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EXECUTIVE SUMMARY 

The potential advantages of a symmetric tandem mirror reactor compared 
.to a multipole stabilized configuration are generally acknowledged. They 
include markedly leis expensive end cell magnets, red~ced radial transport 
in the center solenoid volume and, potentially, higher a in the reacting 
region. 

In August, 1979, TRW began a DOE/OFE sponsored investigation of a 
symmetric tandem mirror (STM) configuration. In the TRW concept, the 
diamagnetism of an energetic electron component produced byelectron 
cyclotron heating of plasma in a simple mirror modifies the vacuum magnetic 

: field so that the trappe~ energetic ion plasma i~ the combined field is 
. predicted to be stable against interchange instabilities. The study is· 
divided int6 two phases. ·In Phase I, scheduled to be completed in FY 1980, 
the prop~rties of the diamagnetic electron plasma are being studied in a 
single cell, symmetric mirror. In Phase-II, four additional mirror cells 
wi 11. be added to pro vi de a symmetric tandem mirror facility for stabi 1 i ty . 
and thermal barrier studies. 

In the Phase I studies, energetic electron plasma are produced by 
electron cyclotron heating (ECH) at more than one frequency. In analogy 
.to the observation in .EBT, the resulting energetic plasma is expected to 
be pfoduce~ ai magnetic field locations where the applied frequencies (w .} . ·. . ~J . 
are equal to· the second. harmonic of the electron cyclotron frequencies 

(2wcej). 

A techni~ue for ~easuring the spatial distribution of the diamagnetism 
of the energetic electron plasma was developed. Using this.techniqu~, 
it was determi.ned that high-a plasmas (a "' 50%) are indeed produced with 
their pressure p~ak near the second harmoni~ locations in the plane midway 
between the mirror coils. The peaks are observed to move several centimeters 

. in radius as the frequencies are changed. The plasmas are observ~d to 
retain their thin, annular shape even when as many as four frequenci~s are 
applied. The reconstructed magnetic field shows the highest and lowest 
frequency second harmonic locations move. closer to those of the intermediate 
frequencies as the plasma a is increased thus leading to the observed shapes. 
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Meas~rements ~f the cold plasma properties (Te~ ne) led to deeper 
understanding of the plasma equilibrium. It was found that the electron 
.temperature is controlled by adjustment of the neutral density (10<Te<50eV). 
The cold plasma density is determined by the applied power. It was found 

·that the minimum ratio of cold to hot electron density for which stable 
·equilibria exist is approximately unity (with an uncertainty of a factor 
of three remai~~ng in the measurements). 

Electron cyclotron heating with several frequencies led to a dramatic 
· .improvem~nt in the efficiency for produ~ing high-S plasmas (s ~.50%). A 

factor of ten lower power resulted. in comp.arable plasma B when several 
frequencies are applied simultaneously. 

. . 

In a DOE/OFE program review in March, 1980, preliminary experimental 
results were deemed sufficiently encouraging to recommend the early 
i~itiatjon of Phase JI Qf the program. The design of a five-cell 
symmetric tandem mirror configuration has been completed. This system will 
use electron cyclotron heating in the erid cells to produce plasma which can 
stream along flux lines into a center cell. Ion cyclotron frequency power 
will be used to create~ hot ion population lu test the stablizing proper- • 
ties of hot electron annular plasmas. The mirror trapped ion dist~ibut~6n 
could result in an axial density variation with an associated potential. 
gradient. Studies of the properties of this plasma should lend insight 
into the observations of barrier potentials in TMX-U. · 
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1. INTRODUCTION 

The potentia 1 adViHJtages ot a symmetric tandem m1 rror reactor conipa red 
· to a multipole stabilized configuration are generally acknowledged. They 
. include markedly less expensive end cell magnets, reduced radial transport 
in the center solenoid volume and, potentially, higher 8 in the reacting 
region. 

In August, 1979, TRW began a DOE/OFE sponsored investigation of a 
symmetric tandem mirror (STM) configuration. (l) In the TRW concept, the 
diamagnetism of an energetic electron component produced by electron cyclo
tron heating of pl~sma in a simple mirror modifies the vacuum magnetic field . . . 

so that the trapped energetic ion plasma in the combined field is predicted 
to be stable against interchange instabilities. The study is divided intb 
two phases .. In Phase I, the properties of the diamagnetic electron plasma 
were studied in a single cell, symmetric mirror (SM-1). In Phase II, 

·additionalmtrror cells will be added to provide a symmetric tandem mirror 
facility for study of energetic ion plasma stability and influences of the 
axial potential on the plasma equilibrium. 

In a DOE/OFE program review in March, 1980, preliminary experimental' 
results were deemed sufficiently encouraging to recomlliend the early 
initiation of ·Pha~e II. of the program with two gene~al objective~: 

1) Determine the stability of a hot ion plasma in an axisymmetric 
simple mirror configuration in which the decreasing radial magnetic 
field gradient is reversed by the diamagnetism of an energetic 
electron plasma. 

2). Study the influence of the axial potential distribution on the 
plasma equilibrium and investigate techniques to control the. 
potentia 1 s. 

. . . 
. . 

In June, 1980, TRW was authorized to complete the design of a multiple 
cell facilit.(in which.these objectives would be.addressed.( 2) TRW is in· 
the process of fabricating and assembling this facility to begin investi
gations in Spring, 1981. 
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In the Phase I studies, energetic electron plasma have been produced 
by electron cyclotron heating (ECH) at more than one frequency. ln analogy 
to. the observati6n in EBT,(J) the resulting energetic plasma was expected 

·to be produced at magnetic field. locations where the applied frequencies 
· (wl.d) are equal to the second harmonic of the electron cyclotron frequencies 
(2w .). It was postulated that by adjustment of the magnetic field and 

c~ . . . 
application of several frequencies, the spatial distribution of energetic 
electrons could be controlled. Further, using independent control over the 
power available af four frequencies, the efficiency of the heating process, 
the stability of energetic electrons and the details of the processes which 
determine the magnetic well shape c6uld be studied. 

In Phase II of the program, TRW will expand the existing facility into 
a five cell tandem mirror configuration, thus allowing experimental study 
of the proposed stabilfzation mechanisms. Thefacility would also allow 

· initial studies of the effects of the axial density distribution. 

The objectives established for the simple mirror facility were reached 
during the p~st year. The results obtained are described in ~ection 3. 
Here we summarize some of the highlights of measurements of the high-S 
electron plasmas produced in SM-1. 

We observed that when multiple frequencies are used to heat the plasma, 
·effectively higher efficiencY for generating the high-S population re~ults. 

We speculat~that the observed improved efficiency resulted from improved 
heating or ~_onfinement of intermediate energy particle'$· which must be heated 

· to sustain the energetic population. One suggesting is the spread of 
frequencies reduces the anisotropy, and perhaps resulting instabiiity of 
this class of particles as they are heated in the otherwise narrow resonant 
field location.· The observed efficiency improvement amounted in some cases 
to an order of magnitude. 

We developed a sophisticated new diagnostic system based on an array 
.. of Hall effect probes to measure the spatial distribution of the plasma 

. diamagnetic field. We found that annuli are produced with their 
~plasma pressure peak qualitatively determined by the location of the 

second harmonic surface in the mirror midplane. With changes in frequency, 
the pressure peak moves consistently with the second harmonic surface change. 
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At high B, due to the plasma diamagnetism, the locations .in the midplane of 
the second harmonic heating surfaces of the highest and lowest frequen~y 

.. ·sources (wh~n fout• rn~quencies are used) are moved closer to those of the. 
intermediate frequencies. As a consequence, the annuli tend to remain 
r~latively narrow with the sources available. 

Finally, we noted that ~he region of macrostabi.lity was limited~ when. 
n I approached unity (as noted repeatedly in ELMO and PTF studies) .. ec neH . · 
The quantitative limits remain uncertain to a factor of three. However, 
we observed that at low pressures near the stability limits~ the electron 
temperature approached the value corresponding to the peak of the ionization 
rate coefficient curve. We suggest that small perturbations of the equili
brium then cannot be compensated by variations in the ionization rate and 
that a failure of equilibrium would follow. We suggest that if the cold 
electrons required to feed the hot electron population are produced in a 
separate region, the· instability boundaries could be better defined, 

. .. . 

perhaps even leading to lower values of the ratio nec/neH' · The config-. 
uration available in phase II of the program will permit these stUdies. 

