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Several types of x-ray diagnostics, such as x-ray energy spectrum analyses, x-ray absorption methods,
and x-ray tomographic reconstructions using various types of x-ray detectors (i.e., a Si(Li), a pure Ge, a
Nal(T1), Si surface-barrier detectors, as well as microchannel plates) have been employed for obtaining
various shapes of electron-velocity distribution functions as well as their spatial profiles: (i) a plateau-
shaped electron-velocity distribution function in the plug region, supporting a scaling theory between
thermal-barrier potentials and ion-confining potentials (Cohen’s strong electron-cyclotron heating
theory); (ii) mirror-trapped 60-keV relativistic Maxwellian electrons in the thermal-barrier region; and
(iii) two-component Maxwellian electrons in the central cell have been observed in the tandem-mirror
GAMMA 10. During experiments with thermal barriers, it has been observed that the bulk-electron
temperature and its evolution with time in the central cell are quite different from the electron energy
and its temporal evolution in the plug region. These differences as well as the different shape of the
electron-velocity distribution function in each region have clearly demonstrated the existence of a
thermal-isolation effect due to the thermal barriers between the central cell and the plug region. X-ray
tomography data in these three regions have shown good axisymmetric radial profiles peaked on the
magnetic axis; this axisymmetric shape is useful for reducing nonambipolar radial particle losses. Furth-
ermore, the validity of the Pastukhov theory for electron-energy confinement that is enhanced due to the
formation of thermal-barrier potentials has been demonstrated using the electron-energy balance analy-
ses. These data have represented a good electron-energy confinement capability due to the formation of
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thermal barriers.

PACS number(s): 52.55.Pi, 52.50.Gj, 52.55.Jd, 52.70.La

I. INTRODUCTION

Recent developments in rf plasma heating, particularly
in electron-cyclotron heating (ECH) [1-5], have
enhanced the importance of soft-x-ray diagnostics with
temporal and spatial resolution.

In tandem-mirror devices [6], the second-harmonic
ECH (0=2Q,) in the barrier region (barrier ECH) [7,8]
is utilized for the formation of a thermal-barrier potential
#,, which reduces the electron heat flow between the cen-
tral cell and the plug region. The fundamental ECH
(0=~QQ,) is employed for the formation of an ion-
confining potential ¢, in the plug region (plug ECH) [9].
The enhancement of ¢, is theoretically predicted with in-
creasing ¢, [6,10] because of the efficient heating of local-
ized plug electrons; these are thermally isolated from a
large volume of central-cell electrons when ¢,, is formed.

Therefore, it is important to investigate electron-
velocity distribution functions using x-ray diagnostics in
these thermally isolated regions (i.e., the plug, the
central-cell, and the barrier regions), since these electron
distribution functions are directly affected by electrostat-
ic potentials in the kilovolt range, although these regions
are connected through magnetic-field lines. These
kilovolt-range potentials may form various shapes of dis-
tribution functions in the thermally separated regions.
These studies on electrons affected by such electrostatic
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potentials or electric fields may also give useful informa-
tion on recent mechanism studies of H modes in tokamak
devices [11]; the relation between the electric-field
configuration and the H-mode transition has attracted
wide attention.

These x-ray diagnostics are utilized for the following
physical mechanism studies. (i) The scaling law between
the values of ¢, and ¢, is theoretically predicted by
Cohen’s strong ECH theory [10]. This is one of the most
important scaling laws in thermal-barrier tandem mirrors
[6], since economical fusion plants are possible only when
the efficient formation of ¢, enchanced by ¢, is realized.
For clarifying the physical bases of the scaling law, the
measurements of the electron-velocity distribution func-
tion in the plug region are essential, since the scaling law
between ¢, and ¢, theoretically requires a special type of
the plug electron distribution function; namely, a
plateau-shaped electron-velocity distribution function. In
this manuscript an observation of the plateau-shaped
plug electron distribution function obtained from plug x-
ray diagnostics has been described in more detail as com-
pared with our preliminary report [12] along with the
comparison with Cohen’s scaling theory [10]. (ii) The x-
ray observation in the barrier region shows that the bar-
rier ECH produces hot electrons with 60-keV energy.
The physical mechanism of the hot-electron production is
explained in terms of second-harmonic electron-cyclotron
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wave damping, corrected for the effects of the
relativistic-mass variation and the Doppler shift (for
more detail, see Refs. [7] and [8]). Though the plug and
the barrier regions exist in the same magnetic mirror,
drastic differences not only in their temperatures but also
in the shapes of electron-velocity distribution functions
have been obtained; the effects of electrostatic potential
on these electrons are discussed as well. (iii) The x-ray
data in the central cell are used for electron-energy-
balance studies so as to estimate the electron-energy
confinement time 7z, [13]. In this manuscript, a presen-
tation of the scaling law of 7z, has been made; the com-
parison with the Pastukhov theory [14] modified by
Cohen et al. [15] is carried out for clarifying an impor-
tant effect of ¢, on the central-cell electron-energy
confinement. (iv) In addition to the individual experi-
mental results in the three regions, the different shapes of
the electron-velocity distribution functions as well as
their spatial electron profiles are then compared, and
their relations are discussed.

This report describing the electron behavior through
these three main regions in a tandem-mirror device along
with their relations will provide essential information for
the understandings of the thermal-barrier tandem-mirror
physics, as well as for the bases of important scaling laws
of ¢, vs ¢, and of 7g,.

II. EXPERIMENTAL APPARATUS

The experiments have been carried out in GAMMA
10, which is a minimum-B anchored tandem mirror with
outboard axisymmetric plug and barrier cells (Fig. 1). It
has an axial length L of 27 m, and the total volume of the
improved vacuum vessel is 150 m3. The central cell has a
length of 6 m and a limiter with a diameter of 36 cm, and
the magnetic-field intensity at the midplane B,, is 0.405 T
with a mirror ratio R,, of 5.2. Ion-cyclotron heating (6.2
MHz, 200 kW) is employed for producing hot ions in the
range of kilo-electron-volts. The plug and barrier cells
are axisymmetric mirrors; they have a diameter of 1.5 m
and an axial length of 2.5 m (B,, =0.497 T, R,, =6.2, and
B,, /(0B,, /dr)=6-10 m). Microwaves (28 GHz, 140
kW) are injected in the extraordinary mode into the plug
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FIG. 1. Schematic view of the tandem-mirror GAMMA 10
(MPD denotes magnetoplasma dynamic; NBI means neutral-
beam injection; ICR means ion-cyclotron frequency range); (a)
magnetic coil set; (b) magnetic-flux tube with heating systems;
(c) axial magnetic field (dashed curve) and potential profiles
(solid curve).
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and the barrier regions to produce ¢, and ¢,. Neutral
beams (25 keV, 20 A) are injected to produce sloshing
ions in the plug and barrier regions. Also, recently in-
stalled helium cryogenic-panel pumping systems with a
pumping speed of 2.7 X 10° /s are employed. Thereby, a
drastic reduction of wall recycling and a significant im-
provement of charge-exchange losses are achieved.

The x-ray diagnostic systems in each region are as fol-
lows:

(i) In the plug region, the energy spectra, from x-ray
pulse-height analyses (PHA), ranging from 0.7 to 150
keV, are measured with a Si(Li) detector (depletion layer
p=0.27 cm, with an 8 —um Be window), and simultane-
ously with a pure Ge detector (p =1 cm, with a 0.125-mm
Be window) as shown in Fig. 2. An x-ray computer to-
mography technique using microchannel plates (MCP)
with 50 channels is applied for a two-dimensional recon-
struction of the x-ray emissivity. Here, we use the de-
tailed calibration data on the MCP [16-19] as a function
of x-ray energy from 0.06 to 82 keV and incident angle;
these have been investigated using synchro-
tron radiation from the storage ring at the Photon Facto-
ry of the National Laboratory for High Energy Physics
(KEK) for precise x-ray data analyses. To estimate
electron-velocity distribution functions, the x-ray absorp-
tion method [4,7] is also employed, using polypropylene
(PP), polyester (PE), and aluminum (Al) absorbers.

