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Two different tune measurement systems have been installed in the GSI Helmholtzzentrum für

Schwerionenforschung heavy-ion synchrotron SIS-18. Tune spectra are obtained with high accuracy

using these fast and sensitive systems. Besides the machine tune, the spectra contain information about the

intensity dependent coherent tune shift and the incoherent space charge tune shift. The space charge tune

shift is derived from a fit of the observed shifted positions of the synchrotron satellites to an analytic

expression for the head-tail eigenmodes with space charge. Furthermore, the chromaticity is extracted

from the measured head-tail mode structure. The results of the measurements provide experimental

evidence of the importance of space charge effects and head-tail modes for the interpretation of transverse

beam signals at high intensity.

DOI: 10.1103/PhysRevSTAB.16.034201 PACS numbers: 41.85.�p, 29.27.�a, 41.75.Ak

I. INTRODUCTION

Accurate measurements of the machine tune and the

chromaticity are of importance for the operation of fast

ramping, high intensity ion synchrotrons. In such machines

the tune spread �Qx;y at injection energy due to space

charge and chromaticity can reach values as large as 0.5.

In order to limit the incoherent particle tunes to the reso-

nance free region, the machine tune has to be controlled

with a precision better than �Q� 10�3. In the GSI

Helmholtzzentrum für Schwerionenforschung heavy-ion

synchrotron SIS-18 there are currently two betatron tune

measurement systems installed. The frequency resolution

requirements of the systems during acceleration are speci-

fied as 10�3, but they provide much higher resolution

(10�4) on injection and extraction plateaus. The tune, orbit,

and position measurement system (TOPOS) is primarily a

digital position measurement system which calculates the

tune from the measured position [1]. The baseband Q

measurement system (BBQ) conceived at CERN performs

a tune measurement based on the concept of diode based

bunch envelope detection [2]. The BBQ system provides a

higher measurement sensitivity than the TOPOS system.

Passive tune measurements require high sensitivity

(Schottky) pickups, low noise electronics, and long aver-

aging time to achieve reasonable signal-to-noise ratio. For

fast tune measurements with the TOPOS and BBQ sys-

tems, which both use standard pickups, the beam has to be

excited externally in order to measure the transverse beam

signals.

For low intensities the theory of transverse signals from

bunched beams and the tune measurement principles from

Schottky or externally excited signals are well known [3,4].

In intense, low-energy bunches the transverse signals and

the tune spectra can be modified significantly by the

transverse space charge force and by ring impedances.

Previously, the effect of space charge on head-tail modes

had been the subject of several analytical and simulation

studies [5–9].

Recently, the modification of transverse signals from

high intensity bunches was observed in the SIS-18 for

periodically excited beams [10] and for initially kicked

bunches [11], where the modified spectra was explained in

terms of the space charge induced head-tail mode shifts.

This contribution aims to complement the previous

studies and extract the relevant intensity parameters from

tune spectra measurements using the TOPOS and BBQ

tune measurement systems. Section II presents the fre-

quency content of transverse bunched beam signals briefly.

Section III presents the space charge and image current

effects on tune measurements and respective theoretical

models. Section IV reports on the experimental conditions

and compares the characteristics of two installations as

well as the various excitation methods. Section V presents

the experimental results in comparison with the theoretical

estimates of various high intensity effects. In Sec. VI we

discuss the applications of the obtained results and we

derive conclusions in Sec. VII.

II. TRANSVERSE BUNCH SIGNALS

Theoretical and experimental work related to transverse

Schottky signals and beam transfer functions (BTFs) for

bunched beam at low intensities can be found in the exist-

ing literature [3,12,13]. In this section we briefly outline

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS 16, 034201 (2013)

1098-4402=13=16(3)=034201(14) 034201-1 Published by the American Physical Society



some of the results which can be found in the existing

literature. The transverse signal of a beam is generated by

the beam’s dipole moment,

dðtÞ ¼
X

N

j¼1

xjðtÞIjðtÞ; (1)

where xjðtÞ is the horizontal/vertical offset and IjðtÞ the
current of the jth particle at the position of a pickup (PU) in
the ring. The sum extends over all N particles in the

detector. The Schottky noise power spectrum as a function

of the frequency f is defined as SðfÞ ¼ jdðfÞj2, where dðfÞ
is the Fourier transformed PU signal. For a beam excited by

an external amplitude spectrum GðfÞ, the transverse re-

sponse function is defined as rðfÞ ¼ dðfÞ=GðfÞ [3].
If the transverse signal from a low intensity bunch is

sampled with the revolution period Ts, then the positive

frequency spectrum consists of one set of equidistant lines,

Qk ¼ Q0 þ �Qk; (2)

usually defined as baseband tune spectrum, whereQ0 is the

fractional part of the machine tune, �Qk ¼ �kQs are

the synchrotron satellites, and Qs is the synchrotron tune.

