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Measurement of magnetic fluctuation-induced particle flux (invited)a)
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Magnetic field fluctuation-induced particle transport has been directly measured in the
high-temperature core of the MST reversed field pinch plasma. Measurement of radial particle
transport is achieved by combining various interferometry techniques, including Faraday rotation,
conventional interferometry, and differential interferometry. It is observed that electron convective
particle flux and its divergence exhibit a significant increase during a sawtooth crash. In this paper,
we describe the basic techniques employed to determine the particle flux. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2953437]

I. INTRODUCTION

Particle transport arising from stochastic magnetic fields
has long been an important and unresolved topic in fusion
research.'™ Stochastic magnetic fields can arise from global
tearing instabilities that often underlie the sawtooth oscilla-
tion, and cause anomalous particle, momentum, and energy
transport. Conversely, externally imposed magnetic perturba-
tions can act to mitigate edge-localized modes by locally
enhancing edge transport without loss of core plasma con-
finement and have generated new interest in understanding
the role played by stochastic magnetic fields in transport.s’6

Stochastic magnetic field induced particle transport can
be described as the projection of the parallel particle flux
along the radial direction in a toroidal device,7

T, o=(Tyabe e, (1)

where I'y ,=n,V,, is parallel particle flux for species «

(electron or ion), b=B/B is a unit vector of magnetic field, e,
is a radial unit vector, (...) denotes a magnetic surface aver-
age, and V|, is particle parallel velocity. Both the parallel
flux and magnetic field can be decomposed into mean and
fluctuating components, i.e., I'j =g o+ L) 4 l;=l;o+ Sb.
Thus, the magnetic fluctuation-induced radial particle flux
can be written as

(6T, 0b,)
pa= T (2)
B

where ol , is the fluctuating flux parallel to the magnetic
field é, and 0b, is the radial magnetic field fluctuation. The
mean radial magnetic field component is zero. Fluctuating
parallel flux arises from density and parallel velocity fluctua-
tions according to the relation oI’y ,=V| ,6n+ndV,,. There-
fore, we can rewrite Eq. (2) as
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(OL),40b,) (nédb,) (6] ,0b,)
ra— B = Via B +n B

where n(én), B(6b,), and V|(6V)) are density, magnetic field,
and parallel velocity equilibrium (fluctuating) quantities. The
first term on the right hand side of Eq. (3) is the convective
particle flux and the second term is referred to as a “pinch”
term, which can be directed either inward or outward. Fur-
thermore, the derivative of particle flux must be measured in
order to infer a local density change. This can be easily seen
from particle conservation equation, neglecting particle
source,

, (3)

on

= oT =

P +Vel, =0, (4)
where the divergence of radial flux balances the density
change.

Experimental determination of the various fluctuating
quantities and their correlations, according to Eq. (3), in the
core of a high-temperature plasma is extremely challenging.
Both fast time response and good spatial resolution are re-
quired. Herein, we discuss the measurement of (1) density
fluctuations and their spatial derivative by conventional and
differential interferometry, and (2) magnetic fluctuations by
Faraday rotation. By evaluating the correlated product of
these quantities, the magnetic fluctuation-induced particle
flux and its divergence are determined.

Il. DIFFERENTIAL INTERFEROMETRY TECHNIQUE

A. Principle of differential interferometry

In principle, the measurement of local electron density
n(r) requires a differential measurement. As is well known,
the phase change in a laser beam induced by plasma in a
cylindrical geometry is given by

¢Mw»ffiwwa 5)

Va2-x

where 7,=2.82X 107!> m is the classical electron radius, \ is
the laser wavelength, z is the distance along the chord, x is
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FIG. 1. Schematic of the differential interferometer experimental setup.
Note that beam offset at the source (8) and in the plasma (Ax) are different
due to an optical system with out-of-plane non-45° bends that are not
pictured.

the impact parameter, and x*>+z°=r2. The local density is
found by performing a standard Abel inversion® using

1 f T 9p(x) dx

LAY

n(r)y=- . (6)

. ox N
From this relation it is clear that the first spatial derivative of
the phase, de/dx, is required to obtain n(r). Conventional
interferometers measure ¢(x) for multiple discrete chords,
make a numerical fit to the available points, take the spatial
derivative to infer d¢/ dx, and then perform an inversion. The
number of chords determines the accuracy of density mea-
surement. The difficulty in directly measuring de/dx is that
the phase difference becomes smaller as two adjacent chords
are brought closer together, and physical separation between
adjacent detectors usually limits the spatial resolution. These
difficulties can be overcome by employing a new differential
heterodyne interferometer technique.

