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ABSTRACT

The deuterium-tritium (D-T) experimental program on the Tokamak Fusion Test

Reactor (TI_qR) is underway and routine tritium operations have been established. The

technology upgrades made to the TFTR facility have been demonstrated to be sufficient

for supporting both operations and maintenance for an extended D-T campaign. To date

fusion power has been increased to -9 MW and several physics results of importance to

the D-T reactor regime have been obtained: electron temperature, ion temperature, and

plasma stored energy all increase substantially in the D-T regime relative to the D-D

regime at the same neutral beam power and comparable limiter conditioning; possible

alpha electron heating is indicated and energy confinement improvement with average ion

mass is observed; and alpha particle losses appear to be classical with no evidence of TAE

mode activity up to the PFUS ~ 6 MW level. Instability in the TAE mode frequency range

has been observed at PFUS > 7 MW and its effect on performance is under investigation.

Preparations are underway to enhance the alpha particle density further by increasing

fusion power and by extending the neutral beam pulse length to permit alpha particle

effects of relevance to the ITER regime to be more fully explored.

I. INTRODUCTION

Routine tritium operations have been established on TFTR to support deuterium-

tritium (D-T) experiments. A number of key systems needed for tritium operation have

been added or modified for high auxiliary heating power, high radiation flux and/or

tritium compatibilityl, 2 and integrated into TFTR operations successfully. In particular,
I

tritium delivery and exhaust systems have been added to the neutral beam injection

systems to support combined high power tritium and deuterium injection (-34 MW thus

far) required to achieve significant fusion power production.3 In addition, the conduct of

operations discipline commensurate with the low hazard class HI nuclear facility status of



TFTR has been instituted to assure safe operational and maintenance activities, both for

the high radiation levels associated with D-T plasmas and for handling tritium containing

' and tritium contaminated systems. 4 These achievements have led to the first series of D-T

experiments on a fusion facility encompassing the range of tritium concentrations (up to

D:T- 1:1) and core fusion power densities (up to-1.8 MW/m 3) typical of those projected

for the reactor/ITER 5 regime.

The first phase of D-T experiments on TFTR was directed toward establishing D-T

operations with PFUS --5 MW to support a variety of physics studies of heating,

confinement, and stability in the D-T regime including the effects of D-T isotope mixing

and alpha particles.6, 7 The fusion power was increased up to a level of 6.2 MW by

increasing the tritium component of the neutral beam injection, resulting in a tritium to

deuterium ratio in the plasma of D:T -1:1. With the high performance discharge

reproducibility afforded by lithium pellet injection machine conditioning 8 and the ease of

switching to the D-T regime from a comparison D-D regime (deuterium injection into a

deuterium discharge at a comparable total beam power ), this level of fusion power proved

to be sufficient to begin to discern important D-T effects. In particular, enhanced

confinement with the addition of tritium is observed in both the supershot 9 and limiter H

mode 10 regimes, possible alpha heating of electrons is suggested, 11 toroidal Alfvtn

eigenmode (TAE) instability 12 is not driven by the alpha particles at core fusion power

densities up to -1.3 MW/m 3, and direct tritium transport 13 and recycling 14 measurements

reveal that tritium fueling from the limiter is _mall whereas deuterium fueling from the

limiter is significant. This is consistent with a large fraction of the tritium being captured

in the limiter through carbon eodeposition trapping of gas during beam injection.I, 15
D

• In the ongoing second phase of D-T experiments on TFTR, fusion power and alpha

particle density are being maximized to support studies of even greater relevance to 1TER

and advanced tokamak regimes. Neutral beam supershot conditions are being optimized



relative to discharge confinement and stability so as to permit a fusion power level of

-10 MW to be achieved. To date PFUS ~ 9 MW and a corresponding central fusion

power density of- 1.8 MW/m 3 have been obtained. At PFUS > 7 MW, a TAE-like mode ,

is enhanced in keeping with theoretical projections for the TAE mode threshold. MHD

instability is currently limiting the obtainable PFUS level and preparations are underway

to increase the toroidal magnetic field from 5 Tesla to ~6 Tesla, thereby improving the

MHD stability margin and permitting a further increase in the fusion power level.

