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COHERENT INSTABILITIES IN THE BOOSTER AND
COLLIDER OF THE HEAVY ION ACCELERATOR

COMPLEX NICA
D. Dinev

Institute for Nuclear Research and Nuclear Energy, Sofia

In the first part, some knowledge about the coherent instabilities in cyclic accelerators and storage
rings necessary for the analysis of the collective effects in the heavy ion collider NICA is given. In
the second part, the possibilities for arising of the coherent instabilities in the booster and in the
collider of the NICA complex are discussed. Both coupling impedances and instability thresholds and
growth rates have been estimated for single and coupled bunches. Parameters of the beam feedback
system for damping the instabilities have been analyzed.

B niepBoii 4 CTH [ 10TCS CBeJEHUS O KOTEPEHTHBIX HEYCTOHYUBOCTSIX B LIUKJIMYECKHX YCKOPUTEIIIX
U B H KOIHUTENbHBIX KOJIBLl X, HEOOXOQUMBIE Il H JIM3 KOJUIGKTHBHBIX 9(h()EeKTOB B YyCKOPHTENBHO-
H KorurenbHoM Komiuiekce NICA. Bo Bropoit 4 ¢t 006CyX 10TCSI BO3MOXKHOCTH BO3HHKHOBEHHS KO-
IEPEeHTHBIX HEYCTOMYMBOCTEH B LIMKJIMYECKOM MHXEKTope-Oyctepe U B Kol iiepe komiuiekc NICA.
IpuBonsTCS OLEHKM MMIIE] HCOB CBS3H, IIOPOTOB M CKOPOCTEN P 3BUTUS HEYCTOMYMBOCTEH ABMXKEHMS
K K OIMHOYHBIX CTYCTKOB, T K U IEIOYeK CBSI3 HHBIX CTYCTKOB. AH JIU3UDYIOTCS II P METPbl CUCTEMBI
UL TIOX BIICHHS! HEYCTOIYMBOCTEH ¢ 0Op THOH CBSI3BIO IO ITydKy.

PACS: 29.20.-c; 29.20.dk; 29.20.db

INTRODUCTION

For investigation of the nuclear matter at extreme conditions of very high tem-
peratures and densities and search for the so-called mixed phase of the strongly in-
teracting matter, the Nuclotron-based Ion Collider fAcility (NICA) will be built at
the Joint Institute for Nuclear Research in Dubna. The accelerator complex NICA
will include: new 6.2 MeV/u linac, a superconducting booster with maximum
magnetic rigidity of 25 T - m and electron cooling, the upgraded superconducting
synchrotron Nuclotron and two superconducting colliding rings with maximum
magnetic rigidity of 45 T-m and systems for electron and stochastic cooling.
The main goal of the NICA complex will be the generating of intense (1.7 - 1010)
197Au™* ion beams with energies between 1.0 and 4.5 GeV/u. There will be
two interacting points. The luminosity is expected to be 1.0 - 102" cm~2 -5~ 1,

The paper is devoted to the problems of the coherent instabilities in the
booster and in the collider of the NICA complex.
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Coherent instabilities are one of the main phenomena limiting the performance
of an accelerator. Hence, realistic estimation of all the factors that cause instability
and of the instability threshold and growth rate is of big practical importance.

Sections 1-6 represent a short review of coherent instabilities in cyclic accel-
erators and storage rings. They give the reader all the necessary knowledge for
understanding the next chapters, especially dedicated to the coherent instabilities
in NICA.

Section 7 analyzes coherent instabilities in the cyclic injector-booster of the
NICA accelerator complex. In Sec. 8, coherent instabilities in the collider rings are
studied. Some recommendations for overcoming instabilities are given in Sec.9.
Parameters of the transverse and longitudinal feedback systems for damping of the
injection errors and of the coupled bunch instabilities have been estimated, too.

1. WAKE FIELDS AND IMPEDANCES

Charged particles moving in a circular accelerator or a storage ring are them-
selves a source of EM fields. These EM fields add to the external EM fields
which impose the designed particle trajectories. These self-fields are a superpo-
sition of EM fields generated by the beam in the free space and the EM fields
produced by the image currents, induced by the beam on the walls of surrounding
vacuum chamber or other devices such as: expansion bellows, connection flanges,
pumping ports, RF cavities, beam position monitors, ferrite kickers, collimators,
septum magnets, etc.

The EM fields produced by the beam and modified by the beam surroundings
cause a force that acts back on the particles. For a beam with high intensity the
self-EM-fields are strong enough to produce adverse effects like beam heating
(increase of energy spread and bunch length) or even to give rise to an instability
of the particle motion.

Following the principle of superposition in calculating the self-EM-fields, we
can start with the simplest case of a point charge «e» moving with a constant
velocity v = ¢ in the machine vacuum chamber. If the material of the vacuum
vessel is perfectly conducting the image, charge, induced on the inner surface of
the chamber walls, will travel in pace with the source charge. In the realistic case
of nonzero resistance of the walls or in the presence of wall discontinuities, the
image current will lag behind the source charge. An EM field will be left behind
the source particle. This field is called wake field. The wake field influences the
motion of the trailing particles leading to energy loss, beam instabilities, or other
undesirable effects.

In impulse approximation, when we are interested in the kicks experienced by
the test particle, the wake field could be described by the so-called wake function.
The concept of wake fields and impedances has been introduced by V. C. Vacaro
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and A.M. Sessler in an effort to generalize all the cases of vacuum chamber wall
geometry [1-3,17-27]. To introduce the notion of wake function let us look at
the following simplified model: a point source charge e and a test point charge g
at a distance z behind (z < 0), both moving with constant velocity v along the
chamber axis. The longitudinal wake function is defined as the potential seen by
the test particle over a distance L, which is occupied by a RF cavity, expansion
bellows or other kind of wall discontinuity, and produced by unit source charge:

wy (2 :—é/ ( —ng)ds. (1)

The minus sign in (1) means that when we have deceleration of the test particle,
the wake function is positive. For z > 0 and ultrarelativistic beams, w(z) = 0
in accordance with the causality, i.e., the wake fields can affect only the trailing
particles.

In transverse direction, the wake function is defined through the equation

L
O/FL(s,t— . )ds— a(ea)w. (2), @

where a is the transverse displacement of the source charge, so D = ea is
the dipole moment. The transverse kick that the test particle receives over the
distance L is

L
f FL ds
vApi  §
Al = = . 3
o ol 3)
Another approach to the collective effects is through the coupling impedance. The
coupling impedance gathers in one quantity all the details of the electromagnetic
interaction of the beam and its environment.
The longitudinal impedance is defined by the voltage V' (s,t) over a distance
L seen by the particles:

V(S,t) = —I(s,1) Z” (u}) 4)

In (4) I is the beam current. By historical reasons the transverse coupling im-
pedance is defined as

/|E+VXB|J_( :_Zﬂ/ZJ_ ,8) et dw. (5)
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It could be proved that the coupling impedance is a Fourier transform of the wake
function [24]

Z)(w) = % 7dz w) (2) exp (—z%) , (6)
Z, (w) = é 7dZ’lUJ_(Z) exp (—z%) . @)

2. SHORT-RANGE WAKE FIELDS

The short-range wake fields act over the bunch length (Fig. 1).
The effect of the short-range wake fields is in the potential-well distortion
and in the increase of the longitudinal emittance.

1.5 - 1014

11047

51013

51013

(=)
T A A A

-1 - 1014_:

_1-5'1014:|||||||||||||||||||
0 0.02 0.04 0.06 0.08 , y 0.1

Fig. 1. Wake field of a 2.5 mm Gaussian bunch in DAFNE [69]

Wake fields with wavelengths short compared to the bunch length may induce
microwave instabilities (MWI) in a single bunch. For specified beam intensity,
the MWI limits the longitudinal impedances.

2.1. Wake Fields and Impedances of a Vacuum Chamber with Perfectly
Conducting Walls with Uniform Cross Section (Case of Space Charge Domi-
nated Beams). In the case of vacuum chamber with perfectly conducting walls of
uniform cross section, the EM field generated by the source particle with charge
e is the same as in the free space [24]:

er 1 1

dmeoE = = . H=_ (vxE), 8
TR T S (1= sin? 6)°7 Z VB ®
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where
Zy = 376.73 Q 9)

is the free-space impedance; r is the radius-vector from the source charge to the
test point, and @ is the angle between the radius-vector and the velocity.

Fig. 2. EM field of ultrarelativistic charge moving in a perfectly conducting pipe

In the ultrarelativistic case (v — c¢), the field is pancake-like (Fig.2), i.e., it
is nonzero in the interval of angles Af ~ 1/~ around the perpendicular to the
particle velocity. There are no forces acting on the test particle and the wake
function vanishes as 1/72.

a) In Longitudinal Direction. The longitudinal wake function is [26]

1 Z() z
se(y) = — 20 gy (—) 10
wit?) = 2590 (5 (10)
The longitudinal space-charge impedance
is [17-33] Z) @)p
sc 1209 W
=——=— 11
I (w) 2672 wo’ (11) @
b
g=142In|(-]), (12)
a Im (Z/p)

where a is Fhe bearp radius; b is the vacuum Fig. 3. Longitudinal space-charge
chamber radius; w is the synchronous angular jnedance Z,(p)/p» p = w/wo
revolution frequency.

