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Schottky signals
with collective effects
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3 Schottky Signals

W.Schottky 1918: random fluctuations due to uncorrelated arrival of charges.
For beams in accelerator: signal due to discrete particles.

Longitudinal (Sum) Schottky signal:>=T+B
Transverse (Delta) Schottky signal: A=T-B
Without collective effects:

P 2, 3 o)

m=—0oQ Um,w
#£0
Gives f,, momentum spread Awo/wy=-n Ap/p
4P(Q) rms o,=8p/p
O = |1l [0, W is the lattice-related tune
> — distribution; here the

momentum distribution
Q S.Chattopadhyay, CERN 84-11 (1984)
F.Caspers, CAS Dourdan 2008, p.407

(m-1)f, mf, (m+1)f,




Schottky Signals

;

Longitudinal (Sum) Schottky signal: 2=T+B
Transverse (Delta) Schottky signal:A=T-B

Without collective effects:

Py(2) =

Dw(

n_

o

0

W is the lattice-related tune distribution.
Gives the tune, chromaticity, tune shifts

2Qsfo O~ _ op
4P(Q) — fo p
ﬂ - -
fo. p
A ‘ sidebands
‘ | [s o

(m-1)f, mf, (m+1)f,

§

—[n(m — Qs + Q7_7)

§

Plyim +Qp — Q%)

U

Q; is the fractional
part of the tune;
(Q=4.3, Q;=0.3)
AQ =¢§Q Ap/p

S.Chattopadhyay, CERN 84-11 (1984)
F.Caspers, CAS Dourdan 2008, p.407




| Schottky Signals
| .
Example:

Xe*®* jons in SIS18 at GSI:
m=20, Q,=4.3, measured § =-1.3
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The case with space
charge: how the tune

spread affects the
Schottky side bands?

Vertical Tune Qy
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Tune diagram with space charge
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The Schottky sidebands transform at high intensities

N, =1.1-10% -
N, =3.9-10°

N, =45 108

10.61 10.62 10.63 10.64
f/ MHz
Lower sidebands for m=50, Ar'8 beams in SIS18 at GSI, f,=214 kHz
S.Paret, V.Kornilov, O.Boine-Frankenheim, PRSTAB 13, 022802 (2010)

In order to understand and to use these transformations,

we need the Beam Transfer Function R(Q)




Schottky Signals at High ‘I,n‘tensity

Transverse unbunched Schottky noise
without collective interactions (incoherent Po (Q) =DV
frequencies of uncorrelated particles) n — QO

Po

With an impedance: P = s(ﬂ) =1+ ’I,Z'LRO(Q)

]2
S.Chattopadhyay, CERN 84-11 (1984)
N.Dikansky, D.Pestrikov, Physics of Intense Beams and Storage Rings (1994)

what about space charge?
just include space-charge as an impedance?

WRONG

D.Pestrikov, NIM 578, 65 (2007)
0O.Boine-Frankenheim, V.Kornilov, S.Paret, PRSTAB 11, 074202 (2008)




Py ()
e(2)[*

P(R) =

/

for an impedance

P (Q) = Po(Q)
e =1+1iZ Ry(Q)

~

\
4 for space charge

POA(Q) p— Po(ﬂ — Awsc)
e =1+ XR()(Q — Awsc)

.

N

J

P (f)

0.8

0.6

0.4

lower
sideband

imaginary

| AQ.

X
0Q;

4
i "
with external ;

impedance =

1 with space charge —
1 (x=-1)

% without

% collective

- interactions
)

frequency
AQ=(Q-(m-Qy)fo)/f,
6Qg=|mn-(Qin-Qu¢) [ 8p/p

Space-Charge: no total shift + deformation to the opposite side

Again: fundamental differences between impedance (ext coh) and space-charge (int incoh)
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Schottky Signals at Hl-gh‘,\lpte/ASIty
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8l N, =1.1-10'° AQ,=-0.053  §,=0.78x1073
[ N,=39-10°
N AQ,=-0.019  §,=0.67x107
i N, =4.5-10%
= | |AQ,|<0.002  6,=0.28x10"
o 4f
oL
ok

10.61 10.62 10.63 10.64
f/ MHz
Lower sidebands for m=50, Ar!®* beams in SIS18 at GSI, f,=214 kHz
S.Paret, V.Kornilov, O.Boine-Frankenheim, PRSTAB 13, 022802 (2010)

From the sideband deformation and shift,
the space-charge tune shift and/or the impedance can be determined
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Schottky Signals at Hl-gh.lnte;/éSIty
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Also the longitudinal (the sum) Schottky spectrum is distorted by collective interactions.