A description of the new facility, the rationale for it~ d~sign and 
the proposed heating techniques will be described in Section 4. · Briefly, 
the additional cells and cold plas~a source provided in the five cell 
concept 1) ~ssures a lowe~ operating pressure in the region ~here ion 

. cyclotron _heating will ta~e place thereby reducing the charge exchange loss 
.rates to acceptable levels; 2) the independent cold plasma source permits 
.tnproved co~t~ols over the fee~ of new particles for bqth the hot ion and 
ele~tron plasmas; and 3) the cold plasma component should aid in the mitro. 
stabilityof the hot ion plasma. ·Electron cyclotron heating would be used 
for P.roducing a warm plasma source in the end cells as w~ll as for the · · 
generatton of stabilizing diamagnetic pl~sma. Heating of ions would be · 
undertaken; initially, in the central cell by application of power at ion 
cyclotron resonant frequenc{es. 
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2. EXPERIMENTAL FACILITIES 

2.1 DESCRIPTION OF SM-1 FACILITIES 

Work on the STM program was begun in August, 1979. A simple mirror facil-
. ity (SM-1) was assembled and on December 21, 1979, energetic electron plasma 

was first produced using electron cyclotron heating at 9.5 GHz. A layout 
of the experimental facility area is shown in Figure 2.1-1 and a photograph 
of the system in Figure 2.1-2. The facility;parameters are listed in 
·Table 2.1-1. Included among some of the important components are those 
provided by TRW: 1) the magnetic field .coils and their 100 kVA power suppl.y; 
2) the first two klystron amplifiers (at frequencies. 9.2 and 9.5 GHz) and 
power supp 1 i es (which were t·ransferred to this program); and 3) 1 aboratory 
facilities including all the utilities. The remainder of the facility 
includes the following elements: 

1 The vacuum vessel designed.to provide maximum experimental access 
for diagnostic purposes. The vacuum volume·of ~100 liters includes 
~so liters plasma volume between the mirror throats. The bas~ 
pressure in the system is ~1 x l0-7 torr measured at each end. The 
operating pressure is controlled through a piezoelectric valve and· 
f~st feed back loop based on the output from an ionization gauge 
connected to the ce~tral (plasma) chamber. Helium, hydrogen or. 
argon operating gas can be selected. 

1 The magnetic field variable up to a maximum field under the coils 
of ~sk gauss. The axial mirror ratio is set at l.2 A pair of 
magnetic trim coils was designed and procured to adjust the radial 
magnetic .field gradi~nt in the midplane. In Figure 2.1-3 we shoW 
the. flux lines and surfaces of constant values of the magnetic 
field (I Bl). The region where wee = wJJ are illustrated. It may be 
noted that because the field d~creases radially in the midplane, 
surfaces where wu = 2wce are a 1 so 1 ocated in the vacuum chamber. 

e Four· klystron amplifiers to provide power to the plasma at 9.2, 
9.5,10.2 and 8.5 GHz. Power supplies for the latter two ampli
fiers were constructed and controls and driver power fo~ ~11 the 
systems were installed. A block diagrani of a typ.ital system is 
.shown in Figure 2. 1-4. · 

1 An array of diagnostics to define the plasma par~meters. These 
are listed in Table 2.1-2. The acquisition of some of the inter
ferometer components was delayed due to manufacturers priorities. 
As a consequence, this important diagnostic has not yet been 
installed. Results from all other diagnostics are described 
below. 
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·SM-l.FACILITY C0~1PONENTS 

MAGNETIC GEOMETRY: 
BMAX = 5 kG 

MIRROR RATIO: 2 

DISTANCE BETWEEN MIRROR MAX: 71.1 em 

PLASr·1A RADIUS: 5-20 em 

.POWER AVAILABLE AT MICROWAVE FREQUENCIES: 

FREQ (GHz) 

8.5 

9.2 

9:5 

10. o. 

BRES(kGAUSS) 

3.04 

3.29 

3 .. 39 

3.57 

Table 2.1-1 
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• 6500 lbs.-of lead was procured for personnel safety. The electron 
·temperature of the annulus was initially estimated based on 
obse.rvations in PTF and EBT (in both experiments, T Hot"' 100 keV). 
The initial experiments in STM showed considerably Righer electron · 
temperatures and, consequently~ a significant upgrading of the · 
shielding was required. The central chamber now has 6" of lead on 
the side walls and 3" of lead top and bottom. Additional lead _ 

. shields have been placed in the pump chambers to reduce the X-ray 
levels in the operating areas to aGceptable values. With this· 
shielding, the diagnostic access is somewhat inconvenient, but for 
the most part it is not seriously impaired. 

2.2 DIAGNOSTICS SYSTEMS 

-An array of diagnostics systems have been utili zed to determine the 
. -

_parameters of the electron cyclotron heated plasmas·in_SM .. l during the past 
year. These systems ar·e listed in Table 2. 2- l. Be low we describe the use · 
?f these systems. In Section 3 the experiment~l ~esults are presented. 

- 2.2.1 Diamagnetic Loo~s 

An 84 em square diamagnetic loop (wound w~th N = 100 turns} was used 
to measure the total stored energy in the hot electrons. The signal from · 
variations in the vacuum magnetic field is compensated by a second. loop 
installed ~~oie to the magnet coils (Figure 2.2-l). _ 

The dimen~ion of the diamagnetic .loop is large enough co~pared with 
the ~adiu$ of the hot el~ctron volume so that the magnetic field outside 
the loop can be approximated by assuming the plasma is a dipole whose 
strength . w 

= fdV'WJ.(r') ~ _.!_ 
~ B - B 

0 
(2.1) 

The field due to this dipole has a component normal to the plane of the 

lo~p 

(2.2) 

where B
0 

is the m~gnetic field strength at the location of the hot electrons. 
_(The magnetic field at the 2nd harmonic resonance B0 ~ 1700 Gauss). The 
net flux thtough the d~amagnetic loop, or, equivalently, the net f)ux 
outside the loop is then 
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M = ft:,B dA 

· _ 8/2 W.1 
- BL 

(2.3) 

·where L is side length of the square diamagnetic loop. The Emf (in volts) 
induced at th~ loop is given by 

E = 10.;.8 ~~p (2.4) 

.where RC = 0.08 sec is the time const.ant of the integrator used. Combining · 
~quations (2.3) and (2.4) we have for th; total stored enerqy 

Wl(ergs) ~ 1.036 X 109 E(v~lt) (2.5) 

The results with this particular loop were compared with other smaller 
circular loops. The diamagnetic field was found to vary as l/r3 as is 
predicted. 

The accuracy obtained from the diamagnetic loop is estimated to be 
10-20%, consi~ering the magnetic field variation in the .reginn of the hot 

. . 

electrons. However, if the plasma carries a non-diamagnetic current as 
found in soiT)e earlier studies, the relations between llB and W.L wou.ld be 
more complic(it~d .and amore detailed analysis would be required to obtain. 
the stored energy. 

2.2.2 Free-Free £rem~strahlung Measurement 

· The bremsstrahlung emitted from the. plasma was observed by a 2 x 2 in. 
Nat (Tt) crystal· which was mounted ~6 feet away from the axis of the machine. 
The plasma volume was viewed through a 3/8 11 diameter hole in the 411 {pre..,. 

. . . . . 

sentl.v 611
) thick lead wall and a thin aluminum foil window. The observed 

intensity of x-rays with energy E, i.e., the product of th~ number of 
detected photons and their energy, N(E)E n(E), is related to the distribution 
of electrons with energy greater than E by 

. ( 2. 6) 
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-where n{E)· is the d~tector efficiency, f{E) is the energy distribution of 
the energetic electrons, and ~1T is the fractional solid angle view by the 
detector. For a Maxwellian distribution we have 

-E/T 
I{E) = 3.38 x 10-lS z2n+n e. V ~1T {2.7). 

If 

·Thus the temperature T can be obtained from the slope of the intensity 
spectrum, plotted similogarithically. 

To reduce the wall scattered X-ray flux, the scintillation detector is 
housed in a 411 thick lead box with a small collimator hole. Back ground is 
determined by inserting a lead plug in 'the front collimator. The 11 back 
ground" counts from the wall ·scattered X-rays are subtracted from the. photon 
counts before the intensity spectrum is calculated. 

2.2.3 Optical Spectroscopy 

The electron temperature of the cold electron population in SM-1 was 
determined from the relative intensity of opti~al transitions in neutral 
helium. ·The spectral lines which were chosen for study orig1nate from the 
n = 3 and 4 levels in the Singlet and triplet series. The cross-sections 

·used(4) are considered accurate since in obtaining their data, the authors 
exercised particular care to limit the energy spread of the test beam. This 

. . 

is. important at low electron energies where the cross-section varies rapidly 
with energy. For the temperature range between 10 and 50 eV, the cross
sections are expected to be most accurat~. The temperature, fortunately, 
was found to 1ie in this range for 6peratin~ pressures and powers of parti
cular inter~st, i.e., where the plasma stored energy is significant. 

