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12 LONGITUDINAL INSTABILITIES AND STABILITY CRITERIA

12.1 Criteria For Longitudinal Microwave Instability

The electromagnetic fields emitted by a particle beam will interact
with the beam itself directly or indirectly through bouncing back from
the walls of the vacuum chamber. For a beam with uniform longitudinal
density, there i1s no longitudinal field and no {force acting on the
particles. However, if a small bump is introduced, it will produce a
longitudinal space-charge force eE = -eBA/08 acting in the direction
away f{rom the bump, where A is the local linear charge demnsity and 8 is
the azimuthal angle around the accelerator ring (Fig. 12.1.1). This
force will increase the energy at the front of the bump and decrease
the energy at the back. However, above transition, this implies de-
creasing the revolution frequency at the front and increasing it at the
back; the bump will increase in magnitude. In other words, any small
local perturbation in the uniform density of the beam will grow result-
ing in a nonuniform particle distribution.

The growth rate can be easily derived for any longitudinal force
even if it is not due to space chargelz'l-l. We start from a beam with
uniform linear density A, and fixed energy E. Let us assume a small
perturbation A1 of harmonic n and collective frequency /27, We write
the density as

A,t) = Ao + Aje-i(nf-0t) (12.1.1)
Because of the continuity equation

BA
5t " aa(kw) =0, (12.1.2)

the revolution frequency w(@,t)/27 must be of the form
w(l,t) = wy + wye~i(nf-0t) (12.1.3)
where the deviaticn w) from the unperturbed value w, is given by
w1 = (/0 - wo)hy/Ag- (12.1.4)
The current is given by I(8,t) = A(f,t)w(d,t) or
I(6,t) = I, + Ije-i(nf-Ot), (12.1.5)

with 17 = (@/n)Aq. In above, only first-order quantities have been
retained.

Riding on a particle with angular velocity w,, we should not see
any change in revolution frequency except for that due to a longitudin-
al electric field from the beam particles bouncing from the walls.

Thus, dw/dt is



Bw/dt + (Bw/8Y)(d6/dt) = (dw/BE) (dE/dt), (12.1.6)

where 8w/0F = -nuwo/f2E with g = 152-7"2 denoting the frequency dis-
persion parameter, f the particle velocity relative to ¢ the speed of
light, 72 = 1/(1-§2), and 7t is gamma at transition. The rate of in-
crease in energy is dE/dt = -eljZw,/27, where Zj,, the longitudinal
impedance per turn around the accelerator ring at harmonic n, is defin-
ed as the potential drop around the ring per unit current of harmonic
n. We therefore have

i(@-nwo)wy = el Zwd/2nf2E. (12.1.7)

Equation (12.1.7) has a physical meaning. As a result of the longitu-
dinal impedance, we can imagine n buckets created each with peak volt-
age -I1Z1,. The particles trapped inside a bucket will execute synchro-
tron oscillation with

wg = -jnneliZiwid/2nf2E. (12.1.8)

In above, a factor j has been inserted to take into account of the fact
that, to produce buckets encircling the ripples or small bunches in the
beam current, the voltage has tc be 00° out of phase. Riding on a
particle with angular velocity w,, the particles inside one of those
buckets will move, on the average, an azithumal angle of #/n across the
bucket in time 7/wg (half an oscillation); or they have an angular
velocity of w ~ (wg/n)exp(jwgt). Thus, the rate of change of angular
velocity is

dw/dt = jwg/n, (12.1.9)
which is the same as Eq. (12.1.7).

Substituting Eq. (12.1.4) for wy, noting that I, = AWy, and let-
ting i/n ~ w,, we get for the collective frequency

(A-nwg)2 = -jnpel,Zpwd/27H2E. (12.1.10)

This gives the shift in revolutien {frequency; the imaginary part of {3,
if negative, gives the rate of growth for the wave at harmonic n. Note
that I, appears in the formula, although it is Iy that excites the
longitudinal electric field. This is because this electric field
interacts with every particle in the beam.

However, if the beam particles have an energy spread AE correspond-
ing to a revolution frequency spread Aw = -qw AE/B2E, the collective
effect cannot take place or the coherence of the perturbing wave will
be destroyed when the growth time -1/Imfl is bigger than 2/nAw, the time
for one wavelength to go out of phase by 180°. In other words, the
beam is stable when



419eloZ1w3/2mEl < (nu AE/F2E)2. (12.1.11)
Q

This is the famous Keil-Schnell criterion for microwave stability for a
coasting beaml2

For a single bunch, if the bunch length is much longer than the
wavelength of the perturbation and the synchrotron oscillation period
is much longer than the growth time, <the bunch, at least its central
portion, resembles a coasting beam during the unstable growth. There-
fore, the above Keil-Schnell criterion applies if we replace the aver-
age total current I, by the local peak current Ip; i.e.,

Z g_ 2
L 2rinlE
| L]  ZrlnlB/e [—E] . (12.1.12)
n 2 E
pI;

In the above, we have written the RMS energy spread of instead of AE/2,
because this is the exact eriterion for a Gaussian bunch when a careful
derivation is performed using the linearized Vlasov equationlZ-

The peak current is I, = 1/VZ¥sy, where oy is the RMS time spread of
the bunch. The Vlasov equation leads to a dispersion relation which
can be plotted as growth-rate contours in the (AQl,/n)2-plane, where Aflg
= (-nwy, given by Eq. (12.1.10), is the frequency shift without Landau
damping. Such a plot is given in Fig. 12.1.2, where only the stabili-
ty centour is shown. A given Z[/n corresponds to a point in the
(AMly/n)2-plane. If the point lies outside the stability contour, there
exists at least one growing solution and the bunch will be unstable.
If the point lies inside the stability contour, all solutions are
stable. Noticing that (Af,/n)2 is proportional to -inZy/n, above tran-
sition when » > 0, the criterion of Eq. (12.1.12) corresponds to the
point A, where the impedance is capacitive. An inductive Zy/n lies on
the positive vertical axis and is therefore always stable. A real ZIy/n
corresponds to the point B which is ~1.434 times farther away from the
origin than the point A, (for Gaussian bunch only). Therefore, when
the impedance is real, the stability criterion of Eq. (12.1.12) can be
relaxed by inserting the factor 1.434 on the right side. Below transi-
tion wher 7 < 0, a capacitive impedance, corresponding tec a point on
the positive vertical axis, will always be stable, while an inductive
one, corresponding to a point on the negative vertical axis, can be
unstable if it is too big.

As stated above, the longitudinal electric {field produced by the
impedance interacts on every particle of the bunch. The impedance Zj,
in the above criterion is therefore the convolution of the impedance

Z(w) of the ring and the frequency spectrum p(w) of the bunch
= [L{nwo+w) p(w)du; (12.1.13)

p{w) being normalized to unity. When the impedance is a broad band
nuch broader than o,~1, the frequency spread of the bunch, the convolu-



tion depends only on the peak of the broad-band impedance, and there-
fore Zf, in Eq. (12.1.12) represents the peak impedance of a broad band.
However, with cavities and pipe-joining housings along the vacuum cham-
ber, the impedance may exhibit sharp resonances with frequency much
narrower than that of the bunch. For a narrow resonance of shunt impe-
dance Zgp, quality factor §, and resonance frequency wR ~ nw,, the

convolution gives

m, = [o7/VZF) [ (rup/2) (Zsn/®)], (12.1.14)

where the first term is the peak value of the bunch spectrum p and the
second the area under the narrow resonance. This is just the effective
impedance seen by the bunch, which, because of its finite frequency
spread, is not able to resolve the narrow peak. Substituting this into
Eq. (12.1.12), we obtain a criterion for narrow resonances'<-

Z g_. 2
h 4l
== < #—'Z-LE/—B[-E] , (12.1.15)
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where Igy = eNw,/27 is the average current of the bunch containing N
particles.

12.2 Stebility Limits

In this section we try to estimate the 1limitsl2.2.1 of Z1,/n or
Zsh/Q for the Main Ring in order to ensure longitudinal instability
during its different performances.

