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Abstract-Tritium pellet injection will be utilized
on the Fusion Ignition Research Experiment
(FIRE) for efficient tritium fueling and to optimize
the density profile for high fasion power.
Conventional pneumatic pellet injectors, coupled
with a guidetube system to Iaunce pellets into the
plasma from the high,field side, low field side, and
vertically, will be provided for fieling along with
gas pufi-lng for plasma edge density control.
About 0.1 g of tritiurn must be injected during
each 10-s pulse. The tritium and deutetium will
be exhausted into the divertor. The double null
divertor will have 16 cryogenic pumps located
near the divertor chamber to provide the required
high pumping speed of
200 torr-L/s.

INTRODUCTION

The plasma fieling system design for FIRE is
based on previous designs for CIT, BPX and
ITER as well as more recent developments and
plasma physics results in the area of pellet launch
from multiple locations relative to the magnetic
axis. The goal is to produce a flexible fueling
system that would require minimum change in the
progression from FIRE to ITER or a fusion
demonstration (DEMO) plant.

The fueling system [1, 2] must maintain the
required plasma density (near the empirical
Greenwald density limit), establish a density
gradient for plasma particle (especially helium
ash) flow to the edge, and supply hydrogenic edge
fieling for increased scrape-off layer i-low for
optimum divertor operation. Another fi,mctionis to
inject impurity gases at low flow rates for divertor
plasma radiative cooling and wall conditioning.
The plasma fueling system may also provide for
plasma discharge termination on demand via
massive gas puffing or injection of cryogenic mass
via pellets or liquid jets. A concept called isotopic
fueling [3] can be used to improve the tritium burn

fraction by limiting use of tritium fhel to only
those fhnctions related to the fhsion burn and
using deuterium for edge density control. This can
reduce in-vessel tritium inventories and the
required tritium-breeding ratio for fhsion reactors.

There is an incentive to maximize the tritium
plasma fueling eficiency due to the cost and
safety implications of a large tritium throughput
and the complexity of reprocessing large torus
exhaust gas loads [3]. Generally, in diverted
discharges of the larger tokamaks, gas fueling
efficiency is in the range of 1–1OOA,and pellet
fueling efficiency is an order of magnitude larger
[4, 5]. Fueling efficiency generally improves with
pellet penetration and recent results from ASDEX -
Upgrade [6] show substantial improvements in
both penetration and et%ciency for high field
launch.

Deuterium pellet injection from four different
poloidal locations has been used in experiments on
the DIII-D tokamak [7–9] to investigate several
aspects of plasma confinement and density control
(see Fig. 1). Resulting density profiles show that
pellet mass deposition fi-ompellets launched fi-om
the high field side (HTS) is well inside the
expected penetration radius; this suggests that a
drift of the pellet ablatant is occurring toward the
low field side (LFS) edge of the plasma (Fig. 2).
The formation of highly peaked density profiles
with pellets injected from the HFS is possible at
higher heating power than is po ssible from pellets
injected from the LFS.

FIRE FUELING SYSTEM

The FIRE fieling system will use a combination
of gas puffing and pellet injection to achieve and
maintain burning plasmas. This combination will
provide a flexible fueling source with D-T pellets
penetrating beyond the separatix to sustain the



Figure 1. Pellet launch locations on DIII-D.
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will be comprised of repeating pneumatic injectors
using an extruder-based hydrogenic feed system
configured to inject pellets using propellant gas
for pellet acceleration (up to
1.5 km/s) and/or mechanical punch accelerators
(up to 100 m/s for pellet injection into curved
guidetubes for vertical or HFS launch). The
mechanical punch opemting alone or with a small
amount of propellant gas would reduce
considerably the need for differential pumping of
the pellet injection line and the reprocessing
requirements for propellant gas, The PFS
comprises a pneumatic pellet injector with three
separate pellet extruders/guns, installed in a
containment area. The hydrogenic feed for the
injector is provided by a conventional linear piston
hydrogen extruder (sized for a 20-s supply of
pellets) or by a continuously rotating screw
extruder. Deuterium, tritium, and D-T pellets up
to 10 mm in size have been extruded at rates up to
0.26 g/s [10]; this pellet size and feed rate are
sufficient for fieling fision reactors at the
gigawatt power level. Table 1 shows preliminary
parameters for the FIRE hydrogenic fheling
system. The technology to deliver intact pellets at
the highest possible speeds around curved surfaces
(guidetubes) is under development
[8, 9].

