
IEEE Transactions on Nuclear Science, Vol. NS-26, No. 3, June 1979 

MULTIMEGAWATT NEUTRAL BEAMS FOR TOKAMAKS* 

Wulf B. Kunkel** 
Abstract 

Most of the largemagneticconfinement experiments 
today and in the near future use high-power neutral-beam 
injectors to heat the plasma. This review briefly de- 
scribes this remarkable technique and summarises recent 
results as well as near term expectations. Progress has 
been so encouraging that it seems probablethat tokamaks 
will achieve “scientific” breakeven before 1990. 

I. Introduction -.-. -~-..-- __ 

All themajorlargemagnetic confinement fusion ex- 
periments operating today or planned for the near future 
use powerful atomic-beam injection to heat and to sustain 
the plasma. The technique was originallydeveloped for 
mirror-confinement where the particle life-time is only 
one scatteringtime,t 

9 
us requiring fuel injection at or 

near operating energy. The injection method turned out 
to be so effective,however,that it has alsobecomethe 
most popular supplementalheatingtechniqueforthelarge 
tokamaks in the United States, as well as abroad. The 
trend is not likely to change, at least until other 
schemes under development, such as high-frequency elec- 
tric heating, have demonstrated similar capabilities. 

There are two reasons whyfastneutralatoms are par- 
ticularly ~11 suited for the heating of confined low- 
density controlled-fusion plasmas: They are easilytrap- 
ped after passing undeflected through the surrounding 
magnetic field, and they tend to share all their energy 
with the target plasma. In addition, there are at least 
two “fringe benefits” worth mentioning: If the injected 
particles are themselves nu lear fusion reactants, such 
as deuterium, tritrium of s He atoms, they may signifi- 
cantly increase the energy release rate above the thermo- 
nuclear level corresponding to the bulk plasma tempera- 
ture by undergoing nuclear reactions before they have 

shared all their energy with the background. The so-called 
Two-Component;Tokamak (TCT) for example, is based on 
this feature. On the other hand, if the injected par- 
ticles are different and distinguishable from those 
making up the bulk plasma, new information concerning 
details of the energy transfer and particle transport 
processes can become available, affording us improved 
insight into the physics of magnetic confinement. 

There are several problems associated with large- 
scale neutral-beam injection into confined high tempera- 
ture plasmas, however: 
1. It is not yet completely assured that massive injec- 

tion of essentiallymonoenergetic suprathermal par- 
ticles is not going to cause dangereous instabili- 
ties or anomalies incompatible with good confine- 
ment. 
Before they are completely ionized streams of neu- 
tral atoms represent sources for electron capture 
by energetic plasma ions. This inevitably results 
in enhanced transport and possibly particle escape 
across the magnetic field that must be taken into 
considerat ion. 
Most importantly, it should be noted that the pro- 
duction, and the transport into the confinement 
chamber, of beams of energetic neutral atoms at 
power levels of interest, i.e., in the megawattre- 
gion, are by no means trivial matters. 

__.- .--.-- ~.~-~~--_---~_~-_--~~- 
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At the time of this writing it appears that non 
of the above have turned into unsurmountable obstacles. 

!! 

On t 
!I 

e contrary, indications to day are very encoura- 
ging , and it seems indeed probable that tokamaks with 
neutral injection will achieve “scientific breakeven” 
(fusion power released = beam power injected) before 
the year 1990, 

This paper is a report on the status of problem #3 
above, the solution of which called for thedevelopment 
of newtechnology. It begins witha brief discussion of 
the principlesofandbasicrequirements forneutral-beam 
injection. The state of the art is illustrated by des- 
criptionsofexisting injectors, particularly those de- 
veloped at the Lawrence Berkeley Laboratory and at the 
Oak Ridge National Laboratory, and by a concise review 
of recent results. A short summary of expected near- 
term needs and required developments is also included. 

