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ABSTRACT 

Operation of the two neutral beams on the ISX-B tokamak has been 

fully automated for an injected power up to 2 MW. A PDP 11/34 FORTRAN 

program conditions and injects the beams using commercial CAMAC hardware 

and ad hoc modifications of the beam controls. The fundamental beam 

conditioning algorithm is based on the breakdown history of the source. 

Difficulties encountered were noise entering the CAMAC system through 

control and data lines and the lack of well-defined operating heuristics 

detailed problem diagnostic techniques. A brief description is given of 

the hardware and software systems, operating techniques, and items of 

special concern. 
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1. INTRODUCTION 

Neutral hydrogen beams are currently the primary form of plasma 

heating in magnetic confinement fusion research, where multiple in-

jectors supply megawatts of power. Because these systems approach the 

plasma containment device Itself in size and complexity, overall oper-

ation of a neutral beam requires highly skilled personnel. In par-

ticular, each ion source (plasma generator plus ion acceleration grids) 

behaves differently, depending on its history and configuration, so that 

an operator is needed even for routine injection. This irreproduci-

billty primarily indicates that thi<s tool is in its development stage 

although there are some aspects of ion beam generation that are inherently 

statistical. 

Where many injectors are involved simultaneously, systems are being 

computerized to reduce the number of operators needed and to enhance 

operating capabilities. The hardware to accomplish this has been availa-

ble for some time, and most facilities now have computer data acquisition 

and display together with rudimentary process control and monitoring. 

The actual operation of the ion sources, however, is more difficult. 

This paper describes the successful automation of routine operation 

of the two ISX beamlines at the Oak Ridge National Laboratory (ORNL) for 

power levels up to 2-MW (3-MVJ full rated power). The system operation 

and capabilities are described, together with the computer hardware, 

Interfacing, and software. Some important details are included, and the 

difficulties and subtleties are discussed. The status of these efforts 

at this writing is given. 

1 
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2. NEUTRAL BEAM OPERATION 

The injection of a neutral beam involves the operation of diverse 
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subsystems, which have been discussed in detail elsewhere. * A large 

vacuum system with cryogenic pumping, the beam diagnostics (principally 

calorimetry), the electrical support and interlock, systems, and the ion 

source itself must all be properly prepared before a beam can be gen-

erated. The three main phases of operation are the setup and shutdown 

of these subsystems, the diagnosing and correction of faults, and the 

routine operation of the beam. 

Present ion sources must be operated extensively arid continually to 

be able to perform up to design specifications. This "conditioning" 

process is needed to prevent disruptive instabilities in the ion flow 

such as breakdown between the high voltage grids or nonuniform current 

flow in the plasma generator. Conditioning can be done on the grids and 

plasma generator together (as an ion beam) or separately. 

The conditioning of an ion source is the routine and repetitive 

part of beam operation that consumes most of the operator's time if 

there are no failures in the subsystems. The discussion here will be 

confined to the type of ion source developed a? ORNL; other ion sources 

will operate significantly differently. 

There is no standard technique for the optimal operation of an ion 

source. Although there are relatively few independent variables that 

the operator controls, there are many more that are inherent and that 

change from source to source. Conditioning characteristics depend 

totally on the past history of operation, both long and short term, but 
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achieving a given parameter set also seems to be a state process (i.e., 

it does not depend on the path used to get there). The time used to 

achieve a given parameter set can vary dramatically. 

For a 30-cm-diam ORNL source, there are three basic controlling 

parameters: the gas feed into the cathode chamber (G), the total 

potential between the cathode and the plasma grid (arc drive voltage 

V ), and the acceleration voltage (V, ). After the setup of the various a o 
beamline systems, there are three operating phases that precede inject-

ing the beam at the desired power. First, a plasma is initiated in the 

source without high voltage, and a stable, uniform discharge is formed. 

Second, the arc is conditioned by operation throughout its operating 

range; once this has been done, the initial arc is changed to the parame-

ters at which an ion beam can be extracted. Third, the high voltage (up 

to 40 kV) is turned on, a beam is extracted, and the beam power is 

increased to the desired level. The time and technique involved in each 

phase depends on how well the source has been previously conditioned. 

At a given power the beam must be conditioned continually to prevent 

breakdown; again, the necessary repetition rate depends on previous 

conditioning. 

3. COMPUTER OPERATION AND CAPABILITIES 

Automation of the two ISX beamlines can be summed up easily: the 

beams were operated totally by computer, which controls both injection 

into the tokamak and conditioning at up to 2-MW combined power on a 

routine basis. 

The organization of the beamline systems is shown in Fig. 1 for the 
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Fig. 1. Beamline hardware and controls layout. 
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East Beamline on ISX-B. The operation of the system and the computer 

control is diagrammed in Fig. 2, where the arrows represent the direction 

of information flow. 

The arc voltage, gas feed, and acceleration voltage were controlled 

to go through all phases of source and beam turnon, followed by injection 

and conditioning at a preset beam current and voltage level. Injection 

involves retracting the main conditioning calorimeter, firing the beam 

in synchronization with the tokamak shot, and recording beam parameters. 

