
^1 
J J FEBRUARY 1981 

V 
^ 

PPPL-1728 
0 C t v 2 Q a > d , f 

WSttfc 
NEUTRAL BEAM INJECTOR PERFORMANCE 

ON THE PLT AND PDX TOKAMAKS 

PLASMA PHYSICS 
LABORATORY 

tm 
B I N N M ! OF THIS DOCUMENT IS !MLMTE0 

P R I N C E T O N U N I V E R S I T Y 
P R I N C E T O N , NEW JERSEY 

•his vork wu Mppertad by tin H. S. tupirtwint of Energy 
Contract No. EK-76-C-02-3073. Mproduction. translation, 
publication, g u ana disposal' to uhole or in t u t , bi' or 
for the United Suits! Gov»maen% la remitted. 



Neutral Beam Injector Performance on the PLT and PDX To! amaks 

G. Schilling, D. L. Ashcroft, H. P. Eubank, 
L. R. Grisham, T. A. Kozub, H. W. Kugel7 J. Rossmassler, 

and M. D. Williams 
Plasma Physics Laboratory, Princeton University 

Princeton, New Jersey 08544 USA 

ABSTRACT 

The injection of fast neutral atoms has been used 
as a plasma heating tool on the PLT tokamak for three 
years, resulting in the achievement of reactor-like 
plasma temperatures and an initial understanding of 
the properties of such a plasma. Injection into the 
PDX tokamak has been started, with the addition of a 
poloidal divertor to reduce plasma impurities and 
greater beam power to achieve considerably higher 
plasma pressure. 

An overall injector system description will be 
presented first, and this will be followed by a 
detailed discussion of those problems unique to mul
tiple injector operation on the tokamaks, i.e., power 
transmission, conditioning, reliability, and failures. 

Prssented at the Eleventh Symposium on Fusion Technology, 
Oxford, September 1980. 

. DISCLAIMER -i 
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I. Overview 

Beams of fast neutral atoms injected into initially cold 
target plasmas have aided in the study of the properties of hat 
confined plasmas approaching reactor-like conditions. Neutral 
beam injection has been used as a plasma heating tool on the PLT 
tokamak for about three years now, resulting in a plasma ion 
temperature of 7 keV, above the minimum reactor ignition 
requirement, and driving the bulk plasma deep into the col-
lisionless reactor-like regime. Injection heating has been 
applied to plasmas in the PDX tokamalt since March 1980. The 
parallel conditioning and shakedown procedures of the first two 
injectors and tho tokamak discharges are now yielding initial 
information. 

II. Injection System Description 

The mechanical and electrical systems to a great extent have 
been described conceptually and in initial tests by the beam 
developers and electrical engineers. Our emphasis here, therefore, 
will be to point out those system features unique to multiple 
injector operation on the tokamaks, general injection problems 
including component failures and improvements, and system 
achievements to date. 

The aim of the PLT beam heating experimental program has 
been primarily the achievement of high plasma temperatures 
with the corresponding reduction in plasma collisionality 
characteristic of the expected reactor regime. This favors the 
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classical tangential injection geometry, where adequate beam 
absorption is retained even at low plasma densities of the order 

-I "3 _"1 

of 10 cm . Lack of knowledge about any effects of plasma 
rotation led to the tangential injection in opposed pairs, as is 
shown in Fig. 1. The PLT injector design goal was initially set 
at 4 MW H total power into the torus. This was reduced to 
3 MW H° during the injection line design phase when the line was 
lengthened by 75 cm to add a bending magnet to deflect the 
unneutralized beam fraction. The desired power per injector of 
0.75 MW H° was expected to be reached by a 22 cm diameter straight 
bore multiaperture accelerating structure rated at 
40 kV/60 A/0.3 sec ; this power was achieved on the ORNL test 
stand, which geometrically simulated PLT but could not simulate 
the magnetic and electrical tokamak interactions, at the 

4 operating parameters of 40 kV/70 A/0.1 sec. 
The PDX beam heating experimental program is aimed toward 

the achievement of the highest possible plasma pressure, pro
portional to the product of plasma density and temperature. 
The problem now ?s one of adequate beam penetration to heat the 
plasma core at the higher plasma densities of the order of 

