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ABSTRACT

This thesis addresses two major problems. One is of interest to commercial cyclotron
manufacturers and the other is of interest to the accelerator physics community.

The industrial problem was to produce a compact and modular ion source and injection system for
the new TR13 H” _cyclotron, which is capable of transporting and injecting a high quality and well
matched beam into the cyclotron.

The accelerator physics problem was to advance the science of inflector ion optical design, analysis
and troubleshooting from the realm of pure simulation to thé realm of measurement and experimentation.

The industrial problem was solved by designing candidate injection systems in parallel with the
TR13 cyclotron design. These systems were fabricated and then experimentally optimized along with the
ion source on a 1 MeV test cyclotron. This work resulted in a set of ion source and injection systems with
well documented and understood properties. The recommended solution for the TR13 was a cost effective
injection system composed of only two axially rotated quadrupole magnets.

The accelerator physics problem is the lack of measured cyclotron inflector optical data and beam
related properties in the immediate vicinity of a cyclotron inflector. This required the development of an
experimental technique to ‘overcome the numerous technical difficulties associated with making
measurements near a device as inaccessible as a cyclotron inflector. A diverse assembly of equipment and
procedures was required: a well understood ipjection system, a pinhole collimator for producing beamlets
for ray-tracing, a specially configured center region to expose the inflector to view, a system of
scintillators in close proximity to the inflector for producing visible beamspots, a TV camera and frame
grabber to record images and a set of image analysis and data processing procedures. The results obtained
using this technique were: (a) measured constraints on the coefficients of an inflector’s transport matrix,
(b) measurement of the beam’s centering, size, shape and orientation in phase space at the entrance and
exit of an inflector, (c) measurements of beam displacement as a function of field and energy perturbations
at an inflector exit and (d) comparison of an inflector simulation code’s capabilities égainst detailed

measured data. Such properties of a beam have not heretofore been determined experimentally.
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1.0 INTRODUCTION

Over the last 20 years a rapid growth in the use of particle accelerators for the purpose of
producing biomedical radioigotopes has occurred [1]. The accelerator of choice has generally been the
cyclotron [1-8], and in recent years compact, low-maintenance, highly efficient, and, most importantly for
the radioisotope producer, "user-friendly" commercial cyclotrons have become the norm [9-23].

The TRI3 is a commercial cyclotron which has been 'speciﬁcally developed to produce
radioisotopes in a hospital e'nvironment forv Positron Emission Tomography (P.E.T.) [24-25]. The TR13 is
a self-shiclded H- cyclotroh capable of providing a total of 100 pA of dually extracted beam onto its
production targets. .This cyclotron has recently been built by Ebco Technologies through a technology
transfer agreerﬁent with Canada’s national meson research facility TRIUMF.

One of the key features of the TR13 cyclotron system is the external ion source and the axial.
injection system (1.S.1.S.) which prepares, transports and injects the beam into the cyclotron. The most
critical I.S.I.S. component is the inflector. The inflector has the important task of transporting the axially
injected beam through a curved trajectory so that upon leaving its exit the beam is in the acceleration
plane of the cyclotron and properly centered for further acceleration. Besides altering the central trajectory
of the beam, the inflector optically affects the beam in other ways. For example, the TR13’s spiral
inflector couples the axial and radial motions of the beam’s ions. The inflector’s importance is related to
the major influence it has on the beam quality and transmission rate if its centering and other optical
functions are not properly utilized.

This thesis describes the solution of two main problems. The first problem addressed in the thesis
is the selection of a compact and modular 1.S.1.S. for the TR13 cyclotron. The selected 1.S.1.S. has good
beam transport characteristics and is capable of injecting a high quality well matched beam into the
cyclotron. The solution of this problem is of considerable interest to commercial cyclotron manufacturers.

| Before introducing the second problem addressed in this thesis, a brief discussion of the state of
the art with respect to inflector design, analysis and troubleshooting is necessary.

A number of analytically and numerically based software codes [26—33] have been developed for

designing inflectors and studying their optical behaviour. These codes are certainly useful, but are limited




in the following ways. Analytical solutions to the inflector problem can only be achieved when special
ideal electric and magnetic field configurations are used to describe the inflector. Codes which take this

approach are not able to represent truly the actual behaviour of the inflector. The numerically based codes

can integrate ion trajectories through full three-dimensional field maps. The accuracy of the numerical.

codes depends on any approximations inherent in the field maps, any approximations inherent in thé
codes, the integration technique used and the manner in which any available adjustable parameters have
been set. These numerically based codes are only error checked against the special analytical cases. In
fact, neither analytical nor numerical inflector simulation codes have ever been checked against detailed
measured data.

Techniques for analyzing inflector performance and, in particular, techniques for troubleshooting
actual beam quality or transmission problems are of considerable interest. As is clearly shown by the
literature [26—46], the cyclotron community has aiways used the aforementioned simulation techniques to
analyze the performance of a cyclotron inflector. Measured inflector transport characteristics and the
beam’s measured phase space distributions and centering in the vicinity of the inflector have never been
available for assessing inflector performance. This is a very unsatisfactory situation because the number of
parameters which can affect inflector performance is large and at present the only hard data used for
analysis is the beam transmission rate or possibly the size and emittance of the beam after it has been
accelerated through several turns in the cyclotron. This means that even if computer simulations are
capable of representing reality well, there is insufficient information to establish exactly what is occurring.

The lack of detailed measured data pertaining to the optics of cyclotron inflectors is related to the
inflector’s inaccessibility and to many specific technical problems which must be overcome in the
confined space surrounding the inflector.

The second problem addressed in this thesis is that there have been no techniques available for
obtaining measured inflector transport characteristics and the beam’s properties in the immediate vicinity
of the inflector. As a consequence of this, scant measured data on actual inflector performénce has been

published, cyclotron inflector simulation codes have not been compared to such data, and the analysis of



inflector behaviour has not been studied with respect to such data. This thesis provides a solution to this
by:
i) describing an experimental technique complete with a description of all necessary hardware,
software, data handling procedures and analysis strategies which enables one to measure the
inflector’s optical characteristics and the beam’s properties in the immediate vicinity of the
inflector.

ii) documenting the first transport matrix representing a cyclotron inflector in its actual operating
environment to be determined using coefficients constrained by measured data.

iii) documenting the first measurements of the injected beam’s properties at the entrance and exit
of a cyclotron inflector.” The measured properties include: the centering, size, shape and
orientation of the beam in four-dimensional phase space (x, dx/dz, y, dy/dz).

iv) documenting the first measurements of beam displacement at the exit of a cyclotron inflector
as a function of changes in the inflector electrode potentials, the cyclotron magnetic field and the
-beam kinetic energy.

v) comparing simulations produced by an inflector optics code, CASINO [33], to measured data

The chapters of this thesis are laid out in the order in which the work was completed. Chapter 2
describes the basics of single-particle and multi-particle (beam) transport as an introduction to the
accelerator physics pertinent to this thesis. In addition, the basic sub-systems used in the 1.S.I.S. are
described.

In chapter 3 injection system design is done in parallel with the TR13 cyclotron design yielding
primary and secondary injection system candidates [47]. The availability of the TR type center region
model 1 MeV test cyclotron (C.R.M.) [48] for prototyi)e I.S.I.S. testing impacts heavily on the design
stage, as the number and variety of design studies can be reduced when prototype testing is feasible.
Consequently, not one but three types of injection line are proposed for prototype testing, these being the
4Q, .3Q and 2Q (four, three and two quadrupole magnet) injection lines. The chapter closes with a listing
of the engineering details needed for producing the prototype injection lines.

Chapter 4 discusses the prototype 1.S.I.S. testing using the 1 MeV test cyclotron facility. The
chapter begins by describing the re-commissioning of the test cyclotron with an existing 1.S.1.S. normally
used by the TR30 [49] cyclotron. The performance of this 1.S.1.S. establishes a baseline to ‘compare with
the 4Q, 3Q and 2Q systems. Subsequent to the baseline tests, an investigation of the ion source, and, in

particular, its lens configuration in the 07 ampere arc current range is undertaken. The study centers




around investigating and improving the ion source emittance and the total output current [50]. The beam
transmission capabilities of the various prototype injection lines from the ion source to the inflector exit
beamstop and to the 1.125 MeV beamstop are documented next. Of particular interest are measurements
of beam transmission as é function of injection line axial orientation angle, which have been discussed
theoretically in the literature [26, 27, 51-54], but have not been extensively studied experimentally. The
chapter culminates with a detailed study of the radial and axial characteristics of the accelerated beam in
the central regibn of the test cyclotron. Emittances are calculated based on diagnostic probe scans and a
technique is described for establishing the accelerated RF phase band of the cyclotron. The sensitivity of
beam current transmission rates to changes in the main magnetic field, tﬁe inflector electrode potentials,
and the injection line quadrupole field settings are reported.

Work accomplished in Chapter 4 established a nominal ion source configuration, a 4Q injection
line and a test cyclotron set-up whose operating parameters and beam transmission characteristics were
well understood. This entire arrangement provided a useful "tool” for investigating the ion optical
properties of the cyclotron’s spiral inflector.

Chapter 5 begins by describing the specialized equiprﬁent required for the inflector experiments.
In addition, modifications to the test cyclotron required to facilitate the inflector experiments are
described. The first experimental results discussed are the full beam size, shape, orientation and centering
at the inflector entrance and exit, and after one half-turn. Subsequent to this, beamlet ray tracing
experiments are used to produce a set of measured constraints on the elements of the linear ion-optical
transport matrices of the inflector. Inflector transport matrices from the software code CASINO are then
compared to the measured constraints. The phase space distribution of the beam at the inflector exit is
computed using a novel technique, and the emittance growth dué to inflector cross-plane coupling [55] is
computed. Lastly, beam displacements at the inflector exit as a function of the cyclotron magnetic field,
the inflector electrode potentials and the beam’s kinetic energy are reported and compared to simulations.

Chapter 6 summarizes the main results of the thesis, gives the recommended injection line for the
TR13 cyclotron, and presents general conclusions concerning the results and techniques presented in this

thesis. Lastly, suggestions for future work are given.



2.0 FUNDAMENTALS OF AXIAL INJECTION

This chapter covers the basic concepts needed to understand the goals of this thesis and the means by
which these goals are achieved. The chapter is divided into two main sections. The first section gives an
overview of charged particle optics and transport, and the second section discusses the main sub-systems

required to axially inject an jon beam into a cyclotron.

2.1 CHARGED PARTICLE OPTICS AND TRANSPORT

A large number of charged particle beam transport systems have been built over the past fifty years,
and, thus, it is not surprising that there are a number of good books and papers describing such systems
[56—68]. Charged particle transport systems are typically designed to guide an input charged particle
beam to the exit of the transport system with minimal particle loss and without a degradation in beam
quality. In addition, specific optical properties may be forced upon the beam during transport to enhance
the usefulness of the beam upon exiting the system. Beam‘-transport as it pertains to this thesis involves
both of these concepts. The injection system is intended to provide the transport of the ion source H™ beam
to the central region of the cyclotron with a high transmission rate and minimal beam quality degradation.
As well, the beam character is optically adjusted to be most appropriate for the acceleration of the beam
within the cyclotron..The rest of this section is dedicated to illustrating these concepts and techniques in
more detail.

2.1.1 PHASE SPACE
A good description of phase space is given by Banford [57]:

"Consider a particle moving in a three dimensional Cartesian coordinate system Ox, Oy, Oz. For present purposes a
particle is completely specified if we know where it is and where it is going, that is to say we require to know the
three coordinates X, y, z and the three momentum components Px> Py> Pz- All this information can be represented by
the position of a point in a six-dimensional space with coordinates x, ¥s Z, Px> Py» Pz This six-dimensional space is
known as phase space." :

A representative H™ ion which has just been extracted from the ion source is located in phase space,

and as it proceeds through the injection system it describes a curve in phase space. Similarly, each of the



beam’s ions can be represented by a point in pﬁase space, and beam transport can be considered to be the
manipulation of the finite region occupied by these points in phase space.

Having introduced the concept of phase space, it is now prudent to introduce Liouville’s theorem.
The ramifications of thi; theorem affect nearly all aspects of charged particle transport. As presented in

[57], the theorem states that:

"Under the action of forces which can be derived from a Hamiltonian, the motion of a group of particles is such that
the local density of the representative points in the appropriate phase space remains everywhere constant."

The consequence of this theorem is that if satisfied, the hypervolume of the region occupied by the
beam in phase space is conserved. The orientation and shape of the beam region may change throughout
the transport process. However, if a particular phase space dimension of the beam shrinks, one or more of
the other dimensions grows to maintain the hypervolume occupied by the beam. It is often the case that
the hypervolume of the beam in a lower dimensional sub-space is also conserved during transport. This
occurs when the motions of the particles in the sub-space are independent or uncoupled from their other
phase space dimensions. In fact, a large number of transport systems are designed such that the (x, py), (¥,
py) and (z, p,) sub-spaces act independently of each other.

Transport systems are usually designed to ensure that Liouville’s theorem is applicable. A
Hamiltonian can be written for any charged particle beam acted upon by forces arising from external
macroscopic electric and/or magnetic fields. For such beams, the theorem applies. However, if particles
are lost from the beam due to collimation, if interactions with targets occur, or if synchrotron radiation is
emitted by the beam, the theorem does not apply [69]. Although a Hamiltonian in a higher dimensional
space can be found, in principle, for electrostatic interactions between individual charged particles within
the beam (sp;icé charge) [57], we limit ourselves to six dimensions. Within this six dimensional space, the
beam does not adhere to Liouville’s theorem for space charge interactions.

2.1.2 LINEAR CHARGED PARTICLE TRANSPORT
2.1.2.1 Coordinate System
A fixed (x, y, z) coordinate system is of limited utility for most transport systems. The mathematical

expression for the trajectory of an individual particle becomes extremely complicated in all but the




simplest transport systems when a fixed coordinate system is used. The coordinate system which is best
suited to describing charged particle trajectories is the curvilinear system illustrated in Figure 2.1. This is
an orthogonal right-handed coordinate system which moves with an ideal mono-energetic charged particle
along the central trajectory of the transport system. The unit vector z is the coordinate tangential to the
central trajectory and in the direction of motion. The transverse coordinates x and y measure the
displacement of a particle from the central trajectory. It is usual for x to be the coordinate in the lab

horizontal plane and y to be the coordinate in the lab vertical plane.

ARBITRARY
TRAJKECTORY

CENTRAL
TRAJECTORY

0

Figure 2.1: The curvilinear coordinate system.

The commonly used TRANSPORT {63] formalism for describing charged particle transport utilizes
the curvilinear coordinate system described above. The full description of the six coordinates in
TRANSPORT’s version of phase space are as follows:

x = the horizontal displacement of the arbitrary trajectory or ray with respect to the central trajectory.
x' = the angle the arbitrary ray makes in the horizontal plane with respect to the central trajectory.

y = the vertical displacement of the arbitrary ray with respect to the central trajectory.

y' = the angle the arbitrary ray makes in the vertical plane with respect to the central trajectory.

1 = the path length difference between the arbitrary ray and the central trajectory.

8 = the fractional momentum deviation of the ray from the central trajectory (Ap/pr,)-

The momenta in Banford’s description of phase space are not explicitly used here. However, they are

included in the sense that the angular divergence of a particle relative to the beam axis (x' = dx/dz, and y'

= dy/dz) is equal to the ratio of transverse and axial momenta.



The fractional momentum deviation in the beam éutput by the TRI3 ion source is negligible
(zl/S0,000), and the path length difference associated with arbitrary trajectories is of no consequence in
this thesis. Thus, phase space from this point hence will be limited to the four dimensions (x, X', y, y'). As
is shown in [55, 57], Liouville’s theorem still applies in this lower dimensional phase space.
2.1.2.2 Linear Transport Matrices

Charged particle transport can be siﬁpliﬁed to a process of matrix multiplication. The particle’s
coordinates are contained in a column vector X; = (x, X'|, y;, ¥')). The subscript 1 indicates that the
transverse coordinates are with respect to the curvilinear coordinate system at some position 1 along the
central trajectory within the transport system. Similarly, the particle’s coordinates at some position 2
along the central trajectory are then X, = (x,, X5, ¥, ¥'5). The goal in charged particle transport is to be
able to calculate a particle’s coordinates at 2 knowing X, and the linear transport matrix R,,. The matrix
R,, provides a very good approximation to tile optical transformation that occurs between positions 1 and
2. The multiplication that is performed is as follows:

X, = R;y’X,. | @0

The sfandard linear transport matrices used in tﬁis thesis can all be derived using théory based on
mirror symmetric magnetic systems. The derivation of these matrices starts, for a particle of mass m and
charge q, with the Lorentz equation

dp d(mv) _
= = B). 22
dt o dt a(v x B) @2

where p is the momentum, v is the velocity, B is the magnetic flux density, and t is time.
By breaking this equation into its constituent (x, y, z) components, changing the variable of
differentiation from time to distance along the trajectory, and performing some algebraic manipulation as

done in [65, 69], one arrives at the following two equations

x" = 11 + x? + y?[xyB_- (1 + x'*)B, + y'B,] (2.3)
p :

y" = % 1+x? +y?[(1 +y?)B, - x'yB, - x'B,], | 2.4)




where primes (') indicate differentiation with respect to distance along the trajectory. As yet, no
simplifying assumptions have been made. Therefore, equations 2.3 and 2.4 are valid to any order.

In solving equations 2.3 and 2.4 for the linear case, one makes the baraxial ray approximation which
removes terms of order higher than x' and y'. To tailor the equations to describe transport through a
particular device, one uses the appropriate magnetic field expansion for the device to substitute for the
variables (B,, By, B,). The simplest example is the case of a field free region, which is known as a drift
space in the jargon of charged particle optics. Equations 2.3 and 2.4 become

x" =0 and y” = 0, Q.5)
for a drift space.

Solving (2.5) for a drift of length L between positions 1 and 2 along the central trajectory results in

the solution

X, =X, +Lx{ and x) = x| | (2.6)
Y. =y, t Ly, and y; =yj, 2.7
which can be written as

X, 1 L 00 X,
X3 01 00O X,

- (2.8)
Y2 0 0 1L Y
v, oo 1) \y

The linear transport matrix R, for any magnetic optical elemeni can be derived following this same
procedure. An analogous procedure can, of course, be developed for electric field based optical elements.
The standard optical elements used in the study undertaken for this thesis include: the drift space, the
dipole magnet, the quadrupole magnet, the solenoid magnet and the coordinate rotation.

Lineaf transport matrices are also used to represent non-standard magnetic and/or electric field
based optical elements. The injection system has three such non-standard optical elements. They are the
axial bore of the cyclotron, the spiral inflector, and the central region of the cyclotron. The appropriate
matrix for a non-standard element is produced by first integrating four linearly indepeqdent paraxial

particle coordinate vectors from the input of the element (position 1) through to the output of the element

(position 2) using an orbit tracking code such as CASINO or CYCLONE ([70], and appropriate field maps.




The four input particle coordinate vectors (X!, X2,, X3, X4,) are assembled into the columns of a matrix
as are the four output beam column vectors (X!,, X2,, X3,, X4,). One can then solve for the linear

transport matrix representing the device by performing the following matrix operation
-1
[Xlz, X%, X3, X42] . [Xll, X34, X%, X‘l] = R,,. 2.9
A linear transport system is usually composed of a number of optical elements. If the input

coordinates of a charged particle are known, then the particle coordinates at the output of an N element

system can be calculated as follows
X, = R(N-I)N' e 2R, XL 2.10)

Space charge forces can be included as an impulse (thin lens) after each application of an R matrix.
The strength of each impulse is calculated with the linear space charge approximation [71], which is a
function of the beam current and cross-section. In the code TRANSPORT the distance traveled between
each impulse must be optimized for best results. In the code TRANSOPTR [72] linear space charge forces,
and all other first order optical elements can be computed using an infinitesimal transport matrix
formalism which elegantly incorporates the fact that R becomes a function of the beam size when space
charge forces are included [73].
2.1.3 HIGHER ORDER CHARGED PARTICLE TRANSPORT

In single pass transport systems the effect of non-linearity’s are often quite small. However, in
accelerators and storage rings where particles may be transported through many tens of thousands of
identical focusing elements, the coxﬁpounding of even relatively small higher order effects can have a
dramatic effect on beam size and stability.

If higher order terms from equations (2.3) and (2.4) are retained in the procedure of section 2.1.2.2.,
one can construct matrices which represent transport to a higher order. For example, to second order, as
described by {65] and used in TRANSPORT and TRANSOPTR, one can compute the coordinates of an

output beam vector (position 2} in terms of the original (position 1) using

X(@), = RO, )n XU, + TG, 1k XO) XY, @)
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where T is the second order transport matrix. Most charged particle transport programs offer at least a
second order option.

In recent years, tﬁe need for dealing with higher order charged particle optics for repetitive systems
has lead to sophisticated differential algebraic techniques which provide maps from initial beam
coordinates and system parameters to final beam coordinates. These maps can be created to arbitrary order
and can describe standard optical elements, fringe fields and even radiation effects. These techniques are
not necessary for the work in this thesis and have only been mentioned for completeness. The reader can
refer to [74] and [75] for an introduction to these techniques.

As alluded to in section 2.1.2.2, another common technique for studying nonlinear effects is té
determine a particle’s trajectory by numeﬁcally solving the equation of motion for the particle as it passes
through the appropriate electric and magnetic field maps. The accuracy of such techniques depends on the
integration algorithm, the step size and any approximations that are inherent in the field maps. The codes
CASINO, CYCLONE and ZGOUBI [76] are three such codes used in this thesis.

2.1.4 CHARGED PARTICLE BEAM TRANSPORT

Thus far single-particle transport has been discussed. It is, however, usually much more informative
to consider the transport of a multi-particle beam. In particular, one is often interested in the transverse
envelope of the beam as a function of position along the central ray. One way to simulate charged particle
beam transport is to choose a number of representative particles within the region occupied by the beam in
phase space, and to calculate the trajectories of each of these particles with the matrix formalism
ihtroduced previously. In this manner the size of the beam can be ascertained by considering the particles
with the outermost transverse coordinates at varibus positions along the central trajectory. This method is
particularly useful when particles removed from the beam by collimation are to be considered, since this
can be easily done by comparing the collimator’s (x, y) boundaries with the coordinates of the particles,
and then removing those particles with excessive (X, y) coordinates from further transport computations.

Liouville’s theorem permits a different approach to simulating charged particle beam obtics. One can
bound the beam with an appropriately sized and shaped surface in phase space, and then transport this

surface using the fact that the hypervolume of this closed surface in phase space must remain constant.
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The standard surface to use for this purpose is an ellipsoid. An ellipsoid is chosen for two main reasons.
The first is that the traﬁspdrt of an ellipsoid is relatively éasy to describe with the transport matrix
approach, and the second is that, although actual beams can have almost any shape in phase space, the
ellipsoidal shape corresponds well with measured beams, as is the case in this thesis.

The equation for an n dimensional ellibsoid defined by a positive definite symmetric matrix ¢ is

given by [67]
X'e'X = 1. (2.12)

The hypervolume enclosed by such an ellipsoid is

/2
V = L———,/det(o) ) (2.13)

I'(n/2+1)
As already mentioned, the two and four dimensional sub-spaces of phase space are of interest in this
thesis. The hypervolume of a four dimensional (4D) ellipsoid is (n%/2){det(c.o)}*, and the area of a two
dimensional (2D) ellipse is given by n{det(c:0)}".
Recall that X; corresponds to a beam vector at position (i) along the central ray. The matrix o

corresponds to the beam ellipsoid at this position (i), and for the two dimensional case we have
x(i o,(1) o,
X, = ( '(,)) and o, = ( ”(,) '2(,3 (2.14)
x'(i) o,(1) o,

X'oX, =1 or 0,x(i)-20,x()x'(i)+ o,x?(i)=det(c,). (.15

which yields

Note that o,,(i) is equal to 5,,(i). Beam transport from position 1 to position 2 along the central ray is
accomplished within the linear matrix formalism by performing the following matrix operation

o, = R,o,R},. (2.i6)

For beam envelope computations in either 2 or 4 dimensional spaces one could invert the o; matrix

at each position (i) and use the analytical formulation of the ellipsoid as indicated in (2.15). However, it

can be shown that the square root of the diagonal components of o; are the projections of the extreme

points of the ellipsoid on the coordinate axes. For example, {o,,(i)}* is equal to x, (i), and {033(i)}'/2 is

equal to y,,,,.(i). Thus, a plot of the x and y envelope of the beam as a function of positions (i) along the
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central ray can easily be produced by using the matrix elements of o at each position (i). As an example,

Figure 2.2 illustrates a projection of the four dimensional beam ellipsoid onto the (x, x") plane.

A

Xmax =/ Y]
%1
8 11
xint= [ deto _
%11

BEAM CENTROID

|

Figure 2.2: A projection of the beam ellipsoid onto the (x, x!) plane. Note the dependence of the (x, x))
ellipse’s size and orientation on the o matrix elements.

Recall that Liouville’s theorem requires that the hypervolume of a beam ellipsoid at position 1 must
equal that at position 2. This corresponds to requiring that
det(c,) = det(o,), 217

and this implies that v
det(R,,)=1. (2.18)

That the determinant of the transport matrices is equal to one is just a manifestation of Liouville’s
theorem. This result is built into the R matrix as well as the higher order transport matrices as a result of
their derivation from Hamiltonian based systems.
2.1.5 BEAM EMITTANCE

So far we have not addressed how best to specify the size of the ellipsoid representing the beam. The
emittance is a terxﬁ used to describe the size of the beam in either the (x, x") or (y, y') phase space. It is

defined by the equation [55, 69]

£ = /det(c), ' (2.19)

where o, when used to compute emittances, corresponds to the two dimensional sub-space associated with

either (x, x") or (¥, ¥). The emittance of the beam is usually specified for the (x, x') and (y, y') phase space
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projections with units of (mm-mrad). Using equation (2.13) it is apparent that the area of the beam in the

(x, x') sub-space is equal to me,, and in the (y, y') sub-space it is equal to e

The emittance is a good measure of the size of the beam in the (x, x') and (y, y') phase spaces, as it is
proportional to the area of the beam in these spaces. The emittance is often thought of as being related to
the quality of the beam. A beam of small emittance corresponds to a high quality beam. This is so because
the (x, y) projection of a small emittance beam is easier to maintain with small dimensions than a beam
with a large emittance. This in turn means that a high quality beam usually loses fe@er particles during
transport than a low quality beam.

As indicated in [77], the emittance of a finite beam with a uniform charge distribution in phase space
is well defined. However, as the charge density of most actual beams is rarely even close to being uniform, .
the emittance of an actual beam must then be related to the fraction of particles included within an
idealized beam ellipse. A common way to compute the emittance of the idealized beam ellipse, in a
manner which is a fair representation of the real physical beam it corresponds to, is to ensure that the
idealized beam and the actual beam have the same integrated intensity and the same second moments
[78]. The second moments of a beam in the (x, x") sub-space are

x?, x? and xx' (2.20)

and a representative calculation for the first term is as follows

— H x*p(x, x" )dxdx'
H o(x, x" )dxdx'

2.21)

where p is the current density. If one computes these quantities for a real beam, and represents this real

beam using the idealized ellipse of uniform charge density defined by the 4rms emittance [78]

—_ 14
€ s xor = 4[x2x'2 - (xx')Z] , _ (2.23)

then both beams will have the same integrated intensity and the same second moments. Note that €4, ., as

calculated in (2.23), is accurate regardless of the real beam phase space orientation at the time of
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measurement. The 4rms emittance is particularly pértinent to this thesis, as it was the emittance measured
by the beam diagnostic equipment used during the experiments described in chapter 4.

Many real beams are quite closely approximated with a gaussian distribution. In the case of a real
beam having a gaussian distribution, €, defines an idealized ellipse whose boundary contains 86% of
the real beam. |

An important point to note concerning emittances is that they vary as a function of the total
momentum (pr,,) of the beam. That this is so can be illustrated by noting that in two dimensions

Erw = Xonar Xt 224

for the x,, and X', defined in Figure 2.2, and since X', = p, ;n//P1op it i apparent that the emittance of

int
this beam will decrease as py,, increases. So, if beams of different total momentum are being compared, as

is done at different points during acceleration, one normally uses the normalized emittance of the beam.

The normalized emittance of the beam is calculated with the formula

€roe = EeY =X Pxim (2.25)
mc

where m is the mass of the particle, ¢ is the speed of light and B and y are the usual relativistic
parameters. The normalized emittance describes the beam size with respect to transverse momentum and
transverse dimensions regardless of thé total momentum,
2.1.6 EMITTANCE GROWTH

Recall that a beam with a small emittance is considered to be a high quality beam. This is because a
beam with a small emittance is usually easier to transport than a beam with a large emittance. Therefore,
it is important that every effort is made to create and maintain a beam of small emittance. Unfortunately,
there are a number of ways in which the emittance can grow.

In linear transport systems with midplane symmetry, the (x, x') and (y, y') sub-spaces are uncoupled,
and the emittances corresponding to these sub-spaces remain constant. A linear transport system in which
cross-plane coupling exists maintains a constant beam volume in the full four dimensional phase space,

however, the projection of the beam phase space ellipsoid onto the (x, x') and (y, y') sub-spaces results in
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two dimensional ellipses with equal to, or larger emittances than the projected (x, x') and (y, y') beam
ellipses at the beginning of the system [55].

Non-linear beam transport systems which satisfy Liouville’s theorem can introduce an effective
emittance growth, although the actual volume of the beam in phase space remains constant. This sort of
emittance growth is illustrated for a two dimensional sub-space in Figure 2.3. As can be seen, the ellipse
which effectively represents the beam, as far as the transport system is concerned, occupies a larger

portion of the two dimensional sub-space than the region actually occupied by the beam particles.
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Figure 2.3: The effective emittance region of an aberrated beam in phase space.

When a beam is injected into an accelerator or a storage ring there are (x, x') and (y, y') machine
ellipses of particular orientations and aspect ratios to which these machines force the beam ellipses to
conform to. If the injected beam ellipses do not have the required (x, x') and (y, y') shapes and orientations
at injection, then new beam ellipses similar to the machine ellipses become filled (refer to Figure 2.4), or
effectively filled, if the beam ellipses simply rotate within the machine ellipses. If new ellipses are filled or
effectively filled, emittance growth will have occurred. The process of manipulating the characteristics of
a beam so that the beam ellipses are already similar to the machine ellipses at the injection point is called
beam matching.

As an example of emittance growth due to mismatched beam and machine ellipses, consider the

trajectories of charged particles traveling within a dipole magnetic field. To first order these particles have




sinusoidal trajectories. A few sample trajectories are shown in Figure 2.5, and the elliptical curves that

these particles describe in phase space are shown in Figure 2.6.
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Figure 2.4: An arbitrary machine ellipse bounding the input beam ellipse. The machine ellipse becomes
filled or.effectively filled yielding a new beam ellipse which has experienced emittance growth.
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Figure 2.5: Single-particle trajectories within a dipole magnetic field.
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Figure 2.6: Elliptical phase space curves described by single particle trajectories within a dipole
magnetic field.




It is apparent that the machine ellipse for a dipole magnet is an upright ellipse. It is also apparent
that if a multi-particle beam of chargéd particles 1s circulating within a dipole magnetic field and if the
beam particles are in phase with each other, then the beam ellipse associated with the particles will
circulate as a distinct 'entity within a new effective beam ellipse which is similar to the dipole machine

ellipse. Figure 2.7 illustrates this phenomenon.

BEAM ELLIPSE AT 3 POINTS
IN ITS EVOLUTION AROUND
THE ACCEPTANCE ELLIPSE

=X

DIPOLE ACCEPTANCE
ELLIPSE

Figure 2.7: A mismatched injected beam results in a new effective beam ellipse that is similar to the
upright dipole machine ellipse. :

In the case of multi-turn extraction in a cyclotron, several circulating beam ellipses, each at a
different phase, are extracted at once. When this occurs the effective beam ellipse is actually filled with
particles, and the emittance growth is particularly obvious. As described in {26], the phases become mixed
and the matched ellipse becomes filled.

In s_ection 2.1.1, it was pointed out that Liouville’s theorem does not apply for space charge forces,
interactions with targets, or, in the case ‘of a H™ cyclotron, interactions with extraction foils. Consequently,
emittance growth is associated with these phenomena. These phenomena are not factors in this thesis,
however.

2.1.7 ACCEPTANCE

At the point where the central trajectory of a charged particle beam crosses the entrance of a device

in a transport system, one can define an acceptance region in four dimensional phase space. This region



corresponds to the coordinates of all particles which, if injected at the entrance of the device, would.be
transmitted. It is apparent that if the four dimensional hyper-volume of the beam is larger than the
acceptance of a device, particles will be lost. In this case the region of phase space occupied by the beam
will shrink. Typically this is not an acceptable way to create a beam with a small emittance. It is also
common to define two dimensional acceptances in the (x, x) and (y, y") phase spaces with units
compatible with the beam emittances.

If devices with narrow apertures in (X, y) space are present in the transport system, and if the beam
emittance is relatively large, the focusing elements of the system .can often be used to cause the beam
ellipse to be oriented so that most of the emittance is distributed along the x' and y' axes at the location of
each device with a narrow aperture. Consequently, the projection of the beam in (x, y) space will be small
enough to allow a high rate of transmission through each narrow device. Tailoring the beam in thi§

manner is one of the main goals of beam transport.

2.2 AXTAL INJECTION SUB-SYSTEMS

The following sub-sections describe the cyclotron sub-systems which are relevant to this thesis.
2.2.1 JON SOURCE

The design criteria for the overall TR13 cyclotron system largely governs the choice of ion source.
The TR13 cyclotron is to be used in a confined environment where reliable, reproducible and low
maintenance operation is essential. As well, an intense high-quality H™ beam is required in order to
produce the necessary 100 pA of extracted protons without unwanted beam-spill [24-25]. The volume H™
ion source with multi-cusp plasma confinement -is a well known choice for satisfying these particular
requirements [79-81}, and, thus, it is the choice of ﬁon source for the TR13 cyclotron. The main drawback
for the volume production type source is that it is less efficient in terms of power consumption than a
surface conversion type source [80], however, it is a more reliable source with a brighter beam [82].
2.2.1.1 Plasma Formation |

The ion source maintains a confined plasma from which H™ ions are preferentially extracted. A

plasma is considered to be a collection of gaseous ions, electrons and neutrals which are charge quasi-
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neutral. In the case of the TR13 ion source, the plasma confinement region is located in the ion source
chamber. This chamber is supplied with a flow of Hy gas, so the plasma is largely made up of various
species of hydrogen ions and neutrals as well as electrons. The plasma is initially formed by first filling
the ion source chamber, refer to Figure 2.8, with Hy and. then heating the source filament with a large
circulating (approx. 200 ampere) current to cause thermionic emission of electrons which ionize the Hy
gas. An equilibrium is soon reached where a central, electrically screened and quasi-neutral environment
is surrounded by a space charge dominated plasma sheath [83].
2.2.1.2 H" Creation and Plasma Confinement

The reaction which provides the best yield of H™ in the plasma environment is a two step process

(84]
e + H,(v=0) - H, (v>0) + e (2.26)

e + H,(v>0) > H,(v>0) > H +H, 2.27)
where v refers to the vibrational quantum number.
vThe yield of vibrationally, and possibly rotationally [85], excited H)y molecules in reaction (2.26) is
peaked for fairly "hot" (40 eV) electrons, whereas the yield of H™ in (2.27) is maximized with relatively
"cold" electrons (1 eV) [84].

As a consequence, the ion source plasma is divided into two distinct regions by a magnetic filter (BL
= 0.2 kG-cm [82]) as indicated in Figure 2.9. This filter is sufficiently strong to keep energetic electrons
out of the "cold" electron region, but it is not strong enough to keep the excited ions produced in the "hot"
electron region out as required by (2.27) for H™ formation. A "cold" electron population is maintained by
secondary emissicn of electrons from the plasma electrode. A bias voltaée is applied to the plasma
electrode to enhance surface bombardment by positive ions or electrons, depending on the sign of the bias
voltage, and this results in an increased production of secondary electrons.

The bulk of the plasma encourages the existence of energetic ions and electrons as dictated by (2.26).
The efficiency of generating such energetic plasma constituents is greatly enhanced by magnetic cusp
confinement as illustrated in Figure 2.10. The cusp field is such that the center of the source is devoid of

magnetic field lines. As a charged particle proceeds radially outwards from the plasma, it typically




encounters field lines which are perpendicular to its motion which cause the charged particle to circle
back to the center portion of the plasma. Thus, energetic électrons and ions are re-cycled. This reduces the
need for these plasma constituents to be generatéd from a "cold" state. Cusp confinement can also be
described in terms of the outward kinétic pressure of the plasma being balanced by an inward magnetic
pressure. Thus, any charged particle which attempts to leave the plasma with a trajectory normal to the
plasma boundary is pushed back in by the increased magnetic pressure it experiences. The magnetic
pressure increases in the direction normal to the plasma boundary because the density éf magnetic flux

lines increases in this direction.
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Figure 2.8: A schematic illustration of the TR13 type ion source.
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Figure 2.10: An illustration of cusp magnetic field plasma confinement in an ion source.
2.2.1.3 Extraction and Acceleration

A plasma shields itself from an applied electric field by a space charge dominated region which, for
the bulk of the plasma, is called the plasma sheath. However, in the extraction region, the 2 to 3 kilovolt
potential on the extraction electrode enlarges the size of the space charge dominated region. The plasma

boundary layer is perturbed into a meniscus as shown in Figure 2.11. H™ ions that exit the plasma due to
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their kinetic energy, and which do so in‘the meniscus region, are focused according to the meniscus
curvature and are accelerated by the axial electric fields as.sociated with the extraction electrode voltage.
The extracted H™ beam is accelerated by the extraction electrode and then by the 3rd electrode, which
brings the beam kinetic energy to 25 keV. These electrodes can be configured to be either focusing or
defocusing.

The extraction and acceleration process is nearly axially symmetric. Perturbations to axial symmetry
arise due to the removal of extracted electrons by a magnetic filter as shown in Figure 2.11, or due to

slight manufacturing imperfections. This filter is sufficiently strong to remove the electrons but does not

/ SHEATH
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significantly affect the beam [82].
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Figure 2.11: The plasma meniscus and the electron filter in the extraction region.
2.2.1.4 Ion Source Parameters

In order to maximize beam current on target with as little beam spill as possible throughout the
TR13 cyclotron system, the initial bearﬁ current, beam emittance and the initial phase space shape
associated with the beam emittance must be optimized. In a simplified sense, the beam current magnitude
can be most readily increased by increasing the arc current or the diameter of the plasma, extraction and

3rd electrode apertures. In the case of the TR13, the maximum arc current has been limited to 7 amperes.
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Thus, the electrode aperture diameters must be carefully adjusted to obtain sufficient current levels
without overly decreasing the beam quality. An overly wide aperture diameter will often result in a
flattening of the base of the meniscus which will result in an undesirable phase space projection with a

large effective area as shown in Figure 2.12.
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Figure 2.12: A comparison of the phase space region occupied by a beam emanating from a nicely curved
plasma meniscus to one from a flattened plasma meniscus.

The ion source parameters which affect the matching of the source beam to the rest of the cyclotron
are simply listed below without a detailed analysis. Note that the ion source is not a device which produces
a beam of static charactéristics to be subsequently méssaged by the injection line. It is a device which can
be used to optimize beam characteristics in order to produce the best optical results in concert with the
whole cyclo;ron system. This is a point which is sometimes forgotten in the design and development of
cyclotron systems.

VARIABLE TR13 ION SOURCE PARAMETERS

e Arc current s Arc voltage

¢ Filament current - o Hydrogen flow rate

¢ Plasma electrode voltage « Extraction electrode voltage
¢ Bias voltage ¢ Electrode aperture diameters
¢ Extraction electrode lip shape _ o Filament length

o Filament and/or arc current direction * Source volume
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2.2.2 INJECTION LINE TRANSPORT COMPONENTS

In section 2.1.2.2 a summary of how to derive linear transport matrices is given. In this section
the transport matrices for the standard opticél components relevant to this thesis are revealed and a brief
description of each component is given. More detailed information on these devices can be obtained from
[57, 61, 65-69, 83].
2.2.2.1 Dipole Magnet

The primary use of a dipole or bending magnet is to cause a charged particle beam to be
transported along a curved trajectory. There are many reasons why such a feature is desirous. Four
common reasons for using a dipole magnet are to enable the transport system to avoid physical obstacles,
to maintain particles on a circular or racetrack orbit, to permit momentum selection and to select different
beamlines for transport. Dipole magnets can have first order focusing effects and higher order effects, as
well. Dipole magnets are somewhat restrictive in their focusing capabilities because the magnitude of the
magnetic field is usually fixed for achieving a particular bending requirement, and therefore the focusing
effects can not be easily adjusted.

