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» Hardware details: BPM system(s) and tune measurement ]-

» Low intensity tune spectra : Bunched beam transverse Schottky

» Head-tail modes : Head-tail mode excitation

» High intensity effects: Direct space charge and Impedances

» Measurements and interpretation: Tune spectra for high intensity beams

» Chromaticity measurement: Head-tail phase shift

SN
R. Singh : Tune & Chromaticity at GSI 2 Geneva, May 14", 2018



GSI Heavy Ion Synchrotron SIS18 (Bp=18Tm)' Overview

Important parameters of SIS18

Ion range (Z)

1 —-92(ptol)

Circumference

216 m

Injection type

Horizontal multi-turn

Energy range

11 MeV/u — 2 GeV/u

By

Ramp duration

0.1 ->15s

Acc. RF

0.8 —> 5 MHz

Harmonic

4 (= # bunches)

Bunching factor

04— 0.08

Tune h/v

4.16 or 4.28 / 3.27

EREE-

Trans. size 6,/ G,

~ 10/ 5 mm injection

R. Singh : Tune & Chromaticity at GSI

electron cooling

acceleration

extraction

X 6
7

Upcoming FAIR:

>
>

>

BPMs:

SIS18 used as booster
high intensities up to
‘space charge limit’
precise control of beam
parameter for emittance
conservation & low losses

12 regular +5 for special

purpose stripline exciter

i0m
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Tune , Orbit & POsition System TOPOS — Oversampling O,
‘ LM T . W 7RSI T

Y \

General functionality:
» The beam is excited by band-limited noise or sweep
» Broadband amplification & oversampling of bunches

> Position value for each bunch

» Fourier transformation gives the non-integer tune Q
> Mainly spectrum in baseband i.e.Q f< 1/2

Stripline Exciter

180°

Bunched
heam

Signal
Generator

Linear-cut

/

Beam Position

Different excitations:| 1y,e

noise or sweep

DSP in FPGA

_____ -

Concentrator Servers

FFT, Averaging

R. Singh (GSI) et al., Proc. HB’10, U. Springer et al., Proc. DIPAC’09
R. Singh : Tune & Chromaticity at GSI

4

Linear cut BPM:

Size: 200 x 70 mm?, length 260 mm
Position sensitivity:

S, = 0.44 %/mm, S,= 1.6 %/mm

Digital Electronics

(LIBERA from I-Tech):

» ADC with 125 MSa/s

» ~9 effective bits

» FPGA: position evaluation etc.

Remark: For FAIR-SIS100 12 eff. bits ADC

SN
Geneva, May 14", 2018



Tune , Orbit & POsition System TOPOS — Oversampling 9

mA 7 AR TR W PRSI T
General functionality: Example: One turn = 4 bunches @ 35 MeV/u

» The beam is excited by band-limited noise or sweep
» Broadband amplification & oversampling of bunches
» Position value for each bunch

Amplitude u / V

» Fourier transformation gives the non-integer tune Q '
> Mainly spectrum in baseband i.e.Q f< 1/2

Stripline Exciter Linear-cut Z 05
;.: 0.25 I/Vs n Wc‘r
< 025 o N\
0 04 08 12 16 20 24 28
Time t / ps
7 Steps for digital processing:
- . T ———— » Baseline restoration
0 180 ADC .
+ » Integration of bunches
Signal [ - psPinEpGa  » Tune: FFT on position of same bunch
Generator GUI - § : : turn-by-turn i.e.1 of 4 per turn
Different excitations:| Ty ¥ | Concentrator Servers | % From raw data: bunching factor,
noise orsweep | ot | L FFT, Averaging Ogynch & head-tail bunch shape
R. Singh (GSI) et al., Proc. HB’10, U. Springer et al., Proc. DIPAC’09 =X
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Base-band Tune system BBQ— analog Peak Detection Q

The beam is excited to betatron oscillation by band-limited noise or chirp:

» The beam position is determined by analog manner via peak detector measured
» Filtering of base-band component deliver the non-integer tune Q7

System designed by M. Gasior (CERN)

‘Quadrupolar’ BPM:
Stripline Exciter E;;‘;mpme Size: 200 x 70 mmz, length 210 mm
et Position sensitivity:
= =335
Bunched | RN SX= 1.4 %/mm, .S;,: 2.1 %/mm
beam Ny
y . ‘
,_/ = Apertures:
horizontal = 200 mm |l
é"’"& 50dB /BW N\ Peak Detectors I Y (,‘1““('211 =itz = |
) [Ny s V;L:_::_—',,q Zaim] y
0 180° | ’
RF Clock | | LB Amplifiers & Filters he 2
|
Noise ! '§
Generator Tune e
. . . Real time Spectrum Analyzer [+ ‘ \ x Y plates
Different excitations: == B 1 - | \ i
. or DAQ: ADC + FFT calc
NOISC Of Sweep Z= 300 mm ‘
BBQ design: M. Gasior BIW’12; GSI measurements; R. Singh (GSI) et al., Proc. HB’12 and DIPAC’13
SN
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Base-band Tune system BBQ— analog Peak Detection %
BN N -
The beam is excited to betatron oscillation by band-limited noise or chirp:

» The beam position is followed using peak detectors i.e. time constants as parameters
> Filtering of base-band component deliver the non-integer tune Qf
System designed by M. Gasior (CERN)

Steps of analog processing:

» Peak detection

» Amplification of the difference
» Filtering

» Feeding to spectrum analyzer or DAQ

A— {03 I Amplifiers I\ — weighted folding of spectrum to baseband
B—oAF—1- and filters

BBQ design: M. Gasior BIW’12; GSI measurements; R. Singh (GSI) et al., Proc. HB’12 and DIPAC’13

SN
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Comparison BBQ versus TOPOS

40
B\ . T . W /PRSI ™

BBQ: . : L 0; Ni7+ beém: k=0 - | 1 |

» Peak detection using analog circuit oA vertica

1.e. no further treatment possible :Ej o7t 5 101 ions BBQ spectrum

» High dynamic range ERA k=1

> Result: tune with higher sensitivity g Zj TOPOS spectrum

= ‘Easy-to-use’ device $ o9

0.2: k — _1
TOPOS: 0.1F
cJ= —A <Oy

» Oversampled digitization of the BPM signals

» Full time domain information

» Versatile data processing possible
e.g. picking 1 of 4 bunches, filtering ...

» Results: Position, tune, longitudinal profile
synchrotron frequency @,

—> versatile due to full information stored

Remark: Improved position algorithm based on

least squares fit brings the sensitivity close to
BBQ at SIS-18

Power (dB)

0.267 0.272 0.277

0.282 0.287 0.292

Fractional tune

-20, + Integration

~-160

Baseline restoration

Least squares fit

100 200 300

Frequency (kHz)

400

200 300 400

Frequency (kHz)

100

5 x higher signal-to-background + higher resolution
+ better common mode suppression

A. Reiter and R. Singh, NIM-A, 2018 10.1016/1.nima.2018.02.046

R. Singh : Tune & Chromaticity at GSI
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http://adsabs.harvard.edu/cgi-bin/nph-abs_connect?fforward=https://doi.org/10.1016/j.nima.2018.02.046

=0

Tune Determination at SIS18: Online Display in Control Room '
BN o

= Tune

Tune
BPM: |G304DX «| FFT Mode (each n-th bunch): 4@ Harmonic: |4 FFT Bin Size: 4096@ | Woise Generator ‘ ]
Online display for ] . . — point in Time: 102248 ms ' June at fixed time
L . = Maximum Position Variation |
tune measurement "\Mx W | | IR E—m———— 2232, ) 0.05 .
during acceleration S TS mm horizontal 2= | horizontal
T T T T T T T U,WWWMWMWM Wbttt b kbt At P A b
Excitation with 0 200 500 700 B
o _ , time [ms] s, i e :
band-limited noise |
. . 8 74 1 L 7 MI .....L...............:,............ - 8 250:
Time resolution: : f . . fia 005 JNL
4096 turns = 20 — 4.5 ms =T 2mm vertical £ vertical

Variation during ramp: 0 200 time[ms|] 500 700 "

. . . Vertlcal tune
triplett to duplett focusing PR Tune versus time

Working Diagram

Result: , s}ertlcral :
» Online display for user § 37
> Sufficient signal strength | s 5
with moderate excitation | g S
» Minor emittance growth “::: g
: -5 |

Beam parameter . s o
1010 Ar13F 11 — 300 MeV/u Position of maximum in spectrum
Wlthln 0-7 S D SDDU lUDDD 4 1DD ZDU EDD 400 500 EDD TDU 1 013 014 015 016 017 ) IZIB 019
— tune variation by time [ms] time [ms] nx

imperfect focusing ramp
P. Kowina et al., Proc. BIW’10; R. Haseitl et al., Proc. DIPAC’11, G. Jansa et al., Proc. ICALEPCS’09
SN
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» Hardware details: BPM system(s) and tune measurement

» Low intensity tune spectra : Bunched beam transverse Schottky

» Head-tail modes : Head-tail mode excitation

» High intensity effects: Direct space charge and Impedances

» Measurements and interpretation: Tune spectra for high intensity beams

» Chromaticity measurement: Head-tail phase shift
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Basic of Tune Spectrum: Non-interacting Particle Model

