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Abstract. We summarize in this contribution the capabilities, design status, and the enabling
technologies of the Soft X-ray Imager (SXI) planned to be on-board the THESEUS mission.
We describe its central role in making THESEUS a powerful machine to probe the physical
conditions of the early Universe (close to the reionization era) and to explore the time-domain

Universe.
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1. Introduction

The Transient High Energy Sky and Early
Universe Surveyor (THESEUS) is a space mis-
sion concept developed in response to the
fifth call for medium-sized missions by the
European Space Agency (ESA). The core sci-
ence goals of THESEUS comprise the explo-
ration of the cosmic dawn and re-ionization
era through the prompt detection and charac-
terization of Gamma-Ray Bursts (GRBs) up to
high redshift (z >10), as well as a vast im-
provement of our knowledge of the soft X-ray
transient Universe. THESEUS is also expected
to critically complement the breath of multi-
messenger facilities that will operate in the late
2020s.

In order to fulfill its science objectives, the
THESEUS payload comprises:

— A Soft X-ray Imager (SXI), featuring a
set of 4 lobster-eye telescopes with a total
field-of-view (FoV) of ~1 sr. The SXI is
capable to achieve a source locaization ac-
curacy of <1-2 arcmin and operates in the
0.3-6 keV energy band.

— An InfraRed Telescope (IRT) with a
0.7 m mirror. IRT will provide a FoV of
10x10 arcmin and the possibility to per-
form both imaging and spectroscopy obser-
vations in the 0.7-1.8 um energy range.

— A X-Gamma ray Imaging Spectrometer
(XGIS) made by a set of coded-mask cam-
eras using monolithic X-gamma ray detec-
tors. These are based on bars of Silicon
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Fig. 1. The SXI block diagram concept (left) and the optical elements (right).

Table 1. Main properties of the THESEUS SXI

DUs.
Energy band (keV) 0.3-6
Telescope type Lobster eye
Optics aperture 320%320 mm?
Optics configuration 8x8 square pore MCPs
MCP size 40x40 mm?
Focal length 300 mm
Focal plane shape spherical
Focal plane detectors CCD array
Size of each CCD 81.2x67.7 mm?
Pixel size 18 um
Number of pixel 4510%3758 per CCD
Number of CCDs 4
Field of View ~1sr

Angular accuracy (best, worst) (<10, 105) arcsec

diodes coupled with Csl crystal scintillator,
granting a ~1.5 sr FOV, a source location
accuracy of ~5 arcmin in 2-30 keV, and an
unprecedently broad energy band (2 keV-
20 MeV).

The SXI and the XGIS will be able to
detect GRBs and transient sources over large
fractions of the sky. The SXI is expected to be
the prime instrument for the detection of GRBs
at high redshift, as its energy coverage is opti-
mized to provide a high sensitivity in the soft
X-ray domain. For many sources triggering the
SXI, the XGIS will provide a refined spectral
and timing characterization, allowing us to dis-
tinguish between GRBs and other classses of
high energy transients. The IRT will take ad-
vantage of the fast slewing capability of the
satellite (several degrees per minute) to pro-
vide a prompt identification of the IR coun-
terpart of each triggering source. This will re-
fine its position down to the ~arcsec accuracy

and (where relevant) determine the on-board
redshift, providing also a spectroscopic charac-
terization of both the counterpart and its host
galaxy. The prompt availability of the refined
source position will also enable follow-up ob-
servational campaigns with the largest ground
and space observatories operating at the time of
THESEUS. The unique combination of energy
coverage, sensitivity, and fast repointing capa-
bilities of THESEUS will guarantee an opti-
mal synergy with the next-generation of grav-
itational wave/neutrino detectors, as well as
the large electromagnetic (EM) facilities of the
next decade (Stratta et al.|2018).