The space-charge impedance is purely reactive (negative inductance) (Fig. 3),
i.e., there is no energy loss during the particle motion.

Let us remember that the derivative of the impulse J-function has the property

b b
/gp(m) 8 (u—x)dr = —/@(x)é'(x—u)dxz(p’(u). (13)
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For elliptical vacuum pipe and ultrarelativistic particles, an equivalent pipe
radius beq is introduced [24]. This equivalent radius is function of the ellipti-
cal parameter

h—b
qg=— 14
1= 37 (14)
beg/b where h and b are the pipe half-width
1.3 T T T T and half-height (Fig.4).
4 For a rectangular beam pipe with a
full height h and full width w [53]:
1.2+ b
Z\w) _ . 2o
no U262
L1F . . 2h
% |14 21n [ 22 tanh (B) . (5)
Ta 2h
1 ! ! ! ! b) In Transverse Direction. The

0 02 04 06 08 ¢ 1 gangverse wake function is [26]

Fig. 4. Normalized equivalent radius for

ZQCL 1 1
an elliptical vacuum pipe wi(z) = 22 (? - b_2> 8(z2). (16)
e The transverse space-charge im-
+ pedance is [17-33]
e iR Zy (1 1

= A (W)*—W (E_b_2>v a7
R being the machine mean radius

(Fig.5).

Im (Z,) For a rectangular beam pipe [53],
RZy |1 8

Fig. 5. Transverse space-charge impedan- Z7(w) :_Jﬂg—,yg [? - ﬁ(fl - 51)] )
ce 7, (18)

where &; and e; are the coefficients that are found by conformal mapping tech-
nique. For the ratio w/h = 2.5, we have ¢ —eff = 0.208 and &} — &V = 0.411,

The lower the particle energy the higher the space-charge impedance. The
space-charge impedance could be very large for low velocities (low [3). Thus, for
50 MeV protons 3 = 0.3 and Zﬁc/n could reach 1.5 k€.

In AGS booster, the space-charge contribution is Zj/n = j27.5 Q for the
longitudinal direction and Z, = j9.2 M{/m for protons in transverse direction
and Z; = j2018 M{/m for Au ions in transverse direction [15].

In SIS-10, the space-charge impedance is expected to be [58]: Z|/n =
7180 Q and Z, = j 80 MQ/m.
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2.2. Broad-Band Impedance. Changes of vacuum chamber aperture such
as bellows, flanges, beam position monitors, kickers, gate valves, vacuum ports,
beam collimators, etc., can trap some mag-
netic field (Fig. 6).

The measurements on many existing
machines show that such structures are
well approximated by a Broad-Band (BB)
resonator with a quality factor @ ~ 1 —
and a resonant frequency w, around the
vacuum chamber pipe cut-off frequency
(~ 1 GHz) [17-33,62,63,66,69]. This is
illustrated by Fig.7.

At low frequencies

Z)BB(W) 0 Fig. 6. Discontinuity of the vacuum

. w
" =J RShw_T’ (19)  chamber

where the resonance frequency w, is taken to be equal to the pipe cut-off fre-
quency

C
Wr = Weut-off = E (20)
60
- 50 .
i Broad-band impedance
SM— 40+
| E Resistive wall /
30
4M 1
20
g ] 7]
]
~53M 100
N | Kicker impedance (envelope)
&) m
M- 800.0-_
- 600.0
1M 400.0
b 200.0
0 o+——"F—"FT— T T T T 1
8§ 10 12 14 16 18 20 22
— T T T T T T T T T T T T T T T T T T 1
=20 0 20 40 60 80 100 120 140 160 180

Frequency, MHz
Fig. 7. Real part of the transverse broad-band impedance in SIS-18 at injection energy
of 11.4 MeV/u. The resistive wall and kicker impedances are most important at low
frequencies. The broad-band impedance is dominant for higher frequencies [42]
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The quality factor @ is taken to be equal to unity and the shunt impedance Rgy
is usually taken to be 60 2:

60
Z) (W) = : (21)
¢ bw
1+ ———
(bw c )
At low frequencies, the broad-band impedance is
Z .73b
BB (W) _ 376.73b3 Q 22)

n C ’

where C' is the accelerator circumference.

The BB impedance is inductive impedance, approximately constant for low
frequencies end. The BB resonator has an impedance curve with large bandwidth
(1/6f < To/M), M — number of bunches, and therefore the wake field decays
rapidly. This element represents local interactions which can couple only close
particles.

For a well-designed machine,

Z) BB (W)

<19 (23)

The number of generic broad-band resonators at unit accelerator length for a
sufficiently smooth vacuum chamber is given by

NBB cavities 1
< . 24
C 376.73b (24

This gives a crude estimate of the required smoothness of the accelerator
vacuum chamber.

In Fig.8, the total broadband impedance |Z)/n| up to 3 GHz in RHIC is
shown.

100

1.0

0.1 v b b b b besa i

0 500 1000 1500 2000 2500 3000
Frequency, MHz

Fig. 8. Total broad-band impedance in RHIC [49]
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At very low frequencies, up to about 100 MHz, main contribution is from
the beam chamber wall impedance and beam position monitors. At high frequen-
cies, the impedance falls to 0.25 ). At frequencies up to 1.5 GHz, the main
contribution is from the kickers. Above 1.5 GHz, all the other devices make a
contribution: aperture transitions, expansion bellows, BPMs, gate valves, vacuum
ports, collimators, etc.

In transverse direction the broad-band impedance could be calculated through
the longitudinal broad-band impedance [24]:

2R Z BB _ 2c Z|BB
ZiBB = Gob? == —

= . 25
n b2 nwy (25)

2.3. Aperture Transitions. For the case of aperture transition r; — 7o
(A = ry — 71, half-angle = 0) [49]:

Aol __g 8 () (%)”. 6)

n 2C 5 T

Two cases could be distinguished: a particle exiting into a pipe of a bigger
radius, which is called step-out case, and a particle entering a narrow pipe, which
is called step-in case. Theoretical analysis shows that the longitudinal coupling
impedance is mostly resistive in the step-out case with a big contribution at high
frequencies above cut off. In the step-in case the longitudinal coupling impedance
is low and vanishes at high frequencies (Fig.9).

Z,Q Z.,Q
150 p 200 5
100 Step-in 150 1 Step-out

50 100 A

—-50 I I I I 0 I I I I
0 20 40 60 80 100 20 40 60 80 100

f, GHz f, GHz

Fig. 9. Longitudinal coupling impedance of vacuum pipe discontinuity [18]

Instead of making an abrupt step between two beam pipes of different radii,
it is desirable to make the aperture transition more gradual using a conical section
of the beam pipe. In this case, the following rule of thumbs is applied — the taper
length must be five times longer than the difference in the pipe radii («five-to-one
rule»).
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In RHIC, all the vacuum pipe transitions are tapered with a transition length
at least five times as long as the change in pipe radius. The vacuum ports, gate
valves and collimators are shielded.

2.4. Bellows. For a bellow with NV rectangular corrugations of length ¢ and
depth A [49]:
Z| bel ., N [(gA
—— =—jZo=|=]. 27
n iZm \ (27
The estimate (12) has 20% accuracy. If the bellows are left unshielded, they
will dominate the BB impedance. In RHIC, the bellows contribute Z)j(w)/n =

—1.014, Q if they are left unshielded and Z)(w)/n = —0.02j, when all the
bellows are carefully shielded.

0.120 - 103
0.106 - 1033 Gaussian bunch
5] No. of sigmas = 5
G 0.920 - 1075 Sigma = 1.01 mm

0 2 4 6 8 10 12 14 16
Frequency, GHz

Fig. 10. Real part of the longitudinal impedance of a circular bellow with 10 convolu-
tions [53]

Figure 10 shows example of longitudinal coupling impedance of bellows in
Fermilab Main Injector. For a single bellow it could be characterized approxi-
mately as the impedance of two resonators with low quality factors and resonant
frequencies in the GHz region.

2.5. Kickers. The kickers have large contribution to the longitudinal im-
pedance for frequencies up to 750 MHz (Fig. 11). The kicker represents a trans-
mission line with ferrite filling [67]. For low frequencies (up to 50 MHz) the
coupling impedance is given by [49]

Zyxick(w)  Zy / . f : f
— 0 T { [1 — cos (27r%>] -7 [27T% — sin (27T%>] } ;o (28)
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- 6000
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2000 -
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Re(2)

15000

310000 "
i

W~ ~.
I‘\

5000

Im(2),

—5000
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Frequency, MHz

Fig. 11. Longitudinal coupling impedance of the SPS MKE kicker; dashed lines — ana-
lytical results, dotted lines — measurement by the wire method [67]

Zy is the characteristic impedance of the line, and fj is the resonance frequency:
Zow

fO - /J/Ohl’
h is the kicker half-height; w is kicker half-width.
In AGS booster, the contribution of the injection, extraction and abort kickers
is small: Z/n=0.16 Q and Z; = 0.002 MQ/m [15].
In SIS-100, the contribution of the ferrite loaded extraction kickers will
be [58] Z, = 0.5 MQ/m.
2.6. C-Type Kickers.

