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Abstract same way for any distributions. lorder to compare
differentkinds of distributions, weadoptthe concept of
According to F. Sachereranalytical study long time equivalent beamsvhich means that the rms emittance is
ago, aresonancecrossing of incoherent tune which isthe same no matter what a distribution is.
depressed bgpace charge force doest cause emittance  Secondly, coherent oscillations of higheder modes:
growth nor impose intensity limit in a synchrotron. Bysextupole and octupolare measured arttieir resonances
employing a multi-particle tracking simulation, viiave \ith external error fieldsare studied. Recently an
looked at coherent modes of vehole beam; not only analytical derivation of higheorder mode frequency is
envelope modes (that is guadrupole mode, which discussed by I. Hofmann[6]. We would like toderstand
Sacherer studied in detaljut also othemodessuch as 3 coupling of those modes to external error fields.
sextupoleand octupole one. Tham0deana|ysis shows Fina”y, we propose a possib|e mechanism haflo
that a crossing ofdepressedcoherent modes at the formation in a synchrotronwherethe particle-core mode,
resonance othe sameorder, which is excited by error which is familiar in linac beam dynamics, @slopted. As

fields, is a source of emittance growahd beamloss. a source otime dependentore oscillations, thecoherent
Beamhalosinduced bycoherent modescillations of the modes, which is the main subject of this paper, is

core are also discussed. employed.

1 INTRODUCTION 2 COHERENT MODE ANALYSIS

Space charge effects inriag areusuallymeasured by | et us define theoherent modérequency(or tune). In
an incoherent tune shift, namely Laslett tuskift, a multi-particle simulation, a moment of amyder is

including effects of image charge. Inorder to avoid defined turn by turn in the following way([7].
crossing of loweorderresonances by individual particle,

it is believed that the tune shift should be less tan5, Mg (n) = z X (y; (Mz]'(n)
or -0.5 at most.

Synchrotrons in operation, however, show that t
crossing of half-integer resonancesnigt a problem[1].
Simulation study confirms that rms emittance growth or ;')'ﬁ(v) —72 Mc"gg‘(n)exp(—van)
beamloss does not occur when the largest tune shift
estimatedwith the Laslett formula hits &alf-integer That gives afrequencyspectrum of the moments. We
resonance[2]. Instead, a beam becommestable if the definecoherent modéune as thecharacteristicrequency
beam intensity isfurther increased andhe largest tune Of the moment.
shift becomes almost as twice as muqh oflistance 2 1 Model Lattice and Incoherent Tune Shift
between baréune andthe resonance. LSmith[3] and F.
Sacherer[4], infact, had studied in1960s usingenvelope
equationsand found that the resonance affects a beam
when the incoherent tune is further down by a factor of
8/5 than the distance in the tune diagram. They studied the
K-V beam to start with, but laterfound the same
equations are valid for the rms quantity of a beam[5].

Employing a multi-particle simulation, wextend the
study to the following areas. We first look at ttwherent
quadrupole mode andts resonancefor more general T
particle distributions: K-V, waterbag, parabolic, and o 5 10 15 2
gaussian. Althougtsacherehad alreadyshowedthat the coasting beam intensity (A)
envelope equatiorarevalid also for the rms beam size,Figure 1: Incoherent tune shift vs. beam intensity.
that does not necessarily mean the resonance occurs in the

I.(After tracking asmany turns as initiallyspecified, the
Moment values are Fourler transformed as

incoherent tune (horizontal)
o
[6)]

o
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As a modellattice, JHF booster ring isssumed|8].
The booster ring ha®ur-fold symmetryandits nominal
baretune is (6.84,5.81). Witmormalizedrms emittance
of 25 ™ mm-mrad atthe kinetic energy of 200 MeV,
intensity dependence of incoherent tune is plotteHig
1. Since the K-V beam is taken, all the partidiese the
same tune.
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Figure 4: RMS emittance vs intensity. The rms
emittance growth occurs when tlwwherentquadrupole
tune hits an integer.

