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1.  Introduction

In tokamaks operating in the H-mode, an edge transport bar-
rier forms. This significantly increases the global energy 

confinement time and increases the achievable central tem-
perature by forming a region at the edge of the plasma with 
a large pressure gradient, which is called the pedestal. The 
underlying physics of the pedestal is crucial for extrapolating 
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Abstract
Measurements of local density and magnetic field fluctuations near the pedestal top, 
conditionally averaged over the edge localized mode (ELM) cycle, have been made in 
Mega Amp Spherical Tokamak (MAST). A Doppler backscattering (DBS) system installed 
at MAST was used to measure intermediate-k (     )ρ ≈⊥k 3 to 4i  density fluctuations at the 
top of the pedestal. A novel diagnostic technique combining DBS with cross-polarization 
scattering (CP-DBS) enabled magnetic field fluctuations to also be locally measured at similar 
wave numbers. Polarization isolation and other effects for CP-DBS are discussed. Both 
measurements were used in a series of high-β (β ≈ 4.0n –4.5) MAST plasmas with large type-I 
ELMs with an      ∼ 8 to 9 ms period where microtearing modes (MTMs) had been predicted to 
be unstable in similar conditions (Dickinson 2012 Phys. Rev. Lett. 108 135002). The measured 
density fluctuation level increased by a factor of about 4 between 2 and 4 ms after the ELM, 
which was correlated with the recovery of the density profile while the temperature pedestal 
height continued to increase slowly. Magnetic field fluctuations showed different temporal 
behaviors, slowly increasing throughout the ELM cycle as the local β increased. Linear GS2 
calculations show both MTM and electron temperature gradient (ETG) modes unstable at 
similar wave numbers as the measurements (although with more overlap between ETG wave 
numbers and diagnostic spectral resolution) at the top of the pedestal, along with kinetic 
ballooning modes are unstable lower in the pedestal (at larger wavelengths). The inferred 
ratio of fluctuation levels from experiment was ( ) ( )δ δ ≈B B n n/ / / 1/20. The comparable ratios 
from GS2 were ( ) ( )δ δ ≈B B n n/ / / 0.4 for the MTM and ( ) ( )δ δ ≈B B n n/ / / 0.02 for the ETG. Both 
the experimental wave number range and the fluctuation ratio are more similar to the linear 
characteristics of the ETG than the MTM. These results imply that intermediate-k fluctuations 
due to the ETG play a role in inter-ELM pedestal evolution.

Keywords: cross-polarization scattering, diagnostics, Doppler backscattering, pedestal, 
turbulence
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the operation of current tokamak devices to future experi-
ments. Intermittent instabilities called edge localized modes 
(ELMs) cause the pedestal to collapse, resulting in a cycle of 
crashes and recoveries. In the widely used EPED model [1] 
the kinetic ballooning mode (KBM) and peeling-ballooning 
constraints are included to predict the pedestal pressure height 
and width at the onset of an ELM. However, experiments 
observe the evolution of the temperature and density profiles 
during the inter-ELM period [2, 3], which requires a more 
sophisticated model than is needed to only predict the end 
point of the ELM cycle. For recent reviews of ELM physics, 
see [4, 5]. The inter-ELM evolution of the temperature and 
density profiles is important for advancing the physics basis 
of ELM control—such as with applied 3D fields, vertical 
kicks, or pellets—where the goal is to interfere with the nat-
ural ELM cycle and prevent or modify the onset of ELMs. 
It has also been demonstrated that by navigating the stable 
regions of peeling-ballooning space, it is possible to access 
high performance regimes [6]. Understanding the evolution 
of the pedestal between ELMs requires understanding the rel-
evant physical mechanisms, both sources and transport. In this 
article we investigate the influence of intermediate scale insta-
bilities    ρ ≈⊥k 3 to 4i  (where ⊥k  is the binormal wave number 
and ρi is the ion gyroradius) between ELMs in the Mega Amp 
Spherical Tokamak (MAST) [7].

In the context of models like EPED, kinetic ballooning 
modes are predicted to set the pedestal pressure gradient. 
Long wavelength fluctuations, ρ ∼⊥k 0.1i , consistent with 
the kinetic ballooning mode have been identified in DIII-D 
[8, 9] and Alcator C-mod [10, 11]. The impact of smaller 
scale instabilities in the pedestal has also been investigated. 
Microtearing modes (MTMs) [12, 13] have been predicted 
to be unstable at the top of the H-mode pedestal in MAST  
[14, 15], playing a role in determining pedestal transport between 
ELMs and therefore of pedestal structure and ELM stability. 
MTMs have also been found to be unstable in simulations at 
the top of JET H-mode pedestals [16] and have been found to 
be consistent with velocimetry analysis of temperature fluc-
tuations near the top of the pedestal in AUG [17]. Comparison 
of the scaling of turbulence characteristics also found low-k 
pedestal fluctuations to be consistent with MTM (although not 
consistent solely with MTM) in the National Spherical Torus 
Experiment (NSTX) [18]. The higher wave number electron 
temperature gradient (ETG) modes also have long been con-
jectured to be important since they have higher growth rates 
and are harder to suppress with ×E B shear [19]. More recent 
analysis of transport in the pedestal and gyrokinetic simu-
lations also have found the ETG to play a significant role  
[20, 21]. Both MTM and ETG also have been found to be 
unstable in the linear stability analysis of NSTX [22].

We present a novel diagnostic technique, combining 
Doppler backscattering (DBS) and cross-polarization scat-
tering. This has enabled measurements sensitive to local 
internal magnetic field fluctuations at the radial location 
where MTMs have been predicted to be unstable in MAST. 
Subsequent linear gyrokinetic analysis of the discharges 
where measurements were acquired found both MTMs and 
ETG unstable at the top of the pedestal. There was a larger 

overlap in diagnostic wave number sensitivity with wave 
numbers where the ETG was the fastest growing linear mode 
than with MTM. The experimentally inferred ratio between 
magnetic field and density fluctuations also was closer to the 
ETG than the MTM by an order of magnitude.

DBS (also called Doppler reflectometry) is a refraction 
localized scattering technique [23], which is typically used to 
measure intermediate and high wave number ( ρ >⊥k 1i ) density 
fluctuations and their laboratory frame propagation velocity. 
Two eight-channel DBS systems and a quasioptical system 
with 2D steering and a rotatable polarizer were installed at 
MAST [24]. The two systems were combined with a polarizer 
such that either both systems could be operated monostatically 
(launch and receive radiation with the same antenna) at the 
same time with orthogonal polarizations for each system, or 
one system could be operated bistatically (launch and receive 
with different antennas), launching and receiving orthogonal 
polarizations.

