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Beam

Instrumentation Diagnostics
Instruments and signal * Orbit along the machine
processing for: * Beta Functions, Dispersion

* Tunes Q,, Q, Q,, Chromaticities, y,
* Momentum Spread

* Beam Position

* Beam Spectra * Beam Distributions: 6D

* Beam Profiles * Beam Sizes: transverse, longitudinal
* Beam Intensity * Tune Shifts

* Losses * Performance, Luminosity, Losses

* Input for Feedback Systems

Both in perfect match: essential for the machine operation

Understanding of the physical basis is necessary at every stage
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What happens at high intensities?

Instrumentation issues (e.g. overheated wires)

v’ Stronger signals
v’ Better Signal-to-Noise ratios

But: Distorted Signals

Signals are distorted, but the Signals are different, because the
physical origin did not change physical origin has changed

Some diagnostic methods are not
possible at high intensities

Some diagnostic methods get
enriched by new opportunities

®
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What happens
Horizontal beta function for SIS18

with/without space-charge, solution of the
system of envelope equations for g,(s), o,(s), D(s)

at high intensities?

Beam parameters, machine settings, 13 | | T | | .
and ion optics can be changed, for 13 K_12 107, 8,0 ——

example: | 12 K=12107, 5, 4103 .......

. examplie -
* the lattice can be changed; P -~ = 1(‘) ]
» particle/beam oscillation £ g i

frequencies are changed
 beam loading: different rf-buckets

Some measurements should be done at

low intensities M. Reiser, Theory and Design of Charged Particle Beams
M. Venturini, M. Reiser, PRL 81, 96 (1998)
Here: calculations for SIS18, A.Andreev, GSI 2014

Many diagnostics can be used at high intensities,

and even offer new oportunities
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Coherent
oscillations

.!g!:‘l

Incoherent
oscillations

Kicker

Static beam

I Coherent oscillation I

Frequency
(n—Q) ®

Test particle trajectory
Pulse <1 turn

Picture from K.Schindl, CAS2000, Greece, CERN-2005-004
== i —
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Interactions Particle-Beam-Facility

incoherent coherent
!
@) coh
\
-
1 1 l _
inc — 0 = I inc + F {'Dh F F coh
N\ J
/ example 1: facility components \
e Octupele magnets Excitation ‘
x=09/6(-y xy) by a 1-turn kicker ld lE(t)
B,=a/6 (x* - 3xy?)
y _ of a mode Q,
Related to magnet axis ‘
this example:
changes the individual particle oscillation, beam oscillation as a whole with Q.
\ does not shift the coherent tune does not shift the incoherent tunes
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Interactions Particle-Beam

y
!

—Facility

incoherent coherent

! \
Qcoh
N J
4 : . )
interactions

1 _ 1 _ pl 1 Ll — pl
L Finc =0 F= = Finc + Fcoh B = Fc::uh )
example 2: space charge forces Round pipe \

Self-field space charge

Related to beam center
(moves with the beam)

changes the individual tunes Q.
does not shift Q_,

o

affects the beam as a whole, shifts Q_,,

does not shift Q,. /
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WY 7 N o =
jxlnten5|ty Eff \t§ & TQUHQ‘ Shifts

Dipolar wakes: F,,~ Ax,

(driving) the same for the whole trailing slice: coherent

Quadrupolar wakes: F,, ~ Ax,
(detuning) different for individual particles: incoherent

experiences the wake field

\\
o & i . Ax; |
Ax,
trailing leading
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Simplified reminder

Incoherent Coherent
tune shift tune shift
IOqion .
AQcon = iZ+
AQsc = —¢ga AorpH Qeon ArymeQowo
4~332%¢, Re(AQcon) = & Im( Z(ic .
Im(AQcn) = K Re(Zj;{t)

e Space-charge tune shift depends on amplitude: different for every particle
impedance {- Imaginary impedances shift the coherent frequency
measurements {»  Real Impedances drive instabilities (x) = x, exp{ Im(AQ_,,) t }

* Bunches: effective impedance (convolution with the bunch spectrum)