(29)

w2u212h2
iy = 0 30
|| lek 4b2 (ij + anble)) ( )
272
cwpgl
Z 1 iok = : , 31
ek 4b2 (]CUL + anble) ( )

where h is the height; | — the length; Z;,p1c — the cable impedance, and L —
the inductance.

In RHIC, the dominant contribution to broad-band impedance is expected to
be from the injection kickers. There are four 1.1 m long C-shaped kickers, with
no shielding Z”/n < 0.25 Q.

3. LONG-RANGE WAKE FIELDS

The long-range wake fields act on many bunches or even on many turns. The
most popular source of long-range wake fields is the high ) resonant structures:
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the fundamental and the higher order modes in the RF cavities. They can produce
Robinson and coupled bunch instabilities.

3.1. Resistive Walls. If the vacuum chamber is made of a material with finite
conductivity, the charged particle will lag an EM wake field behind it. Close to
the particle, this wake field must be decelerating as the source particle dissipates
some of its kinetic energy exciting currents in the vacuum chamber walls. The
longitudinal wake field is shown in Fig. 12.

E;

. j% ’

Fig. 12. EM wake field in vacuum pipe with finite conductivity

The characteristic distance is [24]

do = . (32)
Z()O’7

where b is the pipe radius; o is the conductivity.

At distances bigger than dy behind the source particle, the EM field is accel-
erating for the trailing particles of the same charge sign, while at distances less
than dj it is decelerating in agreement with the energy balance condition.

Immediately behind the source particle in ultrarelativistic case,

q
E = — .
? weph? (33)

q 1 1
E, = . 34
dreob \ 200 |z|3/2 (34

The tail of the wake field extends to dy + o Zpb?.
a) In Longitudinal Direction. At distances higher than dj, the longitudinal
wake function decays slowly. The long tail is described by the formula [24]:

653/2 Z() 1
wy(z) = =C— =/ 7o P [2/s], (35)

where C' — machine circumference; ¢ — light speed, 8 = v/c.

At long distances,
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The above expression fails for small  w(2)
distances. Just behind the source parti-
cle, the wake function changes the sign
(Fig. 13).

For [z| < do, wy(z) > 0 which
means deceleration of the trailing par-

ticles. This is in accordance with the 0
energy saving law. ,~"\.\
In longitudinal direction, the cou- TR T IR RS
pling impedance is [17-33] ! e
rw L Zofo w z
le (w)=(1+17) 2b W_o’ (36) Fig. 13. Longitudinal wake function of a

lossy vacuum pipe

where 9§ is the skin depth

5 A
S =2 (37) Z)|)p
pow Re (Z/p), Im (ZIp)

The resistive wall impedance is
peaked at low frequencies (dominates up
to 100 MHz). It is not a problem in the
longitudinal direction, but it is in the )
transverse direction (Fig. 14).

b) In Transverse Direction. The
transverse wake function for distances
much longer than dy is [24]

653/2 Zy 1 Fig. 14. Longitudinal resistive wall im-
wy(2) = —C—51/—775735 38 edan
b3 7o |2|1/2 pedance
In transverse direction, the coupling impedance could be calculated applying the
relation between the transverse and longitudinal impedances [17-33]:

2c ZH
z, ==
L= (39)
RZ
7V = (1 +1) b—3° s. (40)

The most important effect of the resistive walls is the transverse coupled
bunch mode at low frequencies and low energies.

In AGS booster, the contribution of the resistive walls is Z)/n = (1 + j)x
(0.33/+/n) Q for the longitudinal direction and Z; = (1+75)(1.2/+/n) MQ/m for
the transverse direction [15]. These impedances are too small in the microwave
region to drive a fast instability.
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In RHIC, the contribution of the resis-

0 >opthinwall  tive walls is Z = (1+7) /f 748 €, where
the frequency is in GHz.

0 < Oy thick wall In SIS-100, the resistive wall im-
pedance will be [58]: Z/n =7 —j Q
o and Z; = 0.4 MQ/m. It is expected to
be the main source of transverse instabil-
ity (Fig. 15).

3.2. Narrow-Band Resonant Element.
The EM fields generated by the beam in the
RF cavities are between the main sources of
beam-environment interaction [17-33,72-
pedance 74,82]. Instead of the fundamental mode
at frequency wrr = hwy, accelerating cavities have many other sharp resonances
corresponding to all the resonant modes of the RF structure (higher-order modes,
HOMs) (Fig. 16). When a bunch passes through the cavity it could excite these
parasitic modes.

n

Resistive wall
impedance

Fig. 15. Transverse resistive wall im-

- TMyo Impedance

0.1
0.01 I I I I I I I I I
0.6 0.9 1.2 1.5 1.8 21 24 2.7 3 33
1, GHz

Fig. 16. Impedance spectrum of five-cell superconducting cavity for the electron cooling
project at RHIC [72]

The longitudinal wake function of a RF cavity is [17-19]

wy(z) = wTZ;Sh exp (%) [cos (%) + % sin (%)} , 41)

where w, is the resonant frequency; Rg} is the shunt impedance,

Wy
=L 42
“=50 (42)
0? =w? - (43)
This wake field oscillates in z with a wavelength equal to
2me
ARF = (44)

T
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W, Vipc
0.6

0.4
0.2
0 1

—0.2

—-0.4

-0.6 -+

0 5 10 15 20 25 30 35 40
Particle position, s/m

Fig. 17. Long-range wake fields in the PEP-II RF cavity [73]

It is damped to 1/e at a distance (Q7)Agr. The RF cavity wake oscillates
and damps very slowly with z (Fig. 17).

The field in the resonant element decays as exp (—;}—g) t> , where w, is the
resonance frequency and @ is the quality factor. A time ¢ = 2Q/w, is needed
for the excited field to reduce e times. As in the RF cavities, the quality factor @
is very high, 10* or higher, this field lasts long enough to couple the successive
bunches circulating around the ring (Fig. 18).

The longitudinal coupling impedance of a resonator is [17-33]

Rsh
Y
_ w w
wy W
where Ry}, is the shunt impedance of the resonator.
Below resonant frequency (w < w;.) the impedance is pure inductance; at

resonance (w = w,) — pure resistance, and above transition (w > w,) — pure
capacitance. The bandwidth (HWHM) is

7 = (45)

— Wr
=30

If in the accelerator there are many bunches, the attenuation between two
successive bunches is given by exp (—«), where

Sw (46)

a=x thbunch—bunch. (47)

Q
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Fig. 18. Longitudinal impedance of SNS RF cavity [74]

In the case of high @) (narrow band) resonator, the decay of the wake field
is slow (o < 1). Such a long-range wake field is a source of bunch coupling.
Wake field of a narrow-band resonator lasts long time and successive bunches
will be coupled by such a resonator.

4. SINGLE-BUNCH INSTABILITIES

4.1. Microwave Instability. This is an instability of individual bunches at
very high frequencies, in the GHz region [4-6,9, 15,81]. This is a fast instability,
i.e., the growth rate is much larger than the synchrotron frequency.

In longitudinal direction, the stability criterion is [49]

'Zn (w)‘ _ 2mB%yEo Aln| (Ap/p)?

48
n eZIpeak ’ ( )
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or
Zy(w V21 VRE |cos ol
S
or [53]
KIS <w05)3/2<heZVlnl3 )”4 (50)
n | pPeZl, \ 6732 8m3(AvEy)3 ’

where A is the ion atomic number; Z — the ion charge state; h — the harmonic
number; 5 =v/c; v = E/Ep; n the slip factor; ¢ — the synchronous phase;
Np — the number of particles in the bunch; Vrr — the accelerating voltage;
Ipea — the peak current; I, — the average beam current; S — the normalized
longitudinal emittance; o4 — the RMS phase length of the bunch,

- NbeZwo

I
b 21

(5D

The most dangerous is the region of transition crossing, where the Landau
damping due to revolution frequency spread becomes equal to zero (at v = vy, —
1n = 0). The growth rate in the absence of the Landau damping is [53]

1 ZIy|nZ| i
€Ly 4|1
T < 27Tﬂ2A’)/E0 ) o ( )

At transition the growth is mostly driven by the space-charge impedance.

An example of longitudinal microwave instability is shown in Fig. 19.

Longitudinal microwave instability is fast but not destructive. It leads to
beam heating — increase of energy spread and bunch length.

Amp

_1_

oL I I I I I I 1
1.355 1.356 1.357 1358 1.359 1360 1361 1.362

Index, 10%

Fig. 19. Longitudinal microwave instability in PSR [75]
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Fig. 20. Bunch density profiles at low and high current in DAFNE [69]
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Fig. 21. Bunch length versus current in DAFNE [19]

The bunch length starts to increase from the zero current. After the threshold
current, it grows with 1/3 power of the current (Figs. 20,21).

As for the energy spread, it is almost constant up to the threshold current
after which it starts to increase with 1/3 power of the beam current.

In transverse direction, the stability criterion is [13]

Eo AQBy (Ap
|Z1| < 4\/%% (7) |(n —Q)n— &, (53)

where £ is the chromaticity; R — the machine radius; () — the betatron tune.

