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Abstract.

Measurements of radiated power are critical for characterising ad optimising
tokamak performance. @ The RADCAM system, comprising arrays of foll
bolometers, Absolute eXtreme UltraViolet (AXUV) and ltered soft X-ray diodes,
has been constructed to provide improved measurements of plasarradiation on
\Tokamak a Con guration Variable" (TCV). An overview of the phys ical geometry,
electronics and design of the system is provided. The constructionf the bolometer
foils together with the improved sensitivity characteristics resulting from the
inclusion of an anti-re ection carbon coating are presented. The lage number of
lines of sight in RADCAM are shown to signi cantly increase the spatial resolution
over the legacy system. The system calibration procedure is detaitk and the
mean system sensitivity is shown to vary by less than 5% over 1000 dikarges.
Additionally, the methodology for cross-calibration of the AXUV diod es with the
bolometer foils is presented and applied to generate high temporalesolution
measurements. The RADCAM radiation camera system is a compactyersatile
system that is demonstrated to provide high resolution pro les of the radiated
power in TCV.
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1. Introduction

An accurate power balance in a tokamak is critical for all experimest In certain
scenarios, such as those focussed on divertor physics or disiuptmitigation,
radiated power can account for the bulk of total energy exhauft, 2, 3, 4]. Foll
bolometers have traditionally been used on tokamaks to measuredrated power
as they can be absolutely calibrated in-situ and without a radiation swce. These
bolometers traditionally consist of thin gold or platinum foils to withstand the nuclear
environment[5, 6, 7]. The shortcoming of such foils is the relatively stotemporal
resolution due to high thermal mass, resulting in ms range resolutian normal
operation and making their use challenging in fast events such as digtions or
Edge Localised Modes (ELMSs).

Diode based detectors such as the Absolute eXtreme UltraViolet ¥AJV) have
been employed on a number of tokamaks to infer total radiated pewns at temporal
resolution downtoa s[8,9, 10,11, 12, 13, 14]. The drawback of these diodes is their
inability to retain calibration post installation due to strong sensitivity degradation
in the crucial ultraviolet (UV) range [11]. Studies on the ASDEX Upgrde tokamak
indicate that the sensitivity of the AXUV diodes in the UV spectral range begins to
degrade almost immediately following exposure to tokamak radiation]]L

The RADCAM system on \Tokamak a Con guration Variable" (TCV) wa s
motivated by a need to reduce uncertainty in radiated power measements, increase
the spatial resolution of radiation emission and to provide absolute easurements
of radiated power during fast events[15]. To achieve this, the legabolometry,
AXUV diode and soft X-ray (SXR) tomographic systems were replad with a single
system that integrated all three types of detectors in the sameestor[16, 17, 18].
Overlapping lines of sight within this novel system enable cross calili@n between
the bolometers and diodes, providing radiated power measuremendf fast events
that can not be resolved by foil bolometers alone. Furthermorepmbining the three
systems into a compact camera has liberated 16 precious ports lo¢ fTCV vacuum
vessel.



2. System Design and New Developments

Combining three systems into one camera module generated signntadesign
challenges such as limited port space availability, obtaining full poloidabverage for
each diagnostic, thermal management of three di ering systemsa electromagnetic
shielding. A modular approach was taken to maintain versatility in the amera
design, allowing diodes and foil bolometers to be substituted indeplmtly as shown
in Figure 1. Electronically grounded and TiO2/AI302 coated ba es wee installed to
provide light and electronic noise shielding and reduce re ections withthe camera.
These design aspects of the system are detailed in the following sdi®ns.

Rotating Shutter AXUV Arrays Bolometer Array PCB Plug Adapters Shutter Motor

"/ / and Pre—fmplifiers
D! W R
Light Baffles

Be Filter and Mount 7 SXR Array \ Water Cooled Heat Sink

Figure 1. Exploded view of the upper lateral camera with 20 bolometers, 40
AXUV diodes (2 arrays) and 20 SXR lItered diodes.

2.1. Lines of Sight

The total number of lines of sight (LOS) were 120, 140 and 80 fordhbolometry,
AXUV and SXR systems respectively and are shown in Figure2. The higst
radiation emission region with the strongest emission gradients is tgally the
divertor, which is at the bottom of the vessel in standard operatim As the divertor is
colder than the plasma core, the emitted photon energies are typlty in hundreds of
eV or less. Thus, the lower lateral (divertor) camera was equippe&dth a second foil
bolometer array and AXUV diodes in the place of SXR Itered diodes asigni cant
SXR emission is less prevalent there. The mid lateral camera was eqed with
two SXR lItered diodes arrays to increase core plasma resolution @rfacilitate
mapping of rotating core magnetohydrodynamic (MHD) modes. A send AXUV
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module in the upper lateral camera provides increased spatial cowge for disruption
experiments engendered by massive gas injection through an upjegeral port in
the adjacent sector. Finally in the list of initial con guration choices the vertical
cameras were made symmetric with the SXR Itered diodes placed ther from the
entrance slit to provide higher spatial resolution of the plasma carelt should be
noted that this con guration is optimised for the current ba ed con guration, which
can be altered between campaigns[19]. Thus, the modularity of thareras allows
sets of LOS to be changed between campaigns if desired.
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Figure 2. Lines of sight for the foil bolometers (left), AXUV diode (center) and
SXR ltered diode (right) systems.

The LOS spacing was optimized to ensure maximum poloidal coveragelanly
partial overlap between adjacent channels. Physical factorsych as potential heat
ux on the front end of the cameras, limited the proximity of the apetures to the
plasma. The apertures in the divertor could be placed relatively clas® the plasma
due to the presence of protection tiles (shown at a height of -0.5m kigure 2).
The distance between the detectors and apertures was set tasare that all poloidal
locations were observed by a whole detector or overlapping adjateetectors with
partial detector illumination. Details regarding the viewing cones ar@rovided in
Appendix 7.1.



2.1.1. Bolometer System Design Resolution Analysis

A phantom analysis was performed to estimate the increase in resubm of
topographically inverted images with the new design. A SOLPS ITER [28imulation
of a common TCV discharge was used to generate an emission pro ledasynthetic
bolometer foil signals. A simplied model without noise or systematic reor
was applied to generate the synthetic bolometer foil signals. The sas were
then tomographically inverted using the standard inversion code afCV[21] and
compared to the original pro les, Figure 3. A false zero in the colorcale is used to

make the di erences more apparent and further details on the toagraphic inversions
are provided in Appendix 7.2.

