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The K-V beam through an axisymmetric uniform-focusing channel is studied using the particle-core model. The

beam halo-chaos is found, and a sample function controller is proposed based on mechanism of halo formation and

strategy of controlling halo-chaos. We perform multiparticle simulation to control the halo by using the sample function

controller. The numerical results show that our control method is effective. We also find that the radial ion density

changes when the ion beam is in the channel: not only can the halo-chaos and its regeneration be eliminated by using

the sample function control method, but also the density uniformity can be found at the beam’s centre as long as an

appropriate control method is chosen.
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1. Introduction

In recent years, there has been growing interest in
intense ion beams due to their attractive features in
possible breakthrough applications, such as the pro-
duction of nuclear materials, clean activity nuclear
power systems, nuclear science, the production of ra-
dioactive isotopes for medical purpose.'~'8! However,
the halo of an ion beam not only reduces the acceler-
ator efficiency, but also damages the body and envi-
ronment. If a beam is used, it is necessary to control
the halo-chaos. At present, the ion beam through a
periodic-focusing magnetic field or a uniform-focusing
magnetic field is used widely. Study of controlling
the beam halo-chaos propagating through a periodic-
focusing channel has been carried out.[>79~18! In this
paper we investigate the halo-chaos of beam in a
uniform-focusing magnetic field, and propose a sam-
ple function controller of strong nonlinearity and sta-
bility for controlling the halo. Since the halo-chaos
is a spatio-temporal chaos which is sensitive and un-
stable, we find that the beam halo-chaos is controlled
effectively by the sample function. Then we study
the character of ion beam when the halo is not con-

trolled or is controlled. The obtained results indicate

that we can control not only the halo-chaos by apply-
ing some methods, but also the beam distribution in

2.Controlling the beam halo-

chaos
2.1. Numerical method

At present, the particle-core model is used to in-
vestigate the beam halo-chaos widely. In this model,
assuming the Kapchinsky—Vladimirsky (K-V) beam
to be round and continuous, the dimensionless non-
linear equation of the beam envelope and the trans-
verse equations of motion for a single ion in a uniform-

focusing system are(2]

d?ry K 1
a2 TR = e =0, (1)
and
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respectively, where r, is the beam radius and s = vt is
the axial coordinate, in which v is the axial velocity of
the beam ions, K is a measure of the beam self-field,
¢ is the speed of light; B, = v/c, v, = l/m
is relativistic mass factor, ¢ and m are the particle
charge and rest mass, respectively; ®°(z,y,s) is the
self-electric potential. k.(s) is constant, which char-
acterizes the strength of the uniform-focusing field.

Because space-charges cause the nonlinear effects
and energy exchange takes place between ions and the
core, some ions can escape from the core and form a
halo surrounding the core. We find the radial distribu-
tion of beam ions to be large and noncompact for the
halo-chaos in the vicinity of the beam core as shown
in Fig.3(a).

In the particle—core-interaction model, the self-

field force acting on an ion is given by
F, = —qV & (z,y,s). (4)

The nonlinear feedback control method is proposed
based on the general strategy of controlling chaos in
Ref.[5]. The approach is to apply a nonlinear feedback
controller G to the right-hand side of Eq.(4), that is

FrzquQS(ﬂ:,y,s)—FG. (5)

The force acting on an ion can be changed by con-
troller G, at the same time the transverse velocity and
energy of ions are reduced, so the tendency of ions es-
caping from the core is restrained. The loose ions in
beam are compressed to the core field, and ions be-
come concentrative after the halo-chaos is controlled,

thus the goal of suppressing the halo-chaos is achieved.

T T T T T

1.0 1
0.8 1 1
0.6 r 1

Sa(zx)

0.4 J
0.2 1
0.0 1

—0.2r 1

1 L L 1 1

—-40 =20 0 20 40

Fig.1l. Sample function.

It is critical to select an effective controller G for
controlling the halo-chaos, since the sample function
has a strong stability, nonlinearity, and excellent local-
ization property as shown in Fig.1, and it is utilized
in the engineering. We put forward the sample func-

tion controller for controlling the halo using a sample

function, namely

Sa(z) = sin.z . (6)

T

The controller G is given as follows:
G = g[Sa(rims) — Salam)], (7)

where 7.5 is the average root-mean-square radius, a.;,
is the match radius, g is the control coefficient. In our
work, we apply a variational electric field E(r,y,s) that

is radical around a uniform-focusing channel, that is

E(rems) = g[Sa(rrms) ~ Sa(am)]. (8)

And the controller G is designed to be
G = Eq=g[Sa(rims) — Sa(Tims)] (9)

for roms — am — 0. Therefore the purpose of control-

ling the halo is achieved.
2.2. Numerical results

The particle-in-cell (PIC) simulation is used for
studying the beam under a uniform- focusing chan-
nel. The main parameters used are as follows: the
total number of ions is 5 x 104, the vacuum phase ad-
vance og = 80°, tune-depression 7 = 0.8, n = 1/a2,0,
that characterizes the strength of space-charge effect.
Mismatch factor M = 1.5, where the mismatch pa-
rameter gives the ratio of the initial beam radius to
the matched radius, g is 8.5. The calculated param-
eters are as follows: matched radius a,, = 0.9461747
and perveance K = 0.6283185. The evolution peri-
odic steps are 1800. The numerical simulation results
are shown below.

