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Introduction

The 88-inech eyelotron deflector is an electrostatie channel which extends 108°
azimithally. The ground electrode is pivoted 72° downstream from the channel entrance.
The high-voltage electrode, negatively charged, is in two parts which form the
entrance and exit channels (see Fig. 1 of paper I-2, p. 8)s The voltage is supplied
by two reetified RF power supplies., Detailed information about the deflector and its
power supplies is given in ref, 1, 2 and 3.

The channel entrance is located near the beginning of a hill; therefore, the
deflector has to be adjusted to the orbit shape, which changes with the flutter
(Fig. 1). The mactical consequence of this adjustment to the orbit shape is that at
half energy only the entrance channel is effective, No voltage is usually applied to
the exit channel at this energy. At full energy, however, both channels will be

needed for deflection, We have chosen a septum shape that matches the particle orbits

at full magnetic field, believing that the 003 T Y

deflection at lower magnetic field levels is

sufficiently easier to justify this choice. ‘%ooz_ (@

For particles with a charge-to-mass ratio of 3

1/2 or smaller there is no problem with

deflection at lower field levels, Protons o Hé'd (kG)|1° e e
of 60 MeV have the same stiffness (Bp) as % o

alphas of the same total energy, yet they » 1oe23 Stope=0T33

have only one charge. Hence, twice the § o} Equilbrium orbit 16 kG _
gradient is required for comparable deflec- 5 ael Eqlbtum olt (246 ]
tion, Computer caloulations with the CYBOUT § JOil i
code'’, however, indicate that protons of z ool " i
60 MeV are not more diffiecult to extraect 5 ol ® i
than full-energy alphas (130 MeV), The ob- gs_—‘::_ :‘
gerved gradients and deflection efficiencies : 3 sb-;r ‘g;év

: . . Je————Emrance chonnel ——efe—Exit chonnel —|
are in good agreement with predicted behavior *
Fig. 1 (a) Flutter (F?) versus magnetic field.

(b) Deviation of equilibrium orbit at 39 in. from
of the beam as far as we can check (Table I), o 1 omones 11010,

(*) Work done under the auspices of the U,S. Atomiec Energy Commission,

¢*)0n leave of absence from the Nobel Institue of Physies, Stockholm, Sweden.
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Table I

Comparison between calculated and actual deflection properties of

88~inch cyeclotron

Energy at full Assumed Calculated Observed
radius and type of] Radial Dee  Max, Channel | Dee max, Channel
particle amplitude Voltage gradient transpa-|Voltage gradient {ranspa-
rency rency
inch kv kV/cm % N} kV/cm %
65 MeV «
(33 Nev d,
33MeV H,*) 0.13 36 93 64 50 80~-100 50-60
130 MeV «
(65 Nev 4,
65 MeV H,*) 0.13 70 153 56 - - -
)
50 MeV p 0.13 70 153 30 65 170 5
* With test-deflector, high~voltage electrode not adjustable, With the same
deflector the 65 MeV o channel transparency was 10%.

The Deflector and Septum

The deflector is made of Inconel, which has a good resistance to sparking, with
a typical cross section as shown in Fig. 2. The entrance and exit high-voltage sections
are each supported by movable arms whieh allow changes in channel shapez). Operating
experience and the tests*’ show that the large surface presented by these structures
are a hindrance to voltage-holding capability. It has also been found that 80% of the
beam at the channel entrance is contained within a 1/8 in, height, Consequently a
revised design is planned, which will reduce the channel height and minimize the high~
voltage surfaces,

The best septum shape we have used so far is a tapered slot having the cross
section shown in Fige 3. The initial tapered part is provided to distribute and absorb
the power of the vertically blown up beam; whereas the small slot distributes the power
of the extractable beam., OCbviously a good alignment is essential, We achieved a
closely uniform heat distribution along the slot observed with the telescope.

For the selection of material for the septum, there are several criteria :

(a) ability to hold voltage with the beam impinging upon it, (b) ability to dissipate
heat without excessive erosion and (c¢) low residual activity. Three materials have
been tried : graphite, tantalum, and tungsten,

Graphite is good in regard to heat dissipation., For very short times, up to 15 kW

was dissipated in a simple slotted graphite septum of 0,03 in. thickness (Fig. 3)e
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Fig. 2 Deflector cross sections and septum shapes of the 88-inch cyclotron.

