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Impurity ion dynamics measured with simultaneously high spatial and temporal resolution reveal

classical ion transport in the reversed-field pinch. The boron, carbon, oxygen, and aluminum

impurity ion density profiles are obtained in the Madison Symmetric Torus [R. N. Dexter et al.,
Fusion Technol. 19, 131 (1991)] using a fast, active charge-exchange-recombination-spectroscopy

diagnostic. Measurements are made during improved-confinement plasmas obtained using

inductive control of tearing instability to mitigate stochastic transport. At the onset of the transition

to improved confinement, the impurity ion density profile becomes hollow, with a slow decay in

the core region concurrent with an increase in the outer region, implying an outward convection of

impurities. Impurity transport from Coulomb collisions in the reversed-field pinch is classical for

all collisionality regimes, and analysis shows that the observed hollow profile and outward

convection can be explained by the classical temperature screening mechanism. The profile agrees

well with classical expectations. Experiments performed with impurity pellet injection provide

further evidence for classical impurity ion confinement. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4718310]

I. INTRODUCTION

The reversed-field pinch (RFP) is an axisymmetric toroi-

dal magnetically confined plasma characterized by low con-

fining magnetic fields and a low safety factor. Unlike

tokamaks and stellarators, the toroidal and poloidal fields in

the RFP are comparable in magnitude, and the toroidal field

reverses direction in the outer region of the plasma (Fig. 1).

This results in a reduced field-line connection length (the

length along a magnetic field line connecting the toroidally

inboard and outboard regions of a magnetic flux surface) and

a reduced radial width of the banana orbit (the width of the

banana-shaped path traced out by magnetic-mirror-trapped

particles in a toroidal plasma).1 The banana orbit width is

less than the ion gyro radius. As the magnetic fields in the

RFP are mostly generated by the plasma itself, jBj peaks on

axis, and the gradient of jBj is mostly normal to the magnetic

flux surfaces, pointing toward the magnetic axis. TherB� B
drift of particles is therefore mostly aligned to the magnetic

flux surface. A unique feature resulting from these factors is

that the toroidal enhancement of cross-field particle diffusion

(neoclassical diffusion) is weak in RFPs,2–4 even though

some toroidal effects persist, such as enhancement of parallel

electrical resistivity due to mirror trapped particles.5,6 How-

ever, large amplitude magnetic fluctuations and associated

field-line stochasticity in RFPs have historically caused

transport much larger than the classical expectation, thus

masking classical transport in experiments. In recent years,

suppression of magnetic fluctuations has significantly

improved RFP performance,7–10 exposing the classical na-

ture of transport.

This paper reports an experimental observation of classi-

cal impurity ion confinement in the RFP when magnetic fluc-

tuations are suppressed. Impurity ions are expelled from the

core until outward convection balances inward diffusion,

resulting in a stationary radial impurity density profile that is

hollow. The observed impurity density evolution can be

explained by the classical temperature screening mechanism

in collisional transport theory. Experiments using injection

of frozen methane pellets corroborate the observation of

classical impurity ion transport. The observation of tempera-

ture screening and a hollow impurity profile in the RFP is in

contrast to the typical scenario in high-toroidal-field devices

(tokamaks and stellarators), where neo-classical transport

generally leads to impurity accumulation in the core

plasma,11,12 even though hollow impurity density profiles

due to temperature screening have been observed under cer-

tain experimental conditions.13,14 Outward convection and a

hollow radial profile of impurity ions have also been reported

in the multiple helicity and quasi-single-helicity plasma

regimes of the RFX-mod reversed-field pinch.15 The

a)Paper NI2 4, Bull. Am. Phys. Soc. 56, 183 (2011).
b)Invited speaker. Electronic mail: stkumar@wisc.edu.
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estimated transport coefficients in those experiments are

orders of magnitude higher than neoclassical or stochastic

expectations. The exact transport mechanism was not

determined.

