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The efflux of atoms with energies greater than 10 eV from tokamaks results primarily from charge exchange. This flux is 

useful as a diagnostic of plasma properties such as particle transport, particle confinement, power balance, neutral density, 

and ion temperature. This flux also contributes to plasma contamination by sputtering of impurities from walls and limiters. 

We have measured the efflux of neutral hydrogen in the energy range from 10 to 2OCKl eV as a function of plasma parameters 

in the steady-state portion of ohmically heated discharges in PLT. Results have been obtained both near the main plasma 

limiter and far away from it. These data serve as a benchmark for comparing atomic emission during auxiliary heating and 

current drive. We find that the main parameter which affects the efflux is the plasma density. The total energy-integrated 

efflux, J’. rises rapidly with C, to F = 4 X 10” cm * s- ’ at ti, = 1 X 1Or3 cm 3, and then falls a factor of 2-4. The total efflux 

is then relatively constant with %, up to iie = 6 x lOI3 cmm3. The average energy of the effhrx rises from 180 eV at 5, = lo’* 

cm -3 to 500 eV at tie = lOI3 cmm3. It then decreases to approximately 150 eV at G, = 2 X lOI3 cm- 3, and drops slightly more 

to 100 eV at ke = 6 x 1013 cmm3. Using the measured df’/d E dS2 spectra, electron temperature, and electron density as inputs 

and consistency checks, the ion temperature profiles and 3-dimensional neutral density profiles are calculated using the 

DEGAS code. From these calculations the particle confinement time, impurity generation by sputtering, and contribution of 

ions and charge-exchange neutrals to the power balance are evaluated as a function of electron density. The importance of the 

limiter to recycling at high densities is clearly demonstrated. The ratio of the ion flux onto the limiter versus the ion flux onto 

the wall goes from 4.8 at Ee =1.8X10’* crne3 to 6.3 at Ze =l X1013 cme3, and to 24.1 at Z, = 5.5X1013 cmm3. 

1. Introduction 

Measurement of the outflux of neutral hydrogenic 
atoms from tokamak plasmas has been useful in de- 
termining the central [l] and edge [2] ion temperatures. 

Another proposed [3] use, to determine particle confine- 
ment, is more difficult to effect experimentally because 
of the many detectors required to document fully the 
toroidally and poloidally varying flux. Such a complex 

array would also allow determination of the power loss 
and an assessment of wall sputtering by the charge-ex- 
change hydrogen. These latter two topics are controver- 

sial. In some tokamaks [4] power accountability has 
never been achieved. Charge-exchange losses, particu- 

larly near the limiter, have been suggested [5] as the 
missing factor, but they have never been measured. 
Some investigations of impurity generation sites have 
identified the limiter [6,7] and other inboard structures 
[S] as the dominant impurity sources, while other inves- 
tigations have identified the walls [7,9] as the dominant 

sources. 
In this paper we combine charge-exchange flux mea- 

surements at two toroidal positions relative to a pair of 
fixed mushroom-type limiters using detailed computer 
simulations of the neutral particle transport, to evaluate 
particle confinement, power loss, and impurity sputter- 
ing in a range of PLT discharges. These measurements 
were made in ohm&ally-heated plasmas as a function of 
density, toroidal field, and plasma current. Of these 
three parameters, the charge-exchange efflux showed its 
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greatest sensitivity to the plasma density, and therefore 
the discussion here is restricted to that parameter. 

The results presented here differ from previous work 
[2,5,10,11] in that the range of plasma parameters studied 

is ten times larger, the number of discharges docu- 
mented is similarly larger, the energy sensitivity of the 
charge exchange detector has been extended downward 
to one-fourth its previous lower energy threshold, and 
the present computer simulations are more realistic and 
detailed. The full importance of poloidal and toroidal 

variations in atomic fluxes in data interpretation will be 

clearly shown. 

