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ABSTRACT
The Compact Ignition Tokamak (CIT) will use an

advanced, high-velocity pellet injection system to achieve
and maintain ignited plasmas. Two pellet injectors are
provided: a moderate-velocity (1- to 1.5-km/s), single-stage
pneumatic injector with high reliability and a high-velocity
(4- to 5-km/s), two-stage pellet injector that uses frozen
hydrogenic pellets encased in sabots. Both pellet injectors
are qualified for operation with tritium feed gas. Issues sujh
as performance, neutron activation of injector components,
maintenance, design of the pellet injection vacuum line, gas
loads to the reprocessing system, and equipment layout are
discussed. Results and plans for supporting research and
development (R&D) in the areas of tritium pellet fabrication
and high-velocity, repetitive two-stage pneumatic injectors
are presented.

SYSTEM PERFORMANCE REQUIREMENTS
Performance requirements for the pellet injection system

were developed in collaboration with CIT physics and
project staff to ensure sufficient performance for the ignition
mission while minimizing impact on the isotcpe reprocessing
system and local tritium inventory levels. Another con-
sideration was the requirement to develop the supporting
technology in time for design, fabrication, and testing of ihe
system at Oak Ridge National Laboratory (ORNL), followed
by installation on CIT by the first-plasma milestone. This
time constraint eliminated some of the more exotic methods
of plasma fueling, such as electron-beam pellet ablation and
compact toroid fueling, from further consideration. The
specifications of the CIT pellet injection system1 are given in
Table I.

SYSTEM DESCRIPTION
The pellet injection system consists of two pneumatic

pellet injectors, one high-velocity and one moderate-velocity
injector. Their parameters are given in Table II.

The moderate-velocity pellet injector is similar to the
Joint European Torus (JET) pellet injector.2 rhis injector
consists of three single-stage, light gas guns in a common
vacuum enclosure. The three different pellet diameters.

Table I. Pellet injection system specifications

Pellet diameter, mm

Pellet species

Pellet velocity, km/s
Minimum

Goal

Pellet frequency, Hz

Total pellets

System reliability, %

2-4 (20-40% bnln)

H,D,T,D-T

\5
5
0-10 Hz

40
95

Table II. Pellet injector parameters

Pellet speed, km/s

Pellet type

Pellet diameter, nun
Repetition rate, Hz

Total pellets
Reliability, %

Injector

Moderate-velocity High-velocity

1-1.5
H,D,T,D-T

2.8,3.5,4.0

40,30,20

90.90,90

4.0-5.0

H,D,T,D-T

4.0
2
20
80

repetition rates, and total numbers of pellets in Table II are
for the three different light gas guns used in the moderate-
velocity pellet injector. The range of pellet diameters is due
to the range in An/n pellet plasma perturbation from Table I
and to the range in plasma operating densities. During the
ramp-up to ignition, the plasma density will continuously
increase, and the ignition density will be different with
different plasma temperatures and heating profiles. The
largest ;v4-mm-diam) pellet results in a 40% perturbation to a
CIT plasma at an average density of 2 x 1020 m"3. For the
moderate-velocity injector, the diameters of the formed
pellets and the barrel diameters may have to be about 10 to
20% larger than the pellet sues listed in Table II because of
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possible erosion of pellet material in the barrel during accel-
eration. This effect increases with pellet velocity; the
velocity range (1 to 1.5 km/s) of the moderate-velocity
injector should minimize this effect, which becomes a
concern with tritium pellets because of the excess tritium
loss caused by this barrel erosion mechanism. The reliability
figures in Table II are believed to be achievable. The JET
pellet injector has operated for sustained periods at
reliabilities of well over 90%.3 The overall system reliability
of 95% will be achieved through improvements to existing
designs and use of the potential redundancy in the different
pellet sizes and repetition rates. The smaller pellets in Table
II (2.8 and 3.5 mm in diameter) allow fueling rates
equivalent to those obtained with the nominal 4-rnm pellets
if higher pellet repetition rates are used. Penetration of the
pellet into a hot plasma is a strong function of pellet initial
diameter (proportional to D 5 ' 3) , and the largest possible
pellet given perturbation limits should be used to provide the
most leverage on plasma density profile peaking. Density
profile peaking can increase the ignition margin even if
plasma transport is unchanged because of the increased
fusion rate with peaked profiles.

