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ABSTRACT

THE STUDY AND REDESIGN OF THE NSCL K500 INJECTION, CENTRAL
REGION AND PHASE SELECTION SYSTEMS

The proposed K500-K1200 cyclotron coupling project calls for a redesign of both the
inflector and central region of the K500 cyclotron. An increased injection voltage will
be needed to reduce space charge effects in the higher-intensity beam, and in order to
obtain stripping injection matching with the K1200, the K500 will need to operate in
the second harmonic rf mode. To meet the requirements of this higher energy beam
(and new rf mode), a new spiral inflector and central region geometry were designed.
Extensive orbit code calculations have been carried out on these designs, and used to
determine the overall behavior of the beam. Additionally, the calculations were used
to determine the effectiveness of the K500 phase selection mechanisms in reducing the
phase width of the beam and to measure the ability of the first and second harmonic

buncher in increasing the current transmitted in the allowed phase width.

The new spiral inflector and central region were constructed and installed in the
K500 cyclotron. During commissioning of the new systems, beam was accelerated to
full energy and successfully extracted. Initial studies of the new systems showed re-

sults (in terms of phase width and transmitted current) consistent with those obtained

from computer calculations.
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Chapter 1

INTRODUCTION

The superconducting cyclotron program at the NSCL began in 1973 and in July of
1975, funds were received to buiid a prototype superconducting magnet for a 500 MeV
cyclotron. Construction of this prototype magnet began immediately and was first
successfully operated at design current in May 1977. Soon thereafter, in J uly of 1977,
the NSF approved funds to expand the project to a full cyclotron. This cyclotron,
the K500, was to l;e used both in a stand-alone mode and as an injector for a larger
superconducting cyclotron (the K1200) to be built later. The first beams were ex-
tracted from the K500 in 1982 [1] and it became the main accelerator at the NSCL
for the next eight years. At the time beam was first extracted from the K500, the coil
winding had alreé.dy begun for the K1200 magnet. The full plans then included the
coupling of the two machines to achieve the highest energies. Initially, the K500 was
designed and operated with an internal Penning ion source to provide beam which
would then be injected, via foil stripping, into the K1200. However, the advent of

Electron Cyclotron Resonance ion sources (ECR’s) changed all of that.

Between the first successful operation of the K500 and the commissioning of its
sister K1200 machine, a major advance in ion source technology sidetracked the early

plan to couple the two machines. A new type of ion source (ECR) produced high-




charge-state beams which, when injected into the K1200, promised to provide a range
of ions that would satisfy the demands of the experimental nuclear physics program
at that time. The coupling plans were then set aside in favor of separate beam lines

from ECR’s to each of the K500 and (still under construction) K1200 cyclotrons.

The K500 central region was redesigned to allow for external ion source injection
and between 1982 and 1989 it provided beams with a wide range of charge states and
final energies. In 1988 the K1200 cyclotron was commissioned [2] and in 1989 the
K500 was ‘retired’ from active nuclear experimental beam production. During the
last two years, the K500 has been usedl as a test bed for improvements of the K1200
systems and more recently, has been used for a reawakened plan to couple the two
machines. It is this new coupling plan (specifically the redesign of the K500 cyclotron

central region) that is the focus of this thesis.

1.1 The K5008K1200 Coupling Project

In early 1993 the focus of the work with the K500 turned from improving the K1200
towards plans to couple the two machines [3]. The K500@K1200 Coupling Project will
greatly enhance the NSCL’s ability to deliver both high intensity-radioactive beams
and high energy-heavy mass beams. The increases are achieved by injecting high-
intensity, low charge state beams from the ECR ion source into the K500, which will
accelerate the beam to energies of 2 —16.6 MeV /u. These low energy beams are then
injected into the K1200 via stripping and the resultant high charge states accelerated
to full energy. This r'node_pf operation will increase the achievable intensities for
light ions (A<40) by an estimated factor of 100-1000 while also providing a 2-4 fold

increase in energy for heavier beams [4]. -

To carry out the coupling of the K500 and K1200 cyclotrons, and achieve the above




noted gains, changes to several system components will be required. Modification of
the ECR, K500, K1200 and the fragment separator (which follows the extraction
system of the K1200) will all be necessary. The work described here addresses the
design, construction and initial testing of the new K500 injection and central region

systems required by the project.

1.2 The K500 Cyclotron

The K500 cyclotron was the first cyclotron to use superconducting main coils. There
are two pairs of these coils driving the magnet which can provide a maximum magnetic
field in the range of 3-5 Tesla. The machine is termed the K500 in reference to its
maximum bending strength, K which is 520 MeV and it has a focusing limit of
K; = 160 MeV. This corresponds to a limit on the energy per nucleon of K(Q/A)? or
K;(Q/A), whichever is smaller. Here Q and A are the charge (q/e) and mass number
of the ion being accelerated. The main field produced by the superconducting coils
is modified by 14 independent, room temperature trim coils and azimuthally varied
over three magnetic sectors by the introduction of three spiraled pole tips. The rf
accelerating voltage operates in a range of 9-27 MHz and is provided by three spiral
dees located in the valleys between the pole tips. Figure 1.1 shows the range of charge
states and final energies which the K500 can produce. This operating diagram for
the K500 depicts both the machine limits and the region of the diagram which will

be used for operations under the coupled project.

The redesign of the K500 systems for the K500@K1200 project are motivated
by the corresponding changes in the ECR operation, the frequency requirements for
coupling the two cyclotrons, and the intensity increases on which the entire project

is based. Each of these considerations places its own restrictions on the design and
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Figure 1.1: The operating diagram for the K500.

operating characteristics of the K500 axial injection, central region and phase selection

systems.
Axial Injection

A planned change in the ECR extraction voltage will, in tﬁrn, require a redesign
of the K500 injection system. The maximum ECR extraction voltage will be raised
from 18 to 30 kV in order to increase the source brightness, and the corresponding
energy increase of the beam going from the ECR into the K500 will reduce space
charge effects in the transfer line and spiral inflector. The beam from the ECR
is transported horizontally t‘o a position under the K500 where it is bent upward
onto the machine’s magnetic axis via a 90° bending magnet, finally arriving at a -
further bending device which guides the beam into the cyclotron median plane (see

figure 1.2). The design of the bending device (a spiral inflector) is determined by




the energy of the incoming beam and the central magnetic field of the cyclotron.
The increase in the ECR injection voltage therefore requires the redesign of the K500
spiral inflector to account for the new, higher-energy beam. The redesign will also
provide an opportunity to increase the electrode separation in the inflector from the
4 mm found in the present design to 6 mm. This increased aperture will result in a

larger acceptance allowing more of the injected beam to enter the cyclotron.

Central Region

The new inflector will sit in a redesigned, second harmonic central region. Second
harmonic refers to the ratio of the frequency of the RF accelerating voltage, f, 7y to

the ion’s orbital frequency, fo. The harmonic number, h is then given by,

f"f = th’
where (1.1)
“o =15
fo= o with wp = —

Here, By is the isochronous value of the magnetic field at the center of the machine,
q is the particle charge and m is the rest mass. The K500 was traditionally operated
in first harmonic (A = 1) but, for the coupled cyclotron project, this was increased
to second (h = 2). The reasons for this switch are associated with both the beam
behavior in the K500 and, after transfer, during injection into the K1200. In the
coupled mode the K1200 cyclotron acts as a booster for the beam extracted from the

K500. In the booster then, the velocity of the injected beam is multiplied by a factor
of,

M=8_ v K (1.2)

where R; and R; are the initial and final average radii of the particle. Ry is the

extraction radius of 1.0 m for the K1200, thus to increase M,, the injection radius




should be as small as possible. The injection radius in the K1200 ( R;,, ) is set by
the properties of the beam extracted from the K500. Denoting the RF and orbital

frequéncies by f.; and fo respectively, we can write, for either machine,

hBc _oxf 4R

frp=hfo=57=> B o (1.3)

where h is the harmonic number. In order for the particle bunches extracted from

the K500 to be accelerated in the K1200, the two RF frequencies must be related by

frfnoo = kfr.fsoo’

where k is an integer. Since By, = Bija0, W€ can write (using equations 1.2 and 1.3),

f 7 {500 Rfsoo - f r f1200 fo:oo

h1200- R 50
h500 hlm )

hsoo k

=> Rijpo = (1.4)

Since the extraction radius of the K500 is set at 66.0 cm, there are then three variables
with which we can change R;,,,, and, in turn, the multiplicative factor of the booster
cyclotron. The choice of these parameters was determined by the merits associated

with changing the K500 to second harmonic.

While the increase in harmonic number is necessary for injection into the K1200 ,
it also has several additional advantages, the two most relevant to the work described
here are the increase in the size of the first turn radius and the increase in the speed
of resonance crossings. Gordon [5] has shown that the maximum voltage seen by a

particle in one revolution is given by
h
V = 2Viee Nice sin(TD), (1.5)

where V.. is the voltage on any one dee, Ny, is the number of dees each of which
has an angular width D and h is the harmonic number. The sine factor then gives
the efficiency of the RF. The accelerating structures in the K500 cons#t of three 60°

dees occupying the valley regions of the magnet gap so that an increase in harmonic




number from h = 1 to h = 2 translates into a change in efficiency from 50% to nearly
87%. The higher efficiency means both a larger first turn radius and smaller number
of turns in the machine. The larger radius of the first turn provides more space for
the central region electrodes and inflector housing, while the decrease in the number
of turns necessary to reach extraction, means a reduction in vacuum attenuation, a
reduction in beam loss on the extraction septum, and an incréase in the speed with
which the various resonances are crossed. Thus there are measurable gains to be

made by choosing ks = 2.

To choose the final two parameters (k and h;00) we consider the pragmatic prob-
lems associated with reducing the K1200 injection radius. Upon injection into the
K1200 cyclotron, the beam will be stripped by means of a carbon foil. The mech-
anism used to insert and change foils will sit inside one of fhe dees at the injection’
radius R;,,,, which, for ease in construction of the foil mechanism, will be fixed. Since
the physical size of the dee shrinks with decreasing radius, the smaller the injection
radius, the less space will be available for the stripper foil mechanism. Therefore,
this must be taken into consideration when deciding on the parameter values which
will determine the injection radius in the K1200. If we hold hseo = 2, the largest
R0, Possible will be 33.0 cm. This location moves the stripper mechanism away
from the edge of the dee (simplifying its design) while still maintaining a factor of 3
increase in velocity in the booster machine ( see equation 1.2). Therefore, the final

two parameters are set at hizo0 = k = 1, which means that the RF frequency is the

same for both machines.

Phase Selection and Transmitted Current

Added to the above considerations concerning the necessary changes to the axial

injection and central region systems, is the constraint of maximizing the transmitted




current while limiting the phase spread of the beam. To determine these constraints,

we start with the energy gain per turn in the K500 given by

% = qV cos(9) (1.6)

where V is defined above and

6 = (west— ho). | (1.7)

Here, ¢ is the phase of the particle with respect to the RF voltage with the average
taken over many gap crossings [5], and w,s = hwp is the angular frequency of the RF;
In the case of 16.6 MeV /u O*? ions for example, this translates ( with a chosen dee
voltage of 70 kV, see Chapter 3 and V = 364 kV) into about 250 turns to reach the
full energy. The end result of these turns is supposed to be the complete extraction
of the entire beam during the final turn. This éingle turn extraction is desirable so
as to eliminate high-energy beam losses and reduce activation inside the cyclotron.
For such extraction to be possible, the physical size of the beam must be controlled
so that there is sufficient radial spacing between the final two turns. To achieve this,

the angular width of the individual turns is limited by phase selection.

Phase selection works by limiting the temporal spread of the beam. Recalling that
the energy gain per turn is proportional to cos(¢), one sees that a spread in the ¢
values of particles in a particular turn translates into a corresponding spread in the
energy. To determine a limit on the A¢ permissible, we adopt the criterion that the
energy spread of a particular turn at extraction should be no more than one quarter

the energy difference between consecutive turns. That is,

AE < f_Afr (18

where we have approximated the average energy gain per turn by %’- with N being

the number of turns in the machine. According to Gordon [6], the fractional energy




spread generated by a phase width A¢ is given by,

AE  (A¢)
o =4 8), (1.9)

provided that the RF frequency has been adjusted such that ions with A¢ = 0 have

the maximum energy gain. When this result is combined with equation 1.8 we get,
A< (o) ST
< ()% .

Thus for the 250 turns needed in the K500, we have A¢ < 5.1° for the full width.
This limit does not account for any growth in the energy spread of the beam due
to longitudinal space charge forces, and this effect may further change the allowable
phase width of the beam. As a reasonable limit we will choose a bunch length of 5°

or 2.5° FWHM (assuming a triangular distribution).

