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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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On the Use of Magnetic Buckets for Ion Beam Profile Tailoring

R.A. MacGill, A. VizirT and 1.G. Brown

Lawrence Berkeley National Laboratory
University of California

Berkeley, CA 94720

Abstract

Magnetic multipole plasma confinement geometries employing permanent magnet “buckets”
are used extensively for a range of laboratory plasma applications. Among the several
consequences for plasma confinement is the important result that the plasma can acquire a
more-or-less flat density profile, which when embodied in an ion source can lead to a flat
profile for the extracted ion beam a1;90. For many applications a uniform ion beam current
density profile is quite advantageous, for example for carrying out large-area ion implantation.
There are, however, inherent limitations on the extent to which this approach to beam
“homogenization” can be utilized, and even for a perfectly flat profile in the imﬁediate post-
extraction region, the beam will evolve toward gaussian as it propagates downstream. Here we
describe the rare-earth permanent magnet bucket that we’ve incorporated into our broad-beam
vacuum arc ion source, and its effect on the beam profile at the extractor and downstream. The
experimental results are compared with a simple model for the beam profile evolution with

axial distance.

T Visiting Scientist from the High Current Electronics Institute, Russian Academy of Sciences,
Tomsk 634050, Russia



I.  INTRODUCTION

The formation of high quality 1on beams requires that the plasma denéity profile presented to
the extractor (beam formation electrodes) be flat across the extractor dimension, because the
ion optics of the extractor is density dependent. One important consequence of a uniform
plasma density at the extractor is that the perveance match condition can then be met
everywhere (in the extractor p}ane), and the beam emittance and divergence can be minimized.
Another important consequence is that the extracted ion beam current density will :also Be
uniform across the extractor plane. For ion beams of large cross-sectional area formed from
broad-beam ion sources using multi-aperture extractors, the importance of these concerns is yet

more apparent.

The confinement of plasma by magnetic walls formed from a large number of magnetic
cusp-like field regions is a technique that originated in the controlled fusion program. Tuck
proposed the use of a "picket fence" plasma boundary formed by an array of parallel conductors
in which the current aiternatc;s in direction so as to produce a linear cusped field configuratioﬁ
facing the plasma [1]. The addition to a simple mirror magnetic geometry of a quédrupole cusp
geometry formed by four rods carrying opposite currents in adjacent conductors (“Ioffe bars")
was one of the first applications of this approach [2]. The concept was subsequently expanded
to hexapole and octopole fields [3]. Stabilization of the mirror-confined hot-electron plasma in
ECR ion sources by hexapole (or higher order multipole) fields is an essential ingredient to the
production of high charge state ions in ECR sources, in order to increase the plasma
confipement time to allow stripping tb successively ﬁigher charge states to occur [4]. The
important feature of these kinds of confinement schemes is that they have “minimum-B”-like
mégnetic structure (d | B |/dr <0, or convex field curvature toward the plasma) and so are

magnctohydmdynamically stable to many macroscopic plasma instabilities [5].




For typical ion source plasmas, the plasma pressure nkT is small compared to the magnetic
pressure B*/2p for even quite modest magnetic field strengths. ~Then it becomes feasible to
establish the multi-cusp magnetic wall using permanent magnets rather than current-carrying
conductors, particularly, for example, by using rare-earth magnets (samarium-cobalt or
neodymium-iron). This approach was first demonstrated by McKenzie and coworkers [6,7],
and has since been developed and used extensively for basic plasma physics experiments and in
ion source design. Typically a large number of magnets is used, effectively establishing a very

high order multipole field.

High order magnetic multipole confinement systems using permanent magnets have the
additional characteristic that the magnetic field in the plasma region distant from the magnetic
walls is very low. One can think of the plasma particles as being confined in a homogeneous,
isotropic space with low-loss magnetic walls — a "magnetic bucket". Then, not only is the
plasma macroscopically stable, and so of low fluctuation level ("low noise"), but also it
assumes a more-or-less flat density profile. Thus the use of a permanent magnet magnetic
bucket can provide a low-noise, uniform plasma for ion source application, and a large area ion
beam extracted from such a bucket-cbnfined plasma can be quiescent, with a uniform current
density profile, and of low divergence. | This approach has been exploited well, for example, for

the large ion sources developed for neutral beam injectors for fusion [8].

