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Coupled-bunch instability for arbitrary multibunch configurations
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The coupled-bunch instability for arbitrary multibunch configurations is investigated in its generality.
The theoretical framework adopted is based on the general eigenvalue analysis based on the known
formulas of the complex frequency shifts for the uniform multibunch configuration case. Closed formulas
are derived for special cases. For the configuration consisting of a uniform filling pattern with a gap of
missing bunches, the theoretical results are found to be in good agreement with measurements of the
transverse coupled-bunch instability driven by the resistive wall impedance performed at the NSLS-II

storage ring.
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I. INTRODUCTION

The design of modern light sources, with their goal to
store beams with low-emittance and high-average current,
requires detailed studies to minimize detrimental effects on
the beam quality induced by short- and long-range wake-
fields. These wakefields are generated by the electromag-
netic interaction of the circulating beam with the storage
ring vacuum components and, acting back on the beam,
determine current dependent instability thresholds that can
pose severe limitations to the achievable beam current [1].
An example of a long-range wakefield potentially driving a
coupled-bunch instability is represented by the resistive
wall wakefield studied in this paper. Light sources operate
with a variety of multibunch configurations that differ from
the uniform one. A common mode of operation, which is
adopted by the NSLS-II storage ring [2], consists of a
bunch train with a gap in the uniform filling pattern [3],
aimed to combat multibunch instabilities driven by ions.
The gap, however, introduces transient beam loading, an
effect that has a negative impact on the performance of the
rf-system, especially when higher-harmonic cavities for
bunch lengthening are used [4]. Several light sources have
therefore considered configurations with multigaps to
improve performance. Modes of operation with hybrid
filling patterns aimed to accommodate special experimental
conditions such as in time resolved experiments [4—8] are
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also commonly used. The analysis of the stability of
nonuniform multibunch configurations is therefore an
important issue.

The coupled-bunch instability theory for uniform filling
patterns is well developed [9,10]. Attempts for a general
theoretical analysis in the case of arbitrary filling patterns
have been discussed, with various degrees of approximation,
in Refs. [11-15]. In this paper, we adopt the general
theoretical framework developed in Ref. [16], where starting
from a system of coupled Vlasov equations governing the
evolution of the phase space densities of the circulating
bunches, it is shown that the stability analysis is reduced to
the formulation of an eigenvalue problem defined by the
complex frequency shifts of the uniform filling pattern case.
The solution of the eigenvalue problem allows the determi-
nation of the eigenvalue with the largest imaginary part, thus
characterizing the growth rate of the fastest coupled bunch
instability, with the instability threshold obtained by equating
the fastest growth rate to the radiation damping rate. The
analysis is restricted to the dipole mode of oscillation and to
the case of zero chromaticity. We therefore neglect short-
range wakefields and the important head-tail damping effect
at positive chromaticity, as well as the effect from a transverse
bunch-by-bunch feedback system, all crucial ingredients for
stabilizing standard modes of operation in storage rings.
Such effects are taken into account, for example, in the nested
head-tail Vlasov solver discussed in Ref. [15], and can be
studied numerically with particle tracking codes such as the
Vlasov-Fokker-Planck solver space [16]. Our choice to
neglect the aforementioned effects is motivated by our intent
to simplify the comparison between theory and measure-
ments, by isolating the coupled-bunch interaction as the
dominant effect determining the instability threshold.

The paper is organized as follows. In Sec. II, we discuss
the resistive wall impedance budget of the NSLS-II storage
ring, as the major contributor to the transverse coupled
bunch instability. In Sec. III, we revisit the theory of the
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coupled-bunch instability for arbitrary multibunch configu-
rations developed in Ref. [16], and derive closed formulas
for some specific cases. In Sec. IV, we discuss measure-
ments of the vertical coupled-bunch instability performed at
the NSLS-II storage ring and compare them with the results
of the eigenanalysis presented in Sec. IIL