SOLPS-ITER Legacy (56 channels) RADCAM (120 channels) x11506
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Figure 3. Comparison of tomographically inverted images produced with the
legacy (middle) and RADCAM (right) bolometry systems using a simulated
phantom from SOLPS-ITER(left).
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Neither system was able to resolve the low radiation emission at thegedof the
core plasma and this is attributed to the high di cultly in resolving such a narrow
and low emission region. Conversely, The increased number of boltendoils in the
RADCAM design signi cantly increase the reconstructed spatial lution around
the x-point and down the divertor leg. Furthermore, inversion amfacts such as
LOS-streaks and emission at the bottom of the inner wall are strgty reduced by
the higher resolution RADCAM system as it is able to better constraithe inversion.

2.2. Camera Assembly and Electronics

Connecting a large number of detector channels in a restricted sgaand within a
high vacuum environment required novel solutions. For optimum spa utilization,
the detector mounting modules were machined from copper to inase thermal
conductivity and electromagnetic shielding. The high number of elewtal signals
were carried by electromagnetically shielded exible Printed Circuit Bards (PCB),
known as \ ex PCBs", that were installed within the copper mounting modules. An
example of an AXUV diode mounting assembly is shown in Figure 4.

Flex Cable

=
Diode Array

Copper Mounts

i
|
\

Macor Connector

Figure 4. Assembly of an AXUV diode array on a copper module with a printed
ex PCB.

The ex PCBs comprised of four copper layers with insulating Kaptoriayers
between each of them, as shown in Figure5. The two outer coppeydes consisted
of an electromagnetic noise shielding square grid with an aperture esinf 0.5mm
and copper strip width of 0.2mm. A grid of this size was found to be sicient to
insulate electromagnetic noise at frequencies of upto 50kHz. Thenér two layers
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contained the current carrying channels (red lines in Figure5) swunded by the
electromagnetic shielding grid. The wires were horizontally o set in & adjacent
vertical layers to increase the distance between wires, leading toreduction in

cross-talk and an increase the electromagnetic shielding. Kaptorasvused as the
electrically insulating material due to its vacuum compatibility.

Kapton Kapton Kapton Kapton Kapton

Top of Bottom
Flex of Flex
Electronic Shielding Shielding Electronic
Shielding And Wires And Wires Shielding
Layer
Thickness 25 35 50 18 50 18 50 35 25

(m

Figure 5. Layered construction of the ex PCB. Signal carrying wires shownin
red.

Connections between the ex PCBs and the detectors were madg becuring
pins into polyether ether ketone (PEEK) connectors. The connemrs were used to
maintain pin spacing and facilitate detector mounting. An example s@matic of the
bolometer mounting assembly is shown in Figure 6. Speci cally for theolbbmeters,
an additional PEEK insulating piece, indicated in blue in Figure 6 right, wa installed
between the bolometer heads and the ex connectors to prevesttort circuits through
the metal body of the bolometers. The diode systems did not reqaithis additional
insulator as their housing is non-conducting.

Vacuum compatible, high pin density sub-D connectors made of Macuwere
used at the vacuum interface. This required precision soldering dfe pins directly
onto the ex PCB, as shown in Figure 7. The soldering was done manriyaand with
lead free solder to reduce out-gassing. The Macor connectorsrevéhen mounted
using screws which utilised through holes on the ex PCBs. Slots wecet into the
screws to prevent trapping of gases, which would reduce pumpingiency within the
tokamak. The assembly was tested in a high vacuum chamber to erswacceptable
out-gassing rates and tokamak vacuum compatibility.
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Figure 6. Cut away of a bolometer module assembly (left). Zoomed in image
of a single bolometer head with the pin mounting scheme and insulator idicated

(right).

Figure 7. Macor mounting assembly onto a ex PCB. Left - mounted connecta.
Right - Connector pins soldered directly onto a ex PCB.
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Printed PCB cards on the atmospheric side of the cameras provided
ampli cation for the diode systems and the interface to category Ethernet cables
for the bolometers. These PCB cards included a shielding layer eithside of the
printed circuit to increase shielding into the twisted pair transmissioriines. The
diode ampli ers included both gain, transimpedance and a low pass lteof -3dB at
105kHz. This gain is con gurable to adapt to the dynamic range of # incoming
signal and optimise noise control. The ampli er circuit used is presead in Figure 8.
The gain for each camera was selected through empirical testingtbé signal level
obtained. The gains, normalized to the top vertical camera, are gm in Table 1.
Absolute gains are not provided as the equivalent resistance of t®de is unknown.
Furthermore, calibration with a source was not done as the respsm of the diodes
has been shown to degrade over time and a cross-calibration withetftbolometers

was planned (described in Section 4.2)[11].
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Figure 8. Circuit diagram of the operational ampli er used to amplify the diode
signal.
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Camera AXUV | SXR
Vertical Top 1.0 1.0
Upper-Lateral 2.2 0.8
Mid-Lateral 2.2 0.8
Divertor 3.9 N/A
Vertical Bottom 1.0 1.0

Table 1. Gain factors normalised to the top vertical camera for diode systms.

2.3. Thermal Management

The TCV tokamak is baked at up to 230C after each atmospheric pressure venting
cycle requiring a cooling solution to prevent detector damage. Thisaw performed
via conduction through the copper mounts to a brazed copper f¢hrough in the
vacuum ange to an ex-vessel, water cooled, heat exchanger. Aabed copper
component in the vacuum ange was needed as the low thermal cardivity of the
stainless steel ange was insu cient. With the heat exchanger owide of the vacuum
vessel, possible water leaks inside the vacuum chamber are avoidédnvective air
cooling employing a heat sink was investigated through the progranol&iWorks(R).
The steady state detector temperatures were estimated usingite element analysis
and the results are presented in Figure9. Air cooling through natal convection
alone resulted in detector temperatures of 130 C, above the speci ed tolerance
for the diodes. With water cooling of the copper feed-through teperatures of

50 C were obtained and thus it was adopted. Thermocouples were instalen
the copper mounts of the cameras to monitor the temperature dag baking. A
maximum temperature of 45C was measured on the top vertical camera during
baking, indicating the cooling system operates e ciently and ensurip detector
temperatures always remain well within manufacturer's tolerances

2.4. ECRH Protection System

Incident electron cyclotron resonance heating (ECRH) power, em when not
speci cally directed towards the previous foil bolometers, led to # diagnostic
becoming unusable during a discharge and sometimes su ering daradigom the heat
ux[11]. To counteract this, an inter-discharge selectable prot¢iwe metal grid was
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Air Cooled Water Cooled

Figure 9. Finite element analysis of detector temperature during TCV bake ou
for natural convection cooling with a heat sink (left) and water coding coupled to
the copper heat feed-through (right).

installed on a rotating pneumatic motor driven system. Aside from gif placement,
the rotating wheel provides protection for the detectors whenat in use and a clear
aperture when the ECRH protection grid is not required, as shown iRigure 10. The
grids were installed with a radius of curvature matching the distanceetween the
detectors and the apertures to maintain the grid approximately ppendicular to the
LOS for all channels on a given camera.

