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Abstract
The Microchannel X-ray Telescope (MXT) will be the first focusing X-ray telescope
based on a narrow field “Lobster-Eye” optical design to be flown on a satellite,
namely the Sino-French mission SVOM. SVOM will be dedicated to the study of
Gamma-Ray Bursts and more generally time-domain astrophysics. The MXT tele-
scope is a compact (focal length ∼ 1.15 m) and light (< 42 kg) instrument, sensitive
in the 0.2–10 keV energy range. It is composed of an optical system, based on
micro-pore optics (MPOs) of 40 μm pore size, coupled to a low-noise pnCDD X-ray
detector. In this paper we describe the expected scientific performance of the MXT
telescope, based on the End-to-End calibration campaign performed in fall 2021,
before the integration of the SVOM payload on the satellite.
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1 Introduction

The Space-based Variable astronomical Object Monitor (SVOM; [5]) is a Sino-
French mission developed, in cooperation by the Chinese National Space Agency
(CNSA) and the French Space Agency (CNES). The SVOM mission is dedicated
to the study of Time Domain Astrophysics (TDA) and in particular to Gamma-Ray
Bursts (GRBs). GRBs are short flashes of gamma rays lasting from less than a sec-
ond to a few hundreds of seconds, appearing from unpredictable directions over the
entire sky. They have been discovered in the late ’60s of the last century [14], and
have remained a mystery up to the discovery in the ’90s of the so-called afterglows,
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i.e. the electromagnetic emission following the GRBs at other wavelength (X-ray,
optical, IR, radio), lasting a few hours up to several months after the event. In par-
ticular, the observation of the afterglows in X-rays, performed for the first time by
the Italian satellite BeppoSAX, allowed the astronomers to finely localize the GRB
counterparts (at ∼ arcmin level), identify their optical counterparts and host galax-
ies, measure their distances, and finally confirm their cosmological origin [8, 12, 18,
26]. It turned out that the beaming corrected energies implied by these explosions
are huge, of the order of 1050-1052 erg [e.g. [15]], making them extremely powerful
sources that can be detected up to the early Universe [z∼9.4 for GRB 090429B; [9]].

Since the launch of the Neil Gehrels Observatory (aka Swift, [13]) in 2004, GRBs
are routinely discovered and followed-up from ground-based telescopes. The origin
of long bursts (i.e. those lasting more than 2 s) has been firmly identified as the col-
lapse of massive stars, especially thanks to the spectroscopic identification of some
GRBs with peculiar Supernovae of type Ib/c [e.g. [23]]. The fact that they can be
detected up to very high redshifts, makes them the perfect candidate sources to be
used as tracers of the early Universe star formation [e.g. [7]], and of the cosmological
chemical enrichment [e.g. [22]]. Finally they can also potentially pinpoint the first
generation (pop III) of stars [25].

On the other hand, the origin of short GRBs (lasting less than 2 s) is less clear.
However, the recent simultaneous and co-located detection of gravitational waves
(GWs) from a binary neutron star (BNS) merger and a short GRB strongly supports
the hypothesis of compact binary mergers as the progenitors of short GRBs [1] and
gave birth to modern multi-messenger astrophysics [2].

In this paper we will present the scientific performance of the Microchannel X-
ray Telescope (MXT), and show how it is adapted to contribute to the investigation
of the nature of GRBs especially in the context of multi-messenger astrophysics. We
will first introduce briefly the SVOM mission as a whole (Section 2), then present
the MXT design (Section 3), and finally the scientific performance (Section 4), as
derived in October/November 2021 during the End-to-End testing and calibration
campaign performed at the MPE PANTER X-ray testing facility.

2 The SVOMmission

The SVOM mission, to be launched in 2023, will be composed of a space segment,
as well as a few ground based dedicated follow-up facilities. The space segment is
composed of four co-aligned instruments. Two instruments (ECLAIRs and GRM) are
sensitive in the hard-X/soft gamma-ray energy range and have wide fields of view, in
order to monitor vast regions of the sky and detect gamma-ray transients. Two narrow
field of view instruments (MXT and VT) will be used to follow-up and characterize
the afterglow emission.

ECLAIRs is a coded-mask telescope, composed of a 54×54 cm2 pseudo-random
coded mask made of a Ti-Ta-Ti sandwich (10/0.6/10 mm) placed 45.8 cm above a
pixellated detection plane made of 80×80 CdTe crystals (4×4×1 mm3). Its field of
view is about 2 sr (89◦ × 89◦) wide. ECLAIRs is sensitive in the 4 keV – 150 keV
energy range, and it comprises an on-board software to detect and localize (to better
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than 13 arcmin) in near-real-time the GRBs that appear in its FOV. Once a new tran-
sient is detected, ECLAIRs issues an alert and requests the platform to slew so that
the error box can be observed by the narrow-field instruments.

ECLAIRs is complemented by the Gamma-Ray Monitor (GRM), a set of three
1.5 cm thick NaI scintillators of 16 cm in diameter, each one offset by 120◦ w.r.t.
each other and with a combined FOV of ∼ 2.6 sr. The GRM has poor localization
capabilities, but it extends the SVOM spectral range up to about 5 MeV, and increases
the probability of simultaneous detection of short GRBs and GW alerts.

The Visible Telescope (VT) is a Ritchey-Chretien telescope with a 40 cm diam-
eter primary mirror. Its field of view is 26×26 arcmin2 wide, adapted to cover the
ECLAIRs error box in most of the cases. It has two channels, a blue one (400–650
nm) and a red one (650–1000 nm), and a sensitivity limit of MV = 22.5 in 300 s,
allowing the detection ∼ 80 % of the ECLAIRs GRBs. The space segment is com-
pleted by the MXT, that is described in detail in Section 3. The main characteristics
of the SVOM space segment are summarized in Table 1.