II. RESISTIVE WALL IMPEDANCE

In NSLS-II, the major contribution to the transverse
coupled-bunch instability is given by the resistive wall
impedance, Z{, of the storage ring components, assuming
the standard thick wall approximation. Its use is justified by
the smallness of the coating thickness of the vacuum
components and by the fact that the lowest frequency
contribution to the coupled-bunch instability threshold is
given by ReZ{ sampled at (1 — q)w,, where @, is the
angular revolution frequency and ¢ the fractional part of the
betatron tune vz = wp/w), where wj is the betatron
frequency [17]. For one component of the storage ring,
the thick wall formula, valid for |w| < ¢/s, reads [18]

ZH) = (1 - isgn(w) 2LV 0cle)

2rawb* ’

where Z is the impedance of free space and ¢ the speed of
light in vacuum, and L, o, and b are the length, electrical
conductivity, and half aperture of the impedance structure,
respectively. The electrical conductivity . of the material
of the storage ring vacuum components is shown in Table I,
together with the relevant contributions to the vertical
resistive wall impedance budget, where a distinction is
made between contributions from arcs and straight sec-
tions. In Table I, the different elements have the following
meaning: vacuum chamber (CH), fast corrector (FC), and
damping wiggler (DW). The contribution from N elements
is weighted by the average of the beta function over the
length of the impedance structure

_ 1 si+L;/2
B =L / dsB(s),  i=1,..N, (2)
i LiJs-1,2 i

where s; is the location of the center of the element along
the ring. Eliminating s, in Eq. (1), the total average
impedance Z,* is defined as

2nw

Zh@)=(1-isgn() N k=Y ()

o where a; = f,L,f,:/(,/5.:b;) and f; is a geometric factor:
S0 = 4 , (1) fi =1 for components with circular geometry, f; = /12
Zoo, for components with parallel geometry. In Table I, the value
TABLE I. NSLS-II resistive wall impedance.
Material Symbol o, (MS/m)
Electrical conductivity of resistive wall components
Stainless steel SS 1.35
Aluminum Al 31.6
Inconel Inc 0.775
Main contributions from arcs
Element Material L (m) Ey (m) b (mm) a/K (%)
CHI Al 536.4 17.6 12.5 70.8
CH2 SS 11.5 8 12.5 33
Main contributions from straight sections
Cell Element Material L (m) By (m) b (mm) a/K (%)
1 CH Al 5.2 22 12.5 6.2°
1 FC Inc 0.37 8.3 12.5 4.4
6 CH Al 5.2 22 12.5 3.4¢
6 FC Inc 0.37 8.7 12.5 4.7
8 DW Al 7.5 4 5.75 7.2°¢

“Including the contribution from cells 9, 13, 15, 25, 27, and 29, which are identical to cell 1.
"Total contribution from all odd cells, which have two FCs each.

“Including the contribution from cells 14, 20, and 26, which are identical to cell 6.

Total contribution from all even cells, which have two FCs each.

“Including the contribution from cells 18 and 28, which are identical to cell 8.
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FIG. 1. (a) One superperiod of the NSLS-II DBA lattice
consisting of two cells with short and long straight sections.
Vertical beta function (magenta trace) variation and its average
(green trace) over the length of the impedance element (red
rectangle): (b) aluminum vacuum chamber in the first half
superperiod; (c) DWs in cell 8; (d) bending magnet chamber
in cell 1.

a/K refers to the contribution in percentage of the various
impedance elements. Figure 1(a) shows the beta functions
of two cells of the NSLS-II storage ring [2], which adopts a
double bend achromat lattice with 30 periods, thus dividing
the storage ring in 30 cells. The two cells shown in Fig. 1(a)
correspond to one super-period of the lattice. The main
contribution to the total impedance budget, approximately
70%, is given by the aluminum vacuum chamber, as shown
in Table I. Its contribution from one half of the lattice super-
period is shown in Fig. 1(b). Figures 1(c) and 1(d) show
contributions from storage ring components localized in
straight sections, with the contributions weighted by the
average beta function over the impedance structure length
according to Eq. (2).

