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Abstract

We report a study of the fueling of the plasma core by recycling in the

Tokamak Fusion Test Reactor (TFTR) [Phys. Plasmas 2, 2176 (1995)]. We

have analyzed discharges fueled by deuterium recycled from the limiter and

tritium-only neutral beam injection. In these plasmas, the DT neutron rate

provides a measure of the deuterium influx into the core plasma. We find a

reduced influx with plasmas using lithium pellet conditioning and with

plasmas of reduced major (and minor) radius. Modeling with the DEGAS

neutrals code shows that the dependence on radius can be related to the

penetration of neutrals through the scrape-off layer.

PACS numbers: 52.25.Fi, 52.40.Hf, 52.55.Fa,

I. Introduction.

Recycling is a major fueling source in tokamaks. The influx of recycled deuterium is traditionally

estimated from measurements of the deuterium Balmer-alpha emission which is a measure of the

ionization of incoming neutral deuterium at the plasma edge.1 However the fueling of the core plasma

by recycled deuterium depends additionally on the probability of ionized deuterium being transported

to the plasma core. An interesting opportunity to study the transport of recycled deuterium through the

scrape-off region to the plasma core occurs in plasmas where the neutral beam injection is solely

tritium. On reaching the core, the deuterium undergoes D-T reactions with the tritium injected by the

beams. As the sole source of deuterium is the limiter, the resulting 14 MeV neutron rate is a measure

of the combined effects of deuterium recycled from the limiter and its transport through the scrape-off
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layer and outer plasma regions to the plasma core. In this paper we relate the D-T neutron rate to the

relative deuterium density in the core and find that the influx to the core is not simply proportional to

the D-alpha emission, but also depends geometry of the plasma edge. A reduced core deuterium

density is also evident with lithium wall conditioning.

The Tokamak Fusion Test Reactor, TFTR, operated routinely with deuterium-tritium (D-T) plasmas.

Fusion powers up to 10.7 MW were obtained in plasmas heated by high power tritium and deuterium

neutral beam injection.2  The fusion reactivity and ion stored energy  were heavily dependent on the

core fueling by the neutral heating beams.3 The attenuation of the injected neutral beams is, to first

order, dependent on the local electron density, and efficient core fueling required low edge densities.

The TFTR plasma boundary is defined by an inner toroidal belt limiter composed of 22 m2 of carbon

tiles. The deuterium influx from the limiter was minimized by ohmic conditioning discharges4 and in

some cases by lithium pellet injection.5 However, despite the substantial reductions achieved,

recycling from the limiter remained a major fueling source for the plasma (typically, there is no gas

feed after the initiation of the discharge). Previous modeling of supershots in TFTR6 has shown that

the local recycling source was larger than the beam fueling source from the half radius to the edge.

However, the beam particles deposited in the plasma core dominate the central fueling.

While recycling is a significant factor in core plasma composition, it is more difficult to control than

the beam fueling. Deuterium influx limited the range of isotopic mass that could be explored in a

study of the isotopic scaling of transport.7,8  Deuterium influx may also have played a role in limiting

the duration of the high performance phase of a discharge. In some cases, after reaching a maximum,

the neutron rate degraded before the end of the neutral beam heating and this has been attributed to a

rising influx rate from the limiter.9 Operational experience has been that this ‘rollover’ tends to be

more prevalent in plasmas of large (R=2.6 m) major radius. Studies of tritium recycling in discharges

with deuterium-only neutral beam injection were reported in refs. 10 and 11. The variation of energy

confinement with plasma size in TFTR L-mode discharges was reported in ref. 12.

The total Balmer-alpha intensity from hydrogen, deuterium and tritium was measured on TFTR by a

photo-diode array.13 The relative fraction of H, D and T was also measured at one location by

resolving the Balmer-alpha line profile with a Fabry-Perot interferometer.14 The hydrogenic influx is
dominantly deuterium, with a 10-25% fraction of hydrogen. The tritium fraction, Tα / (Hα + Dα + Tα )

is typically less than 10%, even with tritium-only neutral beam injection.  However, in experiments

with large tritium gas puffs (excluded in the present study), this fraction increased to greater than

50%.15 Hydrogen (protium) is an intrinsic impurity in the limiter tiles. Currently, analysis codes

(TRANSP,16 SNAP17) use a fueling rate through the last closed flux surface that is based on the total

Balmer-alpha intensity. Thus it is interesting to examine the correlation of the deuterium density

derived from the DT neutron rate with the Balmer-alpha intensity.
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II. Scaling of neutron rate with plasma parameters.

