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NEGATIVE ION NEUTRAL BEAM DEVELOPMENT PLAN 

FOREWORD 

This Negative-Ion~Based Neutral Beam Development Plan delineates the long 
range neutral bean program of the Development and Technology Division of 
Che Office of Fusion Energy (OFE). The plan addresses both tokamak and 
mirror needs, and lays the groundwork for the application of negative-
ion-based neutral beams on reactors of either type in the 1990's. 

High-power beams of neutral atoms can be used to heat, drive current in, 
and refuel reacting plasmas. The beam energies required for these 
applications on fusion reactors and In some cases on upgrades of machines 
now operating or under construction, require that these beams be produced 
by systems based on negative ions. Neutral beam systems in use to date 
are based on acceleration and neutralization of positive ions of hydrogen 
and deuterium. While these systems work well, the scalability to the 
higher beam energies required in the future is severely limited because of 
the marked reduction in neutralization efficiency as energy is increased. 
Beams of negative ions, on the other hand, can be converted to neutrals 
efficiently at arbitrarily high energies. 

In order to plan for future applications, OFE requested that the Lawrence 
Berkeley Laboratory (LBL), prepare an integrated national negative ion 
development program plan. The plan, presented in this document, covers 
facilities required, program milestones, and decision points. It includes 
identification of applications, experiments, theoretical research areas, 
development of specific technologies and reactor development and 
demonstration facilities required to bring about the successful 
application of negative-ion-based neutral beams. Particular emphasis is 
placed on those activities leading to use on existing plasma confinement 
experiments or their upgrades. The plan will be updated and modified as 
development progress and changing user needs dictate. 

The plan represents the efforts of many individuals throughout the 
Magnetic Fusion Energy program, and includes the results of a 
User/Developer Workshop held at the Princeton Plasma Physics Laboratory to 
receive and incorporate final comments from the Magnetic Fusion Energy 
Community. The plan therefore represents a consensus of the technical 
experts of the community. ^» v 

Director 
Division of Development and Technology 
Office of Fusion Energy 
Office of Energy Research 
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Executive Summary 

N eutral-beam systems based on the production, acceleration, and 
neutralization of negative ions of the hydrogen isotopes can be 

used to refuel, heat, drive current in, create and maintain electrostatic 
potentials in, and provide diagnostics for reactor plasmas. The earliest 
definite application perceived in current planning for negalive-ion-based 
neutral-beam systems is for potential barrier generation on a mirror 
FPD in 1994. A possibly earlier application has surfaced recently — a 
200-keV system for an upgrade of MFTF-B now under consideration for 
inclusion in the National Mirror Fusion Program Plan. We will incor
porate this application, if it is approved, in the next draft of oar plan. 

Concepts and technologies that can lead to applications of negative-
ion-based neutral beam systems in the mid-1990's exist. Specifically, a 
1-ampere steady-state H" source has been operated, accelerator and 
beam-transport concepts that permit placement of the major part of the 
neutral-beam system outside of the reactor's radiation shielding are 
under development, and three techniques exist for converting negative-
ion beams to neutral beams. One of those offers the possibility of 
conversion efficiencies in excess of 90%. 

This document presents a plan to develop reliable neutral-beam sys
tems lor application in the 1990's. The R&D effort focuses on the 
design, construction, and testing of an efficient, steady-state 475 kV, 
5-10 A (D~) beam line for application on a mirror ETR in 1994. 

Specific objectives are: 

D Remonstrate I-A, 80-keV beam 1983 
D Demonstrate 1-A, 160-kcVbeam 1985 
a Complete conversion of NBETF to negative ions 

(10 A, 500 kV, DC) 1986 
• Demonstrate laser photonculralizer module and 

plasma ncutralizer 1986 
• Demonstrate current drive with neutral beam 

on a tokamak 1987 
• Begin ETR prototype bcamline construction 1987 
• Operate on mirror ETR 1994 

It will require an aggressive program to achieve these objectives. 
Funding constraints at present limit the choice of options. The primary 
and backup choice for key components, together with the FY 84 funding 
status, are shown in TabJc ES-J, below; 

Table ES-I: Options for Development of Key Components 

Component 
Primary 

Concept 
Funded in FV 84 

FTeHdentiai Budget? 
Backup 
Concept 

Funded in FY 84 
Fratldtmial Budgel? 

Source Convection Yts 
BNL Surface 
Converilon No 

Accdwalor, 
TfMuporMr 

TrVWWM 
R«d Foeuelno YM 

Elaclroatatic 
Quadrupola No 

NeUratJitf 
LMt> 

PhobtdMtclHrwnt Y M Gat Cell Yes 

600 keV 
FacWIy 

Ueoed. 
NKTF 

^ Y M 
(Conceptual Deeign) - -
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Objective 

N egative-ion-based neutral beams can provide fluxes of panicles, 
momentum, and energy at particle energies high enough for these 

fluxes to penetrate into the central regions of reactor-size plasmas. 
These beams can therefore be used to refuel, drive current in, create and 
maintain electrostatic potentials in, and heat confined plasmas. They 
also may be used to diagnose the plasmas. Reactor-compatible systems 
must successfully deal with the problems of tritium contamination and 
remote maintainability. 

The objective of this plan is to describe and help ensure the develop
ment of practical systems capable of performing these functions in time 
for application on next-generation fusion experiments and reactors. The 
Plan will outline the present understanding of the confinement and 
neutral-beam physics involved, summarize the current neutral-beam 
R&D status, assess needs in these areas, and present a program to 
accomplish the timely development of practical negative-ion-based 
neutral-beam systems. It will be updated periodically. 

The draft Comprehensive Program Management Plan for Magnetic 
Fusion Energy1 calls for a selection to be made of a reactor confinement 
concept for an Engineering Test Reactor (ETR) when sufficient informa
tion is available, possibly as soon as 1988. Regardless of the 
confinement concept selected, the ETR will require services (such as 
heating, current drive, or creation of potential barriers) that can be pro
vided by neutral beams. !t is possible that some of these services can 
also be provided by rf systems. An important function of this Plan will 
be the delineation of studies and experimental developments necessary to 
proceed through a proof-of-principle stage for negative-ion-based neutral 
beams, to permit a meaningful comparison of negative-ion-based 
neutral-beam systems with competing systems, so that the best choice 
can be made for ETR and reactor applications. 



Confinement Goals and Requirements 

C onfinement-program goals and requirements, as perceived at the end 
of 1981, are summarized in Volume VI of the report "The Fusion 

Engineering Device." Some of the parameters and goals have changed 
in details since that report was written, but it is the best and most 
current summary and assessment of the fusion technology program. 

