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A B S T R A C T

Tandem electrostatic accelerators often require the flexibility to operate at a variety of terminal voltages to
accommodate various user requirements. However, the ion beam transmission will only be optimal for a limited
range of terminal voltages. This paper describes the operational performance of a novel focusing system that
expands the range of terminal voltages for optimal transmission. This is accomplished by controlling the gradient
of the entrance of the low-energy tube, providing an additional focusing element. In this specific case it is
achieved by applying up to 150 kV to the fifth electrode of the first unit of the accelerator tube. Numerical
simulations and beam transmission tests have been performed to confirm the effectiveness of the lens. An
analytical expression has been derived describing its focal properties. These tests demonstrate that the entrance
lens control eliminates the need to short out sections of the tube for operation at low terminal voltage.

1. Introduction

High voltage electrostatic accelerators are in use worldwide in-
cluding a dozen systems in the 8 MV to 25 MV terminal voltage range.
The larger systems are used exclusively for nuclear and atomic physics
research. Nowadays, many of the larger systems and all of the 1–8MV
systems are also important tools in new applications such as materials
and surface analysis and modification, accelerator-based mass spec-
trometry (AMS), high energy proton and helium microprobes, MeV ion
implantation and neutron generation.

Most large accelerators are used for research that prize easy energy
variability. In the case of the 14UD at the Australian National
University (ANU), this requires the terminal voltage to be varied from
15.0 MV to 1.5 MV. The 14UD ANU tandem accelerator has been de-
scribed elsewhere [1,2]. As high energy is required to exploit certain
techniques of isobar separation effectively in AMS research, this makes
the ANU tandem well suited for research based on heavier isotopes such
as 36Cl and 60Fe. Lower energy is necessary for 236U, Pu and Be isotopes
[3] due to rigidity constraints of the analysing magnet. A wide range of
terminal voltages, as low as 1.5MV, are required to study the tri-
ple–alpha reaction leading to the formation of stable carbon in the
universe exploiting 1H+ beams [4].

The entrance of the accelerator tube in a large electrostatic accel-
erator imposes a strong lens that dominates the beam optics [5]. The

magnification of the lens effect is large because of the low injection
energy, the high voltage gradient of the acceleration tube, and the long
distance to the terminal. The effect on beam optics at the entrance to
the low-energy tube of an accelerator is due to the transition in voltage
gradient [6] when an ion beam transverses from the field-free area into
the high gradient space inside the first low energy tube. The lens focal
strength, f, is proportional to the ratio of the voltage gradient on the
accelerator tube to the injection beam energy, f∼ 4 V/ΔE [7], where V
is the potential corresponding to the ion energy and ΔE is the change of
gradient across the aperture. When the accelerator is operated at lower
terminal voltages, and hence lower gradients, the entrance lens be-
comes weak.

In early electrostatic accelerators, the optics design called for
weakening of the entrance lens in order to locate the preceding Einzel
matching lens outside the pressure vessel. This was done by reducing
the gradient in the first section of the tube by a factor of two and having
this tube longer than the others in the machine. A half gradient solution
reduces the entrance lens strength but introduces a secondary lens ef-
fect at the transition from the half to full gradient. The net focusing of
the two “entrance lenses” is somewhat less than the case of full gradient
for the entire tube.

The General Ionex Tandetrons™ adopted a pre-accelerating elec-
trode (Q-snout) in which the injection energy was increased in a series
of gap lenses rather than a half gradient accelerator tube. The entrance
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lens effect derives from the bulging out of the equipotential lines from
the graded to the ungraded zone [8].

In High Voltage Engineering Europa accelerators the electric field
traversed by the negative ions as they travel from the entrance aperture
towards the main accelerating field within the low-energy acceleration
tube is controlled as described in ref [9]. A perforated cylinder is sup-
ported at the entrance to the low energy acceleration tube and is
electrically connected to the inner electrode disk located a few elec-
trodes from the ground. The voltage of the electrode disk, and hence the
cylinder, is controlled by a variable voltage supply. The end of the
cylinder is terminated with an aperture plate located near the grounded
entrance aperture thereby creating an electric field between them. This
acceleration gap increases the energy of ions from the source to the
30–120 keV range needed for proper optical matching through the
electrostatic accelerator. However, the practical use of this proposed
device is limited by the high dc voltage applied to a single acceleration
gap which might cause breakdown and instabilities.

The equipotential distribution can be flattened by placing a metal
grid across the tube entrance. Placing the grid on an electrode a couple
of gaps from ground still flattens the equipotential distribution.
Focusing of a gridded Einzel is achieved by controlling the voltage
between the grounded electrode and the grid [10]. The further pro-
gression of this design is described in ref [11] where the grid is attached
to the seventh electrode of the low energy acceleration tube. The
elimination of entrance lens strength dependence on terminal voltage is
provided by applying appropriate potential to the gridded electrode.
This solution has been adopted on HVEC™ MP accelerators. The dis-
advantages of grid lens systems are (i) less than 100% transparency; (ii)
deterioration of beam quality due to mesh defocusing action and (iii)
that beam erosion necessitates regular replacement of the grids.

This encouraged the development of an alternative that did not use
the grid, called the “constant Q” method [12]. In this, the injection
energy was decreased in proportion to the decrease in the MP terminal
voltage. Although this would keep the focal length of the entrance lens
constant, it was not generally adopted because injection optics would
also be degraded at lower voltages. The fact that these elaborate stra-
tegies are used is evidence that the alternative of lowering the injection
energy as the terminal voltage is lowered imposes enough problems
that it is not used in practice.

