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1. INTRODUCTION 

The purpose of the PLT (Princeton Large Torus) neutral beam injection 
experiment is to produce collisionless high-temperature tokamak plasmas in 
which to study ion and electron thermal transport. Previous neutral beam 
injection experiments on the CLEO [1], ATC 12], ORMAK [3], TFR [4], DITE 
[5], and T-ll [6] tokamaks have demonstrated substantial ion heating, 
bringing the ion thermal component from the plateau regime of neoclassical 
theory to the edge of the banana regime. Experiments on the TFR, ORMAK, 
and DITE tokamaks have also shown significant increases in electron tem­
perature, but the interpretation of these results is to some degree com­
plicated by possible changes in equilibrium or in the efficacy of ohmic 
heating due to changes in the concentration of low-Z impurities. 

In this paper we present the results of neutral beam heating experi­
ments on the PLT tokamak, which extend these previous results to the better 
confinement conditions associated with large tokamaks, and to injection 
power levels of up to 2.1 WW. The ion temperature increase, tl^ , in the 
PLT experiments scales with beam power and electron density approximately 
as Pb/;n„,). At the lowest densities lne(0) - 4.5 x 10 1 3cm -^} and maximum 
power, we obtain central ion temperatures, T^JO), of approximately 5.5 ksV. 
At ZefE - 3.5, this represents an ion thermal component as deep into the 
banana regime as is required for many tokamak reactor designs. The ion 
energy confinement time of -25 msec is consistent with preliminary computer 
code calculations that take into account ion-electron coupling, neoclassi­
cal transport, ion thermal convection and charge-exchange loss. However, 
the uncertainties in these calculations are large due to our lack of knowl­
edge of q(r), Zejf(r) and especially n0[r) . 

Substantial electron heating has also been observed on PLT. Through 
the use of water-cooled qraphite limiters and extensive titanium gettering, 
we have been able to control both the influx of high-Z impurities and the 
electron density increase during neutral injection. Under these circum­
stances, the electron temperature rises by approximately 50% to a maximum 
of -3.5 keV. The volume integrated net electron energy confinement timu 
is unchanged during injection, but the electron thermal transport in the 
central, region of the plasma is reduced. The local net electron energy 
confinement timu in the hot core of the discharge appears to rise well 
above its preinjection value. 

We have also investigated certain other aspects of the neutral beam 
heating process. The slowing-down beam ion distribution has been mea­
sured as a function of time, energy and angle, and it exhibits good agree­
ment with classical theory, as in previous injection experiments [1,2,3, 
4,5], In addition, toroidal plasma rotation speeds of -1 x 10 7 cm/sec have 
been observed with unbalanced tangential injection, both through X-ray 
measurements of the Doppler shift of m=l/n=l modes and by tangential 
charge-exchange measurements. The toroidal momentum input'appears to be 
confined for a time comparable to the ion energy containment time. Fi­
nally, using 2 mm microwave scattering techniques, we have observed the 
onset of enhanced density fluctuations in the plasma under conditions of 
maximum beam power, and minimum plasma density. 

The PLT neutral injection experiments have made use of a number of 
relatively new diagnostic techniques. Radiation measurements at ii>ce [7] 
and at 2t>oe [8], using microwave and far-infrared techniques, respectively, 
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have proved invaluable for measuring the time dependent electron-temperature 
profile Te(r) , once the instruments have been calibrated against the multi­
point Thomson scattering system [9]. X-ray crystal spectroscopy [10] of the 
Doppler broadened Y.i radiation from Fe XXV and ultraviolet spectroscopy [111 
of Doppler broadened Fe XX and Fe XXIV radiation have provided important new 
ion temperature measurements, as has a mass and energy analyzing charge-
exchange system. A scanning bolometer has provided information on the radial 
profile of radiated power [12], which is necessary tor understanding electron 
thermal transport. Without these newly developed techniques, it would have 
been extremely difficult, if not impossible, to provide adequate diagnosis of 
the neutral beam heated PLT plasma. 

2. NEUTRAL BEAM OPERATION 

The PLT neutral beam injection system consists of four beam lines and 
ion sources designed and maufactured by the Fusion Energy Division of the 
Oak Ridge National Laboratory (ORNL) [13]. Three of the ion sources have 
22 cm diameter extraction grids and one has a 20 cm diameter grid. Each 
operates near the nominal voltage of 40 kV. Two sources inject parallel 
to the plasma current (co-injectors) and two inject anti-parallel (counter-
injectors) (Fig. 1). The entrance aperture into PLT is 20 by 25 cm at 
375 cm from the source grids, and permits an optimum input neutral beam 
power of 400-SGO kW of H° per injector, under present conditions. With 
deuterium as the source gas, the neutralization efficiency is improved, 
and the optimum beam power rises to -600 kW per injector. 

Each injector system has magnetic deflection to remove the unneutral-
ized fraction of the beam and deposit it onto water-cooled beam dumps- The 
injector systems are cryogenically pumped by condensation onto LHe cooled 
surfaces at 4.2° K; the effective pumping area per injector is about 3 c^-. 
With the transparency of the nitrogen-cooled chevron shields, this 
results in a pumping speed of 10 liters/sec • cm2, or a total of 3 " 10 s 

liters/sec per injector. For the total gas input of approximately 30 Torr 
• liter/sec, the pressure in the main pumping box remains at -10 _ L | Torr. 

The conductance of the drift-tube which connects the main pump region 
to the PLT torus is limited by the restrictions imposed by the toroidal and 
poloidal coils and their supports. As a result, considerable beam power 
impinges on the drift tube walls and gives rise to a pressure increase in 
this region, in addition to that which occurs simply from streaming cold 
gas. The beam-related part of the pressure increase has been identified, 
from its time behavior,as probably being due to thermal degassing of the 
drift tube walls caused by the impinging neutral beam. The incremental 
pressure rise due to the beam is approximately linear in time, up to pulse 
lengths of 300 msec. It is essentially unaltered by the presence of the 
PLT fringe fields. For the usual 100 msec pulses used on PLT, the incre­
mental pressure increase ii about 30*, and the resulting product of gas 
pressure times path length causes <10% of the total throughput neutral beam 
power to be lost by collisional reioniaation and deflection in the PLT 
magnetic fields. We have observed that titanium gettering of the drift 
tube walls reduces the thermal degassing by some 30-40% for a 100 msec 
beam pulse, and we have recently incorporated titanium gettering into the 
PLT drift tubes. 
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3. ION HEATING 

The techniques lior measuring ion temperature on PL.T fall into three 
categories: charge-exchange measurements, measurements of the Doppler 
broadening of impurity line radiation, and neutron emission measurements. 
This multiplicity of methods for determining the ion temperature is de­
sirable because each technique has intrinsic uncertainties, and the agree­
ment between the different measurements increases our confidence in them. 

