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Abstract

A four-stage X-ray telescope (FXT) has been developed as the best-suited optics for the Diffuse Inter-
galactic Oxygen Surveyor (DIOS) mission. The FXT utilizes four reflecting surfaces shaped into conically
approximated Wolter-I design. In this work, we have investigated the characteristics of the demonstration
model, using a raytrace simulation. The evaluated performance of the telescopes is angular resolution
(HPD), an effective area (EA) and a field-of-view (FOV). We found the values of EA, HPD and FOV to be
511 cm2, 2.′4, 50′ at 0.6 keV, respectively. We have also examined another scheme for the FXT – another
nesting of the mirror shells; the axial length of the mirrors is fixed to be 4 cm, and then the edges of
the mirror shells are arranged spherically. We have found that the EA is larger by 7 % than that of the
flat-top type. Furthermore, in order to reduce an intrinsic blur associated with the conical approximation,
we have re-designed the FXT telescope with mirrors that have a parabolic surface only in the first stage.
In this case, we obtained the HPD of 1.′9 from the raytrace simulation.
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1. Four-stage X-ray Telescope

We have designed a Four-stage X-ray Telescope (FXT)
which has an extended Wolter-I optics for the DIOS
(Ohashi et al. 2014) mission. Conical mirrors that ap-
proximate the parabolas and hyperbolas of Wolter-I tele-
scope are applied to FXT. This mirror-design is as those
used for Suzaku and ASTRO-H. Incident X-rays are re-
flected four times or two times by thin-foil mirrors (fig.1).
The focal length is 70 cm and the diameter is 60 cm (ta-
ble 1). The FXT is optics with a large product of the
effective area and the field of view (GRASP).

In order to enhance the GRASP of the FXT, we have
investigated the properties of telescopes with various de-
signs using a ray-trace method.

Fig. 1. Schematic drawing of the FXT. A two-reflection system is
applied for inner shells, while a four-reflection system is used for
outer shells.

Table 1. Design parameters of DIOS-FXT.

Focal length 70 cm
Dout (θ)a 60 cm (2.9◦)
DInner (θ)b 10 cm (1.0◦)
Inner/Outer boundaryc 20 cm (2.0◦)
Mirror layers Al
Mirror thickness 0.17 mm
Mirror surface C [25 Å] + Ni [25 Å] + Pt [300 Å]
a Outermost diameter (incident angle).
b Innermost diameter (incident angle).
c The radius at which the reflection system switches from

two to four (incident angle).

2. Raytrace Simulation

A raytracing simulator calculates the path of photons via
the Monte-Carlo method. In this work, we have created
a raytracing simulator for FXT. It simulates the inter-
action of incident X-ray photons with the FXT system.
Parameters of the simulation are the energy, the incident
angle, and the incident position at the top of the FXT of
each X-ray photon. The simulator has several flags for
photons. Table 2 shows description of flags.

3. Desgin of Mirror Configuration

Two types of mirror configurations for the FXT are de-
signed: (a) Flat-top and (b) Spherical-top types. Table
3 shows comparison of these types.
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Table 2. Flags of the raytracing simulator for FXT

Flag Description

Housing Hit the housing of the telescope
Mirror edgea Hit the edge of mirrors
Mirror backa Hit the back side of mirrors
Absorption Absorbed by mirrors
Detection Detected by a detector
a See fig.2

3.1. (a) Flat-top type

In this design, the top mirror shells are flatly arranged.
The axial height of each mirror stage is fixed to be 4
cm (fig.2 and fig.3 [a]), hence the length of each mirror
becomes longer for lower stages and outer shells. The
flat-top type is used for the actual demonstration model.
Some mirrors have been fabricated based on this design
(Takizawa et al. 2014).

3.2. (b) Spherical-top type

In this design, the top mirror shells are spherically ar-
ranged so as to have the same focal length for mirrors
with different radii (fig.3 [b]). The axial length of each
mirror is fixed to be 4 cm.

Fig. 2. Schematic diagram of a mirror.

Fig. 3. The configuration of mirrors for the telescopes (side view).
The left panel and right panel show flat-top type and spherical-top
type, respectively.

4. Result of Simulation

We have estimated an effective area (EA) and a field of
view (FOV); the EA is defined as the product of the geo-
metrical area and the reflectivity, and the FOV is defined
as the FWHM of the angular response (vignetting func-
tion) of the EA. A Half Power Diameter (HPD) was also
investigated as an indicator of the angular resolution;

Table 3. Comparison of flat-top type and spherical-top type.

Type Na GAb I (φ 600)c

Flat-top 175 (41, 134) 2674 cm2 2.9◦

Spherical-top 168 (41, 127) 2692 cm2 3.1◦
a Number of nested shells.
(two-reflection system, four-reflection system)

b Geometric area.
c Incident angle at φ 600.

the HPD is a diameter of a circle centered at the image
peak, within which half of the reflected X-ray photons
are accumulated. In this simulation, energy of photons
is fixed to be 0.6 keV.

4.1. Performances

We have found that the EA of spherical-top type is larger
by 7 % than that of flat-top type (table 4), because on-
axis photons of spherical-top type are not blocked by the
back side of mirrors (table 5). The FOV of each type is
approximately 50′. Hence, spherical-top type has the
GRASP larger than flat-top type. However, the HPD of
spherical-top type is worse than that of flat-top type be-
cause the intrinsic blurring to the conical approximation
of spherical-top type is larger.

Table 4. Performances of flat-top type and spherical-top type.

Type Effective Area Field-Of-View HPD

Flat-top 511 ± 3 cm2 50′ 2.′5
Spherical-top 549 ± 4 cm2 51′ 3.′0

Table 5. The detail of the total number of on-axis photons.

Flaga Flat top Spherical top

Housing 22 % 22 %
Mirror edge 10 % 10 %
Mirror back 5 % 0 %
Absorption 44 % 48 %
Detection 19 % 20 %
a See table 2.

5. Modified Conical System

To reduce the intrinsic blur in HPD, we have re-designed
a modified conical system which simply replaces first-
stage mirrors of flat-top type with Wolter-I mirrors with-
out any approximation. As a result of the simulation,
the estimated HPD is 1.′9. We have found that the angu-
lar resolution is significantly improved. However, a high
accuracy of the shape (∼1 µm) is required to fabricate
the mirrors in this design. Production of mirror of high
shape-accuracy is an issue in the future.
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