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 9



| NE

Intensity Effgctﬁ & Tun@‘ |

ll...‘{

Compare the incoherent (space-charge) tune shift and

the coherent (due to impedance) tune shift
crz 1
AoTp 14

A 1 R
AQsc — OTr QO AQcoh —
YQo VB 4€4n Qo Zo/ R

both depend linearly on the intensity
decrease at the ramp as 1/y
space-charge: additional 1/yp

[ ]
€ - Normalized Special impedance: image charges

" rms emittance
r,=q%/(4me,mc?) ZJ_ o .ZOngeom
IC — Tt 5 572
B%v*h

Z,=1/(g,cC)

decreases faster than space-charge: 1/y?B?
related to space-charge: induced fields in the pipe

should not be confused with space-charge
== 1L
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 Intensity Effects & “'I;un@\i

Shifts

!....ﬁ

LV stope = -0.002070 +/- 0.000019 023 [
o 020
R sk H slope = 0.000000 +/- 0.000008
. "“.
er \0 010k
T aos |-
015 - 5:’ -
91‘ s G 000 -e——eae o -
T o0
~ - 008
-1025 | ol
-3 PR SR S ST SR SAN UPUDY IV PR SR T SN S SR SN ST S S 1 F o o o o o ‘
030 - 5 4 6 8 (0 -0l 50 - ; ; ; I,O

i010 protons per bunch 1010 protons per bunch

Single bunch tune measurements at the CERN SPS, J.Gareyte, EPAC2002

What has been measured?

The horizontal impedance was surely non-zero.
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Intensity Effects & Tune Shifts
m

Laslett coefficients for coasting beams: 0.7 5 ' ' '
n/16 b, /b, > 1
0.6 F oyl O
AQ . CA 61 ) \war p|pe
inc 0 p2 2 05F|b,/b>0
2 -% parallel plates &y
coh — (A0 83
h?2 72]12 > 03
(@)
©
) £ 02
¢, : symmetries, coherent
0.1
€, : unsymmetries, incoherent
0

02 03 04 05 06 07 08 0.9 1

1/y? : E-B cancellation
b, / b,

Elliptical pipe, h=b, is the half-height.

Perfectly conducting pipe. Handbook of Acc. Physics and Eng. 2013, 2.4.5

K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006

Different terms for: o P.Bryant, CAS1986, CERN 87-10, p.62
Low frequencies (ac magnetic field)
Magnet poles 2’rpR2
Partial neutralization C _—

B2vQo .
E=I
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Intensity Effects & Tu ng"Sh"ifts

e”iptical pipe

Laslett coefficients for coasting beams: 0.7 2/ ' ' :
o6 n/16 b, /b, 1
€1 a —————__|_circular pipe ||
A . pu— _ A —_ e —
Qinc CAo h2 2 05F|b,/b>0
2 3 parallel plates gy
AQ ho| DSt S g o
— — O
coh 0 h2 ’72h2 % 0.3
o
E 02
For bunched beams (B=/,,//,..): .
AQ Cho (8% + |
. = —CAp — 0
e h?2 B~? 02 03 04 05 06 07 08 09 1
0 b, / b,
Fe | & t
AQcoh — _CAO +

h? B~2h? SPS pipes

The bunching factor, the cancellation, B2

_ _ Handbook of Acc. Physics and Eng. 2013, 2.4.5
appear in a non-straightforward way K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
P.Bryant, CAS1986, CERN 87-10, p.62

*
. I
Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 13




Intensity Effects & Tune Shifts

From the first-order expansion of the forces for small perturbations,
a symbolic relation:

ACzcoh — AQZ—L + AQinc
I [ I

Coherent tune shift: Tune shifts due to Facility- and lattice-related
everything affecting (x) | | impedance: {x) acting on incoherent tune shifts.
individual particles. No space charge.
Include incoherent effects.

this is why there are incoherent effects in the coherent tune shift

AQeon = —CAolﬁ 1, & ]

h2 + B,72h2

Handbook of Acc. Physics and Eng. 2013, 2.4.5
K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
P.Bryant, CAS1986, CERN 87-10, p.62

*
— . I
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Intensity Effects & T~UHQS lifts