The field of a dipole magnet is as illustrated in Figure 2.13 (a). Note that the typical dipole field
bows outward as shown, and that for the purposes of bending calculations an effective length is
established over which the peak pole tip field eﬂ'gctively acts. This is best described by the following
integral

I Bdl=B,L, - (2.28)

where B is the magnitude of the magnetic field that the central ray experiences along its trajectory, dl is

the differential path length, By, is the peak pole tip magnetic field and L is the effective length of the

magnet. The field B, needed for a particular beam steering requirement can be calculated by using

B,o(kG-m)=33.356p(GeV/c), (2.29)
-and p ~ L/0. Note that p is the radius of curvature of the charged particle in the dipole field, p is the

momentum, and O is the azimuthal angle traversed by the particle’s trajectory in the dipole field (refer to

Figure 2.13 (b)). The momentum of the charged particle is calculated with the following formula
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p=TJl+2%. (2.30)

The units of p are in (GeV/c), if the rest mass M and the kinetic energy T of the particle are both given in

(GeV).
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Figure 2.13: (a) Side view of a dipole magnet (b) Plan view of a dipole magnet.

The first order focusing effects of a dipole magnet can be described in terms of the field index

which is defined as the negative of the fractional change in field associated with a fractional change in

radius [56], and is given by
dB/B
- (2.31)

dp/p

This quantity is used to describe the magnetic field at a given radius within the dipole magnet. The

focusing induced beam oscillations related to the field index are known as betatron oscillations. Vertical

or axial oscillations are described in terms of the axial tune vy which is the number of axial oscillations

per revolution of the central ray around the dipole (6 = 27). The axial tune is calculated using

v, =n. 2.32)
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Similarly, the radial tune v, describes the number of radial oscillations per revolution around the

dipole, and is given by
v, =v1l-n. (2.33)

In terms of these tunes then, the first order transport matrix for a dipole magnet in which the

central ray enters and exits normal to the pole faces is given by

cos(v,0) (p!v,)sin(v,0) 00 00
~(v,/ p)sin(v,8)  cos(v,0) 00 00 _
00 00 cos(v,0) (p/vy)sin(vy0) | 239
0.0 00 —(vy / p)sin( Vy¢9) cos(vy 9)

Note that further first order focusing and defocusing effects can be introduced if the central ray does not
enter or exit the dipole magnet normal to the pole faces. Refer to [57,61,69] for further reading on dipole
optics.
2.2.2.2 Quadrupole Magnet

A quadrupolé magnet is used for focusing a charged particle beam. However, unlike a lens used
in the optics of light, a quadrupole magnet focuses in one plane while defocusing in the other plane.
Fortunately, quadrupole magnets can be used in combination to produce an overall focusing effect in both
planes. One such combination is the quadrupole doublet. A quadrupole doublet is a grouping of two
quadrupoles in which, for example, one focuses in the horizontal plane and the other focuses in the
vertical plane. Figure 2.14 illustrates the quadrupole magnet structure and the field lines used in vertically
focusing a positively charged particle. In addition, the forces exerted on a positively charged particle

moving into the magnet are shown.

The magnetic field for a quadrupole magnet is given by [61, 69]




The field gradient g is equal to (By/a) where By is the pole tip magnetic field strength and a is the

aperture radius of the magnet. The first order transport matrix for a vertically focusing quadrupole magnet

is given by

cosh(kL) k'sinh(kL) 0 0

ksinh(kL)  cosh(kL) 0 0 (2.38)
0 0 cos(kL)  k7'sin(kL)|’
0 0 —ksin(kL)  cos(kL)

where k? is equal to g/(p/q) and L is the effective length of the quadrupole magnet.

MAGNETIC

YOKE

Figure 2.14: The field lines for a quadrupole magnet which vertically focuses positively charged
particles. The forces experienced by positively charged particles along each axis are also shown.

2.2.2.3 Solensid Magnet

The magnetic ficld lines for a solenoid magnet are shown in Figure 2.15. There are three optically
important regions in a solenoid magnet. At the entrance and exit regions the magnetic field has a radial
and an axial component, except on the magnet axis, whereas in the central region of the solenoid the field
is strictly axial. The overall effect of the solenoid is to provide focﬁsing, however, it also causes charged
particles to rotate about the axial axis as they are transported through the magnet. This is useful if one

wants to couple the (x, x) phase space of the beam to the (y, y') phase space.
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Figure 2.15: The magnetic field lines of a solenoid magnet. -

The overall first order transport matrix for a solenoid magnet is [57, 69]

cos2(8/2) K lsin(@/2)cos(8/2)  sin(8/2)cos(8/2) k~Lsin2(6/2)
—Ksin(@/2)cos(8/2) cos2(0/2) -Ksin2(6/2) Sin(9/2)c0s(®/2) | 5 39,
—sin(8/2)cos(8/2) -k~ Lsin29/2) cos2(6/2) K~ Lsin(8/2)cos(6/2)

K sin2(0/ 2) —~sin(6/2)cos(8/2) —Ksin(8/2)cos(6/2) cos2(0/ 2)

The angle 0 is equal to ByL/(p/q) with B, being the peak axial field, and the factor K is equal to 6/2L.

2.2.2.4 Circular Aperture Electrostatic Lens
The ion source extraction electrodes accelerate and focus the beam. These electrodes are circular
aperture electrostatic lenses. Figure 2.16 shows a sketch of such a lens. The focal length for this lens is

given by [83]
4V

TR E

(2.40)

The electrostatic potential of the lens plate is V, the magnitude of the upstream electric field is E; and the

downstream electric field magnitude is E,.
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Figure 2.16: An electrostatic lens with a circular aperture [83].

The first order transport matrix for an electrostatic lens with a circular aperture is

1 0 0 0

-1/ 1 0 0
/ . (2.41)

0 0 1 0

0 0 -1/f 1

2.2.2.5 Rotation Matrix

Standard optical components are sometimes rotated with respect to the lab horizontal and vertical
axes. In order to avoid introducing complicated transport matrices for rotated components, optics codes
usually rotate the particle coordinate vector or the beam sigma matrix while leaving the component’s
transport matrix in the usual unrotated form. Thus, the action of the rotated optical component is properly
represented by the multiplication of three transport matrices. The first matrix represents a rotation of the
curvilinear coordinate system by an angle 6, the second matrix is just the usual unrotated transport matrix
of the optical component, and the third matrix represents a rotation of the curvilinear coordinate system
by an angle —0 to bring the system back to the lab coordinates.

The rotation matrix used in this multiplication process is given by
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cos@ 0 ~—sin® O

0 cos 0 —sin®
sin@ O cosO 0

0 sin6 0 cosO

(2.42)

2.2.2.6 Drift Space

The transport matrix for a field free drift of length L was derived in section 2.1.2.2, and is given
in equation 2.8.

2.2.3 THE INFLECTOR

The injection axis of the H™ beam is perpendicular to the median plane, or, in other words, to the
acceleration plane of the cyclotron. This implies that some mechanism or device is employed to bend the
beam. onto the median plane of the cyclotron. A number of such devices can accomplish the required.
bending, such as the electrostatic mirror, the hyperbolic inflector, the parabolic inflector and the spiral
inflector. The interested reader can refer to {34, 38] for a description of these devices.

There are a number of important considerations to be kept in mind when designing an inflector
system. The inflector must force the injected ion beam to have the correct position and momentum
components at its exit for proper acceleration by the RF. The inflector must be kept small so that its
physical presence does not affect other parts of the machine, yet it must be designed to have a reasonably
large acceptance. Furthermore, its optical properties should be such that emittance growth is minimized,
and it should be insensitive to slight fabrication imperfections and perturbations of the associated
electromégnetic fields. Lastly, consideration should be given to minimizing the electrode potentials, the
complexity of the machining requirements, and the overall cost of the device [34].

The design team for the TR30 cyclotron chose the spiral inflector of Belmont, Pabot and Root [37,
39, 40] as documented in [28, 86—-88]. The verj./ same inflector design was also chosen for the TR13 [24].
This type of inflector causes coupling between the (x, x') and (y, y') phase spaces which leads to emittance
growth in thesé sub-spaces. However, this inflector ha§ design parameters which can be used to position

~ the beam optimally for further acceleration, which helps to reduce emittance growth during acceleration.

In addition, the acceptance of the TR30 type inflector was found to be quite large {28].




2.2.3.1 Description of the TR30/TR13 Spiral Inflector
A number of coordinate systems are required to describe the path of the beam through the
inflector. Figure 2.17 illustrates the four optical coordinate systems that come into play at the inflector

entrance. The curvilinear optical system of the injection line (x, y, z) terminates at the inflector entrance.

A fixed cyclotron coordinate system (X, ¥,, Z) is oriented such that the z, axis points in the direction
opposite z and has its origin at the median plane. The coordinate x, points in the direction of the electric
force at the inflector entrance, which, for the case of negative ions, points in the direction of the positive
electrode. The y, coordinate axis is defined by x, x y, = z.. For ease of computation, CASINO uses two
coordinate systems, an unrotated curvilinear optical coordinate system (, h, v) and a rotated system (u,,
h,. v,), which move along the central ray starting at the inflector entrance. In this coordinate system v and
v, point in the direction of the primary ray velocity vector. u points in the direction of the electric force in
an untilted inflector and u, points in the direction of the electric force in a tilted inflector. 4 and h, are

defined by u x h = v and u, x h, = v,, respectively. At the inflector entrance, the rotated and unrotated

coordinate systems coincide. However, at the inflector exit the two systems are oriented as shown in
Figure 2.18. For a more detailed description of these coordinate systems refer to [33]. Refer to Figure 5.4a

for a sketch of a spiral inflector.
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Figure 2.17: Optical coordinate systems at the spiral inflector entrance. The beam is traveling into the
page. The lab vertical axis points in the (y) direction, and the lab horizontal axis points in the (-x)
direction. '
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Figure 2.18: Optical coordinate systems at the spiral inflector exit. The beam is traveling out of the page.
The curvilinear coordinate system of Figure 2.1 is used in transport calculations afier the beam exits the
inflector, where (h corresponds to x) and (-u corresponds to y).

Parametric equations describing the central ray motion through the inflector can be obtained if
the following assumptions are made [39]:

e The magnetic field throughout the volume of the inflector is constant and is directed along the z_ axis.

o The 4 component of the electric field at any point along the central trajectory is proportional to the
horizontal (x_, y.) component of the ion velocity at that point.

The u component of the electric field is constant at all points along the central trajectory.
The v component of the electric field is zero.

As used in CASINO, these equations are

xc(b)=ﬁ( 2 2+cos(2K—l)b_cos(2K+l)b), 2.43)
2\1-4K 2K -1 2K +1
A(sin2K +1Db  sin(2K -1)b
yoy=2(S2K+ Do sinK~Bf), (2.4
2\ 2K+1 2K -1
z,(b)= A— Asin(b). (2.45)

The parameter A4 is the electric bending radius, where 4 = (2T/qE), T is the nominal kinetic energy of the

beam, q is the charge, and E is the electric field. The variable b is the instantaneous angle between the
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central ray velocity vector and z_. b varies from a value of 0 at the inflector entrance to n/2 at the inflector

exit. K is equal to 4/2p, for the case of an inflector with no tilt, where the magnetic bending radius p is
equal to (p/qB) with p being the beam momentum and B the cyclotron magnetic field magnitude.

For the case of an inflector with tilt, the equations 2.43-2.45 remain the same if the electrodes are
tapered so that the gap between them decreases as the exit is approached. The gap is narrowed in order to
maintain a constant electric field in the » direction. In this case K = 4/2p + k'/2 where

p=tmd
sinb

(2.46)
and 9 is the angle of tilt of the inflector exit with respect to the cyclotron median plane.

An untilted spiral inﬂector has the electric bending radius A as the only practical parameter’
which can be chosen to achieve the necessary trajectory at the inflector exit. This can cause problems if a
physically small inflector is required (small 4) while ét the same time a large acceptance is needed, as is
the case for the TR30/TR13 inflector. However, this can be alleviated by tilting the inflector. The extra tilt
parameter &' allows the correct exit orbit to be attained, and at the same time allows 4 to be reasonably

small without overly compromising the acceptance [28].

The nominal TR type spiral inflector design parameters are quoted from [27], and are:

e A=25cm.

e B =12 kiloGauss.
o k'=-083%

. =-1.

e p=6.853MeV/c.
e T=25keV.

e R=19mm.

* During the course of preparing this thesis, it was found that the sign of the axial magnetic field of the
C.RM. field map and the sign of &' had to be reversed so that the actual physical C.R.M. was properly
simulated within CASINO.
2.2.4 CENTER REGION

Upon exiting the inflector, the H™ ions of the beam begin the first critical stages of acceleration
within what is known as the central region of the cyclotron. The central region warrants special attention,

as the bulk of any emittance growth occurring during acceleration is likely to have its origins in this

region. In addition, a number of specialized physical obstacles must be avoided by the beam in this region,
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and the importance of RF and space charge focusing effects relative to magnetic focusing effects is
distinctly different than in the higher energy regions of the acceleration process. Fortunately, the TR13’s
peak injected current of 2 mA will result in negligible space charge related emittance growth. That this is
so is based on the work [48], where no significant space charge related effects were observed for a 5 mA
beam current. Refer to [89] for further vreading on space charge effects in TR type cyclotrons.

For the TR type cyclotron, the center region is considered to be the region within the first five
turns, or, in other words, the region where the ions are below a kinetic energy of 1 MeV. The Center
Region Model 1 MeV cyclotron (C.R.M.) [48] is a good copy of the center regidn of the TR type cyclotron
and provides a useful tool for studying the interplay between the ion source, injection system and the
center region.
2.2.4.1 The Basic Acceleration Process

Once the H™ ions of mass m leave the exit of the inflector, they are traveling in the median plane.
The ions are moving within an axial magnetic field of flux density B with a median plane velocity v.
Under these conditions the ions are subject to the Lorentz force of equation 2.2, and the ions describe a

circular-like orbit with angular frequency

w=2 (2.47)

The main operating principle of the cyclotron was recognized by Lawrence and is based on the
fact that the angular frequéncy o is constant regardless of an ion’s kinetic energy, until the relativistic
mass increase is no longer negligible. For modest levels of total kinetic energy gain then, one can
introduce an oscillating electric field, which is directed so as to accelerate the ions tangent to their orbits
in the median plane, and which is synchronized with o, without tailoring B to account for the relativistic
mass increase. In the TR type cyclotrons B is modified so that the ion revolution frequency in the
magnetic field, o from (2.47), is isochronous with the oscillating electric field frequency.
2.2.4.2 Center Region Physical Description

- The C.R.M. cyclotron magnetic field is primarily that of a dipole magnet producing a large axial

magnetic field. Therefore, one cyclotron magnet pole is above the median plane, and the other is below
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the median plane. These poles, however, are divided into four hill regions that are separated by four valley
regions, as indicated in Figure 2.19. These symmetrically placed ségmented poles cause an ion, which
travels through one revolution of the cyclotron, to experience an azimuthally varying magﬁetic field which
looks similar to a square wave. The azimuthal variation of the magnetic field is termed flutter, and it gives

rise to focusing forces which constrain the transverse extent of the beam to reasonable dimensions [56].
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Figure 2.19: Plan and cross-sectional views of the TR type cyclotron pole structure.

Figure 2.20 shows a plan view of the median plane of the C.R.M. cyclotron. The central trajectory
of the beam is depicted emanating from the inflector exit and proceeding along its path through the first
turns of acceleration. As can be seen, there are a number of electrodes and/or support posts which must be
cleared by the beam during the acceleration process. The beam ions require accelerations from the
oscillating radio-frequency (RF) electric field at specific points along the trajectories to ensure that an
appropriate increase in radius of curvature is attained so that all obstacles are missed.

The C.R.M. cyclotron accelerates the H™ ions with two RF dees which each span a pie shaped
region in the median plane covering 45° of azimuthal angle. These dees are mounted in opposite valleys
and operate at an angular frequency wpp = 4w, which corresponds to fgp ~ 73 MHz. These dees are
separated by a small distance from ground plane liners that are mounted to the edges of the hills. Figure

2.21 illustrates schematically the electric field lines in the gap region between the dee and the liner. When
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the RF voltage is at a peak on the dee the electric field lines extend across the gap as shown. This provides
a large accelerating force in the median plane and small but significant forces perpendicular to the median
plane. Each accelerated ion crosses four such gaps per full turn around the cyclotron. One gap is at the
entrance of each dee, and another gap is at the exit of each dee. The peak RF potential is =50 kV, so any

ion that is in phase with the peak of the RF will receive ~200 keV of kinetic energy per revolution.
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Figure 2.20: Plan view schematic of TR type central region showing the central trajectory and posts.
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Figure 2.21: An illustration of the electric field lines across the first accelerating gap.
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The aperture at the first accelerating gap is shown in Figure 2.22. It is essential that the beam is
centered within this 1 cm wide by 2 cm high gap, so that the beam does not scrape against the electrodes

or become distorted in phase space due to non-linear focusing near the electrode edges.
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Figure 2.22: Aperture of the first accelerating gap in the TR type cyclotron.

2.2.4.3 Axial Phase Space

The axial and radial motions of the accelerated ions can be considered to be independent to a first
approximation [90]. With respect to the axial phase space in the central region there are four effects to
consider. These effects are those due to magnetic forces, RF electric forces, space charge electric forces
and collimation.

The magnetic forces are due to the field index n, the flutter F and the spiral component of the
magnetic field. The TR type cyclotrons have straight edged hill and valley sectors, so there is no spiral
component of the magnetic field for these machines. The field index gives a measure of the change in the
magnetic field as a function of radius and is defined in equation (2.31). The magnetic flutter is a measure

of the azimuthal variation of the magnetic field and is given by [91]

_ B ~B)YB-B,uy)

F =

. - (2.48)
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For the case where magnetic spiral is zero, the leading terms in an expansion for the square of the axial

tune in terms of the magnetic field are given by [91]

2
2 _
Vy—n+F

+

2.49
NT o1 (2.49)

where N is the number of sectors. Using equation (2.34) one can easily formulate the first order dipole
transport matrix.

The phase dependent focusing due to the RF electric forces in the central region is indeed
important in that it contributes to emittance growth, however, in this thesis such focusing is not
investigated in detail. The interested reader can refer to [44, 90] for a detailed discussion of these forces.

As mentioned previously, space charge forces in the center region are not of concern in this
thesis, and the interested reader can refer to [89] for further information.

Collimation in the axial direction is due to ions being removed from the beam by striking the
dees. The axial dee apertures in the center region are relatively wide to maximize beam current
transmission. In addition, wide axial apertures minimize non-linear focusing effects. |

It was mentioned above that the bulk of emittance growth would have its origins in the central
region. In terms of the axial phase space, the main means by which emittance growth occurs is by
mismatch of the injected beam ellipse with respect to the cyclotron machine ellipse as discussed in section
2.1.6. The concept of matching to a particular machine ellipse becomes somewhat hazy, however, when
one considers that there is a different machine ellipse for each phase of the RF. Non-linear focusing forces
introduced by either the magnetic or electric fields also contribute to effective emittance growth. Since the
ions are moving relatively slowly in the center region, any unwanted electric effects can have a large
impact on the ion beam. Also note that emittancev growth can occur due to resonance conditions during the
acceleration process. These resonance conditions arise when the sum of integer multiples of the radial and
axial tunes results in an integer. The interested reader can refer to [56, 92] for further reading on

resonances.
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2.2.4.4 Radial Phase Space
RF focusing and space charge effects are relatively minor compared to the strong magnetic

focusing in the radial phase space. Recall from equation (2.33) that the square of v, goes as (1 - n), so

that in a strict dipole field, with n = 0, the radial tune is much larger than the axial tune. Other
phenomena in the radial phase space are usually much more important considerations than the radial
focusing. The positioning of the support posts is critical in permitting ions to be accelerated over a wide
RF phase band. The centering of the beam and the matching of the injected beam to the radial machine
ellipse are both important with respect to minimizing emittance growth.

The positioning of the inflector and dee tip support posts is complicated by the fact that each
longitudinal portion of the beam is accelerated by a different phase of the RF. Since the energy gain
acquired by ions at each phase is different, they each have different radii of curvature. This implies that
there will be a widening of the beam, and the posts must be placed appropriately in order to accelerate as
large an RF phase bénd as possible. In the TR type cyclotron, 10% to 15% of the injected beam is
transmitted through the center regioﬁ. This corresponds to an RF phase band of about 40 to 50 degrees.
The beam that is not transmitted is dumped into the electrically grounded and water cooled center
electrode. This constitutes a heating ioad of ov.er 45 watts in the TR13.

A primary goal at extraction is to have the outer turns of the beam radially centered with respect
to the cyclotron center, so that ihe energy spread of the extracted beam is minimized. Such a centering at
extraction requires an appropriate mis-centering of the beam in the center region. The appropriately mis-
centered ion in the center region oscillates its center of curvature with each RF acceleration, and, és more
energy is gained, the center of curvature converges to the center of the machine. The center region
acceleration gaps and the inflector exit location must be appropriately designed and positioned to achieve
proper centering. As well, flexibility must be provided for adjusting the centering through variations of
the magnetic field, the inflector electrode voltages and the initial ion energy.

As usual, the emittance growth due to mismatching the injected beam with respect to the radial

acceptance, non-linear focusing, and resonance conditions must be avoided.
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3.0 INJECTION LINE DESIGN FOR THE TR13 CYCLOTRON

In this chapter a synopsis. of the injection line design for the TR13 cyclotron is discussed. A
detailed description of the design is given in [24, 47, 93-95]. The design of this injection line proceeded
in an atypical manner for a number of reasons. First of all, the design of many of the TR13 sub-systems,
including the injection line, proceeded in parallel with the cyclotron design to facilitate the expeditious
completion of the overall project. This meant that full knowledge of the optical character of the cyclotron
was not available during the design prdcess, and approximate injection line design techniques had to be
implemented [47]. The existence of a TR t&pe 1 MeV test cyclotron, the C.R.M., at TRIUMF also affected
the injection line design. The C.R.M. facility enabled prototype injection line testing to be undertaken. As
a result, the definitive injection line did not have to be designed up front. Candidate systems could be
proposed, designed and tested, and the final system could then be experimentally selected. Lastly, an effort
was made to design the injection line in concert with the entire ion source and injection system (I.S.L.S.)
including the center region. This philosophy was adopted to avoid common but sub-optimal practices,
such as designing the injection line with respect to an ion source with static output beam characteristics.
In essence, then, the injection line was designed within the context of optimizing the whole of I.S.1.S..

This chapter proceeds from general design considerations through the optical computations and
optimizations to the final listing of the engineering specifications and measured component
characteristics. The general design considerations include the up front design requirements as well as
fundamental decisions as to the type of injection line to pursue. The optical calculations involve
determining an adequate match between the ion source emittances and the cyclotron acceptances while
maintaining high transmission through the injection line itself. The engineering specifications provide
sufficient information to build the injection line components, and the measured characteristics are

tabulated or illustrated.
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3.1 GENERAL DESIGN CONSIDERATIONS

The injection line requirements were driven by the overall TR13 cyclotron system specifications.
The TR13 was required to be a cost-effective, automated and compact 100 pA H- cyclotron capable of
radioisotc;pe production in a hospital environment. Consequently, the aim of the injection line design
process was to yield a compact, modular and cost-cffective system capable of supplying a matched H-
direct current (DC) beam to the center region of the TR13. Of course, as for any system of this complexity,
there are trade-offs between performance, cost, ease of operation, and maintenance etc..

In an effort to take advantage of efficiencies of manufacture, identical (modular) focusing
elements were specified for the injection system. Three basic choices were available: electrostatic
quadrupoles, solenoid magnets and quadrupole magnets. Solenoid magnets are reliable but are bulky,
expensive and inefficient users of power. Electrostatic quadrupoles can be made to be inexpensive and
compact, but they are prone to sparking. In addition, residual gas that is ionized by the beam is attracted
to electrostatic devices and is not available for neutralizing the beam space charge [96]. Quadrupole
magnets are intermediate in cost between electrostatic quadrupoles and solenoid magnets and they can be
made to be quite compact. Power supply costs and power usage for this device are more akin to the
electrostatic quadrupole than to the solenoid magnet. In addition, quadrupole magnets are reliable, they
facilitate space charge neutralization and Ebco Technologies has experience building such devices.
Consequently, the focusing elements for the TR13 injection line were chosen to be quadrupole magnets.

In order for the TR13 to be sufficiently compact for the hospital environment, the cyclotron
design staff specified the injection line length to be at leas; 0.3 m shorter than the 1.8 m long solenoid and
two quadrupole magnet (SQQ) [49] injection line of the TR30. The approach taken to achieve this
specification was to utilize short, tightly spaced quadrupole magnets and a short initial drift length
downstream of the ion source. The short initial drift length was made possible, in part, by eliminating one
of two sets of (x, y) steering mégnets normally found in an injection line. This was acceptable because

operational experience with the TR30 cyclotron indicated that one of the two sets of injection line steering
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magnets was often not used, and because, on a short injection line, a single (x', y') correction near the

source waist can correct the central trajectory before it is irretrievably misaligned.

The following list summarizes the basic design parameters that were used to constrain the optical

computations.

¢ Source Particle: H-

e Injection Energy: 25 keV

e  Source Current: 1 - 2 mA (expected)
e Source Emittance: 0.15 - 0.45 mm-mrad normalized (symmetric beam)
e  Source Waist Radius: 2 -5 mm

e Initial System Drift: 20-120cm

e  Spot Size on Target: 10 mm

¢  Maximum Extracted Current: 100 pA (protons)

¢ Maximum L.S.I.S. Length: 1.5m

e Focusing Element: Quadrupole Magnet
¢  Quadrupole Magnet Length: 10 cm

¢ Quadrupole Magnet Aperture: 5cm

The target spot size and the maximum required current on target were listed because fhey both
affect the injection line design. The target beamspot size was a factor because beam sizes are normally
much smaller than 10 mm in diameter in the first half meter downstream of the extraction point. For
example, the TR30 beam sizes are approximately 3 mm in diameter at the same position. In order to
achieve the relatively large beamspot sizes for the TR13, a machine which was not specified to utilize
focusing elements between the extraction point and the target, emittance growth within the machine was
not necessarily minimized, as is usually done. On the other hand, emittance growth had to be kept under
control by appropriate injection line beam matching to avoid beam spill. The maximum beam current on
target (100 pA) was listed above so that a minimum ion source output current could be determined. For a
typical cyclotron beam transmission rate of about 10%, a minimum source output current of 1 mA is
required.

The quadrupole magnet parameters were chosen from one of two existing quadrupole magnet
designs. One quadrupole magnet design had a 6 cm length and a 5 cm aperture diameter. Such a geometry
would result in a field which is entirely composed of edge effects. Therefore, the other quadrupole magnet

design, with a 10 cm length and a 5 cm aperture diameter, was chosen as the standard.
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3.2 OPTICAL COMPUTATIONS

In chapter 2 it was mentioned that emittance growth occurs if the injected (x, x') and (y, y') phase
space ellipses of the beam are not similar to and aligned with the cyclotron machine ellipses. Such
emittance growth results in what are known as large circulating emittances in the cyclotron. As well,
emittance growth can occur due to the cross-plane coupling introduced by the inflector. The usual goals of
axial injection are to contain and transport the ion source beam to the first RF accelerating gap with
minimal beam loss and to manipulate the phase space character of the ion source beam in such a way as to
minimize the circulating emittances within the cyclotron. These goals were initially adhered to, although,
as already mentioned, the large spot size on target reqﬁired a controlled emittance growth.

Since the design of the injection line proceeded concurrently with the cyclotron magnet design,
the TR13’s phase space machine ellipses were not available. However, the highly effective TR30 center
region was specified for the TR13. This meant that it was reasonable to do beam matching computations.
using TR30 models. Note that the cyclotron community often calls the machine ellipse an acceptance
ellipse. In this thesis, the latter phrase will be predominantly used.

3.2.1 BEAM MATCHING USING THE SMOOTH FOCUSING APPROXIMATION

The original TR30-SQQ injection line was designed using a beam matching technique [26, 49]
which is approximate in nature, but useful for concurrent design. This technique is also useful for
constraining the cross-plane coupling portion of the emittance growth. The technique assumes the
c;'clotron focusing to be smooth and uniform producing upright acceptance ellipses. This approximation

yields a very simple expression for the normalized cyclotron circulating emittance in the radial plane

_ Br(viXaw)
onx R

cyc

£ , | 3.1

where &, (mm-rad) is the cyclotron circulating emittance, Rcyc (mm) is the radius of curvature of the
circulating beam’s central trajectory in the cyclotron, 8 and y are the usual relativistic parameters, vy is

the radial cyclotron tune and x_,,, (mm) refers to the largest radial beam half-size seen over one betatron

oscillation. The equation is also valid if y, the axial beam half-size, is substituted for x. With the




normalized circulating emittance described in this manner, it can be minimized in each phase plane by
simply minimizing the maximum x and y displacements over a betatron oscillation. This is easily
accomplished using TRANSOPTR {72]. Note that &, must be multiplied by 1000 to convert to mm-mrad.

TRANSOPTR based beam traﬁspon systems are represented through a user‘speciﬁed subroutine
and a data file which are linked to the program. The original TRANSOPTR based SQQ representation
defines the beam at the ion source waist and then specifies the transport system as being composed of an
initial drift, a section of fogusing elements, an axial rotation element, an axial bore plus analytical
inflector element and finally a weak focusing aipole element. This original TRANSOPTR based system is
no longer the definitive representation of the TR30 injection system, however, it is a well known baseline
which can be used as a first step in the comparison of the Q based systems to the SQQ system.

When the Q based systéms were compared to the SQQ system, a number of factors were taken
into account. The summed circulating emittances and the ratio of the circulating emittances were
assessed, and results comparable to the SQQ were looked upon favourably. The beam size in the injection
line and the length of the injection line were also noted and systems that wefe too long or which yielded
overly large beams were not considered as potential prototype systems.

The original SQQ injection line design had an initial drift of 120 cm and a source waist radius of
4 mm [49]. The assumed cyclotron characteristics were Rcyc = 19 mm, By = 0.0073, v, = 0.954 and vy =
0.3 [49]. Under these conditions the radial, x, and axial, y, circulating emittances were balanced (scn)/ecnx
=~ 1) with a sum total ¢, + 5, of 1.4 mm-mrad for initial normalized source emittances of 0.365 mm-
mrad in each phase plane,

Sinpe a range of source emittances, source waist radii, and initial drift lengths were to be
eventually experimentally tested using a Q based system in the C.RM., matching computations were
conducted for which these initial conditions were incrementally varied over a representative region of
parameter space. The summed minimized circulating emittances and the ratio of the minimized

circulating emittances were plotted as a function of the initial conditions as a tool for analyzing various Q

based scenarios. Examples of such plots are given in Figures 3.1, 3.2, 3.3 and 3.4.
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Many reference plots were produced and used during the design and testing stages. These plots
helped to establish the optimal source beam characteristics for a particular drift length. For example, to
achieve the required short injection line needed for the TR13, short initial drifts between 40 cm and 60 cm
were of interest. From plot 3.1 one can see that for typical source emittances of 0.365 mm-mrad a small
source waist radius of about 2 mm is required to minimize the circulating emittances. Figure 3.2 shows
that for a 40 cm to 60 cm initial drift and a 2 mm source waist radius, the circulating emittances are
reasonably balanced (Scny/ecnx = 0.7). Figure 3.3 shows that under these conditions the circulating
emittances remain more or less minimized even if the source emittances are varied.

For a given source emittance, a smail waist radius corresponds to a large maximum beam
divergence. As the initial drift length is shortened, the maximum beam divergence increases (source waist
radius gets smaller), so that the quadrupole lenses remain filled. Of course, if the maximum divergence
increases too much the lenses become overfilled and beam loss results.

The minimum summed circulating emittances for 3Q injection line scenarios were on the order
of the 1.4 mm-mrad obtained for the SQQ, and the ratio of the ciréulating emittances could be made to be
apprbximately one. 4Q injection systems were also found to achieve equivalent matching results to the
SQQ. The 2Q system on the other hand could only achieve minimized summed circulating emittances
which were double those of the SQQ. The ratio of the emittances for the 2Q system could be made to be
approximately one.

3.2.2 BEAM MATCHING USING TR30 ACCEPTANCE ELLIPSES

The next step in the preliminary testing of the various injection line scenarios was to determine
how well the Q based systems could match the source emittances to the proper TR30 acceptance ellipses.
An exhaustive set of matching calculations using these ellipses was not undertaken because they were yet
again only approximations to the unknown TR13 acceptance ellipses. A brief investigation was warranted,
though, to determine whether short Q based systems compared févourably to the SQQ system. The

technique for doing so is described in [27] and is briefly re-iterated here.

47



The cyclotron acceptance ellipse in one phase plane is usually defined using the Twiss
parameters «, B, and y [67], which are not to be confused with the relativistic parameters. The Twiss
parameters for an ellipse are defined in terms of its extreme points, as given by

X = y/BE> Xinax =Jye and Py -a? =1, | (.2)
where ¢ is the emittance. Within this formalism the acceptance ellipse can be written
Y ax x? +200,, XX+ B, x'? = €y » : 3.3)
where (x, x') are the beam half widths and half-divergence’s, €, is the emittance and o, B,,, and v,, are
the Twiss parameters.for the acceptance ellipse in the radial phase plane. A similar expression can be
written for the axial phase plane. The phase space ellipse equation describing the particle beam, equation
2.12, can also be written using the Twiss parameter formalism. In this case the Twiss parameters
describing the beam ellipse in the radial phase plane are €, o, ., B,,, and y,.

As described in chapter 2, if the beam ellipse in a particular phase plane is not similar to the
cyclotron acceptance ellipse in the same phase plane, it will eventually fill an ellipse which is similar to
the cyclotron acceptance ellipse. This filled ellipse will have an area ne, in the radial phase plane, for
example, where €, is the radial circulating emittance. The circulating emittance in a particular phase
plane can be computed knowing the beam ellipée Twiss parameters and the acceptance ellipse Twiss

parameters as is shown in equations 3.4 and 3.5 below [97]:

1
D= E(Baxy bx +Yax[3bx - 2a‘axa’bx) ’ (34)

g, =(D+VD?-1),, . (3.5)

The TR30 acceptance ellipses are described in [27], and matching computations were done using
these ellipses. The emittance growth calculated using these TR30 acceptance ellipses was generally
between 15% and 40% larger than was calculated using the technique of section 3.2.1. As well, the ratio
of the axial to radial circulating emittances was often substantially different than the section 3.2.1 results,
for a particular system. Interestingly enough, the summed circulating emittances for the SQQ system

remained about 1.4 mm-mrad with the ratio of the axial to radial circulating emittances shifting to about
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0.8. Selected short 4Q and 3Q systems were found which could achieve matching results equivalent to
those obtained by the SQQ system.
3.2.3 FINAL OPTICAL DESIGN COMPUTATIONS |

The 4Q and 3Q injection systems were found to be comparable in matching capability to the SQQ
system using TR30 models. This result was sufficient justification to initiate the final optical design of the
prototype systems to be tested on the CR.M.. In addition to 4Q and 3Q systems, 2Q systems were
considered for testing because their beam matching capabilities, albeit worse than the 4Q and 3Q, were
potentially sufficient for the TR13.

The final optical design of the Q based injection systems was done in a more pragmatic manner
than the initial design work in sections 3.2.1 and 3.2.2. First of all, the minimum initial drift length which
could accommodate the required 1.S.1.S. vacuum pumps, diagnostic devices and the (x, y) steering magnet
was detenﬁined to be 50 cm. As well, the physical set-up of the C.R.M. test facility was most amenable to
studying the 4Q system and only those 3Q and 2Q systems which could be energized as a subset of the 4Q
configuration. Lastly, the axial bore of the cyclotron and the inflector were optically represented by linear
transport matrices computed from equation 2.9 using paraxial ray data generated from CASINO, as
opposed to the strictly analytical representation used in [26, 27, 49].

Table 3.1 presents the final optical layout which was proposed, prior to the start of detailed
design and drafting work, in May 1992. The TRANSOPTR command file OPTR.LNK, 4Q system
subroutine file 4Q_B9200G_ANA.FOR, and data file 4QSK.DAT which were used to formulate the
system listed in Table 3.1 are listed in Appendix 1. The axial bore and inflector matrices were computed
using the magnetic field map MAP29_9200.ZFLD. This field map is identical to the map shown in Figure
5.11, except that the magnitude of the magnetic field is scaled down to 94% of the original. This was done
because the TR13 field was expected to be about 5% to 10% lower in the central region than in the TR30.

The horizontal and vertical beam profiles (half-sizes) for the system described in Table 3.1 are
shown in Figures 3.5 and 3.6, resbectively. These profiles fit comfortably within the injection line
beampipe, whose inside radius was to be between 20 mm and 22.5 mm depending on the availability of

appropriate pipes or tubes. The oscillations in the beam profile at beam path lengths greater than



approximately 110 cm illustrates the beam focusing within the cyclotron. Note that the beam half-sizes in
the cyclotron are on the order of 2.5 mm which is comfortably smaller than the 5 and 10 mm half-
apertures seen by the beam in the first few turns.

Table 3.1: The charged particle optics layout for the proposed TR13 4Q injection system. Note that
positive quadrupole magnetic fields indicate horizontal focusing.

COMPONENT SETTINGS LENGTH (mm)/BORE (mm)

Initial System Drift Space - 500/200

QO 189 Gauss 100/50

Drift Space - 23/45

Q1 -561 Gauss 100/50

Drift Space - 23/45

Q2 600 Gauss 100/50

Drift Space - 23/45

Q3 —249 Gauss 100/50
Beam Rotation Angle * 37° 0/45

Axial Bore Optical Representation ** Matrices A, B, C 140/50
Inflector Optical Representation ** Matrices D, E, F 25/(8 tapering to 6)
Rotation to Cyclotron Coordinates ** Matrix G 0/20

* More specifically, the QO de-focusing axis is rotated to be at 37° counter clockwise of the inflector’
entrance electrode edges.
** These matrices were computed using CASINO and are listed in Appendix 1.

The emittance matching technique of section 3.2.1 established the system in Table 3.1. The
summed circulating emittance for this system was 3.7 mm-mrad. This corresponds to a realistic emittance
growth factor of 5 for summed source emittances of 0.73 mm-mrad. The measured emittance growth
factor in the C.R.M. is given as 5 in [48]. The ratio of the radial and axial circulating emittances was 3 to
1, which was of practical interest, as it corresponded to equivalent beam sizes in each phase plane.

The 4Q system was the most likely system to meet the TR13 requirements, as it was the most
flexible injection system. Thus, the most detailed optical computations were done for this system. These
computations gave the details required for the engineering design of the system and for reasonable initial

field settings. No detailed calculations of 3Q or 2Q systems were attempted because the work described in

sections 3.2.1 and 3.2.2 indicated that the 3Q and 2Q systems could potentially meet the TR13

requirements, and it was left to the prototype testing stage to experimentally determine their performance.
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The 143.3° beamline rotation angle listed in Figures 3.5 and 3.6 is a clockwise rotation of the
defocusing axis, as reported by TRANSOPTR. This, of course, corresponds to a 36.7° counter-clockwise

rotation of the defocusing axis. The 36.7° angle has been rounded off and listed as 37° in Table 3.1.

3.3 ENGINEERING SPECIFICATIONS

The complete specification of the 4Q injection line is recorded in {93, 94] and in Ebco
Technologies assembly drawing IS—0182. A brief summary of the design considerations for each element
of the injection line design are discussed in the following sub-sections.

3.3.1 QUADRUPOLE MAGNETS

As recorded in Table 3.1, the primary. design parameters for the injection line quadrupole
magnets were a 10 cm effective length, a 5 cm bore and a peak pole tip field on the order of 1000 Gauss.
As mentioned in section 3.11, the magnet design originated from an existing magnet design [98]. This
original magnet design had to be re-assessed because it was originally intended for peak pole-tip fields of
only 500 Gauss. The new quadrupole design was undertaken by a summer student under the supervi.sion
of the author [93].

The work of [93] resulted in the following specifications for the quadrupole magnets:
Pole: 8.0 cm long, 4.0 cm wide, 28.75 cm tall.
Yoke: 14 cm long, 12.0 cm outside diameter, 0.6 cm thickness.
Conductor: 16 AWG polythermaleze conductor.
Maximum Current: 10 amps, Maximum Voltage (per coil): 6 volts.

Power Supply: Xantrex HPD 30-10 with M5A Control Option.
Water Cooling: 0.5 litre/min.

One quadrupole magnet was field mapped by the TRIUMF Magnet Group. Only one magnet,
designated QO, was chosen for comprehensive field mapping due to cost constraints. All the magnets were
visually inspected, and electrical coil resistance measurements and Hall probe measurements were taken
to ensure that all magnets were equivalent to within £1%. Comparisons between the Q0 measurements
and measurements made on the other magnets (Ql, Q2 & Q3) verified that they all behaved in the same

manner. Consequently, the field map for Q0 was judged to be an acceptable representative field map for

all the injection line quadrupole magnets.




The field map for QO determined the actual effective length of the magnet, the pole tip magnetic
field magnitude as a function of excitation current., the pole tip magnetic field magnitude profile as a
function of axial position, and the Fourier coefficients for the series expansion of the magnetic field.
These experimentally determined results were typically somewhat different than those theoretically
predicted, and, thus, they were used in the improved simulation runs described in chapter 5.

Figure 3.7 gives the pole tip magnetic field magnitude as a function of coil excitation current (B-I
c@e). The plot is linear and the slope is 131 gauss/ampere. This slope was necessary for converting

between power supply current settings and the actual pole tip magnetic field magnitude during the

prototype testing stage.
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Figure 3.7: The pole tip magnetic field magnitude as a function of the coil excitation current for Q0.

