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A prototype infrared video bolometer (IRVB) was successfully deployed in the Mega Ampere Spherical Tokamak
Upgrade (MAST Upgrade or MAST-U), the first deployment of such a diagnostic in a spherical tokamak. The IRVB
was designed to study the radiation around the lower x-point, another first in tokamaks, and has the potential to estimate
emissivity profiles with spatial resolution beyond what is achievable with resistive bolometry. The system was fully
characterised prior to installation on MAST-U and the results are here summarized. After installation, it was verified
that the actual measurement geometry in the tokamak qualitatively matches the design; this is a particularly difficult
process for bolometers and was done using specific features of the plasma itself. The installed IRVB measurements are
consistent both with observations from other diagnostics including magnetic reconstruction, visible light cameras and
resistive bolometry, as well as the IRVB designed view. Early results show that with a conventional divertor geometry
and only intrinsic impurities (for example C, He), the progression of radiative detachment follows a similar path to that
observed for large aspect ratio tokamaks: The peak of the radiation moves along the separatrix from the targets to the
x-point and high field side midplane with a toroidally symmetric structure that can eventually lead to strong effects on
the core plasma inside the separatrix.

I. INTRODUCTION

The management of the heat from the fusion reaction is a
critical aspect for the design of future tokamak power plants.
To keep the heat flux to solid surfaces below engineering lim-
its (of the order of 10MW/m2)1 simulations show that for
ITER a reduction of a factor of 100 near the separatrix can be
achieved thanks to atomic processes like excitation/line radia-
tion, charge exchange, recombination.2 To further reduce the
heat flux detachment a state in which the plasma recombines
in the volume before reaching solid surfaces is expected to be
employed.3 When these conditions are achieved it is expected
that a large fraction of the fusion and auxiliary heating power
will be dissipated by the plasma in the form of radiation. The
location of the radiating regions can have a significant impact
on the core plasma4 therefore it is important to well charac-
terise the power balance and radiated power profile in cur-
rent machines to understand the stability and performance of
strongly radiating plasmas and support predictions for future
devices. Key diagnostics are bolometers that usually operate
by exposing a thin foil to plasma radiation and by monitor-
ing its temperature. The subject of this paper is a prototype
infrared video bolometer (IRVB) installed on the Mega Am-
pere Spherical Tokamak Upgrade (MAST-U) to study x-point
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and divertor radiation. The IRVB concept has previously been
demonstrated on tokamaks (Alcator C-Mod5, HL-2A6, JT-
60U7, KSTAR8,9) and stellarators (LHD10,11, Heliotron J12)
and its basic operating principles are well known. A thin foil
is exposed to the plasma radiation through a pinhole aperture
so that each point of the foil corresponds to a different line
of sight (LOS). The foil heats up according to the radiation
it receives and the change in foil temperature is measured via
an infrared camera. The advantage, relative to discrete resis-
tive bolometer sensors13, lies in the very large number of LOS
accessible with a single IRVB device and the capability to im-
age very large or small portions of the plasma based on foil
and pinhole relative position. The foil is also a completely
passive component, potentially better resistant to neutron ir-
radiation therefore more reactor relevant, than in a resistive
bolometer, where on the foil is glued the active resistors used
to measure its temperature. The downsides are that the physics
of thermal diffusion needs to be considered which introduces
a limit in the time resolution of the diagnostic. The IRVB
technique is not new, but the current application in MAST-U
represents the first successful implementation on a spherical
tokamak. Additionally, in most cases, the IRVB is tuned to
image the core plasma, while in this case the aim is to measure
the radiated power profile in the vicinity of the lower x-point
with high resolution. This choice also comes from the need to
complement the MAST-U resistive bolometry system with a
radiated power diagnostic with high resolution in a region of
the plasma characterised by sharp variations. This paper will
detail the considerations that dictated this prototype design.
The entire calibration procedure and the lessons learned from
this implementation will also be presented. Early results from
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FIG. 1: Schematic representation of the main components of
a IRVB diagnostic

the first experimental campaign in MAST-U (MU01) will be
shown.

II. IRVB BASICS

A sketch of the IRVB in MAST-U is in Figure 1.
There are various elements to consider in the design of the

IRVB diagnostic as shown in Figure 1. Considering how thin
a typical carbon coated foil is (composed of 10µm graphite +
2.5µm platinum + 10µm graphite as per14 and their standard
properties), when the temperature on one side is increased by a
set amount it takes∼ 7ns for the other side to reach the 99% of
that increase. The heat transfer across the foil is so fast com-
pared to the maximum frame rate of the infrared (IR) cameras
available (tens of kHz) and the timescale of the phenomena
of interest (1-10ms) that it permits treating heat diffusion as a
2D problem. The thinner the foil the lower the thermal inertia,
allowing for a higher temperature rise for given input power.
The thickness must nevertheless be large enough for the vast
majority of the radiation to be absorbed. The foil must also (if
a significant amount of neutrons are produced by the plasma)
be made of a material weakly prone to neutron induced trans-
mutation and vacuum compatible.15 It is important that the
foil has low reflectivity for the wavelength range of interest.
Metals normally used in bolometers have low reflectivity for
UV and shorter wavelengths, but high for longer as the ma-
jority of radiation from the plasma is emitted at VUV wave-
lengths. This is usually addressed by coating the foil with a
thin layer of carbon (as done it our case), known as "black-
ening", that weakly absorbs and strongly reflects high energy
photons but has low reflectivity and high absorption at low
energies. The coating does not significantly impact the reflec-
tivity of radiation entering the diagnostic at shallow angles.
This light would require multiple reflections to reach the foil
and would, therefore, be scattered resulting in a weak offset
in a large portion of the foil. This would not change its capa-
bility to observe sharp features from the plasma. The coating
introduces an interface between materials that might impede
heat transfer and increases the mass of the foil increasing its
inertia. The coating could also, depending on the technique,
be deposited non uniformly on the foil, adding to the non uni-

FIG. 2: Top view of the lower half of MAST-U, showing the
positioning of the IRVB inside the vacuum vessel respect to
other features. The numbers identify the sectors, assigned
clockwise in the toroidal direction.

formity already present on the foil. The coating must also be
stable and vacuum compatible.16

The infrared camera must be positioned as close as possible
to the foil in order to increase the resolution and signal to noise
ratio. If the neutron flux is significant, or there are mechanical
constraints, mirrors or periscopes must be used. All apparatus
must be suitable to transmit infrared radiation and properly
coated to avoid reflections. The camera itself has to be suitable
for measuring small temperature differences around room or
vacuum vessel temperature. Of great importance in the design
is the positioning and size of the pinhole aperture with respect
of the foil. The distance and position impacts the field of view
(FOV) of the diagnostic, its spatial resolution and the radiation
intensity.

