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POTENTIAL APPLICATIONS OF FUSION NEUTRAL BEAM
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J. M. Williams, C. C. Tsai, W. L. Stirling and J. H. Whealton
Oak Ridge National Laboratory
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ABSTRACT

Surface processing techniques involving high energy ion implantation have
achieved commercial success for semiconductors and biomaterials.
However, wider use has been limited in good part by economic factors, some
of which are related to the line-of-sight nature of the beam implantation
process. Plasma source ion implantation (or plasma immersion ion
implantation) is intended to remove some of the limitations imposed by
directionality of beam systems and also to help provide economies of scale.
The present paper will outline relevant technologies and areas of expertise
that exist at Oak Ridge National Laboratory in relation to possible future
needs in materials processing. Experience in generation of plasmas, control
of ionization states, pulsed extraction, and sheath physics exists.
Contributions to future technology can be made either for the immersion
mode or for the extracted beam mode. Existing facilities include the High
Power Test Facility, which could conservatively operate at 1 A of continuous
current at 100 kV delivered to areas of about 1 m2- Higher instantaneous
voltages and currents are available with a reduced duty cycle. Another
facility, the High Heat Flux Facility can supply 2 maximum of 60 kV and
currents of up to 60 A for 2 s on a 10% duty cycle. Plasmas may be
generated by use of microwaves, radio-frequency induction or other
methods and plasma properties may be tailored to suit specitic needs. In
addition to ion implantation of large steel components, foreseeable
applications include ion implantation of polymers, ion implantation of Ti
alloys, Al alloys, or other reactive surfaces.

*Research managed by the Office of Fusion Energy, U.S. Department of Energy, under
contract DE-ACQ05-840R21400 with Martin Manietta Energy Systems, Inc.



I. INTRODUCTION

in principle, materials processing techniques involving high energy ion
implantation and related high energy processes such as ion-beam assisted
deposition (IBAD) have many attractive features. These features include, but
are not limited to, the following:

« chemical flexibility--concentrations of dopants and combinations of
dopants and targets that are not accessible via ordinary chemistry can be
used.

 chemical controllability via ion dosimetry

« integrity and adhesion of treated layers

« possibility of low temperature processing

+ cleanliness and preservation of surface finish and tolerance

« minimization of process feed material, and environmental acceptability.

Because of these possible advantages a large body of research on ion
processing of materials has been performed in the last several years. Despite
this effort, the use of ion implantation as a commercial proce-s rema:ns
limited almost entirely to semiconductors, biomaterials, and a few other
products of high specific materals value. It is generally accepted that wider
use of ion implantation has been limited more by costs than by any other

factor [11].

The Plasma Source Ion Implantation (PSII) technology [2] has arisen in
response to the need for more cost effective ion implantation processes. The
PSII technology is an outgrowth of fusion energy technology, for which
large neutral energetic atomic beams are needed for heating of magnetically
confined plasmas. The essential feature of the PSII technique, in comparison
with the ion beam technique, is that the product (target) is immersed within
the plasma, or ion source. The product is a field terminal, in that ions are
extracted directly from the plasma to the product. For the present article, the
acronym PSII will be used to refer to the immersion technique in contrast to

the beam technique.



The plasma immersion iechnique is receiving considerable private and public
investment, and is the main topic of the present conference. An alternative
use of fusion energy ion production technology is to use the multipole (or
"bucket") source in the extracted beam or line-of-sight (LOS) mode.
Conceptually this is the same as any other beam technique, except that
economies of scale could result from the pure size of the ion sources, possible
modularization, and the fact that the ions are not magnetically analyzed. At
present this latter approach is receiving less attention than the immersion
approach. The leader in application of the beam approach has been
Dearnaley, who has constructed a large implanter using a bucket source at
Harwell, UK [3]. A somewhat similar approach has made use of ion
propulsion technology for materials processing [4].

