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Transverse feedback system at the LHC (CERN)

BPM — beam position monitor
DK - damper kicker
Kin, Ko — analog amplifiers

|
\
DSP - digital sinal processor g = '\/Bdlép A

Xy /x| < 1
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Transverse feedback system at the LHC (CERN)

BPM — beam position monitor
DK - damper kicker ‘ ;
Kin, Kou — analog amplifiers —

DSP - digital sinal processor g= '\/,Bdﬂp AX) /x,

<1

LHC accelerates and collides two counter-rotated beams at 6.5 TeV (beam stored energies > 300 MJ)
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LHC Damper (CERN-JINR digital transverse feedback system) Damping of transverse oscillations

. . fter injection: 74/ To = 40
works reliably since May 2010 after injection: %4/To
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LHC Damper

A/ [au]
6000 -
4000F

2000

-2000
-4000

(e

o b b b b L
2000 4000 6000

tIT,

A/Z [au.]

4000
3000
2000
1000
0
-1000
-2000
-3000

PR TS TS T R R RNRIY T
100 200 300 400 500 ¢/T,

Damping of horisontal injection errors (beam 1): Damper OFF (left) and Damper ON (right);
signals from Q7 (top) and Q9 (bottom).

Zhabitsky V.M. et al. Beam Tests of the LHC Transverse Feedback System. RuPAC-2010. Pp. 275-279.
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LHC Damper

LHC ADT (transverse damper)

» Thanks to endless effort of power and LLRF colleagues “ADT just works™"

» ADTis a vital insirument in machine studies, e.g. ADT can model arbitrary
machine impedance (both real and imaginary) and simulate instabilities with a
defined rise time. Thanks to real time analysis (ADTObsBox), instability growth
can be stopped in a controlled way before losing the beam.
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Highlights 2018. BE-RF Annual Meeting. CERN, 17.12.2018
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short time excitation
of transverse oscil-
lations;

low intensity bunch;
small gain g;

Qo = const;
variation of a feed-

back chain parame-
ter.




Transverse feedback system

BPM DK

)?,‘(ﬂ,sz) =
! M (s2]51) X (n,51)
g )?,'(I’l,s) _ (xi(n,s))

xi(n,s)

X} /xp| <

|
g=‘\/§/§pA
1

=~ N — =~ — 0
sp<s<sqa: Xi(n+1,5)=Xi(n,s + Co) = M(s + Cols)Xi(n,s) + M(s + Colsq) (Ax(’])

For feedback: Ax) = gx Fy(xi(n,sp))/ Bdﬁp

En=xi(n,5p) = Engo—2Enq1cospu+ & = g (Fa(€n) sing 4 Fy(€nv1) sin(u — 1))

where: ©=27100=QTy, Q=woQq,wo=21/Tp, v 1= V(salsp) = ¥ (talta — 7)
f

Digital feedback chain with FIR-filter: Fy(&) = HLO mX_:O (En—(m+q) + 8&p) bm ;
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Transverse feedback system

BPM DK

Xi(n,s2) =
M (s2]s1)Xi(n,s1)

2 Xi(n.s) = (Xi(ms))

| M M
\ \
8§ = ‘ V ,éd:ép Axy /xp
1

sp <8 <8q: fi(n +1,5) = )?,-(n,s + Co) = /]\Z(s + Cols))?i(n,s) + /]\Z(S + Colsa) (on(,i)
For feedback: Ax) = gx Fy(xi(n,sp))/ Bdﬁp

b= xi(1.5) = Enpa— 2bnsr cosp + &y = g+ (FalEa) sinn + Fa(usr) sin( — )
where: 1 =21Q¢=QTo, Q=woQo,wo=2n/To, N 1= Y (salsp) = ¥ (talta — T)M_

f

Digital feedback chain with FIR-filter: Fq(&,) = HLO > (En—m+g) +85) b > by=0
m=0 m=0

<

xi(n,s)

