OAK RIDGE NATIONAL LABORATORY
OPERATED BY UNION CARBIDE CORPORATION - FOR THE DEPARTMENT OF ENERGY




Printed in the United States of America Available from
National Technical Information Service
U S Department of Commerce
5285 Port Royal Road, Springfield, Virgimia 22161
Price Printed Copy $4 50, Microfiche $3 00

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, contractors, subcontractors, or their employees, makes any
warranty, express or implied, nor assumes any legal hability or responsibility for any
third party's use or the results of such use of any information, apparatus, product or
process disclosed In this report nor represents that its use by such third party would
not infringe privately owned rights




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.



ORNL/TM-6910
Dist. Category UC-20 a, d, g

Contract No. W-7405-eng-26

FUSION ENERGY DIVISION
A SIMPLE ANNULUS POWER BALANCE IN EBT-I

S. K. Borowski
University of Michigan, Ann Arbor, Michigan
N. A. Uckan
E. F. Jaeger

T. Kammash
University of Michigan, Ann Arbor, Michigan

Date Published - September 1979

NOTICE This document contains information of a preliminary nature.
1t is subject to revision or correction and therefore does not represent a

final report.

Prepared by the
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, Tennessee 37830
operated by
UNION CARBIDE CORPORATION
for the
DEPARTMENT OF ENERGY

This report was
Prepared as an account of
:Fr:r:gre; by the United States Government. Ne|the“rv:‘x'k
Ee nme: nor the United States Department o:'
IR, or u:y of their employees, nor any of their
s > or their I
any watranty, express or implj g
Tiability or ,, ibility f:r"fl':d‘ rtey: ool
o i ' ’
P:ol;:e;u‘linesls ofd any information, appara;us product or
¢ isclosed, or represents '
mnfringe privately owned rights, 16 v would nor

R

ﬂf‘n A l&} ' ..‘.A.'i- . i b Al Fuous i { ol 1'f '
2 Shndedts bew b s"."_»ul o ALy 1t i
b4 5 . LR clh
“/






CONTENTS

ABSTRACT coveeseccscessneatosososososostscosscosassssccscssccesoosss
1., INTRODUCTION .vvescecconscscesoascccssoansoanssssssassacssncsos
2., A REVIEW OF ELMO AND EBT-I ANNULUS PARAMETERS ..cvcescecoscese

3. DRAG COOLING OF THE RELATIVISTIC ELECTRON ANNULUS .....ce0eese
3.1 A Binary Collision Model for Drag Cooling ....ceceeecccss
3.2 Application of Drag Cooling Model to EBT-I Data ..ceeesee

4. ANNULUS MICROWAVE POWER SCALING .eceeocssccsceosocssocnsenss .o

5. APPLICATIONS AND DISCUSSION .eveveeecss Ghessessseesenasnsanons
5.1 Comparison of Theory to ELMO and EBT-I ..ccvveccencnccane

5.2 Scaling Projections for EBT-S .....cuieirncancescocsoacans
ACKNOWLEDGMENTS s coovevcsosseseocsasonnossssnssocsssssacssses cesssen
REFERENCES 4 ¢cevevcsaoscoesosssnsssssassossssassssocsassoscnsssnossss

APPENDIX .tcevesocecscoanascneserssssoscsscncscacsnsncnacsanacsannsocs

iii

10

13

17
17
21

24

25

27






ABSTRACT

An essential feature of the ELMO Bumpy Torus (EBT) concept is the
presence of a relativistic electron annulus in each of the toroidal
mirror sectors. These high beta annuli are formed and sustained by
microwave heating and are of sufficient density and temperature that
diamagnetic currents produce the necessary minimum in the magnetic field
required for MHD stability of the toroidal core plasma. Because electron
rings play an important role in confinement characteristics and perfor-
mance of EBT, the trade-off between the quality of the confinement
afforded by the rings and the power required to sustain the rings
represents an important problem in a fusion reactor. A power balance
for the rings that includes drag cooling, in addition to the radiatiomn
(synchrotron and bremsstrahlung) and annulus electron-electron scat-
tering losses, indicates that drag dominates the annulus energy balance
in EBT-I. Drag cooling of the relativistic annulus electrons on the
toroidal core plasma appears to provide a reasonable explanation for the
decrease in the annulus electron temperature in going from ELMO to EBT-I.
Theoretical estimates of the microwave power required to sustain the
annulus are found to be within a factor of 2 of the experimentally
determined value. Scaling projections that are shown for both EBT-I and
EBT-S enable one to examine the sensitivity of the annulus electron
temperature as a function of core plasma density for various microwave
power levels. The results are found to be sensitive to the details of
the hot electron distribution function as well as geometric and scaling
parameters. Improvements to the model are under way in order to increase

its capability and accuracy in assessing the overall power balance.



1. INTRODUCTION

An essential feature of the ELMO Bumpy Torus (EBT) concept is the
presence of a high beta (ratio of plasma pressure to magnetic pressure),
relativistic electron annulus in each of the toroidal mirror sectors.
These high beta annuli, formed near the mirror midplane and sustained by
microwave heating, are of sufficient energy density to produce the
necessary minimum in the magnetic field required for MHD stability of
the toroidal core plasma.ls? Stability of the electron ring itself
requires the presence of an appreciable cold electron density component
(ncold/nhot > 1), and its diamagnetic properties are a sensitive function
of the stored perpendicular energy (Wl) in the annulus.ls2

