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1. - INTRODUCTION

This paper presents the results of preliminary studies carried out on the central
region of the Milan superconducting cyclotron for the use of an internal source.
Even if the cyclotron has been designed as a booster for a Tandem, use of an in-
ternal source is anticipated, at least in the first running period.
The main characteristics of the cyclotron are extensively reported in ref, (1).
Here we only recall that it is a multi-ions machine with a wide operating range both in
terms of the field level (22-47,5 kG) and of the final energy (from a few MeV/n up to
100 MeV/n). The operating diagram is shown in Fig, 1 in the (Z/A,B,) plane, where
Z/A is the charge to mass ratio and B, is the center magnetic field. The lines of co-
stant energy at extraction are also plotted in Fig. 1, The plot of the rf frequency vs
the energy per nucleon at extraction is shown in Fig, 2,
Two main options are available to design a central region geometry:
i) Work with a fixed accelerating voltage. This choice implies a variable orbit geome-
try depending on the Z/A of the accelerated particle and on the magnetic field level.
Therefore, in this case several central regions must be designed and used accord-

ing to the specific particle to be accelerated.
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ii) Work with a fixed orbit geometry. This choice requires that ions with different Z/A,
accelerated in different magnetic fields, follow the same trajectory and consequent
ly have the same number of turns before extraction. This can be achieved with a pro
per scaling of the dee voltage.

This work has been carried out according to the second option.,

The high magnetic field in a superconducting cyclotron strongly affects the design
of the central region. Particles with high charge to mass ratios bend very strongly dur
ing the first revolutions. Thus only very little space is left for the ions source, the pul
ler and to accomodate the inner tips of the three dees and three dummy dees. Therefore
special attention must be paid:

i) to clearances in the first few turns, between particle trajectories and solid obstacles,

ii) to the ground to high voltage distances which should be large enough to avoid sparking.

The presence of many electrodes in a reduced space also implies a rather compli
cated electric field in the center of the cyclotron. There is practically no electric field
free area in the first few turns. Therefore all orbit calculations in the central region
have to be based on measured electric fields.

The procedure for arriving at a working central region geometry usually involves
a sequence of tentative designs each of which is measured in an electrolitic tank and te
sted with orbit computations. The latter allow to check whether the accelerated ions
clear the obstacles successfully, gain enough energy, have adequate vertical focusing
and emerge from the central region properly centered.

The design of the central region for the Milan superconducting cyclotron, has been
finalized starting from the electric fields measured in a three dimensional electrolytic
cell, at MSU(Z), for two different geometries. These two geometries were studied and
improved for accelerating ions in 15t and 20d harmonic modes in the K500 MSU super-
conducting cyclotron,

Two central regions have been studied also for the Milan cyclotron to accelerate
ions both in the first and second harmonic mode, Their design and performances are
presented in the following after some remarks on the electric and magnetic field maps

and a brief description of the code used for orbit computations.

2. - ORBIT CALCULATIONS

2.1, - Electric and Magnetic Field Maps

In order to compute the beam motion through the central region both magneticand

electric field data are needed.



The magnetic field maps used in this work have been computed from the final iron

design of the Milan superconducting cyclotron(3)

. The magnetic field values B(r, ) are
stored in a polar mesh with 40=1 deg and Ar =1 cm,
The maps of the electric potential in the median plane have been measured for a
given geometry using three dimensional electrolitic cell models.
For any geometry two kinds of potential maps are required:
i) A map containing the values of the potential in the source to puller region on a car-
tesian mesh.
Due to the importance of knowing as accurately as possible the ions motion between
source and puller, the potential values have been measured using an enlarged scale
model (5:1)., Measurements have been made on a square mesh measguring 141, 224
mm on each side and with a uniform spacing Ax= Ay = 1.016 mm. The source topul
ler regions used in the present work are shown in Fig, 3, The electrodes are shown

as shaded areas and the equipotential lines are given.

