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Summary 
So~e key points of the beam dynamical activi
ties in connection with SIN Injector II are 
presented. As it is a fixed energy machine, 
the isochronism has been adjusted to high pre
cision by s:'limming the rr,agnet-edge, requiring 
only small residual trimcoil corrections. In 
order to regularize the accelerated orbits the 
width of the indi vi dual sector r:;agnets flas 
been adapted. The conical shim at the tip of 
the fi 1'8', sector magnet has been optimized to 
achipvc the proper bending nn 1 focussing of 
the injected beall. The belJ~ _,lr of the ac
celerated I ~tic.LcS in the first few turns has 
been stu il~ using a numerical simulation 
method. :-\esults from the first bear.1 tests are 
reported. 

Isochronizin b 
In thr 3IH Injector II the proper isochronism 
is ac: eved in three steps: pole shape, shim
ming 1 'ld trimcoils. 

In or,kr ,0 sirrplify construction, the gap of 
the sec Jr magnets is constant and the pole 
edge at the beam entrance side follows a stra
ight lin. Using a simple polygonul shape for 
the pole adge at the beam exit side the sector 
magnets ',1'e isochronized to an accuracy of 2:'~. 
:he shir have to reduce these errors down to 
.05!~. e high precision shimming allo'wed for 
a simpl' trin:coil construction. 

rwelve pairs of iron shims of 12 COl heiGht and 
30 cm ;'adial extent with a variable thickness 
of .2 to 4 cm are screwed onto the flut sur
face of each magnet pole at the beam entrance 
side above and below the mugnet gap. For euch 
shim the thickness as a function cf radius 
should be determined by three straig!'lt lines. 
Tri,) restriction simplifies the machinin.s of 
thE iron pieces. The resulting polygonal 
shape of the isochronism correction of each 
sector magnet has about 36 segments which is 
enough to achieve the desired accuracy. l'he 
final configuration of the shims has been 
found through i terati ve refinement using orbi t 
integration based on field maps. From orbit 
calculations with the final field, phase ex
cursions of only a few degrees can be expected 
[1'11 J • 

~ special mathematical procedure has been de
veloped which determines the change of the 
shim thickness which is needed to correct & 
known isochronism error. It is similar to the 
1:1ethod using a d1'dB matrix [1 ,Z1 J. First, the 
effect of a shim variation on the changing of 
isochronism is established. ~tis effectivity 
function is represented by the dTd3 matrix. 
~he method to find this matrix is based on 
orbi t geomet ry. The field changes due to an 
azimutal variation of the magnet edge are pro-

~crtional to the azimutal derivative of the 
field. (For the dTdB matrix field changes 
proportional to the local field had to be 
taken into account). 

Given the d~dS matrix and an isochronism error 
there remains a so called "ill posed problem" 
to find the corresponding correction of the 
magnet width. The proper solution of such a 
problem can be found by using a least squares 
fit which includes an additional stabilisation 
[2J. For the shimming case a second differ
ence scheme provides the proper stabilisation. 
It is highly insensi ti ve to the weight which 
is given to the stabilizing matrix and it 
tends to diminish fluctuations in the correct
inc radial function of shim thickness. 

Injector II. Shimming of Center-Region 
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Fig. 1: Shim thickness as a function of ra
dius. The first five shim pairs of all four 
sector magnets are displayed. The full verti
cal lines show the boundaries between indivi
dual iron pieces; the dotted lines indicate 
the corners of the polygonal shape. Due to 
the correction of the orbit asymmetry caused 
by acceleration, the shims of the magnets 2 
and 4 are thicker than the ones on the sectcr 
magnets 1 and 3. 

Regularization of accelerated orbits 
Between the first few turns of Injector II 
there is an extremely high radial gain. in 
combination with the 180 degree symmetry of 
the accelerating structures a large difference 
between a centered accelerated orbit and the 
corresponding static equilibrium orbits 
evolves. 