The selection of the grid wire thickness and mesh size was based upon
minimising ECRH transmission whilst maximising plasma radiation transmissn.
Three stainless steel rectangular meshes made from wires and tivoular grids made
from stainless steel (SS) and copper (Cu) sheet were analyzedthgir transmission
properties whose dimensions are listed in Table 2.

Microwave transmission of each grid was measured using a tunableraiyon
frequency test stand. The gyrotron power was measured by al@ameter with
and without the grid installed. The stand resolution was 0.028 GHZ beten 80
and 110 GHz and 0.044 GHz between 110 and 120 GHz. The resultingngmission
fraction as a function of frequency for each grid is presented in Fkige 11 left. The
standard X2 and X3 gyrotron frequencies injected into TCV are indated by the
dashed black lines.

The measured transmission ranged from 16% to less than 0.5%. Tirewar hole
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Figure 10. Image of the rotating plate with the grids and apertures of a RADCAM
camera module.

Table 2. Dimensions of the grids studied for ECRH protection.

Wire Hole Inter-hole
Diameter | Diameter | Spacing

Rectangular Mesh 1] 0.465mm| 0.125mm - -

Rectangular Mesh 2| 0.315mm| 0.112 mm - -

Rectangular Mesh 3 0.265mm| 0.1200 mm - -
SS Circular Grid - - 0.4mm | 0.5mm
Cu Circular Grid - - 0.4mm | 0.5mm

Grid Mesh Size

grids produced better microwave shielding than the rectangular rale with higher
frequencies showing increased transmission for all grids. To assth& corresponding
visible light attenuation by the grids, a 2W, 445nm laser diode was sherupon
three bolometer foils and an average transmission measured thainmmised the
e ects of alignment sensitivity. The measured transmission at 445m geometrical
transparency fraction based on the mesh dimensions and transsis at X2 and X3
frequencies are presented in Table 3.

The rectangular mesh grids showed signi cantly higher visible light tnasmission
than the circular grids. The high attenuation of the circular grids is #ributed to
their higher solid surface area. Rectangular mesh 3 (the thinnestiree mesh with
the smallest grid size) gave the highest attenuation of microwaveefjuencies whilst
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Table 3. Transmission properties of the three rectangular grids and stainlss steel
(SS) and copper (Cu) circular grids measured using a gyrotron tdsstand and a
445nm laser.

. 82.7GHz (X2) | 118.0GHz (X3) | 445nm Laser| Ccometica
Grid . - . Transparency
Transmission Transmission | Transmission .
Fraction (%)
Rectangular 7.9% 15.6% 65 5% 62%
Mesh 1
Rectangular 3.4% 6.3% 58 5% 54%
Mesh 2
Rectangular 2 50% 4.4% 56 5% 53%
Mesh 3
SS Sredar | 220 4.4% 47 4% 50%
Cu (C;:irrigular 0.4% 0.7% 52 4% 50%
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maintaining 56% transmission of 445 nm light and was selected for usehe cameras.
Sensitivity of the grid orientation was found to be negligible by placinghte mesh
parallel to the electric eld (E) and at an angle of 45deg, Figure 11 rig.

The small percentage of ECRH power that is able to traverse the qection
grid may still have a detrimental impact on incident radiation measum@ents. It
is highly unlikely that direct power can reach the detectors based ahe tokamak
geometry and positions of the ECRH launchers. Therefore, it is mayrthe re ections
within the camera that need to be avoided. It was shown through eeriments on
the ASDEX Upgrade tokamak that TiO2/AI203 coatings on the interral camera
components can reduce the stray power measured by the boloerstby over a factor
of 3[22]. The same coating material was also used as an absorbetHerwater ba e
of W7-X cryopumps [23]. Based on these studies, TiO2/AI203 coatiagvere applied
to all light and electronic noise shielding structures in the camera assbly.

2.5. Data Acquisition Systems

Two separate data acquisition systems were required for the dioded bolometer
style detectors. The diodes simply generate a photo-current thes ampli ed on the
atmospheric side of the camera and conducted to a D-TACQ ACQIGPCI data
acquisition system sampling at 200 kHz [24].

Conversely, the foil bolometers require bridge excitation to increa the
sensitivity of the system. To produce this excitation signal and aciye the data, a
D-TACQ ACQ400 series system with BOLO8BLF hardware was emplog¢25]. The
bridge was excited by a sine-wave with an amplitude of 9,V, and a frequency of
18 kHz for the discharges presented in this study. Excitation volgges of upto 18Y
are possible and will be explored in the future with a view to noise perfoance and
their impact upon component lifetime.

This specialised D-TACQ hardware utilises a Field Programmable Gate fay
(FPGA) to control the bolometer excitation signal and pre-treatthe recorded
signal. This provides exibility in the excitation programming and the cloice of
acquired signal, decimation parameters, lItering and generation otal time power
measurements. The BOLOS8BLF system is also able to provide the Oharheating
used to calibrate the bolometers outside of TCV discharges, enalgitracking and
study of the system.
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3. Detectors

3.1. Bolometers

The foil bolometers were produced in collaboration with the Max Plaikclnstitute
for Plasma Physics and Fraunhofer Institute for Microtechnologand Microsystems.
The design followed that of the ITER foil bolometers with changes t@bsorber
thickness for use on TCV. Speci cally, the absorber thickness wasduced to 3 m to
increase bolometric sensitivity by reducing the sensor's thermal & Any further
reduction in absorber thickness unacceptably increases the tsanission of higher
energy photons, Figure 12, left. For a 3m thickness, gold foil absorbs all photons
below an energy of 4keV. This is su cient for most TCV operation whee plasma
emission in the multi-keV energy range is rarely expected to be a largaction of
total emission.

