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Abstract

Previous analysis of motional-Stark Effect (MSE) data to measure the

q-profile ignored contributions from the plasma electric field. The MSE mea-

surements are shown to be sensitive to the electric field and require significant

corrections for plasmas with large rotation velocities or pressure gradients.

MSE measurements from rotating plasmas on the Tokamak Fusion Test Reac-

tor (TFTR) [Phys. Plasmas 2, 2176 (1975)] confirm the significance of these

corrections and verify their magnitude. Several attractive configurations are

considered for future MSE-based diagnostics for measuring the plasma radial

electric field. MSE data from TFTR is analyzed to determine the change in

the radial electric field between two plasmas. The measured electric field

quantitatively agrees with the predictions of neoclassical theory. These re-

sults confirm the utility of a MSE electric field measurement.
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I. Introduction

The rotational transform of the magnetic field plays a fundamental role

in determining the equilibrium and stability of plasma in toroidal magnetic

confinement configurations. As a consequence, accurate measurement of the

rotational transform profile or the safety factor q (its inverse) is crucial for

the analysis and interpretation of experimental studies of plasma equilib-

rium, transport, MHD stability and micro-stability. The motional-Stark ef-

fect (MSE) diagnostic1–4 was developed to measure the q-profile in tokamaks,

and has become one of the preferred techniques due to its excellent spatial

resolution, high accuracy, non-perturbative nature, and presumed ease of

interpretation. This technique uses the Stark polarization and splitting of

line radiation from hydrogenic atoms (either H0 or D0), injected as a beam

at high velocity across the magnetic field, due to the induced electric field

EM = vb×B, where vb is the beam velocity and B is the magnetic field. By

measuring the polarization angle of the Stark-split emission, the direction of

the electric field is determined. Past analysis of MSE data assumed that EM

was the only electric field contributing to the Stark polarization, and thus

that the direction of the magnetic field could be directly determined from

the measured direction of the electric field. Determining the profile of the

local direction or pitch of the magnetic field determines the q profile directly
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in tokamaks with circular cross section5,6 or through numerical solution of

the Grad-Shafranov equation.7,8 Determination of the q profile is equivalent

to determining the plasma current profile.

In a magnetically confined toroidal plasma, the radial electric field Er is

an important element of the force balance perpendicular to the flux surface

∇rpa = naea(Er + V a×B) (1)

for each thermal plasma species a, where ea, na, pa, and V a are the charge,

density, pressure, and fluid velocity in the flux surface of the species, respec-

tively. Thus, large electric fields are expected in plasmas with large pressure

gradients or large velocities.

Previous analysis of MSE measurements ignored the plasma electric field.

In Section II of this paper, we examine the sensitivity of MSE measurements

of the q profile to the plasma Er and find that significant corrections are ex-

pected in plasmas with large rotation velocities or large pressure gradients.

In Section III, MSE measurements are analyzed for rotating plasmas on the

Tokamak Fusion Test Reactor (TFTR),9 experimentally confirming the sig-

nificance of the Er corrections and quantitatively verifying their magnitude.

Determining Er is important for testing theories predicting the equilib-

rium flows for the different species. In axisymmetric toroidal configurations,

like tokamaks, neoclassical theory10 predicts that the poloidal velocity Vθa of



PPPL-3218 5

the ions should be viscously damped, and that the dominant terms of the

ion radial force balance are from ∇rpa, Er and VφaBP , where Vφa is the fluid

velocity in the toroidal direction and BP is the poloidal component of B. In

addition, recent theoretical and experimental studies indicate that Er, and

particularly the gradient or shear of Er/BP , is important for stabilizing tur-

bulence11 and MHD-instabilities.12 Thus, measurements of Er are crucial for

understanding the stability and transport of magnetically confined plasmas.