ITI. EIGENVALUE ANALYSIS

We adopt the theoretical framework of the coupled-bunch
instability for arbitrary filling patterns developed in Ref. [16],
which leads to the formulation of an eigenvalue problem
defined in terms of the complex frequency shifts of the
uniform filling pattern case. Here, we briefly revisit the
theory, more details can be found in Ref. [16]. The most
general multibunch configuration is defined by /# bunches,
where £ is the harmonic number (representing the number of
available rf-buckets), with N,, particles im =0, ..., h — 1),
circulating in the storage ring with the reference particles of
the bunches separated by the distance d = C/h, where C is
the ring circumference. The starting framework of the
theoretical formulation is defined by a system of i-coupled
Vlasov equations, which give the time evolution of the phase
space densities ¥, associated with the mth bunch. The phase

space coordinates are (7, 8, x, p), where 7 is arrival time, § =
(E — Ey)/E, the relative energy deviation, where E| is the
energy of the reference particle in electron volts, and x and p,,
are the transverse position and transverse momentum,
respectively. Here x represents the transverse coordinate,
either horizontal or vertical. We assume linearized longi-
tudinal equations of motion and neglect quantum radiation
effects. For the evolution of the dipole moment, the last
assumption has the effect to neglect an exponential decay
determined by the radiation damping constant. The trans-
verse phase space densities ¥,,(z, 8, x, p,, t), associated to
the mth bunch with N,, particles, satisfy the following system
of h-coupled Vlasov equations for 0 <m < h — 1

OV, OV R Y, Y, OV,
o M T P Py,
+o0o0 h—1
_sz z N,y [/ d/W,(t =7 +d*, T)
=0 m'=0 —o
X /ﬂo dx'x py (¢, x' 1 — afn,mTO)} ({;im =0, (4)

where p,,(z,x.1)= [dé [dp,¥,,(z.5,x,p,.1) and af, =
k+(m —m)/h, A, = ewﬁ/(TOEO) [19], where T is the
revolution period, e is the electron charge, y is the betatron
frequency, n = a — 1/y? is the slippage factor where a is the
momentum compaction factor, w, is the synchrotron fre-
quency, W is the total average transverse wake function, and

h=1'N,, = Nh = N is the total number of particles in the
filling pattern, with N the number of particles per bunch in the
uniform filling pattern case. We neglect longitudinal wake
fields, so for the longitudinal equations of motion we
consider # = —58, &= w?t/n, =d/di. The equation
for the evolution of the dipole moments (x,,) =
[ drdddxdp x¥,, and (p, ) = [ drdédxdp,p,¥, can be
found by integrating by parts the Vlasov equations
using the boundary conditions for ¥,,. Using the approxi-
mation  p,,(7,x, 1) = A7)y, (x,1), where p,(r,1) =
J dtp,,(z,x,1) is the transverse distribution density of the
mth bunch and it is assumed that all bunches have the same
stationary longitudinal distribution density A(z), it can be
shown [16] that (x,,) satisfies

400 h—1

<xm> + w[23<xm> =-A, Z Z f(aﬁymTO)
k=0 m'=0
X Ny (X ) (1 = @y, To), (5)

where f(x) = [dr [ddW,(r — 7' + x)A(2)A(7). In deriv-
ing Eq. (5) it is assumed that the transverse wake function
W () varies slowly over the support of the longitudinal
distribution density A(z). Proceeding by omitting the brackets
in the equations, i.e., x,, should be understood as (x,,), and
defining the coupled-bunch mode %, by
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h=1
%,(1) =) x,()e?mm/hand (6)
m=0
1< .
1) = -3 5, (1), )
u=0

from Egq. (5) it follows the modes X, are coupled and satisty
the equations of motion

k=0
h—1 T h—1
3w (- kf) SN, e
/4/:() m=0
(8)

