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ILC Feedback Block Diagram
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CERN LHC Feedback Block Diagram
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SLAC - PEP-Il Feedback Block Diagram
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Very similar

@ Basic design very similar!
@ Beam stability limitations differ, so emphasis is different in each machine.

@ We will look at the ILC requirements and limitations and then the feedback
systems for the LHC and LINAC4.
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ILC

ILC requirements

ILC requirements

@ CM energy: 500 GeV. Range 200-500 GeV. Upgradable to 1 TeV

@ Luminosity and reliability of the machine should allow Ley = 500 fo~' during first
four years

@ 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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e

Scope of Main Linac RF
o P

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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,"”E LLRF System Requirements Overview

* Maintain Phase and Amplitude of the accelerating field within
given tolerances
- up to 0.07% for amplitude and 0.24 deg. for phase

« Minimize 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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,'.”": LLRF System Requirements — Field Stability

» 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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e R -
o Non-Functional Requirements

« Reliability
— not more than 1 LLRF system failure / week
— minimize LLRF induced accelerator downtime
— Redundancy of LLRF components

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

* Reproducibility
— Restore beam parameters after shutdown or interlock trip
— Recover LLRF state after maintenance work
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,"’E Non-Functional Requirements (C’tnd)
* Maintainability

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 26
cavities - within given tolerances

— Minimize peak power requirements
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e

o 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 HOMs o Cavity resonance frequency change
- Excitation of other passhand modes - thermal effects (power dependent)
- Wake fields - Microphonics
- Lorentz force detuning
o Cavity drive signal o Other
_HV- Pulse flatness - Response of feedback system

- Interlock trips

- Thermal drifts (electronics, power
amplifiers, cables, power

- Timing signal jitter transmission system)

- Mismatch in power distribution

-HV PSripple
- Phase noise from master oscillator
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Beam Based Loops

e Beam Based Loops



Beam Based Loops

2. Beam based loops for Synchrotrons

Loops that use signals from beam Pick-ups,
either longitudinal (beam phase) or
transverse (beam position) and that act on
all bunches
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2.1 Beam Phase Loop

Motivation:

o Transients will be triggered by energy/voltage mismatch at capture

o RF noise will excite the synchrotron oscillation of each particle individually.

In electron machines the synchrotron light provides a natural damping
mechanism and will be sufficient in most cases except for the injection
transient

In proton and ion machines the injection oscillations will last, resulting in
emittance blow-up due to filamentation. The bunch lengthening caused by
the RF noise may lead to beam loss when particles reach the separatrix
(major concern in colliders where beams are kept colliding for 10 hours).
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Beam Based Loops

Analysis

= Let us first consider the synchrotron oscillation in presence of a small dwge

modulation of the RF frequency. The kinematic relation for the RF phase at cavity
crossing time becomes

i

—¢:—27rhAfm+§a)RF

dt
The first term is the effect of the momentum error and the second term is the cavity
RF frequency modulation.

= Following the derivation of the previous section, the linearised synchrotron oscillation
equation becomes

Q.‘. Qi 5:%
dt dt
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Beam Based Loops

Phase LOOP | wi=2ep4B)

—Owy g _ /:\
= We measure the phase error between ’ kéj
Cavity Sum and the Beam (Longitudinal Phase loop

amplifier ws + 0wry

PU) averaged over all bunches

= This error is used to correct the RF Seam—Coni
frequency via the Phase Loop amplifier. phase error Onc
The simplest regulation is proportional i
only [ | Discriminator [~
= We have >

0w, = _kzp <¢>
and the differential equation becomes
), 46,
— Lk L Q2 ()=0
¢ Codi <¢>
the synchrA\;ron frequency is not

changed but we have introduced the
desired damping term

Stable phase
program X
Beam|phase Carfiyphase | RF phase

The phase loop effect is similar
to radiation damping but...it acts
on the average phase error only
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Beam Based Loops

= Damping of injection transient:
o The phase loop must be fast compared to the synchrotron period to avoid filamentation

o It damps the average phase oscillation of the bunch. This is called dipole mode as the bunch
moves back and forth in the bucket without shape change

o ltis very effective on injection phase and energy errors

LeCroy.

Sept 12, 2008. First capture of LHC ring 2 beam with Phase Loop ON. Left: Phase
error. Rigth: Mountain range dislay. Notice the rapid damping of the injection phase
error and the lasting quadrupole oscillations caused by voltage mismatch (see next
slides). Courtesy of T. Bohl
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Beam Based Loops

= Preventing emittance blow-up:

o In colliders phase noise is much more damaging than amplitude noise because the beam sits
at stable phase 0 or 180 degree

o Beams must be kept colliding for > 10 hours. So effects of noise is critical
o The Phase Loop was essential in the SPS proton-antiproton collider and it is essential in the

LHC
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LHC single bunch at 3.5 TeV 1E10 p. Evolution of bunch length with time as a
function of the Phase Loop gain. Fixed 8 MV RF (T. Mastorides, P. Baudrenghien,
May 2010). LHC BQM system.
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Beam Based Loops

= But how can this work?

o The Phase loop measures the bunch average only and there is no coherent dipole oscillation
in bunch lengthening...

o The explanation is that the phase loop reduces the phase noise in the cavity sum signal in the
synchrotron band. In this band, the beam gives a coherent response that is measured by the
loop and damped via the modulation of the VCXO

o Outside the synchrotron band the phase loop does nothing...except inject noise in the cavity,
as there is no response from the beam

o Note that it acts on the first synchrotron band only
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PSD of the phase noise in dBc/Hz in a LHC cavity with circulating 3.5 TeV bunch, for various phase
loop gains (in s1), 1.66 MV. The synchrotron frequency is ~ 24 Hz
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Beam Based Loops

Reciprocity: Phase noise with narrowband spectrum at the Synchrotron Frequency of the core of
the bunch, can be injected for controlled emittance blow-up
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LHC single bunch at 450 GeV 2E10 p. Evolution of bunch length during emittance blow-up with a
0.6 deg rms phase hoise covering the 36-42Hz band (42 Hz = W,;). The bunch length grows
quickly from 1.1 to 1.4 ns then settles (June 7, 2010. E. Chapochnikova, J. Tuckmantel, G. Papotti,
A. Butterworth, M.E. Angoletta, P. Baudrenghien)
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Beam Based Loops

... and now a bit of discipline

= Motivation: In the phase loop, the beam is the Master. The RF will do its best to

please it. If there is an energy error at injection, the RF will change its frequency. If there

is noise in the cavity in the delicate synchrotron band the RF will be modulated to

minimize this noise. That will preserve emittance but... it is not a stand-alone solution

because:

o If there are several injections, the RF must be restored to an injection frequency after transient to
prepare for the next injection

o When we start ramping, the RF must track the B field to keep the beam centered

o If we transfer to another machine, the RF must be synchronized to the buckets of the receiving
machine

o There is no mechanism to keep the beam centred

= Solution: we will add a slower loop that will “discipline” the beam. It will be gentle
enough so that it does not perturb the all-important phase loop. Gentle means adiabatic
= “slow compared to the synchrotron period”.

= Several options. Two big classics:

o Radial Loop: We slowly adjust the RF to keep beam centered as measured in one or several
PUs

o Synchro Loop with frequency program reference: We keep the RF softly locked onto a
Synthesizer whose frequency tracks the B field to keep the beam centered
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Beam Based Loops

2.3 Radial Loop 2l smtn
= We measure the radial position error average <
= This error is used to correct the RF frequency Phase loop ‘
via the Radial Loop amplifier. The simplest amplifier wa + Ouiry
regulation is proportional only. ¢ :
= We have ~ Beam—Cavity L [ﬂ
80, =k, <¢>_ k,OR phase error 3hne
o : e Radial looj
= At constant B, the radial position error is . D ar:plliécrp
proportional to a momentum error - —t— i
o8 IR
R _ LS (4p)
R 71 P Stable phase oR
Beamphase "0 Carftyphase | RF phase Beamlposition
= We have
~ R Long. Tramy,
5(0”_-:—](0<¢>—k”yz <AP> }7}67%"’{"’{&;{"7‘( 7777 wo|
i Ps
and the differential equation becomes . o .
A classic combination for proton and ion
e = synchrotrons: Phase loop and Radial loop
d <¢ > d <¢> ¥ cos
R VRALIN SR LX) (6)=0
dt dt 2rp, y,



Beam Based Loops

dz<?>+k @+ QO +k qVeos g,

e dt S np

= The radial loop does not provide damping. It only increases the frequency of oscillation

