ABSTRACT

PHASE SPACE DENSITY STUDIES ON
CYCLOTRON ION SOURCES

by Merrit L. Mallory

A facility has been set up for development and testing
of cyclotron lon sources with special emphasis on capability
for rapld phase space density measurements. H+ ions from
the test source are accelerated into a - 30 kV dc "dee" and
magnetically deflected through 180°, A system of remotely
adjustable slits ié mounted inside the dee and is used to
determine the axial and radial emittance areas.,

The phase space density has been determined from the
axlal and radial emittance area measurements at a variety
of arc conditions and for a number of source geometries.

A1l studlies have employed a 0.062" x 0,375" source output
slit with arc currents varied from 1 to 5 amps. Geometrical
variations have been principally concerned with source face
shapes. Both axlal and radlal emittance areas from a ndrmal
flat source are found to have a considerable admixture of
coherent motion which results in inefficlent use of the
aperture and also, in combination with nonlinear filelds,

can lead to an effective dilution of the phase space density.
Moderaté recessing of the source contributes a focusing
force in both r and 2z gnd makes the phase space volume much
more compact.

The effects of plasma boundary and space charge are

evidenced in the axial measurements. The axlal plasma




boundary is found to be concave, with the result that ions
emitted from the top and bottom of the ion source slit focus
toward the median plane. Space charge effects are clearly
discernable; the axial width of the beam linearly increases
as a function of total beam current, In the radialjemittance
area measurements, an asymmetry in the radial position of
maximum current was found and traced to a shifting plasma
boundary. This shift was subsequently shown to be the re-

sult of a straln displacement of the ion source filament.
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INTRODUCTION

The mosﬁ important overall figure of merit of an accel-
erator 1s the density of the output beam in phase space.
With respect to the accelerator proper high density reduces
aperture requirements in both the accelerator and in.the aS=
soclated beam handling systems. For the cyclotron, in parti-
cular, provision of adequate aperture through the extraction
system 1s an exceedingly formidable problem—increased den-
sity 1is therefore particularly beneficial in this area, With
respect to the functioning of the accelerator as a nuclear
physics research tool, the optimum resolution obtainable
with a high resoiution magnetic analysis system 1s determined
by the phase space density of the accelerator beaml. In
modern nuclear physics resolution is the primary factor in
determining the feasibility and validity of many experiments.

In the absence of space charge interactions the six di-
‘menslonal phase space volume of an accelerator beam is,
from Liouville's theorem, a constant of the motion and the
phase space density of the exterpal beam therefore relates
linearly to the density of the beam as it leaves the ion
source=—improvements in thg source density are directly re-
flected in improved density in the external beam. Even when
space charge forces are included, the linear relationship
between initial and final densities in the six dimensional
phase space remains valid for ion densities such that the

aggregate of particle-particle forces can be represented




by a potential function2° For ion densitles typilcal in ac=
celerator operation, this 1s an excellent approximation#and,
therefore, even with space charge effects included improved
source density is directly reflected in improved output
density.

Very careful and complete measurements of the phase
space density of a duoplasmatron ion source3 and a rf ion
sourceu have been made. With respect to a cyclotron ion
source, no previous density measurements are availlable (an
estimate of the density was made by Blosser and Gordon5 on
the basils of central region studies in the Canberra cyclo-

tron by W. I. B. Smith6

.) This report presents a descrip=-
tion of an ion source testing facility and the results of
de phase space density measurements of a cyclotron ion
source for a varlety of arc conditions and for a number of
different ion source chimney geometries,

Let the coordinates r and z designate displacement at
right angles to the principle direction of motion of a beam
of particles, and Pn and P, the corresponding conjugate mo-
menta. The phase space density of some small element of
the beam is then the current (particles per unit of time)

in the element divided by the product of the spreads in

energy, in r, in Prs in-z and in P, of the element:

D =

L . (1)
(ar) (ap ) (82) (Ap ) (AE)




In most accelerators coherent phenomena introduce energy
spreads which are large in comparison with the intrinsic
energy spread from the source, It 'is therefore customary to

measure a reduced density called the luminosity, L, given by

L=AA ’ | (2)

where Ar (the radial emittance area) is defined as the pro-

duct of the radial spread, Ar, and its radial angular diver-

gence o, (ar = Apr/p for small angles) for a given beam
current I:
(ar)(ap,,)
Ar(I)' = (Ar)(ar) = (3)

where p 1s the total momentum, Likewise, Az (the axial
emittance area) 1s defined as the product of the axial
spread, Az, and its axlal angular divergence a,

(az = Apz/p for small angles) for a given beam current I:

(az)(ap,)
P

A (I) = (az)(a ) = . (4)

The luminosity is then related to the phase space
density by

L = DaEp? . o (5)




The problem of determining L can be reduced to measur-

ing A_ and Az separately for equal current values provided

r
no coupling exists between r, P, and z, Do This is the
case encountered in a unifoFm magnetic field. For this
reason, considerable effort was expended to ensure that

the cyclotron ion source in the test facility operated in
such a field. However, coherent coupling effects may

still be present where the coupling has occurred in the

ion source plasma or in the reglon between ion source and
puller. These effects can be measured but would require

a large amount of time. Hence for the results reported
herein, the axial emlttance measurements are for all radial
portions of the beam (i.e., = » < r < + =) and the radial
emittance measurements are for all axial portions of the
beam (i.e.,, = = < 2z < + =), i,e,, coupling effects have
been neglected,

The axial emittance area is measured by allowing the
ion source beam to illuminate a 0.025" axial slit adjust=-
able over the entire beam height., The extreme positions
for which cufrent passes through this slit determines
the axial beam spread, Az. At some point further along

the beam trajectory the axial angular divergence, o for

Z’
each position of thé axial aperture is found by measuring
the axlal beam spread with a differential probe,

The radial emittance areas are measured in a similar

manner, except now the angular divergences and radial width




probes are a quarter betatron wavelength apart due to magne=-
tic focusing. Namely, the momentum probe is at the 90°

beam position (0° corresponds to beam at ion source) where
the maximum radlal width occurs for a given initial angular
divergence., The radial width probe is at 180° since it is
difficult to insert a probe at 0° without causing higﬁ volt=
age and electric field shielding problems.

In this set of experiments, the following parameters
were held constant: magnetlic field of 4,2 kG; dee power
supply voltage setting of - 30 kV dcy lon source arc volte
age at - 100 volts, lon source H2 gas flow of 1,5 cc/ming
puller geometry and source position (Sec. 1.7). The para=

meters changed were the source geometry and the arc current.




