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ABSTRACT

This paper presents a quantitative analysis of research

trends in the fields of plasma physics and nuclear fusion. This

analysis is based on information retrieval from available data

bases such as INSPEC tapes. The results indicate that plasma

physics research is now in the maturation phase of its life

cycle, and that nuclear fusion research is in its growth phase.

This paper indicates that there is a correlation between the

number of accumulated papers in the fields of plasma physics and

nuclear fusion and the experimentally attained values of the

plasma ignition parameter ntT. Using this correlation "research

effort curve", we forecast that the scientific feasibility of

controlled fusion using magnetic confinement systems will be

proved around 1983.

key words: nuclear fusion, information retrieval, scientific

feasibility, forecast, technical achievement



I. INTRODUCTION

Research in plasma physics and nuclear fusion has been under-

way for more than twenty years. In recent years, research on

controlled fusion has been accelerated due to the awareness

that, as fossil fuel resources are used up, the threat of a

devastating energy shortage is growing more real each year. On

the basis of the research to date, it seems that the scientific

basis for building controlled nuclear fusion devices with a net

energy output from the deuterium-tritium reaction is no longer

seriously in doubt.

The purpose of this report is to analyze quantitatively the

worldwide development of research activity in plasma physics and

nuclear fusion, to correlate the progress being made on

magnetic-confinement controlled nuclear fusion with the volume

of research, and to forecast the amount of research that will be

required to prove that controlled nuclear fusion is scien-

tifically feasible.

I-A Measurements Systems on Research Activities

In order to quantitatively analyze research activity in plas-

ma physics and nuclear fusion we introduce a measurement system

inspired by the basic business concept that "sales amount minus

cost is profit". Applying this concept to the quantitative

analysis of research we make the following analogies: "sales

amount" represents "quantity of research activity", "cost" is

"quantity of research investment", and "profit" is "quantity of

research contributions".
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"Quantity of research activity" includes the number of

published papers, number of authors, number of active

researchers (researchers who publish at least one paper per year

in a particular year), number of meetings, etc. "Quantity of

research investment" includes the amount of research funds,

number of research facilities, number of researchers, number of

supporting personnel, etc. "Quantity of research contributions"

includes the experimentally attained numerical values, number of

issued patents, number of papers citing a particular paper, etc.

This measurement system differs from other systems in that it

makes a clear differentiation between the "quantity of research

contributions" and the "quantity of research activity"

In this report we use the number of published papers as the

index of research activity quantity: in order to analyze the

trends of research in plasma physics and nuclear fusion, we use

the yearly number of published papers, the number of accumulated

papers, the yearly number of published papers on various topics,

the yearly number of published papers in various countries, etc.

We use the experimentally attained numerical values as the index

of research contribution quantity: in order to discuss the

progress being made in plasma physics and nuclear fusion toward

the scientific feasibility of controlled nuclear fusion we use

the ignition parameter ni;T (electron density n, energy confine-

ment time t, and plasma temperature T)

I-B Report Structure

In Chapter II we describe the method of information

retrieval, the time period studied, and the completeness of the

data. In Chapter III we discuss the life cycles of research in

- 2 -



plasma physics and nuclear fusion based on the yearly number of

published papers. We discuss the "research effort curve" in

plasma physics and nuclear fusion which is the correlation

between the quantity of research activity and the quantity of

research contributions. We also discuss the application of the

research effort curve as a new technology forecasting tool. In

Chapter IV we summarize the study and indicate possible topics

for future study.

- 3 -



II. STUDY METHOD

II-A Data Sources

In order to quantify the research activity in plasma physics

and nuclear fusion we used two data sources: PHYSICS ABSTRACTS

(from 1958 to 1978), and INSPEC tapes (from 1974 to 1978). IN-

SPEC tapes are magnetic tapes containing issues of PHYSICS AB-

STRACTS that have been edited for computer information

retrieval. The Nagoya University Plasma Physics Institute cur-

rently leases the tapes available from 1974.

We believe that the above two data sources are the most com-

plete data banks in physics, and most of the papers in plasma

physics and nuclear fusion are contained in them.

