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ABSTRACT
A brief description of the Princeton Large Torus (PLT) neutral beam
injection system is given and its performance characteristics are outlined.

A detailed operational procedure is included, as are some tips

on troubleshooting.

Proper operation of the source is shown to be a

crucial factor in system performance.

v

1.

INTRODUCTION

A brief description of the Princeton Large Torus (PLT) neutral
injection system is given and its performance characteristics are outlined.

A detailed operational procedure is included to aid the user in

obtaining the maximum power from the source.

Some tips on trouble-

shooting are also included.
From our experience, we can say that the system can consistently
deliver about 650 kW of neutrals with hydrogen and 750 kW with deuterium.
If the source with shaped apertures is used, these values will be 750 kW
and 850 kW, respectively.

A properly conditioned source would run with

better than 80% reliability.

At the higher power levels, 30-85% of the

neutrals will belong to the primary energy species.

2.

SYSTEM DESCRIPTION

The test facility, consisting of the source, the beam transport
system, and the target chamber that substitutes for the tokamak, is
shown in Fig. 2.1.

2.1

ION SOURCE DETAILS
Figure 2.2 shows the various elements of the ion source schemat-

ically.

The type of source used is a modified duoPIGatron with a three-

grid accel-decel extraction arrangement.

The grids are curved with the

convex surface towards the plasma to provide a focal length of 4 ID,
types of apertures are used:

Two

(1) right circular apertures 3.8 mm in

diameter, 1799 in number, providing a transparency of 53%, and (2)
shaped apertures, as shown in Fig. 2.3, 1799 in number, providing a
transparency of 38%.

Other particulars of the grids are listed below.

Active grid diameter = 22 cm
Grid thickness = 2 mm
Accel gap = 6 mm
Decel gap = 2 mm
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2.2

BEAM TRANSPORT SYSTEM
The ion beam extracted from the source is neutralized in a 1-m-long

gas cell closely coupled to the source.

The pressure at the end of the

gas cell is maintained below 10-14 torr at gas throughputs of about 15
torr-liters/sec using a cryocondensation pump with a pumping speed of
V3 x 10 5 liters/sec.

The unneutralized portion of the beam is magnet-

ically diverted to ion dumps made of water-cooled swirl tubes.

The

magnetizing current required for different energy levels is shown in
Fig. 2.A.

A retractable swirl tube calorimeter capable of dissipating

about 2 MW of power is positioned beyond the magnet for beam diagnostics
as well as high duty cycle conditioning.

When the calorimeter is open,

the beam passes through a 2-m-long drift tube 30 cm in diameter and
enters the target chamber that simulates the tokamak.

The drift tube

entrance is provided with beam defining plates, the opening of which can
be remotely controlled over the range of 15 x 15 cm to 25 x 25 cm.

A

fixed aperture of 20 x 25 cm that corresponds to the PLT beam entrance
aperture is also provided at the drift tube exit.

The distance from the

exit grid to the 20 x 25 cm aperture is 4.1 m, as opposed to 3.7 m at
the PLT facility.

Thus, the acceptance angle for the PLT machine is

about 20% higher than that afforded at the test facility.
chamber is pumped by a 2 x 10

5

The target

liters/sec cryocondensation pump.

The

power flow results that are reported are obtained with the drift tube
entrance aperture limited to 15 x 15 cm.

The target chamber is provided

with a retractable inertial target and a swirl tube target for beam
diagnostics and power measurements.

The power flow along the beam line

is monitored using the flow rate and the temperature rise of the cooling
water that circulates through each of the different elements.
computer is used for collecting the data.

A PDP-11/40

With the exception of the

drift tube, the deflection magnet pole pieces, and a short ("=10 cm)
isolation valve section located 20 cm downstream from the exit grid of
the source, the power dissipation can be monitored on all the components
where beam interception occurs.

6
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3.
3.1

OPERATIONAL PROCEDURE

FILAMENT CONDITIONING
The filaments are rated at 40 A each.

The eight filaments are

connected in four parallel sections, each consisting of two filaments in
series.

Thus, the filament supply current at the rated level will be

160 A.
To avoid gross contamination of the source by the thermal decomposition products (water vapor, organic binding agent, etc.), the filaments should be partially conditioned under rougVi vacuum prior to being
mounted on the source.

