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APS-U SPX System - Zholents’ Transverse RF Chirp Concept?

Goal: provide ~2 psec (presently 50-100 psec) X-ray pulses at 6.5 MHz rep. rate for time-resolved studies

- ~—,

RF deflecting cavity RF deflecting cavity

= S A
RF at ~2815 MHz S~ -

(8t harmonic of Storage Ring RF)

_/

/N

Ideally, second cavity exactly
cancels effect of first cavity

Radiation from % e
- tail electrons \\\
— /" Correlation between vertical
- * g/ distribution of x-rays and time-
- Radiation from Ay t distribution of electrons that

Undulator head electrons generated them. Pulse can be

sliced or compressed with an

asymmetric cut crystal.
~50m between SPX Sector A and B

‘ —
‘

4 cavities 4 cavities

S
S

SPX Cavity SPX Cavity

Sector A Sector B L A. Zholents et al., NIM A 425, 385 (1999)
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N
SPX0 = R&D System Proof of Principle (1 Sector, 2 cavities)

B Cavities counter-phased (180deg) to demonstrate tolerance requirements

M Cavities run in-phase to create a chirped beam around entire ring to have a look at short pulse x-rays
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SPX0 System Performance Requirements 3

Specification name

| Rms Value

| Bandwidth

| Driving requirement

Common

Common-mode voltage < T% 0.1Hz — 271kHz | Keep beam emittance variation
amplitude variation distinguishable from
the differential voltage effect
| for SPX0
Common-mode phase ({(}deg 0.1Hz A‘H{H/? Keep global orbit motion

variabion

< 3.6 deg

1kHz ~ 271kHz

distinguishable from
differential phase for SPX0
Keep rms emittance variation
distinguishable from
differential phase for SPX0

Mode

Differential mode voltage < 1% 0.1Hz - 1kHz _Keeza rms emittance variation Differential
variation outside of SPX under 10 % of
nominal 35 pm
< 0.7T% 1kHz - 271kHz | Effective emittance growth - ; >
__— —— | under 1.5 pm for SPX Residual tilt

Differential mode
phase variation

< 0.077 deg
\

G.1Hz — 1kHz

< (.28 deg

AN
U

SPX LLRF R&D - 2/6/2012 ASD Seminar

1kHz —~ 271kHz

-

D Keep global rms orbit motion
under 10% of the heam
size/ divergence for SPX
Keep emittance growth
outside of SPX wnder 10 % of
nominal 35 pm

Cavity #1

S
A\

Cavity #2

8 SPX0 PRD

D—

Residual kick

, ICMS# APS_1423800 (1/17/12)
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Low Level Radio Frequency (LLRF) System

Primary responsibility is to regulate the cavity field

LLRF
—_
| | Field
Setpoint — Controller be
: f |  Klystron
| Receiver |
| | Detector |
L__$__J
Polar Coordinates Cartesian Coordinates
V_,,C0S(@pet + 4., ) V,C0S et — V, SiN et
VcaV Vcav — \/VI 2 +VQ2
Vv
Q
A ¢cav = arg(Vl T JVQ)

Vi
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Recelver Youcan't regulate any better than yo

Digital Receiver

ur receiver

Digital Downconversion

Analog Front End

-V,

. VQ

sin IF

-

Ref. Phase
Lock Loop

RF

)
v

Reference —

Digital
Downconversion

IR

Q

—>R|

LO CLK

Regulate to a Designated 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

Cavity |RF IF ’@"2&
e e

|

|

|

|

|

|

|

 In theory, common mode LO and clock noise cancels
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Recelver Digital Receiver

Analog Front End

- == >\
Signa | QAT " '
: I =B Va

sin IF

| I

| I

| I

| | Ref. Phase

I : co< ) Lock Loop

I

| 1
Raq

RF IF Digital ‘
Reference — ><ADC > gl
I ownconversion [, RI

Digital Downconversion

)

LO CLK
ADC Quantization Noise FS -
g 1 ' 7
Variance 02 = = |
12 2V.12 o T f
° 6.02-N +1.76—-C +10log(—sj
SNR=6.02-N +1.76—C [dB] | 2
|
N = # of ADC bits No : l N,-f./2=0"
C = dB carrier is below full scale N
fie fs/2

SPX Study Meeting — LLRF  T. Berenc 7/27/2010



Recelver Digital Receiver

Analog Front End

Cavity |RF | IF == >V,
_4’@» A »ADC

Digital Downconversion

Signal F A ,Q‘? - VQ
| |
I
| I . IF
| | =L Ref. Phase
| : @4; Lock Loop
| T
I r--——-—-—-—-—-- R
RF o~ IF ' Digital Q
Reference _%% ><ADIC > Downconversion > RI
| :
LO CLK
ADC Quantization Noise 0
—
- - S(1)
phase Noise variance (7¢2 _ S¢( f ) df i : (single sideband spectrum)
0 S |
© | f
S
14 bit ADC 16 bit ADC < 0.02-N +1.76-C+10 Iog(?j
|
a¢2 = -85 dB rad? a¢2 =-97 dB rad? | i
bo |
o, =0.0032deg rms o, =0.0008 deg rms -

SPX Study Meeting — LLRF  T. Berenc 7/27/2010
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Recelver Digital Receiver

Digital Downconversion
Analog Front End
N
Cavity |RF | IF == >V,
) — A »ADC
Signal I ) ~ll,
| == VQ
I
I I
| | . IF
| I =L Ref. Phase
| : co Lock Loop
I
| Fm————————— T
RF IF ' Digital | RQ
— N AN\ g
Reference > Qi) g ><ADIC 1 Downconversion _ RI
| |
LO CLK
14-bit ADC SNR including Jitter
ADC Aperture Jitter <0 ' ' '
85 .
cos(a,- (t + &)) = cos(w,-t + @
o o 80 f =30 MHz
Phase noise _ 75l
m
=)
w 70
_ =
SNRjitter =-20- Iog(a),F 'O-jitter) [dB] @ s5¢
T jiter 'MS aperture jitter 551 ]
0 05 1 15 2
SPX Study Meeting — LLRF  T. Berenc 7/27/2010 RMS Jitter [ps]