The evolution of root-mean-square radius ry, is
smart and irregular before the halo is controlled as
shown in Fig.2(a). However, in Fig.2(b), the evolu-
tion of ry, is regular , and r.,s amplitude becomes
so small that r.,s oscillation disappears after the halo
is controlled.

Figure 3 shows the cross section of the beam be-
fore (a) and after controlling the halo-chaos (b). We
find that the ion distribution in the beam is loose and
nonuniform before the halo-chaos is suppressed, and
the halo is visible as shown in Fig.3(a). After con-
trolling the halo-chaos, not only the halo is removed,
but also the radial ion density becomes uniform, at
the same time we also find that the ratio of the cross
section of the beam after controlling the halo-chaos to
that before controlling it is 1/9.
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Fig.3. The ion distribution diagram in the (z, y) space at periodic section (P = 600) before (a) and after controlling

the halo-chaos (b).
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Fig.4. The halo-chaos strength factor H vs time before (a) and after controlling the halo (b).

we define the halo-chaos

strength factor H as the ratio of number of ions at

In the simulation,

1.75 a,, away from the centre to the total number of
ions. H is a measure of the halo control. In Fig.4(a),
we find that H is not zero, which implies that the halo
is existent at all times before being controlled. with
the halo controlled, H is zero, which means that the

halo is removed by the sample the function controller.
3. Simulation of radial ion density

in high-intensity ion beam

In Section 2, the halo-chaos is controlled by a sam-
ple function. We explore further the character of beam
in the uniform-focusing system, where the beam pa-
rameters are set to be og = 80°, 7 = 0.8 and M = 1.5.
5 x 10° ions are used in our simulation. We still use
the same controller as that in Section 2. By solv-
ing Egs.(1)—(5) and (9), we explore not only the halo
formation and its controlling, but also the radial ion
density of beam. In this way, we can understand how
the halo can be controlled better.

The initial distribution of the K-V beam is uni-

form as can be seen in Fig.5. When the beam
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through a uniform-focusing channel is not controlled,
the space-charge can cause the nonlinear effects and
energy exchange between ions and the core, thus more
and more ions may escape from the core, which causes
the emittance growth and halo formation around the
core as shown in Fig3.(a). Our simulation result in-
dicates that the radial ion density in the beam varies
radially, and two different density profiles are shown
in Figs.6(a) and 6(b).
but compared with the initial distribution in Fig.5,

The two curves are different,

the growth of ion radiation field occurs and radial ion
density becomes nonuniform over the cross section of
beam. We find that lots of ions accumulate in the
centre, a few ions stay on the edge of the beam , the
density curve is not of simple distribution, but has a

maximum as shown in Fig.6(b). From the particle—
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core-interaction model, space-charge force is linear in
the beam core, but nonlinear outside the core, and
ions of mismatched beam are affected by the external
magnetic field. The complexity of the force acting on

ions results in such a shape of ion density curve.
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Fig.5. The initial density distribution of K-V beam.
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Fig.6. The ionic radial density before control. (a) P = 600; (b) P = 1500.
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Fig.7. The radial ion density after controlling the halo. (a) P = 600; (b) P = 1500.

The beam halo-chaos is suppressed effectively by a
sample function as shown in Fig.2(b), and the change
in radial ion density occurs compared with the ini-
tial distribution, and the beam distribution before the
halo is prevented. As a matter of fact, the purpose
of controlling the beam distribution is achieved. The
area of ions distribution becomes small, unlike that

of the initial density distribution, the uniform den-

sity appears at beam’s centre, and the density is more
uniform than the initial density as shown in Figs.7(a)
and 7(b).

tion, other density curves have identical features. The

The lattice period is 1800 in our simula-

radial ion density after controlling the halo indicates
that the ion density may be made to change some spa-
tial distribution.
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4. Summary

From the investigation of the effective control of

beam halo-chaos and radial ion density, we can con-

trol not only the halo by chaos controlling method,

but also the beam distribution as long as an appropri-

ate control method is chosen, which may be a valuable

try for the beam applications in the future.
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