~ We hope eventually to have a septum that will stand 30 kW, Graphite is also very good

from the standpoint of residual activity, However, it is very poor in regard to
holding voltage. Apparently, when the beam strikes the septum, the graphite evaporates
and contaminates the high-voltage electrode. A beam power of less than 1 kW reduces
the voltage the deflector can hold to 60% of that attainable with no beams

Tantalum works moderately well at low beam levels, The beam slowly cuts a slot
in the septum. This could be tolerated if the droplets formed did not prevent the
deflector from holding suffeiently high voltage.

From the overall standpoint, tungsten is the best material tried so far. It is

poor in regard to residual activity and, because of this, septa of tungsten will
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require special handling devices.

Practical Deflection
In order to deflect a beam, we choose a radius for the leading edge of the

gseptum (point 1 in Fig.1 of paper I-2, p. 8). This radius is usually arrived at by
computer caleculations, For instance, for 65 MeV a, 39.3 in. is our preferred radius.
At this radius, the 65 MeV o beam ahs the following properties.

= 0,88 (calculated)

0.60 (calculated)

0.25 * 0.15 in, (estimated)

0.3 * 0,2 in, (estimated)

Turn separation for 50 kV on dee : ARso = 0.07 in. (calculated)

Phase width : A% = 80 * 10 deg (measured).

Radial betatron frequency @

A~
e ]
[

Vertical betatron frequency :

o

Incoherent radial amplitude :

=)
e
"

Coherent radial amplitude :

The next step is to move point 3 of the deflector radially in or out until the
beam hits the septum tangentially, The glow of the beam along the septum is observed
with a telescopes The high-voltage electrode is then positioned to ensure a large
gradient, With the exit deflector wide open, point 4 is moved until a small amount
of deflected beam is detected with the target probe. As soon as the first measurable
beam is obtained, the deflection becomes easy.

The beam is maximized by readjusting points 2, 3 and 4, the deflector voltage,
the first-harmonic coils, the dee voltage and frequency., For the measurement of the
external beam we use the so-called five-finger probe (Fige 1 of paper I-2, p, 8). The
five vertical fingers are insulated, and give a fair impression of the beam width and
its intensity distribution,

The principal objeet in working with the extracted beam ahs been to make the
extraction efficiency ar large as possible, To make this concept precise, we define
extraction efficiency as the ratio of the extracted-beam intensity, measured external-
ly to the cyclotron, to the internal beam intensity measured at 30 in, radius, In
working with a beam of 65 MeV o particles, a reproducible extraction efficiency of
about 40% has been achieved., However, the channel transparency, which is the ratio of
beam leaving the deflector to beam reaching the deflector, is about 50% These figures
represent what the machine can deliver during several hours of operation, with only the
normal attention of an operator, For a short period, with careful tunings, a maximum
efficiency of 53% has been recorded, with a channel transparency of 63%.

The particles that are not extracted can be grouped into three categories :

(a) those which acquire vertical amplitudes large enough to strike the inside of the
dee, (b) those which lag or lead in phase enough to be decelerated, and (o) those
which strike the deflector, With the 65 MeV a beam, about 20% of the intensity is lost

by the first two mechanisms,

)

Defining slits are provided in the center region of the 88-~inch cyclotron®’, They

¢lip the beam at the second or third turn, At the time when we had a large loss close
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Fig. 3 Erosion on (a) graphite and (b) tantalum septa.
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to full radius due to phase loss and vertical blowup, the defining slites increased
the deflection efficieney by clipping that part of the particles, which would other-
wise be losts We have now learned to avoid most of the phase loss at nearly full
radius by using first~harmonic coils; hence, the defining slits mainly reduce the
internal beam,

In the beginning we deflected the beam without using first~harmonic coils. The
best beam quality should be expected with a well-centered beam; therefore, we tried
to center the beam by changing the center region parameters. These center region
parameters are : (a) ion source radial position, (b) ion source azimuthal position,
(e) ion source rotation, (d) puller position north-south, and (e) puller position
east-west, If there are negligible magnetic-field distortions it should be possible
to center the beam by varying these center region parameters and the dee voltage and
frequency,

