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Summary

The injection of neutral hydrogen or deuterium particles continues to be

the most promising means of heating magnetically confined fusion plasmas to

ignition temperatures. Neutral beam injection systems that employ positive ion

sources presently operate at energies of about 40-50 keV/nucleon at 60 A

[Princeton Large Torus (PLT)] or 100 A [Princeton Divertor Experiment or the

Oak Ridge National Laboratory (ORNL) Impurities Study Experiment (ISX)] with

about 30-60% conversion efficiency. However, the desire for multisecond beams

in the 80-keV/nucleon energy range at 10 MW/module has emphasized the need for

technological advances in several areas. At such beam energies, as much as

75% of the initial beam energy is retained in the unneutralized ion components.

As a result, two questions immediately come to mind: (1) how can one dispose

of this energy; or better still, how can one efficiently recover this energy?

The conventional way of treating such a problem is to deflect the ions out of

the neitral beam and onto water-cooled plates or beam dumps. This method has

worked satisfactorily for• >40-keV/nucleon beams in excess of 1.5 MW and -̂0.5 s.

However, the power per unit area to be disposed of in the high power, multi-

second beams mentioned above is beyond present-day technology. We have proposed

and demonstrated a unique solution to this problem wMch not only removes the

need for beam dumps but also returns from 50-80% of the energy contained in the

full energy ion component directly and dynamically to the high voltage supply.

In fact, the energy in the residual ion component is not expended. The tests

were made on a PLT/ISX type beam line at 40 keV/nucleon of about 800 kW and

0.1 s.
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A number of invertigators ' have been at work for many years attempting

to develop an efficient, stable means of recovering the energy in the ZHSHKX

unneutralized compenent of a neutral beam system. The need for such a system is

illustrated in Fig. 1 in which the efficiency of a neutral beam system with

and without energy recovery is plotted. Without recovery, 75-80% of the

system energy is wasted in the 80—100 keV/neutron range. With recovery,

assuming a 90% atomic species in the beam, 40-60% of the energy is lost.

Besides the induced energy loss, the energy which is lost is removed at a

much lower power density than that achieved in a conventional beam system. '<^T^''

As an example of a conventional neutral beam line, Fig. 2 illustrates

th> 40-kV, 60-A beam line used in recent neutral beam heating experiments in the

PLT device and in ISX-B. The ion source is maintained at a high positive

potential of typically 40 kV, and the beam of positive ions is accelerated to

its full energy in the usual accel-decel manner. The accel potential extracts

the ions from the plasma source and gives them their final energy. The decel

potential



prevents secondary electrons generated in the gas cell from being back accelerated

through .the exit grid into the plasma grid.

The beam of positive ions extracted from the ion source is thus accel-

erated to ground potential and remains at ground potential through the gas

cell neutrlaizer and the magnet region of the beam line. In the gas cell, some

of the positive ions from the ion source are converted to neutral particles

and aee used in the normal sense, i.e., for injection into a fusion plasma

The magnet, located along the beam line a short distance beyond the gas cell,

has pole pieces tilted at 45 for the purpose of deflecting the unneutralized

full, one-half, and one-third energy ions to their respective water-cooled

ion dumps. The only role of the magnetic field is to separate the unneutralized

ions that come out of the gas cell at high energy waste that energy in striking

the ion beam dump.

We hava developed a means of both recovering a large fraction of the ion

energy that is otherwise wasted and alleviating the problem fo nigh power
3

density beam disposal. This energy recovery system employs a combiunation

of crossed magnetic and electric fields at the gas or neutralizer cell exit.

Figure 3 shows a comparison of the potential distribution along a conventional

beam line with that along the energy recovery beam system. In the latter, the

ion source is maintained slightly above ground potential by a voltage V,

in the range of 0-5 kV. As usual, an accel voltage V 1 and a decel voltage

V, . are employed. The gas cell is held at the same potential as the exit

grid, i.e., at -V, which is shown as -40 kV typical. A guard ring or electron

dump that functions as an electron collector is fastened around the end opening

of the gas cell by means of small electrical insulators (see Fig. 4). The guard

ring is maintained slightly positi a conducting collar that floats at a poten-

tial V .... , which is maintained slightly positive (several thousand volts)

with respect to the gas cell potential of -V. The magnet and all of the walls

of the vacuum chamber are at ground potential. The atomic ions proceeding from

the gas cell exit return their energy to the high voltage supply, losing only

the small amount by which the ion source is biased above ground. In this

arrangement, all groundsurfaces serve as a collector. The one-half and one-

third energy ions cannot escape the gas cell and thus terminate on the gas

cell itself. The high atomic yield ( 85% for the Oak Ridge duoPIGatron4)

permits the maximum obtainable recovery efficiency for present-day sources.



Of course, even higher proton yields are desirable.