FIRE PUMPING SYSTEM
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Figure 2. Plasma density increase from a pellet
launched from the inner wall (I-IFS) launch
compared with launch from the outer wall (LFS).

burning fusion plasma and deuterium -rich gas
fheling the edge region to meet divertor
requirements. The fieling system includes a
conventional gas puffing system, using all-metal
electromagnetic dosing valves (four toroidal
stations at two poloidal locations at each divertor
level) and a pellet injection system.

The FIRE pellet fieling system (PFS) design
includes a long-pulse pneumatic pellet injector
system capable of injecting m, D-T, or tritium. It

The current baseline design is a set of refrigerated
duct D-T cryocondensation/diffusion pumps
backed by turbo/drag pumps. This system is
designed to pump in both the free-molecular and
viscous flow regimes. Water is pumped on the
inside diameter of the 160-mm-diam. by l-m long
30 K entrance duct that connects the divertor to
the cryocondensation pump. Other impurity gases
and hydrogen are pumped by liquid-helium-cooled
cryocondensation pumps. The
2-torr-L/s helium gas produced by the D-T fusion
reaction is compressed by viscous drag in the
entrance duct by a factor of up to 100. The
compressed helium gas is carried from the
cryopump to a turboldrag pump located outside
the biological shield through the divertor duct. The
design D-T throughput is 200 torr-L/s for the 20-s
pulse length. The partial pressures prior to a



ORNL has a premier diamond turning
research and development facility,
allowing us to explore many exotic
semiconductor material systems. The
diamond turning research facility at
ORNL was initially established to
produce challenging high performance
optical surfaces such as paraboloids,
ellipsoids, conformal optics, and
diffractive/refractive hybrid designs2.
These type of precision optical
components are typically held to
tolerances on the order of a micrometer
deviation ffom the perfect design
surface across a 100 mm (or more)
diameter part. Thus using this
equipment for the sub-micrometer
precision required in the micro- Figure 2. SPDTproducedInP and cleaved InAs wafers (2mm diameterand <lO~mthick
fabrication and hybridization efforts for diaphragmswith a surrounding20 mm SpDT~ea before machiningof the releme ring)
this project was not insurmountable
since the diameters involved are only a few millimeters. Two diamond turning machines were available for this projecc the
prototype of the Nanoform 600 class machine, that can diamond turn parts with diameters of 0.6 m with a positioning resolution
of 1.25 nm; and the Precitech Optimum 2800 that was particularly amenable to semiconductor micro-machining.

The micro-machining conditions used for all materials in the final surface passes were:
rotational speed of 2000 rpm; feed rate of 500 nm/min.; cut depth of 0.5 pm; and
diamond tool radius of 0.508 mm. However, the roughing cut parameters varied
according to the individual material properties. Examples of micro-machined alternate
material diaphragms are the InP and cleaved InAs wafers shown in Figure 2. Clearly
visible in Figure 3 is the release ring that was SPDT around the diaphragm depression
to a thickness of less than 30 ~m to allow subsequent separation from the wafer. The
quality of the micro-machined surfaces was critical since these thin diaphragm surfaces
serve as the substrates for the eventual micro-devices. All of the non-silicon starting
substrate wafers were polished on the vacuum fixture side and lapped on the diamond

tool side. Thus the
final micro-devices
have a polished side
and a diamond turned
side.

An atomic force
microscope image of a
silicon micro-
machined surface is
depicted in Figure 4.
Although at first
glance this silicon
surface appears highly textured, the scale indicates the extreme
exaggeration of the vertical (z-axis) dimension in this image. The
peak to valley deviation is approximately 5 nm. Two distinct
periods can be seen in Figure 4. The larger period of
atmroxitnatelv 300 urn corresponds to the expected values given

Figure 3. Alternatematerialrelease ring
(10 mm dia.) and diaphragm (2 mm dia.)