In order to improve the charge-exchange determination of ion tempera­
ture during neutral inj«ction, a five-channel mass and energy analyzing 
neutral particle detector has been installed on PLT. With this deviC3, it 
is possible to follow the evolution of the bulk ion distribution function 
without contamination from slowing-down beam ions, so long as the hydrogen 
isotope used in the neutral beams is different from that of the bulk 
plasma. We are thus able to investigate the neutral particle flux from 
the bulk ion species in the energy range of 1.5 to 7 times T^fO), and 
thereby to provide a reliable measurement of the central ion temperature. 

The principal uncertainty in this measurement arises from the possi­
bility that the thermal ion distribution may be distorted by the presence 
of high-power neutral beam heating. A previous- linearized calculation of 
this effect for the Cleo tokamak [14] indicates substantial distortion 
when it is extrapolated to PLT injection parameters. Our own numerical 
calculations, however, based on the nonlinear Fokker-Planck equation [15], 
indicate no significant departure from a Maxwellian distribution. The 
principal difference between the two analyses lies in the implied energy 
flows. The linearized calculation assumes that the energy which flows 
from the beam ions into the tail particles is then coupled only into the 
bulk ion distribution. It also assumes that the tail particles all have 
lower velocities than the beam ions. In practice, however, the tail par­
ticles thermalize among themselves (a nonlinear effect) and also partici­
pate in tiie thermal loss processes of ion-electron coupling, charge-
exchange, and neoclassical transport. In addition, the beam coupling to 
bulk ions actually falls off with increasing ion energy, since particu­
larly for D° injection into an H + plasma, H + tail ions with E - 10 keV 
arc traveling at higher velocities than the average beam ion. The tail 
distortion in the linearised calculation arises more from the energy de­
pendence of the assumed loss process (coupling to colder bulk ions <£ 1/v3) 
than from the neutral beam heating process. When the nonlinear calcula­
tion balances neutral beam heating against the more energy independent 
loss processes of charge-exchange'and ion-electron coupling, the bulk ion 
distribution is able to thermalize with itself and very little distortion 
develops. Thus we belie'-e that the charge-exchange measurements reflect 
the true central bulk ion temperature. Figure 2 shows the time evolution 
of the ion temperature deduced from charge exchange for 150 msec injec­
tion of 1.6 MW of H° into a D + plasma at n e = 2.2 x 1 0 1 3 cm"3. Figure 3 
shows a plot of fast neutral flux versus energy. 

The second technique for determining the central ion temperature is 
to measure the neutron flux from the thermal distribution in the case of 
H° injection into a D + plasma. This measurement suffers from the same 
problem of a potentially distorted bulk ion distribution function as does 
the charge-exchange measurement. Again nonlinear numerical calculations 
[16] i in this case also including large-angle or "knock on" collisions, 
indicate a negligible effect on the inferred ion temperature. A more 
serious problem, however, arises from the unknown plasma composition in 
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the case of high power H° injection into a low density D + plasma, where 
even viith gettering the density rises by a factor of -2 during injection. 
In these cases, although the total density increase is -50 percent greater 
than the fast particle influx, the density increase on axis can be more 
than accounted for by the injected ions. In order to study the plasma 
composition in the neutron-emittiny core of the discharge under conditions 
of high-power injection, we have performed the opposite injection secnario: 
D° injection into an H + plasma. By measuring the neutron emission from 
the thermal plasma after the beam pulse is turned off and the fast ions 
have thermalized, and also knowing the ion temperature during this period 
from other diagnostics, we are able to estimate the increase in deuterium 
density on axis. By this means we have determined that the density in­
crease in the center of the plasma does indeed correspond approximately 
to the density increase due to the injected beam species. The uncertainty 
in this measurement of the plasma composition, however, results in rather 
large error bars for T^ (-B00 eV) in the case of H° injection into low-
density D + plasmas. Figure 4 shows the neutron-deduced ion temperature 
versus time for a case of 1.6 MW injection of H° into a D + plasma at 
n e = 2.2 x 10l3 cnT^, as in Fig. 2. In this case, however, the beam 
pulse length was 100 msec. 

The third technique for determining the ion temperature is by Doppler 
broadening measurements. Two new approaches have been developed for mea­
suring line widths from highly-ionized states of iron, in the first ap­
proach, a forbidden line of Fe XX has been identified at 2665.1 A, and its 
Doppler width is used as a diagnostic for the near-central ion temperature, 
since experimentally the peak of the Fe XX radiation is found at r - 10 cm 
even in discharges with Te(0) = 3 keV. Figure 5(a) shows a representa­
tive line width from a 2.1 MW D°->H+ injection case. At the highest ion 
temperatures we are also able to use ultraviolet radiation from Fe XXIV 
for Doppler broadening measurements more nearly at the center of the 
plasma. Figure 5(b) shows a representative line width from a similar case 
to that of Fig. 5(a). "figure 6 shows T\(t) from Fe XX for a case simi­
lar to that of Fig. 4. In another approach, a high resolution (E/AE = 
15000) X-ray crystal spectrometer is used for line broadening measurements 
of the Is - 2p Ka transition of the heliumlike state of iron, Fe XXV , at 
1.85 K. The spectrometer consists of a curved quartz crystal and a multi-
wj re proportional counter in the Johann configuration. Radiation from the 
Is - 2p transition should be emitted from a rarrow region in the hot core 
of the plasma for central electron temperatures in the range from 1.2 keV 
to 6 keV. Figures 7(a) and 7(b) show the line widths, and Fig. 8, T^t) 
for a case similar to that of Fig. 2. The arrows in Fig. 7 indicate the 
limits of the range used for a least squares fit of the experimental data 
to a Voigtian (the convolution of the Gaussian due to Doppler broadening 
with the narrow Lorentzian profile due to the natural line width). The 
limits are chosen to exclude small satellite lines on the long wavelength 
side. 