It is very difficult to measure Er in a hot dense plasma. The most direct

technique measures the change in energy of a heavy-ion beam probe (HIBP)

as it passes through the plasma and is incrementally ionized.13 Very high

beam energies are required for the heavy-ion beam to cross the magnetic

field to the core of the plasma and then to escape following ionization. Even

moderate sized tokamaks utilize 2 MeV thallium beams, and the required

energies for large tokamaks are prohibative. HIBP measurements of Er were

found to agree qualitatively with neoclassical predictions in neutral beam-

heated14 and ohmic15 plasmas. In other cases, the plasma electric field has

been calculated using Eq. 1 and localized measurements of ∇rpa, Vφa and

Vθa for one of the species (typically an impurity).16 In cases where Vθa mea-

surements were not available, the neoclassical transport theory prediction is

often used.
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In Section IV, we consider the use of MSE measurements as a diagnostic

for measuring Er in toroidal plasmas. Several attractive configurations are

explored, including their expected uncertainties. MSE measurements from

TFTR are analyzed to determine the change in Er between two plasmas.

The inferred change in Er is then compared with various models of flow

equilibrium. The measured Er is in good agreement with the neoclassical

prediction, confirming its utility in the absence of direct measurements, and

confirming the utility of a MSE Er measurement. Section V discusses some

of the implications of these results and summarizes the work.

II. Effect of Er on MSE measurements of q

A typical MSE instrument for measuring the q profile in a tokamak con-

sists of an array of polarimeters viewing an injected hydrogenic neutral atom

beam at different depths in the plasma.3,7 The geometry of a single sight-

line is illustrated in Fig. 1. The horizontal angle between the sightline and

the magnetic field Ω is usually minimized in order to maximize the radial

localization of the measurement. The horizontal angle between the the atom

beam’s velocity and the magnetic field α must be 6= 0 in order that EM be

sensitive to both the poloidal and toroidal components of the magnetic field.

In addition, the angle between the sightline and the beam’s velocity α+Ω is
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chosen to be 6= π/2 so that the line-emission from the beam atoms is Doppler

shifted and is not contaminated by emission from the plasma edge.

The standard analysis of the measured polarization assumes that the

motional electric field EM is the only electric field affecting the Stark polar-

ization of the light emitted from the beam atoms. In this case, the measured

polarization angle γm is given by

tan γm =
vbBP cos(α + Ω)

vbBT sinα
, (2)

≡ tan γs
cos(α + Ω)

sinα

where BT is the toroidal component of B. For simplicity, we assume that

the sightline-beam intersection is located so that there is no component of

the magnetic field in the major-radial direction. Generalization to more

complicated geometries is straight forward.7 In the standard analysis, the

local pitch of the magnetic field BP/BT = tan γs is then determined by a

geometrical correction to γm. For flux surfaces with circular cross-section,

the rotational transform is geometrically related to the local magnetic field

pitch,5,6 and q ∝ 1/ tan γs. For non-circular cross section surfaces, q is still

approximately proportional to 1/ tan γs, however the proportionallity factor

must be determined from a self-consistent numerical solution for the plasma

equilibrium.

In a plasma with a radial electric field, the measured polarization angle
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is

tan γm =
vbBP cos(α + Ω) + Er cos Ω

vbBT sinα
. (3)

Thus, the only measurement geometry which is not sensitive to Er has

Ω = π/2, i.e. a radial sightline, as was used in the original PBX-M im-

plementation.1 In such a configuration, the width of the beam must be

minimized to allow radial localization of the measurement. Expanding Er

and (V a×B)r = VφaBP − VθaBT gives

tan γm =
vbBP cos(α + Ω) +

(
∇rpa
naea

− VφaBP + VθaBT

)
cos Ω

vbBT sinα
. (4)

Therefore, determination of tan γ = BP/BT and q from γm not only requires

knowledge of the equilibrium geometry but also the plasma Er, or equiva-

lently the plasma pressures and flows.

