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Effects of resonances on halo formation in high-intensity storage rings
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Numerical calculations for the Spallation Neutron Source accumulator ring indicate that lattice resonances
excited by the space-charge potential can increase a mismatch significantly by deforming the beam distribution
in phase space. Hence increased mismatch leads to enhanced envelope oscillations that are driving the 2:1
parametric resonance leading to halo formation, even for initially matched beams. We have observed this
behavior for the 2,—2v,=0 resonance and for thevd=23 resonance. This mechanism for halo formation
peculiar to rings through resonance driven mismatch is very sensitive to the tunes, which emphasizes the
importance of a careful choice of operating point in tune spg&8063-651X%99)10012-§

PACS numbd(s): 29.27.Bd

I. INTRODUCTION bare tunes are,=5.82 andv,=5.80. The tune depression
due to space-charge effectsAs/~0.08, or about 1.4%. In
The acceleration of intense beams has become very relhis study, no injection process is simulated. We tracked
evant due to a number of important applications. These inbeams for many turns starting from the initial distribution of
clude neutron scattering, the transmutation of nuclear wast& MW beam at O turn.
tritium production, and accelerator-driven fusion. For ex- The AccsiM code with two-dimensional particle-in-cell
ample, the accelerator system of the Spallation Neutrofi2D-PIC) space-charge evaluation is udd®]. We treat the
Source(SNS [1] will deliver a 1 GeV pulsed proton beam to beam dynamics in transverse phase space assuming a coast-
a liquid Hg target at 60 Hz. The accumulator ring is beinging beam with energy spreati9.4 MeV. TheAccsiM code
designed to support 2 MW of beam, which implies that ittreats the lattice using linear transfer matrices generated by
must be capable of storing more tharx 20* protons in  the DIMAD code. Any higher-order multipoles are not in-
each pulse. In order to expedite hands-on maintenance, theg#!/ded, in numerical simulations. Also any skew lattice ele-
are stringent requirements for uncontrolled losses, nameljnents are not included such as skew quadrupoles. Conse-
about one part in fOper meter. Because of this combination quently, the space-charge potential provides the only
of high beam intensity and low uncontrolled loss require-nonlinearities in the Hamiltonian and it is easy to identify the
ments, space-charge contributions to beam loss and halo fospecific effects of the space-charge potential. The calcula-
mation are of crucial importance to the SNS and other hightions presented here utilize numerically generated KV-like
intensity projects. distributions with energy spread for the initial beam distribu-
Space-charge effects have been studied for many yearons. To examine the effects of lattice resonances here, we
particularly for linear accelerators. Kapchinskij and carry out all calculations with horizontal bare tung
Vladimirskij derived an envelope equation and an analytic=5.82 and vary the vertical bare tune from case to case.
self-consistent equilibrium distribution function, called the Even though difference resonances are not usually re-
KV distribution [2]. Since this pioneering work, much garded as dangerous to the operation of accelerators because
progress has been made through the development and genefthe conservation af, +J, , whereJ,,, is thex(y) action,
alization of such concepts as rms emittance, the envelop&e show in Sec. Il that the Montague resonaneg—22v,
equation, etc.[3—5]. Numerical simulations, mostly for =0 can become excited due to space charge and enhance
linacs, and the particle core model indicate that the principahalo formation dramatically in rings with intense beam. Fur-
cause of space-charge-induced halo is the 2:1 parametribermore, in Sec. Ill, we show that the fourth-order reso-
resonance excited by the envelope oscillations of mishance 4,=23 from space charge also induces a mismatch
matched beam$8-9]. The extension of this work to detailed by deforming beam distributions in phase space that leads to
numerical calculations of space-charge dynamics in rings isignificant halo formation for an initially well-matched
the subject of this paper. In particular, we show that latticébeam. In both of these cases, the lattice resonances are driven
resonances both excite the 2:1 parametric resonance and dr+ even-mode space-charge potentials. In Sec. 1V, conclu-
hance the access of beam particles to this halo-forming ressions from this work are summarized.
nance. This previously unknown two-step resonance mecha-
nism can form appreciable halos in rings even for a very
small tune depression of about 1%, unlike tens of percents of !l EFFECTS OF DIFFERENCE RESONANCES

tune depression usually considered in linacs. Hofmann [11] showed, using self-consistent Vlasov-

