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Abstract growths must be limited to achieve a high injection
For the high-current ion accelerators which are need&fficiency. The evolution of the core is then the major
as drivers to produce high neutron flux in numerous ne@@ncern. For high-power machines, particles with large
projects, beam losses must be extremely low in order &nplitudes can be lost. Halo formation due to space-
avoid an unacceptable radioactivity level in the machingharge forces and imperfections along the accelerator is
area. The mechanisms leading to the formation of tgen the most important effect which can limit the
diffuse halo around the beam core are then extensivdjachine performances.

studied. The first aim of this paper is to summarize the
main results obtained from both analytical studies and Energy  tolerable loss relative level A/l /m)

numerical simulations related to emittance growth and (MeV) (nA/m) for | = 100mA
halo formation in continuous and periodic focusing 10 200 210
channels. The nonlinear resonances and the chaotic 20 15 1.510
particle trajectories which are induced by the space- 50 25 2510
charge forces are analysed. Finally, some preliminary 100 1 110
results concerning the longitudinal motion are presented. 200 2 2106
500 .05 510°
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Table 1 : Proton losses producing a gamma dose
of 2.8 mrem/hr at 1 m from the machine one hour
after shutdown (rough values from ref. [1] & [2]).

Particle accelerators able to deliver high-power beams
are presently proposed as drivers for numerous
applications which require the production of high

2?,3”38 ﬂ%b ':/:8\7 “Power p(rjot(cjmf beamls_ ('4.200 mAh Emittance growth and halo formation induced by space
T f ) Z_re nheeded for app ications ‘ZUC _%arge could be due to different physics, or could be two
transmutation of radioactive waste, energy pro UCt'Ogifferent manifestations of the same physics. This will be

and”trtllnum product'|orl13. Thg" new gelr\w/ﬁ/:lattjg)n of p_ltJrI]se nalysed in the three following sections for unbunched
spallation sources 1S based on ams wi eams evolving in continuous or periodic focusing

pea_k current 'greater t.ha.n 100 r_n_A. IFMIF (Internation hannels. It must be pointed out that these studies
gﬁgn l\t/latenzls Irradlatloln F?C:j“ty) ?e?ggs %0 IVI12\5/ M~Aoncern only beams which aranneutralysed and
euteron beams accelerated up to s> - ev. collisionless("Liouvillean beamy. For a recent study

For these high-intensity accelerators, the most importagiking into account non-Liouvillean effects (intra-beam
aim is to keep beam losses along the structure below &attering or any other Markov process), see ref. [4].
extremely low threshold in order to limit the

radioactivity in the machine area. The maximum - EMITTANCE GROWTH.

tolerable losses for proton beams range from ~200 nA/m

at 10 MeV to less than 1 nA/m at 1 GeV (table 1). DosMany theoretical and numerical studies have been done
rates at 30 cm from copper and niobium 35 Me\lo investigate emittance growth. The brief summary
deuteron accelerators have been estimated for a constafgsented here is based on two key papers by I. Hofmann
1 nA/m loss. The dose is ~3.5 mrem/hr 8 hours aftdép] and T.P. Wangler [6]. In the latter, four distinct
shutdown and it is still ~2.5 mrem/hr 24 hours after [3]eMittance growth mechanisms are described :

Then, for the new high-power machines, relative lossesms-mismatch mechanisfsee [5][6] and ref. therein).
Al/l'in the range ~10/m to ~10/m must be achieved.  The betatron frequency being amplitude dependent for

Due to this very low fraction of the total beam whichnonlinear space-charge force, a mismatched distribution
must not reach large amplitudes, more and movolves towards a filamented pattern in phase space. The
accelerator physicists have extended their works towarg§uilibrium corresponds to anternally matchedstate
what is called’halo formatio#i studies. Actually, both for which the distribution isodensity contour coincides
numerical simulations and measurements of high-curreith the particle phase-space trajectories. An emittance
beams show the formation of a diffuseald’ of particles growth formula has been derived considering that the
surrounding the central beam core. In low duty factdfée energy available in the rms-mismatched beam is
linacs used as synchrotron injector, rms-emittancéansformed tdthermaf energy.



