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Real-time diamagnetic flux measurements are now available on ASDEX Upgrade.

In contrast to the majority of diamagnetic flux measurements on other tokamaks,

no analog summation of signals is necessary for measuring the change in toroidal

flux or for removing contributions arising from unwanted coupling to the plasma and

poloidal field coil currents. To achieve the highest possible sensitivity, the diamag-

netic measurement and compensation coil integrators are triggered shortly before

plasma initiation when the toroidal field coil current is close to its maximum. In

this way the integration time can be chosen to measure only the small changes in

flux due to the presence of plasma. Two identical plasma discharges with positive

and negative magnetic field have shown that the alignment error with respect to the

plasma current is negligible. The measured diamagnetic flux is compared to that

predicted by TRANSP simulations. The poloidal beta inferred from the diamagnetic

flux measurement is compared to the values calculated from magnetic equilibrium

reconstruction codes. The diamagnetic flux measurement and TRANSP simulation

can be used together to estimate the coupled power in discharges with dominant ion

cyclotron resonance heating.
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I. INTRODUCTION

The diamagnetic flux is the small difference in total toroidal flux with plasma and without

plasma1. A number of tokamaks have demonstrated the measurement of the diamagnetic

flux in real-time using analog summation circuits2–5. In the superconducting tokamaks,

KSTAR and Tore Supra, where the toroidal field is constant before and after the discharge,

it is possible to carry out a diamagnetic flux loop measurement without using an analog

summation circuit6,7. In the W7-AS stellarator, the diamagnetic flux loop integrator was

initiated in the flat top of the toroidal field current and this makes digital compensation of

the signal possible8. In DIII-D, the diamagnetic flux loop integrators are separately turned

on both before the start of toroidal field current and in the flat top for comparison5. From

the diamagnetic flux measurement, the value of diamagnetic plasma energy and thus the

poloidal beta can be calculated9. The diamagnetic flux loop measurement is also desirable for

tokamak equilibrium reconstruction as it can provide additional information on the central

value of the safety factor10.

In Section II, the experimental basis for real-time diamagnetic flux measurements in AS-

DEX Upgrade is presented and the calibration of the relative sensitivities of the diamagnetic

measurement and compensation loop using vacuum discharges with toroidal field coil cur-

rents only are considered. The theoretical background of the diamagnetic flux measurement

is summarised in section III. A small misalignment of the diamagnetic loops with respect

to the toroidal direction means that unwanted signals are generated by the poloidal field

coil currents and the plasma current. The procedure to determine the mutual inductance

of the diamagnetic loops and the poloidal field coils to calculate the necessary corrections

in real-time is discussed in Section IV. The experiments performed to evaluate the contri-

bution of plasma current to the diamagnetic flux signals is also discussed in Section IV.

Simulations using TRANSP are carried out to predict the diamagnetic flux and the results

are compared to the measurements in Section V. In addition, values of poloidal beta derived

from the diamagnetic flux loop measurement are compared to those obtained from magnetic

equilibrium reconstruction codes.
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II. DIAMAGNETIC FLUX LOOP

A schematic diagram of the external diamagnetic loop on ASDEX Upgrade is shown

in Fig. 1. The measurement loop with area Smeas ≈ 3.37 m2 and the compensation loop

with area Scomp ≈ 3.74 m2 are indicated. Two sets of internal and three sets of external

diamagnetic loops are installed on ASDEX Upgrade11. The external measurement loop is 2

windings in the poloidal direction around the outside of the vacuum vessel. The compen-

sation loop is used to measure the vacuum toroidal field and is made with coils aligned in

a guide tube mounted in a 10 mm deep machined groove support structure on the outside

of the vacuum vessel. The measurement loop is also wound on the same support structure

and this ensures that the measurement and compensation loops cannot move in the toroidal

magnetic field independently. Rogowski coils are mounted on each of the 16 toroidal field

coils and the unintegrated signals are used by the control system to ensure that current is

flowing in each toroidal field coil.