Recelver Digital Receiver

Analog Front End

Cavity |RF | IF == >V,
_4’@» A »ADC

Digital Downconversion

Signal I _,@_, Vg

| |
: : sin 1L Ref. Phase
: : co< ) Lock Loop
| e J

Reference —E»@—»% IF ><ADIC > Dowiiflilt\?;rsion . RRQ
| | |

LO CI[K

ADC Aperture lJitter

f "T S, (f)

max

o, ~0.008 deg rms o, ~0.023 deg rms

phase noise variance 2 N | (sinele sideband spect
(7¢ — S¢( f)df E | (single sideband spectrum)
0 S |
C f
14 bit ADC, 0.5psec rms = : —20-log(® - 0 jer) +101l0g 75 -3
30 MHz IF 90 MHz IF | l

|

b, |

|
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Recelver Youcan't regulate any better than yo

Digital Receiver

ur receiver

Digital Downconversion

Analog Front End

-V,

. VQ

sin IF

-

Ref. Phase
Lock Loop

RF

)
v

Reference —

Digital
Downconversion

IR

Q

—>R|

LO CLK

Regulate to a Designated Phase Reference

« Don’tlet 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

Cavity |RF IF ’@"2&:
e e

|

|

|

|

|

|

|

 In theory, common mode LO and clock noise cancels
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N
Recelver — Digital Receiver LLRF4 Board — Differential Phase Noise

DataSet test_0_00%.bin from 6/10/2011

Ch1 [deg]
[sm]
|

_ | | | | | | |
@7{ 50 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
58.68 MHz
IF i
1378.98 MHz
=
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, ClkIN=1378.98MHz Cumulative Integrated Phase Noise
o ]
! m . |
-80 ki ' 500
90— L P! / Sl Chamel /
) - . 7 ] —Single Channe
100 hod \A f \.A . 400 f 4 Single Channel Ch _
\j\f ' " 3 Differential (Chi = Ch2) /
£-110 - £ :
o e
T 120 : o300 I
= L —Single Channel Ch1
[11] -130 | [ | T 1 - R
] T L‘ﬂﬁ—'“ﬁw — E Single Channel Ch2
-140 LUREY IR | 200f 0l ol — Differential (Ch1 - Ch2)
R i i 1 o
-150 I il I T '“ ||||'| Iy FWHUQHCHHI)
'160 \I ‘II | I 100
|
-170 ] W ‘
180 L L e L e L e A, 0 s,
10" 10’ 10° 10’ 10° 10° 10° 10' 10’ 10° 10* 10°
Frequency (Hz) Frequency (Hz)
July 2011 SPX Workshop
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Recelver - CW Drift Compensation#

A¢drift

Analog Front End

Digital Receiver

O—

it
H

T
O

Temp
. Controlled
Cavity
Signal
I
o
Pt~
DSBSC
Cal Tone
—>
Reference »__>

IF

RF
NG

5%

-

IF

Digital Downconversion

ADC

>V,

—»@—» % SRS VQ

Ref. Phase
Lock Loop

Digital

Downconversion

_fRrq

—>RI

LO

‘A éﬂ!é’&‘&

(¢6m' — Fref ) T 3@?@?

Aé{?aﬂ"one — A¢dnff

Aéco;*}‘ecf = ﬁt;é”mﬂs T A@caﬁ”one

4 “Signal Processing for High Precision Phase Measurements”, G. Huang, L. Doolittle, J. Staples, R. Wilcox, J. Byrd, Proceedings of BIW10
SPX LLRF R&D - 2/6/2012 ASD Seminar
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\
Recelver - CW Drift Compensation Demonstration

Cavity A¢d;--fﬁ
Probe _
: | D A(ﬁf
_C_l R A¢meas — (¢cav T f'ef)_l_ A¢d}'g’ﬁ
58.68 o —(C 06—
Phase &

MH
z Ref J A¢caZT0ne — A¢dﬂﬂ

Phase Noise [dBrad?/Hz]

Cal Tone — —
A ¢correcr A ¢meas A ¢ca]T one
LLRF4 Differential Phase Noise with & w/o Cal Tone Process LLRF4 Cal-Tone Process Example Measurement at I[F=58.68MHz
'50 T T T T TrTTT T T— T T T TTTT T LIS S N L L AL § T T T T T TTT 4 L L L L e T
\ — Cal Tone Corrected Phase Difference —Measured Phase
-60 — Uncorrected Phase Difference I 3 —Cal-Tone Phase Correction ||
\ A¢. = go ——Corrected Phase
-70 \ -
-80 \
-90 ~ — o) i
\ 0.118° rms g
-100 M c i
k/\ ) A %
-110 o |
-120 sl ——
130 ~0.023°rms |
140 A¢p=0.09°| |~35dB 1
-150 L TR R W L L T S T T T T I T T Y M SR
10° 10 10° 10° 10° 10° 2 3 4 5 6 7 8

Frequency [Hz] Time [sec]

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Recelver - Intermodulation Distortion

Adpp Off-Line Calculation Adpp Off-Line Calculation
0.15

0.1

T T T

Adpp CalTone=ON —Adpp CalTone=0ON
—Abpe CalTone=0FF

! V't !'J'HI"l."“!' : N

01§

—— Adg, CalTone=OFF |

Fy ° LP | 5

ARl e Eooos |
P ! il I (L5 ! | | | ¥ J
£ o1 w’ i _. . I % 0.1

e 015 | Nl“" \;(o“e [l - f x -

-02+-

2 i |
0 | 3" Order IMD

1.5 2 25 1.5 2 25
Time [sec]