The present duties of the Main Ring are:

(1) To accelerate proton (or antiproton) bunches up to 150 GeV and
coalesce 7 to 13 of them to form an intense bunch of ~1011 to be
injected into the Energy Saver for further acceleration and eventual
collision with an antiproten (proton) bunch. In order to achieve a
high luminosity, the initial bunches must be kept at small bunch areas
~0.2 eV-sec before coalescence.

(2) To accelerate intense proton bunches up to 120 GeV for antiproton
producticn. To maximize the production efficiency, these bunches must
be of high intensity ~2.4x1010p/bunch and small bunch area ~0.2 eV-sec.

We see that, in each performance, the bunch area has to be small,
unlike the operation in the fixed target mode where the bunch area was
deliberately increased by the bunch spreader in order to achieve a
better duty cycle.

Across transition

When the bunches are accelerated through transition, which corres-
ponds to 74 = 18.75, the {frequency dispersion parameter % changes from
negative to positive through zero. Equation (12.1.10} tells us that



there must be a portion of time that the bunch is unstable. The total
growth across transition isl2.2.1 G = exp(S;+S) where

8b,a = [InNdt (12.2.1)

represents the integration of the positive growth rate Imfl before and
after transition. The rate of growth is dependent on the number of
particles in the bunch N and also the driving impedance Zj,/n. The time
to from loss of stability to transition or from transition to regain of
stability is also dependent on NZj/n. In fact, it turns out that Sp+8,
scales as (ZL/n)zNzA‘9/4, where A = 6%0,0F is the bunch area. If
space-charge is neglected, we have

s, S, FleNg/my @ /0%,
n VRFsin¢o(A/e)3

n
where 7 is gamma at transition, Vpp 1is the RF voltage at transition,
¢, is the synchronized phase at transition, E, 1is the rest energy of
the particle concerned, o, is the RMS time spread of the bunch at the
moment when stability is lost (before transition) or when stability is
regained (after transition), and Fq{ = 8.735 is a numerical constant.
The RMS time spread 0, in above can be evaluated from

= (12.2.2)

1/2
AeV i
if ) 5 [ e RFw051n¢o] [ o6 ,t0|]
T = 31/3r(l EEY 1+0.686 - (12.2.3)
3) " op 7t
for 1t5/Tl << 1, and
g AeV__ W sing 1/2 t 1/4
. [ RF o °] | 2| 12.2.4
T 222 4 T (12.2.4)

67 Eoﬁ Te

for Ity/Tla» 1. 1In above, @, is the angular revolution frequency of the
bunch and f§ its velocity in wunit of ¢, the 1light velocity. The
characteristic time

4w2<Eo/e)2ﬂ27ﬁ]1/3

3.2 .
honRF31n2¢0

where h is the RF harmonic, is a measure of the time for which the
bucket change is not adiabatic. The time t, is given by

T = , (12.2.5)

erN(ZL/n)74(E /e)za

t' o T
[t0| = 2 , (12.2.8)
MOVRFsin¢0(A/e)
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where Fo = 49.42 is a constant.

For N = 1.2x1010, Z;,/n = 10 chms, A = 0.15 eV-sec, RF voltage VgF =
2.5 MV, and a synchronous phase ¢, = b50° we get 2t, = 5.2 ms and
(Sp+S,)/n = 3.6X107°. Exact numerical solutionl2-2.2 of the dispersion
relation including space-charge effects gives 5.5 ms and 3.86X1075.
The characteristic time T 1s 2.86 ms. Microwave signals at 1.65 GHz
have been observed (see Section 12.5 below) corresponding to an harmon-
ic of n = 3.46x104, Thus, the growth across transition is G ~ 3.86
times. However, this is the growth of only the microwave amplitude,
the perturbing one that we discussed in Section 12.1. It will increase
the energy spread and dilute the bunch area through second order
effects. The relation between the growth of the bunch area and that of
the microwave signal 1is complicated and model-dependent and will be
presented elsewhere. But, in some sense, we can consider G =
exp(S,+5,) as a measure of the growth of the bunch area. The final
size of the microwave amplitude depends on the the size of that ampli-
tude before transition. In our case, the RMS bunch length o, near
transition 1s ~0.3 ns or the RMS frequency spread is g, ~ 3.3 GHz.
Thus, the amplitude at w/2r = 1.65 GHz is only exp(—wz/ZaB) or 0.72% of
the amplitude a low frequencies. Thus, a growth of 3.86 times may not
be very much. However, if the bunch is ill-behaved and deoes not fit
the bucket well at the beginning, its amplitude in the microwave region
can be comparable to the amplitude at low frequencies and a growth of
3.86 times may be very significant. Growth of bunch area across
transition in the Main Ring has been reported to be 20% to ~4 times.
We believe that this variation is mainly due %o the behavior of the
bunch before transition.

When the Main Ring accelerates proton bunches for P production, the
number of protons per bunch N ~ 2.4x1010 is bigger and the bunch area.
According to the scaling law, Sp+S,; increases by four times and the
growth of the microwave amplitude becomes G = 146. If the bunch area
is smaller to start with, the growth may become too big teo tolerate.
But, so far we have included linear effects. Generally, nonlinear
effects will come in causing overshoots and the growth will end.

Acceleration
After passing through transition, if we assume that the RF voltage

VRF and the synchronous phase ¢, are changed adiabatically and the
bunch area A = 670,05 is small compared with the bucket area, from
Eq. (12.1.10}, the Zj/n limit becomes

3/2 _3/4 1/4

1/4}
A g m
ey w [VRFCDS¢0] ’ (12.2.7)

where F = 3-3/2(27)-5/4, h = 1113, the harmonic number of the RF,
R = 1 km the average radius of the main ring, I, the average current of
the bunch, and c the velocity of 1light. In deriving Eq. (12.2.2), use



has been made of the approximate relation between the RMS time spread
or and RMS energy spread of of the bunch; i.e.,

or = (R/hfc) (I91hk/vg) (og/p2E), (12.2.8)

where vg = |hﬂVRFcos¢o/21ﬁ2nE|1/2 is the synchrotron tupne. After tran-
sition, # becomes bigger and bigger and |VRpcosd,! still increases;
thus the bunch becomes more and more stable. Later, for higher ener-
gies, % approaches a constant and IVRpcosg,} is constant or decreasing;
thus the 1Z},/nl limit becomes smaller as the energy E increases. Fig-
ure 12.2.1 shows a typical acceleration cycle. We see that the limit
is most stringent at the highest energy of 120 GeV or 150 GeV. There-
fore, we need to discuss stability at these top energies only.

Bunch coalescence

Seven proton bunches each of intensity N = 1.2x1010 and area
A = 0.20 eV-sec (we assume that the bunch area increases to 0.20 eV-sec
across transition) at 150 GeV are allowed to coalesce inte one bunch of
intensity ~8x1010, The procedure consists of lowering the RF voltage
adiabatically from ~1.5 MV to ~2.30 kV so that the bunch will just fill
the bucket. This h = 1113 RF is then turned off while a h = 53 RF of
22 kV is turned on. The 7 bunches will lie inside the h = 53 RF bucket
and is allowed to rotate for 90°. This RF is then replaced by a
h = 1113 RF of 0.46 MV to capture the 7 bunches into a single bucket.
The RF is then increased slowly to 1 MV so that the coalesced high-
intensity bunch is matched tc the bucket. The |Z1,/nl limit of each
stage during the coalescence is listed in Table 12.2.1. We see that
the lowest limit is |Zp/nl = 6.84 0 for =2 broad band and
Zgh/Q = 9.45 kfl for a narrow resonance. This occurs when the RF volt-
age is lowered adiabatically to match the bunch. With the desire to
obtain higher luminosity, sometimes up to 11 or 13 bunches are coalesc-
ed. However, under such conditions, a h = 106 RF is added alongside
the h = 53 RF s0 as to linearize the 90° rotation and ensure a more
efficient capture.

