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Abstract
The Reconstruction of MHD equilibrium is fundamental to the understanding of fusion plasma physics.
It is necessary for data diagnostic analysis, to the study of plasma stability, transport, confinement to
the control of the plasma, among others. In this work the equilibrium of an ICRH and NBI heated
JET discharge is studied. The equilibrium is reconstructed with progressively more information using
the EQUAL code (in the EQSTABIL RECONSTRCUT workflow). Starting by using only magnetic
diagnostics, then adding the thermal pressure calculated using the HRTS diagnostic’s measurments,
then the energetic particle pressure component determined numerically using the CYRANO and
StixReDist codes (in the HCD workflow) and finally adding the polarimetry and interferometry
diagnostics. The results were validated using the MHD spectroscopy, specifically the (3, 2) NTM
mode. This was done within the EUROfusion Integrated Modeling framework, WPCD. The energetic
particle pressure components (of deuterium and hydrogen) were found to be located at the core of the
plasma and to have maximum values similar to the thermal pressure values, so that the total pressure
profile has a maximum (which is located at an off-axis position), around three times larger than the
thermal pressure. Reconstruction using a discharge with such high energetic particle pressures proved
to be a challenge. The reconstructed pressure doubled when compared with the thermal pressure and
the maximum and minimum of the safety pressure and flux surface averaged toroidal current density
were displaced to an off-axis position. The addition of the polarimetry and interferometry diagnostics
improves the reconstruction, but only slightly.
Keywords: Tokamak, JET, equilibrium reconstruction, ICRH, energetic particle pressure.

1. Introduction

Over the past decades, abounding evidence for cli-
mate change and other environmental impacts of
the currently available energy sources have sur-
faced. These, coupled with the increasing popula-
tion, technology, and standard of living and thus,
the increase in energy consumption, indicate the
need for an alternative solution for the world’s en-
ergy challenges. Nuclear fusion presents a viable
and environmentally friendly source of energy pro-
duction.

The most promising method to achieve nuclear
fusion is through magnetic confinement, a reactor
concept based on the so-called tokamak [1] and us-
ing the fusion reaction of Deuterium and Tritium
in the plasma state. Tokamak is a toroidal asym-
metric device that confines the plasma using mag-
netic fields. The external toroidal field coils create
the toroidal magnetic field (Bφ). This field cre-
ates a drift in the outward direction. To prevent
it, a poloidal field (Bθ) is created by a toroidal cur-
rent. In the end, the magnetic field lines are helices,
which rotate slowly in the toroidal direction.

In order to achieve high enough temperatures,
external heating methods (besides the transformer
effect) are required, such as the injection of neutral
highly energetic particles into the plasma (NBI) or
radio-frequency waves with frequencies similar to
the ions and electron cyclotron frequencies (ICRH
and ECRH). These create energetic particles (non-
Maxwellian distribution in energy), which can have
a significant impact on the total plasma pressure.

When enough external heating power is added to
the plasma, a high confinement mode (H-mode) can
be achieved. This mode is characterized by a steep
gradient at the edge of the plasma pressure profile
(a pedestal that shifts the entire pressure profile
up).

For the purposes of this thesis, the diagnostics
can be divided into magnetic, current, and kinetic
diagnostics. Magnetic diagnostics (e.g., flux loops,
poloidal field probes) measure the total plasma cur-
rent and the magnetic fields and poloidal flux next
to the plasma boundary. Current diagnostics (e.g.,
polarimetry which gives the Faraday rotation angle
of a laser beam when crossing the plasma) give in-
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formation on the internal magnetic field. Kinetic
diagnostics (e.g., Thomson scattering, which mea-
sures the electron temperature and density, elec-
tron cyclotron emission, which measures the elec-
tron temperature, interferometry, which measures
the integrated density) give information on the ion
and electron temperatures and densities, and so al-
low the determination of the pressure.

Some of these diagnostics need equilibrium re-
construction to analyze of the data, while others are
used by the reconstruction algorithm to obtain more
information. The addition of the pressure profile
obtained by some diagnostics and numerical codes
is known to alter the reconstructions significantly,
increasing their accuracy.