Experimental and theoretical3 evidence indicates a critical range
of annular beta (BA = 5-157) separating quiet and fluctuating modes of
operation. The cold or C-mode with a relatively high level of density
fluctuations is observed when insufficient microwave power is supplied
to produce substantial annular beta (Bﬁrit X 5%). At BA R 157, theory
predicts that the relativistic electron annuli have sufficient pressure
to appropriately modify the vacuum magnetic field gradient. It is
around this value of annular beta that a transition occurs from the
noisy C-mode to the quiet T-mode possessing a substantial toroidal core
plasma. The T-mode has been the subject of considerable theoretical and
modeling efforts. Present understanding of equilibrium, stability, and
transport in EBT-I has suggested a sequence of EBT devices aimed at
addressing important physics questions, while s;multaneously determining
the suitability of the EBT toroidal plasma as a possible environment for
controlled thermonuclear fusion reactions.™

Because the relativistic electron annuli are an integral component
of the EBT concept, it is desirable to establish firm scaling for the
annular plasma. While electron rings have been routinely produced in
both the ELMO and EBT-I experiments, a significant difference in the
annulus electron temperature has been observed between the two devices.
This difference in temperature has previously been attributed to the

canted configuration of the individual EBT mirror sectors and the

resulting displacement of drift surfaces toward the walls of the device.?®



In this paper we propose a possible alternative energy loss mechanism,
core drag, and present theoretical estimates of the microwave power
requirements necessary to sustain the stabilizing annuli when this loss
mechanism is taken into account. Our calculations indicate that drag
cooling of the relativistic annulus electrons on the toroidal core
plasma appears to provide a reasonable explanation for the observed
decrease in the annulus electron temperature in going from ELMO to
EBT-I.

Covered in Sect. 2 of this paper is a review of previously reported
annulus parameters for both ELMO and EBT-I, with a discussion of the
discrepancy which exists between those theoretical estimates which
neglect drag and the experimentally determined annulus microwave power.
The slowing down of relativistic electrons in a plasma is outlined and
analyzed in Sect. 3. Scaling for the power required to sustain the
annulus is presented in Sect. 4; here, a power balance for the rings is
formulated, including drag cooling in addition to the usual synchrotron
radiation and annulus scattering losses. The results obtained indicate
that it is drag which dominates the annulus energy balance in EBT-I.

Our theoretical estimates of the microwave power requirements are within
a factor of 2 of the experimentally observed value. Finally, in Sect. 5
scaling projections are presented for both EBT-I and EBT-S, which show
the annulus electron temperature variation as a function of core plasma
density for given microwave power levels. A range of annular beta
values between 15-30% appears achievable for projected EBT-S toroidal
plasma parameters if the microwave power levels are in the range of

v10-15 KW.



2. A REVIEW OF ELMO AND EBT-I ANNULUS PARAMETERS

To set the stage for our discussion of drag as an important energy
loss mechanism, we review and compare some of the annulus parameters
measured on EBT-I and its progenitor, ELMO. These parameters are
summarized in Table 2.1.

The original ELMO device® produced a stable, steady state, high
~ 700 keV-1 MeV, n, v

A A
3-5 x 10'1/cm3, BA v 40-50%, and stored energies (wl) ranging from

beta, relativistic electron plasma having kT

v150-360 J. These energies were contained almost entirely in an annular

7

plasma belt varying in volume between 2-3 liters. Estimates of the

annulus size included an ll-cm outer radius, 7-cm inner radius at the

8 In such a configura-

mirror midplane, and an axial length of ~25 cm.
tion, the interior colder plasma particles, both electrons and iomns,
quickly drifted out the ends of the device along the magnetic field

lines. Nevertheless, steady state operation was achieved by utilizing a
continual flow of gas into the device, which provided both positive ion
neutralization of the hot electron plasma and the cold plasma component
(Tep < 100 eV, Bep ~ 1012 /cm3, v, v 20 liters)?2:10 needed for stabilizing
the annulus.

Despite the success of storing large energy densities in the electron
annulus, most of the incident microwave energy was carried out of ELMO
with the poorly confined cold plasma. These results prompted Dandl and
co-workers® to consider a high beta, bumpy torus (EBT-I) consisting of a
series of linked, canted mirrors. In such a device, the particles lost
out of one mirror would pass into the adjoining section, thereby forming
a circulating toroidal plasma. Both high core densities and ion tem-
peratures would be expected from the improved confinement and ion energy
gain from the microwave heated electrons. The field modification
necessary to stabilize the less energetic core plasma would be provided

by the high beta electron annuli which would be partially immersed
6

in the toroidally confined plasma.

Regarding the microwave power required to sustain the annulus,

Ref. 5 considers major energy losses in both ELMO and the canted mirror

facility to be Coulomb scattering of the relativistic electrons and



Table 2.1. Experimentally measured annulus parameters

Parameters ELMO EBT-1

Toroidal plasma,

nep(#/cm3) N1012 n1-2 x 1012
Hot electron annulus,

nA(#/cm3) n3-5 x 1011 n2-5 x 1011

TA(keV) 700-1000 n100-200

BA(%) “40-50 (70) n10-40
Stored energy in

annulus, M&(J) n150-350 v40/sector
"Stable" annulus

decay time, TA(SeC) v1-2 0.1 (v0.25)
Applied annulus

power, PUA/N(W/sector) n150-350 v160-400
Plasma radius, ap(cm) n7-9 ~v10-15
Annulus thickness,

GA(cm) v3-4 n2-3
Axial annulus a

n25 )

length, LA(cm)
Annulus volume, VAb(cms)

Core plasma volume,

Vc(cm3)

Ratio of annulus-to-
core volume, VA/VC(%)

n2 x 103-3 x 103

n2 x 10

v10-15

v12.5 (LA = aP

n2.5 x 103/sector

2 x 10°-5 x 10°

v12-30

a
We solve for LA from WL

= 40 J/sector =

nAkTAVA, assuming n, = 5 x

A

lOll/cm3, TA = 200 keV, ap ~ 12.5 cm, and GA = 2.5 cm, where V, =

2nap6ALA.

b
A

A

The results indicate L, = ap based on the parameters reported.