III. MAST-U IRVB DESIGN

The IRVB design is based on work previously done for
NSTX-U17 and here it will be shown how the design was
adapted to the specific geometry of MAST-U. The vertical lo-
cation of the IRVB was dictated by the available ports on the
machine. The one assigned to the IRVB is HE11-2, located
in sector 11 and centered 0.7m below the midplane. The pin-
hole was placed as close as possible to the plasma to enable an
unobstructed, wide field of view while being protected by the
surrounding structures and safely outside the plasma scrape-
off layer (SOL), at a radius of 1.55m. The resulting position-
ing of the IRVB tube can be seen in Figure 2.

With the above constraints, the pinhole was located off the
centre of the foil so that the the LOS starting from the x-
point in the poloidal view of the plasma would land in the
centre of the foil. Two-thirds of the foil surface will have a
mostly poloidal view of the plasma, while one-third will have
a mainly tangential view. The foil is composed of a 2.5µm
platinum film coated with graphite on both sides of dimen-
sions 9×7cm as supplied by the National Institute for Fusion
Science (NIFS), with the longer side aligned with the vertical
axis of the machine to provide a large coverage in that direc-
tion. An exploded view of the components and their final ap-
pearance is shown in Figure 4. In the design of the assembly,
particular care was dedicated to:

1. The presence on the re-entrant and air side section of



3

the diagnostic of features that can be used to align the
view with the MAST-U geometry as intended.

2. The mechanical rigidity of the assembly and the in-
crease of magnetic permeability due to welds. The tube
has a weld along its length that was heat treated to re-
duce the relative magnetic permeability below 1.05.

3. Blackening all the surfaces that could cause reflections
and direct light to the foil. The entire detector sub-
assembly was blackened with Moly-Paul powder in an
isopropanol solution (the same used within the MAST-
U vacuum vessel (VV)) while it was deemed sufficient
to grit blast the other surfaces.

4. The presence of cutouts in the tube to equalise the pres-
sure within. The effect of rapid pressure changes was
tested on a dummy foil created for this purpose in the
benchtop setup (see Figure 15) causing no motion of
the foil with depressurization of up to 0.05bar/s (only
cooling due to ambient air decompression) and visible
motion but no damage up to 0.2bar/s.

5. Maintaining electrical isolation between the tube and
the absorber assembly (foil and copper plates) with
PEEK isolation washers to avoid eddy currents through
the sensor.

6. Use of vented screws for tapped holes to avoid trapping
air and slowing down the vessel pump down.

The power density on the foil was estimated with
CHERAB18–20, a code that can perform ray tracing with the
full geometry of MAST-U. Based on prior experience with
the IRVB on NSTX-U21, the noise equivalent power density
(NEPD) is expected to be in the region of ∼ 5W/m2, and so
a desired signal of ∼ 100W/m2 was utilized in the pinhole
camera design.

The power distribution on the foil was also simulated in the
case of a core and divertor region filled with a homogeneous
emitter.22 See Figure 5.

The bottom left region of the image is where no radiation
can arrive. This could have been helpful for the prototype
phase, because that area could have been used as a reference
where the power is zero. For this reason it has been decided to
adopt a stand-off between pinhole and foil distance of 45mm
for MU01, which covers results shown in this manuscript.
This allows for an intense enough radiation from the X-point
to adopt a relatively small 4mm diameter pinhole, allowing
for better resolution. In Figure 6 it is illustrated how, with a
smaller pinhole, the signal level is lower but it is easier to iden-
tify close but distinct structures in the radiation distribution,
even from the poloidal view alone (left side of the foil). For
closer toruses it would be easier to distinguish them as sepa-
rate in the tangential view (right side of the foil) with a smaller
rather than large pinhole. The MAST-U IRVB diagnostic has
been returned to operation on MAST-U for the second cam-
paign (MU02) with a stand-off of 60mm which enables higher
spatial resolution within the divertor region.

An approximate view inside MAST-U, imagining that the
IRVB operates as a camera to show the features and obstruc-
tions, is shown in Figure 7. The view of the plasma is mainly
poloidal on the left side of the central column, but the field of
view is large enough to see both sides of the central column.

Figure 8 displays the overlap between the coverage and
views of the resistive bolometry system and that of the IRVB.
The core resistive bolometer LOSs are mostly suited to mea-
sure the fairly homogeneous core emissivity profiles on a flux
surface, as there is no overlap between the various LOS. The
super-x chamber has a good coverage, but only between the
x-point and the entrance to the divertor defined by the baffle.
The IRVB is aimed to fill the gap between the two systems.

The assembly holding the foil is composed by a 2.5µm
thick platinum foil from Nilaco, Japan, held between oxygen
free copper plates and was originally prepared by NIFS. The
foil is the same as that used in Alcator C-mod5 where it is
described in more detail. The foil thickness is optimised to
stop photons with energies up to 8.2keV .11,24 The foil and its
support frame have been spray blackened on both sides with
Aerodag R© G Graphite Aerosol and calibrated with a proce-
dure analogous to the one described in25. The layer of graphite
helps to absorb radiation in the visible range, avoiding reflec-
tion; even if its thickness is larger than the platinum layer14

it should be thermally irrelevant.26 Lower energy photons like
visible light represent a minor energy loss channel, but their
relevance is expected to increase in deeply detached and cold
plasmas, therefore the importance of the coating.27 In16 it is
shown that this type of coating causes irregularities in the foil,
leading to non uniform temperature increases. To alleviate
this issue, the carbon layer can be deposited with a vacuum
evaporation technique that guarantees reproducibility and uni-
formity, as done at LHD.16 Given the prototype nature of the
present implementation and the availability of a vacuum com-
patible certified absorber, this foil was deemed sufficient.