. 1
00 Time [sec]
Phase Noise PSD

Phase Noise PSD

-80 1 -80 : :
—_— —Abpp (RF=nocCal)
-90 - th -90 =
— . 5" OrderIMD = — Abgg (RF=w/Cal)
i -100 - NE:. -100 ——Abppm Ad (RF=w/Cal, CalTone=w/RF) j
L | ©
E -110 z g -110 ——Adp - Ad, (RF=noCal, CalTone=noRF)
s k= %
> -120 @ -120 S e
2 Q
[=] | =]
2 -130{__ ¢, (RF=nocCal) = -130
w
B 140l — Aége (RF=wiCal) | E -140
- 7A¢.RF- [A¢|L + qu;uz (RF=w/Cal, CalTone=wiRF) o
1901 Agge- (A4, + A, )2 (RF=noCal, CalTone=noRF)| -150
-1620‘ 10° 10° 10* 10° _16?01 o H1‘02 o “1I03 o “1‘04 ---1‘05
Frequency [Hz] Frequency [Hz]
Cumulative Integral Cumulative Integral
50 : e : ; ey e 50 ;
—Adge (RF=noCal) —Adpe {RF=nocCal)
40 — A (RF=w/Cal) 40 — Adgp (RF=wiCal)
—Adpe- (A *+ Ad W2 (RF=wiCal, CalTone=w/RF) ——Adpp- Ad, (RF=wiCal, CalTone=w/RF)
_ Adpe- (A + Ag,M2 (RF=noCal, CaITone=noRF)’/ — - Abge- Ad, (RF=noCal, CalTone=noRF)
g0 = Z %0 |
= ~ 2
g 2
E20 4 £ 20
F ] //«“
10 / 10 /
/ ]
F——
0 n st ] a PR ——— x M 0 L L . L EE— L L EE— L L EE—
10’ 10° 10° 10* 10° 10' 10° 10° 10* 10°
Frequency [Hz] Frequency [Hz]
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Recelver - Intermodulation Distortion

For simplicity assume a Taylor series approximation (in general should use Volterra series)
2 3
vV, =a, +aV, +a,Vv," +a,V

@ 5 - Lower side-band cal-tone

For a 3-tone input signal: @, : RF carrier
@ysg : Upper side-band cal-tone

A=0,—0 g =0y5—0,

1 1 3
Vo = {aleSB + 3, |:§VLSB (VL882 +V02 +Vu3|32 )"‘ ZVLSB3 + ZVUSBVOZ +VLSBV02 +VLSBVU882 }} COS a)LSBt

+ {alvo +a, |:%Vo (VL882 +V02 +VUSBZ )+ %Vos + gVLSBVoVUSB +VoVLSB2 +V0VUSBZ }} COS w,1

1 1 3
+ {ai\/USB +a, I:EVUSB (VL882 +V02 +VUSBZ )"' ZVUSB3 + ZVLSBVOZ +VUSBV02 +VUSBVL882 }} COs C‘)usst

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Recelver - Intermodulation Distortion

Marki T3-03MQP ° mixer measurements, Sine vs. Square Drive

K&L
3C45-2815.5/T16-0/0 K&L
Cavity Resonator Filter 3LB40-58.7/T10-0/0

R&S SMA100A 5dB Marki T3-03MQP
@2816 MHz % RF /\%&/ R&S FSU-26
X X Spectrum Analyzer
Mini-Circuits
ZAPD-4-S+
HP 8665B 5dB for Sine-Wave Drive: for Square-Wave Drive:
@2817.6 MHz Mini-Circuits ZRL-3500+ Marki AP-0010EZP

Agilent N5181A MXG
@2757.33 MHz

> ”T3 Mixer Primer, A Mixer for the 215t Century”, Ferenc Marki, Christopher Marki,

SPX LLRF R&D - 2/6/2012 ASD Seminar http://www.markimicrowave.com/3436/T3_Mixer_Primer.aspx
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Recelver - Intermodulation Distortion

Marki T3-03MQP mixer measurements, Sine vs. Square Drive

IMD vs. RF Drive
90

85

O

80

75

——IMD1 Square +7V
| |—<IMD2 Square +7V
-©-IMD1 Square +6V
-©-IMD2 Square +6V
~&-IMD1 Square +5V
~§-IMD2 Square +5V
| =—1MD1 Sine +23dBm
——|MD2 Sine +23dBm
IMD1 Sine +22dBm
-©-IMD2 Sine +22dBm
5014 IMD1 Sine +21dBm
=&~ IMD2 Sine +21dBm
454-2-IMD1 Sine +20dBm
-E-IMD2 Sine +20dBm
I

[
-14 -12 -10 -8 -6 -4 -2 0 2 4
RF Drive Level [each tone] (dBm)

-
o

IMD (dBc)
(9]
T

(o)}
o

55+

SPX LLRF R&D - 2/6/2012 ASD Seminar



Recelver - Intermodulation Distortion

Marki T3-03MQP mixer measurements, Sine vs. Square Drive
Input TOIl vs. LO Amp Input Level

35 /o
: Square +6V
33 I

—-Square +7V
3o —=-Sine

—

o

Input TOI (dBm)
W W

N N
Q O

27 /{

265 10 15 20 25

Input to LO Amplifier (dBm)

SPX LLRF R&D - 2/6/2012 ASD Seminar



Phase Noise [dBrad?/Hz]

AFE Downconverter Comparison 2-Ch Differential Phase Noise

> ~LBNLISLAC 26 dBm in
90 — LBNL/SLAC -19 dBm in
— ANL -10 dBm in ~10dB < F.S.