S T 100
S0.6H—>mm _ —Gold
8 4 um S —Carbon
w —3 um >
[ =
504 S 50
@ 5
£0.2 =
2 &
o
0 ‘ ‘ 0 :
0 5 10 15 20 10 10t 102
Photon Energy (keV) Photon Energy (eV)

Figure 12. Left - Attenuation of high energy photons by a gold absorber. Righ
- Re ectivity of gold and carbon layers at 75 angle of incidence with a thickness
of 10-60 nm.

The front surface of the gold absorber was coated with 50nm ofrban to
reduce re ections, particularly of UV and visible light, thus providing a more
accurate measure of incoming power [26]. Carbon coatings on foilsdaeen utilized
previously to reduce re ections and the rst quanti cation of their impact was done
on TCV, where up to a 15% increase in radiated power was observeslative to
bolometers without the coating[27, 28, 29]. This is predominantly fro reduced
re ectivity in the 1-100 eV photon range, Figure 12, right. This engy range is of
particular importance in TCV due to its focus on divertor studies, wikre a larger
proportion of the radiated power is in the UV/visible part of the spettum. A coating
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thickness of 50 nm was su cient to reduce the re ections whilst onlyincreasing the
thermal mass, and thus reducing the detector sensitivity, by 5.5%.

A 200 nm platinum thermal conduction layer underneath the gold almsbing
layer was included to reduce the bolometer cooling time and maintain awer
absorber temperature during experiments [30]. This is bene cial as maintains
a lower bridge imbalance, thus reducing the working voltage rangehigh can in
turn be captured at a higher resolution. Reducing the variation in fibtemperature
during a discharge also ensures the validity of the calibration done ipr to the
experiment. The material responses of gold and platinum to envirorental changes,
such as temperature cycling, are similar and thus delamination is nokgected.
Temperature cycling tests were conducted to conrm this. Belowhe thermal
conduction layer, chromium-oxide was used as an adhesion promobetween the
membrane and platinum based on its stability[31, 32]. The layered cdnsction of
the foils is depicted in a simpli ed form in Figure 13.

Photon

Anti-reflection C layer (50nm)
Si structure (600pm)

\ Au absorber (3000nm)
Pt meander resistor (220nm) CrO/Pt seeding and heat
) | _— conduction layer (10/200 nm)
Pt reinforcement la  yer (500nm) —
SiN membrane (4500nm)

Figure 13. Layered composition of the bolometer foil.

3.2. Diode Systems

The RADCAM uses AXUV20ELG diode arrays from OptoDiode[33]. The raays
consist of 20 diodes, each with a sensitive area a7®mm  4:1mm and 0.20 mm
gaps between active regions. The same diode arrays were used | AXUV and
SXR systems to simplify the design and increase the modularity of theystem. No
bias voltage was applied to these diodes as the design of the AXUV2@E diode
arrays does not allow it.

3.2.1. SXR Photon Filter Selection

Beryllium foils were selected for the SXR system to absorb photonglow 1keV,
to prevent the most common atomic line emission from TCV plasmas rgang the
detectors. A foil thickness of 47 m was selected to balance between line radiation
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ltering and obtaining a su ciently strong SXR signal from the hotte r plasma core.
Figure 14 plots the foil transmission curve and is overlaid with the ption energies of
the highest bound-bound emission lines for the two most common immities observed
on TCV; C (475eV) from the walls and N (650eV) injected during highadiation
emission experiments.
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Figure 14. Transmission of a 47 m Be foil and energies of the highest bound-
bound emission lines for N and C. Sources [34, 35].

The Iters were mounted at on to the diodes in the vertical camera whereas a
curved mounting structure was used in the horizontal cameras.h€ distance between
detector and slit in the vertical cameras is 36.3 mm, corresponding &n e ective foil
thickness at the edge channels of 49n. The consequent variation in transmission
is negligible in the integration of SXR energy. The distance betweendhdetector
and slit was 17.5 mm for the horizontal cameras and therefore theeetive thickness
at the edge of the array increases to over 6Bn. This results in a non-negligible
variation in SXR ltering, so curved mounting pieces, presented in Figre 15, were
installed on the detectors. The radius of curvature was set to met the distance
between detector and slit, ensuring an e ective lIter thickness of 47 m for each
diode.

4. Data Analysis and System Performance

The RADCAM system has reliably operated on TCV for over 5000 diselnges at the
time of writing. The legacy bolometry system was still available duringhte rst of
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Foil Shape
Foil Clamp — S
Diode Array /
Flex PCB —>

Figure 15. Curved beryllium Iter mounting assembly. Foil shape outlined in
red.

these 800 discharges and allowed for a comparison between thdéesys The legacy
bolometers did not include a carbon coating on the foils and thus thisomparison
enables an investigation of its in uence upon bolometric measurenten

4.1. Bolometer System Calibration

To obtain absolute incident radiated power measurements, the sgtivities of the
foils to a given heating power and their cooling constants are requite These
are obtained by measuring the system response to known Ohmic tieg and the
Wheatstone bridge voltage decay rate once such heating has egasExcitation of
the bridge is maintained throughout this process to ensure compdrie conditions
with experimental measurements. For the Ohmic heating phase, alV di erence
is applied across each measurement resistor. The Ohmic heatingreut, 1o, and
voltage, Vo , are measured during this process at the locations indicated in Figut6.
A total Ohmic heating power, Poy = 2lon Von, Of  2.2mW is supplied to the
measurement resistors by the BOLO8BLF system for 1s, allowing éhsystem to
stabilise, as shown in Figure 17. The sensitivity is then calculated frothe ratio of
the voltage change across the bridge to the applied Ohmic heating.hdse values
are averaged over 200ms once the bridge has equilibrated, as indicated by the
red dashed lines in Figure 17 left. The cooling coe cient, , is computed using an
exponential t to the bridge voltage decay following the heating pulks. The tting
region is represented by the red dashed line in Figure 17 right and theed curve is
indicated by the superimposed green line. This process is controlleg the FPGA
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Figure 16. Electronic circuit during calibration depicting the positions of the
measurement Ry, ) and reference Ry ) resistors, Ohmic heating voltage Vou )
and current (I oy ).

system and conducted prior to each plasma pulse, resulting in a cahlion that
tracks operating conditions.
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Figure 17. Left - Representative calibration measurement with Ohmic heating
of the bridge. Time region averaged to calculate sensitivity indicatedby red
dashed lines. Right - Measured voltage across the bridge during califtion.
Exponential decay region used for tting indicated by red dashed line and tted
curve superimposed by green line.
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An average of 0.20s and sensitivity of 20.8 V/W were measured with a variance
of less than 10% across most channels. The sensitivity and cooling ¢ifior each foll
is presented in Figure 18 with 10% of the average indicated by dashed black lines.
The system sensitivity averaged across all channels varied by lelsart 2% for the bulk
of 1000 calibrations conducted prior to tokamak discharges andteis are presented
in Appendix 7.3.
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Figure 18. Sensitivities (left) and cooling times (right) of the bolometer foils.

