
Magnetic Turbulence and Current Drive during Local Helicity Injection

N. J. Richner ,* G. M. Bodner ,† M.W. Bongard , R. J. Fonck , M. D. Nornberg , and J. A. Reusch
Department of Engineering Physics, University of Wisconsin-Madison,

1500 Engineering Drive, Madison, Wisconsin 53706, USA

(Received 2 July 2021; revised 7 December 2021; accepted 20 January 2022; published 7 March 2022)

Magnetic measurements during dc helicity injection tokamak startup indicate Alfvénic turbulence in the
injected current streams mediates magnetic relaxation and results in macroscopic plasma current drive.
Localization of such activity to the injected current streams, a bias voltage dependence to its onset, and
higher-order spectral analysis indicate super-Alfvénic electrons excite instabilities that drive the observed
turbulence. Measured fluctuation helicity is consistent with an α-dynamo electromotive force driving net
current comparable to the macroscopic equilibrium current density. These results imply new constraints for
scaling local helicity injection to larger devices.
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The tokamak configuration is a leading concept for the
use of magnetic plasma confinement to develop controlled
nuclear fusion power [1]. To develop a compact pilot plant
concept—which has been identified in recent National
Academies and community planning reports as a long-
term goal of the U.S. fusion science program [1–3]—
techniques to initiate and grow the required toroidal plasma
current without the use of a central solenoid for magnetic
induction are crucially needed [4,5]. In particular, devel-
oping an understanding of the underlying physical mech-
anisms that lead to local current drive is required to
confidently extrapolate any such technique to fusion-scale
experiments.
The injection of dc magnetic helicity into toroidal

systems has been shown to be an effective technique to
establish and grow plasma current [5]. While dc helicity
injection techniques have been studied in both tokamak and
spheromak configurations since the 1980s, the amount of
driven current has almost always been described by
applying global conservation laws, particularly helicity
and energy conservation. However, the local physical
mechanisms that convert the injected helicity into large-
scale current drive are neither well characterized nor
understood, limiting the ability to confidently project
performance to different configurations or scales.
Magnetic helicity, defined as K ¼ R

A ·B d3x, repre-
sents the linkage of poloidal and toroidal magnetic fluxes in
a toroidal configuration. Magnetic helicity content is thus
directly proportional to the toroidal plasma current Ip and

toroidal field Btor, i.e., K ∼ IpBtor, for tokamak geometry
[6–8]. The injection of magnetic helicity into a plasma,
accompanied by relaxation to a helicity-conserved mini-
mum magnetic energy state via electromagnetic instabil-
ities, sustains Ip against resistive losses [7,9]. The relevant
overall processes involved in such plasma formation and
current growth include the following: magnetic turbulence;
relaxation and self-organization; heating and transport; and
magnetic reconnection [7,10]. As such, this problem offers
a rich environment for complex nonlinear physics studies
towards an important topical application. In addition,
studies of current initiation and drive through helicity
injection can inform investigations relevant to both labo-
ratory and astrophysical plasmas [11].
This Letter reports the first measurements of local

magnetic turbulence excited during a dc helicity injection
technique and quantifies its contribution to global current
drive in a spherical tokamak configuration. The specific
technique employed is called local helicity injection (LHI),
wherein relatively small, intense electron current sources
inject dc helicity at the edge of a tokamak configuration to
both create and grow toroidal plasma current. Experiments
show significant broadband magnetic fluctuation activity
with properties characteristic of Alfvén wave turbulence.
The parametric dependencies of the broadband activity and
higher-order spectral analysis implicate beam instabilities
in the injected current streams as the driving source of the
activity. Estimates of a local fluctuation-driven dynamo
current derived from the measured properties of the
magnetic activity are comparable to the global current
density estimated from equilibrium reconstructions.
Altogether, these observations suggest a working hypoth-
esis of a relaxation and current drive mechanism active
during LHI that connects the macroscopic behavior of the
tokamaklike current channel to local plasma processes.
This evolving understanding of these processes will inform
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models for scaling such current drive techniques to fusion-
scale conditions.
Experimental results from a study of plasmas initiated and

