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Abstract 
Detailed boundary plasma measurements on TFTR have been made during a NBI power 

scan in the range P^, =• lAfW - 20iVfW in the L-mode regime. The behaviour of the plasma den
sity < n, >, radiated power Proi, carbon and deuterium fluxes Tc, T 0, and Z,s can be summarized 
as, 

(I) <nt>**P% 

(2) praj,rc,rD'>eP„l 

(3) Zrf-consmnt 

It is shown that central fuelling by the neutral beams plays a minor role in the panicle balance of 
the discharge. More important is the NBr role in the power balance. The TFTR data during NBI 
is consistent with a simple model of particle and power balance in which the particle sources 
originate primarily at the graphite limiter. 
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1 In t roduc t ion 

It is nearly a universal observation on tokamaks with carbon limiters that the application of 
power, whether in the form of Ohmic, ICRF or neutral beam heating, results in increased 
influxes of deuterium and carbon from the limiterand a subsequent increase in the plasma den
sity [1-4]. These effects are undesirable in that they make density and impurity control difficult, 
often resulting in a reduction of the potential thermonuclear yield of the discharge. These 
observations were shown to be consistent [4] with a simple model of power and particle balance 
put forward by McCracken [5] and based on, 

(1) the balance of input power {P^) with radiated power (Prad) and power conduc -

ted/convected to die limiter (PC0A) 
(2) the balance of carbon sputtered from the limiter with that residing in die plasma and 

uiat redeposited on the limiter 
What was not addressed in the McCracken model was the deuterium balance of the discharge, ie 
the balance between the deuterium held within the carbon limiter and that residing in the plasma. 
When this balance is also taken into account, as in [6], the three balance equations, ie for power, 
carbon and deuterium, predict the following behaviour for tokamak discharges in contact with a 
large-area carbon litniten 

\ (1) the influxes of deuterium TD and carbon T c , the radiated power and the edge electron 

density nt(a) all scale approximately linearly with the input power. 
•» (2) the edge electron temperature T,(a) and 2$ are approximately constant with input 

power. 

(3) the average electron density of the discharge < n, > scales approximately as Pj,f. 

These scalings apply only to the case where the tokamak is sufficiendy conditioned that the 
dominant impurity is carbon originating from physical sputtering and the dominant source of 
deuterium in the plasma-limiter system is the deuterium held within the graphite near-surface 
region before the discharge. This situation is often the case in TFTR which utilizes extensive 
conditioning and puffs or injects typically little deuterium gas in comparison to the inventory in 
the graphite (see Section 6). 

It is die purpose of die present work to show diat such scaling is obtained in TFTR during 
neutral beam injection in die L-mode regime. These discharges are without strong pre-depletion 

' of deuterium from the graphite limiter so that the dominant particle source is the Hmiter. Such 
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discharges follow energy confinement scaling presented by Goldston et al [7] and are coined "L-
mode" discharges, as opposed to "Supershots", which result after extensive conditioning of the 
limicer to deplete it of deuterium [8]. This paper does not consider Supershots. 

2 E x p e r i m e n t 

TFTR has a major radius that is varied typically in the range R0 = 2.40m to R0 = 2.60m t 

with a plasma cross-section which is essentially circular with corresponding minor radii of a = 
0.75 m to a = 0.95 m. The plasma is limited by a toroidally symmetric inner bumper limiter 
composed of discrete graphite riles covering an area of ~22m2. Fig. 1. Typically, the area of the 
limiter wetted by the plasma is ~6m2. The four neutral beam injectors on TFTR are capable of 
applying an input power of - 35 MW, but presendy operate at powers of < 25 MW. This limit is 
set to some extent by die appearance of "carbon blooms", although recently the occurrence of 
blooms has been reduced by optimizing the shape of the limiter [9]. In addition to the core pro
file diagnostics on the tokamak, TFTR has a number of edge-specific diagnostics, including, a 
reciprocating Langmuir probe located approximately 37 cm above the outside midplane, a 
poloidal array of interference filter/telescopes which measure the poloidal Da and CII (657.8 
nm) distributions, an infra-red camera and a CCD camera plasma viewing system which obtains 
both the poloidal and toroidal distributions of emission from the low ionization states of deuter
ium and carbon. As is typical in most discharges in TFTR, the oxygen and metal levels are low 
and play little role in these discharges. 

