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ABSTRACT
The new ‘seCtor—focﬁsed'cyclotrons have more energetic and better
" focused bearns at the extra;ction radius than do ordinary éyciotrons. While
“the firét characteristic requires a more intense electric field, thle:second
befmits this' field to exteﬁd over a smaller volume. By tailoring the electrode
geometry to these characteristics of the béaml, the requiréd deflector gap and
eie’ctrode surface become’'smaller, and a higher gradiént can be held without
spérking. A different compromise between radioactivity, power dissipation,
and resistance to spark 'damage must be made in selecﬁng elgctfode'materials.
Carefully designed electrostatic deflectors'perform very well in sector—.focused
cyclotron's of intermediate energy. befl_ector efficiencies of about 50% and
external-beam intensities of 20 A have been obtained in the Lawrence Labéra-

‘tory’s 88-Inch Cyclotron.
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ELECTRICAL DESIGN OF ELECTROSTATIC DELFECTORS
FOR SECTOR-FOCUSED CYCLOTRONS™

Bob H. Smith and Hermann A. Grunder
Lawrence Radiation Laboratory
University of California

Berkeley, California

‘March 25, 1963 .

INTRODUCTION

Because of the advance of the art of magnet design and improvements
in the regul'atibn of the electrical parameters of the machine, the beam of the
sector,-focﬁsed cyclotron is more stablé and better focusedAthan it was in the
.conventional cyclotrons. The higher energy of these new machines requires
a higher. electrical gradient than the older type, but it is not prohibitivel‘y high
and simply r‘equirés the same considerations as the other parts of the machine.
We have béen able to extract the particles that need almost the highest gradient,
50-MeV protons, from the 88-Inch Cyclotron.

The key to deflector design is thé art of taiioring the electrodes to the
geometry of the beam. For the 88—Inch'Cyc‘lotron the highest gradient re-
.q'ﬁired is 150 kV pef cm. At extraction radius the ‘he’ight of the beam of useful
particles is about 0.25 in. The reqﬁired deflector gap at the entrance is |
éoverned by the radial oscillations of the beam. Further down, the defleétqr
gap is determined by the requirement of accommodating the different trajec-
tories of the various beams. To provide a gradient of 150 kV per cm at the
entrance, we need a gap of about 0.25 in. and a vbltage of 95 kV. This condition

should be provided with as much sparking margin as possible.
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There is extensive literature on vacuum sparking, but'so far as the
mechanism of spark initiation is concerned, the researchers do not yet appear
" to be in agreement.l—‘} In 1952 and 1953 a sparking study was made at
Lawrence Radiation Laboratory under the direction of E. 'Lofgren.ﬁ This study
revealed much information that is particﬁlarly applicable to the sparking '
problems associated with particle accelerators. The group directly involved
with the experiments included: H. Heard, W. Kilpatrick, W. Chup’p, E. Lauer,
P. Byerly and a supporting staff. The sparking tests were performed using |
dc and rf at 14 Mc with and without a magnetic field. |

For the 14-Mc test,, Heard and C‘hﬁpp used a cyclotron maénet and a
quarter'—wa.ve resonator and ‘oscillator.s The osaillator 'coxild cielii/er more
than 1 MW of f power The gap was about 5-3/4 in. U51ng this equlpment
Chupp and Heard found that the rnagnetlc field increased the spark’ damage to
the e'lectrode surfaces very markedly. By baking in the electrodes without
the magnetic field and observing the. voltage at the flrst spark with the fleld
they found that the magnetic field did not reduce the voltage that the gap would
hold, but after many sparks the increased gradient caused by the spark craters
in the electrode surfaces reduced the voltage that the gap would hold. Therg
seemed to be a critical magpetic'field‘. for each material beyond which the
spark damage was severe and below which the spark damage v;as negligible.
The critical fields ranged from 4 to 15 kG. Tl;xis suggests that during the bake -
in process of a deflector th;are may be an advanfage in reducing the magheii’c
field to a sufficiently low value so that the spark.damage is negligible, but sfill

with ‘sufficient field to confine the 'discharge paths to the surfaces that spark

under cyclotron operations.
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Chupp and Heard measured the breakdown voltage and gradient for a

number of gaps and confirmed the VE relationship: that for equal probability

of sparking with given materials, the product of gap voltage and cathode gradient

is a constant. They tested many materials for spark damage and for voltage-
hqlding ability in the presence of the magne’gic field. The voltage versus
electrode-gap curves for these materials, with the VE relationship assumed
to be constant, are shown in Figs. 1 and 2.

So far as spérk damage is copcerned,4 stainless steel, inconel, molyb-
denum, K-monel, titanium, and nickel seem to be comp_arabie and were the
best ma{terials.bl-‘/ Copper,‘ tantalum, and aluminum we};e intermediate.
Silver showed the most severe spark damage. Carbon appeared to resist spark
damage well, but would not remain baked out. Heard and Chupp claim that
after baking out carbon electrodes and turning the voltégé off for eve_n:'a féw )
minutes, the whole bake-in process had to start over again. The spark dust
of‘K—monel apd nickel was found t..o be magnetic. That from' stainless steel
énd the other materials tested was not.