To guarantee consistency in the positioning and orientation
of the foil with respect to the pinhole, a series of markings
were inscribed by NIFS on the copper plates as shown in Fig-
ure 9. The yellow numerical markings are also used to define
the thermal calibration supplied with the foil. The compati-
bility of the assembly with the thermal expansion caused by
the MAST-U VV bake was studied. The bake causes the VV
and internal components to reach ∼ 110◦C and 120 to 200◦C
respectively, likely causing the absorber assembly to reach an
intermediate temperature. The thermal expansion coefficients
for Cu and Pt are 16µm/mK (similar to steel) and 9µm/mK
respectively. This could have led to stress and thus tearing
of the foil, but confidence was gained with the pressure test
mentioned in section III on the mechanical resilience of the
foil. Another item of concern related to the bake is the stabil-
ity of the carbon coating on the absorber foil. The technical
datasheet for Aerodag R© G used for coating, indicates that it
can be used as lubricant up to 200◦C. Considering the pos-
sible failure modes, any piece of carbon detaching from the
absorber assembly was expected to stay within the tube, pos-
ing no risk for MAST-U operations. The IRVB has ultimately
undergone the entire bake cycle prior to MU01 and after in-
spection did not seem to suffer any damage.
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FIG. 3: IRVB components overview: exploded view showing all internal components before welding and assembly.

(a) (b)

(c)

FIG. 4: IRVB components overview: (a) photograph of the
foil assembly inside the tube, (b) the view port side of the
tube installed in MAST-U and (c) the camera installed on the
flange respectively. Photographs taken 2018/07/23,
2018/12/03, 2021/05/14 respectively. To change pinhole size
and foil pinhole distance the tube must be removed while the
camera is always accessible.

The tube where the foil is installed extends from the vac-
uum chamber wall to a position close to the plasma, but still
safely outside the SOL and potential particle and power loads.
The camera images the absorber foil through a 10mm thick
ZnS view port from Crystran with 4−5µm and 8−10µm anti
reflection coating on both sides and is bolted to the tube. The
orientation of the view port with respect to the camera, even if
it should not matter substantially, was maintained throughout
the test and assembly phases for consistency. The view port
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FIG. 5: Radiated power deposited on foil with a 4mm
diameter pinhole and 45mm stand-off between pinhole and
foil, for the case of the core and divertor regions emitting
homogeneously at a level of 50kW/m3. The white region
does not receive any radiation from the plasma, in black are
overlaid the projection of relevant features of MAST-U
structure on the foil for reference.

assembly was leak checked before final installation with the
setup in Figure 15. The camera, a FLIR SC7500 with InSb
detector array, is equipped with a 4− 5µm pass band filter
and has a spectral range of 1.5−5.1µm. This model was se-
lected so that the same could be adopted for other diagnostics
in MAST-U and the same acquisition software could poten-
tially be developed. This is inconvenient for the IRVB, as
the optimal wavelength for a black body radiator around room
temperature is around 10− 14µm. Considering that the vol-
ume between foil and camera is fully enclosed in the IRVB
tube and that the temperature of the entire assembly does not
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FIG. 6: Radiated power deposited on foil, modeled with
CHERAB, of two toruses of 4 cm minor radius separated by
16cm in vertical position with uniform emissivity such as to
total 0.5MW of radiated power, located at the expected
x-point location. The pinhole size was varied from 4mm (a)
to 6mm (b) to illustrate the loss of spatial resolution. The
power deposited on the foil below 100W/m2 is not shown, as
that is the minimum desired signal level. Only the relevant
section of the foil is shown. In black are overlaid the
projection of relevant features of MAST-U structure on the
foil for reference.

deviate appreciably from room temperature during the short
duration of the pulse, the use of the filter would not have pre-
vented any stray light to effect the measurements. For this rea-
son the camera was used without the internal filter, increasing
the signal. At the maximum frame rate at full frame (383Hz)
and 2ms integration time a strong signal around 11000 counts
is measured (see Figure 13) with saturation at 214 = 16384
counts and a noise floor ∼ 5 counts. During testing a de-
sign flaw of the present IRVB design was discovered. It be-
came clear that, even with the presence of the anti reflection
coating, the view port caused the so-called "narcissus effect".
This happens when the camera can see its own reflection on
the view port, hence "narcissus". The view is orthogonal to
the camera FOV, so at its center is the image of the reflec-
tion of the sensor array. The detector array is cooled to about
−203◦C, while around it the body of the camera is slightly
above room temperature. This causes a "dark spot" to ap-
pear at the centre of the image. The main difficulty in dealing
with the effect arises from the inability to perfectly match the

FIG. 7: Approximate view inside MAST-U as if the IRVB
operates as a camera. Blue labelling is used to highlight the
various sectors and the fuelling locations in the IRVB field of
view (FOV). At the bottom of the image is the coil P6
obstructing the field of view.

orientation of the view port during calibration and on the ma-
chine. Ultimately this systematic error, if stable intra-shot,
does not effect the temporal and spatial temperature deriva-
tives on which the analysis primarily relies. In future itera-
tions of the diagnostic, the view port should be angled with
respect to the camera so as to reflect light from an area with a
more homogeneous temperature and emissivity.

The camera is bolted to aluminum plates cantilevered off an
insulating G-10 piece that is connected directly to the vacuum
vessel flange (to stop induced current loops) as shown in Fig-
ure 4. The aluminum plates holding the camera have multiple
holes so that the camera can be located at 4 fixed distances
from the the view port (8.7, 11.2, 13.7, 16.2cm), with the clos-
est being the one with the foil in focus. The ability to vary the
camera location allowed us to progressively test the compat-
ibility of the camera with magnetic field. That data was col-
lected during the commissioning phase of the MAST-U mag-
nets while the camera was first as far as possible from the VV.
Once the maximum field was reached the camera was then
progressively moved towards its final position whilst checking
that no anomalies in its operation arose. The camera operated
normally at all distances, making a magnetic shield around it
unnecessary.
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(a)

(b)

FIG. 8: (a) Poloidal view of MAST-U showing the
comparison of the resistive bolometer system LOS (magenta)
with a color plot obtained by scanning all the voxels with a
1W/m3 emitter and integrating the power absorbed by the
foil, indicating the regions of higher sensitivity of the IRVB.
(b) Top view of MAST-U showing the position of neutral
beam injectors (NBI, green), of the co- and counter-NBI
resistive bolometer LOSs and the IRVB FOV (yellow, mostly
counter-NBI). Adapted from23. For reference the separatrix
of a typical plasma is shown as an overlay of a blue dashed
line. The resistive bolometer LOSs that will be used in the
later analysis are here identified.