The local D-T fusion power density is proportional to nDnT σDT u  where nD and nT are the deuterium

and tritium densities, σDT the fusion cross section, and the average, , is over the relative velocity,

u,  of deuterium and tritium.  Empirically, in plasmas with a balanced mixture of D and T in the core,

the fusion power is found to scale approximately with the square of the stored energy in the plasma.
This may be understood in the following way: in the plasma conditions of interest σDT u   varies

approximately with the square of the temperature. If we neglect impurities, assume nD ≈ nT , and

combine the beam-target, beam-beam and thermonuclear reaction pathways with a single ‘effective’
temperature, Ti ,  the fusion power, integrated over volume, varies approximately as:

PDT ∝ ni
2∫ Ti

2dV
(1).

∝ K (niTi + neTe)dV∫[ ]2

/ V (2).

∝ KWtot
2 / V (3).

where V is the plasma volume, Wtot  the total stored energy and by definition

K ≡
ni

2Ti
2dV∫[ ] / V

(niTi + neTe)dV∫[ ] / V{ } 2  (4).

is a dimensionless factor dependent on the ion and electron pressure profile shapes and the ratio of

the central ion to electron pressure.

Following the scheme used by Bell et al.18 to determine the ratio of the fusion power from similar

DT and D-only plasmas, a regression analysis of 243 plasmas, restricted to DT discharges with a

tritium NBI power fraction between 0.35 and 0.75, yields the following relation for the DT neutron

rate, SDT :

SDT ≅ 1.74×107Wtot
1.87qa

0.24Vp
−1. (5).

Here Wtot  is the total stored energy derived from magnetic measurements, qa  is the edge MHD safety

factor and Vp  is the plasma volume, all measured at the time of maximum stored energy. This scaling

will not be valid for discharges with tritium-only NBI. In that situation SDT will depend on the influx

of deuterium from the limiter and the transport of deuterium to the reacting core. A measure of the

deuterium in the reacting core may be obtained by comparing the D-T fusion power in a discharge

with tritium-only NBI to that expected from a discharge with the same stored energy and

approximately equal amounts of D and T injection. We define the fractional ratio F1,
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F1 = SDT / 1.74×107Wtot
1.87qa

0.24Vp
−1 (6)

where SDT  is now the measured DT neutron rate, as a gauge of that influx. Assuming that the plasma

pressure profile shapes, the ratio of ion to electron temperature and the impurity content are

unaffected by a change to T-only NBI, we can express the fraction of deuterium in the reacting region
of the plasma in terms of F1. For nD < nT  , within the approximation of a single value of σDT u , the

ratio of the central densities is:

nD

nD + nT

= 1
2

− 1
2

1− F1( )1
2              (7)

Since minimizing the hydrogenic influx can dramatically increase the plasma performance4,5 it is

clearly important to identify its dependence on plasma parameters. A dedicated experimental

investigation of the parametric dependence of F1 on plasma parameters would have required

prohibitively high tritium usage, and so a study was undertaken of discharges in the existing

database.

III. Deuterium influx to the core in tritium beam fueled discharges.

A database was constructed containing 36 plasma parameters for discharges throughout the D-T

campaign. To allow time for the neutral beam heated plasma and limiter to equilibrate, the plasma

parameters were averaged over the time interval 0.3 - 0.1 s before the end of beam injection (typically

1 s duration). Additionally, the time dependence of the quantity F1 was examined. Three examples

are shown in Fig. 1. For balanced D- and T-NBI, the measured neutron rate is similar to that

predicted by eqn. 7. For T-only NBI the measured neutron rate falls below the eqn. 7 value as

expected. This shortfall is larger for plasmas of lower major radius. For the more comprehensive

database, discharges with the following conditions were selected: neutral beam power >10 MW,

beam duration  >0.55 seconds, and DT neutron rate >1x1017 s-1. Discharges with a strong variation

of F1 with time were excluded. Discharges from a campaign to study L-mode plasmas with high

recycling of both deuterium and tritium from the wall were also excluded. Nearly all the discharges

were at one of three major radii (R=2.45, 2.52, 2.62m). To better reveal groupings with major radius