Cross-polarization scattering has been theoretically inves-
tigated [25, 26], and results have been reported from several 
experiments [27–30]. In principle, collective scattering diag-
nostics are sensitive to index of refraction fluctuations, which 
could be due to either density fluctuations or magnetic field 
fluctuations. The fundamental idea is that density fluctuations 
preserve the polarization of the incident wave, while mag-
netic field fluctuations rotate the polarization by °90  due to 
the scattered electric field arising from the vector product of 
the incident electric field and the fluctuating magnetic field 

( )δ∼ × BE E B /s i . Cross-polarization scattering has histori-
cally been challenging since δ δ�B B n n/ /  so that small polari-
zation mismatches, spurious detected light (e.g., reflections 
from a far wall), or other polarization transforming effects can 
easily contaminate the measurement.

In section  2, we discuss the cross-polarization Doppler 
backscattering (CP-DBS) technique, including numerous 
effects that could potentially contaminate the measurement. 
Section 3 presents experimental results, including ELM cycle 
conditionally averaged electron density and temperature pro-
files along with ELM cycle conditionally averaged DBS and 
CP-DBS measurements. Linear gyrokinetic analysis from the 
code GS2 can be found in section 4. Finally, a discussion of 
the results and a conclusions are in section 5.

2.  Considerations for cross-polarization scattering

Although there have been several attempts to implement 
cross-polarization scattering over the past 20 years [27–30],  
it has not become a routine diagnostic. In this section we dis-
cuss several effects that can contaminate the cross-polarization 
signal and assess their impact for our measurements.

2.1.  Assessing polarization match

A challenging experimental aspect of cross-polarization 
scattering measurements is matching the launched polariza-
tion to the plasma magnetic field pitch angle. If this is not 
done correctly, the impact is the leading order effect on the 
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measurement. Regardless of the cause of the polarization 
mismatch, we present a simple argument that it is possible 
to bound the level of polarization matching from the data 
themselves.

Figure 1 shows a schematic of the diagnostic setup for 
CP-DBS; further details in [24]. The vector relation among 
the incident, scattered, and fluctuating wave vectors are anno-
tated and discussed futher in section 2.2. An advantage of this 
scheme, by using two passes through the same polarizer, is 
that the launched and detected polarizations are guaranteed to 
be orthogonal. In MAST the beam is first launched vertically 
from the V-band scalar horn with a °45  twist to reduce lost 
power transmitted through the polarizer. X-mode polariza-
tion was launched for O-mode reception. The rotatable polar-
izer is set at a best estimate to minimize δ, which is the angle 
between the electric field vector of the launched beam and 
the linear polarization that couples best to the X-mode in the 
plasma. Transmitted power travels to the ceiling,  +10 m dis-
tance and is assumed lost. At point (1) in figure 1, there is, in 
general, an initial polarization mismatch, splitting the relative 
launched power into orthogonal polarizations schematically:

→ δP cos ,X
2� (1)

→ δP sin .O
2� (2)

The scattering occurs at (2), localized in the usual way for 
DBS. The four possibilities are now

→ δS cos ,X O
2� (3)

→ δS cos ,X X
2� (4)

→ δS sin ,O O
2� (5)

→ δS sin ,O X
2� (6)

where →Si j is

→ →
˜

χ=S
f

f
.i j i j

2

2
� (7)

→χi j is the inherent efficiency of the scattering process,  
where i is the initial polarization, j is the resultant polar-
ization, and f is either ne or B. The →χi j are, in principle, 
calculable via the Born approximation for small amplitude 
scattering when the polarizations are separable [26], with 
the caveat that those calculations do not include the effect 
of refraction on the beam, which is fundamental to the DBS 
technique. Scattering efficiency calculations have been per-
formed for standard DBS [31] but not for cross-polarization 
scattering. We also are assuming that we can treat X-mode 
and O-mode propagation independently and that they are not 
coupled by the non-Wentzel–Kramers–Brillouin (non-WKB) 
effects (i.e., there is no spatial scale separation between the 
density gradient and the wave), discussed further below. In 
general, all the →χi j’s are predicted to be of the same order 
of magnitude, which also is consistent with full wave mod-
eling [32]. Conversely, the ratio of fluctuation levels is likely 
a large effect with estimates for ( ˜ ) ( ˜ ) ∼ −B B n n/ / / 102 2 2–10−5.

We then have the backscattered signals that are transmitted 
through the rejecting polarizer. For perfect alignment only 
PB,O is nonzero.

→ δ=P S cos ,B,O X O
4� (8)

→ δ δ=P S cos sin ,n,X X X
2 2� (9)

→ δ δ=P S sin cos ,n,O O O
2 2� (10)

→ δ=P S sin .B,X O X
4� (11)

The received power contributions are Pf, i, where f is the field 
inducing the scattering and i is the received polarization. PB,X 
can be ignored since it should mostly be absorbed at the upper 
hybrid resonance and would in any case be small due to the 
factor of sin δ4 . PB,O is the signal of interest. There is a second 
rejection at the horn, which is at a °45  angle; however, this 
affects all contributions equally.

The issue is that, although δ should be small, the ratio 
( ˜ ) ( ˜ )B B n n/ / /2 2 could be small enough to compensate and com-
plicate the interpretation of measurements. Since the →Si j’s 
are predominantly determined by the ratio of fluctuation levels, 

Figure 1.  Schematic of CP-DBS, showing locations where polarization-dependent effects occur: (1) Polarization mismatch between 
launched wave and magnetic field at edge of plasma, (2) scattering from different fields into different polarizations, and (3) rejection of 
unwanted polarization via rotatable polarizer. On the right, the polarization mismatch angle is noted as δ.
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which are unknown, we wish to find any empirical means to 
estimate contributions to the measured signal. DBS has the 
advantage that the scattering locations from the X-mode and 
O-mode cutoffs are spatially separated and therefore if there is 
significant misalignment, there should be two concurrent DBS 
peaks. We therefore have the measurable empirical ratio R1 
between the powers in the two peaks (assuming the Er profile 
is such that they are separable)

→ →
→
δ δ

δ
=

+
=

+
R

P P

P

S S

S

cos sin

sin
.B n

n
1

,O ,X

,O

X O
2

X X
2

O O
2� (12)

The ratio of interest, R2, is the ratio of power originating at 
the X-mode cutoff from scattering by magnetic field fluctua-
tions to scattering by density fluctuations,

→
→ δ

= =R
P

P

S

S

1

tan
.B

n
2

,O

,X

X O

X X
2� (13)

The relation between the ratios is

→
→

= −R
S

S
R 1.2

O O

X X
1� (14)

→ → ∼S S/ 1O O X X  since the density fluctuation levels should 
not be greatly different (for the same launched frequency and 
trajectory, the wave number should be similar), therefore if 
�R 11  (i.e., a single Doppler peak is present) then R2 is large 

(i.e., magnetic field fluctuations dominate the measurement). 
Note this is independent of the actual ratio of fluctuation levels. 
This means that if the misalignment is large enough that sig-
nals from the X-mode cutoff due to both density and magnetic 
field fluctuations are received, then that level of misalignment 
should result in a signal from the O-mode cutoff also being 
observable or would be expected during at least some portion 
of a plasma shot where the technique is used. Or in the limit of 
low magnetic fluctuations, measurements would be expected 
to be below noise levels. Given a single measured peak and 
the noise level, it is possible to place an upper bound on the 
contamination level of the cross-polarization signal by density 
fluctuations within the accuracy of the above approximations.

