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A novel 2D toroidal plasma flow velocimetry has been developed using tomographic reconstruction tech-
nique. The 2D imaging of local (R-Z) toroidal velocity is achieved by the vector tomographic reconstruction
technique and multi-chord 2D spectroscopy by 35-channel optical fiber array. Numerical simulation for recon-
struction of bi-directional toroidal velocity profile suggests that the cost-effective arrangement of the optical fiber
for a toroidal plane is 7. We installed the system with 7 X 5 chords arrangement to the TS-4 device. This system
successfully measured 2D bi-directional toroidal velocity profile around X point with 10% accuracy during the

counter-helicity magnetic reconnection experiment.
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1. Introduction

The Doppler frequency shift is a popular remote sens-
ing principle for various velocimetry. As a plasma diagnos-
tics tool, the wavelength shift of the line-spectrum emis-
sion is widely used for measurement of plasma bulk flow.
Unlike active spectroscopic techniques, such as LIF [1] or
CXRS [2], in passive Doppler spectroscopy, the measured
spectral line signal is integrated over each line-of-sight.
Furthermore, the target plasma for LIF must be relatively
dense or slow and it is often unsuitable when microsecond
time resolution is required such as laboratory fusion and
astrophysical experiment. Then, recent laboratory exper-
iment often neglects the plasma perturbation of direct in-
situ measurements, such as the ion dynamics spectroscopy
(IDS) probe [3] inside the plasma but they should be used
carefully for low temperature plasmas. To solve these
problems of line-integrated effect for passive remote sens-
ing, computer tomography has been widely used, initially
for medical imaging of human body and recently for the
measurement of physical parameter. In plasma diagnos-
tics, remarkable success for ECE tomography of sawtooth
crash in tokamaks [4] and 3D imaging of kink instability
for magnetoplasmadynamic has been reported [5].

However, for the application of tomographic recon-
struction of plasma flow, the object of the reconstruction
is not scalar but vector quantity. Then radon transform of
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Fig. 1 The concept of the vector radon transform. Only the line-
of-sight component of the vector field contributes to the
projected velocity profile.

the local profile is changed from fL Vdito fL V .dl (Fig. 1:
vector radon transform), proper inversion technique is re-
quired [6]. In addition, plasma flow diagnostics by passive
Doppler spectroscopy mostly uses Czerny-Turner Grating
spectrometer having a slit which limits the spatial reso-
Iution to 1D. As a solution to these problems, this paper
describes the novel 2D measurement of toroidal flow us-
ing vector tomography technique and 2D multi-chord spec-
troscopy system that was installed to TS-4 toroidal plasma.
Section2 summarize the vector tomography technique for
toroidal flow measurement. Section 3 describes a numer-
ical simulation of the reconstruction method and Section
4 demonstrates this 2D diagnostic for the “toroidal sling
shot” [7] during the magnetic reconnection experiment in
TS-4.
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2. Inversion Method
2.1 Description of toroidal flow velocity by
potential function
To solve the vector tomography problem, it is conve-
nient to describe a vector field by potential function. Gen-
erally, arbitrary vector field V(x, y) can be decomposed as
follows by the Helmholtz decomposition theorem.

V = grad® + rot?, (D)

where @ and ¥ are the scalar and vector potential func-
tions, while grad® and rot¥? are the solenoidal and irrota-
tional parts of V, respectively. For line-integrated Doppler
spectroscopy measurement, the first term contributes as
spectral broadening and the second term does as the bulk
Doppler shift. In axisymmetric torus plasma, toroidal
flow velocity Vy can be described by the Z component of
the vector potential ¥ = e, [8]. Then, for the toroidal
flow measurement geometry, the vector field reconstruc-
tion problem is converted (simplified) to a scalar tomogra-
phy problem to reconstruct the potential function .

The reconstruction of the Z component of the vector

potential ¢ uses the constraints V2 = —w with vorticity
w =rotV.
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Then, using the Abel inversion to fL Wdl,
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Finally, taking the curl of the potential , toroidal rotation
profile is described as follows.

Wy A,

Vit = (L, ~H2D) ©)
9

or Ve(r) = ‘g(rr). (7

2.2 Spectral moment analysis for ‘line-
integrated’”” Doppler shift evaluation
In the Doppler spectroscopy measurement, the vector
tomography analysis needs proper data input format. The
spectral peak shift obtained by the Gaussian fitting is pre-
cisely not fL V . dl and the local line spectra are integrated
through the sight line of the detector as following.

