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In this paper, we study single-bunch instabilities observed in the CERN Super Proton Synchrotron
(SPS). According to the linearized Vlasov theory, radial or azimuthal mode-coupling instabilities result
from a coupling of bunch-oscillation modes, which belong to either the same or adjacent azimuthal modes,
respectively. We show that both instability mechanisms exist in the SPS by applying the Oide-Yokoya
approach to compute van Kampen modes for the realistic longitudinal impedance model of the SPS. The
results agree with macroparticle simulations and are consistent with beam measurements. In particular, we
see that the uncontrolled longitudinal emittance blowup of single bunches observed before the recent
impedance reduction campaign (2018-2021) is due to the radial mode-coupling instability. Unexpectedly,
this instability is as strong as the azimuthal mode-coupling instability, which is possible in the SPS for other
combinations of bunch length and intensity. We also demonstrate the significant role of rf nonlinearity and
potential-well distortion in determining these instability thresholds. Finally, we discuss the effect of the
recent impedance reduction campaign on beam stability in single- and double-rf configurations.
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I. INTRODUCTION

Longitudinal single-bunch instability is a possible per-
formance limitation in many synchrotrons and its mecha-
nism is the subject of various studies for a long time [1-16].
The standard approach to evaluate beam stability is based
on a solution of the linearized Vlasov equation for a small
initial perturbation of a stationary distribution function. To
simplify the analysis, the modification of a stationary
potential well by self-induced fields, called potential-well
distortion (PWD), is often neglected. The only possible
mechanism of longitudinal single-bunch instability with
neither PWD nor multi-turn wakes, a coupling of different
azimuthal modes, was proposed by Sacherer [1].

Another type of instability can be caused by asymmetry
of the potential well due to PWD, resulting in a coupling of
two radial modes within one azimuthal mode [8,9]. An
explicit condition required for this instability to occur was
found for the double-waterbag model [10]. For an imped-
ance model consisting of one broadband resonator with
frequency f, = w, /2, the instability thresholds computed
with and without PWD are similar for w,o 2 0.4, where o is
the rms bunch length, [8]. This result was also confirmed in
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calculations based on the orthogonal polynomial expansion
[14]. The azimuthal mode coupling was also found in the
self-consistent analysis of electron bunches for w,o ~ 7 [13].

Similar to electron bunches, the thresholds of the single-
bunch instability for proton bunches are often computed
neglecting bunch asymmetry due to PWD and rf non-
linearity, as for example, in [11,17], and thus only azimu-
thal mode-coupling instability was found. To our best
knowledge, for proton bunches, so far a radial mode-
coupling instability was not observed in measurements nor
in calculations.

In the SPS, the longitudinal instability of single proton
bunches occurs during the acceleration ramp. The attempts
to cure this instability by reducing the voltage in a single
rf system and thus increasing the synchrotron frequency
spread for a constant longitudinal emittance were not
successful. Instead, a higher rf voltage was more beneficial
[18]. In operation, this instability is cured by the application
of a higher-harmonic (HH) rf system. Due to the strong
frequency dependence of the SPS impedance [19,20]
(Fig. 1), the observed instability was mainly studied in
macroparticle simulations using the code BLonD [21]. The
latest results of simulations through the ramp are consistent
with measurements and the agreement has been improved
with the refined impedance model [22].

In the present work, the mechanism of the SPS single-
bunch instability is studied using code MELODY [23] which
is able to find in a fully self-consistent way the numerical
solutions of the matrix equations derived from the Vlasov
equation for the full SPS impedance model. We show that
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FIG. 1. SPS impedance model separated by real (top) and
imaginary (bottom) parts before and after the impedance reduc-
tion campaign during the second Long Shutdown (LS2), which
ended in March 2021.

the previously observed instability during the ramp was due
to the coupling of multiple radial modes within one
azimuthal mode. For a specific set of bunch parameters,
we find an instability caused by the coupling of neighbor-
ing azimuthal modes for which Landau damping is lost.
The main results are confirmed by macroparticle simula-
tions with BLonD and are consistent with previous mea-
surements [18].

The paper is organized as follows: In Sec. II, we briefly
discuss the main definitions and numerical methods to
evaluate single-bunch instabilities. Two possible instability
mechanisms in the SPS and a comparison of calculations
with measurements are presented in Sec. III. We consider
different instability mitigation measures in Sec. IV and,
finally, present the main conclusions.

II. MAIN EQUATIONS AND DEFINITIONS

The longitudinal motion of a particle in a synchrotron
can be described in terms of its energy and phase devia-
tions, AE and ¢, relative to the synchronous particle with
the energy E,. For the efficient numerical implementation
of beam stability analysis, it is convenient to introduce
another set of variables, the energy £ and the phase y of
synchrotron oscillations

5=ji+U@) (1)
207 e
_ ws(€) [* d¢’
v = senlak) V2w, / & VE=U(¢) .

Here = 1/y% —1/y* is the phase slip factor, y is the
relativistic Lorentz factor, y, is the Lorentz factor at
transition energy, f,0 = w,/27 is the frequency of
small-amplitude synchrotron oscillations in a bare single-
rf system, w,(€) is the synchrotron frequency as a function
of £, and ¢, (€) is the maximum phase of the particle with
synchrotron oscillation energy € = U, [¢ax(€)]. The total
potential includes contributions from both the rf system and
the beam-induced fields

1 ¢ / / /
U,(¢) _m/M: [Vit(@') + Vina(¢') — 6Eo/ qldd’,
(3)

where V| is the rf voltage amplitude of the main rf system,
OE, is the energy gain per turn of the synchronous particle
with charge ¢ excluding intensity effects, A¢, is the
synchronous phase shift due to intensity effects that
satisfies the relation SEq/q =V, sin ¢y = V;(Ady) +
Vina(Ady), and ¢, is the synchronous phase in a bare
single-rf system. Below, we consider a double-rf system
with a total voltage of

Vrf(¢) = Vl [Sil‘l (¢+¢s0) +rsin (n¢+n¢30 +q)n)]’ (4)

where @, is the relative phase offset between the main and
the HH rf systems with harmonic numbers / and nh,
respectively, and V,, = rV| is the voltage amplitude of the
HH rf system. For particular values of ®@,, one can define
two distinct regimes: bunch-shortening mode (BSM) when
both rf systems are in phase at the bunch center and bunch-
length mode (BLM) when both rf systems are in counter-
phase at the bunch center. In the SPS operation, they are
chosen such that the contribution of the HH rf system is
zero at ¢ = 0 and it does not contribute to a shift of the
synchronous phase. Thus, ®, = 7 — n¢,, for BSM and
&, = —n¢,n for BLM.