= The sign of the gain must be changed at transition because cos f, changes sign there. It
is the preferred loop for crossing transition

Recall that, at constant B we have

f\r JR
the radial loop amplifier must have positive gain below transition and negative gain above
= It reduces the effect of frequency errors on the radial position
= Its gain must be small enough that its effects on the beam remain adiabatic
= Limits: It couples the two planes using transverse measurements to estimate momentum
and correct the frequency. This causes problems:
o Betatron oscillations interpreted as momentum error. Can be minimized by using two pick-ups at
180 degrees in betatron phase
o Typically looks at one or few PUs only -> centers the beam in one location only instead of the
average orbit

o Position measurements are more noisy and more sensitive to intensity than frequency
measurements

§ (1)
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Beam Based Loops

2.4 Synchro Loop

We measure the phase of the RF (or

beam) and compare it to a reference
generator

This error is used to correct the RF
frequency via the Synchro Loop
amplifier

The reference generator will be set at
the injection frequency during filling,
then follow the frequency program
during ramping and finally be locked to
the receiving machine if needed for
transfer

Phase loop
amplifier

Beam-Cavity
phase error

Phase

Discriminator

Stable phase

Beamphase ~ PTO8RAM ol

+] w=2npm)
-/~ 5\ -
N |
Synchro loop
‘wv, + 0w,y amplifier

phase

Usyne

Phase
Discriminator

The overall system is described by a

third order differential equation. Its
analysis is easier if we use Laplace
Transforms

First the beam transfer function
(undamped resonator at W)

5<s>:$&uﬁ (5)=B,(s)

Synchro loop

s

T. Mastoridis

LLRF, November 5th 2015

External freq,
Generator

Beam-Ref
phase error

Grej|  Ref phase

Another classic combination for proton
and ion synchrotrons: Phase loop and
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Beam Based Loops

LHC Capture Transients S0deg me0
- Phase loop is fast: “jumps” the RF on the beam at injection turns ->-15 Hz @
Inj Phase Synchro loop is slow. No reaction in first 100 furns. Slope gives 400 MHz
Error 35 frequency (energy) error at injection Dp/p ~ 104
deg/45 deg

LHC RF 'njection Phase Error - Beam 1 Updated: 06:29:40 LHC RF Injection Synchro Errei - Beam 1 Updated: 06:29:40

c}
Synchro error / degrees

2 b 10 \ Synchro
e 7 2 loop brings
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to Freq
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2 / Prgm
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tumns s

[ VA{TAIB Phase Loop Error: Beam PU-Cav Sum Synchro Loop Error: VCXO-Freq Prgm
“jumps” on
the beam in
~ 10 turns

-15 deg in 80 turns ->
-6 Hz @ 400 MHz

Very slow (seconds) time constant. Boosts
DC gain to minimize thermal drifts
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Cavity Field Loops

e Cavity Based Loops
@ Power Amplifier limits and cure
@ Beam Loading
@ Coupled-bunch longitudinal instabilities
@ Beam loading and coupled-bunch instabilities cure
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Cavity Field Loops

A simplistic RF system (Synchrotron or Linac)

= Simplest system: A cavity driven by a
power amplifier whose drive is amplitude
modulated and whose frequency comes
from a synthesizer (fixed for Linacs,
ramped for Synchrotron)

= What will go wrong:

Q

The TX will inject amplitude and phase noise that
will blow-up the emittance

The TX gain and phase shift will drift resulting in
poor control of the cavity field

The cavity tune will drift resulting in field amplitude
and phase change

Same effect when the cavity will vibrate with water
cooling (Cu) or He pressure (SC)

The beam current will modify the cavity field

The beam can become unstable above some
current threshold

T. Mastoridis LLRF, November 5th 2015
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Cavity Field Loops

e Cavity Based Loops
@ Power Amplifier limits and cure
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Cavity Field Loops

4. Power amplifier limits

Tetrode, klystrons and IOTs are usually
operated close to saturation for good
efficiency. This makes them very non-
linear. Their parameters are also very
sensitive to fluctuations in the HV. In
addition they are noisy.
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Cavity Field Loops

- + Sweep

1 |
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When the TX saturates we observe

o AM-AM distortion: gain drops with drive level

o AM-PM distortion: the delay (negative phase shift)
increases with drive level

o If overdriven a klystron will have a negative differential
gain

A tetrode will also be non-linear at very low drive

Large sensitivity to HV. For the LHC klystrons we
have 8.4 degree @ 400.8 MHz per percent HV drift

@50 kV. LHC 330 kW klystron. Group delay
o In pulsed Linacs the HV will droop during the pulse 130 ns @ 400.8 MHz. ~50 kV, 10A

o In both CW and pulsed, the HV will have ripples from DC
rectifiers or switching




Cavity Field Loops

Cure: The TX POlar LO(A)p/ Prevents overdriving the
Modulator - klystron. Else oscillations!

3 ueo Jep

=

Dir.
Coupler

Kiystron Polar
Loop Control [+

Ic fwd i

We compare the Circulator Out Fwd (or TX out) with the desired RF in
The modulator control keeps overall gain and phase shift constant
Correction BW depends on the overall loop delay. That includes waveguides/cables (layout)
and TX/circulator group delays (BW)

The TX Polar Loop will be an inner loop inside the RF feedback (see later). Time constants
must be optimized.

Intended at PEPII but not implemented (P. Corredoura). This Klystron Polar Loop is
operational on the LHC CW klystrons (the loop controller is a simple integrator). It will be
implemented on the Linac4 pulsed klystrons as well

Note that the HV ripples create multiplicative noise. This changes the klystron beam b and
thereby acts on RF phase shift (and gain). A polar loop is therefore more appropriate a

S P Y SR B T PR S S T I SR
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Cavity Field Loops

Performances in static conditions (LHC)

Pout vs DC parameters

(HV and Icath)

HV=51.5 kV
HV=46.4 kV
HV=41.3 kV

Icath=4.4 A
Icath=5.1 A
Icath=5.8 A
Icath=6.3 A

123 kW
117 kW
102 kW

44 KW
67 kW
94 KW
126 KW

109 kW
109 kW
109 kW

109 kW
109 kW
109 kW
109 kW

Pout vs DC parameter

(HV)

HV=52.9 kV
HV=51.9 kV
HV=50.9 kV

HV=47.8 kV

34 degrees
17.4 degrees

0 degrees

-74.4 degrees

-0.2 degrees
0.0 degrees
0.0 degrees

0.0 degrees

Left: Keep modulator input constant, observe klystron output power @ 400 MHz when
varying HV or Cathode current
Right: Keep modulator input constant, measure klystron phase shift @ 400 MHz when

varying HV

T. Mastoridis

LLRF, November 5th 2015
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Cavity Field Loops

Compensatlon for HV rlpples (phase)

_ Phase MM ‘V\'\
LHC cwW At W compensation W\M fww
Klystrons W‘/ A V\,\ W V“
\ W
N Nome | T N—n

Left: Loop open. Phase noise Ig-Ref: Mainly 100 Hz and 600 Hz due to HV ripples. Calib 10
mV/dg @ 400 MHz. ~3.5 dg pkpk (10 mV/div, 5 ms /div)

Rigth: Loop closed. Red trace = phase noise Ig-Ref. Calib 10 mV/dg @ 400 MHz. ~0.2 dg
pkpk (2 mV/div, 5 ms /div). Blue trace = phase compensation.

PSD in dBV?/Hz, 10 dB/div, DC to 1
kHz. Phase noise. Compares loop On
and loop off.

Measured reduction /
+50 dB @ 50 Hz /
+ 30 dB @ 600 Hz
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Cavity Field Loops

e Cavity Based Loops

@ Beam Loading

T. Mastoridis LLRF, November 5th 2015 36



Cavity Field Loops

5. Beam Loading

The beam current induces a voltage when
crossing the cavity. To keep accelerating
voltage constant, that calls for adapting
the generator output
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Cavity Field Loops

Mechanism brive
= Beam= charged particles in motion = current
= Cavity=resonant impedance
= Beam Crossing the cavity -> Beam induced
electro-magnetic wave called wakefield
= The total voltage seen by the beam is the vector I, '
sum of the voltage due to the generator and the ,  RF Cavity
beam loading [—]
beam ( y,
V, =V tVy=Zp 1, + 7,1, Ib(“)>

= For high intensity machines the beam loading
can be greater than the RF voltage
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Cavity Field Loops

Consequences:

V,=Vip +V,=Zpe ]g+Zb ]b‘

In stationary conditions, Vg must compensate V,, to keep V,at the
desired value. This calls for extra RF power

In transient situations the voltage V; will vary. Transient Beam Loading:

Q

At injection it must settle to the stationary value in a time short compared to the
synchrotron period to avoid mismatch, filamentation and emittance blow-up

If the beam contains holes (beam dump hole for example), V, will vary along the batch and
the stable phase and bucket area will not be correct for the bunches in the head of the
batch

It may make the LL Loops go unstable.