07 I I I I I I 1
AQcoh — AQZL + AC?in(: 06 F i}
o 2 05} ¢
:3 €1 51 e 0.4 SPS pipes y §
A = —(A = P °
Qcoh C 0 h2 + B~2h2 § 03 T
2 g Ex
E 02 -
€,~—€
i o1ifp VO e -
Incoherent effect of the unsymmetries reduces e Y
AQ, horizontally and enhances AQ, vertically 02 09 04 05 08 07 08 09
y
LV slope = -0.002070 +/- 0.000019 |
005 ¥ 020 F
Py o5l H slope = 0.000000 +/- 0.000008
LT, ' '_
005 |- \. 010}
-001 |- s
& nelf §‘ 000 Lon—tp—at—p -
- -0 ~ _oos k-
- 125 001 -

1010 protons per bunch i10 protons per bunch

Single bunch tune measurements at the CERN SPS, J.Gareyte, EPAC2002
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 Intensity Effgctﬁ*& Tune Shifts

U

What is it what you measure?
* coherent or incoherent oscillations
* frequency ranges
* impedances involved

Be aware about
¢ coherent or incoherent tune shifts

¢ self-field (space-charge) or facility tune shifts

e dipolar or quadrupolar wakes

* the difference between coherent tune shifts and impedance tune shifts
e electric or magnetic images (cancellation, bunching factor)

* penetrating or non-penetrating fields (frequencies)

Handbook of Acc. Physics and Eng. 2013, 2.4.5

K.Y.Ng, Phys. of Intensity Dep. Beam Instab., 2006
A.Chao, Phys. Coll. Beam Instab. in High Energy Acc. 1993
P.Bryant, CAS1986, CERN 87-10, p.62

@
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Schottky Signals

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

Longitudinal (Sum) Schottky signal: >=T+B

Transverse (Delta) Schottky signal: A=T-B T
P(Q) x Z2f,N i Lo = meo O
“ — -
| 04Vp - m] T
’ITL;OOO
Gives f,, momentum spread, n B
4P(Q)
Omw = 0| |Mm|woo, Awo/wy=-n Ap/p
rms o,=6p/p
z A P

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

.
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Schottky Signals

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

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

Gives the tune, chromaticity, tune shifts

2Qsfo U~ op n(m S B
-~ - = — + ()=
2P(Q) - ) 1(m — Qg Qn)
of T 0;
;— = —p n(im+ Qs — Qyé) Qs is the fractional part of the tune
A 0 P / (Q=4.3, Q,=0.3)
sidebands AQ = EO‘ Ap/p
‘ I I I Q S.Chattopadhyay, CERN 84-11 (1984)
—— > F.Caspers, CAS Dourdan 2008, p.407

(m-1)f, mf, (m+1)f, .
=== 1L

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 18



| Schottky Signals
| ‘

/

Example:
Xe*8* jons in SIS18 at GSI:

m=20, Q,=4.3, measured §,=-1.3

15.5455 15.5505 15.5555 15.8575 15.8625 15.8675
f/ MHz f/ MHz
lower sideband upper sideband
@]
== 1L
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2\ Schottky Signals -

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¥* 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
as a new diagnostics, we need to discuss

the Beam Transfer Function (BTF)

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015
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- Beam Transfer Func’gor;/ =
_
an excitation beam forced requnse:
x" + wﬂza: — Ge ¥ (x) = A e WHTAP

((t))

/ ) R(Q) = 2w ﬂOGe—zm piCKup\

icker

' beam -
A
g _ network analyser |-
es’ggﬁg}g response
Q, pinAm Q, out A%

K BTF: amplitude((2), phase((2)

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015




BTF is:

Beam Transfer Function

P

y

Beam Transfer Function
NS A AR Y, . e se .

1.4

1.2

0.8

0.6

0.4

0.2

* Useful diagnostics; gives the tune, dp, chromaticity, beam distribution
* A fundamental function in the beam dynamics
* Necessary to describe the beam signals and Landau damping

Ry(R2) =

amplitude -

AQ/5Q;

AQ=(Q_(m'|—'Qf)fo)/fo
6Q¢=| mn£(Q;,n-Q,¢) | 6p/p

Beam Transfer Function

f(w)dw
w — (2

0 7

Ty, [ [ [ [ [
0.5 ,
-1+
15
2+
25 \ -

3k *~,, 4

_3.5IIIIIII
4 3 2 1 0 1 2 3 4

AQ/5Q;

J.Borer, et al, PAC1979

D.Boussard, CAS 1993, CERN 95-06, p.749

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

Handbook of Acc. Physics and Eng. 2013, 7.4.17 ¢
==
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- Beam Transfer Function =
BTF cab be easily measured with a network analyser.
Example here: the beam responses exactly as the theory for Gaussian beams.

amplitude, phase
amplitude, phase

' R 3 vt
l . ! Rt i E L . . ! .