Several types of phase selection have been used at the NSCL. In the origina.l.
K50 cyclotron (a Predecessor of the K500), both a phase dependant radial centering
- error and the phase dependant axial focusing properties were exploited [7). The axial
phase selection worked by placing a vertical window slit at the node of a particular
¢ dependant z oscillation [8]. The radial phase selection utilized an observed E-¢
correlation in the beam. By placing radial window slits in the beam path at the
n = 1,18,and28 turns, it was shown [9) (7] that unwanted phases could be removed.
The cause of this correlation is due to a change in phase produced by the variation of
the field from its isochronous value. In a circularly symmetric isochronous cyclotron

the value of the average field, B is given by,
Buocr = 7(R)Bo = Bol1 — (2713, (111)

where By = "‘—;’"- is the isochronous field at R=0, and hwp = w, #- The phase change

per turn is given by

dqb _ w,f _
o =2r(=L - n), (1.12)
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where w is the angular frequency of the particle which, when B = B;,,cx gives hw =
wyy and 3¢ = 0. When B(R) varies from Bisoch, hw # wrs and we have a changing ¢.

Recalling the relation between the energy gain per turn and the phase (equation 1.7)

we obtain the following equation relating E and ¢,

2 " dnds  an(L - ) (113
which upon integration yields,

2rh [E

sin(¢) = sin(do) + 1> Eo(%’- - 1)dE, (1.14)

where we have replaced =£ wit':h wp. Collins has shown [7] that the energy spread

within a turn caused by acceleration in a non-isochronous field is, to first order,

E
AE = —Aé /Eo sin(¢)dE, (1.15)

where A¢ is the phase spread at the starting energy and sin(¢) is given by equa-
tion 1.14 above. These equations show that the energy spread at any particular
energy can be modified by moving the field away from its isochronous valﬁe. Fig-
ure 1.3 shows both the actual K500 magnetic field and its isochronous value as well

as sin(¢) for a 16.6 MeV /u O*3 beam.

This effect was exploited in the K500 by Milton [10] for the purpose of reducing the
phase width of the beam. Since the energy spread given in equation 1.15 is cumulative,
the field may be shaped such that a large r-¢ correlation is achieved at one radius while
at some later radius ( before extraction) the value of ffo sin(#)dE returns to zero. In
the K500 this was done to provide a maximum in the r-¢ correlation at r = 18 cm
where a set of adjustable intei‘éepting phase pins are inserted through holes drilled
in the centers of consecutive hills. Milton showed that by properly positioning these
pins, rays with large A¢ could be intercepted, thus reducing the phase width of the
beam from 20° to 4° FWHM [10].
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This same method for reducing the phase width will be used in the refurbished
K500. However, by reducing the phase width of the beam, we also reduce the amount
of transmitted current. So, the two conditions (high intensity, small phase width)
are at odds with each other. To help relieve the situation, the K500 is equipped
with a buncher located along the verticél beam line just below the K500 yoke. The
device takes the input DC beam and compresses its time spread in order to increase
the amount of current in the appropriate phase width. The axial injection system
and the central region must therefore be designed such that the bunched beam is
transmitted in such a way that the currents (after the phase width is reduced) meet
the K500@K1200 coupling project requirements. This condition is then added to
those already discussed concerning the axial injection and second harmonic central

region.
1.3 Chapter Overview

The following chapters describe the design of the K500 axial injection and central
region systems to meet the above requirements of the K500@K1200 coupling project.
The studies cover design considerations, beam behavior, construction and initial com-

missioning of the new system and are divided into the following chapters:

e Chapter 2 - Computational design of the new spiral inflector and simulations of
its performance. Calculations of the beam behavior through the axial injection
system are presented as are comparisons between the acceptances of the new

and old systems. The new inflector design shows an increased acceptance.

¢ Chapter 3 - Mechanical design of the new second harmonic central region. The
design process is described along with initial orbit. calculations. Both the ra-

dial and vertical motion of reference rays are discussed. The calculations show
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that the new design provides a well-centered beam with good vertical focusing

properties.

Chapter 4 - Beam dynamics for the full system. Calculated machine acceptance,
Phase selection and beam transmission properties are reported here. Addition-
ally, the buncher performance is evaluated as are the turn separation and emit-
tance at extraction. The results show a minimal centering error and that 6% of
the input DC beam reaches extraction in the allowable phase width. With the

use of an extraction bump good turn separation is obtained at extraction.

Chapters 5 and 6 - Construction and commissioning of new systems. The pro-
duction of the inflector and central region designs are discussed along with
experimental results from initial runs with the new designs installed. Beam has
been successfully acceletateq up to full energy with the new designs and the~
phase width has been reduced to 3° FWHM. Comparisons with the computer

calculations show remarkable agreement.
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Figure 1.2: The ECR to K500 beam line for the coupled cyclotron project.
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Figure 1.3: Top: The adjusted (solid) and isochronous (dashed) average magnetic
field of the K500. The adjusted field will result in a larger phase dependant energy
spread (and resulting radial spread) than the the isochronous case. Bottom: Phase
vs. R for the length of the machine. Notice that the the phase is pushed negative _
before the phase pins which are at 18 cm. we would like sin(¢) to return positive
shortly after the pins, however in this case we are limited by the power of the trim
coils.




Chapter 2

INFLECTOR DESIGN

The initial operation of the the K500 cyclotron called for an internal Penning ion
source with a first harmonic central region. Ions were pulled from the source by the
first set of dee tip electrodes, aptly referred to as the puller. After passing through the
puller electrodes the beam continued on its way through the central region and then’
out into the machine proper. For axial injection from the ECR, the central region was
changed in 1985 t;) include a spiral inflector in place of the ion source [17, 18]. The
spiral inflector is a set of electrodes which provide an electric field used to bend the
axially injected beam onto the horizontal median plane. The shape of these electrodes

is determined by the energy of the injected beam and the central field of the K500.

The proposed K500@K1200 coupling project calls for an increased intensity in
the K500 injected beam. Considering the space charge limitations on the intensity,
a higher energy beam (5.6 keV/u for O*2 vs 3.38 keV/u based on an increase in the
ECR voltage from 18 to 30 kV) will be needed for injection into the K500. This
higher energy, higher intensity beam calls for the design of a new inflector to meet
these néeds. The design i; restricted by the central region which limits the radial size
of the inflector to 2.0 cm (so as to fit into the first-turn radius) and requires flexibility

in the positioning of the orbit center of emerging jons. A spiral inflector was studied

15
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based on the one presently used in the K1200 [17]. An increase in the axial height
(for ease in construction) and gap size (for improved acceptance) over the present
inflector were studied and comparisons of the two inflectors made. Acceptances in
initially uncoui)led x,pz and y,p, phase spaces were calculated as were the effects of

changing the axial field of the magnet by way of a solenoid along the injection route.

2.1 Inflector Requirements and Features

As the beam is delivered from the ECR up the cyclotron axis, the purpose of the
inflector is to bend the beam by 90° from its axial path into the cyclotron median
plane. There are a number of devices which could provide the required bending, each
with its own advantages and limitations [20] [21] [22]. Initial studies at the NSCL
for axial injection [23] [18] into the K500 and K1200 focused on the electrostatic’
mirror [22] and spiral inflector [21] designs. A comparison of the two methods [24]
determined that the fields required by the electrostatic mirror coupled with the spiral
inflector’s ability to position the exiting orbit made the latter a better choice. In
March of 1986 the K500 axial injection system became operational with a spiral
inflector as the bending device [24] and was operated in this mode until 1590. The
success of this system [1] led to the choice of the spiral inflector as the bending method

in the new design.

The spiral inflector was first described by Belmont, Pabot and Root [21] 25], who
first calculated tﬁe equations of motion through the inflector. The design parameters
of a spiral inflector are determined by the required exit radius of the reference orbit
and the radius of the first turn in the cyclotron (thereby determining the maximum
size for .the inflector casing). The spiral inflector equations described by Belmont and

Pabot [21] can be used to determine an appropriate electric field and inflector shape
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to best match the required machine parameters. The parameters which define the

inflector shape are:

P g4 _2E
Pm = 4B’ K= T and A= e (2.1)

where,

pm = magnetic radius of curvature
q = ion charge

B = magnetic field

E = ion energy

¢ = electric field in the inflector

A = the electric radius of curvature,

and K is a factor related to the amount of spiral for the central ray. Thus, once the
injection energy and magnetic field have been chosen, we still have the value of A
(inversely proportional to the electric field) to use in determining the size a.nd shape
of the inflector. Figure 2.1 shows the dependence of the axial height of the inflector
and the final radius for the reference orbit on electric field for a.n~ injection energy of
5.6 keV. An inflector field of 20 kV/cm was chosen to maximize the final radius in a
4.6 Tesla central field (pm = 1.24 cm). This results in a 1.96 cm final (inflector exit)
central ray radius and an inflector héight of 3.00 cm. In order to determine the overall
shape of the inflector, the paths of the reference ray and four additional displaced
rays representiﬁg the four outer corners of the inflector electrodes were considered.
To have a sufficient good-field-region in the inflector, the electrode width was chosen

to be twice the gap. Thus for the 6 mm gap considered here an electrode width of
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12 mm was used. This will provide an approximately 6 mm wide good-field-region in

the inflector. The appropriate equations [21] used to determine these paths are

A 2 cos(2K —1)b  cos(2K +1)b

= FUTret Tk -1 2K 1|
A sin(2K +1)b  cos(2K — 1)b
v = 3lker T 2k-1 22)
and
z = —Asin(b),

where b is a dimensionless parameter ranging from 0 to Z such that the path length
s = Ab, and z = 0 at the K500 median plane. Surrounding the boundary determined
by these five rays by a 1 mm thick housing (2 mm separation between electrodes and
housing) resulted in the final inflector outline shown in figure 2.2 as it will sit in the

second harmonic central region.
2.1.1 Inflector Optics

The optical properties of spiral inflectors have been the subject of many studies
(25] [26] [27] (28] [29] that focused mostly on the use of transfer matrices to calculate
particle behavior. These studies concerned themselves with large inflector designs
used in the transport of H™ ions. Early studies done at the NSCL for the small
inflectors required by superconducting cyclotrons showed that the close approach
of the beam to the inflector electrodes inherent in such designs resulted in higher
order effects, neglected in the matrix formalism, being readily observable (24]. As
a result, these matrix methods were set aside in favor of a numerical integration of
the appropriate equations of motion to calculate particle trajectories through both
the inflector and the preceding axial field. While this is many times slower than the
matrix transfer methods, such as that used in TRANSPORTR (30}, recent advances

in computing speed make numerical integration both useful and pragmatic.
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Figure 2.1: The dependence of inflector height (dashed) and exit radius ( solid) on
inflector electric field. A larger value for the height aids in the construction of the
electrodes while a large exit radius is required by the second harmonic central region.

To study the optical properties of the axial injection and spiral inflector system,
jons were tracked from 3 m below the cyclotron median plane through the inflector.
This was accomplished using two ray-tracing codes MYAXIAL and INFLECTOR [31]
which integrate the equations of motion for ions moving up the axis of the cyclotron

magnetic field and then between the inflector electrodes.

Traversal of the Fringe and Yoke Fields

The orbit code MYAXIAL is used to track orbits during passage through the K500
fringe and yoke fields. Tﬁe equations of motion used by MYAXIAL come from con-
sidering a particle moving under the influence of electric and magnetic fields with

momentum p encountering a force according to F = gE + gv x B. Thus, in terms of
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Figure 2.2: The second harmonic central region. The large structure in the center is
the inflector housing. Also shown is the central ray reference orbit.

p we have,

dp
E——-qE-}-qva,

or with,

dz = v,dt,

P _4p, V,p

dz v, U,

This yields the following equations of motion where z’ = 9% and so on;

x,z 1 p_z y'z _—_By_’t'z =Tl
(2) = @)=t te) =2

and
m
pe(2) = 4l p7Ez + %‘-’-B, - B} (2.3)
/ | m~y Dz
2 = E + B:l: - Dz
py( ) Q[ pz v pz ]
m T
P'z(z) = ‘1[ 7Ez+ Pe v B r]-

y 2 Pz P:
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(2.4)

Converting these momenta to units of length by dividing by mwe = ¢By gives us,

/ Y E Py B, B,
. z + oS,
p,(2) [wo Bop. 2. Bo ~ Bo

) = (=B +5 -5 (23)

5 p- B B,
pz) = | E, +22v Bz

where again, By is the reference magnetic field which gives rise to an orbital frequency
wo. These then, are the equations of motion using kinetic coordinates. The code

MYAXIAL integrates these equations along the vertical beam line.

The on-axis magnetic fields required by MYAXIAL were provided for a 16.6 MeV/u
O*3 beam by POISSON [32, 33] using coil currents of 667.77TA and 659.47A for the
K500 small and large coils, respectively. To calculate the off-axis fields we consider

the vector potential for an axially symmetric field in cylindrical coordinates (r,0,2),

Ay = % A ' rB,dr
A, = A, =0, (2.6)
0Ay o _ 10

B, = , B, = ;‘a—r'(rA.ﬁ), and B¢ = 0.

0z
If we expand A4 in a power series [34] we get,

T 1 r? pingy T r3 3*B(z)
A“"2,§on!(n+1)!(’4)3 ()=3B@) - g+ (2D

Then by combining this with equation 2.7 above we arrive at (to third order in 1),

.,.2 2
Bi(z,r) = B(z)—-za ai(f)

and (2.8)
r B(z) r?3B(z)

B(zr) = 375, ~ %o

+0(r)

) +0(r®).
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The code offers a choice of either a linear (in r) or nonlinear (up to O( 13)) evaluation
of the fields. MYAXIAL also includes the effects of additional elements (solenoid,
quadrupole, electrostatic deflectors) but only the main field and a single solenoid

were used in these calculations.

