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Knowledge of poloidal velocity is necessary for the determination of the radial electric field, Er, 

which along with its gradient is linked to turbulence suppression and transport barrier formation. 

Recent measurements of poloidal flow on conventional tokamaks have been reported to be an 

order of magnitude larger than expected from neoclassical theory. In contrast, recent poloidal 

velocity measurements on the NSTX spherical torus [S. M. Kaye et al., Phys. Plasmas 8, 1977 

(2001)] are near or below neoclassical estimates. A novel charge exchange recombination 

spectroscopy diagnostic is used, which features active and passive sets of up/down symmetric 

views to produce line-integrated poloidal velocity measurements that do not need atomic physics 

corrections. Local profiles are obtained with an inversion. Poloidal velocity measurements are 

compared with neoclassical values computed with the codes NCLASS [W. A. Houlberg et al., 

Phys. Plasmas 4, 3230 (1997)] and GTC-Neo [W. X. Wang, et al., Phys. Plasmas 13, 082501 

(2006)], which has been updated to handle impurities. 

                                                
a) Paper NI3 3, Bull. Am. Phys. Soc, 54, 181 2009. 
b) Invited Speaker. Electronic mail: rbell@pppl.gov 
c) Present Address: Los Alamos National Laboratory, Los Alamos, NM 87545 
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I. INTRODUCTION 
 
 The radial electric field (Er) and its gradient have been linked to turbulence suppression and 

transport barrier formation in tokamak plasmas. Accurate measurements of Er are also required 

for evaluating the pitch angle of the magnetic field when using the motional Stark effect.1 Er is 

typically determined by evaluating the individual terms of the radial force balance equation, 

! 

Er =
"p

eZn
+ v#B$ % v$B#  ,                             (1) 

where the ion pressure p, ion density, n, toroidal velocity, vφ, and poloidal velocity, vθ, are 

determined for any single ion species with charge eZ, and Bφ and Bθ are the toroidal and poloidal 

components of the magnetic field. The most commonly used tool to evaluate these terms is 

charge exchange recombination spectroscopy using impurity ions. High energy heating beams 

can penetrate to the plasma core and charge exchange (CX) with impurity ions that would 

otherwise be fully ionized, making spectroscopic measurements possible. Localized 

measurements of toroidal velocity, ion temperature, and ion density for impurity ions are 

routinely made on many tokamaks. Measurements of poloidal velocity are far more challenging, 

due to much smaller velocities and more complicated atomic physics issues, so a neoclassical 

calculation is often relied upon to evaluate the poloidal velocity term for the determination of Er.  

 Some recent measurements of poloidal velocity differ by an order of magnitude with 

neoclassical predictions: on JET in the region of an internal transport barrier (ITB)2,3, and on 

DIII-D during H-mode and quiescent H-mode discharges4, where the direction of the poloidal 

flow also differed from the neoclassical expectation. Measurements of poloidal flow on JT-60U 

plasmas with an ITB, however, were found to be consistent with neoclassical theory within 

experimental error5. Poloidal velocity measurements on the low aspect ratio spherical tokamak 

MAST were also found to be consistent with neoclassical theory within experimental error for L- 
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and H-mode plasmas.6 In all of these cases, substantial atomic physics corrections to the apparent 

velocity were required to obtain the inferred poloidal velocity. 

 A new poloidal-viewing diagnostic on the National Spherical Torus Experiment7 (NSTX) 

has been designed with an optimized viewing geometry to take advantage of plasma symmetry to 

avoid many of the atomic physics complications of poloidal velocity measurements using charge 

exchange recombination spectroscopy. When comparing experiment to neoclassical theory, it is 

advantageous to make poloidal flow measurements on a spherical tokamak operating with 

inherently low magnetic field and with modest ion temperature, since a dominant atomic physics 

effect, which scales with ion temperature and magnetic field, is strongly suppressed. 

Two distinct simulation codes are used to compute neoclassical poloidal velocity for 

comparison with measurements, NCLASS8 and GTC-Neo.9 The code NCLASS calculates 

neoclassical-transport properties of a multi-species axisymmetric plasma of arbitrary aspect ratio, 

geometry and collisionality. Measured plasma profiles are input to NCLASS from TRANSP10, a 

tokamak transport analysis code. NCLASS can be run as a module in TRANSP or externally. 

The GTC-Neo code has been recently modified to handle impurity species, allowing the 

simulation of the carbon poloidal velocity. The GTC-Neo code includes finite-orbit-width 

(banana width) effects, and calculated fluxes are non-local relative to the driving density and 

temperature gradients with additional smoothing over the banana width scale. The GTC-Neo 

code also uses the same measured plasma profiles and equilibrium from TRANSP as NCLASS, 

and an MHD equilibrium recomputed from TRANSP data. 

New poloidal velocity measurements from NSTX are found to be near or below neoclassical 

estimates in magnitude and are consistent in direction. Poloidal velocity profiles for H-mode 

plasmas are compared, while systematically changing the direction and magnitude of the toroidal 

magnetic field. This paper is organized as follows. The issues relating to the measurement of 
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poloidal flow using charge exchange recombination spectroscopy are presented in Section II. 

The diagnostic approach used to measure poloidal velocity on NSTX is described in Section III. 