To do this, gradually increase the current

through each filament to about 30 A, maintaining the pressure below 500
mtorr.

After the gas evolution is complete, turn off the heating

current and allow the filaments to cool down before installing them in
the source.
The second phase of filament conditioning is done at the beam line.
Slowly increase the heating current, maintaining the pressure at the end
of the gas cell below 10" 5 torr.

Occasionally purge the intermediate

elect**jiie region with pure hydrogen.

At each setting of the heating

current, wait until the pressure starts dropping before increasing the
heating current.

Gradually increase the heating current to the full

160 A.

3.2

ARC DISCHARGE CONDITIONING
Using the intermediate electrode gas feed only, bring the beam line

box pressure for dc gas feed to about 5 x 10" 5 torr.
magnet coil current to about 35 A.
with respect to the gas pulse.

Set the source

Delay the arc pulse by about 100 msec

Select an arc duration of 100 msec.

Gradually raise the arc voltage until the a-c strikes.

This should

happen at about 70 V; the corresponding arc current will be 100-200 A.
A check with the waveforms of anodes 1 and 2 will reveal if arc breakdowns are occurring.

Before raising the arc current level, make sure

that the arc inhibit circuit is functioning to avoid coating the insulators with metal vapor.

Scan the source coil current from about 25 A

8
to 50 A while avoiding repeated breakdowns.

Step by step (about 5 V

each), increase the arc voltage and scan the source coil current at each
step.

After the arc current exceeds about 300 A, introduce the anode 2

gas feed and reduce the intermediate electrode gas.

Operate the source

in the high arc impedance mode with low or moderate gas feed and arc
voltage in the range of 90-120 V.
current is about 700 A.

Follow the procedure until the arc

At higher arc currents, the source magnet

current may have to be increased to about 40 A.

Typical values at the

fully conditioned level are given below.

For H 2 operation:

Ia

s 200-250 A
l

I
a 400-500 A
32
V
= 110 V
arc
For Dj operation:

Ia
Ia
V

3.3

= 250-300 A
l
s 500-600 A
2

arc

= 100 V

EXTRACTION CONDITIONING
The last phase of the conditioning, the conditioning of the extrac-

tion electrodes to the full voltage and current-levels, should be done
as follows.
Maintaining the lowest stable arc current (^100 A), bring the accel
voltage to its lowest level (^lO kV).

Make sure that the decel inhibit

is operational and that the accel pulse appears about 10 msec before the
arc discharge strikes.

Keep the discharge duration to about 100 msec.

Attempt extraction by switching on the decel voltage (set at about
1-1.5 kV).

If the grids have been assembled with care, after a few

breakdowns clean beam pulses should be obtained.

During the initial

stage of conditioning, the pulse repetition rate could be one every
2-4 sec.

Gradually raise the voltage level.

At each setting wait until

about half a dozen clean pulses are obtained before changing the setting.
As the voltage is increased, a stage will be reached characterized by
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constant breakdowns, due to serious mismatch in perveance
condition).

(under-dense

This situation can normally be identified by breakdowns

occurring at the beginning of the pulse.
slightly to obtain stable beam pulses.
obtain higher beam current levels.

Lower the voltage level
Start raising the arc current to

As the current is increased, a point

will be reached followed by constant breakdowns (over-dense condition).
This is normally characterized by breakdowns at the end of the pulse if
the power supply voltage exhibits a sag with time.

Lower the arc current

to obtain a stable beam and proceed by increasing the accel voltage.

As

the drain power exceeds about 500 kW, decrease the pulse repetition rate
to one every 10 sec.
During the extraction, it is necessary to adjust the three gas
feeds (intermediate electrode, anode 2, and gas cell) and the source
magnet current quite carefully.

Typically, at the higher power levels,

the gas throughput is more or less evenly divided between the three gas
feeds.

It is important to note that to ensure proper operation and to

obtain high arc efficiency, the gas feeds and the source magnet current
need to be adjusted quite judiciously.

The intermediate electrode gas

feed has the most effect on the arc behavior.

If the beam current pulse

shows a hump in the rising end, it is quite likely due to too much gas
feed.