Using the geometry in figure 1 also prevents spurious scat-
tered light from presenting a problem, which is a critique that 
has been raised about past cross-polarization scattering exper-
iments. Since the launched beam is refracted, it has no path 
back through the window after reflections inside the vessel, 
and spurious reflections should not be a problem. Using a 
DBS geometry where the localized signal is Doppler shifted 
also discriminates against spurious signals, which would not 
be Doppler shifted.

2.2.  Wave-vector matching

Momentum conservation for the scattering process dictates 
selection rules for the wave vector of the scattered wave,

= +k k k ,s i f� (15)

where the    s i f, , , respectively, are the scattered, incident, and 
fluctuation waves where the fluctuating quantity could be den-
sity or magnetic field. For standard scattering configurations, 

the dispersion relation for the wave remains the same, so 
| | = | |k ki s . For CP-DBS, this is no longer true. Instead, the scat-
tered wave must fall onto a different dispersion relation for 
propagation to occur. If we further assume the usual DBS 
geometry kr  =  0 and perfect toroidal alignment ∥=k 0 (where 
kr is the radial component and ∥k  is the parallel component 
of the wave vector), then we have for the binormal compo-
nent = +k k kfO X  at the scattering location, where kO is the 
O-mode wave number, kX is the X-mode wave number, and 
kn is the wave number of the scattering density fluctuation. 
With the change in direction, we have | | = | | + | |k k kf O X . One 
would then expect a slightly different path out of the plasma. 
For a spherical tokamak, where kO and kX’s are not hugely 
different, this matters less than for a standard tokamak. This 
effect might, however, limit measurements to near the edge 
(i.e., a short path length in the plasma, so reduced possibilities 
for different paths). The factors that determine whether mea-
surements can be made with this technique are therefore the 
size of the beam (how different the paths can be) and the dif-
ference between the dispersion relations and the plasma path 
length (how different the path is). This can, in principle, be 
determined via ray tracing or beam tracing techniques. The 
measurements presented below are localized at the top of the 
pedestal with at most a few centimeters propagation through 
plasma, resulting in little possibility for differences in paths 
to be a significant effect compared to the beam diameter of 
about 8–10 cm.

2.3.  Non-WKB effects

An issue to be considered is non-WKB effects related to 
polarization interaction in steep density gradients. The discus-
sion above assumes a WKB or geometrical optics approach 
is valid and that the O-mode and X-mode can be treated as 
independent modes of propagation with negligible interac-
tion. It is possible for interaction between the characteristic 
waves when there is large magnetic shear or the density gradient 
is large [33–35]. This effect is significant when the differ-
ence between the O-mode and the X-mode wave numbers is 
small, π| − |�k k L2 /O X , where L is the plasma inhomoge-
neity length scale. Due to the low magnetic field in a spherical 
tokamak, the left-hand side can be small. Although there can 
be large global magnetic shear for the typical measurement 
region with DBS, on the low field side of the tokamak, the 
dominant local inhomogeneity affecting microwave propa-
gation is due to the density profile in the H-mode pedestal.  
In the H-mode pedestal, the density gradient scale length can be 
on the order of 1 cm. However, in the region where scattering 
is localized for DBS, either kO or kX should be small due to 
approaching either one of the cutoff surfaces or the other, 
depending on the launch polarization. Therefore, at least for 
the region where the scattering is localized, the criterion for 
significant interaction will rarely be satisfied. The exception 
would be when the H-mode pedestal height is large enough 
to contain both cutoffs in which case the interpretation of 
measurements becomes more complicated. For measurements 
localized in the core of an H-mode plasma π| − |�k k L2 /O X  
could be satisfied when the beam propagates through the 
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pedestal. The result of polarization interaction somewhere 
along the beam path, but not in the DBS localization region 
near cutoff, should be indistinguishable from misalignment 
between the launched polarization and the magnetic field 
pitch angle at the edge, which can result in detected Doppler 
shifts from both the X-mode and the O-mode cutoffs. It is 
important to note that, if the criterion π| − |�k k L2 /O X  is 
true, the polarization interaction could be important even if 
the launched polarization is perfectly matched and the effects 
discussed in section 2.1 are completely negligible.

For the CP-DBS, results below the launched waves were 
55–75 GHz with X-mode polarization, and the scattering 
wave numbers were in the range of 5–7 cm−1. The density in 
the pedestal was not large enough to also localize the O-mode 
cutoff, so scattering from waves launched with O-mode polar-
ization would come from the core. In the region of the ped-
estal, the wave number for a wave propagating with O-mode 
polarization would have been typically 2.0–2.5 times higher 
than the X-mode wave, so although the criterion might in 
some cases be marginal, the inequality was not satisfied, and 
contamination of CP-DBS by density fluctuations should not 
be an issue. For the cases with standard DBS measurements 
of density fluctuations, the pedestal density was higher; high 
enough to localize the O-mode for the lower frequencies, 
and the inequality was actually satisfied, but due to the large 
relative difference between the relative density and the mag-
netic field fluctuation levels, contamination of standard DBS 
data by magnetic field fluctuations should not be a problem. 
Prospective future applications of the CP-DBS technique do 
motivate a more detailed understanding of the issue, in par-
ticular, of how much the polarization interaction matters for 
the scattering processes of interest.

2.4.  Purposeful polarization misalignment

To test the expectations from section 2.1, the rotatable polar-
izer was purposefully set to launch a linearly polarized wave 
about °10  away from matching to X-mode polarization at the 
plasma edge during the current flat top. The detailed labora-
tory measurements of the polarizer in [24] show excellent 
transmission and reflection properties so that polarization 
contamination is known to be due to misalignment and not 
unwanted transmission. Figure 2 shows the result. This shot is 
also an example of particularly poor radial localization due to 
scattering misalignment after 170 ms where the Doppler peaks 
are initially not well defined. In this shot, the plasma current 
flat top is reached at about 180 ms. At about 220 ms, there are 
two distinct Doppler-shifted peaks, which are annotated in 
the figure. The density profiles are consistent with these sepa-
rately arising from the X-mode and O-mode cutoffs, which 
implies that the signal from the X-mode cutoff contains sig-
nificant fluctuation power due to both density and magnetic 
field fluctuations. This example also shows that, although to 
verify good polarization matching, it is necessary for there 
to clearly only be a single peak, it is not a sufficient condi-
tion. This is because all of the scattering alignment consid-
erations discussed in [24] affect the signal from each cutoff 
independently and the density profile needs to be such that 

a signal from both cutoffs would be expected. Therefore, the 
polarization match also should be assessed independently by 
comparing the polarizer setting to the magnetic equilibrium 
reconstruction; however, if the polarization match is poor,  
it is likely that, at some point within the shot, the O-mode 
peak should be observed.