The SVOM alerts, generated by ECLAIRs (and GRM) for the GRB prompt
phase, will reach the French Science Centre (FSC) through a series of VHF antenna
receivers placed below the track of the satellite. From the FSC the alerts will be
dispatched to the scientific community for further follow-up in less than 30 s from
the on-board detection time, through GCN notices and/or VO events. Indeed, the
SVOM pointing strategy is optimized in order to provide alerts that are always on the
night side of the Earth and hence promptly observable by ground based telescopes.
This strategy has been chosen to increase the number of GRBs with measured red-
shifts1. The alerts containing the information on the afterglow properties, including
the refined positions, generated by the MXT and the VT on board, will also reach
FSC and the ground observatories using the VHF system.

The SVOM mission is also provided with a number of dedicated telescopes on
ground. In particular here we mention:

– the Ground-Based Wide Angle Cameras (GWACs), a set of 36 optical cameras
with a combined FOV of 5400 deg2, located in Ali (China), whose goal is to
catch the prompt optical emission for the ECLAIRs GRBs

– the Chinese Ground Follow-up Telescope (C-GFT), a robotic 1-m class tele-
scope, with a 21×21 arc min2 FOV, located in Xinglong (China) and sensitive in
the 400-950 nm wavelength range

– the French Ground Follow-up Telescope (F-GFT, Colibri), a robotic 1-m class
telescope, with a 26×26 arc min2 FOV, located in San Pedro Martir (Mexico),
and with multi-band photometry capabilities over the 400-1700 nm wavelength
range

Other robotic telescopes will be part of the SVOM follow-up system, but they will
not be fully dedicated to SVOM.

1SVOM does not have on-board optical/NIR spectroscopic capabilities and relies on follow-up from the
ground for distance determination.
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Table 1 Summary of the characteristics of the SVOM space instruments

ECLAIRs GRM MXT VT

Energy/Wavelength 4–150 keV 15-5000 keV 0.1-10 keV 650-1000 nm

Field of View 2 sr 2.6 sr (combined) 58′ × 58′ 26′× 26′

Localization accuracy < 12′ < 20◦ < 2′ < 1′′

Expected GRBs year−1 60 90 50 40

3 Themicrochannel X-ray telescope

The Microchannel X-ray Telescope has been developed under the CNES responsi-
bility in close collaboration with CEA-Saclay/Irfu , the University of Leicester, the
Max Planck Institut für Extraterrestrische Physik (MPE) in Munich, and the IJCLab
in Orsay. It is a light (< 42 kg) and compact (focal length ∼ 1.15 m) focusing X-
ray telescope; its sensitivity below 1 mCrab makes it the ideal instrument to detect,
identify and localize down to the arc min level X-ray afterglows of the SVOM GRBs.

The MXT (see Fig. 1, [17]) is composed of five main sub-systems:

– the MOP: the MXT OPtical assembly, based on square Micropore Optics (MPO),
– the MCAM: the MXT CAMera hosting a pnCCD,
– the MST: the MXT carbon fiber STructure,
– the MDPU: the MXT Data Processing Units (in cold redundancy),
– the MXT radiator to dissipate the heat generated at focal plane level.

The MOP design is based on a ”Lobster-Eye” grazing incidence X-ray optics,
first proposed by [3], and inspired by the vision of some crustacean decapods. It is
composed of 25 square MPO plates of 40 mm each arranged in a 5×5 configuration,
see Fig. 1.

Fig. 1 Left: the MXT flight
model optics. Right: the fully
integrated (apart from MLI)
MXT flight model in the CNES
integration hall (MDPUs not
shown)
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Although Lobster-Eye optics have been originally developed for large field of
view telescopes (several tens of square degrees), the MXT optical design is optimized
for a (relatively) small field of view2 of 58×58 arcmin2 by making use of a com-
bination of 1.2 and 2.4 mm thick plates (with a pore size of 40 μm), whose inner
walls are coated with Ir to enhance reflectivity. The entrance of the MPOs pores is
covered with a 70 nm thick Al film, and the MPOs are then slumped to match a spher-
ical surface which provides the requested X-ray focusing. This technique results in a
peculiar point spread function (PSF), made by a central peak and two cross arms, see
Fig. 2. The central peak is due to photons that are reflected twice on adjacent walls,
while the cross arms are due to photons being reflected only once. Finally, a small
part of the photons do not interact at all with the optics material and produce a diffuse
background.

Despite the relative imaging complexity, the MXT MOP is very well adapted to
GRB studies, for which the X-ray afterglow will be most of the time the only bright
source in the MXT FOV. Although less performing than classical X-ray Wolter-I
type optics, that could be produced to match a 1◦ FOV, the MOP is very light (< 2
kg, more than an order of magnitude lighter wrt. equivalent Wolter-I optics) making
lobster-eye optics very attractive for small space borne instruments.

Coupled to the MOP is the MXT Camera (MCAM) which implements a focal
plane assembly based on a pnCCD [16] with its readout and control electronics
(FEE). It also comprises a filter wheel, radiation shielding material and a thermo-
electric cooling system [19]. The detector has an active area of 256×256 pixels of
75 μm in side length, and a reduced frame store area with 75×51 μm pixels. Once
transferred to the frame store area, the charges are collected column-wise by two ded-
icated ASICs called CAMEX. This CCD is fully depleted (450 μm depth), and its
read-out rate is of 10 frames per second. The detector is actively cooled to −65◦C, in
order to guarantee a low thermal noise and to reduce the radiation damage effects in
flight. The filter wheel allows to put an 55Fe calibration source or a shutter in front
of the detector when needed. The nominal MXT energy range is 0.2–10 keV.

The MDPU is responsible for the MXT thermal control, the calibration wheel con-
trol, the generation of the telemetry and the handling of the MXT telecommands. Its
scientific partition deals with the processing of ”dark frames” for onboard offset and
noise calculations, which are then used to select the pixels transmitted to the ground,
only those whose deposited charge exceed a pre-defined threshold (see [24] for more
details). In addition the MDPU scientific partition is responsible for analysing the
MXT data stream on board, by identifying valid X-ray patterns, building sky images,
and detecting and localizing afterglow candidates in near-real-time. The afterglow
candidate positions are improved during the observation, as long as more data are
accumulated, and regularly transmitted to ground (every ∼ 30 s) in order to allow
ground based robotic telescopes to look for optical afterglows in a more efficient
way. In fact, the MXT sky error areas will be on average ten times smaller than the
ones produced by ECLAIRs, highly enhancing the chances for the VT and other tele-
scopes to correctly identify the optical GRB counterparts. The optical identification

2The FOV of the whole array is 6◦ × 6◦, and the effective FOV is limited by the detector size.
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Fig. 2 Upper Panel: MXT PSF
as measured at PANTER at
Al-K. Middle Panel: Y profile of
the measured PSF; the black line
represents the data while the red
line is the fitted model, see text.
Lower Panel: Z Profile of the
measured PSF

and the subsequent spectroscopic distance measurement being a critical task in GRB
science, the driving requirement for the MXT design was to be able to localize 90%
of the GRBs pointed to after a slew to better than 2 arc min (J2000).