sustained by the LHI dc helicity injection scheme [7] are
presented here. The high current injectors in the plasma edge
region are biased relative to the vacuum vessel to inject dc
magnetic helicity _Kdc ¼ 2V injψ inj, where V inj is the applied
bias and ψ inj is the magnetic flux through the injector [12].
The injected current streams are unstable to both large-scale
MHD fluctuations and small-scale Alfvénic turbulence.
These helicity-conserving instabilities and associated mag-
netic reconnection activity convert the open field line
topology into a tokamaklike toroidal state [9].
This work was conducted on the PEGASUS Toroidal

Experiment at the University of Wisconsin-Madison.
PEGASUS is an ultralow aspect ratio spherical tokamak
(A ≥ 1.1) that allows plasma startup and drive via localized
dc helicity injectors in the plasma edge region and/or a
conventional central Ohmic solenoid [13]. For these stud-
ies, LHI-driven deuterium plasmas were formed with a pair
of 4 cm2 area washer-stack plasma gun arc sources in the
lower divertor region [9], achieving plasma currents Ip up
to 0.25 MA with total Iinj ≤ 8 kA and V inj ∼ 1 kV.
The extremely low aspect ratio of this experiment

provides access to relevant tokamak physics at low toroidal
magnetic field strength and modest plasma parameters
(Te ∼ 100 eV, ne ∼ 1019 m−3). Achieving the targeted
plasma currents with relatively short pulse lengths
(∼20 ms) permits the use of insertable probes [14,15],
and thereby provides a unique diagnostic capability of
direct, local measurements inside the tokamak plasma edge
region. Here, a set of radially translatable magnetic probes
[16] were used to study the 3D magnetic activity present
during LHI.
As may be expected, LHI-driven plasmas show signifi-

cantly more magnetic activity compared to those conven-
tionally driven by Ohmic solenoid induction. Figure 1
shows the vertical magnetic field fluctuation power spectral
density (db̃2z=df) in the near-edge region for a represen-
tative LHI-driven discharge and a comparable Ohmic
plasma with similar Ip ¼ 0.15 MA, size (major radius
R0 ¼ 0.35 m, minor radius a ¼ 0.30 m), shape (elongation
κ ¼ 2.17), and Btor ¼ 0.16 T. LHI fluctuation activity is
∼20–30 dB higher than that of Ohmic drive, with the
difference increasing at high frequencies.
Several robust features have been identified in the

magnetic spectra over the available range of jBj, Ip,
V inj, and Iinj LHI operational parameters. These are an
n ¼ 1 toroidal mode at f ≈ 10–60 kHz that was previously
shown to be consistent with line-tied kinking of the injected
current streams during LHI [17]; a peaklike feature at
≈500–800 kHz that is associated with instability of the
injector plasma arc source itself; and the broadband,
turbulent magnetic activity that is the main focus of
the present study. During the sustainment phase of LHI,

this broadband activity appears to be time stationary
[b̃2ðtÞ ≈ constant]. As such, some unstable mode(s) must
be active to inject power into the turbulence and balance the
transfer and dissipation of power across the spectrum.
The broadband magnetic fluctuations at f ∼ 100 kHz →

