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Motivation

Higher current: The ,global” peak moves to the left.
The symmetry of the spectrum is broken.
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Fractional horigontal tune Q7
Low current: Tune spectra has symmetric sidebands
due to synchrotron motion.
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1) Why is the tune spectrum modified

Relevant GSI SIS-18 parameters

Parameter Value

Circumference ~216m

~11.4 MeV/u (B = 0.15)
~1GeV/u (f=0.9)
~4.31,3.28

~0.007 (1 KHz)

~10° — 10° U73* particles

Injection energy
Extraction energy
Betatron tune (Qy, Q)

Synchrotron tune (Qs)

Beam current

at increasing beam current?

2) What can we learn from this modification for beam diagnostics ?

3) Why and where are these effects relevent ?
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Outline

* Transverse beam spectrum at low intensity

e Head-tail modes =

* High intensity effects on tune spectra

—

* |nterpretation of tune spectra

 Beam diagnostics : Measurement of
. o S Measurements and
tune, impedances, chromaticity etc. results
0
=== I

* Relevance : Why and where?
* Conclusion
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Introduction: Betatron tune?

" Lattice beta

‘ d(s) = }s‘ﬁ (5) cos(W(s) + o)

where Y(s)= | =—=<ds

LS r! SO
S, For one complete revolution l So+2mR

At a specific position (BPM) turn by turn (m)
Revolution

Tune frequency frequency

Wp

d(m, sgpy) = \J€B(sppm) cos(QolgmTy + o)

* The periodic focussing and de-focussing creates oscillations.
* Number of dipole oscillations per turn is the bare tune or single particle tune.

@
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Longitudinal spectra (single particle)
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a oc—p(mltlal)

Do
Longitudinal amplitude

Synchrotron motion!

Frequency domain

0 (t) = a sin(Qswot + @)

Synchrotron frequency

Satellite
number A

a a a
Revolution Jo(w (U_o) J1(w 0)_0) Jo(w —)
harmonic W, /

Frequencies W = Mwo + kws J |

Amplitude Ik = qWo Ji(Mma) A | || T

Bessel’s - aaan o >
Phase Ui = —k@ function Wy 2w 3wy W

S. Chattopadhyay: Some fundamental aspects of fluctuations and coherence in charged-particle beams in storage rings = = i 5
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Transverse spectra (single particle)
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No Chromaticity

A

d (t)
N N\ / \
YO\
d(t) = x(t)-1 (t)

\/ ot

ﬂzgﬂ_p = A cos(wpt + @) - 1(¢t)
Qo Po
For &,,= 0, Amplitude modulation
’ Tl Jo(® —)
" Ji( —)
e Y
Wy = MWy + wp + kag ([ | : ;
a \P
Fi™~ qWoA Ji (W —) I ) — y >
Wo ‘—|'—’ wﬁ)o ‘—|y—’ 2w W
Ui = ¢ + ko v b @b ¥
wp + kwg 2w — wWp + kwg ]
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Effect of chromaticity

Longitudinal phase space AQ Ap
=6 >0
A Ap Qo Po J
{Poag>0 | o
Depending on the position within the bunch
tail head the betatron phase is different
<« @ o >
T Between any two positions T
P y p
“ AQ <O = i =
v Q x—nQoon—wgf
Half synchrotron period
Chromatic
1 frequency (wg)
: : Maximum phase difference
: ® T @ : (Head-tail phase shift)
< >
| |
< : - > Ab = EQO(‘)O Tp
T @

D=
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Transverse spectra (with chromaticity)

- .. d @ 1
A —
| N N ot
Chromaticity d@t)= x(t)-1(t)
AQ _, 8y _ Dy s).
o _gpo =A cos(wb(1+fp0)t+ qb) I(t)

For &, # 0, Envelope shifted

r{ Aw B a. a
frequency Irl > Jol0-wg) o J1(w-wg) 7-)

Chromatic

Wy = MWy + wp + kg

a
Ik X qWoA Jr (W T we) =)

UAmk = ¢+ ko
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Betatron

WENS

For nt" particle, the phases

of k" satelitesare o, (n) = ¢, + ko,

Phases are uniformly distributed between
(0, 2m) ,spectral lines incoherently add

Not visible to BPMs, difficultto measure,

BPM Plates

Synchrotron

WENE

|

What do we measure?

