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The Next Step (TNS) Program, established by DOE at ORNL in early 1976, has

as one of its key objectives to provide a means of focusing the RAD efforts in

the Notional Fusion Program toward the achievement of economically viable dokamak

fusion reactors. One part of a draft program plan issued In December, 1977,

specifically addressed the R&D needs of each of the major subsystems of ,i tokamak

fusion device that would be extrapolatable to a reactor. Included as a major

subsy.stem was plasma heating.

It Is the purpose of the effort reported here to continue the assessment

started and to update and expand ifa findings. The goal continues to be to

define. Justify and order th<> required R&D programs that would ensure neutral

Injection systems for heating tokamak plasmas to be available for a TNS-type

machine operation start assumed to be in 1990. Particle injection is covered •

here. Wave heating is being addressed in a separate, parallel effort.

By acceptance of this nrticln, tho
publisher or recipient acknowledges
the U.S. Government's right to
retain a nonexclusive, royalty free
license in and to any copyright
covering the article.

INTRODUCTION

The usual approach to planning the required

R&D for a major project that is to be completed

some years hence Is to:

1. Characterize the project in detail.

2. Note the technology and nhysics dis-

crepancies between current

capabilities and the project's real

needs.

3. Define, cost, and schedule the timely

R&D advancements necessary to remove

those discrepancies.

This well-understood and often used,

straightforward planning approach meets with

particular difficulty with a TNS because of the

relatively large number of uncertanties in basic

physics and technology directions the machine

design and operation may take. The task of

recommending the appropriate R&D efforts to meet

the needs of the TNS Project has, therefore, a

number of potential variations in directions

and can best be approached by using simple

judgements of probabilities to highlight and

order the most important advancements.

The steps herein used to arrive at the

needed R&D are:

1. Develop the expectation probabilities

for various neutral injection uses

and characteristics.

2. Define the system and equipment

availability and development status

to meet the needs.

3. Identify, integrate, and schedule the

required K&D to fill the gaps In

neutral injection technology.
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STEP I . DF.VEI.Clt' EXPECTATION PROBABILITIES OF

NEUTRAL INJECTION' CHARACTERISTICS

The determination of neutral in jec t ion

requirements must recognize the decreasing but

s t i l l present unce r t a in t i e s . Step 1 addresses

th is by assigning p robab i l i t i e s to the various

needs and expected solut ion path for each

cr i t e r ion or per t inent question. The r e su l t i ng

array of p r o b a b i l i t i e s wi l l serve as guides to

the ordering of the necessary R&D e f f o r t s .

The a rmy construct ion i s started by

assuming neu t ra l Inject ion wi l l be used on a

TNS device by assigning i t a probabi l i ty of 1.0

(see Figure 1 ) . A logical f i r s t quest ion I s ,

"Is i t expected that neutral beams w i l l be used

for heal Ing and fueling, heating only, or

fueling only?" Recent invest igat ions of in jec-

tion heating scenarios* •" •' ' ' ' ind ica te a

low prospect for fueling only by neut ra l beam

injection, .uul thus that answer i s given a very

low ejepi'ctinn probabi l i ty (O.dS) of being

realized on a TNS machine. The quest ion of
(2 3)

beams to fuel, or to luol and heat * recog-

nizes that some fueling accompanies the beam

heating but, at the beam energies desired, it

is probably a secondary consideration, It is

assumed here that the attendant fueling will

become a trivial consideration at beam ener-

gies above 150 keV/dcuteron. Injection
(2 4)

strategies being developed1 ' ' offer promise

of adequate application of neutral beams with

energies about ISO kcV/deutcron. A com-

pariso./7'8'9'10'11'12'135 of the efficiencies

of neutral beam systems with positive ion

sources with those efficiencies projected for

systems using negative ion sources shows tliat

this energy level is in the range where the two

systems have comparable performance. Thus,

150 koV/dcuteron was taken as a demarcation

energy value in constructing the array o.f expec-

tation probabilities and shows' throughout the

array as a criterion for action choice. Another

energy could be selected as the criterion and the

array constructed In the same way — but the

expectation probabilities would then be Judged

to have different values. '"'' ' '

omtuan/MD '••in

\yvising)

. N O ]
Oil

.

