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Abstract wherewy, is betatron frequency,
Fast lon Instability is studied in the nonlinear regime. It dr,  dN; 3
is shown that exponential growth of the linear regime is k= 54020y s’ 3)

replaced in this case by the linear dependence on time. Nu-
meric and analytical results are presented describing tla@ddN;/ds is the ion production rate per bunch propor-
beam profile and the beam spectrum in both regimes.  tional to pressure.
Similarly, the motion of the ions is described by the
1 INTRODUCTION equation

The Fast lon Instability discovered recently [1] has beena2y(tvsvz) )

studied numerically and confirmed experimentally [2]. The — g2 = @i Oyflu(t, ct—kC'—5) =Y (t, 5, 2)]. (4)
transverse instability is caused by the interaction of a train

of bunches with the residual gas. lons produced by trankterew; is ion frequency, and functioffi(¢) in the RHS
versely offset bunches in the head of a train induce osci®f EQ. (2) is eitherf () = £/oy, for [§] < 1 (the linear
lations of the tail of the train. The ions may be clearededime), orf (&) = &/[¢| for [¢] > 1, in saturation regime,
out by a gap after one revolution, but the memory remair@nd depends only on the signfof

in the train. Amplitude of oscillations initially grows as N the linear regime, these equations were considered in
expy/t/t. until the amplitude of a bunch centroid is of thethe original paper [1]. In this case, the solution is

order of the transverse rmsof a bunch. The initial rise i N fe—i

time of the oscillations of a bunch centroid was found to y(t,2) = alt, 2)elrEe/eTint 4 e, )
be afractiqn of a miIIisepond, even.tal'<ing into account the Y(t,s,2) = At s, Z)e—iwbs/ciiw,;(t—s/c) Yee. ()
spread of ion frequencies [3]. This is too fast to be ob-

served in experiments directly. The solution grows in time only for the upper sign
The exponential regime is limited by the nonlinearity of 9
the beam-ion interaction. As a result, exponential growth alt,2) = apeV/le, L i )
at large amplitudes is replaced by a linear dependence of Cle dwy
the amplitude on time [4], and only this nonlinear regimgyith the quasi-exponentially growth found in the original
can be observed experimentally. paper [1]. Correspondingly, the spectrum of the BPM sig-
The dynamics of the instability in the nonlinear regime, g
is quite complicated. Additional to the nontrivial interfer- V(t) x Z §5(t — kC — nsy/c)y(t, nsy) (8)
ence of the perturbations of the beam by the ions excited ik

by different bunches in the train, the instability in the non-
linear regime essentially depends on the feedback dampi
and noise in the system while experiments without fee

back are hardly possible due to the adverse effects of tr
ditional multibunch instabilities. All that make necessar . . .
numerical studies of the instability. Simulations include ef- In the nonlinear regime, the RHS in the Egs. (2) and
fects of the feedback and random noise describing thetinq depends on the functiofi(¢). We can expect that

dependence of the train profile and the beam spectrum. thg variation of the_argume_l&tln t|me_ Is similar _to vart-
ation of the RHS in the linear regime, that is propor-

tional to e?(«wr+wi)z/c=iwnt in the equation for(t, z) and
e~ wvs/cEiwi(t=s/c) in the equation folY'(t,s,z). In the
Vertical motion of electrons of the-th bunch on the-th  strongly nonlinear regime, the spectrum of the RHS is a
turn is described by the equation [4] spectrum of a step-function which changes sign with the
periods of betatron or ion oscillations. The spectrum of
(1) _f(g) in Eg. (1) and Eq. (4)) .contains in this case harmon-
ics of w, andw; correspondingly. The amplitudes of the
. harmonics roll off slowly asl/n for the n-th harmonic.
_my/ dz' fly(t,z) = Y(t,ct —z — kC,2’)] (2) Inthe nonlinear regime, the ions motion is a superposition
0 of ion frequency harmonics. The amplitudes of harmonics
“Work supported by the Department of Energy, contract DE-Aco3d0N’t grow in time but, without the feedback system, their
76SF00515 number does. The RHS of Eqg. (2) has always a harmonic

ansists of the betatron side-bands at frequencies-

W, Fws, | = 0,1.. with the envelope centered at the ion fre-
uency with the lower side-bands having amplitudes larger
an that of the upper side-bands and growing in time.