4 TheMXT scientific performance

The MXT has been designed to fulfill the scientific performance presented in Table 2.
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Table 2 MXT expected
scientific performance Energy range 0.2 − 10 keV

Field of View 58 × 58 arcmin

Angular resolution 10 arcmin at 1.5 keV

Source location accuracy < 120 arcsec for 80 % GRBs

Effective area ∼ 35 cm2 at 1.5 keV

Sensitivity (5σ ) 10 mCrab in 10 s

150 μCrab in 10 ks

Energy resolution < 80 eV at 1.5 keV

Time resolution 100 ms

In order to test and validate this performance the MXT (proto-)flight model has
been installed in its final configuration in the vacuum chamber of the MPE PAN-
TER facility [e.g. [6]] in Neuried near München (Germany) and illuminated with
a quasi-parallel flux of X-rays at different energies and positions inside and out-
side the FOV, between October 20th and November 5th 2021. The X-ray source in
PANTER is located at ∼ 130 m distance from the MXT instrument and is able to pro-
duce a uniform flux (5 % level) over about 1 m of diameter. The X-rays, generated
by Bremsstrahlung, illuminate different targets and so mono-energetic fluorescence
beams are created.

The main goals of the calibration campaign were:

– G1: to measure the MXT effective area as a function of energy and the vignetting
over the FOV,

– G2: to characterize the spectral response of the MXT, including the relationship
between ADU and keV (gain and offset), the Charge Transfer Efficiency (CTE),
and the response non-linearities,

– G3: to validate the on board software localization performance.

The measure of the characteristics of the MXT PSF has been performed during
a previous campaign dedicated to the stand alone MOP FM. However we measured
again the optical properties of the integrated telescope, their temperature dependence,

Table 3 Summary of the main
energy lines used for calibration Name Energy (keV)

C-K 0.277

O-K 0.525

Cu-L 0.93

Mg-K 1.253

Al-K 1.486

Ti-Kα 4.508

Fe-Kα 6.398

Fe-Kβ 7.053
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and the line of sight of the integrated telescope. The details of this analysis are given
in an accompanying paper by [11], but here we recall the main results in Section 4.1.

In order to cover in the most uniform way the entire energy range we chose to use
the energies specified in Table 3, and in order to spatially cover the entire field of
view, we defined nine positions 15 arcmin apart from each other. The nine in-FOV
positions have been complemented by four out-of-FOV positions (50 arcmin off-axis
on both axes). The latter have been defined in order to exploit the straight-through
flux (see Section 3) and to cover the entire detector in a uniform manner for spectral
characterization purposes (G2). The 12 positions are sketched in Fig. 3.

4.1 Optical performance

The PSF profile cut along both axes can be fitted (see Fig. 2) with a Lorentzian profile
offset by a constant of the form:

f (x) = 1

1 +
(

2x
G

)2
+ c, (1)

while the global 2D PSF can be represented by the following function:

F(x, y) = A(f1(x) + f2(x))(f1(y) + f2(y))

(1 + η)2
, (2)

where

f1(x) = 1

1 +
(

2x
G

)2
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)2
)
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)2
)
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Fig. 3 Left: sketch of the nine in-FOV positions used for testing. P0 is the on-axis position. Right: sketch
of the out-of-FOV positions used mainly for spectral calibration purposes
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where G represents the width of the Lorentzian, A is a normalization parameter,
H=2d/L (with d the pore width and L the pore length) and η is the relative strength
of the cross arms and straight through flux w.r.t. the central spot.

By fitting the data of the nine in-FOV positions (see Fig. 4) for the Al-K source
the MXT plate scale, and hence the in flight focal distance of 1137 mm, could be
measured.

The FWHM of the PSF at Al-K could also be accurately measured, turning out to
be 11 arcmin, 10 % above the required value of 10 arcmin. The reasons of this are the
intrinsic defects in the MPOs (dominant component), alignment errors during MPOs
integration on their frame, and mechanical errors on the support frame.

The same measurement has been repeated at different energies and the result-
ing FWHM (G) as a function of energy is represented in Fig. 5. As can be seen a
significant variation of G with energy is present. This is due to the fact that differ-
ent MPOs are contributing to imaging at different energies, and a consequence of
the energy dependence of the limiting grazing reflection angle at X-ray energies: at
high energies, only the central MPO is contributing and G is smaller due to the fact
that alignment errors are negligible, while at lower energies the outer MPOs con-
tribute significantly to the PSF creation, and in this case the different alignment errors
between the plates add up. On the same Figure one can see the measured η value as
a function of energy. While the relative intensity of the cross arms w.r.t. the central

Fig. 4 Mosaic of the nine in-FOV positions for the Al-K source

495Experimental Astronomy (2023) 55:487–519



Fig. 5 Left: measured and predicted G value as a function of energy. Right: measured η parameter versus
energy

spot increases with energy, the size of the spot itself decreases with energy, allowing
for fair imaging capabilities of the MXT at the high end of its energy range.

4.2 Effective area

One of the main goals of the PANTER campaign was to measure the telescope
effective area as a function of energy. In order to obtain such a measurement, we
decided to compare the total number of collected counts on the MXT detector with
the ones collected by an SDD detector intercepting the PANTER beam at a distance
of 34.37 m from the source. The entrance window of the SDD is circular with a radius
of 2.33 mm, implying a geometrical surface of 17.07 mm2. The MOP was placed at
131.4 m from the source. By taking into account the MOP geometric area, the MXT
pnCCD quantum efficiency (QE), as calculated by [16], the SDD QE, as provided
by the manufacturer, and the global 170 nm Al-K filters (100 for the pnCCD and 70
for the MOP), one can derive the effective area of the MXT. In order to measure it
as accurately as possible we decided to add additional line energies (see Table 4) and
also the Bremsstrahlung continuum produced by the PANTER source up to about
4 keV.