The Doppler broadening measurements do not suffer from the same uncer­
tainties with respect to the distortion of the bulk ion distribution func­
tion as do the neutron and charge-exchange measurements, however, the im­
purity ion temperature may not be precisely equal to the temperature of the 
bulk ion species. The power coupled from the beam ions to each ion species 
in the plasma is proportional to n^zf/wi . Thus, while the total power 
delivered to impurity ions nay be smal]., the power per ion scales as Z?/mi 
At low densities and high ion temperatures, the impurity-hydrogen coupling 
time hecomes long enough so that a temperature difference should develop 



between the impurity ions and the hydrogenic species. For our low density 
cases where z

eff = 3, due primarily to carbon, all of the impurity ions 
are well coupled to each other, and one may write a simple equation govern­
ing the impurity temperature, T : 

dT x 
dt = 0 X-H 

dT x 
dt beam Ex 

where T X _ H and T x_ e are the energy equilibration times [17] between 
the impurities and the hydrogenic species, and between the impurities and 
the electrons, respectively. i E x is the energy containment time of the 
impurities. If we take the dominant impurity to be carbon, and solve 
this equation for a case of 2.1 MW D° injection into a low density ini­
tially H + plasma, where T H = 5.0 keV, T e = 3.2 keV, n e = 4.5* 10*3 cm"3. 
the mean atomic mass A H = 1.5, n H = 2.3xlnl3 cm - 3, dT x/dt| b e = S.6 x 
10 5 ev/sec, from the Monte-Carlo code described below, and (estimating) 
T E X - 20 msec, we arrive at T X_ H = 1.7 msec, t x_ e = 25 msec and T X - T H 

= 800 eV. This evaluation of T x - T H , unfortunately, is uncertain to 
within a factor of 2; the possible temperature differential drops dramat­
ically, however, as the density increases, and especially as the ion tem­
perature decreases. For the 4 keV, slightly higher density cases of 1.6 MW 
H° injection into D + plasmas, this effect is within the experimental ac-
curi—y of the measurements. 

The Doppler-broadening measurements are extended to light impuri­
ties in addition to iron, in order to produce a radial profile of the ion 
te.. ierature. Figure 9 shows the ion temperature profile before and during 
injection for the same case as in Figs. 2 and 7. The radial positions of 
C III and CV were measured using a fast scanning mirror, and the position 
of OVII was determined from the measured Te(r) and netr) profiles 
coupled to an oxygen diffusion calculation [17]. The location of Fe XX 
was deduced from radial scans of vacuum ultraviolet (VUV) emission from 
Fe XXI and Fe XXII , which should be located close to Fe XX . 

Figure 10 shows the results from our first runs with four neutral 
beams, carbon limiters and titanium gettering. The charge-exchange data 
points are plotted without the small positive correction needed to deduce 
T^(0), and the Fe XX Dopplpr broadening measurements reflect T^ at 
r = 7.5 cm, not on axis. In view of the steep gradient of T^(r) , the 
Fe XX temperature might have been expected to lie below the charge-exchange 
Ti(0)t this spatial differential in T^ , however, is roughly compensated 
by the difference between the hydrogen and impurity temperatures, which 
has been described above. In general, the good correlation between the 
different measurements indicates that the deduced ion temperatures are 
reliable. Figure 11 shows a log plot of the same data as that in Fig. 10, 
but here in terms of the heating effectiveness, AT^/P^ in eV/kW versus 
the line average electron density at the end of the injection pulse. The 
heating effectiveness scales approximately as (n e) - 1 , consistent with the 
results of other neutral injection experiments on ORMAK [3] and TFR [4]. 
At the lowest densities and highest ion temperatures, v^ is less than 
10" ] over most of the radial profiles, so the ion thermal component is 
deep in the banana regime, with no evident deterioration in energy con­
finement. Preliminary ion energy balance calculations are discussed 
under "Ion and Electron Energy Balance." 

PLT has also been operated with D° injection into a D + plasma 
in order to simulate the power multiplication anticipated in beam 
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driven subignition reactors. We obtain the largest neutron yields with 
high-power injection into hot, low density plasmas. With 1.7 MW of 
35 keV D° beams injected into a n 6 = 2 •< lo'3cm~3 plasma, we reach a maxi­
mum neutron emission of 4* 10 1 3 neutrons/sec. With a 200 msec beam pulse, 
we obtain 7 x 10 1 2 neutrons/shot (Fig. 12). Computer code calculations 
[18] of the neutron production to be expected for these cases indicate a 
flux of 6.5 * 1 0 1 3 neutrons/sec. Since there are possible variations of 
order 50% in the computed production rate, due to uncertainties in the 
input plasma parameters, such as iQ/ne , and since there are factor-of-
two uncertainties in the neutron measurement, the agreement between theory 
and experiment can be considered satisfactory. 

At the highest beam power achieved to date (2.1 MW D° injection into 
an H + plasma), the average ion energy in the center of the plasma is high. 
From the Monte-Carlo code described below wc calculate n^W) = 1.2* lO^cm , 
h'b(0) = 19 keV, and we have n^O) - 2.5 x 101 3 cm-3, E\ (0) .= 8.25 keV, so'the 
average ion energy on axis it; approximately 12 keV, and P(0) " n^b 
: [(3/2)niTi+ (3/2)neTel = 0.7. 

4. ELECTRON HEATING 

The electron heating obtained in PLT with neutral injection is very 
sensitive to the choice of limiter material and to the conditions of the 
vacuum vessel wall. In our initial experiments, using two neutral beams 
and a maximum beam power of 1.1 MW (August-December 1977), we employed a 
tungsten limiter and Taylor Discharge Cleaning (TDC) [19) to condition 
the walls. Under these circumstances light impurity concentrations were 
relatively low (Zeff = 2-4) , but with even modest amounts of counter-
injected beam power tungsten radiation from the core of the plasma would 
quench any significant temperature rise. Indeed in the low density high-
power cases, Te(0) fell substantially during injection. This electron be­
havior limited the ion temperature increase during injection to £1.3 keV, 
even in the lowest density, highest power cases. During this period we 
also experimented with a simple carbon limiter in the form of a solid 
15 cm diameter graphite rod with a curved end touching the plasma surface. 
Using this limiter, the preinjection plasma was generally freer of tungsten 
radiation, and hotter than otherwise, but s^ili large amounts of tungsten 
entered the discharge daring counter-injection. The source of this tung­
sten may have been sputtering due to beam ions on loss orbits striking the 
retracted limiters and the tungsten-coated vacuum vpssel wall, or it may 
have been due to effects associated with the increased edge ion and elec­
tron temperatures observed during counter-injection. We also experimented 
with limited titanium gettering on the vacuum vessel surface, and found 
that we were able to run stable, low Ze£f discharges at both higher and 
lower densities than without gettering, and that the density increase with 
neutral injection was substantially reduced. 

