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Abstract — The technique of heating the plasma in magnetically

confined fusion devices by the injection of intense beams of neutral

atoms is described. The basic principles governing the physics of

neutral beam heating and considerations involved in determining the

injection energy, power, and pulse length required for a fusion reactor

are discussed. The pertinent experimental results from various fusion

devices are surveyed to illustrate the efficacy of this technique. The

second part of the paper is devoted to the technology of producing the

neutral beams. A state-of-the-art account of the development of neutral

injectors is presented, and the prospects for utilizing neutral injection

to heat the plasma in a fusion reactor are examined.

Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under contract W-7405-eng-26 with the Union Carbide Corporation.



I. INTRODUCTION

Fusion between two nuclei is accomplished only if the relative

speed of encounter is high enough to overcome their Coulomb repulsion.

For a D-T fusion fuel mixture, the corresponding plasma temperature

translates to about 4 kilo electron volts (1 keV =11.6 million K).

Temperatures of about 10 keV are necessary to yield appreciable reaction

cross section. The conventional ohmic heating in tokamak devices, which

utilizes the plasma resistivity, is self-limiting [1] because the

resistivity scales inversely with the three-halves power of the plasma

temperature and the current density falls off inversely with increasing

plasma size. For a reactor-sized plasma, auxiliary heating is thus

necessary to raise the temperature into the keV range. To date, the

most effective and best understood method of supplemental heating is by

the injection of intense beams of energetic neutral atoms into the

plasma, The neutrals penetrate the magnetic field of the confinement

device, become ionized, and share their surplus energy among the plasma

particles. In addition to neutral beam injection and the various RF

techniques discussed in an accompanying article [2], a number of other

methods have been proposed for plasma heating. A brief synopsis of

these alternative techniques and their likely future prospects may be

found in reference [3].

Although the injection of intense beams of particles into a plasma

had been attempted in the late 1950s [4], significant neutral injection

heating experiments have been carried out only since the 70s. The

successful experiments on CLEO [5], ATC [6j, ORMAK [7], TFR [8], and

DITE [9] have paved the way for neutral rejection to be recognized as a



viable means of plasma heating. With the record temperature of about

75 million K achieved in PLT in 1978 [10], the technique has been hailed

as a breakthrough towards realizing man's quest for commercial fusion.

The subject of neutral beam heating of fusion plasma may be broadly

divided into two parts: the physics of neutral beam heating and the

technology of neutral beam injectors. In the first part, the underlying

principles of plasma heating are described and the plasma performance

achieved to date in major experiments is covered. In the second part,

the multifaceted technology of the development of neutral injectors is

elaborated to bring out its present status. The paper concludes by

examining the future prospects of neutral beam injection as a means of

heating a fusion reactor.

II. THE PHYSICS OF NEUTRAL BEAM HEATING

Ignoring for the present how the beam is generated, we will, in

this section, examine what happens to the neutral beam particles once

they enter the plasma. For simplicity, we will confine our discussion

to applications involving tokamaks with circular plasma cross section,

although much of the discussion is also relevant to other magnetic

confinement devices. The processes involved in the trapping of the beam

in the plasma, the trajectories of the ionized particles, the thermali-

zation of the beam ions, and the factors affecting the power deposition

profile in the plasma will be examined. The scaling of beam power input

and pulse length with different tokamaks will also be addressed.



A. Neutral Beam Trapping

The beam of energetic neutrals is trapped by charge exchange (ex)

and by ionization events with plasma ions, electrons, and impurities.

Assuming that the beam particles are traveling much faster than the

plasma ions but much slower than the electrons, the effective cross

section for trapping, ffef£» is approximately given by [11-13]

- V i + Vex + -^7*- + ? nj (°ji + °Jcx> '
b j

where a. and a are the ionization and the charge-exchange cross

section, a is the cross section for electron ionization, n and n. are

the electron and ion densities in the plasma, and v and v. are electron

and beam velocities. The <a v > term indicates the average over a
e e

Maxwellian distribution. The last summation term takes into account the

ionization and charge exchange with all the impurities.

The impurity content of the plasma is generally expressed in terms

of an effective charge number for the plasma, Z ,,, defined by:

where z. is the charge number of the impurity ion with density n.. The

beam attenuation in the direction of the beam, x, if given by

ij- - exp(-neaeffx) - exp(- f ) , (3)



with

Veff

The quantity X is defined as the characteristic trapping length for the

beam for e-folding attenuation. Figure 1, due to Post [14], shows the

effective cross section as a function of beam energy for different Z ....

At lower energies, charge-exchange processes dominate, while electronic

and ionic ionization processes become important beyond about 50 keV for

deuterons. A concern for beam penetration has been the possibility of

an impurity buildup associated with high energy injection of the beam.

In this case, the impurities near the plasma edges would cause increased

surface heating that, in turn, would precipicate more impurity generation

as a result of wall interactions. However, detailed studies [15,16]

have concluded that such effects are unlikely and that for values of

Z ,, permitted to obtain ignition (i.e., Z .- < 2), ionization on

impurities is relatively unimportant [3]. An approximate expression for

the trapping length A in the range of interest for fusion plasma heating

with a deuterium beam is [17]

X(m) =• 2.8 x 10 1 7

n On"3)
e

(keV)
(5)

where E, is the beam energy. Since the power has to be deposited well

within the plasma, the minimum beam energy corresponds to injection

perpendicular to the plasma. Equating the trapping length to half the

minor radius of the plasma, the injection energy for a deuterium beam is

^ given by



B^ (keV) - 180 x 10"20nea , (6)

where a is in meters. For hydrogen injection, the trapping length is

doubled and the energy requirement is therefore halved. The above

expression assumes that the plasma density profile is flat and the beam

is monoenergetic. The actual penetration is determined by the density

profile and the full energy fraction of the beam. In practice, the

density profile tapers off at the plasma edges, which favors penetration.

On the other hand, the beam is generally not entirely monoenergetic,

which adversely affects the penetration. We shall also see that there

are other physical considerations that may determine the choice of

radial or tangential injection and thereby affect the choice of beam

energy. An important corollary to this theory of beam trapping is that

the beam energy required to penetrate a reactor-scale plasma is several

hundred keV. For instance, based on INTOR parameters [17] (i.e.,

n = 1.4 x 10^" m~3 and a = 1.2 m), the deuterium beam energy for
e

perpendicular injection is about 300 keV. We shall see in the second

part of this article that the efficiency of producing neutral beams

becomes increasingly poor for positive-ion-based systems at such high

energies and that the technology itself becomes awesomely expensive.

Ignoring the practical remedies to this problem for the present, we

shall merely discuss certain theoretical considerations that have been

proposed to relieve the beam energy demands. Rome, Callen, and Clarke

[18] have shown that it is no): necessary for the beam to reach the

magnetic axis. Including the effect of fast ion drift orbits, they

found that even if A/a is less than unity, the average density of the



newly ionized fast ions can be peaked near the magnetic axis because the

volume of the magnetic shells shrinks to zero at the axis. Possibilities

for further reduction in beam energy exist as a result of several

heating scenarios that have been proposed. In one such scheme [19], the

injection is applied at reduced plasma density, and the final density is

attained only at the end of the heating pulse, when the alpha particle

heating begins to play a role at the plasma core. A variation of this

approach [20] is to increase the plasma radius instead of the density

after ignition is initiated. Both approaches rely on initiating injection

in a plasma with a low density radius product for better penetration. A

different technique for improving the penetration is the ripple injection

method [21], which utilizes a vertically asymmetric toroidal field

ripple configuration. When the neutral beam is injected vertically from

the side of stronger ripple, energetic ions formed from the beam are

trapped in the ripple magnetic well and drift upward to the central

plasma region, where the ripple is small and the fast ions are confined.

Finally, Scott and Sheffield [22] have shown that, to a certain degree,

it is possible to compromise beam energy in terms of beam power. They

find that, until ignition is achieved, the product

Pu(E. ) 6 - constant , (7)
b b

where P, is the required neutral besan pover, E, is the beam energy, and

6 is a profile-related constant of t:he order of unity. Based on the

above considerations, it is presently being envisioned [17] chat a

reactor-grade tokamak plasma can be heated with injection energy in the

range of 150-200 keV with a total beam power in the vicinity of 75 MW.