Note that the energy of the synchrotron oscillations, &, is
defined in units of the normalized rf potential, U,, as can be
seen from Eq. (3). The stationary rf bucket for the single-rf
case without beam-induced fields is full when &, = 2.
In general, the total potential U, depends on the particle
distribution function, impedance model, and bunch inten-
sity. It can be calculated using an iterative procedure
[12,24]. In this work, we consider a particle distribution
of the binomial family
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with the normalization constant

gmax dg 5 ll
av=on | m@ﬁ ©)

For u — oo, the bunch has a Gaussian line density and the
corresponding bunch length 74, is typically defined as 4
times the rms bunch length o, i.e., 74, = 40. The bunch
length 7,, is related to the full width at half maximum
(FWHM) bunch length TEWHM a8 T4 = TFWHM 2/ In 2.In
practice, SPS proton bunches are far from being Gaussian,
and the best fit to the measured bunch profiles is for
1 =~ 1.5. This value will be assumed in the present work for
all calculations and simulations. For easy comparison with
measurements, we use

Teff — TFWHM V 2/In 2, (7)

as a definition of the effective bunch length. We also define
the total longitudinal emittance in units of eVs as

AE
. ]g (#) 4 _ %
ha)o
with a dimensionless emittance

ey =2 o \% [gmax - Ut(¢)]d¢7 (9)

min

Vi cos ¢y Qﬁon
i’

EN> (8)

where w, = 2zf, is the revolution frequency, ¢;, and
Pmax are the minimum and maximum phases of the particle
with the energy of synchrotron oscillation &,,,.

A. Linearized Vlasov equation
When the perturbation F to the stationary particle
distribution function F (&) grows with time 7, the beam

is unstable. The initial time evolution of F is dictated by the
linearized Vlasov equation (e.g., [25])

0.7-' dF d§ oF dy

=0. 10
dE€ dr ay/ dr (10)

After expansion over the azimuthal harmonics m of
synchrotron motion, the solution of Eq. (10) at frequency
Q with the eigenfunctions C,,(€,Q) [8]

.7:(5,1//, r)

_ N i
=e ZC,,,(E,Q){cosmw—l—mws(g)smml//} (11)

leads to the integral equation

[Q? — m*w2(E)]C,,(E, Q)

= 2ilw’, m*w? (&

0 [ Emax dS’
S

X f: %Imk(g) m k(gl) m' (5/’9) (12)
k=—00

Here Z;(Q) = Z(kwy + Q) is the longitudinal impedance
at frequency kwy + Q and Z, ~ 377 Q is the impedance of
free space. We also introduced the dimensionless intensity
parameter

N ,h*wyZ
V] cos ¢SO

with N, being the bunch intensity. The function 7,,,(&) is
defined as

1

L (&) = ;Aﬂ e*kVEWNIN cos myr dy. (14)

Detailed derivations of Eq. (12) using variables (£, y) can
be found in [26] and it is identical to Eq. (41) therein. For a
given impedance model, the single-bunch stability depends
on the two dimensionless parameters, ¢ and ey, as well as
on the parameters of the rf potential: n, ¢, r, and ®,,. This
fact will be applied below to understand the mechanisms of
instabilities observed in the SPS.

B. van Kampen modes

The integral equation (12) is equivalent to the equation
that describes collective modes in a plasma [27-29]. An
initial perturbation can be expressed as a superposition of
van Kampen modes, which are, in general, described by
nonregular functions. In the early 80s, the concept of van
Kampen modes was introduced by Chin et al. to describe
bunch oscillations [4]. Additionally, the general expression
for these modes was derived. Here, we revisit this expres-
sion of van Kampen modes to highlight the specificity of
stable and unstable modes.

First, one can perform the substitution in Eq. (12)

C(£.Q) = /-0, (€) %ﬁ@m ww(f) Cu(£.Q), (15)
50
which leads to
2 2.2
] MY
a’fo a’%o
:—2ch / Kot (6.1 (€. Q)dE". (16)
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Here, the kernel K is defined as

! _ = Zk(g)/k
Kmm’(g’ &, Q) - k;x) hZ,
xmy\[—wg(E) d]:ég)l (&)
oty L ). )

Then, introducing a set of orthonormal functions sﬁf”>,

gmax
/ s (£)stm
0

with the Kronecker delta §;
K, , similarly to [4]:

(g)dg = 6nn"

ij» we can decompose C,, and

with the coefficients «], and K”" defined as

cmm=1%~wg>k&m (20)

and

mdx mdx
K
mm’

x s o (5’ )dEAE, (21)

w(E.E.Q )s,,m &)

respectively. The examples of the orthogonal functions
which can be used in practice will be discussed in Sec. II D.
Finally, inserting Eqgs. (18) and (19) in Eq. (16), we obtain
the eigenfunctions, i.e., the general expression for van
Kampen modes

Cm(g,Q):—{PM—FOI(g,Q)é[QZ_ 260%(5)]}
legwmiz K™ (Q)a", (Q)s\"(E),
m'=1n=0n"=0
(22)

where P denotes the principal value of the integral, and
a(&,Q) can be found from the normalization condition

© gmax ~
Z/ C,(E.Q)dE = 1.