The results are shown on Fig. 6, where we show the comparison between the MXT
measured total (i.e. peak and cross arms) effective area, as derived from line and

Table 4 Summary of the
additional energy lines used for
effective area calibration

Name Energy (keV)

W-M 1.78

Ag-L 3.20

Cr-K 5.40

Cu-K 8.04

Ge-K 9.89
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Fig. 6 Left: measured MXT effective area using line and continuum measurements, compared to the
expected model. Right: ratio between the measured effective area and the model

continuum measurements compared to the expected model, derived from the MOP
FM stand alone measurement performed in PANTER in January 2021.

We note that the agreement is, in general, very good, and the (< 20 %) discrep-
ancies are probably due to the fact that the QE of the SDD and of the pnCCD have
not been measured in a dedicated way. For the pnCCD this could not be done due to
the project schedule constraints, but we foresee to absolutely calibrate the SDD in a
metrology line in a synchrotron facility before the launch of SVOM. This will help
in further reducing the uncertainties in the MXT effective area. In addition, once in
flight, the effective area of the MXT will be tested against known calibration sources,
such as the Crab nebula.

4.3 Vignetting

The effective area of the MXT at off-axis positions depends on the area vignetting
function of the MOP and on the field of view of the MXT detector. As a source
moves off-axis some portions of the PSF fall outside the MXT detector FOV and
other portions enter the FOV. The full vignetting function of the MOP was measured
at many off-axis positions and for a series of line energies in the FM MOP PANTER
tests in January 2021. During the MXT PANTER tests in fall 2021 we could verify
the vignetting properties of the integrated telescope at different energies. It turns out
that in the central part of the FOV (i.e. ± 15 arcmin over the two axes) the vignetting
is less than ∼ 10 % at all energies.

4.4 Spectral response

In this section we describe the ground processing of the MXT data, that has been
developed in order to derive the spectral response of the pnCCD detector using PAN-
TER data. This processing allowed us to derive the initial calibration values for the
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MXT and will be applied later on to on-flight data. It can be divided into two main
processes:

– pattern recognition: it consists in identifying in each pnCCD frame the groups
of adjacent pixels with a charge (ADU) value above the threshold in order to
decide if they originate from a single X-ray photon or if they have another origin
(most of the time an ionizing particle). The pixels are tagged accordingly and the
deposited charges are co-added. Note that for the pnCCD valid X-ray patterns
are considered as those involving up to a maximum of four pixels, see Fig. 7

– camera calibration: this step allows the conversion of the ADU value(s) of the
pixel(s) forming a valid X-ray photon into a single energy, that of the photon, in
physical units (eV).

The second step is described in detail in the accompanying paper by [24]. Here we
just recall the three main steps that are applied to the data in order to obtain calibrated
event lists:

1. the correction for the Charge Transfer Inefficiency (CTI3). This accounts for the
charge loss suffered by the initial electron packet when shifted from its creation
position through the image area and the frame store to the anode. This is caused
by crystalline defects (in very low concentration) in the bulk material acting as
trapping centers for the electrons. It is modeled by a single value for a given
energy, corresponding to the relative loss for a shift by one pixel. This value is
about a few 10−5 at launch and will probably increase during the mission with
the radiation level suffered by the detector;

2. the ”ADU to eV” conversion, also called the spectral calibration, which allows
the conversion of the digital measurement (ADU) of the deposited charge (in a
single pixel) into a physical energy (eV). This is a characteristic of the electronic
read-out circuit, and there is thus one conversion function per electronic chain,
i.e. one per column. Calibration results show that a linear function, with one
offset and one gain (per column) can adequately represent this conversion; the
dispersion of the gain values is quite small (∼ 1 %) and the one of the offsets
is of the order of (∼ 10 %), showing that the spectral response of the pnCCD is
quite uniform over the detector;

3. the correction for charge sharing. This accounts for the ”non registered” part of
the electron packet, i.e. for actual charges (in a single pixel) below the electronic
threshold set for transmitting the pixel to the ground.

Once all the calibration steps are applied, we combined the data of the four out-of-
FOV data sets (see Fig. 3 right) for each energy and we fitted resulting spectra using a
combination of a Gaussian functions, and, where needed, a function (constant, linear
or quadratic) in order to take into account the residual background, using up to six
free parameters. One example of the fit and its residuals is given in Fig. 8.

The measured line widths as a function of energy are reported in Table 5 for a
number of representative line energies. As can be seen the mission requirement of

3CTI=1-CTE
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Fig. 7 ADU patterns as classified by the MXT recognition algorithm. Only patterns 0 to 12 are considered
as valid photons. Patterns 26 to 29 could correspond to two single pixel real photons. However, due to the
large oversampling of the PSF by the detector pixels, this occurrence has been estimated to be negligible
(< 1 %)

80 eV at Al-K is met for single events, as well as for the totality of the events. In the
same table one can also find the reconstructed energy after calibration, which shows
that the energy scale is sufficiently accurate (less than 13 eV) to meet the required
mission accuracy of ± 20 eV.

4.5 Background and sensitivity

The X-ray background on the MXT detector is dominated by the focalization of the
CXB, see Section 4.7 However there are additional components, due to the space
radiation environment, that contribute to the induced X-ray background on the focal
plane. These components have been evaluated through GEANT4 Monte-Carlo sim-
ulations, and primary particles have been generated isotropically from the inner
surface of a sphere, centered to the detector and of radius (typically 2 m) at least
10 times the size of the MXT mass model, range of emission angle (typically 2◦)
restricted to intercept at most the model. As background sources (primary particles)
the CXB (0.1 keV–100 GeV), comic protons (< 20 MeV), trapped protons (< 400
MeV), and trapped electrons (<3.5 MeV) have been considered. The probability or
each component to depose energy in the detector in the 0.2–10 keV energy range has
been calculated. In addition to primary interactions, the secondary radiation induced
by the activation (especially after the South Atlantic Anomaly passages) of the mate-
rials surrounding the the detector has been simulated with GEANT4. The sum of both
components is expected to be of the order of 1.3×10−6 counts/pixel/s, which implies
an expected contribution of ∼0.1 counts/s over the entire detector, confirming that
the focused CXB is the main background component for the MXT (1 count/s).

