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Abstract

GAMMA 10 is a tandem mirror with thermal barriers 
outboard of MHD anchors currently under construction in a new 
site of Plasma Research Center, The University of Tsukuba. 
The thermal barrier and a plug potential hill are created on the 
sloshing density distribution generated by oblique injection of 
neutral beams at an axisymmetric mirror cell at each end. In 
order to avoid resonant radial diffusion of central ions, 
axisymmetrization is provided anywhere the ions are reflected 
magnetically or electrostatically. Electrostatic reflections 
at the anchor are minimized by flattening the potential profile 
by ECRH. A tandem mirror reactor is envisioned on the basis of 
GAMMA 10 configuration. The reactor incorporates drift orbit 
pumping which serves, together with RF pumping, to lighten a 
burden of pumping NBI for forming and sustaining a thermal barrier. 
The drift orbit pumping also works for ash removal.

1. INTRODUCTION
Mirror type fusion is one of the most promising among 

several candidates of fusion reactor, because of favorable 
dependence of plasma confinement time on the ion temperature in 
addition to geometrical simplicities which lighten technological 
burdens in reactor design. Even though the ultimate goal of 
fusion researches is achievement of deuterium-deuterium (U-D) 
thermonuclear fusion reactors, the D-D reaction might be 
pursued on the basis of D-T reactor researches.

If so-called Pastukhov confinement formula [1] can be 
extrapolated and no anomalous radial losses occur, a tandem 
mirror reactor in the original form [2,3] will achieve high Q 
values [4]. However, a large technological advance must be made 
to fulfil demands of high magnetic field strength (17 T) and high
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TABLE 1. TANDEM MIRRORS WITH THERMAL BARRIER
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power neutral beam injectors of 1 MeV for tandem mirror reactors 
[4], Such technological gaps, though slightly narrowed, still 
exist even in research devices for tandem mirror confinement in 
the near future.

The thermal barrier concept [5] has reduced the technology 
demands on the magnets and beams while at the same time allowing 
much higher Q’s (10-30). The thermal barrier also eases the 
requirement for heating systems of research devices, and enables 
us to study the tandem mirror confinement in higher plasma 
parameters with technologies at hand. Therefore,one of the most
important physics issues in efforts to attain scientific 
feasibility of a tandem mirror reactor in the near future is to 
study how to create and sustain a thermal barrier. This concept 
is to be experimentally tested with TMX-Upgrade in LLNL [6] (1982), 
GAM4A 10 in Tsukuba (1983) and TARA in MIT (probably 1983)[7] in 
different configurations.

The tandem mirror scaling low based on the Pastukhov 
formula has been confirmed up to nt n, 101’em-3 sec which is 
determined by the axial confinement time Th[8,9], However, a 
theory predicts that t will be affected by the radial
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Fig.l Magnet coil configuration and heating scheme of GAMMA 10.

confinement time tx reduced by resonant diffusion [10,11] in the 
second generation of tandem mirrors such as TMX-Upgrade and 
GANWA10. Because the resonant diffusion is associated with 
non-axisymmetric components of a magnetic field and an electric 
field, "axisymmetrization" is effective to increase t_j_ up to the 
classical limit.

Different versions of tandem mirror configuration with a 
thermal barrier are summari zed and attractive features of each 
version are pointed out in Table 1. GAMMA 10 device which is 
currently under construction in a new site of Plasma Research 
Center, The University of Tsukuba is categolized as an 
effectively axisymmetrized tandem mirror with thermal barriers 
outside of baseball coils for MHD anchors. Details on GAMMA 10 
are described in §2. GAMMA 10 has been designed to study the 
most important physics issues, i.e. the thermal barrier concept, 
the reduction of radial losses due to resonant diffusion by an 
effective axisymmetrization and plasma stabilizations.
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TABLE 2. GAMMA 10 PLASMA PARAMETERS
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A tandem mirror reactor envisioned on GAMMA 10 configuration 
is described in §3. Important features of the reactor will be 
discussed. Most of them can be studied in GAMMA 10 .

2. TANDEM MIRROR GAMMA 10
2.1 Major Objectives

The GAMMA 10 magnetic coil system consists of a central 
solenoid, ramp coils, recircularizing coils, baseball coils, 
recircularizing coils and axisynmetric mirror coils from the 
center outwards as shown in Fig.l. Major objectives of the 
GAMMA 10 program are as follows: 
( i ) To create an "effectively axisymmetric" configuration in 

order to reduce radial losses caused by non-axisymmetric 
components of the magnetic field [10].