II. Requirements 

For a successful application to nuclear fusion neu- 
tral-beaminjectorsmust meet a number or requirements 
and criteria. Not all of these can be considered present 
day state-of-the-art, although it will be seenthat im- 
pressive progress has been made. A listing of all the 
major considerations is presumably self-explanatory: 

1. Total injected power (primary criteria) 
2. Energy per particle i 
3. Number of beams (i.e. power beam lines) 
4. Beam intensity 

I 
(i.e. apertures, 

5. Beam opt its length of beam lines) 
6. Particles species 
7. Species mix 

1 
(plasma considerations) 

8, Impurity level 
9. Pulse length 

10. Repetition rate 
11. Gas efficiency 
12. Electrical efficiency 
13. Power recovery ’ (cost and operational 
14. Reliability considerations) 
15. Source conditioning 
16. Ease of operation 
17. Maintenance 

Obviously this list is not complete; nor is it necessa- 
rily in any systematic order, such as priority, diffi- 
culty, or state of advancement. But it gives an idea 
of the scope of the subject. Inasmuch as this review 
is meantprimarilyasa reporttothescientificcommunity 
not directly engaged in fusion research, the emphasis 
will here be limited to the first half of the items 
listed, the others being considered of more restricted 
interest to the specialists only. 

(a) Beam Energy 

The energy of the neutral atoms is primarily deter- 
mined by the need to deposit the particles well inside 
the plasma, preferably near the axis of the column. After 
entering the plasma a beam of fast neutrals attenuates 
by charge exchange collisions and by ionizing collisions 
with plasma ions and electrons : dI= - clIdx. The proba- 
bility of electron loss per centimeter of propagation 
in thebe mdirection, x,has been thoroughly discussed 

ii, by Riviere , and useful simplified express ons for design 
estimates have been given by Sweetman. f For hydrogen 
atoms with energies Ei40 keV (or deuterium atoms with 
E (80 keV) the attenuation is primarily caused by charge 
exchange. At h&her energies the dominant process is 
ionization by plasma ions (see Fig. 1). 
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Fig. 1. Cross sections for charge exchange and for 
ionization of injected neutral hydrogen atoms 
versus energy (from Ref. 5). For injected deu- 
terium atoms theenergyscale should be multi- 
plied by 2. 

According to Sweetman for E>40 keV the rate can be 
approximated by 

cr(cm-‘)=l.B x 10 -1k A Z,ff n (cms3)/E(keV) 

where A is the mass of the neutra 
3 

particle (in atomic 
units) and Eis its energy (inkeV) . 
effective charge per plasma ion. 

Zeffisthe usual 

The length h -1 :c( can be looked upon as a mean-free- 
path for ionization and must be comparable to the de- 
sired depth of penetration. Thus we see here that for 

der of lm and densities n =101’ cm- penetration to the 
large fusion experiments with pl sma qiameters of the or- 

axis calls for 200 keV deuterium atoms, even if the 
plasma is pure and has Zeff = 1. 

(b) Beam Power and “Current” (Flux) 

The standard method of producing the required neu- 
tral beam consists of first generating andaccelerating 
ions to the desired energy and then converting a fraction 
of them into neutral atoms.Forthe usual positive ions 
(e.g. protons and deuterons) we can use the process 
of electron capture (charge exchange). The latter is 
accomplished simply by passing the ion beam through 
a gas-containing “neutralizer” region, [The beam flux 
is therefore usually expressed as a “current” in equiva- 
lent amperes,as if the particles were singly charged]. 
The electron capture cross section cl, is quite large 
for ion energies in the keV range. But as seen in Fig. 
1, it isa decreasing function of the particle velocity. 
The charge exchange neutralizer target thicknessthere- 
fore has to be larger for higher energy beams. Unfor- 
tunately,the probability ofreionizationdecreasesless 
rapidly with increasing energythan the probability of 
electron capture, sothat the net conversion efficiency 
for positive ions into neutrals by thick neutralizer 
targets is still a rapidly decreasing function of energy 
(see Fig. 2), and at 
than for deuterium. 

g given energy islower forhydrogen 

The situation is a littlemore favorable if we start 
with diatomic, or better yet with triatomic ions since 
these have lower velocities. But these ions are not as 

readily produced in large quantities and, moreover, they 
result in neutral atoms with fractional energies only. 
It turns out to be much more promising, as far as net 
conversion to neutrals is concerned, to start with 
negative hydrogen (or deuterium) ions and produce neutral 
atoms by electron detachment in a stripping cell after 
acceleration if energies well above 50 keV (100 keV 
fordeuterium) are needed. Therefore efforts are under 
way 50 develop intense sources of negative hydrogen- 
Ions , and perhaps some day these will be considered 
standardequipment. At present, however, for the near 
term, we have to rely on relatively inefficient positive- 
Ion-based beams. 

