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The number of H^ photons emitted per entering particle is 
examined for three types of fuelling in tokamaks: wall and 
limiter efflux, gas puff, and solid pellet injection. These 
sources correspond to greater involvement of heavy particles 
in the breakup of entering molecules and to an increasing 
degree of thermodynamic equilibrium in the radiating zone. 
The effect of wall absorption and charge exchange on the 
photon yield in normal tokamak discharges is examined with a 
molecular influx model. The emission from a perturbing gas 
puff is discussed qualitatively as an extension to this model. 
The photon yield from injected pellets corresponds to a limit 
of extremely high neutral influx and is estimated with a 
simple hydrodynamical model and measured pellet cloud 
parameters. 
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Tpt-roriuctirm. The intensity of atomic hydrogen light is often 
used to estimate fuelling rates in tokamaks. * This diagnostic technique 
is based on knowledge of the number of photons emitted per particle 
entering the plasma. In this paper, the number of K& (Dgj) photons (X-656 
run) emitted per particle entering a tokamak is examined for three particle 
sources: wall or limiter influx, gas puff, and injection of solid 
hydrogen pellets. These sources are qualitatively distinguished by 
increasing amounts of heavy particle reactions and an increasing degree of 
thermodynamic equilibrium in the radiating zones. Molecules leaving the 
vessel wall of a tokamak, for example, are broken up and ionized entirely 
by electron-impact reactions. Except for effects owing to the absorption 
of product atoms at the wall, the photon yield per particle is similar to 
that obtained in a large, rarefied plasma. In a dense gas puff, however, 
a qualitative examination of this problem shows that the plasma ions can 
contribute indirectly to the breakup of molecules since they heat the gas. 
Vibrational excitation {thermal, as well as by electron and ion impact) of 
the molecules in the jet will reduce the photon yield from molecular 
processes and thereby lower the peak in H^ emission produced by molecular 
reactions usually seen at the edge of tokamaks. Neutral particle and 
electron collisions can further reduce emission from the jet. The H^ 
emission from a pellet entering a tokamak is mostly produced in a region 
with a high electron density <n e>10 1' cm"'). The effective photon yield 
per pellet atom must be explained in terms of hydrodynamic effects, as the 
number of photons per ionization event is no longer equivalent to the 
number of observable photons per particle in these dense plasmas. 

1- Teat pan-ifTlo in an infinite plasma. A3 a first example, 
consider the average number of H^ photons emitted from a test molecule 
released in a plasma. Suppose that the plasma is homogeneous and very 
large, so that the molecule is fully dissociated and ionized, while its 
density is low enough that cascading and collisional deexcitation of the 
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n=J state can be neglected. Here the number cf photons per molecule can 
be treated in a sense analogous to the number of photons per ionization 
event in collisional-radiative model calculations, provided the 
recombination time for the charged particles is very large compared to 
their lifetime in the plasma, i.e., each particle is ionized only once and 
the corona limit is approached. The processes responsible for breakup of 
the molecule and emission from it and its products are illustrated in Fig. 
1, where the wall may be ignored for this calculation. Cross sections for 
most of these reactions have been tabulated, but rough estimates [such as 
scaling to the n-3 state from data on the production of H(n-2) in e+Hj* 
reactions] must be used for some. The total number of H^ photons per 
molecule is plotted as a function of the electron temperature T e in Fig. 2 
(curve 6). Also shown are the number of photons emitted per molecule 
through various contributing processes (e+Hj, H^*, H) . The total yield is 
about 0.06 photons/molecule at high T e and is higher for lower T e. This 
illustrates the rising energy cost owing to radiation per (cold) ion pair 
as the plasma temperature is lowered." In calculating the photon yield 
for an actual discharge, the variable temperature and density of the edge 
plasma, cascades, collisional deexcitation, and the effect of the wall} 
(absorption, etc.) must be taken into account. 