(ii) In the barrier region, the x-ray PHA using a
Nal(T1) detector (see Fig. 3) (5 cm thick, 2.5 cm in diame-
ter, with a 2-mm aluminum entrance window) as well as a
pure Ge detector is employed to measure the photon
spectrum from 1.8 to 750 keV (with more than a 10%
detection efficiency) [7,8]. Two systems of the MCP (50
channels for each system) are installed near the midplane
of the plug and barrier mirror (in the thermal-barrier re-
gion) (see Fig. 4). The x rays from hot electrons (60 keV)
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FIG. 2. Schematic view of soft-x-ray pulse-height analysis
systems (LN, means liquid nitrogen): (a) with a Si(Li) detector
and (b) with a pure Ge detector.
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FIG. 3. Schematic view of a soft-x-ray pulse-height analysis
system with a Nal(T1) detector.

are imaged on the MCP through a pinhole (3 mm in di-
ameter); the spatial resolution in the midplane of the plas-
ma is 3 cm [7,20]. Here, the x-ray absorption method is
also employed for analyzing the two-dimensional spatial
distribution of the hot electrons.

(iii) In the central cell, the x-ray PHA with a Si(Li)
detector is utilized for the observation of the temperature
and the density of a warm-electron component in the en-
ergy range of a few keV; this component is produced in
the plug region and then flows into the central cell
through a “loss cone” in the velocity space of the plug re-
gion (see Sec. III A). X-ray tomographic reconstructions
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FIG. 4. Schematic view of (a) temporally and spatially
resolved x-ray imaging system (XIS) with a multiple-anode mi-
crochannel plate (MCP), and (b) two sets of x-ray tomography
systems (50 channels for each system).
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using the MCP are suitable for the observation of the
bulk-electron component with hundreds of eV energy be-
cause of its high gain even in the energy range of several
tens of eV [16]. Also, silicon surface-barrier (SSB) detec-
tors, which are precisely calibrated using synchrotron ra-
diation [18,21], are used for the purpose of measuring the
warm-electron component because of its good sensitivity
to x rays in the kilo-electron-volt range [18,21]; these SSB
data are useful to cross-check the data obtained with the
Si(Li) and the MCP detectors. As described below, the
warm-electron component is important, since this com-
ponent is a main heating source for the central-cell bulk
electrons through a collisional energy-relaxation process.

Potential diagnostics are as follows. The radial profile
of the plug potential ®, is measured with multigrided
electrostatic end-loss-ion energy analyzers (ELA) [9] and
an E||B end-loss-ion spectrometer (ELIS) from the Up-
graded Tandem Mirror Experiment (TMX-U) at
Lawrence Livermore National Laboratory (LLNL)
[9,22]. The central-cell potential @, and the barrier po-
tential ®5 at the thermal-barrier midplane are directly
measured with heavy-ion (Au®) beam probes [23]. The
radial profile of ®; is obtained every 1 ms in one shot.
Thus, we can calculate the potentials as ¢, =P, —P_ and
¢, =P, — Dy [9]. Also, a plug electron-confining poten-
tial ¢, is obtained as ®p — Py (i.e., d. + ;).

III. EXPERIMENTAL RESULTS AND DISCUSSION

In this section a presentation of data sets for the
electron-velocity distribution functions and for x-ray spa-
tial profiles in the main regions of a tandem-mirror device
(i.e., the plug region, the thermal-barrier region, and the
central cell) is made along with the discussions on their
relations.

A. The electron-velocity distribution function
in the plug region f,, and its relation to the plug
electron-confining potential ¢,,

One of the most important fundamental principles for
ion confinement in tandem mirrors is the formation of an
electrostatic potential ¢, for the end-loss-ion plugging.
Electron heating due to plug ECH plays an important
role in the formation of ¢,. Therefore, for clarifying the
mechanism of the formation of ¢, it is essential to study
the electron-velocity distribution function in the plug re-
gion f,, as well as to investigate the relation between ¢,
and f,,.

As described in Sec. I, ¢, is expected to be enhanced by
the formation of ¢,, because of the thermal-isolation
effect of ¢, on the plug electrons. Thus, the study of the
relation between ¢, and ¢, along with the effects of ¢,
and ¢, on f,, is one of the most important issues.

In Fig. 5 the data with the ratio of the plug to the
central-cell densities n, /n, =0.40-0.50 are plotted. This
shows a strong correlation between the values of ¢. and
¢,. Here, we use ELA (filled circles) and ELIS (open cir-
cles) for the observation of ®p. These scaling data are
extended as compared with those in our preliminary re-
port [12]. On the other hand, the relation between ¢.



45 X-RAY STUDIES OF VARIOUS SHAPES OF ELECTRON-. ..

o
T

-
N
T

N
D

£
™~
T
L

Ion Confining Potential ®¢ (kV)
o
&
2N
AN

O “ o s 12
Thermal Barrier Potential @p(kV)

FIG. 5. Scaling data on ¢, vs ¢,; filled circles and open cir-
cles correspond to the data measured with ELA and ELIS for
the observation of the plug potential, respectively. These data
with n,/n.=0.40-0.50 are compared with theoretical results
predicted by Cohen’s theories of strong (solid curves) and weak
(dashed curves) ECH.

and ¢, is predicted by Cohen’s weak (dashed curves) and
strong (solid curves) ECH theories [10,24,25]. Figure 5
shows a transition from the weak [24] through the inter-
mediate [25], and then to the strong ECH prediction [10]
with increasing ¢,. It is important to note that this tran-
sition is expected to be accompanied by a change in f,,
from a Maxwellian to a plateau-shaped velocity distribu-
tion function, since a remarkable thermal-isolation effect
due to the ¢, increase causes an efficient heating of plug
localized electrons. Thereby, Coulomb collisions of the
electrons for a Maxwellian formation are drastically re-
duced, and f,, is then distorted from Maxwellian to a
plateau shape. From this viewpoint, the observation of
fep in this high-¢, region is essential for clarifying the
physical mechanism and for establishing the physics
bases of the scaling law between ¢, and ¢,.

The strong ECH theory is constructed under the axial
configuration of ¢;, ¢, and ¢,,, as shown in Fig. 6(a). A
schematic drawing of f,, expected from the strong ECH
theory is depicted in Fig. 6(b) [10]. This velocity space is
divided into the following three regions: The ¢ ,»-trapped
electrons are confined in the regime P, where the plateau

Potential

FIG. 6. Schematic drawings of (a) an axial potential profile,
and (b) a model of a plug electron-velocity distribution function
fep due to the strong ECH theory.
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electrons formed by the acceleration of a perpendicular
velocity component v, due to plug ECH are bounded by
an ellipsoidal separatrix [10]. The Maxwellian electrons,
which are accelerated beyond the separatrix and then
trapped by the plug and barrier mirror with a tempera-
ture T,,, are located in the region M in Fig. 6(b); these
electrons are heated by both plug and barrier ECH. The
electrons in the region L are lost from the plug region
through the loss cone with an angle 6,=35°. A fraction
of these electrons flows into the end region along the
magnetic-field lines; however, they are reflected by radial-
ly and azimuthally insulated segmented floating end
plates with a kilovolt-range negative potential. The other
fraction of the “loss electrons” from the plug region
(originally oriented to the central cell), along with the
above-mentioned reflected electrons, flows in the direc-
tion of the central cell; these kilo-electron-volt range elec-
trons (warm electrons) then become a heating source for
the central-cell bulk electrons due to the Coulomb in-
teraction process (see Sec. III D).