Because of its experience in development of plasma generators, ion sources,
and neutral beam injectors [5,6], the Fusion Energy Division of Oak Ridge
National Laboratory (ORNL) can contribute to either approach. The present
paper will identify existing facilities, contributions, and capabilities.
Possible advantages and disadvantages of the immersion concept and the
beam concept will be identified. Our conclusion will be that both techniques
will probably be needed for ion precessing at industrial scale, depending on
such factors as material, implantation pararneters and interfacing with other
manufacturing processes.

II. BEAM TECHNOLOGY

The existing ORNL broad beam technology is a result of the experience
mentioned above. The duoPIGatron positive ion source was developed for
producing c¢w hydrogen ion beams of 600 keV and 0.3 A by Kelly [7] and
Morgan (8] in thel1960s. Generated by PIG (or reflex) discharges in the
duoPIGatron ion source, the positive hydrogen ions are extracted and
accelerated through an ion accelerator with accel-decel electrodes. Further
development of duoPIGatron ion sources for producing multimegawatt
neutral beams for heating plasmas was carried out in the 1970s and 1980s by
Stirling [9], Dawvis [10], Tsa1 {11}, Haselton [12}, and Whealton [13].



Figure 1 shows a sketch of the ion source and associated power supplies. The
source plasma is composed of a cathode plasma and an anode plasma. Similar
to a duoplasmatron ion source, the cathode plasma between the hot cathode
and intermediate electrode supplies the ionizing electrons necessary to
produce the anode plasma. The electrons that are accelerated through the
double sheath between the two plasmas are constrained by the axial magnetic
fields and oscillate between anode 1 and the plasma grid (or target cathode)
thereby creating an intense PIG discharge and producing a dense anode
plasma [11]. Axial magnets on the chamber walls of anode 2 form a
multipole magnetic line cusp field to improve plasma confinement, stability,
and uniformity [9]. In such sources high density (~1012 cm-3) hydrogen
plasmas are uniformly distributed over the several hundred square
centimeters of extraction surface; 30 cm diameter for round geometries and
13 em x 43 cm for rectangular geometries (Fig. 2). Hydrogen plasmas with
current densities of 0.5 A/cm? are capable of supplying an ion current up to
100 A to accelerators in which multiaperture grids have been designed and
optimized theoretically and experimentally [13]. High energy cw hydrogen
ion beams of 600 keV/0.3 A and pulsed (100 ms) ion beams of 110 kV/10 A
were reliably formed [7,11]. These plasma sources are readily adaptable to
both line of sight and plasma ion implantation applications. The output
current for heavier gases scales as the square root of the mass ratio.

Recently, hot cathode plasma sources in the duoPIGatrons have been
modified with both a microwave plasma generator [14] and a radio frequency
induction plasma generator [15]. The microwave plasma source was
developed for plasma processing of microelectronics. Such a microwave
multicusp plasma source (Fig. 3) consists of a microwave launcher in a
solenoid, and a plasma chamber with multicusp magnetic fields. The
solenoid provides an axial magnetic field of 875 gauss in the exit region of
the microwave launcher and creates an electron cyclotron resonance (ECR)
zone for the 2.45 GHz microwave energy. The electrons gain their kinetic
energy in the ECR zone and drift along the divergent magnetic fields into the
plasma chamber. The multicusp fields and solenoid fields confine these
electrons and ions which are created. This microwave source can create
large area, uniform plasmas of any gas or vapor. It has been operated to
produce plasmas of argon, helium, hydrogen, oxygen, and argon/oxygen



mixtures. It is an ideal candidate for creating plasmas for high energy ion
implantation equipment, either for PSII or for conventional ion
implantation.

The radio frequency induction plasma generator [15] is similar to the ECR
source except for the drive frequency and the wave launching mechanism. It
too is capable of generating piasmas from reactive gases as well as
conventional.