B. Fast Ion Orbits

For effective heating, not only should the neutrals penetrate

adequately before ionization, but also the energetic particle orbits,

after stripping, must be confined to the discharge volume. The fast ion

trajectories, depend on the direction of injection with respect to the

direction of the magnetic field and the discharge current [23]. In

general there are two types of orbits: those of trapped particles and

those of untrapped or passing particles. The trapped ions mirror in the

1/R magnetic field and are confined near the outside of the plasma. The

projection of their trajectory into a plane of constant toroidal angle

assumes a characteristic banana saape. The untrapped ions circumnavigate

the major and minor axes of the tokamak, and their projections are

shifted circles. For tangential injection, illustrated in Figure 2, the

majority of the ions are produced in well-confined orbits. However,

some of these ions can be scattered by small angle Coulomb collisions

with the background plasma and make a transition from an untrapped ion

to a trapped ion. Such particles may be more easily lost to the walls

of the confinement device without transferring any significant portion

of their energy to the plasma. The topic of fast ion orbits has been

analyzed in detail by several authors [23,24], notably by Rome et al.

[18,23]. It has been shown that the effect of the loss region is a

minimum for tangential injection and a maximum for perpendicular injec-

tion. In particular, for experimental tokamaks where the injection

energy is low (230 keV) and the di.scharge currents are of the order of

100-200 kA, co-injection (i.e., injection parallel to the direction of

the plasma current) is more advantageous than counter-injection (see



Figure 2) because it yields more orbits that remain confined to the

plasma. However, the difference between co- and counter-injection is

much less serious for a reactor-grade plasma because the poloidal

gyroradius, which is of the order of the banana width, becomes small

compared to the minor radius of the plasma. Quoting Jassby [13], a rule

of thumb is that the fast ion confinement is adequate, even for counter-

injection, when

Ip (kA) > 300 p 3 o j , . (8)

where I is the discharge current. However, there is an additional
P

consideration in the selection of injection geometry that pertains to

the phenomenon of plasma rotation [25]. Since the neutral beam ions

carry momentum as well as energy, unbalanced injection should impart a

net momentum to the plasma, resulting in its toroidal rotation. To

avoid possibly undesirable instabilities associated with a spinning

plasma., simultaneous injection in both parallel and antiparallel direc-

tions may be preferred. On the other hand, as will be discussed later,

beams may be used to drive a plasma current, in which event unidirec-

tional injection is required.

When the magnetic field is nonaxisymmetric, as is generally the

case due to the finite number of toroidal field coils, some particles

can become trapped in the resulting local mirror fields and drift out of

the system. The loss regions due to such nonaxisymmetric effects are

generally confined to the outer regions of the plasma where the ripple

is greatest [26] and are particularly important at ripple levels exceed-

ing about ±1% [27].
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C. Beam Icri Thermalization

The energetic ions that are confined in stable orbits bounded by

the discharge plasma transfer their energy by Coulomb collisions with

the plasma particles. Barring charge exchange and subsequent loss from

the plasma as neutrals or large orbit excursions out of the plasma, the

beam ions continue to lose energy to the electrons and ions in the

plasma until they reach the ambient ion temperature — that is, until

they are thermalized. The average time T for slowing injected ions of

energy E, down to thermal energy is given by [24,28]

"s . I. l~h
Tth

with

T = 6.27 x 108 — - (10)

«g»e *
a A

and

E, - 1.2 — 7 2_ (kT ) , (11)
m|/3ml/3 e

where A, , Z, , and m, are the atomic number, charge number, and mass of
D b o

the injected ion; m. and m are the masses of the plasma ion and electron;

n is the electron density (cm"3); and kT is the electron temperature

(eV). The quantity 2n A is the Coulomb logarithm [29], which for a

thermonuclear plasma is approximately equal to 20. The T term is known
s



11

as the Spitzer slowing-down time for electrons, while E is the critical

energy at which the energy transfer rates to the ions and elections are

equal. At beam energies above E , more of the injected energy is trans-

ferred to the electrons, while at lower energies, transfer to the plasma

ions is more efficient. For proton injection into a hydrogen plasma,

E • 14.8kT ; for deuteron injection into hydrogen, E =• 29.6kT ; and

for deuteron injection into tritium, E = 14.3kT . Because of the

difference in ion and electron heating rates, it is possible for the ion

temperature to differ from the electron temperature. Nevertheless, if

the difference is not too large, the ion temperature will come into

equilibrium with the electron temperature in a characteristic time, T ,

which for a tritium plasma is given by [28]

(kT )
a 1.6 x 107 S (S) , (12)

where kT is in eV and the ion density n. is in cm"3.

D. Beam Power Deposition Profile

Axial peaking of the beam power deposition profile is desirable for

efficient heating of the plasma because it takes longer for heat deposited

in the center to escape. The ratio of the penetration length to the

plasma radius determines the power deposition profile. In practice the

beam is not monoenergetic, and the half and third energy components of

the beam are deposited in the peripheral region of the plasma.. The beam

particles ionized in these regions are more susceptible to loss by

charge exchange and neoclassical diffusion. The subject has been
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treated by Rome et al. [18] in the case of ORMAK injection. Calculation

of the profiles, taking into account the effects of noncircular plasmas,

magnetic field ripple, injection angle, multicomponent beams, and radial

distribution of the plasma density, can be done using sophisticated

numerical methods [30]. Figure 3 shows the effects of beam energy and

particle species on the power deposition profile for one lobe of the

D-III plasma [1]. The importance of improved atomic species is clearly

illustrated. The figure also shows that when the injection energy is

lou and the species mix is poor, the power deposition profile exhibits

an undesirable peaking at the outer edges of the plasma. Figure 4 shows

that for a given beam energy, the allowable density window for good

deposition profiles is quite narrow. If the density is too low the beam

goes through the plasma and hits the far wall, while if it is too high

the beam will not reach the axis of the plasma.

E. Neutral Beam Powev Input

The gross energy confinement time, T^, is defined as

loss

where W is the sum of the electron and ion energy (W and W , respectively)

in the plasma and P. is the total power loss from the plasma. I?

steady state exists,

Pin " Ploss •
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where P. is the amount of power input to the plasma. There are several

mechanisms that contribute to the various loss processes. We have seen

that some of the injected energy could be lost by orbit losses. Charge-

exchange losses could be important if the neutral density at the plasma

edge is high. Impurities are responsible for a third kind of loss

channel. Apart from their role in reducing the effective beam pene-

tration, impurities contribute to enhanced radiation losses from the

plasma; the most severe loss arises from the ultraviolet line transitions

of bound states. Heavy impurities are particularly deleterious because

they tend to retain some bound electrons even at plasma temperatures of

several keV and radiate energy profusely from the plasma core. In

principle, the above losses can be kept within acceptable limits. Thus

in a well-conceived device, the dominating loss would be the transport

loss (i.e., energy loss from the hot central core of the plasma by

electronic and ionic heat conduction, diffusion, and mass flow). If P

and P. denote the power input to the electrons and ions directly from

the beam, the energy confinement times for electrons, t.. , and ions,

!„., are defined by [3]

W
TEe • P u + P

6 - P . ( 1 5 )

oh e ei

and

Wi

ei
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where F u represents the ohmic heating power and P . is the heat trans-

fer from electrons to ions. Expressed in terms of energy per unit

volume,

and

Wi " n< I k Ti ' (3L8)

and for n = n. and T - T±,

W = W + W. =• 3kT.n . (19)
e i i e

The power input per unit volume jf tae plasma is then given by

(20)

The T., factor may be expressed in terms of n and the device parameters

using appropriate scaling laws [31-35], and the total input power is

obtained by multiplying P. by the plasma volume. It may be noted that

these simple zero-dimensional considerations must be improved upon for

practical applications.

Injection pulse lengths in present-day experiments are in the

100-500-ms range, consistent with the tokamak discharge pulse lengths.