In the uniform filling pattern case, N,, = N, thus from the
orthogonality condition > /=1 e2m W=/t = ps , = where
0, 1s the Kronecker delta, it follows that the modes X, are
uncoupled and satisfy

X, (1) + w3%, (1) = _A"Nif(k%> o2kl (9)
=0

Since x,, € R, it follows that X, = )Nc,*l_ﬂ, thus it is natural to
define the multibunch mode by

1 . .
x%‘) (l‘) :_(iﬂ(l)eﬂn’m;t/h +ih_ﬂ(l)e_12”m”/h)

2 2 2
:E<Re)~cﬂ(z‘)cos ”Zm—lm)?ﬂ(t)sin ﬂg

m) (10)

We assume a perturbative solution of Eq. (8) of the form

56”(0 — aﬂe—i(wﬁ—o—g)r’

Q| < wy, QecC. (11)
Defining 7' =ImQ, ,=ReQ, and
Im¥,(0) = 0, it follows that the multibunch mode x takes
the form

assuming

x,(ﬁ)(t) = aet cos

—(wp+ o), (12)

where a = 2RexX,(0)/h. By inserting Eq. (11) in (8) we
obtain the eigenvalue equation determining the transverse

stability of the multibunch configuration given by Eq. (46) of
Ref. [16]

(B—QI)a =0,

& Zh_l w1
_ S Dam(u'—p)
B = 2 e ()

where a = [ay, ..., a;_]" is the eigenvector corresponding
to the eigenvalue Q, and fo are the eigenvalues of the
uniform filling pattern case (B, = Q/’f if 4/ = u, 0 other-
wise), and are given by

S APZ). (14)

p=—00

QU=
" 2T EO

where p’ = (ph + p)wy + wp, 0y = 27/ Ty, I is the aver-
age current which can be equivalently expressed as
ly=e> "N, /To=eNh/Ty=eNy/Ty, and Zi is
the total average transverse impedance related to the
transverse wakefield W, by Z{(w) =i [ dre’W,(z),
Wi (1) = —i/(27) [ dwe ™ Z{ (o). Z(w) is the Fourier
transform of the longitudinal distribution density, assumed
to be given and the same for all bunches.

Solving for the characteristic polynomial p(Q) = |B —
QI| =0 and assuming h distinct eigenvalues €, the
general solution ¥j(¢) is given by

E CmAum€

where a,, = [ag,,, .-, ah_lm]T are the eigenvectors associ-
ated to the eigenvalues €,,.

The complex frequency shift QF given by Eq. (14) is
computed with parameters listed in Table II and Z,* given
by Eq. (3). The growth rate 7,' = ImQY/ and coherent tune
shift v, , = o, ,/wy, where w,, = ReQU, are shown in
Figs. 2(a) and 2(b), respectively, with I, evaluated at the
instability threshold 7y, which is determined by setting
ImQ}{ = 1/7, and by finding the mode y which maximizes

—i w/;+Qm) (15)

f) = =S4 o [P PRZE [P, e

TABLE II. Parameters for the NSLS-II 3DWs lattice.
Parameter Symbol Value Unit
Energy E, 3 GeV
Revolution period Ty 2.64 us
Harmonic number h 1320
Momentum compaction a 0.00037
Synchrotron tune v 0.007
Horizontal tune Uy 32.22

Vertical tune vy, 16.26

rf-Voltage Vi 3 MV
Transverse damping time Tyy 22.5 ms
Longitudinal damping time T, 11.9 ms
Energy spread o5 0.00087

Bunch length o, 14.5 ps
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FIG. 2. Complex frequency shift for the uniform filling pattern
with M = h = 1320 at instability threshold 7Y = 12.7 mA:
growth rate (a); coherent tune shift (b). The fastest unstable
mode g = 1303 has growth rate T;l =1/, where 7, is the
vertical radiation damping time.

v 2ToE,

= 16
" 7y max f(u) 16)
We can equivalently state that the instability threshold 7, is
obtained by equating the fastest growth time (determined
by the eigenvalue with the largest imaginary part) to the
radiation damping time z,.