BN\

Dipole moment d(#) comprises betatron = amplitude x(#) & synchrotron = phase I(#) modulation

1.5

» Frequency of harmonics m & mode k
+

Oy =May T, Ty S

~

» Sideband amplitude given by =3
Bessel-function J, of order k § 0.5

- + + a
Amplitude r,, oc J{(a)m,k — o, )—}
Wo
@, betatron freq. @, rev. freq. a bunch length

Y |

R

o\

£

L]

B

1 1 : :
S Ap =0
= 0.5 —Ap#0
<
~
= 0
=
—0.5 | ‘ i
TD 2TO P ’n,TO
Time/s
Wk = MWy 4+ wp + kws """ + S'ideband N
€40 --- - sideband
¢ - Jaw/wo)

:TL-,_L._\____—pr—-4--""—"

=
-
-

-—-— -

-
—————
-

..........................

- -
S m=="

Finite chromaticity & modifies sideband’s heights!

wo —wb

Frequency (w)/rad/s

R. Singh : Tune & Chromaticity at GSI
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Time Domain Mode Structure: Non-interacting Particle Model

B\ . T . maw S
Bessel’s function as envelope represent unrealistic “hollow bunches”. F. Sacherer ( in 1978)
found sinusoidal Eigen-functions good approximations for parabolic bunches

L
M

/a/\ H\y A

050 5 0 5 10 15 <15 <10 -5 0 5 10 15
Frequency band number w,, ; /w,

X (7;) = COS(T[(k + 1)1’ / Tb) . e_iwf T F. Sacherer: Transverse bunched beam instabilities : Theory
- _ g
Chromatic tune wg/wo = - Qo k=0 k=1
. N
SIS18 injection: ¢ — T
Qy,=3.27,7n=-0.92 2 . \ \ 52 0
N S N >
'§ ) f ‘ \ \h\\ i T~ ‘ f
= LZ \\ <> 1
Q — T ik [ = -
S 5
<o \
r )
N
;c_“; o 1 T i \\‘
g S é—)
o —
Z w
S
O
(’US

Wk = Mwy + wp + k

GSN
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Excitation of Head-tail Modes

B\ A~ U -8 W 7T ITRRRESE TR
Wideband excitatidn Aoyl bunch center-o-mass |
k=0 ol T ! T /\ k=0
sefand excitation ' b |\/ | |
L Dy P A
g . 52 0 0:2 1 | 2 ! 3 4 I b
NI 1 M 0.1} l l ! k=1
|l
% ; ‘ T h\f _ 0.1} !
< . = V02 Example: ﬁve consecutive turns
.= 2 YIRL!
2| k=0 IR
= || ‘ 0.0
g /% I -0.1¢
= 702
“ 1] =2 0.2
k=1 | 0.1} /V\
M o.oJ\/\/ \/\/\ W
A
15 -10—-5 5 10115 ! W
Frequency band number w,, \ /w, S V0.2 S Ty s
Choose any/many frequency bands to excite Head- tall mode osc1llat10ns
Wm i = MWy + Wy + kg % (t,n) = Re (%, (7) - e—i(wb+kws)Ton)

SN
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Time Domain Mode Structure: Non-interacting Particle Model 9

B\ " . T W O TREESSE T™a
U.Z ‘ n 1 ~f :
| bunch center-o1-mass Example: five consecutive turns
01 /\ | | | 1)\
00 [ [ \/ [ |
701_ . . . .
- | | | |
g 02— i 2 3 3 1 4 15
S 02— ‘ —4 |
L . . , :
'R0}
0.0
~0.1}

_ (09 ‘ ‘ . . .
Turns* 1 2 3 i 5 nTy/s

X (7,t) = X (7) - cos[(wp + kw)t + weT]

80 240 400 560 800

80 240 400 560 800

Time 7 /ns Time 7 /ns

Non -zero chromaticity < intra-bunch movement

Transverse center-of-mass @y / mim

Phase shift depending on the separation At

Fork = 0,Ap = wsAt = %Qoa)OAT

A o
f — ﬂ SIS18 injection:
Qo(l)oAT Qaz 327, n= -0.92 Fig. 2 Head-tail modes observed in the CERN Booster®.
F. Sacherer: Transverse bunched beam instabilities : Theory
SN
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Tune Spectra at SIS18: Modification with intensity Q

B\ - 4 .S T Y RS T
Higher current: The ,,global* peak moves to the left. Relevant GSI SIS18 parameters

The symmetry of the spectrum 1s broken. .
Parameter Typical Value

0

o

-1

38(])) _2 : .I _ 4mA Circumference 216 m
= 18 . Beam current 107 — 10*3 charges
:\: (’l.2$ II II 0.29 = (]3 _ | (]31 _ (]32 “ 0 Injection energy 11.4 MeV/u (g = 0.15)
N Betatron tune Qy & Q, 4.31 or4.17 & 3.28
= 10} ' ' ' Synchrotron tune Qg 0.007 (~ 1.4 kHz)

Trans. size o, & o 6..10 & 3...5 mm

0285 020 03 031 032 033 0.34 .
Fractional horizontal tune Q4
Most measurement and tests at prolonged

injection flat-top with highest AQ performed.