As the machines get larger and the confinement times improve, longer

pulse lengths are required. The maximum pulse length for fusion reactors

is decided by the type of reactor design. For example, in an "ignited"
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»yt reactor based on the tokamak concept, the maximum injection pulse length

need only be about 5 or 10 s, because the injection can be stopped once

the ignition is attained and the reaction is maintained by the energy of

the alpha particles produced in the plasma. On the other hand, the

"driven" reactor relies on the neutral beam for igniting and maintaining

the reaction. A driven reactor has an important advantage — the fast

deutercas from the injected beau can interact with the tritium nuclei in

the plasma with a reaction cross section much larger than that for the

D--T reaction in a Maxwellian plasma maintained by the alpha energy in an

ignited reactor [13]. However, high power, high energy neutral beams

with dc capability are required for such reactors.

F. Neutral Injection Experiments

The early injection experiments have been performed with injection

power comparable to or less than the ohmic heating power. Significant

ion heating has been observed in ATC [36], OEMAK [37], and CLEO [38],

with injected powers of 40-80 kW at beam energies of up to 30 keV. In

the mid-70s, T. had been doubled in experiments on the ATC [39], ORMAK

[7], and TFR [8], with neutral powers in the range of 200-500 kW. Since

then, neutral injection experiments extending into megawatt range have

been carried out on a variety of fusion devices, and larger scale

injection experiments are planned for several upcoming machines.

The PLT injection experiments [10,40] have been designed to examine

the plasma confinement properties in a low collisionality regime charac-

terized by high temperature and low density. A tokamak fusion reactor

( plasma would be essentially collisionless, and trapped particle modes [41]
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have been predicted to produce enhanced energy transport in such a

regime. Extensive ion and electron transport studies have been con-

ducted in FLT [10,40], whir.h was equipped with four neutral injectors,

each capable of injecting r.early a megawatt of neutral power into the

plasma. The injectors have been arranged to provide a balanced injection

two injectors in t'.ie co-direction and the ot'ier two in the couater-

direction. Figure S (from reference [42]) shows the ion temperature

rise in a 3-D view when 2.4 MW of deuterium was injected into a hydrogen

plasma with central density of about 5 x 1013 cm"3. This injected power

is about a factor of 4 greater than the ohmic heating power without

injection. The injection has resulted in a peak ion temperature of

6.5 keV and a peak electron temperature of about 4 keV. When plotted

against beam power normalized to the line-averaged plasma density, the

ion temperature rise is found to be linear [10] (Figure 6). Even in the

low collisionality regime characterized by the higher temperature, no

adverse effects on plasma confinement were observed, though this regime

exhibited strong density fluctuations. The results were in good agree-

ment with code calculations that took into account the various loss

mechanisms. Electron heating was found to be very sensitive to the

choice of the limiter material and to wall conditioning. Strong electron

heating could be observed only by reducing high-Z radiation by using

water-cooled, large area carbon limiters with extensive titanium getter-

ing. Impurity radiation was found to increase dramatically with counter-

injection, consistent with the higher orbit losses in that mode. Recent

results from FLT [43] show that, with about 3 MW of injection power at a

density of 1.5 x 1013 cm"3, the ion temperature has been raised to
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\ 7.1 keV, the highest temperature obtained in any tokamak so far. Using

unbalanced injection, plasma rotation associated with momentum transfer

has been measured. No detrimental effects have been observed even at

the highest observed plasma rotation velocities of about 107 em's"1.

However, this is still a fraction of the sound speed, which is the

lowest speed at which deleterious effects might be expected. Injection

experiments with a single simulated shallow ripple well of 2.5% had no

significant effect on the ion heating rate, in contradiction to the

ripple theories [44,45].

Neutral injection experiments in the ISX-B tokamak [46] have been

directed at exploring the high beta ($) regime. The quantity 6, which

is defined as the ratio of the outward kinetic pressure exerted by the

plasma to the inward pressure exerted by the confining magnetic field,

is a parameter of great engineering significance in fusion devices. It

is a measure of toroidal field utilization, and the burn rate in a

tokamak reactor is predicted to scale in proportion to 62. Co-injection

using two beam lines, capable of delivering about 3 MW of total neutral

power, was used to raise the 6 value and to determine if there is any

fundamental limit in $ value as predicted by theory. Figure 7 shows the

results [46] when the injection power is plotted against the rms beta,

$*, defined as

87r

BT

where p is the plasma pressure and BT is the toroidal field. In this

range the central ion temperature was found to increase linearly with
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beam power normalized to density at a rate of 3.5 x 10"13 keV«cm3/MW,

roughly the same as that observed in PLT. More recently the injected

power has been increased to 2.4 MW with 8* values attaining about 4%,

significantly exceeding the theoretically predicted limits (S2.5%) [47].

At higher powers (>1.8 MW), there appears to be a saturation effect in

&*, accompanied by a decrease in energy confinement time [4J]. Further

experiments with injection powers of up to 3 MW are expected to clarify

this. In a separate experiment [49], the toroidal field ripple was

deliberately enhanced by reducing the number of toroidal coils from 18

to 9. Neutral injection into this new configuration showed almost a

factor of 2 reduction in heating rate, due to ripple losses.

Neutral injection has also found applications in mirror machines

[50,51], In the mid-70s, using 12 injectors, an equivalent neutral

current of about 260 A was injected at 15-19 keV into the 2XIIB device

[52,53]. More recently, a total power of 7 MW was injected in the 2XIIB

field reversal experiment [54]. Neutral injection has also been applied

successfully [55] to the endplugs of TMX to establish an electrostatic

potential barrier that impedes the loss of center cell ions. The

center cell plasma confinement was increased by a factor of 9.

Results of neutral injection experiments have also been reported

from elsewhere in the world. Up to 1.1 MW of neutral beam power at

25 keV has been injected into the DITE (U.K.) tokamak [56,57]. Recent

experiments have been devoted to the investigation of density limits at

which plasma disruption occurs and to measure the beam-driven currents

[58,59] induced by the fast ions circulating in a toroidal plasma. The

beam-driven current arises from the current of fast-circulating ions
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produced by neutral injection [1]. The fast ions collide with the

plasma electrons, and the resulting electron motion constitutes an

opposing current. The net beam-driven current is not induced by the

transformer and so, in principle, can be continuous. The possibility of

using beam-driven currents to allow continuous operation of a tokamak

reactor-was first proposed by Ohicawa [60]. In the DITE experiment,

unidirectional injection has produced beam-driven currents of up to

40 kA, which is about 40% of the total plasm?, current [57]. Neutral

injection of about 1 MW has also increased the density limits by about

a factor of 2. In T-ll (U.S.S.R.) [61] and in JFT-II (Japan) [62],

neutral injection was used to explore the high $ limits. Injection of

600 kW of H beam into D plasma has produced 0* values of about 2.5% in

T-ll [61]. Beam-driven currents of up to 40 kA and plasma rotation

velocities up to 107 cm/s have also been reported. In JFT-II, with two

beam lines and two sources on each beam line, neutral powers in the

0.8-1.2-MW range have been injected into the tokamak. The average 0

values have been boosted to 2.6-3% with no adverse effects on confinement

[62]. An uprated version of an earlier injection system was used to

inject up to 150 kW into the CLEO (U.K.) stellarator plasma [63]. The

injection has resulted in doubling of the electron and ion temperature

to 300 eV. In TFR-600 (France) [64,65] injection of about 650 kW into a

dense (1.2 x 10 1 4 cm~^) plasma has resulted in an ion temperature rise

of 800 eV. The injectors consist of two beam lines with five ion sources

on each beam line. The injection geometry is near perpendicular (75°

from Che co-direction). At higher powers (>1 MW), the TFR group has

reported some loss in energy confinement time with injection. In JIPP T-II
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(Japan), which is a hybrid device of stellarator and tokamak, two

injectors, one each in the co- and counter-direction, have been used to

study the heating efficiencies [66]. Bulk ion heating rates of 1.6 eV/kW

in the case of the stellarator and 1.9 eV/kW for the tokamak have been

reported for the co-injection. For counter-injection, however, the

heating rate was 1.6 eV/kW for both the tokamak and the stellarator.