The antiprotons are coalesced at 150 GeV¥ similarly. The only dif-
ference is that 13 adjacent bunches each of intensity ~8x109 are in-
volved. Because of the lower intensity, the higher limit
Zp/nl = 10.3 @ or Zgh/Q = 14.0 kfl are obtained. This and other data
are listed in Table 12.2.2

Preparation of p-bunches for p production

For fixed D momentum spread, the bunch area of the p is minimized
by making the time spread of the bombarding proten bunches as narrow as
possible. At the 120 GeV flat-top, the RF voltage is maintained at
4 MV and the bunches, about 0.2 eV-sec and intensity 2.4X1010, are
matched to the large bucket (AE ~ 300 MeV). The RF is reduced to
~300 kV within two turns. The now mismatched bunches begin phase
oscillation which results in a maximum time spread of V6o, ~ 4 ns,
about half the bucket length. The RF is next increased quickly again



to its maximum value of 4 MV, whereupon the mismatched bunches rotate
in one quarter phase oscillation to a large energy spread and narrow
time spread configuration (v6o; ~ 0.3 ns) and are extracted. The
various bunch parameters and I|Z[/nl limits are summarized in Table
12.2.3. We see that |Z[/nl reaches 6.61 I when the time spread of the
proton bunch is biggest. For a sharp resonance narrower than the bunch
spectrum, this corresponds to Zgh/Q = 21.4 k). We want to note that
2,/n « Aé/2VRF1/4 and Zgh/Q a AVRF1/2, where A 1is the bunch area.
Thus, if the bunch area is reduced to 0.1 eV-sec, these limits will
become 2.33 {} and 10.7 k0 respectively. Sometimes, 3 batches are ac-
celerated but each batch has to be extracted only every one or two
seconds so that the lithium lens will not be heated up by too much.
Under this situation, during the extraction of the first batch, the 4
MV RF is turned on for about 2.5 ms or half a synchrotron period only
so that the bunches that are not extracted will rotate to the position
of maximum time spread. The process 1is now reverse by lowering the RF
to 300 kV to =allow the bunches to rotate for a quarter synchrotron
oscillation and increasing it abruptly to 4 MV again. The bunches now
match the 4 MV buckets. The whole process is repeated again when the
next batch is ready for extraction. In this way, the bunches will stay
in the most dangerous position of maximum time spread for a quarter of
a synchrotron oscillation only. If there is a microwave instability,
the microwave amplitude will not have enough time to grow appreciably.

12.3 Longitudinal Impedance Estimation

Single bunch microwave instabilities are driven by impedances at
high frequencies, single bunch mode-coupling instabilities are driven
by impedances at low frequencies, and coupled-bunch instabilities are
driven by resonances with high quality factors. Thus we need to estim-
ate impedances of the Main Ring at both low and high frequenciesl?.3

Resistive wall

For a circular beam pipe of length £, radius b, and conductivity o,
the electromagnetic field of the beam will penetrate into the wall of
the pipe by a skin depth & = (2/pwa)1/2, where 4 is the permeability of
the pipe material and w/27 the {frequency of the electromagnetic wave.
Thus, the beam will see an impedance due to a strip of pipe material of
length £, width 27b, and thickness §. In other words,

I, = (1+j)€/(27b60) . (12.3.1)

The inductive part comes about because the electromagnetic wave flowing
into the surface of the beam pipe has to attenuate by a factor of 1/e
after penetrating a distance &, and, therefore, the wave number con-
tains an imaginary part.

For a rectangular beam pipe of width w and height h, the return
current of the beam does not distribute uniformly on the walls. Thus,
the longitudinal wall impedance cannot be derived so simply as the
circular beam pipe. However, a detailed derivation gives an expres-
sionl2.3.2 very similar to Eq. (12.3.1),

-8-



21, = (1+3)FL &/ (7hé0) . (12.3.2)

Here, h/2 takes the place of the radius b and a form factor F[ takes
care of the fact the pipe is rectangular in cross section.

The vacuum chamber of the Main Ring consists of beam pipes of dif-
ferent cross sections: 8136 ft of 1.5"X5" and 8496 ft of 2"X4" rectan-
gular beam pipes inside the dipoles and parts of the straight sectiomns,
1536 ft of rhomic pipes (approximate ecircular radius 3.8 cm) for the
quads, 624 ft of 6" circular pipes in part of the straight sections,
and 188.75 ft of 5" circular pipe in the RF region. The pipe in the RF
region is of copper while the rest is of stainless steel. The form
factors F[, for the 1.5"X5" and 2"X4" pipes are taken as unityl2.3.2
with an error less than 2.5%. The rhomic pipes are approximated by
circular pipes of radius 3.8 cm. Assuming a conductivity of ¢ =
0.14x107 mho-m~1 for stainless steel and 5.8x107 mho-m~! for copper,
the total contributions te the wall impedance is

Z,/n = (1+j)14.50°1/2 q, (12.3.3)

where n is the revolution harmonic of the frequency of the electromag-
netic wave under consideration. Comparing with the limits obtained in
the previous section, we see that the wall impedance is too small to
drive a fast instability in the microwave region, which is usually
taken as n = R/b, where R is the mean radius of the Main Ring and b is
the mean radius of the vacuum chamber.

Bellows

The Main Ring bellow housings serve the purpose of joining beam
pipes together and provide some leeways in both the horizontal and
vertical directions. A typical bellow consists of a pill-box cavity of
length g ~ 15.85 ¢m and radius d ~ 7.16 cm with only four to five rip-
ples at one end and a porthole connected to the vacuum pump. Because
of the smallness of the ripple width and depth compared with the dimen-
gion of the pill box, the electromagnetic fields hardly go into the
ripples. In other words, the main contribution to the bellow impedance
comes from the pill box itself: the steps between the pill box and the
side-pipes at low frequencies and the resonances of the pill box at

high frequencies.

¥hen a particle passes through the pill box, electromagnetic fields
are left and trapped inside the pil]l box. However, at low frequencies,
only magnetic flux can be trapped because electric field cannot satisfy
the boundary conditions, (Fig. 12.3.1a). These trapped magnetic flux
¢+ will induce a back e.m.f.

[Egdz = —jwge, (12.3.4)

on the beam itself. If the length of the cavity g is less than or of
the same order as the steps 2(d-b), the amount of trapped flux is

G-



bo = 8(#oTy/27) {n(d/b), (12.3.5)

where b = 3.61 cm is the radius of the side-pipes, I, the components of
the longitudinal current wave with frequency w, and y, the permeability
of free space. The longitudinal impedance per harmonic seen the the
beam at frequency w is therefore

2, = iZo(fg/27R)én(d/b), (12.3.6)

where Z, = 377 (I, fc the phase velocity of the current wave, and
R = 1 km the mean radius of the Main Ring. Equation (12.3.6) was first
derived bE Keil and Zotter by solving some complicated matrix
equationsl2.3.3,

When g »> 2(d-b) which is our case, only the flux near the corners
will be trapped and that in the middle will leak away (Fig. 12.3.1b).
Thus, g in Eqs. (12.3.5) and {12.3.8) should be replaced by ~2(d-b).
We therefore obtain the impedance per harmonic Zp/n ~ j2.9 I for ~1000
bellow housings at low frequencies (n<<g/27R). A numerical computation
using the codel2.3.3 TBCI yields Zr,/n = j2.4 1.

At high frequencies, in order tec study the resonances of the pill
box, we make the approximation that the pill box is closed (no side-
pipes) and neglect the ripples and the porthole. The impedance can
then be computed exactly. The first few modes that contribute to the
longitudinal impedance are the TMpjp, modes. The longitudinal electric
fields are proportional to

ep(r,z,t) = JO(xlr/d)cos(pﬁz/g)exp(jwpt), (12.3.7)

where J, is the Bessel function of order zero and x] = 2.405 is its
first zero. The resonance frequency wp/27 is given by

(wp/e)? = (x1/d)? + (p1/g)2. (12.3.8)

The 4 lowest modes therefore have frequencies 1.60, 1.92, 2.48 and
3.26 GHz. The higher modes need not be considered because they are
above the cutoff frequency ~3.2 GHz of the beam pipes. The fields of
these mcdes will no longer be +trapped inside the pill box. They will
propagate away along the beam pipes and therefore will not contribute
to the impedance significantly.