PRESENT EXPERIMENTS 

Neutral-beam requirements for present-generation confinement experi
ments (TMX-U, D-1II, PLT, PDX) that require neutral beams, as well 
as those under construction (TFTR, MFTF-B) can all be handled by 
extensions of positive-ion-based neutral beams to longer pulse lengths. 
Negative-ion-based beams, while desirable for some applications on these 
experiments because of the more nearly monoenergetic beams produced 
by the negative ion systems, are not essential. However, it would be 
desirable to install useful negative-ion systems on some of these experi
ments as steps toward development of reliable systems for next-
generation devices. Upgrades of TFTR and MFTF-B, presently under 
discussion, also might incorporate negative-ion-based systems. For 
example, 200-keV beams have been proposed for an MFTF-B upgrade. 

NEXT-GENERATION MACHINES 

Beam energies required for critical applications on next-generation 
confinement experiments are generally too high to be satisfied 
efficiently-by positive-ion-based beams; one exception may be the use of 
positive-ion-based beams to heat a tokamak to ignition. In the case of 
tokamaks, the energies are dictated by the requirement that the beams 
of neutral atoms penetrate into the interior of plasmas that are substan
tially larger than those in existing machines. This is true whether the 
beam is to be used for heating or current drive. For mirror machines, 
the beam energy is set by the need to establish a sufficiently large 
potential hill for ion confinement in a tandem mirror device. In either 
case, the beam energies arc in the range of a few hundred keV; the 
atomic physics of the conversion of positive ions into neutrals results in 
unacceptably poor conversion efficiencies at these energies. The max
imum efficiency of conversion of H + , H", D + , and D" beams to neutral 
atoms as a function of energy is shown in Figure 1; from this figure it is 
clear that if these beam requirements are to be met by efficient systems, 
they will have to be met by negative-ion-based systems. There is one 
possible exception that we have noted: if "ripple trapping" 4 could be 
used, it might be possible to heat tokamaks efficiently with positive-ion-
based systems. 

It is too early in the ETR planning cycle to specify ETR neutral-beam 
requirements clearly. Some studies have been done, however, that are 
directly relevant, and a great deal of work his been done for FED-class 
experiments. We summarize these studies in Table I, which shows 
neutral-beam requirements for FED-A, which we take at this stage of 
planning as being representative of a tokamak ETR, and for a tandem 
mirror ETR. 
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The National Mirror Plan5 shows in its main-line sequence, repro
duced in Figure 2, a tandem mirror FPD/ETR beginning operation in 
1994. In the present preliminary conceptual design, the plug cell poten
tial barrier for this reactor requires 9.5 MW of 475-keV neutral beams 
(the entry shown in Table I), no alternate technique has been identified 
to fulfill this need. Negative-ion beam development is therefore critical 
for this aspect of the mirror program. This mirror application dictates 
the national negative-ion planning. 
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Table I also sliows typical beam requirements for advanced mirror and 
tokamak reactors. These facilities would begin operation around the 
year 2000 or later. 

GENERIC GOALS AND REQUIREMENTS 

Table 1 shows three significant points immediately: 1) all require
ments can be met with ncgative-ion-based injectors initially operating in 
the energy range of 400-500 kcV, with a later upgrade to a few MeV, 
and with power capabilities of 5 (initially) to 10-20 (finally) MW per 
bsamline, 2) some requirements can only be met, as far as is now under
stood, with ncgativc-ion-bascd neutral beams, and 3) only one of the 
requirements might be met with reasonable efficiency by positive-ion-
based systems. It is possible that these requirements can also be met by 
rf systems, but the relevant experimental and theoretical studies are not 
yet complete. 

Requirements on the beam divergence are likely to be similar to or 
more stringent than requirements on existing positive-ion-based neutral-
beam systems, which are typically 0.5°-l°. Even smaller divergences 
arc highly desirable, since they permit smaller penetrations through the 
neutron shielding of the reactor, with an attendant reduction in neutron 
flux through the primary shielding and an increase in the blanket 
efficiency. 
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R&D Status and Needs Assessment 

Summaries of the physics, status, and goals of the mirror and 
tokamak programs are given in the documents "The National 

Mirror Fusion Program Plan"5 and "The National Toroidal Program 
Plan"6 (in preparation). 

CONFINEMENT PHYSICS 

The interaction of beams of neutral atoms with plasmas is essentially 
classical. In the areas where there have been careful comparisons of 
theory and experiment, good agreement has been found. This good 
agreement, plus the classical nature of the physics, makes it likely that 
theoretical treatments can be carried out and agreement with experi
ments can be confidently expected in areas in which there are not as yet 
experiments to confirm the theory. Examination of the most important 
areas of applications or neutral beams in confinement physics leads to 
the results summarized in Table II, which show that by and large the 
physics of the interaction of beams with confined plasmas is reasonably 
well understood, and that because of the potential impact on tokamak 
design and on the course of neutral-beam development, the greatest need 
for additional experimental confirmation is in the area of current drive 
with neutral beams in tokamaks. Other outstanding questions have to 
do with high-(3 heating results in tokamaks, and with the effect of impur
ities on tandem mirror machines. 

Table N: Status of Beam-Related Confinement Physics and Needs Assessment 

Priority 1 Topic Status of Understanding Need 

1 Currant drive in 
tokamaks 

Probably classical, but 
has only limited 
experimental check 

Demonstrate 
convincingly; last 
at high plasma 
momentum and 
with the ion 
velocity 2: Altven 
speed 

2 Effect of beam-
introduced 
Impurities on 
potential barriers 
in tandem mirror 
machines 

Apparently understood Quantify impurity 
level required; 
measure impurity 
level in beam and 
reduce as required 

3 Bulk heating in 
tokamakc 

Classical at low power 
levels; appears to be 
less efficient at high 
pov.tr levels, which 
may or may not be 
beam-related 

Determine cause 
of reduction in 
heating efficiency 
~ 0 limit? 
Reduction in T E ? 

4 Creal MI of 
potential barriers 
in tandem mirror 
machines 

Apparently understood Extend lo hjghtv 
levels and longer 
pulse lengths 

http://pov.tr


Plasma Heating in Tokamaks and Mirrors 

The heating of plasmas by injection of powerful beams of neutral 
atoms has been well documented, both in tokamaks and in mirror 
machines. Indeed, the highest ion energies reported in confinement 
experiments to date, a mean ion energy of 13 keV in the 2XII-B experi
ment at LLNL and an ion temperature of 7 keV in the PLT experiment 
at PPPL, have been achieved by neutral-beam injection. 7 , 8 The method 
of depositing energy into plasmas appears to be completely classical, and 
is well understood. Plasma heating has been observed to be proportional 
to the beam power injected except in tokamaks at the highest power lev
els reached to date; this decrease in heating efficiency at high power lev
els has variously been postulated to be due to an MHD instability as the 
0 limit of the tokamak was approached or to some other mode of 
deterioration of the energy confinement time. More work is needed to 
explain these observations. 