By measuring the deflected beam versus dee voltage, we observed distinet peaks
of external beam (Fig, 4). We suspect that these peaks are connected with the
precession of radial betatron oscillations, Whether the beam is centered or merely
has a favorable angle for deflection at the peaks has not been shown. However, there
are indications that coherent oscillations ease the deflection, and it seems likely

that the peaks correspond to a favorable amount of coherent oscillations,
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Fige 4 External beam versus dee voltage with and without use of first-harmoniec coils.
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The number of precessions P required to achieve full radius is given by

P= g (<v, >=-1), (1)

r
where E is the particle energy, € the average energy gain per turn, and < Vp > the
average radial betatron frequency. Sinee e¢ is proportional to dee voltage V, the
change in dee voltage AV required to increase P by one is seen to be approximately
Ve

E( < v, > - 1) * (@

AV s =

The intervals between the peaks of Fig. 5 are in good agreement with Eq. (2). The
machine was initially tuned for 51,5 kV, which means the external beam had been
maximized with center region parameters and frequency for this dee voltage,

Measurement of only the external beam current is somewhat misleading, because
with inereasing dee voltage, the internal beam increases for the same center region
geometry., Therefore we studied the deflection efficiency as a function of center
region geometryS) and dee voltage.

We chose five different source positions with five corresponding puller positions.
The source moved only radially and the puller was moved only north-south., By
experimenting we convinced ourselves that the deflection efficiency was rather insensi-
tive with respect to the east-west motion of the puller, and therefore made no attempt
to correct the east-west position of the puller as the ion source was moved radially.

The defining slits were not used in this study, and the deflector position
remained unchanged, optimized for ion source position 0.9 in. (Fige 5)s With respect
to dee voltage, frequency, and deflector voltage, small tuning changes were made to
conpensate for the drift of machine parameters. In all these tests, the frequency
was not adjusted more than 1 part in 10*, and the deflector voltage not more than 1
part in 102,

The deflection efficiency drops off remarkably fast as the ion source is dis-
placed. For 52 kV dee voltage, a radial motion of 0.15 in. is enough to reduce the
deflection efficiency by a factor of 2, It seems likely that one could regain part
of the lost efficiency by changing the deflector position. ‘e have not been able to
demonstrate this point so far,

That the peak of the deflection efficiency with increasing voltage shifts to
inereased radial position of the source reflects the energy gain in the first turn and
hence the centering of the beam,

The next attempt was to add the influence of first-harmonic coils (valley coils)
to maximize the deflection efficieney (Fige. 6). Again the channel position remained
unchanged. Naturally the skill of the operator enters into such an experiment to a
large extent, There are five valley coils with steps of 100 in azimth and a

continuous variation in current up to 200 As),

Two conclusions could be obtained, The majority of points indicate higher
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Fig. 5 Deflection efficiency versus ion source position in inches without use of first-harmonic coils.

deflection efficiencies with valley coils thant without, In addition, the ion source
pogition 1,0 in. gave rather promising deflection efficiencies, Therefore we decided
to use this ion source position with about 52 kV on the dee, and by further experiment~
ing we reached the quoted deflection efficiencies,

If valley coils are used as in the 65 MeV ¢ case7), the beam centering is
essentially unaffected. In fact the beam reaches larger radii on all three diagnostic

probes with the valley coils on than with the valley coils off. The reduction in beam
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Fig. 6 Deflection efficiency versus ion source position in inches with use of first-harmonic coils.

Therefore we believe that we brought

more extractable beam to the septum without appreciably inereasing the channel

transparency.

Emittance and Effective Sources

The emittance of the 88~inch eyclotron for 65 MeV a's has been measured, radially

as well as vertically, for beam currents between 2 and 20 uA continuous beam, and in

one case (vertically) for a pulsed beam with a current during the pulse of 450 upA

internal and 70 pA external.

