Czech Technical University in Prague

Faculty of Electrical Engineering
Department of Control Engineering

EXPERIMENTAL LOBSTER
EYE NANO-SATELLITE
X-RAY TELESCOPE

Doctoral Thesis

Vladimr Ticly

Prague, November 2010

PhD. Programme: Electrical Engineering and Information Tehnology
Branch of study: Control Engineering and Robotics

Supervisor: Ing. Martin Hrontk, PhD.
Supervisor-Specialist: Ing. Jan Jakbek, PhD.



Acknowledgments

This thesis could not come into existence without strong syyort of several
institutions and many people. We kindly thank all of them.

First of all, | would like to thank my supervisor Ing. Martin Hrontk,
PhD. for leading the work and for support. Also, | would like b thank
the headmaster of Depertment of control engineering Facyltof electrical
engineering of the Czech technical university, Prof. Ing. Mhal Sebek, DrSc.
for supply this work.

| would like to thank my supervisor-specialist Ing. Jan Jakbek, PhD. for
help and consultations the Medipix and Timepix Detectors. Tanks him, the
Institute of Experimental and Applied Physics of Czech Teahical University
in Prague [72] and its headmaster, Ing. Stanislav PosgsiDrSc. for providing
the Medipix2 and Timepix detector and related equipment.

Thanks to Rigaku Innovative Technologies Europe, s.r.o. 47 for provid-
ing the lobster eye optics and related equipment for the lalbbatory tests and
for manufacturing the telescope module prototypes.

Thanks to the Division of Precision Mechanics and Optics ohe Depart-
ment of Instrumentation and Control Engineering of Facultyof Mechanical
Engineering of Czech Technical University in Prague [75] f@roviding the
laboratory and equipment for the optical tests.

Thanks to Instituto Nazionale di Astro sica-Osservatorio Astronomico
di Palermo [73] , namely to Prof. Alfonso Collura, Dr. Marco Brbera and
Dr. Salvatore Varisco for providing its facility for the X-ray tests and for help
and consultations.

| would like to thank doc. Rere Hudec, Ing. Adolf Inneman, PID., Ing.
Jr Mask, doc. Ing. Ladislav Pna, DrSc., Ing. Vero nika Semencow and
Mgr. Libor Sweda, PhD. for help and consultations.

This work has been carried out within the Medipix2 collaborgon.

The work was supported by internal grant of the Czech Technat Uni-
versity in Prague No. 10-880680/13135.



X-Ray Telescope Based on Lobster Eye Optics
and Pixel Detector

Mgr. Vladimr Tichy
Czech Technical University in Prague, July 2010

Supervisor: Ing. Martin Hrontk, PhD.
Supervisor-Specialist: Ing. Jan Jakbek, PhD.

Abstract: The dissertation analyses possibility of building experiental
space X-ray telescope with the optics of the lobster-eye tgp This type of
optics seem to be a convenient approach for building futuregpace all-sky
X-ray monitors.

Results of experiments with the lobster eye and the Medipix&-ray imag-
ing device showing the functionality of this setup at the errgy around 8keV
are presented. Angular resolution and eld of view were meased as well
as image distortion and intensity in the dependency on the soce position.
Results are given.

Two experimental lobster eye modules called XTM-25 and XTN8O built
in Rigaku Innovative Technologies Europe, s.r.o. are preged. Results of
the tests of these modules in visible light are shown. Angulaesolution of
these modules is described.

The lobster eye specimen called P-25 built in Rigaku Innoviae Technolo-
gies Europe, s.r.o. seems to be adequate to be used in a smgleeimental
space telescope. For this reason, performance of this Iadystye was tested in
a quasi-parallel beam in Instituto Nazionale di Astro sicaOsservatorio As-
tronomico di Palermo, Italy. Its key imaging parameters, . eld of view,
angular resolution and gain were measured in several enefiges from 280eV
to 8keV. At selected energy lines, measurements of gain weerformed with
the various incoming beam angle. Results are shown.

The simulation program was developed. The key experimentadsults are
compared to the results of this simulation program.
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Introduction

X-rays are almost fully suppressed by Earth atmosfere andrfthis reason,
observation of space in X-ray is possible only by the instruemts placed
outside the Earth atmosphere. For detailed study of space day sources, X-
ray imaging devices (i.e. X-ray telescopes) are necessdryprinciple, X-ray
telescope consists of an X-ray focussing system (X-ray ai) and an X-ray
pixel detector, from this angle of view it is analogous to tekcopes for visible
light. However, construction of X-ray focussing systems rféhe astronomy is
di erent in comparsion with systems for visible light.

At this time, several X-ray telescopes work on the Earth orlbiand perform
observations and measurements of the sky in X-rays. Usualthey are large
systems with excellent spatial resolution, but with small eld of view (1 or
less). These systems allow precise measurements of seleiteay objects.

However, also another class of X-ray telescopes is nhecess@his class is
called "all-sky monitors". These telescopes should perfarpermanent mon-
itoring of large areas of sky and search for such type of X-rawents that
are hard or impossible to predict, mainly for X-ray bursts ad X-ray ashes.
Also, these telescopes are necessary to perform long-terranioring of the
light curves of variable X-ray sources such as binaries, awcdtaclysmic vari-
ables. These monitors need not have high spatial resolutiobut their key
requirement is wide eld of view. At this time, as the all-skymonitor for the
soft X-rays, the satellite known as RXTE operates. For the fssing, this
satellite uses simple devices which in principle represaeme-dimensional col-
limators. Lobster eye concept seems to be a more advanced @@eh which
in future can increase the sensitivity of the all-sky monits while keeping
the large eld of view and the angular resolution on a moderatlevel.

