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Observation of a Plateau Electron Distribution Function Due to Electron Cyclotron Heating
for an Efficient Plug Potential Formation
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A plateau-shaped electron distribution function is observed when an electrostatic electron-trapping po-
tential is formed by the electron cyclotron heating (ECH) in the plug region of the GAMMA 10 tandem
mirror. Also, a remarkable thermal-isolation effect due to a kV-range thermal barrier is observed along
with a difference between distribution functions in thermally separated regions. These new findings as
well as the relation between ion-confining potentials and thermal-barrier potentials in the kV range con-
sistently support the validity of Cohen’s strong ECH theory.

PACS numbers: 52.55.Pi, 52.50.Gj, 52.55.Jd, 52.70.La

Recent research related to electron cyclotron heating
(ECH) has been intensified for several types of plasma
confinement devices.'"® In tandem mirrors,” ECH is uti-
lized for the formation of a thermal-barrier potential,
05,2 in the barrier region, as well as of an ion-confining
potential, ¢., in the plug region. The enhancement of ¢,
is theoretically predicted with increasing ¢, '%'? because
of the efficient heating of localized plug electrons; they
are thermally isolated from the large volume of central-
cell electrons when ¢, is formed. The theoretical scaling
of ¢. vs ¢p has been described in terms of Cohen’s weak
ECH'® and strong ECH theories.!! The scaling law of
the potentials is one of the most important and critical
items for the future development and the design of
thermal-barrier tandem mirrors. However, its experi-
mental studies compared with the theories have been
limited to our preliminary results alone,'? even in which
only the relation between ¢, and ¢, was treated.

One of the most essential and direct methods to study
the bases of these scaling theories'®"'? is to observe the
plug electron distribution function, f,,, since an essential
difference of the strong ECH theory from the weak one
is whether the characteristic time of plug electron heat-
ing by ECH for a plateau distribution formation'' dom-
inates over the collisions for a Maxwellian formation. '°

In this Letter, we report (i) the first observation of the
formation of a plateau electron distribution function in
the plug using several x-ray diagnostics. (ii) In addition,
our previous experiments merely suggested a transition
tendency from the weak to the strong ECH scaling with
increasing ¢, since the two theories did not provide
values with clear differences for the limited range of the
o vs ¢p data'’ (most data being at 9, =0.7 kV). Here,
we report a wider range of data (¢, =1.2 kV), which
show a clear discrepancy from the weak ECH scaling in
the high-¢, region. These potential data again support
the strong ECH scaling as observed in (i) using the x-ray
diagnostics. (iii) Furthermore, the first direct observa-
tion of the thermal-isolation effect'® due to a kV-range

thermal barrier is reported by showing a large difference
in x-ray spectra between the central cell and the plug.
These new findings give clear pictures of the thermal-
isolation effect due to ¢, as well as of the plug electron
heating process according to the strong ECH theory for
a kV-range ¢. formation.

The experiments have been carried out in GAMMA
10,%'2 which is a minimum-B anchored tandem mirror
with outboard plug and barrier cells. It has an axial
length L =27 m and the total volume of the vacuum
vessel is 150 m>3. The central cell has L=6 m, a limiter
diameter d =36 cm, and the magnetic-field intensity at
the midplane B=0.405 T with a mirror ratio R =5.2.
The plug and barrier cells are axisymmetric mirrors with
L=25 m, B=0.497 T, and R=6.2. Microwaves (28
GHz and 140 kW) are injected as an extraordinary
mode into the barrier (BECH) and the plug (PECH) re-
gions, respectively.® Neutral-beam injections for a slosh-
ing ion formation’® and ion cyclotron heating (6.2 MHz
and 200 kW) in the central cell are employed. '*