In the transverse case, the Landau damping is due to the revolution fre-
quency spread through the slip factor 1 and to the betatron tune spread through
the chromaticity £. At transition, the above threshold is still finite due to the
chromaticity.



COHERENT INSTABILITIES IN THE BOOSTER AND COLLIDER 1227

As the wavelength of the perturbation must be smaller than the bunch length,
the minimum value of the harmonic number 7., is

2T

(.d()()’-r7

Nmin = (54)
where o, is the RMS bunch length in s.
The maximum value of the harmonic number is determined by the pipe

cut-off frequency

c (55)

Nmax = — -
wob

The transverse microwave growth rate in the absence of the Landau damping
for the broadband impedance is [13]

i - CZIbCZJ_
7. 4ATQAvE,’

In RHIC, the microwave instability limits the longitudinal coupling impedance
within the frequency range from the average bunch spectrum frequency of
400 MHz to the beam pipe cut-off frequency of 3.3 GHz to 1.5 € (gold ions).
At high intensity, the RHIC collider exhibits a fast transverse instability just after
transition. By now, the nature of this instability is not quite clear. A hypothesis
was put forward that in addition to the coupling impedance an electron cloud
effect is involved, too.

For typical values of momentum spread ~1072 in order to avoid the MWI
the beam intensity should be less than the space charge limit.

Analytical and simulation studies for SIS-100 show that the space charge
impedances exceed the threshold of microwave instability both in longitudinal
and transverse directions. In SIS-100, feedback system will be used to suppress
coherent instabilities.

4.2. Transverse Single-Bunch Instability (Head-Tail Instability). This kind
of instability acts in transverse direction. There is no threshold but characteristic
growth time. The growth time may be very long in which case the instability will
never be seen.

The head-tail instability couples the longitudinal and the transverse mo-
tion [24-27,29,30,33,40,54,56]. This perturbation will drive the transverse
oscillations of the particles in the bunch tail through the coupling impedance pro-
vided the particles in the bunch head receive small transverse displacement. Half
a synchrotron period later, these particles swap their positions. Under some con-
ditions a positive feedback could be created and the amplitude of the transverse
oscillations starts to grow.

The transverse growth rate for the dipole mode (m = 0) is [26]

1 eZ cly

Sl el Z 57
= Ary el 7wl 57)

(56)
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where wg is the angular frequency of the betatron oscillations; 77, — is the full
bunch length in s, 40 for Gaussian bunches,

— Qwot. (58)
7

The instability shown in Fig.22 is produced by the interaction of the bunch
with the resistive wall impedance (Fig. 23).

AR-signal

AR-signal

t, 20 ns/div
Fig. 22. Head-tail mode m = 1 in CERN PS [40]

Re (Z"),10° Q/m

Stable

—200 0 400
w, MHz

Fig. 23. Mechanism of the head-tail instability with azimuthal mode number m = 1 [40]
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Below transition 77 < 0 and if the chromaticity is negative, than w¢ > 0, i.e.,
we have stability. Above transition 77 > 0 and if the chromaticity is positive, than
w& > 0, i.e., we have stability. Roughly speaking, for stability the chromaticity
must be a few units negative below transition and a few units positive above
transition.

In RHIC, the head-tail instability was observed during 2001 Au-run. This
was cured making the chromaticity negative below transition and positive above
it. Hence the chromaticity must go to zero at transition crossing which means
loss of the Landau damping. To ensure that some betatron tune spread exists
at transition, the octupoles are used which introduce tune spread with betatron
amplitude.

5. COUPLED-BUNCH INSTABILITIES

5.1. Longitudinal Coupled-Bunch Instabilities. Longitudinal coupled-bunch
modes are dominated by the resonant impedance (narrow band) [8,11,16,24—
27,29,30,33,52]. Such impedance is due to parasitic higher order modes (HOM)
in the RF cavities. In this case, the attenuation of the wake field between two
successive bunches is weak — the environment can memorize the passing of a
bunch longer than the bunch repetition period. For M equally spaced bunches
only every Mth line occurs in the spectrum:

wp = (s +pM)wo+ mws + Awem, (59)

where p = ..., —1,0,41,... is an integer; m = 1,2,3,... is the so-called
synchrotron mode (m = 1 for the dipole mode, m = 2 for the quadrupole mode
etc.), s =0,1,...,(M — 1) is the so-called coupled-bunch mode number. The
number s specifies how the individual bunch modes are lined together. The
phase shift between oscillations in successive bunches is 27s/M. In (59), Awem
is the coherent frequency shift. This is a complex number. Its imaginary part
determines whether the motion is stable or unstable.

HOM in the cavities are the main source of coupled-bunch instabilities in
cyclic accelerators. The growth rate is the highest when the cavity modes coincide
with the synchrotron sidebands of the revolution frequency.

The growth rate of the longitudinal coupled-bunch instabilities without taking
into account the Landau damping effect is [26]

1 7 e2Ny M Rypw,

T~ 2Bz (A9 D (aTsep), (60)

where 7 is the slip factor; wg is the synchrotron frequency; N, is the number of
particles per bunch; M is the number of bunches; m is the single-bunch mode
number in the longitudinal phase space (m = 1 denotes dipole mode, m = 2 —
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quadrupole mode, etc.); Rgy is the shunt impedance of the resonator HOM; w,
is resonant frequency of the HOM; F,, is a form factor and D is the attenuation
factor. The form factor F, is a function of A¢ = 2w,7 — the change in phase
of the resonator during the passage of the bunch, 7 being the half-bunch length.
In (60), @ = w,./2Q is the resonator bandwidth (for narrow resonance o < w;.)
and Tgep = To/M is the bunch separation.

The form factor E,, is calculated numerically and depicted in Fig. 24.
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Fig. 24. Longitudinal form factor for the coupled-bunch instability [26]

The growth rate can be expressed also in the form:

1 TLIwaSRSh ~
= b EsTh B (AG) D(aTsen), 61
Tms QhVRF cos ¢S ( ¢) (OCT P) ( )

where I, = eN,/Ty is the average bunch current; Vrp is the accelerating RF
voltage and ¢g is the synchronous phase. In (61) n is the positive harmonic
number nearest to the high-@Q) resonator HOM frequency.

It could be shown that for narrow resonance, when arty, < 1 and the
coupled-bunch mode s # 0 or M/2 (the later for M even), when the resonant
frequency of the HOM is at the upper synchrotron sideband: w, = (pM +s) wo+
muwsy the attenuation factor is equal to unity, D = +1. On the other hand, when the
resonant frequency is at the lower synchrotron sideband: w, = (pM —s) wo—mws
the attenuation factor is equal to minus unity, D = —1. This means that above
transition energy the upper synchrotron sidebands generate instability, while being
below transition energy they generate stability (Fig. 25).

For s = 0 or M/2 (the later for M even) both lower and upper synchrotron
sidebands belong to one and the same coupled-bunch mode. So in this case, both
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m=1 m=2
Dipole mode Quadrupole mode

Fig. 25. Dipole and quadrupole coupled-bunch modes in CERN PSB [38]

lines will contribute to the induced by the HOM instability. In this particular case
Robinson’s criterion works [12]:

1

s “Veos b5 [Re (Z)|(nwo + mws)) — Re (Z)|(nwo — mws))], (62)

where n is the harmonic number closest to the resonant frequency. The Landau
damping effect may stabilize the beam dynamics.

5.2. Transverse Coupled-Bunch Instabilities Driven by Resistive Wall Im-
pedance. In transverse direction when we work with both positive and negative
frequencies (p = —o0, ..., 400), the bunch spectrum is a line spectrum at

wp = (pM + Q + s)wo + mws, (63)

where s =0,1,...,(M — 1) is the coupled-bunch mode number.
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If we work only with positive frequencies (p = 0,1,2,...), the transverse
spectrum of the bunch is at the so-called upper and lower synchrotron sidebands
around upper ((p + Q)wo) and lower ((p — Q)wo) betatron sidebands of the
revolution harmonics (pwy):

w;’ = (pM 4+ Q + 8) wo + mws,

_ (64)
w, = (pM — Q — s) wo — Mws.

In transverse direction, the power spectrum is centered at chromatic frequency
we = (§/m) wo. This is the fundamental difference between the transverse and
the longitudinal directions.

The most serious coupled-bunch instability in transverse direction is driven
by the resistive wall impedance [24-27,29, 30, 33,40, 59,61, 64,71].

The real part of the resistive wall impedance, Re Z1V, is inversely propor-
tional to the square root of the frequency. It is peaked at close to zero frequencies.
Also Re Z7Vis positive for positive frequencies and negative for negative frequen-
cies. For that reason, the transverse coupled-bunch instability is driven by the
spectrum line from the negative frequencies region which is closest to the origin
(dominant line) (Fig. 26).

Dominant line

Fig. 26. Transverse coupled-bunch instability driven by resistive wall impedance [38]

The growth rate is given by [26]

1 1 eMIye
= - 7w Fl o 65
Tms 1+ m 47QEy Re Z1" (wp) Fy, (wpTr — X)), (65)

where [, is the current of one bunch; 77 is the full bunch length in s; ¢ is
the fractional tune and x = we7z. The form factor F), (w,7r, — X) is shown
in Fig.27.

