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Simulation Studies of the Transverse
Dipole Mode Multibunch Instability

for the SSC Collider

S. Chen and G. Lopez

Abstract

A computer program that assumes a point-like structure of the bunches, called
TADIMMI, has been devised to study the dipole mode multibunch instability in the Su-
perconducting Super Collider (SSC) Collider ring due to a single Positron-Electron Project
(PEP) test rf cavity and the resistive wall. For the rf cavity, the following cases are consid-
ered: symmetric filling, where good agreement is obtained with ZAP code; nonsymmetric
filling; elimination of the most dangerous mode of the cavity; De-@Q of the cavity, where
a damping ratio is obtained for the cavity; and the feedback system, where it is verified
that the proposed system for the Collider will work. For the resistive wall, a resonator
impedance model approximation is used, which allows use of the same computer program
to study the instabilities and the associated feedback system. Comparison with the ana-
lytical approach (ZAP) is also made.
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1.0 INTRODUCTION

The SSC Collider will be the first machine operating with 17,424 bunches of protons
separated by a relatively short distance,! 5 m. The bunches are injected from the High
Energy Booster (HEB) into the Collider, which requires eight HEB batches to fill almost
symmetrically (there is an abort gap) one of its two rings. The batches are injected into
the upper and lower ring one at a time. To inject one batch in the same ring requires a wait
of approximately 515 s; the eight batches are injected in approximately 1.14 h. Therefore,
there is a great deal of concern about possible multibunch instabilities (longitudinal and
transverse) that the beam might suffer during this time. These instabilities are due to the
additional electromagnetic forces that a bunch feels because of the wake field created by
previous bunches passing by any element of the ring, including beam tube, bellows, rf cav-
ities, scraper, beam position monitors (BPM), kickers (K), etc. They can be measured by
the time during which the amplitude of the bunch has grown considerably, called “growth

time.”

Transverse multibunch instabilities are characterized by two different types of motions.
The first motion is related to the structure of the bunch itself. For rigidity motion of the
bunches, the mode is called dipole. For different-shaped oscillations of the bunch, it is called
quadrupole, sextupole, etc., depending on the degree of complexity. The second motion is
related to relative oscillations among the bunches; the maximum mode of oscillations is

that of the number of bunches.

Quadrupole and higher-order modes of oscillations are expected to be Landau-damped
at injection (due to the betatron tune spread, ~ 107%, produced within the bunch by
the nonlinear magnetic field at 2 TeV) and during colliding operation (due to the tune
spread, ~ 1073, produced within the bunch by the beam-beam interaction at 20 TeV)
where, clearly, the frequency shift of the multibunch mode instability is required to be
within the betatron tune spread. However, even if these higher-order modes were not
Landau-damped, they would be about one order of magnitude less important than the

dipole mode.

Two of the most worrisome elements causing transverse instabilities in the Collider are
the rf cavity and the resistive wall (beam pipe). Shielded bellows and BPMs in the ring and
collimators at the interaction region (IR) do not contribute much to the total transverse

impedance of the machine? and will be neglected.

The fastest transverse instability at high frequency comes from the rf cavities, and
the induced transverse multibunch-mode instability is approximately equal to the number
of bunches. Thus, a wide-band feedback system is required in this case to control the

mstability. We will study this type of instability using the computer program TADIMMI



(Transverse Dipole Mode Multibunch Instability), which uses a point-like structure for the
bunches; that is, it restricts itself to study of the dipole-mode (rigid motion of the bunch)
multibunch instability,? which is the most dangerous of all. We compare the result with the
ZAP analytical approach. In addition, we study the following cases: asymmetric filling,
elimination of the most dangerous rf-cavity modes, De-Q of the rf cavity, and, finally, the
damping feedback system.

The fastest transverse instability at low frequency (the revolution frequency times the
fractional part of the tune), on the other hand, is due to the resistive wall.? However, a
narrow-band feedback system is able to correct this instability. A model for this impedance
will be given that allows use of the same program to study this instability and the asso-
ciated feedback system. In this case, the whole beam pipe will be assumed to be uniform
in temperature; we will ignore the West utility warm section, with a total length of ap-
proximately 1.3 km. The dimension and the composition of the beam pipe in this region
must be chosen carefully so that the resistive wall impedance here does not represent an
important contribution to the total resistive wall in the Collider. The elements in this re-
gion (scraper, collimators, and kickers) must be copper-coated to reduced inhomogeneous,

high transverse impedance values in the ring.