The difference in heating rates between the stellarator and the tokamak

is attributed to enhanced orbit losses due to the helical ripple in the

sf.ellarator. In the Wendelstein VII-A stellarator (West Germany), about

1 MW of injected power has increased the ion temperature to about 750 eV,

with most of the energy going to heat the ions [67]. Injection geometry

is near perpendicular (84° from the co-direction), and about 30% orbit

losses have been estimated.

The PDX tokamak at Princeton is equipped with four injectors

capable of delivering up to 6 MW of 0.5-s pulses at 50 keV to the

plasma. Injection has just begun at about half the power level with

full power injection scheduled to begin during early 1981.

Preparations are under way for a number of experiments with injec-

tion powers in the multimegawatt range and beam pulse lengths extending

co several seconds (Table I). The table also includes the injection

parameters that have been calculated by an international group for a

conceptual fusion reactor, INTOR [17].

In summary, the results of high power neutral injection experiments

have been most encouraging. The injection power levels have reached

several times the ohmic heating power in manytokamaks. The behavior of

the injected particles is in general agreement with the theory. Side
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\i effects anticipated with high power neutral injection such as beam-

driven currents, plasma rotation, and density fluctuations in the low

collisionality regime have been observed. The experiments, while

evolving in the direction of a reactor-grade plasma, have so far not

revealed any serious limitation to the technique of neutral injection

heating. Thus, neutral injection heating appears to be amenable to

extrapolation into the reactor regime.

III. TECHNOLOGY OF NEUTRAL BEAM PRODUCTION

We have seen that the power required for the neutral beam heating

of present-day fusion devices is in the megawatt range, with beam energy

in the 30-50-keV range. For the experiments planned during the next few

years, shown in Table I, the beam energy, power, and pulse lengths are

all significantly higher. For a reactor-grade plasma, injection powers

of about 50-100 MW at beam energies of 150-200 keV and pulse lengths of

several seconds are presently being envisioned [17].

Neutral beams are formed by neutralizing energetic ion beams by

passing them through a neutralizer cell. The neutralization efficiency

is a function of beam energy as shown in Figure 8. For positive ion

beams, the cross section for electron attachment falls rapidly when the

relative speed of encounter is greater than about 2 x 108 curs"1.

However, for negative ion beams the stripping cross section is much

higher with weak energy dependence. Thus, negative-ion-based neutral

injection systems have an inherent advantage. Unfortunately this

advantage has not been exploited in any of the neutral injectors used so

f fax because the technology of producing significant currents of negative
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ion beams is still in its infancy. On the other hand, the development

of positive ion sources has been phenomenal over the last decade [68],

with the result that all the neutral injection systems that are presently

operating and those that are being built are based on positive ion

sources. In our treatment of injection systems, we shall therefore

discuss positive-ion-based injectors.

The ion current I. that is necessary to provide an equivalent

neutral current I may be expressed as

where nN is the neutralization e iciency, n is the efficiency of

transmitting the beam along the beam line (expressed as a fraction of

the power drained from the accel supply), and f is the full energy
XL

fraction of the beam, which is primarily responsible for plasma heating.

For applications listed in Table I, nN is typically 0.5 or lower (see

Figure 8), n is about 0.7-0.8, and fE is in the. range of 0.6-0.9. The

required ion current is thus several hundred amperes, approaching 1000 A

in the case of the TFTR injectors. This, coupled with the high accel-

eration voltage and the long pulse lengths shown in Table I, should thus

portray the sheer magnitude of the problem: producing and transporting

reliably and repetitively several gigajoules of concentrated energy in

the form of particles. Because there are definite limitations on the

power and energy that a single ion source can handle, multiple injectors

are often used and, in several designs, multiple ion sources are packed
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in each beam line. We shall now examine the details of the present-day

injection systems.

A. Budimente of a Neutral Injection System

Figure 9 is a schematic of a neutral injection system. The plasma

generator provides a quiescent, uniform, and dense plasma from which the

ions (hydrogen or deuterium) are extracted. The extracted ions, with a

current density of about 0.3 A/cm2, are accelerated to provide a beam of

low angular divergence (<1° e-fold). The beam emanating from the

source, several hundred square centimeters in cross section, is generally

closely coupled to a conductance-limiting duct or neutralizer cell in

which a fraction of the ions is converted into energetic neutrals by

charge exchange with the background gas. The neutral fraction is given

by

C23)

where the subscripts 0 and 1 refer to neutral and charged states; OQI

and O\Q refer to reaction cross sections involving a change of state

from 0 to 1 and 1 to 0, respectively; n is the neutral density; and L is

the length of the gas cell. The dimensions of the neutralizer cell are

selected to provide sufficient line density (I~ aH dl) for near-

equilibrium neutralization; the gas throughput is known from the ion

source. The unneutralized component of the beam is magnetically deflected

to a dump, and the neutrals stream straight into the plasma through a
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drift duct that serves as an interface between the injector and the

plasma device. For a variety of reasons that will be explained later,

the pressure beyond the gas cell exit should be in the 10~5-torc range

or less. The gas efficiency of the source (the ratio of the number of

ions emanating from the source to the number of gas particles introduced

into the source) is typically around 50%, and the gas throughput is

generally several tens of torr*liters/s. Cryocondensation panels with

enormous pumping speeds approaching M.00 kiloliters/s/m2 are employed to

ensure the "clean" vacuum requirement. The measurement of neutral beam

power and the dumping of the unused ion beam are accomplished by the use

of specially designed beam stops capable of dissipating megawatts of

power, with peak power densities in the range of several kilowatts per

square centimeter, for long pulse durations. A complex electrical

system that repetitively switches several megawatts of electrical power

for the long pulse durations is employed to accelerate the beam. Last,

but not least, is an elaborate diagnostic and data-handling system.

B. Ing'eation System Components

1. Plasma Generator

The plasma generator should provide a hydrogen or deuterium plasma

of high density (^1012 cm"3) with combined spatial and temporal variations

of less than ±5% over the several hundred square centimeters of extraction

surface. Other highly desirable properties are the ability to provide a

beam with high atomic species (>8QZ), operation with high gas efficiency

(>50%), long filament lifetime, and high arc efficiency (extracted
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current per unit arc power). Several kinds of plasma generators are

being used in neutral beam applications; all of them are based on

electron impact ionization of the parent gas introduced into the ioni-

zation chamber through controlled constrictions. Chief among them are:

1) the Oak Ridge National Laboratory (ORNL) plasma generator, which has

evolved from the duoPIGatron ion source [69], 2) the magnetic-field-free

source developed at the Lawrence Berkeley Laboratory (LBL), 3) the

periplasmatron source developed at Fontenay-aux-Roses (FAR), and 4) the

MacKinzie bucket or the magnetic multipole source originated at the

University of California (UCLA) [70] and adapted for high power neutral

injection at various laboratories.

The OP.NL duoPIGatron. This source has undergone considerable

development in recent years [71-73], Figure 10(a) shows the version

used in the injectors installed on the PDX device [74]. It consists of

12 oxide-coated filaments carrying 40 A each, an intermediate electrode

lined with soft iron, two anodes, and the target cathode or extraction

electrode. The 40-cm-diam second anode surface is lined with 30 perma-

nent magnet columns to form a multipole line cusped field of ̂ 2 kG peak

value. The source plasma is composed of a cathode plasma in the inter-

mediate electrode and an anode plasma in the second anode chamber. The

cathode plasma supplies the ionizing electrons to the anode region. The

bulk of the ionization occurs at the mouth of the first anode. As they

move towards the extraction surface, the molecular ions are converted

into atomic ions, predominantly by dissociation, thereby enhancing the

atomic species available for extraction [75]. The cusped fields provide

improved confinement for electrons and, since they are concentrated near
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the anode walls only, have negligible influence on the quiescence and

uniformity of the plasma. The FDX source has been operated to deliver

10G A from a 30-cm-diam extraction pattern with 44% grid transparency [74].

The monatomic fraction from this type of source has been measured to be

about 80-85% [75]. A larger source in rectangular configuration (30 x

60-cm anode cross section) is being developed [76] for multisecond

operation.