V, is the annulus volume per sector (VAN is the total annulus volume).
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synchrotron radiation. Because roughly 400 W was required to sustain
the annulus in ELMO at 8.5 kG, it was estimated® that each sector of the
similar size EBT device at 6 kG would require (6/8.5)% 400 W = 100 W

(for P o« B*). TFor the full 24-sector EBT-I experiment, this meant a

loss
total power input to the rings of 2.4 kW. Actual experimental estimates
on EBT~I have shown, however, that this value is low by a factor of 4.2
From diamagnetic measurements of WL(E%O J/sector) and observations of
the stable decay time following a reduction in the microwave power

(TA = (0.1 sec), it has been estimated that

_ 40 J/sector

PuA 0.1 sec

X 24 sectors = 9.6 kW .

To estimate which of the above loss mechanisms is responsible for this
large power drain (v267 of the applied power in EBT-I), it is instruc-
tive to evaluate each one separately. Assuming a steady state, the
microwave power necessary to compensate for losses due to radiation
(synchrotron and bremsstrahlung) and annulus electron-electron scat-

tering losses can be expressed as follows in mks units:

T
_ 172 _A -37.2m1/2
PuA 6.2 x 10 B nATA <l + 204> + 5.35 x 10 nATA
02
+ 5.0 x 10731 —2 N, (2.1)
T11X/2

where T is in keV and VAN represents the total annulus volume. Using

=5 x 10}7/m3, T, = 200 keV, B(@fpp = 10.6 GHz) = 0.38 T, and V,N =

nA A

0.06 m3, one obtains

Pa " <z.49 K 1.9 x 1073 K 4 5.84 1—‘3"-) 0.06 m3 = 0.6 kW ,

m3 m3 m3

which is more than an order of magnitude less than the observed power

requirements. Clearly, an additional loss mechanism must be present.






3. DRAG COOLING OF THE RELATIVISTIC ELECTRON ANNULUS

As we have seen in the previous section, losses due to radiation
(synchrotron and bremsstrahlung) and scattering collisions between ring
electrons do not account for the power required to sustain the annulus
in EBT-I. However, if the energy transfer between the hot annulus
electrons and the plasma electrons via Coulomb collisional drag is
included, the theoretical decay time for the annulus electrons is within
a factor of ~2 of the experimentally determined decay time.

In the evolution of the ELMO Bumpy Torus concept from the single
mirror ELMO experiment to the full torus EBT-I device, increased core
plasma densities have been achieved. With further density increases
expected as larger magnetic field strengths and microwave sources become
available, we anticipate enhanced Coulomb coupling between the electron
rings and the toroidal core plasma and lower ring temperatures for a
fixed power. Because core and annulus stability require minimum values

for annular beta (BA v 5~15%) and core plasma density (n /nhot > 1),

cold
increased magnetic field strengths require increased microwave power to

maintain the rings at a sufficiently high temperature.

3.1 A Binary Collision Model for Drag Cooling

A lower limit of the microwave power required to sustain the annulus
against drag cooling can be obtained from the binary collision model of
Kammash and Gailbraith,ll’12 which describes the slowing down of relativ-
istic electrons in a Maxwellian plasma. The rate of energy loss for
relativistic "test" electrons of energy E in a plasma is given to lowest

order in (kTeP/mecz) by the following equation in cgs units:

dE  -2me'n m \!/2 o \2 3 (R) 2/2(y + 1) é
— = ep e en [ —BEY |42 - e R . (3.1.1)
dt ma Y+ 1 KT, kT, R N

where



Y= ———— =14+ A (3.1.2)
2
1-X m c2
c? e
mec2 T,
R = KT (r-1) = T ’ (3.1.3)
. ep ep
and
R _.2
o(R) = 2 [ et de (3.1.4)
VN

is the standard error function. The argument of the logarithmic term
differs from the usual Coulomb logarithm (Zn A) and can be obtained by

using the quantum-mechanical minimum impact parameter for electrons
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incident on plasma electrons. The parameters nep’ Tep represent the

density and temperature of the toroidal core electrons, and TA is the

kinetic energy of the annulus electrons. Because Tep and T, are approx-

A
imately 0.4 keV and 200 keV, respectively, for the EBT-I experiment,
®(R) = 1 since R> 1, Our neglect of high-order terms in (kTep/mecz) is
based on the fact that for electromns, mec2 = 511 keV. Under these

conditions, a simplified form for Eq. (3.1.1) can be written as

dE 21rel*ne Y2 hw e 2
—_= P 2n P . (3.1.5)

dt m_c vy2 -1 kT

In mks units, with T in keV, Eq. (3.1.5) becomes

dE W n, -1 42
— [ ——)=~1.22 x 10733 gn{ 1.38 x 10733 =2 n_ .(3.1.6)
e

dt \electron Tep2 vy2 -1 P




If there are a total of nAVAN relativistic electrons, the microwave

power level required to compensate for the drag losses is given by

-1
n
P (W) = 1.22 x 10733 gn [1.38 x 10733 =2
drag 72
ep
2
N — (3.1.7)

n,n V.N .
Wz -1 Aep|A

It is interesting to note the relative insensitivity of the above natural
logarithmic term which varies by <8% (from ~32-n35), extrapolating from
the present EBT-1 experiment to possible EBT reactor parameters. Choosing

32.5 as a characteristic value, Eq. (3.1.7) reduces to

Pirag = <4 x 10732 X2 nAnep>VAN . (3.1.8)
vy2 - 1

The dependence of the drag losses on both the core and annulus densities
and the ring plasma volume is apparent, in addition to the important
relativistic term Yz/vﬁz_:_f that scales as y for very relativistic
electrons. A comprehensive experimental examination of the annulus
stability boundaries is planned for EBT-S and will help to establish the
acceptable range for the ratio of cold-to~hot plasma density required

for ring stabilization. By defining a "ring stability ratio" as

one can write the following compact expression for the drag power loss:

oy = (4 x 10732 £, L p2 (3.1.9)
P W) = X - ———— n45\|V,N . 1.
drag R m AlA
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3.2 Application of Drag Cooling Model to EBT-I Data