Creation of Potential Barriers in Mirrors 

Axial confinement of the plasma in a tandem mirror machine depends 
on the use of neutral beams or 1CRH to create and sustain a local poten
tial maximum. Successful use of neutral beams for this purpose was 
demonstrated in the TMX experiment.9 It was recently shown in the 
upgraded version of TMX. TMX-U, and in Gamma 6, that a 
modification of this concept, the injection of neutrals nonperpendicularly 
to the magnetic field to create a component of the ion population that 
"sloshed" between mirror confinement points, could enhance this poten
tial maximum ' in a way that could be used to reduce the energy loss 
out the mirrors by electrons (the first step in demonstrating the "ther
mal barrier" concept). The neutral-beam-related physics appears to be 
well understood. 

Neutral beams used for maintaining potential barriers in tandem mir
ror machines will require a lower degree of impurity atoms than will 
beams for use on tokamaks. If high-Z impurity ions are trapped in the 
potential well, they greatly enhance the rate of trapping of deuterium 
ions from the center cell because of the strong Z-dependence of the 
Coulomb scattering rate. The potential well therefore tends to fill up 
with deuterium ions, which depends not only on the rate of introduction 
of impurity ions by the beams, but also on the rate at which they are 
lost from the potential well. According to computations, an oscillating 
magnetic field can greatly enhance the rate of radial loss of high-Z ions. 
If this phenomenon can be successfully applied, the maximum fractional 
level of impurities in the beam (using oxygen as a typical example) is 
thought to be approximately 10" , if no means can be found to enhance 
the loss of these impurities, the requirement drops to about 10"6, a 
difficult requirement to meet without momentum selection. APP-funded 
programs are underway to develop diagnostic schemes to measure the 
level of these impurities (see section on Beam Diagnostics, page 23). 
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Current Drive in Tokamaks 

Mechanical fatigue due to cyclic stresses may unacceptably limit the 
lifetime or increase the cost of a pulsed tokamak. It may, therefore, be 
necessary to operate a tokamak reactor in a steady state, or quasi-
steady-state mode. One promising possibility is to use neutral beams to 
sustain the circulating current. Two schemes have been proposed. In 
one scheme, beams drive the current continuously. In the other 
scheme, the "internal transformer" mode,13 beams are used to quickly 
create a circulating current which may then be allowed to "coast" for a 
fraction of the L/R decay time of the current before ihe cycle is 
repeated. Alternatively, the internal transformer current may sustain 
the plasma while an external transformer is reset to its starting flux. 
Negative-ion-based neutral beams offer two potential advantages for this 
application: first, the same system can be used to drive the current and 
to heat the plasma, and second, the overall system power efficiency can 
be very high. The efficiency of current drive is of the order of 0.1 A/W 
for current drive in the steady state mode, and of the order of 1 A/W 
for the internal transformer mode. A completely convincing demonstra
tion of beam current drive, for instance one in which neutral beams 
drive the current for many L/R times, has not been attempted or 
achieved. Experiments to date have only perturbed, not sustained, the 
circulating current. A Lest of beam current drive seems to be the most 
critical missing element in the physics of the application of neutral 
beams to plasmas. It may be possible to do a definitive current-drive 
experiment on TFTR; this possibility should be explored. 

Other Applications 

Negative-ion-based neutral beams offer advantages in many applica
tions over positive-ion-bascd neutral beams: they will have a higher 
overall system power efficiency, except at low energies; they will be 
nearly monoenergetic; and, they will ultimately be freer from impurities 
because laser photoneutralizers can selectively discriminate against the 
conversion of common negative impurity ions into neutrals. Therefore, 
negative-ion-based beams can be expected to replace positive-ion-based 
beams for many applications. These include, in tiie case of mirror 
machines, center-cell heating and the pumping out of the machine of 
low-energy trapped ions, as well as the use of !ow-Z atomic beams for 
potential control in tandem mirror end plugs. 

Applications proposed for tokamaks include use of the energy depen
dence of the trapping efficiency and the beam aiming direction to con
trol the plasma profile, and the injection of high-energy (1 to 2 MeV/ 
nucleon), low-current beams of low-Z atoms (C, O) for current drive 
and bulk heating.16 

It may be possible to at least partially fuel lokamak or mirror reactors 
with neutral beams. It appears that unreasonably high velocities are 
required for a solid pellet to penetrate to the center of a fusion plasma. 
If mixing is inadequate to permit fueling with partial penetration of fuel 
pellets, and if the power -equirement is not unreasonable, fueling could 
be accomplished with neutral beams. It is important in this context to 



appreciate the fact that some of the fueling beams might have to operate 
with tritium. 

A recent proposal to inject nuclearly polarized atoms into a confined 
plasma could result in a welcome 50% increase in the fusion reaction 
rate, and/or a reduction in neutron activation problems. This is also a 
possible long-range application of negative-ion-based neutral beams. 

Finally, there have been numerous proposed and actual applications of 
neutral beams to diagnose confined plasmas. These all hinge on the 
ability of the beams to provide neutral atoms of known species and den
sity at a preselected point within the plasma. These applications include 
the use of multi-MeV Li° beams for measuring the velocity distribution 
of alpha particles in a fusion plasma, 1 8 and numerous applications 
involving hydrogen or deuterium beams, including techniques for 
measuring the local ion energy distribution, the local density and possi
bly velocity distribution of fully stripped impurity ions, and even the 
pitch-angle scattering rate and effective Z in tokamaks. As these diag
nostic techniques are applied to larger plasmas, it becomes more and 
more necessary to create the neutral beams from negative ions. 

TECHNOLOGY 

Within the U.S. MFE Program, the development of neutral beam 
hardware is funded by the Development and Technology Division of 
OFE. In the following sections, we summarize the current status of con
cepts and the status of the development of components for negative-ion-
based systems. 

In Figure 3 we show a schematic of a negativc-ion-based neutral injec
tor, as it is presently conceived. Negative ions are produced in a source 
and are accelerated to moderate energy, 80-150 keV. The negative-ion 
beam is then transported through a pumping section to remove gas from 
the system and minimize beam losses due to stripping. This transport 
section also serves to modify the beam width and divergence to match 
the beam characteristics to those required by the final accelerator that 

Source 

Watching 

Tf. ipor l 

Figure 3: Schematic of a negative-ion neutral beam injector, 
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increases the beam energy to the final value, which may be 400 keV -
2 MeV. After final acceleration, the beam is transported through a 
maze in the neutron shielding, then passes into a neutralizer (a phc-
toneutralizer is shown), where the negative ions are converted into 
neutral atoms. 

Recent advances in ion-source technology, new concepts in beam tran
sport and acceleration systems, and the impending application of 
efficient laser photoneutralizers have enhanced the prospects of using 
negative-ion-based neutral beam systems on reactors. The application of 
these advances should lead to neutral injection systems that are both 
highly efficient (60-80%) and radiation-hardened. No technological 
concepts are lacking for the application of negative-ion-based neutral 
beams even to reactors; what is lacking is the experimental verification 
that the concepts will work as anticipated. 