The correction factor between the new (including Er) and old (neglecting

Er) interpretations of the MSE measurements is

F ≡ tan γ

tan γs
= 1 +

(
Vφa
vb

− Vθa
vb

BT

BP
− ∇rpa

naeavbBP

)
cos Ω

cos(α + Ω)
. (5)

The corrected q values will be approximately given by q = qs/F , where qs is

from the old interpretation. At the magnetic axis, the correction factor can

be further simplified as ∇pa and Vθa must vanish. The corrected axial q is

given by

q(0) = qs(0)

(
1 +

Vφa
vb

cos Ω

cos(α+ Ω)

)−1

. (6)
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From these expressions, significant corrections to the inferred q and plasma

current profile should be expected for plasmas with large rotation velocities,

such as observed with unidirectional beam injection, or large pressure gradi-

ents, such as observed with transport barriers.17–19 Central toroidal rotation

velocities as high as 1.3×106 m/sec have been experimentally observed20 with

unidirectional neutral-beam injection in the same direction as the plasma cur-

rent. For a typical MSE system with Ω ≈ 0 and cosα ≈ 0.75 observing a

90 keV deuterium beam, vb = 2.9 × 106 m/sec, the correct q(0) is only 0.63

of the value given by the standard MSE interpretation. In plasmas with sig-

nificant ∇rpa or Vθa, a non-linear analysis is required to interpret the MSE

measurements using Eq. 5 because the correction terms involve the magnetic

field components. Alternatively, the effects of ∇rpa or Vθa can be treated as

an offset in Eq. 4.

III. Experimental Observations

TFTR is heated by tangential deuterium or tritium neutral beams, with

half the beams directed co-parallel to the plasma current and half directed

anti-parallel. This allows the preparation of nearly identical plasmas but

with toroidal rotation velocities of opposite sign. Charge-exchange recombi-

nation spectroscopy21 of fully ionized carbon is used to measure the carbon
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toroidal rotation, density, and temperature profiles simultaneously. The en-

ergy dependence of the charge-exchange cross section requires a significant

correction22 to the apparent VφC, which must be included in the analysis.

The carbon density profile is normalized to match the measured visible brem-

strahlung emission on a single chord tangentially passing through the center

of the plasma, using the electron density ne profile measured by an array of

infrared interferometors23,24 and the electron temperature Te profile measured

by electron cyclotron emission.25,26

Fig. 2 shows the time evolution of two plasmas where opposite neutral

beam torque was applied to identical target plasmas. These plasmas have

a major radius of 2.58 m, minor radius of 0.94 m, average BT = 4.6 T,

initial plasma current of 0.9 MA, and were initially heated by Pb ∼ 9.6 MW

of neutral beam power. The two plasmas shown were selected from a set

of six discharges taken in succession, three of each type, showing the same

behaviour. During the beam heating, the central Te increases from ∼ 5

to ∼ 6 keV. After 0.5 sec of neutral beam heating the plasma current was

increased to 1.8 MA to modify the current profile in the outer part of the

plasma. For one of the plasmas, all of the neutral beams inject co-parallel to

the plasma current. For the other, initially 77% of the beam power is injected

anti-parallel to the plasma current. After 1.2 seconds of injection, the beam
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power and input-torque were modified in the two plasmas to produce the

same central rotation velocity, as seen in Fig. 2(c).

Fig. 3(a) shows the measured evolution of q(0) during neutral-beam heat-

ing from the standard MSE analysis27 for both plasmas. Note that the ap-

parent q(0) values rapidly separate on a timescale similar to the measured

evolution of the central plasma rotation. This nominal evolution of q(0)

is much faster than expected from resistive diffusion at these high temper-

atures. Also note that after 4.2 sec, when the measured central rotation

velocities are equal, the standard-analysis q(0) values agree, indicating little

systematic evolution of q(0). After correction for Er, using Eq. 6 and the

measured VφC , there is good agreement between the measured evolution of

q(0) for these plasmas, see Fig. 3(b). This agreement should be expected on

these short time-scales.