For ImQ — +0, for example, one gets a = Fix.

Most of the stable modes are located within the inco-
herent spectrum Q € mw,(€) and have singular eigenfunc-
tions due to the second term in braces in Eq. (22). Unstable
modes and modes for which Landau damping is lost,
Q & mwy(E), have regular eigenfunctions as they are
defined by the first terms in braces.

C. Instability mechanisms

The eigenfunctions are related to the perturbed line
density harmonics (see, e.g., in [26])

~ a)?o max
h(Q) = TZ /

Multiplying Eq. (16) with C;,(£,Q), integrating over &,
and summing over m leads to

> Emax Cm E,Q 2

M dE. (23)

2Ch(0s0 Z ImZk >/k|/1k(Q)|2

k=—00 0

2l€hwso Z ReZk )/k |/1k(Q) 2’

(24)

k=—00

where

/ (€. Q)2dE.

Below the instability threshold, i.e., ImQ = 0, the contri-
bution of the last term in Eq. (24) must be zero as it is
purely imaginary. Depending on the sign of the sum on
the second line of Eq. (24), the mode frequency can be
shifted upwards or downwards with respect to the weighted
incoherent frequency, i.e., first line of Eq. (24). Thus, two
modes those frequencies approach each other can couple
leading to mode-coupling instability. In some cases, one
can distinguish two types of instabilities: radial and
azimuthal mode coupling. The former usually appears
when different azimuthal modes are well separated as a
result of a small synchrotron frequency spread and two
coupled modes belong to the same azimuthal mode. The
latter mechanism requires a significant frequency shift of
the modes as well as a significant synchrotron frequency
spread, so the modes with different azimuthal mode
numbers can couple. Both instability types can be found
using self-consistent analysis. Neglecting PWD and
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rf nonlinearity, only the classical azimuthal mode-coupling
instability [1] is possible (see Appendix).

The above-mentioned mode-coupling instabilities can
be driven by broadband resonator impedance sources, for
example. In the presence of the multiturn wakes, Robinson-
type instabilities can potentially exist. However, the charac-
teristic damping times 2Q,/w, with Q, being the quality
factor of the resonator impedance are significantly shorter
than the revolution period for all known elements of the SPS
impedance model. Also, the resistive-wall wake of the SPS
decays by more than 5 orders of magnitude after one turn due
to a large SPS circumference. Thus, the Robinson-type
instability is excluded from the analysis in this paper.

In the case of instability, we obtain the growth rate from
Eq. (24)

ImQ = —

Cha?, i ReZ,(Q)/k

B(Q)ReQ Zy 4(®)

o (25)

k=—00

which shows that for a smooth impedance, Z_;(Q)~
Zi(Q), at least for some harmonics of the revolution
frequency, k, the power spectral harmonics must differ

A (Q)] # [4k(Q)

A similar conclusion was obtained in [13], pointing out the
possibility of radial mode-coupling instability within a single
azimuthal mode in the presence of PWD. Equation (25)
shows, however, that the asymmetry of the mode spectrum is
the general property of unstable modes, irrespective of the
single-bunch instability mechanism.

Below, we will discuss the methods of computing the van
Kampen modes for cases of practical applications.

D. Methods to solve the linearized Vlasov equation
To solve the integral equation (12), it is usually converted
to the infinite system of equations

[Se]

S a@ =33 @@, ()

s0 n'=0m'=1
where the matrix elements are defined as (see, e.g., [2,4])

/ gmax 2 5 m m
M (Q) = 28y, / 28 o )5 (£)de
0

Wi

—2iCK™ (Q). (27)

The system of equations (26) becomes linear if the
dependence of the matrix elements M%; , on € can be
neglected. This requires a rather smooth dependence of
impedance on the frequency, so that Z; (Q) ~ Z;(0), which
is valid for the SPS impedance where the bandwidth of all
relevant resonant peaks is larger than the revolution
frequency f(. Then, after truncation of the infinite sums

over indices m, n, and k, Eq. (26) can be solved as a
standard eigenvalue problem.

Two methods exist to compute the matrix elements
depending on the choice of the orthonormal functions:
the orthogonal polynomial expansion [2] and the Oide-
Yokoya method [8]. For the former method, the orthonor-
mal functions for a particle distribution according to Eq. (5)

can be constructed from the Jacobi polynomials pi (x),

S () = \/(271 +m+u)l(n+1)I(n+m+ p)
! I'(n+m+ DT(n+ u)

% _2ﬂwsoAN df(g) S m/2
H dé gmax

x P+ <1 _ 2% ) (28)
Smax

where 7 is the radial mode number and I'(x) is the Gamma
function. For the latter approach, steplike functions [8]
are used

Sn

4’ gn_A5n<€SEn+A5n
(m)(€> _ {\/AS,, 2 2

0, elsewhere,

where &, is the nth mesh point on the energy grid, and AE,,
is the thickness of the corresponding strip. Additionally,
integrals in Eq. (21) are approximated by sums, so
K™ (Q) % /AE,AE /Ky (€. €. Q) and the matrix ele-
ments of the eigenvalue problem (26) become

o mel(E)
MM (Q) = 5
@0

—2i¢

5nn'5mm'
ASnA(c;n/[(mm/ (grw gn” Q) (29)

Both methods to solve the linearized Vlasov equation are
implemented in the MELODY code and allow the evalu-
ation of single-bunch stability for arbitrary impedance
models. As the first step, the stationary potential U, is
found using an iterative procedure [12,24,26]. Then, 2D
arrays of functions /,,; (£) are computed for grid points in £
and k for different azimuthal modes m. The “continuous”
functions are constructed from these arrays using a cubic
spline interpolation to evaluate the matrix elements Mﬁfr;,.
Finally, the eigenvalue problem is solved. We find that the
Oide-Yokoya method has better convergence properties
than the orthogonal polynomial expansion. This is thanks
to a nonuniform mesh with respect to the energy of
synchrotron oscillations &,, which allows for improved
resolution around “critical” points. For example, in the case
of instability with ReQ = mw,(E), one can expect a
resonance with a characteristic width of
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dw,(E)

08 ~ IE

ImQ/m

&=

If 6 < Eax» @ very high-resolution mesh in £ might be
needed to find a converged solution.