For zero chromaticity, only the dipole (m = 0) mode can be unstable as the
quadrupole and the higher-order modes are picked at high frequencies where the
resistive wall impedance is very small.
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Fig. 27. Transverse form factor for the coupled-bunch instability [26]

For long bunches and above transition the dipole mode could be made stable
introducing a positive chromaticity, but in this case the quadrupole mode could
still remain unstable. Even for £ = 0 and short bunches if we choose the betatron
tune () just above an integer (the fractional part of the tune ¢ < 0.5), the motion
will be stable as the damping line at +qwg will act stronger than the antidamping
line at (¢ — 1) wp. A more effective way of stabilizing the accelerator is through
the Landau damping mechanism. The necessary spread of the betatron frequencies
could be introduced using octupoles.

5.3. Transverse Coupled-Bunch Instabilities Driven by HOM in Acceler-
ating Cavities. Parasitic transverse higher-order modes in accelerating cavities
could be the source of transverse coupled-bunch instabilities [24-27,29, 30, 33,
40, 59]. The analysis is similar to that in the longitudinal direction.

For s = 0 and s = M/2 modes (the later for the case of M even), both
lower and upper betatron sidebands correspond to the same coupled-bunch mode
and therefore will contribute to the growth rate [26]:

1 1 eM Iyc
Tms 1+ m 4nQEy
x F ((pM — Q — s)wo — mw,) 72, — X) — Re ZEOM((PM-F Q + s)wo + mws) X
x Fy,((PM 4 Q + s)wo + mws) 7 — X)]. (66)

[Re ZIOM(pM — Q — s)wp — mws) X

Equation (66) is an analog to Robinson’s criterion in the transverse phase
plane. If the resonant frequency is closer to the lower betatron sideband, there
will be instability, and when it is closer to the upper betatron sideband, there will
be damping of the coherent perturbation.
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For the other (M — 2) modes, the upper and lower betatron sidebands corre-
spond to different coupled-bunch modes. In these cases only one of the sidebands
will be close to the resonant frequency and will contribute. In this case, the growth
rate is given by [26]

1 1 eM Iyc

=4 Re ZHOM F! — 67
— T 47TQEO[ eZ] " (nwo) Fy, (nwotr, — x)], (67)

where n is the harmonic number closest to the resonant frequency. The plus
sign is when the resonant frequency is at the lower synchrotron sideband which
means instability. The minus sign is when the resonant frequency is at the upper
synchrotron sideband which means stability.

To stabilize the beam, one must set we > 0 which means to set the chro-
maticity £ < 0 below transition and £ > 0 above transition.

In RHIC, for the longitudinal coupled-bunch instability, the growth rates
have been limited by to 2 s~! [49]. To achieve this requirement, higher-order
mode dampers have been installed on the RF cavities. Without mode coupling,
the growth rate of slow transverse instability has been assessed to be 27 s~
Increasing the chromaticity above transition and decreasing it below transition
can help to cope with the problem.

6. LANDAU DAMPING

There exists a natural mechanism that could stabilize the coherent instabili-
ties — the Landau damping [24]. It originates from the fact that in an accelerator
the individual particles oscillate with slightly different frequencies. There are two
sources of the Landau damping of the coherent instabilities. The first source is
the nonlinearity of the RF focusing force. This nonlinearity leads to dependence
of the frequency of synchrotron oscillations on the amplitude ws(As). This is, for
example, the case of a sinusoidal accelerating voltage. The synchrotron frequency
spread depends on the bunch and bucket areas. The second source of the Landau
damping is the dependence of the betatron tune on the particle energy through the
slip factor 77 and the nonlinearity of the magnetic lattice which cause a dependence
of the tune on the amplitude of the oscillations Q)(Ag). The Landau damping
works if the frequency of the coherent instability falls inside the distribution of
the incoherent frequencies. The Landau damping mechanism is automatically
included in the treatment if we use the Vlasov equation for the stability analysis.

The longitudinal instabilities are Landau damped if

LoV, (68)
T 4

where Aw; is the spread of the synchrotron frequency due to the nonlinearity of
the RF voltage.
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Quadrupole and higher-order mode longitudinal instabilities are usually stable
if the dipole modes are stable.
For sinusoidal RF voltage:

2 .2 2
S, _ (1) (120 ()" ®
Ws 16 1 — sin” ¢ TRF

The spread of the synchrotron frequency is shown in Fig. 28.
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Fig. 28. Synchrotron frequency spread as a function of bunching factor B =~ 7, fo for
different values of the parameter I' = sin ¢,

The Landau damping is especially efficient for long bunches which is the
usual case for proton and ion machines.

Momentum spread that is required to stabilize transverse instabilities through
the Landau damping mechanism is larger than that which is necessary for damping
the longitudinal instabilities.

We can increase the frequency spread and thus enhance the Landau damping
adding a higher harmonic voltage to the RF voltage:

Vrr = Vp sin (WRFt) + V) sin (NwRFt). (70)

This method was tested in ISR as early as in 1977 [76] introducing the 6th
RF harmonic (N = 6).

7. COHERENT INSTABILITIES IN THE NICA BOOSTER

7.1. Introduction. The parameters of the NICA booster are as follows [83]:
Accelerating ions 197 AT,
Accelerator circumference C' = 211 m.
Injection energy Tin; = 6.2 MeV/u.
Energy of electron cooling T¢ ¢001 = 100 MeV/u.
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Maximum energy Ty,ax = 600 MeV/u.
Transition energy T, = 3.98 GeV/u.
Intensity N = 1.5 - 10°.
Beam rigidity

at injection, Bpjp; = 2.2 T-m

maximum, Bpmax = 25 T-m.
Magnetic structure: FODO.
Number of periods Nper = 24.
Number of dipoles Np = 40.
Maximum dipole field By.x = 1.8 T.
Field ramprate dB/dt = 1.2 TIs.
Effective length of dipoles Log = 2.2 m.
Number of quadrupoles Ng = 48.
Maximum gradient in quads Guax = +19.7/ —20.3 T -m.
Bending radius p = 14.09 m.
Betatron tunes @, = 5.8, @, = 5.85.
Chromaticity

AQ:/Ap/p = —6.8,

AQZ/Ap/p = —6.5.
Compaction factor o = 0.038.
Acceptance

A, =400 7 mm - mrad,

A, =70 7 mm - mrad.
Emittance

at injection €, = €, = 10 7 mm - mrad,

at the end of the cycle ¢, = 1.7 7 mm - mrad,
€y = 2.0 m mm - mrad.
Momentum spread

at injection Ap/p = +1073,

at the end of the cycle Ap/p£8-1073,
Accelerating voltage Vgr = 7 kV.
Accelerating frequency frr = 0.6—4.4 MHz.
Synchronous phase ¢s = 30°.

Longitudinal emittance €7, = 3.6 eV/s.
Duration of the cycle Ty = 4.02 s.

The cross sections of the booster dipole and quadrupole magnets are shown
in Figs.29 and 30.

7.2. Longitudinal Microwave Instability. For small rings (low energy) the
coupling impedance is dominated by the space—charge field of the beam itself
rather than by the beam-surrounding coupling. As for the real parts of the
longitudinal and transverse impedances, they are determined by the resistance of
the pipe walls.
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Fig. 29. Cross section of the NICA booster dipole magnet [84]
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Fig. 30. Cross section of the NICA booster quadrupole magnet [84]

On the other hand, the space—charge forces produce incoherent shift AQy.
of the betatron tunes. The space—charge limit is given by

[e+Q— ) 2 3 By
Ninc ~TA incc — 1 - A ’ 1
TAQincs ( * €Q+> o GineTi D
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where €_ and e, are smaller and larger than €y and ey, respectively, and Q_
and Q4 are the corresponding betatron tunes; B¢ = vg is the ion velocity; By

Ioea .
is the bunching factor By = peak ; Gine 18 a form factor between 1 and 1.5;
average
2 2
ri = L -4 1.544 - 10718 m is the classical ion radius.

" Aeg Amy,c? A
Combining the microwave threshold limit and the incoherent tune shift we

could receive: )
A A in
(_p) >Vor LCBC’ (72)
P hinlor

where
e =c¢cy +emey. (73)

Numerical estimates show that in longitudinal direction Z|/n = —j 6.35 k{2.

a) Up to Electron Cooling. The threshold momentum spread for this region
was estimated as Ap/p > 2.7 - 1074, so problems are not expected.

b) Electron Cooling. The electron cooling will be performed on a coasting
beam at energy of 100 MeV/u. The cooling will last up to 1 s.

The frequency of the coherent perturbation wj . for monochromatic coasting
beams is given by

(m)Q o onZ/AT Zy(p) (74)
Pwo 2w(moc?/e) v p

where I is the mean current of the beam.

For instability to occur, the imaginary part of the perturbation tune must be
negative: Im (wj pc) < 0. If the perturbation tune is real or its imaginary part is
positive, the beam will be stable. The growth rate of the instability is determined
by the imaginary part of the perturbation tune: 1/7 = —Im (w) pc)-

As the NICA booster will work below transition energy (n < 0), the space
charge impedance, which is a negative inductance and which dominates for low
energy machines, will not cause instability (Fig.31).

