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Abstract: Irnitial experimentai results [rom the Tundam Mirror Experiment
(TH7) ate prosented. Axial profiles of the plaswma density and potential
necessary {or clectrostatically enhanced confinement of the central-cell ians
have been generated and sustained for the duration of neutral-beam injection.
The resulting central-cell ion confinement against axial loss is improved by a
factor as large as 9 above that given by magnetic conlinement alone. The
olasma exhidbits gross magnetohydrodynamic stability and micvostability. Under
srae conditions, a residual level of ilon cyclotron fluztuations in Lhe end
cells heats the central-cell ions and deg:adens their confinement.

1. Introduction

The Tandem Mirror Experiment (TMX) at Lawrence Livecmore Jaboratory (LLL)

was dcsigned1 to test the principle that an axial cicctrostatic well could
be created in a linear mirror experiment wiich would significantly improve the
axial confinement of the ions in that well ahove that provided by a magnetic
mirror alone. This "tandem mirror" concept was proposed indapendently by

. 2 .
Dimov™ aad Fowler and Log:m.3 Ln the devices proposed by these authors, a

high-density plasma is sustained in a minimum-B magnetic well at cach end of a

*Work performed under the auspices of the U, S. Department of Energy by the
Lavrence Livermore Laboratory under contract number W-7405-ENG-48.
“Renssalear Polytechnic Institute, Troy, New York 12180.

**Johns Hopkins University, Baltimore, Maryland 21218.
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lower density, solenoidal, ceutral—cell plasma (Fig. 1), Due to its higher

density, the plasma in the minimus-B mirror rises to a higher ambipolar polen-

tial than that of the central cell. In this fashion, a potential well of depth
n

8, = T, In (B : ()

¢

forms, where Te is tne electron temperatuyre, a is the density in the

ninimue-B mirror, and n is the density in the central cell. These end cell

plasmas ("plugs") are also necessary to provide pressure-weighted, average

minimua-B stability to the tandem device.

Minimum |B]
end cells

Fig. 1. Tandem mirrors with
ambipolar barriers at the
ends,

Early experiments in the Gamma~6 device at TsukubaA used streaming-
plasma guns to establish plugs with demsities larger than those in tha central
cell and, thereby, to produce a potential well. Langmuir probe measuremauts
indicated that the magnitude and scaling of the potential-well depth were con-
sistent with theoretical predictions,

2. The THX Device

TMX is shown schematically in Fig. 2. ‘The vacusm chamber is 14 = long

and 4.3 m in diameter. The vacuum is waintained by mercury charged diffusion

pumps, For experiments, the pumping is augmented by sublimating layers of



fresh titanium onto the walls and by filling baffles with liquid nitrogen.

Nominal operating pressure is 2 x 10-8 Torr.
Con coll

Basebal coi a”
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Fig. 2. The tandem

mirror device: THX,
Octupoie &aic

Plasmu llux tube

Neutral baam
injwclors

Startup
plasma gunp

The magnetic field is created by 1B water-cooled, quasi-de (2- to 3-s
duration) magnets, During the shot the currents in tha coils are held con-
stant by silicone-controlled-rectifier-switchad power supplies. For the bulk
of the data reported here, the plugs had a minimum field strength of 1.0 T
with a 2:]1 mirror ratio. The central-czll nagnetic field was 0,1 T.

A total of 24 neutral beams is available for heating and fueling the end
plugs. Nominally, 23 beams are distributed hetween the twe plugs and one beam
is used in the central cell for diagnostic purposes, Peak neutral-beam cur-
rents in excess of 200 equivalent atomic amperes per plug nave be2n iajected
with an average accelerating voltage of 17 keV and a mean energy per atom of
13 keV. This corresponds to an injected power of 2,6 MW per plug. Of this,
approximately 400 kW has been trapped in the end plugs,

The ceatral cell of T™IX is fueled by yas introduced on the plasma

periphery either by gas boxes at each end of the central cell or by a puffer
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valve at the midplane of the central cell. The diagnostic neutral beam is
aimed so that energetic particles from the beam are not trapped in the plasma.

3. Plasma Parameters and Electrostatic Confinement

The plasmas in TMX are generated as follows: the magnetic fields are
sequenced onj then when the fields have reached a steady-state level, four
startup plasma guns (Fig. 2) are fired for 5 ms to provide an initial target
for taye neutral bears. At this time, the beams are turned on and plasma
Segins to build up ia the plugs, Approximately hali way through the pulsz fcom
the streaming-plasma gua, gas is introduced into the central cell to create
the central-cell plasma. At the time the gun is tumed off, the central-call
plasma is well established and the loss-cone modes in the plugs are waintained
at a marginally stable state by the warm plasma stream from the central cell,
The plugs are sustained in this fashion for the duration of the neultral-beam
puise.