4.2. Sensitivity Calibration of AXUV Diodes

The coinciding elds of view (FOV) of the dierent detector types can be
exploited to calibrate the varying sensitivity of the AXUV diodes to the absolute
measurements of the bolometer foils. This procedure assumestthizere are no
strong variations in plasma emission between adjacent FOV, allowingXAJV diode
sensitivity calibrations to be calculated using regions between the liflbbolometer
FOV. Consequently, this approach only o ers a rst-order calibréion and that is
su cient as we only seek to obtain insights into the fast uctuations in radiated
power. Future work will aim to provide a complete cross calibration tsed on
Bayesian inference techniques from bolometer inversions, and somreliminary
results are already available in[36].

Only diodes with a similar FOV to the bolometers can be calibrated with tis
method. The overlap between two detector views is estimated frothe goodness of
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overlap, G, as
ZEI(RZA (RZ)Pj o
(RZ)A+ ( Rz & @

Here, (R;Z)" and ( R;Z)B are the solid angles subtended by in nitesimal
volumes centered on a point in the poloidal planR; Z, normalised to each detector's
etendue. The superscripts A and B represent the AXUV diodes andolometers
respectively. The quantity, G, represents the dierence in geometric etendue
integrated over the R Z plane, normalised to the combined etendue of both
detectors. G was calculated by integrating equation 1 across a 240x240 R-Z grid,
which included the tokamak wall geometry. G values of unity represent optimal
mapping between the AXUV diode LOS and the bolometer LOS, and vadg of 0
indicate no overlap.

The calculated G values are presented in Figure19 for each AXUV diode.
Examples of the pairing between AXUV (red) and bolometry (blue) cinnels are
indicated by the black regions in Figure20. LOS with no match are evideed by
isolated red regions indicating AXUV diode FOVs with no bolometer FOV erlap,
where these chords were excluded from the cross-calibrationaif LOS of any diode
or bolometer malfunctioned during a discharge, that LOS was alsoauded.

With this mapping, a calibration factor, (t), for the voltage, Vaxuv (1),
measured by a given AXUV diode at a timet was determined from the average
radiance measured by the corresponding foil bolometd®,,(t)i. The calibration
factor is then de ned as (t) = Pyl =Vaxyuv i With the radiance measured by the
AXUV diodes becomingPaxyuv (t) = (t)Vaxuv (t). These were averaged over a
nominal time period of t = 30ms to account for the relatively slower bolometer
temporal response.

The most signi cant error in this calibration methodology is introduce by
the assumption mentioned previously; the relative sensitivity of adpent detectors
is not greatly a ected by any di erences in viewing geometry. An uppr bound
for the uncertainty in the cross-calibration factor can therefa be estimated by
considering the magnitude of any such di erence in calibration factpif the diode is
calibrated with a bolometer with suboptimal mapping, i.e a detector gawith small
G, instead of the line of sight with maximum overlap G). The di erence with this
suboptimal mapping was computed as an average across the dieerplasma phase
for all detector pairs and a 17.0% mean di erence was obtained. Tht®rresponds

G=1
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Figure 19. Goodness of overlap,G, as de ned in equation 1 for the AXUV

diodes with optimally mapped bolometers. High values mean good overfabetween

AXUV and adjacent bolometer FOVs and low values indicate bad overla.

Figure 20. Examples of maximum overlap (black) between views of AXUV diodes
(red) and foil bolometers (blue) for the top vertical, upper lateral, mid lateral,
divertor and bottom vertical cameras (left to right).
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to an estimated maximal cross-calibration uncertainty of 20% when adding the
contribution of the experimental spatial gradients in the plasma d&harge.

The spatial variation in emissivity adds to the uncertainty of this appoach
that can be explored through the analysis of a baseline discharge.herl selected
plasma discharge (#70703) was a 280 kA, L-mode plasma with a dived lower single
null plasma phase. This discharge was selected as representatif/¢ypical plasma
conditions for which this technique can be applied. The mean calibratiofactors
calculated over an averaging period of 30 ms are presented in Fig2ie where the
standard deviation indicates the uncertainty due to suboptimal maping of a diode
with adjacent bolometers. The large uncertainty in the calibrationdctor of LOS 127
is indicative of a large variation in plasma emission observed by adjatefetectors.
This variation results from one detector observing the divertor legnd x-point, which
are regions of high radiation emission, whilst the other is not. Furtmeore, the
di erence between the calibration factors is increased due to thd erent spectral
distribution of the divertor leg and x-point emission relative to the plama core. The
red-dashed lines in Figure 21 are overlaid to indicate the diodes thatw the x-point
where the calibration factor is peaked.

Figure 22 presents tomographic inversions of the bolometers, ssecalibrated
AXUV diodes and uncalibrated AXUV diodes. Inversions with the undibrated
diodes are not able to reproduce the expected emission at the xfmor the divertor
leg, as is obtained by the absolutely calibrated foil bolometers. Fumérmore, large
artefacts are apparent at the outer-wall and upper inner wall athe tomographic
algorithm struggles to interpret the uncalibrated measurements. Conversely,
considerably better agreement in emission location between the catited AXUV
diodes and the bolometers is now obtained. This expected result slsothe cross-
calibration of the diodes relative to the bolometer foils has been implemted
correctly.