Fig. 4(a) shows the magnetic pitch profile tan γs from the standard MSE

analysis after 0.8 seconds of injection. The pitch profiles are different in the

core even though the plasmas should not have had time to evolve significantly.

This difference in the measured pitch profiles is well developed after only

0.15 seconds of beam injection and persists for the duration of injection.

The analysis time was selected to minimize the difference in the Shafranov

shift profiles of the two plasmas to simplify the analysis. Fig. 5 shows the
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calculated Er profiles for each plasma using the carbon radial force-balance,

Eq. 1, and the charge-exchange recombination measurements of ∇rpC and

VφC. TFTR does not have a direct measurement of VθC yet , so it has been

calculated from neoclassical theory using a multi-species numerical solution

valid at all aspect ratios and collisionalities.28 The radial electric field in

both cases is dominated by the contributions from VφC , with only minor

contributions from ∇rpC and the calculated VθC. These modeled electric

field profiles have been used to correct the magnetic pitch profiles, using Eq.

5. The corrected profiles are in excellent agreement, as shown in Fig. 4(b),

except near the outside of the plasma where the plasma is cooler and the q

profile appears to be evolving differently in the two cases.

These experimental results confirm the importance of the plasma electric

field Er in the interpretation of MSE measurements of q and the magnetic

pitch.

IV. Measurements of Er and comparison with theory

The sensitivity of the MSE measurements to Er offers a new spectro-

scopic technique for measuring Er in large hot plasmas. If exploited, such

a measurement would be fundamentally important for diagnosing and un-

derstanding the flow equilibrium in tokamaks and for testing theories29,30 of
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turbulence suppression by Er×B flow shear. A direct measurement of Er

would also allow more direct comparison with theoretical predictions than

available with heavy-ion beam probes, as they measure the electric potential

and require an extra differentiation. Finally, a measurement of Er, in com-

bination with measurements of ∇rpa, Vφa, and Vθa for a single species, could

also be used to test for contributions to the radial force balance equation

from the stress tensor.

From Eq. 3, separation of the contributions from BP/BT and Er requires

two measurements at the same location but using different values of the vb,

α, or Ω. The choice of α + Ω = π/2 would give a single measurement only

sensitive to Er, but would preclude use of the beam Doppler shift to separate

the beam emission from emission at the plasma edge. A conceptually simple

arrangement is separate symmetric measurements on two separate beams,

one co-parallel to the plasma current and one anti-parallel. The different

beam angles would change the sign of the first term in Eq. 3, and separation

of the terms would be done by simply subtracting and averaging the two

measurements. Another possibility would be to combine a tangential view,

as in Fig. 1, with a vertical view which would only be sensitive to Er and BP .

The general disadvantage of dual measurements using different values of α

or Ω is that they require two completely separate spectroscopic instruments.
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An alternative arrangement is to measure the polarization using two dif-

ferent values of vb, using both the full and half-energy components of a hy-

drogenic beam. These components are well distinguished in the MSE spec-

trum,31 and the half-energy measurement would be more sensitive to Er than

the full-energy measurement. This configuration has the advantage that the

viewing geometry and many of the optical components would be common

to the two measurements. However, its applicability may be limited by the

penetration of the half-energy component into dense plasmas.

The uncertainty in a dual MSE measurement of Er is given by

σ(Er) = vb1vb2BT
[σ2

1 cos2(α2 + Ω2) sin2 α1 + σ2
2 cos2(α1 + Ω1) sin2 α2]