FIG. 9: Photographs of the foil in relation of the pinhole (a)
and of all the identifying markings (b), taken 23/07/2018.

IV. SYSTEM CALIBRATION

Before scientific utilization, the IRVB diagnostic has to be
properly calibrated. This includes the temperature response
of the IR camera, the thermal response of the foil and spatial
alignment of the pinhole and camera. Laboratory tests can be
performed for the first two calibrations, while the third was
verified during operation, using observed features inside the
tokamak.

A. Counts to temperature model

The temperature calibration is the procedure used to convert
the camera raw data from counts to temperature. It involves
defining the mathematical model for the conversion and find-
ing the coefficients required. Once defined it can be applied to
MAST-U data to obtain the IRVB foil temperature. The sur-
face of the foil is approximated as a black body emitter. The
photons emitted by a BB source within the camera integration
time can be modelled as Equation 1

Φp(T ) = εi
∫

λ2

λ1

2πc
λ 4

1

e
hc

λkT −1
dλ (1)

where ε is the emissivity, i the integration time, λ the wave-
length, λ1−λ2 the wavelength range allowed by the camera
or filter and T the surface temperature. To simplify the calcu-
lations an interpolator is built such that:

Φp(T )
T

= α(T ),T = αr(Φp) (2)

The number of photons reaching the camera is proportional
to the number of photons emitted from the absorber foil (a1),
with an additional offset due to thermal photons originating
from the view port and the air between sample and camera as
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well as their reflections (a2). This offset will be approximately
constant because it will not depend on the surface temperature
observed by the camera. Assuming that the number of counts
is proportional to the number of photons, and that this does
not depends on the photon wavelength, the number of camera
counts can be expressed as:

C = a1 ·Φp(T )+a2 (3)

where a1 ∈ [0,∞] and a2 ∈ [−∞,∞] the proportional and
constant components. T0 and C0 are the temperature and
counts relative to the initial conditions at the beginning of the
shot (approximated with the vacuum vessel temperature). The
power absorbed by the IRVB foil is obtained using the temper-
ature increase over the profile before the pulse so the constant
offset from the calibration will not impact the results. Once
a1 is determined the temperature is calculated as:

T = αr(Φp(T )) = αr

(
C−a2

a1

)
= αr

(
C−C0

a1
+Φp(T0)

)
(4)

B. Temperature calibration

Given that the IRVB relies on measuring small temperature
differentials with high precision it was necessary to calibrate
all camera pixels independently. Given a black body source
that could encompass the entire field of view with the image
in focus was not available, the method employed was similar
to the one by Reinke.5: A Sofradir non-uniformity correction
(NUC) plate, built such that it emits black body radiation uni-
formly with an emissivity close to 1, was used. The plate was
then heated in an oven to ∼ 70◦C, then left to cool to room
temperature while taking samples with the IR camera. Simi-
larly, the plate was also cooled below room temperature and
observed while heating up. The temperature of the plate was
monitored with a thermocouple. For consistency, two cooling
and heating temperature ramps were performed and the data
fitted with the model in section IV A. The infrared camera is
equipped with two distinct digitizers therefore the calibration
will be operated independently for each. This means that the
two digitizers behave as two distinct instruments; the power
absorbed by the foil will be calculated independently for each
and then averaged, causing a reduction of the maximum (full
frame) frame rate from 383 to 192Hz.

The geometry of the calibration is represented in Figure 10.
The relative distances are the same as when the camera is in-
stalled. The rotational orientation of the view port was main-
tained during calibration and on the machine thanks to mark-
ings on the side of the window. During testing the narcissus
effect was clearly observed.

Figure 11 displays the qualitative effect of the presence of
the view port. Figure 11a shows the typical view when the
camera images the NUC plate; vignetting due to the camera
lenses is apparent. Figure 11b shows the effect of the win-
dow reflections. In Figure 11c the effect on the foil image is

shown. The dark spot caused by the narcissus is at the centre
of the image, decreasing the counts by ∼200 counts at an in-
tegration time of 2ms. This should be a systematic error and,
therefore, should mostly impact the a2 coefficient that ulti-
mately doesn’t impact the temperature measurement. During
the temperature ramps it was observed that the NUC plate,
albeit having a uniform emissivity, shows a non uniform tem-
perature across the FOV due to heat transfer. The plate is
naturally cooled/heated via conduction, convection and black
body radiation. Air flows around the plate and can lead to
uneven heat transport.

The temperature non uniformity across the image was esti-
mated for different temperature ramps as shown in Figure 12b
and it was found to be at most 0.3◦C on average in the tem-
perature range of interest. As shown in Figure 12a the spa-
tial variation of temperature is very slow, with a very minor
impact on the spatial and temporal derivative. The effect of
the location where the thermocouple is connected to the NUC
plate was also investigated by moving it to different corners of
the plate. The spread of the temperature around a curve that
fits average camera counts and temperature for all the probe
positions with the model in section IV A is about 0.25◦C.
There was, though, no pattern found so the difference is most
likely due to the connection of the sensor to the plate rather
than the actual temperature of the plate.

The result of the scan for the two pixels identified in Fig-
ure 11, one close to the centre of the narcissus effect and one
on its side, are shown in Figure 13. Equation 3 can repro-
duce the measurements with high accuracy. As expected the
presence of the narcissus mostly affects the a2 offset.

The results of the calibration for the entire foil are shown
in Figure 14. Both coefficients are affected by vignetting and
the narcissus effect. It is noteworthy that the ∼200 counts at
the centre of the narcissus are assigned entirely to the constant
parameter, as one would expect for a systematic error. Some
of the variation in a1, especially the red ring around the centre,
could be related to the narcissus, meaning that its effect is not
completely independent of temperature. The variation in a1
is very small, however, only ∼2% and changes fairly slowly
across the FOV, resulting in a small impact on the spatial and
temporal temperature derivatives. Both coefficients seem to
have a general dependency on the vertical direction (right to
left in the figure), possibly due to the slight non-uniformity of
the temperature of the NUC plate.

For future calibrations, a large flat black body calibration
source with the capability to cool below and heat above room
temperature could be used to further reduce the uncertainties
in the NUC plate temperature.

