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Suniniiry
Results of computer simulations for the following
problems are presented: 1 effects of an rf magnetic
field on a beam; 2 possibility of single turn extrac

tion by off centered injection: 3 a method to measure
a two dimensional motion of an orbit center using three
radial differential probes.

1. Introduction

We have made various computer simulations of
accelerated particles for the RIKEN SSC using the field
data which were measured for the sector magnet in
1982 !

One of these simulations was to study numerically the
mechanism of phase compression and expansion due to an
rf magnetic field. In this work. 1t was found that the
rf magnetic field affects the behaviors not only of
longitudinal emittance but also of radial one. Matching
condition at injection in the longitudinal phase space
was also studied.

For single turn extraction, 1n some cases it 1s
available to use an off centcred acceleration 1instead
of wusing a first harmonic field 1in the extraction
reglon. We have studied its possibility.

- It is one of the most 1mportant diagnoses 1n the
actual operation to mecasure the precise position of the

oribt center. We have found thc means with which the
position of an orbit center in two dimensional direc
tions 1s determined using three radial differential

probes.

In this paper. we will discuss the effects of the
rf magnetic field on a beam and the off-centered
acceleration for single turn extraction. The algorithm
to determine the position of an orbit center will also
be described.

2. Effect of an rf magnetic field

The rf electric field that has a nonuniform radial
distribution along the dee gap is accompanied by an rf
magnetic field. In an isochronous cyclotron, when a
beam is accelerated by such an electric field, its
phase y%dth is varied by the effect of this rf magnetic
field.=

The rf resonator of the RIKEN SSC is designed to
produce an acceleration voltage with a radially
increasing distribution. In our case, therefore, it is
important to take into account the rf magnetic field in
the computer simulations. In the following subsections,
the effect of the rf magnetic field on the beam behav
ior and 1ts related problems will be presented.

2 1 FEnergy resolution
Taking into account the change of the phase width

due to the nonuniform radial distribution of accelera
tion voltage V:R ., the final energy deviation (A } of

a particle with an initial energy deviation (A, : and
phase (g Jis given by *

Ay = a- A+ bt 1
where « 1s the ratio of the final to the initial

is proportional to the radial
integration of R'ViR~ . This relation was verified by
the vcomputer simulation. The final energy resolution
strongly depends on the shape of the radial distribu-
tion of the rf voltage. A radially increasing distribu

tion 1s desirable for a good energy resolution.

voltage (V;/V, ) and b

As mentioned elsewhere’? in this conference, we

have modified the design of the resonator, which was
reported in the preceding conference. The rf voltage
distribution of the old design has a dip in intermedi

ate radii at higher frequencies (30-45 MHz). Because of
this dip the energy resolution is not much higher than
that in the case of a uniform distributioin in spite of
the ratio V;/V, ~ 2. In the new design, this dip can
be eliminated and the distribution will be monotonously

increasing. It 1s expectecd that the distribution will
be uniform at 20 MHz and almost linearly increasing
with Vy /V, ~ 2 at 45 MHz. Consequently, at 45 MHz, the

value of b in the new design becomes smaller by a
factor of about 2 than that in the old one. The energy
resolution will get better or phase acceptance will get
wider.

2-2. ¢- 6 matching

It is important to find the optimal relation for
¢; and &, (& 1s the initial momentum resolution) in
order to get a beam with high energy resolution. If the
emittance in {,8) phase space at the 1injection point
of the SSC is supposed to be an ellipse, the best final
energy resolution can be obtained under such a condi-
tion that the 1nitial ellipse 1s erect and the final
energies of both the particles with {(0,-8; ) and with
(+ ¢;,0) are equal to each other. The above relation is
different according to the shape of the radial distri
bution of rf voltage. From eq. (1) 1t is given by &
=4 ¢F for a uniform radial distribution, while it 1is
given by & = 1.12 @F for a linearly increasing
distribution with the ratio V;/V, of 2. <{The ratio
Ry /R, 1s 4 in our case.}

In the case that the '¢.d) phase-ellipse from the
injector linac (RILAC)' is given by ¢ =1 6 and
& =+ 0.075 % {estimated values), ¢; = £ 2.4 and 6 -
= 0.19 % from the above relation for the rf voltage
distribution with V; /¥, = 2 and the conservation law of
emittance (& = 1.12 @lz and »; 6, = ¢ & ). Fig. 1 a)
shows the transformation of phase ellipse when a beam

1s 1njected under the above matching condition. In Fig.