Source - Puller Region

h =1 REGION h=2 REGION

FIG, 3 - Source to puller geometries for the first and second harmonic cen
tral regions. The electrodes are shown as shaded areas and the equipoten-
tial are presented.

ii) A map containing, on a cartesian mesh, the potential values in the central region up
to a radius of ~ 6-7 cm. In this region the three dees, the three dummy dees andthe
ion source set close and the electric field is very complicated. As already mentioned
it cannot be simulated using simple models and measurements are therefore requir-
ed. They have been made, using a 1:1 scale model, on a square mesh measuring
141,224 mm each side and with an uniform spacing Ax= 4y = 1,016 mm.,

For any given electrode geometry three potential maps Uj(x,y) have been measur-

ed, each one with the dee # j at full voltage and with the other two dees both ground



ed.

The position of the ion source and of the electrodes penetrating the median plane in
the electrolitic cell model are presented together with the measured equipotential 1i
nes, in Figs, 4 and 5 respectively for the first and second harmonic region. The e-
quipotentials shown correspond to all the three dee having the same voltage and clear
ly indicate the outlines of the three gaps. Note that for the first and second operating
modes the three dees are out of phase, thus the equipotentials shown in Figs. 4 and
5 are not the actual ones but a simple superposition which is useful to outline the

electrodes and the gaps.
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2.2, - The Computer Code

The Code 3D-CYCLONE(4) has been used for orbit computations. This program
consists of three separate orbit codes which have been woven together in order to make
possible the tracking of the orbits starting from the source exit slit and reaching the

middle of the machine,



Part I of the program follows the ion from the source slit to just beyond the pul-
ler, Part II tracks the orbit for a few turns until the boundary of the measured electric
field is reached. Part III follows the orbits as far as desired.

All the three parts use the same magnetic field map. The magnetic field provides
an absolute reference frame for positioning all the electrodes and the resultant electric
field.

The main difference between the three parts is in the way they treat the electric
field.

In part I the electric field is derived from the potential V(x,y,t) = U(x,y) sin(®t),
where U(x,y) are the measured values. The orbit computation in the first part of the
program is carried out in a cartesian coordinate system with the time t, as the indepen
dent variable.

In part II the three potential maps measured with one dee at full voltage and the
other two grounded are co%abined by the program to obtain the required time depend-

J
and specifies the voltage phase of the dee # j, for operation on harmonic mode h.

ent potential: V(x,y,t) = .Zl Uj(x, y) sin (ot - kj). The term k. is equal to (j-1)2ah/3

The independent variable in part II is the azimuth, 0.
The electric field in the median plane is computed. by combined interpolations

and numerical differentiations of the potential V(x,y,t), both in part I and II.

When the orbits reach the end of the measured electric field they enter the Part
IIT of the program, which is almost identical to the SPIRAL GAP code(®), Here the elec
tric field is represented by a delta function for each of the six gap crossing occuring on
each turn. The energy gain is thereafter modified by a transit time correction factor,
which takes into account the finite width of the electric gap,

Using a table of stored equilibrium orbit data, the program, in part III, prints
out, once per sector, the displacement of the accelerated orbit from the equilibrium
one. This quantity will be referred to in the following as "centering error". This fea
ture is useful to study the centering of the beams when they leave the central region.

The CYCLONE code in part II and III can treat the axial notion and computes it
with a strictly linear procedure. In part II the electric field out of the median plane is

given by : _
E, = j_azv/ax2 + azv/ayz]

which follows from divE =0, This assumption breaks down at the electrodes surfaces,
and the program is equipped to detect these surfaces and to take suitable counter measg

ures, using an extrapolation procedure. Since part II uses electric field values comput



ed from measured values of the potential, it intrinsically takes into account the axial fo
cusing due to the electric field. In part IIl where the electric field at the gap crossing is
represented by a delta function, the program can provide a vertical impulse at each gap
crossing to reproduce the electric focusing effect(6).