Using the MXT effective area derived in Section 4.2, one can estimate the expected
counts for an astrophysical source in the MXT and obtain its sensitivity by comparing
this quantity with the expected background. If, for example, we consider a Crab-like
spectrum with a photon index �=2.1, a normalization of 9 photons/cm2/s/keV at 1
keV and an NH equivalent column density of 0.45×1022 atoms/cm2, we obtain an
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Fig. 8 Top Left: Al-K spectrum obtained using only single events. The black line represents the data, in
5 eV bins, while the red line represents the fit using the function described in the text. Top Right: The
residuals of the fit in terms of ratio between the data and the model. The reduced χ2 is reported as well as
the number of parameters used in the fit. Bottom Panels: same as top panels but using all events (singles
to quadruples)

expcted count rate of 121 cts/s in the MXT detector over the entire energy range in
1 ks. The 5σ MXT sensitivity is hence about 1 mCrab in this case, 13 mCrab in 10
s, and about 400 mCrab for a 10 ks observations. These values can be considered
consistent with the specified ones, see Table 2, since they are based on the simple
comparison of the expected counts over the entire the detector and they do not con-
sider the advantage of the imaging properties of the MXT, where > 50% of the counts
are concentrated in the center of the PSF. The latter is spread over an area of about
100×100 pixels2, and the expected background within this area is about a 0.15 frac-
tion of the one expected on the whole detector. Taking this into account, the final
sensitivity value is improved by a factor 30%.
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Table 5 Summary of the MXT spectral performance. The upper part of the Table applies to single events,
while the lower part to all the multiplicities

Energy line (keV) Reconstructed Difference FWHM (eV) FWHM

energy (keV) (eV) 1 σ error (eV)

0.277 0.280 3 48.1 1.6

0.525 0.525 0 60.0 0.8

0.930 0.928 2 65.3 0.9

1.253 1.252 1 69.2 1.4

1.486 1.483 3 72.7 0.6

4.508 4.502 6 115.5 0.6

5.405 5.404 1 127.3 0.5

6.398 6.399 1 136.8 0.8

0.277 0.284 7 49.5 0.9

0.525 0.531 6 64.5 0.6

0.930 0.934 4 70.4 0.8

1.253 1.261 8 73.4 0.8

1.486 1.492 6 79.3 0.4

4.508 4.513 5 123.0 0.4

5.405 5.416 11 134.8 0.2

6.398 6.411 13 146.6 0.3

4.6 Scientific on board software performance

The MXT on-board scientific software was developed to localize X-ray sources in
the field of view of the telescope. The method relies on a cross-correlation technique
(performed in the Fourier domain), coupled to a barycenter method, which offers
good localization performance, including for faint sources. In addition, several cor-
rection analyses were implemented to account for effects such as Fourier transform
spectral leakage, or insensitive columns of camera pixels.

The localization algorithm was characterized at the PANTER facility using the X-
ray sources listed in Table 3, and for multiple beam positions represented in Fig. 3.
This is summarized in Fig. 9. We measured the angular difference δr between the true
beam position and the reconstructed one in both the y and z directions. A sub-pixel
resolution (< 15 arcsec) is achieved for energies lower than 1 keV. For the highest
energy source (Fe-K, 6.40 keV), the resolution is better than 120 arcsec. Moreover,
the localization performance is uniform across the tested beam positions.

The cross-correlation method is biased when the source is located near the edges
of the camera plane due to spectral leakage: recovered positions are shifted towards
the center of the camera plane. This bias is corrected on-board to guarantee a uniform
performance over the entire camera plane. The spectral leakage correction is charac-
terized in Fig. 10, where near-the-edge positions (labeled with a “b” for a 22 arcmin
shift from the center and “c” for a 25 arcmin shift from the center) were tested with
an Al-K (1.486 keV) source. For some beam positions, the localization accuracy
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Fig. 9 Localization performance for six photon energies: C-K (0.277 keV), O-K (0.525 keV), Mg-K
(1.253 keV), Al-K (1.486 keV), Ti-Kα (4.508 keV), and Fe-Kα (6.398 keV). The angular (or pixel) differ-
ence between the measured position and the true position is evaluated in the y direction (blue) and in the
z direction (green)

is degraded up to a factor two. After applying the bias correction, the localization
accuracy is almost back to nominal values (see also Fig. 9/Al-K for a reference).

In order to test the robustness of the on board software, we decided to test it against
a degraded scenario where one or more columns of the camera would be insensi-
tive. To correct for this effect, we apply a correction function which only depends
on the position of the insensitive columns and the number of contiguous insensi-
tive columns. At PANTER, a few columns were de-activated to simulate insensitive
columns. This configuration was used to characterize the insensitive-column correc-
tion. Figure 11 shows the effect of the correction for different numbers of insensitive
columns. After correction, the localization performance is similar to a fully-active
detector (see also Fig. 9 for the nominal performance).

