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A number of improvements have been made in The U

of Michigen 83° sector focused cyclotron since its original
construction. ‘The reasons for the changes and the resulting

1. Introduction

The scientific motivation, design criteria, and general
features of The University of Michigan 83" sector
focused cyclotron facility ‘were reported!) at the
UCLA conference in 1962. Since that time a

P in the of siable high-quality beams for
nuclear research are described. A brief description of the totsl
facility for research in nuclear structure is given.

Tante |
Design data for 83° cyclotroe.

improvements have been made not only in the facility
but particularly in the understanding and control of
the essential elements for producing stable beams of
ions of «ell defined energy and quality. The purpose of
this paper is to give an update of the facility and in
particular to detail the for the ch
have been made since that early report.
Briefly, the detailed design and construction of
The University of Michigan 83" cyclotron facility was
begun in 1960, and the first internal beam was obtained
in late fali of 1962. It was designed to prod

of protons, deuterons, *He, and alpha particles of
energies 35 McV, 40 MeV, 90MeV, and 80 MeV,
respectively, as well as a variety of heavier ions, and
deliver these to a magnetic analysis system having a
resolving power E/AE =8x 10° with an intensity and
stability suitable for precisi }
structure. These beams can also be delivered to an
auxiliary beam line of resolving power 10° and are
suitable for on-line charged-particle B and y spectros-
copy by time of flight, and for neutron cross section
measurements. The specifications on beam quality
for the high-resolution charged-particle system and the
neutron time-of-flight spectrometer place stringent
requirements on the stability of the magnetic fields
(1:10%) and dee voltage (1:10%), on ion source bright-
ness, and on extraction and external ion-optical
systems. These are discussed in the following sections.

* Work supported in part by the U.S. Atomic Energy Com-
mission.
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Parameter Valus
of
Pole diameter 83"
Magnet weight f310¢ stest
115.5 t copper
‘Yoke dimensions 2247 x 49" x 837
Yoke spacer dimensions 63" % 40" x 837
that Number of sectors 3
Hill gap 6757
Vatley gap e’
Shim gap (total) 1
Pole lid thickness 3
Extraction radius 36.5°
Maximum ficld rise with radius 22%
beams imum central field 19ke
Central field for 40 MeV deuterons 14kg
Conductor size 117X 1.0° with 37
diameter cooling ble
Total nunber of turns (12 pancakes) 336
Total resistance, 30°C temperature riss  0.092
Maximum current 2000A
in nuclear Number of parallel water circuits 12
Length per water circuit 744
Total flow at 160 psi (all pancakes) 47 gpm
Maxinium current density 2220 Afin®
il i 180°F
Magnet excitation 360KW at 18OV
2. The magnetic field

2.1. THE MAGNET
The cyclotron magnet and vacuum chamber are as
described previously'). The magnet (fig. 1) is of
conventional H-type construction but has upper and
Tower pole tips 3” thick separated from the upper and
lower pole roots by a 1" shim gap. The shim gap was
iginally intended to provide for shimming the
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Fig. 1. View of the 83" cydmm showi m; the main magnet and the 20° dlﬁ‘usmn pump-in the front center of the pictare. The 11' -
resonators oF “silos™ rise vertically, and the rf power amplifier cabinet is mounted to the Ieft silo.

magnetic feld to correct azimuthal ‘harmonic com-
ponents, but this proved to be unnecessary. Rose
<hims are now used in the gap at high magnet excitation
to help shape the field and thus reduce the gradient
<ol power, It also provides a convenient mounting
place for the sensor of the NMR magnetic field

The of the are given in
table 1. The three sets of spiral shims of contour
shown in fig. 2 are mounted on the pole tips and
teeminate at a 12° radius. A transition region joins a
central cone used to provide magnetic focusing. The
shims produce a maximum futter of 0,033 and provide
axisl focusing corresponding to v, & 0.15 and accept-
able radial stability. The ‘main vacuum chamber i
sealed to the magnet structure at a lip on the pole tips,
and each tip is fastoned. to the: pol: root by six bolts,
symemetrically located in-groups of three on two
different radii,

2.2. THE GRADIENT COILS

To maintain isoch for the parti-
cles, the average. magnetic field must increase with
radius, the increase for 40 MeV' detiterons  being
approximately 2.2 % or 330 G. The increase is obtained
with twelve sets of circular  trim or “gradient coils
attached to the'inside surfaces of ‘the pole tips and
spiral ‘shims,” The inexpensive fabrication technique
described previously') has proved to be more “than

tisfactory. The cC to  the
magnetic field from each set is shown in fig. 3.

2.3, THE HARMONIC COILS
Two sets of harmonic coils are provided to permit
ion of any residual equivalent first harmonic
in thc magnetic field and to provide a means of
perturbing the ion orbits, The inner set extends from
3.5” to 12 in radius, and each pair of the set extends
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85° in azimuth, Constructed of 31, thick double-sided,
2 ounce copper-coated printed circuit board, they span
the ﬁrst v, = 1 region where the field matches on to the
value after ing off the central bump
The outer set éxtends from 42” to 507, and each pair
ds 17° in azimutt radius is 36.56").
The coils are constructed of conventional water-cooled
copper tubing. The currents in each of the three pairs
of inner coils (identical currents in each member of a
pair) can be varied sinusoidally about zero, with a
120° phase between cach pair. Thus they give zero
ion to the ge field while adding a first
harmonic component that can’be varied in amplitude
and azimuthal phase. The cutrents in the outer set are
varied sinusoidally about a dc base line.

contr

24, MAGNE‘I'IC FIELD MEASUREMENTS

The data were Fourier-analyzed to twelfth order ia
azimuth, and the results were tabulated versus radive
The numerical integration was done by a third-order
quadrature routine and was accurate to +0.1% in
twelfth order. The analysis was carried out for all
main magnet and gradient coil fields and is availabie
both on magretic tape for the PDP-15 on-fine com-
puter and in tabulated form. The accuracy of the tinal
results is +5 G with the main uncertainty being due to
long-term drifts and mispositioning ef the Hall probs,
Recent 5 ents under icated that &
sligth differential flexing of the pole tips introduced a
first harmonic component of 8 G. This was corrected
by inserting six flat spacers between the pole roots sad
pole tips near the outer edge. The first harmonic
amplitude is now everywhere lesz than 4 G.

Computer programs are available to predict for

The thod and t for pping the given particle and final energy the main rm@mi
magnetic field has been described p ly!). The itation and gradient coil ¥ to p the
only modification for recent measurements was to isochronous field. A pamcu‘arl) useful program
rebuild the current regulator and voltage amplifier. the th field and the

The field of the magnet has been measured at excita-
tions of 6, 12,15 and 17 kG; the fields at 12 and 15 kG
were measured for two different Rose shim geometries.
In addition, gradient coil contributions to the main
field were measured at 6, 12, and 15 kG.
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Fig. 2. Contour of the spiral shims (top) and the spiral angies as
a function of radius (bottom).

ﬁcld resulting from an input set of gradient ceil
currents. The two fields are then displayed graphically
on the scope output of the computer. The final
adjustment of the field is done using the circulating
beam as described in section 5.7.

2.5. POWER SUPPLIES AND REGULATION

The stability limitations of the accelerated beam
require that the total magnetic field be held coastant to
1:10°. Each of the component currents, thoss in the
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Fig. 3. The contribution of the twelve gradient colls to she
magnetic field for current of 200 A at a main ficld excitstion of
6kG.
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g the current regulation loop for short-term stabnh(y und the NMR
field.

-loop for both-long-term stability and

main fickd winding, the gradient coils and the harmonic
coils, are individually regulated using series trunsistor
banks as the control clement. In addition, the total

sgoetic feld is regulated using an"NMR- sensor
tocated in the shim gap at a radius of 27°.

The power supﬂy for the main magnet is a silicon
rectifier, reactor lled unit rated for
IS0V at 2000A"). The field regulator has been
maodified and is now as shown in fig. 4. The system
consists of two closed loops, one the reactor driver
regulator and the other the current-field regulator. The
weacter regulator eomwls the drive to the

ibility of lhe

2x 10‘°/°C a change of 5° would result i in a current
change of 1:10%. Such changes are relatively slow and
are negligible on a short-term basis. Thermoelectric
potentials “developed Aacross the copper—constantan
junctions in the shunt are tled by using opp
junctions in the voltage take-off leads.

The feedback signal from the magnetic field is pro-
duced by nuck (An instrument
manufactured by Vanan Associates; in use for some
years, is being replaced by a unit manufactured by
Alpha Sclennﬁc) The output provides the long-term

-3

soas to 1y 7 V across the
series transistor panel. Thcdnve power fnr the

bl fi gnal to maintain the field con d
thermal and hysteresis effects. The dc reference for the )
lator is obtained from a

is only 6'W at 1 A for maximum power output. Thus
most of the gain is provided by the

Zener voltage supply and a commercial Kelvm—Varley

The current-field regulator uses current feedback
for short-term stability ‘and an NMR' magnetic field
sensor for long-term stability and reproducibility. The
current sensor is a simple shunt constructed of sixteen
constantan wires of diameter 0.128” and length 27*
connected in parali~t and enclosed in a rubber water
m The potential drop is SV at 2000 A; thus the
maximum power dmm&oa in the shunt is 10 kW,
Since the temperature coefficient’ of constantan is

. The principal ‘time constant of the
magnet ist —L/R—lo s. -Shorter time - constants

d with the al dust covers around the
coils and the saturable reactors are well within the
response of the current loop. The regulator as shown in
fig. 4 has a dc gain of 134 dB with-a bandwidth of
1 kHz and is constructed using tube-type opcratmnal
amplifiers. Because of its high gain-bandwidth product,
the amplifier saturates from the 60 Hz noise pickup on
the input. Rather than eliminating the pickup, use is
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made of it by d the 1 to:

P ona nomic power supplies
proportional time modulati h This prod were hased and an SCR swueina; network ﬁaﬁ*
a 4% modulation.at 60 Hz of the itage, but addcd ’l‘he proper amplswde for each. supply is
because of the long time ;-the variation in  obtained from a th

magnetic field: is- less than -1:107. ' The ‘op-amps will
soon. be replaced: with- solid-state ‘devices to obtain
greater. reliability. The lator- drives the

p sine pot, ganged 120° i
phase. The three reference voltages pass throtigh buffes
amplifiers to provide the proper scaling for the voltage

panel. which is in ‘series. with the load.. The panel
consists of 210-power transistors (2N173) in parallel
and mounted on water-cooled copper heat sinks. The
2N173 transistor is rated at 60 V (max.)-and 150 W at
25°C. Thus the panel has a rating of 60 V and 31.5 kW,
or approxnmately 10% of the maxnmum supply output.
Each has-an ing resistor and
is individually fused so that failure of a smgle transistor
does not interrupt operation.

A disadvantage of the single NMR sensor is that as
the -outer-harmonic coils :are varied in amplnude and
phase the main field ch This requi;
the regulator while changes are bemg made. To avo:d
this, a regulator is being d that uses as field
sensors three Hall probes all at a radius of 30” but
located  120° apart in azimuth. By averaging the signals,
the total field is held constant, independent of the
harmonic component. Since long-term stability and
reproducibility are the important requirements, critical
comp are maintained in a p
environment. An NMR sensor permits absolute field
calibration; thus the 1% inherent non-linearity of the
Hall plates poses no problem.