It should be noted that the equations of motion described above are in kinetic
coordinates, that is the momenta are non-canonical. This is of some. concern, as
Liouville’s theorem concerning the conservation of the volume of points in phase space
applies only to canonical coordinates. We therefore need a transformation between

the kinetic and canonical coordinates.

The transformation between kinetic and canonical variables is given by x,y,z—x,y,z

and p—P-qA. For an axially symmetric field we have A = A, and
=_Y¥ =z =
A, = rA¢,, A, rA¢, A, =0.

with A4 given by equation 2.7 above. Using this in our coordinate transformation

(and using just the linear terms for the fields) results in,

B zB
wB p oy

Pe=p- -5 2

, and P, = p,. (2.9)

The canonical momentum P, conjugate to the time t is,
P, = —[(y - 1)me* + ¢%),

where ® is the scalar potential. Since there are only static fields here, P, is a con-
stant of the motion and therefore the six-dimensional phase space (x,y,t,P.,P,,P;)
reduces to four dimensions (x,y,P;,P,). It should be noted that according to this
transformation between coordinates, after the beam has been bent into the median
plane of the magnetic field, the kinetic and canonical coordinates for the reference

ray (z = 0 at inflector exit) coincide (the momentum is perpendicular to the vector
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potential), as do the coordinates in the non field region at the injection point (A =0
at z = —3.0 m) [23]. Considering the axial symmetry of the field, the choice of
cartesian coordinates may seem counter-intuitive. A more natural choice would seem
to be to use polar coordinates (r,¢), as ¢ is then cyclic and P, is a constant of the
motion. In this case then, the 4D phase space reduces to two dimensions (r ,P,), and
since A, = 0, we have P, = p,. However, passage through the inflector destroys the
axial symmetry of the system and since we intend to study the axial injection system
as a whole, cartesian coordinates are used throughout. However, the value of P4 was
calculated and used to check the accuracy of the code. As mentioned above, P, is
a constant of the motion and the values returned by MYAXIAL agreed with this to
ébout 0.01%.

The use of cartesian coordinates presents a problem in that in these coordinates .
there exists a coupling between the two transverse phase spaces (see equation 2.4).
This coupling results in an increase in emittance in each of the transverse spaces [23].
This is due to the fact that Liouville’s theorem applies to the conservation of the
volume in the 4d phase space defined by x, P, y, and P,, not the projection of this
volume onto the transverse spaces. However, most of the coupling may be eliminated
by changing to a rotating coordinate system. This systeﬁ ( called the Larmor frame)

rotates with the beam’s traversal of the axial field and makes an angle u(z) with the

stationary cartesian system defined by

__1 74qB; |
u(z) = —2/20 o dz. (2.10)

By transforming from the stationary system to the Larmor frame, most of the coupling
induced by the magnetic field between the transverse phase spaces can be eliminated,

thus resulting in near zero emittance growth for transport through the axial magnetic
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field for initially uncoupled x and y spaces. The appropriate transformation is then,

Tiarmor = T COS(#) +y Sin(#)’

Prrrior = Pzcos(p) + Pysin(p),

Yiarmor = Ycos(u) — zsin(p), (2.11)
and
P,.... = P,cos(u)— P;sin(y).

It should be noted that the coordinate transformation shown above decouples only
the phase space mixing caused by motion along or close to the magnetic field axis.
If the phase spaces are initia,lly' coupled, the area of any one space may decrease or
increase despite the conservation of the hypervolume [35]. Additionally we should
say that this transformation holds only for the beam’s traversal of the yoke. Passage"
through the spiral inflector will further mix the two spaces, and the non-linear nature
of the mixing render; the use of a rotating frame analogous to the Larmor frame

useless [27]. Thus we can expect a further emittance growth due to passage through

the spiral inflector.

To determine the effects of motion up the cyclotron axis, rays were started 3 m
below the cyclotron midplane and tracked up to the entrance of the inflector at
z = —32.0 mm. Initially we consider a set of rays in the x, P, phase space plane.
It is clear from the azimuthal symmetry of the fields between the injection point
(z = —3.0 m) and the inflector entrance that the behaviors of the x, P, and y, P,
spaces must also be symmetric in this range. As stated above, the two spaces are
coupled‘. Thus, an initial x, ‘1'73 space will evolve a y, p, space as it progresses along
the axis. The symmetry of the coupling, however ensures that the behaviors of the .
initially unqoupled spaces will still be identical regardless of which we choose. Then,

restricting ourselves initially to a set of rays in x, p., the arrangement of these rays
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is set so as to encircle a phase space area (emittance ¢) equal to 100r mm-mrad,
where we have changed from the standard cyclotron units of momenta (mm) used
in the above equations of motion, to mrad by pmred = Pmm/p, Where p = ;g—o is the
radius of curvature in the reference field. Each of the initial points was given a value
of y = p, = 0 and tracked up the axis of the K500, passed through a solenoid field
centered at 2.227 m below the median plane and through the K500 magnet yoke
field. The mechanical design of the K500 yoke can be seen in figure 2.3. The initial
axial hole aperture is 15.9 cm in diameter from 2 = —1.1 m to z = —0.32 m where
the center plug is located. The aperture then narrows to 5.1 cm in diameter until
z = —8.3 cm below the median plane. The effect of the yoke on the magnetic field
is seen in figure 2.4, which shows the on-axis fields produced by the K500 magnet
and axial solenoid. The solenoid field was initially chosen to minimize the radial .

oscillations of the beam envelope at the end of the axial path. This envelope can be

seen for both a tuned and untuned solenoid in figure 2.4.

The results of passage through the solenoid and yoke fields can be seen in figure 2.5.
The MYAXIAL code was run in linear mode to initially eliminate higher order effects
resulting from the nonlinear terms in the field expansion. The figure show.s the x,
P. and y, P, phase spaces (note the use of canonical coordinates) at the entrance
of the inflector. We see that, as expected, the coupling between‘ the x and y spaces
has evolved a non zero area in y, P,. By using the transformation to the Larmor
frame (as discussed above), we can eliminate the y, P, phase space area and regain

the emittance in x, P..

In standard practice, the above initially uncoupled phase spaces are used to ex-
amine injection behavior (see [25] through [29]). However the initial phase spaces
provided by the ECR and injection line in the case of the K500 may indeed be cou-

pled [19]. Therefore we next turn to the behavior of a set of initially coupled x, P,
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and y, P, phase spaces. If we again fill the x, P, phase space at z = —3.0 m with
ten rays encircling a 1007 mm-mrad space and then fill a corresponding space in y,
P, we have effected two uncoupled spaces. If we then couple the particles such that
each point in x, P, corresponds to a set of ten rays in y, P, we have a set of fully
coupled starting conditions. If we then run this set along the axis we find a resulting
space like that shown in figure 2.6. Here we are again using the canonical coordinates
at z = =32 mm. What we find by examining the resultant space is that each initial
point in x, P, has expanded into a ring of orbits surrounding a central point. This is
a rather graphic depiction of the emittance growth caused by the magnetic coupling
between transverse spaces. An examination of the starting conditions of the central
points of each circle shows them to be rays which started with an initial y,P, value of
zero. Recalling figure 2.5, we see that they coincide with the ellipse shown there. The
circles surrounding these are thus shown to be the expansion of phase space induced
by coupling into x, P.-by the now non zero initial y = P, space. We can now take the
final positions of the two coupled spaces and again perform a transfbrma.tion into the
Larmor frame. Figure 2.6 (bottom) shows the result of this transformation. Using the
appropriaté value of u, we see that by uncoupling the two spaces the smaller circles
in figure 2.6 collapse into lines. These lines, and the apparent emittance growth they

cause, are associated with the initial coupling of the spaces.

Before leaving the axial transport of the beam, we need to consider one final
aspect. Included in MYAXIAL is the ability to add a buncher in the beam path prior
to its entrance to the K500 yoke. The details of the temporal effects of the buncher
and a more expanded explanation of its effects on the beam will be given later, but

for now it is worth mentioning its effect on the beam emittance.

The buncher itself is designed to provide a sinusoidal voltage with a RF frequency

which is a first harmonic of the cyclotron RF with an option of adding an additional
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second harmonic as well [18]. The device sits 1.6 m below the median plane centered
on the beam axis. To approximate the effect of the buncher on the beam we cal-
culate the energy increase which the voltage imparts to each ion. In the small-gap

approximation we can write the energy gained by crossing the buncher gap (6E) as
V +8
S§E = q/Ezdz = q—-/ ’ sin(wto + Q—Ji)dz, (2.12)
g J-% Vo |

where V is the peak voltage across a gap of width g, and vo, to ai‘e the velocity and
time at the center of the gap, and w is the angular frequency of the RF voltage.
Integrating this we obtain

SE = qV sin(wto)T,

where T is a transit time factor given by,

- 2vg .
T--— sin (2v0

The above value for §E is true only for a gap with a first harmonic voltage. For a

buncher providing both first and second harmonics this becomes
6E = qV(2v0 —[sin( —) sin(wtg) — V4 25 sm(—) sm(2wto)]) (2.13)

where V), ; is the relative amplitude of the in-phase first and second harmonic voltages.

To get from the energy impulse given above to a §p, we note that

OF = voF,6t = voép,,. or ép, = 6E, (2.14)

Vo
where 6 E is given by equation 2.13. This effect is then included in MYAXIAL.

To determine the effect of the buncher on the phase space, the set of initially un-
coupled conditions was re-run using both first and second harmonic buncher voltages.
Ellipses were started over a 7o = wi;nitiat range of 250° in steps of 25. The results

(at the inflector entrance) of this run can be seen in figure 2.7. Even after changing
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to the appropriate Larmor frame there is still an emittance growth as evidenced by
the ‘spikes’ emanating from each phase-centered ray. The source of this growth can
be seen by recalling the purpose and effect of the buncher on the time range of the
beam. Liouville’s theorem combined with a transformation to a Larmor frame assure
no growth or mixing of the initially transverse phase spaces, however, the total phase
space hypervolume becomes six dimensional when the time-energy space is included.
In the case of no buncher, the beam is mono-energetic and this reduces the(E, 7) phase
space area to zero resulting in the 4d space considered above. When the buncher is
turned on however, it imparts a finite area in the E-7 coordinates. Additionally the
energy time correlation is chosen such that the time spread is drastically reduced (a
factor of seven) at the entrance of the inflector. Even though the energy remains
constant once the buncher has been passed, the buncher does produce an additional .

coupling in the new 6d space.

Inflector Traversal

A second complementary orbit code is used to track rays through the spiral inflector.
For the code INFLECTOR, the equations of motion and field approximations needed
are much simpler in form than those given above for traversal of the axial field. Over
the vertical and radial range of the inflector (3 cm and 1.5 cm respectively) there is
little variation in thé magnetic field. Thus the above expé,nsions are discarded in favor

of a constant field approximation (B, = By and B, = B, = 0). Then the equations

of motion become

Tt 2 Dy
() = [—p—E-+ "
pe(z) = [Gpo-Eet 7]
P(e) = Iop—B = (2.15)

p(2) = [——Eil.
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The electric fields produced by the inflector electrodes, and thus required by IN-
FLECTOR, were calculated from an electric potential produced using RELAX3D[36]
with an initial grid size of 81 x 121 x 101 (x,y step= 0.051 cm, z step= 0.038 cm).
The form of the electrodes was created by starting with a volume of grid points, the
outer surface of which matched the outer shape of the entire inflector (as seen from
the top, ie. z = 0). The location of the reference ray described by equations 2.3 in
this volume was calculated at a series of points along its path. At each point, the
location of a 0.6 cm diameter cylinder with its axis perpendicular to the reference ray
was calculated. All grid points found to be inside this cylinder were removed from
the volume. In this manner material was removed from the grid, thus simulating
the cutting tool which would be used to create the actual electrodes. The result of
this procedure was two separated volumes each of which was assigned a fixed volt-.
age value. The potentials in the new space between these volumes was calculated

by RELAX3D. The shape of the volumes (electrodes) thus obtained can be seen in
figure 2.8.

After the particles are tracked through the magnet yoke and up to the inflector
by MYAXIAL, they are tracked through a thin circular aperture at the entrance to
the inflector (centered on the magnet axis and with a diameter equal to the electrode
spacing), the inflector electrodes and finally a thin exit aperture centered on the
reference ray in the median plane of the cyclotron. The inflector voltage and position

were set by requiring the central (axial) ray to emerge with p, = 2 =0.

