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DEVELOPMENT OF A TRITIUM EXTRUDER FOR ITER
PELLET  INJECTION

Final Report

P. W. Fisher
M. J. Gouge

ABSTRACT

As part of the International Thermonuclear Experimental Reactor (ITER) plasma
fueling development program, Oak Ridge National Laboratory (ORNL) has fabricated a
pellet injection system to test the mechanical and thermal properties of extruded tritium.
Hydrogenic pellets will be used in ITER to sustain the fusion power in the plasma core
and may be crucial in reducing first-wall tritium inventories by a process of “isotopic
fueling” in which tritium-rich pellets fuel the burning plasma core and deuterium gas
fuels the edge. This repeating single-stage pneumatic pellet injector, called the Tritium-
Proof-of-Principle Phase II (TPOP-II) Pellet Injector, has a piston-driven mechanical
extruder and is designed to extrude and accelerate hydrogenic pellets sized for the ITER
device. The TPOP-II program has the following development goals: evaluate the feasibil-
ity of extruding tritium and deuterium-tritium (D-T) mixtures for use in future pellet
injection systems; determine the mechanical and thermal properties of tritium and D-T
extrusions; integrate, test, and evaluate the extruder in a repeating, single-stage light gas
gun that is sized for the ITER application (pellet diameter ~7 to 8 mm); evaluate options
for recycling propellant and extruder exhaust gas; and evaluate operability and reliability
of ITER prototypical fueling systems in an environment of significant tritium inventory
that requires secondary and room containment systems.

In tests with deuterium feed at ORNL, up to 13 pellets per extrusion have been
extruded at rates up to 1 Hz and accelerated to speeds of 1.0 to 1.1 km/s, using hydrogen
propellant gas at a supply pressure of 65 bar. Initially, deuterium pellets 7.5 mm in
diameter and 11 mm in length were produced—the largest cryogenic pellets produced by
the fusion program to date. These pellets represent about a 10% density perturbation to
ITER. Subsequently, the extruder nozzle was modified to produce pellets that are almost
7.5-mm right circular cylinders. Tritium and D-T pellets have been produced in experi-
ments at the Los Alamos National Laboratory Tritium Systems Test Assembly. About
38 g of Tritium have been utilized in the experiment.  The tritium was received in eight
batches, six from product containers and two from the Isotope Separation System. Two
types of runs were made: those in which the material was only extruded and those in
which pellets were produced and fired with deuterium propellant.  A total of 36 T2 runs
and 28 D-T runs have been made.  A total of 36 pure tritium runs and 28 D-T mixture
runs were made.  Extrusion experiments indicate that both T2 and D-T will require higher
extrusion forces than D2 by about a factor of two.
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1.  INTRODUCTION AND BACKGROUND

An earlier Oak Ridge National Laboratory (ORNL) tritium pellet injector experiment
(1988–1989)1–3 operated at the Tritium Systems Test Assembly (TSTA) established the
basic scientific feasibility of production and pneumatic acceleration of tritium pellets for
fueling future fusion reactors. This earlier experiment, Tritium-Proof-of-Principle Phase I
(TPOP-I), used a single-stage, light gas gun in which a single 4-mm-diam pellet was
frozen in-situ in the barrel and accelerated with high-pressure hydrogen gas. Over
100 kCi (~10 g) of tritium was processed through the experiment without incident during
the entire lifetime of the project. In Phase II of this experiment, the pipe gun has been
replaced with a repeating pneumatic pellet injector (RPI), which was developed by
Combs, Milora, and Foust at ORNL.4 The specific embodiment of this gun is similar to
the design of the injector used on the Joint European Torus5,6 and recently installed on
the DIII-D tokamak experiment at General Atomics.7 These extruder-based guns have
been used to fuel fusion experiments with deuterium and hydrogen pellet streams ranging
from 1.8-mm-diam at 10 Hz to 6-mm-diam at 1 Hz. The extrusion feed technique is quite
general and has also been used in centrifugal pellet injectors. The Tritium-Proof-of-
Principle Phase II (TPOP-II) gun is designed to produce 8-mm-diam pellets as prototypes
for those that will be used to fuel the International Thermonuclear Experimental Reactor
(ITER) device. Unlike TPOP-I, which was a single-shot device, the new gun is able to
produce streams of more than ten pellets at frequencies up to 1 Hz. A TPOP-II run could
require as much as 50 kCi (~5 g) of tritium for a single fill of the extruder.

ITER requires pellet fueling to replenish burned-up fuel in the plasma, to control
plasma density and burn rate, to establish a flow of hydrogenic ions in the scrape-off layer
to reduce impurities and helium ash concentrations in the core of the plasma, and to influ-
ence gas composition in the plasma edge. This latter point is important to the develop-
ment of the concept of isotopic fueling.8 In this concept, pellets of high-tritium concen-
tration would be delivered beyond the scrape-off layer for plasma fueling, and gas of
high-deuterium concentration would be delivered into the scrape-off layer to control the
density and composition of the diverter region. The high concentration of deuterium next
to the wall would translate into lower tritium concentration in the wall and would sig-
nificantly reduce (~50%) the tritium inventory in the wall, which could approach several
kilograms. Therefore, pellets with a broad range of tritium concentration are being
evaluated in these experiments. Fueling requirements for ITER have been specified9 and
call for the use of up to 10-mm-diam deuterium-tritium (D-T) pellets at about 1 Hz.
These pellets would represent about a 10% perturbation in the plasma density if the entire
mass is deposited in the core. A conservative approach has been adopted here; the largest
anticipated pellets are being produced so that issues related to volumetric heat generation
due to decay heat from tritium in both the extruder and pellets can be evaluated.

Physical properties of solid tritium that would facilitate the design and operation of
an extruder for tritium are not known. In the course of TPOP-I experiments,10 data from
break-away pressure measurements of deuterium and tritium pellets indicate that the
shear strength for tritium may be about twice that of deuterium, at a temperature of about
10 K. These numbers indicate that one might expect to encounter about twice the
extrusion forces for tritium as are encountered for deuterium for a given extruder nozzle
design. The actual behavior of tritium during the extrusion, punching, and acceleration
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processes must be tested to gain any confidence in the use of extruder-based pellet
injectors for ITER. Because of this lack of information, it was decided to utilize the suc-
cessful RPI technology with few changes to get a direct comparison of tritium with the
extensive deuterium extruder database. The goals of the TPOP-II program are to deter-
mine the feasibility and conditions under which tritium and D-T mixtures can be
extruded, to determine the mechanical and thermal properties of tritium and D-T extru-
sions, to extrude and accelerate ITER-relevant pellets in a repeating mode, to evaluate
options for recycling extruder and pellet exhaust, and to evaluate the RPI design in an
environment having significant tritium inventory, secondary containment, and interfaces
with other tritium processing systems.

2.  EXPERIMENT

2.1  SYSTEM LAYOUT

Fig. 2.1 shows a layout of the TPOP-II experimental apparatus. The repeating pneu-
matic injector (RPI), guard vacuum enclosure, the injection line, and the gas handling
system are housed in a glovebox for tritium containment. This is the same glovebox as
was used in the original TPOP experiment. A glovebox extension has been added above
one end of the TPOP glovebox to contain the tritium extruder, which is too tall to fit in
the original glovebox. This extension plus the weight of the extruder and guard vacuum
box surrounding the RPI require the strengthening of the TPOP glovebox support
structure. Shown below the glovebox is a secondarily contained, ~600 liter ballast volume
to maintain pressure in the injection line below 30 mbar (22 torr) during pellet production
runs. With very few exceptions (noted below), tritium-wetted surfaces are all metal
(usually stainless steel). All interfaces between the glovebox and TSTA (tritium,
deuterium, nitrogen, helium, electrical, control, vacuum connections, etc.) are through
panels in the top of the glovebox. Cajon VCR fittings are used for all external gas
connections in these panels. This is shown in Fig. 2.2 which is a photograph of the
apparatus installed at TSTA. Operation of the entire experiment is controlled remotely
from the console at the left in Fig. 2.2. High-speed data acquisition is accomplished
through CAMAC digitizer modules connected to a MicroVAX II computer.

2.2  SYSTEM HARDWARE

2.2.1  Repeating Pneumatic Injector (RPI) Assembly

Fig. 2.3 is a diagram of the TPOP-II repeating pneumatic injector (RPI) assembly,
which is housed in a guard vacuum chamber. This guard vacuum chamber consists of a
welded box frame structure with separate plates for the four sides and top; the guard vac-
uum assembly is shown in Fig. 2.4. Principal RPI components include the extruder
mechanism with two copper cryostats, the pellet cutting and chambering “cookie cutter”
mechanism with adjacent copper cryostat, the gun barrel, the 3He separator which
removes the 3He byproduct from the tritium radioactive decay from the incoming tritium
supply gas stream.
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The extruder mechanism shown in Fig. 2.5 freezes input gas into a column of hydro-
genic solid in a batch process for use at a later time. Extruders are generally capable of
moving solid material at a sufficiently high rate of speed to provide a “real time” pellet
feed system. The apparatus shown is an example of a repeating pneumatic injector that is
capable of delivering 4 mm diameter pellets continuously at rates of up to 5 Hz. For
TPOP Phase II, the pellets will be larger (~ 8 mm diameter) and the expected repetition
rate is about 1 Hz max. A similar extrusion system developed for the JET tokamak5 fea-
tures three extruder units of 2.7 mm, 4 mm and 6 mm capability in a common vacuum
enclosure. These deuterium extruders have proven very reliable during the five years they
were in operation at JET.6  The extruder section consists of a liquid reservoir positioned
above a cylindrical freezing chamber which is fitted at its outlet with a tapered brass
extrusion nozzle. A motor-driven screw press activates a Vespel piston that moves verti-
cally inside the cylindrical bore of the freezing chamber where the solid hydrogenic
charge is located.  The extruder assembly has two cryostats; each is a 7.62 cm long by
7.94 cm diameter  block of oxygen-free, high-conductivity (OFHC) copper that has
0.406- by 0.406-cm square cooling channels with a spiral pitch machined into it. A 50-W
Nichrome heater is wrapped around and epoxied to the perimeter of each cryostat for
temperature control. The extrusion nozzle which terminates just above the chambering
mechanism position provides a smooth transition from the 10.5 mm cylindrical extruder
bore to a rectangular cross section whose length (9.5 mm) is larger than the punch tube
diameter and whose width (5.5 mm) determines the length of the pellet.  Present deute-
rium extruders typically operate at ~ 14 K where the shear strength of the ice is suffi-
ciently low enough to prevent excessive piston forces at high extrusion rates.

The pellet cutting and chambering mechanism is shown in Fig. 2.6. As the extruder
feeds a continuous supply of solid deuterium (or tritium) to the gun assembly, a recipro-
cating electromagnetically-driven, breech-side cutting mechanism (punch tube) forms and
chambers cylindrical pellets from the extrusion. The chambering mechanism contains a
single cryostat, the main body of which is also a 7.62 cm long by 7.62 cm diameter  block
of OFHC copper that has 0.406- by 0.406-cm square cooling channels with a spiral pitch
machined into it. Above this main body is an integral OFHC extension which houses the
chambering mechanism and the top surface of which connects to the extruder nozzle.

Tritium and D-T pellets are accelerated in the gun barrel to high velocities with con-
trolled amounts of compressed deuterium gas delivered by a fast electromagnetic propel-
lant valve. This valve is a fast solenoid valve (<1-ms opening time) developed at ORNL,
which has operated at pressures up to 20.6 MPa (3000 psi).11 It is all-metal except for the
Vespel stem tip and Vespel o-ring body seal. A mini-Conflat-type seal is used for the
main valve body connection to the pellet chambering mechanism. Breech pressure is
measured with a quartz piezoelectric transducer (PCB 105B12, 0 to 2000 psi). The gun
barrel is a continuous 7.7-mm-ID, 1.25-m-long (L/D=160) stainless steel tube with a wall
thickness of 0.89 mm (0.035 in.). A Cajon VCR fitting attached to the muzzle end of the
barrel forms an all-metal sealed interface with the injection line. At the breech end of the
barrel, an indium-sealed flange bolts to the gun cryostat. The barrel assembly penetrates
through a flange assembly on the front cover of the guard vacuum box.  This flange
assembly includes a bellows subassembly with a Cajon Ultra-Torr fitting on one end. A
sleeve on the barrel OD forms a seal with this fitting, providing a vacuum tight connec-
tion. The entire barrel assembly can be removed from the system by disassembling these
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few mechanical joints, which are easily remade, without disturbing any other parts of the
system.