-100%“//\L _ ANL-1dBmin ‘ Estimated
" % | -120dBrad”2/Hz

V %\W !m Nu / at -40dBm input
-120 |iw"’| dprﬂ “HM M o ‘ ("’10dB < FS)
-130 : g LN W»W%ﬂnhm L < 50dB

b I .
-140 ” #,,mem P | Improvement
-150 S
qeo—— el bl
10" 10° 10' 10° 10° 10* 10° 10°

Frequency [Hz]

ANL 2-Channel
Down-Converter Prototype




ANL 2-Channel
Down-Converter Prototype

|
|
|
|
|
|
|
gl

mdeg rms

mdeg rms

AFE Downconverter Comparison 2-Ch Differential Phase Noise

L
—LBNL/SLAC -26 dBm in

—LBNL/SLAC -12 dBm in
—ANL -10dBm in

—ANL -1 dBm in

-
N

-
o

]

100

10" 10° 10° 10* 10° 10

Frequency (Hz)

AFE Downconverter Comparison 2-Ch Differential Phase Noise

6

90

—LBNL/SLAC -40 dBm in (est)

80

70

—ANL -10 dBm in

60

[~10dB<F.S. |

50

40

30

20

10

10 10

__'__'/‘:_-_:T T TT Il 1
0 1 2

10 10 10° 10 10 1
Frequency (Hz)



ANL 2-Channel
Down-Converter Prototype

LLRF4 + AFE, Single Channel vs. Differential Phase Noise

— LBNL/SLAC Single Channel
—— LBNL/SLAC Differential
-90 ANL Single Channel

E —— ANL Differential
5 -100 \ : ' |
s confirmed LBNL/SLAC AFE
% 110 \M = -120dBrad?/Hz at -40dBm
'S
E -120 E\
5

-130| Limited by LLRF4 ADC’s

with ANL AFE
-1404, 1 i J S R
10 10 10 10 10 10

Frequency [Hz]

Cumulative Integrated Phase Noise

—LBNL/SLAC Single Channel
—— LBNL/SLAC Differential

ANL Single Channel
— ANL Differential

10 10 10° 10 10 10
Frequency [Hz]



Receiver - comparison (Susceptibility to Interference)

LLRF4: ./sel xgui_20110929 apsspx01

exit | load |
ddsa_phstep_h ] [245411 | frequency [26768364 | ,:’:;—L|
ddsa_phstep | [T |[1653 | circle_count[36810 | T
ddsa_medulo [ [T | circle fault[T | [we =
in_amp_set [T [737/85 | circlewrap[o | [ =
in_phase_set circle_addr[D | |
out_ amp_set [  [73785 | adcl min[-52 | [noLC =i
out_phase set[— [0 | adcl max[3Z | |
resync [ [0 adc2_min[-84 | |
show_test ent[ [0 | adc2 max[8n | [
wave_samp_per[ [ adc3 min[-104 | |
wave shit 1 [& | adc3 max[ed | [NoLL =]
el [0 | adcd min[223 |
close_loop[ [0 | adcd max[40 |
ch_keep [ |[a0B0 | sel freq[-102 |
intena[_____J[T | sel freqerrs[2519 |
chirp_sel [ [0 laser freg[@
chirp_density [ [0 | fzeros[o |
ewsel[ [0 | rpermit[d |
gdrsel[ [T | rfmaster[d |
nomag [T fenfo
noteh en [ [0 phaseref[@
chirp_power [ [0 | timel [57405 |
ref phase_lock[ [0 time2 [286541286
ref phase_reset[ [0 time3[@
amp_set[__]  [100000 | freq_Hz [76584803 |
pha_set[ [0 yscale [70688 |
amp_prop [ [0 | timestampl[335703104
pha_prop L] |[50000 | timestamp2 [443 |
amp_freg [ [0 | mcp 1o
pha_freq [ [0 | core current[2240 |
pha kick[ @ | mep 2T
reset_ e[ [0 | lo_power [343 |
reset_ t«[ [0 | mep 3[T
enable_r<[ [0 ai 1[7 |
enable_tx[— [0 | mep 43—
ad05ee [ [23041 | ai 27 |

tpat_speed | 1365 mcp 5[4
src_sal 2z dac_loopback [0

dbg sel [ [0 | mep &[5
enade0 [T | nal7 |
enadal T mep 76 v 3d |
enadcz [T | sv[3070 | dump_tracé |— J
enadeal™ 0T mco 87
notch en[— [0 | phaseref[d |
chirp_power [ [0 timel[3391 |
ref phase_lock[ [0 | time2 [322643174
ref phase_reset[ [0 | time3 [0
amp_set[__]  [L00000 | freq_Hz [76584978 |
pha_set[ [0 | yscale [70s88 |
amp_prop[ [0 | timestampl [334236505]
pha_prop [ [50000 | timestamp2 [53 |
amp_freq[ [@ mep 1[0 |
pha_freq[ [0 core current [Z215
pha_kick[ @ | mep 2T
reset e[ [0 lo_power [343 |
reset te[ [0 | mep 32— |
enable_re[ [0 | ai 1[7 |
enable_t<[ [0 | mep 43
adf5ee[ 23041 | ai 2[7 |
tpat speed [ [1365 | mep 5fa |
. sre_sel z dac_loopback [0
SPX LLRF R&D - 2/6/2012 ASD Seminar T e n[:cp_s O
CUNET: =) I— | nalm |
\ e e | — iv3d
- en_aded [i[ S I:Iump_tracﬂ B ]

en adc3 1 mco 817



Low Level Radio Frequency (LLRF) System

Primary responsibility is to regulate the cavity field

LLRF

——— — — —

| | Field
) Probe

Setpoint —#= Controller | D q

: f | Klystron

| Receiver |

||/ Detector |

|
L__$__4

Get to know the plant you are controlling — the cavity (deflecting not accelerating) ....