I. EXPERIMENTAL APPARATUS

1.1 Introduction

The ion source testing facility apparatus may be thought
of as a "one-turn" cyclotron. Namely, the apparatus consists
of (1) a magnet, (2) a vacuum system, (3) an ion source (a
copy of the MSU cyclotron ion source), (4) a dc "dee" to pro-
vide the one-turn acceleration and (5) various slits and
probes to make measurements. A pilcture of the ion source
testing facility is shown in Fig. 1. The magnet 1is located
in the center, while to the left of the magnet is the cur=~
rent probes metering cage., Below the metering cage are the
vacuum controls and gauges. The dee voltage supply is ene
closed in the fenced area and its controls are in front. To
the right of the magnet are the various ion source power
supplies. The magnetic field controls, installed to the
far right, are not shown. These components are described

in more detail in the following sections,

1.2 Magnet

1.2.,1 Magnet Yoke

Figure 2 is a cut-away drawing of the assembled magnet
showing the overall dimensions. The typical H-type magnet

was constructed from SAE #1010 steel. The pole diameter is
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Fig. 2: Cut-away drawing of ion scurce magnet, The important dimen-
sions of the magnet are given in the figure., The ion source (top of
figure) 1s inserted axially into the magnet gap.




16", the magnet gap varying from 4" at the magnet center to

3.6" on the shim rings,

1l.2.2 Magnet Colls

The magnet coils are also illustrated in Fig, 2. Each
coll consists of six subassemblies called "pancakes"., The
pancakes are doub le-layered colls, each layer having twelve
turns of square copper tubing (0.438" x 0.438" outside,
0.313" inside diameter). Overall dimensions of a pancake
are as follows: inside diameter, 16,06"; radial width,
6.03"; helght, 0.936", The pancake, fabricated from two 70
foot long strands of tubing (the longest length availlable),
has a brazed Joint located on the I.D. of the pancake at
the transition between layers. Turn-to-turn insulation con-
sists of a manually wrapped, single layer of an epoxy loaded
glass tape*. In addition an external epoxy coating was ap-
plied to each pancake for added mechanicsal strength. The
pancakes were tested for turn-to-turn electrical shorts by
inserting a needle probe into contact with each turn and
measuring the corresponding voltage drop with a coll excita=-

tion of 200 amps,

1l.2.3 Magnet Power Supply

The magnet power supply is a 50 kW motor generator and

regulator, A chopper in the regulator samples the shunt

Minnesota, Mining and Manufacturing Company, Scotchply
1010, 1/2" width,
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voltage of the generator output and an adjustable reference
voltage producing . a 60 CPS square wave with amplitude pro-
portional to the voltage difference. This signal 1is ampli-
fied and added to g pPhase shifted gac signal. The combined
signals are applied to the grids of a pair of thyratrons,
where the firing angles of the thyratrong are shifted from
90 electrical degrees depending on the sign and magnitude of
the square wave., The thyratrons control the magnetic field
of the generator resulting in regulation of the supply,

Originally the magnet regulator unit was very noisy and
led to interference with other electronic equipment through=-
out the buillding, Adding a choke to each leg of the input
power line and adding a pl filter to the plates of the thy=
ratrons greatly reduced the nolse. The regulation of the
power supply was checked by inserting a nuclear magnetic
résonance probe between the pole tips and measuring the mage
netic field drift. The 9 kG field was found fo be stable
to & 4 gauss, |

Two types of trouble have occurred with the power
supply. The most common one occurs when thyratrons go bad;
large oscillations in the regulator produce large magnetic
fleld variations. The second problem occurs when the chope-
peér wears and becomes noisy; large noise-type magnetic field

variations resulted,

1.2.4 Magnet Pole Tips

Two sets of pole tips were designed‘for the magnet, one

for field values of 4 to 7 kG and the other for field values
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of 10 to 12 kG, The design goal was to make the field uni-
form for as large a radius as possible. The definition of
"uniform" used is that v, be less than 0.05 where |
o= -8B (6)
In this relation, r is the radius at which B (the magnetic
field) is measured and dB is the change in the magnetic field
for a given change in the radius dr. Another requirement
was that the main magnet gap be 4" at the center of the
magnet,

The process of designing the pole tip was empirical,
The magnetic field was first measured on the magnet measur-
ing facility7 with a flat pole tip and a central magnet gap
of 3,250", A small cylindrical section was machined from
the pole tips and the magnetic field again measured, The
two measurements, normalized at the central magnetic fileld,
were subtracted, giving the change in magnetic field for a
given change in pole~tip configuration. The decision on the
next machining operation on the pole tips was made from the
above information., A series of fifteen machining operations
determined the design of the low field pole tlps. The magne=-
tic field measurements of the low field pole tips at the
high fleld excitation were used to design the high field
pole tips. Only six machining operations were needed on the
high field pole tips. Figures 3 and 4 give a cross section
of low and high field pole tips and their corresponding mage

netlc flelds as a function of radius.
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1.2.5 Ion Source Magnet Hole

S8ource was determined from the magnetic field'measurements.
The hole was locateq 5.345" from the magnet center. This
distance was determined by the magnetic field fall-ofr of
the high field pole tips. The source hole was also dis-
placed 1" to the left of the magnet center line with rQe
spect to the yoke (see Fig. 2). This positioning allowed
the puller to pe aligned on the centef line of the magnet,
A 2.875" diameter hole was drilled and bored at this loca-
tion through the upper yoke, upper pole root, lower yoke
and lower pole root, Pole tips were installed on the
magnet and the center of the bored hole transferred to
them. A 1.500" dlameter hole was bored in the top pole
tip.

The magnetic field in the median plane of the magnet
was measured to determine the effect due to the loss of
iron in the ion source hole. Figure 5 shows the percent
change in the measurement of the median plane magnetic
field with the probe located 1" to the left of the magnet's
center line as compared to a measurement of the field 1" to
the right of the magnet's center line. The change in magne-
tic field was so small that ion source hole shimming was not
warranted, The net change in magnetic field is even less
than measured since magnet steel was used where possible

in the construction of the lower 1/3 of the ion source,
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1,2.6 Magnetic Field Calibration

For the calibration of the magnetic field a nuclear mag-
netlc resonance (NMR) probe was used, This was centered ex-
actly by adjusting the probe position for a maximum field
value., The frequency of the NMR probe was measured as a
function of magnet current (measured with a Rubicon potentio-
meter across a 100 mV-800 amp shunt). Figure 6 shows the
calibration curve of the central field in kG versus shunt
potential (mV). Hysteresis effects were minimized to & 1
gauss by following the procedure of turning the power supply
up to maximum current, turning it off, and finally turning

the power supply up to the desired current.

1.3 Vacuum System

1.3.1 Main Vacuum Chamber

A cut-away drawing of the main vacuum chamber is found
in Fig. 7. The chamber sides are made from 1" thick alumi-
num Heliarced together. The ends of the vacuum chamber are
removeable to provide easy access to the chamber. The pole
tips shown at the front of the main chamber are gasketed to
the chamber walls, The diffusion pump is attached at the
back of the chamber and situated directly above it is the
maln vacuum valve, Various ports in the chamber walls permit

viewing and insertion of probes,
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1.3.2 Mechanical Vacuum Pump

The mechanical vacuum pump, a Consolidated Vacuun Corp=-
oration E-70A rotary pump, has a pumping speed of 41 CFM,
The pump down time for the entire vacuum system to 50 microns
1s 5 minutes. The pump is encased in an insulated wooded

housing to reduce pump noise,

1.3.3 Diffusion Vacuum Pump

The diffusion vacuum pump* (using Narcoil-40 oil) has a
pumping speed of 8900 CFM at 0.1 micron and typical pump-down
time from 50 microns to 2 x 10"'5 mm of Hg is 15 minutes.