A similar sct of tests were pe:rfoi'med without a magnectic ﬁeld,éusing
dc on the electrodes. The VE relationship'was checked from 0.2 to 5.0 m.rn'
in these tests. Overall, the VE relationship has been checked experimentally
and. found to be valid from O‘.Z rnrnAto at least 8.5 cm.

An interesting bit of inforrriation applicable to sector-focused cyclotron
deflectors is 'the effect of the electrical-energy storage on the voitage to which
the gap will bake in.6 In a particular gap with a ,total capacitance 'of 24 pkF,
Heard found that the breakdown voltage was 10 kV after reaching equilibrium.
Then, when a 0.0125-pF.'capacitor was added across the gap, the electrodes

baked-in to 60 kV, a six-fold increase. Adding a 0.5-pF capacitor across the
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Fig. 1. Direct-current breakdown voltage vs gap for the most im-
portant high-voltage-electrode materials, with no magnetic field,

a mercury-pumped vacuum of 10-7 mm

Hg, and a 0.0125- pF

capacitor across the gap. Electrode materials tested include:

1. invar : 11.
2. 316 stainless steel
3. manganese steel 12.
4. general plating alloy No. 720. 13,
- 5, case-hardened steel , 14.
: (R, = 60 to 65) ‘ 15.
6. 0.00I-in. chrome-plated 16.
copper baked at . 500°C - 17,
7. inconel 18.
8. 32% nickel steel - . 19.
9. Hastalloy 8 : 20.
10. nickel - - 21,

22. silver
Data are taken from Heard, 5 who used

unbaked 0.001-in.
chrome-plated copper

hot-rolled steel .
~ETP copper

Cu-P alloy

tantalum

2 S aluminum

lead

vacuum-fused copper

75 ST-6 aluminum

anodic carbon

spectrographic carbon

2-in. -diam hemispherically

capped cylinders under ideal sparking conditions.
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Fig. 2. Breakdown voltage vs gap in a strong magnetic field for the
most important high-voltage electrode materials: -

1. titanium h, duraluminum HR-SO plus

2. stainless steel nickel '

3. inconel 7. tantalum and DHP-copper

4., OHFC-copper and (Rockwell 890)
molybdenum , 8. .silver

5. ETP-copper and K-monel 9. carbon

10. DHP-copper (Rockwell 826)
The electrodes are the end of a \/4 line. The energy is 10 joules
at 106V and a frequency of 14 Mc. The field is 15 kG for inconel,
tantalum, copper, molybdenum, nickel, carbon, K-monel, and
stainless 316; for other metals it is 8 kG. The oil-pumped vacuum
is 10-® mm Hg untrapped and 5%10-7 mm Hg trapg d. These
curves were obtained from the relationship V_= KD 72 using the
coefficients determined by Chupp and Heard. 5 Because of the
magnetic field, the conditions are more like those in'a cyclotron,
except that the ''cleanliness'' of the system was far better than one
ordinarily can obtain in an operating machine.
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gap reduced the breakdown voltage to 5 kV after a period of sparking. There '
seems to be an'optimum value for the gap capacitance. Observing the spark
craters Heard found that the low-capacitance gap formed small but sharply
pitted craters. When the gap capacitance was increased, the size of the spark
craters increased but the sharp points were melted off so that the electric field
was lower. Then, with a very large amount of capacitance across the:gap
much more severe craters were formed. From this, one must conclude that
the bake-in process is essentially a surface-heating process, and so the
energy in the sparks play; an important role in the ultifa'ate‘voltage a pair of
electrodes will hold. Thus, in a sector-focused cyclotron the deflector power
supply should permit control of the spark current.

‘Heard and Lauer8 studied the dark current that flox;vs across the gap at
vol‘tage_s.téo low to-cause a spark. The copper anode of a dc gap was B,ornbarded‘
in the 60-in. c'yclotron to form copper-64 which was used as a radioactive
tracer to find whether or not anode material was transported across the gap by
the '"dark current" eveﬁ though no sparks occurred. The experiment was \.x_/e.H
instrumented with a photomultiplier, counting équipment, and X-ray detectors
to be sure that no sparks occurred during the test. The sensitivity was suffi—
cient to detect the presence Q_f sparks which were not visibl.e. They found that
ver& large quantities of anode material are transported acrosé the gai), even
though no spa;king occurs. After 1 day of ope‘rAation, the increasgd weight of
the cathode could be easily .determined because of the presence of the anode
materiai.' As much as one atom of copper for every two electrons of dark
current was transported across the gap. However, -they were able to show that

evaporation, not the electric field directly, transported most of the material



-8- UCRL-10654

to the cathode. No material is transported in the absence of the electric field;
so, the dark current must be responsible for the anode evaporation.

The significance of this, with respect to sector-focused-cyclotron
deflectors, is that where the anode surface has to be of a different material
than the cathode, the anode material will appear on the ::athode. Thus, if
the anode material will not hold as much voltage as the cathode matérial, the
gap may hold less voltage thaﬁ would otherwise be expected.