III. LONGITUDINAL SINGLE-BUNCH
INSTABILITIES IN THE SPS

In this section, we will show first the results of stability
analysis at the SPS flattop (450 GeV) and then through
acceleration. The SPS has a double-rf system with frequen-
cies of 200 and 800 MHz (n = 4). The main accelerator and
beam parameters are listed in Table 1. Here, we will discuss
a single-1f operation, while stability in a double-rf case will
be addressed in Sec. IV.

It has been shown in previous studies that in a single-rf
operation, the single-bunch intensity threshold is a non-
continuous and nonmonotonic function of the bunch length
[18,31]. Since then, the SPS impedance model has been
further refined, and below, we will show the simulation
results based on this latest model (Fig. 1).

The beam stability in simulations is probed by observing
the growing oscillations of the bunch position (dipole) and
length (quadrupole). The instability can emerge from the
initial seed and can be detected during a finite simulation
time for a sufficiently large instability growth rate. In Fig. 2,
we show a stability map obtained from a scan in bunch
intensity N, (in steps of 2.5 x 10'°) and bunch length 7.5
(in steps of 50 ps) in simulations for 10° macroparticles.
For each pair (N, 7.) a bunch is generated initially
matched to the total potential U, including intensity effects
so that the longitudinal emittance is found iteratively
assuming constant rf parameters and the distribution
type (5). The impedance model before the second long
shutdown (LS2) shown in Fig. 1 was taken. In simulations,
the maximum amplitude of the bunch-length oscillations
At divided by the average bunch length 7.4 during 10°
turns (about 600 synchrotron periods) indicates the bunch
stability [32].

The numerical results calculated using code MELODY
with up to ten azimuthal modes are shown in Fig. 3. This
number of azimuthal modes was sufficient to obtain
converged results. The scan was performed on a grid of
(€,¢) values. The bunch length 7 and intensity N, values

TABLE I. The SPS parameters at the flattop energy [30].
Parameter Units Value
Circumference, C m 6911.554
Beam energy, E, GeV 450
Transition Lorentz factor, y, 17.951
Main harmonic number, & 4620
Main rf frequency, f¢ MHz 200.394
Main rf voltage amplitude, V, MV 7.2

x 101!

4_
=%
= 100
T3
E T
5 9 E
g 2 4
g %
i3] 4 &
21 1071 £
—
o8]
[a W

0
10 12 14 16 18 20 22

Bunch length 7e¢s (ns)

FIG. 2. Longitudinal stability map obtained from BLonD
simulations for single-rf operation (r = 0) and with the pre-
LS2 impedance model (Fig. 1). The color code indicates the
maximum relative oscillation amplitude of the bunch length
during 103 turns. The gray area indicates parameters for which
the initial stationary distribution was not found. The SPS
parameters are according to Table I.

were computed for each pair of parameters and then used to
create an interpolated map of the corresponding growth rates.
The impedance model is truncated at k,, fo~ 6.4 GHz,
while the radial mesh is automatically refined depending on
the bunch length (in some cases up to N¢ ~ 10° mesh points
in the energy of synchrotron oscillations).

x10H
. 4 10°
4
-1
.§ 3 10 /-CCE
2 102 é;
—
a 2 g
» 1073 &
2 <
[}
t% 1 10—* g
[a ¥}
10~°

0
1.0 12 14 16 18 20 22

Bunch length 7etr (ns)

FIG. 3. Longitudinal stability map obtained from calculations
with code MELODY (bottom) for the same parameters as in Fig 2.
The color code shows the growth rate of the most unstable mode,
while the gray area indicates parameters for which stationary
distribution was not found. The bunch parameters for which
synchrotron frequency is a nonmonotonic function of & are
shown as black circles. The black and red lines show examples
of the bunch-length dependence on intensity due to PWD for
constant energy of synchrotron oscillations &, = 0.12 and
Emax = 0.57, respectively. The solid white curve corresponds
to the LLD threshold computed with MELODY.
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In general, one can see that the stable solutions (purple)
correspond to BLonD simulations where bunch length stays
constant (the oscillation amplitude is below the noise level
Atosr/Terr < 0.04), while 7.5 grows for most of the unstable
solutions with nonnegligible growth rates. Both methods
show that there is an unstable “island” approximately for
intensities above 1.5 x 10!" and the bunch length in the
range of 1.5-1.9 ns.

In addition, in Fig. 3, the circles indicate the cases with a
nonmonotonic behavior of the synchrotron frequency as a
function of the energy of synchrotron oscillations. In the
past, it was shown that coupling of radial modes within a
single azimuthal can occur in this case [9]. We observe that
the instability often is correlated with the presence of
dw,/dE = 0 inside the bunch, however, it is not always the
case. This can be understood from the fact that for a
particular set of bunch parameters, the growth rate can be
very small, and it is difficult to detect in simulations or to
properly resolve in numerical calculations. Still, the non-
monotonic behavior of the synchrotron frequency distri-
bution could be a useful indication that we can expect
instability.

We also show in Fig. 3 with a solid white line, the
threshold of loss of Landau damping (LLD) computed
numerically with MELODY for a dipole mode (m = 1) in
the same way as in [26]. Alternatively, it can be also
evaluated analytically by applying a concept of the effective
impedance and effective cutoff frequency [26,33], which
for the SPS impedance model before LS2 are about 2 € and
1.4 GHz, respectively. The LLD threshold is a monotonic
function, thus it increases for a larger bunch length.
However, the actual instability threshold is significantly
higher. Even though Landau damping is already lost and
the coherent modes are outside the incoherent band, their
amplitudes do not grow in simulations without external
noise. In operation, the excitation of these modes, for
example, due to some noise in the rf system, is suppressed
by the phase loop. Thus, we conclude that LLD does not
trigger the observed instability of a single bunch in the SPS.
Two other instability mechanisms will be discussed in the
following subsection.