To examine the effects on the beam of passage through the inflector, initial x,
pr and y, p, phase spacés (unmixed) were started at the entrance of the inflector.
Rather than using a single ring of starting conditions as mentioned above, a set of five
equally spaced concentric rings enclosing areas between 1007 and 47 mm-mrad were

started in each of the spaces. Figure 2.9 shows the resultant spaces at the inflector




30

exit. Both spaces show the phase space mixing caused by both the magnetic field and
the field due to the electrodes. The initially x, p: space is much more distorted than
that which starts in y, py. This is not surprising considering the fact that the inflector
gap is in the x direction at its entrance. Thus the x, p, space sees a rather non linear
electric field as evidenced by the distortions in both its final x and y spaces. The
initially pure y, p, space occupies a physical width of 3 mm at the entrance of the
inflector, parallel to the electrode surfaces, in the good-field-region described above.
The initially pure y, p, plots also show the mixing of thé phase spaces. The space
develops an elongated space in second#ry (orthogonal) space at the inflector exit. The
space is much less distorted than the corresponding secondary space from the initially
pure X, pz. It is also interesting to note that while the initially pure x, p. starts its
inflector passage distributed across the electrode gap, it exits the inflector with the
majority of its emittance in a plane parallel to the electrode surfaces. The initially
pure y, p, space shows a similar behavior. This corresponds to the rotation of the

body-centered axes as described by Root [25].

Considering the phase space distortions caused by the spiral inflector, other inflec-
tor designs were considered. Most notably the hyperboloid inflector, which brovides

a more linear transfer of the beam, and the electrostatic mirror were studied.

The Electrostatic Mirror and Hyperboloid Inflector

For simplicity in design, the electrostatic mirror clearly is superior to the spiral inflec-
tor. The mirror consists of a grounded mesh parallel to a high voltage electrode. This
pair of plates is placed at a 45° angle. The beam then passes through the rhesh and
encounters a high electric field with components in the vertical and horizontal direc-
tion. The axial speed of the beam is slowed while the horizontal speed is increased. -

Eventually the beam is bent from its vertical path into the median plane passing once
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again through the grounded mesh. There are several problems with the electrostatic
deflector, which make it a less viable option, associated mainly with beam loss. The
beam must make two passes through the grounding mesh, with resultant beam losses
each time. Additionally, as the beam enters the deflector it encounters an increasing
electric potential as it is in the process of inflection. This corresponds to a large
decrease in velocity with all its inherent spacecharge problems. Thus the electrostatic
deflector is much less attractive than the spiral inflector. The hyperboloid inflector,
on the other hand, is easier to machine and has much more linear beam transport

properties than the spiral inflector.

The hyperboloid inflector suggests itself as a solution to ion injection in that
it is easy to machine (electrode shapes are surfaces of rotation), and the additional
rotational symmetry provided rﬁay improve the beam optics. The equations of motion -
for particles through a hyperboloid inflector, as described by Muller[20], yield the

following relations for the path of the reference particle,
1
T, = §ro(—-b cos(akt) + a cos(bkt)),

ve = 5ro(~bsin(akt) + asin(bkt)),
and

Ze = %ro sin(kt),

where a and b are geometrical constants and ro is the radius of the center of the
inflector gap. These equations are much more straightforward than those for the
spiral inflector (equations 2.3). The major drawback of this type of inflector is that
it provides (in the high field axial injection case) no mechanism with which to move
the orbit center for the emerging ion. As with all inflector designs, injection through
the cyclotron’s yoke requires an on-axis ceﬁtral ray. This, along with the chosen ion

injection energy (required by space charge considerations) and the magnetic field, fully
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determine the center of curvature for the emerging ions. When the K500 pafa.meters
are used, it is found that the center of curvature for the reference orbit is greatly
displaced. Figure 2.10 shows the x,y projections of the orbits for the reference ions
for the two inflectors and their final orbit centers. The spiral inflector allows us
to choose this center regardless of the ion magnetic radius. Thus its placement was
chosen such that when it is coupled with the effect of passage through the first electric
gap in the cyclotron, the orbit center is near the machine center. This is not possible
with the hyperboloid inflector. Once the p (radius of curvature) is chosen, the final
radius is set. This, coupled with the larger size of the hyperboloid inflector, makes it

of little use in this design.

2.1.2 System Acceptance

With thé spiral inflector clearly chosen as the bending device, initially uncoupled x, p,
and y, p, phase spaces were started to determine the acceptance of the axial injection
.system. Two sets of acceptance calculations were done. The first concerned the
acceptance of the inflector entrance hole. The acceptance was determined by running
a square grid of initial (uncoupled) conditions thrbugh the system and eliminating
any rays which did not pass through the entrance aperture. By varying the strength
of the solenoid field the shape of this accepted region could be changed. Figure 2.11
shows the shape of the accepted region and its variation with solenoid field. The
change in the spiral shape of the regions is best understood by considering the paths
the orbits take while traveling through the axial field. Ions starting 3 m below the
median plane are trapped about a particular flux line determined by their initial
position and transverse velocity. As the orbits are tracked up toward the mediah
plane, these ions orbit around their particular flux line producing a helix-like path.-

On top of this is superimposed an azimuthal drift associated with the curve of the
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flux lines [37]. The center of the helix then precesses about the axis, moving from flux
line to flux line. As the ions make their way toward the inflector entrance, the axial
field increases. Since the magnetic moment of the current loop of the particle orbit is
a constant, the orbital radius shrinks as the field increases [37]). When the aperture
is reached, the acceptance is determined by three factors: the position of the pinning
flux line, the radius of orbit about that flux line, and the phase of that orbit. For an

orbit to pass through, one of the following conditions must be met:

e Either the pinning flux line must pass through the accepting aperture while the
orbital radius about that flux line is smaller than the smallest radial distance

from the line to the aperture edge,

or

e the flux line passes through the aperture, but the orbit radius is greater than
the smallest radial distance to the aperture edge. The ion will then be accepted

only if the phase of the orbit places it in the aperture,

or

e the flux line does not pass through the aperture and the orbit radius is larger
than the distance from the pinning flux line to the aperture. If this is the case

then the phase of the ion must be such as to place it in the aperture.

By changing the solenoid field the phase of the ions arriving at the aperture is changed.
This phase then (as described above) determines which rays (and thereby starting
conditions) will enter the inflector. Thus, the accepted starting conditions at z =

—3 m are changed. Additionally, the change in accepted starting conditions results
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Table 2.1: Normalized Acceptances

Inflector Gap | By | z,p: emittance (mm-mrad) | y,p emittance mm-mrad )
6 mm .0035 5.77 7.80
4 mm .0030 5.42 | 3.66

in a corresponding change in final x,p; and y,p, phase spaces. These changes can be

seen in figures 2.12 and 2.13.

The acceptance of the entire transport plus inflector system was calculated by
a radial search of the sté,rting conditions. For a given radial line in phase space a
search wa.s. conducted for the most extreme starting conditions resulting in a path
which passed throﬁgh the inflector system. By scanning the angle of these radial
lines an outline of the accepted region was obtained. Figure 2.14 shows the X, Pz-
| and y, p, phase-space acceptance for the inflector. Figure 2.14 also shows the same
phase space acceptarices for the smaller 4 mm aperture inflector now in use [17]). The
normalized emittances for each of these areas can be seen in Table 2.1.2. Clearly the
new 6 mm aperture inflector will have a greater acceptance, as expected. It appears
that the x, p. phase spaces are nearly the same for both designs. However this is
misleading since the size of the x, p. and y, Py phase spaces relative to one another can
be adjusted by changing the solenoid setting. Finally, we note that the new inflector

acceptance (figure 2.14) is much more compact than that of the old 4 mm design.
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Figure 2.3: A cross section of the K500 axial hole design. The initially 15.9 cm
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Figure 2.5: The initially uncoupled phase space at the entrance of the inflector both
before (top) and after (bottom) transfer to the rotating Larmor frame. The asterisks
denote the x, p; space and the circles the y, p,. Note that the small phase space
that has opened in the y space due to the coupling caused by the magnetic field is
removed upon transformation to the larmor frame.
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Fixed Frame

X,Y (mm)

Figure 2.6: The initially coupled phase space at the entrance of the inflector both
before (top) and after (bottom) transfer to the rotating Larmor frame. Note that
small ’additional’ phase spaces have opened around each point in the space. This is
the effect of the coupling caused by the magnetic field. The area enclosed in each of
these subsidiary spaces is not removed upon transformation to the larmor frame but-

they reduce to small lines causing a growth in the total area. These are an effect of
the initial coupling of the spaces.
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Figure 2.7: The phase space at the entrance of the inflector for an initially

100r mm-mrad beam with the first and second harmonic bunchers on. Even after
transform to the Larmor frame there is significant increase in the emittance.
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Figure 2.8: The spiral inflector electrodes. This picture was created as input to
a RELAX3D run with grid dimensions 81x121x101, Az = Ay = .0254 cm and
Az = .127 cm. The darker of the two structures is the inflector anode while the
lighter, smaller piece is the low-voltage cathode.
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Figure 2.9: The final phase spaces showing the effect of transport through the in-
flector. The figures on the left show the final x,z phase spaces for a 100r mm-mrad
phase space initially in the x,p. plane while those on the right show the same for a
space started in y,p,.
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Figure 2.10: x,y projections of the reference orbits for the hyperboloid and spiral
inflectors. Also marked are the final centers of curvature. The hyperboloid inflector
leaves ions with a much larger, destructive, centering error that cannot be easily
corrected.
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field is varied the accepted starting conditions change.




”
-
-
i
(]
|

inflector for an initially evenly

d settings

p- phase space at the entrance of the
Pz space at z = —3 m for various solenoi

»
| i
’ : Sy . . N9
l l ] | l l | ! o1 P
g2
o2="4a ye="4d zz="d oz-"d i 9



45

° -
o (<]
) "‘
n‘ @
i N
(] <]
1‘ u'
o m
o o
? [ /]
1 "'
() )

B L » ®

h .

°. . . - -t ‘. -t
8 = e o
|l " o u'
@ | RN L)

- I B -

n : ] - 1

" [ 2]

[} ]

e ° & ¢ ¢ 2 g = % % ? 2

Figure 2.13: y, p, phase space at the entrance of the inflector for an initially evenl&
populated x, p. space at z = —3 m for various solenoid settings.




46
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Figure 2.14: Unnormalized acceptance (at z = —3.0 m) for both the present 4 mm
gap spiral inflector (left) and the planned 6 mm gap (right). Double-thickness lines
represent the x, p. space while the single line represents the y, p,. In each case the
solenoid was set to minimize the radial oscillations of the beam near the inflector
entrance.




Chapter 3

Central Region Design

The accelerating structures in the K500 consist of three 53° dees occupying the valley
regions of the magnet gap. These dees extend radially from 5.1 cm out to the extrac-
tion radius. The space left at the center of the machine (r = 0 to 5 cm) is used for
the central region. The central region itself (ﬁgﬁre 3.1) consists of a set of specially
shaped electrodes attached to the dees which accelerate the particles from the ion
source (or injectio;x mechanism for an external source) out to the main, electrode-free
dee structures. The central region electrodes consist of posts mounted on the center
plug and electrodes mounted on the tips of the dees (and thus called dee tips). The
placement and shape of the various posts and electrodes define a range of starting
conditions for the ions which can be accelerated out of the region. Further, the elec-
trodes are positioned so as to place the beam as close to its accelerated equilibrium
orbit, upon exiting the central region, as possible. These electrodes then limit the
amount of beam which the machine can accelerate and dictate the quality of the

beam.

Once an inflector shépe was determined, a second harmonic (w,s = 2w,rs) central
region was designed. All electrode shapes and positions had to accommodate the

new, larger inflector housing and guide the beam through the central region leaving it

47




Figure 3.1: The CAD mechanical design drawing for the second harmonic central ‘
region. This drawing was used to create the final input for the RELAX3D code.

reasonably well centered. The placement, orientation and shape of the posts, inflector

and dee tips need to satisfy four conditions:

e The inflector orientation must provide good vertical focusing for the emerging
ions. Since the first few gaps will provide the critical vertical focusing [39], the
inflector exit must be placed to assure that the ions will pass through the first

few gaps with the pfoper ‘late’ phase required for electric focusing.

e Each dee must be isolated, that is, the fields produced by a dee must be re-
stricted to the area immediately surrounding that structure and not allowed
to .bleed into the fields of neighboring dees. This prohibits cross-talk between
the RF amplifiers and prevents the formation of destructive radial fields along
the beam path. This can be accomplished by introducing vertical posts on the

intervening, grounded, hill tips.
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e The size and position of the dee electrodes must provide needed structural
support at the dee tips as well as preventing the creation of radial fields in the
beam path. By placing posts at the tips of each dee and larger secondary posts
at a larger radial distance along the dee, the radial fields are excluded from the

ion orbits and the structural strength of the dee is enhanced.

e The beam should be placed upon exiting the central region such that during
acceleration through the K500, it is well centered (a beam is well centered if
it exhibits no coherent radial oscillations). In this way any small centering
errors produced by misplacements in the mechanical construction of the central
region should be correctable through the use of the existing K500 first harmonic
magnetic field bump. To achieve such beam placement the shape and position of
the aforementioned posts are adjusted to xﬁisshape the accelerating gaps during
the first turn. The distortion of the gap shapes which results can be chosen to

correctly place the beam at the end of the first turn.