The spectral intensities of the low ionization states can be converted to particle influxes * 
using theoretical photon efficiencies [10], if the local electron temperature is known. In general, 
because of surface heating limitations with the Langmuir probe at input powers > 5 MW, T,(a) is 
not routinely measured. For the analysis in this paper it is assumed that die edge temperature is 
independent of beam power, Tt{a )-50eV. An approximately constant edge electron temperature 
with input power is predicted by the model [6] and is found on TFTR in the limited Langmuir 
probe data obtained at low power (see Section 5). 

3 Time Evolution 
Figure 2 shows the evolution of Pu„ < n, >,frej,Ztff, Tc, T D during a 1 s heating pulse at - 8 

MW. Following the application of beam power, the discharge parameters rapidly evolve and 
reach, after typically - 0.3 s, a new equilibrium which is maintained for the duration of beam 
injection. The time to reach equilibrium x„, is set by the time for the injected energy to leave the 
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plasma (the energy confinement time t £ ) and the time for deuterium and carbon released from 
the limiter to fill the plasma volume (the diffusion time x0IFF). The energy confinement time is 
generally short compared to 0.3 s, ie in the discharge shown in Fig. 2 t£~0. \2s. The diffusion 
time can be estimated using the equation, 

£_2 HI 

where D is the cross-field panicle diffusion coefficient. From independent transport studies (see 
Section 7) D is found to be -2.3m2s~' and thus, with a minor radius of a = 0.95, we obtain 
iOIFF~OAs close to the experimentally observed x^. Therefore, the time for the discharge to 
reach steady-state conditions appears to be determined by the plasma diffusion time. 

As a result of the increased input power, the < n, >, Prad, Tc and TD reach new equilibrium 

values which are elevated above the Ohmic ones. The Z^of the discharge, however, is barely 
affected by the increase in power. The constant Z r f is qualitatively consistent with the behaviour 
of the influxes at the limiter, ie, the carbon and deuterium influxes rise in proportion to each 
other, and thus it is reasonable to expect a constant Z,g, given that carbon originating from the 
bumper limiter is the dominant impurity in the discharge. This argument assumes that the carbon 
ion transport does not change relative to the deuteron transport. It will be shown in Sections 6 
and 7 that the beam fuelling of the discharge plays only a minor role in the particle balance and 
that the central densities of deuterium and carbon (and thus Z#) are determined to a large extent 
by the deuterium recycling influx TD and carbon sputtering influx Tc. respectively. 

For the data presented in this paper the average temperature rise of the limiter surface is 
below the threshold that can be detected by the infra-red camera (ie < 300 C). Such an upper 
limit for the surface temperature is consistent with simple one-dimensional thermal calculations 
based on the known thermal properties of the graphite, the input power to the plasma and the 
limiter wetted area. The low average temperature of the limiter, the absence of oxygen or sig
nificant hot spots (which at higher powers give rise to carbon blooms [9]) means that impurity 
production is dominated by physical sputtering at the graphite limiter. The fact that the carbon 
influx comes to a steady state value despite the continued application of power, Fig. 2, supports 
the conclusion that impurity production is not affected by surface temperature below this tem
perature threshold. 
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4 Scaling 
The scaling of the steady-state values of < nc >,Prad,rc,r0 andZ,^ with input power 

appears in Fig. 3. Each data point represents conditions during the steady-state portion of a 
single discharge- As with the predictions from [6], the following approximate scaling? are 
obtained. 

,1/2 <«.>«/*« [2] 

/ ,

M * r c , i w ,

B , [3] 
Ztf-constant~2.5 W 

The constant Z^ was found in an earlier study on TFTR with the bumper limiter [11]. 

The carbon to deuterium flux ratio at the limiter is approximately constant, rcIYD~Q.25, 

consistent with the sputtering yields by deuterons and carbon ions being constant, as would be 
expected if T,{a)~constant. However, the flux rario value of 0.25 is significandy higher than can 
be explained by physical sputtering yields at normal incidence available in the literature. In a 
closed system, where all the carbon sputtered from the limiter returns to the limiter to self-
sputter, the effective yield Y is [12] 

where YD, Yc are the sputtering yields of deuterons and carbon ions on graphite [13]. If T,(a) is 

assumed to be - 50 eV and the carbon ion charge Z3 - 3, the appropriate incident deuteron and 
carbon energies are 5re(a>-250eV and l\Te(a)~550eV [12], respectively. The expected effec
tive yield is y~0.05, significantly less than found experimentally. Agreement can be obtained if 
the normal incidence sputtering yields YD, Yc are enhanced by a number f]-2. The enhancement 
primarily affects the numerator in Eq. 5, as the carbon self-sputtering yield Yc~0.$ approaches 
unity. 