CYC63B03

The emittance remained constant radially and vertically.
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¥e measured the radial emittance (Fig. 7(a))of 90% of the beam current to 50 mm mrad,
and a comparable vertical emittance (Fig. 7(b)) of 90 mm mrad. The accuracy of the

measurement is about + 20% This is in good

agreement with theoretical calculations made 16 — T —T—T T
by Garren, for the emittance immediately r RAGIAL ETTANCE i
- S50millimeter milliradians ]
after the deflector channel of 30 mm mrad N 90% of beam
(o o8 -
radially and 60 mm mrad vertically. The o RADIAL EMTTANCE }
measurements ignore any interaction between .

vertical and radial phase space, They also

give only the average phase space density, ”/ SOURCE WIDTH |8mm

dx/ds (mrod)

which is probably appreciably lower thant

—RADIAL EMITTANCE

MEASURED AT Si

ERROR: 2 Ol mrod
+0I5mm

1

that for the most dense spot.

The apparatus for measuring the
emittance (Fig.8)is a slotted graphite
plate, 81, positioned in the beam pipe.
This plate has 12 slots of 0,01 in, width,
An appropriate distance £ downstream, the

U S I L
30 25 20 15 10 5 o 5 10 15 20 25
X (mm)

Fig. 7a Radial emittance for 90 of 65 MeV alpha beam.

probe Pl with a narrow pickup finger

(0,01 in.) can be moved across the beam
radially or vertically. Our setup accepts
for radial measurements a maximum diverg-

ence of + 18 mrade

18— T T T
65 Meva

16 L VERTICAL EMITTANCE
90 milkimeter millivadions

The same measurements yield the virtual

source position and source width., Quite 4+ 90 % of beom !

consistently we have measured the virtual 12 (- 35

radial source to be 2 mm wide and pos- o gi

tioned 75 in, upstream of the physical °r omrrswmeci

pole edge of the first quadrupole. jt ] ERROR: +02mrod |
S8ince the vertical source is consider- ~ 2L SOURCE WIDTH / |

ably more extended, and the maximum E o o /

divergence smaller than in the radial plane, g-z /AT APPARENT SOURCE -

the apparatus had to be modified as shown in -4 7

Fige 8+ Quadrupole 1 was excited to :: :

2 kG/in, for the vertical measurements. The -0 ]

error was increased by about a factor of 2. -2 B

Fortunately this error can be tolerated -14 _

because the vertical emittance is about -le .

twice as large as the radial. The vertical -:: 2N L .

source position and width can be calculated 25 -20 -15 -0 -S zmm5 lo 15 20 25

from these measurements (Fig. 7(b)). Fig. 7b Vertical emittance for 90% of 65 MeV alpha heam.
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Fig. 8 Schematic view of emittance-measurement apparatus.

The effective source width was estimated tobe 7mm and its position approximately 50 in.
upstream of the physical pole edge of the first quadrupole. These measurements also

agree quite well with the theoretical predietions.,

Influence of Deflector Voltage Regulation on Optical Beam Quality
The 88-~inch deflector has two RF power suppliesz). The voltage is regulated to

2 parts in 103, Ve studied the deflection efficiency and the emittance as a function
of deflector voltage regulation, The deflector voltage was modulated with an external

signal,
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Three cases were studied :

(a) Unmodulated voltage * 0.1% voltage regulation,

(b) Modulated with * 0.5% voltage ripple of 100 ¢/s,

(e) Modulated with * 2% voltage ripple of 100 ¢/s.

Since our setup to measure the radial emittance accepts beam of a maximum radial
divergence of + 18 mrad only, the relevant number will be the fraction of the total
beam included in these emittance measurements.

The deflected beam at the target probe is very nearly the same in all three
cases, However, the beam width for the * 2% ripple is considerably larger (Fig. 9).

Since the radial emittance for different beam currents in all three measurements
is essentially the same, the primary effect has been to reduce the density in phase
space, The radial virtual source width and the channel transparency are less influenced

by poorly regulated deflector voltage.

DEFLECTOR VOLTAGE REGULATION

VOLTAGE REGULATION 1% +.5% (100 cps) +2.0% (I00 cps)

*
BEAM WIDTH AT TARGET PROBE

{beam direction info paper)
Fgee fig. | /\—_\

o 1 2 INGHES o 1 2 incmes o | 2 3 icmes

BEAM WIDTH AT P1*

*200 fig. |

€ 7
INCHES.