The x-ray PHA data in the plug region are shown as
recorded with the Si(Li) detector; these data are taken
during the period with plug ECH [Fig. 7(a)] as well as at
5 ms after the turn-off time of plug ECH [Fig. 7(b)]. In
Fig. 7(b), ¢, has already decayed to 0, but the other heat-
ing powers are still being injected. A comparison be-
tween Figs. 7(a) and 7(b) shows a remarkable feature of
the quick decay of the x rays at Av <5 keV in the case
with ¢,,=0 [Fig. 7(b)] as compared with 2¢,,=5.4 kV
[Fig. 7(a)]. However, a higher-energy component, contin-
ued to at least 7 keV, does not change in either case. For
the observation of these higher-energy x-rays, the data
with the pure Ge detector are also represented in Fig. 7(c)
for 2¢,,=5.4 kV and in Fig. 7(d) for ¢,,=0. These spec-
tra from the high-energy electron component observed
with both detectors consistently show the same electron
temperature of 60 keV.

For the x-ray spectrum analyses, the relativistic Born
approximation [26-28] corrected by the Elwert factor
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FIG. 7. X-ray energy spectra in the plug region. Data for (a)
2¢,,=5.4 kV and (b) ¢,,=0 using the Si(Li) detector as well as
data on a high-energy component for (c) 2¢,,=5.4 kV and (d)
¢, =0 using the pure Ge detector are shown.
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[29] is used for the values of the x-ray cross section
[7,12,26-28]. The x-rays emitted at the detector angle
[27,28] are calculated using various plateau distribution
functions depending on ¢, [see Fig. 6(b)] as well as rela-
tivistic Maxwellian distributions [7] with various T, and
6,. Figure 8 shows examples of x-ray spectra calculated
from the plateau electrons in the strong ECH theory [Fig.
6(b)] due to electron-ion interactions (the solid curve) and
electron-electron interactions (the dashed curve) under
the condition of 2¢,,=5.4 kV. There is no appreciable
line radiation from both K and L shells [30-32] as seen in
Fig. 7; hence, impurities in the plasmas are ignored for
the analyses (for more details see Ref. [20]).

X-ray observations with a NaI(T1) detector in the bar-
rier region also show the same electron temperature of 60
keV as measured in the plug region (see Sec. IIIB).
These 60-keV electrons observed in both the barrier and
the plug regions support the existence of the plug and
barrier mirror-trapped electrons as predicted in the re-
gion M [Fig. 6(b)] from Cohen’s strong ECH theory [10].
Even after the ¢, decay, such mirror-trapped high-
energy electrons continue to be confined in the plug and
barrier mirror because of their low collisionality (see
again Figs. 7(b) and 7(d) as well as Ref. [7]). Therefore,
this electron component is not directly related to ¢,

On the other hand, intense x-rays from the lower-
energy electron component below 5 keV are observed
only when ¢, is formed [Fig. 7(a)]. This means that the
electrons emitting this x-ray component are closely relat-
ed to ¢, To identify their velocity distribution func-
tions, the spectrum in Fig. 7(a) is fitted using the calculat-
ed results from relativistic Maxwellian distributions;
however, the dotted curves labeled with 2 and 1 keV in
Fig. 9(a) can fit the data ranging up to 2.5 keV alone, and

1 T T T T
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FIG. 8. Calculated x-ray spectra emitted from the plateau
electrons within the ellipsoidal boundary with 2¢,,=5.4 kV [see
the region P in Fig. 6(b)]. The solid curve is calculated due to
the electron-ion interactions and the dashed curve is due to the
electron-electron interactions. Here, the relativistic Born ap-
proximation corrected by the Elwert factor is used.
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exceeding 2.5 keV alone, respectively. No Maxwellian
combinations can fit the spectrum with
k=dIn(hvdn)/d(hv)*<O0, since the x-ray spectra emit-
ted from Maxwellian electrons always have positive
values of k as seen by the dotted curves in Fig. 9(a) as
well as the fitting curves in Figs. 7(c) and 7(d). Such a
spectrum with k<O is one of the remarkable x-ray
charactristics emitted from plateau-electron distributions
as shown in Fig. 8. Therefore, we now use fitting curves
from plateau electrons. The dashed curve shown in Fig.
9(b) is calculated using f,, in Fig. 6(b); here, we use the
data of 2¢,,=5.4 kV for the potential-trapped plateau
electrons along with the mirror-trapped Maxwellian with
a 35° loss cone (T,,, =60 keV and 2.5% of the total plug
density n,). This fitting is based on the fact that dom-
inant x-rays come from hot-core plasmas.

More detailed analyses for the x-ray spectra taking ac-
count of the radial profile of ¢, are carried out using f,
in Fig. 6(b). A line-integrated intensity at Av with the x-
ray PHA, Iyp(hv), is written as

Ixpthv)= [ (n,n,Z2)(r)Ixc(hv,r)dr . (1)

Here, I,.(hv,r) is calculated for hv at a plasma radius r
using the observed profile of ¢, in Fig. 10(a) under our
low-Z conditions; the intensities of I, (hv,r) are normal-
ized for unit values of electron and ion densities, n,, n;,
and an ion effective charge Z. Tomographically recon-
structed x-ray emissivity at r, Ix(r), is described as

Ip(r)=(n,n,Z)r) [ Ixc(hv,r)d(hv) . 2)

Here, Iy (r) is corrected by the absorber transmissivity
and the MCP response [16—19].
Using Egs. (1) and (2), we obtain

Ixphv)= [ [ [IXT(r)/fIXC(hv,r)d(hv)

XIxc(hV,r)Jdr . (3)
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FIG. 9. (a) Data fitting using relativistic Maxwellian distri-
butions with 2- and 1-keV temperatures. (b) The dashed curve
is calculated using the strong ECH model shown in Fig. 6(b);
here, data are fitted by plateau-electron distribution functions
[the maximum energy of 5.4 keV (=2¢,,) on axis] along with
the mirror-trapped Maxwellian electrons (2.5% to the total den-
sity, 60 keV with a loss-cone angle of 35°). In addition to the
contribution of the on-axis electrons (the dashed curve), we take
account of the contribution of the radial electron profile for the
solid curve in (b); the ¢, profile and the x-ray tomography data
in Fig. 10 are used.
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Therefore, the data from x-ray tomography for Ixr(r)
[Fig. 10(b)] and the data on ¢,,(r) [Fig. 10(a)] for calcu-
lating Ixc(hv,r) predict the spectrum of Ixp(hv) using
Eq. (3); this calculated spectrum is shown by the solid
curve in Fig. 9(b). Good agreement between the observed
x-ray spectrum and the calculation in Fig. 9(b) indicates
the validity of the strong ECH theory, which predicts the
model in Fig. 6(b). Thus, it is again noteworthy that such
x-ray observations of electron-velocity distribution func-
tions as well as of electron spatial profiles are directly
connected with a mechanism study of the potential for-
mation [10] and a scaling study of ¢, vs ¢,, which is one
of the most important scalings for tandem-mirror ion
confinement.