The inversion method to obtain local velocities from line-integrated measurements is detailed in 

Section IV. Line-integrated poloidal velocity measurements are presented in Section V. 

Comparison of measured velocity profiles to neoclassical theory are presented in Section VI. 

 
II. ISSUES WITH POLOIDAL VELOCITY MEASUREMENTS  

A. Practical Issues 

 There can be a very large difference in the magnitude of poloidal and toroidal velocities. 

While toroidal velocities can be hundreds of km/s, poloidal velocities are expected to be a few 

km/s. Differentiating small poloidal velocities from much larger toroidal velocities requires that 

poloidal viewing sightlines must be known to a few arcminutes of angle. Even when measuring 

in a radial plane, the alignment of views must be such that the toroidal contribution is small 

compared to the fitting error. 

 The small poloidal velocity values can be subject to small but significant systematic errors. 

The wavelength shift associated with a velocity of 1 km/s is 0.0176 Å at 5290 Å. A systematic 

change in wavelength on this scale can occur with changes in the index of refraction of air due to 

changes in air pressure or temperature. These changes in refractive index can be quantified using 

the Ciddor equation.11 For instance, a change in barometric pressure of 2%, which might be 

experienced with a weather front, would result in an apparent wavelength change of 0.013 Å 

equivalent to a change in velocity of 0.74 km/s.  Systematic shifts in measured velocity can occur 

if the barometric pressure changed between the time of the wavelength calibration and the time 

of the rotation measurements. Changes in temperature could also be an issue if the spectrometer 

is not kept in a climate-controlled environment. 
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 The rest wavelength of the n = 8-7 C VI transition used here is nominally 5290.53 Å in air12, 

but the exact value is dependent on the ion temperature, shifting lower in wavelength for lower 

temperature.13 Assuming a statistical population of states, a change in central wavelength of 

0.054 Å is calculated for C VI when the temperature changes from 100 eV to 3 keV (the range of 

NSTX thermal ion temperatures) corresponding to an apparent velocity shift of 3 km/s. 

Systematic shifts of this magnitude are significant for poloidal flow measurements, though less 

critical for the typically larger toroidal flow measurements.  

B. Energy Dependent Charge Exchange Cross Section 

 Charge exchange recombination spectroscopy takes advantage of an electron capture by an 

impurity ion from a beam neutral,  

! 

D
0
(n

D
) + C

6+
" D

+
+ C

5+
(n) ,                   (2)  

where the deuterium beam neutral is usually in the ground state (nD=1), with a tiny fraction in an 

excited state (nD > 1). The product impurity ion with a single electron is in an excited state (n). 

The levels most likely to be populated are n ≈ nD Z3/4,14,15where Z is the charge of the impurity 

ion. On NSTX, for the n=8-7 transition of C5+, the charge exchange with beam neutrals in the 

ground state will preferentially populate the n=4 level. Excited beam neutrals in the nD = 2 state 

will preferentially populate the n=8 level, the upper level of the observed transition. The excited 

product ion will emit a photon promptly (≈ 10-9 sec for n = 8 C5+) providing a localized 

measurement before rapidly decaying into the ground state.  

 The local charge exchange emission is proportional to the beam neutral density, the carbon 

impurity density and the charge exchange rate,  

! 
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where 
  

! 

"CX ="CX
 

v 
v #

v 
v 

beam( )  is the charge exchange cross section which depends on the collision 

velocity between the carbon impurity and the beam neutral, 
  

! 

f
r 
v ( ) is the Maxwellian velocity 

distribution of the C6+ ions, and   

! 

r 
v 

rot
 is the rotational velocity of the C6+ ions. The charge 

exchange cross section depends strongly on the collision energy for the range of energies 

typically used on neutral beams, peaking around 60 keV/amu and decreasing rapidly toward 

lower collision energies where neutral beams will interact. With deuterium neutral beams, there 

are full, half, and third energy components due to the molecular makeup of the deuterium in the 

beam source. Each of these beam components will sample a different portion of the energy 

dependent cross section. On NSTX, a typical deuterium beam voltage of 90 kV will result in 

collision energies near 45 keV/amu, 22 keV/amu, and 15 keV/amu. The cross section of an 

excited beam neutral with nD=2, which peaks around 6 keV/amu, is two orders of magnitude 

greater than for the ground state. The excited neutrals can greatly alter the effective cross section 

for low collision energies even with a tiny fraction (a few tenths of a percent) in that state. 

 The main effect of the energy dependent cross section is to introduce an apparent velocity 

shift that is not associated with the parent C6+ ion distribution. A Maxwellian distribution of C6+ 

ions interacting with a mono-directional neutral beam will have higher collision energies for ions 

moving toward the beam and lower collision energies for ions moving away from the beam. The 

C5+ ion production will be enhanced for the part of the distribution moving toward the beam and 

suppressed for the part moving away from the beam. This will give rise to a net flow of C5+ ions 

toward the neutral beam. This is a real velocity (of the product C5+ ions) that will be additive to 

the flow of the C6+ parent distribution. This net flow velocity toward the beam will scale up with 

ion temperature, since a wider range of the gradient of the charge exchange cross section is 

sampled at higher temperature. 
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 The inherent uncertainties of the computed charge exchange rates must be considered when 

dealing with the small values of poloidal velocity. Estimated uncertainties in electron capture 

cross sections for ground state neutrals with C6+ n = 8 ions are 50% or larger for collision 

energies below 20 keV/amu.12 This is the range where half and third energy deuterium neutrals 

interact. Apparent shifts in wavelength depend on the shape of these charge exchange cross 

sections at collision energies where the uncertainties are large. Uncertainties in the effective 

emission rates, which are based on the electron capture cross sections, may result in significant 

uncertainty in measured velocity compared to the actual poloidal velocity. 

