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ABSTRACT

CONCEPTUAL DESIGN AND ORBIT DYNAMICS IN A 250 MeV

SUPERCONDUCTING SYNCHROCYCLOTRON

by

XiaoYu Wu

A feasibility study has been carried out on a 250 MeV
superconducting synchrocyclotron specifically designed for
use in cancer therapy. A superconducting magnet has been
designed with a pole radius of 53 cm and a strong central
magnetic field of 55.3 kG. The extraction system is based on
a regenerator followed by a passive magnetic channel which
contains a series of deflecting and focusing elements, and
the properties of this system are described. The extraction
efficiency for different initial conditions and the
resultant properties of the extracted beam have been

calculated using the Zu

Orbit Code which treats nonlinear
effects realistically. A central region electrode
configuration with a closed ion source plus puller has been
designed and orbit calculations have been performed to

determine the orbit behavior in the central region. An ion



source experiment has been carried out to determine whether
sufficient ion current can be produced with this type of
central region geometry. A transfer matrix program has been
developed and used to perform the capture time calculations,
and to determine conditions for optimizing the capture
efficiency. Possible RF frequency programs have also been
studied that would avoid a loss of particles by maintaining

a constant bucket area.
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Chapter 1

Introduction

1.1 Background

Cancer therapy using protons was first proposed by
Robert Wilson [1] in 1946 and the first work on the
biological and medical application of proton beams was done
by J. H. Lawrence and C. A. Tobias [2] at Berkeley in 1948.
As reported by B. Gottschalk [3], the advantages of using
protons in cancer therapy rest on two physical
characteristics. First, the dose delivered by a proton
penetrating tissue rises as the proton slows down, reaching
about three to four times the entrance dose near the
stopping point (Bragg Peak), and is zero beyond the stopping
point. Protons in a monoenergetic beam have very nearly the
same range and therefore deliver maximum dose at the same
depth. The high localizability of protons in a monoenergetic
beam means that side effects are smaller than with neutrons.
Secondly, being heavy, protons do not deviate very much from
a straight line as they penetrate into the tissue and come
to rest. Their physical peak-plateau dose ratio is also

higher than that of any other beam.



There have been many years of successful clinical
applications of proton beams in cancer therapy at different
institutions around the world and different kinds of
accelerators have been used to provide the proton beams for
cancer therapy, such as cyclotrons, synchrocyclotrons and
synchrotrons.

Initial clinical work at Berkeley in 1954 used 340 MeV
protons and from 1957 to 1988 work at the 184" cyclotron has
made use of 910 MeV helium ions. (The biological effects of
helium ions are similar to those of protons and the physical
dose distribution is even sharper than for protons [3].)
Many patients have received treatment with success. Another
early work in this field was done starting in 1955 by the
Uppsala group under B. Larsson and L. Leksell (4] using the
185 MeV synchrocyclotron of the Gustav Werner Institute.
Since 1959, a 160 MeV synchrocyclotron has been used at the
Harvard University Cyclotron Laboratory (5, 6] for cancer
therapy and some 3400 patients have been treated to date.
There is also an extensive program in the USSR using a
synchrotron and synchrocyclotrons to provide the proton beam
for cancer therapy at three centers: a 1000 MeV proton beam
from the synchrocyclotron in Gatchina, a 200 MeV proton beam
from the Dubna 680 MeV synchrocyclotron and a proton beam of
70 - 200 MeV, in 5 MeV steps, from the 7.2 GeV synchrotron

ring at the ITEP [3, 7] in Moscow.



In the United States, considerable attention has been
recently directed toward the development of accelerator
systems optimized for radiation therapy with protons. The
most recent development is a cancer therapy facility at Loma
Linda University Medical Center [8, 9]. A 250 MeV proton
synchrotron has been used to provide 70 - 250 MeV protons

with a beam intensity goal of 1.2!1011 protons per pulse in

a two second cycle time. The current beam intensity achieved

is about 4.0x1010 protons per pulse in a four second cycle
time. There are a total of four quadrants around the
accelerator circumference, each composed of a 90° bending
and a straight section, and the central orbit is
approximately 19 feet in diameter. The beam is injected with
an energy of 2.0 MeV and then accelerated to the desired
energy by a radiofrequency system. After acceleration, the
beam is extracted and then transported through a beam
switchyard to different treatment rooms.

Of all the accelerators used in proton cancer therapy
facilities, the synchrocyclotron is the least demanding
machine. It uses an internal ion source to provide a proton
beam directly to the accelerator; no injector is needed. A
RF system with frequency modulation is used to avoid the
resonance limitation due to a fixed frequency and to allow

acceleration to higher energies. A simple symmetric weak



focusing magnetic field is used to contain the protons in
circular orbits and provide adequate radial and vertical
focusing force. Cyclotrons can accelerate many more
particles than synchrocyclotrons per unit time, but the beam
intensity from a synchrocyclotron is entirely adequate for
cancer therapy.

All the synchrocyclotrons used in present proton therapy
programs are older, massive room temperature machines which
are located in physics laboratories and are overall poorly
matched to a hospital environment. H. Blosser has asserted
[10]) that such a machine would be inordinately costly to
reproduce in present conditions. If the synchrocyclotron is
redesigned as.a superconducting high magnetic field device,
the mass and cost are greatly reduced and an overall system
with many appealing features results. The advantages of
adapting the superconducting cyclotron to medical use have
been demonstrated by the construction and completion of the
first superconducting cyclotron for neutron therapy - Harper
Cyclotron by H. Blosser [11,12,29,U43,44] at MSU from 1984 to
1990. A 250 MeV superconducting synchrocyclotron has been
proposed at the National Superconducting Cyclotron
Laboratory. The conceptual design of the magnet, extraction
system and central region and the orbit dynamics in this

machine are described in this thesis.



1.2 Features of the Design

As reported by H. Blosser, et. al. [11], design studies
of the 250 MeV superconducting synchrocyclotron magnet have
been carried out at MSU based on the pillbox magnet concepts
used in earlier MSU isochronous cyclotrons [12]. The magnet
of such a cyclotron weighs about 60 tons, and it is still
compatible with direct gantry mounting. A possible system
arrangement is shown schematically in Fig. 1-1. Figures 1-2
and 1-3, respectively, show the plan view and the vertical
cross section view of the proposed 250 MeV superconducting
synchrocyclotron.

The proton energy of 250 MeV is chosen because of the
range of protons in tissue. It is sufficient for irradiation
of even obese patients from many directions and corresponds
to the range in tissue of 37 cm. The beam current is closely
related to the treatment time desired for patients. A few
nanoamps are marginally adequate and tens of nanoamps are
comfortable for even the largest tumors. The performaﬁce and
design parameters of the 250 MeV superconducting

synchrocyclotron are:

Particle Protons
Energy 250 MeV
Beam current 20 - 100 nA

Central Magnetic Field 55.3 kG

Magnet Pole Radius 21.0 in.
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Fig. 1-2 -~ Plan view of the 250 MeV superconducting
synchrocyclotron. Identified features include: 2 - the outer
yoke of magnet. 10 - the cyclotron stems. 22 - the
regenerator of the extraction system. 23 - focusing channel
for the extracted beam. 24 - path of the external beam
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Fig. 1-3 -- Vertical cross section view of the 250 MeV
superconducting synchrocyclotron. Reference number include:
1 - the superconducting main coil. 2 - the outer yoke of the
magnet. 4 - the outer wall of the liquid helium vessel. 9 -

a closed proton ion source.



Range of RF Frequency 84.27 - 61.75 MHz

Modulation Frequency 1 kHz
RF voltage 20 kV
Electric Gap 2 mm

Because of its strong magnetic field produced by the
superconducting magnet, the 250 MeV superconducting
synchrocyclotron has many advantages and appealing features.
It is very compact and light - the radius of the outer yoke
of the magnet is only 52 inches and the approximate weight
of the accelerator plus the counterweight and the supporting
system is about 150 tons. It could provide high proton beam
current of 20.- 100 nA. It is specifically designed to fit a
hospital environment with a reasonable cost. However, three
main technical issues must be addressed in designing such a
machine. First, its strong magnetic field will lead to
smaller orbit turn separations at larger radii and hence
provide difficulties in designing the extraction system.
Secondly, the feasibility of designing a set of central
electrodes with a closed ion source within the limited space
in the central region needs to be studied. Finally the high
RF frequency 84.27 MHz - 61.75 MHz, the moderately large
frequency range and the desired high repetition rate will

require a special effort to design a suitable RF system.
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Chapter 2

Magnet Design and Magnetic Field

2.1 Introduction

The 250 MeV superconducting synchrocyclotron has a
strong magnetic field that takes advantage of the high state
of development of superconducting magnet technology to
reduce tﬁe size and weight of the machine. The base magnetic
field is axially symmetric and decreases with radius to
provide adequate radial and vertical focusing forces. The
fringe magnetic field outside the machine must be limited
within an acceptable range, since this machine is
specifically designed for medical work. The magnet design
also has to provide adequate space for the internal ion
source, electrodes in the central region, dee structure and
the extraction system. Finally, the magnetic field in the
central region must be tailored to optimize the capture
éfficiency. The basic design of the magnet and coils was
carried out by H. Blosser and others before this thesis work
began.

The POISSON program was used to carry out two-
dimensional relaxation calculations and hence to determine

the axially symmetric magnetic field in the median plane for



1"

a given magnet configuration. The equilibrium orbit code
[13] was then used to calculate the basic orbit properties
in the given magnetic field. The magnet design process
required the magnetic field computation plus the evaluation
of the orbit characteristics for each tentative magnet
configuration in order to systematically improve the design

parameters.

2.2 Magnet Design and Magnetic Field Properties

Figure 2-1 shows the proposed magnet configuration for
the 250 MeV superconducting synchrocyclotron. The magnet is
symmetric about the r=0 axis and the z=0 plane except for
the extraction system. The magnetic field index n, and the

radial and vertical orbit oscillation frequencies are given

by :
n = - %(g—g) '
v, = (1-n)1/2,
and v, = n”2

The superconducting magnet coil has a rectangular cross
section and carries a current density of 5200 amps per
square centimeter. The cross section of the superconducting
coil is 294 square centimeters. The main regioh of the

magnet configuration is occupied by conventional iron. The



12

40
Z (in.)
30
Mx0.923
20}
10}
e i Mx0.850
o I 1 B P e
0 10 20 30 40 50
R (in.)

Fig. 2-1 -- Magnet geometry for the 250 MeV superconducting
synchrocyclotron. The current density in the superconducting
coil is 5200 amps per square centimeter and the coil cross

section is 294 square centimeters.
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dee stem region and coil support regions are assumed to be
partially occupied by iron to the fractional degree
indicated by the multiplier beside the label "M" in Figure
2-1.

Figure 2-2 shows the resultant magnetic field and field
index in the median plane. It also shows the pole surface of
the magnet configuration except for the extraction elements
described in the next chapter. As can be seen, the small
magnet gap of 3.0 in. is used in the center in order to
increase the central magnetic field. The value of the field
index n varies smoothly from zero in the center to about 0.1
at large radii. Then as the field falls off rapidly near the
pole edge, the value of n rises sharply. The n = 0.2 point
represents an approximate limit for acceleration and hence
defines the approximate maximum energy. At this value of n,

the vV, = 2vz coupling resonance occurs and causes loss of

the beam through vertical blow-up. The magnet gap near the
edge was carefully contoured to push the n = 0.2 point as
far out as possible in order to maximize the final energy.
Table 2-1 gives the computed magnetic field B and the field
index n as a function of radius for the magnet configuration
illustrated in Fig. 2-1.