The equilibrium reconstruction is also necessary
to the study of the plasma stability (and so it is im-
portant in preventing plasma instabilities), to the
study of transport, confinement, efficiency, to con-
trol the plasma, among others.

The objective of this work was to reconstruct
the MHD equilibrium for a plasma discharge of the
JET Tokamak[2] heated with ICRH and NBI, us-
ing the EQUAL equilibrium reconstruction code [3]
with increasing levels of information on the plasma
state either from diagnostics or numerical codes.
First, only using magnetic diagnostics, then pro-
ceeding to add the thermal pressure (calculated us-
ing the Thomson scattering diagnostics, HRTS),
then adding the pressure from energetic particles
calculated from numerical codes that simulate the
effects of external heating on the plasma, and then
adding the information for the interferometry and
polarimetry diagnostics. This is done within the
WPCD framework. The results of these reconstruc-
tions were validated using MHD spectroscopy.

2. Background
In this section, a small introduction to MHD Equi-
librium and Equilibrium codes will be made.

2.1. Equilibrium
In order to maintain the magnetic confinement, the
whole plasma must be kept under force equilibrium,
i.e., the outward expansion force due to the plasma
pressure must be balanced by the opposing mag-
netic forces. In order to study the equilibrium, a
single-fluid plasma model known as MHD is used
(J × B = ∇p, ∇.B = 0 and ∇ × B = µJ), where
p is the plasma pressure, B is the magnetic field, J
is the current density and µ is the magnetic perme-
ability. These assume that the plasma is in a steady
state ( ∂∂t = 0) and static (v = 0).

These equations imply the existence of so-called
magnetic flux surfaces with characteristic proper-
ties: closed nested toroidal surfaces where the mag-
netic and current density lines lie and where the
pressure and poloidal magnetic flux ψ are constant.

Using MHD equations, the Grad-Shafranov
Equation (Eq.1) can be derived [4]. It can be ex-
tended to vacuum, external conductors, and ferro-
magnetic materials. In this equation, the (R,φ, Z)
cylindrical coordinates are used, F is such that
F = BφR, Jφ is the toroidal current density, and
∆∗ψ is described as in Eq.2.

∆∗ψ = −µ0R
2 dp

dψ
− F dF

dψ
= −µ0RJφ (1)
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∂2ψ
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∂
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)
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2.2. Equilibrium codes
There are many types of equilibrium codes. In this
work, a direct, free-boundary reconstruction code is
used. These reconstruction codes aim to determine
the topology or distribution of the magnetic field of
the magnetic flux surfaces as well as the pressure,
toroidal density current, and F function and safety
factor profiles.

This is done by alternating between two steps:
(1) solving Eq.1 numerically assuming that the
pressure derivative and FF ′ function profiles can
be represented as a linear combination of basic
functions (yn) which can be polynomials, ten-
sion splines, etc. So that p′ =

∑
n αnyn

and FF ′ =
∑
n γnyn, where αn and γn are

unknown parameters, and (2) minimizing the
squared error function (χ2 =

∑
(Measurementi −

Resulti/uncertaintyi)
2) between the results (sim-

ulated measurements) and the diagnostic measure-
ments weighted by the measurements’ uncertainties
to get new αn and γn coefficients.

The measurements used in the reconstruction can
be: (1) only magnetic, and so, the reconstruction
algorithm uses the plasma current, poloidal flux,
and the external magnetic field as constraints.

(2) Magnetic and from current diagnostics,
adding constraints to the internal magnetic field,
flux surfaces, and current density and thus, allowing
for a better reconstructed safety factor and current
density profiles as well as magnetic surface distri-
bution.

(3) Magnetic and from the kinetic diagnostics,
adding a constraint to the pressure profile. This
allows for a better reconstructed pressure profile,
especially on the pedestal region. Numerical codes
can be used to calculate the distribution of energetic
particles (non-Maxwellian) and so to calculate the
total pressure profile.

