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» Landau damping of head-tail modes

* Dispersion integral and stability diagram

 Impact of particle distribution on Stability Diagram

* Beam-beam effects on Landau damping:
* beam stability in presence of BB long range interactions (betatron squeeze)
« beam stability during the collapse of the separation bumps
* beam stability in collision

e Summary
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LHC Example M‘u:’lﬂ

1= Accelerator O source, q,
_ surroundings: © witnes .

Beam pipe
Collimators z s

(5.5 RMS
beam size)
Courtesy of G. Rumolo

L

The source particle induces electromagnetic wake fields (impedance) that act back on the
following particles

Stronger for high luminosity:
- High brightness beams (N/o)

- Small aperture elements (collimator 5.50)



Gl

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Impedance drives
the so-called head-

tail coherent
instability

Complex Tune shifts:

- Im(AQ): growth rate
- Re(AQ): coherent
real tune shift
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- High chromaticity = in the 2012 LHC run
from Q'=+2 units to Q'=15-20 units

- Transverse Feedback = easily damp m=0,
Intra-bunch modes are more complicated

- Landau damping = passive mitigation
wave « particles interaction (energy of the
wake is not absorbed)

Bf/BJm|

w=E8oh

Landau damping mechanisms are provided by any
non-linear elements (tune spread):

e machine non-linearities (octupoles magnets)
e beam-beam interactions

e e-lens [0]

[6] V. Shiltev et al., Landau Damping of Beam Instabilities by
Electron Lenses, Phys. Rev. Lett. 119, 134802
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Landau damping of the impedance modes can be quantified by the dispersion
integral [1]:

d\I!w y(Ja;,Jy)

$p! = / / v q7.dJ,
AQZC 'Y QO QZE,y(J:E) J ) — 1€

[1] J. Berg and F. Ruggero, Landau damping with two dimensional betatron tune spread, CERN SL-AP-96-71
(1996)
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lagrams
Landau damping of the impedance modes can be quantified by the dispersion
integral [1]:
_1 o0 o0 Jx d\ijyy(Jw7Jy)
Sp—1 — _ / —
Detuning with amplitude
(Octupoles magnets, machine non-
linearities)
Beam-beam (highly non-linear) modifies
Landau damping from octupoles
— Tracking is needed
[1] J. Berg and F. Ruggero, Landau damping with two dimensional betatron tune spread, CERN SL-AP-96-71
(1996)
[2] X. Buffat, EPFL Thesis 6321 (2015)
[3]

X. Buffat et al., Stability diagrams of colliding bea7ms in the Large Hadron Collider, PRSTAB 111002 (2014)
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In presence of diffusive mechanisms the particle distribution changes

Particle distribution [4,5]

g

~1 < oo J, e |

Detuning with amplitude

(Octupoles magnets, machine non-
linearities)

Beam-beam (highly non-linear) modifies
Landau damping from octupoles
— Tracking is needed

[4] C. Tambasco, EPFL Thesis 7867 (2017)
[5] C. Tambasco et al., Impact of incoherent effects on stability diagram at the LHC, IPAC TUPVAO31 2017
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Coherent modes (m=0) are not stabilized
as for Gaussian distribution case

.. GaUSSIan pemmmmm e

Parabolic

N. Mounet

Re(Q)
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Coherent modes (m=0) are not stabilized ste=d , : , ,
as for Gaussian distribution case — i" Negative Oct |
° DA=50+/-20C |
; _ | 40 |
° O'X_ZI mOde m_o 1 e 50
R tnms | 3AUSSIAN — 60| | DA below 5 o reduces
... ”fSlabilitydiagram[Gaussian]1or|sm=—lfm=—450A ’,“ e sl Stability diagram
—_ g ,
<) g |
£ | 0 Parabolic T ol !
1 |
© N. Mounet |
Re(Q) —0(.)0030 —0.6025 —0.6020 —0.6015 TO.(SOIO —0.6005 0.0600 0.0005