This methodology was applied to a discharge (#70787) that featusefast
transient Edge Localised Modes (ELMs) that generate periodic bes of radiation.
Figure 23 left presents the radiated power inferred by the bolomats and cross-
calibrated AXUV diodes over 100 ms of the discharge during which ELMwere
present. The upper and lower bounds, depicted by the shadowedgron, were
calculated by computing inversions with the calibration factors modied by 20%
as justi ed previously. The di erence in temporal response betves the two systems
is immediately apparent by the reduced sensitivity of the bolometert® the ELMs.
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Figure 21. Calibration factors for discharge #70703 averaged over 30 ms foeach
AXUV diode LOS. Dashed black lines distinguish the ve cameras whilst the red-
dashed lines indicate diodes which view the x-point.

Figure 23 right presents the biggest ELM and the results indicate ehradiated power
during this ELM is at least double that of the inter-ELM period. This highlights
the value and potential of cross-calibration when applied to fast deation emission
events whilst retaining a measurement of the absolute power level.

4.3. Grid Transmission Calibration on TCV

Determination of grid attenuation factors is required to infer the hsolute radiated
power during discharges with grids in place. The attenuation facterwere estimated
based upon pairs of ohmic plasma discharges with and without grids. skmmary of
the nominal plasma parameters of these discharges and the timesed is provided
in Table 4.3. The variation in the plasma emission between these pairs rejpeat
discharges is estimated to be below 10%. This estimate is based upaasurements
of plasma density, temperature and emission using the Thomson 8eang, ltered

photo-diodes and survey spectrometer diagnostics. The grid faxs were calculated



Figure 22.

AXUV photo-diodes (right).
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Emissivity across the poloidal cross-section as calculated by the
bolometers (left), cross-calibrated AXUV photo-diodes (middle) and uncalibrated

Description No grid | With grid | Time (s) | I, (kA) | By (T)
High Magnetic Axis | 75284 75285 | 0.20-1.80] 250 1.43
Diverted Plasma 75263 75266 | 0.65-1.25] 320 1.43

Table 4.
calibration.

Description of the pairs of discharges used in performing the grid

over a sampling period of 100 ms across the time range presented abl€ 4.3. The
optimal measurement of the grid attenuation requires a large sighand relatively
stationary plasma conditions. For this reason, a threshold was pka on the signal
strength and the variance in data during the averaging period.

Two plasma shapes were selected to su ciently illuminate the maximumumber
of detectors. These were a high magnetic axis scenario, corragfing to a limited
plasma that is vertically translated linearly in time over the rangez =

0:14 0:33m,
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Figure 23. The radiated power of an ELM in kW as computed from tomographic
inversions of the bolometers and cross-calibratd AXUV diodes. Léf- time window
of 20 ms with multiple ELMs. Right - 6 ms time widow showing a single ELM.

and a diverted plasma con guration that illuminated the maximum numter of
detectors in the divertor camera. These discharges featured argity ramp, which
led to a highly radiating con guration, and consequently, increasedetector signal.
The resulting factors are shown in Figure 24, where the blacked di&sl lines indicate
the design geometrical transparency factor of 0.53.

For the bolometers, the bulk of the calibration factors are foundd lie close to
the nominal transparency. Increases in the grid calibration factcare apparent at
the edges of the upper lateral and bottom vertical camera, andhis is attributed to
geometrical misalignment of the rotating aperture wheel with reget to the detector.
Realignment of the rotating aperture wheel is foreseen during apcoming break in
operation.

A larger variation in calibration factors is observed for the un lterel AXUV
diodes with an average of 0.600.04. Values higher than the geometrical
transparency are presently attributed to re ections of visible ligh on the grid
surfaces. Higher energy photons are expected to have signi tdgrrlower re ectivity
and as the AXUV diodes are highly sensitive to visible light, this e ect istsong.
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Figure 24. Grid calibration factors for bolometers, AXUV and SXR diodes. The
geometrical transparency fraction of the grid (0.53) is superimpsed by the black
dashed line.

Based on the signi cant variation in calibration factors across sex& of the LOS, a
separate calibration factor was adopted for each channel whendg were employed.
It is challenging to accurately determine the e ects of geometry ahre ections during
tokamak operation. For this reason, further laboratory measements are planned
to probe the cause of the higher than expected attenuation fohé bolometers and
the diodes.

The calibration factors computed for the SXR diodes were consigsteacross
all channels and agreed well with the geometrical transparencyafition for all
operational detectors with su cient signal. This agreement relatie to the AXUV
and bolometer subsystems is attributed to the shorter wavelertgof the high energy
SXR radiation being less re ective and the small size of the apertudenmiting the
area of the grid illuminated. Edge e ects from a potentially misaligned rid on the
bottom vertical camera could not be assessed due to the low impingimadiance
on the edge detectors. Based on these results, a global grid caltion factor of
fsxr =0:52 0:01 was taken for all of the SXR cameras.
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4.4. Bolometer Foil Performance

An Ohmic discharge with the magnetic equilibrium shown in Figure 25A wassed
in a performance comparison with the legacy system. A gas fuellingnmp, which
increases the radiated power and changes the emission spectrumas performed
to provide a scenario to investigate the impact of the carbon coatin The ramp
was initiated at 1.10s until the plasma discharge disrupted at 1.58 s. nfoverview
of the discharge parameters is presented in Figure 25F-I. EquivaleLOS between
RADCAM bolometers and the legacy system were selected for comigan. The LOSs
selected are indicated in Figure 25A where solid lines represent thedeg system and
dashed lines the RADCAM. Multiple LOSs were averaged for each caragexcept
for the bottom vertical camera as the equivalent LOS in the legacystem was no
longer functional.

The mid lateral camera measured signi cantly higher radiance relatvto the
legacy system over the entire discharge with the largest di erenagbserved during
plasma current ramp up and divertor formation (up to 0.4 s). Duringplasma current
ramp up, the plasma is limited on TCV's inner carbon covered wall that librates
carbon impurities generating a strongly radiating cold plasma regionase to the
machine wall. The resulting emission is primarily carbon line emission in the
ultraviolet to visible spectral range and increased foil absorptiorf these wavelengths
with the carbon coating leads to the higher power measured.

The divertor LOSs observe the coldest part of the plasma, and tteewas an
almost constant scaling factor in radiance between the two systemThere is a small
relative increase in radiance during the early part of the density ram followed by
a decrease as a cold plasma region forms at the machine oor and e®wpwards
towards the core and, nally, above the LOS. A similar observation isnade by
the bottom vertical camera. The camera’'s LOS includes a plasma-vatrike point
close to the camera aperture that, again, generates strong ban line emission and,
consequently, a higher relative sensitivity. The di erence in sensitity diminishes
towards the end of the discharge as the strong plasma radiatiorofit detaches from
the machine wall and the LOS's signal is again dominated by the plasmadiation
from the hot core. This experiment was repeated with the strike pat at several
radial locations on the vessel oor to ensure the distance betwethe camera aperture
and strike point did not generate systemic errors.