2.0 TADIMMI COMPUTER CODE
Ignoring the possible coupling of different directions in the motion, the transverse ampli-
tude of motion, Y, of a point-like bunch suffering the electromagnetic wake-field interaction,
ww, can be described by the differential equation
d*y

W-{—ng:ww, (1)

where wg is the angular betatron frequency. Let us assume the following: for simplicity,
there is a single cavity in the ring where there is a point-like interaction, the ring is perfectly
linear, and the ring has M equally pair-spaced bunches. With these assumptions the short-
range wake field can be omitted, and the long-range is given by the Higher Order Modes
(HOM) of the rf cavity. Since the rf cavity is usually much shorter than the betatron
wavelength, the betatron phase advance within the rf cavity can be ignored. When the
k-bunch passes through the rf cavity for n + 1 turns, the transverse position does not

change:

Y(k,n+1)=Y(k,n), (2a)

but its momentum is changed by the wake field of the rf cavity.



For dipole-mode wake field, the change in the transverse momentum of the k-bunch 1s

, , Ne?
Yikn+1)=Y(kn)+ —
E,

n M
> > DHY(I,m)W(s/c), (2b)

m=1J=1
where the summation is carried out over the wake field left behind for all the previous
bunches and turns. The variable s can be written in terms of the space between bunches,
Sp, as

s=(k—-J)Sp+(n—m)MSp , (3a)
where (k — J) and (n — m)M represent the relative bunch and turn numbers. N is the

total number of protons in the bunch, e is the proton charge, E, is the relativistic energy,

E, = ymc?, c is the speed of light, and W(s/c) is the wake function defined as

exp(—ays/c)sin(Qys/c) if s
W(S/C)={OE’\A)‘ p(—axs/c)sin(§lxs/c) >0 (3b)

ifs<0.

The variables A, ay, and Q) are defined as

_ (R c
A= Q) (QA) ’ (3)
a) =w,\/2Q,\ ) (3d)

and

QA=wM/1—1/4Q?\ , (3¢)

and the summation is carried out over all the transverse HOMs of the cavity. Each cavity
mode is characterized by the resonant angular frequency wy, the shunt impedance Ry, and
the resonant quality factor ). The quantity

¢ 2Q)xc
axSp ~ waSp

(3f)

gives us the number of bunches that the exited transverse HOM can affect before it decays
by a factor of 1/e. The factor D(y),

0<D@y)=N(G)/N<1,

defines the distribution of bunches and the number of protons per bunch.

The bunch is transported from the output to input of the rf cavity using the Courant-
Snyder* map:

Y(k,n+1) cos pu + asin y Bsin p Y(k,n)
, = . . , ’ (4)
Y(k,n+1) ~~vsinv cos 4 — asin y Y(k,n)

where p, a, 8, and v are the Courant-Snyder parameters valuated at the cavity location.
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The relations (2), (3), and (4) comprise the model for simulating transverse multibunch
instabilities with the computer program TADIMMI.

3.0 SYMMETRIC FILLING AND COMPARISON WITH ZAP

A 358.9-MHz Positron-Electron Project (PEP) cavity will be taken as the test cavity
in the TADIMMI program. The characteristics of its transverse HOM are shown in Ap-
pendix A. The initial distribution of bunches is uniform in the amplitude variable with a
maximum amplitude of 1 mm. The statistic weight, 0 < D(j) < 1, is random-variable
with uniform distribution. At the rf location, the dispersion function is zero, as assumed

in Eq. (4), and the Courant-Snyder parameters have the following values:
8 =112,472.0 mm ,

a=0,

and

p = 2xfrac(v) = 1.759292 .

The characteristics of the bunches are

N =75x10°,
M =17,424 ,
E,=2TeV ,
and
Sp=5m.

The case of nonuniform distribution of particles in the bunches (D( 7) = Random|0, 1])
will be presented in detail in this section. Figures 1-4 show how the amplitude of different
bunches of the beam behave as a function of time (turns). Figure 5 shows the distribution
of the bunches in the phase space once the instability has set in. The bunch that leads
the amplitude growth may differ from time to time as shown in Figure 6. Finally, from
the value of the slope on the curve (maximum amplitude of the bunches as a function of
time), the growth time can be calculated. This curve is shown in Figure 7; the estimated
growth time is 7 = 23.8 s. Table 1 summarizes the growth time calculations for different

cases.
The comparison with the analytical approach (ZAP®) is shown in Figure 8. The sim-

ulation result for uniform distribution (D(j) = 1) agrees very well with this analytical

approach.
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Table 1. Growth Time (s).

D(j) 1.0 | Random{0,1]
Y(j)
1.0 8.13 15.0
Random(0,1] [ 8.93 24

Analytical approach (ZAP)

LRI

S S I | l N VS N | | I I

IIII’IIII|I|IIIIIII

B : Simulation

D)= 1

Yo(j) = Random [0,1]
ZAP : Continuous curve

llllllllllllllllllllIllllllll

! 1 L1 I J I S |

15.0
1251
g 100~
A
@ -
£ 7s5F
£ [
S N
<] N
G 50
251
o —
0

[4; |

3 4

oz (cm) TIP-03692

Figure 8. ZAP Growth Time as a Function of the Bunch Length.