 While the velocity distribution of the parent ion (C6+) is the desired quantity, the velocity of 

the product ion (C5+) emission is actually measured. The measured line-integrated signal also 

includes other emission from C5+, including intrinsic emission that exists near the plasma edge. It 

is also possible for the product ion to be re-excited by electron impact and emit again before 

ionization (≈10-4 sec) producing “plume” emission.15 This is non-local emission, since the plume 

ions have time to drift away from their birth location in the beam volume due to parallel ion 

flow. Depending on the viewing geometry, plume emission originating near the edge could be 

viewed in sightlines that view the plasma center. Since charge exchange emission is weaker in 

the core due to attenuation of the beam, the effect of plume emission would have a greater effect 

on apparent ion temperature and velocity there. Plume emission due to carbon is readily 

observable on NSTX16, and it makes up about half of the background emission when observing 

the plasma center on both the toroidal and poloidal views. On many tokamaks, beam modulation 

is used to separate the desired charge exchange emission from the intrinsic emission, but beam 

modulation cannot remove unwanted emission from plume ions.   

C. Gyro Orbit Finite Lifetime Effects 
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 When measuring in the plane of the gyro orbit, the motion of an ion and the lifetime of the 

excited state become important.17 If there is a component of the neutral beam velocity in the 

plane of the gyro orbit, the collision energy will vary around the gyro orbit. If the product ion 

does not emit immediately, some of the net flow toward the beam will be redirected vertically. If 

the effective lifetime of the upper n level of the observed transition is τ, then the ion will rotate 

ωτ before radiating, where ω is the ion gyrofrequency. This will result in an apparent velocity 

directed vertically that will scale with the magnetic field (due to ω) and with ion temperature 

(due to net flow from the energy dependent cross section). The value of τ has been measured to 

be about 1 ns;13 the lifetime depends on the electron density and the relative populations of the 

fine structure components of the n = 8 level. The gyro orbit finite-lifetime effects were quite 

large on TFTR; for 30 keV ions with B = 5 T, ωτ = 0.25 radians, the vertical velocity was ≈ 40 

km/s, dominating the poloidal flow. On NSTX, the ion temperature and magnetic field are each 

lower by an order of magnitude or more, so this velocity is a few 100 m/s or less, smaller than 

the experimental error in the measured velocity. 

 
III. DIAGNOSTICS  

 The issues outlined in Section II motivated the design of the poloidal-viewing charge 

exchange spectroscopy system on NSTX, which is similar to the system used on TFTR.18 High 

throughput optics and high quantum efficiency detectors are used to increase the signal to noise 

ratio so that the fitting error is less than 1 km/s. Active and passive views are used to separate the 

charge exchange emission from intrinsic background and plume emission. The active views refer 

to sightlines viewing across the neutral beams, which includes both CX emission and 

background emission. The passive views refer to sightlines at a toroidal location away from the 

neutral beams, which measure only background emission. The NSTX neutral beams are aimed 

horizontally. Recognizing that the effects of the energy dependent charge exchange cross section 
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will result in a horizontal flow toward the neutral beam, the up/down symmetry of the plasma 

and the beam geometry with respect to the midplane was exploited to avoid complex corrections 

for the atomic physics issues that would be necessary for a single viewing direction. The use of 

up/down symmetric views virtually eliminates the typical reliance on computation of beam 

attenuation, charge exchange cross sections, beam neutral excitation, and relative fraction of the 

beam energy components when determining the line-integrated poloidal velocity.  

A. Up/Down Symmetric Viewing Geometry 

 Special port locations above and below the neutral beam were included in the design of the 

NSTX vacuum vessel to accommodate a poloidal velocity measurement. Fig. 1 shows the 

locations of the detection planes. The active detection plane is aligned with the central of three 

tangential neutral beam sources. The passive plane is purely radial and toroidally separated from 

the neutral beams to view only background emission. Fig. 2 shows the upward and downward 

viewing sightlines in the active and passive planes. The horizontal coordinate for the passive 

viewing plane is major radius (R); the horizontal coordinate for the active views is 

! 

X = R
2
" R

T

2 , where RT is the tangency radius of the detection plane. The active plane is 

tangential, so non-vertical sightlines will have a small toroidal component contributing to the 

apparent velocity. Eight lenses at four locations are used to collect light for 276 optical fibers, 

giving 75 pairs of active viewing fibers and 63 pairs of passive viewing fibers. The radial 

resolution after inversion is Δr = 0.6 cm in the outer region and Δr ≤ 1.8 cm near the plasma 

center. With the low magnetic field on NSTX, the edge spatial resolution is comparable to the 

ion gyroradius. 
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 Precise measurements of the sightlines were made by back illuminating the optical fibers 

and using an articulated measuring arm to fit an ellipse to each fiber image in several vertical-

spaced planes. The optical path of each fiber was then fitted in three dimensions and the virtual 

point, from which all these optical paths emanated, was determined using a least squared 

regression. This process was repeated for each lens system in the collection optics. The viewing 

angle of each sightline is known to better than 0.01°. Precise alignment of the viewing chords at 

the midplane allows matching of upward and downward views to better than 1 mm. 