I >>1 PHO1AHUITV OF ( t lH INTA l ACTICN

C««1 rnoiAiiLiiv OF PATH

CCNCRGIM A H FOR 0EU1O0M ''I
L.
•IIOMIH PATH

FIGURE 1. Expectation probabilities of neutral injection characteristics for TNS
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The sequence of questions chosen pertain;,

to pnergy level first, negative vs positive Ion

sources soroiwl, and the ur.e or non-use of

direct owisy recovery third. A different

sequence cuuld be used with little Impact tin

the resulting observations.

The cxpi-ctat Ion probabilities of che use

of "+ nr -" Ion sources result primarily from a

consideration of the efficiencies projected for

beam systems.(7>8'l0'12'13). The p o w er effi-

ciencies of IKMIIIS with ISO kcV/dcutcron are

expectIMI to In- about 20" with positive ion

source:; liar.cil on calculat ions, developments, and

ORHAK(U>> and PLT < 1 5 ) operatlne experience.

The efficiencies ptojected for negative ion

based systems as extrapolated from the early

developments are calculated to be greater^*3*.

The development of negative Ion beam systems

apneavs to bo nt least five years belli nil that

of positive ion l>i>nm system^ 7' 8" 1 0' 1 2' 1 5 1 l(l^

anil, within the TNS (and upgrades) expected

construction and operation schedules, it seems

unlikely that the realized power efficiencies

for large beam lines operating at 150 keV/

deuteron will much surpass those for positive

ion systems.

The third key question in the sequence

deals with direct energy recovery. Fn the 100-

to Snn-koV/ili-uteron energy ranee, one should

consider the application of direct energy

recovery with its potential to increase base

power efficiency of either the positive or

negative ion source beam systen^1Z*13\ If

energies exceeding 300 keV/deuteron are needed t

(assuming only atomic species), the divergence

In the power efficiencies of the two systems is

projectel to be so great as to preclude serious

consideration of applying positive ion based

systems even with direct energy recovery. The

judgements that derive (Figure 1) from these

considerations point to a very high expectation

that direct recovery would find early use with

positive ion based beams with Eb > 150 keV/

deuteron, a lesser value for negative ion based

beams with the same range of energies, a 50X

probability for positive systems with 100 <_ Eb

£ 150 keV/deuteron, and a very low probability

for negative systems with Eb < 150 keV/deuteron.

In developing Figure 1 there appear from

comparing the probabilities a prime path, a

backup path, and an alternate path on each of

which one could describe and baae a necessary

and supporting R&D program. It should be noted

that a necessary R&D element would not be

related only to one path. Therefore, It seems

prudent to consider Vhe number qf times and

with what expectation a particular R&D require-

ment shows and factor, that Into an ordering of

the most needed elements. For example, direct

recovery showa in many, patha and would, there-

fore, warrant more support for. its development

for potential TNS use than an ,8168 with less

universality of application. A quick estimate

of its potential use on a TNS device can be

obtained by adding the "Recovery?-Yes" prob-

abilities which give 0.5B. Negative ion systems

give an expectation probability of 0.24 whereas

positive ion systems show 0.73. These indi-

cators will undoubtedly change as further

analyses are devoted to the comparisons and as

important advances are wade in the science and

technology; however, it is expected that this

method of using expectation probabilities will

still be useful and can easily adapt to new

judgements'? .1

STEP 2. DEFINE STATUS OF THE SYSTEM AND EQUIP-

MENT DEVELOPMENT AND A/AII.ABILITY TO

MEET THE NEEDS

The preceding (Step 1) dealt with the

physics of injectors and the probabilities of

use of various options on a tokamak. This Step

2 attempts to address the state of readiness of

the major hardware elements of these options

and to, thereby, show where added attention Is

needed to obtain the required reliability,

maintainability and producibility for a TNS



The key elements of the neutral injection

system (nnly five chosen to start) must be

evaluated as to thi'ir potential status and

readiness for being produced efficiently and

providing cost effective and reliable operation.

