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Abstract

A Motional Stark Effect (MSE) diagnostic system has been installed on the Alca-
tor C-Mod tokamak to measure the plasma internal magnetic pitch angle profile.
The diagnostic utilizes polarization patterns from Doppler-shifted Balmer-alpha de-
cay emission from an energetic neutral beam injected into a magnetically confined
plasma. This dissertation consists of three parts: (1) the current status of the C-Mod
MSE diagnostic which includes major upgrades in the hardware and calibration tech-
niques; (2) the elimination of the spurious drift in the polarization measurements due
to thermal-stress induced birefringence; and (3) the measurement of current density
profiles in Lower Hybrid Current Drive (LHCD) experiments.

The major hardware upgrades include replacement of photomultiplier tubes (PMT’s)
with avalanche photodiodes (APD’s) which enhanced the quantum efficiency; instal-
lation of a wire-grid polarizer to verify small Faraday rotation in the diagnostic;
installation of steep edge filters to minimize pollution by the thermal Balmer-alpha
signals; rotation of the Diagnostic Neutral Beam (DNB) which significantly reduced
the anomalous effect from the secondary beam neutrals during the beam-into-gas cal-
ibrations. The new calibration techniques include two plasma calibrations: plasma
current sweeping and the plasma size sweeping whose feasibility was experimentally
proven; and an absolute intensity calibration which measured the real optical through-
put of the system. A large database study indicates the signal-to-background ratio
larger than 100 is required to have the measurement uncertainty under 0.1 degrees.

The spurious drift in the measurement has been identified as the thermal-stress
induced birefringence imposed on the in-vessel lenses. By modeling this effect as a
single wave plate, an in-situ calibration method has been proposed and its feasibility
was experimentally verified. Based on the experiments that characterized the ther-
mal response of the system, a single-layer heat shield with gold plating and a lens
holder which reduces the thermal conduction path to the lens have been designed and
fabricated. A more rigorous model that includes an intrinsic phase shift by mirrors
reveals the thermal phase shift can be greatly magnified by the intrinsic phase shift.

The current density profiles from LHCD experiments have been obtained from
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the MSE data corrected by a baseline magnetic equilibrium whose internal profile
is constrained by the sawtooth inversion radius. The resultant profiles successfully
demonstrate several standard predictions of LHCD theory such as the dependence of
efficiency on the parallel refractive index and the off-axis current drive.

Thesis Supervisor: Steven D. Scott
Title: Principal Research Scientist, Princeton Plasma Physics Laboratory
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2-48 Macro-bin pitch angle error in degree vs signal-to-background ratio for
the MSE channels 1 (Top: 87.21 cm) and 9 (Bottom: 81.75 cm) from
FY2008 shots with DNB sorted by (a) 3 different density (nls in 10%
m~2) ranges and (b) 4 different beam current (Ipyp in A) ranges. The

solid line is the linear fit of the data on the log scale. . . . . . . . .. 137

2-49 Macro-bin pitch angle error in degree vs signal-to-background ratio for
the MSE channels 6 (Top: 75.74 cm) and 0 (Bottom: 68.94 cm) from
FY2008 shots with DNB sorted by (a) 3 different density (nlps in 102
m~2) ranges and (b) 4 different beam current (Ipyp in A) ranges. The

solid line is the linear fit of the data on the log scale. . . . . . . . .. 138
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2-50

2-51

2-52

Macro-bin pitch angle error in degree vs plasma density, nlpy(10%° m~2)
for the MSE channels 1 (87.21 cm), 9 (81.75 cm), 6 (75.74 cm) and
0 (68.94 cm) from FY2008 shots with DNB sorted by L-mode, H-
mode, and L-H transition. Constraints are macro-bin timing > 50 ms,
time between 0.5 ~ 1.7 sec, signal-to-background ratio > 1, and beam

current > 6 A.. . ..

Macro-bin pitch angle error in degree vs plasma density, nlps(10%° m=2)
for the MSE channels 1 (87.21 em), 9 (81.75 cm), 6 (75.74 ¢cm) and
0 (68.94 cm) from FY2008 shots with DNB sorted by ICRF power
with colors and by ICRF D and E antenna contribution with symbols.
Constraints are macro-bin timing > 50 ms, time between 0.5 ~ 1.7 sec,
signal-to-background ratio > 1, beam current > 6 A and only L-mode

plasmas are shown. . . . . . .. ...

Macro-bin pitch angle error in degree vs major radius from FY2008
shots with DNB sorted by two different density ranges. Constraints
are macro-bin timing > 50 ms, time between 0.5 ~ 1.7 sec, signal-to-
background ratio > 1, beam current > 6 A and only Ohmic L-mode

plasmas are shown. . . . . . . ...

Pitch angle measured by MSE during a flattop Ohmic phase (averaged
over 0.71 to 0.76 sec) as a function of shot number from 8 MSE channels
on 1070613 LHCD run. Ipng 2 6 A, I, = 0.8 MA, By = 5.4 T, and
nlos = 0.4 ~ 0.6 X 10*° m~2 during this period of each shot. Error bars
are included in the MSE data but smaller than the size of the symbols.

The dashed lines are the pitch angles measured by EFIT. . . . . . . .
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3-2

3-4

Pitch angle measured by MSE during a flattop Ohmic phase (averaged
over 0.77 to 0.79 sec) as a function of shot number from 8 MSE channels
on 1070828 LHCD run. Ipng 2 6 A, I, = 0.8 MA, By = 5.4 T, and
nlos = 0.4 ~ 0.7 x 10 m~2 during this period of each shot. Error bars
are included in the MSE data but smaller than the size of the symbols.
The dashed lines are the pitch angles measured by EFIT. . . . . . ..

MSE invessel heating test result for (a) the L3 doublet and (b) the L2
doublet. Top plots show the temperature variations from 5 locations:
2 from L2, 2 from L3, and 1 from the polarizer surface. The middle
plots are the variation in the measured polarization angle from 8 MSE
channels and are magnified versions of the bottom plots. Channel

numbers have been written in order of edge (Ch0) to core (Ch7). . . .

Comparison in the polarization angle change due to the heating on the
L2 doublet (L2D) and L3 doublet (L3D) for 6 MSE channels. Each
test has about 5 °C/hour slew rate and the maximum changes have
been taken (about 40 minutes after the heat is applied). On the right,
the ray focusing pattern is illustrated on L2D and L3D: the rays are
locally focused on L2D and diffused on L3D. . . . . . ... ... ...

Change in the measured polarization angle (top) compared with the
changes in the amplitudes of the 20 (middle) and 22 (bottom) kHz com-
ponents from the L2-region heating tests on the bench with 4 different
temperature slew rates which are given in the box on the plot. Two
fixed input polarization angles are tried: (a) 75° and (b) 85°. These
results are from the MSE channel 1, the edgemost channel, that tends

to have the largest change when the L2 region is heated. . . . . ...