 Up/down symmetric views are used to subtract horizontal components of the velocity, due 

to toroidal flow or the flow toward the neutral beam induced by the energy dependent charge 

exchange cross section. The apparent product ion velocity of the plasma,   

! 

r 
v , can be described as 

the sum of the poloidal and toroidal components of the flow as well as the contributions of the 

velocities induced by the energy dependent charge exchange cross section, 

 

 
Figure 1 (Color online) Plan view of NSTX midplane showing the locations the active and passive detection planes. The 
active plane has the same tangency radius, RT, as the central of three neutral beam sources labeled A, B, C. 
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! 

r 
v =

r 
v " +

r 
v # +

r 
v cx +

r 
v gfl  ,                             (5) 

where   

! 

r 
v 

cx
 refers to the net velocity of the product ion towards the beam and 

  

! 

r 
v gflrefers to the 

resultant flow due to the gyro motion finite lifetime effect. The apparent velocity along a 

particular sightline is given by, 

  

! 

vapp

±
= ˆ s 

± "
r 
v = ±#1v$ +%1v& +%2vcx ± #2'(vcx  ,        (6) 

where, 

  

! 

ˆ s 
±

= sx
ˆ x + sy

ˆ y m sz
ˆ z                                                  (7)  

refers to unit vectors for upper (+) and lower (−) sightline directions. The coefficients for 

quantities which do not depend on viewing direction are 

! 

"
1

= ˆ s # ˆ $ , 

! 

"
2

= ˆ s # ˆ n , where 

! 

ˆ n  is a unit 

vector directed along the neutral beam velocity. The coefficients for quantities that depend on 

viewing direction are 

! 

"
1

= ˆ s # ˆ v  and 
  

! 

"
2

= ˆ s #
r 
B $ ˆ n /B , where 

! 

ˆ v  is a unit vector in the direction of 

the poloidal velocity. A differential velocity is obtained by taking half the difference of the 

apparent velocities from the upper and lower views, 

 
Figure 2 (Color online) Cross section of NSTX showing poloidal viewing sightlines in (a) passive plane and (b) active 
plane. Each upward and downward viewing pair of sightlines is precisely aligned at the midplane. There are 63 pairs of 
sightlines in the passive view and 75 pairs of sightlines in the active view. 
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! 

vdiff = 1

2

r 
v app

+ "
r 
v app

"( ) = #
1
v$ + % # 

2
&'vcx ( #1

v$           (8)  

where 
  

! 

" # 
2

= ˆ s $
r 
B % & ˆ n /B , using only the toroidal part of the magnetic field, since the associated 

horizontal terms cancel. Since ωτ is small compared to the fitting error, the differential velocity 

depends only on the desired poloidal velocity and the viewing direction. The actual 

measurements are line-integrated so the line-integrated differential velocity relies on the 

up/down symmetry of the plasma for the cancellation of the horizontal components due to vφ and 

vcx along the sightlines, 

  

! 

udiff =
1

2

E
CX
vapp

+
dl"

E
CX
dl"

#
E
CX
vapp
#
dl"

E
CX
dl"

$ 

% 
& 
& 

' 

( 
) 
)  ,                (9) 

where udiff is the differential line-integrated velocity. In this work, the variable u is used for line-

integrated velocities and the variable v is used for local velocities. 

 Differential velocity measurements eliminate the need to precisely know the rest wavelength 

of the transition. Small systematic errors due to drifts in wavelength calibrations will also cancel. 

Line-integrated differential velocity measurements do not need atomic physics corrections, since 

horizontal contributions cancel and the contribution due to the gyro orbit finite lifetime effects 

are negligible with the low magnetic field on NSTX. 

B. Supporting Diagnostics and Systems 
 
 The three neutral heating beam sources on NSTX, which are used for charge exchange 

spectroscopy, are all located at one toroidal location, see Fig. 1. Each source is nominally 12 cm 

wide and 42 cm tall. The sources intersect near the plasma edge and have an angular separation 

of about 4°. 

 Two midplane diagnostics are used to support the poloidal velocity measurement on NSTX. 

A multi-point Thomson scattering (MPTS) diagnostic provides Te and ne profiles at 60 Hz. A 

midplane toroidal charge exchange recombination spectroscopy (CHERS) diagnostics is used to 
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provide local ion temperature (Ti), carbon density (nC), and vφ profiles at 100 Hz. The toroidal 

CHERS system also uses active and passive views to allow the simultaneous subtraction of 

background emission from the active view. The toroidal CHERS system has a radial resolution 

Δr = 0.6–3 cm (edge to core) for the active view across the neutral beams. The background view 

runs parallel to the neutral beams. Since all neutral beams are at the same toroidal location, beam 

modulation is not a practical method to suppress background contributions to the measured 

signal on NSTX, since it would require a 100% modulation of the beam power. Separate passive 

views require more total sightlines and a more demanding calibration sequence, but they do 

provide a simultaneous removal of both intrinsic and plume emission from charge exchange 

emission. 

