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Our proposed “matrix-type” semiconductor detectors are applied for studying the local energy
balance of bulk electrons in the tandem-mirror GAMMA 10. The matrix-type detector array consists
of compactly produced six “rows” having different thicknesses of thin dead layers 共SiO2兲 on its
surface. Each row has seven channel units 共“columns”兲 for measuring radiation profiles in the radial
direction of plasmas. These various SiO2 layers are, thus, employed as “unbreakable ultrathin
radiation-absorption filters” having various thicknesses to distinguish x rays from charge-exchange
neutral particles and analyze the radial profiles of both plasma ion and electron temperatures
simultaneously. The radial profiles of the energy confinement time and the thermal diffusivity
obtained from the local energy balance analysis imply that the improvement of the plasma
confinement is associated with the strong shear of radial electric fields due to a high plasma
confining potentials. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2219404兴
I. INTRODUCTION

One of the representative operational modes in
GAMMA 10 共Refs. 1–4兲 is characterized in terms of a hotion mode by the use of ion-cyclotron heatings 共ICHs兲.5 In
recent fundamental hot-ion mode experiments, it is reported
that by the use of 0.5 kW level gyrotrons6 in the plug region,
four-time progress in the formation of the ion-confining potential c, including a record of 3 kV, has been achieved
in a hot-ion mode having bulk-ion temperature
Ti = 1 – 10 keV. In the above-described mode, L-mode like
turbulent structures4,7 are observed in the case without the
plug gyrotron injections; in this case, radially produced weak
shear of electric fields dEr / dr and appreciable transverse
losses are observed. However, during the application of
electron-cyclotron heatings 共ECHs兲 in the plug region, the
associated potential rise produces a stronger shear in the central cell 共dEr / dr = several 10 kV/ m2兲 resulting in the disappearance of such intermittent turbulent vortices with plasma
confinement improvement.4,7
In the present article, in order to investigate the effect of
the radially sheared electric fields on the electron energy
confinement, simultaneous observations of detailed information on temperatures of ions and electrons 共Te兲 in the centralcell region of the GAMMA 10 tandem mirror is made by the
use of a single plasma shot alone on the basis of the combination of the theoretical development of radiation analyses8
and our proposed “matrix-type” semiconductor detector9 共see
Sec. II兲.
The radial profiles of the electron energy confinement
time and the electron thermal diffusivity are derived from the
a兲
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local power-balance analysis by the use of these spatially
resolved data on Te and Ti. During the ECH injections and
the formation of the strong sheared electric fields in the central cell, the theoretical results from the electron energy balance analysis with the generalized Pastukhov theory10 are in
good agreement with the experimental data and significant
suppression of electron transverse transports is indeed identified 共see Sec. III兲.
II. EXPERIMENTAL APPARATUS
A. GAMMA 10 tandem mirror

GAMMA 10 is a minimum-B anchored tandem
mirror.1–4 It has an axial length of 27 m, and the total volume
of the vacuum vessel is 150 m3. The central cell has a length
of 6 m and a circularly shaped limiter with a diameter of
36 cm. The magnetic-field intensity at the midplane of the
central cell is 0.405 T with a mirror ratio of 5.2. ICHs 共Ref.
5兲 共200 kW at 4.47 or 6.36 MHz, as well as 100 kW at 9.9 or
10.3 MHz兲 are employed for the central-cell hot-ion production and the anchor stabilization, respectively, after the
plasma initiation with both ended magnetoplasma-dynamic
共MPD兲 guns. Two sets of two ECH systems6 共500 kW at
28 GHz and 1 MW under construction兲 in the plug and barrier regions are prepared for producing ion-confining and
thermal-barrier 共b兲 potentials,1–4 respectively. Potential
confined electrons are, in turn, heated due to slowing down
powers from the ICH produced hot ions. For the central-cell
electrons, no direct wave heatings are applied, and their short
collision time of the order of microseconds makes Te uniform in the axial z direction of the central-cell region.11 A
large part of the database obtained from the GAMMA 10
operations has intensively been investigated and summarized
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FIG. 1. 共a兲 Schematic drawings of magnetic-flux tube in the central-cell
region of the GAMMA 10 tandem mirror along with a matrix-type semiconductor detector and their viewing lines of sight. 共b兲 The solid curves plot the
estimated outputs 共W兲 from particle incidence into semiconductor detectors
as a function of a SiO2 dead layer thickness Ddead. The dashed curves plot
semiconductor x-ray outputs 共W兲.