L P R - i L. L PR ) L L L )
2486 24.88 2490 2492 2494 5218 5220 5222 5224 5226
frequency, MHz frequency, MHz

Measurement in SIS18 at GSI Darmstadt, U’3* at 500 MeV/u, slow freq sweep (6sec) , m=24, m=50.
V. Kornilov, et.al., Measurements and Analysis of the Transverse Beam Transfer Function (BTF)
at the SIS 18 Synchrotron, GSI-Acc-Note-2006-12-001, GSI Darmstadt (2006)

®
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Schottky Signals at High Intensity
v |

Transverse unbunched Schottky noise without

collective interactions (incoherent frequencies PO(Q) — D \I’
of uncorrelated particles) n — QO

Py

With an impedance: P — 6(9) — 1 + 'LZ_LR()(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)
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POA(Q) AO~coh AQsc
= NN

P(Q) o 2 T T T T I
|€(Q)| 1T ower PO | Ry n
sideband A
4 for an impedance ) 0.8 | : % with space charge
with external § 3 y =-1)
A = 06 | :H:ﬁﬂlﬁﬁw : |
P P, _ :
. o :
e=14+1iZTRy(Q) oa | : ]
> 4 , whou
4 for space charge A e, leractions
| L J

POA(Q) = Po(Q? — Aws)

e=1+ xYRo(2 — Aw,g, frequency
N XHol ) Y = A% 20=(Q-(m-Q))f)/f,

0Q¢ 8Q=|mn-(Qn-Qu8)|6p/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 High Intensity
. A

N, =1.1-10 AQ,=-0.053  §=0.78x107

N, =3.9-10°
AQ,=-0.019  §,=0.67x10°3
N, =45-108

|8Q,.[<0.002  §,=0.28x10°

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)

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.,\l\y\te/ASIty |
i\ ' h A

Also the longitudinal (the sum) Schottky spectrum is distorted by collective interactions.

Here: examples for space charge..

Dashed line is the FITTED curve

1‘0III|I|III|I||IIIIII||IIIIII|I|IIII|III|I|I||II|I|IIIIIII||

.. Cooled

- Ar'® beam

6 N1<N2<N3Nk<NS<N6 : in the ESR

(no. of particles os- at GSI Darmstadt
associated with
curves 1-6)

(12,0 ?)

Pewar [au]
T

04—

—~50Q,

02—
Q i
-AQ———(AQ,) -
Qﬁ:nUo-AQn( " ( " Q;=W°’AQH 00l el v=f AT FETTETETTE I P TR S I A A A
51.0480 51,0490 51.8500C 51.0510 51.0520 51.053¢ 51.054(
Frequency [MHz]
S.Chattopadhyay, CERN 84-11 (1984) U. Schaaf, PhD thesis, Uni. Frankfurt (1991)

®
Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 27




Y 7. N 4 n/ . :
Transverse Sp,,ectrumqn‘,Bh iches
i\ ' h A ]

Transverse and longitudinal

oscillations in a bunch Sideband ((mQy) f,) in the transverse spectrum
Qs 1 T T T P T T T
0.9 | _ ) %, .
Q § 07 L beam ."’ ) |
v & o6t ¢ ‘x —
Q, is the synchrotron tune E 05Ff ::' ” “ ".“ i
Q =f/f, g 04t £ ' ]
for example: & o03Ff 7 N _
f,=200kHz, f,=1kHz, Q.=0.005 02 | K \A -
0.1 | -
e A | | . : : | .."m
AQ = Af/fy, Af =f- (mzQ) f, 0 3 2 a1 o 1 2 3 .
AQ/Q

k=-3 k=-2 k=-1 k=0 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 S ‘ ctrurm B{J *

f"l-q

Transverse and longitudinal
oscillations in a bunch

Q,

0 ST
o moronn IR

for example. 0.:‘5 0.36 027 0.3. 0.29 0,3 &31
: frequency [frev)
f,=200kHz, f =1kHz, Q.=0.005