In parallel with the D-T supershot optimization, ICRF heating of the core of large

major radius D-T plasmas is being investigated for providing a basis for extrapolation to

ITER. ICRF issues of interest include core heating in the supershot regime as a means of

enhancing alpha panicle density by increasing the alpha slowing down time, 16 possibly

assisting alpha excitation of TAE modes, serving as a method for alpha ash removal, and

ultimately heating in the L-mode regime of possible relevance to ITER.

In the following section of this paper, key technology considerations for supporting

routine tritium operations are presented briefly. Some of the more important physics

results obtained to date are then presented and subsequently the goals of the continuing

operations on TFTR and the operational scenarios planned to attain them are addressed.

II. TECHNOLOGY CONSIDERATIONS FOR ROUTINE TRITIUM OPERATIONS

IN TFTR

A. Enhancements for Systems Reliability/Maiw_dnability and Discharge Reproducibility

|

A number of technological enhancements have been made to the TFTR facility to

permit tritium operations to be carded out successfully.I, 2 Key considerations include

tritium handling and accounting, operation at high auxiliary heating powers and high



plasma stored energies, operation of diagnostics in a high neutron environment, and

operation and maintenance of an activated machine and its attached systems.

Tritium handling and accounting required the commissioning of the tritium

systems, 17 their integration with the torus and neutral beam gas injection and vacuum

exhaust systems, 18 and verification of the tritium monitoring instrumentation. 3 The

introduction of tritium for the experiments has been supported via these processes with an

on-site tritium shipment of--25 kCi each two operating weeks being balanced by a similar

curie amount of tritiated water being shipped off-site during the same period. A

substantial effort has been directed toward bringing the many vital systems of this _xitium

handling network to the level of reliability required for routine tritium operations and for

minimizing maintenance requirements. The accounting verification has been important to

assure that the site technical safety requirements of site and location inventories of 50 kCi

and 25 kCi, respectively, are not exceeded for all tritium transfer operations.

Operation at high auxiliary heating powers and high plasma stored energies in TFTR

and the desire to do so under reproducible plasma conditions has resulted in considerable

emphasis being placed on the power handling capability of the internal vessel hardware,

especially the bumper limiter, and on limiter conditioning techniques. The bumper limiter

is located on the inner radius side of the torus and a final upgrade to this limiter consisting

of placing tapered graphite and carbon-carbon composite rows at its top and bottom

respectively was made prior to beginning D-T operations. 19 This upgrade has proven

successful in reducing carbon blooms under normal supershot plasma conditions with up

to 34 MW of applied auxiliary heating power. The improved limiter configuration

combined with lithium pellet injection both prior to and after the neutral beam injection

• pulse has resulted in reproducible high performance supershot operation on TFTR and the

ability to carry out meaningful comparisons between high performance D-T and D-D

supershots.6, 7
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i

The high neutron fluxes (up to 3.2 x 1018 n/sec at present) and the substantial

machine activation (-50 mrem/hr at the vessel at present 20) which accompany the high

performance D-T operation have necessitated system enhancements as well. In particular,

neutron and radiation shielding upgrades for neutron/gamma sensitive diagnostics such as

spectrometers and lost ot scintillation detectors have proven to be adequate to keep these

diagnostics functioning to date. Also, the maintenance of diagnostics and machine

systems has been facilitated with suitable modifications. For example, the lithium pellet

injector, which is located near the TFTR toms, has been retrofitted with a pump-purge

vacuum arrangement to permit rapid changeout of the pellet magazine in the tritium

contaminated system. Also, the coolant in the toroidal field coil system has been changed

to Fluorinert TM to obviate the need to make time consuming repairs to leaks in a high

radiation environment. 21

B. Tritium Neutral Beam Injection

The centerpiece of tritium operations on TFTR is the neutral beam injection system.

This system is comprised of four beam lines with the configuration shown in Fig. 1, each

having three beam sources. Each source can be individually selected to operate with

deuterium or tritium for any given plasma discharge affording considerable flexibility in

choosing co-counter beam gas compositions. The beam line cryopanels serve to pump

both deuterium and tritium for subsequent regeneration to the tritium processing system,

which converts these gases to water for shipping off site.