The following sections summarize the R&D status and needs of the 
various facets of negative-ion-based neutral beam technology; the same 
information is summarized in Table III. 

Table III: Status or Technology and Needs Assessment 

Priority Topic ! Statue Need 

1 TFF beam 
transport and 
acceleration 

Computer 
studies only 

Demonstrate 
beam transport 
at 80 keV and 
acceleration to 
500 keV 
experimentally 

2 Onygen-lodlne 
later for 
photoneutralizer 

2 k W f o r 4 M i n Operate - 2 kW 
module at full 
power density 
with neutral 
beam; verify 
reactor 
compatibility 

Improve source Steady-Hate 
operation at a 4 
Arm (Deuterium) 

Upgrade to 6 
A/m; desirable to 
eliminate Cs and 
improve gas 
efficiency 

4 Plaama 
neutralize! 

Benchtop 
experiments 

Operate with 
neutral beam; 
verify reactor 
compatibility 

Ion Sources 

Systems studies based on the electrostatic strong-focusing concepts for 
transport and acceleration of the beam and on a laser photoneutralizer, 
desirable for overall efficiency, lead to both sources and 
accelerator/transport systems that can handle thin (1-2 cm) sheet beams 
of D" ions. An appropriate measure of the beam is the current per unit 
length along the sheet. Negative ion sources have operated at LBL con
tinuously with an output of 1.3-1.4 A of H", from a 25-cm-long slot. 
This is equivalent to 3.7-4 A/m of D" (the current varies inversely as 
the square root of the mass of the ion), which is thought to be already 



within a faclor of approximately 2 of the current-carrying capability of 
electrostatic accelerators and transport systems operating in the 
400-800-keV range. 

A "surface-conversion" source 2 0 that produces negative ions on a cesi-
atcd molybdenum surface imbedded in a plasma, and operates steady-
state, is shown in Figure 4. A source using a similar principle, but 
operating at a higher current density, is under development at BNL 2 ' 
and is shown in Figure 5. Present and near-term activities with these 
ion sources arc devoted to cesium control, studies of hydrogen-plasma 
generation, H" current-density uniformity, and heat-transfer studies. 
Similar work outside the U.S. is underway at the Institute of Nuclear 
Physics, Novosibirsk, at the Kernforschungszentrum, Karlsruhe, and at 
the Institute for Plasma Physics, Nagoya. 

Operation of a source containing Cs is a nuisance, and carries with it 
the possibility of Cs contamination of the beamline and reactor vessel. 
A series of experiments is underway both within the US (LBL) and 
abroad (Culham, Ecolc Polytechnique, JAERI) to investigate the possi-

Figure 4: The LBL 1-Ampere H" source. 
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bility of producing sufficient fluxes of negative ions in the volume of the 
source plasma without the addition of Cs. These sources have not been 
developed to the point where meaningful comparisons with surface-
conversion sources are possible, but some of the results are encouraging, 
and progress is rapid. Another approach that could yield a Cs-free 
source is also under investigation at BNL In this approach low-work-
function cathodes that do not require Cs are used. 

Theoretical work to help provide atomic and surface physics data 
required for understanding and improving surface- and volume-
production sources is centered at LLNL. 

It is possible to produce a negative ion beam from a beam of positive 
ions by double electron capture when the positive-ion beam traverses an 
alkali metal or alkaline-earth-metal vapor target. D" beams of 2.2 A 
have been produced this way.2 Fusion-oriented development of 
negative-ion sources using this charge-conversion technique is being car
ried out at the Centre d'Etudes Nucleaires, Grenoble, and at the Kur-
chatov Institute, Moscow. This type of negative-ion source is not being 
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developed for fusion applications within the U.S. 
It is essential to form a beam of low-energy negative ions for accelera

tion with a minimum of attendant electrons, since the electrons are 
accelerated in electrostatic accelerators along with the negative ions. 
Adequate electron control ( < 5%) has been demonstrated for the 
surface-conversion sources, and is under investigation for the volume-
production sources. 

It is likely that all these sources operate at sufficiently high gas 
efficiency to limit the losses due to premature stripping of the beam to 
10-15% of the negative-ion current; this loss can be made to occur at 
less than full energy, however, so the loss represents a power loss of 
under 10%. 

Beam divergence, which is proportional to the square root of the 
transverse energy of the negative ions produced by the source, is still 
under investigation, but appears to be adequate for applications shown 
in Table I. The characteristic transverse energy of ions produced by 
surface-conversion sources is a few eV, and is probably considerably 
smaller for volume-production sources. 

It is likely that the current-carrying capacity of a negative-ion-based 
neutral beam system will ultimately be limited by the properties of the 
accelerator and transport system, rather than by limitations in the 
negative-ion source. It is still important, however, to press for the 
development of sources capable of producing higher current densities 
than presently exist; the excess current can be trimmed by apertures 
with little power loss but with a substantial improvement in gas 
efficiency or beam omittance (reduction in transverse ion energy) or 
both. 

Accelerators 

A 1-A H" beam has been accelerated at LBL to 34 keV for 7 s, using 
a conventional electrostatic accelerator. Such accelerators have been 
operated at ORNL with positive-ion beams of 0.35 A to 600 keV.23 

Nevertheless, other types of accelerators, namely rf or dc with electric 
(i.e., nonmagnetic) strong focusing, offer significant advantages over the 
simple "Pierce" type that is the workhorse in the positive-ion neutral-
beam program. Because of their higher efficiency, dc accelerators are 
preferable to rf; the goal is therefore to push dc acceleration to the 
highest practical limit. Accelerators employing strong focusing offer the 
advantages of high current-carrying capability, tolerance of stray or 
poorly optimized beam, and (probably) a reduction in the probability of 
breakdown, because of the predominantly transverse electric fields. 

The most promising candidate for a strong-focusing dc accelerator 
that produces a sheet beam uses the Transverse Field Focusing (TFF) 
principle24 — the beam encounters transverse electric fields (applied by 
curved metal electrodes) that alternate in direction along the beam and 
focus the beam in the transverse direction. The beam can be accelerated 
by applying a potential difference between opposing pairs of plates along 
the accelerator; a schematic of a TFF accelerator is shown in Figure 6. 
This type of geometry offers a good match to sources which can produce 

16 



XBL833-505 

Figure 6: A schematic drawing of the TFF accelerator concept. 

a sheet beam, and to a laser photoneutralizer (see section on Neutraliz
es, page 19), which requires a sheet beam for optimum efficiency. 
Choice of a sheet beam over an array of cylindrical beamlets, such as 
can be produced by the ESQ (Electrostatic Quadrupole) accelerator,25 

while desirable, is not essential; we shall adopt the sheet-beam 
configuration, however, for planning purposes. 

