ORNL/TM-5943

Electron Heating by Neutral Beam
Injection in the Oak
Ridge Tokamak

M. Murakami J.
R. C. Isler G.
J. F. Lyon = Edmonds
C. E. Bush P.
D.

L. A. Berry McNeiII

OAK RIDGE NATIONAL LABORATORY

OPERATED BY UNION CARBIDE CORPORATION FOR THE ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



Printed in the United States of America. Available from
National Technical Informatinn Service
U.S. Department of Commerce
5285 Port Royal Road, Springfield, Virginia 22161
Price: Printed Copy $3.50; Microfiche $3.00

This report was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the Energy Research and Development
Administration/United States Nuclear Regulatory Commission, nor any of their
employees, nor any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness or usefulness of any information, apparatus, product or
process disclosed, or represents that its use would not infringe privately owned rights.




' \¢f

Contract

ELECTRON HEATING BY

[l e N*N" - Ic4

Murakami
C.

F
E.
A

Fusion

OAK RIDGE TOKAMAK

Isler
. Lyon
Bush
. Berry

No. W-7405-eng-26

Energy Division

oYY Y
€I = I o

ORNL/TM-5943

Dunlap
Dyer
Edmonds
King
McNeill

(Submitted to Physical Review Letters)

Date Published:

OAK RIDGE NATIONAL LABORATORY

Prepared by the

Oak Ridge, Tennessee
Uperated by

July 1977

NEUTRAL BEAM INJECTION IN THE

| | process disclosed, or represents that its use would not

- NOTICE

This report ‘'was prepared 8s an account of work
sponsored by the United States Government. Neither
the United States nor the United States Energy

and Devel Admini i nor any of
their employees, nor any of their contractors,
subcontractors, or their employees, makes any
warranty, express or implied, or assumes any legal
Hability or ity for the P
o1 Uselulness ot any information, apparatus, product or

infringe privately owned rights.

i
—

UNION CARBIDE CORPORATION

for the

g e e

ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION

RISTRIBUTION OF THIS DOCUMENT IS UNLIMIT§D‘



ELECTRON HEATING BY NEUTRAL BEAM INJECTION
IN THE OAK RIDGE TOKAMAK*

M. Murakami J. L. Dunlap
R. C. Isler G. R. Dyer
J. F. Lyon P. H. Edmonds
C. E. Bush P. W. King
L. A. Berry D. H. McNeill

ABSTRACT

Substantial electron heating by energetic neutral beam injection
has been observed in Oak Ridge Tokamak (ORMAK) plasmas. Impurity
radiation is enhanced by injection but only to the degree expected for
ohmically heated discharges with the same total power ihput to electrons,
and the heat conductiop loss is not degraded from that with ohmic heating
alone. The scaling of average electron temperature with total power

input to electrons is approximately the same with and without injection.

*Research sponsored by the Energy Research and Development Administration
under contract with Union Carbide Corporation. ‘



Injection of energetic neutral beams is the principal method
proposed for heating tokamak plasmas to fusion temperatures. While
large increases in ion temperature with injection have been observed in
ORMAK,! TFR,2 and other tokamaks,3 little, if any, electron heating has
been reported. For substantial electron temperature increases with
injection, the injection power delivgred to electrons (pinj,e) mustv
significantly exceed the sum of: (1} a reduction of ohmic heating power
(due to the temperature increase and a possible injection-induced current“);
and (2) an increase in electron power losses during injection (in
particular, impurity radiation loss). In previous ekperiments,l,Z this
requirement was not well satisfied, and the expected temperature increases
have been within experimental uncertainties. |

Here we report for the first time a substantial rise in the electron -
temperature with injection. In comparison with our earlier work, the
heating was enhanced by higher available coinjection power (beam current
parallel to discharge current) and by operation at lower impurity levels
(lower effective ionic charge, Zeff).

In this Letter, we document observations of electron heating by
injection and then present results that show an equivalence of ohmic
heating and injection powers in determining the scalings of electron
temperature and power loss.

We first discuss in some detail the‘evolution of a plasma in which
the injection heating is makimized by operation with injection power
greater than the ohmic heating power. Figure 1 illustrates the behaviors
of several parameters for this discharge. The discharge is sustained

L

for 130 msec at a flat-top current of 70 kA with a toroidal field of



15 kG, giving a safety factor, q(az), of 7 at the limiter radius of 23
cm. At 20 msec after breakdown additional hydrogen gas is admitted to
maintain the 1ine;average electron density, Hé, at = 1.7 x 1013 cm-3
Injection of 340 kW H® power starts at 40 msec and lasts for 35 msec.
Calculations"* indicate that the injected power transferred to electrons,
Pinj,e’ is ab&ut half of the total injected power. The loop voltage

(and thus ohmic heating power, POH) decreases considerably during injection,
mainly due to a rising electron temperature. Therefore at 75 msec,

inj,e (=160 kW) significantly exceeds POHG=100 KW).