The LBL field-free source. The source [77] is essentially magnetic

field free and employs an array of tungsten filaments to provide a low

voltage, high current diffuse discharge. The plasma is quite densa

('V-IO12 cm~ 3), uniform (±5%), and quiescent. The plasma source developed

for TFTR injection [77] [Figure 10(b)] is designed to illuminate a

10 x 40 cm extraction area. It employs 204 hairpin filaments, 0.5 mm in

diameter, each carrying a dc heating current of 24 A. The anodes are

located opposite the extraction surface, and gas enters through the

center of the anodes. Arc voltages in the neighborhood of 50 V and arc

currents of around 1:000 A are typical for extraction current densities

with deuterium of about 0.27 A/cm2. The monatomic fraction emanating

from the source has been measured to be about 65£ with gas efficiencies

of about 50% [78].

The periplasmatron source. The original periplasmatron [79] has

undergone several modifications [80], and the new rectangular version [81]

(40 x 18 cm) developed for the JET injection program is shown in

Figure 10(c). The filaments are located conveniently at the periphery

of the chamber, which allows the use of a large number of filaments.

Such a disposition also makes them free from bombardment by the electrons
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.'.̂  backstreamlng from the accelerator. The ionizing electrons are guided

into the discharge by magnetic fields, and the electrode shapes are

chosen to optimize the plasma uniformity. Cusped magnetic fields are

used to improve the electron confinement. The plasma uniformity in the

entire extraction area (18 x 40 cm) has been measured to be within ±6%.

The atomic species has been found to be about 70% with hydrogen and 80%

with deuterium.

The magnetic multipole source. This source has been investigated

for neutral beam applications at several laboratories [82-85]. It has

been adapted for application in BITE, and developments are in progress

for possible use in JET. The DITE source [Figure 10(d)] [86] consists

essentially of a rectangular box vith rows of permanent magnets pro-

viding a cusped field confinement. The main volume of the discharge is

practically field free, and a uniform (±5%) and dense (^1012 cm"3)

plasma has been obtained. The tungsten cathodes are mounted on the side

walls. High atomic species (>80%) has been reported [87] from this

source at low (4 mtorr) gas pressure in the discharge chamber.

2. The Accelerator

The ions are extracted from the plasma and accelerated to the

desired energy electrostatically. The large amounts of extracted

current' from the source (slOO A) necessarily imply the use of multiple

apertures to form the beam. The several kilojoules of energy and the

many meters of beam transport distance involved impose special require-

ments on the accelerator design. Current densities of about 0.3 A*cm"2

f and beam divergence angles of less than a degree are expected out of

the beamlet.
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The simplest accelerator is a three-grid, accel-decel arrangement

shown in Figure 11(a). The small decel voltage (1-2 kV), applied across

the second gap, prevents electrons born in the neutralizer from stream-

ing towards the plasma generator and hindering the operation. The

saturated ion current density that can be e racted from the plasma is

given by [88]

(24)

where n. is the plasma density, e is the electronic charge, k is

Boltzmann's constant, T is the electron temperature in the plasma, and

m. is the mass of the extracted ion. The extracted current I at an

accel voltage V obeys the three-halves power law [89,90], i.e.,

L - ] fl (25)

for cylindrical apertures, and

10-8 | ^ V / 2 - ^ f2 ( 2 6 )

\A) |

for thin long slots. In equations 25 and 26, d .̂  is the effective

accel-plasma boundary distance, r is the radius of the aperture, Z and A

are the charge and atomic numbers of the extracted ion, s is the area of

the slot, and fj and f% are geometry-related factors arising from such

effects as finite thickness of the grids, aperture dimensions comparable

to the acceleration gap, and curvature of the emitting plasma boundary.
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For small apertures with infinitesimally thin grids, the constants fj

and £2 tend to be unity. The quantity I/V^'2 is called the perveance,

while (I/V3/2)(A/Z)1/2 is often called the proton equivalent perveance.

The shape of the emitting boundary will adjust itself so that the ion

extraction rate at a given voltage is equal to the supply rate from the

plasma. The initial ion trajectories are decided by the position of the

sheath as well as the distribution of the electric field lines near the

sheath. In other words, the beamlet divergence at a given voltage for a

given accelerator geometry is strictly decided by the sheath position.

The perveance at which the divergence is a minimum is defined as the

optimum perveance. The divergence at optimum perveance and the current

density at optimum perveance are important quantities concerning the

accelerator. The current density per unit solid angle of beam diver-

gence is defined as the brightness of the beam and is a figure of merit

in evaluating the ion optical characteristics of an ion source.

An ion source plasma usually contains a mixture of ions. However,

the sheath will necessarily be singular because there can only be a

unique configuration of electric field in the extraction regions. For

singly charged ions, assuming thermal equilibration among the species,

the perveance in equations 25 and 26 will be determined by an "equivalent"

atomic number, A f_, given by [91]

1 1 n

— = — 2A • (27)

eff nt j Aj

where n. represents the density of ions with atomic number A., and n is

the total ion density.
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J|: The accelerator geometry in general and the electrode separation in

particular determine d .. [see Figure 11(a)]. The maximum current

density at a given accel voltage corresponds to operation at minimum

electrode separation, d, which is limited by voltage hold-off consid-

erations. The breakdown voltage, Vg, of a vacuum gap does not increase

linearly but follows a relationship of the form

Vn « d
2/3 . (28)

o

for voltages beyond about 60 kV. Taking this into account, it follows

from equations 25 and 26 that the maximum current density of a three-

grid accelerator decreases considerably at higher voltages. A four-grid

or two-stage accelerator [92-94] [Figure ll(b)] is favored at voltages

beyond about 80 kV, where the total voltage is distributed into two gaps

with the first gap primarily serving the extraction function. The two-

stage accelerator also provides superior beam optics compared to the

single-stage accelerator [95].

Straight cylindrical apertures like the one shown in Figure 11 (a)

produce beams of poor optical quality with considerable lossy wings due

to electrode aberrations [90]. Simple slots also suffer from the same

disadvantage. In spite of this, accelerators employing straight

cylindrical apertures have been used in several injection systems

because of their simplicity in fabrication as well as the high grid

transparency they provide. A prime example is the first batch of PLT

injectors [96], which employed 1799 3.8-mm-diam straight cylindrical

apertures on a 2-mm-thick copper grid with a 22-cm-diam active grid

pattern. The grids were curved to focus the beamlets into the plasma
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(J located 4.1 m downstream. The accelerator exhibited poor power trans-

mission efficiency (41% in a 3 x 10~3-sr target) with 2-3% heat loadings

on the first (beam-forming) and last grids. However, the sources have

been used with great success [10,40] because of the relatively short

pulse duration (<200 sis) and active water cooling of the grids. Signifi-

cant improvement in transmission efficiency was obtained using counter-

bore apertures in ISX-B injectors [97]. The power transmission efficiency

was raised to about 60% in a 3.7 x 10~3-sr target, although the shaping

of the apertures reduced the grid transparency to 37%. Further improve-

ment in accelerator performance with circular apertures came as a result

of the development work done for PDX injectors [98].

Most known methods of shaping the apertures to reduce the beam

divergence rely on reducing the aberration following the lines of

Fierce [91], resulting in aperture shapes with highly slanted edges and

sharp corners. Such shaping suffers from several disadvantages in the

context of high power beam extraction: 1) the grid transparency is

reduced, 2) sensitivity to plasma noise and density variations is

increased, 3) fabrication problems are further complicated, and 4) dimen-

sional stability in the high power environment is made questionable.

Numerical methods [99] have shown [100] that by simply notching the

apertures as shown in Figure 12, the ions that are emitted from the

sbeath are excluded from the aberrated region, resulting in superior

optics with little sacrifice in grid transparency. Experiments have

substantiated this finding [98] and the beamlets using notched apertures

were found to have substantially fewer non-Gaussian wings [101]. The PDX

ion source [74] employs 1981 notched apertures on the beam-forming grid
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and straight bore apertures on the remaining grids. The apertures are.

drilled on 2-mm-thick OFHC copper in a 30-cm-diam extraction pattern

with water cooling tubes embedded between every two rows of apertures.