II-B Study Period

In order to study the history of research in plasma physics

and nuclear fusion we go back to 1958. In this year the Second

United Nations International Conference on the Peaceful Use of

Atomic Energy was held at Geneva and the contents of past

research in nuclear fusion were opened to the public. Since

Plasma Physics did not become a subject indexed in PHYSICS AB-

STRACT until 1958, it is difficult to search for earlier papers

related to plasma physics and nuclear fusion. Although we

estimate that about 100 papers were published on plasma physics

and nuclear fusion prior to 1958, we believe that leaving them

out of this study does not involve a significant difference in

the results obtained. Since only 21 of the total 24 volumes of

the 1978 editions of PHYSICS ABSTRACTS and INSPEC tapes are

available at the time of this study, we have studied the
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research activities in plasma physics and nuclear fusion from

1958 through most of 1978.

II-C Study Range

In this report, we follow the classification system of

PHYSICS ABSTRACTS and the INSPEC tapes and regard a paper cited

under the plasma physics index in PHYSICS ABSTRACTS as a plasma

physics paper, and a paper cited under the nuclear fusion index

in PHYSICS ABSTRACTS as a nuclear fusion paper. A very small

number of papers related to plasma physics and nuclear fusion

are mentioned in the Electrical Discharge index of PHYSICS AB-

STRACTS, but we have not included them in this study.

II-D Study Method

Using PHYSICS ABSTRACTS data sources, we manually tabulated

the plasma physics and nuclear fusion research activity quan-

tities for the period from 1958 to 1973. For the period from

1974 to 1978 we mainly used INSPEC tapes by a computer informa-

tion retrieval system. There are two problems in using PHYSICS

ABSTRACTS and INSPEC tapes (basically designed for searching the

document records by computer) as data sources to study quantita-

tively the amounts of research activity

The first problem is that PHYSICS ABSTRACTS and INSPEC tapes

for a particular year include papers not only published in that

year but also published in previous years. For example, the

1974 edition of PHYSICS ABSTRACTS and INSPEC tapes comprise the

following percentages of papers published in different years:

48% in 1974, 48% in 1973, 3% in 1972, and 1% in 1971. Editions

of PHYSICS ABSTRACTS and INSPEC tapes for other years are
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similarly arranged. Although it is not difficult to find the

total number of papers published in a particular year through

the computer data retrieval system using INSPEC tapes, it is ex-

tremely time-consuming to manually tabulate the number of papers

published in a particular year using PHYSICS ABSTRACTS. In this

paper we mainly use the number of papers contained in a par-

ticular year of PHYSICS ABSTRACTS as the number of papers in a

particular year: we call the number of papers compiled in a par-

ticular year's edition as "the number of compiled papers", and

we call the number of papers published in a particular year as

"the number of published papers".

The second problem is that one must use some guesswork to

tabulate simultaneously the number of papers published in a par-

ticular country, in a particular field, and in a particular

year. This problem can be solved by the future development of

appropriate software and hardware. Although there are these two

difficulties in the methods used for this paper, it is still

possible to obtain a macroscopic understanding of the research

activity in plasma physics and nuclear fusion through this ap-

proximate method.
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III. RESEARCH TRENDS IN PLASMA PHYSICS AND NUCLEAR FUSION

III-A Research Life Cycles

To observe the growth of research activities in plasma

physics and nuclear fusion, we use the yearly number of compiled

papers in PHYSICS ABSTRACTS since 1958 as the index of the quan-

tity of research activity. In Figure 1 we present the annual

number of compiled papers in plasma physics and nuclear fusion,

and the sum of papers in plasma physics and nuclear fusion (we

call the combined categories "plasma and fusion").