In this thesis, the idea of the small experimental lobster tescope based
on the lobster eye X-ray optics is analysed. This thesis wasitiated and
accomplished as a response to the strategic decision, magetie Depart-
ment of Control Engineering leaders roughly ve years agopowards space
oriented projects. Two driving forces can be recognized hietl this initia-



tive. First, starting 2009, the Czech Republic became a futhember of the
European Space Agency, ESA [70]. Consequences are eminat iaclude

direct access of Czech research teams to resources providedESA in ded-

icated calls (providing up to millions euros), and expectegarticipation of

Czech researchers and developers in ESA supported strategrojects led
by ESA Primal Contractors, top European companies in spaceisnce and
technology like EADS, Thales/Alenia and others. Secondlyhe Department

became a member of the European SpaceMaster consortium [inlfhe year

2005, implementing the Joint European Master in Space Scmnand Tech-
nology. It is quite natural that direct access to teams like Kuna Space
Campus, Space Dynamics Lab/Utah State University, SAAB Aarspace or
EADS Innovation Works, should be exploited also in the R&D dpere, going
beyond purely educational nature of the SpaceMaster profec

Given no previous experience of the Department in space peajs, we
focused on the CubeSat[68, 69] idea and concept as a feasthiection of
our research. Note that small one- to three-liters satells are a common
platform at many prestigious universities worldwide, withmany published
technical solutions and payload case studies, and, most ionpant, are devel-
oped and released for decades also at two SpaceMaster parinstitutions
(University of Wuerzburg, Utah State University). Obvioudy, one way to
explore was to get involved in such running projects. More gpi cally, our
intention was to identify running particular CubeSat techrology projects,
provide our knowledge and skills, and develop in cooperati@rucial techni-
cal solutions like orientation sensing and actuation that@uld be later used
at a prospective CTU own CubeSat.

As we had signi cnt previous experience with X-ray imagersX-ray on-
orbit astronomy was soon identied as the way to go regardingntended
payload. We were extremely pleased to recognize and get inuth with
Czech institutes and companies active in the X-ray imagingna optics eld
(UTEF, Rigaku atd., vyjmenovat), all of them on the top levelin the world's
context, who got excited about the whole idea and have beenpporting it
strongly all the time.

Review of the present and past X-ray missions is performed chapter 1.
Concrete goals of the disseration are named in chapter 2. Raw of the X-
ray optics is the topic of chapter 3. Chapter 4 describes theipciple of the
lobster eye in detail. Here, also physical principles aresemed. Chapter 5
gives the review of the main X-ray imaging devices with aim tthe devices
usable in a small X-ray telescope. In chapter 6, experimemhtibster eye
modules are introduced. The principles used in the simulat program are
described in chapter 7. The key part of the thesis, chapter &hews the
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results of the experiments with the lobster eye specimensh& conclusion of
the dissertation is performed in chapter 9. The possible ggaof the future
work are outlined in chapter 10.

Many of the gures are coloured, however they are still readde in the
black-and-white print. Where it is necessary (mainly in thegraphs), di erent
types of lines and marks are used to keep them recognizabletie black-
and-white print.



Chapter 1

State of the art

1.1 Beginning of X-ray astronomy devices

First X-ray emissions from an extra-terrestrial source wer detected in the
1949 experiment on the rocket V-2. First extra-solar X-rayaurce was dis-
covered in 1962 in the experiment on the sounding rocket Aweee, this
experiment was originally proposed to study X-ray emissignof the Moon.
First satellite designed speci cally for X-ray astronomy,called Uhuru[76],
was launched in 1970. This satellite carried proportionalotinters for X-
ray detection without the possibility of imaging. Neverthédess, this satellite
performed important discoveries, like binary X-ray sourse Cen X-3 [27],
Vela X-1[14] and Her X-1[30].

1.2 Related space missions with X-ray imag-
ing instruments

The future lobster eye telescope will operate in soft X-raynergy range (en-
ergies of order of keV). This section gives a review of misssoaimed to study
of X-ray sources in this range using an X-ray telescope. Sommssions are
aimed to study on another eld and they use X-ray telescope f@oft X-rays

as an auxiliary instrument, for example Integral, Swift, et. These missions
are not mentioned.

1.2.1 Einstein (HEAO-2)

First satellite carying an X-ray imaging device was HEAO-2also denoted
as HEAO-B, later renamed to Einstein [46], see Fig. 1.1(a)t was launched



on the 12th November 1978 by NASA. Einstein carried Wolter-bptics[34]
of focal length 340cm with four exchangeable detecting imsinents. At one
time, at most one detecting instrument could work. Two of thee instruments
allowed imaging. One of the imaging detectors was the ImagjriProportional
Counter (IPC). It worked in the energy range 0.4-4.0 keV witFFOV 75%and
spatial resolution . Second imaging instrumend was called High Resolu-
tion Imager (HRI). It worked in the energy range 0.15-3.0 keWvith FOV
25 and spatial resolution 2 Other two instrumets were solid state spec-
trometer (SSS) for the energy range 0.5-4.5keV and the fogahne crystal
spectrometer (FPCS) for energy range 0.42-2.6keV. The Etas satellite
realised rst high resolution spectroscopy and morphologal studies of su-
pernova remnants. Scientists recognized that coronal emigns in normal
stars are stronger than expected. It resolved numerous Xy&ources in the
Andromeda Galaxy and the Magellanic Clouds. It provided r$ studies of
the X-ray emitting gas in galaxies and clusters of galaxieevealing cool-
ing inow and cluster evolution. It detected X-ray jets from Cen A and
M87 aligned with radio jets [18]. It provided rst medium and Deep X-ray
surveys. It discovered thousands of "serendipitous” sows [13]. Mission
HEAO-2/Einstein was ended in April 1982.

1.2.2 EXOSAT (HELOS)

The satellite EXOSAT, originally called HELOS [47], see Figl.1(b) was
launched on 26th May 1983 by ESA. The denotation EXOSAT meansu-
ropean X-ray Observing SATellite. EXOSAT carried more insuments, two
of them allowed imaging. Both imaging instruments were catl LEIT (low-
energy imaging telescopes), sometimes the shortened detioin LE is used
for them. The LEIT contained Wolter-I X-ray optics and it was designed
for observations in energy range 0.05-2keV. As detectorsya devices were
possible to use[17]: CMA (Channel-multiplier array) and PB (position sen-
sitive proportional counter). The FWHM [38] resolution foron-axis sources
was 249 however it fell to £ for 1 o -axis source position.

The EXOSAT performed many observations of active galacticutlei, stel-
lar coronae, cataclysmic variables, white dwarfs, X-ray baries, clusters of
galaxies and supernova remnants [7, 33]. EXOSAT operatedtii®th April
1986.

1.2.3 ROSAT

The ROSAT satellite [31, 48, 49], see Fig. 1.1(c) was a jointeédman, US and
British X-ray astrophysics project. Its name is an abbrevigon of ROntgenSATellit
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in honour of X-ray discoverer Wilhelm Rentgen. The ROSAT wa launched
on June 1, 1990 by a NASA rocket.