The radiances measured on the top vertical cameras, shown in Fig25B, were
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near identical between the two systems during the bulk of the disalge. Such a small
relative di erence between the two systems is surprising, given tHarger di erences
on all other cameras. A manned inspection inside the tokamak reved that a carbon
tile was reducing the etendue of the entire camera in the toroidal pia. This tile has
since been modi ed and re-installed to correct this, but unfortunily, a quantitative
comparison with the legacy system is not possible for this camera.
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Figure 25. A - Magnetic equilibrium of a diverted Ohmic discharge overlaid with
matching LOS for the RADCAM and legacy systems. The resulting sigrals on the
top vertical (B), mid lateral (C), divertor (D) and bottom vertica | (E) detectors.
Global plasma discharge parameters presented in sub-Figures F-I

The increase in measured radiated power for the carbon coated|droeter
foil is apparent from all LOS except the top vertical camera due tohe reduced
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etendue. These results imply that radiated power in limited TCV dischg@es may
have previously been underestimated by up to 35% and divertor emign by 25%
for discharges similar to that presented. These values are signirtdy higher than

those presented in Sheikh 2014[29] but are still within the possible drences in
measured power based on gold and carbon re ectivity, previouslyrgsented in
Figure 12. Speci cally, the di erence in absorbed power for photanbelow 7eV

ranges between 20% and 450%, based on re ectivity. The signal to noise ratio
improvement of the RADCAM system is also evident in all presented sigls and

was achieved without any signi cant reduction in temporal resolutio by improved

electronics and electrical component shielding.

4.5. Grid Resolution Study for Bolometer Inversions

An appropriate grid resolution for tomographically inverted images igequired
to balance inverted image quality, accuracy of radiated power infemce and
computational time. A grid resolution study was conducted using a@.PS-ITER
phantom with a known radiated power to study these outputs at dierent grid
resolutions [20]. The SOLPS-ITER phantom was used merely to proed baseline
radiation emission pattern and not to study the physics involved in ta discharge or
the shape being simulated. The emission pattern was then used t@ate synthetic
signals for the bolometers and those signal were in turn processgdhe tomographic
inversion algorithm, as described in Appendix 7.2. The resulting invext images,
produced for four grid resolutions, are presented in Figure 26

At a grid resolution of 15x35 pixels, inversion artefacts are apparearound the
X-point and the structure is not well captured. Furthermore, sigi cant radiation
emission is incorrectly placed at the lower inner wall (bottom left). lareasing the
grid resolution resulted in sharper imaging of the x-point and a str@nsuppression
of the inversion artefacts. In particular, the emission between éinner strike point
and the x-point is well captured and the incorrect emission in the lowenner wall is
removed. Small “streaking' artefacts still remain at the highest gt resolution and
work on the inversion algorithms is continuing to address this.

The radiated power was underestimated relative to the phantom 8+10% across
the grid resolution range explored. No trend between grid resolutioand total
inferred radiated power was observed. This is attributed to the ostant parameters
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Figure 26. Tomographically inverted images of a SOLPS-ITER phantom (left)
at di erent grid resolutions (indicted by sub- gure titles).

used for all the tomographic inversions, instead of optimised paraters for each
grid resolution. This study demonstrates that the radiated poweis a robust value
(to within 10%) for all grid resolutions explored. The computationaltime of the
inversions increased exponentially with grid resolution. An inversionas completed
in 10s for a resolution of 25x75 pixels and just over 500s at 60x180 ghéxon
relatively modest computing hardware. Based on these studies, adgresolution of
40x120 pixels was selected for automated inversions after eactcligsge to promptly
provide accurate radiated power inferences and preliminary inved images. A grid
resolution of 60x180 pixels is currently foreseen for publications &shas produced
the sharpest images with an acceptable processing time of less tH&nminutes.

4.6. Example Inversions of all Systems

Sample tomographic inversions for each system were conductedd@monstrate the
tomographic capabilities of RADCAM. A lower single null Ohmic dischargeluring
the un-ba ed part of the campaign was chosen whose inversionsepresented in
Figure 27. This result demonstrates the full range of spatial infaration generated
by RADCAM for total and SXR radiation. Firstly, the SXR radiation is seen to be
centred on the high temperature core plasma, as expected. Theldmeters identify
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Figure 27. Example inversions of a L-mode Ohmic discharge for the bolometry
(left), cross-calibrated AXUV (middle) and SXR ltered diodes (righ t).

the majority of the radiation as being emitted in the divertor region,close to the
x-point. It is also possible to identify some strong emission at the cet divertor leg
strike point and emission up the leg towards the x-point. Finally, theross-calibrated
AXUV diodes provide a similar result but with slightly smoother featurs. These
inversions were not specially optimised and used a grid resolution ofx&80 pixels.
The inversion methodology applied is described in Section 7.2. Optimigat of the
tomographic inversion algorithm for this new system is outside the @ge of this
paper but is being explored elsewhere [36, 37].

5. Conclusions

A novel camera system incorporating bolometers, AXUV diodes ar8iXR lItered
AXUV diodes has been designed, manufactured, installed and comsised for use
on the TCV tokamak. Design details regarding the thermal and ele@magnetic
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management of the three subsystems have been presented in fhaper. Selectable
grids to prevent stray ECRH power from entering the cameras aracluded, together
with TiO2/AI203 coatings inside the camera body to further absorb ERH power

that traverses the grids. The details for grid selection, quali catio testing and

calibration have been presented. A modular design was chosen talgle \plug and

play" modi cations of the LOS by exchanging subsystems as requde Through

highly e cient use of valuable port space, RADCAM has liberated 16 vauum vessel
ports on TCV for other uses over the previous three separategistems.

The LOS of the bolometers and AXUV subsystems were optimised t@wer
the entire plasma vessel with some overlap designed between aepgcchannels.
The SXR subsystem FOV are denser in the plasma core, from which shdSXR
photon emission is expected. The cameras leverage shared LOStheee types of
detectors can be exploited in parallel. An example of this is the crosalibration
of the AXUV diodes that su er from sensitivity changes against theabsolutely
calibrated bolometers. This process allows AXUV diodes to provide ldaated
radiation emission measurements at high temporal resolution thrgh re-calibration.
The technical details for this approach have been presented alowith an example
of its application over a fast transient ELM.