Similarly, if the beam current pulse shows a rising trend with

time, it can be flattened by increasing the gas feed.

For high arc

efficiency it is better to reduce the gas, particularly the intermediate
electrode gas, to a minimum.

At higher current levels, it is necessary

to increase the gas feed from anode 2 and the neutralizer.

Note that

the neutralizer gas feed also affects the source performance apart from
serving its primary function of providing an equilibrium gas cell.
The source magnet current also needs to be adjusted with care.
has been mentioned in the arc conditioning procedure (Sect. 3.2) that
the source magnet current should be scanned from 20 to 50 A.
extraction it is preferable to start at about 30 A.

During

As the source

current is brought up to its full value, it will be advantageous to
gradually bring the source coil current to about AO A.
When the source is intended for operation at a certain level, it
is better to condition the source to somewhat higher levels prior to

It
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operation.

This will improve the reliability considerably.

For example,

if the source is conditioned to 42 kV, 63 A, it will operate with a
high degree of reliability (>90%) at about 40 kV, 60 A.

4.

CHARACTERISTICS OF THE SYSTEM

In this section, some typical results showing the power deposition
on various elements of the beamline are given.

For these measurements,

the target was located 4.1 m downstream from the exit grid.

Thus the

acceptance angle for the target was about 20% smaller than that of the
PLT machine opening.

However, these results do not reflect any reion-

ization losses occurring in the drift tube.

Note that the defining

plates at the drift tube entrance were set at 15 x 15 cm.
Figure 4.1 shows the power deposition as a function of perveance
under normal operation.

Figure 4.2 shows the effect of applying a

precel voltage on power transmission and beam optics.

An improvement of

about 30% in transmission efficiency, accompanied by a small decrease in
optimum perveance, can be seen in the figure.

Figure 4.3 is similar to

Fig. 4.1 except that the perveance is varied by keeping the energy
constant.

In this way all the grid loadings can be plotted as a function

of perveance.

Figure 4.4 shows the "fine tuning effect" of the decel

voltage (the target power shown is the neutral power).

A gain of about

10% in power transmission can be achieved by careful control of the
decel voltage.

Figure 4.5 shows the power deposition characteristics

when the plasma grid with straight circular apertures was replaced by a
shaped aperture grid.

Finally, a typical plot of the species yield

(measured at the ion dumps) is shown in Fig. 4.6.

The measurement was

made by scanning the deflection magnet coil current and noting the
calorimetric signal from a single water-cooled swirl tube placed in the
middle of the medium energy ion dump.

The area under the curve shows a

proton yield of about 91% at the dump, or better than 85% at the source
exit grid.

Very similar yields have been obtained with deuterium.
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5.

TROUBLESHOOTING

While it is difficult to pinpoint all possible causes for the
malfunctioning of the source, some of the problems that we have encountered, identified, and rectified are outlined below.

It is assumed

that the source is assembled clean, the filaments are healthy, and the
electrical connections to the source are proper.
1.

Arc conditioning is difficult.

Numerous arc breakdowns occur,

particularly at the higher arc current levels (>400 A).
This situation could be due to small air leaks into the source.
Air leaks into the intermediate electrode region are particularly bad in
this respect.

Impurities introduced through the gas feed lines can also

create this problem.

It is recommended that stainless steel tubes,

thoroughly cleaned prior to installation, be used as gas feed lines.
Prior to operation, evacuate the entire gas feed line using the beam
line cryopump.
recommended.

Pumping the gas line with small mechanical pumps is not
Insulators coated by metal vapor resulting from repeated

arc breakdowns can also make arc operation difficult.

Make sure that

the arc inhibit circuit functions normally prior to arc conditioning.
2.

Arc runs reliably but arc efficiency is very low (<1 A/1.5 kW).

Improper gas feed and/or source magnetic field can cause this
problem.

Make sure that the g£is is fed from the intermediate electrode,

anode 2, and the neutralizer.

The total gas fed should be just suffi-

cient for the proper beam current waveform.
between 35 and 42 A.

Set the magnet current

The plasma uniformity will be adversely affected

if the magnet current is too different from this value.

