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The spurious drift in pitch angle of order several degrees measured by the Motional Stark Effect (MSE)
diagnostic in the Alcator C-Mod tokamak' over the course of an experimental run day has precluded direct
utilization of independent absolute calibrations. Recently, the underlying cause of the drift has been identified
as thermal stress-induced birefringence in a set of in-vessel lenses. The shot-to-shot drift can be avoided by
using MSE to measure only the change in pitch angle between a reference phase and a phase of physical
interest within a single plasma discharge. This intra-shot calibration technique has been applied to the Lower
Hybrid Current Drive (LHCD) experiments and the measured current profiles qualitatively demonstrate
several predictions of LHCD theory such as an inverse dependence of current drive efficiency on the parallel
refractive index and the presence of off-axis current drive.

I. INTRODUCTION

Information on the internal profiles of local current
density and safety factor is typically provided by MSE
diagnostics?. The MSE diagnostic on the Alcator C-
Mod tokamak®® is a conventional MSE system based
on the original PBX-M design?. A 10-cm diameter, 50
keV neutral hydrogen beam is injected into the C-Mod
torus along the horizontal midplane, approximately 7°
off-normal. Beam neutrals are promoted into various ex-
cited states through collisions with the plasma ions and
electrons and emit a spectrum that is Doppler-shifted due
to the beam motion, and Stark-split due to the large mo-
tional electric field experienced by the beam neutrals in
their reference frame. The emission lines are linearly po-
larized either parallel (o lines) or perpendicular (7 lines)
to the local magnetic field (o lines). This light is collected
by an in-vessel, polarization-preserving optical system,
shown in Figure 1, and is then conveyed via an optical
train to two ex-vessel photoelastic modulators (PEM’s)
and a linear polarizer that encode the polarization direc-
tion as intensity modulations at twice the frequencies of
the PEM’s. The modulated light is carried ~20 m by
fiber optic to a remote diagnostic suite where it passes
through temperature-controlled narrow passband (AX ~
1 nm) interference filters that select wavelengths exclu-
sively from the Balmer-series 7 lines. Finally, the light
intensity is measured by avalanche photodiodes and is
digitized at 1 MHz for off-line analysis.

A complex in-vessel optical train consisting of five
lenses (one singlet and two doublets) and three flat di-
electric mirrors is utilized on C-Mod to capture light
emitted by the DNB, reflect it twice through ~ 90°, and
convey it through a vacuum window directly above the
DNB and then onward through an ex-vessel linear op-
tical train that includes the PEM’s. The in-vessel opti-
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FIG. 1. Three dimensional view of the invessel MSE
periscope. Light passes through lens L1, through lens pair
L2(A,B), through lens pair L3(A,B) and is reflected off mir-
rors M1, M2, and M3.

cal components are housed in a stainless steel periscope.
The system supports ten spatial channels that view the
DNB from r/a =~ 0.1—0.9 with modest spatial resolution,
Ar/a = 0.09 at the plasma edge and 0.41 at the center.

For several years, the MSE system on C-Mod has ex-
perienced large, spurious drifts of order several degrees
in measured pitch angle over the course of a run day®
which has precluded direct measurement of the current
density profile. Recent experiments have traced this dif-
ficulty to thermal stress-induced birefringence on a lens
doublet within the in-vessel optical system. Details of
the thermal birefringence problems are introduced in Sec-
tion II. The time scale for thermal birefringence to al-
ter MSE’s performance is shown to be long compared
to a single plasma discharge, which motivates the use of
an ‘intra-shot’ calibration technique that effectively uses
MSE only to measure changes in the pitch angle profile



during LHCD experiments. This scheme is presented in
Section III. Section IV applies this technique to infer the
current density in the LHCD experiments and Section V
concludes this paper.