The differential heterodyne interferometer system em-
ployed on MST utilizes two parallel linearly polarized, spa-
tially offset far infrared (FIR) laser beams (A=432 um) with
frequency difference ~1 MHz to probe the plasma at each
chord position (x) as shown in Fig. 1. Other relevant details
of the system hardware have been described elsewhere.’ The
two parallel laser beams are initially slightly offset a small
distance () and then divided into 11 separate chords by wire
mesh beamsplitters. The phase difference between these two
probing beams at each chord position with respect to a ref-
erence signal is obtained directly using a digital phase com-
parator technique in order to determine A¢(x,r). Further-
more, a single detector is used to measure the phase between
the two spatially separated beams so that beam offset can be
reduced to zero. In this new configuration, referred to as a
differential interferometry, the system is insensitive to path
length changes due to vibrations and thermal expansion ef-
fects since both probing beams traverse nearly identical op-
tical paths, have wavelength difference of only AN/\=107°,
and use the same optical elements including mixer. In addi-
tion, the measured phase difference can be controlled, by
varying the spatial offset, and set to <2 thereby eliminating
the potential for fringe counting errors.

In this configuration, the system has a fast time response,
up to 1 us, and phase noise less than 0.05° for 20 kHz band-
width. A third FIR laser (also frequency offset), serves as a
local oscillator beam for each mixer to permit simultaneous
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FIG. 2. The cosine weighted factor changes along beam path for two dif-
ferent impact parameters.

measurement of ¢(x,7) via the conventional interferometry
approach. The effective displacement between two beams is
0~ 1 mm, which is obtained from calibration.'® The calibra-
tion procedure is performed by comparing density profile
measured by differential interferometer to profile by conven-
tional interferometer. Once the differential interferometer is
calibrated, it can be operated independently to measure den-
sity, density fluctuations, and their gradients.

B. Localization of density fluctuation measurements

The differential interferometer determines the phase dif-
ference between two adjacent beams and provides a line-
integrated density gradient measurement, (d/dx)@(x). How-
ever, this line-integrated measurement is weighted by a
geometrical factor. Upon taking the first spatial derivative of
Eq. (5), we find

<9go_(x):r)\fr9n_(r)ﬂdz_ )\f&n(r))_cdz
e _re (9

ox or ox ror

:re)\J on(r) cos(0)dz, (7)
or
where cos 6=x/r. The cosine term is a geometrical weight-
ing factor and is shown in Fig. 2, for different impact param-
eters. As the impact parameter approaches zero, the weight-
ing factor is reduced in width and approaches a delta
function, thereby providing spatial resolution. For small im-
pact parameter x, differential interferometry essentially pro-
vides a localized measurement of the density gradient and
density gradient fluctuations. This cosine weighting factor
has previously been used to analyze Faraday rotation data to
obtain central safety factor qo.”

Mathematically, Eq. (7) can be simplified as x—0,
r—0; the density gradient can be expanded in a Taylor se-
ries, dn(r)/dr=(3/dr)n(0)+r(é*/dr)*n(0), allowing one to
rewrite Eq. (7) as d/ dx@(x — 0)=r \x(/ dr*)n(0)L (where L
is the path length), leading to

d d 1

o) = () VAR, (8)
From Egq. (8), it is found that the differential phase is propor-
tional to the density gradient for measurements made near
the magnetic axis. This approximation offers the great con-
venience of being able to directly determine the local particle
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FIG. 3. (a) Time history of current density; (b) time history of equilibrium
density; (c) time history of electron parallel velocity at magnetic axis. =0
denotes sawtooth crash.

flux without performing any Abel inversion of the line-
integrated density measurements.

In general, density fluctuations can be written as i
=271, ,(r)cos(mb+n¢) where m,n are poloidal and toroidal

m,n

mode number, respectively. In MST, the dominant modes
have m=1 and the fluctuating phase measured by conven-
tional interferometry is given by

Se(x) = r,\ f O, (r)cos(6)dz, )

where cos(6) is the same geometrical weighting factor that
appears in Eq. (7). The fluctuating density can then be writ-
ten approximately as on(r)=n(0)+r(d/dr)n(0), x—0, r
— 0. This leads to a simple relation between phase fluctua-
tion and density fluctuation for chords close to plasma center,

.

) ~
n(r) r L

dp(x) . (10)

x=r—0

It should be noted that Eq. (10) is applicable to mode number
m=1 only since the cosine factor arises from the nature of
mode. However, Eq. (8) is generally applicable to all modes
since the weighting factor in Eq. (7) results from differential
interferometer technique itself and is independent of mode
structure. Both relations Egs. (8) and (10) are applicable to
chords close to magnetic axis.