Since the 250 MeV superconducting synchrocyclotron is

specially designed for a hospital environment, the fringe
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radius in the median plane. Also shown

in the plot is the magnet pole shape of the 250 MeV

superconducting synchrocyclotron.
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Table 2-1 Computed median plane magnetic field in kilogauss
and the field index n vs. radius in inches for the magnet

configuration illustrated in Fig. 2-1,

Radius Magnetic Field Field Index
0.00000 55.7684% .00000

0
0.50000 55.72196 0.00175
1.00000 55.59104 0.00532
1.50000 55.42340 0.00967
2.00000 55.23993 0.01325
2.50000 55.05836 0.01641
3.00000 54.88191 0.01844
3.50000 54.71828 0.02044
4.00000 54.56526 0.02140
- 4,50000 54.42445 0.02257
5.00000 54.29353 0.02309
5.50000 54.17251 0.02382
6.00000 54.05994 0.02417
6.50000 53.95396 0.02473
7.00000 53.85477 0.02509
7.50000 53.76028 0.02573
8.00000 53.67034 0.02633
8.50000 53.58306 0.02722
9.00000 53.49809 0.02852
9.50000 53.41361 0.02992
10.00000 53.32915 0.03206
10.50000 53.24273 0.03439
11.00000 53.15395 0.03773
11.50000 53.06131 0.04121
12.00000 52.96288 04588

0
12.50000 52.85963 0.
13.00000 52.74966 0.05505
13.50000 52.63571 0
14.00000 52.51820 0
14.50000 52.40087 0
15.00000 52.28598 0
15.50000 52.17461 0
16.00000 52.06357 0.
16.50000 51.95006 0.07433
17.00000 51.83169 0
17.50000 51.71257 0
18.00000 51.59169 0
18.50000 51.46432 0
19.00000 51.29268 0
19.50000 50.91124 0.42219
20.00000  50.14992 0.80654
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magnetic field outside the machine has to be limited within
a certain range. Using a larger magnet yoke would certainly
reduce the fringe field, but at the same time, it would
increase the size and weight of the magnet as well. As is
shown in Fig. 2-1, the half height of 34 inches and radius
of 52 inches for the outer yoke have been used to limit the
fringe field. The corner of the outer yoke has been cut off
to reduce the size and weight of the magnet without
significantly affecting the magnetic field in the region of
acceleration. The resultant fringe fields in the median
plane and along the r=0 axis are shown in Figs. 2-3 and 2-4,
respectively.

The equiiibrium orbit code was used to calculate the
basic orbit properties in the given magnetic field. Figure

2-5 shows the plots of the resultant focusing frequencies v,
and 2vz vs. radius. The 2vz values rise with increasing
radius while the V. values fall. These values cross the Vi =
2vz (n=0.2) resonance at 19.1 in. The pyoton revolution

frequency vs. proton energy is shown in Fig. 2-6. The
frequency value falls almost linearly from 84.27 MHz in the
center to 61.75 MHz at maximum proton energy. The range of

frequency therefore is about 22.5 MHz.
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Fig. 2-3 -- Plot of the resultant fringe magnetic field

distribution in the median plane.
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Fig. 2-4 -- Plot of the resultant fringe magnetic field
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center.
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Fig. 2-5 -- Plots of the resultant v. and 2vz of the 250 MeV
superconducting synchrocyclotron magnetic field. The 2vz
values rise with 1néreasing radius while the Ve values fall.
These values cross at the V. = 2vz (n=0.2) resonance at

19.1 in.
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Fig. 2-6 -- Plot of the proton revolution frequency vs.
energy in the 250 MeV superconducting synchrocyclotron

magnetic field. The frequency range is about 22.5 MHz.
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2.3 Magnet Shimming in the Central Region

The axial insertion of the ion source requires a hole
through the magnetic poles in the center, which changes the
magnetic field shape in the central region. As a result of
this change, the field increases initially with radius,
reaches a maximum value, and then falls off smoothly with
radius. Thus, the field index n is initially negative so
that vertical defocusing occurs at small radii. The effect
becomes stronger if a larger ion source hole is used.

As reported by E. Braunersreuther, et. al. [14], this
defocusing can be minimized by careful shimming. We use the
smallest possible hole diameter (0.8 in.) and introduce an
intricate set of compensating circular shims. Furthermore,
the calculations described in chapter 5 indicate that the
capture time depends strongly on the magnetic field shape in
the center. A high value of

n

E
K = - E —_l
w 82(1-n)

n.ln.
mie

) = 1 «+

in the center is desired to increase the capture time and
the capture efficiency. This can also be achieved to some
extent by changing the configuration of the compensating
rings. A set of compensating rings was designed and used to
meet all these requirements. The cross section of the magnet
pole with the ion source hole and compensating rings is

shown in Fig. 2-7. The diameter of the central hole for the
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Fig. 2-7 -- At top, cross section of the compensating rings
situated on the face of the magnet pole. The diameter of the
central hole for the ion source is 0.8 inches. At bottom,
plots of the magnetic field produced by the compensating
rings, the magnetic field change caused by opening the

central hole, and the combined magnetic field.
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ion source is 0.8 inches, and the geometric parameters of

the compensating rings are listed in Table 2-2.

Table 2-2

Compensating Rings' Geometric Parameters

Compensating Ring Inside Radius Outside Radius Thickness

No. (in.) (in.) (in.)
1 0.4 0.6 0.400
2 0.6 0.8 0.075

A magnetic charge sheet program was used to calculate
the magnetic field produced by the compensating rings and
the ion source hole in the center. The median plane field is
so strong thét saturation conditions can safely be assumed
for the iron. Figure 2-7 also shows the calculation results
for the field produced by the ion source hole and the
compensating rings as well as their combined magnetic field.
The combined magnetic field is then added to the magnetic
field produced by the POISSON code to form the main magnetic
field. Figure 2-8 shows the K value and the field index n of
the main magnetic field in the central region after the
compensating rings and the central hole for the ion source
are added. The influence of the compensating rings and the
ion source hole on the magnetic field is limited to the
central region and should not affect the magnetic field

properties at large radii.
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Chapter 3

Extraction System Design

3.1 Introduction

The 250 MeV superconducting synchrocyclotron has a
magnetic field which is about three times stronger than
conventional synchrocyclotrons. The magnetic field is about
55.3 kG in the center and remains very strong out to the
pole radius of 21 inches where it is about 47.1 kG. This
leads to much smaller orbits and therefore creates
difficulty in extracting the proton beam. The desire for low
activation raises the demand for a high extraction
efficiency.

Many methods have been used in the past to extract the
circulating beam from the conventional synchrocyclotrons
with varying degrees of success. These include, among
others, the pulsed electrostatic system [15] and scattering
the beam from a thin, high Z target into a magnetic channel
[16]. The most successful method, however, has been the
regenerative method. This method was invented by Tuck and
Teng [17] and developed by Le Couteur [18, 19, 20] during
the 1950's, and has been applied to the 450 MeV Chicago

synchrocyclotron (21, 22], 160 MeV Harvard synchrocyclotron
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[23] and many other synchrocyclotrons since then. Using the
traditional passive magnetic channel, the typical extraction
efficiency of these older synchrocyclotrons reached the 5 -
10% level. However, using a closed ion source and a high
current coaxial coil septum at the channel entrance, the
regenerative extraction system of the improved CERN 600 MeV
synchrocyclotron [24, 25] has an impressive extraction
efficiency of 75%. Based on our desire for a simple and
reliable extraction system with high extraction efficiency
and good output beam quality, the regenerative method was
the logical choice for the 250 MeV superconducting
synchrocyclotron.

The regenerative method of particle extraction uses a
magnetic field disturbance, the "regenerator", which 1is
superimposed on the synchrocyclotron main magnetic field. As
we have shown in Fig. 2-2 in chapter 2, before the

regenerator and the magnetic channel are added, the v,
values rise with increasing radius while the Vo values fall.
These values cross the V.= 2vz (n=0.2) resonance at 19.1 in.

The beam will not travel out beyond this radius because the

LI 2v2 (n=0.2) resonance couples the large radial

oscillations of the orbits into vertical motion, so that the

beam blows up vertically. One has to extract the beam before
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it reaches this resonance, and this radius determines the
approximate starting point for the regenerator.
The regenerator provides a powerful field bump whose

strong gradient drives Ve into the V. = 2/2 stop-band while
simultaneously depressing v, - This is shown in Fig. 3-1
where Vo and 2vz are plotted as a function of energy. The

pair of curves for the unperturbed field come together and
cross at 258.9 MeV, the n = 0.2 resonance as noted above.
With the regenerator and magnetic channel present, the two

curves diverge with v rising sharply to v = 1 at 255.7 MeV,

which becomes the approximate energy of the extracted

protons. At this point, v, = 0.33, which shows the

defocusing effect of the regenerator.

As the beam accelerates out to the regenerator, the
stability region shrinks rapidly to zero, thereby spilling
the particles out onto unstable orbits along which their
radius-gain per turn increases rapidly. Once the turn
separation is much larger than the width of the channel
septum, the "regenerated" proton beam is extracted rapidly
using a magnetic channel. For successful extraction, it is
also necessary that the vertical oscillations remain

bounded.
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Fig. 3-1 -- Plots of Ve and 2vz vs. energy both without

regenerator and the magnetic channel (broken curve) and with

regenerator and the channel added (solid curve). V. = 1 at

255.7 MeV, the approximate extraction energy.
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Our design process consisted of iterating back and forth
between calculation of the field produced by the regenerator
and the magnetic channel, and computation of extraction
orbits in order to systematically improve the design
parameters and optimize the extraction efficiency. Figure
3-2 shows the layout of our final design for the extraction
system. It shows the arrangement of the regenerator and the
magnetic channel elements as well as the last two turns of a

typical extracted orbit.

3.2 Orbit Calculation Program

The Zu orbit code developed by M. M. Gordon and V.

Taivassalo [26] was used in the extraction orbit
computations. This code provides an accurate evaluation of
the important coupling effects between the radial and
vertical motion, since it treats nonlinear effects
realistically. It was specifically developed to investigate
nonlinear effects in the extraction systems of
superconducting cyclotrons where such effects are
particularly strong.

In the standard orbit codes used for basic design
computations, the median plane field is calculated exactly
while the field off the median plane is obtained correctly

only to first order in z. This applies to the focusing and
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Fig. 3-2 -- Layout of the extraction system showing the
arrangement of the regenerator and the nine magnetic channel
elements., M1,M2,M5, and M6 are deflecting magnets, and
M3,M4,M7 ,M8, and M9 are all focusing magnets. The solid
curve shows the last two turns of an extracted orbit, and

the broken curve shows the pole boundary.
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deflecting bar fields as well as the main field. In the Zu

orbit code, the median plane field data are processed so as
to allow the main field components to be calculated
correctly to fourth order in z. It then uses analytical
formulas to calculate the "exact" field produced by the
focusing and deflecting elements in the magnetic channel.
The regenerator field was pre-calculated and added as a part
of the main field. In the magnetic field calculations, we
simply assume that the main field is so strong (central
field B = 55.3 kG) that the regenerator and channel elements
are all uniformly magnetized in the vertical direction.

The formulas used in the main field expansion are the

following:
22 zu
Bz = - B(!‘,e) - 5 B'(!‘,e) + ﬁ B"(r’e) ]1
B = -zé—C(r 0,z)
r - or el
By = - £ 22c(r,0,2),
z2

where c(r,06,2z) = B(r,0) - g B'(r,0).

Here, B'(r,0) = LB(r,e), and B''(r,6) = LB'(r,0), where L

represents the two dimensional Laplace operator. Thus, Bz

has terms of order 22 and zu off the median plane, while Br

3

and Be have a 2 term in addition to the usual linear one.
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For the Zu orbit code, not only the median plane field
B(r,0), which is derived from measured or computed field
data, is required as input, but the corresponding tables for
B'(r,0) and B''(r,0) are also required, and these must be
calculated and stored in advance.

The program assumes that each magnetic channel element
is constructed from a set of rectangular iron bars all
having one surface parallel to the median plane. This
geometry is used because analytical formulas are available
[26] for calculating exactly the magnetic field produced by
a uniformly magnetized rectangular iron bar. The program
then uses these formulas together with superposition to find
the exact field produced by all of the channel elements at
any point along the orbit of the particle. Although this
calculation is very time consuming, it is quite important
since the particle orbits come very close to the channel

elements.