DEFLECTED BEAM
THROUGH DEFLEGTOR
MEASURED AT DEFLECTOR EXIT 13pA 40% 12.8lA 40% 2.3 }JA 38%

{(absolute and in % of beam m%radiul)

BEAM IN BEAMPIPE

0.8 A 27.2%
(absolute and in % of beam at 3 radius) 13 MA 40% 12.84A 40% »
BEAM AVAILABLE FOR
EMITTANCE MEASUREMENT {(P1) 12 JAA 93% 10 JA 7% 8 MA 65%
Kabsolute and in % of deflected beam}
RADIAL EMITTANGE 60 mm (milliradians) 60 mm (milliradians) 60 mm (milliradions)

Fig. 9 Radial beam quality versus deflector voltage regulation,
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Beam Handling

A general description of the beam-handling system has been given elsewheree).
A Layout of the present setup is shown in Fig. 10. The deflected beam is focused by
a quadrupole doublet Q4 and is direeted into a switching magnet MS which bends the
beam into any of several experiment caves. To reach the high-level cave (provided
for high-intensity bombardments), the beam has to be bent through an angle of 104°,
This is accomplished by means of the switching magnet MS and a 47° sector magnet MB.
This system has been arranged in such a way that the radial size of the beam at the
target is practically independent of the momentum dispersion caused by the bending
magnets, provided proper focusing conditions are used.

The beam entering cave 1 is analyzed at the slit S. In this case the focusing
is such that an intermediate radial image is formed between Q; and M,. The dispersion

3
caused by MS adds to the dispersion of the eyclotron fringe field if the virtual

source moves inward with energy, as discussed elsewhere’!a). A first-order calculation
of the momentum resolution obtained under these circumstances has been reported
previously in Ref, 8,

Cave 3 can be considered as a typical setup using nonanalyzed beam, The cave has

two experimental stations connected to the same beam pipe, The focusing conditions
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Fig. 10 Layout of eyelotron vault and experiment areas.
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used will depend upon the radial and vertical magnifications desired at these stations.

If the beam downstream from M, is made parallel both radially and vertically, the

S .
calculated magnifications at station 2 are 3.4 radially and 0,97 vertically., If the

beam is focused to produce an intermediate image at C (in both planes) the magnifica-
tions in the radial and vertical planes are increased to about 7.8 and 1.1 times,
regpectively. The first-mentioned case, therefore, is to be preferred if a radially
small beam spot is more important than a small convergence., At C an X-~Y collimator

can be used to collimate the beam both radially and vertically.
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DISCUSSION

BROBECK : I understood Lind to say that he ran with 90 kV on the deflector with 5 mm
clearance, which is 180 kV per em, whereas you were not able to reach 150 kV/cm. Can
you explain the difference?

GRUNDER : The deflector voltage follows the VE = k law, The gradient increases at
smaller apertures so what we really should compare is 90 x 90/0.5 kV?>/em and, in our
case, 75 X 75/0.55 kV3/em. Our problem is high capacity and high voltage surface.

ALLEN : We regularly operate at 100 kV with a gap of 3-4 mm; 100 kV is the limit of
our power supply. I am sure we could go to 25% higher, The secret is that you must
have graphite liners above and below your deflector assembly. We were never able to
obtain this without the graphite, We would never use a tungsten septum as your people
use, but one of graphite. I might suggest the use of pyro-graphite for the septum,

As you know it has the conductivity of copper in one directions.

TICKLE : Where is the septum located with respect to the v, = 1 resonance, and the
coupling resonance?

GRUNDER : It is about 1/2 in. outside v, = 1 and the coupling resonance.
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WIDEROE : Can you tell us a little bit more about valley coils? Do they extend over
the whole radius or only over a part of it? Are you shaping your field in the valley,
or are you simply erasing it?

GRUNDER : I'must refer you to the magnetic field measurement data which were reported
at last year s conference,

BLOSSER : Do you see any change or any coupling effects between vertical and radial
directions? Does the vertical extent change for instance as you go to different
positions in the radial plane?

GRUNDER : I have not observed any coupling effects but I am sure they are there. I
think that my measurements are still too crude. One should probably measure the
emittance not in a two~dimensional but in a four-dimensional phase space to see these
effects.
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