The number of papers published per year in "plasma and fu-
2

sion" has increased steadily since 1958: 1.2 x 10 in 1958, 1.0

x 10 in 1965, 2.2 x 103 in 1970, and 3.8 x 10 (estimated) in

1978. The number of papers in plasma physics increased sharply

from 1958: 1.2 x 102 in 1958, 1.0 x 103 in 1965, and 2.2 x 10J

in 1970, but the growth of the number of papers has declined

since 1970: 2.8 x 10 (estimated) in 1978. The number of papers

in nuclear fusion was less than 10 during t..a period between

1958 and 1970, but it has increased sharply since 1970: 1.0 x

2 3

10 in 1973, and 1.0 x 10 (estimated) in 1978. Applying the

life-cycle concept in soliton physics research that was in-

troduced in the previous report ' , we can divide the more

than twenty years of research activity into three phases: the

period prior to 1958 is the introduction phase (the number of

annual papers is less than 10 ), the period between 1958 and

1970 is the growth phase (characterized by the sharp annual

growth in the number of papers), and the period after 1970 is

the maturation phase (the present research activity in plasma

physics is characteristic of the maturation phase).
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The life cycle of nuclear fusion research is in two phases:

The period prior to 1970 is the introduction phase, and the

period after 1970 is the growth phase. At present, nuclear fu-

sion research is in the middle of its growth phase as research

is being actively conducted to prove the scientific feasibility

of nuclear fusion.

III-B Accumulation of Research Activities

The purpose of the research work being done in plasma physics

and nuclear fusion is not an abstract "search for truth", but is

of a very practical nature - successful controlled nuclear fu-

sion - and its goal can be given a clearly expressed numerical

value. The ignition parameter niT is "a very useful and

meaningful criterion for evaluating the degree of closeness to
2)

aenieving ignition"

In regard to practical research with a clearly defined and

numerically expressed goal such as nuclear fusion research, we

believe that there may be some correlation between the quantity

of research activity and the numerically expressed research

results. Since scientists and engineers have been working

toward the controlled nuclear fusion goal using a "trial and er-

ror" approach, we believe that the accumulation of "trial and

error", the accumulation of experience, is closely related to

the experimentally attained values such as nxT. The most simple

index for measuring accumulated experience seems to us to be the

accumulated number of published papers in "plasma and fusion".

Although some research works in plasma physics are not directly

related to nuclear fusion, they are indirectly supporting the

progress toward controlled nuclear fusion. We therefore use the

- 8 -



accumulation of the papers in "plasma and fusion" as the index

of accumulated research activities.

In Figure 2 we present the annually accumulated number of

papers in plasma physics, nuclear fusion, and "plasma and fu-

sion". To find the total accumulated number of papers we begin

the tabulation in 19S8: we estimate that prior to 1958 there are

around 100 papers, but we disregard them due to their unimpor-

tance when compared with the annual number of published papers

after 1958. The number of accumulated papers in "plasma and fu-

2 3
sion" has increased sharply: 1.2 x 10 in 1958, 1.1 x 10 in

4 4

1961, 1.2 x 10 in 1970, and 3.4 x 10 (estimated) in 1978. The

number of accumulated papers in nuclear fusion reaches 10 in

1971 at the beginning of the growth phase of the life cycle of

nuclear fusion research, 10 in 1976, and 2.5 x 10 in 1978

(estimated). Extrapolating from the recent growth of the number

of accumulated papers in "plasma and fusion" in Figure 2, we are

able to forecast the change in the number of accumulated papers:

4.2 x 104 in 1980, 5.0 x 1Q4 in 1982, and 5.5 x 104 in 1984.

III-C Accumulation of Research Activities for Magnetic

Confinement Systems

In order to obtain a more specific correlation between

research on major magnetic confinement systems and research

results, we total the number of published papers for tokamaks,

mirrors, and stellarators. For counting purposes we only total

the papers with titles that clearly mention the machine names.

Although these totals are clearly incomplete, we believe that

even the simple method by which they were obtained may give some

macroscopic understanding of the progress of various specific

— 9 —



projects. Improved software and hardware for information

retrieval will yield more complete data. In Table 1 we sum-

marize the names of the machines ~or the above three magnetic

confinement systems.

In Figure 3 we present the number of published papers for the

three systems and in Figure 4, the accumulated number of

published papers. The number of published papers on tokamaks

has increased substantially since 1970: 2 in I960, 30 in 1970,

100 in 1974, and 250 in 1977. The accumulated number of

published papers on tokamaks was 900 in 1977. Although tokamaks

research started later than that on mirrors and stellarators,

the accumulated number of published papers on tokamaks exceeded

that on mirrors and stellarators in 1975.