Characteristic equation for &, = const - z/
z2—2z,cosp + 1 =g%zr_q(sinn+z,sin(u—n))H(zr)/Ho = if g=0 then z, =e®i#
Ny ) . ) Ne )
H(z;) = Y bmz;™ = for 2O — et = ¢i2700 — ¢i%T0 = H(Q) = 3" by e7imTo
m=0 m=0
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Feedback chain with FIR-filter: decrements and tune shifts

~ Beam Entor —2&,41cospu + &, =
= gx - (Fa(§n) sinn + Fa(Ent1) sin(u — 1))
where:  p =21Q0 = QTo, n=1Y(salsp) = ¥ (talta —7)

Characteristic equation for feedback with FIR-filter H(z):

154 {

DK | IBPMIS" z2—2z,cospu+ 1 = gxz !(siny + z, sin(u — n)) H(z,)/Ho

If z, =exp (Old +j27n(Qo + AQd)) then for g < 1:

H(Q H(Q
aq = —% | I§O)| xsin¥, AQyq= —% | I-(Io)l xcosW, W=n+21G00—arg H(Q)
Damping mode: xsinW > 0
Optimal damping: xsin¥ =1 = cosV =0 = AQ4=0

Asymptotic behaviour: Ny
lim X[n.s]=lim(z—DX(z.5)=0 = HQ=0)=) by=0
n—oo z—1 m—0
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Tune peak broadens

without damper
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reduction of tune peak, i.e.

. L range were FB works well
residual oscillations by more than 20 dB

(limits 45 degrees phase error)

Hofle W. Transverse damper operation (presentation). Evian 2010. CERN-ATS-2011-017.
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Phase balance tuning

LHC Damper feedback chain with notch and Hilbert filters:
—_ LiQTy\ — -1 -3 -2 —2y 2sin —6 2 sin
H(z = e®T0) = (1 -z )(z cosp+z2(1—-2z72) =2 + (1 -27% 5 “’)

Phase balance (g <« 1): W =1n+27GQ¢ + Q1y4, where 15 = —Q 'arg H(Q. ¢) is the phase delay
depending on parameter ¢ at the constant angular frequency Q@ = Qg = {Qo} wo = {Qo} 7 2—”

It 2 sin W(Qo. @o) = 1 then {Q} = {Q0} + £ sin(Q5ry), T = £ cos(R67g), 579 = T9(¢) 2 eieo)
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Phase balance tuning

LHC Damper feedback chain with notch and Hilbert filters:
—_ LiQTy\ — -1 -3 -2 —2y 2sin —6 2 sin
H(z = e®T0) = (1 -z )(z cosp+z2(1—-2z72) =2 + (1 -27% 5 “’)

Phase balance (g <« 1): W =1n+27GQ¢ + Q1y4, where 15 = —Q 'arg H(Q. ¢) is the phase delay
depending on parameter ¢ at the constant angular frequency Q@ = Qg = {Qo} wo = {Qo} 7 2—”

It 2 sin W(Qo. @o) = 1 then {Q} = {Q0} + £ sin(Q5ry), T = £ cos(R67g), 579 = T9(¢) 2 eieo)
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1]
Fractional tunes {Q} (left) and damping times t4/ Ty (right) in dependence on the Hilbert filter
parameter ¢ at Q¢ = 64.278 and § = 2 (Experimental data from: Hofle W. et al. LHC Transverse
Damper Observations versus Expectations. CERN-ATS-2011-017. Pp. 107-114.)
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Damping parameters in dependence on tune deviations

Phase balance: ¥ =27Q - (v/Q +§) —arg H(Q,9), Q= Qwo, v=1n/27, Q = Qo + AQy.
If 2 sinW(Qp,p0) =1 and ¢ = @9 = const, then ¥ = W (D, o) + AV¥ and for |AV| K 1:

R darg H(Q2
AV =~ (v(Q0)/ Qo + §)AQq + TgwoAQy, Where 15 = _darg H(EY)

> ( is the group delay.
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Damping parameters in dependence on tune deviations