3.3 Regenerator Design

Our choice of regenerator parameters was derived from an
extrapolation of those used in the Harvard cyclotron [23].
According to Le Couteur [20], if the regenerator occupies an

angular width A0 and starts at r = ry where the field is Bs,

then the field it produces should have the form:
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21
ABz = Ae)Bsp(o.z + 0.2p),

r-r

for r > Py where p = = S, We chose 48 = 30° and rg= 19 in.
s

where the field 1is Bs = 51.293 kG. In addition, we

generalize the above formula to the following:
= (22 2 3
4B, = (AG)Bsp(ko + k,p o+ kypt s k3p ),

where ko’ k1, k2 and k3 are adjustable parameters, and where

we have added two high order terms for greater flexibility.
Vertical stability ultimately limits the radius-gain per
turn that can safely be achieved in the regenerative
process. That is, as the orbits move progressively farther
off center, strong coupling effects eventually cause the
vertical height of the beam to expand beyond the allowed
limits. In order to determine the optimum theoretical

regenerator field, each tentative set of k1 values was used

to generate a regenerator field, which was combined with the
main magnetic field to form a new main field. Orbit

calculations were then carried out using our Zu orbit code

to check the resultant radius-gain per turn and monitor the
vertical stability. Many attempts were made to find the
optimized regenerator field. Our final regenerator field is

given by:
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2
8B, = (33)B_p(0.2 + 0.2p - 1.750% - 0.85p%).

Figure 3-3 shows the final theoretical regenerator field and
field gradient, which became the basis for designing the
regenerator iron configuration.

A magnetic charge sheet program was used to calculate
the real magnetic field produced by the regenerator. The
final iron configuration of our proposed regenerator [27] is
shown schematically in Fig. 3-4 along with the field change
and field gradient that it produces. The regenerator lies
between r = 19.25 to r = 21.5 inches, and has an average
angular width of 30°. It has terraced edges to smooth out
the azimuthal and radial field variations, and thereby
reduce the nonlinear effects of the field on the orbits. The
geometry and position of the regenerator are shown in
Appendix A.

The nature of the extraction process can best be
understood by examining radial phase plots like the one

shown in Fig. 3-5. Here values of (x, Px) are plotted once

per turn at 6 = 180° (the center of the regenerator) for two
unaccelerated orbits at 255.2 MeV which start just outside
the two ends of the stability region. In addition, the
contour near the stability boundary at 255.0 MeV is also
shown, and it is clear that these orbits lie inside this

stability boundary. Thus the shrinking of the stability
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Fig. 3-4 -- At top, the radial profile of the regenerator
situated on the edge of the magnet poles. At bottom, the
magnetic field B (solid curve) produced by the regenerator,
and its gradient dB/dr (broken curve) vs. radius. Plots are
at 6=180°, the center of the regenerator. The azimuthal
cross section of the regenerator at 20.0' in. is is shown on

the right. See Appendix A for more detail.
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Fig. 3-5 -- Radial phase plots showing the radial motion of

two different orbits at 255.2 MeV which start outside the
stability boundary indicated by the solid curve. The broken
curve shows the contour near the stability boundary at 255.0
MeV, and shows that these orbits were inside the stability

region at the lower energy.
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region with energy eventually shifts an accelerated orbit
into the unstable region. This stability region shrinks to

zero completely at 255.7 MeV where v, = 1.

One can therefore see tha; as the protons accelerate
outward, they encounter a rapidly shrinking stability region
that eventually causes their orbits to spill over the
boundary into the radially unstable region. As shown in
Figure 3-5, the phase points then move onto the outflowing
asymptote along which their radius-gain per turn increases
rapidly, thereby enabling the protons to clear the septum
and enter the magnetic channel. Figure 3-6 shows plqts of r
vs. O between 8 = 0° and 250° for the last 5 turns of a
typical extracted orbit. One can clearly see the rapid
growth in orbit turn separation at the entrance of the
magnetic channel. In addition to showing the characteristic
"node" near 6 = 50°, these r vs. 6 plots indicate that a
radius-gain per turn of about 0.6 in. can be achieved at 6 =
100° and near r = 19.7 inches where the channel septum would
be inserted.

The impact of the vertical motion on the extraction

process was investigated using the Z‘4 orbit code. Our

results show that strong coupling effects restrict the range
of orbit-center displacements and vertical amplitudes that

can be extracted successfully. In addition to a given
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Fig. 3-6 -- Plots of r vs. 6 for the last five turns of an
extracted orbit showing the growth in turn separations at
0=100°, the channel entrance. The regenerator shims lie
within an area from 6 = 162° to 198° and from r = 19,25 to
21.5 1in.
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starting value for (r,pr) at each energy investigated, the
initial conditions consist of eight (z,pz) points uniformly

spaced around an eigenellipse having a given maximum height

Azo. Actually, as a result of median plane symmetry, only
four distinct (z,pz) values are required.

Because of the shrinking stability region, protons with
large orbit-center displacements begin extraction at lower
energies than those with small displacement. The lower
energy extraction orbits therefore suffer the largest growth
in vertical height as a result of the stronger coupling
action. This is shown in Figs. 3-7 and 3-8 where the height
Az 1is plotéed as a function of turn number for four
different energies from 252.0 to 253.5 MeV. In each case,

Azo = 0.1 in., a relatively small value, and the initial
(r,pr) point was chosen so that the protons reach the

channel entrance in about 24 turns.
As can be seen, the maximum 4z value increases by a
factor ranging from 3.4 at 252 MeV down to 1.3 at 253.5 MeV.

Moreover, as Az° increases, the resultant growth factor at

each energy also appears to increase. These results indicate
that severe beam loss will occur for the part of beam that
begins extraction below about 252.0 MeV, while only a small

loss will occur for the part above 253.0 MeV.
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252.5 MeV.



42

P~ T T T T T T T T EEEree——"
0.3 [ AZ (in.) E=383.5 (Mew) -
| AZow0.1 (1n) 1
02 - >
[ 1
0.1 -
<

<

<

0.0 | ...[.*..jA#ALl-LA.I**.g
L DS DA DA iR

0.3 AZI(NL) B=283.0 (Mev) o
420=0.1 (in.) *

0.2 -
0.1 -
0.0 LL.I.L..[...LI....lL...

0 8 10 18 20 28

Fig. 3-8 -- Plots of height Az vs. turn number for a group

of orbits having an initial height Azo = 0.1 in. and

energlies of 253.0 and 253.5 MeV. All orbits run for about 24

turns to reach the channel entrance. The initial (x,px)

points are (-0.170,0.0) for 253.0 MeV, and (-0.115,0.0) for

253.5 MeV.



43

We also find that the concurrent coupling of the
vertical into radial motion decreases the strength of the
regenerator, and this weakening grows rapidly with
increasing vertical amplitude. The net effect for a given

(r,pr) value is to increase the number of turns required to

reach the channel entrance. Moreover, this increase in turn
number is a complicated (seemingly discontinuous) function
of both the phase and amplitude of the vertical
oscillations. Such behavior is, of course, a consequence of
the nonlinearities. In this part of our extraction study, we
stop all of the orbits described above when the protons

enter the channel at 6 = 100°.

3.4 Magnetic Channel Design

The proposed passive magnetic channel consists of a
sequence of deflecting and radial focusing elements that
bend and focus the beam along its path around the
regenerator [28]. A total of nine magnetic channel elements
were used to extract the beam out to r = 23 inches. Because
the orbit curvature is still very large when the particles
enter the magnetic channel, the channel elements in the
first half of the channel have to be short, since a

rectangular bar configuration was used.
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The first two channel elements M1 and M2 are deflecting
magnets, which consist of two parallel rectangular iron bars
symmetric to the median plane. The magnetic field reduction
at the center of the channel is approximately given by the

uniformly magnetized infinite long bars formula:

uBsat th
-AB = T ( 2 2)1
a + h
where Bsat = 21.4 kG is the saturation field, t = bar

thickness, h = bar height, and a = channel aperture + ¢t.
This -AB has its maximum value when h = a and a should have
a value close to the final orbit turn separation. However,
having an extraction channel with a septum of thickness t
and a regenerator which gives a turn separation Ar, the

channel entrance efficiency € can be written:
€ =1 -2, where Ar 2 t
Ar ? :

One can therefore see that the thickness of the inner bar of
M1 should be as small as possible so as to intercept the
least amount of beam and increase the extraction efficiency,
but still be thick enough to provide enough field reduction
to extract the beam rapidly. The channel selected for this
study has an entrance aperture of 0.5 in. and the thickness
of the septum is 0.125 in. With the final orbit turn

separation of about 0.6 in., the resultant maximum
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extraction efficiency € is 79% and the magnetic field
reduction in M1 and M2 is 2.5 kG.

The focusing elements M3 and M4 consist of one inner and
two outer parallel bars. This type of geometry produces a
combination of quadrupole and dipole fields. These focusing
bars can therefore provide significant deflecting action
together with strong radial gradients inside the channel
aperture to control the radial beam envelope. In order to
reduce the effects of the fringe field produced by the
channel elements on the internal beam, the inner bar of M3
and M4 can not be too thick either, because they are very
close to the previous orbits.

The eleients M5 and M6 are deflecting magnets like M1
and M2, but thicker bars can be used to increase the field
reduction because they are farther away from the previous
orbits. The final three channel elements, M7, M8, and M9 are
all radial focusing magnets. All the channel elements except
M8 and M9 are equipped with an elaborate set of "wings"
which serve to shelter the internal beam from the extreme
vertical overfocusing that would otherwise occur on the last
few turns prior to channel entry. Since M8 and M9 are
positioned far away from the previous proton orbits, their
fringe field effects on the internal beam are quite small.

Figure 3-9 and Figure 3-10 show the cross-sections and

field properties of two channel elements, M1 and M3. The
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fig. 3-9 -- Cross section of the deflecting magnet M1 with
its projecting wings. Plots show the resultant field (kG)
and field gradient (kG/cm) produced with (solid cﬁrve) and
without (broken curve) the wings. The effectiveness of the

wings is apparent. M2, M5, and M6 are similar.
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effectiveness of the wings is apparent. The geometry and

position of the channel elements are shown in Appendix B.

3.5 Accelerated Orbit Calculations
The computations of radial and combined radial and

vertical motion were also carried out using the Zu

Orbit
Code which is based on exact equations of motion and
magnetic field components that are correct to fourth order
in z. The results therefore provide a more realistic
evaluation of the effects of the vertical motion. Using a
constant energy-gain per turn of 10 KeV, the accelerated
orbits are traced until they are either successfully
extracted or lost through hitting an obstacle. In the

combined radial and vertical motion calculations, vertical

beam loss is also monitored.

3.5.1 Radial Motion

Figure 3-11 shows the four radial oscillations-at 6=180°
.and E=254.5 MeV that were used as initial conditions for the
accelerated orbits. These oscillations corréspond to initial
radial displacements of 1.27, 2.54, 3.81 and 5.08 mm.
Between 60 and 74 points uniformly distributed on these
curves were used as initial conditions for the accelerated

orbits. The approximate stability boundary is also shown.
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Fig. 3-11 -- Radial phase plots at E=254.5 MeV and 6=180°
showing four curves for initial radial displacements of

1.27, 2.54, 3.81 and 5.08 mm corresponding to v, of 1.0658,

1.0617, 1.0599 and 1.0546 respectively. Between 60 and T4
points on these curves were used as initial conditions for
the accelerated orbits. The dot-dash curve shows an

approximate stability boundary at this energy.
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(This boundary shrinks to zero at E=255.7 MeV where V.= 1.)

The resulting phase space distribution at the entrance of
the magnetic channel is shown in Fig. 3-12 for the four
different radial amplitudes. Plotted here are the

differences between the (r,pr) of the orbits and the
(ro’pro) of the central ray; also shown are the position and

size of the septum. Orbits entering the channel with too

small or too large values of P, hit the inner or outer wall,

respectively. About U42% of the orbits are successfully

extracted.