149

151

152

Five thermocouple (TC’s) positions installed on the MSE invessel periscope

seen from the top. TC 1, 3, 4, and 5 are around the L2D region and
thermocouple 6 is beneath the L3D region. TC 2 was installed but

broken during the installation. . . . . . . . . ... ... ... ... ..



3-7 The time history of the temperatures on the MSE periscope measured

3-8

from the thermocouples installed there as shown in Fig 3-6 from the
run 1071214. The TC locations are given in the small box and the
shot numbers are given at the bottom of the plot box. TC 5 was not

recorded at this time. . . . . . . . . . ...

MSE invessel periscope (around L2D) temperature time evolutions (top
plots) and the pitch angle profiles selected at several time points (bot-
tom plots) from (a) 1080318 and (b) 1080523 beam-into-gas experi-
ments. The vertical lines with different colors on the top plots indicate
the times at which the profiles shown in the bottom plots with corre-
sponding colors are taken. The thermocouple locations are shown here
as well. The number in the parentheses after the time in the bottom

plot indicates the shot number. . . . . . . .. ... ... L.

Ratio of the heat flux incident on the front side of the periscope without
a shield to that with a shield as a function of the emissivity of the inner
surface of the shield (e in Fig G-1 (a)) calculated by the model in Fig
G-1 for 5 different emissivity values at the outer surface of the periscope
(€3, in Fig G-1 (b)) with g, = 500 W/m?. The torus inner and outer
wall temperatures are fixed at 27 °C and their emissivities are set to be

unity. €aq, the emissivity of the surface directly facing the inner wall

159

162

and the emissivity of the periscope inside are also assumed to be unity. 171
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3-10 Temperature difference between the front and back sides of the periscope

3-11

3-12

3-13

as a function of g, calculated by the model given in Fig G-1 for the con-
figurations with (green) and without (red) heat shielding. The data in-
ferred from the measurements (by MSE thermocouples and 27 diodes)
are also plotted (empty circle). Two vertical dashed lines indicate the
power flux g, = 500 (nominal) and 800 (upper bound) W/m? and the
horizontal line at 0.55 °C is the maximum allowable temperature vari-
ability across the periscope. The torus wall temperatures are fixed at 27
°C. Emissivities of the torus plasma facing surfaces and the periscope

inner surfaces are assumed to be unity. . . . . ... ... ...

Time evolution of the temperature difference between the front and
back sides of the periscope calculated by Eqn G.6 with single-shield
(solid) and no-shield (dot-dashed) configurations for g. = 500 (black)
and 800 (red) W/m?. Torus wall temperatures are fixed at 27 °C.
Emissivities of plasma facing and periscope inner surfaces are assumed
to be unity. The horizontal line at 0.55 °C is the maximum allowable

temperature variability across the periscope. . . . . .. ... ... ..

Comparison of the time evolutions of (a) periscope front temperature
and (b) temperature difference between the front and back sides of the
periscope between having continuous (solid) and pulsed (dot-dashed)
q. in solving Eqn G.6 for the single-shield configuration with nominal
(black) and upper-bound (red) g. values. Torus wall temperatures
are fixed at 27 °C. Emissivities of plasma facing and periscope inner
surfaces are assumed to be unity. The horizontal dashed line at 0.55
°in (b) is the maximum allowable temperature variability across the
PETiSCOPE. .« .« v o v o e e e
Time evolution of the temperature slew rate at the periscope front
surface for nominal (black) and upper-bound (red) g. values. Torus
wall temperatures are fixed at 27 °C. Emissivities of plasma facing and

periscope inner surfaces are assumed to be unity. . . . .. ... ...
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3-14

3-15

3-16

3-17

3-18

3-19

Numerical solution to Eqn G.29 with the configuration given in Figs
G-2 and G-3 for three consecutive shots with ¢, = 220 kW /m? for 2
seconds every 15 minutes with a fixed wall temperature of 300 Kelvin.
(a) shows the temperature time evolution at each node and (b) the

temperature difference between the center and the edge of L2 (center

Time evolution of temperature difference across L2 from the numerical
solution to Eqn G.29 over 30 consecutive shots for 6 different mul-
tiplication factors (f) to the nominal RS,,, the conductive thermal
resistance across the Viton o-ring given in Table G.3 with ¢, = (a)
220 kW/m* and (b) 360 kW/m? for 2 seconds every 15 minutes with

a fixed wall temperature of 300 Kelvin. . . . . . ... ... ... . .

L3 heating test setup with a hole-type aperture to localize the thermal

stress-induced birefringent effect. . . . . . ... ...

Change in the polarization angle from the L3 heating test with the hole-
aperture scan for 6 MSE channels. Also shown in the figure are the
data points (empty symbols) at some hole positions (180° and 360°)
which are taken from a separate test with the same kind of setup,

reflecting a good reproducibility. . . . . . ... ...,

Change in the polarization angle from the L3 heating test with the

input polarization scan for 6 MSE channels. . . ... ... ... ...

Scaling of the maximum change in polarization direction as a function
of the magnitude of phase shift of the mirror, e, for four different lens
phase shifts, E's. The maximum is taken over all input polarization
angles and all orientations of the fast axis of the lens. The fast axis of

the mirror, ¢, is assumed to be horizontal. . . . . . . ... . . . ...
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3-20

3-21

3-22

3-23

4-2

Scaling of the maximum change in polarization direction as a function
of the magnitude of phase shift of the lens, E, and the temperature
variability across the lens for four different mirror phase shifts, €. The
maximum is taken over all input polarization angles and all orientations
of the fast axis of the lens. The fast axis of the mirror, ¢, is assumed

to be horizontal. The points are from thermal bench tests. . . . . ..

Data shown in Fig 3-18 with the fit using the dual-waveplate model:
Change in the polarization angle from the L3 heating test with the
input polarization scan for 6 MSE channels (Ch2:edge — Ché6:core). .

Maximum polarization change versus the phase shift of the lens calcu-
lated by the dual-waveplate model with the remaining variables deter-
mined from the fit of the experimental data (top) and purely computed
by the model using Eqn 3.14 (bottom). The symbols on the top plot

are directly from the experimental data . . . . . ... ... ... ...

Average polarization change versus the fast axis of the lens calculated
by the dual-waveplate model with the remaining variables determined
from the fit of the experimental data (top) and purely computed by
the model using Eqn 3.14 (bottom). The symbols on the top plot are

directly from the experimental data . . . . . . .. ... ... ... ..

Time evolutions of Lower Hybrid power, loop voltage, internal induc-
tance, and MSE pitch angle at 7/a ~ 0.44 (from top to bottom) from
Shots 1080522017 (red; with LHCD) and 1080522024 (black; without
LHCD). © oo e

Time evolution of sawtooth inversion radius inferred from ECE data

for four LHCD shots. Each data point is the average over 80 msec. . .
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4-3

4-5

4-6

Macro-bin pitch angle error in degree vs signal-to-background ratio for
four MSE channels from the same database used in Figs 2-48 and 2-49
in Sec 2.3 with the shots from 1080320 marked in red. The solid line is
the linear fit of the data and the horizontal dashed line indicates the

target accuracy (0.1°) [19]. . . . . . .. ...