The retarding field seen by the emerging full energy ions also tries

to accelerate electrons from the gas cell (as illustrated in Fig. 4). The

role of the transverse magnetic filed is to impede the electron flow. Coupling

of the magnetic field with the axial electric field causes the electrons to

E x B drift into the concentric electron collector or dump (which is slightly

positive with respect to the gas cell), thereby losing a neglible anount of

energy (patent pending). The recovery efficiency, quoted above is achieved

with electron losses included. The proton recovery efficiency is 70%.



The critical component of this recovery system is the interface between

the gas cell exit, the transverse magnetic field, and the axial electric

field. The two interface geometries studied are shown in Fig. 5. In both

versions, V is the electron collector bias supply.

The two interfaces differ in the way in which one-half and one-third

energy ions are terminated. In the loose coupled scheme, these ions turn

around-and strike an interior wall of the gas cell extension. In this

manner, no secondary electrons emitted can couse a power drain since they are

produced inside the gas cell. In the close coupled scheme, the close pro-

ximity of the ground plane causes the fractional energy ions to be reflected

back into the gas cell with the result, again, of no electron power drain.

Both interfaces have been tested in the manner indicated by Fig. 6.

The current difference, I - I or boost supply current minus accel supply

current, yields the ion recovery current (including electron loss to ground).

In our experiments to date, we have had a small recovery current due to

limitations itrroosed by our boost supply. Thus, the error has been large as we

have obtained a small difference between two large numbers. The net current

tecovery efficiency has been obtained by dividing the ion recovery current

minus the electron current by the ion current available for recovery. The latter

is calculated from calorimetric power measurements knowing the beam system

transmission efficiency, the ion source fractions, and the equilibrium cel^.

neutral fraction for each species as a function of energy. All of these

factors are well known for the PLT/ISX beam system. Figure 7 is a summary

of the results.

Figure ••? shows a variation of the recovery efficiency as a function of the

magnetic field strength for three different beam conditions using the loose

coupled interface. As the beam density (current) becomes higher, the Tnagnetic

field required to achieve a given efficiency also becomes higher.

Figure 9 =hows the variation ofthe recovery efficiency for the close

coupled interface efficiency for the close coupled with the boost voltage

for two magnetic field current settings. Also shown is the full energy positive

ion recovery efficiency at each magnetic field condition. To first order, the

electron loss is independent of a boost voltage above 500 V. As can be seen,

the efficiency increases with magnetic field. Earlier results, not shown,

yielded an efficiency greater than 60% for a magnetic field current of 500 A.



Figure 10 shows the electron loss to the ground surface, located

Immediately above the collector ring. Electrons that miss the collector

for any reason should have a high probability of striking this particular

ground surface. A B variation is also shown since the electron drift

velocity is inversely proportional to B. At a magnet current of between

200 A and 300 A, the electron loss is greater than expected but varies as

B at currents above 350 A. The loss at currents below 200 A has not

been investigated.

A critical factor in the success of this energy recovery method will

be the loss of electrons with beam current density and the effect of the

magnetic field at higher current densities. Experiments to date have been
2

up to a beam density of 14 ma/cm at the gas cell exit, which is within

a factor of 3 to 4 of that required for a reactor relevant beam system.

Thus far, electron losses are easily controlled, and computational tools

are being developed to aid in the design of a more efficient geometry for

the gas cell interface.
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RECOVERY EFFICIENCY IS OETERMINEO FROM CURRENT

MEASUREMENTS ANO BACKED BY POWER MEASUREMENTS

• EFFICIENCY DEFINITION

« RECOVERED ION CURRENT - ELECTRON LFAKAfiE CURRENT
n "AVAII AUlXTftl CURRENT

• EFFICIENCY MEASUREMENTS 40 keV. 18 A HYDROGEN BEAM

n L C • BO X • 20X

So
n c c • m i 15*

• EFFICIENCY IS INDEPENDENT OF PRESSURE OR IUI.SE LENGTH

0 EFFICIENCY WAS DETERMINID OH A PLT/ISX TYPE IICAH SYSTEM
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FIGURE CAPTIONS

Fig. 1. Efficiency of neutral beau injection system with and without
energy recovery.

Fig. 2. Particle disposal in a conventional beam line.

Fig. 3. Potential distribution for conventional and energy recovery systems.

Fig. 4. Electron blocking by crossed magnetic field.

Fig. 5. Interface configurations for the energy recovery system.

Fig. 6. Electrical schematic for testing of the interface.

Fig. 7. Recovery efficiency determined from current measurement and
backed by power measurements.

Fig, 8. Recovery efficiency as a function of the magnetic field strength
for three beam conditions.

Fig. 9. Recovery efficiency as a function of boost voltage in a close
coupled system.

Fig. 10. Percentage power loading on top ground electrode vs blocking
magnetic field.


