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ABSTRACT

A high gradient accelerating column has recently been installed in the ZGS pre-
accelerator. This operates at 750 kV across a single accelerating gap. Beam from
a duoplasmatron ion source is extracted from a 1/2'" diameter plasma expansion cup
by the field of the main accelerating gap. Thus lens aberration is minimized by com-

plete absence of lens elements except at the extraction surface and at the exitaperture
of the accelerating tube.

Beam currents of 375 mA have been obtained. Typical operation is with a
200-mA beamn pulse of 150-200 usec duration, for which the normalized emittance is
about 0.19 mrad/cm for 90% of the beam. Two electrostatic quadrupole triplets of
4" aperture focus the beam from the accelerating tube into the beam buncher, and a
maghnetic triplet is used for matching into the linac.

Introduction

Fven before the original accelerating column for the ZGS preaccelerator was
designed, consideration was given to the desirability of achieving rapid acceleration of
the ion beam in order to minimize the effects of radial space charge forces. Several
possible methods of establishing a high accelerating gradient were considered, none
of which at that time appeared to be practical. Consequently, a conventional low gra-
dient accelerating tube was designed for an ion beam of about 75-100 mA. It was
found that by increasing the preaccelerator current to about 125 or 150 mA, a larger
beam could be accelerated by the linac. However, it was discovered from emittance
studies of the preaccelerator beam, that the phase space area was much distorted, !
with evidence of serious lens aberrations. Since this fault could not readily be elimi-

nated, a new accelerating tube design was undertaken.

Design Considerations

The objectives in the design of the accelerating tube were: (1) rapid acceleration

of the ion beam, particularly in the low velocity region following extraction from the

*Work performed under the auspices of the U, 5. Atomic Energy Commission.
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ion source, in order fto minimize radial space charge force etffects; {2} minimization

of lens aberrations by elimination of lens elements in the acceleration region, insofar
as that might he feasible; (3} minimization of metallic surface areca exposed to thehigh
gradient field, particularly of the cathode surface from which electron emissionmight

occur; (4) choice of the most appropriate metal for the high field electrodes.

By planning for an average voltage gradient in the neighborhood of 100-12% kV /in,
it was expected thatl satisfactory ion extraction from the ion source would be obtain-
able by means of the field in the accelerating gap, and that it would not, therefore, be
necessary to use a separate extraction field with its probable aberration effects. [t
was also concluded from electrolytic tank measurements of the geometry planned,
that with an exit aperture diameter of the same order as the gap length, aberrations
in this region sheould not be serious. The only other place for aberration to occur is
at the plasma extraction surface which must, therefore, be established in such a way
as to minimize these effects. This would have to be done empirically by shaping the
extraction gecmetry and by controlling the plasma density by means of ion source pa-
rameters. Thus, the accelerating system would have only a single accelerating gap
and no controls exceptl for the accelerating gradient, which would be f{ixed by the gap

length,

Description of the High Gradient Column

A drawing of the column assembly is shown in Fig. 1. The external pressure
vessel of dielectric (General Electric "Herkolite) is 40" i.d., 42" o.d., and 60"
long in the field region. It is capable of pressurization to 50 psiG with an insulating
gas to prevent voltage hreakdown across the ceramic sections of the accelerating
tube. Since it is possible to operate without internal arcing with Ny at pressures of
35-40 psiG, it has been unnecessary to use SF or any other gas additives. In fact,
the column has been operated at 750-800 kV with only 20 psiG of Ny and with only oc-

casional arcing in the pressurized region.