Since the z motion is completely linear, the general st%}gtion and hence the trans
fer matrix in the axial phase space can be generated from anyjindependent solutions. An
auxiliary program evaluates the transfer matrix as a function of 0 and then computes,
the vertical acceptance (area of phase space ellipse). For a group of orbits whose initial
(z, py) values completely cover this ellipse, the program then finds the vertical envelo-

pe (maximum values of z) as a function of 6, This envelope is very useful to study the

quality of the axial focusing in the central region,

3. - DESIGN OF THE CENTRAL REGION

3.1, - General Consideration

As already mentioned, the starting points for this work are the electric field maps
measured for the central region geometries in the MSU K500 superconducting cyclotron.,

The operating regions of the MSU and of the Milan cyclotron are however quite dif
ferent(l'g), in terms both of field levels and final energies. This means that the start-
ing geometries have to be adapted to fit the Milan cyclotron running conditions.

The dimensionless parameter X, the Reiser parameter(7), is very useful for this

purpose, It is defined as:
_ 2 2
% = (e/mp) (Z/A)B " (1/V,) (1)
or equivalently:

% = (e/mp) (Z/B)B_d(1/E) (2)

where (e/ mp)(Z/A) is the specific ion charge, B, is the magnetic field strength, d is
a reference distance, V is the applied rf peak voltage and E the electric field.

The usefulness of the X parameter is based on the fact that ion trajectories intwo
different optical-systems are similar’'if they have thesame % wwahreaanditheharmonic
mode of acceleration is the same.

This means that a central region designed to accelerate ions with a specific set
of Z/A, By and V, parameters can be adapted to accelerate ions with different Z/A,
B, and V, values, keeping X constant and scaling the region dimension,

Moreover, once the dimensions of the region are chosen, ions with different Z/A



and B, values may be accelerated along the same trajectory by simply changing the rf

voltage,

The X parameters charaterizing the central regions used as a starting point for
this work are respectively X =0.62 for the first harmonic mode and % =0.39 for the sec
ond harmonic one,

The source to puller distance and the maximum rf voltage are respectively 1 cm
and 100 kVolt for the first harmonic region and 0.8 cm and 80 kVolt for the second har
monic one,

In the process of designing the central region one should keep in mind that:

i) Nowhere the peak voltage, V,, can be greater than 100 kV and the electric field, E,
greater than 100 kV/cm to avoid sparking.

ii) As already mentioned, we decided to work with fixed turn number geometries, so
that ions with different values of Z/A and Boare accelerated along the same trajec
tory by changing the accelerating voltage. The minimum voltage cannot be much be
low 30 kV, In fact sufficient intensity from the source is not granted and a too low
energy gain per turn is obtained if lower voltage are used. A too low energy gain
per turn would affect the phase excursion near extraction. The product harmonic
number times the turn number is in fact proportional to the phase excursion
A(sinf). A too high value of A(sinf)) would be dangerous for a successful accelera
tion.

iii) The energy gain in the source to puller region must be as large as possible, A high
er energy gain allows a larger curvature radius in the first revolution and therefore
more room to locate the source.

iv) The beam must comfortably clear all the electrodes which cross the median plane,

v) Sufficient vertical focusing must be achieved. The axial phase space behaviour
should be therefore studied.«

vi) The beam should be well centered to avoid losses during the acceleration cycle and

with a proper phage with respect to the rf voltage.

3.2, - First Harmonic Central Region

In the first harmonic mode it is anticipated to accelerate ions to a final energy
ranging from 35 to 100 MeV/n,

The higher limit is imposed by the focusing limit and the lower one by the lowest
frequency value of 15 MHz available from the rf system, as shown in Fig, 2,

The ion with a charge to mass ratio, Z/A =0.5 and a central magnetic field B =

= 31.3 kG has been used to study the central region in the first harmonic operation mo



de. This ion is the most critical one since it has the maximum final energy, the worst
A(senf) and is the one with the most difficult extraction(g’ 10).