1 b! 1s shown the transformation in the mismatching
case that ¢, - 1 4.7 and 6; = 4 0.098 7%. These
figures indicate the importance of the matching in

{¢,6' phase space to get a higher
beam. The design of a beam
injection line should be made by
the above matching condition.

energy resolution
bunching system in the
taking 1into account
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2-3. {r.r' i phase ellipse phase at injection and 1, the radial focusing fre
quency.
The rf magnetic field plays an important role in
predicting the emittance in 1,r ) phase space as well. In eq. (2), the amplitude A and initial phase Y,
To 1investigate this role, computer simulations were are functions of the radial displacement and the angle
made 1n two cases: with and without the effect of the of the off-centered orbit with respect to the well
rf magnetic field. Fig. 2 shows simulations of the centered orbit at injection. The integral term depends

transformation of the radial phase ellipse and the beam
width. In Fig. 2 a. is presented the result in the case
of incorporating the rf magnetic field and in Fig. 2 b
the result in the case of deliberately omitting 1t. The
rf voltage was assumed to be a linearly increasing
distribution with V; /¥, - 4. The striking point is that
in the case of b) the reduction rate of the emittance
1s larger than in the case of a) by a factor of about
4. The implication of these results is that the rf
magnetic field is indispensable in the computer simula-
tions to describe the behavior of a beam not only 1in
longitudinal phase space but also in radial one.

3. Acceleration of off-centered beam

For a beam which does not have enough turn spacing

in the extraction region, we have some ways to achieve
single turn extraction. As one of them, acceleration of
an off-centered beam has been examined. The turn

separation of the off centered beam shows an oscilla
tory pattern because of rotation of the orbit center
around the machine center. The radial position of an
off-centered particle 1s given by 8

n
R = Re(n.pep) + A-cos worz:fo (ve R)-1)dn} , 2)
where R.1s the radial position at turn number n of a

centered particle with a central position phase ¢ ,
and A the oscillation amplitude. 3, is the oscillation

on the acceleration voltage. Firstly, the values of the
radial displacement and the angle were searched to give
as large oscillation amplitude as possible under the
restriction that the off centered beam clears all the
injection elements. Secondly. the acceleration voltage
was adjusted so that the maximum turn separation can be
obtained at the extractor.

Calculation was done for a proton beam of an
injection emittance of 20 mm- mrad. Initial energy
spread and central position phase were set to be =zero.

The rf magnetic field was also taken into account.
Behavior of four parameters 1in the radial and longitu
dinal phase spaces 1is shown in Fig. 3 for the off
centered 9 MeV proton beam. The difference between

well- and off centered beams was found to be very small
except that energy resolution degrades slightly in
off-centered case. In Fig.4 are shown radial phase
ellipses 1n the last few turns at several azimuthal
positions near the extractor.

The 10 MeV proton beam encounters a resonance of
radial focusing frequency ' 4,3 at the energy of 188
MeV. It 1is known that this is a quadratic, nonlinear,

intrinsic resonance. We confirmed that its influence 1is
negligibly small for the well centered beam. As seen in
Fig. 5, on the other hand. it is not so small for the
off-centered beam. This 1s due to the effective exten
sion of a radial beam size. Therefore this method 1is
not always suitable for the 10 MeV proton beam.
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There are

many parameter sets to make extraction
of the off-centered beam possible. We

have to employ

the parameter set which does not make beam quality
worse.
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4. A method to measure two dimensional motion of
center with three radial differential probes

It
oribt, e.g.
measure the
directions.
ciple, at

quite facilitates the tuning of acceleration
centering and off centering of the beam, to

positions of orbit center in both x and y
Such measurement necessitates, 1n prin-
least three radial differential probes. As
shown in Fig. 1 of Ref. 5. in our SSC the radial
differential probes are arranged at three azimuthal
positions of sector-edge lines. We describe below the
method of measurement of the position of orbit center
with these probes, whiech 1i1s the extension of the
VICKSI’s method® .