Scienti ¢ payload of ROSAT consisted of two X-ray imaging istruments
[24]. Primary instrument was XRT (X-ray telescope),secoraty instrument
was called WFC (wide eld camera).

XRT contained Wolter-1 X-ray optics[2] with focal length of 240cm and
eld of view of 2 . The device was designed for observations in the energy
range of 0.1 to 2.4 keV. As detector, PSPC (position sensiévproportional
counter) or device called HRI (high resolution camera) codllbe used. PSPC
was intented for energy measurements, with this detector ¢hon-axis spatial
resolution was approx. 2% HRI allowed observations with spatial resolution
of 1:7°°FWHM.

WFC used Wolter-Schwarzchild nested mirrors of focal lengt525cm for
focussing and MCP detector for detection. WFC operated frorsoft X-ray
energies to extreme ultraviolet region with energies of @GL@.2keV. Its eld
of ew was 5 and spatial resolution was Z°.

1.2.4 RXTE

The denotation RXTE means "Rossi X-ray Timing Explorer". The RXTE
was launched on 30 December 1995 by NASA and it is still in oeion.
The RXTE carries three scienti ¢ instruments: PCA (Proportional Counter
Array, HEXTE (High-Energy X-ray Timing Experiment) and ASM (All Sky
Monitor). Observations are aimed mainly to black holes, neton stars, X-
ray pulsars and X-ray bursts. RXTE artists image is shown on ig. 1.1(d),
more information about satellite and mission can be found nrady on [53, 54].

The ASM is an imaging device consisting of three special Xyréocussing
devices called shadow cameras, acting as an one-dimendi@odlimator. As
detectors, xenon position sensitive proportional countsrare used. The ASM
operates at energies of range 2-10keV. The FOV of each of tiege cameras
is 6 90, their spatial resolution is ¥ 15’ These parameters and the
purpose of the ASM are similar to the proposed telescope witbbster eye.
However, sensitivity of the ASM is only 30mCrab (unit crab rpresents the
luminosity of the crab nebula, see [16]).

1.2.5 BeppoSAX

BeppoSAX [3, 55, 56] was an Italian-Dutch satellite launclaein 30 April,
1996 by NASA. BeppoSAX was named in honour of the Italian phigst
Giuseppe "Beppo" Occhialini. SAX stands for "Satellite perAstronomia



a raggi X" or "Satellite for X-ray astronomy". BeppoSAX is imaged on
Fig. 1.2(a).

BeppoSAX carried ve science instruments [57]: Low Energy dbicen-
trator Spectrometer (LECS), Medium Energy Concentrator Spctrometer
(MECS), High Pressure Gas Scintillation Proportional Couter (HPGSPC),
Phoswich Detector System (PDS) and Wide Field Camera (WFC)The rst
four instruments (often called Narrow Field Instruments ofNFI) pointed to
the same direction and allow observations of an object in a dad energy
band of 0.1 to 300 keV.

WFC was an imaging instrument. It used coded mask and was de-
signed for observations at energies 1.8-28keV. WFC had adar eld of view
of 40 40(20 20 FWHM). Spatial resolution of WFC was % and sensi-
tivity 1mCrab (@3:10%s). As a detector, PSPC was used. Primary objective
of this instrument was survey of the galactic plane and the aech of X-ray
transients for follow-up studies with the narrow eld instuments. Secondary
objective was monitoring of faint sources, like AGN.

BeppoSAX was deorbited on 29 April 2003.

1.2.6 Chandra (AXAF)

The Chandra X-ray Observatory[58, 59, 60] represents onetbé most impor-
tant X-ray missions. It was launched by NASA on July 23, 1999al operates
till today. Chandra was named in honor of Indian-American pisicist Sub-
rahmanyan Chandrasekhar who is known for determining the mamum mass
for white dwarfs. "Chandra" also means "moon" or "luminous"in Sanskrit.
AXAF means "Advanced X-ray Astrophysics Facility”, this denotation was
being used before the launch. Chandra is imaged on Fig. 1.2(IChandra’s
capabilities are unprecedented and Chandra users keep nrakiimportant
contributions to all areas of astronomy, including the solasystem, stars,
interacting binaries, compact objects, supernovae, galas, and AGN.

Chandra carries four scienti ¢ instruments: Charged Cougld Imaging
Spectrometer (ACIS), High Resolution Camera (HRC), High Eergy Trans-
mission Grating (HETG), Low Energy Transmission Grating (LETG). ACIS
and HRC are X-ray imaging detectors placed in the focus of th&olter optics
with the focal length of 10.1m.

HRC consists of two similar devices: HRC-I and HRC-S. HRC-Ids eld
of view of 30 3C°, HRC-S has eld of view of 6 9(°. HRC-I and HRC-S
represent a dual MCP detector. They operate in energies 0f08-10keV and
with the mentioned optics, they reach excellent angular retution of 0:5%
The HRC is especially useful for imaging hot matter in remnds of exploded
stars, and in distant galaxies and clusters of galaxies, amar identifying very
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faint sources. Limiting sensitivity is 9 10 **ergcm 2s ! in 3 1Cs.

ACIS consists of 10 CCD detectors, its main purpose is to getspectro-
scopic information simultaneously with an image. It operas in energies of
0.1-10keV and its angular resolution is% Four of the CCDs are arranged
to an array of 2 2 detectors, denoted as ACIS-I. These CCDs are front-
illuminated, they cover a eld of view of 169 16:9°and they serve for cap-
turing of X-ray images. Remaining six CCDs are arranged to aarray of 6 1
detectors, denoted as ACIS-S. Four of them are front-illumated, two are
back-illuminated. ACIS-S covers a eld of view of 8 50:6°It is being used
for acquiring spectra. Limiting sensitivity of ACIS is 4 10 *®ergcm 2s tin
10%s.

HETG and LETG provide transmission gratings, which swing ito the op-
tical path behind the mirrors with high resolution spectrosopy. The HETG
works over 04 10keV, LETG has a range of @9 3keV.

More information about Chandra scienti ¢ instruments can [ found in
[63].

1.2.7 XMM-Newton

XMM-Newton (X-ray Multi-Mirror Mission - Newton) [12, 64, 65, 66] is
the X-ray observatory named in honor of Sir Isaac Newton. Itapresents
one of the most important X-ray missions. XMM-Newton was laoched on
December 10, 1999 by ESA and it is still in operation.