In order for the central region to be valid for ions with the wide range of charge
to mass ratios required, the machine is opera.ted>in what is called constant orbit
mode [16]. That is, the trajectory of all ions (in a given harmonic mode) will be
similar regardless of their %. This is accomplished (in the case of an internal ion
source) by assuring that the Reiser parameter x = % is éonsta.nt, where [ is the
dee to ground distance, B is a reference magnetic field and V. is the dee voltage. If

the radius of the first turn is to be the same for all ions, the dee voltage (Vge.) must

Viee 3
be set such that oyl constant.

Added to all the above conditions, are the constraints that the electric fields be
kept as low as possible to limit sparking, and that the transmitted current be as la.fge

as possible. According to the scaling rule given above, the 16.6 MeV/u O3 is the




50

SYS4ZEUS: [MARTI . SNYDER] SHALL . DAT; 1

Figure 3.2: The initial central region design. Shown are the median plane electric
potentials. Note the potentials shown do not correspond to the A = 2 case. Rather
they are for a case where all dees are excited with the same applied voltage. Posts
are identified by their dotted outlines. The grid dimensions were 201 x 201 x 11,
Az = Ay = 0.0762 cm and Az = 0.127 cm. Also shown is the path of the central
ray.

particle that will require the highest dee voltage and as such, was chosen as the test
particle for design work. Since the dee voltage will be 70-kV for the O3 test case,
an electrode separation of 8 mm was chosen, limiting fields to 88 kV/cm. With these
considerations in mind a central region was designed that produced a well-centered
beam with good vertical focusing properties. Figure 3.2 shows the central region so
obtained as well as the path of the central ray. The figure and fields were produced
by a RELAX3D run using an initial 201 x 201 x 11 grid (Az = Ay = 0.0762 cm,

Az = 0.127 cm).

- The large shape in the center of figure 3.2 is the inflector housing. The shape of

the housing has been modified by adding extensions which will help to isolate the dees
’ 3
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Figure 3.3: The central region design showing central rays with starting times between
T = 190° and 230° in 5° steps. The radial spread is clearly seen at the 6§ = 110° first-
turn slit. )

(see above). Foreseeing the possible need for a first turn phase selection slit [40, 19],
the post located at § = 105° was modeled to include such a device. To create a ¢-
dependent radial shift at the ‘ﬁrst turn window slit, the shapes of the preceding gaps
were adjusted. The azimuthal position of the fourth gap is such that the particles
pass through the gap when the voltage is rapidly increasing. Thus, rays with different
times see significantly different voltages. Figure 3.3 shows the first-turn orbits for
central rays with starting times between 7 = 190° and 230° in 5° steps. The radial

spread is clearly evident by the time the orbits reach the first turn slit with 6 = 110°.

The dee and hill shapes used in this model exist as single planes at the vertical
edge of the relaxation ﬁel@. Additionally, the shapes of the posts and dee tips have not
been adjusted by rounding corners or adding a vertical dependence on the dee tips.
In short, the design is a simplified model which is to be used as a guide for electrode

shape and placement for the production of a more realistic mechanical drawing of the
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same region.

A mechanical drawing (including the proper vertical dependence) was produced
using the position of the posts and electrode provided by the above design out to
5 cm (see figure 3.1). The design then obtained was transferred back in a digitized
format which could be used as input for a RELAX3D run. The shape of the hill liner

and the dee structure were then extended out to 30.5 cm.

Previously the size of any RELAX3D grid was limited to 2,000,000 total grid
points by considerations of run time and computer memory. Advances in these areas
have provided for an increase in these limits. Thus, the mechanical design grid was
increased to over 5,000,000 points allowing a much smaller grid spacing to be used.
Additionally, to maximize the usable points in any such grid, a grid of the same
number of points but over a larger sampling area was first run. The values of the-
boundary points of the smaller, central region grid were then interpolated from this

larger grid. In this way, boundary errors could be reduced and a more realistic field

obtained.

The field obtained from this new grid (and the corresponding electrode structure)
can be seen in figures 3.4 and 3.5. These figures are from a 401 x 401 x 25 grid
(Az = Ay = 0.0254 cm, Az = 0.127 cm) and a comparison with the old, coarser grid

reveals the extent to which the model has been improved.

To determine if this design meets the vertical focusing and radial centering re-
quirements (as described above), a reference ray was run in this field using the
Z3CYCLONE orbit code (see Chapter 4). Figure 3.5 shows the central ray so pro-
duced vx;hile figure 3.6 shéw;ls the instantaneous center of curvature for the same ray.
From this plot we can see the effect of the dee shapes on orbit centering. As expected,

each successive gap has less of an effect on the orbit center as its strength (inversely
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Figure 3.4: The final central region design. Shown are the median plane electric
potentials. Again this is the case where all three dees are excited at equal voltages.
Posts are identified by their dotted outlines. The grid dimensions were 401 x 401 x 25,
Az = Ay = 0.0254 cm and Az = 0.127 cm. Also shown is the path of the central
ray.

proportional to the total energy) is reduced by the effect of the preceding gaps. From
this central region, with the help of a small (4 gauss) first harmonic bump, a well-
centered beam was produced. To determine if this central region provides adequate
vertical focusing, two radially centered rays were run, one with an initial z displace-
ment (1 mm) and one with an initial 0.1 mm displacement in p,. The resulting phase
and vertical motion can be seen in figure 3.7. There is limited growth in the z motion

for both rays, indicating good vertical focusing. With a central region so designed,

studies were made of machine performance and phase acceptance.
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Figure 3.5: The second harmonic central region design. The view shows a cutaway
of the central region electrodes below the magnetic median plane. The path of the
central ray is shown and the large structure in the center where the beam originates is
the inflector housing. The first channeled structure the beam encounters is the puller
dee tip. There after the structures alternate between ground potential hills and high
voltage dee tips. The first turn phase slit can be seen in the upper left corner. The
grid dimensions were 401 x 401 x 25, Az = Ay = 0.0254 cm and Az = 0.127 cm.
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Figure 3.6: The instantaneous center of curvature for the reference ray in the new
second harmonic central region. Labeled are the effects of each gap (numbered from
the puller gap (1)) as seen in figure 3.4
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Figure 3.7: The vertical motion (p, vs. turn (top), z vs. turn (bottom)) for the final
401 x 401 x 25 central-region grid. The vertical motion shown is for particles with
initial values of z = 1.0 mm, p, = 0.0 (solid) and p, = 0.1 mm, z = 0 (dashed).




Chapter 4

Orbit Dynamics and Phase
Selection

In order to study the behavior and acceptance of the new second harmonic central
region and inflector system, ions were first tracked from 3.0 m below the median plane
of the K500, up the magnet axis, through a buncher, the spiral inflector and into the
median plane. This was accomplished using an axial injection code which integrates
the exact equa.ti;ns of motion for a charged particle moving in stipulated electric
and magnetic fields. The on-axis magnetic field was generated using POISSON, and
off-axis values were determined by an expansion in powers of radial position (see
Chapter 2). The ions are first tracked through the magnetic field up to the buncher
at z = —1.6 m. At this point the ions are given a starting time, passed through
the buncher and then up to, and through, the spiral inflector. The inflector field
was determined by RELAX3D runs. Upon exiting the inflector, the ion’s coordinate
values are stored to be used as starting conditions for a central region orbit tracking

procedure.
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4.1 Z3CYCLONE

Once a set of starting values is obtained at the exit of the inflector, these ions were
run through the central fegion out to a radius of 20.0 cm, corresponding to passage
through the phase selection slits, using a modified version of the Z3CYCLONE orbit
code. This code integrates the equations of motion through the cyclotron’s magnetic
field (produced by the orbit code MONSTER [41] ) and three electric fields rep-
resenting the central region electrode structures (calculated using RELAX3D). The

program is broken into three sections having different treatments of the electric fields.

Part I

Part I deals with motion of the particles between the source and puller and uses
time as the independent variable. As with all the codes, cyclotron units (momenta in
units of length) are used. The equations of motion for Part I are given in cartesian
coordinates since thewregion of interest is small. This defines the position of, and force
on, a particle as

R=zi+y)+zk and %:q(ﬁ+6x B).
Rather than using t as the integration variable we switch to 7 = w, st, the RF time.

Then explicitly writing the cross product above and changing to cyclotron units we

have
dpz . s
% =CE; + C2Psz - C2Psz
dp, . .
% = C1E, + Cip. B. - Oy, B, (4.1
‘Z;_z = ClEz + Czﬁsz - CZﬁsz.

— — a2 —_ C —_1
Here, Cl"FanEg'-"‘ ik where a= o and Cg—-——wo.
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Part 11

Part II tracks the particles through the remaining electric fields and explicitly calcu-
lates the effects of crossing the gaps from the exit of the puller out to 20 to 25 cm.
The fields used in Part II extend from the machine center and thus cyliﬁdrica.l coor-
dinates are used with 8 as the independent variable. Relativistically then, a particle’s

position and momenta are given by

- . A

R =re'a + zk,
and
7 = p,ei + poeiti + p.k
with
pr =TMY, Pg = rém‘y, and p, = zm-.

From these equations we can derive the following equations of motion,

dp, va*qrE, rByp. rB

8 = “mps  Bops | Bo TPV
dp, _ va*qrE, rBsp., rB, v
40 — mcp, | Bope B’ (4.2)
dps _ valqrE, +rB,ﬁ, -
40 ~ “mcps | Bope I
and
dr r
33 = h‘y;s—o'

The electric potential values are provided by interpolation in a grid calculated by the
relaxation code RELAX3D.

Part III

Part III tracks the particles from the exit of Part II out through the rest of the

machine. The equations of motion are the same as for Part II except that the electric
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field terms are identically zero. The effect of the accelerating gaps is approximated

by an impulse given by,

6Eij = (—1)YqVaisin(wystij — ki), (4.3)
op? tan(a)

5pr = — —_— (44)
(P — pr tan(@)) + 1/(Ps — p tan(a))? + 6p*(1 + tan?(a))

where ép = sqrt(2y + 25)(2E)(mc) is the total impulse caused by 6E, a is the

angle between the 6 direction and a line perpendicular to the gap, i = 1,2,3 is the
dee number, j = 1,2 is the entrance or exit of a given dee, V;; is the voltage of the

i** dee, and (w, sti;-k;) is the phase for the i,j gap crossing.
Code Outputs

The modified version used for these studies extends the number of electric fields used
from two to three, and removes ions whose paths intersect electrode or dee structures.
If at anytime during the calculation an ion’s path takes it through an electrode, into a
dee, turns back towards the machine center or becomes destructively off centered, the
ion is removed from calculation. Ions which were successfully run out to extraction
had their r and ¢ values saved at strategic positions en-route. At the extraction
radius all pertinent ion values are saved. The ‘relevant positions’ for recording r,¢
values correspond to phase slit positions. During design of the central-region electrode
structures, it was determined that the optimal place for a first-turn phase slit was
centered at 7 = 3.9 cm and § = 112°. This location, along with the present phase
selection slit locations (on the three hill centers at r = 17.88 cm), made up the four
r,¢ data; retention positions. ‘Once a full set of starting conditions was tracked through
the entire path (from z = —3.0 m out to r = 68.0 cm in the K500), this final data -
set was used to analyze the beam properties and timing spectra for the set as well as

the effect of the phase slits.
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4.2 Starting Conditions

In order to calculate the percentage of the input DC beam in the final 3° bandwidth,
as well as the beam properties, a range of emittances was tracked up the machine axis,
through the spiral inflector and central region, and out past the phase selecting slits.
Each set of starting conditions consisted of a uniform circular distribution of points
(one point per # mm-mrad) spanning the emittance area in x,p. and y,p,. Each point
in x,p. space corresponded to a set in y,p, which spanned the entire emittance area.
In this way, a spatially coupled set of 5625 starting conditions was obtained. This
coupled set of points could then be tracked from 3 m below the median plane out

through the K500.

In order to simulate the time structure of the incoming beam, coupled x,p:/y,py .
sets were started each separated by 2° RF. This now complete set of starting condi-
tions was then passed through the buncher (located 1.6 m below the median plane)
before entering the inflector. To limit the number of points necessary to cover the
relevant starting conditions, limits were placed on the range of starting times allowed.
Rea.liﬁng that the acceptance of the puller gap is limited to a T range of 180°, the
starting time values were limited to include only those times (at 2 = —1.6 m) that
arrive at z = 0.0 m in the allotted interval. The major factor in determining the

overall range of starting times that need to be run is then, the buncher.

4.3 The Buncher

The present K500 RF buncher [18] is designed to be run in one of two modes. It can
provide either a single first harmonic of the RF voltage or a second mode, providing a
voltage containing both first and second harmonic. The purpose of adding the second

harmonic is to more accurately reproduce the desired saw-tooth bunching voltage.
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The net voltage provided by the buncher is given by
‘/buncher = gap[Sin(T -— To) _— ‘/1’2 sin(2(1- —_ 1.0))]

where 7o is the time about which beam is bunched, V4, is the buncher gap voltage and
V1,2 is the relative voltage contributions of the first and second harmonic excitations.
The effect of the buncher is included in MYAXIAL as a §p, impulse to the ion’s
axial momentum, and is given (in the small gap approximation) by equations 2.14
and 2.13. Figure 4.1 shows Vyyncher vs time for both the single and double harmonic
modes as well as the corresponding timing spectra at the exit of the inflector for an
initial 50r mm-mrad emittance. In the first i)lus second harmonic mode a value of
V1,2 = 0.30 was found to best fit the ideal saw-tooth curve. In order to determine the
value of constructing the second harmonic systems,' orbits were run using both the
first and first plus second harmonic modes. Since the first plus second mode is more
effective, the number of starting times needed to cover the accepted 7 space increased
from 70 (for the first harmonic mode and corresponding to 140° RF) to 130 (260°

RF') thereby increasing the computer run time.