In our more recent experimental runs with four neutral beams (June-
August 1978), we have fitted PLT with interchangeable large-area ATJ 
graphite and stainless steel limiters. The graphite limiters, which are 
located top and bottom, face the plasma surface with an area of -750 cm 2 

each, and are provided with water cooling. Furthermore, PLT has been 
equipped with three getter balls capable of evaporating titanium on nearly 
the entire vacuum vessel wall. 

Figures 13(a) and 13(b) show a comparison of radiated power profiles, 
between low power counter-injection into a steel-limiter plasma, and high 



-8-

power co- and counter-injection into a plasma with graphite limiters. In 
case (a) Te(0) dropped by 700 eV, while in case (b) T (0) increased. The 
radiation of -0.4 VJ/cm3 from the plasma periphery is relatively unimportant 
to the electron power balance as compared to 1 W/cir3 from the plasma 
core. Clearly the carbon limiters represent a substantial improvement. 
With the use of ex- ensive titanium gettering, we have also been able to 
limit the density increase to An e = 1 x 10 1 3cm~ 3 with four beam injection 
into a plasma which starts at n p = lxl0 1 3cnT 3. At higher densities 
(ne S 2.5 * 10 1 3 cm~3) w e are able to hold the density nearly constant during 
injection, through feedback control of the pulse valve gas feed. In addi­
tion, gettering results in a decreased Zeff and a wider operating range 
in density [19]. 

Figure 14 shows laser scans of a high density plasma before and during 
injection of 1.2 MW H° -+ D + . With the feedback density control, ne(r) 
is almost unchanged, and T e rises by nearly rj0% over the entire profile. 
L'gfj-- is constant at approximately 1.5. The time dependence of the elec­
tron temperature in these discharges, measured from the far-infrared emis­
sion at 2u c e , is shown in Fig. 15. The instrument used to make these 
measurements was a grating polychromator coupled to a Putley detector. 
The large amplitude (AT£ - 300 eV), long period sawteeth, which are quite 
visible in the central trace, are a common but not universal feature of 
high-power injection. The time dependence of this heating, especially the 
return to the initial baseline, Ls a characteristic signature of discharges 
where the impurity concentrations remain unchanged. In cases with metallic 
limiters, where strong central core radiation comes up during injection, 
the electron temperature returns to a value below that of pre injection. 
At low densities, with D° injection into H + plasmas, we have also been able 
to achieve substantial electron heating. In these cases Z ejj is higher 
(3-41, and the initial electron temperature is larger. Figure 16 shows 
radial profiles of Te(r) for a case of 2.1 MW D° injection into a low 
density H + plasma. At the end of the injection pulse, h~e is 2.3 * 10 cm 
and ne(0) is 4.5 x 10 l 3om~ 3 . In this case Te(r) was deduced from a 
swept measurement of the microwave emission at w . An interesting and 
important feature of all these measurements is that the TG(r) profile 
shape changes very little during injection. 

Figure 17 shows a compilation of the results of high power injection 
into gettered carbon limiter plasmas. The cases of H° injection into low 
density D + plasmas which show little heating are generally characterised 
by relatively large density increases, probably due to the less extensive 
gettering in these cases. The overall picture, however, suggests that 
under the best conditions ATg/Pj;, = 0.6 eV/kW, independent of plasma den­
sity. Qualitatively, this result is consistent with the empirical scaling 
law T E e - n e . 

5. ION AND ELECTRON POWER BALANCE 

In order to develop a preliminary understanding of the significance 
of these results, we have performed numerical calculations of the ion and 
electron radial power flows both with and without neutral injection. For 
simplicity, these calculations are time independent, and so are cnly valid 
for the period of quasi-equilibrium temperature and density near _hr end of 
the neutral beam pulse, or for a period of quasi-equilibrium in the ohmic 
heating phase of a discharge. Figure 18 shows the logical structure of 
our calculations. Radial profiles of ne(r) from the Thomson scattering 
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system and of T (r) from Thomson scattering, w c e or 2u)ce measurements 
are used as the basic input parameters. These ars passed to a Monte-Carlo 
beam-orbit calculation [20] which follows the orbits and slowing down of 
500 fast ions and calculates the power given to the bulk ions, P^, and to 
the electrons, P b e. It also calculates the energy lost by charge-exchange 
of beam ions on background neutrals and by fast ions scattered onto loss 
orbits. An important effect which is included in this code, and not in 
most other such calculations, is the possibility that fast ions which 
charge-exchange and start to leave the plasma often reionize before they 
escape. From the measurements of T^, we estimate a T^(r) on the basis 
of neoclassical thermal conduction, ion-electron coupling, empirical ther­
mal convection and charge-exchange loss, as in Ref. [22]. In general, we 
find that the uncertainties in Ze£j(r), q(r), and n0(r) result in a 
rather large range of possible prediction from this series of calculations. 
The neutral density profile, n 0(r), which is important for the low density 
cases, has been calculated using a highly simplified model [23]. On the 
other hand, even the most sophisticated models for nQ(r) do not properly 
treat the case where n^/ne ~ 0.25, and so the beam ions themselves par­
ticipate strongly in the charge-exchange transport of neutrals across the 
plasma column. With these caveats in mind, we vary the unknown parameters 
over a reasonable range, and find the resulting range of the classical 
prediction of the ion temperature. In ordtr to now proceed with the elec­
tron power flow calculation and also to determine ?Ei, w e finally fix on 
a choice of parameters which gives good agreement with the experimental 
data. 