2.2.2  Liquid Helium Cooling System and 3He separator

Liquid helium enters and exits the guard vacuum chamber through two vacuum-
insulated, o-ring sealed, bayonet fittings (Linde-type) on the front plate. The liquid helium
supply is split into four parallel cooling paths inside the guard vacuum box (the two
extruder cryostats, the gun cryostat and the 3He separator) each with a flow control
(throttle) valve. These four parallel paths finally combine and are then discharged through
the exhaust bayonet fitting. The 3He separator is basically a small copper counterflow
heat exchanger. A diagram is shown in Fig. 2.7. Helium coolant passes through the
1.27-cm-ID central cooling channel, which has a spiral baffle to enhance heat transfer.
Tritium is cryopumped into the external finned surfaces, which have a large volume
(139 cm3) to keep the 3He pressure low during filling and a wide entry region to prevent
obstruction by condensed tritium.

2.2.3  Pellet Diagnostic Line

The pellet diagnostic line (used in TPOP Phase I) shown in Fig. 2.8 provides several
means for measuring pellet velocity and photographing pellets. The two diagnostic
stations shown, which are 78 cm apart, are essentially identical; each has a velocity gate
and a photographic station. Pellets are viewed through Ceramaseal sapphire windows
with a 2.54-cm (1-in.) clear viewing diameter. The windows are mounted on 7-cm-OD
(2.75-in-OD) Conflat flanges and have a working pressure range from high vacuum to
2.1 MPa (300 psi). The velocity gates use 1-mm optical fibers to form light beams that,
when interrupted, indicate the presence of a pellet. Ensing-Bickford radiation-hard and
hard-clad silica fiber cables are used. The fibers are terminated outside the vacuum
system and light passes in and out of the system through sapphire windows.  The gate
valve in the pellet line (PV1 in Fig. 2.8) separates the gun from the injection line vacuum
system and is open during operations. This pneumatically actuated (with spring closing),
all-metal gate valve (VAT Series 48) has  DN 16 CF (Mini-Conflat) flanges. At the end
of the pellet line, a piezoelectric shock transducer (PCB 305A03) is mounted on the
outside of a 7-cm Conflat flange to detect the time at which the pellet reaches the end of
the diagnostic line. The multiple light gates and impact signals from the shock transducer
allow independent measurement of the pellet speed.

2.2.4  Gas Ballast Tank

A ~600 L gas ballast tank with secondary confinement is positioned below the
glovebox (see Figs. 2.1 and 2.2). This tank receives the pellet feed and propellant gas
from a single extruder run (8-10 pellets) and keeps the injection line pressure at or below
about 30 mbar (22 torr). The tank is directly connected to the second diagnostic station in
the pellet injection line via a 6.98 cm (2.75) inch Conflat seal.  The  secondary confine-
ment tank and glovebox communicate with each other.  The secondary confinement tank
is connected to the glovebox through a 10.16 cm (4 inch) connection and nitrogen cover
gas flows from the far end of the tank to the glovebox where it is monitored.
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2.2.5  Valve Manifold, Piping, and Fittings

2.2.5.1  Valves and valve manifold

All the process valves that contact tritium are either all-metal VAT vacuum valves
with Conflat fittings or Nupro HB or BK series bellows-sealed valves with Vespel
(polyimide) stem tips and VCR fittings.  The Teflon-coated bellows-to-body gasket on
the original Nupro valves were replaced with a silver-coated gasket for tritium service.
Pneumatic valves are actuated by solenoid valves located in the glovebox;  these valves
vent into the glovebox. All VAT valves have position-indicating switches.

The two valve manifolds are constructed entirely of stainless steel with welded,
silver-soldered, or Cajon VCR joints. Shutoff valves are pneumatically actuated, normally
closed valves (Nupro BK series) with Vespel stem tips. Valve positions are determined
by reading pressure switches (Whitman-P119) attached to each valve’s pneumatic supply
line. Each manifold has a motor control valve (MCV1 and MCV2) for metering gas
delivery and for use as a pressure control element. These control valves are all metal with
stepper motor drive (MKS Type 245). Pressures are indicated locally with absolute-
pressure, variable-reluctance transducers (Validyne AP10) with AND-10050 pressure
fittings sealed with Natorq silver-plated metal boss seals.

2.2.5.2  Piping and tubing

All piping that contacts tritium or potentially contaminated gas is type 304 or 316
stainless steel tubing except  for the cryostats and 3He separator which are made of
copper.  Diameter of the major process tubing is 6.35 mm (.25 inch). Vacuum piping is
1.27 cm (.5”) to 5.08 cm (2.0”) in diameter. A flexible connection made with a welded
stainless steel bellows is used in the extruder mechanism.

2.2.5.3  Fittings

Most of the process connections utilize VCR fittings with nickel gaskets.  Conflat
flanges with copper gaskets are used in some places.  VCR unions, tees and crosses are
used to connect tube to tube.  No organic gaskets are used on system piping potentially
wetted by tritium or D-T.

2.2.5.4  Pumps

A diaphragm pump, a scroll pump, and a turbo-molecular pump are installed in the
system.  None have oil or organic materials that contact tritium. The turbo-molecular
pump evacuates the guard vacuum chamber which does not normally see tritium. All the
pumps are located inside of secondary containment. The system’s internal vacuum pump
is a Normetex 15-m3/h all-metal scroll pump, backed by a Normetex two-stage, all-metal
diaphragm pump with a maximum discharge pressure of 100 kPa (1 atm). These pumps
are outfitted with Conflat flanges for tritium service. The Normetex scroll pump
evacuates the valve manifold, transfers pure hydrogen isotopes between the valve
manifolds, the extruder and the 3He separator and assists in transfer of D-T from TPOP-II
to TSTA.
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2.2.5.5  Overpressure protection

Aluminum bursting disks are provided for overpressure protection of nodes that
could receive high-pressure gas or trap cryogenically condensed gas; these disks are
vented to the ~600 liter gas ballast tank, not to the glovebox, to ensure tritium contain-
ment in case of failure. Reverse buckling rupture disks (BS&B Safety Systems RF-90),
mounted in nominal 2.54-cm (1-in.) safety heads (RB-7FS) modified by adding VCR fit-
tings, were used for this purpose.  Bursting disk assemblies have the same leak tightness
requirements to surroundings as all other process elements.  Leak tightness through disks
is tested by process measurements.  Burst disk pressures are set as follows:  BD1, BD2,
and BD4 (extruder and fill node) are 35 psid and BD3 (3He separator) is 90 psid.

2.2.6  Secondary Confinement

The glovebox used in Phase I was made of aluminum with Lexan windows; it had an
internal volume of ~3 m3. For Phase II an additional glovebox was added to the top side
of the rear portion of the existing glovebox as shown in Fig. 2.1 and 2.2 to house the
extruder drive assembly. This new aluminum glovebox is dual-sided with removable end
panels, Lexan windows and standard gloveports. It has a skylight opening on top and
bottom. The two gloveboxes are connected using an adapter flange that interfaces
between two skylight openings. The existing glovebox support structure was modified to
support the new gravity loads of this glovebox extension and the extruder/gun mecha-
nism. Internal subassemblies are attached to the glovebox with Unistrut channels that are
welded to the floor and ceiling of the glovebox.

2.2.7  Flow Diagram

A process flow diagram is shown in Fig. 2.9. The gate valve in the pellet line (PV1)
is described in Section 2.2.3. The pellet gas valve (PV2) is a Nupro HB series bellows
valve and admits gas (deuterium, D-T, or tritium) to the upper liquid reservoir cryostat.
Valves PV3–PV5 and PV7–PV20 are located on two pellet feed gas (tritium) manifolds,
shown in Figs. 2.10 and 2.11. The manifold in Fig. 2.10 supplies pellet feed gas to the
gun and tritium to the 3He separator, receives feed gas (both tritium and auxiliary gas)
from external sources, and serves as a gas sampling location. The manifold in Fig. 2.11
provides 12.5 liters of storage for the pellet feed gas and internal pumping and vacuum
interfaces for the feed gas system. Valve PV21, located near the scroll pump, is a pneu-
matically actuated, spring-closing, all-metal, right-angle valve (VAT Series 37) with
DN-16-CF (Mini-Conflat) flanges. This valve establishes flow between the manifolds and
the external vacuum system via the pellet diagnostic line. As discussed above, the
system’s internal vacuum pump is a Normetex 15-m3/h all-metal scroll pump, backed by
a Normetex two-stage, all-metal diaphragm pump. All components in the propellant gas
feed system are rated for pressures at or above the maximum operating pressure of 100
bar (1450 psi). A three-way solenoid valve SV1 located outside the glovebox (not shown
in Fig. 2.9) separates the propellant supply line from the experiment.  This valve limits
the maximum propellant gas volume that can be released to the glovebox to 100 cm3

which is not enough to cause an overpressure hazard. Valves SV1 and SV2 are solenoid
valves (Circle Seal SV20 series) with position-indicating switches. A snubber in the line
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after each of these valves limits the flow rate of high-pressure gas. Propellant gas pressure
is measured with a 0- to 240 bar (0- to 3500-psi) pressure transducer (PE8, Dynisco
Series 800). Supply pressure is measured outside the glovebox at 100 cc volume with a
345 bar (5000-psi) full-scale, calibrated Bourdon tube gage (Pressure Products).

2.2.8  Instrumentation, Control and Data Acquisition

Three separate computer systems are involved in TPOP operation. The TSTA master
data acquisition computer (MDAC) controls all of the functions of TSTA systems shown
in Fig. 2.12 (LIO, TP1, SEC, etc.) including tritium monitoring, glovebox pressure, and
glovebox purging. The TPOP process control system, presently an NCR-PC8 personal
computer (PC/AT) using a program called THE FIX from Intellution, controls all systems
in the TPOP glovebox. The TPOP experiment is operated in the TSTA facility in close
coordination with a TSTA operator who controls all TSTA systems through MDAC while
the TPOP experiment is running. A MicroVAX II computer is used to generate control
signals which operate the gun during firing and for high-speed data acquisition. Fig. 2.13
is a block diagram of the TPOP control and data acquisition system. All routine opera-
tions inside the glovebox are controlled by equipment outside the glovebox. In general,
the operator works only with the equipment shown along the bottom row in Fig. 2.13.
Controls for this equipment (with the exception of the MicroVAX II input/output) are
located on the front panel of the control console in Fig. 2.2. Valves in the experiment can
be controlled either through a manual control panel or through the process control com-
puter (but not through both simultaneously). THE FIX controls all digital and analog
input and output functions through an Analog Devices micro-Mac-4000 unit. The PC/AT
also operates the Lakeshore DRC-91C cryogenic temperature controllers from THE FIX
through an IEEE-488 bus using a program written in the C language especially for this
purpose. All cryogenic temperatures are measured with silicon diodes (Lakeshore
DT-470-CU-12).  Another C program records the number of times each valve is operated,
the number of times the pump is operated, and the total time of pump operation for
reliability studies. These data are recorded even if the system is being operated from the
manual control panel. THE FIX is configured to allow the operator to see and control the
entire process in manual mode from the PC/AT, see and control the extruder and 3He
separator temperatures, read and trend analog inputs (temperatures, pressures, etc.), and
execute the program that is required to automatically run the system. All normal opera-
tions, such as tritium transfer to the glovebox, 3He separation, extruder filling, etc., are
carried out automatically by these programs. These programs were verified during the
TPOP-I experiment in 1988-89.  New programming for TPOP-II will be verified with
deuterium feed before commencing tritium operation.  Pressures in the system are con-
trolled by MKS-245 pressure controllers. The setpoint pressures for these controllers
comes from the PC/AT, and the control-point pressures come directly from the digital
panel meter gage readouts.

Signals from the light gates, shock transducers, pressure elements, temperature con-
trollers, and the force washer are digitized by the CAMAC system. Light gates are
digitized at a rate of 500 kHz and other signals are digitized at 20 kHz. The Micro
VAX II computer collects fast transient data from the CAMAC modules, provides the
trigger for the pellet chambering mechanism and the fast propellant valve that accelerates



9

the pellet, and collects a snapshot of all analog data values just before each shot. After the
runs are completed, programs are run to plot the transient. Velocities may be calculated
from the resulting time-of-flight information for three segments of the pellet path:
between the first and second light gates, between the first light gate and the first indica-
tion of shock at the end of the diagnostic line, and between the second light gate and the
first indication of shock. Pellet images are recorded on VHS videotape by Panasonic AG-
1950 video recorders using Panasonic WV-CD51 charge-coupled device (CCD) cameras.
Images are back lighted by light from totally-enclosed Laser Science VSL-DYE class
III-b lasers with Coumarin 481 dye, located outside the glovebox. Each 3-ns flash from a
laser is carried through 1-mm optical fiber to a photo station, where it “freezes” the image
of the pellet in flight. The hydrogenic extrudate is also viewed with a CCD camera in
natural lighting and the image is recorded on VHS videotape by a Panasonic AG-1950
video recorder. The extrudate is viewed through windows on each side of the gun cryostat
and guard vacuum box.