The pressure profile is calculated by P (ψ) =
(ni + nz)Ti + neTe + Pfast, where ni, nz and ne
are the ion, impurity, and electron densities respec-
tively, Ti and Te and the ion and electron tempera-
tures and Pfast is pressure from energetic particles.
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Te, Ti, ne and come from measurements and ni and
nz from the quasi-neutrality condition. These mea-
surements usually come from in function of (R,Z),
so they must be mapped into the same poloidal
flux surfaces (that come from an initial magnetic
only reconstruction). In this work, some simplifica-
tions are made so that the pressure is calculated by
Pth(ψ) = 2neTe, both measurements coming from
the HRTS diagnostic.

3. Setup
3.1. Data
In this work, the #90198 shot of JET [2] is used.

Fig.1, provides some information about this shot.
It can be seen that both NBI and ICRH are used.
The NBI heating is used in the t = [45.4; 49.8]s in-
terval with ∼ 8.9MW of power at its maximum.
The ICRH is used in the t = [46.5; 50.5]s interval
with ∼ 6.0MW of power at its maximum. It can
also be seen that the sawtooth instability, associ-
ated with the presence of q = 1 magnetic surface,
only appears at t ∼ 50.5s (see the regular spikes in
the central channels of the ECE diagnostic). Since
this shot has both NBI and high power ICRH, which
lead to a significant energetic ion content, it can
be quite challenging to model. Fig.2, presents the

Figure 1: On the top: time evolution of NBI power
(in red) and ICRH power (in blue), of the plasma
current (in green) the magnetic field (in black), and
the radiated power (in gray). In the middle: the
electron temperature measured with different ECE
channels is presented. In the bottom: the electron
temperature and density measurements with HRTS
in function of Rmag (the major radius along the
horizontal plane containing the magnetic axis) for
several time slices. Shot=90198.

toroidal mode spectra from the dominant MHD ac-
tivity. A stronger line at f ∼ 12kHz, corresponding
to the toroidal mode number of n = 2, can be seen
at t = [47.0; 50.0]s, the poloidal mode number is
found to be m = 3. This mode is believed to be an
(n = 2,m = 3) Neoclassical Tearing Mode and it is
resonant in the magnetic surface characterized by

q = 1.5. The position of this surface will be used in
the validation of the equilibrium reconstruction.

Figure 2: Time evolution of the toroidal mode spec-
tra for the dominant MHD activity observed in shot
90198. The frequencies f ∼ [150 − 200]kHz corre-
spond to Toroidal Alfvén Eigenmodes (TAEs), the
n = 2 at f ∼ 12kHz is a (3, 2) Neoclassical Tear-
ing Mode (NTM) resonant at the q = 3/2 magnetic
surface. The n = 2 mode at f ∼ 80kHz is believed
to be a High Order Geodesic Acoustic Eigenmode
(HOGAE) [5]

3.2. Codes and Workflows

The equilibrium reconstruction code used is
EQUAL [3]. This code is based on EFIT [6] and
is developed within the European Task Force on
Integrated Tokamak Modelling (ITM-TF) [7]. This
code is inserted in both the EQSTABIL RECON-
STRUCT AND REFINE, and the EQSTABIL RE-
CONSTRUCT AND REFINE Time Loop work-
flows. These were used in this work to make some of
the equilibrium reconstructions either for one time
slice (t = 48.0s) or for multiple time slices.

To simulate the ICRH for a single time, the
heating and current drive workflow is used. This
workflow used the CYRANO [8] code to simulate
the launching, propagation, and absorption of the
radio-frequency waves through the plasma (by solv-
ing Maxwell’s equations) in order to give an initial
particle distribution and the StixReDist [9] Fokker-
Plank code, which solves the equation with the
same name in order to give the time evolution of
the initial distribution.

4. Methods

4.1. Validation of the results

The reconstruction code has various parameters
that can be changed to get a better or worse equilib-
rium reconstruction. Most important for this work
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are the weights and placement of the B-spline knots
and the pressure profile weights.

The EQUAL code minimizes the cost function, as
seen in section 2, and so it chooses an equilibrium
reconstruction depending on the measurement er-
rors.