The study is carried out using the lattice and beam parampisson equations, that the space-charge potential can sup-
eters of the 2 MW SNS accumulator ring whex 1 GeV H Port an even-mode space-charge potential

beam from the linac is injected into a dispersion-free straigh
section. The ring is fourfold symmetric consisting of 24
FODO cells and having a 221 m circumference. The nominal D 4= apX*+axx?y?+azy?, (2.1
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FIG. 1. Beam cross sections for even and odd modes up to tht% FIG. Z'dPIOtS of rsrgszemlt?nge(izaopbplgts) n lqrtm_mmrr?](zj fand
fourth order. This figure and terminology are borrowed from Dr.t € secon 1r_rr1]orrt1em( X >tk?n |< ty ) 8 0”1 plots :n.tr.n” 3?; .
Ingo Hofmann with his permission. wo cases. The tunes in the plots are bare tunes. Initially 3% mis-

matched beams are used for both cases. When the tunes are equal,
inside the beam. Figure 1 is a schematic drawing of the bearstrong-coupling effects are induced leading to a rms emittance
cross sections of even- and odd-mode space-charge potegrowth at about 900 turns.
tials up to the fourth-order. The fourth order coupling term,
shown in Eq.(2.1), can excite the difference resonance,2 second moments. This particular moment reflects the cou-
—2vy=n with integern. We examine now the effect of ex- pling term in Eq.(2.1) that can excite 2,—2v,=0 reso-
citing this Montague resonance, in whicl=0. To do this  nance, and its behavior supports the involvement of this
we consider two cases with vertical bare tumgs-5.82 and  resonance in the emittance growth in the case having equal
vy="5.67, respectively. In the first case, the tune separation itunes. During the emittance blow-up, asymmetry in the par-
0 and we anticipate strong excitation of the difference resoticle distribution is also induced generating weak odd-mode
nance, while in the second case the tune separation is 0.Epace-charge potentials. Figure 3 shows that a sudden growth
and the excitation should be less. In both cases the initiadf the asymmetrid AxAy) moment is induced at about 900
beams are given a radial mismatch of 3%, which is quitaurns when the emittance growth takes place. This shows an
small compared with the mismatch considered in linacs tanducement of small asymmetry in the particle distribution
observe halo formatiorigenerally a few tens of percent that can induce the second-order odd-mode potedtig
20000 macroparticles are used for numerical simulations ex=a,xy [11]. This potential can excite the,— vy=n reso-
cept for a few cases where more resolution in phase-spaggance. However, it should be noted that the maximum oscil-
distributions is required. In this case, 100 000 macroparticlesation amplitude of Ax?Ay?) moment is at about 850 turns

are used. Simulations by varying the number of macroparwhile that of( AxAy) moment occurs at about 940 turns. It is
ticles show that 20 000 macroparticles are quite enough.

Figure 2 shows the rms emittances and the second mo- , 20.0
ments(Ax?) and(Ay?) in mn? for the two cases. The 0S- 150000.0 | v —5.8 : 1
cillation amplitude of the second moments is a measure ol v =5.82 10.0
beam envelope oscillations. When the tunes are equal, a SU o000 [ -
den and massive emittance growth is induced simultaneousl
in both planes at about 900 turns. This is preceded by a rapic

0.0 ‘.,( A0

50000.0

growth in the oscillation amplitudes ¢Ax?) and(Ay?) at PVE -10.0 1 S
about 850 turns. Following the emittance growth, the oscil- Y

lations of the second moments subside, reflecting the exis %0 5000 10000 %0 5000 1000.0
tence of a new relaxed beam equilibrium with halo. In con- turn number turn number

trast, in the case having unequal tunes the beam is fairly £ 3 piots of the fourth momert\x?Ay?) in mnt and the
stable, with little emittance growth, even though the beamyecong momentaxAy) in mn? for the beam in Fig. 2. Before the
has the same initial mismatch as the case/0f5.82 and  sydden emittance growth at about 900 tuftop left plot of Fig. 2,
vy=5.82. the (Ax?Ay?) moment that excites the 2—2v,=0 resonance