II. EXPERIMENTAL SETUP

Experiments are carried out in the Madison Symmetric

Torus (MST), which is a large, moderate current (�600 kA)

RFP device with major radius R¼ 1.5 m, and minor radius

a¼ 0.52 m.16 The MST vacuum vessel is aluminum, with a

thickness of 5 cm. Partially covering the inner surface of the

vessel are tiles and limiters made of graphite, boron nitride,

and ceramic, which interact with the plasma during a dis-

charge and become a source of impurities. The identified

dominant impurities in MST plasmas are carbon, oxygen,

boron, and aluminum. The charge state distribution of these

impurities in the plasma depends mainly on the electron tem-

perature (ionization) and the hydrogen neutral density

(charge exchange loss), which are significantly different in

various plasma regimes in MST.

The typical safety factor (q) profile from a MST stand-

ard plasma is shown in Fig. 2(a). Major rational values are

marked. The q profile accommodates a large number of

rational flux surfaces where tearing modes grow. These mul-

tiple coupled tearing modes result in quasi-periodic sawtooth

(global magnetic reconnection) events as shown in Fig. 2(b).

Magnetic field lines have a high degree of stochasticity both

during and between these events. Transport is therefore pre-

dominantly stochastic. The global thermal diffusivity (vE)

and energy confinement time (sE) are vE � 60 m2=s and

sE � 1 ms.17

Tearing mode suppression and an associated confinement

improvement have been achieved in MST in recent years

using “pulsed poloidal current drive” (PPCD), an inductive

control technique that reduces the free energy in the current

profile that drives tearing instability. PPCD drives a poloidal

current at the edge of the plasma by pulsing the toroidal mag-

netic field. The main characteristics of PPCD discharges are

low levels of magnetic fluctuations, higher core electron tem-

perature (see Fig. 3), and improved energy confinement.8–10

The estimated energy confinement time (sE � 12 ms) is

increased more than tenfold compared to standard discharges,

and the corresponding global thermal diffusivity drops to

vE � 5m2=s. An estimate of the ion thermal conductivity due

to stochasticity (vst
i ) can be obtained from vE, assuming it as

the upper bound of stochastic electron conductivity (vst
e ), using

the relation vst
i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðmeTi=miTeÞ

p
vst

e , where mi; Ti;me, and Te

are the ion mass, ion temperature, electron mass, and electron

temperature, respectively.17 For PPCD conditions, vst
i . q2

i �ii,

where qi is the ion gyro radius (�5 mm for deuterons), and �ii

is ion-ion collision frequency (�2:7� 103/s for deuteron). So

the stochastic transport is reduced to below classical level

with PPCD, making such discharges good candidates for

observing classical ion transport.

FIG. 2. (a) Typical safety factor profile for standard RFP discharge. Major

rational values are marked. (b) Mean amplitude of core-resonant magnetic

fluctuations (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
m;n

~Bh
2

m;n

q
, m¼ 1, n¼ 7–12 modes) in a standard RFP dis-

charge exhibiting quasi-periodic sawtooth activity.
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FIG. 3. (a) Mean amplitude of core-resonant tearing modes (

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
m;n

~Bh
2

m;n

q
,

m¼ 1, n¼ 7–12 modes) in PPCD discharge. The region between dotted lines

represent duration PPCD. (b) Electron temperature measured using a Thom-

son scattering diagnostic at three different radial locations.

FIG. 1. Schematic diagram of the reversed-field pinch magnetic geometry.
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Experiments reported in this paper are conducted in deute-

rium PPCD discharges of toroidal plasma current �400–550 kA,

line-averaged electron density ne �1� 1019m�3, and electron

temperature �1–2 keV. The discharges examined here are all

toroidally axisymmetric, unlike some plasmas without PPCD

that exhibit a very large core-resonant mode and a non-

axisymmetric helical equilibrium in the plasma core.18,19 Impu-

rity density measurements are made using charge-exchange

recombination spectroscopy (CHERS). As applied on MST,

a beam of neutral hydrogen atoms is injected radially into

the plasma, and these atoms charge exchange with the impu-

rity ions in the plasma. The impurity ions are left in an

excited lower charge state which then radiatively decays.