14 -3 10 cm . This favors the radial injection geometry shown in 
Fig. 2, with a slight tangential component, 9 degrees, to avoid 
fast ion trapping in local toroidal field mirrors. Since the 
tangential component is small, resultant plasma rotation is also 
small, and all injectors may be aimed in the co-direction, 
avoiding the large fast ion orbit loss cone of radial counter-
injection. The PDX injector design goal was set at 6 MW H° 
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total power into the torus. The corresponding power per injec
tor of 1.5 MW H was expected to be reached by an ion optically 
improved tapered bore multiaperture accelerating structure, 
30 cm diameter, initially rated at 50 kV/100 A/0.5 sec.6 The 
power level achieved on the ORNL test stand, this time simulating 
the PDX geometry but again not simulating the magnetic and 
electrical tokamak interactions, was 1.5 MW H° at the operating 
parameters of 50 kV/90 A/0.3 sec and 2.0 MW D° at 
5 3 kV/85 A/0.1 sec. 7 

III. PLT Injectors 

The PLT neutral beam injectors were developed and fabricated 
by the Fusion Energy Division of the Oak Ridge National Laboratory. 
The injection line is that logical geometric sequence of hardware 
reflecting the physics requirements of the simplest possible 
positive ion based injector; in order: low pressure diffuse arc 
plasma generator, electrostatic multiaperture ion beam accele
rator, neutral gas charge exchange cell, residual ion deflecting 
magnet and ion dumps, and fast neutrals drift duct to the torus 

Q 

with beam conditioning and diagnostic calorimeters. The 
injection line is shown schematically in Fig. 3. 

The modified duoPIGatron plasma generator has illuminated 
the accelerator structure in an adequate fashion. The 85% H 
atomic ion yield has been verified, which is beneficial for beam 
penetration, but the injectors have not yet reached the 0.75 MW 
H° power goal, with possible, but so far unmeasured, plasma 
density variations being at least one reasonable mechanism. 
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The st bility of the plasma generator arc discharge has 
become our greatest obstacle to reliable high power source 
operation once the accelerator grids are conditioned. Direct 
arc faulting, primarily in the form of almost total arc current 
flow to anode one, terminates the injection pulse. An unstable 
or noisy arc discharge modulates the plasma density at the 
accelerating grids, resulting in corresponding fluctuations in 
beam divergence. The resulting spray particles within the 
accelerating structure liberate occluded gas, heat the grid 
surface, and generate secondary particles, all of which increase 
the probability of high voltage breakdown. The plasma gene-

g rators were subsequently modified in the spring of 1980, with 
the results that arc conditioning time has been shortened con
siderably, arc faults have practically vanished, the discharge 
appears to operate more stably, and our duty cycle at the 
highest power levels has increased considerably. 

The ion accelerating structure was altered in the late fall 
of 1978 through the replacement of the original straight-bore 
aperture grids by the newer tapered-aperture grids developed for 
ISX. The Pierce-like geometry results in reduced beam diver
gence, although at a slightly reduced current resulting from a 
reduction in aperture area. The result is approximately the same 
power into the PLT torus, but with considerable reduction in 
spray power onto the drift duct walls. Operation at the new 
perveance optimum of 40 kV/53 A for our usual 0.15 sec pulse 
length results in approximately 0.65 MW H° power into the PLT 
torus. Operation with deuterium gas results in approximately 
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20% lower current at higher neutralization efficiency; most of 
the injectors have operated at 44 kV/51 A/0.15 sec individually, 
resulting in 1.0 MW D power into PLT. In general, we have 
observed little systematic change in power transmission with 
increasing beam energy, i.e., I-V-t. 

Neutral beam power transmission to the torus is measured JS 
the ratio of neutral power measured calorimetrically on the PL! 
calorimeter, which is sensitive to all magnetic and electcical 
tokamak interactions, to the total neutral power generated, 

o 0-95'F„-I-V. The average fraction for the four injectors is 
approximately 55%, H and D , with preliminary measurements of 
slightly higher values for the first injector using the modifice: 
plasma generator. A Gaussian model for the total benm shape 
suggests that the full-width-half-maximum power points equal the 
PLT torus aperture geometrical acceptance, +1.7°, which is up to 
three times larger than the single-aperture divergence measured 
for these tapered apertures. Although several possible mecha
nisms come to mind, we presently have no measurements supporting 
or refuting any of them. This problem must continue to receive 
careful investigation, especially in view of the increasing costs 
and complexity of the higher energy beams for future experiments. 

The increase in beam duty cycle at the 40-45 kV power level 
has resulted in a corresponding decrease in the lifetime of 
downstream components. As an example, within the six months 
following the North injector plasma generator modification and 
its first achievement of 0.9 MW D power into the torus early in 
1980, two drift duct calorimeter halves became damaged to the 
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point of releasing cooling water into the vacuum system, and 
swirl tubes in the full energy ion dump were melted through with 
similar results. Turnaround time for repair was two to four 
weeks in each case. At the lower earlier power levels inade
quately shielded water headers and swirl tube braze joints had 
already become damaged to the point of leaking on several 
injectors. One instance of swirl tube fatigue was observed on 
several tubes in the East injector drift duct calorimeter, where 
vibration from the highly turbulent water loosened the internally 
swaged ribbon, causing it to chisel through the copper tube into 
the vacuum. 