Low current: Tune spectra has symmetric sidebands
due to synchrotron motion.

General questions: Not high enough for instability
» Why is the tune spectrum modified at increasing beam current ?
» Very practical: Which peak is the coherently shifted tune ?

» What can we learn from this modification for further beam parameters ?

R. Singh : Tune & Chromaticity at GSI 15 Geneva, May 14", 2018



Outline @

» Hardware details: BPM system(s) and tune measurement

» Low intensity tune spectra : Bunched beam transverse Schottky

» Head-tail modes : Head-tail mode excitation

» High intensity effects: Direct space charge and Impedances

» Measurements and interpretation: Tune spectra for high intensity beams

» Chromaticity measurement: Head-tail phase shift
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Space charge and impedances for transverse motion @
BN o LA T 7 TS TSN

Model assumptions: round constant beam & pipe radius, constant or KV distribution,

® -Q Indirect : Negligible

I
ANANANANANANANANANANANANAN NAANANANANA VAN
o
d ©Q A T I b
------------- e +tQ . .8t N
00O S
= I
w
SIS TTT T 7
L
® -Q < d >
Interaction of individual particles with each Interaction of center-of-mass motion with
other and the boundaries = Incoherent effect boundaries = Coherent effect
Non-linear force with strong dependence on f (E(s,w) + v X B(s,w)) ds
beam distribution = Will lead to a negative Zy(w)=-J BIA

tune spread

SN
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Formulas: coherent Tune Shift and incoh. Tune Spread i
BN\ . TN . maow S . 2. N
Model assumptions: round constant beam & and perfectly conducting pipe radius, KV
distribution, constant synchrotron tune ...
T impedance Z, = i ——2 33 |
ransverse impedance Z, = {2~
3l
: . qIpR*Z)

Coherent tune shift AQ, = T 3% AQ.,

_ qlpR AQsc,y
Incoh. tune spread AQ,,. = AmeacWo BtyaZe

3 |
X AQSC,.?C AQc,x
<— beam radius €—> <>

. a 2
Relation AQ.= AQq, - (3) <«— pipe radius

A
Space charge parameter g, = %
S

q,. Includes effect of longitudinal oscillations

R. Singh : Tune & Chromaticity at GSI

18

IREEYTaT

b pipe radius, R synchrotron radius, Zy = /1o /€p
q ion charge, I,, peak current, Q, bare tune

W, total energy, B velocity, yo Lorentz factor
a beam radius, & transverse emittance

SN
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Analytical Model: Space Charge Modification of Tune Spectra 9

B\ " 4 . TN . maY /RS ™

Assumption of analytical description of head-tail modes by M. Blaskiewicz (1998):

» Transverse phase space: KV-distribution
» Longitudinal ‘airbag’ phase space: phase — constant momentum only two velocities v, =t v,

=> synchrotron tune: ¢; =7V, /(R @, a) Exarnple for SISI8 parameter
Low intensity: spacing of sidebands: AQ,= kQ 3 A O = —AQ.
k — = sC

High intensity: spacing of sidebands: )
—

AQSC+AQC (AQSC_AQC)Z
AQ+r = —/—\i\/ 1 (kQs)?

2

N\
/ AQ. coherent tune shift

AQ.,. incoherent tune spread

I
SC QS

Findings:

» k=0itis AQ, = —AQ, i.c. value of shifted bare tune

» k>0, head-tail modes come closer as g, = AQ,./Q, increases

» k <0 almost constant slope (but larger Landau damping < broader and lower spectral lines)

M. Blaskiewisz: Fast head-tail instabilities with space charge, Phys. Rev. Acc.. Beams 1, 044201, (1998)

A. Burov, Head-tail modes for strong space charge, Phys. Rev . Acc. Beams 12, 044202, (2009)

O. Boine-Frankenheim et .al., Transverse Schottky noise spectrum for bunches with space charge, Phys. Rev .Acc.. Beams 12, 114201, (2009)
SN
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Measurements: Overview of Beam Parameters Q

Parameter Symbols Value Value

Energy Wiein 11.4 MeV/u 11.56 MeV/u
No. of particles N, (1 ..12)-108 (1 ..15) -10°
Emittance &x & &y(20) 45& 22 mm-mrad 33 & 12 mm-mrad
Tune Qxo & Qyo 431 & 3.27 416 & 3.27

Bunching factor By 0.4 0.37
Synchrotron tune Qs0 & Qsmeas 0.007 & 0.0065 0.006 & 0.0057 [ FILQILON
Chromaticity $x & &, —094& —1.85set —1.7& — 2.1 meas.