In the 70s the PSB LLRF consisted of the classic combination of cavity amplitude and
phase loops plus tuning loop. These early LLRF systems were much inspired by AM and
FM demodulation. Perfect at low beam current, as the cavity voltage is then predominantly
determined by the generator, the system showed its limits when the beam induced voltage
became comparable to the total cavity voltage. In this situation a variation of the amplitude
of generator current also modifies the phase of the cavity voltage. The loops become
coupled and go unstable. Note that this is not a beam instability but an instability of the
LLRF loops. Pedersen gave a full analysis [Pedersen]. The PSB LLRF is still based on
amplitude/phase/tuning loops but the impact of Beam Loading has been reduced using RF
feedback and 1-T feedback (see below). In modern high current machines 1/Q
Demodulation is now used instead of amplitude and phase loops.

[Pedersen] F. Pedersen, Beam Loading effects in the CERN PS Booster, IEEE Transaction on Nuclear Sciences, NS22,

T. Mastoridis LLRF, November 5th 2015
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Example: The SPS at

inj ection s

Beam loss due to uncompensated
transient beam loading in the CERN 5,
SPS. The beam consists of one batch
of 81 bunches (0.5E11/bunch) filling
2 ms out of the 23ms period. The
cavity filling time is 800 ns. Each
trace shows the envelope of the
bunch intensity along the batch. The
bottom trace is the first turn.

Traces are separated by 200 turns.

The capture voltage is 550 kV, ro0o
similar to the beam induced voltage.

The cavity response to the beam

current step distorts the buckets .
resulting in loss at some locations

along the batch

1000

Tarn Number

1 1.5
Tima f{us]

Late 90s: SPS as LHC injector upgrade
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Cavity Field Loops

Spectrum of the Beam Induced Voltage M e s

\‘1

Batch fills 1/4 ring

in a Synchrotron
= In a circular machine, stable, uniformly filled,
the spectrum of the beam current would be a \ | A
series of lines at multiples of the RF ! ) — widih s £
frequency. Only the fundamental at the RF / “ ‘
frequency couples to the cavity - a single line
at fpe

() =1, c0S(27 fre t) AT \M\ M ’ “ ‘

= Most machines are not uniformly filled. The Jrew =1 =
beam current spectrum will be the spectrum of It
the beam envelope, sampled at the revolution Spectrum of the beam current with a batch that covers

f B f only ¥ of the ring. The rectangular envelope has a sinx/
frequency and its harmonic, and shifted at fRF X s);;écfrum Thu’rgis sampled byg‘rhe Frev Iir?es

i, () = I, cos(27 fry t)a, +a, cos(2x £, t)+a, cos(4x £, t)+...]

= Compensation of beam loading is therefore
only needed around the frequencies

Revolution frequency
line index
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Cavity Field Loops

e Cavity Based Loops

@ Coupled-bunch longitudinal instabilities

T. Mastoridis LLRF, November 5th 2015 42



Cavity Field Loops

6. Longitudinal Instabilities in
Synchrotron

Above a certain current threshold, the
bunch(es) start developing oscillations in
the bucket(s). These can be rigid
oscillations (dipole mode), or shape
oscillations (quadrupole mode and higher).
If not damped these oscillations cause
emittance blow-up through filamentation
and finally loss when the bucket is full
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6.1 Mechanism

‘ Iy ->V, -> 1, loop ‘

=== SPSasLEP

= If the wakefield created by the passage of the = # —
bunch in the cavity has not decayed to zero B 2N /njector
by the next passage, it will act back on the =

bunch

= If the gain/phase shift of this natural beam/
cavity feedback is unfavorable, instability will
arise: The bunch starts a oscillating in the
bucket

= The situation gets worse if we have many
bunches in the machine. The wakefield
created by one bunch will act on the following
one when it crosses the cavity, thereby
creating coupling between the synchrotron
oscillations of the individual bunches Dipole mode. MR of the e+ bunch in the SPS.

: : i . Horiz 10 ns. 10 turns between fraces. Instability
= This effect, very important in high intensity grows to 3 ns max, then is damped by radiation
synchrotrons, can lead to coupled-bunch

damping as i ses.
longitudinal instability Amping as energy Merease

The beam current is the sum of the motion of all particles present in the accelerator. The coupled-bunch
instability is a Collective effects: All particles in a bunch start oscillating coherently or even successive
bunches start oscillatina with a fixed pattern. It will be enhanced if all barticles have the exact same

T. Mastoridis LLRF, November 5th 2015 44
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Spectrum of Oscillating Beam
= In the previous section we have derived, the beam current for a stable non-uniformly
filled machine
i,(t) = I, cos(27 fr t)a, +a, cos(2x £, t)+a, cos(dn £, t)+...]

= When the bunches start oscillating in dipole mode at f;, their time of passage in the
cavity is modulated at that frequency: phase modulation. The current becomes

i) =1, co8(27T [y t)[ao +a, cos(27zfm, t+£sin (27zfs )+ a, cos(47z'fm, t+esin(2z f, t))+]

= In the frequency domain the phase modulation will appear as +- f, side-bands around
each revolution frequency line

= Finally, considering also higher modes of oscillation: quadrupole at twice the
synchrotron frequency, sextupole...each revolution frequency harmonic is surrounded
by a series of synchrotron sidebands. The spectrum contains lines at

‘f=pr tnfatmf Conclusion: To prevent coupled-bunch
‘ instability the cavity impedance must
be reduced on the synchrotron side-

Revolution frequency Mode index: m=1is bands of the revolution frequency lines
ine i dipole, m=2 is
line index

quadrupole
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Modes and growth rates

We will consider a machine with M uniformly spaced bunches, undergoing a small
oscillation in dipole mode only (m=1)

Let us take a picture of the bunches at instant ¢, and observe the phase error £(t) of bunch
k

If all bunches oscillate in phase, we get

(1) =sin (27 f, 1)
and the beam induced voltage shows f; sidebands around f. This is the (only) mode that
the Phase Loop (lecture 1) damps

For a phase advance of 2p/M between successive bunches, we get
. 1
oV () =sin| 27 f, t+27rkﬁ

and the beam induced voltage shows f; sidebands around fge+-f,

Generalizing, for a phase advance of 2pp/M between successive bunches, we get
o)1) = sin[znﬁ t+21k ﬁ]

corresponding to the f; sidebands around fg+- p.f,,

With M uniformly spaced bunches, we have M eigenmodes of dipole oscillation. Any
pattern can be reproduced as a linear combination of these eigenmodes. The advantage
of this decomposition is that it is easy to compute a arowth rate for each eigenmode
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timeins

T. Mastoridis

Hera. Coupled-bunch instability, dipole (m=0),
mode zero (n=0). All bunches oscillate in phase.
From A Gamp presentation (E. Vogel)

+0.5
=
o
[
2 0
s
Q
o
-0.5
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Beam Based Loops Cavity Field Loops Cavity Resonance Loops Design Example

Hera. Coupled-bunch instability, dipole (m=0), +3
mode n=-1, that is -2 p/220 degrees phase °
advance between bunches. £
Also visible higher modes n ~ 100 for some (%3 0
bunches @
Frev ~ 50 kHz 2
From A Gamp presentation (E. Vogel) ©
Uzuu e 3

timeins

LW LLL LT
:nm,. LMW L™
oL LTI N

oy
0O 20 40 60 80 100 120 140 160 180 200 219
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6.2 Threshold. Electron machines

= Electron synchrotron are very relativistic. Due
to radiation damping the bunches are very

short and the dominant bunch mode is dipole 6%o
(m=0) o o
= If the impedance of the machine elements is % 5 © e
known, (and that is normally the case forthe £ o} e ° o 4
resonant structures - RF cavities, kickers - and ¢ @ 6°
the vacuum chamber), one can compute the g -1 e 3 Jf e ©
growth rates for all M dipole modes o 5
= For example if the dominant impedance is the = = 0 5 10
cavity impedance around the fundamental, the
growth rate of p mode is approximated PEP IT, SLAC. Shown are growth
- rates for various dipole modes of the
1 - QJ RelZ@,f (2”fRF +27p [0 +E2 )J PEPIT e+e- collider‘.PThe -3 mode has
) 2V cosg, —Re[Ze,/ Qr fop =27 p £, -, )|[| | growth time ~600 ms. The PEPII

radiation damping time is 19 ms (HER)
and 30 ms (LER). The Longitudinal
= The beam will be stable if there is no growth Damper provided the needed extra
rate faster than the radiation damping time damping (~150ms time).
(below 5 ms in LEP at 104.5 GeV/beam) Courtesy of T. Mastorides.
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\ V=16 MV

6.3 Threshold. Proton machines. o

= There is virtually no radiation damping (24 hours damping
time in the LHC at 7 TeV) because g is too low

= Bunches are long and we can observe high order bunch
modes (quadrupole, sextupole,...)