C. Foil model

The foil thermal response is dictated by heat transport: the
source is the radiated power from the plasma (Pf oil) while the
local sinks are its black body radiation (PBB), conduction (P∆T )
and temperature variation (P∂T

∂ t
). The foil is very thin and

therefore 2D heat transport can safely be considered instead
of 3D. Equation 5 shows how to calculate the power absorbed
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FIG. 10: Schematic of the calibration setup. The NUC plate and the IR window are located at the same distance from the
camera as when installed and as per design. Effort is made to keep the window with the same rotational orientation. See the
marking for the view port alignment in the detail.

by the foil based on its temperature.

Pf oil =P∂T
∂ t
+P∆T +PBB

P∂T
∂ t

=
k t f

κ

dT
dt

P∆T =− k t f

(
∂ 2T
∂x2 +

∂ 2T
∂y2

)
≈−k t f L ·T

PBB =2 ε σSB (T 4−T 4
0 )

(5)

where k is the thermal conductivity, t f the thickness, κ the
thermal diffusivity, ε the black body emissivity and σSB the
Stefan-Boltzmann constant. L is the matrix containing the co-
efficients to build the temperature Laplacian via the dot prod-
uct. It is built such that its dot product with the temperature
returns the sum of the second order central finite difference
in all directions. In the Laplacian matrix the elements corre-
sponding to the derivative in the diagonal direction are divided
by 2, to account for the increase in distance.

Assuming α(T ) to be slowly varying the uncertainty in the
temporal variation, diffusion and radiation terms of the heat
equation can be calculated with Equations 6, 7 and 8 respec-
tively for the pixel i:

σ ∂T
∂ t

=
k t f
κ dt

√(
σCi+1

a1α(Ti+1)

)2
+
(

σCi−1
a1α(Ti−1)

)2
+
[
(Ti+1−Ti−1)

σa1
a1

]2

(6)

σ∆T =
k t f
dx2

√
L2 ·
[(

σCi
a1α(Ti)

)2
+
(

σC0
a1α(T0)

)2
+
(
(Ti−T0)

σa1
a1

)2
]

(7)

σTi =
1

α(Ti)

√
(σ2

Ci
+σ2

C0
)

a2
1

+

[(
Ci−C0

a1

)
σa1

a1

]2

+(α(Ti)σT0)
2

σBB =4 ε σSB

√
(Ti

3σTi)
2 +(T0

3σT0)
2

(8)

D. Foil calibration

In this section the calibration procedure followed to ob-
tain the foil properties will be detailed. To calibrate the foil
its thickness t f , thermal κ diffusivity and black body emis-
sivity ε must be determined (assuming nominal Platinum
thermal conductivity k = 71.6W/mK). A set of spatially
resolved parameters was supplied together with the foil of
which the average and variability across the foil corresponds
to ε = 0.85±0.04, t f = 1.29±0.17µm. Nominal platinum
thermal diffusivity is assumed κ = 2.5 10−5m2/s. These val-
ues were obtained with a single exposure of a laser of known
power, pulse and and spatial shape by monitoring the cooling
down phase of the foil in vacuum as described in25. There are
different ways to find the foil parameters, all reliant on shining
a laser on the foil (see references25,28,29).

Rather than using a single laser exposure, the method of
choice relied upon varying the laser intensity, frequency and
focus as done by Reinke.5 With slow pulses, the time vari-
ation component tends to become irrelevant such that only
black body radiation and diffusion remain. With a defocused
laser (low laser power density), the temperature increase is
low and the spatial distribution slowly varying, increasing the
relevance of the black body radiation. With a fast pulsed laser
the time dependent component is dominant.

A bench top vacuum system was built for the foil calibra-
tion, is shown in Figure 15. The vacuum is necessary to elim-
inate convection as a heat loss mechanism, as it is also absent
during the experiments. The pressure during calibration was
∼ 3 · 10−5bar, compared to ∼ 10−8bar during MAST-U ex-
periments. A 5mW,655nm BlueLyte laser was used, capable
of gradually reducing the total power output to zero and with a
maximum modulation up to 750kHz. The laser was equipped
with an adjustable lens to change the focus. The laser was
calibrated with a Thorlabs PDA100A2 diode in combination
with a variable aperture. The maximum laser intensity was
measured to be about 1200W/m2 and 50W/m2 when focused
and defocused respectively, with a maximum total power of
4.16mW. The laser was controlled with a square wave func-
tion generator so that the laser output was modulated in in-
tensity, frequency and focus. The transmission of the vacuum
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FIG. 11: Example of non uniformity of the counts of the IR
camera when aimed at the NUC plate at room temperature.
Shown are the images without the view port (a) and with (b).
The same scale is applied to both plots and there was a 2ms
integration time. The black cross indicates two reference
points (inside/outside the narcissus) that will be used in later
analysis. c shows the position of the foil (the red square)
inside the camera field of view. Around the foil are the bolts
that lock the foil in between the two copper plates, that can
be used to identify the foil orientation.

window on the laser side was measured at 93.3% and taken
into account. The power delivered to the foil integrated over
the pinhole area, P, can be determined with Equation 5. To
find the foil thermal properties, the the running average of P
is computed, averaging over the duration of half the square
wave duration. The peaks and troughs of the running average,
Ph and Pl respectively, are compared to the input values Pin.

A scan in laser power from 0 to 100% and frequency from
0.2 to 90Hz with the laser fully focused and fully defocused
was carried out in the location of the foil closer to the pinhole.
The fit was done with data up to 10Hz returning the following
fit parameters: ε = 1, t f = 2.69µm,κ = 1.35 10−5m2/s. The
t f /κ ratio is similar to foil properties measured prior to the
installation on NSTX-U, differing significantly from the sup-
plied one.21 The difference in the t f and κ values is likely due
to the difference in emissivity inferred.