2. Experimental results 

The PLT tokamak [12] is a middle sized (major 
radius R = 132 cm, minor radius a = 40 cm) device 
which operates at a line averaged electron density of 
n, = 10’2 to 1014 cme3 a maximum toroidal magnetic 
field of B r = 3.5 T, and a maximum plasma current of 

G = 700 kA. The diagnostic used to measure the 
charge-exchange flux is the Low Energy Neutral Atom 
Spectrometer [13,15] (LENS). The LENS is capable of 
measuring the energy-resolved charge-exchange efflux 
in the range of 5 eV to 2000 eV with a time resolution 
of 0.2 ms. It is located at toroidal gap 3 (out of 18). 
Pairs of top and bottom moveable mushroom shaped 
limiters [14] are located at gaps 3 and 8. Any of these 
four limiters may serve as a main limiter if its leading 
edge is placed at a minor radius of approximately 40 
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Fig. 1. The measured (solid lines) and calculated (dashed lines) 

charge exchange spectra dT/d E dO for the cases (a) ?i, = 1.8 

X10” cmm3, (b ) 1.0 X10” crnm3, and (c) 5.5X1013 cme3. 

The spectra were measured by the LENS detector at the 
toroidal position of the active limiters. 

cm, while it would receive a negligible flux when 
withdrawn to at least a 45 cm minor radius. 

The measurements were carried out during the central 

400 ms of a one second duration ohmically-heated 

discharge. During this period the plasma parameters 

were in a quasi-steady state. As noted in previous 

publications [2,11.15], discharge initiation and termina- 

tion have markedly different behavior due to the low 

degree of ionization, gas sources, and to the poor con- 

finement. During the quasi-steady state, most plasma 

parameters, particularly B,, are constant to a few per- 

cent. Electron densities, I,, and the total energy in- 
tegrated charge-exchange efflux are constant to about 

*lo’% for at least i50 ms, centered at the selected 
measurement time. The results described below were 

obtained at B, = 1.6 or 3.2 T, I, = 370 kA, and C; f 1.5 
V. 

Typical differential flux spectra, dT/d E dSt, where 
E is the energy, r is the flux, and Sz is the solid angle, 

for low (ii, = 1.8 X lO”/cm~‘), medium (Z, - lo”/ 

cm-j), and high (n,= 5.5 X 1OL3 cmm3) density dis- 

charges are shown as the solid lines in fig. 1. The line 

average densities quoted in this paper were obtained 
from the microwave interferometer. The central electron 

temperatures in the three discharges were 500, 1100, 
and 700 eV. respectively, as determined by Thomson 
scattering measurements. These data were acquired with 
the top and bottom gap 3 limiters inserted at r = 40 cm, 
and the gap 8 limiters withdrawn to r = 45 cm. Thus the 
LENS was viewing the same toroidal location as the 

limiter. The flux spectra were averaged over 50 ms for 
smoothing purposes. 

At low ii e = 1.8 X 10” cm -’ (fig. la), the flux spec- 

trum showed a peak at E = 130 eV. and an intensity 

which decreased with increasing energy in a simple 
exponential fashion. The tail of the spectra, E z 300 eV, 
had an effective temperature, T, of approximately 210 

eV. As the density increased to ii, = 1013 cm ’ (fig. lb), 
the total flux increased, the temperature of the tail 
increased to T = 475 eV, and the peak in dl’/d E d0 

occurred at a lower energy of E = 100 eV. In the highest 
density case, ii, = 5.5 x 10” (fig. lc). the total flux 

remained at about the same level as in the 6, = 10’” 

cm ’ case, however, the shape of dT/d E dO changed 
markedly. The tail fell rapidly, losing a simple exponen- 
tial shape, and the peak signal occurred at a lower 
energy, E = 30 eV. 

The general trend in the distributions is qualitatively 
understood by considering the opacity of the plasma to 
neutrals. At higher densities virtually all of the high 
energy neutrals born near the core were ionized or 
charge-exchanged before they make it to the wall. The 
peak energy qualitatively corresponds to the ion tem- 
perature of the radial position with the highest neutral 
density. A quantitative evaluation leading to the calcu- 
lated dashed curves on fig. 1 is described in section 3. 

By integrating dT/d E d D and E dT/d E dS2 over 
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total measured fluxes were factors of 10 to 100 times 

lower than when the main limiter was at gap 3. 

Over the past five years a total of several thousand 
discharges using the gap 3 and/or 8 limiters have been 
documented. Virtually all the ohmic heating data repro- 

duce the behavior just described. The variation of Z 

with Zr is small. Major changes occur, of course, during 
auxiliary heating, impurity injection, helium discharges, 

and small minor radius plasmas. These results will be 

discussed elsewhere. 