Ir| oc+/N
A

a
Jo(w 00—0)

4

a
Ji(w 00—0)

modified significantly at high intensities

)
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BPM Plates
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What do we measure?
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What do we measure?

Noise Excitor

Beam Pipe

Bunch (of N particles)

Ir| VN The phases of particles are

Jo(® —) a aligned due to excitation.
Wo Ji(w w_)
/ 0

U (M) = ¢y + k@, = const.
| | , : .
This resultsin coherent signals
/[ | } i i \T\l >
W 200 © = i 11
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What do we measure?

Noise Excitor

BPM Plates

Ir| o« vN
Jo(® —)
T (@ —)
/ 0
( |
/[ | 3 i ¥ \T\lﬁ)
(O 2(1)0 w .
GBS L2
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What do we measure? Coherent sighals
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What do we measure? Coherent sighals
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What do we measure? Coherent sighals

k=1
| |
| 13 J 3 >
A T o N A 2(1)0 A(J)
EEi 15
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What do we measure? Coherent sighals

9/19/2013 R. Singh IBIC 2013 DITANEKEL =



What do we measure? Coherent sighals

Ir| < N
A

Baseband spectra

17
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What do we measure? Coherent sighals

% 20;_ I — 1 i Il Measurement with
—— | " : : : il 1 mA currentof U73%
15 : Jl Head tail modes! BN o
al () Il ions at injection energy
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aseband spectra . GSN 18
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Coherent time domain signal
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Non -zero chromaticity
(non-rigid)

/L
7y X >
I, / 12w, ¢
Xy (7, t) = X (D)exp(j(wp + kw;)t)
4 Rigid oscillations for
zero chromaticity .
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Coherent time domain signal
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Non -zero chromaticity
(non-rigid)
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Coherent time domain signal

Non -zero chromaticity

(non-rigid)

T
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Recap : Introduction

* Transverse single particle signals have a rich spectra.
Chromaticity shifts the amplitude envelope of the spectra.

* Transverse dipolar excitation aligns the phase of particles
facilitating dipolar coherent motion.

* Typical tune measurement system measure head-tail modes
in the baseband.

iI=== 1L 22
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Head-tail modes at high intensity

* Head-tail mode frequencies for interacting particles are calculated by self-
consistent evolution of the phase space taking all external forces into
account. (Vlasov formalism)

* (Qk,coh_QO _ st)wﬂ T f(qj(x ,X',y, y',Z,Z',t),ZJ_)
|

AQ, w, 6D phase space Transverse
distribution and Impedance

space charge

Usually solved numerically as an eigenvalue problem

What are
1) Space charge forces ?
2) Transverse coupling impedances ?

E. Metral, G. Rumolo : USPAS course on "Collective Effects in Beam Dynamics" in Albuquerque, New Mexico, U.SA

| E— = | S
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Space charge

ANANANANANANANA N NN VAN

Direct : Important

ot Qe

SLSSSSSSSSSSS

@ -Q
* Anincoherent effect.

* Inversely proportional to y,°,
prominent for low energy beams.

_1AQs|
Space charge parameter! sc = 0
S

e -

qlp,R

47T€0CW0503V025

AQg. =

L RO |ndirect : Negligible For a uniformly distributed beam in the

transverse phase space

Incoherent tune shift /tune spread

where,

L, is the peak current

q is the particle charge
W, is the particle energy
R is the radius of the ring
P, is the relativistic beta

Yois the relativisticgamma
2

£ = %is the beam emittance

9/19/2013 R. Singh IBIC 2013
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Transverse coupling impedances

SFE(s, ) + v X B(s, w))  ds

I Z,(w) =—
UK L@r=- BIA
4
21© b
-------------------------------------------------------------- * Effect of beam on itself through its
I —> environment.
w
b * Ingeneral, the impedanceis complex
/S /Lc{ LSS and a function of frequency.
< > » Iin(Z,) defines the frequency shifi-ef
For a perfectly conducting beam pipe, thie.coherent modes. (Reactive)
it reduces to -
* Re(Z,) defines the growth rate of these
, _ /Zo modes. (Resistive)
L==J 2. 212 Directly visible in
}4180 Yo°b \ tune spectra