A. Radial mode-coupling instability

To clarify the instability mechanism inside an unstable
“island,” we plot van Kampen modes as a function of
intensity for constant energy of synchrotron oscillations
Emax = 0.57 (beam parameters according to the red line in
Fig. 3) in Fig. 4. The real part of the first six azimuthal
modes (top plot) does not overlap for the entire intensity
range. It means that only coupling of radial modes of the
same azimuthal mode is possible for these parameters. The
lowest threshold intensity is for the third azimuthal mode
(green curve on the bottom plot of Fig. 4), while for higher
intensity other azimuthal modes are also unstable. In that
case, we can observe “microwave-like” instability as the

6
——
5_
—
e 4]
3
S 3]
o
2_
1_
0 T T T
1072
- m=1
- m=2
10—3_ - m=3
é” - m=4
% - m=25
— 10—4_ - m=206
10_5 1 1 1
0 1 2 3 4

Particles per bunch N,  x10!

FIG. 4. Real (sorted and joined by light blue lines, top) and
imaginary (blue dots, bottom) parts of van Kampen modes as
functions of bunch intensity for £, = 0.57. Unstable modes of
the first six azimuthal modes are plotted as colored lines. Beam
parameters correspond to those indicated by the red line in Fig. 3.

bunch line density will be modulated by a mixture of
several unstable modes.

The synchrotron frequency distribution inside the unstable
“island” is strongly affected by PWD and the initial rf
nonlinearity plays an important role (see Fig. 5). At the
threshold of instability (orange curve), dw(E)/dE approaches
zero and at the same time d*w (&) /d€* = 0. This shape can be
achieved for double-rf operation in BSM for n > 2, while
here it is a result of PWD. For even higher intensity, the
overlap of synchrotron frequencies for different £ values
becomes more significant.

In this example, instability occurs due to the coupling of
two modes inside the incoherent synchrotron frequency
spread. The unstable modes of the first four azimuthal
modes move below the minimum incoherent frequency and
remain unstable for higher intensities. The instability of
higher-order azimuthal modes is suppressed above a certain
intensity. For example, a zoomed region around the fifth
azimuthal mode is shown in Fig. 6. At the intensity of about
3.1 x 10'! the modes are again decoupled, which results in
suppression of this instability.

For completeness, the results of analysis when rf non-
linearity and PWD are neglected are also performed for the
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FIG. 5. Synchrotron frequency as a function of synchrotron-
oscillation energy for different intensities and &,,,, = 0.57. Solid
lines are for single-rf potential, while dashed lines are for a
parabolic-rf potential. The black curve illustrates the case without
PWD.
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FIG. 6. Zoomed version of Fig. 4 (top plot). Blue lines
represent van Kampen modes, while the unstable mode is shown
in purple. The minimum and maximum incoherent synchrotron
frequencies of the fifth azimuthal mode are plotted as dashed and
dotted lines, respectively.

same &, = 0.57. As discussed in Sec. I C, only azimu-
thal mode-coupling instability is possible in this case. Its
threshold is almost a factor of 5 higher than the one
obtained in self-consistent calculations (Fig. 7). It means
that the self-consistent analysis is crucial to predict the
instability threshold for relatively long bunches.

B. Azimuthal mode-coupling instability

A different mechanism of instability can be observed for
shorter bunches. Figure 8 shows the real part of van
Kampen modes of quadrupole and sextupole azimuthal
modes as a function of intensity for &, = 0.12 (black
curve in Fig. 3). One can see a quadrupole mode for which
Landau damping is lost. It is moving toward the frequency

FIG. 7.
van Kampen modes as functions of bunch intensity for
Emax = 0.57, neglecting rf nonlinearity and PWD.

6
5
4 —
2
3 3 ——
c
2 — —
1 -l
f”
0 S

T T T T
0.00 025 050 075 1.00 125 1.50
Particle per bunch N, x 1012

Real (solid lines) and imaginary (dashed lines) parts of

3.0
— Azimuthal mode-coupling instability
2.5 1 = “Mixed.” mode-coupling instability
= LLD modes
2.0
2
3 —
G 15 7
=
1.0 o —
0.5 1
00 T T T
10—2_
3 1073 .
G
E
1074 -
1075 T T T
1.2 14 1.6 1.8 2.0
Particles per bunch N,  x10!
FIG. 8. Real (sorted and joined by light blue lines, top) and

imaginary (blue dots, bottom) as functions of bunch intensity for
Emax = 0.12 (bunch parameters correspond to those indicated by
the black line in Fig. 3). Black lines show the frequencies of the
mode for which Landau damping is lost. The red and blue lines
indicate the unstable modes.

band of radial modes with azimuthal mode number m = 3.
At the same time, a sextupole mode of LLD type moves
down toward the radial modes with m = 2 (Fig. 9). This
mode could emerge due to a strong PWD, which leads to
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FIG. 9. Zoomed version of the top plot in Fig. 8 demonstrating
the coupling of quadrupole and sextupole modes. The dashed line
is the minimum incoherent synchrotron frequency of the third
azimuthal mode.