The relation (1) has to be taken into account to establish which is the peak rf volt
age required to accelerate this ion. Once the X parameter and the dimensions of the
central region are fixed, the voltage required to accelerate different ions along the same
trajectory is proportional to the factor Z/A'Bg. The lines where Z/A'B?, is constant
are shown on the operating plot in the (Z/A, By) plane in Fig. 6. Ag it can be seen in
Fig, 6 the highest Z/A'Bg' values in the operating plot is 5.2 Tz. The ions with such a
value of Z/A'B(z) must be: accelerated by an rf voltage of 100 kV if the upper voltage lim
it of 100 kV has to be respected. This implies that the ions with Z/A'Bcz) =4,9 T2 such

as the ion with Z/A =0,5 and B,=31.3 kG require an accelerating voltage of 94 kV,

—

Z/ABo2 Vo
(T2) (kVolt)

52 100
4.9 94
4.5 86
4.0 77
3.0 58
20 39

2

z/ABp%=52T

Bo ( kgauss)

FIG, 6 - Lines with constant values of the factor ZfA‘Bcz) (dotted lines) are pre
sented on the operating plot in the plane (Z/A, BO). The voltage required to ac
celerate in first harmonic mode the ions on these lines are also listed.

To accelerate the ion with Z/A = 0,5 and B, =31.3 kG, with an rf voltage of 94 kV,
in a central region characterized: by #2=0,62 (the same parameter of the region used
for the electric field measurements), the latter should be scaled, according to the re-
lation (1), by a factor A=1,11512,

The measured electric fields have been scaled according to this factor and the
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trajectories have been computed by the computer code CYCLONE,

A gtarting time To ™ 240 deg has been chosen for the central ray, It is 30 deg rf
before the maximum electric field is reached. This is a compromise between the ener
gy gain (the earlier the better) and the maximum output from the source (the closer
to the peak the better).

Through a set of sequential trials the source position and orientation have been
adjusted to get well centered beams. The final design of the first harmonic central re
region is shown in Fig, 7. The source and the electrodes which cross the median plane
are shown as shaded areas and the contours of the dees and dummy dees below the me

dian plane are also represented.

First Harmonic Central Region

5cm

FIG. 7 - Design of the first harmonic central region. The source and the elec
trodes which cross the median plane are shown as shaded areas and the con-
tours of the dees and dummy dees out of the median plane are also presented.

Some comments on this geometry:
i) The source slit is positioned at a radius Rg= 1.08 cm and an azimuth 04 = 309 deg
with an orientation Osp = - 66deg.

ii) The source has been designed so that nowhere it is closer than 10 mm to the high
voltage electrodes. The limit of a maximum electric field of 100 kV/cm, to avoid
sparking, is henceforth respected around the source,

The design also allows the source to rotate by 5 deg without coming closer than

I0 mm to the electrodes. This degree of freedom might be useful to center the
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beam in the actual running conditions.

iii) The source to puller distance is 11.15 mm and therefore the maximum electric field

in this region is 89.7 kV/cm.

iv)

In the first harmonic mode the phase difference between the dees is 120 rf degrees.

With a maximum dee voltage of 100 kV, the maximum potential difference between

the dees is 100 \/3 kV, Since the dummy dees between the dees number one and num

ber two and between the dees number two and three, are cut back, they do not shield

one dee from the other. Under the assumption of a maximum 100 kV/cm electric

field, the closest distance between the dees should be at least 18 mm. In order to

respect this requirement, since the source and the puller are 1 mm outward with

respect to their position in the electrolytic tank, the post of the dee number three

was also moved 1 mm outward.

The orbit of the ion with Z/A =0,5 and B, =31,3 kG tracked from the source to

the end of the measured electric field, for a starting time 7, =240 deg, is shown in

Fig. 8. The trajectories for starting times 7 = (240110) deg have also been tracked

to evaluate the "time-acceptance" of the central region and are presented in Fig, 8 too.