The Doppler shift and Doppler broadening of this spontane-

ous de-excitation emission are used to calculate flow velocity

and temperature of the initial-charge-state impurity ion pop-

ulation. The density of this population is proportional to the

area under the line profile. On MST, the CHERS diagnostic

has 11 poloidal viewing chords (Fig. 4) sampling emission

along the diagnostic neutral beam (nominal parameters:

45�50 keV, 4�5 A, 20 ms pulse length). Distinct features of

CHERS on MST, which is primarily used for Cþ6 measure-

ments, are good spatial (�1 cm) and temporal (up to 10 ls)

resolution. The signal-to-noise is greatly enhanced by differ-

encing signals from two lines-of-sight on poloidal planes

that are toroidally separated by � 4 cm (see Fig. 4), to mea-

sure simultaneously both on-beam and off-beam (back-

ground) emission. Measurements are made at one radial

location, for one impurity species, per discharge. However,

due to high reproducibility, compilation of profiles from

various similar discharges in MST is possible. The custom-

built duo spectrometer20 used for the measurements has been

calibrated for radiant sensitivity for absolute impurity den-

sity calculations from charge exchange emission brightness.

Details of the diagnostic setup and the data-fitting model are

given elsewhere.20–22 For the experiment reported in this

paper, measurements are made for Cþ6 (n¼ 7�6 transition,

343.4 nm), Bþ5 (n¼ 6�5 transition, 298.1 nm), Oþ8 (n¼ 8�7

transition, 297.5 nm), Alþ11 (n¼ 10�9 transition, 321.05 nm)

and Alþ13 (n¼ 11�10 transition, 310.65 nm).

III. EXPERIMENTAL RESULTS

The temporal behavior of the Cþ6 density and tempera-

ture at three minor radial locations (q ¼ r=a � 0.02, 0.55,

and 0.76) are plotted in Figs. 5(a) and 5(b), respectively. A

slow decay of the core impurity density after the transition to

improved confinement is apparent. The impurity density in

the outer region of the plasma, on the other hand, is slowly

increasing. The profile in the core region (0 � q � 0:6)

approaches a stationary hollow shape toward the end of

PPCD. The Cþ6 ion temperature [Fig. 5(b)] remains constant

during PPCD, unlike the electron temperature [Fig. 3(b)], as

the characteristic electron-ion energy transfer time (several

hundreds of milliseconds) is much longer than the PPCD du-

ration.23 The radial profile of Cþ6 density and temperature

averaged over �2 ms toward the end of PPCD is shown in

Figs. 5(c) and 5(d) respectively. A hollow radial profile for

Cþ6 density is apparent [Fig. 5(c)] whereas the Cþ6 tempera-

ture is peaked in the core of the plasma [Fig. 5(d)].

Calculation of the impurity charge state distribution

using ADAS (Ref. 24) (without transport) shows that, in

PPCD discharges, due to the high electron temperature, light

impurities are mostly fully stripped, and the source (lower

charge states) of fully stripped ions is small in most of the

plasma volume. This result is supported by the experimental

observation of a slow decay in the core impurity density,

even though the core electron temperature is increasing

FIG. 4. [Top] Poloidal cross section of MST showing diagnostic neutral

beam path and CHERS perpendicular viewing chords. [Bottom] Radial view

along the diagnostic neutral beam path showing toroidal displacement of the

on-beam and off-beam views.
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FIG. 5. [Left] Temporal profiles of Cþ6 density (a) and temperature (b) for

PPCD discharges at three radial locations: core (q � 0.02), mid radius (q � 0.55)

and outer region (q � 0.76). [Right] Radial profiles of Cþ6 density (c) and tem-

perature (d) towards the end of PPCD. Data are averaged over similar discharges.

Error bars represent standard deviation of the mean. The region between dotted

lines represents duration of good confinement regime.
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during PPCD. The slow decay of the impurity density in the

core region concurrent with the increase in impurity density

in the outer region hence implies an outward convection of

impurities. The slow increase of impurity density in the far

outer region (q � 0:7) is, however, attributed partly to the

increasing ionization due to increasing electron temperature.

