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Background

The Levitated Dipole Experiment (LDX)
at MIT uses a floating donut-shaped supercon-
ducting magnet to study the confinement of
plasma in a dipole magnetic field. LDX created
its first plasma in 2004 and first levitated its su-
perconducting magnet in 2007. Compared to
the more popular tokamak, first used to cre-
ate plasma in the 1960s, LDX is a relatively
new device. Despite this, there is speculation
that the magnetic field configuration in LDX
may prove to be superior to that of the toka-
mak, with respect to the eventual goal of nu-
clear fusion.!!

Three superconducting magnetic coils are
used in LDX: the C-coil, the F-coil, and the
L-coil. The experiment’s vacuum chamber,
which measures approximately 3.0 m tall and
5.0 m in diameter, contains the floating mag-
netic coil, or the “F-coil” (see Figure 1). The
F-coil, which weighs approximately 550 kg,
can be held up by metal supports, but since it
was first levitated in November 2007, most ex-
periments levitate the F-coil. In an experimen-
tal campaign, the charging coil (the “C-coil,”
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Figure 1: A cross section of the Levitated Dipole
Experiment (LDX). Based on Figure 3-3.[

located beneath the vacuum chamber) induces
a current in the F-coil. The charged F-coil is
lifted up mechanically, and the levitation coil
(“L-coil,” located on top of the vacuum cham-
ber) creates a magnetic field to suspend the F-
coil in place. The final magnetic field is a com-
bination of the fields generated by both the L-
coil and the F-coil. In the region of interest
(that is, regions within the chamber with closed
field lines), the field is dominated by the field
of the F-coil, which is roughly the shape of a
dipole (see Figure 2). Note that Figure 2 is
a cross-section of LDX; therefore, the “field
lines” drawn are actually a cross section of
the three-dimensional toroidal field surround-
ing the F-coil.

After using vacuum pumps to reduce the
pressure in the chamber, small amounts of
gas (typically deuterium or helium) are puffed
in. Several microwave sources (two 2.45 GHz
magnetrons, a 6.4 GHz klystron, a 10.5 GHz
klystron, and a 28 GHz gyrotron, with a to-
tal available power of 26.9 kW) ionize the gas.
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Figure 2: The magnetic field surrounding the F-coil
in LDX. The pink region contains all of the closed
field lines that the plasma can move along. The Z
axis is the vertical distance from the center of LDX,
and the R axis is the horizontal distance from the
center. Source: Figure 3-6.[2



This generates and sustains plasma through a
process known as electron cyclotron resonance
heating (ECRH).

A charged particle confined in a magnetic
field will travel unobstructed if its velocity is
parallel to a field line, but if the particle has a
velocity component perpendicular to the field
line, it will experience a Lorentz force (ﬁ =
qu X B). This causes the particle to undergo
helical motion, rotating about the field line at a
frequency called the cyclotron frequency (w. =
qB/m).]P! Particles rotating about a field line at
the cyclotron frequency w, will readily absorb
and emit radiation at that frequency or its har-
monics (W, 2w, 3w, etc. ...). When the par-
ticles absorb radiation, the technique at work
is known as ECRH; microwave radiation heats
(that is, provides energy to) the charged parti-
cles (electrons) in LDX.

In LDX, we can consider the electrons of
the plasma as belonging to two groups, “warm”
electrons and “hot” electrons, which can each
be modeled by a Maxwellian energy distribu-
tion. The hot (higher energy) electrons have
been previously estimated to have a tempera-
ture greater than 50 keV (580 million Kelvin),
perhaps as high as 100 to 250 keV (1.15 to
2.90 billion Kelvin).!* Most of the electrons are
warm electrons, which have significantly lower
temperatures. Figure 1 shows the region occu-
pied by the hot electrons, which is the electron
group that we will focus on in this paper.

Also, note that the rotating electrons in
LDX are accelerating charges. Therefore, like
all accelerating charges, they emit radiation
while rotating about a magnetic field line. This
radiation, known as electron cyclotron emis-
sion (ECE), is one of the plasma diagnostic
measurements in LDX, and is the main focus
of this paper. Two radiometers located near the
top of the chamber, one at 110 GHz and one at
137 GHz, measure ECE emitted by the plasma.
The signals from these radiometers can be used
to find the temperature of the hot electrons.