In order to choose the best parameters for the
reconstruction, various metrics are used: (1) the
magnetic errors, (2) the shape of the pressure pro-
file (if it stays positive close to the boundary or
how similar it is to the given pressure profile) (3)
the safety factor and flux surface averaged toroidal
current density profiles shape (expected to be the
ones characteristic of H-mode) (4) The existence or
not of the q = 1.0 magnetic surface and thus the
sawtooth instability (5) Safety factor value in the
position of the (3, 2) mode according to the ECE
and magnetic diagnostics.

To compare the safety factor values (as required
in step (5)): Look for the ECE channels that cor-
respond to π jumps (a signature of magnetic re-
connect characteristic of NTMs) in the cross power
spectral density between the temperature fluctua-
tion and magnetic signals, then get the (R,ZECE)
position of the channel from the corresponding cy-
clotron resonance and get the q value from the equi-
librium reconstruction in that position and compare
to the expected value of q = 1.5.

4.2. Modeling strategy and sensitivity anal-
ysis

Seven reconstructions were made using progres-
sively more information: using only the magnetic
diagnostics, then adding the thermal pressure pro-
file, then the total pressure profile, and then the
Faraday rotation angle and integrated density from
the polarimetry and interferometry diagnostics to
each of those. The seventh was to use a second
iteration of the total pressure.

Then the sensitivity of the heating and current
drive workflow to using kinetic reconstructions with
different thermal pressure profiles was also studied.

These reconstructions were made first for the
t = 48.0s time slice. As can be seen in Fig.1, in
this time slice, both ICRH and NBI are being used.
During the tests, it was found that in this time slice,
the pedestal characteristic of the H-mode was well
defined and that the stored energy was at its maxi-
mum. Then they were repeated for the time interval
t = [46.0, 52.0]s with ∆t = 0.1s.

The methods to get each of these reconstructions
are presented next.

4.2.1 Magnetic only Reconstruction

The workflows mentioned in section 3 are used to
make a magnetic reconstruction that uses only the
magnetic measurements from the differential and

flux loops, from the pick-up and poloidal field coils
and iron magnetization along with the plasma cur-
rent and the diamagnetic signal, for both the 48.0s
and from 46.0s to 52.0s with a time step of 0.1s.

4.2.2 Kinetic Reconstruction using the thermal
pressure

The same workflow was then used to make an equi-
librium reconstruction using the magnetic measure-
ments and the thermal pressure profile using the fol-
lowing steps: (1) Make an equilibrium reconstruc-
tion using only the magnetic diagnostics using the
EQUAL code to get ψ(R,Z) function. (2) Map the
electron temperature and density from the HRTS
diagnostic into the flux surfaces from the first recon-
struction, i.e., transform Te(R,Z) into Te(ψ). (3)
Calculate the thermal pressure by Pth(ψ) = 2Tene
(the ion temperature and density are assumed to be
the same as the electron ones). (4) The new recon-
struction is made with the thermal pressure profile
as a constraint along with the magnetic diagnostics
for both the 48.0s and from 46.0s to 52.0s with a
time step of 0.1s.

4.2.3 Kinetic Reconstruction using the total pres-
sure

During the tests made, it was found that the ener-
getic particle component of the pressure from ICRH
was far bigger than from NBI, so only the ICRH
was used in the calculation of the total pressure.
In order to do this reconstruction, the following
steps were followed: (1) a kinetic reconstruction
using the thermal pressure profile was made using
the EQSTABIL RECONSTRUCT AND REFINE.
(2) The HRTS diagnostics are mapped into that re-
construction’s flux surfaces and used to calculate a
new thermal pressure. (3) The Heating and Cur-
rent drive workflow is used to calculate the ener-
getic particle pressure component due to the ICRH
heating by first updating the reconstruction with
the CHEASE code, then the launching, propaga-
tion, and absorption of the waves are simulated with
the CYRANO code, then the StixReDist code is
used to evolve the distribution function in time, fi-
nally, the energetic particle pressure is calculated.
(4) The total pressure profile is calculated using
Ptot = Pthermal+Pfast (the thermal pressure is the
one from point 2 and there is some extrapolation of
the data in the core region of the profile) (5) The
final reconstruction is made using the total pressure
profile as a constraint for 46.7s, 46.9s, 47.1s, 47.5s,
48.0s, and 49.0s time slices.