Two pairs of line intensities, measured using a 1/3 meter spectrometer, 
were obtained at each pressure and power. The results in all cases agreed 
within the anticipated ~20% uncertainty. 

,; In addition to the electron temperature, a number of additional plasma 
parameters can be deduced from the observed line intensities. The photon 
intensity of a particular line in neutral helium may be. calculated from the 
fonnula 

Q 
I = ne no <av>exc V 41T n (2.8) 
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where ne and no are the electron and neutral particle density, <ov>exc is 
the measured line excitation rate coefficient; V the plasma volume viewed,· 
~the. fractional solid anqle of emitted light viewed by the spectrometer 
system and n the quantum efficiency of the detector system.· Assuming that 
the neutral density may be deduced from the ion gauge in the plasma chamber, 
and using the e~citation ~ate criefficient taken from r~ference (4) at a 

·temperature T~ deduced from the line ratio, the relative electron 
density may be determined as a function of operating parameters from 
equation (2.8). 

The electron density may also be determined from the intensity of 
. . 

known lines in ionized helium. The line used for our measurement, 
0 . 

A = 4687 A results from transitions between n = 4 and n = 3 levels in the 
hydrogen-like helium ion at an energy of 51 eV above the ground state. 
Thus, the density df;!duced from these observat1.ons would also be expected to. 
be accurate only for Te > 10 eV. For this line, the photon intensity may 
be deduced from the expression 

I = n n + <ov> V ~ n e exc 4n (2.9) 

The temperature dependence of the excitation rate of n = 4 level from the 
ground stat~.(<ov>exc) is more precisely known than in the neutral .cases.(S) 
Assuming ne = n+, th~ relative electron density may be directly calculated 
as operating parameters are varied. 

In order to reduce some of the uncertainties in cross-sections, and to 
obtain absolute values for ne (independent of the viewing geometry) the 
ratios of line i~tensities in equations (1) and (2) were used ~o evaluate 
ne, again assuming nomay be taken from the ion gauge reading and ne = n+ 

. . . . . 5048 
_ I (4687) n(5048} <oV> exc 

"e- no I{5048) n(468n<ov>4687 (2.lO) 
. . exc 

The relative values of ne as a function of operating pressure and power· 
.determined from all these techniques are in good agreement. These relative 
valuesare also confirmed by the observed variation of.axial saturation ion 
current. ta~en .under the same conditions (Section 2.2.4). 
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2.2.4 Axial Current Probe Measurements 

In order to determine the particle and energy balance both density 
and temperature of the background plasma must be determined on an absolute 
·basis. We. have derived the density from an axial current probe, i.e.~- a 

.probe placed outside a mirror, which collects the ion current e~caping the 

plasma along the flux lines (Figure 2.2-1) .. In the steady state, the:· 
current co 11 ected by the probe is given by 

I = jA = ~ne n0 <av> Ion At (2.11) 

where ne and n
0 

are the electron and neutral patticle density, <ovlon is 
the ionization rate coefficient. A is the probe surface area and t is· the 

. system lerigt~. ·The factor~ accounts for the fact that half the ton current 
·flows to the opposite end of the system and is not collected by the probe. 
The results obt~i~ed.from probe m~asurements are in rea~onably good agree
ment with the optical measurement of the same quantities. Since in both 
these .independent measurements the neutra 1 gas parti c 1 e density' no is 
obtained from the pressure readout from the ionization gauge, the ~greement 
thus gives an estimate of the accuracy of the ne and n

0
. A sample talcu-

lation is given below (2.12). 

. . 2I 
n e = ....:.n_<_o_V_>.;:...t-,A.-e-.- = 

0 

2 X 1.1 X 10-4 

the iori density is calculated to be 

(2.13) 

The results are a factor o~ ~2.5 lower than ne calculated from optical 
measurements·taken at the same time. This discrepancy may be accounted for. 
by the fact that the Larmer radius of the ions is comparable to the radius 
of the aperture in the microwave screen through which the ions must stream. 
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2.2.5 Hall Probe Arrays 

In brder to obtain the diamagnetic plasma current distribution we have 
developed a system of diagnostics which involves the use of a large_ number 
of Hall effect elements, a large number of low noise Hall voltage differen-
ti~l readout electronic ~ircuits, a 32-Input Differential analog digital 
convertei and a PDP~ll based computer system. The magnetic field at each 
probe can be measured to within 0.05 gauss and with a spatial resolution 

better than O.lmm for up to 13 positions inside and outside the vacuum vessel • 
. A measurement of the magnetic field at all ·probes can be completed within a 

. few tens of ~illiseconds, thus minimizing errors due to changes of the 
operating conditions, thermal drifts, vacuumfield variations, etc. A time 
dependent scan of the evolution of the diamagnetic plasma can be measured 

. systematically during turn-off experiments. 

In Figure 2.2-1 we show a .schematic layout of the locations of the 
Hall probe arrays. Each array contains either 12 or 15 Hall probes which 
are housed in a doubly water cooled probe shaft. The position and orienta
tion of each Hall element is acc~rately calibrated using a test magnet . 

. The block diagram of the diamagnetic.measurements is shown in Figure 
2~2-2~ The vacuum field at each point (the midplane field B

0 
~ 2000 

Gauss ~0.1% line variation), is substracted by using a bucking sensor 
mounted in a position.least ~ensitive to the plasma diamagnetit field. The 
diamagnetic field signals are then amplified by the low noise amplifiers 
with a gilin of 104; · 1\ balance and hold circuit is employed in each channel 
so that a ·nulled.output can be generated before the plasma is turned-on. 
This balanced .condition ~an hold for ~105 sec so that there.is essentially 
no drift within -the experimental time. The outputs are then fed to the 

. 32:..1nput differential analog-digital converter with a sensitivity and 
accu.racy better· than 0.05 gauss. ·The computer acquisition time for the 
data transfer of 32 Ha11 probes is about 18 msec. Subsequent measurements 
.can be carried out immediately without interruption or plasma turn-off. 

19 



N 
0 

BUCKING 
FIELD . 
AMP; 

TIME· 
>---1 CONSTANT 

. . . . . . . . . .· .···~ .. 

··············o··········:··· .. ·:· .. ~. ·.·. . .·. . 
- .... ~ MATCHER 

. DIAMAGNETIC 
FIELD 

r---~-- AMPLIFIER 
::·.:.'·,:·:·:·::::·:: .... ~·.:~·:.~:.VACCUM FIELD SENSOR . . . .. . . 

... .. 
:: ~ .. BALANCE AND .... :"" . 
-~ HOLD 

CAMAC ... 
-~ 

DIFFERENTiAL 
.. MODEL 2232A 

READOUT ~ 321NPUT ADC ,... --... .. .. 
. ,... 

Figure 2_-2-2 

...... 
"""'~: 

CAMAC 

BUCKING FIELD 
COMMON MODE 
TRANSLATOR 

HIGHWAY·. . 
. .... ...,... 

PDP11 
COMPUTER 



~ ·· .. 

3. EXPERIMENTAL RESULTS 

The objett{ves of the experiments in STM during the past year were t6 
examine the mechanisms which determine the limiting properties of the 
. . 
energetit electron plasmas prod~ced by electron cyclotron heating. In 
general, th~se properties are controlled by equilibrium between powet input 

. and plasma production and loss and by the stability of the energetic plasma 
component. In addition, we wished to· study the mechanisms which determine 
the spatial position of the energetic population and, in a more physics 
Oriented context, the pressure profile of the energetic plasma. 

. . 

In fact, the separation of the concepts of equilibrium and stability 
is diffi"cult to accomplish experimentally. Further, since instability 
causes an enhanced loss rate, it inevitably becomes an essential element of 
the ~quilibrium. The results described here are, in fact, primarily a: 
descriptio.n of the observed equilibria. Except for speculations concerning 
instability mechanisms we have, as yet, not identified those specific 
instability modes which have been identified in threshold studie~ in ~re-

.·vious·ECH plasmas. (7) Nevertheless, a deeper insight into the boundary . 

conditions which limit the production of diamagnetic electron plasm~s in a 
single mirror cell has been developed. This insight influenced our decision 

. . 

to 1nclude an ind~pendently ~ontrolled cold plasma feed in our fu~ure studie~ 
. which, in turn, 1 e d to the proposed expansion of the tandem faci 1 i ty for 

studies in Phase II of the program from three to five cells. 