Modeling of ratio versus temperature

In order to determine the hot electron tem-
perature, a model must relate the signal to the
temperature. A previous model assumed that
reflection of radiation off of the chamber walls
was negligible. This model used a direct view
of the signal, tracing the view of the radiome-
ter along the field line with the strongest emis-
sion. Because the plasma density falls off as
r~4, any emission from field lines distant from
the peak is considered negligible. This assump-
tion is used in both the previous and current
models. The model described in this paper con-
siders reflections off of the chamber walls, as-
suming that all radiation will eventually strike
the receiver. Emission is considered from the
entire field line at all angles. The most accu-
rate model is likely a combination of these two
models, using reflectivity factors for the emis-
sion that is not in direct view.

It 1s important to note that both of these
models are two-dimensional, looking only at
the emission from a cross section of LDX.
The actual experiment is three-dimensional and
thus much more complicated to model. Fu-
ture work may involve three-dimensional mod-
eling of ECE in LDX, but the present two-
dimensional model should suffice as a first ap-
proximation.

Both models were evaluated with MAT-
LAB programs, based on Equation (2) from A.
Nassri’s 1988 paper:!’!
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of the plasma, w = 27 f is the radiation fre-
quency, 6 is the angle between the wavevec-
tor k and the magnetic field line B o=uw [Wes
pu = moc?/kT is the temperature-dependent
term, and the plasma frequency w, can be ex-
pressed as follows: !
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Note that the plasma frequency w, depends
on the electron density ny. The hot electron
density is not known, so the best way to handle
it theoretically is to eliminate the w, term. By
taking the ratio of « at two frequencies (in our
case, 137 GHz and 110 GHz), the constant term
w?/(cw.) drops out of Equation (1). The ulti-
mate goal then is to find a relationship between
the ratio of ECE signals to the temperature.

Because @ expresses the frequency as a
multiple of w,, it is often referred to as the har-
monic number. To clarify its meaning, let us
evaluate the numerator and denominator:
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Aside from constants, w depends only on the
frequency of the ECE (which is equal to the
frequency of the radiometer used to measure it)
and the magnetic field at the location where the
ECE is emitted.

The following are the steps used to eval-
uate this equation in MATLAB for the new
model with reflections:

Evaluate integration limits 7; and 79 — Evalu-
ate integrands — Evaluate integral with Simp-
son’s rule — Sum over m

Each step of the flowchart is a separate MAT-
LAB program, and each program calls on pre-

vious programs to perform a calculation. The
program that sums over m calls on a separate
program to evaluate the integral for that value
of m. That program in turn must call on other
programs to determine the integrands and the
integration limits. Since an infinite sum can’t
be computed numerically, the sum over m is
only performed until additional terms become
negligible (specifically, when the next addi-
tional term becomes less than 1/10,000th of the
sum thus far). An upper limit of m = 200 was
set to avoid an infinite loop.

Once Eq. 1 is evaluated, two more inte-
grals are performed. First the equation is eval-
uated from 6 = 1 degree to 89 degrees in in-
crements of 4 degrees. The curve of a(f, @, i)
versus 6 is then integrated with the trapezoidal
rule. It was found that 4-degree increments
are sufficient for an accurate integration; run-
ning with 0.1-degree increments produced a
nearly identical result, despite running forty
times longer. After integrating over 6, the func-
tion av(w, p) is evaluated from & = 55 to 12
in increments of 55-. The curve of a(w, u)
versus w is then integrated with the trapezoidal
rule, giving the desired result of absorption for
a given p (which is proportional to the emission
for a given temperature).

For a given temperature, the only differ-
ence between the different cases in this model
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Figure 3: Plot of angle-integrated absorption coef-
ficient («) divided by the constant term (wg /(cwe))
versus harmonic number (o) for T' = 25, 75, and
150 keV.



is the range of w over which we integrate. (See
Figure 3 for plots of o versus @, normalized
for the constant term.) In our model, all cases
go up to w = 12; any emission at higher fre-
quencies is negligible. The lower limit depends
on the frequency of the radiometer and how
high of a magnetic field we wish to examine.
In our model that considers all possible reflec-
tions, we use the highest value of the magnetic
field along the field line.