4.0 ASYMMETRIC FILLING

A single ring of the Collider is filled from the HEB with eight batches, each with
2178 bunches. This asymmetric state of the ring during filling can be simulated using
the above-mentioned variable D(j). For a given number of batches r < 8, this function is

chosen as

' Random[0,1] if j < r x 2178
D(j) =

0 if otherwise
The result of our calculations can be seen in Figure 9, where the growth time has been
plotted as a function of the number of HEB batches. As we can see, the worst situation
of the dipole mode multibunch instability occurs in the symmetric filling case. This result
verifies the qualitative analytical approach given by Kohaupt® for nonsymmetric filling.

(See Appendix B.)
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Figure 9. Growth Time as a Function of the Partial Collider Filling.

5.0 PASSIVE DAMPING SYSTEM

One way to increase the growth time of the multibunch instabilities is to eliminate the
most dangerous rf HOM and to make a De-Q of the cavity. (Landau damping is not
considered.) As we saw in Section 4, the most dangerous situation is the symmetric filling
case. Hence, only this case will be considered here.

Assume that some HOMs of the cavity are eliminated to obtain a possibly more stable
beam. As Figure 10 shows, if only one mode is eliminated, it does not matter which; the

beam, as expected, continues to present the dipole-mode multibunch instability. The bump



appearing in the continuous curve is due to the suppression of the rf-HOMS3 (Appendix A),
which has the highest value in the quality factor R/Q and higher influence on growth time.
The black square marks in Figure 10 represent the growth time for the suppression of
several dangerous HOMs of the PEP cavity. As can be seen, even if three of these HOMs
remain in the cavity, the dipole-mode multibunch instability continues to be important.

Transverse multibunch instabilities
H ]* T I T I [ i T i T j I I T

40

./

n
o

Growth time (sec)

17,424 Bunches
m : No. of HOM suppressed

-
o

w
(o]
Illl]llllsz\lllllll'l'
° n
o/
>

lllllllllllllllllllil

o
N
H

HOM suppressed TIP-03694

Figure 10. Growth Time as a Function of Suppressed PEP-HOM.
Figure 11 shows the case for a De-Q of the PEP-cavity, i.e., for the case when the Q

of all the HOMs of the cavity decrease their value by some given amount, leaving the
other quality factor, R/Q, fixed. If this type of cavity is used for the SSC Collider, about
32 single-cell rf cavities would be needed to provide the required power to the beam. Thus,
the growth time must be divided by 32 in order to obtain the total dipole-mode instability
growth time for the Collider. In addition, a factor of approximately 3 must be considered
since, from Table 1, the realistic situation for the Collider is D(j) = 1. Doing so in
Figure 11, it is seen that for an average value of R/Q = 125 ©/m and a luminosity of

L =10% cm"zs_l, the following damping factor is required:

Q
05275 (5)
or
Qa < 1200, (6a)

for the growth time to be higher than the injection time, bringing about good stability

conditions during this time. To see what happens at a higher luminosity, notice from
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Egs. (2b), (3b), and (3c) that a higher luminosity is equivalent to increasing the quality
factor R/Q. Figure 12 shows the effect on the growth time for a decreasing value of this
factor, leaving the @ values of the HOM fixed. Putting these two pieces of information
together, the following gross estimation can be made to select @4, given the number of

cavities, N,:
4.8 x 10° Q/m

<R.L/Q>Nc .

A single-cell normal cavity with HOM couplers” or a single-cell superconducting (s.c.)

Qq < (6b)

cavity with couplers® can satisfy this restriction.
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6.0 ACTIVE DAMPING SYSTEM

Another way to control multibunch instabilities is to use an active feedback system.
(Balakin-Novokhatesky-Smirnov, or BNS, damping is ignored.) The SSC Collider will
have at least three different feedback systems,!® one for injection errors, another for the

resistive wall, and a third for rf-cavity multibunch instabilities. This last one is the one

9

we are interested in here.

The normal operation of the transverse feedback system uses a BPM to measure the
transverse displacement of the bunch. The signal is amplified and transmitted to the
kicker (K), located downstream at a phase advance of /2 (to optimize the damping rate).

This produces an angular deviation to the bunch given by!!

AY = (7)

g
————=(YppMm +6Y) ,
\/BBPMBK( )

where ¢ is the gain of the system, Sgpy and Bg are the beta function at the location of
the BPM and the K, and Ygpy and 8Y are the displacement measured by the BPM and
the error transmitted by this displacement. This error is called the resolution of the BPM
and is due to the electronic noise in the system.

However, because the protons travel almost at the speed of light, the electronics associ-

ated with the feedback system are not fast enough to implement this same-turn scheme.
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We have to wait for another turn in order to correct the previous turn (previous-turn
scheme). Therefore, both schemes must be studied.