The life cycle of tokamaks research has two phases: the

period between 1960 and 1970 is the introduction phase, and the

period after 1970 is the growth phase. The number of published

papers on mirrors was two in 1958, but it did not increase

sharply, gradually increasing to 50 in 1977. Using the life-

cycle concept, mirror research is still in the introduction

phase. The accumulated number of papers on mirrors in 1977 was

about 500.

The number of published papers on stellarators shows a

similar trend to that of mirrors. Stellarator research is in

the introduction phase, and the accumulated number of published

papers on stellarators in 1977 was around 300.

III-D The Ignition Parameter ni T
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In order tc evaluate the progress of plasma physics and

nuclear fusion research we choose the ignition parameter n'• T as

an index of the research contribution quantity: electron den-

sity n (m ), energy confinement time ; (sec) , and plasma tem-

perature T (keV). The ignition parameter was first introduced

by McNally as a useful means of evaluating the degree of close-

,. . . . 2) , 6}
ness to ignition

20 -3
We adapt the ignition parameter niT of 1.5 s 10 m sec keV

for the breakeven condition. This value is an average value of

20 -3
two values calculated for two extreme cases: 0.7 x 10 m sec

20 -3
keV for ideal two components reaction, and 3.0 x 10 m sec

keV for pure thermonuclear reaction.

In Table 2 we summarize the value of nrT calculated from the

papers presented in IAEA meetings for tokamaks, mirrors, and

stellarators.

The ntT values obtained in various tokamaks show the most

16 -3
promising advance toward plasma ignition so far: 2 x 10 m

19 -3
sec keV in 1965 by the T-3 machine, and 3 x 10 m sec keV in

197B by the Alcator machine. The value obtained by the Alcator

is the closest to the plasma ignition value for DT plasma (1.5 x

20 -3
10 m sec keV). The nrT values obtained in various mirrors

14 -3
show the second highest values: 2.5 x 10 m sec keV in 1965

17 —3
by the PR-5 machine, and 6 x 10 m sec keV in 1978 by the

2XIIB machine. The niT values obtained in various stellarators

are the lowest among the three systems: 3 x 10 m sec keV in

1966 by the L-l machine, and 1 x 10 m sec keV in 1978 by the

WVIA.
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III-E Research Effort Curve

The correlation between efforts and results has been

discussed in various fields such as productivity and business

environments. The most well-known correlation is the "learning

curve": the number of times a simple manual task is repeated

vs. the declining time needed for each repetition. The enlarged

concept of the learning curve is the "experience curve": the

number of accumulated production units vs, the declining cost

needed for manufacturing one unit. This "experience curve" con-

cept has been used increasingly by many semiconductor manufac-

turers and other manufacturers as a management strategy (Fiaure

In this report we expand the experience curve concept to

cover non-manufacturing situations such as research whose objec-

tive has a clear numerical value. Applying the experience curve

concept to plasma physics and nuclear fusion research, we take

the accumulated number of published papers as the accumulated

number of production units, and the ignition parameter nxT as

the inverse of the unit production cost.

In Figure 6 we present the accumulated number of compiled

papers in plasma physics and nuclear fusion and the ignition

parameters for experimentally achieved plasma. We are able to

demonstrate the straight-line relationship between the ignition

parameters and the accumulated number of compiled papers. Since

this relationship is between research activity quantity and

research contribution quantity, we call this straight line cor-

relation the "research effort curve". We believe that this

"research effort, curve" is not a phenomenon restricted to plasma

physics and nuclear fusion research, but is a general phenomenon
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Cor all rescatch activities with a clear, numerically expressed

objective.

Since we only have a small amount of data for nTT values, we

do not attempt to derive a mathematical expression for the

research effort curve, but we do propose this research effort

curve as a new tool to analyze research activity quantitatively.