TRW also proposed .to exploit the observations in EBT( 3), and earlier 
in. Nagoya(?) and ORNL(B), that the diamagnetic plasmas are found at the lota- · 

. . . . 

tion where the sec6nd harmonic of the local cyclotron fre.quency is equal 
to the ~pplied frequency. In Phase. I of our p~ogram, we have used several 
nearby frequencies in an effort to spread the diamagnetic region by 
creating neste~, overlapping annuli of energetic ele~trons. Control over 
the location of the peak of the annular pressure profile has been demon~. 

strated. However, even·with several frequencies, the annuli remain 
relatively narrow. The plasma diamagnetism is .found.to move the highe~t 
and lowest frequency setond harmonic locations in the midplane closer to 
the intermediate frequency locations. The result is to tend to maintain 
a relatively narrow annular width.when the plasma 8 is high. 
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3.1 .GENERAL· PROPERTIES OF THE HOT ELECTRON PLASMA 

Energetic electrons with energies in excess of several hundred kilo 
electron volts were generated in the single cell mirror facility. Up to 
16 joules of total stored perpendicular energy was measured in the hot 
electron volume. The general properties observed are similar.to those· 
identified in the series of experi~ents carried out at.ORNL by R. A. Dandl 
and his colleagues:(?,S,g) · 

a) The energetic electrons produced a significant level of x-ray 
emission. A ~axwelliam ·energy spectrum extending up·to the MeV 
·range is detected. Figure 3.1-1 shows a typical energy spectrum 
from free-free bremsstrahlung spectroscopy. The electron tempera
ture was measured from the slope of the intensity spectrum to be 
370 keV. 

b) The energetic electrons produce microwave noise emission in a 
continuous observed frequency spectrum extending. from low fre
qu~ncies to well above the applied microwave heating frequencies. 
This noise was readily detected using a 35 GHz pickup horn which 
was connected d'irectly to a high frequency spectrum analyzer, by 
observing the reflected power near the applied frequency and by 
using a pickup loop sensitive to radiation from <1-lO GHz. In most 
operating regimes~ the noise is relatively free of fluctuations, 
indicating the gross stability of the plasma. 

c) The energetic electrons are trapped in the mirror magnetic field 
for an extensive period of time. Both the stored energy measured 
from the diamagnetic loop and the diamagnetic field change measured 
with a Hall probe show decay times of~ 0:2 sec in turn-off measure
men~s (Figure 3. 1-2). 

d) Diamagnetic field (oB) measurements using a movable Hall probe on 
the mirror axis indicate that the energetic electrons are trapped 
near the midplane of themirror field and form an annular ring 
similar to those seen in the Oak Ridge experiments (7). A prelim
inary measurement (Figure 3. 1-3) showed the characteristic o~z pro
file associated with the diamagnetic current of an annular ring. 
Additional results are indicated in detail in. Section 3.3. 

·e) The total stored energy increases as the applied microwav~ power 
increases~ and depends strongly on the neutral gas pressure adjust
ment. It increases faster than the function Po-l as Po decreases, 
as shown in Figure 3.1~4. 

f) The results presented in Figure 3.1-4 also illustrate the dramatic 
plasma improvement that heating with several frequencies produces. 

·The curves la, 2a and 3a show substantially greater energy than 
obtained at the same power and pressure with just a single fre-

. quency (curves 1, 2 & 3). This result is made more explicit in 
Figure 3.1-5 where the maximum energy which was detected at each 
power is shown. Again, substantially higher energy is observed 
when two frequencies are applied and even greater energy when 
three sources were used. 
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g) An interesting variant of multiple heating frequencies is illus-. 
trated in Figure 3.1-6. In these experiments, a variable frequency 
was mixed with the output from the normal drive oscillator and 
amplified using one of the kly~t~ons. Again, increases in the 
stored energy were observed when two frequencies were used. The 
increase was the greater as the frequency spread increased to 
0.030 GHz. The spread was limited by the klystron bandwidth .. 

To summarize these observations, we have reproduced the electron 
cyclotron heated plasmas originally obtained at ORNL in PTF, INTEREM & 
ELMO(?,a,g). These plasmas contain a large amount of stored energy (~16J). 
Ina typical case, the plasma is found to fill a volume of 2-3 liters, and 
a = 0.4-0.5. The plasma density, assuming this .volume and Te = 370 keV is 
l x 1o11 cm-3 The plasmas are obs~rved to be grossly stable. The energetic 
component also decays stably, with decay times ~0.2 sec. Nevertheless, as 
shown in Figure 3.1-4, with just slight reductions in pressure ab~upt 
decreases in stored energy are observed. 

Transitions similar.to those depicted here were observed in the 
earlier experiments at Oak Ridge. The fundamental origin of these transi
tions remain. the subject of intensive investigation. Simpl~ pnwPr ~nd 
pressure balance analyses indicat~ that the plasma production r~te is 
restricted near the transition because the production rate coefficient 
<ov>Ion is close t~ a maximum (see Section 3.2). Thus, everi weak 
instabilities in either the energetic population or in the 11 Warm 11 population 
wo.uld interfere with the gross equilibrium. Instabilities caused by 
anistropy are exacerbated by the anticipated higher heating rate in the 
warm population. as the cold plasma density decreases with decreasing 

'. . . . . 

neutral pressure .. It may be speculated that the multiplicity of frequencies, 
each with reduced power, reduces the anisotropy and consequenth any inci...; 
pient instability, thus leading to the observed improved plasma parameters. 
However, a detailed understanding of these transitions, and the unambiguous. 
identification-of ihe causal instability (if only one may be said to exist) 
is not possible with the available data. We beJieve the separation of the 
equilibrium and stability criteria, particularly .as it depend~ on the cold 
plasma density, can only be resolved with independent control over the source 
of cold plasma and heating rate for the energetic component. These indepen
dent controls are proposed for the facility in Phase II of the program. 
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3.2 PROPERTIES OF THE BACKGROUND PLASMA 

The properties of the background plasma which is the source of particles 
for the hot electron component were studied in detail using optical spectra- · 
scopy and probe measurements. These plasmas are produced in the neutral gas 
pressure range of 10-6 torr~ p0 _~ 5 x 10-5 torr (the corresponding neutral 

. particle density range is-1?11 ~ n
0 

-~ 5 x lo12cm-3). At higher gas pressure 
the energy loss is dominated by ionization and excitation collisions with 
neutrals and very few energetic electrons are produced with the available 

_power. The lower limit on the gas pressure is presently set by the stabil-. 
ity/equilbrium of the hot electron plasma (see Section 3.1). Helium gas 
was used in this study for optical diagnostic convenience. 

a) The background electron temperature as a function of pressure was· 
measured from the line intensity ratios of light at several wave
lengths. The resultant temperature agrees reasonably well from 
two sets of line ratios for temperature above 10 eV. Below 10 eV 
the agreement is poor and the results are perhaps unreliable, since 
the energy ne~ded to excite the )evels df interest is high com~ared 
to·the electron temperature. The tem1;1erature measured for operating 
pressures between 2 x 10-6 to 2 x lo-5 torr are plotted in Figure 
3.2-1. The p~incipal features are 
• the temperature vs pressure data are quite insensitive to the 

applied power level, and 
• the data points can be well represented by the following relation 

for the particle lifetime 

T-l = n
0 

(<~V>ion(T)) = 1.1 x 104sec-l = constant (2.14) 

where (<aV>ioo(T)) is the io~ization cross-section ~or electrons 
. with a Maxwel I ian temperature T. · . . . 

. The ion production rate, which i~ equal to the partjcle loss rate in · 
-a steady state equilibrium~ appears to be constant in this operating 
pressure range. Since the electron temperature change$ by a t·actor · 
of five, the particle life time T, does not depend on the electron 
teJTiperature. The value of T corresponds to the transit time 
between mirrors at the thermal speed of an ion of 0.75 eV. This, 
speed is almost an order of magnitude slower than the ion sound 
speed. · · 

The observation that the particle lifetime is independent of elec
tron temperature, and consistent ~ith· an average axial velocity 
significantly slower than the ion sound speed was, initially, 
surprising. Experiments carried out earlier using argon, _ 
xenon and helium gases at higher neutral densities showed ion axial 
velocities that were, in fact, in good agreement with the sound speed 
0~. The differehce between these plasmas and those in this study 
can be attributed to differences in the ion collision frequency (vi 0 ) 
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with the background neutral density, In the earlier experiments, 
at the higher pressure and heavier gases (vioT)>>l. In this case, 
ambipolar diffusion axially causes a potential variation along 
the field lines, and the classical sound speed velocity develops. 