- The charge-redistribution mechanisraffects beams where K is the generalised perveance amde, = ¢, is
which are rms-matched but internally mismatched (sebe total emittance. For weak mismatches, these coupled
[5][6] and ref. therein). The rms-emittance growthequations can be linearized and, following Hofmann [5],
results from internal plasma oscillations which drive théhe two eigen modes (even and odd) of the envelope
nonuniform initial density towards an internally matchedscillations can be calculated. They are characterised by
charge density with a central uniform core and a finite I o a— [ 2 4.2

thick%ess boundary. Again, the emittance growth can be 0. =20, +0.) G, =40, *30.° (1)
estimated from the conversion of nonlinear field energwhere o, is the betatron phase advance with space
to thermal energy. Collective interaction is considered tcharge. The even and odd modes are also called

be the source of instabilities. Both analytic theory antbreathing and "quadrupoldt modes. The envelope
computer simulation concerning theseherent space- oscillations are function of the focusing system :

charge effectare reviewed in ref. [5]. - for acontinuous focusing chann¢hese two modes can
- energy-transfer mechanismAn observation of be excited only if the beam is mismatched.

emittance transfer between two degrees of freedom leqo 4 periodic solenoidal channgthe breathing mode
P. Lapostolle to the suggestion of equipartitioningis »jntrinsically excited. The period of the intrinsic

While the collisionless character of the beam precludeg,e|ope oscillation for a matched beam is obviously the
any thermodynanical behaviour, this effect was f'rsltocusing channel periods(= 2r). For a mismatched
demonstrated by M. Promé in computer simulatioQe,m this intrinsic oscillation is still present and, in

studies [7]. The space-charge force couples theyiion the two eigen modesanda, can be excited.
longitudinal and transverse motions and drives the beam

towards an equipartitioned state associated with plor aFOI?O channel the mtrmsm quadrupolar que
"hyperemittanceé growth. This mechanism ofharge (0, = 21 is permanently excited anq the_ two_eigen
redistribution between different degrees of freedom haQqueS, are adde(_j when the beam is m|_smatched. A
been extensively studied after that by I. Hofmann, R Alumerical integration of thg envelope equations without
Jameson, T.P. Wangler, M. Reiser and many others (s3800th approximation (figure 1) shows that the
[5] [6] and ref. therein ). Hofmann found thesllective amplitudes of the odd and even modes are already large

instabilities can be excited and lead to equipartitioningcornpa“:‘d to the one of the intrinsic mode for a weak

He defined the instability thresholds which can be usé@'smamh (10%) [11]. The frequencies obtained by FFT

to avoid energy transfer by a proper choice of th@'€ VEry close to those calculated using (1).
accelerator parameters. Nevertheless, to keep the bea~; aws ves

equipartitionned is still considered as a fundamental=¢
condition for an accelerator design [8]. :

- structure-resonance mechanist®everal studies have ..t
shown that periodic structures induce envelope growtt, :
and excitecoherent modesn a nonuniform density
beam. It is recommended to design the accelerator witl "JE U N y

3 = ES

zero-current phase advances per focusing period belowrigyre 1 : Fourier spectrum of a mismatched beam
0, = 90 in order to avoid these instabilities. envelope in a FODO channel. The intrinsic quadrupolar

mode frequency is f = 1, the two peaks at low frequency
[1I- NONLINEAR RESONANCES. are the two eigen modes.

Two_papers presenteq at PAC93 [9][10] pointed out .th%coherent space-charge effeatan then be'excited

the interactions of single particles with an oscnlatm%ven if the beam is matcheBeam mismatching is an

?eamtpore c;]gnhbe reionanltléqulo s;udy Eh's sourcr(]—:' B h%@ditional source of excitation but is nosiae qua non
ormation which can be calleficonerent Space-charge ., yition for emittance growth and halo formation.
effects by analogy with the incoherent beam-beam

effect, we must first analyse the resonances which can Bgam core oscillations (due to the focusing channel
excited (see [11] and ref. therein). periodicity and/or to a mismatch) induce an oscillation

_ . . ~of the space-charge forces. Resonant interactions
The envelope equations which give the beam radiggtween the particle motion and these oscillating forces
evolutions in the horizontal (a) and vertical (b) planegan be characterized by the space-charge tune :
can be written in smooth approximation :
d’a. , €& 2K _ o _ _ _
Eﬂj"‘ "3 a+rb The minimum value o6, is o, whengo, is defined as
) ) the phase advance near the axis of monotonically-
d’b , ¢ 2K . . o )
+0lb-—- =0 decreasing or uniform distributions. Its maximum value

ot 3
ds’ b a+b is o, because particles travelling at large amplitudes are

V=0_../0.. Wth o, =0,0,0rao,.

particle core core




weakly influenced by the space-charge force. Then, th&l]. Obviously, incoherent nonlinear resonances can be
resonances excited by core oscillations are in the rangeexcited into the beam core of a nonuniform distribution.
oo, <v,, <o,lo,., In this case, they can drive the nonuniform beam core
B B ; towards an uniform distribution, even if the beam is not
The range of intrinsic resonances excited by a matchggongly"space-charge dominated
beamin a periodic focusing channel is then given by :