•}. Phnt-nn yi ffl rl at thft r-Aac. nf tfilcamalca. Models for calculating 
the emission from particles entering tokamaks have been developed by 
various authors. ' The model used here emphasizes atomic and molecular 
reactions at the plasma edge (Fig. 1). The lineshapes of H Balmer lines 
in tokamaks ranging in size from T-3 (a£15 cm) to TFTR and JET (minor 
radius, asl m) and in many other discharges demonstrate that hydrogen 
leaves the wall as molecules. ' Hence, both molecular and atomic 
processes are treated here. The attenuation of neutrals as they enter a 
fully absorbing plasma with k.iown T e and n e profiles is calculated in ont 
dimension. Fast (=4 eV) and slow (=0.3 eV) Franck-Condon atoms are 
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produced by various electron-impact dissociation reactions from H2 and H2* 
and a first generation of charge exchange atoms is included. Detailed 
account is taken of the radiative and ionization reactions involving the 
molecules, molecular ions, and the three groups of atoms (assumed 
monoenergetic) to compute their local fluxes (densities), emissivity, and 
electron production rates in the plasma. Various problems of interest in 
edge plasma diagnostics can be studied in this way: the sensitivity of 
emission and electron production to edge plasma parameters, wall 
properties, and variations in cross section data; the spectral lineshape; 
spatial resolution of the H^ and electron source rates at the interface 
between the edge and main plasmas; and, determining the particle lifetime 
in the core and bulk plasmas. 

Figure 3 shows the calculated density distributions of Dj, D 
atoms (including fast and slow dissociation product and charge exchange 
atoms), and 50 eV first-generation charge exchange D atoms for an 
ohmically heated discharge in PLT. 1' In this example the sticking 
probability for both charge exchange and dissociation product atoms is 
taken to be zero, so that they return to the discharge after reaching the 
wall. (Ho energy accommodation is assumed, so atoms return with theii 
full energy.) Based on observations of the spectral line shape, the slow 
group is taken to form roughly 30* of the dissociation product atoms. 
(Estimating this ratio by accounting for the products of all dissociation 
reactions of D2 and D2 + gives 25-30%, a value that is consistent with 
observations.) The calculated local emissivity and electron production 
rate are shown in Fig. 4. The results of calculations such as these for 
the plasma profiles of Fig. 3 with various combinations of the sticking 
probabilities are summarized in Table 1. The symmetry of the Hgj lineshape 
is controlled by the symmetry of the gas influx and by the sticking 
probability at the walls. Two methods for calculating the attenuation of 
charge exchange atoms have been used in Figs. 3 and 4 and Table 1: in the 
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first the only loss for charge exchange atoms is ionization, while in the 
second they are attenuated further, so as to make the calculation 
consistent with neutral density estimates obtained from the Monte Carlo 
DEGAS model. The latter model is primarily concerned with neutral 
particle transport and deals more accurately with the charge exchange atom 
population. (It includes atomic and molecular emission processes 
implicitly.) Of the two methods of treating the charge.exchange atoms, 
the first yields 2 electrons per molecule when the sticking probabilities 
are zero (consistent with particle conservation) and a photon number that 
is similar to that of Fig. 2 for Te-40-80 eV. The second method is more 
appropriate to PLT because subsequent charge exchange of the 50 eV atoms 
produces faster atoms that have lower effective local densities in the 
plasma, can penetrate the plasma, and have a higher sticking probability 
at the walls. It also gives a lower photon yield per molecule (fewer 
photons from charge exchange atoms) and a lower intensity in the interior 
of the discharge. The last feature is in agreement with the H^ lineshape 
in PLT and with photographs of the discharge which reveal a thin emission 
zone at the plasma edge. In TFTR, on the other hand, the H r t line 
consistently has more intense wings (corresponding to more particles with 
energies above those of dissociation products) during ohmically heated 
discharges. This may be a consequence of more complete retention and 
loss through ionization of the charge exchange atoms in the larger plasma. 