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Deflecting Cavity - Beam Loading

A %

V,(y)=V, Y Longitudinal voltage

Vo , :
V, = ]— Vertical deflecting voltage
K

——— Magnetic Field o

——— Electric Field
0.5

Voltage
o

—0.5—=
180 - 90 0 90 180

Phase (deg) Time —>

— Cawity Transwerse Voltage
----- Cavity Longitudinal Voltage / x, (y > 0)

SPX LLRF R&D - 2/6/2012 ASD Seminar



Deflecting Cavity - Beam Loading

XXX XX

- . A
OO0 _FEaw— OI0

XXX XXX

0ss (y) R
Dipole loss factor: K, = '2 ’VZ ‘ a;( j(KOY)Z

q 4au Q
’ 2
Circuit definition R/Q: B - Vi =17.8Q)
Q) 2o,

Ioss

= g%k, _;c:vt2 :vtzz(q'Koyj

SPX LLRF R&D - 2/6/2012 ASD Seminar

KRR

OOO

KRR

Py
|_
oll

— qeq :‘q 'Koy‘
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Deflecting Cavity - Beam Loading>-°

electrical
center

0.5

— 05
=180 -90 0 90 180

Phase (deg)

— Cawity Transwerse Voltage

----- Cavity Longitudinal Voltage

— - Beam Induced Longitudinal Voltage (y > 0)
----- Beam Induced Transwerse Voltage (y > 0)

5 Berenc, “An Equivalent Circuit Model ..”, ICMS# APS_1405978
6 Decker, “..Tilt Monitor”, DIAG-TN-2010-10, ICMS# APS_ 1417048

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Deflecting Cavity - Beam Loadlng

R —— : ( 3 2), Sit)
IG<® 5 R )L |c <® A\ Y + ] (9(00COT[ €
1 ‘ . —(ertar)?
e } IO = 2 IdC ¢ e 2
anV
V.2 P, ) Af +5F) P 2 Ly i
P, =—=V
+ t B ( + m ) B B e
P, = — ,B+1+P— +| 2Q, f + 5 tan g, 2
= o 8B(R/IQ)Q, r =N
@M @ . _ 908 T ase
¢ 209 Viy>0 l,c =100mA  V_ =0.5MV Vi-y <0 M =l
P; for V,y>0and e _=2deg P; for V,y <0and e _=2deg
10 H | [ TTTTT I I [ TTTT T 1 CTTTITT I I [ TTTT
;i 1 } ‘ offset =0 ,‘ offset=10
9 AL offset=50 pm || i offset =50 pm- ||
HF ! offset = 100 um HENL offset = 100 wm
g ! ; offset = 200 um || i offset = 200 pm ||
Pl ' offset = 350 um 3 ( offset = 350 um
2 i offset = 500 um (| 144 offset = 500 prm ||
1 | |/ =+=w=e= offget = 750 um HERT -==- offget = 750 um
E 6 il H === offset= 1 mm —_ il === offset = 1 mm
< .:: "'{‘ X / l! 5 'JI ! jf/
~ 5 ‘.t‘ . : Jl i ..
2 i // |/ 2 [ ,Jr"
° 4 - j lo =2 deg| <) iR lo =2 deg|
o ; 7 77 / yz a i vz 9
N LI / f
3 - t‘k Ll // i 5 =-200 Hﬂ ’;;1 s =200 Hz}
i \\\ R S 1 1/ /4 - f ‘;‘ -
? N fezobe i/ o =0 B
1 g ¢ K
s ‘,d
D 4] B ¥ g 9 10 0 5 [ - 7 8 q 10
10 10 10 10 10 10 10 10 10 10 10 10
Q Qext

ext
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Deflecting Cavity - Dynamic Behavior

Veay I; (t) = 1,C0Swget +| i) (t) COS@get — g (t) SN wget
T Z .
Vo, () =V, cos(@get + @, )+ |V, (1) cos(@pet + 6, ) — Vo () sin(wget + ¢, )
In-general I/Q modulations of | each cause both I/Q modulations of V_,

0.15 T T T T T 0.15
0.1 . 01F
005+ - 005+

0 = — 0
0.05F b 005
01F 1 01

0.85 D.IQ D.‘95 1I 1 IIJS 1 .I1 0.85 U‘IQ U,:% 1l 1 ,ll:ls 1 ,11
SPXLLRF R&D - 2/6/2012 ASD Seminar For example: see P. Wilson, SLAC-PUB-2884, p. 26, prob 4.4
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Deflecting Cavity - Dynamic Behavior

[I

[O

Polar Coordinates

I (t) =1,cosmget + ,(t) |, cosmpt — @, (t) I, Sin gt

polar ‘Z(JG)RF)‘ +J¢Z:Z(ja)RF)

Gaa (s)= G¢¢ (s)=

O'(S +o(1+tan® ¢Z)>
s’ +20s+o’(1+tan’¢,)

Ga¢ (S) =

—otang, s
s’ +20s+o’(1+tan’¢,)

_G¢a (S) =

classical “Pedersen/Boussard Equations”

-

SPX LLRF R&D - 2/6/2012 ASD Seminar

(}IE(S) . .
V (<) — :1 L(Joge +8) Z (Jwge —5)
_ 'Lf %_‘ I Gu (S) qu (S) 2|:W+ N*
i :CT@* V, Gu(©)=-6,0- {Z(JC"RP +9) 2 o - )}
G, (s)

Cartesian Coordinates
I (t) = 1,COswpet + 1) (1) COS@pet — i (1) SIN gt

— e+j¢2

Cartesian —

N

oRcosg, (s+o(1+tan g, ))
s’ +20s+o°(1+tan’ ¢,)

G;i(s) =G (s) =

—oRsing,
s’ +20s+o’(l+tan’¢,)

qu (S) = _qu (S) -

Modern I/Q Equations
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Deflecting Cavity - Dynamic Behavior

VE(s) G.? () G&(s)|[15(s)

Vo (s)| |GE(s) Ggy(s)|[15(s)
Use vector projection techniques to find the
transfer functions from generator current and

beam current modulations. Generator Current
in-phase modulation is shown here. Total of

15 transfer functions describe the cavity.