Such a short pump-down time makes it quite convenient to

make frequent changes inside the main chamber. The diffusion
pump oll is protected by an upper limit vacuum switch on a
Philips gauge (initially bypassed on pump down). This

switch closes the main vacuum valve when tripped.

1.4 Cyclotron Ion Source

l.4,1 Ion Source Operation

The following is a short description of the operation
of a cyclotron ion source., The filament of an ion source 1is
heated to high temperature and produces thermal electrons,

A potential of ~ 100 v8lts between the filament and the

. ,
HS 10-4200 Purifying Diffusion Pump Type 163, NRC Equipment
Corporation,
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chimney (arc voltage) accelerates the electrons. The elec-
trons are in a strong axial magnetic field and hence travel
in helical trajectories along the field lines to the bottom
of the chimney. At the chimney bottom is located an electriw
cally insulated tantalum button. The button builds up a nege
atlive charge and hence repels the electrons back up the chim-
ney. To produce H+ ions, Hydrogen gas is allowed to réndomly
flow into the chimney. Hydrogen gas that collides with an
electron 1s disassociated and ionized. Once an arc is struck,
i.e., the Hydrogen ionized, the lons form a plasma.

The disassembled ion source (MSU Drawing Number DA-112-
100-H) is shown in Fig. 8. The ion source is composed of
two main subassemblies: the outer steel Jacket and the
inner filament leads. The top of the ion source (Fig. 2)
contains the manifold for the connection of the water,

electricity and gas.

1.4,1,1 OQuter Jacket. The ion source outer steel Jacket

serves many functions, It furnishes a mount for the chimney,
contains the filament leads, provides cooling and is an en-
trance for the gas flow. The length of the outer Jacket

from the bottom of the manifold to chimney mount is 33.20";
the outer diameter is 1,375". The upper 2/3 of the outer
Jacket 1s constructed of steel tubing. The bottom 1/3, con-
structed of solid steel, has a central hole for the filament
leads assembly and rifle-drilled holes for the gas and cool=-
ing water tubes. This design was used to minimize the iron

loss in the pole tip at the source hole. Each water line in
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the outer Jacket is one continuous piece of 1/8" copper tub-
ing. This type of construction insured that no internal

water leaks would occur within the vacuum system.

l.4,1,2 Filament Lead Subassembly., The filament lead sube-

assembly supplies the electrical leads for the filament and
is electrically connected to one side of the arc voitage.
The subassembly 1s constructed of two semicircular steel
rods (filament leads), each rod dontaining copper cooling
tubes inserted into rifle-drilled holes., A 0.062" piece of
glass epoxy laminate separates the filament leads. These
three pleces are contalned in a circular tube (outer diag-
meter 0.750" and inner diameter 0.625") of glass epoxy la-
minate. The subassembly is made vacuum tight by pouring an
epoxy resin between the pleces. The top end of the filament
leads are silver soldered into a copper block containing the
electrical and water connections. At the bottom end of the
filament leads are holes for a 1/8" diameter tantalum hair=
pin (filament) and set screws to clamp the filament, The
epoxy laminate 1s removed 1 1/2" from the filament end of
the assembly. Any epoxy left behind will vaporize when the
filament 1is heated resulting in an unstable arc. Another
indication of vaporizing epoxy is a gold coloration of the
filament. An "O" ring groove is machined in the epoxy at
2" from the filament. The vacuum seal between the outer
Jacket and the filament lead subassembly is located at this

position.,
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l.4,1.3 Chimney. The chimney contains the plasma, deter-
mines the direction of the beam and provides initial focus=
ing. The chimney 1s usually made of graphite., Figure 9
gives some of the more important chimney dimensions. The
chimney slit length and width was maintained at 0.375" and
0.062", respectively, for all experiments reported herein.
The base of the chimney 1s keyed and lines up with corres=-
ponding keys on the outer jacket. The direction of the
chimney slit 1s indicated by a dial plate mounted on the
outer jacket at the top of the source., A tantalum "reflec=
tor" button, lécated in the bottom end of the chimney, is
electrically insulated from the chimney by a piece of
quartz, Grounding the tantalum button causes a reduction

in current output.

1.4,2 Filament Power Supply

The filament power supply is a 300 amp, 5 volt power
supply with current sensing regulation. The power supply
connects to the ion source through electrical quick-discon-
nects and is usually operated at 240 amps. Meter readings

for a filament burn-out are 0 amps and 5 volts.

1.,4.3 Arc Power Supply

The arc power supply is a current regulated, voltage
regulated supply of 8 amps, 300 volts. The arc supply 1s
usually operated in current regulation, a typical value being

4 amps, at 150 volts. Shorts between the filament leads and
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outer Jacket are indlcated by a significantly larger current

reading for a small voltage.

l.4.4 Ion Source Gas Supply

The 1lon source gas flow, controlled by a Leybold needle
valve, 1s monitored by a Hastings-Raydist mass flow meter.
The gas line 1s connected to the ion source by a standard
LRL=type vacuum fitting. For protons Hydrogen gas of 99.99%
purity 1s used. Gas impurities normally regult in a very
unstable arc. Typical gas flows for H+are 1 to 3 standard

cc per minute,

1.4,5 1Ion Source Turn-on Procedure

The following are the procedures for turning on the ion
source. The arc power supply is set to regulate at the de=-
sired current (1 to 5 amps) and voltage (150 volts), The
gas flow is set at 2 to 3 ce/min, The filament supply is

increased until the desired arc current is obtained.

l.5 Dee

1.5.1 Design and Construction

The lower half of the dee 1s depicted in Fig. 10, The
placement of the dee in the vacuum chamber is shown in Fig,
7« The dee 1s constructed from two copper plates 3/8" thick
x 16" square., The axial height of the dee is 2.6", The dee
1s mounted on an end plate of the vacuum chamber by means of

two hollow ceramic insulators. A third insulator, provided
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on the opposite side, is mounted on a Jack to allow some ad=-
Justment of the dee height,

The high voltage 1s fed through a standard power line
insulator, consisting of twelve #20 wires inserted through
a 3/8" copper tube filled with epoxy. The twelve wires terw
minate inside the vacuum chamber at a terminal strip and are
connected to various probes. Water, to cool the dee and
probes, 1is fed through the insulators to a manifold.