The large Pelletron accelerators from National Electrostatic
Corporation (NEC), did not have inclined field tubes and so had a lower
tolerance for near-axis electrons that would have come from a gridded
lens. The NEC solution depended exclusively on shorting rods. The
largest Pelletron is the 25URC at Oak Ridge National Laboratory, at
what had been the Holifield Laboratory. It was designed to operate up
to 25 MV and so was substantially longer than previous 14 MV ma-
chines. The entrance lens problem, with such a long image distance
from the lens to the terminal, was addressed by diluting the effect of the
lens [6]. This was accomplished by causing a beam waist at the tube
entrance and refocusing the resulting diverging beam using an elec-
trostatic quadrupole part way to the terminal. However, this did not
eliminate the entrance tube effect completely and so for low terminal
voltage operation, shorting rods continued to be required.

In the case of the 14UD accelerator, the optimum beam transmission
can only be achieved within ∼20% of the maximum terminal voltage
[13]. At lower voltages, shorting rods have been used to achieve better
transmission as is the case at many other tandem accelerator facilities.
A series of steel and nylon rods are used to maintain the tube entrance
gradient near that typical at full terminal voltage, i.e. ∼23 kV/cm. For
the low-energy tube, the steel rods short together accelerator units
adjacent to the terminal leaving the ones at the entrance, spanned by
the nylon rods, close to the nominal gradient value. The insertion and
removal of shorting rods risks the loss of the sulphur hexafluoride (SF6)
insulating gas and so is restricted to a few experienced technical staff
members. Consequently, shorting rod configuration changes are only
allowed during normal working hours which limits the flexibility of

operation.
In reference [11] a solution was presented for control of the voltage

gradient at the low-energy tube entrance using an external power
supply. A+ 150 kV Glassman, PS/LT- 150P010-22, power supply pro-
vides an adjustable voltage to the fifth tube bias electrode via a tank
wall feed-through. Thus, 150 kV on this electrode creates the nominal
gradient of ∼30 kV per gap (a gap is 1.27 cm), or 23.6 kV/cm, which is
the nominal voltage gradient at 15.0MV. For terminal voltages above
12MV, this additional power supply does not play any role since the
entrance gradient associated with these terminal voltages is close to the
optimal. However, at 10 MV the voltage gradient is only 20.0 kV/gap
(15.7 kV/cm), and decreases with the terminal voltage: i.e. 12.0 kV/gap
for 6MV and 8.0 kV/gap for 4MV. For such terminal voltages, the
shorting rods have been used in the past to maintain the desirable
transmission; e.g. 4 steel rods and 10 nylon are used in the case of 10
MV; 8 steel rods and 6 nylon in the 6 and 4MV cases.

The 150 kV feed-through through the tank wall includes a 10 kΩ
series protection resistor and a pair of spark-gaps designed to fire at
∼180 kV in 7 atmospheres of SF6 pressure. Voids at insulator to metal
interfaces are filled with SGM silicone grease to reduce local electric
fields. The high voltage feed-through has been tested successfully at
150 kV. The Glasman power supply features output voltage stability
better than 3 x 10−4 required to be able to produce sub-nanosecond
pulsed beams.

In reference [5] we presented beam optics calculations for terminal
voltages of 14, 10, 6 and 4MV, with and without the shorting rods and
with the lens on at 150 kV and off. Further simulation results are ob-
tained for 4MV with a range of lens voltages. Beam transmission tests at
various terminal voltages are also presented. Different lens settings are
needed for different terminal voltages, however, previous studies did
not provide comprehensive analyses of optical properties of the pro-
posed system.

The focus of this paper is accurate generalised theoretical analyses
and experimental verification of the focusing properties of the entrance
acceleration tube. This paper has been organised into three main sec-
tions. The first section outlines the general concept of computer simu-
lation and deriving an analytical expression of the focal strength of the
entrance tube and introduces the experimental procedure for the reli-
able and reproducible measurement of the beam transmission through
the electrostatic accelerator.

The second section presents key simulation and experimental results
based on selected beam transmission tests including data obtained with
gas stripper or a carbon stripper foil and at nominal and reduced
terminal voltages. The records have been systematically collected
during R&D work on the 14UD electrostatic tandem over the last few
years.

The third section presents interpretation of theoretical and experi-
mental results and relating it to the performance of the accelerator.

2. Methods

2.1. Simulation of the focal strength of the entrance tube

With reference to Fig. 1, a tube under consideration can be briefly
characterized by five regions which are: (a) a region of zero field,
E=0, preceding the tube starting at the position of the tank slits; (b) a
region of electric field, Eb, created by external bias power supply; a
region (c) of electric field, Et, throughout the length of the tube created
by charging the accelerator high voltage terminal; and (d) a region of Ei
electric field in the interspace between separate tube sections. The top
graph corresponds to the case when the bias electric field is different
with respect to the voltage gradient in the rest of the accelerator,
Eb > Et, and the bottom chart corresponds to uniform field, Eb=Et.

The graph of first derivative dEz/dz shown as grey line in Fig. 1 is
presented here to assist identifying electric field transition regions
along the beam coordinate z. For instance the aperture or immersion
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