The Hall plates, type BN-701 manufactured by F. W.
Bell, are driven by three floating constant-current
supplies (nominally 100 mA), and the control currents
are adjusted to match the output voltages to within the
linearity tolerance. Each plate is in a

g inputs of the Hewlett-Packard power
supplles A lincar pot, on a shaft with the sine pots,
supplies the proper quadrant information to a set of
three dual comparators, The comparators are set a0
that an appropriate polarity signal is generated for each
supply depending on the azimuthal setting of the pots.
This signal switches on the proper pair of SC Rs through
a set of optically coupled SCR drivers. Additionsl
circuitry assures that one pair of SCRs is switched off
before the other is switched on.

3. The rf system

The «f system is perhaps unique in the isochronous
cyclotron family in that it is a half-wave system asd
uses dee stem insulators. It was originally designed®)
as a iwo-dee system with a single-sided, self-excited,
tuned-grid, tuned-plate oscillator. In 1969 the oscillat

regulated block held constant to within 0. 01 °C. The
voltage outputs of each are compensated by a resistor-
thermistor network to partially cancel out the large
temperature coefficient of the plates.

- The are d at the input of
an Analog Devxces model 260 K chopper-siabilized
amplifier. With a aet voltage of 200 mV at 10 kG, am-
plitier noise and drift contribute less than 2 ppm error.,
A commercial dc supply and divider network form the
reference ‘source. With a dc amplifier gain of over
100 dB, the overall sensitivity of the instrument is 4 V
per 1 G field change.

The power supplies for the inner set of harmoniccoils
provide a first harmonic amplitude of 30 G for a
current of 20 A, To avoid a shift in the baseline and to
limit the power dissipation, bipolar power supplies are
used about a zero average current baseline. For eco-
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Fig. 5. Plan and clevation of the dee and resonator cavities.

Coarse tuning of the resonators is done with sliding disphfages,

shown schematically in the resonator at the lower lefi. Fise

tuning is done with the inductive tuning loop shown schemanically
in the resonator at the top right.
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was replaced with a master-oscillator-power amplifier,
and more recently (1972) the resonator was converted
tea dee system. The for these ch are
detailed below,

The half-wave resonator system reduces the effeciive
dee-to-ground capacitance by a factor of two; therefore
the reactive current per dee stem is reduced by a factor
of two and, other things being equal, the power loss is
reduced by a factor of two. The use of insulators at the
wall of the vacuum chamber simplifies the problem of
mechanical support of the deés, which need not be
cantilevered in the half-wave system, and essentially
climinates beam modulation due to mechanical
vibration of the dees. Further electron multipacting is
eliminated since the resonant line is in air rather than
vacuum, However, multipacting of *He* * and *He**
has been observed in the ceater of the cyclotron near the
ion tower, It is pamcuhrly trouhlesma at the dee
voltages and operating fi g to

by He* * ions extracted from the tower ionizing neutral
He to He™ in the region just outside the tower,

The half-wave system has additional advantages the
voltage - distribution along the - dees - is Symmetrical
about the center of the cyclotron whu:h improves orbit
stability by reducing the gap- effects
of thermal ex are reduced; and b the 1f
resonators or “silos” are vertical as:shown in fig. 1, the
system occupies less floor space and. perimits access to
all'sides of thie vacuum chamber. A plan and elevation |
view of the two-dee rf system is shown in fig..5, In
converting to a one-dee system, the dee facing the
deflector and the two dee stems were simply removed.

The. dimensions of the dee and: resonator cavities
are given on fig.'S. As originally designed, the fre-
quency could be varied continuously -from 6.5 to
15 MHz. by ‘means “of the shorting diaphragms in -
each silo. After conversion to the one-dee:system, the -

energies of *He' * and “He'*in the nmghborhood of
&8 MeV. The mumpacm occurs when a rehuvely
high gas pressure is used in the ion tower to i

limits fell to 5.7 MHz and 11.3 MHz. While
the upper.limit can be raised by making relatively
minor mechanical changes, this ‘has. not yet ‘been

the yield of doubly ionized He. It appears to be initiated

y. The di of the dee lines was chosen to
limit the current density at the sliding contacts on the

Serean

= P ==

1000w
Oriver Amplitier
“ 410004

Fig. 6. Bleck diagram of the ﬂ‘m showing mv huh-voltnn powor supply and series tube, the rf power amphner cham, and the.
dee-voltage regulator loop.
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diaphragms to:100.A/in. so that commercially dvailable
fingerstock could be used'without the need for clamping

in fig. 6.1t consists of four. major sections: the

voltage power supply, the rf amplifier, the

or p! devi Fingerstock- is also" used ‘at: the
connection of the dee to the resonator lines: The power
inventory for:the one-dee system is just half that given
in‘ref.. 1. Trimmer capacitors, mounted on-each dee
stem, are-used for:balancing: the voltage' distribution
along the dee. Fine tuning of the resonator is done with
an inductive turning :loop as’described below. At the
maximum design voltage of 70 kV peak dee-to-ground,
the. total rf power.is.~ 50 k'W-at 11 MHz.The calcul-
ated maximum ¢lectric field strength at (hc msulators

gul and ‘switch, and the coupling loop o
resonator. e

The power supply provides 17 A st 21kV. As
originally designed, it was a- three-phase W@!&l;
system using six vacuum diodes. The de cutput vollage
wasvancdandreguhtedby means of saturable rencion
in the primary of the high-voltage transformer. Becguse
of poor experience with the diodes (average life 1200 h
at-a cost of $180 per diode) and poor surge charac.
teristics of saturable reactors, the vacuum dicdes were

is 15 kV/in., a ble.value for al

available today. = .
At the time of the ongmal deslgn‘) the dee stem
were: idered the most critical clements in
the: entire 'system:since ‘they 'must ‘withstand a“high
voltage, the power loss must be low to provide thermal
stability, -and.’they ‘must withstand - the  mechanical
dué to'the load. The present insulators
are ‘Al,0; in the form-of -discs 22" in:diameter and
147 thick with an 8" diameter central: hole. They are
plaoed parallel to the- electric: field lines.in a nearly

placed with six stacks of solid-state diodes, and the
reactors removed. The diode stacks, manufactured by
Westinghouse Electric Company, each consist: of
88 type IN1204A rectifiers in series, with a resistor-
capacitor compensating network in parallel with esch
diode to suppress transients. Control of the cutput
voltage is now obtained with a series tube (Faﬁfi?? m
dissipation- 70 kW).

The series tube is nsed bothforcotmolaadm
tion of the dc plate voltage to the final amplifier tube
and as a fast acting switch in the event of an arciin the

“field .to pi field lines ing the
surface. ‘Water-cooled copper rings, mounted to the
discs .around- the -outef and  inner:circumferences by
thermal - setting:‘epoxy, form: part. of the half-wave
resonator line. The insulators-are-designed for 50 kV
peak ‘across-a ‘5" spacing between inner and outer
conductors. - Bécause ‘of the " large diameter of: the
conductors, the. fieldis: nearly h and

system. The on-off function of the series
tube is accomplished with a solid-state logic conirel
which is also used to control the dee-voltage segulator
in the rf amplifier. :

The rf amplifier, capable of drlm:rmg 65kW ol vf
power to the is di h tions;
the master - oscillator, the mﬂenae&me amplifier-

provides a:factor of safety of about five:in break-down
to allow for- irregularities in the electric field due to
dust. and- sharp edges. The maximum rf power. dissi-
pated per insulator is ‘about 600 W, which results-in a
temperature: ‘rise of 10°C. - Limiting the insul

i} and the final power amplifier. The
oscillator is a General hdwmhe:emdendehm~
synthesizer, type 1164-A6C. It delivers &
from 0.01 to 70 MHz with a stability of 2x lﬁ 9
Prov:sxons are made for phase-locking to an

voltage to 50kV peak limits the dee voltage at the
center ‘of the dee to:53kV-at 5.7 MHz and to 63 kV
at'11 MHz. Over the years very little difficulty has been

tered with'the ‘insulators. The few losses that
occurred in the early operation fesulted from excitation
of parasitic modes, since eliminated, or from accidental
plating of carbon or copper onto them from misuse of
the ‘ion" source.” Under some conditions of thermal
stress, possibly ‘due to-low wat li

dard for greater stability and

external voluge control of the output frew

unit is located in the cyclotron control room

sufﬁcnem output to drive the mmm tﬂp&&m-
1 d in the cy vault.

The two-stage lmcrmedme ampitﬁcr—w
vides the rf power necessary todnveﬁwg:id‘
final power amplifier stage. The first stage is macually
tuned while the second stage is tuned automatically.

the - epoxy bond’ separated suﬂicnently to allow a
vacuum - leak; but this has occurred too mfrequently
to be-able to' pinpoint the cause.

*The ‘reason for changing from the original self-
excited. power -oscillator to an ' MOPA system was to
improve ‘the ‘stability: of both the frequency and the
dee-voltage. A block diagram of the rf system is shown

The g is done with a phase-sensitive detector,
a null detector with two-channe! pulse outpat, and a
translator to drive a dc stepping motor. Regulatios of
the dee voltage is accomplished by varying the screen
grid voltage of the second stage (an Eimac 4-1000A)
which in turn ad;usts th= drive delivered to the grid of
the final power amplifier tube, Circuitry associated with
the series tube is used to clamp the regulator cutput to
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2ev0 to prevent overdriving of the grid whe there

is an arc in the resonator system. The regulator output
is also limited whenevera critical voltage or current
fevel in the amplifier system is veached. This limiting
scheme prevents most accidental d from i

paci of 175 pF, the coupling capacitance must
vary from 60 pF at 6.5 MHz.to 350 pF:at 14 MHz.
With ¥, = 14 kV, the voltage at the center of the dee
~system cnn be: maintained at .70 kV- over ‘the: entire

prop

system operation,

The final power amplifier uses an Exmac 4CW100,
0D operated in class C mode with a maximum power
output of 165 kW, It is run with a fixed grid bias
supply and a manually adjustable screen bias supply.

freq y range by varying the couplmg capacitor.
For the equivalent circuit shown in fig: 7, the step-up
factor is (Vy/¥,) = (Cye+C)/C,.

In converting from the two-dee to onc-dee sysum,
the only change necessary -in the rf system was an
mcmsc in the length, and thus the inductance, of the

Power from the final amplifier is coupled to the
resopator with a loop which uses a combination of
inductive and capacitive coupling. (Pure ‘inductive
coupling could be used but is less flexible because the
resonator is tuned by varying the length, hence the
inductance, of the dee stems rather than by varying the
characteristic impedance.) The amplifier cabinet is
wounted directly to one of the silos as shown in fig. 1.
The coupling loop ists of a variabk
capaciter (range 50-400pF) connected between the
amplifier plate and a movable tap point on the dee
stem at the bottom of the silo. This arrangement
permits the veltage ratio at-the dee stem (V) to the
amplifier plate (V) to be kept constant over the entire

range. The voltage ratio is to. a good
ammmea (ValV) = (L/L) (1+C/C), where
L, is the inductance from the tap to the shorting
Jdiaphragm of the resonator, L is the total i of

© g loop. The i d:ind would. have
made it dltﬁcult to obtain the necessary siep-up ratios at
the higher operating frequencies. However, during the
conversion the dee area was mcreased to. provide for a
uniform spacing at the ! 5.3),
and the maxnmum resonant -frequency ‘of: the system
dropped to 11.3 MHz where the couplmg,length was
rot-a problem.