Since ReZ{ (w) > Oifw > 0,and < Oifw > 0, max f(u)
can be approximated by keeping only the term with p = —1
and by evaluating ReZ;- atits smallest, negative value, which
occurs for 4 = h — [vg] — 1, where [v] is the integer part of
the betatron tune. With parameters given in Table II, the
integer part of the vertical tune is [v4] = 16, thus the fastest
growing mode is 1303. We note that the most stable
mode occurs for y = h—[vg], thus for u = 1304. The
corresponding complex frequency shifts read 9%03 =
(=59.9,44.9) s7! and QY,, = (-90.7,-75.8) s~

Equidistant filling patterns are defined by multibunch
configurations in which M bunches occupy symmetrically
only a subset of all the available rf-buckets, i.e., where M
bunches are separated by the distance d = C/M, with
M < h. The number of possible equidistant multibunch
configurations, thus the possible values of M, is determined
by the prime factorization of the harmonic number /. For the
NSLS-II storage ring, as shown in Table II, A = 1320 =
23 x3x5x11.

A. Elementary case: M =3

The complexity of the solution of the eigenvalue problem
for arbitrary multibunch configurations is illustrated in the
case of M =3 equidistant bunches, in which case the
eigenvalues can be expressed in closed form. The corre-
sponding eigenvalue problem defined by Eq. (13) reads

QYy-Q  aQf a*Ql
B-QI=| a'Q QV-Q a@' =0, (17)
aQy aQl QY -Q

where a = Ny —aN, —a*N,, a=(1-+/3i)/2, N,, =
N,,/Nr and * denotes complex conjugate. Eliminating N,
with the use of Ny + N, + N, = 1, it follows that Eq. (17)
reads

IB—QI|=Q%+bQ*+cQ+d=0, (18)
with coefficients given by
b=-TrB=—-(Qf +QV +QY), (19)

c=-3(QfQf +QfQY + QYQY)
X [No(Ng = 1) + NoNy + N{(N; = 1)],  (20)

The general solution of Eq. (18), which is cubic, is written in
the following compact form

1 A,
Q,=—|b+&C+—]|, 0,1,2}, (22
==y (precagt). wepra. @)

where C=[(A; — /A2 —4A3)/2]'3, Ag = b* =3¢, A} =

2b% —9bc +27d, and & = . With parameters listed in
Table I, the complex frequency shifts QF for the uniform
filling pattern case with M =3 read QY = (-7923.2,
-8.6) s71,QV =(-7960.3,-70.7) s~! and QY = (-7930.7,
30.3) s~!. The largest imaginary part of the eigenvalues given
by Eq. (22) is shown in Fig. 3 as a function of N, and N, . Itis
worth noting that the fastest instability is determined by
values of (N, N,) in the neighborhood of (1/3, 1/3), which
represents the uniform filling pattern case. Milder instabilities
are identified along the isolines determined by N, = N,,
N, = Ny, and N, = N. A slight nonuniformity in the filling
pattern is therefore sufficient to improve stability.

In the case of a missing bunch, i.e., N, = 0, using Ny +
N, + N, =1 it follows from Eq. (21) that d = 0, thus
Eq. (18) reduces to

Q(Q2 +bhQ +¢) =0, (23)
with ¢ = =3Ny(Ny — 1)(QUQV + QUQY + QUQY). It

follows that one of the eigenvalues is zero, , = 0, and
the other two read

TrB 1
QO,] :rTZEE[TrB2
+ 12Ny(Ny — 1)(QY QY + QY QY + QVQY)]!/2.

(24)
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FIG. 3. Largest imaginary part (largest growth rate) of the
complex frequency shifts given by Eq. (22) for the equidistant
multibunch configuration with M = 3. [, = 12.7 mA.