2 ANALYSIS OF INSTABILITY

?y(t, )

oz + wiy(s, z) =
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oscillating with the betatron frequency. As the result, th€l/7; = 0), without noise (amplitude of the noisg; = 0)
amplitude of the bunch centroid motion linearly increaseand with the amplitude of modulation of ion frequencies

in time. ) mod = Aw; /w; = 0 ormod = 0.5. Initially, result clearly
Alny) ~ kST Oy i. (9) corresponds to the quasi-exponential growth of the linear
2 T, regime with the parameter = 0.41us in accordance with

The linear growth described by Eq. (14) replaces the quadid- (7. Later, the growth of the dimensionless amplitude
exponential growth of the linear regime, see Eq. (11), whei§ only linear with time and in agreement with Eq. (17),
amplitude is of the order of transverse beam size rms.  Which gives the ratédA/dn = 0.05.

In(a)

T2
3 MODEL FOR SIMULATIONS 0k

To simulate the instability we use a simplified model de- *° :
scribing each bunch in a train of, bunches as a single

20 Bl i

macroparticle which goes around the ring in steps equal to » ey
sp. All bunches get a kick from each group of ions atthe ®: e E
new location of individual bunches o EO i
] o Yo
% = b — KBy (9o = Yi) (10)  MEIiallr  olhhEeer
and each group of ions gets a kick Figure 1. Amplitude of the last bunch vs number of turns
_, . ) in regular (above) and logarithmic ( below) scales. Note
Y/ =Y+ (win)” f(yp — i) (11)  transition from exponential to linear growth. Left: noise

Each bunch . icle with the off and feedback turned off. (a) mod=0, (b) mod=0.5. Right:
ach bunch generates an ion macroparticle with the offs )7ty = 0.1 MS, s = 0.01, Mod=0.5; (b)rsas = 0.1

equal to the offset of a bunch, and all ions are killed at th _ -nc _ _
location of the ring just left by the last bunch in the train.O.S(’)g"‘;ngdggOQ’ MOod=0.5; (dotsysap = 0.1 MS,ans =
To model variation of the rms beam size around the ring, ' '
the ion frequencies and the kicks to the bunches are peri-Results with the feedback turned on; (= 0.1 ms)
odically modulated with the period equal 1g12-th of the  are shown in the right hand side of Fig. 1. After initial
circumference of the ring (periodicity of the ALS lattice). growth, the amplitude of the last bunch oscillates around
The feedback was modeled as a single additional kick fafome steady level. Effect of the ion frequency modulation

each bunch per turn in the saturation is small, see two curves without modula-
, , tion and with the amplitude of modulatianod = 0.5.
Un(s) = yp(s) + gys(s — 7By /2). (12) iati i
Yo b Y The variation of the beam profile can be understood from

the following. Initially, the amplitude of a bunch grows ac-
cording to the linear theory and much faster for the bunches
in the tail of the train then in the head. Later, however,
the feedback takes over and suppresses oscillations of the
bunches in the head of the train to zero amplitudes. As a
result, the growth rate and the amplitudes of the following

A bunches decrease and the bunch number with the amplitude
gas (A = 4). The bunch parameters werd, = 4 x 10°, A = lincreasesintime. Oscillations with large amplitudes

o, = 1654, ando, = 27u. The betatron tune was retain only in the very tail of the train and, eventually, all
v, = 8.18, and the ion frequency with these parameters y y ' Y

g oscillations are damped out.
wass0.8 MHZ'. The pressure was increasedjororr and If we now, additionally to the feedback, turn on the noise,
the damping time of the feedback systemrjo= 0.1 ms

. : - . .~ the beam profile goes to a steady-state, see Fig. 2. Without
to speed up simulations. Initially there were no ions in the_". Y o . . .
) e S . e instability, the equilibrium amplitude of a bunch in units
ring, and initial conditions werg, = y; = 0 for all but

the first bunch, for which initial offset of, = 1.0 x 10~ of o would be

(in units of 5,,) andy; = 0 were taken. Results for differ- A =\JY2 +y? = Va2,74/6T,. (13)
ent amplitude of the noisg,; and modulatiom\w; /w; are

described below.

