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Outline

* Transverse beam breakup instability (BBU) in
linear accelerator

— Two particle model
— BNS damping
* Longitudinal microwave instability

— Dispersion relation
— Cold beam
— Warm beam (Keil-Schnell criteria for stability)
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Single pass BBU (Two particle model)
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Figure 3.3. Sequence of snapshots of a beam undergoing dipole beam breakup instability in a
linac. Values of kgs indicated are modulo 27. The dashed curves indicate the trajectory of the
bunch head.
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Single pass BBU (Two particle model)

For a linear inhomogenous 2" order differential equation
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Single pass BBU (Two particle model)
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Noticing that before going through the structure, particle 2 has the same trajectory as that of

Particle 1, i.e. v, (O) _y (O) _ yCOS(O) = ¢
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Single pass BBU II

Q\ T
\b.l ’lr |

#-89 6438A8

Figure 4.4: Four transverse beam profiles observed at the end of the SLAC linac
are shown when the beam was carefully injected, and injected with 0.2, 0.5, and
1 mm offsets. The beam sizes ¢, and o, are about 120 pm. (Courtesy John

Seeman, 1991)
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One possible cure: BNS damping

Introduce focusing variation along the bunch, i.e. head and tail have different focusing strength
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Longitudinal Microwave Instability

Unperturbed phase space density:
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Consider perturbation in phase
space density: n-th azimuthal mode
_ 0 inz/R AE . AE
v, (Z>AE>O) =V, (AE)emz - Random noise t Sinusoidal perturbation

Ansatz: WV, (Z’AE,’[) — l/}l (AE)einz/R—iQt

[ ae® R Ry
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*Note that if a perturbation is static,

o)

v, *(2AE,t) =, *(AE) "R =y, *(AE) ™R = Q" =nv, / R=n22v, /C = ho,
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Longitudinal Microwave Instability

But the system is not likely to be static and we need to solve Vlasov equation self-
consistently to know the answer for QQ and hence v, (s AE,t)

0 dz o dAE o
— AEt)+— — AE,t - AE)=0
dz
here T

dAE(zt) _ cAp,(zt)

And d;LtE is obtained by calculating the longitudinal wake potential i T

t oo
cAp,(zt)=-eQV,(zt)=-€Y, _[ Pzt )w, (t—t, )dt, = —e2v0_[,o1 (zt-7)w,(7)dr
—oo 0
:01Vodt gives particle number in the slice (t,t+dt).
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Longitudinal Microwave Instability

dAE(zt Ap,(zt VT
Hence, we obtain diz’ )__¢ D_T_EZ, ):—?I_ngpl(z,t—f)w//(r)dr

where T, = S s the revolution period. Using the test solution
v o
0 Wl (Z,AE,t) _ wl (AE)emZ/R_IQt

and the following relations
1 r — T
W//(T)=gf Z, ()" do

p(zt)= [y (ZAEN)dAE= p ™™ P = J 9. (aE)dAE

we can write the energy kick in term of longitudinal impedance

dAE(Lt)_ A eZVo Rt [ r Qw7 4. A eZVo inz/R-iQt
T__,01?1_0e _J;da)Z//(a))_J;e dr=-p, T e Z,(Q) (2)
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Longitudinal Microwave Instability

Inserting eq. (1) and (2) into Vlasov equation, we obtain

J

. in N €V e
_|QW1(Z’AEat)-I'V(AE)'EWl(Z’AEat)_pl T—Ooe o Qtz//(Q)'aA_EWo(AE) =0
, Which can be rewritten as
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l//l(Z,AE,t): 1€ VOZ//(Q) Pi€ dWO(AE) C()(AE)ZV( )
T, Q—a)(AE)n dAE R
Integrating above equation over energy, i.e. j dAE — , yields
Dispersion relation:
N
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Longitudinal Microwave Instability

: o , *Phase slip 1
_ IeIOZ//(Q) fy (AE) factor: n=_-3-z
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Do g E stable
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Cold Beam: f (AE) = 5(AE)
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Longitudinal Microwave Instabilities

Cold beam continued:
(assuming 77>0)
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For cold beam, the only case for stable
beam is the machine impedance is pure
inductive, i.e. Im(Z,)<0, for n>(Qand
capacitive, i.e.Im(Z,)>0 forn <0 .

Taken from ‘Accelerator Physics’ by S.. Lee
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Figure 3.36: The longitudinal beam profiles observed at PSR the bunched coasting beam
in the presence of inductive inserts, where three 1-m long ferrite ring cavities were installed
in the PSR ring. [Courtesy of R. Macek, LANL)]
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Longitudinal Microwave Instabilities

1 ( AE?) Dispersion relation for
Warm Beam: f,(AE) = -
o(AE) NpY 7o eXpL 20',25J warm beam
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—in * The dispersion relation is solved by numerical
21n(2)JG(ReQ+iImfZ) plotting the contours for various ImQ in the
complex impedance plane.
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Longitudinal Microwave instability

Contours with Im(fz) -0 for

Gaussian with various various energy distribution
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Figure 3.34: Left: The solid line shows the parameters V' vs U’ for a Gaussian beam
distribution at a zero growth rate. Dashed lines inside the threshold curve are stable. They

correspond to —ImQ/(v/2 In2wynes) = —-0.1,-0.2,-0.3,-0.4, and —0.5. Dashed lines
outside the threshold curve have growth rates —ImQ/(v/2 In2wyno;) = 0.1,0.2,0.3,0.4,
and 0.5 respectively. Right: The threshold V' vs U' parameters for various beam distribu-
tions.
from inside outward, for the normalized distribution functions To(z) = 3;(1 - z?)/4,
8(1 — z2)%2/3m, 15(1 — z2)%/16, 315(1 — 2*)"/32, and (1/v/27) exp(—x2/2). All dis-
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Typical Longitudinal Impedance

PHY 564 Fal

j = Taken from ‘Coasting beam longitudinal coherent Z/RW . R 1
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Many pictures and derivations used 1n the slides
are taken from the following references:

1] “‘Accelerator Physics’ by S.Y. Lee;

2] ‘Physics of Collective Beam Instabilities in
High Energy Accelerators’ by A. Chao;

[3] ‘Coasting beam longitudinal coherent
instabilities’ by J.L. Laclare
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What we learned today

In linear accelerator, single bunch transverse beam break up instability can
develop if the bunches are not carefully injected and machine transverse wake
function / impedance 1s large. Such a instability can be compensated by
introducing focusing variation along the bunch, 1.e. BNS damping.

We also derived the dispersion relation for longitudinal microwave instability in a
coasting beam. For cold beam, the beam 1s always unstable unless the impedances
1s pure inductive above transition or pure capacitive below transition. For warm
beam, Landau damping make beam stable if the beam energy spread is sufficiently
large. The stability condition can be estimated from Keil-Schnell criteria.
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