Measurement of all relevant beam parameters
to calculate g, for horizontal and vertical direction, respectively:

. |AQsc| _ 1 . quP/Bf
Qs,meas 2g9 Qs,measWO ﬂOZ YOZ Eeff x

QSc,x

Presented tune spectra are ) )
measured by BBQ or TOPOS effective emittance g.55 » = 1/2 (&x+./€xEy Qx0/Qy0)

- ‘TSN
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Measurements: Moderate Space Charge Parameter

.\ wr
Beam: U737, 11.4 MeV/u, (1 ..
; ——
A Q= —A Q]
QM
0N 05 Lo 20 995
T 1‘ 7))

Power P/ Power P’ / dB

Qswo __

= 1.4 kHz
2T

.S T - WOy /RSl ™
.12) - 10% ions, Q; = 0.007 & f, =

Measured spectra

mmmn| OO
calis

028 |

el 111 T1TTT]]

200 k=

10

0.23

Red lines: predicted lines using measured beam parameters:

AQsc + AQ,
2

AQir = —

— 2
+ J(AQ“ e

029

03

.=
0.31

032 033 0.3

Fractional horizontal tune ¥,

Qsc =

|AQs|

Qs,meas

R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev. Acc. Beams 13, 034201 (2013)

R. Singh : Tune & Chromaticity at GSI
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Measurements: Strong Space Charge Parameter
BN WL TN O 7 RS TN

Beam: N7*, 11.56 MeV/u, (3 ... 15) - 107 ion, Qs = 0.006 < f, = 22 = 1.2 kHz
(smaller transverse size than U73* beam) S .Nfeasumd spectra ——
3 T T T T T T T | 7 30; H E q.S( ~ 10 8 E
2.5 A Q=-AQ.] H:
9 | 10% . — . E E :
1.5¢ AQ =014 A0, | (9650.270.275 0.28 0.285 0.20 0.205 0.3 0.305 0.31
A,
182 40r AR
INEY E
SN _
18 2 E
<3 12 0M = oiE B
- 0.26502709750980285029029o 03 0305031
I 30— — T W W
. i (8,) £ : 3 E qqc ~ 2 2
20 & g
e :.E_l.

y 104,
0 1 13 }rS 6 (7 8 9 10 41 12 13 0265027027&0280?850?90295 0.3 0300031
lse Fractional vertical tune Qg;

Predicted spectra : red lines

— 2 |AQsc|
80, +20Q. | J(AQSC 20 (4.0 _

qSC

AQuy = —

Qik 2 Qs,meas

R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev. Acc. Beams 13, 034201 (2013)
SN
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Comparlson of Predicted and Measured Space Charge Parameta’

The values q,. from the deplcted measurements with U7* and N7*

51
4.5 Slope ~0.75 | 300 o g |gse = 10.8]
1 . | 20/ : |
235 | | 10} = O §2 ]
o= 0.265 0.27.0.275 0.28 01285 0.29 0.295 0.3 0.305 0.31
5 25| a A 40 6q0_’1_):l(_
S 15 ¢ U™ vertical Q. 30§ (b) :
1 » U™ horizontal = 20; H
. Jf | N7 vertical z 10~ ; B2
0.5 J’ * N horizontal T 0.2650.27 0 275 0.28 U 285 0.29 0.295 0. 3 0.305 0. 31
00 123 45 6 7 8 9 10111213 30:""_5""" ' LT ~929]
Predicted « () F - qqc ~
Measurement of all parameter ¥ 20 Ek : g :
q2 h=a—1 -
> Predicted g, = 28 No/ Bf 10}, = e i
0 QsmeasWO ﬂo VO Eeff, x "

026502702700280?850?90295 0.3 0300031

> :
Measured g, based on the distance between lines Fractional vertical tune O ;

of modes k = 0and1:5qk0_)1

Findings: > General trend well reproduced i.e. reason for modified tune spectra was found
» Significant deviation for higher values of g,. (as expected from analytic model)
— Does a better model with high prediction power exists ?
Can such model be applied to SIS18 parameter providing a plots of tune spectra ?
R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev. ST Acc. Beams 13, 034%2 1é2£ 13)
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Measurements: Determination of coherent Tune Shift AQ, %