1/2

vb1 cos(α1 + Ω1) cosΩ2 − vb2 cos(α2 + Ω2) cosΩ1
,

(7)

where σ1,2 are the uncertainties in the measurements of tanγm and the sub-

scripts 1,2 denote the parameters for the two MSE measurements. The

smallest uncertainty in Er with good spatial resolution is obtained with sym-

metric measurements of co-parallel and anti-parallel beams, giving σ(Er) =

σ vbBT sinα/
√

2, where Ω = 0 has been assumed for simplicity. For a

system using full- and half-energy components, the uncertainty would be

3.41 σvbBT sinα. For TFTR, with BT = 5 T and 90 keV D neutral beams,

the typical statistical uncertainty in the MSE measurement3,27 of tan γs is

∼ 1.7×10−3 (95% confidence). Presuming that any systematic uncertainties
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can be calibrated out in a dual measurement system, the uncertainty for these

two configurations would be ∼ 12 kV/m and ∼ 57 kV/m, respectively. In

TFTR, Er values as high as ∼ 100 kV/m have been calculated in conjunction

with internal transport barriers. Thus, a parallel/anti-parallel MSE measure-

ment of Er would have adequate resolution, but a useful half-/full-energy

measurement would require reduction of the intrinsic MSE uncertainty.

While a dual MSE measurement of Er is not available at this time, the

data in Fig. 4(a) can be analyzed for the the change in Er between the two

plasmas, assuming that the magnetic pitch or q has not changed. In this

case, using Eq. 3, the change in Er is given by δEr = vbBT sinα (tan γm1 −

tan γm2), and is shown in Fig. 6. Also shown are the neoclassical prediction,

from Fig. 5, and the predicted profile assuming that the bulk plasma motion

is purely parallel. In the later case, the expected change in Er is small due to

the similar pressure gradients observed in the two plasmas. Good agreement

is observed with the neoclassical prediction, demonstrating the theoretically

predicted electrostatic charging of the plasma due to injected momentum.10,32

This validates the use of the neoclassical force-balance in situations where

Er measurements are unavailable, and illustrates the utility of a MSE Er

diagnostic.
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V. Discussion

Previous studies have used MSE measurments to investigate small changes

in q due to sawtooth instabilities.2,27,33 These data may need re-evaluation,

as the changes observed may be affected by changes in Er due to changes in

the plasma pressure profile or rotation. Similarly, studies of MHD stability

which depend sensitively on the precise values of q, such as sawtooth sta-

bility, or magnetic shear12,34 from MSE measurements in strongly rotating

plasmas may need re-evaluation. For example, the value of q(0) measured

after a sawteeth crash in Figure 7 of Ref.27 increases to ∼ 0.9 after correc-

tion. Accurate and authoritative determination of q from MSE measurements

requires accurate measurements or knowledge of Er.

In summary, motional Stark effect measurements are sensitive to the

plasma radial electric field Er as well as the pitch of the magnetic field. Anal-

ysis of TFTR MSE measurements for nominally identical plasmas where Er

is varied by changing the toroidal rotation velocity agree with the predicted

sensitivity to Er. This sensitivity offers the potential for a direct spectro-

scopic measurement of Er with a dual MSE system observing different beam

velocities or at different angles. Such a system could simultaneously measure

the magnetic pitch. The change in Er between two plasmas with the same

magnetic pitch, but varying toroidal rotation velocities, has been obtained
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from the MSE measurements. The measured change in Er is in good agree-

ment with neoclassical predictions and disagrees with that expected if the

bulk plasma motion was parallel to the magnetic field.
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7D. Wróblewski and L. L. Lao, Rev. Sci. Instrum. 63, 5140 (1992).

8S. P. Hirshman, D. K. Lee, F. M. Levinton, S. H. Batha, M. Okabayashi,

and R. M. Wieland, Phys. Plasma 1, 2277 (1994).

9K. M. McGuire and the TFTR Team, Phys. Plasma 2, 2176 (1995).

10S. P. Hirshman, Nucl. Fusion 18, 917 (1978).

11H. Biglari, P. H. Diamond, and P. W. Terry, Phys. Fluids B 2, 1 (1990).