When determining the maximum value of
|B| (and therefore the minimum value of @),
we must consider which field line should be ex-
amined, because different field lines have dif-
ferent maximum values of |B|. As stated ear-
lier, we are examining only emission at the
plasma density peak, assuming all other emis-
sion is negligible. However, we do not know
the exact radial position of the density peak
(that is, the L-value; in Figure 2, this corre-
sponds to the R coordinate). For most of our
calculations, we estimate that the peak is at
L = 75 cm; however, we have also examined
the cases where L = 70 cm and L = 80 cm.

For the case of L = 75 cm, the maximum
value of |B| is 3.06 T. (This maximum occurs
inside the central hole of the F-coil, along the
midplane; that is, at Z = 0.) Using this value
for the 137 GHz radiometer,

__2mm f
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B 27r(9.109 x 10731 kg) 137 x 10° Hz
1602 x 10719 C 3.06 T
~ 1.60

Using the same value for [B| and f = 110
GHz, &,,,;, ~ 1.28 for the other receiver.

The resulting value from integrating o
over w is proportional to the electron cyclotron
emission at a given temperature and a fre-
quency corresponding to one of the radiome-
ters (110 GHz or 137 GHz). By taking ratios of
these values (137 GHz emission divided by 110
GHz emission) over many temperatures from 3

Figure 4: Case 2 considers reflections but only ex-
amines emission from regions in view of the ra-
diometer, which is located at the red square on the
right. The heavy blue lines show the field-of-view,
where the signal drops to 1/e?. The region in black,
shadowed by the F-coil, is out of view. Based on
Figure 3-6, p. 73.1

keV to 300 keV, we obtain a curve of signal
ratio versus temperature. (Eighteen values of
temperature were used to generate these cali-
bration curves: 3, 5, 7.5, 10, 15, 20, 25, 31,
37.5, 43, 50, 60, 75, 100, 150, 200, 250, and
300 keV.) Using this calibration curve, the ex-
perimentally observed signal ratio can be con-
verted to hot electron temperature.

Four main cases are examined in this pa-
per. Case 1 examines reflections from all fre-
quencies along the field line with the strongest
emission. Case 2 is the same as Case 1, ex-
cept it neglects emission from the region shad-
owed by the F-coil. (See Figure 4.) Case 3
corresponds to the previous model, examining
the direct view from the antenna along the field
line. Case 4 examines a combination of the pre-
vious three cases, with reflectivity factors for
the cases that integrate over 6. Table 1 lists the
Wmin Values used for Cases 1 and 2.

When constructing Case 4, we assumed
two different reflectivity factors for the differ-
ent regions of reflections. Case 1 - Case 2 (the
emission from the shadowed region) was given
a reflectivity factor 1, and Case 2 (everything
except the emission from the shadowed region)
was given a reflectivity factor r,. Written ex-



Case Radiometer | L=70 | L=75| L=80
1 110 GHz 1.246 | 1.285 | 1.319
137 GHz 1.552 | 1.600 | 1.642
2 110 GHz 1.952 | 1.968 | 1.988
137 GHz || 2.432 | 2.451 | 2.476

Table 1: List of w,,;, values for the different cases
examined.

plicitly, Case 4 was constructed as follows:

Case 4 = Case 3 + ry x 2)
(Case 1 — Case 2) + 1 x Case 2

It is important to note that this operation must
be performed on the integrated absorption coef-
ficients («, after integrating over @), and not on
the ratios. The ratio is not physically meaning-
ful; rather, it is the actual amount of emission
that we must operate on.

Figure 5 shows the calibration curve ob-
tained for Case 3 (direct view), and Figure 6
shows the calibration curve obtained for Case 1
(complete reflections). These curves are very
differently shaped; the ratio increases from
zero in the direct view case, but when reflec-
tions are considered, the ratio decreases first
and then increases. This occurs because the
radiometers is viewing further into the central
hole, at the strong fundamental emission. As
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Figure 5: Calibration curve for Case 3, direct view
with no reflections. The curve is plotted for three
different assumptions of the plasma density peak:
L =70cm, 75 cm, or 80 cm.

both radiometers view closer to the fundamen-
tal, the difference between them diminishes,
and the ratio approaches 1. The next step is
to examine the experimental data. If the data
shows a “dipping” trend at the beginning simi-
lar to that seen in Figure 6, then the reflections
are a major component of the emission; but if
the data shows only an increase from zero, then
the reflections are a small contribution to the
total emission.