4.4 Injected Beam Dynamics

4.4.1 Yoke and Spiral Inflector

The initial coupled 757 mm-mrad phase space begins its trek through the cyclotron
from 3 m below the median plane. The beam must pass through the magnet fringe
field and yoke before entering the inflector. MYAXIAL uses the kinetic equations of
motion so, before any examination of phase space conservation can be undertaken,
the coordinates must be transformed into their canonical counterparts as discussed

in Chapter 2. Figure 4.2 shows the resultant phase spaces at the entrance to the .-

inflector. If one compares the initial and final emittances of the beam on transport




Table 4.1: Calculated emittance along beam path. Shown are the calculated values
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and the same values normalized to r = 68.0 cm.

Location Radial Space (mm-mrad) | Axial Space (mm-mrad)
Total Normalized | Total | Normalized

z=-3.0 m 75.0% 1 75.0%

Inflector Entrance | 125.07 125.0%

Inflector Exit 127.0x 2.37 1087 1.95%

r=20.0 cm 7.57% 2.21x 6.37 1.97

r=68.0 cm 217 - 1.97 -

through the yoke, ( Table 4.1) we see a large increase in emittance (from 757 mm-mrad
to 1257 mm-mrad). Since the symmetric nature of the beam and use of canonical
momenta would seem to prohibit this, some other cause must be found. The two
sources of this growth have been discussed in Chapter 2. The first is the effect of the
buncher on the beam. In the approximation used, the buncher adds a time-dependent
delta function kick to the energy of the ions. It also adds a time dependence to the
propagation of the phase space of the beam. The emittances at the various times will
now smear out when graphed at a single location. The second source of emittance
growth is the initial coupling of the starting conditions. This coupling is not removed

by transformation to the Larmor frame and results in an additional emittance growth.

Upon traversal of the inflector, the phase spaces are further mixed and distorted.
The inflector’s effect on the beam can be seen in figure 4.2. The inflector breaks the
symmetry of the phase spaces and it is particularly interesting to note that the beam

is not symmetric in z.

In addition to the spatial distortion caused by the inflector, there is an additiona
time spread which cannot be compensated for by the buncher. The buncher voltage
is set to compress the time spread of rays which travel along the machine axis. Foi

off-axis rays there will be an additional time spread caused by their differing patt
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lengths through the remainder of the yoke and the spiral inflector. By looking at the
calculated arrival times at both the inflector entrance and exit the resultant spread
caused by this can be clearly seen. Figure 4.1 shows the time spread at both of these
positions. Clearly a large portion of the final spread is caused by traversal through
the spiral inflector. This is not surprising considering the non linear nature of the full

range of the inflector aperture covered by the beam.
4.4.2 Machine Acceptance

Of the portion of the injected beam that reaches the inflector exit, only a fraction will
be accelerated to extraction. Losses due to vertical focusing limitations, collision with
central region structures, and centering errors will constrain which starting conditions
will be successfully accelerated. Additionally, only a small fraction of the beam will be.
transmitted into the acceptable 3° FWHM phase width. By combining the effects of
all these factors we can determine a phase-space acceptance (at the inflector exit) for
the beam. Figure 4.3 shows the portion of the 757 radial phase space that survives to
the exit of the inflector, the portion that is accelerated to extraction and the fraction

of this which is successfully accelerated into the tolerated 3° phase peak.

It should be possible to use this accepted phase space to determine the final
emittance of the beam at extraction. If we use an adiabatic approximation for the
change in emittance between the injection point and extraction (€.st = €in; POin; /POt )
a final emittance can be calculated. Using this, a value of €..¢ = 2.237 mm-mrad is
obtained. This should agree with the final value obtained by running these orbits to
extraction if there are no significant higher order effects a.hd the coupling between
the radial and E-¢ spaces is minimal. We can determine an upper bound on thej
emittance growth which would be caused if such effects were prevalent by examining

the eigenellipse at the inflector exit.
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The K500 acceleration process defines a region of phase space for which parti-
cles will be successfully transported through the machine. This space is defined by
an eigenellipse around the accelerated equilibrium orbit [42]. Any phase space in-
jected into the machine will precess within the eigenellipse which encloses it. Thus,
a properly injected beam will enter the cyclotron with the correct phase-space shape
and orientation so as to match the eigenellipse. Such a beam should see no distor-
tions to the radial phase space. If the injected space does not match the eigenellipse
and there are significant higher order effects, the space will distort itself so as to fill
the eigenellipse and thus show an emittance increase. Figure 4.4 shows the eigenel-
lipse at injection superimposed on the a.ccepted phase space. If we use instead the
emittance defined by this eigenellipse we find a value for the emittance at extrac-
tion of 4.1 mm-mrad which is then an upper bound on the emittance growth. An
examination of the emittance at extraction (see below) however shows a value of

2.17 mm-mrad.

The vertical acceptance of the machine will be limited by the amount of vertical
focusing available in the first few turns. This in turn will set a limit on the z, p;, 7o
starting values that will be accelerated. Figure 4.5 shows the accepted vertical space
(for the total beam and the phase reduced beam) at the inflector exit. The losses
between what arrives at the inflector and the accepted space are not dominated by
vertical losses. The calculations show a vertical loss of only 0.5% over the entire range
of the machine, indicating adequate vertical focusing. The reduction in size comes

from the phase selection process, indicating a r-z correlation at the inflector exit.
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4.5 Phase Selection

Once the beam has entered the cyclotron the only method available to remove the
unwanted phases is to introduce an element which intercepts these particles. In order
to do that and retain the central phases, a r-¢ correlation is introduced into the beam

at the locations of the intercepting elements.

As discussed in Chapter 3, the electrode Positions in the central region are set
so that a ¢-dependent radial shift is created at the first-turn window slit. Thus, by
centering the window slit on the central (70 = 210°) ray and adjusting its width, we
can intercept and remove the .central rays for the surrounding times. It should be
noted that to accurately assess the extent of the phase cutting that this slit produces,
these central rays must be surrounded by an appropriate phase space. For certain
starting times (even those whose central rays are excluded by the slit) elements of
their phase space may then extend into the aperture of the first turn slit and therefore
survive. This limits the effect of this slit and it is therefore used only as a coarse phase

selection.

The fine phase selection is done through the use of the r = 18 cm phase pins.
This location is some 20 turns after the first turn slit. By this time the beam has
developed a phase-dependent radial spread due to the differing energy gained by each
starting time. As was discussed in Chapter 1, we can adjust the magnetic field so
as to increase the r-¢ correlation in the beam. We must then re-adjust the field so
that after the slits the field is in such a state that the average field over the entire

acceleration (injection to extraction) is again isochronous.

Once we have created the required radial spread at the phase pin location we _
~can insert these pins and remove the unwanted times. Figure 4.6 shows the r-¢

correlation at the pin locations and the position of the two phase pins. From the
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picture we can see that pins are placed to intercept rays over several turns. The pins
are also positioned such that one pin does the majority of the cutting while the other

is used to clean up what the first pin (and first turn slit) miss.

4.5.1 Phase Selection Computer Program

Extraction requirements restrict the timing spectra coming out of the central region
to 3° FWHM. Presently, the K500 is equipped with two phase slits located on the 0°
and 120° hills at a radius of 17.88 cm. These slits consist of two movable tungsten
blades that are used to intersect the beam [10]. There is the capability to add a
third slit at an identical radius on the third, 240° hill. In the design of the central
region the position of a fourth possible slit, consisting of a fixed aperture window was

identified. Thus there are four slits which may be used in phase selection.

To model the effect of these slits a program was used which simulates the effect
of various slit combinations. This program accepts r,¢ orbit data at specified slit
positions and a second set of ¢ data at the final beam position, all provided by
Z3CYCLONE. At each slit position a separate pin (labeled A,B, and C) can be
inserted. The position of each pin can be adjusted, it can be inserted or removed,
and the width of the pin can be set. In this way any combination of pins, pin positions
and pin width can be achieved. The program then identifies whit;h ion orbits (if any)
intersect with each pin and removes these from consideration. The final collection of
surviving ions is then binned according to final phase and ’a. beam timing spectrum
is produced. Additionally, a variable width, first turn, window slit can be inserted to
further reduce the final timing spectra. By using the r,¢ output of the central region
orbit code a measure of the acceptance of the cyclotron into a 3° FWHM timing
region which can be expressed as a percentage of the input DC beam (at z = —3.0

m) surviving for various starting emittances and buncher modes.
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4.5.2 Phase Acceptance Results

A variety of starting emittances was calculated in order to determine the perfor-
mance of the injection plus central region design. Starting emittances of 25, 50 and
757 mm-mrad in each of the coupled x,p./y,p, phase spaces were tracked through the
phase selection process. Additionally, in order to determine the relative gain of con-
structing the first-plus-second-harmonic buncher system, these starting emittances
were run in both buncher modes and the various parameters of the phase selecting
slit system were adjusted to give a 3° FWHM peak containing the maximum number
of surviving ions. Figures 4.7, 4.8 and 4.9 show the timing spectra before the first
turn slit, just after this fixed window, and then the final 3° peak obtained by using
the outer phase pins for the various emittance/buncher mode combinations. Table
4.2 shows the slit parameter settings for these plots as well as the percentage of the -
injected DC beam which survives in the appropriate bandwidth. As can be seen, us-
ing the first plus second harmonic buncher mode provides a 50 to 60 percent increase

in the surviving current. Additionally there is the expected fall-off in acceptance with

initial emittance growth.

It should be noted that the timing spectra just prior to the first turn slit already
show signs of phases being trimmed. The tail found on the spectrum at the exit of
the inflector is missing or is markedly reduced. This is due to a convenient pre-slit
phase selection performed by the 300° and 60° dee posts. Rays with more extreme

timing errors in either the early or late direction are trimmed by passage near these

structures.
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Table 4.2: Parameter Values Resulting in 3° FWHM Peak for an ECR voltage of

30 kV.
R Position(cm)/Thickness(cm)
Emittance Slit A Slit B Slit C 1** Turn Slit
1** Harm. Mode Viuncher =(24 kV)sin(7-210.)
257 | 17.673/0.233 | 17.646/0.233 | Not Used Not Used
50r | Not Used | 17.282/0.231 | 17.503/0.231 | 4.000/0.127
757 | 17.648/0.244 | 17.292/0.244 | 17.546/0.244 | 3.937/0.127
1°* 42" Harm. Mode Viuncher =(36 kV)[sin(7-210.)-(0.15)sin(2(7-210.))]
257 | 17.672/0.239 | 17.648/0.239 | 17.496/0.239 | Not Used
- 50r | Not Used |17.240/0.404 | Not Used Not Used
757 | 17.615/0.241 | 17.309/0.241 | 17.546/0.241 | 1.775/0.450
Table 4.3: Percentage of DC Beam in 3° FWHM Peak
Buncher Tnitial Emittance
Harmonics 257 mm-mrad | 50r mm-mrad | 757 mm-mrad
1*¢ Harmonic Only 11.0% 5.8% 2.9%
1*t and 2™ Harmonics 16.7% 9.5% 5.5%
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4.6 Accelerated Beam

‘Once the beam has been reduced to the 3° FWHM phase width all that remains is
to examine its properties at the extraction radius. Considering the phase-dependent
centering error introduced in the beam for the purposes of phase selection (see Chapter
3) there will be phases with a large range of off- centering values. To see why this is
a concern in reference to beam quality, we note that the shape of the average field
at a particular radius determines a range of centering errors with which the beam‘
will exhibit stable coherent oscillations (11] [12]. This range defines a stable region
in the radial phase space. The size of this space changes with the field profile, so
while a beam with a particular centering may be in the stable region at one radius,
it may exist outside of the region at another. The size of the centering error becomes
most critical as the value of v, ( the number of coherent oscillations per turn) reaches
1.0. At this point the stable region vanishes [13] [14] [15]. This can be seen in

figure 4.10 which debicts the size of the stability region both before and after the

v, = 1 resonance.

To determine the effect of such a displacement on beam quality, a set of eigenel-
lipses were run from the phase pin radius out to 68.0 cm: The ellipses were initially
87 mm-mrad in emittance and were run with initial centering errors (coherent radial
oscillation amplitudes) of 0, 0.65, and 1.3 mm. The results of these runs can be seen
in figure 4.11 which shows the ellipse both before and after crossing the final v, = 1
resonance. There does not appear to be any significant deformation of the phase
spaces prior to resonance crossing. Even after the focusing resonance there is little
distortiQn in the initially 0.65 mm offset phase space, and the 1.3 mm offset space
shows a change in shape but no large increase in emittance. This provides a level of

confidence that the induced centering error will not significantly harm the behavior
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of the accelerated beam.