The power amplifier uses a-bridge balance neutrah-
zation scheme, but because of  thelow. feed-back
capacitance ‘of the 4CW100,000D tetrode- the ‘adjust-
ment.is not critical. Tiic more difficult problem is the
excitation of harmonics modes. ‘A troublesome: cross-
over mode exists due to the step-up capacitor and the
inductance of the length of dee stem from the coupling
point to the shorting diaphragm. Thus ‘when' the
frequency is changed, the rf plate waveform must be

the resonator, Cye is the output capacitance of the
amplifier, and C, is the i of the li

PUNE

capacitor. With an inductive step-up ratio of 1.2 at

©.5 MHz and 3.0 at 14 MHz and an effective amplifier

d for har while the step-up capacitor
is adjusted to the proper dee voltage range. Because of
the wide ‘power range of the ‘amplifier, however,
loading and step-up ratio adjustments are not crmcal
and can be varied to avoid the crossovers.

-

- e o g

Fig. 7. Eguivatent circuit of the rfpomr amphfier output stage coupled to the dee system. The voltage step-up factor is (V/ V)=
ACpr+ CWCen
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- Tuning-the f system:is’ muightforward. <“The: syn-
thesizer, the first and second stage tuning Is, and

@

Asal

The high-froq jons were sediséed by &

the::shorting - diaphragmis' are 'set' to their- proper
position-as read from graphs: With low power applied,
the waveform is observed for harmonics as the step-up
capacitor’is changed. If necessary, small changes are
made in the capacltor value to eliminate the harmonics.
With a little experience, even the novice operator can
tune the system:

The proper centering of the particle orbits requires
that the tf voltage distribution along the dee be sym-
metrical about the dee center. The caused

Tol.

lator on the output of the synthesing
whl the effects produced by the others were a&ﬁaa,
Zandpass of the dee regulator.

'l'hc short-term stability is mositored by Mm;
the output of one of the dee meter pickup probesons
Tektronix type 1A7 oscilloscope preamp. With a do
output of typically 10V, observed variations are ke
than 1 mV peak to peak. The measurement of boch
short- and long-term instabilities is discussed in sectivn
5.8 where the general question of beam stability is

by a change in the step-up capacitor is compensated by
means of a vanable capacitor,. symmetncally located
on the companion dee stem.

Coarse tuning of the xfesonator is done with the two
movable shorting diaphragms. Since the resonator has
Q greater than: 600 under full load, to inaintain the dee
voltage constant to 1:10* over long periods requires that
the resonator be fine-tuned to.comp for ch

4. The ion source problem )

In a high-resolution charged-partick i the
practical Imut on resolution is oa%en set by the mag-
nitude and quality of the current available in the scat-
tenng chamber, and this in tura is limited by the

in mechanical dimensions due to thermal effects. This is
done by means of an inductive loop located between
the dee stem and the ground: sheet at the bottom of the
south silo as indicated in fig. 5. The loop is formed fiom
1" diameter copper pipe intoa 14” x 14" square. By rotat-
mg the loop about an axis parallel to the dee stem, the
d of the line can be altered and
the fi djusted to the fi of the
master osclllmor This addmonal variable inductive
coupling.produces a total change of 5 kHz at 8 MHz.
The loop is d ically by a synch dc

istic
P

br of the cffective source provided by the
cyclotron. The brightness of the cyclotrea souree is
determined by the quality of the ion-optics interasl to
the cyclotron and/or the brightness of the ion sowrce
itsclf. The quality of the internal ioa-optics is discussed
ina sut some of the limi onthe
source bnghtncss and on the magnitude of the ciscal-
ating beam are discussed here.

The ion source used at present is an QOak Ridge
hot-filament hooded-arc type®) with the amode at
ground potential and the filament negative with respact

stepping motor. working in conjunction with a phase
detector: on: the grid and plate voltages of the final
amplifier tube. ¢

_ The de2 voltage is monitored and metered using
guard-ring capacitive pick-offs mounted on the north
and south silos of the resonator.-A half-wave rectifier
followed by -a:low-pass filter produces a dc signal

to ground. The filament is formed into a U-shape from.
1" diameter tungsten rod and is heated with de power
(400 A at 4 V). A small notch ground into the tangsien
directly under the }” diameter hole at the bottom of the
anode column ensures xlm the h#gm m
and therefore the emission,
occurs in line with anddmcﬂyundctthea&aéﬂm
The anode column is 2% high by 1" diameter and

ther

proportional to. the amplitude .of .the rf voltages on

each end of the dee. The pick-offs drive read-outs on
the control console, and the difference voltage drives a
dee  balance read-out, A - third . capacitive pick-off
provides an isolated reference signal for the de= voltage
regulator.

The stability roqmrement of It 10‘ for dee-vol

areflecting button of tum at the top iasulated from
the tower by a boron nitride insulator. A tuagilen
shield just below the filament prevents a discharge
from the filament to the bottom of the flament
hamber. The gas discharge is operated in the pesitive

mcremenul-resnslame abnormal-glow region of te

5

regulation is difficult to achieve in a 'arge

istics rather than ian the

LA

In addition to the modulation expected from the power
line, other sources have been identified. These include
high-! frequency (10-20 kHz) amphtudc modulations
due  to the. freq

i harge region. - Either e
anode (discharge) curremt o the anode-cathode
voltage may be regulated, and thus the discharge can be
operated in either a current-regulated or voltage-

frequency: changes dne to the stepping motor, and
effects caused by acoustical noise flexing the resonator.

g d mode. The power supply consists of two
ial silicon lled rectifiers in series to
provide a total of 600 V at 8 A. Under proper condi-
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tions of gas pressure (a flow through the tower slit of
2 ¢m%/min for deuterium and 4-S cm*/min for helium)
asad with current-mode regulation, good arc stability
is abtained.

The width of the slits in the tower md puller are
varied according to the ions to be accelerated and the
desired quadity of the beam. Nominal dimensions for
hydeogen and deuterium are 0.020” and 1" high for
both tower and puller slits, and 0,040 and 0.020” for
to ver and puller, respectively, for *He** and “He**.
For heavy ions such as '3C**, the slits are typically
opened a factor of three or four wider. The tower-to-
pu et upacing is nominally 0.300°, The current injected
into the dee is optimized from the control console by

meving the flament to align the discharge in the tower -

and by “rolling™ the tower to bring the discharge
tangent 1o the tower slit.
The numbar of positive i ilable-for

&\wnhemphmdepeadsmuwomnnsmdx-
ﬁm of the gas discharge®). For high ion-density in

the plasma, the current extracted is. spnoe-charge
Haited (Wtwsatumml), while for: low ion
deaskies the is limited: (voltage-
sa urated), analogous to mpemun-hmﬂed current

in a thermionic clectron tube: (The data in fig. 3. of |

ref. 2 indicate the onset of voltage saturation near
10KV anode potential.) It is well known among cyclo-
twon operaters that the ' beam current: depends .on
optimizing the ion source conditions, that is, optimizing
the gas discharge (gas pressure, anode voltage and cri-
rent), and the geometry (tower “roll” and tower-puller
However, this does not necessarily optimize

the brightness. [We define the brightness B of a source
as the energy per unit time per unit area per unit solid
angle, or Bw= Ip*/(2mNA,4;), where 7 is the current,
pmmm,ﬁtbechargesta&e,md.l end 4,
the arcas in phase space.] .

mwamcmfwmthephsmaand mjcctcd
into the dee through the puller may be expressed in the
form £, = K¥§, where X'is a constant, and ¥y is the rf
dee veltage. For deuterons the value of « is found to
vary®) from 1.42 to 1.58, and for 3He* * « varies from

1.20 to 1,35, Fora plane-paraticl geometry, the
charge limited current should vary as Vsld* (Childs®
Law), where ¥, is the dee potential and d the separation
of the electrodes. Thus the data agree as well as ex-
pected with Chikls’ Law over the range of measured
currents, particularly since the initial conditions at the
cathode must depend on the coadition of the plasma.
R is intoresting to - note that: for some twenty-two
commercial thermionic diodes the value of « was found
to vary®) over the range of 124 t0 1,49, ~

The fact:that. the current: is-space-charge limited
eniphasizes the importance-of maxumzmg the: charge,
density of the desired ion species. For an ions
charge ;5 mass.m;, and- pcrmmmty 85 the current
density given by Childs’ Law. is ;

J=4Qqm)t e VHd® Alm?,
in MKS units. A convenient expression is

¥
J =266 [5"-']”’— Afm*.
A4l & '

In the last expression ¥ is in kV, dis in inches, N, is
the charge state, and 4; is the nuclear mass number. It
can be shown?) that fora mixture of charge statesinthe
plasma, the current densny of : any one of the spccnes is
2q,jmE - V* ;
Jy =46 ( g1/m;)? sy
[l + ): 'llqll("x‘h)]

where n; is the number density in the plasma of ions of
species i. (This follows from: the: fact. that div J;+
@p;/ot =0 for each ionm species x) ‘Under’ the' normal
conditions of: ion of. o isource, the
obscrved current of *He™* * is a factor of fifty. lowcr than

d and corresponds:to a relati
3He** to He*

of
in the plasma of; about 2%. This is
with the yields of hooded
typearcsources by Papineau etal.®). It isalsonoted that
because of their -low - ionization potential, -a small -
amount of impurity gas, parncularly ‘H,-D,or. O,
“pcisons™ the: arc by effectively: preventing ipl
ionization. For D} the yield is reduced by a factor of
five b of the p of the molecular ions
D# and D#. (While the D3 ions would be accelerated
on the third subharmonic, they. are blocked by ‘slits
in the central geometry.) Again this'is consistent- with
the measurement of Papineau et al: of 1:2{1.5. "«
The limitations of the hot-filament type ion source
for the production of heavy ions of high ch.arge states is
well kown, and- much effort has ‘been ‘spent: on the
of suitable sources®). ‘A source similar in

space-" desngn to the PIG source in use at Oak Ridge?) is now

under test here, the principal modification being that
the diameter of the cold cathodes is 3" rather than §".
The ionization' density of a-given charge ‘state; other
things ‘being-equal; is proportional ‘to'‘the current’
density in the discharge. The ions of. higher chaige
states are  concentrated ‘in’ the  central zone: of the
plasma and ave .therefore. shielded from ' external
electric fields by the outerspace charge. By reducing the
cathode diameter, hence the total current and. power
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for the same current density,  the central zone can be
placed closer to the: extraction slit.. The net result is
expected to be the same yield of a given charge state
but with afactor.of nine reduction in.required power.
The results.of tests will-be reported scparatcly.

The gated ion source, deycloped for use in time-of-
flight measurements with.either type of ion source, has
been described previously?). It uses a tetrode geometry,
gives 100% gating efficiency for all ions, and may be
operated at any multiple of the 1f period. Its use in
beam diagnostics is discussed in section 5.7.

of the emi and | y of ion
sources have been reported by Mallory and Blosser®).
(Brightness and luminosity: are related-as B= LE/[q.)
The information given on their ion source geometry is
not sufficient to determine if the current is space-
charge limited, but the numbers. are consistent with
what one expects. The differences in the current yields
for the large and small tower dmmetcrs are also
with a jon and a space-
charge limitation. Thus the: ﬂgmﬁcanoe of their datais
not clear. Any attempt to improve the brightness or
emittance. will ultlmatcly be limited by space-charge
effects.

