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SRF cavity regulation




SRF cavity regulation

Digital LLRF regulation system

Klystron, '. | H e e WY v
S%’Zt,o el WL O T Y Ot O WV el .

IOT Cavity pick-up

(fre=1.3 GHz)

TESLA type cavity
fo = 1.3 GHz, 1 =1.036 m, Q, = 109, standing wave
« HOMs - 2 for damping - previous talks
» RF field pick-up for signal detection and regulation
* Input port with adjustable coupling
« Q =[310°...4.6-10% ; (CW:>107)

» Electron bunch(es) of variable charge/ repetition rate
(0.5,1,1.5nC @ 0.5 1, 4.5 MHz)
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¢ ADC 2

SRF cavity regulation bandiujgy, - Malog

(asymrnetric)
Digital LLRF regulation system - signal detection .
Y. ¥ a det,'ection.' MH
.‘mt.ik*‘ Sch”dwldth sampjj =
~6Me depen e nlz?g

Cavity pick-up
(fre=1.3 GHz)

f.o = 1.354 GHz

RF mixer

BB Sum and diff. signal ~__y ~2-6°&{zand 54 MHz
(o) and (f) X | £,,=1500 MHz
v
r\,: X f p=80 MHz
Vi Down-converted to IF 54 MHz
’ O
Adjustable I/Q Q¢ fs =81 MHz
[ detection scheme !
cos, sin [« z1 |«
L. .
cos, sin [< z2 |«

Average 9 samples at 81 MHz gives 1 (1/Q) pair
each 9 MHz with step window

cos, sin [« z° |«

In-phase Quadrature /1Q @ 9MHz

( :F 2 27 (P-5)-1 ‘
2 > 5 ,
pP.S F; Ymiz (k) - cos (!; 5 ?ﬂ-) nnc@— 7.5 ‘é Ypmize () - sin (k‘. . g)
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SRF cavity regulation
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SRF cavity regulation
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SRF cavity regulation

f,=1.3 GHz
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SRF cavity re
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System Identification & FB Controller Design

Bode Diagram Crirooq®
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7 /91 mode

::::8/9It mode i

Magnitude [dB]
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e f=0Hz ( T mode - accelerating mode)
« =800 kHz (81/9 — mode) Notch of cavity probe (IIR-FPGA)
« f=3MHz (71/9 — mode) Notch in FB controller

Grey-box system characterization by exploiting the known system characteristics.
RF field controller design based on system characterization.
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SRF stability measurements Future reg,
“ lif_mainxml FLASHRF/LLRF.COI Or <10‘5 % aitéons W ” aim
. <
. . . " field stapijy, ~ 969
Objective: Keep RF field amplitude and phase (attoseCOn d y
within specification | | =Y Cw, ) regulatiop,
f Phase %C gesm
» Feedforward | i
Multi-beamline ‘. e _ll usremer | ooviews |
b Feed baCk (MIMO) Suppor‘t revtrormns | P:h‘eMu;‘ %n;;:nu% Individual Cavities
. ;;:p wvector correction £ ﬁ‘ sie E‘
* Learning Feedforward it | | i
o he | maim
[3@[,"] Amplitude | .ﬂ;hase
Optimization using model-based approach > / \
00 // 52
[L:F ﬂ/ L v ';2::\ AL N N ML I
Regulation Goal: dA/A < 0.01%, d¢ < 0.01deg |- L —

Ampl. Intra pulse [%] 0.0057 0.011 0.0053 0.0052 0.0069
Ampl. pulse to pulse [%] 0.0013 0.0025 0.0024 0.0007 0.0039
Phase Intra pulse [deg] 0.0065 0.0087 0.00484 0.005 0.0076
Phase pulse to pulse [deg] 0.003 0.002 0.002 0.0022 0.004

Table: In-loop regulation for 600 consecutive RF pulses
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Study: Receiver with attosecond-resolution

Technische Universitat Hamburg

Device Under Test (DUT) is voltage controlled _ Adiustable  Phase
phase shifter Splitter Attenuator ~ Shifter  Combiner