The pole tip field as a function of axial position is given in Figure 3.8. Two separate cases are
shown. Case 2 is without a field clamp installed and case 1 is with a field clamp installed on one end of -
the magnet. The graph shows that the field clamp does in fact limit the axial extent of the magnetic field.
Note that the 4Q injection line uses field clamps between each of the’quadrupole magnets. The effective

length of QO was determined to be 9.7 cm without the field clamp. The design effective length was 10 cm.
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Figure 3.8: The pole tip magnetic field as a function of axial position along Q0.

The Fourier coefficients for the Q0 magnetic field listed in Table 3.2 indicate that the magnet is
dominated by the second harmonic as it should be. The magnet group indicated that the relatively high
first harmonic was probably due to a slight off-centering of the Hall probe.

Table 3.2: The Fourier coefficients for the Q0 magnetic field.

HARMONIC 1 2 3 4 5 6 7 8 9 10

Point: 090 1000 026 025 005 014 004 014 010 017

Integrated: 084 1000 026 027 010 072 003 012 012 0.3
3.3.2 STEERING MAGNETS

Only one set of (x, y) steering magnets was required for the injection line. The standard steering
magnet design, Ebco Technologies drawing IS-0167, was satisfactory for the prototype experiments.

3.3.3 VACUUM CONSIDERATIONS

The existing C.R.M. diagnostic box with its associated cryo-pump, turbo pump and vacuum gate

valve was an acceptable injection line vacuum system assembly for the prototype experiments. The
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injection line beampipe was made according to standard vacuum practice, with non-magnetic stainless
steel SS316. The outer diameter of the beampipe was specified to be no larger than 49 mm, and the
specified inner diameter of 42 mm was sufficient (refer to Figures 3.5 and 3.6). The beampipe mated to
the cyclotron through a double O-ring seal, and to the diagnostic box via a standard gate valve.
3.3.4 DIAGNOSTICS

The existing C.R.M. diagnostic devi;:es were acceptable injection line diagnostic devices. These
included a beamstop with a ring collimator and a secondary electron trapping screen, and a 6 mm by 14
mm rectangular collimafor at the inflector en;rance (refer to Appendix II). Each of these devices had a
current readback. In addition to these diagnostic devices, it was recognized that a four-way collimator
with current readbacks would be required for initial beam alignment within the injection line.
3.3.5 MECHANICAL SUPPORT

The 4Q injection line utilized a friction fit between the downstream quadrupole magnet, Q3, and
the cyclotron bore to register and align the downstream portion of the line. An aluminum collar, which
permitted quadrupole magnet rotation, supported and centered the injection line at the outer edge of the
magnet yoke. A steel collar was used to compress the gate valve, the beampipe flange and the ion source
diagnostic box flange against the upstream quadrupole magnet, Q0. In addition to making a vacuum seal

this made the whole system rigid. The ion source and diagnostic box were supported on a rail system.
3.4 SUMMARY

The goal was to design a compact modular injection system capable of providing an appropriate
injected beam for the TR13. Because the injection system design was done in parallel with the cyclotron
design, a proper design using the actual TR13 optical characteristics was not possible. A reasonable
approach to the design problem was to ensure that any proposed injection system for the TR13 was
equivalent in terms of matching and beam transport to the established SQQ injection system of the TR30.

This course of action determined that 4Q and 3Q injection systems were both capable of equivalent

55




matching to the SQQ. The 2Q injection system was not equivalent to the SQQ, however, the relatively
large emittance growth associated with this system was possibly still acceptable for use in the TRI13.

The 4Q system had the largest number of variable parameters available for beam transport and
matching. Therefore, it was the most likely system to succeed during prototype testing. Consequently this
system was designed in detail and built. Only 3Q and 2Q systems which could be energized within the 4Q
configuration were available for prototype testing.

The initial constraints were all met by the 4Q injection system. In particular, the total system
length of 1.5 m is 0.3 m shorter than the SQQ injection line, and the system was designed with modular
components. Beam transport, as shown in Figures 3.5 and 3.6, was acceptable. If either the 3Q or,
preferably, the 2Q were to exhibit acceptable beam transport during testing, they would be the most cost
effective systems. The injection line components were built in late 1992 and assembled into the CR-M.
facility, as shown in Figure 3.9, in éarly 1993. A description of the prototype ion source and injection line

testing which took place through the winter months of 1993 is described in the following chapter.
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4.0 INJECTION SYSTEM TESTING AND OPTIMIZATION

The >C.R.M. cyclotron system is a full-scale working model of the center region of the TR30
cyclotron [48], and therefore it is a useful tool for providing information pertaining to the TR13 cyclotron.
This was verified when the final beam measurements were carried out on the TR13 cyclotron and
compared to the C.R.M. results. The only difference between the TR13 and the TR30/C.R.M. cyclotrons
was a slight difference in their central region magnetic field profiles. The TR13 cyclotron’s final magnetic
field magnitude was up to 2.5% less than that of the TR30/C.R.M. cyclotrons’ out to a radius of 4 cm [99].

This chapter describes how the C.R.M. was used to test the prototype Q based injection systems
designed for the TR13 cyclotron system. The chapter begins with a description of the basic system set-up
and the initial equipment calibrations. Subsequent to this, baseline transmission measurements made with
the TR30 cyclotron’s solenoid/quadrupole/quadrupole magnet (SQQ) bas;ed injection system are discussed.
A series of ion source experimeﬁts are then analyzed to determine the relationship between the output
beam characteristics and various configurations of the ion source. The transmission characteristics of the
Q based injection systems with respect to the various ion source configurations and other system
variations are then compared to the SQQ baseline results. The beam character in the center region of the
C.RM. for the 4Q injection system is then analyzed. The emittance growth, RF phase band, and
sensitivity of the system are documented at this stage. Lastly, a summary of the chapter is given and the
best commercial injection line is specified.

4.1 GENERAL: EQUIPMENT CALIBRATIONS AND THE C.R.M. CYCLOTRON SYSTEM

Thé C.R.M. is a general purpose test cyclotron with a TR type center region. It is well suited to
test ion source and injection systems, and it has a wealth of diagnostic capabilities for assessing the
character of the beam in the center region of the cyclotron. This cyclotron system is well described in [48].
In addition, a general description of the sub-systems utilized by the C.R.M. are given in section 2.2, and a

brief but more technical description is given in Appendix II. For reference purposes, the following list
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names the major C.R.M. sub-systems and components in the order seen by the beam as it proceeds from

the ion source to the 1,125 MeV beamstop.

C.R.M. Sub-Systems and Components

H- ion source complete with extraction lenses.

Diagnostic box complete with differential vacuum pumping, an emittance scanner, a Faraday cup and
a collimator/beamstop assembly.

Gate valve.

Injection line lens assembly: SQQ, 4Q, 3Q or 2Q.

Injection line and inflector entrance collimators.

Spiral inflector combined with the C.R.M. main magnet field.

Inflector exit beamstop. -

RF accelerating structures combined with the C.RM. main magnet field in a high vacuum
environment.

Differential and integral beam current probes.

1.125 MeV beamstop.

Prior to testing the prototype Q based injection systems, the C.R.M. cyclotron system had to be

re-commissioned, as it had been dormant for 4 years, and the various meters, probes and beamstops had to

be calibrated. Approximately, two months were taken to refurbish and re-commission the system, and a

further two months were taken. to ensure that the instrumentation was well calibrated. A detailed

description of the calibration work is given in Appendix II. The following list summarizes the calibrations

that were performed.

Calibrated C.R.M. Devices

Filament power supply current readback.

Arc power supply current and voltage readbacks.
Plasma lens power supply current and voltage readbacks.
Extraction lens power supply voltage readback.
Hydrogen flow rate meter.

Beam current meters.

Faraday cup.

Ion source beamstop and collimator assembly.
Emittance scanner.

Injection line collimators.

C.RM. internal beamstops and probes.

The level of care taken to calibrate the instrumentation is notable in that the parameter setting

readbacks and beam current readbacks were known, in the worst case, to within 2 or 3 percent, where, for

example, it is quite often the case in this field that such readbacks would only be known to within about
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10%. Particular attention was paid to the beam current readbacks, where careful voltage biasing was
required to properly account for the secondary electrons generated by beam bombardment.

4.2 THE SQOQ INJECTION SYSTEM .

The nominal arrangement of the C.R.M. cyclotron system includes a TR30 type SQQ injection

line and H™ ion source. This nominal system was re-commissioned and its beam transmission
performance was investigated. This was done in an effort to become acquainted with the operation of the
overall C.R.M. facility, and to verify fhat a fallback injection system was available for the TR13. In
addition, the SQQ results were expected to provide a useful baseline to aid in the assessment of the
prototype Q based injection systems.

The TR13’s extracted beam current requirement is 100 pA @ 13 MeV. Therefore, a successful
ion source and injection system should be capable of transporting at least 110 pA to the 1.125 MeV
beamstop. This overhead is necessary to comfortably offset gas stripping losses between 1.125 MeV and
13 MeV. Stripping losses can be as high as 5% of the total low energy beam current.

The original SQQ system was designéd by Baartman, and his reference design as given in his

design note [49] follows.

Baartman Reference Tune

The assumed source beam full waist radius = 8 mm, its full divergence = 26 mrad and its normalized emittance =
0.36 mm-mrad.

1. Source waist to solenoid centre distance = 1.3 m. This parameter is not rigid because the source waist is not yet
known. For a 2 mm source waist, this parameter becomes 0.65 m.

2. Solenoid field = 1.4 kG nominal, 2.0 kG design maximum; for an effective length of 23 cm and an aperture
diameter = 10.0 cm.

3. Solenoid centre to first quadrupole centre distance = 20.3 cm.

4. First quadrupole pole tip field = -363 gauss nominal, -500 gauss maximum for an effective length of 6 cm and an
aperture diameter = 5.0 cm.

5. First quadrupole to second quadrupole centre distance = 11.3 cm.

6. Second quadrupole pole tip field = 383 gauss nominal, 500 gauss maximum for an effective length of 10 cm and an
aperture diameter = 5.0 cm.

7. Second quadrupole centre to median plane distance = 21.4 cm.

The SQQ system installed in the C.RM. is somewhat different than that described in the
Baartman Reference Tune. Figure 4.1 is a schematic of the SQQ injection system which gives the actual

device to device distances. The main difference is that the drift between the source waist and the centre of
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the solenoid magnet is 0.9633 m for the actual physical sysfém, and 1.3 m for the Baartman Reference
Tune. However, this is explained by point 1 of the Baartman Reference Tune which acknowledges that the
characteristics of the input ion beam have some bearing on the initial drift space. Previous experimenters

undoubtedly found the 0.9633 m initial drift more appropriate for their particular ion source beam.
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Figure 4.1: The SQQ injection system layout. Dimensions are in millimetres.
4.2.1 SQQ INJECTION SYSTEM COMMISSIONING

Prior to performing the SQQ injection line transmission measurements, system commissioning
took place. The commissioning process involved achieving stable and repeatable ion source operation,
centering the beam through the injection line, and confirming that the injection line, main magnet and RF
systems were I’unctioning properly.
4.2.1.1 Ton Source Commissioning

The TR30 type H™ ion source used for the SQQ injection line measurements had a chamber
length of 155 mm and used the lens arrangement illustrated in Figure 4.2. For this lens arrangement, ion
source parameters were varied and the output current was peaked on the ion source beamstop (IBS) for a

number of arc current settings. The output current was shown to be stable over many hours of operation,
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and, once nominal source tunes had been established, output current levels were repeatable to within + 2%
using nominal tunes. It was also determined that the ion source required a 15 minute warm up period for
stable operation. Changes in arc current setting or in gas flow rate necessitated a wait period of at least a
minute before the output current stabilizéd. Other power supply setpoint changes required a wait period of

only a few seconds before output current stability was attained.
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Figure 4.2: Jon source lens geometry for SQQ tests. Dimensions are in millimetres.

Table 4.1 lists the ion source tunes for three arc current settings, and the corresponding
characteristics of the output current. The error in the last digit of each entry is 1, except for the beam
current entries.‘ The relative error for the beam current entries is +2%, and the absolute error is +4%. This
applies to all beam curreht readings encountered in this' thesis unless otherwise stated. This table shows
that the hydrogen flow rate must increase as the arc current increases to obtain the appropriate plasma
conditions for peak output currents at the ion source beamstop (IBS). The plasma electrode and the
extraction electrode voltages were adjusted iteratively to obtain peak output beam currents at the IBS. The
plasma electrode and the extraction electrode currents simply vary as necessitated by their respective
voltage settings.

It is interesting to note that the emittance of the low current beam is much larger than for the

high current beams. Also of note is that the increased emittance of the low current beam manifests itself
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Table 4.1: Jon source settings are shown which attained the maximum beam at the IBS for three different
arc current settings. In addition, the corresponding beam characteristics are shown. The lens
configuration in Figure 4.2 was used for these measurements.

SETTINGS & READINGS RUN 1 RUN 2 RUN 3
Arc Current (A) 2.7 4.8 6.4
Hydrogen Flow Rate (cc/min) 4.6 8.0 8.9
Plasma Electrode Current (A) : ' 1.7 3.7 5.0
Plasma Electrode Voltage (V) 2.8 2.9 3.1
Extraction Electrode Current (mA) 11 13 17
Extraction Electrode Voltage (kV) 2.18 2.04 2.13
Source Bias Voltage (kV) © 250 25.0 25.0
Extraction Region Vacuum (Torr) 9.8x10°5 1.7x10* 1.8x104
IBS Beamstop Current (A) 647 994 1194
IBS Collimator Current (uA) 139 406 . 480
IBS Total Current (nA) 786 1400 1674
Normalized 4rms Emittance* . (mm- 0.49 0.32 0.31
mrad) '
Beam Waist Diameter* (mm) 44 . 2.2 2.1
Maximum Beam Divergence* (mrad) 60 80 82

* Measurements are for the (x, x') sub-space.
in a spatially large waist with a relatively low divergence, relative to the high current beams. Thus, the
low current beam of poor emittance is more compact at the beamstop, spilling only 20% of the total
current on the collimator, whereas about 30% of the beam is spilled for the high current beams. Typically,
a low emittance beam yields the best beam transmission through a system, however, in this case there is a
danger that the low emittance but d{vergent high-current beams will be limited by the acceptance of the
beampipe (40 mm 1.D.) between the diagnostic box and the solenoid magnet.
4.2.1.2. SQQ Injection Line Commissioning

Injection line commissioning consisted of ensuring that the steering, solenoid and quadrupole
magnets were in working order, and aligning the beam within the injection line. Aligning the beam
within the injection line was achieved by first placing a four-jaw collimator at the downstream end of the
diagnostic box. Then the steering magnet current settings Were adjusted so that the beam spilled on the
collimators was minimized while beam dumped on the inflector, which was biased and metered as a
beamstop, \;vas maximized. Subsequent to this, the four-jaw collimator was mounted immediately in front

of the inflector, and the centering optimization was repeated. This optimization revealed that the upstream
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steering magnet setpoints which maximized the beam on the IBS were slightly different than those
required to center the beam within the injection line.
4.2.1.3 C.R.M. Cyclotron Commissioning

The first stage of C.R.M. cyclotron commissioning was to veﬁfy that the main magnet and the
inflector were operational. Once this was ascertained, beam was run to the inflector exit beamstop. System
settings were then adjusted until the inflector exit beam current reading was maximized.

Once sufficient confidence was achieved in transporting the beam to the inflector exit, the RF
was re-commissioned and the beam was accelerated to 1.125 MeV. The RF system commissioning was
accomplished by ensuring that the RF equiprﬁent was operational and by then "conditioning" the system.
This entailed the following procedure. Witﬁ the main magnet off, the system was conditioned by first
driving the system with a Hewlett Packard 8656 signal generator set at 74.6 MHz. Then the frequency was
adjusted to minimize the reflected power while the amplitude of the driving voltage was slowly increased.
Once the system was stabilized at the operating point of 50 kV, the system was switched into self-excited
mode. The input power was then slowly increased uniil the forward power was about 7.5 kW and the
reflected power was about 0.1 kW. At these power levels the system was stable, and sufficient power was
available to accelerate the beam.

4.2.2 SQQ INJECTION LINE TRANSMISSION MEASUREMENTS

Measurements of the total beam current were made at the IBS, the inflector exit beamstop, and
the 1.125 MeV beamstop. The total beam current output by the ion source was considered to be the total
current intercepted by the IBS.

The initial attempt at maximizing the beam to the inflector exit beamstop with the SQQ system
resulted in beam currents and approximate transmission rates described in Table 4.2.

Table 4.2: Nominal SQQ injection line beam currents and transmission rates to the inflector exit.

READINGS RUN 1 RUN2 RUN 3
Arc Current (A) 2.7 438 - 6.4
Inflector Exit Beamstop Current (pA) 570 756 972
Inflector Collimator Current (pA) 15 38 45
Transmission IBS to Inflector Exit (%) 73 54 S8
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The beam transmission between any two points in the system was considered to be the total
current at the downstream point divided by the current at the upstream point multiplied by 100%. The
beam transmission to the inflector exit given in Table 4.2 confirms the suspicions of section 4.2.1.1. The
low current beam transmission is much higher than that of the high current beams. Overriding this .
interesting phenomenon,. though, is that under ideal conditions the injection line should be a high
transmission region (at least 95%) over all current levels. Since a conservative estimate of the RF phase
accéptance is about 10%, the system as described so far will likely only transport about 100 pA to 1.125
MeV. Thus, some optimization of the SQQ set-up was required to enable the system to transport 110 pA
of beam or more to 1.125 MeV.

A number of options were available for increasing the transmission efficiency of the SQQ system.
These included tailoring the ion source lenses to produce a less divergent beam, reducing the initial
system drift length, introducing additional focusing upstream of the nominal focusing elements, and/or
increasing the inner diameter of the beampipe. Since the optimal SQQ transmission results were already
available from [48], and since the need to achieve a beam current reading of over 110 pA at the 1.125
MeV beamstop with the physical SQQ system was intended as more of a proof of principle experiment
than a detailed study, the simplest and least expensive option was chosen for optimizing the SQQ system.
This was the option which advocated additional focusing elements (Figure 4.3). The focusing elements

chosen were permanent magnet solenoids, which had a peak axial magnetic field strength of 1250 gauss.

DIAGNOSTIC BOX

25.0

— BEAMSTOP/
PERMANENT MAGNET SOLENOD [ COLLIMATOR

A
SOURCE | Q $

= 150.0

550 ¢

]

e
: 550

SECTION A-A

Figure 4.3: Permanent magnet solenoid arrangement within the diagnostic box. Dimensions are in
millimetres.
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Table 4.3 gives the system tune that maximized the beam current at the inflector exit beamstop
for the SQQ injection line outfitted with permanent magnet solenoids. Beam was also sent through, using
these settings, to the 1.125 MeV beamstop, and a total beam current of 130 pA was obtained. As expected,
Table 4.3 illustrates that the beam did become narrower downstream of the permanent magnet solenoid.
For example, the IBS beamstop current reading increased while the IBS collimator current reading
decreased relative to the readings given in Table 4.1. It is interesting to note that the total IBS current
decreased in Table 4.3, however, one should keep in mind that the tune was intended to maximize current
at the inflector exit and not at the IBS. It is often the case that the highest beam intensities at downstream
points in an accelerating system are achieved by sacrificing some ion source beam intensity for an ion
source beam with a better phase space shape. A comparison of Tables 4.1 and 4.3 reveals that the source
tunes are indeed slightly different, as expected when two different optimizations are undertaken. The main
magnet and inflector setpoiﬁts required substantial changes in order to best match the beam to the
cyclotron acceptance. The injection line settings changed somewhat to compensate for the new source tune
and the effect of the permanent magnet solenoids. Note also that the settings required from run 1 to run 3
in Table 4.3 were very consistent. This is useful, as an injection line tune that does not vary with arc
current is very desirable in terms of implementing automatic computer control. |

Table 4.4 lists the beam transmission rates achiéved between various points in the SQQ injection
system. These transmission rates- indicate that the effect of the permanent magnet solenoids was to focus
the beam enough to gain about 5% to 8% more beam at the inflector exit beamstop. In addition, the peak
current attained to 1.125 MeV was 130 pA, well above the 110 pA required. For the record, the peak
beam current attained to 1.125 MeV using the modified SQQ system was 134 pA. This was achieved with
an arc current of 7.3 amps, a hydrogen flow rate of 8 cc/min and an RF forward power of 7.5 kW, and the
system settings were optimized for maximizing the current at 1.125 MeV.

The physical SQQ system, with some modifications, was shown to be a capable substitute

injection system for the TR13. In addition, the transmission from the inflector exit beamstop to the 1.125

MeV beamstop, of approximately 12%, matches the maximum transmission obtained in [48]. It is also




apparent that, if necessary, the source lenses could be adjusted or the initial system drift could be reduced
to increase the transmission between the IBS and the inflector exit beamstop.
Table 4.3: CRM. & SQQ injection system setpoints and beam current readings for the case where

permanent magnet solenoids are used and maximum beam current was obtained at the inflector exit
beamstop. Using these settings beam was also transported to 1.125 MeV.

SETTINGS & READINGS RUN 1 RUN 2 RUN 3
Arc Current (A) 2.7 4.7 6.5
Hydrogen Flow Rate (cc/min) 4.6 7.8 8.9
Plasma Electrode Current (A) 1.9 33 49
Plasma Electrode Voltage (V) 3.1 2.6 2.9
Extraction Electrode Current (mA) 4 12 16
Extraction Electrode Voltage (kV) 1.7 2.0 2.3
Source Bias Voltage (kV) 25.0 25.0 25.0 -
Extraction Region Vacuum (Torr) 9.8x103 1.6x10 1.8x10*
Ist Steering Magnet [x,y] (A) [1.6, 0.9] [1.4,0.4] [1.2,0.0]
2nd Steering Magnet [x,y] (A) [0.5, 0.4] [0.5, 0.4] [0.5, 0.4]
Solenoid Magnet (A) ‘ 200 200 200
Q1 Magnet (A) 22 2.2 22
Q2 Magnet (A) 2.1 2.1 2.1
Main Magnet (A) 448 448 - 448
Inflector (kV) 7.7 7.7 +7.7
RF (kW) ‘ 7.5 7.5 7.5
Cyclotron Vacuum (Torr) v 1.3x106 1.3x10-6 1.3x10°6
IBS Beamstop Current (pA) 691 1026 1328
IBS Collimator Current (pA) 80 298 333
IBS Total Current (uA) 771 1324 1661
Inflector Exit Beamstop Current (nA) 583 826 1096
Inflector Collimator Current (pA) 13 10 8
1.125 MeV Beamstop (pA) ‘ 67 102 130

Table 4.4: SQQ system beam transmission rates for the case where permanent magnet solenoids were
used and the tune was optimized for obtaining maximum beam current at the inflector exit beamstop.

TRANSMISSION ENDPOINTS RUN 1 RUN 2 RUN 3

IBS to Inflector Exit Beamstop - 76 62 66
IBS to 1.125 MeV Beamstop 8.7 7.7 7.8
Inflector Exit to 1.125 MeV Beamstop 11.5 12.3 11.9




4.3 AN INVESTIGATION OF 10N SOURCE PERFORMANCE

The SQQ injection line transmission experiments high-lighted the importance of having the
beam well matched to the injection line and/or the injection line well matched to the beam for maximum
beam transmission. The Q-based injection system simulations shown in Figures 3.5 and 3.6 used a
normalized source emittance of 0.35 mm-mrad and a source waist radius of 2.5 mm. These parameter
choices result in a full (not half) beam divergence of approximately 40 mrad. Unfortunately, the full beam
divergence’s listed for the ion source in Table 4.1 are 60 — 80 mrad. These divergence’s were too large for
the nominal Q based system configuration. One possible solution would have been to make the diagnostic
box shorter, however, this would have resulted in insufficient space for the vacuum pﬁmps. Monetary and
time constraints negated the possibility of creating a Q-based system with a larger acceptance. Ad hoc
solutions such as mounting permanent magnet solenoids in the diagnostic box were not considered long
term solutions, as such techniques were contrary to the original design philosophy of building a simple,
compact and modular injection line composed of identical focusing elements. Consequently, the only
optimization avenue available was to investigate the performance of the ion source to determine whether
any configuration changes could provide a less divergent beam that would be more appropriate to the
initial drift space and to the acceptance of the Q-based system.

The TR13 extracted beam current requirement is about a factor of five smaller than that required
for the TR30 (100 pA versus 500 pA). Since less extracted beam current is required by the TR13, the arc
power supply current rating was reduced from about 30 amps to 7 amps. This resulted in a significant cost
saving (less expensive power supply), but it placed the ion source in an unfamiliar operating regime.
Typically, H™ ion source researchers expend little or no time investigating source performance in the low -
arc current ranges. Thus, source performance investigations were necessary for providing a better beam
match to the Q based injection systéms, ;cmd for providing some new data to the scientific community [50].

The main goal of the ion source ekperiments was to investigate a sufficient number of source

configurations and parameter variations to confidently select the best ion source scenario for the Q based

injection system. This was accomplished, in part, by tuning for the highest output beam current possible at




selected arc current settings for each configuration tested, and then by measuring the phase space
characteristics of these maximum current beams. Each configuration tested consisted of a standard TR30
H~ ion source with any number of the geoinetric parameters listed in Figure 4.4 changed from their
nominal values. The compilation of 'ion source tunes and measured beam characteristics provided an
opportunity to determine relationships between the parameters, and to deduce which configuration would

likely produce the best overall beam transmission results. The ion source experiments also provided an

beam in phase space as a function of its kinetic energy.
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opportunity to assess other characteristics such as the axial symmetry of the beam and the character of the
Figure 4.4: The variable geometric parameters of the ion source. Refer to Appendix II for further details.
4.3.1 ION SOURCE MEASUREMENTS

Note that all parameters which are not explicitly discussed in any given measurement should be

assumed to be held constant.
4.3.1.1 Hydrogen Flow Rate
The plasma density varies, in part, as a function of the hydrogen flow rate. The plasma density,

in turn, has a bearing on the output current level. The relationship between the hydrogen flow rate and the

output current for a given arc current was found to be a fairly flat curve for all source configurations.




Figure 4.5 illustrates the change in output current as a function of the hydrogen flow rate for an ion source
with geometric parameters L = 105 mm, PL = 8 mm, and EL = 8 mm with a lip (WL = with lip). Such an
ion source is typically specified as L105/PL8/EL8/WL for brevity. All other parameters in Figure 4.5 were
adjusted for peak performance at an arc current of 7.3 amps. The broad peak indicates that'the hydrogen

flow rate can vary by + 0.5 cc/min without affecting the total output current significantly.
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Figure 4.5: Percentage change in ion source output current as a function of the hydrogen flow rate.

Recall from section 2.2.1.4 that the output beam current increases as the arc current increases. In
order to maximize the output beam current at a particular arc current setting, however, requires an
optimized hydrogen flow rate. The hydrogen flow rates which maximize the output current over a range of
arc current settings are shown in Figure 4.6, for two ion source configurations. The relationship between
the hydrogen flow rate and the. arc current which produce the highest output current is shown to be
roughly linear, and the long ion source is shown to require a higher flow rate than the short ion source for
optimal performance. This plot is representative of all the ion source configurations tested.

The hydrogen flow rate necessary to peak the output current was found to increase only slightly

as a function of the plasma electrode aperture area. For example, the overall increase in flow rate from an




8 mm diameter aperture with area 210 mm? to a 10.8 mm aperture with area 366 mm? was found to be

about 1.2 cc/min for any particular arc current setting.
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Figure 4.6: Hydrogen flow rates required to maximize the output current for a given arc current for two
ion source configurations: Long Source = L155/PLY/EL10/WL and Short Source = L105/PL9/EL10/WL.

4.3.1.2 Plasma and Extraction Electrode Apertures

An obvious ion source configuration change to investigate was the maximum ion source output
current as a function of plasma and extraction electrode aperture sizes. The current density which can be
extracted from a plasma will remain constant if the plasma conditions remain constant. Therefore, the
extracted begm current should be proportional to the area of the plasma and extraction electrode apertures
if the plasma conditions do not change. However, since optimizations will be performed to maximize the
output beam current of the ion source as a function of the aperture sizes, the plasma conditions may
change causing the direct proportionality to be affected. Figure 4.7 gives the maximum ion source output
current as a function of the plasma electrode aperture area for four different extraction electrode
configurations. In all cases L was 155 mm, the arc current was 6.4 amperes, and PL was either 6, 8, 9, 10

or 10.8 mm. All other parameters were optimized to achieve the maximum output beam current.
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Figure 4.7: Jon source output current as a function of the plasma electrode aperture area for four
different extraction electrode aperture sizes.

" Figure 4.7 illustrates that the output current does increase approximately linearly as the plasma
electrode aperture increases. Also note that significant gains in output current are obtained by adding a lip
to the extraction lens aperture. This increasé.in beam current, when the lip is present, likely occurs due to
a better plasma meniscus shape and/or due to better focusing, which causes more of the extracted beam to
actually make it through the third electrpde to the IBS. The addition of the extraction electrode lip
necessitated a reduction of the plasma electrode voltage by about 10% in order to obtain maximum output
current. This implies that the new arrangement required a new set of plasma parameters. This, then,
suggests another reason for the increased output current; the new plasma parameters may have permitted
more beam to be extracted through the meniscus.

Figure 4.7 also shows that at a plasma ellecgtrode apeﬁme area of 201 mm’ (PL = 8 mm), the
output current can be increased by reducing the extraction electrode aperture from a diameter of 10 mm to
8 mm for both the lip and no lip cases. This change also affects the focusing forces, the meniscus shape
and the plasma conditions near extraction. It is difficult to clearly determine which effect dominates in

producing the higher output currents.
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Figures 4.8 and 4.9 depict the changes in the output beam emittance and maximum divergence,
respectively, as a function of the plasma electrode aperture area for ‘the four extraction electrode
configurations. It is interesting to note that the extractionvelectrode configurations that had the highest
output beam currents also had the smallest beam divergence’s and the largest beam emittances for a given
plasma electrode aperture area. This suggests that higher output beam currents are probably more related
to better transport through the third electrode than to a higher current yield from the plasma. In particular,\
for a given plasma electrode aperture area, the extraction electrode with lip tends to disrupt the curvature
of the meniscus causing a larger beam emittance (refer to section 2.2.1.4.), but in doing so it reduces the
maximum beam divergence, §vhich keeps the beam size small as it passes through the third electrode and
reduces beam loss due to collimation.

Figure 4.8 also shows that the beam emittance increases as the plasma electrode aperture area
increases for all extraction electrode configurations. This is likely caused, for a given extraction electrode
configuration, because the larger plasma electrode apertures cannot contain the plasma as well as the

smaller plasma electrode apertures. This tends to allow the meniscus to flatten or bulge which causes

emittance growth in the manner described in section 2.2.1.4.
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Figure 4.9: The ion source maximum beam divergence as a function of the plasma electrode aperture for
Jour different extraction electrode aperture sizes.

4.3.1.3 Source Volume

The nominal TR30 ion source has.an ion source chamber length of L = 155 mm, and typically
produces 5 mA of output current at an arc current of approximately 25 A with PL = 11 mm and EL = 10
mm. Since the TR13 arc current is limited to 7 A, it was felt that the source volume might be too large to
yield the optimal plasma densities and temperatures for this arc current. Luckily, events conspired to
permit an ion source of L = 105 mm to be available for testing (68% of the volume of the long source).
Figure 4.10 compares the maximum output beam current of the short source configurations
L105/PLS9/EL10/WL and L105/PL8/EL8/WL to the long source conﬁéuration which produced the highest
output current, L155/PL10/EL10/WL. In addition, a representative set of long source configurations are
also plotted. In each case all the adjustable parameters have been varied to obtain the maximum possible
output current.

It is clear from Figure 4.10 that the smaller source volume of the L = 105 mm source
configuration yields significantly higher output beam currents over the 0 to 7 amp arc current range than

the long source for any of its lens configurations. As suspected. the lower arc current regime is much
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better suited to a smaller volume ion source in terms of producing the most output current. Also note that
the ion source configurations with an extraction electrode lip (WL) consistently out perform their

counterpart configurations with no such lip (NL).
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Figure 4.10: Output beam current as a function of arc current for a number of representative ion source
configurations.

4.3.1.4 Phase Space Characteristics as a Function of Arc Current

Another important consideration in matching an ion source beam to the acceptance of the
cyclotron is the variation of ion source beam characteristics as a function of arc current. The variation in
the beam characteristics occur for two main reasons. First, the plasma parameters vary as a function of the
arc current, and second the extraction optics settings change in relation to the magnitude of the space
charge associated with the output current. Figures 4.11, 4.12, 4.13 and 4.14 show the (x, x') phase space
contour plots and the horizontal (x) intensity profiles of the output beams from the L155/PL6/EL8/WL
source configuration for arc current settings of 2.7, 4.8, 6.4, and 7.3 amps, respectively. The improvement
in beam emittance as a function of arc current depicted in these figures is represehtative of the

improvement seen for the other ion source configurations tested. as shown in Figure 4.15.
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As an aside, it is interesting to note that the bulk shape of the beam in phase space is indeed

elliptical in shape. This validates the use of beam ellipses when simulating real physical beams during

beam transport exercises, as suggested in Chapter 2.

The phase space plot which represents the beam produced with the lowest arc current, Figure

4.11, looks as if it is the superposition of two different beams. The origin of this effect may have arisen

from two different curvatures existing in the meniscus, one near the center and a different one near the

perimeter. Another possibility is that non-linear focusing may have been imposed on the outermost ions,

in one of the accelerating lens apertures, but not on the innermost ions.
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Figure 4.11: The (x, x)) phase space contour plot and intensity profile for the L155/PL6/EL8/WL ion
source at 2.7 amperes of arc current. The normalized 4rms emittance is 0.37 mm-mrad.
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Figure 4.12: The (x, x)) phase space contour plot and intensity profile for the L155/PL6/EL8/WL ion
source at 4.8 amperes of arc current. The normalized 4rms emittance is 0.24 mm-mrad.
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Figure 4.13: The (x, x) phase space contour plot and intensity profile for the L155/PL6/EL8/WL ion
source at 6.4 amperes of arc current. The normalized 4rms emittance is 0.20 mm-mrad.
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Figure 4.14: The (x, x) phase space contour plot and intensity profile for the L155/PL6/ELS/WL ion
source at 7.3 amperes of arc current. The normalized 4rms emittance is 0.19 mm-mrad.

In each of the figures, the 4rms emittance ellipse has been overlaid on the plots. In all the figures -
except 4.11, the 4rms emittance ellipses line up so well with the phase space contours that they are not
noticeable. With the “second” beam causing problems in Figure 4.11, the 4rms emittance ellipse is
noticeable because it must be rotated and enlarged to adequately represent the oddly distributed low arc

current beam. Refer to equation 2.23 for a reminder of how the 4rms emittance is calculated.

77



Recall that beams of low emittance are preferred in charged particle transport. Figure 4.15 makes
it clear that the ion source configurations with no lip on the extraction lens (NL) consistently out perform
their counterpart configurations with the lip (WL). This is interesting because it is contrary to the WL/NL
relationship found in Figure 4.10. This underscores the need to determine some method of weighing the

various beam parameters when comparing ion source configurations.
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Figure 4.15: The normalized 4rms beam emittance as a function of arc current for a number of
representative ion source configurations.

4.3.1.5 Selection of the Best Source Configurations for the Q Based Injection Line

Recall that one of the purposes of pursuing ion source measurements and optimizations was to
find ion source parameters that produced a béam well suited to the fixed initial drift length and aperture
size of the Q based injection systems. Beams of relatively small cross-sectional area that just fill the
quadrupole magnet apertures are favoured. Also beams with the smallest emittance are preferred, and, of
course, bgams with more current, all other beam characteristics being equal, are desirable. A number (1)
can be comp;ned using equation 4.1, for each c;f .the ion source configurations, which embodies these
requirements. Larger values of n correspond to source configurations which will be best matched to the Q

based injection system. Equation 4.1 is given by



, 4.1

where the parameters I, A and € are all measured at the emittance scanner (Figure 4.1), which is of type
[100]. The current I is the H™ beam current ‘in nA, the normalized 4rms emittance of the beam, ¢, is
measured in (mm-mrad), the area of the 4rms emittance beam, A, is measured in mm?, and J is just the
current density in pA/mm2,

Table 4.5 lists the values of n obtained for each of the source configurations that were fully
tested. Note that n was not explicitly maximized during experimentation. Typically, beam currents were
only maximized, and, therefore, Table 4.5 only approximately represents the capability of each ion source
configuration. Also note that external time constraints permitted only‘one short ion source configuration
to be fully tested. Based on the results obtained from the short ion source, it would have been very
interesting to have further explored the characteristics of this ion source.

Table 4.5: 71 as a function of ion source configuration and arc current. Recall that the ion source

configuration designations can be read as follows: L155/PL10.8/EL10/NL corresponds to L = 155 mm,
PL =10.8 mm, EL = 10 mm and NL = no lip in terms of the Figure 4.4 designations. :

Source Configurations Arc=27A Arc=48 A Arc=64 A Arc=73A
L155/PL10.8/EL10/NL 5.7 9.7 12.7 -
L155/PL10/EL10/NL 6.4 9.8 13.3 14.8
L155/PL9/EL10/NL 8.1 112 18.2 -
L155/PL8/EL10/NL 10.7 143 15.6 17.8
L155/PL10/EL10/WL 8.1 8.9 13.7 14.5
L155/PL9/EL10/WL 83 8.7 16.7 18.1
L155/PL8/EL10/WL 11.1 16.2 19.9 20.6
L155/PL8/EL8/NL 12.9 11.1 22.1 23.2
L155/PL6/EL8/NL 85 227 35.9 40.7
L155/PL8/EL8/WL 13.4 25.1 25.4 27.9
L155/PL6/EL8/WL 134 : 18.2 39.1 49.6
L10S/PLS/ELS8/WL 11.6 18.8 24.0 35.1

The two highest rated ion sources in terms of n were the long source configurations with 6 mm
diameter plasma electrode apertures and 8 mm diameter extraction electrode apertures. These two source
configurations, therefore, were most capable of producing beam which could be transported from the IBS
to the inflector exit without loss. However, the total output current of these configurations v;/as only about

1000 pA, which meant, for a typical RF phase acceptance of approximately 10%, that just over 100 pA of
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beam would make it to the 1.125 MeV beamstop. The short source configuration which came in at third
place overall, could produce about 2000 pA in output current. Therefore, this configuration could still lose
some beam in the injection line and yield well over 100 pA of beam at the 1.125 MeV beamstop.

Table 4.5 makes it clear that source configurations with EL = 8 mm were preferred over
configurations with EL = 10 mm, and, in general, smaller plasma electrode apertures were also preferred.

In summary, it was expected that the beam transmission rates from the IBS to the inflector exit
beamstop would be highest for those configurations with the largest m values. The short source
configuration fooked particularly favourable as its 1 number was quite high, and its output current was
well above the rough threshold of 1000 pA needed to achieve 100 pA at the 1.125 MeV beamstop.
4.3.1.6 Injection Line Pressure

Ton source performance as a function of the injection line pressure was not extensively studied.
Only two injection line pressure scenarios were studied, and this was done on only the short source
configuration. The only variable in the experiment was the pressure at the upstream end of the diagnostic
box.

The nominal pressure at the downstream end of the diagnostic box for thé L105/PLS/EL8/WL
source configuration, and a 6.4 A arc setting with a gas flow of 7.8 cc/min was 1.6 x 10 Torr. Under
these conditions, with all other source settings at their nominal positions for producing maximum output
current, the output current was 1925 pA, the 4rms emittance was 0.35 mm-mrad, the 4rms beam diameter
at the scanner was 17.1 mm, and n was 24.0 pA/mm-?/mm-mrad.

The second pressure condition was 4.4 x 10 Torr. Under this scenario the output current was
1916 pA, the 4rms emittance was 0.24 mm-mrad, the 4rms beam diameter at the scanner was 13.6 mm,
and 1 was 55.0 pA/mm?/mm-mrad. Under these conditions the n value tops all those listed in Table 4.5.

The second pressure condition was forced upon the experiments by a change in the state of the
vacuum  system. Unfortunately, the nominal pressure condition could not be regained during the

remainder of the experiments, so the beam characteristics for this condition could not be re-checked.
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" However, the beam characteristics for the second pressure condition were re-confirmed several times. All

of the experiments in Chapter 5 were performed with the higher than nominal injection line pressure.

The improved emittance of the beam under higher than normal injection line pressures has been
documented by Baartman and Yuan in [96]. An injectidn line held at a higher pressure than normal tends
to lose some beam due to gas stripping, but the benefit is that any resultant positive ions become trapped
in the negative potential well of the beam causing a cancellation of net charge. This reduces the repulsive
space charge forces between the particles of the beam, which, in turn, reduces emittance growth. In this
case the reduced emittance growth probably occurred in the extraction region, as the injection line is
already highly space charge neutralized.
4.3.1.7 Bias Voltage

The ion source bias voltage determines the kinetic energy of the beam. The nominal value of the
bias vpltage is 25 kV. A number of injection line and center region experiments were expected to involve
beams with non-nominal kinetic energies. Therefore, it was important, at this stage, to determine whether
any changes in the ion source beam characteﬁstics would occur as a function of a change in bias voltage.

For the L105/PL8/EL8/WL source configuration with all parameters at their nominal settings
except for the injection line vacuum, which was at 4.4 x 10 Torr, the bias voltage was varied and the
beam characteristics were measured. Table 4.6 lists the results.