Dee voltage arcing problems were reduced by rounding
the dee edges to 3/16" and mirror polishing the outer dee
surface. Also it was necessary to install high voltage
shields (water cooled) above and below the dee on the pole
tips of the magnet. Two additional arcing problems were en-
countered that required changes. Arcing occurred across the
dee ceramic insulators to the vacuum chamber end plate,
which was corrected by the installation of corona rings
around the insulators, The second problem occurred when
accelerating a beam into the dee., The beam would come out
from between the dee plates and cause arcing, This was re-
medled by installing a copper shield wall around the dee

edge.

l.5.2 Puller

The puller, an extension of the dee in front of the
chimney, 1s mounted on the bottom plate of the dee by means
of a cross slide. The height of the puller is 2" and its

width is 2 1/2", The beam slit, centered in the puller, is




28

1" x 0.325", The radial distance of the puller slit from
the ion source chimney can be varied from 0.200" to 0.400"
and the lateral position by t 0.200" from the center of the

ion source chimney slit.

1.6 Dee Power Supply

1.6,1 Dee Power Supply Operation and Troubleshooting

The dee power supply voltage can be varied from t 1 kV
to ¥ 60 kv (in steps of 100 volts) and the current from 0 to
200 mA, Figure 11 shows a block diagram of the supply. The
control unit of the supply contains various interlocks and
relays. The regulation circuits and the adjustable injec=-
tion transformer (voltage settings) are in the control unit.
The high voltage unit 1s composed mainly of the high voltage
transformer and diode rectifier., The feedback amplifier,
which detects the high voltage output through a resistive
chain, regulates the high voltage by controlling the grid of
the pass tube. The crowbar unit is the dee arc protection,
Any arcing that occurs on the dee triggers a thyratron which
breaks down a spark gap, allowlng the current to arc to
ground through the gap. At the same time a relay throws
'which turns off the high voltage.

The following describesﬁbriefly the troubleshooting
procedures that can be used when problems are encountered
with the dee voltage supply. The tests are done in the

following sequence until the problem is corrected:
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(1) High voltage troubles are checked by listening for
hissing sounds that are the results of arcing.

(2) Next bypass the crowbar unit by disconnecting the
high voltage from the spark gap. If the unit operates nor-
mally, the problem is with the arc sensing thyratron or the
high voltage on-off relay.

(3) The control unit is next disconnected from the high
voltage transformer and tested by going through the turn-on
sequence. The main troubles were bad relays.

(4) The control unit 1s reconnected to the high voltage
transformer and a milliamp meter inserted in the grid of the
pass tube of the feedback amplifier. The current in the
grid circuit, for proper operation of the amplifier, is 1 mA,
The troubles were bad voltage regulation tubes,

Initially high voltage arcing problems were encounter=
ed when the ion source was turned on. This turning~-on pro-
cedure would immediately put a variable load on the dee,

The very high gain amplifier would then over-correct for
the load, causing the high voltage to oscillate, The crow=
bar, sensing this oscillation, would turn the unit off, By

damping the amplifier response the problem was corrected,

1.6.2 Dee Power Supply Calibration Measurements

A precision resistive chaln was connected to the dee
‘Vvoltage line and the potential across the last resistor to
ground was measured with a Rubicon potentiometer. The re-
sults of the measurement at the power supply setting of 30 kV,

as a function of arc current, are contained in Table I,
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Table I: The dee voltage measured with a precision resistive
chain as a function of arc current. The power supply settings
are for 30 kV. The power supply load current is a function of

arc current.

Arc Current Dee Voltage

(Amps) (kV)

0.25 29,04
0.50 28.87
1.05 28.83
2.00 28.65
3.00 28.20
h,00 28,20
5.00 27.90
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A capacitor, constructed and inserted close to the dee,
was used to check the ripple voltage. A 60 cps voltage was
applied to the dee and the voltage pickup (in an R-g circuit)
was observed with an oscilloscope, Figure 12 gives the 6g
¢ps voltage vérsus peak-to-peak oscilloscope Voltage, The
ripple amplitude of the dee power supply was detected witp
the oscilloscope and found to be 30 volts at 30 kv with 3
frequency of approximately 360 cps. Turning on the Lon
source resulted in a ripple voltage of 80 volts at a fpe.
quency of ~ 1 kc/sec, However, due to the frequency depen

dence of the R-C circuilt, the amplitude of the ripple ig

less than 80 volts.

1.7 Probes

l,7.1 Axial Emittance Area Probes

Two probes are needed to measure the axial emittance

area and this measuring process is described in Seec, o 1

The first probe, located behind the puller, is a water

cooled horizontal slit (0° slit) which is 0,025" wide, 7ne

0° slit is made of two pleces of 1/8" tantalum clamped to g
vertical moving probe which is adjustable over the full peam
helght. The slit knob is geared to a counter,

cal position is determined to & 0,005",

and the verti-
The secong Probe is

located at the 180° beam position and is a differentigy cur

rent probe. The current probe is a 0,031" diametex*-tantalum
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wire, the vertical position remotely adjustable. A counter
1s attached to the probe and its position determined to

2 0.005". Figure 13 shows the location of the z probes in
the dee., The direction of travel of the probes are indicate
ed by the arrows, The dashed line shows a typical beam tra-
Jectory, Figure 14, an enlarged view of Fig. 13, gives the

varlous distances between the probes and the ion source

chimngy.

1.7.2 Radial Emittance Area Probes

The radial emittance areas are found with the aid of
two probes, The emittance area measuring process 1s des=-
cribed in Sec. 2.2, The first probe, located at the 90°
beam position, is a 0,025" vertical slit. The slit is made
from 1/8" tantalum and the tantalum is clamped to a horizon-
tally moving probe. The 90° slit is remotely adjusted over
a 4,00" range. A counter is geared to the slit adjusting
knob and the position is known to : 0.005",

The second probe 1s a differential current probe (0,015"
diameter tantalum wire) and its position was determined ex- |
perimentally. The top of Fig., 15 shows the trajJectories of
three lons with the same energy in a uniform magnetic field
but having different angular divergence., The center of Fig.
15 shows the aberration occurring at the 180° focus point
(dashed line), i.e., the top ray crosses the central ray
before the focus point. Likewise, the bottom ray crosses

the central ray after the focus point. The bottom of Fig., 15
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ToP
CENTRAL RAY
BOTTOM

VIEW IN[CIRCLE A
POINT A )

EXPECTED EMITTANCE AREA

.

Fig. 15: Top: Three orbits starting with different angular divergence,
Center: Enlarged view of 180° focus point (dashed line). The ton rayv
crosses the central ray before the focus, while the bottom ray crosses
the central ray after the focus. Bottom: The radial emittance area
measured at the 180° focus. The too ray maps intc point A, Likewise,
the bottom ray goes into noint B and the central ray into point C, The
dashed-line area 1s the expected radial emittance area for a line source,
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illustrates the radial emittance area measured for the three
rays with a probe located at the 180° focus. Namely, the
top ray maps into point A, the central ray into point C and
the bottom ray into point B. The dashed-line area in the
bottom of Fig. 15 shows the emittance area expected for a
line source, Figure 16 shows the radial emlttance area
measured for three different locatlons (relative positions
0,000", 0.,150" and 0,250") of the 180° differential probe.,
From the symmetry of the emittance areas in Fig., 16, the
probe was located at a relative position of 0.150",

Figure 17 shows the position of the probes in the dee
and their direction of motion as 1lndicated by the arrows,
Figure 18, an enlarged view of Fig. 17, gives the various
distances between the probes and the ion source chimney., A

typical ion trajectory is indicated by the dashed line.