Shield rings, both inside and outside the pressure cylinder, define equipotential
surfaves whose potentials are established by a water resistor which spirals around the
cylinder between the two sets of external shield rings. The gaps between the external
shield rings will each withstand approximately 150 kV de¢. External arcing will there-
fore be initiated only by voltage transients resulting from disturbances in the vacuum
region of the accelerating tube.  In such cases, single or multiple gap external arcing

may occur.
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The Accelerating Tube

The accelerating tube is supported, under an axial compression loading of
50, 000 Ibs, at the middle of the pressure vessel between two reentrant stainless
steel cone sections, as shown in Fig. 1. A more detailed cross section of the tube
design appears in Fig. 2. The vacuum envelope comprises six cylindrical sections of
85% alumina ceramic, each 18" i.d., 20" o.d., and 5" long. These are bonded with
epoxy to stainless steel rings upon which the internal electrodes and shields are sup-
ported. The intermediate shields function solely to protect the ceramic surfaces
from ions and sputtered metal. The reentrant cone secticns, supported from the two
end rings, define the single accelerating gap whose length may be changed by means
of the moveable cylinder which carries the exit aperture (cathode). The inner end of

the anode structure is closed by the base plate {anode} of the ion socurce, not shown in

the fipure.

Allmetal parts exposed to the high field region inside the tube are made of either
commercially pure titanium (where welding was involved in their fabrication) or of a
Ti-Al-V alloy (where only ease of machining was a consideration). The electrical
breakdown and field emission properties of the two materials are not greatly
different. - Initially, these parts were made of stainless steel which was found to pro-
duce copious amounts of X -radiation. The stainless steel parts were replaced by
titanium equivalents with the greatest reduction in sparking rate and in x-ray produc-
tion being noted upon replacement of the cathode ring and essentially no difference
was observed frum replacement of either the anode cone or the anode faceplate with
titanium parts. Figure 3 is a photograph of the tube assembly and of the pressure
vessel assembly. The ion source support or anode cone is shown in the right fore-

ground and the cathode assembly at left.

Voltage Testing and Operating Experience

Some of the early voltage testing was carried out in a relatively small room at
Argonne National Laboratory (ANL} using a power supply initially of 600 kV rating
converted to 750 kV. This equipment was later lecaned to the National Accelerator
Laboratory (NAL); and subsequent voltage testing and heam studies were carried out
at the WAL test laboratory, using the high voltage equipment together with the beam

. . . . 3
diagnostics system which had been greatly improved at NAL, ™’ 4

In retrospect, it can be said that the early testing was done with a vacuum system
both far from clean and without adequate pumping speed. Two 1000-liter /sec sputter-

ion pumps were used on the system, primarily for convenience at the NAL facility.
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Much sparking occurred during voltage conditioning but no serious damage to elec-
trode surfaces occcurred during the NAL test program. When the system was installed
in the preaccelerator at ANL, the same pumping system was used; but in the mean-
time, this system had probably become rather seriously contaminated from exposure
to the atmosphere as well as from additional components installed within the vacuum
chamber. Hence, the early experience after installation at ANL was discouraging,
with cathode surfaces showing damage after only short periods of operation. The
addition of ancother 1000-liter/sec sputter-icn pump made a marked improvement in
operational behavior. More recently, the addition of a 10" mercury diffusion punip
has improved the vacuum system considerably, particularly from the aspect of rapid
pumpdown and the removal of condensibles with the liquid nitrogen trap. Modification
of the middle shield to yield greater distance from the cathode and to eliminate the
middle plane has also apparently rendered some improvement without affecting the

beam properties.

The sparking rate of the column, after conditioning, is now rather moderate;
and unless a spark occurs either during or within a period of about 30 msec preceding
a beam pulse, the effect is not noticeable insofar as machine operation is concerned.
Loss of beam due to column sparking is probably between 1 and 2% at this time. The
longest operating period to date is three weeks, but deconditioning time since addition

of the vacuum pumps is not known,

After voltage conditicning of the column, the typical level of X-radiation is inthe
range from 3-30 mrad/h at a distance of about 12' from the anode which by directianal
studies, was found to be its primary source. : A partial analysis of the x-ray energy
spectrum indicates that it probably is produced almost entirely by 750-kV electrons,
although a small fraction of lower energy electrons cannot be ruled out by these meas-

urements.

During these observations the radiation level was found to change by a factor of
two somewhat periodically, in a period of ~5 min. As the higher levels were reached
internal sparking became noticeable followed by both internal and external arcing.
The radiation level is not affected by beam if the electrostatic quadrupoles are turned
on, because all beam clears the aperture of the quadrupcles and secondary electrons
originating further downstream are swept out of the return path to the accelerating

tube by the quadrupole field.