Figure 20 shows the ion temperature profile which results from this 
procedure for a case of 2.1 MW D° injection into a low density [ne(0) 
= 4.5 x 101 cm"3] H + plasma; the experimentally measured profile is also 
plotted. The iron Doppler broadening measurement points have the esti­
mated R00 e!' differential between T y and Tf! subtracted off in this 
case. The errors on the calculated T^ (r) curve indicate th.it t!ii' 
range of prediction for this case varied from 4 keV to approximately 7.5 
keV. The errors on the individual measurements are ±10*. Figure 21 shows 
the calculated ion collisionality, u^ , versus radius, including the 
effect of collisions with impurities. The volume integrated net ion 
energy confinement time, defined as 

/ (3/2)nikTid3r 
(P.. - P. ) bi i e 

is 25 msec for the best fit to the experimental data. In the ohmically 
heated phase of this same discharge, well after the end of injection, the 
net ion energy confinement time, defined as 

/ (3/2)n.kT. d3r 
_ i I p . ei 

http://th.it
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i s -50 msec:. In t he c a l c u l a t i o n , t h i s d i f f e rence i s mostly due t o the en­
hanced r o l e of charge-exchange lo s s a t high ion tempera tures and s teep tem­
p e r a t u r e g r a d i e n t s . Indeed the "bes t case" c a l c u l a t i o n , where 1^ r i s e s 
t o 7.5 keV on a x i s , only shows a n e t ion energy confinement time of 30 msec. 
Thus the r educ t ion i n T E i i s c o n s i s t e n t with our c l a s s i c a l model. On t h e 
o t h e r hand, because n e o c l a s s i c a l t r a n s p o r t i s only a smal l f r ac t ion of the 
t o t a l energy flow i n t h i s case , we cannot r u l e out as much as a 5 fold en ­
hancement of the ion thermal conduction over the n e o c l a s s i c a l va lue . Our 
knowledge of the t r u e n e o c l a s s i c a l va lue i s i t s e l f u n c e r t a i n by near ly as 
l a r g e a factor , due t o the unce r t a in ty i n the exper imental values of 
Z e f f ( > ) and q ( r ) . 

In cases of n e u t r a l in j ec t ion i n t o higher dens i ty plasmas, charge 
exchange p lays a much smal ler r o l e , and e l e c t r o n - i o n coupl ing (which we 
can accu ra t e ly c a l c u l a t e ) becomes the dominant term in the ion energy flow. 
Neoclass ica l thermal conduction i s again a small p a r t of the t r a n s p o r t , 
in p a r t because <S.-,ff i s low. Figure 22 shows the c a l c u l a t e d ion tem­
po r a t u r e p r o f i l e for a case of 2.0 HW D° in j ec t i on i n t o an H + plasma with 
TT = 3.5 * 1 0 1 3 cm""3 and n e (0 ) = 7 . 5 » 1 0 1 3 c m - 3 . Again the e r r o r bar r e ­
p r e s e n t s the range of c l a s s i c a l p r e d i c t i o n . The e r r o r s i n t he experimen­
t a l ion temperature measurement have increased to ±15% in t h i s case , due 
t o the reduced i r o n r a d i a t i o n and charge-exchange f lux a t h igher d e n s i t i e s . 
The c a l c u l a t e d ne t ion energy confinement time i s 95 msec, which compares 
we l l with the ne t ion energy confinement time of -120 msec i n the p o s t -
i n j e c t i o n Ohmic phase of the same d i s c h a r g e . In t h i s beam-heated case , as 
i n the low dens i t y c a s e , the ions a re i n the banana regime over almost the 
e n t i r e r a d i a l p r o f i l e , al though here t h e minimum \)j_ i s - 8 x l 0 - 2 . As 
noted above, n e o c l a s s i c a l t r a n s p o r t i s masked by i o n - e l e c t r o n coupl ing, 
and with the s c a t t e r of our d a t a , the maximum c r e d i b l e enhancement over 
n e o c l a s s i c a l ion thermal conduction could be a fac to r of 3-4. 

On the ba s i c of these ion power flow c a l c u l a t i o n s , which have been 
c a l i b r a t e d a g a i n s t t he experimental d a t a , we can now proceed to examine 
the olectr->'i power flows. From Che Montt—Carlo beam-orbi t code we have 
t he r ad i a l p r o f i l e of P b e , the power flowing from the beam ions to the 
e l e c t r o n s , and From the ion n e o c l a s s i c a l c a l c u l a t i o n we have the p r o f i l e 
° f - ' i t . ' t ^ 0 power flowing from the bulk ions t o the e l e c t r o n s . An 
a d d i t i o n a l term which i s important a t low d e n s i t i e s i s P,-1e , the power 
requ i red te thermali za the cold e l e c t r o n s which e n t e r the plasm* with the 
learn ions ; t h i s i s c a l c u l a t e d by the beam-orbi t code. The ohmic heat ing 
i npu t power i s c a l c u l a t e d from the exper imenta l T e ( r ) p r o f i l e , assuming 
2 ( _, f f (r) - c o n s t . , and o « T J ' 2 . I t i s d i f f i c u l t t o measure the r e s i s t i v e 
component of the loop vol tage dur ing i n j e c t i o n because as t he e l ec t ron 
tempera ture i n c r e a s e s , Vr,0op d rops , bu t I_ a l s o i n c r e a s e s by 20-40 kA, 
caus ing a s i g n i f i c a n t i nduc t ive c o n t r i b u t i o n t o V L o o p . As bes t we can 
de te rmine , 'v!5v, the plasma conduc t iv i ty sca les as T^/- when the tem­
p e r a t u r e inc reases due to n e u t r a l i n j e c t i o n . Therefore we use the assump­
t i o n of cons tan t 3 e f f to c a l c u l a t e t he r e s i s t i v e component of the loop 
vo l t age during i n j e c t i o n frc.i VT, 0OP dur ing the q u a s i - e q u i l i b r i u m period 
bof.-ue i n j e c t i o n . Because the e l e c t r o n temperature p r o f i l e shape changes 
I. i t t i> ; an t ing i n j e c t i o n , we ignore the e f f ec t s of any v a r i a t i o n in the 
i n t e r n a l i nduc tance . 

In the low d e n s i t y case cons idered above, the ion power balance c a l ­
c u l a t i o n s i n d i c a t e d t h a t 300 kW of power was being emi t ted from the plasma 
by charge exchange of the thermal i o n s , while the bolometer measurement 
i n d i c a t e d a t o t a l o u t p u t power of 1 MW, s l i g h t l y g r e a t e r than the t o t a l 
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calculated input power to the electrons. In an attempt to subtract off 
the effect of charge exchange neutrals on the bolometer, we have simply 
scaled Prad by rj-"7 from the bolometrically measured emission. The 
resulting radiated power is consistent with the spectroscopically esti­
mated radiation of -200 mW/cmJ in this case- Note that the contribution 
to the bolometer signal from charge-exchange beam ions may be small, since 
they are emitted from the plasma mostly tangentially, and the bolometer has 
a collimated perpendicular view. 