I I I, 
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Fig. 2. Maximum efficiency of converting ions of hydro- 
gen (deuterium) into neutral atoms in a col- 
lision chamber. 

‘Ihe electric dischargeswhich areused to produce 
the positiveionsgenerally yielda mixture of the three 
species shown in Fig. 2. The exact proportions are not 
readily predictable, but in high-power discharges at 
low filling pressure the atomic fraction tends to domi- 
nate. Whatever the ion mixture turns out to be, the 
neutralizer converts almost all particles into monatomic 
species, if it is sufficiently “thick”. The original 
ion mix is then reflected primarily in an energy mix. 

The relevant cross sections for thesehydrogen ion 
interactions 

T+ 
th hydrogen gas target molecules are fair- 

ly ~11 known . Hence neutralizer output yields have 
been calculated as a function of target thickness for 
lowdensity beams (i.e. for beams that do not modify 
the target by their presence), for difftrfnt input 
species and for a variety of beam energies. ’ * Arepre- 
sentative graph from Ref. 8 is shown in Fig. 3, The 
total neutral yield in this case (typical for a TFTR 
deuterium beam) is about 50% of the ion beam power. 
But only l/3 of the original power is in full energy 
neutral atoms. For the lighter hydrogen, or for higher 
energies, the situation is worse. 

32 MW 

Fig. 3. Power ininitialandfinalion-andneutral-beams 
required to yield 1 MW of 120 keV Do atoms start- 
ing from a typical species mix. 
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While the desired particle energy is readily ob- 
tainedwith conventional ion sources inthe milliampere 
range, the power levels generally required for meaningful 
fusion experiments call for new technological develop- 
men 

5* 
The power needed to sustain a plasma volume 

V m witha meandensity ofn ions/cm3, ion andelectron 
“temperatures” of Ti and T, resp. (in keV/particle) 
andenergy confinement time rexpressed in milliseconds 
is given by 

P(Mw)=2.4 x lo-l3 -- -3 3 n (cm >(Ti +Te)(keV)V(m >/‘r(ms>. 

For large experiments in the thermonuclear regime this 
means injected power in the multi-megawatt range is in- 
deed required, For injection energies of the order of 
100 keV this impliesneutralcurrents intheneighborhood 
of 100 ampere, i.e. ion currents from the ion sources 
of several hundred ampere. Fortunately, these currents 
tend to be divided up among a number of sources. But 
each source must be capable of delivering some tens 
of amperes of ions to be useful in such an application. 

I/r+lookvJ I I 

Fig. 4. Schematic of a typical neutral beam injection 
system. 

III. Neutral Beam Injection Systems 

It is best to start with a brief description of an en- 
tire neutral-beam injection system. A schematic dia- 
gram of such a system is shown in Fig. 4. The basic 
elements are : 

1. Ionsource(anelectricgasdischargeorplasmagene- 
rator). 

2. Accelerating structure (a set of grids with aligned 
apertures). 

3, Neutralizer (a beam-transport region containing low 
density gas). 

4. Ion separator (a sweep magnet and divertor tube). 
5. Ion dump (possibly an energy recovery system). 
6. Neutral-beam transport tube (possibly with beam 

scrapers). 
7. 
8. 

Pumping system (preferablyusing cryogenic panels). 