The wall sticking properties and charge exchange behavior must, 
of course, be understood before an accurate estimate of the total photon 
and electron yield per entering particle can be made. On the other hand, 
calculations of this type for a variety of plasma edge profiles show that 
the photon yield from direct molecular processes is not highly sensitive 
to the n e and T e profiles and lies in the range 0.009-0.013 (cf. Fig. 2, 
curve 4), while the relative intensity of the c nter of the H^ line (i.e., 
the part originating in molecular dissociation processes and excitation of 
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dissociation product atoms) is close to that estimated previously on the 
basis of simple considerations of reaction rates in an infinite plasma 
with Tg^O eV. Spectrally resolved measurements of the intensity of the 
central peak of H^ can thus be used to obtain a reasonably accurate 
estimate of the local influx of molecules from the walls. Obviously, when 
making a quantitative determination of the particle confinement time, the 
H^ intensity, T e, and n e must be measured around the entire discharge so 
as to include geometrical asymmetries in evaluating the number of 
electrons released inside the last closed flux surface by neutrals 
incident from the edge. 

3. Photon yield from a gas -ipt. The density of neutral hydrogen 
at the limiter or walls of a tokamak i3 typically well below 10 * cm"* (a 
neutral flux of less than 10 ' cm~'s into the plasma). The mean free 
path of plasma ions for elastic collisions in this gas is very large 
compared to the mean free path over which the neutrals are lost in the 
plasma. The molecules are not heated and do not accumulate vibrational 
energy before being broken up by electron impact; hence, in the wall 
influx problem discussed above, reaction cross sections for incident Hj in 
the ground vibrational state are appropriate. When gas is fed to the 
discharge locally througn a nozzle (or is flash desorbed from surfaces 
that suddenly come into contact with dense core plasma, as during 
disruptions), however, the neutral flux may be much higher and heavy 
particle reactions can affect the H^ yield. This effect seems to occur in 
a study by Pitcher of deep fuelling on the DITE tokamak using a probe 
limiter with a gas feed which could be moved radially into the discharge 
in order to vary the depth at which gas was released into the plasma. For 
a fixed gas influx, the global discharge parameters did not change as the 
probe was moved inward in a sequence of shots, so the same amount of 
particles entered the discharge. For a constant gas puff, the integrated 
intensity of H^ light within a 5-cm-diara circle centered at the gas inlet 
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was found to increase as the probe was moved inward up to a certain radius 
where the signal would drop sharply. This striking intensity drop cannot 
be explained solely by changes in the electron-impact reaction rates with 
increasing temperature. 

The observed drop can be explained qualitatively as follows: if 
the *jas jet reaches dense, hot plasma only after it has expanded to a 
point where the plasma i3 not perturbed by its interaction with the gas 
particles (and vice versa), then the photon yield from the entering 
particles can be estimated as in Section 2. If, however, the gas is 
released at some distance into the hot plasma, it will b<- heated by 
elastic collisions with the plasma ions (which transfer roughly half their 
energy to gas particles in a collision). Vibrational excitation will 
occur as a result of this translational energy gain 5~' 7 and, to some 
extent, of collisions with incident plasma electrons and ions. While the 
relaxation times are too long for thermal dissociation or complete 
vibrational equilibration before expansion into the plasma region at 
typical gas jet densities, some vibrational excitation and 
(vibrational-translational) relaxation can occur. The rate of 
electron-impact dissociation into ground state hydrogen atoms increases 
significantly when a molecule is vibrationally excited, while the rate 
of dissociation into excited atomic states changes little. Thus, 
dissociative excitation into excited states and molecular ionization both 
become less probable compared to dissociation into ground state atoms. 
This reduces the characteristic peak owing to molecular processes in an H^ 
emissivity profile of the type shown in Fig. 4. (Complete suppression of 
the molecular contribution would lower the peak intensity by about half.) 
Furthermore, as the gas moves into the plasma it will be ionized and n e in 
the jet region will build up to levels above the ambient plasma density, 
while T e will be lower. Assuming that the electron temperature dr <p 
between the jet and the main plasma is not extremely large, the number of 
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HQJ photons per ionization event will decrease inside the jet region. For 
example, a drop in T e from 70 eV in the tokamak plasma to 10 eV in the 
jet, with a corresponding density increase from lxio'3 to lxlO1* cm"3, 
would result in a factor of 2 drop in the photon yield per ionization 
event.1 Collisions of excited H atoms with neutral particles at densities 
characteristic of a gas jet will also reduce the number of photons per 
entering particle.'8 Detailed analysis of the HQJ emission from this type 
of jet would require inclusion of many processes that are not usually 
considered in the chemistry of tokamak edge plasmas. The interaction of 
particles in the jei-. with high fluxes of energetic electrons and ions from 
the tokamak plasma will create conditions that are quite different from 
those in the dissociation problem for conventional gaseous discharges. 