The PANTER test campaign has shown that the on-board localization algorithm
performance is compatible with the scientific requirements: an X-ray source, detected
with a few hundreds of photons, can be localized with an accuracy better than 120 arc-
sec. The on-board scientific software also includes features to compensate hardware
effects discovered during the development process like the presence of insensitive
columns of pixels. If this effect appears during the mission, the onboard scientific
software is able to recover the loss of localization accuracy almost completely.
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Fig. 10 Localization
performance tested for 13
near-the-edge positions and for
an Al-K (1.486 keV) source.
The angular difference between
the measured position and the
true position is evaluated in the
y direction (top) and z direction
(bottom)

4.7 Localization capabilities

The data presented above have been used to estimate the in flight localization capa-
bilities for the MXT. In order to obtain this result, we performed a simulation process
that needs as ingredients the PSF shape (Section 4.1), the telescope effective area
(Section 4.2), the expected background in flight, and some hypotheses on the SVOM
mission. Concerning the background, two main components need to be considered,
the Cosmic X-ray Background (CXB) and the particle induced background. If we
restrain ourselves to high galactic latitudes (which is compatible with the SVOM
pointing law), there is a good agreement on the CXB measurement in the MXT
energy range [e.g. [21]]. By folding the CXB spectrum with the MXT effective
area one expects about 1 count/s over the entire detector for the CXB. The non
X-ray background has been estimated using GEANT4 simulations of the SVOM

Fig. 11 Localization performance tested with insensitive columns of camera pixels, for an Al-K
(1.486 keV) source, and with a P0 beam position. The angular difference between the measured posi-
tion and the true position is evaluated before (pink curve) and after (purple curve) applying the correction
function. The last two points were tested with two separated bunch of insensitive columns

503Experimental Astronomy (2023) 55:487–519



space environment and the MXT mass model. The primary particles were simulated
isotropically from the inner surface of a sphere, centered to the detector and of radius
(typically 2 m) at least 10 times the size of the mass model. The incident parti-
cles in the keV-MeV range were the CXB as measured by [20] (in and out of the
FOV), cosmic protons, SAA trapped protons, SAA trapped electrons. The average
expected non-Xray background is 0.023 counts/s/cm2 (i.e. ∼ 0.1 counts/s over the
entire detector) dominating above 2 keV.

Using these background values we determined the R90 vs Signal-to-Noise Ratio
curve. What we wanted to test is the ability for MXT to deliver GRB positions with a
given accuracy 10 minutes after the end of the slew. This corresponds roughly to 600
counts of background integrated over the detector. Using the MXT PSF we simulated
1000 sources, distributed uniformly on the MXT FOV and with fluxes comprised
between 10 and 104 counts, reconstructed their positions, and compared the latter
to the injected positions. So we could define R90 as the radius within which 90 %
of the reconstructed positions fall. In other words, if we associate a given R90 to an
MXT reconstructed position we have 90 % of chances that the true source position is
within this radius. In order to derive the MXT position we implemented the following
method: we cross correlate the data with the MXT PSF, we look for the maximum
in the correlated image, we define an area of ± 35 pixels around the maximum, we
select the pixels within this area which have at least 90 % of the value of the maxi-
mum, and finally we barycenter those pixels4. The R90 vs SNR curve is reported in
Fig. 12.

Once we determined the relation between the localization accuracy and the MXT
SNR, we downloaded from the public Swift/NGO archive the pre-processed XRT
light curves [10] for the GRBs detected between 2004 and 2017 (1128 GRBs).
Among those GRBs we selected the ones for which BAT data and spectral parame-
ters were available. This selection has been done because we needed to check which
of the BAT GRBs, would have been detected by ECLAIRs: ECLAIRs is less sensi-
tive than BAT and we wanted to restrain our simulations to those GRBs that have at
least 50 % of probability to be detected by ECLAIRs at a SNR level that would trig-
ger a SVOM slew. We then made the hypothesis that the SVOM and Swift slewing
capabilities are similar, so that XRT and MXT are on source at the same time and that
they experience the same Earth occultations (Swift and SVOM have similar orbital
parameters).

The MXT has a smaller effective area than XRT. Hence, in order to be able to use
the XRT light curves, we computed for each GRB the ratio of the MXT expected
counts by using the time average spectral parameters measured by XRT and per-
forming XSPEC [4] simulations for both instruments with the same parameters.
Once we determined the count rate conversion factor for all the GRBs afterglows,
we integrated, for each light curve, the counts between the start of the observation
and 10 minutes, and, using the R90 vs SNR curve, we could determine the expected
localization uncertainty for the whole GRB sample.

4This is not exactly the same algorithm as the one used on board. The latter is described in Section 4.6.
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Fig. 12 Left: The R90 vs SNR curve. Right: Expected location accuracy of MXT afterglows, after 10
minutes of observation of GRBs detected by ECLAIRs with more than 50% probability. See text for more
details. The central (thick line) represents the result of the simulation, while the lighter lines represents
5% uncertainty regions

The results can be summarized as follows: for about 30 % of the GRBs, the MXT
will provide a localization accuracy better than 30 arcsec; about 50 % of them will be
localized to better than 1 arc minute and the vast majority of them (>80 %) will be
localized to better than 2 arc minutes, see Fig. 12.

5 Conclusions

The PANTER End-to-End tests performed in October/November 2021 are the endpoint
of an activity lasting several years, which includes the integration of the so-called
MXT Performance Model (PM) in 2019, which is a complete MXT model based on
qualification sub-systems of the MXT, which were, however, representative of the
scientific flight performance. The MXT PM was tested in PANTER in February 2020,
and those tests allowed us to rehearse the End-to-End tests, providing the necessary
return of experience for a successful final calibration of the MXT telescope.

