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AN ANALYSIS OF BNS DAMPING TECHNIQUES IN
STORAGE RINGS AND COLLIDERS *

G. Penn, J.S. Wurtele, UC Berkeley / LBNL CBP, Berkeley, CA

Abstract The synchrotron frequency, is taken to be constant,

42 7.2 H
Transverse instabilities in linacs can be controlled by BN?hereasK = wp/c” is allowed to vary. The forcing term

damping, in which the transverse oscillation frequency is"” S from the wakefield generated colle'ctlvely. by the
chirped from the head to the tail of the bunch. It has bee?]arr:'de bunch. Here, the symbiolefers to differentiation

. . " lith respect tas. We assumey, < wg.
suggested that this technique could be applied to quagY We now define the complex transverse amplitude of a

isochronous rings, such as are proposed for a muon col- le particle. When there is no wakefield forcing term
lider. We adopt a reduced phase space model, taking av%%g arFt)icIe d ﬁamics are given b 9 '
ages over transverse coordinates and with proscribed lo P y 9 y

gitudinal synchrotron motion, to study the growth of trans- A 1/ 1, .
verse displacements of a bunch in the presence of synch#o= e ﬁe ) py = Re ﬁ <Z + 55 ) Ae
tron oscillations. )
Here, A is a constant, complex amplitud®, is a phase
1 MOTIVATION which satisfiesd’ = 1/3, and the beta function satisfies

. . the standard equation
Proposed parameters for muon collider require transverse

emit_tances to be very small. Mupns QO not .h.ave significant 233" — (5/)2 T ARK = 4. ?)

cooling from synchrotron radiation; in addition, very low

momentum compaction factors will be used to limit the RfWhen Fyr # 0, Egs. 1 and 2 can still be used to describe

requirements. For these reasons, coherent ring instabilitidsand its evolution:

need to be investigated in parameter regimes different from ,

present-day accelerators and may require new techniques to AVB e =y —i(By - B'y/2) (4)

control them. The beam dynamics resembles linac physics;

however, total storage time in a 2Tev 2Tev muon col-

lider will be comparable to the synchrotron period so the VB

longitudinal motion of the particles cannot be neglectedVote that the wake must be expressed in termd.of

In addition, collider designs may require beams to be very Collective dynamics are described by the Vlasov equa-

precisely targeted, a condition which will be increasinglyiion, f* = D f/Ds = 0, wheref (y, py, z, 4, s) is the phase

difficult to achieve as the emittance of the beam is mad@ace density anf?/ Ds is the convective derivative. Tak-

smaller. ing K = K(s,z,0) to be independent of the transverse

coordinates, we form moments of the Vlasov equation by
2 FORMALISM integrating over the coordinatgsindp,,. This yields equa-
tions in a reduced phase space, with reduced density

This work considers a simplified formalism for the analysis

of transverse instabilities. Key features.of this form_alism F(z,6,5) = / dy dp, f,

are the use of a reduced phase space, with only longitudinal

coordinates, and suppression of time scales shorterthan fhe, _ -/ _ [0/0s — 16D )0z + (2w?/nc*)0 /IS F.

synchrotron period and instability growth time. The trans- The “average” transverse displacemenis defined by
verse displacement of the beam is described in terms of a

complex amplitude which isolates the dipole moment, al- V(s 6 ) = 1 du d
though this can be generalized to higher order modes. (2,0,8) = / ydpy yf
The dynamic variables for individual particles aré, v, ) o
andp,. Instead of time, the variableis used, representing Note the linear number density jgz) = [do F. The
distance travelled in the ring. The quantity= AP/P is €quationt” satisfies is
the normalized momentum deviation, apgdis the trans- 1
verse anglely/ds. The equations of moti};n can be sum- YO+ KY = Fw,

marized as whereFyy is now the wakefield force from the dipole mo-
Pa— § = 2w?/nc? ment of the.beam. We next deﬁne a collective oscillation
, p amplitudeA in terms ofY” andY”, in exactly the same way
Y =Py py = —Ky+Fw (1) as for a single particle, and average over betatron oscilla-
* Supported by the U.S. DoE under grant No. DEFG-03-95ER-4093di0NS.

A = y" + Ky = Fyy. (5)
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3 SUPPRESSION OF FAST TIME 4.1 Unified treatment of detuning
SCALES Incorporating the effect of tune shifts into an overall head-
The complex amplitude satisfies tail phase allows for a unified treatment of ring dynamics,
including chromaticity, variable focussing, and more gen-
A = "o dz W(z — Z)/dg B3 F eral longitudinal dynamics. Aspects of the beam which
2 L cannot be directly modelled in this way are transverse amp-
{A ci(®=®) |+ eﬂ»(@r@)] (6) litude dependent tune shifts, and coupling between longit-
udinal and transverse motion.
where them = 1 wakefield forcing term has been ex- If we consider the weak beam limit where the synchro-
pressed as tron motion is the dominant effect, it is useful to use the
o } } o longitudinal coordinates,, ¢., wherez = r,cos¢,,
Fw(z) = L / dz W(z—Z) / ddYF. (7)) § = (w,r./nc)sing.. The longitudinal amplitude.. is

~ a constant of the motion, and the convective time derivat-
Here™ refers to quantities evaluatedza®, andV refersto jve can be expressed @/Ds = 9/0s + (ws/c)D/) 0.
the wakefield function integrated along the ring. Thend  |n the weak beam limit, modes having the forh =
A* terms arise from the real part Eﬁfexp(zq)) Note that A, (rz) ind: gre On|y Weak|y Coup|ed For an “air- bag
®— is a slowly varying quantity, because the difference ibheam model, where all of the particles have the same lon-

phase only arises from effects like chromaticity. Howevegitudinal amplitude, the mode frequency satisfies the equa-
the term proportional to1* is rapidly oscillating and will tjion

not contribute to the long-term evolution of the bunch.