III. BEAM FACILITIES

To develop and qualify neutral beam injectors [12] for heating plasrias in
magnetic fusion devices, several large, high-power neutral beam test
facilities [16] were constructed at ORNL in the 1°70s: the High Power Test
Facility (HPTF), the High Heat Flux Facility (HHFF) and the Medium-
Energy Test Facility (METF). All three were used to develop ion sources
that produce hydrogen ion beams of 10 to 100 A, 30 to 120 keV, or 0.05 to
30 s; and to qualify neutral beam injectors that inject neutral beams with
power ranging from ~100 kW to multimegawatt levels. Each of these beam
facilities can be used for develcping large-area ion implantation systems. In
the following, we will describe the capability and potential application of two
beam facilities, the HHFF and HPTF.

A. HHFF
The HHFF (Fig. 4) is a medium-energy (<60 keV) and large-area (<1000

cm2) beam facility. It was set up to produce ion beams of hydrogen or other
gas compatible with the hot cathode of the ion source. It used a 10-cm
duoPlGatron ion source, which was developed to form 40-keV, 10-A, 50-ms
hydrogen ion beams that were converted into neutral beams for heating
plasmas in ORMAK (an Oak Ridge Tokamak). For developing and
qualifying high heat flux (1 to 5 kW/cm2) components, the facility was
operated to produce 3-s ion beams with energy up to 26 keV, current up to
7 A, and peak power density up to 7 kW/cm2. For ion implantation
applications, the facility may be operated to produce ion beams of any gas
over a target area up to 1000 cm2. In fact, the beam energy can be increased
up to 60 keV (limited by the high voltage power supply), and 60 A and 2 s at




10% duty. The electronics control in this facility offers the flexibility of
changing the beam pulse length from <1 ms to 2 s and the duty factor from
<0.001% to 10%. The vacuum system can be evacuated to a base pressure
below 10-6 torr and maintained at pressures below 10-4 torr during ion
beam processing by six 25-cm-diam diffusion pumps with a pumping speed
of 12,000 L/s for hydrogen. The vacuum chamber consists of two
cylindrical tanks of 60 cm in diameter and 120 cm long. Many vacuum ports
with diameters from 20 to 60 cm provide access for large-area targets or
samples and experimental instrumentation. In addition, the well-developed
duoPIGatron ion sources can reliably produce ion beams with little need of
maintenance. Moreover, the high duty factor (10 %), fast pump down time
(~1 h), flexibility for changing the experimental setup, and low operating
cost make this facility very attractive for concept evaluation and technology
development.

B. HPTF

The HPTF (Fig. 5, 6) is a high-energy (~150 kV) and large-area (~1 mZ2)
facility. The facility was ccnstructed to develop high-power ion sources for
forming hydrogen ion beams with energy up to 150 kV (or 75 kV), current
up to 50 A (or 100 A), pulse length up to 20 s, and duty factor of 10% [15]. It
was operated to develop ion sources for forming ion beams of: 100 A, S0kV,
and 0.5 s; 10 A,90kV,and 10 s; or 7 A, 110 kV, and 0.04 s. The generic
study on tetrode (four grids) ion accelerators reveals that the transverse
power density disiribution of ion beams at fixed ion energy can be controlled
by changing beam optics, which is a sensitive function of the ratio of electric
field in the second gap to that in the first gap of the accelerator. This was
done by using a gradient grid modulator in the high voltage supply to vary
the applied potential to the second (or gradient) grid of the accelerator. The
modulator of the high voliage supply can be operated to form <100 us ion
beams at a duty factor variable from <0.0001% to 10%.

The HPTF has three one-cubic-meter vacuum tanks and many large ports
either one meter square or one meter in diameter. The vacuum tanks are
evacuated by roots blowers mechanical pumps, turbomolecular pumps, and

two cryopumps, which have a pumping speed approaching one million liters
per second for H2, and a base pressure of ~10-7 torr. Under ion or neutral



beam development and qualification. the operating pressure is in the middle
of the 10-6 torr range.