We define the valley mid line and the dee mid line
as x- and y- axes, respectively. 1In the preceding
paperg we presented the condition for the acceleration
equilibrium orbit (AEO!. This orbit is depicted in Fig.
6. The radial gain Ar 1is the

Y

difference in radii

Probe 2 a4 Peb Probe 3

r+ir

Probe 1

Fig. 6. Acceleration equilibrium orbit {(AEQO)} and
configuration of three radial differential
probes. In case of our SSC, a = 20

between the successive AEO's in one turn. The angles, a

and z, come from the above condition. These are given
by
Ar rry ‘
a ——— °), (3;
Asin(mv,/2) " 1y
T R
z = a~cos(’§ur;, (4>

where 1, (radial displacement ) and n;(angle) represent
the principal axes of the eigen-ellipse at the radius
of r on the x-axis, and Vv, the corresponding radial
focusing frequency. From Fig. 6 the radii of the AEO at
each azimuth of probe, Py - P.s , are given by

1. Ny p PR
Pels—c- (1+zt) @rfjiAr‘):é Lr—~%Ar>, (5)
S civers Baro Lo Bars (8"
Pegfc\lui)\rs‘lAr ) Cﬁr‘ AAI,, (B}
1 1. 1 o
e (1 + Vo= (p- — T (7
Peo3 C(l athy C\r 4thz )
PastvatyrimL e (15 Lipary . (81
e C\ i AN E C 4
A arvera o L b Ly ey (9
P95C<1 at,u+2Ar/ c‘TMZ Atf,Av}, (9
o Bpapy-d i B 1iran 101
Pes—c<1 at)(r+2A1/ C{TT\Z 4tf/Ar; R (10}
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where c=cosa, t-tana and

1 g

A 7 %
sinian /21 1y

f = (11>

Because the value of = 1s negligible, it is taken to be

null in egs. (5) and i6). We also neglect the term.
(Ar ", in eqs. (7)-(10;
Y
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Fig. 7. Beam trajectory with respect to the AEO,

the orbit center at the radius of R on the
x-axis being given by (4,4, ).

Fig. 7 shows the beam trajectory with respect to
the AEQ; the orbit center existing at the coordinate of
(Ac A, ). We neglect the rotation of the orbit center
during about 1% turns. From Fig. 7 the radius (P ) of

the position where the probe 1 catches the beam 1s
given by
Py = Poy + é(tArAy; (123
In the same way,
P2 = P+ S{tAc Ay (13)
Py = Py~ Aty (14)
Py = Poy - %(AX tAy, (15)
Ps = P+ Liditay, (16)
Pg = Pep + %(AX+ tAy) a7)
From eqs. (5)-(17) the following relations are
obtained.

1

A=t cosa(Pgi3P5-3Py-Py) 4 psinaf (Po-Ps+Py—Ps),  (18)
1. 1L o —cosal s Pr—Px ) (
Ay—z 1+ tana {2Actana -cosa{(P{+P>-P3-Ps )} . 19)
In order to verify the reliability of these

formulae, we simulated this three-probe measurement of
the orbit center as well as the four-probe measurement,
the four probes being arranged on the x- and y-axes.
The calcualtion was made for '2C® with injection
energy of 50.8 MeV. The first harmonic field of 15 G
was applied. The value of f changes from 1.31 to 1.7
with the radius. In the calculation it was fixed to be
1.5. Fig. B shows the results a) in the first fifteen

turns and b’ in the last seven turns obtained by the
three {solid line’ and four dashed line’: probe meas
urements.

It was found that the three probe mecasurement

mentioned here is quite reliable In

tracing the two

dimensional motion of the orbit center.
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Fig. 8. Comparison of the three (solid line) and
four (dashed line) probe measurements. a)
in the first fifteen turns (injection
region ). b) in the last seven turns
(extraction region).
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