An example of the power calculated in the laser experi-
ments is shown in Figure 16 while Figure 17 shows the quality
of the fit for varying power and frequency and for focused and
defocused laser light. It can be observed that above 30Hz the

(a)

(b)

FIG. 12: (a) Shown are the IR camera counts at 41.9◦C
minus the counts at room temperature, scaled up such that the
average across the foil is the same as at high temperature. In
black is highlighted the region corresponding approximately
to the IRVB foil and the two reference points defined in
Figure 11. The vertical orientation is here bottom to top, with
the top of the image being up. (b) Peak temperature
difference between the temperature deriving from the counts
at high temperature and the counts at room temperature
scaled up as previously mentioned.

inferred power drops, implying a limit in the temporal reso-
lution of the IRVB. The data corresponding to the defocused
laser degrades at lower frequencies, as the total delivered laser
power is lower. During these experiments it was also observed
that a fixed oscillation of 0.01K at about 29Hz is superim-
posed on the data so measurements at the same frequency or
higher will be affected. The oscillation seems to be indepen-
dent of the power supply system and the frame rate but pro-
portional to the integration time, ultimately due to the internal
operation of the camera.

These foil properties were measured in a single location
and were therefore assumed uniform across the foil. To ac-
count for the variability across the foil the uncertainty from
the fit is increased by the variability of the properties pro-
vided to us with the foil. This returns the uncertainties
σε/ε = 8.61%,σt f /t f = 13.6%,σκ/κ = 13.9% (for κ is used
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FIG. 13: Comparison of the temperature calibration curves
for a pixel at the centre of the narcissus (red) with one on its
side (blue). The legend gives the fit parameters (a1
proportional and a2 additive components), their uncertainties,
and the coefficient of determination of the fit.

a1

a2

FIG. 14: a1 and a2 coefficients of Equation 3 obtained via
calibration with the NUC plate. In black is highlighted the
region corresponding approximately to the IRVB foil and the
two reference points defined in Figure 11. The vertical
orientation during this calibration is right to left, with the top
on the left.

(a)

(b)

FIG. 15: Photograph (a) and CAD model (b) of the bench-top
setup used for the foil calibration. In the CAD model the
re-entrant tube is shown in white and the foil assembly is on
the left side. The photograph, taken on 02/08/2018, shows
the laser used to illuminate the foil, as well as the diode and
aperture used to calibrate the laser and vacuum system.

the same variability across the foil as for t f ).

E. Viewing geometry validation

The viewing geometry of the diagnostic as designed in sec-
tion III has to be validated to make sure that each IRVB pixel
FOV into the plasma is as expected. For diagnostics where
a camera is directly imaging inside the vacuum vessel this is
usually done by acquiring long exposure images and match-
ing the observed features on the machine surface with features
from CAD models. For bolometers this is not possible as the
black body radiation of the vessel surfaces is many orders of
magnitude below the detection limit, even when heated up by
the plasma. For this reason this spatial calibration has to rely
on laser light sources. The size and orientation of the LOS
viewing cone is often measured in dedicated laboratory ex-
periments and translated into machine coordinates using some
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(a)

(b)

(c)

FIG. 16: Examples of the power absorbed by the foil and its
components (total absorbed power P and its components
black body radiation PBB, conduction P∆T and temperature
variation P∂T

∂ t
; peaks and troughs of P running average, Ph

and Pl ; peak input power Pin) with the laser at maximum
intensity for a focused low frequency case (a), a focused high
frequency case (b) and a defocused low frequency one (c).

reference point of the diagnostic assembly and the vessel.30,31

If there is good access to the inside of the machine, a laser can
be placed in fixed locations to measure the bounds of the light
detection region of every LOS.32 More recently, in the effort
to develop the bolometer system for ITER, a robotic arm was
developed on AUG which can probe the relation between the
origin of the emission and sensor response by moving a laser
to various positions in the field of view of the bolometer.33

FIG. 17: Variation of the measured power compared to the
expected values with laser intensity (top) and frequency
(bottom). The blue color indicates the defocused cases while
the red the focused ones. Ph and Pl are the inferred high and
low power level of the laser square wave, area is the area of
the foil receiving laser light, Pin is the known peak laser
power density.

An inability to access the interior of MAST-U prevented these
types of measurements. For these reasons the geometry of
the IRVB was verified by comparing known features of the
plasma during operation with their expected locations, adapt-
ing methods used for visible imaging. The bright features of
interest are fueling locations, alignment of the center-column
and the flash heating of the foil from disruptions.

1. Spatial calibration using fueling valves and EFIT++

The plasma can be fuelled via a multitude of entry ports, of
which only some are directly visible by the IRVB. The names
of the valves corresponding to the visible outlets are indicated
in Figure 7. If hot plasma is present in the immediate vicinity
of the gas outlet, the hot electrons dissociate and then excite
and ionise the injected neutrals. If the electron temperature
is not too high and the plasma is close enough, a bright non-
toroidally-symmetric emission appears in the vicinity of the
gas outlet. In all the observed discharges when the gas injec-
tion valve PFR_BOT_B01 was employed, a localised bright
region never appeared, possibly because the separatrix was
too far away or the gas flow too low. The fuelling valves,
then, that caused a visible localised emission to appear in
the IRVB FOV are HFS_MID_L08 and HFS_BOT_B03, al-
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FIG. 18: Field of view of the high speed visible light camera
indicating the sector numbers. In yellow the locations of the
outlets of the gas valve HFS_MID_L08 are indicated.

though HFS_BOT_B03 was only used once and thus not very
useful to compare across pulses.

The 2 HFS_MID_L08 valve outlets locations at the in-
ner wall can be used as one spatial calibration of the IRVB
viewing geometry. The valve is consistently used through-
out MU01 and its outlets are both in the field of view of the
high speed visible light camera (HSV), shown in Figure 18,
while only one outlet is in the IRVB FOV. Strong visible light
brightness does not necessarily indicate a strong total radiated
power, but indicates regions where neutral hydrogen is inter-
acting with the plasma.34

Figure 19 shows the comparison of the localised emission
arising from the use of valve HFS_MID_L08 for HSV and
IRVB for the shot 45351. Figure 19a shows the brightness
from the IRVB while Figure 19b shows the brightness from
the HSV. The IRVB shows that the emissivity is clearly non
symmetric and localised in the proximity of the outlet. The
HSV data is affected by saturation but the bright spot due to
both outlets is clearly visible. To further illustrate the validity
of the comparison Figure 19b shows the time evolution of the
average of the relative brightness around outlets compared to
the flow rate of gas programmed for the valve. Both IRVB and
HSV measure an increase and decrease of the local emissivity
that matches the gas output.

Figure 20 shows a later stage of the discharge when the
HFS_MID_L08 valve is off. The image, determined with
EFIT++ magnetic reconstruction35, shows that high emissiv-
ity regions are present along the inner and outer legs as would
be expected in the divertor for a detached target. This con-
sistency is true across all shots providing further indication of
the similarity of the real IRVB geometry to the designed one.