‘Another well ‘known limitatior on the circulading
beam is axial blow-up due to space charge at a radius

jmg to the i y. of the axial
oscillation v;. The qualitative effects have been discuss-
2d by Welton and by Reiser, and a2 number of caicula-
“tions have been made®). They are generally in good
agreement. with measurements on a ‘variety of cyclo-
trons, The result expressed in MKS units is

I = hegvi(49/27)(4E/g)w A,

where h is the aperture or height of the dee, (4¢/27) is
the azimuthal extent of the beam (the duty cycle),
(4E]q) is the energy gain per turn expressed in eV, &
is the dielectric constant for free space, and @ is the
angular frequency: of the rf. For the University of
Michigan cyclotron, for example, the minimum value of
v, % 0.15 occurs at.a radius of about 8", con‘espéndmg
to E,.,,/ZO For the dee aperture of £=3x10"%m, an
energy gain per turn of 100 keV, and @ ~ 50 x 10°%, the
space-charge limited currentis of the order of 40(4¢/2r)
mA, which for a duty cycle (4¢/27) of 1/50, (= 7°
phase width) is about 800 pA. If the duty cycle is
1/10 (36° phase width), the limit is 4 mA. For reasons
discussed in section 5.4, a phase width larger than

°~10° does not increase the useful current through an
external ion-optical system of high resolving power.
(It might be noted that flat the f ci

cor

improvement not oly in the ummmﬂ%f
in the useful current.) .
. In general, for the wommy and mm of
in our cycl ducing @ high-
quahty beam, it is the towei%pullw space charge that
limits the circulating beam rather than axial blow-up.
For example, for deuterons with 7° phase width the
axial limit is about 800 A, while for the same phuse
width and slits of area 6 x 107® m?, the current would
be about 880 #A for pure D7 but is reduced to about
180 A due to the presence of the other ion species.
This is further reduced another factor of five o8 the
first half turn to obtain the necessary radial divergence,
The measured axial extent of the beam, as shown by
burn patterns (fig. 17), is consistent with these conclu-
sions,

5. Orbitd ics and beam diagnosth
5.1. INTRODUCTION
The und, ding of the isoch be-

gan with the original paper of Thomu") Since shat
time the literature on both theory and praciice has
become extensive''), and it is correct to say that the
understar.ding is now essentially compleie.

Using the theory as a basis, an extensive study lus
been made of the many perameters affecting the quality
of the internal and extracted beam in The University of
Michigan cy and modific have bees mads
where necessary to permii control of these parameters.
While many mterdependmt variabies and coffects are
involved, it is possible to discuss several mgm;
areas mdependemly To facilitate later discussion 3
brief summary is given of the principal mﬁmj
governing the ion motion.

The basic equation oflhecyclmroamdﬁm&~
equality of the Lorentz force and the cmmpcul imw,,
namely

Bqv = mv*jR, n
from which it follows that for an ion accelerated to
relativistic velocities, the period of rotation is

2r_ mg o

GB-v ) ili
Thus if the frequency is to remain fixed, the magaetic
field must increase with radius to compensate for the
relativistic increase in mass. The conditions for
stability of the ion motion in the axial di are met
by introducing an azimuthally varying componest in

this limitation and p_romises an otder of magnitude

the magnetic field B.(0) = By[1 +fcos (N9)] to obtain
contributions to the axial force. These are the Thomas



n

effect'”) (v, x By), the Laslett effect'?) (vy x B,), and the
Kerst effect!®) arising from a z(0B,/0z) term. The
vertical oscillation frequency, @, resulting from a
geometey of N sectors of flutter £ and spiral angle y
is to first order

@, ww“[—k

where @y = qB/m and & =(d<{BY/{BY)/(dr/r) are
defined with respect to the azimuthally average field
over the scalloped path, The first-order radial oscilla-
tion frequency is @, =we(l~n)}, when n= —(r/B8)
(@8,/ér). The encrgies of the ions d in the

N?

+ —m}:(l +2 tan® ?)], [©)
Ni=12
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tion. For the 83”.cyclotron the dominant term in
eqs. (4) and (5) is m=3. Eq. (5) indicates that a
resonance exists for an azimuthal first-harmonic force
(m=1) when n=1. When n3 1 but is near 1, as:it
must be in low-energy cyclotrons, the ion orbits are
still sensitive to a first harmonic. Such a force may be
due to a first-harmonic ent in-the
field. It may also arise from a net 180° asymmetry in
the clectrical forces applied- to the ion dunng the
course of one accelerating cycle.

The circulating ions are accelerated only durmg a
small fraction of the rf cycle so that the phase width

ic

83" cyclotron require & (or —K) to be nx —0.04, thus
@, = 1.0Qe,. The parameters in eq. (3) for the three-
sgotor symmetry result in e, % 0.14@,. If the magnetic
field is written as a Fourier series, namely

BB+ I facosmorid]l @)
then the equilibrium radius R, can be written as
- .
R, = Ry[1 +§l icnom cos(mf+y,)], (5)

where it is assumed that 8= @y, and Ry =mv/B,q.
The radial momentum pg can be found by simply
evaluating
4R,
pr=m -t >

]

where @ is replaced by wyt for purposes of differentia-

Fig. 8. An illustrati

exp d in terms of rf degrees is narrow. At each dee
to ground gap crossing the energy gain is

AE = gV cos, Y]

where ¢ is the ion charge, V is the dee voltage, and 0 is
the phase angle with respect to the peak rf voltage. The
turn sp 4R b ive orbits at a given
azimuth is

AR=1 {[3. (E,+2qVcos O)T - (35')*} )
ollm m

where E, is the ion energy after n complete turns. The
turn spacing decreases as the energy and radius increase
such that, assuming that the phase remains fixed, the
product RAR =AE[mw? is a constant. For a. beam
making 200 turns to extraction, the turn spacing de-

. creases from 1 cm at a radius of 20 cm to 0.218 cm at
extraction (92 cm).

Tadiug  —

of the t pacil

See text for description.
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The normal ion p results-in a pro-
gression of orbits which. oscillate with small amplitude
about the equilibrium trajectory. From eq. (5) it is
clear that large radial oscillations can be induced by
first ‘harmonic - forces. Oscillations will also result if
the ‘ions do not start from the central region with the
proper. initial conditions. In either case it is useful
to consider ‘the ‘motion-when a sizeable amplitude is
present.. The ions will oscillate about the equilibrium
trajectory R, [eq. (5)] at thefrequency w, with amplitude
A and phase ¢. The resulting expression for the radius
Ris

R = R.+Acos[(1-n)* 0+y]. [O)

If the current density is observed as a function of
radius at some fixed azimuth, the normal turn spacing
(RAR = constant) will be modulated. The effect is
illustrated in fig. 8. Neglecting the scalloping of the
equilibrium . trajectory, . successive ~orbits * can be
approximately described “as ‘circles whose centers

2,.3), compressed (orbits 4, 5, 6), or esseatially uns
changed (orbits 7, 8, 9) Cleasly if A is large enough,
the turn spacing may zeva of negative 21 some
radii correspondm; to the well known types of
cycloidal motion'?), The amplitude 4 can be deter-
mined from the turn pattern from the expression

=N - - 2
A AR[(AR.,, AR, AR,(Ri !)] Lt ]

where N is the number of turns per precessional period,
R, and R, are the radii of minimum and maximum turs
separation, respectively, and 4R is the scparation
between adjacent turns. The phase of the modulation
or the position of the ima and minima will depead
on where in the acceleration process the radial oscilli-
tion was excited. As an example, one common cause of
a sizeable oscillation amplitude is a mispositioning of
the ioa source along the dee gap centerline. If the tower
is at too large a radius, a particular phase of the

precess about the center of the field at the rate per turn
of w,/wy; where @, = @, = @,. For example, if v, =

1.02 @y, the resulting modulation of: the normal turn
spacing will ‘have a period. of 50 turns. The' circle
described by the ‘orbit centers will have a radius 4
which can be identified-as the amplitude of the radial
oscillation, Depending ‘on the location. on this circle
(the phase of the precession), the normal turn spacing
observed at somie azimuth may be expanded (orbits 1,

will result on the nth turs at the
az:muth of the probe. If ow the tower is moved to too
small a radius, a phase shift of 180" will be observed
on the same nth turn and azinwuth. This effect provides
a powerful diagnostic technique.

Any complete understanding of the ion orbits must
include an understanding of finite width, and variatica
in width, of the individual turns. The emi of cach
pulse of ions extracted from the source will be Emited
by the geometry of the central region. The narrow tower

1y initial conditions

i 1/4 precessional period

turn width

3 ] 12 pﬁm-imx period
[
T .
Fig. 9. An ill showing the idth modulati

Scc text for description.
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slit defines the initial radial and axial position, and
the puller or other slits will determine the radial and
axial divergence, The consecuence of the divergence is
illusteated in fig. 9. At the top; three ions are emitted
from a narrow radial sourve in the three directions
shown, each with its instantaneous center as shown at
the left, For purposes of this illustration, ion number 2
ischosen to be on the equilibrium orbit. The trajectories
of 1 and 3 are thus off-center and as they are accelerated
will undergo the cycloidal motion described above. The
effect of the divergence on the turn width is demon-
strated by the two lower figures. After one-quarter of
the precessional period, the turn width observed at a
given azimuth will be wider; after one-half'a period, the
width will again correspond to the eriginal width. Thus
the turn width will be modulated at exactly twice the
precession frequency, thus at exactly twice the fre-
quency o the turn spacing modulation,

The significant point about the radial motion is that
the two modulati the turn spacing and the turn
width, are initiated independently. The first, which in
effect is o miscentering of the entire pulse, may be
caused either by improper ceatral-region conditions
and/or by first harmonic forces at any radius and can
resul: in any arbitrary phase of the precession at the
ath turn and azimuth, The second, due to the finite
divergence and width of ihe source, has a definite
initial phase; thus the precessional phase at the nth
ture and azimuth depends only on the integrated value
of @, and the number of turns. Both have the same
frequency w, so once initiated they remain fixed in
relative phase. Examples of turn patterns illustrating
these effects are given later.

2. DIAGNGSTIC INSTRUMENTATION

The four principal picces of diagnostic equipment
used in measuring the properties of the beam are the
“centecline™ probe, the “burn pattern™ probe, the
phase probe, and the emittance “snooper”.

The centerline probe measures current and current
éem-t!y as a fuaction of radius. As originally designed,
it moved in radius along the centerline between the two
dees. With the one-dee configuration, however, as
shown in fig. 11b, it moves parallel to but displaced
2§ from the centerline of the dee and dummy dee and
thus does not move along & true radius. Its azimuthal
position tracks uearly along the center of a hill. The
probe, shown in fig. 10, is 2" in diameter and carries
aa electrically insulated water-cooled copper head lined
with carbon, A ttmgsten w:re probe, the dmmeter of
which can be chang d
insulated shaft and can be retracted mmde the probe

head or extended up to 14" from the head toward
smaller radii. Both fill the vertical aperture of the dee.
Current leads from the head and the wire, after filtering
the rf, are brought to meters and to a strip-chart
recorder in the control room. A positive potential of
up to 100 V is inserted in series to collect secondary
electrons. The probe mechanism provides an accurate
read-out ‘of the radial position which can also be
recorded on the strip-chart.