Table 4.6: The (x, x') beam characteristics as a function of the ion source bias voltage for the

L105/PLS8/EL8/WL ion source configuration set at an arc current of 6.4 amperes. The injection line
vacuum was recorded as 4.4 x 10-* Torr.

Bias 4RMS ¢ Waist Maximum Scanner Scanner to Output
Voltage (mm-mrad)  Diameter Divergence Beam Waist Beam

kV) {mm) (mrad) Diameter Distance Current
(mm) (mm) (nA)
28 27 2.9 47 14.5 246 1897
26 .25 2.9 47 14.7 253 1897
25 24 2.9 45 14.1 246 1860
25 .23 3.0 43 13.1 239 1907
25 .24 3.0 44 13.6 243 1916
24 23 2.9 45 14.0 251 - 1879
22 22 2.6 48 15.5 268 1785
19 .23 2.5 59 194 286 1766




The differences between the three rows of 25 keV beam measurements in Table 4.6 give an
indication of the error bars associated with any particular measurement in the table. Based on this then,
one can see that the 24 kV through to 28 kV measurements are essentially equal. The 22 kV beam
characteristics are only different in that the waist is farther upstream, which results in a larger beam at the
scanner. In addition, the 22 kV measurement exhibits some beam loss, which possibly occurs on the third
electrode lens. The 19 kV beam characteristics accentuate those already being exhibited by the 22 kV
beam. As well, the 19 kV beam has a much larger maximum beam divergence than the other beams. The
focusing of the ion source lenses are undoubtedly far from optimum once the beam energy is as low as 19
kV.

The (x, x') phase space contours and horizontal intensity profiles for the 22 through 28 kV beams
look very similar. A representative example is given in Figure 4.16a which gives the profiles for the third
25 kV beam listed in Table 4.6. Figure 4.16b gives the profiles for the 19 kV beam. Notice that the 25 kV

beam, which is preferred relative to the 19 kV beam, has a nice intense core that is not spatially spread

out.
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Figure 4.16a: The (x, Sc') Pphase space contours and the horizontal intensity profile for a représentative 25
kV beam from Table 4.6.
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Figure 4.16b: The (x, x!) phase space contours and the horizontal intensity profile for the 19 kV beam
from Table 4.6.

4.3.1.8 Vertical Phase Space Characteristics

A common assumption is that the (x, x') phase space characteristics of the ion source’s output
beam are the same as those in the (y, y') phase space. However, various factors could cause this
assumption to be false. One such factor is the transQerse magnetic field which sweeps the unwanted
electrons out of the beam at the extraction electrode. The space charge force associated with these
electrons may affect one side of the beam more than the other. Another possible factor could be slight
asymmetries in lens placement during aSsembly.

Table 4.7 lists the (y, y') characteristics of the beam for the same ion source conditions used for
the 25 kV beam in Table 46 The differences behyeen the two measurements shown in Table 4.7 give an
indication of the error in repeated measurements. Unfortunately, the difference between the two
measurements is fairly large. In retrospect, it 'is obvious that it would have been useful if these
.measurements had been repeated several more times. However, a comparison of the 25 kV measurements

from Tables 4.6 and 4.7 reveals that the variation of characteristics overlap, and therefore the beams are

deemed to be equivalent, within experimental error, in the (x. X} and (y, y') phase planes.




Table 4.7: The (v, y!) beam characteristics as a function of the ion source bias voltage for the
L105/PLS/EL8/WL ion source configuration set at an arc current of 6.4 amperes. The injection line
vacuum was recorded as 4.4 x 10-# Torr.

Bias 4RMS ¢ Waist Maximum Scanner Scanner to  QOutput Beam
Voltage (mm-mrad) Diameter  Divergence Beam Waist Current
&V) (mm) (mrad) Diameter Distance (nA)
_ (mm) (mm)
25 .26 34 41 13.2 238 1916
25 .23 2.9 43 14.1 263 1832

Figure 4.17 gives the phase space contours and intensity profiles for the first 25 kV beam listed
in Table 4.7. Comparison with Figure 4.16a reveals that the two beam intensity profiles look very similar
except for their low intensity phase space contours, which are oriented and shaped somewhat differently.
The low intensity contours are of little importance, however. The two beams can be considered to be

equivalent, since their high intensity cores are very similar.
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Figure 4.17: The (y, y') phase space contours and the vertical intensity profile for a representative 25 kV
beam from Table 4.7.

As a consequence of these comparisons, the assumption that the two phase planes are identical

will be accepted in subsequent computations and analysis.
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4.4 THE 40 INJECTION SYSTEM

The 4Q injection system design parameters were derived in section 3.2.3. In this section of the
thesis the first general tests of the 4Q injection system are described. Commissioning tests and the system
set-up are first discussed briefly. Following this the beam transmission measurements are documented.
The transmission measurements for all the ion source configurations discussed in section 4.3 are studied.
As well, the 4Q transmission measurements are used to compare the 4Q and the SQQ systems in terms of
performance. Lastly, the beam transmission as a function of the injection line axial rotation angle is
presented.

4.4.1 4Q SYSTEM COMMISSIONING
4.4.1.1 System Layout

After removing the SQQ injection line, the 4Q injection line was installed. The 4Q magnets wefe
each aligned to have the same pole orientation. Once the 4 magnets were bolted together, the whole set of
magnets was rotated so that the QO defocusing axis, for a negative ion beam, was at 37° counter clockwise
from the inflector entrance electrode edges as viewed looking in the direction of beam travel.
Unfortunately, the entrance electrode was not easily accessible, so a best estimate for the inflector entrance
angle was used. This angle was estimated to be 10° clockwise from vertical, as viewed in the direction of
beam travel. Therefore, the defocusing axis for a negative ion beam on QO was fixed at 27°
counterclockwise from vertical as viewed looking in the direction of beam travel (refer to Figure 4.18).

The quadrupole magnets were wired so that Q1 and Q3 were oppositely powered to Q0 and Q2.
A Hall probe was used to verify that the magnetic field directions were correct. |

The éensitivity of the beam transmission to 4Q rotation angle was not expected to be too high,
and transmission as a function of rotation angle was to be tested as part of the experimental process, so
having a potentially off-nominal starting angle for the injection system was not deemed a problem. After

the experiments were completed, the inflector was removed and the angle of the electrode edges to the

vertical was found to be 14°,
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Figure 4.18: Q0 orientation with respect to the lab axes and the inﬂéctor entrance angle.
The 4Q system layout is given in Figure 4.19. The 4Q system is 33 cm shorter than the CR.M.
SQQ system. Note also that the second set of xy steering magnets shown in Figure 4.1 was removed from

the 4Q system, as prescribed in Chapter 3.
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Figure 4.19: The 4Q injection system layout. All dimensions are in millimetres.
4.4.1.2 Initial Operation
The L155/PL10.8/EL10/NL source configuration used with the SQQ system was initially used to

. test the 4Q system. As was done with the SQQ system, the four-jawed collimator was installed

86




immediately upstream of the inflector entrance to facilitate initial beam centering. Subsequent to this, the
four-jawed collimator was removed and beam was run to the inflector exit beamstop.

The initial quadrupole settings were those determined in Chapter 3. They are listed in Table 4.8
along with the experimentally determined nominal settings. It is evident that two of four settings are
substantially different than predicted. These differences can be partly attributed to having a different
source beam than hoped for in Chapter 3. As well, the cyclotron magnetic field magnitude used in the
calculations of Chapter 3 was small.er than the magnitude of the C.R.M. central field in an effort to better
approximate the conditions in the TR13. Lastly, the inherent limitations in modeling the cyclotron as a
weak focusing dipole magnet in the center region also affect the quadrupole magnet settings. However, the
concurrent design techniques used in Chapter 3 were realistic e'nough to yield a system desigh which was
robust enough to accommodate any perturbations to the initial requirements.

Table 4.8: The 4Q design settings and measured settings.

QUADRUPOLE DESIGN CURRENT (A) MEASURED CURRENT (A)
Qo0 , 1.44 2.24
Ql 428 4.1%
Q2 4.58 4.4+
Q3 1.90 3.90

* The Q1 and Q2 power supplies gave readbacks at 0.1 amp resolution only.

4.4.2 THE 4Q INJECTION LINE TRANSMISSION MEASUREMENTS

The first major series of experiments with the 4Q injection line were designed to compare its
performance with that of the SQQ system. Subsequent to this, the 4Q transmission results for the ion
source configurations of section 4.3.1.5 were tested.
4.4.2.1 4Q Transmission Versus SQQ Transmission

The 4Q injection systerri did not require the use of permanent magnet solenoids in order to
compete with the SQQ system. Table 4.9 gives the ion source and injection line tune that maximized beam
to the inflector exit beamstop for the 4Q system. The beam current readings at the IBS and at the inflector
collimator are given in Table 4.10. One should note that the ion source tune in Table 4.9 yields about 5%

less current to the IBS than the maximum possible, which is listed in Table 4.1.
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The ion source tune listed in Table 4.9 -is optimized for maximum beam at the inflector exit
beamstof) using the 4Q injection system. It is interesting to note that the settings are somewhat different
than those given in Table 4.1 where the ion source was tuned to maximize beam to the IBS. This reveals
that the source tune which maximizes output current at an upstream point in the system does not
necessarily yield the most beam at downstream points. Notice also that the ion source tune of Table 4.9
resembles more closely the ion source tune of Table 4.2 where the object was to maximize beam to the
inflector exit beamstop for the SQQ system. One can see that the 4Q injection line is better matched to the
ion source beam characteristics, since its inflector exit beamstop readings average 10% higher than those
for the SQQ injection line. This is largely due to the shorter initial drift space in the 4Q injection line,

Table 4.9: C.R.M. & 4Q injection system setpoints for the case where maximum beam current is achieved
at the inflector exit beamstop using the L155/PL10.8/EL10/NL ion source configuration.

SETTINGS RUN 1 RUN 2 RUN 3
Arc Current (A) 2.6 48 6.4
Hydrogen Flow Rate (cc/min) 4.6 7.8 8.9
Plasma Electrode Current (A) 20 34 5.0
Plasma Electrode Voltage (V) = - 3.1 3.0 33
Extraction Electrode Current (mA) 5 11 16
Extraction Electrode Voltage (kV) 1.78 2.06 2.28
Source Bias Voltage (kV) . 25.0 25.0 25.0
1st Steering Magnet [x,y] (A) [0.53,1.94] [0.38,1.37] [0.26,1.06]
Q0 (A) ) 2.22 2.28 2.31
Ql (A) 4.1 4.2 4.2
Q2 (A) 4.5 4.5 4.5
Q3 (A) 3.59 3.79 3.88
Main Magnet (A) 447 447 447
Inflector (kV) 7.5 +7.5 7.5
Cyclotron Vacuum (Torr) 1.6x10°6 1.6x106 1.6x10%

Table 4.10: Beam current readings for the tune of Table 4.9.

DEVICE RUN 1 RUN 2 RUN 3
IBS Beamstop Current (pA) 670 967 1354
IBS Collimator Current (pnA) 74 344 276
IBS Total Current (uA) 744 1311 - 1630
Inflector Exit Beamstop Current (nA) 617 963 1210
Inflector Collimator Current (uA) 22 21 24

Table 4.11 lists the system settings for the case where maximum beam is achieved at the 1.125

MeV beamstop using the 4Q injection line. Note that the ion source tune is different again from those
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where the beam was maximized .to either the IBS (Table 4.1) or the inflector exit (Table 4.9). Similarly,
the C.R.M. and injection line settings a?e slightly different between Table 4.9 and Table 4.11. This again
emphasizes the point that the system tune which maximizes the beam to a particular upstream point in the
system is not necessarily the tune which maximizes the beam to a point further downstream in the system.
Having said this, it should be noted that the tunes do not, in general, change by very much when
optimizing at different points in the system. In fact, using the tune which maximizes the beam current to
the inflector exit as a starting point for maximizing the beam current to 1.125 MeV yields a beam current
within a few percent of the maximum.

The most important aspect of Table 4.11 is the 162 pA of total beam current measured at the
1.125 MeV beamstop. This level of beam current is significantly higher than that reported for the SQQ
system in Table 4.3, and it is certainly enough total beam current for use in the TR13 cyclotron.
Table 4.11: CRM. & 4Q injection system setpoints and beam current readings for the case where

maximum beam current is achieved at the 1.125 MeV beamstop using the L155/PL10.8/EL1O/NL ion
source configuration.

SETTINGS AND READINGS RUN1 RUN 2 RUN 3
Arc Current (A) 2.6 48 6.5
Hydrogen Flow Rate (cc/min) 4.6 7.8 8.9
Plasma Electrode Current (A) 1.8 3.5 4.9
Piasma Electrode Voltage (V) 2.8 2.9 3.1
Extractor Electrode Current (mA) 9 11 17
Extractor Electrode Voltage (kV) 1.73 2.06 2.26
Source Bias Voltage (kV) 25.0 25.0 25.0
1st Steering Magnet [X,y] (A) [0.58,1.10] [0.19,0.78] [0.34,0.69]
Q0 (A) 2.16 222 2.25
Q1 (A) 4.1 4.0 4.0
Q2 (A) 44 44 4.4
Q3 (A) 3.93 4.05 4.13
Main Magnet (A) 446 446 446
Inflector (kV) +7.6 7.6 +7.6
Cyclotron Vacuum (Torr) 1.6x106 1.6x106 1.6x106
RF (kW) 7.6 7.2 7.2
1.125 MeV Beamstop (pA) 76 119 162

Unfortunately the inflector exit beamstop was a device which could not be automatically placed
in and out of the beam. In fact, it required one to purge and open the cyclotron tank to install or remove it.

As a result of this inconvenience, inflector exit beam current measurements were not undertaken using the
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exact system tunes which maximized the beam current at 1.125 MeV. Therefore, transmission rates
between these two points are somewhat more uncertain than they could be. However, using separate
system tunes, which maximize the beam current at the inflector exit and at the 1.125 MeV beamstop for a
particular arc current, in fact, will yield a conservative estimate of the transmission between these points.

Table 4.12 lists the conservative 4Q system percent transmission rates. Note that in all categories
the transmission rates are higher than for the SQQ system with permanent magnet solenoids (Table 4.4).
The transmission improvement from the IBS to the inflector exit is understandable as the initial drift for
the 4Q system is shorter than for the SQQ system. In fact, both systems could achieve near to 100%
transmission to the inflector exit if the ion source was better matched to the respective injeétion lines, as
discussed previously. The most important factor in Table 4.12 is the 12% to 13% transmission rates from
the inflector exit to the 1.125 MeV beamstop. These rates indicate an RF phase acceptance of ;dt least 12%
to 13%, which is higher than expected.

Table 4.12: The 4Q system beam transmission rates for the cases where the maximum beam currents were
obtained at the inflector exit beamstop and at the 1.125 Mel beamstop.

TRANSMISSION ENDPOINTS : RUN1 RUN 2 RUN 3

Transmission (%) Transmission (%) Transmission (%)

IBS to Inflector Exit Beamstop 83 74 74
IBS to 1.125 MeV Beamstop 10.2 9.1 9.9
Inflector Exit to 1.125 MeV Beamstop 12.3 124 134

For the record, the peak beam current attained at 1.125 MeV with the L155/PL10.8/EL10/NL ion
source configuration was 177 pA. This was achieved at an arc current of 7.3 ampere, a hydrogen gas flow
rate of 9.5 cc/min and RF forward power of 7.3 kW.
4.4.2.2 4Q Transmission for Various Ion Source Configurations

It was recognized during the SQQ tests that one of the main constraints in transporting all the
beam to the C.R.M. center region was the poor match between the ion source’s beam divergence, the
initial system drift and the injection line lens apertures. This concern was partly addressed in Section 4.3,
where it was realized that the best way to improve the situation was to find ion source lens configurations

which would provide output beams that were better matched to the two injection systems. The final test of
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the performance of the various ion source cénﬁgﬁrations in terms of beam transported to the inflector exit
or to the 1.125 MeV beamsiop is revealed in this section.

These ‘tests were not compléted to the point where beam current was measured at both the
inflector exit and the 1.125 MeV beamstops for the various ion source configurations. This occurred for
several reasons. First of all, the RF system malfunctioned from time to time. This meant that significant
portions of the available window bf opportunity were used to repair the RF. Second, the long ion source
was taken by Ebco Technologies for a higher priority industrial project before the experiments were
finished. Third, as mentioned before, swappiﬁg the inflector exit beam stop in or out of the system was a
time consuming process, so it could not be done very often. Lastly, the time window available for
performing all the experiments was .limited. As a result, certain experiments were partially sacrificed in
an effort to maximize the knowledge gained over all possible experimenté.

Table 4.13 reveals the beam transmission characteristics to the inflector exit for four of the ion
source configurations. Table 4.14 gives the characteristics to the 1.125 MeV beamstop for the eight other
configurations. Almost all of the transmission rates in these two tables are better than the nominal ion
sourée transmission rates in Table 4.12. This links nicely with the n numbers of Table 4.5, which
indicated that the nominal ion source configuration (L155/PL10.8/EL10/NL) would likely be the weakest
in terms of beam transmission.

Table 4.14 shows that the 110 pA of beam current required at 1.125 MeV by the TR13 was
achievable using any of the ion source configurations in the table with the 4Q system. 'fhe two short ion
source configurations resulted in, by far, the highest levels of beam current to 1.125 MeV.

Table 4.13: Beam current readings at the IBS and at the inflector exit beamstop as a function of ion
source configuration and arc current for the 4Q injection line.

Source Arc=2.7A Arc=48A Arc=64 A Arc=73A
Configurations '

IBS INF % IBS INF % IBS INF % IBS INF %

L155/PL8/EL8SNL 691 562 81 1019 794 78 1317 1062 81 1402 1155 82
L155/PL6/ELSNL 533 475 89 766 651 85 926 813 88 91 876 88
L155/PL8/ELSWL 823 737 90 1215 1058 87 1533 1253 82 1587 1367 86
L155/PL6/ELSWL 579 524 91 794 712 90 1038 907 87 1084 993 92
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Table 4.14: Beam current readings at the IBS and at the 1.125 MeV beamstop as a function of ion source
configuration and arc current for the 4Q injection line.

Source Arc=27TA Arc=48A Arc=64 A Arc=73A
Configurations

IBS 1.125 % IBS 1.125 % IBS 1.125 % IBS 1.125 %

T Mev - T Mev = T Mev - = Mev =
L155/PL10/EL10NL 831 71 85 1208 116 89 1448 147 102 1542 - -
L155/PLY/EL1ONL 831 98 11.8 1214 149 123 1467 178 121 - 195 -
L155/PL8/EL1IONL 663 84 127 1000 122 122 1215 154 1277 1224 162 132
L155/PL10/EL10WL 89 112 129 1523 178 117 1794 206 115 1869 - -
L155/PL9/EL10WL 888 110 124 1476 162 11.0 1673 205 123 1719 216 12.6
L155/PL8/EL10WL 720 100 139 1103 145" 131 1308 178 13.6 1356 185 13.6
L105/PL8/ELSWL 1103 141 128 1598 197 123 1925 235 122 2075 255 123
L105/PL9/EL10WL 1119 124 111 1667 194 11.6 2076 246 11.8 2246 271 121

There were two main factors which contributed to better transmission rates between the IBS and
either the inflector exit or the 1.125 MeV beamstop relative to the SQQ results reported in Tables 4.2 and
4.3. The first factor was the reducéd initial drift space between the ion source and the injection .line lenses
which limited how big the beam could grow before being focused. The other important factor, of course,
was the lessening of beam divergence through the use of the experimental ion source lens configurations.
This also limited how big the beam could grow before being focused. These two improvements helped
bring percent beam transmission rates from the ion source through to the inflector exit rﬁuch ‘closer to
100%.

Another, more sub‘tle, factor that relates to improved transmission to 1.125 MeV is the match
between the beém and the acceptance of the cyclotron. One can also think of this as how much of the
beam the RF will actually accelerate. Table 4.4 shows that the SQQ system could achieve about 12%
transmission between the inflector exit and 1.125 MeV. This will be considered a baseline result for the
SQQ. To be fair, though, remember that 12% may not be the upper limit for the SQQ system, as the level
to which it could be optimized was not under investigation in this thesis.

In Table 4.12 we found that a conservative estimate of the transmission between the inflector exit
and 1.125 MeV for the nominal ion source configuration (L155/PL10.8/EL10/NL) mounted on the 4Q
system was between 12% and 13%. This already indicates an improvement in matching over the SQQ
system whose baseline transmission was 12%. For the new source configurations there were no direct

measurements of the transmission between the inflector exit and 1.125 MeV. However, in Table 4.14
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there are measurements between the IBS and 1.125 MeV, and these averaged 12% with standard error
0.2%. Table 4.13 gives an indication of the percent transmission that could be obtained between the IBS

~and the inflector exit, albeit for different configurations. Since the configurations in Table 4.13 had fair to
good n values, their average transmission rate (86% with standard error + 1%) will be considered slightly
optimistic but representative for the configurations in Table 4.14. Now the percent transmission from IBS
to 1.125 MeV (12%) equals the transmission rate from IBS to inflector exit (86%) multiplied by the
transmission rate from the inflector exit to 1.125 MeV. Therefore, the transmission rate from the inflector
exit to 1.125 MeV equals (0.12/0.86)-100% or 14% with standard error + 0.4%. This level of transmission
indicates a very good matching of the beam to the cyclotron acceptance. Typically reported percent
transmission rates are on the order of 10% to 12% [14, ‘48.]. Since 100% transmission from the IBS to the
inflector exit is, in principle, possible then systems could be made with transmission rates between the ion
source and 1.125 MeV of 14%.

There is also the question of total beam current to a particular point in the system. It is apparent
from Tables 4.13 and 4.14 that the configurations which delivered the most beam current to the inflector
exit or to 1.125 MeV did not necessarily héve the highest transmission rates. These configurations more
than made up for the fact that their beams lost ions from their outer halos by increasing the total amount
of beam available. For these systems, there is room for improvement. In particular, the initial drift space
could be reduced yet again. However, it is quite clear that the 4Q system configured with an ion source
limited to 7 amps of arc current is more than capable of producing the required 110 pA of beam current to
1.125 MeV. Therefore, this system is certainly a capable candidate system for the TR13 cyclotron.

The absolute error in the total beam current measurements at any particular point in the system
were estimated to be + 4%. The errors in the measuring equipment have been discussed previously. An
estimate of the error in the claimed peak currenf for a particular configuration basically requires some
idea of whether the ion source and injection system parameters were locally or globally optimized. Since a
large number of configurations were tested and parameters were optimized from a variety of starting

points, it is the author’s belief that the parameters were globally optimized.
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4.4.3 THE 4Q SYSTEM AXIAL ROTATION TESTS

In section 4.4.1.1 it was noted that the Qd defocusing axis for a negative ion beam was fixed at
27° counterclockwise (CCW) from the lab vertical axis as viewed looking in the direction of beam travel.
In Chapter 3 it was noted that the match of the ion source beam to the cyclotron acceptance was a function
of the axial rotation angle of the injection line. In an effort to observe this much discussed [26, 27, 51-54]
but seldom attempted optimization, a measurement of the beam transmission as a function of rotation
angle was undertaken. The transmission rate as a function of rotation angle does not directly correlate
with changes in emittance growth as a function of rotation angle. For example, for a certain level of
emittance growth no change in transmission will occur because the available acceptance is not used up.
After the available acceptance is used up, however, emittance growth will result in a reduction in
transmission. Although the transmission rate will not vary directly with the emittance as a function of
rotation angle, it will indicate whether the changes in emittance growth were large enough to make a
difference in transmission.

The first test undertaken was to rotate Q1 with respect to the rest of the quadrupole magnets. The
results of this test are listed in Table 4.15 for the case of a 4.8 ampere arc current setting with the
L105/PL8/EL8/WL ion source configuration. The beam currents at the 1.125 MeV beamstop for each
rotation position are the peak currents obtained after optimizing all the variable ion source and injection
system parameters. There is the possibility that some poﬁion of parameter space was not sufficiently
investigated and that a higher maximum current could have been obtained. To minimize this chance, each
of the main parameters was purposely offset from nominal and all the parameters were then re-adjusted to
maximize the peak beam current reading. This procedure was done repeatedly and it was found that the
parameters would walk back to a consistent point in parameter space for each rotation position. Thus,
there is a high level of confidence that the “peak” beam current readings are indeed at their peak.

One can see the beam current and beam transmission to 1.125 MeV fall off very sharply as a
function of rotation angle in Table 4.15. The rotation angles are very slight, so the system definitely

prefers Q1 to have the exact opposite polarity to its neighbours Q0 and Q2.
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Table 4.15: Maximum beam current at 1.125 MeV as a function of Q1 rotation angle for an arc current of
4.8 amps and ion source configuration L105/PLS/EL8/WL.

_ Angle of focusing Axis CCW Maximum Beam Current @ Percent Transmission IBS to
i from Lab Vertical Axis (°) 1.125 MeV Beamstop (uA) 1.125 MeV Beamstop

28.9 92 58

27.1 138 8.6

27.8 173 10.8

274 173 10.8

27.0 201 12.6

26.6 190 11.9

26.2 188 11.8

25.9 146 9.1

25.1 92 5.8

The maximum beam current and beam transmission obtained to the 1.125 MeV beamstop at 4.8
amperes of arc current as a function of rotation of the 4Q injection line as a whole is given in Table 4.16.
The same arc current setting and ion source configuration as was used for Table 4.15 was also used for
these measurements. The listed rotation angle is for the position of the QO defocusing axis relative to the
lab vertical axis. Remember that the whole ‘injection line was rotated as a unit so that the QO defocusing
axis angle was the same as the Q1 and Q3 focusing axes, and the defocusing axis of Q2. Table 4.16
reveals that there is a broad peak in the maximum beam current through the QO angles of 25° CCW
through to 13° CCW and possibly beyond. The angles of rotation were limited to those shown due to the
physical limitations of the injection system.

The final orientation of Q0 with respect to the vertical was 21.7° CCW. This choice was made
because the position gave a maximum beam current in the broad peak, and it was physically convenient.
By reversing the polarities of all the quadrupole magnets, the QO position of 111.7° CCW could be
investigated (90° rotation). The beam current obtained at 111.7° CCW is that of the worst possible
- rotation angle for the 4Q injection line. At this rotation angle the beam cunept is approximately 20% less
than at the 21.7° CCW position. A variation in peak beam current of only 20% over all possible rotation
angles (180° covers all possible quadrupole angles due to symmetry) is quite moderate. The beam current
peak is likely quite flat over a fairly large range of rotation angles because the beam’s phase space area is

smaller than the center region acceptance over this range of angles. Consequently, the transmission rate

95



does not change until the beam’s phase space area is sufficiently perturbed by the injection line rotation
angle to be larger than the acceptance.

Table 4.16: Maximum beam current at 1.125 MeV as a function of the 4Q rotation angle for an arc
current of 4.8 amps and ion source configuration L105/PLS/EL8/WL.

Angle of Q0 Defocusing Axis Maximum Beam Current @ Percent Transmission IBS to
CCW from Lab Vertical Axis 1.125 MeV Beamstop (uA) 1.125 MeV Beamstop
© ‘

29.7 202 12.6

27.0 202 12.6

247 211 - 13.2

22.0 212 133

217 212 13.3

194 211 13.2

14.0 212 13.3

12.9 212 13.3

111.7 175 11.0

Recall from section 4.4.1.1 that the 4Q injection line was rotated so that the initial QO defocusing'
axis angle was 37° CCW of the inflector entrance electrode edge angle, which was at 10° clockwise (CW)
of vertical. Recall also that it was eventually determined that the inflector entrance electrode edge angle
was 14° CW of vertical, which meant that the initial QO rotation angle should have been 23° CCW of
vertical. If Q0 had been installed at 23° CCW of vertical, the beam transmission would have been within
the broad beam current peak of Table 4.16. Note also that the eventual final QO rotation angle of 21.7°
CCW of vertical is very close to the predicted angle of 23° CCW of vertical.

Table 4.17 compares the maximum beam currents and corresponding transmission rates obtained
at various arc current settings for the 21.7° CCW and 111.7° CCW positions. The peak beam currents for
the 111.7° case are consistently 20% less than for the 21.7° case. Also of interest is that a comparison of
the 21.7° beam currents with the L105/PL8/EL8/WL beam currents of Table 4.14 reveals about a 7%
beam current increase for the optimal rotation angle. This suggests that all the beam currents and percent
transmissions of Table 4.13 and 4.14 are slightly sub-optimal. If the rotation angle was corrected and the
various ion source conﬁgurationé were re-tested, the already excellent transmission rates reported in thgse

tables could be improved upon. Of particular interest, in Table 4.17, is that at the 21.7° rotation angle and




an arc current setting of 7.3 ampere, a beam current of 275 pA at 1.125 MeV was obtained. This was the
highest current obtained to 1.125 MeV for any system tested.

Table 4.17: The maximum beam current and transmission rates as a Junction of arc current and 4Q
rotation angle for the L105/PL8/EL8/WL ion source configuration.

Arc=2TA Arc=48A Arc=64 A Arc=73A
1.125 MeV Beam Current (4Q/21.7° CCW) 140 212 253 278
IBS to 1.125 MeV Percent Transmission . 12.7 133 13.1 133
1.125 MeV Beam Current (4Q/111.7° CCW) 113 175 201 221
IBS to 1.125 MeV Percent Transmission 10.2 11.0 10.4 10.7

4.5 TESTS OF 3Q INJECTION ARRANGEMENTS WITHIN THE 40 LAYOUT

Using a 4Q system as the nominal injection system provided the opportunity to investigate a
limited number of 3Q injection systems. The likelihood of any of the 3Q systems performing spectacularly
was thought to be low, as the various permissible arrangements within the 4Q layout were not optimal in
terms of transport and matching. However, testing these 3Q arrangements would give some indication of
general 3Q performance. If one of the 3Q arrangements had transmission characteristiﬁs which were
sufficiently high, then it would also be considered a suitable candidate for the TR13, along with the 4Q
system.

The 3Q arrangements were tested using the nominal L155/PL10.8/EL10/NL ion source
configuration, and the original injection line rotation given in section 4.4.1.1. Table 4.18 gives the
inflector exit beamstop current readings for three different 3Q arrangements, and the nominal 4Q results
from Table 4.10 are also included for comparison.

Table 4.18: The 3Q and the nominal 4Q inflector exit beam current readings as a function of arc current
using the L155/PL10.8/EL10/NL ion source configuration.

Arc=2.7A Arc=48A Arc=64A

Nominal 4Q Beam Current @ Inflector Exit (uA) 617 963 1210
3Q: Q0 =0, Beam Current @ Inflector Exit (nA) 483 670 858
3Q: Q2 = 0, Beam Current @ Inflector Exit (nA) 460 810 1026
3Q: Q3 = 0, Beam Current @ Inflector Exit (uA) 502 815 ' 1040

The Table 4.18 results show that 3Q arrangements with the upstream quadrupoles powered are

preferred. This is because, as we have already discovered, the source beam is overly divergent given the




initial drift length and the quadrupole bore size, so the closest two quadrupoles to the ion source must be
powered to initiate the focusing process where the beam is as small as possible. Of the two configurations
that powered QO and Q1, the one with Q3 not powered was best.

The 3Q configuration with Q3 not powered was tested with polarities reversed at an arc setting of
2.7 amperes. In this situation the beam current at the inflector exit was 465 pA, which was worse than at
the original polarity. Thus, the original polarity was deemed best for this 3Q system.

The 3Q tune with Q3 not powered was with Q0 = 3.03 amperes, Q1 = 4.5 amperes and Q2 = 2.3
amperes. This setting also peaked the beam current at the 1.125 MeV beamstop at 48 pA for an arc
current of 2.7 amperes. This compares with a 4Q beam current of 76 pA for the same circumstances.

The 3Q arrangements tested gave beam current results which were substantially worse than the
~nominal 4Q arrangement, but which were comparable to the results of the nominal SQQ arrangement
(Table 4.2). In order to find a 3Q system with better transmission results, the initial drift space issue
would have to be solved, as has been the case for all injection systems discussed so far, and the three
quadrupole magnets would have to be optimally positioned with respect to the inflector entrance.

4.6 TESTS OF 20 INJECTION ARRANGEMENTS WITHIN THE 40 LAYOUT

Tests of the ZQ injection systems were limited in the same way that tests of the 3Q injection
systems were. However, as was the case for the 3Q systems, the 2Q systems were tested to give an
indication of general performance. The beam transmission rates for the various 2Q systems were of
particular interest because if they were high enough, the 2Q system would be the most cost effective
injection sysfem meeting the TR13 requirements.

Since the source beam needs as small an initial drift as possible prior to being focused, it was
thought to be essential for Q0 and Q1 to be the magnets which were powered. Table 4.19 shows that if the
first two magnets wel:e powered with nominal polarity (i.c. same polarity as for the nominal 4Q

arrangement), the beam transmission was much better than for the cases where Q1 and Q2 were powered.

In fact, the 2Q system performs as well as the 3Q systems described in Table 4.18, and thé SQQ system




described in Table 4.2. The 2Q results shown in Table 4.19 were thought to be good enough to transport
over 110 pA to 1.125 MeV.

Table 4.19: The 2Q inflector exit beam current readings as a function of arc current using the
L155/PL10.8/EL10/NL ion source configuration.

Arc=2TA Arc=48A Arc=64A

2Q: Q2 = Q3 = 0, Beam Current @ Inflector Exit 475 840 1091
®A)

2Q: Q0 = Q3 = 0, Beam Current @ Inflector Exit 217 349 455
®A)

2Q: Q2 = Q3 = 0 Reversed Polarity, Current @ 264 400 502
Inflector Exit (uA)

Although the Table 4.19 beam currents are not as good as the Table 4.11 beam current results,
the 2Q system had sufficiently high transmission and matching capabilities to obtain 1188 pA of beam
current at the inflector exit beamstop and 120 pA at the 1.125 MeV beamstop for the case where 7.3 amps
of arc current was used in the L155/PL10.8/EL10/NL ion source configuration. The 2Q magnets were of
nominal polarity with excitation currents: Q0 = 3.21 amps and QI = 3.4 amps. Obtaining 120 pA at 1.125
MeV was slightly worse than for the SQQ system with permanent solénoid magnets, which obtained 130
pA (Table 4.3). Nevertheless, the 2Q system performance is sufficient for the TR13 cyclotron.

Since the 2Q performance was good enough for the TR13 system, and because it was the most
cost effective system, it was further tested with respect to other ion source configurations and axial
rotation. The 3Q system, on the other hand, was deemed uninteresting and was not further tested.

One test of the 2Q system was with the L155/PL6/EL8/NL ion source configuration. At 7.3
amperes of arc current, the beam current obtained to the inflector exit was 810 pA, which is remarkably
close to the 876 pA current obtained with the 4Q system (from Table 4.13). This indicates that if the
source beam is less divergent, then the 2Q system approaches the 4Q system in terms of transporting the
beam through the inflector. Table 4.20 reveals the beam transmission rate from the IBS to the 1.125 MeV
beamstop, as well as the peak beam currents for several arc current settings (L105/PL8/EL8/WL) for the

nominal 2Q system (Q2 = Q3 = 0). Again the transmission rates are not as good as for the 4Q system

(Table 4.14), however, the minimum beam current requirement for the TR13 system is certainly achieved.




Table 4.20: Beam current readings at the IBS and at the 1.125 MeV beamstop as a function of arc current
Jor the 2Q injection line configured with the L105/PL8/EL8/WL ion source.

Source Arc=27A Arc=48 A Arc=64 A Arc=73A
Configurations
“IBS L1135 % IBS L1235 % IBS 1125 % IBS 1125 %
MeV Mev MeV MeV
L105/PLS/EL8/WL 1103 91 83 1598 149 93 1925 179 93 2075 - -

The 2Q peak beam current at 1.125 MeV as a function of axial rotation angle was also tested.
Note that the injection system was rotated as a whole, but that the rotation angle was referenced to QO.
Figure 4.20 reveals that there is‘ a strong correlation between 2Q axial rotation angle and beam
transmission. The correlation is likely strong for the 2Q case because the 2Q beam’s elliptical phase space
areas do not necessarily all fit through the center region acceptances, so beam transmission varies
significantly as a function of the size of these phase space areas and their alignment with the acceptance
region.

Unfortunately, the 4Q final position of 21.7° CCW of the lab vertical for the QO defocusing axis
does not place the 2Q system at its optimal rotation. However, the 4Q system was the nominal system for

the Chapter 5 experiments, and thus the rotation angle was peaked for the 4Q arrangement.
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Figure 4.20: The peak beam current @ 1.125 MeV for the 2Q system and L105/PL8/EL8/WL source
configuration at 4.8 amps of arc as a function of the axial rotation angle of the Q0 defocusing axis.
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4.7 CENTER REGION MEASUREMENTS WITH THE 40Q, 30 AND 2Q INJECTION SYSTEMS

The C.R.M. cyclotron system comes complete with a number of diagnostic probes for performing
detailed beam studies in the center region. Altogether there are four such probes. The 1.125 MeV
beamstop has been discussed previously. The three other probes will be described in the following sub-
section. These probes were used to quantitatively measure the radial and/or axial beam intensity profiles
under a variety of operating conditions. Consequently, this section of the thesis will report on the location
of the radial and axial orbit centers for the 4Q system, beam intensity profiles as a function of the injection
system type (2Q, 3Q, 4Q), and the axial and radial circulating emittances for the 4Q system. In addition,
the variation in transmission as a function of the main magnet current setting, the inflector electrode
potential settings and the injection quadrupole magnet current settings will be described. Note that all
measurements discussed in this section were made with the L155/PL10.8/EL10/NL ion source
configuration with the original 4Q injection line axial rotation angle of 27° CCW of vertical for the QO
defocusing axis specified in sub-section 4.4.1.1. All 2Q, 3Q and 4Q system tunes (including the ion
source) utilized in this section were those used to produce maximum beam to 1.125 MeV t_'or a given arc
current. Although, it would have been interesting to have performed center region measurements for other
ion source configurations, it was felt that more useful information per unit time could be determined by
performing the inflector experiments of Chapter 5 instead.

4.7.1 THE C.R.M. DIAGNOSTIC SYSTEM LAYOUT

The four C.R.M. diagnostic probes are shown in Figure 4.21. Probes #3, #5 and #6 can be moved
radially by typing commands processed by an automated control system. The probes have ranges of 75
mm, 84 mm, and 88 mm, respectively. The position readbacks for these probes were output on a computer
terminal. The readback systematic error was *+ 0.30 mm, and the raﬁdom error was + 0.05 mm. The 1.125
MeV probe remained fixed at a particular radius through any particular series of measurements, but it
could be re-adjusted, if necessary. The nominal radius for the tip of this probe was 118.0 + 0.3 mm from
the C.R.M. center. The nominal axial centering of the other probes was to within + 0.2 mm of the median

plane (90.0 mm from the valley floor), and the axial widths of the probes were 15.0 mm, except for probe
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#5 whose axial width was as pictured in view AA of Figure 4.21. The head of probe #3 contained an axial
slit (0.5 mm wide) for scanning vertical slices of the beam. During experiments this probe seriously
malfunctioned invalidating measurements taken with it.'As a result, measurements made with probe #3

are not presented.
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Figure 4.21: A schematic layout of the C.R M. central region and its probes.

The current readbacks from the integral cuﬁent portion of probes #5 and #6, and the 1.125 MeV
beamstop were observed on the standard current meters discussed in Appendix II. The differential
portions of probes #5 and #6 had their current readbacks read from Keithley current meters. The integral
current probe components were biased at 300 volts, and the differential probe components were biased at
45 volts.

4.7.2 RADIAL BEAM MEASUREMENTS IN THE CENTER REGION

Probes #5 and #6 were used to obtain beam centering and beam pfoﬁle information as a function

of radius in the C.R.M. center region. The injection line configuration for these tests was the 4Q set-up

with the ion source set at a nominal arc current of 2.6 amperes. As described in sub-section 4.3.1.4., the

102



emittance of a beam produced at this arc current will be larger than that of a beani produced at a higher
arc current, however, the diagnostic probes are only indirectly cooled through boron nitride insulators, so
it was important that a relatively low beam current was used to avoid melting the probe heads.

Figures 4.22 and 4.23 show the differential probe scans produced from probes #6 and #5,
respectively. The beam intensities (dI/dR) are given in arbitrary units (a.u.). The measurements were done
with a system tune as described in Table 4.21. A few general comments can be made at this stage. First,
the intensity distributions of turns #0.5, #1.0, and #1.5 are not to be taken too seriously because, for these
turns, the probe heads come in close proximity to the centef ground electrode. This causes the secondary
electron capturing conditions to change, which alters the measurements in an unpredictable manner.