From this viewpoint, it is useful to confirm this scaling
theory using another independent method of comparing
the x-ray data with the calculated x rays using the
plateau-electron-velocity distributions. It is necessary to
assume a low-Z (or a radially uniform Z) condition and a
small contribution of high-energy electrons to the total
x-rays (thereby n,=n;); these conditions are satisfied as
described above. The x-ray emissivity profiles corrected
by the effect of various thickness absorbers are calculated
from

Ixp()= [ n,(rn(NZHr)Ixc(hv,rMd(hv) . (@)

The solid curves in Fig. 10(c) are the x-ray emissivity
profiles calculated from Eq. (4) with various absorber
characteristics. Here, we use the radial profile of ¢, in
Fig. 10(a) and the model in Fig. 6(b) as well as the profile
of n, deduced from x-ray data with a 1.8-um PP ab-
sorber, which is sensitive to n,n,Z? but insensitive to hv
[7]. This shows the same profile as the density profiles
measured with microwave interferometers in the barrier
region and in the central cell. Good agreement between
the profile data using the x-ray diagnostics and the calcu-
lations in Fig. 10(c) again proves the validity of the strong
ECH plateau-formation theory.
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FIG. 10. (a) Radial profile data on ¢,,. (b) Tomographically
reconstructed x-ray emissivity in the plug region using a 1.8-um
polypropylene absorber (hv = 80 eV) along with a contour plot
of the emissivity. (c) X-ray radial profile data with various ab-
sorbers are compared with the calculated x-ray profiles (solid
curves) from the plateau-electron distribution functions using
the ¢, data in (a).
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B. The electron-velocity distribution function
in the barrier region and the effect of the electron spatial
profile on plasma confinement

Figure 11(a) shows a typical x-ray spectrum from the
Nal(T1) detector. The dashed curves are calculated using
relativistic Maxwellian electron distribution functions
with temperatures T,, of 50, 60, and 70 keV and a loss-
cone angle 6, of 55°; this angle is estimated from the axial
x-ray distribution in the barrier region [7,8]. In Fig.
11(b), individual x-ray components calculated for the
spectrum fitting in Fig. 11(a) are shown; here we
represent a typical case with T,, =60 keV and the ratio
of n,, to the total density n, of 0.3 (see Ref. [7]). The
solid curve in Fig. 11(b) shows total x-ray emissivity,
which is composed of the x rays from interactions be-
tween the hot electrons and ions (the dashed curve la-
beled he-i), interactions between the hot electrons (the
dashed curve labeled he-he), and interactions between the
hot electrons and cold electrons (the dashed curve labeled
he-ce). This value of T,, in Fig. 11 is the same tempera-
ture of the high-energy electron component in the plug
region (Fig. 7). From the fact that both electron com-
ponents exist regardless of the formation and the disap-
pearance of ¢, or ¢, it is found that the high-energy
electrons in each region are magnetically trapped in the
plug and barrier mirror. Here, it is of importance to note
the following relation between the barrier and the plug
electrons: A fraction of the barrier hot electrons reaches
the plug region and is represented in the domain M of
Fig. 6(b). On the other hand, the plug electrons, which
are produced and accelerated beyond the ellipsoidal
boundary in Fig. 6(b) due to plug ECH, are confined in
the plug and barrier mirror; then, these electrons with a
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FIG. 11. (a) An x-ray energy spectrum in the barrier region
using the Nal(Tl) detector. Data are fitted by relativistic
Mazxwellian electron distribution functions with T,, of 50, 60,
and 70 keV along with a loss-cone angle of 55°, as estimated by
the x-ray axial profile. (b) Calculated x-ray components for the
spectrum shown in (a) with T,, =60 keV, n,, /n,=0.3, and
0,=>55"° total emissivity (solid curve), emissivity from interac-
tions between the hot electrons and ions (the dashed curve la-
beled he-i), from interactions between the hot electrons (he-he),
from interactions between the hot electrons and cold electrons
(he-ce).
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few keV of energy are strongly heated by both barrier
and plug ECH along their bounce motions. These pro-
cesses result in the formation of 60-keV electrons in the
barrier region, and these electrons are shown in the re-
gion M of Fig. 6(b) as well. Thus, from the viewpoint of
the production mechanism of the hot electrons, the bar-
rier hot electrons in this section (III B) and the plug elec-
trons described in Sec. III A are closely correlated with
each other.

These magnetically trapped hot electrons then play an
important role in the formation of ¢, [7]; therefore, the
electrons accelerated by plug ECH may contribute not
only to the formation of ¢, [see the region P in Fig. 6(b)]
but also to the formation of ¢, [the region M in Fig. 6(b)].

Next, we briefly summarize the following characteristic
features of the hot electrons from the barrier x-ray data
for giving information on the overall characteristics of
the barrier plasma parameters. The evolution of T,, with
time shows a saturation at T,, =60 keV, while their den-
sity n,, successively increases with time; this fulfills the
requirement of obtaining a large value of n,, without in-
creasing T,,. The saturation of T, is desirable for MHD
stability in the barrier region, since a magnetic-field line
in the barrier region has a bad curvature. The increase in
n,, with time is convenient to obtain a high value of the
ratio of n,, to total density, since its large ratio makes a
large value of ¢, [6].

The saturation mechanism of T, is explained using the
conditions of second-harmonic ECH corrected for the
effects of relativistic mass variation and Doppler shift (for
more detailed discussion of these effects on the produc-
tion of hot electrons, see Ref. [7]).

The spatial profile of the hot electrons and its effect on
plasma confinement are studied using two-dimensional
tomographic reconstructions of the x rays from the hot
electrons (see Fig. 4) [20].

Figure 12(a) shows the magnetic-field lines (solid curves
along the z axis) as well as the mod-B surfaces (solid
curves across the z axis) in the barrier region. The loca-
tion of w=2, under standard operating conditions for
the thermal-barrier formation (B,, =4.97 kG) is pointed
out along with the microwave lobe of barrier ECH
(bounded region by the dashed lines). For reference, the
location of w={}, (the plug region) and the plug ECH
lobe are also shown.

Under these conditions, the radial profiles of line-
integrated x-ray data measured with the two sets of
MCP’s (Fig. 4) are plotted in Fig. 12(b); circles and trian-
gles are the data from the diagnostic x-ray imagining sys-
tems XIS(A) and the XIS(B) in Fig. 4, respectively.
These data are corrected using the calibration data of the
MCP’s [16-19). Using these data, a tomographic recon-
struction of the x-ray emissivity is generated in Fig. 12(c).
Its contour map is also plotted in Fig. 12(d). This radial
profile of the x-ray emissivity using a 1.5—um-thick PE
absorber (see Sec. II) is similar to those using a 5.5-um
PE absorber or a 50-um Al absorber; this indicates a ra-
dially uniform electron temperature. This value is es-
timated to be 50-60 keV from these relative intensities
(x-ray absorption method). This value of T, is con-
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FIG. 12. (a) Magnetic-field lines (solid curves in the z direc-
tion) and mod-B surfaces (solid curves crossing the magnetic-
field lines) in the plug and barrier mirror. Curves labeled
©=2Q, and Q, represent the locations of classical second-
harmonic and fundamental electron cyclotron resonance layers,
respectively, under the thermal-barrier operating conditions.
Dashed lines show the incident microwave lobes of barrier and
plug ECH. (b) Radial profile of line-integrated x rays in the
midplane of the barrier region. The data are obtained by two
x-ray imaging systems (see Fig. 4) using a 1.5-um-thick polyester
absorber. (c) A two-dimensional tomographically reconstructed
x-ray emissivity plot. (d) Contour plot of x-ray emissivity.

sistently obtained from the radially scannable x-ray PHA
system with the NaI(T1) detector (Fig. 3) as well as the x-
ray system with the pure Ge (Fig. 2) [7] [see again the
spectrum (r =0) in Fig. 11].