The burn pattern probe, shown in fig. 10, carries
a frame in which are mounted thin Mylar sheets for
exposure to the beam. The thickness of the Mylar is

Fig. 10. The current and current-density probe (centerline probe)
is shown at ‘the left and the burn-pattern probe at the right.
The tungsten wire, shown extended from the carbon-lined head
of the centerline probe, can be retracted into a slot in: the head.
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varied depending on the energy. and charge state of the
circulating beam. The: phase. probe is-a y-ray time-of-
flight system*#). The. phase and: phase ‘width of the
circulating - beam . are -measured; - for - example, by
measuring the time interval b a fixed refe

RCAB8575 phototube and Ortec 270 constant fraction
timing base which provides a start signal to a8 Ortes
437A time-to-amplitude (TAC) converter. The stop
signal accurately synchronized with the of is manue

point of the rf cycle and the arrival of y-rays emitted
when the beam strikes the centerline probe. It consists
of a small fast plastic scintillator coupled to an

f2 d from a signal obtained from a capacitive
pick-off on the dee line. The time resolution of the
system is about 350 ps. The probe head can be moved
to various locations in the cyclotron vault, or slong the

Fig. 11. The two-dee configuration (top) and the one-dee configuration (bottom).
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beam lines, to measure the time width of the beam at
any point,

The emittance snooper makes use of the slotted-
plate technique'®). A carbon plate containing ten
vertical slits 0.010” wide and spaced 0.250" can be

W. C. PARKINSON et al.

enough known. Thus to make single-turn-eéxtraction
feasible, one of the two effects must be eliminated. The
turn width or divergence can be easily controlled by
slits but only at a large sacrifice in intensity. The other
possibility is to center the orbits' and rely:on: the

rotated into the external beam path. At a di
downstream a wire probe 0.010" in diameter can be
moved across the beam. The position of and the current
to the probe are plotted on an x-p recorder at the
console. Thus the emittance can be measured routinely
in a fow seconds time.

3.3, OrBIY CENTERING
) 3

The was designed to provide beams of
high q\mlny to a high-resolution - charged-particle
and to a ti f-flight spectrometer. To
mce( the ume-of ﬁlsht requirements,  single-turn
is l. To achieve single-turn extraction,
the individual orbits at the septum must be radially
well defined and well sep d, which implies no
precessional mixing and  therefore a narrow  phase
width, The two characteristics, separation and width,
are related i that they both are influenced by the
radial restoring torce, but it has been shown that to a
farge extent they can be treated as separate problems.
For non-centered orbits large turn spacings may be
obtained during portions of the precessional period,
but to make use of this the phase of the precession at the
septum must be carefully controlled, The turn width
also varies throughout the precessional period.

Ia principle it is possible to arrange for the relative
and arbitrary phase of the two effects to be such that
the two conditions are met simultaneously. In practice,
however, the fine details of the first harmonic compo-
rents of the magnetic and electric forces are not well

96" 1.turn sp at the The turn' width can
then be contry nled by varying: the precesslonal -phase
hout ch g the turn sp This is:the proce-

dure that has pmven most fruitful with our cyclotron.
In this mode of operation, the natural turn spacing at
the septum is determined by the:-number of turns, and
therefore. the - dee voltage. This effectively places an
upper limit on beam energies available for time-of-flight

“At this limit' corresponds to
250 turns, which for *He is 50 MeV. :

As is well known, the central geometry is crucial to
obtaining centered orbits; The. geometry; shown in fig.
12, is such that the assuinption of an impulsive energy
gain every 180° is a reasonably g;ood one. Thus for
later orbits to ‘be centered, the ion sourcs” must be
offset'®) from the magnetic field ceniis :iiong the dee
line by an amount R =0.75 i, where R, is the radius
of curvature of the first half turn, namely.

o Ry = '72(‘::’) cm,‘ .(u)‘

where fiis the 1f frequency in MHz, VlS the dee voltage
in KV, N is the ion charge state, and-A is the atomic
mass. -While this -simple expres-ion for' the offset .is
based on the impulse approximation-and the assump-
tion of a uniform magnetic field, it is in good agreement
with 2 more detailed analysis described below.

The ‘nature of the radial “restoring: force in an
isochronous cyclotron is'such that:the ion orbits are
pamcularly sensitive to' electric ‘or" magnetic first

- Doy o

\
)
MACHINE '
CENTER 1
T
¢

Ynaeaam= nRsToRMY

Fig. 12. The central-region geometry.
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harmonic . forces. In the original. construction the
cyclotron used two dees, operating in a push-pull mode
with the dee -geometry: as: shown -in fig. 1la. This
geometry in conjunction with the threefold symmetry of
the flutter in the magnetic field was shown to produce a
significant first harmonic: force at:large radii. The
origin of this force results from the fact. that the ion
crosses each. of the four effective dee to ground gaps
at an angle while the electric field is perp

”

azimuth if it is perfectly centeced foq. ()} An une
centered orbit describes an ellipse in phase space which
precesses about the equilibrinm orbit with frequensy
@, =w,[1 —(1-mt]. Fig. 13 is a plot for a depteron
beam of final energy 40 MeV computed at a radius of
20.351". The plot closes on itseli after 62 turns and the
ellipse precesses in the direction of beam rotation as
expected from eq. (9). It was drawn from the output of

the dee apermre") The ion trajectory at each crossmg
can be found approximately from eq. (5) and the force
resolved into tangential and normal components. The
net formal force for a complete revolution was found
to be equivalent to a magnetic first harmonic of about
10G. From computer studies it was known that first har-
monics of this magnitude would have serious effects on
orbit centering. The problem was eliminated when the
cyclotron was converted from a two-dee to a one-dee
system. While the primary reason for the conversion,
the elimination of the rf voltage in the extraction
channel, is discussed below, it is worth noting here that
the new geometry, shown in fig. 11b, permits a much
smaller dee gap at all radii since it is no longer neces-
sary for the ion source tube to be centered in the gap.
Thus there are only two gap crossings per turn at all
radii ‘and the net equivalent first harmonic is well
within acceptable limits.

A commonly used measure of the quality of center-
ing is the radial phasc-space plot. In the threefold sym-
metry of the cyclotron’s magnetic field, in the absence
of acceleration, an ion will have the same radius and
same radial momentum - components every 120° in

RADIAL PHASE SPACE
40 Mev 0"
62 Turn. Period

- 200
R CIND

PLOT

g

PRX10°3 (CU)
g

N

210

Fig. 13. A radial phase-space plot of a deuteron beam of final

energy 40 MeV _computed at an equilibrium orbit radius of

20.351" using the measured electric and magnetic field data.

The two figures, ding  to di from the

equilibrium orbit, precess in the directions shown by the arrow
heads and close on themselves after 62 turns.

the comp program EORB used to find equilibrinm
orbits for a beam of given energy as a function of the
magnetic field. It is one version of a more general
program ORBIT written to solve the two-dimensionad
equations of motion for the beam in the median plane;
The inputs to the prog include the median plane
electric field, measured using the electrolytic peper
technique, and the Fourier nts of the d

ic field including the contrib due to the
gradient coils. Using a Runge-Kutta integration
routine, the program numemmlly mscsm&s %he
coupled radial and azi
After the first haif turn, the cnergy gainis m to
be impulsive at each dee crossing.

Imposing the constraint that the beam be centered
at extraction implies that the beam be undergoing a
rudial oscillation at smaller radii, with the amplitude
of the oscillation i mcmsmg monotomcal%y toward the
center. It'is Y, t as d above,
that the initial trajectory of an ion leaving the ion
source be such as to develop into a centered orbit when
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Fig. 14. A radial phase-space plot for 8 3He** beam of fiag?

energy 16.8 McV. The ions, starting with the initial pesition

shown (the ion source), become centered at a radius mear 12°.
See text for explanation.
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it reacises the extraction radius. The program ORBIT
has been used to calculate the trajectory in radial phase
space of the accel d ions as a function of the initial
conditions. A typical example for 16,8 MeV *He** is
shown in fig. 14. The three points rep ing the

W. C. PARKINSON et al.

is exploited by using the harmonic coils to compensate
for any existing or equivalent: first-harmonic-at. these
and smaller radii. To estimate the magnitude: of first
harmonic. rquired, the program ORBIT was. altered
to include two ind d ic first: harmonics

vertices of each triangle are determined by sampling
¢ach 120° for one turn without energy gain. They
represent therefore three points on the radial phase-
space ellipse separated by one-third of a precessional
period. Thus the area of the triangle is an approxi

of arbitrary radial extent, phase, and amplitude. One
harmonic was used to induce a radial oscillation in the
beam, and the second was then ‘adjusted to:minimize
the oscillation: at large radii. It was kaown from the

ic field that the first harmonic

measure of the radial phase-space oscillation amplitude.
The ton is th&a accelerated through one half vurn and
a Bew tri d. For an . 1 beam
centered at extractm, the arca of the triangles will
s!mak monotonically with uduus, with. the vertices
iding at By ing the initiai
trajectory of the ions, the optimum position of the ion
source with respect to the cyclotron center (the offset)
can be readily optimized to 14", The ion source offset
calculated in this way agrees well with the simplified
calculation given by eq. (11).
At siwall radii where the flutter is necessarily small,
a central magnetic bump is used to increase the vertical
focusing. As a result there is a transition region between
the ceatral radially decreasing field and the increasing
isochronous field (about 8°~10" in radius) where 7= 0
and, as indicated by eq. (5), a resonance exists for first
harmonics. The seasitivity of the orbits in this region

component of the field was less than 5 G, and estimates
indicated that the equivalent magnetic first harmonic
due to electric field asymmetries was. less than 10 G
for a reasonably well-centered beam: Based on the
calculations, the ‘harmonic. coils. were " designed to
produce a first harmonic component up to 30 G over.
the radial range. from ‘8" 012" and. adjustable in
azimuth.

Their effect on the centenng of orbn.s is demon-
strated by the phase-space plots in fig. 15, calculated
for 29 MeV D*, At a radius of 11” the amplitudes.of
radial oscillation vary by two orders of magmtude
and are of oppusite phase : )

5.4. 'PHASE SELECTION

The requirement of single turn: extraction places a
stringert requirement on the phase width of the acceler-
ated beam. lons are extracted from the ion source overa

HARMONIC COIL CENTERING RANGE

{EVERY THIRD TURN)
1L X - :
29 Hev 2" 29 Hev DY
L X ’
- (L \
z
Y
§ 0
< o
3 .
-
. - . o
— FIVE SAUSS [~ FIFTEEN  GAUSS
. AT O DEG. e AT 9 CeQ. "«
. C
| X -
& L —
9 1 ] 1 1 1} i L i 1 A L Il L. 1
<19 00 10 20 30 40 30 -0 00 10 20 30 40 50 60 T.0
-3
PRx 10" (CYCLOTRON UNITS)

Fig. 13, Radial phase-space plots.demonstrating the effect of the harmonic coils on a deuteron beam-of 29 MeV final energy.
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wide range in-phaseand since ‘their energy gain is-a
function ‘of phase, there is o one value of the tower
offset that will lead to' cemenng for.allions. To prevent
precessional mixing it is ‘necessary to lumn the: phase

D The limit, i ic field is

Todﬂcmnmlbcowmmmmlkem‘
at which to limit the phase width, the trajectories of
ions emerging from the ion source in the same initial
direction but at an rf phase of 0° and +12.5° were

isochronous and :the xons»n'onrelatmstlc,r is set by the
condition that the range in R, given by an initial phase
width + ¢, centered on ¢=:0° be less than the turn
spacing. Since

=— (4anu cos ¢fm)*,

and the spacing between adjacent turns is
1 4E AR _ 14E

1
oyenm " R 2E’

¢o§'cos"(l —l)
o\

For ions making 200 turns, this implies an upper limit
of o < 6°.