Figure 2 shows the time history of the peak electron temperature
(Te)max; the density-averaged ele;tron temperature,<(Te>; the electron
thermal energy, We — all derived from Thomson scattering; and of the'
peak ion temperature, (Ti)max — derived from charge-exchange measurements.
Similar temporal behavior of (Te)max is also indicated by a less certain
measurement from soft x-ray energy spectra [using a Si(Li) detector]
averaged over l0-msec intervals. "In the absence of injection, electron
temperatures similar to thbse at 35 msec are observed for most of the
discharge duration. Although both measures of the electron temperature,
(Te)max and <Te>, increase rather slowly during the beam pglse, growth
of electron energy content saturates after about 15 msec. This time is
consistent with that expected from the fast ion slowing down time't (=10 msec)
and. the electron energy confinement time (=5 msec). However, the decay

of We after cessation of injection is much slower than expected, and

(T) remains higher than its initial value. In contrast to the electron

e’ max
behavior, (Ti)max decays from 700 eV (at 75 msec) to the original value

of 200 eV with the expected time constant (=15 msec) after injection.



This~suggests that the Te behavior after injection is controlled by
changes in the power loss mechanisms rather than by the decay of the
power transferred from residual fast ions. In this connection, we
first note that internal disruptions® are not a significant factor in
this experiment or in the others reported below.

We next consider the effect of impurities aﬁd the radiative power

loss. The average value of the effective ionic charge, inferred

Eéff’
from the usual resistance measurement! increases from 2.5 (before and

after the injection pulse) to 3.5 during injection. The estimate during

injection neglects a possible injection-induced current.* Inclusion of

this current implies a central value, Zeff(O) és high as 5 (at 75 msec)

without appreciable change in zéff‘

ff.inferred from the resistance measurement is ' .

consistent with the values inferred from vacuum ultraviolet spectroscopic

The behavior of Ze

measurements. The latter measurements show that radiation from ORMAK is
dominated by lines of oxygen (the main contributqr to Zoff) and by
narrow-band continua in the 20-100 A range.® Figure 3(a) illustrates the

evolut%ons of the resonance line of 0°% (21.6 R) and the nearby continuum

(20.1 X). The 0°' line radiation begins to appear about 1G msec after

breakdown, but is quenched by the gas puff. As soon as injection begins,

the line intensity of 0®* increases strongly due to -the rise of Te’ but

the fact that it does not '"burn through" indicates that okygen'is being

transported into the interior of the plasma. This model is corroborated

by the rapid decrease of the intensity after injection stops; it seems that .

this behavior cannot be caused solely by the decrease of Te after injection,

but must be the result of a reduced inward transport of oxygen.
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More importantly, the continuum radiation, which is responsible for

most of the radiated power, exhibits the same behavior. This highly
structured continuum® is believed to arise from aggregates of‘closely
spaced lines of tungsten.’ The intensities at various wavelengths
between 20 and 50 X increase by factors of 2-3 during injection. The
signals fall off rapidly when injection stops, and it is estimated’that
the incoming flux of tungsten decreases by 30-50%.2

As expected, there is a close correlation of the continuum radiation
with signals from a pyroelectric radiometer [Fig. 3(b)] which measures
the total radiated power (Prad) falling on the wall (with some small
contribution from charge-exchange neutrals).® The lattef signal increases
by a factor of 1.5-2 during injection, but the ratio of Prad to total
input power is nearly constant (=50%) throughout the discharge duration.

Another important energy loss mechanism for the electrons is heat

conduction. In order to estimate this loss contribution, we calculate

an energy confinement time

Tge = Wo/ (Poy * Pinj,e - We = Prag = Pei)-

Here Pei’ the electron-ion heat transfer, is normally small. The quantity

TEe is an energy confinement time primarily related to electron heat

conduction loss, but also reflecting smaller losses due to ionization

and convection. Using the radiometer values for Prad’ we find that the

calculated values of Tee for the equilibria before, during, and after

injection are roughly constant (ranging between 6 and 9 msec with rather
large uncertainties). The behavior of TEe indicates that the heat
conduction loss during injection is not degraded relative to that with

ohmic heating alone.