An average over one turn results in wp—bwg = ——0 N ?{d@ ]{d@ (2 5)eiT—D)
e - 872 vago
0 /dez—z/d(SFAe v) (8) ] _ . 9)
27ng0 Without the head-tail phase, the wakefield only generates a

wherew is a normalization related to an “average” betdrequency shift, and there is no instability until the modes

function, and the head-tail phase averaged over a turn is Strongly couple. This corresponds to the strong head-tail
instability. However, when there is a head-tail phase, for

U(z,0) = — ?{ds [®(s,2,d) — P(s,0,0)] example from chromaticity¢f # 0), we recover the weak
L head-tail instability[2].
Equivalently,
U'(2,6) = @% 4.2 Parity of the head-tail phase
Cc

where( is the total tune of the ring for the reference orbltIn general, the effect of the head-tail phase depends
and we definedszo = 27Qc/L. 'strongly on the parity of the phase with respect to the en-

In going from Eq. 6 to Eq. 8, we integrated the produc?rgy deviations. Because the unperturbed beam is sym-

of the wakefield function and the beta function around thF—.ne'[rIC ing, a pk;erturbatlor? Wh'cl? |fs (I)éjd '_P elnergy W'”dg've
ring. Thus, it is clear that the “total” wakefield function is no net contri utlohn t%t el V\éa € Ieh hi 0 %\gesltl orler In
actually weighted by the beta function; the local value OPeam intensity, a head-tail phase which is odlwill only
BV (= — £ is replaced byc/uws0) W (= — ) to smooth out  C0UPIE With odd modes and so will not lead to instability.
the driving term over a single turn. Finally, we are left Wlthwe can see this explicity by dividing the head-tail phase

quantities that only vary with the synchrotron period an(ﬁnto even and odd part§ = ¥, + ¥,. Then as an ex-
the growth time. ample, Eqg. 9 can be rewritten as

roc* N
4 HEAD-TAIL PHASE we —tws = SWQWL%O ]{dqﬁz]{dd& (2 —2)
We consider tune shifta\@ from chromaticities¢, and x cos ¥, cos ¥, exp(z\Ife —i¥.) (10)

BNS-like termsk z, (e.g., induced by RF quadrupoles)[1],

that can vary across the bunch. Explicitly, The growth rate depends oim(V. — ¥.), and there is

only a weak beam instability if the head-tail phase has a

AQ ~ 06 + gli(g + k2. term which is even inj. Thus, chromaticity can lead to
Q op instability whereas variable focussing across the bunch is
The head-tail phase is then given by not by itself destabilizing. This suggests that bunch sta-
L1 a2 5 bilization through varying chromaticity, as considered in
U= X0~ —5Xi3 + XBNS Ref. [3], requires a larger tune shift across the bunch than

through BNS damping. On the other hand, a time-varying
where o, and o5 are the characteristic longitudinal di- chromaticityé,(s) would introduce an odd component into
mensions of the bunch. Hergo1 = wgoéo,10./nc and the head-tail phase and should have a different effect on the
XBNS = wpgonckos/w?. beam.
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5 NUMERICAL RESULTS .
XZ=X1=

Here, we evaluate linear growth rates for a weak beam. = Y
broadband impedance model is used for the wakefield: Xo=1 ) 2
XBNS™
W(z < 0) = Wpexp (ﬁ sin@) sin (ﬁ cos 9) 1
C C (11)
wherewr = ¢/b. The simplest model might useequal to
the pipe radius) = 7/6, andW, = 167 Ro/uoch?, where -10 - 5 Xo
Ry is related to the shuntimpedance. 1
Growth rates normalized t&Vyroc? N/8m%yLwg, are
shown in Fig. 1 as a function ef,c/wg, for the case where o
& = 0.1. The lowest harmonics are shown. When <

¢/wg, the broadband impedance model is qualitativel
similar to the approximation of a constant wakefield[2]

where the sign of the growth rate for the= 0 mode is _ .
opposite to that of all other modes. Figure 2: Normalized growth rates as a functionaf

We now fixe, /b = 13/3. In Fig. 2, we consider a linear for the lowest harmonic. ~Chromaticity alone, variable

dependence in tune as a simple form of BNS damping, aféiromaticity withx; = 1, and BNS-like chirping with
compare it to a varying chromaticity. Both effects are takeiBns = 1 are shown.
to induce comparable tune shiftsvs ~ w;.

in the strong beam limit adding t&m Z causes mixing of

modes and can actually lower instability. For accelerators
v n=1 with intense beams, modifying the form of the impedance
02 | can be another way to stabilize the beam.

7 CONCLUSIONS

A formalism for treating transverse instabilities has been
used to unify a wide range of physical effects on a beam,
including variable chromaticity and BNS damping. The
phase space has been reduced from four to two dimensions.
The weak beam case reduces to the standard head-tail in-
stability in a circular accelerator, while a strong beam with
low slip factor is similar in form to beam dynamics in a
linac.

Future work will focus on regimes where linac and ring
physics have similarities, such as muon colliders. This ana-
lysis can be compared with existing numerical studies[4]
for instabilities in a muon ring. In addition, the maximum
displacement of the beam from wakefield forces can be cal-
culated more efficiently in a reduced phase space, and ad-

Figure 1: Normalized growth rates fgp = 0.1 as a func-
tion of o, /b. The lowest harmonics are shown.

6 LINAC MODEL aptations of BNS damping evaluated on this basis.
When the slip factor is small, then the transverse dy-
namics become similar to the case of a linac. As a ba- 8 REFERENCES
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