For a single particle performing betatron and synchrotron

oscillations, the relative amplitudes of the satellites are

(see [3,4])

j dk j � j Jkð�=2Þ j; (3)

where � ¼ 2��m=�0 is the chromatic phase, � is the

chromaticity, �m is the longitudinal oscillation amplitude

of the particle, and�0 is the frequency slip factor. Jk are the
Bessel functions of order k. In bunched beams, the relative

height and width of the lines depends on the bunch distri-

bution. The relative height is also affected by the character-

istics of the external noise excitation or by the initial

transverse perturbation applied to the bunch. In the absence

of transverse nonlinear field components, the width of each

satellite with k � 0 is determined by the synchrotron tune

spread �Qk � jkjQs�
2
m=16.

III. TUNE SPECTRUM FOR HIGH INTENSITY

At high beam intensities, the transverse space charge

force together with the coherent force caused by the beam

pipe impedance will affect the motion of the beam particles

and also the tune spectrum [14]. The space charge force

induces an incoherent tune shift Q0 ��Qsc for a symmet-

ric beam profile of homogeneous density where

�Qsc ¼
qIpR

4��0cE0�
2
0	

3
0"x

(4)

is the tune shift, Ip is the bunch peak current, q is the

particle charge, �0 is the permittivity in vacuum, and E0 ¼
�0mc2 is the total energy. The relativistic parameters are

�0 and	0, the ring radius is R, and the emittance of the rms

equivalent Kapchinsky-Vladimirsky (K-V) distribution is

"x. In the case of an elliptic transverse cross section, the

emittance "x in Eq. (4) should be replaced by

1

2

0

@"x þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

"x"y
Q0x

Q0y

s

1

A: (5)

For the vertical plane the procedure is the same, with

x replaced by y. It should be mentioned that Eq. (4) is

obtained for a simplified model, where space charge gen-

erates only tune shift and no tune spread. The image

currents and image charges induced in the beam pipe,

assumed here to be perfectly conducting, cause a purely

imaginary horizontal impedance

Zx ¼ �i
Z0

2�ð	0�0bxÞ2
(6)

and real coherent tune shift

�Qc ¼ �i
qIR2Zx

2Qx0	0E0

: (7)

For a round beam profile with radius a and beam pipe

radius b the coherent tune shift is smaller by �Qc ¼
a2

b2
�Qsc than the space charge tune shift. Therefore the

contribution of the beam pipe is especially important for

thick beams (a� b) at low or medium energies.

In the presence of incoherent space charge, represented

by the tune shift �Qsc, or beam pipe effects, represented

by the real coherent tune shift �Qc, the shift of the syn-

chrotron satellites in bunches can be reproduced rather

well by [6]

�Qk ¼ ��Qsc þ �Qc

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð�Qsc � �QcÞ2=4þ ðkQsÞ2
q

;

(8)

where the sign þ is used for k > 0. For k ¼ 0 one obtains

�Qk¼0 ¼ ��Qc. The above expression represents the

head-tail eigenmodes for an airbag bunch distribution in

a barrier potential [5] with the eigenfunctions

�x kð�Þ ¼ cosðk��=�bÞ expð�i��=�bÞ; (9)

where �xk is the local transverse bunch offset, � ¼ ��b=�0

is the chromatic phase, �b is the full bunch length, and �0

is the slip factor. In Ref. [5] the analytic solution for the

eigenvalues in Eq. (8) is obtained from a simplified ap-

proach, where the transverse space charge force is assumed

to be constant for all particles. This assumption is correct if

there are only dipolar oscillations. In Ref. [6], it has been

pointed out that in the presence of space charge there is

an additional envelope oscillation amplitude. For the

negative-k eigenmodes the envelope contribution domi-

nates and therefore those modes disappear from the tune

spectrum. In Ref. [6], Eq. (8) has been successfully com-

pared to Schottky spectra obtained from 3D self-consistent

simulations for realistic bunch distributions in rf buckets.
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Analytic and numerical solutions for Gaussian and other

bunch distribution valid for �Qsc � Qs were presented

in [7,8].

In an rf bucket the synchrotron tune Qs is a function of

the synchrotron oscillation amplitude �̂. For short bunches

Qs corresponds to the small-amplitude synchrotron tune,

Q2
s0 ¼

qV0hj�0j
2�m�	2c2

; (10)

where V0 is the rf voltage amplitude and h is the rf

harmonic number.

For head-tail modes the space charge parameter is de-

fined as a ratio of the space charge tune shift [Eq. (4)] to the

small-amplitude synchrotron tune,

qsc ¼
�Qsc

Qs0

; (11)

and the coherent intensity parameter as

qc ¼
�Qc

Qs0

: (12)

An important parameter for head-tail bunch oscillations

in long bunches is the effective synchrotron frequency

which will be different from the small-amplitude synchro-

tron frequency in short bunches. For an elliptic bunch

distribution (parabolic bunch profile) with the bunch half-

length �m ¼
ffiffiffi

5
p


l (rms bunch length 
l), one obtains the

approximate analytic expression for the longitudinal dipole

tune [15],

Qs1

Qs0

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 
2
l

2

s

: (13)

Using Qs1 instead of Qs0 in Eq. (8) shows a much better

agreement with the simulation spectra for long bunches in

rf buckets (see Ref. [11]).

For Gaussian bunches with a bunching factor Bf ¼ 0:3

(Bf ¼ I0=Ip, I0 is the dc current), the transverse tune

spectra obtained from PATRIC simulations [6] for different

space charge factors and thin beams (qc ¼ 0) are shown in
Fig. 1. The dotted vertical lines indicate the positions of the

head-tail tune shifts obtained from Eq. (8) with Qs ¼ Qs1.