2.2.9  Gas Sampling and Analysis

Tritium analysis are performed by TSTA personnel using a mass spectrometer for
3He and Raman spectrometer for hydrogen isotopes.  Mass spectrometer analysis are
done off-line on samples collected in gas cylinders at port “S” inside the glovebox.  The
RAMAN spectrometer is piped directly to the TPOP-II tritium feed and exhaust lines.

2.3  SYSTEM OPERATION

The TPOP-II is operated from the TPOP process control computer except for the
primary utility valves, breakers and some process component isolation valves.  Hands-on
operation is needed to pumpdown and purge system components, cooldown, conduct gas
analysis and reset the extruder for the next run.  Major modes in the normal sequence of
operations are: preparation, glovebox verification, purging and pumpdown, cooldown,
extruder operation and shutdown.

2.3.1  Start-up Operations

2.3.1.1  Preparation

Before any equipment was operated in the TSTA facility the following documents
were written and approved:
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Title TSTA Number

System Design Description TPOP Pellet Injector
Phase II Tritium Extruder for ITER

TTA-SDD-110-02

Test Plan Deuterium Operation of the TPOP-II Fuel
Injection System

TTA-TP-TPOP-02

Test Plan Tritium Leak Checking of the TPOP-II Fuel
Injection System

TTA-TP-TPOP-04

Test Plan Tritium Operation of the TPOP-II Fuel
Injection System

TTA-TP-TPOP-05

These documents cover all aspects of TPOP-II operation, interfaces with the TSTA
system, safety analysis (FMEA in SDD), personnel training requirements, installation
procedures, tritium leak testing procedures, and experimental procedures for extruded
pellet runs. Operators are required to read and understand these documents before work-
ing on the experiment. They are also required to complete LANL and TSTA specific
training.  The tritium operations test plan is included for reference as Appendix I of this
report.

2.3.1.2  Glovebox and tritium alarm systems status

The proper operation of the glovebox pressure control system and glovebox tritium
and oxygen monitoring systems are verified periodically by TSTA staff in accordance
with TSTA procedures.

2.3.1.3  Valve manifold & injection line purging and pumpdown

High-pressure nitrogen for the pneumatic supply are checked to ensure it is operating
at the correct setpoint. The valve manifold including auxiliary and propellant gas sup-
plies, injection line and ballast tank are pumped down and/or purged prior to initial
operation.

2.3.1.4  Cooldown

The TPOP-II guard vacuum system is evacuated before a run by the turbo-molecular
pump and is then isolated from the TWT system when the guard vacuum box is at the
proper vacuum for cooldown. There are three extruder cryostats; an upper extruder cry-
ostat, a lower extruder cryostat and a gun cryostat and a 3He separator. The three extruder
cryostats and the 3He separator cryostat are cooled down to operating temperatures which
range from 5-30 K. The cryostats are cooled by pressurized helium liquid or vapor that
flows from an external 500- or 1000- liter dewar through a helium transfer line which
penetrates the glovebox from above and is connected to the front face of the guard vac-
uum box through a custom bayonet fittings. There is a manual valve in this helium
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transfer line. There are four motor controlled needle valves (MCV3-MCV6) in the helium
flow path. The needle valves regulate the flow of the helium through the cryostats and the
3He separator. The amount of helium diverted from the main extruder flow path to the
3He separator is controlled by MCV6.  The position of the four needle valves is con-
trolled manually at the control panel to optimize cryostat temperatures for the hydrogen
isotope being used as feed gas and to minimize liquid helium consumption.

2.3.2  Normal Operations

2.3.2.1  Feed gas preparation

Tritium is transferred to the TPOP-II experiment in batches from product containers
(PCs) or during TSTA loop runs it may be transfered directly from the Isotope Separation
Syster (ISS). Usually one to two PCs will be required for a week long operation (about
2-3 pure tritium extrusion runs per PC). Before a transfer, TSTA operators mount a PC of
tritium in the LIO glovebox and establishes a flow path to the TPOP-II glovebox. A pro-
gram named T2FILL is then run from THE FIX on the TPOP PC/AT. This program
measures the pressure in tritium line, calculates an intermediate fill pressure based on the
final desired fill pressure (entered by the operator), and transfers tritium from the PC until
the intermediate pressure is reached. The flow path is shown in Fig. 2.14. The scroll
pump draws tritium into the storage reservoir through PV8, MCV1, PV14, PV15, PV20,
and PV18. When the intermediate setpoint is reached, T2FILL stops the flow of tritium
by closing MCV1 and the program ends. When T2FILL ends, the TSTA operator shuts
the hand valve on the PC in LIO.  The TPOP operator then starts a program called
T2FILL2. This program transfers all the remaining tritium from the line into the 15 liter
storage reservoir by again opening MCV1 until the line is empty. The program then
closes the valves and de-energizes the pumps.

Helium obtained directly from the ISS is very pure and does not require any further
processing before use.  However, tritium obtained from PCs must be processed to remove
3He (which ranged from 3% to 16% during TPOP-I experiments). Helium must be
removed from the tritium before it can be used to produce extruded pellets. To do this the
TSTA operator establishes a vacuum exhaust route through TP1 to some destination
which can accept helium, e.g. an empty PC in the LIO glovebox. The 3He separator is
cooled to <12 K. If the gas is to be analyzed, a sample cylinder is attached to the sample
port and evacuated, then rinsed with deuterium and evacuated several times to remove all
traces of helium from the previous sample. Program HE3-SEP is then run to carry out the
separation. This program establishes a flow path between the storage reservoir and the
3He separator by opening valves PV5, PV11, and PV18, as shown in Fig. 2.15. The
temperature in the separator will rise slightly (to >20 K) as the separator condensed the
feed gas; afterwards it will be returned to 12 K (typically within 30 s), the vacuum system
is opened to the other side of the separator (by opening PV3) to draw off 3He and lower
the separator pressure to allow transfer of the remaining tritium from the reservoir. At this
point the separator is isolated from the feed reservoir by closing PV5. The separator is
then heated to 15 K and the 3He is swept out to the vacuum with a small amount of trit-
ium (tritium vapor pressure = 4 torr at 15 K) for a period of 4 min. Low 3He levels can
not be obtained if the separator is operated at lower temperatures (<15 K) during this
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period, either because of flow limitations from the separator or because of cryotrapping of
3He in the solid tritium. Helium is pumped out of the system through PV3, PV16, PV15,
and PV10 to the exhaust line to TP1.  At this point PV3 and PV5 are closed to isolate the
separator from the system. The balance of the system (excluding the separator), including
both reservoirs and all lines, is carefully rinsed with deuterium and evacuated to TP1 to
remove all traces of residual 3He. Flow from the separator is then routed to the storage
reservoir through the scroll pump, and the tritium is transferred by heating the separator.
Typically, more than 95% of the initial tritium charge is recovered for use in pellet pro-
duction after the separation. At this point a sample is taken for analysis by mass
spectroscopy.

To prepare a gas mixture of deuterium and tritium, the desired amount of tritium is
transferred into the glovebox, treated to remove 3He, and stored in the reservoir. The
desired amount of deuterium is then admitted from the auxiliary gas line into the feed
volume, and a program named MIXGAS is run. This program circulates the gas in a loop
through both reservoirs by using the scroll pump, interrupting the flow several times so
that all the gas accumulates in one reservoir to help promote mixing. Samples of this gas
may be analyzed by the RAMAN spectrometer.

2.3.2.2  Extruder plug formation

A plug must be formed in the nozzle of the extruder before gun operation can com-
mence.  A special punch controller has been provided which can engage and hold the
punch in place with minimum current to block the escape of gas from the gun.  This unit
is interlocked to the extruder drive so that the drive can’t be operated with the punch
engaged.  The temperature of the lower cryostat (TE3) is allowed to fall to less than 10K
for this operation and temperatures of the top and middle cryostats (TE1 and TE2) are set
at 14 K and 23 K respectively (for deuterium).  Gas is admitted to the extruder through
PV2, PV4, and MCV2 at a controlled pressure starting at 100 torr and gradually increas-
ing to reservoir pressure.  After the system has come to equilibrium, the punch will be
extracted and the extruder motor will be run at a low speed to compact the solidified
material.  The extrudate can be observed through the windows in the lower cryostat.  The
Normetex pumps may be used to increase the feed gas pressure to the extruder if
necessary.

2.3.2.3  Extrusion, pellet formation, and firing

The temperature of the three extruder cryostats is verified to be in the proper range
for the isotope being extruded:

Deuterium D-T Tritium
Upper extruder cryostat 23 K 23 K 23 K
Lower extruder cryostat 14 K 13 K 13 K
Gun cryostat 14 K 13 K 13 K

Feed gas is supplied to the extruder at constant pressure, using a batch procedure
called CONSTPRES. For each run, the operator enters the desired pressure and starts the
program. Extruder filling is considered complete when the upper cryostat is filled with
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liquid by coming into equilibrium with the feed gas pressure. Actual extrusion is initiated
by a batch procedure called EXTRUDE run from THE FIX software on the TPOP-II pro-
cess control computer. This program starts the extruder drive motor in the down (extrude)
direction and sends a delayed digital signal to the MicroVAX computer which initiates a
pre-programmed pellet firing sequence (total number of pellets, repetition rate specified
in advance) by sending signals to the pellet chambering mechanism power supply and
propellant valve power supply via CAMAC timing modules.  Details of the fast data
acquisition system are given in Appendix II.  The normal propellant gas was hydrogen for
runs made at ORNL and deuterium for runs made at TSTA. In parallel, the CAMAC
digitizing modules record the data (pellet chambering mechanism shock transducer, pro-
pellant valve downstream pressure, two injection line light gates, and target plate shock
transducer, etc.) and prepares for the next shot.  Data may later be transferred to ORNL
over ethernet or by storing files on TK50 tapes. Plots of  the CAMAC digitizer data may
be made using a program named SPLOT. Hard copies of all of this information have been
placed in notebooks with photographs of the pellets.

There are several safety interlocks on the extruder that stop the extruder drive motor.
There is a force washer (A. L. Design, Inc. ALD-W-20), which is set at 4445 nt (1000
pounds), and temperature interlocks for the three cryostats set at 10 K.  Also there are
upper and lower limit switches on the extruder drive path to prevent piston travel outside
predetermined limits.

2.3.2.4  Gas recovery modes

2.3.2.4.1  Injection line/gas ballast tank gas recovery

After an extruder run in which pellets are extruded and accelerated, there will be of
order 10,000-20,000 mbar-liter (7,500-15,000 torr-liter) of pellet feed gas (deuterium,
D-T or tritium) and propellant gas (deuterium) in the injection line/gas ballast tank. This
will result in a vacuum of 20-30 mbar (22 torr) in these systems. Prior to the next run, this
gas will be transferred to an empty PC or to a metal getter bed to get the injection line
vacuum back to a level of order 1-2 mbar (0.7-1.5 torr). A fraction of this gas inventory
could be recycled as pellet feed gas to the extruder for the next run if the isotope mix is of
interest.

2.3.2.4.2  Extruder exhaust gas recovery

For runs in which the extruder is run without producing and accelerating pellets (i.e.
no propellant gas is added to system) it was beneficial to recycle the exhaust extruder gas
back to the extruder for the next run. This process allowed multiple extrusion runs to be
made with gas on known composition.

2.3.3  Shutdown Operation

2.3.3.1  Standby mode

There is no hydrogenic feed material in the extruder. The guard vacuum box and all
manifold and piping systems are at normal vacuum and the liquid helium inlet valve is
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manually shut to conserve helium in the dewar. The cryostat temperatures are allowed to
slowly drift upward. This mode will be used for long (of order >30 min) delays after
cooldown is complete while performing auxiliary tasks such as transferring tritium from a
new PC. Glovebox pressure control and monitoring systems remain functional.

2.3.3.2  Warmup mode

All hydrogenic gases are transferred from the extruder, interior piping and the injec-
tion line to either the valve manifold storage reservoirs, empty (waste) PC's or metal
getter beds. The liquid helium inlet valve is shut and the cryostat temperatures are
allowed to slowly drift upward. The guard vacuum remains isolated from the PEV until
the cryostat temperatures are in the 30-40 K range to determine if there has been any
hydrogenic gas leakage. If leakage is below acceptable limits, the guard vacuum pumping
system is opened to the PEV. Glovebox pressure control and monitoring systems remain
functional.