The amount of tritium required to support the beam source operation and the ion

beam neutralization is -200 Ci for a 1 sec, 3 MW beam source pulse. Of this amount of

tritium, -3.5% is introduced into the torus in the energetic neutral beam and the remainder

is captured on the beamline cryopanels. In order to limit the tritium inventory required to



sustain tritium beam operation, the technique of conditioning the beam source in

deuterium between plasma shots and then switching to tritium just for the plasma shot has

, been developed successfully. 22 The ion sources are conditioned by pulsing every 2.5

minutes into either the beamline calorimeters at full pulse length during daily start up or

the toms protective plates at 50 msec pulse length once beam injection operations have

begun. This sequence is illustrated in Fig. 2. The key to its success is the ability to

quickly reset the ion source and beam line operating parameters with a programmable

logic controller (PLC) to select the source perveance and ion dump magnetic field to

match the working gas. Beam spectroscopy indicates that the ion source isotope exchange

is -98% complete for tritium injection and is > 99.5% complete for deuterium injection.

III. EXPERIMENTAL RESULTS

The sustained tritium operations afforded by the TFTR facility has led to a series of

important results pertaining to fusion power production, heating and confinement,

stability, and transport and recycling.

A. Fusion Power

The first series of high power deuterium-tritium (D-T) beam injection discharges on

TFTR were conducted at a plasma current (Ip) of 2.0 MA, a toroidal magnetic field (BT)

of 5.0 T, a major radius (R) of 2.52 m, a minor radius (a) of 0.87 m, and a maximum

neutral beam power of 30 MW. The fusion power production was pushed to above

6 MW. 6,7 Collimated vertical cord measurements of neutrons (10 NE 451 and 10 ZnS
Q

scintillators, 5 He-4 proportional counters located below the toms in the basement) show

, clearly that the neutron flux peaked strongly on axis as expected. The 14 MeV neutron

production at the peak fusion power was 2.2 x 1018 n/sec. 6 The fusion power density on

axis was -1.3 MW/m 3, comparable to that projected for ITER, 5 and the alpha particle



heating power, central density, and central/average 13¢xwere 0.86 MW, 1.3 x 1017 m-3

[ntx(0)/ne(0) - 0.17%] and 2.2 x 10-3/3.0 x 10-4, respectively, as detailed in Refs. 6 and 7.

In the current series of high power D-T injection discharges, the plasma current and

maximum neutral beam power have been increased to -2.5 MA and 33.7 MW,
t

respectively, with R and a maintained at 2.52 m and 0.87 m, respectively. In addition,

lithium pellet injection conditioning has been added to the D-T plasma_ Under these

conditions, fusion power has been pushed to --9 MW as shown in Fig. 3, at which time the

discharge terminated in a major disruption. The 14 MeV neutron production at the peak

fusion power was 3.2 x 1018 rdsec, and the fusion power density on axis increased to

- 1.8 MW/m 3.

B. Heating and Confinement

The initial heating and confinement data for the D-T regime are presented in Ref. 6

where it is revealed that significant electron and ion heating occur in D-T relative to the

comparable D-D case [Te(0): 9.5 --->10.3 keV and Ti(0): 30 --->37 keV for ne(0) -7.6 x

1019 m "3 at 3.4 see in the diz,charge], resulting in an equally significant increase in stored

energy (Wtot: 4.2 ---> 4.9 MJ). Commensurate with these increases, the energy

confinement time increased from 150 msec to 180 reset. The corresponding results for

the cases shown in Fig. 3 reveal further enhancement in these parameters, as indicated by

an observed increase in confinement time to -240 msec for the PFUS -9 MW case.

Correspondingly, Te(0), Ti(0), Wtot, and ne(0) increased to - 11.5 keV, -40 keV, -6.5 MJ,

and 8.5 × 1019 m-3, respectively. The triple product ni(0)xE*Ti(0) increased to -5.2 ×

1020 m-3. sec • keV up from 4.4 × 1020 m3. see, keV in the best TFTR deuterium case

where 'I_E*= Wtot/PNB. 2

Differences in electron and ion heating, as well as for the energy confinement time,

are predicted between the D-D and D-T regimes due to such effects as an increase in beam



thermalization time for the tritium beams, broader deposition profile for the tritium beams,

the energy stored in the energetic alpha population, and additional heating of the electrons

" by the alpha particles. 11 Additional differences can also occur if the ion isotopic mix

change between the D-D and D-T regimes affects the energy confinement of either ions or
B

electrons or both.