To study this dark current further, f—Ieard4 completély rebuilt the
v.acuum system, sandblasting all surfaces, and replacing all vacuum seals.
with metal gaskets, thereby eliminating all orga.mic compounds. I\/I-erclury was
used as the pumping fluid in the diffusion pumps. When he 'chec’:kedtthe dark
current he found that it was more than three orders of maénitude lower than
it had béen in ;che oil-pumped vacuum system. Then, in order to pursue this

~result further, he froze some of the diffusion-pump oil in liquid nitrogen and
put it in the mercury-pumped vacuum system. The dark current remained at
the same low value as before. Then he melted the diffusion-pump oil and the
dark current increased the three orders of magnitude and became the same as
it was with the oil-pumped- system; thus showing that the high dark current is
truly a result of the diffusiop—pur'np.oil. Heard concluded that the source of
the high dark current in the presence of the oil vapor is a reSL'J;].t of cérbon
appearing at ’ghe eélectrode surfaces when the oil hydrocarbon is decompésed by
the intense electric field. |

It appears that the dark-current drain of the deflector in sector-focused
cyclotrons could be reduced if the hydroéarbéns were eliminated. from the
cyclotron vacuum system. In most cases this is not practical.

Next, Heard built a Miiller field-emission microscope so that he could

observe the nature of the electron emission.6 He found that it originated from
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a multitude of small p'oints, probably spicules, which increase the gradient
locally.

Estimates of the gradient by T. J. Lewis indicate that the emission
which oécﬁrs at macroscopic gradients of lO3 to 105 V/cm is not quite field
emission in thelordinary sense but, instead, is reall'y Schotky emission.

He cl_aims_that the known dimensions of surface spicules do not account for
sufficienf field magnification to produce the current predicted by the Nordheim-
Fowler gquatio_n. Heard eAstima.tes that the current densities associa‘;ed with
the emission from the spicules is sufficiently high to heat the surface and
provide thermionic emission at the field corresponding to spark initiation.
| ‘Using a traveling-wave oscilloscope with é sweep speed.of 10 nsec/cm,
Héérd.l.o photographed the initiation and spark buildup procéss. These pictures
afé» 4rem.a;;-kable. He observed that there is a slow risé in current foll:owirig
.thAe initiatiqn which precedes the main spark current buildup. The amount of
ti.rne between initiation and the large spark current buildup depends on the
' anode-toféathode spacing. It seems cle'ar .that the spark is initiated by a
source of electrons, but does not build up until positively charged particles
from fhé anode reach the cathode. |
‘Hearc_l measured the breakdown voltage as a function of the number of
sparks. for a laArge number of materials.é He found that all of .fhem baked.in
in a similar fashion except 316 stainless steel, which required about ten times
as many ‘sparks to reach thé ultimate breakdown voltage. It takes about 30
sparks per cmz. to bake in high-voltage-electrode surfaces. Since it takes
about a’ second for the vacuum to recover following a spark, the bake-in time

of an electrode is about 30 sec/cmz. ,
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Ir'l another series.of experiments, Heard and L:;uerll showed that
small particles, such as dust or the granular particles produced by a spark,
which fall into a high-voltage field can initiate sparking.

Another material for electrodes, which has been used recently hy
. J. Murray, is glass.l,2 These electrodes hold much higher voltages in practical
vacuum systems than ordinary materials do because of a different mechanism
for preventing spark initiation. 'I'he glass cathode has a suffuici.enf.ly high
specific electrical resistance so that the voltage drops through the glass in the
v%cinity of an emitting spicule and limits the emission current. With these .
electrodes,A Murray has been able to produce electric fields in accelerator- -
type operation which are comparable to those in fhe sparking te'sts..

"Glass electrodes have been used veryusuccess‘fully'in experimental.
equipme.r}t for the Bevatron where the beam power is iﬁsﬁfficient to .px;-oduce
serious heating. It seems improbable that glass electrodes would stand the
beém power densities that we ha\}e near the input end of the d_eflecto-r' of a
'fsector—focused cyclotron, but they might cbnceivably be applicable downstream

‘where the beam can be stopped only at grazing incidence.

A TEST-MODEL DEFLECTOR
We decided to build a test-model deflector to thgin de"sign dafa for a
final deflector for the 88-Inch Cyclotro’n. (Fig. :3.). It'was built ingxpensively
“without water cooling or po'sitioning controls.
To procged with this experiment we needed a sparking hypothesis upon
which to base the design factors. to be tested. We adopted the following spark-
ing hypothesis: The deflector high-voltage ‘electrode contains innumerable:

electron-emitting spots each of which serves as the cathode for a vacuum
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ZN-3710

Fig. 3. Test-model deflector as first installed. It was uncooled and
without a positioning mechanism except for set-screw adjustments.
The ground electrode was part of the original deflector and had
cooling and positional adjustments so that the gap could be varied
for the tests.
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spark. These cathodes consist of such things as foreign contaminating mate-
rial, spicules, and the gradient magnifying edges of the crystals of the electrode
material. If we assume gradient magnification, the ground electrode of the
deflector ‘provides sufficient gradient at the cathode spots to produce some
field emission. The dimensions of the cathode at this stage are so small that
this field emission (though a very small current) involves a sufficiently high
current density to heat the cathode to thermionic emission temperature.
Perhaps the slow current buildup in Heard's photograph is a result of the
thermionic heating of the cathode.10 Thus, the emission current increases
with the electric gradient at the cathode. The electrons follow the magnetic
field lines until they reach the spark anode. The power density her.e is thus
proportional to the total voltage and the electron current density. When the
power dénsity is sufficient to vaporize the anode, a gaseous discharge occurs
which we call a spark.