 An equilibrium reconstruction is necessary to map midplane measurements onto the 

detection planes and to compute path lengths through the plasma for inversion of line-integrated 

signals. The equilibrium code EFIT19,20 is used to map the poloidal flux surfaces when poloidal 

velocity inversions are performed. On NSTX, EFIT is typically run with constraints from the 

MPTS pressure profiles and the diamagnetic loop measurements, and includes currents in the 

vacuum vessel, but may also be constrained by MSE measurements of pitch angle, flux 

isotherms, and toroidal rotation.21 

 

IV. MATRIX INVERSIONS 
 
 With the proper viewing location, a toroidal viewing array can achieve radial resolution on 

the order of a centimeter, since the width of a typical heating beam is much less than the major 

radius of the plasma. With vertical views, localization is more difficult, since the finite beam 

height must be compared to the plasma minor radius. When viewing closer to the magnetic axis, 

the finite height of the beam can cause considerable radial smearing, equivalent to the beam 
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height divided by the local plasma elongation. Fig. 3 shows one example of the radial smearing 

expected for a subset of the sightlines across the profile. Solid circles indicate the nominal radii 

of the sightlines.  

 Measurements taken in both the active and passive detection planes are line-integrated, so 

inversions to obtain local values of emissivity and velocity are necessary. A matrix inversion 

approach is used.22 Subtraction of background emission (both intrinsic edge and plume emission) 

contributions requires inversion and remapping to the active viewing geometry.  

A. Inversion of Background Emission 

 The background emissivity is assumed to be constant on a flux surface. The shape of the 

plasma is determined from an equilibrium reconstruction at each time. Emission zones are 

defined as regions near constant poloidal flux values. The measured brightness along each 

sightline (i) can be related to the emission in each zone (j) of the plasma by a length matrix, Lij. 

! 

4"Bi = LijE j

j

#                                (10)  

where Bi is the measured brightness (in units of photons/s/cm2/ster/sec) and Ej is the local 

emissivity (in units of photons/s/cm3/sec) and the length matrix is determined from the path 

 
Figure 3 (Color online)  Normalized intensity along several sightlines shows radial smearing 
at various radii for shot 132484 at 0.596 sec. 
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length of each sightline through each emissivity zone. The local emissivity can then be recovered 

from measured the brightness using a matrix multiplication of the inverted length matrix, 

! 

E j = 4" L ji

#1

j

$ Bi .                         (11)  

The brightness weighted by the apparent line-integrated velocity (Biui) can be related to the local 

velocity-weighted emissivity (Ejvj), 

  

! 

4"Biui = Lij E j

j

# ˆ s i $
r 
v j( ) = Lij E j

j

# v j cos%ij  ,       (12)  

where θij are the angles between the sightlines and poloidal velocity directions. Defining a 

matrix, 

! 

Mij " Lij cos#ij , which adds the angular information to the length matrix, the local 

velocity for the background emission of C5+ ions can be obtained with two matrix inversions, 

! 

v j =
E jv j

E j

=

M ji

"1
Biui

j

#

L ji

"1

j

# Bi

 .               (13)  

 The calculation of the contribution of the background emission to the active views is 

accomplished by computing the velocity-weighted background emission. The inverted Ejvj for 

the background emission is determined and then interpolated onto the radial grid for the active 

emission. The velocity-weighted brightness contribution to the active view is then computed 

from a matrix multiplication of the matrix Mij for the active view with the interpolated Ejvj from 

the background view, 

! 

Bi

A
ui
A

= Mij

A

j

" E j

Avj

A ,               (14)  

where uA is the computed differential velocity, BA is the background brightness for the active 

view, Mij
A is the matrix for the active view, and EAvA are the interpolated values for the sightlines 

in the active view based on the background measured values.  

B. Inversion of Active Emission  
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 The brightness weighted velocity due to CX emission is given by, 

! 

B
CX
u
CX

= B
TOT
u
TOT

" B
BKG

u
BKG

 ,                    (15) 

where the BTOTuTOT is the measured brightness weighted velocity from the active view, BBKGuBKG 

is the brightness weighted velocity for the background contribution in the active view, which is 

computed with Eq. 14 using the measurements from the background view. 

 The CX emission is not constant on a flux surface, so inversion of the CX emission requires 

knowledge of local values of carbon density, beam neutral density, and charge exchange rate 

along the sightlines (see Eq. 3). A non-orthogonal grid of emission zones and horizontal slices 

stacked in the vertical direction are used to compute a weight matrix, which is proportional to the 

CX emission, 

! 

Wijk = Eijk

CX
= n j

C
n jk

beam "CX
v

ijk

eff

 ,                             (16)  

where the subscript k refers to the vertical zones. Summing over vertical zones yields a 2D 

weight matrix, Wij. Values of such a weight matrix are shown as a contour plot in Fig. 4.  A two-

dimensional (2D) carbon density profile is computed by mapping the local measurements from 

 
Figure 4 (Color online) Contour plot of the weight matrix Wij for shot 132484 at 
0.916 sec overlaid with flux surface contours from EFIT. 
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the toroidal charge exchange system using the equilibrium contours. Likewise, the local Te and ne 

profiles, measured with Thomson scattering, are mapped onto 2D to provide input for a 2D beam 

attenuation calculation in the plane of measurement of the active view. Local values of Ti and vφ 

are mapped into 2D to allow the calculation of local effective charge exchange rates using 

computed rates from ADAS.23 A length matrix, 

! 