3.  EXPERIMENTAL RESULTS

Appendix III shows a summary of the TPOP-II experimental runs.  There have been
basically five experimental campaigns, the first at ORNL involved only deuterium and
the balance at TSTA all involved tritium as well as deuterium. The first campaign was
made during fabrication of the gun at ORNL13.  These runs were made to assure gun per-
formance before shipment to TSTA.  As such there was not a great deal of emphasis
placed on data acquisition, indeed the data acquisition system itself was one of those
items being developed during this period.  Some modifications to the equipment and
operating procedure were made during this period which are reflected in the way the gun
was operated at TSTA.  Prior to the first campaign at TSTA, the TPOP-I system was
brought out of storage and refitted with the TPOP-II 8-mm RPI extruder based gun.
During the period 8/31/95 to 9/28/95 the system was first operated with D2 to prove its
integrity and to establish some basis for comparison with later T2 runs.  The system was
then secured for T2 operations and tritium leak tested.  Following this, the first T2 runs
were made with T2 drawn from PCs. This completed the second campaign14.  The third
campaign (4/23/96 to 4/25/96) was made over six months later using tritium from PCs.
The fourth campaign (8/15/96 to 8/16/96) was made about four months later during a
TSTA loop run.  This campaign was not as productive as it could have been because the
data acquisition programs were not working properly at the start and the campaign and
work was terminated prematurely when the TSTA loop developed a leak. The fifth and
final campaign was conducted over a year later (9/16/97 to 9/19/97) utilized tritium from
PCs.  This campaign was devoted exclusively to making extrusion runs for the purpose of
characterizing the properties of solid T2 and D-T.

3.1  EXTRUSION RESULTS

Extruder operation was constrained by the availability of T2.  Tritium utilization
during all phases of the TPOP experiment is summarized in Table 3.1.  About 38 g of T2
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have been processed through the TPOP system.  As can be seen, the amount of T2
transferred to the experiment increased with time as the experience and confidence level
increased.  Early transfers were about 2.7 g and the largest transfer made during the loop
run directly from the Isotope Separation System (ISS) was 4.6g. Figure 3.1 shows a plot
of the extruder inventory as a function of fill level above the nozzle (the nozzle itself
contains about 1 g of T2).  Inventories of 2.7 g and 4.6 g correspond to levels of 6.2 cm
and 13.1 cm respectively.  A drawing of the extruder is shown in Fig. 3.2 along with a
scale to indicate elevation above the nozzle.  Filling to the 6.2 cm level is barely enough
to fill the lower cryostat.  Filling to the 13.1 cm level is enough material to reach the
flutes.  Typically, these extruders are operated with an unlimited supply of gas so that the
upper cryostat will have a pool of liquid available at all times.  Similar operation was only
approached in the last TPOP-II campaign.  Another difference between normal extruder
operation and these experiments is that normally the feed gas pressure is quite high
(typically 1 bar) whereas the fill pressure here was often below the triple point pressure of
T2 (162 torr).  Although there was no problem getting the extruder to accept all the gas
below the triple point, it is not known what effect the absence of a liquid phase during
filling might have on the quality of the ice.  However, it was apparent that the quality of
the extrusion improved as more material became available for testing.

Typical operating temperatures for the top, middle, and bottom extruder blocks were
23, 13, and 13 K respectively.  Plugs were formed with the punch closed and the heat
turned off on the lower block, which reduced its temperature to <10 K.  However, it was
found that the lower block could be cycled up in temperature to ~30 K to evaporate
frozen extrusion which was pumped to the top of the extruder for another run without
loosing the plug in the extruder.  This process required considerable time if the pressure
inside the lower block was kept low by pumping on it.  However, if the block was kept
isolated and allowed to go above the triple point, the extrusion would rapidly liquefy
forming rain which could be rapidly removed and recycled.

Figure 3.3 shows a series of pictures of a typical extrusion of pure T2.  The pictures
were taken with a CCD camera and the frames shown here were taken every two seconds
through a 14 s extrusion.  As can be seen the quality of the extrusion, as indicated by the
transparency of the extrusion, is best in the middle of the run.  The extrusion is 5.5 mm
wide and 9.5 mm thick (i.e., into the page).  This picture is somewhat deceiving because
the light is bright enough to saturate the CCD elements and produce the appearance that
the extrusion is necking down.  This is not the case, the extrusion is square and straight
along the edges.  This is illustrated in Fig. 3.4, which shows the picture of an extrusion
with less intense illumination.  Another thing to note in Fig. 3.3 is that the extrusion hits
the bottom of the lower block and wobbles back and forth (buckles) at the end.
Figure 3.5 shows that a fresh transparent extrusions darken (become translucent then
opaque) after several tens of seconds presumably due to beta decay.  Apparently the
pressure in the extruder is high enough to heal these imperfections during at least part of
the extrusion process because some transparent material is produced.  However, the
darkness observed in other parts of the extrusion could either be due to residual beta
imperfections, which have not been healed, or to more gross mechanical imperfections
such as cracks and holes, which presumably would take more pressure to heal.

The tritium extrusion was found to be quite robust and it would not rapidly melt if
the lower block were kept evacuated. The principle source of heat in this situation is the
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tritium decay heat.  The time required for the beta decay heat to melt an isolated piece of
tritium extrusion can be estimated from

∆t = (Cs∆T + ∆Hf)/dH/dt (1)

where Cs is the heat capacity of the solid, ∆Hf is the heat of fusion of the solid, and dH/dt
is the decay heat output of tritium. Using values from Souers12 (Cs ~ 11 J/mole-K, ∆Hf =
233 j/mole, and dH/dt = 1.95 W/mole), one would expect the 13 K extrusion to persist
about 2.7 min in a vacuum. It has been observed that the extrusion persists much longer
periods of time than this in vacuum and heating of the lower block well above the melting
point (~30 K) is required to flush the solid out of the cryostat for recycling. The persis-
tence of the solid tritium pellet is probably due to heat transfer down the extrusion from
colder parts of the extruder and cooling from evaporation.

Figure 3.6 and 3.7 show typical extrusion force as a function of ram position curves
for T2, D-T, and D2 which were run at comparable conditions.  As can be seen there is a
definite progression FT2>FD-T>FD2 at a given position.  Positions here are as measured
by the data acquisition system; they run in the opposite direction from that shown in
Fig. 3.2 and the entrance to the nozzle (zero in Fig. 3.2) is located at ~10 cm.  The
relative values of the forces with respect to D2 are plotted in Fig. 3.8.  As can be seen at
the left-hand end of the curve (which is the most important because this is where the
highest forces are encountered) forces required for D-T extrusion are about 1.5 that of D2
and that required for T2 is 2–2.5 times that of D2.

Figure 3.9 shows a comparison of two consecutive tritium extrusion runs in which
very little additional tritium was added to the extruder for the second run.  These typical
runs show that a much higher force is initially required to start the extrusion than is
required to maintain the extrusion at a constant rate.  For the purposes of characterizing
this data, the two regions will be separated and characterized by a static shear strength,
responsible for the high initial force, and a dynamic shear strength, responsible for
behavior of the balance of the extrusion.  The static shear strengths should be comparable
to those determined from pipe gun break-away pressures.  Die forces in these experiments
were negligible because there was no area reduction of the nozzle.  The peak force at the
beginning of the extrusion f(T,L) is a function of the temperature (T) and length (L) of the
billet contained in the extruder:

f(T,L) = f(Ram) + LPσ(T) (2)

where f(Ram) is the force required to overcome ram friction, P is the perimeter of the
extruder, and σ(T) is the static shear strength of the ice.  For the short temperature range
involved in these experiments it will be assumed that σ(T) follows the linear function:

σ(T) = a + bT (3)

For this extruder P = 3.27 cm and L = 14.5-z (in cm) where z is the ram position
reported by the data acquisition system.  Examination of runs in which there was little
material extruded (e.g. 1217 in Fig. 3.9) indicates that the ram force always levels off at
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about 100 lbf prior to encountering material, therefore, it is assumed that f(Ram) =
100 lbf.  TableCurve® 3D15 was used to determine values of a and b from experimental
data for the materials studied here; data fits are shown in Figs. 3.10, 3.11, and 3.12 and
the parameters are summarized in Table 3.2.  Static shear strengths are also plotted as a
function of temperature in Fig. 3.13 along with break-away pressures measured in the
TPOP-I10,16 experiment.  Agreement with the previously measured data and other litera-
ture data17,18,19 is good.

Determination of the dynamic shear strength σD of the material can be made from
the extrusion data using an equation similar to Eq. 2:

f(L) = f(Ram) + LPσD (4)

This equation indicates that the extrusion force should become a linear function of
ram position after the initial static shear has been overcome.  There are several problems
that have been encountered in these experiments that severely limit the usefulness of the
data for determining this quantity.  Firstly, since the apparatus was designed mainly for
shooting pellets, the lower cryostat was not designed to be long enough to except the
entire length of the extrusion, therefore, the extrusion hits the bottom of the cryostat
before the ram is fully inserted.  When this occurs, an additional buckling force is added
to the measurement that makes Eq. 4 invalid.  This is illustrated in Fig. 3.14, which shows
the line fitted by the least squares method for the linear portion of the curve.  The extru-
sion should hit the bottom of the cryostat when the ram reaches 8.3 cm and the end of the
nozzle is located at 14.5 cm on this scale (there is 8 cm between the end of the nozzle and
the bottom of the cryostat).  It is clear that the data becomes errant at this point.  Another
interpretational problem is that the flow must be well developed and not in the transition
between static and dynamic behavior.  This will occur only when the extruder is relatively
full at the start of the run, and even then there is a race between becoming well developed
and hitting the bottom of the cryostat.  To be consistent with the model the linear extra-
polation of the best fit line to the end of the nozzle should have a force of zero or greater;
and one might argue that it should be equal to f(Ram).  The data in Fig. 3.14 is assumed
to be acceptable for this analysis because it shows an extrapolated 21.5 lb. force at the
end of the nozzle.  Figure  3.15 shows a case where the data clearly does not fit this
behavior and the fully developed dynamic behavior is totally masked by the additional
buckling force.  Unfortunately, because of the limited amounts of material available, the
latter type of behavior was observed most often.  There was sufficient data available for
this analysis only at 14 and these results are presented in Table 3.3 and plotted in
Fig. 3.13.  Note that the ratio of dynamic to static shear strength is about 0.7, 0.6, and 0.5
for D2, D-T, and T2 respectively.  The data showed no dependence of dynamic shear
strength on shear rate (ram speed).

It was mentioned previously that effects due to area reduction in the nozzle were
small and could be ignored.  Now that the dynamic shear strength is known, it is possible
to estimate the magnitude of this effect. The extrusion pressure20 3 required to overcome
the area reduction in the nozzle can be estimated from:

3 = σD ln(A1/A2)
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where, A1 is the nozzle entrance area, and A2 is the nozzle exit area. In this extruder
A1/A2 = 1.63 and 3/σD = 0.5, therefore for dynamic shears in the range of 0.2 - 0.3 MPa
observed at 14K the extrusion pressure would be on the order of 0.1 - 0.15 MPa.  This
translates into a ram force of 2 - 3 lb. Force, a small fraction of the force observed in
these experiments.  This term becomes larger, but not significantly larger, for smaller
extrusions.  For example, a one-millimeter diameter extrusion would require about ten
times the force of the TPOP extruder (20-30 lbf).

3.2  HELIUM-3 RESULTS

Analyses of the T2 gas samples after 3He separation by mass spectrometry are shown
in Table 3.4.  Helium-3 compositions after separation show a consistent level of about
1%.  This is much higher than the best results for the TPOP-I experiment which showed
<0.005%.  The reason for this is probably that the same separator is being used for this
experiment which involves 5-10 times as much T2 as the former experiments.  Increasing
the separator size or optimization of the separation procedure could possibly improve its
performance; but the few attempts to improve performance tested in these limited experi-
ments proved to be ineffective.  Unlike the pipe-gun experiments that showed poor per-
formance with high 3He levels, these experiments proved more positive in that there was
no apparent detrimental effect of  3He at these levels on extruder performance.