In this contribution, we focus on the SXI,
providing a description of the enabling tech-
nologies, the capabilities of the instrument and
a description of the developing plan foreseen
during the ESA M5 mission timeline. An ex-
haustive description of the THESEUS mission
and the corresponding science objectives can
be found in (Amati et al.|2018)).

2. The Soft X-ray Imager

The SXI comprises four wide field lobster eye
telescopes (each called a Detector Unit, DU),
designed on the optical principle first described
by |Angel| (1979) and characterized by an op-
tical bench as shown in Fig. [Il The optics
aperture is formed by an array of 8x8 square
pore Micro Channel Plates (MCPs), which
are 40x40 mm? wide and are mounted on a
spherical frame with a radius of curvature of
600 mm (2 times the focal length of 300 mm).
The mechanical envelope of each SXI DU
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Fig. 2. Left: The SVOM MXT lobster eye optic aperture frame. Top right: A schematic of a single square
pore MCP. Bottom right: A micrograph of a square pore MCP showing the pore structure. This plate has a

pore size d=20 ym and a wall thickness w=6 um.

Fig. 3. The point spread function of the SXI.

is characterized by a square cross-section of
320x320 mm? at the optics end, tapering to
200x200 mm? at detector. The depth of the
detector housing is 200 mm, giving an over-
all module length of 500 mm. The left-hand
side of Fig. [2| shows the optics frame of the
SVOM MXT lobster-eye telescope breadboard
model, comprising 21 square MCPs mounted
over a 5x5 grid. The front surface is spheri-
cal and its radius of curvature is of 2000 mm,
resulting in a focal length of 1000 mm. The de-
sign proposed for the SXI uses the same plate
size and exactly the same mounting principle
but a shorter focal length (300 mm). The ra-
dius of curvature of the front surface is thus
600 mm. The right-hand panels of Fig.[2|shows
a schematic of a single plate and a micrograph
that reveals the square pore glass structure. The
focal plane of each SXI module is a spheri-

cal surface of radius of curvature 600 mm situ-
ated at a distance of 300 mm (the focal length)
from the optics aperture. The detectors for each
module comprise a 2X2 array of large format
detectors tilted to approximate to the spherical
focal surface. The typical point-spread func-
tion (PSF) of an X-ray source observed by a
lobster-eye telescope is shown in Fig. 3l The
total collecting area of each DU is shown in
Fig. A

The PSF is characterized by a prominent
central spike, containing about 1/4 of the total
source counts, and four widely extended cross-
arms in which the remaining 3/4 of the counts
are recorded. The inner dotted square in the
left plot of Fig. 3] shows the off-axis angle at
which the count-rate in the cross arms goes to
zero, as determined by the L/d ratio of the MCP
pores. The value L/d=50 has been shown to op-
timize the performances at 1 keV. The outer
dotted square indicates the shadowing of the
cross-arms introduced by the gap between the
individual MCPs in the aperture. The central
true-focus spot is illustrated by the projection
plot to the left. The FWHM is 4.5 arcmin and
all the true-focus flux is contained by a circu-
lar beam of diameter 10 arcmin. The imaging
area of the CCDs sets the field of view of each
module and with four of them the total field of
view would be of 3200 square degrees (0.9 sr).
The characteristics of the SXI are summarized
in Tab. [l We also show a comparison of the
SXI grasp (FoVxEffective Area) compared to
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Fig. 4. Left: Collecting area as a function of energy (assuming a focal lenght of 300 mm and including the
contributions of the central spot, the 2 cross-arms, and the straight through flux). The black line represents
the optics only. The red curve includes the quantum efficiency of the CCD and the transmission of the
optical blocking filter (comprising 60 nm Aluminium film deposited over the front of the MCPs and 260 nm
of Aluminium plus 500 nm of parylene on the surface of the detectors). Because the angular width of the
optics MCP-array is 2.3 deg larger than the CCD-array the field of view is unvignetted at 1 keV and above,
so the collecting area shown here is constant across the field of view. Right: The position accuracy of the
SXI as a function of source and background count. R90 is the error radius that contains 90% of the derived

positions.