Time evolutions of (a) the temperatures around the MSE invessel
periscope (L2 region) and (b) the deviation in pitch angle measured
by MSE from the EFIT-predicted pitch angle at a flattop Ohmic time
point (where I, = 0.8 MA, Br = 6.2 T, and nlyy =3 ~ 4 x 10 m~?)
from the shots given in Table 4.1. The yellow shaded region in plot (a)
is the horizontal range of the individual plots in (b) which are arranged

in the major radius order (edge — core). . . . . . ... ... ... ..

Schematic diagram for the within-shot calibration procedure. . . . . .

Time evolutions of go (TOP LEFT) and SIR (BOTTOM LEFT) calcu-
lated by the ANALYSIS (black), EFIT16 (purple), and EFIT17 (red)
equilibrium reconstructions for 1080320010. The LHCD pulse dura-
tion is marked as two vertical lines. In the bottom plot, the raw SIR
data from ECE is included and the magnetic axis is marked with a red
dashed line. Time evolutions of electron temperature from two shaded
(in yellow and cyan) areas are separately plotted on the right column.
In each plot on the right column, the vertical lines indicate the time
when g crosses 1 (becoming either larger or smaller than 1) in a color

which corresponds to either EFIT16 or EFIT17. . . . . . .. . .. ..
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4-7

Time evolutions of go (TOP LEFT) and SIR (BOTTOM LEFT) calcu-
lated by the ANALYSIS (black), EFIT16 (purple), and EFIT17 (red)
equilibrium reconstructions for 1080320011. The LHCD pulse dura-
tion is marked as two vertical lines. In the bottom plot, the raw SIR
data from ECE is included and the magnetic axis is marked with a red
dashed line. Time evolutions of electron temperature from two shaded
(in yellow and cyan) areas are separately plotted on the right column.
In each plot on the right column, the vertical lines indicate the time
when go crosses 1 (becoming either larger or smaller than 1) in a color

which corresponds to either EFIT16 or EFIT17. . . . ... ... ...

Time evolutions of go (TOP LEFT) and SIR (BOTTOM LEFT) calcu-
lated by the ANALYSIS (black), EFIT16 (purple), and EFIT17 (red)
equilibrium reconstructions for 1080320012. The LHCD pulse dura-
tion is marked as two vertical lines. In the bottom plot, the raw SIR
data from ECE is included and the magnetic axis is marked with a red
dashed line. Time evolutions of electron temperature from two shaded
(in yellow and cyan) areas are separately plotted on the right column.
In each plot on the right column, the vertical lines indicate the time

when gq crosses 1 (becoming either larger or smaller than 1) in a color

which corresponds to either EFIT16 or EFIT17. . . . ... ... ...

Time evolutions of g (TOP LEFT) and SIR (BOTTOM LEFT) calcu-
lated by the ANALYSIS (black), EFIT16 (purple), and EFIT17 (red)
equilibrium reconstructions for 1080320013. The LHCD pulse dura-
tion is marked as two vertical lines. In the bottom plot, the raw SIR
data from ECE is included and the magnetic axis is marked with a red
dashed line. Time evolutions of electron temperature from two shaded
(in yellow and cyan) areas are separately plotted on the right column.
In each plot on the right column, the vertical lines indicate the time
when g crosses 1 (becoming either larger or smaller than 1) in a color

which corresponds to either EFIT16 or EFIT17. . . . . ... ... ..
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4-10

4-11

4-12

4-13

Comparison of plasma stored energy obtained from ANALYSIS (black),
EFIT16 (purple) and EFIT17 (red) with WHn (green), the plasma

stored energy inferred from kinetics for 1080320013 (TOP) and 1080320017

(BOTTOM). The LHCD phase is marked in yellow . . . .. ... ..

Radial profiles of change in poloidal field from an Ohmic baseline value,
AB,, (TOP), toroidal current density, J;, (MIDDLE), and the safety
factor, ¢, (BOTTOM) at the midplane for four groups of shots with
different n)’s. The top plot also shows the value from the raw MSE
data as symbols. The plots on the left column are from a pre-LHCD
phase (Ohmic flattop at ¢t = 0.65 sec) and the plots on the right column
are from a time during the LHCD pulse (¢ = 1.025 sec). These two

durations are shown in the plot on the top right. . . . . .. ... . ..

Radial profiles of change in poloidal field from an Ohmic baseline value,
AB,, (TOP), toroidal current density, J;, (MIDDLE), and the safety
factor, ¢, (BOTTOM) at the midplane for two groups of shots with
different n’s. The top plot also shows the value from the raw MSE
data as symbols and the middle plot includes the values inferred from
the analytic expression as symbols. The plots on the left column are
from a pre-LHCD phase (Ohmic flattop at ¢t = 0.65 sec) and the plots
on the right column are from a time during the LHCD pulse (¢ = 1.025

sec). These two durations are shown in the plot on the top right. . . .

Time evolutions of central and off-axis I,’s for n = 1.56 (LEFT) and
1.95 (RIGHT). Lines are from EFIT17 and symbols from the analytic
model. The LHCD duration is marked in yellow. . . . . . .. ... ..
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4-14

4-15

4-16

4-17

4-18

Time evolution of loop voltages at four radial locations (TOP) from
1080320010. The radial profiles of T¢, Ejj, loop voltage, and three
current densities (total, LH-driven, and Ohmic) averaged over the time
points marked as vertical lines on the top plot are shown at the four
plots at the bottom. The dashed curves on these profile plots are the
profiles at ‘t,’ (averaged over 0.6 ~ 0.65 sec). The waveform of the LH
power applied to this shot is also illustrated at the top plot. . . . ..

Time evolution of loop voltages at four radial locations (TOP) from
1080320011. The radial profiles of T,, Ej, loop voltage, and three
current densities (total, LH-driven, and Ohmic) averaged over the time
points marked as vertical lines on the top plot are shown at the four
plots at the bottom. The dashed curves on these profile plots are the
profiles at ‘ty” (averaged over 0.6 ~ 0.65 sec). The waveform of the LH

power applied to this shot is also illustrated at the top plot. . . . ..

Time evolution of loop voltages at four radial locations (TOP) from
1080320012. The radial profiles of T;, Ejj, loop voltage, and three
current densities (total, LH-driven, and Ohmic) averaged over the time
points marked as vertical lines on the top plot are shown at the four
plots at the bottom. The dashed curves on these profile plots are the
profiles at ‘¢’ (averaged over 0.6 ~ 0.65 sec). The waveform of the LH
power applied to this shot is also illustrated at the top plot. . . . ..