The End-to-End test campaign allowed us to measure the scientific performance
of the MXT under various respects: imaging, effective area, spectral properties etc.
The measured values are coherent with the ones derived for the PM model, which
served as a basis for the simulations we developed in order to prepare the final test
campaign. The results presented here have allowed us to prove that the MXT design
responds to the needs of the mission, and we expect the first narrow-field ”Lobster-
Eye” type telescope to be flown on a satellite to fully accomplish its task, namely
to detect, localize and characterize GRB afterglows and other X-ray transients at the
dawn of modern multi-messenger astrophysics.
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T., Dent, T., De Pietri, R., Dergachev, V., De Rosa, R., DeRosa, R. T., De Rossi, C., DeSalvo, R.,
de Varona, O., Devenson, J., Dhurandhar, S., Dı́az, M. C., Di Fiore, L., Di Giovanni, M., Di Girolamo,
T., Di Lieto, A., Di Pace, S., Di Palma, I., Di Renzo, F., Doctor, Z., Dolique, V., Donovan, F., Dooley,
K. L., Doravari, S., Dorrington, I., Douglas, R., Dovale Álvarez, M., Downes, T.P., Drago, M., Dreis-
sigacker, C., Driggers, J. C., Du, Z., Ducrot, M., Dupej, P., Dwyer, S. E., Edo, T. B., Edwards, M. C.,
Effler, A., Eggenstein, H. -B., Ehrens, P., Eichholz, J., Eikenberry, S. S., Eisenstein, R. A., Essick, R.
C., Estevez, D., Etienne, Z. B., Etzel, T., Evans, M., Evans, T. M., Factourovich, M., Fafone, V., Fair,
H., Fairhurst, S., Fan, X., Farinon, S., Farr, B., Farr, W. M., Fauchon-Jones, E. J., Favata, M., Fays,
M., Fee, C., Fehrmann, H., Feicht, J., Fejer, M. M., Fernandez-Galiana, A., Ferrante, I., Ferreira, E.
C., Ferrini, F., Fidecaro, F., Finstad, D., Fiori, I., Fiorucci, D., Fishbach, M., Fisher, R. P., Fitz-Axen,
M., Flaminio, R., Fletcher, M., Fong, H., Font, J. A., Forsyth, P. W. F., Forsyth, S. S., Fournier, J. -D.,
Frasca, S., Frasconi, F., Frei, Z., Freise, A., Frey, R., Frey, V., Fries, E. M., Fritschel, P., Frolov, V. V.,
Fulda, P., Fyffe, M., Gabbard, H., Gadre, B. U., Gaebel, S. M., Gair, J. R., Gammaitoni, L., Ganija,
M. R., Gaonkar, S. G., Garcia-Quiros, C., Garufi, F., Gateley, B., Gaudio, S., Gaur, G., Gayathri, V.,
Gehrels, N., Gemme, G., Genin, E., Gennai, A., George, D., George, J., Gergely, L., Germain, V.,
Ghonge, S., Ghosh, A., Ghosh, A., Ghosh, S., Giaime, J. A., Giardina, K. D., Giazotto, A., Gill, K.,
Glover, L., Goetz, E., Goetz, R., Gomes, S., Goncharov, B., González, G., Gonzalez Castro, J.M.,
Gopakumar, A., Gorodetsky, M. L., Gossan, S. E., Gosselin, M., Gouaty, R., Grado, A., Graef, C.,
Granata, M., Grant, A., Gras, S., Gray, C., Greco, G., Green, A. C., Gretarsson, E. M., Groot, P.,
Grote, H., Grunewald, S., Gruning, P., Guidi, G. M., Guo, X., Gupta, A., Gupta, M. K., Gushwa, K.
E., Gustafson, E. K., Gustafson, R., Halim, O., Hall, B. R., Hall, E. D., Hamilton, E. Z., Hammond,
G., Haney, M., Hanke, M. M., Hanks, J., Hanna, C., Hannam, M. D., Hannuksela, O. A., Hanson, J.,
Hardwick, T., Harms, J., Harry, G. M., Harry, I. W., Hart, M. J., Haster, C. -J., Haughian, K., Healy, J.,
Heidmann, A., Heintze, M. C., Heitmann, H., Hello, P., Hemming, G., Hendry, M., Heng, I. S., Hen-
nig, J., Heptonstall, A. W., Heurs, M., Hild, S., Hinderer, T., Hoak, D., Hofman, D., Holt, K., Holz, D.
E., Hopkins, P., Horst, C., Hough, J., Houston, E. A., Howell, E. J., Hreibi, A., Hu, Y. M., Huerta, E.
A., Huet, D., Hughey, B., Husa, S., Huttner, S. H., Huynh-Dinh, T., Indik, N., Inta, R., Intini, G., Isa,
H. N., Isac, J. -M., Isi, M., Iyer, B. R., Izumi, K., Jacqmin, T., Jani, K., Jaranowski, P., Jawahar, S.,
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S., Vine, D. J., Vinet, J. -Y., Vitale, S., Vo, T., Vocca, H., Vorvick, C., Vyatchanin, S. P., Wade, A. R.,
Wade, L. E., Wade, M., Walet, R., Walker, M., Wallace, L., Walsh, S., Wang, G., Wang, H., Wang, J.
Z., Wang, W. H., Wang, Y. F., Ward, R. L., Warner, J., Was, M., Watchi, J., Weaver, B., Wei, L. -W.,
Weinert, M., Weinstein, A. J., Weiss, R., Wen, L., Wessel, E. K., Weßels, P., Westerweck, J., West-
phal, T., Wette, K., Whelan, J. T., Whitcomb, S. E., Whiting, B. F., Whittle, C., Wilken, D., Williams,

508 Experimental Astronomy (2023) 55:487–519



D., Williams, R. D., Williamson, A. R., Willis, J. L., Willke, B., Wimmer, M. H., Winkler, W., Wipf,
C. C., Wittel, H., Woan, G., Woehler, J., Wofford, J., Wong, K. W. K., Worden, J., Wright, J. L., Wu,
D. S., Wysocki, D. M., Xiao, S., Yamamoto, H., Yancey, C. C., Yang, L., Yap, M. J., Yazback, M., Yu,
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M., Dreissigacker, C., Driggers, J.C., Du, Z., Ducrot, M., Dupej, P., Dwyer, S.E., Edo, T.B., Edwards,
M.C., Effler, A., Ehrens, P., Eichholz, J., Eikenberry, S.S., Eisenstein, R.A., Essick, R.C., Estevez,
D., Etienne, Z.B., Etzel, T., Evans, M., Evans, T.M., Factourovich, M., Fafone, V., Fair, H., Fairhurst,
S., Fan, X., Farinon, S., Farr, B., Farr, W.M., Fauchon-Jones, E.J., Favata, M., Fays, M., Fee, C.,