1.7.3 Space Charge Probes

The 180° axial differential current probe (Sec. 1l.7.1l)
was the only probe used in the space charge measurement,
The position of the probe with respect to the chimney 1s

shown in" Fig. 14.

l.7.4 Radlial Asymmetry Probes

Three probes were used to measure the radial asymmetry.
The first probe, located behind the puller, is a 0,010" ver-
tical s1lit (0° slit), The 0° slit is made from 1/8" tantalum,
and the tantalum is clamped to a horizontally moving probe,

The horizontal position of the 0° slit is remotely adjustable
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to the chimney is indicated in Fig, 18,




e

. . *uG00°0 =
03 UCTJBUTWISLSD UOT3Ts0d 2Q0Jd MOTTR PUBR 8q0Jd UdBD® 03 POYIRIJR SIB SIS4UNOS °*SMOJIIB dUj mn:Mmumuﬂo
-UT 8JE jUSWAAOW JO UOTJOSJTP $8q0Jd SYL *83p dU3 UT $8qoJd TRIPBL 8Y3 JO UOTIBOOT SATIRION :LT ‘914

< .
»91 >

-t




. ‘uMoys ade KLsuwTyo
S04N0OS UOT ayj 03 308ds8J U3TM s9qoad ayj3 jo S30UB3SID SnoTaBA By *)T °*BT4 JO MOTA pel3aeruy QT 314

\
B i
1178
S20° P H
AL /l/..ll
oo /)
IIVLI ﬁ ..M.u /
11s ,¢2¢- B N N Y 2 / m
, n..ﬁ/ 2098'2 ,
.
o0l ) —
b
4 -1 aaan




L2

over the full beam width. The slit adjusting knob is geared
to a counter and allows the position to be determined to

h 0.005"., The second probe is the 90° slit described in

Sec., 1.7.2, The third probe, located at 180° beam position,
is an integral current probe. It is a water-cooled tantalum
sheet 1" x 2" x 1/8". The position of the probe is such that
any protons passing through the 90° slit will be detected.
Baffles are inserted in front of the current probe to stop

all other ions. Figure 18 gives the various distances for

the probes with respect to the ion source chimney.

1.7.5 Differential Current Probe Calibration

The beam current must be known accurately for the cor-
responding radial and axial emittance areas in the luminosity
calculations., The differential current probe used in the
emittance measurements gave an artificially high current
readling due to secondary electron loss. To determine the
detection efficiency for the differential current probe, a
serles of comparison measurements were made with an integral
current probe. The integral probe had previously been
checked for secondary electron loss by applying a potential
to the probe in a Faraday-cup arrangement. Figure 19 shows
the integral current versus the differential current for the
same experimental conditions. The slope of the curve was

found in a least square fit to be 0.704.
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1.8 Ion Source and Dee Alignment

The horizontal alignment of the ion source and the dee
was accomplished by two special fixtures, The first, an
aluminum blockv(l" cube), has a projection that fits into
the puller slit. Two crosshalrs were scribed on top of the
block at the location of the ion source center. The second
special fixture 1s a copper tube of the same diameter as
the ion source, A piece of plexigiass with crosshairs to
denote the center of the ion source was placed in one end
of the copper tube. The copper tube is inserted in place
of the ion source, and the position of the puller adjusted
(1.e., the puller cross slide adjusted) until the crosshairs
of the aluminum block (mounted in the puller slit) lined up
with the crosshairs of the copper tube. All slit positions
inside the dee were measured with respect to the puller
slit and, hence, known with respect to the ion source center,
The copper tube included a pointer on its top indicating the
direction of a crosshair. A marker on top of the ion source
insertion tube was aligned with the pointer. A correspond-
ing pointer on the ion source lines up with the marker (see
Fig. 2).

The plasma boundary in the z direction provides a
strong focusing momentum to the top and bottom of the ion
beam as it emerges from the chimney (discussed in Sec,J2,M)o
A small change in the vertical position of the dee (t 0.010")

caused large changes in the focusing peaks. The final

-
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vertical position of the dee was therefore adjusted to

within t 0.005" of the symmetric position of the focus-

ing peaks.




ITI. EXPERIMENTAL RESULTS

2.1 Axial Emittance Measurements

The axlal emittance area of the ion source is measured
by letting the beam illuminate a narrow horizontal slit (see
Sec, 1.7.1 for description of axial probes), The beam then
axlally spreads, with the amount of beam spread dependent
upon the angular divergence of the beam and the distance
from the 0° slit. Figure 20 below shows a two-dimensional
projection of the axial motion of an ion in a magnetic
field with an angular divergence, L and where Az is the

beam spread measured by the 180° z probe,

0° z slit 180° z probe

Filg. 20: Geometrical relations for deriving Eq.
(7). Above, s is the orbit length between the
0° and 180° axial probes and Az is the measured

beam height at the 180° probe position,

L6
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The relation between the angular divergence and the

beam spread, as shown in Fig. 20, is derived in Eq. (7).

-1 Az
x (7

where s is the particles path length in traveling between
the 0° z slit and the 180° probe. For this series of meas-
urements s equals 7.401", Using Eq. (7) the angular diver-
gence is determined by measuring the 180° axial beam
spread.

However, the effect of axial focusing could result in
an error in the measurement of a, . Therefore, axial focus=-
ing was checked in a series of computer runs. The axlal
motion for a particle starting in the median plane and
axially displaced (0.150") was calculated for initlal angles
of 0°, f 1/20 ana t 10, The maximum effect of the focusing
force was observed for the + 1° particle starting at 0.150"
and resulted in a 5% change in the measured angular dlver=-
gence. This correction 1s small and was neglected in the
axlal emittance area measurements.

Figure 21 shows typical data for a complete scan of 0°
z slit positions (steps of 0,025")., Each curve represents
the beam spread at the 180° pos;tion for a given position

e 6f the 0° z slit, e.g., curve #1 1s the top of the beam and
curve #12 the bottom.' The 100% angular divergence for each
peak 1s obtained from its width at zero current and Eq. (7).

Table II 1lists the angular divergences for Fig. 21.
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Table II:

Fig. 21.
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The axlal angular divergence data determined from

The last two columns can be converted into milli=-

radians by using Eq. (7).

Fig., 21 180° Probe Positions bositive Negative
Curve Zero Righﬁ Left Angular Angular
Number Dﬁﬁi?é@ice Cﬁiignt Cﬁiggnt Divergence | Divergence
(inches) (inches) | (inches) (inches) (inches)
1l 0.415 0,610 0.130 0.195 0.285
2 0.390 0.525 0.315 0.135 0.075
3 0,365 0.520 0.300 0.155 0.065
b 0,340 0.460 0.260 0.120 0,080
5 0.315 0,415 0.220 0,100 0,085
6 0.290 0,380 0.200 0.090 0.090
T 0.265 0.350 0.155 0.085 0.110
8 0,240 0.315 0,100 0.075 0,140
9 0.215 09300‘ 0.055 0.085 0,160
10 0,190 0,250 0.015 0.060 0,175
11 0.165 0.525 0.025 0.360 0.140
12 0,140 0.375 -0.0?0 0.235 0,190
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The vertical 1line (Fig. 21, curve #6) indicates the po-
sition of the 0° z slit for curve #6, and is the position of
zero angular divergence. The position of zero angular diver-
gence for all other peaks corresponds to some multiple shift
of 0.025" of the 0° z slit with respect to its position at
curve #6. The emittance area obtalned from Fig. 21 appears
in Fig. 22 and equals 278 mm-mrad for a current of 4,24 mA.