The gaing defines amplitude damping timg = 27../g.

Random kick uniformly distributed within the rangez,, s

was added to the RHS of Eq. (17) to simulate noise.
Most of the simulations were carried out for the ALS-

like ring with the revolution period’. = ny7,, ny = 328,

7, = 2 ns, for the bunch train af; = 50 bunches, and He

For the parameters used in simulatioRls = 0.656.s and
74 = 0.1 ms, this amplitude corresponds to the nonlinear
regimeA., > 1 for the amplitude of the noise,, > 0.2
4 RESULTS OF THE SIMULATIONS If the amplitude is smaller than that, the head of the train
Fig. 1 shows growth of the amplitude of the last buncloscillates in the linear regime, and the transition to the non-
in the train with number of turns. Dependence is showiinear regime takes place somewhere closer to the train tail.
in logarithmic and natural scales. In the left hand side, With the instability, the beam profile oscillates around
results are shown with the feedback system turned dowaimost triangular shape with amplitudes larger in the talil
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o N e revolution harmonic number. Feedback, noise, and modu-
Jr i Xk lation are off.

Figure 2: Snap-shot of the beam profile. Amplitude vs
bunch number. Vertical scale is blown up 12.5 times. °*®*
Tray = 0.1 ms, mod=0. Case (a),s = 0.01, case (b) °***
ans = 0.002. Curvea,, = 0.002, mod=0is shownintwo °*
cases and is basically the same as in the case (b).
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of the train. This beam profile was observed experimerFigure 4: Beam spectrumryq, = 0.1 ms, a,s = 0.01,
tally [5]. The steady-state amplitudes depend on the feediod=0.5.

back and are smaller for smalleg. Comparison of the

beam profile Wlth Fjlﬁerent level of the noise shows.that the 5 CONCLUSION

maximum excitation of the beam is not monotonic func-

tion of the amplitude of the noise,, and may be larger |on-induced fast transverse instability is constrained by
for smaller noise although it goes down again at larggt  nonlinear effects. Nonlinear effects stop quasi-exponential
Possible explanation is mentioned above. growth of the amplitude and only the linear with time
The ion frequency modulation reduces the rate of thgrowth remains. The feedback damping suppresses the
instability [3]. Effect is quite noticeable in the linear bunch oscillations first in the head of the train, effectively
regime, but affects less the steady state amplitudes whigéducing the train length and, therefore, the growth rate of
are mostly given by the relation between the feedback anfle instability. With the noise, the beam takes the typical
the noise. triangular shape with the profile determined by relation be-
The beam spectrum at small number of turns has all feawveen noise and the feedback. The spectrum of the beam
tures of the linear regime: envelope is centered at the idsecome wider and flatter comparing to the spectrum pre-
frequency,f;/ f» = 33.3, see Fig. 3, and the upper side-dicted by the linear theory. Details of the spectrum again
bands have lower amplitudes then lower side-bands. Qfepend on the noise and feedback. This may explain unsta-

the longer time scale, the spectrum changes: more harmdgie character of the spectrum in the experiments.
ics with frequencieg; £+ n f;, appear and the ion frequency

decreases due to the increase of the amplitudes of ion. Atknowledgments

the extreme nonlinear case, ions oscillate in a potential qukhank\] Bvrd. A Chao. G. Stupakov. F. Zimmermann for
U = k?|Y| and have frequencies depending on the ampli- - BYTa, A - Stp T

¢ useful discussions.
tudesA = maz(y;),
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