Radial profile of Jpg for four different n)| (a) without and (b) with the

uncertainties. . . . . . . . . e

Time evolutions of loop voltage at four radial locations for the shots
shown in Fig 4-17. The vertical dashed lines indicate the time slices
over which the profile shown in Fig 4-17 is averaged. The waveform of

the LH power is also illustrated in each plot. . . . . . . ... ... ..
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4-19 Radial profiles of total, LH-driven, and Ohmic current densities during

A-1

A-2

A-3

A-5

B-2

B-3

B-4

the LHCD pulse (at 1 sec) for 1080320017. Also overplotted on the
plot is the lower hybrid power deposition profile calculated by CQL3D
(blue dashed line) and the current during the Ohmic reference phase

(06 ~0.658eC). . . . ...

Local spherical coordinate systems representing (a) the DNB vector

and (b) the MSE line-of-sight vector . . . .. . ... ... .. .. . .

Comparison of the magnitudes of By, By, and Bg at the MSE channel

locations from some typical shots during the FY08 campaign.

Real tokamak pitch angle versus MSE polarization angle. Lines from

Eqn A.7 and the star symbols from 3D CAD drawing . . . . . . . . .

Real tokamak pitch angle versus MSE polarization angle for ten MSE

channels. . . . . . ..

Boxed region magnified from Fig A-4 (top). The error multiplication
factor for this range at the MSE channels 1 (orange:outermost), 9 (yel-
low), 6 (blue), and 0 (red:innermost) with the systematic errors from

the measurements of 3, €, and 7 included (bottom). . . . . . . . . ..

MSE spectra from 1060724 beam-into-He gas shots with no fields for

MSE Ch7. The corresponding shutter configuration is indicated. . . .

Normalized FWHM (TOP), normalized peak (MIDDLE), and shift of
the centroid from that with the full aperture (BOTTOM) as a function
of the aperture closed portion (i.e. the size of the aperture decreases
from left to right) for four beam energy components. . . . . .. . . .
Pictures of the aperture shape seen from Ch7 on the DNB trajectory

(First two rows) and their numerical mapping for the modeling (Bot-

COM TOW) . . . . o oo o o

Comparison of measured (red) and calculated (black) spectra for four

different aperture sizes. . . . . . . ... ...
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B-6

C-1

C-3

C-4

D-1

(a) Aperture paper installed on L1 and (b) their images at the end of
the optical train outside the F port for three MSE channels. . . . . .
Aperture plates fabricated based on the images shown in Fig B-5 (b)
and used to mimic the L1 aperture shown in Fig B-5 (a) during the
FY2007 campaign. . . . . . . . . ..
Measured spectra from 1070402 beam-into-He gas shots with no fields
for three MSE channels. The numbers on the plots indicate the size of
the aperture given in Fig B-5 (a). The thermal H, line (656.28 nm) is

indicated by a blue vertical line. . . . . . .. ... ... ... ...

MSE invessel periscope heating test setup. The heating pad is applied
to most of the plasma-facing part of the periscope. . . . . . . . .. ..
MSE invessel periscope heating test result: Time evolution of the
temperatures from the heated (plasma-facing) region and the cold
(outerwall-facing) region of the periscope (top) and the measured po-
larization angle from 9 MSE channels (bottom). Channel numbers
have been written in order of core (Ch7) to edge (Ch0). . . . . . . ..
MSE M3 bench heating test result: Time evolutions of the tempera-
tures from heating pad, M3 surface, and the polarizer (top) and the
measured polarization angle from 6 MSE channels (bottom). . . . . .
Comparison of the stress effect on the L2D before and after the L2D
holder modification. The change in the polarization angle has been
plotted as a function of ‘deviation’ of the hose clamp diameter from
the non-stress value, which is proportional to the amount of stress

applied. The plots are arranged in the channel order. . . . . . .. ..

Two configurations to check any possible external optics movement
with a laser installed on the PEM top and the laser spot on the target
which is attached on the igloo wall is monitored shot by shot in real
time. Based on this geometry, the movement of the spot is converted

into the rotation of the air-side optics periscope. . . . . . . . . . . ..

33

256

257

258

260

261

264

266

270



D-2

D-3

E-1

Beam (top) and MSE (bottom) spectra from two beam-into-He gas
runs with zero field (1070402 and 1070409) for (a) Channel 0 (edge)
and (b) Channel 7 (core). Beam spectra have taken multiple times
within a shot, showing multiple spectra for each shot. The shift in
a third energy component peak between two spectrum runs in each
channel is shown at the bottom along with the estimated MSE turret

rotation that can give this much of the shift. . . . . . . ... ... ..

Run-to-run variations of MSE full energy peak (top), DNB energy
(middle), and MSE viewing angle (bottom) inferred from the zero-field
beam-into-He gas spectrum measurements over 6 run days (1070731
~ 1070820). The details on the horizontal axis (‘run day index’) are

described in the text. . . . . . . .. ... ... ...

Time evolution of three peripheral temperatures of the L2D area (Top)
and the polarization drift from the true reference value for four differ-
ent reference polarization angles (79°, 82°, 85°, and 91°) from the MSE
channel 1 (Bottom) during 1080804 L2 region heating bench test. The
experimental region is divided into three regions depending on the tem-
perature evolution condition: steady high-temperature (red), transient

(orange), and steady low-temperature (blue) regions. . . . . ... ..

Time evolution of the polarization drift from the true reference value
for the MSE channel 1, originally shown in the bottom plot of Fig E-1,
corrected by (a) single-waveplate scheme, (b) linear-fit scheme, and (c)

parabolic-fit scheme. . . . . . .. ...
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E-3

E-6

Correlations between the local calibration error from each region and
the three case parameters, (a) maximum angle difference, (b) total
reference range, and (c¢) minimum reference distance all in degree using
the single-waveplate scheme. Different colors and symbols denote the
errors from different regions shown in Fig E-1. Filled symbols indicate
the tested angle is between two references and empty symbols indicate
otherwise. The acceptable range of the error (£0.05°) is marked as two

horizontal dashed lines. . . . . . . . . . . . . .. ... ... .. ..

Correlations between the local calibration error from each region and
the three case parameters, (a) maximum angle difference, (b) total
reference range, and (c¢) minimum reference distance all in degree using
the linear-fit scheme. Different colors and symbols denote the errors
from different regions shown in Fig E-1. Filled symbols indicate the
tested angle is between two references and empty symbols indicate
otherwise. The acceptable range of the error (£0.05°) is marked as

two horizontal dashed lines. . . . . .. .. ... ... ... .. ....

Correlations between the local calibration error from each region and
the two case parameters, (a) total reference range and (b) maximum
reference distance all in degree using the parabolic-fit scheme. Different
colors and symbols denote the errors from different regions shown in
Fig E-1. Filled symbols indicate the tested angle is between any two
of the three references and empty symbols indicate otherwise. The
acceptable range of the error (£0.05°) is marked as two horizontal

dashed lines. . . . . . . . . . ..