These large vacuum tanks can be used to house large-area targets or samples
to be implanted by high e¢nergy ion beams. The facility can be operated to
form cw nitrogen ion beams up to ~10 A and ~150 kV and spread beam ions
over large target areas up to 1 mZ2. For example, 1-A beams at 100 kV could
irradiate over 0.1 to 1 m2 targets at 1000 to 100 pA/cm?2 and implant a dose
of 1019 to 1018 jons/cm? in 30 min. in a cw mode at 100 to 10 W/cm?2 or
longer in a pulsed mode. Without modification, existing and reliable ion
sources can produce ion beams of various gases compatible with hot
cathodes. With a simple modification of replacing the hot cathode plasma
generator with an existing microwave plasma generator, these ion sources
can be used to form ion beams of reactive gases such as oxygen. The
microwave plasma source was developed for plasma processing and was
operated to produce plasmas of argon, helium, hydrogen, oxygen, and
argon/oxygen mixtures. Thus a flexible and reliable ion beam system can be
designed, assembled, installed, and qualified. Usually, ion implantation work
is conducted at 4 very low duty factor in which case volume pumping may be
used without operating the cryopumps in the HPTF. Under such an operating
mode, the facility has attractive features of fast pump down time, flexibility
for changing the experimental setup, and low operating cost.

IV. PLASMA ION IMPLANTATION

In the present manifestation the systems described above are beam systems.
However, both the HHPF and the HPTF are readily adaptable to the PSII type
of operation. To do so the target simply has to be mounted by use of an
insulating mount capable of withstanding the accelerating voltage (Fig. 5).
The assembly can then be immersed into the plasma source, which can then
be either ECR [14] or RFI [15] driven. The sources can be designed and
operated to produce plasmas of any gas or vapor. The operating pressure
and applied power are used to control plasma density.

Probably the most difficult aspect of the PSII technique is voltage hold-off on
the target, while maintaining the desired sheath around the surface.



Simulation of the sheath physics in a seif-consistent treatment is the topic of
another paper 1n the present conference [17].

V. APPLICATIONS

Clearly the capabilities of the equipment described above seem primarily
suited to processing of materials on a fairly large scale. Effective utilization
of this technology depends on expansion of ion implantation markets above
existing levels. There are a number of materials science developments and
other factors, which together with reduced costs, could stimulate wider
acceptance of ion implantation.

Because of the need to preserve the environment and meet regulatory
requirements, there is a strong move toward "dry” or vacuum surface
processing techniques {18]. Such techniques in general have minimal feed
material and minimal liquid wastes. Ion implantation is, in one sense, a
competitor of other dry coating s techniques, but would also be compatible in
certain multipurpose manufacturing technologies. One need is to reduce use
of hexavalent chromium (chrome plating). Because of the ability to add
substantial matter, chrome plating is needed for many expensive industrial
components as a rebuild technique where wear has occurred. Ion
implantation could help by reducing the thickness of plate needed for given
lifetimes, or by being compatible in an Ion Beam Assisted Disposition
(IBAD) process with another dry deposition technique for Cr (probably
magnetron sputtering). It is now well accepted that nitrogen ion implantation

of chrome plate produces striking tribological benefits.

In general, large steel manufacturing components are good candidates for
surface hardening techniques for several reasons, including: (1) difficulty in
quench hardening, (2) expense of surface treatment is offset by use of
inexpensive core alloy, (3) the need for good tolerance and surface finish on

many such components.

Ton implantation of mechanical components of reactive metals, such as alloys
of Ti or Al seems favored by a number of factors. If the passivating oxide on
such metals is broken in service, severe consequences such as galling can



ensue. The same oxide complicates quality assurance for coating techniques
because assurance is needed that patches of oxide have not been left before the
coating was deposited. Ultimately, IBAD techniques may provide the best
coatings. Meanwhile direct ion implantation of N can easily penetrate native
oxide, quality can easily be assured, and the one-step process can be
inexpensive. Such implantations usually provide large benefits {19, 20]. It
can be argued that nitrogen ion implantation should be a minimal protocol
for many components of Ti alloys.