Characteristic

A . quRZZJ_ AQscaz
- — oC ;
Qc=—J 20.BW, 12 Coherent tune shift

impedance

S 5
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Head-tail modes at high intensity

\ (Qk,coh_QyO _ kQS)wOI = f(Lp(x rx.r y! y.,Z, Z.rt)rZJ_)
!

AQrwq 6D phase space Transverse

distribution and Impedance

space charge

Analytical s@®ution of the Vlasov equation for “'square well airbag model”,
taking spagicharge forces into account gives the following eigenmodes,

A.S'C-|_A C A.S'C_AC2
AQsy = — =25 +J(Q o 4 (kQy)?

2 —_
Fork =0, AQ, = AQ, For k # 0, AQ, = f(AQs.)
M. Blaskiewicz, “Fast head tail instability with space charge”, Phys. Rev ST Accel. Beams 1, 044201, (1998) &
== 1L 26
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Head-tail modes at high intensity

AQgc+AQ, AQgc—AQc)? _ 1AQs]
AQyy = — =24 +J(Q W4 (kQs)? =

2 - 4 QS
As AQ,. increases, the head-tail modes come closer for k > 0
3 T T T T T
A _ r A —_
== A Qk =—-A Qsc Qsc = 3
2 I \ _
\ e ———
1 \\_______—_ - >
s N dsc = 1.5
Ol Of= ]
S e
&
| S 1 T T T T T
21 qsc~0
; , —2 _1A(O (_1 2
(se < gk/ 25 >
A. Burov, "Head-tail modes for strong space charge”, Phys. Rev ST Accel. Beams 12, 044202, (2009)
0. Boine-Frankenheim and V. Kornilov, “Transverse Schottky noise spectrum for bunches with space charge”,
Phys. Rev ST Accel. Beams 12, 114201, (2009) ®
iI== 1L 27

9/19/2013 R. Singh IBIC 2013 DITANETL



Recap: tune spectra at high intensity

* The tune spectra of space charge dominated beams is
significantly modified!

* The results are valid for realistic beam distributions shown by

recent theoretical studies which also suggest (Landau) damping
of (—k) modes.

* Mode-structure similar to no space charge case i.e. mainly
dependent on chromaticity.

X (1,t) = cos(i—?) exp(jweT) exp(j(wp + kwg)t = Fromslide 11

A. Burov, "Head-tail modes for strong space charge”, Phys. Rev ST Accel. Beams 12, 044202, (2009)
0. Boine-Frankenheim and V. Kornilov, “Transverse Schottky noise spectrum for bunches with space charge”,
Phys. Rev ST Accel. Beams 12, 114201, (2009) ®
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Stripline Exciter — BPM

(Typical) Tune measurement systems

‘......I... ‘.......l
Bunched

beam \ §\

Simulataneous use!

. ! BBQ

0° 180 ;
_____________________________________________ a * Peak Detectors .
* Analog low pass .

filters (~1 MHz)
Signal

Generator * Sensitive .
* Tune .

TOPOS
100 Sa/bunch
Position calculation
per bunch and FFT

Versatile
Tune, position,
bunch structure

®
== 1L 23

9/19/2013

R. Singh IBIC 2013 DITANEL =




Beam experiments at GSI SIS-18

300

11.4

Energy (MeV/u)

»
>

Time (ms)

p 600 o
Injection Plateau Extraction Flat-top

* Measurements primarily on injection plateau, due to high space charge effects
«  Only measurements from selected beam times with U73* and N”* ions are shown

@
SN 30
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Measurement: beam parameters

Parameter Symbols Value value

Energy Wein 11.4 MeV/u 11.56 MeV/u
No. of particles N, 1-10% — 1-2108 1-10° — 1.5109

