Measurement of a density profile of a hot-electron plasma in RT-1
with three-chord interferometry
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The electron density profile of a plasma in a magnetospheric dipole field configuration was measured with
a multi-chord interferometry including a relativistic correction. In order to improve the accuracy of density
reconstruction, a 75 GHz interferometer was installed at a vertical chord of the Ring Trap 1 (RT-1) device in
addition to previously installed ones at tangential and another vertical chords. The density profile was calculated
with three-chord interferometry including the relativistic effects for a plasma consisting of hot and cold electrons
generated by electron cyclotron resonance heating (ECH). The results clearly showed the effects of density
peaking and magnetic mirror trapping in a strongly inhomogeneous dipole magnetic field.

PACS numbers: 52.70.-m, 52.55.-s, 94.30.cq

The Ring Trap 1 (RT-1) is a magnetospheric configuration
generated by a levitated dipole field magnet [1, 2]. In a dipole
magnetic field, a plasma spontaneously generates a strongly
peaked structure [3, 4], which can be stable against pressure-
driven MHD modes even in bad curvature regions [5]. This
is because the plasma is stabilized due to the effects of strong
compressibility of dipole field lines and the effects of a mag-
netic separatrix [6]. Here density and pressure profiles are
important parameters in relation to the self-organization of
charged particles in the magnetospheric configuration.

As one of initial diagnostic tools, a 75 GHz interferometer
has been used at tangential ports of RT-1 for the measurement
of line integrated electron density. In order to investigate the
spatial structures of a plasma, we installed another interfer-
ometer in 2008, which showed the formation of a strongly
peaked density profile [2]. The observation of peaked den-
sity profile was also reported in Levitated Dipole eXperiment
(LDX) [4, 7]. In the analysis with the two-chord interferome-
try in RT-1, we assumed that electron density n. is constant on
a magnetic surface. However, n. can be inhomogeneous on a
magnetic surface due to mirror trap effects in the strongly in-
homogeneous dipole field. This is especially a case for ECH
plasmas because electrons have large perpendicular kinetic
energies. Also, in the interpretation of data from microwave
diagnostics for hot electron plasmas, a relativistic correction
[8, 9] is needed. For the accurate measurement of electron
density profiles, we installed a new interferometer in RT-1.
We measured the density profile of a plasma by taking into
the effects of density peaking and mirror trapping with a rela-
tivistic correction for the hot electron component [10]. In this
paper, we focus on the measurement technique and explain
the experimental setup of the three-chord interferometry and
the data interpretation method.

Figure 1 shows the schematics of RT-1 including the in-
terferometry chords. A superconducting dipole field magnet
is located inside the vacuum chamber, which is magnetically
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FIG. 1: (color online) (a) Top view and (b) projection view onto
the poloidal cross section of RT-1. Interferometers are located at
tangential (chord 1) and vertical (chord 2 and 3) ports. Thin lines
show magnetic surfaces generated by the combination of levitating
and lifting magnets.

levitated by using another lifting magnet located at the top of
the chamber [11]. Electron line integrated densities are mea-
sured with three sets of heterodyne interferometers. The fre-
quencies of the three interferometers were chosen to be 75.3,
75.4, and 75.5 GHz, so that there are no signaling cross-talks
between different chords. As shown in the figure, the in-
terferometer chords are located at vertical (chord 2 and 3 at
r =60 and 70 cm) ports as well as at a tangential (chord 1 at
y=45cm) port. This configuration makes it possible to recon-
struct density profiles including the inhomogeneity on mag-
netic surfaces as well as the peaking effects across magnetic
surfaces. Figure 2 shows the typical waveforms of the interfer-
ometers. A 8.2 GHz microwave was injected fromz =0to 1 s.
After the end of microwave injection, plasma density shows
a double-exponential type decay because electrons have hot
(~ 50keV) and cold populations, which can be used for the
measurement of the ratio of hot electron component ratio [2].

When a microwave with a frequency f = 2w@ passes
through a plasma whose refraction index is N, the variation
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FIG. 2: (color online) Typical waveforms of interferometers located
at (a) tangential chord at y = 45 c¢m, (b) vertical chord at r = 60 cm,
and (c) vertical chord at r = 70 cm.

of a phase is

¢:27r/7L/Ndl. )

Here A = ¢/ f is the wave length of a microwave and ¢ is the
speed of light [12]. Because we have interferometers on the
vertical chords of the device in addition to one on a tangen-
tial chord (Fig. 1), we should consider several modes of mi-
crowave propagation in addition to the O-mode. The permit-
tivity tensor of a weakly relativistic plasma is approximated
as [8, 9]
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by using X = @;/0> and Y = /0, where ®, =

(nee?/gyme)'/? is the plasma frequency and @ = eB/m is
the electron cyclotron frequency. Relativistic effects are in-
cluded in

U= mocz/kBTe,, (6)

where my is the rest mass of an electron and kgT; is the tem-
perature of electrons. When a wave propagates in a direction
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FIG. 3: (color online) A relativistic correction factor, ¥ in (19), in
the variation of hot electron temperature T; for different ratios ry,q of
hot electrons.

perpendicular to a magnetic field B, N of O and X modes after
relativistic correction are given by