For the low-k satellites there is a good agreement between

Eq. (8) and the simulation results. Lines with k > 2 can

only barely be identified in the simulation spectra. The

positions of the satellites for k ¼ 0; 1; 2 together with the

predicted head-tail tune shifts from Eq. (8) are shown in

Fig. 2. The error bars indicate the obtained widths of the

peaks in the tune spectra.

It is important to notice that the simulations for moder-

ate space charge parameters (qsc & 10) require a 2.5D self-

consistent space charge solver. The theoretical studies rely

on the solution of the Möhl-Schönauer equation [16],

which assumes a constant space charge tune shift for all

transverse particle amplitudes. In PATRIC we can chose

between a fully self-consistent 2.5D space charge solver

and a rigid slice model, which corresponds to the

Möhl-Schönauer equation. The PATRIC simulation studies

using the Möhl-Schönauer model gave tune spectra with

pronounced, thin satellites also for large k, in contrary to

FIG. 1. Tune spectra obtained from the simulation for qsc ¼ 0
(top), qsc ¼ 2 (middle), and qsc ¼ 10 (bottom).

FIG. 2. Head-tail tune shifts and their width obtained from the

simulations for qc ¼ 0. The error bars indicate the width of the

peaks.
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the PATRIC results obtained using the self-consistent model.

In order to account for the intrinsic damping of head-tail

modes [7–9], which is the main cause of the peak widths

obtained from the simulations, a self-consistent treatment

is required.

For thick beams (here qc ¼ 0:15qsc, which corresponds

to the conditions at injection in the SIS-18) the positions of

the synchrotron satellites obtained from the simulation are

indicated in Fig. 3. Again, the error bars indicate the widths

of the peaks. From the plot we notice an increase in

the spacing between the k ¼ 0; 1; 2 satellites, relative to

the analytic expression. Also the width of the peaks for

k ¼ 1; 2 does not shrink with increasing qsc.
The tune spectra obtained for qsc ¼ 3, qsc ¼ 5, and

qsc ¼ 10 are shown in Fig. 4. One can observe that for

thick beams (here a � 0:4b) the k ¼ 1 peak remains broad

up to qsc ¼ 10.
This observation is consistent with a simplified picture

for the upper qsc threshold for the intrinsic Landau damp-

ing of head-tail modes. For a Gaussian bunch profile, the

maximum incoherent tune shift, including the modulation

due to the synchrotron oscillation, is

�Qmax ¼ ��Qsc þ kQs; (14)

where �Qsc is determined by Eq. (4). The minimum space

charge tune shift is (see Refs. [8,9])

�Qmin ¼ ��qscQs þ kQs; (15)

where � is determined from the average of the space

charge tune shift along a synchrotron oscillation with

the amplitude �̂ ¼ �m. For a parabolic bunch we obtain

� ¼ 0:5. For a Gaussian bunch and �̂ ¼ 3
l, we obtain

� ¼ 0:287. Each band of the incoherent transverse spec-

trum has a lower boundary determined by the maximum

tune shift �Qmax and an upper boundary determined by

�Qmin. Landau damping, in its approximate treatment,

requires an overlap of the coherent peak with the incoher-

ent band.

The head-tail tune for low qsc and k � 0 can be approxi-
mated as

�Qk ¼ �1
2
ð�Qsc þ�QcÞ þ kQs (16)

and the distance between the coherent peak and the upper

boundary of the incoherent band is

�Q ¼ ð1
2
� �Þ�Qsc þ 1

2
�Qc: (17)

For large qsc the head-tail modes with positive k converge

towards�Qk ¼ ��Qc, the shift for the k ¼ 0mode. For a

given k the mode is still inside the incoherent band if

k * �qsc � qc (18)

holds. This estimate holds for k � 0.
In order to illustrate the above analysis, the incoherent

band for k ¼ 2 is shown in Fig. 5 (shaded area). For qc ¼ 0
the coherent head-tail mode frequency crosses the upper

boundary of the band at qsc � 4:5. For qc ¼ 0:15qsc the

k ¼ 2 head-tail mode remains inside the incoherent band

until qsc � 12. For the k ¼ 1 modes the above analysis

leads to thresholds of qsc � 2 (thin beams) and qsc � 6 for

FIG. 3. Head-tail tune shifts and their width obtained from the

simulations for qc ¼ 0:15qsc. The error bars indicate the width

of the peaks.

FIG. 4. Tune spectra obtained from the simulation for qc ¼
0:15qsc and qsc ¼ 3 (top), qsc ¼ 5 (middle), and qsc ¼ 10
(bottom).
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qc ¼ 0:15qsc. It is also worth noticing that for qc * �qsc
(with � ¼ 0:287 for Gaussian bunches) the k ¼ 0 mode

should be Landau damped.
The strongly enhanced Landau damping in thick beams

can also serve as an explanation for the deviations of the
k ¼ 1; 2 head-tail tune shifts obtained from the simulations
(shown in Fig. 3) and the predictions by Eq. (8). The
theoretical model underlying Eq. (8) does not account for
Landau damping. Within a more accurate approach, the
eigenvalues should be obtained from a dispersion relation
including the real and the imaginary parts of the head-tail
eigenfrequencies. This will be the subject of a more spe-
cific theoretical study. All the analytical results mentioned
in this section can be found in existing literature referenced
herein.