by using a proposal1–4 of combining the two major theories,
i.e., Cohen’s strong electron-cyclotron heating 共ECH兲
theory12 and the generalized Pastukhov potentialconfinement theory.10
Figure 1共a兲 shows schematic drawings of the magneticflux tube in the central-cell region of GAMMA 10. Schematic drawings of detector locations and viewing lines
of sight of the matrix-type semiconductor detector are
illustrated.
B. Matrix-type semiconductor detectors

The matrix-type semiconductor detector9,11 is fabricated
on a 300-m-thick n-type silicon wafer. The active area of
each channel is 0.5⫻ 0.5 cm2. Each detector unit is essentially a p-n junction photodiode having its own output wires.
The detector is covered with a 50-nm-thick and a
160-nm-thick aluminum layers for cutting out visible light.
The detector is characterized by the formation of six rows
with different thicknesses of thin dead layers 共SiO2兲 with
1, 15, 110, 242, and 495 nm on its surface compactly.
The values of the depletion-layer thickness ddep are designed in the range of 16– 21 m for the present plasma
experiments.
A tomographically reconstructed data set in various radiation energy ranges is simultaneously obtained from each
detector row having a different ultrathin “SiO2 radiation absorber” 共for more detail, see Refs. 8 and 9兲. Consequently
temporal evolution of energy-resolved perpendicular ion
temperatures with regard to the magnetic force lines, Ti and
Te profiles are conveniently attained.
In Fig. 1共b兲, the solid curves plot the calculated outputs
W due to particle incidence. Here, these curves are calculated
as a function of the dead-layer thickness Ddead and labeled
with various values of Ti on the basis of the idea of the use of

Rev. Sci. Instrum. 77, 10F302 共2006兲

various thicknesses of a “dead-layer filter” for particleenergy analyses 共for more detail, see Ref. 8兲. A standard
table13 for conversion rates from plasma ions to chargeexchange neutral particles in plasmas is employed for the
calculations. The populations of hydrogen atoms n0 and ions
ni are, for instance, assumed to be 1 ⫻ 1014 and
5 ⫻ 1018 m−3, respectively, in plasmas.1–4 As a characteristic
feature in Fig. 1共b兲, one can find the convex curvature
共d2W / dDdead2 ⬍ 0兲 as well as sufficient discrepancy for each
curve.
On the other hand, the dashed curves labeled with Te in
Fig. 1共b兲 plot the calculated outputs W due to x-ray incidence
into the same semiconductor detector. Our recently proposed
formula14,15 for semiconductor-detector outputs due to x-ray
emission from plasmas is used. One can also find sufficient
discrepancy for each dashed curve. A remarkable difference
in the curvature 共i.e., a concave shape with d2W / dDdead2
⬎ 0兲 is found in contrast to that for each solid curve in
Fig. 1共b兲. Such a difference in the shapes of the solid and
dashed curves is of use to identify incident species. Therefore, Fig. 1共b兲 shows the availability of the observations of Ti
and Te for semiconductor detectors having such thin and
thick dead-layer filters, respectively.
III. PLASMA EXPERIMENTAL RESULTS
AND DISCUSSION
A. Simultaneous Ti and Te diagnostics