BN e TR . W /O PRERSSE ™
The coherent tune shift AQ, from the depicted N7* spectra and further spectra with Ar!'8*
_ 00, HH Jgse = 10.8]
107 Im(Z, ) ool (©) 5 é
el = — 2 : - 1
O L. T (0.23 £ 0.04) MQ/m 10, ol b ]
el Y R S I
< 9 0.265 0.27 0.275 %28 0.2850.29 0.295 0.3 0.305 0.31
< - T D A3
= T 2 oo ~ 43
_—10 o '0'2'é5 6290293 0.3 0305031
S 9 e 30 :
A R, ;(a>-§ P [1.~22)
30 T e A ; _
—40 10
0 4 8 12 16 20 24 28 32

0265027027302809850990295 0.3 0303031

Peak current / mA f
Fractional vertical tune ]
For k=0:AQ~=AQ_, i.c. value of coherently shifted tune (important for operating) ’

Results:
» Expected linear scaling coherent tune shifts versus peak beam current I,
» For value of slope the resistive, effective impedance Z  can be determmed

= estimation of effective beam pipe radius b,~ 115 + 55mm & b, = 35+ 1 mm
~ R.Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys Rev. Acc. Beams 13, 034201 lg%?&
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Time Domain ldentification of Head-tail Modes

Frequency sweep allows the observation of bunch center oscillations 1.e. head-tail modes

Beam parameter: 15 - 10° N7 at 11.5 MeV/u, Qy= 3.75, £=-2.1

Tune spectrogram during sweep: 11 consecutive turn-by-turn center-of-mass recordings:
500 1000 1500 2000 2500 S
—_= - i 0
===
%) 0.295 é\ﬁquency Sweep = -2.9
) <400 = = == o0 -5 k=2
3 s — z
E@ 0.28 = g 0
o L -2.5
> [ — D)
3 0.275 E=0 % _5 E=1
= < 20
S 027 ¢ 0 l
0 0.01 002 003 004 0.05 ;5 —
Time ¢ / s 03 02 01 0 01 02 03
Results: Longitudinal bunch position At / us
» Sweep excitation allows excitation of individual head-tail modes
» The mode-structure verifies the spectra interpretation
Remark: Eigen-functions for high intensities could be determined
SN
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Determination of Chromaticity from Head-tail Oscillations
Fit of measured head-tail modes to the classical (i.e. without space charge) eigen-functions
Vi (1, n) = Yi (1) - cos|[(wp + kws)nTo + weT + Qo] + Yorsser

Beam parameter: low current 15 - 10° N7" at 11.5 MeV/u < Th >

0.3

1
B2
(2 B ]
T T i

Measured Q
[
o

H
=
[
=T
-p

I i

Transverse center-of-mass y, / mm

0 Fitresult: &, =1.19-& 1 pe+ 0.80 oo
w7 I
g —2 o
oo e i
—4 .‘J‘ [I- 20 9 4 : 18 12 06 -5 _—
o et ok “he o UD 03 02 01 0 01 02 03
Results: Measured y Longitudinal bunch position 7 /us
» Precise determination of chromaticity & S e e G e S
» SIS18: Deviation between set & actual value > Dotted lines: least squares fit with
& coupling to tune due to uncorrected closed orbit chromaticity & as fit parameter

= Reliable method but only for offline analysis
R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev. Acc. Beams 13, 034201 lg% 3&
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Determination of Chromaticity from Head-tail Oscillations

BN\ S T . WO /O EESSE ™
Fit of measured head-tail modes to the classical (i.e. without space charge) eigen-functions

Fork = 0 -2 yy(t,n) = cos(nt/1p) Cos[wbnTO + weT + (po] + Yoffset

Beam parameter: low current 15 - 10° N7" at 11.5 MeV/u

..................................... Tp
~ 0.3 = g 4.0 e
- : )
5 (.28 — = 0
z : g
= 0.26 = : k=
0| Fit result: & ,,= 1.19-&, .+ 0.80 et —g
= H -_.!-*"'ﬂ'- &
wr .- o
g -2 ~¥ Z 25¢
22 . 7 0.0F
et : z 25
—4- 36 30 =24 -18 12 06 ) 03 015 0 015 IU_'E'.
Measured &, Time with respect to bunch center 7 / us
Results: .
> SIS18: Deviation between set & actual value & > ]T?’ﬁamgosse; i‘t Chantged fhrclr,natchlty,
: . T
coupling to tune due to uncorrected closed orbit . flelrit?()sz OE lez?nazgitgci lc(l)iréscuss;csl
> Posm.on measurem§nt sys.tem npt apprqprlate - earlier (wgA7)
a dedicated head tail monitor with hybrids better $ Phase shift constant between turns
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Tune spectra vs Chromaticity