Current density contours of the emittance areas were
made for all measurements. A new angular divergence is
found for each peak at an arbitrary fraction of the peaks
intensity. For instance, Fig. 21 shows lines drawn for 20%
and 40% of the maximum current of curve #6. Tables III and
IV 1list the angular divergences determined from the peak
widths at the 20% and 40% lines of Flg. 21, The correspond=
ing emittance areas, plotted in Fig. 22, are 126,3 and 98.7
mmemrad, respectively.

The current for the density contours 1s equal to the
current contained within the new angular dlvergence. The
current within one peak for the 20% line angular divérgence
i1s 1llustrated by the shaded area in Flg. 21 (curve #9). A
corresponding area exlsts for each curve, and each current
area was measured by a polar planlmeter and the total cur-
rent found from the sum of all curves, Also illustrated in
Fig. 21 is the current of one curve for a 40% line (curve
#3), The currents found for the 20% and 40% lines are 3.71
and 3.27 mA corresponding to 87.5% and 77% of the current,

respectively.
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Fim, 22: ‘ae axlal emittance area from the data of Fig, 20. Tne solid
line 1is the 100% current (4,24 mA) emittance area and equals 278 mmemrads.
The inner lines are density contours for 87.5% and T77% of the current and
equals 126,3 and 98.7 mm-nrad, respectively.




Table III:
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The axial angular divergence data determined

from the intersection of the curves with the 20% line in

Fig. 21.
Pig. 21 180° Probe Positions Positive Negative
Curve Zero Right Left Angular Angular
Number Digggéggce Cﬁizgnt Ciiggnt ~Divergence | Divergence
(dnches) (inches) | (inc¢hes)] (inches) (inches)
1 0.415 0.498 0.310 0.083 0.105
2 0.390 0.475 0.365 0.085 - 0,035
3 0.365 0.450 0.340 0,085 0,025
4 0.340 0.412 0.302 0,072 0.038
5 0.315 0.388 0.280 0,073 0.035
6 0,290 0.355 0.240 0,065 0.050
7 0,265 0.325 0,200 0.065 0.065
8 0.240 0.285 0.155 0.045 0,085
9 0.215 0.240 0.115 0.025 0,100
10 0,190 0.202 0.075 0,012 0,115
11 0.165 0,195 0.050 0.030 0,115
12 0.140 0.225 0.057 0.085 0,083




Table

IvV:
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The axial angular divergence data determined

from the intersection of the curves with the 40% line in

Fig. 21.
pig. 21 180° Probe Positions Positive Negative
Curve Zero Right Left Angular Angular
Number Digggézgce Ciiggnt Ciiignt Divergence | Divergence
(inches) (inches) | (inches) (inches) (inches)
1 0,415 0. U477 0,370 0.062 0.045
2 0,390 0,460 0.372 - 0.070 0,018
3 0.365 0.4ko 0,350 0.075 0,015
by 0.340 0. 400 0.315 0.060 0,025
5 0.315 0.375 0.290 0.060 0.025
6 0.290 0.345 0,250 0.055 0.040
7 0,265 0.320 0.210 0.055 0,055
8 0.240 0.275 0.170 0,035 0,070
9 0.215 0,230 0.135 0.015 0.080
10 0.190 0,195 0,090 0.005 0,100 -
11 0.165 0.180 0.065 0,015 0,100
12 0.140 0.190 0.080 0.050 0,060
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Various measurements were repeated for the axial emite-
tance areas and produced agreement to within M 2%, The cur=
rent, however, varied for repeated measurements by : 6%. To
try and understand the current variation, a systematlc change
was made on the ion source gas flow and arc voltage. Results
showed that for a change of : 0.5 ce/min from 1.5 cc/min the
current changed by : 3,54 at 1 amp arc current, Also the
current changed by : 5.7% for an arc voltage change of : 5
volts from 100 volts. The small variation of the gas flow
and arc voltage, which are difficult to control experimen—v
tally, account for the measured current differences,

Tables V and VI include results of the axial emittance
areas for the different chimney configurations (see Fig. 23
for chimney geometry changes) at 1 and 5 amps. The data
suggest that the emlttance area for 100% current becomes
smaller as the angle chanées from 0° to 20°, The effect of
chimney barrel size appears to be small in the axial meas-
urements. Table VII is the emittance areas for a 10° small
pbarrel chimney as a function of arc current (1 to 5 amps)
and indicates that the emittance area for 100% current 1ln-
creases with the arc current.

Figure 24 illustrates the emlttance areas for a 0°, 10°
and 20° chimney. The chimney face angle effect on emittance
areas appears as a rotation of the areas about zero angular
divergence, namely, the 0° emittance area 1s rotated clock=
wise about zero momentum. Thils leads to a beam defocusing,

i,e,, for the top of the beam (+ z) the total angular divergence
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Table V: The axial emittance areas for 100%, 85% and 70%
currents for different chimney configurations at 1 amp arec
current,
Emittance Area Emittance Area Emittance Area
Chimney ( for 100% Current |for ~85% Current | for ~70% Current
Type* Area Current | Area % Area %
mmemrad mA mm-mrad |Current | mmemrad {Current
0°=L 278 4,24 126 88 90 77
0°=S 279 3.22 114 89 85 73
10°-L 271 1.67 92 80 57 65
10°-8 256 1.93 95 82 57 68
20°aL 225 1.25 87 80 kg 62

*

The degrees indicate the angle of recessing of the chimney

slit from a flat face source.
eter of 0.500":

2

S means chimney barrel diame

L means chimney barrel diameter of 0,720",




Table VI:
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The axial emittance areas for 100%, 85% and 70%

currents for different chimney configurations at 5 amps arc

current.
Emittance Area Emittance Area Emittance‘Area
Chimney | for 100% Current | for ~85% Current | for ~70% Current
Type* Area AFCurrent Area % Area %
mm-mrad mA mm-mrad | Current { mm-mrad | Current
0°-L 379 9.88 151 85 97 69
0°-5 390 12.74 166 86. 111 72
10°-L | 286 6.06 127 81 81 | 68
10°=S 278 7.99 122 85 76 70
20°~L 299 5.55 120 83 80 68

The degrees indicate the angle of recessing of. the chimney

slit from a flat face source,

S means chimney barrel dlam-

eter of 0,500"; L means chimney barrel diameter of 0,720".