3.  Experimental results

The plasma conditions simulated in [15], where microte-
aring was found to be unstable at the top of the pedestal, 
were attempted to be re-created as a target for using the 

Figure 2.  Spectrogram with a logarithmic scale of the DBS data 
in the cross-polarization configuration with the polarization angle 
match purposefully misaligned by about °10 , showing the presence 
of two distinct Doppler-shifted peaks.

Figure 3.  Time traces of (a) αD  emission, (b) NBI power, (c) line-
averaged density measured with an interferometer, (d) plasma 
current, and (e) global βN.
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cross-polarization Doppler backscattering technique. Similar 
plasma conditions were realized with the DBS system, both in 
the standard configuration to measure density fluctuations and 
in the cross-polarization configuration to measure magnetic 
field fluctuations. The results are presented in this section.

3.1.  Experimental plasma conditions

One shot for standard and two shots for cross-polarization 
DBS configurations were successfully acquired with condi-
tions similar to [15]. Figure 3 shows time traces during the 
H-mode period of edge αD  emission, neutral beam injection 
(NBI) power, line-averaged density, plasma current, and global 
βN for the three shots. Shot 30 150 had standard configura-
tion DBS, and the other two had cross-polarization DBS. The 
density in 30 150 was ∼ 30% higher, and due to differences 
in wall conditions, exact repeats were not possible; stability 
calculations below show only small differences between the 
two cases. For the pedestal, this resulted in a higher density 
at the pedestal top in 30 150, but slightly higher temperatures 
in 30 422 and 30 423, which as the best match that could be 
achieved. The αD  emission shows the periodic activity, which 
is identified as due to type-I ELMs. For all three discharges, 
the plasma current during the flat top is 730 kA, the toroidal 
magnetic field is  ≈B 0.47 Tt , the safety factor at the edge is 
≈q 5.595 , elongation κ≈ 1.7, upper and lower triangulari-

ties δ δ= ≈ 0.5u l , β ≈ 4N , and about 3.5 MW injected neutral 
beam power.

High spatial and temporal resolution electron temperature 
and density profiles were measured with a Thomson scat-
tering system [36]. Modified-hyperbolic tangent (mtanh) 
fits to each Thomson scattering profile were performed 
to assess the evolution of the edge pedestal using the high 
field side pedestal for better spatial resolution due to flux 
expansion. After an increase following the L-H transition, 
the pedestal height and width at the end of each ELM cycle 
reached a slowly evolving steady state for the time period of 
250–350 ms (somewhat shorter in 30 150). Figure 4 shows 
the evolution of the fit parameters for pedestal density, tem-
perature, and pressure height as a function of time since the 
last ELM during the steady-state period. The ELM time was 
determined by spike detection using edge αD  emission. The 

qualitative characteristics are the same in all three discharges: 
The temperature increases slowly throughout the ELM cycle, 
and the density at first recovers quickly after the ELM, 
then increases more slowly after about 2 ms. The pressure 
also at first increases quickly, then more slowly after 2 ms. 
Quantitatively, 30 150 had higher density, lower temperature, 
and overall higher pressure pedestal heights than 30 422/30 
423 with the pressure height at the end of the ELM cycle 
about 20% higher in 30 150. The ELM frequency in 30 150 
is also slightly higher than 30 422/30 423. The two shots 30 
422 and 30 423 were similar, and data from both shots are 
combined below, while 30 150 is analyzed separately.

The mtanh fit parameters were partitioned into three 
equal segments of the ELM cycle and were averaged to gen-
erate average gradient profiles. The choice of three bins was 
made to reduce statistical variation observed when using 
finer time resolution. The result is plotted in figure 5 against 
ψ, the normalized poloidal flux. The qualitative changes 
during the ELM cycle are again the same for the three dis-
charges. The location of the largest gradient in all cases 
moves inward throughout the inter-ELM period. The peak 
temperature gradient decreases, while the peak density and 
pressure gradients increase and the overall pressure pedestal 
width increases. The peak pressure gradient in 30 150 is 
higher than the two other shots. These averaged profiles are 
used below as inputs for both the ray tracing routines used 
to interpret DBS data and the inputs for linear gyrokinetic 
stability analysis.

3.2.  Fluctuation measurements

This section  describes DBS measurements acquired during 
the steady-state H-mode period of the shots described above: 
250–350 ms for 30 422/30 424 and 250–300 ms for 30 150. In 
shot 30 150, the DBS system was arranged for standard scat-
tering to measure density fluctuations with launch and receive 
in the O-mode polarization for the frequency range of 55–75 
GHz. For shots 30 422/30 423 the system was arranged to 
launch the X-mode and receive the O-mode for the same fre-
quency range. The same ELM cycle-averaged density profiles 
described above were used as inputs for ray tracing with the 
code Genray [37] to determine the scattering wave number 

Figure 4.  The pedestal height for the (a) density, (b) temperature, and (c) pressure, as a function of time after the preceding ELM, during 
the steady-state time periods.
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and locations for the measurements with the the last third of 
the ELM cycle being of most interest.

For shots 30 422/30 423 the rotatable polarizer angle 
was set to °27  to match (accounting for the polarizer tilt) the 
approximately °36  magnetic field pitch angle at the edge of the 
plasma where the DBS beam intersects the last closed flux sur-
face. The polarizer characteristics were described with detail 
in [24]. After including corrections for the finite toroidal and 
poloidal launch angles, the launched polarization angle was 
matched to the plasma magnetic field pitch angle at the edge 
to less than °1  . Given the uncertainties in equilibrium recon-
struction and density profile where precisely it is necessary to 
match the polarization to the pitch angle (i.e., where the effec-
tive vacuum-plasma interface for coupling into the X-mode or 
the O-mode is located) and other effects, we consider this to 
be within the uncertainty of a °0  mismatch for the polarization 
angle. The beam was launched at different poloidal angles in 
30 422 and 30 423 to measure different wave numbers and 
with different toroidal angles to minimize scattering misalign-
ment for each case.

Figure 6 combines the same conditionally averaged 
Thomson scattering measurements of the pedestal density in 
figures  4–5 with ray tracing results for scattering locations. 
The solid lines are the density profiles for 30 422/23, and the 
dashed lines are the density profiles for 30 150. The symbols 
on the lines indicate the scattering locations determined by 
ray tracing using the diagnostic settings for shots 30 422 and 
30 150. Early in the ELM cycle, particularly for the CP-DBS 
measurements, not all of the channels are pedestal localized 

with only the lowest frequency localized in the pedestal region 
for the whole cycle. Note that this indicates that, during some 
ELMs, even the lowest frequency was core localized at the 
beginning of the ELM cycle. As the density profile evolves, 
there is a systematic movement of channels outward in the 
region of ψ≈ 0.97–0.99. For CP-DBS, only the 55 GHz 
channel is pedestal localized for the first third of the ELM 

Figure 5.  Averaged pedestal temperature [(a) and (d)], density [(b) and (e)], and pressure [(c) and (f)] gradients for shots 30 422/30 423 
[(a)–(c)] and 30 150 [(d)–(f )]. Data are from the high field side of the tokamak.