The energy spectra, from x-ray pulse-height analyses
(PHA), ranging from 0.7 to 150 keV in the plug are
measured with a combination of a Si(Li) detector (a de-
pletion layer p =0.27 cm with an 8-um Be window) and
a pure Ge detector (p =1 cm with a 0.125-mm Be win-
dow). X-ray tomographic reconstructions using micro-
channel plates (MCP) with fifty channels'® are utilized
for obtaining the x-ray radial profiles in the plug, barrier,
and central-cell regions. Here, we use the detailed cali-
bration data on the MCP'®"'? as a function of x-ray en-
ergy from 0.06 to 82 keV and incident angle; these have
been investigated using synchrotron radiation for the
precise x-ray data analyses. In order to estimate the
electron distribution functions the x-ray absorption
method*? is employed using polypropylene, polyester,
and aluminum absorbers. A plug electron-confining po-
tential ¢, (=¢.+¢s) is measured with multigrided
electrostatic end-loss-ion energy analyzers (ELA’s)'?
and an EIB end-loss-ion spectrometer (ELIS) from the
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FIG. 1. (a) Scaling data on ¢. vs ¢» as compared with the
ECH theories. (b) An axial potential profile. (c) A model of
an electron velocity distribution function due to the strong
ECH theory. (Velocity space at the plug.)

Tandem Mirror Experiment TMX-U'’ as well as
heavy-ion (Au®) beam probes. '*2

In Fig. 1(a) the scaling data on ¢, vs ¢, are plotted
with the ratio of the plug to the central-cell densities
np/n. =0.30-0.55 using ELA’s (filled circles) and ELIS
(open circles). The data are compared with the calculat-
ed results from the weak (dashed curves) and strong
(solid curves) ECH theories. As compared with our pre-
vious results,'3 Fig. 1 clearly shows a transition from the
weak, through the intermediate,'? and then to the strong
ECH prediction with increasing ¢,. From these ECH
theories, this transition is expected to be accompanied by
a change in f,, from Maxwellian to the plateau distribu-
tion, since a remarkable thermal-isolation effect due to
the ¢, increase causes an efficient heating of plug-
localized electrons and thereby their drastically reduced
collisions. Therefore, our next important issue is the ob-
servation of f,, in this high-¢, region. The axial
configuration of @5, ¢., and ¢y is depicted in Fig. 1(b).
In Fig. 1(c) a schematic drawing of f,, resulting from
the strong ECH theory is shown.'' This velocity space is
divided into three regions: The ¢,,-trapped electrons are
confined in the regime P, where the plateau electrons are
bounded by an ellipsoidal separatrix.'' The Maxwellian
electrons trapped by the plug and barrier mirror with a
temperature Tpn are located in the region M; these elec-
trons are heated by both plug and barrier ECH. The
electrons in the region L are lost from the plug and bar-
rier cell through the “loss cone” with an angle 8y =35°.

The x-ray PHA data in the plug are represented with
the Si(Li) detector [Fig. 2(a)). The data are taken dur-
ing PECH I[potentials are formed as shown in Fig. 1(b)],
as well as at 5 ms after PECH is switched off (¢, has
already decayed to 0, but the other heating powers are
still being injected). A remarkable feature is the quick
decay of the x rays at hv=5 keV (in this case, 2¢p, =5.4
kV) as compared with ¢,, =0. However, a higher-
energy component, continued to at least 7 keV, does not
change in either case. The data with the pure Ge detec-
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FIG. 2. (a) X-ray spectra for 2¢,5 =5.4 kV and 0. Data are
fitted by plateau electron distribution functions (the maximum
energy of 5.4 keV on axis) and with the ¢, profile in Fig. 3(a)
along with Maxwellian electrons (2.5% to the total n,, 60 keV
with a “loss-cone” angle of 35°) (the dashed curve). The con-
tribution of the on-axis core electrons is shown by the solid
curve. (b) The 60-keV Maxwellian electrons are observed.