the few discharges at other radii were not included.  To calculate the plasma stored energy from

magnetic measurements an interpolation of the internal inductance is necessary.19 This interpolation

technique is less accurate in plasmas where the current is changed during the NBI pulse. The
measurement of the perpendicular component of the diamagnetic stored energy, Wperp, does not

depend on this interpolation. Wperp is typically 2/3 of the total stored energy (except early in the

neutral beam power heating pulse). Discharges that deviated from the Wperp / Wtot = 2 / 3 relation by

more than 20% were excluded from the plots.
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Figure 1. The time dependence of the measured DT neutron rate and that predicted by eqn. 5 in the

column on the left; and the ratio between them, F1, (see eq. 6) on the right for three types of

discharges: (a) 2.52 m major radius plasma fueled by both D and T NBI; (b) 2.52 m major radius

plasma fueled by T-only NBI; (c) 2.45 m major radius plasma fueled by T-only NBI. The shading

and dotted line in the right hand column marks the time interval and value used in the plots below.
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Figure 2. The correlation between the measured neutron rate and that predicted by the eqn. 5 scaling

relation for (a) discharges heated by balanced deuterium and tritium NBI (b) discharges heated by

tritium-only NBI. The J points have intensive lithium conditioning. The deviation from the scaling

relation in 2(b) is due to the reduced core deuterium fraction. A grouping with major radius or lithium

conditioning is apparent in 2(b).
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Using these criteria, a dataset of 168 discharges with a tritium fraction 35% - 85% of the total neutral

beam power was selected as a reference set. A second dataset of 51 discharges using the same criteria

but tritium-only NBI was also assembled. The time of interest in the present study is near the end of

the NBI phase while the regression coefficients in eqn. 5 were derived using data at the time of peak

stored energy. The reference DT dataset was used to check whether eqn. 5 also applied near the end

of the NBI phase. As can be seen in Fig 2 (a) the reference dataset follows the scaling relation. In

particular, there is no significant grouping of plasmas with major radius.

Remarkably, as seen in Fig. 2(b), some discharges with T-only NBI showed a neutron rate lying very

close to the scaling relation of eqn. 2, indicating the mix of DT in the plasma core was close to that of

discharges with balanced DT-NBI, even though beam injection was solely tritium. The lowest SDT

was still within a factor of 3 of the scaling relation indicating that deuterium influx from the limiter is

always a significant fueling source for the core plasma.  An interesting difference between Fig. 2(a)

and Fig. 2(b) is in the dependence on major radius. The tritium-only NBI points show a conspicuous

grouping with major radius, discharges at lower major radius showing fewer DT neutrons.  Another

conspicuous correlation is that the tritium-only NBI discharges with intensive lithium conditioning

also show a comparatively low DT neutron rate. In both of these cases we infer a lower influx of

deuterium to the core.

As a further statistical check, the mean and standard deviation of the value of F1 were calculated for

the DT and T-only points at different major radii. The differences between the DT points of different

major radii were within the standard deviation, while the differences between the T-only points of

different major radii were outside the standard deviation and hence likely to be significant. This

calculation was repeated with the datasets restricted to points where the plasma current was changed

during NBI. This set warranted special attention because of the interpolation issue. The only available

T-only points at R=2.45 m required such an interpolation. However there was no significant

dependence of F1 on major radius of the DT points in this more restricted dataset and we conclude

that the effect at R=2.45 m is unlikely to be attributable to this interpolation.

An alternative scaling expression that has successfully matched neutron rates on several machines is

given in reference 2 . This expression relates the neutron rate to the neutral beam power, PB , and

beam fueling profile peakedness, Hne:

SDT =1.95×1016PB
2.2Hne

1.3Vp
−1. (8)

Hneis a function of the magnitude and peakedness of the electron density:

Hne = 2.41Fne exp(−0.24×10−19ne) (9)
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Figure 3. The correlation between the measured neutron rate and that predicted by the eqn. 8 scaling

relation for (a) DT and (b) T-only NBI discharges. The deviation from the scaling relation in 3(b) is

due to the reduced core deuterium fraction. The J points have intensive lithium conditioning.  In Fig.