4.2.4 Effect of the kinetic reconstruction on the
total pressure profile

Since the heating and current drive codes use both
the equilibrium and coreprof CPOs as input and
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that the ICRH deposition, when located in the deep
plasma core, is quite sensitive to the equilibrium
flux map, we can anticipate that there will be differ-
ent total pressure profiles for different equilibrium
reconstructions. Thus, in this section, various total
pressure profiles were made using different equilib-
rium reconstructions.

In order to do it, a magnetic equilibrium recon-
struction was made using the EQUAL code, then
the diagnostic data from Thomson scattering was
mapped and the thermal pressure profile calculated.
Using this thermal pressure profile, different equi-
librium reconstructions were made using EQUAL
with different pressure weights (using different por-
tions of the pressure profile).

4.2.5 Kinetic Reconstruction with two iterations
for the calculation of the total pressure

Given that in the previous section, it was found
that the total pressure depends heavily on the equi-
librium reconstruction, it was hypothesized that
adding another iteration to the reconstruction could
improve the results. In order to test this hypoth-
esis, the following steps were followed. (1) Mak-
ing a kinetic reconstruction using the total pressure
profile. (2) calculating the thermal pressure using
this equilibrium. (3) Using the Heating and cur-
rent drive workflow, a second version of the total
pressure was calculated (4) Fourth equilibrium re-
construction using the new total pressure profile.
This was done for the 48.0s time slice.

4.2.6 Kinetic Reconstruction using the total pres-
sure, interferometry, and polarimetry diag-
nostics for t = 48.0s

When looking at the results of the previous section,
it was concluded that when using the total pressure
as a constraint it is very difficult to get an agree-
ment between the reconstructed and total pressure
profiles and that the safety factor and flux surface
averaged toroidal current density profiles become
hollow. This is thought to be due to the fact that,
in the core only the pressure profile has constraints
and the FF’ is free to change. So the Faraday rota-
tion angle and integrated density from lines of sight
that pass close to the magnetic axis are added to
the reconstruction (channels 3,5 and 7 of the inter-
ferometry and polarimetry diagnostics).

These were added to the first three reconstruc-
tions described above.

5. Results

5.1. t = 48.0s

As stated in the methods section, seven different
equilibrium reconstructions were made using pro-
gressively more data.

First, the magnetic reconstruction was made
(equil 1), then the thermal pressure profile was de-
termined, and then the kinetic reconstruction us-
ing the thermal profile was made (equil 2). From
the first two reconstructions, it can be seen that
the addition of the thermal pressure constraint to
the reconstruction, results in the appearance of the
pedestal at ρpol,norm = 0.97 in the pressure pro-
file along with the equivalent structure in the flux
surface averaged toroidal current density profile, as
can be seen in Fig.3 and 4. These are a charac-
teristic of the H-mode plasma and are not present
in the magnetic only reconstruction. Between these
two reconstructions (magnetic and thermal profile)
we can also see a decrease in the core pressure
(from 109kPa to 76kPa) and a decrease in the core
flux surface averaged toroidal current density (from
1870kAm−2 to 1600kAm−2). It can also be seen
that the values of the magnetic sensor errors become
larger and that the MHD marker errors become bet-
ter (from values around 12% to values around 4%),
see Tab.5.1.

Then the component pressure profile due to
ICRH energetic particles was determined. It was
found that the energetic deuterium pressure is con-
centrated at ρpol,norm < 0.25 and has a maximum
of 107kPa and that the energetic hydrogen pressure
is concentrated at ρpol,norm < 0.4 with a maximum
of 65kPa. When the energetic particle components
of the pressure are added to the thermal pressure
profile to get the total pressure (total 2), the maxi-
mum of the profile increases from 70kPa to 220kPa
(it more than triples) and is shifted from the mag-
netic axis to ρpol,norm = 0.12. The value at the axis
goes from Pth(0) = 70kPa to Ptot(0) = 160kPa (it
approximately doubles).