4 MHz exhibit power-law behavior db̃2=df ∝ fα with
spectral indices α consistent with −5=3 at low frequency
and −8=3 at high frequency (dashed lines in Fig. 1). The
location of the spectral break tracks with the local ion
cyclotron frequency fci. The measured radial correlation
length of the broadband turbulence observed in LHI is
∼4 cm, giving k⊥ρi ∼ 1. The fluctuations perpendicular to
the field are much larger than that parallel to the dominant
toroidal field, with b̃⊥ ≫ b̃k. The probability distribution
function shape is non-Gaussian, implying temporal inter-
mittency that is associated with small-scale, current-carry-
ing structures [11,18].
The change of magnetic topology during LHI from the

coherent, nonaxisymmetric injected current streams to a
toroidally averaged large-scale tokamaklike plasma
requires magnetic reconnection. Supporting measurements
of anomalous ion heating attributed to magnetic reconnec-
tion during LHI on PEGASUS showed that the reconnection
heating is time correlated with continuous magnetic activity
at f ∼ 200–400 kHz and above [19].
The observed spectral properties during LHI are similar to

those found in astrophysical systems, particularly for solar
wind turbulence [20–22]. In solar wind turbulence, this
activity is attributed to MHD Alfvén wave turbulence at
large scales (α ¼ −5=3) and kinetic Alfvén wave and/or
whistler wave turbulence at subion scales (α≈ − 2.7)
[21,22]. Likewise, the magnetic turbulence in astrophysical
plasmas is coincident with the presence of magnetic recon-
nection activity and a significant population of energetic
particles. The spatial scales and relative amplitudes of b̃⊥ vs
b̃k also suggest consistency with Alfvénic turbulence [22].

FIG. 1. Magnetic power spectral density within plasma edge for
LHI-driven (red) and Ohmic-driven (blue) discharges.
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The presence of Alfvén wave turbulence during LHI
provides a candidate for driving the dynamics of the relax-
ation and current drive. Suchmagnetic turbulence is generally
invoked as a mechanism for magnetic relaxation [10].
Additionally, Alfvénic turbulence exhibits an inverse cascade
ofmagnetic helicity from small to large scales [11,23,24], and
coherent beating of fluctuation activity can drive net large-
scale dc current via the dynamo effect [25–28].
This broadband activity is concentrated in the near-edge

region of the tokamaklike plasma. Figure 2 shows radial
profiles for the electron density [Fig. 2(a)] as measured with
a multipoint Thomson scattering system [29] and the
integrated magnetic fluctuation power [Fig. 2(b)] as mea-
sured with an insertable probe array [16] from six repeat
discharges. The magnetic activity peaks in the edge
gradient region and rapidly falls off both further outboard
(toward the vacuum vessel wall) as well as further inward
(into the confined tokamaklike plasma). Analysis of signals
from a distributed Mirnov coil array [17] and more recent
measurements with an insertable Hall probe array [30]
indicate the injected electron streams are entrained in this
same location in the plasma edge and located radially
inward of the injector locations projected to the plasma
midplane. The fluctuation activity peaking in this same
region suggests it is driven in the injected streams them-
selves. Similar broadband spectra are observed in current
stream-only discharges where the tokamaklike state is
prevented from forming, further supporting the notion of
the activity being driven by the injected electron streams.
An experiment where the injector bias was rapidly shut

off and then gradually restored found a strong dependence
of the activity on injector voltage. A circuit was installed to
transiently null V inj and linearly ramp to its initial value in
∼0.5 ms. The strong injector voltage dependence is shown

in Fig. 3, which plots V injðtÞ [Fig. 3(a)] and the b̃z
amplitude [Fig. 3(b)] for the range of f ¼ 0.1–2 MHz
versus time. When V inj is shut off, the magnetic activity
rapidly decays (τ ≲ 15 μs). As the injector bias is restored,
the magnetic activity gradually increases with V inj. This
variation with V inj suggests a dependency on the injected
electron beam velocity, which scales as vbeam ∼

ffiffiffiffiffiffiffiffi
V inj

p
[19].