Figure 3 shows that theAx?Ay?) moment in mm, for  grows dramatically, reaching peak at about 850 turns. When the
the caser,=5.82 and r,=5.82, increases dramatically sudden emittance growth takes place, asymmetric second moment
reaching peak at around 850 turns prior to the sudden emifAxAy) is also inducedreaching maximum at about 940 tuyns
tance growth at around 900 turns, much the same as thbat can excite the,—»,=0 resonance.
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< ool le ool for the two cases in Fig. 2 at 1100 turns. In the case having equal
= ' ' = ' tunes, a significant halo is generated in contrast to the other case.
=50 1 8oy Also, a denser region in the particle distribution has developed,
-10.0 1 -100 ] shown in the left part of the core in the left plot. 20 000 macropar-
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Figure 6 shows the case of a well-matched béadiall
FIG. 4. Plots of the beam particle distributions in both phase g ¢ y

I 0 I i =
spaces. The top plots are the initial KV-like particle distributions.V_VI'[ShSlzes_?h than l}@.t.mllsma.:licr:hawr!g t’;]X 582 jmd Yy ¢
The bottom plots show the deformation in the particle distributions™ =< € small initial osciflations In the second moments

at 880 turns due to the difference resonance. This deformatiof® due to the tiny initial mismatotrompare this amplitude
makes the beam more mismatchedindy are in mm, andb, and with that in Fig. 2. The difference resonance is excited by
py in mrad. the nonuniformities in the numerical distribution and this

_ ) leads to a further mismatch, as shown by the increasing os-
clear that changes in tH\x?Ay?) moment are leading the jjlation amplitudes of Ax?). Even in the case of a well-

ent.ire process. Bestides,_ even-mode particle_distributionl%atched beam, when the tunes are equal the Montague reso-
which are symmetric with respect to the midplane are

S . T nance, 2,—2v,=0, will be excited, and will ultimately
strongly favored as equmbrlum partlcle.dlstrlbutlons rather trongly excite strong envelope oscillations indicated by the
than odd-mode potentials due to the midplane symmetry

) : uge oscillation amplitude of second moments at around
the accelerator. So the dominant lattice resonance respogzgo 1 oc This well-matched case is observed to remain
sible for the emittance blow-up is thevg—2v,=0 reso- X

— stable for over 2000 turns, but ultimately the emittance in-
nance rather than thg,— v, =0 resonance. . . .
Figure 4 shows the induced deformation in the Ioarticlecreases dramatically, driven by the mismatch caused by the

distribution due to the difference resonance at 880 turns ifilf€reNce resonancesz—2vy=0.
both phase spaces. The width of the beam has grown in both Numerical calculations using bare tunes:gf=5.82 and
dimensionsx andy, and the envelope is severely deformed.¥y=4-82 indicate that the effects of the.2-2v,=2 reso-
The point is that the beam distribution changes as time goedance are negligible. This is an imperfection resonance in the
on due to the the lattice resonance,2 2v,=0. This defor- fourfold symmetric SNS accumulator ring. It is obvious that
mation of the beam distributions induces an even larger misthe driving of this particular resonance by the space-charge
match and envelope oscillations evidenced clearly by thgotential is negligible. Nonetheless, caution should be taken
dramatic increase in the oscillation amplitude of second moregarding such configurations in accelerator design because
ments shown in the left lower plot of Fig. 2. On the contrary,skew components also arise from lattice imperfections.
nothing happens for,=5.82 andv,=5.67 being far from  While it is also necessary to study the effects of the higher-
the lattice difference resonance. order difference resonances,—mv,=n, wherel, m, andn
Numerical simulations indicate that the width of the Mon- are integers, we do not pursue that subject here.
tague resonance i$v,—r,|<0.04. The Montague reso-

nance, 2,—2v,=0, facilitates halo generation in two ways: . 160.0

(i) by increasing the strength of the 2:1 parametric resonanct soo.o F V=582 g 5555 [ vxzs,gz' o
through the coupling of the horizontal and vertical envelope =~ Vy;ifi s |2 g, ]
oscillations; and(ii) by helping particles, through the cou- 8000 === il Py, . ]
pling, to jump across the separatrices of the 2:1 parametric 400.0 | 1 120:0 W* & ]
resonance. The increased oscillation amplitude of the secon 200.0 | <Ay> st 1100 | & .
moments for the case of equal tunes shows the enhanceme : L 100.0 : ‘

of the envelope oscillations of the beam by the coupling 0.0 1000.0 2000.0 3000.0 0.0  1000.0 2000.0 3000.0
resonance. The increased strength of the 2:1 parametric resu- turn number turn number

nance is also demonstrated by the large extent of the separa- riG. 6. Plots of the second momexitsx?) and(Ay?) (left plot)