. In the present case, (vioT)<<l and the ions appear to free flow to 
the plasma ends where a sharp sheath is set up to insure equal ion 
and electron losses. The flow velocity is simply the ion thermal 

·speed along the flux line. A dir~ct measurement of the ion temper
ature would provide an important confirmation of the model described 
above. 

b) Th~ electron density was obtained from the relative He+ ion line 
intensity and from the ion loss current collected at the end of 
the mirror cell. In Figure 3.2-2 we plot the electron density 
as a function of gas pressur~ for three cases with different. 
applied powers. The relative density obtained from the neutral 
helium line intensity is also plotted for comparison. Note that 
the density increase roughly corresponds to the power increase at 
each operating pressure. · 
The particle and energy rate equation for the plasma maY be .written 

d (neV) ne. 
o = .dt = ne no <aV> i.on V - :r V (J. 1) . 

E. t · · 
o=P-n n <av~. TV{l+e<P+ Ion+ exc} (32) 

e o 1on e T e Te · 

In these equations, ne and n0 are the electron and neutral atom 
densities, <av>ion the ionization rate coefficient averaged over 
a Maxwelliam electron distribution with temperature, Te, P the 

. applied power, <P the space potential relative to the walls, and 
(Eio~ + Eexc) the average energy expended by an electron i.n 
ionization of a neutral helium ion. V is.the total plasma volume. 
Equation (3. 1), in which electron production and loss rates are 
balahced leads to the usual ~elation · · 

1 T = _ ___:_. __ 
no<a >Ion 

(3.3) 

and, as pointed out above we measure~=! =·canst for 
hel i urn ions of "' 0. 75 eV. Vtherma 1 

Since the ion temperature appears to be independent of .the plasma 
characteristics and operating paramet~rs, equation 3.3 implies the 
electron temperature is determined by setting the neutral density 
(i~e;, Te is independent of applied power). ·Having established 
the electron temperature, by adjusting the pressure the electron 
density at a given pressure would be expected to be proportional 
to power. This is confirmed by the results in Figure 3.2-2. The 
variation of density with pressure indicated in Figure 3.2-2, is 
consistent with equation (3.2) taking into account the temperature 
variation. 
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3.3 SPATIAL STRUCTURE OF THE HOT ELECTRON PLASMA 

An important part of our experimental activity was focused on deter
mining· the spatial details of the hot electron plasma diamagnetism in SM-1. 
This effort included the development of a sophisticated, precision, magnetic 
p~obe calibration technique and spatial modeling of the hot electron plasma 
to predict magnetic field distributions to compare to the experimental 
measurements. A series of microwave turnoff experiments have been performed 
to obtain a time-dependent diamagnetic field profile at the preciselyly 
known probe positions. Because of the high me~surement accuracy, we have 
been able to develop a specific electron annulus model with sufficient 
spatial details to obtain the current distribution that gene~~tes the 
measured field. The resultant characteristic parameters of the hot electro~ 
ring were found to ~gree with those measur~d pr~viouslY (l) with other 
diagnostics, providing strong evidence for the validity of our model .. To 
summarize these results, we have quantitative documentation that the ener..: · 
getic electrons are trapped in the mirror forming an annular ring structure. 
The ring radius was found to vary between 9 and 12 em from the mirror axis 
in the midplane between the coils, corresponding to the position of the 
second harmonic resonan~e in the total (vacuum plus plasma) magnetic fi~ld. 
The axial distr.ibution was found to be gaussian to a good approximation, 

· with a characteristic half length comparable to the ring radius. The 
thickness of the ring whichresults from a best fit of our data was·found 
to vary between 3 and 5 em, roughly equal to 2 or 3 electron gyroradius. 
The peak hot electron density was found to be n "' 1011 em -3 with a corres
ponding maximum plasma beta of 50%. The total stored energy obtained from. 
the volum~ integral of P1 (r,z) was in good agreement with that meas~red 
from the diamagnetic flux loop, l\cp cc ~J.' when the local magnetic field, B, 
in the region of hot electrons is used. 

3.3.1 Diagnostic System Performance 

Three arrays of Hall probes were designed and are under construction 
for diamagnetic field measurements. For this report only the axial Hall 
array (12 probes) and one additional radial Hall probe were used. The 
axial probe interferes with the accumulation of hot plasma near the axis. 
Therefore only annular structure were measureable. Our magnetic and heating 
configurations were chosen to produce ring type of structures. 
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The probe absolute sensitivities were calibrated by usjng a long 

solenoid with a constant current power supply to an accuracy of 6etter th~n 
0.3%. The orientation of each probe was measured to 0.05° using a Helmholtz 
coil precisely oriented at 45° to the probe structure. A 1 mm magnetic gap 

was used to locate the probe' to an accuracy of 0.1 mm. The axial probe 
array was inserted into a 111 diameter water-cooled probe structure situated 
along the machine axis. 

The small fluctuations in the vacuum field, (68/s% 10-3) was subtracted 
proportionally from the observed diamagnetic field signal in each detector 
using a sensor which monitors the magnetic field from the coil current 
amplified by a unique magnetic rlux concentrator. The vacuum field was 
subtracted from the to:tal field to within 1%. The fluctuating field 
amplitude was reduced to a level comparable to the amplifier noise ('V20 
mgauss). 

The diamagnetic fie~d signals wer~ found to be quite stable either iD 
the steady-state or during the decay when the microwaves are turned off. 
However, to improve the accuracy still further, a method of ~tatistical 

average was used to minimize probable random error in our measurements. 
The overall uncertainty in the diamagnetic field measurements for every 
probe was· estimated to be either smaller than 0.5% or 0.05 gauss. 

3.3.2 Modeling of the Hot Electron Plasma 

Because of the far-field nature of our measurements, the data reduction 
technique required certain model. assumptions in order to limit the number 
of characteristic parameters. The justification for such.a physical model 

is based on two considerations: 
. . . 

1) The chara~teristic parameters involved can be used to describe the 
real configuration if and only if the 4ifference between the model 

.generated field and the measured field is within the experimental 
error; 

2) Any two. model configurations are considered as equivalent if they 
are both comparable to the measurement within the experimental 
error. 

Thus, the uniqueness of a model configuration is not assumed. If, for 

example, the parameters corresponding to two equivalent models are different 
but the data falls within the given resoluti6n, then these parameters are 
not resolvable and a more detailed field profile measurement is called for.· 
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The fol.lowing model configuraii~n was found to give ~easonable 
r~solution for the characteristic parameters .involved .. This model approxi
mates the perpendicular pressure profile by: 

p1 (r,z) = p
0 

~ (r,z) (3.4) 
A 

where p
0 

is the peak pressure and p1 (r,z) is a dimensionless geometric 
function which contains four geometric parameters as follows: 

(3.5) 

Here R and Z are the radial and axial peak pressure positions, and DR and 
DZ are the characteristic thickness and half length of the electron ring 
respectively. 

The current distribution is obtained phenomenologically from.the 
following relation: 

( ) - 1 ~ Je r,z - B ar 

Po £E: . " 
"' -8 + A P. (3.6) 

0 
ar 

In the last r~lation, we have used a constant value B
0 

re~lacing B = B(r~z) 
and a second term with a 'Jari able A has been added to account for the 
difference thereby introducted. From the relation (3.6), the total current 
on the inn~r ·and outer.layer of the ring can be expressed as 

. z · Po 1r · Z · 
I (in/out) ,; (;)liT DZ [1 +-erf (Dz)] 8 + 2 DR Dz [1 + erf (Dz)]A (3.7) 

0 

where the error function is defined as 
. . 2 

erf (y) = ~ J~ e -x dx. . (3. 8) 

The total perp.endicular energy stored in the electron ring is given by 

W1 : fdV nT1 = fdV p1 

=2 1r
2 R DR DZ [1.+ erf (6z)] p

0 
(3.9) 

The total stored energy W1 .calculated from Equation (3. 9) can be compared 
. with the experimental value measured separately by using a large diamagnetic 
flux loop, as described in section 3.2. 
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j,3.3 Method of Data Reduction· 

In order to obtain the six characteristic parameters associated with 
the h6t electron fing model (R,Z~DR,DZ,P0 ,A), we have instituted a best-root
mean-square-fit computer code~ BRMSF, which determines the parameter values 
from experimental data. The format of our experimental data and the logic 
of the data reduction method are described below. 