3. Modelling results 

Evaluating particle confinement, power loss, and im- 

purity sputtering for the data set described in section 2 

requires the interpolation and extrapolation of the 

charge-exchange fluxes measured at two points with 
respect to the rest of the torus wail. This in turn 

requires a detailed picture of the neutral transport, 

computationally done here using the DEGAS code [16]. 

70” lo’* lOI lOI4 

ii, (cm3) 

Fig. 2. (a) The total measured fluxes, r, and (b) average 
energies of the detected neutrals, E, as functions of ii,, for 

B, = 1.6 T (open dots) and B, = 3.2 T (closed dots). 

E and J2, the total flux, r, and power, P, were ob- 
tained. The average energy of these particles is then 

given by .&P/l? Both r and E are plotted in fig. 2 as 

functions of n, for the two toroidal fields Br = 1.6 T 
and 3.2 T. All these discharges were part of the same 

run, occurring within a span of four hours. The circled 

discharges are modelled in section 3. 
As n, increased from 3 X 10” cm-3 to 5 8 X 1012 

cm -‘, the flux, r, increased by a factor of 100, and was 
approximately proportional to ( Fi,)‘-3. After peaking at 
ii, = 8 x 1012 cmm3, the flux fell by a factor of - 2, and 

then remained constant up to the highest densities 
measured, implying a particle confinement time propor- 
tional to 6, ‘. As shown in fig. 2b,the average energy of 
the charge-exchange particles, E also climbed as n, 
increased to 1013 cme3. After reaching a broad peak of 
450 eV, E fell precipitously at n, = 2 X 1013 cmm3 to 
100 eV. This too can be qualitatively understood by 
considering plasma opacity. At n, = 1 to 2 X 1013 cmm3, 
the mean free path of the neutrals became less than the 
minor radius of PLT. 

Similar observations were made with the gap 3 
limiters retracted to r 2 45 cm and a gap 8 limiter 
inserted to r = 40 cm. The LENS then viewed the 
plasma 100 degrees toroidally from the functioning 
limiter. The major difference between data obtained in 
these discharges and the data in figs. 1 and 2 was the 
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Fig. 3. Calculated ion temperature profiles for the three cases 
(a) E, = 1.8 x 1Or2 crne3, (b) 1 X 1013 cmm3, and (c) 5.5 x 1Ol3 
cm -3, calculated using the algorithm described in section 3. 
The points are at the 14 radial zones used in the calculation. 
The vertical bars are estimated uncertainties in the results at 

representative points. 
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Fig. 4. Calculated nDo radial profiles for the three plasma densities perpendicular to the midplane through the limiters at + = O” (a), 
through the midplane at $J = O” (b), and toroidally opposite from the limiter at $I = 180° (c). The vertical bars are standard errors of 
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DEGAS computes neutral transport in three-dimen- 
sions using Monte Carlo methods. This code includes a 
detailed description of the ionization, charge exchange, 
and plasma recombination processes, as well as wall 
reflection and physical sputtering. The model geometry 
is fully three dimensional, and includes faithful repre- 
sentations of the limiter and LENS geometries. 

The fixed inputs into the code known from the 
experiment are the electron density and temperature 
profiles, as well as the Z,,, obtained from Thomson 
scattering, and dT/dE dS2 from the two charge ex- 
change analyzer positions relative to the active limiters. 
The ion temperature profile, Ti( r), is initially estimated. 
A three-dimensional neutral density profile, noo( r), is 
then generated by DEGAS. Three sources of neutrals 
are considered: recombination of ions into atoms or 
molecules at the limiter surface, recombination of ions 
into atoms and molecules at the wall, and recombina- 
tion of ions and electrons within the plasma. The third 
source, plasma recombination, is fixed, as it depends on 
the n i ( r), n e ( r), and T,(r) profiles only. The strengths 
of the first two sources and pi are varied to fit the 
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Fig. 5. Calculated nDo toroidal variation at r = 40 cm around 

the midplane (0 = O”) (solid lines), and at 0 = !20° (dashed 

lines). The vertical bars are standard errors of the computed 

results at representative points. 

measured dT/d E dS2 spectra at the two observation 
positions near and away from the active limiters. 