Emittance &x,&y(20) 45,22 mm-mrad 33,12 mm-mrad

Bunching factor B 0.4 0.37

Synchrotron tune  Q.g, Q1 0.007,0.0065 0.006, 0.0057
Tune Qx0, Qy0 4.31,3.27 4.16,3.27
Chromaticity & .fy —0.94, —1.85 —0.94,-1.85

Measurement of ALL relevant beam

parameters to calculate g, AQs, ql,R
sc = =

= v
4meqcWo o Vo2 €
Tune spectra are measured by s 0cWoPovoels
BBQ and TOPOS

&
— ESH 31
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Modification of tune spectrum for U73* beam

) N — S D D B A
A Q= —A Q. 301k =—2§ —1} 0% 8 P _—
iGN T N N R
028 02 03 031 032 033 034
T g0 k= —2f —1f of B b
2 20 £ £ £k
10 £ f £
: 0 : H H
5 028 029 03 031 032 033 0.3
Z 0 k= 1§ 0§ §
ol I H
o

T
=
o
oo
’CD_
tof
[den] ™
o
oo
=)

_J‘()T of51\i 5/ 5 95 3 3.
q‘:C

Predicted spectra : red lines Measured spectra
AQsc + AQ, (AQsc — AQc)z 2 — lAQSCl
AQyy = — T + (kQs) Asc =
T 2 4 QS
MEASUREMENTS : R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev ST Accel. Beams 13, March, (2013)
ESH 2
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Higher space charge with N’* beam

o

300, Ngse =108

A Q= —AQu] 5 ©
1o
0.265 0.97 0.97

[

[R—

~ EEEEEEEEEIZEEEN]
co llllilll.‘:.llllll]
I

280,285 0.29 0.295 0.3 0.305 0

ot

ol

|

= |
Q EEEEEEEEEEERTEE

=0

-

30}

30 4
203())

10L :0 He
0.265 027 0.275 0.28 0.235
")
20}
k=
10,

0 T 78 9 10411213 0.965 0.07 0.275 0.28 0285 0.20 0.395 0.3 0.305 0.31

Power P / dB

2
>

0.20 0.295 0.3 0.305 0._31

E ([;CNQZ

(15-(._ Fractional vertical tune Q/
Predicted spectra : red lines Measured spectra
AQq. + A AQg. — AQ,)? |AQs|
AQik - _ QSCz QC i ( QSC 4 QC) + (kQS)Z qSC — Q:'C

MEASUREMENTS : R. Singh et al., Interpretation of transverse tune spectrum in a heavy-ion synchrotron, Phys. Rev ST Accel. Beams 13, March, (2013)
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Measurement of incoherent tune shifts

— e

on

e
o

Slope ~0.75

[
o Ll

Saturation

[y B )

Qo
Tt =
=

(W]
Il Q-

o
&)
&

A Qu/Q

=
i)
-
-.-
.

i

2
1.5
1

Measured qg.

e U™ vertical
« U™ horizontal

) “ N™ vertical
0.5 * N horizontal
0

01 2 3 4 5 6 7T 8 9 10111213
Predicted q,

qIpR
41r€0CWo Bo V02 £Qs

"3 45 6 7 8 9 10 11 12 13
Use

redicted g, = based on measurements of various beam parameters

Measured g, based on the distance between lines of modes k = 0 and 1 (qko-

First measurements of this type, but works well only for g, < 5

®
= 34
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Fe

Measurement of transverse impedances

23+ 0.04) MQ/m?

78 + 0.04) MQ/m?

0O 4 &8 12 16 20 24 28 32
Peak current / mA

* Slope of coherenttune shifts AQ. (AQy—() versuspeak beam current I,
* Average beam pipe radius can be calculated (~ 115 and 35 mm)

9/19/2013 R. Singh IBIC 2013 DITANETL
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Time domain : head-tail modes