Does drag cooling of the ring electrons on the toroidal core plasma
agree with the experimental estimates of the microwave power going to
the annulus? For EBT-I (see Table 2.1) with TA = 200 keV, n, = 5 x
1017 /m3, ngp = 1-5 % 10'%/m%, and V,N = 0.06 m3, Eq. (3.1.8) indicates
that Pdrag = 3.6 kW. Our earlier estimates for Psynch and PScatt indi-
cated a combined power loss of ~0.64 kW, giving a total annulus power
requirement of 4.24 kW, which is approximately 50% of the experimental
estimate of 9.6 kW. This factor of 2 discrepancy between theory and
experiment can be attributed to the actual drag equation itself, based
on binary collision theory and a test particle treatment of the hot
electrons. It is conceivable that this factor of 2 can be recovered if
a relativistic or full Maxwellian distribution is used for the rings.

It is interesting to note here, however, that stable annulus decay
times as long as ~0.23 sec have been experimentally measured (see
Fig. 1). 1If the stored energy corresponding to this decay time is also
on the order of ~40 J/sector,2 then the experimental estimate for PuA
would be lowered to

~ 40 J/sector ~
PUA = =05.23 sec X 24 sectors = 4.2 kW ,

indicating very good agreement with theory.
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PHOTO 2705A-74
MICROWAVE POWER (TO ANNULUS) REDUCED

50 msec/cm

Fig. 1. Tracing of decays of W (measured with
diamagnetic loop) and nel (measured with interferometer)

following a reduction of microwave power; the horizontal
scale is 50 msec/cm.
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4. ANNULUS MICROWAVE POWER SCALING

Because the core-stabilizing electron annulus must be continuously
driven by the microwave sources during steady state operation, the
question of power drain from the annulus is extremely important in
scaling the microwave power requirements. In its most basic form, the

annulus power balance is given by

P = + P + 4.1
LA Psynch brems Pscatt + Pdrag ’ ( )

where P and P represent power lost by synchrotron and brems-
synch brems

strahlung radiation, PScatt is the scattering loss due to annulus

electron-electron Coulomb collisions, P g represents the power lost

dra
from the relativistic electrons due to drag on the toroidal core elec-

trons, and Pu is the microwave power required to sustain the annulus.

A
In terms of plasma and machine parameters, Eq. (4.1) can be expressed as

follows in mks units:

T
- -17q2 A —37_2m1/2
PuA(w) 6.2 x 10 B4n TA(% + > 4+ 5.35 x 10 nATA

A 204
g . J
W P 4
Psynch brems
ni n Aee
+ 2.2 x 10732 2 == 41,22 x 10733 gn
rl/2
- —— A
scatt
ne -1 2
x [1.38 x 10733 =P Y nn_ |V.N, (4.2)
T2 M~ 1 A'ep| A
NS ep D)
P
drag

where T is in keV and 2n Aee = 24 - n (v10"6nA/lO3TA), y=1+ TA/511,

VA is the annulus volume per mirror sector defined previously, and N is


http://SC3.CC
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the total number of mirror sectors. From the definition of plasma beta,

we can write the regional plasma density as

8.B2

n, =3 kT.) 5 j = A,c for annulus and core,
J ¥ i

where the magnetic field strength in the viecinity of the annulus is
evaluated at the profile heating frequency (BA = Bup)’ while in the core
it is set at the midplane value (B. = B . .).
c mid
rewritten in terms of annulus beta and magnetic field to obtain

Using nj, Eq. (4.2) can be

T
~ 5¢ pb A
P (W) 1.54 x 10 BABUP(% + 204>

BiB“ sﬁn“ o A
+ 3.3 x 108 ——7EP-+ 1.36 x 101 ”P/
3/2 5/2
Ta Ta
ne -1 2
+ 1.47 x 107 an [1.38 x 10733 &R Y
T2 VY2 -1
ep
£ B2BH
A"Aup
X V.N . (4.3)
G-D@ +T) | A
The parameter fA is defined by
8 B2,
g - _cmid (4.4)
A 8 B2
ATup

and is used to quantify the comparability of the toroidal core beta to
that of the annulus beta, each of which is evaluated in a different
region of magnetic field strength (e.g., f, = 7.55 X 103 for EBT-I

A
with BC = 0.15% and Bmid = (.45 T). For a specified profile heating
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frequency, Eq. (4.3) indicates the power level requirements to sustain a
desired annulus beta, given a particular set of toroidal core plasma
parameters.

Confidence in the predicted value of Pu depends, however, on an

A
accurate measurement of the total annulus volume (VAN), which at present
is still a vague quantity. Based on experimental measurements?s > and
theoretical estimates, it appears that a range exists for the annulus

thickness, §,, which varies between a minimum value of the relativistic

A
electron gyrodiameter and a maximum of ~3-4 cm as measured on ELMO.8

Because a relativistic electron in the annulus has a gyroradius given by

(m) = 1.71 x 103 11%41—l , (4.5)

rg ro
Y Hp

one can write a general expression for the annulus volume per sector as

g
HP

V =2ma_ + §, » L, = 2,15 x 1072 (4.6)

A p  °A " “a ~a, " L

A b

' which allows for annuli

where fE is a ""thickness enhancement factor,'
thicknesses larger than the diameter of a relativistic electron orbit