(ii) To form a sloshing ion density distribution in the end 
mirrors and trap cold ions in a potential dip at the midplane 
so as to improve microstability [12]. A similar 
configuration can be formed in the anchor plasma so that 
loss cone instabilities [13] are avoided in the build-up 
phase.
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TABLE 3. HEATING SYSTEM OF GAMMA 10

Neutral Beam 
Energy (keV) 
Current (Al 
Duration (msl 
Module

Gyrotron 
Frequency (GHz) 
Power IkW) 
Duration (msl 
Module

25 60
60 30

100 100
6 2

28 35.6 56
200 200 200
100 100 100

2 2 2*

ICRF Oscillator 
Frequency (MHzl 6-15 20-45
Power (kWI 500 500
Duration Ims) 100 100
Module 2* 2

Electron Beam (for start-up)

X To be installed in the final phase.

(tn) To produce hot electrons in the anchor in order to attain a 
necessary £5 value for MHD stabilization with modest hot 
plasma density. Thereby the potential profile remains flat 
all along the anchors so that no particles are reflected in 
the non-axisymmetric regions. Hot electron ring formation 
will be also studied to increase the MHD stability of the 
plug/barrier plasma [14].

(iv) To form a thermal barrier [5,15] between the warm plug 
electrons and the colder central cell electrons in order to 
heat selectively the plug electrons.

( v ) To test drift orbit pumping [16] for formation and 
sustainment of the thermal barrier.

GAMMA 10 device is specifically designed to clarify physics 
issues on tandem mirror concept. Maximum space is allotted for 
easy access of heating and diagnostic systems so that a variety of 
heating schemes can be tried and tested with sufficient diagnosis. 
The reference parameters of GAMMA 10 are summarized in Table 2. 
Table 3 shows the list of heating systems necessary for GANNA 10.
2.2 Axisymmetric Configuration

With the magnetic coil system shown in the upper of Fig.l, 
a magnetic flux tube runs as shown schematically in the lower of
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Fig.2 Axial profile of GAMMA10 
parameters: from above, 
magnetic field strength 
(reference case), 
potential, ion density 
and electron density 
distributions. A 
potential bump in the 
minimum B region is 
flatted by producing 
magnetically trapped hot 
electrons and ions and 
thus leveling the cold 
electron density profile 
along the field line.

Fig.l. The coils are energized by 800 MJ electric power generator 
which delivers 250MVA 2sec flat-top power to the GAMMA 10 system. 
The top of Fig.2 shows the axial distribution of the magnetic 
field strength of the reference configuration of GAMMA 10. Axial 
profiles of the plasma potential, ion density and electron 
density distributions are plotted schematically below in Fig.2.

GAMMA 10 plasma is MHD-anchored by a high-B plamsa in the 
baseball coil field. Particles entering the minimum-B region 
drift radially due to combined effects of non-axisymmetric 
components of the magnetic field and gradients of the magnetic 
field strength. By letting particles pass through the non- 
axisymmetric region and cancel out the radial drifts in one 
transit, resonant diffusion process [10] can be avoided in GAMMA10 
so that nT^ lxl012sec cm'3 is attained. Magnetic flux tubes 
are made circular anywhere central cell ions are reflected. 
Electrostatic reflection must be avoided to occur in the 
baseball coil region which is the only non-axisymmetric part in 
GAMMA 10. The potential hill, which might be formed in the 
minimum-B region as shown by a dotted line in Fig.2, can be 
eliminated by creating hot electrons with almost equal density to 
the hot anchor ions. In order to minimized error field, special 
cares are taken in fabrication and alignment of the coil system.
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Placing the baseball coil between the central solenoid and 
the axisymmetric end mirror is obviously not ideal from the 
viewpoint of axisymmetrization. However, the reasons we have 
chosen the present configuration before placing the baseball coil 
at the end are as follows:
( i ) Differences of confinement properties between the 

conventional tandem mirror wi thout thermal barrier and the 
GAMMA 10 configuration are easy to observe without changing 
the coil array.

(ii) Maximum allowable neutral density is less severe for 
ECRH in GAMMA 10 than the other case.

(Hi) Heating volume for ECRH is smaller in GAMMA 10 .
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(iv) Higher accessibility is given to NBI for sloshing ion 
formation in the GAMMA 10 configuration.

( v ) Drift orbit pumping can be studied in the recircularizing 
coil region.