1.  THERMAL STRESS BIREFRINGENCE

The use of lenses as components of a polarization-
preserving optical system inside the dynamic tempera-
ture environment of a tokamak has proven to be a major
difficulty. The underlying cause of the spurious variabil-
ity has been identified in a recent series of in-vessel and
optical-bench tests®": thermal stress birefringence on a
particular lens doublet (‘L2A’ and ‘L2B’ in Figure 1) near
the middle of the in-vessel optical train. The bench tests
demonstrated that as MSE is illuminated with linearly
polarized light of fixed polarization direction, the mea-
sured polarization angle changes spuriously by up to 20°
as the periscope housing is locally heated by 50 Celsius
with a resistive heating tape. By contrast, the spuri-
ous change in polarization angle was < 0.8° as the same
temperature slew rate was applied to the plasma-facing
lens L1 or to the lens doublet L3. The vastly differ-
ent response of the MSE diagnostic to heating L2 versus
L1 or L3 is understood to be a consequence of the im-
age focus at these locations; light from a particular MSE
spatial channel reaches a near-focus at L2 which thereby
imposes the same stress-induced retardation on all pho-
tons. By contrast, the image for a given spatial channel
nearly fills the entire lens cross-section at L1 and L3. It
is straightforward to show that imposing a retardation
onto linearly polarized light yields elliptically polarized
light and a change in the polarization direction®. Stress-
induced birefringence still imposes a retardation and a
change in polarization direction for light passing through
a particular spot on the L1 and L3 lenses, but the net ef-
fect on the average polarization direction, i.e. integrating
over all light incident across the lens, is much reduced.
The change in net polarization direction would be iden-
tically zero if the stress pattern and the incident light
intensity were azimuthally symmetric.

The ambient temperature environment for the MSE
in-vessel optics is complicated by the presence of nightly
heating cycles (to ~ 90 Celsius) followed by a cooling
period of several hours at the start of an experimental
run day, interspersed with transient heating by plasmas
every ~ 15 minutes. As illustrated in Figure 2, the spu-
rious changes in measured polarization angle are signif-
icantly reduced if special care is taken to minimize the
usual ambient torus temperature variation. This exercise
confirms that temperature variations are the cause of the
spurious drift and that reducing the temperature varia-
tions will reduce that drift. Various measures to reduce
the temperature fluctuation of the in-vessel MSE optics
including a radiative thermal shield were implemented
prior to the FY2009 Alcator C-Mod run campaign. De-
tails of these activities including the thermal design, the
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FIG. 2. MSE invessel periscope thermocouple locations, tem-
perature time evolution, and the pitch angle profiles at se-
lected time points from beam-into-gas experiments 1080318
and 1080523. Tick marks in plots of temperature time evolu-
tion denote times at which pitch angle profiles were measured.
L2D refers to L2A and L2B in Figure 1

expected reduction in stress in the lenses, and the asso-
ciated reduction in spurious changes in measured angle
are discussed in references” 9.

For the upcoming Alcator C-Mod experimental run
campaign and beyond, we expect that the measures taken
to reduce the temperature gradients in the in-vessel lenses
will reduce the spurious changes in measured polariza-
tion angle to negligible levels. This will allow a single
calibration of MSE to be accurately applied to an entire
multi-month run campaign. The question arises as to
whether ezisting MSE measurements can be exploited in
any way to yield useful information about behavior of the
current density profile — despite the known, large spuri-
ous drift due to thermal stress birefringence. This is an
important issue because Alcator C-Mod has already car-
ried out a number of current modification experiments
using Lower Hybrid Current Drive (1°12) during which
the MSE diagnostic was functioning.



I1l. INTRA-SHOT CALIBRATION TECHNIQUE

The crucial circumstance that we exploit is that the
spurious drift is apparently caused by thermal stress only
in the two in-vessel L2 lenses. Therefore, if over some pe-
riod of time the temperature profile across the L2 lenses
remains constant, then the stress state as well as the
spurious change in polarization angle should also remain
constant. A calibration of the MSE diagnostic at any
time point within this interval should be applicable to all
time points within that interval. The L2 lenses are sup-
ported by three 1 mm thick Viton O-rings inside a ~1 cm
thick Inconel lens mount. The lens mount is affixed to
the inside of the stainless steel periscope housing, approx-
imately 0.16 cm thick. The duration of a typical Alcator
C-Mod plasma is ~2 seconds, which is long compared to
the characteristic time for heat to penetrate through the
periscope housing (0.25 seconds). Thus, the temperature
of the periscope housing can vary significantly during the
course of a single plasma discharge, but the characteris-
tic time for heat to be conveyed conductively through
the lens mount is ~14 seconds, and the time for heat to
be conveyed through the O-ring is ~13 seconds. Thus,
on the time scale of a single plasma, heat radiated from
the plasma to the periscope housing will not change the
temperature distribution or the stress distribution in the
L2 lenses. Variations in the periscope housing temper-
ature will also be communicated to the lenses through
exchange of thermal radiation, but this process is even
slower. This suggests that if MSE can be calibrated at
one time point during a plasma discharge, then that cal-
ibration can be confidently applied to the remainder of
the plasma. The basic approach is:

1. Infer a baseline pitch angle profile (7o (r)) from the
magnetic reconstruction code EFIT'3 ™ at a qui-
escent Ohmic phase of the shot (¢t = ¢g), typically a
time point shortly before the start of LHCD These
EFIT reconstructions utilize the sawtooth inversion
radius measured by Electron Cyclotron Emission
(ECE) measurements'® as an additional constraint:
EFIT adjusts the value of the safety factor at the
magnetic axis until the reconstructed ¢(r) profile
yields ¢ = 1 at the sawtooth inversion radius, fol-
lowing the classical Kadomtsev sawtooth model'”.

2. Use MSE to measure the change in pitch angle
(A~(r,t)) relative to the baseline pitch angle at the
quiescent Ohmic phase.

The final inferred pitch angle profile v(r,t) is given by
the sum of the baseline profile and the measured pitch
angle change,

V(1) = 70(r) + Ay(r, 1) (1)

and is used as a constraint in the final EFIT magnetic
reconstruction from which other quantities such as the
g-profile and current density profile are computed.
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FIG. 3. Time evolution of gy calculated by EFIT for plasma
1080320013 with LHCD based on three models. Solid: ¢, =~
0.95, without use of MSE’s measurement of changes to pitch
angle. Dotted: g, =~ 0.95 in the pre-LHCD Ohmic phase, else-
where using MSE’s measurement of changes to the pitch angle
profile. Dashed: ¢(r = rsrr) = 1.0 in the Ohmic phase, else-
where using MSE’s measurement of changes to the pitch angle
profile. Vertical lines denote the times at which sawteeth dis-
appear and reappear as inferred from ECE measurements.

The timing of disappearance and reappearance of saw-
teeth as measured by ECE is investigated to check the
validity of the intra-shot calibration technique. Figure 3
plots the time history of ¢(r = 0) as computed by EFIT
that was constrained by the pitch angle profile inferred
from the intra-shot calibration technique in the usual
way, ¥(r,t) = v0(r) + Avm(r,t) (Eq. 1). The evolution
of y(r, t) and therefore EFIT’s computation of ¢(r = 0, t)
depends on both the accuracy of the pitch angle profile
in the Ohmic phase as well as MSE’s measurement of the
change in pitch angle during and following LHCD. From
Figure 3 (dashed line) we observe that at the time of dis-
appearance of sawteeth occurs when EFIT computes a
value for ¢o of about 1.05. Following the termination of
LHCD, the sawteeth reappear when EFIT’s value of ¢q
is slightly higher, about 1.17.

By comparison, let v4n(r) be the baseline pitch an-
gle profile in the Ohmic phase computed by EFIT with-
out invoking the measured sawtooth inversion radius as
a constraint. In this case the value of ¢, is regarded
by EFIT as a ‘measurement’ with value 0.95, and EFIT
adjusts the computed equilibrium to minimize the least-
squares error to this ersatz measurement in addition to
the other external magnetic measurements. Then the
subsequent pitch angle evolution can be propagated for-
ward using MSE’s measurement of the change in pitch
angle, v1(r,t) = van(r) + Ay, (t). The time evolution
of go computed by EFIT when ~;(r,t) is used as an in-
put to EFIT is illustrated in Figure 3 (dotted line). Note
that the agreement with respect to timing of the disap-
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FIG. 4. Comparison of plasma stored energy as measured ki-
netically (thick gray solid) with EFIT magnetic constructions
that (a) assume ¢, ~ 0.95, unconstrained by MSE pitch angle
measurements (Solid); (b) assume g, =~ 0.95 in the Ohmic
phase, constrained by MSE measurements of the change in
pitch angle (Dotted); and (c) are constrained to match the
sawtooth inversion radius in the Ohmic phase, and also con-
strained by MSE measurements of the change in pitch angle
(Dashed).