The resonance modes are excited by a beam particle passing through
the pill box along the central axis. The amount of excitation for a
certain mode will therefore be proportional to

g*
[ €2 0,2,6)ds, (12.3.9)
Op

-10-



where €, is given by Eq. (12.3.7). In the above integration, t =

(z- zo)/ﬁc is considered a function of z. It denotes the time when the
particle travelling at velocity fic is at a certain location inside the
pill box; for example, t = 0 when 2z = z,. The total retarding force

seen by the particle traversing the pill box is proportlonal to ¢*
The shunt impedance per quality factor of the resonance ZgL/Q is glven
by

(Zsh/Qp = Zo!912Cp/ (wp/c), (12.3.10)
where Zo = 377 @, and Cp is a normalization constant defined as
Cpf12p122ardrdz = 1. (12.3.11)
Equation (12.3.10) then becomes

(Zsh/Dp = Zolc/upd) (g/d) 14/g!2ap/ [7I3(x1)], (12.3.12)

where J; is the Bessel function of order 1 and ap = 1.00, 1.48, 0.84,
0.48 forp=1, 2, 3, 4.

The results for the first four modes are listed in Table 12.3.1 and
the electric field configurations are displayed in Fig. 12.3.2. We see
that Zg/Q for the first mode is very much smaller than the rest. This
is because the longitudinal electric field is constant along the pill-
box axis. But at a resonance frequency of 1.80 GHz, this field changes
sign as the particle reaches the middle of the pill box. Therefore,
the total retarding force seen by the particle is nearly zero. On the
other hand, the longitudinal electric field for the second mode behaves
like cos(7z/g), or it is of opposite signs {for the two halves of the
pill box as depicted in Fig. 12.3.2. At a resonance frequency of
1.92 GHz, the electric field also changes sign as the particle reaches
the middle of the box. But, in this case, the particle will be seeing
retarding force of one sign only and the impedance becomes enhanced.
This effect is known as the transit-time effect and the information is
contained in the transit-time factor T = !¢/gl2 which is listed in
Table 12.3.1 also.

For open-end pill box, numerical computation 1s required. We try
to run the codelZ.3.3 TBCI by assuming that the beam pipes on both
sides are circular and are of radius ~3.61 cm, which corresponds to a
cutoff frequency of ~3.2 GHz. The Fourier transform of the wake field
shows 4 resonances at roughly the positions predicted above
(Fig. 12.3.3). The addition of the bellow ripples does not change the
result appreciably. We next analyze the p111 box with closed side
pipes in the frequency domain using the codel2-3.4 URMEL, from which
the quality factors  and Zgy/Q for the first four modes are obtained.
These numerical results are also listed in Table 12.3.1 for comparison.
We note that these results do not differ from those of the closed pill
box by very much except for the Z4L/Q of the first mode. However, the
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impedance of the first mode is very sensitive to the transit-time
effect because of the near cancellation. Thus, it is not unexpected
that the impedance will change by very much when the side pipes are
added.

The Main Ring has about 1000 such bellow systems; the radii and
lengths have standard deviations Ad/d = 0.003 and Ag/g = 0.034. Thus,
the frequency of resonance will have a spread and the resonance will be
broadened. However, the quality factor of one bellow pill box is of
the order § ~ 2V/S§ ~ 4500, where V and S are the volume and the
internal surface area of the pill box and & 1is the skin depth. The
broadened resonances are still very much narrower than the width of the
spectrum of a bunch. As a result, Zg}/Q should be quoted instead of
Z1,/n. Using the numerical results, for 1000 bellow systems, ZghL/Q =
2.4, 37.0, 24.3, and 2B.9 kil for the four resonances. From
Table 12.2.1, the stability limit for proton-bunch coalescence is only
Zsh/Q = 9.5 kfl.  Therefore, these resonances will definitely drive
nicrowave instabilities during bunch coalescence. During the shutdown
of the Main Ring from 1985 to 1986, sleeve pieces with tapered ends are
installed inside the bellow pill boxes so that a bunch will see a
smooth transition from one beam pipe to another. As is verified by the
wire measurement experiment discussed later in Section 12.4, the four
resonances will be completely shielded off and the bellow systems will
no longer contribute significantly to the impedance of the machine.

Beam Position Monitors

There are about M = 216 beam position monitors in the Main Ring.
They are rectangular in shape, £ = 11.75 cm in length, slant cut dia-
gonally and terminated at the center by a resistance of 25 ohms. A
typical horizontal monitor is shown in Fig. 12.3.4a. We try to approx-
imate it by two half-cylindrical strip plates each with an open angle
¢o = 7. Each plate can then be viewed as a transmission line with
respect to the beam pipe, (Fig. 12.3.4b). The characteristic impedance

Zc is taken as 25 ohms also. At very low longitudinal frequency w,
the input impedance Z; seen at one end of the plate is nearly Z. and
therefore there will not be any reflection. If we keep the lowest

reactive term,
Z; = Zo(1-jwé/2c). (12.3.13)
For a beam current of the form I(t) = Iweth where w is small or
more precisely wf€/c << 1, the image current sees a voltage V, at the
upstream end and a voltage V4 at the downstream end. They are
Vu = Z2i(go/2m)I(t), (12.3.14)
V4 = -Z; (fo/2M)L(t-£/fc), (12.3.15)

where fc is the phase velocity of the beam current. The voltage seen
by the beam is therefore
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Vo= (go/27) (Vy - V4), (12.3.16)
V=25 ($o/2M)2[1(t) -I(t-€/fc)]. (12.3.17)

The extra factor of $,/27 comes about because the interaction on the
beam comes from the plate which surrounds only ¢,/27 of the bean.
Putting in Zi and I(t), we get

Vo= 21y (bo/2m) 2(1-jub/c) [1-e-iwl/Pey . (12.3.18)

Thus, for one plate, the impedance seen by the beam at low frequencies
is 7, = V/I, or

ZL, = Le(fo/2m)2 (Wl fe) (j+ubfc) . (12.3.19)

The total impedance for 216 monitors or 432 plates is therefore
Z/n = (j0.317 + 3.73x10-5n) ochns. (12.3.20)
At high frequencies, the plate can accept resonances with the
standing waves having a node at the middle because the termination

impedance there does not absorb any power and the resonances will not
be disturbed. In other words, the possible resonating wavelength is

Ap = 0d/2, (12.3.21)
where m = 1, 3, 5, ... This relationship can also be obtained by
equating the input impedance

Zi = jZocot(wh/c) (12.3.22)

of the open-ended transmission line to infinity. To compute the shunt
impedance, we include a small surface impedance per unit length

R = 1/($obdo), (12.3.23)

where b is the radius of the cylindrical monitor plate, ¢ the conducti-
vity and § the skin depth. Then, in Eq. (12.3.22), 1/c, which is equal
to (LC)l/2 where L and C are the inductance and capacitance per unit
length of the plate, should be replaced by

1/c = {[L + (1+;)R/jw]C}/2. (12.3.24)

Assuming that R£ << Z. = (L/C)1/2, Eq. (12.3.22) is expanded in the
vicinity of the resonance frequency wp = mrc/f to become

272 /R
171« j (2ur3_/RE) (w/u_-1)

(12.3.25)
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We can then read off the shunt impedance Zg} and the quality factor @,
Zsh = 222/R , Q= mmZ /R, (12.3.26)

or
Zsh/Q = 2Z;/nmT. (12.3.27)

It is interesting to point out that ZghL/Q, as given in Eq. (12.3.27),
depends only on the characteristic impedance of the plate and is inde-
pendent of its actual shape provided that the plate is terminated at
the middle by an impedance equal to Z.. The results for the first four
modes are listed in Table 12.3.2. We see that the contribution of the
first mode is the largest; Zg,/Q = 6.9 ki for 216 monitor systems or
432 monitor plates.  Although the most stringent limit for the Main
Ring is ZghL/@ = 9.5 kfl, the crudeness of our estimation tells us that
this mode should be considered dangerous.