Here: examples for space charge .

Dashed line is the FITTED curve

1‘{} TT T T T T 17171 | TT T T T T T 171 | TT T 1T 1rrrrr I TTrrrr TT | TTr T T 1T T T 17T | TTTTTT T T
i NZHSC ]
L e X T oA
s Cooled (Ap/ p) |
- Arl® beam -
) 6 Ny<Ny<NgN <N <N inthe ESR ]
(1Z,(Q )?) (no. of particles osl- at GSI Darmstadt i
4 associated with 7T i
curves 1-6) 5 T i
—=5Q, I i
02— —
S Q I | ]
nuy .
-AQ ) ———(AQ) - : \ .
Q;:I"IUO-AQ“ ( " ( n Q:\:MO*AQ'\ 0L 111 1 ek el 1 A v v b |l |V\T'+- PR B SRS I A AN A A
51.04B0 51.0490 51.0500 51.0510 51.052D 51.0530 51.054(
Frequency [MHz]
S.Chattopadhyay, CERN 84-11 (1984) U. Schaaf, PhD thesis, Uni. Frankfurt (1991)
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Transverse spectra
in bunches
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Transverse Spectrumqn\Bh jches ;
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Transverse and longitudinal Sideband ((m*Qy) f,)
oscillations in a bunch in the transverse spectrum
Qs 1 T T T N T T T
- 09 . f’ ‘" _
0g L coasting K % |
5 o7|  beam ¢ 5 .
= ' v %
Qy S 06 ; \“ -
Q. is the synchrotron tune E 05 £ .
_ 5 04 s % -
QS - fS/fO § 03 | ’ “ -
. n ) .'I AN
for example: oo L y; N |
f,=200kHz, f.=1kHz, Q_.=0.005 0.1 F _,])( j\\ T

AQ = Af/f,, Af =f - (mzQy) f, ke-3 Kk=—2 k=_1A Qk/=%s k=1 k=2 k=3

The k=0 line normally dominates, but the |k|>0 lines can also be measured.
Gives the tune, chromaticity, coherent (Z) tune shifts, Q,
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Transverse Sp ctrumeln BL hes

-70

751 T

— n

Transverse and longitudinal

oscillations in a bunch
Q

A IHM il

horizonal amplitude (dB)

Q. is the synchrotron tune _;::M‘ h W \ 'F'J."vuul '\\ L WQIW"
QS - fs/ fO E 5 s 5 = ¢

for example: 15 ex engan o B
fo=200kHz, f;=1kHz, Q;=0.005 Transverse spectrum in LHC, 3.5TeV, Q.=0.002

E.Metral, B.Salvant, N.Monet, IPAC2011
AQ = Af/f,, Af=f-(m+Q)f,

The k=0 line normally dominates, but the |k|>0 lines can also be measured.
Gives the tune, chromaticity, coherent (Z) tune shifts, Q,

Bunch spectrum is distorted by collective interaction
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- Space Charge in Bunches
‘ .

The airbag model for arbitrary space-charge
M.Blaskiewicz, PRSTAB 1, 044201 (1998)

AQk _ AQSC + \/Afgc I szg

2 \ |
\
0=
~~~~~ The space charge
I B N arameter for bunches
9 -2 ’~~~ k=+2 7] p
R R k=+1
< N
E _4 - NGO k=o _ AQSC
~~~~~~~ incoherent tune q = Q
6 k=-2 ~~~~~~ 7] s
-8 I J
0 2 4 6 8 10

q =-AQq / Qg
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Spectrum Power

Spectrum Power
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The k=0 line is not affected by space charge
The line distance is not Q., more difficult to resolve

The incoherent tune is at (-q)
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Space Charge + Impedance in Bunches
, |

The effect of a coherent tune shift (imaginary impedance) in the airbag theory

AQy =

Re(AQ) / Qg

q=-AQ./ Qg

O.Boine-Frankenheim, V.Kornilov, PRSTAB 12, 114201 (2009)