Density profiles of all identified dominant impurities in

MST have been measured (at fewer spatial points) to account

for ion-ion collisions in the transport model (described in

next section). Figure 6 shows a set of measurements made at

a relatively higher plasma current (higher core electron tem-

perature) to access higher charge states of aluminum.25 It is

apparent that low-Z impurities like boron and carbon have

similar features (see also Ref. 26): a clearly hollow profile

and slow decay in the core of the plasma. The electron tem-

perature in PPCD is not high enough to fully ionize all the

higher-Z impurity atoms in the plasma. Hence, density decay

for higher-Z impurities is not expected, even though a hol-

low radial profile is observed for all impurity species. For

example, the Oþ8 density, which has a flat radial profile at

the beginning of PPCD, increases due to an increase in ioni-

zation and starts to decay only towards the very end of

PPCD, slowly evolving to a hollow radial profile [Fig. 6(b)].

Due to the steadily increasing electron temperature, which is

not high enough to fully strip all aluminum ions, the alumi-

num charge state distribution is constantly evolving through-

out PPCD. As the aluminum density is an order of

magnitude lower than that of carbon, the effect on carbon

transport of collisions with aluminum is weak. Densities of

aluminum and other impurities are, nevertheless, included in

the transport model to account for ion-ion collisions.

IV. MODELING CLASSICAL TRANSPORT

Since collisional transport of impurities in the RFP is

classical for all collisionality regimes, we consider the flux

due to classical Coulomb collisions only. The radial impurity

flux (Cc) due to collisions with main ions is given by27

Cc ¼
�iq2

i ni

2Z

@ ln Pi

@r
� Tc@ ln Pc

TiZ@r
� 3@ ln Ti

2@r

� �
(1)

for mc � mi, where subscripts c and i represent impurity and

main ions, respectively; m, P, T, q; �, and Z are, respectively,

the ion mass, pressure, temperature, gyro radius, collision

frequency and, atomic number. The steady-state impurity ra-

dial density profile, obtained by setting the radial flux equal

to zero, is given by

ncðrÞ
ncð0Þ

¼ niðrÞ
nið0Þ

� �Z TiðrÞ
Tið0Þ

� ��Z
2
�1

; (2)

where equilibration of temperatures, Tc ¼ Ti, is assumed. It

can be seen from Eq. (2) that the density and temperature

gradients of the main ions act in opposite ways: A negative

density gradient leads to core impurity accumulation, while a

negative temperature gradient leads to impurity expulsion.

This is generally called the “temperature screening effect,”

where the thermal force due to the ion temperature gradient

expels impurities from the plasma core. As the ion density

profile is nearly flat in the plasma core, and because there

exists a strong ion temperature gradient, classical transport

analysis predicts a hollow impurity ion density profile for

PPCD discharges in MST.

Equation (1) provides the flux of impurity ions due to

collisions with the main ions only. Collisions with other

impurities could, in principle, significantly modify carbon

transport. For example, the mechanism of temperature

screening is mass dependent, such that collisions with higher

mass impurities could lead to impurity accumulation instead

of impurity expulsion. Analysis for multiple impurity ion

species yields28

Cc ¼ ncq
2
c

X
b

mb

mc þmb

� �1=2

�cb �r ln pc þ
Zc

Zb
r ln pb

�

þ3

2

mb

mbþmc
1� mcZc

mbZb

� �
r ln T

�
;

(3)

where �cb ¼ 16p1=2

23=23
nb ln K T

mc

� �1=2 ZcZbe2

4p�0T

� �2

is the collision fre-

quency of carbon with deuterons and the identified dominant

impurity ions (boron, oxygen, and aluminum). All impurities

and main ions are assumed to have the same temperature

profile, as the impurity-main-ion energy equilibration time

(�0.1 ms) is much less than the impurity life-time

(�30–40 ms). This is consistent with majority and minority

ion temperature measurements in PPCD plasmas to date.17

The spatial and temporal evolution of the carbon density

is modeled for a given initial radial profile using the diffusion

equations, @nc

@t ¼ � 1
r
@ðrCcÞ
@r þ S, and Cc ¼ �DðrÞ @nc

@r þ VðrÞnc,

where S is the source term which is assumed to be zero for the

reasons discussed above, D is the classical diffusion coeffi-

cient, and V is the convection velocity. The ion temperature

and main ion density profiles (calculated from the electron

and impurity density profiles assuming charge neutrality) are

shown in Figs. 7(a) and 7(b), respectively. Radial profiles of

the transport coefficients, D and V, from the model are given

in Figs. 8(a) and 8(b), respectively. It can be seen that the con-

vection velocity is positive (outward) in the core region and

reverses its direction at q � 0.5. These opposite directed
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FIG. 6. (a) Radial profiles of various dominant impurity ion densities to-

ward the end of PPCD and (b) on-axis temporal evolution of these impurity

densities during PPCD.
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velocities cause carbon to “pinch” around q � 0.5–0.6. The

model predicts that the profile of carbon evolves to a station-

ary hollow profile in about 30–40 ms, as shown in Fig. 9(a).