1 /l—/l()—A/lD(r) 2
f(y,/l)=£lo(r)exp[—§(T(r)) ]dl, (3
€(r) Ao
I = — .42 =—V(r) n. 9
o(r) Voron) p(r) " (r-n )

Here, n is a normalized line-of-sight vector and o p is line
broadening (FWHM = 20 p(r) \2In2). The spectral peak
shift of the line-integrated spectra f(r, A) is line-averaged
Doppler shift with the weight of emission and is not the
proper input parameter for the tomographic reconstruction.

For a proper inversion, we introduce spectral moment

() = f " f . (10)
1) = f b = fL eo(r)dl, (11
u(r) = f ) f(r,)AdA = fL e(NAlp(r)dl  (12)
o j; e(HV(r) - ndl.

The zeroth moment is the line-integrated emission and
the first moment is the line-integrated Doppler shift with
the weight of emission. Then, €(r)V(r) is obtained by
applying the vector tomography reconstruction for u'(y):
the first moment of the measured spectra in each viewing
chord. In spectroscopy measurement, f(y) is u'(y), then
radial vector potential profile y/(r) to describe € (r)V(r) is
obtained by substituting ' (y) for f(y) in eq. (5)

R
win=1 [ LD (y) (13)

The weight €y(r) is also measured by using scalar tomog-
raphy for the zeroth moment.

oly) 1
@) =~ f 5 Wdy. (14)

Finally, the toroidal velocity profile V(r) is reconstructed
as follows:

_ 1y O(x.y)
V(x,y)-EO(r)( R )- (15)
1 a
or Vi) = 5 ‘g(rr). (16)

3. Estimation of the Number of Cost-
Effective Viewing Chords
The verification of the reconstruction technique was
numerically tested by Balandin in 2001 [6]. Here we eval-
uate the number of cost-effective viewing chords for the
possible velocity profile in our TS-4 plasma merging ex-
periment to construct 2D toroidal flow measurement.

e Model 1: toroidal sling-shot velocity profile [9]
e Model 2: parabolic toroidal velocity profile [10]

For the simulation, spectral resolution is set as
0.00118 nm/pixel, T; = 20 eV, wavelength is 434.80635 nm
(Arll) and the maximum velocity is set as 20 km/s. To set
the test profile for the two velocity profiles, we use the
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Fig.2 The result of the numerical test of reconstruction for
two types of toroidal flow velocity profile (red). Line-
averaged profile (green) tends to be smoothed by the ef-
fect of line-integration. The number of viewing chords
(or how dense it is) decides the reconstruction accuracy.

following mathematical model,

1 (}" - rXpoim)z (I‘ - rXpoint)
Ve, :Aexp(—— = )( = ), (17)
A=-25x10° o =75 rxpoim = 430,
Vé)z = —a(r - rmajor)2 + Vinaxs (18)

a=243%x107", Vipax = 2.0 X 10%, ringjor = 430.

Then, line-integration of the spectral signal is performed
by eq. (8) and the constraints of vector Radon transform is
described using eq. (9).

Figure 2 is the result of the simulation for both two
models with 20 or 7 chords measurement. The velocity
profile of the model 1 and 2 are shown for “model” (test
profile), “line-average” (measured by the Gaussian fitting
of the chord-integrated spectra) and “reconstruction”, re-
spectively. For the discrete chord tomography measure-
ment, the line-integrated Doppler shift (first moment) ' ()
is precisely u'(y,) (n = 1,2,3...) and it is interpolated be-
fore using eq. (13). Then, the accuracy of the interpolation
depends on the number of viewing chords and the structure
of the target velocity profile. The numerical instability near
the boundary (r ~ Regee) is caused by € (r) which is ~ 0
near the edge in eq. (16). Therefore, reconstructed result
must be adopt in the region €(r) > 0 by referring the re-
sult of eq. (14).

The difference between exact and reconstructed Vy(r)
is evaluated quantitatively by the following formula [8]:

Sk (Vos = Vo)?
= —
=1 Vox

A? , (19)

where Vg and Vj, are the assumed and reconstructed
toroidal velocity at the kth nodes of the grid and the sum-
mation covers all grid points in the following range which
satisfies the constraint of €(r) > 0.
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Fig. 3 Reconstruction error 4 as a function of the number of
viewing chords. It depends on the complexity of the pro-
file and the density of viewing chords in the target region,
while tends to saturate even if adequate number of view-
ing chords are installed, indicating the existence of the
cost-effective solution to upgrade the resolution to 2D.