AQsc + AQcoh \/

(AQcoh - AQsc)2

Re(AQ) / Qg

jlkz 2
4 @

AQcoh = 0.5 AO~sc

q=-AQg./ Qg

17
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Space Charge + Impe.da@;zeyé Bunches

\

k=-3 k=-2 k=-1 k=0 k=1 k=2 k=3 k=-3 k=-2 k=-1 k=0 k=1 k=2 k=3

1 T T T T T T 1 T T T T T T T
09 g 09 . AQSC
08 | - - 08 | - g —
5 07f q_o 1 & o7 q_l , q - Q
£ 06 41 & os6f §
E 05f E o05f g S
8 o4l ‘ 1 8§ oaf 1 ) g
& 03 1 & o3¢t -
02t . 02| g
L A A L A \ ] o A I A N example here:
4 3 2 41 0 1 2 3 4 4 3 =2 -1 0 1 2 3 4 AQ O 5 AQ
AQ/Q AQ/ Qg = .
1 T T T T T T 1 T T T T T T COh SC
09 | . 09 | .
08 | - . 08 | -
5 o7f =2 1 8 o7f =6
S o6} 1 S osf
E os| E osf
§ 04 | ﬁ 1 { § 04 F WL
& 03} & o3f
. _A | | | A | A | ' I | l A A

 The k=0 line is shifted by AQ

coh

 The |k|>0 lines are shifted by both space charge and impedance
 The |k|>0 lines: it is not just everything shifted by AQ

coh

=== I
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- Space Charge in Bun\Qﬁeﬁ/ ==
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The space-charge tune shifts of the lines in the bunch

spectrum can also be measured

| | | | | |
®  01F
C
-]
_e' L
S 0.01F k=
5 L
=
8 L
= 0001
3 i
5 _
8 0.0001
@) : :

5 4 -3 2 1

Q/ Qg

Ari8* bunches in SIS18 at GSI Darmstadt, Q.=0.0032, g=4.5
V.Kornilov, O.Boine-Frankenheim, PRSTAB 15, 114201 (2012)
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Quadrupole Pickup

2=L+T+R+B
A=R-L
A~=T-B
K=T+B-R-L

Beam Quadrupole moment:

2 2 2 2
k=0, — 0o, +(x)" — (y)
Beam width oscillations, lines at (m+2Q,)

Also used to measure

the transverse emittances
(2 pickups needed)

First measurements were
at SLAC, R.Miller, et.al. PAC1983

B
25 ¢ 1 07 ¢
06
20 | ¢ b
_ b 05t
g
3 15 ¢ 1 04}
5
T !l | 03t
02t
» 057 QPUs —e— | .| ]
WS H54 o ' QPUs @ —
0 WS H64 —=— 0 WS V65 —=—
Horizontal Vertical

Comparison of the transverse emittance
measurements using the quadrupole pickup
and the wire scanner in CERN PS,
A.Jansson, PRSTAB 5, 072803 (2002)
I=5= i

20



Shift of the quadrupolar line due to space

charge: a diagnostics which directly rely on a
high-intensity effect

a,

1
Qcoh.l _ 2Q0.x = ——(3— Ach .x

2 a+a

The quadrupole sidebands are strongly

N=4.5x10% || N=2.9x10%° | | no space-charge

AN

LA

Quadrupole
sidebands
measured
in SIS18 at GSI,
R.Bar 98

P i e Bkt s} 'A - 23 " 1 PR
1142 1144 1146 1148 1150 1152 1154

freauencv [kHz)

Number of ions (x10'%)
0 1 2 3 4 5 6 7 8 9 10

Landau damped: a dedicated quadrupole 50 10—
. . y :
exciter is needed St Horizontal mode =
001 F €, =200t mm mrad ] 2 g.<_ié‘--
_ 142
002 | g
16 &
W.Hardt, CERN ISR/Int 300 GS/66.2 (1966) 003 L ]
R.Bir, et.al., NIMA 415, 460, (1998) [ 1
R.Singh, et.al., IBIC2014 [ N
@
5= 1L

21
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£- Profile Monitors
i\ . ) A

An example for a diagnostics with

distorted signals due to space charge

lonization Profile Monitor (IPM) /Collector A \

V=V0 EO !