The TRANSP interpretive code, 11 applied as discussed in Ref. 6, is used to produce

the comparisons in Fig. 4 between the Te data for the D-D and D-T (PFUS ~ 6.2 MW case

of Refs. 6 and 7) regimes and the code predictions using the thermal electron diffusivity

for the D-D case, with and without alpha heating. Alpha heating is consistent with part of

the increase in electron temperature and an isotopic dependence of the thermal electron

diffusivity is indicated as well. Similarly, the increase in ion temperature points to an

isotopic dependence of the thermal ion diffusivity. The global energy confinement time is

found to increase with average hydrogenic ion mass (Fig. 5) as the fraction of tritium

beam injection is increased.

This isotopic dependence of energy confinement time has been found recently to

apply as well to the limiter H-mode D-T regime. In particular, the enhancement factor for

energy confinement time over the ITER-89P value 23 has been observed to increase from

-3 to --4 from the D-D to the D-T regime (Ip = 1.2 MA PFus = 3-4 MW, PNBI = 23 MW,

after current ramp down). This result is of particular relevance for projecting to ITER

confinement in the H-mode and is consistent with the isotope effects observed in other

enhanced-confinement H-mode studies performed in hydrogen and deuterium. 24

ICRF heating studies for th,_ D-T supershot regime are being pursued as well.

• Helium-3 minority/tritium second harmonic heating has been used successfully with

PI( !_F _ 5.5 MW added to PNB = 23 MW to enhance Ti (0) and Te (0) from 27 --->33

Kc_ and 8---> 11 keV, respectively, while neutron emission increased by -10%. 25



10

Experiments have been conducted using modulated RF power to evaluate the wave

damping characteristics and their projections to ITER parameters. Preliminary analysis

indicates that the tritium second harmonic damping agrees with theoretical modelling

while off-axis deuterium fundamental damping is much smaller than predicted. Direct
I

electron heating is also being pursued via fast wave mode conversion into a localized slow

wave in the two-ion plasma regime. 26 Initial results are quite promising with only -3 MW

of ICRF power required to increase Te from --3 --+ -6 keV in a He3:He4:D plasma [ni/ne

~ 0.17:0.14:0.29 with ne(0) = 4 x 1019 m'3]. 27

C. Stability

The MHD activity observed for the D-T regime in the first series of experimet._ts6,7

was rather benign with the noticeable absence of a major 13collapse in the core, such as

was observed for the two tritium beam source plasma discharges produced on the Joint

European Torus (JET) in 1991. 28 However, a growing coherent m/n = 4/3 mode did

accompany the fusion power rollover observed for the highest neutral beam injection

power of 6.2 MW. A similar roUover in newron emission accompanied by MHD activity

has been noted for D-D plasmas. Studies of the correlation of MHD modes to XE in the D-

D case 29 indicate that a decrease in stored energy of ~10% could have been caused by the

m/n = 4/3 activity. Since PFUS 0_Wtot2 in the highest performance supershots, 30 the

decrease in fusion power of -30% over the pulse could be due largely to the effects of this

instability combined with temporary reductions in the applied neutral beam power.7 As

discussed later, limiter recycling fueling could contribute to this decease as well,

especially through increased hydrogen influx from the plasma edge.

With the increase in performance to the conditions of Fig. 3, the first important result

that is evident is that the rollover for the PFUS ~ 6.4 MW case has been greatly reduced

with the increase in Ip to 2.47 MA from 2 MA and with the application of lithium pellet
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conditioning with one pellet preceding and another following the neutral beam injection

period. These changes resulted in the elimination of the m/n = 4/3 MHD mode activity.

. With the further increase in neutral beam power to 33.5 MW, the PFUS increased to

-7.5 MW but the rollover accompanied by m/n = 5/4 MHD mode activity returned (Fig.