the formation of a local minimum of the synchrotron
frequency as a function of the synchrotron oscillation
energy (blue curve in Fig. 10). Note also that rf nonlinearity
does not play a significant role, as itself it results in a
synchrotron frequency spread that is negligible in com-
parison to the one created by PWD (black curve in Fig. 10).
At the intensity of 1.37 x 10!, those two modes are
coupled and thus result in azimuthal mode-coupling insta-
bility. The growth rate of the instability increases while the
coupled modes remain outside the incoherent frequency
bands (N, < 1.4 x 10'"). Then, the growth rate is slightly
suppressed and weakly depends on intensity once the
coupled modes move inside the sextupole synchrotron
frequency band. This is very different from the azimu-
thal-mode coupling instability predicted by Sacherer [1] for
which the growth rate is a strong function of intensity. Since
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FIG. 10. Synchrotron frequency as a function of synchrotron-
oscillation energy for different intensities and &,,,, = 0.12. Solid
lines are for single-rf potential, while dashed lines are for a
parabolic-rf potential (linear rf voltage). The black curve illus-
trates the case without PWD.
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FIG. 11. Power spectra of quadrupole (blue) and sextupole
(orange) azimuthal modes of the LLD type. The dashed line
corresponds to the zeroth radial mode of the quadrupole azimu-
thal mode evaluated using Eqgs. (23) and (28).

this instability involves the LLD mode of the sextupole
synchrotron frequency band, which emerges below the
minimum synchrotron frequency, it is very sensitive to
particle distribution. As the distribution modifies after the
start of the instability, the modes can be decoupled again
leading to beam stabilization.

Equation (24) can be applied to understand why these
modes move in different directions as a function of
intensity. Figure 11 shows that the power spectrum of
the quadrupole mode (blue curve) has a larger overlap with
positive values of ImZ, /k (Fig. 1). Thus, its frequency shift
will be positive as the cumulative sum Y_, ImZ; /k|4,|* is
positive. The opposite situation is true for the LLD mode
with m = 3, for which the maximum power spectrum is
localized at the higher frequencies where ImZ, /k is mostly
negative. In this case, the mode is moving downwards in
frequency as the intensity increases.

We also find that the LLD mode above the maximum
incoherent frequency of the second azimuthal mode is
dominated by the zeroth radial mode (dashed curve in
Fig. 11), which is defined by Egs. (23) and (28). On the
contrary, the LLD mode below the third azimuthal mode is
actually a superposition of a few hundred radial modes,
which makes it more difficult to find a converging solution
using the orthogonal polynomial expansion. To see this
precisely, the computed expansion coefficients aj, from
Egs. (20) and (28) are shown in Fig. 12.

There are no LLD modes above maximum incoherent
frequency for m > 2. This can be understood from the fact
that their power spectra are localized at higher frequencies,
and the modes sample mostly the negative values of
ImZ,; /k. Thus, the modes are pushed inside the incoherent
frequency band and remain Landau-damped.

Although the threshold of azimuthal mode-coupling
instability is clearly defined (N, ~ 1.37 x 10'"), one can
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FIG. 12. Coefficients of the orthogonal polynomial expansion
according to Eq. (20) for the LLD mode shown as an orange
curve in Fig. 11.

observe the modes with growth rates ImQ/w, ~ 10 for
lower intensities. In this case, w,(€) has a local minimum
(Fig. 10) and, therefore, radial mode-coupling instability
can appear. However, these unstable modes are localized at
small values of £, which makes it difficult to find converged
solutions as was discussed in Sec. [I D. Additionally, the
spectra of these modes are localized at high frequencies and
they sample a rather small residual part of the real
impedance (Fig. 1), which supports expectations of very
small growth rates.

Above a certain intensity of about ~1.8 x 10!, we also
observe another unstable mode (blue curve in Fig. 8). It
involves van Kampen modes, which are inside the syn-
chrotron frequency spread leading to the radial mode-
coupling instability. However, a strong PWD leads to an
overlap of several azimuthal synchrotron frequency bands
as the minimum synchrotron frequency is rather low
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FIG. 13. Phase space of the most unstable mode for N, =
2.0 x 10" and &,,,, = 0.12 computed with MELODY using the
SPS impedance model from before LS2. The SPS parameters are
according to Table 1.

(Fig. 10). The eigenvector of the unstable mode has
resonant behavior for several azimuthal modes where
mwy(E) = ReQ, which can be seen in the longitudinal
phase space (Fig. 13). This can be called a “mixed” mode-
coupling instability, which has features of both radial and
azimuthal mode-coupling instabilities. For even higher
intensities, the PWD leads to the formation of the second
local minimum of the potential well and the minimum
synchrotron frequency approaches zero. In that case, there
are two distinct branches for the possible solutions that start
from two different fixed points [8,14]. In our calculations,
we show the results for the branch with the lowest
minimum of the potential well and, in most cases, we
observe an extremely fast instability with a growth time of a
few synchrotron periods. Since the synchrotron frequency
bands for different azimuthal modes significantly overlap,
it is difficult to distinguish which modes are coupled for a
particular set of bunch parameters.

Figure 14 shows the results of calculations where rf
nonlinearity and PWD are neglected, similar to Fig. 7 in the
previous subsection. In that case, we again find the
coupling of the quadrupole and sextupole azimuthal modes,
while the instability threshold is about 25% higher in
comparison to the results of the self-consistent analysis. A
similar dependence of the mode frequencies as a function
of intensity can be achieved by using a single broadband
resonator impedance model with the resonant frequency at
about 1.4 GHz. Since the zero-intensity bunch length is
T = 0.75 ns, we get w,o ~ 1.7. As was shown in the
original work of Oide and Yokoya [8], the results of self-
consistent calculations are close to those obtained neglect-
ing PWD and rf nonlinearity w,c > 0.4.

In the recent publication [17], the instability analysis was
performed for the SPS parameters and the azimuthal mode-
coupling instability was found assuming a single broad-
band resonator impedance with a resonant frequency of
1 GHz. Additionally, a 10 times smaller rf frequency
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FIG. 14. Real (solid lines) and imaginary (dashed lines) parts of
van Kampen modes as functions of bunch intensity for
Emax = 0.12, when rf nonlinearity and PWD are neglected.
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compared to the actual rf frequency was used to exclude the
contribution of rf nonlinearity. The computed instability
threshold was slightly higher than the one obtained in
simulations. Our self-consistent analysis, instead, finds the
radial mode-coupling instability. Since w,c=x4.3, two
types of numerical calculations give similar results as
expected. Nevertheless, the growth rates as a function of
intensity could be very different.