For viewing lines of sight away from plasma center, one
has to deal with an asymmetric fluctuation inversion.'?
Herein, we will focus on the measurements close to plasma
center so that the convective particle flux can be directly
measured without requiring more sophisticated fluctuation
inversion methods.

lll. DENSITY FLUCTUATION MEASUREMENT

Experiments have been performed on the MST RFP, a
circular cross-section device with major radius R=1.5 m, mi-
nor radius a=0.52 m, discharge current IpS6OO kA, line-
average electron density n,~ 1 X 10'” m™, and electron tem-
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FIG. 4. (a) Time history of density gradient fluctuations; (b) the coherence
between density gradient fluctuation and magnetic fluctuation. The signifi-
cant coherence appears for tearing mode frequency between 10 and 20 kHz.
The measurement is made at r/a=0.11 near magnetic axis.

perature 7,<1 keV. Many parameters in MST plasmas
display a sawtooth cycle due to relaxation oscillations in the
plasma core. To determine the time evolution of mean (mag-
netic surface averaged) quantities, we ensemble average
measured quantities over many reproducible sawtooth
events, thereby eliminating the contribution of random fluc-
tuations. A typical MST discharge history over a sawtooth
cycle is shown in Fig. 3. The current density has a slow,
linear ramp phase before a sawtooth crash and promptly
drops within 200 us at the crash, as shown in Fig. 3(a). The
equilibrium electron density at the magnetic axis relaxes as
well [see Fig. 3(b)], and the relaxation time is much faster
than the classical diffusion time [~1 s]. The inferred elec-
tron mean velocity shows a little change over sawtooth crash
[see Fig. 3(c)]. The fast density collapse implies significant
fluctuation-induced particle transport during the sawtooth
crash.

Density fluctuations and density gradient fluctuations
[see Egs. (8) and (10)] can be directly measured by both
conventional interferometry and differential interferometry.
Density gradient fluctuations exhibit significant increase at
sawtooth crash as shown in Fig. 4(a), and have a coherence
with the radial magnetic fluctuation [m=1, n=6 mode] as
shown in Fig. 4(b). Coherence peaks in the 10-20 kHz
range, corresponding to tearing mode activity for the domi-
nant core-resonant mode. The dashed line denotes the statis-
tical noise level determined by the number of ensembles.
Density fluctuations have a similar temporal dynamics to
density gradient fluctuations and have been investigated
pre:viously.12

IV. MAGNETIC FLUCTUATION MEASUREMENT BY
FARADAY ROTATION

Equilibrium and fluctuating magnetic fields in MST are
measured by polarimetry making use of the Faraday effect.
The Faraday rotation angle W is half the phase difference
between the R-and L-wave refractive indices and can be
written as
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FIG. 5. (Color online) The line-integrated radial magnetic field fluctuation
(left vertical axis) varies over sawtooth cycle. The dashed line shows poloi-
dal magnetic field fluctuation (right vertical axis) measured at wall. The zero
denotes sawtooth crash.

2 Ng—N,
W:%I(RZ—L)dz=2.62>< 10‘13)\2fneBzdz,

(11)
where B, is magnetic field component along the laser beam,
n, is the electron density, A is the FIR laser wavelength, and
z is the plasma cross-section vertical coordinate, all in MKS
units. Taking W=Wo+W¥ and B,=B,+B,, the fluctuating
component of the Faraday rotation signal takes the form

‘ff(ﬁ,gz):cF( J 7B odz + f nogzdz>, (12)

where the second order term, ¢ Ezﬁdz, is negligible because

both 77 and EZ are small."® From this equation we see that the
fluctuating part of the Faraday rotation signal is the sum of
the fluctuating electron density weighted by equilibrium (po-

loidal) magnetic field W(77), and the fluctuating magnetic

field weighted by equilibrium density ¥(B,). For the six cen-
tral chords (corresponding to x<0.3a), density fluctuation
contributions are negligible and Eq. (12) can be rewritten as

F5) ~ f noB.de. (13)

The measured Faraday rotation fluctuations for these chords
provide a direct line-integrated measurement of magnetic
fluctuations. By isolating modes of given helicity, the spatial
distribution of the magnetic fluctuations can be determined.
These techniques have previously been described in detail
and will not be repeated here.'*!°

Measured line-averaged radial magnetic field fluctua-
tions for the dominant mode (m=1, n=6) over a sawtooth
cycle are shown in Fig. 5. Maximum amplitude occurs at the
crash. The poloidal magnetic fluctuation amplitude measured
at the wall is also plotted in Fig. 5, as a dashed line. Radial
magnetic field fluctuations have a similar dynamics to poloi-
dal magnetic field fluctuations as is expected for a global
tearing mode. The radial magnetic field fluctuation amplitude
in the core is approximately three times the poloidal mag-
netic field at the wall, 8b,(r) ~3 X 8by(a). This approxima-
tion simplifies the measurement of particle flux since the
inversion of radial magnetic field with fast time resolution is
not required.