III-F Forecasting the Scientific Feasibility of Nuclear Fusion

By extrapolating the research effort curve in Figure 6 to the

20 -3
ignition value of nrT (1.5 x 10 m sec keV), we are able to

obtain the required number of compiled papers in plasma physics

and nuclear fusion from the intersection of the ignition condi-

tion. For the tokamaks line the required number of papers is
4

5.1 x 10 , for the mirrors line and for the stellarators line
4

the required number of papers is 8.2 x 10 respectively.

In order to forecast the year when scientific feasibility is

successfully realized, we need to forecast the year when the ac-
4

cumulated number of compiled papers will reach 5.1 x 10 . If we

assume that the present rate of growth of the accumulated number

of papers will continue in the near future, we are able to claim

that in 1983 the accumulated lumber of papers will reach 5.1 x
4

10 and thus that the scientific feasibility of nuclear fusion
will be proved in 1983.

Considering that various large-scale experimental devices for

proving the scientific feasibility of nuclear fusion are under

construction, we believe that our forecast is not inappropriate.

In Figure 7 we present the research effort curves for specific

devices using the accumulated number of papers and the ignition
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parameter values. For the tokamaks research effort curve we are

also able to conclude that 1983 is the year that the scientific

feasibility of nuclear fusion will be proven. The tokamaks line

shows a large bend at niT = 6 x 10 m sec keV obtained by

T-3, for after the announcement of the experimental result many

papers were published concerning the tokamaks and various types

of tokamaks were built, such as TFR, T-10, PLT and ALCATOR.
1 fi

These machines are responsible for another raise at 3 x 10 m

sec keV.

We believe that this forecasting method using the "research

Fort curve" will be a new addition to

forecasting methods such as the Delphi method

effort curve" will be a new addition to various technology
8)
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IV. SUHiiARY

In this report we established the elements of a new measure-

ment system for research activities: research activity quantity,

such as the number of published papers; research investment

quantity, such as research funds; and research contribution

quantity, such as the experimentally obtained values.

We used PHYSICS ABSTRACTS and INSPEC tapes, originally

designed for searching document records, for the quantitative

analysis of research activities. We pointed out that the life

cycle of plasma physics research is in the maturation phase at

present, while that of nuclear fusion research is in the growth

phase. We also pointed out that there is a correlation between

the accumulated number of published papers and the ignition

parameter values. Using the correlation "research effort curve"

for plasma physics and nuclear fusion research, we forecast that

the scientific feasibility of nuclear fusion will be proved

around 1983.

Before closing our discussion we would like to point out

three potential applications of the "research effort curve"

besides the technological forecasting application.

One application is to the planning of a research project.

Without considering the plausibility of the example, we show the

method in the following way: We plan to prove the scientific

feasibility of nuclear fusion by stellarators by 1988. First we ̂

estimate the required number of accumulated stellarator papers

for ignition from Figure 7: the required number is 2.2 x 10 .

Secondly we use Figure 4 to estimate when the required number

of papers will be reached, assuming that the present rate of ac-
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cumulation will continue in the future: the estimated year is

1992. We therefore need to accelerate present research ac-

tivities in order to bring the accumulated number of papers to

2.2 x 10 by 1988. If we know the relationship between research

investment quantities (such as number of researchers, rpsearch

funds, research facilities) and research activity quantities

(such as the accumulated number of papers, number of active

researchers) we will be able to develop, at least, a tentative

research investment plan. We leave this study to a future

project. Another potential application of the "research effort

curve" is for evaluating the technological difficulties of

various projects. As an example, we are able to point out the

difference in the slopes of the dotted line for mirrors and the

thin line for stellarators in Figure 7. From the rough estimate

of the slopes we can say that stellarators may provide an easier

approach to nuclear fusion than mirrors since the slope of stel-

larators is sharper than that of mirrors. Since the data in

Figure 7 are very rough, there is some danger in making the

above conclusion, however. We leave this study to a future

project.

A third potential application of the "research effort curve"

is for pointing out various technological break-through points

in the history of projects. For example, in the history of

tokamaks projects there are two inflection points: in Figure 7

there are two points (niT = 6 x 10 , and n^T = 2 x 10 m sec

keV). The first inflection point was made by the T-3 machine in

1969 through improving the magnetic field and clean vacuum wall.