Kickers

The Main Ring contains extraction kickers for transferring protons
and antiprotons to the Energy-Saver and protons for antiproton-produc-
tion, abort kicker for protons, and also injection kickers for trans-
ferring protons from the booster and antiprotons from the accumulator.
These kickers are of the form of window-frame magnets either of size
2" X 6" and length £ =1 mor 1 1/2" X 3 3/8" and length £=1.9 m. If
the beam passes through the center of the magnet, the magnetic flux it
links inside the magnet just is equal the return flux it links outside
the magnet. In other words, there will not be any voltage induced on
the beam by the magnet. If the beam deviates from the central axis by
X,, the flux it links is (Fig. 12.3.5)

¢ = polx(xct/h), (12.3.28)

where h  is the height of +the magnet whose width is w, Iy the current
in the magnet windings, and gy the permeability of free space. There-
fore, there is a mutual inductance of M = pox,€/h between the horizon-
tally deviated beam and the kicker current. Thus, the beam current Iy
induces a voltage Vy = jwM in the magnet windings, which in turn induce
a back e.n.f. jwMVkéZk on the beam. The impedance seen by the beam is
therefore 7y, = -wdM2/Z),. Here, 2y = juwl + Zg 1is the impedance of the
magnetic circuit; the first term is the generator impedance including
cables while the second term with the inductance equal to pow /h is the
inmpedance due to the magnetic fields it produces. If one neglects Zg
one gets 2.

Z,/n = Zox8€/RAp, (12.3.29)

where Zg = 377 I, Ay = wXh the cross sectional area of the window-frame
magnet, and R the mean radius of the Main Ring.
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Taking the horizental dispersion funetion #® ~ 5 m and
JBUP/p ~ 10'3, the deviation of the beam is x5 ~ 1 mm. However, at
injection, the beam has a 95% betatron emittance of 2.5 mm-or or a
transverse spread of ~1.58 cm. Taking the latter as x,, we obtain for
the Main Ring kickers at low frequencies Zy/n = 0.03 f}, which will be
to small for instability.

Lambertsons

Lambertson magnets are required for the injection and extraction of
the particle beam. The cross section of a typical Lambertson is shown
in Fig. 12.3.8a. The beam will see laminations of thickness
7 ~ 0.953 cm separated by gaps or cracks A ~ 28.6 um. There are two
Lambertsons each of length 120" at EO, two Lambertson each of length
204" at FO, one Lambertson of length 90" at A0 and two Lambertson each
of length 181" at CO. In total, the Lambertsons occupy a length of
L = 1016"; or there are roughly N ~ 2.71x104 laminations. The lamina-
tions are approximated as annular rings of inner and outer radii b = 1"
and b+d = 2" respectively and are shorted at the outer end as shown in
Fig. 12.3.6b. The relative magnetic permeability and the conductivity
of the lamination are taken as g1, ~ 100 and of, ~ 0.5x107 mho/m respect-
ively. The dielectric constant and conductivity of the material fill-
ing the cracks are taken as €] ~ 6 and ¢7 ~ 0.01 mho/m respectively.

Each crack can be viewed as a transmission line. The impedance
seen by the beam is contributed by the image current flowing around
each lamination and also field penetrating intoc the cracks. At fre-
quencies, f << ypc/(70A2Zy) or ~6 GHz, the former contribution domin-
ates. Similar to the resistive wall derivation, the longitudinal impe-
dance is

21, = (1+j)Nén(1+d/b)/ (760), (12.3.30)

where ¢ 1is the skin depth in a lamination. This amounts to
Z,/n = (1+j)11.6n"1/2 .

If we further approximate the crack to be a parallel plate trans-
mission line of width 27b, the first resonance can be estimated. The
impedance per unit length along the lamination is z = (1+j)/(7ds) while
the admittance per unit length is y = jwe,€1A/27b where €, is the per-
mittivity of free space and the conductivity of the medium has been
neglected. The wave going into the crack has the propagating constant
g = (yz)l/g. The first resonance is roughly given by Im(27yd) = 7.
Putting in the data, we obtain 9d = (1.11+j2.69)f3/4, where the fre-

quency f = w/27 is__in GHz. The characteristic impedance 1is Z. =
(z/y)1/2 = 0.0615ei37/8§1/4  Thus, the first resonance is at 0.488 GHz
where |Z.l = 0.0736 Q. The impedance seen by the beam is
Zi = Zctanh(7d). An estimate of tanh(7d) at resonance is (l+e=28)/(1-
e 2®) or 1.74, where a = Re(1d). Therefore, for all N ~ 2.71x104
laminations, the shunt impedance 1is Zgp = 3470 {l. The quality factor
is @ ~ 4/26 or ~14. An actual numerical computation gives the first
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resonance at 0.47 GHz with shunt impedance 3460 Q. The wall impedance
increases with frequency; so we expect the higher resonances to be
damped heavily and will appear as ripples only. This is verified by
the numerically computed impedance shown in Fig.12.3.7.

Summary

The contributions to the longitudinal impedance estimated in above
are plotted in Fig. 12.3.8 and listed in Table 12.3.3. We see that
near cutoff frequency, the most important contributions come from the
bellow housings and the beam monitors. They are big enough to drive
microwave instabilities. If sleeves are installed inside the bellows
to smooth out the steps and shield off the pill-box structure, all the
bellow contributicn will vanish. In that case, the beam monitors will
become the most dangerous threat to stability.

12.4 Wire Measurement Experiment

A wire carrying a current is placed inside a beam pipe to simulate
the effect due to a particle beam. The potential difference across the
wire will give a measure of the impedance due to the discontinuities of
the beam pipe. Such an experiment had been carried out by J.

Reidl2.4.1,

Experimental Setup

Four sections of the Main Ring beam pipe about 26" long with flang-
es were configured to simulate different devices. Pipe A is the stand-
ard 2"X4" rectangular beam pipe with flanges at each end and was used
as the reference (Figs. 12.4.1a and 12.4.1b). Pipe B is a Main Ring
bellow system inside the same beam pipe as A (Fig. 12.4.1c) and Pipe C
consists of exactly the same bellows as B but with sleeve pieces inside
connecting the side pipes and shielding the bellow ripples and pill-box
structure. Pipe D contains a Main Ring bellow system which includes a
beam monitor (Fig. 12.4.1d); the detector can be vertical or horizontal
and the system can be assembled with or without sleeve pieces.

A wire of 1/16" diameter was strung down the center of the standard
pipe. The characteristic impedance of this wire in the rectangular
beam pipe is approximately Z. ~ 216 fi. To match this characteristic
impedance toc the 50 fi RG58 cables on each side, a minimum less L-pad
matching network was installed on each side as in Fig. 12.4.2a. 1In
order that signals coming out of the beam pipe see 216 {l, we need

1/(1/Z9+1/50) + Z; = 216. (12.4.1)

In order that signals from the RG58 cable entering the beam pipe to see
50 1, we need

1/(21+216) + 1/Bg = 1/50. (12.4.2)

These give Zj = 189.357 fl and Zg = 57.035 {l. The actual best match was
accomplished by choosing Z7 =191 1 and Zg = 57 }.  This match is ex-
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tremely important because we do not want any reflection from each con-
nection between the beam pipe and the RG57 cable, so that the whole
system with the standard pipe A will not introduce any voltage drop
except at the L-pads which can be computed. At the input end, the
attenuation is

a; = 216/(Z; + 216), (12.4.3)
which is 0.4683 or -5.502 db. At the output end, the attenuation is
ap = 23/(Z1 + 23), (12.4.4)

where Z3 is Zg and 50 I in parallel. Therefore, ap = 0.1224 or
-18.178 db. Thus, a signal passing through the system will show an
attenuation of -23.68 db. If there is a discontinuity in the beam
pipe, for example, a bellow housing or a beam monitor, contributing an
impedance 7%, a signal with a voltage Ej entering the beam pipe will be
reflected at the discontinuity with a reflection coefficient

(ZC+Z) - Zc

g = @ +2) 7L ' (12.4.5)
c c

so that the wvoltage at the beginning of the discontinuity 1is

Eo = (1+p)E;. Then, the voltage at the end of the discontinuity is,

from Fig. 12.4.2b, Eg3 = Eoi./(Z.+Z). The additional attenuation is

defined as a = Eg/Ey. Therefore,

a = 2Z./(22.+2), (12.4.6)
or the impedance of the discontinuity is
Z=270.(1-a)/a. (12.4.7)

Two different network analyzers were employed. An HP model 8754A
was used for frequencies up to 1.36 GHz, while to freguencies up to
3.56 GHz, a modified versien of the HP 8410 automatic network analyzer
with HP accuracy enhancement pac was used.

