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Abstract

We study hdo formation from migmatched axisymmetric
beams propagating in a periodic solenoidal channel aswell
as in a uniform channd. Some fundamentd properties of
hdos ae sdf-consistently explored with a one
dimensiona space-charge code designed particularly for
breathing-mode study. We apply the code tothreedifferent
types of phase-space distributions, i.e., Gaussian, waterbag
and parabolic distribution. A possibility of removing hao
particlesis also discussed.

1 INTRODUCTION

In designing alinac system for intense beam accel eration,
it is extremdy important to have adear understanding of
space-charge-induced phenomena since the beam qudity
can easily be deteriorated by them. The hdo formation is
one such phenomenon which must be investigated inmore
detail. In fact, recent interest in using high-current ion
linacs for the production of tritium, the transmutaion of
nuclear waste, etc. has greatly enhanced the activity of halo
study, because these machines must operae with a
extremely low beam loss to avoid serious radio-activation.

According to recent work on hdos[1-4], beam
migmatch is understood to be the primary factor of hdo
formation. In particular, it isspeculated that the breathing
mode-ocillations excited by a beam-size mismatch might
have the most dominant effect in causing halos. Following
this viewpoint, we develop, in the present paper, an
essentially  one-dimensional  space-charge  routine
dedicaed to breahing-mode study. Sdf-consigent
simulation results are given to deepen our current
understanding of hdo formation in a periodic focusing
channd as well asina uniform channd. Finally, we try to
figure out whether a halo may be scraped off, as pointed out
in the previous work[5], by means of a multi-collimator
system.

2 UNIFORM FOCUSING CHANNEL

First of dl, we examine breathing-beam properties in a
uniform focusing channel. In this case, the beam motionis
governed by the Hamiltonian
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where m, u and g are, respectively, the mass, speed and
charge state of an ion, K isa constant corregponding to the
externd focusing-fidd strength, and the independent
variable s isthe distance measured along thetransportline.
Note here that, because of the symmetry of breathing
modes, the space-charge potentid V(r;s) is independent of
the azimuthal coordinate 6, which enables us to put
ps~L=const. Scaling the variables, we reach the equation of
motion
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where F = k/er with £ being the iniial rms emittance,
K = K/ke withK being the generalized perviance, §=ks,
and &(f;8) is the number of ions contained in the circular
region of theradius 1 relativeto thetotal ionnumber. The
parameter K can be relaed to the tune depression i as
K =(1-n?)/n, where n has been defined as the ratio of the

space-charge depressed betatron frequency to the zero-
current  freqguency. The  angular  momentum
L= (xpy - ypx) /¢ isa particle-dependent constant, and can

be determined from an initial beam distribution generated
infour-dimensiond phase space (X, ¥, p,, py). In thiswork,
three types of redistic beam distribution, i.e., Gaussan-,
waterbag-, and parabolic-type distribution, are adopted as
theinitial distribution. Once L and theinitial shgpe of the
function £(F';5)are determined, we then integrate Eq. (2)
fixing &(7;8) within every time step. Since most beams
come to roughly saturated state before arriving at =204,

where A, is the scaled plasma wave length, we consider a
uniform focusing channel of 204, long.

Fig. 1 showsthe maximum extent of haos plotted as a
function of tune depression . The parameter u is the
mismatch factor defined as the ratio of theinitial rmsbeam
radius to the matched rmsradius p,[6]. The mached rms
radius can be evaluated from
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It is evident from Fig. 1 that the hdo extent divided by
R, =+/2p, isdmost independent of 1. The same tendency

1911



asshownin Fig. 1 hasbeen confirmed with different values
of u unless 1 istoo closeto one.
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Figure 1: Maximum halo extent vs. tune depressionn. The
abscissa isthe maximum hao size scaled with uR, where
R, =+/2p,.We have here assumed the migmatch factor of
1.3. Wefind that the results are quiteinsensitive to both n
and initia distribution type.

3 PERIODIC FOCUSING CHANNEL

Let us now proceed to a periodic focusing situation,
generalizing the code. We here consider a periodic
solenoidd channd consisting of 150 focusing cells, each
having 50% filling factor. The equation of motion is

:3) , @

where rA:r/\;‘Ef with s, being the length of a focusing
period, K =Ks, /e, $=g/s, and L = L/e. The periodic step
function9(S) has the periodicity of one, and its step size
corregponds to the focusing-fidd strength. In the same
scaling as employed in Eg. (4), the envelope equation is
written as
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from which the time evolution of the matched rms beam
radius p,(8) isnumerically evaluated.

