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Abstract the bunch is assumed to remain uniformly distributed while

psdergoing coupled. and|| envelope mismatch oscilla-

For intense beams, the analysis of tenuous halo compone . o
Y P tilons, and details of the bunch velocity distribution are left

of the particle distribution that surround the main core o " : ) .
the beam can be challenging. So-called core/test-particlllé]SpeC'f'ed' Self-field forces associated with the bunch are
@nalytically calculated to obtain coupled equations of mo-

models in which a test-particle is evolved in the applied. 1 of a general test-narticle underaoing battand | os-

and space-charge forces of the beam core have been insﬁ"m— tion gTh pti nl ru mgl ' gdt N I” |

mental in understanding the structure and extent of tran§y 210Ns. These equations are employed 1o a ajyaalo
f on-axis particles (nd. motion) both with linear and non-

verse beam halo produced by resonant particle interactiof; Sear  focusing. and to analvze effect coupling on
with the oscillating space-charge forces of a mismatch g 9 y S| piing

beam core. Here we present a core/test-particle model a—_lrzpﬁlrgfrlaetse(:):sthl‘tsand! Z‘r?]t'?g)' the beam and accelera-
veloped for the analysis of longitudinal beam halo in in-t . Ir um ter ;m’ \rAi/z d inpthy Table. Th rameter
tense, ion-beam rf linacs. Equations of motion are deriveq’ Parameters summarize € 'able. These parameters
represent the 100 MeV and 1.2 GeV points of a conceptual

for a test-particle moving interior to, and exterior to, a uni- oupled-cavity proton linac (normal conducting design) for
form density ellipsoidal beam bunch. Coupled transverse- i ) o )
y €Ip P he Accelerator Production of Tritium (APT) projéctin

longitudinal mismatch modes of the ellipsoidal beam ey is design, an intense proton beam is accelerated from 100
| I . Typical h - X .
velope are analyzed. Typical parameters suggest the p eV to 1.3 GeV over 1060 meters, and beam halo is an

sibility of a low-order resonant interaction between longi-

. . o i f concern.
tudinal particle oscillations and a low-frequency envelopeSsue otconce

mode. Pr'operties of this resonance are analyzed i.n an d%roton Energye, GeV 01 110
companying paper by the authors in these proceetlings [ Bunch Current] mA 200 | 200
Sync. Particle Phase, degrees| -30 | -30
1 INTRODUCTION rf Frequencyy MHz 700 | 700
lon linacs with high average current are being considergdB€tatron  “Freq."kso rad/m | 1.04) 0.204
for applications such as the production of tritium and the SYNchrotron “Freq."ko rad/m | 0.30 | 0.041
transmutation of radioactive wastes. In such applications, - Norm. EMit.vs0s€z,rms | Mm-mr| 0.24) 0.24
beam halo can lead to a degradation of beam quality and/ofl_NOrm- Emit.,ysfs¢. rms | mm-mr | 0.58 | 0.62

particle losses resulting in activation of the accelerator.
Therefore, the structure and control of halo components of
the particle distribution is a critical issue. Recently, the un-
derstanding of transverse Y beam halo has been advanced

through analytic theory and numerical simulatidr In 2 THEORETICAL MODEL

this and an accompanying artitjeve present theoretical we consider an isolated ellipsoidal beam bunch composed
and numerical work on longitudinaj| beam halo. Lon- of g single species of ion of chargeand massn. The
gitudinal halo particles are an issue of concern becauggnch is centered about a synchronous particle with phase
such particles can have large-amplitydzscillations about ¢ = ¢, relative to the peak of the synchronous space har-
the synchronous particle, causing a degradatiohloéam  monic of the full rf wave. Acceleration is neglected, and
quality and possibly particle loss should the oscillation reghe synchronous particle hgskinetic energy€, =const.
sult in a loss of particle synchronisim with the rf fields.gegm focusing is provided transversely by a constant,
Moreover, the control of such halo losses could be chajinear applied field that represents the average effect of
lenging since the phase width of a beam bunch in the Hn aiternating gradient focusing lattice, and longitudinally
bucket cannot be made small in most intense-beam appliy a continuous sinusoidal wave that represents the av-
cations. In contrast, loss of halo particles can be miti- erage effect of the synchronous rf space harmonic. The
gated, though with increased cost, through the use of largggnch is taken to be azimuthally symmetrig/ 08 = 0)
aperture structures. and to have uniformly distributed charge-density =