The application of the TFF principle to negative-ion acceleration has 
only been studied computationally; the results to date are very encourag
ing. One important question has to do with the ends of the sheet 
beam — it appears that the ends of the electrodes can be suitably 
curved so that restoring forces prevent the beam space charge from caus
ing beam loss in these regions, but this idea has not yet been tested 
experimentally. Another unresolved question has to do with breakdown 
— it will be important to verify that the alternating transverse fields 
inhibit breakdown along the whole length of the accelerator, and to 
determine the maximum practical beam energy that can be produced by 
this type of accelerator. A third critical question has to do with the 
current-carrying capability of TFF accelerators, which is closely related 
to the problem of voltage breakdown. Designs that we have examined 
computationally can handle 6 A of D~ ions per meter of source length 
for maximum electric fields of 40 kV/cm, which we consider conserva
tive. This value (6 A/m) is less than a factor of 2 larger than current-
generation sources have produced, and can be increased at the expense 
of a higher probability of breakdown in the accelerator. 

It appears that the accelerator and transport systems represent the 
highest risk items in the area of technology; they are therefore called 
out as the highest priority topic in Table III. 
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Backup approaches are the ESQ (Electro-Static Quadrupole) and the 
RFQ (Radio-Frequency Quadrupole) accelerators. 2 6 , 2 7 Compared with 
the TFF accelerator, the ESQ has somewhat lower current-carrying capa
bility and a longer bending radius for transport through a maze; the 
RFQ has lower over-all system efficiency. 

Transport Systems 

An important new feature of conceptual negative-ion-based neutral-
beam systems is that the TFF, or other, strong-focusing principle can be 
used to transport an already accelerated beam of negative ions around 
corners to eliminate direct streaming of particles through the transport 
system. This feature can be applied with great advantage in two areas 
of beamlinc design; first, a TFF transporter can be used to transport an 
intermediate energy (80-150 keV, typically) beam through a maze in a 
differential pumping section, and second, the same concept can be used 
to transport the full-energy beam through a maze in the neutron shield
ing. The first application reduces the pressure in the high-voltage 
accelerator to minimize beam loss by premature stripping and also pro
vides a means of matching the beam emittance to the high-voltage 
accelerator; the second provides a neutron trap to reduce the neutron 
flux through the beam duct to acceptable levels. A conceptual design 
for a 400-keV beamline utilizing TFF transporters for these purposes 2 8 

is shown in Figure 7. 
This TFF transport concept has been evaluated computationally for 

application to negative-ion systems. Electron transport systems using 
related principles were constructed and demonstrated to work in the 
1950's; this work was done in connection with backward wave oscilla
tor development. One of the major tasks of the R&D program will be to 
demonstrate that TFF transporters and accelerators can be made to 
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Figure 7: A conceptual design for a 400 keV negative-ion-based beamline 
utilizing TFF beam transporters, 
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work; the dc high-voltage accelerator is probably the highest risk item in 
the area of required technological development. As in the case of the 
accelerator, the possible backup approaches for the transport system are 
the ESQ and the RFQ structures. 

Neutralizes 

There are three possible choices of a neutralizer to convert the nega
tive ions into neutral atoms: gas targets, plasma targets, and photon tar
gets (as can be provided by a laser cavity resonator). The first two use 
collisions with neutral or charged particles to remove the lightly 
attached electron; the third uses photodetachment of the electron. All 
three have been demonstrated to work, 3 0 ' 3 1 , 3 2 and all three are usable 
over the entire range of beam energies we are considering. 

Gas targets are straightforward to make and represent a low-risk 
choice, but have the lowest conversion efficiency ( < 60%), and intro
duce a considerable complication in beamline design, since a) large 
amounts of gas from the neutralizer must be pumped away (this gas 
load is much bigger than that from the source), b) the 40% of the beam 
that is not neutralized after passage through the neutralizer consists of 
nearly equal parts of positive ions and negative ions, requiring two ion 
dumps each capable of handling high power beams, and c) 40% beam 
loss represents a severe penalty in overall system efficiency, although 
direct-energy-recovery techniques could reduce this penalty. 

A plasma target is more complex than the gas target, since to gain its 
full advantage, the plasma target mujt be substantially ionized. The ion 
density required is about 10^ cm - 3, and the length from 1 to 2 meters. 
The conversion efficiency is about 80%, and, while the gas problem can
not be entirely dispensed with, at least with the application of 
differential pumping and plasma transport in a weak magnetic field, it 
may be possible to remove the problem to a more convenient part of the 
beamline; the dual-dump problem remains, although the power densities 
are reduced by at least a factor of 2. 

The most attractive alternative is to use photodetachment to convert 
the negative ions to neutrals. The physics is completely understood: 
negative-ion beams have been converted to neutral beams by a pulsed 
Nd laser with nearly 100% efficiency. Substantial development is 
required, however, to produce suitable, efficient, dc laser systems. In a 
practical laser neutralizer, the ion beam traverses the laser resonant cav
ity; there is no external laser beam. The laser losses are almost entirely 
in the mirrors and windows; therefore, to maximize system efficiency, it 
is important to minimize the cross-sectional area of the laser beam. 
These considerations lead naturally to the thin-sheet beams that were 
discussed in connection with sources and with TFF transporters and 
accelerators. The leading candidate laser for this application is the 
oxygen-iodine chemical laser,33 which operates at 1.315 n. A prototype 
of such a laser has operated at 2 kW for 4 min.3 4 For application as a 
photoneutralizer, a single laser rated at about 200 kW, or a group of 
lasers operating in parallel and totaling the same power, all operating 
steady-state, would be required.35 A schematic of such a photoneutral-
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izer is shown in Figure 8. Conversion efficiencies of 95% or higher 
appear achievable; this greatly simplifies the dump design, since only D" 
ions must be dealt with, and power densities on the dump are low. 

The greates' technological uncertainties for a laser photoneutralizer 
are in developing low-loss mirrors and windows, which are required to 
be at or slightly beyond the current state of the art, in optimizing the 
design of the cavity and laser gain medium and the design of the chemi
cal plant for maximum efficiency, and in demonstrating that the laser 
can operate successfully in the neutral-beam and reactor environment. 
We can expect beneficial "spin-off" trom a substantial (approaching 
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Fif ure 8: A schematic of » laser neutralim. 
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SlOM/year) program within the Department of Defense for development 
of this same laser, but it is not clear how that program will influence the 
timing of negative-ion-based beam development. If necessary, gas or 
plasma neutralizers could be used in the first applications. 

At this wavelength, 1.315 n, the photons have enough energy to 
detach the electron from D" ions, but not from impurity ions C , OK", 
and 0"; this choice of wavelength therefore provides substantial discrim
ination against impurities in the beam. 

