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ABSTRACT

The eXTP (enhanced X-ray Timing and Polarimetry) mission is a major project of the Chinese Academy of Sciences
(CAS), with a large involvement of Europe. The scientific payload of eXTP includes four instruments: the SFA
(Spectroscopy Focusing Array) and the PFA (Polarimetry Focusing Array) - led by China - the LAD (Large Area Detector)
and the WFM (Wide Field Monitor) - led by Europe (Italy and Spain). They offer a unique simultaneous wide-band X-ray
timing and polarimetry sensitivity. The WFM is a wide field X-ray monitor instrument in the 2-50 keV energy range,
consisting of an array of six coded mask cameras with a field of view of 180°x90° at an angular resolution of 5 arcmin and
4 silicon drift detectors in each camera. Its unprecedented combination of large field of view and imaging down to 2 keV
will allow eXTP to make important discoveries of the variable and transient X-ray sky and is essential in detecting
transient black holes, that are part of the primary science goals of ¢eXTP, so that they can be promptly followed up
with other instruments on eXTP and elsewhere.

Keywords: X-ray timing, X-ray spectroscopy, compact objects: black holes, neutron stars and white dwarfs, gamma-ray
bursts, X-ray bursts, gravitational wave events, silicon drift detectors, coded mask imaging.

1. INTRODUCTION

The eXTP (enhanced X-ray Timing and Polarimetry) mission! has as primary goal the study of matter under extreme
conditions of density, gravity and magnetism. But it is also aimed to be a powerful X-ray observatory, acting as a discovery
machine of the transient and variable X-ray sky. Its scientific payload includes four instruments: SFA (Spectroscopy
Focusing Array), PFA (Polarimetry Focusing Array), LAD (Large Area Detector) and WFM (Wide Field Monitor); see
Figure 1 for an artist's impression of the eXTP satellite with all its instruments onboard (see W. Chen et al.?). The set of
eXTP instruments offers an unprecedented simultaneous wide-band X-ray timing and polarimetry sensitivity. A large
European consortium is contributing to the eXTP study, both for the science and the instrumentation. The European
consortium is expected to provide two of the four instruments: LAD and WFM; the LAD is led by Italy and the WFM by
Spain.

. WFM Camera Péirs

Figure 1. Artist's impression of the eXTP satellite, with its four instruments SFA, PFA, LAD and WFM. Only four of the six WFM
cameras are shown; the remaining two are on the opposite side of the spacecraft to the two on the left.

The SFA and PFA instruments are led by China. They include a total of 13 focusing telescopes (9 in the SFA and 4 in the
PFA), with 5.25m focal length, effective areas about 0.6 m? at (1-2) keV and 300 cm? at 3 keV, respectively, and both with
timing resolutions of 10 us and absolute time accuracies of 2 us (SFA) and 4 us (PFA). Each one of the 9 SFA focal planes
includes an array of SDDs (Silicon Drift Detectors) organized in 19 hexagon cells. These detectors work in the (0.5-10)
keV energy range, with an energy resolution better than 180 eV at 6 keV. Each one of the 4 PFA focal planes include a
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Gas Pixel Detector, designed in Italy, working in the (2-8) keV energy range, with an energy resolution better than 25% at
6 keV and polarimetric capability.

The LAD instrument includes 40 modules with 4x4 large area Silicon Drift Detectors (SDDs) and 4x4 capillary plate
collimators each; therefore, the LAD includes a total of 640 large area SDD detectors. Its effective area at 6 keV is more
than 3 m? at (8-10) keV, with energy resolution better than 200 eV at 6 keV, time resolution of 10 ps and absolute time
accuracy of 2 us.

See papers from the eXTP session in this conference for more details and updates about the SFA, PFA and LAD
instruments.