(a)

(b)

(c)

FIG. 19: Example of the radiation caused by the valve
HFS_MID_L08 from shot 45295. (a) brightness data from
IRVB at 132ms. Shown in dashed blue is the poloidal
projection of the separatrix. The toroidal traces of x-point
and strike points are shown in solid red, and in dashed red is
the magnetic axis. The outlet of the valve HFS_MID_L08 in
the IRVB FOV, marked by a black cross and a yellow arrow,
is clearly visible in the IRVB image. In (b) a cropped image
of the raw data from the high speed visible light camera
(HSV) for the same shot at 50ms. The two bright spots
correspond to the two outlets from the valve, both in the HSV
FOV, marked as in (a). Note: this data is affected by
saturation. In (c), the relative average of the readings inside
the dashed regions that are outlined in a and b, and the
programmed flow for the HFS_MID_L08 valve.
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FIG. 20: IRVB Brightness image of the plasma from shot
45295, 388ms, at a time when high field side valves are off
and the target is radiatively detached. In blue a tangential
projection the separatrix from EFIT++ magnetic
reconstruction overlaid on the image using nominal IRVB
design geometry. The toroidal traces of x-point and strike
points are shown in solid red, and in dashed red, is the
magnetic axis.

2. Spatial calibration using disruptions

During disruptions the core plasma can quickly move to-
wards plasma facing components (PFC). There the ion flux is
recycled as neutrals which are then excited through electron-
atom interactions, leading to a strong localised radiation from
the proximity of the PFCs in question. Additionally, some
carbon can be sputtered from the PFCs because of the sudden
increase of particle flux and also lead to radiation from the
excited C ions and neutrals. Because of the transient nature
of the phenomena it is sufficient to investigate the temporal
derivative of the foil temperature, neglecting the other com-
ponents of the heat transfer equation, to locate regions where
a high emission originates.

Figure 21 shows the foil temperature increase due to a dis-
ruption at the end of shot 45225. The plasma moved towards
the lower half of the machine and as a consequence the a
strong emission comes from regions of the image within close
proximity to the tiles. Details of the radiation structure can’t
be easily interpreted as the source of signal is not necessarily
toroidally symmetric. A bright emission is present close to the
tiles around the baffle and it is therefore possible to observe
the presence of a part of the foil that cannot be illuminated
because of the interference of the P6 coil close to the pinhole
seen in Figure 7. The demarcation line between the region of

FIG. 21: Image of foil temperature increase due to the
disruption of the plasma in shot 45225. No temporal or
spatial binning of the data applied. Indicated in white is the
demarcation line between the region of the foil that receives
any radiation or none from an homogeneous emitter in the
core and divertor region from Figure 5.

the foil that can or cannot receive radiation from Figure 5 is
overlaid, and it lines up well with the observation.

From the above observations it can be stated that the IRVB
is positioned "close" to what is expected from the design; we
cannot be quantitative in determining how accurate the view
of each pixel is. The FOV calibration could be further im-
proved by including the valve HFS_MID_L02 and modifying
the geometry such that the observation in Figure 5 has an even
better match with Figure 21, but a confirmation of the geome-
try as per design is for now sufficient.

V. RESULTS

Once the IR camera, the foil and the viewing geometry
are validated the IRVB can be used to measure the radiation
brightness (and emissivity) from the plasma during experi-
ments. The data is first split between the two digitizers and the
counts converted to temperature as per section IV A. As men-
tioned in section IV D the camera is affected by a pickup oscil-
lation of the signal at a frequency of about 29Hz, so the tem-
perature is binned in time over one period of such oscillation,
returning a temporal resolution of about 30ms. In order to re-
duce the noise the temperature is also binned spatially over the
foil, with a good compromise between resolution and noise
being a 3×3 pixel binning, reducing the independent LOS in
the plasma from 36700 to about 3900. The binned tempera-
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ture is then used to calculate the power absorbed by the foil
and the result from the two digitizers averaged. Finally the
power is converted to brightness multiplying by 4π/etendue.

In conventionally diverted discharges36 in which the core
density was progressively increased with either fuelling from
the midplane or the divertor, it can be observed that the
peak brightness is at first close to the targets before mov-
ing along the divertor legs to the x-point forming what has
been called an x-point radiator configuration (XPR)37 or X-
point MARFE38. On further increase of the density, the
radiation moves upstream along the inner separatrix to a
region around the midplane where a toroidally symmetric
MARFE-like structure forms at the high field side (HFS) of
the plasma39. From there the structure becomes brighter and
moves slowly inwards from the inner wall, correlating with
the ensuing disruption.

These phases are shown for the double null low power
Ohmic shot 45473 in Figure 22. The movement of the radi-
ation can be correlated with other plasma parameters like the
core plasma density and with the existing resistive bolometry
system for which the chordal views are shown in Figure 8. For
MU01, multiple LOSs of the resistive bolometers were dam-
aged and the measurements were severely affected by noise,
but the system was robust enough to return low time resolution
data. The two LOS closest to the x-point are not available, but
the one just below the midplane (CH9, see Figure 8) is.

Figure 23 shows the comparison between resistive bolom-
etry CH9 chordal brightness and similar brightness measure-
ments from the IRVB. Figure 23a shows the average IRVB
brightness inside the regions marked with matching colors
in Figure 22 vs time. The region with the highest bright-
ness changes with time according to the time development de-
scribed for Figure 22. This is related to a monotonic increase
of the core density that causes the plasma to detach from the
targets. The brightness from the resistive bolometer CH9 (Fig-
ure 23d) has to be compared with the midplane data from the
IRVB (Figure 23a). The absolute value of the brightness is
different, with the IRVB recording about two times the bright-
ness of the resistive bolometer (possibly because the LOS of
the IRVB is integrated over a much longer path through the
plasma). Most importantly, though, the emission starts to rise
for both at ∼ 550ms and at a similar rate, indicating that both
are observing the same phenomena. An important observation
to demonstrate the absence of systematic errors is to check the
region of the foil that should not receive radiation from the
plasma shown in Figure 5. This is labelled as control in Fig-
ure 23 and while drifting upwards in time it is much smaller
than the relevant quantities. This region can also be used
to measure the noise level of the diagnostic. The measured
NEPD, with the binning mentioned above, is 0.79W/m2, close
to that indicated by previous models (0.58W/m2 from40) and
below initial expectations. The uncertainty on the power den-
sity with the same binning, whose estimate includes the un-
certainty on the foil parameters and the camera calibration,
has a minimum of about 10W/m2, gradually increasing with
a stronger signal up to about 30W/m2 in Figure 24d.