C. Comparison with measurements

During previous instability studies [18], macroparticle
simulations were compared with dedicated measurements,
where bunches with different intensities and approximately
constant longitudinal emittance were injected into the SPS,
accelerated following the cycle shown in Fig. 15, and were
getting unstable above certain intensity. In general, the
results of simulations through the ramp are very close to the
observations if the latest impedance model is applied as
shown in [22]. However, the instability mechanism was not
yet proposed. Since the results of macroparticle simulations
and numerical solutions of the linearized Vlasov equation
agree for the parameters at the SPS flattop (Figs. 2 and 3),
below we explore the mechanism of instabilities observed
in the past measurements.

To understand the instability during the acceleration, we
apply the eigenvalue analysis using matrix equations (29),
which is implemented in the code MELODY. The main
advantage of this approach is that we can obtain a snapshot
of beam stability at any time during the cycle. In simu-
lations, however, this is difficult since the energy changes
every turn during acceleration, and only a very fast
instability can be properly observed during the limited
time of the small change in beam energy. Note that in the
stability analysis, one also has to include the space-charge
contribution to the total impedance model. At the injection
energy of 26 GeV, the computed ImZ/k is about —1Q [18],
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=100 g 2l

= 4267%
0 1 1 1 1 1 0
0o 1 2 3 4 5
Time (s)

FIG. 15. The SPS acceleration cycle used during beam mea-
surements [18]: beam energy (blue), main rf voltage (orange), and
synchronous phase (green).
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FIG. 16. Stability map applicable to various points of the
acceleration (200-300 GeV) obtained with melody for
¢s0 = 2.56. Background color describes the instability growth
rates. Two vertical dashed lines indicate the range of the
dimensionless emittances for the total longitudinal emittance
€ =0.33 eVs.

but it drops by an order of magnitude at 100 GeV and thus
can be neglected at higher energies.

As was discussed in Sec. II A, the single-bunch stability
for a given impedance model depends only on a few
dimensionless parameters. In the single-rf case, these are ¢,
€y, and ¢. Thanks to the systematic analysis performed
by Gadioux [34], we have found that stability maps at
intermediate energies through the cycle have similar non-
monotonic behavior that the one at the flattop with the
unstable “island.” In Fig. 16, as an example, the map of
bunch intensity versus the dimensionless emittance
obtained from calculations with code MELODY is shown
for ¢p,o = 2.59. It illustrates the beam stability during
acceleration from 200 to 300 GeV since ¢, and V are
constants (see Fig. 15). Since the dimensionless emittance
ey reduces as energy increases for a given emittance e [see,
Eq. (8)], the bunch parameters move on the horizontal lines
from right to left.

In Fig. 17, the measured data from [18] for bunch lengths
and intensities after the arrival at the SPS flattop are
presented. It includes the impact of the transfer function
of the measurement system on the bunch profiles. Bunches
with intensity below 1.2 x 10'! remain stable for the whole
cycle. There is a “mild” instability in the intensity range
1.2-1.8 x 10" already during the acceleration. Bunches
with even higher intensities suffer from strong instability,
which leads to uncontrolled longitudinal emittance blowup.
The measured bunch length as a function of intensity
approximately follows the line for the total longitudinal
emittance of 0.33 eVs up to N, = 1.8 x 10" (red dashed
line). For this emittance, the dimensionless emittance
changes from 1.15 to 0.94 (the dashed lines in Fig. 16).
Based on the stability map in Fig. 16, the bunches with an
intensity of above 1.2 x 10! will enter the unstable island
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FIG. 17. The maximum oscillation amplitude of the bunch
length during acceleration for different intensities and bunch
lengths at the arrival at the SPS flattop obtained from measure-
ments [18]. The red dashed line corresponds to computed bunch
parameters with a constant emittance of ¢ = 0.33 eVs.

where the radial mode-coupling instability occurs.
Depending on the time spent in that region, a fast enough
instability will be able to develop. For even higher
intensities, the bunches will become unstable even earlier
in the ramp. Thus, we can conclude that the instabilities
observed in the dedicated measurements during the ramp
are indeed caused by the coupling of the radial modes.

IV. MITIGATION OF THE SPS INSTABILITIES

In this section, we discuss the ways applied to improve
beam stability in the SPS. We saw above that the type of
single-bunch instability and its threshold strongly depend
on the synchrotron frequency distribution w,(£). This
function can be significantly modified by the PWD,
determined in turn by the SPS impedance model, and a
HH rf system. The two stabilization methods based on this
effect are used in the SPS and considered below.

A. Impact of the SPS impedance reduction

As an injector for the Large Hadron Collider (LHC), the
SPS has been majorly upgraded during the last long
shutdown (LS2) to be able to produce the multibunch
beam required for the High Luminosity (HL)-LHC
[35-37]. In particular, an impedance reduction campaign
[37] has been performed, involving shielding of the specific
type of vacuum flanges, 200 MHz rf system upgrade, and
damping of its higher-order mode around 630 MHz by a
factor of 3. A significant increase of instability thresholds
for single-bunch and LHC-type beams in the double-rf
system was expected from simulations and already
observed for available intensities [38]. However, the
stability of a single bunch in a single-rf configuration
could be degraded for some bunch parameters [31]. Indeed,
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FIG. 18. Longitudinal stability map obtained from BLonD
simulations for the SPS impedance model after LS2 (orange
curve in Fig. 1) and single-rf configuration. Background colors
indicate the maximum relative oscillation amplitude of the bunch
length. The SPS parameters are according to Table I.

the top plot in Fig. 18 demonstrates that the stable region on
the left-hand side of the unstable island now disappeared.

This effect can be again understood from the new shapes
of w,(€) shown in Fig. 19. Bunches with an intensity of
2x 10" and a length of 1.3 ns were stable before
impedance reduction because @,(€) was a monotonic
function (blue). After LS2, an overlap of synchrotron
frequencies for different £ (orange) occurs, which results
in the radial mode-coupling instability.