3.3  ACCELERATION RESULTS

During the first run campaign at ORNL, deuterium pellets were produced and accel-
erated with hydrogen propellant.  Figure 3.16 shows one of the early deuterium pellets
produced by the gun using a rectangular extrusion nozzle 8 mm wide and 9.5 mm thick.
After acceleration these pellets were typically 7.5 mm in diameter by 11 mm long and
traveled at speeds of up to 1.1 km/s.  These pellets would represent about a 10% density
perturbation to ITER. Subsequently, the extruder nozzle was replaced by one 5.5 mm
wide and 9.5 mm thick, which produced pellets with an accelerated aspect ratio of about
one.  Figure 3.17 shows a sequence of eleven deuterium pellets fired at a rate of 0.5 Hz.
Each of these pellets would represent about a 7% density perturbation in ITER.
Figure 3.18 shows an extrusion of pure tritium and a pure tritium pellet produced at
TSTA.  Speed results are not of general interest due to the substantial data from TPOP-I
for pellet speed as a function of pellet mass and breech pressure16.  Speed data from this
experiment is of little use for two reasons: First, the breech pressure transducer used in
TPOP-II has not provided reliable data (and it has not been replaced because this would
break a primary tritium boundary).  Second, the speeds have generally been lower due to
the intentionally conservative use of D2 propellant which mixes with the extruder feed
material after a shot and reduces the T2 concentration for the next shot.  Figure 3.19
shows the general trend of tritium pellet speed as a function of deuterium propellant sup-
ply pressure.  The fit to 80% of ideal gun theory is typical for this type of data16.
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4.  IMPLICATIONS TO ITER

The TPOP-II experiment has shown that both T2 and D-T pellets of a size, which is
interesting for ITER fueling, can be fabricated and accelerated using methods that have
been developed and tested with D2.  Operating temperatures for fabrication devices like
extruders appear to be similar for all isotopes.  Extrusion pressures are, however, larger
for the heavier isotopes.  It has been shown that relatively high 3He levels are acceptable
in an extrusion based system, however, a large number of consecutive fills have not been
made to simulate accumulation in the extruder and fully establish the maximum accept-
able level.  The decay heat in tritium does not prevent pellet formation and the pellets,
once formed, do not rapidly melt.  Although these experiments have been relatively
limited and the physical properties of T2 and D-T have not yet been fully characterized,
no adverse effects have been discovered which would bar their use in a centrifugal or
pneumatic pellet fueling system.
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Table 3.1.  TPOP-II tritium utilization at TSTA

Table 3.2.  Static shear strength parameters, σ = a + bT

Isotope
Temperature

range, K a, psi b, psi/K a, MPa b, psi/K

D2 13 – 15 89.7 -3.6 0.62 -0.025
D-T 12 – 15 216 -10.4 1.49 -0.072
T2 12 – 15 403 -23.1 2.78 -0.159

Table 3.3.  Dynamic shear strength

Isotope Temperature, K σD, MPa σD/σ

D2 14 0.194 0.72
D-T 14 0.259 0.56
T2 14 0.308 0.53

Date PC Pini, torr Pfinal, torr torr-l % T Ci T g T Total T, g
TPOP-I 100,000 10.48 10.5
9/26/95 986 747.6 590.0 7,880 97.4 23,486 2.46 12.9
9/27/95 986 588.1 428.8 7,965 97.4 23,739 2.49 15.4
9/28/95 986 427.3 268.8 7,925 97.3 23,596 2.47 17.9
4/22/96 986 273.3 109.9 8,170 94.3 23,575 2.47 20.4
4/24/96 986 109.2 3.3 5,295 94.3 15,279 1.60 22.0
4/24/96 656 411.6 311.4 5,010 94.4 14,472 1.52 23.5
4/25/96 656 312.9 99.0 10,695 94.3 30,861 3.23 26.7
8/15/96 ISS 12,238 99.1 37,111 3.89 30.6
8/15/96 ISS 13,412 99.1 40,671 4.26 34.9
9/18/97 986 701.4 471.0 11,520 93.6 32,995 3.46 38.3
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Table 3.4.  Helium-3 separation data

Date PC torr-l % T % He-3 in feed % He-3 after sep.
4/24/96 986 * 5,295 94.3 5.5
4/24/96 656 * 5,010 94.4 5.5 1.2
4/25/96 656 10,695 94.3 5.5 1.3
9/18/97 986 11,520 93.6 5.4 1.3

*  Combined together prior to separation.



Figure 2.1.  Layout of the TPOP-II experimental apparatus.
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Figure 2.2.  Photograph of the TPOP-II experimental installed in the TSTA facility.
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Figure 2.3.  Diagram of the repeating pneumatic injector  assembly.



Figure 2.4.  TPOP-II guard vacuum enclosure.
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Figure 2.5.  Extruder mechanism.



Figure 2.6.  Pellet cutting and chambering mechanism.
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Figure 2.7.  Helium-3 separator.
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Figure 2.8.  TPOP-I pellet diagnostic line.

32



TE3

PV12

PV3

PV7

PV9

H
V

2

P I
10

12.5 LITER

PE
10

PV13

PV8

PV4

PV5

H
E
4

PV14

PV16

PV19

PV15

PV20

PV17

PI
8

PE
9

PE
8

PV11 PV18PI
11

12.5 LITER

PE
11

PE
12

P
V

2
1

MCV1

MCV2

SCROLL
P U M P

OVERPRESSURE
SWITCH

FEED VOLUME RESERVOIR

TE5 TE6

PV2

TE1

TE2

TE4
HE-3
SEP

S

F

SAMPLE
PORT [S]

S

S
V

2
P I
8

P
E8

PROPELLANT
GAS D2 [P]

M

600 LITER

DIAGNOSTIC
STATION

DIAGNOSTIC
STATION

BALLAST
VOLUME

V A C U U M
ENCLOSURE

GLOVEBOX

PV1

VENT TO
TWT [PGV]

BD1

PV6

BD4

BD2

BD3

F

H
V

3

PE
4

F

VE
1

S

HE1

HE3

HE2 PE
6

PE
7

VE
2

PV10

T2 FEED &
EXHAUST TO

TP1 [T]

D2 FEED
GAS [D]

D IAPHRAGM
P U M P

HV4

T M P

TO PEV
[GVE]

Figure 2.9.  Process flow diagram.

33



Figure 2.10.  Feed gas supply manifold.
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Figure 2.11.  Feed gas storage manifold.
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Figure 2.13.  TPOP-II control and data acquisition system.
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Figure 2.14.  Flow diagram showing tritium fill path.
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Extruder Volume and Tritium Inventory
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Figure 3.1.  Volume and tritium inventory in extruder as a function of distance from the nozzle, including the volume of the nozzle.
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cm

Figure 3.2.  Cross section of TPOP-II extruder showing distance above nozzle in
centimeters.
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Figure 3.3.  A tritium extrusion at various times.
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Figure 3.4.  A tritium extrusion taken with less illumination.



Figure 3.5.  A D-T extrusion darkening with time; fresh extrusion (left) and 41 s later (right).
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Shot Material Ram Speed, cm/s TE2, K
1093 D2 0.15 12.7
1117 D-T 0.15 13.2
1122 T2 0.14 13.0

Figure 3.6.  Extruder force versus position for D2, D-T, and T2 at comparable
conditions, 0.15 cm/s ram speed and 13 K.
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Shot Material Ram Speed, cm/s TE2, K
1088 D2 0.27 13.5
1155 T2 0.27 13.5

Figure 3.7.  Extruder force versus position for D2 and T2 at comparable condi-
tions, 0.27 cm/s ram speed and 13.5 K.
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Figure 3.9.  Two consecutive tritium extrusions at 14.1 K and 1.11 cm/s ram speed. Run 1216, left peak, is a large
charge of tritium and Run 1217, right peak, is the second run utilizing the relatively small remaining portion of
material.
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Figure 3.10.  Best fit for deuterium extrusions of peak force versus peak force location and cryostat temperature.
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Figure 3.11.  Best fit for D-T extrusions of peak force versus peak force location and cryostat temperature.
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Figure 3.12.  Best fit for tritium extrusions of peak force versus peak force location and cryostat temperature.
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Figure 3.13.  Shear strength as a function of temperature for solid hydrogen isotopes.
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Figure 3.14.  Shot 1222 data with in which the fit to linear portion of curve extrapolates to the nozzle.  Excursion of data
above linear fit at right is due to the extrusion hitting the bottom of the cryostat.
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Figure 3.15.  Shot 1126 data.  Here the linear fit does not extrapolate to the end of the nozzle and flow is considered
to be in the transition zone between static and dynamic behavior.
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Figure 3.16.  Photograph of TPOP-II deuterium pellet measuring 7 mm in diameter by 11 mm long
and traveling at 1 km/s.
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Figure 3.17.  Photograph of a sequence of TPOP-II deuterium pellets at a repetition rate of 0.5 Hz and traveling at 1.1 km/s.
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Figure 3.18.  Photograph of (a) an extrusion of pure tritium and (b) a pure tritium pellet in flight at the second photo station.

57



0

200

400

600

800

1000

1200

0 100 200 300 400 500 600 700 800 900 1000

Supply Pressure, psi

P
el

le
t S

pe
ed

, m
/s

1106
1161
1150

80% Ideal Gun Model

Figure 3.19.  Tritium pellet speed as a function of deuterium supply pressure.

58



59

Appendix I.  TRITIUM SYSTEMS TEST ASSEMBLY TEST PLAN

TRITIUM OPERATION OF THE TPOP-II FUEL INJECTION SYSTEM

Document Number TTA-TP-TPOP-05, R0

Approval Number 5xx

P. W. Fisher                                                                     9/5/95______
PREPARED BY DATE

                                                                                                  ______
PROJECT MANAGEMENT DATE

                                                                                        _          _____
GROUP MANAGEMENT DATE

                                                                                       __          ____
QA MANAGEMENT DATE



60

Page Intentionally Blank



61

1.  PURPOSE

The Tritium Proof-Of-Principle Phase II-Tritium Extruder System (TPOP-II) devel-
opment program has, as a goal, the first demonstration of tritium extrusion in a pellet
injection system sized for the International Thermonuclear Experimental Reactor (ITER)
fueling application (~8 mm diameter tritium pellets). It is a continuation of an earlier
development program which demonstrated, at the Tritium Systems Test Assembly
(TSTA), the formation and acceleration of the world’s first tritium pellets for fueling of
future fusion reactors. At TSTA the TPOP-II experiment is also known as FIS or Fuel
Injection System.  The purpose of this test is to produce tritium and deuterium-tritium
pellets.  Vacuum leak checking, tritium leak checking, deuterium operations, and leak
checking of the secondary containment enclosure will all have been performed prior to
these tests.  The key result of this test will be determination of operating conditions under
which ITER relevant pellets can be produced.

2.  CONFIGURATION

Figure 1 shows a diagram of the TPOP-II experimental apparatus as it is installed at
TSTA.  All TPOP-II systems, including the pneumatic driver, pellet diagnostic line, vac-
uum ballast tank, valve manifolds, and pumps, are housed in secondary containment
enclosures dedicated to this experiment.  The driver is a repeating pneumatic injector
(RPI); similar injectors have been used to fuel fusion experiments for the past fifteen
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Figure 1.  TPOP experiment.
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years.  The RPI has three liquid helium cooled cryostats which produce and extrude a
solid ribbon of Q2 from gas which is fed to the system.  A punch cuts a cylindrical pellet
out of the ribbon and high-pressure propellant gas (H2, D2, or He) delivered from a fast-
acting valve accelerates the pellet down the barrel.  The quality and speed of the acceler-
ated pellets is measured in a diagnostic line.  When a pellet strikes the end of the diag-
nostic line it evaporates and the gas from both the pellets and propellant accumulates in
the large (600 liter) vacuum ballast volume located underneath the glovebox.  The RPI is
housed in a guard vacuum enclosure to thermally insulate the cryostats.  The enclosure is
evacuated with a turbomolecular pump (TMP) which discharges to the process evacua-
tion vacuum (PEV) system.  Also housed in the guard vacuum is the cryogenic 3-helium
separator which was developed and tested in the original TPOP experiment.

Figure 2 shows the piping and instrumentation schematic diagram for the
experiment.
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Figure 2.  Piping and instrumentation drawing of TPOP experiment.

Parts of the system which constitute primary containment for tritium are of all-metal
construction employing Nupro valves, Cajon VCR fittings, ConFlat-type flanges, and
indium sealed joints, with the exception of the quartz windows in the injection line and a
Vespel seal on the propellant valve upstream of the valve seat which separates the process
gas from the high-pressure propellant gas.  Tritium is delivered to the system from LIO
through TP1 and vacuum exhaust is returned to TP1.  Non-tritium gases which enter the
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system are supplied at pressures which are higher than the system pressure.  They also
pass through check valves and isolation valves to help prevent backflow of tritium from
the system.  High-pressure propellant gas is batched into the system through a three-way
valve which isolates the system from the gas supply so that only a small controlled vol-
ume of this gas is available to the system.  Parts of the system in which cryogenic materi-
als could become trapped are protected from overpressure by bursting disks which relieve
to the large vacuum ballast tank.  A Normetex scroll pump and diaphragm pump are used
to move gas around the system and to augment reception and return of gaseous Q2 from
and to TP1.  This pump exhaust line is protected against overpressurization from the
pumps by a pressure switch which interrupts power to the pumps.

All instrumentation and control functions shown in Fig. 2 are handled by two com-
puters dedicated to the TPOP-II experiment as shown in Fig. 3.  A PC is used for process
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Figure 3.  Control block diagram of TPOP experiment.

control and a MicroVAX is used for triggering the driver, fast data acquisition, and
archiving data.  All system valving and RPI can also be operated manually from the
TPOP-II control panel.  A program called THE FIX by Intellution is used to operate the
system from the PC.  This program can be used to operate individual valves or to run
programs which automatically sequence the valves to perform particular processes such
as tritium transfer, 3-helium separation, etc.  All TSTA systems are operated through the
MDAC system.  There is no interconnection between the TSTA and TPOP-II control
systems.  Coordination of activities between the two systems is accomplished by verbal
communication between the TSTA operator and the TPOP-II test director.
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3.  SUBSYSTEMS AND SPECIAL MATERIALS REQUIRED

FIS, TP1, PEV, effluent , MDAC, HPN2, house vacuum, SEC, house helium, liquid
helium, compressed deuterium, LIO, a PC of pure tritium, three empty PCs, UTB, raman
spectrometer, sample cylinder, and mass spectrometer.