Experimental data: examining ratios

A typical experimental campaign at LDX
lasts three days. On each day, around 30 to 40
plasma shots are taken. (A “shot” is a time pe-
riod when data is taken. In most cases, this also
means that the F-coil is levitated, the ECRH
sources are turned on, and plasma is present.)
A single shot typically lasts from ten to fif-
teen seconds. In that time, the data collection
system takes around one million data points.
MATLAB programs are used to examine the
experimental data for the ratios of the ECE sig-
nals.

Experimental ECE data from LDX is mea-
sured in volts. The MATLAB programs per-
form several calculations to convert the units
of the raw ECE data from volts into eV. First,
to ensure that the baseline is zero, the mean of
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Figure 6: Calibration curve for Case 1, full view
with complete reflection. The curve is plotted for
three different assumptions of the plasma density
peak: L = 70 cm, 75 cm, or 80 cm.



the first 14,000 data points is subtracted from
the data. These points lie before the ECRH
sources turn on, and therefore the mean of the
ECE signal without the presence of plasma
should be zero. If it isn’t, the entire curve is
likely shifted, so subtracting the mean will cor-
rect for this. Then the data is multiplied by
-1000. This is done because the data is neg-
ative and in units of volts, but the calibration
equation uses positive values in units of milli-
volts; multiplying by -1000 converts the data
into the units needed for calibration.
The calibration equation for the radiome-
ters is as follows: "
KTy = Vour(1 + aVou) 3)
This equation is a best-fit line for calibrations
performed before, during, and after an experi-
mental campaign. 7i, is the temperature of the
signal input (in eV) and V,,, is the voltage out-
put of the radiometer (in mV). Calibration mea-
surements are used to determine the value of
the constant /', and past measurements give the
value of the nonlinear term ««. The MATLAB
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Figure 7: Plot of data from December 2008 show-
ing an initial dip in the ratio. The plots go up to the
first 30 milliseconds. The top two plots show the
ECE,; in green is the 137 GHz signal, and in blue is
the 165 GHz signal. The y-axes are scaled differ-
ently to show the shape of each curve. The bottom
plot shows the ratio of the two signals. Source: shot
81217017.

programs use this equation to convert the mea-
sured ECE signal from mV (V) to eV (7,).
The value of 7j, is equivalent to the tempera-
ture of a corresponding blackbody that would
give an output signal V;, if placed in front of
the radiometer horn antenna.

While examining the experimental data
with the radiometers at their present position,
we did not observe an obvious downward trend
of the ratio as the plasma was warming up.
This indicates that the direct view is most likely
the strongest component of the emission, with
the addition of a smaller reflective compo-
nent. However, in previous experiments, two
radiometers (measuring at 165 GHz and 137
GHz at the time) were placed underneath LDX
and looked directly into the central hole of the
F-coil. This view looks into the shaded re-
gion in Figure 4, providing a direct view of
the emission obscured from the present view.
Indeed, some of the data from these experi-
ments showed a downward trend within the
first twenty milliseconds after plasma creation.
Figure 7 is an example of a plot that shows this
dip, from shot 81217017.

Various values of r; and ro were chosen
when creating the calibration curve for Case 4.
The actual values are not yet known, but it is

Ratio vs. Temperature

Case 4: combination, L = 75 cm and r, = 0.90
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Figure 8: Calibration curve for Case 3 (direct view
with no reflections — red), Case 1 (full view with
complete reflections — blue), and Case 4 (com-
bination with reflectivity factors — green), with
L ="75cm, r; =0.10 and 2 = 0.90.



informative to show what happens when dif-
ferent plausible values are chosen. A value of
r1 = 0.10, corresponding to the region shad-
owed by the F-coil, was chosen because it con-
stitutes a smaller portion of the plasma. Its
emission also has a more indirect path (requir-
ing more wall reflections) to reach the radiome-
ters. A value of r, = 0.90, corresponding to the
region not shadowed by the F-coil, was chosen
for the opposite reasons; it constitutes a larger
portion of the plasma, and it would take fewer
wall reflections to reach the radiometers. These
values of r; and r, give a calibration curve for
Case 4 that lies somewhere between those of
Case 3 and Case 1. (See Figure 8.) The entire
curve shifts upward from that of Case 3, espe-
cially at lower temperatures.