Re(AQ)
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Coherent modes (m=0) are not stabilized sped , : , |
as for Gaussian distribution case — §° Negative Oct |
° DA=50+/-20C |
; _ all — 40 |
° QIX_Z' mOdem_O 1 e o o 50
i:ll;:il:t:izr::[parabolic) lor I:ct=-lsm=-450A - GaUSSIan % ) R 60 DA beIOW 5 0 reduces
L. ***Slabilitydiagram[Gaussian]iorliclf—IEcl=—450A N PP 4l Stablllty dlagram
— g !
g e _ E :
£ | T o Parabolic T 2f |
. A :
A ~ N. Mounet |
0 T T T — 1 1
-0.0030 -0.0025 -0.0020 -0.0015 -0.0010 -0.0005 0.0000 0.0005
Re(Q) Re(AQ)

135

| Tracked particle distribution
8 (high octupole current)

120

105
4190
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Particle density [a.u.]
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CERN

\
NS

0.0000

Coherent modes (m=0) are not stabilized sped , : : |
as for Gaussian distribution case — §° Negative Oct |
° DA=50+/-20C |
. all = 40 [
o Q' -2, mode m-0 ) — 50
i(S]l;:il:;i:rZ?[parabolic) lor I:ct=_|5r,|=-450A GaUSSIan I 60 DA beIOW 5 0 reduces
L. ”*Slabilitydiagram[Gaussian]10r|:cli=—lga=—450A I S 4l Stablllty dlag ram
— | g ,
£ | T ; Parabolic T af |
I ~ N. Mounet |
0 T T T E— 1 1
-0.0030 -0.0025 -0.0020 -0.0015 -0.0010 -0.0005
Re(Q) Re(AQ)
18 — Z_Ole—3 ‘ ' ‘ :
e ; fatr ; 135 : Gaussian distribution
16¢ | Tracked particle distribution Hole due to [ cicTrack (1)

(high octupole current

)

120

0.0

1.5

0.5}

particle degradation

— SixTrack (V)

~1.0

0.0005
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Coherent modes (m=0) are not stabilized sped , : , |
as for Gaussian distribution case — ;" Negative Oct |
° DA=50+/-20C |
_ | 40 |
° O'X_zl mOde m_O 1 e - 50
N i:ll;:ultylr“::;?[paraboluc) for I;t=—lsm=-450A - GaUSSIan T - 60 DA beIOW 5 0 reduces
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le—3
2.0e=3 ‘ :

Gaussian distribution

Hole due to [ 2XTrack(H)
. . — SixTrack (V)
1 5|| particle degradation

| Tracked particle distribution
| (high octupole current
— — —

0.5}

" In case of diffusive mechanisms and/or reduced dynamic aperture with particle losses or
| redistribution - Effects on coherent stability

=SS —_—

|
|J\
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10l — He;d-On | E | |
Stronger for high brightness beams — offset /\
— ong rRange :
Deflection of a test particle due to the 5t
Beam-Beam force (incoherent): 3 '
210N 3 e °7 4 _—
roN x -— x
Yy r S M
l 4 8 12
Head-on Offset (sep ~ 0) Long range (LR) (sep >> 0)

10
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= Particles with different amplitudes
oscillate at different betatron
frequencies — detuning with
amplitude (tune spread)

= Each type of beam-beam
interaction (LR, HO) produces
different incoherent effects

iIncoherent effects

0.322}

0.320¢}

& 0.318}

0.316}

0.314}

Some sources of (transverse) tune spread:

CEfW
\
N V4

Tune Footprint with beam-beam

— Head-on

— Long range

— Head-on + long range and offset
e o Unperturbed tune

30

20

1o
core

0.304 0.306 0.308
Qx

O Beam-beam interaction (strongest)

O Octupole magnets = Used to provide Landau damping in the LHC

11
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= Particles with different amplitudes
oscillate at different betatron
frequencies — detuning with
amplitude (tune spread)

= Each type of beam-beam
interaction (LR, HO) produces
different incoherent effects

incoherent effects ‘{E/RW

0.322}

0.320¢}

& 0.318}

0.316}

0.314}

Some sources of (transverse) tune spread:

N/ S

Tune Footprint with beam-beam

Head-on

Long range

Head-on + long range and offset
Unperturbed tune

30

20

1o
core

0.304 0.306 0.308 0.310 0.312

Qx

O Beam-beam interaction (strongest)
O Octupole magnets = Used to provide Landau damping in the LHC

e ——— — = — ——

—

‘ Beam beam interactions modify the stablllty prowded by the Landau octupoles 1
— tracklng needed to evaluate effects (stablllty dlagram [3] and DA [4]) ‘

|
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operational cycle

[w] d
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[weaq/d ,7OTX ] AJiIsuaju] weag
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Injection
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FCC case (50 TeV)
1T : : le—4
0.330f | — Octupoles (LOF > 0) 2.5 . : . : :
ﬁ Octupoles (LOF < 0) |- — LOF >0
e P— LOF < O
2.00
0.325] |
—~ 1.5t
3
o)) -
£
0.320 ' 1.0
0.5}
0.315F<
NN N VT , , —-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
0.304 0.306 0.308 0.310 0312 0.314 0.316 Re(AQ) le-3

Q
Beam stability from octupoles magnets with negative and positive polarity
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0.330
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0.324¢

0.322
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0.318f
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Stability in presence of beam- CE/RW

\

beam long range (end of squeeze) ‘sZ-

BB LR separation:

FCC case (50 TeV) -
g Y- B
sep — QU
— ‘ ‘ le—4 €
— Octupoles (LOF > 0) 2.5 x x
Octupoles (LOF < 0) | — LOF >0
— Octupoles (LOF > 0) + BB long range | | LOF <O

0.306 0.308 0.310 0312 0.314

Qx

— Octupoles (LOF > 0) + BB long range

AN

0.0 .5
Re(AQ)

- Beam beam long range interaction (end of squeeze configuration) modifies
the stability provided by the Landau octupoles

- With positive octupole polarity and BB long range interactions, the stability
with negative polarity is recovered = impact on DA must to be taken into

account

14



Stability in presence of beam- CE/RW
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mesiowe:  peam long range (end of squeeze) VsZo

FCC case (50 TeV)
T '
0.330} | | — Octupoles (LOF > 0) > 5le—4 | |
— | | Octupoles (LOF < 0) | — LOE>0
J‘[‘ — Octupoles (LOF > 0) + BB long range LOF <O
| | — Octupoles (LOF < 0) + BB long range 5 ol — Octupoles (LOF > 0) + BB long range |
= ' — Octupoles (LOF < 0) + BB long range
0.325} |
—~ 1.5}
O
3 d
0.320} £
" 1.0
0.315F <
0304 0306 0308 0310 0312 0314 0316 —1.5 -1.0 -0.5 0.0 0.5 1.0 1e_13'5
Qx Re(AQ)

- With negative octupole polarity and BB long range interactions, the stability is
strongly reduced = the coherent impedance mode is not Landau damped
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Stability in presence of beam- CE/RW
mesiowe:  peam long range (end of squeeze) VsZo

FCC case (50 TeV)
1 T — T T T T
0.330} — Octupoles (LOF > 0) g > 5le—4 | |
— | Octupoles (LOF < 0) i — LOF >0
Octupoles (LOF > 0) + BB long range LOF <0
— Octupoles (LOF < 0) + BB long range 5 ol — Octupoles (LOF > 0) + BB long range
- -720 A 1609 Octupoles + BB long range [] ' — Octupoles (LOF < 0) + BB long range
0.325f | — -720 A ~1600 Octupoles + BB long range
—~ 1.5}
O
3 d
0.320} S
' 1.0
0.5
0.3154<
0304\" .c\>x3'(.>.:'6 53050310 0312 0314 0316 -1 -1.0 —0.5 0.0 0.5 1.0 1.5
. . . -QX . . . Re(AQ) le-3

- To compensate stability reduction with negative octupole polarity an increase of the
octupole strength is needed