3.5.2 Combined Radial and Vertical Motion

For each of the (r,pr) values used above at 254.5 MeV,
we used eight initial (z,pz) points uniformly spread around
an eigenellipse having a given maximum height Azo = 2.54 or
5.08 mm. Figure 3-13 shows the initial (z,pz) conditions

used in these computations.

As shown in the work at CERN [26], orbits with too large
radial amplitudes produce unacceptable growth in the

vertical oscillations due to the V. 2vz coupling resonance.

Our extraction studies show that the reverse can also be
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Fig. 3-12 -- Radial phase plot at the entrance of the

magnetic channel (06=100°) showing resultant distribution for
median plane orbits with initial conditions given in Figure
3-11. The orbits that successfully go through the magnetic
channel are plotted on the bottom and those lost in the

extraction process are plotted on the top. (po is the

momentum corresponding to E_=255.0 MeV.)
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Fig. 3-13 -- Initial (z,pz) values at E=254.5 MeV and 6=180°
used for accelerated orbits in conjunction with the (r,pr)

values given in Fig. 3-11. The two eigenellipses shown here

have their maximum height oz = 2.54 and 5.08 mm near 6=0.
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true and that in some cases, the radial and vertical
oscillations grow simultaneously to very large amplitudes.

Since vV, = 1 and v, = 0.5 in these cases, the v+ 2vz= 2

coupling resonance could account for this phenomenon. The
summary of the accelerated orbit calculation results is
shown in Table 3-1. The orbit are lost radially if they hit
the magnetic channel elements and lost vertically if they

exceed a vertical amplitude 1limit of 7.5 mm.

Table 3-1
Radial Vertical Number of Extraction Radial Vertical
Displacement Amplitude Orbit Run Efficiency Loss Loss
1.27 mm 0.00 . 60 36% 6u% 0%
2.54 mm 60 52% 48% 0%
5.08 mm 60 50% 50% 0%
2.54 mm 0.00 64 Lhyg 56% 0%
2.54 mm 6u 28% 62% 10%
5.08 mm 64 35% 51% 142
3.81 mm 0.00 64 U1g 59% 0%
2.54 mm 64 5% 5% 90%
5.08 mm 64 5% 3% 92%
5.08 mm 0.00 T4 us% 55% 0%
2.54 mm T4 3% 7% 90%

5.08 mm T4 3% 21 95%
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For the smallest initial radial displacement used in
these studies, 1.27 mm, the coupling action remains within
acceptable bounds and 46% of the orbits are successfully
extracted. For the 2.54 mm case, the extraction efficiency
drops to 36% with about 8% of the orbits exceeding a
vertical amplitude limit of 7.5 mm prior to reaching the
channel. Figure 3-14 shows the resultant vertical phase
space distribution for all of these two sets of orbits at
the entrance to the channel.

The results are very different for the two largest
initial radial displacements, 3.81 and 5.08 mm. Once the
vertical motions are added, about 91% and 93% of the orbits
fail to reacﬁ the channel entrance. That is, the coupling
effects described above produce vertical amplitudes that are
too large for the given aperture, 15 mm. Thus we find that
reasonably good extraction efficiency can be achieved only
if the internal beam prior to extraction has a maximum
radial displacement of about 3 mm. This is consistent with
the results obtained at CERN where the limit is about 10 mm,
since our field is about three times higher than the CERN
field and one might expect lengths to scale inversely with

the field values.

3.6 Summary and Conclusions

As can be seen from Tables 3-2 and 3-3, assuming now
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Fig. 3-14 -- Phase plot at the entrance of the magnetic

channel (6=100°) showing the (z,pz/po) values for all the

orbits with initial conditions given in Figs. 3-11 and 3-13
for the two smaller initial radial displacements. The orbits
that successfully traverse the magnetic channel are plotted
on the bottom and those lost in the extraction process are

plotted on the top.
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that the internal beam can be controlled so that both the
radial and vertical amplitudes do not exceed 3 mm, the
calculation results indicate that an extraction efficiency
of about 40% can be achieved. In agreement with the
conclusions reached at CERN [25], our results demonstrate
the importance of limiting the radial and vertical phase
space occupied by the beam emerging from the central region.

The final calculation results of the extraction orbit
properties at the exit of the magnetic channel are shown in
Table 3-2. As can be seen, the energy spread, radial and
vertical emittances depend quite strongly on the vertical

amplitude as well as the radial amplitude.

Table 3-2
Radial Vertical Radial Vertical Energy
Displacement Amplitude Emittance Emittance Spread
1.27 mm 0.00 mm 15% mm-mrad 0 170 keV
2.54 mm 197 mm-mrad 9% mm-mrad 160 keV
5.08 mm 201 mm-mrad 181 mm-mrad 210 keV
2.54 mm 0.00 mm 147 mm-mrad 0 220 keV
2.54 mm 20% mm-mrad 281 mm-mrad 620 keV
5.08 mm 207 mm-mrad 308 mm-mrad 590 keV
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A plot of the radial and vertical envelopes for the
resultant beam as it traverses the magnetic channel is shown
in Fig. 3-15, and these results confirm that the beam
remains well focused inside the magnetic channel. The
corresponding radial and vertical phase space distributions
are shown in Fig. 3-16 with resultant over-all emittances of
about 20 mm-mrad radially and 30% mm-mrad vertically with
90% of the orbits included. Finally, the projected energy
distribution of the extracted beam is shown in Fig. 3-17,

and indicates an energy spread of about 600 KeV.
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Fig. 3-15 -- Radial and vertical envelopes for all of the
successfully extracted orbits as they traverse the magnetic

channel. Plots show (r-ro) and |z| vs. 6 from 100° to 210°,

All 145 orbits used here started at 254.5 MeV with initial

radial displacement and vertical amplitude less than 3 mm.
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vertical amplitude less than 3 mm. The histograms show the
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with two separate curves for initial radial displacements of
1.27 and 2.54 mm. The final energy for the orbit without

initial radial displacement is 256.04 MeV.
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Chapter 4

Ion Source Experiment

4.1 Introduction

Studies of the extraction system in the preceding
chapter show that good internal beam quality is required in
order to achieve a good extraction efficiency. The required
control of the internal beam quality depends ultimately on
the design of the central region electrodes and, in
particuiar, on whether a "closed" ion source (i.e., an ion
source with Qn enclosed plasma and a well defined exit slit)
plus puller can be accommodated within the limited space
available in the central region.

Initial studies of central region orbits in the 250 MeV
superconducting synchrocyclotron show that an enclosed ion
source plus puller structure is possible provided the ion
source chimney is about 0.1 in. in diameter and the gap
between the chimney and the puller is about one to two mm,
and with a dee voltage in the 10 to 20 kV range. With these
requirements, a major experimental question then needs to be
answered. Namely, can we extract enough ion current from an

enclosed ion source with a 0.1 in. diameter chimney so as to
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have adequate beam current surviving the beam losses in the
capture and extraction processes?

In order to answer this question and to have a
comparison vs. the Harper cyclotron [29] ion source under
similar conditions, we did an experiment to measure the
total ion current of the Harper cyclotron ion source and of
a modified, small diameter chimney, version of this source.
Our ion source experiment [30] consisted of two parts. In
test #1, we measured the ion current of the Harper cyclotron
ion soufce, using the 0.250 in. diameter chimney, which is
currently used in the Harper cyclotron central region. In
test #2, we measured the ion current from the same source,
but using a 0.125 1n. diameter chimney, which is the
standard tubing nearest to the size of the chimney proposed
for the 250 MeV superconducting synchrocyclotron central
region. The Harper cyclotron has a central magnetic field of
46 kG which is smaller than the central magnetic field of
55.3 kG in the 250 MeV superconducting synchrocyeclotron.
However, since we will measure the total current from the
ion source, the difference in the magnetic fields should not
influence the experiment result. Deuterons were used as the
test ion because of the existing Harper cyclotron gas supply

system.
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4.2 Ion Source Experiment Setup

In order to put in the pullers and the supporting system
for the test, we took the spider, the part of the dee
structure linking the three dees together in the center, out
from the Harper cyclotron. The cylindrical copper pullers
and the supporting connector are mounted on an insulator
(Boron Nitride) which is fixed on one of the magnet hills.
They are connected to an RG 213 /U cable, which goes through
the Harper cyclotron target hole and a 15 kV vacuum adapter
to a SPELLMAN RHR 15N120 high DC voltage power supply. The
power supply can provide up to -15 kV peak DC high voltage.
Figure 4-1 shows the schematic diagram of the experiment
setup, and Figure 4-2 shows the cross section of the central
region with puller and supporting system in place for the
test. The gap from the source chimney to the puller for both
tests is 1.5 mm in order to achieve maximum electric field
up to 100 kV/cm. The different geometric parameters used in
the tests are listed in table U4-1. Figure 4-3 shows the

cross section views of the source chimneys used in the test.

4.3 Ion Source Experiment Result
(1) In test #1, we have measured the ion current of the
Harper cyclotron ion source with respect to the extraction

voltage vext’ source current Is and source gas flow Q, using
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Fig. 4-1 -- Schematic diagram of ion source experiment
setup. The Harper cyclotron ion source was used for the

experiment.
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Fig. 4-2 -- Plot of the cross section of the central region

with puller and supporting system in place for the
experiment. The diameter of the chimney is 0.250 in. in test
#1 and 0.125 in. in test #2.
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Table 4-1
Test #1 Test #2

Chimney I. D. (in.) 0.220 0.095
Chimney O. D. (in.) 0.250 0.125
Slit Width (in.) 0.020 0.020
S1lit Length (in.) . 0.220 0.160
Puller I. D. (in.) 0.369 0.243
Puller O. D. (in.) 0.539 0.394
Gap (mm) 1.500 1.500

a 0.250 in. diameter chimney (the size normally used in the

Harper cyclotron central region. The vacuum in the vacuum

chamber is 2.‘5“10“5 (Torr). Figures U4-4, 4-5 and 4-6 show
the three different ion current measurements.
(2) In test #2, we have measured the ion current of the

same ion source with respect to the extraction voltage vext’

and source gas flow Q, using the 0.125 in. diameter chimney,
which is very close in size with the chimney proposed to be
used in the 250 MeV superconducting synchrocyclotron central

region. The arc voltage in the source Vs is 3.10 kV and the

vacuum of the vacuum chamber is at 9.0!(10'5 (Torr). The
differences of the background pressure due to the opening of
the vacuum chamber to replace the source chimney and the

higher gas flow in this test cause the higher pressure in
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Fig. 4-4 -- Plot of ion current Iext: vs. extraction voltage

vext in test #1.
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t
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the ion current Iext saturated when source current Is
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the vacuum chamber. Figures 4-7 and 4-8 show the two
different ion current measurements.

The Child-Langmuir space-charge law

3/2
I = gk —

m d2

gives the maximum current that can be drawn from an infinite
plate diode with cathode-anode separation d and applied
voltage V. For deuterons, the Im is then given by

v3/2 (k)

dz(cm)

I - 1.218A(em?) (mA),

where A is the slit area of the source chimney. For test #1

with the extraction voltage Vext = 10 kV, the result is Im=
47.11 mA while the experiment result is Iext = 3.4 mA. For

test #2 with the extraction voltage vext = 13.75 kV, the

result is Imz 55.21 mA while the experiment result is Iext =

1.8 mA. The calculated currents are more than one order of
magnitude larger than the experiment results possibly due to
the difference in the assumptions of infinite supply of ions
in the Child-Langmuir space-charge law and the limited ion

supply in our actual experiment conditions.