The high-velocity pellet injector is based on the two-stage
light gas gun concept,4 where a piston is pneumatically
accelerated in a high-pressure pump tube and provides
adiabatic compression of a second stage of propellant gas
between the piston and the pellet/sabot. The resulting high
pressures (up to 6,000 bar) and, more importantly, high
temperatures (up to 8,000-10,000 K) can accelerate the
pellet/sabot payioad to muzzle velocities in the 4- to 5-km/s
range. Explosively driven pistons have accelerated heavy
(kilogram-size) projectiles to speeds above 6 km/s in single-
shot, two-stage light gas guns. For the pellet/sabot
combinations used for CUT, the accelerated mass is less than
0.1 g and the mass per unit area is less than 0.5 g/cwr. This
permits consideration of repetitive operation, as the pump
tube conditions are moderate enough to allow multiple shots
with a single piston. The sabots are separated from the
hydrogenic pellets in the injection line to the torus and
allowed to impact a ruggedly designed target plate. Two-
stage light gas gun pellet injectors are under development at
ORNL and in Europe.

A preliminary layout of the CIT pellet injection system in
the north and central cells of CIT is shown in Fig. 1. To
conserve floor area, the injectors are stacked, with the
heavier high-velocity injector beneath the three-gun
moderate-velocity injector. Since both injectors will have
tritium or deuterium-tritium (D-T) mixtures in the gas fuel
supply, three layers of containment are proposed throughout
the pellet injection system. The primary level of containment
will be the pellet injector itself, which will have tritium-
compatible materials throughout. This includes feed lines to
the hydrogen extruders, the extruders, the pellet-forming
mechanism, the breech/barrel assembly, the pellet injection
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Fig. 1. Plan view of CIT pellet injector and injection line.

line, and the interface to CIT. The second level of
containment is a glovebox or tritium isolation boundary
inside the north cell and double-walled piping for all
penetrations of this boundary. The third level of containment
is the north and central cells themselves. Figure 2 indicates
interfaces between the CIT pellet injection system and other
CIT systems.

GAS LOADS AND PELLET INJECTION LINE

Both injectors use a light gas to accelerate the pellets, and
one design consideration is ensuring that only a small
amount of the propellant gas is introduced into the CIT
vacuum vessel. Pellets accelerated by the moderate-velocity
injector will not be encased in sabots (in the high-velocity
injector, sabots are required because of the large initial
accelerations of the low-strength hydrogen ice). These pellets
will experience some erosion from their contact with the
barrels. This erosion is in the range from 10% to about 40%
of the pellet material, depending on the pellet velocity. For
CIT, with a likely velocity in the range from 1 to 5 km/s, a
conservative mass loss of 30% due to erosion is assumed.
Thus, the propellant gas is contaminated with tritium and
must be stored or recycled. The initial baseline for the CIT
project called for storage and transfer of tritium-
contaminated gas, but the need for frequent handling and
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Fig. 2. CTT pellet injector system interfaces.

shipment, given the site inventory Limits for tritium, resulted
in a decision to reprocess torus and propellant gas streams on
site. For pneumatic injectors, there are three potential light
gases for pellet acceleration: hydrogen, deuterium, and
helium. The sound speed a = (yRTIM)^ and the escape
velocity ve = [2/( y - 1)] a, where y is the ratio of specific
heats, R is the universal gas constant, T is the gas
temperature (room temperature for the moderate-velocity
injector), and M is the gas molecular weight. The escape
velocity, which is never attained in practice, is the velocity
attained by a projectile undergoing an ideal isentropic
acceleration when the gas pressure behind the projectile
decreases to zero. Both of these parameters are figures of
merit for the choice of gas in pneumatic injectors. Because
hydrogen gas has the highest sound speed (1310 m/s) and
escape velocity (6551 m/s), it is normally used as the
propellant gas in light gas guns. Helium is occasionally used
to avoid the complication of designing exhaust systems to
eliminate excessive hydrogen concentrations. Deuterium will
be used as the propellant gas for CIT because the on-site
reprocessing system can accommodate tritium-contaminated
deuterium streams much more efficiently than hydrogen or
helium streams. The relative reductions of pellet muzzle
velocity at a given propellant gas pressure for hydrogen,
deuterium and helium are shown in Fig. 3. The muzzle
velocities on the vertical axis are taken from ideal gun
theory; in practice, higher breech pressures would be
required for a given muzzle velocity.
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Fig. 3. Pellet velocity vs breech pressure for three different
propellant gases.