The results of the test pipe <calibration is shown in Fig. 12.4.3.
The results show how well the impedance matching was. At high frequen-
cies, the calibration curve exhibits some variations. This is in fact
expected. The resistors used in the L-pads are of the 1/4 watt Allen
Bradley type. At high frequencies, they are not just pure resistors
anymore and therefere the matching will not be exact. Figure 12.4.3
also defines the resolution of the setup, which was approximately
1.5 db corresponding to ~81 {I. Since the purpose of this measurement
was to look for large impedances, such a resolution was acceptable.

Results of Measurement
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Replacing the reference pipe with Pipe B containing the Main Ring
bellow housing, the results are shown in Fig. 12.4.4a and
Table 12.4.1. We see that the results agree with the predicted estim-
ates in Section 12.3, which are also listed alongside for comparison.
The only resonance that does not agree is the fourth one. But the
experimental setup was not designed to give consistent large impedance
magnitudes in the upper frequerncy range. This is due to the ill-be-
havior of the Allen Bradley resistors and also in part due to the
mechanical placement of the wire and associated pieces of the beam

pipe.

We need to peint out that a wire inside a beam pipe can support TEM
mode which has no cutoff frequency. In other words, any resonance
fields inside the bellow housing can leak away alcong the beam pipe
although the frequency is below the TM-mode cutoff frequency of the
beam pipe. As a result, the quality factors measured here will be very
small and they have nothing to do with the quality factors of the re-
sonances excited by an actual particle beam which does not support any
TEM mode. As a result, the measured shunt impedances will be very much
smaller also. The only meaningful quantities to look at may be Zgp/R.

Using Pipe C with sleeve pieces shielding the bellow ripples and
the pill-box discontinuity, the results are shown in Fig. 12.4.4b.
Here, there are no measurable modes up to 3.5 GHz.

Pipe D containing the Main Ring horizontal beam detector assembly
was first measured with no sleeve. Figure 12.4.5a and Table 12.4.2a
show the results. We see that the lowest resonance mode is at 794 MHz,
very much lower than the estimated 1.2 GHz. This may be because the
estimation was made assuming two straight cylindriecal strips of length
11.75 cm. The actual beam monitor is diagonally cut (Fig. 12.3.4a)
with a cut length of ~15.53 cm. Together with some end effects, this
may be able to support a mode of wmuch lower frequency than 1.2 GHz.
Thus, the former estimates may have been too crude for comparison here.
On the other hand, the lowering of the resonance frequency may be due
to the geometry of the experimental setup and the presence of the wire
instead of a beam. From Table 12.4.2a, we see that Zg}/Q decreases
roughly like 1/m for m =1, 3, 5, ... In any case, for 216 monitors, a
Z2sh/Q = 4.5 k@ or 9.7 kil is definitely too large for the stability of
the beam.

With sleeve pieces installed, the measurements of the horizontal
beam moniter are shown in Fig. 12.4.5b and Table 12.4.2b. The lowest
and most dangerous mode at ~800 MHz appears to have been damped, but
the second mode is not and is therefore still a threat to stability.
The mode at 2.1 GHz disappears.

Conclusions
The addition of the sleeves inside the Main Ring bellows is dram-
atic. It eliminates all measurable modes up to 3.5 GHz. The addition
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of sleeves in the beam monitor is less dramatic. Although the ~800 MHz
mode is suppressed and the 2.1 GHz mode is eliminated, the 1.6 GHz mode
is still a threat to stability.

We need also to keep in mind that a wire inside a beam pipe is
nevertheless different from an actual particle beam. For example, with
the wire there is a continuum of TEM modes which are certainly not
present when the wire is replaced by a particle beam. As a result, the
results of a wire-measurement experiment can only be considered as a
guide or reference.

12.5 Measurement of Impedance by Debunching

When the RF voltage is turned off suddenly, the once bucket-matched
bunch will start to shear because particles with different energies
travel with different angular velocities. The bunch becomes longer and
longer while the energy spread becomes smaller and smaller with the
bunch area unchanged. According to the microwave stability criteria,
Egs. (12.1.10) and (12.1.13), the critical Zp/n « op if the driving
impedance is a broad band and the critical ZghL/Q « ag if the driving
impedance is a narrow resonance. Thus, a time will reach when the
bunch becomes unstable. From the microwave signals measured during the
growth, we can determine the longitudinal impedance in the ring that
drives the instabilityl2.5.1

Such an experiment was carried out by Jim Crisplg-g’-2 for the Main
Ring.

The Experiment

Nine bunches each of intensity N = 0.636x1010 protons were acceler-
ated to 150 GeV and were left in buckets with RF voltage equal to
Vpr = 1.079 MV. The RF voltage was turned off suddenly and the bunches
tended to shear. When the energy spread is small enough, Landau damp-
ing failed and microwave signals started toc grow.

A coaxial directional coupler designed by Jim Griffinl2.5.3 was

used to pick up the microwave signals. The detector consists of two
concentric pipes a quarter wavelength long having a characteristic
impedance of 12.5 {1, Each end has four symmetrically spaced 50 0

ports. The signals were transported from the enclosure via a 177 nsec
long 7/8" heliax cable. A spectrum analyzer in the zero-span mode was
used to monitor the amplitude of the 31st harmonic of the RF
(fyw = 1.646 GHz). Zero-span mode basically plots the amplitude of the
signal that passes through an equivalent filter with the center fre-
quency and bandwidth specified. The peak detector was not used because
it has the disadvantage that the signal must overcome the diode forward
voltage drop before it can be detected, whereas the spectrum analyzer
has a linear response to small signals and a logarithmic scale. The
photos in Fig. 12.5.1 compare the displays of the spectrum analyzer and
peak detector for a typical run. The diode detector indicates a time
of 60 msec for the onset of the microwave growth but the analyzer shows
a clear minimum at about 30 msec.
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Theory

The original bunch has RMS time spread and energy spread &4 and df
respectively. After time t, they become 04 and o respectively. Any
particle with an energy AE bigger than the synchronous particle will be
ahead of it by an extra time

AT ~ nt(AE/E), (12.5.1)
where 9 is the frequency dispersion (or frequency slip) parameter. A

particle at the RMS bunch width o, will come from the center of the
original bunch with an excess energy equal to #g, or

o7 ~ 9tdg/E. (12.5.2)

Remembering that o,0f being proportional to the bunck area is equal to
6,0, the stability criteria of Egs. (12.1.10) and (12.1.13) become

A (21)3/203(6E/e)
[n_] b = eN ’ (12.5:3)
and
2
7 46°(8/e)
[“Ethz e (12.5.4)
470 Mpy

where N is the number of particles in a bunch with average current Iy
and t, is the time when instability starts. Thus, knowing t,, the
magnitude of the driving impedance can be computed.

Results Analysis
1. Bunch shape

The stability criteria used in the above are for a Gaussian bunch
only. Thus, one should check whether our bunches are Gaussian or not.
A typical bunch shape is selected and is fitted by a Gaussian curve
with RMS time spread §; and also a parabolic curve with maximum half
spread #. The results are shown 1in Fig. 12.5.2 The normalized sum of
deviation of the Gaussian fit i1s about ten times less than that of the
parabolic fit. So we accept the bunch to be Gaussian. The best RMS
time spread obtained is d; = 0.635 cm. The RF voltage was 1.074 MV.
This leads to a RMS energy spread of &g = 0.0192 GeV and a bunch area
of 6rd,df = 0.230 eV-sec.