Ny=1-7X and @
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For a wave propagating in the parallel direction, N of R and L
modes are

N2 — —1+aX - BXY+Y?
R= —1+47Y2

and ©))

N2 —1+aX+BXY +7Y2
L —1+47Y2

(10)

When the frequency of a diagnostic microwave satisfies
2 2 2
oy, 05, << 0, (1D
all the reflective indexes in (7)-(10) are approximated as
N=1—-9X/2 (12)

independent of the propagation directions. A phase shift ob-
served by an interferometer is given by

727r

Ad T/(l—N)dl:%/(yX)dl. (13)

A line density that corresponds to a phase shift of A¢p =27 is
then given by

/nedl =7.5%x10°x f/y. (14)

Here the units of line density and microwave frequency are
m~2and s~ L.

Now we apply this relativistic correction to the interferome-
try of RT-1. Although microwaves traverse the plasma not en-
tirely in O-mode, as shown in Fig. 1, we may use (12) as the
refraction index of the hot electron component of a plasma
because the parameters satisfy (11). We denote the ratio of
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FIG. 4: (color online) The values of a and b when neutral gas pres-
sure P, = 2.5 mPa (circles), where the ionization degree was close to
unity in the main confinement region and when P, = 15 mPa (trian-
gles), where the neutral effects are significant.

hot and cold electron components in a plasma as rpoe and
Feold = 1 — rhot- The components of the permittivity tensor
is then given by

X
€11 = &2 =1 — [0rhot + Teold] 72 (15)
. XY
€12 = —&1 = i[Brhot + rcold]m, and (16)
€3 = | — i[Yrnot + Teold] X - (17)

The reflective index for the entire plasma is then
N =1—[Yrhot+ (1 — o) ] X /2. (18)

When the frequency of the interferometer is f = 75GHz, a
line density that corresponds to A¢ = 27 is then

/nedl:5.6>< 1017y, (19)

where ¥ = Yryor + reold. Figure 3 plots the correction factor
Y in variation of hot electron temperature T, for various 7.
The relativistic effects become non-negligible when a plasma
has a considerable ratio of hot electrons and T is above ap-
proximately 10keV. In the following analysis, we use the typ-
ical hot electron temperature T, = 50keV of a high- plasma
in RT-1 [2]. The hot component ratio r,o Was estimated by
using the decay characteristics of the plasma observed by the
interferometry [2].

By using the three line density values, the density profiles
were reconstructed with a three parameter model [10] includ-
ing the effects of density peaking [1] and the mirror trapping
effects. It is assumed that the electron density has a depen-
dence on r as

nz—o(r) =nor ¢ (20)
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FIG. 5: (color online) Reconstructed electron density profiles (a) on
the r-z plane and (b) on the z = O m plane when (1) P, = 2.5 mPa and
(2) 15mPa by using the averaged values of a and b of circles and
triangles in Fig. 4.

on the z = Om plane (r. < r, where r, is the radial position
of the dipole field magnet), where ny and a are constants. In
order to include the mirror trap effects, we also assume that
electron density on a same magnetic surface is given by

n(r,z) = n,_o(r) x (B(r’ Z))_b, 1)

By

where B(r, z) is a magnetic field strength and By is the weakest
field strength on the same magnetic surface. We also assume
that the plasma has axisymmetric density profiles. By using
the values of line densities measured at the three chords, n;y,
np, and n3, we find the values of a (density peaking level) and
b (strength of mirror trap effects) by the least-square method,
minimizing

2
X <nﬁ — /na,b(r, Z)dli) . (22)

It should be noted that, detailed density profiles between the
center stack and the dipole field magnet are still unclear in the
present measurements, because all the interferometer chords
are located at regions where r. < r.

Figure 4 shows the initial results of the three chord interfer-
ometry described above. The values of a and b in (20) and
(21) are plotted for low (circles) and high (triangles) filled
neutral gas pressure P,. The corresponding density profiles
are shown in Fig. 5. When a plasma is almost fully ionized at
low P,, both a and b have positive values. It shows that the
plasma has a peaked density profile under the influence of the
mirror trap in a strongly homogeneous dipole field. When the
effects of neutral particles are non-negligible, at higher P,, a
and b are close to zero, indicating that the plasma has a rather
flat density distribution. Detailed density profiles between the
center stack and the dipole field magnet are still beyond the
scope of the present simplified model.

To summarize, we renewed the interferometry system of
RT-1 and improved the measurement accuracy of the elec-
tron density profiles. By using the three-chord interferometry,



the effects of mirror trapping were newly included in a den-
sity reconstruction model in addition to the peaking effects.
We also applied a relativistic correction on the interferome-
try for plasmas consists of hot and cold electron components.
We found that this effect is non-negligible in RT-1, where the
plasma is generated and heated by ECH and it contains con-
siderable ratio of hot electrons. When the relativistic effect
is not included, it results in the underestimation of line densi-

ties typically in 10 %. The initial measurements showed that
the high-B plasmas have peaked density profiles in a strong
field regions and they are also strongly affected by the mirror
trapping effects of the dipole field, except when the filled gas
pressure is very high and the effects of neutral particles are
non-negligible.
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