In the design of an electrostatic deflector for a cyclotron, we believe
that the high-voltage electrode should have the minimum possible surfacearea.
This minimizes the amount of sparking required to bake out the cathode spots
and reduces the amount of electrode contamination by foreign material from
dee sparks or vaporized material.

Since the beam height of the 88-Inch Cyclotron at extraction radius is
no more than'l/4 in., we decided to provide a uselul electric deflecting field
with a height of 1/2 in. 'This allows a margin for misalignment of the detlector
electrodes and possible displacement of the median plane. The required width
of the electric field is determined by the necessity of accommodating incoher-
ent radial oscillations and the change of orbit shape due to the change in flutter

of the machine. The required radial extent of the electric field is not yet
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known precisely, but seems to be between 0.1 and 0.4 in.

The minimum radius of curvature of the high-voltage electrode should
be large enough to preVent appreciable field-gradient magnification. In
practice, the minimum radius should be no less than about half a gap.

The cross-sectional dimensions of the high-voltage electrode determined
from these considerations are shown in Fig. 4. The high-voltage electrode was
fabricated and cantilevered from the high-voltage bushing.

The first tests of this configuration showed that at smaller gaps the
electrode did not hold the gradient that would be expected from the VE relation-
ship. Observation revealed the explanation. At the smaller gaps the electrode
vibrated like a tuning fork in a tuning-fork oscillator.

The mechanism of oscillation is rather interesting. The forces driving
the electrode were electrostatic; the device that providved the pulsating force
was the dark current. As the deflector bar was displaced toward the ground
electrbde, the dark current increased; this drained charge from the electrode,
;‘educing the potential and the force, and permitting it to return to its neutrql
position. Its inertia carried it in the opposite direction and its compliance
returned it again to the smaller gap where the dark current drained off further
charge. The oscillation built up; the energy coming‘from the electric field,
until the gap was so small t}‘lat it sparked.

To pursue this from another point of view, one can think of the emission
of dark current as being analogous to the emission current in a vacuum tube.
The change in this current by the electrode displacement is analogous to the
change of the space current in a vacuum tube by the potential of the grid. Thus,
a slight change in position of the electrode makes an enormous change in dark

current, just as a slight change in potential on the grid of a vacuum tube
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Fig. 4. Critical dimensions of the test-model deflector. The tungsten
spark anodes were installed during the latter part of the tests.
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provides a larg‘e change in space current within the vacuum tube. . Next, one
can draw the electromechanical equivalent circuit of the system, using.a
transformer for the conversion from mechanical to electrical units as shown
in Fig. 5. Through the force-voltage analogy, velocity becémes analogous to
current, The velocity is integrated by the cémpliance, producing a voltage
that is proportional to the electrode displacement. Thus, the potential across
the compliance corresponds to the grid potential of our vacuum tube. Using
this technique, one can draw an electromechanical equivalent circuit.13 The
circuit reduces to that of a Colpitts oscillator, as shown in Fig. 5. The
buildup of oscillation was observed on the voltage of the deflector with an
oscilloscope (Fig. 6).

To prevent this electromechanical oscillétion, a pair of insulators
were installed to support the high-voltage electrode (Fig. 7). The deflector
was now baked in for deflector spacings of 0.2, 0.3, and 0.4 in. The break-
down voltage followed the VE curve, as shown in Fig. 8.

For this test we built a deflector power supply designed specifically to
give us control of the bake-in process in the hopes of improving the deflector
voltage. The power supply, described in reference 14, consists basically of
a six-stage Cockcroft—Walto.n rectifier built from silicon diodes and operating
at 110 kc. It stores very little energy--only 2.5 joules at 120 ka. It is
driven by a vacuum-tube oscillator which has a;"crowbar” on the screen grid
so that the flow of power to the deflector can be cut off within a few micro-
seconds following a spark. We found that, by making the crowbar current
control available to the operator, the amount of energy in each spark can be
optimized and a higher VE number can be obtained. With this control, the

intensity of the sparks can be varied through a wide range--from invisibility

to heavy arcs.
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Fig. 5. Mechanical-vibrational schematic of the deflector, and
equivalent circuits for the system. (a) Test-model deflector
having vibrational nodes similar to a tuning fork. The vibrational
system can be simplificd to an cquivalent mass and compliance,
and a mechanical schematic (b) can be drawn. By means of the
force-voltage electromechanical analogy, an equivalent electrical
circuit (c) can be drawn. The deflector dark current can be
simulated by the anode current in a vacuum tube. The change in
dark current with electrode displacement is analogous to the change
in anode current with grid potential of a vacuum tube. The grid
potential is proportional to the displacement of the electrode, which
is proportional to the integral of the velocity of the compliance.
Simplifying this circuit by the techniques of network analysis the
system reduces to that of a Colpitts oscillator.
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ZN=-3711

Fig. 6. Buildup of electromechanical oscillation observed on the
deflector voltage input of the deflector regulator. The sweep speed
is 100 msec/cm. The period is 50 msec corresponding to a vi-
brational frequency of 20 cps.
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ZN=3709