-70

-754

~80

horizonal amplitude [dB)

AQ = Af/f,, Af=f- (m+Q,)f Transverse spectrum in LHC, 3.5TeV, Q.=0.002
° ° E.Metral, B.Salvant, N.Monet, IPAC2011

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

Vladimir Kornilov, The CERN Accelerator School, Geneva, Nov 2-11, 2015 29
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- Space Charge in Bunches
( i
The airbag model for arbitrary space-charge
M.Blaskiewicz, PRSTAB 1, 044201 (1998)

AQk _ AQSC + \/Affgc I kZQg

2
° \ |
\
0 f=
The space charge
S Kt 2 i parameter for bunches
) k=+1
<
&3’ -4 | k=0 - L AQsc
= incoherent tune q = Q
6 =-2 . S
-8 I 1
0 2 4 6 8 10

q =-AQq. / Qq

I
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- Space Charge in BUD\C«F\G =
X h A

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
09 F . 09 | .
08 | - . 08 | - .
g 07r q_o 1 & o7p q_l g
S o6} 1 8 os} k .
g 0.5 | E g 0.5 | E
5 o4} 41 5 oaf . A
[0 [0}
& 03} 4 & 03} . SC
0.2 E 0.2 | E q —
01} A A . 01} /\ /\ .
0 1 | }Il | Il | | O | | l | | | | | Q
4 3 2 4 0 1 2 3 4 4 3 2 4 0 1 2 3 4 S
AQ/Q AQ/Q
1 T T T T T T 1 T T T T T T
09 F . 09 F .
08 | - . 08 | - .
5 o7 q-Z 1 8 o7p q_6 -
S o6l 1 5 o6l .
g 0.5 | E g 0.5 | E
T o04f 1 5 o4t .
[0 [0
» 03} 1 & o3rf .
02} . 02} .
L | A ] L /\ ]
0 | | | | | 0 | | | |

N
w
N
N
o
-
N
w
N
N
w
N
N
o
-
N
w
N

* 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
YA ROWY 2 \WIIDRNERERsa AN S R

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

AQsc + AQcoh \/(AQcoh - AQsc)2
o 4

: k2Q2

AQy =

AQcoh = 0.5 AQsc

2 T

Re(AQ) / Qg
Re(AQ) / Qg

q=-AQq; / Qg

O.Boine-Frankenheim, V.Kornilov, PRSTAB 12, 114201 (2009)
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Space Charge + Impedan;eyié 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 A
09 | i, 09 | i, sSC
08 - 08 | _ - —
5 o7} q_o 1 & o7p q_l 4 q Q
5 o6l 1 5 o6} .
o o S
E os5r ‘ 1 E osf i
Ll 1§l 1\ '
» 3 r 1 o 3 a
02 | - 02 | .
o1k . 0.1 . .
: /\ A 1 A A A : A I A A g example here:
4 3 2 4 0 1 2 3 4 4 3 2 4 0 1 2 3 4
AQ/Q, xQ/Q, AQcoh 0.5 AQ
1 T T T T T T 1 T T T T T T
09 | i, 09 |
08 e . 08 | _
5 07F q—Z 1 & o7} =6
g g
S o6 1 8 os}
E o5t 1 £ ost
8 o04ar 1 8§ oaf
& o3 —A A 4 & o3}l A
02 | . 02}
0 R 1]
0 | | | | | | | O | |
4 3 2 4 0 1 2 3 4 4 3 2 4 0 1 2 3 4
AQ/Q, AQ/Q

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
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- Space Charge in Bunghe ==
WA RONE 7\ /ORGSR ] S, G S

The space-charge tune shifts of the lines in the bunch spectrum

can also be measured in experiment
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Ar18* bunches in SIS18 at GSI Darmstadt, Q.=0.0032, q=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’_Ua:_o-y_‘_(w) _<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 07t
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_ . 05 |
g
3 15+t 1 04}
)
bt 11 1 03+
02t
> 051 Qeus—e— 1 | ]
WS H54 —o— : QPUs —o—
0 WS H64 0 WS V65 —e—
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).
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N=4.5x10%° || N=2.9x10%° | | no space-charge