For comparison, x rays from Maxwellian electrons with 1 or 2
keV are shown by the dotted curves in (a).

a’lllll

0

hv (keV)

tor are shown in Fig. 2(b) for the observation of such
higher-energy x rays (hvZ5 keV). Almost the same
spectra in each case of ¢, are again obtained (for sim-
plicity, a spectrum for 2¢,, =5.4 kV alone is represented
there). Also, these spectra 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
approximation2"?? corrected by the Elwert factor?® is
used for the values of the x-ray cross section.® The x
rays emitted at the detector angle?' are calculated using
various plateau distribution functions depending on ¢
[see Fig. 1(c)] as well as relativistic Maxwellians® with
various Tpn and 6. Impurity line radiation from both X
and L shells?* is not observed in Fig. 2(a); hence, impuri-
ties in the plasmas are ignored for the analyses (for more
detail see Ref. 15).

X-ray observations with an Nal(T1) detector in the
barrier region® show an electron temperature of 60 keV
as comparable to Tp,. These 60-keV electrons observed
in both barrier and plug regions support the existence of
the plug and barrier mirror-trapped electrons as predict-
ed in the region M [Fig. 1(c)]. Even after the ¢, decay,
such mirror-trapped high-energy electrons are main-
tained as seen in Figs. 2(a) and 2(b), because of their
low collisionality.

On the other hand, intense x rays from the lower-
energy component below 5 keV are observed only when
¢pb is formed [Fig. 2(a)l. The spectrum is fitted using
the calculated results from relativistic Maxwellian distri-
butions; however, the dotted curves with 2 and 1 keV can
fit the data ranging up to 2.5 keV alone, and exceeding
2.5 keV alone, respectively. No Maxwellian combina-
tions can ever fit the spectrum with x=dIn(hvdn)/
d(hv)? <0, since Maxwellian electrons always emit pho-
ton spectra with x>0 as seen by these dotted curves.
Such a spectrum with x <0 is one of the remarkable x-
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ray characteristics from plateau electron distribution
functions. The solid curve shown in Fig. 2(a) is calculat-
ed using f., in Fig. 1(c); here, we use the data of
2¢,5 =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% to the total n,). (The
intensity of electron-electron bremsstrahlung is weaker
by 2 orders of magnitude.) This fitting is based on the
fact that dominant x rays come from hot core plasmas.
More detailed analyses taking account of ¢p,(r) are car-
ried out using f,, in Fig. 1(c): A line-integrated intensi-
ty at hv with the x-ray PHA, Ixp(hv), is written as
Snen;Z2 (P Ixc(hv,r)dr; here, Ixc for hv at r is calcu-
lated using the ¢, profile in Fig. 3(a). The product of
nem;Z? at r is obtained from tomographic-reconstructed
x-ray emissivity at r, Ixt(r), which is corrected by the
absorber transmissivity and the MCP response, !>~ di-
vided by [Ixc(hv,r)d(hv), since Ixc(hv,r) is normal-*
ized for unit values of electron and ion densities, n,, n;,
and an ion effective charge Z. Thus, Ixp(hv) is de-
scribed by

f[[IXT(")/flxc(hv,r)d(hv)]Ixc(hv,r)]dr_

In Fig. 3, the data from x-ray tomography for Ixr(r)
and the data on ¢, (r) for calculating Ixc(hv,r), there-
fore, predict the spectrum of Ixp(hv) [the dashed curve
in Fig. 2(a)]. Good agreement between the data and the
calculation in Fig. 2(a) indicates the validity of the
strong ECH theory, which predicts the model in Fig.
1(c). Here, the individual values of n,, n;, and Z are not
necessary for the above analyses, since they are replaced
by the tomography data.