9. 
Source and beam power supplies (well regulated). 
Control system (computerized and fully automated). 

10. Various automatic diagnostic devices (current and 
temperature sensors and spectroscopic monitors). 

The principal functions of the various components are 
obvious and need little explanation. The system operation 
is as follows: A hydrogenordeuteriumplasma is created 
in the plasma generator by means of a high-current dis- 
charge. Ions from this plasma are accelerated in a 
carefullydesigned multi-electrode structure. The ions 
then passthroughaneutralizercontainingdeuteriumgas, 
and a fraction becomes neutralized by charge-exchange 
collisions. Remaining ions are removed from the beam 
by the sweepmagnet; otherwise, the various reactor mag- 
netic fields would bend the ions into surfaces nearthe 
entrance port, possibly releasing gas bursts or melt- 
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ing the surfaces. The considerable power in this ion 
beam must be handled by the ion-beam dump. The vacu- 
um pumps distributed along the beam line remove most of 
the gas emerging from the neutralizer and the ion-beam 
dump and must maintain the pressure between the sweep 
magnet and the entrance port at a sufficiently low value 
that very little of the neutral beam is reionized. Well- 
regulated power supplies are required to assure good 
beam optics; to minimize accelerator damage when a spark 
occurs,the power supplies mustalsobe capable of rapid 
turn-off with a minimum of stored energy (e.g. in cable 
capacitance) . Optical, mechanical, andelectrical 6en- 
6or6 determine the condition and performance of the neu- 
tral-beam system and permit the control system to ad- 
just the power-supply voltage6 and to shut down the sys- 
tem if a malfunction occurs. 

P”DTD 0, 

Mill” 
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Fig. 5. J3esign for the TFTR prototype beam line. 

Actual beamlines for multimegawatt injection become very 
bulky, mainlybecause of thelarge gas pumping require- 
ments. It is likely that the injectors will always 
take up more space than the confinement device itself. 
For example the prototype beamline for the Tokamak Fusion 
Test Reactor(TFTR) had tobe set up in the 184” cyclo- 
tron building at the Lawrence Berkeley Laboratory; no 
other building at LBL was spacious enough. A design 
sketch is shown in Fig. 5, to give an impression, with 
the canonical six foot person at the left. The pump- 
ing in this case is seen to be accomplished with large 
“cryopanels” at liquid helium temperature. 

The TFTR at the PrincetonPlasma Physics Laboratory ha6 
been designed to operate eventually with four or at 
least three such beamlines, each containing three in- 
dividual beam6 from three sources delivering 60 A of 
deuterium ion current per source for 0.5 sec. The 
accelerator voltage is 120 kV so that a species mix 
as indicated in Fig. 3 will deliver about 2 M!J of full 
energy neutrals per beam plus an additional 1.2 MW of 
neutrals at fractional energies. 

IV. High Current Ion Sources 

The most critical items in these injection systems are 
the large ion sources. They have to generate and de- 
liver tens of amperes of ions essentially in a steady 
state in such a manner that well collimated (low di- 
vergence) beams can be formed in simple electorstatic 
accelarating structures. Space charge and electric 
breakdown considerations limit the deuteron current den- 
sity in this energy range (20 to 150 keV) generally to 
0.5A/cm2 or less. This means that the beams, and thus 
the sources, must have cross sectional areas of many 
tens of square centimeters. The latter, in turn, implies 
that the beams must be formed in multiple-aperture ac- 
celerating structures. 



Large area ion sources andmultiple aperture beam-form- 
ing electrodesare familarcomponents inspace technology 
as elect 
systems. f8 

static ion “thrusters” for advanced propulsion 
The “propellant” in that case is usually 

mercury instead of our isotopes of hydrogen, and the 
current densities are very much lower. 

The stringentrequirements on ion optics for our appli- 
cation make it imperative that the current density is 
steady and uniform to within a few percent over the entire 
extraction area. As is well known, ionizing discharges 
in gases do not usually have these characteristics. In 
particular, plasma densities and hence current densities 
tend to behigherinthe center of the enclosure and de- 
crease monotonically with decreasing distance from the 
walls. 