3(b) a grouping with major radius is apparent, similar to Fig. 2(b). In tritium-only NBI lithium

conditioned discharges, F2 was much lower than 1 but the neutron rate increased continuously and F2

did not reach a clear steady state condition. These points are not included in plot (b).
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where Fne is the peakedness of the electron density profile, ne(0) ne , and ne  (m-3), the line average

electron density. Following the previous methodology we define a ratio F2 as:

F2 = SDT / 1.95×1016PB
2.2Hne

1.3Vp
−1 (10).

This is a steady state relation, originally derived for the time of maximum stored energy, that avoids

the issue of the interpolation of the internal inductance in the estimation of the stored energy in

discharges with current ramps. Here we are interested in a time at the end of neutral beam injection

(-300 to -100 msec before NBI turn off).  The time dependence of F2 was examined for each

discharge and only those with a steady value of F2 for 200-300 ms near the end of the NBI phase

were included. Discharges with a step down in the neutral beam power were excluded. Nearly all

2.6m plasmas included RF heating; however, RF heating is not included in the eqn. 8 scaling relation.

For this reason 2.6m plasmas are not included in this part of the analysis. In Fig. 3 a plot of DT

discharges with a tritium beam fraction between 0.35 and 0.85 showed the data following the relation

of eqn. 8. There is no clear grouping with major radius. A similar plot of discharges, selected by the

same criteria, but restricted to tritium-only beam injection discharges show a neutron rate that falls

below the relation as expected for tritium-only beam injection, with a larger deviation for 2.45m

discharges.

The same dependence on major radius is apparent in both figures 2 and 3. Independent of the scaling

relation used, discharges with tritium-only neutral beam injection show a DT neutron rate below that

expected for discharges with balanced deuterium and tritium neutral beam injection, with a deviation

that shows a clear dependence on major radius. The lower measured DT neutron rate in 2.45 m

tritium-only discharges compared to 2.52m discharges shows that the deuterium influx to the core of

2.45 m discharges is reduced.

The relative deuterium density, nD / (nD + nT ), may be obtained from the neutron data using eqn. 7.

The relative density in the T-only NBI discharges of Fig. 2(b) is plotted against the energy

confinement time in Fig. 4 (typically, improvements in the energy confinement time in TFTR have

been correlated with lower influx). The points above the dashed line in Fig. 2(b) were assigned values

of 0.5 (avoiding the square root of negative numbers in eqn. 7). The deuterium fraction of the central

density ranges from 15% up to the mathematical limit of 50%. The lowest core deuterium density

occurs with 2.45 m major radius plasmas and those 2.52 m major radius plasmas that had intensive

lithium conditioning. The points with intensive lithium conditioning also show the highest

confinement time.

Fig. 5 shows a plot of the approximate core deuterium density vs. average hydrogenic Balmer-alpha

intensity. Typically close to 2/3 of the core electron density originates from D and T, the remainder is

from impurities and hydrogen The core deuterium density was then be derived by multiplying the
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deuterium density fraction, nD / (nD + nT ) by 2/3 of the measured peak electron density. The Balmer-

alpha intensity is measured by 5 telescopes viewing 3 cm diameter areas at different poloidal

locations on the inner limiter and wall.13 This intensity is often used as an approximate measure of

the hydrogenic influx from the limiter. The neutron measurements enable one to determine the

fraction of the deuterium influx that penetrates to the core plasma.  The fraction of incoming neutrals

that do not penetrate through the scrape-off layer is often termed the ‘screening factor’.  It can be

seen that the 2.45m major radius discharges have a high hydrogenic influx but relatively little of this

influx from the limiter penetrates to the core plasma. On the contrary some 2.6m  plasmas have lower

total hydrogenic influx from the limiter but a high probability for the influx to fuel the core. There is

also a significant variation in screening factor at a given major radius. Plots of F1 and F2 versus

plasma current,  toroidal field, edge electron density, neutral beam power, energy deposited on the

limiter (as measured by the product of beam power and beam duration) did not show significant

correlation with major radius.

IV. Comparison with Neutral Transport Code DEGAS.

To better understand the dependence of the deuterium influx to the core on major radius the DEGAS

Monte Carlo neutral transport code20 was used to model representative plasmas with either balanced

DT or T-only neutral beam injection at major radii of R=2.45 m, 2.52 m and 2.62 m. DEGAS tracks

flights of test hydrogenic neutrals from the limiter in the plasma environment of a specific discharge.

