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Abstract

Theoretical examination is made of single bunch collective
effectsin the collider ring of a2 Tev x 2 Tev Mu-Mu Col-
lider complex. The situation involves an intense bunch, a
short bunch, a small momentum compaction, arather large
impedance for the rf system, and luminosity life timelim-
ited by muon decay to of theorder athousand turns. Theuse
in rings of techniques such as BNS damping, developed for
linear colliders, is discussed. Qualitative descriptions and
numerical simulation results are presented.

1 INTRODUCTION

The design of ahigh luminosity (2.5 x 102°cm~2 per colli-
sion) muon collider ring, from the perspective of thephysics
of collective effects, has some unique features which need
to be examined. (1) The bunch has alarge charge: N =
2 x 10%%. (2) The bunchisshort: ¢, = 3 mm. (3) The mo-
mentum compaction « isvery small: o < 107°. (4) Muons
have a very short lifetime: 7, ~ 41.6 ms at 2 Tev, corre-
sponding to a thousand “effective’ turnsin aring with the
circumference of 7 kilometers.

These featureslead usto some unusual aspects of thering
operation: theintense bunch required for the high luminos-
ity makesinstabilitieslikely and very small o requires care-
ful estimations of nonlinear corrections to the particle orbit
and to the collective dynamics.

Thelongitudinal equation of motion of aparticletraveling
in acircular machine can be written as

/

2= -né & =K(z), (1)
wherez isthe oscillationamplitudewith respect to thebunch
center, ” = d/ds, s measures distance around the ring,
§ = dp/p,mn = a — 1/4%, a = pdC/Cdp. The force
K (z) that aparticle experiences can be modeled as having
two parts, oneisdueto theradio frequency (rf) cavities, and
theother isfrom thewake fiel dsgenerated by theinteraction
between beam and cavities or other components of itselec-
tromagnetic environment,

K(2) = Krp(2) + Kuware(2), 2
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where
K.(2) = eV;4(2)/CE, €)

and
Kuare(2) = ~(r0/2€) [ Ca(W= — ). (@)

InNEq. 4),To = 27/wo = C/c, E = *ymﬂcz, ro =
e?/muc®, N = [dz/p(2’), and C = 2xR isthe circum-
ference of the collider ring.

In Eq. (3), when the amplitude of synchrotron motionis
small compared with therf wavel ength such that therf volt-
ageislinesrized as V,4(z) = ?sin(wrfz/c) ~ Vwrfz/c
and the momemtum compaction isexpanded asn = n; +
126 + 1362 (with the contributions from #; and 5s neg-
ligible), the synchrotron oscillation frequency isw;o =
(em chfT}/C'E')l/z.

The transverse equation of motionis

Y'(28) + (w5 /c*) y(z, 9)

= ~(ro/10) [ aZp(Wale — ol 519

In this paper, we discuss several single bunch collective
effects, andillustratethe impacts and the cures of collective
instabilitiesfor the muon collider. Some important smula-
tion results are presented.

2 STATIC EFFECTS

As a starting point we consider a TESLA-like rf system,
and a quasi-isochronouslattice which has s, = 10—, with
the contributionsfrom n, and n3 negligible. With abunch
lengtho, = 3 mm, o5 = 1.5 x 10~3 rmsenergy spread and
an 130MYV of L-band rf, themuon bunchismatched to therf
and a muon would undergo ~ .56 synchrotron oscillations
in onethousand turns.

2.1 Parastic Loss

The beam loses energy when it experiences the impedance
of therf cavities. Wemodel therf impedance by using Perry
Wilson's scaling formula for the longitudina wake func-
tion [1]. Explicitly, the wake function for the TESLA's rf
frequency, Wé(z < 0) = 226(fTESLA/fSLAC)2 X
exp[—(—zfresra/0.1839fs5.4c)% %], where



fTESLA = 1.3GHzandf5LAc = 2.856GHz. Casualltyre-
quires: W{(z) = 0if z > 0. Our sSimulation code computes
thewake voltage Viyare(2) = [ d2'p(z')W{(z —2'), and
theenergy lossAE = — ffooo dz ffooo dz' p(z YW{(z — 2').