Beam Extraction

As noted earlier, since no controls over extraction are provided in the system,

it was necessary to arrive at a satisfactory extraction geometry empirically. Several
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factors are involved in this problem, among which are: (1} the diameter and depth of
the plasma expansion cup, (2) the magnetic properties of the metal surrounding the
cup, {3) the shape of the anode face around the expansion cup opening, and (4} source

aperture size and magnetic properties,

Plasma density distribution, which strongly affects the shape of the plasma
extraction surface and consequently the source brightness, is a complex function of
all the foregoing factors as well as of the source parameters and the extraction field
at the plasma boundary, Since study of some of the foregoing factors involves fabri-
cation and exchange of physical hardware, the effort required to achieve optimization

of all factors would be prohibitively long.

Our first effort was to determine whether a ferromagnetic or paramagnetic
source anode would be preferable. Since this also constitutes the anode in the accel-
erating gap, a material which would not be objectionable in the high field region was
necessary. Stainless steel and nickel were selected for this comparison, and there
was a very marked difference in favor of the nickel. Hence, nickel has been used in
all except one other case in which iron was used with a facing of titanium, but in an

otherwise special geometry which partly obscured its relative magnetic merits.

Two plasma cup diameters were tried in the nickel ancde plate; and 0. 5" diam-
eter proved to be somewhat better than 0.625" diameter, with the cup depth . 875" for
both.

A third comparison was made between an anode plate which had a plane surface
surrounding the expansion cup and one into which a 67° Pierce cone had been cut. The
Pierce geometry proved to be far superior to the flat surface. The accelerating gap
with the Pierce extraction geometry is shown in Fig. 4. The depth of the Pierce
geometry was varied in three steps of 1/8" each, but without holding constant the
depth of the expansion cup. Consequently, neither of these parameters can be said to
be truly optimized at this time. A 1/4'" cone depth is presently being used because it
gives better beam preperties than other depths. Moreover, in this program the face
of the anode plate was of titanium mounted on the nickel anode plate of the ion source.
The relative depths of the nickel and titanium portions of the cup geometry have not
yet been optimized. Some additional geometries are awaiting opportunity for testing,

and much more work is required to achieve best geometrical conditions.

The accelerating gap, which determines the accelerating gradient as well as the
strength of the extraction field, was inttially intended to he 6" with the provision for

variation as dictated by experience. In the process of making sorme of the changes,

previous to setting up the system at NAL, the gap was inadvertently set at 7" which
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became known only after the equipment was returned to ANL. We are now operating
with the 7' gap. However, one period of operation was tried with a 6. 312" gap during
the time when nothing was operating well. The voltage was carried up to 850 kV and
the column appeared to behave about the same as with the 7" gap. We are not certain

at this time how well a 6" gap will hold up with clean vacuum conditions.

Beam Properties

The aim in the design of the accelerating column was to obtain a beam in the
range of 200 mA and with an emittance area within the acceptance of the linac, viz.
20 mrad/cm. The maximum beam thus far obtained is 375 mA. Typically the beam
is set at about 200 mA for which the emittance area measures 15 mrad/cm at the 90%

plane, or a normalized value of 0.19 mrad/em,

The shape of the emittance figures obtained at ANL is much different from those
of the NAL tests, although the same equipment is used {except for the signal sampling
and computer system). Typical results during the NAL tests are shown in Fig. 5,
which indicates an undistorted phase space area, whereas the ANL results shown in
Fig. 6 show aberration effects. The reason for this difference has not yet been deter-
mined. We are presently investigating the possible difference which may arise from
using a single arc modulator at NAL and a double modulator at ANL for driviag the
cathode and intermediate anode of the duoplasmatron source. Figure 7 shows the
only results thus far obtained with the single modulator at ANL, which appears to

have less phase space distortion than that from the double modulator shown in Fig. 6.

The beam from the accelerating tube enters a quadrupole tripiet 12-1/4" from
the end of the accelerating gap. A second triplet in the beam line matches the beam
through the buncher and a third triplet beyond the buncher matches inte the linac.
The attempts to calculate a best match through this system have not achieved the
desired results. At present we can boast of only about 25% increase in beam through
the linac and inte the ZGS. Maximum beam to date under stable conditions is 33 mA

from the linac, with 26 mA into the ZGS.