IV. MEASUREMENT SETUP FOR

TRANSVERSE BUNCH SIGNALS

In this section, a brief description of the transverse beam
excitation mechanisms as well as the two different tune
measurement systems, TOPOS and BBQ, in the SIS-18 is
given. Further, the experimental setup, typical beam pa-
rameters, and uncertainty analysis of the measured beam
parameters are discussed.

A. Transverse beam excitation

The electronics used for beam excitation consist of a
signal generator connected to two 25 W amplifiers which
feed power to 50 � terminated stripline exciters as shown
in Fig. 6. Excitation types such as band limited noise and
frequency sweep are utilized at various power levels to
induce coherent oscillations.

1. Band limited noise

Band limited noise is a traditionally used beam excita-

tion system for slow extraction in the SIS-18. The rf signal

is mixed with direct digital synthesis generated fractional

tune frequency, resulting in rf harmonics and their respec-
tive tune sidebands. This signal is further modulated by a
pseudorandom sequence resulting in a finite band around
the tune frequency. The width of this band is controlled by
the frequency of the pseudorandom sequence. The typical
bandwidth of the band limited exciter is � 5% of the tune
frequency. There are two main advantages of this system;
first, it is an easily tunable excitation source available
during the whole acceleration ramp and, second, the band
limited nature of this noise results in an efficient excitation
of the beam in comparison to white noise excitation. The
main drawback is the difficulty in correlating the resultant
tune spectrum with the excitation signal.

2. Frequency sweep

Frequency sweep (chirp/harmonic excitation) using a

network analyzer for BTF measurements is an established

method primarily for beam stability analysis [4]. However,

using this method for tune measurements during accelera-

tion is not trivial, and thus themethod is not suitable for tune

measurements during the whole ramp cycle. Nevertheless,

this method offers advantages compared to the previous

excitation method for careful interpretation of tune spec-

trum in storage mode, e.g., injection plateau or extraction

flattop. Thus, frequency sweep is used during measure-

ments at the injection plateau to compare and understand

the dependence of tune spectra on the type of excitation.

B. TOPOS

Following the beam excitation, the signals from each of

the 12 shoebox-type beam position monitors (BPMs) [17]

at SIS-18 pass through a high dynamic range (90 dB) and

broadband (100 MHz) amplifier chain from the synchro-

tron tunnel to the electronics room, where the signals

are digitized using fast 14 bit analog-to-digital converters

(ADCs) at 125 MSa=s. Bunch-by-bunch position is

calculated from these signals using field programmable

FIG. 6. Scheme of the excitation system and the tune, orbit and

position (TOPOS) measurement system.

FIG. 5. Head-tail mode frequencies as a function of the space

charge parameter. The grey shaded area indicates the incoherent

band for a Gaussian bunch and k ¼ 2. The red curves represent

the head-tail mode frequencies obtained for qc ¼ 0:15qsc.
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gate arrays (FPGAs) in real time and displayed in the

control room. The spatial resolution is � 0:5 mm in

bunch-by-bunch mode. Further details can be found in

[1]. Hence, TOPOS is a versatile system which provides

accurate bunch-by-bunch position and longitudinal beam

profile. This information is analyzed to extract nontrivial

parameters like betatron tune, synchrotron tune, beam

intensity evolution, etc.

C. BBQ

The BBQ system is a fully analog system and its front

end is divided into two distinct parts; a diode based peak

detector and an analog signal processing chain consisting

of input differential amplifier and a variable gain filter

chain of 1 MHz bandwidth. The simple schematic of the

BBQ system configuration at SIS-18 is shown in Fig. 7 and

the detailed principle of operation can be found in Ref. [2].

D. Comparison of TOPOS and BBQ

The sensitivity of BBQ has been measured to be

� 10–15 dB higher than that of TOPOS under the present

configuration. The main reason for the difference is the

relative bandwidth of the two systems and their tune de-

tection principles. In BBQ, the tune signal is obtained

using analog electronics (diode based peak detectors and

differential amplifier) immediately after the BPM plates,

while in TOPOS position calculation is done after passing

the whole bunch signal through a wide bandwidth amplifier

chain. Even though the bunches are integrated to calculate

position in TOPOS which serves as a low pass filter, the net

signal-to-noise ratio is still below BBQ. Operations similar

to BBQ could also be performed digitally in TOPOS to

obtain higher sensitivity but would require higher compu-

tation and development costs. TOPOS can provide indi-

vidual tune spectra of any of the four bunches in the

machine, while the BBQ system provides ‘‘averaged’’

tune spectra of all the bunches. Both systems have been

benchmarked against each other. Tune spectra shown in

Sec. V are mostly from the BBQ system while TOPOS is

primarily used for time domain analysis, nevertheless this

will be pointed out when necessary.