PPPL-3218 19

12L. L. Lao, K. H. Burrell, T. S. Casper, V. S. Chan, M. S. Chu, J. C. DeBoo,

E. J. Doyle, R. D. Durst, C. B. Forest, C. M. Greenfield, R. J. Groebner,

F. L. Hinton, Y. Kawano, E. A. Lazarus, Y. R. Lin-Liu, M. E. Mauel,

W. H. Meyer, R. L. Miller, G. Navratil, T. H. Osborne, Q. Peng, C. L.

Rettig, G. Rewoldt, T. L. Rhodes, B. W. Rice, D. P. Schissel, B. W.

Stallard, E. J. Strait, W. M. Tang, T. S. Taylor, A. D. Turnbull, R. E.

Waltz, and the DIII-D Team, Phys. Plasma 3, 1951 (1996).

13T. P. Crowley, IEEE Trans. on Pl. Sci. 22, 291 (1994).

14G. A. Hallock, J. Mathew, W. C. Jennings, R. L. Hickok, A. J. Wootton,

and R. C. Isler, Phys. Rev. Lett. 56, 1248 (1986).

15W. L. Rowan, A. G. Meigs, E. R. Solano, P. M. Valanju, M. D. Calvin, and

R. D. Hazeltine, Phys. Fluids B 4, 917 (1992).

16J. Kim, K. H. Burrell, P. Gohil, R. J. Groebner, Y.-B. Kim, H. E. St. John,

R. P. Seraydarian, and M. R. Wade, Phys. Rev. Lett. 72, 2199 (1994).

17Y. Koide, S. Ishida, M. Kikuchi, M. Mori, S. Tsuji, T. Nishitani,

Y. Kawano, T. Hatae, T. Fujita, T. Ozeki, H. Shirai, Y. Kamada,

R. Yoshino, H. Ninomiya, M. Azumi, and the JT-60 Team, in Plasma

Physics and Controlled Nuclear Fusion Research 1994, IAEA, Vienna,

1995, volume 1, p. 199.



PPPL-3218 20

18F. M. Levinton, M. C. Zarnstorff, S. H. Batha, M. Bell, R. E. Bell, R. V.

Budny, C. Bush, Z. Chang, E. Fredrickson, A. Janos, H. Park, A. Ramsey,

G. L. Schmidt, E. Synakowski, and G. Taylor, Phys. Rev. Lett. 75, 4417

(1995).

19B. W. Rice, K. H. Burrell, L. L. Lao, G. Navratil, B. W. Stallard, E. J.

Strait, T. S. Taylor, M. E. Austin, T. A. Casper, M. S. Chu, C. B. Forest,

P. Gohil, R. J. Groebner, W. W. Heidbrink, A. W. Hyatt, H. Ikezi, R. J.

LaHaye, E. A. Lazarus, Y. R. Lin-Liu, M. E. Mauel, W. H. Meyer, C. L.

Rettig, D. P. Schissel, H. E. S. John, P. L. Taylor, A. D. Turnbull, and

the DIII-D Team, Phys. Plasma 3, 1983 (1996).

20S. Scott, R. Fonck, M. Bitter, G. Schilling, S. von Goeler, R. J. Goldston,

K. W. Hill, R. B. Howell, H. Hsuan, K. P. Jaehnig, R. J. Knize, A. L.

Roquemore, H. H. Towner, and M. C. Zarnstorff, Analysis of rotation

speed radial profiles on tftr, in Proceedings of the 15th European Con-

ference on Controlled Fusion and Plasma Physics, Dubrovnik (1988), pp.

103–106, European Physical Society, 1988, Volume 12B, part I.

21B. C. Stratton, R. J. Fonck, K. P. Jaehnig, N. Schechtman, and E. J.

Synakowski, in Proc. IAEA Tech. Comm. Meeting on Time Resolved

Two- and Three-Dimensional Pl. Diag., IAEA, Vienna, 1991, p. 78.