Systems 

The study of negative-ion-based neutral beam systems is still in the 
conceptual stage. Preliminary studies have been made of 200-, 400-, 
and 800-keV systems 2 8 , 3 6" 3 8 from the point of view of compatibility of 
beamline components, pumping requirements, and stripping losses. Neu
ronics studies have been performed by "rule-of-thumb" estimates and 
by preliminary Monte-Carlo calculations;39 more accurate Monte-Carlo 
calculations are needed. None of the systems has been optimized. In 
addition, one study of the suitability of an oxygen-iodine chemical laser 
for a photoneutralizer has been done; this study indicated that overall 
system efficiencies of 70% should be achievable.35 Systems studies 
should be expanded in all these areas, plus others. 

It is important to assess the suitability of negative-ion-based neutral-
beam systems in a reactor environment as soon as possible, so that prob
lems can be recognized and tackled at an early stage. It is especially 
important to study at an early stage the questions of tritium compatibil
ity and remote maintenance. Tritium contamination will occur due to 
tritium leaking from the reactor into the neutral-beam system; it is even 
possible that some fueling beams will operate wilh tritium. Some parts 
of the beamline will become activated by neutron bombardment and will 
have to be remotely maintained; in general, the entire neutral-beam sys
tem within the reactor vault must be capable of being remotely main
tained in case of an accidental tritium spill. 

Trade-off studies will be necessary to consider and optimize the multi
ple uses of neutral-beam systems for heating, current drive, potential 
generation, fueling, etc, to permit a meaningful comparison with compet
ing rf systems. 

Test Facilities 

Within the DOE-funded negative-ion program, there exists only lim
ited capability to develop and test negative-ion components and systems 
in the U.S. Some capability exists at BNL and LBL.; the capabilities of 
these test facilities are summarized in Table IV. As one can see from 
this table, development can only be carried out at present to the level of 
about 1 A and at energies of few 10's of keV. This capability is ade
quate for source development, but is inadequate for accelerator develop
ment, which is aimed at beam energies of 400 keV or higher. 

Similar facilities for fusion-related negative-ion development exist out
side the U.S., in particular at the Culham Laboratory in England, at the 
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Table IV: Existing and Near-Term Negative-Ian Test Facility Capability 

Site Facility Parameter! Operational 

LBL T S I 

TS-IIIA 

2 A, 40 kV, 10 tec 

2 A, 1t» kV do 

Now 

September, 
1963 

EM. STS 2.5 A, 25 kV do 

SM.SSI/V, B.ltK 

Now 

Kurchatov Institute in Moscow, and at the Centre D'Etudes Nucleaires, 
Grenoble, France. 

Table IV also shows the capabilities of a negative-ion test facility at 
LBL that is being converted from positive-ion research to negative-ion 
work, beginning in January, 1983. This facility will be able to test the 
TFF concept of beam transport and acceleration to about 160 keV, the 
limit of the power supplies. The facility will also have the capability to 
test negative-ion sources developed at BNL. 

It is clear that a substantial increase in test facility capability will be 
required to test components and develop systems suitable for application 
on the next-generation confinement experiments; these systems will have 
to operate in the 5-10-A, 500-keV range. 

APPLIED PLASMA PHYSICS RESEARCH 

The Applied Plasma Physics Division of OFE sponsors research that is 
directly relevant to ncgative-ion-based neutral-beam development. These 
efforts are summarized in the following sections. 

Negative-Ion Production and Interactions 

Whether negative ions arc produced on surfaces or in the volume of a 
plasma, the production processes are not well understood. APP-
sponsored experimental research has indicated that in the case of surface 
production uf negative ions by back-scattering and in the presence of a 
plasma, the optimum rate of production of negative ions on the surface 
occurs when the cesium coverage is such that the surface work function 
fsa mmr'rnam.40'41 Theoretical «wk supports this observation.42 The 
yield is also observed to depend on the substrate material43 and the cry
stal structure of the substrate.44 Cesium-coated molybdenum has been 
found to produce the highest yield of negative ions; this has not been 
explained. More work should be done in the area of Cs-free low-work-
function surfaces. It is likely that source performance can be improved 
by continuing these efforts to maximize the yield of negative ions from 
surfaces. 

Copious quantities of negative ions have been observed in the volume 
of otherwise ordinary positive-ion discharge plasmas.45 The densities of 
these negative ions may amount to 10% or more of the electron density. 
While these sources have the advantage of operating without ces'u;r, the 
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useful D" current densities obtained are still under investigation, and in 
addition, electron control may be difficult. It is suspected that the 
volume-produced negative ions are produced by dissociative attachment 
of electrons during collisions of low-energy electrons with vibrational^ 
excited hydrogenic molecules. Theoretical studies of these processes 
have been very encouraging,46 but as yet there is not quantitative agree
ment between theory and experiment. 

It is important that these fundamental research activities be contin
ued. Achievement of current densities at the accelerator that are much 
higher than exist today is not the most important goal. Available 
current densities are already within about a factor of ? of the maximum 
that conservatively designed accelerator and transport structures can 
accommodate, although this maximum can be expected to increase with 
improved accelerator technology. Higher current densities at the source 
bring advantages in other areas, however: "excess" current can be dis
carded in favor of an increase in source-gas efficiency, with an attendant 
reduction in stripping losses, and a reduction in the mean transverse 
energy of the ions, with an attendant reduction in beam divergence and 
an increase in current-carrying capability of the accelerator and tran
sport systems. These current losses can be absorbed at low energy, so 
that the power losses are small. 

Beam Diagnostics 

Diagnostic requirements for negative-ion-based neutral beams are not 
likely to differ substantially from those of positive-ion-based neutral 
beams. In either case, one must measure beam divergence, beam power, 
and the impurity content in the beam. Analysis of Doppler-shifted visi
ble radiation from neutral beams has been used for some years now to 
measure the energy distribution and the divergence of positive-ion-based 
neutral beams. The same techniques can be applied to negative-ion-
based neutral beams. If a photoneutralizer is used, there will be much 
less light to observe, since the background pressure will be lower by a 
factor of 100 to 1000 than in gas neutralizers (as are used with 
positive-ion systems), but the observation times will be longer by similar 
factors. Therefore Doppler-shift spectroscopy can probably still be used, 
but at a considerable reduction in time resolution. 

APP-funded research is underway to apply laser-induced fluorescence 
spectroscopy to the problems of neutral-beam diagnostics. Impurity con
tent as well as beam divergences can be measured by these techniques. 
In both cases, a laser is tuned to the frequency of resonance transition 
of a ground-state neutral atom in the beam, ""d . atom is excited. 
When ihe excited atom decays back to the ground state, the photon 
emitted is detected. In this way, a signal is produced that is propor
tional to the density of ground-slate atoms in the beam. If the laser is 
tuned to an impurity atom transition, the density of impurity atoms can 
be measured; if the laser is tuned to an atomic hydrogen or deuterium 
transition, the density of that neutral species can be measured. The 
Doppler shift can be used to advantage to determine the beam diver
gence from the profile of the spectral line. 
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No nonperturbing techniques are currently available for directly 
measuring the power of a neutral beam. 