E. Measurement setup and beam parameters

Experiments were carried out using N7þ and U73þ ion
beams at the SIS-18 injection energy of 11:4 MeV=u. The
data were taken during 600 ms long plateaus. At injection
energy space charge effects are usually strongest. Four
bunches are formed from the initially coasting beam during
adiabatic rf capture. The experiment was repeated for
different injection currents. At each intensity level several
measurements were performed with different types and

FIG. 7. BBQ: Baseband Q measurement system. Diode detec-

tors (a) and signal chain (b).
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FIG. 8. Normalized transverse beam profile in the vertical

plane at N7þ ¼ 15� 108 ions. The dotted lines show the normal

distribution for the rms width obtained by evaluation of beam

profile around its center.

TABLE I. Beam parameters during the U73þ experiment.

Beam/machine

parameters Symbols Values

Atomic mass A 238

Charge state q 73

Kinetic energy Ekin 11:4 MeV=u (measured)

Number of particles Np 1, 5, 12� 108 (measured)

Tune Qx, Qy 4.31, 3.27 (set value)

Chromaticity �x, �y �0:94, �1:85 (set value)

Transverse emittance �x, �yð2
Þ 45, 22 mmmrad (measured)

Slip factor � 0.94

Bunching factor Bf 0.4 (measured)

Synchrotron tune Qs0, Qs1 0.007, 0.0065 (measured)

Momentum spread �p
p
ð1
Þ 0.001 (measured)

Lattice parameter 	x;trip, 	y;trip 5.49, 7.76

Beam pipe width bx, by 120, 40 mm
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levels of beam excitation in both planes. Tune measure-
ments were done simultaneously using the TOPOS and
BBQ systems. The beam current and the transverse beam
profile are measured using the beam current transformer
[18] and the ionization profile monitor (IPM) [19], respec-
tively. A typical transverse beam profile is shown in Fig. 8.
The dipole synchrotron tune ðQs1Þ is deduced using the
residual longitudinal dipole fluctuations of the bunches.
Qs1 has been used as an effective synchrotron tune for all
experimental results and will be referred to as Qs from
hereon. The momentum spread is obtained from longitu-
dinal Schottky measurements [20]. Further details on the
mentioned beam diagnostic devices and experimental tech-
niques are detailed in [17,21]. Important beam parameters
during the experiment are given in Tables I and II. It is
important to note that all the parameters required for
analytical determination of qsc, qc are recorded during
the experiments.

From Tables I and II, one can estimate that in the

measurements the head-tail space charge and image cur-

rent parameters were in the range qsc & 10 and qc &
0:2qsc for the horizontal and vertical planes.

V. EXPERIMENTAL OBSERVATIONS

Tune spectra measurements at different currents are

presented and interpreted in comparison with the predic-

tions of Sec. III. The effect of different excitation types and

power on the transverse tune spectra is studied. Transverse

impedances in both planes are obtained from the coherent

tune shifts. Incoherent tune shifts are obtained from the

relative frequency shift of head-tail modes in accordance

with Eq. (8). Chromaticity is measured using head-tail

eigenmodes and the obtained relative height of the ob-

served peaks for different chromaticities is analyzed.

A. Modification of the tune spectrum with intensity

Figure 9 shows the horizontal tune spectra obtained with

the BBQ system using bandwidth limited noise at different

intensities. Figure 9(a) shows the horizontal tune spectrum

at low intensity. Here the k ¼ 1; 0;�1 peaks are almost

equidistant, which is expected for low intensity bunches.

The space charge parameter obtained using the beam pa-

rameters and Eq. (4) is qsc � 0:14. The vertical lines

indicate the positions of the synchrotron satellites obtained

from Eq. (8) (with Qs ¼ Qs1). Figure 9(b) shows the

tune spectrum at moderate intensity (qsc � 0:73). The

k ¼ 2;�2 peaks can both still be identified. Figure 9(c)

shows the tune spectra at larger intensity (qsc � 1:7). An
additional peak appears between the k ¼ 0 and k ¼ �1
peaks which can be attributed to the mixing product of

diode detectors (since at this intensity 30–40 V acts across

the diodes pushing it into the nonlinear regime). The

k ¼ 0; 1; 2 peaks can be identified clearly, whereas the

amplitudes of the lines for negative k already start to

decrease (see Sec. III). In the horizontal plane the effect
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FIG. 10. Vertical tune spectra for N7þ ions and beam parame-

ters given in Table II. The dashed lines indicate the head-tail tune

shifts from Eq. (8).

TABLE II. Beam parameters during the N7þ experiment.

Beam/machine

parameters Symbols Values

Atomic mass A 14

Charge state q 7

Kinetic energy Ekin 11:56 MeV=u (measured)

Number of particles Np 3, 6, 11, 15� 109 (measured)

Tune Qx, Qy 4.16, 3.27 (set value)

Chromaticity �x, �y �0:94, �1:85 (set value)

Transverse emittance �x, �yð2
Þ 33, 12 mmmrad (measured)

Slip factor � 0.94

Bunching factor Bf 0.37 (measured)

Synchrotron tune Qs0, Qs1 0.006, 0.0057 (measured)

Momentum spread �p
p
ð1
Þ 0.0015 (measured)

Lattice parameter 	x;trip, 	y;trip 5.49, 7.76
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of the pipe impedance and the corresponding coherent tune

shift can usually be neglected because of the larger pipe

diameter.