12)
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Fig. 16. Trajectories of the early orbits for three ions emerging
from the ion source in the same initial direction but at rf phases
of 0° and +12.5° Only every other turn is plotted.

d. The results for 45 MeV *He* * are shows
mﬁg 16. The largest radial separation of the three
trajectories occurs on the first few turns at an azimuth
near 180° as expected since the magunetic field s
essentially flat near the center and thus acls as a
uniform field spectrometer for which the focus occuns
at 180° in azimuth. While ions of different energy ate
dispersed in radius, unfortunately the distribution is
double-valued in 0, except at 6, = 0. Since

40 _ B(gVsos 03}
4R Vsing '

the phase width for a given radial increment will be
widest at 6 = 0°. Further, uncorrelated effects such as
the finite size of the source make a parrow phase

lection at zero d ible with the
normal ion source. The gated ion sourcc however, has
two unique characteristics that permit efficient and
narrow phase selection at the first half turn,

The first ch istic is the i in g y
due to the addition of the ! and screen el d
which cuts off ions with leading rf phase in excess of
about 20°. Thus for phases lagging by 20° or more, the
correlation becomes one to one, It is worth noting that
46/4R decreases as the phase lag increases, and there-
fore the phase selection becomes more effective.

The second characteristic is that, unlike the con--
ventional ion source for which the current exttﬁvé'
from the plasma is proportional to thé three-halves
power of the dee voltage, the current from the
source is independent of dec voltage. The current
unit phase width is thus a constant, independent
phase, and intensity is not sacrificed when a b
phase is selected. Since a magnetic bump is used in the
central region to provide vertical focusing, the initinl
lagging phase can quickly be brought to zere by
adjusting the magnitude of the bump to the appropriate
value. Thus with the gated ion source, phase widths of
the order of a few degms can be routinely obtained.
A slit adjustable both in width and radial position,
located at 190° in azimuth and on the first half tura
in radius, is used to select both the initial phase and
phase width.

5.5. AXIAL MOTION

Small asymmetries in the electric field in the centeal
region can give rise to iarge-amplitude vertical
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osmlhnoas Bwause there is no eﬂ‘ectwe damping

g is relatively small), the
oscillation will persist to extraction. In the region of
v, = @, fwo = 1, before the flutter has taken over, the
vertical restoring force is weak and beam may be lost.
Typical values for e, are 0.1wg t0 0.2, so that the
vettical motion when observed at a fixed azimuth hasa
petiod of the order of 5-10 turns. Thus if the amplitud:
is large, the difference in vertical position between two
successive turns may also be large. In particular, the
extracted beam may show considerable z-motion as the
one turn more or less is made in the cycl , and this

that, depending on the phase width.of the beam, the rf
would fan out the beam and  increase the radial
emittance, and the aperture of the external beam-
handling system was increased accordingly. The point
that was overlooked was that: the rf voltage: on:the
deflector, unlike the dc voltage; increases the energy
spread of the beam since it addsa velocity or momen-
tum component inquadrature, the magnitude of which
depends on both the ph d phase width of the beam
appearing at the septum.and on the effective electrical
length of the deil hannel. It. was d that by

ton is reflected in the o1 of the beam in the
external ion-optical system. The z-motion was investi-
gated using the burn-pattern techaique. The oscillation

ing this contribution to the energy spread, the
intensity of beam in the scattering chamber for a given
quality would be increased by a factor of 2-5. The loss
in energy gain per turn was not considered serious

can be suppressed'®) by a pair of “supp * plates.
The plates are 1" wide (in azimuth) and extend 2” in
radius. They are located near the center of the cyclo-
tron, where the turn spacing is still large, so that they
oaly act on one or two turns. They are placed one
above and the other below the median plane, and a
jpotential diﬂ'mme of up to +600 V nnd balanced to
ground is d. They are positioned in azimuth and
radivs such tha( the total lmpulse applied to the ions
at the instant they pass through z=0 is equal and
opposite to their z-momdatum, Their effectiveness is
shown in fig. 17. Note that the period of the vertical
motion varies between 5 and 8 turns as expected.

5.6, THE EXTRACTION PROBLIM

It was known at the time of the original design and
construction of the cyclotron that for the two-dee
sysiom, ions accelerated at 0° rf phase would exgeri-
ence, at the instant of extraction, an rf voltage in the
deflector channel lagging by 60° and in opposition to
the applie] dc voltage, thus requiring a higher dc
voltage to extract the ions. It was also understood?)

VERTICAL MOTION
DOU RO M ¥,
l

ReT%  NO VOLTAGE  Rei8%

m-“nu.. »e

Re?We 2600 VOLYS

Fig. {7, Bura-patterns of the ~motion showing the effectiveness

of the supprassor plates. The larye x-amplitude in the top pattern

is meatly mmm by the suppressor ficld as shown by me
bottom pattern.

b the dee voltage could be increased. It was for
this reason that the conversion to a-one-dec system
was made in 1972,

The improvement is demonstrated by the resu]ts
obtained for 11.4 MeV deuterons. (This low ‘energy
was chosen for study because the number of turns to
extraction could be varied easily by more than a factor
of two and because the relatively small radial gradient
and resulting lower radial stability limit provided a
more sensitive indication of the presence. of :any
residual first-harmonic.) Using the emittance snooper
probe, the radial emittance was measured to be
3.1 mm mrad for 50% of the beam, with an effective
source width of 0.20 mm. The extraction efficiency was
about 85%, and of the extracted beam" essentially
100% appeared at the image surface of the first of the
two beam preparation magnets, This'is to be com-
pared with earlier measurements for a 15 MeV deuteron
beam which gave an emittance of 24 mm mrad for 30%
of the beam with an effective source width of 0.51'mm
and an extraction efficiency. of 75 % with only 30% of
the extracted beam appearing at the focus of the first
eam ' preparation. . magnet (FM1). Normalizing the
emittance measured for 11:4MeV deuterons to 15MeV,
the radial emittance of 2.7 mm mrad for 50% of the
beam is to be compared with 24 mm' mrad for 30% of
the beam.

To determine the limits on the radial position and -
radial momentum of the ions at"the entrance of the
extractor channel that will result in successful extrac-
tion, a slightly modified version of the computer
program ORBIT was used to track ions through the
channal and into the first beam preparation magnet

- (fig. 22). The septum is located in radivs at 36.56" just

inside the v, =1 region where the isochronous: field
turns over, and well inside the Walkinshaw resonance
{v, = 2v.). Thus the ions available for extraction are
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those presented to the extractor from the intermediate
region. Fig. 18 shows the ‘radial phase:space history
of the last three turns prior to extraction of a 40 MeV
D™ beam. The shaded. areas represent the region of
space from which, according to the code EXTRAC-
TOR, beam may. be extracted. Superimposed. on the
figure are the phase-space plots for. ions undergoing
radial ‘oscillations. It is apparent that-only the ions
on full-energy orbit will extract from the equilibrium
orbit. Ions from other turns will be extracted only when
they have the amplitude and phase of radial oscillation
that. meet the criterion for extraction.

Using the program EXTRACTOR, the traj ies

While !hc cxlracum efficiency has pmwd M :
it is p ‘to T it, pasti at higher
energies by mansofa pm-exlmcmr tbcp»ufposeﬁf
which'is to increase the turn separation at the septum.
It ists of a pair of parallel plates about 6° long,
35° upstream from the septum to which a radial de
electric field is applied. While this will not reduce the
required extraction voltage, it should increase the turmn
separation at the septum by a factor of two. The pre-
extractor has been built but is yet to be tested.

The carbon septum* slides into grooves into the
leading edge of the extractor and may be easily replac-

of ions differing in initial conditions are tracked through
the extractor channel and magnetic fringe field to the
magnetic field-free region. Those rays falling wiihix the
acceptance limits of FMI1 when extrapolated -hack
upstream give the radial position and radial phase-
space density, hence the radial width and angular
divergence of the effective source accepted by the
external ion-optical system, Calculations were camed
out for a variety. of g ies of the

to determine the optimum position and length. The
electric: field in. the channel, and hence ' the - voltage

ired for ion, is a fi of the positi

in azimuth of the septuiit and the length of the ct 1

ed. The defl bar is oil-cooled and operated at
voltages from 20 to 90 kV depending on the ion species
and energy. [The required electric ficld in the channel is
E=(2T/q)(4p/p*), where p is the radius of curvature
and dp the required change in radius.]

Deflector power supply and regulater. The power
supply for the deflector, manufactured by Kilovolt
Corporation, is rated at 120 kV and 30 mA. Because
the output is unrcgulated and has approximately 1%
ripple, an external series regulator has been added.

Because of the threefold symmetry of the magnetic
field, the radial momentum of the ions varies with
azimuth and this puts an-additional on the

Filter cay are to be ided b of the
stored energy d d in vhe discharge from def
to g d. The negative output voltage is sampled

through an oil-cooled 223 MQ resistor and summed
with a dc reference voltage. The sum signal passes

allowable position of the septum. On the basls of the
computer calculati -the o 1 was
lengthened  and. shaped, and the septum moved in
azimuth from 240° to 225°. The change resulted ina
15 %-20 % reduction in the required ex

tage.
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Fig. 18. The radial ph: pace regions of
40 MeV deuterons.

orbits for

through an ampiifier of de gain 106 dB and bandwidth
001 Hz. The amplifier drives a series tube, type
4PR400A, in the positive ground return side of the
supply. Since the rated maxisnum voltage for this tube
is 20 kV, suitable relay logic controls the imput wasiac
to the supply to keep the voltage within: operating
range. Under normal operating conditions the beam
presents only a small loading (less than 100 gA) on the
supply so that a 15 M load is placed across the load
inside the oil tank. A series resistor oi 13 M& is weed
for output voltages greater than 60 kV to limit sparkiag

current through the defk bar. B current

* Originally tungsten was used as the septum material. Sometine
after 3He beams began to be used, a high level of low-enttgy
contamination was discovered inside the main vacuem

of the cycl This was w© be due
primarily to 704 and 170 d activities of 1%3Re and ™R,
respectively, and was being produced by *He bombardiment &
the tungsten septum. As a result a study was made of suliabis
septum materials. Plates machined to 2°x " x Q.0I& from
Ultra Carbon F-purity graphite have been fuund to incresss
the septum life ty a factor of five and at the same time clindinate
the contamination problem. There is, however, some evidence
that carbon sputtered from the septum onto the extractor bar
tends (o reduce the effective break-dowe voltage.
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fluctuations due to small discharges produce an IR
drop in the resistor, it is jumpered out for the lower
voltages.

The stability of the regulator has been checked
with a digital voltmeter for long-term variations and a
Tektronix high-voltage probe for ripple modulations.
Ripple on the output is less than 25 V peak to peak and
the long-term stability is better than 1/10*, The effect of
a variation in deflector voltage on the stability of the
extracted beam was studied in connection with
the neutron time-of-flight system and is described
in section $.8.

5.2, TunING

In the original two-dee design it was planned to
operate the cyclotron with. constant-turn geometry.
However, with the reduced energy gain per turn with
one dee, it is now operated more nearly in a constant
dee-voltage modz and the central geometry is changed
as required. The advantages of operating at maximum
energy gain per turn are obvious and follow from the
discussion of the preceding sections. Because the
ceniral geometry is frequently changed, it is essential
that there be a systematic method of tuning quality
beams. With the diagnostic probes available, this has
become a straightforward and relatively. quick task.
The procedure described below is that followed when
ions are to be accelerated to an energy niot previously
used. Beams which have been run can, of course, be
tuned more quickly since the settings are known.