Figure 6.  Density profiles and measurement locations during the 
ELM cycle. The solid (dashed) lines are the conditionally averaged 
density profiles for 30 422/23 (30 150). The diamonds indicate 
measurement locations for CP-DBS that were located in the 
pedestal region, and the triangles indicate measurement locations 
for standard DBS measurements. The 55 GHz channel location for 
the last third of the ELM cycle has filled symbols.
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cycle, then two channels for the second third, and three for 
the last third. For standard DBS, three channels are pedestal 
localized for the first third, and four are pedestal localized for 
the last two thirds (only the first three are plotted since data 
from the fourth are not used later). These conditionally aver-
aged profiles are much more coarse in time resolution than 
the DBS and CP-DBS measurements, but this does provide 
information about the evolution of the measurement locations 
during the ELM cycle. The measurements relied on most in 
later sections  are from the 55 GHz channel during the last 
third of the ELM cycle, which is denoted with filled symbols.

We also assess the mismatch based on the argument 
presented in section  2.1. Figure  7 shows a spectrogram of 
cross-polarization DBS data from shot 30 422. Early in the 
shot, before  ∼ 150 ms, there is no Doppler-shifted peak 
due to the scattering alignment effects discussed in [24]. 
From figure 3(a), the L-H transition occurs at about 205 ms. 
Between      ∼ 150 and 200 ms, there is a very weak signal at 

 ∼ 1.5 MHz from the core. After the L-H transition and sub-
sequent rise in density, a strong signal is received from the 
pedestal region. There is a symmetric signal around zero 
frequency, which is believed to be from spurious unlocal-
ized scattering along the beam path. During the H-mode 
period, this overlaps with a Doppler-shifted peak at posi-
tive frequency. Gaussian fits to the asymmetric part of the 
spectrum are performed as described in [24] to quantify the 
Doppler peak’s frequency and amplitude. A broadband burst 
of power is observed at each ELM, which is not included 
in the fits. The plasma transitions back to the L-mode and 
drops in density at about 360 ms due to a large MHD mode. 
At no point is a second peak observed in the power spectrum 
as in figure 2, which would be expected at some point if the 
polarization was not well matched since the O-mode cutoff 
should be in the core at a position with larger rotation. We 
cannot rule out a mismatch resulting in scattered power less 
than the noise level. The signal-to-noise level between the 
maximum Doppler peak during the H-mode period and the 

flat background is about 150 (power ratio; not amplitude). 
Note this signal level is more than two orders of magnitude 
less in power than the standard configuration DBS in 30 150. 
Following from the discussion in section 2.1, we can estimate 
the bound R1  >  150, which should be equivalent to less than 
1% of the received power being due to contamination from 
the unwanted polarization. From this, the discussion in the 
previous paragraph, and the previous discussion of non-WKB 
effects, we proceed with the interpretation that the data in 
shots 30 422/30 423 are dominated by the cross-polarization 
signal and are due to local magnetic field fluctuations.

Ray tracing and the ELM-cycle-averaged density profiles 
were used to determine the scattering locations and wave num-
bers. For 30 422, three channels (55.0, 57.5, and 60.0 GHz), 
returned signals from the pedestal with [ ]ψ≈ 0.984, 0.979, 0.970  
at scattering wave numbers [ ]  −5.6, 5.7, 5.9 cm 1 using the 
ELM-averaged profiles for the last third of the ELM cycle. 
These locations are near the top of the pedestal. Higher fre-
quency channels were localized in the core, according to both 
ray tracing and DBS data; the latter exhibited lower amplitude 
and higher Doppler-shift observations, like the L-mode period 
150–200 ms in figure 7. In 30 423, the locations were similar 

[ ]ψ≈ 0.986, 0.982, 0.978 , but the wave numbers were higher 
at [ ]  −8.5, 8.8, 9.2 cm 1, respectively. The local ion gyroradius at 
this location is about 0.5 cm. The difference in physical loca-
tion between the highest and lowest frequency of the three is 
also about 0.5 cm, which is of the same order as the radial res-
olution of the individual channels. The same three channels in 
30 150 were located at [ ]ψ≈ 0.987, 0.984, 0.982  at wave num-
bers [ ]  −7.0, 7.3, 7.6 cm 1. In all shots under consideration, the 
same three fixed-frequency channels were located at similar 
radii with the wavenumbers in standard DBS configuration 
bracketed by the measurements in the cross-polarization con-
figuration. The scattering alignment mismatch angle (see [24] 
for details) was θ| | ≈ ° °to4 5mis      and, for a particular frequency 
and time, was matched to within °1  across the three shots. This 
means that there is a slight decrease in received power due to 
the misalignment but that it does not vary between the shots 
of interest so it does not impact any comparisons of relative 
fluctuation levels.

In previous work, magnetic probes have been used to iden-
tify microtearing modes in the core of RFX-mod [38]. MAST 
has a number of high frequency Mirnov coils that are digi-
tized at 10 MHz, the same rate as the DBS measurements. 
Figure 8 shows a spectrogram of one of the fast pick-up coils 
and the edge αD  for reference where the ELMs correspond to 
bursts in both αD  and magnetics data. As is typical of a high 
performance spherical tokamak plasma, there are numerous 
coherent Alfvénic and MHD modes. At tens of kilohertz, there 
is a saturated internal kink and its harmonics, which are nearly 
ubiquitous in MAST plasmas [39]. The modes at 1–1.5 MHz 
are compressional Alfvén eigenmodes [40]. There is also a 
variety of activity in the hundreds of kilohertz range—the fre-
quency range where one would expect both ion-scale turbulence 
and shear Alfvén waves like toroidal Alfvén eigenmodes—
including what could be broadband activity related to turbu-
lence during the time period of 200–350 ms, which would be 
of interest here.

Figure 7.  Spectrogram of scattered DBS power in shot 30 422. 
Beam launched X-mode and O-mode scattering detected. The scale 
on the right indicates exponents of logarithmic color scale power.
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Cross-correlation analysis between the Mirnov and the 
DBS data was performed for the three shots under considera-
tion where the ensemble-averaged coherence was calculated 
for time windows in the H-mode. No significant coherence 
was found between the Mirnov data and the DBS or CP-DBS 
signals related to the received scattered power, either the com-
plex scattered electric field or its modulus. Since the DBS and 
CP-DBS measurements were at ∼⊥k 5–10 cm−1, which would 
correspond to a toroidal mode number in the range of ∼n 300
–600, this is not surprising as the magnetic perturbation at 
those scales would be expected to fall off very quickly in 
space. For correlations between the Mirnov data and the DBS 
and CP-DBS phase or phase derivative signals, there is signifi-
cant coherence for some of the low frequency coherent modes 
with the largest coherence for the first two harmonics of the 
saturated kink. This likely appears in the DBS and CP-DBS 
phase data due to reflectometry-like movements of the cutoff 
surface and global influence of the ideal kink mode. However, 
relevant to this paper, we find no significant broadband coher-
ence between magnetic coils and either DBS or CP-DBS data, 
quite possibly due to being sensitive to different spatial scales.