The foil bolometers were optimised for TCV by reducing their absods thickness
to 3 m, reducing their thermal mass and increasing sensitivity. A 50nm daon
coating was added to the absorber surface to reduce re ectiofar radiation below
energies of 100 eV. Comparison of equivalent LOS between RADCANMicethe legacy
system showed an increase in measured radiated power of 25% in dhertor and
up to 35% during the limited plasma start-up phase thanks to this adtdon. These
values were higher than previously reported from TCV but remain lewithin the
expected range based on gold re ectance.

An FPGA driven acquisition system has enabled automated calibrati@prior to
each plasma discharge pulse, allowing calibration stability studies anie availability
of real time radiated power measurements. Such a study of thelbmeter system
showed that almost all detectors displayed a sensitivity and coolingnte within
10% of the mean value. Foil calibration for 1000 discharges revealbdt the mean
system sensitivity varied by less than 2%, albeit with a few examples op to 5%.
The mean system sensitivity was found to be up to 3.5% lower at theast of daily
operations before stabilising within 3 discharges. This variation wadtabuted to
the foil temperature increases through calibrations, and the heaux from plasma
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emission, prior to reaching a more stable state for the following exjraents.
Studies of image inversion resolution and inferred radiated powermgeconducted
using a SOLPS-ITER phantom. The radiated power was found to beobust with
less than 10% variation across a range of reconstruction grids.routine analysis, a
grid resolution of 25x75 pixels was selected for radiated power afevery discharge.
The computation time for this resolution was less than 10s on relatilye modest
computing hardware. Increasing the grid size resulted in signi calyt sharper
resolution of the seperatrix, emission around the x-point and remal of inversion
artefacts. A grid resolution of 60x180 pixels is foreseen for scientpublications
and can currently be computed in under 10 minutes on the same havare. This
approach has been reliably used on over 5000 discharges at the twhevriting.
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7. Appendix

7.1. Viewing Angles and Etendue

The viewing angles for all systems were designed for maximum poloidalverage
whilst ensuring overlap between the LOS of adjacent detectors.h& bolometers and
AXUV arrays cover the entire plasma area and whereas the SXR sy focussed on
the hotter plasma core. Examples of adjacent viewing cones areosim in Figure 28
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for all three systems. Solid lines indicate the region from where ens reaches
the full detector and dashed lines the region where emission impingedy partially
upon the detectors. The higher density of detector coverage ihd divertor camera
for the AXUV and bolometer systems provides higher resolution arehsures poloidal
coverage without gaps. The poloidal aperture widths of the bolores, AXUV and
SXR slits were 4.0 mm, 1.0mm and 1.5 mm respectively. Projections oktpoloidal
viewing cones of the top vertical, mid lateral and divertor camerasnahe vessel oor
and high eld side (HFS) wall are presented in Figure 28, right.

The entrance slit widths of the toroidal plane were based upon thegacy system
to guarantee su cient detector irradiance with 20.0mm, 2.0mm and Q.0 mm for
the bolometer, AXUV and SXR systems respectively. Even with the tgest toroidal
aperture size of 20.0 mm, the legacy bolometer system provided rel@tomographic
inversions. The lateral SXR detectors are placed close to the apges to increase
their poloidal coverage and this results in a toroidal viewing projern that is larger
than the bolometers at the HFS wall. This was deemed to still be suitéb for
tomographic inversions as SXR emission is only expected from theeof the plasma,
where the toroidal viewing plane seen by the entire detector is 4.4 @ither side of the
centerline at a radius of 0.9 m. Horizontal and vertical projectionsf the detectors in
the toroidal plane are presented in Figure 29. Again, solid lines in theyure indicate
the region with a full detector view and dashed lines indicate the regiavith a partial
detector view.

7.2. Tomographic Inversion Methodology

The standard inversion code used at TCV relies on a minimum Fisher ndgrisation,
where the spatial gradients are isotropic in the R and Z directions [RINo knowledge
of the magnetic equilibrium is provided to the inversion algorithm. Regits of
negative emissivity are prohibited and the emissivity is related to theecconstructed
chord signals by a transfer matrix that replies on a LOS approximatio[38].
Further details on the additional tomography algorithms explored @TCV such as
Tirkhanov Regularisation [21], neural networks [37], and Gaussian &resses [36] will
be presented in subsequent papers.
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Figure 28.

mid-lateral and divertor cameras of all three systems.

Poloidal viewing cones for three adjacent detectors in the upper,

Left - Thesolid lines

superimposed on the magnetic equilibria indicate the region from whichemission
reaches the full detector and the dashed lines indicate the region lere emission
impinges partially on the detectors. Right - Projections of adjacert channels on
the oor and HFS wall.
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Figure 29. Toroidal view of the central detector of each mid-lateral camera(top)
and projection of viewing angle of the vertical camera onto the vesel mid-plane
and oor.

7.3. Bolometer Foil Calibration Stability

An automated calibration is performed before each TCV dischargellowing stability
analyses over time and information to debug potentially erroneous easurements
obtained during experiments. The calibration outputs of cooling timand sensitivity
for three representative foils over 1000 discharges are presehin Figure 30. These
channels were selected as each is obtained by a di erent acquisitionaod. The
cooling times were found to be extremely stable with less than 1.5% iation over the
entire range. The sensitivity exhibited variations of less than 2%, vem neglecting a
few uctuations of up to 5%. The timing and source of these uctution was explored
but no trend has been determined to date.

The variation in mean system sensitivity and cooling time over an opetranal
week is presented in Figure31. A mean decrease of up to 3.5% in sensitwas
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Figure 30. Sensitivity (left) and cooling time (right) for three representative
channels in the top vertical, mid-lateral and divertor cameras calibrated prior to
discharges 71000 to 72000.

observed at the start of each day that was generally resolved with3 successive
discharges. This \warm-up" in sensitivity is attributed to the temperature increase
experienced by the foils as they undergo calibration and are irraded during

discharges. Once stabilised, the variation in sensitivity reduces toske than 1%
for the remainder of the day. Likewise, the cooling time is up to 2.5% Higr at the

start of each day and once stable, it varies by than 1%.
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Figure 31. Mean sensitivity (left) and cooling time (right) of all foils over the
course of an operational week.
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