(e.g., fE = 2.9 for EBT-I which gives an annulus thickness, GA = 2.5 cm).
Utilizing this result in Eq. (4.3), one obtains an explicit form for PuA

that is given by

T g2
- 58 (1 +-2) + 3.3 x 106 —
P s = |1-54 x 10%8, o ) Y
A
Bi n Aee ne -1
+£1.36 x 1011 22— €€ 4 1 47 x 107 an [1.38 x 10733 ER
T5/2 T2
A ep
\& £,82
X (2.15 x 1074/2 - 1 fE . ap . LA)
Vy2 =1 (y - (T + T,)
x B3 N . 4.7)

Hp
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Because our previous estimates for EBT-I have indicated negligible
bremsstrahlung and only small losses due to synchrotron radiation and
P = 0.6 kW), it appears that

+
synch scatt
the microwave power required to sustain the rings in EBT-I scales as the

electron-electron scattering (P
drag loss, i.e.,

2 2

Y f f_B%a L
AEAPAGRS y (4.8)

EBT-I W2 -1 (T, + T,), HP

o 7
PuA = 10

This scaling is also anticipated for EBT-S, although the projected

factor of 2 increase in the core plasma density (nep « B2) will require
further increases in microwave power due to enhanced drag cooling. For
the higher magnetic fields planned for future devices, synchrotron
radiation will also become important, especially since annulus tempera-
tures in the vicinity of 1 MeV will be required to simultaneously
demonstrate high annulus beta (v40%) and significant core plasma densities
(nep X5 x 1013/cm3). A simple scaling law (including both synchrotron
radiation and drag losses) appropriate for use in optimization studies

can be written as follows:

o —1‘+ 2 — —
PuA = {3,17 x 10 BupnA(Y )1 + 2.5(y 1]

2
+4.0x1073%2 Y ,n tVUN

4.9
N o

where

TA(keV)
511

<
H

=
+
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5. APPLICATIONS AND DISCUSSION

In view of the reasonably good agreement between the experimental

A for EBT~I, there is an immediate interest

in determining the necessary annulus power requirements for upcoming

and theoretical estimates of Pu

scaling studies on EBT-S. Such an assessment could be vital to the
EBT-P device for two reasons. In the near term, it ﬁay provide valuable
sizing information pertaining to the fraction of the system power neces-
sary to drive the microwave sources. These estimates may also benefit
the ongoing development program for millimeter wavelength, cw microwave
sources by assuring their procurement at sufficiently high power levels.
On the longer time scales envisioned for an EBTR, the continuous micro-
wave power required to sustain the annulus during steady state operation
may become the determining factor for overall reactor efficiency. This
is to be expected since following ignition, the bulk heating (either ECH
or neutral beams) will be terminated and the plasma temperature main-
tained by alpha particle heating and collisional energy gains from the
annulus.

In anticipation of the enhanced drag cooling to be encountered
during EBT-S operation, scaling curves have been devised for both EBT-1
and EBT-S, enabling us to examine the sensitivity of the annulus electron
temperature as a function of core plasma density for various microwave
power levels. These curves are based on the annulus power balance given
by Eq. (4.2) and assume values for the annulus density, volume, and
magnetic field strength consistent with those found in Table 2.1 and the

Appendix.

5.1 Comparison of Theory to ELMO and EBT-I

The EBT-I scaling curves shown in Fig. 2 indicate the maximum
annulus electron temperatures that can be maintained against drag losses
for a given microwave power level. The different power input levels are
shown in units of W/sector in order to provide a means of comparison
between the experimental data available for the single mirror ELMO
device and the full 24-mirror EBT-I1 experiment (the total annulus power

requirements for the complete torus are also indicated). For each of
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Ta

18

° e ettt T T T TTTIIT T~ T TTTTH
EEE L
iR \ \\\ 175 W/SECTOR x 24 = 4.2 kW_—q
I VNN B
E \ .A\ELMO\ —]
05— \ \ \\ |
u VAL _
0.2 — ,l .7 Il MACR(OBSZA?_Bli %T)— MODE |
T )W idiiiid
0.05 ;/\««%j 7%—-15%)/
L
0.02 wasecfim .
\\\\ \ \ N

Nep:

Fig. 2.

CORE PLASMA DENSITY, (porticles/cm?’)

EBT-1I — annulus electron temperature vs core plasma density.
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the three power levels indicated, two sets of curves are presented:
(1) the dashed curves showing the cooling of the annulus electron
temperature due to drag losses alone and (2) the solid curves (to be
referred to as the "total loss" curves), which take into account the
additional energy loss due to synchrotron radiation and annulus electron-
electron scattering. Bremsstrahlung is smaller than the least of these
by better than two orders of magnitude and is therefore neglected in the
"total loss" curves.

In looking at the "drag cooling'" curves first, the two most important

features to be cognizant of are the following:

(1) for a given annulus power input, there is a dramatic decrease
in the ring temperature for increasing levels of core plasma
density; and

(2) the ability to maintain annulus ring temperatures at values
consistent with high annular beta (BA R 30%) will require
increased amounts of microwave power in going to higher core

densities because PuA « nep in accordance with Eq. (3.1.8).