Special measures have to be taken, therefore, to pro- 
duce sources in which the available ion current density 
is sufficiently flat over an extended large extractor 
area. The first successful megawatt beam sources solved 
this problem with a large number of hot tungsten filaments 
as cathodes d 

3 
tributed along the perimeter of the ex- 

tractor area. In a way these can be regarded a6 
high-power versions of the quieslynt plasma generators 
that have been pioneered at UCLA. Because of the large 
required electron emission these 75A, 20-40 kV sources 
(good for 1 MW of neutral deuterium) are limited to pulse 
durations of 30-50 msec. This turns out to be good 
enough for many experiments with mirror confinement , in 
progress at the Lawrence Livermore Laboratory where a fair 
number of such sources have been in 
time and have proved quite reliable. PS 

eration for some 

For theheating intokamaks, however, longer pulses are 
needed, and the multifilament sources developed at LBL 
do notnecessairlyrepresentthemostpracticalsolution. 
Very successful, and currently in operation at the 

Princeton Plasma Physics Laboratory a6 well as at the 
Oak RidgeNational Laboratory, aret 

Pz 
so-called modif ied 

“DuoPIGatrons” developed at ORNL. A sketch of the 
22 cm diameter model is shown in Fig. 6. It is rated 
for 60A proton currrent extraction at 40 kV for 300 ms 
pulses, for injection into the Princeton Large Torus 
(PLT). Larger versions, good for 100 A per source, 
are getting ready for the Poloidal Divertor Experiment 
(PDX) at Princeton and the Impurity Study Experiment 
(ISX) at ORNL. 
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Fig. 6. ORNL 22-cm modified dupPIGatronion source with 
magnetic bucket, as developed for PLT. 

These sources are essentiallly expanded DuoPIGatrons 15 

i.e. they are powerful duoplasmatrons (magnetically 
focused double discharges) in which the second section 
is operating as a reflex arc (PIG discharge). Such de- 
vices are known to be efficient plasma producers, but 
they also tend to be “noisy”, that is, they suffer from 

Fig. 7. Cross section of a 120 keV 65Asource for TFTR, with magnetic bucket. 
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large amplitude fluctuations. The addition of the large 
expansion chamber with multipole magnetic fields isola- 
ting the essentially field-free plasma from the walls 
(see Fig. 6) seems to damp out the fluctuations and 
simultaneously permits the plasma to spread uniformly 
over the end face which carries the beam forming grids. 
Moreover, impressive yields in excess of 80% atomic 
ions have been reported for this source. Multipolar 
magnetic surface fields have also bee 

19”8y ;;;;:,“;I fully before in ion-propulsion engines, 
nique hasbeen perfected and extensively applied tot 
production of large quiescent plasma for basic studies. P7 

The configuration is rapidlygainingpopularityunderthe 
name “magnetic bucket”, although some plasma always leaks 
out along the magnetic cusps so that the term “magentic 
basket” would be more appropriate. 

The 120 kV source that is being developed at LBL for 
Princeton’s TFTR is sketched in Fig. 7, It is rectangu- 
lar in shape with an ion extraction grid that measures 
10 cm x 40 cm, as seen in t 

lk 
e photograph of the accele- 

rator structure in Fig. 8. Rectangular shapes are more 
difficult to work with than axisymmetric arrangements 
which can be assembled from a variety of cylindrical 
sections and hence can more easilybe repairedor modi- 
fied. However, an elongated cross section is advan- 
tageous for TFTR beamlines which have to accommodate 
three such sources side by side. In Fig. 8 it is also 
seen that the apertures here are parallel slots instead 
of circular holes, as are used in most other beam sources. 
In other words, the grids are made up of sets of rails 
that are carefully aligned and cooled at the ends, rather 
than of plates with a large number of holes drilled 
through them. Long slender slots are well suited to 
our rectangular geometry, and in this respect thisTFTR 
source has been patterned after the short-pulse ZXIIB 
source mentioned before .‘I In the first version the 
discharge is operated without magnetic field but with 
a large number of filaments, as before. In Fig. 7 we 
show a modified version incorporating the magnetic- 
bucket feature and using fewer filaments. Improved 
efficiency and a higher atomic ion yield has indeed 
been demonstrated for this configuration. 

