLRF4 DAC Outputs

\Pl — Single Board
.90 —~ \ — Two Boards
M A
WYY
N -100H— i
T WA | w
IIIIIIIIIII N; llu'll g I ﬁ ! |
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Analog Front End - Differential Phase Noise

Differential Phase Noise at IF Frequency

-
REf IF OUt SLAC AFE 2-Ch Differential Phase Noise
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Klystron Residual Noise Measurements

v
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Klystron AM Noise Measurements

dBc/Hz

% rms

SPX Klystron AM Noise
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Strategy #2 - Incorporate CW Drift Compensation!

Cavity Aédn‘ﬁ
Probe ;
A¢’meas = (¢cav o ref)+ A¢dr;ﬂ‘

A¢caITone — Aédriﬁ

Aécorrect — A¢meas o A¢C(IZTOF2€

¥ A

version)

LBNL “Synch Head” example (2-chan“r;-é‘

[1] “Signal Processing for High Precision Phase Measurements”, G. Huang, L. Doolittle, J. Staples, R. Wilcox, J. Byrd, Proceedings of BIW10

% July 2011 SPX Workshop
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N
Demonstration of CW Drift Compensation

Cavity A¢d;--iﬁ
Probe R
: | D 4(#97
_C—l - A¢meas = (¢cav o ref)+ A¢dﬁ‘§'ff
58.68 Phase D _(:3_
MHz

Ref J A¢ca?T0ne — A¢d?’?ﬁ
B

Cal Tone Aécorrecr — A¢meas o Aécaﬁro”e

LLRF4 Differential Phase Noise with & wlo Cal Tone Process

LLRF4 Cal-Tone Process Example Measurement at IF=58.68MHz

-50 T T T T T B 3 T - - 2 I R —— - 4 T T T T T T T T T T T T T T T T ¥ L] T v T B SN SN SN SN SN SEN S S S —
\ Cal Tone Corrected Phase Difference —Measured Phase
-60 1\| — Uncorrected Phase Difference 3 —Cal-Tone Phase Correction
/ ot o Corrected Phase
-70 L Ap=5 P L e
g | | 7
o -80 T
T
) o B o |
o \ ~0.118° rms g
0 -100 ._ — P
2110 — £
[ N . - 4
g -120 it =
g
. 0 -
130 ~0.023° rms
-140
_150 L 'l I L L AL L L Ll 1 L AL L L1l L 1 Ll L L L L L AL L LLL i
10" 10’ 10° 10° 10" 10° . 8
Frequency [Hz] Time [sec]
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Slngle Cavity Testing at ANL scheduled for 2/2012

LLRF4 based system to support LLRF & Timing R&D
2 LLRF4 boards presently at ANL

| 10/2011:

e LBNL delivery of 1st LLRF4 system for LLRF

e Report on differential stability study between 2
high Q cavity emulator systems

uos | | LLRF4 board running at ANL

|LLRF build 2011-Jun-22 14:32:00 UTC, using X5T- 0
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CDallss i i e[ 0 1 = == .
P | JLab S M D II b
3 e, | a tepper otor river will be
Pl elT
[ lorerl28 Loz [T -
incrone kivexo| 0 E d f th Sl T
HE b e used 1or the SIOW 1uner
FPD2 igamp [0 vraves 1
PEBL  scomg[me [ ‘=2l 3 -
F {eviv(xcl dphhar[ 0 wave-z 159 O — P . . .
TIg_VCXC wave-
Fid ey I D t ted 1/2012
FEE, Trs weve s elivery anticCipate
'l: ||:‘|Eg|cfﬁ ibias[ O ADC1[ 0 =
rFicosing  abies[ 0 STOTO = £ s 1" e Il "o f
acoul [00000000 = ] J "
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% 330003 acou3 00000020 E
3[0.00a acou4 00000000
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T|48.44 I_wnt 115
[ccapcz | MS [
554853 o1 | 0 O § —=u 090 T 0 .
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D51822: 00000002294 C f 1f
decim[2s [ | #pkts[512 11O |
A
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— SR - e S b,
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Then, we need to demonstrate that we can
achieve the differential specs between 2 cavities

Calibration
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HLRF
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Driver 4
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Tone  Drive EIT:: S:Yt RFL | Fwd | Cav ;’;
Transmitter I Receiver
] vecomerr 2 | ] |2] 2] (] coom,,
oS- (O H-(5) (5 Analog
fio < < < Front End
e iR ) () el (o) | &) 1
:
Q) Trmmer QA B A& Q) “oes
fDLI(- al T HIERE R -_ _ LLRF
| — I I — Controller
FPGA
(GDR/SEL, Cal Tone) LLRF
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N
How to achieve 0.18° rms Differential Phase ?7?

= Digital LLRF receiver noise floors show capability at least > 1Hz

= Beam-based feedback strategy planned for < 100(200) Hz

= LBNL drift compensation schemes provide long term stability

= We need to explore cavity system noise performance through R&D

= microphonics, beam-loading disturbances & cavity alignment, sources of common
mode to differential mode conversion, AM-to-PM conversion

= We also need to study anticipated interaction with orbit feedback and influence of
bunch by bunch feedback on betatron tune Q

Very Simplistic First Order Orbit Feedback concept

Effective LLRF Detector Noise Transfer Function

cav __ o LLRF 2
" S5 wece (1) =S5 | By (8) Nreg (3)
50_ .............. . S SR SR
= | Betatron Tune
g ok . /\&_\ Transfer Function
3 \\ Q =~700
B0k _@_ \\_
100 : - Orbit FB suppresses RF system
10° 10° 10° 10° 10° low freq. noise (i.e., drift, 1/f)

Offset Frequency (Hz)

July 2011 SPX Workshop
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Update on Common Mode Phase Considerations

dBc/Hz

4.0° rms = ~4 psec rms common mode spec

= Storage Ring beam jitter:

= I|nitial diagnostic studies show ~2.7 psec rms beam jitter
= Beam physics simulations based upon rf measurements of AM and PM noise

resulted in 1.7 psec rms

= Extensive studies of main 352 MHz rf system noise have been taking place

(APSU_1417419, APSU_1416636, APSU_1416055, APS_1414611)

" Planning on beam arrival time feedback to main 352 MHz to lock beam to M.O.