XMM-Newton carries three X-ray telescopes, each of them isaked on
Wolter-1 optics [67]. Focal length of these telescopes isSteters. FWHM
resolution of all systems is better than &°in energy range of 5 8keV.

For X-ray imaging, XMM-Newton has three devices called Eupgean Pho-
ton Imaging Camera (EPIC) [32, 28]. Two of them are called MOBameras
[32]. They are installed behind the two X-ray optical system and they are
equipped with the gratings of the Re ection Grating Spectrmeters (RGS).
The gratings divert about half of the telescope incident uxowards the RGS
detectors such that (taking structural obscuration into acount) about 44%
of the original incoming ux reaches the MOS cameras. The thd EPIC is
called pn-camera [28]. It is installed behind the third optis and it has an
unobstructed beam.

Both types, MOS-camera and pn-camera are based on CCD-ddtes,
called MOS-CCD and pn-CCD respectively. The EPIC cameras er the
possibility to perform extremely sensitive imaging obseations over the tele-
scope's eld of view (FOV) of 3@ and in the energy range from 0.15 to 15 keV
with angular resolution of @°FWHM. RGS gives a spectroscopic information.



(c) ROSAT [37] (d) RXTE [53]

Figure 1.1: Artistic views of X-ray mission satellites (1)



XMM-Newton also carries device called Optical monitor (OM]21]. This
device is designed for imaging the radiation of the wavelethg of 170 650nm
(UV and a part of visible light).

1.2.8 [IXO

IXO is one of the most important planned X-ray missions. The ehotation
means International X-ray Observatory. It is a joint projet¢ of NASA, ESA
and JAXA merging previously planned missions XEUS (X-ray Esving Uni-
verse Spectroscopy) of ESA and Constellation-X of NASA.

Wolter-1 mirror system of focal length 20m and diameter of 3ns planned
to be used. For imaging, a CCD camera will be used. Other plaed instru-
mentation consists of high-resolution spectrometers, mmaxalorimeter and
X-ray grating spectrometer.

IXO is planned to be launched in 2021.
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(b) Chandra (AXAF) [58]

(c) XMM-Newton [64]

Figure 1.2: Artistic views of X-ray mission satellites (2)
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A

Mission Instrument Type Detector Energy FOV Spatial Focal Life
of optics range size resolution length years
[keV] [arcmin] [arcsec] [m]
Einstein HRI Wolter-I MCP 0.15-3 25 2 3.4 1978-1981
(HEAO-2) IPC (common) PSPC 0.4-4 75 60
EXOSAT (HELOS) | LEIT (2 pcs.) Wolter-| CMA+PSD 0.05-2 120 24-240 1.1 1983-1986
ROSAT XRT Wolter-I PSPC/HRI 0.1-2.4 120 25/1.7 2.4 1990-1999
WFC Wolter-Schwarzschild MCP 0.04-0.2 300 140 0.525
RXTE ASM (3 pcs.) shadow camera PSPC 2-10 360 5400 | 180 900 - 1995-now
BeppoSAX WFC Coded mask PSPC 1.8-28 | 2400 2400 300 1.85 | 1996-2003
Chandra HRC- Wolter-I MCP 0.08-10 30 30 0:5 101 1999-now
(AXAF) HRC-S (common) MCP 0.08-10 6 90 0:5
ACIS-I CCD 0.2-10 | 169 169 2
ACIS-S CCD 0.2-10 8:3 506 2
XMM-Newton EPIC (3 pcs.) Wolter-I CCD 0.15-15 30 6 7.5 1999-now

Table 1.1: Overview of main X-ray missions with X-ray imagig instruments




Chapter 2

Goals of the dissertation

2.1 Medipix2 and Timepix

Perform laboratory tests with Medipix2 and Timepix detectos. Assess ap-
plicability of these detectors for a small space lobster eyéray telescope.

2.2 Tests of lobster eye optics for X-ray imag-
ing from nite distance

Perform basic laboratory tests of a lobster eye specimen dgsd for imaging
from nite distance. Determine eld of view and spatial resd¢ution. Estimate
image distortion as function of source position.

2.3 Experimental modules

Handle manufacturing of experimental X-ray telescope modtks for both ac-
cessible lobster eyes for imaging from in nity. Perform tdés of both these
modules in the visible light. Estimate spatial resolution.

2.4 Tests of lobster eye optics for X-ray imag-
ing from in nite distance

For these tests, X-ray beam of low divergence (less than larn) and rel-

atively large beam (of diameter at least 3cm) have to be usedBecause no
institution in the Czech Republic operates such device, tsit is necessary
to establish collaboration with a suitable foreign institte.
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Tests will be performed with a selected specimen of the loksteye. Test
imaging with this specimen at several energy lines. Estimatgain, spatial
resolution and eld of view at all these lines. At some linesgstimate gain as
a function of the source position.

2.5 Simulation program

Create a program for simulation of the lobster eye operatioim the centered
arrangement (i.e. when the X-ray source and the detector lap the optical
axes of the lobster eye). This program should simulate behav of any lobster
eye con guration for any energy, visualize the image and estate the gain.

2.6 Assesment

Discuss accordance between the theory and measured resulf®mpare re-
sults of the X-ray tests with the results of the simulations. Discuss the
di erences. Discuss suitability of lobster eyes for a spacelescope.
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Chapter 3

X-ray optics overview

3.1 Principles of X-ray optics

According to the physical processes involved, X-ray opticsan be divided
into the following groups:

Pin-holes and coded appertures
Refractive optics
Re ective optics

Other (Fresnel lenses, etc.)

3.2 Pin-holes and coded appertures

The construction of pin-holes and coded appertures for Xya is similar
to the construction of analogous systems for a visible lighGpatial resolution
of these systems is limited by the ratio of apperture diameteind the length
of the system. The e ciency of the pin-holes is very low. The eiency can
be make better by construction of coded appertures.

3.3 Refractive X-ray optics

The principle of the refractive X-ray optics is similar to the principle of
the common lenses for the visible light. This type of opticsrpvides high
spatial resolution, however its e ciency is low because ofigh attenuation
of radiation in the material of the lens. This type of optics $ not suited for
the astronomic applications.
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3.4 Re ective X-ray optics

Re ective X-ray optics uses sets of re ecting surfaces foo€using. This optics
provides high e ciency, and it is the usual type of optics forthe astronomical
applications in the soft X-ray range.