The beam ionizes the atoms of the lon trajectory

rest gas - ions - detected on a c
collector. T

E

space charge

The field of beam space-charge
deflects the ions and distort the
resulting profiles. V=0

22
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c Profile Monitors.

i

7 v
4 . '

Two examples for the IPM usage with beam space-charge

90% Beam Width vs. Drift Electrode Volts 5.0 7
|+Theory -= Simulations  Experimental data| - i
E 4.0 - 1¢C TP
g 01677 £ 5 e linear
w .
§ 015 *"‘w 5 10 4 regime
2 \“ a accuracy o e
R® 0.14 > collapses
& \&t < 2.0 - P
3 0.13 l\kr =
.§ 0.12 - (o -
o g
0.11 . . ; :
5.0 25.0 45.0 65.0 85.0 105.0 0.0 : ; : .
Electrode voltage kV i 20 8
TRUE SIZE (mm)
Effect of space-charge on IPM in ISIS at RAL, UK Model for IPM measurements in AGS

B.Pine, C.Warsop, S.Payne, EPAC2006

bunched beams. R.Thern, PAC1987

The measured/true beam size model depends on IPM design, bunch parameters,

and can give accurate results

23



Collective effects in the longitudinal plane:
space-charge, beam loading, impedances.

Need to be taken into account for operation

The space-charge voltage changes
the bucket potential, the line
density and the particle
synchrotron frequency

O
0z
Beam induced voltage adds to the

generator voltage and changes
the resulting cavity voltage

Vie(2) x —N,,

Vb X —NpRs

V,,: Beam-induced rf voltage.

V: Net voltage seen by the bunch.

V~: Voltage before the beam passage.
V*:Voltage after the beam passage.

I

1-98
8355A135

<|l

D. Boussard, Handbook of Acc.
Physics and Eng., 2013, 2.4.3

24
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Longitudinal Phase S-page*Tg{mography

———— 1D bunch
Z /@\ profile data
> /—\\\
-400 -200 0 200 400 -{i:;l)e
Energy with space-charge Enerpy
MeV) taken into account MeV)  Without space-charge
1f e e/eVs 1 = e/eVs
/ \ 1.26 1013 / \ 1.12 1013
05¢ 05 ;
0t - 0 -
05} . 05 ]
-1 _\\\:__‘_—___':/f/ : 0. 1 \ _/ : 0.
] Time M. Time
-400 -200 0 200 400 (ns) 400 -200 0 200 400 (ns)
Phase space reconstruction for a CERN PS Booster bunch, 6.5x10'?p, 100 MeV

S.Hancock, M.Lindroos, S.Koscielniak, PRSTAB 3, 124202 (2000)

Effect of space-charge must be taken into account for a correct reconstruction

25



Decoherence

K.Y.Ng, Physics of Intensity Dependent Beam Instabilities, 2006
A.Hofmann, Proc. CAS 2003, CERN-2006-002

A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993
A.W. Chao, et al, SSC-N-360 (1987)

26



Decoherence
i‘ i A

Collective beam oscillations after a short (one turn or shorter) kick

A bunched beam Ar18+*in SIS18.
Transverse signal after a kick

T T T T T

e Usually the beam
displacement is comparable
to the beam size

* In reality, signals can be
very complicated

e A common diagnostics

* Decoherence is a process
affected by many effects

©
o (&)}

S
o

Bunch Offset (arb. units)

| | |
0 1000 2000 3000 4000 5000 6000

-1 !

time (turns)

V.Kornilov, O.Boine-F., PRSTAB 15, 114201 (2012)

27
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Pulse Response =
_

1 N
0.8 |
ol x) 8 particles with
_ 02} different frequencies
04 |
-0.6 - Betatron oscillations:
'0;? I frequency spread
0 5 10 . 15 20 5w — Qogwodp
(z(t))
g(t) =
Lo
g(t) = / f(w) cos(wt)dw
g(t) = Fourier™ {R(w) — / R(w)e "“tdw

The Pulse Response is the Fourier image of BTF .