The following reconstruction, was the one that
uses this total pressure profile as a constraint along
with the magnetic diagnostics (equil 3). Recon-
structing the equilibrium with this pressure profile
was found to be difficult. The resulting pressure
profile does not have a similar shape to the one
used as a constraint (Fig.3) at the core (the pedestal
fit is still good). In fact, in all the tests made,
the pressure profile was always monotonic. That
being said, the safety factor and flux surface aver-
aged toroidal current density profiles become non-
monotonic (with their minimum and maximum off-
axis), which are not the expected shapes for these
profiles.

When comparing to the previous reconstruction
(the one with the thermal profile as a constraint),
it can be seen that the pressure at the core dou-
bles, the maximum of the flux surface averaged
toroidal current density profile is shifted to an
off-axis position and increases to 2240kAm−2 (at
ρpol,norm ∼ 0.29), though the axis value decreases
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Figure 3: On the left: Reconstructed pressure profiles and the pressure profiles used as constraints in the
reconstruction. On the right: Thermal pressure profiles determined using the HRTS diagnostic and the
first three reconstructions. Time=48.0s

Figure 4: On the left: reconstructed safety factor profiles. On the left: reconstructed flux surface averaged
toroidal current density profiles. Time=48.0s

Bφ(T ) equil1 equil1+far+ne equil2 equil2+far+ne equil3 equil3+far+ne equil4
3.044 12.3 16.8 0.4 2.2 24.7 16.8 14.3
3.079 9.4 13.8 4.0 2.1 30.8 24.1 22.8
3.919 12.7 17.3 5.8 3.8 18.0 12.5 18.1
3.937 13.7 18.2 4.6 2.7 15.9 10.4 15.7

Table 1: EQUAL safety factor error value that corresponds to the n = 2 and m = 3 mode when compared
to q = 1.5.
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Figure 5: Contour plot of the flux surfaces for the seven reconstructions. On the right is a zoom to the
area around the magnetic axis.

to 1050kAm−2, the safety factor profile changes as
well, its minimum is shifted to ρpol,norm ∼ 0.35 (see
Fig.4). The addition of the total pressure also re-
sults in a shift of the flux surfaces to the right (see
Fig. 5). On average the magnetic sensor errors im-
prove, and the MHD marker errors worsen.

Then this equilibrium was used to calculate a new
thermal pressure, energetic particle component of
the pressure and so a new total pressure profile (to-
tal3). This new total profile can be seen in Fig.3,
this profile is closer to being a decreasing function
and has its maximum on the magnetic axis.

The value is much higher, at ∼ 350kPa. This
profile was used to make another reconstruction
(equil 4). It results in a pressure profile that
matches the constraint better, with a maximum of
∼ 325kPa (see Fig.3). However, in spite of the
maximum and minimum of the flux surface aver-
aged toroidal current density and safety factor pro-
files returning to the magnetic axis their values are
not right (see Fig.4), too high and too close to zero
respectively. The magnetic errors worsen and some
of the MHD marker improve (Tab.5.1).

On the right of Fig.3, the thermal pressures cal-
culated using different equilibriums can be seen. We
can see that for the same value of pressure (same
electron density and temperature, same data point,
same R and Z), from the first to the second map-
ping, the values are shifted to the right (bigger
ρpol,norm) and from the second to the third, there is
a shift to the left (to a smaller value of ρpol,norm).
These shifts can be explained either by fitting er-

rors or by the geometry, different positions of the
flux surfaces in each equilibrium used by the map-
ping.

By looking at Fig 5, it can be seen that the posi-
tions of the flux surfaces do change in each iteration,
getting more similar as they reach the boundary
(which also happens in the thermal profiles), their
differences are mostly on the core region. From the
first to the second equilibrium the surfaces shift to
the left and from the second to the third they shift
to the right. So (from the second to the third equi-
librium) the same point in (R,Z), the same value
of pressure, corresponds to a surface closer to the
axis, so a smaller value of ρpol,norm, and so there is
a shift of that point to the right. The shifts are due
to the geometry.