4.4 Result Analysis and Conclusion

We used TRIUMF's RELAX3D code [31] to calculate the
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electric fields between the chimney and the puller region
for both test #1 and #2 geometries. Figures 4-9, and 4-10
show the electrical potential contour maps with no
conducting plasma in the chimney for the two tests
respectively. The chimney and the puller boundaries are also
shown in the figures. Using these contour maps, we get the
electric field distributions along the center line of the
chimney slit, as shown in Fig. 4-11 for both test #1 and #2
with different extraction voltages. The results show how the
electric field penetrates into an empty chimney with
different extraction voltages. The wall thickness of the
chimney along the center axis of the slit is 0.010 in. for
test #1 chimney and 0.005 in. for test #2 chimney. These
are also shown in Fig. 4-11., Line A and Line C show the
inside and outside boundary of the 0.250 in. diameter
chimney, and line B and 1line C are those of the 0.125 in.
diameter chimney. From Fig. 4-11, one can see that the
electric fields in the region close to the chimney slit are
mainly decided by the extraction voltage and do not depend
much on the chimney sizes since the chimney slit is the
dominant factor here. However, the electric fields on the
surface of the plasma are quite different for the two cases
because the wall thickness of the chimney in test #1 is
twice as big as that of the chimney in test #2 , and we

assume the chimney inside boundary as the surface of the
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Fig. 4-9 -- The potential contour map of electric field
between chimney and puller in test #1. The diameter of the
ch;nney is 0.250 in. Also shown here are X and Y-axis along
which the electric field distribution is calculated. No

conducting plasma is assumed in the source chimney.
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Fig. 4-10 -- The potential contour map of electric field
between chimney and puller in test #2. The diameter of the
chimney is 0.125 in. Also shown here are X and Y-axis along
which the electric field distribution is calculated. No

conducting plasma is assumed in the source chimney.
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Fig. 4-11 -- Plots of electric field along the Y-axis in
test #1 and #2 with different extraction voltage. Line A and
line C are the inside and outside boundary of 0.250 in.
diameter chimney wall along the center axis of the slit, and
line B and line C are those of 0.125 in. diameter chimney.
No conducting plasma is assumed in the source chimney.
(Different gaps used in the calculations caused differences
between the electric fields of the two cases with same

extraction voltage in the region away from the chimney.)
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plasma. The results show that we could get a higher output
ion current by using a thin wall ion source chimney. These
electric fields are calculated with assumption of no
conducting plasma in the chimney. Plasma in the chimney will
of course modify these results but major trends should be
the same.

The extracted ion current Iex might be expected to be

t
proportional to the cross section of the chimney and the
electric field on the surface of the plasma. The cross
section of the chimney in test #1 (0.220 in. inside
diameter) is about four times that in test #2 (0.095 in.
inside diameter). The strength of the electric field at the

inside diameter of the chimney in test #1, E is only half

A'

of that in test #2, EB’ as is shown in Fig. 4-11. Combining

these two factors, we should have I = 21

ext Figure

ext2 °

4-12 shows Ie in test #1 and ?.Iex in test #2 as a

xt t
function of extraction voltage, and we can see they agree
with the argument quite well.

We find that the extracted ion current Iext quickly

increased as gas flow was increased, saturating very quickly
with a constant extraction voltage in both tests. This
agrees with the other source experiment results. Again the

saturated ion current Ie in test #1 should be twice that

Xt
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in test #2, since the same argument also applied here. Iext

in test #1 and 21ext in test #2 are plotted vs. the gas flow

in Fig. 4-13. Again we can see they agree with the argument
well, although the required gas flow is quite different in
two different cases.

The peak ion current obtained with the 0.125 in.
diameter chimney and a rectangular slit is about 1.85 mA
when the extraction voltage was 13.5 kV. The average
electric field used here is only 90 kV/cm. In the final
design of the 250 MeV superconducting synchrocyclotron, we
will use dee voltage of 20 kV with the gap from source to
puller of 1.5 mm and a 0.125 in. diameter chimney with a
circular slit (opening angle 120°). The average electric
field will be about 133 kV/cm. The stronger average electric
field between the source and puller will certainly increase
the output ion current. Based on the operating experience of
the Harper cyclotron ion source, a circular slit with an
opening angle will also help the electric field penetrate
into the plasma therefore increasing the output of the ion
source current as well. Although there are certainly some
differences between our ion source experiment and the
proposed 250 MeV superconducting synchrocyclotron ion
source, this result nevertheless indicates that it is

possible to obtain enough ion current from a central region
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chimney) and ZIext in test #2 (0.125 in. diameter chimney)

vs. the gas flow.
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design for the 250 MeV superconducting synchrocyclotron
having an enclosed ion source with a very small diameter
chimney, about 0.1 in., plus a puller. The ion source for
the 250 MeV superconducting synchrocyclotron could be
similar to the current Harper cyclotron ion source. The

experiment result answers our original question.
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Chapter 5

Central Region Design

5.1 Introduction

The ion source experiment results show that a closed ion
source similar to the Harper cyclotron ion source with a
small diameter chimney can provide enough output ion current
for the éSO MeV superconducting synchrocyclotron. Because of
the strong magnetic field used in this cyclotron, there is
limited space in the center for the ion source and central
region electrodes. This causes difficult problems in
designing a successful central region with a closed ion
source. Such an ion source design is essential to provide
the necessary control of the internal beam to obtain good
extraction efficiency. We have obtained solutions to the
central region design problems and performed the necessary
orbit calculations to show the results of such a design as
lit affects the internal beam behavior.

Generally speaking, a successful central region design
needs to meet these requirements:

(a) It should provide the maximum orbit phase
acceptance. Orbits with the widest possible range of

starting times should clear all the electrodes that
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penetrate the median plane and the back of the source
chimney.

(b) It should also provide adequate electric focusing
for all of the orbits for the first few turns to avoid
initial vertical beam loss, since the magnetic vertical
focusing force is very weak in that region.

(c) All of the particle orbits should end up well
centered after emerging from the central region, and with
radial oscillation amplitudes within acceptable limits.

(d) It must allow as many particles as possible to be
captured into phase-stable orbits for further acceleration
out to extraction.

The procedure for determining the optimum geometry for a
set of electrodes involves a converging sequence of
tentative design steps, each of which is tested and improved
through a combination of electric potential calculations and
orbit computations. These calculations were performed to
determine whether the proton orbits clear the obstacles
successfully, gain energy sufficiently in the central
region, receive adequate vertical focusing, and finally

emerge from the central region properly centered.

5.2 Central Region Design
The overall design of our central region geometry was

influenced by the central region design of the CERN 600 MeV
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synchrocyclotron [32, 33]. Since our central magnetic field
is about three times stronger than the CERN machine, we have
a three times smaller space to use for the central region
electrodes. There is one dee and dummy-dee, and we assumed a
dee voltage of 20 kV. The main components of our central
region design [34] are two semi-cylindrical electrodes going
through the median plane in contact with the dee and dummy-
dee, respectively, that define the electric field. As is
shown in Fig. 5-1, the puller is fixed to the dee side
electrode facing the source chimney and is inclined by 30°
to the acceleration gap to provide a phase shift to the
injected protons. The source chimney has outer and inner
diameter of 0.125 in. and 0.095 in. The equipotentials of
the electric field are also shown in Fig. 5-1.

The acceleration gap between the dee and dummy-dee
provides the important electric vertical focusing force on
the protons in the central region. As shown in Fig. 2-8,
because the magnetic field index n is almost zero in the
first few turns of the proton orbits, and the magnetic
focusing force is proportional to n, the magnetic field
focusing is very weak. In the initial design, the vertical
dee and dummy-dee apertures were 0.6 inches, and hence
symmetric about the center of the gap. However, our

preliminary orbit calculations indicated that the vertical
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semi-cylindrical electrodes.

ion source chimney

MIN = 3.12E8-00 STEP = 1.00C-0% MAX 3 1.00€+00

Fig. 5-1 Central region electrodes in the median plane
showing the two semi-cylindrical electrodes, the puller and
the ion source chimney. Also shown here are the

equipotentials of the electric field produced by the central

region.
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focusing was not strong enough in this case, specially for

the protons with early starting times LN In order to get

some extra vertical focusing force, we therefore used
different entrance and exit apertures of the dee and dummy-
dee. As a result, the entrance aperture of the dee or dummy-
dee is 0.825 in. and the exit aperture is 0.525 in. Figure
5-2 shows the acceleration gap with symmetric and
unsymmetric dee and dummy-dee apertures. The unsymmetric gap
design increases the vertical component of the electric

field Ez in the first half of the gap (vertical focusing)

and reduces it in the second half of the gap (vertical
defocusing). Figures 5-3 and 5-4 show the vertical motions

for protons starting at 1, * 200° with symmetric and

unsymmetric gaps. One can see from these figures the
improvement of the vertical motion of the protons with the
unsymmetric acceleration gap. Finally, the magnetic vertical
focusing force increases rapidly with increasing radius, so
the unsymmetric gap is only needed in the central region.
The gap from the source chimney to the puller and the
shape of the chimney slit will greatly influence the output
ion current from the source, since they determine the
electric field on the surface of the plasma. Because the
extracted ion current from the source is proportional to

this electric field applied on the plasma surface, a high
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Fig. 5-2 -- Plot of cross sections of the acceleration gaps
Wwith the symmetric and unsymmetric dee and dummy-dee
vertical apertures. The unsymmetric gap is only needed in

the central region to provide extra vertical focusing.
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value of this field is desirable. One way to increase the
electric field is to reduce the gap from the source to
puller. The usual limit for the peak field is 100 kV/cm, and
we therefore chose initially a 2 mm gap from the source to
the puller which keeps the average peak electric field of
100 kV/cm with the dee voltage of 20 kV. Based on the
results from the Harper cyclotron as well as other
cyclotrons, the average peak electric field could reach as
high as 150 kV/cm, and, moreover, a circular hole in the
chimney will give a much higher output ion current than a
rectangular slit, because it helps the electric field
penetration into the plasma surface. We therefore reduced
the gap betuéen the source chimney and the puller from 2 mm
to 1.5 mm and still kept the 2 mm gap between dee and dummy-
dee. We also changed from a rectangular slit in the chimney
to a circular hole with a diameter of 0.75 mm and an opening
angle of 120°. Figure 5-5 and Figure 5-6 show two different
designs of the source-puller region and the equipotentials
of the electric fields they produced. The resultant electric
field distribution along the center line of the slit before
and after the change are shown in Figure 5-7. The peak
electric field on the plasma surface is increased from about
63 kV/cm to 103 kV/cm. In addition, using a smaller gap also
decreases the injected protons' transit time in the source

to puller region.



92

A B0 0 AL AL 2 SR BT EX B2 e

i A AL AL AL ET T XX ET ET BRI

EECT T EEEEEE TTEE SERTRY DR RL BT I

B0 R I EE Y IR EY B L 2t AL 2L 2L AL EX B EE BT T EE BT X1 2 NN

D S D B> s S 28D 08D B0 B4 4 585 >

e e -

0.0 808 -0-0-00-8-4 4.0 > -9 -&-90:0 2:0:0

EEE Y Y X TR EY o X1 EL BE ET ET 2T X EL EL R L L BE S5 B SR AL AL EE 22 2 21 B8 A5 2% 24

R AL B EETEE A2 XL R0 EL XY EL AL AL o A% 21 AL AL AL S 0 o 28 BE 2 AL AL 28 48 2L BL AL A Bi 4 Sk b S5 A% Jhd

CEERT R S EEEY XX B PEER ST TR S 2 3 R RE 20 1 XL BB BT AT & X0 R B 2% EL BT 21 F R 1 2L b B0 2 4

Fig. 5-5 -- Plots of the source chimney and puller

electrodes in the median plane and equipotentials of the

electric fields in the source-to-puller region. The gap from

the chimney to the puller is 2 mm, and a 4.0 by 0.5 nm2

rectangular slit was used in this case.
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Fig. 5-6 -- Plots of the source chimney and puller

electrodes in the median plane and equipotentials of the

electric fields in the source-to-puller region. The gap from

the chimney to the puller is 1.5 mm, and a 0.75 mm diameter

circular slit with an opening angle of 120° has been used in

this case.
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Fig. 5-7 -- Plot of the electric field distribution near the
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Figs. 5-5 and 5-6, one with a 2 mm source-to-puller gap and

a ¥ by 0.5 am? rectangular slit, and the other with a 1.5 mm
gap and a circular hole with diameter of 0.75 mm and an

opening angle of 120°. The voltage is 20 kV.
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5.3 Field and Orbit Calculations

Our 3-D CYCLONE orbit code [35] was used to design the
electrode structures in the central region of the 250 MeV
superconducting synchrocyclotron and perform the orbit
calculations, tracking ion orbits starting from the ion
source and going out about 20 turns. This code calculates
the real z motion in the central region. Since this code
assumes a constant RF frequency, we used only the first two
parts.