pearance and reappearance of the sawteeth is less good
than if the baseline pitch angle profile is constrained by
sawtooth inversion radius. We conclude that, not sur-
prisingly, constraining EFIT with information regarding
the the sawtooth inversion radius improves the accuracy
of the magnetic reconstruction. Overall, this compar-
ison provides reasonable confirmation of the intra-shot
calibration technique given its limitation that the MSE
measurement of pitch angles is integrated over 80 mil-
liseconds.

As a second validation of the intra-shot calibration
technique, we compare the total stored energy as com-
puted from magnetics (EFIT) with the kinetic stored en-
ergy Wy(kin). The electron kinetic energy is obtained
from Thomson scattering measurements. The ion tem-
perature profile is computed assuming its shape is the
same as that of the electrons, with a magnitude adjusted
to match the total neutron emission. The ion density is
measured from the effective ion charge, Z.fs, assuming
the ratio of electron to ion densities is constant across the
profiles. Figure 4 illustrates the stored-energy compari-
son in an LHCD shot. It is shown that the EFIT magnet-
ics reconstruction that does not utilize the MSE measure-
ments of pitch angle (solid) exhibit a significant, spurious
decrease (factor 2-3)of stored energy during LHCD that
is not reflected in the kinetic measurements. The best
agreement with the kinetic stored energy is achieved by
the standard intra-shot calibration technique that uses
the measured sawtooth inversion radius to constrain the

magnetic equilibrium in the baseline Ohmic phase, and
MSE to measure changes to the pitch angle profile else-
where in the plasma. The fact that total stored energy
remains relatively constant despite injection of about 0.9
MW of Lower Hybrid power in these plasmas is thought
to be a consequence of the associated reduction in Ohmic
input power.

IV. APPLICATIONS TO LHCD EXPERIMENTS

The intra-shot calibration technique described above
was used to analyze the pitch angle profile for a series of
LHCD discharges with the lower hybrid heating power
of =& 1 MW. The diagnostic neutral beam operated close
to its maximum performance, and the plasma density
(Re = 5 ~ 7 x 1019m~2) was modest relative to typical
C-Mod values, ensuring good beam penetration and high
signal-to-background for the MSE measurements. For
these shots, the plasma current (0.8 MA) and toroidal
field (6.2 T) were held constant from 0.5 to 1.5 seconds,
while the lower hybrid power was applied from 0.7 to 1.2
seconds. For this analysis, the reference baseline Ohmic
phase was taken from 0.55 to 0.65 seconds. Figure 5
compares the radial profile of the toroidal current den-
sity (J) at the midplane from Ohmic (top) and LHCD
(bottom) phases for four different refractive indices of the
LH wave (n)|). Note, from the left panel in Figure 5, that
there was excellent reproducibility in plasma conditions
throughout this experiment, as reflected in the relatively
small variability in inferred ¢(r) and Jy(r) during the
Ohmic pre-LHCD phase. It is evident that as n| de-
creases, the on-axis current density is decreased and that
the current density off-axis (r/a ~ 0.8) increases. The
on-axis current density is decreased from 20 to 12 MA /m?
at n) = 1.56.