The grids are curved to focus the beamlets 4.5 m downstream. Thermal

expansion, heat transfer, and voltage hold-off properties decide the

selection of the grid material. Although molybdenum is superior in this

regard, copper was chosen because it is a good compromise between cost

and performance.

The emphasis on the above accelerators has been on improving the

beam brightness; relatively little attention has been paid to reducing

the heat loadings on the grids. Since the pulse lengths are relatively

small (<500 ms), grid loadings posed no serious problem because the grid

design, employing active water cooling, could tolerate high loadings

(̂ 100 W/cm2) and yet pern.it high duty cycle (1-2%) operation. However,

' the upcoming injection experiments involve multisecond pulse lengths at

increased beam powers, and heat loading on grids has emerged as an

important consideration. Detailed studies have been conducted [102] to

identify the relative importance of aberration, charge exchange and

ionization in the accel column, and secondary electron emission from the

electron suppressor grid by the impact of positive ions from the neu-

tralizer plasma on heat loadings of individual grids. Secondary particle

trajectories are being examined numerically to arrive at a geometry that

minimizes the grid loadings [103,104].

Accelerators employing pseudo-Pierce extraction apertures with

circular cross section have been developed [105,106] for application in

JET injectors. The Culham version utilizes two-stage acceleration with
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large (1.4-cm-diam) apertures [107] to increase the grid transparency

and maintain high beam brightness. The FAR group employs 1-cm-diam

apertures in a three-grid configuration [106]. Accelerators using

shaped apertures 4 mm in diameter are being evaluated [108,109] in

connection with the long pulse (10 s) JT-60 injector development. In

these injectors, focusing of the individual beamlets is carried out by

an aperture displacement technique [110] in which the deflection of

individual beamlets is determined by the lateral displacement between

the apertures [111-114].

Apertures with slot geometry have also been utilized in neutral

beam injectors. Slots have the inherent advantage of providing high

grid transparency (60% is typical). A prominent example is the TFXR

injector grid [115] that employs carefully shaped molybdenum rails in a

10 x 40-cm extraction pattern. The cross section of the rails, shown in

Figure 13, has been optimized [116] to minimize the beamlet divergence

as well as grid loadings. The beamlet divergence in the direction

perpendicular to the slots (G, ) is always higher than that in the

parallel direction (0., ). In the case of the TFTR ion source, 6'^ = 1.1°

and a, = 0.6° have been measured [117]. Even with carefully shaped

rails, aberrations will be present at the slot ends, and a special slot

end design has been proposed to alleviate this drawback [118]. Ion

sources have been developed using multiple-slot accelerators in a two-

stage configuration for D-III and TFTR injection. Ion beams of 80 A at

80 kV for a 450-ms pulse length and 60 A at 120 kV for 500 ms have been

extracted "[117]. The grid design utilizes free expansion of the rail

ends to avoid grid deformation during extractions [115]. The lack of
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J water cooling on individual grids results in a low duty cycle. However,

water-cooled grids are being developed [119] and tested [120] for

improving the duty cycle as well as for lengthening pulse duration.

3. Beam Transport System

The beam transport system should satisfy the following require-

ments: 1) convert the energetic ion beam to energetic neutrals, 2) pre-

vent the unneutralized ions from flowing towards the tokamak, and 3) act

as an interface between the injector and the tokamak, ensuring as little

perturbation as possible to the tokamak operation. In addition, the

design should be such as to maximize the power that can be transmitted

to the machine. In general, the design involves many compromises, and

the PDX beam line is illustrated as an example. Figure 14 shows an

exploded view of the beam line designed to deliver about 1.5 MW of

hydrogen neutrals through a 30 x 34-cm torus aperture located 4.5 m

downstream from a 50-kV, 100-A, 0.5-s ion source with a 30-cm-diam grid

pattern. The grids are curved to focus the beamlets to the torus

aperture. The source is equipped with a gimbal mechanism for precise

alignment of the beam and is shielded from the tokamak magnetic field by

a soft iron skirt. The neutralizer is closely coupled to the source to

minimize gas throughput and space charge blowup, and the dimensions of

the neutralizer are selected to provide about 95% equilibrium neutrali-

zation. Although a reduced density and increased length are favored for

minimizing grid loading [102], the reverse is true from the point of

view of increasing the transmission efficiency. The selection of a

1.4-m-long neutralizer cell with provision to introduce additional gas
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into Che cell is thus a compromise. The pressure beyond Che gas cell

should be in the 10~^-torr range or less to minimize reionization

losses [121,122] and to satisfy the tokamak operational requirements.

The vacuum should also be "clean" to satisfy the stringent requirements

on plasma purity in the tokamak. The gas throughput and the vacuum

requirement necessitate pumping speeds of several hundred thousand

liters/s in the region beyond the gas cell exit. Liquid-helium-cooled

cryocondensation panels with approximately 4 m2 of pumping surface are

used to provide a pumping speed of about 300,000 liters/s. The cryo-

pumps also satisfy the clean vacuum requirement. Immediately following

the neutralizer is an electromagnet that deflects the unneutralized beam

onto a water-cooled ion dump. The water-cooled dump surfaces are kept

at a grazing angle to the beam to reduce the power density. The neutral

beam now enters a drift chamber through a defining aperture that scrapes

off the wings of the beam. The defining aperture size can be varied in

the range of 15 x 15 cm to 30 x 30 cm. The drift chamber is designed to

avoid beam impingement problems [123] and to maintain a pressure of less

than 3 x 10~5 torr to minimize reionizatioi?. losses. A small cryopump

(2*100,000 liters/s) is located inside the drift chamber to reduce the

background pressure. The chamber also contains a retractable calorimeter,

V-shaped to reduce the power density, for measuring power as well as

allowing high duty cycle conditioning. When the calorimeter is retracted,

the beam passes through a second defining aperture, the size of which

corresponds to the PDX machine opening (30 x 34 cm). An inertial target

is provided at the test stand to monitor the power that flows through
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the 30 x 34-cm aperture. A typical power flow diagram for one of the

FDX sources is shown in Figure 15.

While the basic philosophy in the design of the beam transport

system components is illustrated in the above example, several variations

can be found to suit particular applications. Examples are the beam

lines designs for ASDEX [124], D-III [125], TFTR [126], and JT-60 [127],

4. Electrical System

The ORNL arrangment is selected as an example. Descriptions of

other systems may be found elsewhere [128,129]. The electrical system

is shown schematically in Figure 16. -he low voltage supplies that

power the plasma source are located on an isolation deck floating at the

accel potential with the prime powe.r brought across this potential via

isolation transformers. The arc supply [130] is capable of delivering

2500 A at 240 V. Signals for monitoring and controlling the arc and the

high voltage modulator are transmitted across the accel potential

through an optical interface [131]. At one end a voltage-to-frequency

converter and a LED convert the desired signal to a frequency-modulated

light signal; at the other end a photo transistor and a frequency-to-

voltage converter reconstruct the original signal. The high voltage

power supplies are of modular construction (Figure 17), capable of

providing 168 kV, 50 A, and 20 s in series mode and 84 kV, 100 A, and

20 s in parallel mode. A high speed, high voltage switch or modulator

[132] is installed between the accel supply and the beam-forming grid

for pulse formation and protection of the source during high voltage

breakdown. The capacity of the modulator has recently been upgraded to



37

100 A at 200 kV for pulse lengths extending to dc. The computer-assisted

data acquisition system enables monitoring of all the source parameters

as well as power flow along the beam line measured calorimetrically by

sensing the change in cooling water temperature and the flow through all

the components that are subjected to power dissipation. Although the

control is presently manual, the arrangement is easily adaptable for

complete computer control of the beam line operation.

The normal sequence of operation consists of establishing the decel

and accel potentials first and then striking the arc for the desired

duration, there, forming the beam. The accel voltage pulse duration is

selected to match the arc duration. A fresh source has to be brought to

full parameters gradually — a process known as "conditioning." During

this conditioning mode, numerous faults jccur in the plasma generator

and the accel column. The modulator i-\ used to isolate the accel supply

from the ion source while a separate circuit isolates the arc supply.