The modification in the program is clear: the kicked bunch in the rf cavity is transported
to the BPM, where the information of the displacement is extracted. Then, the bunch is
transported to K, where it receives an appropriate kick, depending on the scheme (same-
turn or previous-turn). Finally, it is transported to the rf cavity, where it experiences the
known rf kick, and so on. The locations of the BPM, K, and rf system in the ring are
characterized by (f1, a1), (82, @2), and (33,0), and they are separated by a phase advance
7/2, p2, and pg such that the total phase advance in the machine is u = pg + p2 + 7/2.
The matrices that make transport from rf to BPM, from BPM to K, and from K to rf are

given by
V3 cosus VBB sin i
Ml = (8(1)
_\/ﬂ;_ﬂ(sinpg-}—al cos u3) ‘/%( COS 3 — a1 sin u3)
103
a 2 VB1P2
8b
_l14+ajag —ay g;_ (80)
V' B1B2 2
and
\/ 3 (cospz+agsings)  VB2Bs sinp
M3 = (80)

-1 (sin %
M2 — agcospz) 4/ 75 cos o
V P23 3

We assume a white noise for the system, with Gaussian distribution for the variable §Y°
having a standard deviation, o5y, given by the resolution of the BPM. This Gaussian
distribution is obtained with the help of the Central-Limit-Theorem!? and the distribution

6
A=Y (&-05), (9a)
1=1
where &;, 1 = 1,...,6 are random variables having values in the interval [0,1]. A has the
following characteristics :
<A>=0 (9b)
and
<A?>=1. (9¢)

13



Figure 13 shows this distribution. §Y is then given by

§Y = Aosy . (10)
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Figure 13. A Gaussian Distribution.
The feedback systems will be located at the West Utility section of the Collider ring.
Figure 14 shows the beta function behavior at this region and the location of the BPM

and K for our simulations. Assume the following characteristics of the feedback system:

BW > 30 MHz ,

BepM = Pk ~ 420 m ,

g=20.1,

and
osy = 10 pm .

Figure 15 shows the result for both schemes above and compares them with the no-feedback
system seen in Figure 7. As is clearly shown, the simulations suggest that this feedback
system will work for damping the transverse dipole-mode multibunch instability. The
power required for the kickers can be calculated from the above parameters (see Refer-
ence 11). Due to limitations on the CPU time calculations, it is not possible to study the
optimization of this feedback system for different noise levels and gains. This study will

be done in the near future after the program has been simplified.
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back Schemes (1,2).

7.0 APPROXIMATION OF THE RESISTIVE WALL
MULTIBUNCH INSTABILITY

The long-range resistive wall impedance for a stainless steel beam tube coated with

copper is given by!
(1 — isin(w)) ct(w)C
3 ’ (11)
Twb’o161(w)

Zi(w) =

15



where ¢ is the speed of light, C is the circumference, o; is the copper conductivity, é; is

b1(w) = | —— (12)
HoO1W

£ is a correction factor that takes into account the stainless-steel effect,

1+ \/R21(w)Zs(w)

the copper skin depth,

w) = , 13a
) Z1(w) + o201 Z3(w) (13a)
where o is the stainless steel conductivity, and Z; and Z, are given by
1—exp (= (2 i)t/ 6k(w))
Zp(w) = : (13b)
1+exp(—(2- e/ 6k())
and finally, sinw is the sine function,
. ] >
ino= {*h H020 o9

Figure 16 shows the real part of this impedance for a thickness of 0.1 mm of copper

and 1.0 mm of stainless steel, and a beam pipe radius of 1.622 cm.

Re [Z1]
A
1.10°+ |
|
|
5.10° T |
l
; ' | f —t—
—100.,000 — 50,000 ! 50,000 100,000
1 Wm We
1+ -5 108
4+ -1.10°
TiIP-03700

Figure 16. Resistive Wall Transverse Impedance at Low Frequency.

To perform the multibunch instability simulations, the time-dependent impedance is
required. This can be obtained by making the inverse Fourier transformation of Eq. (11).
However, even if an explicit expression were found, we would need to consider on the order
of 10% interactions among the bunches per turn (due to the characteristics of this wake
field). This approach would require hundreds of hours of CPU time for some hundred

turns. Therefore, a different approach is required to study this case.
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The first observation from Figure 16 is that the most important frequencies are those
close to the zero frequency. For protons traveling in a collider machine with angular

frequency w,, the frequencies of interest are

wr = wo(Apg + k), (15a)
where Ag is the fractional part of the tune of the machine such that

-1/2< Mg <1/2. (15b)