Different values of r; were plugged in to
find the highest possible value before a dip ap-
pears at low temperatures. The exact value
depends on the values of L and r5; for exam-
ple, for L = 75 cm and r, = 0.50, this value
is 1 = 0.37, but for o, = 0.90, it becomes
r; = 0.55. For values of r; above this maxi-
mum value, the curve starts at a high ratio, has
a minimum, and then rises again, much like the
curve for Case 1. This sort of analysis can be
used to set an upper value for rq, the reflec-
tivity of the emission from the central hole of
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Figure 9: Calibration curve for Case 4, with L =75
cm and r9 = 0.90. The blue curve shows r1 = 0.80,
the green curve shows r; = 0.55 (the maximum
value before the curve becomes double-valued), and

the red curve shows 1 = 0.10.

the F-coil. r; can’t be any higher because the
experimental data from the present view of the
radiometers does not clearly show the ratio dip
down and then increase as the plasma forms
and begins to heat up. Figure 9 shows plots of
the curve for Case 4 for three different values
of r 1-

Experimental data: examining temperatures
Using reasonable values of 7; and 7
(r1 = 0.10 and 75 = 0.90) and knowing the
limit for r; (r;y < 0.55 for L = 75 cm and
ro = 0.90), the theoretical Case 4 curves were
used to equate the ECE signal to hot elec-
tron temperature. Again, this was done with
MATLAB programs. Two single-row matrices
were inserted for a given case: a ratio ma-
trix and a temperature matrix. These matrices
are eighteen elements long, corresponding to
the number of temperatures used to calculate
the theoretical ratios. The nth element of the
first matrix is the theoretical ratio calculated
for the calibration curve, and the same ele-
ment of the second matrix is the corresponding
temperature. For each of the one million data
points, the program reads in the experimen-
tal ratio and interpolates between our theoret-
ical ratios to find the corresponding temper-
ature. Figure 10 shows a plot of temperature

Direct view
r=010
r=0.20
r,=0.30

Temperature (keh)

Time (sec)

Figure 10: Temperature versus time for shot
100528008 for five different cases. The blue curve
is Case 3, and the remaining curves are Case 4 for
four different values of 7.



versus time for shot 100528008, using several
different assumptions for the value of ;.

One factor that our model doesn’t account
for is the fill factor of the antenna. That is, it
does not account for the fact that the plasma
responsible for ECE does not completely fill
the field of view of the radiometer. Consider,
for example, if a radiometer views two separate
objects: one at 7 = 100 keV that only fills 10%
of the field of view, and one at T = 10 keV that
fills the entire field of view. In both cases, the
radiometer would give the same voltage output,
suggesting that 7, = 10 keV. If this fill factor is
not accounted for, then our conversions would
show that the signal of any source that does not
fill the field of view is too low.

The fill factor is the percentage of the field
of view that is occupied by the signal from the
source. Expressed another way, it is the ratio of
the area of the source to the area of the field of
view:

Aplasma
k= Aview
We chose to approximate Ay, (the area of the
field of view) as a circle whose radius is the
beam’s half-width, and Apjm. (the area of the
plasma) as a thin rectangular strip across the
diameter of the circle. (See Figure 11.) The
equation for the half-width is[”
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Figure 11: The geometrical model used for the fill
factor assumes that the viewing area is a circle of
radius w(z) and the plasma is a rectangle of width
2w(z) and height h.

where z is the distance from the radiometer
to the region being measured, wy is the beam
waist at the antenna horn, and v is the radia-
tion frequency. The half-width describes the
distance from the center of the field of view
where the beam’s irradiance drops to 1/e? of its
maximum value.
Evaluating the areas gives the expression

~ h-2w(z
B = P
_ 2h @)

Tw(z)

where h is the height of the plasma rectangle,
and the width of the rectangle is the circle’s di-
ameter (2w(z)). We assume a rectangle height
of h = 3 cm. The case for h = 1 cm was
evaluated as well. In the expression for w(z),
we assume the distance from the radiometer to
the plasma is z = 2 m; changing this value to
other positions along the field line doesn’t sig-
nificantly change the results.