“MAP NAME: 2.200

25UA=.500

BO= 31.300KG V=

04 030KV
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0
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First harmonlic central region

Starting time -230°, 240°, 250°

FIG., 8 - Trajectories of the ion Z/A =0.5, B, =31,3 for different starting times

T, =230 deg,

o

T, =240 deg, 7, =250 deg in the first harmonic central region.
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The clearances between the trajectories and the electrodes are listed in Table I
at three critical azimuthal positions for different starting times. The requirement of
clearing the electrodes is in each case fully respected, with a minimum distance of
3.7 mm,

TABLE I - Beam-electrode clearance at three azimuthal

position for the ion with Z/A =0,5 and B, =31.3 kG, for
different starting times,

Clearance (mm)
to(deg) =
0 =133 9 =.230° 0 = 310°
230 5,4 4,5 3.7
240 4,9 4,7 3.9
250 4,1 4.6 3.7

The phase with respect to the rf after 50 turns at 0 =30 deg and R~ 25 cm, is lis
ted for different starting times in Table II, together with the centering errors. The cen
tering error is 0.35 mm for the ion with the best starting time (t, =240 deg) and it is

acceptable also for 7, =230 deg and 7, =250 deg.

TABLE II - Phase with respect to the rf and centering er
rors (after 50 turns at 0 = 30 deg and R ~ 25 cm) for

the ion with Z/A =0.5 and B, =31,3 kG for different start
ing times, B

v (deg) Centering Error | Phase (R~25cm, 0=30)
0'9°8 (mm) (deg)

230 0.5 -15,5

240 0. 35 - 6.4

250 1.3 3.0

These considerations show that the central region has a time acceptance of at
least 20 deg around the best starting time,

To study the axial motion two trajectories with two independent starting conditions
in the axial phase space have been tracked by the code CYCLONE for each of the start-
ing times considered ('vo =240 deg and 7, =240 110 deg). The two solutions obtained for
the starting time 7,=240 deg are shown in Fig. 9, Ag it can be seen the overall period
of the z and p, oscillations varies from about 7 to 9 turns and superimposed on this
variation there is a three times per turn oscillation which is due first to the electric fo
cusing at the gap crossing and then to the magnetic focusing.

The transfer matrix has been calculated as a function of the azimuth for each start

ing time using the two independent solutions. Using these matrices the shape of the el-
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FIG. 9 - Maximum area ellipses, in axial phase space, at the puller which
allows the maximum axial displacement to be lower than 1 cm for three
different starting times.

lipses in the axial phase space, at the puller, which minimizes the maximum axial di-
splacement have been determined. Then the maximum ellipse areas, which contain the
maximum axial displacement within 1 cm along all the trajectories have been computed,

The ellipses and their parameters are shown in Fig., 10 for different starting ti-
mes, The meaning of this drawing is that whichever the shape and dimension of the
beam in the axial phase space at the puller, no axial displacement larger than 1 cm
will be observed if it is confined within the ellipses of Fig., 10, The area of the ellipse
~at the puller is 1794 mm rad for a starting time 7, =240 deg. A beam with such an emit
tance at the puller will have an emittance of about 37 mm mrad at extraction., This
means that the limits on the axial acceptance of the machine are not posed by the cen-
tral region geometry.

The maximum z envelopes have also been computed for a group of orbits which
covers at the puller the ellipses in Fig, 10, The results are presented in Figs, 11, 12
and 13 for the three different starting times,

The values of v, have been computed, once per turn, from the transfer matrix as
a function of the average radius and are presented in Fig, 14, A comparison with the e-
quilibrium orbit data shows that the electric focusing dominates the first few turns, be
coming negligible afterwards with respect to the magnetic focusing. Moreover it is e-
vident that the electric field focusing depends on the phase with respect to the rf at

which the ions start and consequently arrive to the gaps.
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matrix for different starting times in the first harmonic region compared to
the values obtained from the equilibrium orbit data,



3. 3. - Second Harmonic Central Region

The rf frequency range allows the acceleration of ions, in the second harmonic
mode, up to a final energy between 8.5 and 100 MeV/n (see Fig.2 ),

This means that, given a second harmonic central region able to accelerate ions
all over this energy range, almost the whole operating diagram of the machine (Fig. 1)
could be covered without changing the mode of acceleration and the central region.,

