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Abstract 2 REMARKSON THE NEGATIVE MASS

INSTABILITY
Fast bunch rotation of high-intensity proton or ion . ) )
bunches above transition is - in principle - supported by Above transition perturbations of arbitrary wave-length

the self-bunching effect of the attractive space charge ford8 the beam current profile grow exponentially in time, be-
("negative mass instability”). Due to the broad-band na$d!S€ an energy variation induced by_space charge on sin-
ture of the space charge impedance, the highest harmon%@ particles results in a change of their angular velocity in

of this negative mass mode grow fast and inhibit compre§he oppqsite direction. For wavelengths below a threshold
sion, unless the bunch rotation is accelerated by a sufﬁg,epend'ng on the.momentgm spread (_)f th_e beam), phase
ciently high rf-voltage. mixing due to particles of different longitudinal momenta

Using particle-in-cell simulation we establish the threshPrevents collective motion and stability is preserved. The

old below which effective compression is still possible. Wdn€chanism that keeps the beam stable in this case is not
find that the required rf-voltage for compression of a giverﬂu't_e the Same as Landau damP'”g_ [3]. In fact, this damp-
bunch above transition can be reduced at most by a factor?d IS not a kinetic process which involves energy trans-

compared with compression below transition, where spaJSr from the electrostatic wave to single particles resonant
charge requires extra voltage with the wave. The momentum spread here acts as a hy-

drodynamic property of the beam, regardless of the de-
tailed shape of the distribution function, and assures stabil-
ity above a certain mode numbet. This is also confirmed

1 INTRODUCTION by the fact that pure space charge waves are stationary in
the beam frame, and distribution functiofi§p) usually

In a previous paper [1] we have shown that the rf requirehave a zero slope at = 0, whereas Landau damping re-
ments for Compression of h|gh-|ntens|ty proton (Or ion)quires a rUnning wave and a finite Slope of the distribution
bunches cannot easily be reduced by approaching transitiifnction to ensure energy transfer to the wave from reso-
from below due to the dominating repulsive space charg@ant particles. Stability boundary and curves at constant
forces. The attractiveness of small and negative slip fa@rowth rate of instability in the impedance plane can be
tors is in fact limited, if space charge dominates the rf voltfigorously applied only to coasting beams. Nevertheless,
age and leads to a significant coherent momentum spreHte extension to bunched beams is generally accepted if the
prior to completion of the compression. The question igvave-length is small compared with the bunch length and
thus of interest whether one could still gain rf-power bythe transit time of the perturbation over the bunch length
trying to carry out a fast bunch compression above transis long compared with the growth time [4]. This “local
tion where space charge is attractive and enhances the &gil-Schnell” or “Boussard” criterion is certainly met in
plied rf-voltage. However, the self-focusing effect of spacdhe present case, since negative mass modes always de-
charge is not limited to the envelope motion, but also apvelop on very short wave-lengths and are stationary waves
p|ies to all h|gher order modes which is the We”-knownin the bunch frame. The rise time of an |nStab|l|ty can be
negative mass instability [2]. Since the growth rate inestimated analytically for a working point on the imaginary
creases with the mode numbe(up to some value *), the ~ axis far outside the stability boundary by ignoring the mo-
instability on the shortest wave-lengths is expected to agnentum spread:
pear first, which possibly limits or quenches the compres-
sion. In this paper we study the possibility of successful A . e|n|nAmax

. . . . . Winst — :|:u}0 P ———
compression by using a sufficiently fast active rotation such 2mmgy/Sc
as to overcome the destabilising effect of space charge. The
plan of the paper is as follows. In Sect. Il we review some 3 COMPUTER SIMULATION
basic concepts and analytical formulae concerning the neg-
ative mass instability. In Sect. 11l we discuss the simulation The issue of fast bunch compression above transition
program and the effective space charge impedance resufias been studied by means of computer simulation using
ing from solving Poisson’s equation numerically. In secthe codePATRIC. This is a particle-in-cell program, which
tion IV we present simulation results with conclusions insolves the equations of motion in 3D, whereas Poisson’s
section V. equation is solved in cylindricgl- — z) geometry assum-
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ing a perfectly conducting beam pipe [5]. Using the param-
eters that are listed in Tab. 1, we have carried out a number
of simulations of bunch rotation in order to explore the de- o o .
teriorating effect of space charge above transition. Runs .
have been made witt0® macroparticles ona— z grid of ol

32 x 2048 cells. : \

Table 1: Overview on the simulation parameters.