Figures 4.22 and 4.23 clearly indicate the radial locations of the peak beam intensity points at
each half-turn. In addition, a characteristic beam intensity profile shape that has a steep slope on the outer
radius side of a given turn and a milder slope on the inner radius side is evident. This shape can be
understood in terms of the acceleration process which the beam experiences. First of all, consider that the
RF voltage placed upon the dees has a sinusoidal variation in time. This means that if each accelerated
beam pulse was divided up into infinitesimal slices in time, each of these would cross the dee gap at a
different phase of the RF. Consequently, each time slice of the beam would be accelerated by a different
voltage. For example, the accelerating voltage seen by an infinitesimal time slice of the beam that arrives

at the dec gap when the RF waveform has already passed its peak by 10° (i.e. ¢gp = —10°) is at 50-Cos(-

10°) kilovolts. Furthermore, if the cyclotron magnetic field is isochronous, this particular time slice of the

beam will always cross the dee gaps at ¢pp = —10°. This has serious implications on each accelerated

beam pulse because each time slice of the beam will always be accelerated by a consistent energy
increment unique to its phase. This causes each time slice of a beam pulse to travel at a different radius of
curvature. Those beam slices not too far out of phase with the peak of the RF wave form will pile intensity
into the outer radius side of the peak of the beam pulse (steep slope), and those which are fairly far out of

phase will spread intensity over the inner radius side of the peak of the beam pulse (mild slope).
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Figure 4.22: A radial beam intensity scan with a single finger differential probe head on probe #6.
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Figure 4.23: A radial beam intensity scan with a single finger differential probe head on probe #5.
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Table 4.21: The C.RM. & 4Q/L155/PL10.8/EL10/NL injection system setpoints for probe #5 and probe
#6 center region radial beam intensity scans.

SETTINGS AND READINGS PROBE #6 &
#5 RUN
Arc Current (A) 2.6
Hydrogen Flow Rate (cc/min) 4.6
Plasma Electrode Current (A) 1.8
Plasma Electrode Voltage (V) 2.8
Extractor Electrode Current (mA) 9
Extractor Electrode Voltage (kV) 1.73
Source Bias Voltage (kV) 25.0
Ist Steering Magnet [x,y] (A) [0.61,0.68]
Q0 (A) 2.11
Q1 (A) 4.1
Q2 (A) 4.4
Q3 (A) 3.92
Main Magnet (A) 446
Inflector (kV) 17.6
Cyclotron Vacuum (Torr) 1.8x10°6
RF (kW) 7.5
1.125 MeV Beamstop (pA) 69

Recall from section 4.4.2.2 that up to 14% of the continuous beam current provided to the RF can
be accelerated. This corresponds to totally populating the RF phases between +25°. However, if it is
assumed that all of the accelerated phases have lost some intensity due to collimation in the axial plane,
then a larger RF phase band will be required to transmit 14% of the original beam, say the phase band
between 132° for sake of argument. Figure 4.24 illustrates the azimuthal and radial distribution of such a "
beam at turn #5.5 and at turn #4.5. The nominal radial width of each time slice in these beam pulses was
chosen to be 3 mm for purposes of illustration.

The RF frequency is at four times the cyclotron frequency, so the azimuthal extent of the two
beam pulses is only +8° iﬁ Figure 4.24. As expected, the leading and trailing edges of the two beam pulses
are traveling at substantially smaller radii than the pulse centers which have received the full 50 kilovolts
of acceleration at each dee gap. Figure 4.24 also makes it apparent that the radial location of the leading
and trailing edges of the turn #5.5 beam pulse (positive and negative RF phases) overlap with the radial

location of the center of the turn #4.5 beam pulée (0° RF phase). This explains why the radial beam
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intensities from different turns in Figures 4.22 and 4.23 overlap, indicating that, for cyclotrons with large

RF phase acceptances, the turns may not be separated even in the center region.
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Figure 4.24: A schematic of the beam pulse spatial distribution at turns #4.5 and #5.5.
Now consider probe #6 when it radially scans through a continuous stream of the turn #5.5 beam
pulses depicted in Figure 4.24. As this probe traverses the beam from the outer radius side to the inner
radius side, the measured intensity will rapidly climb to a peak because the center % of the time slices in

the boomerang shaped pulse (¢pp between 8°) will have almost identical radii because each will have

received accelerating voltage kicks which vary by only about +0.5%. However, as the probe moves toward
smaller radii each beam time slice is spread through a range of radii. Due to this smearing of time slices
across the inner radii, the beam intensity falls off gradually on the inner radius side of the beam pulse.
But, as already discussed, from the perspective of a radial probe, the beam intensity on the inner radius
side of turn #5.5 will not reach zero before it rises sharply as a result of the overlap of the turn #5.5 and
the turn #4.5 intensity distributions.

A simple model can be constructed which can approximate the measured intensi@ distribution

quite well. The modeling procedure, as implemented within Mathematica [101] is as follows:
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Divide the RF phase band of the beam pulse into beam slices at 2° intervals.

Assume each beam slice has an identical radial gaussian intensity distribution.
Discretize the radial intensity distribution of each beam slice using 0.1 mm increments.
Center the radial intensity distribution of each beam slice @ radius (R(p -0o— AR,

@ = beam slice")'
Sum the radial intensity distributions of each beam slice as a function of radius.
Iteratively adjust o, R, _ oo and the size of the RF phase band until the summed radial intensity curve

approximates the measured intensity curve (Figures 4.22 and 4.23) reasonably well.

Using this prescription the measured radial intensity distribution for turn #5.5 was approximated.

The resuits are shown in Figure 4.25. The parameters used to achieve this fit were c = 1.4 mm, R(p - =

117.8 mm and an RF phase band of +32°. As can be seen the model simulates the measured intensity

distribution very well. This model is also very useful in that one can quickly obtain the important beam

related quantities (o, Ry, _ oo & the RF phase band) and verify that they represent the measured results

well. Although this simple model is useful, be aware that it assumes that the cyclotron is isochronous, that

a gaussian distribution is appropriate for an individual phase slice, that all the phases are radially identical

at the azimuth of the measurement probe, and that no partly filled phases exist.
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Figure 4.25: The measured and simulated turn #5.5 radial beam intensity distributions, and the radial
beam intensity distribution of the g = 0° beam slice.
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The magnitude of ¢ is important because one can use it to directly estimate the circulating
emittance of the cyclotron at turn #5.5. First, however, note that the phase ellipse of each beam slice in a
given beam pulse will actually be at a different stage of phase space evolution due to phase dependent
focusing in the center region [44]. This indicatés that each phase slice should have had its own gaussian
distribution. The fact that a single gaussian distﬁbution was used for each phase slice with a good result
implies that this single gaussian distribution is acting as an average distribution across all phase slices. In
other words, the single gaussian distribution is a good candidate for being the distribution which
represents the circulating emittance phase space region. Now given that the circulating emittance is
constructed as a composite of many individual phase spaces smeared across each other, a reasonable
approximation for the shape of this region in radial phase space is that of an upright ellipse. Since this
phase space shape corresponds to the matched ellipse of a dipole, one can use the relationship for the
normalized emittance given in equation 3.1 to calculate the normalized er}littance at turn #5.5. All the
parameters needed to evaluate equation 3.1 are available. For example, a 26 beam half-width is a good

approximation to the x, . dimension of a 4rms ellipse (X, = 20 = 2.8 mm). The radial tune v, is equal

to 1.03 at this radius [92]. The cyclotron radius for the average magnetic field of 12 kG (refer to Figure
5.10) and a beam kinetic energy of 1.125 MeV is 127.7 mm. Lastly, the value of By is 0.049. This results

in a normalized radial emittance g, ~ 0.003 mm-rad = 3 mm-mrad. Under column heading RUN 1

rad_circ
in Table 4.1, the 4rms emittance for the L155/PL10.8/EL10/NL ion source configuration used here was
given as 0.49 mm-mrad. This gives a value for the emittance growth in the radial phase space of 3/0.49 ~
6, which is comparable to the factor of 5 computed in section 3.2.3. With an emittance growth factor of 6,
a normalized radial circulating emittance of about 1.5 mm-mrad can be expected for the favoured
L105/PL8/EL8/WL ion source configuration.

The summed intensity distribution peak radius is less than 1 mm lower than the @pp = 0°
intensity distribution peak radius (refer to Figure 4.25). Knowing that this is also true for lower energy

turns, provides a means for establishing whether the beam has been injected into the center region

properly. With the magnetic field varying as a function of azimuthal angle, it was difficult to establish the




ideal beam path using a simple model, so computer simulations were used. Figure 4.26 illustrates the
beam path for the gy = 0° beam slice through the first 3.5 turns in the C.R.M. {102]. Verifying whether
the radial peak intensity point; of Figures 4.22 and 4.23 were less than-l mm smaller than the @gp = 0°
beam center will give a good indication of whether the real beam had been correctly injected by the \
| inflector and the injection system. Table 4.22 lists the radial peak beam intensity points and the @gg = 0°
beam centers at the same azimuthal positions. The table verifies that the real beam was indeed traveling as
expected (i.e. within 1 mm) with respect to the calculated beam. This indicates that the beam was properly

injected into the center region.

T32V180.0RB | e=.57 mm—mlrod,
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Figure 4.26: The radial trajectory and beam envelope of a beam accelerated at grr = 0° within the
C.R.M.. Dimensions are in centimetres.
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Table 4.22: The radial locations of the beam intensity peaks as determined by the probe #5 and #6 scans
in Figures 4.22 and 4.23 and the calculated ¢rr = 0° beam slice’s radial centers along the probe #5 and
#6 azimuthal insertion paths as measured from Figure 4.26*.

PROBE # TURN # PEAK INTENSITY 0° PHASE BEAM
RADIUS (mm) CENTER RADIUS (mm)

6 0.5 361 36.5
5 1.0 49.0 48.5
6 1.5 59.0 60.0
5 2.0 69.0 68.5
6 2.5 78.0 77.0
5 3.0 83.0 83.5
6 35 91.0 91.0

5 4.0 95.0 -
6 4.5 104.5 -
5 50 107.0 -
6 5.5 ' 117.0 -

* Error on radii is = 0.5 mm except where stated.

Another radial beam experiment, which was done .to help confirm the modeling results, involved
measuring the beam current fall-off on the 1.125 MeV beamstop as probe #6 moved radially inward. By
doing so, the 2c beam width established above was checked, and the full beam size at the 1.125 MeV
beamstop was ascertained.

Figure 4.27 shows the fall-off of the 1.125 MeV beamstop\ current as a function of the position ofv
the #6 and #5 probe tip positions, and Figure 4.28 shows dI/dR as a function of radius at the 1.125 MeV
beamstop, where I is beam current and R is radius. The differential beam intensity profile shape has
basically the samelnon-gaussian differential beam intensity distribution as is shown in Figure 4.25. This
means that if the beam intercepted by the 1.125 MeV probe was actually extracted, it would also have this
same non-gaussian shape. This shape is observed in the extracted beam of the TR30 as is shown in Figure
4.29 [103], although the extracted shape in the TR30 case is complicated by the effects of multi-turn
extraction.

Alihough the differential beam intensity distribution at 1,125 MeV is not a gaussian distribution,
where the intensity falls to a value of €2 times the peak intensity will be considered to be the boundary of
the +2¢ beam. This gives a beam size of about 13.5 + 1 mm. Using the formula of [1041 for the beam

width at an extraction point, the equation:
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Width = %Rf—+ Xpmax SN2V, ). 4.2)
T dn ‘

with dR/dn (radius gain per turn) = 12.5 mm (refer to Table 4.22), x.,, = 2.8 mm, and v, = 1.03 yields a

beam width of 13 mm, which is in good agreement with the measured beam size.
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Figure 4.27: Beam current @ the 1.125 MeV beamstop as a function of probe #6 and probe #5 radial
positions. .
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Figure 4.28: The differential beam intensity @ the 1.125 MeV beamstop as a function of the position of
probe #6.
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Figure 4.29: The horizontal intensity profile of a 30 MeV’ proton beam extracted from the TR30 cyclotron. |
The value for x_,, can be obtained by another method. According to [104], 2-X.,,, is equal to the

difference in the lengths of the probe #5 and probe #6 shadow regions in Figure 4.27. The length of the

probe #5 shadow region is 18 + 1 mm, and the length of the probe #6 shadow region is 13 + 1 mm.

Therefore, the value of x_,, according to this scheme is 2.5 £ 1 mm. This is in agreement with our

previous estimates.
4.7.3 VERTICAL BEAM MEASUREMENTS IN THE CENTER REGION
Vertical beam intensity information was obtained using probe #5 outfitted with a differential
three-finger probe head (refer to Figure 4.21). The measured differential beam intensity as a function of
probe tip radius and axial height is given in Figure 4.30. Information must be gleaned very carefully from
this figure, as a number of approximations and smoothing operations were performed to obtain the image.
.The axial beam intensity distribution was assumed to fall-off in a gaussian like manner.
Assuming a value for o of approximately 1.4 mm (i.e. conforming to the expected efnittance growth as per
[48], one can see that it would be unfair to place the outer finger intensity values at axial coordinates *
5.05 mm, which is where thé outer finger centers were located. In a somewhat arbitrary manner, the outer

finger intensity values were located at the axial locations of + 3.0 mm. These locations are 0.2 mm within

the inner axial boundaries of the outer fingers.
\
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Figure 4.30: Differential beam intensity as a function of radius and axial height. This data was obtained
using probe #5.

The first warning to be made concerning the image is that the high intensity and off-median
plane position of the first turn beamspot might have been due to improper secondary electron capture at
this position.

As one might expect with only three data points in the axial direction for every radial increment
of the probe, the data was too sparse to be directly converted into a contour plot. Therefore, the program
Transform [105] was used to fill in and smooth the data according to a statistical process known as
kriging. Kriging replaces each missing data value with a weighted calculation that minimizes the variance
of the whole data array. The weighting function assigns weights to those intensities neighbouring the
missing intensity value. The weighting function used for the data displayed in Figure 4.30 was 1/R2.

In terms of observations based on Figure 4.30, note that the outermost turns of the beam are
centered on the median plane (axial height of zero). One can also sece the overlap of the RF phases
between turns. Consider the outermost turn (#5). The intensity peak is due, as discussed previously, to
roughly the center +8° of RF phase whereas the diminishing intensity between the 5th and 4th turns is due
to the RF phases between roughly +8° and +32°. A final observation is that the intensity peaks of Figure

4.30 are at the same radii as shown in Figure 4.23 and listed in Table 4.22. This repeatability confirms
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that the probe readbacks were calibrated in the same manner.for the two figures, and that the same tune
can be reliably achieved in the C.R.M. on different experiment days.

For those readers that are not particularly familiar with accelerator physics, the following
discussion provides a simplistic, but roughly accurate explanation of the axial beam size changes over the

first five turns as illustrated in Figure 4.30. An average value of the axial tune v, over the first five turns

is 0.333 [92]. This indicates that three full turns are required to achieve one axial oscillation. Figure 4.31
shows a schematic representation of two axial rays executing betatron oscillations overlaid on the ray’s
rotation cycle around the cyclotron. Given that turn #5 in Figure 4.30 appears to be at a waist, the two
rays in Figure 4.31 were shown to be focused to a point at turn #5. Traversing the two rays backwards
from turﬁ #5 and noting the axial separation of the rays (i.e. iﬁdicating axial defocusing or focusing)
shows a rough correspondence to the beam sizes at turns #4, #3, #2, #1 as illustrated in Figure 4.30. For
example, turns #4 and #3 appear to be defocused in Figure 4.30, and then turn #2 appears to be at a waist

again, in correspondence with the ray trajectories of Figure 4.31. This gives some reassurance that vy is

indeed approximately 0.333.

£0 A #2 43 #4 #5
CYCLOTRON PERIOD

AXIAL OSCILLATION PERIOD

Figure 4.31: Axial betatron oscillations for v, equal to 0.333.

114




Recall that the inflector will couple the radial and axial phase spaces. This means that at the
inflector exit one would expect to see the elliptical beam intensity profile to be rotated with respect to the
radial and axial axes. Once acceleration takes place, though, the smearing of phases with radius and the
gradual process of phase mixing will begin to hide this coupling. However, this radial/axial beam
coupling does appear to still be visible in Figure 4.30 at turn #4, for example.

An estimate of the effective axial circulating emittance can be made using equation 3.1, if the
radial parameters are replaced with axial parameters. Since the axial width is oscillating, as discussed
above, the overall effective circulating emittance can be estimated by using the largest axial beam size

attained between turns #2 and #5. Turn #3 has the largest axial width (2-y,;.,.), and it is 10 £ 2 mm. Thus,

Ymax iS €qual to 5 £ 1 mm. With an axial tune vy equal to 0.333, a cyclotron radius, for the average

magnetic field of 12 kG and beam kinetic energy of 0.625 MeV, of 95 mm, and a value of By equal to

0.037, an estimate of the axial circulating emittance € = 0.003 mm-rad = 3 mm-mrad can be given.

n_ax_circ
This again corresponds to an emittance growth of approximately 6.
4.7.4 A COMPARISON OF 2Q, 3Q AND 4Q BEAM PROFILES AT TURN #5

Probe #5 three finger differential intensity scans at turn #5 were obtained for the nominal 2Q (Q0
and Q1 powered), 3Q (QO0, Q1 and Q2 powered) and 4Q injection line scenarios. Each injection line
scenario was tuned to maximize the beam current at the 1.125 MeV beamstop using the
L155/PL10.8/EL10/NL ion source configuration @ 2.6 amperes of arc current under the original injection
line axial rotation angle where the Q0 defocusing axis was set at 27° CCW to the lab vertical axis. Also,
one 4Q profile was taken with the arc current set to 4.8 amperes. The three former profiles were taken to

determine the manner in which beams from different injection line scenarios differ after having been

accelerated through several turns. The latter profile was measured to see whether the substantially smaller

emittance of the 4.8 ampere arc current beam was still evident after several turns of acceleration.
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Figure 4.32: The turn #5 beam intensity contours for the nominal 2Q injection line scenario @ an arc
current of 2.6 amps. The integrated beam current was 46 uA.
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Figure 4.33: The turn #5 beam intensity contours for the nominal 3Q injection line scenario @ an arc
current of 2.6 amps. The integrated beam current was 42 pA.
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Figure 4.34: The turn #5 beam intensity contours for the nominal 4Q injection line scenario @ an arc
current of 2.6 amps. The integrated beam current was 69 uA.
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Figures 4.32, 4.33 and 4.34 contain contour plots of the beam intensity distributions for the 2Q,
3Q and 4Q scenarios. The spacing of the three finger data and the use of kriging to fill in the sparse data
in a smooth manner was done as described in the previous sub-section and in Appendix II. The three
contour plots look very similar to each other. Their radial aﬂd axial centers are located at very nearly the

_same points, and their general contour shapes are similar, as well. This illustrates that the cyclotron
heavily dominates the shaping of the beam regardless of which system injects the beam.

Certain differences between plots do exist, however. In particular, the lower level contour lines of
the 2Q scenario extend out to larger radii, while the same low level 3Q contour lines extend out more
towards inner radii. This could indicate that the 2Q system places more beam in the central RF phases
while the 3Q system places more beam in the very positive or negative RF phases.

The 4Q system, on the other hand, populates all phases more densely. In fact, the total beam
current at the 1.125 MeV beamstop for the 4Q system was 69 pA, whereas the 3Q and 2Q systems were
able to put 42 pA and 46 pA, respectively, onto the 1.125 MeV beamstop. The difference in total beam
current between the 4Q system and the other two can be partially accounted for by the relatively low 3Q
and 2Q beam transmission rates through the injection line. The rest of the beam loss for these two systems
arose due to their poorer beam matching capabilities.

Lastly, note the mild axial/radial coupling on the outer radius side of each of the contour plots
(Figures 4.32, 4.33 and 4.34). It is interesting to note that this injected asymmetry still persists out to the
fifth turn.

Figure 4.35 illustrates the beam intensity contours for the 4Q scenario where the arc current
setting has been increased to 4.8 amps. The magnitude of the normalized emittance of the beam for this
arc current setting is 65% that of the 2.7 amp arc current case, as shown in Table 41 This corresponds to
a 20 radial beam width of about 80% that of the 2.7 ampere arc current case. A shorter radial 26 width
means that the RF phase slices that almost add on top of each other (i.e. those between £8°) will cause the
radial intensity distribution to have a very steep slope between the peak intensity and the outer radius side.

Also, of course, the 4.8 ampere arc current case will have a higher peak intensity point because the total
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extracted ion source cu_rreqt is hjgher.. The total beam current for Figure 4.35 was 108 pA at the 1.125
MeV beamstop.

Qualitatively speaking, Figure 4.35 shows a very steep radial slope on the outer radius side, and
the overall arca of the beam as deﬁned by the lowest contour level is about the same size as the Figure
4.34 beam. These observations tend to support the argument that the Figure 4.35 beam is of a lower

emittance than the Figure 4.34 beam.

AXIAL HEIGHT (mm)’

T T I ]
100 103 106 109 112

RADIUS (mm)

Figure 4.35: The turn #5 beam intensity contours for the nominal 4Q injection line scenario and an ion
source arc current of 4.8 amps. The integrated beam current was 108 uA.

4.7.5 C.R.M. MAGNETIC FIELD VARIATION AND ITS EFFECT ON BEAM TRANSMISSION

A change in the C.R.M. magnetic field magnitude can affect the radial position of the beam at
the inflector exit, the axial position (due to cross-plane coupling) at the inflector exit, the radius of
curvature of the beam and the synchronization of the ion cyclotron frequency with the RF frequency.
Observing the transmitted beam current at the 1.125 MeV beamstop as a function of the average magnetic
field magnitude or the magnet excitation current will not discern between these various effects. However,
it will provide clues as to whether positive or negative RF phases are preferred, as to the manner in which
different RF phase bands are selected, and as to the general sensitivity of the beam transmission to
perturbations in the magnitude of the magnetic field.

Figure 4.36 shows a plot of the beam current at 1.125 MeV as a function of the C.R.M. magnet

excitation current. The peak current transmission occurs at 445.5 + 0.5 amps. The C.R.M. is insensitive to
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changes in the excitation current over a 2 amp region denoted as region 3. In general, a larger and flatter

peak region is preferred for tuning flexibility and beam stability.
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Figure 4.36: Beam current at the 1.125 MeV beamstop as a function of the C.R.M. excitation current.

Note that as the excitation current increases, the magnitude of the average magnetic field also
increases. Consequently, the radius of curvature of the beam decreases. As the radius of curvature
decreases in region 4, the slope of the beam current curve falls off fairly gently. This corresponds to
removing the, radially spread out and, therefore, less intense, large positive and negative RF phase slices
first. The removed beam has likely been skimmed off on ground posts and/or the dee gaps on the inner
radius side of the beam over the course of the first and possibly the second turn. As the radius of curvature
decreases e;/en further, the steep sloped region 3 is entered. The steep slope is a result of starting to
remove the intense central RF phases (roughly between £8°).

Note that the magnitude of the average magnetic field increases by c;nly 4.5% over regions 3, 4

and 5. This corresponds to a reduction in the radius of curvature of only 1.8 mm at turn #0.5 and 3.0 mm

at turn #1.5. This is not enough of a radial change to eradicate the full extent of the beam in the central
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region, whe.re the beam is spread over about 5 mm. Three other effects moderate the way in which beam is
lost. First, the centering of the beam is affected by an increase in the magnetic field strength. This could
cause the beam to be intercepted on either the low or high intensity side of eéch beam pulse. Second, an
increase in the magnetic field strength couples into the axial plane due to the inflector, so axial beam
losses could occur over all phases of the beam pulse. Third, the cyclotron frequency of the beam’s pulses
increase with the magnetic field strength. This causes each beam pulse to shift intensity into phases which
lead the RF voltage peak. This contributes to axial defocusing and to losing beam phases which lead the
RF voltage peak by so much as to be out of synchronization,

As the magnetic field strength is decreased, the radius of curvature of the beam increases. This
means that the central RF phases will be removed from the beam first. The loss of the concentrated central
phases explains the sudden steepness of the curve in region 2. As the excitation current is dropped further
and re_gion 1 is entered, a distinct mellowing of the slope of the curve in a similar manner to region 4 is
not clearly seen. This is due to the same three moderating effects mentioned above: changes in centering,
coupling to the axial plane and loss of synchronization.

4.7.6 INFLECTOR ELECTRIC POTENTIAL VARIATION AND ITS EFFECT ON BEAM
TRANSMISSION

The spiral inflector is comprised of two electrodes; one held at a negative electric potential and
the other held at a positive electric potential. The two electrodes are parallel at the inflector exit but are
rotated to an angle of 39.7° with respect to the median plane. If the electric potential difference between
the electrodes change, the beam shifts both axially and radially. Therefore, it is not a simple matter to
correct either radial or axial centering with thé inflector electrode voltage settings.

Figure ‘4.37 shows a plot where the contours correspond to the total current tra_nsrhitted to the
1.125 MeV beamstop, and the axes of the plot correspond to the electric potential placed on the inflector
electrodes. This plot shows that the.beam transmission remains peaked if the total potential difference is
kept at 15.3 + 0.1 kV. Given that the inflector electrode power supplies can be easily set to better than +
0.03 kV, the current transmission can be considered to be sufficiently insensitive to changés in the total

potential difference to be acceptable for typical cyclotron operation.

120




The transmitted current, in Figure 4.37, falls off faster if the total potential difference is less than
15.3 kV. If one refers to Figure 5.37, it is apparent that the beam is shifted to positions where the axial
height is greater than zero (y > 0) and the radial position is closer to the machine center (x > 0) as a result
of the lower electrode voltages. A beam with initial radial coordinates that were too small would be -
expected to lose the less intense positive and negative phases first. However, since beam loss was quite
rapid as the potential difference decreased another effect must have been dominating. In particular,
miscentering the beam to a higher initial axial position and a lower initial radius in combination with the
beam’s natural betatron evolution was obviously less compatible with the aperture spacings and positions

than a beam miscentered to a lower initial axial position and a larger initial radius.
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Figure 4.37: Beam current transmitted to the 1.125 MeV beamstop as a function of the inflector electrode
electric potentials. Current contours are in (u4).

4.7.7 INJECTION LINE QUADRUPOLE MAGNET CURRENT VARIATION AND ITS EFFECT
ON BEAM TRANSMISSION

The 4Q injection system tune was found to be stable and repeatable throughout the four month
test period. However, it was noted that the quadrupole magnet currents did not have to be adjusted by very
much to significantly affect the beam transmission. As an example of this consider Table 4.23 which

demonstrates the sensitivity of the current transmission to quadrupole magnet field strength changes.
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From this table it is clear that substantial decreases in transmitted beam current result from variations in
the quadrupole magnet current settings.

Table 4.23; Beam current transmission as a function of Q0 and Q3 field strength variation within the 4Q
system.

MAGNET  %FIELD % CURRENT
CHANGE CHANGE @
1.125 MeV
Qo0 4.5 -16.7
Qo +11.3 -27.5
Q3 -8.8 -21.5
Q3 +5.2 -23.5

4.8 SUMMARY

This chapter began with a description of the beam transmission tests performed on the SQQ
based injection line installed within the C.R.M. facility. This was done to establish baseline beam
transmission measurements with which to compare the Q based injection line measurements, and to
establish a back-up injection line scenario for the TR13 cyclotron. The divergence of the beam emanating
from the nominal ion source configuration coupled with the rather long initial drift space of this system
resulted in modest transmission rates from the ion source to the 1.125 MeV beamstop of about 8% (Table.

'4.4). The highest beam current recorded at the 1.125 MeV beamstop was 134 pA.

The large beam divergence’s produced by the nominal ion source configuration and the resultant
modest transmission rates for the SQQ system prompted a serious investigation of the ion source’s output
beam characteristics as a function of a number of geometrical and tunable variables. These investigations
were also valuable for establishing the ion source performance in an arc current range (0 to 7 amps) which
had not beep ¢xtensively studied before. The ion source investigations culminated in the selection of the
L105/PL8/EL8/WL ion source configuration as the best choice for the Q based injection line tests.

The Q based injection line tests established that the 4Q injection line was of interest with respect
‘to the TR13 because it could transmit the highest levels of beam current to 1.125 MeV. With the injection
line orientation angle optimized, a current of 275 pA could be obtained at the 1.125 MeV beamstop.

However, the 2Q injection line, which is considerably less expensive than the 4Q, 3Q and SQQ injection
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lines, could transmit a current of 179 pA to the 1.125 MeV beamstop, which was well above the 110 pA
minimum required at 1.125 MeV to ensure 100 pA of extracted protons from the TR13 cyclotron.
Therefore, the 2Q injection line was considered to be the best choice for the TR13 cyclotron system.

The Q based injection line tests also revealed other useful information. The beam current
transmission rates from the ion source to 1.125 MeV were as high as 13% for the 4Q system, whereas the
previous highest rate was 12% [48]. In addition, the beam current transmission from the inflector exit to
1.125 MeV was found to be 14%. This corresponds to a RF phase band of at least +25°. Novel injection
line orientation angle experiments showed that the 4Q injection line’s beam transmission was relatively
insensitive to orientation angle changes, whereas the 2Q injection line was quite sensitive.

Center region experiments were undertaken primarily with the 4Q injection system, but also with
the 3Q and 2Q, to verify that the beam had been properly injected. As well, a number of important beam
related parameters were measured. The beam was found to be of a reasonable size and properly centered
in the center region. The emittance gfowth was found to be approximately a factor of 6 in both phase
planes which corresponds well with the factor of 5 repdrted in [48]. A useful method was obtained for
simulating the radial beam intensity distributi(;n in th‘e center region, and it revealed that remnants of
phase slices as large as 32° on either side of the RF voltage peak may be present in the beam at ‘L.l25
MeV. The beam current transmission sensitivity as a function of the C.R.M. excitation current, the
inflector electrode potential difference and the injection line quadrupole magnet field strengths were
investigated and the results were tabulated or plotted.

After a number of months of investigating the beam character within the 4Q injection line and
the CR.M,, the combined 4Q/C.R.M. system became quite well understood. This provided a unique
opportunity to use the system as a “tool” to study the character of the beam immediately prior to entering

and immediately after exiting the inflector. This work is described in the following chapter.
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S.0 INFLECTOR EXPERIMENTS

The detailed experimental characterization of the ion source, injection line and center region in
Chapter 4 combined with the flexibility of the C.R.M. as a test cyclotron resulted in a unique opportunity
to perform ground breaking measurements of the injected ion beam in the vicinity of the inflector. A
review of the various cyclotron journals and accelerator conference proceedings [26-46] revealed that
virtually all papers concerned with cydotron inflectors were based on theoretical or numerical
calculations, and not on measured dat;l. An understanding of the optical behaviour of the inflector and of
the beam in the neighbourhood of the inflector is very important, as the literature makes clear. The fact
that measured data is rarely used to advance the state of the art is surprising, but can be understood in
terms of the extreme inaccessibility of the inflector within a typical cyclotron. As a consequence, there
exists a need for the development of an experimental technique for measuring the optical character of the
inflector. This chapter describes a comprehensive original technique for making such measurements. This
technique requires a well understood injection system, a collimation system to produce beamlets for ray-
tracing, a specially re-configured center region to _eprse thé inflector to view, a system of scintillators in
close proximity to the inflector for producing visible beaxﬁspots, a TV camera and frame grabber to record
images [106], and a set of image analysis procedures.

Again as a consequence of the lack of inflector related experimental data, even relatively basic
measurements are significant. Gross features, such as the beam size, shape, orientation and centering, fit
into this category and are presented. These measured characteristics are compared to simulations.

Detailed original measurements of the optical properties of the injection system and the inflector,
in particular, are made possible by generatiﬁg test beamlets with a small apertﬁre translatable collimator.
Measured changes in the beamlet position on scintillators immediately before and after the inflector as a
function of the phase space characteristics of the initial beamlets are then recorded. This data yields
quantitative constraints which must be met by the simulations if they are to be judged as correctly
representing the system. This permits, for the first time, the output from an inflector modeling code,

CASINO, to be tested with respect to measured data.
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With this more precise inflector and injection system transport characterization, the definitive
assessment of the emittance growth due to cross-plane coupling from the ion source to the inflector exit
can be made. The injected beam match to the cyclotron acceptance ellipses is also evaluated. These
numbers are compared to the radial and axial circulating emittance measurements made in Chapter 4. A
novel technique for measuring the (x, X', y, y') phase space coordinates for the central ray of each beamlet
is introduced, and the measured phase space region occupied by the beamlets is compared to the simulated
system phase space ellipses.

The experimental set-up also permitted a detailed study of measured beam displacements at the
inflector exit as a function of changes in the cyclotron magnetic field, the inflector potential and the beam
energy which have never been done before. This data was also compared to computer simulations.

5.1 GENERAL EXPERIMENTAL SET-UP

The C.RM. facility had to be brought into a state where scintillator images of beams or beamlets
could be viewed at the inflector entrance, exit or at a half-turn. In order to do this, a number of technical
details had to be sorted out. The technical areas of concern were divided up into the following 7 different
topics: collimation, inflector support, scintillator arrangement, optical considerations, frame grabbing,
image analysis, and general system set-up. One can get a feel for how these areas were addressed within

‘the CRM. facility in Figure 5.1. These topics are discussed in more detail in succeeding sub-sections.
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Figure 5.1: Layout of the inflector experiment equipment within the C.R.M. facility.
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5.1.1 COLLIMATION CONSIDERATIONS

It was known that both the entire beam and individual collimated beamlets would be required for
the scintillator experiments. For the experiments in which the entire beam was required, the collimating
device(s) were removed. For beamlet expériments, provision was made to use two independent collimating
devices that were separated by a drift distance. Using both of these devices would have permitted the
selection of beamlets with phase space centroids located at any desired location within the beam’s full (x,
X', y, ¥') phase space. However, after the commencement of experimentation, it was found that the beamlet
intensity, after being collimated twice, was not sufficient to provide adequate scintillation. Consequently,
the experiments were continued using only one collimation device. This resulted in a reduction in the
amount of useful information that could be obtained, but the experimental goals were still achieved.

The beam diameter at the collimation point was approximately 30 mm. Therefore, a 50 mm
range was specified for the linear motion drive which was used to position the collimator. The translation
accuracy of the drive was £0.05 mm. A water-cooled collimating plate with a vertical beamlet selection
piece was mounted to the linear drive which was in turn mounted to the diagnostic box as shown in Figure
5.2. Five knife-edged beamlet holes with 2.00 + 0.05 mm diameters were aligned vertically and spaced on
5.00 + 0.05 mm centers. The beamlet holes were counter-sunk so that the collimation was performed by
the knife-edge. Smaller beamlet holes were tested as well (1.00 mm diameter), however, the resultant
beamlet intensity was not sufficient for an adequate scintillation signal.

Collimators used to broduce beamlets of positive ions often require a voltage b}as to prevent
backstreaming of secondary electrons' along the positive potential well of the beam. Eliminating the
backstreaming ensures that the beam does not become artificially narrow due to space charge
neutralization [107]. Since negative ions form the beam in this investigation, no voltage bias was applied
to the collimator, and the secondary electrons were dissipated by the negative potential well of the beam.

A continuous sequence of horizontal beamlets was produced for each vertical beamlet hole
position using the linear drive. This was facilitated by having flexible water lines attached to the

collimator. Only five vertical pbsiﬁons could be chosen for the beamlets, however, this provided sufficient
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information in -the (v, ¥) plane. In order to switch between vertical positions on the collimator, the
diagnostic box had to be vented, so that the selection plate could be adjusted. During each venting bperiod
the vertical distance between the top surface of the collimator plate and the bottom surface of the
diagnostic box was measured with digital calipers. This distance was found to be 108.4 + 0.2 mm over the
range of the linear drive and over all venting period measurements. The drift distance between the ion

source waist and the collimation plane was 335 mm.
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Figure 5.2: The collimator apparatus
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The diagnostic box was also fitted with a special flanging arrangement through which the
cooling lines were brought in. As well, the flanging arrangement contained a 50 mm diameter plexi-glass
window so that the collimator apparatus could be observed during the experiments.

5.1.2 INFLECTOR SUPPORT

As is the case with other cyclotrons containing inflectors, the C.R.M. inflector is fairly
inaccessible. In fact, the spiral inflector in the CR.M. is completely enclosed by a clam shell shaped
center ground electrode. To further complicate matters, the RF dee structures obscure the whole region

near the inflector exit.

127



The solution to these problems was two-fold. First the interfering dee structure and
accompanying resonator stub were removed. This left a clear view of the centre region, and provided a
convenient port for a plexi-glass viewing window on the C.R.M. main vacuum tank. Second, the technical
staff at Ebco Technologies was instructed to construct a replacement center ground electrode that had a
portion of its side removed so that the inflector would no longer be obscured from view. The resulting
minimalist central electrode design opened up the inflector region to the camera’s view and was
completely functional. The installed inflector with this new center electrode design is shown in Figure 5.3.
The inflector is mounted directly below the long narrow copper support bar which has two white

insulators on top, and it is completely open to view on the left where the viewing port is located.

'1.125 MeV Beamstop

Figure 5.3: The minimalist center electrode is comprised of a flat plate with two posts mounted to hold the
inflector and its support bar in place. The flat plate is fastened to the pole tips with four prominent silver-
coloured bolts, and the support bar has two white insulators affixed to it. The left hand dee has been
removed. Probe #5 is at the 12 o-clock position, probe #6 is at the 6 o’clock position and the 1.125 MeV
beamstop is at the 4 o’clock position. Refer to Figure 4.21 for a schematic representation of the nominal
C.R.M. center region.
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5.1.3 SCINTILLATOR ARRANGEMENT

Recall that three scintillator locations were required; at the inflector entrance, at the inflector exit
and after the first half-turn. Each of the three scintillator set-ups required solutions to different problems,
and, therefore, they are considered separately.

In order for the inflector exit scintillator to reveal beam characteristics at the "inflector exit", it
. had to be positioned as close to the exit as possible. On the other hand, the scintillator could not be too
close to the inflector as the secondary electrons generated from beam bombardment would cause the
inflector to continuously spark. A distance of 6.0 + 0.2 mm between the nearest edge of the inflector exit
and the back of the scintillator, and a distance of 9.0 £ 0.2 mm between the farthest edge of the inflector
exit and the back of the scintillator were found to eliminate sparking during the experiments.

The inflector exit scintillator was mounted on a copper piece that was attached to probe #5. This
arrangement permitted the inflector exit scintillator to be removed from the inflector exit region so that
the beam could then pass to the half-turn scintillator without altering the system operating conditions.
This eliminated the need to vent the cyclotron between inflector exit experiments and half-turn
experiments. Figures 5.4a and 5.4b show the inflector exit scintillator arrangement on the left hand side.

The scintillator radial width was 25 mm, the axial height was 20 mm, and the thickness was 1.4 mm.
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Figure 5.4a: A schematic representation of the inflector exit and half-turn scintillator set-up.
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Figure 5.4b: The inflector exit and half-tur scitillator set-up. The inflector exit sciillator is attached
to probe #5 on the left and the half-turn scintillator is located on the right. Note that the images in this
Jfigure and in Figure 5.4a have been rotated by 90° for ease of illustration. The left hand side, therefore,
corresponds to the upwards direction in the lab.

The stationary half-turn scintillator was positioned vertically below the inflector exit scintillator
with respect to the lab axes (i.e. on the right hand side in Figures 5.4 a & b). It was aligned so that a beam
with a radius of curvature of approximately 19 mm would strike it in the center. The dimensions of the
half-turn scintillator piece were the same as for the inflector exit scintillator.

The inflector entrance scintillator was mounted at the position normally occupied by the inflector
entrance collimator; as illustrated in Figure 5.5. The difficulty with this arrangement was that the
scintillator could not be directly viewed by the TV camera. This problem was solved by removing the
inflector and its support bar and then mounting a mirror on the inflector support posts angled at 45°. This
provided a clear view of the inflector entrance scintillator to the camera. Unfortunately, visible light from

the ion source illuminated the inflector entrance scintillator which caused contamination of the beamspot

images. Special software based techniques were developed to remove this background light.
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Figure 5.5: The inflector entrance scintillator set-up. Note that this figure has been rotated by 90° for
ease of illustration. The left hand side, therefore, corresponds to the upwards direction in the lab.

Choosing the appropriate scintillating material for these experiments involved some
experimentation. Four types of scintillating materials were tested: aluminum oxide, zinc sulfide, quartz
glass, and NE102. The zinc 'sulﬁde was climinated as a choice because it came as a powder which was
difficult to affix homogeneously to a glass plate. The TRIUMF staff who had used zinc sulfide had used it
as a very qualitative diagnostic tool, where homogeneity of light output was not essential, so techniques
for using this material were very limited. The NE102 material was a plastic which meant that the beam
power that could be absorbed by it was quite small. Estimates indicated that a total current of 0.1 pA/'mm2
@ 25 keV would be the very maxi;num which could be sustained. Besides the fact fhat this level of current
was much to§ small for some of the experiments, the risk of melting plastic in and around the inflector
precluded using this material. The aluminum oxide material was tested, but even at relatively low current
levels this material would darken after a few minutes. This changed the light intensity level at the camera -
as a function of time even when the beam parameters were held constant. Another drawback of the
aluminum oxide material was that it was opaqﬁe which meant that the beamspot always had to strike the
same side of the scintillator as the camera was viewing. The quartz glass scintillator had the best

characteristics, and was chosen for use in the experiments. It was transparent which meant that the beam

spot could strike the front or the back of the scintillator and the camera would still be able to see it. As




well, the collimated beamlets (=10 pA/mm? max. @ 25 keV) could strike the quartz glass indefinitely
without any change in the light output. As well, the full 2 mA beam current (beamspot ~ 16 mm?) could
strike quartz glass for brief periods (less than 5 seconds) without causing damage.