= The only natural damping is the Landau damping due to 1
the energy and synchrotron frequency spread: The 0s
particles in the bunches do not all oscillate coherently, —
thereby reducing the collective effect R N

Time/100 (s)
= For a given beam current, one can compute a threshold  Narrow-band impedance threshold Rsh
H ity i i ida.  (solid line) during the LHC acceleration

on the maximum gawty impedance , valid on all f,, side ramp Reproduced from [Shaposhnikoval

bands [Shaposhnikova] 5 i
AE ) AQ, T

Rmax o< ‘”‘7 ° T

e I\ E Q ~

= Observations: b s . -
0 R,.xdecreases with energy. In an acceleration cycle,

N
[N

Rsh (MQ),Im2/n ()
@

E

instabilities are first appearing at top energy \
0 R, increases with the relative synchrotron tune spread ¢ \

DW/W,. The relative Energy spread is also stabilizing. Large R

and almost full buckets are more stable. But caution with

loss... Synchrotron Tune vs. pk deviation (Lecture 1)

[Shaposhnikova] E. Shaposhnikova, Longitudinal beam parameters during acceleration in the LHC, LHC project Note 242, Dec 8, 2000
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e Cavity Based Loops

@ Beam loading and coupled-bunch instabilities cure
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7.1 RF feedback (or Direct Feedback)

“... with feedback it is possible to reduce the distortion generated by the
amplifier, to make the amplification substantially independent of the
electrode voltage and tube constants, and to reduce greatly the phase and
frequency distortion” F. Terman.

Feedback reduces the effects of beam loading by reducing the effective
cavity impedance. It reduces the effect of other noise sources as well (TX
ripples, tune variations, microphonics) and it improves precision by making
the RF voltage independent of amplifiers non-linearity, gain and phase drifts

It is the preferred method wherever feasible

Works on all sources of perturbations
Works for Synchrotrons and Linacs
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Desired voltage

Principle: Measure the
accelerating voltage in the
cavity, compare it to the
desired voltage and use the
error to regulate the drive of
the power amplifier

It is a real RF feedback, not
an amplitude and phase
loop

but it can be implemented
using 1/Q Demodulators

RF or Direct Feedback ‘
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Cavity Field Loops

Analysis

A SWC near resonance can be represented as
an RLC circuit

R
AO=""%0
1+720—
@y
Aw=w-aw,

With the feedback loop, the beam loading
voltage is
Z(w)

V(wo)y=——2
(@) 1+G Ade™™ Z(w)

A large gain G.A means good impedance
reduction. Stability in presence of the delay T
will put a limit. Outside its bandwidth the cavity
is purely reactive and its impedance can be
approximated R
Z(0) = ————
A AW
Jj20—

@y

1y (@)

T. Mastoridis LLRF, November 5th 2015

Desired voltage

2 (57
2)

‘ RF or Direct Feedback ‘
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Cavity Field Loops

= To keep a 45 degrees phase margin the open-loop gain must have decreased to 1
when the delay has added an extra -45 degrees phase shift, that is at Dw=p/(4T)

Z(”jgl |Z rur.|in dB
4T k=0

J/ '/Z: 3
G A< Eil / \ = AuwT

2Raw, T )

= Flat response will be achieved

ga~2 1
Ray T

leading to the effective cavity impedance at i

GA

| N

Rmin = L = 5
1+GAR Q
and the 2-sided closed loop BW with feedback

Aw_; = 276

ol maximal gain. The optimally flat

is obtained for k=0.7

= The final performances depend on Loop delay T and cavity geometry R/Q. It does
not depend on the actual Q

= Lesson: Keep delay short and TX broadband to avoid group delay
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Advantages:

u}

[}

u}

Relatively insensitive to small drifts in amplifier gain and phase
Broadband impedance reduction achievable if the total loop delay T is small -> Place
the amplifier next to the cavity

Easy for a single-cell cavity

Limitations:

=]

Q

Can be complex for multicell cavities. Cluster of resonances with different phase shifts
Gain limited by the loop delay T

Caution:

Q

Q

We have considered the TX response as a linear gain G. Not very realistic...

TX non-linearity will degrade the performances of the feedback. Best is to simulate
using a TX model including saturation

For regulation we need extra TX power. Rule of thumb: TX must not be operated
above ~70% power saturation level (SNS 76%, JPARC 66%, Linac4 76%)

One TX feeding several independent cavities:

Q

=]

The RF feedback can only regulate the voltage sum. We loose much freedom
Power to individual cavities can be adjusted with Power 1/Q Modulator, but we now
have regulation at the MW level, instead of mW...Reduced regulation BW

The decision of splitting klystron power must consider field stabilization issues.
Simulations needed
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.
Example: o———F—————1—=
Of i I Data ||
The LHC g«
[
8 -20 j
Ak :
0 ; ; ; ; ; ; i
2 15 1 05 0 05 1 15 2
Frequency (MHz)
a0 .
7 200
g :
= H
2 0 H
o
s :
g
& 200ft
400 i i i i L 1
a5 1 05 0 05 1 5 2

Frequency (MHz)

Measured Closed Loop response with the RF feedback. Q 60000 without feedback (~7
kHz 2-sided BW). With feedback we get 700 kHz BW. The effective impedance is
reduced by ~ 100 resulting in a Q.¢~600.

Loop delay 650 ns, R/Q=45 ohm.

The LHC cavities are equipped with movable couplers and Q, can be varied from 10000
to 100000. But. with feedback. Q... ~600 in all bositions.
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7.2 The 1-Turn Feedback
or Long-Delay feedback or Comb—Feedback ,,,

= To reduc€’the effective cavity impedance,
the RF feedback is the best solution. But it is
not applicable if the loop delay is long

= The SPS was designed in the 70’s as a 300
GeV proton accelerator. When increasing
beam current in the early 80’s, the
impedance of the cavities at the fundamental
appeared as a limit. Their amplifiers were
located on the surface, far away from the
tunnel. With this 2.6 ms loop delay, the RF e
feedback would only cover the first two ) C
revolution sidebands (f,=43 kHz) PS raveling Wave Cavity in the SPS

= In 1985 D. Boussard implemented the first 1-  funnel. Backward Wave Structure, 90

Turn Delay Feedback on that machine degrees phase advance/cell, 200.22 MHz
centre freq
[Boussard]
. . [ . [Boussard] D. Boussard, Control of cavities with
Good for beam loading and instabilities (if high Beam Loading, PAC1985, Vancouver, May
cavity impedance at fundamental is the source) 1985



Cavity Field Loops

1-T Feedback. Why?