Fig. 7. Support insulator which prevented electromechanical vibration.
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Fig. 8. Voltage-vs-gap curves for the different tests of the test-model
deflector. Curve 1 was taken before insulators were installed and
electromechanical oscillation occurred, resulting in
VE = 1.23 X 104(kV)2/cm; curve 2 was obtained with insulator
supports which prevented electromechanical oscillation, crowbar
was set at 0.4 A, resulting in VE = 1.47 X 104(kV)2/cm; in curve
3, the crowbar was adjusted to optimize voltage, resulting in
VE - 1.88 X 104(kV)2/cm;. curve-4 conditions are the same as for
curve 3 except tungsten anodes were used, resulting in
VE = 2.27 X 104(kV)2/cm. Points greater than 110 kV may have
been limited by parasitic oscillation in the power supply.
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Another technique which proved helpful is the use of spark anodes.
According to our sparking hypothesis, a spark occurs when the power dénsity
at the anode in the initiating electrons is sufficient to vaporize the anode
material. If one uses an anode material that vaporizes at a higher power
‘ density, it should be possiblé fo hold a higHer voltage. We decided to try
tungsten for this purpose to see if any improvement could be achieved. In the
previous4 tests the anode for the sparks was either the K-monel base plate or
the inconel céhopies, or, over part of the deflector, the copper liner of the
vacuum tank. None of thése, of course, are high-temperatu;re materials.

All that we had available for this experiment was some 2- by 8-in. sheets of
15-mil tungsten. They were installed with the edges overlapped so that only
the tungsten would be exposed to the sparks. Before this test the best VE
number that the deflector had held was 1.93X10% (&kV)%/cm. With the tungsten
anodes, the VE number increased to 2.25X lO4 (kV)Z/cm: an increase of 17%
in VE number. In addition, we found that the tungsten anode; resisted spark
damage better than other materials.

Another series of tests was désig’ned to see the efllect of deflectlor
capacitance on VE number. Heard's sparking test had shown thgt there was
an optimum capacitance for a spark gap. Also, he had found that, for a given
amount of electrical energy,l the spark damage was very much increased if
there was a magnetic field present. However,'l his tests of breakdown voltage
versus gap ca;pacitance were conducted without a magnetic field. ATherefonr.‘e
it seemed likely that the optimum deflector capac':itance would be less thanAhe
found in his tests. Owur first test was made before we had the crowbar co_ntroi
available to the operator and bvefore we had tungsten anodes. T.o find out if a

lower capacitance would improve the VE number, we installed a resistor in
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the vacuum system near the hAigh-voltag'e electrode, so that we could isolate
the capacitance of the system from the deflecto,rAelect'rode... (It can be shown
that the energy in the capacitange on the power supply side of the resistdr does
not flow into the spark, but is dissipated in the resistor.) We found no aﬁpre-
~ ciable diffe'.rence. |

Up to now, the crowbar controi was set at 0.4 A (its. range is 0.1 to
1.0 A) and was fernotely located. Next, it was made available to the operator;
we repealed the measurements, optimizing’lthe crowbar current for each case.
We found that we could cofnpensate for deflector capacitance-; at lower capac-
itance wé could crowbar at higher spark currenfs, and v_i_c_:g _v_eﬁ.. Then, tk-Le'
VE number showed no significant dei)endence updﬁ capacitance from 67 tb
580 pF, which was the maximum available range (see Table L. ).

Wé'checked the VE number for dependence upoﬁ the magnetic field for
the entire range of magnet currents of the 88-Inch-Cyclotron--167 to 2500 A.
There was no significant change ih VE number. We opfimized the crowbar
éurren;c settiné for each point.

From these tests we can conciude the following in regard té deflector
. design: (a) The electric field should be matched to the.cross—sevctional dlmen-—
sions of fhe beam so that the amour:1t of high-voltage surfac'e can be kept to a
mirﬁmum. (b)- The deflector power supply should be des.igned.'to prov'ide control
of the amount of heat in the sparks. (c) The high-vqltage elecfrod‘é must be '
rigidly rn.ount‘ed to prevent the formation of electromechanical oscillé.tioﬁ.
(d) Tung.sten spark anodes should be employed. (e) Deflector capacitance
should be kept reasonably low, but with tungsten spark anodes and spark _currén't
controi from the power supply, at least 600 pF of defleétor cap;‘icitance can be

tolerated without loss of VE number. (f) A VE number of at least " .
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. Table I. Deflector voltage for various settings of crowbar current
deflector gap, and deflector capacitance.

Deflector Deflector ~ Deflector Crowbar VE number
capacitance voltage gap current 4 2
(pF) o kV) - __(in.) (4) o [107(kV)"/cm]

A. Spark anodes: a combination of inconel,
stainless steel, K-monel, and copper.

67 111.5 0.3 0.400 1.63
g2 . 99 0.2  0.425 1.53
112 67 0.1 0.425 1.7
134 113 0.35 0.280 1.43
138 108 0.3 0.400 1.53
143 90 - 0.25 0.250 1.28
288 108 - 0.3 '0.300 1.53
293 103 - 0.25 0.300 1.67
300 99 ’ 0.2 0.300 . 1.93 -
568 100 0.3 0.250 1.31
573 98 0.25 0.200 1.51
580 93 . 0.2 0.200 1.71
’ ' Rms VE = 1.57
B. Tungsten spja,rlr. anodes.
138 117 0.3 0.475 1.80
143 110 0.25 0.400 1.91
150 o107 0.2 0.300 2.25
568 110 0.3 0.400 1.59
573 109 0.25 0.400 1.87
580 | 99 0.2 0.350 1.93
Rms VE'= 1.9
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2.25X 104 (kV)Z/cm can be held; a reasonable désign value would be about