Figure 2 3 shows the resulting electron power flows. The only term 
not previously described is Peon ' t n e P o w e r carried by conduction and 
convection, which must be equal to the sum of the other terms, under the 
assumption of steady-state conditions. It is interesting to note that in 
the rore region of the plasma, the net beam input power, pbe + pi»i ~ pne 
is still less than P 0 H , although P 0 H has dropped from 750 kW in the 
ohmic heating case to 500 kw in the beam heated câ .e-

Figure 24 shows the radially integrated net ~rEe for the low density 
beam heated case, where TEe^ r' -̂s defined as 

r 
(3/2)n kT d3r c e 

(P + P, +P. -P. -P ,) OH be ic ne rad 

On this figure, we also plot the net t E e(r) for the same discharge in the 
ohmically heated plasma well after injection. The central electron density 
in this case has dropped by 40% after injection, but n e is approximately 
constant. The definition of T p e ' r ' E o r t n e ohmically heated case is 

r 
f (3/2)n kT d r 

(P - P - P ) 1 OH ei rad' 

within the accuracy of these calculations (130-40%) the volume integrated 
net i g e is unchanged during inject ion, but the- energy confinement in the 
core of the plasma appears substant ia l ly enhance!. The beam heating and 
ion-electron coupling in the center of the plasm.i is weak due to the high 
electron temperature, and yet the central temperature r ises proportion­
ally to the temperature half-way out, where much more beam power and ion-
electron coupling power is deposited. Had the electron thermal conduction 
coefficient remained unchanged during injection, one would have expected a 
broadening of the T e p rof i le , and a reduction in the net ' E e . The ex­
perimental r e su l t s , by contrast , indicate a substant ia l reduction in x a 

in the hot centra l region of the discharge, as shown in Fig. 25. Here 
v (r) is defined as e 

P con 
2 

4TT R rn dT /dr o e e 
If we calculate a gross TEe' a ' f o r t h e s e cases, where we do not subtract 
o f f p rad ' w e f i n d t n a t b r ) t h cases have T E e (a) = 14 msec, a typical gross 
electron energy confinement time for low density gettered PLT discharges. 
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An i n t e r e s t i n g fea tu re of t h e s e low dens i ty d i scha rges i s the s u b s t a n ­
t i a l energy r e q u i r e d t o hea t the co ld e l e c t r o n s t h a t e n t e r the core of t he 
plasma with the beam ions . Exper imenta l ly , a t low d e n s i t i e s we gene ra l l y 
see a d ip in T e ( 0 ) a t the s t a r t of i n j e c t i o n , and a s i g n i f i c a n t i n c r e a s e 
(-:i'r-«.) during a iO msec per iod a f t e r the beam i s shu t off . This behavior 
i s c o n s i s t e n t wi th the t a c t t h a t P^e t u rn s on and off sharply with the 
lear.i pu l se , whi le P b e and P t i r equ i re 30-50 msec to bu i ld up and to 
decay. Figure 16 shows r a d i a l scans of T e from u ^ r a d i a t i o n which 
demonstrate the l a t e r i s e q u i t e c l e a r l y . Note t h a t most of the pos t -
i n j e c t i o n tempera ture r i s e occurs near the cen te r of t h e d i scharge , where 
P,- n i s r e l a t i v e l y most impor tan t . 

When we perform thr.se same c a l c u l a t i o n s for the h igher densi ty plasma 
|n,_, = 3.? v 10 -1 cm" J ) wi.- ob ta in a s i m i l a r r e s u l t . F igure 26 shows the power 
flows for t h i s c a s e . The r a d i a t e d power i s now a s m a l l e r f rac t ion of the 
t o t a l pownr ba lance (and should no t be s i g n i f i c a n t l y a f fec ted by charge 
exchange), and Pj_Q i s s u b s t a n t i a l l y increased a t the h igher dens i ty , 
while P; v e becomes n e g l i g i b l e . The ne t t E e ( r ) for t he beam heated 
plasma,, and. Tor the ohmically hea ted plasma l a t e r in the same discharge 
i s shown in F ig . 27. The dens i ty p r o f i l e s in the two cases are very 
s i m i l a r . Again, to wi th in the accuracy of t h i s c a l c u l a t i o n , the volume 
i n t e g r a t e d i E e i s e f f e c t i v e l y unchanged, but the e l e c t r o n thermal t r a n s -
p o t t in t he core of the plasma i s s i g n i f i c a n t l y reduced. -In t h i s case , 
fchp qi''»u'; T|..e(..i) for t.l ,< • ohmical ly heated plasma was 19 msec, and for 
thi' bi'Um heat. 'd plasma, 17 msec. 

We a re no t in a pos i t i on a t t h i s po in t to s p e c u l a t e on a p o s s i b l e 
cause for the enhanced confinement p r o p e r t i e s of t he e l e c t r o n s in t he 
core of the d i scha rge during n e u t r a l i n j e c t i o n , bu t d e s p i t e the l i m i t e d 
accuracy of t h i s a n a l y s i s , i t does appear to be a c l e a r e f f e c t . I t 
seems u n l i k e l y , however, t h a t the improved confinement i s a simple 
s c a l i n g of X e wi th T e , i n l i g h t of the fac t t h a t t h e e l e c t r o n thermal 
t r a n s p o r t was no t reduced in t he o u t e r regions of t h e plasma, which were 
a l so hea ted . 

6. OTHER ASPECTS OF NEUTRAL INJECTION 

In a d d i t i o n t o s tudying ion and e l e c t r o n h e a t i n g on PLT, we have 
a l so i n v e s t i g a t e d c e r t a i n o t h e r a s p e c t s of n e u t r a l beam i n j e c t i o n . Using 
a h o r i z o n t a l l y scanning East n e u t r a l d e t e c t o r , we have meas-ured the 
angular dependence oE the f a s t - i o n energy d i s t r i b u t i o n during i n j e c t i o n . 
Figure 2B shows an angle and energy spectrum for a case of 360 kW H° co-
i n j e c t i o n i n t o a D + plasma. The t h e o r e t i c a l curve was ca l cu l a t ed on the 
b a s i s of a numer ica l s o l u t i o n of t h e bounce-averaged Fokker-Planck equa­
t i o n [24] . I t shows reasonable agreement with exper iment over a range 
of angles from p a r a l l e l t o n e a r l y pe rpend icu la r t o the magnetic f i e l d . 
The Z e f f used i n the numerical c a l c u l a t i o n was 2 , which agrees we l l 
with tile c o n d u c t i v i t y £ e f f of 2 .5 ± 1 . 