Thus far we have discussed studies of the discharge at low
current, low density, and the highest injection power. Varying the
injection power with other discharge conditions fiied produced <Te>
values that increased monotonically with injection power. The
electron heating also occurs in high current discharges. For ekample,
at the highest power with I = 175 kA, we obtain Te(O) = 0.85 + 1.3 keV

and (T_»= 0.55 - 0.7 keV (By = 26 kG, n_ = 2.2 x 1013 cm 3,

= 480 kW,
e

Pon
and P. . _ - 120 kW).

inj,e

Correlation of the results described above with those of several
other experiments indicate a general equivalence of injection and ohmic
heating powers.

- When the beam heating is simulated by a 40-msec ohmic heating
pulse (I = 70 » 110 » 70 kA), we observe an electron temperature behavior
similar to that with injection. Te is left higher after the pulse, again

primarily due to the reduction of P a As in the injection case, the

a-

the total power input is approximately constant. The

ration of PT to

ad
value, =50% as in the injection cases, is like that observed in normal
ohmically heated discharges over a wide range of conditionms. The euhanced
radiative loss observed in the injection ekperiment therefore is believed
to be due to increased power input, and not specifically related to
injection.

Losses through heat conductiun alsv demonstratc thc general
equivalence of discharges with and'without injection. For ohmically
heated discharges Tpa increases with density, and the same trend
is noted with injection. The specific ekperiment here was injection

at the highest power into a 70 kA discharge, but this time at
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higher density (ﬁé = 3.3 x 1013 em™3). 1. was higher (=15 msec),

Ee

and as a result the observed increase of<<Te> was only slightly less

than that at the lower density.

Finally, Fig. 4 shows <Te> as a function of total powér input into

electrons (POH + P ), for a variety of discharges at different

inj,e
currents, densities, and toroi&al fields. The scaling of<(Te> with
total input power appears to be the same for plasmas with ohmic heating
alone as for those with injection. Again we note the apparent absence
of losses specific to injection.

In éummary,,we have observed electron heating by neutra1>beam
injection and have obsérved that <Te> increases with total power

(P To first order, there are no power losses specific to

o * Pinj,e) o
injection. This study, combined with the significant ion heating

previously demonstrated, increases our confidence in the use of neutral

]

beam injection for supplementing ohmic heating in tokamak plasmas.
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FIGURE CAPTIONS

Fig. 1. Time history of discharge parameters; plasma current (I), W’
loop voltage (V}, line-average electron density (ﬁé), central electron
density [ne(O)], and timings of gas puffing and neutral beam injection.
The parameters shown here are those averaged over 42 répfoduciblé shots
with 340-kV injection power.

Fig, 2. Bvolution of the peak [(T.)

e ] and density-averaged

nax

W4 - - . H R e
(\\Te:>) olcctron tcmperatures, peak iuvn temperatire [(_li)max

| and

electron thermal energy (We) with 340-kw injgction power.
Fig. 3. Time dependences of (a) the spectral intensities at

Zi.6 R (the 06+ resonance line and cdntinuum) and 20.1 X (the continuum)

as measured by a grazing incidence spectrometer, and (b) the total

power falling on the wall meausred by a pyroelectric radiometer, for

the 340-kW injection case. . o b
Fig. 4. Scaling 0f<fre> with the total electron power input with

and without injection. The data (shown by crosses) for ohmic heating

along are the results of scaling experiments in which the operétional

parameters (BT, I, and ﬁé) were deliberately changed to study scalings

of plasma parameters, producing large scatters of <Té>.



ne (10" cm™3), v (v)

11

ORNL-DWG 77-6489R

Figure 1

S i o9
fneto) N I-70kA
o T - 150
: / h
N
RNy AN — 100
N1 oe-Be \b\
Now - ™ IRt ]
/i’ . ‘ S Nacmm=- - T
\ ! 50
~ INJECTION I
s 2t i
‘ \\/ ‘ ' Y
20 40 60 80 100 120 140
t (ms)

I (kA)



T (keV)

1.0

0.8

06

0.4

0.2

12

ORNL-DWG 77-6499R

| | !
Pinj =340 kW

I=7OkA,
~—°~ Br:15kG

. }Y .0
// / \“ 0\ J—.o
o /! T max

o g ,AI‘ \E?\\.$o
— c"!’ : w\\\\ .
D--g-_w’; e w.. -~
ul INJECTION -

| @@\\@\\\ | |

20 40 60 - 80 100 120
i (ms)
Figure 2

2.0
1.6‘
1.2

0.8

0.4

140

We (kJ)