2. Starting time of growth

As seen in the stability criteria of Egs. (12.5.3) and (12.5.4),
the starting time of growth t, is very crucial to the determination of
the driving impedance. From Fig. 12.5.1 it is clear that the bunch is
unstable at 30 msec, but the actual growth may have started before

that.
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In order to determine t, more accurately, the growth rate is com-
puted as a function of time from a dispersion relationl2.5.3, At time
t = to(1+x), the logarithmic power growth 1is proportional to the
function F(x), which is plotted in Fig. 12.5.3 By comparing the maxi-
mum slope at x = 2.25 and the change in slope from x = 0 to 2.25 with
the actual logarithmic growth measured in Fig. 12.5.1 we cenclude that
the starting time of growth is t; ~ 20 msec.

3. Overlapped bunches

Two adjacent bunches start to touch each other when the half bunch
length VB0s is equal to the half length of a bucket #/hw,, where h is
the RF harmonic and wy,/27 is the revolution frequency. Putting this
into the left side of Eqg. {12.5.1) and letting AE equal to the half
energy spread of the bunch VB#E, the time when two adjacent bunches
touch each other is

t = 7/ [nhw, (VBR/E) ], (12.5.5)

which gives 9.3 msec. Thus, when instability starts at ~20 msec, two
adjacent bunches overlap completely. We are faced with two questions.
Which energy spread should we used in the stability criteria? If we
use the actual energy difference between the two bunches other than the
energy spread o of one bunch, the bunch will be much more stable,
(Fig. 12.5.4). Should we take the sum of the currents of the two
bunches as the current in the c¢riteria; the bunch will then be less
stable.

This problem can be solvedl2.5.4 by examining two coasting beams
one with revolution angular frequency wjy and the other wg and each has
a RMS angular frequency spread of oy, We also assume that o, << Aw
where Aw = lwj-wol.  Imagine =a small perturbing longitudinal current
wave of the form IleJ(ﬂt“ne) where 6 is the azimuthal angle around the
accelerator ring. If the coherent frequency fl ~ nwy, it will set the
particles in the first beam to oscillate with harmonic n and eventual-
ly lead to a growth if the frequency spread ¢, is not big enough to
destroy the coherency. Since o0y, << Aw, the particles in the second
beam will not be affected. O0n the other hand, if the coherent frequen-
cy of the perturbation is I ~ nwp, it can only drive a growth of har-
monic n in the second beam while the first one is not affected. Thus,
the stability criterion is for one beam only; i.e., it involves gy, or
OF instead of Aw or AE, and the current is the local current of one
bunch only. In other word, the stability criterion remains unchanged;
it is exactly that for one bunch. An actual solution of the Vlasov
equation for two overlapped bunches give a stability curve that wraps
around the origin of the (Al/n)2-plane two times as in Fig. 12.5.5,
where the stability curve for one bunch is also shown for comparison.
Take the situation when the driving impedance is capacitive and above
transition. The stability point for one bunch is the point A. For two
bunches, there are two such points A] and Ag, where the stability curve
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crosses the negative imaginary (Aﬂ/n)gwaxis twice. In fact, these two
points coincide each other and are very close to the point A if
0y << Aw. Note that the points Ay and A9 correspond to very different
coherent frequencies {l, the different being ndw.

4. Determination of driving impedance

Having the correct stability criterion and knowing the starting
time of growth, the driving impedance can now be computed. Here, we
assume that the driving impedance 1s the peak of a broad band or a
narrow resonance; or it is real. Therefore, it corresponds to the
points By or By on the stability curve of Fig. 12.5.5 and are about
1.434 times (for Gaussian beam only) farther away from the origin than
the points A or Ag, for which the stability criteria of Egs. (12.5.3)
and (12.5.4) are derived. When this {factor of 1.434 is included, we
obtain at 1.64 GHz, Z1,/n = 8.6 1 for a broad band and Zgy/§ = 6.4 kil
for a narrow resonance. In the impedance estimation of Section 12.3,
there is not any broad-band impedance around 1.64 GHz. Therefore, the
driving force may come from sharp resonances. Possible candidates are
the first resonance of the beam monitors with ZghL/Q = 6.9 kil at
~1.28 GHz and the second bellow-housing resonance with Zgy/Q = 2.4 ki

at ~1.6 GHz.

We want to point out that, since the starting time of growth t, is
not evident from Fig. 12.5.1, its theoretical determination in above is
not without controversy. Any change in t, will affect the final
results for the driving impedance. For this reason, the computed
results may include some big inaccuracy.

.



12,

12.
12,

12.

et
W N

12.2
12.2

12,
12.
12,
12,
12,
12,
12.
12,
12.

12.

o
1=

DT W W w
OB o O QRO e

Do =

REFERENCES

A. Hofmann, Proceedings of the First Course of the Interna-
tional School of Particle Accelerators of the ’Ettore
Majorana’ Center for Scientific Culture, Erice, 1977, p.139.
E. Keil and W. Schnell, CERN Report ISR-TH-RF/69-48 (1969).

S. Krinsky and J. M. Wang, Particle Accelerators 17, 109
(1985).

If we include only the real part of the resonance and let §
tend to infinity, this criterion can be obtained easily.
However, the neglect of the imaginary part which carries a
long tail is a violation of causality.

K. Y. Ng, Fermilab Report TM-1383.

S. Y. Lee and J. M. Wang, IEEE Transaction on Nuclear Science
NS 82, 2323 (1985).

K. Y. Ng, Fermilab Report TM-1388.

K. Y. Ng, Particle Accelerators 16, 63 (1984).

T. Weiland, DESY 82-015, 1082.

T. Weiland, DESY M-82-24, 1982.

G Nassibian and F. Sacherer, CERN/ISR-TH/77-61.

J. Reid, Fermilab Internal Report.

K. Y. Ng, Fermilab Report TM-1389.

J. Crisp, Fermilab Internal Report.

B. A. Prichard, J. E. Griffin, R. F. Stiening and E. Wilson,
Fermilab EXP. 74, 1975.

K. Y. Ng, Proceedings of the Second Conference on the Inter-
section between Particle and Nuclear Physics, Lake Louise, May
26-31, 1986, p. 401.

-23-



—.bz_

Table 12.2.1

Coalescence cf 7 proton

bunches at 150 GeV

Vpp lowered 7 bunches in End of 90O Recapture VRE increases
Start to match h=53 bucket rotation into h=1113 before
bunch bucket extraction
Longitudinal 0.20 eV-sec 0.20 eV-sec 1.40 eV-sec 2.20 eV-sec 2,20 eV-sec 2.20 eV-sec
emittance 6Wor o]
Tk
w/boz 1.34 ns 9.42 ns 65.9 ns 8.89 ns 8.89 ns 4,90 ns
v6oy, (/603 /E) 47.6 MeV 8.31 MeV §.31 Mev 61.5 MeV 61.5 MeV 143 Mev
(3.15x10'4) (5.51x10"2) (5.51x10-3) (4.10x10-4) (4.08x10-4) (9.46x10-4)
VRF 1,50 MV 2.30 kv 22 kv 22 kv 0.12 My 1.0 Mv
h 1113 1113 53 53 1113 1113
V, 2.24x1073 8.72x1072 5.91x10™° 5.91x1072 1.24x10"3 1.83x10"3
Number per bunch ]..2x1010 l.leOlO 8.4x1010 8.4x1010 &4x1010 a4x1010
Microwave
stability limit
Z;/n (broad band) 31.80 6.840) 6.84() 50.50 50.502 1500
Zsh/Q (narrow) 310 kQ 9.45 k2 9.45 kQ 74,0 kQ 74,0 k{2 399 k)
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Table 12.2.2

