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PLASMA CONTAIlNNT IN A 'roROIDAL BlctJSP ('roRMAC) * 
t . t * Morton A. Levine, Ian G. Brown and Charles C. Gallagher 

t 
Ifwrence Berkeley Laboratory, University of california,. Berkeley, CA, USA 

A1rForce Cambridge Research Laboratories, Hanscom Field, Mass., USA 

In this :paper the stable containment of af'ul.ly ionized, high-~ plasma in a 
toroidal "bicusp" (Tormac) is reported. 

. '. 
The ,concept for Tormac is not new. It represents a combination of what was 
thought to be the best characteristic.s of the H-centered pinch [I], later 
called the stabilized pinch [2] and cusp geometries T3]. Levine and Combes in 
1954 showed that the stabil1 ty of the Benn,ett Pinch could be improved if a 
toroidal magnetic field was trapped within the plasma. This configuration com
bined. an internal region with a toroidally trapped magnetic field and an outer 
shear-stab11ized sheath. Measurements reported by Levine [4] in 1955 showed 
that while this internally trapped magnetiC field improved the stability of 
the Bennett Pinbh it did not seem to eliminate all instabilities. At about 
th1~ time Grad and, his cow,orkers presented characteristics of the ~ = 1 cusp. 

In the ~= 1 cusp it. was possible to obtain an absolute minimum-B at the plasma 
surf'aceby proper use of magnetic field curvature [5]. IrOnically, while a 
cusp geometry eliminated enhanced diffusion loss due to instabilities, a calcu~ 
lation of loss time on the basis of a, nonturbulent plasma for cusps gave the 
same Bohm-like time constant [6] characteriStic of unstable turbulent plasmas. 

From the Grad cusp and the stabilized pinch the Tormac, concept, was devised. It 
combined the absolute minimum-B characteristics of the cuSp geometry with the 
field traPP1ng concept of the stabilized pinch. . 

The internally trapped magnetic field 1n Tormac gives a number of very desir
abie features. First of a.ll, the inclusion of a magnetic field, which is 
without curl across the plasma boundary and within the plasm~ region, does not 
aiterthe absolute minimum-B characteristics of the plasma. Secondly, by 
trapping the magnetic field within the plasma the existence of zero magnetic 
field is eliminated and the motion of ~rticles within the cusp is adiabatically 
1nterconnected [7]. Thirdly, the plasma is divided into two regions, a region 
of open field lines and a region of closed field lines. Finally, magnetic 
shear is introduced into the sheath region in order to enhance sheath stability. 

Thus the cusp with an internally trapped magnetiC 'field results, at least at 
first glance, in a stable geometry with mirror-trapped ~rticles in the sheath 
and an interior region where ~rticles can only escape by cross field diffu
sion.The time constant for Tormac is estimated to be T iR-/B, where Tii is 
the ion-ion collision frequency, R the characteristic d~eKsion of the plasma 
region with closed field lines, and' B the characteristic dimension of the plasma 
reg10n with open field lines. 

Jukes' theorem [8] states that an absolute minimum-B can not exist without open 
magnetiC field lines. Tormac can be looked upon as a device which attempts to 
satisfy Jukes I theorem with a minimum percentage of open magnetic field lines. 

Early. experiments investigated the characteristics of the straight-line cusp 
[9] and its minimum-B geometry. Later, analog computations of the plasma 
equilibrium for the toroidal line cusp [10] were presented and experimental 
measurements ofa low-temperature plasma in a Tormac hexapole were . 
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reported [11). In these reports an extraordinarily long plasma time constant 
wasnote.d. 

Recently it was shown [12] thaj( the~ is a canonical invariant associated with 
the toroidal line cuspP =~'" + - RA , where P is the toroidal component of 
momentum. Thus P isa ¥unction ofCthe"'major to~idal radius. One implication 
of this result is"'that the loss cone for the toroidal cusp is a function of the 
cusp radius. This can lead to an enhancedparticie loss rate. For this reason 
the Bicusp shown in Fig. 1 was devised. It has the advantage that both cusps 
terminate at the same major radius. At the same time, the Bicusp minimizes the 
m&gnetic energy and the number of open cusp lines where plasma can efflux and 
interact with the chamber walls. The toroidal Biscusp depends on both to
roidal and poloidal magnetiC nelds to support the plasma pressure •. 

To understand the Bicusp equilibrium, 
a .~ = 1 model was calculated with the 
hel~ of an electrolytiC analog tank 
[10]. In this first model, a zero 
poloidal magnetic field was used at 
point A in the diagram. In this 
sharp sheath model an absolute m1ni
mum-B is insured if each,magnetic 
field line on the plasma surface is 
concave away from the plasma. If we 
assume that point B is the worst 
point and that the radius of curva- Fig. 1. Bicusp. 
ture of the poloidal magnetic field 
is of the order of twice the radius 
of curvature of the plasma, the Bicusp is absolute min1mum-B for all aspect 
ratios. To this t3 =1 equilibrium an arbitrary amount of curl-free toroidal 
magnetic field can be added to produce a correspondingly arbitrary value of 
be1;a. . 