Figure 10 shows the vertical tune spectrum obtained by

the BBQ system with band limited noise excitation forN7þ

beams with qsc values larger than 2. Here the negative

modes (k < 0) could not be resolved anymore. In the

vertical plane the coherent tune shift is larger due to

the smaller SIS-18 beam pipe diameter (qc � qsc=10).
The shift of the k ¼ 0 peak due to the effect of the pipe

impedance is clearly visible in Fig. 10.

In the measurements the width of the peaks is deter-

mined by the cumulative effect of nonlinear synchrotron

motion, nonlinearities of the optical elements, closed orbit

distortion, tune fluctuation during the measurement inter-

val as well as due to the intrinsic Landau damping

(Sec. III). From the comparison to the simulations we

conclude that the intrinsic Landau damping is an important

contribution to the width of the k ¼ 1; 2 peaks.

B. Determination of coherent and incoherent tune shifts

The coherent tune shift �Qc can be obtained by mea-

suring the shift of the k ¼ 0mode as a function of the peak

bunch current as shown in Fig. 11. The transverse imped-

ance is obtained by a linear least square error fit of the

measured shifts in both planes to Eqs. (6) and (7). The

impedance values obtained in the horizontal and vertical

planes at injection energy are �ið0:23� 0:04Þ M�=m2

and �ið1:78� 0:04Þ M�=m2, respectively, which agrees

well with the expected values for the average beam pipe

radii of the SIS-18.

Figures 12–15 show the measured positions of the peaks

in the tune spectra for different intensities. In comparison,

the analytical curves (solid lines) obtained from Eq. (8) for

the head-tail tune shifts are plotted using qsc estimated

from the beam parameters in Tables I and II for each

intensity. The error bars in the vertical plane (�qk ¼ �Qk

Qs
)

correspond to the 3 dB width of the measured peak due to

accumulation of various effects (see Sec. VA). In the

horizontal plane, error bars (�qsc) are estimated by propa-

gation of parameter uncertainties mentioned in the

Appendix.

In this subsection, we introduce another space charge

parameter qsc;m which is the measured space charge pa-

rameter using the following method. It is not to be con-

fused with qsc which is predicted for a given set of beam
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square error fit. The error bars in the horizontal plane are due to

uncertainties in the current measurements. In the vertical plane

errors result from the width of k ¼ 0 mode. The fast-Fourier-
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parameters by Eq. (4). The incoherent space charge tune

shift can be determined directly from the tune spectra by

measuring the separation between the k ¼ 0 and k ¼ 1

peaks, i.e. (qk01 ¼ �Qk01

Qs
) and fitting it with the parameter

qsc in the predictions from Eq. (8). The value of qsc for the
best fit is denoted as qsc;m:

qsc;m ¼ 1� q2k01
�qk01

; 0 � qk01 � 1: (19)

Equation (19) is obtained by rearranging Eq. (8) for k ¼
0; 1 while � ¼ qsc�qc

qsc
. The linearized absolute error on

measured qsc;m (�qsc;m) is given by

�qsc;m ¼ �ð1þ q2k01Þ
�q2k01

�qk01: (20)

�qk01 is given by either the width of the k ¼ 0; 1 lines or by
the frequency resolution of the system. In a typical tune

spectra measurement using data from 4000 turns �qk01 �
0:04. The absolute error is a nonlinear function of qsc in
accordance to Eq. (19). It is possible to define the upper

limit of qsc where this method is still adequate based on the

system resolution and Eq. (19). If we define a criterion that,

qk01 * �qk01 to resolve the head-tail modes, for �qk01 �
0:04, the modes are resolvable under the defined criterion

only for qsc & 8.
Figure 16 shows a plot of the predicted space charge

tune shifts (qsc) versus the ones measured from the tune

spectra using the above procedure (qsc;m). For qsc & 3:5 the
space charge tune shifts measured from the tune spectra are

systematically lower by a factor �0:74 than the predicted

shifts. It is shown by the dotted line in Fig. 16 which is

obtained by a total least squares fit of the measured data

points. For larger qsc the factor decreases to � 0:4. Thus,
the method for measuring the incoherent tune shift based

on head-tail tune shifts is found to be satisfactory only in

the range qsc & 3:5. A possible explanation is the effect of

the pipe impedance. Similar observations are made by the

results of self-consistent simulations in Sec. III, where for

qsc * 2 the separation of the k ¼ 0 and k ¼ 1 peaks ob-

served is underestimated by Eq. (8) (see Fig. 3).

C. Effect of excitation parameters on tune spectrum

Figure 17 presents the tune spectra obtained from the

BBQ system at various excitation power levels of band

limited noise. The beam is excited with 0.25, 1.0, and

2:25 mW=Hz power spectral density on a bandwidth of

10 KHz. Signal-to-noise ratio (SNR) increases with exci-

tation power whereas the spectral position of various

modes is independent of excitation power.
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Beam excitation using two other excitation types, i.e.,

frequency sweep and white noise, is also performed to

study the effect of excitation type on the tune spectra.

Figure 18 shows the tune spectra under the same beam

conditions for different types of beam excitation obtained

from the BBQ system. The frequencies of various modes in

the tune spectra are independent of the type of excitation.