previous and currently operating facilities in
Fig.[Bl

An X-ray source observed within the FoV
of the SXI will trigger the instrument and its
emission properties will be recorded through
an optimized detection algorithm. The ideal al-
gorithm would be some form of matched filter-
ing using the full PSF distribution but because
of the extent of the PSF this is too computa-
tionally heavy. A much simpler and computa-
tionally affordable scheme would be to search
for significant peaks using the cell size com-
mensurate with the central spike of the PSF.
The disadvantage is that this method would
only use ~25% of the total flux detected. The
most suitable option considered so far is a two
stage process which exploits the cross-arm ge-
ometry but avoids computationally expensive
2-D cross-correlation. This is summarized be-
low and in Fig. [6l The focal plane is first di-
vided into square patches with angular side
lengths of ~ 4d/L = 1/12 radians, aligned with
the cross-arm axes. The dotted central square
shown in Fig. [6] indicates the size and orien-
tation of such a patch. The optimum size of

the patches depends on the half energy width
(HEW) of the lobster-eye optic and the back-
ground count rate. The patches could corre-
spond to the detector elements or tiles in the
focal plane, e.g. the CCD arrays. The peak pro-
file is the line spread profile of the central spot
and cross-arms of the PSF. The remainder of
the histogram distribution arises from events in
the cross-arm parallel to the histogram direc-
tion, the diffuse component of the PSF and any
diffuse background events not associated with
the source. Because we are looking for tran-
sient sources, the fixed pattern of the steady
sources in the field of view at the time would
have to be subtracted from the histogram dis-
tributions. As the pointing changes, the fixed
pattern background would need to be updated.
A transient source is detected if a significant
peak is seen in both histograms.

The sensitivity of the detection and the ac-
curacy of the derived source position within
the patch depends on the bin size of the his-
tograms, the HEW of the central peak of the
PSF, and the background (see Fig. d)). For the
most sensitive detection, the bin size should
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Fig. 5. The GRASP (FoVxEffective Area) of the SXI in the soft X-ray energy band compared to XMM-
Newton and eROSITA. The GRASP of X-ray monitors on-board MAXI and ASTROSAT are also show
for completeness, even though these are not focusing and their sensitivity for a given effective area is
substantially worse than that of focusing telescopes.
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Fig. 6. The two stage trigger algorithm. Top left-hand panel: the detected event distribution AT=4 seconds
and a source count rate of 40 Cts/s over the full PSF. The cross-arms are rotated wrt the detector axes to
demonstrate how this can be handled. Top right-hand panel: the detected event distribution in the patch of
sky aligned to the cross-arm axes of the PSF (shown as the red rectangle in the top left-hand panel). The
red cross-patch indicates the area used for the second stage of the algorithm. Boffom panels: the histograms
along columns and rows in the patch.
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be approximately equal to the HEW but this
will limit the accuracy of the position. If the
bin size of the histograms is chosen to be sig-
nificantly smaller than the width of the HEW,
then the histograms can be smoothed by cross-
correlation with the expected line width pro-
file of the peak-cross-arm combination. Using
the smaller bin size, the histograms can also
be used to estimate the position centroid of the
source within the patch. The significance used
for this first stage should be low, e.g. 2.5 o
This will provide candidate positions for the
second stage. For each of the candidate posi-
tions identified in the first stage, a cross-arm
patch is set up to cover just the detector area
which is expected to contain a fraction of the
full cross-arms and the central peak in the PSF.
The cross-patch dimensions are changed de-
pending on the integration time AT. For short
integration times, the total background count
will be small and the cross-patch size is set
large to capture a large fraction of the counts
from the cross-arms and the central peak.