Oscillator )I\/Z )C( Amplifier
- Cavity probe signal in application @—< >—[>-‘-

DUT H@—
Interferometer based method to suppress the /
carrier Reduction factor ~ 2.6mdeg 0.045mdeg
>50: (rms), (rms),
Outlook: Technical realization (2018-207?7?): =5.5fs ~96as
 @1.3GHz[0.1Hz, | |

 Many challenges to be addressed - long-term .. 20kHz] Vv y ——

development

0.005

. Pulsed mode vs. continuous mode Operation ‘ H E ‘ | ‘ ‘ ‘ HH ‘ ‘ ‘HI.A

. Carrier tracking algorithm, .. WTIII-I ]

« Development of ultra low noise attenuator and -

Phase [deg]

1000 2000 3000 4000 5000 6000 7000 8000 92000 10000

phase shifter Time fms)
Blue: signal in front of the interferometer (non-suppressed carrier)
¢ Green: signal behind the interferometer (suppressed carrier)
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Beam Loading




Beam Loading

Single beam transients are measurable

by averaging

Limitation: ADC resolution (16 bit)
Field drop by 1 bunch: 4.25 keV/nC
Refilling/decay with cavity bandwidth

LLRF controller (and beam loading

compensation) tries to compensate for

this

Remaining are fast drops which can not be

compensated by FB/BLC (band-width
limitation)
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Beam Loading

Beam loading using pillbox cavity

° QL=3'1O6
* gg=1nC
« fg=1MHz

Beam loading for DC solution (t — o)
and transient pillbox cavity approach
(TT-mode) is well understood.

Calibrated most of XFEL cavities
using this approach.
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Beam Loading m”recisf
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1 cavity

Cavities calibrated and validation using relative energy measurement in dispersive
section. Found systematic 10% error at XFEL &FLASH; need to be understood!

10% of additional electrical field modes for 9-cell cavity, (r/Q) or qg not correct,
ADC bandwidth limitation due to cell to cell coupling and energy flow,...
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Cavity mode contribution to the beam

* Imported RF field characteristics for all

RF modes from paper . sekutovicz, 2007,

“MULTI-CELL SUPERCONDUCTING STRUCTURES FOR
HIGH ENERGY e+ e- COLLIDERS AND FREE ELECTRON

LASER LINACS]

«  Symmetry check of field distribution

» Line (odd mode) and point (even) symmetry

* Passband mode frequency taken from
Paper [E.Vogel, “High gain proportional rf control stability at

TESLA cavities”, 2007]

TABLE 1.

mode bandwidths).

Frequencies of the FMs measured in the supercon-
ducting state at 116 cavities produced for the TESLA collabo-
ration and succeeding projects [9]. The values are the mean
eigenfrequency and the rms of the eigenfrequencies (not the

FM Mean eigenfrequency of 116 cavities
T [z =1(1300444 + 303) kHz

8/9m Sz — (785 = 51) kHz

7/9 @ f» — (3053 = 94) kHz

6/9 7 [z — (6501 = 157) kHz

5/9m [z — (10694 * 243) kHz

4/9 @ f»— (15122 = 347) kHz

3/97 f»— (19237 = 430) kHz

2/9 f»— (22594 * 503) kHz

1/9m f7— (24773 * 543) kHz
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Cavity mode contribution to the beam

» Mode contributions are dependent of
initial RF field phase seen by the
beam

* Important for multi bunch operation

1.Adding e.g. passband mode
contributions driven by generator

« Beam contribution if each mode is
driven as the m-mode in amplitude

* Modes phase w.r.t. T-mode unknown

Adding e.g. passband mode
contributions from beam driven
excitation at 0 deg. lead to 5 %
energy change

* For beam drive similar to RF drive

* Modes are not phase stable and
change over time

Contribution

Contribution

0.02

0.015

0.01

0.005]