The resulting spatial profile for the magnetic perturba-
tion of the dominant core-resonant mode (m=1, n=6) is
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FIG. 6. Radial and poloidal magnetic fluctuation spatial profile for dominant
(m=1, n=6) mode. Mode resonant surface corresponds to r/a~0.35.

shown in Fig. 6. At the mode resonant surface (r/a~0.35),
6by=0 and 6b, is maximum. Magnetic fluctuations can be
tracked in time throughout the sawtooth cycle using the fast
Faraday rotation measurements (up to 1 MHz bandwidth)
and edge magnetic coils.'*"?

V. PARTICLE FLUX MEASUREMENT

The convective electron particle flux from Eq. (3) is
given by

onoéb
ry=v, 2 (14)
© B
and in cylindrical coordinates we can write
2V, [/ 9o
Vele~ —he( g, ) (15)
B or
where V|, is the electron parallel mean velocity. In the
b,
plasma center &b, is flat (see Fig. 6), implying e ~0, and
r

I /r=dl'\/dr is used as r goes zero.

The electron parallel velocity is determined from equi-
librium measurements of the electron density and current
density, i.e., V, ,=J, . /n.e=J/n,e as shown in Fig. 3, since
the mean current along the magnetic field is largely carried
by electron motion. Equilibrium magnetic field is determined
using an equilibrium fit constrained by Faraday rotation mea-
surements of internal poloidal magnetic field and motional
Stark effect measurements of the on axis toroidal magnetic
field.'*"

To determine the particle transport (and its divergence),
one has to measure the phase relation between density fluc-
tuations (density gradient fluctuations) and radial magnetic
field fluctuations. Phase measurement is achieved by flux
surface ensemble averaging. In MST, rotation of the low-n
magnetic modes transfers their spatial structure in the plasma
frame into a temporal evolution in the laboratory frame.
Since the magnetic modes are global, for convenience we
correlate Sn (or ddn/dr) to a specific helical magnetic mode
which is spatially Fourier decomposed from 32 wall-
mounted magnetic coils. After averaging over an ensemble
of similar events (~400 events are used), we can determine
the phase between én (or dén/dr) and &b, for the specified
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FIG. 7. (a) Convective electron particle flux has a significant increase at
sawtooth crash; (b) the divergence of particle flux vs time. /=0 denotes
sawtooth crash. The measurement is made at 7/a=0.11 near magnetic axis.

mode. For tearing modes, the radial magnetic perturbation
has a constant phase over minor radius which has been veri-
fied by probe measurements in lower temperature plasmas.
Therefore, in reality we correlate density gradient fluctuation
to poloidal magnetic field fluctuations measured at the wall
to determine the phase. The phase between radial and poloi-
dal component of magnetic field is 90°.

With combined measurements of density fluctuations,
density gradient fluctuations, and radial magnetic fluctua-
tions, we are now able to evaluate the flux and its diver-
gence. Using Eq. (14), the direct measurement of convective
magnetic fluctuation-induced electron particle flux is shown
in Fig. 7(a). It is seen that the particle flux surges, reaching
~1.0X10%/m?s, at a sawtooth crash. This corresponds to
the time the core density collapse occurs. The positive sign
of flux indicates outward particle flux. The divergence of
particle flux, determined from Eq. (15), also increases sig-
nificantly as shown in Fig. 7(b). The divergence of particle
acts to balance the density change, dn/dt.

VI. SUMMARY

Magnetic fluctuation-induced electron particle flux is
measured, for the first time, in the core of high-temperature
plasma by combining measurements of equilibrium magnetic
field and density with measurements of density, density gra-
dient, and magnetic field fluctuations. For viewing lines
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close to the magnetic axis, line-integrated measurements pro-
vide good spatial resolution of global fluctuations allowing
the local particle flux to be determined. Both the particle flux
and its divergence increase significantly at sawtooth crash,
corresponding to the fast change in equilibrium density.
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