16
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ot beam long range (end of squeeze ~Z
FCC case (50 TeV)
1 — T T T
0.330} —  Octupoles (LOF > 0) .
— | Octupoles (LOF < 0) ] 9.0 ' ' '
— | — Octupoles (LOF > 0) + BB long range 85 T Octupo:es + BB LR |
— Octupoles (LOF < 0) + BB long range ' —— Octupoles + BB LR + BB HO
* — -720 A 1600 Octupoles + BB long range || 8ol
0.325} | |
71.5¢
5 7.0}
o 3
0.320¢ < 65
' 6.0/
5.5}¢
0.315 \ // | 5.0}
\ Il"‘ /// 4 . 5 , , . . .
\\ =15 ~1.0 -0.5 0.0 0.5 1.0 1.5
0.304 0306 0308 0310 0312 0314 0316 Oct. Int. strength [m ]

Qx

- Beam-beam long range interactions excite resonances, according to the octupole polarity the
tune spread (Landau damping) increases or decreases with impact on DA

- Compensation of LR BB observed for negative octupoles

- DA is reduced in case of positive octupole polarity and beam-beam long range

17
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roaeervoentt raduction during the betatron squeeze

HL-LHC CASE (BASELINE SCENARIO 3°=70)

— Negative LOF

3.5 - 4.0
— Negative LOF
soll ——  Positive LOF | 35| ——  Positive LOF ||
3.0
2.5}
Correction .|
o %° betatron squeeze o betatron squeeze
+ § 2.0}
o 1.5
1.5}
1O N "~~~ ~""-----=--c====z===2zaaaa 10EEE S == s - - - - - - =g - = == = = = = = m mamaaa
*I ATS “IATS
0'(8).0 0.2 0.4 0.16 . 0.18 1.0 1.2 1.14
B [m]

1.4

0.6 0.8 1.0 1.2

B [m]
By applying a correction of the B-function of the 8% (ATS [7] contribution) in the arcs from

0'%.0 0.2 0.4

B'=70 cm the stability reduction is compensated

[7] S. Fartoukh, Achromatic telescopic squeezing scheme and application to the LHC and its luminosity

upgrade Phys. Rev. ST Accel. Beams 16
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Crossing angle scan at the IPs =+ Beam-beam long range separation scan to measure
beam-beam long range contribution to stability

— Fit
— 185urad

155urad |
135urad
115urad

‘ ) L‘”\W \\»"“ \ J.J‘\‘\ W/
VN LY ‘
\ “ l“q\\\i‘ M‘ " ‘\‘ M“ "iv‘ H"“"“‘v“h 1 Q B ' f ' d

2 'Jf'w i

Tune shift

| ‘\".""‘\‘\ )
H‘!‘ ‘l““; “\v
o.oM |
—0,5tL— : : : ‘
0.306 0.307 0.308 0.309 0.310 0.311 0.312 0.313
Oy

Tune spread [a.u.]

- Asymmetric tune spread and shifts in
horizontal/vertical planes

- Tune shifts are comparable with measured
tune shifts from beam-beam LR

le—-3
3f e e BTF Horizontal
2} e e BTF Vertical
1t — MAD-X Tune shift|]
Ok - - - - L L L L L L L L L L L L L _ @ _ 8 TTT/——— - -
-1}
—2L
-3}
10 x x
ol  ©® e e BTF Horizontal |-
8l ° e e BTF Vertical
7t ° o
6L (]
5¢ °
41
3t ]
2r ° o ° ° °
1 ! ! ! ! ! ! !
220 240 260 280 300 320 340 360 380
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Measured LR contribution on the stability
diagram as a function of crossing angle
step (bb LR separation) respect to EOS
(positive octupole polarity)

3.0 . :
o—e Model
e—e BTF Horizontal
25| e—e BTF Vertical
' #kk  AQ, =—0.001
—
(o)
N
@]
& 2.0}
©
©
()
_
o
wn 15¢
(D)
c
=
1.0+
0.5

9 10 11 12 13 14 15
Separation [o]

Amplitude [a.u]