The model results agree well with the experimental values

both in magnitude and in shape [Fig. 9(b)]. The predicted evo-

lution is also close to the experimental observation, most nota-

bly the relatively rapid formation of the hollow shape due to

temperature screening.

Temperature screening and hollow impurity ion profiles

have been observed in tokamak and stellarator plasmas for

particular thermal pressure gradients and collisionality

regimes.13,14 The temperature screening effect originating

from neoclassical physics is very sensitive to the plasma pa-

rameters. For example, the observation of temperature

screening and a hollow carbon profile in the DIII-D tokamak

required both the main and impurity ions to be in the

long-mean-free-path regime.13 In the Large Helical Device

stellarator, an “impurity hole” has been observed after car-

bon pellet injection. This is attributed to the impurity expul-

sion due to the ion temperature gradient but is inconsistent

with the neoclassical predictions.14 In contrast to tokamaks

and stellarators, hollow profiles and temperature screening in

the RFP are determined by classical transport theory and are

not sensitive to the plasma collisionality regime.

In order to compare the RFP classical transport predic-

tion to the neoclassical expectation (for example, in a toka-

mak), the collisionality of Cþ6, deuterons, and electrons are

calculated as shown in Fig. 10. Note that the definition of

collisionality in the figure is �LC=Vth (instead of the usual

expression ���3=2 where �� is the effective collision fre-

quency and � is the inverse aspect ratio13) where � is the total

collision frequency (¼
P

b �ab, where a represents electron,

deuteron, or carbon, and b represents all ion species which

contribute to the transport), LC is the magnetic field connec-

tion length, and vth is the thermal velocity. Here, LC is calcu-

lated directly. (The magnetic field-line connection length can

be written as LC ¼ pr=sinðhÞ, where r is the minor radius of

the flux surface, h ¼ arctanðBP=BTÞ is the angle between the

field line and the magnetic axis, and BT and BPare toroidal

and poloidal components of the magnetic field, respectively.
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FIG. 7. (a) Radial profile of the ion temperature profile used in the model,

(b) radial profile of electron density ne measured by FIR interferometry

(solid line) and the radial profile of the main ion density (ni) used in the

model (dotted line), calculated from ne and impurity density profiles, assum-

ing charge neutrality.
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(a) the diffusion coefficient and (b) the convection velocity.
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FIG. 9. (a) Time evolution of carbon density profile predicted by the classi-

cal model including multiple ion species. Initial parabolic profile and pro-

files at 10, 20, and 30 ms are plotted along with the steady-state profile. (b)

Model prediction at 20 ms overlayed on the experimental Cþ6 density profile

(closed circles, scaled for best fit).
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Small-angle approximation for tokamaks and stellarators

leads to LC ¼ pr=ðBP=BTÞ ¼ pRq, where R is the major ra-

dius of the device and q ¼ rBT=RBP is the safety factor.

Such an approximation is inappropriate for the RFP, espe-

cially at q ¼ 0 surface where LC ¼ pr, not zero.) and the pa-

rameter d, which defines the boundary between the “banana”

and the “plateau” regimes (Fig. 10), takes into account

Bp � BT , as appropriate for the RFP.4 (d ¼ ðKB2
p þ �B2

TÞ
ðB2

p þB2
TÞ

where

K is an asymmetric parameter which depends on plasma pres-

sure and Bp, and � is the inverse aspect ratio.) As shown in

Fig. 10, Cþ6 is in the “plateau regime” of collisionality for

most of the plasma volume. Therefore, if plasma with MST

collisionality parameters were confined in a tokamak, the Cþ6

transport would take place in the “plateau regime” of colli-

sionality where the neoclassical theory predicts an equilibrium

profile of the form29 ncðrÞ
ncð0Þ ¼

niðrÞ
nið0Þ

h iZ
TiðrÞ
Tið0Þ

h i1:5Z
. Note that the

temperature gradient has a positive exponent in this case, lead-

ing to impurity accumulation in the core instead of expulsion,

resulting in a core-peaked impurity profile as shown in Fig. 11.