28



Beam offset
oscillations
decay
Beam size
Increases
(blow-up)




Y e

‘Phase-Mixing, Coasting Beam
| |

Gaussian Distribution Lorentz Distribution
1 1
X 05 X 05
5 5 ‘
: e |
& 05| 1 & -05]
Q,=10.3, §=1, §,=0.5x1073 Q,=10.3, §=1, §,=0.5x1073
-1 | | | l -1 | | |
0 2 4 6 8 10 0 2 4 6 8 10
Turn Number Turn Number
1 2 2 1 1
Flog) = o= ™™ flwp) = VI
2mow T dw 1l + wj/dw
— 242 —
g(t) = e %" /2cos(wpt) g(t) = e °*cos(wst)

This is the case without any collective interactions:

phase-mixing of non-correlated particles




Due to the particle synchrotron motion,
the initial positions return after a synchrotron period

A(N) = A, exp{—2(€cz206p sin(WQsN))z}

S

In literature, named as “decoherence” and “recoherence”
=

1 L!{ . ‘
. H.‘ in dashed lines:
£=0.5 g 057 ‘n. 1 amplitude
14 B e |
¢=1.4 S 0 ﬂ ﬂ solid lines:
N.=100 S o5 | offset
3 -0

Q.=0.01

-1 L L L N

0 50 100 150 200

time (turns)

In reality, the decoherence is very different (other effects)
@
IE== 1L
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From the decoherence signals can be extracted:
betatron tunes, synchrotron tune, momentum spread, chromaticity

D.Cocq, O.Jones, H.Schmickler, Proc. BIW98
V.Kornilov, O.Boine-Frankenheim, Proc. HB2010, paper MOPD21

80— [T
I X |

1.5} x 1

—_ 1 >2< i
g : X : I S xxx
39“40? X “&x 1210 XWW ‘-
< S . [ 3 " A@Z)ht(N)

:  QoAT 1 —cos(2TNQy)

D
o
—
I

S
s,
E

This is ideal case: in reality, the decoherence is often different

(other effects), ¢ determination is not possible




Chromaticity

Landau Damping Decoherence Space-charge

Phase-mixing Image charges

Impedances

Other nonlinearities

After a kick, we observe the decoherence,
which is a mixture of effects.
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Measurements and analysis of the decoherence provides
knowledge about the machine and beam conditions

2
g
o)
<
o
§ Measurements
(an]
o 1000 2000 3000 4000 _ 5000  eoco V.Kornilov, 0.Boine-F.,
time (turns) PRSTAB 15, 114201 (2012)

SIS18, GSI, long-time decoherence:

mix of head-tail modes and Landau damping




Measurements and analysis of the decoherence provides
knowledge about the machine and beam conditions

= Qsc =9, Qeff =1.3

= = (sc =D, Qeff =1.3
0.0 '

0 50 100 150
turns

200

Measurements (fill lines)
Simulations (dashed line)

I.Karpov, et al, PRAB 19,
124201 (2016)

SI1S18, GSI, short-time decoherence:

dominated by space charge and ¢




Instabilities

Handbook of Acc. Physics and Eng., 2013, Subject Index: Collective Instabilities

K.Y.Ng, Physics of Intensity Dependent Beam Instabilities, 2006

A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993

E. Metral, et.al., Beam Instabilities in Hadron Synchrotrons, IEEE Trans. Nucl. Sci., 63, 1001 (2016)

[ ]
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- Coasting Beam In‘stavpi‘li

CL’(S, t) — woeins/R—iQt

n is the mode index.
Wave length: C/n
Frequencies:

slow wave Q3 = (n — Qg)wo

fast wave Qy = (n+ Qp)wo

Angular rotation (Q,):

Qang (1 — %) &Wo

37
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~ Coasting Beam Instablllty

g
8
3
e ' AP
T 3
025 030 035 040 045 050 055 060
time (sec)
1.5;' TN A AN
f o :‘f: 1’0:
A . g 05}
4 a'u;"-' -~ *:‘@ &A\« | :'E;O'O;
S 05f
£ C
SI518 synchrotron at GSI Darmstadt g 1ol
Ry | | | | |
0 1 2 3 4 5
V. Kornilov, O. Boine-Frankenheim, time (turns)
GSI-Acc-Note-2009-008, GSI Darmstadt (2009) n=4 unstable mode, Chromaticity
control, measured the impedance
@
E=SI
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Head-Tail I'\V/Ic}de‘s,»i

Bunch transverse eigenmodes: 03

head-tail modes 02+
01 F

the mode index kK = number of 0

nodes;
wiggles inside: due to the
chromaticity

01 F

local dipole moment

-02 |

if unstable:
* no threshold
* exponential growth e?