(a) An example configuration for the in-situ single-waveplate calibra-
tion scheme that is capable of calibrating an 8°-range of angles. (b)
EFIT-calculated pitch angle converted into the polarization angle in
the MSE frame as a function of MSE major radius. The shots are

from the FY08 campaign and include some high-field (~ 7 T) shots. .
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E-9

F-1

Ray tracing calculations to optimize the retractable mirror shape to
provide the full MSE field of view at all angles. The rays with different
colors simulate those from the real light source at the different locations

along the DNB trajectory. . . . .. ... .. ... . ... ... ... .

Ray tracing calculation results for mirror tilting effect on the reflected
polarization, which shows the difference between the incident and the
reflected polarizations with the polarization of the incident light of (a)
80° and (b) 105° as a function of mirror vertical tilting angle for 3
different mirror horizontal tilting angles. The angle of incidence is 15°

in both cases. . . . . . .. .

The difference in the polarization drift between annular and full aper-
tures on L1 as a function of MSE major radii from (a) L2D heating

and (b) L3D heating bench tests. Both heating tests have 6 °C/h slew

Thermal fluctuation test results: The time evolutions of the temper-
atures around the L2D from three thermocouples with their average
marked in a boldface dashed line (Top) and the polarization change
for the input polarizations of 85° (solid) and 62.5° (dashed). The base
evolution curves, T'(t) and 6(t), are marked as a boldface solid line for
the temperature (Top) and solid and dashed boldface lines for the two
input polarization angles. The raw data are expressed as the sum of

these base evolutions and the fluctuation terms, AT(¢) and A(t). . .

The correlation between AT () and Af(t+a) in the thermal fluctuation
test shown in Fig F-1 for the input polarizations of (a) 85° and (b) 62.5°
with the time offset in the polarization change o = 8 minutes. Also
shown in the figure are linear (solid) and quadratic (dashed) fits for

the relations. . . . . . . ...
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F-3

G-1

G-2

G-3

Thermal error multiplication factor, 7, both from linear and quadratic
fits as a function of offset time, «, for two different input polarization
angles from the data set with the initial temperature of (a) 22 °C
(shown in Fig F-1) and (b) 35°C. . . . .. ... ... .. .. .....
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Chapter 1

Introduction

1.1 Significance of measurements of internal mag-

netic field structures in tokamaks

In magnetically confined fusion devices such as a tokamak, many global properties
including plasma current, loop voltage, plasma position and shape can be obtained by
simple external magnetic probes, loops and coils [1, 2]. However, many of the present-
day tokamak experiments pursue advanced tokamak regimes to achieve steady state
operations, which involve optimizing the plasma shape, current density, and pressure
profiles for stability to magnetohydrodynamic (MHD) modes with real-time active
feedback controls [3, 4, 5] and reducing cross field transport by changing the properties
of microinstabilities [6, 7]. Information on the internal profiles of local current density

and safety factor are among the most important quantities for these studies 8, 9, 10].

The MHD safety factor, g, is defined by the change in toroidal angle during one
poloidal turn of a magnetic field line in an axisymmetric equilibrium of a tokamak
and an important parameter in determining plasma stability. Using the equation of
the field line

Rd¢ B,
) 1.1
ds B, (1)
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where ds is the distance moved in the poloidal direction while moving through a
toroidal angle d¢, and B, and By are the poloidal and toroidal magnetic fields, one

can derive an expression for g as [2]

1 (1B
— s, (1.2)

=2V RB,

where the integral is carried out over a single poloidal circuit around the flux sur-
face. Applying Ampere’s law to the toroidal current density in cylindrical coordinates

(R, $,2) gives

1 (0B OB,
%“ExﬁZ“w)’ (1.3)

where g is the permeability of free space, Bp is the radial magnetic field strength, and
B, is the vertical magnetic field strength and equal to B, when measured along the
midplane. Evaluating Eqns 1.2 and 1.3 requires the knowledge of the internal mag-
netic field structure, especially the poloidal magnetic field, B,. Therefore, any direct
measurements of the local magnetic field direction and/or magnitude can, in princi-
ple, provide this information. However, since the plasma cross sections in present-day
tokamaks are non-circular and/or strongly shaped, it is not straightforward to directly
calculate the g or J, from the measurements. Instead, these measurements serve as
‘internal constraints’ for full magnetic topology reconstruction procedures such as
EFIT [11, 12, 13] along with some basic external magnetic measurements including
magnetic probes, flux loops, Rogowski coils, and diamagnetic loops which serve as
the boundary conditions. The internal constraint is essential for the full equilibrium
reconstruction since otherwise, the reconstruction procedure produces large uncer-
tainties as it approaches the central region of the plasma unless it is constrained by
some internal information. Some efforts for direct usage of the internal magnetic field
structures have been made for the safety factor [14] and the current density [15, 16]
with appropriate assumptions and approximations in the plasma shape, some of which
have been used in this thesis (Chapter 4).

A number of diagnostic techniques have been developed to measure the magnetic
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field line topology, and thereby ¢ and/or Jy (1, 2, 17, 18]. The most successful and
reliable is the method using the motional Stark effect (MSE) [19, 20, 21, 22, 23, 24,

25, 26, 27] which will be introduced in the next section.

1.2 Principle of MSE diagnostics

The Stark effect is the shifting and splitting of spectral lines of atoms and molecules
due to the presence of an external static electric field. The amount of spectral shift
is called the Stark shift. When the Stark effect is linear, that is, the shift is linear
in the applied electric field, which is the regime that most fusion plasmas reside, the

shifts in wavelength for H, line in a hydrogen atom can be expressed as [28]
Adg = 2.757 x 107%nkE [nm) (1.4)

where E is the applied electric field in V/m and k = 0, +1, £2, ..., £(n— 1) where n is
the principal quantum number. Since n = 3 and 2 in this transition, there are 5 upper
states and 3 lower states and only 9 out of 15 possible transitions have significant
line strength. The prominent feature in the Stark effect is that each transition is
linearly polarized either parallel or perpendicular to the external electric field when
appropriately viewed. When viewed transversely to the electric field, the Am = 0
(7 lines) and the Am = %1 (o lines) transitions are linearly polarized parallel and
perpendicular to the electric field, respectively. The 7 radiation has a zero intensity
and the ¢ radiation is circular polarized when viewed parallel to the field. Fig 1-
1 illustrates the H, transition with the Stark effect and its spectrum when viewed
transversely to the electric field.