3). Upon increasing the lithium pellets from two to three (two before the neutral beam

injection period), a 13collapse was apparent on shot #76773. Subsequently. following D-D

conditioning discharges the three lithium pellet case of shot #76778 (Fig. 3) was obtained.

MHD mode activity was absent for this case until just prior to the high _N disruption

being encountered at 3.94 see. The stored energy in the plasma at the time of the

disruption was 6.5 MJ with [13N- 13T(%) • a(m) • BT(T) / Ip(MA) -- 1.8] which is higher

than the 5.7 MJ value supported under the best conditions obtained to date in the D-D

regime. 2

In the first series of D-T experiments, the fusion power density on axis reached

~ 1.3 MW/m 3, and at that level the alpha particle 13was predicted to have approached that

required to produce the alpha driven toroidal Alfv6n eigenmode (TAE) 31 as indicated in

Fig. 6. Up to the PFUS " 6.2 MW level, there was no indication that mode activity in the

TAE mode frequency range was enhanced by the presence of alphas produced in the D-T

supershot plasma, even following the termination of beam heating where the conditions

should be more conducive to alpha driven TAE modes. 7 However, the conditions

obtained for 6.2 MW of fusion power (Fig. 6) suggested that TAE mode activity and its

effects might be observed if the fusion power is increased further.

Prior to increasing fusion power levels, TAE mode activity in the D-T regime was

investigated in the presence of ICRF heating. In particular, the power threshold for ICRF

, excitation of TAE modes 32 has been observed to decrease in the transition from the D-D

regime to the D-T regime. Figure 7 shows that in the D-T plasma, TAE modes were

driven into saturation at PRF = 5.2 MW, the power threshold in D-D. The TAE mode
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continued to be driven in the D-T case at PRF = 4 MW for which there was no sign of

TAE activity in the D-D case. This preliminary result suggests that alpha particles may

have assisted the energetic ICRF driven hydrogen ions in driving TAE modes. However,

a definitive conclusion must await further analysis of the isotopic mixing effect on the

ICRF driven energetic ion tail distribution and on TAE mode damping.

Upon increasing the fusion power further (Fig. 3), the TAE-like mode was enhanced

as shown on a magnetic probe signal 33 in Fig. 8. For PFUS = 7.5 MW, the alpha particle

density and central/average 13aare calculated to have been 1.9 x 1017 m -3 [ncz(0)/ne(0) ~

0.26] and 2.6 x 10"3/3.2 × 10-4, respectively. The threshold of this mode enhancement is

consistent with that predicted for"alpha particle excitation (Fig. 6). Studies to determine if

this mode in turn affects the alpha particle transport properties are on-going.

D. Particle Recycling and Transport

Pure tritium beam injection resulted in a significant neutron production, reaching

-65% of the maximum D-T neutron emission observed for near equal injected powers for

deuterium and tritium. 7 This result indicates that a large concentration of deuterium

(-40%) was mahatained by limiter recycling fueling of deuterium and subsequent transport

to the plasma core. The first measurements of tritium, deuterium, and hydrogen recycling

in combination have been made on TFTR by resolving spectroscopic Balmer-alpha line

emission (To_, Dot, Ho0.14 These measurements show that deuterium recycling is

dominant for all of the D-T cases studied. Following an extensive campaign of D-T

operation, a maximum value of Tit / (Ho_ + Dtx + Ttz) of only -7% was observed. The

data support the recycling model developed previously on TFFR 34 where a rapid dilution

of surface gas occurs over a short period of ~10 discharges and is followed by a much

slower diffusion of the bulk limiter gas to the limiter surface. Thus, a complex process

dependent on the recycling properties of a succession of discharges, the transport
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parameters of the various ion species, and the direct neutral beam deposition profiles

determines the relative ion species concentrations in the D-T regime. This process of

, potential tritium dilution and density profile broadening could contribute to the roll off of

fusion power which remains at reduced levels of MHD activity (PFUS - 6.4 MW case of
0,

Fig. 3).