e 

Fig. 8. 120 keV 65A accelerator module, 

In an effort to optimize the ion optics an iterating 
computer code was developed that calculates conditions 
for minimized beam divergence i 
charge and temperature effects. 79 

the presence of space 
Figure 9 shows as an 

example the TFTRaccelerator structuredesigned with t 
P 

e 
help of this code for a current density of 0.3 A/cm . 
The wedge angle in the first grid, a so-called “Pierce 
configuration”, is particularly important for good beam 
formation. Multiple-aperture structures with circular 
holes have usually not been able to accomodate anything 
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but straight edges because any funnel-like shape, suchas 
that inFig. 9, wouldreducethe net transparency of the 
grid to an intolarably low level. In this reepect long 
slots have a distinct advantage over circular holes. On 
the other hand, the actual price paid for the imperfect 
optics of simple straight holes, in the form of fringing 
beam edges and resulting beam interception has not yet 
been fully assessed. 
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Fig. 9. Computer-designed O-electrode accelerator 
structure with 120 keV ion beam. 

The large tokamak with noncircular cross section, Doub- 
let III, at General Atomic in San Diego calls for 4 
80 keV sources. These are also being developed at LBL, 
and are very similar in design to the TFTR sources+ 
Other large tori that arebeingsetupabroad, in England, 
Japan and the Soviet Union, will have multimegawattin- 
jectorsthat maydiffer indetail but the gross features 
will all be similar tothose shown inFig. 4. 

V, Results and Prospects 

The onlyfully operationalmultimegawatt injection sys- 
tem for tokamaks, with pulse duration in excess of 
100 msec, today is built by ORAL for the PLT experiment 
at Princeton. A schematic plan view if the layout with its 
four beamlines is shown in Fig. 10. When all four beam- 
lines are energized the total power injected into the 
plasma in the form of neutral beams exceeds by a large 
factor the ohmic heating power that initially formed 
the target plasma. Such operating conditionshad never 
been achieved before in tokamakq and there was some 
concern that new problems would make their appearance. 
Fortunately, no deleterious effects were observed, which 
is particularly encouraging because the plasma reached 
high-temperature long-mean-free-pathconditions similgg 

to those required for a power producing fusion reactor. 
A representative result of plasma ion heating by 2.5 Mw 
neutral deuterium injection into PLT is reproduced in 
F 

Fig. 10. PLT schematic plan view with four injectors. 
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PLT proton temperature (from charge exchange) 
during 2.5 MW neutral deuterium injection. 

Inasmuch as the observed temperature increments and other 
features correspond fairly well to those predicted for 
stable unpathologicalconditionsthe findings inPLT are 
taken as an indication that neutral-beam injection is an 
acceptable heating technique for tokamaks. When extrapo- 
lated to the TFTR experiment with 20 MW deuterium injec- 
tion at 120 keV energy this can lead essentially to 
“scientific” break-even conditions (i.e. fusion power 
released 
provided 

= neutral 
the target 

beam power injected) 
plasma consists of t 

in the 1980’s 
ritium. 

The mirror experiments are not quite as far along because 
the containment time is much shorter for otherwise 
equivalent plasma conditions. However, significant tests 
based on massive injection are planned in this area 
also, as can be seen in Table I: TMX stands for Tandem 
MirrorExperiment,in whicha centralmirror confinement 
region is “stoppered” by two physically smaller but 
higher energy-densitymirror regions that act as electro- 
static “plugs” for the ions. Thus two different sets 
of injectors are required. The Mirror-Fusion Test Fa- 
cility (MFTF), on the other hand, requires two large 
sets of beam sources to accommodate a start up from 
low density, to be followed by a high-energy operating 
phase. It is then hoped that well before the year 
1990 a selection can be made of the best configuration 
for the first Engineering Test Facility (ETF)whichwould 
require higher power yet, and definitely much longer 
pulses. This device would permit meaningful studies 
of fusion reactor engineeri’lg problems + 

NEUTRAL BEAM SOURCE REpUIREMENTS -- 

Pulse Number 

w Current 
rAmpereS) 

Eds, Sources Year 

PLT 40 60 0.3 4 1978 

1979 ISX-B 40 100 0.1 4 

PDX 50 100 0.5 4 1979 

1979 Doublet 111 80 80 0.5 4 

20 
TMX 

40 

TFTR 120 60 0.5 

80 0.025 16 
1979 

65 0.025 8 

9-12 1981 

80 05 24 
1982 

80 0.01 24 

100 60 20 1990 

Table I 
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