It is also noted that the radial profile of the total densi-
ty (being equivalent to n;) measured with a microwave in-
terferometer shows the same profile as the square root of
the x-ray emissivity profile. Thus, the square root of the
x-ray emissivity profile in Fig. 12(c) also shows the hot-
electron density profile, since the x-ray emissivity is pro-
portional to n;n, under the condition of uniform T,, as
well as of uniform or small Z. These characteristics of Z
in the barrier region are consistent with those in the plug
region as described in Sec. III A.

Furthermore, these x-ray tomography data in Fig. 12
provide the following important information on the plas-
ma potential and thereby on the tandem-mirror plasma
confinement.

(i) The observed peaking profile of n,, on the magnetic
axis is desirable for the formation of ¢, in the core plas-
ma region, since ¢, becomes larger with increasing n,,.
The scaling law in Fig. 5 shows that ¢, becomes larger
with increasing ¢, [6]. Thus, this ¢, profile may result in
the formation of large values of ¢, in the core plasma re-
gion as well. In fact, such a peaking profile of ¢, in the
core region is observed with ELA [9]. (ii) Another
characteristic feature in Fig. 12 is a good axisymmetric
profile. It is reported that asymmetries of plasma densi-
ties, temperatures, or potentials may lead to the forma-
tion of local electric fields; they may cause nonambipolar
radial particle losses [33]. From this viewpoint, the ob-
served axisymmetric profile is desirable for preventing
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such anomalous particle losses. In GAMMA 10, such ra-
dial particle losses have been observed to be small using
particle-loss diagnostics [9]. (The effects of nonaxisym-
metric components of potentials in some different
tandem-mirror configurations are discussed in Ref. [33]).

C. The electron-velocity distribution
function in the central cell

In this section the effects of the formation of ¢, and
épp (see Secs. IIT A and III B) on the central-cell and plug
electrons are described in detail. We at first show a data
set in Fig. 13. One of the characteristic features of the
data is a fast rise of ¢, beyond 1 kV, and a subsequent
gradual decrease in ¢, with time [Fig. 13(c)]. Figure 13
shows the following significant difference between elec-
tron energies in the central cell and in the plug region:
An increase in the central-cell bulk electron temperature
T,,. during the thermal-barrier period has been observed
as measured with the x-ray diagnostics [Fig. 13(b)], while
in contrast a temporal decrease in the plug electron ener-
gy has been observed [Fig. 13(d)]. As compared with the
data in Figs. 13(d) and 13(e), the variation of the value of
ép is closely related to the plug electron energy. This
fact also supports the validity of the strong ECH theory
[10] from the following viewpoint: This theory predicts
that the plug electrons trapped by ¢, are confined within
the ellipsoidal boundary in Fig. 6(b); the maximum ener-
gy of the ¢, trapped electrons equals 2¢, [10]. Thus,
the sustentation of these plug electrons is strongly
affected by the variation of the value of ¢, and thereby
the plug electron energy immediately follows the tem-
poral evolution of ¢,,. This feature can be seen in Figs.
13(d) and 13(e). Here, it is noted that the averaged ener-
gy of these plateau-shaped plug electrons may be defined
as the ratio of the total electron energy to the total elec-
tron population, E /N. This value becomes 1.5 T, for
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FIG. 13. Temporal evolution of (a) the central-cell density;
(b) the central-cell bulk-electron temperature; (c) the thermal-
barrier potential; (d) the effective plug temperature; (e) the plug
electron-confining potential; (f) the central-cell potential; (g) the
end-plate potential. For reference, an axial potential profile is
depicted.
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Maxwellian electrons, and E /N equals ¢, for a plateau
distribution. Therefore, we define the effective plug tem-
perature (T, ) by é,,/1.5 so as to compare it with T,.
An important feature of (T ep) is again pointed out,
namely that (T, ) follows ¢, immediately. This feature
is consistently found from the fact that (Tep> increases
with time when @, increases temporally (Fig. 14).

On the other hand, T,, behaves in a quite different
manner from (Tep ); T,. increases both with decreasing
¢, (Fig. 13) and with increasing ¢, (Fig. 14), as long as
the values of ¢, are maintained in the range of more than
several hundred volts. Heating sources for the central-
cell bulk electrons are estimated in the following. There
are no direct electron-heating sources. However, the
warm electrons from the plug region traveling through
the plug loss cone [the region L in Fig. 6(b)] are an im-
portant heating source for the central-cell bulk electrons.
These warm electrons in the central cell can heat the bulk
electrons through a classical collisional energy-relaxation
process [34]. Hot ions (~1 keV) in the central cell pro-
duced by ion-cyclotron heating is another heating source
for the bulk electrons; however, the slowing down power
of the hot ions is one to two orders of magnitude smaller
than that of the warm electrons. For example, in the
period 5 ms <t¢ <15 ms, the slowing-down power of
these ions contributes only a few percent to the total
slowing down power. Also, the direct electron-heating
power of electron Landau damping from slow ion-
cyclotron waves is estimated to be a few orders of magni-
tude smaller than the slowing down power of the warm
electrons because of the low values of the perpendicular
refractive index and the electric-field intensity perpendic-
ular to the magnetic field. Actually, this explains why
there are no changes in the x-ray emissivity when ion-
cyclotron heating power is varied during the thermal-
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FIG. 14. Temporal evolution of (a) the central-cell density;
(b) the central-cell bulk-electron temperature; (c) the thermal-
barrier potential; (d) the effective plug temperature; (e) the plug
electron-confining potential; (f) the central-cell warm-electron
temperature; (g) its density; (h) the bulk-electron energy density;
(i) the estimated values of 7g, from the power-balance equation
in Eq. (5) (crosses), and from the Pastukhov theory in Egs. (6)
and (7) (circles). Discussions are also made in Sec. III D.
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barrier period. Therefore, the precise observations of the
parameters of the warm electrons as well as of the bulk
electrons using several x-ray diagnostic techniques are
essential to estimate the total heating power for the
central-cell bulk electrons. Figure 13(g) stands for the ab-
solute value of a floated-end-plate potential, ¢gp. (The
effects of the end plates are described in Refs. [35-38].)
In Fig. 15 we plot the absorption characteristics for
central-cell x rays measured with (a) the SSB detector
[18,21] and (b) the MCP [16-19] as a function of the ab-
sorber thickness. Due to a good sensitivity to the kilo-
electron-volt-range x rays as is obtained using synchro-
tron radiation [16—19,21], the SSB detector is employed
particularly for the investigation of the warm electrons
[13]. Furthermore, we show x-ray energy spectra in the
central cell observed with the Si(Li) detector; these data
are useful to analyze multi-component electron distribu-
tion functions. The SSB data in Fig. 15(a) (at t =17.5 ms
in Fig. 13) are fitted by 3-keV Maxwellian electrons using
the four data points obtained with the thicker absorbers
in order to avoid the effect of the bulk electrons on the
data. By combining the SSB data measured with the
thick and the thin absorbers, we can calculate the ratio of
the population of the 3-keV electron component to the
total density; here, the contribution of the x-ray emissivi-
ty from the 3-keV electrons to the data obtained with the
thin absorbers is subtracted. These data indicate that the
population of the 3-keV warm electrons is 2% of the
central-cell total electron density. From the calibration
data on the x-ray energy response of the MCP [16-19],
the energy range of the x rays from the bulk electrons lies
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FIG. 15. X-ray energy analyses using the x-ray absorption
method at 17.5 ms in Fig. 13. The solid curves in (a) and (b)
show the x-ray emissivity calculated from the bulk electrons
(150 eV, 98%) and the warm electrons (3 keV, 2%). In (a), the
dashed and the dotted curves are calculated using 3% and 1%
warm electrons, respectively. In (b), the dashed and the dotted
curves are x-ray emissivity from 1-keV and 100-eV Maxwellian
electrons, respectively.
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in the sensitive energy region of the MCP, since the MCP
has a higher gain even below a few hundred eV; this is a
distinctive merit as compared with the other detectors.
In Fig. 15(b) the solid curve shows the calculated x-ray
emissivity from the bulk electrons (150 eV, 98%) and the
warm electrons (3 keV, 2%). Thus, good agreement be-
tween the two data sets is obtained. Also, the data for
electron-cyclotron emission agree well with the x-ray
data [35]. This agreement, as well as the fact that there is
no appreciable line radiation in the x-ray spectra of all
cells (see Secs. III A and III B), means that the impurity
concentration is quite small in the thermal-barrier opera-
tions (for more detail see Ref. [20]).