Polarized Beams 

Fusion-reaction cross sections depend on the relative polarizations of 
the reacting nuclei. If the reacting deuterium and tritium nuclei are 
polarized in the same direction, the reaction rate is 50% larger than in 
the case in which the nuclei are randomly polarized. It is possible to 
control the direction of the reaction products by controlling the nuclear 
polarizations; this can be used to advantage in reactor designs. It may 
be possible to produce high-current beams of polarized neutral atoms; 
tens of amperes arc required. The state-of-the art polarized atomic 
beam is now about 50 microamperes. Related development is underway 
within the accelerator community; a group at BNL, supported by the 
AGS, has as its objective the production of a 1-mA beam of polarized 
negative ions. Since the payoff is substantial, this is a promising 
research avenue to pursue. The potential role of a beam or pellets of 
polarized nuclei in the MFE Program is presently under evaluation. 
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R&D Program Description 

STRATEGY 

H egative-ion-based neutral beam program planning strategy is dic
tated by two fundamental considerations: 
1. To meet the most pressing identified need for negative-ion-based 

neutral beam systems, which is for control of electric potentials 
in the plug cell of a mirror ETR. Mirror planning calls for this 
machine to begin operation with plasma in 1994, with tritium 
operation to commence in 1997. Since the beams will be 
required for startup, 1994 is the target date for beam use. 

2. To acquire a data base as soon as possible to permit quantitative 
assessment of the suitability and desirability of negative-ion-
based neutral beam systems for reactor application. 

As we can see from Table I, which summarizes confinement needs, 
negative-ion-based neutral beam development can be conveniently broken 
into two distinct phases: 

Phase I: The development of components and systems to operate 
with deuterium at the 500-keV level, with a source 
module size of 5-10 A, steady-state (hours initially, and 
ultimately months to years'i 
and 

Phase II: Extension of this technology to the 800-keV to 2-MeV 
level, possibly to source module sizes of greater than 10 
A. This phase of development would be undertaken if it 
were decided that steady-state current drive with beams 
were needed lor tokamaks. 

A Program Plan to meet these objectives concentrates on the Phase I 
objectives, and contains the following major elements: 
Phase I 

1. Development of dc negative-ion sources with emphasis on beam 
quality, on increasing the available current/meter to at least 
twice the value available now, on increasing the gas efficiency, 
and on the elimination of cesium. This source development will 
be carried out at LBL and BNL. 

2. Demonstration of accelerator and beam-transport technology 
capable of handling 5- to 10-A beams at 500 keV. The TFF 
design is the primary approach, with the electrostatic 
quadrupole (ESQ) as the main backup concept. This plan does 
not show construction and testing of an ESQ transporter or 
accelerator. 

3. Development of a suitable neutralizer. The primary approach is 
a photoneutralizer employing the oxygen-iodine chemical laser; 
this is the most desirable approach, and the prognosis for suc
cessful development is sufficiently good that a major effort in 
this area is warranted early in the program. It will be impor
tant to demonstrate a laser module on an operating beam line. 
Other laser systems would be adopted if they appeared more 
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suitable. The laser development effort will be carried out in 
industry. A backup approach is the plasma neutralizcr; this 
development will be carried out at BNL. A gas neutralizer, 
although less desirable, can also be used. 

4. System studies, carried out at LBL, at the confinement labora
tories or for them at the FEDC, and in industry, to optimize 
bcamline design and assess the suitability of these systems for 
reactor applications. Special attention will be paid to surviva
bility, tritium compatibility and maintenance requirements. A 
very important output of these studies will be the anticipated 
system availability, efficiency and cost. 

5. Prototype development. This development, which is essential to 
guarantee reliability and reactor compatibility, may be carried 
out by industry, by a combination of industry and the user 
(with close collaboration on the part of the development labora
tories), or at a national laboratory. 

6. Determination of the suitability of neutral beams for current 
drive in tokamaks. At present, neutral-beam systems have a 
backup role in the tokamak planning. However, there is the 
possibility that negative-ion-based neutral beams will be able to 
perform the dual functions of heating and current drive at high 
power efficiency, so a timely determination of relevant parame
ters and experimental verification on a tokamak, not yet 
identified, is important if tokamak applications are to be prop
erly included in the development program. 

The interrelation of these elements is shown schematically as a strategy 
diagram in Figure 9. A continuation of this Program Plan would lead 
naturally into Phase II if steady-state current drive were needed for 
tokamaks: 

Phase II 
Determination of the type of accelerator and transport structures 
necessary to go to the 800-keV - 2-MeV level. The type of 
structure adopted in Phase I will be tested to these levels; the 
backup approach will be an rf structure, such as the radiofre-
quency quadrupole (RFQ) or Meqalac. 
Extension of technology to very long pulse (months) capability. 
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Figure 9: Strategy for development leading to application of 
negative-ion-based neutral beam systems. 

Proof-of-Principle Demonstration 

A proof-of-principle demonstration is required before the fusion com
munity can proceed with confidence to the prototype development phase. 
A proof-of-principle experimenl must demonstrate that all the principles 
involved will work, and that all components will work together. As has 
been discussed in the section on Technology, the component with the 
highest risk appears to be the high-voltage accelerator and transport sys
tem. If these can be made to accelerate and transport satisfactorily a 
beam from the source, there is little doubt that a system using an 
inefficient but low-risk gas cell for a neutralizer can be constructed and 
operated successfully. On the other hand, to capitalize on the potential 
high efficiency of a negative-ion-based neutral beam system, it will be 
necessary to operate the system with an efficient neutralizer, such as a 
photoneutralizer or a plasma neutralizer. We therefore define two 
proof-of-principle goals, the second one being for the proof-of-principle 
of an efficient neutral-beam system: 

POP-I: Demonstrate production, transport, and acceleration (with 
strong-focusing TFF systems) of a 1-2 A H" beam to 160 keV 
under steady-stale conditions and at full current density. 
Capability of extrapolation to a practical beamline is a 
requirement. 

POP-II: Demonstrate operation under steady-state conditions of a 
negative-ion system ( > 1A, >: 160 keV) with an efficient neu
tralizer. If a laser neutralizer is chosen, tests with a single 
module of a design capable of being extended to the full neu
tralizer will be satisfactory. 

POP-I will demonstrate that a negative-ion-based neutral beam system 
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can be built, although it may not be the most efficient design; POP-II 
will demonstrate that a highly efficient system can be built. 

ACTIVITIES 

The activities required to implement the strategy just discussed and 
illustrated in Figure 9 are shown in Figure 10. In Figure 10, we iden
tify the activity, the organization responsible for carrying out the 
activity, and show the expected duration. Major decision points and the 
POP demonstrations are shown. 