trix and halo in Fig. 5 that shows the corresponding particlen mn? and the emittancegight plot) in = mmmrad for a well-
distributions in phase space for both cases at 1100 turns. laatched beam with an initial mismatch less than 1%. The tunes are
general, we expect the strength of the,2 2v,=nP reso-  bare tunes. Increasing oscillation amplitude$s%?) are observed.
nance to be significant whe®is the superperiod of a lattice At around 1900 turns, strong coupling effects are induced leading to
andn is an integer. a significant emittance growth and an equilibrium.
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FIG. 7. Plots of the second momexitsx?) and(Ay?) (left plot) FIG. 8. Plots of the particle distribution y1phase space at 250
in mn? and the emittancegight plot) in = mmmrad for a well-  turns and at 1000 turns for the beam in Fig. 7. The structure of the

matched beam. The firgtemittance growth is due to thevg=23  fourth-order resonancer§=23 is clearly shown in the left plot,

resonance and the second growth due to the mismatch thus gen#vhere 100 000 macroparticles are used for better resolution. The

ated. right plot evidently shows the 2:1 parametric resonance, driven by
the mismatch generated by the/ 4= 23 resonance, where 20 000

. EEEECTS OF OTHER RESONANCES macroparticles are useg.is in mm andp, in mrad.

Odd-mode space-charge potentials are skew terms in trefed with even-mode space-charge potentials when choosing
Hamiltonian and are small compared with even modes iran operating point for intense beam circular accelerators.
lattices with midplane symmetry. Consequently, the resoThis is especially true when the horizontal and vertical tunes
nances of these odd modes are weak. However, even-mod@ée close.
space-charge potentials are not weak, and are consequently
easy to observe. For example, the 4 n resonanceg12], IV. CONCLUSIONS
shown in Fig. 8, which is associated with the fourth-order
even-mode potentiakb, .= aox*+a,x?y*+azy* [11], is
stronger than the 3,= n resonance associated with the third-
order odd-mode potentiab;,=a;x?y+asy® [11].

When the coherent tune is near a nonlinear resonfdr8}e
associated with even-mode potentials, the excited resonan
can generate a mismatch, even though the initial beam

Numerical simulations indicate that a strong mismatch
can be induced through the deformation of the beam distri-
bution in phase space by lattice resonances excited by the
space-charge potential, even for an initially well-matched
beam. This mismatch can then lead to significant halo gen-
&Fation, even for the quite weak tune depressions of 1-2 %

; : pical of high intensity rings. This two-stage process for
\év_i” Zgrcnheet(rji;: ngg‘ngizgrgfg’e;hz(;nnsmgltcc)r}oi?nnat(ijcr)lr\:elitih-alo generation is peculiar to the rings, and is initiated by a
- pa X P o gfundamentally different mechanism from that in linear accel-
ure 7 illustrates this process for a matched beam having bar ators
tunes v, =>5.82 anggé’:t&??' Ehi f_wsé motdetrﬁte emlttt?nce This mechanism for halo generation is of considerable
L?lcr?as?hls r:jear4l _23urns whic ISThueI fct) Iet QXEI_ a lgn 0fnterest by itself, but its crucial impact is that it can lead to a
€ fourth-order #,= 25 resonance. The Ieft plot I FIg. S 1S oy design to minimize beam-loss halos in high-intensity
a snapsho_t of partlcle dlstrlbutloqs yrphgse space taken at rings. All of the dynamics studied in this work are very sen-
250 turns immediately after the firgtemittance increase. It

X - sitive to the choice of operating point in tune space. A de-
shows the structure of this resonance very clea}rly. W.'th th(?ailed study of halo generation in tune space will be required
beam thus mismatched, the second increase inythmit-

o . to find an ratin int that minimizes halos.
tance results from the excitation of the 2:1 parametric reso-o d an operating po a es nalos

nance. The right-hand plot in Fig. 8, of vertical phase space

at 1000 turns, clearly shows the structure of the parametric

resonance and the corresponding beam halo. The tune differ- This work was supported by the Division of Materials

ence here is 0.05, so that the Montague resonance may alSgience, U.S. DOE, under Contract No. DE-ACO05-

contribute to some extent. 960R22464 with Lockheed Martin Energy Research Corpo-
It is advantageous to avoid nonlinear resonances assoaiation for Oak Ridge National Laboratory.
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