The internal measurement loop is a single turn mounted inside the vacuum vessel. A

set of 12 internal magnetic probes distributed in poloidal angle was used to measure the

toroidal component of the magnetic flux for the compensation of the toroidal flux of the

internal measurement loop. Both the inner and outer diamagnetic loops are made of PEEK

insulated copper wires (AWG 22) with 1.95 mm outside diameter inside a stainless steel

guide tube of cross-section 8 mm x 8 mm and thickness 1 mm. The diamagnetic loops are

not located in the vicinity of the leads to the toroidal and poloidal field coils, in order that

stray field coupling is minimised2. The signal for the internal compensation flux is presently

suffering from drifts during neutral beam ion (NBI) and ion cyclotron resonance (ICRH)

heating, so they cannot be used for diamagnetic flux loop measurements.

The flux in the measurement loop, Φm, and in the compensation loop, Φc, are then given

by the surface integral :

Φm =

∫
Smeas

BφdS

Φc =

∫
Scomp

BφdS (1)
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FIG. 1. Schematic diagram of the external diamagnetic loop on ASDEX Upgrade. The external

measurement diamagnetic loop (green) is 2 turns mounted on a frame surrounding the vacuum ves-

sel in the poloidal direction. The external compensation diamagnetic loop (yellow) is also mounted

on this frame. The contours of the poloidal flux of the magnetic equilibrium for a discharge with

negative (blue) and positive (red) toroidal field are also plotted.

The diamagnetic flux, ∆Φ, is then given by :

∆Φ = Φm − αCΦc (2)

Vacuum field measurements with a steady value of current in the toroidal field coil are

used to establish the relative sensitivity of the measurement and compensation loops and

determine the coefficient αC necessary to have ∆Φ = 0. The vacuum discharges for this

purpose are now considered. The diamagnetic measurement and compensation loop flux

signals for the external loops are shown in Fig. 2. The integrators of each measurement

were triggered close to flat top phase of the toroidal field coil current. The scale factor

of the diamagnetic compensation loop signal has been chosen to match the diamagnetic
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measurement loop signal. It is necessary to introduce a 20 ms delay in the compensation

loop signal to allow for field diffusion into the vacuum vessel and the later response of

the measurement loop signal. The diamagnetic flux is then simply calculated by digital

subtraction of the delayed compensation loop flux signal from the measurement loop flux

signal. The external diamagnetic flux is therefore close to zero in this calibration discharge

as shown in the lower trace of Fig. 2. The drift and noise level of this difference is sufficiently

small to provide a useful external diamagnetic flux signal for ASDEX Upgrade discharges.

The diamagnetic flux is typically 18 mWb in a 1 MA ohmic discharge with 2.5 T toroidal

magnetic field on ASDEX Upgrade. The vacuum toroidal magnetic flux is therefore 470

times greater than the diamagnetic flux. As the diamagnetic flux to be measured in an

auxiliary heated plasma can typically be up to a factor 104 smaller than the toroidal flux,

the difference of the measurement and compensation diamagnetic flux in earlier experiments

has been produced in real-time by an electronic summation circuit2–5. The compensation

for poloidal field and ohmic heating coil currents was carried out by analog subtraction of

an appropriate fraction of the measured coil current. In a tokamak with superconducting

toroidal field coils, the toroidal field coil currents flow continuously before and after the

discharge. Therefore, the change in toroidal flux during a discharge does not require an

electronic summation circuit for the subtraction of a large change in toroidal flux. However,

the pulse length of current in the copper toroidal field coils in ASDEX Upgrade limits the

duration of the flat top magnetic field to 15 s. To achieve the highest possible sensitivity,

the diamagnetic loop measurement and compensation coil integrators are triggered shortly

before plasma initiation when the toroidal field coil current is close to its maximum. In

this way the integration time can be chosen to measure only the small changes in flux due

to the presence of plasma. These integrators have an integration time constant of 20 ms.