Figure 2 shows a spectrum of tlypadrupolemode
calculated with the moment ofx The distribution is K-
V. Whenthe intensity iszero(left figure), there isonly
one peak thatorresponds tdwice of thebaretune of
6.84. Oncethe space charge force is increastite mode 2.3 Sextupole and Octupole Modes

frequency is decreased (right figure). Now, let us look at higher order coherent modes and the

resonance of them with exterrator fields. Weintroduce
sextupoleerrors which are supposed to excite third-
integer resonance at 20/3.
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Figure 5: Spectrum of coherent sextupoiedewith zero

dependence ahe coherentquadrupoletune is shown in O the leftcorresponds tdahe tune of 6.84(same as the
Fig. 3. The slope is about 120% of that of Fig. 1bare tune). A peak on the right does 20(62eetimes of

meaning that theoherenttune moves less than twice ofﬁgr?ggtil;r;ﬁzz.reggzc:eftpeakspllts into twowhen  the
the incoherent one. Thguadrupole modéune shift does |

not depends on the initial distribution as long ashieam 1,
is equivalent _
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Figure 3: Coherentjuadrupoletune vs. intensity. The
tune shift isindependent ofthe initial distribution for
equivalent beams.

A spectrum of thecoherentsextupole mode, which is
calculated with the moment ofxis shown in Fig. 5. At
zerointensity, there are two peakscorresponding to the
baretune and threetimes of it. When the intensity is
'increased, all the tunes are lowered. At the same, one

rrlns er?llttaanhgtromh {e?ser\_/ted ats 'm;'.gh 4,[';%”6 4 peaksplits into two. The tune shift dhree modesear
aiso shows fhat the intensity at whic tance  zero intensity is shown in Fig. 6.

growth occurs is the same for any particle distributions,
except a gaussian beam, which has littessonance
behavior.

Oncethe coherenttune hits an integer at about 17A
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to a synchrotrorand study halos in a synchrotron. The

MLl particle-core  model assumes time dependent core
oscillations and its induced parametric resonance of a
particle at tail. In a linac, the majosource of core

© 2 oscillations is introduced by aninitial mismatch at

injection and transitions between two different structures.
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Figure 7: Coherent sextupole tune vs intenfdift) and Ak,
rms emittance vs intensity (right). One peak of the tune 00051, g"'“‘”’%’l .
corresponds talmost three times of thebare tune is g C 5 '-{s
depicted. The rms emittance growth occurs when the s 0 ;'. 3
coherent sextupole tune hits an integer. x ’i. &
0005 °, ’.(‘,;%. ,Q*s .
As the coherentquadrupolemode, intensitydependence R
of the sextupole tune is smaller if onempares itwith 003, ]
-0.05 -0.025 0 0.025 0.0¢

the three times of the incoherent one. It is about 72% as X
shown in Fig. 7 (left). When the coherent tuneldsin t0  Figure 9: Halo particlefound in the multi-particle
an integer, rms emittance growth occ(ffgg. 7 (right)). tracking. Parametricresonance excited by coherent
The slope of the tune shift is the same for any initidjuadrupole mode isthe source of halo formation.
distributions, at least fawaterbagand parabolic,and so Resonance structure is clearly seen.
the intensity where growth occurs.
The coherentoctupole mode and its resonancewith In a synchrotron, the initial mismatch may or may not
external error fields behave in a similar way. the source of core oscillations. We have investigated halos
. induced by coherent modeoscillations. First, beam
2.4 Quadrupole Mode Excited by COD intensity is determined insuch a way that theoherent
So far, we assume external error fiefhsldiscuss the gquadrupoletune becomes 13. Then, a particiear the
resonance of the coherent modéth them. It seems that €dge ofthe core whose tune is about 6.5 satisfies a
nothing happens ithere is no external error fields. It isparametric resonan@dmakes a large excursion in the
found by simulation and confirmed analytically[9], Phase space as [fig. 9. That particle becomes laeam
however, that imagehargeinduced by aclosed orbit halo.
distortion (C.O.D.) plays a role oérror fields. For
example, the image charge of a circular bgwpe can be We would like to acknowledge R. Baartman for
a driving term ofquadrupoleerrors. Figure 8 shows the vValuable suggestionsind discussions on thecoherent
quadrupole mode andns emittance growth. Although mode analysis.
there is noexplicit magneticerror fields in that case,
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