When an energetic neutral beam propagates through a plasma, collisional exci-
tations of the beam atoms by the background plasma ions and electrons take place.
These beam particles also experience a strong Lorentz electric field E = v x B in
their rest frame, where v is the beam particle velocity and B is the external magnetic

field in the plasma, and the Stark effect comes in play by this ‘motional’ electric
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Figure 1-1: Tllustration of Stark effect for hydrogen Balmer-a transition. Stark split-
tings of the n = 3 and 2 principal quantum energy levels and their transitions are
shown in the top and the position of each line on the spectrum when viewed trans-
versely to the applied electric field shown in the bottom with m and o lines distin-
guished. A corresponds to 2.757x107®E nm from Eqn 1.4.

field. The motional Stark effect under usual experimental conditions in a tokamak
(Ep = 50 ~ 150 keV and B = 4 Teslas) dominates strongly over the Zeeman effect.
From Eqn 1.4, the Stark splitting, Ag, (A in Fig 1-1) can be conveniently written in

terms of E}, in keV and B in Tesla as

Ag = 0.452+/E,/50keV (B/5.3T) [nm) (1.5)
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and also the Zeeman splitting in wavelength can be written equivalently as [29)]
Az = 0.106(B/5.3T) [nm)| (1.6)
for a hydrogen atom experiencing Balmer-a transition. Eqns 1.5 and 1.6 then gives

A
Z?- = 4.264+/E,/50keV . (1.7)

A

For E, = 50 ~ 150 keV, this factor ranges 4.2 ~ 7.4

Hydrogen Balmer-a (H,) lines, whose intensity is relatively strong and whose
wavelength falls into the visible range, are typically used in MSE diagnostics. Having
the signals in the visible range enables one to use conventional optics. The MSE-
induced emissions are Doppler-shifted in wavelength by the velocity component pro-
jected onto the sight line, i.e.

é)_\ _v-8§

== 2 (1.8)

where § is the unit vector along the sightline and c is the speed of light. This helps
one obtain an MSE spectrum distinguished from the thermal H, line whose intensity
is much (orders of magnitude) larger than the MSE emission due to the beam. In
addition, the use of hydrogen has the unique characteristic that the Stark effect is in
the linear regime with a large spectral shift. Therefore, the underlying principle of
the diagnostic is to deduce the direction of the local external magnetic field (B), or
magnetic pitch angle, by measuring the linear polarization either parallel or perpen-
dicular to the Lorentz electric field (E) with the known direction and magnitude of
the neutral beam (v). The detailed derivations of these relations and how to infer
the pitch angle in the tokamak frame from the measured polarization direction are
given in App A. If the spectral shift is large enough to be accurately resolved, it is
also possible to deduce the magnitude of B by measuring the line intensity and shift

and therefore, the magnitude of E [30, 31].

The measurement of the linear polarization is in general made by the dual PEM

(Photo-Elastic Modulator) polarimetry technique [32, 33, 34]. A PEM is a solid-
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crystal waveplate whose retardance varies with a frequency imposed by a piezo-electric
transducer using the principle of stress-induced birefringence. The key components
of the dual PEM Stokes polarimeter are two PEMs, an analyzer (linear polarizer), a
photo detector, and signal processing electronics. The two PEM’s are oriented 45°
from each other and the analyzer bisects the optical axes of the two PEMs. Using
this optical configuration, no crossed terms between the two PEMs are required for

measuring the Stokes parameters of input polarized light [35]

I I, I,
0 I, cos(2
Sin = N = +] 7 (2) , (1.9)
U 0 I, sin(27)
Vv I, 0

where I, is the intensity of unpolarized light, I, is the intensity of polarized light
with an angle 7y to the horizontal, I. is the intensity of circularly polarized light. By
combining Eqn 1.9 with the two Miiller matrices for the PEMs with their fast axes

oriented horizontally and 45°, that is,

1 0 0 0 1
0 cos(A; cos(wit)) 0 —sin(A; cos(wit))

MPE,Ml = (110)
0 0 1 0
0 sin(A; cos(wyt)) 0 cos(A; cos(wit))

and

10 0 0 W
01 0 0

MpEM2 - 5 (111)

0 0 cos(Aycos(wat))  sin(Ay cos(wat))
LO 0 —sin(Ascos(wat)) cos(As cos(wat))

respectively, where A; and A, are the amplitudes of the retardances imposed by the

PEMs with the frequencies of w; and w,, and the Miieller matrix for an analyzer at
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an angle 22.5° with respect to horizontal

1 V2/2 V2/2 0
1] v2/2 172 1/2 0
M, =L /2 1/ / | (1.12)
21 v2/2 172 1/2 0
0 0 0 0
one can write down the following expression for the output Stokes vector
Sout = Mp - Mpem2 - MpEM1 - Sin- (1.13)

Note that constructing the Miieller calculus as in Eqn 1.13 assumes the constituent
optics elements behave ideally and therefore should be considered only as a conceptual
guideline to the principle of the diagnostic. A previous dissertation on the C-Mod
MSE evaluates the effect of various non-ideal optical factors [36]. The evaluation of
Eqn 1.13 allows one to obtain an expression of the measured net intensity I,.; by

taking the first element of S,,; which is

I+ 1, | Icos(2y)cos(B) cos(A)  sin(A)sin(B)] |
Lnet = 5 + NG p[ N + NG }sm(?y)
sin(A)  cos(A)sin(B)
- IC{ Vol o } (1.14)

where A = A; cos(wit) and B = A, cos(wot). Using Jacobi-Anger expansion [37]

cos(A; coswit) = 250:(—1)“J2n(Ai) cos(2nw;t) + Jo(Ai), (1.15)

n=1
00

sin(A4; coswit) = 2 (=1)""Jan_1(As) cos((2n — Dwit), (1.16)

n=1

the sin(A), sin(B), cos(A), and cos(B) in Eqn 1.14 can be written as

sin(A) = 2J1(A1) cos(wit) — 2J3( A1) cos(3wit) + 2J5( A1) cos(dwit) — - - (1.17)
sin(B) = 2J1(As) cos(wat) — 2J5(Az) cos(3wat) + 2J5(Az) cos(bwat) — - - (1.18)
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cos(A) = —2J5(A;) cos(2wit) + 2J4(Ar) cos(dwit) — - - + Jo(Ay) (1.19)
COS(B) == —-2]2(142) COS(ZUJQt) + 2J4(A2) COS(4OJ2t) — et Jo(AQ) (120)

Therefore, I, consists of various combinations of the harmonics of the two PEM
frequencies. It is noted that the input polarization angle v is contained in even
harmonics and the intensity of circular polarization in odd harmonics. The simplest

among them are

L, = —chl\(gl) (1.21)
L, = Ic'—]—(’i@\/—gﬂ (1.22)
Ly = —Ipﬂ%@ﬁ (1.23)
I, — -1, %(4) (1.24)

V2

where 1, is the harmonic of the frequency w and J, is the nt* order Bessel function
of the first kind. These expressions indicate that the Stokes parameters Q and U
can be measured at the second harmonics of both PEMs (2w; and 2w,) and V can
be measured from the fundamental harmonics of the PEMs (w1 and wy). The input
linear polarization angle can be obtained by taking the ratio of 1.23 and 1.24, which

yields

(1.25)

I2w1 'JQ(AQ))
5 .