The diamagnetic flux is then calculated in real-time by digital subtraction of the delayed

compensation flux signal from the measurement flux signal. The diamagnetic flux must be

also compensated in real-time for signals in the diamagnetic loops produced by currents

flowing in the poloidal field and ohmic heating coils. This point is discussed in detail in

section IV.
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FIG. 2. The integrators are triggered close to flat top phase of the toroidal field coil current in a

vacuum discharge. The external diamagnetic measurement (red) and compensation (blue) loop flux

signals are shown. The diamagnetic flux is the difference (green) in flux measured by the external

measurement and compensation coils and is close to zero. It is necessary to introduce a 20 ms

delay in the compensation loop signal to allow for field diffusion into the vacuum vessel and the

later response of the measurement loop signal.

III. THEORY

By considering the components of the force balance equation along the major radius and

along the minor radius :

∇p = j ×B =
∇×B
µo

×B (3)

where p is the plasma pressure of an isotropic plasma, j is the plasma current density and

B the magnetic field, two equations for volume integrals relating the plasma energy and

internal inductance to surface integrals of the magnitude and direction of the magnetic field

at the measuring surface and the diamagnetic flux can be derived1,9,12. The ratio of the

plasma pressure to the pressure of the magnetic field associated with the plasma current or
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poloidal beta, βp, is defined by :

βp =
2µo

V B
2

pa

∫
pdV =

4πs2

V µoI2p

∫
Rp dRdZ (4)

and the internal inductance per unit length of the plasma column, li, is defined by :

li =
1

V B
2

pa

∫
b2poldV =

2πs2

V (µoIp)2

∫
Rb2pol dRdZ (5)

where V is the plasma volume, Bpa = (µoIp)/s is the mean poloidal field around the contour

of the plasma boundary, and s is the distance around the contour of the plasma boundary.

Then βp and li can be expressed in terms of the Shafranov integrals, S1 and S2, which are

contour integrals on the last closed flux surface of a tokamak magnetic equilibrium9,13 :

S1 =
π

V B
2

pa

∫ ∫
Rb2pol((R−Ro)ēR + ZēZ) · n̄ds

=
πs2

V (µoIp)2

∮
C

Rb2pol((R−Ro)ēR + ZēZ) · n̄ds (6)

S2 =
π

V B
2

pa

∫ ∫
Rb2polRoēR · n̄ds

=
πs2

V (µoIp)2

∮
C

Rb2polRoēR · n̄ds (7)

where n̄ is the vector perpendicular to the line element of the contour, bpol is the poloidal

magnetic field and Ro is the major radius of the torus axis. Then βp and li can be expressed

in terms of these integrals :

βMHD + li/2 = (S1 + S2(1 +Rc/Ro))/2 (8)

βDIA − µI = S1 + S2(1−Rc/Ro) (9)

and the diamagnetic parameter, µI , is proportional to the diamagnetic flux, ∆Φ :

µI =
2πRo

V

2Bφo

B
2

pa

∆Φ (10)

∆Φ = −
∫

(Bφ −Bφo)dS (11)
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where Bφ is the toroidal magnetic field in the presence of plasma, Bφo is the toroidal magnetic

field in the absence of plasma and V/(2 π Ro) is the area of the plasma in the poloidal plane14.