4.  PERSONNEL REQUIRED

The test director for these tests will be Paul Fisher.  Mike Gouge will supply further
staff direction.  Byron Denny will be the operator in charge of running the experiments.
Other TSTA personnel will help as needed during the test.

5.  SCHEDULE

These tests will be conducted between September 25, 1995 and September 30, 1996.

6.  HAZARDS ASSOCIATED WITH THIS TEST

Hazards associated with this experiment have been evaluated in the TPOP Pellet
Injector Phase II system design description TTA-SDD-110-02.  The primary hazards
associated with this experiment are radiological hazard of tritium, flammability of deute-
rium, high-pressure gas, and cryogenic fluids.  All TSTA standard procedures for dealing
with these hazards will be followed.

7.  DATA REQUIREMENTS

The goals of this experiment are to determine if tritium and DT mixtures can be
extruded at cryogenic temperatures, to determine if the extrudate can be punched to form
pellets, to determine if the pellets can be pneumatically accelerated to high velocities, and
to document the conditions under which this is possible.  Key data  will include system
temperatures, pressures, extrusion speed, extrusion force, punch timing, propellant pres-
sure, pellet speed, pellet composition, and pellet photographs.

8.  OUTLINE OF THE TEST

8.1  TEST PREPARATION

1. Mount PC of pure tritium containing at least 8,000 torr-liters of gas on the LIO
manifold.



65

2. Have three empty PCs available in test cell.  Tritium utilization for a typical series of
runs is shown in Table 1.  It requires about 8,000 torr-liters of tritium for a series
which will produce about 36,000 torr-liters of waste gas; enough to fill an empty PC.
Therefore, a full PC of feed (~32,000 torr-liters tritium) will produce four PCs of
waste gas and the supply PC becomes a waste container.

Table 1.  Gas utilization in a typical series of runs
Extrusion No. 1 2 3 4 5 6 7

Initial gas in system, torr-l 8000 12000 16000 16000 16000 16000 16000

Tritium mole fraction 1 0.67 0.50 0.40 0.32 0.26 0.20

Added deuterium propellant, torr-l 4000 4000 4000 4000 4000 4000 4000

Total gas after run, torr-l 12000 16000 20000 20000 20000 20000 20000

Final tritium mole fraction 0.67 0.50 0.40 0.32 0.26 0.20 0.16

Gas removed, torr-l 0 0 4000 4000 4000 4000 20000

Final tritium in system, torr-l 8000 8000 6400 5120 4096 3277 0

Total gas removed from system, torr-l 0 0 4000 8000 12000 16000 36000

3. If necessary, prepare TP1 for evacuation of FIS process piping to TWT through PEV
and evacuate.

4. If necessary, purge piping with deuterium to clean system and evacuate again.
5. Prepare PEV for evacuation of FIS guard vacuum.
6. Evacuate guard vacuum through PEV.
7. Prepare TWT for reception of gas from FIS vent.
8. Install deuterium bottle to propellant and auxiliary gas feeds.
9. If necessary, fill and vent propellant gas several times to clean system.

10. Prepare for manual and/or computer operation of TPOP-II valving.
11. Prepare pellet data acquisition, light gate, and photography systems.
12. If necessary, test pneumatic driver, data acquisition system, and control system for

proper operation and re-evacuate system before cooling system.
13. Test extruder limit switches and interlocks.
14. Connect liquid helium and cool copper cryostats to 6-24K. Suggested operating tem-

peratures for the cryostats are shown in Table 2.
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Table 2.  Suggested cryostat temperatures
Degrees K D2 DT T2

Triple point 18.7 19.8 20.6
TE1 23 23 23
TE2 14 13 13
TE3 14 13 13

15. Prepare TP1, UTB, and LIO systems for tritium operation.
16. If necessary, prepare raman spectrometer for analysis of TPOP gas mixtures.
17. If 3He concentration of feed gas is unknown, prepare sample bottle and mass spec-

trometer for analysis of TPOP feed gas.

8.2  THE EXPERIMENT

Actual experimental conditions will vary as the test is conducted and results are
interpreted, but the following is typical of an experiment.

1. Transfer tritium from LIO to TPOP using TP1 as shown in Fig. 4.
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Figure 4.  Tritium transfer from LIO to TPOP experiment.

2. Fill 12.5 liter reservoir with adequate T2 for the run (~650 torr) through valves PV8,
PV4, PV11, and PV18.  If feed pressure is inadequate, use the scroll/diaphragm pump
to transfer the tritium as shown in Fig. 5.
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Figure 5.  Tritium transfer to TPOP system using scroll/diaphragm pump.

3. To complete transfer, PC may be valved off and lines to TPOP may be drained of
tritium by using the TPOP scroll/diaphragm pump as shown in Fig. 5.

4. If feed gas 3He composition is not known, attach a sample cylinder at PE7.  Evacuate
the cylinder.  Rinse the cylinder twice with sample gas and fill to ~200 torr for mass
spectrometer analysis.  Close cylinder, evacuate fitting, remove cylinder, bag, and
have RCT monitor transfer from glovebox.

5. Cool 3He separator, perform separation, and return gas to the 15 liter reservoir.  Fig-
ure 6 shows the flowpath for removal of 3He from the system.  Waste gas should be
returned to the UTB standard volume during this operation as shown in Fig. 7.
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Figure 6.  Flowpath for removal of 3He from system.
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Figure 7.  Removal of waste gas from the TPOP system.

6. Close PV3 and purge system twice with D2 through PV9 to remove traces of 3He
from piping.

7. Close PV10 and PV11, and open PV3.  Heat 3He separator to 30K and transfer
tritium from the separator to the reservoir using the scroll/diaphragm pump.

8. A sample of purified gas may be taken for mass spectrometer analysis, if desired.
9. With extruder plunger out, close punch, and subcool lower cooling blocks (<10K) in

preparation for extruder plug formation.
10. Admit feed gas to the extruder through PV2; pressure may be controlled using MCV1

or MCV2 if desired (e.g. MCV2, PV4, PV2) and the scroll/diaphragm pump may be
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used to increase the pressure if desired (e.g. PV18, PV19, pump, PV17, PV14, MCV1,
PV2).  Figure 8 shows the flowpath for this operation.
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Figure 8.  Flowpath for filling extruder.

11. Open PV6 and PV1, release punch, and set cryostats to operating temperature (see
Table 2).  Gas from PV6 may be returned to the feed reservoir using the
scroll/diaphragm pump.

12. Run extruder in (down) until pressure peaks on the force washer.
13. If individual pellets are desired, run extruder in (down), activate punch, and fire pro-

pellant valve manually.
14. If continuous pellets are desired, setup the MicroVAX control program to desired

conditions and run.
15. Gas may be transferred from the ballast volume to the reservoir, if desired, using the

scroll/diaphragm pump (e.g. PV21, pump, PV20, PV18).
16. After the run, gas may be transferred from the ballast volume to TP1 and UTB

(Fig. 7) if desired either directly (e.g. PV21, PV19, PV20, PV10) or the transfer can
be augmented using the scroll/diaphragm pump (PV21, pump, PV10) as illustrated in
Fig. 9.
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Figure 9.  Flowpath for pump assisted transfer of gas from the vacuum ballast
volume to TP1.

17. Run extruder out (up) in preparation for refilling.
18. Transfer gas from 600 liter tank to the feed reservoir through PV21 scroll/diaphragm

pump, PV20 and PV18.
19. Refill the extruder through PV2.
20. Repeat extrusion, firing, and evacuation steps as desired.
21. Analysis of gas mixtures with the raman spectrometer may be accomplished by first

closing TSTA valves AV4 and MANIN and opening TPOPEX, RAMEX, TPOPIN,
and RAMIN as shown in Fig. 10 and circulating gas through the spectrometer using
the TPOP scroll/diaphragm pump.  After analysis, PV10 should be closed and all gas
should be pumped back into the TPOP system before closing the TSTA valves.
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22. When system is too lean in tritium (<20%, ~7 extrusion runs as shown in Table 1)
drain entire TPOP gas inventory to the UTB standard volume (Fig. 7).  If additional
runs are to be made, return to Step 1.

23. After an entire PC of pure tritium has been consumed, transfer the waste gas from the
UTB standard volume to empty PCs as illustrated in Fig. 11.
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Figure 11.  Transfer of waste gas from UTB standard volume to empty PCs.

8.3  SHUTDOWN

1. With PV1, PV2, and PV6 open, warm the cryostats to release solidified gas to the
ballast volume.

2. Turn off the liquid helium supply and set controllers to warm cryostats to room
temperature.

3. Vent the propellant gas to the effluent line.
4. Evacuate all gas from the system to TP1 through PV10 as illustrated in Fig. 7 (the

scroll/diaphragm pump may be used to augment this transfer).
5. Transfer waste gas to empty PCs as in Step 23 above.
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6. If system is to be idle for a period of time, it may be backfilled with helium to atmos-
pheric pressure through the auxiliary gas port.

7. Close all system valves.
8. Valve off auxiliary and propellant gas supplies.
9. Place all power supplies, controllers, and computers into their desired standby

configurations.
10. Secure TSTA systems as required.
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Appendix II.  FAST DATA ACQUISITION

CONFIGURATION

The TPOP fast data acquisition system is a CAMAC based system connected to a
MicroVAX computer through a data highway.  Analog data is inputted through three
CAMAC modules an 8210 module with four channels (1-4), an 8210 module with one
channel (5), and an 8212 module with  eight inputs (7-13).  Shot parameter data is
recorded through software into the fourteenth channel labeled TPOP_CNF.  The module
and channel assignments are as follows:

Chan Module_Chan Windowed Input Scaling Points/Chan
1 8210_1 Yes Punch Shock 20,000 g/V 24,576
2 8210_2 Yes Breech Pressure 200 psi/V 24,576
3 8210_3 Yes Target Shock 20,000 g/V 24,576
4 8210_4 Yes Not Used 24,576
5 8210_5 Yes Light Gates 1 V/V 98,304
6 8212_1 No Breech Pressure 200 psi/V 4,096
7 8212_2 No TE1 (Top Extruder Block) 1 V/V 4,096
8 8212_3 No TE2 (Middle Extruder Block) 1 V/V 4,096
9 8212_4 No TE3 (Lower Punch Block) 1 V/V 4,096
10 8212_5 No Force Washer 1000 lb/V 4,096
11 8212_6 No Extruder Position 2.27 cm/V 4,096
12 8212_7 No PE7 (Injection Line Pressure) 100 torr/V 4,096
13 8212_8 No PE1 (Propellant Pressure) 1000 psi/V 4,096
14 TPOP_CNF No Shot Parameter Data

Channel 14 (TPOP_CNF) is a table of numbers which correspond to the following
shot parameters:

Number Parameter Designation Typical Value
1 Number of Pellets

(Windows)
n 8

2 Pellet Frequency, Hz f2 0.3
3 Propellant Delay, µ s t3 60,000
4 Punch Delay, µ s t4 50,000
5 Extruder Offset, µ s t5 100,000
6 Extruder Voltage, V 4
7 8210#1 Sample Rate, Hz f7 50,000
8 8210#2 Sample Rate, Hz f8 500,000
9 8212 Sample Rate, Hz f9 200
10 8210#1 Delay, µ s t10 55,000
11 8210#2 Delay, µ s t11 60,000
12 8212 Delay, µ s t12 10
13 Extruder Off Time, µ s t13 10
14 Extruder Off Length, µ s t14 220,000
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Temperature readings can be derived from TE1, TE2, and TE3 voltages by using
calibration curve for LakeShore Cryotronics DT470 temperature diodes.

Data acquisition is controlled through the program TPOP which requires entry of the
shot number and shot parameters.  The CAMAC timing sequence is shown schematically
below:

Extruder Voltage

Punch Trigger

Propellant Valve Trigger

8210#1 Window

8210#2 Window

8212

t=0 ti=i/f 2, i=1,n-1

t3

t4

t10

t11

t12

t13

t14t5

where module duration’s are as follows:

Module Window Duration, s
8210#1 24,576/(f7 x n)
8210#2 98,304/(f8 x n)
8212 4,096/f9

CHOICE OF PARAMETERS

System parameters must be carefully chosen in order to coordinate the timing
sequence.  The first consideration is setting the extruder ram speed to be commensurate
with the pellet frequency.  Figures AII.1 and AII.2 show ram speed as a function of volt-
age settings which can be made either manually or through computer.  If set manually, the
extruder will not automatically pause when pellets are fired.  Figure AII.3 shows the
maximum ram speed at which the ribbon length is equal to the punch diameter (9.5 mm).
Higher speeds will produce incomplete pellets and lower speeds will lead to poor tritium
utilization.  Figure AII.4 shows typical punch dynamics curves for a particular voltage
setting.  The time required for the punch to engage is relatively independent of the Delay
Off setting and can be deduced from Fig. AII.5.  The Delay Off setting must be large
enough to produce a current pulse which slightly exceeds the engagement time and this
may be determined from Fig. AII.6.  The time required for the punch to return after the
current pulse ends is shown in Fig. AII.7.  The minimum extruder off setting required to
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keep the mechanism from jamming is given by the current on time plus the punch return
time.