Each k corresponds to one possible multibunch mode of oscillation. This mode is stable
for ¥ > 1 and unstable for k¥ < —1. The fundamental mode, k¥ = 0, is unstable or
stable depending on whether Ag is negative or positive. The second observation is that
at this very low frequency the beam wall impedance looks like a resonator impedance.
Hence, it can be approximated by this resonator impedance (see Figure 17), where the
resonant frequency is the above-mentioned wy, the shunt impedance is just Re[Z) (w})],
and the quality factor @, can be selected to approximate the shape of the resistive wall
impedance. Therefore, the problem is reduced to the previous multibunch instability due

to an rf system, and the above program can be applied using this new resonator impedance.
A
1.210° -
1.10° |-
8.10% -

6.108

Re[ZLl(w)]

4.10%

2.108 I~ NN T m———

>
0 20,000 40,000 60,000 80,000 100,000

&)
TIP-03701

Figure 17. Comparison Between Resistive and Resonant Impedances.
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The growth time of the instability and its dependence with the copper thickness will be
estimated. Figure 18 shows the maximum amplitude as a function of the number of turns,
obtaining a growth time of about 0.09 s (D(j):l). Figure 19 shows how this growth time
depends on the fractional part of the tune for three different thicknesses of copper. This
figure indicates a clear benefit when the thickness of copper in the beam tube increases.
For a copper thickness of 0.64 mm, the resistive wall instability is influenced only by the
copper (for a fractional part of the tune between 0.1 and 0.9). This happens because,
at the minimum value Ag = 0.1, the resonant frequency (wm = |Aglw, = 2.163 kHz)
coincides with the critical frequency, w., which is such that the copper skin depth has the
same value as the copper thickness at this frequency (51 (we) = 0.64 mm). Higher value
of copper thickness is almost irrelevant for the resistive wall instability. If for a copper
thickness of 0.05 mm a maximum pressure of 0.646 atm is expected at the midplane of the
beam tube during a main dipole quench,!® the maximum pressure expected for a copper
thickness of 0.1 mm, 0.3 mm, and 0.64 mm would be 1.29 atm, 3.87 atm, and 8.2 atm
(18.94 psi, 56.81 psi, and 120.3 psi). The value of 8.2 atm is inside the tolerable values
for a stainless steel thickness of 1 mm, and with a very wide safety margin for a thickness

of 1.5 mm.14

The growth-time dependence with the quality factor @, will now be addressed. Figure 20
shows how the growth time depends on the quality factor @,, selected to fit the resistive
wall impedance. The figure shows a variation of about 10% in the growth time for a
variation of 400% in @,. Therefore, the result is not strongly dependent on the fitting

parameter.

To verify that the instability is that of the resistive wall, the phase space of the bunches
must be examined. Figure 21 shows the growth time for higher-order modes of multibunch
oscillations. Figures 22-24 show the phase space generated by the bunches during the
instability at some particular turn for the fundamental mode (Ag), and the next two
higher-order modes (Ag —1 and Apg —2). As can be seen, they represent the expected
phase space due to resistive wall instability.

Figure 25 shows the comparison of the simulations with the analytical approach (ZAP
code) for several higher-order modes and two different materials, copper and stainless steel.
(It is pointed out that ZAP code does not handle a stainless steel beam tube coated with
copper.) From this figure, it is seen that the simulation results are very consistent with

analytical results.
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Figure 18. Maximum Amplitude Growth.
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Resistive wall MB instability
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Figure 21. Beam Instability Growth Time for Higher-Order Modes.
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Resistive wall MB instability
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Resistive wall MB instability
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Figure 24. Beam Phase Space Induced by the Second Higher-Order Mode Instability.
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7.1 Single-Unit Feedback System for the Resistive Wall Instability
Using a single-unit feedback system (one BPM and one K with associated electronics)

to correct the beam displacements, the procedure is the same as that seen in Section 5 but
taking p turns average value of the displacements of the bunches at the BPM (p could be

a rational number):

M
1 p
<Y >p= o S VAR (16)
1=1

that is, the correction to the trajectory of the particle changes every p-turns, and all the
bunches receives the same correction proportional to < Y >,, except for noise. This

implies that the kicker flat-top time is
ft =px2.904 x 107* sec. (17)

The bandwidth (BW) of the feedback system will be assumed that one defined by the
batch to batch separation (1.7 us), BW>0.3 MHz.

Varying the parameters gain (g), noise (6Y'), and flat-top (p), the simulations indicate
that this single-unit feedback system must be very strong to damp completely the insta-
bility for a copper thickness of 0.1 mm. Figure 26 shows the average displacement of the
beam at the BPM as a function of the time (number of turns) for a feedback system with
parameters: ¢ = 0.1, Y = 10 pm, p = 2, and Ag = —0.75. The growth of the oscillations
after 100 turns comes from the inability of the feedback system to damp entirely the insta-
bility. However, this single unit is able to damp the resistive wall instability for a copper

thickness greater than 0.3 mm.
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Figure 26. Two-Turns Average Value of the Beam Behavior with Single-Unit Feedback for a Copper Thickness

of 0.1 mm.
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Figures 27 and 28 show this damping effect for ¢ = 0.05, §Y = 100 ym, p = 2, and
Ag = —0.75. Table 2 summarizes most of the calculations made with the single-unit

feedback system.
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Figure 27. Two-Turns Average Value of the Beam Behavior with Single-Unit Feedback for a Copper Thickness
of 0.3 mm.
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Figure 28. Amplitude Behavior of Bunch 1000 with Single-Unit Feedback for a Copper Thickness of 0.3 mm.