Normalized (r-mode) beam energy contriution of all modes 82/9-mode

—e— 71/9-mode
—=— 6x/9-mode

5x/9-mode
—e— 47/9-mode
—=— 31/9-mode
—=— 271/9-mode
11/9-mode

________________________________________________

0,005 | ----iermenen s b TR [
... Generator driven @ 1.3GHz @ |
~10%—level (rough estimation) |
0.013 -8I0 -GIO -4IO -2I0 lIJ 2I0 4I0 GIO 8l0
Initial Phase for Passband Mode
0.02 NOormaiizead {‘Il.' moue; peam energy contriution ot all moaes
. —— 87/9- mode — 7::;‘9 mode —— Gm'g mode 51:19 mode —— 451/9-1
0.015f - : ' ;
0.01:
0.0054
0;
=0.005
ool Beam drlven at mode freq. .
| ~10°-level; f(qg,t5) | |
0.015 -8l0 -GIO -4IO -2l0 llJ 2l0 4l0 GIO 80
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Initial Phase for Passband Mode
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Summary & Questions

1. Field probe measurement errors during beam transition

Cell-to-cell coupling during refill process

« Transient behavior of end-cell (pick-up) identical to the others?

» Pickup measurement during refilling time?

» Does this refilling process with given ADC bandwidth explain the 10 % discrepancy?
Probe pick-up location correctly chosen?

Is maybe a 2"d probe required/helpful?

2. Additional beam loading effects

Assumption of on-axis and Gaussian beam properties (ideal cases)
Beam loading to the TT-mode?
Beam loading to the remaining passband modes (811/9 down to the 111/9-mode)?

Cell-to-cell effects while the beam is passing?

DESY. | Precision Control of SRF Cavities | Sven Pfeiffer, 15.11.2018
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Summary & Questions &£

for cavitigg
OPerateq ip

3. Exploit additional passband modes (81r/9 ... 111/9) Mode (XFEL)
» Assumption of mode excitation by beam or drive if energy gain stays constant
« Can we get additional information's from the passband modes?

» Resonance frequency of pi-mode?

* Detuning?

 Beam phase?

4. Mechanical cavity model

» Piezo excitation/correction to detuning of TT-mode?

« Cavity-to-cavity couplings (mechanical) in spatial distribution?

DESY. | Precision Control of SRF Cavities | Sven Pfeiffer, 15.11.2018 Page 20
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System ldentification

White Box Model Black Box Model
[Schmidt, 2010]
=1 -
Based on physics Without assumptions

Specifies the structuk /dentification methods

SO(2) - Grey Box Model

« Parameter identification within minutes
* Linear time-invariant (LTIl) model:
« Static gain, bandwidth, passband modes
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Objective: Keep RF field amplitude and phase
within specification

 Feedforward

Multi-beamline -

* Feedback (MIMO) support

* Learning Feedforward

Optimization using model-based approach
Precise 9-cell model for beam loading missing...

e 04380

12.80 deg

‘. FSM ON

[WIRFOniOH _FSM l

Feed-Forward
Output vector correction
[¥TFae

Learning FF
Beam loading c ensution

g
=
|

uuuuuu

Myl Amplitude
350

/
J
;r-/

Regulation Goal: dA/A <0.01%, d¢ < 0.01deg

\

1800
[us]

-10.0 DAL pa Sy e ey
0.0 200 G 0

R tabity (ms) | Re-gun' | ACC1” | ACC3S” | ACC23" | ACCHS” | ACCET™

Ampl. Intra pulse [%] 0.0044 0.0057 0.011 0.0053
Ampl. pulse to pulse [%] 0.0006 0.0013 0.0025 0.0024
Phase Intra pulse [deqg] 0.011 0.0065 0.0087 0.00484
Phase pulse to pulse [deg] 0.002 0.003 0.002 0.002

Table: In-loop regulation for 600 consecutive RF pulses
DESY. | Precision Control of SRF Cavities | Sven Pfeiffer, 15.11.2018

0.0052 0.0069

0.0007 0.0039
0.005 0.0076

0.0022 0.004

" at 100kHz BW (BW RF-gun ~ 53 kHz)

" at9 MHz
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Passband mode excitation

Low pass cavity model

« 8pi/9-mode O
« -71dB * 0.007 = 2e-6 (generator) ] ..................
+ -20dB * 0.011 = 1.1e-3 (beam) =l N
e 7pi/9-mode £ |
E =60 X:7.069e+05 -
* _ Y:-70.97
+ -83dB * 0.016 = 1e-6 (generator) , . Sl
¥: 83.63
« -40dB *0.015 = 1.5e-4 (beam) R I A o N