The values of βMHD and βDIA are the values of βp determined either from the reconstructed

magnetic equilibrium or from the diamagnetic flux measurement. It should be noted that

that the two independently determined values of poloidal beta do not have to agree unless

the pressure is isotropic. Rc is the radius of the plasma current centroid defined by :

R2
c =

1

µoIp

∮
C

R2bpolds (12)

It is useful to recall that the energy content of the plasma can be expressed in terms of βp
1:

W =
3

2

∫
pdV =

3

2

V µoI
2
p

s2
βp (13)

To arrive at a simplified expression for βDIA in terms of ∆Φ, the small second term on the

right hand side of Eqn. 9 is neglected and S1 ≈ 1 is used. For an ellipse of minor radius

a and major radius b, the area of the ellipse is approximately πab and the circumference

approximately by π(a+b). Using the approximation (1 + κ)2 = 2 ( 1 + κ2) where κ = b/a

is the plasma elongation, then equation 9 can be simplified to3,5,14 :

βDIA = 1 +
κ2 + 1

2κ

8πBφo

(µoIp)2
∆Φ (14)

For βDIA < 1, the toroidal field magnitude is larger than the vacuum toroidal field magni-

tude. For βDIA > 1, the toroidal field magnitude is smaller than the vacuum toroidal field

magnitude. The convention used for plotting the measured diamagnetic flux will reflect this

physical effect even though the sign of the measurement changes when the toroidal field

direction changes. The diamagnetic flux therefore provides a continuous measure of the

poloidal beta without requiring density and temperature profiles of the ions or electrons.

It has been noted14 that the poloidal beta, as determined from diamagnetic measurements

using Eq. 14, is related to the perpendicular component of pressure, whereas the one de-

termined from magnetic equilibrium measurements is related to the perpendicular, parallel

and flow components of pressure. Thus, for shaped tokamaks, magnetic equilibrium mea-

surements together with diamagnetic measurements may be used to determine the plasma
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anisotropy. The values of βMHD and βDIA were compared in Doublet III using the EFIT

magnetic equilibrium reconstruction code15. In this study the two values agreed over a large

number of discharges.

In an anisotropic plasma, the perpendicular pressure, p⊥ and parallel pressure, p‖ are not

equal. The perpendicular beta, βp⊥ is then defined by14,:

βp⊥ =
2µo

V B
2

pa

∫
p⊥dV (15)

Good examples of an anisotropic plasma are found in ICRH discharges on Tore Supra6.

Because of the contribution of fast particles to the perpendicular energy, the diamagnetic

energy is greater than the plasma energy from kinetic profiles. Similar ASDEX Upgrade

discharges with ICRH are considered in section 5.

IV. COMPENSATION

This section is devoted to compensating the diamagnetic loop signals generated by their

mutual inductance to the poloidal field coils and plasma current resulting from a small

misalignment. In the ideal case, the measurement and compensation coils of the diamagnetic

loop are perfectly axisymmetric and the diamagnetic loops are exactly perpendicular to the

poloidal field coils and no magnetic flux should be measured when currents are flowing in

the poloidal field coils.

For a test discharge with individual currents in each of the poloidal field coils, the cou-

pled flux to the measurement and compensation coils of the external diamagnetic loop are

recorded. The mutual inductance to each poloidal field coil can then be calculated and a

matrix multiplication can be performed to apply the appropriate corrections during a plasma

discharge. The measured diamagnetic flux for the external diamagnetic loop after correc-

tion is plotted in the lower frame of Fig. 3. In the flat top phase of the current pulses, the

diamagnetic flux is well corrected and close to zero. The signal in the current ramp phase

is due to the generation of vessel currents that also produce a signal in the measurement

and compensation loop. Corrections for current ramps are not applied, as in the flat top

phase of a discharge there are only slow changes in the poloidal field coil currents for shape

control. The two poloidal field coils used for position control (ICoIo and ICoIu) do not
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generate significantly large signals in their current ramp up phase.

ASDEX Upgrade uses magnetic perturbation coils for error field correction and ELM

control16. In dedicated vacuum discharges with n=1 coil currents pulses at the maximum

value of 1 kA, a pickup of 0.5 mWb was measured. This pickup is not being corrected for

at present in real-time. It is planned to introduce the necessary corrections for n=1 and

n>1 perturbations of the diamagnetic flux in real-time in the future. This will be achieved

in a similar manner as the correction of perturbations generated by the poloidal field coil

currents.