Polar Coordinates Cartesian Coordinates
for discussion “NO DETUNING” for discussion “NO DETUNING”
o (8)=—Gg,(s) = Gi; (s)=—Gg(s)=0
G
G2, (s)=Gg,(s) = (1}\()SJr GS(s) = GE (s)— —
P

Y = Beam Loading Factor which can be negative for deflecting cavities.
Amp/Phase control can be lost when beam offset drives the cavities to

full field (there is no drive carrier). This doesn’t happen for I/Q control.

SPX LLRF R&D - 2/6/2012 ASD Seminar



Deflecting Cavity - Dynamic Behavior
O 15

driver kly A
I noise I noise [-component
Loop
- Controller Klystron Cavity
+
e C,(s G (s
Iset (s) (s) V
Gy (s) |
Cavity l
— = Lorentz
yn Gyi (S) / G¢i (S) Lw(S) Force
Detuning
Beam s, G ) QY (s)
Loading - “
Variations Cavity oV S5 o
a\ G;(? (s) 00(8) @ Microphonics
BN
0,, G ) G2 (s)
G (5) Vo
+
LX)} C,(3) GEN (s)
set Yy - il
Controller Klystron Cavity
Q-component
driver kly Loo
Qnoise Qnoise P f
det
2 Qnoise
SPX LLRF R&D - 2/6/2012 ASD Seminar
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Deflecting Cavity - Dynamic Behavior

Phase Transfer Functions

i) i)
= =
L @
= =}
2 2
= £
f=] =]
O (1]
= =
10° 10' 10° 10° 10° 10° 100 107 10° 10"
Frequency [Hz]
Phase Transfer Functions

20

0

=20
— 40 —_
m m
= =
o -0O0 ®
= =}
2 ' 2
e -80 =
f=] =]
O (1]
= =

-100
-120
-140
1605

10 10 10 10° 10t 10 10 10 10 10
Frequency [Hz]
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10

10

Amplitude Transfer Functions

10° 10°
Frequency [Hz]

Amplitude Transfer Functions

10° 10°
Frequency [Hz]

10

10

10

10
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Deflecting Cavity - Dynamic Behavior

(D)o ™
noise

| driver | I-component
Loop
- Controller Klystron Cavity
I < - Ci(s) G (s)
set
VI
l Lorentz
No cross-coupling when cavity is tuned to resonance, L,(s) | Force
except through Lorentz Force Detuning (minimal if stiff cavity) o @ Detuning
wl 5a)m
Pursue R&D benchtop tests with a cavity emulator to quantify Qo) 90 “\jicrophonics
the LLRF system contribution to the system error budgets.
+ VQ
- C,(s) Gq (5)
set

i Controller Klystron Cavity
Q-component

eriver Q kly Loop
noise noise i d
et
> Qnoise

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Low Level Radio Frequency (LLRF) System

Primary responsibility is to regulate the cavity field

LLRF

——— — — —

| | Field
) Probe

Setpoint —#= Controller | D q

: f | Klystron

| Receiver |

||/ Detector |

|
L__$__4

The Controller....

SPX LLRF R&D - 2/6/2012 ASD Seminar
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N
Controller

sel_baseband.v

_ | Pipeline
" | Match
sel_notch.v mag_phase.v pi_gain2.v
in_strob: ut_strobe
o II\2 + ql\2 h—) | "

. . . . TR 1 . i
in_ig |n_|qr/\/_|—@ out_iq i [ mp 3 .- o
Match i i + + o out_iq
: Quadrant no_mag vectmul.v _|gdr_sel
] B s 3 >

notch_en detector phase - [ Pipeline chirp_sel
A zerome > Match cw_sel
amp_set amp_prop  amp_freq ~int_ena  chirp.v
pha_set_kicked pha_prop pha_freq Chirp
Generator
chirp_density
kick_active chirp_power CW Value |_|

= amp_set

mp_phase y
Frequency | sel freq pha_kick
Counter | sel_freq_errs stimulus pulse
sel_freq.v

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Controller — Benchtop Tests

——

(R

LLRF4 + Analog Front End |

LLRF4 Receiver Chassis Prototype
. §7/ & : £ ‘f LO

Dxide -0
L—»lCcLK <
by 2 ch1 .A. - Reference
— : CLK ) |
s 7 LLRF4 cal

e Prescaler
: —Cav

} LO .
Drive
—»

SPX LLRF R&D - 2/6/2012 ASD Seminar
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Controller — Benchtop Tests

ers ! n ‘
ﬁ.anl_ ST
Cavity Emulator

] I ‘ B S e ™
\ RO ;*;HJ' Cavity Emulator
2815MHz 2815MHz RF
in

i Crystal out
— BPF | ByPF —o|>—> — BPF _.I>_ >

L §

REF
&
2815.52 MHz
LO
BPF H—*
2756.86 MHz
58.66 MHz
o 16
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\
Controller — Single System Benchtop Test

Frequency Generation Chassis

2815.52 MHz
351.94 MHz| LO
x8 - BPF
2756.86 MHz
58.66 MHz
1/6
tune
LLRF4 + Analog Front End Cavity
Emulator
Dxide o) y out in
»CLK
by 2 chi A
CLK LLRF4 |
Prescaler ca

ch2
ch3
ch4

oy FFT
><§_I> Analyzer

Out-of-Loop
Phase Noise Measurement

OouT1

\
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LLRF4 Cavity Emulator Test 8/19/2011