The same is true for broad-band impedance, which at low frequencies end is
constant and inductive: ZIIIBB (p)/p = —J Renwo/wr

Instability can be produced by resistive wall impedance which has resistive
and reactive parts. But this impedance will be small as the accelerator circumfer-
ence is relatively small and as it will work at cryogenic temperatures. Moreover,
the RW impedance is peaked at low frequencies.

If we regard a coasting beam with some momentum spread, then the well-
known Keil-Schnell criterion will determine the stability area [4]:

<%)2 > (Z/A)1 Zn(p)‘.

p moc?/e) |63 | p

(75)
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Fig. 31. The magnetic cycle of the NICA booster [83]

From (74) we received the threshold value Ap/p > 1.32-10~% The mo-
mentum spread which is expected after the electron cooling (3.8 - 10~%) is above
this threshold.

c) Acceleration (100 MeV/u — 600 MeV/u). During this stage the beam is
bunched at the first harmonic of the revolution frequency. From (72) we calculated
a threshold value for this region to be Ap/p > 2.6-10~%. The expected momen-
tum spread will lie above this threshold.

7.3. Transverse Head-Tail Instability. In transverse direction the bunch
spectrum is centered at chromatic frequency we = Quwo(§/n). The booster will
work below the transition energy and w¢ = +31.4 MHz. The spectrum of the
dipole mode (m = 0) extends to £ /7;. For the NICA booster this means
+14 MHz.

The transverse head-tail instability is driven by the resistive wall impedance.
The transverse resistive wall impedance is sharply peaked at the origin and is
calculated by means of (40). For the booster this formula gives

RY(w) =~ (1+ ) -298.10° % Q/m. (76)
The growth rate of the head-tail instability is given by (57). To have an
instability, the spectrum of the dipole mode (m = 0) must lie in the negative
frequency area where the real part of the coupling impedance is negative, i.e.,
Re[Z 1 (we)] < 0 > we < 0. In the case of NICA booster, however, due to the
natural chromaticity, the spectrum of the dipole mode is centered at relatively
high positive frequencies where the real part of the resistive wall impedance is
small and positive and we do not expect the transverse head-tail instability to
develop.
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8. COHERENT INSTABILITIES IN THE NICA COLLIDER RINGS

8.1. Introduction. Variants of the collider rings optics with both constant
and variable ¢, have been considered [85]. The collider rings are racetracks with
two arks and two long straight sections. There are two interaction points. The
NICA collider will provide ion—ion and ion—proton collisions in the energy range
1-4.5 GeV/u and collisions between polarized protons and deuterons as well. The
magnet structure is based on 2T super-ferric magnets (Figs. 32, 33).
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Fig. 32. Cross section of the NICA collider dipole magnet [84]: /I — iron yoke; 2 — SC
winding; 3 — cooling; 4 — beam pipe; 5 — bus bars
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Fig. 33. Optical Twiss functions and dispersion for half of the NICA collider ring [85]
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Main parameters of the triplet variant of the rings with fixed -, are [85]:
Stored ions 197 Au"t.

Maximum kinetic energy 4.5 GeV/u.

Circumference 454 m.

Transition gamma v, = 6.22.

Betatron tunes @), = 9.46, @, = 9.46.

Number of particles per bunch 5.3 - 10°.

RMS bunch length 0.6 m.

Number of bunches 20.

Emittances €, = 1.1 7 mm - mrad, €, = 0.6 7 mm - mrad.

Value of beta function in IP 5* = 0.35 m.

Maximum magnetic field 2.0 T.

Vrr = 100 kV (4.5 GeV/u).

h = 60.

Intrabeam scattering growth time 7igg = 1350 s.

Luminosity L = 6 - 1027 cm™2-s7! (at 4.5 GeV/u).

Recently a FODO structure of the ring lattice has been considered with
12 cells per arc (90° phase advance per ring) [86].

In my estimations of impedances and instabilities, I have used parameters
given in the above table, but the conclusions remain qualitatively valid for
FODO-12 structure as well.

8.2. Longitudinal Microwave Instability. The threshold of longitudinal mi-
crowave instability of bunched beams has been calculated from (48) to be equal
to |Z)/n| < 277 Q (at 4.5 GeV/u). On the other hand, the longitudinal space-
charge impedance has been estimated from (11) to be Z|s./n = —j34.4 Q. The
resistive wall impedance is peaked at low frequencies and is of no importance in
this case. From (36) the longitudinal resistive wall impedance was estimated to
be Z}¥/n = (1 +7)(2.2/y/n), Q, where n = w/wy is the harmonic number and
for the case of MWI n is large. For a well-designed machine the contribution
of the BB impedance is of the order of 1€). It could be estimated from (24)
that for a smooth machine the number of beam pipe transitions per unit length
must be ngp/C = 0.07 m~*. This means that in order to have less than 10 Q
contribution from the broad-band impedance, the whole number of BB units per
ring must be less than 400. Otherwise, the beam pipe transitions should be well
tapered and the BB devices well shielded.

The general conclusion is that the longitudinal microwave instability will be
of no concern.

8.3. Head-Tail Instability. The head-tail instability has been observed in
many machines both electron and hadron or heavy-ion ones. For the dipole mode



1242 DINEV D.

(m = 0), the growth time is given by [26]

1 1 eMIyc w
= P” [Re 21" (qwo) F, (quors, — X)—

Tms B 1+m 47TQEO
—Re Z7"((1 = q)wo) F,((1 = qJworr — X)|.  (77)

The above formula for the instability growth rate differs from (57), as in
the case of NICA collider rings the bunches are short and therefore the spectrum
is wide. In the case of short bunches, the growth or damping of the transverse
coherent oscillations depends mainly on two lines quwg and (—14-¢) wo. In the case
of NICA collider, the fractional tune g is less than 0.5 and the damping caused
by the qwo line overcomes the increase caused by the (—1 + ¢) wo line and the
overall effect is damping. The only condition is the chromatic frequency to have
slightly positive value (we > 0) (slightly negative chromaticity, { < 0). If the
sextupole correction is switched off and the collider works at natural chromaticity,
the spectrum of the dipole mode will lie deep in the positive frequencies region
and the motion will be stable. However, the higher-order modes can still be
unstable.

8.4. Longitudinal Coupled-Bunch Instabilities Caused by Parasitic HOM
in Accelerating Cavities. The coupled-bunch instabilities in longitudinal direction
are caused by the parasitic higher-order modes (HOM) in the RF cavities. The
longitudinal impedance of a RF cavity is

2
. w” —w
1+JQ7W -

T

(78)

where Rg, is the cavity parasitic mode shunt impedance; @ is the quality factor,
and w, is this resonant-mode frequency.
For frequencies close to w;:

Z(w) = Rshﬁ. (79)
(022

The stationary longitudinal spectrum is a line spectrum at harmonics of the
revolution frequency w, = pMwy, p=...,—1,0,+1,... (for M equally spaced
bunches). The stationary spectrum is peaked at zero frequency and extends to
+27 /71, where 71, is the full bunch length in s, 40 for Gaussian bunches, The
spectrum of the perturbation is a line spectrum at frequencies w, = (pM + s)wo+
mws + Awem, wWhere Awey, is the coherent frequency shift and determines the
stability of the motion. Here, the integer m is the so-called synchrotron mode
number, m = 1 for the dipole mode, m = 2 for the quadrupole mode, etc.
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The number s = 0,1,...,(M — 1) is the coupled-bunch mode number. The
maximum of the spectrum of longitudinal perturbations falls on £(m + 1) /7,
and the main peaks extend to +27 /7. Even for the dipole mode the maximum
of this spectrum falls in the high frequencies area.

For unstable motion, the driving line must lie in the negative frequencies
region. In real world, however, we work only with positive frequencies. This
means that for instability to take place, the resonant frequency of the parasitic
HOM must coincide with one of the lower synchrotron sidebands of the revolution
frequency pwg — mws, where now p =1,2,...

If we assume that the shunt impedance of the HOM is Ry, ~ 1 k€2, for-
mula (60) gives an exponential growth time of the dipole mode of the longitu-
dinal coupled-bunch instability 7 ~ 0.6 s (at 4.5 GeV/u). The existing spread
of the synchrotron frequency Aw;s, which is due to the sinusoidal character of
the accelerating voltage, can lead to stability of the motion through the Landau
damping mechanism according to (66).

The shunt impedance of the higher-order cavity modes could be reduced, if
necessary, by means of a passive mode damper. The problem is to damp the
HOM without affecting the fundamental (accelerating) mode. HOM dampers are
waveguides with a cut-off frequency which is above the fundamental frequency
of the cavity.

8.5. Transverse Coupled-Bunch Instabilities Caused by Resistive Walls
Impedance. In transverse direction the power spectrum is centered at we =
Q(£/n)wo — the betatron frequency shift due to chromaticity. This is the fun-
damental difference between the transverse and the longitudinal directions. As
the collider will work below the transition energy (n < 0) and the natural chro-
maticity is negative ({ < 0), the chromatic frequency w¢ is positive. This is
a line spectrum at frequencies w = (s + pM + Q)wo + mws + Awem, where:
p=...,—1,0+1,.., m =0,1,2,... and s = 0,1,...,(M — 1). For M
equally spaced bunches only every Mth line occurs in the spectrum. Synchrotron
modes m are no longer sidebands of the Mth revolution harmonics pMwy. They
are now sidebands of the betatron sidebands, upper: (pM + s+ Q) wo and lower:
(pM 4 s — Q) wo. The coupled-bunch mode number s is introduced. This index
determines the phase shift between the coherent perturbations in two successive
bunches. This phase shift is equal to 2ws/M. The transverse perturbation is
coherent only with the synchrotron satellite number m.