509Experimental Astronomy (2023) 55:487–519

https://doi.org/10.3847/2041-8213/aa920c


Fehrmann, H., Feicht, J., Fejer, M.M., Fernandez-Galiana, A., Ferrante, I., Ferreira, E.C., Ferrini, F.,
Fidecaro, F., Finstad, D., Fiori, I., Fiorucci, D., Fishbach, M., Fisher, R.P., Fitz-Axen, M., Flaminio,
R., Fletcher, M., Fong, H., Font, J.A., Forsyth, P.W.F., Forsyth, S.S., Fournier, J.-D., Frasca, S., Fras-
coni, F., Frei, Z., Freise, A., Frey, R., Frey, V., Fries, E.M., Fritschel, P., Frolov, V.V., Fulda, P., Fyffe,
M., Gabbard, H., Gadre, B.U., Gaebel, S.M., Gair, J.R., Gammaitoni, L., Ganija, M.R., Gaonkar, S.G.,
Garcia-Quiros, C., Garufi, F., Gateley, B., Gaudio, S., Gaur, G., Gayathri, V., Gehrels, N., Gemme,
G., Genin, E., Gennai, A., George, D., George, J., Gergely, L., Germain, V., Ghonge, S., Ghosh, A.,
Ghosh, A., Ghosh, S., Giaime, J.A., Giardina, K.D., Giazotto, A., Gill, K., Glover, L., Goetz, E.,
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Vinciguerra, S., Vine, D.J., Vinet, J.-Y., Vitale, S., Vo, T., Vocca, H., Vorvick, C., Vyatchanin, S.P.,
Wade, A.R., Wade, L.E., Wade, M., Walet, R., Walker, M., Wallace, L., Walsh, S., Wang, G., Wang,
H., Wang, J.Z., Wang, W.H., Wang, Y.F., Ward, R.L., Warner, J., Was, M., Watchi, J., Weaver, B.,
Wei, L.-W., Weinert, M., Weinstein, A.J., Weiss, R., Wen, L., Wessel, E.K., Wessels, P., Westerweck,
J., Westphal, T., Wette, K., Whelan, J.T., Whitcomb, S.E., Whiting, B.F., Whittle, C., Wilken, D.,
Williams, D., Williams, R.D., Williamson, A.R., Willis, J.L., Willke, B., Wimmer, M.H., Winkler, W.,
Wipf, C.C., Wittel, H., Woan, G., Woehler, J., Wofford, J., Wong, K.W.K., Worden, J., Wright, J.L.,
Wu, D.S., Wysocki, D.M., Xiao, S., Yamamoto, H., Yancey, C.C., Yang, L., Yap, M.J., Yazback, M.,
Yu, H., Yu, H., Yvert, M., Zadrożny, A., Zanolin, M., Zelenova, T., Zendri, J.-P., Zevin, M., Zhang, L.,
Zhang, M., Zhang, T., Zhang, Y.-H., Zhao, C., Zhou, M., Zhou, Z., Zhu, S.J., Zhu, X.J., Zimmerman,
A.B., Zucker, M.E., Zweizig, J., LIGO Scientific Collaboration, Virgo Collaboration, Wilson-Hodge,
C.A., Bissaldi, E., Blackburn, L., Briggs, M.S., Burns, E., Cleveland, W.H., Connaughton, V., Gibby,
M.H., Giles, M.M., Goldstein, A., Hamburg, R., Jenke, P., Hui, C.M., Kippen, R.M., Kocevski, D.,
McBreen, S., Meegan, C.A., Paciesas, W.S., Poolakkil, S., Preece, R.D., Racusin, J., Roberts, O.J.,
Stanbro, M., Veres, P., von Kienlin, A., GBM, Fermi, Savchenko, V., Ferrigno, C., Kuulkers, E., Baz-
zano, A., Bozzo, E., Brandt, S., Chenevez, J., Courvoisier, T.J.-L., Diehl, R., Domingo, A., Hanlon,
L., Jourdain, E., Laurent, P., Lebrun, F., Lutovinov, A., Martin-Carrillo, A., Mereghetti, S., Natalucci,
L., Rodi, J., Roques, J.-P., Sunyaev, R., Ubertini, P., INTEGRAL, Aartsen, M.G., Ackermann, M.,
Adams, J., Aguilar, J.A., Ahlers, M., Ahrens, M., Samarai, I., Al Altmann, D., Andeen, K., Anderson,
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Gaitán, S., Gromadzki, M., Gutiérrez, C.P., Hamanowicz, A., Harmanen, J., Heintz, K.E., Hernandez,
M. -S., Hodgkin, S.T., Hook, I.M., Izzo, L., James, P.A., Jonker, P.G., Kerzendorf, W.E., Kostrzewa-
Rutkowska, Z., Kromer, M., Kuncarayakti, H., Lawrence, A., Manulis, I., Mattila, S., McBrien, O.,
Müller, A., Nordin, J., O’Neill, D., Onori, F., Palmerio, J.T., Pastorello, A., Patat, F., Pignata, G.,
Podsiadlowski, P., Razza, A., Reynolds, T., Roy, R., Ruiter, A. J., Rybicki, K.A., Salmon, L., Pumo,
M.L., Prentice, S.J., Seitenzahl, I.R., Smith, M., Sollerman, J., Sullivan, M., Szegedi, H., Taddia, F.,
Taubenberger, S., Terreran, G., Van Soelen, B., Vos, J., Walton, N.A., Wright, D.E., Wyrzykowski, Ł.,
Yaron, O., pre=”(”ePESSTO, Chen, T.-W., Krühler, T., Schady, P., Wiseman, P., Greiner, J., Rau, A.,
Schweyer, T., Klose, S., Nicuesa Guelbenzu, A., GROND, Palliyaguru, N.T., Tech University, Texas,
Shara, M.M., Williams, T., Vaisanen, P., Potter, S.B., Romero Colmenero, E., Crawford, S., Buckley,
D.A.H., Mao, J., SALT Group, Dı́az, M.C., Macri, L.M., Garcı́a Lambas, D., Mendes de Oliveira,
C., Nilo Castellón, J.L., Ribeiro, T., Sánchez, B., Schoenell, W., Abramo, L.R., Akras, S., Alcaniz,
J.S., Artola, R., Beroiz, M., Bonoli, S., Cabral, J., Camuccio, R., Chavushyan, V., Coelho, P., Colazo,
C., Costa-Duarte, M.V., Cuevas Larenas, H., Domı́nguez Romero, M., Dultzin, D., Fernández, D.,
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J., Swain, J., Szadkowski, Z., Taboada, A., Taborda, O.A., Timmermans, C., Todero Peixoto, C.J.,
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