The peak wake voltage is further scaled from Wilson’s
formula to give 17V/pC/m at 1o, for a Gaussian beam.
This choice of wake amplitude makes it consistent with the
TESLA rf cavity studies[2]. The beam-loading factor, de-
fined as Aé/particlelV, ;,is10% when only thecavity |osses
are included. The energy loss due to the resistive-wall are
estimated to roughly equal the rf losses [3], but have not
been explicitly included in our calculation. Other losses
have not been calculated, and may lead to anincreaseinthe
rf voltage. These losses will need to be replenished even if
the momentum compactionisreducedton; = 10~7, asmay
be required because of microwave instabilities.

2.2 Potential Well Distortion

The effects of radiation and diffusion of muons are small
in a muon lifetime (radiation damping time ~ 108 turns),
so that, unlikein electron rings, equilibriumis not achieved
by radiation damping. The intense muon bunch generates
significant wakes, and these wakes in turn cause significant
changes in the rf potential. This potential-well distortion
causes oscillation of the bunch center, bunch size, and dis-
tributionfunctionin the rf bucket. Fig. (1) showsthe oscil-
lationsof the rms bunch size and bunch energy spread. The
bunch centroid tendsto move forwardto ahigher rf voltage,
so that the energy loss can be compensated. As aresult, it
makes a counter-clockwiserotationin § — z phase space, as
shown in Fig. (2). The parasitic losses and the bunch cen-
troid shift are compensated for by injecting the beam with
an rf phase offset of 0.082 radians with respect to the bunch
center, as shown by the dashed linein Fig. (2).

3 COHERENT EFFECTS
3.1 Microwave Instability

The longitudina microwave instability is presently con-
sidered the most serious challenge to maintaining a short
bunch. Presently studiesare underway to examinethelimits
thisinstability places upon Z/n. Thering parameters obvi-
ously will not satisfy theKeil-Schnell criterion for stability,
but rather we hopeto reducethe growth rateto an acceptable
amount during the 1000 turns of beam storage. Specifically,
the growth rate and the damping rate of the longitudinal mi-
crowave instability of a short bunchis[4]

I
-1 _ [nlpZy /n 4 _
7-growth = no 27TE/€ ’ 7-damping = NWoTl0s, (6)

wheren = w/wo. If n = 107¢ and Z/n ~ 1Q, then for the
ringparameters, 7,7 ., ~ 8.Tnx 10735 tand ;- .~

0.4n x 10~3s~1. Theinstability growth rate is much faster
than the damping rate.

The microwave instability growth rate is weaker at
smaller n values, and the instability may require the lattice
to operate at 7 = 10~7. At this value of 5 the particles
barely move longitudinally, and the possibility and conse-
guences of compensating for the wake potentia with rf are
being considered. Inthe absence of significant longitudinal
motion the main problem is to maintain an energy spread
within the longitudinal acceptance of thering.

3.2 Beam-Break-Up

For times much shorter than the synchrotron oscillation pe-
riod, particlesare amost frozen longitudinally in the bunch,
and the transverse wakefield dynamics has many similari-
tieswiththat inalinac [5]. In alinac, the transverse wake
field generated by the head of the bunch drives the tail,
causing Beam-Break-Up (BBU). A dimensionless param-
eter that characterizes the BBU strengthis[6]

T(z) = Nro|(Wi(2))|e/4wpr, (7)

wherewg isthe betatron angular frequency, and (W1 (z)) =
[.7 d2'Wy(z — 2')p(z') isthe convoluted total transverse
wake function. Thetail of an off-axisbunch doublesitsoff-
set inanumber of turnsn ~ 1/7, solongasn < 1/2v;,
i.e., when the particl€' s synchrotron motion can beignored.
Here v, isthe synchrotron tune.