Initial overheating of the drift duct walls (uncooled 
stainless steel) by spray beams caused surface and volume gas 
release as well as vacuum leaks resulting from seal warping. 
This was brought under control through the reduction in aperture 
at the main tank exit, addition of water-cooled copper baffles 
to the exit of the drift duct pump box, addition of external 
water cooling lines, and improvement in beam optics with the 
tapered aperture grids. Residual beam interaction with the 
drift duct now causes observed reioni2ation losses of less than 
ten percent when the beams are injected into the PLT plasma. 

Injection line vacuum pumping of the excess hydrogen or 
deuterium gas is performed by a liquid helium cooled cryocon-
densing pump straddling the neutralizer cell. The measured 
pumping speed in the injection line is 280,000 5,/s for H_. 
With hydrogen beams LHe consumption is 5 SL/h, while with deu
terium beams the consumption drops to the thermal radiation level 
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of 3 "'./h. The integral dewar is refilled on a batch transfer 
basis from a central 4000 f dewar with a transfer efficiency of 
50 percent. We have four.J this technique to be financially 
advantageous over a closed-loop system and to be simple and 
reliable. We continue to be plagued by small cryogenic vacuum 
leaks which close at room temperature; presently, one injector 
is base pressure limited to 5-10 Torr by a LN ? l2ak while 
another is limited to 3-10 Torr by a LHe leak. Since typical 

-4 tank pressure rises to 1-2-10 Torr during a beam pulse, the 
leaks contribute to LHe consumption but have not yet interfered 
with the injection experiments. 

IV. PDX Injectors 

The PDX injection line is shown schematically in Fig. 4. 
The basic similarity to that of PLT is readily apparent. The 
most obvious changes are those related to the containment of 
5 Ml\" of extracted beam power for up to 0.5 sec, as compared to 
2.4 MK for 0.3 sec on PLT. " The full-energy ion dump is aow 
designed as a slanted "vee" semi-inertial calorimeter fabricated 
from 1.« cm thick OFHC copper plate, a result of the PLT swirl 
tube braze joint difficulties. The drift duct, calorimeter is 
now also of semi-inertial design, fabricated from 1.9 cm thick 
OFHC copper, but now is an optically tight straight "vee" which 
is mcved out of the beam path as a unit when injection into PDX 
is performed. This latter change is the result of occasional 
inadequate overlapping of the two corresponding calorimeter 
halves on PLT, with beam heating of the torus valve sufficient 



9 

to cause warping and vacuum leaks. 
Although the radial injection geometry of PDX allows the 

drift duct to be shortened and increased in diameter as compared 
to that on PLT, doubling of the beam power for almost twice the 
pulse length would increase the beam energy onto the thermally 
integrating drift duct walls by almost a factor of four over PLT, 
assuming equal spray beam interception. This increase and the 
resulting gas evolution were estimated to cause unacceptable 
reionization losses for pulse lengths greater than 0.5 seconds 
in the model of Stewart. The drift duct was therefore enlarged 
considerably and a second cryopump was installed, fed from the 
dewars of the main pump through cryogen supply and return lines 
internal to the vacuum tank. The internal demountable cryogenic 
vacuum joints proved to be unreliable; in addition, several welds 
cracked in the LN 2 feed lines at the cryopanels. The no-gas LHe 
consumption increased from 5 l/h to 8 5,/h. The existing two 
injectors on PDX were therefore installed without drift duct 
active pumping. This approach allows the plumbing problems to 
be studied off-line, with retrofitting at a later time. The 
remaining two injectors are scheduled to be installed on PDX 
this coming winter. Preliminary results on drift duct outgassing 
and reionization losses will be presented in the Bull. Am. Phys. 
Soc. 

Since a potential problem with radial beam injection is 
"shine-through" onto the torus inner wall, the desire for local 
wall armor was combined with power measuring capability in the 
form of a fined inner torus wall calorimeter. Beam sline-through 
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may be measured for each injected pulse, but in contrast to the 
movable PLT torus calorimeter, injected beam power may only be 
measured without a plasma present. This latter condition may 
mask some injector-tokamak magnetic or electrical interactions. 

V. Electrical System 

The electrical systems for the two injector arrays are almost 
identical, with each array having separate decel and auxiliary 
supplies and time sharing the accel high voltage supplies. This 
latter approach is practical since the PLT and PDX experiments 
operate on an alternating weekly schedule. 