We envisage that a series of searches would
be run in parallel, each using a different inte-
gration time so that the sensitivity limit as a
function of AT is covered. The basic scheme is
illustrated in Fig.[6l The total source count as-
sumed for this illustration was 40 Cts spread
over the full PSF as plotted in Fig. Bl The
bin size used for the histograms was 1 ar-
cmin, and the HEW of the central peak of
the PSF is approximately 4 arcmins. We have
tested the algorithm over a range of integra-
tion times and background conditions. When
a significant transient peak is identified the po-
sition must be converted to sky coordinates us-
ing the current aspect solution (from the on-
board star-trackers). The position of any source
which is identified as a possible interesting tar-
get (e.g., through cross-correlation of different
catalogues) should be passed to the spacecraft
for the automatic slewing.

2.1. Scientific performances

The SXI design and capabilities have been op-
timized in order to allow THESEUS to achieve
all its science goals. In particular, the SXI
has a central role in the detection of GRBs at
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Table 2. THESEUS/SXI detection rates for
different astrophysical transients and variables.

Transient type SXI rate
Magnetars 40 day™!
SN Ia shock breakout 4yr!
TDE 50 yr!
AGN+Blazars 350 yr!
Thermonuclear bursts 35 day™!
Novae 250 yr!
Dwarf novae 30 day™!
SFXTs 1000 yr!
Stellar flares and super flares 400 yr~!

high redshifts, which are crucial for THESEUS
to probe the physical conditions of the early
Universe close to the epoch of the reionization.
The large number of high redshift GRBs dis-
covered with the SXI will improve our knowl-
edge of the star formation rate, measure the
high-z galaxy luminosity function, and demon-
strate the role of Pop-III stars in the chem-
ical enrichment of their environment. As de-
tailed in|Amati et al.| (2018)), it is expected that
THESEUS will detect with the SXI between 30
and 80 GRBs at z>6 over a three year-mission,
with between 10 and 25 of these at z>8 (and
sev- eral at z>10).

The SXI will also have a central role in
the detection of electro-magnetic (EM) coun-
terpart of neutrino and/or gravitational wave
(GW) events. The combination of the instru-
ment large FoV and sensitivity will be per-
fectly suited to cover the relatively large er-
ror boxes provided by the neutrino and GW
facilities, detecting even possible faint X-ray
counterparts. If compared to Swift/XRT, the
improvement in the SXI grasp (FoV xEffective
area) is of a factor of ~150. In case of a GW
event from a neutron star-neutron star or neu-
tron star-blackhole mergers, the faint X-ray af-
terglow of the associated short GRB (caught by
the THESEUS/XGIS) can be detected by the
SXI up to 222 or larger.

The SXI will also observe a large num-
ber of different transient astrophysical sources,
critically contributing to make THESEUS a
powerful machine to explore the time-domain
Universe. Using the Rosat All-sky Survey data
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Fig. 7. Sensitivity of the SXI (black curves) and XGIS (red) vs. integration time. The solid curves assume
a source column density of 5x10?° cm™2 (i.e., well out of the Galactic plane and very little intrinsic ab-
sorption). The dotted curves assume a source column density of 10*? cm™ (significant intrinsic absorption).
The black dots are the peak fluxes for Swift BAT GRBs plotted against T90/2. The flux in the soft band
0.3-10 keV was estimated using the T90 BAT spectral fit including the absorption from the XRT spectral fit.

The red dots are those GRBs for which T90/2 is less

than 1 s. The green dots are the initial fluxes and times

since trigger at the start of the Swift XRT GRB light-curves. The horizontal lines indicate the duration of
the first time bin in the XRT light-curve. The various shaded regions illustrate variability and flux regions

for different types of transients and variable sources.

we can estimate the count rate expected from
the diffuse sky (Galactic and Cosmic) and point
sources. The sensitivity to transient sources us-
ing this background rate and a false detection
probability of 1.0x107'° is shown as a func-
tion of integration time in Fig.[Zl For longer in-
tegration times the source count required for a
significant detection rises, e.g., to 30 counts for
a 1 ks integration. We show in Table 2] the ex-

pected detection rate of different transient as-
trophysical sources with the SXI.
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