B. Uniform filling pattern with M <h

We remind that with M, we represent the number of
bunches filling the ring equidistantly. If in addition, we
assume uniformity, i.e., all bunches have the same number
of particles N7/M, we obtain uniform filling patterns with
M bunches. We call the configuration with M = h maximal
uniform filling pattern. The complex frequency shift with
the largest imaginary part (largest growth rate) for all
possible uniform filling patterns at I, = 12.7 mA is shown
in Fig. 4 by the red dots, with the frames (a) and
(b) displaying the growth rate and coherent tune shift,
respectively. For comparison, the complex frequency shift
given by Eq. (32) corresponding to the uniform filling
pattern case with a gap g =M — 2, thus describing a
configuration with two bunches, is also shown in Fig. 4
(blue squares). We note that uniform configurations with
M > 33 are more stable than the configuration with two
bunches with a gap, thus giving a counterexample of
Kohaupt argument [11], which states that the fastest
instability is given by the maximal uniform filling pattern.

C. Gap in the equidistant filling pattern:
N, =0 form >M-g
To discuss the case of a gap ¢ in the equidistant

multibunch configuration with M bunches, we rewrite
the matrix B given by Eq. (13) in the form

M-1
B = QUH, N, emm=m/M - (25)

m=0

-3

T T T T T T T T
160 F M-u’\r)llfozrm : (a) o 1 M- u'\r}llfo_rrg : (b) 1
@140_ 9 . g or ...-.-noooo. o
<120 . 5 .
T 100 o 2 2k .
£ 80 " 2 3 °
% lJ 5 °
5 60f S -4l
Bomomessess o| 5
40 .0":_:- 7 © 5lm sasnemememm s s =
20w et s ] 6l ‘ ‘ ‘ ‘
4 16 64 256 1024 4 16 64 256 1024
M M

FIG. 4. Complex frequency shift with the largest imaginary part
for all possible uniform filling patterns with M < h, shown by the
red dots, compared with the uniform filling pattern case with a
gap g =M —2, shown by the blue squares: growth rate (a);
coherent tune shift (b). I, = 12.7 mA.

where QU = diag(Q{.....QY_,). Here we use standard
results of the theory of matrices [20]. Let us assume QU has
rank M. It follows that rank(B) = rank(H). The Hermitian
matrix H is circulant, therefore all the eigenvalues are real
and given by

S

M-
, etZﬂp m'—m)/M
E m

p

= Mva (26)

I
o

where we made use of the orthonormality condition
Pyl eiZrp(m'=m)/M — prs . Therefore in the case of a
gap ¢ with missing bunches, i.e., N,, = 0 for m > M — g,
rank(H) = M — g, thus rank(B) = M — g as well. It fol-
lows that the characteristic polynomial of B reads

M—yg
= Q1) 0k (27)
k=0

We have therefore proved that the number of zero-eigen-
values is equal to the length of the gap g.

With the use of the Fadded-LeVerrier algorithm [20], we
construct now an explicit form of p(Q) for the case
g = M — 2, namely

p(Q) = QY2 (eyQ + ey Q+cyn),  (28)
where ¢y =1, cy_; =-TrB, and cy_, = —(TrB*-
(TrB)?)/2. Using the identities

M=1 M-1
:ZQU2+2Z > oiay (29)
1=0 p'=p+1
M=1M-1
TrB2 =) > QVQUH, |
,LlZO w=
M-1 M=1 M-1
=2 QP+2) > QIO (30)
u=0 H=0 p'=p+1

014402-6
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it follows that

1 M-1 M-1
_ (TrB)2<1 +3 gﬂﬂ,gz;;gzg,) (31)

where g, = 4(|H,,|* = 1)/((Tr B)?), thus the eigenval-
ues of Eq. (28) read ©Q; = 0 for k > 2 and

TrB
90’1:%<1i

M-1 M-1

1+ > g,,,,sz},fsz};>. (32)