Timing and repetition rate are controlled by an external timer that the 

computer enables or inhibits. The computer monitors and recovers from 

breakdown faults in the source, a capability that utilizes the most 

complicated part of the conditioning algorithm. 

Initialization values and input parameter changes are made through 

a terminal at the beamline controls. Progress toward a given beam 

setting is shown for each shot, and the terminal can be switched to 

display the calorimetrically measured beam power. The calorimetry 

operates independently from a local microprocessor at present. Computer 

control can be manually switched off for any function separately, a 

capability that greatly lessens the debugging time and reduces computer 

generated failures. 

Various safety factors have been built into the program. When 

limits are reached on the controlling parameters or when the computer 

sees no data on two consecutive shots, the controls are shut off and an 

audible alarm is turned on. 



6 

O R N L - D W G 8 1 - 1 9 2 4 0 F E D 

Fig. 2. Beamline information and control flow. 
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4. COMPUTER SYSTEMS AND CONTROLS INTERFACING 

4.1 Hardware 

Control and communications are done through commercial CAMAC hard-

ware. The base computer is a PDP 11/34. Calorimetry is performed 
3 

separately using a MIK 11 microprocessor. Layout of the computer 

system is shown in Fig. 3; there is data taking and control capability 

at the beamlines, at the control station, and at high voltage where the 

source plasma floats during normal operation. At present, the only 

active station for control is at the beamline controls station. A 

terminal there provides operator input and display, while another terminal 

in the 11/34 room is used for program changes. 

Different types of controls are handled by different CAMAC modules. 

There are three ion source controls. The gas feed pulser has been modi-

fied to be voltage level controlled by a digital-to-analog CAMAC module. 

The arc drive voltage is set by timed switching from a reed relay module 

that energizes remotely a large Variac motor. The acceleration voltage 

is controlled the same way. The reed relay modules also control yes/no 

switching of the high voltage, the beam timer, the calorimeter, and the 

operating mode (inject or condition interlocks). The high voltage is 

gated by enabling or disabling the deceleration grid voltage supply 

pulse. The acceleration voltage is interlocked with this to prevent 

backstreaming electron damage, so that no high voltage appears on the 

ion source without a deceleration voltage drive pulse. 

Inputs consist of the arc and beam current and voltage V^, Ig, 

Vg, respectively, and trigger signals. The former are entered through a 

digitizer, while the latter come into specially designed trigger modules. 
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Fig. 3. Computer control system data flow diagram. 
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The trigger modules are the only nonstandard CAMAC modules used. Communi-

cation and highway identifier modules complete the CAMAC system. 

The modified beamline controls are a dual manual and computer-

operated system. Control is done by either the computer or by the oper-

ator, depending on the position'of a manual switch for each control. 

The arc drive voltage can be controlled manually with the computer 

control enabled. The high voltage ON/OFF is done in series so that 

either the operator or the computer can inhibit a beam for a complete 

safety interlock. 

4.2 Software 

The software was developed completely in FORTRAN using existing 
4 

CAMAC subroutines. It is broken up into a number of small tasks that 

handle various aspects of the operation. The main tasks include one 

that waits for triggers, reads the data, and compresses it for use by 

other tasks. Each beamline has its own tasks for processing the data 

and for storing the data on disk. There are also tasks that handle 

control parameter initialization, switching between injection and con-

ditioning, and interaction with the operator. 

Most of the complexity in the software is contained in the algorithm 

that handles breakdowns. Decisions about whether to hold the parameters 

steady, to increase them, or to decrease them are based on the outcome 

of the previous ten shots. The number and severity of the past breakdowns 

are recorded and used in the decision process. 

Problems encountered were generally caused by electrical noise. 

False triggers and bad data were the main pitfalls that had to be over-

come through software. The techniques used included reading triggers 



multiple times, using multiple triggers that had to be satisfied to show 

a certain condition, and using data averaging processes that discarded 

unreasonable values. 

5. DETAILS ON AREAS OF SPECIAL CONCERN 

The primary difficulty in automating the ISX beamlines was the lack 

of any well-defined heuristics for operating the ion sources. The 

reason for this is that the dependence of source behavior on long-term 

history has made comparison of different operating techniques imprac-

tical. The success of the present effort has been possible because most 

of the time was spent on writing and debugging the algorithms for the 

control programs. This could be done in turn because of the minimal 

number of controls Involved, the simplicity of the modifications, and 

the availability of all of the hardware. The algorithms have become 

formidable and should become more so when the program is developed to 

run the beams to full power, where operating techniques are much more 

critical. Some of the complexity is due to the necessary specifics 

involved in beam injection into a tokamak, the details of ISX operation 

in particular, and the peculiarities of each beamline. 

An additional problem was the lack of a diagnostic for finding pro-

gram errors, both those that were typographical and those of the algo-

rithms. The lack of source operation modeling made necessary the use of 

the source itself for all but simple tests. Often, the presence of 

either trivial or fundamental errors could only be deduced from erratic 

source operation that was not much different than manual operation. 