L£]



°
.E 2
3
o)
R
0
200
Z 150
x
E 100
“ 50

13

ORNL-DWG 77-6500R

| | | [
- 21.6 A
—
~20.1 A
l l l
_4
40 80 120 ' 160 200
t (msec)
-Figure 3



14

ORNL- DWG 77-7338

l I l | | |
1.0 — @ NEUTRAL BEAM INJECTION S
A BEFORE INJECTION (I=70 kA) ‘
v AFTER INJECTION (I=70 kA) [ OHMIC HEATING
O8 I x  SCALING EXPERIMENT i
x o
X < ’
X
06 }_— X x X X ]
o
. T w
x X X<
»X
04 |— | ./‘,/ xx L
.f
Xr"ax
0.2 ]
o | I I 1 l I
0 100 200 300 400 500 600 700

Pow 1 P]NJ,e (kW)

Figure 4



34.

35.

36.

37.

38.

39.

40.

41.

42.

WOV KN

15
ORNL/TM-5943

INTERNAL DISTRIBUTION

C. F. Barnett 14. G. G. Kelley

L. A. Berry 15. P. W. King

C. E. Bush 16. J. F. Lyon

J. D. Callen 17. D. H. McNeill

J. F. Clarke 18. 0. B. Morgan

R. A. Dandl 19-23. M. Murakami

J. L. Dunlap 24,- M. W. Rosenthal

G. R. Dyer 25-26. Central Research Library

P. H. Edmonds 27. Document Reference Section

J. T. Hogan 28-29. Laboratory Records Department
K. W. Hill 30. Laboratory Records, ORNL-RC
H. C. Howe 31. . ORNL Patent Office

R. C. Isler 32. Fusion Energy Division Library

33. Fusion Energy Division Reports Office

EXTERNAL DISTRIBUTION

V. V. Alikaev, Kurchatov Institute, Moscow, U.S.S.R.

C. M. Braams, Fom-Instituut voor Plasma-Fysica, Rijnhuizen, Jutphaas,
The Netherlands

A. M. Budker, Nuclear Physics Institute, Siberian Academy of Sciences,
Novosibirsk 90, U.S.S.R.

Prof. Piero Caldirola, Laboratorio-di Fisica del Plasma ed Elettronica
Quantistica del C.N.R., Via Celoria, 16, 20133 Milano, Italy

Centre de Recherches en Library, Physique des Plasmas, 21 Avenue des
Bains, 1007, Lausanne, Switzerland

T. Consoli, Centre d'Etudes Nucleaires de Grenoble, Avenue des
Martyrs-38-Grenoble, Republic of France

N. A. Davies, Office of Confinement Systems, Division of Magnetic
Fusion FEnergy, Mail Code G-234, Energy Research and Development
Administration, Washington, D.C. 20545

S. 0. Dean, Assistant Director, Office of Confinement Systems,
Division .of Magnetic Fusion Energy, Mail Code G-234, .Energy Research

- and Development Administration, Washington, D.C. 20545

Director, Technical Library, Defense Atomic Support Agenty, Sandia
Base, Albuquerque, NM 87115



60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

73.

74.

75.

76.

16

E. E. Kintner, Acting Director, Division of Magnetic Fusion
Energy, Mail Code G-234, Energy Research and Development
Administration, Washington, P.C. 20545

0. Kluber, Max Planck Institut Fur Plasmaphysik, 8046 Garchlng bei
Munchen, Federal Republic of Germany

H. E. Knoepfel, Laboratorio Gas Ionizzati, C.P. 65, 00044 Frascati
{Roma), Ttaly

Librarian, Institute for Plasma Physics, 8046 Garching bei Minchen,
Federal Republic of Germany

Librarian, Culham Laboratory, UK Atomic Energy Authority, Abingdon,
Berkshire, England

M. A. Mahdavi, General Atomic Company, PO Box 81608, San Diego,

- CA 92138

S. Matsuda, Thermonuclear Fusion Laboratory, Japanese Atomic Energy
Research Institute, Tokai, Ibaraki, Japan

V. S. Mukhavatov, Thermonuclear Laboratory, Kurchatov Institute of
Atomic Energy, 46 Ulitsa Kurchatova, Post Box 3402, Moscow, U.S.S.R.