Figure 9 compares the scattered power between the standard 
DBS configuration shot and the cross-polarization DBS shots. 
Referring to figure 3, the large variations in scattered power 
with time are due to the ELM cycle. There is a qualitative 
difference where the standard DBS measurements recover 
rapidly after the ELM then saturate while the CP-DBSs more 
often monotonically increase through the ELM cycle. This is 
notably similar to the behavior in figure 4 where the density 
quickly recovers but the temperature (and overall pressure and 
β) increase throughout the ELM cycle. The change in the den-
sity profile during the first third of the ELM cycle does affect 
the measurement location, so the observation that the CP-DBS 
measurements continue to increase during the time period the 

DBS measurements saturate is more meaningful than differ-
ences directly following an ELM. The qualitative differences 
in the signal do provide further evidence that different fields 
are being measured. The same 55.0 GHz channel is used for 
this comparison, so the launched power is the same for all three 
cases. To implement the hardware arrangement for CP-DBS, 
changes occurred that would affect the received power. In the 
standard configuration, a 3 dB directional coupler was used 
to make the system monostatic. CP-DBS measurements were 
necessarily bistatic, so the 3 dB coupler was removed, which 
increased the received power by a factor of 4, all else being the 
same. The V-band scalar horn antenna used in the monostatic 
configuration was used for the launch antenna in CP-DBS, and 
a lower directivity rectangular horn was used for the reception 
(this also impacted the stray radiation around zero frequency, 
causing it to be broader), which could marginally increase 
the received power. Differences in lengths of the waveguide 
were small and would not be expected to affect signal level. 
Overall, the hardware changes would be expected to increase 
the CP-DBS signal power by at least a factor of 4 compared 
to the standard DBS configuration. Although measuring dif-
ferent wave numbers, the measurements from both CP-DBS 
shots in figure 9 were of similar amplitude, the simplest impli-
cation being a flat fluctuation wave number spectrum over 
this range (which would also be consistent with active insta-
bilities at those wave numbers); we can then assume these 
measurements are comparable to the DBS measurements 
in 30 150 since the wave numbers there were bracketed by 
30 422/30 423. There is about a two order of magnitude dif-
ference between the DBS and the CP-DBS measurements, 
which is consistent with the expectation that magnetic field 
fluctuations should be much smaller than density fluctuations. 
Although the local gradients for the measurements are slightly 
different, as seen in figure 6, the approximately two order of 
magnitude difference is also observed when comparing other 
channels, discussed further below, which shows the slight dif-
ference in local gradients does not strongly impact this result. 
This is further substantiated in section 4 where it is found that 
there are only marginal differences in growth rates between 

Figure 8.  (a) Spectrogram of magnetic pick-up coil on a 
logarithmic scale and (b) edge αD  emission for reference from shot 
30 422.

Figure 9.  Scattered power comparing the same 55.0 GHz channel 
in shot 30 150 in the standard DBS configuration and 30 422/30 423 
with cross-polarization DBS data.
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the DBS and the CP-DBS cases, despite the difference in line-
averaged density. Combined with the hardware differences, 
we then estimate that the relative fluctuation level is about 
( ) ( )δ δ ≈B B n n/ / / 1/20.

Figure 10 shows the DBS and CP-DBS data plotted against 
the time since the previous ELM using the same timing data 
as in figure 4. The timing was determined using spike detec-
tion of αD  emission. Figure 10(a) shows all of the data and (b) 
bins the data every  µ200 s for the ELM-averaged result where 
the average is plotted with the standard deviation as the error 
bar. Data from the same channel, 55.0 GHz, is used here, 
so the launch power should be the same. There are several 
notable observations in the plots. First, for both the DBS and 
the CP-DBS data, the scattered power goes down over the first  
0.5–1.0 ms after the ELM—not immediately. The density 
fluctuations in 30 150 then remain approximately constant 
between 1 and 2 ms, sharply rise between 2 and 3 ms, 
then saturate for the rest of the inter-ELM period. Higher 
levels of scattered power were often measured in L-mode 
MAST plasmas, so the saturation is unlikely to be due to 
encountering the nonlinear scattering regime for DBS [41]. 
Although there is significant variation in the CP-DBS data, 
the magnetic field fluctuations generally follow a secular rise 
throughout the inter-ELM period with perhaps saturation for 
the last 2 to 3 ms, more so for the lower wave number meas-
urement in 30 422.

Comparing the fluctuation measurements in figure  10 to 
the profile evolution in figure 4, we see that the fast recovery 
of the density profile is arrested at about 2 ms after the ELM, 
which is the same time a large increase in density fluctua-
tions in the pedestal is observed. This correlation suggests the 
increased density fluctuations at wave numbers significantly 
higher than KBMs (the largest KBM growth rates were about 

 ≈⊥ −k 0.2 cm 1) are related to the evolution of the density pro-
file in the pedestal. At the same time, the secular rise of the 
magnetic field fluctuations more closely follows the similar 
secular rise of the temperature pedestal. In figure 5, the peak 
temperature gradient actually decreases, while the magnetic 
field fluctuations increase. This implies the magnitude of the 
magnetic field fluctuations is not driven by the temperature 
gradient. The increase in local β from the increasing overall 
pressure would generally be expected to result in larger mag-
netic field fluctuations and would be consistent with past 
cross-polarization scattering experiments [27].

Figure 11 shows data from multiple channels that were 
localized near the top of the pedestal. The data are normalized 
for each channel to the value at the beginning of the cycle for 
ease of comparison. The differences between channels, within 
a particular shot, without normalization is of similar magnitude 
to the uncertainty in the cross-channel calibration and is not 
significant. For all panels, data from the 55.0 GHz channel are 
plotted in black, data from the 57.5 GHz channel are plotted 
in red, and data from the 60.0 GHz channel are plotted blue 
(except for omitting 60.0 GHz from the first panel). Higher 
frequency channels are omitted due to localization in the core 
for at least some inter-ELM periods, which is clear from the 
data due to much higher Doppler shifts (  ∼ 500 kHz for the 
data shown, while some times with Doppler shifts  > 1 MHz 
occur for omitted channels). The much higher Doppler shifts 
from the core occur from jumps in measurement location due 
to local minima in the density profile inside of the pedestal 
for some time. This behavior is not clear from figure 6 alone 
since the profiles are averaged there and only the edge profiles 
are shown.

