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In late 1993 the Tokamak Fusion Test Reactor began operating with a deuterium-tritium (DT) 
fuel mixture instead of the pure deuterium which it had used previously. The major portion of this 
tritium has initia!ly entered the torus as energetic neutral beam particles. Over 600 deuterium- 
tritium discharges have now been studied with the aid of more than 2000 tritium ion source shots. 
The maximum total neutral particle power injected with a mix of deuterium and tritium beams has 
been 39.6 megawatts, and the maximum injected as tritium neutrals has been 24.3 megawatts. Tritium 
neutral beam operation has become routine during this time. 

1. INTRODUCTION 

The principal heating capability for the 
plasma of the Tokamak Fusion Test Reactor 
(TFTR) is supplied by the neutral beam 
injection system, comprised of twelve ion 
sources in horizontal arrays of three each that 
are positioned on four beamlines, three of 
which inject in a direction parallel to the 
plasma current, and one of which injects 
counter to the current [1,2]. 

2. DESIGN CHANGES FOR TRITIUM 

This system was originally designed with 
the idea that it would be used exclusively for 
the injection of energetic neutral deuterium or 
hydrogen, with a fast focal plan shutter valve 
to be located in the beam duct to reduce 
migration of tritium from the tokamak vacuum 
vessel into the beamline. However, this valve 
was never installed, and the discovery that 
the highest fusion reactivities could be 
achieved in TFTR in aggressively beam-fueled 
regimes lead to the realization that, rather 
than excluding tritium from the beamlines, it 
would be necessary to introduce large 
quantities into them for tritium beams in order 
to maintain the right fuel mix in the strongly 
reacting plasma core. 

A number of experimental studies were 
carried out [3,4,51 to determine how suitable 
these beamlines were for tritium beam 
production. We found that relatively few 
changes would be required, and that sensitive 
components such as the epoxy high voltage 
insulators of the ion source accelerator 
structures would not degrade in performance 
due to the tritium exposure they would 
encounter on TFTR. 

The principal changes that were deemed 
necessary concerned the location of the gas 
feed, the design of the gas feed system, and 
the length of the gas pulse relative to the 
extracted beam pulse. The primary gas feed 
for each ion source had been located in the rear 
of its discharge chamber during the pre- 
tritium phase of TFI’R, with a subsidiary feed 
located in the neutralizer to ensure an 
adequate line density for efficient beam 
neutralization. In this configuration, the 
primary gas feed line had to travel from the 
source enclosure, which was at ground 
potential, to the arc chamber, which was at 
the full acceleration potential of up to 120 kV. 

While experiments determined [41 that 
tritium, with its associated beta decays, 
would not lead to enhanced breakdown in the 
gas feed line even with the full 120 kV across 
the line and with a wide range of tritium 
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pressures, we concluded that it would 
nonetheless be prudent to change the location 
of the gas feed. This was because the source 
feed position required that the gas line be 
made of a tritium-compatible plastic, and this 
line, with its couplings at each end, had to 
cross the 2 bar of sF6 which is necessary to 
maintain voltage holdoff within the source 
enclosure. This presented the possibility that 
the tritium and SF6 would become 
intermingled in the event of leaks in the 
plastic tubing or its couplings. Such 
contamination would pose difficulties for 
TFTR's tritium processing system, since some 
components are vulnerable to damage or 
degradation by halogens. 

Accordingly, the gas feed point was 
relocated from the arc chamber to a spot 
downstream of the exit grid of the ion source. 
This allowed the gas to be injected through a 
port at ground potential, so that the entire 
tritium feed line could be made of stainless 
steel, and did not cross SFg at any point. An 
added attraction was that, with this location, 
the ion source could be removed in its enclosure 
for maintenance or replacement without 
disturbing the gas feed system. This design 
was thus quite robust with regards to 
minimizing the chances of tritium leakage or 
contamination within the gas injection 
plumbing. The penalty paid for this added 
safety is that about 15% more tritium is 
required for operations than would be the case 
if all the tritium were introduced within the 
arc chamber, since the conductance to the low 
pressure end of the neutralizer is greater for 
the ground potential gas injection location 
than for the arc chamber position. 

In order to further preclude leakage of 
tritium to the surrounding air, the tritium gas 
injection system was entirely double-jacketed 
in stainless steel, with a secondary vacuum in 
between the two layers of piping to collect any 
leakage from the primary containment. In 
addition, the tritium gas injection system was 
designed with tritium-compatabile valve 
seats for its Nuprotm pneumatic absolute 
valves and piezoelectric Maxtektm regulating 
valves [61. Unlike the previous gas injection 

system, the tritium injector was designed to use 
feedback control of the Maxtek conductance 
based upon the pressure in a small reservoir in 
order to make effective use of the small 
amount of tritium available for experiments. 
In order to prevent crosscontamination of the 
tritium and deuterium supplies, independent 
gas systems are used for the two isotopes, with 
separate valves and plumbing. 