PPPL-3218 21

22M. C. Zarnstorff, S. D. Scott, C. W. Barnes, R. Bell, C. E. Bush, Z. Chang,

D. Ernst, R. J. Fonck, L. C. Johnson, E. Mazzucato, R. Nazikian, S. F.

Paul, J. Schivell, E. J. Synakowski, H. Adler, M. G. Bell, R. V. Budny,

E. D. Fredrickson, B. Grek, A. C. Janos, D. W. Johnson, D. C. McCune,

H. K. Park, A. T. Ramsey, M. H. Redi, G. Taylor, M. E. Thompson, and

R. Wieland, in Plasma Physics and Controlled Nuclear Fusion Research

1994, IAEA, Vienna, 1995, volume 1, p. 183.

23D. K. Mansfield, H. K. Park, L. C. Johnson, H. M. Anderson, R. Chouinard,

V. S. Foote, C. H. Ma, and B. J. Clifton, Appl. Opt. 26, 4469 (1987).

24H. Park, Plasma Phys. Controlled Fusion 31, 2035 (1989).

25F. J. Stauffer, D. A. Boyd, R. C. Cutler, M. Diesso, M. P. McCarthy,

J. Montague, and R. Rocco, Rev. Sci. Instrum. 59, 2139 (1988).

26A. Cavallo, R. C. Cutler, and M. P. McCarthy, Rev. Sci. Instrum. 59, 889

(1988).

27F. M. Levinton, S. H. Batha, M. Yamada, and M. C. Zarnstorff, Phys.

Fluids B 5, 2554 (1993).

28W. Houlberg, K. C. Shaing, and S. P. Hirshman, 1996, Private communi-

cation.



PPPL-3218 22

29R. E. Waltz, G. D. Kerbel, and J. Milovich, Phys. Plasma 1, 2229 (1994).

30T. S. Hahm and K. H. Burrell, Phys. Plasma 3, 427 (1996).

31F. M. Levinton, S. H. Batha, and M. C. Zarnstorff, Calibration of the

upgraded motional stark effect diagnostic on tftr, in AIP Conference

Proceedings on Atomic Processes in Plasmas, edited by A. Osterheld and

W. Goldstein, volume 381, New York, 1996, AIP, To be Published.

32F. L. Hinton and J. A. Robertson, Phys. Fluids 27, 1243 (19784).
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Figures

FIG. 1. Plan view of typical MSE diagnostic layout, showing the intersection

of a viewing sightline with the injected atom beam at a toroidal flux

surface in the plasma.

FIG. 2. Time evolution of (a) beam power Pb, (b) injected beam torque,

and (c) central carbon toroidal velocity VφC for two plasmas produced by

injecting oppositely oriented neutral beams into identical target plasmas.

FIG. 3. Time evolution of q(0) for the two plasmas shown in Fig. 2: (a) from

the standard MSE analysis ignoring Er, and (b) after correction using Eq.

6 and the measured VφC . The plasma with positive neutral beam torque

is indicated with solid lines, and the negative torque with dashed lines.

The error bars represent typical 95% confidence intervals.

FIG. 4. Radial profile of the magnetic pitch BP/BT = tan γ for the two

plasmas of Fig. 2 at 3.3 seconds: (a) from the standard MSE analysis

ignoring Er, and (b) after correction for Er using Eq. 5 with measured

∇rpC and VφC profiles and a neoclassical calculation of VθC . The plasma

with positive neutral beam torque is indicated with solid lines, and the

negative torque with dashed lines. The error bars represent typical 95%

confidence intervals.
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FIG. 5. Radial profiles of the Er from Eq. 1, showing the contributions

from the terms proportional to the measured ∇rpC and VφC , and the

neoclassically calculated VθC, for the plasmas of Fig. 2 at 3.3 seconds

with (a) with positive neutral beam torque, and (b) negative torque.

FIG. 6. Radial profile of change of Er between the plasmas of Fig. 2 at 3.3

seconds, assuming that the q profile is the same: (a) from the change in

MSE pitch, (b) neoclassical prediction using kinetic measurements, and

(c) assuming that the bulk plasma motion is parallel flow. The error bar

represents the typical 95% confidence interval.
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