It must be pointed out that for the instability to take place, we need Im () <
0. To fulfill this condition, the resistance must be negative, Re (Z,) < 0. In
other words, only negative frequency region leads to instability. The instability
is driven by the spectrum line w, which is closest to the origin of the coordinate
system and which lies in the negative frequencies region.

If the collider works with natural chromaticity, the spectrum of the dipole
mode (m = 0) lies entirely in the positive frequencies region due to the relatively
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large and positive chromatic frequency we. In this case, the dipole mode will be
stable.

If the chromaticity is compensated by means of sextupoles, the dominant line
will be w, = —0.56wy (p = 0, s = —10). For the dipole mode, the growth rate
is given by formula (65). This formula gives a growth time of the instability for
this case: 7 = 8 s (at 4.5 GeV/u).

One method for damping this kind of coupled-bunch instability is to introduce
a betatron frequency spread by means of octupoles. The introduced spread must
be larger than the growth rate. Another way is to use transverse damping system.

9. MEASURES AGAINST COHERENT INSTABILITIES

Careful design of the circular accelerator is usually sufficient to avoid the
coherent instabilities. The vacuum chamber must be as smooth as possible.
Any abrupt changes of the vacuum chamber cross section must be systematically
tapered and bellows must be shielded. The elements like pick-up electrodes or
cleaning electrodes must be properly designed in order to minimize the coupling
impedance.

Instead of making an abrupt step between two beam pipes of different radii, it
is desirable the aperture transition to be more gradual. For this purpose, a tapered
conical section of beam pipe is used. If the aperture transition occurs gradually,
the coupling impedance will be significantly reduced. The «five-to-one» rule-of-
thumbs states that the taper length must be five times as long as the difference in
pipe radii (o < 15°) (Figs. 34, 35).

Unshielded bellows show a broad resonance at a frequency that is a function
of the depth of the corrugations. If the bellows are not shielded, they dominate

Fig. 34. Cross-section tapers [19]
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Fig. 35. NSLS MGU taper [78]

the broad-band impedance (BB) (Fig.36). Usually BPMs, vacuum gate valves,
vacuum ports and collimators contribute negligibly to BB impedance.

HOMs in the accelerating cavities are the main source of coupled-bunch
instabilities in cyclic accelerators. The growth rate is highest when the cavity
modes coincide with the synchrotron sidebands of the revolution frequency. The
shunt impedance of the higher-order cavity modes could be reduced, if necessary,
by means of a passive mode damper. The problem is to damp the HOM without
affecting the fundamental (accelerating) mode. HOM dampers are waveguides
with a cut-off frequency which is above the fundamental frequency of the cavity.

For example, in RHIC heavy ion collider two capacitively loaded quarter-
wave accelerating cavities are used in each ring. These cavities work at harmonic
number 342 and the fundamental frequency is 26.7 MHz. The accelerating voltage
is 400 kV per cavity. The data about the fundamental and HOM in the RHIC
accelerating cavity are summarized in Table 1.

In RHIC, the impedance limits for HOMs have been determined and passive
damping of the higher-order cavity modes has been realized. A broad-band loop-
coupled HOM damping system is used. The HOM dampers consist of lumped
LC high pass 5th order Chebyshev filter which rejects the fundamental mode
while allowing the HOMs to pass (Fig.37). The cut-off frequency of the filter is

Table 1. Longitudinal modes in the RHIC accelerating cavity [49]

frr, MHz | Rgn, MQ Q R/Q, Q
26.7 0.950 15750 60
103.3 0.129 26880 4.8
192.3 0.077 33430 2.3
276.5 0.174 28850 6.0
328.8 0.307 23260 13.2
394.2 0.156 45160 35
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Fig. 37. RHIC HOM damper: a) equivalent circuit; b) realization [82]

67 MHz. The loops are installed through the enwalls of the cavity and extend up
through the cylindrical wall [82].

In hadron machines the Landau damping is usually sufficient to suppress the
instability. Unfortunately, this mechanism does not work close to the transition
energy.

In the modern accelerators with high intensity beams, feedback systems are
used [39,87-95,107,108]. The use of active feedback systems is an effective
cure against the coupled-bunch instabilities.

The transverse damping system uses strip-line kickers which can support
wide bandwidth and BPMs. Usually, the damping time is set to several hundred
revolution periods. Such a system could be used to correct possible injection
errors, to excite coherent betatron oscillations in order to measure the betatron
tune and to suppress coherent transverse coupled-bunch instabilities. The feedback
system must possess sufficient bandwidth to operate on each bunch individually.
The necessary power is determined by the expected injection errors and the needed
damping rates.

For example, in the RHIC heavy ion collider, the transverse feedback system
consists of a beam position monitor located in regions with low dispersion and
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a stripline kicker that can support a wide bandwidth. The used power amplifier
has a 400 MHz bandwidth which is sufficient to allow operation on each bunch
individually. This feedback system could suppress betatron oscillations with
amplitude as large as 2 mm. The damping time is equal to 100 turns. The
necessary correction kick is 0.4 urad per turn.

Parameters of transverse feedback systems used in some accelerators are
summarized in Table 2.

Table 2. Parameters of transverse feedback systems used in some accelerators [89]

. M fo, | Frequency V. L Digital (D)
Machine h M MHz | range, MHz | power | or analog (A)
SPS 4620 4620 200 0.003-10 3 kV D
PSB 5 5 8 0.005-50 100 W A
PS 20 20 9.5 0.06-2.5 2 kW D
FNAL M 1113 1113 53 0-27 5 kW D
FNAL B 84 84 53 0-27 100 W A
SPEAR II 280 2 1.3 0-65 2.5 kW A
NSLS B 5 1 10.5 10-250 A
PETRA 400 80 10.4 5-10 1 kW D
LEP 31320 | 444 | 0.045 0-23 40 A D
AA 1 1 1.85 0.1-25 10 W A
LEAR 1-2 1-2 3.6 0.1-70 A
PEP 2592 6+6 | 0.816 9.4-10.2 20 A A
ALS 328 328 500 0.15-250 300 W A
PEPII 3492 1746 238 0.013-238 300 W A

The damping time of the transverse feedback system is given by

1 Abmax
— = 57— VDOOePM, (80)

T - QTYEVABPM

where A6« is the maximum deflection in the transverse stripline kicker; [,
OppMm are the values of the amplitude function in the kicker and in the beam
position monitor; Agpyy is the amplitude of the oscillations in the BPM.

This damping time must be smaller than the growth time of the coupled-bunch
instabilities.

We could write

Vi
A9111 X = onno S 81
3006 Bp 81)
where (3 is the relativistic factor; Bp — the beam rigidity in T - m,
l
Vl:/(E—l—,chB)ds (82)

0
is the kick voltage in MV. In (80), [ is the length of the kicker.
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On the other hand [102],

QZele

Agmax = T a0 9 ’
AEoy B2y,

(83)
where [ is the length of the stripline kicker; +V} is the voltage applied to each
plate of the kicker; dj, is the distance between the two plates of the kicker; « is
a geometric factor; 7 is a factor that describes the interaction between the kicker
and the beam; 7 is the transit time in the kicker

sin 2wl/Bc

= — 84
4 2wl/Bc (84)
The kicker power is
2V
p=2"k 85
R (85)

where Ry, is the characteristic impedance of the stripline kicker.
The shunt impedance of the kicker is [111]

V2
Rl=ﬁ7 (86)
291 2 sin ki 2
R, = 2R, (—2?) ( — ) : (87)

where g, is a geometric factor; & — the wave number.

For the NICA collider we might choose: [V =200 V-m, 7 =1, n = 2,
a =1, dr = 8 cm which gives Afy .« = 0.74 prad.

For amplitude of the oscillation A = 2 mm, the damping time will be
7 = 1.2 ms, which is enough to damp the transverse coupled-bunch instabilities.

If the characteristic impedance of the stripline is 50 €, the necessary kicker
power will be 400 W.

The longitudinal feedback system can correct injection errors that lead to di-
pole (rigid) oscillations of bunches and finally to longitudinal emittance blowup.
A longitudinal feedback system will also allow one to damp potential longitu-
dinal coupled-bunch instabilities. The damping time is set usually to several
synchrotron periods.

Let us take the longitudinal feedback system in the RHIC heavy ion collider
as an example. The RHIC collider has a tight longitudinal emittance budget.
The longitudinal damping system is used to correct injection errors. This system
corrects the rigid coupled-bunch instabilities. If the bunches from the AGS
synchrotron injector are off-centered in the buckets, they will undergo dipole
oscillations which leads to longitudinal emittanse blowup. The phase errors
during bunch-to-bucket injection are due to the momentum differences between
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AGS and RHIC. It is preferable the momentum errors to be less than 1075,
Errors of 10~# will lead to 30% longitudinal emittance blowup. The longitudinal
feedback system detects the phase error between the bunch and the bucket centers.
The phase errors are then corrected by means of a damping cavity. The damping
time is 575 for 1 kV voltage kick. The required power is 10 kW.