After previous calculations convert the
data from volts to eV, we attempt to correct
for the fill factor by dividing the signal by the
fill factor. (Again, consider the case where the
100 keV signal fills 10% of the view, giving an
apparent signal of 10 keV. By dividing this by
the fill factor, F' = 0.10, the signal correctly
becomes 100 keV.) However, this is not com-
pletely correct. If the signal was only viewed
directly, with no reflections, it would be proper
to simply divide by the fill factor. But if there
are reflections, they should not be divided by
the fill factor; reflections would fill the field of
view.

Only the portion of the signal in direct
view should be divided by the fill factor. To
do this, we split the signal into two parts: the
part in direct view and the part from reflections
(both of which can be expressed as percentages
of the total signal). If Pp is the percent of the
signal that is in direct view, S, is the raw sig-
nal in eV, and Sg,, is the signal after account-



ing for the fill factor, then

P
Sﬁnal = ?Dsraw + (1 - PD)Sraw

e (b)|se o

This method only divides the portion of the
signal in direct view (PpS;.y) by the fill fac-
tor (F'), leaving the portion from reflections
( (1 — Pp)Siaw ) unchanged. Note that if we
let Pp = 0, this will leave the data unaffected
by the fill factor (Sgna = Sraw)-

Treating the data in this way is separate
from the definition of Case 4, which uses re-
flectivity factors r; and ro for the contribu-
tions of reflections. The r; and ry factors
do not state how much of the emission is
from direct view and how much is from re-
flections. However, it is possible to compare
the magnitude of the total theoretical emis-
sion (Case 4) with the direct view emission
(Case 3) and the emission from reflections
(ry x (Case 1 — Case 2) + 7 x Case 2). Do-
ing so shows that the 110 GHz emission in
direct view is between 36.0% and 38.5% of
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Figure 12: Several different analyses of shot
100804022, assuming h = 3 cm. The top blue
curve uses the direct view model and no fill fac-
tor. The remaining curves, from top to bottom, use
increasing values of Pp to treat the data for the fill
factor.

the total emission from T = 3 keV to 300 keV,
for r1 = 0.10 and o = 0.90. But for 137
GHz emission, the percentage in direct view
varies from 8.1% at 7' = 3 keV to 36.5% at
T = 300 keV. Furthermore, these percentages
vary depending on what values are chosen for
7 and r 2.

Although this shows that it may not be
proper to apply a single Pp factor to the data
across all temperatures, it is informative to see
how the data changes under different assump-
tions. Figure 12 shows a plot with the data from
shot 100804022 treated for different assump-
tions of Pp. The top blue curve does not treat
the data for the fill factor, using the direct view
model to convert ratio to temperature. The rest
of the curves use the Case 4 model with reflec-
tivity factors r; = 0.10 and r, = 0.90. The
green curve below the top blue curve starts with
Pp = 0; this is the curve that does not account
for the fill factor. The temperature curve drops
as Pp increases. Note that the curves spread
out when Pp < 0.50. For large values of Pp,
the curves do not vary much from the curve
that assumes that the emission is all from di-
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Figure 13: Several different analyses of shot
100804022, assuming h = 1 cm. The top blue
curve uses the direct view model and no fill fac-
tor. The remaining curves, from top to bottom, use
increasing values of Pp to treat the data for the fill
factor.
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Figure 14: Data from shot 100806003. The F-coil
dropped from ¢ = 3 sec to 4 sec, afterward settling
down in its dropped position.

rect view (Pp = 1). These curves vary with
h as well. Figure 13 shows the same plot, ex-
cept with o = 1 cm. The curves for Pp = 0
and Pp 1 are the same, but the curves for
intermediate values of Pp move closer to the
Pp =1 curve.