To obtain x-ray emissivity in Fig. 15, it is required to
generate x-ray tomographic reconstructions. Figure 16(a)
shows an example of a two-dimensional reconstruction of
the emissivity obtained with a 0.9-um PP absorber and a
1.5-um PE absorber at t=15 ms in Fig. 13. These to-
mography data are useful not only for analyzing electron
temperatures on axis (Fig. 15) but also for giving informa-
tion on spatial distributions of electrons.

These x-ray tomographic reconstructions represented
in Figs. 10(b), 12(c), and 16(a) provide a spatial data set
for the electrons in the main regions of a tandem mirror
(namely, from the central-cell through the thermal-
barrier region to the plug region).

Using the tomography data observed with various ab-
sorbers, we obtain radial profiles of T,, as shown in Fig.
16(b). It is noted that the solid and dashed curves
represent the data with and without the formation of ¢,,
respectively. The radial positions where the increase in
T,. is observed with the formation of ¢, [Fig. 16(b)] cor-
respond to the locations with the formation of ¢, [Fig.
10(a)]. This correlation is consistently understood when
we remember the relation of ¢,,=¢.+4, and the scaling
of ¢, vs ¢,.

The data represented in Figs. 13 and 15 are also cross-
checked using x-ray energy spectra observed with the
Si(Li) detector (Fig. 17). An example of the spectra in
Fig. 17 corresponds to the data at t=20.5-22.5 ms in
Fig. 13. Here, we use the same method which is em-

issivity

Em
0

FIG. 16. (a) Tomographically reconstructed x-ray emissivity
in the central cell using a 0.9-um PP absorber and a 1.5-um PE
absorber at =15 ms in Fig. 13. (b) Radial profiles of the
central-cell bulk-electron temperature with (solid curve) and
without (dashed curve) thermal-barrier potentials.
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FIG. 17. An x-ray energy spectrum in the central cell using
the Si(Li) detector. For the solid curve, radial profiles of plasma
parameters are taken into account (see Figs. 13, 16, and 18). For
reference, the dashed curve is calculated using the on-axis pa-
rameters alone.

ployed for analyzing the data in Fig. 9. The solid curve
is calculated using the parameters represented in Fig. 13
and their radial profiles from the x-ray tomography as
well as further information on the warm-electron temper-
ature T,, [Figs. 18(a) and 18(c)] and on the warm-
electron density n,,, [Figs. 18(b) and 18(d)]. These values
of T,, and n,, are consistently obtained using the above
described three types of x-ray detectors. Here, for refer-
ence, the spectrum calculated from the on-axis parame-
ters alone is also shown by the dashed curve in Fig. 17;
that is, the radial profile data are not taken into account
for the dashed curve. In Fig. 17 the x-ray spectrum is
well fitted by the solid curve; whereas, the dashed curve
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FIG. 18. Radial profiles of (a) the warm-electron temperature
T., and (b) its density n,,, in the central cell (=20.5-22.5 ms
in Fig. 13) along with the temporal evolution of (c) T,, and (d)
n,,. (e) X-ray data with the SSB detector using a combination
of 2 0.9-um PP, a 3-um PE, and a 5-um Al absorber are fitted by
the intensities (circles) calculated from the analyzed parameters
in Figs. 13 and 18. (f) The tomographically reconstructed x-ray
data on axis using the MCP with a 0.9-um PP and a 1.5-um PE
absorber (circles) are fitted by the x-ray emissivity (solid curve)
calculated from the data in Figs. 13 and 18. (g) The bulk-
electron energy density from the data in Figs. 13(a) and 13(b).
The solid, dashed, and dotted curves correspond to the values of
Tee =0.1, 0.04, and 0.01 s, respectively.
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overestimates the data particularly on the high-energy
component (hvz 2 keV). This is reasonable since the ac-
tual values of T,, decrease radially. However, the infor-
mation on the radial profiles is not included for the
dashed curve. This indicates the usefulness and the
necessity of the x-ray tomography data when we strictly
analyze the x-ray energy spectrum data.

To check again these analyzed plasma parameters from
Figs. 13 to 18(d), the SSB data in Fig. 18(e) obtained with
thick absorbers (a combination of a 0.9-um PP, a 3-um
PE, and a 5-um Al absorber) are utilized; this cross-check
is made particularly for the confirmation of the analyzed
results of the warm-electron component. The SSB data
in Fig. 18(e) agrees well with the x-ray intensities (circles)
calculated from the analyzed parameters in Figs. 13(a),
and 18(a)-18(d). The evolution of the tomographically
reconstructed data using the MCP with a 0.9-um PP and
a 1.5-um PE absorber (circles) in Fig. 18(f) also agrees
well with the x-ray emissivity (solid curve) calculated
from the data analyzed in Figs. 13(a), 13(b), and
18(a)-18(d).

Here, it is important to note that x-ray PHA data
represented in Figs. 7, 11, and 17 provide information on
various types of electron-velocity distribution functions
in each cell of a tandem mirror. It is worth noting that
each region has its differently characterized distribution
function; that is, the two-component Maxwellian elec-
trons in the central cell, the relativistic Maxwellian elec-
trons in the barrier region, as well as the electrons in the
shape of a plateau-electron distribution function in the
plug region. These electrons are directly connected
through magnetic-field lines; however, they are separated
by the kilovolt-range electrostatic potentials. In particu-
lar, the thermal-isolation effect due to the formation of
thermal-barrier potentials has been clearly demonstrated
by the observations not only of a significant difference be-
tween the electron energies in the central cell and in the
plug region but also of the different shapes of the electron
distribution functions in these two regions which are
separated by the thermal barrier.

D. Electron-energy confinement due to the
formation of thermal-barrier potentials

In Secs. III A-IIIC the detailed data on electrons in
the three different regions are described individually.
The mutual relations between each electron distribution
function are discussed in this section. The energy bal-
ance for the bulk electrons confined by ¢, is also investi-
gated. These electrons with three different shapes of dis-
tribution functions are closely related with one another,
and these relations are summarized as follows: The rela-
tivistic hot electrons in the barrier region play an impor-
tant role in the formation of ¢,, and then the plateau
electrons in the plug region are formed with the associat-
ed enhancement of ¢, due to ¢, (a thermal-isolation
effect). A fraction of the plug electrons flowing into the
central cell forms a warm-electron component in the
central-cell electrons; this component becomes a heating
source for the central-cell bulk electrons (see Secs. III A
and III C).
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The formulation of the power balance is as follows: In
general, the energy-balance equation for the bulk-electron
energy density W, is written as

We Vbb

dWe Vbb
d =wa Vbb+Phb Vcc_ ’ (5)
t TEe

where P,, and P,, are the input powers to the bulk elec-
trons through energy-relaxation processes from the
warm-electron component originated from the plug re-
gion [Figs. 18(c) and 18(d)] and from the hot ions pro-
duced by ion-cyclotron heating in the central cell, respec-
tively. The volumes of the ¢, confined electrons and the
central-cell hot ions are denoted by V,, and V., respec-
tively. The values of W, [Fig. 18(g)] are obtained from
the parameters in Figs. 13(a) and 13(b). The remaining
parameter in Eq. (5) is only the total electron-energy
confinement time 7g,; it is noted that all electron-energy
losses through whatever process are represented by this
overall confinement time 7. For example, one of the
loss processes is radiation energy loss, which is estimated
to be several orders of magnitude smaller than the input
energy of P,,. However, according to the definition of
Eq. (5), such loss processes are automatically included in
the third term on the right-hand side of Eq. (5).