One benefit of using deuterium propellant gas is that it
simplifies the primary design criterion for the pellet injection
line, which is allowable leakage of the propellant gas into the
CIT vacuum vessel. Leakage criteria for hydrogen and
helium are normally 0.01 to 0.1 mbar«I/s, as these gases are
normally impurities for deuterium or D-T plasmas. If the



propellant gas is also a plasma fuel species, the allowable
leakage can be greatly increased. The value chosen here for
the pellet injection line is <1.0 mbar«l/s. This rate is still
much smaller than the pellet fueling rate. For the CIT device
(major radius of 2.1 m), at an average density of 2 x 1020 m 3

and a global particle confinement time of 1 s, a refueling rate
of about 7.5 x 1021 particles/s is required. With an erosion
mass loss of 30%, this requires the injection of 4- by 4-mm
cylindrical D-T pellets at a rate of about 4 Hz, which in turn
requires about 2000 mbar«l/s of deuterium propellant gas for
the single-stage pneumatic injector.4 Figure 4 is a schematic
of a differentially pumped vacuum injection line that uses
tritium-compatible vacuum pumps and limits deuterium
propellant gas to the CJT vessel to less than 1 mbar»l/s.
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Fig. 4. Gas pressure and flows in pellet injection line to
torus.

NEUTRON ACTIVATION AND
MAINTENANCE

Earlier calculations addressed the issue of remote vs
limited hands-on maintenance. In principle, activation of
injector components can be low because of the small
diameter (10 to 16 mm) of the guide tubes used for pellet
transport in the vacuum injection line. With shielding around
the guide cubes, a shielded isolation valve when the injector
is idle, and perhaps a slight curvature of the guide tubes to
eliminate a direct line-of-sight to the vacuum vessel, the
neutron flux to injector components in the north ceil can be
reduced to tolerable levels. A Monte Carlo/discrete ordinates
nucleonics analysis5 confirmed this approach and indicated
activation dose levels around the pellet injector of less than 1
mrem/h for 30 min after shutdown. This permits hands-on
preventive maintenance and repair, so standard components
can be used on the injectors. The only remaining unique
requirement is tritium-compatible materials.

SUPPORTING R&D PROGRAM
The supporting R&D program6 for CIT includes tritium

pellet experiments at Los Alamos National Laboratory, high-
velocity pellet injector development at ORNL and JET, and,
equally important, development of an operations and
reliability database from the pellet injectors on the Tokamak
Fusion Test Reactor (TFTR) and JET. Initial experiments on

taDncation and acceleration of tritium and D-T pellets
(containing tritium at levels from 0.1% to 50%) indicate that
formation of a tritium pellet is feasible but that the
concentration of noncondensible 3He gas from beta decay
must be carefully controlled to be less than 0.005%. Tritium
pellets have been accelerated to speeds of 1400 m/s with a
single-stage light gas gun.

Bare deuterium pellets have been accelerated to speeds of
2.9 km/s with a two-stage light gas gun at ORNL; in Europe,
speeds of 3.8 km/s have been obtained with plastic sabots
protecting the pellet.7 A repetitive, two-stage light gas gun is
now under development at ORNL for long-pulse fueling of
high- temperature plasmas. Initial experiments with plastic
pellets are encouraging. Finally, the single-stage pneumatic
injector installed on JET, which is similar to the moderate-
velocity CIT pellet injector, has operated for nearly two
years at high levels of reliability. This progress is
encouraging and provides confidence that a reliable and
robust pellet injection system can be developed to meet the
CIT mission.
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