-60 ; S
—zero =53.76 kHz
——zero = 25.30 kHz
-70 —zero = 12.65 kHz|
— —Zero Integral
i -80 Open Loop
N'CS
s
- T
[«
[ %2}
g 100 /\N\ A
8 /—//\/:/W\J/\”‘/JJM/ | H“Igm‘]"ﬂ
S -110 | “"L"I‘J" “m
o % Y’!I“*""r
11"“11"“
120 L
-130 R e R
10° 10° 10° 10°
Frequency [Hz]
Noise sources include
Cumulative Integrated Phase Noise .
250 I e | anindependent LO
—zero = 53.76 kHz generator used for
——zero =25.30 kHz _— cavity emulator. This
200 | ——Zzero =12.65 kHz . .
OpenLoop ’ exists in the ‘real’
v 150 o1 | system.
E /
g ///:;::_— What matters is the
£ 100 — noise suppression
capability in
combination with our
50 — .
expected noise
sources.
0 e ——— |
10° 10° 10* 10° 42

Frequency (Hz)



Phase Noise [dBrad/Hz]

Noise Suppression [dB]

LLRF4 Cavity Emulator Test 8/19/2011

-60 : R
—zero =53.76 kHz
—zero = 25.30 kHz
70 —zero = 12.65 kHz |
—Zero Integral
-80 Open Loop
-110 =
-120
10° 10° 10* 10
Frequency [Hz]
Noise Suppressmn LLRF4 Cawty Emulator Test 8/19/2011
40 :
\C —zero =53.76 kHz| | What matters is the
——zero = 25.30 kHz . .
30 —zero=12.65kHz| | "'0'°€ sUPPression
M — Zero Integral capability in
-0 % A combination with our
expected noise
sources.
10 —\/\/—/
0
-10
_20 L L 1 1 1 L1
10° 10° 43

Frequency [Hz]




Controller — Noise Suppression Model

Pre

" C(s):KP(1+%j=KP(
C(S) — qu (S) —>® ¢cav G (S) _
Controller Cavity qq S + J
o 5% |«

Noise Suppression [dB]

40

¢C3.V — 1

System delay

S

Noise Suppressmn LLRF4 Cawty Emulator Test 8/19/2011

30

— zero = 53.76 kHz
\ zero = 25.30 kHz

20

—2zero =12.65 kHz -
M —Zero Integral

10

SN =27 -1e3rad /sec—

\\W\W —1 8sec

-10

-20

10

10° 10° 10°
Frequency [Hz]

be  1+C(5)Gy,(s)e™"

J
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Controller — 2 System Benchtop Test

Frequency Generation Chassis

e
2815.52 MHz
351.94 MHz LO
x8 - BPF
2756.86 MHz
58.66 MHz
1/6
tune
LLRF4 + Analog Front End Cavity
Emulator
D'v'de Lo pout i Out-of-L
ivi >l CLK i ut-of-Loop
by 2 chl QXQ T Phase Noise Measurement
CLK |
Prescaler LLRF4  cal o
FFT
ch2 .‘ M ~
D>
ch3 % Analyzer
ch4 } LO
e OUT1 .>®“>|> Residual
Phase Noise Test Set
tune
LLRF4 + Analog Front End Cavity
Emulator
V LO y out in
Divide -
> CLK
oy 2 ot R ]
CLK LLRF4 | 3
Prescaler ca Lo
ch2 .XQ n
ch3 |
ch4 } LO
ouT 1 .>®—>|> >

SPX LLRF R&D - 2/6/2012 ASD Seminar
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\
Controller — 2 System Benchtop Test

I LLRF4 Two Cawty Emulator Test 9/29/2011
o [ — -
fOpen Loop
——Closed Loop (no Ref Lock)
-80 ~— Closed Loop (w/ Ref Lock) |
Residual
. N i
Phase Noise I 0 ” Mﬁ%.l ‘ |
£ — k=]
’ ﬁﬁwu Test Set g WWWWWW
et s i (measure noise 2 | 0 Mg,
! between cavity 3 \ u
=
emulators) 3 140 T U |
g S
l I
] Cavity 180
__ Emulators
180l
#1 and #2 107 10" 10° 10' 10° 10° 10° 10° 10°
— Frequency [Hz]
LLRF Receiver 30 — open Loop
#1 —Closed Loop (nho Ref Lock)
25 ——Closed Loop (w/ Ref Lock) H
Freq. ol ;.LI:F System colnl'flrlbultlo:I
Generation 2 0 fsec rms [0.1 Hz - 1MHz] [
S— . = | |
Chassis _g’ 15 Price paid for capabilityto _—"
£ suppress low freq. noise
10— (i.e., beam loading & microphonics)
LLRF Receiver 4
:f
:lL #2 ° //;
0
10° 10° 10° 10* 10°
Frequency (Hz)
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LLRF R&D Outlook (overly simplified)

= Adding the calibration tone scheme into the cavity control

gateware. Currently these are 2 separate code bases, parts
need to be merged.