Simulation results for the BBU-like instability using a
resonator model are shown in Fig. (3). The main point is
that whilethemotionisunstable, itiseasily cured with only
asmall amount of BNS damping, as discussed bel ow.

3.3 Head-Tail Instabilities

When the transverse oscillation frequency is modulated by
the energy oscillation, the chromaticity, which is the slope
of the frequency to the energy, builds up a head-tail phase
that bootstraps from the first half synchrotron period to the
next, and drives the system into instability without thresh-
old. Thishead-tail instabilitiesoccursin both transverseand
longitudinal motions[7]. The effect of transverse head-tail
(THT) instability issmall whens; < 1076,

For the longitudinal motion, the longitudinal chromatic-
ity involvesthelowest non-linear part of slipfactor: n,. The
bucket height and the growth time of the longitudinal head-
tail (LHT) instability are both proportiona to 7, /n,. Dif-
ferent designs of thelattice lead to very different resultsfor
the geometry of bucket and the collective effects. It is as-
sumed herethat the contributionsof 7, and ns to the dynam-
ics are sufficiently small, even if 5, = 10~7, that they can
be neglected [8]. Simulationsindicate that the longitudinal
head-tail instability can be controlled by not alowing s /m:
to become too large. Detailed studies of the acceptable pa-
rameter ranges are underway.

4 DAMPING MECHANISMS

Since the synchrotron radiation damping is negligible and
the ring is quasi-isochronous (so that the effect of Lan-



dau damping is very small), neither of these are likely to
damp collectiveinstabilities. “Externa” mechanisms, such
as BNS damping, may be needed to cure the instabilities.
The BNS damping can be achieved by a radio frequency
quadrupol e (RFQ), which introduces a betatron tune spread
acrossthe bunch such that thebunch tail experiencesalarger
betatron focusing than the bunch head [6]. Fig. (3) shows
that the BBU-likeinstability isstabilized when asmall BNS
tunespread isapplied to thebeam. One should notethat, the
BNS damping works for the ring only when the potential-
wdll distortionis compensated by rf phase offset, such that
the bunch shape remains approximately stationary. Thisis
because the amount of BNS tune spread obtained from the
prescribed formula Avg(z)/vs = YT(z)/#vg, involvesthe
bunch’sdensity profile. To maintain the correct BNS detun-
ing condition, the bunch shape should not serioudly deviate
fromitsinitia state; otherwise, one needsto adjust the BNS
tunespread accordingly. Investigationsare underway to de-
termineif such an rf quadrupoleisfeasible. In addition, the
transverse chromaticity, which causes betatron tune spread,
may provide some Landau damping of the instability.

5 CONCLUSIONS

Varioussinglebunch collective effects have been examined.
Thelongitudina microwaveinstabilityis, at present, seento
be the greatest threat to maintaining the bunch length. Op-
eration at i = 10~7 isbeing considered, along with ideas
for compensating the energy variation induced by the lon-
gitudina wake. The transverse strong head-tail instability
with the small n is seen to be BBU-like and can be stabi-
lized by BNS damping. Other instabilitiesare not believed
to be severe over the short storage times.
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Figure 1: Scaled rms bunch size and rms energy-spread vs.
turn, whereat injection: z(0) = 3mm, §(0) = 0.15%. Note
that, 7, = 10~® andn; = 53 = 0.
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Figure 2: Center of energy-spread vs. center of bunch size.
The rf phase offsets are, ¢ = 0, 0.082 radian, for the solid
line and dashed line, respectively. Notethat, 5, = 107
andn, = n3 = 0.
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Figure 3: Blows up of the rms beam size, dueto the BBU-
like effect, where 1/v, = 1784. Notethat R,/Q =
18225(2), beawity = 1.3cm for the resonator model, injec-
tionerror Ay = 0.2cm, and T(1o,) ~ 0.017. After BNS
damping is applied, Avg(1o,)/vg ~ 6 x 1073, the beam
size fluctuates only dightly around 1 cm, a nominal injec-
tion beam size.