= For transient beam loading compensation and prevention of instabilities we
only need to damp the cavity impedance on (transient beam loading) or
around (long. Instabilities) the revolution frequency sidebands

= lIdea:

o Provide large open-loop gain and 0 degree phase shift on the revolution
frequency sidebands

o Reduce gain between sidebands so that wrong (180 degree) open-loop phase
shift does not lead to loop instability

2-sided -3 dB BW is (1-a)/p

Gain [linear]

Attenuation between peaks is (1-a)/2

\ Phas¢ [deg.]
0. is
10
0
. A
o I
0[5 1[5 frev
-5
0.
I 15
0.5 1.5 Trev N
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1-T feedback. How?

v Trivial simple IR fiter p'usye'ay | o
+ Vier
1-
Hoyp(5)= G2 ’—®
1-az
withf, =M - f,,, -
Jdain on
= Two parameters to be chosen: open- pefter
loop gain G and geometric ratio a f
. . Equivale -
= a fixes the bandwidth -> related to eponse & Extend the
the synchrotron frequency (dipole) or e 1 ull wn
its harmonics
po
delay T
A 3dB (1 a’) rev X
~ I
= agoverns the decay of the transient - 1 RF Cavity
at injecton 77T 8 “““ =
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1-T feedback. How (cont’d)

Halfway between peaks the phase shift is 180 degrees

= G is limited by stability considerations:
a
o And the gain must be below 1/3 to respect the canonical 10 dB gain

margin
o Thus:
(I-a) 1
G <=
2 3
= Inthe SPS:

G=10, a=15/16 thus G(1-a)/2=10/32 <1/3

-3 dB BW =428 Hz (single-sided)

Synchrotron frequency between 100 Hz and 400 Hz for LHC beam (but
as high as 1 kHz for FT)

= Inthe LHC:
o ffe <5 103and we use a= 15/16 and G=10
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Cavity Field Loops

= We have not considered the cavity
response in the derivation. If
narrow-band it will modify the open-
loop response (+- 90 degrees Long delay
phase shift) and the 1-T fdbk cannot feedback | -
extend much beyond the cavity BW Heoms(2) . /Z\ , Drive producing

= Solution: Flatten the cavity ' | "\ ) "
response with an RF feedback, then RE feedback |
increase the gain on the revolution (
frequency lines with the 1-T
feedback

= Caution: TX linearity will limit the beam
performances. In PEPIl cavity
impedance reduction was actually
limited by the TX driver non- :
Iinearity.yMeasure, model and ?ombmed RF feedback and 1-T

. eedback

simulate...
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Example:

.

l h | | I C VI 521 Log Mag 5.000d8/ Ref -20.00d6 [RT O&M]
e 20500 >1 400.93900 MHz -11.292 dé

IFBW 100 Hz Span 100 kH: T K !

Effective Cavity Impedance with RF feedback alone (smooth trace) and with
the addition of the 1-T feedback (comb). The cavity centre frequency is
400.789 MHz. We look at a band offset by +200 kHz to +300 kHz. Frev= 11
KHz. The 1-T feedback provides ~ 20 dB additional impedance reduction on
the Frev lines.
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7.3 1-T Feedforward

= ldea: Measure the beam current /, with a pick- —
up and feed it back via the generator to R + /> }
compensate for the beam loading ‘

= Recall that
[
+Z,1, i

Drive producing T,

Vo=V tV,=Zpe 1

g

I PU
so we want the generator to produce a current ’ heam (
lycompsuchthat - [ ———— % --------------- >

Ly [g,cump =-Z,1,

= Fora SWC, Zg- and Z, are proportional. It is
thus very easy to implement = Limitations:

= A 1-T delay must be inserted in the feed-forward o Sensitive to drifts in TX gain and phase
path. As the synchrotron frequency is much a Difficult to set-up for a varying RF
smaller than the revolution frequency, the PU frequency. The fixed PU to cavity delay
signal does not change significantly between must be compensated continuously as

the revolution period changes to keep the

successive turns
overall delay equal to exactly one turn

Fair for beam loading and instabilities (if cavity
impedance at fundamental is the source)
Works for Synchrotrons only
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7.4 Adaptive Feedforward (AFF)

= The RF feedback will take some time to react to a
transient, this time being at the minimum the Loop
Delay (see above)

= In pulsed Linacs, the beam loading compensation
at the head of the batch will not be very good
because the first injected bunches will induce a

voltage that will be compensated after the Loop
Delay only Fe':‘;’lzew"

= As this effect is clearly reproducible from pulse to
pulse, a Feed-forward compensation will help <TX;

= Other repetitive sources of perturbation can also
be corrected with the feed-forward

= These repetitive sources of perturbation will slowly Combined RF
change from pulse to pulse. Adaptive Feedforward cavity feedback
(AFF) aims at tracking these changes to best ) | and feedfwd

anticipate the correction on the next pulse

Good for all repetitive disturbances, including beam loading, TX ripples, source
current fluctuations, and Lorentz force detuning. Developed and in operation in
pulsed Linacs (SNS and FLASH)
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SNS Feed-forward compensation

SCL 04c Feed-Forward
Feed Forward Shape

Filling
settings

Open-Loop

Dizg  Digli@ ResCu! Tme  Sched | (0C  Haraw.

Beam-Loading compensation

‘am-Load Compensation

" on | [mesel Ignored Auto-reset

Freeze Pulses . anored pulsed
Fon o 1200

start
2800 us
K Kp  Ki
P P P AFF Correction:
2000 1000 0000, s err + K1 err_integral]
Time Shit  Gain Ramp

AFF parameters

Delay from FF o
oous

Ww ™>~_Fine positioning of Beam

Loading Compensation

compensation for a0
klystron droop. 0
Here 35 dg/ms ! -0

200 0 200 400 EOD 800 1000 1200

Caviyy &1 /@

(time axes in microsecs)

500 1000 1500 2000

FoFwd [ /@ Beam Comp.
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Cavity Field Loops

At the SNS, the switching of the HV modulators is synchronized with the rep rate.

So the klystron ripples are also repetitive from pulse to pulse and corrected by the
Feed-Forward

e
Main i iag ~ Dieg i@ ResCri  Time Sched loc Hardw, Fault log
CCL 1 Feed-Forward
Ramp Bean-Load Compensation
Amptuce o e Ignored Auto-reset ater
NN || o 0.000 1 T Pulses  ..Ionored oulses
[ || on [l
50 1300 Erse] o L [ED
! -200 0 200 et
- || {005
a0 1300
K kK
| || suc
e e AR Gomecton
o ovay || [Tee [Te8 538 SR ey
L [ —
= Time St Gai Ramp
o [oow
ROtOOn st oot e
q TG 50 oo o) a1 ARE
Lo 60
De——— o0 ——
Auto i
20
Deteyfome ||
Sou
500 -
-«
- &0
FdFwd ! /@ Bea

200 0 200 400 Em0 800 1000

Cavity B 1Q
0

H time axes 0 micosecs)

500 Too0 1500 2000

Fawa 1 1@
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The Lorentz force detuning is also synchronous
with the rep rate and can be compensated by the
AFF

NOTE: Detuning implies more power for a given
field. In the SNS the power margin is sufficient
to cope with it.

1000 1.8E+07

1.6E+07

1.4E407 PR

126407

1.0E+07

Eacc (MVim)

8.0E+06

Dynamic Deuring (Hz

6.0E+06

Dynamic Deturing (Hz)
8

4.0E+06

o — L
[fiing_ " Fatiop ~—
Time ) Time (u)
2 kHz resonance in medium beta cavities High beta cavity at 12.7 MV/m for

various rep rates

n Fast piezzo tuners were installed at the SNS start-up but are NOT used anymore. The
~1 kHz detuning can be dealt with by the RF feedback and AFF and... the klystron
power margin...

Above plots and info from Sang-Ho Kim, SNS, ORNL
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To my knowledge, AFF is presently operational at Flash (Free Electron Laser), Desy
and at SNS, with the help of Desy

For scientific publications on the subject query on keywords: “Stephan Simrock”
and “Adaptive Feed-Forward"
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7 5 Longitudinal damper (dipole mode)

For each bunch, we measure its phase Idea: mimic e-machines radiation
with respect to the RF, and generate a damping but...only bunch per bunch
momentum kick at the correct time (act

on the same bunch), that is 90 degrees Feedback Filter F—@er

phase shifted with respect to the phase

measurement to produce damping
= Let £(t) be the phase of the RF when

the k™ bunch crosses the cavity. We U Kicker
have ~ -1t —-————— beam — — — — = — — —|— — >
g.0=0,0)-9,
= We rewrite the synchrotron oscillation Ap,=a M
with the momentum kick Dp,(t) as dt
driving term = And the equation becomes
d*g, nht, d*g, dg,
+Q g =-21——" A Evda,—4Q?
i ¢ S Pi i ¥y ¢k
= To get damping we now make the = The damping time constant is

momentum kick proportional to the
derivative of the phase error
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The Feedback filter

o We first derive the filter H(z) with sampling clock F,
o It must provide ~90 degrees phase shift at the synchrotron frequency for damping
o It must have gain around the synchrotron frequency (BPF characteristic)
u]

It must have zero gain at DC so that the damper does not attempt to reduce the static
bunch phase

o Designs from J. Fox (SLAC) for PEPII, DaFne, ALS were implemented using a bank of
DSPs, each processing a few bunches.