A third change reduced the amount of 
tritium used in the course of a beam shot. 
During the pre-tritium phase of TFTR, the 
beam gas was turned on 1.0 second prior to the 
initiation of the arc, and the arc began 1.5 
seconds before beam extraction commenced. 
This meant that the gas pulse was 2.5 seconds 
longer than the beam pulse, which for many 
cases is about a second. While of little 
signifance in deuterium operation, this large 
gas overhead would have severely reduced 
the number of beam shots we could produce 
with the allowable tritium inventory. 
Careful tuning of the power supplies allowed 
this gas overhead to be reduced from 2.5 
seconds to 1.0 second. Currently, the gas beg~ns 
0.5 seconds before the arc, and the period 
allowed for arc stabilization prior to beam 
extraction is reduced to 0.5 seconds without 
degrading beam reliability. 

3. OPERATIONS WITH TRITIUM BEAMS 

The defining restriction which governs the 
way in which the neutral beam system is 
operated during the tritium phase of TFTR is 
the small allowed site inventory of tritium. 
Only 50 kCi is allowed to be at the TFTR 
facility at any given time, of which no more 
than 25 kCi can be in releasable form inside 
the TFTR vacuum system. Of this, after 
accounting for tritium occupying plumbing and 
plenums, roughly 18.7 kCi of tritium is 
actually available for neutral beam 
operations from a 25 kCi allotment. 

A typical 1 second tritium beam shot from 
an ion soarce uses roughly 100 Ci during the 
second before the acceleration pulse Wns the 
ion beam extraction, and an equal amout during 
the beam pulse, for a total of roughly 200 Ci. 
In practice this consumption is often greater 
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- due to frequent throughput leaks encountered 
with the tritium valves and their valve seats. 
Thus, a high power neutral beam shot with 6 
of the 12 ion sources firing tritium uses at least 
1200 Ci, and often more with valve throughput 
leaks. Consequently, if tritium were used for 
beam conditioning shots, which are many 
times more numerous than injection shots, all 
of the availble tritium would be used on the 
first conditioning shots at the start of each 
day, with none left over for experiments. 

This potential problem has been 
circumvented by performing all ion source 
conditioning shots with deuterium. Further, 
all tokamak plasma conditions are optimized 
with deuterium beams. Tritium is used only for 
tokamak injection shots, and these are taken 
only when the deuterium precursor shots 
suggest that the desired plasma scenario is 
obtainable. This switching back and forth 
between deuterium and tritium is 
accomplished with the two independent gas 
systems feeding each neutralizer. Since the 
perveance for minimized beam divergence is 
lower for tritium than deuterium, the 
acceleration voltage is increased for tritium 
shots and then restored to its lower level for 
subsequent deuterium conditioning. The 
acceleration voltage was chosen as the 
parameter to vary for perveance compensation, 
for reasons of ease and reproducibility. The 
acceleration supplies are regulated, but the 
arc and filaments supplies for the ion sources 
are not, so adjusting the requested acceleration 
voltage produces a more predictable response 
than adjusting the arc control parameters. 

Despite the operational complexity 
associated with this bimodal operation with 
two isotopes, the reliability of the ion sources 
and beamlines has been as good with tritium 
as that with deuterium. Of the problems that 
have been encountered, none were directly 
related to the physical characteristics of 
tritium. There has been no detectable 
permeation to the outside of the epoxy high 
voltage insulators in the ion source accelerator 
structures, as measured by surface swipes taken 
on the outside of the insulators for beta 
monitors, and no contamination of the sF6 in 
the ion source enclosures has been detected. In 

addition, whatever neutron activation of this 
SF6 which has occured has been too slight to 
pose a measurable problem for source 
maintenance. 

Experiments conducted with a test sample 
prior to TFT'R tritium operations [41 had shown 
that the leakage current would increase along 
the epoxy high voltage insulators during and 
after tritium exposure. This was not deemed to 
constitute a problem, especially since 
increased leakage current usually serves to 
render insulators more robust against 
catastrophic breakdown. The hi-po tting 
instrumentation used with the ion sources in 
place on is too insensitive to monitor the 
leakage current. However, as expected, no 
deterioraton of the voltage holding 
capabilities has materialized, despite the 
extended period of tritium operations. 

The use of entirely independent gas 
systems for deuterium and tritium has resulted 
in beams whose composition is fairly pure in 
the selected isotope. Some gas does remain 
adsorbed on ion source and grid surfaces at the 
end of a beam pulse, and is thus available to 
contaminate the source plasma on the 
following shot. An optical multichannel 
analyzer has measured the doppler-shifted 
D-alpha and T-alpha light emission to 
monitor beam cleanup and contamination [71. 

For a sequence of cleanup shots with 
deuterium following a tritium shot, the 
doppler shift analysis found that two to four 
beam shots, corresponding to a total of two to 
four seconds of arc (during half of which beam 
is being extracted) are sufficient to reduce the 
contamination of the previously used isotope 
to negligible levels. These shots each had 0.5 
second of gas flow before the arc, followed by 
0.5 second of arc, and then 0.5 second of beam 
extraction. The data also suggest that similar 
durations of arc and gas exposure without beam 
extraction may somewhat slow the clean-up 
process, although more data would be required 
to be certain of this. 

In the hormal operating sequence on TFTR, 
all deuterium beam injection shots into the 
tokamak plasma following a tritium injection 
shot have at least seven, and usually far more 
than seven, conditioning shots coming between 
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