After several iterations of Ti ( r) changes and calcula- 
tions of n&r), an agreement to within *20% is ob- 
tained over the energy range of from 20 eV to 2000 eV. 
The T,(r) and n oo( r) profiles thus produced are not in 
general numerically unique solutions, but are unique if 
the n, and T, profiles decrease monotonically from the 
axis. Doppler broadening spectroscopic measurements 
of T;(r) do show general agreement. Computed Ti (r) 

profiles for the three ti, cases are shown in fig. 3. The 
resulting dr/dE dO curves are shown as dotted lines 
in fig. 1 overlaying the experimentally obtained spectra. 

Computed neutral density profiles n,( r, 9, 8) as 
functions of radial position, r, toroidal angle, +, and 
poloidal angle, 0, are shown in figs. 4-6 for the three 
plasma density cases. These plots demonstrate the 
asymmetries in the neutral density due to the recycling 
at the limiter. 

Fig. 4 shows the radial variations of the calculated 
neutral densities at the toroidal position of the limiter, 
+ = O”, (a) both perpendicular to the midplane (0 = 

/zs?p 
imiters 
/ 
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Fig. 6. Calculated n D~ pololdal vanation at r = 40 cm, for 
+ = O” (solid lines) and + = 180’ (dashed lines). The vertical 

bars are standard errors of the computed results at representa- 

tive points. 



90” ). and (b) through the midplane (6’ = O” ), and (c) 
toroidally opposite from the limiters, at + = 180”. The 

neutral populations at the limiter position are due mainly 

to plasma recycling off the limiters. These populations 

are localized to the limiter region and the populations 

toroidally opposite to the limiters are due almost en- 

tirely to plasma recycling at the wall. At the highest 

density, 5, = 5.5 X lo’-’ cm- ‘, plasma recombination is 

the main contributor to the neutral density in the central 

10 cm. Recombination has a negligible effect on n,, at 
lower densities, 

in ~1 ,jCl of - 500 between the same two points. Toroid- 
ally opposite from the limiter. II,,! was down by a 

factor of - 1.3 X lo4 from the peak limiter value, but 
~tb~ dropped by only - 5000 over the same range. 
There were no molecules at the plasma center. 

The variations of the neutral densities at Y = 40 cm 

with toroidal angle + = O-180’ at the poloidal position 
of the limiter (8 = 90’). and at the midplane (0 = 0”). 

are plotted in fig. 5. In each plasma density case the 

neutral population at the midplane was an order of 

magnitude higher at + = 0” than it was at (p = 180”. 
The drop in neutral density toroidally at the limiter’s 

poloidal position was even greater, decreasing, for ex- 

ample, in the high plasma density case from 4.9 X 10” 

(+2%) cm-j at +=O” to 10” (&14%) cm-? at (p= 
180”. 

The localization of molecules became more pro- 

nounced in the lower n, cases. In the lowest density 

case, for example, the ratio of no; (40 cm, 0’. 90” ) to 

n,y(40 cm, O”, 0”) was - 250, but the ratio of nn~ (40 
cm: O”, 90’) to ~,II (40 cm, 0”. 0”) was only - 22. 
The reason for this increased localization is that even at 

the lowest density, the mean free path length for mole- 

cules was only about one centimeter. Thus while the 

atoms were free to travel quite far from the limiter, the 

molecules were still confined there. 

4. Discussion 

Finally the neutral densities at Y = 40 cm for poloidal 
angles 0 = O-90” at the toroidal positions + = 0” and 

@ = 180’ are shown in fig. 6. Away from the limiter, at 

$J = 180”. the neutral populations did not vary poloid- 
ally, as the influence of the limiter did not extend that 
far. At the limiter, + = 0’. the neutral densities at 

0 = 0” were l-2 orders of magnitude lower than they 
were at 0 = 90’. 