Nowadays, series processing in an FPGA is preferred

o For M bunches, we sample at F,=M F,,

o  And we process the data stream with filter H(z")

o Then we must add a delay zF so that measurement and kick correspond to the same
bunch

Remark

o Large BW required for the acquisition and the power amplifier. The phase of each
bunch is sampled independently

o The synchrotron frequency is much smaller than the revolution frequency (respectively
60Hz and 11 kHz in the LHC at injection). For a given bunch the momentum kick need
not be re-computed at each turn. Decimation/interpolation possible

Good for iniection transients and dipbole instabilities no matter what the source.. Works
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= Variant. Poor man’s damper (LHC, PEPII woofer)
o Inthe absence of a broadband kicker we can act via the RF cavities

o Dpis generated by adding to the cavity voltage, a small correction in quadrature with
the accelerating voltage (phase modulation)

o The BW is limited to the Cavity Field control BW

o Used in the LHC for damping injection phase/energy error in multi-batch injection
mode. Not needed for stability (Landau damping sufficient)

o Needed in PEPII for stability

LHC (1-RING) = 88.924 s

a-batch
i

N
N x Bunch Train Pattern

- 2 |
Tt takes 12 | e \ 34 334 334 334
SPS cycles Filling Scheme
H 3564 =
to fill one 2% (725 + 86) + 30¢ + 3x(72b + Be) + 306 + 4x (725 + Be) + 3he +
B 3x { 2x [ 3x (72b + 8e) + 30e) + 4x (72b + 8e¢) + 31e ) + 80e
LHC ring
~ Beam Gaps
Ps = 1/11 sps |
T, = 12 bunch gap in the PS (72 bunches on h=84)
R bl 7, = 8 missing bunches (SPS Injection Kicker Rise time = 225ns).
250 Specing 7, = 38 missing bunches (LHC Injection Kicker Rise Time = 0.975us)
i =, = 39 missing bunches - 1.0u5)
7, = 119 missing bunches (LHC Beam bump Kicker Rise Time = 3us)

‘ LHC filling: It takes 12 injections from the SPS. The transients will be damped
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e Cavity Resonance Loops
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e
I

Lorenz Force Detuning
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Cavity Resonance Loops

,"ﬂ Cavity Deformation by Electromagnetic Field
o Pressure

« Radiation pressure

Repulsive
magnetic
forces

Attractive
electric
forces

* Resonance frequency shift

Af =—K-EZ, /
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'.'p Lorenz Force Detuning
o
» Effects of Lorenz force detuning
— Change cavity voltage and phase during RF pulse

— Generate more reflection power
— Limit maximum repetition rate of RF pulses
* Properties
— Gradient dependent
— Predictable from pulse to pulse
— Perturbations are correlated from cavity to cavity
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,'"E Measurement of Lorentz Force Detuning

TESLA 9-cell cavity , _
Frequency drift during 800us flat top
200 #a8% o o
oo Xy -
100 °:§° SO ST SO, s __ TforK =0.36
5,00 "%, 20 MV/m - Lo meosued |
0 o :oo%o e *x,‘."‘*'“oo° o100
i : : ° -
F-100 o e 2s MVim oo E
£-200 S S — 90% opcf —— 2‘2“"
&0 oy e 30 MV et e ) T
% N a 5-300
-400 : Bt - &
i ° ¥ o &350 o
- ,'l,' a
500 : ==3;4 MV /m o 0 .
i On -n
-600 : % g 5
0 200 400 600 800 1000 1200
0 500 1000 1500 2000 E2(vimp)
time [usec]
Frequency drift during 950 us flat top (TESLA 9-cell cavity):
. Hz 2
A»fFT =—(04 to 0.65 )ﬁE”U‘
MUV /m™
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e
I

Microphonics
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ilp - -
T Sources of Microphonics

* Mechanical vibrations caused by the accelerator environment are
always present and may be transferred to the cavity.

Source Transfer Medium

vacuum pumps > beam tubes >

machinery
(external vibration sources)

ground, supports > cavity,

traffic

tuner
ground motion
ocean waves

Helium transfer line,
heat exchanger

compressors,
pumps

e

Helium gas
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icrophonics
o P

» Effects of microphonics

— It mainly influences the resonance frequency of the cavity
and therefore the RF phase with respect to the beam

* Properties
— Slow perturbation
— Not predictable
— Uncorrelated along the Linac
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ilp -
o Cavity Frequency Tuner

* Motor tuner (slow), used to

— Large range frequency tuning, such as by-pass (Aw > 10
times of bandwidth) the cavity or set the pre-detuning

— Can not be tuned frequently because the motor lifetime
* Piezo tuner (fast), used to

— Fine tuning of the cavity

— Lorenz force detuning or microphonics compensation
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,'."E Motor Tuner

bellow connection
between nearest cavities

The Motor tuner is
used to tune the cavity
resonance frequency
by deforming the
whole cavity along the
axis. It uses a stepper
motor and is
considered as a slow
control (compared
with the piezo tuner).

stepper motor

double lever mechanism

cavity flange

piezostack fixture
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ILC Beam Based Loops Cavity Field Loops Cavity Resonance Loops Design Example

Piezo Tuner

Piezo-Actuator:
He-tank =

+ cavity 1=39 mm
Upax=150V

Al= 4 to 5 um at 2K
Af, =~ 500Hz

max, static

T. Mastoridis LLRF, November 5th



Cavity Resonance Loops

ilp - -
o Control of Cavity Detuning

» Lorenz force detuning control
— Feed forward control is suitable

» Coupling of Lorenz force and piezo actuator to cavity detuning
must be similar

» Slow parameter changes can be corrected with adaptive feed
forward
* Microphonics control
— Feedback control

= Transfer function from piezo actuator to detuning must allow
controller design which allows stability of closed loop

» Transfer function must be stable for timescale of adaptation of
controller

— Adaptive feed forward control
* Noise cancellation with adaptive filters
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Design Example

Linac4 M,

3 MeV 50 MeV W? MeV 160 MeV
REQ DTL CCDTI PIMS
¥ +
I:I;l é; é (5”6 3 é)Hd;."é)” E I e \I ]
% H E % IR EY ]
© 1.3 MW klvstron (LEP, CW) O Modulator for 1.3 MW RF
@ 2.5 MW klystron (pulsed) O Modulator for 2.5 MW RF

= 160 MeV H- Pulsed Linac

=PSB injector

= 40 mA average current (nominal)

= Normal Conducting cavities, 352.2 MHz operation

=~ 1 MW/cavity (except DTL2 and DTL3 ~ 2 MW/cavity) with 40 mA
= 2 Hzreprate

= Commissioning in 2013. Injection in PSB in 2015 20-30% Klystron
= Proposed LLRF is much inspired from SNS power margin for
regulation
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Cavity Controller Functionalities

For each cavity:

= A Tuner Loop to keep the structure on resonance

= An RF Feedback, and an Adaptive Feedforward (AFF) to keep the
accelerating voltage at the desired value in the presence of beam
transient

= A Klystron Polar Loop to compensate the variation of klystron gain
and phase shift caused by High Voltage (HV) supply fluctuations
and droop

= A Conditioning System monitoring the Cavity Vacuum while feeding
the Line with Frequency Modulated bursts of RF power of increasing
amplitude

= A Klystron Drive Limiter that prevents from driving the klystron over
the saturation limit during loop transients.
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Architecture
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LLRF Block Diagram

Main Coupler

Conditioning

Vacuum
ICrev —
From Tuner
Loop

Klystron Polar
Loop

WITCH & LIMIT

Design Example

Limiter to prevent from
overdriving the klystron

RF Drive permitted

Fud|
wd

Lo GainSet

A |Kystron Poter -
Loop

CAVITY LOOPS

Feed-forward

D
Coupler

oeon.
set point | i}
/7 |ceneration| 0}

Ref

Linac Module Servo Controller.
simplified Block Diagram

signals:
Digital: ——»-
Analog baseband

Digital /Q pair: Sc—»-
Analog IQ pair: —~—

RF @ 352.2 MHz N

Technology:

7

Voltage
Ref

RF feedback

LLRF, November 5th 2015
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Design Example

Klystron Loop ;

= Klystron HV pulse
o Flat-top 1.2 ms
o Precision 1% /i
o Ripple 0.1 % ‘

= LEP klystron:

a 1% HV -> 8.4 degree phase shift @ RF e
= Linac4 Klystron loop:
o Expect < 50 ms risetime S BTITTTA WP RERTS WA