Table 1 presents maximuam (i.2., not all from the same shot) plasma
parameters and those for a typical shot, For comparison, the results from a
self~consistent, classical, point model code for axial power balance, TA}LRAC,5
is shown for this shot, A factor of two agreement is ohtained.

In Fig. 3(a) a sample axial density profile is shown. According to
Eq. (1) the measured deasity ratio of factor three hetween the central cell
and the plug with an electron temperature (in this shot) of 100 eV gives rise
to a confining potential well depth of approximately 100 eV. The central-cell
potential as mzasured by a heavy-ion-baam probe (HIBP} ard rhe pluz potential
as determined from che energy spectrum of end-loss ions are shown in Fig. 3(b).
Within the errors in the mrasurements, the well depth is 100 to 300 ev.

It is the existeuce of this potential well that enhances the confinement
of the central-cell ions above that wnich would be achieved simply by £low-

through magnetic mirrors alone. Mathematically, this ralatiomship cum be

expressed as .
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In these expressions, Kric is the temperature af the central-cell ions , and
ed i3 the confining electrostatic potential, The central-cell mirror rativ is

. . : . (4] . . P
R =120, and Mi is the ion mass, The ion-ion 90 scattering Lime 13 L

C
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and g (R) = /;‘(2R+1)(4R)_1 ln (4R+2), By including both terms (nrF and
n7y), Eq. (1) correctly models end losses in both collisional and collisionless
regimes.

Experimentally, we determine the axial confinement parameter of the

central~cell ions from the measured central-cell density and end losses according

to

(5

1 .
(nT)c ean LC/JC ’

where n_ is the central-cell density, i, is the end-loss current density,

and L is the equivalent cylindrical length of the central cell (314 cm).

By using the experimentally measuted parameters to evaluate Eq. (3) and (5) we
can determine the electrostatic enhancement factor mc/mF (Fig. 4) during the
steady~state phase of opsration. As noted in Table 1, enhancement factors as
large as 9 have been measured.

In addition, we can obtain direct evidence (Fig, 4) of the plugging
efticiency when we turn off the neutral beams in one of the plugs. The plug
without neutral-beam injection decays on a time scale of a few milliseconds,
Tha central-cell ions are then confined only by the magnetic mirror on that
end of TMX. The ratio of the end~loss current out the uastoppered end to that
out the plugged end is a measure of the plugging efficiency of the ead with
neytral-beam injection,

4. Instability MeaSurements

As noted earlier, TMX exbibits gross magnetohydrodynamic (MHD) stability
and microstability, However, a residual level of plug ion cyclotren
fluctuations persists, not only in the plugs but also in the central cell.

The presence of the plug oscillations in the central cell appears to lead fo
heating of some of the ions, which degrades their confinement. By tesonant
interaction with the ion cyclotron fluctuations, these ions gain cnergy

.

'
1
4
H
H



East

End loss current density,

1.0

A/em2, @ 10 kG
(e ]

20
15+ West
1.0+ Beams

off

H 05
= 0
6.2
1 | i
0 10 20 30 40
Time, ms

Fig. 4. Evideace of electrostatic pluggiag ia TMX. The subscripts E and W
tefer to the east and west end plugs, respactively.
greater than the confining potential. They are then lost by pitch-angla
scattering into the loss region of phasz space.

Monte Carlo coda modeling of the instability interactiom as a resonant
heating process occurring whera the field strength in the central-cell
transition region is equal to the minimum field strength in the plug shows
that the tail of the central-tell ion energy disiribution is heated (Fig. §).
The Monte Carlo code also shows qualitative agreement with the experimental
result that aearly classical ceatral-cell axial confluement is mezasucad cor
low instability levels (rf) but that a dzyradation of tha confinement occurs
at high fluctuation amplitudes. We are presently investigating the hypothesis
that the plug inmstability arises because the flow of plasma stream from the
central cell through the plugs is insufficicnt. The instability level, there-

fore, increases to increass the available stceam of plasant,

Fy



S e T S o B B b
Ny ]
1,500y n
1002V \1
e
30 —— - e - ‘\
* £ gl - 5\‘\Q E
o, ; < 150 eV E% ]
- -y 1 9 ]
& . * L )
£ oo, T
] o
G .a J
| L U TR SR WA | | QY DRI G LU PN
15 15 60 1 10 102
Center-cell i probe - V,pp E - Viem v cmisec ,

1. Measurad confinement b. Caleulatad continement ¢. Calculated velucity

time if near classical time agrees if k) = 3.6 cnl space shows lons
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Fig. 5. Comparison betwzen measured and calculated central-cell
conlinement time, ¢. held constant.
5, Conclusion
During the initial operation of THX, we have established and maiatained

in equilibrium axizl density and potential profiles that lead to the enhancad

axial confinement of the central-cell ioms.
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