System parameters may vary with conditions and timing should be checked by
observing data from test runs.  Data files can be plotted using the program SPLOT.
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Figure AII.1.  Extruder ram speed versus manual setting.
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Figure AII.2.  Extruder ram speed versus computer voltage setting.
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Punch Response at 100 Volts
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Figure AII.4.  Pellet punch response with at 100V setting.
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Figure AII.5.  Time required for punch to engage as a function of power supply voltage.
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82



Appendix III.  SUMMARY OF TPOP-II RUNS

TPOP-II DATA FROM RUNS AT ORNL

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
D2 S (Manual) 1 28 7+9+7+7 a. 13.5 18-22
D2 S (Manual) 1 41 19.1 13.6 14 2
D2 S (Manual) 1 41 2.5

1000 D2 S 1 41 1.5 900
1001 D2 S 1 41 5/6 b. 20 14 14 2 1000
1002 D2 S 1 41 4/6
1003 D2 S 1 41 6/7 2.5
1004 D2 S 1 41 5/10 2.5
1005 D2 S 1 41 3/10 2.5
1006 D2 S 1 41 3/3
1007 D2 S 1 41 2/4
1008 D2 S 1 41 6/8
1009 D2 S 1 41 4/5
1010 D2 S 1 41 7/7
1011 D2 S 1 41 0.3 4
1012 D2 S 1 41 2/7 0.48 5
1013 D2 S 1 41 5/7 5.5
1014 D2 S 1 41 3/10 0.5 5.75
1015 D2 S 1 41 2/2 c. from 2.5 to 2
1016 D2 S 1 41 c.
1017 D2 S 1 43 d. 19.9 13.6 14 0.2 3 2 1000, H2
1018 D2 S 1 43 d.

D2 S (Manual) 1 43 1.00 e.
D2 S (Manual) 1 43 1.00 e.
D2 S (Manual) 1 43 2.00 e.
D2 S (Manual) 1 43 3.00 e.
D2 S (Manual) 1 43 2.50 e.
D2 S (Manual) 1 43 2.50 e.
D2 S (Manual) 1 43 1.50 e.
D2 S (Manual) 1 43 1.50 e.
D2 S (Manual) 1 43 1.50 e.
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TPOP-II DATA FROM RUNS AT ORNL (continued)

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
D2 S (Manual) 1 43 1.00 e.
D2 S (Manual) 1 43 1.50 e.
D2 S (Manual) 1 43 1.00 e.

1019 D2 S 1 48 2/3 19.9 13.8 14 0.21 3 2 1000, H2
1020 D2 S 1 48 9/7
1021 D2 S 1 48 8/8 13.5
1022 D2 S 1 48 3/4, pel#6 asp=1.5
1023 D2 S 1 48 7/8 2.5
1024 D2 S 1 48 7/8, pel#6 asp=1.5 12.8 13.1
1025 D2 S 1 48 8/8, pel#8 asp=1.5
1026 D2 S 1 48 8/8, pel#1 asp=1.5 0.18
1027 D2 S 1 48 8/8, pel#1 asp=1. 0.24
1028 D2 S 1 48 7/8 0.16
1029 D2 S 1 48 1/2 d. 0.31 4
1030 D2 S 1 48 1/3 d.
1031 D2 S 1 48 2/2 d.
1032 D2 S 1 48 3/3 d.
1033 D2 S 1 48 1/1, pel#1 asp=1.5 d.
1034 D2 S 1 48 1/8, pel#1 asp=1.2
1035 D2 S 1 48 6/8 0.28
1036 D2 S 1 48 7/8, pel#2 asp=1.
1037 D2 S 1 48 8/8
1038 D2 S 1 48 7/8, pel#1 asp=1.5 0.43 5
1039 D2 S 1 48 8/8 0.39
1040 D2 S 1 48 4/5 d. 0.52 6
1041 D2 S 1 48 6/6
1042 D2 S 1 48 0.68 7
1043 D2 S 1 48 2/2 0.68 7
1044 D2 S 1 48 2/2, pel#1 asp=1.5 d.
1045 D2 S 1 50 2/2, pel#1 asp=1.
1046 D2 S 1 50 2/2, pel#1 asp=1.5
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TPOP-II DATA FROM RUNS AT ORNL (continued)

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1047 D2 S 1 50
1048 D2 S 1 50 3/6
1049 D2 S 1 51 2/2 0.61
1050 D2 S 1 51 5/6
1051 D2 S 1 51 3/3 0.55
1052 D2 S 1 51 4/5 14 14
1053 D2 S 1 51 2/6 14.5 14.5
1054 D2 S 1 51 2.5
1055 D2 S 1 52
1056 D2 S 1 52
1057 D2 S 1 66 1/5 20 14 14 0.55 7 2.5 1000
1058 D2 S 1 66 4/7, pel#1 asp=1.5 0.5
1059 D2 S 1 66 3/5, pel#1 asp=1.5 0.45
1060 D2 S 1 66 2/4, pel#1 asp=1.5 0.4
1061 D2 S 1 66 0.5 6
1062 D2 S 1 66 5/5, pel#1 asp=1.
1063 D2 S 1 66 1/1, pel#1 asp=1.5 f.
1064 D2 S 1 66
1065 D2 S 1 66
1066 D2 S 1 66 1/1

D2 S (Manual) 1 66 1.5 e.
D2 S (Manual) 1 66 1.5 e.
D2 S (Manual) 1 70 5/6

1067 D2 S 1 70 3/5 19.9 14 14 0.5 6 3 1000
1068 D2 S 1 70 4/6 0.4 2.5
1069 D2 S 1 70 0.5 7 2
1070 D2 S 1 70 3/3 2.5
1071 D2 S 1 70 2/4
1072 D2 S 1 70 3/6
1073 D2 S 1 70 3/4, pel#1 asp=1.5 19.9 13 13
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TPOP-II DATA FROM RUNS AT ORNL (continued)

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1074 D2 S 1 70 2/4
1075 D2 S 1 70 1/4 20 12 12
1076 D2 S 1 70 1/4 20 11 11
1077 D2 S 1 70 1/5 20 15 15
1078 D2 S 1 70 2/8 22 14 14 980
1079 D2 S 1 70 3/6 22 13 13
1080 D2 S 1 70 3/5 24 13 13
1081 D2 S 1 70 8/8 0.2 3
1082 D2 S 1 70 8/8, pel#1 asp=1.5 3.5
1083 D2 S 1 70 6/7 4
1084 D2 S 1 70 5/7 24.3 14 18.7 3.5

D2 S (Manual) 1 76 7/8, pel#2&8 asp=1.5 22 10 10
1085 D2 S 1 76 0/5, pel#1 asp=1.5 0.5 6
1086 D2 S 1 76 3/7
1087 D2 S 1 76 1/8, pel#2 asp=1.5 11 11
1088 D2 S 1 76 1/1 0.1
1089 D2 S 1 76 1/1, asp=1.5
1090 D2 S 1 76 1/1, asp=2
1091 D2 S 1 76 1/1, asp=1.5
1092 D2 S 1 76
1093 D2 S 1 77 1/1, asp=1.3
1094 D2 S 1 77 1/1, asp=1.
1095 D2 S 1 77 1/1
1096 D2 S 1 77 1/1, asp=1.
1097 D2 S 1 77 1/1 12 12
1098 D2 S 1 77 1/1, asp=1.3
1099 D2 S 1 77 1/1 13 13
1100 D2 S 1 77 1/1 14 14
1101 D2 S 1 77 1/1 13 13
1102 D2 S 1 77 1/1 12 12
1103 D2 S 1 77 1/1 11 11
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TPOP-II DATA FROM RUNS AT ORNL (continued)

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1104 D2 S 1 77 1/1 10 10
1105 D2 S 1 77 1/1 9 9
1106 D2 S 1 77 1/1
1107 D2 S 1 77 1/1

D2 S 1 78 9/9 g., h. 22 13 12 0.5 2.25
D2 S 1 78 4/5 22.5 13 13
D2 S 1 78 7/6 h. 22.5 13 12 0.5
D2 S 1 78 7/9 h.
D2 S 1 78 5/6 0.75
D2 S 1 78 3/3
D2 S 1 83 6/7 j. 23 13 13 0.333 3 1000
D2 S 1 83 6/7
D2 S 1 83 2/3
D2 S 1 83 4/4, pel#3 asp=1.
D2 S 1 83 8/8, pel#2 asp=1.
D2 S 1 83 9/9
D2 S 1 83 3/8 23 12 12
D2 S 1 83 6/9 23 14 14 880
D2 S 1 83 7/8, pel#2 asp=1. 23 14 14 880
D2 S 1 83 8/8, pel#2 asp=1. 23 13 13 880
D2 S 1 83 6/7, pel#3 asp=1. 23 13 13
D2 S 1 83 3/7 23 13 13
D2 S 1 83 4/8
D2 S 1 83 1/1
D2 S 1 86 7/7 23 13 13 0.333 3 880
D2 S 1 86 4/6 23 13 13 0.5
D2 S 1 86 7/10 1
D2 S 1 86 4/5 23 13 13
D2 S 1 86 6/8 23 13 13 0.5
D2 S 1 86 6/7 23 12 12 0.5
D2 S 1 86 3/8 23 12 12
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TPOP-II DATA FROM RUNS AT ORNL (continued)

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
D2 S 1 86 7/7 23 14 14
D2 S 1 86 2/5 23 14 14 0.5
D2 S 1 86 4/6 23 14 14
D2 S 1 86 4/7 23 13.5 13.5
D2 S 1 86 4/7 23 13.5 13.5
D2 S 1 86 7/7 23 13.5 13.5
D2 S 1 86 3/7
D2 S 1 86 3/4 23 13.5 13.5 0.5
D2 S 1 86 2/7 23 13.5 13.5
D2 S 1 86 4/7 23 13.5 13.5
D2 S 1 86 5/6
D2 S 1 86 4/6
D2 S 1 86 4/6 23 13.5 13.5
D2 S 1 86 3/5 23 13.5 13.5
D2 S (Manual) 1 86 6/7
D2 S (Manual) 1 86 6/6 23 13.5 13.5 2.5
D2 S (Manual) 1 86 2/2
D2 Varied 1 91 27 runs 23 13.5 13.5

Varied 94 22 runs Varied
Varied 96 28 runs Varied

a.  Number of pellets per extrusion reported in logbook
b.  Numper of good pellet pictures/total of flashes
c.  Extruder manually halted, punch binding
d.  Terminated with high extrusion pressure
e.  Aspect ratio
f.   Extruder did not run
g.  Stand alone signal generator used for timing
h.  Extruder packed down twice
j.   New 5.5 x 9.5 mm nozzle installed and extruder stroke extended 1"
k.  Installed titanium punch
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TPOP shots from first runs with data acquisition 8/31/95-9/28/95
8/30/95-9/1/95 D2 operation at TSTA
9/19/95-9/20/95 T2 leak checking
9/26/95-9/28/95 T2 first operation
Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1085 D2 S 1 104 13.7 13.9 0.3 4 2 800
1086 D2 1 104 13.6 13.7
1087 D2 1 104 13.7 13.8
1088 D2 S 1 105 1,2 23 13.7 14.9 0.3 2, 140.5V
1089 D2 S 1 105 1,2,3,4,5,6 23 13.7 14.8 3
1090 D2 S 1 106 3,4,5,6,7 23 13.6 14.1
1091 D2 S 1 107 a. 13.7 13.6 0.3
1092 D2 S 1 107 b.
1093 D2 S 1 107 2,3,4,5 23 12.7 14.6
1094 D2 S 1 108 2,3,4,5,6,7,8,9,10 23 13.2 13.8
1095 D2
1096 D2 26.1 16.2 16.4
1097 T2 S 1 125 c. 26.1 15.1 15.3 0.2 3
1098 DT S 1 126 c. 26.1 14.1 14.3 0.2
1099 DT E 1 126 c. 27.6 14.3 14.3
1100 DT E 1 127 c. 30.4 14.5 14.3
1101 DT S 1 133 23.2 10.1 12.5 0.2 3
1102 DT E 1 133 23.2 10.1 12.7
1103 DT S 1 134 3,4,5 23.2 10.1 14.8 0.2 3 2, 140V 800
1104 DT S 1 135 d. 23.2 11.1 13.9
1105 T2 E 1 138 22.2 9.2 12.4 0.2 3
1106 T2 S 1 138 2,3,4,5 22.2 9.7 15.8
a.  Punch stuck
b.  Plugged up D2 propellatn is being cryopumped
c.  No solid observed
d.  Prop valve unplugged
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TPOP shots from second tritium run 4/23/96-4/25/96