Phase balance: ¥ =27Q - (v/Q +§) —arg H(Q.,¢), Q= Qwo, v=1/27, Q = Q¢ + AQy.
If »sinW(Qg,p0) =1 and ¢ = ¢o = const, then ¥ = W (Qy, o) + AV¥ and for |AV| K 1:

darg H(Q
AV =~ (v(Q0)/ Qo + §)AQq + TgwoAQy, Where 15 = _darg H(EY) > 0 is the group delay.
AQy = £ BB sinaw, D= g O o5 A
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Tune shifts AQq (left) and damping times t4/ Ty (right) in dependence of the tune deviations AQg
from Q¢ = 59.295 at § = 0 (Experimental data from: Komppula J. et al. MD4036: New ADT signal
processing for large tune acceptance. CERN-ATS-NOTE-2019-0008).
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“Smooth approximation”

<

- Engo —2&,41cospu+ &, =
Beam = gx - (Fa(&x) sinn + Fa(En1) sin( — 1))

. DSP where: 1 =21Q¢ = QTo, 1= Y(salsp) = ¥ (talta — 1)
MJ “Smooth approxm:’;lzon :
E(l‘)—f‘QzE(l‘) g Fd(%'(l—‘[)) Q =27TQO/T0

{ 1S
| BPM] = diﬁerentlal equation with delayed argument.
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“Smooth approximation”

<

“Boam Ent2 —2&np1co8 L + & =

= gx - (Fa(§n) sinn + Fy(§n41) sin(p — 1))
where: o =21Q0 = QTo, 1=y (salsp) = V¥ Ulta—7)
“Smooth approximation”:

E) + Q%) = 2 Fa6(t — 1)), Q=27Q0/To

S p
DK } ' {BPMI = differential equation with delayed argument.
N¢

Digital feedback chain with FIR-filter: Fy(§(r — 7)) = Z (6t —tim) +8&)bm; T =1 — (M +§)To
Krylov—Bogoliubov averaging method (g < 1): & =a s1n¢ +gxb€o+...; ¢=Qt+.

2w Nt
a=51sf HLO Y. (asin(¢ — Qum) + 8&)bm cosp dp = aq 7

0 m=0
. 27 Ny
# =9 zn | @y L (@sin@ — Q) + 86y)bmsing dp = (Qo + A00) T

m=

ag=—% ‘H(ml}fsm\lf AQy=—-£& |H(Q)|xcos\ll \I!=r;+2m}Q0—argH(Q) r]:Qr

HQ) = Y bne ™70 Hy = [HQp)]: 2 ={Qo} &1 810 = 5mplm z bn = 5 b =0

m=0 m=0 m=0
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Short-time positive feedback mode: Basic model

o Differential equation for transverse oscillations with external force for feedback (“smoth
approximation”):

E(1) + Q%) = %2 Fyk( — 7).
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Short-time positive feedback mode: Basic model

o Differential equation for transverse oscillations with external force for feedback (“smoth
approximation”):
E(1) + Q%) = %2 Fyk( — 7).
@ Phase mixing:
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E1) + Q1) = =2 £0).
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Short-time positive feedback mode: Basic model

o Differential equation for transverse oscillations with external force for feedback (“smoth
approximation”):
E(1) + Q%) = %2 Fyk( — 7).

@ Phase mixing:
ElQ,

——h

~ ~
€,

AN

/,

/

./
N

0 2000 4000

E1) + Q1) = =2 £0).