24



Table 2. Single-Unit Feedback System.®

~14+A43=-075
Cu Thickness—t¢; (mm) 0.1 0.3 0.64
Growth Time®—r (ms) 56 139 225

BPM Resolution—6Y (um){ < 100 | < 500 { same
Gain—g >0.30>0.01{ same

flat-top—(p) 2 2 same

% stainless steel thickness t» = 1.0 mm
b without feedback system

7.2 Two-Unit Feedback System for the Resistive Wall Instability
Using a two-unit feedback system to correct the resistive wall instability affords more

degrees of freedom. The units could be spatially separated or overlapped, as shown in
Figure 29. The corresponding matrix transformations are more complicated than those in

expressions (8) and are given, for the separated case, by

\/%% COs pi1 VBB1Br sinu

—(sin apgy co ) ’
( u\1/; gl st) \/%(COS p1 — o sin py)
B1PR

aBi ] Vv BKIEBI
“ (18b)

_l4+agjap; —ax gﬂ ’
vV Bk18B1 K1

A /g% (cos 2 + ag sin p2) VBr1BB2 sin u

a(u1) = (18a)

c(uz) = |
_l+oagaps . Kl — a ) .
T sin p2 + u’_—_ﬂmﬂm cospz 4/ ‘glﬁm ( cos uz — apy sin pa)
(18c¢)
K; VBi2Bp2
B (18d)
1+ ok
;ﬂA’ZﬁBZ V K
and
\/ 152 (cospuz + agosin us) VBrBE2 sin u3
e(u:}) B ) (186)

————1———(sinu3—a1(2cosy3) ,/‘%ﬂcos
H3
V BrBK2 R
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where the meaning of the subindex is clearly deduced from Figure 29 (a). The kicks
provided by the kickers to the bunches are given by expression (7) but using the average
value in expression (16). The first point to make is that the results do not depend much
on the separation phase py, as long as both feedback units are located in the dispersion-
free region of the Collider. Although there is an improvement in the damping, the results
indicate that the two-unit overlapped case seen in Figure 29(b) and (c) behaves very much
like the one-unit case; i.e., it is unable to damp the resistive wall instability generated by
the copper thickness of 0.1 mm in the beam pipe. Therefore, this case will not be discussed
further.
(a) Separated (b) Overlapped

/bm
PN BT

(BPM)1 " amw2) K1 e(ly) (BPM)T “BPM)z K1 K2
K= Hy+ Hp+Ha+P H = Hq+ Hp+Hlg+m/2

My

(c) Overlapped

My

(BPM)1 5 k1 (BPM)2

H = Hy+ Hothigr2 TIP-03713
Figure 29. Two-Unit Feedback System Configurations.
Using the separated case (a), Figures 30 and 31 show the damping effect on the two-
turns average value of the amplitude of the oscillations at (BPM)1 of Figure 29 and on the
amplitude of bunch 1000. The characteristics of the feedback system of both units are the

same as shown in these figures. Table 3 is a summary of the calculations.
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Figure 30. Two-Turns Average Value of the Beam Behavior with Two-Unit Separated Feedback System for
a Copper Thickness of 0.1 mm.
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Figure 31. Amplitude Behavior of Bunch 1000 with Two-Unit Separated Feedback System for a Copper
Thickness of 0.1 mm.
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Table 3. Two-Independent-Unit Feedback System.®

~14+Ag=-0.75
Cu Thickness—t; (mm) 0.1 03 | 064
Growth Time®’—r (ms) 56 139 225

BPM Resolution—6Y (um) | < 500 | < 1000 | same
Gain—g >0.03(>0.01| same
flat-top—(p) 2 2 same

% stainless steel thickness t3 = 1.0 mm

b without feedback system

8.0 COMMENTS AND CONCLUSION
The transverse dipole-mode multibunch instability in the Collider due to an rf cavity
and the resistive wall was simulated using the code TADIMMI.