Useful as a tool:

* identify the ring impedances

* J|earn a lot about transverse
dynamics in your machine

local dipole moment
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Head-Tail I'\V/Ic}de‘s,»i

A theory: F. Sacherer 1974, CERN

k=0 AN AWAY

AV
e LN\
VIR

mode m=0 m=1 m=2 m=0 m=1 m=2 m=0 m=1 m=2
a)X=0radian b)X =5radians c)X.:Qradi ans

A-signal « pm(t)e‘w)gtllbJ 2mkQ

40
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Head-Tail Modes

F. Sacherer 1974
Y 3(—1)Z(wp)he(wp — we)
AQp
1 k Z hk(wp — w€)
Wp = (p+ Qo)wo + kw,

_ IoGion <+—ReZ; (w)
4mymcQowy T stable “"‘,» +
——r ;1111//
(w)
l unstable




: Head-Tail Modes

Instability observations in the ISIS synchrotron (RAL, UK)

008 1 1 1 1 1 1 1 1 1
@ 0.06
S 0.04
g 0.02
0.1 T T T T T T T T : 0 [
0.08 % -0.02
. g o0 ® 004
Qv above 3.86: 5 004 <
. g 0.02 b E -0.06
Strong vertical s o @ -0.08 k=1 mode
. . 3 -0.02 -0.1 1 ] 1 1 1 1 ] 1
oscillations 7 oo0s 0 0.05 0.1 0.15 0.2 025 0.3 0.35 0.4 0.45
% -0.06 At (us)
and Losses o008 ]
0.25
_01 1 1 1 1 1 1 1 1 —
16 1.7 18 1.9 2 21 22 23 24 25 _.2 0.2
Time (ms) S
N,...=8.2e12 2 o
g 8 < o
5 075 % 0.05
. 2 O .
growth time t=0.1ms = o; I
% 0.65 >
£ o -005
. £ 0.6 RIS
V.Kornilov, et al, HB2014 g -0.1 '
085 I T 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
0-51.6 1.7 18 19 2 21 22 23 24 25 At (],lS)
Time (ms) @
==l —
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: Head-Tail Modes
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Instability observations in the PSB, CERN

Once the transverse feedback
system is switched off: strong
transverse oscillations and
losses.

Instability growth time 1=0.5 ms

Operation in 2rf-1rf modes,
emittance issues.

V. Kornilov, et al, CERN-ATS-Note-2013-038
MD, (2013)

A PU Signal (arb. units)

¥ PU Signal (arb. units)

ON = O =N WD O,

At (us)

0O 01 02 03 04 05 06 07 08 09

At (us)
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Instability observations in the LHC, CERN

r— |
S |
S,
A |
x|
V|

" Measured instability™\-
rise-time=98s

22:46:00 )|

E.Metral, et. al., IPAC2011
E.Metral, et. al., HB2016

Time [s]

Operation improvements: octupole-damper—-chromaticity
configuration, the roles of coupling, e-cloud
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Vertical signals from the SPS
Head-Tail monitor (left) in
comparison with the
simulations (right):
Transverse Mode Coupling
Instability (TMCI)

—> Optimization of the SPS
lattice: from Q26 to Q20.
Advances for the LIU.

Ay (a.u)

Ay (a.u)

Ay(au)

-1

T

1 v -
ﬁ.oaeaVs
N«28x10" po

Q26 (measurement)|-«, = 035 evs

‘Nw2ax10" pb

Q26 (simulation)

PR SRS TP
:I-ufzaoVs i

N« 4.0x10" po

‘Nwd.x10" pb

AT PN
Q20 (measurement)].c =030 evs

"N w22x10" pb

-5, - 0.30 eVs '

2

0
Time (ns)

H. Bartosik et al, IPAC2014

0
Time (ns)

45
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Ay (a.u.)

Generally, observing & analyzing
the instabilities is a powerful
instrument for understanding
and improving the accelerator
operation.
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