For the terms of input powers in Eq. (5), P, is one to
two orders of magnitude larger than P,,. (Relaxation
powers from sloshing ions to the bulk electrons are much
smaller than P,,, since the sloshing ions have higher en-
ergy and lower density as compared with the central-cell
hot ions.) In addition, ¥}, is larger than V. As men-
tioned earlier, the power of electron Landau damping
from ion-cyclotron waves is negligible and other direct
electron-heating processes are not expected.

Thus, under our experimental conditions, dominant
parameters in Eq. (5) are W,, P, and 7, alone. Using
the temporal variations of the data in Figs. 13 and 15-18,
the fitting curves to W, then depend only on the values of
Tg.. The solid, dashed, and dotted curves in Fig. 18(g)
correspond to the values of 7z, =0.1, 0.04, and 0.01 s, re-
spectively. The fitting of the data shows good electron-
energy confinement (7g, >0.1 s), which is due to the
thermal-barrier potentials in the kilovolt range. On the
other hand, 7, is calculated to be more than 0.1 s from
the Pastukhov theory [14] modified by Cohen et al. [15].
Therefore, the data represented here show a good
confinement property for the ¢, confined electrons, as
predicted by the Pastukhov theory.

A similar time scale for ion-energy confinement has
been obtained in a recent study [38] in which a very-low-
level density fluctuation during the thermal-barrier
period has been observed. This suggests that there exist
no large magnetohydrodynamic (MHD) instabilities dur-
ing the thermal-barrier operations. Hence, it can also be
expected that there is no anomalous electron-energy
transport driven by such instabilities in the thermal-
barrier operations.

A data set in Fig. 14 has two important characteristic
features. First, the comparison of different temporal evo-
lutions of ¢, as well as ¢, in Figs. 13 and 14 provides im-
portant information on the roles of the potentials in
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electron-energy confinement. In contrast to the temporal
decrease of ¢, and ¢, in Fig. 13, both of ¢, and ¢, in
Fig. 14 increase with time. In these data, a remarkably
different behavior of (T,,) from that of T, is found.
These differences confirm the discussion in Fig. 13; that
is, (T,,) immediately follows the variation of ¢, with
time, while, T,. increases in either case with increasing or
decreasing ¢, as far as the condition of ¢, /T, >>1 is
maintained. This strong correlation between the values
of (T,,) and ¢, is explained by the strong electron ac-
celeration due to plug ECH up to the ellipsoidal bound-
ary with the maximum energy of 24, [see again Fig.
6(b)]. On the other hand, a strong thermal-isolation effect
due to the formation of ¢, may result in the different be-
havior of T,, from that of (Tep>. The volume of the
central-cell bulk electrons are much larger than the
volume of the plug electrons, and the heating source for
these ¢,- confined bulk electrons is much smaller than
the plug electron heating power. Therefore, as long as
the value of ¢, /T,, is sufficiently larger than unity, an in-
crease or a decrease in ¢, with time does not strongly
affect the behavior of T,,. This feature is understood in
the following. In the case of ¢, /T, .~1, T, strongly de-
pends on ¢,, since the electron-confinement “‘capability”
determined by ¢, becomes comparable to the confined-
electron “activities” represented by T,.. In this case,
heating powers are lost with the electrons beyond the low
potential barriers, since the height of ¢, is comparable to
the electron energies; therefore, T,. does not increase yet.
Thus, this means that the continuous increase in T,. with
time may be expected as far as the potentials of ¢, work
as electron confining barriers with large values of ¢, /T,,.

Therefore, from the above data comparisons between
(T,,) and T,, using the different time evolution of ¢, or
épb in Figs. 13 and 14, we again confirm the essential role
of ¢, in the thermal-isolation effect.

Another characteristic feature of the data in Fig. 14
comes from temporal increases in both parameters of ¢,
and T,.. According to the following Pastukhov formula
for 7g,, nearly a constant value of 7z, with time during
the thermal-barrier period is obtained although the abso-
lute values of ¢, (thereby 7p,) are smaller as compared
with those in Fig. 13.

The Pastukhov theory [14] modified by Cohen et al.
[15] gives the following formula for the electron-particle
confinement time 7,,:

p
L =Y | S ¢ | _G(R) ©)
o4 T, T, |I(T,./¢p) "’

where

G(R)=V1+1/R In[(V1+1/R +1)/(V1+1/R —1)],

3]/

Here, 7., is the collision time between the bulk electrons
and R denotes the mirror ratio. The theoretical relation

and

I(x)=~
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between 7g, and 7, is described as

’TEe:Tpe/ i /I

T,
~3 e
2 1+64 /T,

T,

ec

s

2
1+=
3

(7)

From Eq. (7), a constant value of 75, with time is ex-
pected from the data in Fig. 14; this is examined using
the electron power balance [Eq. (5)]. The time scale of
the first term on the right-hand side in Eq. (5) is the tem-
perature relaxation time between the warm electrons and
the bulk electrons; this is about one-half of a ms. The
contribution of the second term is less than one order of
magnitude as compared with that of the first term.
Therefore, to obtain the values of the time derivative of
W, on the left-hand side in Eq. (5), the time duration for
the fitting of dW, /dt [Fig. 14(h)] is required to be a few
times longer than one-half of a ms; that is, the charac-
teristic time of the main energy input process in Eq. (5) is
sufficiently shorter than the data-fitting duration for ob-
taining the values of dW,/dt. Furthermore, Fig. 14(h)
has a convenient feature for analyzing 7,, since the data
on W, in Fig. 14(h) have a slow time variation compared
with the duration for the data fitting (namely, a constant
value of 7, during the data fitting). The solid curve in
Fig. 14(h) corresponds to a 75, value of 8 ms; this con-
stant value of 75, with time is consistent with the es-
timated value from the Pastukhov theory. In Fig. 14(i),
the estimated values of 7z, from the power balance using
Eq. (5) (crosses) and from the Pastukhov theory in Egs.
(6) and (7) (circles) are compared; good agreement be-
tween the two has been confirmed for the first time.

In Fig. 19, using several similar data sets, we compare
the values of 75, obtained from the power balance analy-
ses, Th0, with those calculated from the Pastukhov
theory, 7;2", in the range of more than three orders of
magnitude. Good agreement between the two has shown
the first evidence of the existence of a scaling law between
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FIG. 19. The values of 7, obtained from the power-balance

analyses, 752, are compared with those calculated from the Pas-
tukhov theory, 752",
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Tg. and @, in a tandem mirror. Furthermore, the Pastu-
khov theory is constructed under the condition of a negli-
gible radial loss, while the values of 75, from the power-
balance equation of Eq. (5) are determined by overall loss
processes, including a radial loss. Therefore, Fig. 19 also
suggests that the dominant loss process is still an axial
energy loss in this range of 7z, [38,39].