The core/test-particle model developed applies t0 gonst interior to a sharp ellipsoidal envelope specified by
coasting ellipsoidal beam bunch that is continuously fO(XL/Tl)Q + (Az/r.)? = 1, and zero charge-density ex-
cused and has azimuthal symmetry. The space-chargetgfior to the envelope. Here;, and Az are theL and

*Work performed under the auspices of the U.S. D.O.E. by LLNL un]| coordinates relative to the SynChrPnOl_JS particle, and
der contract W-7405-ENG-48 andr, are thel and|| radii of the ellipsoidal beam enve-

Table 1: APT parameters in coupled cavity linac.
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lope. The| coordinateAz is related to the rf phas¢ by the L and|| Egs. (4) are coupled due to the coordinate de-
Az = —(B:)\/2m)Ap, whereA¢ = ¢ — ¢, Aisthe vac- pendence irny. However, for a particle moving within the
uum wavelength of the rf wave\(= ¢/v, wherec is the bunch (i.e.,x = 0) or along the axes of symmetry of the
speed of light in vacuo and is the rf frequency), ang;  bunch (i.e.x; = 0 or A¢ = 0 = Az), the equations are
andvy, = 1/4/1 — 32 denote the usual synchronous parti-uncoupled. Finally, for small particle excursions from
cle relativistic factors. Denoting the time average currerthe synchronous particle withr|Az|/G:A < 1, the || rf
of the bunch over an rf period h#, the charge-density in focusing force becomes linear, i.e.,
the bunch iy = 31\ /4nr? rc. oF, 9

The L and|| forces acting on a particle due to electro- 537?&02 [cos(Ad + 65) — cos ds] — kpAz, (5)
static and leading-order self-magnetic fields can be calcu- Wherek., = \/27Tqu Sn(— 6]/ 3 nnc? is the

lated in the absence of material boundari€'s as _
wavenumber of undepressed “synchrotron” oscillations
F, =12 o? — F(x,a)| x., about the synchronous patrticle. In the presence of space-
AP 3;0; ("ZJFAX)(”XWZ (1) charge { # 0) and within the bunch, it follows from Egs.
2 =GP a)As (4) that the characteristic. and || spatial frequencies of

Here, ¢, is the permittivity of free-space, undepressed particle oscillatiohg andk,, are depressed
to
F(x,a) = (2) k2= k2 — ;fsf; [1— f(a)],

2 pa—— = 12— 552 fa), )
2 [ tanh (452) - 2], a<1, P = Hi = .
1*‘121 [ T—az A ( I+x I+x “ wheref(a) = F(x = O,oz)L is a beam aspect ratio form
3(1+x)372 a=1, factor [corresponding tg in Ref. 8].

a? 1 (Vaz=
a1 L/llT v ( \/alTlﬂ o a>l

3 ENVELOPE EQUATIONS

a = 1) /vsr, is the aspect ratio of the ellipsoidal beam as

measured in the synchronous-particle frame, arid the To consistently determine the ellipsoidal bunch radii '
positive root of the equation andr, in terms of beam and accelerator parameters, it is

necessary to derive so-called “envelope equations” for the

of(ey Jre)* | (Az/ra)® 4 3) evolution ofr, andr,. For a uniform density distribution,
aZ+x + 1+x (3) .

r2 = (5/2)(r?) andr? = 5(Az?), where() indicates an
for a particle exterior to the bunch envelope [i.e., average over the entire 3D distribution function. By tak-

(x1/r2)* + (Az/r.)? > 1], andx = 0 for a particle inte-  ing derivatives of these relations and using the equations of
rior to the bunch [i.e.(x 1 /r.)* + (Az/r.)* < 1]. Forthe motion (4), the envelope equations
special cases of a particle in the begms 0, and the self-

field forces (1) reduce to the familiar linear expressfohs d;;} = —kéom + w + =+
and for a spherical bunch in the beam frame & ~,r.), d2r. o (O) K2 + Ksp f(a) + 2 (7)
the forces fall off with the required inverse-square form ex- ds? rf s072 i Ti‘

terior to the bunch. ;
are obtainedl®. Here, F(x = 0,a), € =
Within the paraxial approximation, thé and || equa- 25[(22)/( I/2> ~ (aa’)?] _f2(5€) ar(lfj(eQ - o), &

tions of motion of a single test-particle moving in the apsye 95[(A22)(A22) — (AzA2)? ] — 95¢2 are the squares
plied focusing fields and self-field defocusing forces (1) 0f¢ the unnormalized. and| 3D bunér;gﬁn|ttances and
the bunch can be expressed as '

PN fri(Q) = 88— ¢*)sin¢ —3Ccos¢]  (8)

¥3B3X me2?

d d _
_XJ__XJ_7 %AQS——

&

Ay 12 [ _ o? . } with ¢ = (27/8s\)r. is a nonlinear rf focusing factor.