H=0 p'=p+1

In the case Ny = N, = 1/2, N,, = 0 for m > 2, we have
Guu = (cos2m(u—u')/M —1)/2. For the case M = 3, by
noting that c¢y; = ¢y = ¢y, = —3, it follows that Eq. (32)
reduces to Eq. (24) with Ny = 0.5. With parameters listed in
Table 11, the eigenvalues read Q, = (—11892.7,18.7) s7!,
Q, = (-11921.7,-67.7) s~!,and Q, = 0. The fastest insta-
bility has therefore a growth rate ImQ, = 18.7 s~!. For
comparison, the growth rate of the fastest growing mode of
the uniform filling pattern case given by Eq. (22) is bigger,
ie, ImQY =304 s~!. The eigenvalue with the largest
imaginary part for all possible uniform filling patterns with
M < h and I, = 12.7 mA is shown by the blue squares in
Fig. 4(a), with the coherent tune shift shown in Fig. 4(b).

IV. MEASUREMENTS WITH A GAP IN THE
MAXIMAL UNIFORM FILLING PATTERN

The theory of the coupled-bunch instability for arbitrary
multibunch configurations has been benchmarked against
measurements at the NSLS-II storage ring. In benchmark-
ing theory with measurements, the theoretical instability
threshold is obtained by equating the fastest growth time
(determined by the eigenvalue with the largest imaginary
part) to the radiation damping time z,.. This is equivalent to
assume that Eq. (15) has an extra multiplicative factor
exp(—t/7,). This assumption has been verified in the
benchmark of Eq. (13) against Vlasov-Fokker-Planck
simulations with space [16], where a detailed discussion
of the procedure adopted to calculate numerically the
growth rates can be found [21].

The theoretical instability threshold for an arbitrary
multibunch configuration, /y,, is determined by calculating
first the theoretical instability threshold for the uniform
filling case, 1Y, which is defined by Eq. (16). With p =
1303 and 7, =22.5 ms, it follows Iﬂl{ = 12.7 mA (see
Fig. 2). Second, to determine /y,, we solve the eigenvalue
equation (13) replacing [, with Ifﬂ in Eq. (14). The
corresponding matrix B, with an abuse of notation, is

denoted B(IJ). Since the instability threshold Iy is
determined by solving Eq. (13) with B(/,), using the fact
that B(1y,)/B(1Y) = I,/17, it follows that the eigenvalues
of B(Iy,) are Iy,/1Y times the eigenvalues of B(IY), thus

T
Iy = I%T—g, (33)

Y

where 7, is the growth time of the fastest growing mode,
determined by the eigenvalue of B(7Y) with the largest
imaginary part. The measurements have been performed
with a gap in the maximal uniform filling pattern, with the
instability driven by the vertical resistive wall impedance
with parameters listed in Table I. The storage ring has been
configured with the 3DWs lattice at zero linear chroma-
ticity [22], with the gaps of the three damping wigglers
closed and all the other insertion device gaps open. The
coupled-bunch instability threshold as a function of the gap
has been determined experimentally from the stability of
Beam Position Monitor (BPM) measurements as discussed
in Fig. 5 where the measurements performed at different
average currents are shown for the case M, =M — g =
600 (left frames) and M, = M — g = 1200 (right frames),
where ¢ is the gap in the maximal (M = 1320) uniform
filling pattern, with the measurements of all the other cases
showing a similar behavior. The frames (a)-(h) show the
time evolution of the average bunch centroid position over
50K turns, as detected from 6 of the 180 regular BPMs
distributed around the NSLS-II storage ring, with the
frames (a)-(d) and (e)-(h) showing unstable and stable
betatron motion, respectively, characterized by a peak-to-
peak variation above 10 ym in the unstable case, and a
peak-to-peak variation well below 5 um, at the noise level,
in the stable case. The transition from stable to unstable
motion can be seen more clearly in frequency domain, as
shown in the bottom frames (i) and (I), where the average
spectra of the time domain BPM measurements are
calculated with a Discrete Time Fourier Transform
(DTFT) [23]. For a good control of the spectral leakage,
a window function of length L = 40k turns has been used,
and the DTFT has been computed with a sampling rate
Afy, = Av,fy =3.79 Hz, where f is the revolution fre-
quency. In frequency domain, the peak in the spectra shown
above instability threshold exceed 100 times the noise level
shown by the spectra below threshold. The peak in the
spectrum close to the vertical tune shown by the blue trace
gives an upper bound to the instability threshold. We
define the measured instability threshold 7y, as plotted
in Fig. 6(a), as the arithmetic mean between the adjacent
stable and unstable currents as shown in (i) and (1) by the
green and blue traces, respectively. Accordingly, for the
two cases shown in Fig. 5, we have the following threshold
currents: Iy, = 10.5 mA for M, =600 ((i)) and Iy =
12.6 mA for M, = 1200 ((1)). All the measurements have
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FIG.5. Measurements at different average currents for the case