Summarizing the data in Secs. IIIA-IIIC obtained
with a combination of several types of x-ray diagnostics,
we can make a qualitative picture for the confinement of
potential trapped electrons due to thermal barriers: The
electrons produced in the central cell are confined by
thermal barriers, which are formed by barrier-mirror
trapped hot electrons due to barrier ECH. A fraction of
warm electrons produced by strong plug ECH falls into
plug loss cone and flows into the central cell; these warm
electrons in turn heat the ¢,-confined bulk electrons
through the Coulomb energy-relaxation process. The
energy-confinement time for the ¢,-confined bulk elec-
trons is explained by the Pastukhov theory.

Here, it is noted that when these electrons are lost
beyond the thermal barriers after their confinement time,
they become sources for plug electrons or barrier elec-
trons since intense microwaves for ECH in each region
await these electrons from the central cell. Thereby,
these loss electrons are immediately heated, and then
some of them are trapped in the plug and barrier mirror
or in the plug region (see Sec. III A); in these cases, the
loss electrons change their energies due to ECH. In fact,
we have never measured the plug electron component
with the same temperature of the central-cell bulk elec-
trons (see Sec. III A). This is an important and a con-
venient feature of the loss electrons from the central cell;
that is, even if these electrons return to the central cell
due to any unknown electron confining mechanisms exist-
ing outside of the plug region, these loss electrons are
never counted as the central-cell bulk electrons because
of their different temperature from 7,.. In other words,
plug ECH works like a “sink” for the central-cell bulk
electrons lost beyond ¢,. This role of ECH provides
clear experimental data on the energy confinement due to
¢, for the central-cell bulk electrons.

The final brief note is made for MHD stability of the
data shown in Figs. 13 or 14. In these low-density opera-
tions with a total 3 value of less than 0.5% along the cen-
tral cell and the barrier regions (see Fig. 1), no inter-
change instability [4] is observed although anchor
neutral-beam injection (NBI), as well as anchor ECH
prepared for future high-3 operations as MHD stabilizer,
is not applied. At this time, theoretical researches into
anchor stabilization are being developed in GAMMA 10.
A recent preliminary report suggests the importance of
the finite-Larmor-radius effect for stabilizing such low-3
plasmas [40]. However, it is quite important to do fur-
ther detailed research, including a line-tying stabilization
effect [41] through halo plasmas and the axial flow of
ECH produced warm electrons bouncing between both
ends [see Fig. 13(g)], since metal end plates in both ends
and metal limiters in each region exist. Also, a pondero-
motive stabilization effect due to the incident ion-
cyclotron waves in the central cell [42,43] provides
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another possibility for MHD stabilization. For under-
standing such a stability issue quantitatively, future de-
tailed measurements of halo-plasma parameters and ion-
cyclotron range of frequencies (ICRF) wave-field intensi-
ties are necessary. A systematic investigation in MHD
stability will become one of the most important issues,
particularly for attaining high-B stable tandem-mirror
operations in the future.

IV. SUMMARY

X-ray diagnostics, combined with the observations of
x-ray energy spectra and x-ray tomographic reconstruc-
tions in the central cell, the thermal-barrier region, and
the plug region, have clarified the following effects of
kilovolt-range electrostatic potentials on electron-velocity
distribution functions and on electron-energy con-
finement. Also, the relations between the parameters in
each region and the scaling laws for the potentials and
the energy confinement have been investigated using the
x-ray data.

(1) A presentation of the data set on the electron-
velocity distribution functions in all of the main regions
of a tandem mirror has been made; each distribution is
found to be different not only in their energies but also in
their shapes, although these regions are directly connect-
ed through magnetic field lines. (i) In the barrier region,
mirror-trapped hot electrons with 60-keV energies (a rel-
ativistic Maxwellian distribution with a loss cone) are
produced for the formation of a thermal-barrier poten-
tial. (ii) In the plug region, a plateau-shaped electron-
velocity distribution function produced by strong-plug
ECH has been observed for the first time. These elec-
trons are confined within the ellipsoidal boundary in the
plug electron-velocity space; the boundary is determined
by ¢, [Fig. 6(b)]. For a fraction of the electrons heated
beyond the boundary, they are trapped by the plug and
barrier magnetic mirror; this component bouncing
through the barrier region is heated up and becomes the
mirror-trapped hot electrons with 60-keV energy due to
the barrier ECH [the region M in Fig. 6(b)]. A fraction of
the electrons is lost through the plug loss cone [the region
L in Fig. 6(b)] and flows into the central cell. (iii) In the
central cell, these kilo-electron-volt-range warm electrons
from the plug region and the bulk electrons with a few
hundred eV have formed two-component Maxwellian
electrons. The warm electrons in turn become a dom-
inant heating source for the bulk electrons through classi-
cal Coulomb energy-relaxation processes.

(2) The following different behavior of T,, and (T,,)
with time has been observed: The temporal evolution of
(T, ) is closely related to the temporal variation of ¢,
However, T,. increases with time regardless of an in-
crease or a decrease in ¢, as long as the values of ¢, /T,
are maintained to be sufficiently larger than unity.

The different behavior of T, and T, ) as well as their
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different shapes and energies of the velocity distribution
functions has demonstrated the existence of the thermal-
isolation effect due to ¢, between the central cell and the
plug region.

(3) The presentation of x-ray tomography data all
through the main regions of a tandem mirror [i.e., the
thermal-barrier region (Fig. 12), the plug region (Fig. 10),
and the central cell (Fig. 16)] have shown good axisym-
metric profiles of electrons in each region; these axisym-
metries prevent the formation of local nonaxisymmetric
electric fields, which may degrade particle confinement
through the nonambipolar radial-loss process [33].

(4) These tomographically reconstructed profiles have
also shown the following features. (i) Hot electrons in
the barrier region are peaked on the magnetic axis (Fig.
12); this profile is desirable for thermal-barrier formation
in the core plasma, and thereby for the formation of ¢, or
¢y in the core region of the plug plasmas through the
scaling relation between ¢, and ¢, (Fig. 5). (ii) The radi-
al profile of the plug electrons is actually observed to be
peaked on the magnetic axis (Fig. 10). The radial profile
of their energies is consistently explained by the ¢,
profile (Fig. 10) using Cohen’s strong ECH model [Fig.
6(b)]. (iii) Tomography data in the central cell have
shown that the region having an increase in 7, during the
thermal-barrier period corresponds to the regime with
the formation of ¢, (Fig. 16).

(5) Using these x-ray data, the following scaling laws
have been obtained. (i) The theoretically predicted
values of the energy-confinement time 75, for the ¢,-
confined bulk electrons [the Pastukhov theory modified
by Cohen et al. in Egs. (6) and (7)] have been found for
the first time to be in good agreement, in the range of
more than three orders of magnitude, with the values of
T, estimated from the energy-balance equation in Eq. (5)
(Fig. 19). The validity of the Pastukhov theory for 7,
also shows the existence of a scaling relation between 7,
and ¢,/T,.. These data indicate a good electron-
confinement property due to ¢,. (i) The x-ray observa-
tion of a plateau-shaped plug electron-velocity distribu-
tion function for the ¢, trapped electrons along with the
relation between ¢. and ¢, (Fig. 5) consistently supports
the validity of Cohen’s strong ECH theory for the ion-
confining-potential enhancement.
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FIG. 4. Schematic view of (a) temporally and spatially
resolved x-ray imaging system (XIS) with a multiple-anode mi-
crochannel plate (MCP), and (b) two sets of x-ray tomography
systems (50 channels for each system).