The development of the WFM is led by Spain. It is based on the design originally proposed for the LOFT ESA M3 mission,
that underwent a Phase A feasibility study (the LAD instrument was also part of the LOFT proposal). It is a wide field of
view X-ray monitor instrument working in the 2-50 keV energy range. Its focal plane will include large area Silicon Drift
Detectors (SDDs), based on the same technology as those used for the LAD but with better spatial resolution, because the
WFM will do imaging. The WFM will consist of 3 pairs of coded mask cameras with a total combined field of view (FoV)
0f 90°x180° to zero response and a source localization accuracy of ~1 arc min. The main goal of the WFM onboard eXTP
is to provide triggers for the target of opportunity observations of the narrow field of view instruments (SFA, PFA and
LAD), in order to perform the ¢eXTP core science observation program, dedicated to the study of matter under extreme
conditions of density, gravity and magnetism®*>. In addition, the unprecedented combination of large field of view and
imaging capability, down to 2 keV, of the WFM will allow eXTP to make important discoveries of the variable and
transient X-ray sky, and provide X-ray coverage of a broad swath of astrophysical objects covered under "observatory
science"®, such as gamma-ray bursts, fast radio bursts and gravitational wave electromagnetic counterparts.

The eXTP mission is expected to be launched by the end of 2027, to an altitude of about 550 km, an orbital inclination
below 2.5°, where it will be required to be operational for a duration of 5 years (goal 8 years).

In this paper we provide an overview of the WFM’ instrument, explaining its design, configuration, and anticipated
performance. Details about the current developments for Phase B, as well as the latest news about the WFM will be
outlined.

2. SCIENCE OBJECTIVES
2.1 eXTP scientific goals

The eXTP main science drivers correspond to its core science, that deals with three main topics in the astrophysics and
fundamental physics domains:

e Dense matter’: the goal is to constrain the equation of state (EOS) of ultra-dense matter, like that in the interior
of neutron stars. The densities in neutron stars are so large that they are not attainable in terrestrial labs.

e Accretion in strong field gravity*: the goal is to test General Relativity in the vicinity of black holes and neutron
stars.

e  Strong magnetism’: the goal is to study the behavior of matter and light in ultra-strong magnetic fields, like in the
vicinity of magnetars (highly magnetized neutron stars).

In order to fulfill these goals, eXTP includes three narrow field-of-view instruments (NFIs, specifically the SFA, PFA and
LAD), with exceptional spectral-timing and polarization capabilities, and a wide field-of-view instrument (WFM)
continuously monitoring the sky for transient sources. In fact, the primary goal of the WFM is to provide alerts about the
outbursts of the relevant sources (known or unknown) that should be observed by the NFIs to fulfill the core science
objectives: new rare X-ray transients, recurrent X-ray transients, state changes in persistent and transient X-ray sources
(black hole and neutron stars mainly). It will have a fast response, providing triggers of active sources in less than about
30s for approximately 65% of the events.

2.2 Observatory science with the WFM

The WFM also has the capability of doing its "own science" - the so-called "Observatory Science" - thanks to its
unprecedented combination of wide instantaneous field of view for photon energies down to 2 keV, with excellent imaging
and spectral performances. Therefore, in addition and in parallel to providing the crucial triggers to the SFA, LAD and
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PFA, the WFM will be monitoring the long-term behavior of hundreds of sources every day, thus allowing us to address
not only the eXTP core science topics, but also several other aspects related to the spectroscopic and temporal evolution
of both known and new X-ray sources (transients and permanent). It will also detect short (0.1s -100s) bursts and record
their data with full resolution.

And last but not least, the WFM will include the XBOT (eXTP Burst Onboard Trigger) capability, a dedicated burst alert
system that will enable the distribution to the community of about 100 bursts positions per year, with ~1 arcmin location
accuracy within 30 s of the burst trigger, through the Beidou (Chinese navigation and messaging) system. XBOT is based
on the heritage of the ECLAIRs instrument onboard the Chinese-French mission SVOM (jointly managed by CAS and
CNES) to be launched in the near future. The burst sources will include: GRBs (gamma-ray bursts), FRBs (the recently
discovered fast radio bursts), electromagnetic counterparts of GW (gravitational wave) events, and other yet unknown fast
events that may be discovered in the future years before eXTP launch. A complete description of the Observatory Science

of eXTP, possible thanks to the WFM, can be found in a review paper®.

2.3 Scientific requirements of the WFM

The main scientific requirements of the WFM are listed in Table 1.