It was argued dieoretically and experimentally shown in [4] that the radiated power is 
directly proportional to the carbon influx, 

where Rc is, effectively, the energy radiated per carbon atom entering the plasma. This number 

is expected to be a constant if the electron temperature and the product < nt > tc (where tc is the 
carbon ion confinement time) are constant. It was shown in [4] that, 
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< nt > tcoc 
1 c 

From the results given in Fig. 3, this product is indeed approximately constant and a value of 
Rc~5keVIatom is obtained, which is in reasonable agreement with theory [14]. 
5 Langmuir Probe Data 

Only a limited set of Langmuir probe data has been obtained during NBI due to over-heat
ing of the probe elements when deeply immersed into the boundary plasma. Some results at low 
power neutral beam injection appear in Fig. 4. In this figure, the electron density n, and 
temperature T, profiles in the scrape-off layer (SOL) have been plotted for an Ohmic case with 
Pm = \.\MW and with neutral beam heating with Pm = 3.GMW. Within experimental uncer
tainty, no change in the edge electron temperature is observed during NBI with the value at the 
last closed flux surface (LCFS) being - 50 eV and the e-folding distance X^6.5cm. The Ohmic 
density e-folding distance of X,~5.9cm appears to reduce slightly with the application of power. 
The predominant change in the scrape-off layer as a result of increased power is an increase in 
the electron density by a factor of - 2.5. These measurements were obtained in different condi
tions than those of Fig. 3 but are qualitatively valid for most conditions in TFTR in that the main 
change is the edge density with little change in the edge electron temperature. Unfortunately, 
probe measurements into the LCFS at higher power input were not possible. It should be noted 
that Langmuir probe measurements of density are useful to obtain relative changes but give an 
absolute error of order ~ 2. These measurements are qualitatively similar to earlier observations 
in TFTR [15] although the absolute values of density and temperature are somewhat different, 
probably due to different machine conditions and different probe locations. 

6 Graphite Deuterium Reservoir 
The main point of this paper is to show that the predicted scaling [6] is obtained in TFTR 

during NBI in the L-mode regime. A crucial assumption in this model is that the main source of 
deuterium is that released from the graphite limiter. While this is obviously satisfied in the case 
of Ohmic and wave heating, for NBI heating, energetic deuterium atoms are purposely added to 
the discharge. Despite this, however, the dominant source of fuel for TFTR L-mode discharges 
is the recycling of deuterium from the graphite limiter. This fact is illustrated in Fig. 5, where 
the ratio of the sources of deuterium from the beams SNB to that from recycling SK (based on the 
spatially integrated Da signal) is plotted as a function of beam power. This ratio is typically of 
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order - 0.1 and weakly dependent on power. Similar results were obtained for NBI on JET [2.3], 
In Supershot plasmas, where the limiter has been significantly depleted of deuterium, SNB/SK is 
larger, for example, - 0.3. 

It is also clear that the amount of deuterium added to the system in the form of beam par
ticles is negligible in comparison to the hydrogenic content of the combined plasma-limiter "res
ervoir". In fact, the plasma content is small compared to the content of the limiter reservoir, ie 
that region of the carbon that is in intimate contact with the plasma within an implantation 
distance (~ 20 nm) of incident boundary plasma deuterons. For example, at the highest input 
power the plasma content of deuterons is -(klO2 0, compared to the saturated limiter capacity of 
~2x 1022. The fact that the beam particles have a negligible effect on the limiter inventory is 
clearly demonstrated by observing the Ha - Da composition of the recycling fuel during the 
course of a discharge. In the case of a carbon surface, deuterons striking the limiter are predomi-
nandy implanted rather than reflected [16] and reside in die carbon for a short period of time 
before they recombine to form molecules and are released back to the plasma. The Ha-Da 

intensity ratio is thus a measure of the hydrogenic composition within the material. The 
hydrogen is inherently present in the materials within the tokamak and thus also in the plasma. 
Figure 6 overlays the normalized Ha -Da lines at t = 2.8 s and t = 3.8 s, corresponding to the 
Ohmic phase and the end of the heating phase of the discharge illustrated in Fig. 2. The absolute 
signal during the heating phase is a factor of - 10 greater than during the Ohmic phase. As 
expected, the D signal relative to the H shows no increase despite the addition of only deuterium 
from the beams, strongly supporting the view that the beam source is negligible compared to the 
over-all inventory of the plasma-limiter system. 