To heat the plaSma., "Shaker" heating is used. Shaker heating is accomplished 
bY launChing into the plasma a magneto-acoustic wave which propagates in a di
rectio'n orthogonal to the internal toroidal magnetic field. The; frequency of " 
these waves should be low compared to the ion cyclotron frequency but high 
enough for the wavelength to be at least comparable or shorter than the minor 
radius of the plasma. These waves can be produced by varying the poloidal 
field on' one side of the plasma., thus strengthening and weakening the, pressure 
asyJlllDE!trically on the plasma. 

One ot the most important' characteristics of the Shaker heating method is the 
manner in which it is coupled to the plasma. Th~ current in the Shaker heat
ing coil is almost parallel to the current in the main magnetic field coils 
which sup~rt the plasma. Thus the plasma pressure is proportional to 
(I + Iu) , so that the plasma pressure is linear in the heater current to the 
t1~st a~rox1mation. Boozer [13] has calculated the effective circuit 
Q = E/6E using a total absorption model for the magneto-acoustic wave. 

A second feature of Shaker heating is that the waves launched into the plasma 
by the driving coil are scattered by the plasma boundary in such a way that 
the reflected wave no longer couples to the outside coil. This means the wave' 
eDergy is trapped in the plasma. 

A third characteristic of Shaker heating is that it is nonresonant with any 
absorption mechanism known for a plasma. This makes it possible for the energy 
to be absorbed uniformly throughout the plasma and not in any local region. 

, Fortunately, there are several nonresonant mechanisms, for energy absorption in 
the plasma. Steepening of the strong sound waves into shock waves is one can
dIdate. A less desirable but more likely possib1'11ty is the focusing of wave 
energy into regions where the amplitude is large enough to give rise to non
linear irreversible effects. 
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Despite the uncertainties in understanding the Shaker method of plasma heating 
the simplicity ·of application.and the effectiveness of energy transfer from 
ca.:pe.citor to plasma make this method very attractive. 

To test the Tormac Bicusp, a devi~e has been built around a pyrex glass cham
ber. This chamber is constructed from two P,yrex cylinders 30 em high, 15 and 
50 em in radius, . respectively, with fiat pyrex end plates. The chamber was 
assembled using epoxy. 

The magnetic field design was performed with the aid of the electrolytic analog 
tank mentioned above. A single-turn coil was constructed using many single 
wires in. parallel, wound at an angle so as to produce both the toroidal and 
polOidal magnetic f~elds. A 12 kJ capacitor bank is used to energize ,the mag-
netic field. ' 

The plasma is produced from a 5to 30 mI'orr mixture of hydrogen and helium in 
situ. A 300 G magnetic field is turned on first to provide a toroidal field 
tobe trapped within the plasma. The gas is then preiqnized and finally, com
pressed and heated with the main holding magnetic field. 

Both laser interferometer and time
resolved spectra are used to examine 
the plasma. Figure 2 is a record of 
the .11~ht ~mi tted by the ionized 
(4686 ) and un-ionized helium 
(5676 ) as a function of position 
alODg the major axis of the torus. 
The light from the ionized line is 
observed to peak toward the center 
of the chamber. Laser interferom
eter records, 'not shown, woUld indi
cate the plasma is also 10,calized 
radially. .The un-ionized helium 
indicates the iOnization and can
.;pression of the gas at early times. 
At later times a small amo:unt of 
helium is seen throughout the cham-, 
ber. In Fig. 3 the plasma density 
isobte.ined from the broadening of 
Ho in the central region is shown. 
~ is obserVed to increase with the 
Bicusp mBgnetic field, indicating 
the plasma compression •. 

Figure 4 shows a plot of the elec
tronic temperature as indicated by 
the intensity of the ionized helium 
line and the continuum radiation. 
It is observed to :Peak 12 to 15 IJ.sec 

11.111 
.all 

~ 

.... 1-. 
117.1---

ft.1I1 
•• 11 

........ ~ 
["'en _". .. i .. ) 

-----' ..... - ' ...... -

Fig. 2. Light intensity along 
the major axis of the torus 

af'ter the peak of the magnetic field and density. The timing and magnitude of 
of the plasma temperature are most probably the result of Shaker heating by 
the waves indicated on top of the magnetic field trace. The relatively high 
temperature of the plasma and, the long time persistence of the density indicate 
the basic stability of the Bicusp equilibrium. The rate of plasma loss along 
magnetic field lines is slow because of the slow rate of recombination of the 
cold gas near the wall. 

On the basis of data. of Rose [14] for the interdiffusion of ions and gas, a 
time constant for plasma loss of milliseconds is indicated. On the other hand, 
the high conductivity of the plasma restricts cross-field diffusion to a 
negligible rate. 

The persistence of plasma denSity in the Bicusp indicates the basic equilibrium 
and MBD stability of the system. It will remain for higher temperature experi-
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ments now .in the construction phase to prove the mirror containment of par
ticles in the sheath region. 
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Fig. 3. Electron density in the 
central region of the Bicusp. 

10 Jt I H H q H M n .Ie,....... 
Fig. 4. Bicusp magnetic field and 
electron temperature in the center 
ot the Bicusp. 
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