The key elements selected (see Figure 2)

are:

1. Ion source

2. Tower supplies

3. Vacuum components and pumping

4. Control ami diagnostics

5. Direct recovery

The source Is further divided into two options,

e.g., an II ,0 source and a if ,D~ source. The

power supplies seem "lumpable" into two groups:

supplies for arc and source, and supplies for

paitirlc ;i< coloration. Vacuum components and

punp.iifc include all iwchancial portions. The

controls and diagnostics were considered to be

of equal importance with the other elements,

especially in the context of multiple injection

operation. Direct recovery, which may play a

key role In the negative-positive eventual

selection. Is also deemed important enough for

separate evaluation*

A word about the status descriptors used:

o Development refers to the state of

scientific and technical feasibility.

If the element has been proven feasible

and is usable, in its near-final

technical concept in tokamak experi-

ments, the development-status should

he excellent and rate a 1, ,A2 here

could indicate further development Is

needed as with the H+ source to

achieve higher current levels. A 4

for a ll" source says that although

some of the H feasibility.and

demonstration is applicable for

negative ion systems, significant '

basic R&D is still required;

o Producibllity includes the aspects of

how ready and suitable the design

concept is for detailed design and
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FIGURE 2. Status of neutral injeation system elements
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quantity fabrication of a reliable

device.

o Maintainability Is primarily directed

nl huw well it is expected that the

potential design concept could be

,iss™blo<l and disassembled in the

remote Installation and maintenance

dictated by TNS operation.

These status descriptors are general and there-

fore somewhat overlapping. However, it Is felt

that they can serve as an aid to an orderly

consideration of the yet unsolved problems and

that they will assist the attainment of a

rol.itlve comparison of the importance of the

development needs.

The assignment of numbers to the perceived

status gives some additional help In relative

comparisons. Far example, it is suggested that

these be used as "multipliers" of the previous

probabilities to aid any overall ranking that

One might undertake.

STEP 3. IDEHTtFY. IHTEGRATE, AMD SCHEDULE THE

REQUIRED Rf.D

Some key development needs that appear

necessary from the preceding and from other

studies nnd considerations include ' :

o Source development for higher current,

longer pulse, species control, and

higher energy with positive ion

sources,

o Direct recovery techniques — especially

for positive ion systems.

o Plasma engineering techniques to •

reduce the required particle energy

level (small radius and/or low density

start-ups, ripple injection, etc.). •>

o Source development for negative ions —

same performance as for positive

ions,

o Controls and diagnostics for multiple

beam systems.

o High voltage (> 1-50 kV) power supply

development.

And, it seems evident that an increased effort

or new effort is required in seriously consider-

ing how these elements and the system can be

developed to be simpler, cheaper, and more

reliable, reducible and maintainable. Such an

activity would be very valuable In providing

active feedback to the development and con-;

ccptual design efforts. If deutecon beams at

energies ^ 150 keV vould be adequate for TNS,

such maintainability programs would constitute

the major effort remaining to provide neutral

injection.

An example of auch a schedule Is shown In

Figure 3. Here It la assumed that a TNS tokamak

would he scheduled to begin operation In early

FY 90. Using schedules from other large pro-

grams as guides, a six-year period is shown as

necessary for completion of th.e design to turn-

on activities. At the beginning of such a

major ($.5B to $1.0B) project the confidence

level In the state of development of the pro-

gram subsystems has to be high — like the «

confidence level one would gain from a dedi-

cated qualifying program. Such a "qual program"

could entail two-three years when one includes

all the design and procurement of subsystems

and when most will be required to be proven on

test tokamaks vihere the environment is near

that expected on TNS. Only then does it seen

likely that such a large program would receive

final approval.

The resulting schedule shows the develop-

ment period available is forty months, after

which a detailed design must be started for a

system to be qualified on machines such as the

proposed Long Pulse Technology Tokamak (LPTT).

The imposition of this schedule does not appear

to jeopardize the attainment of the neutral

injection priority R&D goals if an aggressive

program is started and maintained. The emphasis

must be on positive ions for two reasons:' (1)

the prevailaing physics shows promise that beam

energies > ISO keV will not be required on

tokamaks(lf2>3'4'12J, and (2) there is little
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probability that negative Ion systems'can be

developed adequately in 40 months * (see

Figure Ab) based on the schedules present ad at
the December 1977 Plasma floating Workshop. The
ik-volo|imi;nt and use of direct recovery seem

very desirable anil could result in considerable
savings in TI1S power supply costs.