In the sector magnets following the cavities 
the accelerated orbit has a lower and in the 
other ones it has a higher radius than the 
reference. Usually cyclotron magnets are de
signed with identical magnet sectors. This 
makes tile' ~;ilibrium orbits completely regu
lar. In a rixec. c':'.crg rc''Jt:i;ine ',lith known ac
celerating voltage there is no reaGon to keep 
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a purely theoretical orbit regular . 'l'he actu
al orbits of the particles deviate always in 
the same manner therefore it is favourable to 
pre - correct the static orbit by the same am
ount and to have a more regular accelerated 
orbi t [C1]. 

There are three different criteria which allow 
to judge the regularity of the orbit. One of 
them is the purely geometric one which asks 
for the successive radii and angles of the 
orbit at intervals of 90 de grees to vary mono 
tonically. (An accelerated orbit cannot have 
a perfect symmetry since it spirals out . ) The 
two other criteria consider the variation of 
the phase advance angle for the radial and the 
vertical focussing. The optimum is not exact
ly identical for the three regularity require
ments, but a goo d compromise has been found . 
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Fig. 2: Effect of the orbit regularization . 
The effective vertical tunes over the indivi
dual sector magnets are plotted. The upper 
frame shows the case of four identical mag
nets. In the lower frame the differences in 
the focussing between magnets has almost di
sappeared due to orbit regularization with the 
shim pattern of figure 1. 

The conical shim at inj ect ion 
The innermost part of sector magnet is spe
cially shaped to leave room for the conical 
shim. This shim enhances the field from 
10.4 kG in the normal gap to 15-17 kG in the 
region of the injected beam. The enhanced 
field bends the 860 keY beam comi ng from the 
machine center by 135 degrees into its first 
orbit [C1 ,C2]. This high bending angle would 
produce excessive x-focussing if there were 
not a strong gradient in the magnetic field 
around the injected beam. The proper bendin~ 
and focussing of this injection element has 
been established in several rounds of changin g 
the shim and analyzing the measured magnetic 
field. 

1100mm I 

• ~G . j : Location and shape of the conical 
shim. From the wooden model the upper pole 
has been removed and the lower piece of the 
conical shim pair has been put in place . On 
the left side one sees the special gap spacer 
of sector magnet 1 with a horizontal hole for 
the injected beam and a vertical hole for di
agnostics. The injection orbit and the first 
accelerated orbits are drawn. 

+--~--'-----r~----'~---,----'--~------t0 . 8 

Field Index 0.7 

0.6 

0.5 

15 Field at 0.4 

Injection 

10 Orbit 

[kGauss 1 
5 

0+0~----'-----~r------r------+400 
100 200 300 

Distance along Injection Orbit [mml 

Fig. 4 Magnetic field and field index along 
the in ection orbit in the region of the coni 
cal sh m. 
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Fig. 5: An example of the graphic output from 
TRANSPOR'f results. Beam ampli tudes and 
dispersion are plotted from the center of the 
vertical beam line to the first orbit in the 
cyclot ron [C2]. The representation of injec
tion elements and sector magnets in TRA~SPOR~ 
notation allows to extend the beam optical 
calculations into the cyclotron. 
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Phase dependent centering 
~he accelerated orbit which has served as a 
reference for the regularization of the actual 
orbit has been determined such that it is cen
tered i.e. its radii and radial momenta exe
cute the least possible oscillations over suc
cessive turns. Usually this reference trajec
tory is calculated for zero RF-phase which 
yields maximum acceleration. 

Particles with different starting phase need 
another starting point in r-pr-phase space. 
When the energy gain is not 100;6 the corres
ponding kicks in betatron phase space are dif
ferent. 

In many cases the differences between the cen
tered starting points in phase space are 
smaller than the oscillation amplitudes in the 
beam. In the SIN Injector II, a high radial 
gain per turn and a small beam diameter are 
combined with the aim to accept a wide range 
of phases. It has therefore been planned to 
improve centering at injection using deflect
ine electrodes with time dependent (150 ~Elz 
EF) fields [3]. 