The diamagnetic fields BM(N) at N = 13 probe positions were measured 
in a typica.l microwave turnoff experiment. A data file for every individual 
turnoff consists of 50 measurements, separated by a time interval of 5-10 ms, 
with about 10 measurements taken before the turnoff, 30 measurements during 
the plasma decay and the last 10 measurements after the plasma has dis
appeared. For steady state information, we averaged 5 to 10 measurements 
both before ~rid after the plasma turnoff and obtained the steady-state . 
diamagnetic fields BM(N), N. = 1, 13, thus minimizing the random errors. 

The modeled diamagnetic fields, Bc(N), N = 1, 13, were calculated from 
the model current distribution associated with the given set of parameters 
R, Z, DR DZ, p

0 
and A, 

x-x• dx-• 
lx-x•IJ 

where x = x(N) N = 1, 13 

. corresponding to 13 probe positions an.d · 

i' ~ x•· (R;Z,DR,DZ) 

'(3.10) 

.. which are positions of a 10 x 10 grid points that we used to sample the 
current distribution.· The two diamagnetic variables were then chosen from 
the minima of the root-mean•square function. 

6(R~Z,DR,DZ) = Min {6 2(P
0

,A,R,Z,DR,DZ),}. 

·where 

(3.11) 
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From.all the possible choices of geometric configurations, we selected the 
best fit configuration by finding 

o(R,Z,DR,DZ) = omin ~ ~Bexp 

where 

o~in = Min {o(R,Z,DR,DZ)} (3. 12) 

If such a minimum can be found within the volume of the vacuum vessel, we 
then accept it as the most likely configuration of the hot electron ring. 
Otherwise we would conclude that the model hot ele~tron ring ~onfiguration 
could not exist. 

3.3.4. Diamagnetic Field Structure of a 40% Beta Hot Electron Plasma 

The best resolution in our measurements were obtained for those cases 
in which the pressure of the hot ~lectron pla~ma was high. In this section 
we present as an example .the resultant diamagnetic field profile for the 
case in which energetic electrons having 14.9 joules of stored energy were 
produced by using four microwave power .sources in SM-1. This was about 
10% lower than the m~ximum pressure that can b~ produced in this machine 
in a stable operation. Figure 3.3·1 shows a comparison between the 

·measured field and the calculated field using the 11 best fit 11 ring parameters. 
The root-mean~square difference between these fields was 0.08 gauss, which 
is about 0.2% of the diamagnetic field measured at the center of the mirror 
field. The tot~l magnetic field profile along the mid-plane radius was 
calculated. This is plotted in Figure 3.3-2, where the 11 best fit 11 pressure 
and current profile are also shown. A 20% magnetic field reduction was 
found in the location of the peak electron pressure, whi~h corresponds to 
a peak electroil density of 9.3 X 1010cm-3 assuming the electron temperature 
is 350 keV. Th~ local plasma beta was calculat~d as 

e = 8n nkT = 43%. (3.13) 
8vac2 · 

where the local vacuum magnetic field, Bvac = 1?50 gauss, was used. The 
.·total stored energy in the hot electrons calculated from Equation (3.9) 

was 19.3 joules. This value is about 30% higher than that obtained from 
the global diamagnetic flux loop measurement. This difference is partially 
accounted for by the long axial length of the ring structure which tends 
to reduce the dipole-field sensed by the diamagnetic flux loop on the
mid-plane. 
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. ··' .: . The contours bf IBI including the diamagnetic fi~ld calculated from 
the hot electron profile are shown in Figure 3.3-3. Also shown is the 

.. vacuum field .. A magnetic well is shown to form in the region of the peak 
· . electron pressure. The corresponding second harmonic ~esonant surfaces 

~ere fciund ~o adjust themselves to produce an effective heating zone 
·.surrounding the hot electron plasma. It is quite clear from this figure 

that the application of four heating frequeric1es has effectively distribut~d 
the ~icrowave power over most of the hot electron volume. 

·.3.3.5 Sensitivity of Dfamagnetic Field Measurements on Electron Ring 
Parameters 

We have summarized in Figure (3.3-4) the sensitivity test carried out 
to test the uniqueness of our measurement. The root-mean-square field 
difference was calcul~ted as each of the four parameters deviated indepen
dently from the best fit value~ The sensitivity on the ring thickness was 
found io be much lower than those for.the ring radius and length. This 
difficulty appears to result from the fact that the ring thickness is 
indeed very small (3-5 em) in this case and all measurements were taken· 
at distances relatively far away from the ring. The. lack of sensitivity 
on ring thickness impl.ies that our measurements may be ~ath~r insensitive 
to the ring radial pressure profile details. In order to overcome this 
difficulty, we have now constructed an array of radial Hall probes which 
will rephce the single radial Hall probe used in the present measurement .· 
system. Another array of Hall probes wi 11 be .built on the outer surface 
to replace the axial array on the machine axis to facilitate an undisturbed 

. . 

measurement o( the hot electron pressure profile, including the regioh near 
. . 

the central a~is. · A self-consistent ~lasma mod~l including heating and 
MHD equilibrium can then be used to deduce more detailed p~ofile information 
from our ~easurements .. 
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4. SYMMETRIC TANDEM MIRROR (STM) FACILITY 

During the· past year, we designed an a xi symmetric tandem mirror faci 1-
ity consisting of five coaxial simple mirror cells. In this facility we 
will produce diamagnetic hot electron plasmas which w111 be used to reverse 
the unfavorable vacuum magnetic field gradient to produce an MHO stable con
figuration; An energetic ·ion plasma will be generated by heating particles by 

. . . . 

ICRH out of a plasma produced by ECH in the end cells and allowed to stream 
into the center cell of the configuration. Experiments will be carried. out 
to test the macrostabil ity of the combined plasma configuration and to . 

·assess the microstability of the anisotropic ion component. · The particle 
equilibrium between the plasma stream and the magnetically trapp~d ion 
distribution is. expected to result in potential variations along the axis 
because of the axial density distribution. This equilibrium will be studied, 
the results obtained should aid in the interpretat~on of the axial dis
tributions in TMX and other mainline.fusion devices.· 

4.1 RATIONALE FOR THE FIVE CELL STM CONFIGURATIONS 

The governing objective of the STM program is the study of plasma 
confinement in an axisymmetric mirror configuration. To carry out this 
study we require a confinement· facility in which it is possible to ~enerate 
sufficiently en~rg~tic plasma to provide a credible test of the confinement 
prope~ti~s of the basic c~ncept. In this sense, the experimental emphasis 
is first of all heating oriented. The objectives can only be addr~ssed 
when adequate plasmas are availabl~. · 

In Phase I of the program, we studied the energetic electron plasma 
whose purpose is to produce the desired stability of the symmetric system. 
Those studies were, necessarily, electron heating oriented. The focus of 
the work was to ex~mine the configuration of oveflappin~, nested ECH 
produced energetic electron annuli. To address the stability of confined 
energetic ions in a symmetric mirror and the physics of the plasma potential 
r~quires a mechanism for heating ions. The experiments in Pha~e II include 
ion cyclotron heating to produce the required hot ion component. 
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The design of the system was controlled by our requirements to generate 
a reasonably hot ion component to test MHO stability boundaries. As a 

·target, we .chose e ~ 0.01 with density assumed to be .1 imited by microwave 
cutoff for the magnetic fields available (BMax rv 5 kG). If we take 

· n ~ 1012 cm~ 3 B
0 

.~ 2 kG then we require Ti .~ 1 kev. At the neutral den
sit1es in which the ECH plasmas commonly operate (n

0 
rv lo12cm- 3) charge 

exchange energy losses lead io energy lifeti~es in the range 10-5 seconds .. 
The radio frequency power required to maintain a plasma with the desired 

. density and temperature with this lifetime, is of the order of tens of kilo
watts. ·Taking irito accoun~ the anticipated inefficiencies, and after 
examining the electric field stren~ths and corresponding heating rates that 
this power implies, we determined this power to be excessive. 

To reduc~ the charge exchange losses, we elected to produce the 
plasma in a region remote from the volume where ICRH heating would. take 
place. The stream of plasma would not only supply the ions required to 
sustain the hot ion population, it would als6 act to pump neutral particles 
from the intermediate cells by ionixation. If the neutrals are injected only 
in the end cells, because of the ·intermediate volumes, we estimate that we may 
reduce their density in the center cell by more than two orders of magnitudes. 

The flexibility of independent cold plasma production, stabilizing ring 
generation .and. ion cyclotron heating creates an attractive facility in 
which many aspects of the tandem mirror concept can be addressed. 

1) MHD Stability:· Foremost of our interests is the evaluation of 
the effectiveness of high-a electr.on. rings in stabilizing the hot ion 
plasma; Annuli can be produced in any of the five cells. We can 
therefore establish the effectiveness of the concept of i•anchoring" the 
energetic ions by stabilizing ~ings in remote cavities as well as c~eating 
the diamagnetic plasma in the same cavity. 