This second point is illustrated in Fig. 2 by noting that for a fixed
annulus temperature of 200 keV, a factor of 4 increase in the core
plasma density can be realized by increasing the total microwave power
from 2.4 to 9.6 kW. This increase in density assumes, of course, that
there has been the necessary enhancement in magnetic field strength
needed to support such an increase. If we go now to the 'total loss"
curve, one sees that for the same power level and a particular core
density, there is further cooling of the ring temperature attributed to
synchrotron radiation and annulus electron-electron scattering. For the
actual EBT-I experiment, this additional deterioration in the annulus
energy confinement time determines the limiting value for maximum core
density which can be maintained without causing excessive cooling and
possible disruption of the annulus. For the plasma and machine param-
eters considered, this density reduction appears to be 207 at 200-keV
annulus temperatures, and PuA = 4.2 kW, In the transition from lower to

higher power levels, this variation in achievable core density between

the "total loss" and "drag cooling" curve becomes less pronounced. This
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is as expected, however, because at high core densities, drag losses
completely dominate the annulus power balance and the two curves begin
to coalesce. This effect should be much more apparent as one goes to
the more desirable operating regimes anticipated in future devices.
Figure 2 also illustrates the correlation between values of annular
beta and the various modes of operation observed in the EBT device. The
lowest cross-hatched portion of the curve (10 keV N TA N 50 keV) corre-
sponds to the cold, noisy C-mode of operation in which the annular beta
values are <77%. As one goes to higher ring temperatures in the range of
50-100 keV (BA =~ 7-15%), there is a transition from this C-mode to the
quiet, macrostable T-mode. For annulus electron temperatures >110 keV,
one obtains substantial annular beta values that ensure the production
of a well-defined minimum in the magnetic field [field reversal (BA Y 1)

also appears possible in Fig. 2 for B, = 0.38 T and TA R 720 keV]. By

delineating the unfavorable modes of ﬁperation from the desired T-mode,

it is possible that scaling curves such as Fig. 2 can be used to establish
credible regions of annulus parameter space given a set of desired core
parameters and a certain microwave power level.

In comparing the two sets of curves shown in Fig. 2, one immediately
notices that substantial perturbations exist between the two at the high
anq low temperature ends of the scaling curves. In the cold and transi-
tion modes, this divergence is due to increased collisionality among the
annulus electrons that result in enhanced scattering losses at lower
temperatures. More important, however, is the accelerated ring cooling
occurring at the high temperature end due to synchrotron radiation. In
contrast to scattering losses, which are minimal in the T-mode, synchro-
tron radiation can produce losses comparable to drag provided the mag-
netic fields are large and annulus temperatures are >1 MeV. Although
the typical EBT-I experimental point shows synchrotron losses to be
small compared to drag, ELMO data indicate that synchrotron radiation
does significantly affect the power balance.

Finally, we would be remiss in our discussion if we did not point
out the reasonably good agreement shown between theory and typical
experimental data for ELMO and EBT-I. This conformity at the 175 W/sector

power level helps to substantiate our earlier explanation regarding the
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apparent discrepancy between theory and experiment (Sect. 3.2), since an
input of 400 W/sector would have produced annulus temperatures 5-6

times higher than those observed in EBT-I. Such results are clearly
evident in looking at Fig. 2. 1In all fairness, however, it should be
emphasized that there is a degree of uncertainty in the ELMO experimental
data (discussed in Sect. 2) which will result in its deviation from the
experimental curve. One possible source for this deviation is the

larger magnetic fields (BA v 0.7 T) (Ref. 10) found in ELMO. The enhanced
synchrotron radiation requires a modest increase in the annulus power

from 175 W/sector to ~250 W/sector, but it is still in fairly good
agreement with theory. Due to this lack of firm data, experimental
measurements should be planned for EBT to specifically address this
question of drag cooling. Actual measurements of the annulus temperature
as a function of core density could provide valuable data points for

Fig. 2 necessary to confirm or refute drag as an important loss mechanism.
For example, Fig. 2 indicates that by operating EBT in its initial

EBT-I configuration, it should be possible to observe a five-fold decrease
in annulus temperatures, from 1 MeV to 200 keV, by varying the core

density within a factor of ~2 (from ~6.5 x 1011/cm3 to 1.5 x 1012/cm3).

5.2 Scaling Projections for EBT-S

By utilizing higher microwave frequencies and power levels, EBT-S
operation will focus on achieving higher density and temperature plasma
parameters needed to test confinement scaling. Present plans call for a
multiplication in the magnetic field strength over that of EBT-I by a
factor of W2. According to EBT density scaling (n « B2), this should
allow operation with increased core densities in the vicinity of ~4 X
1012/cm3. Such improved core performance characteristics are expected
to lead to further growth in the annulus power requirements due to the
linear dependence of drag losses on the core density.

The appropriate scaling curves for EBT-S, showing "total loss" and
power level projections, are presented in Fig. 3. A noticeable feature
of these particular scaling curves is the upward shift in the temperature

boundary for the various modes. This need to go to higher annulus
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>
temperatures (TA v~ 300 keV) in order to reach the macrostable T-mode,

is dictated by the increasing fields and ring stability requirements

n
( cold/nhot
surpasses synchrotron radiation as the predominant energy drain for

> 1). Despite these increasing temperatures, drag still

EBT-5. This can be seen upon closer inspection of Fig. 3. As indicated,

it should be possible to operate at the base of the T-mode (=300 keV)

A
order to reach annular betas comparable to EBT-I (v28%), operation at

with a core density, nep = 4 x 10'2/cm3 and Pu X 10.8 kw. However, in

this elevated core density will require annulus temperatures 3560 keV

and a power level of ~520 W/sector (PuA = 12.5 kW). This factor of 3
multiplication in power over that of EBT-I is due mainly to the increased
drag losses [mnAnepYZ/GJQEf:_I)] postulated for EBT-S.

Before concluding our discussion of EBT-S results, a final topic
remains to be addressed regarding the confidence level of these results.
Because our earlier theoretical estimates for EBT-I seemed to under-
predict the experimental power requirements by a factor of ~2, it is
logical to ask if our present EBT-S projections are low by this same
multiple. A preliminary comparison between theory and the initial
experimental measurements performed on EBT-S indicates that this factor
of 2 discrepancy also exists on EBT-S. This can be shown roughly by the
following example. If one assumes that the annulus in EBT-~S absorbs
roughly the same amount of applied power (~26%) as in EBT-I,2 then the
total microwave power (Pu) required to sustain the various plasma compo-

nents can be written as

p __Pcore + PuA + Psurf ~ PuA/264 (5.2.1)
uo 1-a 1-a ’ M

R

where o is the fraction of power lost during transmission (o = 0.35 in
EBT-I). For annular beta ranging from ~15-30% and core densities of

v2.5 X 1012/cm3,1“ Fig. 3 indicates Pu = 7.0 and 9.0 kW, respectively.