Such dependencies are common in the instability criteria
of beam instabilities [31]. For the nominal operational
parameters of LHI on PEGASUS, the expected electron
beam velocity at the injectors is estimated as vbeam≈
1.5 × 107 m=s, which corresponds to thermal Mach num-
bers of 3–6 and Alfvénic Mach numbers of 30–100; the
ratio of beam density to background plasma density is
nb=n0 ≈ 0.1–1. With the injected electron beams being
both superthermal and superalfvenic and having a high
relative density, a variety of beam instabilities are predicted
to be unstable [32–36].
Altogether, these experimental observations appear to be

consistent with a hypothesis of magnetic turbulence being
driven in the edge region via streaming instabilities in the
injected current streams.
Higher-order power spectral density analysis of the

magnetic activity is used to estimate the spectral region
of the underlying unstable mode(s). Such techniques enable
estimation of the linear growth rate and nonlinear coupling
of activity [37,38]. The analysis employed here is based on
the methods used by Kim et al. [39,40]. For this, the time
evolution of each mode k in the system is modeled as the
sum of the linear growth or decay γk and the nonlinear
power transfer Tk1k2

k between modes in the system

∂Pk

∂t ¼ γkPk þ
X

Tk1k2
k : ð1Þ

By approximating this expression as a finite difference and
modeling the incremental change of the (complex) power

FIG. 2. Radial profiles of (a) plasma electron density and
(b) broadband magnetic fluctuation power for f ¼ 0.1–1 MHz.
Dashed lines are smoothing splines applied to the data.
Ip ¼ 0.12 MA, Btor ¼ 80 mT.

FIG. 3. (a) Injector voltage and (b) amplitude of broadband
magnetic activity for f ¼ 0.1–2 MHz. Dashed line indicates time
of injector shutoff.
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spectral density function (PSD) as resulting from a linear
and (quadratic) nonlinear transfer function operating on the
PSD at an earlier time, expressions for the growth rate and
nonlinear power transfer can be calculated.
Such expressions involve higher-order moments of the

Fourier transform (such as the bispectrum), and so suffi-
cient ensemble averaging is required to reduce the variance
in the computed quantities via this method. The analysis
presented here employed data from LHI discharges with
Ip ≈ 0.1 MA and Btor ¼ 45 mT. Data were selected from a
3 ms time window in the flattop of the discharge and
divided into 150 distinct subwindows for the ensemble
averaging. The analysis was performed using a time delay
τ ¼ 1 μs. To further reduce the variance in the data and to
provide an estimate of the standard error, the results for 13
separate probe time histories (spanning a 4 cm radial extent
over three repeat discharges) were averaged together.
Here, frequency is used as a proxy for wave number with

ω ≈ kV using the Taylor hypothesis (e.g., from sweeping of
quasistationary fluctuations past a sensor) for plasma flow
speed V. This is justified for fully developed turbulence if
V=va ≫ 2πδBk=B where va is the Alfvén speed and δBk is
the magnetic fluctuation amplitude at wave number k [41].
This condition is satisfied for the broadband fluctuations
studied here.
The result of this analysis is shown in Fig. 4, which

displays the computed linear growth rate [Fig. 4(a)] and the
nonlinear power transfer rate [Fig. 4(b)] as a function of
frequency. It indicates modes at intermediate to high
frequency (200–750 kHz) are linearly unstable and have

net nonlinear power transferred out of the mode (i.e.,
predominantly transfer power to other frequency bins).
Several instabilities could generate magnetic activity in

this range. Specific candidate instabilities currently under
consideration are the electron beam Alfvén wave instability
[35] and the electron beam kinetic Alfvén wave instability
[36]. Such instabilities generate circularly polarized fluc-
tuations with a handedness consistent with the magnetic
helicity of the driving electron beam [42]. The circularly
polarized fluctuations similarly have net helicity which can
drive current [43,44].
Since self-organizing systems can generate and sustain

large-scale magnetic fields from small-scale fluctuations via
dynamo electromotive forces (EMFs) [26,45], this broad-
band activity has the potential to be responsible for LHI
current drive. To assess this more quantitatively, a crude
estimate of time-averaged fluctuation-induced current is
calculated using a simple α-dynamo model. In the physical
picture of the α dynamo, the magnetic field is bent, twisted,
and folded to form small-scale Ampèrian loops associated
with an electric current [26]. This physical picture is used
here to obtain an order-of-magnitude estimate of the
toroidal current drive from the measured magnetic activity.
Measurements of the 3D b̃ properties show strong