B. High-harmonic rf system

Double-rf operation in the SPS significantly increases
the stability of all beams. The 800-MHz voltage is always
applied in BSM, while there is no improvement of stability
in BLM. The latter is practically limited by the extremely
accurate programming of the relative phase @, in Eq. (4)
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FIG. 19. Synchrotron frequency distributions for different
impedance models and 1f configurations at the intensity N, =
2 x 10'"" and the bunch length 7. = 1.3 ns.
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between the 200- and 800-MHz rf systems during the entire
cycle [39]. Additionally, a strong PWD, especially due to
the resistive part of the SPS impedance, also introduces
a shift of the synchronous phase Ag¢,, such that the
relative phase ®, computed without intensity effects is
not optimal anymore. This leads to a nonmonotonic
synchrotron frequency as a function of £ (Fig. 19, red)
and radial mode-coupling instability can occur. To suppress
this instability for given bunch parameters, the relative
phase @, must be precisely tuned to reestablish w,(€) as a
monotonic function. If the intensity is very low, or the
resistive impedance is negligible, the instability can be
avoided, which is consistent with observations in another
CERN synchrotron, the PS Booster (PSB) [40]. It is also
known, that HH cavities operating in BLM allow raising
the instability threshold of electron bunches (e.g., [13]). In
particular, passive rf cavities can be used with a purely
beam-induced rf voltage. To obtain a flat bunch profile, the
amplitude and phase of the rf voltage are controlled by
tuning the cavity center frequency. In this case, a weak
radial mode-coupling instability due to nonmonotonic
synchrotron frequency distribution is suppressed by the
synchrotron radiation damping.

The operation in BSM is much less sensitive to the
relative phase between rf systems and can help to suppress
the harmful impact of PWD (Fig. 19, green). This rf
configuration is routinely used in the SPS to deliver
high-intensity bunches to the AWAKE experiment [41].
For example, for a voltage ratio of r = 0.1, there is a
significant improvement in beam stability, in comparison
to a single-rf case (Fig. 20). Typically, the instability
threshold for short bunches gets higher for a larger ratio
of rf voltages r, however, special attention is necessary for
long bunches. These bunches may have a nonmonotonic
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FIG. 20. Longitudinal stability map obtained from BLonD
simulations for the SPS impedance model after LS2 (orange
curve in Fig. 1) and double-rf configuration (BSM with a voltage
ratio r = 0.1). Background colors indicate the maximum relative
oscillation amplitude of the bunch length. The SPS parameters
are from Table I.

synchrotron distribution for » > 1/n and n > 2 even at zero
intensity. The instability mechanism in this configuration is
under study.

V. CONCLUSION

We have demonstrated the existence of two different
mechanisms of longitudinal single-bunch instability in the
SPS: radial and azimuthal mode coupling. The results of
fully self-consistent numerical calculations done using the
code MELODY are able to explain all relevant observations in
the SPS, including nonmonotonic dependence of thresh-
olds on intensity and the presence of the unstable island. As
this approach provides a snapshot of beam stability, the
instability mechanism can be evaluated at any moment of
the acceleration cycle. The predictions also agree well with
the performed macroparticle simulations.

Previously, radial-mode coupling instability was
obtained for very short, electron, bunches, when poten-
tial-well distortion plays an important role but rf non-
linearity can be neglected. We have shown that neglecting
rf nonlinearity for long proton bunches leads to an under-
estimation of the real instability threshold up to a factor of
5. With intensity increase, radial mode coupling can appear
simultaneously for several azimuthal modes and then has a
signature of microwave instability.

Another instability type, azimuthal mode coupling, is
also possible in the SPS, but for shorter bunches. In this
case, the corresponding modes lose Landau damping
(moving outside the incoherent frequency bands) and
can become coupled above a certain beam intensity. This
instability has a similar threshold but seems to be signifi-
cantly weaker than the one obtained previously using non-
self-consistent analysis (without PWD and rf nonlinearity).
It can be suppressed by a small change in the particle
distribution or even an increase in intensity. Additionally,
we also observed a mixed mode-coupling instability, in
which phase-space perturbation involves several azimuthal
modes, and it has higher growth rates.

Longitudinal instabilities in the SPS are cured by
operating in the bunch-shortening mode of the double-rf
configuration, as it removes the nonmonotonic behavior of
the synchrotron frequency as a function of synchrotron
oscillation energy at the bunch center. Thus, for example,
applying the fourth harmonic voltage at 10% of the main-rf
voltage improves the stability of short bunches by almost
a factor of 3, especially after the recent impedance
reduction campaign. Longer bunches should be treated
with caution due to the nonmonotonic behavior of
synchrotron frequency distribution occurring with the
fourth harmonic rf system.
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APPENDIX: AZIMUTHAL MODE-COUPLING
INSTABILITY

The azimuthal mode-coupling instability mechanism
was proposed by Sacherer in [1]. Here, we demonstrate
|

icm(g Qr, f:

m=1 p=1

+li

p=1

Based on the Bessel function property for the integer argu-
ment J,,(=x) = (=1)"J,,(x), |1(Q)|? is a symmetric func-
tion of kif either Re[C,, (£, Q)] = 0orIm[C,, (&, Q)] = 0 for
all azimuthal modes m. Thus, ImQ = 0 according to
Eq. (25), and the mode is stable. The instability requires
that for at least one pair of azimuthal modes m and m + 1, the
eigenfunctions Re[C,,(£,Q)] #0 and Im[C,,(E,Q)] #0
Then, at least one element of the sum in the integrand is
nonzero and |1, (Q)|? is asymmetric function of k, which is
necessary condition for the instability. If only single azimu-
thal mode m has nonzero eigenfuctions Re[C,, (€, Q)] and
m[C,, (£, Q)], the symmetry of |1, (Q)|? is preserved and the
bunch remains stable.
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