Part I takes the ion from the source slit out to just
beyond the puller. The electric field in the source-to-
puller region is derived from a potential V(x,y,t) =

Uo(x,y)sinwrft, where the Uo(x,y) map is prepared with the
TRIUMF RELAX3D4 Code and W, e is the constant RF frequency.

The grids used in the TRIUMP's RELAX3D4 code for this small
electric field are 121 by 121 points with a square mesh size
of 0.001 in. The orbit computations in this part of the
program are carried out by integrating the equation of
motion in Cartesian coordinates with time t as the
independent variable. Part I do not include 2z motion.

Part II continues the orbit for a few turns until it
reaches r =~ 0.9 inches. The large electric field here is

derived from V(x,y,z,t) = U1(x,y,z)sinwrft, where the

U,(x,y,z) map is also prepared with the same RELAX3DY4 Code.
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The grids used in the RELAX3DY4 code for this large electric
field are 121 by 121 by 12 points, and two different mesh
sizes of 0.0066 in. and 0.015 in. are used with planes
parallel to the median plane 0.0375 inches apart. The orbit
computations in part II of the program use 6 as the

independent variable so that r, Ppr 2y Py t and energy E

are the particle coordinates. The code also includes the
real z motion calculations since it uses a 3-D electric
field in this part.

All parts of the CYCLONE code use the same median plane
magnetic field B(r,0) which is stored in a polar mesh with
40 = 1.0 degree, and Ar = 0.25 in. The magnetic field design
Wwas discussed in chapter 2 and chapter 3 of this
dissertation. It provides an absolute reference frame for
positioning all of the electrodes and the resultant electric
fields used in the 3-D CYCLONE code.

The first part of the orbit calculations was performed
using Parts I and II of the CYCLONE code. Since the initial
energy of the protons extracted from the internal ion source
is very small, the space-charge effects are dominant in the
source-to-puller region. Moreover, CYCLONE is a single
particle orbit tracking code and do not include z motion in
its first part. We therefore performed the median plane

orbit calculations in the source-to-puller region and added
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z motion after protons passing the puller assuming proton
beam having a certain vertical size. However, M. Mallory and
H. Blosser [U42] have studied radial and vertical emittances
from the ion source and the effects of the plasma boundary
and space-charge. Their results show the assumption made
here for the initial 2z ellipse is reasonably good, giving
results that agree with the experimental measurement. Since
the RF frequency changes with time in synchrocyclotrons, a
transfer matrix code has been developed and used to continue
the orbit computations after the first few turns. This
transfer matrix code is described in section 5.5.1 and the

equations used in this code is described in Appendix C.

5.4 Orbit Properties and Discussion

The central ray starting time T, = 230° has the maximum

energy gain in the acceleration from source-to-puller while

the peak electric field is reached at ”rft = 270° where W.p

is the constant RF frequency. In Figure 5-8, we have

plotted eight orbits for protons starting at T, 200° to

265° in the small electric field of the source-puller
region., In Fig. 5-9, we have a similar plot in the large
electric field for the first few turns. All the orbits
plotted clear the puller electrode and gain enough energy

after the first two gaps to clear the posts and the back of
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time is 1, = 230°.
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Fig. 5-9 -- Central region electrodes and median plane
equipotentials for the large electric field. Eight orbits

are plotted, corresponding to starting time T ® 200° to

265°. The orbit closest to the lower right electrode is

starting at 5% 265° and the one far away from the

electrode is starting at T, & 230°, the starting time which

gives the maximum energy gain in the source-to-puller gap.
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the source chimney. Of the possible acceleration phase range
of 180° (180° to 360°), we have an acceptance phase range of
65°. The protons starting too late (>265°) do not gain
enough energy and fail to get past the electrodes in the
central region, and the protons starting too early (<200°)
do not get adequate vertical focusing in the central region.

Figure 5-10 shows the plots of x vs. Py for protons
starting with T, = 200° to 260° in the large electric field.

The orbits here at 6 = 0° are all off-center 10 mils along

the Px axis with a radial amplitude of about 10 mils, so the

orbits with different starting time are all fairly well
centered. One can see from Figure 5-10 that the off-
centeredness of the orbits does not change much in the first
few turns independent of their starting times. Since the
location of the chimney slit will decide the proton starting
positions, and hence the initial centering error, it has a
strong influence on the final centering error at extraction.
The central region electrodes must therefore be accurately
positioned.

Figure 5-11 shows the average phases ¢av for the first
20 turns for protons starting at T 200° to 265°, where

P
- 360°, x
‘av' o + ( 5% )P and ¢ is phase of the protons to deal

with the coupling between the radial and longitudinal
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Fig. 5-10 -- Plots of x vs. Py for protons starting at T, °

200° to 260° in the large electric field. The orbits all
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axis with a radial amplitude of about 10 mils, so the orbits

with different starting time are all well centered.
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starting at t = 200° to 265° for the first 20 turns. They

depends strongly on the proton starting time 1,-



103

motion [41]. The average phase curve depends strongly on the

starting time Ty Since the average electric focusing force

is proportional to sin(¢), the vertical motion of the

protons also depends strongly on the starting time T

Figures 5-12 shows the vertical motions for the starting

condition (z,pz) = (0.1,0.0) at the top, and for (z,pz) =
(0.0,0.01) at the bottom for protons starting at 1, = 200°.

In Figs. 5-13 and 5-14, we have similar plots for protons

starting at T, = 230° and 260°. We observe from these plots

the strong dependence of the vertical focusing frequency on

the protons' starting time LP The vertical oscillation

amplitude for all three orbits does not increase
significantly for the first 20 turns. Since the electric
focusing is only important for the first few turns of the
orbits and magnetic focusing becomes dominant afterwards,
the vertical focusing requirement is satisfied for these
cases.

The above calculations were carried out for an RF

frequency w.ops W = g%LQl, where B(0) is the field at r=0.

o
However, the RF frequency decreases with time 1in
synchrocyclotrons, and protons start from the source on

every RF cycle. To allow for this, the CYCLONE program input
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Turns for the starting
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= (0.0,0.01) in. at the bottom with protons starting at T, =

230° at the source. Compare with Fig. 5-12.
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sets W, p= w°(1+e), where € is a parameter. The capture-time

calculations described below lead to an optimum value for
the initial frequency time derivative that restricts the
values of ¢ between zero and € = -0.007.

The orbit computations described above were therefore
repeated with € = -0.007, the lower boundary for the initial
frequency parameter. As expected, the results obtained on
clearing electrode structures during the first turn do not
change. Also, the results regarding orbit centering during
the first 20 turns are pretty much the same. However, values
of the average phase and the resultant vertical fpcusing

change significantly. That is, for starting times T below

215°, the vertical focusing is inadequate. Considering these
results, the overall phase acceptance range is decreased to

about 50°, corresponding to T values from 215° to 265°. Of

course, these calculations neglect the defocusing effect of

the space-charge forces which are important at low energies.

5.5 Capture Time Calculations
As defined by Bohm and Foldy [36], the capture time At

for a given starting time L is given by

Am(to)
At(To) = -:(—E
dt’i
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Wwhere Am(to) gives the range of initial frequency values

leading to the eventual capture into phase stable orbits of

protons with starting time L which do not return to the

center during the first phase oscillation, and -(%%)i is the

initial RF frequency time derivative assumed in the

calculation. With a frequency modulation rate fm’ the

corresponding synchrocyclotron beam current [37, 38] is then
given by

I =1 f At ,
cm
where Ic is the corresponding cyclotron beam current and At

is the over-all capture time. The transfer matrix program
was used to continue the orbit calculations described above
beyond the first five turns and hence to determine the

dw
(ag)i.

capture time for each value of -
5.5.1 Transfer Matrix Program

As noted above, the transfer matrix code is described in
the Appendix C. It starts with the output of part II of the
CYCLONE code and carries the orbits through enough turns to
determine whether they successfully execute phase
oscillations and do not return to the ion source vicinity.

It enables one to find the value of the initial frequency

time derivative that leads to the maximum capture time.
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Assuming a linear variation of the RF frequency, we can

write:
_ af
W.p = (1+e)wo + Zn(dt)t
= (1+e-kfot)wo R
where A = - 1—(9-2) and w_= 2n1f_-= gB(O) is the reference
f2 dt o o m
o

frequency.
For each value of the parameter A used, one can then run
the Transfer Matrix code to find the range of € values that

produce phase stable particles for each starting time L

which do not return to the center during the first
synchrotron phase oscillation,

Ae(to) =€, - €y
where €, and e, are the € range boundaries. Therefore, the

corresponding range of starting frequency values will be:

Au(to) = Ae(to)wo.

We can then calculate the corresponding capture time,

Au(to) i Ae(to)wo

At(t ) =
o dw dw
- -lae)
Ae(T1.) € €
so At(t1) = ——2 = (- —g—) - (- —l-)
o foA rox fox
=T, - T
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€ €
where T,z = -l—'and T.= - 2. are the time boundaries for
1 rox 2 fok

capture of phase stable particles of starting time LS which

will not return to the center during the first synchrotron
phase oscillation.

To determine the corresponding synchronous phase ¢s for

a given A value, we use the simple theory of phase

oscillations [58] which leads to the formula:

w 2 2eVd
A= K(;—) ( £ )cosos
o
where x=-%(g—‘é’)=1+2"
8°(1-n)
r,dB
with n = - B(dl‘) 1

being the magnetic field index. Also, Vd is the dee voltage

so that 2eVd is the peak energy-gain per turn.

5.5.2 Capture Time Calculation Results
The transfer matrix program was used to continue the

orbits for the first 1000 turns with starting times T from
210° to 265° and an interval ATO = 5°, Values of the initial

df

frequency time derivative (-g);

ranging from 20 MHz/ms to

150 MHz/ms were used in the calculations in order to find



the maximum over-all capture time. For a successfully
captured orbit, the energy will show an oscillation
superimposed on a steady increase and, moreover, the energy

will never fall below a given critical value Ec’ which

corresponds to an orbit radius of 0.3 in.
Figures 5-15 and 5-16 show the distributions of T values

defined above vs. proton starting time 10 obtained for

different initial RF frequency time derivative values. As

can be seen, more orbits with late starting times 1, are

captured than those with early starting times. This effect
is much more obvious if a smaller initial frequency time
derivative (-%{-)1 is used. Since the initial electric field

between the ion source and the puller is proportional to

sin(to), the source output current is proportional to
sin(to) as well. The average capture time for all available

starting times T is finally determined by:

ZAt(Toj)lsin(toj)l

Btav = Llsin(toj)l ’
As defined by Bohm and Foldy [36], the capture efficiency
ecis

€y © fmAtav

where fm is the modulation frequency.
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Fig. 5-15 -- Plots of the distributions of T values vs.
proton starting time L with initial ('dt)i of 35.51, 56.62

and 71.02 MHz/ms. Only the proton orbits inside the shaded
area in the plots will be captured and accelerated to

extraction.
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Fig. 5-16 -- Plots of the distributions of T values vs.

df

proton starting time =« at’ 1
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o
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in the plots will be captured and accelerated to extraction.

Compare with Fig. 5-15.
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Table 5-1 shows the capture time and capture efficiency
calculation results. Of course, high modulation frequencies
result in better capture efficiencies, but the values are
limited by practical considerations. For application to
proton cancer therapy, the proposed RF modulation frequency

fm is 1 kHz. This high value can not be achieved using

traditional methods such as vibrating plates or rotating
capacitors. A new RF system using electronic tuning has to
be designed to provide 1 kHz modulation frequency with an RF

frequency range of 61.75 MHz to 84.27 MHz.