A Monte Carlo simulation code has been developed to study 
the radial transport of ions in the full magnetic field 
configuration of GAMMA 10. A Fokker-Planck simulation code will 
be completed soon.
2.3 MHD Stability of GAMMA 10

Due to design considerations to circularize the flux tube 
and to maximize the access of heating and diagnostic system, the 
attainable B limit of GAMMA 10 may be lower than those of other 
tandem mirrors. With the present coil configuration, 
improvement of B can be pursued by incorporating hot electron 
rings as an MHD stabilizer.

Interchange stability of the GAMMA 10 plasma with various 
magnetic field configurations has been examined with MHD stability 
code. A sample result for the reference magnetic field 
configuration is shown in Fig.3. Given the magnetic field 
distribution in Fig.3(a) and the pressure p, + px distribution in 
Fig.3(b), the plasma stability along the field line which crosses 
the central cell midplane (z = 0) atx = 7cm and y = 7 cm has been 
examined as follows: The interchange stability is assured if 
the integral

r(z) = [Zdz^- (1)
>-L az

running from one end toward the other is not negative at the 
plasma end z = L. The integrand of

is plotted in Fig.3(d). Here, is the normal curveture of the 
specified field line, as shown in Fig.3(c). The running 
integral r(z) is plotted in Fig.3(e), indicating that this 
configuration is interchange-stable. It has been found that with 
the reference magnetic-field configuration shown in Fig.3(a), the 
plasma is stable if

Ba> 2.92Bc + 0.94Bb , (3)
where BA> Bq and Bg stand for the beta values at the anchor, 
central cell and the plug/barrier regions, respectively. The 
reference case has been found to be stable also against the 
ballooning instability.
2.4 End Plug and Thermal Barrier

The axisymmetric mirror placed outside the each anchor 
consists of a thermal barrier and a plug. The mirror ratio can 
be changed from 3.6 to 10. The density distribution in the
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TABLE 4. GAMMA PROJECT MILESTONES

FY 78 79 80 81 82 83 84
GAMMA 6 OPERATE_______________

GAMMA 10
800 MJ 
POWER SUPPLY PLAN BUILD OPERATE

MAGNET 8. 
VESSEL PLAN BUILD OPERATE

HEAIING SYS I EM
(NBI,EBI,ECRH,ICRF) PLAN BUILD OPERATE

DIAGNOSTICS & 
DATA PROCESSING PLAN BUILD OPERATE

GAMMA 20 CONCEPTUAL 
DESIGN

thermal barrier and plug region is determined basically by hot 
ions sloshing back and forth in the mirror field. The sloshing 
distribution is created by oblique injection of 25 keV neutral 
beams. At large mirror ratio neutral beams injected at 30° not 
only feed sloshing ions but serve also to pump out ions which tend to 
fill the sloshing distribution. At low mirror ratio source beams 
are injected at 40° while pumping beams are injected at 30°.

A density dip formed at the mirror midplane is associated 
with a potential dip, which traps a small amount of cold ions to 
stabilize loss-cone instabilities. A strong ECRH will be applied 
in the midplane to create magnetically trapped hot electrons which 
deepen the potential dip to form a thermal barrier. The 
estimated absorbed power is about 100 kW at 2u =28 GHz. The 
outer peak of the sloshing ion distribution forms an electrostatic 
plug against central cell ions. Because the potential height is 
proportional to the plug electron temperature, ECRH power of 
200 kW will be injected to the fundamental resonance region (B = 
10 kG for 28 GHz orB = 12.7kG for 35.6 GHz). This amount of 
power is high enough to heat the plug electrons to 2.5 keV to 
raise the plug potential to 2.2 kV so that nT = 1x1012 sec cm-3 is 
attained.
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Fig.4 Axial profile of Tandem 
Mirror Reactor GAMMA-R: 
From above, magnetic 
field strength, 
potential, ion density 
and electron density 
distributions.

In GAMMA 10 the end cell beta is kept below 10% for MHD 
stability. Hot electron ring may be effective to increase the 
local beta at the plug/barrier region. A pair of small split 
coils are installed near the end-cell midplane in order to tailor 
the magnetic field profile so that shape of the electron ring can 
be controlled for maximum stability.