Since the ICRH deposition position (inR,Z) does
not change and since using bigger pressure profiles
on the reconstruction results in a bigger Shafranov
shift (magnetic axis moves to the right), the mag-
netic axis would get progressively closer to the de-
position position leading to spikier pressure profiles
(more iterations would not help in getting a good
reconstruction).

The next step was to add the Faraday rotation
angle and the integrated density to the first three
reconstructions. The one with the magnetic di-
agnostics, the one with the thermal pressure pro-
file, and the one with the total pressure profile
(equil1+far+ne, equil2+far+ne and equil3+far+ne
respectively). The main differences caused by this
addition are in the core of the profiles, accompanied

7



by differences in the position of the flux surfaces.
For the thermal pressure reconstruction, there is
an improvement in the MHD marker errors. For
the total pressure reconstruction, there is also an
improvement in the MHD marker errors some im-
provement on the magnetic sensor errors, a small
improvement of the curvatures of the safety factor
and toroidal density current, and the flux surfaces
are shifted to the right.

A final test was made to see how different kinetic
equilibrium (with thermal pressure) affect the total
pressure profile. In Fig.6 the results are presented.
It can be seen that the maximum values and their
position change, the profiles’ shapes can be differ-
ent, but in all the tests, the deposition of the energy
is off the magnetic axis. The majority of the differ-
ences come from the energetic deuterium pressure
and the thermal pressure profiles.

Figure 6: Total pressure profiles made with different
kinetic equilibriums. ’a’ was made with an equilib-
rium that uses the whole of the thermal pressure
profile, ’b’ with the values of the pressure profile
at ρpol,norm > 0.75 , ’c’ for ρpol,norm > 0.80, ’d’
for ρpol,norm > 0.90, ’e’ for ρpol,norm > 0.95, ’f’
for ρpol,norm > 0.97 and ’g’ not using the thermal
profile.

5.2. Timeloop

In this section, the same reconstructions were made
but for several time slices. Beginning with the mag-
netic only reconstruction, then as before, with the
mapping of the HRTS diagnostics and calculation of
the thermal pressure profile followed by the kinetic
reconstruction using the thermal pressure profile.

In Fig. 7, 8, and 9 the magnetic reconstruction
pressure profile, the mapped thermal pressure pro-
file, and the kinetic reconstruction pressure profile
are plotted as a function of time.

As can be seen, in the first figure, we can see that
the pedestal is not visible in the second figure we
can see that the pedestal is formed at 46.7s (which
matches the ICRH start time) and disappears at
49.7s (NBI and ICRH power start to decrease). The
increase in the core pressure (at ρpol,norm < 0.2)
starts at around 47.0s and reaches a maximum at

Figure 7: Pressure profile obtained from the equi-
librium reconstruction using only the magnetic di-
agnostics in function of time and ρpol,norm

Figure 8: Thermal pressure calculated with the
electron density and temperature from Thomson
scattering in function of time and ρpol,norm

around 48.0s which can also see seen in the third
figure. There is a dip in the core pressure at around
50.0s followed by an increase at around 51.0s, which
can also be seen in the third figure, and the values of
safety factor, pressure in the magnetic axis (Fig.10
and 12) but not on the stored energy (Fig.11). This
hints that the decrease in core pressure is accompa-
nied by an increase in the pressure outside of the
core and the second increase in the core by a de-
crease in the rest of the pressure, which can be con-
firmed by the plot of the pressure profiles.

The Faraday rotation angle and integrated den-
sity are then added to these reconstructions. As
can be seen, the biggest differences are seen in the
flux surface averaged toroidal current density and
safety factor values at the core, as expected since
they add constraints to the FF ′ function, which de-
crease and increase respectively. The core pressure
values do not change much, and the stored energy
increases slightly when these diagnostics are added
to the magnetic reconstruction but not when added
to the kinetic reconstruction.
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Figure 9: Pressure profile obtained from the equi-
librium reconstruction using the magnetic diagnos-
tics and thermal pressure in function of time and
ρpol,norm

Figure 10: Safety factor at ρpol,norm = 0 in function
of time.