The fluxes computed by the DEGAS program varied 
linearly with the ion currents onto the limiter, GL, and 

wall, I+&. Thus by matching the measured neutral flux, 
r, with the calculated flux the ion currents are easily 
determined. The results for the three density cases are 
listed in table 1, along with the corresponding ion 
confinement times within the limiter’s minor radius, 7,: , 
and the wall’s minor radius, TW, and the total confine- 

ment time T:, derived from 

1 p= 
Tf 

‘+L, 
TL’ 7; 

Not shown in figs. 4-6 is the sensitivity of nno to 
the limiter radial position. For the medium density case 
we have studied this and found that a f5 cm shift in 

limiter radius scales the radial profile such that the peak 
still occurred at the limiter radius and changed 

nnu(~, O”, 90”) by very little, while changing n&a, 
0”. 0”) by a factor of 3. Also the toroidal fall-off of 
neutral density was faster as the distance between the 

wall and the limiter was decreased. 
Neutral molecules were even more confined to the 

limiter region than atoms, due to their low initial de- 

sorption velocity. The neutral molecular density, n n;, at 
the limiter in the high fi, case was 1.23 X 10” (*2%) 

cm ‘. At the midplane limiter position, n&40 
cm, 0”. O”) was a factor of - 1100 lower, versus a drop 

Both of the ion flows l;iL’ and g$ increased with 

n,, and the limiter ion confinement time, T:, decreased 

with n,. The wall ion confinement time, T$, also de- 
creased as n, increased from 1.8 x 10” cm- 3 to 1 X lOI 
cmm3, however r& then increased when C, rose to 
5.5 X 1013 cm-‘. The total confinement times varied 
inversely with n,. The limiter recycling became more 
dominant as the ratios of limiter to wall ion flows 
increased with n, from 4.8 at iI, = 1.8 X 10” cm 3 to 
24.1 at n e = 5.5 X lOI cm 3. 

The computed total neutral fluxes onto the limiter, 
i,“, and wall, hi:, are listed in table 2. The main limiter 

particle flux proved to be from ions, with n’,“/ic = 
0.13-0.30 over our range of ii,. The largest contribution 
to the wall flux was from neutrals born originally at the 

Table 1 

Ion currents and confinement times. The limiter. n’;, and wall, A$, ion currents were determined by matching calculated 
dT/d E dO distributions, which vary linearly with hii, with LENS measurements. The limiter, T;, and wall. T$, confinement times 

were computed from r+ = N+/N+, where Ni was the total ion population within the r = 40 cm and 50 cm minor radii respectively 

ii, hi: 7: ti;;; 4 
+ 

TT ti’,‘/ti& 
(cm ‘) (SC’) (s) (SC’) (s) (s) 

1.8 x 10” 1.5 x 10” 0.36 3.1 x 10’” 1.85 0.30 4.8 
1 .o x 10” 1.5x1020 0.17 2.4 x 1o19 1.22 0.15 6.3 
5.5 x 10” l.OXlO~’ 0.11 4.1 x 10” 2.90 0.10 24.1 
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Table 2 
Computed total neutral fluxes. The total neutral fluxes were computed by the DEGAS code onto the limiter, IV:, and wall, hi:, w, 
fig_+ w, due to limiter and wall plasma recycling respectively. The total calculated neutral flux onto the wall is given by hi&. 

1.8 x 1012 2.0x10’* 1.4 x 10’9 4.5 x 10’s 1.8~10’~ 0.13 5.8 
1.0x10’s 3.5 x 10’9 6.6 x lOi 2.2 x 10’9 8.8X1019 0.23 3.1 
5.5 x 10’3 3.ox1o*c 1.5 x 1020 2.9 x 1019 1.8 x 102’ 0.30 4.4 

limiters, @_w. The ratio @/kw ranged from 3.7 to yields for CH, at high limiter temperatures. The calcu- 

5.8. The wall neutral fluxes from the limiter recycling lated sputtering rate of iron off the wall was due almost 

were localized near the limiters. This is consistent with entirely to incident atoms, because the ion struck the 

the localization of n,, near the limiters discussed in wall with energies below the sputtering threshold en- 

section 3. ergy. 
The computed power depositions onto the limiters 

and walls by neutral particles were negligible compared 

with the total experimentally measured limiter power 

depositions. In the highest n, case, the total calculated 
power deposited by neutrals onto the limiter was 800 
W. This was consistent with the computed values for 

the limiter neutral flux of if = 3.0 x lo*’ particles/s, 
and the average energy of atoms striking the limiter of 
- 20 eV. The computed wall power from neutral par- 

ticle impact in the Z, = 5.5 X 1013 cmm3 case was only 

142 W. Thus the term in the power balance from 

neutral impact with the wall was smaller than the power 
unaccounted for. 
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