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Thermal-Barrier Production and Identification in a Tandem Mirror
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In thermal-barrier experiments in the tandem mirror experiment upgrade, axial confine-
ment times of 50 to 100 ms have been achieved. During enhanced confinement we mea-
sured the thermal-barrier potential profile using a neutral-particle-beam probe. The experi-
mental data agree qualitatively and quantitatively with the theory of thermal-barrier forma-
tion in a tandem mirror.

PACS numbers: 52.55.Ke

In this Letter we report the first measurements of
a thermal barrier in a tandem-mirror plasma device
and the resulting enhancement of the axial confine-
ment time.

A thermal barrier in a tandem mirror' is a depres-
sion in the axial profile of the plasma potential that
isolates central-cell electrons from electrons in the
ion-confining potential peak [a thermal-barrier po-
tential profile is shown in the west-end-cell region
of Fig. 1(b)]. The thermal isolation makes possible
selective heating of the electrons in the potential
peak, thus enhancing the potential ($;) that con-
fines central-cell ions. Thermal-barrier theory
predicts that it is possible to generate an ion-
confining potential even when the central-cell den-
sity (n, ) is greater than the end-cell density (nv)
This is a major improvement over a simple tandem
mirror, which requires n~ & n& It makes possi-
ble a reactor with a high central-cell density (for
fusion power output) while minimizing the power

and magnetic field required by the end cells.
The axial confinement time in a tandem mirror is

long enough that radial transport can be signifi-
cant. Measurements show radial as well as axial
ion losses in the tandem mirror experiment upgrade
device (TMX-U). The radial lifetime is in the
range of 2 to 100 ms, depending on operating con-
ditions, and appears to be independent of thermal-
barrier formation.

The TMX-U device was designed to demonstrate
thermal-barrier formation in a tandem mirror. The
typical magnetic field configuration is shown in
Fig. 1(a). Each end cell (plug) has six neutral
beams (15 kV, 50 A) aimed 47' to the magnetic
axis at the plug midplane. These beams fuel the
mirror-confined (sloshing) ions'o and remove
trapped ions from the barrier. " In the central cell,
ion-cyclotron resonant heating at 2.48 or 2.64 MHz
heats the ions. During these experiments 5 to 40
kW was coupled into the plasma.
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F]G. l. Axial profiles of (a) magnetic field and (b) expected potential profile during sing]e-end tandem operations in-
cluding measured Potentials (crosses). The measurements do not uniquely define the ax]a] ]ocations of $, or Q or the
sPatial variation of the potential in the barrier region. The theoretical concept (so]id ]inc) was used as a mode] for spatia]
location of the data The spatial location of the barrier however was uniquely determined by the aiming of the diagnos
tic beam. The plug potential was set ) 2.4 kV because the maximum bias on energy analyzer No. 3 was insufficient to
repel any of the plasma ions. This set a lower bound on @~.

Two pulsed, 28-6Hz gyrotron tubes in each plug
heat the electrons. The launching structures for the
gyrotrons are aimed at the fundamental electron-
cyclotron resonance (B=1 T) and the second-
harmonic resonance (B=0.5 T), respectively. For
these experiments the maximum pulse length was
50 ms and the heating power varied from 50 to 200
k% per tube.

Figure 2 shows the time history of a therrnal-
barrier plasma discharge. These discharges begin at
low densities to minimize scattering losses of hot
electrons and collisional filling of the thermal bar-
rier. Once a thermal barrier is established and
enhanced energy confinement is achieved, particle
fueling is increased to raise the central-cell density.
To date, we have reduced the ion losses with
central-cell densities as high as 2x 10' cm

Soon after the sloshing-ion beams turn on [Fig.
2(b)], the axial losses [Fig. 2(d)] decrease dramati-
cally (we refer to this as plugging the end losses).
Indeed, during strong plugging the ion losses are so
small that the dominant current detected by both
Faraday cups and ion-energy analyzers' on the end
walls consists of electrons with energies greater
than the 3- to 5-kV electron-repelling grid voltage
used in the detectors. (The total energetic-electron
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loss current is approximately equal to the classical
scattering-loss current of the hot electrons. ) Under
these conditions, the magnitudes of the ion and
energetic-electron currents are determined by the
ion-energy analyzers that sweep out the ion-energy
spectrum (200-Hz sweep rate) and measure only
energetic-electron current when the ion-repeller
grid voltage becomes much greater than the average
ion energy.

Before plugging, the central-cell-ion axial-
confinement time (7~~) is 5 to 10 ms. During plug-

ging we measure

I n ( r) 27r rdr
eL, = 50 to 100 ms,

0I j~~ r 27rrdr

(at a density of 7&&10" cm 3), where n(r) and

j)] ( r) are the radial profiles of plasma density and
ion axial-loss current, respectively, e =1.6x 10
C, and I, is the effective length of the central-cell
plasma (508 cm). The density is measured by mi-
crowave interferometry and (for n ~ 1 x 10'2
cm 3) by neutral-beam attenuation. We assume
azimuthal symmetry for the integration of the den-
sity and current and restrict the integration to the
core plasma (r ( 14 cm) where enhanced axial con-



VOLUME 53, NUMBER 8 PHYSICAL REVIEW LETTERS 20 AUGUST 1984

(a)

East
End Cell

Central Cell West
End Cell

60— 24)

63

(b)

300—
0

0

I
CQ 0 I I I I I l

(c)

0 Il I I I I Il I

7/15/83 —10

4T&/s East Plug
Puffer

Gas ' ' Gas Box
Fueling

30TQ/s Central
Cell
Puffer

)
ICRH-5 kW

I

ce

I la!