7 Simple Plasma Transport Model 
Although the overall re-fuelling rate of the discharge is dominated by recycling of deuter

ium which is already present in the graphite before the start of the discharge, it is the beam injec
tion which dominates the neutral fuelling of the centre of the discharge. The beam particles, 
although being small in number, penetrate to the magnetic axis while the recycling particles are 
ionized primarily in the boundary regions. This effect is demonstrated in Fig. 7 where the calcu
lated source functions for deuterium for beam particles and for recycling are compared for a dis
charge with - 7 MW of beam heating. The machine conditions for this discharge (45803) were 
different than those present for the discharges given in Fig. 3, ie the limiter in 45803 had a 
somewhat lower deuterium content due to helium conoitioning. The beam source profile is 

6 



derived from the experimental density profiles and z^ using the SNAP code [17], while the 
recycling source profile is calculated by the Monte Carlo neutral tranSj-„,i code DEGAS f 18] and 
normalized using the experimental Da measurements. As expected, when spatially integrated, 
the total source due to the beams is small, ~fa lO^Os'\ compared to ~4x l02'Ds~l for recycling: 
however, the beam particle source on-axis is two orders of magnitude larger than that from 
recycling. 

To determine the relative contributions that the recycling and beam sources make to the 
central deuteron density (and thus the applicability of the scalings in the simple model contained 
in [6]) some assumption must be made regarding the particle transport in the plasma phase We 
shall use a common prescription for particle continuity [19,20], 

[7] 
~T r\-D — + n,v rarl \ dr J. = ID(r) 

where ID is the deuteron source function and v is the inward pinch velocity given by 

v=-SDr/ax [gl 
where S is the inward pinch parameter, a constant. 

The boundary condition for Eq. 7 can be obtained by relating the particle fluxes at the 
limiier (from experiment rp~4x\tflD j ~ \ Tc-lxlCPCs^) with the edge density n,(a), 

1 [9] 
TD+ZBVc=-nc(a)csA 

where Zs~3 is the average carbon ion charge in the SOL [21], cs~4xl<fms~* is the effective ion 

acoustic speed of the deuterium/carbon SOL plasma and A is the effective area of the flux tubes 
in the SOL, 

A 4«a, [10] 

where qv~4.6 is the safety factor and \r~5cm is the e-folding distance for particle fluxes in the 

SOL derived from the Langmuir probe profiles. Substituting these quantities into Eqns. 9 and 10 
we arrive at the boundary condition, nt(c)~7^10"/n"3. This value is in reasonable agreement 
with the experimental data in Fig. 7, although the error in the derivation is probably a factor of -
2; the good agreement is thus probably fortuitous. 

file:///r~5cm


Equation 7 has been solved numerically using this boundary condition, the source func
tions given in Fig. 7b and fitted to the experimental density profile in Fig. 7a and additionally 
constrained by the experimental Zty-3.4 by adjusting the cross-field diffusion coefficient 
D = 2.3wIs"1 and :he pinch parameters = 3. Four theoretical curves are shown in comparison to 
the experimental density profile, ie using separately the beam source, the hydrogenic recycling 
source, no volume source (in this case the electrons are supplied solely by carbon) and the sum 
of the three. From this analysis, the beams contribute 18% to the central electron density, the fuel 
recycling 31% and carbon 51%. In terms of votume-average density < n, >, the contribution of 
the beams is reduced, ie beams 13%, recycling 33% and carbon 54%. Thus, the discharge is to a 
large degree dominated by edge effects, ie the recycling of fuel and the production of carbon 
impurities at the limiter surface. The condition required for the applicability of the model, that 
the limiter is the dominant source of particles, is met. Beam fuelling plays only a minor role in 
the overall particle balance of the discharge. Similar results were obtained for NBI on JET [2,3]. 
These conclusions, of course, do not address the issue of fusion yield which depends only on 
deuteron densities and energies. In this respect, the beam contribution will be significant due in 
part to its contribution to the central deuteron concentration and in pan due to suprathermal com
ponents in the plasma. 