BN
< |Baseband excitatiop—> 491
~ ;
Q k=0 38}
i®] aa i
2 A < |
= q ~ 34|
g* /( el
Z . . 5 30)
R :
g //T/ h\/ 1
o : ""_‘“"1“_"1“_"'_“"1"'1
Z -15 -10 -5 0 5 10 15 $2% 024 026 028 03 032 0.34
Frequency band number Wm k Jwg Fractional vertical tune Q{;
. . . 1 = Pred. k=01
» Relative amplitudes of excited modes aftera = (9| —El‘et}. E: 1]
. w = —Pred. k=2
frequency sweep as a function of — 0.5 —Pred. k=3]
. <€ o7l Meas. k = 0|]
chromaticity il o Moas, k = 1
= 0.6} Mo~ o1
= +Meas. k=2
= 0.5} = Meas. k = 3|1
» Their excitability depends on the exact T 0.4f
band/frequency of excitation ERl
. “ 0.1} N B
» To always have k = 0 mode as the dominant =T
peak, excitation band should be close to wg X/ / rad

GSN
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Tune Spectra at Higher Energies

A\ . TN . WY/ =L T

During acceleration:

» transverse emittance decreases

» synchrotron tune @, decreases

= q,.> 1 i.e. relevant modification of spectrum

Typical values at other synchrotrons at injection:

Parameter SIS18 SPS RHIC ANKA
L., / mA 10 1400 500 12
&/ mm-mrad 22 0.2 10 0.15
Lorentz fac. y 1 27 4 100

Tune spr. AQ,, —0.05 —-0.1 —-0.02 -—-10"*

Synch. tune Qg 0.007 0.015 0.0015 0.008
SC para. q,, ~7 ~ 7 ~13 ~0

Space charge modification of tune spectra is also
relevant for other facilities !

R. Singh : Tune & Chromaticity at GSI 29

Kinetic energy Wy, / MeV /u
50 100 200 300

cceleration of 1010 Al'18+

Fractional vertical tune (2{;

0 0.05 0.1  0.15 0.2

Time t / s
0.01 ¢
< 0006F = |
0.002 | R kT

——T I+I_|I_l|_l+l -.'_.+._;_.+._'._ '_,_'.,l T 'I"I"'I'i'lf
+ + 1

$-001F |+
<1=-0.02 | +
15 ¢ :
1.75 Lesce*"’
o 2; .-'...
2250, e " "
.)I_-':...
“20

10 80 120 160 200 240 280 320
Kinetic energy Whin / MeV /u
R. Singh et al., PRST-AB 2013 and IBIC’13
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Comparison to Theoretical Predictions

BN " T . W oW S ..+ . N
Theoretical investigations by other groups Example: Plot of A%?,Lft‘%ﬂed BTF(q,.)
as seen by a beam diagnostics person: 41 aabes0 " x " M. Blaskiewicz,

» Head-tail modes discussed for instabilities dl §§acf§§5§ x fVH. %anjbaf, PAC13
> Eigen-frequencies predicted as a function of ¢, i j reactive BTF,o, 4 it # ]
» Landau damping stronger for negative modes % o [——
» Bunch length influences Q,(0p,,s) = changes in spectrum % af
» Chromaticity influences the peak height and width 2 I 7y
» But: Seldom plotted in terms of beam observables 4} _ S k =0 .:%f : k : 2 '.
= Prediction missing for height & width for SIS18 s L ﬁafé%:é >< | |
Example: PIC Schottky spectrum by code PATRIC (Boine- . AQ:’Q_::SQS : i | .
Frankenheim et al.) o 4r resistive BTFq | .
:: _SOFQC i0-15'05c : el i}
~ a =04b .
£ —70r i : : P 2 15 4 05 AQ?Q 05 1 15 2
B R R 9 . 3 Measured tune spectrum:
AQr/Qs1 P(w) = BTF,, (@) + BTF,,(®)

M. Blaskiewisz: Fast head-tail instabilities with space charge, Phys. Rev. Acc. Beams 1, 044201, (1998)

A. Burov, Head-tail modes for strong space charge, Phys. Rev. Acc. Beams 12, 044202, (2009)

O. Boine-Frankenheim et .al., Transverse Schottky noise spectrum for bunches with space charge, Phys. Rev. Acc. Beams 12, 114201, (2009)
M. Blaskiewicz, V.H. Ranjbar Transverse beam transfer functions via Vlasov equation, Proc., PAC2013, Pasadena p. 1427 (2013). N =: i
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Summary and Outlook Q
N o e el ‘
Experimental findings:

» System for online tune measurement realized, excitation with acceptable emittance growth
» Measurement of all beam parameters required for correct interpretation of tune spectrum
» Tune spectra: Eigen-frequencies significantly shifted for g,. = 0.5 by head-tail modes

» Coherently tune shift AQ,. measured by shift of k=0 mode = However, k= 0 mode is not
always the highest peak

—> spectrum must be interpreted e.g. by recording the mode structure of bunches !
» Estimation of tune spread AQ,. available = usage for operation and MDs?
» Chromaticity measurement using head-tail phase shift

Lessons and outlook:
» Do not blame the hardware if the spectrum looks ugly

» Excite individual head-tail mode by harmonic excitation to measure chromaticity = Still to
compare head tail chromaticity with rf modulation method

» Implications for tune feedback systems = Excite approximately at chromatic frequency to
obtain k = 0 mode as dominant peak

Thank you for your attention !
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Extra slides
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Position Determination: Integration versus least square Fit i
] LA T . W 7 RS ™

A\
Traditional: Integration
Example: One turn @ 35 MeV/u

0.5

0.25

Amplitude u / V

-0.25

0.5
0.25
O.QSJ L/ L/ U L
0 04 08 12 16 20 24 28
Time ¢ / ps

o

Amplitude v / V

1. Creation of window for
one bunch of N samples
2. Determine baseline values B,/,
3. Subtraction U, .- By, fori=1..N
4. Integration of bunch signal

Iy = X1(Usiyr — Byyr)
5 Position: X = — « T
L OS1t101. —_ S Il+1r

S is the position sensitivity
R. Singh : Tune & Chromaticity at GSI

O

Novel: Ordinary least square fit algorithm:

1. Creation of window of a single bunch with N samples

2. Calculation of sum and difference for each sample:
2i=Uy;+U;,and4; =U;; —U;, fori=1..N
‘Plotting’ A; versus 2;

[/

3. Assumption: Fromx-%-% —>A4;=a-X2; +b

with a=x-S and b as fit parameter
= Least square fit of 4; as a function of %;
General solution for fit parameter a :
Z L1(Zi-2)(4;-A4) __cov(XA)
YN, @E-DZ var(®)
with average value ¥ = % N, Zi &A= %Z?’zl A
4. Position x = a/§ i.e. from fit value from diff-over-sum
Advantage:
» No baseline reconstruction required
» Robust against offset etc. (here fit parameter b)
i.e. high common and differential mode suppression

» Easy to implement

» For closed orbit: window over many bunchesy; e 4
33 Geneva, May 14", 2018
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Tune Spectra for different experimental Parameter 59;

Varlatlon of ex01tat10n power Variation of excrtatlon type:
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a W

{ [0.25 mW/Hy| |

White Noise

30}
020 03 031 032 033 029 03 031 03 0353
Fractional horizontal tune Q/ ) lf‘ractlonal hl:‘rl"lLU[ltdl tune Q7
Result: Result: No significant difference
> signal-to- &ﬁgée‘ygﬁe@ata but different algorithms 100 - |
S Side—9. fo T3 fo T4 fo
> general 11 etradition, tggmiion & y <A/ Spectrum of .~ 80| i foi s Jz fi I fi*
Beam pagame {zfpresented data) band limited = 0/l Lo d b
8 o = Ol ; |
5-10 Um%t?ll 4. A\ noise: g QOW W}J i M/‘JWW[M , ”I'|'{¥%M"%"
(=}
= & 035 055 075 095 115 1.35
g*lg—l novel: 11near fit)A; Versus 2 0 » preque‘fmy £/ K-IHZ 0 7
< 0
A
P
] | g
0.15 0.2 0.25 0.3 =
Vertical Tune
GSN
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Transverse coupling impedances
BN\ 9

»  Effect of beam on itself through its environment

NN\ NN\ \I‘K ; NN » Im(Z,) defines the frequency shift of the

coherent modes. (Reactive)

‘ v, b » ~Re(Z ) defines the growth rate of these modes.
X T esistive)

777—777777 Lq
/S S S Z,(@) = —j J, “(E(s, w) +ﬁ1;x>< B(s,w)),ds

For a perfectly conducting beam pipe,
it reduces to

Coherent tune shift

YA
. quRZZJ_ AQsca2 Z, =—j O
AQc = —J 2Q0PoWy x b2 Zﬂﬁozyozyz\ Characteristic

impedance
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