0 0¢
PUB 0T JO S3TTS DPOSS9dad 03 oG ‘oTHue 20BJ PUB ,005°0 03 ,02L°0 ‘I939WETD T8d4BQ BUTKOTTOJ U] dJE
so3uryD TEOTI3oW083 AsuwTuo 2yl °*ASUWTYD 904NOS UOT JO UOTIDSS SSOJD [BIXE puUe 2uBTd ueTpal’ €2 *¥FLs

N

N N\ o
N N

N W

\

\

\

N\

W mp, 4+ 510 - »
” MM/” J 02l

NER

N N

I\



Table VII:
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The axlal emittance areas for 100%, 85% and 70%

currents for a 10°=S chimney at varlous arc currents.

Emittance Area

for 100% Current

Emittance Area

Emittance Area

Arc for ~85% Current | for ~70% Current
Current | Area Current | Area % Area %

mm=mrad mA mm-mrad | Current | mm-mrad | Current

1 221 1.93 95 82,4 57 67.5

2 212 3. 39 103 85.4 69 72.6

3 227 4,87 118 86.4 78 72.6

i 262 6.52 123 85.5 73 69.0

5 277 7.99 123 85.3 76 69.6
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Fig, 2U4: The effect of chimney face angle on axial emittance area. Chang-
ing the chimney face angle causes the emlittance area to rotate about zero
angular divergence, .amely, the 0° emittance area is rotated clockwise
about zero, leading to a peam defocusing condition. Conversely, the 20°

emittance area is rotated counterclockwise, producing a beam focusing
condition,
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1s positive and likewise for the bottom of the beam (- z)
the total angular divergence 1s minus, hence defocusing.
Conversely, the 20° emlttance area is rotated counterclock=
wise about zero angular divergence producing a beam focus=-
ing condition, i.e., for the top of the beam (+ z) the
total angular divergence 1s negative and likewise opposite
for the bottom of the beam, hence focusing. The rotations
of the axial emittance areas are in good agreement with a
series of computer studies made by M. Reiser8. He studled
the effect of the chimney face angle on radial beam focus=-
ing‘where the radial approximations are valid in the axial

direction for this experiment.

2.2 Radial Emittance Area Measurements and Results

The measurements of the radial emittance areas are sim-
jlar to the axial measurements. However, in the radial case
the uniform magnetic field causes the particles to be fo=
cused at NA/2, where N is an integer and X 1s the radial
betatron oscillation wavelength. For a uniform field (no
aberrations) A is one revolution or 360°, The maximum beam
spread resulting from different initial angular divergences
occurs at (2N + 1)A/l oscillation and hence the radial emit-
tance area angular divergence probe was located at 90°. The
relation for a given initial angular divergence, LI and a
beam spread h at 90° 1is shown in Fig. 25 and given in Eq.
(8).




OF 8

Fig. 25: Geometrical relation for deriving Eq.
(8). The angular divergence, o, at 0° results
in a beam spread, h, at 90°., The radius of cur-
vature, p, is calculafed for a -.30 kV dee poten-

tial and 4.2 kG magnetic fleld.

(8)

a_ = sin”
r

—
oo

where @, is small. The radius of curvature, o, is calculated
from the known magnetic field and dee voltage.

The radial width probe was located at 180° (A/2) and
the procedure used to locate the probe position was .as des=
cribed in Sec. 1.7.2.—’Again a set of curves were obtalned

for the complete scan of the 90° slit (quite similar to Fig,
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\
v I

21) and the radial emittance areas we?e/determined from the

curves using the same procedure as in the axial case.

Figure 26 illustrates a typical measured radial emit-
tance area having an area of 370 mm=mrads. The dashed lines
indicate density contours obtained for 90% and 70% of the
total beam current. The density contour areas equa1‘206
and 131 mme-mrad, respectively. Tables VIII and IX are the
radial emittance area results for different chimney confige
urations (see Fig. 23 for chimney changes) at 1 and 5 amps
arc currents., The radial emittance areas decrease as the
chimney face angle changes from 0° to 20° for a glven arc
current. Also, the radial emittance area is smaller for
the 0.500" chimney barrel as compared to the 0,720" barrel.
Table X is the radial emittance area for the 10°=S (0,.500"
barrel) chimney fof arc currents of 1 to 5 amps and indi-
cates that radial emittance area lncreases with arc current,
Several radial emittance areas were measured again and re-

produced to within = 5%.

2.3 Luminosity

The emittance data in combinatlon with the current meas-
urements, allows evaluation of the luminosity. Figure 27
gives the luminosity for the 10°=S chimney at different arc
current values. The data indicated that the luminosity ine-

creases approximafely linearly with arc current. Table XI
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Table VIII:
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The radial emittance areas for 100%, 90% and

85% currents for different chimney configurations at 1 amp

arc current,

Emittance Area

Emittance Area

Emittance Area

Chimney | for 100% Current | for ~90% Current | for ~ 85% Current
Type* Area Current | Area % Area % I
mm=mrad mA mm-mrad | Current | mm=mrad | Current
0°L 370 h,24 207 90 131 70
0°=S 312 3.22 216 95 166 86
10°L 293 1.67 196 96 145 85
10°-8 293 1.93 195 95 152 87
20°=L, 194 1,25 146 97 118 87

*
The degrees indicate the angle of recessing of the chimney

slit from a flat face source,

S means chimney barrel diam-

eter of 0,500"; L means chimney barrel diameter of 0,720",
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Table IX: The radial emittance areas for 100%, 90% and 70%

currents for different chimney configurations at 5 amps arc

current,
Emittance Area Emittance Area Emittance Area
Chimney | for 100% Current | for ~90% Current | for ~70% Current
M ;
Type Area Current Area % Area %
mm-mrad | mA | mmemrad | Current | mm-mrad | Current
0°~L 525 9.88 309 84 172 66
0°=S Loy 12,74 224 93 132 68
10°=L 478 6.06 262 92 156 Th
10°-S 436 7.99 215 90 141 71
20°«L 307 5.55 183 91 114 73

*

The degrees indicate the angle of recessing of the chimney
slit from a flat face source., S means chimney barrel diam-
eter of 0,500"; L means chimney barrel diameter of 0.,720".




Table X:
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The radial emittance areas for 100%, 90% and 75%

currents for 10°=S chimney at various arc currents,

Emittance Area Emittance Area Emittance Area
Arc for 100% Current |[for ~90% Current |for ~75% Current
Current Area Current Area % Area %

mm-mrad mA mm=-mrad |Current |mme-mrad | Current

1 263 1.93 173 94,9 112 86.8

2 321 3.39 223 93,1 140 78.2

3 377 4,87 217 89.9 140 74,1

it 431 6.52 241 94,9 147 T4.5

5 436 7.99 215 90,3 141 71.3
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Table XI: The luminosity for ~ 85% current for different
chimney configurations at 1 and 5 amps arc currents.

Energy equals 30 kV,.