The cross-polarization measurements show remarkably 
little difference between channels where after normalization 

Figure 10.  DBS and CP-DBS data plotted against time since the 
previous ELM: (a) all data and (b) average and standard deviation 
of data every 200 μs. All data from the 55.0 GHz channel only.

Figure 11.  Multichannel DBS and CP-DBS data plotted against 
time since the previous ELM, normalized for each channel 
separately for shots (a) 30 150, (b) 30 422, and (c) 30 423. Here 
black is the outermost channel 55.0 GHz, red is 57.5 GHz, and blue 
is 60.0 GHz for all three panels.
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there is essentially no difference larger than the plotted error 
bars for the inter-ELM evolution of magnetic field fluctua-
tions in figures 11(b)–(c). This implies little difference in the 
behavior of the magnetic field fluctuations at different wave 
numbers and slightly different radii. In contrast, there is a 
clear difference between the two DBS channels measuring 
density fluctuations. They both show a fast rise, then satura-
tion during the ELM cycle but with a delay of  ∼ 2 ms for the 
inner channel. This implies a difference in either wave number 
or radius for the turbulence (more likely the radius due to the 
small difference in wave numbers), which will be compared 
to linear growth rate calculations in the next section. The dif-
ference between the DBS and the CP-DBS channels is again 
further evidence that different fluctuating fields are being 
measured.

4.  Linear gyrokinetic analysis

Similar to the procedure followed in [14, 15], equilibrium 
reconstructions were performed with the code HELENA [42] 
using the conditionally averaged Thomson scattering profiles. 
The pedestal bootstrap current in HELENA is self-consis-
tently calculated using formulas from Sauter et al [43]. For the 
pedestal region, it was assumed that =T Tie , which is reason-
able for the high collisionality edge (the plasma shape used 
had a large outer radius that only allowed charge exchange 
recombination spectroscopy measurements for ψ � 0.85 
and at the outermost measurements =T Tie  within uncertain-
ties). Since HELENA does not separately account for the fast 
ion pressure, the central temperatures were increased to match 
the global poloidal β, βp, inferred from magnetics measure-
ments. This should reproduce the experimental Shafranov 
shift. The HELENA results were then used to generate inputs 
for the gyrokinetic code GS2 [19, 44]. Linear gyrokinetic sta-
bility calculations were performed for multiple radii using the 
equilibrium for the last third of the ELM cycle in shots 30 150 
and 30 422/30 423. The electromagnetic calculations were run 
with 128 points per π2  parallel grid points, a velocity grid 

with 16 energy and 72 pitch angle points, two kinetic species 
(deuterium and electrons), and collisions. Figure 12 shows the 
resulting growth rates of the fastest growing mode as a func-
tion of radius and wave number. Note that, in this plot, the 
growth rates are normalized to the local value of v a/ith,  (where 
v ith,  is the ion thermal velocity and a is the minor radius) and 
are plotted against the physical ⊥k  that corresponds to the mea-
sured binormal DBS wave number (not the simulation param-
eter ky as in [14], which differs by a factor of    ∼ 2 to 3; the 
toroidal mode number for the peak growth rate is about the 
same here as in [14]). Although there were differences in den-
sity between 30 150 and 30 422/30 423, the calculated growth 
rates are generally similar, which validates the comparison of 
data between the two scenarios.

The plots in figure 12 are similar to the results in [15]. The 
fastest growing mode at radii ψ ≈ 0.98n –1.0 is a long wave-
length mode with twisting parity, which is identified as the 
KBM. The HELENA equilibria were also linearly unstable 
to infinite-n ballooning modes for both cases, which is often 
used as a proxy for KBM stability. At different radii, these 
modes propagate in either the electron or the ion diamagnetic 
direction, which indicates they may be similar to the coupled 
KBM-trapped electron modes discussed in [45]—an ideal 
KBM propagates in the ion diamagnetic direction, but coupling 
to trapped electron effects can result in a mode that propa-
gates in the electron diamagnetic direction. The higher wave 
number modes at inner radii have tearing parity and are iden-
tified as the same microtearing modes discussed in [14]. At a 
higher wave number and with twisting parity, but at the same 
radii, figure  13 shows electron temperature gradient modes 
unstable as well. Both the MTM and the ETG modes propa-
gate in the electron diamagnetic direction. These higher wave 
number modes were not investigated in [15]. As the MTM and 
ETG co-exist at the same radii and there is a relatively smooth 
transition from the MTM as the fastest growing linear mode 
at lower wave numbers to the ETG at higher wave numbers, 
this requires careful consideration for interpretation of the 
measurements with respect to specific instabilities. The DBS 
and CP-DBS measurements were at wave numbers where the 

Figure 12.  Linear growth rates for (a) 30 150 and (b) 30 422/30 423 for the last third of the ELM cycle at low wave numbers. Growth rate 
peaks at  ≈⊥ −k 2 cm 1 are MTMs, and modes at lower-k, to the bottom right of both panels, are KBMs.
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ETG was calculated to be the fastest growing mode. However, 
there is a finite wave number sensitivity for the measurements 
where with the MAST quasioptical system [24], we estimate 
a Gaussian weighting with ∆ ≈⊥k 2–3 cm−1 centered at the 
⊥k  determined with ray tracing. With this taken into account, 

there is a possible overlap between the lower-k CP-DBS 
measurements and the wave number region where the MTM is 
the fastest growing mode. These initial value calculations also 
find only the fastest growing mode, while the MTM could be 
unstable, but subdominant, where the ETG is fastest growing. 
To address this, below we consider differences in the linear 
mode properties.

Figure 10 shows a minimum in the density fluctuation 
level between 0.5 and 2.0 ms after the start of the ELM cycle.  
To investigate this, we also constructed equilibria and performed 
linear GS2 analysis for this time period. Figure 13 compares 
the growth rates at the beginning (0.5–2.0 ms) and end (last 
1/3) of the ELM cycle in 30 422/30 423. Here the growth rates 
are plotted in dimensional units and are not normalized to 
local parameters. The most significant change in the MTM and 
ETG spectra is an inward movement as the pedestal top moves 
inward, consistent with stabilization of the ETG and MTM 
in the steep density gradient region. This is also qualitatively 
consistent with the difference between the density fluctuation 
measurements at different radii in figure 11(a), suggesting the 
large increase in observed density fluctuation level occurs as 
the MTM and ETG unstable region moves inward. The exact 
measurement and instability locations do not match quanti-
tatively, but the difference of ψ∼ 0.01 is within reasonable 
uncertainty estimates and similar to the diagnostic spatial 

resolution. Nonlinearly, one would also expect some finite 
radial extent for the modes for which these local linear calcu-
lations generate no prediction.