A crucial element in the electrical system is the modulator switch

tube, which, in the upcoming experiments, should switch currents in the

neighborhood of 100 A at voltages in the 100-200-kV range for multi-

second pulse lengths. So far no single tube is available that simul-

taneously satisfies all of the above requirements, the limitation being

primarily one of anode dissipation on the vacuum tube. However, tubes

have been operated quite satisfactorily in recent years in series-

parallel combinations [133]. Moreover, considerable progress has been

made lately in the development of high power switch tubes [134,135].

Single tubes are presently available with plate dissipation ratings of

1-2 MW continuous, with maximum voltage ratings in the 120-150-kV range
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and load currents in the 50-90-A range. These tubes, when arranged in

series-parallel combinations with appropriate compensation networks,

should be able to meet the presently envisioned injection requirements

[133]. Nevertheless, it is desirable from the point of view of system

reliability to reduce the number of component tubes in a single modulator.

C. Present Status and Development Trends

Neutral injectors capable of delivering several megawatts of power

at energies up to 120 keV and pulse lengths up to 0.5 s have been

developed [68]. The extracted current densities in these iujectors are

about 0.3 A/cm2. The present emphasis is on extending the pulse lengths.

Multisecond beam pulses at energies up to 100 keV have been extracted at

lower current densities. In the following we shall briefly describe the

state of the art in specific areas.

1. Plasma- Generators

Large volume plasma generators that illuminate several hundred

square centimeters of extraction surface uniformly with adequate plasma

density have been developed in several laboratories [76,77,81]. Rect-

angular geometry is adopted to match the rectangular grids that provide

shorter cooling paths. The primary limitation in adapting these to

multisecond pulse operation is the cathode. The arc current, of the

order of kiloamperes, has to complete through the filaments. The lifetime

and the characteristics of the filaments are adversely affected when the

pulse length exceeds the thermal time constant of the filament.
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Increasing the number of filaments so that the arc current is only a

small fraction of the heating current is not an attractive solution in

most configurations. Feedback control that utilizes the arc current

itself to heat the tungsten filaments once the arc is struck appears

promising in view of the lower time constant of these filaments. Other

approaches involve the use of indirectly heated cathodes. Several ideas

are being pursued, and multisecond pulse lengths have been obtained

[136,137] with LaBe hollow cathodes [138] as well as indirectly heated

cathodes made of molybdenum doped with lanthanum oxide [137]. These

cathodes have not yet provided the desired current density, and they

exhibit high failure rate. Another area of interest in plasma generator

development is the enhancement of atomic species. The atomic species

emanating from different types of sources show considerable variation.

So far, Che highest atomic yield has been obtained from the ORNL

duoPIGatron sources (80-85%) [74,75,97]. Results from bucket sources

approach this, while the yield from magnetic-field-free sources has

generally been less than 70% [139]. Experimental results show that the

atomic yield increases with plasma volume [85], but the curve also shows

a saturation at plasma volumes corresponding to the current size sources.

Predissociation has produced improvement in smaller sources [140] but

has not yet been tried on bigger sources.

2. Aaaelevatovs

Considerable improvement in accelerator design has been attained in

recent years [141]. The beam divergence has been brought to about 0.5°

using shaped beam-forming electrodes [120,137]. A great deal of
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understanding has emerged on the factors affecting the grid loadings

[102,108,142]. A sophisticated 3-D ion optics code has been developed

[143] to optimize various accelerator configurations. Total grid

dissipation in an optimized four-grid accelerator structure developed at

LBL has been measured to be 1.1% of the input power [120]. Accelerators

have also been subjected to long pulse (5-10 s) operation at several

laboratories [108,120,137] with no deterioration in beam optics, although

the current densities were a factor of 2 below the desired levels.

Detailed studies have been conducted on improving the structural

integrity, cooling efficiency, and overall transparency of the grids

[144]. The problem caused when electrons produced at the suppressor

grid stream back towards the plasma generator is estimated to be quite

serious at higher voltages [145]. In one design, termed Lambdatron [145],

an elaborate heat dump has been incorporated in the plasma generator to

handle this power. Vacuum-tight, neutron-resistant ceramic insulating

structures to support the accelerator assembly are being developed [146].

3. Neutralize?

The neutralizer design eifort has been quite straightforward —

selecting the dimensions and the gas feed to provide sufficient line

density for near-equilibrium neutralization. The equilibrium line

density increases with beam energy [147]. Introducing certain other

gases in the neutralizer provides equilibrium neutralization at reduced

densities but at the expense of contaminating the beam. Neutralizers

employing crossed jets of condensible gases have been proposed [148] but

have not been adapted in any practical systems. Possible complications
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arising from beam plasma interactions [149,150] in the neutralizer have

not been studied in any detail. The effect of the fringing fields of

the device in the neutralizer region has been investigated [151].

4. Separation Magnet

The general practice for removing the unneutralized ions has been

to deflect them magnetically to water-cooled dumps. In certain designs,

180° reflection magnets have been employed, primarily due to space

constraints. The charge exchange and ionization in the pole piece

region produce stray particles with undesirable trajectories [152]. In

long pulse systems it may be necessary to design the magnets to defocus

the beam at the dump in order to relieve the peak power density.

5. Ion Dumps and Calorimeters

Inertial targets, located at a grazing angle with respect to the

beam to reduce the powar density, have been commonly used [153-155].

Active targets using thin-walled copper tubes with spiral inserts to

induce turbulence [156] have been tried successfully in some systems

[157]. Since the peak power density could be several tens of kilowatts

per square centimeter in upcoming experiments, the dump design is

becoming increasingly difficult. Thermal fatigue [158] and surface

depletion by sputtering [159] are important considerations.
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6. Vacuum System

The use of cryocondensation pumps [160] has been quite effective in

meeting the pumping needs of present-day injectors. Extensive Monte

Carlo simulation of neutral particle transport [161] has been carried

out in complex beam line geometries to optimize the vacuum chamber and

cryopanel design. In a reactor environment, however, neutrons and gamma

rays can thermally heat the liquid helium panels with serious conse-

quences [162]. Alternate pumping schemes may be necessary and zirconium-

aluminum getter pumps have been proposed as a solution [163].

7. Other Related Areas

Systematic studies have not been made on factors affecting the

reliability, availability, and maintainability of the injection system.

For a small number of shots (100), the reliability of PDX injectors

operating at full parameters (1.5 MW of neutrals at the target) has been

measured to be about 90-95%. Another area where the available infor-

mation is meager is the impurity content of the beam that is injected

into the plasma. Oxygen impurities of about 2% have been measured in

some beams [164], but this can probably be reduced by proper discharge

cleaning of the source. High-Z impurities from the source components

cannot be ruled out and would present much more serious problems. A

small amount of high-Z impurities and several percentages of water and

hydrocarbons have been reported in a Japanese study [165]. A thorough

study is imperative with regard to the neutron damage of the injector

components operating in a reactor environment. Preliminary analysis
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indicates this to be a serious problem [166], and the ion source appears

to be particularly susceptible because of its direct-line-of-sight

location with respect to the plasma. In principle, the source could be

located away from the line of sight using magnetic deflection, but this

would have serious implications on system efficiency.

D. Reactor-Grade Neutral Injection Systems

The efficiency of a positive-ion-based neutral irjection system

becomes unacceptably low at high energy (>100 keV/nucleon) as a direct

consequence of the drastic fall in neutralization efficiency with energy

(Figure 8). Moreover, the sheer dumping of the unneutralized beam

becomes a formidable problem at these energies. The theoretical ideas

that have been discussed in connection with relieving the injection

energy demands (Section II.A) have not yet been verified experimentally.