The "accel" high voltage circuit is unique in that no pri
mary AC voltage regulation is used. Output high voltage regu
lation is accomplished by a phase-controlled ignitron rectifier 
bridge. A series hard-tube modulator accomplished fine-voltage 
regulation as well as fast turn-off in case of ion source 
fault. Proper timing of the rectifier phase control allows a 
flat-topped DC voltage to be applied to the modulator tube, 
avoiding the turn-on and turn-off transients resulting from 
transformer impedance and line interaction with the tokamak power 
supplies. The initial gated reference phase control will even
tually be replaced by a closed loop voltage regulator. Stored 
energy available in case of accelerator grid fault is about 
20 joules. 

The "decel" voltage supplies are essentially straightforward 
commercial units with a fixed output transformer-rectifier and 
series tetrode modulator for all voltage regulation, current 
limiting, and pulse timing. 
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The plasma generator arc supplies consist of a twelve-pulse 
transformer-rectifier with L-C-L output filtering. The SCR 
rectifier is gated on and off to provide the arc pulse; arc 
voltage variation is provided by a motor-driven autotransformer 
on the arc transformer primary. Arc faults cause the rectifier 
SCR's to be gated off and a crowbar SCR to safely discharge the 
energy stored in the filter. Arc current stabilization is 
purely resistive. 

The plasma generator auxiliary supplies for filaments and 
source magnet are simple transformer-rectifier supplies with 
motor-driven autotransformer primary voltage variation. They 
are fed from a separate isolation transformer to avoid inter
action with the high power consumption of the arc load. 

VI. Instrumentation ar^1 Controls 

Communication to and from the plasma generator and its 
supplies floating at the accel potential is via optically 

18 linked telemetry. Analog signals are sampled by a 120 kHz 
bandwidth voltage-to-frequency converter. The resulting pulse 
train drives a light-emitting diode, whose output is transmitted 
via a light pipe to a photo-diode and then reconverted. Digital 
signals bypass the conversion but are transmitted identically. 
This system has performed well in the sense of adequate bandwidth 
and general reliability, but high voltage fa jits at higher power 
levels still occasionally damage the low-level integrated 
circuits in those sensing amplifiers which float at high 
voltages. 
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Beam power is determined calorimetrically. Calorimeter 
water flow, as measured by the output frequency of a turbine 
flowmeter, is multiplied by the integral of the water temperature 
pulse, performed by counting the output of a voltage-to-frequency 
converter. The resulting total energy is then displayed in the 

19 control room. This system has behaved well in general, 
exceptions being the frequent need for manual zero-setting 
•esulting from water pressure ar.d temperature fluctuations and 
sensitivity to turbine signal jitter. 

Plasma generator and ion accelerator waveforms as well as 
power depositions are now routinely sampled by an automated data 
acquisition system based on a CAMAC interface to a PDP 11/34 
processor. waveforms and samples are collected for each 
injector and then archived with the corresponding tokamak shot. 
Initial automated source conditioning experiments have been 
carried out, but work on active participation by the computer 
must still be extended. 

VII. Summary 

The injection of fast neutral beams has proved to be a 
valuable tool for heating confined plasmas. Injection of up to 
2.5 MW H° and up to 3.4 MW D° into the PLT tokamak has resulted 
in the achievement of an ion temperature of 7 keV, with the 
bulk of the plasma in the region of low collisionality charac
teristic of expected reactor operation. Initial injection of up 
to 2 MW D° with the first two PDX injectors has allowed the 
investigation of heated divertor plasmas to commence. 
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Many d i f f i c u l t i e s have appeared in the coupling of a r r a y s 

of high-power i n j e c t o r s to the tokamaks; none has proved 

insurmountable. The problems of " la rge" neutra ' 1 beam divergence 

as represented by the p r e s e n t l y achieved f r ac t ion of power 

t ransmi t t ed to the plasma, as well as the containment of higher 

power l e v e l s for longer pu lse lengths , appear e spec ia l ly worthy 

of increased i n v e s t i g a t i o n . The r e s u l t s achieved so far have 

e a s i l y j u s t i f i e d these e f f o r t s . 
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/ y " ~ y \ c o - INJECTOR 

Fig. 1. PLT schematic i n d i c a t i n g d i r e c t i o n of 
plasma c u r r e n t and p o s i t i o n of neu t r a l beam i n 
j e c t o r s . (PPPL-783851) 
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Fig. 2. PDX schematic indicating position of the 
four neutral beam injectors. (PPPL-784448) 
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Fig. 4. PDX Neutral Beam Injector. (PPPL-791032) 