The dee voltage is typically 45-50 kV. The position
of the tower, puller, and phase-selection slit are
calculated and - set. accordingly. - The - gradient - coil
currents to provide the isochronous field for the
particular particle and energy are calculated using the
computer program. With the phase slit retracted and
the integrel current probe set at a smail radius (= 10"~
15”), the ion source is adjusted in position and roll
with respect to the puller to optimize the beam.

The phase probe is then used to determine the rf
phase and the phase width of the accelerated beam and
to confirm that the magnetic field is isochronous.
During tuning the jon source is gated on every rf cycle
and the stop signal scaled down to occur every other rf
cycle. In this way the beam generates two time signals
which are exactly one rf period apart. The TAC
output of the phase probe is fed into a multichannel

analyzer, and the analyzer calibrated in degrees per -

channel. The channel corresponding to zero -degrees
of phase is determined 'using the following tech-
nique. With the centerline probe placed at some
radius near ex the main magnet is raised until

the y-ray signal from the beam just disappears. This
implies that the beam is at virtually 90° leading phase.
The main magnet is then Jowered until again the beam
just disappears corresponding to 90° lagging phase.
Zero phase is presumed to have been located when the
difference in ct 1 ber corresponds to 180°. If a
difference of 180° is not obtained, it can be concluded
that the beam was cut off because of phase excursions
at a smaller radius. In this case the inrer gradient coils
are adjusted to i the p and the p!

is repeated-until 2 180° spread. is achieved.

The phase width of the beam is adjusted by means of
the opening and positioning of the phase-defining slit
located on the first half turn. (Normally the slit is
moved through the turn toward the machine center in
steps and the phase width at each point measured.) A
phase history of the beam is then plotted from a radius
of about 15” to extraction, and any small adjustments of
the gradieat coil currents necessary to achieve iso-
chronism throughout this range are made with the aid of
fig. 3 using an iterative process. When the field is
isochronous, the absolute phase of the beam can be
shifted by a slight change of an inner gradient coil
until the beam rides at zero phase out to extraction.
Typically the field is trimmed to an accuracy of +4°,
but with care the deviations from 0° can be made less
than 2° over the range from 15" to extraction. Such
fine adjustments are made only after the centering
process is completed. :

The orbits are centered using the information sup-
plied by the turn pattern. If the amplitude 4 of the
radial oscillation is large, the central geometry must be
corrected. The tower, puller, and the phase slit are all
moved along the dee gap in such a way as to keep the
same phase width and absolute phase. By taking turn
patterns at a number of positions, the phase of the
radial oscillation can be made to shift by 180° and an
optimum position can be determined. It is not neces-
sary to adjust the geometry precisely since fine control
of the centering process is afforded by the harmonic
coils. Once an acceptable tower position has been
located, a series of turn patterns is taken as a function
of harmonic coil amplitude and azimuth. A wide
variation in centering can be attained with these coils.
With the centroid of the beam current centered, the
phase of the turn-width modulation is adjusted to
minimize the turn width at the septum. Since the turns
are focused at any given azimuth twice per normal
precessional period and since the period is typically
40-50 turns, changing the number of turns by 12 at the
most is sufficient to minimize the width of the last few
turns. This change is most simply accomplished with a
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Fig. 19. Turn patterns for an 11 MeV deuteron beam. The top pattern is typical of an uncentered beam. The lower pattern demon-

strates turn-width modulation. The middle pattern demonstrates the effect on t idth modulati

of the divergence slit focated at

a radius of 16”. A radial oscillation of small amplitude between 30" and 357 is still evident in the middle pattern. Top, middle and
lower pattern are referred to in the text as a, b, and ¢, respectively.

slight change of the dee voltage. These last adjustments
are easily made with the beam gated at, say, f/6. By
stopping the phase probe TAC at the gating frequency,
beam from different turns striking the same object may
be distinguished. When the y-rays produced by the
extracted beam striking the centerline probe all arrive
at the same rf period, single-turn extraction has been
achieved. The phase probe, of course, also monitors
the beam during the tuning process and detects beam
striking anywhere other than the centerline probe,
such as the dee lips, indicating vertical blow-up. It is
also useful in following the beam down the extractor
channel as. the deflector voltage is raised and in ad-
justing the channel position.

Three typical turn patterns (current density vs radius)
for an 11 MeV deuteron beam are shown in fig. 19. As
described in section 5.1, for a centered beam the areas
under each turn should be equal and the spacing
between turns decrease as 1/R, as in fig. 19b. Fig. 19a
is typical of an uncentered beam. The normal turn

pacing is modulated at a period cor ding to the
precessional frequency w,, and where the amplitude
of the radial oscillation becomes large, the individual
turns overlap to produce a “bump” like that at a
radius of 31”. While the pattern of fig. 19b represents a
reasonably well centered beam since -the individual
turns are distinguishable throughout the pattern, a
small radial oscillation exists as is indicated by the

pression and expansion in sp at 31” and 33",
respectively. The modulation of the turn width, evident
in fig. 19c, has been limited in fig. 19b by the divergence
slit located at a radius of 16”. The slit is particularly

useful during the tuning process since, as discussed
earlier, the turn width modulation can obscure
information about the turn spacing. The effect of the
harmonic coils on the beam is demonstrated by the
four short patterns of fig. 20.

Additional information is contained in the differ-
ential current For the area
under each turn will remain constant if no ions are lost
to the beam. (It will, in fact, decrease slightly with
radius when the range of particles becomes comparable
to the wire radius.) The height of a bump is a direct
measure of the number of overlapping turns, and the
variation in R4AR with radius is a sensitive measure of
centering. The effective dee voltage can be calibrated

o° ,«w’h’l‘ﬂr\\/‘,’ 8

90° ~ -~
180° \a\(—\‘f
270°

30"

Fig. 20. Four turn patterns. demonstrating the effect of the har-
monic coil phase.
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from the turn spacing since

P2
v=264x10"" A (R2_RY), a3

2aN
where 1 is the number of turns between radii R, and R,,
4 is the atomic mass, N is the charge state, fis in MHz,
and R is in inches. If the ions ride at zero phase
between R, and R., then V is the dee voltage in kV.
Because the adiabatic damping is small, the minimum
turn width should be w = s+ r, where s is the width of
the phase slit (or the divergence slit), and or=
R(1- cos 0)%, Any additional increase would normally
indicate a modulation in the dee voltage, rf frequency,
or the magnetic field.

5.8. Stapwiry

The of high-r ion charged-parti-
cle spectmscopy on the one hand and high-resolution
ti f-flight on the other, set definite
but diﬂ‘erent requirements on the stability of the dee
vol(age, frequency, and magnetic field. Time of flight

q ingle-turn ' while “high-resolution
measummems require a fixed source position'®) and an
energy stability of 1:10%. As will be evident from the
discussion below, the stability in energy requires the
dee voltage to be stable to the order of 1:10* and the rf
frequency and magnetic field to 1:4x 10%,

The stability requirement imposed by single-turn
extraction can be obitained from the equation for the
energy at extraction (assuming centered orbits);
namely, it is the sum of the energy gains on all of the
nturns on the way to the septum,

n
= Y 2qVcos(6), (14)
i=1

where 0; is the phase on the ith turn, ¢ is the ion charge,
and ¥ is the dee voltage. The only variables on the
right-hand side are the dee voltage and the phase. The
phase will reflect any fluctuations in either the magnetic
field or the frequency.

A fractional change in the dee voltage, 4V/V, will
be reflected directly in the energy of the nth turn, that
is .

4E, _4v
E, vV’
The fractional change in E, due toa fluctuation in the

magnehc field (or the frequency) can be obtained as
. Consider a small change 4B in the magnetic

ficld B. Since

it follows that

Thus the change in B causes a change in the phase on
each turn. (A change 4f/f in the rf frequency f would
have exactly the same kind of effect as 4B/B) If 4B is
small and 0, = 0°, then the energy after » turns can be
written

E,+A4E, = Y 2qVcos(2ri 4B/B)
=1

Y 2gV[1—4(2ni 4B/BY].
i=1
The series can be summed to yield
E,+4E, = 2qV[n—4n(n+1)(2n+1) 22*(4B/B)*].

Without the fluctuation, £, = 2¢gVn; thus the fractional
change in the energy after n turns can be identified in
terms of 4B as

at,
Ell

The sensitivity of E, to dee voltage or field fluctuations
can be esti d. If an ion ordinarily takes » turns to
receive its final energy, then it will require n+1 turns
if the dee voltage drops by a fractional amount 1/n.
That is

= —4(n+1)2n+1)22*(4B/B)*. (15)

To obtain the fractional change in B or f required to
produce the same effect, set 4E,/E, equal to 1/n in
eq. (15). The result is

TAf _4B ( 3 )*~1_
f B 26 n(m+D)@n+1)) T nin

Thus the energy of the nth turn is more sensitive to
changes in B than in V. However, this is not enough
information to- set the limits on the stability. The
requirements for single-turn-extraction are that it not
be possible to get parts of two different turns extracted

" and onto the target. For a reasonably centered beam

the condition required to allow extraction is simply that
the beam clear the inside of the septum on one turn
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and be outside it on the next. It should be noted. here
then that the energy spread accepted by the extraction
channel is only limited by the turn spacing: That
spacing is determined by the dee voltage and the phase
and final energy of theions.

Consider an-ion which just misses the inside of the
septum on the nth turn and is-extracted on the (n+1)th
turn. If the energy of the sth turn increases enough to
cause the radius to increase by the thickness of the
septum, the ion will be extracted one turn earlier. Thus
the stability limit for single-turn extraction is given by
by the fluctuation which will cause thls radial change in
the nth turn. Since Ecc R?

4R _14E
R 2E

The septum radius is about 90cm and the septum
thickness is of the order of 0.030 cm; 4R/R must then
be less than 1/3000 and 4E/E less than 1/1500. These
criteria were found for the special case where the nth
turn just missed the septum. If the turn consisted only
of ions of the same phase and if the radial extent of the
beam due to the ion source emittance were negligible,
then the average stability requirements would not be
this stringent. In practice, however, the turn width
due to phase and emittance effects is often comparable
to the turn spacing, so that the sensitivity to fluctuations
is maximized and well represented by the limiting case
discussed above. For example, for a beam that makes
200 turns to extraction, the energy change between the
200th and 201th turns is 1/200. If the phase width is
6° and the absolute phase is only 2° off zero, then the
energy spread in one turn will be 0.75/200. Thus the
radial spread will be three-fourths of the turn spacing.

If the energy variation is to be kept to 1/1500,
the dee voltage must be stable to 1/1500. Then, from eq.
(15), assuming 200 turns, 4f]f must be less than about
1/3000. This is not the case for 4B/B. Because the
radius is a function of both £ and B, a change in B will
affect the radius of the sth turn in two ways. For
example, if the beam is initially riding at zero phase,
then an increase or a decrease in B will cause a decrease
in E, and therefore in the radius. But the radius
associated with any given energy will increase in the

The change, 4R,,.in R, induced by a change in B
can be computed using
[2m(E,— AE)}*

a(Bx4B)

R,+4R, =

If n is 200 and the magnitude of AB/B is taken as
1/3000, then 4R,/R, is 1/1500 if 4B is positive and
virtually zero if 4B is negative. Thus the two effects
are comparable in magnitude. Since they add under
certain conditions, the effective limit on 4B/B is
1/6000, a factor of two more stringent than the limit
on 4fJf.