Beam driven; XFEL: 4.696, 0.25nC, 4.5 MHZ, Frequency [Hz]
~4% RF drive by beam

/ . . \ Bunch transient simulation (2700b, 0.25 nC, 4.51MHz rep. rate)
‘, ...with a relativistic beam, = 0
the average accelerating 2 \

M. Ferrar: . . = -2t

Fig] rario, 199¢ field vanishes for all =

eff, d Propagatiop, modes, except of course E dynamic simulation

€cts and r, = = = DC solution (Schilcher)

Multibynp elateq for the T-mode. ... The S s S N

inStab”ity in induced bunCh-by-bunCh : -60 10I00 20I00 BOIOO 40I00 EOIOO EOIOO
multj ; ;

Captyre Cavitieg” 'cell energy spread is with Samples @ 9.0278 MHz

k max. 3-10-6 very small.../
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Cavity mode contribution to the beam

* Mode contribution is dependent of initial RF field phase seen by the beam

Important for multi bunch operation

 Adding e.g. passband mode contributions driven by generator

Contribution

Modes phase w.r.t. TT-mode unknown

Beam contribution if each mode is driven like the TT-mode

-0.015

Normalized (r-mode) beam energy contriution of all modes

—e— §x/9-mode

Generator driven @ 1.3 GHz

—— 77w/9-mode
—=— 6/9-mode

5n/9-mode
—— 45/9-mode
—— 3/9-mode
—=— 27/9-mode

11/9-mode

________________________________________________

-80

-60

-40

1
-20

1
0 20 40 60 80

Initial Phase for Passband Mode
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i I/:er’ario, 1996
eﬁeecf Propagatio,
mult,'bz Nd relateq

Chi .
ulticeyy "Stability i,
Cavitigg’

...with a relativistic beam,

the average accelerating field
vanishes for all modes, except
of course for the TT-mode. ...
The induced bunch-by-bunch

energy spread is with max.
3-10-% very small...
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Cavity mode contribution to the beam

* Mode contribution is dependent of initial RF field phase seen by the beam

* Important for multi bunch operation

« Adding e.g. passband mode contributions at 0 deg. lead to 5 % energy change

* Modes are not phase stable and change over time / e \

« beam drive similar to generator drive... I\Iél’ Il:e”ario, 1995
e s
0.02 Normallzed {:c mode} beam energy contrlutlon of all modes eﬁecfspropagation
" [[——8x9-mode —+— 7x19-mode —+— 6w9-mode 5l9- model —— 4n/94 Multipy, relateq
0.015f - : ' : ' ' ulticey Stability i,
| Cavitie e
0.01]
= 0.005k ...with a relativistic beam,
Q . .
E the average accelerating field
E y vanishes for all modes, except
S 0.005k.... - - of course for the T-mode. ...
Beam driven; XFEL: 4.6e6, 0.25nC, 4.5 MHz, The induced bunch-by-bunch
-0.011 energy spread is with max.

 ~1/10 RF drive by beam 3-106 very small...

_0_015 1 1 1 1 1 1 1 1 1 |
-80 -60 =40 =20 0 20 40 60 80
Initial Phase for Passband Mode
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SRF cavity regulation

BB

o

Average 9 samples at 81 MHz gives 1 (1/Q) pair
each 9 MHz with step window

9 (P5)-1 (P-S)—1

2r 2
I = S kz::(, y,m-z(k) - COos (k . ?) and () = S ; Ymiz(F) - sin (.’c. - —

»:0
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1 more filter set to 140 MHz or 400
MHz or...? Dependent on SIS
version/request...

Y metric)
deteCtlo
andwiq a:) [;\I/l, Z
n
© ©ndent)

Cavity pick-up
(fre=1.3 GHz)

f.o = 1.354 GHz

Z | f,=1500 MHz

|_,\/5 X | f,,=80 MHz

«— fg = 81 MHz

O
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<
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