(a) 182 mm < r < 680 mm

(when chords divided in 182 mm < 7 < Regge)
(b) 303 mm < r < 680 mm

(when chords divided in 303 mm < 7 < Regge)

Figure 3 plots 4 as a function of the number of viewing
chords. The reconstruction error 4 is suppressed by in-
creasing the spatial resolution of the line-integrated pro-
jection measurement, while tends to saturate once it goes
less than 10%. This characteristics suggests the existence
of cost-effective solution to upgrade the local diagnostics
to 2D with limited chords spectroscopy measurement. For
example, in our spectroscopy measurement application,
the number of viewing chords is limited to 35 [11]. To
apply it to a 2D measurement, possible 2D (R-Z) resolu-
tion is 7% 5, 8 x4 and so on. When the target measurement
range is 182mm < 7 < Regge, 8 X 4 system or more resolu-
tion for radial resolution is required to suppress 4 < 15%.
While if 303 mm < r < Regqe is €nough, 7 X 5 system can
still work less than 10% error.

4. Experiment

4.1 2D Doppler tomography system

A 35 core optical fiber array (core width 230 pm) cou-
pled with 7 X 5 (R X Z) lenses collecting the 2D projection
of plasma emission was used to make the 2D (R-Z) mea-
surement of the toroidal flow velocity profile. In order to
suppress the reconstruction error to less than 10% for the 7
chords toroidal measurement, the line-of-sight position is
set as follows:
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Fig. 4 The time evolution of the 2D toroidal flow velocity pro-
file during the counter-helicity spheromak merging ex-
periment in TS-4. The measurement position is indicated
by the red rectangular box in the magnetic flux plot (top).

o z=-76,-38,0,38,76 mm
o 7 =303.8,362.8,420.5,476.5,530.5,582.5,632.5 mm
(tangentially slices 5 toroidal plane)

This 2D projection composed of the 35 channels of
line-spectrum emissions is transported through 35 optical
fibers. They are realigned to 35 X 1 array for a 1.0 m poly-
chromator connected with ICCD image sensors (1024 x
1024 pixel, 13 pm?/pixel) through a magnifying optics (for
the wavelength resolution of 0.00118 nm/pixel and for the
correction of astigmatism). The vector tomographic re-
construction is performed for each 7 chords toroidal mea-
surement at 7 = —76, —38, 0, 38, 76 mm, finally 2D toroidal
flow velocity profile is obtained.

4.2 2D toroidal sling-shot measurement dur-
ing counter helicity merging in TS-4

To demonstrate the 2D toroidal flow measurement, the
vector tomography technique was applied for the counter-
helicity spheromak merging experiment in TS-4. The
toroidal sling-shot effect of magnetic reconnection gener-
ates a bi-directional toroidal flow structure around the X-
point [10]. Alfven velocity for the experimental condition
(ne ~ 1 x 102 m~3 and toroidal component of reconnecting
field B; ~0.02T) is ~20km/s for hydrogen plasma with
10% impurity argon. Figure 4 is the measured 2D toroidal
flow velocity and magnetic field profile. With the time
scale of 10-20 us, localized toroidal acceleration develops
as a 2D global structure and sub-Alfvenic acceleration is
observed. The experimental error mostly comes from the
grating smile calibration error caused by the small oscil-
lation of the optics inside spectrometer with ~ +2 pixel

~ 1.6 km/s. The numerical instability near the peripheral
region is removed by adopting the result only inside the
core region 303.8 mm < r <680 mm.

5. Conclusion

A novel 2D toroidal flow imaging system has been de-
veloped by the application of 2D multi-chord spectroscopy
to the vector tomography technique. The numerical simu-
lation suggests the existence of cost-effective solution for
a target velocity profile. For the measurement of toroidal
acceleration in counter-helicity merging experiment in TS-
4, reconstruction error can be suppressed to less than 10%
to set 7 viewing chords in 303.8 mm < r <680 mm. Al-
though the spatial resolution of this proposed method is
less than the J. Howard’s coherence imaging technique
[12], it should be noted that the proposed 2D measurement
allows to use a standard spectroscopy instrument, Czerny-
Turner grating spectrometer with flexibility for wavelength
and high spectral resolution, for 2D imaging application.
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