We have a l s o made p re l imina ry f a s t - i o n measurements in the r ecen t 
high power i n j e c t i o n runs . One of the f ea tu res of t he f a s t - i o n d i s t r i ­
bu t ion funct ion which i s most s e n s i t i v e t o any n o n c l a s s i c a l behavior i s 
t h e high energy beam ion t a i l above the i n j e c t i o n energy [ 1 ] . Figure 29 
shows t h i s t a i l above E i n 4 in t he coun te r - f ac ing d i r e c t i o n for a case of 
2 .1 MW D° i n j e c t i o n i n t o a low d e n s i t y H + plasma. The measured t a i l tem­
p e r a t u r e of 2 . 7 keV agrees we l l wi th the t h e o r e t i c a l l y c a l c u l a t e d value of 

http://thr.se
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2.5 kt-7, where the calculated temperature ar ises from taking into account 
collisions between beam ions and plasma ions and e lec t rons , combined with 
the decelerating •. r foct of the toroidal e l ec t r i c f i e ld . 

One of the invsterious aspects of neutral injection in previous tokamak 
experiments has been the small r a t e cf toroidal ro ta t ion observed in cases 
of unbalanced tangential injection [25]. We have begun to study th i s 
problem in PLT with two separate diagnostic techniques. In the f i r s t ap­
proach, we have used the X-ray wave detector arrays [26] to invest igate the 
effects of unbalanced injection on the propagation of the m = 1/n = 1 pre­
cursor osc i l l a t ions associated with internal d isrupt ions . Without in jec­
tion, the toroidal phase velocity of these osc i l l a t ions i s generally about 
-3 * l o 6 cm/sec, and the poloidal propagation is in the electron diamag-
in'ti-' d i rec t ion. As ;:h<>wr. in Fi-j. 3i', with co- in ji-et i on i>f -4;'0 kW II 
into a low density H+ plasma, the toroidal phase velocity is +1 < 10 cm/sec, 
and the propagation is in the ion diamagnetic d i rec t ion . With almost pure 
(jounter-injection, the toroidal phase velocity i s about -1.5 * 10 7 cm/sec, 
and the propagation is in the usual electron diamagnctic direct ion. If we 
interpret the change in phase velocity as a Doppler-shift due to toroidal 
fluid motion (since theoret ical ly any poloidal rota t ion is rapidly damped) 
we find a rotat ion velocity about -'1 * 10 7 cm/sec. 

The toroidal rotation of the plasma can also be investigated using 
the horizontally scanning fast neutral detector, aligned in the tangen­
t i a l d i rect ion. Since co- and counter-injection heat the plasma ions with 
approximately equal effectiveness, we expect a difference in the tangen­
t i a l thermal charge-exchange spectrum for the two cases due solely to ro­
tational e f fec t s . Experimentally, with the analyzer facing counter-going 
ions, we observe a significantly larger thermal charge-exchange flux with 
counter-injection than with co-injection. For a shif ted Maxwellian ion 
distr ibution, tile toroidal rotat ion speed can be derived from this exper i ­
mental ra t io , R(E) , using the formula 

V f ( C m / ! f l l _ x 0 9 , 1 0

7 __Jn_IRi£lL_ 
T i «""> <E <kev, A / ' 2 

where E i s the energy of the charge-exchange neut ra l , and A i s i t s 
atomic mass. This expression is evaluated as a function of time from 
the charge-exchange flux in the energy range of 3-6 keV in Fig. 31 for a 
case of 500 kW D° injection into a low density H+ plasma. Although tem­
perature measurements were not made in this case, T^ • 1.7-2.0 keV i s 
expected, giving a rotation speed of J10 7 cm/sec. Note that V , t / T i d e _ 

cays after injection in about 60 msec, and since T̂  decays during th i s 
same period, v̂ , must fa l l somewhat more rapidly. 

We have also begun investigations of the s t a b i l i t y of the PLT plasma 
in the ion cyclotron range of frequencies with neutra l injection,. Using 
electromagnetic pickup loops in the shadow of the l imi te r , we observe 
toroidal eigenmodes a t the fundamental and f i r s t harmonic of the ion cy­
clotron frequency of the beam species, evaluated a t r = 0, for both H° 
and D° injection into D+ plasmas and for D° inject ion into H+ plasmas. 
With high power injection, the waves pers i s t only for the f i r s t 10 to 30 
msec of the beam pulse and then damp out rapidly. These modes are ob­
served to have low toroidal and poloidal mode numbers and narrow band-
widths of 1 MHz. work is in progress to elucidate the physics of the 
excitation mechanism and to evaluate the energy contained in the wave. 
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Densi ty f l u c t u a t i o n s with wavelengths in the range of 0.2 t o 2 cm and 
w i t h a spectrum i n t h e range o t f r equenc i e s of d r i f t waves have a l s o been 
obse rved , us ing 2 mm microwave s c a t t e r i n g techniques J27J . Under most c i r ­
cumstances , t h e s c a t t e r e d power l e v e l i n c r e a s e s by ^2 d u r i n g i n j e c t i o n s , 
ana t h e frequenc_ spectrum i s l a r g e l y unchanged. At t h e h i g h e s t power 
l e v e l s , however, we observe a s u b s t a n t i a l i nc rea se i n t h e s c a t t e r e d r a d i a ­
t i o n a t some wavenumbers [Fig. 3 2 ( a ) ] , and the frequency power spectrum 
shows d i s c r e t e mode s t r u c t u r e [Fig . 32 (b) ] . We do n e t y e t know whether 
t h e s e waves a r e a s s o c i a t e d with t he high-power i n j e c t i o n , o r with the con­
comi tan t h igh ion t e m p e r a t u r e s , nor a r e we a b l e , as y e t , to a s se s s t h e i r 
importance t o t h e r m a l t r a n s p o r t , s i n c e n e i t h e r t h e i r k -spec t rum nor t h e i r 
r a d i a l p r o f i l e s have been measured. 