Radial longitudinal coupling 
Beam dynamical effects caused by the coupling 
between the radial and the longitudinal motion 
of the particles have recently been discussed 
in many publications [C3,C4,C5,4,5,]. 

In the Injector II such effects become impor
tant because of the high harmonic number of 10 
of the accelerating RF relative to the parti
cle revolution frequency. The high radial 
gain between the turns in combination with its 
rapid change in the inner region causes nonli
near phase space distortions. In the inner 
region the acceleration cannot really be con
sidered to be adiabatic. 

A simple method for the numerical simulation 
of phase space deformations at injection has 
been developed similar to the progra~ COMA 
from Vancouver [6J. This simulation uses 
transfer matrices and approximates the effect 
of acceleration by sudden changes of energy 
and betatron amplitudes at the two effective 
gaps. The double gap cavities of GIN 
Injector II are summarized in a single gap at 
the center line of the RF structure. 

In order to clearly separate radial longitudi
nal coupling effects from non adiobatic ones, 
groups of particles should be compared which 
have all the same center position phase. A 
constant center position phase is established 
if each particle of a group has the appropri
ate difference in actual phase from the others 
depending on its difference in radius and ra
dial momentum. This correlation can be repre
sented by a vector. For each particle the 
product of this correlation vector with the 
vector of betatron phase space yields the cor
responding phase deviation. 

In the case of adiabatic acceleration, the 
center position phase is defined by that 
correlation vector which maps cnto itself in 
one period of the accelerator. A non adiabat
ic equivalent of the phase correlation vector 
can be found in a least squares fit. This fit 
investigates how an arbitrary correlation vec
tor at injection is transformed from turn to 
turn. It optimzises the starting values such 
that the the corresponding correlation vectors 
have th8 smallest fluctuations. 
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Fig 6: Phase space distortion between injec
tion and turn 10 of a group of particles hav
ing different center position phases. ~te 
particles start with amplitudes of 3 mm in A 

and 0.6 mCU in px all with the same value o~ 
the actual phase. The broken lines correspond 
to equal phase deviation. The long dashed 
line marks 0 degrees, the short dashed line +2 
degrees. All other equal phase lines are dot
ted. The difference in phase from line to 
line is 2 degrees. 
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Fig 7: Phase space deformation for particles 
with matched center position phase. The bro
ken lines indicate the deviation in actual 
phase from the central particle. Their pat
tern remains ne~rly constant relative to the 
phase space. This reflects the constant 
correlation between betatron amplitude and de
viation of actual phase. For such a group of 
particles the deformation of phase space is 
much smaller than for the group of figure 6 
above. 
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First beam tests 
The first beam tests have been restricted to 5 
turns where there is a beam dump inside the 
cyclotron. They have shown that the precalcu
l~ted settings of magnet currents and of posi
tions of injection elements provide a well 
centered beam inside the cyclotron. This en
hances our confidence in the other beam dynam
ical and beam optical calculations. 

The first few turns of actual beam provided a 
good means to test the workin~ of the new 
three wire probes. One wire is vertical and 
the two other ones are at angles of ±45 de
grees [111 J. A quick evaluation of the probe 
signals provides a rough estimate of the hori
zontal and vertical position and width of the 
beam. For a more detailed analysis of the 
beam program I1ENT from Los Alamos is used [7J. 
In a first step each turn is reconstructed 
from three cuts in the geometric plane x-z. 
This reconstruction can also provide a verti
cal profile of the beam. Later on a recon
struction of the radial and vertical phase 
spaces (x-x',z-z') will be tried. 
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Fig. 8: Reconstruction of a beam cross- sec
tion from the signals of three wires at dif
ferent angles mounted on the same radial 
probe. This picture is produced by the beam 
tomography program I1ENT which is normally used 
for reconstruction in phase space. 
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Fig. 9: Vertical profile of a beam inside the 
cyclotron which cannot be scanned vertically. 
The beam tomography program can provide arbi
trary projections of the reconstructed x-z 
space. The input to this reconstruction is 
again from the 3 wire probes. 
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