In higher power discharges, like when the NBI is used and
H-mode can be achieved, a similar sequence of events hap-

(a) 386ms (b) 511ms

(c) 605ms (d) 699ms

(e) 762ms

FIG. 22: Changes in brightness pattern in a density ramp for
a conventional divertor, L-mode, Ohmic plasma (shot 45473,
Double-null and 600kA). First the inner target is radiatively
attached (a), then it starts detaching (b) to form an x-point
radiator (c) and finally a radiation MARFE-like structure on
the high field side (HFS) midplane (d). Further increasing the
density the structure moves inward (e) leading to a disruption.
Note that the all images have different color bar ranges.

pens to that shown and discussed above for L-mode plasmas
and detachment. This is demonstrated in Figure 24 which
shows the change in IRVB brightness pattern for a conven-
tional divertor beam heated discharge. The sequence proceeds
as for the lower power one, except that after the HFS MARFE-
like structure is developed, the core density decreases and the
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FIG. 23: Comparison of the measurements from different
diagnostics for the shot 45473. In (a) is the IRVB brightness
averaged inside the small regions indicated with dashed lines
of matching colors around the x-point and other regions in
Figure 22 while the vertical black lines indicate the time
corresponding to the images in Figure 22. In (b) is the core
line averaged density, (c) is the Greenwald density ratio and
(d) is the brightness from the resistive bolometer core
toroidal channel 9.

peak radiation moves back closer to the x-point. The bright-
ness is much higher than Figure 22 because of the increase
in heating power. In Figure 24a a region at the top left of
the image that shows strong brightness but which does not
seem field aligned can be observed. This region typically has
strong brightness in beam heated discharges before and after
the H-mode phase. Similar behaviour was observed also in re-
sistive bolometry for LOS aimed in the direction opposite to
the NBI. The origin of this effect is unclear but it is possible
that the heat flux is associated with fast particles escaping the
core plasma and undergoing charge exchange. This could be
verified by comparing the brightness of the region of interest
with data from the fast ion loss detector diagnostic, or results
from modelling, but it is outside the scope of this manuscript.

Figure 25 shows the relevant time traces for shot 45401.

(a) 315ms (b) 717ms

(c) 826ms (d) 1009ms

FIG. 24: Changes in brightness pattern in a density ramp for
a conventional divertor, H-mode, beam heated plasma (shot
45401, Double-null and 750kA). First, the inner target is
radiatively attached (a). Then, it detaches and forms an
x-point radiator (b) and finally a radiation MARFE-like
structure on the HFS midplane (c). In this shot the density
was decreased after this point and this resulted in the peak
radiation to move back towards the x-point (d). The bright
region at the top left of (a) is likely due to the foil being
heated by a particle flux rather than radiation from the
plasma. In (d) are overlaid in dashed red and numbered, the
resistive bolometer LOS through similar regions as included
in the IRVB brightness image shown. Note that all images
have different color bar ranges.

The density is much higher and the Greenwald fraction (a
metric of the tokamak performance such that the maximum
usually achievable is 141) corresponding to radiative detach-
ment is around 0.6 rather than 0.15 as for the lower power shot
45473. Here the comparison with resistive bolometry can be
done both at the midplane (CH9) as well as close to the lo-
cation on the separatrix labelled as intermediate, that corre-
sponds to channel 13 and 14 (CH13, CH14). Agreement is
good at the midplane but not as good in the intermediate posi-
tion, where CH13 and CH14 detect significant radiation even
before∼ 850ms, unlike IRVB. The difference is likely not due
to the NBI, as only the leftmost part of the foil is affected, and
also only the outermost counter-NBI resistive bolometer LOS
is affected (see Figure 8b), while it could be due to a different
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FIG. 25: Comparison of the measurements from different
diagnostics for the shot 45401. In (a) is the IRVB brightness
averaged inside the small regions indicated with dashed lines
in Figure 24 while the black lines indicate the time
corresponding to the images in Figure 24. In (b) is the core
line averaged density, (c) is the Greenwald density ratio and
(d) is the brightness from the resistive bolometer core
toroidal channel 9, 13 and 14, where the first corresponds to
the midplane while the others to the intermediate regions of
the IRVB.

length of the resistive bolometer LOS in the emitting region
or because it is detecting some radiation from the inner leg
(CH14 could be more affected than CH13, hence the higher
brightness in CH14).

VI. SUMMARY

The IRVB diagnostic was successfully deployed in MAST-
U. This represents a new implementation of the bolometric
diagnostic, not only because it is the first use on a spherical
tokamak device, but also because it is aimed at measuring the
total radiation emissivity in the region of the x-point, where
significant spatial gradients are expected and a high spatial

resolution is necessary. The choices that guided the design of
all aspects of the diagnostic are reported, with lessons learned
for future implementations. The calibration procedures are
detailed, including the verification that the IRVB positioning,
viewing geometry and FOV qualitatively match the design af-
ter installation, normally a challenging task for bolometers.
The early results from the first MAST-U experimental cam-
paign show that the evolution of detachment in a spherical
tokamak follows similar trends as for low aspect ratio ones,
at least for the conventional divertor. In the first MAST-U
campaign (MU01) discharges, with only intrinsic impurities,
the radiation peaks move along the two divertor legs and the
HFS separatrix depending on the level of detachment. The x-
point radiator was observed as an intermediate stage, before
the peak of the radiation moves upstream along the inner sep-
aratrix up to the HFS midplane forming a toroidally symmet-
ric MARFE-like structure. It was also verified that the IRVB
measurements are roughly consistent with resistive bolome-
try. To further exploit the diagnostic it will be necessary to
perform tomographic inversions of the line integrated data to
observe the evolution of the poloidal emissivity profile with
changes in the core plasma density. This will allow the inner
and outer leg to be examined in more detail and the demon-
stration of the expected high spatial resolution from the IRVB.
This will be presented in a future publication dedicated to the
scientific exploitation of the diagnostic.
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