This type of X-ray optics use re ecting surfaces for the foaing (physical
principles of X-ray re ection are described in section 4.IJhere exists several
di erent geometric arrangements of the surfaces. Their maitypes are being
called Kirkpatrick-Baez, Wolter and Lobster Eye.

3.4.1 Wolter X-ray optics

Wolter arrangement[34] was suggested by H. Wolter in the mi20th century.
There exist three types of Wolter design. All Wolter designsonsist of two
re ecting surfaces. These designs are drawn on Fig. 3.1. @psWolter |
is based on re ection on a convex side of a parabola and on a eex side
of a hyperbola. Design Wolter Il is based on re ection on a ceex side
of a parabola and on a concave side of a hyperbola. Design Veoltll is
based on re ection on a concave side of a parabola and on a cexside
of a ellipse. Wolter X-ray optics is used in laboratory deves as well as
in high-performance space X-ray telescopes. These systemase excellent
angular resolution, however their FOV is small, typically 1 or less due to
the limiting angle of the used material for the used X-ray engy.

3.4.2 Lobster eye X-ray optics

Lobster eye can be constructed as one-dimensional or a twioadnsional sys-
tem. 1-D system [26] uses a set of at mirrorirng surfaces. HBse mirrors
are arranged in uniform radial pattern around the perimeterf a cylinder,
see Fig. 3.2. The re ected incoming X-rays are focussed rdug to a line.
Also it is seen on Fig. 3.2 that some rays can travel through th system
directly, one of them is shown. Note that this gure is schemnig only. In
reality, spaces between mirrors are narrower and the amouaot direct beams
is lower than it appears on Fig. 3.2.

2-D system uses two such sets arranged orthogonaly (Schmildtsign [26])
or it is based on set of chambers (Angel design [1]). Compansiof these
arrangements is seen on Fig. 3.3. Example of Schmidt type &ibr eye can
be seen on Fig. 3.4. Angel design is inspired by compound epédobsters
(Fig. 3.5, Fig. 3.6) and for this reason, this type of opticssi called "lobster
eye".
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Figure 3.1: Wolter types of X-ray optics, source: [37]

Angel design of the lobster eye is the only one type of re egt X-ray
optics which theoretically can cover the whole sphere by iteld of view. In
real cases, obtainable eld of view is limited, because Xyadetectors are
at.

The main factor limiting the FOV in the Schmidt design is the dstortion
of the image for o -axis source position. This distortion icreases with the
angle between the optical axis and the source. This fact litsithe applicable
area to approx. 10 10 [26].

For both designs, size of the active area of the detector camsa limit
the FOV. More detailed description of lobster eye X-ray opts is given in
chapter 4.
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DETECTOR MIRRORS

Figure 3.2: One-dimensional lobster eye principle. The rayare incomming
from the right hand side and they are focussed to the detectan the left
hand side. In reality, spaces between mirrors are narrower.

3.4.3 Kirkpatrick-Baez X-ray optics

Analogously to the Schmidt lobster eye, Kirkpatrick-Baez KB) optics [15]

consists of two orthogonally arranged sets of mirrors. Camatry to LE, these

mirrors are not at but specially curved. It decreases the apt size for on-axis
source and the sources near the optical axis, however dese=sathe obtainable
eld of view. Its principle is drawn on Fig. 3.7, where only or mirror of each
of the two sets is drawn.
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Figure 3.3: Lobster eye principle and comparsion of Schmidtnd Angel

lobster eyes, source: [10]. The outer sphere represents tbhbster eye of
the radius R. The inner sphere represents the detector. It has radilR=2

because focal lengthf of the lobster eye system is equal tR=2. On the

top side, several rays are shown. They are focussed by owtlihchannels to
the focusF. Around the outer sphere, Schmidt 2-D (on the left hand side)
Angel (on the top side, slighly to the left) and Schmidt 1-D (o the right

hand side) systems are drawn.
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Figure 3.4: Photograph of the Schmidt type lobster eye comsing of the
plates of diameter 100x80 mm, source: [42]
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Figure 3.5: European lobster (Homarus gammarus), sourc&7]

Figure 3.6: American lobster (Homarus americanus), sourcg87]
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Figure 3.7: Principle of Kirkpatrick-Baez (KB) X-ray optics, source: [29]
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Chapter 4

Lobster eye - mathematical
description

More details on X-ray re ection and Lobster Eye optics are gen in this
chapter. It is supposed that reader is familiarised with chater 3. In this
chapter, LE of the Schmidt design is considered.

4.1 Physical elements of X-ray re ection

Total re ection is a known phenomenon of visible light. Alse this e ect
can arise for the X-ray. In general, electromagnetic beamaiding the inter-
face between two environments is divided to re ected beam driransmitted
beam, as seen on Fig. 4.1. Angles, r and t are called in this order
incoming angle, re ecting angle and transmitting angle. Thse angles are
measured between the ray and the normal of the surface. Anglg is called
grazing angle or glancing angle and it is angle between an amsing ray and
a suface. Usually, a glancing angle is used instead of an imgog angle, if
an incoming angle is almost equal to the right angle, i.e. if grazing angle
is small. Symbolsn; and n, denote refractive indices of the environments.
In general, they are complex numbers. Their real part (n) determines the
ratio between the phase velocity of waves in the material and the vacuum,
imaginary part =(n) determines absorption of the radiation in the material.

The intensity of the electric eld of the transmitted beam is given by
Fresnel equations [4]

q
Er» Ny COS | n22 n12 Sil"l2 I
= = ¢ — 4.1)
1? nycos |+ nNy2 ni2sin® |
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Figure 4.1: Icoming, re ected and transmitted beam

q
Erc _ N22cos; ng np2 ny2sin® (4.2)
Eix n,2cos | + N; Ny2 nq2sin’ |

Here, the symbolE, denotes the component of vectoE which is perpendic-
ular to the surface and symboEy denotes the component which is parallel
to the surface. Index, denotes the value for the incoming beam, index
denotes the value for the re ected beam.