Quartz plate scintillators are electrical insulators and, thus, there was some concern that the
charge from the beam would not dissipate to the grounded holders. If this was so, the accumulation of
charge on the scintillator might have affected the beam spot size. To verify whether a problem existed the
quartz plate scintillators were coated with 25 + 5 A of aluminum. This made them semi-transparent and
electrically conductive. Beam spot images produced by the coated scintillators were no different than those
produced by non-coated scintillators. Therefore, non-coated scintillators were used throughout the
experiments.

5.1.4 OPTICAL CONSIDERATIONS

As already mentioned, one of the dee structures and its resonator stub were removed from the
C.R.M,, and a Plexiglas window was mounted in the vacated vacuum port. The window was chosen to be
thick (1") to minimize on window distortion when the CR.M. was under vacuum. Although some
attenuation of the light from the beam spot images occurred, the optical transmission was acceptable.

The scintillators, as illustrated in Figures 5.4a, 5.4b and 5.5, were situated to be in full view of
the camera without altering the camera position. The beam spot planes were set up to be perpendicular to
the camera’s light sensitive imaging area. A small right angle ruler with vertical and horizontal scribe
marks on 1.00 £ 0.02 mm centers wés attached to the side of the half-turn scintillator. This position was
in the field of view of the camera, and was used to provide dimensional calibrations within the image
analysis software.

The camera had to be placed approximately 1 metre from the scintillétors to avoid the effects of
the C.R.M. magnetic field. If the camera was too close, the image became skewed or even obliterated. The

region between the camera -and the viewing window was shrouded with black non-glossy construction

paper to eliminate background light. The camera was mounted to a sturdy Burndy bar support frame.




Behind the camera, the shroud could be lifted and a light could be turned on and directed at the center
region so that the scintillator set-up and the inflector could be viewed (refer to Figure 5.1).

The Panasonic WV-80 black and white TV camera was outfitted with a zoom lens. With the lens
apparatus set for the best focus, the picture resolution was approximately 7 pixels/mm. This resolution was
sufficient for the inflector experiments. For example, a particularly small beamlet.\;vould have an area of 1
mm?, and would have‘ about 49 pixel intensities in the image. This density of data provided enough
information to calculate area centroids for the beamlets accurate to £0.1 mm. The resolution could have
been improved if the whole scintillator set-up aqd the calibration ruler did not have to»be viewed at once,
but it was felt that it was essential to view tﬁe whlole Iheasurement region so that all images could easily be
referenced to each other.

5.1.5 FRAME GRABBING

The camera was connected to a vidc;o digiﬁzing board within a 486 based personal computer. The
name of this board was the Super Video Winddws board. The board came with software entitled Veditor
[108]. It permits live images from the camera to be viewed on the computer screen. The software is also
capable of freezing an image when desired and it can be saved to disk in a standard image format such as
targa (*.tga) or as a windows bitmap (*.bmp). In this way images of scintillating beam spots can be
viewed? perturbed (i.e. a system setting could be varied), frozen and saved to disk. The images were
viewed and saved as gray scale images with 0 to 255 levels of gray.

5.1.6 IMAGE ANALYSIS PROCEDURES

The image analysis procedure involved a data extraction process, a data analysis process and a
visualization process. The data extraction process involved obtaining quantitative measurements such as
beam size, location and average gray level. A software package called Optimetric [109] was used to
perform this function. The analysis of the relationships between these quantitative measurements was
performed using, Mathematica. Visualization of the data for qualitative assessment utilized both
Optimetric and Mathematica as well as Transform. The data extraction process followed a number of set

rules. These rules were laid out so that quantitative data could be extracted from each image in a
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consistent manner, and in a manner which permitted the data to be accurately compared. The general data

analysis and visualization techniques were applied on a data set to data set basis, so they will be discussed

in subsequent sections of this chapter. The remainder of this sub-section will be devoted to a description of
the data extraction process.

Knowing the general data taking sequence will help to understand certain parts of the data -
extraction process. Therefore, note that the scintillator experiments were done in sessions. Typically, no
more than two such sessions were finished in a given day. A particular, experimental session involved, for
example, obtaining and saving all the beamlet images at the inflector exit and at a half-turn for the case
where the collimator had the center aperture selected and its position was advanced horizontally in 2 mm
increments. The first image that was obtained and saved to disk in each session was a calibration image in
which no beam spot was present but the region around the scintillators was illuminated. After this image
was saved, the shroud was closed up and the beam spot images for the experiment were obtained and
saved to disk. For the case of inflector entrance scintillator experiments, an associated background light
image was obtained and saved to disk for each beamlet image that was saved to disk. This background
image was obtained after turning off the 25 kV ion source bias supply. OnLce this had been done, the beam
was not accelerated, but the contaminating background light was still projected throughout the injection
line by the ion source. Lastly, after all the experiment’s images had been saved, a second calibration
image was always obtained and saved to disk.

Recall that the whole data extraction process was done from within Optimetric. The data
extraction steps from a particular experimental session were to:

e  check the aspect ratio for each of the calibration images. For example, a 5 millimetre vertical section
should have been equivalent to a 5 millimetre horizontal section on the calibration ruler image. This
was checked with a measuring stick tool within the program. If the aspect ratio needed to be changed,
the program permitted this parameter to be adjusted.

e check the dimensional calibration for each of the calibration images. A 10.0 mm section of the
calibration ruler, within the calibration image, was measured for the case of inflector exit or half-turn
experiments. For inflector entrance experiments, the length of a feature located at the inflector
entrance with a known length was measured. Confirmation that the program agreed with the known
length was then obtained. The measurement units were re-calibrated, if necessary.

 locate standard points for each of the calibration images. Standard points were located so that any
rotational or translational deviations between the images of different experimental sessions could be

corrected for. Figures 5.6 and 5.7 schematically illustrate the locations of the standard points. Note
that some of the standard points were located on features for which well defined (x, y) coordinates
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could be obtained, whereas others were located, in conjunction with a partner point, anywhere along
line like features. For these latter standard points, the issue was to establish the orientation of the line.

e perform a background light correction to cach of the images obtained in the experimental session.
First one had to check whether the beamspot was riding on a background gray level or not. If the
pixels neighbouring the beamspot were primarily at a gray level of zero, with perhaps random regions
with gray levels between 0 and 3, then no background light correction was performed. However, if the
beamspot was surrounded by a non-zero background gray level, then a correction was performed.
Typically, background light correction was only needed for inflector entrance images because the
light emitted by the ion source shone directly down the injection line. Luckily, however, the ion
source light was also collimated by the beam collimator, which greatly reduced the contamination of
the beamlet images. The correction procedure involved subtracting the image which contained strictly
background light from the images which contained both the beamlet image plus the background light.

e set a gray level threshold for each of the images obtained in the experimental session. A threshold
was needed to define the area which was occupied by the beam. The standard threshold was at a gray
level of 5. On rare occasions the threshold would have to be set up to a gray level of 8 in order to
differentiate the beamlet image from residual background light. Peak beamlet or beam gray levels
varied from a low of 8 to a maximum of 255, The beamlet images were never saturated, however, full
beam images were sometimes saturated.

o perform a search for all regions in the image at a gray level above the threshold. The beamlet
region was then isolated from the other regions and selected.

e execute data extraction from beam or beamlet images. The data extraction was performed on the
region defined for the beamlet by the threshold. Dimensional data was computed based on the aspect
ratio and dimensional calibrations. The types of data extracted from the beamlet region were the
following: beamlet area, beamlet perimeter, (x,y) coordinates of the area centroid, length of
the major axis, length of the minor axis, the mean gray level, the peak gray level, and the

coordinates of the peak gray level.

o standardize the coordinate systems for each experimental session through data pre-processing. Using
the standard points from the calibration images from each experimental session, a check was
performed to determine whether the calibration images were translated, rotated or scaled with respect
to each other. In all cases lengths were preserved, so no scaling was required. However, typically the
calibration images were somewhat rotated and/or translated with respect to each other. An average
translation in both (x) and (y), and an average rotation correction were determined for each
experimental session. Lastly, a standard coordinate system was chosen, and all the data from each
session was translationally and/or rotationally adjusted to the standard coordinate system.

e perform a coordinate correction on the dimensional data of the beams or beamlets which struck the
inflector exit or half-turn scintillators. This accounted for the slightly non-normal incidence of these
beams or beamlets. o
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Figure 5.6: A schematic of the standard point locations for the inflector exit and half-turn measurements.
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Figure 5.7: A schematic of the standard point locations for the inflector entrance measurements.
5.1.7 GENERAL SYSTEM SET-UP

The L105/PL8/EL8/WL ion source configuration was used for all of the scintillator experiments.
The injection system which was used was the 4Q system set at the new axial rotation angle, where the
defocusing axis of QO was oriented at 21.7° CCW with respect to the lab vertical axis.

The experiments of Chapter 4 illustrated that when consistent system settings were used, the
beam current readings and the phase space characteristics of the beam were repeatable to within a few
percent. Thus, the majority of the experiments were conducted with the system settings used to obtain the
1.125 MeV beamstop beam current of 253 pA at an arc current of 6.4 amperes (Table 4.17), except that
the RF was turned off. Table 4.14 indicates that the ion source output beam current for this arc current is
approximately 1.9 mA, and Table 5.1 gives the system settings for this nominal experimental tune.
Situations which required a different tune will be explicitly described in the text.

Before any measurements were taken the whole system was run for approximately one half hour
in order for each component to settle into its steady operating state. 'me time to time, IBS current
readings and emittance scans would be taken to confirm that the beam currents and phase space

characteristics of the ion source beam did not change.
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Table 5.1: Nominal L105/PL8/EL8/WL ion source, 4Q injection system and C.R.M. settings for the
scintillator experiments.

SETTINGS AND READINGS Values
Arc Current (A) 6.4
Hydrogen Flow Rate (cc/min) 7.6
Plasma Electrode Current (A) 3.1
Plasma Electrode Voltage (V) 2.3
Extractor Electrode Current (mA) 10+2
Extractor Electrode Voltage (kV) 2.0
Source Bias Voltage (kV) 25.0
1st Steering Magnet [x,y] (A) [0.18,1.10]
Q0 (A) ' 22
Ql (A) 3.9
Q2 (A) 43
Q3 (A) 4.0
Main Magnet (A) 446
Inflector (kV) +7.6/-7.65
Cyclotron Vacuum (Torr) 1x106

5.2 INITIAL OBSERVATIONS

It is important to understand the measured characteristics of the full beam before discussing the
collimated beamlet measurements, since the full beam scenario provides a general framework with which
to reference the detailed beamlet investigations. As well, the full beam measurements provide answers to
often asked questions such as: "What is the size, shape and orientation of the beam at the inflector
entrance and exit?", or "What is the axial and radial beam centering at the inflector entrance and exit?".
5.2.1 INFLECTOR EXIT AND HALF-TURN SCINTILLATOR POSITIONS

A few precautionary points must first be made before discussing the characteristics of the full
beam scintillator images. The full beam, as discussed in sub-section 5.1.7, is at a current of 1.9 mA,
which, for a 25 keV beam, corresponds to 47.5 Watts of power that must be dissipated by the quartz
scintillator. The quartz was not cooled in any manner so the scintillator heated up rapidly. To avoid
melting the scintillator, the beam was typicaljy shut off within about 5 seconds. As well, the inflector
sparked every second or so .under these conditions (due to the copious quantities of secondary electrons
liberated), which would momentarily stop the beam from striking the scintillator. The light produced from

the scintillators under these conditions resulted in beam spot images saturated at gray level 255.
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Obviously, these conditions conspired to degrade the quantitative value of the captured images.
Consequently, the full beam images are to be viewed with caution, and only in terms of their gross
characteristics, such as: the general location of the radial and axial center positions of the images, and the
general orientation, shape and size of the images.

Figure 5.8 shows the contour of the inflector exit and half-turn scintillator beamspot images at a
gray level of 200. This contour was chosen because it bounded the very distinct high intensity regions of
both of the beams. The background gray level for these beamspot images was relatively high at
approximately 80. The background level was high because the experiment was done with the lights on, so
that the various calibration reference points were visible. The benefit of having visible reference points,
which helped to confirm exactly where thé beam spots were located, outweighed the negative aspects of
having relatively high background Iight levels. It is also important to note that the physical inflector exit
Was not perpendicular to the camera’s viewing axis (refer to Figure 5.9). This fact must be taken into
account when comparing the inflector exit scintillator image to the inflector exit markings that have been
included in Figure 5.8. Another concern is that the beam central trajectory was not perpendicular to the
scintillator surfaces, however, for the simulated trajectories in Figure 5.9 and the beam sizes of Figure 5.8,
the estimated additional beam spread on the scintillator was only 0.2 mm. This small level of beam spread
can be ignored given that only the gross beam characteristics are under discussion. |

The inflector exit scintillator beamspot has a major axis length of 4.5 mm and a minor axis width
of 2.5 mm, and, even though the percentage of the total current which is contained within the beamspot is
not well defined, it appears that the beam is comfortably smaller than the 6 mm gap between the inflector
clectrodes at the exit. The (x, y) coupling of the beam induced by the rotated injection quadrupole
magnets, the axial bore of the cyclotron and the inflector is very apparent. The major axis angle of the

beam with respect to the radial axis is 50° + 10°, and the beam centroid is located at (-=20.6 mm, -0.4

mm).
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Figure 5.8: The inflector exit and half-turn scintillator beamspot images for a 1.9 mA H~ beam produced
by the L105/PL8/EL8/WL ion source and injected by the 4Q injection system rotated at 21.7° counter
clockwise.

The half-turn scintillator beamspot has a major axis length of 7.5 mm and a minor axis width of

2 mm. The axially elongated image illustrates the axial defocusing which occurs over the first half-turn

(with the RF off). To appreciate the origin of the beam defocusing in this region consider Figure 5.10
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which illustrates the azimuthally averaged magnetic field in the C.R.M.. The magnetic field rises from
about 9.7 kiloGauss at the machine center to about 12.0 kiloGauss at a radius of about 3 cm where it levels
off. The low central field is caused by the axial bore of the magnet, through which the beam is injected.
The first half turn, with the RF off, resides entirely within a radius of 3 cm from the machine center
where, because of the rising field, the field index (equation 2.31) is negative. This yields very strong radial
focusing with v, > 1 (equation 2.33) and a very unstable axial defocusing situation with vy becoming an
imaginary number (equation 2.32). Under this situation the axial components of the dipole transport .

matrix in equation 2.34 become hyperbolic sines and cosines.
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Figure 5.9: The location of the inflector exit, the locations of the points where the radial centroid of the
beam intersects the inflector exit scintillator and the half-turn scintillator, the CYCLONE calculated

trajectory of a 25 kel” H™ beam which connects the two scintillator/beam intersection points, and
standard CASINO calculated trajectories of the injected beam traveling through the inflector are shown.

The major axis angle of the half-turn beam with respect to the radial axis is 81° + 3°. Because of
the axial defocusing near the very center of the machine, it is obvious that the first RF acceleration during
normal cyclotron operation should occur as soon as possible, and with enough energy to bring the beam to
a radius greater than 3 cm. In the CR.M. the first acceleration occurs midway between the center

electrode aperture and the first dee central aperture, as shown in Figure 5.9. The beam radius, under
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normal operation with the RF on, is greater than 3 cm by the time it is midway between the first dee

central aperture and the half-turn scintillator position, as can be confirmed by looking at the beam

trajectory in Figure 4.26.
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Figure 5.10: The measured average magnetic field of the C.RM. in the median plane @ 445 ampere
excitation current [110]. o

The half-turn beamspot’s centroid is located at (16.9 mm, —1.2 mm). The total radial separation
between the two scintillator beamspot centroids is, thus, 37.5 mm and the error is estimated to be + 0.4
mm. An axial drop of 0.8 mm with an estimated error of + 0.4 mm occurs from the inflector exit
scintillator to the half-turn scintillator.

Using the code CYCLONE, a central trajectory for a 25 keV H  beam was found which
connected the centroids of the inflector exit and half-turn beamspots, as shown in Figure 5.9. The radius
of curvature of the beam at the inflector exit scintillator is 19.5 mm and the center of curvature is located
at (=6.3 mm, 1.8 mm). The radius of curvature at the half-turn scintillator is 19.7 mm and the center of

curvature is at (=5.8 mm, 1.2 mm). Note that this trajectory is well centered with respect to the center
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electrode exit, and, since the RF is off, the beam trajectory is not centered with respect to the central
aperture of the first dee. The azimuthal travel between the two scintillator interception points is 145° + 5°.
Now that the location of the beam centroid at the inflector exit scintillator has been measured and a
trajectory has been found which lands the beam on the half-turn scintillator centroid, future simulations
can be performed from the inflector outwards to extraction with more confidence. Table 5.2 gives the
central trajectory coordinates, which were deﬁved from the measurements, for reference.

Table 5.2: The central trajectory coordinates of the beam at the inflector exit scintillator position in
CYCLONE coordinates.

Coordinate Name | Coordinate Value
R (cm) 24
0 (°) 344.2
Pr (cm)* 0.46
Z (cm)** -0.04
Pz (cm)*** -0.02
E MeV) 0.025

* Defined as Px, ** defined as (y), *** defined as Py in this thesis.

Figure 5.9 also shows three standard CASINO traje-ctories (refer to Appendix III for command
files) which have been used over the years to represent the trajectory of the beam through the inflector.
These trajectories do not intercept the inflector exit beamspot centroid. The variability’s in inflector
manufacture, the centering of the beam at the entrance to the inflector, and small differences between
simulated and actual field settings account for differences between the actual and simulated locations of
the beam at the scintillator.

The CASINO run which used the RELAX3D electric field map computed the axial centroid at
the exit scintillator to be —0.8 mm The run which used an analytic electric field and the magnetic field
file T32_I_SMALL.ZFLD compute;d the centroid to be at —0.3 mm, and the run which used an analytic
electric field and the magnefic field file MAP29_DIGI.ZFLD (Figure 5.11) computed the centroid to be
-0.2 mm. The measured axial centroid position was 0.4 mm with an estimated error of £0.4 mm.
‘Therefore reasonable agreement between the simulated and the measured values exists. With the axial

centroid slightly below the median plane, and with a slight negative axial momentum (Table 5.2) at the

142 -




inflector exit scintillator position, it is not surprising, given the strong axial defocusing, that the half-tum
axial centroid is substantially below the median plane, at 1.2 + 0.4 mm.

Due to the low optical contrast in the images used to generate Figure 5.8, they were not of
sufficient quality to be used for publication. Fortunately, a set of images of sufficient optical quality for
publication were obtained using a 1.1 mA input beam from the L105/PL8/EL8/WL ion source
configuration using a 2.7 ampere arc current. These images are shown in Figure 5.12. The images are
shown so that the reader can develop an appfeciation for what a full beam spot image looks like. They do
not correspond to the 1.9 mA experiments tﬁat are performed throughout this chapter. In fact, the images
are expeéted to be somewhat different than those from the 1.9 mA experiments. Recall from Figure 4.15
that the emittance of the beam becomes larger as the arc current drops. This meant that the injection
system tune had to be adjusted from a 1.9 mA tune (6.4 A arc) to a 1.1 mA tune (2.7 A arc), and, thus, the
beamspot sizes and orientations at the iﬁﬂector exit and half-turn scintillator positions were somewhat
different for these two beam tunes.

As described in the first i)aragraph of this section, the full beam spot images produced from high
current beams were difficult to capture due to inflector sparkihg and scintillator overheating. In addition,
the light output from the beamspots was sufficiently high to cause the camera’s light sensitive area to
become saturated. Therefore, remember to view the full beam scintillator images with a certain degree of
caution. Despite this warning, the images do indicate ihat the 1.1 mA beam is substantially smaller than
the inflector exit aperture, the beam is axially lower at the half-turn scintillator than at the inflector exit

scintillator, and the radial focusing and axial defocusing is evident at the half-turn scintillator.
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Figure 5.11: The measured axial magnetic field of the C.R.M. at an excitation current of 445 amps [110].
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Figure 5.12: The inflector exit and half-turn scintillator beamspot image for a 1.1 mA H~ beam produced
by the L105/PL8/EL8/WL ion source and injected by the 4Q injection system rotated at 21.7° CCW from
the lab vertical.
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5.2.2 INFLECTOR ENTRANCE SCINTILLATOR POSITION

Only beamlet data were determined at the inflector entrance. The full beam was not measured at
the inflector entrance because background illumination from the ion source obliterated the beam spot
image. Luckily, the beamlet collimator limited the amount of light which reached the inflector entrance
from the ion source, so that background light subtraction (section 5.1.6) was feasible for the inflector
entrance beamlet experiments.

Figure 5.13 shows the (x, y) centroid locations of the beamlets at the inflector entrance
scintillator position. Nine measured points along the perimeter of the aperture are also shown, and a circle
representing the full aperture has been ﬁttc;d to these points. The center of this aperture is the center of the
inflector entrance. The edges of the inflector entrance electrodes, which are 10 mm downstream of the
entrance scintillator position, were, thus, positioned with respect to this origin. Recall that the electrodes

are inclined at 14° to the lab vertical, and that the gap is 8.0 £ 0.1 mm. The positive direction of the x axis

in the beam transport optical system is in the negative direction of the lab horizontal axis.

Support Aperture
10}
5t
E Inflector
= Entrance - P
-
3
a 0 oF
18]
)
>
Q
C
]
_5 L
-10¢

-10 -5 0 5 10
Lab Horizontal (mm)

Figure 5.13: The beamlet centroid locations at the inflector entrance scintillator position. The beam is
traveling into the page.
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The (X, y) central ray coordinates for the full beam are estimated to be (0.6 £ 0.3 mm, 1.0 £ 0.3
mm) in the lab system of coordinates. These full beam coordinates were obtained using the average
position .of the beamlet centroids corrected for the initial vertical offset imposed upon the beamlets by the
collimator (refer to Figure 5.15). Recall that the system tune used for this beam was the one which
transported the most beam to 1.125 MeV. This implies that a slight miscentering of the beam at the
inflector entrance is necessary to minimize beam loss further on in the acceleration process. In reference
[28] it was observed that fringe fields push the central ray off the axis of the inflector, so an initial
miscentering as shown in Figure 5.14 is necessary to compensate for the fringe field effect, in particular.

In order to obtain a better estimate for‘ the extent of the full beam than can be achieved using
Figure 5.13, the beamlet outlines, at the minimum gray level threshold for each beamlet, were overlaid on
the inflector entrance plot in Figure 5.14. This plot illustrates that the full beam size is approximately 7.5
mm horizontally and 5.0 mm vertically. The assembled beamspot in Figure 5.14 shows no obvious tilt.
This indicates that the solenoid effect of the axial bore, at least with respect to the approximate full beam

envelope shown, has conipensated for the tilt of the quadrupole magnets.
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Figure 5.14: Beamlet perimeter outlines at the inflector entrance scintillator position. The beam is
traveling into the page. . :
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5.3 PHASE SPACE SELECTION USING THE BEAMLET COLLIMATOR

One of the fundamental concepts of linear charged particle beam transport is that the central ray
of a beam, which experiences no losses, will remain the central ray of the beam throughout the system. In -
particular, this central ray will be located at the center of the four dimensional phase space hypervolume
as well as being located at the area centroid of any two dimensional projection of the beam. With respect
to beam collimation this means that the central ray for a beamlet passes through the center or area
centroid of the collimationA hole which forms the beamlet. Similarly, the central ray for the beamlet must
pass through the area centroid of the beamlet image at a scintillator. This is useﬁl for two reasons. First, a
mapping can be established between the input central rays from each collimated beamlet and the central
rays of each beamlet at each scintillator position, enabling one to study the optical effects imparted to the
rays by the system. Second, this study of the central rays can be accomplished without requiring the
scintillator light output to be linear with respect to the beam intensity.

The vertical collimator aperture positions were vertically centered at 8.0 mm, 3.0 mm, —2.0 mm,
~7.0 mm, and —12.0 mm with respect to the beam vertical axis. It would have been aesthetically pleasing
to have had the collimator apertures centered about the vertical origin of the beam, however, this would
not have gained any additional information and would have been very time consuming to achieve. Figure
5.15 illustrates the locations of the collimator apertures from which beam could actually be transported to
the scintillators. The centers of the apertureis define the (x, y) phase space coordinates of the central ray of
each beamlet at the collimation point. Note that no useful beamspots were obtained using the y = -12.0
mm row of beamlets.

Although the beam was actually axially symmetric at the collimation point, the aperture positions

shown in Figure 5.15 define a tilted elliptical region through which beam was transported to the system.

The reason for this was that the quadrupoles were tilted with respect to the lab axes, and even very
divergent particles aligned with the focusing axis of the first quadrupole QO passed through the system.
However, those particles that were fairly divergent and aligned with the defocusing axis of Q0 were lost

on the injection system beampipe. Note that the 4rms beam envelope safely passes through the system.
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Figure 5.15: The (x, y) beamlet central ray coordinates selected by the collimator. Figure 5.2 shows the
collimation device which selected the beamlets in this figure. The beamlets are traveling out of the page.

The (x', y') coordinates of the central rays of each beamlet are more difficult to determine than

. the (x. y) coordinates. However, a reasonable estimation of these coordinates can be obtained by noting

that at the left, right, top and bottom extremum of each of the 2.0 mm diameter collimator apertures, two
of the four phase space parameters are fixed. namely x and y, and that x' and y' can each be individually
maximized or minimized within the four dimensional beam ellipse. The four dimensional beam ellipse at

the collimator position is given by

2_ 1 2 2_ | 2
1:x___z_[ﬁ(__i_(x')z(i__{_L)_*..y_ﬂy__*_(y')z(.L_+L) 5.1

n On Onxn O33 O33 Ou
where L is the 335 mm drift length from the ion source waist to the collimator, o,, = 63; = 6.25 mm? are

the squares of the beam half sizes containing 95% of the beam at the ion source waist. and 6,, = o4, =

2025 mrad? are the squares of the beam divergence half angles containing 95% of the beam at the ion




source waist. With x and y already given at the aperture extremum points, equation 5.1 becomes a
quadratic equation in x' and y' from which the minimum or maximum x' and y"can be determined. By
finding y'_,. at the top of the aperture and y',_,  at the bottom of the aperture, y' for the central ray can be
found by averaging these values. A similar calculation yields x' for the central ray. Following this
procedure for each collimator aperture position yields a full set of central ray coordinates (x, x', y, y') for
the collimator apertures. This cavlculation depends on reasonable values for L, 6}, 6,,, 033 and oy,
which were obtained from the emittance scanner outputs associated with Figures 4.16a and 4.17.

Figures 5.16 and 5.17 depict the regions of phase space which the beamlet centroids occupy at
the collimator. Plots containing either x' or y; data are actually very slightly non-linear. However, as can
be seen , the curves are so close to linear that the data shall be described as being in lines, for purposes of
discussion. Thus, if the injection system is a linear transport system, one would expect these phase space
lines formed at the collimator to be transported into lines at the scintillator positions.
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Figure 5.16: The (x', y)) beamlet central ray coordinates selected by the collimator.
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Figure 5.17: The (x, x), (v, V), (x, ¥) and (v, x) beamlet central ray coordinates selected by the
collimator.

5.3.1 THE BEAM INTENSITY DISTRIBUTION AT THE BEAMLET COLLIMATOR

The beamlet scintillator experiments were not intended to study the intensity distribution of the
beam. The experiments were designed to investigate phenomena related to the beamlet’s area cemroid.
coordinates. Nevertheless, beamlet intensity data was available from the scintillator experiments, and it
can be used in a limited study of the beam’s intensity distribution at the collimator position.

The relationship between the actual beam current intensity distribution and the captured
scintillator output intensity is important to establish. Sif\ce these experiments were not designed to

investigate this relationship, it must be determined in a circuitous manner. The only avenue available for
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determining this relationship was to compare the beam’s horizontal intensity profile measured by the
emittance scanner to one deduced from the scintillator measurements. The procedure for this is as follows:

o optically transport the emittance scanner horizontal intensity profile of Figure 4.16b from the scanner
position to the collimator position. Plot the resultant profile normalized with respect to its peak.

e associate the integrated gray level of each beamlet measured at the half-turn scintillator position with
the beamlet’s original coordinates at the collimator position (refer to Figure 5.15).

e fit a gaussian curve to the integrated gray level intensities associated with each (y) coordinate at a
given (x) position, and then compute the area under this curve. This area corresponds to the
empirically determined beam intensity at (x).

o plot the empirically determined intensity distribution from the scintillator data normalized with respect
to the peak.

o compare the beam’s horizontal intensity profile from the scanner to the one from the scintillator data.

Figure 5.18 shows the two intensity profiles. It is apparent that the two profiles compare
favourably at the peak and at the tails. However, the intensities from the scintillator profile are up to a

factor of three larger than the scanner based intensities between the peak and tail positions of the profile.

T T T T

1F
° Points: Half-Turn
Scintillator Data
[ . . .
0.8 | Line: Emittance
] Scanner Data
5
‘“0.6.-

Intensity
) (=)
o

A i i " 1 . i L - i i . |

4

-20 -10 0 10

X (mm)

Figure 5.18: Two normalized horizontal beam intensity profiles at the beamlet collimator. One based on
emittance scanner data and the other based on the integrated gray level data associated with each
beamlet at the half-turn scintillator position.
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There are a number of possible reasons for the differences between the profiles in Figure 5.18, such as:

¢ the actual intensity distribution was not sufficiently sampled by the scintillator method.

o the intensity distribution measured by the emittance scanner was uncollimated, whereas the intensity
distribution measured by the scintillator method was partially collimated by the injection system.

e all the scintillator data were not measured at the same time. The data were measured over a period of
days. Thus, slight tuning shifts could have caused the actual intensity profile to drift slightly with time.

e each beamlet was uniquely focused at the scintillator. Therefore, some beamlet images may have been
tightly focused and saturated, whereas others may have had diffuse beamspots with some intensity lost
in the background.

o the relationship between the scintillator data and the actual beam intensity may simply be non-linear
in the current density regime investigated. '

To properly assess the effectiveness of the scintillator method for deducing the beam intensity
distribution, all of the beam’s intensity should be sampled. This could be done through the use of closely
spaced moveable slit collimators, or through the use of a pinhole collimator which is capable of sampling
the whole beam. No collimation should be allowed between the sampling point and the scintillator.
Immediately after measuring each beamlet with the scintillator, the scintillator should be retracted and the
beamlet’s current should be measured using a Faraday cup. A complete set of beam intensity
measurements should be taken during one experimental session.

The intensity distribution constructed from the total integrated gray values obtained from beamlet
images must be compared to the distribution constructed from the Faraday cup readings. A transfer
function should be established relating the scintillator based intensity distribution to the one measured
using the Faraday cup. If focusing elements were present between the sampling point (collimator location)
and the measurement point (scintillator location), the effect of variations in beamlet focusing on the ’
transfer function must be determined.

Usihg the scintillator output to produce beam intensity plots permité a rare opportunity to display
the beam intensity distribution as a function of both x and y. Figure 5.19 illustrates such a plot at the
beamlet collimator position based again on half-turn scintillator data. The data was smoothed using the

Kriging procedure described in section 4.7.3. The beam appears axially asymmetric in agreement with

Figure 5.15. The beam contours are centered reasonably well about the origin except for the very peak of
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the beam intensity, which is off-centered. The beam is shown to have a reasonably uniform central core

with no large valleys or other anomalies.
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Figure 5.19: 4 contour plot of the (x, y) intensity profile of the beam at the beamlet collimator position
based on half-turn scintillator data. The intensity contour levels are given in arbitrary units.

The beamspot size and the ion current density for a particular beamlet was different at each
scintillator due to the optics of the injection system. This meant that if beam profiles generated from data
obtained from different scintillators were the same, confirmation of a reasonably linear relationship
between current density and captured light intensity would be established. Figures 5.20 and 5.21 show the
beam intensity profiles generated from data from each of the three scintillators, respectively, as a function
of the beamlet central ray (x, x") and (y, y') coordinates at the beamlet collimator position. The curves
replicate the same shape fairly well. However, they certainly are not identical. The differences between

these curves are similar to the differences seen in Figure 5.18.

153




X

20
Intensity (a.u.)

X (mm) 10
Figure 5.20: 4 comparison of beam intensity profiles as a function of (x, x') at the beamlet collimator
position. Curve 1 was constructed from the inflector entrance scintillator data, curve 2 was constructed
Jrom the inflector exit scintillator data, and curve 3 was constructed from the half-turn scintillator data.

The intensity is given in arbitrary unils.

Intensity (a.u.)
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Figure 5.21: A comparison of beam intensity profiles as a function of (y, ') at the beamlet collimator
position. Curve (a) was constructed from the inflector entrance scintillator data, curve (b) was
constructed from the inflector exit scintillator data, and curve (c) was constructed from the half-turn

scintillator data. The intensity is given in arbitrary units.
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5.4 LINEAR INJECTION SYSTEM SPECIFICATION USING MEASURED CONSTRAINTS

5.4.1 BEAMLET CENTROID PLOTS AT EACH SCINTILLATOR

If beam transport for the system can be described as linear, the lines of (x, y) beémlet centroids
selected by the beamlet collimator should remain as lines in (x, y) space after transport to downstream
points. Similarly the equi-spacing anq parallglism of the lines should also be preserved. Having said this,
lines of beamlet ‘centroids may not be observed at the scintillator positions, and the resultant curves that
are measured may not be equi-spaced and parallel. There are four main reasons why the beamlet centroids
could be shifted from a linear, equi-spaced and parallel arrangement. The centroids could be shifted due to

(a) non-linear effects.

(b) partial collimation of the beamlet by the injection system beampipe.

(c) measurement error.

(d) variations in the system tune over ume

Figures 5.22, 5.23 and 5.24 show the (x, y) centroid curves at the inflector entrance, the inflector
exit and at the half-turn scintillator, respectively. The individual curves correspond toibeamlets extracted
from the Y = 8 mm, 3 mm, -2 mm or -7 mm rows of apertures on the beamlet collimator. The (x, y)
coordinates are those of the optical transport coordinate system and may not correspond to the regular lab
or camera coordinate systems. Recall that (X, y, z) is a right-handed coordinate system, and that (z) points
in the direction of the velocity vector of the central ray as described in section 2.1.2.1.

The central stretch of each curve in 5.22, 5.23 and 5.24 is quite linear, and lines computed using
linear regression have been included for comparison. Only the linear portions of each curve were used in
the linear regression calculations. At first glance the non-linear centroid placement at the end of each
beamlet curve is somewhat disturbing. However, this phenomenon is primarily due to (b) above, and when
this occurs, the partially collimated beamlet travels with respect to a new central ray which can be
substantially different than the original central ray of the beamlet.

Each measured line of centroid data for a particular scintillator has the same general slope..
However, these slopes are certainly not identical. This indicates that the equi-spacing and parallelism of

the curves was not perfectly preserved. This result was primarily due to the fact that each line of
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experimental data was collected during different experimental sessions, in which the system parameters

might have varied slightly from the nominal settings. Since the injection system tune was rather sensitive

(refer to section 4.7.7), noticeable changes in the slope of the lines can be observed.
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Figure 5.22: Beamlet (x, y) centroid curves at the inflector entrance scintillator given in the beam optical
coordinate system. Each curve corresponds to a horizontal row of beamlets generated at the beamlet
collimator. The positive (x) end of each curve was generated on the positive (x) side of the beamlet

collimator.

In terms of using these curves to compute empirical constraints for the linear system simulations,

the linear portions of the Y = 3 mm and -2 mm curves at each scintillator are the most trusted. Although

the Y = 8 mm and -7 mm curves have linear sections as well, they were likély to have been uniformly
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collimated by the injection system beampipe. The Y = 8 mm row of beamlets would likely have been
nearly uniformly collimated along their upper edge with varying degrees of collimation on the left or right
sides of the outer beamlets of the row. Whereas the Y = -7 mm row of beamlets would have been
collimated in a similar manner except along the bottom edge instead of the top edge of the beamlets. The
approximately uniform skimming of beam from the top or bottom of these lines of beamlets could have
permitted the centroids to be aligned more or less in liﬁes at the scintillators, however the equi-spacing of

the lines would have been affected.
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Figure 5.23: Beamlet (x, y) centroid curves at the inflector exit scintillator given in the beam optical
coordinate system. Each curve corresponds to a horizontal row of beamlets generated at the beamlet
collimator. The positive (x) end of each curve was generated on the positive (x) side of the beamlet
collimator.
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The 4 rms acceptance region of the Y = 3 mm and Y = -2 mm lines of centroids exhibit linear
behaviour within the error bounds of this experiment. The error bounds for any given centroid is 0.1 mm
in either x or y. As well, no colliniation effects are apparent for the 4 rms region. A last note of interest is
that the shapes of the centroid curves defined at the inflector entrance, including the non-linear outer

extremities, are largely preserved at the inflector exit and half-turn scintillators.
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Figure 5.24: Beamlet (x, y) centroid curves at the half-turn scintillator given in the beam optical
coordinate system. Each curve corresponds to a horizontal row of beamlets generated at the beamlet

collimator. The positive (x) end of each curve was generated on the negative (x) side of the beamlet
collimator.
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5.4.2 LINEAR SYSTEM CONSTRAINTS AND SIMULATIONS

Most of the measured constraints to be met by linear transport modeling are given in terms of
beamlet central ray positional or angular displacements at each scintillator location as a function of
positional displacements of the beamlet central rays at the collimator position. Altogether 12 measured
positional displacement constraints and 12 angular displacement constraints, which are computed from
measured qhantities, are determined. In addition the full beam major and minor axis lengths and
orientation angles at each scintillator position provide another 9 constraints. The 33 constraints provide
sufficient data to assign a high level of confidence to the linear transport model which meets them all.
5.4.2.1 Positional Displacement

The positional displacement constraints which can be measured from the beamlet central ray

€629 .
1

coordinates at each scintillator are Ax/Ax ., Ay/Ax ., AX/Ay. and Ay/Ay.,. The subscript

coll> coll>
denotes which scintillator position the displacements were measured at, and the subscript “coll” refers to
displacements at the beamlet collimator.

The data from the linear portions of the Y = 3 mm and —2 mm centroid curves in Figures 5.22,
5.23 and 5.24 are considered to be the most reliable in terms of being unaffected by beampipe collimation
and were, therefore, used for computing the displacement constraints. These curves are presented together
in Figure 5.25 so that a sense of the spacing of the curves with respect to each other can be obtained. At
the inflector entrance the linearity, spacing and parallelism between the two curves is quite good. At the
inflector exit the linearity of the curves is fairly good but the lines appear to be partially rotated with
respect to each other. The half-turn curves are not quite as obviously linear as the curves at the other
scintillator positions, and the curves again appear to be somewhat rotated with respect to each other. The
manner in which the curves overlap at the half-turn position suggests that under ideal identical conditions
the linear curves would be quite close together but parallel.

The linear transport model of the system can be used to derive a computed version of the

constraints. First, recall from Figure 5.17 that the (x, x') beamlet central ray coordinates are linearly

related to each other at the beamlet collimator position, as are the (y, y') coordinates. The relationship
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between these coordinates was deduced using equation 5.1, and at the beamlet collimator the relationship

is given by
=349 5y’
y y. (5.2)
x =349.5x'
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Figure 5.25: Linear portion of the Y = 3 mm and -2 mm beamlet (x, y) centroid curves at the beamlet
collimator, the inflector entrance, the inflector exit and at a half-turn in the beam optical coordinate
system. Not all beamlet centroids could be extracted and plotted in the linear portion of the entrance
scintillator curves due to background light contamination problems.

The equations (5.2) can be combined with the linear matrix elements from the beamiet collimator

to the inflector entrance, the inflector exit or the half-turn scintillator position to yield the linear transport

model’s computed positional displacement constraints:




Ax; _peoti, b pooni (5.3)
Ax.y 0 73295 2 '
Ayi _geoti 1 poeoi (5.4)
R YTY ‘
Ax; —ReoLi Reoii (5.5)
Ayen P T3a95 '
8y _peoni 1 poali (5.6)

Ay O 3495

where the subscript “i” corresponds to the particular scintillator position of interest and the superscript
“coll_i” indicates that the matrix element represents transport from the beamlet collimator to the
scintillator position.

The linear simulations undertaken to match the measured constraints involved tweaking system
parameters such as the field settings, éﬁ'ective lengths and the center region dipole parameters in order to
obtain the best match. This tweaking was required because the system is fairly sensitive to variations in
these parameters, and, although the parameters are known to a higher level of accuracy than had been
attained by previous experimenters, many of ‘the parameters were only known to within two or three
percent.

The constraints extracted from curves in Figure 5.25 are presented in Table 5.3 complete with a
listing of the linearly computed constraints. The error in the measured constraints is the stétistical
standard error, and the error in the linear simulation arises from uncertainty in the 349.5 coefficient in
equation 5.2, which in turn comés from the uncertainty in the measured quantities in equation 5.1. The

best fit linear system match to the average constraints is very good in all cases except for Ay, ,/Ax q.

However, the linearly computed constraint is reasonably close to the measured value obtained from the
curve generated from the Y = 3 mm line of centroid data and is, thus, considered acceptable.

The nominal and best fit linear 4Q/C.R.M. injection system representations are given in Table
5.4. The two representations are quite similar but evidence of the aforementioned system tweaking is

apparent. The similarity between the representations combined with the good match between the

simulated constraints and the measured constraints helps to confirm that the system is well understood.




During the simulation process all three inflector representations mentioned in Figure 5.9 were tested. It is
interesting to note that the inflector matrix computed using the relatively simple axial magnetic field map
in Figure 5.11 and an analytic electric field resulted in the best fit to the constraints of Table 5.3.