Furthermore, lack of CAMAC diagnostics made CAMAC hardware errors hard 
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to separate from programming errors, especially concerning the timing of 

various control processes and data taking. 

The central algorithm of the program is based on the number of 

breakdowns Nn in the last ten pulses. A breakdown is recorded as b « 1, D 
and a good shot as b • 0. Using a running parameter s to designate the 

pulse number (s • 0 implies that latest shot, s = 1 implies the shot 

before, etc.), then 

s = -1 
NB(-1) = E b(s), 

s = -11 

and the algorithm is written as 

N B (0) < 1 increase (1) 

1 < NB(0) < 3 

and 

3 < NB(0) 

N F I ( - 2 ) + N G ( - 1 ) 

Nfi(-2) + Nb(-1) 

NB(0) < NB(-1) 

N B ( 0 ) > N f i(l) 

Ng(0) increase V^ 
i 

< Ng(0) decrease by 
small V. 

A 

no change 

decrease V. 
A 

large V. 

(2) 

(3) 

Furthermore, if the arc must be decreased two times in a row due to 

breakdowns, parameters are held at the last successful values for 

waiting period of ten pulses. This algorithm provides the basic tech-

nique for running the ion source. 
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The main parameters involved in the program (1^, V^, 1^, and V^) 

are Interdependent and are not determined by single hardware settings. 

The arc current, for instance, depends on the arc voltage, the gas feed, 

and to a lesser extent the beam current. To take this into account, the 

measured arc and beam voltage from the last pulse are used as a continu-

ally updated reference for changing hardware settings to reach a newly 

specified value of these parameters. 

Pattern recognition is a problem that was mostly bypassed in the 

program. Although different current and voltage pulse shapes indicate 

different source operating problems, only the pulse level was tested, 

using the beam current as the primary control parameter. Breakdowns 

were detected by comparing the time at which the beam current returned 

to zero with the nominal pulse length. Three types of breakdowns were 

identified. The first was the absence of any signal at all; it was 

called a misfire and indicated a terminal fault. Two consecutive misfires 

caused the computer to shut down the controls and sound an alarm. The 

second type of breakdown was a pulse length of less than 5 ms (nominal 

is 100 ms or longer) for beam injection into the tokamak. This was a 

special case in which only the arc was being conditioned between tokamak 

injection shots and resulted in immediate conditioning of the beam after 

the shot. Other abnormal pulse lengths were classified as simple break-

downs. All three cases were designated b = 1. 

The electromagnetic noise level around a beamline operating properly 

is very high, and high power breakdowns make the situation even more 

difficult to live with. In spite of this, no problems were experienced 



13 

In the CAMAC system itself, including the station floating with the 

source between 0 and 40 kV and connected with the rest of the system by 

fiberoptic cables. However, considerable noise appeared on the input 

and output signals. Computer filtering was done by the programs described 

in Sect. 5. 

6. STATUS AND FUTURE 

When ISX-B was shut down in October 1981 for modifications, the 

neutral beams were being operated by the computer on a routine basis, up 

to 1 MW of injected power per beamline. The controls were set up manu-

ally; then, the computer brought the beam current up to a specified 

level from zero current. The beam voltage increased in parallel with 

the current, near optimum perveance; thus, the beam current corresponded 

with beam power. Once the beams were placed in "inject mode," either or 

both beams were injected into the tokamak and conditioned between shots 

without operator input. Only equipment malfunction and new beam parameter 

specifications required operator action. Beam calorimetry was performed 

independently by a microprocessor system. 

Some iterations of a "high power" (1.0-1.5 MW) version of the 

program were tested but were not adequate. The basic problems were the 

narrowing of the operating window for breakdown free pulses and the 

increasing damage done by each breakdown. Severe breakdowns arising 

from either program faults or normal random processes required additional 

conditioning to regain a given level. The stringent operating schedule 

of ISXB allowed little time for breakdown recovery, so that only very 

limited testing could be done. 
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Currently under way are projects Including operator interface 

through a light pen display (rather than typing), integration of beam 

calorimetry into the system, and the refinement of the high power con-

ditioning program. 

7. CONCLUSIONS 

Full automation of conditioning and injection of the two neutral 

beams on ISX-B has been achieved for power levels up to 1 MW per beam-

line, two-thirds of the maximum rated power. 

The hardware involved was CAMAC based, simple, and readily available. 

Modifications to the beamline controls were ad hoc. Control was done by 

a PDP 11/34 programmed in FORTRAN. The simplicity of the techniques 

involved in the automation was crucial: otherwise, it would not have 

been practical to go through the many iterations that were found to be 

necessary. 

The primary problems encountered were the lack of well-defined beam 

operating heuristics, the lack of system fault diagnostics, the severe 

noise environment of an operating beamline. The need to maintain beam 

availability for tokamak injection during the automation development 

made the solution of all of these problems much more time consuming, but 

the resulting savings in time spent by skilled operators more than 

repaid the effort invested. 

It is believed that this is the first truly automated neutral beam 

operating facility. A more comprehensive system is the next stage in 

beamline development on the ISX-B tokamak. 