=
o
T

o
(o3

115urad |
AQ=-0.001
AQ = +0.001 |]

o
o

©
=y
T

o
N

o©
o

Unexpected behavior respect to models

Dependence on working point

Not expected from models, it may have

strong impact on SD

— Other mechanisms should play a role
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Amplitude Detuning Tracked distribution

S
14 % —_
0.325¢+ . =}
e > Important effect visible for larger
53 = 1‘; L o 2 footprint (as in 2012 end of
0313 o ‘12°§ betatron squeeze)
0.310¢} QXZQy . 4' -
/ 2
038555 0300 0305 0310 0315 0320 % 3 4 6 b 1001 4 16 1
O« Jxle 1.0le=3
— SixTrack (H)
- Visible cut in the computed stability diagram — Z‘;‘I;i;kn‘z’lj)
- Strong effect on the particle distribution 081 -~ Gaussian (V) ||
—~ 0.6}
@4
d
£
T 0.4}
0.2
0013
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Vertical tune shift: AQy=-0.003

0.330+ — No coupling ||

— With coupling
0.325| : -~ Particles approach more the
T ¢ diagonal and the effects are

C70.320- 1125 % Stronger

8 | 100 O

0.315/ s g

1 | 475 2

0.310} . d 50 &

/QX—Qy | '25
0-38%95 0300 0305 0310 0315 0320 O g e 1 TiTo I8
Qx JX/S
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.(Pﬂ- 2012 Physics Run configuration at the (iERN

ECOLE POLYTECHNIQUE

FEDERALE DE LAUSANN end of betatron squeeze S

Vertical tune shift: AQy=-0.003

18

0.330} ' | ' — lNo couplinlg |
— With coupling 16 BN
o305 14 RN : -~ Particles approach more the
2E | o ¢ diagonal and the effects are
0.320¢ ] 10 Y. e s 1125 =
. w O WA g 2 stronger
o) A S | oo B J
0.315¢ 6 - | _ |5 ﬁ
5
0.310} B o | | W° °
/QX_QY 2 . . izs
0-38%95 0300 0305 0310 0315 0320 g e s D D e
Qx JX/S
4.0J.C_‘-I' :
e o Q'=2
3.5/|® ® Q=15
. : — SixTrack (H)
- Large effects of working point ol — sixTrack (v
L. . . — SixTrack (H) AQ, =-0.003
- Sharp cut visible in the vertical SD (0-3 0 51| — sixTrack (v) AQ, ——0.003

\'4

particles approach the diagonal)

- Modes can become unstable

' ;4 ;3 ;2 ;1
23 RE(AQ) le-3
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HL-LHC Baseline scenario

le-3

_ 1 '
20 = 1.5 — B1 | e—e |P1 sep
ISA — B2 | e—e |P5sep

i
(%))

4.8 o
15 14.2 ';' 1.0 ‘ 4_§
B © S
: 3.6 o g | 3 :‘;_
SRR R M, Yy
© — 0. D
:‘;- 2477 :%l I '{ I‘ ‘li’ Al 2'7;3
3 18 I MM[ ||,L M'nw”'urm v W ”M"lMWW 5
5
1.2 Mn
| fl
~ 0.6 dm Il ﬂllﬂ [ Mmli ” !l
76 77 80
00 —25 20 -15-10 05 00 05 1o 0 Time [min since 2015 09 14 06: 33 00.000]

RC(AQ) le-3
@ Two minima expected with negative polarity, one with positive octupole polarity [2, 3]
© The minimum is about 1.5-2 o separation

® Several instabilities observed at this moment: we need to pass through this minimum
very fast (LHC: ~40s)
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(W Measurements in the LHC in 2017 CE/RW

, \
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Expectation for central Octupole current A£
bunches (PySSD) —400  —200 00 400 .,
. 120 .
D P=
= E Q0 =
5 9 o) =
2 = 60 E
22 ) S
T 40 <
1
oMY 280 05 1.0 15 20 25 3.0 3.5

Bunch x 102

—4 —2 0 2 4
] X. Buffat, S. Antipov, E. Métral, S. Fartoukh

Octupole current [A

- The octupole scan is performed at the separation of minimum stability ~1.5 o

- The instability is expected at ~ -400 A — central bunches became unstable at -550 A
(end of the scan) which may be due to additional non-linearities