Consequently, in designing the second harmonic central region two goals have
been set, according to this priority:

i) To design a central region for ions with a final energy ranging from 8.5 to 100 MeV/n,
This implies to accelerate ions with Z/A-B(z) values in the range 1,36-5.2 T2 (see
Fig, 6). As stated before, to keep a costant mode of operation the proportionality re
lation between the accelerating voltage and the factor Z/A'Bg probably implies a ve
ry low voltage for the low field-low charge ions,

ii) Should the first goal not be reached, the central region must in any case work for
ions with an energy at extraction up to 35 MeV/n, The latter is in fact the lowest e

nergy available in the first harmonic mode of acceleration.

The main problem in the second harmonic mode is the transit time between the
source and the puller, since the rf frequency required to accelerate a particl2 in sec
ond harmonic mode is twice the one required in first harmonic mode. Therefore if
the same source to puller distance and electric field, as in the first harmoiic central
region, are used, the voliige may reverse its sign before the partcles cross the gap

and they start to loose energy.

The parameters at one's disposal to reduce the transit time are:

a) The starting time with respect to the rf. The energy gain in the source to puller re-
gion is strongly dependent on the starting time and a higher energy gain means short
er transit time. The dependence of the energy gain on the starting time has been stu
died using the code CYCLONE., The ratio between the energy gain and maximum avail
able, En/qV,, is shown as a function of 7, in Fig. 15a. A starting time 7_=230 deg
has been choosen. It is 40 deg before the peak voltage is reached and it is again a
compromise between the energy gain (the earlier the better) and the maximum out-
put from the source (the closer to the peak the better).

b) The electric field: the higher it is the larger is the energy gain. However the limit
of 100 kV/cm cannot be overcome to avoid sparking, Moreover if the maximum elec

tric field can be kept under this limit running the machine would be less critical,
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c) The source to puller distance: the smaller it is the smaller is the transit time of par
ticles with a given energy. However too small source to puller distances produce tro
ubles. In fact the limit on the maximum electric field causes the accelerating voltage
to be too low. Too low values of the accelerating voltage are not welcome as already
discussed in paragraph 3.1,

The source to puller distance and the electric field are related to the maximum
value of Z/A’B?, of the ions to be accelerated through the parameter X (see relation2),
The motion of the ions in the source to puller regions characterized by different X va-
lues has been studied by the code CYCLONE for a starting time 7, = 230 deg.

The energy gain over the maximum energy available, En/qV,, for fixed electric
field values, is approximately linear with X' and decreases for larger % values ~(Fig.

15b). “The relationship ig approximatively given by

En/qV, = 1.21 - 1.6 7 . (3)

An extensive survey of the ions running in the source to puller region was car-
ried out in order to determine the X parameter and the maximum electric field which
optimizes the performance of the central region.

The dependance on the X parameter of the source to puller distance, of the ener-
gy gain over the charge, En/q, and of the accelerating voltage has been studied for dif-
ferent values of the maximum electric field, E, and of the maximum values of Z/A'Bg
that can be accelerated. A range of X values between 0.3 and 0.65 and of Z/A'B(z) bet-
ween 4.3 and 5.2 T2 has been explored. The results are presented in Figs, 16 and 17

for a maximum electric field of respectively 90 and 100 kV/cm.
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The dependance of the maximum and minimum accelerating voltages on % are
also presented in Figs. 16 and 17. The maximum voltage, Vg%, is the voltage requir
ed to accelerate the ions with the highest Z/A'Bcz) values for which the central region
has been designed. The minimum voltage, Vmin, is the voltage required to accelerate
the ions with Z/A'B(Z) =1,36 T2 when the central region has been designed to accelerate
ions up to a given maximum Z/A'Bg value,

Looking at Figs, 16 and 17 some considerations can be made:

a) The choice of a max electric field of 100 kV/cm is mandatory to allow sufficient e-

nergy gain and not too low voltage values.

b) Vmax @nd Vi jn grow linearly with the X parameter, In fact larger values of ¥ mean
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larger source to puller distances and therefore higher voltages are required to pro-
duce the same electric field.

c) The energy gain over the charge, En/q, has a maximum for X values between 0.35
and 0,40,

As a compromise between points b) and ¢) a X value of 0.4 has been chosen, The use
of a larger X would have the advantage of allowing the use of larger voltage, but the
energy gain would become smaller due to the increased transit time,

d) The maximum ZJ!’A'BCZ) value is a critical parameter too. When the electric is fixed
the larger is the value of Z;’A'Bg the smallest is the maximum allowed voltage (see
relations (1) and (2)). Consequently the minimum voltage is very low too.