t . Phot.nn yield from r<»ll>t<. Solid hydrogen pellets have been 
used extensively for fuelling tokamaks. '* Pellet fuelling can be viewed 
as a very dense gas puff formed by the wake of a neutral shield cloud that 
develops around a pellet as it moves into a discharge. The theory of the 
ablation cloud is the subject of an extensive literature,3 although 
experimental measurements of its properties are relatively recent.20-22 
The gas is ionized in or near a luminous front surrounding the pellet and 
its wake. The gas released from the pellet surface will have been 
thermally dissociated long before it reached the luminous zone. Hgj light 
from pellets is an obvious monitor of the pellet lifetime (penetration 
depth into the plasma), but it has also been used to provide information 
on the ablation rate' under the assumptions that ionization and emission 
occur in a region with T e>20 eV and the number of ionization events can be 
related to the number of photons by a corona model. That the roughly 
constant photon yield estimated in this way should be so close to 
observations in a variety of pellet injection experiments (Table 2) seems 
to be coincidental: spectroscopic measurements* 0 -" show that at the time 
of peak emission, most of the visible emission originates from a zone that 



is in or close to LTE (local thermodynamic equilibrium)'* ?t T e<2 eV, with 
a much higher density, ne>lxlO cm - 3, than assumed in the earlier 
estimates. The idea of a photon yield per ionization event in the 
customary sense employed above (cf. Kaufmann") is meaningless at high 
densities because ionization and excitation are both stepwise 
processes.8'15 Repeated "elementary acts" of excitation, ionization, and 
recombination occur for every atom. Thus, the number of photons per 
ionization event is on the order of 10 for the observed parameters 
(formally approaching 0 for LTE), but, since the plasma lifetime in the 
radiating zone is much longer than the electron-ion recombination time, 
repeated ionizations occur and the photon yield per particle moving 
through that zone is much greater. The emission intensity can be related 
to the rates at which particles enter and leave the luminous zone by 
hydrodynamical models. 

The number of H^ photons emitted per atom in a pellet at the 
time of peak luminosity can be estimated as follows: the H^ emissivity 
under LTE is given by the Saha-Boltzmann equation1' as 

•n i3 2-1.3xl0" 1 3n e
2T e" 3 / 2exp(1.51/T e) photons/cm3/s <T e in eV, n e in cm" 3). 

The observed intensity is Tlj2v« where V is the emitting volume (neglecting 
self-absorption in a first approximation). Assuming particle flow at the 
(ion) sonic speed, the number of particles (atoms+ions) entering the 
radiating zone per second is T-nV E/4, where V is the sonic speed, £ is 
the surface area, and the heavy particle density, roughly equal to the sum 
of the ion (electron) density and the ground state H atom population, is 
nsn e(l+3.3xl0~ 2 2n eT e" 3 / 2exp(13.6/T e) > cm"3. For a spherical or 
cylindrical radiating shell of thickness S, fsT^V/rs^T^S/n V. An 
estimate of S for pellets in PLT was made from photographs of the pellet 
cloud;2' however, since the emission included significant contributions 
from less dense legions outside the core, that estimate is probably low. 
Using the typical measured parameters of deuterium pellets in TFTR, for 



10 

which the limb contributes little to the overall intensity, T si.5 eV, 
nes:3xl0 cm" , and 5=2 mm (obtained from estimates of self-absorption in 
the observed H^ line), this formula gives f=0.03 photons/atom at the time 
of peak luminosity. This estimate provides no information on the time 
dependence early in the pellet lifetime. It is, however, close to the 
observed (integrated) level for the pellet as a whole (Table 2), because 
most of the photons are emitted over a period (£150 Us) when the intensity 
is near its peak and the plasma parameters are relatively constant. 