From this activity analysis we conclude that: 

1. with an aggressive program, it is possible to meet the antici
pated 1994 start-up date for application of negative-ion-based 
neutral beams on a mirror ETR, and 

2. new and upgraded facilities will be required. These require
ments will be addressed in the next section. 
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FACILITIES 

We can analyze the facility requirements, already shown on the 
activity chart (Figure 10), in terms of the Phase I and Phase II objec
tives: 

Phase I: 

1. Source development can be carried out on existing facilities at 
LBL and BNL. A modest upgrade of the 25-kV BNL facility 
(STS) from 2.5 A to S A is highly desirable. 
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2. Transport-system development can be carried out on Test Stand 
IIIA (TS-IIIA), an existing facility at LBL being converted to 
negative-ion operation in FY83. TFF accelerators require injec
tion of a beam preaccclerated to 80-150 kcV. The power supply 
of TS-IIIA, which is limited to 160 keV, will therefore permit 
only limited testing of a TFF accelerator — probably only two 
acceleration stages could be tested. It is known that instabili
ties can grow in multiple stage accelerators of this type; there
fore, it is necessary ultimately to lest these designs to the 500-
keV level. A new or upgraded facility will be required to do 
this. 

3. It does not appear likely that a major DOE facility will be 
required for laser development. Demonstration or the compati
bility of a laser module with an operating beam can be carried 
out on an upgraded existing facility. 

4. Some upgrade of an existing tokamak facility may be required 
to assess the suitability of neutral beams for current drive 
because the L/R time for current decay in tokamaks is longer 
than the pulse length of their neutral-beam systems. More 
effort is required to determine these requirements. 

5. System studies do not require new facilities. 
6. Prototype development will require a new facility, but this 

would most likely be included in the user's (ETR) construction 
program. We therefore do not identify this effort with an R&D 
facility requirement. 

Phase U: 

Extension of technology to the 800-kcV - 2-MeV level with pulse 
lengths of months will require a new facility or an upgrade of an exist
ing one. All the major facility requirements for Phase I can be incor
porated into a single facility having 10-A, 500-kV, dc capability. Phase 
II requirements could be accommodated by an upgrade of the Phase I 
test facility or by a new one. 

Phase I Test Facility: 

The Phase I facility could be cither a new facility or an upgrade of an 
existing one. The best candidate for upgrading is the NBETF at LBL; 
positive-ion planning calls for completion of positive-ion R&D on the 
NBETF at the end of FY84, which fits nicely into the negative-ion 
schedule. The NBETF can be relatively easily reconfigured for 
negative-ion acceleration, but the present power supplies are limited to 
170 kV. A more desirable choice would be to upgrade the facility to 
500 keV as soon as it is available; this is the option shown in the plan
ning. 

In Table V, we show the present (April 1983) capabilities of the 
NBETF, configured for positive-ion use, and the capabilities for 
negative-ion use after the proposed first-stage upgrade. The NBETF 
high-voltage power supply consists of two transformer-rectifier modules 
conservatively rated at 17 A, 170 keV, dc, operating in parallel. One 
option for negative-ion use would consist of isolating one of the modules 
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and reconnecting the two in series, to give ~ 10 A, ~ 350 kV, dc capa
bility. An additional 10-A, 150-kV power supply would bring the sys
tem capability to the 500-keV level. The present basic cooling system is 
capable of dissipating 11 MW for 30 s, 5 MW for 4-5 min, or 2 MW 
steady-state. A dedicated cooling tower would be required to go to dc 
operation at the 5-MW level. The existing cryosystem is probably ade
quate for negative-ion operation, but this question has not been studied. 
The test cell would probably need to be relocated and enlarged to 
accommodate adequate high-voltage stand-off capability and source-to-
target distance. More effort is required to determine the optimum 
configuration of the upgraded facility. 

Table V: Proposed Upgrade or NC1ETF Facility for Negative Ion Use 
Suo-Sytiem NBETP Capability 

(April, tsffij 
UpBradad Capability 

(March, 1M6) 

Hipji Voltage 
Power Supply 

as A, 120 kV. 30 HO 10 A, 500 kV dc 

Beam Dump 
Coding. System 

11 MW, SOeec,-
5 MW, 200-300 <K; 
2 M W * 

SMWoc 

Cryotvalem WWlMJK TBD 

PROTOTYPES 

To ensure system integration and to demonstrate reliability and main
tainability, essential for application of neutral beam on an ETR-class 
experiment, it will be necessary to build and operate a prototype 
neutral-beam system. We show the decision to do this early in FY86, 
which allows eight years for the prototype phase and construction and 
installation of neutral-beam systems on the ETR. This is a very ambi
tious schedule, but should be possible. 

This prototype development could be carried out at a development 
laboratory or elsewhere. The most desirable location for the prototype 
development is probably at the ETR site, with the effort coming jointly 
from the development laboratory, industry, and the ETR staff. ETR 
facility construction may dictate that design, construction, and com
ponent testing be done elsewhere (as was the case for TFTR). 



MILESTONES 

Milestones derived from the activity chart shown in Figure 10 are 
listed in Table VI. 

Table VI Milestones 

Milestone Date 
D Complete conversion of TS-1IIA (LBL) July 1983 

to H"; begin operation of source 
with 80-kcV preaccelerator 

• Accelerate 1-A dc beam to 80 keV December 1983 
D Demonstrate 80 keV TFF transporter July 1984 
D Demonstrate 160-keV (POP-1) January 1985 

TFF accelerator 
D Demonstrate plasma neutralizer (POP-II) March 1986 

with beam 
• Complete conversion of NBETF March 1986 

to negative ions 
D Develop improved, CS-free source September 1986 
• Demonstrate laser module (POP-ll) September 1986 

on beamline 
D Demonstrate current drive with January 1987 

Neutral beams on a tokamak 
D Decision point to proceed January 1987 

with ETR prototype phase 
D Decision point to proceed October 1987 

With > 500-keV facility 
• Begin operation on ETR January 1994 
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Resource Assessment 

T he resources of the national laboratories and relevant industries are 
adequate for the tasks. The research and development required 

represent a logical extension of the research and development already 
underway in national laboratories and industry in connection with the 
positive-ion-based neutral-beam program. 

PERSONNEL 

The required level of effort at the national laboratories will be about 
the same as in the combined present positive- and negative-fon-based 
neutral-beam programs. This makes it possible to have a smooth 
buildup with skilled personnel. 

FACILITIES 

Facilities required up to the prototype stage exist, or can be obtained 
by upgrading existing facilities. The lead times for upgrades can be 
substantial (two years or more), so careful scheduling is required. 

BUDGETS 

A reliable cost estimate has yet to be carried out. As a frame of 
reference, the positive-ion development program has cost about $100 M. 
A similar effort can be expt.ied for Phase I negative-ion system develop
ment. 
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