The density-dependence of maximum hado extent is
shown in Fig. 2 where we have considered mismatched
Gaussan beams with pu=13. The definition of the
migmatch factor u is p=p, /pg™ where g, denotes the
initial rms beam radius and p™ = p,(0). Note here tha
0(0) corresponds to the maximum rmsradiusof amatched
beam since the origin of the coordinate s hasbeenset at the
middle of afocusing magnet. Similar totheresultinFig. 1,

the maximum extents of haos are insensitive not only to
the tune depression 1 but dso to the zero-current phase
advance g,.

When g, exceeds 90°, we may encounter the strong
instability caused by the periodic nature of the focusing
force. Emittance growth rate is plotted in Fig.3 as a
function of tune depression, where mached Gaussan
beams with 0,=105° have been considered. In waterbag
and parabolic beams, some additiond weak instabilities
caused by higher-order resonances are observed in the
region g,>60°, while no such instability has so far been
identified in the region 0,<90° for Gaussian beams.
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Figure 2: Maximum halo extent vs. tune depressionn. The
abscissaisthe maximumhdo size scaled by pR™ where
R™ =2pr™ . Gausdan beams with the initial mismatch
factor of 1.3 have been assumed. Three different va ues of
zero-current phase advance, ie., 0,=60°, 0,=75° and
0,=90°, have been considered.

4 A POSSIBILITY OF HALO SCRAPING

In a previous work[5], we found that a hao was formed
largely by the particles initially located around the tail
portion of a phase-space distribution. This suggests that
the beam core may roughly be steble and, accordingly,
thereis a possihility to efficiently reducethe halointensity.
In this section, we consider a simple hdo-scraping system
consisting of several collimatorswith acircular hole of the
radiusr,. Each collimator isinstalledinthe middle of drift
space. For simplicity, we assume that both the geometrical
and resistive-wal wake fields induced by the collimators
are negligible.

As an example, let ustakeaGaussiandistribution which
initially satisfies the conditions g,=60°, n=0.3 and u=1.3.
As shown in Fig. 4(a), adea hao ring isformed around
the centra core region ater the beam traverses 150
focusing periods The beamis then delivered into amulti-
collimator system of 14-cel long to scrgpe the hdo. We
have here set the radius of the collimator hole to be
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Figure 3: Emittance growth rate vs. tune depression n a
0,=105°. Matched Gaussian beams have been considered.

rdu R™=1. It is demonstrated, in Fig. 4(b), that the hdo
has been successfully removed by the collimators,
dthough the beam intensity is reduced by 9.3% compared
tothe origind intensity. The collimaed beamin Fig. 4(b)
further travels through a 150-cdl trangort channd to
reach the final statein Fig. 4(c). We now recognizethatthe
regeneration of halo has been completely suppressedwhile
the core beam still has a mismatch executing a significant
breathing oscillation.

5 SUMMARY

We have explored some characteristics of hao formation
from axisymmetric mismatched beams propagating in a
periodic solenoidal channel aswell asin auniform focusing
channd, developing a 1D space-chage code for
breathing-mode study. It hasbeen shown that themaximum
halo extent divided by the matchedrmsradius pg™ isquite
insensitive to the tune depression n. In particular, italways
tekes the vdue around 242 times the size of initial
mismatch regardless of the shgpe of distribution function,
when the beam is subjected to a sufficiently large
migmatch. It may thusbe sad tha the minimum gperture
size of a high-power linac should be well aove
22 U PI™ When we expect the possible maximum
mismatch factor to be .

It has been demonstrated that hao intensity may
significantly be reduced by the multiple hao-scraping
scheme, provided that the wake fields generated by the
collimators are negligible It, however, seems tha the
practicability of such acollimator system dependson how
much we could minimize the effect of wake fields
neglected here In addition, it is indeed necessary to
include multi-dimensional effectsto draw more definitive
conclusions on this subject .
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Figure 4: Phase-space configuraions of a mismatched
Gausdan beam initially with n=0.3 and u=1.3. The zero-
current phase advance has been set to be 60°. (a): the
distribution after traveling through 150 focusing periods
(b): the beam collimated witha 14-cdl hao scrgper. (c):
the collimated beam &fter traveling through another 150-
cell focusing channel.
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