For a high-intensity beam accelerated by a linac (at
o, /2n<sv, <0, /2n

relatively low energies), the tune spread induced by
and the ranges of the additional resonances excited bypace charge can be large. In an accelerator designed for
mismatched beamre such that : energy production and nuclear waste treatmgntses

WIETTD <y <UJATF]  (evenmode) S {0.4, 0.62, 0.91} at {20, 200 1600 MeV} in the

transverse plane and falls as {0.5, 0.24, 0.08} in the
n/ /_3n2 +lsv, <l 3P +1 (odd mode) longitudinal plane for the same energies [12]. The space
where n = o,/ g, is the tune depression [11].

charge is weaker in the high-energy part of ESS linac
(W > 100 MeV) where the tune depressions are greater
The choice ofg, < 90 made to avoid instabilities than 0.7 [13]. Nevertheless, it seems difficult to avoid
induced by thestructure-resonance mechanismeans the incoherent space-charge resonances least in the
that the low-order intrinsic resonances= 1/2, 1/3 and low energy part of the accelerator (W < 50 MeV).
1/4 are avoided. Figure 2 shows that the stng 1/2
resonances are always excited by a mismatch, but that

IV- HALOS AND CHAOS.
V., = 1/4 is not present far > 0.4. This threshold which

is considered as a space-charge limit to avoid emittanlﬂedor?er. to get a rr|1eaningfu| ins(;g?t of thi pEy;lics
growth [5][6] can then be explained by this analysis. uncderiaying anycompliex systemmodels must © ullt
getting rid of details of the real system by seeking some

1 hierarchy in the physical processes involved.
Simplifying assumptions are essential to understand the
system dynamic properties, an understanding which is
impossible looking at computer simulations done with a
large number of particles. Following this idea, the
Particle-Core Model (PCM) [9] is the best tool to study
the incoherent space-charge effecthis is a two-step
method : thebeam coreenvelope evolution is first

o computed, then, the behaviour test particlesinjected

into or around the beam core is analysed.

¢ o2 o oe os ' The very first observation of chaotic particle trajectories
Figure 2 : Resonances excited by a mismatch versus (see [11]) has been done using the PCM for space-charge
Each pair of curves defines the range of resonances dominated beams ieontinuous focusing channels
(v = 2/3...) excited by the even ) and odd V) modes. . emmes
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Figure 3 : Even mode resonances vs particle amplitud.?his chaotic behaviour
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in KV and Gaussian distributions with R angl R 1.

Figure 3 shows the positions of the even mod
resonances as a function of the particle amplitudes o
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Figure 4 : Poinca
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ré surface of sectionrfor 0 [11].

The two v_ = 1/2 islands are surrounded by
"KAM tori" which limit the chaotic area.

induced by theesonance

overlap mechanisrhas been clearly observed using the
Poincaré surface of section technique (figure 4). These
analyses (see [11]) have been confirmed for different

?Iues of the tune depression and for a nonuniform

both uniform (KV) and Gaussian beam distributionéﬂlstribution [14]. Analytic models for halo formation



which reproduce the main features seen in thes®rrectors can be used to forbid resonance overlap in the
simulations have been developped by R.L. Gluckstetseam core vicinity. This has been demonstrated with
[15], S.Y. Lee and A. Riabko, D.L. Bruhwiler andoctupoles used to cancel emittance growth and halo
others. These results have been also confirmed by maieymation in aFODO channel tuned witb, = 100. (see
self-consistent numerical simulations done usinfl1]) as well as with duodecapoles by Y.K. Batygin [17].
multiparticle PIC codes (R. Ryne, C. Chen, A.

Piquemal...). For an overview not restricted to V- ACCELERATED BEAMS.

continuous focusing channels, see the contributions to ] ) ]
the 8th ICFA advanced beam dynamic workshop ohhe previous sections concern the transverse dynamics

space charge dominated beams and applications of high continuous beams. These studies undertaken in a
brightness beams, Bloomington, USA, Oct. 1995. restricted framework are essential for the understanding

. of, space-charge dominated beam dynamics (emittance
Th? I;’C(;\/Ibhas alsc’ ggeDr})us;:‘d to slt;dyTtr?e ISe.havlo,uré)r%wth and halo formation). Nevertheless, the results can
maiched beams In channef11]. The Poincaré not be extrapolated to accelerated beams. Following are

surface of section techniqug is used again to analyse %ame preliminary reflexions on additional effects
phase space topology. Figure 5 clearly shows tnﬁduced when the beam is accelerated -

Eloasn'téofgrotfjns(?ornzlggr;)rzlt?clrgssczgin;?i Bn) the (xx) phasae_ An obvious effect is that the particles being bunched,

the peak current increases by almost a factor ten.