Table 5-1
k1(10'6) (-%%)i(MHz/ms) cos¢si Atav(us) ec(ﬂ)
5.0 35.510 0.0523 4.212 0.42
6.0 42.612 0.0628 4.401 0.4y
7.0 49.714 0.0733 4.u489 0.45
8.0 56.816 0.0837 4.u481 0.45
9.0 63.917 0.0942 4.423 0.4y
10.0 71.019 0.1047 4.324 0.43
15.0 106.529 0.1570 3.734 0.37
20.0 142.039 0.2093 3.189 0.32




115

Figure 5-17 shows the average capture time as a function

df

of initial frequency time derivative ('dt)i

and the initial
value of cos¢s. The average capture time reaches its maximum

value of 4.5 us at (-%—’;—)i of 49.71 MHz/ms and cosé_,= 0.073,

but the maximum is fairly flat. Since the initial energy

gain of the protons is proportional to cos¢si, a larger
cos¢si is desired to get a better initial energy gain. One

can see from Fig. 5-17 and Table 5-1 that we can obtain a
good initial energy gain and still have an average capture
time of 4.3 us, which is close to the peak value, with

cos¢si = 0.105.

Several different magnetic fields have been used to
perform the capture time calculations in order to check the
magnetic field influence on the capture time and hence find
the optimum magnetic field shape which leads to the maximum
capture time. The results show that the capture time depends
strongly on the magnetic field shape in the center. Larger K

= (-%%%) values in the center result in higher capture

times, which agrees with the results found at CERN [32, 33,
39]. In the ion source experiment described in chapter 4, we
found a peak DC current of about 1.8 mA from the ion source.

Since the charge injected during each RF cycle occupies
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17

about 50° in phase, the corresponding current for a fixed

frequency cyclotron would be
_ 50, _ 50, _
Ic = 10(333) = (1800 “A)(EKB) = 250 uA.
Assuming the capture efficiency €, = 0.43% from Table 5-1,

we find the corresponding synchrocyclotron beam current to
be

Isc = IcfmAtav = Icec = 1.1 uA.

Since only 0.1 uA of extracted beam current is required,
this 1.1 uA seems quite adequate to withstand subsequent

losses and yield enough output current.
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Chapter 6

RF Frequency Program

6.1 Introduction

Once a proton orbit is successfully captured in the
central region, it will stay inside the phase stability
region and be accelerated all the way to the extraction
system unless the stability region becomes smaller during
the acceleration, and the phase oscillation amplitude of the
orbit is too large to fit in the new stability regioh. Since
the phase space volume occupied by the protons does not
change, it is necessary to keep a constant stability region
during the acceleration in order to avoid the loss of
protons. This requirement can be fulfilled by changing the
frequency time derivative during the acceleration. Two
possible RF frequency programs to meet this requirement have

been explored: one keeps the dee voltage Vd constant, the

other keeps the average energy-gain per turn constant for
protons at large radii. Our analysis here follows closely
that presented by Kullander [33,37].

The longitudinal phase space variables are the phase ¢ of

the particle and its energy displacement from the



119

synchronous particle, AE = E - Es. This phase space is

characterized by a closed stable and an open unstable region
separated by the separatrix. Along this separatrix, the
value of AE is given by

2evdEs

)1/2
%K

AE = ( F'/%00,0,) ,

where F(¢,¢s) = sin¢ + sin¢s - (¢+¢s)cos¢s, and K = -

€|m
Lo

Q.ID.

mIE
A d

as before.
Figure 6-1 shows the three phase space separatrices

corresponding to cos¢s of 0.05, 0.1 and 0.3. The "bucket"

areas inside the separatrices are the particle phase stable

regions for these cases. A small cos¢s value leads to a

larger stable bucket area, but a slower acceleration rate.

The normalized bucket area A is defined by
A=t E'2(0,0,) de
and is a unique function of the synchronous phase ¢s. Figure

6-2 shows the plot of tr - normalized bucket area A vs.

co .
s¢s

Since the real stable bucket area S in the (AE,t) phase

space is

S

(1]
—
[~
=
Q.
cr

n
—
B>
m

s
-

substitution of AE given above leads to
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Fig. 6-1 -- Three Phase space separatrices corresponding to

cosos of 0.05, 0.1 and 0.3. The "bucket" areas inside the

separatrices are the particle phase stable regions. A small

coaQs value leads to a larger stable bucket area.
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2eV E
S = % ( d”s )1/2

172
-2 1 E 0,00 de.

s
Therefore the true constant bucket area condition is

2eV E
1 d°s 1/2 , _
S = ws( K ) A = constant,

where A is the normalized bucket area given above. Thus this

condition relates Vd and cosos at each energy value. The

value of S is determined by the initial conditions in the

central region, and we have already assumed that V_, = 20 kV

d

there. This leaves the initial value of cos¢s which is

af

determined by the value chosen for '(dt)i'

The results given in chapter 5 show that the average

(.4f

capture time reaches its peak value of 4.5 us at at’i

49.71 MHz/ms, which corresponds to cos¢81 = 0.073. As is

shown in Fig. 2-8, because of the magnet shimming in the
central region, the resultant K value increases from 2.2 in
the center to 3.2 at a radius of 0.5 inches. With a constant

S, the resultant cos¢s (and hence energy gain) drops to a

value that is too small for protons to gain adequate energy

in this region. Using a large cos¢si will improve the

initial energy gain but lead to a smaller stability area and

average capture time, as one can see from Fig. 6-2 and Fig.
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5-14., This would then reduce the captured beam current. On

balance, these considerations lead to the choice cos¢si =

0.105 which corresponds to the initial frequency time

derivative (-g-£

dt)i = 71.02 MHz/ms. As a result, we obtain a

good proton initial energy gain and an average capture time

of 4.3 us which is close to the peak value.

6.2 Fixed Dee Voltage

Given the initial synchronous phase cos¢si and dee
voltage Vd, the initial bucket area is obtained from:

2eV B, 4/2
S, = ( K )
[o]

i A(cos#si)

1
wO

where Eo is the rest energy of the proton, and Ko and w, are

the K value and proton angular frequency in the center
respectively. Since the equilibrium orbit code determines

the K and wg as functions of the energy, then assuming Vd =

20 kV remains fixed during the acceleration, the constant
'bucket area condition:

2eV _E
21 d’s ,1/2 _
S = ms( K ) A(cosos) = S

i
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gives cos¢s as a unique function of the synchronous particle

energy. The required frequency time derivative (-%%) of the

RF system is then determined from:

df wg o 28V,
('EE) = K(E;) ( E )cos¢s.

Figures 6-3 and 6-4 show plots of the resultant cos¢s value

and the required frequency time derivative (-%%) vs. energy,

respectively.

6.3 Fixed Synchronous Proton Energy Gain per Turn
As shown in Fig. 6-3, using an RF frequency program with

a fixed dee voltage Vd = 20 kV, leads to values of cos¢s

that increase with energy rapidly and reach over 0.4 between
175 MeV and 250 MeV. However, the extraction calculations
described in chapter 3 are based on an energy gain per turn

of 10 keV which corresponds to cos¢s = 0.25. Moreover, since
one can economize on RF power by having Vd decrease during

the FM cycle, we next explored the option of restricting the
maximum value of the synchronous proton energy gain per turn

(E 2eV cos¢s) to 10 keV.

turn” d
The fixed dee voltage of 20 kV is still used in the

small energy region where the synchronous phase cos¢s is
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Fig. 6-3 -- Plot of the resultant synchronous phase costs

vs. energy with a fixed dee voltage Vd = 20 kV.
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Fig. 6-4 -- Plot of the required frequency time derivative

(-%%) vs. energy with a fixed dee voltage Vd = 20 kV.
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smaller than 0.25. Once cos¢s reaches 0.25, which leads to

an synchronous proton energy gain per turn of 10 keV, the
dee voltage is reduced to keep the synchronous proton energy
gain per turn fixed at 10 keV.

The constant bucket area condition given above can be

rewritten as follows:

S = 1 ( EturnEs )1/2A =S
Wy 1Kcos¢s i
or,
E E
1 turn_s 1/72 -
S = w ( 1K ) At = Si
s
A
- [} -
where Eturn' 2eVdcos¢s is fixed and A' = 173 is a
(cose,)

new unique function of cos#s. This A' is plotted in Figure

6-5.
Using the new constant bucket area condition and the

known values of wg and K, one can then find cos¢s as a

function of the synchronous energy Es’ The required

frequency time derivative (-%%) and the dee voltage of the

RF system can then be calculated from:

(-ap) = Kz (%
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E
V. = turn

and d ~ 2ecos¢s‘
Figure 6-6 shows a plot of the new values of cosé  vs.

energy. This cos¢s crosses 0.25 at 27.5 MeV which is the

switching point from a fixed dee voltage of 20 kV to a fixed

synchronous proton energy gain of 10 KeV/turn. The required
frequency time derivative (-%%) and the dee voltage of the
RF system V, are plotted in Fig. 6-7 and Fig. 6-8,
respectively. As can be seen, Vd drops to a minimum value of

13.8 kV at 235 MeV and rises to a final value near 15 kV.

6.4 Acceleration Time
From the average energy gain per turn, 2eVdcos¢s, the
following expression for the acceleration time T 1is

obtained:

ldEk

T = ———",
mevdcos¢s

where the integral over kinetic energy Ek ranges from zero

to Ek = 250 MeV. The integration can be performed using the

equilibrium orbit code results for w and the energy

dependence of Vd and cos¢s found above. For the case with

fixed dee voltage Vd = 20 kV, the result is T = 0.275 ms,
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Fig. 6-6 -- Plot of the resultant cosos vs. energy with

fixed synchronous proton energy gain of 10 keV/turn at large

energies. This cost crosses 0.25 at 27.5 MeV which is the

switching point from a fixed dee voltage of 20 kV to a fixed

synchronous proton energy gain of 10 KeV/turn.
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voltage of 20 kV to a fixed synchronous proton energy gain

of 10 KeV/turn.
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Fig. 6-8 -- Plot of the required dee voltage of RF system
vs. energy with a fixed synchronous proton energy gain of

10 KeV/turn at large energies. The cos¢s crosses 0.25 at

27.5 MeV which is the switching point from a fixed dee
voltage of 20 kV to a fixed synchronous proton energy gain

of 10 KeV/turn.
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while for the case with fixed synchronous proton energy gain

per turn E = 10 keV, the value is T = 0.378 ms. These

turn

times are significantly shorter than the 1.0 ms FM period

that corresponds to an assumed repetition rate of 1.0 kHz.
Finally, the required parameters of the RF system for

the 250 MeV superconducting synchrocyclotron are listed in

Table 6-1.
Table 6-1

RF system with RF system with
Parameter fixed dee voltage fixed energy gain
Initial dee voltage 20.00 kv 20.00 kV
Final dee voltage 20.00 kv 15.00 kV
Acceleration time 0.275 ms 0.378 ms
Modulation frequency 1 kHz 1 kHz
Initial frequency 84.27 MHz 84.27 MHz
Final frequency 61.75 MHz 61.75 MHz
Initial frequency
time derivative 71.02 MHz/ms 71.02 MHz/ms

Final frequency

time derivative 80.82 MHz/ms 50.40 MHz/ms
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Chapter 7

Summary and Conclusions

This thesis describes a conceptual design and the orbit
dynamics of a 250 MeV superconducting synchrocyclotron for
use in proton cancer therapy. The goal was to explore
possible solutions to problems in the magnet, extraction
system.and central region design with the aim of
demonstrating the feasibility of such a machine.