For the rf cavity case the following results were obtained: Using a single PEP cavity,
the resulting growth time is approximately 9 s for the symmetric filling case with uniform
distribution, which is in good agreement with the analytical approach (ZAP code). The
growth time is higher for the nonsymmetric case than for the symmetric case, which verifies
the qualitative analytical approach. Killing some of the HOM of the PEP cavity does not
help much to eliminate the dipole-mode multibunch instability. However, the De-Q and De-
R/Q are very effective in increasing the growth time of this instability. A De-Q factor of 250
(< R/Q >~ 125§ /m) is good enough to overcome the instability even at higher luminosity.
This same estimation indicates that a single-cell cavity with couplers may be the best
option to control multibunch instability. Since D(j) was taken as a random variable
and can be associated with the product D(j)R)/@), the calculations also estimated the
statistical effect on the impedance peak of the HOM of the cavity.!® Finally, the feedback
scheme designed for the Collider, whether a same-turn or previous-turn scheme, is able
to damp completely the transverse dipole-mode instability. In summary, a safe control of
the transverse dipole-mode multibunch instability due to the rf system is obtained using
single-cell rf cavities (normal or s.c.) with HOM couplers (De-Q) and the feedback system.

For the resistive wall case, a resonant impedance approximation was made to the resistive
wall impedance behavior at low frequency. This approximation allowed us to use the same
computer program to estimate the growth time of the resistive wall multibunch instability.
The results agree very well with the analytical approach, ZAP code for pure materials,
copper, and stainless steel. (ZAP does not handle copper-coated tubes.) The resistive wall
impedance expression and the resonant approximation indicate that a copper thickness

greater than 0.64 mm does not have a significant effect on the beam instability. In addition,
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the dipole quench analysis and the maximum allowable stress in the beam tube suggest
that the value 0.64 mm is tolerable in the beam tube. The fast growth time of the resistive
wall instability, approximately 0.1 s, allowed us to study the feedback system as a function
of the noise levels and the gain of the system. The main result of these studies is that
a single-unit feedback system would have to be very strong to kill the instability that
arises because of a copper thickness of 0.1 mm (see Table 2). A feedback system one
order of magnitude weaker can be obtained using a two-independent-unit feedback system
(see Table 3). This better control of the resistive wall instability using two BPMs and
two Ks was recently pointed out at Dubna (UNK).!® Note that the restrictions on the
BPM resolution in Tables 2 and 3 correspond to the control of the transverse dipole-mode
multibunch instability. This noise is likely to blow up the emittance. To avoid emittance
blow-up due to this feedback system, reduction of this BPM resolution by about two orders
of magnitude may be required. (Work is in progress.)

One might think that if the aperture of the beam pipe were increased by a factor of
approximately 1.5 and the liner were used, the resistive wall would not be a problem with
0.1 mm of copper thickness and a single-unit feedback system. However, this increment re-
duces the impedance by a factor of only 1/3.37, ((Eq.(11)), and the liner may increase the
impedance by a factor of 2.5 since its operational temperature is 80 K, bringing about just a
25% reduction in the impedance. Moreover, upgrading the Collider to 103 cm~2 sec™! lu-
minosity has the equivalent effect of a tenfold increase in the resistive wall interaction,
making dubious the control of the instability with these elements. Therefore, a good con-
trol of the transverse dipole-mode multibunch instability due to the resistive wall can be
obtained using a two-unit feedback system (two BPMs and two Ks with a gain g = 0.03)
and a copper thickness of 0.3 mm in the beam pipe.

It is pointed out that for each BPM there may be another BPM' associated with it and
separated by a phase advance of 7/2, which may be necessary for large changes in the
correction signal phase due to changes in tune.l” Since this BPM’ does not affect the beam
dynamics, it has not been considered in the simulations. Finally, optimization analysis of

the two BPM-two K feedback system is underway and will be reported in the near future.
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APPENDIX A
PEP CAVITY

Table A.1 lists some characteristics of the 358.9-MHz PEP cavity.

Table A.1. Characteristics of the 358.9-MHz PEP Cavity.

T [ & o [0
(MHz) |[(MQ/m) (€2/m)
1] 3179.29 1.57 47,100 33.33 | 1777
2 { 3982.28 1.81 62,700 | 28.86 | 1889
3 | 4865.69 17.32 |48,500]357.11| 1196
4 | 6078.35 2.30 98,400 | 23.37 | 1943
5 | 6854.95 5.78 41,500 92.04 | 1099
6 | 6873.80 12.28 [41,500(295.90| 724
7 | 7809.99 2.50 59,300 42.16 | 911
8 | 8589.11 13.37 167,300 198.66 | 940
9 {10,090.79 3.41 62,800 | 54.29 | 747
10| 10,662.56 6.71 63,5001 105.67 | 714




APPENDIX B
SYMMETRIC AND NONSYMMETRIC ANALYTICAL APPROACH

For the symmetric case, suppose that all the degrees of freedom of the particle motion
are uncoupled, and that all the bunches are equally spaced and uniformly distributed along
the ring. If there are B bunches in the ring, the equation that governs the distribution of
particles of the j-bunch due to the wake-field force of the other bunches, F(f,z,v,t), is
called the Vlasov’s equation and can be written as

afj f of! :

737 —— + F(f,z,v, )EU— =0 ,for j=1,..., B, (B.1)
where ¢, z, and v represent the time, the transverse bunch displacement, and the transverse
bunch velocity, respectively, and f is the beam vector, f = (f1,..., fB). Because of the
electromagnetic origin of the wake-field forces, F' is a linear operator with respect to the

beam vector.