1.5X 104 (kV)z/c.rn-. (g) Tha..t a deflector is limited by sparking phenomena and’
not from an extraneous cause can be tested simply by a log-log piot of'the
voltage.versus gap to see that it follows a VE line. -

To be sure that ﬁothing was overlooked, we decided to put a small
amount of beam through the test-model deflector. The amount had to be small
because of the absence of water cooling and a positioning mechanism for align-
ment with the beam.. .

First, we.put-a 65-MeV alpha beam through it. This is the beam for
which we best know the characteristics. It required a higher than hormai
gradient, indicating that the deflectof was aligned at too steep a‘n angle with
respect to the internal orbits. Scaling the gradient requiréd for the alpha
beam to 'SO-MeV protons indicated tha;c about 200 kV/crﬁ would be requi'red at
the deflector entrance. Then we retuned the machine for 50-MeV protons--
the beam which in this cyclotron requires almost the highest g.radient for
extraction. We moved the ground—electr'odé structure, which is part of the
original deflector and is equipped with a"positioning mechanism, until the
deflector gap at the entrance was 0.15 in. and at the exit was 0.25 in. With
these gaps, the deflector held in eéxcess of 80 kV, whic;h was sufficient to
prO\;ide the required gradients. The extracted beam maximize;d at a deflector
voltage of 76 kV. This was only a small beam—‘;0.25 MA--but it was sufficient
to confirm that the gradienté in the deflectcr were proper for its extraction.

Next', we decided to see whether carbon s¢ptums could be used for the
cyclofron. "We were particularly interested in carbon because of its short
half-lives and lo.w activity. First, we performed sparking tests withqut a beam

and found that where no sparking occurred to the carbon, we could obtain a VE
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number of 1.7X lO-4

. This is about 75% of what we had with metal septums.
This number is really rather meaningless; it simply implies that the stray
carbon dust was sufficiently small to contaminate the high-voltage electrode
by this amount. Next, we accelerated a 32-MeV deuteron heam and extracted
.a few microamperes. When we increased f:he beam current, the carbon,
evaporated from the septum, contaminated the high—voltgge electrode, and very
little voltage could be held. By sparking the electrode, it appeared possible to
clean up the contamination, but it wa's an irﬂpracticably slow process. Next, -
we decided to find out how much bear;u power a carbon .septum would stand. We
moved the septum in several inches so that the radiated heat would not damage
the deflector. A 500-pA beam of 32;MeV deuterons did not 'desfroy the carbon
septum. It did thoroughly contaminate the high-voltage eléctrode and insulators
though. .‘ |

From these tests we conclude that, unless a solution appears to the
carbon contamination problem, metal septums will be required for the high-
energy beams. When one considers that sector-focused cyclotrons are capal?le
of producing internal beams in excess of 50 kW, it is apparent that the septum

is apt to be the limitation for some time. Further study of the septum problem

'is being planned in Berkeley.

A PROPOSED DEFLECTOR DESIGN
The next problem tolconsider' in the design of an electrostafcic deflector
is contouring the electrodes _tb the trajectory of the beam (see Fig. 9). First,
there is the problem of the beam entry into the deflector. This can be divided
into two parts: the turn separation and the incoherent beam oscillatipns. The

turn separation is important because it determines the thickness and, hence,
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the thermal conductivity of the septum. The incoherent beam oscillations
determine the size of the entrance gap required, hence, the maximum gradient
that may be held without sparking.

The separation between turns is determined by the vbltage gain per turn
_and the coherent radial betatron oscillation. of the beam. Upon entering the
deflector, the beam should be moved radially in a relatively short azimuth in
order to provide clearance between the internal orbits and the downstream -
sections of the deflector. Every effort should be made to tailor this first section
tightly to the beam so that the gap will be as small as possibie and the gradient
as high as péssible. This section should probab'ly be restzjicted to about 30
azimuthal degrees. A, Garren has c‘omputed trajectories thfou'gh the deflector
and four;d that tl'.le beam dispersion‘in this first section is s'mall. 15 If it con-
tains poéitional ;djustrnents and gap adjustments, the 'eiectrodes can b'é aligned
quite closely with the beam, and the deflector gap can be made quite small.
If the second set of electrodes starts at the center of a hill of the magnet
pole and has an independent set of positiona‘l adjustments, the chénge in ra‘dil..ls
of curvature of the trajectory with change in magunetic field can best bc accom-
modated. The electrical-gradient r.equirements are not as stringent in this
section of the deflector, and different beams may be accommodated without
gap .adjustmen.t. The second section accepts the beam which héts been separated
from the orbii;s by the first section and aims it into the third secti'on of the
deflector. This section may not require either gap or positional adjustment if
the flexibility of the second gection is sufficient.

Garren's trajectory calculations show that practically all beam dispersion
occurs in the third section of the déflector; it shouln.i be contoured appropriately.