Addltlon.il savings could accrue from beam
energy and species control, multiple beam
control and instrumentation, reliability Improve-
ments and the resulting increase in TNS effective
operation time.

Supporting R&D in physics must be pursued
vigorously. These supporting activities are
required to increase the present confidence
that startup-injection scenarios are available
which reduce the need for > 150 keV beams.
Such experiments as small radius startup, low
density startup, ripple Injection, and the
important plasma calculations need priority
support.

Preliminary scheduling of the R&D that
appears necessary for TNS is attempted in
Figure 4. This effort shows, for example, the
difficulty of fitting negative ion source
systems into the assumed TNS time frame. In
fact, i t shows, based on the aforementioned
schedule assumptions, the difficulty of plan-
ning with confidence any new physics on TNS
that hasn't already passed feasibility demon-
stration and been tested on an experimental
tokamak.

TNS schedule milestones
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OBSERVATIONS

This type assessment should prove useful

in many aspect s of the I t e r a t i v e process of

def ining and planning major programs. Some of»

the i n t u i t i o n and judgements can be more

l o g i c a l l y considered. .

Some s a l i e n t observations from t h i s

part icular neutral in jec t ion 6tudy include:

• 1. TNS neutral Inject ion needs would

probably be met with p o s i t i v e

ions with energy l e v e l s **» 150 keV.

An aggress ive support of the pos i t ive

ion R&D i s required (> 30%/yr growth

separate from-project funding).

Special plasma c a l c u l a t i o n s and

experiments should be acce lerated to

confirm and d e t a i l the i n j e c t i o n

scenarios.

Attention to rel iabil i ty, remote
maintenance, cost, and simplicity
should be obtained by an ongping
study.
Negative ion systems, i f needed'at
a l l for tokanaks, would be no'earlier
than a TNS-Upgrade application because
they are probably five years behind
positive ions.

2.



tNSPHOGHAV SCHIUUtE
MAJOR U i U S t Q M S -i

la PRIME "»O PATH

K H NEEDS

50A AND IOTA SOURCES
9 0 - V F U l l ENERGY

Eh • l i d
REMOTE MrXCE , SELIAB
MULT BEAU CONTROL
ECONOMICS

Ik KEY PHYSICS SUPPORT ICALC. & E X H

SUCH AS
HIPPIE INIECTION
IQH DENSITY SIARI UP
SWAU RAOIUS BUILDUP
COMPRESSION

AVAILABLE
OEVEl PERIOD]

<OMDS )-P

en
110 btV
MA I! iS

TFTR
I I'D XV
I iOA US

40A 6OIIV l l O A
O3S

DESIGN
I FAB

INSIALl

DUAL
UNITS N

F » l
14 | i IS I I I I 1)

INS

TITLE I
TITLE II

•ID
•WARD

FAB
INSTALL

CHICK
OUT

O FEASIBILITY EXP.
^ 3 PLANNED) NEEDED

I NEEDEO, NOT PLANNED
NORMOPOIED

OIINl/tlWG/'tO 7I-J7I

14 U IS II II 19

TMS PROGRAM SCHtOULI
MAJOR MILESTONES

, AVAILABLE
\ OEVEl. PERIOD,
1 <OMOS M

1 BACKUP R>D IHECOVEBY «VOS IONS)
»ISO » V

REC ELECTRONICS

] . ALTERNATE USD (NEC. IONS > ISO t lVI

BEC.HiO.INC.il
T 0 1 W

SOURCE

© ACCEL » NiUT
IBO t lV, 504, IS

DESIGN
I EAB

INSTAll

QUAL
UNITS

' * $ . TNS

TITLE I
TITLE II

BIO
. AWARD

FAB
. INSTALL •

' CHECK
OUT

j ) FEASIBILITY tXP
l 3 PLANNED 5NEE0E0
3 i PROPOSED « NEEDED
I B NEEOtO, NOT PLANNED

NOR PROPOSED

FIGURE A. Key TNS neutral inject ion R&D needs as bounded
by TNS preliminary schedule



REFERENCES

1, Oak Ridge TMS Program Staff, "Draft

Program Plan for TNS — The Next Step

After the Tokaraak Fusion Test Reactor,

Part II-R&D Needs; Assessment," ORNL/TM-

5983 (December 1977).