The electrostatic gquadrupoles have 4'' apertures and operate at voltages up to
40 RV, positive and negative relative to ground. Once they have been voltage-
conditioned, which usually takes only a few minutes following a vacuum system pump-
down, no voltage holding difficulty is experienced with them at top voltages. A
Sorensen regulator is used to stabilize the ac input voltage to the power supplies. A
separate positive and negative supply with common ac control is used on each quad-

rupole in the first set; the first and third members of the second set are fed from the

same supplies. A 10 Mf resistor decouples each supply from the gquadrupole and a
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L Q02 pt capacitor across the input to the quadrupole maintains nearly constant veltage
on the electrodes despite some ion collection durine a beam pulse due to gas ioniza-

tion by the beam.

As a note of interest, the high voltage bushings leading through the vacuum wall
to the quadrupoles were made of Teflon, Two of these bushings evidently developed
a corona condition hetween the central conductor and the surrounding Teflon, presum-
ably duc to only partial evacuation, This resulted in eventual puncture of the dielec-
tric and arcing along its surface {in vacuum) to ground. The consequent decomposi-

tion of the Teflon caused contamination of the accelerating tube to the extent that

operation became impossible.
Future Plans

As noted evarlier, the accelerating tube is bonded together with epoxy, some of
which is exposed to the vacuum regions, and constitutes an undesirahble source of
contamination of the high voltage surfaces. IFurthermore, a small leak through one
of the bonds has resisted our elforts to seal it completely vacuum tight. Any leakage
from the pressurized region into the vacuum regien, even though it may be only N3,

cannot be expected to improve the performance of the accelerating tube.

We are now in the process of assembling a new accelerating tube, using ceramic
scotion to which copper flanges have been metaliurigically bonded. The assembly will
be made by welding these {langes topether. Thus, no organic materials will be pre-
sent in these seals. This should result in a much cleaner assembly; improved per-

formance is anticipated.

The shields for the ceramic will be of different desgign in order to provide more
etfective shielding and also to reduce the voltage between any two adjacent electrodes,
cxcept in the accelerating gap. The latter will be remotely adjustable without break-

ing vacuum. This assembly should be ready for testing within about two months.

Because of the need for a large value protective resistor between the power
supply and the hign gradient column, and the consequent need for a fast voltage regu-
lator to stabilize the column voltage during beam pulses, we are giving consideration
tuthe development of & series regulator tube which would parallel the limiting resis-
or and would receive its operating voltage (of the order of 25 kV) from the IR -drop
across the resistor during a beam pulse. Its beam would be keyed off at other times.
The design being considered would be much like that of the high gradient accelerating
tube, including a pressure vessel, but of smaller diameter and mass. It would have

to withstand the full power supply voltage in the event of full breakdown across the
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accelerating column. Consequently, it would he designed to withstand 750 kV de¢ even
though subject only to occasional pulses of that magnitude. It would cperate in a
ctosed loop mode by taking an error signal {from the top of a compensated metering
resistor with the electronics situated in the lon source terminal. Cne Klystron
manufacturer has studied this supggestion and has prepared a proposal for detailed
design and construction of an electron gun. The tube could bhe constructed from

Klystron ceramic parts already designed.
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Fig. 1. Sectional view of 750-kV high gradient column assembly.
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Fig. 2. Longitudinal section of high gradient accelerating tube.
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Fig. 3. High gradient accelerating column subassemblies.
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Fig. 4. Ion extraction and acceleration geometry.
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Fig. 5. Beam profile and beam-emittance figure for 750-kV, 270-mA beam from
high gradient accelerating column using NAL system.
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6. Beam profile and beam -emittance figure for 750-kV, 218-mA beam from

high gradient accelerating column using Argonne

on ion source.
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7. Beam profile and beam emittance figure for 750-kV, 275-mA beam from high
gradient accelerating column using Argonne equipment with single modulator on

ion source.
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