Table 1: Overview of the main WFM scientific requirements

Item

Requirement / Goal

Point source localization (confidence level 90%)

<1 arcmin/ < 0.5 arcmin

Angular resolution

<5 arcmin

Peak sensitivity in the direction of all pointed-
instruments (5¢ source detection)

1 Crab / 0.8 Crab for an exposure of 1 s,
5 mCrab / 4 mCrab for an exposure of 50 ks

Absolute flux calibration accuracy

20% / 15%

Relative flux calibration precision

5% 1/2.5%

Sensitivity variations knowledge 10% / 5%
Time scales for rate triggers 10ms-100s/1ms-100s
Rate meter data sampling time 16 ms/ 8 ms

Field of view centered at pointing NFIs

>mnsr=3.1sr/1.75 wsr=5.5 sr at zero response &
1.33 7w sr=4.2 sr at 20% of peak camera response

Energy range (2-50)keV /(1.5-50) keV
Energy resolution <500 eV /<300 eV

Energy scale calibration accuracy <4% /2%

Number of energy bands for compressed images >8/>16

Time resolution

300 s/ 150 s for images
10 pus /5 ps for event data

Absolute time calibration accuracy 2us/1ps
Event/image data downlink maximum delay 3 hours / 1.5 hours
Onboard storage of triggered date 3 hours

Broadcast of trigger time and position to end user

<30s/<20 s after on board detection of the event
for 75% of the events

Number of triggers for WFM

> 5 per day / > 1 per orbit

Modularity

No loss of full FoV due to single point failure
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3. WFM GENERAL DESCRIPTION AND ACCOMMODATION ON THE EXTP SPACECRAFT

The WFM for eXTP is a coded mask instrument®. This is a concept already in wide use in past and current instruments for
X-ray and gamma-ray astronomy, such as the past instruments GRANAT/SIGMA and BeppoSAX/WFC, and the current
ones AGILE/SuperAGILE, INTEGRAL/SPI, IBIS, JEM-X, Neil Gehrels Swift/BAT.

The WFM has a much more compact design than the focusing optics instruments (e.g., SFA and PFA on eXTP), with a
very wide FoV, essential for a monitoring instrument. When combined with a convenient detector, it offers the required
angular resolution and sensitivity to detect the individual sources for the core science of eXTP. In addition, it can do stand-
alone science in a very effective way, thanks to the continuous and simultaneous observation of a large portion of the sky.

The design of the eXTP WFM is based on the concept originally proposed for LOFT (Large Observatory For x-ray
Timing), a mission that underwent a phase A study by ESA in the M3 call for "Medium" missions in 2011-2013 (IPRR
review in 2013)°. The eXTP design consists of six identical (regarding their mechanical, electrical and thermal design)
coded mask cameras, arranged in three camera pairs, with each camera covering a FoV of 90° x 90° (full width at zero
response), and 30° x 30° (fully illuminated detector plane), respectively.

The central camera pair (cameras 0A and 0B in Figure 2) points to the viewing direction of the NFIs SFA, LAD and PFA,
whereas the other two camera pairs (cameras 1A-1B and 2A-2B in Figure 2) are tilted +/- 60° relative to that direction.
With this specific accommodation of the three WFM camera pairs on the eXTP satellite, the FoV requirement in solid
angle of Table 1 is fulfilled (see Figure 3). The WFM thus succeeds to have an exceptional and unprecedent large FoV,
combined with excellent imaging capability in the energy range (2-50) keV, thanks to the coded mask design and the
excellent spatial resolution of the SDD detectors.

"-

( [=]

0B 0A 18 1A \J

Figure 2: Left panel: the six identical cameras of the WFM, arranged in three camera pairs on the eXTP satellite (see text for
details). Right panel: top view of the arrangement of the six WFM cameras.
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Figure 3: WFM field of view, compared with the most relevant existing facilities (background courtesy of T. Mihara, RIKEN,
JAXA and the MAXI team).
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4. WFM DESIGN

The WFM includes six identical cameras, grouped in three camera pairs - designated as 0A-0B, 1A-1B and 2A-2B - as
shown in Figure 2. In addition, it has an instrument control unit (ICU), that will be in a separate location on the eXTP
satellite.