Re ectivity can be evaluated as

Er>» ° Ego
? Ei-, Eir, (4:3)
Erc ~ Erc
R« = — — 4.4
“ = = (44)

Symbol ? denotes complex conjugation. Note that these equations sic for
an ideally at surface. Because wavelength of the X-rays isomparable to
atomic distances, no surface can be considered as ideally ia the case of
X-ray re ection and corrections have to be applied [29].
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For the construction of X-ray optics, it is important that all materials
have real part of refraction index smaller than one for X-rayadiation. It
means that the phase velocity of X-ray wave is greater than éhphase velocity
of electromagnetic wave in vacuunt. Note that it does not mean violation
of the general relativity, because this fact cannot be usedrftransmission of
information, since the group velocity

_df
Vo= 4o

is never greater thanc. Here, f denotes the frequency of a wave and
denotes its length.

In general, if for the environments on Fig. 4.1 it holds<(n;) > <(ny),
the total re ection can arise and this fact is employed for aostruction of
re ective X-ray optics. In these systems, total re ection & X-ray beams
arises on the interface between air or vacuum and the surfaitem dedicated
material.

The calculation of the refraction indices represents conmgt problem.
Here, the mathematical model of the atomic clouds is necesga Never-
theless, for this problem, specialised software is accéssi For example,
free-of-use on-line calculator [39] can be used for this pase.

(4.5)

4.2 Imaging by lobster eye

Typically, the image of the X-ray point source in the focusgskarrangement
obtained by LE consists of the focal cross with the bright céer and the
background mosaic. As an example, the reader can see the iea§ig. 8.2(a),
Fig. 8.28, Fig. 8.7 (image in the visible light, but similar)

The reason for this image will be clari ed for the Schmidt lobter eye
designed for imaging from in nity and parallel incoming X-ays, see Fig. 8.28.
This situation is equivalent to the situation, where the pant X-ray source
lays in the focussed position of the Schmidt lobster eye dgsed for imaging
from the nite distance, see Fig. 8.2(a).

As it has been explained, the lobster eye consists of two odfjonal sets
of mirrors. Let the set of mirrors closer to the source is arrged horisontally
and the second set (closer to the detector) vertically. As eer on Fig. 3.2, in
each of the set of the mirrors, a ray can be re ected or it can &vel directly.
Of course, the ray can be also absorbed by a mirror due to the ideal
re ectivity. Rays incidenting the detector (i.e. rays whidh are not absorbed)
can be classi ed to four groups:
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Rays going directly through both sets of mirrors create bagkound
mosaic.

Rays going directly through horisontal set of mirrors whictare conse-
quently re ected on some of the vertical mirrors create vertal arm of
focal cross.

Rays re ected on some of the horisontal mirrors which are ceaquently
going directly through vertical set create horisontal arm bfocal cross.

Rays re ected on one horisontal and one vertical mirror creéa focal
spot.

Note that a beam can re ect more than one time, however its i@nsity

decreases with the power of the number of re ections. Twican( general

an even number times) re ected beams can create secondarygdbcrosses
and secondary spots around the main image. Three times (inrgeal an odd
number times) re ected beams intensify the main focal crosslittle, however

their intensity is low and usually they are not signi cant.

4.3 Lobster eye geometric parameters

Each of the both sets of the lobster eye mirrors is describeg these param-
eters (see Fig. 4.2):

r...radius of convergence
a...average spacing of mirrors
h...mirror deepness

t... mirror thickness
n...number of mirrors

The point F (focus point) have to be identical for both mirror sets, othe
wise the image cannot be focussed. Also, optical axis (dagbt line) should
be the same for both sets. The poinC (center of convergence) is di erent
for both mirror sets. In this point it is important to say that lobster eyes
are always designed for imaging from xed distance. If LE isekigned for
astronomy, then the imaged source can be considered as layin in nity and
rays incoming to LE can be considered to be parallel. In thisase, a simple
relation f = 5 betweenr and f stands for both mirror sets. LE can be also
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Figure 4.2: Lobster eye geometric parameters

designed for imaging from xed nite distance. In that caseusually one set
of mirrors is parallel (its convergence radius is in nite) ad the second set
is designed with respect to the source distance. This desigas the image
focal length approximately equal to the source focal lengthAlso, it is pos-

sible to design LE for any source and any image focal lengthyg buitable

combination of radii of both mirror sets.

For optics for the visible light, the denotation focus alwag represents the
point, where the rays incoming from in nity are concentratel. Here, we use
the term focus in another meaning and it can be thought to be correct.
For lobster eye for imaging from nite distance, as focus weethote points
from where and to where the optics is able to concentrate theays. This
denotation is commonly used for lobster eye systems and itro@t cause
confusion, because if the lobster eye system is designedtwaiging from nite
distance, it has not focus in the meaning of "point where rayimcoming from
in nity are concentrated”. If the lobster eye is designed foimaging from
in nity, than the denotation focus has the same meaning, asof optics for
visible light.

It is usefull to de ne the following parameters[1, 10, 26]:

Denote the angle between two adjacent mirrors with respecbtthe
point C as = &t

r

E ective angle ¢ 2 of a channel is a maximal grazing angle of
directly passing beam, see Fig. 4.3(a).

=l

Limiting angle % =2 g of a channel is a maximal grazing angle
of beam passing by one re ection, see Fig. 4.3(b).
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It is supposed, that adjacent mirrors are approximately paxllel.

N3
a
Lo

h h

(a) E ective angle (b) Limiting angle

Figure 4.3: E ective and limiting angle. Mirrors are supposd to be approx-
imately parallel

In the paper[26], it is shown that for the ideal lobster eye nde from
100% re ecting blades, the size of the focal spot is equal to and the spot
has approximately triangular shape. Hence, the angular FWM size of the
spot! (i.e. FWHM angular resolution of the system) is equal to the and
can be expressed as [10, 26] t

at

r

(4.6)

4.4 Gain

Important quantity describing ampli cation of the ux in th e focal spot is
called gain, usually denoted a&. The gain is de ned as

average ux of irradiation in the focal spot
ux of irradiation incoming to LE

G= 4.7)
Flux means number of photons per unit time and unit area. It is\ecessary
to de ne exactly which region is regarded to belong to the fat spot. In this
work, the focal spot is de ned as area corresponding to the gjection of the
central chamber of the LE [26]. In some another literature,hte area of the
focal spot is de ned as the FWHM area [29].

For a 1-D LE system, the length of e ective collecting arred can be ap-
proximated asl r . Size of focal spot can be approximately estimated
as a. It leads to estimate gain as [1, 10, 26]

I r

Because in principle, 2-D Schmidt system represents coméation of two 1-D
systems, its gain can be estimated as product of gains of casponding 1-D
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systems, i.e. [1, 10, 26]
Gop 2 gMfz. (4.9)

Here, symbolsr, r, denote radii of convergence of corresponding 1-D mir-
ror subsystems. It is supposed that both subsystems have tsame mirror
deepness.