Higher energy (200-300 keV) injection systems offer improved penetration

with some flexibility. In view of this situation, there is a clear need .

either to extend the efficient operating range of a positive-ion-based

system or to develop a negative-ion-based injection system. Substantial

improvement in the efficiency of a positive-ion-based injector can be

realized if the energy contained in the unneutralized component of the

beam is recovered. In the case of negative ion systems, neutralization

efficiencies of about 60% can be achieved even at very high energies,

with possibilities of further improvement using plasma targets (80%

efficiency) [167] or photo detachment using lasers (90%) [168]. We shall

briefly outline the status of energy recovery schemes as well as the

development of negative-ion-based injectors.
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1. Energy Recovery

Disposing the energy contained in the unneutralized beam constitutes

a challenging problem in reactor-grade injectors. Recovering this

energy not only eliminates the problem but also improves the system

efficiency. In principle, the method of recovering this energy is quite

simple. The ionic fraction of the accelerated beam emerging from the

neutralizer is decelerated to nearly the same potential as the accel-

eration voltage in a closed loop, so that little net energy is expended

on this component of the beam. In practice, however, the problem is

much more involved. The neutralizer end from which the ion beam is

emerging can also act as a copious source of electrons. These electrons

defeat the purpose by providing a serious drain at the recovery side.

In order to effectively recover the energy, it is necessary to prevent

the electrons from leaving the neutralizer and to prevent electrons from

being born at regions that provide an accelerating field for taem. The

electron suppression has been done by electrostatic and electromagnetic

means [169-171]; the latter has the advantage that it is not limited by

large beam dimensions. The ORNL scheme [171], illustrated in Figure 18,

is particularly attractive because it does not interpose any electrodes

in the direct path of the beam and is readily adaptable to present beam

lines. Preliminary results [172] are quite encouraging and experiments

are in progress with the ultimate idea of incorporating the energy

recovery scheme into full-scale neutral injection systems.
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2. Negative-Ion-Based Injectors

A comprehensive review of the status of negative ion beam formation

till the end of 1980 may be found in reference [173]. Various ideas

have been pursued for the production of negative ion beams. Prominent

among them are: 1) the volume production via several processes leading

eventually to the dissociative attachment of electrons to vibrationally

excited molecules [174], 2) double charge exchange of a D or H ion

beam in an alkali-metal vapor cell [175], and 3) conversion of deuterium

or hydrogen particles (atoms or ions) at a low work function surface

(the converter) into negative ions [176]. Of these three methods, the

surface conversion appears to be the most promising.

Four different configurations based on the surface conversion

technique are being developed for the production of intense beams of

negative ions. Primary particles bombarding the surface at energies up

to a few hundred electron volts may be brought to the surface in the

form of a positive ion beam, or they may diffuse out of a plasma that

exists in the vicinity of the converter. In the LBL multicusp negative

ion source [177], a concave converter, negatively biased to about 300 V

with respect to the plasma, 'attracts positive ions from the surround-

ing hydrogen or deuterium plasma. The negative ions formed at Che

surface are accelerated across the sheath potential and arrive in the

form of a beam at the exit aperture as a result of the geometric

focusing offered by the converter surface. The exit aperture is located

between two magnet columns where the B-field is strong enough to reflect

electrons but weak enough to leave the negative ion trajectories nearly

unperturbed. To date, 0.5 A of negative ions has been extracted from
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the source under dc conditions. A different configuration is employed

in the ORNL negative ion source [178], where a cesium converter is

placed in the second anode region of a duoPIGatron positive ion source.

The electrons are suppressed at the converter by using magnetic fields,

and the negative ions emerging from the converter assembly are extracted.

A third arrangement is found in the BNL negative ion source [179], where

a magnetron-type discharge is created between the converter and the

source body, with the converter serving as the cathode. Considerable

development is being carried out on this type of source [180] since 1 A

has been extracted for short pulse lengths (10 ms). A fourth version

based on surface conversion is the modified Calutron negative ion

source [181], where a plasma is created in proximity to a molybdenum

converter surface covered with cesium. The positive ions from the

plasma are accelerated to the converter surface by using a power supply

that is separate from the one used in the primary discharge. Electron

control is obtained by a transverse magnetic field. A current of 20 mA

(75 mA/cm2) has been extracted for 5-s-long pulses.

There are several difficult problems that need to be solved for

producing negative ions of sufficient magnitude for plasma heating. Gas

efficiencies of present sources are about a factor of 10 lower than

those for positive ion sources. Catastrophic ion loss by electron

detachment would result unless the negative ions are separated from the

neutral gas flux. Maintaining optimal surface coverage of low work

function materials on the converter presents a serious problem for long

pulse lengths. So far, the emphasis has been on understanding the basic
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principles governing the production of negative ions, and many of the

technological problems remain to be solved.

Recently, neutral beams at energies of about 1 MeV/amu formed from

negative ions with masses in the range of 6-20 amu have been proposed

[182,183] for heating as well as for current drive in tokamaks. The

ions Li , 0 , and C have been found to be attractive. A RF linear

accelerator technique, of tne "MEQUALAC" [184] type, has been suggested,

because electrostatic acceleration would be unthinkable at these energies.

IV. CONCLUSIONS

High power neutral injection has been quite effective in heating

the plasma in a wide range of fusion devices. The efficacy of the

technique has been extended in the last couple of years to several times

the ohmic heating power levels in tokamaks. Thus, neutral injection has

emerged as a potential candidate for heating a fusion reactor plasma.

The injection requirements of a fusion reactor are presently envisioned

to be about 50-100 MW of neutral power at beam energies of about 150-200 keV

for pulse lengths of several seconds. Neutral injectors capable of

delivering several megawatts at energies up to 120 keV and pulse lengths

up to 0.5 s have been developed. Multisecond beam pulses have also been

extracted at about 100 keV at lower current densities. The development

of energy recovery and negative-ion-based injectors will have a significant

impact on the system efficiency. While several areas of the technology

need to be improved, the development of reactor-grade neutral injectors

appears to be feasible within a time frame consistent with the develop-

ment of a fusion reactor.
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TABLE I. Neutral Injection Parameters for Some Future Devices
Including Those for INTOR, a Conceptual Reactor

DEVICE

D-III

TEXTOR

TFTR

T-15

JT-60

JET

MFTF

INTOR

BEAM ENERGY (keV)

80

50

120

80

75

80

80

150-200

NEUTRAL INJECTION
POWER (MW)

7
6

20-25

6-9

15

10

75

BEAM PULSE
LENGTH (s)

0.5

3-10

0.5-1.5

1.5

10

5

30

5-10

I



62

FIGURES

Fig. 1. Effective cross section as a function of beam energy

(courtesy: 0. Post, reference [14]).

Fig. 2. Injection arrangements.

Fig. 3. Power deposition profiles for different beam energies and

species compositions plotted against the normalized distance

from the magnetic axis toward the plasma edge in a D-III plasma

with noncircular flux surfaces (courtesy: J. Rome and

R. H. Fowler).

Fig. 4. Power deposition profiles for different densities (courtesy:

J. Rome and R. H. Fowler).

Fig. 5. Ion temperature as a function of pulse length at different

radial distances from the plasma center (courtesy: H. P. Furth,

reference [42]).

Fig. 6. Ion temperature versus beam power normalized to the line-

averaged electron density (courtesy: M. Murakami and H. P.

Eubank, Phys. Today, vol. 32, p. 25, 1979).

Fig. 7. Beta as a function of injection power (courtesy: M. Murakami).

Fig. 8. Neutralization efficiency for different beam energies.

Fig. 9. Functional diagram of a neutral injector.

Fig. 10. Various types of plasma generators: (a) ORNL duoPIGatron,

(b) LBL field-free source (courtesy: K. W. Ehlers, reference

[77]), (c) periplasmatron (courtesy: M. Fumelli, reference

[81]), (d) multipole magnetic bucket (courtesy: T. S. Green,

reference [86]).
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Fig. 11. Basic accelerator configurations: (a) single stage, (b) two

stage.

Fig. 12. Electrode geometry used in FDX injectors.

Fig. 13. Electrode geometry developed for use in TFTR injectors (courtesy:

W. S. Cooper).

Fig. 14. The PDX beam line.

Fig. 15. Power flow along the PDX beam line.

Fig. 16. Schematic of the electrical and control system.

Fig. 17. The high voltage system.

Fig. 18. The energy recovery scheme at ORNL.
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