Shift of the quadrupolar line due to space AN \ _/

charge: a diagnostics which directly rely on a i \ '
high-intensity effect 8 [ Quadrupole 2
5 y [ sidebands i
06T measured
1 a. 04 [ inSIS18 at GSI,
Qcoh.l _ 2Q0.x = ——|3——- AQinc.x - R.Bar 98
2 a, + ay 02 F i

Q90 "Tia2 1iad 1146 1148 1150 112 Tis4
) freauencv [kHz]
The quadrupole sidebands are strongly Number of ions (x10'°)

. 0o 1 2 3 4 5 6 7 8 9
Landau damped: a dedicated quadrupole 50 g L
L £ 5
exciter is needed < Horizontal mode =
2001 F .-:—. $ €, =200t mm mrad ] -2 23-
14 %
002 ] §
-6 E’
W.Hardt, CERN ISR/Int 300 GS/66.2 (1966) 003 [
R.Bir, et.al., NIMA 415, 460, (1998) [ E
R.Singh, et.al., IBIC2014 L N\
[ )
=== 1l
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An example for a diagnostics with

distorted signals, but the physical origin did not change

lonization Profile Monitor (IPM)

The beam particles ionize the atoms of
the rest gas and produce ions and
electrons, which are detected on a
collector.

Electrons need a transverse magnetic
field (disadvantages). lons are often used
without magnetic field.

The field of beam space-charge deflect
the ions and distort the resulting profiles.

KIICIOLleCItIO£IIIIIIII?IAIXIIIIIIN
|

V=Vo E, 4 [lon trajectory

E

space charge

Ey
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Two examples for the IPM usage with beam space-charge

90% Beam Width vs. Drift Electrode Volts S8 =
|+Theory - Simulations  Experimental data| ~ s
£ 4.0 - 1¢ TP
. 0.16 ; :E: 5 TP |In?ar
g 015 *‘l"‘w N o - regime
2 \{\T a accuracy o1
R 0.14 5 collapses
& \k{ < 2.0 A P
3 0.13 J'\ki =
.'g: 0.12 10
Q
0.11
5.0 25.0 45.0 65.0 85.0 105.0 0.0 : ; . .
Electrode voltage kV w0 20 4.0
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
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Reminder
high-intensity effects in the longitudinal plane:
space-charge, beam loading, impedances

=== line density: Gauss
1'0__ — line densitz: Elliptic |,....}
The space-charge voltage changes the == syn. freq.: Elliptic
. . . - . freq.: Gaus
bucket potential, the line density and the 0.8[| — bare syn. froa.
. . = Dipole freq.
particle synchrotron frequency 5
> 0.6}
3
2
~
O\ < 0.4}
Vie(2) o< —N,—
0z 0.2}
0.0

-150 -100 -50 0 50 100 150

Beam induced voltage adds to the ;

generator voltage and changes the

resulting cavity voltage Synchrotron frequencies and matched line

densities in bunches with space-charge

W _NpRs AQ=-0.5Q, single rf.
O.Boine-F., 0.Chorniy, PRSTAB 10, 104202 (2007)
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Longitudinal Phase Spage‘Tyz{mography

1D bunch
profile data
Time
-400 -200 0 200 400 (ns)
Energy with sPace-charge Enerpy .
MeV) taken into account MeV)  Without space-charge
1! e e/eVs 1 — e/eVs
/ \ 1.26 1013 / \ 1.12 1013
05¢ , 05

o
.
o
.

CIN-—
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—
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(ns) 400 -200 0 200 400 (ns)

Phase space reconstruction for a CERN PS Booster bunch, 6.5x1012p, 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
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Many things change at high intensities:
* beam parameters

e particle/beam oscillations

» lattice/rf settings

* signal propagation to the instrument
thus, the beam signals are distorted.

Some diagnostics are used similarly at low and high intensities (but: instrumental)

Some measurements should be done at the low intensities

There are diagnostic methods which do not works at high intensities

Some diagnostic methods can be used, but an additional effort is needed

There are diagnostic methods which give new opportunities at high intensities

Understanding of the physical basis is necessary
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