C;XLAE 50); + 2 - oo — e XL Note that Egs. (7) differs from those in Refs. 8 and 9

s (nz) = 13 [COS(A¢+ s) — os ¢s] by the inclusion of a multiplicative factof, ;(¢), which
ﬁera ArKfiD F(x,a)Ag. (4)  arises when the external rf force is included in an aver-

age over the| coordinate. This factor approaches unity
Here, s is the axial distance the beam has propagateds( — 0, corresponding to smal| beam extent:, rel-
x, andx’, are theL coordinate and convergence angleative to the rf wavelengti\. Note that Egs. (7) are not
of the particle,A¢ and AE = & — &, are the|| parti- self-consistent in that the distribution functionassumed
cle phase and kinetic energy relative to the synchronotis evolve such that its density remains uniform within an
particle, kgo =const is the undepressefl £ 0) betatron ellipsoid, whereas in general, such evolution does not oc-
wavenumber of.. particle oscillationsFy (Fy — EoT for  cur. It is hoped that, since the extent of the distribution is
a standing-wave structure, witfi the transit-time factor) not constrained (though the form of the distribution is), the
is the peak, on-axisx(, = 0) field value of rf wave, and evolution of these envelopes is close to the actual evolution
Ksp = 3qI)\/4meqy 32mc? is a three-dimensional space-of rms measures of the radii, thereby providing halo parti-
charge parameter of dimension length. In general, note theles with approximately correct space-charge impulses.
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4 LINEAR ENVELOPE MODES

Denote stationaryd/ds = 0) equilibrium (subscript 0) so- 10
lutions to the envelope equations (7) by, andr.q, and
assume coupled, sinusoidally varying perturbations about
the equilibrium radii of the formr, = 7, + 6r e's
andr, = r,o + 0r.e’** with constant amplitude®-, and

dr,. For|ory »|/r10,.0 < 1these perturbations can be ex-
panded to leading order in Eq. (7) to obtain the dispersion

@

Equilib. Radii (mm)
ol

relation % 2
E* — (K11 + Koo)k? + K11 K99 — K12Ko1 =0 (9) g
g1t
for the mode wavenumber or spatial frequehcyHere, g
]
_ K df o
K11 = 4/€?30 — TijTDzO |:]- - f(Oé()) - % d((SLOO):| ) 0.02
©
Koo = 4k% [frs(Go) + § 22l ] §ooy TR g mde
3K v df (o) g ° ‘ ‘
- rioifo {f(ao) - % daoo } ) (10) g o1 R k mode
K _ _Ksp 1— f( )_ df (a0) T 02 C
12T w 0) = @0 g6, " | =0
_ K df (o) -
Koy = riosrio Pf(ao) — O‘OTOO} , 0 100 200 300 400

Current (mA)
are equilibrium parameters. Since Eq. (9) is quadratic i
k2, two modes are present, a high frequency (HFEME
kx) and low frequency mode (LFM; = k1), each with a
relative amplitude ofL to || oscillation given by

Eigure 1: Ellipsoidal beam equilibrium and mode proper-
ties as a function of currena. Equilibrium beam radii| o
andr.o. b. Wavenumbers for highi(y) and low ;) fre-
quency envelope modes (solid curves), and two times the
R=9mL/rio - _Kip (11) undepressed and depressed frequencigs(@fo, k3) and

= dre/re0 ~ K2—Ku® ) o .
(kso, ks) particle oscillations (dashed curves)Ratio R

. _ . I
In the Figure, equilibrium and mode properties are preg¢ | 1o || 'mode amplitude for the high and low frequency
sented as a function of bunch currédnassuming fixedL envelope modes.

and || beam emittances, ande.. Parameters correspond

to the 100 MeV linac presented in the Table witlvaried
about the nominal 200 mA value. 6 ACKNOWLEDGMENTS
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