A
If these are indeed the power levels required to sustain the annulus in
EBT-S, then Eq. (5.2.1) indicates that the total microwave system power
will vary from 40 kW, for operation at the base of the T-mode, to

50 kW for BA = 30%. This 40-kW power level appears to be a factor of 2
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lower than the measurements made on EBT-S, in which annulus formation
was observed at a microwave power level of 80 kW for high density

operation.15
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APPENDIX



MACHINE

MAGNETIC FIELD (MIDPLANE, MIRROR)

MAGNETIC FIELD POWER
TOROIDAL FIELD COILS
ARE COILS

TORUS VOLUME

MAJOR RADIUS

COIL MEAN RADIUS

ASPECT RATIO

MICROWAVE POWER, CONTINUOQUS WAVE

(cw)

BULK HEATING

PROFILE HEATING
NEUTRAL BEAM HEATING (CW)

HOT ELECTRON ANNULUS
e
Te
Bannulus

TOROIDAL PLASMA

Ne

Te

Tl

Bmax

MIDPLANE MINOR RADIUS
EFFECTIVE ASPECT RATIO
VOLUME

nr

NOMINAL EBT PARAMETERS

PAST
EBT I
EXPERIMENTS CONCLUDED
NOVEMBER 1977

PRESENT
EBTS
EXPERIMENTS BEGIN
SUMMER 1978

FUTURE
EBT I
EXPERIMENTS BEGIN
POSSIBLY FY 1982

(MEASURED) (ANTICIPATED) (ANTICIPATED)
0457,09T7 077,147 307,607
75 MW 12 MW 13 kW (REFRIGERATION)
NONE 15 MW
1350 Iiters 1350 liters 5500 hters
150 cm 150 cm 520 cm
188 tm 188 cm 28 cm
81 81 =201
60 kW, 18 GHz 200 kW, 28 GHz 16 MW, 120 GH:2
30 kW, 106 GHz 60 kW, 18 GHz 800 kW, 7090 GHz
NONE NONE 1 MW AT 20 kV

25x 10" em~3
100 200 keV
1040%

14 x10'2 ¢m~3
150 600 eV

70 150 eV
0206%

10 cm

81

400 hters

5 x 1010 sec ¢cm3

25 x 101" em3
100 500 keV
10-40%

26 x 102 ¢m—3
300 800 eV

100 200 eV
~05%

10 cm
81
400 liters

~10"7 se¢ cm™3

PHASE 1
WITHOUT ARE
~5 x 1013 ¢m=3
3 keV
1 keV
<1%
<14 cm
=201
<1400 hters

~10'2 sec em~3

16 x 1012 ¢m—3

500 2000 keV
10 50%
PHASE 1 PHASE 2
WITH ARE

~5 x 10'3 ¢m~3 ~10" em™3
38 keV 510 keV
38 keV 510 keV
>t% ~10%
<17 cm <17 em
=401 =401
<2000 hters <2000 liters
~10'3 sec cm—3 ~16™ sec cm™

3

8¢



29

ORNL/TM~6910
Dist. Category UC-20a, d, g

INTERNAL DISTRIBUTION

1. L. A. Berry 11-31. S. K. Borowski

2, A. L. Boch 32-33. Laboratory Records Department
3. J. D, Callen 34. Laboratory Records, ORNL-RC

4. R. A, Dory 35. Document Reference Section

5. E. F. Jaeger 36-37. Central Research Library

6. T. Kammash 38. Fusion Energy Division Library
7. 0. B. Morgan 39. Fusion Energy Division

8. J. Sheffield Communications Center

9. N. A, Uckan 40. ORNL Patent Office

EXTERNAL DISTRIBUTION

41. D. J. Anthony, Energy Systems and Technology Division, General
Electric Company, 1 River Road, Bldg. 23, Room 290, Schenectady,
NY 12345

42, Bibliothek, Institute for Plasma Physics, 8046 Garching bei
Miinchen, Federal Republic of Germany

43, Bibliothaque, Service du Confinement des Plasmas, C.E.A.,
B.P. No. 6, 92, Fontenay-aux-Roses (Seine), France

44, Lung Cheung, Department of Electronics, University Science Center,
The Chinese University of Hong Kong, Shatin, N.T., Hong Kong

45, F. Cap, University of Innsbruck, A-6020, Innsbruck, Austria

46, J. F. Clarke, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC 20545

47. R. W. Conn, Fusion Technology Program, Nuclear Engineering
Department, University of Wisconsin, Madison, WI 53706

48. CITR Library, c¢/o Alan F, Haught, United Technologies Research
Laboratory, East Hartford, CT 06108

49. CTR Reading Room, c¢/o Allan N. Kaufman, Physics Department,
University of California, Berkeley, CA 94720

50. J. Narl Davidson, School of Nuclear Engineering, Georgia Institute
of Technology, Atlanta, GA 30332

51. Documentation S.I.G.N., Départment de la Physique du Plasma et
de la Fusion Controlée, Association EURATOM-CEA sur la Fusion,
Centre d'Etudes Nucléaires, B. P. 85 Centre du Tri, 38041 Grenoble,
Cedex, France

52. W. R. Ellis, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC 20545

53. G. A. Emmert, Nuclear Engineering Department, University of
Wisconsin, Madison, WI 53706

54. Harold K. Forsen, Exxon Nuclear Co., Inc., 777 106th Avenue,
N.E., C-000777, Bellevue, WA 98009



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

780

79.