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1107 T2 E 2 17 23.1 14 14, a
1108 T2 E 2 17 23.2 14.1 13.9, a
1109 T2 E 2 19 23.2 13.5 13, a
1110 T2 E 2 19 Second run down 23.1 13.3
1111 T2 E 2 20 23.1 12.3 12, a
1112 T2 E 2 20 Second run down 23.1 12.3
1113 T2 S 2 22 4,5,6 23.2 13.2 12.8, a 950
1114 DT E 2 25 23.2 13.2 13, a 30%, manual
1115 DT E 2 25 Second run down 23.2 13.1
1116 DT S 2 26 25.9 13.2 13, a from 2 to 2.5 750 after shot
1117 DT S 2 28 More dilute DT 23.2 13.2 12.9, a to 2.25 970
1118 DT S 2 28 Second run down 23.2 13.1 950
1119 T2 E 2 33 23 13.1 13.6
1120 T2 E 2 35 23.3 13.1 13.1 to 2.0
1121 T2 E 2 36 23.3 13.2 13.3
1122 T2 S 2 37 3,4,5,6 23.2 13 13.5 970
1123 T2 S 2 38 23.2 13 13.5
1124 DT E 2 42 23.3 13.2 13.7
1125 DT E 2 42 23.4 13.1 13.6
1126 DT E 2 42 23.2 13.1 13.4
1127 S 2 PUNCH ONLY 23.1 13.2 13.3
1128 DT S 2 44 PUNCH ONLY 23.2 13.1 13.2 50%, manual
1129 DT E 2 45 Shot # confusion 23.3 13.2 13.1
1130 DT E 2 46 23.3 13.2 13.4
1131 DT S 2 47 6 23.3 13.2 13.6 980
1132 DT S 2 47 3,4 23.3 13.2 13.7 740 to 940
1133 DT S 2 47 3,5,6 23.2 13.2 13.6 750 to 950
1134 T2 E 2 51 23.1 13.2 13.5 50%, manual
1135 T2 E 2 51 23.2 13.2 13.5
1136 T2 E 2 52 PUNCH ON 23.2 13.1 13.4 50%, manual
1137 T2 E 2 53 GOOD EXTRUSION 23.1 13.1 13.4
1138 T2 S 2 54 4,5,6 23.2 13.1 13.5 990
1139 T2 S 2 54 23.2 13.1 13.5
1140 T2 S 2 54 23.2 13.1 13.5
1141 DT S 2 55 1,2,4 23.2 13.8 17.2
1142 DT S 2 55 1,2,3 23.5 16.1 19.9
1143 DT S 2 55 4,5 23.5 16.8 20.8
a.  From logbook entry, computer data bad
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TPOP shots from third tritium run 8/15/96-8/16/96
With TSTA loop running

Shot Material Extrusion/Shot Book Page Good pellets Comments T1 T2 T3 Pel Rate, Hz Ext. Voltage Del. Off Prop, psi
1144 T2 E 2 66 a,b 23.2 13.3 15.3 30% manual from 2 to 2.5
1145 T2 E 2 66 a,b 23.2 13.3 13.4
1146 T2 E 2 67 a,b 23.2 13.3 13.5 40% manual
1147 T2 E 2 68 a,b 23.2 13.3 14.1
1148 T2 E 2 71 a,b 23.2 13.2 14.7 60% manual
1149 T2 E 2 72 a 23.3 13.2 13.4
1150 T2 S 2 72 2,3,4,5,7,8 a 23.2 13.3 13.5 0.3 4
1151 DT E 2 73 a 23.3 13.3 13.4 4
1152 DT E 2 75 a 23.3 13.3 13.4 50% manual
1153 DT S 2 76 3,4,5,6,8 a 23.3 13.3 13.5 0.3
1154 DT S 2 76 none a 23.3 13.3 13.5
1155 T2 E 2 79 23.2 13.3 13.4 0.3 3.9
1156 T2 E 2 79 23.5 13.2 13.4 0.3 40% manual
1157 T2 E 2 81 23.5 13.2 13.4 50% manual
1158 T2 E 2 81 23.2 12.3 12.6 40% manual
1159 T2 E 2 82 23.4 12.3 12.6 40% manual
1160 T2 E 2 83 23.3 14.2 14.3
1161 T2 S 2 84 2,3,4,5,7 23.3 14.2 14.5-16 0.3 4

a.  Slow data channels messed up, only start of run recorded
b.  No force data at all
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TPOP shots from third tritium run 9/16/97-9/19/97 Data form computer

Shot Material Extrusion/Shot Book Page Comments T1 T2 T3 Ext. Voltage T2, K Ram Speed, cm/s Peak Force, lbs Peak Location, cm
1162 D2 E 2 94 Good 23 14 14 4 14.1 0.27 220 6.8
1163 D2 E 2 95 No movement 23 14 14 35% manual
1164 D2 E 2 95 No extrusion 23 14 14 35% manual
1165 D2 E 2 95 Extrusion at end 23 14 14 35% manual
1166 D2 E 2 95 Good 23 14 14 35% manual 14.2 0.31 195 7.3
1167 D2 E 2 96 Good 23 14 14 35% manual 15, b 0.31 209 7
1168 D2 E 2 97 No extrusion 23 14 14 50% manual
1169 D2 E 2 97 No extrusion 14 0.54 146 9.7
1170 D2 E 2 98 Good 14.1 0.52 229 3.9
1171 D2 E 2 98 2nd extrusion 14.4 0.52 237 9
1172 D2 E 2 99 Good 23 14 14 60% manual 16, b 0.63 349 4
1173 D2 E 2 99 2nd extrusion 23 14 14 60% manual 14.6 0.63 293 7.8
1174 D2 E 2 100 Good 23 14 14 70% manual 14 0.75 300 4
1175 D2 E 2 100 2nd extrusion 23 14 14 70% manual 14.4 0.74 225 8.5
1176 D2 E 2 100 23 14 14 80% manual 14 0.87 354 4.2
1177 D2 E 2 100 2nd extrusion 23 14 14 80% manual 14 0.86 320 7.4
1178 D2 E 2 101 Good 23 14 14 90% manual 14 1.02 330 4.9
1179 D2 E 2 101 2nd extrusion 23 14 14 90% manual 14.4 1 247 9
1180 T2 E 2 106 23 13 13 30% manual 13.8 0.27 332 6.9
1181 T2 E 2 106 Motion at end 23 13 13 30% manual 13.1 0.28 334 9.5
1182 T2 E 2 107 Good 23 14 14 30% manual 14.8, b 0.27 330 6, c
1183 T2 E 2 107 2nd extrusion 23 14 14 30% manual 14.1 0.28 237 10
1184 T2 E 2 108 23 14 14 40% manual 14 0.37 264 6, c
1185 T2 E 2 108 2nd extrusion 23 14 14 40% manual 13.7 0.39 264 10.1
1186 T2 E 2 108 Good 23 14 14 50% manual 14 0.51 354 5.4, c
1187 T2 E 2 108 2nd extrusion 23 14 14 50% manual 14 0.52 271 9.9
1188 T2 E 2 109 Good 23 14 14 60% manual 14.1 0.63 427 5.3
1189 T2 E 2 109 2nd extrusion 23 14 14 60% manual 14.1 0.64 290 10.1
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TPOP shots from third tritium run 9/16/97-9/19/97 (continued) Data form computer

Shot Material Extrusion/Shot Book Page Comments T1 T2 T3 Ext. Voltage T2, K Ram Speed, cm/s Peak Force, lbs Peak Location, cm
1190 T2 E 2 109 Good 23 14 14 70% manual 15.1, b 0.77 425 5.4
1191 T2 E 2 109 2nd extrusion 23 14 14 70% manual 13.7 0.73 276 10
1192 T2 E 2 110 23 14 14 80% manual 14 0.87 432 5.5
1193 T2 E 2 110 2nd extrusion 23 14 14 80% manual
1194 T2 E 2 110 Good 23 14 14 90% manual 14.1 1.04 471 5.2
1195 T2 E 2 110 2nd extrusion 23 14 14 90% manual
1196 T2 E 2 111 23 14 14 100% manual 14.1 1.12 450 5.3
1197 T2 E 2 111 2nd extrusion 23 14 14 100% manual
1198 T2 E 2 112 Next day 23 13 13 30% manual 13.2 0.25 342 7, d
1199 T2 E 2 112 2nd extrusion 23 13 13 30% manual 13.2 0.27 376 9.9
1200 T2 E 2 113 Clear middle 23 13 13 60% manual 13.2 0.63 574 5.2
1201 T2 E 2 113 2nd extrusion 23 13 13 60% manual 13.2 0.64 400 10.1
1202 T2 E 2 113 Dark serrated 23 12 12 60% manual 13.7, b 0.63 688 5.2
1203 T2 E 2 113 2nd extrusion, a 23 12 12 60% manual 12.6 0.64 478 8.5
1204 T2 E 2 113 Smooth, not clear 23 15 15 60% manual 15.1 0.62 344 5.7
1205 T2 E 2 113 2nd extrusion 23 15 15 60% manual 15.1 0.63 251 10
1206 T2 E 2 113 Good 23 15 15 80% manual 15.1 0.86 337 5.4
1207 T2 E 2 113 2nd extrusion 23 15 15 80% manual 15 0.86 268 10
1208 T2 E 2 113 Ugly serrated 23 13 13 80% manual 13.2 0.85 571 5.5
1209 T2 E 2 113 2nd extrusion, a 23 13 13 80% manual 13.2 0.86 432 8.8
1210 T2 E 2 113 Ridges, serrated 23 12 12 80% manual 12.5 0.85 603 5.3
1211 T2 E 2 113 2nd extrusion, a 23 12 12 80% manual 12.2 0.87 483 8.6
1212 T2 E 2 113 Little motion 23 13 13 100% manual 13.2 1.08 542 5.5
1213 T2 E 2 113 2nd extrusion, a 23 13 13 100% manual 13.6 1.12 410 9
1214 T2 E 2 113 Better looking 23 15 15 100% manual 15.1 1.11 354 5.4
1215 T2 E 2 113 2nd extrusion 23 15 15 100% manual 15 1.13 273 10.4
1216 T2 E 2 113 Not as nice as 1196 23 14 14 100% manual 14.1 1.11 478 4.8
1217 T2 E 2 113 2nd extrusion 23 14 14 100% manual 14.1 1.13 305 10.6
1218 T2 E 2 113 Not as nice as 1188 23 14 14 60% manual 14.1 0.64 452 5
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TPOP shots from third tritium run 9/16/97-9/19/97 (continued) Data form computer

Shot Material Extrusion/Shot Book Page Comments T1 T2 T3 Ext. Voltage T2, K Ram Speed, cm/s Peak Force, lbs Peak Location, cm
1219 D-T E 2 118 Ugly dark serrated 23 14 14 30% manual 14 0.24 283 6.1, c
1220 D-T E 2 118 2nd extrusion 23 14 14 30% manual 14.1 0.25 334 9.8
1221 D-T E 2 118 Smooth, still dark 23 14 14 40% manual 14.1 0.37 403 4.6, c
1222 D-T E 2 118 Smooth, mostly dark 23 14 14 50% manual 14.2 0.52 474 4.8
1223 D-T E 2 118 Smooth, dark 23 14 14 60% manual 14.1 0.63 491 4.5
1224 D-T E 2 118 Smooth, dark 23 14 14 70% manual 14.1 0.76 456 4.9
1225 D-T E 2 118 Smooth, mostly dark 23 14 14 80% manual 14.1 0.86 478 4.8
1226 D-T E 2 118 Smooth, some light 23 14 14 90% manual 14.1 1.02 480 4.8
1227 D-T E 2 118 Smooth, some light 23 14 14 100% manual 14.1 1.12 437 5.8
1228 D-T E 2 118 Some serrated 23 13 13 60% manual 13.2 0.62 574 5
1229 D-T E 2 118 Little motion 23 12 12 60% manual 12.4 0.63 603 4.8
1230 D-T E 2 118 Better, some light 23 15 15 60% manual 15.2 0.63 332 5.7
1231 D-T E 2 118 Better, some light 23 15 15 80% manual 15 0.85 334 6.1
1232 D-T E 2 118 Rough edges, some light 23 13 13 80% manual 13.1 0.86 486 6.2
1233 D-T E 2 118 OK, some light 23 16 16 80% manual 15.9 0.86 288 5.6

a.  More motion than generally observed on 2nd extrusion.
b.  Not steady.
c.  Data set truncated at this point.
d.  Data set truncated.
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