In Fig. 4 the diamagnetic flux measurement for a discharge with positive and negative

toroidal magnetic field is shown. The plasma remained in L-mode as only 400 kW of ECRH

heating was used. The magnetic equilibrium for these two discharges is shown in Fig. 1. The

plasma current and electron density in the flat top phase are controlled to be as identical as

possible. The difference in diamagnetic flux is considered to be small enough to ignore the

compensation of the diamagnetic loop signals for the plasma current.

V. TRANSP SIMULATIONS

The transport code, TRANSP17,18, allows the diamagnetic flux (parameter DFLUX) to

be calculated and compared to the experimental measurements in ASDEX Upgrade. This

code uses inputs, such as the measured kinetic plasma profiles, power and timing of heat-

ing sources. The code has its own equilibrium solver that considers the plasma pressure,

the total plasma current and the position of the separatrix. The position of the separatrix

is determined by the offline ASDEX Upgrade magnetic equilibrium reconstruction code,

CLISTE19. However, in contrast to CLISTE, TRANSP simulates the fast-ion distribution

function which has an impact on the diamagnetic flux. Therefore TRANSP is the appropri-

ate tool for the following comparisons.

In Fig. 5, the measured diamagnetic flux is compared to that predicted by the TRANSP

simulation for a discharge with neutral beam ion heating (NBI) and ion cyclotron resonance

heating (ICRH). In Fig. 6, the measured diamagnetic flux is compared to that predicted by

the TRANSP simulation for a discharge with neutral beam and electron cyclotron heating.

The poloidal beta inferred from the diamagnetic flux measurement19, βDIA, is in good agree-

ment with the values calculated from the real-time20,21 and offline magnetic equilibrium re-
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FIG. 3. The currents in the poloidal field and ohmic heating coils are shown the upper frame and

the currents in the lower (red) and upper (blue) passive stabilising loop in the second frame. The

diamagnetic flux measurement for the external diamagnetic loop (green), corrected for the mutual

inductance coupling due to misalignment to the poloidal field and ohmic transformer coils are shown

in the lower frame.

construction codes, βMHD, in the steady state phase of the discharges. In the discharge with

electron cyclotron heating, the increase in poloidal beta with time is due to a steady increase

in the nitrogen seeding introduced for reduction of the heat load to the divertor target22.

The details of implementation of the real-time equilibrium code, JANET, and the differences

between the real-time and offline equilibrium code, CLISTE, have been discussed20.

It can be seen in the early phases of the discharges in Fig. 5 and Fig. 6 that the difference

between βDIA and βMHD increased with decreasing βMHD. In the real-time equilibrium

reconstruction code this discrepancy could be reduced in low βMHD discharges by adjusting

the value of the constraint for q(0). A detailed comparison of WMHD and WDIA in JET

has also shown a systematic difference at low βp
23. At low βp, WMHD could be increased

by 0.5 MJ when the measured diamagnetic flux was used as a constraint. It has been
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FIG. 4. Comparing two discharges with negative (blue) and positive (red) toroidal field shows that

the coupling of the diamagnetic loop flux measurement to plasma current is negligible. The plasma

current and the central and edge electron density line integrals of the DCN laser ( H1 and H5 )

are controlled to be as equal as possible. The diamagnetic flux for negative toroidal field has been

inverted to illustrate the lack of dependence of the diamagnetic flux on magnetic field direction.

noted that it is also necessary to use the measured diamagnetic flux as a constraint for the

magnetic equilibrium reconstruction for nearly circular plasmas, as the separation βp and li

is only possible in an elongated tokamak magnetic equilibrium15. It is claimed that magnetic

equilibrium reconstruction constrained by the measured diamagnetic flux could provide an

estimate of the central value of the safety factor10.