Plasma Physics Library, Plasma Physics Laboratory, Princeton University,
PO Box 451, Princeton, NJ (08540

T. Ohkawa, General Atomic Company, PO Boi 81608, San Diego, CA
92138

D. Palumbo, Directorate General for Research and Training, Euratom,
51 Rue Belliard, Brussels 5, Belgium

J. W. M. Paul, UKAEA Research Group, Culham Laboratory, Abington, Berks,
England

R. 6. Pease, Culhum Laboratory, Abington, Berks, England

Plasma Laboratory Reading Room, Rm. 20A=222, Massachusetts Institute
of Technology, Cambridge, MA 02139

F. Prevot, Chef du Service du Confinement des Plasmas, C.E.A., BR.P.
No. 6, 92, Fontenay-aux-Roses, France.

M. S. Rabinovich, Lebedev Institute of Physics, Academy of Sciences
of the U.S.S.R., Leninsky Prospect 53, Moscow, U.S.S.R.

Center for Plasma Physics and Thermonuclear Research, University of
Texas, Physics Bldg. 330, Austin TX 78712

7

,‘\



~

43.

44,

45,

46.

47.

48.

49.

50.

51,

52.

53.

54,

55.

56.

57.

58.

59,

17

D. Dimock, Plasma Physics Laboratory, Princetoh~University, PO
Box 451, Princeton, NJ 08540

A. M. Dupas, Documentation S.I.G.N., Department de la Physique du
Plasma et de la Fusion Controlee, Association Euratom-CEA sur la
Fusion, Centre d'Etudes Nucleaires, BP 85 Centre du Tri, 38041
Grenoble CEDEX (France)

H. K. Forsen, Exxon Nuclear Co., Inc., 777 106th Avenue, NE,
Bellevue, WA 98004 :

T. K. Fowler, University of California, Lawrence Radiation Laboratory,
PO Box 808, Livermore, CA 94551

M. Fujiwara, Institute of Plasma Physics, Nagoya University, Nagoya,
Japan

H. P. Furth, Plasma Physics Laboratory, Princeton University,
Princeton, NJ .08540

R. W. Gould, Professor of Electrical Ergineering and Physics,
Bldg. 116-81, California Institute of Technology, Pasadena, CA 91109

Harold Grad, Courant Institute, New York University, 251 Mercer
Street, New York, NY 10012

H. R. Griem, Department of Phy51cs, Unlver51ty of Maryland, College
Park, MD 20742

A. M. Hamende, International Centre for Theoretical Physic¢s, Trieste,
Italy.

Researéh Laboratory of Electronics, Document Room 36-412, Attn:
J. Hewitt, Massachusetts Institute of Technology, Cambridge, MA 02139

Dr. Toru Hiraoka, Japan Atomic Energy Research Institute, Tokai,
Ibaraki, Japan

R. L. Hirsch, Exxon Corporation, Science and Technology Department
1251 Avenue of the Americas, New York, NY 10020

P. Hubert, Service de Recherches sur la Fusion Controlee, Centre
d'Etudes Nucleaires, Fontenay-aux-Roses (Seine), France

T. Hsu, Office of Confinement Systems, Division of Magnetic Fusiun,
Energy, Mail Code G-234, Energy Research and Development Administration,
Washington, D.C. 20545

K. Husimi, Institute for Plasma Physics, Nagoya University, Nagoya,
Japan

H. Ikegami, Nagoya University, Nagoya, Japan



77.
78.

79.
80.

81.
82.

83.

84.
85.
86.

87-113.

18

Research Information Center, Institute of Plasma Physics, Nagoya
University, Nagoya, Japan

F. L. Ribe, Los Alamos Scientific Laboratory, PO Box 1663, Los
Alamos, NM 87544

D. J. Rose, M.I.T., Cambridge, MA 02139
L. D. Smullin, M.I.T., Cambridge, MA 02139

J. Tachon, DPh-PFC/Service du Confinement des Plasmas,‘Centre d'Etudes
Nucleaires, Boite Postale n® 6, 92260 Fontenay-aux-Roses, France

T. Uchida, Department of Nuclear Engineering, Faculty of Englneerlng,

-University of Tokyo, 3-1, Hongo, Bunkyo, Tokvo, Japan

H. Woodson, University of Texas, Austin, TX 78712

K. Yamamoto, Japan Atomic Energy Research Institute, Tokai, Ibaraki,
Japan

S. Yoshikawa, Plasma Physics Laboratory, Princeton University,
Princeton, NJ 08540 :

Director, Research and Technical Support- Division, Energy'Research
and Development Administration, PO Box E, Oak Ridge, TN 37830

Technical Information Center, PO Box 62, Oak Ridge, TN 37830