4.5 Field of view

One of the two basic limits of lobster eye eld of view origintes in its ge-
ometry and does not depend on material of mirrors. For the deition of
the corner position of FOV, see Fig. 4.4. Here, the rays are nadlel to the
central axis of the corner cell of LE. In this situation, diret rays can travel
through the appropriate mirror set directly only at one sideo the focus. For
this reason, in this case one arm of focal cross vanishes andsaic of direct
beams arises only at one side of focal spot. Examples of r&ésgl image are
shown on Fig. 8.2(b), Fig. 8.27. This position is easy to fodnexperimentally
and eld of view equals

Figure 4.4: Lobster eye eld of view

Using geometric parameters of LE de ned in section 4.3, FO\hiradians
can be expressed as [S1]:

_(@+n(n 2

; (4.11)
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Please note that alternative de nitions of FOV exist. In paticullar, we
will use the following one in section 8.1. Field of view of LE{ general, of
any optical system) can be de ned as an angle between posit&g) where gain
falls to a half of gain in centered position.
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Chapter 5
X-ray imaging devices

Detection of X-rays is possible by many ways. Of course, fot@lescope only
such an X-ray detecting device can be used which allows to abt images
of the X-rays, i.e. it has to consist of many individual cell§these cells
will be called "pixels") or it has to be able to get two-dimen®nal position
information of the incomig photon in another way. Also, for he mentioned
small space X-ray telescope, several key aspects of any devincluding the
X-ray detector have to be respected:

Size of active area
Spatial resolution
Overall dimensions
Mass

Detection e ciency
Power consumption

For an application on a micro- or nano-satellite, the dimensns of the detec-
tor are limited to order of centimeters and the legth of the whle apparatus
is limited to order of tens of centimeters.

In space telescopes, the main two types of X-ray imaging degs are
being used: semiconductor pixel detectors and microchanmdates (MCP).
Also, these devices seem to t the requirements for a telegm placed on a
micro- or nano-satellite. These devices will be describe@llow. Rarely, an-
other detecting devices were used, for example positiomsgive proportional
counters (PSPC), scintillators, etc.
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5.1 Semiconductor X-ray detectors

Semiconductor X-ray detectors are based on the e ect that daation can
generate electron-hole pair in a semiconductor. As a semmclctor, silicon
or germanium doped with lithium can be used. These detectoreadenoted
Si(Li), resp. Ge(Li). Another well proven material for this purpose is cad-
mium telluride (CdTe) and its alloy with zinc, cadmium zinc telluride.

In principle, the detector with electrodes behaves as a seranductor
diode. In an operation, it is connected in the reverse dirdoh. When in-
coming radiation generates the electron-hole pairs, thepairs can for a short
time transfer the electric current and the electric pulse igenerated in the
circuit.

Structure of the semiconductor detector can be smalk( 100m ). It
allows to fabricate a pixel detector as a network of semicoundtor detectors
on a semiconductor wafer.

Speci cally, from the wide family of semiconductor X-ray inaging devices,
the hybrid device called Medipix2 and the derived type Timeg have been se-
lected for experiments. These devices and the related equient were kindly
provided by Institute of Experimental and Applied Physics & Czech Tech-
nical University in Prague. Thanks namely to Ing. Stanislawrossil, DrSc.
and Ing. Jan Jakbek, PhD. Medipix2 and Timepix devices wil be described
in the following subsection.

5.1.1 Medipix2 and Timepix

The Medipix2 [19] is a semiconductor hybrid device consiag of a silicon
sensor chip bonded to a read-out chip. The sensor is equippeith a matrix

of 256 256 square electrodes (pixels). Each electrode (of area 555 m)

is connected to its own electronics made in the read-out chipEach pixel
works as a single channel analyzer with a digital counter coting individually

registered photons. Medipix2 device mounted on the chipbhis shown in
the Fig. 5.1. Note that the rst version of Medipix had matrix only of 64x64
pixels. Also, there exists a device called Medipix2 quad. has a matrix
of 512 512 square pixels and its other properties are the same as tbhe
Medipix2.

Medipix2 electronics

The block schematics of the electronics of the Medipix2 pikeell is shown
in the Fig. 5.2 [19]. Preampli er performs ampli cation and shaping of the
electric pulse generated by incoming photon in the detectorTwo discrim-
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Figure 5.1: Medipix2 device mounted on the chipboard

inators with appropriate logic circiuts allow to set an enegy window. One
dicriminator de nes the top energy level and the second one=dhes the bot-

tom energy level. The 14-bit shift register with related logs works as a
digital counter. Each individual gamma particle belongingo the selected
energy window is counted. This concept allows to use long agstion times,

which are limited only by the counter range. Maximal count i8001 for the
Medipix 2.0 detector and 11810 for the Medipix2.0 MXR deteot.

Medipix2 spectral properties

Medipix2 is not convenient for acquiring the spectra (the thepix is more
convenient). With the Medipix2, the spectra can be acquire@nly by the
threshold scan, i.e. by the series of measurements with thieréshold set to
various values. This method requires a stable source. Thhedd scan takes
a long time and gives the integral spectra. To get the di eretnal spectra,
the integral spectra must be numerically di erentiated, whch increases the
noise. An example of the integral spectra acquired by the Mgxix2 device is
shown in the Fig. 5.3. There are shown uorescent spectra ofi¢ cadmium
and the indium illuminated by an X-ray source. The measurenm¢ has been
performed at the Institute of Experimental and Applied Physcs of CTU
in Prague. The spectra from the Fig. 5.3 di erentiated are sbwn on the
Fig. 5.4. It is seen that the sharp energy is smeared to gaumsipeak
with FWHM approx. 3-5 keV. This e ect is caused by the basic poperties
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Figure 5.2: Medipix2 pixel cell electronics [19]

of the silicon detector at room temperature and it limits thespectroscopic
resolution.

The left side "tail" is also seen on the Fig. 5.4 . This tail appars for the
following reason: if the edge between two or more pixels i4,ithe generated
charge is shared among all adjacent pixels. This e ect is ¢adl "charge
sharing e ect" (see [25]) and is is hard to neglect.