There is an increasingly important data base to justify lon implantation
treatments for engineering components of polymers, ceramics, and glasses.
Research on polymers {21] has shown that ion implantation produces large
increases in hardness, increases in chemical resistance and increases in
electrical conductivity. Ion implantations of ceramics [22] produces
increases in fracture stress, and increases or decreases in near surface
hardness, which may be chosen sometimes by design to favor certain
tribological behavior, fabricability, etc. Research in ion implantation of

glasses is increasing [23].

VI. DISCUSSION

The advantages of PSII are well accepted, and are the reason for the high
degree of interest evidenced by the present conference. These advantages
result mainly from the normal incidence of the ions to the surface of the

target, so that manipulation of large or complex products is not needed to
achieve uniform treatment.

Operation in the beam mode may retain advantages for certain cases, some of
which will be identified here:

« Ion implantation of insulators: Ion implantation of insulators, such as
polymers and ceramics, would appear simpler with the beam ir: free flight
rather than with the target acting as a terminal. Ability to neutralize the
beam might be a further advantage in preventing the target from charging

up.



Higher voltage 1on implantation: Higher voltages may be needed for some
products because of the need for deeper treatment or for higher electronic
stopping, such as is needed for the polymers [21]. Higher voltages may be
more easily managed in the beam mode because of the need for
compatible voltage/pulse~time/sheath—thicknesses in PSII. Also
radiological safety could be more of an issue in PSII. Secondary and
plasma electrons may be accelerated so as to produce X-rays by the high
voltage. This problem might be more easily managed in the beam
technique because of remoteness of the source from the product.

Possibility of ion filtering: The beam mode might allow the possibility of
some low grade ion filtering, either by lensing or by magnetic analysis at
a much lower mass resolution than is used for wafer processors. The
concept would be a compromise design which would allow some of the
chemical selectivity that has often been an advantage in ion implantation.
For example, it might be desirable to implant Si from SiF4 feed gas while

filtering all cracked combinations besides Si.

Better vacuum and better interfacing with other manufacturing
technologies: The beam technique can operate with the product in a
better vacuum. There could be a disadvantage for the PSII process for
some types of IBAD on some textures because of scattering of the co-
atoms by plasma gas atoms. Line of sight in a good vacuum works better
for low energy co-atoms on surfaces with topographical features with
high aspect ratios. As another example of a possible compatibility issue,
Nippon Steel Corporation has piloted a dry processing line for sheet steel
[24]. The line provides for low energy ion bombardment (for sputter
cleaning), ion plating, sputter deposition, and plasma chemical vapor
deposition (CVD) to be performed sequentially. Presumably not all of
the processes will be used for every product. In this case, the CVD stage
is not vacuum compatible with the other processes, and a large
differential pumping stage must be provided. A large ion gun could
readily be added to such a process line, if needed, and would be
compatible on the high vacuum side.

10



the above considerations, we belicve that escalation of both the

In view of
of processing are probably

peam and PSII technologies to an industrial scale
desirable.
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Figure captions.

Fig. 1: Schematic drawing of ion source scheme and circuitry for
duoPIGatron positive ion source.

Fig. 2: Photograph of duoPIGatron source with rectangular geometry of
73 cm X 43 cm.

Fig. 3: Schematic of microwave ECR multicusp plasma source.

Fig. 4: Schematic representation of the HHFF facility. The facility can be
operated as a medium energy (55 ke V), large area (1000 cm2) ion
beam implantation system.

Fig. 5: Schematic of the HPTF facility. Target positions for operation, either
in the beam mode (LOS) or the immersion mode (PII) are indicated.

Fig. 6: Photograph of the HPTF facility.
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