I am indebted to C.S. Pitcher for a discussion about his 
observations on DITE and to S.L. Milora for discussions on the relation 
between the ablation rate anu photon yield in pellets. This work has been 
supported by the U.S. Department of Energy, Contract No. 
DE-AC02-76-CHO-3073. 
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nDP n C x f r f e Pmol Pcx sc<<L> s e< L > 

0 0 0.075(0.057) 1.97 (1.53) C.I 5 (0.20) 0.46(0.29) 0.65(0.54) 0.62(0.49) 
0 1 0.058(0.049) 1.54(1.34) 0.19(0.23) 0.30(0.17) 0.56(0.46) 0.52(0.43) 
1 0 0.043(0.034) 1.28(1.07) 0.26(0.33) 0.40(0.24) 0.57(0.46) 0.49(0.36) 
1 1 0.035(0.030) 1.06(0.98) 0.33(0.37) 0.25(0.14) 0.48(0.40) 0.39 (0.3T) 

Table 1. Calculated features of the D ^ emission and local electron source rate 
for the plasma profiles of Fig. 3, with different combinations of sticking 
probabilities for the dissociation product Clppi and charge exchange atoms 
(T\cx) . Here f r and f e are the average numbers of D& photons and electrons per 
molecule; p m o i and p c x denote the fractions of the photons produced by electron 
impact on molecules (D2 and D2*) and charge exchange atoms; and, S^L) and 3 e (L) 
denote the average fractions of the photons and electrons released inside the 
limiter radius. Values in parentheses correspond to calculations done with 
additional attenuation of charge exchange atoms (continuous curves in Fig. 4). 
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Tokamak a (cm) R(cm) ^ ' ^ p < I H n > N p v_(m/s) f 

ISX-B2 27 92 1,1 3.7X10 1 9 1000 0.02 

P L T 2 0 40 130 1.5,1.5 1.6x10 M 700 D.D25-.052 

TFTR 2 2 85 250 3,3.4 1.4xl0 2 1 1300 0.025-.03 

Table 2. The nominal minor and major radi i of three tokamaks and the 
diameter and length of cy l indr ica l p e l l e t s injected into them, 
together with the estimated number of atoms per pe l l e t , the pe l le t 
veloci ty, and the integrated number of && photons per atom during 
ablation. 
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FIGURE CAPTIONS 
Fig. 1. The reactions responsible for H,̂  and electron production at the 
edge of a tokamak. 
Fig. 2. The average number of H^ photons produced from a single H2 
molecule deposited inside a low density plasma through (1) dissociative 
excitation (DE) of H2, (3) DE and dissociative recombination (DR) of Hj*, 
(4) all molecular processes (sum of curves 1 and 3), (5) excitation of 
product H atoms, and (6) all processes— the total yield per molecule (sum 
of curves 1, 3, and 5). Curve 2 shows the number of H alpha photons per 
H2* ion through DR and DE of H2*. 
Fig. 3. The radial variation in n e and T e at the edge of an ohmic 
discharge in the PLT tokamak measured by probes and Thomson scattering (a) 
and the calculated relative densities of D2, D, and charge exchange D with 
no wall absorption (b>. The density scale is 8.1x10 cm for an influx 
of 1 molecule/cm^/s with an energy of 0.025 eV. The dashed curve 
represents the computed charge exchange atom density assuming loss by 
ionization alone; the smooth curve includes additional losses. L denotes 
the limiter radius. 
Fig. 4. The computed relative emissivity (a) and electron source (b) 
profiles for the temperature and density profiles of Fig. 3. The 
distinction between the dashed and smooth curves is as in Fig. 3. The 
emissivity and electron source scales for a unit flux of incident 
molecules are 5.9x10"' photons/cm'/s and 2.0xl0_1 electrons/cm3/s. The 
sharp bends in the curves are a consequence of using a segmented linear 
fit to the T e and n e profiles of Fig. 3 for the model calculations and do 
not affect the integral values of Table 1. 
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