Upon léaving the third section of the deflector, all beam trajectories have the
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same target:-—the center of the exit beam pipe of thé cyclofr;ﬁ.

Each of the three ground electrodes should be insulatéd; so that any
" intercepted Beam current can be monitored by the operator'as an :ziid in align-
ing the deflector electrodes to the beam trajectory. Of coufse, this three-
_'secfcor deflector is only one of several poss.ibilities. It may provid:e more
flexibility than is needed to accommodate all of the possi_blé beams of the
88-Inch Cyclotron. At least it is a convenient way of illus‘;rating the design
considerations of the Ad.iHcrent parts of the deflector.

It is not clear tb us why, in practical accelerators, we cann;t hold
VE humlsers as high as is routinely done by those doiﬂg research oﬁ sparking.
" It seems probable that the difference'has to do with the diffe‘renc':e in experi-
mental technique. Heard dcscribes his efforts at electrodeA cleanlinesg in
each of h.is papers.  In reference 5, for example, he stétes ”Previc'ms '1l:o this
run, the entire V'écuum casing and‘ traps were sandblasted, inside and outside,
and washed in flowing cp acetone g.nd'cp ethyl alcohol (95%); all gaskets in the
v‘.acuum system section of this unit were .rnalde of commercial 40-60 sbldér the
ends of which had been fused togetlher'.‘ Ihsullators were coupled to the system
with lead-en.cased gum rubber gaskets. Electrodes and holders were carefuily
wéshed with '"Dreft' (a household 'spap) and water,‘ distilled water, chromic
aéid made from 37 Ncp sulphuric écid, and finally rinsed in dis."ci.lled water,
cp‘ acetone, and cp ethyl alcohol. Parts were assembled immediately with
gféase-free tools and paper‘towels; none of the parts lwere touched with bare
hands during ass_embly.l A t).r'pical base pressure for the system vs)a's of the
order-of 1 to 3X 10_7 mm Hg on an untrappéd Westinghouse 5966 ionization
gauge. The lowest 'pressu‘re recorded on the trapped gauge was 8 X10 ~ mm Hg.

This cléarly represents a much higher degree of cleanliness than was
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practical il"l the 88-Inch Cyclotron. ~So far as our vacuum sAystem_ is concerned,
the'cleanliness represents the state of equilibrium of é cyclotrqn which has
been in operation for lit'tle more than a year. Accessible sqrfaces were cleaned
with a vacuum cle.aner and solvent-impregnated rags. The deflector-electrode
configuration was sufficiently complicated $o that it could not be installed and
aligned to the accuracy neceésary if handiing were restricted by the use o.f
papér towels. Also, the radiation level of the.ground‘ electrode was sufficiently
high that personnei exposure had to be kept to a minimgm. .During the ‘sparki,ng
test, the trapped vacﬁum g'auges indicated a pressure of about IS.X 10-6 mm Hg.

Another fac?tor which affected our experimental technique was the f;LCL
that the deflectpr power supply was of a new type and was being‘debugggd
concurréntly with the deflector tests. The power supply's modulator would
frequenﬂy break into a parasitic oscillation at'deflector' voltages between '1 10
aﬁd 120 kV. Oft;en, when the sparking was within this range, we could not
determine whether the sparks wefe caused by deflector-gap breakdown or by
a sudden‘par#sitic-induced change in defl;ac'tor voltage. Belov%z 110 kV, the
p.oints wére unquestiqnably valid. Al;'-;o,j the power supply had an upper limit.
of 120 kV, sO that some of the gaps were limited by the poWer 'su'p.p;ly rather
than by sparking voltage at this point. |

AA techniqu;a us'ed routinely at the 88-Inch Cyclotron, which works very
well for cleaning the higl'l-voltage surfaces, isicalled "ion scrubbing. " |
Hydrogen is lét into the vacuum tank until the pressure becomes 2‘(_)0 to 300 p.
Sixty-cyéle power is applied directly to tiie deflector electrode through a
480-'>\/'Atransfor1_’rvler and a curlre'ntélimiting resistc;r. .']éhis forms a g}ow
discharge which surroﬁnds the deflector. A discharge current of about 100 mA

is maintained for about an hour. The theory is that the hydrogen reduces thc
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oxides on the electrode surface. ''Ion scrubbing,' typically, reduces the

deflector dark current by a factor of five or so.

CONCLUSION

The techniques employed in thg test;model deflector were sufficient to
produce a VE number of 2.25X 104 (kV)Z/crn.. In order to provide an adequate
margin for day-to-day operation, a design value of 1.5X 104 should be used
(Fig. 1U). 'The presence of the beam did not reduce the VE number of the
deflector when a tungsten septum was used; with a carbon septum we managed
to hold a VE number about three-quarters as high as with a metal s.eptum,
pro.vided no beam was present. With a beam, carbon is eva’poréted and
contaminates the high-voltage electrode. With an intense Bearn, one caneasily
evaporaté enough carbon from the septurﬁ, to reduce thé deflector's VE
. number to 25% of its normal value. This requireAs letting the machine's
vacuum down to air and cleaning the deflector and insulators with solvents.

Iﬁ spite of carbon’s terrible contaminati(?n Hazard, its virtues--short half-
lives, low activity, and ability to withstand very considerable amounts of
power--are sufficient to keep alive our hope that some day we may find a wa'y :
to use it successfully.