@ Basic equation for short-time positive feedback mode:
E1) + Q%(1) = 2 FaE(t — 1) — = £(0).
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Ideal feedback chain: increments and tune shifts

@ |deal feedback chain:
Fa(§@t —1)) =£&( — 7).
@ Krylov—Bogoliubov averaging method (g < 1):

) a g . Ty
a = (0g — Olgec) — » ag = —= xsin(R1), Agec = ,
To 2 Tdec

; 2
¢ =(Qo+ AQy) T AQq = —4i x cos(QT) , n=Qr.
0 b

@ Positive feedback mode:
Ty

% sin(Q71) < 0, || = §| SiN(Q7)| > dgec =
2 dec
@ Optimal regime:
xsin(Q27) = —1
= betatron phase advance between detector BPM and damper kicker DK equals an odd number
of /2 radians
= AQ4=0

V. M. Zhabitsky Damper with short-time positive feedback mode 13



Feedback chain with FIR-filter: increments and tune shifts

@ Feedback chain with digital FIR filter:
Nt
Fa(§(r — 1)) = HLO > (54— tim) + 88)) b twm=1—(m+§)Ty.
m=0
@ Krylov—Bogoliubov averaging method (g < 1):

. a . 2
a = (g — Oldec) = ¢ =(Qo0+A04) -,
Ty Ty
H(Q H(Q
ad=—§| ISO)|xsin\IJ, Ade—%| I_(IO)|}fcos\I!,

where phase balance:
U(Q)=n+21§Q¢ —arg H(RQ), n=Qt=2n001t/Tp.
and transfer function of feedback chain:
Nt .
H®Q) =Y bpemT0:  Hy=|H(Qp)l: Qp =|{Q0}| 2.
m=0
@ Positive feedback mode:

H(2 Ne
xsinW¥ < 0, adz—gﬂxsinW>adm, > by =0.
2 Hp m=0

@ Optimal regime: xsin¥ = —1 = AQq=0.
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LHC Damper with short-time positive feedback mode

@ horizontal oscillations of Beam 2 at injection: Q¢ = 64.28, § =1
o feedback chain (n = 0.183 - 2m, ¢ = 1) with notch and Hilbert filters:
Hiz)=(1-:z7" <2_3 cosp +z72(1—z72) —zsyi;w +(1—-2z7%) _2;1;,;)

@ decrement of natural damping of coherent transverse oscillations due to phase mixing of
particles: oge. = 0.0025
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Dependence of increment o on gain g: @0 = @opt (solid),
@1 = @o — 45° (dashed), g2 = @o — 60° (dotted)
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LHC Damper with short-time positive feedback mode

@ horizontal oscillations of Beam 2 at injection: Q¢ = 64.28, § =1
o feedback chain (n = 0.183 -2, § = 1) with notch and Hilbert filters:
H(iz)=(1-z" )(z cosg +z~ 2(l—Z )ZS‘TW—i—(] _6)25"1"’)

@ decrement of natural damping of coherent transverse oscillations due to phase mixing of
particles: oge. = 0.0025
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Damper with negative and short-time positive feedback modes
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@ resonance condition (AQ4 = 0) for damping or growth of coherent transverse oscillations at
¢© = Qopt = 157.1°

@ if short-time positive feedback mode is returned to negative feedback mode at fixed ¢ then tune
Q is jumped when |[AQq4| # 0
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LHC Damper with short-time positive feedback mode

21:51:04 B2H instability with a rise time of 0.26 sec (2940 turns)

< 2 15

r -

5 = - 1

= i ;!

s 1 2 £ 05

e Z 0 =

s 0 Z % 0

5 o g 1 £ o5

s 2 =

= | E 4

S vl <

s 3 15

a

< 0o 1 2 3 4 5 6x10° 0 1 2 3 4 5 6 7x10° 0o 2 a 6 8  10x10°
Turns Turns Turns

21:50:10 B2H instability with a rise time of 0.65 sec (7330 turns)
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The active feedback system can be used as a source of controlled an arbitrary complex tune shift.
Antipov S. et al. Study of Landau damping with Antidamper. CERN-ATS-NOTE-2019-0034.
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Conclusion

@ Some features of short-time excitation of coherent transverse oscillations of a bunch in a
synchrotron using a damping system in the positive feedback mode are revealed.

@ The increment of oscillations, depending on the feedback gain, should exceed the decrement of
the phase mixing of the particles in the bunch.

@ The maximum rate of increment is obtained at zero shift of the coherent frequency relative to the
natural frequency of the particles in the bunch.
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Thank you for your attention!