After these experimental data were published there were many

papers published and various new tokamaks were designed. The
18 -3

second point was at 2 x 10 m sec keV by TFR in 1974. Since
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thrn increase of the size of the machine and increase of r

caused the rise in the research effort curve.

We believe that more detailed study will suggest even more

useful information on various projects, but here report we have

just indicated three application possibilities of the "research

effort curve".
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CAPTIONS OF FIGURES

Fig. 1 Annual number of publications on plasma physics and

nuclear fusion ( O ) , annual number of publications on

nuclear fusion (•), and annual number of publications

on plaema physics (O ) .

The horizontal scale gives the year.

Fig. 2 The accumulated number of publications on plasma physics

and nuclear fusion ( © ) , plasma physics (O)r and

nuclear fusion ( # ) .

Fig. 3 (a) Annual number of publications on tokamaks

(b) Annual number of publications on mirrors

(c) Annual number of publications on stellarators

Fig. 4 The accumulated number of publications on tokamaks ( # ) ,

mirrors ( A ) , and stellarators ( O ) . The thin line in-

dicates the extrapolation lines of the accumulated

number of publications on each specific machine.

Fig. 5 The experience curve for semiconductors

Fig. 6 The experimentally attained values of the ignition

parameter ntT (m sec keV), the accumulated number of

publications in plasma physics and nuclear fusion, and

their correlations. (•) for tokamaks, ( A ) for mir-

rors, and (Q) for stellarators indicate the ntT values

and the accumulated number of publications.

Fig. 7 The correlation between the accumulated number of

publications on specific machines and tho nTT values ob-

tained in specific machines: (•) for tokamaks, ( ̂ ) for

mirrors, and (Q) for stellarators.
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The values of nxT correspond to the maximum values at-

tained in the particular year using the specific

machines. The straight lines are obtained through these

maximum values.

The larger points indicate the highest value of n'T ob-

tained in a particular year, and the smaller points in-

dicate the lowest value. The lines are drawn based on

the highest values of various years.

CAPTIONS OF TABLES

Table 1 The names of experimental machines

Table 2 a) The experimentally attained values of nrT by

tokamaks.

b) The experimentally attained values of niT by mir-

rors.

c) The experimentally attained values of ntT by stel-

larators.
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Table 1

EXPERIMENTAL MACHINE NAMES FOR NUCLEAR FUSION

TOKAMAKS MIRRORS STELLARATORS

TOKAMAK MIRROR STELLARATOR

ADIABATIC TRAP HELIOTRON

DC-X WENDELSTEIN

2X, 2XIIB CLEO

PR-1,2,3,4,5,6 L-l, 2, 3



Table 2

. ATTAINED VALUES Of PLASMA ICHITIOIL PAKftHK'l i JL_Q_T

1965 T-3

1968 T-3

1971 ST

0.15"0.25

0.1-2

1.14

1.15-2.5

1974

ORHAK

2.5

0.2-1.2

0.493

0.3

0.85"!

0.35

I

19 I
2x10 j

19
0.1-6x10

19
9.2x10

1x10

4.5x10
19

2"3xlO

19
4x10

19

4x10

O.VlxlO

1x10

0.5-3.5x10
19

1.1-1.6x10

3x10

2x10

17

17

6x10
17

2-4x10
-3

2x10
17

Less error maynetic fit-lu
C\ f-arn vacuum v/,il 1 .

B stronger than T-3
T

Most powerful machine in 197 4

Adiabatic compression

Low aspect ratio

T-10 1.2 8x10 1x10
,.18 Large size T increase

1.2 1.1x10 4x10 5x10
18

Large size i increase

ALCATOB 0.8 2.5~9xlO
20

2x10
-2

Cleanliness of wall,
Gas puff. Hich B

1.8 1.6 0.925 1.12x10
20

ORMAK 1.38 0.81 1.28 0.92 9.1x10
19

PULSATOR 0.5-1 0.18"0.3 1.8x10

1978 1-2.5 3"6

ALCATOR 0.8-1.3 U.7-0.8

5.9x10
19

1.46x10

-2
1.5x10

1.2x10
20

1x10
-2

1.4-1.7x10

2-7.2x10
-2

TFR600 0.9-1.7 0.65-0.7

PULSATOR

FRASCATI

0.6

0.7

0.37

0.7

19
5-7x10

20
1.6x10

_2xlO2° j
IT, , T, : in kt-V, n : in

1-2x10

1x10 8x10
-3

2x10

I :