In Fig. 7, the measured diamagnetic flux is shown for a discharge with dominant ion

cyclotron resonance heating (ICRH). The diamagnetic flux predicted by TRANSP is plotted

for 4 different fractions of coupled ICRH power. The power reflected by the ICRH antenna

and line losses mean that only part of the nominal generator power is coupled to the plasma.

Best agreement between the measured and predicted diamagnetic flux is found when only

half the ICRH generator power is coupled into the plasma. This result suggests that a
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FIG. 5. Comparison of the diamagnetic flux and beta poloidal with the TRANSP simulation in a

discharge with NBI and ICRH heating. The time evolution of the plasma current and the central

electron density line integral of the DCN laser ( H1 ) are shown. The measured diamagnetic flux,

Dia (green), and predicted values from TRANSP, DFLUX (red), are in good agreement. The

poloidal beta inferred from the measured diamagnetic flux, βDIA (green), is in good agreement in

the steady state phase of the discharge with the poloidal beta calculated from the real-time and

offline magnetic equilibrium ( βMHD(RT ) (blue) and βMHD(off) (black) ).

diamagnetic flux measurement and TRANSP simulation can be used together to estimate

the coupled power in ICRH dominated discharges. The values of βMHD calculated from the

magnetic equilibrium reconstruction codes are lower than βDIA inferred from the measured

diamagnetic flux. This feature is expected for an anisotropic plasma, for example when the

perpendicular pressure is greater than the parallel pressure.

VI. CONCLUSION

Real-time diamagnetic flux measurements for ASDEX Upgrade are now in routine oper-

ation. The measurement and compensation coil integrators are initiated close to the flat top

phase of the toroidal magnetic field prior to the start of the plasma current ramp. The cal-
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FIG. 6. Comparison of the diamagnetic flux and beta poloidal with the TRANSP simulation in a

discharge with NBI and ECRH heating. The time evolution of the plasma current and the central

electron density line integral of the DCN laser ( H1 ) are shown. The measured diamagnetic flux,

Dia (green), and predicted values from TRANSP, DFLUX (red), are in good agreement. The

poloidal beta inferred from the measured diamagnetic flux, βDIA (green), is in good agreement in

the steady state phase of the discharge with the poloidal beta calculated from the real-time and

offline magnetic equilibrium ( βMHD(RT ) (blue) and βMHD(off) (black) ).

ibration of the relative magnitude of internal and external measurement and compensation

loop signals are determined in dedicated discharges with toroidal field only. The mutual

inductance of the diamagnetic loop with the poloidal field and ohmic heating coils are found

by measuring the response to currents in each coil. The measured diamagnetic flux and the

prediction by TRANSP for discharges with a variety of heating schemes are found to be

in good agreement. In the steady state phase of these discharges, good agreement is found

between the values for βDIA inferred from the diamagnetic flux and βMHD from magnetic

reconstruction codes. In the early phases of these discharges, the difference in βDIA and

βMHD increased with decreasing βMHD. To improve agreement, the diamagnetic flux will be

used as an additional magnetic equilibrium reconstruction constraint. In a discharge with

dominant ICRH power, the best agreement between the measured diamagnetic flux and that
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FIG. 7. Comparison of diamagnetic flux with the TRANSP simulation in a discharge with dom-

inant ICRH power. The time evolution of the plasma current and the central and edge electron

density line integrals of the DCN laser ( H1 and H5 ) are shown. The measured diamagnetic flux,

Dia (green) and the predicted values from TRANSP (DFLUX) for 4 different fractions of coupled

ICRH power are shown. The plasma is anisotropic as the poloidal beta inferred from the measured

diamagnetic flux, βDIA (green), is greater than the poloidal beta calculated from the real-time and

offline magnetic equilibrium ( βMHD(RT ) (blue) and βMHD(off) (black) ) during predominant

ICRH heating.

predicted by TRANSP was found when it was assumed that only half the nominal generator

input power was coupled and that the pressure was anisotropic.
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