2) Plasma Fed Equilibrium:· The process of ICRH in the central cell 
will lead to trapping of particles out of the itreaming plasma created in end 
cells. The trapping process itself can lead to axial density variations which 
should iritroduce potential differences between the various regions. The 
complex equilibrium among the energetic ions; diamagnetic electrons and 
cold plasma stream must be carefully analyzed and understood. · The analogy 
of this situation to the similarly complex equilibrium in TMX-U is obvious. 
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The steady state character of the STM plasma should permit quantitative 
diagnosis of the plasma feed problem and should greatly aid the similar 
analysis in the experiments aimed primarily at confinement studies . 

. 3} Ion Cyclotron Heating: The relatively small size (r rv 10-:15cm} 
and low density (n < 1012cm- 3} of.the plasmas expected in STM precludes 

·the availability of the many propagating ion cyclotron frequency modes 
which. have been used to heat plasma in the larger fusion devices. 
Instead; we antici~ate inductively driving rf electric fields in the 
near field of the antenna. These fields are estimated in Section 4.3 to be 
E
6 

rv 5v/cm for.antenna powers of rv 10 kW. We estimate that if th~ ioh 
lifetime is 1 msec, the plasmas produced will be suitable for MHO stability 
analysis. 

T~e heating process, however, int~oduces anisoiropy in the ion popula-
. tion which can lead to microinstabilities which can result in anomalous loss. 
Thes~ must be characterized and minimized .as they appear. The plasma stream 
is expected to fill the loss cone and tend to ameliorate these instabilities 
but a detailed analyses of the possible instability regimes has not yet 
been carried out. The experimental environment is suitable for evaluating 
the effects ~f these instabilities. The extrapolation of our analysis to 
TMX plasmas, where center cell l.ifetimes have been interpreted as being . . . . 

influenced by similar instabilities, should be possible. 

The desfrability .and significance of the studies outlined above led 
to the facili.t.}' described in the next section .. We include in the facility 
five miorowave sources, with power capabilities shown i.n Table 4.1. The 
outputs of ·these sources may be fed to any of the various mirror cells to 
permit the kiJ1dS of studies outlined above. The primaryfunction of the 
10 kW, 16.5 GHz ~ource will be to produce the cold plasma component in 
the e.nd cells .. we anticipate lesser power will be required to generate· 
the. stabilizing annuli in the intermediate and centet cells. From our 

.results in Phase I, a mixture of frequencies will be applied to optimize 

.the hot electron production efficiency, size and shape. The independently 
controlled plasma stream should aid in reducing nec/neh and.an evaluation 
of the annulus production and stability will be undertaken early in the 

program. 
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The ICRH system will be fed by variable frequency sources permitting 
·the greatest flexibility in the choice of the resonant region. A prelim

inary coil design is described in Section 4.3 .. 

One of the iornerstones of the STM program is the depth of diag~ostic 
capability which results from the production of steady state, cw plasmas. 
This capability will be exploited, as it has in the past year, through the 
development of a spatially multichannel charge exchange detector system 
designed to evaluate both the e~ergy distribution and, to the extent 
possible, the pitch angle distribution of the ICRH plasma. In addition, 

.· th·e arrays of Hall effect probes described in Section 3. 3 will also 
be employed to evaluate the diamagnetic influences of the energetic 
~lectrons and ions as the hot plasmas evolve. The other diagnostics 
described above will also be used to contribute to the understanding of 

·the properties of the plasma stream and the stabilizing annuli. 

4.2 bESCRIPTION OF FACILITY FOR STM 

To carry out the program we propose for this phase of the STM study, 
we require an experimental facility (Figure 4.2-1) including the following 
major.component systems: 

1) Magnetic field system 
2) Vacuum chamber and pumping system 
3) · Electron cyclotron heating power sources 
4) Ion heating power sources 
5) Diagnostics ~ystem. 

A layout of the experimental area is shown in Figure 4.2-2. · These systems 
will be described below. 

4.2.1 Magn~tic Field System 

The magnitude of the magnetic field required for STM studies is . 
determined by the required plasma density and the conition (wpe/w )2 <l . . . ce 
for effective electron cytlotron heating. (wpe is the plasma frequency, 
wee the electron cyclotron ftequency in the resonant region). The system 
of coils we have selected fdr STM (Phase II) will utilize the available 
microwave sources. The geometry has been designed to provideadequate 
neutral particle reduction through plasma pumping and the separated mirror 
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c~ils. allow'independent plasma heating and production. The coils are 
arranged to produce five independent magnetic mirror cells with a maximu~ 
fiel~ for ea~h of 0.56 T. The mi~ror rati~ in each cell will be~ 2 on 
axis. In Figure 4.2-1 we illustrate a magnetic field configuration which 
would be typical for ion heating experiments. The power required is 
e~timated as 100 kW per coil .pair. Adequate cooling capacity will be 
provided to operate the system in a cw mode as in the past, for diagnostic 
convenience. 

4.2~2 Vacuum Chamber and Pumping System 

The v~cuum system will consist of a number of chambers connected with 
spool pieces fitted through the magnet coil~. The system will be sealed 
with Viton 0-rings. The vac~um system will be pumped at each end with two 

liql!id nitrogen trapped, 611 diffusion pumps. Two of the four required pumps 
are presently being used on STM. Th~ vacuum contrdl and interlock syste~ 
used in STM (Phase I) was designed and built to o~~rate this new system as 
well and will require 
purchased in FY 1980. 
b~ ~ 3 x 10-7 torr, 

no new fabrication or components beyond those already 
The base pressure anticipated during operating will 

4.2.3 Electron Cyclotron Heating Sources 

The high B electron pl~sma will be produced, initially, in the central 
cell using existing microwave sotirces and hardware. These sources will 
permit us to heat with a spectrum of frequencies between 8.5 and 10 GHz. 
This frequency s·pread has been shown to be effective in opti~izing the 
en~rgetic electro~ population du~ing the studies in Phase I bf the program. 

I~ addittori,. provision will be made to heat the plasma stream in the 
in.termediate mirror cells. This provision will permit studies· of the 
stabilization of the energetic ion population bythe favorable average 
magnetic curvature res~lting from remotely produced high B diamagnetic 
plasmas. The klystron source provided initially for this purpose will be 
one of the sources used in the Phase I studies.· 
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A high power microwave source will be required to generate the cold 
plasma stream in the end cells. We have estimated the power requirements 
for this sourc~ as 10 kW if the stream density is rv 7 x 1011 cm-3. Kiystrons 

· with this power capacity at the required freqncy (rv llGHz) are standard 
and. will. be procured during the fabrication period. A cw power supply for 
this source will also be fabricated .. 

4o3 ION HEATING POWER SOURCE 

One of the principal objectives of Phase II of the STM program is the 
production of a stable hot ion plasma in the central cell. In this section 
we d~scuss ~he ICRH heating field and power requir~ments projected in order 
to appro~ch a. design goal of s > 1%. The techniques which will be utilized 
.in antenna design are briefly described and a preliminary antenna and driver 
design are presented. With the favorable ratio of ne/n

0 
which will result 

from the proposed cold plasma feed concept, we conclude that the design s 
can be achieved with modest heating power and rather simple antenna design, 
if MHD stability is maintained by the hot electron rings. 

4. 3. 1 Antenna and Driver De_~ !i!!. 
. For the antenna design, full advantage will be taken of the considerable 

expertise developed by TRW under the plasma isotope separation program(ll). 
Available codes enable the calculation of electric field profiles in three 
dimensions, including conducting wall boundaries and the presence of plasma, 
for antenna currents of arbitrary axial periodicity and arbitrary azimuthal 
dependence. Code predictions have been experimentally verified for numerous 
coil designs. 

Field computations for several antenna designs have been made 
for the STM Phase II geometry~ both for hydrogen and helium plasmas. This 
work will be continued during. the design phase,.this fiscal year. As an 

. examp~e, we consider a Nagoya Type III coil (l 2), shown schematically in Figure 
4.3-1, of radius 18cm and length 30 em. For a resonant magnetic field of 
2kG in Helium (fci = 0.76 MHz), at a plasma density of lo12cm-3, we predict 
a heating electric ~ield at resonance of 

lE+l = 3 x 10-3 I/cm 
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Wh~re I fs th~ peak rf coil current. For a heating field of 6V/cm, we 
require a peak coil ·current of 2kA. An advantage of the Na·goya type coils 
Js its.relatively low inductance, Which r~sults in relatively low drive 

· voltage. We have measured the electr.ical parameters of a model coil system 
similar to the conceptual design o_~tl ined here. Using 111 diameter water 
cooled copper for the coil lead and 0.5 11 copper for the antenna loops, the 
coil inductance is 1 llhy. At the designed 2kA, we estimate the peak 
voltage is only 9.6 kV. The coil losses with these operating conditions 
would be 11 kW. 