2. .l.A. RuniL', "Beam Penetration -- Theory and

Predictions," presented at Workshop on

Fueling, PPPL, October 1978, to be published

in Proceedings by DOE.

3. J. Sheffield, private communications,

1977, 1978.

it. J.A. Rome, Y-K.H. Peng. J<A. Holmes,

"Injection Heating Scenarios for TNS,"

ORNL/TM-5931 (July 1977).

5. Y-K.M. Peng, S.E. Attenberger, W.A. Houlberg,

A.T. Menso, J.A. Rome, N.A. Uckan, "ORNL

TNS Program: Plasma Engineering Considera-

tions and Innovations for a Medium Field

Tokamak Fusion Reactor," ORNL/TM-6150

(December 1977).

6. M. Roberts, "Draft Program Plan for TNS —

The Next Step After Tokamak Fusion Test

Reactor," Part I-Summary," ORNL/TM-5982.

7. H.H. llaselton, "Positive Ion Systems —

State of the Art and Ultimate Potential,"

presented at Workshop on Plasma Heating

Development Requirements, Gaithcrsburg,

Ml.1, liincmhcr 5-7, 1!)77.

8. Th. Stuyters, "BNL High Energy Neutral

Beam Development Plans," presented at

Workshop on Plasma Heating Development

Requirements, Gaithersburg, MD, December

5-7, 1977.

9. R. Moir, "Positive Ion Systems with Direct

Recovery," presented at Workshop on Plasma

Heating Development Requirements, Gaithers-

burfih, MD, December 5-7, 1977.

10. B. Pylc, "LtX/LBL Negative Ion Development

Program Plans," presented at Workshop on •

Plasma Heating Development Requirements,

Gaithursburg, MD, December 5-7, 1977.

11. Y-K.M. Peng and J.A. Rome, "ORNL-TNS/PWR

Overall Heating Requirements," presented

at Workshop on Plasma Heating Development

Requirements, Gaithersburg, MD, December

5-7, 1977.

12. j. Sheffield, D.L. Jassby, L.O. Stewart,

"Summary Statements," presented at Work-

shop on Plasma Heating Development Re-

quirements, Gaithersburg, MD, December 5-7,

1977.

13. L.D. Stewart, "Comparison of Methods {or

the Production of Neutral Deans," to'be

published in Proceedings of Symposium on

the Production and Neutralization of

Negative Hydrogen Ions and Beams, Sep-

tember 26-30, 1977, BNL, Upton, NY.

14. o.B. Morgan, et al., "The Development and

Application of Neutral injection for .

ORMAK," Proc. 3rd Symposium on Plasma

Heating in Toroidal Devices.' Varenna,

Italy, September 6-17, 1976. "*"'•'

15. H.H. Haselton, et al., "Neutral Beam «

System for the Princeton Large Torus,"

Conference Record for the IEEE 1977 Inter-

national Conference on Plasma Science,

Troy, NY, May 23-25, 1977.

16. J.P. Girard, M. Khelladi, D.A. Marty,

Nuclear Fusion 13, 685, 1973.

17. PLT Neutral Beam Injection System Study

Report, General Electric Company, Sep-

tember 1977. (Prepared for Union Carbide

Corporation Nuclear Division.)

18. PLT Neutral Beam Commercial Producibility

Study, Summary, General Dynamics-Convair

Division, September 1977. (Prepared for

Union Carbide Corporation Nuclear Division.)

19. P.A. Willis, private communications, 1977.

20. D.L. Jassby, Nuclear Fusion 17, 309 (1977).

21. D.R. Colin, D.L. Jassby, K. Kreischer,

"Neutral Beam Requirements for Compression-

Boosted Ignition Tokamak Plasmas," PPPL-

1405 (December 1977).

\