Modeling: another view, dropped F-coil

During the most recent experimental cam-
paign (August 4-6, 2010), in shots 100806003
and 100806005 with helium gas, the F-coil was
accidentally dropped to 22 cm below its nor-
mal position. When this occurred, the ECE
signal spiked up to 1500 eV for the 110 GHz
signal in shot 100806003, and up to 1700 eV
in shot 100806005. In most previous shots,
the signal rarely approached 1000 eV. In ad-
dition, while the F-coil was dropping, the ratio
abruptly spiked up from about 0.41 to 0.44, and
then quickly returned to its original value near
0.41. (See Figure 14.)

Ratio vs. Temperature

Case 3: 110 GHz and 137 GHz, direct view, dropped

Ratio (137 GHz/110 GHz)

Temperature (keV)

Figure 15: Calibration curve for Case 3, direct view
with no reflections, . = 75 cm, for the case where
the F-coil has dropped 22 cm.
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Taking advantage of this opportunity to ex-
amine the ECE from another point of view, we
modified the original MATLAB program for
direct view to check what would happen when
the field line drops by 22 cm. The original pro-
gram specifies the location of the radiometer in
R and Z coordinates; its original Z coordinate
was 30.5 cm. Instead of changing the coordi-
nates of points along the field line, we raised
the coordinate of the radiometer by 22 cm to
Z = 52.5 cm. Running this modified direct
view program for many different temperatures
gave a curve of ratio vs. temperature; see Fig-
ure 15.

Strictly speaking, this model is not fully
correct. The F-coil dropped because the L-coil
turned off. While it was turning off, the L-
coil’s contribution to the magnetic field in LDX
dropped to zero. In addition, as the F-coil was
dropping, its field followed along with it. How-
ever, once the F-coil landed in its final position,
it reached a new steady state position. In this
final dropped state, the L-coil was turned off,
so the magnetic field surrounding the F-coil no
longer contained any contributions from the L-
coil; the field was only due to the F-coil. The
field line that our model examines is very near
to the F-coil. In both its standard position and
its dropped position, the field at this location is
dominated by the field of the F-coil. Therefore,
although the overall field changed in a compli-
cated way during the drop, the field line we are
examining did not change significantly from its
initial state after the drop.

This model suggests that the ratio would
drop dramatically if the radiometer was moved
to Z 52.5 cm (or, equivalently, if the F-
coil was dropped 22 cm). The ratio stays be-
low 0.35 as 7' — 300 keV in this model, yet
the experimental ratio is around 0.40. In the
direct view model for the F-coil in its proper
position, a ratio of 0.40 indicates a temper-
ature of 50 keV (see Figure 5). The model
for the dropped F-coil indicates that the ra-
tio would drop to around 0.22 at a tempera-



ture of 50 keV. However, the ratio remained the
same, at around 0.40; if this were the case, the
model suggests that the temperature suddenly
increased to well over 300 keV, which is unrea-
sonable. We find more reasonable conclusions
by accounting for reflections. Using our earlier
values of vy = 0.10 and r, = 0.90 for the non-
dropped case, the temperature at a ratio of 0.40
is about 25 keV (see Figure 8). Using a model
equivalent to Equation (2) for the dropped case,
plugging in 1 = 0.06 and r, = 0.90, the rela-
tionship is maintained; a ratio of 0.40 indicates
a temperature of 25 keV.

Conclusions

In short, the work here shows the effect
of ECE reflections on hot electron tempera-
ture. Adding reflections raises the theoretical
curve of ratio versus temperature (Figure 8) and
decreases the temperature that this model at-
tributes to the hot electrons (Figure 10). Ad-
ditionally, accounting for the fill factor of the
plasma further decreases the temperature (Fig-
ure 12). Although we have shown that these
changes drop the temperature, there remain too
many unknowns to definitively state a value for
the hot electron temperature. We do not know
the exact L-value of the plasma; the values for
r1 and r5 in Equation (2); or the best values to
use for h and z in Equation (4) and Pp in Equa-
tion (5). Despite this, using estimated values,
there is a significant decrease of the hot elec-
tron temperature. Figures 10, 12, and 13 show
possible temperature ranges for different shots;
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with various assumptions on parameters (71, s,
and Pp), the hot electron temperature may lie
between 15 and 50 keV. Future work will de-
termine a more accurate range of hot electron
temperature.
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