Each WFM camera includes one detector tray with four detector assemblies (DAs), four Beryllium (or alternative material,
like Polypropylene) filters acting as micrometeorite and orbital debris filters for the SDDs, one coded mask assembly with
the mask covered by a thermal foil, one collimator, and one back-end electronics assembly (BEE). Each detector assembly
(DA) includes a silicon drift detector (SDD), with the corresponding front-end readout electronics (FEE) and mechanical
support. The FEE includes, among other components, the ASICs (Application Specific Integrated Circuits), with 24 (12
per SDD side) analogue front-ends. Two additional ASICs, for the Analogue to Digital Conversion (ADC) of the electronic
signal, per each DA, are located in the BEE box. The BEE box includes as well the power supply unit (PSU). The ICU
includes the power distribution unit (PDU), the data handling unit (DHU) and the buffer memory. The mass memory will
be located in the payload data processing unit, which is the computer of the spacecraft dedicated to the payload.

4.1 WFM Functional design

The WFM functional block diagram in Figure 4 illustrates the main functions of the different components of a WFM
camera. The main functions of the WFM FEE, BEE and ICU are as follows:

e WFM FEE:

forward filtered bias voltages to the SDD sensors
provide power and configuration data to the ASICs
interface the BEE

provide mechanical support to the SDD

O O O O

e WFM BEE:

read-out and analogical/digital (A/D) convert the SDD signals

time tagging of the X-ray events

trigger filtering

pedestal subtraction

common mode noise subtraction

determination of charge cloud center and width (position in the fine and coarse direction)

determination of the total charge collected - correcting for channel gains - to get the energy and perform the
event packet generation

O O O O O O O

e WFMICU:

interfacing the BEEs to the spacecraft computer

telecommand (TC) and telemetry (TM) handling

instrument monitoring and configuration

onboard time management

image integration

burst triggering, through the eXTP Burst Onboard Trigger system (XBOT)

power distribution through the PDU

interface with the payload data processing unit of the spacecraft for the mass memory

O O O O O O O O
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Figure 4: Functional block diagram of the WFM (for details, see text)

4.2 WFM instrument concept and optical design

The design of the WFM cameras is based on the coded aperture imaging concept (see Braga®). This technique encodes the
sky with a coded mask, which has a pattern of both transparent and opaque zones. Every source within the field of view
projects a shadow of the aperture (coded mask with a pattern) on to the position sensitive detection plane; this means that
the sky sources illuminate the detector through the coded mask. The deconvolution of the mask shadow in the detector
plane permits to recover the position and flux of light sources in the sky, and thus perform imaging.

The particular case of the WFM concept is explained schematically in Figure 5. Each camera includes four large area SDDs
(Silicon drift detectors), similar to those of the eXTP LAD instrument but with better spatial resolution, which is due to a
smaller anode pitch (169 um versus 970 um). When a photon is absorbed in the SDD, an electron cloud is generated, that
drifts towards the anodes. The size of the cloud increases and its size (measured thanks to the small anode pitch that permits
to record it on more than one anode) gives rough information of the vertical location of the photon impact, whereas the
horizontal location is more accurately provided by the anode position (see Campana et al.'%). Therefore, SDD detectors
provide an asymmetric imaging capability: the photon impinging on the detector will have fine position resolution in the
anodes-direction (better than ~60 pum) and coarse resolution in the drift (perpendicular) direction (better than ~8 mm), as
shown in right panel of Figure 5 (see more details in paper by F. Zwart et al. in these proceedings'!).

The coded mask pattern has been chosen to well combine with the asymmetric SDD. It consists of 1040x16 open and
closed elements, with a mask pitch of 250 um x 16.4 mm. The open elements (slits) have a minimum dimension of 250
um x 14 mm, with a spacing of 2.4 mm between the columns (i.e., in the coarse resolution direction). The nominal open
mask fraction of the mask is 25% - a value that optimizes sensitivity for weak sources and minimizes telemetry
requirements; the effective open mass fraction is in fact 0.85 (14/16.4) times smaller, about 21%.