7. CONCLUSIONS 

The r e s u l t s of t h e f i r s t exper iments on PLT with four n e u t r a l beams, 
wa t e r - coo l ed g r a p h i t e l i m i t e r s , and e x t e n s i v e t i t a n i u m g e t t e r i n g have been 
q u i t e encourag ing . At moderate d e n s i t i e s [n e (01 = 7 . 5 * 1 0 1 3 -air 3 ] we have 
achieved s u b s t a n t i a l e l e c t r o n and ion h e a t i n g , push ing t h e ions wel l i n t o 
t he banana regime — w i t h no d e l e t e r i o u s e f f e c t s on the rma l t r ' s p o r t . I n ­
deed the c e n t r a l e l e c t r o n energy confinement appears t o improve with neu­
t r a l beam h e a t i n g . At lower d e n s i t i e s [ n e ( 0 ) = 4.5 * lO^- 3 c m _ 3 l , the ion 
and e l e c t r o n h e a t i n g which r e s u l t s from n e u t r a l beam i n j e c t i o n a t 2 .1 MW 
i s q u i t e d rama t i c and produces a high t e m p e r a t u r e , c o l l i s i o n l e s s plasma. 
The very f a c t t h a t such a plasma can be c r e a t e d in PLT i n d i c a t e s t h a t 
thermal t r a n s p o r t under t he se c o n d i t i o n s does not have t h e s t rong ly unfa­
vorab le t empera tu re dependence of t r apped p a r t i c l e modes. Much more work 
i s r equ i r ed , however, t o unders tand t he confinement p r o p e r t i e s of high 
tempera ture tokamak plasmas and to e v a l u a t e the i m p l i c a t i o n s of these r e ­
s u l t s for f u t u r e r e s e a r c h . 
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Figure I. Charge exchange ion temperature as a function of time during the 
discharge, time resolution is 10 ms. A peak ion temperature of 4 keV is 
attained during injection of 1.6 MW of H° into a D + plasma. (PPPL-783872) 
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Figure 3. Charge exchange neutral energy d i s t r i b u t i o n . The l i nea r f i t t i n -
i s over an energy range from 1.5 kT i to 6 k T f . (PPPL-7P .SG3 
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Figure A. 
1.4 MW hydrogen beam injection into a deuterium plasma. The neutron enr'ssiii 

from 5 * 10 8 to 4 * 10'' n/s /sec during the beam heating. 
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Figure 5. (a) Measured spectral profile of Fe XX Z665 A line (at t = 550 msec), 
(b) Measured spectral profile of Fe XXIV 255 A line (at t = 550 msec). Instru­
mental width 0.216 A. (PPPL-783884) 
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Figure 6. Time evolution of near central ion temperature from Doppler 
broadening of Fe XX 2665 A line during P = 1.6 MW neutral beam injection 
(H°*D+) (PPPL-783874) 
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Figure 7. Fe XXV Is ( S)-ls2p( P ) line profiles before and during neutral 
injection. In order to determine the ion temperature, Voigt-functionb are 
fitted to the data. Shown are curve fits for times (a) .425 and (b) .525 sec 
of Fig. 8. The arrows indicate the fitting region. The conversion gain is 
.18 eV/channel. The line is centered at 6700 eV. (PPPL-783909) 
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Figure 8. The ion temperature derived from Doppler broadening of the Fe XXV 
1.85 A line during neutral injection. Each point is taken over an integration 
time of 50 msec. (PPPL-783871) 
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Figure 9. Radial prof i le of ion temperature before and during neutral beam 
inject ion (H°+D+: P = 1.6 MW) from Doppler broadening of Fe XX 2665 A, OVII 
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Figure 12. Beam induced neutron emission for the case of 1.7 MW deuterium 
« ? l » J n 3 ! c r ? n -"?!! a d f u t e r i Y m Plasma. The peak intensity is 4 * 10™ n/sec 
and the total yield Is 7 * 1D.12 neutrons/shot. (PPPL-783875) 
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Figure 13. Bblometric measurement of the radiated power as a function of 
radius and time, (a) The deuterium target plasma is characterized by 
n e = 2.7 x o'3 cm-3 [^(rj) . 5 * l o " om-3], T { 0 J = M k e V > j = $ 8 0 k A. 
v p = 1.5 volts, with steel limiters, and Ti gettering at the wall. One hydrogen. 
H eU «, fuT i? ^Jected in the counter direction between 400 and 500 msec with 
0.4 HW. (b) The deuterium target plasma is characterized by fL = 2.8 x 10 1 3cm" 3 

[n e(0) - 5 x i o « - M - * ] , T (0) = 2 keV. I p = 450 kA, \> = 1.3vo1ts, with water-
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Of 1.4 HW. (PPPL-783859) 
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Figure 14. Single shot electron temperature and electron density profiles from 
Thomsop scattering. Error bars on the points are determined from least squares 
fit to the scattered spectrum at each radial position. Solid line through the 
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Figure 15. Electron temperature as a function of time for three radial positions. 
This information is provided by a grating polychromator which analyzes second 
harmonic electron cyclotron radiation. Substantial electron heating is produced 
by the injection of three neutra^ hyarogen beams of total power 1 .2 MW into the 
deuterium plasma (n e = 4.3 * lO'-1 an'i at the end of the beam pulse). For the 
s^me shot and radial positions, the temperatures obtained at a sinyle point in 
time with the TV Thomson scattering system are indited. (PPPL-733902) 
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Figure 16. The electron temperature pro f i le before, during and after inject ion 
of 2.1 MW deuterium neutral beams at time t = 450-600 ms into a low density 
( i i e = 1.8 x l o ' 3 on" 3) hydrogen plasma. The observed peaking of the electron 
temperature prof i le 30 ms after the termination of in ject ion can be explained 
by heating of the electrons by the s t i l l energetic slowing-down ions and the 
removal of the power loss due to the thermalization of cold electrons incoming 
with the beam ions. These_ profi les were ascertained from the fundamental 
electron cyclotron emission measured by a fast-scanning heterodyne receiver. 

(PPPL-783904) 
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Figure 21 . Calculated iion co l l i s iona l i ty (solid curve) for ion temperature 
prof i le shown in Fig. 20. (PPPL-783895) 
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Figure 22. Calculated ion temperature profile with central value calibrated to 
experimental data. 2.0 MW D° injection into moderate density H + plasma. 

(PPPL-783900) 
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Figure 23. Radial electron power flows for 2.1 MW D° injection into low density 
H + plasma. (PPPL-783898) 
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Figure 26. Radial electron power flows for 2 MW D° injection into moderate 
density H plasma. (PPPL-783896) 
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density H + plasma. (PPPL-783913) 
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Figure 29. High energy beam-ion t a i l above the injection energy, analyEer aimed 
tangential ly, facing counter-going ions. (PPPL-783910) 
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Figure 31. v /̂T^ vs. time deduced from tangential thermal fast neutral flux. 
* (PPPL-783906) 
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Figure 32. (a) Time behavior of scattered power for a case of 2.1 HU D° in ject ion 
into low density H+ plasma, (linear scale) (b) Frequency power spectrum of 
density fluctuations at t = 550 msec. (dB scale) (PPPL-783867) 