Having established this, the full, phase reduced space was then run out to extrac-
tion. The beam which successfully navigates the central region and phase selection
pins was traced out to a radius of r~ 68.0 cm. Figures 4.12 and 4.13 show the
radial and axial phase spaces (respectively) at this radius for the last two turns in the
machine. The 0.4 cm radial and vertical size of the beam is reasonable for extraction
purposes, however the turns are not separated. In order to separate the turns, the
orbits were rerun using a 10 gauss first harmonic bump to drive the v, = 1 focusing
resonance located at r = 62.0 cm. As described in numerous papers [13] [14] [15], a
first harmonic perturbation to the field can be used in conjunction with the v, =1
crossing to induce a radial oscillation in an initially centered beam. This can be used

to create additional turn separation needed for extraction [6].

By properly placing the azimuthal position and adjusting the strength of the
extraction bump, good turn separation at extraction was achieved. Figures 4.12 and
4.13 show the radial and vertical phase spaces at extraction after the beam was run
using the extraction bump. Now there is good turn separation (X 2 mm) between the
first extracted and last interior turns. The distortions caused by passing through the
v, = 1 resonance off center, are minimal. The radial and vertical size of the beam has
not been appreciably affected and the turn separation is increased. An examination

of the energy spread of the final turn shows a relative spread of 0.1%.
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Figure 4.1: Top: Buncher voltage expressed as a percentage of the injection voltage.
Both the first and first plus second harmonic modes are shown. Use of the first plus -
second mode extends the effective region by 40%. Note that the value of the first
harmonic voltage is different in the two cases. Bottom: The final timing spectra at
the exit of the inflector for both buncher modes.
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Figure 4.2: The evolution of a 75 mm-mrad coupled phase space. The top figure
shows the space at 2z = —3 m. The middle plot shows the same space after passing
through the K500 axial fields, the focusing solenoid, and the buncher. While the
final graphs are the phase space at the exit of the inflector, before entering the K500
central region. The graphs represent coupled phase spaces with an initial Ar = 260°.
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Figure 4.3: The radial phase space acceptance at the exit of the inflector. The figures
represent the radial space accepted by the inflector, the K500 and the K500 with
phase selecting mechanisms in place. The graphs represent coupled phase spaces
with an initial Ar = 260° and an initial emittance of 757 mm-mrad.
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Figure 4.4: The eigenellipse at the exit of the inflector which completely encloses the
accepted radial phase space (3° FWHM). If there are significant higher order effects
the accepted area can grow so much as to fill a phase space area equal to that of the
eigenellipse.
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Figure 4.5: The axial phase space acceptance at the exit of the inflector. The figures -
represent the phase space after transport through the inflector, the portion of this
space that is accepted by the K500 central region and the portion accepted by the
K500 with phase selecting mechanisms in place.
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PHI VS R AT THE SLITS

Figure 4.6: The r vs. ¢ plot at the location of the two phase pins presently in place.
Portions of five different turns can be seen. Also shown is the locations of the two
pins. Rays which intersect these pins are removed.
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Figure 4.10: The size of the radial stability region near v, = 1. The five pictures
correspond to energies equally sapced between 14.0 and 14.6 MeV/u. The double
thickness lines are the approximate boundaries to the stable region at each energy.

As the v, = 1 resonance is approached the stable region quickly shrinks and then
reappears as the resonance is crossed.
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Figure 4.11: Top: The phase space areas just prior to crossing the v, = 1 resonance.
The spaces were started with 0. (thick), 0.65 (thin), and 1.3 mm (dashed) initial
centering errors. There is no apparent distortions caused by precessional mixing.
Bottom: The same spaces after crossing the focusing resonance. There is an apparent
shape distortion in the 1.3 mm offset space.
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Figure 4.12: The radial phase spaces for the final two turns in the K500. The top are
turns run with an extraction bump of 10 gauss while the lower plot is run without.
While the size of the two phase spaces are well behaved in both cases, the turn
separation is insufficient for optimal extraction without the bump.
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Figure 4.13: The axial phase spaces for the final two turns in the K500 after passing
through the final v, = 1 focusing resonance in the presence of a first harmonic bump _
(top) and without (bottom). The two turns in each graph are so similar as to overlap
axially (but are, of course, radially separated). Note the small increase in vertical
phase space caused by the off-centered passage through v, = 1.




Chapter 5

Hardware Construction and
Commissioning

With a workable central region design in hand, the new second harmonic central
region and inflector were constructed. This new equipment was then installed in the

K500 and tested.

Figure 5.1 shows the mechanical design for the new inflector assembly. In the old
design the inflector was made small enough to allow both it and its housing to fit
through the 4 cm hole in the center plug. This allowed the inflector to be inserted and
removed from outside the cyclotron. That design had the added advantage that the
vertical position of the inflector electrodes could be adjusted by partially ‘removing’
the assembly. The disadvantages to such a small inflector are the size of the electrodes
(which poses a problem in their fabrication), the limited gap size (which limits the
acceptance) and the size of the supports necessary to hold the electrodes in place. The
supports in the old design, which fix the electrodes relative to one another and serve
as the electrical leads, were structurally weak and thus presented problems in the
alignment of the electrodes, both relative to each other and the inflector housing exit.
Thus, for the new design, it was decided to enlarge the entire assembly, giving up the

ability to remove the inflector from outside the machine. The design now calls for the
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inflector and housing to be fixed in the central region, with the voltage leads inserted
from outside the machine. This resulted in larger, easier-to-machine electrodes and
stronger supporting leads, and a fixed orientation (relative to the central region) of

the electrodes and housing.

The proper shapes for the electrode surfaces for calculation purposes were de-
termined from the inflector equations 2.3 of Belmont and Pabot [21]. In order to
physically construct these shapes, a similar procedure was used. Analogous to the
procedure described in Chapter 2 for creating the RELAX3D input, the shape of the
entire inflector surface was created. This time two identical forms were made, each
of which would become one of the two final electrodes. Each piece was then fixed to
a turntable with the axis of rotation parallel to the vertical axis of the inflector. This
axis was then set horizontally and fixed to a milling machine, whose bit comes down_
from above. Recalling equations 2.3, we can see that the position of the reference par-
ticle is fully determined by the dimensionless parameter 0 < b < %, which in turn can
be related to a rotation about the inflector’s vertical axis by the same angle. This pa-
rameter uniquely determines the location and direction of motion of the reference ray.
The electrode surfaces, then, must be everywhere parallel to the direction of motion
of the reference ray at any particular point. In terms of our now horizontal inflector
form, this ' means that for any position along the axis there exists a turntable rotation
which makes the electrode surface perpendicular to both the inflector axis and the
machining bit. Given the proper rotation about the turntable axis, the depth of the
surface can be calculated. Then, given a series of turntable rotations, a correlated
series of depths and axis locations can be calculated, determining the shape of either
inflector surface. A short program was written to do just that, and for a sequence of
rotations the depth of the inflector surface was calculated. A 6 mm diameter ball-end -

mill was then brought down in vertical steps of 0.06 cm removing material until the
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Figure 5.1: The K500 spiral inflector assembly. The electrodes can be seen in the
center of the photo. The entire assembled structure is ~ 20 cm in length.

final depth was reached. The bit was then retracted, the turntable rotated by hand
and the process repeated for the next depth. The entire angular range was repeated
twice, once with 4° steps and then again with a rotation step of 2°. Each inflector

electrode was thus carved out of the two identical forms.

The electrodes were initially to be made from stainless steel. However, the material
proved difficult to machine and was replaced by aluminum. The support leads for
the inflector electrodes were of copper as was the inflector housing. The picture in

figure 5.1 shows the entire inflector assembly.

The final mechanical design for the central region dee tips is shown in figure 5.2.
Two of the tips were each made from a solid block of copper while the interior channel

of the puller tip was first milled, and then the outer wall soldered into place. Figure 5.3
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shows the central region dee tips and hill posts as they will be in the cyclotron.

Once constructed, the new inflector and central region were installed. The po-
sitioning of the inflector assembly is accomplished by use of a jig which is fixed to
the hill tips of the center plug and properly aligns the inflector. The new central
region was then conditioned and to date holds voltages up to 60 kV. The full 70 kV
needed for full operation has not yet been tested. Initially the inflector would not
hold full voltage. After fixing a problem in the voltage leads which caused sparking,
it was determined that an additional ceramic insulator was needed at the connection
between the voltage leads and the inflector assembly. Once this additional insulation

was added, the inflector held voltage up to the full 12 kV necessary.

The first turn slit is designed to slide over 2 3 mm range and to be secured in
position. To properly position the slit the cyclotron was run with the élit removed-
and a differential probe trace was taken across the first 18 cm. This trace was then
used to determine the computer model dee voltages necessary to match the machine
performance (see Chapter 6). The computer model was then used to determine the

position of the slit.

Since all of the positioning of the central region dee tips was done with the K500
cap raised, there was some concern about motion of the dees when the cap was closed
and the dee stem seals tightened. To determine the amount (if any) of motion caused
by the machine closing process, a CCD TV camera was used to watch and record any
such motion. The camera was placed atop the K500 cap looking down the magnet
axis through the center yoke hole where the inflector electrode leads would hormally
sit. The dee tips were replaced by a set of labeled dummy tips each of which had a
set of two reference holes drilled in them. The inflector was removed and in its place

was set a jig with posts identifying the machine center and three additional posts ‘
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at known distances representing the center of each hill. The hill and center posts
provided fixed reference points while the dee tip replacements were free to move. The
image from the CCD was directed to a frame grabber and a set of images stored.
These conditions were with the cap raised, with the cap lowered and then with the
cap lowered and the dee stems secured. The digitized images were then analyzed
by a separate program which graphically displays the pixel iﬁformation and allows
the user to interactively find the pixel values of any point. By using the distances
between the fixed center and hill posts to set the scale the cartesian coordinates of
each of the replacement dee holes could be obtained. Figure 5.4 shows the initial
and final cartesian coordinates of the various reference posts and dee holes obtained
from the digitized CCD image. There is little movement of dees B and C after the
dee stem collars are tightened. The A dee however, shows a 2 mm shift in position
once the collars are in place. This is in addition to any further motion caused by the
RF heating of the dees while the machine is running. This motion may cause some
problems in matching the tuning of the machine to the parameters suggested by the

computer runs, and should be corrected during the future redesign of the dee stems.
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Figure 5.2: The mechanical design for the 2*® harmonic central region. Shown are
the dee tips, hill posts, inflector housing and first turn slit.
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Figure 5.3: The central region dee tips and hill posts. The structures consist of 3 dee
tips and three hill posts, one of which acts as a first-turn slit. The dee tip at the left
is the puller while the post just above it is the first turn slit. The height of the dee
tips is ~ 2 cm.
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Figure 5.4: The position of the test dee tips before and after the K500 cap has been
closed and the dee stem collars tightened. The asterisks mark the initial positions
while the circles denote the final location of the reference holes. The points joined
by lines represent the moveable dee tip holes while the others mark the location of
the fixed hill posts. The small motion in the fixed positions is an artifact of the
digitization and the change for view of the CCD camera between its cap up and cap
down positions.




Chapter 6

Operation and Experimental
Results

6.1 Beam Diagnostics

The K500 cyclotron is equipped with several diagnostic tools. The two devices most:

important to this study are the main probe and the internal timing detector.

The K500 main probe consists of a train of 20 carts which move along a track
set in the center of the 0° hill (see figure 6.1). At the end of these carts, sits the
probe head which is made up of an intercepting block (main probe). Attached to
this is a 0.75 mm thick tungsten wire which precedes the main block radially inward.
With this probe, current traces can be obtained between 7.5 cm and the extraction
radius (66 cm). Additionally, the differential wire can be used to see turns in any
region in which the turns are separated. Signal wires and water cooling run through
the interior of the carts. The entire assembly is driven by a motor external to the
cyclotron and the position of the probe determined via a calibration to an optical
encoder located on the motor. Since there is some play between successive carts, the
calibration can be done for either the condition where the probe is moving out or
moving in. For all the following studies the probe has been calibrated moving out.

The probe calibration is preset in the monitor system and to ensure proper values
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were obtained, a set of measurements of probe position versus monitored position
were made. Figure 6.2 shows the correction to the monitored position obtained for

the first 20 cm.

To determine the timing spectrum of the internal beam, a timing probe was used.
This probe is inserted through the opening of the M4 magnetic element which had
been removed. The range in which the probe can move is limited by how close it comes
to the B dee, and can be used only in the range of 58 — 66 cm. This is sufficient as
the timing properties of the beam are most important at extraction. The probe itself
has two versions. One consists of a 1.5 m steel tube which is inserted into the beam
path. The gamma rays generated by beam collisions with the tube are picked up by
an avalanche diode sitting just inside. To improve cooling to the detector, a 6 mm
diameter water carrying copper pipe was inserted into the tube in contact with the
diode assembly. The second detector is a Si PIN diode which directly intercepts the

beam. This is the same type used for earlier timing studies in the K1200 [19).