Coalescence of 13 antiproton bunches at 150 GeV

Vpyp lowered 13 bunches in End of 90° Recapture Vpp Lncreases
Start to match h=53 bucket rotation into h=1113 before
bunch bucket extraction
Longitudinal 0.20 eV-sec 0.20 eV-sec 2.60 eV-sec 4,08 eV-sec 4,08 eV-sec 4,08eV-sec
emittance 6"°EUE
V@b% 1.34 ns 9.42 ns 122 ns 8.89 ns 8.89 ns 6,68 ns
ooy, W60y, /E) 47.6 MeV 8.31 MeV 8.31 MeV 114 MeV 114 Mev 195 MeV
(3.15x107%) (5.54x1073) (5.54x10"9) (7.61x107%) (7.61x10=%) (1.29x10"3)
VRF 1.50 My 2,30 kV 22 kv 22 kV 0.46 My 1.0 MV
h 1113 1113 53 53 1113 1113
Vs 2,34x1073 8.72x107° 5,91x10"3 5.91x105 1.24x10"3 1.83x10-3
Number per bunch 8x107 8x107 1.04x10%1 1.04x1011 1x1011 tx10tl
Microwave
instability limit
Zp/n (broad band) 47.8Q2 10.30 10.30) 1410 1410 3180
Zsh/Q {(narrow) 323 k€L 14.0 k2 14.0 K 204 kQ 240 kR 620 k[
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Table 12.2.3 RF maneuvering of proton bunches for p production
Vipy reduced and VRF raised to &4 MV
120 GeV flat top bunch rotates to bunch rotates for
max time spread 90°
Longitudinal 0.2 eV=sec 0,2 eV=-sec 0.2 eV=sec
emittance 6ﬁ0%ot
./Eo;i_ 1.11 s 4,02 ns 0.31 ns
f6o, (+/655,/E) 57 .4 MeV 15,8 MeV 208 MeV
(4.74x10™%) (1.31x107%4) (1.72x1073)
Voy & MV 300 kv 4 My
Bucket height 314 MeV B85.4 MeV 314 MeV
Yo 0,00405 0.00112 0.00405
Number per bunch 2.4x1010 2.4}:1010 2.4x1010
Microwave
stability limit
Z;/n (broad band) 23,902 6.61 2 86.7
Zgy/Q (narrow resonance) 281 k(2 21.4 kO 3.69 M2




Mode Resonance Transit (zsh/Q)/T A h/Q
frequency factor s
(GHz) T () (e

p=20 1.603 (1.57) 0,030 250 6.16 (2,38)
p=1 1,919 (1.,84) 0.202 254 51.3 (37.0)

p =2 2,481 (2,42) 0.232 111 25.6  (24.3)

p =3 3.261  (3,14) 0.242 48,7 11.8 (258.9)
Table 12.3.1 The four lowest resonance modes of a Main Ring bellow

housing approximated as a closed pill box. The fifth
column shows Zsh/Q without consideration of transit-time
effect, Results of numerical computations using TBECI

and URMEL are enclosed in brackets,
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Mode Rescnance Quality Z h/Q for 216
frequency factor monitors
(GHz) (k)
m=1 1.28 1260 6.9
m= 3 3.84 2190 2.3
m=5 6.40 2830 1.4
m= 7 9.00 3340 1.0
Table 12.3.2 The lowest resonance modes of 216 Main Ring beam

monitors estimated as cylindrical strip plates.
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Low frequency

High frequency

IZL/nI ZL/n o? Zsh/Q
Resistive wall 1.10 ohms
Bellow Systems 2,46 ohms Zsh/Q = 37 kN
Beam monitors 0.32 ohms Zsh/Q = 6,9 k()
Kickers 0.03 ohms
Lambertsons 0.81 ohms ZL/n = 0,35 ohms
Total 4,72 ohms
Estimated limits 7.2 ohms ZL/n = 6,6 (2

Zep/Q = 9.5 k2

Table 12.3.3 Various contributions to the longitudinal impdedance of

the Main Ring. lEL/nI is an average of Z;/n over the

bunch spectrum,

bunch coupled=mode instabilities.

This quantity will drive the single

The high frequency

contributions will drive the microwave instabilities.

The limit ZL/n occurs during preparation for p-production

while the limit Zsh/Q occurs during p=-bunch coalescenca.

See Section 12,3 for details.
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Frequency Q Zsh Z.n/Q
(MHz) (kL) )
1820 (1570) 183 0.269 1,47  (2.4)
2050 (1900) 1620 25.0 24,4 (37.0)
2536 (2400) 1000 29.7 29.7 (24,3
3109 (3100} 1036 2,20 2.1 (28.9)
3188 708 1.35 1.9
3270 1090 2.2 2.0
Table 12.4.1 Wire measurement results of one bellow

housing without sleeve pieces. The estimated values of

Section 12.3 are included in brackets.
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Frequency Q Zeh Zsh/Q
(MHz) (k8D (D
794 53 2.4 45,0
1591 796 8.5 10.7
2103 280 2.7 9.8

(a)

Frequency Q Zeh Z 1/
(MHz) (kD ()
845 70 0.4 5.7
1685 337 3.9 11.6

(b)
Table 12.4.2 Wire measurement results of one

beam monitor system (a) without sleeve pieces and

(b) with sleeve pieces,
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Figure 12.1.1 A perturbing longitudinal density wave. Space-charge
force will increase the energy at the front of the

wave crest A and decrease the energy at the back B,
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Figure 12,1,2 Stability curve of a Gaussian bunch in the (df),/n)z-plane.

V and U are the real and imaginary part of (ﬂﬂ,/n)z.
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Figure 12.3.1 (a) Low frequency magnetic flux (dots) is trapped

in the pill box after the passage of a particle whose electric fields
are shown as solid arrows. (b) When g s» 2(d=b), only the flux near

the corners is trapped; the flux in the middle leaks away.
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Figure 12,3.4 (a) A horizontal beam monitor,
(b} A monitor plate is terminated at middle by Zeo
A beam sees a voltage Vu and one Vd at the

upstream and downstream ends.
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Figure 12.3.5 The cross section of a window magnet showing
the beam deviating from the center by a distance Xge The

magnet current element is cross-hedged.
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Harmenic n
Various contributions to the longitudinal impedance/harmonic ZL/n

of the Main Ring, Solid cuxrves represent the real parts and

dashed curves represent the imaginary parts,
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Figure 12.4,1

(a) (b)

(c) (<)

Zeam pipe sections te be rested, (a) Pipe A: a section of “he

the standard beam pipe to be used as a reference, (b) An =nd
view of Pize A. (c) Pipe B (or C): the standard beam pipe cgir-
taining a typical bellow housing without (or with) sleeve piecus.
(dy Pipe D: the standard beam pipe containing a beam noniror

system with or without sleeve pleces.
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Figure 12.4.2a Circuit diagram matching network.

Z

216 ohms

Figure 12.,4,2b
a discontinuity impedance Z,
is equal to the incident voltage E1

where [4 is the reflection coefficient.
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Voltage attenuation along the beam pipe due to
The voltage E, before the discontinuity

plus a reflected voltage PEL’
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of the reference pipe to the 30 ohm cables. Note
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(a) Zero span mode 10 MHz bandwidth analyzer.
Scales are 5db/div and 20ms/div.

{(b) Diode detector. Scales are 2V/div and 20ms/div.

Figure 15.5.1 Comparison of the starting growth times by zero-span

analyvzer and dicde detector
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Figure 12.5.2
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Bunch length in nsec

Bunch shape fittings,
Dot-dashed curve is the best parabolic fit with half bunch
length = 1,278 nsec. Dashed curve is the best Gaussian fit

with RMS time spread 3;= 0.635 nsec,
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Solid curve is the measured bunch shape.
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Figure 12,5.3 The normalized integrated growth rate F(x) of Eq. (4.5).

The turning point is at x=2,25 where the slope is 0.2194,
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Figure 12,5,4 Two adjacent bunches overlap each other during
debunching. Note that the frequency spread of
each bunch o, is very much less than the mean
revolution frequency difference dw for particles in

the two bunches at some azimuthal position.
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Figure 12,5,5

(a)

Threshold curves for (a) two overlapped bunches and (b) a
single bunch. 1In each case, the abscissa and ordinate are
the real and imaginary parts of(&ﬂolnowfrespectively. The
real coherent frequency shift ﬁk(AQ//éncw) is marked along

the curves. For (a), because of c¢larity, only half of the

curve ig plotted.
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