If the second harmonic central region must accelerate ions all over the energy
range 8.5-100 MeV/n, it should be designed to accelerate ions with Z/A’Bcz) values up
to 5.2 T2, This would imply, as can be seen in Fig, 17, that the energy gain in the
source to puller region would be only 46% of the maximum available and that the maxi
mum and minimum voltages would be respectively 80 and 20 kV., The problems arising
when running with low accelerating voltages suggest to give up the attempt to cover the
entire energy range 8,5-100 MeV/n in the second harmonic mode. This conclusion ob-
viously holds only for internal source operation and not for the injection from a Tandem.

The second harmonic central region has been therefore designed using the ion
with Z/A =0,21 and B, =46.2 kG, which is the ion with the larger value of Z/A’Bg
(4.5 Tz), for acceleration up to 35 MeV/n. As a consequence the ions in the area of the
operating plot between the line T/A =35 MeV/n and the focusing limit must be acceler
ated in first harmonic mode.

The design of the second harmonic central region is shown in Fig, 18, The cha-
racteristics of this geometry may be summarized as follows :

i) The X parameter characterizing the source to puller region is X=0.4 and the
source to puller distance is 0,93 cm.

ii) The maximum electric field is 100 kV/cm.

iii) The maximum and the minimum voltages required for accelerating ions with Z/A'Bcz)
equal to 4.5 and 1.36 T2 are respectively 92,7 and 29 kV,

iv) The source to puller electric field scaling factor with respect to the measured elec
tric field map is A= 1,163, The geometry outside the source to puller region has
the same X parameter of the one used in the electric field measurements. This im
plies a scaling factor 4 =1,091 for the large electric field.

v) The source position has been optimized, as described for the first harmonic central
region, to minimize the centering errors. The source slit is positioned at R =1.334

cm and Og = 3,77 deg with an orientation with respect to the x axis 0Sp =-13.8 deg.
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FIG. 18 - Design of the second harmonic central region. The source and the
electrodes which cross the median plane are shown as shaded areas and the
contours of the dees and dummy dees out of the median plane are also pre-

sented.

The orbit of the ion with Z/A =0,21 and BO =46,2 kG has been tracked by the code
CYCLONE for the "best starting time" 7 = 230 deg and for 7 = (230£10) deg. They are
shown in Fig, 19 together with the equipotential lines. The requirement of clearing the
electrodes are in each case fully respected.

The phase with respect to the rf after 21 turns at 6 =30 deg and R 21 cm, for
different starting times is listed in Table III, together with the centering error. The
latter is 0.5 mm for the ion with the best starting time ('vo =230 deg) and it is lower

than 1 mm also for 7,=220 deg and 7, =240 deg.

TABLE IiI - Phase with respect to the rf and centering
errors (after 21 turns ai’ 0 = 30-degand R~ 21, cm)
for the ion with Z/A =0.21 and B =46.2 kG for different
starting times, when accelerated in second harmonic

mode,
Ty Centering Error Phase (R~21 cm, 0=30)
(deg) (mm) (deg)
220 0.9 -1.6
230 0.5 3.2
249 0.9 9.5
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FIG. 19 - Trajectories of the ion Z/A =0,21, B, =46.2 for different start
ing times v, =220 deg, Ty = 230 deg, =240 deg in the second harmonic
central region.