H beam injection

NBI + Gass puff

17
6x10

NBI + Gas puff

High Powpr »IU
Low Density Operation

High Density Low q Operation

without Stabilizing Shell

High Density Low q Operation

High a



Table 2 (continued)

I

rear

1961

1965

1968

1971

1974

1974

1976

1978

Devi ce

DCX-1

DCX-1

DCX-2

PR-5

DCX-2

PR-5

PR-6

2X

PR-6

2X

PR-6

2x11

2XIIB

2XIIB

Tc(0)

0.05

0.02

0.05

0.15-0.25

0.03

0.1-0.2

0.7-lxl0"2

0.1

0.085

0.04-0.1

T . 10)

300*

300*

300*

5

300*

1

1-1.5

6-8

0.5

6"8

0.4

2

13

9

10"15

nlO)

lxlO2°

2.8xlO19

n

2 X 1O
1 5

16
0.l'lxlO

1X10 1 6

5X10 1 5

ixlO16

ixio"

5X10 1 9

1-3X1018

3-5X1019

2"3xlO18

SxiO19

5x!0 1 9

1.9xlO19

T

150a

-1X10"2 b

0.5

3~5xlO~

2xio"4

-4
3-4x10

-4
4x10

6.2xl0"4

1.8"2.9xl0"

niT

{2.5X1014

5X1O"

2*1014

8X1016

16
2x10

3X10 1 7

6X1017

Hin-R Cnnfiauration

Modified Negative Mass
Instability

B-Field Stronger than PR-5

Min-B Configuration

Injection + RF Heating

Magnetic Compression

Impurity Study Experiment

Min-B Configuration. Mirror
ratio Higher than 2X

NBI + Warm Plasma

NBI + Warm Plasma
+ Gas puff

Field Reversal Exp.
Large Radius Exp.

* : Injection Energy

a : Charge Exchange Lifetime

b : Particle Confinement Time



STELLARATORS Table 2 (continued)

Year

1965

1968

1971

1974

1976

1978

— , ,

Devicc

C-STELLARATOR

L - l

C-STELLARATOR

PROTO-CLEO

PROTO-CLEO

URAGAN

WIIB

URAGAN

CLEO

WVIIA

L-2

WVIIA

CLEO

T (01

0 .O7

0.015

0.005"0.01

0.005

0.002"0.01

0 . 1

0.15

0.05'0.4

0.35

0.251

0 . 3

0 . 2

0.55

T
e

0.178

Ti<0)

0.04

0.004-0.03

0 . 3

0.03-0 .5

0.185

0.14

Ti

0.05-0.15

n(O)

2.5X1019

0.3-lxlO1 7

0.1"lxl0

1X1017

l x l 0 1 5 - l x l 0 "

8X1018

1X1019

18
l"8xl0

0.5-2X1019

n

19
3.4x10

1.5X1019

1X1020

2xlO19

T

1.5xlo"3*

l~2xl0" 3 *

-3
7"9xl0 *

5X10"3*

0.1 ' lx lO *

-4
2.2x10

l x l 0 ~ 3

l"2xio"3

-3
4.4x10

6"8xl0"

5x10"

8xl0" 3

n I T

2X1015

3X1012

9X101

12
3x10

15
2x10

14
7x10

2x!0 1 5

16
1x10

16
3x10

4X1O"

17
1x10

I

6,10 1 6

1 ; Bohm valueP

Low Density Operat ion

Ohnic Heating
RP Heating

Ohrr^ic Heating

°hn^LC Heating
+ Gas puff

Ofrirtii c Heating
+ Gas puff

°hnnic Heating
+ tVBl

* : Particle Confinement Time
!Te' Ti r i n k e V ' " •' in m " 3 '