Parameters of the longitudinal feedback systems in some accelerators are
summarized in Table 3.

Table 3. Longitudinal feedback systems

Machine | h | M | Kicker Frequency, MHz Power
Mode by mode
PSB 5 5 RF cavity 3.6-11.2 —
PEP 2592 | 3+3 | Special cavity 860 55 kW
NSLS, VUV 9 9 Stripline 400 100 kW
EPA 8 8 Stripline 100 100 kW
SUPER-ACO 24 4 Stripline 400 100 W
FNAL Booster 84 84 ? 28 modes/filter ?
Bunch by bunch
ISR 30 20 RF cavity 9.5 —
PEP 2592 | 3+3 | Special cavity 860 55 kW
SppS 4620 | 646 RF cavity 200 —
UVSOR 16 16 /4 drift tube 90 100 W
LEP 31320 | 444 RF cavity 352 —
ALS 328 328 2-in-series DT 1125 500 W
PEP-II (des.) 3492 1746 | 3-in-series DT 1012 2 kW

If the bunch was injected off-center in the bucket or if there were momentum
errors during injection, the distribution of ions in the longitudinal phase space
would start to filament and the longitudinal emittance would blow up. The
longitudinal feedback system must be able to correct such errors. It will detect
the phase error of the bunch center relative to the center of the RF bucket. Then
the signal must be delayed by 90° in the longitudinal phase space and applied to
the correcting cavity. The damping rate of the longitudinal feedback system is
given by

1 JrENVimax 88)
7 2(E/eZ)vs Apmax
where vy = wg/wrey is the synchrotron tune; A¢n.x is the phase oscillation
amplitude; Viyax 1s the maximum correcting kick.

The currently installed feedback systems in CERN accelerator complex are
summarized in Table 4.

If for NICA collider we chose Vi,.x = 1 kV, injection errors as large as
Admax = 0.06 rad could be corrected with a damping time 7 = 0.75 ms.
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The nowadays multibunch feedback systems prefer bunch-by-bunch operation
to mode-by-mode one. This kind of feedback systems does not require detailed
knowledge of instabilities. They are able to stabilize all the coupled-bunch modes
by damping the oscillations of each bunch. All the modern feedback systems are
digital systems due to the progress in digital electronics. In them, the BPM signal
is sampled by an ADC and then processed digitally. The motion of each bunch is
measured and a correction signal is applied to the same bunch in a proper phase.

Early feedback systems were analogue ones (Fig. 38).

Nowadays feedback systems are digital. The main constituent blocks of a
digital bunch-by-bunch feedback system are shown in Fig. 39.

Detector. It converts the high-frequency BPM signal into the base-band range
(0 — frr/2).

Stable Beam Rejection. It rejects the revolution harmonics from the correction
signal by means of notch filters.

ADC. It converts the analog signal to digital one. Usually 8-12 bit ADCs are
used. They sampled and digitize the BPM + Detector signal at bunch repetition
frequency (frr). Precise synchronization of the sampling clock with the bunch
signal is necessary.

Digital Signal Processing. It demultiplexes the digital signal to M separated
channels. Each channel is dedicated to one of the M bunches in the ring. The
individual channels contain digital filters and phase delays.

DAC. Usually 14-bits digital-to-analog converters are used.

Power Amplifier. It works in the base-band frequency range.

Kicker. The transverse kicker is usually a stripline unit. The longitudinal
kicker is a cavity structure.

All the components of the feedback system must be integrated into the accel-
erator control system. One must have opportunity to perform adjustment of the
electronics remotely from the control room.

There are several companies that deliver commercial bunch-by-bunch feed-
back systems. As a rule, this systems use FPGA (Field-Programmable Gate
Arrays) DSPs. An FPGA consists of an array of programmable logical block
and a reconfigurable interconnection structure that allows the logical blocks to
be connected to each other in a way to implement the necessary complex logical
functions. The logical blocks contain memory elements. Some FPGAs have in-
tegrated ADCs and DACs converting them to programmable systems on a single
chip. The modern FPGAs have the ability to be reprogrammed at run time in
order to suit better the tack on hand. The biggest companies that manufacture
FPGA chips are ALTERA and XILINX [110].

An example is the bunch-by-bunch feedback system «iGp» (Integrated Gi-
gasample Processor) by DIMTEL [103] (Fig. 40).

The bunch-by-bunch feedback system «iGp» uses high-speed ADC and DAC,
one turn delay and FPGA processor. The FPGA is driven by the RF clock.
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Fig. 40. Integrated gigasample processor (iGp) by DIMTEL [103]

Fig. 41. LIBERA digital signal processing block [104]

The signal from each bunch is processed in a 16-tap FIR (Fixed Impulse Re-
sponse) filter. The FPGA is connected through USB interface with a computer
that runs under Linux and that is connected to the accelerator control system
via Ethernet.

Another example is the LIBERA bunch-by-bunch digital processing electron-
ics [104]. In this system the input signal from BPM + Front-End electronics is
sampled by one 500 MHz 12-bit ADC. Further the samples are processed bunch
by bunch (Fig. 41).

The LIBERA DSP hardware is based on FPGA chips. Digital processing is
done separately for each bunch. For this 16-tap FIR filters per bunch are used.

Block-diagram of the LHC transverse damper system is shown in Fig. 42 [105,
106, 109].
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CONCLUSIONS

The problem of coherent instabilities in the booster and in the collider of the
heavy ion accelerator complex NICA is discussed in this paper. The investigation
should be looked at as a preliminary study. A more detailed analysis will be
performed when the technical design of the accelerator complex will be ready.

In the NICA booster the coupling impedance is dominated by the space-
charge field. This kind of impedance is purely reactive — negative inductance.
The real parts of the longitudinal and transverse impedances are determined by
the resistance of the pipe walls. This impedance will be small as the booster
circumference is small and as the accelerator will work at cryogenic temperatures.
In addition, the resistive wall impedance is peaked at low frequencies.

Estimations have shown that the booster longitudinal coupling impedance will
be relatively small. The expected momentum spread will lie above the threshold
of the longitudinal microwave instability.

More specific is the stage of electron cooling, which will be performed on
a coasting beam with kinetic energy of 100 MeV/u and will last up to 1 s. The
momentum spread that could be reached in the cooling is determined by the
condition that the growth time of the instability equals the cooling time.

The booster will work below the transition energy. If no sextupole correction
is applied, the spectrum of the transverse dipole mode (m = 0) will be centered
at relatively high positive frequencies where the real part of the resistive wall
impedance is small and positive. The dipole mode of the transverse head-tail
instability will see more impedance in the positive frequencies area than in the
negative one and the motion will be stable. The higher modes of the transverse
head-tail instability however could still be unstable. For achieving stability, larger
values of the chromatic frequency w will be needed.

In the collider rings, the longitudinal space-charge impedance has been es-
timated to be Z)s./n = —j34.4 Q. The longitudinal resistive wall impedance
would be Z}"/n = (1 + j) 2.2/y/n Q, n = w/wy being the harmonic number. It
will be peaked at low frequencies region. The longitudinal broad-band impedance
would be less than 10 Q provided there would be no more than 400 untapered
beam pipe transitions and unshielded BB units per ring.

In longitudinal direction, the coupled-bunch instabilities caused by parasitic
higher-order modes in the accelerating cavities would be of potential danger. The
exponential growth time of the dipole mode of this kind of instability without the
Landau damping has been estimated to 0.6 s.

In transverse direction, the coupled-bunch instability caused by the resistive
wall impedance would be dangerous. For the case of compensated chromaticity,
the dominant line in the spectrum will be w, = —0.56wy (p = 0, s = —10). The
growth time of the dipole mode has been estimated to 8 s.
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The Landau damping phenomenon could be very helpful to cope the instabili-
ties. In transverse direction, the effect of the Landau damping could be enhanced
introducing betatron frequency spread by means of octupoles. The introduced
spread must be larger than the instability growth rate. In longitudinal direction,
the Landau damping mechanism arises from the nonlinear character of the RF
focusing force. One could increase the synchrotron frequency spread adding a
higher harmonic voltage to the RF voltage.

A careful design of both accelerators will be needed. This includes systematic
tapering of any abrupt change in the vacuum chamber cross section and shielding
of bellows. Pick-up electrodes should be properly designed to minimize the
coupling impedance. As the HOMs in the accelerating cavities are the main
source of longitudinal coupled-bunch instabilities, the shunt impedances of the
parasitic modes that are most dangerous should be reduced by means of passive
dampers.

An effective cure against the coupled-bunch instabilities in the NICA collider
will be the use of active feedback systems. Such a system could be used also
to correct injection errors and to excite coherent betatron oscillations in order
to measure the tunes. Parameters of the transverse and longitudinal damping
systems for the NICA collider rings have been estimated in this work. With
400 W power in the transverse kickers, a damping time of 1.2 ms could be
realized. In longitudinal direction, a damping time as large as 0.75 ms could be
reached with 1 kV voltage kick.
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