M, =M — g = 600 (left frames) and M, = M — g = 1200 (right
frames), where g is the gap in the maximal (M = 1320) uniform
filling pattern. (a)-(h) time evolution of the average bunch
centroid position over 50K turns, as detected from 6 of the
180 regular BPMs distributed around the NSLS-II storage ring.
(a)—(d) and (e)—(h) showing unstable and stable betatron motion
respectively. (i) and (j): average spectra of the time domain BPM
measurements showing the transition from stable to unstable
motion.

been performed with the same step change in the average
current Aly = 0.2 mA. Some of the multibunch configu-
rations, as measured from the NSLS-II filling pattern
monitor, are shown in Fig. 6(b). The measured instability
thresholds as a function of M, = M — g are plotted in
Fig. 6(a), where they are shown to be in close agreement
with the numerical solution of the eigenvalue problem
given by Eq. (13). It is worth noting that the instability
threshold decreases with the increase of the gap g, with the
most stable configuration given by the maximal uniform
filling pattern. The close agreement between theory and
simulations, besides benchmarking the eigenanalysis for
arbitrary multibunch configurations, validates the accuracy
of the impedance model used.
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FIG. 6. (a) Vertical coupled-bunch instability threshold 7, as a

function of M, = M — g, where g is the gap in the maximal
(M = 1320) uniform filling pattern: comparison between theory
and measurements. The blue trace shows the analytical result
obtained by equating the fastest growth time (determined by the
eigenvalue with the largest imaginary part) to the radiation
damping time 7z, = 22.5 ms; the red dots represent the measured
thresholds, obtained as the arithmetic mean of the currents
slightly below and above threshold, as shown in Fig. 5. (b) Bunch
trains close to instability threshold as measured from the NSLS-II
filling pattern monitor: single bunch current I, = I,/M, as a
function bunch number m.

V. CONCLUSIONS

We discussed theoretically the coupled-bunch instability
for arbitrary multibunch configurations and benchmarked
its predictions against measurements performed at the
NSLS-II storage rings. Besides helpful for the design of
hybrid modes of operations in storage rings, the results
discussed in this paper, in particular the closed formulas
presented for some special cases, might be useful for
benchmarking beam dynamics codes that model the
coupled-bunch instability for arbitrary filling patterns.
The primary goal of the paper has been to present a clear
comparison with measurements of the coupled-bunch
instability theory, setting the experimental conditions in
order to isolate the coupled-bunch interaction has the
dominant effect driving the instability. To this end, we
set the chromaticity to zero in order to avoid the chromatic
head-tail damping driven by short-range wakefields, that
would have required a broadband impedance model thus
complicating the analysis. For the same reason, we did not
include a feedback model. A partial analysis of such effects
has been done in Ref. [24], with single-bunch studies of the
combined effect of chromaticity and feedback on the
transverse head-tail instability, and in Ref. [25], with a
numerical study of the stabilizing effect of the chromatic
head-tail damping on the transverse coupled-bunch insta-
bility. The extension of the theoretical analysis discussed in
this paper to include the aforementioned effects, as well as
further benchmarking against measurements and particle
tracking codes, will be the subject of future work.
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