V. IMPURITY PELLET INJECTION

Experiments performed with impurity pellet injection

provide further evidence for classical impurity ion confine-

ment when tearing instabilities are suppressed. Frozen meth-

ane (CH4) pellets of diameter � 1 mm and length �2 mm are

injected into the core of PPCD plasmas with a speed of

�200 m/s using MST’s pellet injector.30 This is the first time

that the pellet injector, which is designed for frozen deute-

rium pellets, has been used for injecting frozen methane pel-

lets. As methane has a significantly higher triple point than

deuterium, some modifications to the injector operations

were required.

The time evolution of the on-axis Cþ6 density for a

pellet-injected PPCD discharge is shown in Fig. 12(a). The

characteristic decay time (sc) is obtained from an exponen-

tial fit to the core Cþ6 density decay phase. Pellet injection

generally results in an increase in the plasma density and a

more modest reduction in magnetic fluctuations compared to

the no-pellet case. This exposes the sensitivity of sc to mag-

netic fluctuation amplitude (and/or plasma density). It has

been observed that the decay time approaches a large value

as the magnetic fluctuations are reduced [Fig. 12(b)]. To put

this in perspective, the core decay time calculated by the

classical model is �30–45 ms. (This is a rough estimate

obtained by a model analogous to the one described by

Fig. 9(a). A core-peaked initial carbon profile is used in the

model to simulate pellet-injected scenario. Note that, apart

from relatively higher ne and lower Te, pellet-injected

plasmas may exhibit a low ion temperature, higher neutral

density, and significantly different higher-Z impurity

compositions. As these plasmas are not well diagnosed, sc

estimated by the model may have large uncertainty.) It has

also been observed that sc is related to the plasma density

(ne) and magnetic field fluctuation amplitude ( ~B) by an em-

pirical relation, sc / 1

ðn0:1
e

~B
0:5Þ

, for the range of parameters in

our experiment [solid line in Fig. 12(b)]. For reference, parti-

cle transport in a stochastic magnetic field would be expected

to scale as31 sc / 1
~B

2, of course applicable only when stochas-

tic transport is important. All cases in Fig. 12(b) have

reduced magnetic fluctuations relative to the standard RFP

case where stochastic transport is expected to be dominant,

so transport that is not fully stochastic might be expected.

There may be other implicit dependencies, especially the

plasma temperature. Nevertheless, supporting experimental

evidence has thus been obtained that the impurity ion con-

finement approaches classical in MST, when magnetic fluc-

tuations are reduced.

VI. CONCLUSION

This paper presents experimental evidence for classical

ion transport in the reversed-field pinch. When turbulent

transport is suppressed, the core Cþ6 impurity density decays

slowly in time, evolving to a hollow radial profile, indicating

outward convection of impurity ions. The profiles agree well

with expectations from simple classical Coulomb collisions.

The impurity expulsion is due to the “temperature screening

effect” where the thermal force due to an ion temperature

gradient expels impurities from the core of the plasma.

Experiments with impurity pellet injection corroborate the

observation of classical impurity ion confinement.

0.0 0.5 1.0
ρ

0.0

0.5

1.0

n c
/n

c(
0)

FIG. 11. Equilibrium carbon density profile predicted by neoclassical trans-

port for MST collisionality parameters.
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FIG. 12. (a) Time evolution of on-axis Cþ6 density during a pellet-injected

PPCD discharge showing the increase due to pellet injection and a slow decay

afterward. Time window between dotted vertical lines represents duration of

PPCD. Exponential fit to the decay is also shown. (b) On-axis impurity decay

time correlated with the mean amplitude of core-resonant magnetic fluctua-

tions. Solid line shows the empirical relationship, sc / 1

n0:1
e

~B
0:5 (see text).
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