80.

30

H. P. Furth, Princeton Plasma Physics Laboratory, Princeton
University, Forrestal Campus, P.O. Box 451, Princeton, NJ 08540
Roy W. Gould, California Institute of Technology, Mail Stop 116-81,
Pasadena, CA 91125

C. R. Head, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC 20545

Robert L. Hirsch, Exxon Research and Engineering, P.0. Box 101,
Florham Park, NJ 07932

Raymond A. Huse, Manager, Research and Development, Public Service
Gas and Electric Company, 80 Park Place, Newark, NJ 07101

V. E. Ivanov, Physical-Technical Institute of the Ukranian
Academy of Sciences, 310108 Kharkov, U.S.S.R.

D. L. Jassby, Princeton Plasma Physics Laboratory, P.0. Box 451,
Princeton, NJ 08540

A. Kadish, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC 20545

E. T. Karlson, Department of Technology, Box 534, S-75121 Uppsala,
Sweden

Y. Kiwamoto, Research Institute for Energy Materials, Yokohama
National University, Yokohama 232, Japan

R. N. Kostoff, Room 509, Office of Energy Research, Department of
Energy, 401 First St., N.W., Washington, DC 20545

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

Guy Laval, Groupe de Physique Théorique, Ecole Polytechnique,

91 Palaiseau, Paris, France

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

Library, Culham Laboratory, United Kingdom Atomic Energy Authority,
Abingdon, Oxon, 0X14 3DB, United Kingdom

Library, FOM-Institut voor Plasma-Fysica, Rijnhuizen, Jutphaas,
Netherlands

Library, Institute for Plasma Physics, Nagoya University, Nagoya,
Japan 464

Library, International Centre for Theoretical Physics, Trieste,
Italy

Library, Laboratorio Gas Ionizzati, Frascati, Italy

J. G. Lominadze, Academy of Sciences of the Georgian S.S.R.,

8 Dzerzhinski St., 38004, Tbilisi, U.S.S.R.

0. P. Manley, Office of Fusion Energy, G-234, Department of
Energy, Washington, DC 20545

D. G. McAlees, Exxon Nuclear Co., Inc., 777 106th Avenue, N.E.,
Bellevue, WA 98009

J. E. McCune, School of Engineering, Department of Aeronautics and
Astronautics, Bldg. 37-391, Massachusetts Institute of Technology,
Cambridge, MA 02139

A. T. Mense, Subcommittee on Energy Research and Production,
B-374, Rayburn House Office Building, Washington, DC 20515

C. Mercier, Service du Theorie des Plasmas, Centre d'Etudes
Nucléaires, Fontenay-aux-Roses (Seine), France

M. Murphy, Office of Fusion Energy, G-234, Department of Energy,
Washington, DC 20545



31

81. D. B. Nelson, Office of Fusion Energy, G-234, Department
of Energy, Washington, DC 20545
82. K. Nishikawa, Institute for Fusion Theory, Hiroshima
University, Higashisendamachi, Hiroshima, Japan
83. B. Outten, Jr., Western Metal Products Company, 1300 Weber
Street, Orlando, FL 32803
84. R. E. Papsco, Grumman Aerospace Corp., 101 College Road,
Princeton, NJ 08540
85. O. Petrus, Supervisor, C.T.R., Theory Group, Plasma Physics
Laboratory, "Alexandru Ion Cuza," University, Iasi,
Romania, 6600
86. D. Pfirsch, Institute for Plasma Physics, 8046 Garching bei
Miinchen, Federal Republic of Germany
87. Plasma Physics Library, c/o Dr. Philip Rosenau, Department of
Mechanical Engineering, Technion-Israel, Institute of Technology,
Haifa, Israel
88. Plasma Physics Group, Department of Engineering Physics,
Australian National University, P.0O. Box 4, Canberra A.C.T.
2600, Australia
89. A. Rogister, Institute for Plasma Physics, KFA, Postfach 1913,
D-5170, Jilich 1, Federal Republic of Germany
90. W. Sadowski, Office of Fusion Energy, G-234, Department of
Energy, Washington, DC 20545
91. V. D. Shafranov, I. V. Kurchatov Institute of Atomic Energy,
46, Ulitsa Kurchatova, P.O. Box 3402, Moscow, U.S.S.R.
92. Yu. S. Sigov, Institute of Applied Mathematics of the U.S.S.R.
Academy of Sciences, Miuskaya, Sq. 4, Moscow A-47, U.S.S.R.
93. W. M. Stacey, Jr., School of Nuclear Engineering, Georgia
Institute of Technology, Atlanta, GA 30332
94, L. D. Stewart, Princeton Plasma Physics Laboratory, P.0. Box
451, Princeton, NJ 08540
95. J. B. Taylor, Culham Laboratory, United Kingdom Atomic Energy
Authority, Abingdon, Oxon, OX14 3DB, United Kingdom
96. Thermonuclear Library, Japan Atomic Energy Research Institute,
Tokai, Naka, Ibaraki, Japan
97. K. Uo, Plasma Physics Laboratory, Kyoto University, Gokasho,
Uji, Kyoto, Japan
98. Francisco Verdaguer, Director, Division of Fusion, Junta de
Energia Nuclear, Madrid 3, Spain
99, K. M. Zwilsky, Office of Fusion Energy, G-234, Department
of Energy, Washington, DC 20545
100. Office of Assistant Manager, Energy Research and Development,
Department of Energy, Oak Ridge Operations Office, Oak Ridge,
TN 37830
101-345. Given distribution as shown in TID-4500, Magnetic Fusion Energy
(Distribution Category UC-20 a, d, g: Plasma Systems, Fusion
Systems, and Theoretical Plasma Physics)