" L ijk , is computed containing the local path 

lengths through this locally defined grid, now broken down to sub paths through the emission 

zones. Summing over the vertical zones returns the length matrix,  

! 

Lij = " L ijk
k

#  .                         (17) 

The differential values of the apparent velocity-weighted brightness is related to local emissivity 

by, 

! 

2" Bi

CX
ui

+
# Bi

CX
ui

#( ) = $ L ijkWijk cos%ijk

j ,k

&  ,          (18)  

where ui
+ and ui

− are apparent line-integrated velocities from upper and lower viewing sightlines, 

respectively. Bi
CX is the brightness due to the charge exchange emission alone, which can be 

computed from local values mapped from midplane measurements, 

! 

4"Bi

CX
= # L ijkWijk

j ,k

$  .                  (19) 

Two matrices are defined, 

! 

Pij " # L ijkWijk

k

$                            (20) 

! 

Qij " # L ijkWijk cos$ijk

k

%                  (21) 

where Pij relates to measured line-integrated brightness, and Qij also contains the directional 

information of the projection along the sightlines. The differential velocity is then given by, 

! 

ui
diff = 1

2
ui
UP " ui

DOWN( ) = Qij

j

# Pij
j

#  .         (22) 
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Using a single matrix inversion, the local poloidal velocity for the C6+ ions can be computed, 

! 

v j = Qji

"1
ui

diff
Pi # j 

# j 

$
% 

& 
' ' 

( 

) 
* * 

j

$   .           (23)  

Errors can be easily propagated through the matrix multiplications by recognizing that for a 

matrix multiplication of a vector xi by matrix Aji, 

! 

y j = A jixi
j

"   ,                      (24)  

the variance of the result, yj, is given by,  

! 

" y j

2
= A ji

2

i

# " xi

2
 .                   (25)  

V. POLOIDAL VELOCITY MEASUREMENTS 

 NSTX is a spherical torus with a major radius of 0.85 m, plasma current Ip ≤ 1.5 MA, 

neutral beam power PNB ≤ 6 MW, which operates with vacuum magnetic field 0.35 T ≤ B0 ≤ 

0.55 T. Measured parameters for a typical lower single null (LSN) H-mode discharge with 

B0=0.45 T, Ip = 0.9 MA, PNB = 6 MW, are shown in Fig.5. A right-handed coordinate system is 

used. Positive toroidal direction is counter clockwise as seen from the top of the device; the 

direction of Ip is positive, opposite to the usual direction of the toroidal magnetic field. The 

poloidal magnetic field is positive, and a positive poloidal velocity is downward at the larger 

 
Figure 5 (Color online) Discharge parameters for H-mode discharge 132484. 
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major radius. The profile evolution of the Te, Ti, ne, nc, and vφ, are shown in Fig. 6 at the early, 

middle, and late times indicated in Fig.5. The measured profiles of line-integrated brightness and 

differential poloidal velocity, udiff, at those same times are shown in Fig. 7. The total measured 

C5+ brightness from the active view, which includes both background and active CX emission, is 

plotted in the upper panels of Fig. 7 (black).  The brightness profile for passive view is plotted in 

red. With three neutral beam sources, the active signal dominates the background signal at larger 

major radii, but is more comparable at smaller major radii due to the significant attenuation of 

the neutral beam density across the profile. 

 In the lower panels of Fig. 7, the solid black symbols show the measured differential 

velocities from up-down symmetric pairs of fibers. Two populations of C5+ ions contribute to 

these apparent velocities, the active CX emission represents the velocity of the parent C6+ ions in 

the beam volume, and the background emission represents the velocity of the intrinsic 

background and plume C5+ ions along the line of sight. The contribution from CX ions 

 
Figure 6 (Color online) Measured plasma profiles at three times for shot 132484. 
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diminishes rapidly near the edge, due to reduced temperature, to the point where there is no C6+ 

population. The open red symbols in Fig. 7 show the line-integrated differential velocity of the 

background emission using the passive plane of measurement. Note the change in direction of 

udiff at the plasma edge. A very tenuous population of C5+ ion is seen in the scrape off layer 

flowing in the ion diamagnetic direction, which has a positive sign for this discharge. Vertical 

dashed lines show the nominal positions of the magnetic axis and the plasma edge as computed 

from NSTX EFIT.  

 
VI. COMPARISON TO NEOCLASSICAL THEORY 

A. Local inverted velocity for H mode plasma 

 The measured data is prepared for inversion by fitting with a smoothing spline.24 The error 

of this non-parametric fit is determined by repeating the spline fit many times while randomly 

varying the values within the measured errors. The smoothed spline values with their computed 

errors are then used in the matrix inversions. 