It is noted here :hat when the cyclotron is being
used for a charged-particle experiment al. ions that
enter the extracticn channel will be available for
processing on the basis of their energy alone regardless
of the number of turns made inside the cyclotron. Since
the resolving power is typicaily 1/10%, to optimize the
intensity of the beam on target, it is desirable to hold
the energy to this tolerance. Thus from the discussion
above, the requirements on 4V/V and 4f]f (or 4B/B)
are 1/10* and 1/4 x 10*, respectively (assuming r = 200).

Stability measurements. The rf frequency may easily
be held to <1/10°. The stability of the dee voltage and
the magnetic field may be divided into two time do-
mains, short. (<230 ms) and long. Long-term instability
is due mainly to drifts in reference voltages or to
thermal effects, such as expansion or contraction of the
dee structure and resonator. It has been measured ina
variety of ways. In one, the A fferential current probe
is positioned on the slope of « single, well defined turn
near extraction, and the fluctuations in the ratio of
current to the differential probe to the total current
is measured for long periods. This method is capable
of measuring variations in the dee voltage and/or the
magnetic field to 1/10%. In a second method, the same
in principle as the first, the current probe is positioned
just at the extraction radius so that half the current of
a single turn is intercepted on the centerline probe
and half on the septum. The time variation of the ratio
of prompt y-rays produced at these places is also a
measure of the stability of the dee voltage and/or

tic field. The results of such measurements are

first case and decrease in the second. A g the ions
are initially at zero phase, the change in energy 4E, of
the nth turn for a particular 4B/B can be found from
eq. (15) for a given value of E,, n, and 4B/B. The radius
of the nth turn is

@2mE)*

R, =
gqB

consistent with a long-term stability in the dee voltage

of 1/10%, in the magnetic field of a few parts in 10°,

and an iriensity of the order of | %. It was by such

that fluc due to the stepping

motor in the dee tuning system and the cycling of the
cooling tower water were discovered.

Still another measure of the long-term stability
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comes from the measurement of the phase and phase
width, With the ion source gated, say, at f/6, the
centerline probe is adjusted in radius near extraction
to intercept only the leading part (in radius) of a given
turn. If the field is accurately isochronous and if the
beam is at 0°, those ions in a narrow phase width (x 2°)
at 0° will be intercepted. The remaining ions consisting
of both leading and lagging phase make one additional
turn before striking the probe. The time distribution
observed with the phase probe, therefore, is that
plotted in fig. 21, which is a plot from the multict

deflector power supply. Ground loop pick-up in the
time reference signal obtained from -the dee voltage
causzd a modulation in the flight times measured by the
phase probe. Ripple in the output of the regulated dc
extractor voltage can change the trajectory of the ions
through the extractor channel and thus the arrival time
of the beam on target. This modulation has since been
reduced to less than 0.03%. The sensitivity of the
diagnostic probes to modulation was <alibrated by
injecting into the dee voltage, ion souice and deflector

analyzer. This is couvincing evidence  of narrow
pulses of ions stable in phase and radius.

Short-term stability, particularly effects correlated
with the 60 Hz line frequency, were also investigated
using the phase probe. With the beam gated- at the
source and intercepted on the centerline probe at some
radius as described above, the prompt y-rays detected
by the phase probe indicate the fraction of the beam
striking the probe in one turn or the next. This time-of-
Right spectrum is stored in a two-dimensional array in
coincidence with a signal generated by a 60 Hz ramp.
If the beam is being swept from turn to turn by a
fluctuation synchronized with 60 Hz (or 120 Hz or
360 Hz), then the magnitude and frequency of the
effect can be observed directly in an isometric display
of the data. The sensitivity of the technique is related
to the absolute phase and the phase width of the beam,
as discussed above. With this technique, a malfunction
in the dee-voltage regulation system of '1/10° was
discovered. Regulation now is better than 1/10% The
frequency stability of the master oscillator is rated at
1/10%, while the magnetic field is stable to less than
1/10%, Results from the .two-parameter diagnostic
set-up are consistent with these values.

After the correction was made to the dee-voltage
regulator, the time width, the intensity, and the gating
efficiency of the extracted beam were found to be modu-
la|ed at frequencies of 60 Hz, 120 Hz, and 360 Hz; the

ity was also dulated at a freq of the
order of 700 kHz. The 700 kHz component has been
attributed to oscillations of the plasma within the ion
source, and while they result in some loss of intensity,
they do not appear to afect the beam quality, which
suggests space-charge. effects are not significant.. The
60 Hz related modulations were more serious in that
the beam intensity was modulated as much as 100%
with a 50% duty cycle and in addition increased the
time width of the time-of-flight beam pulse by as much
as I ns.

The modulation was traced to two sources, 60 Hz

pick-up in the time reference signal and ripple in the

1 a 100 Hz modulation of known amplitude
and observing the results with the phase probe in a
two-dimensional count-rate versus time spectrum. This
technique provided a convenient diagnostic tool to
sort out which systems were responsible for the time
modulations on the external beam.

6. External ion-optics

The floor plan of the cyclotron facility is shown in
fig. 22. The beam aftcr extraction from the cyclotron
can be directed to either the high or low resolution
beam lines by switching on or off magnet FM1. The
instrumentation for measuring the emittance of the
extracted beam, the snooper Ef and wire scanning
probe E2, are located as shown on the plan. The
quadrupole doublet QI is used only with the low-
resolution line.

6.1. THE HIGH-RESOLUTION LINE

Designed primarily for charged-particle spectroscopy
with a resolving power E/AE = 8 x 10°, the basic design
and constructional details of the beam preparation
system and reaction-products analysis ‘system have
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Fig. 21, The time distribution of a pulse of 20 MeV 3He* ions

striking the centerline probe. Those near 0° if phase exténd to

targer radius and arc intercepted by ‘the probe on one turn;

the remaining ions must make one additional turn to reach the
radius of the probe.
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Fig. 22. Floor plan of the cyclotron facility. Not shown are the (¢, xny) and charged-particle stations following the switching magnet
M2. The neutron detectors are normally located at the end of the tunnel in the lower right-hand corner of the figure.

been described in detail previously').

The beam preparation system consists of two out-
side “C* magnets, FM 1 and FM2, each of wedge angle
110°, n=14, and 200 cm radius of curvature. These
parameters result in equal image and object distances of
350 cm and a dispersion at 40 MeV of 10 keV/mm for
each magnet and: therefore 5keV/mm for the two
magnets in series. The useful aperture is 2 high by 61"
wide and results in a solid angle of 4x 107# sr. The
vertical acceptance angle is 0.65°, and the radial
acceptance angle is 2.1°. Each magnet contains 26 t of
steel, 57001bs of copper, and requires 7.5x10%
ampere-turns to provide a field of 8000 G.

The power supply (35kW) for each magnet is a
three-phase reactor-controlled unit rated for 135V at
260 A. The magnetic field regulator is similar to that
of the main magnet; the current and magnetic field are
held constant by one regulator loop while the voltage
drop across a series transistor panel is held within the

proper range by a reactor driver. The current sensor is a
water-cooled constantan shunt which produces 5 V for.
a current of 260 A. The current signal provides for
short-term regulation while long-term feedback ‘is
obtained from an NMR device. The sensor signals ars
summed with a stable Zener reference at the input of
an amplifier with a dc gain of 150 dB and a bandwidth
of 0.00% Hz. The regulator drives the series transistor
panel consisting of 30 parallel 2N173 transistors. The
panel is designed to operate at an average voltage drop
of 9V or power dissipation of 2.4 kW. The short-term
stability is measured by observing the ripple voltage
across the magnet. The main contribution is 40 mV
of 60 Hz which produces a field variation of less than
1:10% The long-term stability is determined by the
NMR device and is better than 1:10°,

The reaction-products analysis system consists of
three 180°, n =% magnets of radii of curvature 133 cm
(AM1, AM2, AM3). The principal parameters are:
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image and object distance =93 cm, solid angle
=4x107*sr, dispersion = 15 keV/mm per magnet at
40 MeV or 5 keV/mm for the three in series. Each
magnet weights 33t and the system of three can be
rotated in angle about an axis through the target from
~10° to +180° with respect to the direction of the
beam on ihe target, maintaining the axis of rotation
fixed to better than 0.002". The ion-optics are described
in detail in ref, 1,

The power supplies and regulators for each of the
three magnets are similar to those of the focusing
magnets except the supplies are rated for 120V at

400 A. The shunts p 5 Vat400 A and
the transistor panels consist of 45 parallel 2N173
transi The feedback and refe voltage are

summex at the input of a high-gain two-stage amplifier.
The amplifiers have a dc gain of 150 dB and an initial
breakpoint at 0.001 Hz. At 8 Hz the response is leveled
out to 76 dB until a final breakpoint at 50 kHz. This
gives a larger gain at higher frequencies and results in
an improved response to linc-voltagc transients. The
stabllny of the magnetic fields is again better than

1:10%,

Questions of source emittance and line s1ape, line
shape and resolution, determination of imag‘ surfaces
and abcrratlons. nsoluuon and brightness, dispersion

tlation cor detecturs, mo-
mentum matching, calibration and precision Q-value
measurements have been discussed in detail previ-
ously?:20),

Typical currents to the scattering chamber are
75-100 nA per E/AF = 10* for singly ionized ions and
40-50 nA for doubly ionized, As described in ref, 19.an
additional factor of ten in intensity can be obtained
without loss in resolution using dispersion cancellation.

6.2. THE LOW-RESOLUTION LINE

Designed for neutron time-of-flight measurements,
a variety of charged-particle measurements such as
(2, xn), (a, ), lifetime measurements, and for the low-
resolution study of heavy-ion induced reactions, the
ion-optical system has a resolving power of E/4E = 10,
The details of the ion-optics and the time-of-flight
spectrometer are described elsewhere'®). Typical cur-
rents are | uA of singly ionized ions for E/4E=10%. By
relaxing the single-turn extraction requirement and
accepting a larger energy spread, beams up to 5 pA
have been obtained.

The beam line incorporates five magnets. The two
quadrupole doublets (Q1 and Q2) and two of the three
dipole magnets (M1 and M2) were purchased from
Alpha Scientific (model no. 3014 and 3021 quadrupoles

and modei no. 3095CB dipoles). Each is powered with
regulated supplies furnished by Alpha Scientific, and
the two dipole magnets are field-stabilized by an NMR
also supplied by Alpha Scientific.

The neutron target magnet (M3) was constructed
originally as an inside “C” uniform field 90° reaction
products analyzer for use with the 50” cyclotren. It
has been converted to an outside “C” for use with the
neutron time-of-flight system. The target is moved in
azimuth through the gap to change the scattering angle
between the incident beam and the detectors (D) at the
end of the neutron tunnel. The slits NS1 and NS2 are
adjusted horizontally to match the target position.

The magnet is powered by a reactor-controlled,
series-regulated supply similar to those in the high-

lution line. The amplifier is chopper-
stabilized with a dc gain of 140 dB. Because the stability
requirement is only 1:10*, no magnetic field sensor is
used in the feedback path.

Over the years many people have coniributed to
bringing the cyclotron facility to its present state. A
number of students, former and present, have contrib-
uted hours of tiime o tedious jobs, such as field
measurements. We would par!icularly thank A. S.
one-dee conﬁguranon and D. A. Lewis for his assistance
in the orbit studies effort. The laboratory owes a
tremendous debt to W. E. Downer who, with the
assistance of. J. Koenig, M. W. Prince, D. Schleede,
and A. V. Smith, has been responsible for all the
mechanical, constructional, and i
of the facility. Their efforts have exceeded the norm
by far.
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