1

v = - arctan ( T, Jal A)

It should be noted that v obtained from Eqn 1.25 is not the real magnetic pitch
angle of the tokamak. Two more considerations must be evaluated to infer the final
field line pitch in the tokamak frame. The first consideration actually involves two
factors: one from the fact that the polarimeter frame, where the PEMs and the
analyzer share an axis in the direction of the light propagation, can be different from
the frame of the object lens which accepts the Stark-induced polarization from the
plasma and the other from the non-ideal characteristics of the constituent optics

elements. For example, imperfectly coated mirrors can cause an additional phase
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shift and non-unity reflectiviy ratio between the S- and P-polarizations. The second
consideration is to convert the measured polarization (electric field) into the local

magnetic field.

The first consideration can be treated by the ‘invessel calibration’ where the re-
sponse of the polarimeter system including all the optical elements to absolutely
known polarization angles is characterized. This is further discussed in 2.2 along
with some other important functions of the invessel calibration. The second consid-
eration involves the vector algebra in 3D and some coordinate transforms to derive
the field line pitch angle (v,,) as a function of the measured polarization angle (7)
in the frame of the object lens and some geometrical factors. The derivation of this
relation and its application to the Alcator C-Mod geometry are given in App A. This
relation is particularly important since the uncertainty in the final field line pitch
angles tend to be larger than that in the polarization angle in the MSE frame due to
unfavorable geometry (See Figs A-5). Therefore, when an attempt is made to modify
the geometry of the MSE system such as the diagnostic beam direction or the line of

sight, the resultant error multiplication should be taken into account.

In addition to the invessel calibration which is usually done in an atmospheric pres-
sure without any magnetic field, the MSE diagnostic requires some other calibration
procedures since the invessel calibration cannot address the effects such as the Fara-
day rotation through the optical elements and the stress-induced birefringence on the
vacuum window. In principle, these effects can be inferrred from beam-into-gas cali-
brations where the torus is filled with a neutral gas in vacuum and the magnetic field
configurations are pre-defined by the external field coils only. However, recent studies
in C-Mod demonstrate a critical limitation of this approach depending on the torus
operation gas pressure and the diagnostic neutral beam orientation [38, 39, 40, 41],
which is introduced in more detail in Section 2.1.4. Therefore, the effects of the
Faraday rotation and the vacuum window birefringence should be treated in a way
different from beam-into-gas calibrations in reality. These alternative approaches are

also discussed in Sec 2.1.2.
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1.3 Brief introduction to MSE diagnostic in Alca-
tor C-Mod

Alcator C-Mod is a compact high-performance divertor tokamak with a typical toroidal
field of 5.4 T (maximum ~ 8 T) and a plasma current of < 2 MA with a major radius
R ~ 0.67 m and a minor radius ¢ ~ 0.21 m [42, 43]. Particle and momentum source-
free heating and current drive are main features of C-Mod. This requires a separate
neutral beam system specific for various active diagnostics: a low-power (250 kW) Di-
agnostic Neutral Beam (DNB) [44] provides a neutral particle source for MSE, BES
(Beam Emission Spectroscopy) [45], and CXRS (Charge Exchange Recombination
Spectroscopy) [46, 47] diagnostics.

Fig 1-2 shows a plan view of the Alcator C-Mod tokamak with the sightlines of
the MSE diagnostic. The red ‘bar’ in the figure denotes the trajectory of the DNB
system which injects 50-keV hydrogen neutral atoms. Originally, the DNB injection
was purely radially inward until it was pivoted by 7° prior to the FY07 Campaign
to reduce the effect of secondary beam neutral emission which is discussed in Sec
2.1.4. There are 10 spatial channels that collect polarized emission along the DNB,
covering r/a = 0.1 ~ 0.9 at the low field side of the plasma. The green structure
on the figure indicates the Ion Cyclotron Radio Frequency (ICRF) heating antennas
installed in the vessel, which form the viewing ‘dump’ of the MSE lines of sight. The
possible effect of having these shiny ICRF antennas as a viewing dump is discussed
in Sec 2.3. The geometry of viewing sightlines and the DNB systems yields only
modest spatial resolution, the normalized spatial resolution being Ar/a ~ 0.09 at
the edge and 0.41 at the core with the beam 13 cm in cross sectional diameter. As
shown in Fig 1-2, there is no direct line of sight through the existing ports to the
DNB trajectory, making the structure of the in-vessel periscope complicated. Fig 1-3
shows (a) 3D view of the MSE periscope with a portion of the vacuum vessel and (b)
3D view of the optical train. The orange cylinder in Fig 1-3 (a) denotes the DNB
and the rays from three MSE spatial channels are traced through the optical train for

demonstration. As shown in Fig 1-3 (b), there are 3 in-vessel mirrors (M1, M2, and
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Figure 1-2: Plan view of the C-Mod torus, the MSE lines of sight, and the DNB
trajectory (red rectangle). The green structures are the ICRF antennas.

M3) and 5 in-vessel lenses (L1, L2 (doublet), and L3 (doublet)). A dual PEM-based
polarimeter with 5 more lenses are located after the vacuum window. The two PEMs
are driven by the resonant frequencies of 20 and 22 kHz, which correspond to w;
and ws in Eqns 1.10 and 1.11, respectively. All the lenses and the vacuum window
are made of SFL6 glass material which has a low Verdet constant to minimize the
Faraday rotation (which will be discussed in Sec 2.1.2. The exception is the PEM

windows, which are made of fused silica.

After the fiber dissector (FD), which positions and holds the fiber bundles (2 x 8
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Figure 1-3: (a) 3D view of the MSE periscope with a portion of the vacuum vessel
of C-Mod. The orange cylinder denotes the DNB trajectory. (b) 3D view of the
MSE optical train inside the periscope with the following notations; L: lens, LD:
lens doublet, M: mirror, VW: vacuum window, P: linear polarizer, and FD: fiber
dissector. In both figures, the rays from three MSE spatial channels are traced for
demonstration.
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fiber array) from each channel such that they correctly collect the focused rays from
each footprint on the DNB trajectory, the fiber bundles run about 30 m from the
test cell to the diagnostic lab where there are temperature-tuning narrow bandpass
filters with FWHM of ~ 0.9 nm which allow to pass only a part of the red end of the
Doppler shifted Stark Balmer-a components (usually 37 and 47). Avalanche photo
diodes, which have recently replaced the photo multiplier tubes, and other digitizing

electronics are located after the filter assemblies.

1.4 Thesis goals and outline

The goals of this work are

¢ to identify the spurious thermal drift problems in the MSE diagnostic in Alcator
C-Mod

e to upgrade the diagnostic to overcome the problems; and

e to measure the current density profile modifications in the Lower Hybrid Current

Drive (LHCD) experiments using the MSE diagnostic.