A computational mesh, based on the TFTR vacuum vessel and magnetic field surfaces, is calculated

by the interpretive code TRANSP21 for a specific discharge and transferred, via a post processor

code, to DEGAS. Profiles for the plasma densities and temperatures within the last closed flux

surface (LCFS) are also produced by TRANSP from the diagnostic measurements and are exported to

DEGAS. The particle current to the limiter from the plasma scrape-off layer (i.e. outside the LCFS),

is taken to scale as: n Cs sin α , where n is the density, Cs the ion sound speed and α is the field line

angle of incidence in the poloidal plane. DEGAS  is generally run under steady state conditions so

that the efflux from the limiter balances the particle current to the limiter. TRANSP does not simulate

the scrape-off layer. As is described in Ref. 6, the poloidal dependence of the ion current to the

limiter is defined by two parameters, λ and δ.  The length, λ, is the characteristic exponential decay

length of the temperature and density across the scrape-off region at the outer midplane

(perpendicular to the field) and δ  specifies diffusion22 perpendicular to the field lines.  The values of

λ  and δ are adjusted to match the predicted poloidal distribution of Dα emission to that observed. The

calculated poloidal variation of the Dα emission was a good fit to the observations for the 2.52 m

cases and moderately good for the 2.45 m and 2.62 m cases. The differences are presumably due to

the limitations of parameterizing a complex 3D geometry in terms of two scrape-off parameters. In

DEGAS, hydrogenic neutrals are generated by dissociation, sputtering, reflection or charge-

exchange. The relative H, D, and T neutral influxes from the limiter are adjusted to match those
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Table 1. The relative ionization of deuterium inside and outside the last closed flux surface.

major radius 2.45 m 2.45 m 2.52 m 2.52 m 2.61 m

shot number 86231 77801 76770 73447 74652

Beam fueling DT T-only DT T-only DT

D ionization inside

LCFS.

28% 17% 49% 47% 95%

D ionization in

scrape-off

72% 83% 51% 53% 5%

observed spectroscopically. The calculated spectral profile is generally in good agreement with

observations.20

For the present purposes, we focus on the location of the ionization of the test particles, and sum the

ionization events in two categories: inside or outside of the LCFS. Neutrals ionized in the scrape-off

region outside the LCFS,  flow along the field lines and tend to re-impact the limiter. Ionization in the

scrape-off region tends to increase the density scrape-off length which has beneficial effects on the

heat load at the limiter and impurity screening.23 Neutrals that are ionized within the LCFS can

penetrate deeper into the plasma. The fraction of ionization that occurs within the LCFS reflects the

core fueling efficiency of the influx from the limiter. Table 1 lists the relative ionization fraction of

deuterium calculated by DEGAS. The percentage of D ionization inside the LCFS increases

significantly with major radius.

In TFTR, plasmas with a lower major radius necessarily have a lower minor radius  due to the limiter

geometry,  and a region between the limiter and the LCFS that, on average, is thicker. This increases

the probability of neutrals being ionized before penetrating the LCFS. The decrease of the fraction of

incoming neutrals that are able to penetrate the LCFS with decreasing major radius is in qualitative

agreement with the experimental observation (sect. III) of reduced deuterium influx to the core

plasma at 2.45 m. A similar result was obtained in a study of deuterium-only neutral beam heated

plasmas.11
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V. Summary

Fueling of the core plasma by deuterium recycled from the TFTR limiter has been gauged by

measurements of the D-T neutron rate in plasmas heated by tritium-only neutral beams. Deuterium

originating from the limiter reacts with tritium injected by the neutral beams and the relative core

deuterium density was derived from a comparison of the measured DT neutron rate with that

expected for a balanced DT beam fueled discharge. In contrast to the traditional measure of influx

based on the intensity of the Balmer-alpha emission, this method is only sensitive to deuterium that

penetrates to the core plasma.  The analysis shows that influx from the limiter can contribute a large

fraction of the core density,  in some cases up to the maximum that can be inferred - 50%. The lowest

fractions, 10-20%, were found for discharges with  smaller major radius (R=2.45 m) and also for

larger major radius discharges (R=2.52 m) that had extensive lithium conditioning. Modeling with

the neutral code DEGAS has related the reduced deuterium core influx to the reduced probability of

incoming neutral deuterium penetrating the thicker scrape-off layer in plasmas of small major radius.
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