" Preparing for real single cavity testing to begin ~ June 2012

= Modifications to Storage Ring RF System ...
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SPX0 System Performance Requirements

Specification name
Common-mode voltage
amplitude variation

| Rms Value | Bandwidth |

< T%

3.1Hz — 271kHz

Driving requirement

Keep beam emitfance variation

distinguishable from
the differential voltage effect
for SPX0

/ - -
Common-mode phase ({(}deg 0.1Hz A‘H{H/? Keep global orbit motion

variabion

< 3.6 deg

1kHz ~ 271kHz

variation

Differential mode voltage < 1% 0.1Hz — 1kHz
< 0.7T% 1kHz ~ 271kHz

distinguishable from
differential phase for SPX0
Keep rms emittance variation
distinguishable from
differential phase for SPX0

Common
Mode

Keep rms emitfance variation Differential
outside of SPX under 10 % of
nominal 35 pm

: : — L
Effective emittance growth —

under 1.5 pm for SPX

Residual tilt

Differential mode
phase variation

< 0.077 deg

< (.28 deg

=

SPX LLRF R&D - 2/6/2012 ASD Seminar

G.1Hz — 1kHz

1kHz —~ 271kHz

Keep global rms orbit motion
under 10% of the heam
size/ divergence for SPX
Keep emittance growth
outside of SPX wnder 10 % of
nominal 35 pm

Cavity #1

S
A\

Cavity #2

7 SPX0 PRD

D—

Residual kick

, ICMS# APS_1423800 (1/17/12)
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Present Storage Ring Beam Jitter 8

’] TTI I I T TTTTIT I T TTTTTT I I T TTTITT I TTTTTI I I T TTTTIT

2

| 1 1 11111l | 1 111111l | 1 11 111l 1 1 11111l | 1 1 11111l
= . e n . e n

10 100 'IOOCI ’104 1T 0=

f (1/5)

r—'—'—'——'_;r—
1T.7°712 ps

‘IO ‘IOO ‘IOOD ’104 'IG'5

a1 s)

SPX LLRF R&D - 2/6/2012 ASD Seminar

- ~1.65=+/0.77 +1.5°

0.86 =+/0.7° +0.5°
0.72 =+/0.7% +0.15°

8 Sereno et. al, “Storage Ring Phase Noise Studies ...” AOP-TN-2012-001
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Proof of Principle Feed Forward Experiment
Experiment with 360Hz Feed-Forward correction of Storage Ring Klystron High-Voltage

Power Supply (HVPS) induced noise

AC Filter Module

AM & PM suppression at Both Stations

("O—

RF

Parallel
Narrowband
Filter Bank

HVPS
Mod

v

Y

v

Y

PM & AM
Modulator

Cathode
mon

Cathode Anode

LLRF
Source  Modulator Module

Klystron

Horizontal BPM Data

g

1.8=104)

1o gL

§

apados]

:

i

FFT S34B8:P5:turnHistory:Xposition {mm)

FFT S33B;P5:trnHistory;Xposition (mm)

LA

=

320 340 360 380 400

f(1/s) f (1/s)
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320 340 360 380 400

1ok,

£
3

FFT S358:P5:turnHistory:Xposition {mm)

- Agllent ES0528 Signal Source Analyzar
(paM 10. O
ﬂw 50,00
11000 ff il I
-90.00

-70.00

-100.0 ’

-110.0 ﬂ

-120.0

-1z0.0

L R R

Feed Forward OFF

@
a2 tetef

istory:Xp

Fee

320 340 360 380 400

f (1/s)

d Forward ON I ]

520 340 360 380 400

£ (1/s)

FFT S368:H
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Adaptive Noise Cancellation Concept °

PRIMARY ———======———————————— .

NPUT | ISYSTEM

SIGNAL | ¥ | R0 OUTPUT

:
SOURCE *D: A R

| n
l |
| |
| FILTER | |
| /  |ouTPUT |
NOISE >t JADAPTIVE| |y |
SOURCE . FILTER }
/ { / = |
REFERENCE ! EREOR |
INPUT L E Rt P -

ADAPTIVE NOISE CANCELLER
Fig. 1. The adaptive noise cancelling concept.

From [9]

SPX LLRF R&D - 2/6/2012 ASD Seminar 9 Widrow et. al, “Adaptive Noise Cancelling: Principles & Applications” IEEE Vol. 63, No. 12, Dec. 1975
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Adaptive Noise Cancellation Concept °

NOISE
CANCELLER
fﬁéﬂ?‘ " 9 + . OUTPUT
* ® pX ot ]
_ N,cosmt — Ngsinaoyt
SYNCHRONOUS
SAMPLERS 2 2
AR (%, =Ny )*+ (Y = No)
1j 1j
r_ H
REFERENCE .
INPUT : e — 300
el ADAPTIVE
Xoi FILTER
o0l—""% i — OUTPUT NEREY
DELAY 1 SHEEE N
»{LMS s € .
— ALGORITHM

PLING PERIOD = T SEC Xqj = Ccos{wpiT +¢)
iy 2% x2j = Csin(wqiT + ¢)
SAMPLING FREQ. 2 = < RAD/SEC

Fig. 6. Single-frequency adaptive noise canceller.
From [9]

9 Widrow et. al, “Adaptive Noise Cancelling: Principles & Applications” IEEE Vol. 63, No. 12, Dec. 1975
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Storage Ring RF AM/PM Noise Suppression Concept

LLRF

Modulator Module

Modulator
PM & AM

RF
Source

Klystron

S~

> >
Y To Cavities
r i
i Cathod
atnode
Mon Cathode Al\rilgge Sr:::jif:e
+ 4 HVPS
noise ¢ ¢
q reference Envelope Phase
Detector Detector
Signal
> Conditioning
Signal Adaptive Signal
- -
Conditioning Filter Conditioning Svstem
y
Signal Adapti Signal outputs
igna aptive igna <
Conditioning Filter Conditioning
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Ssummary

Digital LLRF system shows promise of femto-second level synchronization [0.1 Hz — 1MHz]
with proper attention to common source distribution

Great design improvement demonstrated for Analog Front End with T3 mixers

New |/Q small-signal baseband model developed for SRF Deflecting Cavities

Adaptive noise cancellation of Storage Ring main 352MHz RF system AM/PM noise is being
pursued to reduce present beam jitter
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