Time domain structure

e
‘—L‘____A____/—/ —

) f:@“ s ‘ N

500 1000 15'00 20})0 2500 mr il

0.285

e

YN AN === -

S ——

0.28

g

027 N — = — |

Fractional vertical tune Q:{.ﬁ

25
0.265 = _— __ W”W% 02 01 0 01 0
0 0.02 003 004 005 03 02 01 0 01 02 03
Time t /s Longitudinal bunch position T /us
Sweep Excitation allows excitation of individual head-tail modes E@
o a
The mode-structure verifies the spectra interpretation ARLRENERL Adobe Acrobat
Document
== 3
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Chromaticity measurements

— e

il .
Y e e 03 -
-2.5¢ S 0.8 P
’W -5 = 026 ., = :
ff o ; =
250 .
I _5 u:'; ___‘_'.—-F""
T —2 ¥
5 et
() Fes el :
-2 51 -3.6 -3.0 -2.4 -18 -1.2 -0.6
m Wm I | Measured &,
0.3

03 02 A1 0 01 02
Longitudinal bunch position T /us

’

Fe(6,7,4) = S@) (Ay + AT (§,))

E@GA) = OVmr — Fe(1,§,4) )

Longitudinal Beam Analytical Minimize E (¢, A) as a functionof  and A
profile offset | mode-structure

Similar principle: D. Cocq et al., “The Measurement of Chromaticity via a Head-Tail Phase Shift” , BIW’98
iI== 1L 37
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Head-tail modes during acceleration

Kinetic enerey Wy, / MeV /u

| 0.3 50 100 200 300
S 60

< ().205 _

g 0.295 ”
: )¢ ( s i

5 028 130
; 0.28 50
g 0.275 10
£

0 0.05 0.1 0.15 0.2

Time # /s

The mode shifts also visible during acceleration !
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Where and why?

Where could these effects be relevant?
At most hadron synchrotrons, especially at injection.

Parameter SIS-18 SPS RHIC ANKA (B)
Peak current / mA 10 1400 500 12
Emittance / mm — mrad 22 0.2 10 0.153
Relativistic gamma (y) ~1 ~27 ~4 ~100
AQ. -0.05 -0.1 -0.02 -107*%
Qs 0.007 0.015 0.0015 0.008
Qsc ~7 ~7 ~12 ~0

For g, = 1, the space charge effects will play a role!

= 39
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Where and why?

Where could these effects be relevant?
At most hadron synchrotrons, especially at injection.

Why are these measurements relevant?

* If the coherent spectrum is modified by high intensity effects,
they can be measured and studied.

* Feedback systems using tune spectra as input might have
problems. Understanding of spectra needed.

An example from RHIC!

9/19/2013 R. Singh IBIC 2013 DITANETL
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Spectrum from RHIC

Courtesy : P. Cameron

Observations reported in 2007!

Anomalous beam response at

injection

e tunes separated and well decoupled >30dB
e not power line, synchrotron freqs | above
e similar in all 4 planes noise
e serious obstacle to acquiring lock floor!

e disappeared with start of ramp Ihwi"’ﬁf--,q|"‘

e not understood — speculation on
power supply regulation/phase shift
at low current ~130

dBmL

“'W?‘frii Iw‘lwﬁuﬂ-‘[‘ﬁﬂ

enter: 16_.667139%9 Kk Span: ] kHzZ

Problems reported

* The phase locked loop (PLL) has difficulty locking to the tune frequency

* Feedbacks using PLL output were sometimes unstable

P. Cameron et al., “TUNE, COUPLING, AND CHROMATICITY MEASUREMENT AND FEEDBACK DURING RHIC RUN 7*”, DIPAC 2007, Venice
P. Cameron et al., “PROGRESS IN TUNE, COUPLING, AND CHROMATICITY MEASUREMENT AND FEEDBACK DURING RHIC RUN 7*”, PAC'07

=N 4
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Spectrum from RHIC
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Excellent logbook at BNL
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Conclusion and outlook

* Tune spectra has a characterstic modification at high intensities due to space
charge forces.

* To extract machine tune from the spectra, the inter-dependence of various beam
and machine parameters should be carefully considered.

* Correlating with simplified analytical models gives access to elusive quantities
such as incoherent tune spreads, effective impedances, chromaticity.

Quadrupolar modes (beam size oscillations) planned to be measured
Direct and fast measurement of incoherent tune spread
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