[([00) silicon]. Most alternate materials (II-VI and III-V) show th; feed rate,-rotational speed, and depth-o{cut. Howeve;, the
superior results compared to this hard/ brittle material. other pattern has a higher frequency component induced by



vibration. Fortunately, most of the important group II-VI and III-V semiconductors are more amenable, to varying degrees, than
silicon to this fabrication process. The antimony based materials (InSb and GaSb) were the most ductile and showed the least
sensitivity to the fabrication parameters, with properties similar to aluminum. HgCdTe was also readily processed, however the
wafer consisted of a 20 pm thick liquid phase epitaxy grown HgCdTe layer on a CdZnTe substrate. The wafer was vacuum
mounted on the HgCdTe side and SPDT machined through the substrate into the epitaxial layer to form a diaphragm less than
10 ~m thick. The harder arsenic based materials (InAs and GaAs), along with the group IV materials (Si and Ge), required the
use of more gentle machining conditions for the “rough” cuts. The final finishing passes for all of the materials investigated were
identical, as described above. InP showed intermediate machining properties (ductile/brittle) compared to the other materials
investigated. Only the extremely hard materials, such as SiC, were specifically excluded from this study.

3. MICRO-DEVICE IMPLEMENTATION

Also available for our studies was a FIB milling system (FEI 200). The system uses a Ga ion source to produce an energetic
ion beam focused onto the working surface 3’4’5.The beam energy was 30 keV and the beam current varied (1 pA to 10.5 nA),
depending on the focused beam diameter (25 nm to 600 rim). The system utilizes secondary electron emission produced by the
scanning ion beam to image the surface in a manner similar to an electron microscope. This allows the region of the surface being
modified to be observed before and during the ion milling process. Magnifications achievable are similar to electron
microscopes, ranging from 190 to over 100,000, The system is capable of direct write ion beam milling or deposition by rastering
over a user-defined pattern superimposed on an image of the surfaceb’7. ORNL has an extensive background developing ion
beam milling processes forultra-precision fabrication applied to a variety of non-semiconductor materialss. Roughening of metal
and non-metals under ion bombardment is an issue of critical importance for applications involving micro-stictures and has been
extensively studied in our previous investigationsg. The work described in this paper concentrated on semiconductor single
crystal materials that are expected to make the largest impact in micro-devices applications from alternate (non-silicon) substrates.

The alternate material diaphragms discussed in the previous sections were the starting substrates for the FIB process. These
diaphragms were often I%rther thinned with broad beam ion milling before being directly patterned with FIB. This thinning
process was often hampered due to preferential sputtering of one of the constituent elements in the binary material. InSb
exhibited the most severe preferential sputtering while GaAs was the most amenable. The group IV single element
semiconductors showed essentially no preferential effects. This problem was ultimately overcome with the introduction of non-
normal sputtering angles and rotation during sputtering. This eliminated preferential sputtering and produced extremely smooth
surfaces.

An example of a simple patterned and released micro-device is shown in Figure 5. This 500 ~m long micro-mechanical structure
was patterned in the middle of a 6 ~m thick InSb diaphragm using FIB. The missing material simply dropped down due to gravity
once the pattern was complete, leaving the released micro-device. The deflection response of this micro-device due to exposure
to energy fi-om a 500 “C
blackbody source (1 > 1.1
pm) is shown in Figure 6.
The experimental
arrangement for this
deflection measurement has
been adopted from atomic
force microscopy (AFM) as
reported previously ‘O. This
bulk InSb micro-mechanical
IR detector has exhibited
superior deflection response
(magnitude and frequency)
compared to simple thermo-
mechanical (hi-material)
movement due to photo-
induced, rather than thermal,
stress in the lattice’1. Figure 5. FIB milling of InSb diaphragm produced this

simple micro-device used for subsequent IR response
testing.
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Figure 6. IR deflection response of bulk
InSb micro-device



4. MEMS HYBRIDIZATION

In addition to the MEMS /
MOEMS fabrication obstacles
associated with the use of
materials other than silicon,
we also addressed the difficult
issue of hybridization. The
labor intensive, costly, and
inefficient (even when
automated) process ofjoining
wafers mechanically,
electrically and even optically
can be substantially simplified.
Hybridization is necessary
when a material other than
silicon is required for a given
application. Traditionally an
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Figure 7. Rapid hybridization (mechanical and
electrical) with a matching inverse silicon mate to
complete the MEMS.