5 Aug 2008
W 12.80 % 15:42:45

3 MeV Test $tand. RF Off. Pulsing the P.S: 100 kV/23
— A at 2 Hz rate. Zoom at flat-top: Chl - Cathode
; ! voltage (2kV/div) ; Ch2 - Cathode current (0.8A/div) ;
=y Ch3 - Anode voltage to ground (1 kV/div).

m Improved PS understudy
O Reduced ripples...but at higher frequency
O Simulations must tell whether it is desirable.
m  HV ripple hopefully reduced by AFF if
synchronized with rep rate

LiCroy

LHC: Klystron loop phase response,
20 ms risetime
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RF feedback

= Loop Delay: 1100 ns
o 160 m Cable/Waveguide=550 ns
Klystron 250 ns
Circulator 50 ns
Driver 50 ns
LLRF 200 ns

= With Fdbk Closed we expect - —
PIM: Cavity impedance without feedback,

o~ 150 KHz single-sided Loop bandwidth QL=7000 (red) and with PI feedback
o <10 ms response time (blue) .P gain ~3.

a
a
a
a

Freq ()

£in(dB)

Veav Q

!IIII||||III|I||||IIIII||||IIIII||||IIII||||IIII|||||
UL

|||||||||||||||||||||||||||||||||||||||||||||||||||| - Frqai)

Closed Loop response with PT RF
feedback. Same as above. Single-sided -3
dB BW ~ 150 kHz

LHC: 100 kV in 3 ms, 2 ms per div, T=650 ns ‘

ha +uia +iman alauan



Design Example

High
Pulsing Volage v O segren
RF ON segment
RF
transient Beam segment
Time

2| 03ms <1.2ms 2
2 o
S S

= The beam pulse is 400 ms long but it can be later extended to 1.2 ms
= We have 300 ms for LLRF loops stabilization. We will use a sequence as at
SNS
1. Filling of the cavity open-loop but with feedforward from the result of the previous pulses.
Cavity filling time < 20 ms (Q_<20k)
2. Switch the RF feedback ON. Ramp fdbk gain. Allow ~ 100ms for stabilization.
3. Switch the AFF ON and the Chopping Compensation ON
4. Beam ON

= 2 Hzreprate
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Modehng

Cavity
Klystron (freq response and ‘
saturation)
AFF Antenna
coupling

. jﬁﬂ _ v,h,l tij;.ﬁm:jm T
L[,

— Beam coupling o \\{ﬁ
Synchronous = Tuning Algorithm
hase
Q

= Step 1: Is the klystron power sufficient for the intended voltage/phase manipulations
(set point)?

= Step 2: Coarse adjustment of the loop parameters (Feedback, Klystron Polar Loop,
AFF) to keep the ensemble “well behaved”

= Step 3: Introduce perturbations: klystron noise, beam loading, source current ripples.
Derive expected field stability. Optimization of the algorithms. Modifications to other
parts of the machines: Power Converter, source, beam current, voltage distribution
among the structures (beam dynamics)...

‘ Linac4 Cavity Controller model. A. K. Battacharyya ‘
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Hardware
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Digital I/Q Demodulator

In a feedback system with high loop gain, the quality of the
measurement front-end sets the quality of the ensembile: In the
frequency band where the loop gain is high, the LLRF will adjust the
klystron drive so that the Measured Cavity Field is equal to the set-
point. Measurement error will be directly reflected in the cavity field
In large Synchrotrons and Linacs, the RF frequency is too high to
allow for direct sampling of the cavity field and waveguide coupler
signals. But the needed BW is typically very small as the signals
come from narrow-band elements such as cavities or klystrons

A typical front-end will therefore contain a Mixer that shifts the RF
signal to an IF frequency that can be conveniently sampled by an
ADC

Amplitude/phase loops can be used in low current machines. In a
high beam loading configuration they become unstable and (1,Q)
implementations are preferred
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Design Example

Q(t)

We consider a narrowband signal V(t) (cavity field for S
example) at the RF frequency. It can be represented
either in polar (A,f), or cartesian (I,Q) notations E
G \\
’V(t) = A(t)sm(zﬂfm? t+¢(t))zl(t)5in(2”fmv t)+Q(t)COS(2”fRF t)‘ ” i I(t)

Amplitude A(t), phase f(t) and cartesian coordinates
(I(t),Q(t)) are slowly varying signals. Their BW is much
smaller than the RF frequency. They are related by

I(t)= Ar) cos ¢(r)
0O(¢e)=A() sin ¢(¢)
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Design Example

I/Q Sampling |
RF IF FPGA =f —
/X\ ADC Signal Processing fIF _ZRF fm
- Jex =4
fLO fCK

= The RF signal is shifted to the IF frequency band using a mixer
Ver ()= A1) sin (27 fr 1+ (1))

V()= A@D)sin27 £ 1+ (1))
= The sampling frequency is chosen to be four times the IF. Let x, be the
sampled signal, with n the time index, we get

x, =A(n TCK)Sin(Z”n S Tex + ¢(n Tex ))

x, =4, sin(n%+¢n)

x, =(- 1)% A, sin(g,)=(- 1)% 0, forn even

n
n+l

x,=(-1)2 4, cos((p,,)z(—l)n%lln for n odd

n
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Design Example

The demodulator generates the data {Q,,-/,,-Q,,/5,Q,, ...} from which we derive,
after sign correction and decimation, the data flow {(/,,Q,)} at the rate f./2

Note that the | and Q are measured at alternate samples. The decimation
introduces an error that increases with frequency. The 1/Q demodulator is
therefore narrow-band

For Linac4 we use S =352.2MHz
fro =330.1875 MHz
fir =22.0125MHz
fex =88.05MHz

and we get an (1,Q) pair at 44.025 MHz rate that we interpolate to do the Signal
Processing at the full 88.05 MHz FPGA clock

Except for its narrow BW, the 1/Q demodulator has many advantages: The
effect of ADC offset can be nulled. The ADC gain is not critical as | and Q are
affected in the same way. For slow applications (tuning for example), the very
large oversampling leads to extremely good SNR after decimation.

It was first proposed for PEP2 [Ziomek]. It is now used most everywhere...
Much more on I/Q Demodulator in CAS Digital Signal Processing, June 2007,
T. Schilcher, RF Applications in digital signal processing

‘ [Ziomek] C. Ziomek, P. Corredoura, Digital I/Q Demodulator, PAC95 ‘
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Cavity Loops Module

phase

| w Register

Implements:

RF Feedback,
Adaptive FF and
Klystron Polar Loop

o6p Control

Setpoint

Antenna
352.2 MH,

#oc T 1a Demod .

o [Processia| o |

70.44 MHz

35.22 MHz

Phase

Ref Line Cav Fwd

System Independent of LO

Dual TX DAC

17.61 MHz
35.22 MHz

70.44 MHz

70.44 MHz

1Q Demodulators
synchronized by Fc (uses
same demux signals as
Ref-line demodulator).

De-serialized Reference-line RF
Phase used to normalize the phase of
the RF Measurements.

[ Courtesy of John Molendijk |

1Q Mod lout = lin * cos(x), [1,

LPF50
I

RF Measurements relative to Phi Ref.