The signal-to-noise ratio (SNR) is optimum for band lim-

ited noise due to long averaging time compared to ‘‘one

shot’’ spectra from sweep excitation.

D. Time domain identification of head-tail modes

Figure 19 shows the 2D contour plot for frequency

sweep excitation in the vertical plane obtained from the

TOPOS system, where various head-tail modes are in-

dividually excited as the excitation frequency crosses

them. Frequency sweep excitation allows resolving the

transverse center of mass along the bunch for various

modes which helps in identifying each head-tail mode in

time domain. This serves as a direct cross-check for the

spectral information and leaves no ambiguity in identi-

fication of the order (k) of the modes. Figure 20 shows

the corresponding transverse center of mass along the

bunch for k ¼ 0, 1, and 2 at the excited time instances.

This method works only with sweep excitation and

requires a high signal-to-noise ratio in the time domain,

which amounts to higher beam current or high excitation

power.
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E. Measurement of the chromaticity

As highlighted in the previous section, the frequency

sweep allows one to resolve the different head-tail

modes both spectrally and temporally. This procedure

can be used for the precise determination of the chro-

maticity by fitting the analytical expression for the head-

tail eigenfunction [Eq. (9)] to the measured bunch offset,

with the chromaticity (�) as the fit parameter as shown

in Fig. 21 for k ¼ 0, 1, and 2. The measured chroma-

ticity is independent of the order of head-tail eigenfunc-

tion used to estimate it.

The fitting method is shown in Eq. (21); the head-tail

eigenfunction from Eq. (9) is multiplied with the beam

charge profile ŜðtÞ and corrected for the beam offset �x at

the BPM where the signal is measured:

Fð�; �; AÞ ¼ �x 	 ŜðtÞ 	 ½1þ A 	 �xð�Þ
;
Eð�; AÞ ¼ ½Mð�Þ � Fð�; �Þ
2: (21)

The fit error Eð�; AÞ is minimized as a function of inde-

pendent variables; chromaticity � and head-tail mode am-

plitude A. The fit error gives the goodness of the fit. It is

used to determine the error bars on measured chromaticity.

This method has been utilized for the determination of

chromaticity at SIS-18 as shown in Fig. 22. The set and

the measured chromaticity can be fitted by linear least

squares to obtain the form �s;y ¼ 1:187�m;y þ 0:804 as

shown by the red dashed line in Fig. 22. Figure 22 also

shows a coherent tune shift due to change in sextupole

strength which is used to adjust the chromaticity. This is

due to uncorrected orbit distortions during these measure-

ments. These chromaticity measurements agree with the
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FIG. 23. Relative signal amplitudes of various head-tail modes

are plotted with respect to the measured chromaticity. The

centroid of the spectrum moves toward higher order modes

with increase in chromaticity.
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previous chromaticity measurements using conventional

methods [22].

It is also possible to determine the relative response

amplitude of each head-tail mode to the beam excitation

both in time and in frequency domain with TOPOS.

Figure 23 shows the tune spectrum obtained with sweep

excitation for different chromaticity values. The beam

parameters are kept the same (N7þ, 14� 109, qsc � 10).
The spectral position and relative amplitude of each

head-tail mode peak are confirmed using the time do-

main information (see Fig. 20). In Fig. 24 the single

particle response amplitudes for different k [Eq. (3)] are

plotted as a function of the chromaticity. The measured

relative amplitudes are indicated by the colored symbols.

The comparison indicates that the simple single particle

result [Eq. (3)] describes quite well the dependence of

the relative height of the peaks obtained from the

TOPOS measurement.

VI. APPLICATION TO TUNE

MEASUREMENTS IN SIS-18

In this section we will discuss the application of our

results to tune measurements in the SIS-18 and in the

projected SIS-100, as part of the FAIR project at GSI

[23]. As shown in the previous section, the relative ampli-

tudes of the synchrotron satellites in the tune spectra are

primarily a function of chromaticity and possibly the ex-

citation mechanism. In order to determine the coherent

tune with high precision, the position of the k ¼ 0 mode

has to be measured. Depending on the machine settings, if

the relative height of the k ¼ 0 peak with respect to the

other modes is small, then the k ¼ 0 mode may not be

visible at all. To estimate the bare tune frequency in this

case, the information of space charge parameter, coherent

tune shift, and chromaticity are all simultaneously required

with good precision.

Another important point is the tune measurement

during acceleration. The space charge parameter for

1� 1010 Ar18þ stored ions in the SIS-18 from injection

to extraction is only reduced by �20% as shown in

Fig. 25. The dynamic shift of head-tail modes during

acceleration is shown in Fig. 26 obtained from the

TOPOS system under the same conditions. The asym-

metry of k ¼ 1;�1 modes around the k ¼ 0 mode can

only be understood in view of the space charge effects

predicted by Eq. (8). Thus, a correct estimate of this

parameter plays an important role in understanding the

tune spectra not only during dedicated experiments on

injection plateau, but also during regular operations.