By subtracting the part of the current density which
can be attributed to purely Ohmic induction from the
total current density measured by MSE, it is possible
to infer the component driven by Lower Hybrid. The
total parallel current density in general can be written
as, ignoring the bootstrap current,

JH :J0H+JLH:O—neoEH+JLH; (2)

where Jog is the Ohmic inductive current density, Jp g
is the current density from LHCD, E); is the parallel elec-
tric field, and 0, is the conductivity which can be scaled
with plasma temperature and average ion charge. F)| is
obtained from the flux-surface-averaged loop voltage in-
ferred from successive EFIT calculations of the poloidal
flux function divided by the toroidal circumference of
each major radius. It is possible to eliminate the un-
known proportionality constant for o,e, using a tech-
nique similar to the intra-shot MSE calibration. Finally,
using J|| obtained from the intra-shot calibration and lin-
early interpolating Z for the LHCD phase, Jr gz in Eqn 2
can be inferred. Note that the Jppy profile obtained
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FIG. 5. Radial profiles of toroidal current density (Jg) at the
midplane for four groups of shots with different n;’s. The plot
on the top is from a pre-LHCD phase (Ohmic flattop at ¢ =
0.65 sec) and the plot on the bottom is from a time interval
during the LHCD pulse (¢ = 1.025 sec).

through this procedure represents the sum of the cur-
rent driven directly by Lower Hybrid, plus an inductive
component which is driven by LH-induced fast electron
population responding to Ej. Also, note that the cur-
rent densities from the intra-shot calibration method are
local whereas those in Eqn 2 are fluz-surface-averaged.
Therefore, this analysis is only zeroth-order, probably
overestimating the magnitudes due to the inclusion of
neoclassical Pfirsch-Schliiter current.

The results of this analysis for shot 1080320012 (n| =
1.56) indicate that the Lower-Hybrid driven current pro-
file peaks off-axis with a broad maximum occurring at
approximately r/a = 0.3, as illustrated in Figure 6. The
measurement uncertainty in Jrz and Jog is rather large,
mainly due to uncertainties in the loop voltage which
is obtained from a time derivative of the poloidal flux.
Nevertheless, the results qualitatively demonstrate the
off-axis contribution of LHCD to the current drive. Note
that time points which were averaged to produce Jp, g (r)
shown in Figure 6 were selected to encompass a quasi-
stationary period of the Lower Hybrid heating phase that
free of MHD activity, which started in that discharge at

\ ® JLH

r/a

FIG. 6. Radial profiles of current densities in Eqn 2 from Shot
1080320012. The dashed curve represents the profile at the
pre-LHCD Ohmic time ‘to’ (averaged over 0.6 ~ 0.65 sec).
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FIG. 7. Time evolution of loop voltage at four radial locations
from Shot 1080320012. The vertical lines denote the time
points which were averaged to produce the current density
profiles shown in Figure 6

about ¢ = 1.07 seconds. The evolution in loop voltage
inferred from the intra-shot calibration technique follows
the expected behavior as illustrated in Figure 7: at the
start of LHCD the loop voltage changes first near the
plasma edge, and then the change penetrates inward as
time proceeds with a relaxation time of ~200 ms.



V. CONCLUSIONS

The Motional Stark Effect diagnostic used on Alcator
C-Mod experiences a significant, spurious drift in its mea-
surement of magnetic pitch angle due to thermal-stress
induced birefringence on a pair of in-vessel lenses. To
circumvent this problem, an ‘intra-shot’ calibration tech-
nique has been developed that infers the current profile
in the Ohmic phase prior to the start of LHCD from
standard magnetic reconstructions (EFIT), constrained
by measurements of the sawtooth inversion radius, and
then uses MSE only to measure the change in pitch an-
gle during LHCD. The intra-shot technique adequately
reproduces the timing of disappearance and reappear-
ance of sawteeth during LHCD and the measurements of
kinetic stored energy.

Direct MSE pitch angle measurements during scans
of nj at constant lower hybrid power, plasma density
and plasma current clearly demonstrate larger changes in
pitch angle as n)| is reduced. The on-axis current density
is observed to decrease from 20 to 12 MA/m? (at con-
stant total I, = 0.8 MA), at PLy = 0.9 MW, n)| = 1.56,
fie = 6 x 101 m™3, consistent with off-axis current drive
by Lower Hybrid. The contribution of pure Ohmic in-
duction to the total current density during LHCD has
been estimated, which allows an inference of the current
density profile Jrg(r) that is driven by Lower Hybrid.
It is observed that the plasmas evaluated in this study
achieved off-axis Lower Hybrid current profiles with a
broad maximum at r/a = 0.3.
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