This nonlinear couple-integral-differential equation is, in general, very difficult to solve.
Therefore, the usual approach is to use a first-order perturbation in the density, i.e., assume

a bunch density of the form
F = fl +y exp(—i) , (B-2)

where f,{ is the initial distribution and 2 is the coupled bunch frequency of oscillation.
Substituting (B.2) in (B.1) and keeping first-order terms, the following equation is ob-
tained:

ay afo
—Z'U_ ot Z

Oz

where the dependence of F' on z a.nd v has been ignored. In addition, assume that the

~F(§,9Q) = 0 j=1,...B, (B.3)

frequency of oscillation is almost the same as the betatron frequency, wg, so that we can
substitute this frequency on the left-hand side of (B.3); then, the following eigenvalue
equation results:

L) = 07, (B.4)
where L, the Sacherer’s operator,!® can be expressed in the following way:
L=—iv—— zaf] —F( ,wg) . (B.5)
- Oz "B '

The solutions of (B.4) bring about the eigenmode couple bunch oscillations of the beam.

The imaginary part of the eigenvalue gives the growth rate of the multibunch motion,

1
sz , (B6)



which is unstable if this is positive. In this case, 7 is called the growth time of the unstable

mode. This solution must satisfy the requirement of being a small perturbation, s.e.,
ly? exp (Im()t)| < If2] (B.7)

which also give us the maximum time for the approximation to be valid. For a time longer
than this, the solution (and the whole approach) may be meaningless.

For the nonsymmetric case, we can make the same assumptions as above. So, there
are B bunches uniformly distributed along a ring, and the behavior of the bunches is
described by the Sacherer equation (B.4), which clearly depends on the number of bunches.
Each density function ¢’ is proportional to the number of particles in the bunch. Thus,

the set of beam vectors

M= {g} ) (B8)
such that
1
y
= : , (B.9)
yB

forms a vector space of dimension B over the complex number (in general). In this vector

space it is possible to define an inner product

< filds >= / FHE) - §al€) du(€) | (B.10)

where ¢ represents the variables of integration and u(£) is a measure in this space,
and + represents the adjoint operation. With this inner product, the set of eigenvec-
tors, {4, k =1,..., B}, of the linear equation (B.3),

L) = MG (B.11)

can be chosen to be a orthonormal set,
< Yr|fn >= bkn . (B.12)

Therefore, any vector, 7, of the space M can be expressed as a linear superposition of this

orthonormal set: B
7= ckif (B.13)
k=1

where ¢, k=1,...,B are complex numbers. The norm in this space can be defined through

the inner product as
B

171 = V<TG > = 4| D lexl? . (B.14)

k=1



Assume now that the vector space is divided into two vector subspaces V and W.
If Ly = Lly, Ly = L|w are the restrictions of the linear operator L to these spaces, they
are invariant spaces of these operators; 1.e., Ly(V) C V and Lw (W) C W.

In addition, if ¥, and @, are eigenvectors associated with the operators Ly and Ly,

Ly(0p) = Yntn (B.15)
and
Ly (Wm) = MmWm , (B.16)

these vectors turn out to be orthogonals, < ¥, |wW,, >= 0. Therefore, the vector space M is

the direct sum of the two orthogonal vector subspaces, M =V @ W, and the vector

Fow = (gjn) (B.17)

1s a vector in the M space. Thus, it can be written as

ng = Zazm'g‘k (B18)

Applying the operator L to the left- and right-hand sides of (B.18), it follows that
Ly (va) YnUn B
L(gow) = ( . = . = Z af™ ATk - (B.19)
Lw(Wm) NmWm k=1

Consequently, the product < §yw|L(Fvw) > is given by

YallZall} + Mtm|Erm B = Z o™ P Ak (B.20)

where the norm in the vector subspaces is understood. similarly, as relation (B.14), and
the relation (B.12) has been used.

Assume now a partial filling ring, Wm, = 0. From the definition of relation (B.18) and
relation (B.11), it follows that

B

1Foll® = I5ally = D lak]® - (B-21)

k=1

Substituting this result in relation (B.20), we get

n Y B.22
¥ Zk 1lakl Zl klEA ( )



This is the Kohaupt’s result.® which relates the eigenvalues of the symmetric filling case
with the eigenvalues of the asymmetric filling case through nonnegative real numbers,
|04’ZO,2~ From this expression it is possible to give the following qualitative result. For any
k and n,

1) If M is stable (Im(Ax) £ 0) = V is also stable.

2) If V is stable (Im(yn) < 0) & M is stable.

In other words, the symmetric case represents the worst-case scenario for multibunch

instabilities due to any type of wake-field source.