- Additional proof of the instability mechanism proposed and confirmed already in 2012
[2, 3] and observed e.q. last year during VdM scans for LHCb and ALICE (positive
oct. polarity)
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A Beam stability during the CE?W
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Beam-beam head-on: strongest non linearity — Largest stability of the beams
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Stability from electron lens 1
Electron lens comparable to bb head-on: ! ; %\g&! _
very effective to provide Landau damping i @
[6] when octupoles fail (as FCC at injection 5.
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Landau damping of head-tail modes is modified in presence of beam-beam interactions, it
Is important to study the stability during the full operational cycle:

At the end of squeeze, BB long range interactions reduce or increase stability according
to octupole polarity — impact on DA must be taken into account

Compensation of BB LR observed with negative octupole polarity (larger DA): tune
spread can be recovered by increasing the effectiveness of the octupoles (current, -
function)

BTF measurements in presence of long range interactions showed different behavior w.r.t.
models: linear coupling + high octupole current and beam-beam provoke frequency
cut and diffusive mechanisms that reduce Landau damping and produce important H-V
asymmetry > measured for the first time

During the collapse of the separation bumps a minimum of stability is expected (1.5 ~ 2
0): instability mechanism already observed (op scans, snowflake instability) but an
additional proof was provided by a recent 2017 MD with a scan of octupoles current

In collisions the stability is maximum, the head-on tune spread affect mostly the core of
the beam providing maximum Landau damping (as principle of the electron lens)
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BN(P\W Fitting method to reconstruct Stability CE/RW

SRR B LS Diagram from measurements S
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BE(P(\Wl Stability diagram reconstructed CE/RW
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Tune spread given by Landau octupoles and lattice non linearities

Horizontal plane Vertical plane
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Phase [rad]
Phase [rad]
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For the largest octupole strength (26 A) larger spread in the horizontal plane, smaller in the
vertical plane
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Tune spread given by Landau octupoles and lattice non linearities

Horizontal plane Vertical plane
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For the largest octupole strength (26 A) larger spread in the horizontal plane, smaller in the
vertical plane
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Frequency distribution at injection CE/RW
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(W Octupole scan at injection: CE/RW
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wocoeoni: — @vValuation of beam tune spread SZA

= Fitting method to compare
~ Model (Wt 65 A) measurements and expectations from
¢—¢ BTF measurements H model (tune spread factor)
| @@ BTF measurements V y _ _ _
= Case with no octupoles: consistent with
optics measurements in the 2015
= Linear trend reproduced
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case: 6.5 A
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Octupole current [A]
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Octupole scan at injection: CERN
waoinoane — @valuation of beam tune spread 7

= Fitting method to compare
 Model wrt65A) | | | measurements and expectations from
¢—¢ BTF measurements H model (tune spread factor)
5-| e BTF measurements V _ _ _
= Case with no octupoles: consistent with
optics measurements in the 2015
= Linear trend reproduced

Losses observed in the vertical plane
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wocoeoni: — @vValuation of beam tune spread SZA
= Fitting method to compare
= Model wrt 65A) | | | measurements and expectations from
|| oo or measuremens | model (tune spread factor)

= Case with no octupoles: consistent with
optics measurements in the 2015
= Linear trend reproduced
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Octupole scan at injection: CE/RW
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Octupole current [A]
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Losses observed as a function of octupole
strength due to a reduction of DA

— Increasing the tune spread is beneficial for 21
Landau damping as long as any diffusion
mechanism is not present 05 15 30 5 3

Current [A]

40



\

BN\ Frequency distribution at injection CE/RW
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with linear coupling 7

Effect of linear coupling: coupled motion between H-V plane
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[6] L. Carver et al., Destabilising effect of
linear coupling in the LHC, Proceedings of
IPAC 2017, Copenhagen, Denmark (2017)



B\l Frequency distribution at injection CE/RW
R with linear coupling S

Effect of linear coupling: coupled motion between H-V plane
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