To

These considerations show that the central region has a time acceptance of at
least 20 deg around the best starting time,

The study of the axial motion has been carried out as described in paragraph 3.2,
for the first harmonic central region,

The ellipees in the axial phase space, at the puller, which give a maximum axial
displacement lower of 1 cm are shown in Fig., 20, The maximum area of the ellipse at
the puller is ~1900 mm mrad which means ~34 mm mrad at extraction.

The maximum z envelopes computed for a group of orbit which covers at puller
the ellipses in Fig, 20 are presented in Figs, 21, 22 and 23 for different starting times.
The w, values computed by the transfer matrix are shown in Fig, 24.

The same comments made for the axial motion in the first harmonic central re-
gion can be made also for the second harmonic one. Therefore here we only outline the
strong electric focusing effect in the first few turns (Fig. 24).

Asgs a conclusion it can be said that the second harmonic region, presented here,

allows the acceleration of ions with Z/A'Bg between 1.2 and 4.5 Tz. The required beam
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FIG., 20 - Maximum area ellipses, in axial phase space, at the puller which

allows the max axial displacement to be lower than 1 e¢m for three different
starting times,
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FIG, 21 - Variation of the axial beam envelopes, in the second harmonic
region, obtained with a beam emittance matching the ellipse in Fig, 20
for 7 = 220 deg.

g.-'

L .21746.2 B230 LA=.57 Flie,2 AG.I203
] 1  POE: (A | 1 1 L1 | 1 1 1 ] | 1 I ] ] | 1 ! ! 1

(=]
0. 10. 20. 30. 40. 50.
TURN NUMB.

FIG. 22 - Variation of the axial beam envelopes, in the second harmonic

region, obtained with a beam emittance matching the ellipse in Fig. 20
for 7, = 230 deg.
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FIG. 23 - Variation of the axial beam envelopes, in the second harmonic
region, obtained with a beam emittance matching the ellipse in Fig. 20
for T, = 240 deg.
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FIG, 24 - v, as a function of average radius, as computed from the
transfer matrix for different starting times in the second harmonic
region compared to the values obtained from the equilibrium orbit data,

characteristics in terms of beam trajectories, phase with respect to the rf and axial

motion are fully matched.



4, - CONCLUSIONS

The results of this study can be summarized as follows:

i) Two central region with a fixed turn number geometry have been designed. A 710
turn central region working in first harmonic mode and a 350 turn one working in
second harmonic mode.

ii) The operating ranges of the two central region are shown in Fig, 25. Ions charac-

g> 4.5 T2 must be accelerated in the first harmonic mode

terized by a factor Z/A'B
(see par. 3.3). The ions with a final energy lower than 35 MeV/n must be accelerat
ed in second harmonic mode due to the limit on the rf frequency. The ions between

this two limits can be accelerated by both central regions.

50 L 1

lstharmonic
2"dharmonic

40 L

B, (kgauss)

30 |

-

20 |

z/A

FIG, 25 - Operating areas for the first and second harmonic central regions,

iii) The operating range in term of the accelerating voltage is 40-100 kV and 29-92,7 kV
respectively for the first and second harmonic central region. The running conditions
for several representative ions are listed in Tables IV and V for the first and second
harmonic mode of acceleration.

As a conclusion we can say that the present central region fulfills the required

performances both in term of beam quality and electrodes clearing,



TABLE IV - Accelerating voltage and final energy for several

representative ions accelerated in first harmonic mode,

Z/A B z/A82 v, En
(kG) (T?) (kV) (MeV/n)

0.5 31,3 4,9 94 100

0.5 22, 2.4 46 50

0. 444 22, 2.1 40 35

0. 25 45,5 5,2 100 50

0.21 46, 2 4,5 86 35

TABLE V - Accelerating voltage and final energy for several

representative ions accelerated in second harmonic mode.

| 5
Z/A B, z/zszo v, _V[E{TII
(kG) (T?) (kV) (MeV/n)
0.5 22, 2.4 49 50
0. 444 29, 2.1 43 35
0.3 29, 1.5 31 15
0. 21 46,2 4.5 92.17 35
0.1 47.5 2.3 47 8.5
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