In section 3.2 we arrived at the estimate from experimental 
measurements that the ratio between fluctuation levels was 
( ) ( )δ δ ≈B B n n/ / / 1/20. This is a quantity that can be com-
pared to predictions from the linear gyrokinetic simulations. 
Figure  14 shows the GS2 results for the linear eigenmode 
structure along the field line for MTM and ETG modes at 
ψ = 0.97 for the last 1/3 of the ELM cycle in 30 422/30 423 
for both the density and the magnetic field components of 
the modes. The density δn n/ , is calculated from the distri-
bution function (a Boltzmann response is not assumed), and 
the magnetic field δB B/r  is determined from the calculated 

∥A  after accounting for normalization factors and using the 
binormal wave number for the mode. It has been shown in 
other work that MTMs are often not isotropic on the 2D plane 
normal to the magnetic field, but this is the simplest assump-
tion to make. Typically in other work, > ⊥k kr  for the MTM 
by a factor of order unity, which would make our calcula-
tion an underestimate of δB B/ . The plots are normalized to 
the maximum of δn n/ , so the ratio between fields in the plots 
is the closest linear correspondent to the experimental meas-
urement. While the experimental measurements were of ⊥k  
perturbations, the calculation is of δB B/r , since for the linear 
calculations, kr  =  0 is the fastest growing mode. We are 
therefore assuming in making the comparison that the linear 
characteristics of the fastest growing mode determine the 
ratio of fluctuation levels and that deviations from 2D isot-
ropy are smaller than differences between the modes being 
compared. There are currently no 2D intermediate-k, high-k 
measurements, or nonlinear multiscale gyrokinetic simula-
tions in the pedestal that would allow us to better assess the 
fidelity of these assumptions. These are strong assumptions 
as it is currently not known how the turbulent cascade, satura-
tion and suppression mechanisms, or other nonlinear effects 
could impact this comparison.

The eigenmode structures in figure 14 reflect the expected 
parity for the MTM and ETG. The MTM is tearing parity  
(ϕ odd and ∥A  even), and the ETG is twisting parity (ϕ even 
and ∥A  odd). The experimental measurements were cen-
tered at about R  =  149.4 and  = −Z 5.3 cm, which roughly 
corresponds to θ≈ 0.1 in the plots. The beam radius also 
would be expected to be about 4 to 5 cm with a Gaussian 
shape. Averaging the ratio of the amplitude of the eigen-
modes over the points corresponding to the beam size 
yields ( ) ( )δ δ ≈B B n n/ / / 0.38r  for the MTM at  =⊥ −k 0.5 cm 1 
and ( ) ( )  ( )δ δ ≈B B n n/ / / 0.019 0.015r  for the ETG at 

 ( ) =⊥ −k 7.0 2.7 cm 1. The experimental measurements of 
( ) ( )δ δ ≈B B n n/ / / 1/20 at ≈⊥k 6–8 cm−1 are only about a factor 
of 2 different from the linear ETG fluctuation ratio, but the 
MTM is an order of magnitude larger. Along with the better 
match for the wave numbers, we therefore conclude that the 
measurements are more consistent with the ETG than the 
MTM. We also include the higher wave number ETG result 
in figure  14(c), which shows a significant electromagnetic 
component to the ETG, which is surprising as the ETG is 
often considered to be predominantly an electrostatic mode 

Figure 13.  Linear growth rates for 30 422/30 423 comparing times 
periods (a) close to the start of the ELM cycle and (b) at the end. 
Growth rate peaks at  ≈⊥ −k 2 cm 1 are MTMs, modes at higher-k are 
ETGs, and modes at the bottom right of both panels are KBMs.
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(although simulations first demonstrating that the ETG 
can drive experimentally relevant levels of heat flux were 
electromagnetic [19]).

5.  Discussion and conclusions

We have presented a description of a novel diagnostic tech-
nique, combining DBS and cross-polarization scattering, for 
the measurement of localized internal magnetic field fluc-
tuations. This is a challenging diagnostic technique, and we 
have considered a range of effects that can plausibly impact 
interpretation of cross-polarization measurements. We then 
used this technique as well as standard DBS in plasma con-
ditions in MAST where we expected microtearing modes to 
be unstable from previous simulations. Both experimental 
data and careful assessment of the equilibrium and diagnostic 
geometry were consistent with successful polarization isola-
tion and negligible impact of other effects so that magnetic 
field fluctuations were measured. We focused on the evolu-
tion of density and magnetic field fluctuations at the top of 
the pedestal between ELMs. An increase in density fluctuation 
measurements was correlated with arresting the rapid increase 
in the density pedestal after an ELM. The measured magnetic 
field fluctuations showed different behaviors with a secular 
rise throughout most of the inter-ELM period, consistent with 
the magnetic field fluctuations being dependent on the local 
pressure or β. The experimental ratio of fluctuation levels at 
the end of the ELM cycle was inferred from measurement to 
be ( ) ( )δ δ ≈B B n n/ / / 1/20.

Linear gyrokinetic simulations were performed with the 
code GS2. We found that both microtearing and electron 
temperature gradient modes were unstable at the same radii. 
Electron temperature gradient modes have previously been 
studied in spherical tokamaks [46–52], including near the top 
of the pedestal, but are usually thought to be most relevant 
at much higher wave numbers than we measured here. The 
measured wave numbers overlapped best with the range of 
wave numbers where the ETG was the fastest growing mode. 
The ratio between fluctuation levels in the linear simula-
tions was found to be similar to the experiment for the ETG 
( ) ( )δ δ ≈B B n n/ / / 0.02r  but an order of magnitude larger for the 
MTM ( ) ( )δ δ ≈B B n n/ / / 0.4r . Although a number of approxima-
tions were made to compare the fluctuation ratios, we esti-
mate they should be at most order unity, which is significantly 

smaller than the difference between the MTM and the ETG. 
The wave numbers and fluctuation ratios are consistent with 
the ETG explaining the experimental measurements, even 
though the measured wave numbers    ρ ≈⊥k 3 to 4i  are much 
lower than typically associated with ETG modes (usually 
thought to be important closer to the electron gyroradius scale 
ρ⊥ �k 0.1e , which is closer to ρ ≈⊥k 10i ). Given the lower wave 

numbers, the ETG can be more important for transport than 
previously thought.

These experimental and simulation results show the ETG is 
unstable at the top of the pedestal in MAST and suggest that 
both the ETG and rhe MTM can be important in the transition 
region between the steep density gradient in the pedestal and 
the more shallow gradients in the core. Although the simula-
tions do predict the MTM to be unstable, the measurements 
do not directly confirm or contradict this prediction due to 
lack of lower wave number measurements in this study. It is 
possible that either, both the MTM and the ETG are present, 
or that the ETG is present, but the MTM is actually nonlin-
early stabilized, for instance, via ×E B shear. A fully predic-
tive understanding of the inter-ELM pedestal might then be 
quite challenging, requiring multiscale physics from peeling-
ballooning modes all the way to ETG scales where attempts to 
modify and control the natural ELM cycle could have differ-
ential effects on the various instability mechanisms that affect 
transport.
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