Table 5.3: The measured positional displacement constraints at each scintillator position and the best fit

linear system’s estimation of these constraints. The measured constraints were obtained from the Y = 3
mm curve, the Y = =2 mm curve, and the combination of these two curves. The subscripts en, ex, ha and

coll refer to entrance, exit, half-turn, and collimator.

Parameter Measured Measured Measured Best Fit System
Constraints Constraints Constraints Value
Curve Y=3mm | Curve Y =—2 mm Y =3and -2 mm

AX /DX o) 0.25+0.06 0.16 £0.09 - 0.20£0.06 0.23 +0.04
AYen/AX o1 0.10+0.02 .0.02 +0.03 0.06 + 0.03 0.10 £ 0.01
AXe/AY o -0.16 £ 0.06 -0.11 +£0.02
AY o/ BY o 0.17+£0.07 0.19+0.01

CAX/AX 0.12 £ 0.03 0.18 +0.02 0.15+0.02 0.14 +0.01
Ay JAX o1t 0.11 £0.02 0.09£0.03 0.10+0.02 0.11+0.01
AXo /AY ot 0.00 £ 0.03 0.03 £0.01
AY o/ Ay ot 0.09 £ 0.01 0.11£0.02
Axp /AX o -0.09+£0.03 -0.13+£0.01 -0.11+0.02 -0.08£0.01
Ayp/AX oy 0.15+0.08 0.03+£0.06 0.09 + 0.05 0.24 +£0.01
AXpo/BY ot 0.01+0.02 0.01+£0.01
AYp/AYon -0.11+0.05 -0.17+£0.06

In order to complete the specification of the injection system, the non-standard transport matrices
for the axial bore and the inflector must be given. These matrices were obtained using the technique of
section 2.1.2.2. These matrices are

0.82630  88.801

_0.41681 —45.432
~0.007849 010830 —0.008022 —1.3574
TBORE T 041681 45432 08263  88.801 G-
0.008022 13574 —0.007849 0.1083
1
e 0211074 -19.7347 -0.111844 0.0685255
0.05888 108267 0.00166418 —1.11298
NFT 00581361 —~17.6993  0.717573  7.08156 3
~0.0174532 140525 0062024 181794




where Rpopp represents transport through the axial bore of the CRM. and Ryyy represents beam
transport through the spiral inflector of the C.R.M.. These two matrices were formulated using the electric
and magnetic field representations indicated in Table 5.4, and their dimensions are in millimeters and

radians. In order to calculate off-axis magnetic field components from the axial magnetic field map,

CASINO automatically invokes the solenoid approximation where

_I 9B,
' 2 fz

(5.9)

Refer to Appendix IV for a discussion of the symplectic conditions which matrices (5.7) and (5.8) satisfy.

Note that the “best fit system” description shown in Table 5.4 contains sufficient optical

information to allow any researcher to replicate the results of this thesis using standard codes such as

TRANSPORT or TRANSOPTR.

Table 5.4: The charged particle optics layout for the nominal 4Q/C.R.M. injection system and for the best

Jit 4Q/C.R.M. injection system.

Optical Parameter Measured System Values Best Fit System Values

Initial System Drift Space (mm) 486 £ 5 486.(338)

Beam Rotation Angle (°) * 21.7+£0.2 21.7

QO Field (kG), Length (mm), Bore (mm) 0.287+£0.009, 96.5 + 2, 0.278(0061), 95.9(238),
50.0+0.1 50.0

Drift Space (mm) 385+4 40.5(769)

Q1 Field (kG), Length (mm), Bore (mm) —0.51+£0.02,96.5+2, -0.49(35294), 93.1(224),
50.0+£0.1 50.0

Drift Space (mm) 38+4 41.(3327)

Q2 Field (kG), Length (mm), Bore (mm) 0.56+0.02,96.5+2, 0.55(09074), 93.4(122),
50.0+0.1 50.0

‘Drift Space (mm) 385+4 40.5(769)

Q3 Field (kG), Length (mm), Bore (mm) -0.53£0.02,96.5+2, —0.50(99514), 95.6(340),
50.0+0.1 50.0

Beam Rotation Angle (°) * -21.7+0.2 -21.7

Drift Space(mm) 2002 20.4(83)

Rpore: B Field File MAP29_DIGI.ZFLD MAP29_DIGI.ZFLD

Beam Rotation Angle (°) ** -14.0+0.1 -14.0

Rnr: B Field File T32 1 SMALL.ZFLD MAP29_DIGI.ZFLD

Rpyr: E Field File RELAX 014.DAT Analytic

Dipole to Exit Scintillator: 5+£2,196+£03, 3.0, 19.6, 1.07(2380),

8 (°), p (mm), v,, v, * %k 1.07 £0.02, 0.39 + 0.02 0.37(41657)

Exit to Half-Turn Scintillator: 145+£5,19.6+£0.3 152, 19.6, 1.07(2380),

0 (), p (mm), v, v, *** 1.07 £0.02, 0.39 = 0.02 0.37(41657)

* Beam rotation simulates entry and exit into rotated quadrupoles.
** Beam rotation simulates entry into the tilted inflector entrance.
**% Mild flutter is experienced at this radius. .




5.4.2.2 Angular Displacement

In section 5.4.2.1 the best fit linear transport system for the 12 positional displacement
constraints was determined. Thus, best fit transport matrices between each of the scintillator positions
were determined. This provides a means for generating the 12 angular displacement constraints at each of
the scintillator positions using measured displacements and the best fit transport matrices.

Suppose that the positional and angular displacement constraints with respect to a displacement
change in x at the collimator were known at scintillator “i”. The positional and angular displacement
constraints with respect to a displacement change in x at the collimator could then be computed at
scintillator “j” as described in equation 5.10. A similar equation can be constructed for displacement

constraints that are a function of a displacement change in y at the collimator. Consider “i” to be the

entrance scintillator position and “j” to be the exit scintillator position. In section 5.4.2.1 a best fit linear

“ » (1331}

matrix between and “j” was determined and the positional displacement constraints were presented.
Substituting these quantities into 5.10 yields a linear system of four equations in four unknowns, namely
the four angular displacement constraints, all of which can be solved for. Using this technique, a set of

angular displacement constraints can be generated at each of the scintillator positions.

Ax; [ Ax gy R“ R]2 R?; R;’4 Ax; ] Ax gy
Axj/&xar| IR} RY, RY RYL| X/ Axg (5.10)
Ay /8% | |RS RY, R RU | |Ay/Axy, '

AYS /Axcoll Rzl Rgz RH3 Rz4 AY: /Axcoll

The linear transport system estimation of these constraints is done with the following set of equations

Axi = R;tl)"_i l RCO" i (5 1 1)
Ax 3495

Ay: RCO[I i RCO” i (5 12)
AX oy 349 5

ym“ 349.5

Ay; Rcoll i Rcoll i , . (5 14)

AY con 349 5




where the subscript i corresponds to the particular ‘scintillator position of interest and the superscript
coll_i indicates that the mat;ix element represents transport from the beamlet collimator to the scintillator
position.

Table 5.5 lists the angular displacement constraints computed from the positional displacement
constraints of section 5.4.2.1, and t‘he section 5.4.2.1 best fit linear system’s estimation of these
constraints. Again there is excellent agreemeﬂt between the constraints and the linear system’s estimation
of the constraints. The uncertainties in the angular constraints are derived from the uncertainties in the
positional constraints from which they were computed. The uncertainty in the linear system values arise
from uncertainty in the 349.5 coefficient in equation 5.2.

Table 5.5: The angular displacement constraints derived from measurements at each scintillator position

and the best fit linear system’s estimation of these constraints. The subscripts en, ex, ha and coll refer to
entrance, exit, half-turn, and collimator.

Parameter Constraints Constraints Constraints Best Fit System
Computed Using || Computed Using | Computed Using Value
Ren_ex Ren_ha Rex_ha

(radians/mm) (radians/mm) - (radians/mm) (radians/mm)
AX' o /AX o1 —-0.005 £+ 0.002 -0.005 +0.001 -0.004 + 0.001
AY'/AX o —-0.003 + 0.009 -0.005 £+ 0.004 -0.003 £ 0.001
AX' o /AY on 0.001 + 0.003 0.000 £ 0.001 0.0002 £ 0.0001
AY' /AY o1 -0.01(2) £ 0.01 -0.013 £ 0.007 -0.014 £ 0.001
AX' JAX oy 0.008 = 0.008 0.006 £+ 0.008 0.012 + 0..002
Ay'. JAX 0.002 +0.009 -0.001 £ 0.002 0.001 £ 0.001
AX' o /AY on 0.00(4) £ 0.01 0.002 % 0.009 0.008 = 0.001
AY'  /AY o1t -0.00(4) £ 0.01 -0.004 +0.001 -0.006 + 0.001
AX'p/AX o -0.012 £ 0.005 -0.008 + 0.008 -0.013 £ 0.002
AY' I AX o 0.001 +0.002 0.001 £ 0.002 0.004 +0.001
AX'L/AY on ~0.005 £ 0.007 —-0.002 £ 0.009 —-0.009 = 0.001
AY' o/ BY con -0.004 £ 0.002 -0.004 = 0.002 —-0.006 £ 0.001

5.4.2.3 Full Beam

As a check on the validity of the "best fit" system, the 4rms beam envelope and a beam envelope

encompassing 99% of the beam’s particles were transported through to the inflector entrance, exit and
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half-turn scintillator positions from the ion source waist. The term 99% is used as a synonym for
“effectively all of the beam including halo”. The specifications for the 4rms envelope at the ion source
waist are given in Tables 4.6 and 4.7. The maximum half-width of 3.4 mm, and the maximum half-
divergence of 50 mrad used for the 99% beam envelope comfortably contain the phase space region
occupied by the beam in Figures 4.16a and 4.17.

Figure 5.26 shows the 4rms and 99% beam envelopes overlaid on the beamlet centroids at the
inflector entrance scintillator. Beam transport for these envelopes assumed 100% transmission. The 99%
beam envglope represents the outermost limits of the beam halo, and, therefore, it is reassuring that the
measured extents of the beam from Figure 5.20 are contained within this envelope. It is also encouraging
to note that the simulated beam envelopes show very little (x, y) coupling as observed in Figure 5.20.

The simulations make it clear that a fraction of the outer beam envelope would be intercepted by
the inflector entrance electrodes if they were not protected by a collimator. This is noticed in practice
where approximately 1% of .'the beam is intercepted by the inflector entrance collimator (refer to Table
4.10). The simulations also make it clear that the 86% of the beam that is contained within the 4rms

envelope is comfortably smaller than the inflector entrance aperture.
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Figure 5.26: Simulated beam envelopes overlaid on the beamlet centroid locations at the inflector
entrance scintillator position. The beam is traveling into the page.
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To determine whether second order quadrupole effects or beampipe collimation affected the full
beam envelope at the inflector entrance the beam transport code ZGOUBI [76] was used. Two runs were
performed. One in which beampipe collimation was inactive, and one with beampipe collimation active.
Both runs initiated an 8000 particle beam at the ion source waist position that had a gaussian intensity
distribution. Figure 5.27 gives the scatter plot for the case where no collimation is present and Figure 5.28
gives the scatter plot where beampipe collimation is present. Both plots agree with Figure 5.26, and the
main difference between Figures 5.27 and 5.28 is that the uncollimated beam is generally more intense.
The collimated beam is slightly smaller, as well, but there are no distinct collimated edges to be scen.
Obviously, sufficient blending of the beam has occurred to obscure any distinct edges imposed by
collimation.

Figure 5.29 and 5.30 shc;w the 4rms and 99% beam envelopes overlaid on the measured beam
envelopes from Figure 5.8 at the inflector exit and half-turn scintillator positions, respectively. Although
the measured beam envelopes contain an undetermined amount of the beam, they are nicely bound, at the
proper orientation, by the simulated 99% beam envelope. Similarly, the measﬁred envelopes contain the
simulated 4rms envelopes which is also reassuring, The optical threshold used on the measured beam

envelopes is, thus, shown to yield an optically useful beam spot that is midway between the 4rms and 99%

beam envelopes. ZGOUBI computed scatter plots were also obtained at the inflector exit and half-turn

scintillator positions. They did not illustrate any information beyond what Figure’s 5.27 and 5.28 revealed
for the inflector entrance, so they are not included.

The agreement between the measured full beam and simulated full beam plots is quite
impressive. Considering that when the nominal system settings and CASINO representations were used, o
the resultant beam spots had major axis angles off by up to 90° and beam sizes that coula be off by as
much as lQ mm. In fact, a good match to the full beam sizes could not be obtained, through system
tweaking, without first matching to the measured constraints. Once the constraints were met, the full
beam match was automatic. This in itself helps to i/erify that the best fit simulated system provides a very

good representation of reality.
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Figure 5.27. ZGOUBI computed scatter plot of the beam at the inflector entrance. Second order
quadrupole effects have been enabled but beampipe collimation has not. The beam is traveling out of the
page. The radial and axial axes correspond to the curvilinear (x, y) axes.
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Figure 5.28: ZGOUBI computed scatter plot of the beam at the inflector entrance. Second order and
beampipe collimation effects have both been enabled. The beam is traveling out of the page. The radial
and axial axes correspond to the curvilinear (x, y) axes.
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Figure 5.29: Simulated beam envelopes overlaid on the measured full-beam outline at the inflector exit

scintillator position. Curve (a) is the 99% beam envelope, curve (b) is the measured beam envelope, and
curve (c) is the 4rims beam envelope. The beam is traveling out of the page.
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Figure 5.30: Simulated beam envelopes overlaid on the measured full-beam outline at the half-turn
scintillator position. Curve (a) is the 99% beam envelope, curve (b) is the measured beam envelope, and
curve (c) is the 4rms beam envelope. The beam is traveling out of the page. :
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Table 5.6 provides a listing of the measured and simulated beam dimensions and orientations for

reference. The measured beam dimensions contain between 86% and 99% of the beam.

Table 5.6: Measured and simulated full beam characteristics at the three scintillator positions.

BEAM TYPE & POSITION | Minor Axis Length [ Major Axis Length || Major Axis to X
(mm) {mm) Axis Angle (°)
Measured Entrance Beam 50£0.2 7.5+£0.2 0£5
Simulated 4rms Entrance Beam 34 50 —6 *
Simulated 99% Entrance Beam ©7.8 11.2 —6 *
Measured Exit Beam 25+0.2 45+0.2 55+ 10
Simulated 4rms Exit Beam 1.1 3.2 . 46
Simulated 99% Exit Beam 2.5 7.3 46
Measured Half-Turn Beam 1.8+0.2 7.5+£0.2 -81£3
Simulated 4rms Half-Turn Beam 0.8 6.1 -82
Simulated 99% Half-Turn Beam 1.8 13.8 -82

* This angle is with respect to the Lab Horizontal axis as shown in Figure 5.26.
5.4.2.4 Summary

The linear matching of the simulated transport matrix constraints to the measured constraints
was successful. The level of confidence associated with the resultant “best fit” system representation is
much higher than has ever been attained by previous researchers including those at other laboratories.
Under normal circumstances the original nominal system representation would have resulted in a poor
representation of reality. This section of the thesis also éhowed that, within the limits of the experimental
error, transport is linear for the 4rms beam envelope, and the 4rms envelope is free of collimation.

5.5 THE (X, X") AND (Y, Y") PHASE SPACE REGIONS AT EACH SCINTILLATOR POSITION

The constrained linear system representation of the injection system will provide an excellent
approximation to the full beam phase space ellipse in the (x, x) and (y, y') planes at each of the
scintillator positions. In addition, the technique of section 5.4.2.2 can be used to obtain the complete set of
(x, X', y, y") central ray coordinates for each beamlet at each scintillator position. These measurement
based coordinates can then be compared to the linearly simulated phase ellipses. If the com'paﬁs;)n shows

good agreement the emittance growth from the ion source waist to each of the scintillator positions due to
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cross-plane coupling can be determined. Using these results, a good estimate of the accelerated circulating
emittance can be made and subsequently compared to the measured emittances of Chapter 4.
5.5.1 MEASURING THE BEAM PHASE SPACE COORDINATES IN THE CENTRAL REGION

The cyclotron center region is a cramped place, even if RF structures and center ground
electrodes are removed. The lgck of space combined with the overwhelming influence of the cyclotron
magnetic field precludes the use of a phase space scanner, such as is used in the injection line, for
measuring the phase space characteristics of the beam in the vicinity of the inflector exit. However, a
useful method has been formulated for making such measurements at the inflector exit.

This method is simply an extension of tl;e technique developed in sectiqn 5.4.2.2 and has three
requirements. First, the (x, y) central ray coordinates of a beamlet must be measurable at the inflector exii.
Second, the (x, y) coordinates for these beamlets must be measurable at another location downstream of
the inflector exit, say at the half-turn position. Third, the transport matrix between the inflector exit
position and the half-turn position must be known. This matrix is known for most cyclotrons because the
magnetic field must be very well known for the machine to function properly. If these conditions are met,
a set of four equations with four unknowns can be solved to obtain the divergence components of the

inflector exit beamlet central ray coordinates (X.,, X'ey> Yex» ¥'ex) and of the half-turn beamlet central ray

(2.¢

coordinates (X, X'h Ypa» Y'ha)- Since magnetic midplane symmetry is maintained through the first half-

turn, the off-diagonal sub-matrices of the transport matrix are occupied by zeros yielding the following

simple solution to the problem

X -RF-M/RG- LO/RG-™ 00 00 Xex
X | _ |RG-REEREM/REG™ REM/RG™ 00 00 o]
Yex 00 00 -RG-R/RE 1LO/RE Yex | (5-15)
Yie! \ 00 00 RO _REPREM/RER RE®/RE™) \Vie

With respect to the first two requirements, the technique used to measure the beamlet (x, y) central ray
coordinates discussed in section 5.1.6 can be used. Note that the exit scintillator can be withdrawn without
altering any of the system parameters. This ensures that the radial and axial coordinates from the two

scintillator positions truly correspond to each other. The third requirement can be met by computing the
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transport matrix through the first half-turn using paraxial rays computed using a standard field map and
the program CYCLONE. The sources of error for this technique originate from uncertainties in the axial
and radial trajectory start and end points, the (x, y) centroid coordinates and the magnetic field map. The
transport matrix can also be determined by calculating the ficld index seen by the beam over the first half-
turn (use Figure 5.10) and by using equations 2.31, 2.32, 2.33 and 2.34. The sources of error for this
technique arise from uncertainties in the azimuthal angle traveled by the beam, the (x, y) centroid
coordinates, the field strength, the radius of curvature and the field index. The match between the
matrices computed by these two techniques was quite good. Therefofe, the latter analytical technique was
used in practicé as it was more amenable to being adjusted, which was necessary for obtaining the best
linear system match to the constraints.

Figure 5.31 shows the measurement based (x, x') and (y, y") phase space coordinates at the
inflector exit and half-turn scintillator positions with the full beam 4rms and 99% phase space ellipses
overlaid for comparison. In addition, a polygon which bounds the outermost beamlet centroids from
Figures 5.15, 5.16 and 5.17 was transported to the scintillator positions, and is also shown in Figure 5.31.
Note that the individual coordinates of each beamlet are not expected to uniformly inhabit the whole of the
99% phase ellipses, as the original beamlets did not uniformly cover all ‘of the beam’s phase space region
at the cqllimator in the first place. However, the beamlets are expected to uniformly cover the area within
the bounding polygon, and this is the case within the limits of experimental error. Thus, the best fit linear
system (Table 5.4) has again provided a reasonable simulation of the system.

As described previously, the determination of the rﬁ_easurement'based phase space coordinates at
the inflector exit and half-turn positions can be obtained without any knowledge of beam transport
through the inflector. However, the same cannot be said for determining these coordinates at the inflector
entrance. In this case the (x, y) coordinates of the beamlets at both the inflector entrance and exit must be
known, as well as the transport matrix through the inflector. Fortunately, all of these conditions were
satisfied in section 5.4. This permits measurement based phase space coordinates to also be determined for
the inflector entrance. Figure 5.32 shows the inflector entrance phase space coordinates with the 4rms and

99% phase space beam envelopes and the beamlet’s bounding polygon overlaid. The match between the
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polygon and the beamlet phase space coordinates coordinates is fairly good, and the beam envelopes

encompass the polygon and the beamlet centroids reasonably well.
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Figure 5.31: The measurement based phase space coordinates of the beamlets at the inflector exit and
half-turn scintillator positions overlaid with linearly simulated 4rms (curve b) and 99% (curve a) beam
envelopes and a transported polygon which initially bounded the beamlets at the collimator.

The best fit phase space ellipses in Figures 5.31 and 5.32 are quite important. This importance
arises because phase space ellipses of this type are what are normally used by simulation software for

accelerated beam studies, and because these ellipses are the first to have been checked against measured

data from the immediate vicinity of a cyclotron inflector.
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Figure 5.32: The measurement based phase space coordinates of the beamlets at the inflector entrance
scintillator position overlaid with linearly simulated 4rms (curve b) and 99% (curve a) beam envelopes
and a transported polygon which initially bounded the beamlets at the collimator.

5.5.2 EMITTANCE GROWTH DUE TO CROSS-PLANE COUPLING

In section 5.4 it was found that beam transport, at least for the 4rms beam. was linear to within
experimental error. This indicates that emittance growth due to non-linear focusing by either the
quadrupole magnets or the inflector, for the case of the 4rms beam, is quite small. The emittance grov?th
due to cross-plane coupling is. however, very evident. The resultant (x. X') and (y, y') normalized
emittances at each scintillator position and at the ion source waist are tabulated in Table 5.7, as well as
the emittance growth fabtor.

Before analyzing Table 5.7 let’s remind ourselves of what the data is representing. First of all,
the emittances at each scintillator position are simply proportional to the area of the appropriate phase
ellipses in Figures 5.31 and 5.32. These phase cllipses were obtained using the best fit linear system
described in Table 5.4. The beam being characterized in Table 5.4 is the one which experimentally
provided the best beam transmission to 1.125 MeV for an arc current of 6.4 amperes as described in

Tables 4.17 and 5.1. Therefore, the emittance and emittance growth data in Table 5.7 are very important

as they correspond to the actual optimal system tune.
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It is also important to understand how the emittance data in Table 5.7 corresponds to the various
coordinate systems used in this thesis. First of all, the emittances have been computed with respect to the
coordinates (x, x') and (y, ¥'), where (x, y, z) form the curvilinear coordinate system illustrated in Figure
2.1. As a reminder of how the curvilinear coordinate system is aligned with the other coordinate systems
used in this thesis consider the following:

» At the ion source waist and at the inflector entrance scintillator position, the (x, y) axes are

-aligned with and are in the direction of (the negative of the lab horizontal axis, the lab vertical

axis), as described in Figure 2.17. The (z) axis points in the direction of the velocity vector of the

beam’s central ray. .

¢ At the inflector exit scintillator position, the (x, y) axes are aligned with and are in the

direction of (h, -u), as described in Figure 2.18. In addition, the (x) axis is in the median plane

and points towards the center of curvature, and the (z) axis is in the median plane and points in
the direction of the velocity vector of the beam’s central ray.

o At the half-turn scintillator position, the (x) axis is in the median plane and points towards the

center of curvature, the (z) axis is in the median plane and points in the direction of the velocity

vector of the beam’s central ray, and the (y) axis points in the direction necessary for (x, y, z) to

form a right-handed coordinate system as illustrated in Figure 2.1.

At the ion source waist the beam emittances are uncoupled, and they were measured to be 0.24
mm-mrad in both the (x, x') and (y, y') phase planes, as reported in Tables 4.6 and 4.7. Due to the cross-
plane coupling introduced by the rotated quadrupole magnets and the magnetic field of the cyclotron’s
axial bore, the emittances in the (x, x') and (y, y') phase planes at the inflector entrance scintillator
position have grown. This is not an unexpected development when cross-plane coupling occurs, as is
reported by Brown and Servranckx in [55] where the following statement is made:

“If the initial emittances in the x and y planes at the beginning of a system are uncoupled and are

equal to each other, then at any point downstream the projected x and y emittances will always be

equal to each other, independent of the magnitude of the x-y coupling at that point. Their
magnitudes may, however, be equal to or greater than the values of the initial, uncoupled
emittances”
Contrary to this statement, it is clear from Table 5.7 that the emittance growth is not equal in each phase
plane at the inflector entrance scintillator position. This anomaly is addressed by Baartman and Kleeven
in [45]). The work of [55] assumes that (x, x') and (y, y') are sets of canonically conjugate variables.

However, in [45] it is noted that at a position such as where the inflector entrance scintillator is located,

midway through a solenoidal magnetic field, (x, x') and (y, y') are not sets of canonically conjugate

variables. Consequently, emittance growth can be unequal in each phase plane, as shown in Table 5.7.




Baartman and Kleeven [45] also point out that once transport through to the inflector exit has
been reached, then (x, x') and (y, y') are again sets of canonically conjugate variables. This is because
transport through the axial bore and inflector fields has been completed and the dipole field of the
cyclotron has been entered. Consequently, the emittances at the inflector exit scintillator position should
exhibit balanced emittance growth as described in [55]. This is essentially true in Table 5.7, where the
differences between the (x, X') and (y, y') emittances give an indication of the error associated with their
computation.

Table 5.7: The measured ion source waist 4rms emittance as per Table 4.7 and Table 4.8, and the 4rms

emittances at each scintillator position as per Figures 5.31 and 5.32. The. resultant emittance growth
Jactor with respect to the ion source emittance at each scintillator position is listed for comparison.

BEAM POSITION Normalized Emittance
4rms Emittance | Growth Factor
(mm-mrad) '
Ion Source Waist (x, x') 0.24 -
Ion Source Waist (y, y') 0.24 -
Inflector Entrance (x, x') 0.31 1.3
Inflector Entrance (y, y') 0.55 23
Inflector Exit (x, x") 0.44 1.8
Inflector Exit (y, y') 041 1.7
Half-Turn (x, x") 0.44 1.8
Half-Turn (y, y") 0.41 1.7

No emittance growth is exhibited between the inflector exit scintillator position and the half-turn
scintillator position, as no cross-plane coupling exists for the cyclotron’s dipole magnetic field (with
flutter) between these positions.

Refer to Appendix IV for a further discussion of canonical transport variables.

5.5.3 THE CIRCULATING EMITTANCE

So far we have established that emittance growth due to machine imposed non-linearity’s is

effectively zero for the 4rms beam. We have not specifically investigated the effects of space charge.

However, given that a linear simulation matches the full beam images, the space charge effects cannot be

large. In fact, it is already known that space charge is not an important factor for the TR30 where the




injected beam current is 2.5 times as large as in these experiments. The major contributing factors to
emittance growth then are the cross-plane coupling effect introduced in the previous section and the, yet to
be discussed, mixing of RF phases which yiclds the final circulating emittances. Additional emittance
growth due to miscentered beam or to resonances during acceleration are dealt with in [111].

The circulating emittance in both the axial and radial phase planes can be computed using
equation 3.1, as was done in sections 4.7.2 and 4.7.3. Equation 3.1 assumes that the cyclotron can be
approximated as a weak focusing dipﬁle -with appropriate average radial and axial tunes. Table 5.8 gives
the circulating emittance for a nominal TR type cyclotron using this approximation, as well as several
measured emittances from TR type cyclotrons. One can see from Table 5.8 that there is rough agreement
on the emittance values. Close agreement is not ékpected as the ion sources and injection systems were not
identical for each machine.

Table 5.8: The calculated or measured emittances at the inflector exit or circulating within several of the
TR type cyclotrons.

PARAMETER * Circulating Circulating
‘ (x, x") Plane (y,y") Plane
Normalized 4rms Emittance J** 1**
(mm-mrad)
Normalized C.R.M. 26 Emittance 3.0£0.5 32
@ 1 MeV (mm-mrad)***
Normalized TR13 Emittance @ 151 4+1
13 MeV (mm-mrad) [25]
Normalized TR30 Emittance @ 21 21
30 MeV (mm-mrad) [112]

* Strictly speaking, the emittance is the determinant of the beam sigma matrix (equation 2.19), where an
emittance is read as "¢" mm-mrad. However, many authors include a = such that the very same quantity is
read as "¢" n-mm-mrad. The addition of the = is meant to “clearly” indicate that the digits correspond to
an emittance and not to an area. Unfortunately, the whole expression corresponds to an area with the
insertion of m, so confusion is not wholly avoided.

** These circulating emittances are based on a nominal cyclotron with Ry = 19.6 mm, v, = 1.03, v, =

0.333 and By = 0.0073. These values are appropriate for the C.R.M., the TR13 and the TR30.
*** Based on L155/PL10.8/EL10/NL ion source configuration. Data is from Chapter 4.

5.6 CENTER REGION BEAM DISPLACEMENT AS A FUNCTION OF THE MAGNETIC FIELD

The TRI13’s central magnetic field was originally predicted to be up to 10% lower than in the

TR30 or the C.RM,, yet the very same inflector and central region electric focusing structure was to be




used for it. Under these circumstances it was very important that the beam centering not be greatly
affected by the magnetic field so that the beam passes through the various center region apertures
unimpeded. Also, during the commissioning of cyclotrbns it is sometimes found.that the commissioned
RF frequency can be off by a fraction of a percent. This requires the cyclotron magnetic field to be
adjusted to maintain isochronism. Another important issue that is pertineﬁt to all of the TR type
cyclotrons is the degree of r-adial re-centering that can be accomplished through magnetic field changes.
This is important for obtaining balanced dual beam extraction at the outer radius of a particular machine.
Further complicating the radial centering issue is the coupling of radial ﬁhenomena into the axial phase
plane‘ by the inflector. This causes small but measurable axial centering changes to be induced by
magnetic field changes. This can result in axial emittance growth and beam loss in the axial plane.

Having established that it is important to know how the beam is displaced as a result of magnetic
field perturbations, one should also note that it is important to verify CASINO’s ability to simulate these
effects. Figure 5.33 shows the measured results. The beam displacements for this plot were repeated eight
times. Six different beamlets and two low current full beams were used. The error bars represent the
standard error for these éight measurements. The (x', y') displacements were obtained using the technique
of section 5.5.1. Also remember that the radius of curvature vector points in the opposite direction of the
(x) coordinate.

The strong radial dependence of the beam with magnetic ficld is expected, however, the fairly
strong axial dependence is somewhat surprising. Figure 5.34 compares the measured displacements to two
CASINO simulations. CASINO simulation B shows agreement in the radial displacement. Both
simulation B and C do not sflow agreement with the measured axial displacement. This could be
attributed to the beam being off-centered at the inflector entrance as shown in Figure 5.13. Normally the
full beam centroid at the entrance will not move off axis if the axial bore magnetic field changes, however,
with the beam off axis to start with, a change in the magnetic ficld causes the full beam centroid to rotate

about the cyclotrons axial bore axis. Such a rotation could place the full beam centroid along a trajectory

which is axially off-nominal at the inflector exit.
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Figure 5.33: The average central ray (x, y) and (x' V) displacements at the inflector exit scintillator
position as a function of the C.R.M. main magnet excitation current.
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Using the measured data, one can see that for a 10% change in the excitation current a radial
change of —0.7 + 0.1 mm is induced accompanied by an axial change of 0.4 £ 0.1 mm. These effects are
indeed rather small when compared to the apenufe sizes of 10 mm and full beam sizes of about 4 mm.
This indicates that it should be safe to use the C..R.M. type center region with the reduced central

magnetic field of the TR13.
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Figure 5.34: The average central ray (x, v) displacements at the inflector exit scintillator as a function of
the C.R.M. main magnet excitation current for three cases. Curve A illustrates the measured data, curve
B illustrates the results of a CASINO simulation using the electric field file INF_RELAX_014.DAT, and

using an ANALYTIC electric field and the MAP29_DIGI.ZFLD magnetic field map.

5.7 CENTER REGION BEAM DISPLACEMENT AS A FUNCTION OF INFLECTOR POTENTIAL

In the previous section emphasis was placed on the importance of being able to re-center the
beam at the inflector exit. Re-centering the beam with the magnetic field is limited to pos’itions' along a

skewed line in phase space. This is typically not sufficient for most applications, as one may want to
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center the beam at some position that is perpendicular to this line. As well, magnetic field changes must
be fairly small so that isochronism is not destroyed. Consequently, it is of importance that other means are
available for re-centering the beam, and one method for doing so is by adjusting the inflector electrode
potentials. It is important to measure the displacement changes induced by inflector potential changes so
that the full range of ways the beam may be adjusted can be determined. As well, it is of interest to assess
the ability of CASINO to simulat¢ symmetrical potential changes, and §f even more interest to measure
asymnietrical potential changes whiqh CASINO cannot simulate.

The displacement changes obtained were relatively large. This provides an opportunity to overlay
images of displaced beamiets without mutual interference, so that one can obtain a qualitative feel for the
raw data. Figure 5.35 shows such an image. The radial displacement of each beamlet is about 0.3 mm and

the axial displacement is about 0.9 mm. The beamlets are approximately 1.0 mm in diameter.
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Figure 5.35: Beamlets measured at the inflector exit. The beamlets came from the Y = =2 mm and X = 10
mm beamlet collimator position. Proceeding from bottom left to upper right the beamlets experienced
inflector electrode potentials of +7.9 kV, £7.7 kV and +£7.5 kV, respectively. Note that the background is
noisier than for a single beamlet image because three images were added together for this figure.
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The beam centering changes that were induced by each set of inflector electrode potentials were
repeated eight times. Six separate beamlets and two different low current full beams were used. The
induced changes were replicated quite closely by each of the eight test beams, and the resultant error used
for each measurement was the statistical standard error. Figure 5.36 shows the (x, y) and (X', y')
displacement of the injected beam at the inflector exit scimillafor position. The (x', y') displacement was
obtained by measuring the (x, y) displacement at the half-tum scintillator position and then using the
technique of section 5.5.1 to solve for the divergence components.

The (x, y) plot in Figure 5.36 shows that the inflector potential changes couple rather strongly to
the axial displacements relative to the peﬁurbed magnetic field induced axial displacements of Figure
5.33. This is reasonable to expect as changing the potential difference changes the electric radius. of
curvature, which would result strictly in axial displacements if the magnetic ficld were not present.

It is interesting to note that the> (x, y) displacements in Figure 5.36 form an angle of = 70° with
respect to the (x) axis whereas the displaceﬁents of Figure 5.33 form an angle of = —33° with respect to
the (x) axis. ‘Since the two methods yield approximately orthogonal results, they can be very effectively
used in tandem to produce (X, y) displacements spanning a plane normal to the nominal central ray
position. Of course, if one uses the two parameters for the specific purpose of obtaining a particular (x, y)
central ray position one must hope that the associated (x', y') coordinates are also acceptable.

CASINO simulations of syfnmetric potential changes on the inflector electrodes showed excellent
agreement with the measured displacement data, as can be seen in Figure 5.37. As was the case for the
magnetic field changes, the simulation using a RELAX3D electric field as opbosed to an analytic electric

field gave the best results.
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Figure 5.36: The average central ray (x, v) and (x', y') displacements at the inflector exit scintillator

position as a function of svinmetrical inflector electrode potential changes.
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Figure 5.37: The average central ray (x, y) displacements at the inflector exit scintillator as a function of
symmetrical inflector electrode potential changes for three cases. Curve A illustrates the measured data,
curve B illustrates the results of a CASINO simulation using the electric field file INF RELAX 014.DAT,
and the magnetic field file MAP29 DIGLZFLD, and curve C illustrates the results of a CASINO
simulation using an ANALYTIC electric field and the MAP29 DIGI.ZFLD magnetic field map.
Asymmetrical inflector electrode potential changes cannot be modeled by CASINO. However,
asymmetric inflector electrode potential variations are used extenéively during beam tuning. For example,
Figure 4.37 shows that asymmetric potential settings peaked the beam current to 1.125 MeV, and, in
addition, the nominal setting of Table 5.1 is —7.65/7.6 kV. Such variations can provide a useful means for
achieving a particular (x. y) central ray position in conjunction with a magnetic field adjustment while
yielding a different (x'. y') central ray position than could be obtained using symmetric inflector potential
changes. The number of asymmetric potential displacement data points obtained was not exhaustive, yet a
sufficient number were taken to get a flavour for the types of adjustments possible. Figures 5.38 and 5.39
show the (x, y) and (x', y') displacements as a function of the asymmetric potentials, respectively.
Asymmetric inflector electrode potentials cause the central ray of the beam to travel at a non-zero

electric potential through the inflector. This means that the central ray may be slightly accelerated or

decelerated. In Figure 5.38 the general trend is for a decelerated central ray to be below the symmetrical

displacement line, and for the accelerated central rays to be above this line.
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Junction of asymmetrical inflector electrode potential changes.
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5.8 CENTER REGION BEAM DISPLACEMENT AS A FUNCTION OF BEAM ENERGY

Adjusting the beam’s injected kinetic energy is yet another on-line method for displacing the
beam centroid at the inflector exit. 'flxis is easily accomplished by varying the ion source bias supply
voltage. This form of beam adjustment has some interesting side eﬁects, however. In particular, the beam
focus through the quadrupole magnets will change as the beam energy is varied. Normally, this will not
displace the full beam centroid upstream of the inflector as the beam has not passed through any
dispersive elements in this portion of the system. In these experiments, though, the beam was found to be
off-center at the inflector entrance for maximum beam transmission, and this meant that the full beam
centroid must have been steered slightly by the quadrupole magnets and the C.R.M. axial bore field prior
to the inflector entrance. Since, the beam’s central ray was already off-center for a norﬁinal 25 keV
injection energy, it will be expected to be unpredictably shifted by injection energy changes. As in the case
of thé main magnetic field perturbations, the inflector exit displacements for beams of off-nominal
injection energies will also be unpredictable. This of course will be confirmed when comparisons to
CASINO simulations are made.

Figure 5.40 shows the displacements at the inflector exit as a function of the beam energy. The
displacements are, in fact, unusual. The higher energy beam must have a larger cyclotron radius than the
lower energy beams, yet the higher energy beam is displaced in the optical positive (x) direction which is -
toward the center of the orbit not away from it. The explanation is that even though the higher energy
beam does indeed have a larger cyclotron radius, its cénter of curvature has been displaced in such a
manner as to give a net displacement at the inflector exit which is closer to the machine center.
Regardless of the reasons for the unusual displacements, they exist and must be taken into account during
system tuning.

Figure 5.41 shows a CASINO simulation in which the beam centroid was centered at the
inflector entrance, and the displacement for the higher energy beam is in the optical negative (x) direction

which is radially farther away from the center of curvature as would normally be expecied. The axial
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Figure 5.40: The average central ray (x, y) and (x' v)) displacements at the inflector exit scintillator
position as a function of beam kinetic energy changes.

displacement by both CASINO simulations is very small which is unusual as the electric radius of

curvature, which couples strongly to the axial axis, varies substantially with the energy changes of these

experiments. A back of the envelope calculation shows that the electric bending radius, given by




2T
=— ‘ (5.16)

electric ’
E

where T is the beam kinetic energy, q is the charge, and E is the electric field between the inflector
electrode plates, which is nominally 25 mm, should increase by 1 mm when the beam energy goes from 25
keV to 26 keV.

Figure 5.42 illustrates measured and calculated changes in the beam radius of curvature and the
axial displacement of the beam as a function of the beam energy. The change in radius of the beam was
measured by using both half-turn and exit scintiliator data, and, thus, the radial centering issue which
affected Figures 5.40 and 5.41 was circumvented. The calculated displacements were done in a rough
manner using equation 5.16 for the electric effects, which were assumed to couple to the axial phase
space, and equations 2.29 and 2.30 for the magnetic effects, which were assumed to couple to the radial
phase space. One can see that there is reasonable agreement between the measured and calculated results

in Figure 5.42.
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Figure 5.41: The average central ray (x, y) displacements at the inflector exit scintillator as-a function of
beam kinetic energy changes for three cases. Curve A illustrates the measured data, curve B illustrates
the results of a CASINO simulation using the electric field file INF RELAX 014.DAT, and the magnetic
field file MAP29 DIGI.ZFLD, and curve C illustrates the results of a CASINO simulation using an
ANALYTIC electric field and the MMAP29_DIGI.ZFLD magnetic field map.
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3.9 SUMMARY

This chapter introduced an experimental technique which allowed the first measurements of
beam properties at the entrance and exit of a cyclotron’s inflector to be made. The main thrust of these
measurements was to produce results which permitted the first ever measured constraints to be placed on
the elémems of the linear transport matrix representing a cyclotron inflector in its actual operating
environment. Other ancillary beam properties which were experimentally measured for the first time
included the full beam size, shape, orientation and centering in the (X, y), (X, x') and (y, y') sub-spaces,
and beam centroid displacements in phase space as a function of deviations in the cyclotron magnet’s
excitation current, the inflector electrode potentials and the injected beam energy.

This measurement technique can be divided into two main areas: hardware related and software

related. The hardware consisted of specialized collimation equipment, equipment to expose the inflector to
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view, scintillator supports and probes, vacuum ports and windows, a TV camera, a digital frame grabber
and a personal computer. The software, which greatly facilitated image analysis, consisted of Super Video
Windows Veditor for viewing the scintillating beamspot images in real time and for saving the images to
disk, Optimetric for performing most of the image analysis tasks including background subtraction,
thresholding and data extraction, Transform for graphically representing image data, and Mathematica
for post-processing the image data, performing computations and illustrating the data.