Cav Fwd

0,-1,0]

Qout = Qin * sin(x), [0, 1, 0, -1]

Design Example

fr =352.2MHz
fio =330.1875 MHz
fir =22.0125 MHz
fox =88.05 MHz

Antenna

[eono0c | Title %ﬁnfﬁgdbaCk Linact Tpage [1/1
"ﬁ Designer | John C. Molendijk BE/RF/cs
X || pate | 2010/06/01 [Version] 1.0

LLRF, November 5th 2015

99



FPGA design and Visual Elite

Signal Processing in FPGA

o Fixed Point Arithmetic

o Caution: scaling to avoid overflow but preserve SNR

o Use embedded fixed point multipliers

o Much “inspiration” from U. Meyer-Baese, Digital signal
Processing with Field Programmable Gate arrays, Sringer
Verlag, 2001

Design with Visual Elite. Advantages:

o Generates Device independent portable VHDL code

o Code reusability

o Graphical Interface. Accept State-Diagram, Truth Tables,
Processing Blocks (Adder, Logics, Multiplier, Memory) or VHDL
code

Hierarchical

Graphics to text, text to graphics conversion
n  Powerfill aiito-dociimentina creates html
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Digital I/Q Demodulator

1/Q Demodulator Graphical tool for FPGA
design/simulation

Visual Elite

ca
AD (150 f lout (15:0
(15:0) e - CHI (15:0) > ot out (15:0)
MHz40
MHz80 [l
i Hz50
slgniti
MHz40
b IHz40
i
Neg m
reset . pulEset CHQ (15:0) Qout (15:0)
CHa B CHn  CHOU o —
Demux p Clkc
signiti
nivHz40
reset R

[ Courtesy of John Molendijk |




Phase Rotator

Rotator Gain =1
0x8001 <= cos(Y) <= Ox7fff

Bit Pn(31) dropped since X"COOOFFFF" <= Pn <= X"3FFFO001" 0x8001 <= sin(Y) <= Ox7fff
o FS = Ox7fff
In (15:0) 2
Pa (31:0) UmSubtr
s Paga0:15) c23
CosY (15:0)
m » oitr (15:0) lout (15:0) o
o -]
@i (15:0) e F
- Pb (31:0)
sy (iso
o4
Um Adder
P @10)
2 24
sum (15:0) cout (15:0)
3 a >
w £
Pa @1:0)
um umit
o -]
. Clk o




Design Example

Decimating filters

The signals are sampled at 88.05 MHz. But in some application (tuning) the
closed loop response is a few seconds only (mechanical part)
Oversampling is good for Signal to Noise Ratio (SNR): The quantization
noise of the ADC is (assumed to be) white noise extending from DC to the
Sampling Frequency, and with a Standard Deviation of 1-2 Least Significant
bits.

After filtering, the noise power is reduced by the ratio filter BW/sampling
frequency. Potentially a very significant improvement...

But brute-force implementation of a few Hz LPF FIR clocked at 88.05 MHz
will ask for a lot of resources (taps -> multipliers)

The classic solution is Decimation: We Low-Pass filter the signal and
reduce the sampling rate at the same time.

Good fixed-point architectures are the Cascaded Integrator Comb (CIC)
filter and the Half-Band filters
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Design Example

Cascaded Integrator-Comb filters. Classic decimating

2 Stage CIC1 6 filter that uses accumulators only (no multiplier). Proposed
by Hagenauer ~ 1985

Decimator

Integrator | Integrator Il
o 1 3516
ateln RatelnDiv16
ZM e ca
110 (240) 124 (250) l\ Zh oy cs
D Q A
120 (290) 128 (25:0) 1A 280)
Lafe b a b a
iHz40
»——a—CLK § B —=—E e
RST & 1MHz40 s = K §

RST & RST &
Rst
Rst Rst

Comb | Comb Il
co o
cre
c1o 250y c20 ¢80
[ 2 C20(25:10) a Da (18:0)
RarenDnie
18 25:0) 28 (25:0) [ T3
RSTF
cis 782 cr  ZA2
crazi @50) c2az1 250) Rst
D Q Q D Q
RatdmD g6 oo RatariG Rearoo
e e
MHz40 MHz40 MHz40 2¢ At 1 "
3 K £ = «F : kg | W e s ed as “not oo d ing
decimating filtel




Cross Product as Phase Discri

XVv= Vv, — \
= u _UX y~ Yy X Used to measure phase shift Vcav-
= |Juxv|=]u|x]|v|sind = ¢ IcFwd Icfwd for Tuning

= u=Vacc, v =IcFwd

Cross Product for 2D vectors U{X,y) & V(X,y)
UxV is maximal if U orthogonal to V'
0x8000 <= UxV <= Ox7FFF
co provided U an V are on the Unit circle
Unit = 0x7FFF

Ux (15:0)
Usvy (31:0) cs
" Resync

W50 LimSubtr

UxVy(30:15)

c6
Uxv (15:0)
D a
Uy (15:0) UyVx(30:15) BCLK &
Uy (31:0)
o c7
Vi (15:0) tim,
Limit
D a »
- Clk k£




Limiting Adder

case of adder output overflow

co
[} A (15:0)
Sum (15:0)
0 (15:0)
C17| XU7FFF"
cis [
B (15:0 Sum(15
(15:0) um( )013
- | \ ResSignhh
ciz | ci4
I OVF
Y EqgSign \
= - J_'_ s (1:0)
= |_ co

Lim
In case both A and B have a similar sign but the Sum output is E

of the other sign the output is set to be either MaxInt or Minint
depending on the input signal sign.




Design Example

Coordinate Rotation Digital Computer
(CORDIC)

Imagine computing an Arctan[x] in fixed-point arithmetics...and with
any desired precision...

No problem with the CORDIC....iterative algorithm...you set the
number of digits...

Iterative hardware algorithm for the computation of trigonometric functions
Can also be used to compute square roots and divisions

Uses shifts and adds only -> well suited for fixed-point FPGA
implementation

Pipe-lined implementation possible for higher throughput
Proposed in late 1950s by J.Volder

(To my knowledge) first use in an accelerator LLRF: RHIC (BNL) Beam
Phase loop (M. Brennan, J. Delong, early 2000s)
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Consider a rotation by angle f

X’ =xcos@—ysin p=cos@[x— y tan @]

y'=xsin¢+yc0s¢=cos¢[y+xtan¢]
If the rotation angle is restricted to-+-arctan[2-] the multiplication by the tangent
term is reduced to a simple shift operation

Arbitrary rotation can be achieved by a series of rotations of amplitudes
arctan[1], arctan[2"], arctan[27?],...

Let d, be the decision whether to rotate in the positive or negative direction at
iteration i (d;=+-1) then the it iteration can be written

Xy = K,.lx,.—y,. di2”J
Yin = Ki[yi+x d'zii]

K, = cos[arctan( )]

- 2 21
with d, =1
Let z;be the rotation left to be done before iteration | we get
d,=1 if 2,20

d,=-1 otherwise
z,,=2—d, arctan[2"]
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The Rotation Form of CORDIC \Load the rotation anglein z,

Iterateon i:
Example: rotation by 60.35 deg d;=1 if 2,20
d,=-1 otherwise
Xy =K, [xi =i dizii]
60.35 0707 1 45 Y =K, [y +x, d,.2”']
15.35 0.894 1 26.56
1121 0970 -1 14.03 [ ( )] |
282 0992 1 7.2 K. =coslarctan(27 )|= ——
430 0998 -1 357 , VI+27
073 0999 -1 1.79
106 0999 1 0.89
017 1 1 045

z,, =z—d, arctan[2’i]

untill z, = 0 or n > max_ nbr _iterations

N o o A W N -~ O

The values of arctan[2-] must be stored in a table
The Rotation Form can be used to compute Cosine and Sine

The Vectorial Form of the CORDIC starts with a vector (x,y) and compute its
angle with respect to the x-axis.

Both forms are used in the Klystron Polar Loop



Design Example

= The Rotation Form can be used to

compute Cosine and Sine
Yn=sin¢

én

3 Xn=cos¢ X0=1

! Rotation form with the original vector unit-
! length on the x-axis. Result gives (cosf,sinf)

= The Vectorial Form of the CORDIC starts
with a vector (x,y) and keeps on applying
the series of decreasing amplitude
rotations untill the resulting vector is on x-
axis (yn=0). It is used to compute
magnitude and angle of a vector

Both forms are used in the Klystron Polar Loop Yn=0
y xn

Vectorial form:the original vector is
rotated untill vn=0. The sum of the rotation
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PCBs



Design Example

Tuner module: RF front-end

IF out (8
channels,
differential)

8 channels is
the maximum
among Linac4
structures.
It matches
the DTL2-3
that have 3
antennas and
2 windows (2
fwd and 2
ref) plus one
ref line

RF
demodulators
(8 channels)

Linac4 Tuner module RF Front-end card. J. Noirjean




Design Example

Tuner module: Processing card

Logging
memol
s FPGA
Fast Pre-Processing
Post- (fixed-point
Mortem arithmetic), controls
memory of the memories and
VME interface

Tiger Shark DSP.
Slow Post-
processing
(floating-point)

The Tiger Shark
was scientifically
selected as best
fit to discipline

Maurizio's zoo of
low beta cavities

LHC Tuner module,
processing card. J.
Molendijk

l If interested, contact John Molendijk or Jose Noirjean




Design Example

Installation
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‘ LHC LLRF VME Chassis

Custom-designed VME crates used in the
LHC and Linac4 (same crates)
VXTI is also a popular standard (PEP2, SNS)

AT T\ A
LHC Cavt'ry Con'rr‘ollers in the UX45 cavern
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