The major upgrades on the hardware, the various calibration activities and anal-
ysis methods are introduced in Chapter 2 along with some challenges faced by the
diagnostic. The discovery that thermal stress-induced birefringence causes a spurious
drift in the polarization measurements is discussed in Chapter 3. In this chapter, a
between-shot calibration scheme is proposed based on a simple model and its feasibil-
ity is evaluated. Various tests to characterize the thermal response of the diagnostic
system and various design approaches to overcome this problem are also presented in
the chapter. Finally, the MSE measurements of the current density profile modifica-
tions in the LHCD experiments are presented in Chapter 4, followed by the summary

and the discussion on possible future work in Chapter 5.

53



o4



Chapter 2

Current status of MSE diagnostic
on C-Mod

A previous dissertation on the Alcator C-Mod MSE diagnostic describes most as-
pects of the diagnostic system [36]. This includes the specifications on the invessel
and air-side components, the introduction to the digital lock-in analysis scheme, the
discussion on invessel and beam-into-gas calibrations. This chapter describes subse-
quent upgrades and changes in the hardware. Various calibration techniques and their
results are presented along with some new understandings in the analysis method.

Finally, the current challenges in the diagnostic are discussed.

2.1 Hardware upgrades summary

The most recent upgrades regarding thermal stress-induced birefringence effect on
the invessel optics are discussed in a separate chapter (Chapter 3) which is dedicated
exclusively to the thermal issue in the diagnostic system. These include a new lens
holder that provides thermal conductive isolation from the invessel optical periscope;
new heat shields that are installed over the entire invessel periscope and that reduce
thermal radiative heat flux from the plasma; gold-plating the invessel periscope to re-
duce its absorption of infrared radiation; and procurement of new mirrors with smaller

intrinsic phase shifts which can reduce the phase shift on the lenses resulted from the
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| | APD PMT |

QE ~ 90% 10 ~ 25%
mechanical rugged, compact, monolithic  bulky, fragile
linear range ~ 106 ~ 10*
settling time 0 long
internal gain ~ 350 ~ 108

Table 2.1: Comparison of general specifications between APD and PMT

thermal stress-induced birefringence. In this section, four other major hardware up-
grades are described including the motivations for the upgrades and the results on

the diagnostic performance.

2.1.1 Avalanche photodiodes

The original photomultiplier tubes (PMT) were replaced by avalanche photodiodes
(APD) during the FY06 campaign. APD is a semiconductor photo detector with
internal gain [48, 49]. Absorption of an incoming photon creates an electron-hole pair
as in conventional photodiodes. Higher reverse bias (up to 2 kV) allows this electron-
hole pair to be multiplied by avalanche breakdown (impact ionization), resulting in
the internal gain of several hundreds as in PMTs. Table 2.1 summarizes a comparison
of some general features between APD and PMT and implies APD is preferred to

PMT in overall performance.

Sensitivity on the intensity of the ratio of 40 and 44 kHz signals

The raw angle that MSE measures in its frame of reference is given in Eqn 1.25.
Assuming A; = A,, which is typical in practice, the equation is simplified as v =
0.5 tan~1(A40/A44), where A40 = I, and A44 = I,,,, the amplitudes of the 40 and
44 kHz components in the signal, respectively. The uncertainty in the raw angle (y)

that can arise from the uncertainty in the value z = A40/A44 is, therefore,

2
Ay = (%Am) = 0.5 cos*(tan"'(z))|Az|, (2.1)
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where Az is the uncertainty in z. At a typically measured angle (y ~ 22.5°) and a
1 % error in z (x = 1 and Az = 0.01), the uncertainty in the raw angle is about
0.14°. When converted into the tokamak frame of reference to infer the real pitch
angle, this angle is multiplied by an appropriate geometrical factor (~ 3 for the
edge channel; See the bottom plot on Fig A-5), resulting in a 0.42° error for this
channel. The sensitivity of the APD response to the ratio of A40/A44 with respect
to the light intensity was investigated. Two different frequency signals (40 and 44
kHz) were generated by TENMA 5MHz 72-5016 and TENMA 2MHz 72-5015 function
generators, respectively, and summed to generate a two-frequency light source from
an LED. The input light intensity was smoothly changed by two linear polarizers
positioned in front of the LED with one of them being rotated every shot, maintaining
the APD bias voltage to be 1896 V. The voltage across the resistor which is connected
to the LED in series is measured simultaneously to measure any possible drift in the

light intensity in the circuit. The experimental setup is shown in Fig 2-1.

Fig 2-2 shows the ratio of A40 and A44 as a function of the input light intensity
(A44) measured by the APD (black). This ratio is the value corrected by a small drift
in the function generator (therefore, noted as ‘corrected APD’ on the plot). Each
point represents a 0.5 sec-long shot, each shot having a different input light intensity.
The error bar is the statistical uncertainty (standard deviation of the mean) from
multiple (~ 16) 30-msec ‘micro’ time bins per shot, indicating the larger uncertainties
at lower light intensities. The input light changes by about a factor of 16 ~ 17, which
reasonably covers the typical MSE input signal range. Also shown in the picture
are the A40 and A44 ratios calculated from the summing amplifier (red) and resistor
(orange) signals. Any possible drift in the function generators was monitored by
directly measuring the signal from the circuit through the DTAC(Q channels 5 in Fig
2-1). The raw ratio measured by APD was corrected against this drift by normalizing
the raw ratio with that from the circuit (which was also normaized prior to this
process). However, this correction is very small since the drift in the actual LED light
intensity during the measurement is tiny, indicated by the linear slope of -0.00006 +

0.00009. The same measurement was done 10 times for statistical purposes. Fig
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Figure 2-1: Experimental setup for the measurement of APD A40/A44 gain with
different light intensity. The input light to the APD varies as one of the polarizers in
front of it rotates. The light intensity in the circuit is monitored by measuring the
voltage across the resistor.
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Figure 2-2: A40/A44 vs A44 measured from the APD (black), the summing amplifier
(red), and the resistor (orange). The ratio measured at the resistor is considered
equivalent to that at the LED. The slope in the linear fit, the 1 sigma in the slope,
and the x? are given for each output.

2-3 summarizes these 10 series of measurements, showing the slopes along with their
1-0 uncertainties, like the ones calculated from Fig 2-2, as a function of the series
number. Notice that the case shown in Fig 2-2 corresponds to the series 3 in this
figure. The average slope for these 10 measurements and its standard deviation is
also shown in Fig 2-3. For the APD, the upper bound of this average slope is 0.00032
+ 0.00134. Therefore, |Az| in Eqn 2.1 is |0.00032 + 0.00134| x 0.47 = 0.00078 (~
0.08 %), where 0.47 is the change in the z axis (A44 amplitude). Then, Eqn 2.1 gives

Ay = 0.011° in the MSE frame and for the edge channel, the error in the pitch angle
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