Here we address the question: how far downstream does the beam propagate before it loses
memory of its initially-flat current profile and develops a gaussian shape? We describe a
vacuum arc 1on source incorporating a magnetic buéket, and summarize the measurements
we've made of the beam profile near to and far from the extractor. A simple computer model is
outlined and the predictions of the model summarized. Finally, we suggest a simple semi-
empirtcal expression .for the beam’ bropagation distance for it to relax from an initially flat

profile to a more-or-less gaussian profile.
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II. EXPERIMENTAL SET-UP

The measurements were carried out using our broad-beam vacuum arc'ion source, described in
detail in a number of previous publications [9,10]. Metal ion beams of energy in the range 20
to 200 keV and peak pulse ion beam current up to about 1 A can be produced in a repetitively
pulsed mode with pulse width ~250 ps and repetition rate up to several tens of pulses per
second. In the work described hére, we formed a Ti ion beam at an extraction voltage of 50
kV, corresponding to a mean ion beam energy of 105 keV (the mean Ti ion charge state s 2.1+
[10]). Background gas pressure was ~2 x 10® Torr. The ion source extractor diameter was 10
cm, but for these experirﬁents we installed an aperture-limiter of 6.8 cm diameter in order to
better form an ion beam with an initially (z = 0) flat radial profile of current density. A tapered
magnetic bucket formed from a multipolé array of 12 samarium cobalt magnets of dimension
1.2 cm (azimuthal direction) x 2 cm (radial direction) x 5.5 cm (axial direction), was installed
in the ion source, in the 'drift space' between the arc region where the plasma is formed and the

extractor grids. A schematic of the ion source with duodecapole bucket is shown in Figure 1.

Magnetically-suppressed Faraday cups with [ c¢m diameter entrance aperture were
positioned at axial locations z = 0 cm (immediately following the aperture-limiter) and z = 65
cm. The Faraday cups could be radially scanned, allowing us to measure the ion beam radial

current density profiles at these two axial locations.
III. RESULTS AND DISCUSSION
Measured radial profiles of beam current are shown in Figure 2. The initially rectangular

distribution has evolved into a gaussian (or, at least, bell-shaped) distribution at the

downstream location. We observe this kind of behavior under all operating conditions. (We




ascribe the small asymmetry in the z = O profiles as being due to a small asymmetry in the

bucket magnet strengths; this is unimportant to the present context).

A simple computer rh()del of the beam spatial evolution has been developed. In the model
we assume the ion beam to be formed at an axial position z = 0 from a number N of beamlets
positioned equally-spaced along the line x < |RI; we thus assume a ‘simplified 1-D model for
the present. Each beamlet is taken to be a point source of ions which travel in straight lines in
the forward direction with a radial current density profile that is gaussian with hal;‘_f—angle
beamlet divergence angle 6; we take, simply, z8 as the standard deviation ef the gaussian. At
chosen distances -downstream the contributions tb' the total beam current are summed over all

beamlets and the beam current density distribution is obtained,

N _ 2
jo) = k iexp—%(x x") (1)

where k is a constant. Typical results from the model are shown in Figure 3. Here we plot the
radial density distribution of beam current as a function of axial distance from the extractor.
- We have assumed an initially flat profile over a 10 cm wide extractor. Four different cases are
shown, for beam divergence angles of 2°, 3°, 4° and 5°. The evolution of the beaﬁ from flat to
gaussian is evident. From these data we can estimate the axial distance A, required for the
beam to lose memory of its initially flat profile and to relax to a more-or-less gaussian shape as

A, ~ w/M6.

We know from other experimental measurements that the divergence of the Mevva beam is
typically about 3° half-angle at perveance match. Thus the experimentally observed transition
of flat profile to gaussian-like in a distance of 65 cm downstream is in good agreement with our

expectations.



We can take the interpretation further. The experimental data of Figure 2 indicate a "beam
width growth factor" (ratio of beam half-width (FWHM) at z = 65 cm to beam half-width at z =
0) of about 1.55 + 0.5, and we can compare this with the predictions of the model outlined
above. Taking an initial beam diameter of 6.8 cm as used in the experiment, beam radial
- profiles have been calculated for several different beam divergence half-angles as shown in
Figure 4. Here the profiles have all been normalized to the same amplitude for ease of width
comparison. Comparing the measured width growth factor from Figure 2 (1.55 £ 0.5) with the
calculated width growth factors obtained from Figune 4, we find that a beam divergence half-
angle of 3.6° + 0.3° is implied, again in excellent agreement with expectations and with prior

results.

The experimentai results and the simple model both point out that the beam nrofile loses
memory of its initial rectangular shape rather rapidly. For the broad-beam configuration
considered here, with an initial bearn diameter of order 10 cm, we find that the axial distance
over which the ion beam current density profile retains its flat radial distribution is only a few
tens of centimeters even for a beam divergence half-angle of 2 or 3 degrees. There is thus
limited advantage to be gained, with respect to beam uniformity at a distant target, by the use of

a magnetic bucket as a plasma homogenizer within the ion source.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig.3

Fig. 4

Schematic of the Mevva V broad-beam vacuum arc ion source with tapered

permanent magnet multipole bucket installed.

Measured radial profiles of the ion beam current density, j; (r), for z = 0 (lower)

and z = 65 cm (upper).

Evolution of beam radial current density profile as predicted by the model.

— Top-to-bottom for the cases of beam divergence half-angles of 2°, 3°, 4" and 5°.

Initial (z = 0) beam diameter is 10 cm.

Normalized beam profiles at z = 65 cm calculated from the model for the conditions of
the experiment, for beam divergences 2°, 3°, 4° and 5°. The initial (z = 0) rectangular

profile is also shown; initial beam width is 6.8 cm.
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