Another independent method of comparing the x-ray
data with the calculated x rays from the plateau distri-
butions requires the assumptions of a low-Z (or a radial-
ly uniform Z) condition and of a small contribution of
high-energy electrons to the total x rays (thereby,

23 o

§ 50

5 5

g 3.1 °

‘€ 2

3, 8s

g E

= w

& pRipdpropyiene- ) g

20 pe;polyester-absorber/ > 1

a O 5 10 0 5 10
Plug Plasma Radius r(cm) r(cm)

FIG. 3. (a) Radial profile data on ¢p. (b) Tomographic-
reconstructed x-ray emissivity using a 1.8-um polypropylene
absorber (hvZ80 eV). (c) X-ray radial profile data with vari-
ous absorbers are compared with the calculated x-ray profiles
from the plateau electron distribution functions using the ¢ps
data in (a).

ne =n;); these are satisfied as described above. Now, we
can calculate the x-ray profiles with various thickness ab-
sorbers from

S renZ 2 ixc v, rd ()

[solid curves in Fig. 3(c)]. Here, we use ¢p5(r) and the
model in Fig. 1(c) as well as the n, profile deduced from
x-ray data with a 1.8-um polypropylene absorber (sensi-
tive to n.n;Z? but insensitive to hv; see Ref. 8). This
profile is consistent with those with microwave inter-
ferometers in the barrier and the central cell mapped
along magnetic lines of force to the plug. Good agree-
ment between the x-ray profile data and the calculations
in Fig. 3(c) again proves the validity of the strong ECH
plateau-formation theory.

The final issue in investigating this model is whether
these plateau electrons are isolated by the thermal bar-
rier and trapped in the plug. In Fig. 4 the absorption
characteristics of the central-cell x rays (filled circles)
are compared with those of the plug x rays (open circles)
at r=0 in Fig. 3(c). The central-cell data are fitted by
the 0.15-keV Maxwellian bulk electrons (T,.) along with
high-energy electrons (4 keV and 5% to the total n.).
Here, the bulk electron collision time of 30 us and no
ECH power in the central cell may form this Maxwellian
distribution. These 4-keV electrons are also detected
with ELA’s; they may be explained by ECH-driven loss
electrons through the loss cone of the plug,'? since they
appear during the PECH injection period only.

Such a remarkable electron-energy difference between
the two regions has shown the first demonstration of the
thermal-isolation effect due to a 1-kV-range thermal
barrier. Also, different shapes of distribution functions
are separated by the thermal barrier, indicating the in-
formation on the isolation of the ¢,5-trapped plug elec-
trons by ¢;.

Here, it is useful to evaluate a criterion of validity of
the strong ECH theory: Its essential requirement is
whether the field strength of the plug ECH is large

X-ray Emissivity (rel.unit)
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FIG. 4. X-ray tomography data (r =0) in the plug (0) (see

Fig. 3) and in the central cell (®) are compared during the
thermal-barrier period. Here, hv=80eV.
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enough to dominate over the plug-electron collisionality.
Cohen has derived the equation for its criterion [see Eq.
(9) in Ref. 11]. Using the plasma parameters (n, =4
x10" ¢cm ™3 and T, =150 eV) and the GAMMA 10
machine parameters'? (the axial scale length of B and
the width of the plug region being 0.4 and 0.9 m, respec-
tively), we obtain the critical field strength of 54
Vem ', The incident power of 100 kW forms the kV
range of ¢.;-this corresponds to the field intensity of a
few hundred V cm ~'. This estimated value as well as a
stronger BECH field producing 60-keV electrons may
satisfy the strong ECH conditions.'!

In summary, the first observation of a plateau-shaped
plug electron distribution function for the potential-
(¢ps-) trapped electron-energy regime has been ob-
tained using the x-ray PHA and tomography data. Also,
mirror-trapped hot electrons in the same energy level as
the 60-keV barrier electrons have been observed. These
data along with the scaling relation between ¢. and ¢,
for a kV range have shown the validity of Cohen’s strong
ECH theory for the ion-confining potential enhancement.
Furthermore, the first observation of the thermal-iso-
lation effect due to the kV-range thermal barrier has
been obtained along with the different shapes of the elec-
tron distribution functions in the thermally isolated re-
gions separated by the thermal barrier.
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