 
Figure 7 (Color online) Brightness profiles of active and passive emission (upper panels) and  line-integrated differential 
velocity profiles (lower panels) for active (black) and passive (red) views are shown at (a) 0.255 s (b) 0.596 s and (c) 0.916 s. 
The dashed vertical lines indicate the positions of the magnetic axis and plasma edge. 
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 The local poloidal velocity profile is determined as described in Section II.B above using 

Eq. 23. The errors are propagated through this inversion process using Eq. 25. Inverted velocity 

profiles are plotted in Fig. 8 (black circles), which correspond to the line-integrated velocity 

profiles seen in Fig. 7. The radial extent of these profiles is confined to the radial region over 

which the CX emission is present. The poloidal velocity expected by NCLASS is overlaid (solid 

red line) along with the GTC-Neo simulation (dashed blue). The GTC-Neo simulation is 

averaged over eight radial zones, and the dashed line connecting them represents a spline fit. The 

vertical dashed lines indicate the plasma center and edge from NSTX EFIT.  

 The measured poloidal values and the two neoclassical estimates show mixed agreement 

across the profile. There is better agreement between the measurements and the neoclassical 

estimates in the core plasma and worse near the edge, where the GTC-Neo code is known to be 

less accurate. At the earliest time, both NCLASS and GTC-Neo velocities deviate from the 

measured values outside of 135 cm. In this region the neoclassical values deviate from each 

other. At the latest time, the NCLASS and GTC-Neo values seem to coincide but typically 

exceed the measured poloidal velocity in magnitude near the edge.  

 
Figure 8 (Color online) Inverted poloidal velocity (circles) overlaid with NCLASS (solid) and GTC-Neo (dashed) profiles 
at three times for shot 132484.  
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B. Reversed magnetic field 

 Neoclassical theory predicts that the direction of poloidal flow depends on the direction of 

the toroidal magnetic field.25 Profiles for two similar discharges with opposite signs of toroidal 

magnetic field but equal magnitude are shown in Fig. 9. Shot 135686 is a lower-single-null 

plasma with toroidal field in the usual direction for NSTX, i.e. opposite to the direction of the 

plasma current. Shot 135991 is an upper-single-null plasma with toroidal field in the reversed 

direction, parallel to the plasma current. 

 The local inverted impurity velocity profiles are plotted in Fig. 10 for the two discharges. 

The expected change in the direction of the measured carbon poloidal velocity for the reversed 

magnetic field case is shown in Fig. 10 (a) compared to the normal direction shown in 

Fig. 10 (b). The direction changes sign while the magnitude of the measured poloidal velocity is 

small in each case (< 2 km/s), suggesting that any systematic error in the measured poloidal flow 

 
Figure 9 (Color online) Plasma profiles for shot 135686  with 
Bφ < 0 (solid) and shot 135991 with Bφ > 0 (dashed). 

 
Figure 10 (Color online) Measured local poloidal velocity overlaid 
with NCLASS and GTC-Neo profiles for (a) reversed magnetic 
field, Bφ > 0 and (b) "normal" magnetic field, Bφ < 0. 
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is quite small. The ion diamagnetic drift direction is in the negative direction for the reversed 

magnetic field case, Fig. 10 (a), and in the positive direction for the usual magnetic field 

direction, Fig. 10 (b). The neoclassical values for the two cases also show the change in direction 

of poloidal flow. As in the previous section, the measured and neoclassical values are similar in 

the core plasma, but differ significantly in the edge region. The neoclassical cases consistently 

predict larger magnitudes of the poloidal velocity than what is measured.  

C. Magnetic field scan 

 Additional insight into the differences between measured poloidal velocity and neoclassical 

expectations is gained by examining the trends in poloidal velocity as plasma conditions are 

systematically varied. Neoclassical theory predicts that the magnitude of the poloidal velocity 

should scale inversely with the toroidal magnetic field. To test this, the toroidal magnetic field 

and plasma current were scanned over a series of well-matched discharges, while maintaining a 

constant Ip/B0 ratio of 2.1 MA/T. The magnetic field was varied from 0.34 T to 0.54 T as the 

 
Figure 11 (Color online) Plasma profiles for discharges from 
scan of Bφ and Ip. 
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plasma current was varied from 0.72 MA to 1.13 MA. Temperature, density, and velocity 

profiles at 0.416 s for these discharges are shown in Fig. 11. Measured poloidal velocity profiles 

showing a systematic variation are shown in Fig. 12 (a). The expected neoclassical poloidal 

velocity profiles are shown for comparison in Fig. 12 (b) and 12 (c), for NCLASS and GTC-Neo, 

respectively. The neoclassical profiles seem to have much more radial structure than the 

measured profiles, especially nearer to the plasma edge. Some of this variation may be due to the 

uncertainty in the gradients of the measured diagnostic profiles. A mean poloidal velocity was 

computed over a radial range near the measured peak to eliminate some of this variation when 

considering dependence on magnetic field. This region is indicated in Fig. 12 as a shaded band 

covering the range between 137-141 cm. The mean poloidal velocity is plotted in Fig. 13 as a 

function of magnetic field amplitude and its reciprocal. The solid lines indicate a linear fit to the 

mean poloidal-velocity data. The measured mean poloidal velocity (circles) shows the expected 

trend with magnetic field, scaling linearly with 1/B0, even though measured values change only 

1.5 km/s. The NCLASS values (triangles) and the GTC-Neo values (squares) also show an 

increase in the magnitude of the poloidal velocity as the magnetic field is reduced. Much larger 

 
Figure 12 (Color online) Poloidal velocity profiles for B0  and Ip scan showing (a) measured, (b) NCLASS, and (c) 
GTC-Neo values of poloidal velocity.  
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poloidal flow than what is measured is expected from the neoclassical simulations, especially at 

lower magnetic field. The neoclassical codes NCLASS and GTC-Neo both expect a more rapid 

change in poloidal velocity with magnetic field than what is actually measured. At this radial 

location, the fitted slope for the NCLASS data is 2.6 times the fitted slope for the measured data. 