For electron heating by microwave power, reduction of the 
neutral particle density is essential. With the aid of the 
screening effect of a halo plasma, the cold electron source 
strength can be decreased to below 200 pA cm-3 in the core region 
of the end cell plasma. It is low enough to realize the GAMMA 10
parameters with the available heating power. Because most of the 
neutral gas comes from NBI sources, substitution of ICRF power for 
a part of NBI system is being studied.
2.5 Start-up

The most crucial issues about start-up of GAMMA 10 are how 
to build up magnetically-trapped hot electrons at the thermal 
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barrier and how to build up hot ions in anchor without 
substantially raising the neutral pressure in the end plug cells 
and the expansion chambers. We are currently studying the 
feasibility of head-on injection of gun-produced plasmas across 
the central-cell magnetic field to create an initial target 
plasma. Use of coaxial-type or rail-type of MPD arc jets is 
considered.

As soon as a tenuous plasma reaches in the end cells after 
the cross-field injection, electron beams are injected in order 
to increase the electron temperature as well as to ionize 
recombined neutral particles. High electron temperature is 
required to decrease the electron drag against NBI-produced hot 
ions and to increase the absorption rate of ECRH power. A 
target plasma with density 5xl012an-3 and electron temperature 
above 100 eV is needed for the initial 10ms in order to build up 
the anchor hot ions in 10ms. On the other hand, for the quick 
build-up of the thermal barrier a target plasma with lower density 
of a few 10ucm‘3 and electron temperature above 200 eV is 
required. In order to satisfy these conditions RF plugging is 
applied slightly inside of the minimum-B mirror throat so that 
only a small fraction of the target plasma leaks through it. 
After the thermal barrier is formed, 25 keV-neutral beams are 
injected into the end mirrors to build up sloshing-ion 
distribution. Then plug electrons are heated by ECRH.

Several start-up scenarios have to be examined before we 
settle on one start-up method.
2.6 Schedule of GAMMA 10 Program

As shown in Table 4, the 800 MJ power supply has been 
fabricated. The on-site assembly will start in December 1981 
on completion of a new building. Magnet coils and vacuum vessels 
are to be installed by March 1982. Heating system, diagnostic 
system and data processing system are to be ready by March 1983.

In addition to conventional diagnostic tools several new 
techniques will be applied for GAMMA 10 experiment. Negative ion 
beam probe technique has been developed for potential measurement 
at the central cell and the barrier regions. Far infrared laser 
scattering technique will be employed for the study of micro
instabilities .

3. TANDEM MIRROR REACTOR GAMMA-R IN GAMMA 10 CONFIGURATION
Keeping the configuration of GAbfflAlO.i.e. effective 

axisymmetry and outboard thermal barrier, we have envisioned 
tandem mirror reactor GAMMA-R. To GAMMA-R we have added new 
features, the most prominent of these is a function of drift orbit 
pumping of ions trapped between the non-axisynuietric anchor mirror 
and the axisynmetric end plug mirror.
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In Fig.4 the axial distribution of the GAMMA-R parameters 
are plotted schematically. As in the case of GAMMA 10 both 
types of central-cell ion reflection (magnetically and 
electrostatically) are made only in axisymmetric regions. 
Unlike GAMMA 10, the plug is formed throughout the magnetic 
mirror where sloshing ions are produced only to assure the 
microstability in the plug cell. The thermal barrier is 
created in the transition cell between the MHD anchor and the end 
plug. Electrons heated by ECRH are trapped in the transition 
region, deepening the potential, where, we believe, a bulk of hot 
electron cloud can be formed more easily than in the symmetric 
mirror of GAMMA 10. Sustaining of the thermal barrier is one of 
the crucial problems. In order to lighten a heavy requirement 
for pumping-NBI power, a passive method of drift-orbit pumping is 
applied here. This pumping is associated with a large radial 
displacement in orbits of particles trapped in the non-symmetric 
mirror. An RF-pump field is applied to enhance the radial 
displacement.

If the pumping at the thermal barrier is strong enough, the 
barrier can be operated also as an ash remover. By applying an 
ICRF power, helium ions are scattered into the barrier, where the 
magnetic field strength and the potential are the lowest. 
Because of the high selectivity of the ion cyclotron resonance, 
tritium ions remain unsensitive to the RF field. Only the 
deuterium ions must be replenished, requiring much easier handling 
than tritium.

We have retained an anchor inside the plug unlike the 
fully-axisymmetric configuration. A merit of placing the anchor 
inside is the fact that the non-axisymmetric mirror region forms 
to serve drift-orbit pumping. On account of the weak anchor 
field, the Yin-Yang coil can be made in large size with a thick 
shield to withstand radiations from the plasma.
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