X ——— : b- There is a strong_couplingetween the radial and
sk ﬁ\'*.,ﬁ"' O 3 longitudinal planes (synchro-betatron coupling) induced
ok O Lt E by space charge but also by the defocusing effect of the
. A e ; RF field which can be strong in a linac.

. PSS A SR o B c- A sinusoidal RF voltage provides the acceleration, the
S R f longitudinal focusing force is then nonlinear
Siof I SR S E d- The Hamiltonian system is no longer conservadindg
sk oI SOl ] the motion appears to be damped [18].
N R DN Point b- should be studied carefully in the future because

1% -5 © S 10

. . . . synchrobetatron coupling is a strong source of chaos,
Figure 5: Poincare surface of section then a strong source of particle diffusions (see [11] for a
for o, = 62 ando, = 20 preliminary study). Nevertheless, the two last points

Taking into account the coupling force induced by spackeem to be almost important. Point c- because the
charge leads to the analysis of a nonautonomous systétausoidal accelerating voltage increases the system
with N = 2.5 degrees of freedom {(x,x)+(y,y)+z}. In nonlinearities and gives a possibility for particules which
this case, resonances form a dense "Arnol'd web" ingscape from the potential well to diffuse far from the

which particles can diffuse (see [11]). This phenomerizeam core. Point d- because the deep character of the
which is a source of energy transfer between differedynamics is modified when acceleration is taken into
degrees of freedom could explain the equipartitioaccount. A damping term must be introduced in the
thresholds defined by I. Hofmann. equation of motion, the assymptotic behaviour is then

For mismatched beams inBODO channelit has been characterized by a bassin of attraction and simple or
shown that the additional incoherent resonances exciteia"de attractors.

by the even and odd modes can induce a large chaofidge equation of motion for particle trajectories in the
zone around the beam core. This chaotic sea is indude#agitudinal plane can be writen :

by resonance overlap of tlvg, = 1/2 resonance with the d26¢ )

low order intrinsic resonances which can be observed in +A(S)T+B(S)[COS¢)‘ cospg ])+C £ FO

figure 5. Nevertheless, the = 1/6 resonance which is o< S

localized at large amplitude is not very affected by #wheredd = ¢ - ¢, with the synchronous phage defined
weak mismatch. For a strong mismatch, C. Chen ant$ing the linac convention. With suitable scaling of
R.C. Davidson have shown that the envelope oscillatigfisplacementd — x) and"time’ (s - z), this equation
itself becomes chaotic [16]. In this case, each eiga&t@n be reduced tdstandard fornds which keep the
mode is characterised by a large frequency spectrumenlinear character of the original equation :

indicating that the beam core becomes unstable. X"+ ax +{1l+Fcos(z)}x-x=0 (2)

It is clear that incoherent space-charge resonances can X"+ ax +x-x =F cos(z) (3)

scatter particles around the beam core, an emittancdere the perturbing force Cd$) (space charge or
growth and halo formation mechanism which is highlypthers) is noted F cast). These equation can be studied
enhanced when chaotic areas are formed due ito order to get the feeling on the sensitivity of the
resonance overlap. To avoid this effect, nonlinedongitudinal motion to perturbations.




Equation (2) is a nonlinear Mathieu’s equation which VI- CONCLUSION.
can be numerically integrated with = 0 to keep only i
the nonlinear effect. Figure 6 shows that even for a wed{1€ incoherent space-charge resonanaeem to be a

perturbation (5% of the main accelerating force) thg@or source of emittance growth and halo formation
stable phase-space area is strongly reduced. because they are excited by envelope oscillations which

s e oot e 1o are unavoidable in a real accelerators (periodic focusing
) R P N system and mismatching). A large number of simulations

have been done for continuous beams RODO

channels. For realistic tunes and mismatches, the

particles diffuse along the resonance web but the

maximum radius reached by the halo has never exceded

~ 4 times the core radius. The diffusion rates from the

beam core vicinity towards a resonance located far from

it are very low. Nevertheless, acceptable particle losses

3 ] are so low that the system chaotic behaviour precludes

any definitive conclusion. The longitudinal motion

o T o ' _ seems to be more sensitive to perturbations and particles
Figure 6 : Poincaré surface of section for equation (2)can escape from the potential well. Further work is

witha =0, F = 0.05 andb=1.8. needed to analyse these phenomena with more realistic

Equation (3) has been extensively studied because it iSigulations.
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