Im(z,in @)

Circumference, 2rg 20m 0l
Protons per bunchy, 1013 [
Eyin 2GeV S IS T IS I I i
Bunch |engthzln 5 m 0 500 1000 1500 2000 2500 n3(0\29mu)
Momentum sprea®p/po)i» | 0.002
Beam radiusR,, 0.02m Figure 1: Space charge impedance seen by the beam.
Pipe radiusR,, 0.1m
o 2.56 o .
Compression factor 0.2 whereas the minimum rise time occurs for harmonic num-
bers around 250.
3.1 Space charge impedance

In order to get a correct modelling of the negative
mass instability up to highest frequencies, it is essential 7
to compare the spectrum of the space charge impedance 15|
seen by the simulation beam with the theoretical expec- i
tation. While|Z,.(n)| increases linearly witt for low 1
harmonic numbers, a more refined model is needed for i _ __—
largen. Bisognano [6] obtained a Lorentzian shape for os f
|Z)|sc(n)|/n, which defines a cut-off at high mode num- i
bers, but its application is limited to ultra-relativistic beams o w0 o w0 aw w0 ‘5?3;/@;)
and to ratiosR,, /R, of about 2. A general expression for
the space charge impedance at all harmonic numbers apghre 2: Rise times versus harmonic number for the bunch
arbitraryy and R,/ R, has recently been obtained by Al- of Taple|.

Khateebet al. [7]. In Fig.1 the curves that are compared

with a numerical evaluation frorRATRIC (dots) are the

Bisognano formula (red dashed curve) and the newly cor- 4 COMPRESSION SIMULATIONS
rected formula [7] (blue curve). It appears that the agree-

ment between Al-Khateeb’s formula for the space charge It is straightforward to derive that, having defined the 2
impedance and the numerically evaluated one is excellerqgarameter as [1]:

which confirms that the corrected expression for the space

charge impedance coming from Ref. [7] can be used for the Y —_ 390 Nprp )
analytical estimates in this study. B30z (dp/po);

32 Instability risetimes the c_o_ndmon for a §uccessful bunch compression abqve
transition energy without concerns relative to negative
From the diagram in Fig. 1 and by using the instabilitymass instability reads:
maps in the impedance plane for the bunch of Table 1, we

can estimate the harmonic number where the negative mass X[ <14 . ©)
instability is expected to appear first, and its correspondin_? ) ) . ) .
growth time. his trandates into a condition on the compression ratio

The instability rise time can be plotted as a function of thex Whichis x > 2.5. As the compression ratio cannot by
harmonic number, as is shown in Fig. 2. The asymptot@€finition exceed unity, this meansthat it is never possible

n = 650 due to reaching the stability region comes fromi© gét @ bunch compression only using the atractive
the equality: space charge force above transition. This should not

be surprising, because being al negative mass modes
suppressed when the impedance working point is inside
the stability region, the moden = 1 isequally suppressed

3[Z)(650)] o mocalnl (op
650 €Amax

2
= ) =17.63Q2 ,
Do
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and no self-compression can therefore take place. It
is of interest to investigate whether conditions exist, in
which an active bunch compression can be successfully
carried out even for larger values of |X|, when a large
fraction of the negative mass modes are also excited. The
advantage would obviously be to save rf power, because
the voltage required by a compression at a higher || once
the compression factor has been fixed can be sensibly
smaller.

Following the general parameters of Table I, and mod-
ifying one of them at a time, we have smulated the
evolution of a proton bunch in order to show how it can
be rotated above transition using an appropriate voltage,
even when space charge is not negligible and the negative
mass effect on high harmonic numbers would otherwise
make the process inefficient. The voltagethat istentatively
applied to achieve compression is the one which would
be required for compression of the same proton bunch
having the same ||, but below transition and neglecting
space charge. This voltage is exactly twice smaller
than the one which should be applied below transition in
order to carry out the compression against space charge[1].
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Figure 3: Evolution of bunch length and momentum spread
during compression of a bunch having ¥ = —6.

We start from simulating exactly the case of Table I.
Fig. 3 shows how momentum spread and bunch length
evolve during the process. The compression appears to be
still effective, and the final bunch is about 1 m long with
small tails. The over-momentum observed at the end of the
compression is only about 17% higher than the expected
value. The parameters of Table | correspond to a beam
which has ¥ = —6. By carrying out more simulations in
which the beam energy and the machine geometry were
kept constant, we have found out that every variation of
the other parameters that still delivers an equal value of ¥
does not affect the success of the compression.The bunch
compression becomes uneffective if we try to operate it at
a higher value of ¥, as appears from Fig. 4 (X = —12).
In redlity, the |X| criterion applies only when the energy
of the beam and all geometric parameters are fixed. Other-
wise, the ratio between the compression time (as cal cul ated
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Figure 4. Evolutioh of bunch length and momentum spread
during compression of abunch having ¥ = —12.

ignoring space charge) and therise time of the fastest insta-
bility (evaluated following the procedure explained in the
previous section), Teompr/Tinst Should be kept lower than
about 100.

5 CONCLUSIONS

In this paper we have shown that it is possible to carry
out the bunch rotation of an intense proton beam by using
an adequate voltage, which in some conditions can be up
to twice smaller than the same required below transition at
the same value of |n|. The voltage used for the rotation is
in fact exactly the one needed bel ow transition for the same
value of |n|, but having ignored space charge. The gen-
eral criterion to establish whether the bunch can be com-
pressed by this voltage must consist in making sure that
the ratio between compression time and fastest instability
rise time, Teompr/ Tinst, 1S Maintained below a threshold of
about 100.
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