In addition to to the timing and main probes, there are several other diagnostic
tools available. The inflector voltage can be turned off and the beam current which
then strikes it can be measured. This is referred to hereafter as the inflector monitor
mode. There exists a viewer probe which consists of a square of scintillating material
mounted at the end of an optical system. The scintillator is inserted into the beam
chamber and the image of the beam on the material is carried to a CCD camera
located outside the cyclotron. With this probe, the vertical and radial centering
- can be determined. Finally, there are several Faraday cups located along the ECR-
K500 beam line and after the K500 extraction. Using these and the current probes
mentioned before, a measure of the beam transmission can be obtained all the way

from the ECR to the K500 extraction.
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6.2 Experimental Results

The new second harmonic central region and inflector were first installed in Marcl
of 1995. Commissioning began soon thereafter using a 15.5 MeV /u O** beam fron
the SCECR '(the Superconducting Electron Cyclotron Resonance ion source) with ar
injection voltage of 20 kV. The dee voltage used was 48 kV with a frequency of 25.¢

MHz. This beam was used for all the following measurements.
6.2.1 Placement of the First Turn Slit

Before any studies of the performance of fhe central region design could be performed
the first turn phase selection slit needed to be properly positioned. In order to de
termine this, the K500 was run with the first turn slit removed. The SCECR-K50(
beam line, inflector voltage and dee voltages were tuned to give maximum trans
mission out to 18 cm. A differential probe trace was then taken to determine the
locations of the turns between 7.5 and 18 cm. These positions were then comparec
to the calculated values predicted by the Z3CYCLONE orbit code. Figure 6.3 shows
the turn trace and a comparison with the location of the central ray for three des
voltages, Vg.. = 46 kV,48 kV, and 50 kV. The agreement between the two is poor at
best and would suggest that the orbit code does not model the behavior of the bearr
well in this region. One reason for this may be the motion of the dee tips mentionec
in Chapter 4. However, if one considers the beam as being made up of a range o
central rays (and their surrounding phase spaces) a better agreement can be reached
Figure 6.4 shows the calculated radial positions (at the main probe) for central ray:s
with st;arting times in ;;,he range of 79=190-250°. It is evident from this picture that
the peak current shifts in starting time with respect to turn number. Thus, looking

at the location of peak currents for the full range of starting times 7, we can matck
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the calculated turn positions with the measured differential trace (see figure 6.4). It
should be noted that the best fit (figure 6.4) occurs when a dee voltage of 50 kV is
used in the orbit calculations. This 4% change in voltage can be attributed to both
an error in the K500 dee control calibration and the increased clearance of the dee

tips afforded by running at a higher voltage.

Once the Z3CYCLONE parameters were set to give good agreement with exper-
iment in predicting the location of the turns in the K500, these parameters were
used to determine the location of the first turn slit. Figure 6.5 shows the first turn
beam path predicted by the orbit calculations for a range of starting times. Using
this model, the location of the first turn slit was chosen so as to center the aperture
around the central 70=210° ray. This resulted in the slit center being positioned at
r = 3.96 cm. with t his position determined, the K500 was vented and the slit placed

accordingly.

6.2.2 Operation with the First Turn Slit

With the first turn slit inserted, the O+* test beam was again run. Table 6.1 shows the
relevant operational parameters used for the run. Using the first harmonic centering
bump, a radially well-behaved beam was obtained. Figure 6.6 shows the differential
probe trace from 7.5 cm to extraction. Individual turns that aré clearly seen in the
first 23 cm, are lost completely from 23 cm to 32 cm and then return (though not
completely separated) for the remainder of the machine radii. The appearance of
defined turns out at 65 cm can be attributed to tﬁe first turn slit’s phase limiting
of the beam as well as the added turn separation expected by the change to second
harmonic RF. To truly see the effect of the first turn slit we can compare the probe
trace above to that found in figure 6.7 which was taken without the first turn slit.\

Clearly the addition of the slit significantly increases the turn definition.
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Table 6.1: K500 Operating Values for 15 MeV /u O*+*

Leoinn 498.8A | Vinfanode 4.63kV

Leoit2 341.4A | Vins.athode | -4.60kV
V pdee=Vdee | 46kV Bentomp | 40.5 gauss

VBdee 4TkV | dentbmp 300°

If we examine the first 1.5 cni of the probe trace (figure 6.6) we see the appearance
of ‘satellite’ peaks around the main turn peaks. These rfxay be the result of highly
off-centered or off-phase segments of the injeqted beam, which pass around the slit,
or they may be contributions from the phase spé.ces of similarly off-phase rays which
pass through the slit aperture. Either way they vapish within the first 7 turns, a

signature of greatly off-centered beam components.

Of more curious origin is the complete loss of turn separation in the r = 23
to 32 cm range. _Since the turn separation reappearé, we need to consider what
mechanism will cause the overlap in this region alone. As discussed in Chapter 3,
a phase-dependent centering error occurs in the beam during the first turn. This
phase dependent centering error will cause an oscillation in the radial width of the
beam. This oscillation is enhanced by the radial spread induced by the phase curve (
equation 1.14). While this is a.dw;anta.geous with respect to phase selection, it causes
a large additional energy and radial spread in the beam. This spreading of the
radial beam width will'ca.use a reduction in turn separation, and if severe enough
could account for the complete loss seen on the differential probe trace. If we look
along the probe path this phase induced spread peaks at around 30 cm, coinciding
with the sin(¢) going i;grough zero. As the beam progress past this location, the
phase swings positive and the energy spread is reduced. There still exists a p!lase

dependent centering error but the longer the beam phase stays positive the smaller
> sma_ et
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the oscillation of the envelope becomes. This effect can be seen in figure 6.8, which

shows the calculated radial spread, along the main beam probe track, for a set of

central rays with starting times ranging from 70=200-220° and the energy spread for
the same. We see from the figure a peak in the radial beam spread in the range of
23 to 35 cm, the same range in which the differentjal probe trace sees a loss of beam
separation. We should therefore be able to reclaim separated turns in this region by

further limiting the phase width of the beam.

6.2.3 Phase Selecting Pins

The first turn slit is not sufficient to reduce the phase width to the 3° FWHM required
by the coupled cyclotron project. Thus, the two phase pins located at r =18 cm are
used to further limit the time spread of the beam. With the first turn slit in position
and the K500 tuned to ré,dia.lly center the O** test beam for maximum transmission,
the phase pins were inserted. The phase pins are 0.32 cm diameter tungsten wires
mounted off-center of a rotating shaft. The pins may be rotated 360° by the drives
resulting in a 1.27 cm radial motion. To determine the optimum positions for the two
pins, a single pin was first inserted into the beam path. The pin was then rotated
to a position which maximized the current out at 25 cm. The second pin was then
inserted and rotated until, again, the current was maximized. In this manner the
pins were positioned such that they intercepted the least amount of beam possible.
At this point, the internal timing probe was moved into position (r ~ 60 cm) and a
measurement of the phase width of the beam was made. The pins were then rotated,
one at a time, and additional timing measurements made. A minimum phase width
was obtained of 4.5° FWHM. With the pins so positioned, a differential probe trace
was taken and the currents along the radial length of the K500 recorded.

The differential probe trace obtained with the first turn slit in place as well as both
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Table 6.2: Transmission through the K500

1** Harmonic Buncher Off Buncher On
Location | Current | Transmission | Current | Transmission
Inflector | 1.7TepA 1.7TeuA
FT Slit (r=15 cm) | 72 enA 4.2% 360 enA 21.2%
Phase Pins (r=20 cm) | 26 enA 1.5% 135 enA 7.9%

phase pins (adjusted to give minimum phase width at 60 cm) is shown in figure 6.9.
Individual turns are clearly visible throughout the machine including the 23 to 32 cm
range. Examination of the turn pattern out beyond r = 40 cm shows little turn

bunching, which indicates a radially well-centered beam.

6.2.4 Phase Selection and Transmission

In order to determine the transmission properties and phase selection abilities of the
K500 system, current levels and timing measurements were made for a variety of
conditions. The internal timing probe was used to make measurements of the beam
phase width for the K500 run with no phase selection, with the first turn slit only and
with both the first turn slit and phase pins. Figure 6.10 shows the timing spectra for
these three cases. Clearly, we can achieve the narrow peak required by the coupled
cyclotron project. Table 6.2 shows the transmission percentages through the K500
for the various buncher and phase selection settings (the second harmonic buncher
was, at the time of the measurements, inoperative). The transmission values obtained

agree with those predicted by the orbit code calculations, as do the phase widths.

It should be noted that the transmission values given are for a final phase width
of 5° FWHM with no second harmonic buncher. We expect a further factor of two
increase in transmission from the addition of the second harmonic buncher, and a

factor of two reduction when the phase width is further reduced.
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6.3 Summary

An axial injection and central region system have been designed and constructed
that meet the operating requirements for the K3500®K1200 coupling project. The
spiral inflector has been redesigned to account for the new scaling law, and a second
harmonic central region has been devised. Computer calculations of the vertical
focusing and radial centering properties of this central region have been performed,

the results of which show good performance in both respects.

Calculations of the overall behavior of the axial injection and central region system
show the production of a well-behaved beam. The centering error for the simulated
beam is minimal as full energy is reached without the phase space distortions which
accompany a miss-centered beam. In the simulations, the phase width has been re-
duced to 3° FWHM, and with the use of both the first and second harmonic bunchers,
6% of the input DC beam reaches full energy. The second harmonic buncher should
give a factor of 2 increase in the transmitted beams and should certainly be used in
the final system. The extraction bump, in conjunction with the final phase-reduced

beam, produced good turn separation at extraction and a 2.27 mm-mrad emittance.

The above mentioned designs have been built and installed in the K500 cyclotron.
During initial operations with the new inflector and central region, beam has been
successfully accelerated up to full energy and extracted. The beam has been suc-
cessfully centered through the use of the first harmonic bump coils. Comparisons
of the calculated turn positions versus the observed values (using the main probe)
show good agreement when a full range of starting times is used. The operating and
calculated dee voltages needed to get such agreement differ and at this point it is
not clear whether this is due to an uncertainty in the voltage calibration of the K500

monitoring system, a variation between the actual and assumed starting conditions,
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or motion of the dee tips. Certainly, the dee tip motion will present a problem an

as such should be addressed during the K500 upgrades.

The first turn slit has been placed according to computer simulations, and th
phase-reduced beam produced has been accelerated to extraction. Observations ¢
the enhancement of the turn separation caused by the slit have been made. as wer
internal timing measurements of the beam. The introduction of the phase pins allowe
a further reduction in the phase spread of the beam thereby producing separated turn
throughout the machine. In this way, the measured phase spread of the beam ha
been reduced to 2.5° FWHM. Transmission calculations on a 5° FWHM beam hav
shown that the first harmonic buncher increases the current by a factor of five an
places nearly 8% of the input current into the reduced width. The instability of th
RF system and the lack of a working second harmonic buncher limited the testing o

the design.

Improvements to the RF supplies and mechanical systems need to be made tc
increase the sta:bility of the machine and to limit the motion of the dee tips. Addi
tionally it was found that tuning for maximum current through the first turn slit wa;
not always compatible with a vertically centered beam. By using a moveable firs

turn slit, it may be possible to achieve both of these objectives.
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Figure 6.1: The K500 cyclotron top view showing the various beam diagnostic probes.
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Figure 6.2: Main probe calibration corrections for the first 10 cm in the K500.
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Figure 6.3: Comparison between Z3CYCLONE and the differential probe trace for
r = 7 to 13 cm. The radial position vs. turn is shown along the path of the main
probe. The lines are the values predicted by orbit code calculations for voltages of
(top to bottom) 50 kV, 48 kV, and 46 kV, while the points are measured values.
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Figure 6.4: Top: Calculated radial position (for several turns) vs. starting time for
rays with 70=190-250°. The radial density can be seen to shift in 7o with turn number.
Bottom: A comparison of radial 'peak current’ between the calculated values from

the top graph and the probe trace. The line represents the calculated peaks while
the points are the measured locations.
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Figure 6.5: The central region design showing central rays with starting times between

7=190° and 230° in 5° steps. The location of the turns in this diagram were used to
determine the location for the first turn slit.
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18.0 - 23.0 in.

23.0 - 28.0 in.

Figure 6.6: Differential probe trace for K500 15 MeV/u.O"" beam with the first
turn slit in position. Individual turns are visible throughout the machine with the
exception of r = 23 to 32 cm.
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Figure 6.7: Differential probe trace for the K500 15 MeV/u O** beam without the
first turn slit. Individual turns are visible for only the first 18 cm.
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Figure 6.8: Calculated radial width vs. radius (solid line) along the main probe track
for a beam consisting of central rays with starting times 70=190-230°. The beam
width peaks at ~ 30 cm and then declines corresponding to the loss of turn definition

on the main probe trace. Also shown is the energy spread for the same rays vs.
radius.
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Figure 6.10: Internal timing probe measurements for three cases, no phase selection,
first turn slit only, and first turn slit plus phase pins. Total widths of 25° (dashed),
12° (solid), and 3° (double thick) FWHM respectively are obtained.
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