Lastly, the total pressure profiles were calculated
for various time slices and then these profiles were
used to make the kinetic reconstruction.

When comparing the energetic deuterium pres-
sure, it can be seen (in Fig. 13) that the maxi-
mums are in the same location ρpol,norm = 0.12 and
that those values increase from 40kPa (at 46.7s) to
152kPa at 47.1s and then decreases until 49.0s with
92kPa, they do not follow the same behavior as the
thermal pressure. The energetic deuterium pressure
spreads to higher ρpol,norm for t > 47.5s. When
comparing the energetic hydrogen pressure, we can
see that the pressure increases until 48.0s and only
then starts to decrease. In Fig.13, the total pres-
sure profiles are presented. It can be seen that for
the other time slices the maximum pressure values
are still off-axis at around ρpol,norm = 0.12, and
that this value increases significantly from 46.7s to
47.1s, while the ICRH power is increasing. In the
47.5s and 48.0s, there is no increase in the maxi-
mum pressure but the curve widens. The maximum
value decreases at the 49.0s as expected since the
ICRH power also decreases.

The results of the reconstructions are also shown
in Fig.13. We can see that the reconstructed pres-
sure profiles never follow the shape of the total pres-
sure profiles exactly (as with the 48.0s time slice,
the reconstructed profiles are decreasing functions).

Figure 11: Stored energy wmhd = 3
2

∫
pdV in func-

tion of time.

Figure 12: Pressure at ρpol,norm = 0 in function of
time.

However, the maximum values of the two have the
same behavior in time (they increase from 46.7s
to 47.5s and then decrease). We can also see that
the safety factor profile is monotonic for the 46.7s,
46.9s, and 49.0s time slices (where the total pres-
sure is smaller) but it is for the other time slices.
The flux surface averaged toroidal current density
profiles either have an off-axis maximum (for the
47.1s, 47.5s, 48.0s, and 49.0s time slices) or a step-
like increase for 0 < ρpol,norm < 0.4.

6. Conclusions

In this work, several equilibrium reconstructions
were made with increasing levels of information for
an NBI and ICRH heated JET discharge. It was
found that the addition of the thermal profile as
a constraint leads to reconstructions with better
profiles and MHD marker error values, but worse
magnetic sensor errors. It was found that the to-
tal pressure profile is 3 times larger than the ther-
mal pressure profile (at the maximum values) and
when using it as a constraint, a good reconstruc-
tion according to the validation metrics used be-
comes difficult (MHD marker error become worse,
the pressure, safety factor, and flux surface aver-
aged toroidal current density profile shapes are un-
conventional). The addition of polarimetry and in-
terferometry diagnostics improves the reconstruc-
tion. The total pressure profile obtained does not
seem to agree with the assumptions made in the
equilibrium reconstruction.

In future work, a more accurate analysis of the
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Figure 13: On the left: Reconstructed and total pressure profiles. On the top right: reconstructed safety
factor profiles. On the bottom right: reconstructed flux surface averaged toroidal current density profiles.

heating should be made, one that takes into account
the time evolution of the profiles including not only
the heating but also the redistribution (diffusion
and convection) and energy losses, consistent with
various time scales of plasma transport. To some
extent, this could entail interfacing the EQRECON-
STRCUT and ETS (European Transport Simula-
tor) [10] workflow.

Adding more magnetic sensors would increase the
accuracy of the magnetic reconstruction so the map-
ping of the diagnostics would improve. Adding in-
formation about the ion temperatures and the dif-
ferent ions and electron densities to the calculation
of the thermal pressure would make the thermal
pressure more accurate.

Another addition to the analysis would be using
the TAE (Toroidal Alfvén Eigenmodes) for valida-
tion along with the NTM and sawtooth crashes.
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