The septum appears to be the component of the se}ctor-f"ocused cyclotron
most in need o‘f'research and development. At‘present, it limits (l')ur output’
beam power to only a few kiiowatts. On the other hand, when we compare our
external beams with those of conventional cyclotrons of the past, the progress
. is impressive. Our experimenters report an order of magnitude r.nore analyzed
beam current and an order of magnitude better energy resolution in their

scattering chambers than they had with the older cyclotrons.




-30- UCRL-10654

400 1 | I I I D I B

— — —
£
o 250
~
>
4
~ 150
e
.2
©
(=}
o 100
s 8
-
. - -
o
I .
o
> I N N SRR RO S A |
0.1 0.2 03 04 06 0.8 |0
Gap (in)
MU.30068
Fig. .10. Recommended design voltage and gradient vs gap for sector—

focused cyclotron deflectors based upon VE = 1.5 X 104 (kV) /cm.

Circles represent voltages and triangles represent gradients ob-
tained experimentally,



-31- ' : UCRL-10654

ACKNOWLEDGMENTS

" A great deal of credit for the success of this project is due to Mr. Ralph
Peters, who did the mechanical design of the test-model deflector. Messers
Arthur Hartwig and John Mengghetti supervised the fabrication and installation
~of the parts of this deflector in theAc'yclotro-r;.A Mr. Kenneth Mirk coordinated
.the. efforts of the Mechanical group and solved many of the problems that
showed up alung the way. Mr. Kenneth Ehlers contribu‘;ed greatly to our under-
standing of the significance of the properties of high-temperature eiectrode
materials and discharge mechanisms. Messers Warren Dexvte‘r and Horace
Warnock engineered the systems on the deflector. power supply ana'did the
administrative work necessary for installation of the system and procurement
of the special components. Messers Phillip Flr‘azier and Roger Regier did
most of the bench-checking of the individual chas'sis of the deflector pdwer
syslem. The Eléctronic Maintenance crew under Mr. James Burke kept the
deflector power supply opera.‘r.in_g, so that the deflector tests c‘ould be performed
W.hile the deflector power supply was being 'debugged. 4 The Cyclotron operating
crev;', under the direction of Mr. Rob-ert' Cox, performed the -defléctor tests
patiently, and their astute observations and éuggestions heipe'd us solve the
‘various problems as they apbearedﬂ “

This work was done undex: the auspices of the U. S. Atomic Energy -

Commission.




10.

11.

12.

13.

-32- ' UCRL-10654

REFERENCES
J. G. Trump and R. J. Van de Graaff, J. Appl. phyg.- 18, 327 (1947).
L. Cranberg, J. Appl. Phys. 23, 518 (1952).
WwW. W, ‘Dolan,‘ W. P. Dyke, and K.’J. Tr.olan, Phyé. Rev. _9_1, 10A5‘4 (1953).
Harry G. Heard, DC Drain and Break(iown Phenomena for Ur.lo-uAtg‘;ssAed »

Metals, Lawrence Radiation Laboratdofy Report UCRL-1697, March 1952,

. W. W. Chupp and H. G. Heard, Spark Damage and High Voltage Breakdown

of Metals in Vacuum- at 14 Mc, Lawrence Radiatioh‘Laboratory Report
UCRL-1962, Sept. 24, 1952.

Harry G. Heard, Electron Loading and High Voltage Sparking of Metals in

- Vacuum, Lawrence Radiation Laboratory Re'port UCRL.-2252, Juhe 29, 1953..

P. R. Byerly, Jr., W. W. Chupp, and H. G. Heard, Spar'k.Damage and

" High Voltage Breakdown of Metals in Vacuum at 14 Mc, Lawrence

Radiation Laboratory Report UCRLi-2053, Deécember 15, 1952.

H. G. Heara and E. J. Lauer, Transfer of Anode Metal in DC Non-Spafking
Discharges in High Vacuum, Lawrepcé'Radiation Laboratory RepAort
UCRL-1622, Jan. 22, 1952, |

T. J. Lewis, J. Appl. Phys. 26, 1405 (1955).

H. G. Heard, Formative Tinie_ Delay of High Vacuum Spérks, Lawfenc.e
Radiation Laboratory Report UGRL-2251, Nov. 6, 1953.

H. G. Heard and E. J. Lauer, Particle Initiated High Vacuum Sparks,
La\yrence Radiation LaBoratOry Report UCRL-2051, March 16, 1953.

J. J. Murray, Glass Cathodes in Vacuum Insulated High Voltage Systéms,
Lawrence Radiation Laboratory Report UCRL-9506, Sept. 12, 1960. '
w. P. Mason; Electromechanical Transducers and Wave Filters‘, (D. Van

Nostrand Co., New York, 1942), p. 194.



14.

15.

-33- ' " UCRL-10654

B. H. Smith, Regulated Silicon Power Supply for Sector-Focused Cyclotron

‘Deflectors, Lawrence Radiation Laboratory Report UCRL-10655, March

25, 1963.

Alper A. Garren, Lawrence Radiation Laboratory, private communication.



This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
rcport, or that the use vl any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation,. apparatus, method, or process disclosed in
this report. .

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