The angular resolution is obtained from the mask pitch and the mask-detector plane distance (203 mm, see Figure 6).
Therefore, with this combination of detector and mask resolutions, "1.5D" images of on-axis sources with an angular
resolution better than 5 arcmin (4.2 arcmin on axis, down to 2.1 arcmin at the FoV edge) in the fine resolution direction
times 5° in the coarse resolution direction can be reached, and each WFM camera pair has therefore an angular resolution
better than 5 arcmin in both directions.
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Figure 5. WFM camera concept. Right: scheme of the SDD photon working principle, with indication of the fine and coarse
resolution directions (anodes and drift directions, respectively) The anode pitch of the SDDs for the WFM is 169 ym. Middle:
coded mask, with the long slit (coarse resolution) and short slit (fine resolution) directions oriented as in the detector. Left: WFM
camera with the detector plane - including four detector assemblies in purple - and the coded mask mounted accordingly to the
fine and coarse resolution directions. The collimator structure - without its shielding - and the back-end electronic box below are

also shown.

260 28,2° 29,5°

202,9
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260

158 153,2

fine resolution direction coarse resolution direction

Figure 6: WFM camera optical design. Left: coded mask with dimensions. Right: scheme of the camera with dimensions (both
sides)

The way to obtain "2D" imaging with 5 arcmin resolution is to combine two co-aligned cameras orthogonally oriented (see
Figure 7). More details about the optical design of the WFM cameras are shown in Figure 6. Each camera has a field of view
of 90° x 90° (full with at zero response, FWZR) and a fully illuminated FoV of about 30° x 30°.

The design of the WFM is fully modular, with its six cameras arranged in three camera pairs (see Figure 2). It is important
to stress that the cameras could in fact be placed anywhere on the spacecraft (even the two cameras of each one of the
camera pairs need not be together). The only condition is that the two cameras in each camera pair are co-aligned and
rotated 90° with respect to each other, around their viewing direction (their on-axis direction). The signals of the two
cameras in a pair should be combined to give the required 2D images.
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The configuration of the WFM is such that the camera pair 0 (cameras 0A-0B in Figure 2) is pointing on the optical axis of
the spacecraft, in the same direction as the LAD, SFA and PFA NFIs of eXTP. The other two camera pairs (1A-1B and
2A-2B in Figure 2) are tilted away +/- 60° with respect to the on-axis direction. Therefore, the three camera pairs cover a
180° arc, i.e., a field of view of 180°x90° (full with at zero response, FWZR). This is a large fraction of the sky accessible
to the LAD, SFA and PFA. Therefore, the WFM is perfectly suited to provide triggers of the relevant transients (mainly
black hole and neutron star binaries entering in outburst phases) for the three NFIs of eXTP.

In addition, the unprecedented simultancous FoV of the WFM together with its imaging capability and point source
localization (1 arcmin) will allow it to do an exciting observatory science (see in ’t Zand et al®).

Figure 7: WFM 2D imaging principle. Left: WFM camera pair, where two identical cameras are arranged orthogonally
(regarding their coded mask orientations). Right: the combination of the two 1.5D images obtained with each one of the two
cameras of a WFM camera pair (right and left figures) gives the 2D image in the central panel. This simulated image
corresponds to an isolated source.

4.3 WFM main properties and performance
The main characteristics of the WFM, fulfilling the scientific requirements from Table 1, are summarized in Table 2.

Table 2. Main WFM characteristics

Item Value
WEFM cameras 6 (arranged in 3 camera pairs)
WEFM ICU 2 units (cold redundant)

Mask properties - Optical design

Mask pattern pitch (pixel size) 250 um x 16.4 mm

Size of mask open (slits) and closed elements 250 um x 14 mm

Mask size 260 mm x 260 mm? x 150 um (thickness)
Mask-detector distance 202.9 mm

Open mask fraction (effective value) 21% (mask pattern 25%)

Detector properties - Optical design

Detector type - number of SDD tiles SDD (24 detectors, 4 per camera)

Detector spatial resolution (FWHM) < 60 um (fine direction); < 8mm (coarse direction)
Detector operating temperature -40°C<T<-21°C

Detector size (single) 77.4 mm x 72.5 mm x 450 um
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Item Value

Detector active area (single) 64.9 mm x 70.0 mm = 4543 mm? = 45.43 cm?
Camera Camera pair

WEFM detectors effective area 182 cm? 364 cm?

WEFM peak effective area (on axis, through mask) > 38 cm? > 76 cm?