In order to obtain the measured constraints on the first order transport matrix, beamlet ray
tracing was undertaken through the system. The (x, x', y, ') coordinates of each beamlet were known at
the collimator position. The (x, y) central ray coordinates of each beamlet were directly measured at each
scintillator position, and the (x', y') central ray coordinates were determined using the measured data and
the technique described in sections 5.4.2.2 and 5.5.1.

The measured constraints and the best fit linear system’s representation of these constraints are
listed in Tables 5.3 and 5.5. The measured and computed constraints compare quite favourably to each
other. As a result, the best fit linear system parameters in Table 5.4 describe the definitive representation
of the injection system, and equations 5.7 and 5.8 give the definitive optical representation of the axial
bore and spiral inflector used in the TR type cyclotron. Since this is the first time that measured data has
ever been used to constrain the optical representation of a cyclotron inflector, the level of confidence
associated with this representation is much higher than has been achieved before. The computer code
CASINO used to generate the matrices in equations 5.7 and 5.8 is the first inflector modeling code to be
tested against detailed measured data. This code was shown to be capable of accurate modeling of the
optical characteristics of the axial bore and the spiral inflector. Howeve_r,‘ one cannot expect the program
to produce optimal simulations if the user does not have a good understanding of the system under
investigation and of the many adjustable parameters within the program itself. The best fit linear transport
matrices were obtained using the analytical electric field representations within CASINO, as opposed to

the more elaborate numerically computed three-dimensional field map representations. This occurred

- because full three-dimensional electric/magnetic field map scenarios were not investigated exhaustively
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whereas the easily manipﬁlated analytiéal representations were studied more extensively. This resulted in
the analytical representations more closely representing the measured data.

The best fit linear system was then used to generate simulated full-beam phase space ellipses in
the (x, y), (%, x") and (y, y') sub-spaces, and these were compared to the measured full-beam results. Good
agreement was found between the measured and simulated full-beam data, which further established the
validity of the best fit linear system. The best fit simulated full-beam phase ellipses at the inflector exit are
of great interest to TRIUMF accelerator physicists, for they can be used as input data for accelerated beam
.'studies on the TR type cyclotrons, and they represent a significant level of improvement over the old input
phase ellipses. In addition, the full-beam simulations were used to provide updated estimations of- the
emittance growth in the system. The emittance growth factors are given in Tables 5.7 and 5.8.

During the commissioning of a TR type cyclotron the axial and/or radial centering of the beam is
usually adjusted for maximum beam transmission. Typically the cyclotron operator does this by searching
through the parameter space spanned by the tunable variables such zis the cyclotron magnet excitation
current, the inflector electrode voltages and the injected beam energy. This search is typically done in a
fairly arbitrary manner, and even when an optimal system tune is achieved the operator usually does not
know what sort of re-centering has been achieved. Simulations have often been conducted in the past to
determine what is occurring. However, this tactic is of limited utility because the actual system may be
perturbed in a large number of possible ways relative to the ideally modeled system. The only measured
parameter is typically the beam transmission rate, so the problem is relatively unconstrained. Therefore,

the phase space re-centerings measured as a function of the cyclotron magnet excitation current, the

inflector electrode voltages and the injected beam energy illustrated in sections 5.6, 5.7 and 5.8 provide a

higher level of insight and constraint. This technique of measuring the behaviour of the beam in the
immediate vicinity of the inflector will be of considerable interest to other researchers in the field. The

figures shown in these sections will be very useful to TR type cyclotron operators, in particular, as they

provide information specifically relevant to the TR type inflector and center region.




6.0 CONCLUSIONS AND FURTHER WORK

Detailed summaries of the work presented in this thesis are given in sections 3.4, 4.8, 5.4.2.4 and
5.9. This chapter discusses the major highlights of this thesis and suggests further work which could be
fruitfully pursued as a direct coﬁsequence.

6.1 CONCLUSIONS

In this thesis useful design techniques were utilized to produce robust prototype injection systems
which met the TRI3 @clotron’s design specifications. In particular, these systems were compact,
modular, and capable of transmitting at least 110 pA of beam current to 1 MeV with a reasonable level of
emittance growth [47].

These prototype injection systems were tested using the C.R.M. 1 MeV test cyclotron facility. An
axially rotated 4Q system was found to yield the best beam transmission to 1 MeV (275 pA), however, the
axially rotated 2Q system was the most cost-effective system which met all of the TR13 specifications. The
2Q system was consequently chosen for use in the TR13 cyclotron system. In order for these injection
systems to meet the beam transmission requirements, the ion source was physically re-optimized for the
previously sparsely investigated low amperage arc current regime specified for the TR13 system [50]. The
techniques used and the results obtained in these experiments were discussed in detail.

The 100 pA of 13 MeV protons specified for the TR13 cyclotron system was dually extracted
onto external targets for the first time on May 26, 1994. This confirmed that the 2Q based I1.S.1.S. selected
in this thesis could be successfully implemehted in the commercial version of the cyclotron.

Radial and axial differential probe scans were illustrated for the first five turns in the CR.M..
These measurements verified that the injected beam was indeed of an acceptable quality, and also
permitted the accelerated beam centering, RF phase band, and emittance to be established. Transmission
studies as a function of main magnet excitation current, inflector electrode voltages, and injection line
quadrupole magnet current settings established the sensitivity of the beam trénsmission to system

perturbations. The work reported in chapter 4 concerning ion source optimization, injection line axial
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rotation, and center region sensitivity testing has been very useful to the TRIUMF staff who are currently
working towards doubling the output current of the TR30 cyclotron. The technique of axially rotating the
injection line, in particular, has resulted in significant gains in total transmitted current.

The dgtailed beamlet based measurements at the entrance and exit of the TR type inflector were
the first measurements of this type to be made at these locations in a cyclotron. The experiment based
approach to optically characterizing the inflector and to determining the beam’s properties in the vicinity
of the inflector constitutes a change in approach to the inflector “problem”. Until now the approach has
been almost entirely simulation based. The traditional approach has certainly shed light on the various
inflector/beam related ion optical issﬁes, but it could never truly resolve an issue in the way that measured
data can. The absence of measured data in this particular area of accelerator physics is related to the
perceived difficulty in making measurements. Thus, one of the contributions of this thesis was the
specification of an experimental technique which permits one to obtain detailed inflector/beam
measurements. The results of these measurements fell into three main categories. The first was the full-
beam size, shape, orientation and centering data obtained in the (x, y), (x, X) and (y, y') phase spaces. The
second was the creation of an injection system linear transport matrix which best fit the measured
transport matrix constraints obtained through beamlet ray-tracing. This work established the definitive
representation of the 4Q injection system and the definitive TR type cyclotron’s axial bore and spiral
inflector optical transport matrices. The third type of information obtained was in the form of plots of (Ax,
Ay) and (AX', Ay') beam central ray variations at the inflector exit as a function of variations in the
cyclotron’s magnetic field, the inflector electrode potentials and the injected beam energy. This
information is of substantial practical ‘utility for determining the central region axial and radial
displacements that are invoked as a function of system tuning during cyclotron commissioning or during
specific center region experiments.

A consequence of the measurements is that CASINO is the first cyclotron inflector modeling

code which has been tested against detailed measured data. CASINO was shown to be capable of

providing best fit linear transport matrices for the axial bore of the cyclotron and the inflector that were




well matched to the data. Working with CASINO also highlighted the fact that if one does not have
measured constraints to direct the process of parameter adjustment within an inflector and injection
system simulation code, it is difficult to obtain a system representation of high accuracy.

The personal computer based software packages Optimetric, Transform and Mathematica have
been shown to be useful for analysis in the field of accelerator physics. In addition, the programs
TRANSOPTR, CASINO, CYCLONE and ZGOUBI have each been shown to be capable of addressing
particular ion-optical simulations.

Lastly, I deemed the length of this thesis and the technical detail included in this thesis necessary
for documenting the capabilities of the C.R.M. cyclotron and the TR type injection systems for future
reference by TRIUMF and Ebco Technologies personnel.

6.2 FURTHER WORK

A two collimator beamlet selection system could be used in conjunction with the techniques of
chapter 5 to place measured cc')nstraints on each element of the first order transport matrix for the
injection system. This would represent an improvement over the constraints described in equations 5.3
through 5.6 and equations 5.11 through 5.14.

If further effort was expended to find an experimental set-up which could handle injected beam
currents of 5 mA or higher, perhaps with the use of a beam pulser, the techniques of chapter five could be
used to study space charge effects in the vicinity of the-inflector exit. In addition, scintillator based full-
beam studies of the effects of injection system axial rotations and quadrupole magnet current setting
variations could also be undertaken.

An experiment which tests beam transmission to 30 MeV in the TR30 cyclotron, and to 13 MeV
in the TR13 cyclotron as a function of injection system axial rotation angle would be of scientific interest.

It would also be of interest to use the full-beam phase sbace specifications established in chapter
5, as input data for accelerated beam transport simulations in the TR type cyclotrons. These simulations

should yield a good match to the measured data described in [25], for example.
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A more exhaustive study of CASINO’s ability to simulate the results of chapter 5 could be
undertaken. In particular, one would expect that three-dimensional field map simulations could be found
which provide a best fit linear system which is at least as good as the system described in this thesis. If
this was found not to be the case, CASINO should be upgraded.

The results of the work described in chapters 3 and 4 indicate that an even more compact TR13
type injection line could be designed. This would be desirable, as the present TR13 design calls for a
substantial amount of costly radiation shielding material to surround the portion of the ion source and
injection system which protrudes from the TR13 cyclotron’s axial bore. If the two injection line
quadrupole magnets were buried within the axial bore to within about 14 cm of the median plane, and if
the injection line cryo-pump was removed from'the system (vacuum pumping would come from the
cyclotron’s main tank), almost all of the injection line would be hidden within the bore hole in the
<':yclotron. This would mean that both the injection line and shielding costs would be greatly reduced. of
course, substantial prototype testing would have to be undertaken to verify whether such a system was

actually practical.
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APPENDIX I: TRANSOPTR COMMAND FILES

COMMAND FILE: OPTR.LNK

$FOR 4q_b9200g_ana

$LINK OPTR, 4q_b9200g_ana, scinf, IMSL/LIB
$DELETE/NOCONFIRM 4q b9200g_ana.ORJ;*
$assign 4gsk.dat sys$input

Sassign out.dat sys$output

S$run optr

$deassign sys$input

$deassign sys$output

DATA FILE: 40SK.DAT

.025 0 0 939.3 1 0.E-12
13 0.5 .5E-5

0 -20.

1.4 12.5 2.4 12.5 1. O.
0

18

2.5 1. 41. 0

-00. -100. 100. O
48.0 0. 100. O

50.0 -0. 300. O

0.02 0.01.00
0.0188 -.06 .06 1

10. 5. 15. 0

-0.0561 -.09 .06 1
10. 5. 15. 0

.0600 -.06 .09 1
-.02486 -.06 .06 1
16.4 -0. 50. O
143.323 -180. 180. 1

-1.25418 -180. 180. O

.09 0. 1. 0
1.0 ‘ ' 0.01.00
2.0 0.0 3.00
0.0 0.0 1.0 0
3.E-4 400 1.
0
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SYSTEM SUB-ROUTINE FILE: 4Q B9200G ANA.FOR

SUBROUTINE SYSTEM
OCOMVON /MOM/P, BRHO
COMMON /PRINT/IPRINT
COMMON /SIGS/SX(6,6)
COMMON /BLOC1/X,XP,EX,DO,WW,QO0,
*D1,Q1,D2,0Q2,Q03,D3,TWIST, THETA, EN, W, EXP, PR
REAL A(6,6)
REAL B(6,6)
REAL C(6,6)
REAL D(6,6)
REAL E(6,6)
REAL F(6,6)
REAL G(6,6)
Remember: each row is a colum and units are c¢m, ,cm, ,cm,
RR(120,0) BEAMLINE COORDINATES PRIOR TO INFLECTOR
DATA A/ .99968, -.00061, -.01981, -.01921, 0.0, 0.0,
3.9883, .9973, -.0870, -.1005, 0.0, 0.0,
.01981, .01%921, .%9%68, -.00061, 0.0, 0.0,
.0870, .1005, 3.9883, .9973,0 .0, 0.0,
0.0 , 0.0 ., 0.0 , 0.0 . 1.0 , 0.0,
.0, 0.0, 0.0, 0.0, 3.9896, 1.0/
R(240,120) BEAMLINE COORDINATES PRIOR TO INFLECTOR
DATA B/ .97980, -.01620, -.12258, -.05071, -.00006, -.00003,
' 3.87732, .B89169, -.80044, -.48004, .00004, .00002,
, .12258, .05071, .97980, -.01621, -.00006, -.00003,
. .80044, .48004, 3.87733, .89169, .00004, .00002,
, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0,
R 0.0, 0.0, 0.0, 0.0, 3.9896, 1.0/
R(317,240) BEAMLINE COORDINATES PRIOR TO INFLECTCOR
DATA C/ .99464, -.00527, -.03767, -.03663, -.00004, -.00004,
, 2.48381, .88653, -.57255, -.49363, -.00009, -.00007,
. .03767, .03778, .99464, -.00778, -.00001, -.00002,
. .57255, .49627, 2.48381, .88214, -.00004, -.00004,
, 0.0, 0.0, 0.0, 0.0, 1.0, 0.0,
; 0.0, 0.0186, 0.0, 0.0, 2.5603, 1.0/
R(367,317) ROTATED COCRDINATES INSIDE INFLECTOR
DATA D/ .48785, -.09839, .81684, -.04813, .46980, .18367,
1.06671, .66020, 1.18593, .51449, .61278, .40591,
-.78341, .17840, .55290,. .03593, -.40700, -.29975,
-1.13683, -.35373, 1.14434, .85791, -.44368, -.43606,
0.0, 0.0, 0.0, 0.0, 1.0, 0.0,
-.27504, -.58808, -.10836, -.10577, 1.59310, .89445/
R(417,367) ROTATED COORDINATES INSIDE INFLECTOR
DATA E/ .35780, .18501, 1.01286, .05910, .24849, -.22188,
.65650, .38352, 1.36948, .76821, .66010, .30175,
-.60120, .55794, .37860, -.05525, -1.01069, -.27637,
-1.13748, -.13996, .89798, .58182, -1.00042, -.52463,
0.0, 0.0, 0.0, 0.0, 1.0, 0.0,
-.97305, -1.24214, -.49622, -.27514, 1.12565, .56254/
R(467,417) ROTATED COORDINATES INSIDE INFLECTCOR
DATA F/ .79541, .00088, .65029, .23778, .76297, -.27744,
R 1.12273, .31503, .72254, .59637, 1.12773, .25955,
R .01259, .52772, .80023, -.15505, -.74283, -.00084,
, -.24805, .23627, 1.48904, .79736, -.69545, -.05357,

- & . o« 0~

- . o~ . s

-~ o w N~

0.0, 0.0, 0.0, 0.0, 1.0, 0.0,

-1.39563, -1.45636, .02781, .03622, .76589, .65967/
R(485,467) BACK TO UNROTATED COORDINATES AT INFLECTOR EXIT
DATA G/ .75207, .03218, -.62258, .02513, .08429, -.21210,




12

13

14

15

.51329, .78309, -.35455, -.61477,

.62874, .03025, .74495, -.08479,

.43931, .66237, .44206, .74806,
0.0, 0.0, 0.0, 0.0, 1.0, 0.0,
-.06153, -.05689, .1l2996, .28808,

.- . ® = =

Y=X

YP=XP

IPR=0

IF(PR.NE.O.) IPR=1
NEX=JNINT (EXP)
W1=SQRT(1.-EN)

W2=SQRT (EN)

TH1=90./Wl

TH2=90./W2-TH1
SX(1,1)=X**2/100.
SX(1,2)=X*XP/1.E4
SX(2,1)=8X(1,2)
SX(2,2)=((EX/1.E4) **2+SX(1,2) **2) /SX(1,1)
SX(3,3)=Y**2/100.
SX(3,4)=Y*YP/1.E4
SX(4,3)=SX(3,4)
SX(4,4)=((EX/1.E4) **2+SX (3,4) **2) /SX(3,3)
CALL DR(0.,IPR,IPR)
D11=D1/2

CALL DR(DO,IPR,IPR)

CALL RT(THETA, IFR, IPR)

DO 12 I=1,2

CALL Q(Q0,2.5,D11, IFR, IPR)
CALL RT(-THETA,IPR,IFR)
CALL DR(2.3,IPR,IFR)

DO 13 Iw-1,2 -

CALL Q(Q1,2.5,D11,IPR,IPR)
CALL DR{2.3,IPR,IPFR)

CALL FIT(1,3,3,0.,WW,NEX)
CALL FIT(1,1,1,0.,WW,NEX)
DO 14 I=1,2

CALL Q(Q2,2.5,D11,IPR,IPR)
CALL DR(2.3,IPR,IPR)

DO 15 I=1,2

CALL Q(Q3,2.5,D11,IPR, IFR)
CALL RT(TWIST,IPR,IPR)

CALL TMAT(A, IPR, IPR)

CALL TMAT(B,IPR, IPR)

CALL TMAT(C, IPR,IPR)

CALL TMAT(D, IPR, IPR)

CALL TMAT(E, IPR,IPR)

CALL TMAT(F,IPR,IPR)

CALL TMAT(G, IPR, IPR)
WX=W*SQRT (W1)

WY=SQRT (W2)

CALL FIT(1,1,1,0.,1.05*WX,NEX)
CALL FIT(1,3,3,0.,WY,NEX)
CALL BE(1.9,TH1,EN,IPR,IFR)
CALL FIT(1,1,1,0.,1.05*WX,NEX)
CALL BE{1.9,TH2,EN, IFR,IFR)
CALL FIT(1,3,3,0.,WY,NEX)
ANG=9. /W2

DO 22 I=1,20

22 CALL BE(1.9,ANG,EN, IPR, IPR)

RETURN
END

205

.05614,
-.18379,
-.05408,

.58040,

-.02837,
.01585,
-.02812,

1.00755/



APPENDIX II: THE C.R.M. AND ITS CALIBRATIONS

IL1 THE C.R.M. CYCLOTRON SYSTEM

The major sub-systems of the CR.M. cyclotron system include the ion source, the injection line, the
vacuum devices, the diagnostic equipment and the cyclotron itself. The following paragraphs describe
these sub-systems.

The H™ type of ion source described in section 2.2.1 is the type used in the C.R.M. facility. The ion source
sub-system comes complete with a high voltage cage in which power supplies and the ion source operate
at a biased potential of —25 kV with respect to ground. A fiber-optic light link permits the system operator
to adjust the various ion source power supplies from a control panel at ground potential. The control panel
has hard wired feedback control circuitry to maintain the arc current at any desired setting. The ion source
is provided with a number of insulated water cooling lines, and a hydrogen feed line. It is mounted to a
diagnostic box to which the source lenses are attached. The diagnostic box is designed to maintain
differential pumping between the relatively low vacuum environment of the ion source extraction region
(104 Torr) and the relatively high vacuum environment of the injection line (107 Torr). A compact
industrial programmable logic computer (PLC) monitors the water flow rates, the integrity of the high
voltage cage, and the vacuum gauge readings. It is programmed to appropriately interlock the system
devices if a fault should occur.

The ion source diagnostic box is mounted on rails so that its position can be varied according to the needs
of the particular injection line being tested. As its name indicates, the diagnostic box can be fitted with
various beam-diagnostic devices. The standard diagnostic devices are a beamstop with collimator and
secondary electron screen, and an emittance scanner of type [100]. Other devices which have been
mounted for special experiments are a four-jawed collimator for beam centering, a Faraday cup for
calibrating the beamstop, a scintillator for measuring the size of the beam in two dimensions, and a water-
cooled pinhole collimator mounted on a vacuum feedthru micrometer for the production of beamlets used
in center region scintillator experiments. The diagnostic box also contains the extraction lenses for the ion
source, one Xy beam steering magnet and can be outfitted with permanent magnet solenoids for extra
beam focusing.

The overall C.R.M. vacuum system is divided into two parts. The ion source and diagnostic box have a
roughing pump, a turbo pump, and a cryo-pump for their vacuum needs. The ion source and diagnostic
box vacuum environment can be isolated from the rest of the injection line and the CR.M. main tank
vacuum by a gate valve. As well, the cryo-pump is separated from the diagnostic box by a large gate valve,
so that it is only used when the box has already been brought to a rough vacuum of about 20 mTorr or
better.

The main C.R.M. vacuum tank is serviced by two large 8" diameter cryo-pumps and a roughing pump.
The main tank vacuum environment is connected to the injection line vacuum environment through the
inner ends of the valleys and the inflector aperture. The inflector aperture is small and the valley ends are
at right angles to the injection line beampipe, so the two vacuum regions are somewhat de-coupled from
each other. Each of the cryo-pumps can be isolated from the main tank by their respective gate valves.

Both the diagnostic box and the main tank vacuum regions are monitored by Convectron gauges for high
pressure readings and by ion gauges for low pressure readings. The PLC uses the gauge readings to
properly interlock the various components of the vacuum system. For example, the gate valve between the
diagnostic box and the injection line cannot be opened unless the vacuum readings on either side of the
gate valve are of the same order of magnitude.




The injection line portion of the C.R.M. is made up-of a beam pipe from the downstream side of the
injection system gate valve to the inflector entrance, and an array of focusing and/or steering magnets for
transporting the beam to the inflector. In the SQQ configuration there is one Xy beam steering magnet,
one solenoid magnet, one long quadrupole magnet and one short quadrupole magnet. In the 4Q, 3Q and
2Q configurations the quadrupoles are identical, and no steering magnets are used.

The C.R.M. inflector is as described in section 2.2.3. The rectangular entrance of the inflector is oriented
with the 17 mm long electrode edges at 14° to the vertical. The entrance gap is 8 mm and the electrodes
arc held at approximately +7.5 kV and -7.5 kV, respectively. The entrance of the inflector is protected by
a water-cooled collimator whose rectangular aperture dimensions are 14 mm by 6 mm.

The C.R.M. cyclotron accelerates the H™ beam through 5.5 turns to an energy of 1.125 MeV. This
corresponds to a radius of approximately 13 cm for the nominal magnetic field strength of 12 kG. The
magnet has a four sector geometry with poles of radius 16 cm. Acceleration is provided by two 45° dees
located in opposite valleys within the magnet. The peak voltage attained by the RF is about 50 kV for an
energy gain per turn of 200 kV. The RF operates at about 73 MHz and the RF power is transmitted to the
dees via a capacitive coupling to a 50 ohm transmission line that passes through the vacuum wall. The RF
amplifier operates in a self-excited mode, as opposed to a driven mode as is done in the TR30 or TR13.

The C.RM. cyclotron comes equipped with a number of diagnostic devices. For dc beam current
measurements at the inflector exit, a beamstop with current readout and secondary electron traps can be
installed. As well, a similar beamstop is located at turn 5.5 to stop the beam at 1.125 MeV and to provide
a current readout. Computer controlled diagnostic probes are located in each of the unoccupied valleys.
These probes can be translated radially and each has fixtures which provide integral and differential beam
current readings. In fact, one such probe is outfitted with a differential three-finger scanning head whose
current readbacks provide beam information in the vertical (axial) plane, as well as the radial.

I1.2 C.R.M. SYSTEM CALIBRATIONS

System calibrations were undertaken prior to conducting experiments. The nameplate accuracy of the
readback information from most devices was sufficiently high to make detailed calibration measurements
unnecessary. However, the custom designed readback meters for the power supplies in the high voltage
cage, the hydrogen flow rate meter, and the beam current diagnostic devices required careful calibration.
All measured values are presented in their corrected form within this thesis.

IL.2.1 HIGH VOLTAGE CAGE POWER SUPPLIES

The arc, filament, plasma and extractor power supplies all reside in the high voltage cage. The readback
and setpoint control signals for these supplies are brought out to the main control rack via a fiber optic
link. A custom made electronic conversion unit translates the optical signals into impulses which can be
displayed on digital meters. Unfortunately, the control rack meter readings could not be readily made to
match the readings on the power supply displays. Consequently, the power supply display readings as a
function of control panel meter readings were tabulated, and graphed. Figures II.1 through to II.6
illustrate the calibration curves for the arc current, the arc voltage, the plasma current, the plasma voltage,
the filament current and the extractor voltage, respectively. All the calibration curves are shown to be very
linear.
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I1.2.2 HYDROGEN FLOW RATE METER

The hydrogen gas flow rate into the ion source was regulated by a mass flow controller and the flow rate
was displayed on a custom designed digital output meter. The meter readings are compared to the actual
flow rate measurements in Figure I1.7. The actual flow rate was determined by measuring the amount of
water displaced from a calibrated beaker by the hydrogen gas over a period of time at standard
temperature and pressure.

10 T T -
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2 4 6 8 10
Control Panel Flow (cc/min)

Figure I1.7: Hydrogen flow meter calibration curve.

The turbo-pump backing pressure reading (convectron gauge) and the upstream diagnostic box pressure

reading (ion gauge) were found to be linearly related to the hydrogen flow rate, and, therefore, these

readbacks provided useful diagnostic information above and beyond that required for the vacuum system.
The calibration curves for these two readbacks are shown in Figures I1.8 and I1.9.
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Figure I1.8: Turbo-pump backing pressure as a function of hydrogen flow rate.
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Figure 11.9: Upstream diagnostic box ion gauge (I. G.) pressure as a function of hydrogen flow rate.
1L2.3 BEAM DIAGNOSTIC DEVICES AND METERS

Errors in H- beam current readings can be introduced from a number of sources. One obvious potential
source of error is the calibration of the current meters. On a more subtle level, the beam current reading
devices must be properly biased to read the correct amount of H™ current. A bias voltage is often needed to
ensure that secondary electrons emitted as a result of the collisions of the beam ions with the diagnostic
device are captured.

I1.2.3.1 Beam Current Meters -

The five digital beam current meters in the control rack were each checked with respect to a high
precision Keithley meter. Table II.1 lists the results of the comparison. The scale factor is the number
which each meter’s reading must be multiplied by in order to obtain the same reading as the Keithley

meter.

Table I1.1: Beam current meter calibration factors.

BEAM CURRENT METER SCALE FACTOR
Channel 1 ‘ 1.40
Channel 2 1.08
Channel 3 Not Used
Channel 4 1.04
Channel 5 1.85

The current meters had zero offset correction and the scale factors were accurate to £ 0.5%.

11.2.3.2 Faraday Cup

The Faraday cup used in these experiments is a device that can measure the absolute magnitude of the H™
beam current to within a few percent. Its primary use was to corroborate the beam current measurements
of the combined function didgnostic box beamstop and collimator probe which was the diagnostic tool
most used on a day to day basis. A schematic of the Faraday cup is illustrated in Figure I1.10.
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Figure 11.10: Faraday cup assembly.

The Faraday cup entrance screen was negatively biased so that free electrons outside the cup were repelled
from the cup, and free positive ions were removed from the environment by the screen. The beam had
sufficient energy to pass through the potential barrier provided by the screen, but the screen had a
sufficient negative voitage bias to force any secondary electrons liberated by the incident beam to return to
the cup from whence they came. The Faraday cup gave beam current readings which were accurate to
within + 2% of the absolute current.

The Faraday cup was positioned so that its aperture was centered on the beam axis and mounted at the
downstream end of the diagnostic box during normal operation. Figure I1.11 shows the measured beam
current from the cup as a function of the bias voltage applied to the screen. A screen bias of between —50
and -300 volts was sufficient to yield consistent results. Readily accessible 300 volt batteries were
eventually chosen as the standard for providing the Faraday cup bias.
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Figure I1.11: The Faraday cup beam current readback as a Jfunction of screen bias.
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I1.2.3.3 Ion Source Beamstop

The ion source beamstop (IBS) is an air-actuated water-cooled beamstop complete with a collimator and a
secondary electron screen. A schematic of the device is shown in Figure I1.12. The IBS was useful as it
facilitated local optimization of the ion source beam. Once the ion source settings were adjusted so that
the beam current was maximized and the beam position was centered with respect to the collimator
aperture, the IBS was pneumatically removed from the beam path.

A number of possible voltage bias schemes could have been used on the IBS elements. For example,
positive or negative biases could have been used, elements could have been shorted together or left
floating, and of course the ratio and magnitude of the bias voltages could have been varied. It turned out
that the summed beam current readback from the collimator and the beamstop varied by up to a factor of
three from the Faraday cup readback depending on the biasing scheme. Figure 11.12 illustrates the voltage
bias scheme that produced beam current readback results in good agreement with the Faraday cup
readings. Figure II.13 shows the beam current readback results for the collimator, the beam stop and the
sum of the collimator and beamstop as a function of the bias voltage on the collimator. Of significant
importance is that the summed current varied by only + 0.6% over the full range of the collimator bias
voltage changes, and the average value of the summed current was within 1.0 % of the Faraday cup
measurement of the full beam current.
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Figure 11.12: Jon source beamstop assembly. Dimensions in millimetres.
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Figure I1.13: Jon source beamstop current readbacks as a function of collimator bias voltage.

In summary, a collimator bias voltage of about —30 volts gave a reasonable collimator to beamstop current
ratio. and the sum current very closely approximated the Faraday cup total current reading. In terms of
beam transmission experiments, an accurate sum current was very important. However, the separate
collimator and beamstop current readback results were useful during beam centering and beam focusing
adjustments.

11.2.3.4 Injection Line Collimators

Two types of injection line collimators were used. One of these collimators was the inflector entrance
collimator, and the other was a four-jawed collimator which was mounted at a number of places within the
injection line at different times.

The inflector entrance collimator was water-cooled and had a rectangular aperture measuring 14 mm by 6
mm. The collimator was biased by a positive voltage of between 45 and 300 volts depending on the types
of batteries available. The collimator current readback registered zero when the beam current was off
indicating that free electrons were absent in this region of the injection line. With the collimator biased
the beam could be very accurately centered within the aperture by minimizing the beam spilled onto the
collimator. Very slight changes in the focus of the beam were ascertained by monitoring the beam spill as
a function of perturbations in the injection line magnet settings. This level of information was sufficient
for the injection line experiments.

The four-jawed collimator was not water-cooled and had a 7 mm diameter aperture. This collimator was
used to center the beam within the injection line. This was accomplished by centering the collimator
within the injection line and then tuning the beam so that it was centered within the collimator. This was
deduced by balancing the left/right/top/bottom current readbacks. This process was then repeated at
another point within the injection line. In this manner injection line magnet and ion source settings were
found which gave a centered beam. This collimator could have each jaw individually biased with equal
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bias voltages ranging in value between 45 and 300 volts, or the jaws could be shorted together and biased
by a single voltage. The effectiveness of this collimator and this centering technique was confirmed by
removing the collimator and then using the new found ion source and injection line magnet settings to
transport the beam through the inflector without significant re-adjustment of the magnet settings.

I1.2.3.5 C.R.M. Cyclotron Internal Fixed Beamstops

Two fixed beamstops were used within the C.R.M. cyclotron. One such beamstop is the inflector exit
beamstop, and the other is the 1.125 MeV beamstop.

The inflector exit beamstop was mounted approximately one sixth of a turn (20 mm) downstream of the
inflector exit. The device was not water-cooled, so high current beams could only be stopped for short
periods of time. The beamstop was 17 mm wide, 20 mm high and used overhanging electron catchers as
shown in Figure I1.14. The maximum energy of the secondary electrons was on the order of tens of
electron volts and the radius of curvature of such electrons in a 12 kiloGauss magnetic field is a few
hundredths of a millimeter. Thus, any secondary electrons emitted from the beamstop spiral along the
magnetic field lines with a very tight radius of curvature eventually striking the catchers. All of the
secondary electrons were captured in this manner and, thus, the absolute accuracy of the current
measurement was very good. This was verified by applying a positive bias voltage to the beamstop and
noting that the beam current readback remained the same to within + 1%.
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Figure I1.14: Inflector exit beamstop.

The 1.125 MeV beamstop was a cylindrical water-cooled probe of diameter 15 mm. Unfortunately, this

probe did not come complete with overhanging secondary electron catchers. However, when the beam .. _. .

current readback from this beamstop biased at 300 volts was compared to the case where temporary
overhanging secondary electron catchers were used, agreement to within + 1% was found. All
experiments were conducted with the original probe biased at 300 volts.

I1.2.3.6 Emittance Scanner
This scanner could calculate the two dimensional beam emittance in either the (x, x") or (y, y') planes. As
well, it could measure the phase-space density contours in these planes, and the beam intensity profile as a

function of either (x) or (y).

In terms of measuring the (x, x') phase space density contours, for example, the scanner presented a -
narrow vertical slit to the beam which was tall enough to allow the full vertical height of the beam to pass
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through. At each point (x) along the beam, the collimated narrow vertical strip of beam was deflected by
electric deflection plates and the portion of the strip of beam which managed to pass through a second
narrow vertical slit was measured in a beamstop. The voltage of the electric deflection plates was related
to the divergence of the beam, and, thus, at each (x) determined by the slit position in the horizontal
direction and at each (x") determined by the deflection voltage, a beam intensity measurement was made
that was proportional to d2%i/dxdx'. A phase space density contour map was made by accumulatmg the
intensity information over the complete (x, x') extent of the beam.

The translational accuracy of the scanner was to within + 0.05 mm and the angular accuracy was to
within + 0.5 mrad. The total integrated current measured by the device agreed with the Faraday cup
readings when divided by 1.07. In terms of the reliability of phase space contour measurements, the
experiments of [100] showed that excellent agreement between measured phase space contours and those
of physically prepared beams was obtained.

I1.2.4 ION SOURCE LENS SPACING

In Figure 4.4 a nominal lens distance “d” is given. This distance is the sum of the plasma lens width “w”
and the plasma lens to extraction lens spacing “s”. These lengths varied as a function of the particular ion

source configuration under investigation. Table I1.2 lists “w” and “s” as a function of each ion source
configuration.
Table I1.2: “w” and “s” dimensions as a _function of ion source configuration.
ION SOURCE w (mm) s (mm)
CONFIGURATION
L155/PL10.8/EL10/NL 3.0 3.5
L155/PL10/EL10/NL 2.8 2.5
L155/PL9/EL10/NL 3.1 : 2.5
L155/PL8/EL10/NL 3.1 2.5
L155/PL10/EL10/WL 2.8 .25
L155/PL9/EL10/WL 3.1 25
L155/PL8/EL10/WL 3.1 2.5
L155/PL8/EL8/NL 3.1 2.5
L155/PL6/EL8/NL 3.0 2.5
L155/PL8/EL8/WL 3.1 2.5
L155/PL6/EL8/WL 3.0 2.5
L105/PL8/EL8/WL 3.1 2.5

The plasma electrode aperture was counterbored at an angle of 30°. The distance between the second
electrode and the extraction electrode was 18 mm.

11.2.5 KRIGING

The commercial software package Transform [i05] does not describe kriging in detail. Refer to [113] for a
detailed description of this technique used in sections 4.7.3 and 4.7.4.
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APPENDIX III: CASINO COMMAND FILES

1. B Field Data File: MAP29_DIGLZFLD, E Field Data File: ANALYTIC

12,, -1., .025, 939.277, 1.0,
14.0,2.5, 2.5, 0.15, 0.973,

-1, 4, 40,
2.5,0.0,1.0,04,
0.83, 2.5, 2.5,
T,T,T,F,F,
6,8,9,11,
map29_digi.zfld
ANALYTIC

0.01, -0.00, 0.000, -0.000, 0.000,
0.00, -0.01, 0.000, -0.000, 0.000,
0.00, -0.00, 0.001, -0.000, 0.000,
0.00, -0.00, 0.000, -0.001, 0.000,
0.00, -0.00, 0.000, -0.000, 0.001,

1BO, q, Energy, EO, convert

tzint, zinf, max_radius, fringe_constant, exit_fudge
Instep, nprint, nafter

1A, einf, emult, spacing

Itilt, tilt_numerator, tilt_denominator

Ikick, Itaper, linear, lcompare, lfringe
!print_options

lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv

2. B Field Data File: T32_I_SMALL.ZFLD, E Field Data File: ANALYTIC

12,, -1., .025, 939.277, 1.0,
3.5,25,2.5,0.15, 1.0,

-4, 4, 140,
2.64, 0.0, 1.0, 0.4,
0.83, 2.5, 2.5,
T,T,T,F,T,
6,8,9,11,

T32_1_SMALL.ZFLD

ANALYTIC

0.01, -0.00, 0.000, -0.000, 0.000,
0.00, -0.01, 0.000, -0.000, 0.000,
0.00, -0.00, 0.001, -0.000, 0.000,
0.00, -0.00, 0.000, -0.001, 0.000,
0.00, -0.00, 0.000, -0.000, 0.001,

1BO, q, Energy, EO, convert

1zint, zinf, max_radius, fringe_constant, exit_fudge
Instep, nprint, nafter

IA, einf, emult, spacing

'tilt, tilt_numerator, tilt denominator

Ikick, Itaper, linear, lcompare, lfringe
Iprint_options

1y, -h, pu, -ph, pv

'u, -h, pu, -ph, pv
tu, -h, pu, -ph, pv
tu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv

3. B Field Data File: T32_I SMALL.ZFLD, E Field Data File: INF_RELAX 014

12, -1, .025, 939.277, 1.0,
3.5,2.5,25,0.15, 1.0,

-4, 4, 10,

2.64, 0.0, 0.986, 0.4,

-0.84,25,2.5,
T, T, T,F T,
6,8,9,11,

T32_I_SMALL.ZFLD :
prv24:[milton.inf_relax]inf relax_014
0.01, -0.00, 0.000, -0.000, 0.000,
0.00, -0.01, 0.000, -0.000, 0.000,
0.00, -0.00, 0.001, -0.000, 0.000,
0.00, -0.00, 0.000, -0.001, 0.000,
0.00, -0.00, 0.000, -0.000, 0.001,

1BO, q, Energy, EO, convert
1zint, zinf, max_radius, fringe_constant, exit_fudge

- Instep, nprint, nafter

1A, einf, emult, spacing

Itilt, tilt_numerator, tilt_denominator
Ikick, ltaper, linear, lcompare, lfringe
!print_options

lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv
lu, -h, pu, -ph, pv
fu, -h, pu, -ph, pv

'u, -h, pu, -ph, pv
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APPENDIX IV: SYMPLECTIC CONDITIONS

In Chapter 2 (equation 2.18) it was shown that the determinant of a linear transport matrix must equal
one if the transport system is described by a Hamiltonian. This condition ensures that Liouville’s theorem
is upheld. Additional conditions, called symplectic conditions, are also satisfied by a linear transport
matrix if it properly describes ion-optical motion in terms of canonical variables.

The symplectic conditions are the following (refer to [55] for a derivation of these conditions):

SI = R Ry, ~RyRy; +Ry R, =Ry Ry, =1 av.n
S2 = R;R, -RR, +R,R, —R R, =1 av.2)
S3 = R11R23 - R21R13 + R31R43 - R41R33 =0 av.3)
S4 = R,R,,-R,R,+R,R,-R,R,, =0 (IV.4)
S5 = R,R,,-R, R, +R,R,-R_.R,, =0 av.s)
S6 = R;Ry; ~RyuRy; +R,R, —=R,Ry; =0 1v.6)

"When matrices such as Rgore (equation 5.7) and Rpr (equation 5.8) are computed using particle tracking

codes such as CASINO, it is good practice to verify whether they satisfy the applicable conditions. This
check is a good method for determining whether a computed transport matrix represents a physically
realizable system or not.

The determinants of Rpore and Ry are 1.00013 and 0.997276, respectively. These values are sufficiently
close to one to be considered acceptable. As pointed out in [45], Rpore and Ry are not expected to satisfy
the symplectic conditions because they describe linear transport, in térms of (x, x') and (y, y"), to and from
a point, the inflector entrance scintillator position, where (x, x') and (y, y') are not the proper set of
canonical variables. However, the product Rn*Rporg describes transport from the entrance of the
cyclotron’s axial bore to the inflector exit, and (x, x) and (y, y') are the proper sets of canonical variables
at both of these points. Therefore, Ryr*Rporg Which is given by

028324 11618 -00226205 727393
R - 003192 39107 -00231161 -411741
INFTBORE T 054286 45459 0655099 858719

0037044 35835 0055529 84051

, av.n

should satisfy the determinant condition and the symplectic conditions.

The determinant of Ry*Rpore is 0.997405, which is acceptable. The symplectic equations resulted in the
following values: S1 = 0.998174, S2 = 0.999074, S3 = 0.000052, S4 = -0.016649, S5 = -1.916820 and S6
= -0.003355. These values are all acceptable except for S5. After some experimentation, it was found that
S5 is very sensitive to slight changes in the Ryr*Rpore matrix elements. A slight adjustment of the
elements of Rr*Rpoge to the values shown in

028324 11618 -002262 7274
R | 003192 39107 -0023116 -41174
ADISTED ™| 054286 45459 06551 85337

0037044 35835 0055529 84051

WA
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resulted in an acceptable determinant of 1.0269 and symplectic equations with the reasonable values of:
S1=0.998176, S2 = 1.028780, S3 = 0.000052, S4 = 0.003170, S5 = -0.000084 and S6 = -0.003360. The
differences between the elements in equations IV.7 and IV.8 are small, and are less than the uncertainty in
each of the clements. Therefore, Rpp*Rpore is deemed to satisfy the determinant condition and the
symplectic conditions (at least to within the bounds of computational errors), which indicates that this
matrix represents a physically realizable transport process.
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