The ICRH:power source will be a Class C tuned plate amplifier, capable 
of delivering up to 36 kW. cw in the frequency range 0. 7 -4 MHz. Th1 s power 
source will be fabricated duririg the contract period. The amplifier will be 
driven by a 2kW i'ntermediate power amplifier available at TRW, andthe output 
will be coupled to a 50n transmission line. Matching of th~ line to the 
antenna tank circuit will be made very close to the vacuum system in order 
to minimize ohmic. losses in the high Q tank circuit. 

~.3.2 Power and Heating Electric Field Requirements 

The classital steady state ion power 16ss per unit volume is 

P = T -1 n. ·• 1 1 
( 4.1) 

with 

T-1 = T -i +T -1 + -1 
ex e •ii (4.2) 

where •ex' •e' and -rii are the charge exchange, electron drag and ion-ion 
collision times respectively. STM will gene~ally operate in parameter 
regimes where -r.== •ex· ·For helium, we may approximate the confinement time 
analytically in this regime as 

and (4.1) becomes 

P = 7 x 10-_16 n n. T. 312 
0 1 1 . 
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For a·= O.Ol at the magnetic field' at the annul~s of 1 .7kG at. the maximum 
design density of 1o12cm-3, we require an ion temperature of Ti = 0.72 keV. 
With an ~xpected heated plasma volume of 10 liters in th~ central cell, the 
required heating power is then 370 Watts in the plasma. 

In order to evaluate the necessary heating electric field, E+' we 
employ a stochastic heating model(l 2) .. For this model the volume averaged 

. heating rate for a Maxwellian distribution 

d Ti/dt = 2~e [~tl 2 

r· 
(4.5) 

where L is the mirror length and s;. is the field gradient evaluated at the. 
point where.the local cyclotron frequency equals the heating frequency. 

Equating (4.4) and (4.5) yields 

IE+I 2 = 1.1 x lo-16 n
0 

LB~ Ti 312 (4.6) 

For the STM Phase II facility parameters, L = .15m and B~ = 0.5 T/m, and 

(4.6) becomes lE+l2 = 1. 7 x 10-14 no Ti3/2. (4.7) 

The predictions· based on Equation (4.7} are illustrated i·n Figure 4.3-2 where 
we plotTi v~rsus. neutral densHy~ wi:th.E+ as a parameter.· For the projected 
range of neutral densi'Ues in STM -1, a field of 2 2 V/cm would be required to 
reach the goal. of Ti = .72· keV in helium. 

56 



REFERENCES 

1. Symmetric Tandem Mirror, Contract #DE-AC03-79ET51017 
2. The program review~~~ held on March 18, 1980 in the Department of 

Energy Offices, Germantown, Maryland. Members of the review committee 
included Dr. J. M. Turner, DOE; Professor L. $mullin, MIT; Dr. C. C. 
Damm, LLNL; and Dr. J. Siambis, SAL 

3. Summary of Results from EBT, EBT Experimental Group, ORNL/TM-6457, 
June 1978. 

4. I. D~ Latimer, J. I. Mills, and R. A. Day, J. Quant Spect·& Rad Trans. 
10, 629 (1970). . 

5. M. J. Seaton, Atomic. & Molecular Processes, PR Bates, ed. A.cademic 
Press (1962) Chapt. 11. · 

6. Ard, Dandl, & Stetson, Phys. Fl. 9, 1498 (1966), H. Ikegami; H. Ikezi, 
T. Kawamu~a, H. Momota, K. Takayama, and Y. Terashima. Int•l Conf. 
on Plasma Physics and Controlled Nuclear Fusion Research (Novosibirsk), 
Aug 1968; · · · · · 

R. A. Dandl, et.al. Proceedings of Plasma Physics and Controlled 
Nuclear Fusion Research Conference (Madison) 2, 607 (1971). 

7. H. Ikegami-, H. Ikezi, M. Hosokawa, K. Takayama, PR Lett ].1, 279 (1967.). 
8. R. A. Dandl, A. C. England, W. B. Ard. H. a.· Eason, M. C. Becker, 

G. M. Haas, Nuclear Fusion 4, 344 (1964). · · 
9. R. A. Dandl, et al, Proceedings of Plasma Physics and Controlled 

Nuclear Fusion Research Conference (Novosibirsk}~' 435 )1969). 
10. B. Quon, W. F. DiVergilio, and N. H. Lazar, Bull. Am. Phys. Soc., 

·Vol. 24, Number 8 (Oct 1979) p. 1009. 
11. A Summary of the Plasma I.sotope Separation Program was Presented by 

T. Rommeser in an Invited Paper at the Div. Plasma Physics (1979), 
Bull. Am. Phys. Soc. 24·, Number 8 (Oct 1979( p. 1052. 

12. 0. Eldridge Phys. Fl. ~' 676 (19i2). 

57 



2 .l-1 

2.1-2 
. 2.1-3 

2.1-4 
2. 2-1 

2.2-2 

3.1-1 

3.1-2. 

3.1-3 

3 .. 1-4 

3.1-5 

3.1~6 

3. 2-1 

3.2-2 

FIGURE CAPT! ONS . 

Floor layout of SM-1 Facility. 
Photograph of SM-1 (Phase I)~ 

Half of V~rtic~l Section Through SM-1. showing STM Fl~x lines and· 
Surfaces of IBJ The Regions wher~ w = w e and w = 2w for the 
Frequencies Available are shown cros"S hat~ned. ~ ce 
Block Diagram of Microwave System. 
Schematic layout of the diamagnetiG loop, axial current probe and 
the location of the Hall probe arrays. 
Block diagram of Hall Probe System for Measuring Plasma Diamagnetic 
Field.. ·· 

Count Rate N(E) and Intensity N(E)En(E) Spectrum of Bremsstrahlung 
from Energetic Electrons in SM-1. 
Decay of Diamagnetic Field on Axis with Time Following a Turn-off 
of Power. · 

Typical Magnetic Field Measured on Axis as a Function of Axial 
Position. · 

Perpendicular Energy Contained in Energetic Electron Plasma as a 
Function of Helium Neutral Pressure. 
Maximum Perpendicular Energy Contained in Energetic Electron Plasma 
Following Optimization of Pressure at Each Power. Results are 
Displayed for One, Two and Three Frequencies Applied. 
Perpendicular Energy Contained in Energetic Electron Plasmaas a 
Function of Total Power for Frequencies f ± ~f. 
Electron Temperature of 11 Cold 11 Plasma Deduced from Helium Line 
Ratios ·as a Function of Ambient Pressure. 
Average Plasma Density as a Function of Power Deduced from Optical 
Measurements. 

n ('A4686)a.J I(4686) ·. 
e · <ov> . exc 

I(5048) 
nc,<ov> exc . 

3.3-1 Computer output showing measured values of B~ along axis and curve 
of Bz(z) calculated from model pressure prof1le. 

3.3~2 Computer output showing radial distributio~ of energetic electron 
density (N(r)), current density (J(r)) and magnetic field Bz(r) 
calculated from model pressure profi·le used in Figure 3.3-1. 
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·.e 
3.3-3a Flux lines and contburs of 181 defived fbr vacuum iield in SM-1. 

Dotted curves labeled 81, 8?, 83, and 84 correspond to l8lfor 
wll = 2wce for available microwave sources. 

3.3-3b· Same as 3.3-3a except contours are modified by plasma pressure 
profile model used in 3.3-1. Note shift ~f 8 and 8. Rectangles 
labl~d 0.37, 0.02 represent region where preslure hat dropped to 
0.37 and 0.02 of the point labeled 1 .. 

. 3.3-4 Sensitivity of the rms averaged differences from the measured 
diamagnetic field on model parameter variations. 

4.2-1 Five Cell Symmetric Tandem Mirror Device to be used in Phase II 
of STM Programs. 

4.2-2 Schematic Layout of Area for STM Facility. 
4.3:..1 Schematic of Nagoya Type III Coil which could be used for ICRH 

in STM. . 

4.3-2. Calculated Ion Temperature Produced by Ion Cyclotron Heating as 
a Functiori of Ne~tral Density wtth the Electric Fi~ld in the 
Plasma. (E+) as a Parameter. · 
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