Detector performance

Energy range 2 -50keV
Energy resolution (FWHM) <300 eV at 6 keV
Optical performance
Camera Camera pair WFM
Angular resolution <5 arcmin x 5° <3 arcmi.n x < 5 arcmin
<5 arcmin
Field of view: full width at zero response (FWZR) 90° x 90° 90° x 90° 180° x 90°
Field of view: fully illuminated detectors 30°x 30° 30°x 30° 90° x 30°

Budgets: mass, power, telemetry

15.6 kg per camera

Mass (with margins) 118.3 kg (total, including ICU)

Power (with margins) 109.5 W (total, including ICU)

Average data rate 315 kbits/s

4.4 WFM mechanical and electrical design

In this section we show a few figures about the mechanical and electrical design of the WFM. We refer the reader to the
following detailed complementary SPIE 2022 papers for the details about all the WFM subsystems:

J-L. Gélvez et al.'*, "The mechanical design and implementation of the WFM cameras for eXTP"
F. Zwart et al.'!, "The detector/readout-electronics assembly of the eXTP Wide Field Monitor"

H. Xiong et al.'?, "The digital data processing concepts of the Large Area Detector and the Wide Field Monitor
onboard eXTP"

E. Kalemci et al.'3, "The Instrument Control Unit processing hardware and the software of the Wide Field Monitor
on eXTP".

In Figure 8, the WFM camera layout and its exploded view are displayed.
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4= Collimator Assembly

Micrometeorite / =) -
a

orbital debris filter
Figure 8: WFM camera mechanical design. Left panel: WFM camera layout, where the coded mask assembly, the collimator
and its shielding (transparent), the detector plane with its four detector assemblies and the BEE box are shown. Right panel:
Schematic exploded view of a WFM camera.

4=mm Detector Tray Assembly

4mm Back-End Electronics

The WFM detector plane geometry and the assembly including the Beryllium (or Polypropylene) filters protecting the
detectors from micrometeorites and orbital debris are shown in Figure 9.
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Figure 9. Left panel: top view of the WFM detector plane, including its four detector assemblies and the detector support plate.
Right panel: detector plane covered with the four filters (made of Be or Polypropylene) to protect the four SDD tiles from
micrometerite (and orbital debris) impacts.

In Figure 10, one of the four DAs per WFM camera is shown (for more details, see F. Zwart et al. paper about the WFM
detector and its readout electronics assembly!'!)
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Figure 10. WFM detector assembly (DA). Left panel: layout of the detector assembly, with, from top to bottom, the FEE PCB
(Printed Circuit board) including the ASICs and all the FEE components), the cooling plate (gray) and the Invar Bracket (red).
The HV (high voltage) and MV (medium voltage) cables are also shown, as well as the flex-print to the BEE. Right panel:
scheme of the four layers of the DA, with indication of the glue spots to assembly the corresponding layers one with each other.

Figure 11: Left panel: WFM detector support plate with one of the four detector assemblies attached.The optical cubes for the
alignment with the coded mask are also shown. Right: WFM detector tray support structure, with the detector support plate and
the three mounting legs to interface with the camera pair support structure provided by the spacecraft.

Coded mask
optical cubes

Detector tray
optical cubes

Figure 12: WFM camera with the optical cubes required for the alignment of the detector plane (four detector
assemblies) and the coded mask.
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In Figure 13, a detailed scheme of the internal and external electrical and data interfaces of the WFM (cameras and ICU)
and the spacecraft is shown. For a more detailed description of the WFM FEE (including SDDs and ASICs), BEE and
ICU, see the corresponding papers in these proceedings: F. Zwart et al'!., H. Xiong et al.'?, E. Kalemci et al.'®.
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Figure 13: WFM celectrical architecture showing all the corresponding interfaces (internal and external)

5. SUMMARY

The WFM of eXTP is a fully modular instrument, offering a simultaneous coverage of a large portion of the sky, thanks
to its wide FoV. This makes it essential to trigger the observations of the core science programme sources (mainly black
hole and neutron star binaries in outburst) with the narrow-field eXTP instruments. Its unprecedented combination of wide
FoV, imaging capability and spectral resolution will provide additional excellent stand-alone science, related to many
diverse persistent and transient X-ray sources. It will also discover and study several new short transients, including

gamma-ray bursts, fats radio bursts and electromagnetic counterparts of GW events, with fast alert to ground of their
position for further observations with other facilities.
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