The diffusion coefficient D and the pinch parameter S are typical of those previously 
derived from impurity transport studies in TFTR using the laser blow-off technique [19], In 
addition, the D is similar to the value required to explain the particle flux e-folding distance Xr >n 

the SOL; ie, using the values quoted above [22], 

B~- -—I Am s 

8 Conclusions 
In TFTR L-mode discharges the addition of neutral beam heating rest'lts in increased 

influxes of deuterium and carbon from the graphite limiter and a subsequent increase in the 
plasma density. This behaviour is in general undesirable in that the potential fusion yield of the 
discharge is reduced. The behaviour can be summarized by, 

(1) <nc>~P£ 

(2) P^,Tc,rB->P„ 

(3) Z^f constant 
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Although it was not possible to routinely measure the edge electron temperature T,(a) in 

these discharges, the few existing measurements su£,;;sst a constant temperature with input 
power, ie T,{a)~50eV. This constancy of T,{a) is consistent with the constant effective sputter
ing yield Y = rc/TD and constant ZlfI. 

The above scalings observed on TFTR in the L-mode regime are in agreement with a 
f.imple model of power and particle balance [6] based on the assumption that the dominant 
source of deuterium is the graphite iimiter. This implies two things for NBI in the L-mtxIc 
regime. First, that tb: total amount of deuterium added in the form of beam particles is small in 
comparison to the total inventory in the graphite limkar. Second, that the central fueling is domi
nated by edge effects, ie fuel recycl»n6 and impurity production at the graphite limiter. On the 
latter point, although the beam particles penetrate to the centre of the discharge, their small 
number compared to the sum of recycling fuel and impurity production means that tieir con
tribution to the central plasma density is small. Recycling and impurity production at the bound
ary dominate the discharge simply due to overwhelming numbers. In Supershot ptasmas in 
TFTR, through extensive conditioning of t'ae timiter, the edge recycling can be reduced by a 
factor of - 3 compared with these results and in this case, central beam fuelling becomes more 
important. 
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Table and Figure Captions 
(1) Schematic cross-section diagram of the TFTR vessel showing the arrangement of the toroi

dal graphite bumper limiier, the reciprocating Langrruir probe and the poloidal Da, C I] 
telescope array. 

(2) The time evolution of discharge 40932 during ~ 8 MW of neutral beam injection: 
R„ = 2.60m,a = 0.95m, plasma current lf = \AMA, toroidal magnetic field BT = AT. 

(3) The scaling of plasma density < nt >, radiated power Prad, Z,g, carbon r c and deuterium TD 

influxes from the limiter with total input power Pa,: discharges 40927 -
40945^?0 = 2.60m,a = 0.95m, plasma current Ip = L4MA, toroidal magnetic field BT = 47". 

(4) Boundary plasma profiles of density n, and electron temperature T, obtained with the 

reciprocating Langmuir probe in an Ohmic discharge (£2) and a discharge with 2 MW of 
NBI. The total input powers of the two discharges where 1.1 MW and 3.0 MW, respect
ively: RQ = 2.45m, a = 0.80m, plasma current /„ = 1AMA, toroidal magnetic field BT = 47", 
Ar =r-a. 

(5) The ratio of fuelling sources as a function of total input power Pa, in the power scan (dis
charges 40927-40945). SNg andS^ are the total fuelling rates for neutral beams and edge 
recycling, respectively: R0 = 2.60m, a = 0.95m, plasma current / , = 1.4AM, toroidal 
magnetic field BT = 4T. 

(6) The Ha - Da line-shapes during the Ohmic £2 and NBI phases of discharge 40932 (see Fi 

2). The signals at the two times have been normalized. The absolute intensity is ~ 10 
times larger during NBI compared to the Ohmic phase: R0 = 2.60m, a = 0.9.m, plasma 
current Ip = I AMA, toroidal magnetic field BT = 47". 

(7) Particle source and transport analysis of discharge 45803: (A) contributions to the electron 
density profile from beam particles, recycling fuel and carbon impurities, comparison of 
the sum of the three contributions with the experimental density profile obtained from the 
far infrared interferometer (B) the deuterium source functions for beam particles (from the 
SNAP code [17]) and for recycling (from the DEGAS code [18]): PNB = 6.7MW co-injec
tion, /?0 = 2.45m, a = 0.80m, plasma current / p = 1.4AM, toroidal magnetic field BT = 47. 
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