This superconducting synchrocyclotron has an output
proton energy of 250 MeV, which is sufficient for
irradiation of most patients since it corresponds to a range
in tissue of 37 cem. This machine should have a beam current
of 20 - 100 nA as required for its purpose. The calculated
space-charge limited current is about 2.8 uA with dee
voltage of 20 kV, modulation frequency of 1 kHz and proton
starting phase range of 60° ([38,39,40]. It would also be
Qery compact and light, since the radius of the outer yoke
of the magnet is only 53 inches and the approximate weight
of the accelerator plus the counterweight and the supporting
system is about 150 tons. It seems well suited to a hospital

environment and should have reasonable cost.
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The superconducting magnet designed for this machine
produces a central field of 55.3 kG which is about three
times stronger than the field in conventional
synchrocyclotrons. The superconducting coil has a simple
rectangular cross section and carries a current density of
5200 amps per square centimeter. The calculation results of
the equilibrium orbit code indicate that the magnetic field
provides adequate radial and vertical focusing for the beam.
The magnet configuration is also designed to reduce its size
and weight while keeping the fringe magnetic field within an
acceptable limit. The shimming of the magnet in the central
region improved the magnetic field shape and optimized the
capture time.

The extraction system is based on a regenerator followed
by a passive magnetic channel which contains a series of

deflecting and focusing elements. The Zu orbit code was used

to perform the orbit tracking and extraction efficiency
calculations for different initial conditions, and proved to
be a useful tool for investigating the nonlinear effects in
the extraction system. The results show that an extraction
efficiency of about 40% can be achieved, using the
extraction system presented, if the internal beam can be

controlled so that both the radial and vertical amplitudes
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do not exceed 3 mm. The required control of the internal
beam depends ultimately on the design of the central region.

Ion source experiments show a strong dependence of the
ion current from an enclosed ion source on the shape and
size of the source chimney and slit. The results of the
studies reported in chapter 4 indicate that it is possible
to obtain enough ion current from an enclosed ion source
with a very small diameter chimney, about 0.1 in., to meet
the beam current requirement for the 250 MeV superconducting
synchrocyclotron. The ion source could be similar to the
Harper superconducting cyclotron ion source.

An electrode configuration was designed for the éource-
puller and dees that is consistent with the limited space
available in the central region. The proposed dee voltage is
20 kV. A circular chimney aperture and small gap of 1.5 mm
between the source chimney and the puller should be used to
increase the internal ion current. The CYCLONE orbit code
was used to perform the orbit calculations in the central
region. The results show that the proposed design provides
adequate vertical focusing and reasonably good centering for
the orbits in the central region. In addition, the proton
orbits have a phase acceptance of about 50° and a
reasonable energy gain.

A transfer matrix program was also developed to continue

the orbit calculations beyond the central region and hence



137

to determine the capture time for different values of the
frequency time derivative. The results indicate that the
capture time depends strongly on the magnetic field shape in

the central region as well as (- %%)1, the initial frequency

time derivative. The proposed modulation frequency is 1 kHz.
Our results indicate an optimum capture efficiency of 0.43%,
which corresponds to an initial beam current of 1.1 uA.
Finally, we studied two possible RF frequency programs that
meet the requirement of keeping a constant bucket area
during the acceleration and hence avoid the loss of protons.

In conclusion, this work has produced possible solutions
to design problems of the magnet, extraction system, and
central region by using relevant orbit calculations to
confirm the results. However, furthér work is needed to
finalize and improve the 250 MeV superconducting
synchrocyclotron design. For instance, using a return coil
at the corner of the outer yoke could control more
effectively the fringe field of the magnet without
significantly altering the field in the region of beam. In
addition, a new RF system using electronic tuning should be
designed to provide a 1 kHz modulation rate for a frequency
range from 84.27 MHz down to 61.75 MHz. This high modulation
rate and large RF frequency range severely complicates the

RF design problems. Another alternative is to use a magnet
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with sectors in order to make the field more isochronous and

thereby reduce the required frequency range.
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APPENDIX A

Geometry and Position of the Regenerator

As shown in Fig. A-1, the regenerator consists of 5
parts and is symmetric about the median plane. Each
regenerator part consists of several iron rings with

rectangular cross section and different angular width.

The geometry and position of the iron rings of the
regenerator are given as following: (See Figure A-2)
™ ™ 2

0 0

11 21 244 Zo4

where n, is the number of the rings in each regenerator part

and 1 =1, 2, ..., n,.

Part 1:
3 19.25 19.5
162 198 1.800 2.200
165 195 1.400 1.800

168 192 1.000 1.400



Part 2:

Part 3:

Part 4:

Part 5:

19.5
162
165
168

20.00

171

21.0
162
165
168

21.25
162
165
168
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21.0
198
195
192

20.75
189

21.25
198
195
192

21.5
198
195
192

.375
.000
.625

.500

.500
. 125
.875

.625
. 500
.375

.875
.375
.000

.625

.875
.500
.125

.875
.625
.500
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Fig. A-1 -- The radial profile of the regenerator above the
median plane. The regenerator consists of 5 parts and is
symmetric about the median plane. Each regenerator part
consists of several iron rings with rectangular cross

section and different angular width.



142

r&O
6; 6,
\ /
\\ /
\ /
\\ /
\ //
\\\ /
of o°
\z
fz T ——— \\
2 - —— E;:\\\
| I
! |
H 1 —
0 R R, R

Fig. A-2 -- Coordinates required to define the iron rings in

the each regenerator part.
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APPENDIX B

Geometry and Position of the Magnetic Channel Elements

The geometry and position of the rectangular iron bars
of the magnetic channel elements are given as following:
(See Figure B-1)

r

1 b 1

dz

dx Zoi i

Xoi i

where n, is the number of the rectangular iron bars in the
channel element and { = 1, 2, ..., n,. ry is the distance
from the machine center and the center of the channel

aperture.

M1:
10 20.16880 103.13000 3.53510 1.10000 1.10000

-0.3750 0.12500 -0.3 0.6
0.25 0.125 -0.3 0.6
-2.2 1.0 0.585 0.015
-2.2 1.0 -0.6 0.015
-1.2 0.675 0.55 0.05
-1.2 0.675 -0.6 0.05
-0.525 0.15 0.3 0.3
-0.525 0.15 -0.6 0.3
0.375 0.15 0.3 0.3
0.375 0.15 -0.6 0.3



M2:
10 20.33750 111.00000
-0.4250 0.12500 -0.
0.3 0.125 -0.
-2.4 1.2 0.
-2.4 1.2 -0.
-1.2 0.63 0.
-1.2 0.63 -0.
-0.57 0.17 0.
-0.57 0.17 -0.
0.4 0.17 0.
0.4 0.17 -0.
M3:
11 20.51080 119.00000
-0.3750 0.12500 -0.
0.25 0.125 -0.
0.25 0.125 0.
-2.2 0.9 0
-2.2 0.9 -0.
-1.3 0.775 0.
-1.3 0.775 -0.
-0.525 0.15 0.
-0.525 0.15 -0.
0.375 0.15 0.
0.375 0.15 -0.
MY :
11 20.68270 127.00000
-0.3750 0.12500 -0.
0.25 0.125 -0.
0.25 0.125 0.
-2.2 0.9 0.
-2.2 0.9 -0.
-1.3 0.775 0.
-1.3 0.775 -0.
-0.525 0.15 0.
-0.525 0.15 -0.
0.375 0.15 0.
0.375 0.15 -0.
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25000
5
25

.59

6

owowoNnI on

3.37151
25000

COO0OO0O0O0OO0OO0OO0OO0

COO0CO0OO0O0O0OO0OO0O0O0O

[N -NeNoNoNoNoleNe NN

wwww

1.10000 1.10000
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M5:
10 20.85780 135.00000 3.53982 1.10000
-0.5500 0.25000 -0.37000 0.74000
0.300 0.25 -0.370 0.74
-2.5 1.0 0.58 0.02
-2.5 1.0 -0.6 0.02
-1.5 0.65 0.54 0.06
-1.5 0.65 -0.6 0.06
-0.85 0.3 0.37 0.23
-0.85 0.3 -0.6 0.23
0.55 0.3 0.37 0.23
0.55 0.3 -0.6 0.23
M6:
10 21.04970 143.00000 3.97369 1.10000
-0.5500 0.25000 -0.37000 0.74000
0.300 0.25 -0.370 0.74
-2.5 1.0 0.58 0.02
-2.5 1.0 -0.6 0.02
-1.5 0.65 0.54 0.06
-1.5 0.65 -0.6 0.06
-0.85 0.3 0.37 0.23
-0.85 0.3 -0.6 0.23
0.55 0.3 0.37 0.23
0.55 0.3 -0.6 0.23
MT:
9 21.33730 154.00000 4.48647 2.10000
-0.600 0.30000 -0.3000 0.60000
003 003 -0-60 0.3
0.3 0.3 0.3 0.3
-2.70 1.0 0.58 0.02
-2.70 1.0 -0.6 0.02
-1.7 0.7 0.5U45 0.055
-1.7 0.7 -0.6 0.055
-1.0 0.3 0.4 0.2
-1.0 0.3 -0.6 0.2
M8:
3 21.85200 170.00000 5.23136 2.10000
-0.6000 0.30000 -0.30000 0.6000
0.3 0.3 -0.6 0.3
0.3 0.3 0.3 0.3
M9 :
3 22.77530 192.00000 7.28685 2.10000
-0.6000 0.30000 -0.30000 0.60000
0.3 0.3 -0.6 0.3
0.3 0.3 0.3 0.3

1.10000

1.10000

2.10000

2.10000

2.10000
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I
SN

- - X
o Lai

‘Fig. B-1 -- Coordinates required to define the rectangular
iron bars in the magnetic channel element. O is the machine

center and O0' is the center of channel aperture.
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APPENDIX C

Transfer Matrix Program Equations

In Transfer Matrix Program, instead of (x, px), we use

P
(x, %) where % = R 35. Suppose that after the n gap

crossing, the variables have the values L tn, En and “otn'

Given En, one can calculate the corresponding values of R,

%— and V. by interpolation from a table of E. 0. data.

o

Just before the next (n+1) gap crossing, the values of

the variables are:

4
n
X 41 © xncos(iv) + sin(nv)
*n+1 = -vxnsin(av) + xncos(iv)
w_t = w bt o+ l(29-){R1 + :ﬂsin(nv) + fﬂ[1-cos(lv)]}
o'n+l - "o’n R'w v vZ

where v = Vi Of course, En does not change here.
Assuming the dee voltage varies as cos(Iwrrdt), the
energy change at the gap crossing is:

En+1 = Bn + qu°°s¢n+1
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where ¢n+1 is the phase at the (n+1) gap crossing,

A
®net = 4p * (1 + € - F?(“otn+1*wotn)](wotn+l+wotn) - T

Since the value of r = R + x does not change at the gap

crossing, the value of X given above is replaced by

xn+‘l

 Xnet ~ (Rn+1 - Rn)

where Rn and Rn+1 are the radius values of the E. 0. data

before and after the gap crossing. The values of *n+1 and

“otn+1 do not change at the gap crossing. The resultant

n+1' Zne1? E

values of x

nel’ and “otn*i together with °n+1

become the input values for the transfer to the next gap
crossing.

The input is obtained from the output of part II of
CYCLONE at a radius R, =~ 0.4 inch. If this output is at e:%,
then a special routine is needed to transport the orbit to

the next gap crossing (46 = % ). Suppose that if 0 = %, the

variables are X, *o' Eo and ¢o' Then at the next gap

crossing (6 = n) the variables are:

b4
1 o 1
xocos(zlv) * = sin(zlv)

Lo
"

1 1
-vxosin(zlv) + xocos(ztv)
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) 1,%, 1 Xo
w t1 = w .t o+ R(w ){zRi +

” sin(%tv) + :%[1-008(%iv)]}

Here we take woto = 2uj°, where Jo is the number of turns

the orbit has traveled in CYCLONE.

At © = 1, the energy gain and the phase values are:
E1 = Eo + qucos¢1
with ¢, = ¢ #[1+e-A(wt‘.-&wt)](wtﬂut)-ll
1 o 5% "1""0"0 0°1"%0"0 2

Also the change in X, is calculated by:

= 81 - (R1 - Ro) .
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