Luminosity at Luminosity at
cntmey | ¥ 2 3 Curvens | - 85% curront
Type " _—

amps/cm =-sr amps/cm =sr

0°-L 22.2 33.5
0°=3 18.3 48.3
10°aL 11.6 23.9
10°«S - 15.2 40,7
20°-L 12.2 33.2

*

The degrees indicate the angle of recessing
of the chimney slit from a flat face source.
S means chimney barrel diameter of 0.500"; L
means chimney barrel diameter of 0,720",

p p’/

5 /;‘
2‘ & %f,ﬂé{ﬂft
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gives the luminosity for different chimneys at 1 and 5 amps
arc current for ~ 85% beam current. As a function of chime
ney face angle, the luminosity 1is largest at 0°, approaches
a minimum at 10° and then starts to increase again at 20°.
The luminosity estimated error is determined from the
reproducibility of the current and emitﬁance measurements
and 1s found to be : 15%. Nevertheless, comparison of a
typical value from Table X with the previously estimated
value of Blosser and Gordon5 shows the measured value to be
better by a factor of ten. |
The result of the luminosity calculation may have a
greater dependency upon parameters other than barrel size
and chimney face angle., For instance, Livingston and Jones9
have found that the position of the plasma column and the
thickness of the chimney at the slit causes large variations
in output current. This may account for the differences in
measured luminosities., These factors should be investigated

further,

2.4 Axial Plasma Boundary

The focusing peaks observed at the top and bottom of
the axial emittance area as shown in Fig. 22 glve rise to
an interesting phenomenon, that can be attributed to a con=-
cave plasma boundary at the ends of the source slit. The

left side of Fig. 28, a cross section of the chimney, shows
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such a plasma curvature at the chimney slit. The arrows re-
present lon trajectorles and indicate that ions emitted at
the top and bottom of the chimney slit focus toward the
median plane,

The right side of Fig. 28 illustrates a similar plasma
boundary for a special chimney with a 0.031" diameter tanta=-
lum wire inserted in the center of the chimney slit., If the
plasma surfaces are concave, insertion of the wire should
cause the plasma boundary to form two concave surfaces. The
axlal emittance area would now divide into two sections, each
section having two focusing peaks. Figure 29 gives the meas-
ured axlal emittance area with the wire inserted in the chime
ney and shows two emittance areas, each with focusing peaks

in accord with concave plasma surfaces.

2.5 Space Charge Effects

Space charge effects are apparent in an axial expansion
of the beam at the 180° position and are a function of total
current, Figure 30 gives the helght of the beam at 180°
probe versus total current, indicating that the axial height
is approximately linear with total current for a given chime

ney angle. Thls agrees with the results of a derivation of

MacKenzielO
Ilesou) = B8 (g2 ¥ (9)
2 (21rw)3 m- ;g ’
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Fig. 29: Tne axlal emittance area for the right side of Fig. 268. Two
emittance areas were found, each with focusing peaks, and hence in accord
with concave plasma surfaces.
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where I is the current arriving at a height h, V is the volt-
age per turn, w the angular frequency, ¢ a fixed phase spread,
and‘rm is the radius at which magnetic focusing occurs*. The
effects of electric fileld focusing are evidenced by the shift
of the curves in Fig., 30 that occurs between the 10° and 20°
chimneys. The obvious important result shown in Fig, 30 is

that the chimney face angle can be used to give an electric

focusing force,

2.6 Radial Emittance Asymmetry

An asymmetry was detected in the radial emittance area
measurements as a function of arc éurrent and was traced to
a strain displacement of the ion sourcekfilament.' Figure 31
shows the radial beam spread measured at 90° for 1 and 5 amps
arc currents for different radial portions of the beam di-
rectly behind the puller. At 1 amp arc current (curve (a)
of Fig. 31), the peak céntaining the maximum current 1s at
the central radial position of the beam. The filament cur-

rent was then increased until 5 amps arc current was obtained.

MacKenzie's derivation assumes an elliptical charge dis=-
tribution (Volume = (n/2)zr¢sr) of total charge Q = 2nI/u.
The force on an ion at a heilght z above the median plane is
calculated for the above charge distribution. The magnetic
focusing force on the ion is assumed to be zero up to radius
rnp (an excellent approximation for the ion source testing
facility). The ion axial displacement as a function of time
1s found by integrating the force equation.
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Fig. 31: Radial asymmetry of maximum current pe%% as ‘a function of arc
current (curves (a) and (b)), The center line, , Of the beam passing
througn tne 0° radial slit is indicated vy the solid vertical line,
Shifting the chimney slit (curves (c) and (d)) caused the maximum peak
to move, indicating the plasma boundary 1s changing as tne filament
current is increased to a new arc current, Switching the direction of
the filament current (curve (e)) caused the maximum current peak to
shift in the opposite direction (cf. curve (b)),
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The peak with maximum current (5 amps arc current) has shifte
ed from the central position to the right (curve (b) of Flg.
31).

A new chimney with the slit shifted 0.010" to the left
(see Fig. 9) was constructed and measurements made at 1 and
5 amps arc currents (curves (c¢) and (d) of Fig. 31). The
results show the maximum current peak shifted to the left
for 1 amp arc current. At 5 amps arc current the‘maximum
peak is centered. These measurements indicate that the
plasma shifts radially as the filament current increases.

Previously it had been observed that old filaments
were slightly bent. The bending was a result of the force
due to the interaction of the filament current and the mag-
netic field., The filament alignment with respect to the
chimney slit and the direction of filament current can be
seen in Fig. 9. The direction of the strain force (ﬁ in
Fig. 9) is in the right direction to account for the radial
plasma displacement detected in Fig. 31. Curve (e) of Fig.
31 shows a measurement taken with filament current reversed
(c¢f, curve (b)) at 5 amps showing the maximum current peak
shifted slightly to the left and 1s in accord with expecta-

tion.




CONCLUSIONS

Rapld phase space density measurements were accomplish-
ed with relative ease, after the initial operation problems
of the lon source testing facility were solved. The sensi-
tivity of the apparatus is very good as demonstrated by the
detection of the radial emittance asymmetry (Sec. 2.6).

The most important result of this series of studles was
the measurement of the luminosity of H+. The luminosity was
found to be ten times larger than previously estimated, The
implications of these results are that nuclear physicists
should be able to do experiments at the optimum count rate
with a better ultimate resolution thén previously expected,
Investigations of different chimney geometries (e.g., larger
face angle, thinner chimney slit widths) may lead to addi-
tional improvement of the luminosity,

Space charge effects at the center of the cyclotron are
a topic of current investigation. An interesting result of
thls research was the axial space charge effect (Sec., 2.5).
The important result of these measurements was that increas-
ing the chimney face angle in the axial direction results in
an electric focusing force, This focusing may be used to
counteract axial beam expansion due to space charge, In
addition this apparatus may be used to verlify some of the
results predicted by the recently derlived space charge
equationsll.

Acceleration of H™ ions in a cyclotron is common today.

It is known that the arc conditions for H~ ions are different

17
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than for gt ions and one would expect that the chimney barrel
diameter and face angle may affect the luminosity different-

ly. Hence the studlies of these effects should be carried

out for H  4ions.
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