Reduce the

intermediate electrode gas to a minimum while feeding more gas from the
anode 2 side if needed.

Leave the neutralizer gas to satisfy the

equilibrium cell condition.
If even after readjusting the gas feed and the source field, the
source continues to operate with poor arc efficiency, the permanent
magnets need to be checked for proper polarities.

Using a gauss meter,

make sure that alternate magnets have the same polarity.

In this

connection, obtaining a pinhole image of the emission surface would be
a very useful diagnostic technique.
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3.

Source operation Is normal except for poor beam transmission

efficiency.
Cross-check with the power deposition data to identify grossly
misaligned grids, missteered beam, nonequilibrium gas cell, etc.

The

optimum perveance value would also reveal whether the grid spacing is
set correctly.
4.

Arc runs reliably but high voltage conditioning is difficult.

This is normally the result of severe electrode contamination or
the presence of field enhancing objects in the interelectrode region.
If no improvement is found after repeated attempts, the source needs to
be taken apart for closer examination of the electrodes.

Note that too

small (<0.8 kV) or too large (>5 kV) a decel voltage can also make
extraction of the beam very difficult.

It is recommended that the decel

voltage be kept between 1 and 2 kV; the lower value gives the highest
transmission efficiency.

6.

HISTORY OF 1SX SOURCE 1

The importance of adhering to the operational details specified in
the report is illustrated by the following example.
During July 1978, PLT achieved record ion temperatures (>5 keV) by
injecting 2.1 MW (D°) into a hydrogen plasma.

This power was contributed

by four injectors, one of which (PLT source 4) was producing only 350 kW
of neutrals, well below its designated capacity.

In order to boost the

injected power, PLT source 4 was replaced by source 1 from the Impurity
Study Experiment (ISX), which had delivered, in tests at ORNL, 830 kW (H°)
to a ±2° half-angle target.

However, at Princeton ISX source 1 could be

made to deliver only about 650 kW (D°) to the PLT plasma.

We feel that

the discrepancy resulted from a change in the operation mode of the
plasma generator.

For instance, operating the source magnet current

above 50 A can degrade the plasma uniformity severely.

The need for

properly distributing the gas feed is of paramount importance, and gas
purity is another espential consideration.
After the source was returned to ORNL, the electrode surfaces of
the plasma generator were found to be severely discolored, suggesting an
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impurity problem.

The result of a chemical analysis of the discolored

surface is shown in the Appendix.
After the surfaces were cleaned, the source was reassembled with a
fresh electron feed system (anode 1, intermediate electrode, and filament
assembly).

The plasma generator was conditioned to 100 V, 600 A within

about two hours.

However, extraction was extremely difficult

(even at

10-kV, 5-A levels) and the source was found to favor high source magnet
currents (>45 A).

Yet after about five hours it was possible to make

the source operate reliably at proper magnet currents (<40 A) at 35-kV,
40 A-levels — and after a further 15 hours it was possible to fully
condition the source.
The main point of this example is that the modified duoPIGatron
source can be made to operate in a wide range of gas feed and source
field conditions.

Nevertheless, for the best performance of the source

and for maximum power transmission, it is necessary to operate the
source in the proper mode, as prescribed in this report.
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APPENDIX
COATINGS ON ALUMINUM RING
J. C. Franklin
We analyzed material from the coating on the edge of the opening in
the large ring, from the small dots in the groove, and from the Mo dish.
All three samples were contaminated with Na ? CI, and K, which I consider
to be due to handling of the parts.

All three areas contained the same

metallic elements that are not a part of the Al alloy.

Center ring

Dots

Larger ring

B

0.033

1

0.1

Ba

0.033

1

0.01

Cu

1.00

1.00

1.00

Fe

0.24

1

0.1

La

0.02

0.1

0.001

Mo

0.03

<0.1

0.01

Pb

0.0006

<0.1

0.003

Si

0.4

3

0.03

Sr

0.03

0.7

0.01

Ti

0.006

0.3

0.003

W

0.003

<0.1

0.001

The data reported are semiquantitative atom tatios within a film.

The

fact that the Cu = 1.00 does not imply that the quantity of Cu in each
film is equal but means that Cu was a major component in each film.
organics could be detected.
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