§36+S37 Cavity Sum Amplitude and Phase Noise

amp noise - 140mA
—amp noise - 130mA
phase noise - 130mA

j
w‘\
.\\ll ;
rms Phase Noise ~ 0.7 psec —
[1Hz — 100kHz]

10’ 10’ 10' 10° 10
Frequency [Hz]

July 2011 SPX Workshop

Cumulative Integral of Amplitude Noise

10"
Frequency (Hz)

—with 140mA Beam
no beam Meas #1
—no beam Meas #2

10° 10°
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Update on Common Mode Phase Considerations

Have recently experimented with 360Hz Feed-Forward correction of Storage Ring Klystron
High-Voltage Power Supply (HVPS) induced noise

AC Filter Module

Parallel HVPS
Narrowband | _ Mod
Filter Bank | Cathode Cathode Anode
mon
AM suppression at 1 Station Only v
Y
PM & AM N
Modulator o |/
RF LLRF Klystron
Source  Modulator Module
S20110531-1550-baseline-40ms000_Ch1000_Ch1 -FFT.sdds S20110531-1545-f ﬁ:géi
_ o .S eed On-40ms000_Ch1-FFT.sdds
T T T T T j “ T T T T T
0.025 Diagnostics Beam Phase Detector
/>—\ -
<~ 0.020 _ ol 0.020
o Feed Forward OFF = Feed Forward ON )
C 0.015
RSk S 0.015
7 = :
0.010
E I — 0.01 01 B
™ L
0.005| -
WU 0.005 |
500 1000 1500 2000 2500 3000 560 ‘
1000 15
f (1 /S) 00 2000 2500 3000
f(1/s)
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Update on Common Mode Phase Considerations

Have recently experimented with 360Hz Feed-Forward correction of Storage Ring Klystron
High-Voltage Power Supply (HVPS) induced noise

AC Filter Module

Parallel HVPS G5
Narrowband | _ Mod , F
Filter Bank |~ Cathode | Cathode Anode ﬂ 70,00
mon

AM & PM suppression at Both Stations .

. MW' 20,00
Yy v | oo
PM & AM N . s
Modulator o |/ N '
RF LLRE Klystron 00 -110.0 ;H
Source  Modulator Module .

-1z20.0

-1z0.0

Horizontal BPM Data

L LI == =5 = =
§ 1o s | < Feed Forward OFF
= = o0 ;g e 8§ om0
Ly s 8 s
E o 3 nadet 2 A Feed Forward ON
a Q. @ T

320 340 360 380 400 320 340 360 380 400 320 340 360 380 400 320 340 360 380 400

. ¢l./s) f (1/s) f (1/s) f (1/s)
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.
Summary

= LLRF4 2-Channel measured phase noise floor ~ -135 dBrad?/Hz

Calibration Tone scheme provides phase drift compensation
= Need to be careful with signal levels in order not to reduce SNR
= Anticipated ability to capture phase noise of Analog Front End, more to explore

= LBNL delivery of first LLRF4 receiver to ANL and differential noise study: 10/11

= Single cavity testing at ANL scheduled to begin 2/2012
= Two cavity system to be explored through SPX-0 R&D program

= Storage Ring performance studies well underway

Possible topics to discuss

= beam-loading disturbances & cavity alignment, potential sources of common mode to
differential mode conversion, microphonics, Lorentz force detuning

= interaction with orbit feedback and influence of bunch by bunch feedback on betatron
tune Q

July 2011 SPX Workshop
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Deflecting Cavity
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Very Simplistic First Order Orbit Feedback concept

¢sete_
Y
K RTFB O ree
Gra () = Assume: Ggg(S) = i
Orbit Feedback System S
GN
N (S) — ¢cav (S) — C(S) qu (S)
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Controller Cavity
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/\Z> © ¢detnoise 32 T K pgcav S+ K ETFB K pGRTFB O-cav
20 LLRF Noise Transfer Function with Orbit Feedback
0]
m -20
=2
=
8 -40 ; : : :
o Orbit Feedback suppresses RF system
low frequency noise (i.e., drift, 1/f)
-80 ' ' ' '
107° 10° 10° 10" 10° 10°

Frequency (Hz)
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How to achieve 0.18° rms Differential Phase ?7?

S;aveffective (f)= S¢L - "N rres () @: :)Fz

LLRF Detector Phase Noise Spectrum

Beam Orbit

Effective LLRF Detector Noise Transfer Fu\ction

Transfer Function

N ! 1 ! ! 100 | z z z
-80f - 50 >
. Q=~700 """
g -100 c 0 o —
o : X ‘T - \\
T \ 0 /”/,/' \
120 - 50 -
140 _ i -100
107 10° : 10* 10° 10 10" 10° 10* 10°
Offset Frequency (Hz) Offset Frequency (Hz)
Cumulative Integral of Effective Phase Noise
‘ < 0.054 deg RMS w Betatron Tune
2 f : : :
10°F max R — o
cav | § e
Oy = IS¢ (f)df| < 0.0034 deg RMS w/o Betatron Tune
0
R e e e e
= Expect lower Q when including existing
A transverse feedback system
10 b — —
Will study the need for:
ot narrow-band beam-based feedback
107 10° 10° 10* 10

Upper Freq Limit (Hz)
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