The slope for the GTC-Neo data is 3.3 times the fitted slope of the measured data. 

D. Radial electric field 

  The radial electric field can now be determined since all of the components of the radial 

force balance equation (Eq. 1) have been measured. The individual components of Er are plotted 

in Fig. 14 (a). The contribution of the poloidal velocity term, -vθBφ, is quite small compared to 

the large contribution from the toroidal velocity term, vφBθ, which typically dominates the other 

terms. In a spherical torus with Bφ/Bθ ~1, the value of the poloidal velocity does not have as 

much leverage in the force balance equation as it would in a conventional tokamak where 

Bφ/Bθ~10. The measured Er profile does not extend all the way to the plasma edge, since the C6+ 

 
Figure 13 (Color online) Mean poloidal velocity for 137 cm < R < 141 cm 
plotted versus |B0|-1 for measured, NCLASS, and GTC-Neo values. 
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ion is not present at the cooler edge temperatures on NSTX. Fig. 14 b) overlays the measured Er 

profile with the NCLASS and GTC-Neo expectations of Er. In this case, the toroidal impurity 

velocity profile is used as an input to both neoclassical codes, so the apparent agreement between 

the Er profiles simply reflects that the differences between the measured and neoclassically 

expected poloidal velocity values are small compared to the magnitude of Er. The external 

module for NCLASS was required for this calculation, since the module in TRANSP did not 

self-consistently handle the Er. Both neoclassical codes suggest that large gradients in Er might 

exist near the plasma edge beyond the region in which charge exchange measurements are 

available. To extend the Er measurements into this edge region, the force balance equation could 

be used with passive emission from other ionization states. For example emission from C2+ and 

He+ is available on NSTX26, and the background emission from C5+ could be inverted to compute 

Er from the radial force balance equation. 

 
VII. DISCUSSION 
 
 Charge exchange recombination spectroscopy can be used to measure all the components in 

the force balance equation in order to obtain Er. Great care must be exercised when making 

poloidal velocity measurements using this technique. The energy-dependent charge-exchange 

cross section causes an additional apparent velocity that is directed against the flow of the neutral 

beam particles. With sufficient magnetic field and temperature the gyro motion of the impurity 

ion can lead to additional vertical components in the apparent velocity. Uncertainties in the 

charge-exchange cross section may lead to systematic errors that could be comparable to or 

greater than the poloidal velocity itself. Measurements uncorrected for the atomic physics or 

incompletely corrected will show that poloidal velocity will scale with ion temperature and 

magnetic field. 
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 Poloidal velocity measurements on NSTX take advantage of the plasma symmetry with 

respect to the midplane and the horizontal direction of neutral beam injection to eliminate the 

dependence on the complicated atomic physics corrections for line-integrated poloidal velocity 

measurements. The only use of atomic physics is to compute a relative CX emission along the 

viewing chord for an inversion to obtain local poloidal velocity. The computation of CX 

emission is much less sensitive to the uncertainties in the magnitude and shape of the charge 

exchange cross sections. The low magnetic field and modest temperatures of NSTX eliminate the 

worry of the contributions from gyro orbit finite lifetime effects. 

 
Figure 14 (a) Measured components of Er in the radial force balance 
equation for shot 132484 at 0.916 s.  The contribution from the 
poloidal velocity component is small compared to the other terms. 
(b) Comparison of measured Er with that inferred from NCLASS and 
GTC-Neo. 
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 The measured poloidal velocity on NSTX behaves qualitatively as expected from 

neoclassical theory, scaling inversely with toroidal magnetic field and reversing direction when 

the direction of the toroidal magnetic field is reversed. The low magnitude of the poloidal 

velocity for the pair of discharges with opposite magnetic field direction, suggest that any 

systematic errors are small. These behaviors give some confidence in the veracity of the poloidal 

velocity measurements. The measured poloidal velocity profiles on NSTX are equal to or lower 

in magnitude than expected from neoclassical calculations from NCLASS and GTC-Neo, in 

contrast to measurements on JET and DIII-D.2-4 Differential changes in measured mean poloidal 

velocity are seen to be a factor of 2.6-3.3 lower than changes in NCLASS and GTC-Neo. There 

is no indication of an inconsistency with the direction of the measured poloidal velocity 

compared to neoclassical expectations, as was observed on DIII-D.4 These results are consistent 

with measurements on MAST with showed that, within experimental error, the measured 

poloidal flow was similar to neoclassical values in magnitude and direction.6 

 Due to the relatively low values of measured poloidal velocity, the difference between 

measured Er and that computed from neoclassical is quite small. Changes in Er near the edge of 

NSTX plasmas, which are outside of the region in which C6+ ions are present, will be addressed 

in the future using background emission from C5+ ions. 
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