SEMICONDUCTOR WAFER
DIAPHRAM

Figure 8. Schematic of diamond turned conical
diaphragm with metal contacts in an exotic
semiconductor material.

ex~emely complex method of linking exotic material substrates to silicon processing circuitry had to be reinvented for each
specific application. Instead, hybridization can be addressed by ultra-precision SPDT in a way similar to that used in self-

‘2 The rapid and precise material removal required for this effort wasaligning optical systems and is shown in Figures 7 and 8 .
also performed with the sub-micrometer tolerance SPDT machine. When a micro-device was fabricated fkom an exotic material
within a diaphragm (conic depression shown earlier in Figure 3), an exact negative (conic proj ection) was also produced in a
silicon wafer. When radial metalization contacts are deposited on the micro-device from the diaphragm to the outer edge of the
wafer, and onto the corresponding mating surface of the inverse silicon projected cone, there exists a simple means of electrically
connecting the two dissimilar wafers. Although not shown in the images in the above figures, the silicon mating wafer will have
metalization lines wrapping around the wafer to connect to conventional silicon-based micro-circuitry on the back side of that
wafer. Additionally, a simple locating mark was embossed on the wafers to facilitate clocking (rotation) which is the only
remaining degree of freedom in such an alignment scheme. If an optical interface is required for a particular micro-device, an
additional wafer can be aligned in a similar manner to the other side of the exotic material (Figure 9). This additional wafer can
contain a high performance hybrid lensed surface, typically made from Si, Ge, ZnS, or ZnSe, to allow operation in the infmed.
The present state-of-the-art in SPDT equipment readily allows substantially sub-micrometermaterial removal increments forming
the basis for this novel hybridization process,

Ge or SiHYBRID
MICRO-LENS SEMI-CONDUCTOR

DIAPHRAGM

/ I

T

NON-SILICO
METALIZATIOlf&EOR~& MATERIAL
CONTACTS

ASIC SURFACE

Figure 9. Another possible level of hybridization can
achieved with a micro-lens attached to complete the
MOEMS.

Figure 10. Three views of silicon interface; as machined 50 x 50 mm wafeq
released 10 mm diameter substrate; and conic 2 mm diameter projection.

as machined 50 x 50 mm wafer;



The silicon mating/interface structure required to hybridize the alternate material MEMS is depicted in three images in Figure
10. The image on the left shows a SPDT silicon wafer. The top image on the right shows a subsequently released substrate
compared in size to a coin. The final image in Figure 10 shows the detail features of the conic interface projection. The top edge
of the cone was relieved to accommodate almost any radius diamond tool that might be used to fabricate the inverse alternate
material depression without interference. Thus the 100 ~m gap between the top of the silicon cone and the bottom of the alternate
material diaphragm was maintained by forcing the two mating interfaces to contact only on the 45 degree angled cone surfaces.
This eliminated any problem with different coefilcients of thermal expansion between the two substrates.

5. CONCLUSIONS

Although SPDT and FIB are traditionally used for other purposes, these technologies were readily applied to the fabrication of
micro-structures, and the hybridization that was required when using alternate materials. The term SPDT micro-machining in
this case refers to an actual ultra-precision machining process compared to the more conventional usage associated with MEMS
fabrication methodsi3. In this initial feasibility effort seven semiconductor wafers with starting thicknesses of approximately
0.5 mm were rapidly thinned to less than 10 microns, producing diaphragms over a central region of the wafers approximately
2 mm in diameter. These diaphragms were subsequently ion milled using FIB to produce filly released micro-structures within
the diaphragm. Although this was only a preliminary feasibility study, we have demonstrated the potential power of this
technique for most material systems. These precision fabricated alternate-material micro-structures were also easily mated to
silicon structures of inverse shape to produce a relatively simple and rapid hybridization process. These techniques were
employed,to rapidly demonstrate alternate-material sensors such as InSb based IR detection MEMS. Since the fmt and most
rapid step in this fabrication and hybridization processes involves SPDT, the cost realism of this approach was also examined.
Micro-devices that can be fabricated from silicon will always enjoy a substantial cost advantage over the techniques discussed
above. However for applications where particular silicon material parameters are not suitable, there is essentially a
straightforward and relatively low-cost alternative. There is a continually growing list of such applications. Most prominent of
these is IR detection since silicon becomes a window material for wavelengths above 1.1 ~m. Small commercial SPDTmachines
are now available that are capable of working 50mm parts for under $ 100K. In recent consultations with machine manufacturers
we have outlined simplified semiconductor based machines that would cost even less. Thus, for a $lM investment, a MEMS
manufacturer could have as many as 15-20 machines running continuously. This suggests a possible parallel fabrication
approach with arrays of lower cost machines instead of the traditional serial IC fabrication process for non-silicon based micro-
device applications.
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