The radial profiles of line-integrated radiation intensities
共brightness兲 in the central cell are obtained during a single
plasma discharge by the use of radiation signals in six different energy ranges from the six different detector rows of
the matrix detector. The x-ray signals are analyzed to obtain
Te profiles on the basis of the above-described absorption
method by fabricating different thicknesses of unbreakable
ultrathin dead-layer filters in combination with a
0.72-m-thick polymer 共–C8H8 – 兲 filter for wider energyrange x-ray observations. In Figs. 2共a兲 and 2共b兲, two typical
profiles of Ti and Te with time are plotted for comparison.
The open and filled circles in Figs. 2共a兲 and 2共b兲 represent
the profiles before and during ECH injection for plasmaconfining potential formation, respectively.
Figure 2共c兲 shows the radial profile of c calculated
from Cohen’s strong ECH theory12 关i.e., Eq. 共1兲 in Ref. 4 in
GAMMA 10兴 by the use of the experimental data on Te and
b obtained from heavy-ion 共Au0兲 beam probes16 during the
ECH application period. The theoretical values are in good
agreement with the experimental data obtained from ionenergy-spectrometer arrays17 placed on the end wall of
GAMMA 10. The strong sheared electric field in the central
cell due to the above-described c production clears up the
turbulence and drift waves in hot-ion mode plasmas together
with plasma-confinement improvement.4,7,17
B. The determination of the electron energy
confinement time and the electron thermal diffusivity

For the bulk electrons in the central cell, the steady state
energy balance equation3,18 is described as
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Estimation of energy balance

FIG. 3. Radial profiles of the ratio of pb to pas in 共a兲 and ⬜pb to ⬜classic in
共b兲 are plotted, respectively. The open and filled circles in Fig. 3 represent
the profiles before and during ECH injection, respectively. The strong shear
of the electric fields Er 共dEr / dr = several 10 kV/ m2兲 in the central cell in the
region of rc ⬍ 6 cm is produced during ECH injection and the weak Er shear
is observed at any rc before ECH injection. In the strong Er shear, significant
suppression of transverse electron loss is indeed identified.

FIG. 2. Radial profiles of Ti and Te in the central-cell region are plotted in
共a兲 and 共b兲, respectively. The open and filled circles stand for the data before
and during ECH injection, respectively. The filled circles in 共c兲 represent c
calculated from Cohen’s strong ECH theory by the use of the experimental
data on Te and b obtained from heavy-ion 共Au0兲 beam probes during the
ECH application period. The calculated values are in good agreement with
the experimental data obtained from ion-energy-spectrometer arrays placed
on the end wall of GAMMA 10.

Qion = 1.5neTe/pb ,

共1兲

where Qion is the ion-electron energy transfer term due to the
Coulomb-drag processes and ne is the electron density obtained from the standard microwave interferometer arrays
and pb designates the electron energy confinement time estimated by the use of the above-described power balance
equation in the steady state with experimental data. In Fig.
3共a兲, the radial profiles of the ratio of pb to pas, the electron
confinement time calculated from the generalized Pastukhov
theory10 with time, are plotted for comparison. On the other
hand, we estimate the radial loss by the use of the difference
of Qion equivalent to the total loss and Pastukhov’s predicted
axial loss derived from pas. In Fig. 3共b兲, the profiles of the
ratio of the thermal diffusivity19 of the estimated radial loss
⬜pb to the classical thermal diffusivity ⬜classic derived from
the Coulomb collision transport theory20 are plotted. The
open and filled circles in Figs. 3共a兲 and 3共b兲 represent the
profiles before and during ECH injection, respectively. The
strong shear of the electric fields Er 共dEr / dr = several
10 kV/ m2兲 in the central cell in the region of rc ⬍ 6 cm is
produced in this plasma shot. The broadband incoherent turbulence and coherent drift waves are suppressed and pb and

b ⬜pb are roughly equivalent to pas and ⬜classic in the
strong shear region, respectively. Before ECH injection, the
weak Er shear and intermitted vortexlike turbulent phenomena and drift waves are observed at any rc 共for more detail,
see Ref. 7兲.
Consequently, the existence of the vortexlike turbulence
and drift waves may provide a correlation of the increase of
the radial loss with confinement degradation in the case of a
weak shear formation, while these turbulence disappear and
the radial loss is reduced and confinement is improved with a
strong shear formation.
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