Transport of tritium to the core of a deuterium beam driven supershot plasma has

been readily observed by monitoring the t4 MeV neutron emission profile resulting from

a short puff of tritium gas at the edge of the plasma. 13 These measurements show that the

particle diffusivity D = 1 m2/sec @ r/a - 0.5 is comparable to the thermal diffusivity

across the profile and that there is an inward pinch of V _ 1 m/see @ r/a ~ 0.5. These

values are comparable to those obtained earlier from He puff experiments 35 except that

preliminary analysis suggests that the central diffusivity is somewhat higher for the tritium

case resulting in a flatter central tritium density profile.

Transport of energetic alpha particles from the core of the plasma and their

subsequent loss from the plasma are topics of considerable importance for the D-T reactor

regime. Measurements of fusion alpha particles escaping from the plasma with a

scintillation detector 36 (located near the vacuum vessel wall 90 ° below the midplane in the

ion-gradient magnetic field drift direction) revealed that in the experiments for PFUS up to

6.2 MW the alpha loss rate to the detector is proportional to the neutron (alpha production)

rate. 7 This result supports the conclusion that alpha driven instabilities (e.g. TAE modes)

are not causing a substantial global loss of alpha particles up to central fusion power

densities of-1.3 MW/m 3. However, further study is required to determine if the
ii

enhanced TAE-like mode activity observed at higher fusion powers affects alpha panicle

• confinement and if localized surface deposition of alpha panicles due to core instabilities

are important.
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In an attempt to assess the possible influence of ICRF heating on alpha transport and

ultimately ash removal, modulated ICRF power is being applied to the D-T supershot

regime. 37 In Fig. 9, the alpha loss to the 90° scintillation detector is shown to have a

sizable modulation correlated with that imposed on the RF power. The pitch angle and

gyroradius of the modulated detector signal correspond to those of energetic alpha

particles and lead to the conclusion that the ICRF power heats barely passing alpha

particles at their second harmonic layer and moves them into the first orbit loss cone.

IV. CONTINUING D-T OPERATIONS ON TFrR AND CONCLUSIONS

The on-going D-T operations on TFTR are directed toward attaining -10 MW of

fusion power and enhancing the alpha particle density to support physics studies of

relevance to the reactor/ITER regime. In addition to enhancing the fusion power with

increased neutral beam injection power accompanied with optimization of lithium pellet

injection discharge conditioning, 8 preparations are nearing completion to support an

increase in the toroidal magnetic field BT to -6 Tesla (R = 2.48 m). The peak D-D

neutron rate is observed to follow an I4TF dependence up to 72 kA (BT = 5 T for R = 2.52

m) as shown in Fig. 10. If this dependence can be maintained, the increase in magnetic

field to 6 Tesla should provide a factor of- 1.7 increase in the neutron rate and hence the

fusion power.

At the 6 to 10 MW level of fusion power, the projected TFTR alpha particle

parameters are n_t (0)/ne(0) - 0.17-0.4%, RAI]a ~ 0.03-0.04, and Vtt/VAlfven ~ 1.5-2.0.

From the point of view of alpha physics issues, these parameters are close (factors of ~2 to

3) to those projected for ITER,5 and thus the TFTR alpha physics results are of direct

relevance to ITER. Additional alpha core density for large major radius plasmas will be

provided by increasing the alpha slowing down time with ICRF core electron heating 16 to

further accentuate potential alpha particle loss at the outer vessel midplane and its possible
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enhancement by instabilities sucla as the TAE mode. Finally, longer pulse tritium beam

operation is being explored to further increase the alpha population. Optimization of

. alpha particle buildup will require that the rollover observed at higher fusion powers be

minimized. This optimization in the D-T regime over a few seconds is a necessary first

step to maintaining high performance D-T reacting plasmas for much longer periods of

time in advanced reactor concepts.

The D-T physics results obtained to date on TFTR have begun to provide a basis for

extrapolation to D-T plasmas on ITER. It is clear that MHD stability remains an

overriding concern in obtaining optimized reactor performance. At,_ increase in the

toroidal field to --6 Tesla should permit stable operation to fusion powers ~ 10 MW and

techniques to avoid disruptions and 13collapses continue to be explored to maximize alpha

density buildup. Such conditions on TFTR are well suited for the task of establishing the

alpha particle physics basis for directly supporting the ITER design.

..
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