correlation between radial (b̃R) and vertical (b̃Z) compo-
nents that indicate a net right-handed (elliptical) polariza-
tion with respect to the applied toroidal magnetic field. The
coherence γ2xy [46] between these components is 0.2–0.7.
This handedness implies dynamo current drive in the same
direction as Ip. The spatial scale corresponding to this
activity is estimated using the frequency-resolved radial
coherence length Lcor, defined as the 1=e decay length of
the coherence function γ2xyðf; RÞ [46,47] in the radial
direction. For this, the poloidal spatial size is estimated
as equivalent to that of the radial. The averaged field
strength of a time-averaged Ampèrian loop is estimated
from the mean coherent power between the radial and
vertical magnetic field oscillations (crosspower). This
use of the ensemble-averaged crosspower accounts
for any incoherent activity and/or counteracting effects,
and thus estimates the net driven current. Altogether,
the estimate of current density using Ampère’s law is

Jtor ≈ 2sgnðθRZÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhb̃Rb̃Zij

q
=μ0Lcor, where the crossphase

between radial and vertical fluctuations θRZ is used to
differentiate between net cocurrent drive (θRZ ∼ ðπ=2Þ) and
countercurrent drive (θRZ ∼ −ðπ=2Þ). Figure 5 shows this
quantity as a function of frequency calculated with probe
measurements within the edge of an LHI-driven discharge.
The contribution to toroidal current density decreases with
frequency, albeit relatively slowly.
Integrating over frequency, the total estimate for current

density is Jtor ¼ 400 kA=m2. This order of magnitude
estimate is comparable to both the volume-averaged current
density Jtor ≈ 250 kA=m2 as well as the peak current

FIG. 4. Estimate of linear growth rate (a) and nonlinear spectral
power transfer rate (b) for the magnetic activity present during
LHI. Ip ¼ 0.10 MA, Btor ¼ 45 mT.
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density Jtor;max ≈ 600 kA=m2 inferred from magnetic equi-
librium reconstruction of the background plasma. Despite
the relative coarseness of this estimate, the general agree-
ment suggests that the broadband activity can account for
the observed current drive from LHI through dynamo
drives.
Collectively, the observations of the broadband magnetic

activity present during LHI motivate a hypothesis for a
relaxation and current drive mechanism: (1) beam insta-
bilities in the injected current streams act to drive Alfvénic
activity at intermediate frequency ranges; (2) the fluctua-
tions couple nonlinearly, driving a broadband turbulent
spectrum; (3) the turbulent cascade of energy and helicity
act to relax the plasma system; and (4) resultant dynamo
EMFs drive net, large-scale plasma current.
This mechanism is thought to be active in conjunction

with a current drive mechanism from discrete, macroscopic
stream reconnection events described earlier by O’Bryan
et al. [48]. That mechanism and the associated dynamo
EMFs are particularly important in the early time dynamics
of LHI (especially during the formation of the seed
tokamaklike state) [17] but can be suppressed during the
sustainment phase of LHI drive [9].
To date, studies of plasma formation and growth via local

helicity injection have invoked global concepts such as
overall helicity conservation, Taylor relaxation, and toka-
mak equilibrium constraints to predict plasma performance.
The mechanism proposed here of beam-driven magnetic
turbulence in the injected current streams that leads to local
current drive provides a new, direct link between the global
helicity injection, and the small-scale processes that lead to
current drive. This physical picture also imposes additional
requirements on future application of LHI plasma current
startup and growth techniques on larger fusion-grade
experiments. That is, the properties of the injected current
streams must conform to requirements for excitation of the

local magnetic turbulence to support the relaxation process
and net current drive.

Data from this publication are publicly available in
openly documented, machine-readable formats [49].
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