The measurement time required to resolve the various

head-tail modes (�Qk) is a complex function of Qs, qsc,
beam intensity and excitation power. As an example, if

the measurement time for tune spectrum calculations on

the injection plateau for SIS-18 is �600 ms, and one

spectrum is obtained in � every 20 ms (� 4000 turns),

an improvement of factor �6 in SNR by averaging 30

spectra. Following the calculations in Sec. VB, qsc & 8
can be resolved under typical injection operations.

However, the constraints on measurement time are

much higher during acceleration, where the tune/revolu-

tion frequency increases due to acceleration. This allows

the measurement of a single spectrum typically only over

500–1000 turns (depends on ramp rate as well). There

are no averaging possibilities since the tune is moving

during acceleration due to dynamic changes in machine

settings as seen in Fig. 26. In addition, the synchrotron

tune reduces with acceleration making it practically
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FIG. 26. The movement of head-tail modes during accelera-

tion. The head-tail modes are getting closer since the synchro-

tron tune reduces with acceleration, but the asymmetry of the

k ¼ 1 and k ¼ �1 modes around k ¼ 0 is maintained through-

out the ramp which depends primarily on the space charge

parameter ðqscÞ.
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difficult to resolve the fine structure of the head-tail

modes for qsc * 2.

VII. CONCLUSION

Two complementary tune measurement systems,

TOPOS and BBQ, installed in the SIS-18 are presented.

Analytical as well as simulation models predict a charac-

teristic modification of the tune spectra due to space charge

and image current effects in intense bunches. The position

of the synchrotron satellites corresponds to the head-tail

tune shifts and depends on the incoherent and the coherent

tune shifts. The modification of the tune spectra for differ-

ent bunch intensities has been observed in the SIS-18 at

injection energy, using the TOPOS and BBQ systems.

From the measured spectra the coherent and incoherent

tune shift for bunched beams in SIS-18 at injection ener-

gies were obtained experimentally using the analytic ex-

pression for the head-tail tune shifts. Head-tail modes were

individually excited and identified in time domain and

correlated with the spectral information. A novel method

for determination of chromaticity based on gated excitation

of individual head-tail mode is shown. The dependence of

the relative amplitudes of various head-tail modes on chro-

maticity is also studied. The systems were compared

against each other as well as with different kinds of exci-

tation mechanisms and their respective powers. These

measurements give a clear interpretation of tune spectra

at all stages during acceleration under typical operating

conditions. The understanding of tune spectra provides an

important input to new developments related to planned

transverse feedback systems for SIS-18 and SIS-100. The

measurement systems also open new possibilities for de-

tailed beam investigations as demonstrated in this

contribution.
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APPENDIX A

1. Calculation of bunching factor

Figure 27 shows a typical longitudinal profile of the

bunch. If Sj is the amplitude at each time instance

j ¼ 1; . . . ; N. The bunching factor is calculated by the

Eq. (A1):

Bf ¼
P

N
j¼1 Sj

maxðSjÞ 	 N
; (A1)

where N � 147 is the number of samples in one rf period

(at injection). The TOPOS system samples the bunch at

125 MSa=s, thus the difference between adjacent samples

is 8 ns.

2. Measurement uncertainties

The calculation of �Qsc from Eq. (4) has a dependence

on measured current, transverse beam profiles, longitudinal

beam profiles, and the Twiss parameters. The measurement

uncertainty on each of these measured parameters at GSI

SIS-18 was commented on in the detailed analysis in [24].

Even though some parameters and the associated uncer-

tainties are correlated, any correlations are neglected in the

present analysis. Uncertainties in each measured parameter

are propagated to find the error bars on the calculated and

measured incoherent tune shifts.

Reproducing from Ref. [24], the relative random uncer-

tainty (standard deviation) in beam profile width (
x)

measurements is given by Eq. (A2):

�
x


x

¼ 0:043

B
þ 0:33�Ni; (A2)

where �x ¼ 2:1 mm is the wire spacing and �Ni ¼ 1
28
is

the ADC resolution of the IPM and B is defined as 
x=�x.
If the error bars are derived from j measurements, the

measured profile is given by


av;x ¼ h
xij; �
av;x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h
2
xij � h
xi2j þ h�
xi2

q

:

(A3)
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FIG. 27. A typical normalized longitudinal beam profile from

the TOPOS system at injection. The length of the rf period is

� 1:2 �s.
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For each tune measurement at the given intensity

and excitation power, 5–8 transverse beam profiles were

measured, and the relative error is obtained � 5% using

Eqs. (A2) and (A3). The relative systematic error (bias) in

transverse beam width measurements is <1% [24] and

ignored in this analysis.

The uncertainty in the injected current is dominated by

fluctuations in the source and the relative uncertainty is

estimated to be � 5% based on 5–8 measurements at the

same intensity settings for each measurement point. Bunch

length and bunching factor vary by �2%–3% due to long

term beam losses only under high intensity beam condi-

tions. The maximum relative bias in the lattice parameter	
is assumed to be �5% at the IPM location. Taking all the

relative errors, uncertainty propagation using familiar

Eq. (A4) gives relative error for estimated incoherent

tune shifts � 12%:
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Tune measurements done by averaging over long inter-

vals contribute to the width of modes due to long term

beam losses. Beam losses lead to change in coherent tune

especially in the vertical plane where the image current

effects are larger. This has been highlighted at appropriate

sections in the text.
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