I I I I I

E

1.0 — Plug Midplane

II

0 ! I I I I

0.8— Central Cell 1.0 — Plug Midplane

0 —l

(d)

C 0O&~

4Q 80

~ T.
,

= 180 eV
from end loss
ion energy

~ T„=50-100 eV
from impurity
radiation

~ &&
= 10-20 ms

0 40 80

t, ms t, ms

FIG. 2. Time history of TMX-U plasma discharge (double-end operation) showing strong reduction of axial losses
during the time that both the sloshing-ion neutral beams and the electron cyclotron resonant heating are on. The
central-cell density increase is small because the radial confinement time (it) is comparable to the unplugged axial life-
time and ~q is independent of whether or not the axial losses are plugged.

finement is observed. Outside r = 14 cm, enhanced
confinement is not expected; at large radii the
plug-neutral-beam aiming and the background-gas
density limit the sloshing-ion density and increase
the barrier filling rate. The plasma limiter is at
r = 26 cm.

Table I contains a comparison of experimental
results with predictions of thermal-barrier theory.
The experimental results show that the basic re-
quirements of our thermal-barrier model must be
satisfied to generate greatly enhanced axial confine-
ment. In addition, some data indicate that a lesser
enhancement of confinement can be achieved
without all the thermal-barrier ingredients present.
Since these data may point to a simpler way to
operate a tandem mirror, futher experiments will

investigate this phenomenon.
For a limited subset of the plugging data we made

direct measurements of the axial potential profile

which show that a thermal-barrier depression is
present during plugging and that the magnitude of
the potential dip (100 to 600 V) is in the range
predicted by theory for a central-cell electron tem-
perature ( T„) in the range of 30 to 100 eV.

To make this measurement, we operated TMX-U
as a single-end tandem mirror by injecting
sloshing-ion neutral beams into the west plug but
not the east. The expected axial potential profile
during these experiments is shown in Fig. 1(b).
We deduced the plug and central-cell potentials
from the minimum energy of axially escaping plas-
rna ions. All ions passing through the east plug fell
through a potential $, to reach the energy analyzer.
Similarly, the ions passing through the west plug
fell through a potential $~. The ion-energy
analyzers located on the end walls of the device
measured the energy spectrum of these ions.

A second energy analyzer on the east-end wall
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TABLE I. Comparison of theory and experiment.

Theoretical
prediction (Refs. 1—3)

Experimental
confirmation

Low neutral-gas density
required in plugs

Sloshing-ion beams
required for plugging

Electron cyclotron resonant
heating at potential
peak (cu„) required
for plugging

Large fraction of hot
electrons at barrier
required for plugging

Plug electron temperature
(T,~) greater than
central cell (T„)

Plugging possible
with n, & n~

Yes'

Yes—Fig. 2

Yes—Fig. 2

Yes—ratio of
hot density to
total electron
density ~ 80'/o

to establish
plugging

Tep ~ Tee

Yes—plugging
with n, /n~ ) 1 to 2

'Ref. 13.
bRef. 14.
cRef. 15.

measured the axial potential variation in the
thermal-barrier region of the west plug by measur-
ing the energy spread of neutral-beam-injected ions.
A diagnostic neutral beam was injected into the
thermal-barrier region of the west plug. The beam
did not intercept the axis of the device (where these
measurements were made) until 35 cm past the
midplance of the plug (these measurements, there-
fore, place a lower bound on the barrier depth).
The beam then passed through the transition mag-
nets into the central cell. Along this path, ions
were created by charge exchange and ionization.
Since these ions were injected at a shallow angle to
the magnetic field (18'), they flowed freely along
the field line until they reached the far-end wall
where their energy spectrum was measured. The
energy spread of these ions is a direct measure of
the potential variation along the field line where
they were deposited.

The resulting measurement of the axial potential
profile is shown in Fig. 1(b). The maximum energy
(above the beam-injection energy) in the beam-ion
spectrum agrees with the central-cell potential mea-
sured by the east plasma-ion analyzer. The lower
energy part of the spectrum, therefore, corresponds
to a potential depression of 450 V in the region
where we expect a thermal barrier to form. Since
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this measurement required us to operate TMX-U in
a single-end configuration, the number of measure-
ments of the barrier depth is limited and compar-
isons between $b and confinement have not yet
been attempted.

We have begun to model the TMX-U plugging
results reported here with a time-dependent power-
and particle-balance code. ' The initial results show
better than a factor of 2 agreement between the ex-
perimental measurements and the code predictions.

Finally, the sloshing ions continue to be micro-
stable in TMX-U at densities up to 1& 10' cm
above which low-level ion-cyclotron fluctuations
begin. This result is in agreement with theoretical
predictions and is particularly notable because the
flow of stabilizing ions is almost totally eliminated
during plugging.

In conclusion, results from the initial thermal-
barrier experiments in TMX-U show strong reduc-
tion in the axial losses with axial confinement times
up to 100 ms. The results are consistent with
thermal-barrier theory and measurements confirm
the formation of a thermal barrier in TMX-U.
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