Heat oscillations generate electron-hole pairs in the sibn sensor chip
and these pairs transfer electric current. This e ect appeaa as noise at the
lowest energies. For this reason, the minimal detectable engy is approx.
3.5 keV. Under this level, the noise exceeds the useful sign&onventional
Si detectors can be cooled to decrease heat oscillations ow detection at
lower energies. However, Medipix electronics is not deseghfor working at
low temperatures. Another problem is that aging caused mdinby radiation
damage increases the minimal detectable energy. For use pase, it is
necessary to take into account this fact and not use the dee@t the minimal
energy 3.5keV but a little higher, for example 4.5keV.

The maximal detectable energy is not given exactly. The préém is the
detection e ciency decreaes at higher energies because @cdeasing of the
apsorbtion e ciency of the sensor. The absorption e ciencyas a function of
the photon energy for miscellaneus materials and thickness shown on the
Fig. 5.5 [23].
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Figure 5.3: Integral X-ray uorescent spectra of Cd and In aguired by
Medipix2 [S5]

Timepix

The Timepix device [20] is derived from the Medipix2. Both deces use the
same sensor chip and for this reason they have the same bagiopgrties
(matrix size, energy range, energy resolution, etc.).

The electronics in the Timepix is modi ed (see Fig. 5.6) [20] In the
Timpeix, the high threshold discriminator is not included. Contrary to the
Medipix2, the logic part of Timepix electronics provides thee modes: event
counting (single counting mode as Medipix), arrival time mde and time over
threshold (TOT) mode.

In TOT mode, duration of pulse from preampli er is measured ad in-
coming particle energy can be determined. Di erential spé@ are acquired.
If the charge generated by an incoming particle is shared amg more pixels,
energy detected in all pixels in the generated cluster can lsmmed [11].
Such a way, charge sharing e ect is neglected. However, inetlOT mode,
the readout speed must be su cient so that events from more #n one parti-
cles have not been detected by one pixel. An example of the aogd spectra
is shown in the Fig. 5.7. Here, spectrum of th&*Am source measured by
the Timepix in TOT mode is shown. The measurement has been pemed
at Institute of Experimental and Applied Physics of CTU in Prague.
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Figure 5.4: Di erential spectra calculated from the integal spectra measured
by Medipix2 [S5]

5.2 Microchannel plate

The microchannel plate (MCP) [35] was originally developeds an ampli -
cation element for image intensi cation devices. MoreoveMCP have direct
sensitivity to energetic photons (including X-ray) and cheged particles.
The base component of the MCP is a plate from material of highHestric
resistance containing a net of holes (channels) leading rimoone side of a
plate to the oposite side Fig. 5.8 [35]. Channel axes are tgpily normal to,
or biased at a small angle ( 8 ) to the MCP input surface. Usually, the
plate is fabricated from a lead glass. Typical thickness ohis plate is a few
millimeters and typical diameter of channels is around 10 mions. Front
and rear surfaces of the MCP are coated by metal and operate @sctrodes.
Electrodes powered by electric voltage creates electriclcein each channel.
The total electric resistance between these electrodesiisthe order of 16 .

Each channel operates as an electron multiplier, its pringle is drawn on
Fig. 5.9 [35]. When radiation hits the surface of the channeélectrons are
emitted. Emitted electrons are accelerated by the electrield and their next
hits of the channel surfaces produce subsequent electronigsions. These
electrons can be converted to a visible light using a scirétor. Then the
visible image is acquired by a common visible light pixel dettor (CCD,
CMOQOS). Also, MCP can contain a network of anodes for a directedection
of the incident photon position.
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Figure 5.5: Absorption e ciency as the function of the photam energy ranking
from 5 keV to 100 keV [23]. Typically, Medipix2 and Timepix ug 300 mm
thick Si.

MCP detectors allow ultra-high time resolution & 100ps) and good spa-
tial resolution (up to order of tenth of microns), however tkrir detection
e ciency for soft X-rays is low (typically 5-15%)[35].

The detection e ciency can be increased by using two microemnel plates
consecutively. This type of construction is called ChevroMCP [5]. Some
MCP devices exist that use even three microchannel plates.
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Figure 5.6: Timepix pixel cell electronics [20]

Figure 5.7: Di erential spectrum of Am241 acquired by Timepx device in
TOT mode
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Figure 5.8: Microchannel plate [35]

Figure 5.9: Principle of electron multiplier [35]
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Chapter 6

Telescope module prototypes

6.1 Lobster eyes

For our experiments, Rigaku Innovative Technologies Eurap s.r.o. provided
three prototypes of lobster eyes listed in Tab. 6.1. We kinglthank this com-
pany, namely to doc. Ing. Ladislav Pna, DrSc., Ing. Adolf hneman, PhD.
and Ing. Veronika Semenco\.

All these LEs use gold coated glass as the mirroring plates.

denotation | optimal | object | image| number plates plates plates
energy | focus | focus | of plates | dimensions| spacing| thickness
[keV] | [mm] | [mm] | in each set| [mm mm] | [ m] [ m]
P-25 1 1 250 60 24 24 300 100
P-90 8 1 900 60 24 24 300 100
L.U.N.D. 8 400 400 60 22 30 300 100
-600 | -600

Table 6.1: Lobster eyes available for experiments

Experiments with the lobster eye L.U.N.D. were performed othe optical
bench. For the lobster eyes called P-25 and P-90 were two ewxpeental
modules called XTM-25 and XTM-90 manufactured in Rigaku Inavative
Technologies Europe, s.r.o. We kindly thank this company,amely to Ing.
Jr Mask.

6.2 Experimental module XTM-90

The experimental module XTM-90 manufactured by the Rigakurnnovative
Technologies Europe, s.r.o. consists of the aluminium bodtiybe, the lobster
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eye P-90 (see Tab. 6.1) with the mounting device and the detec Medipix2
with the mounting device. Also, the adaptor for a photograpit camera for
the tests in the visible light was manufactured in Rigaku Inovative Tech-
nologies Europe, s.r.o. The detecting device Medipix2 wamély provided
by the Institute of Experimental and Applied Physics of the @ech Technical
University in Prague. Thanks namely to Ing. Stanislav Posgl, DrSc. and
Ing. Jan Jakbek, PhD.

Figure 6.1: Module XTM-90 on optical bench

6.3 Experimental module XTM-25

The experimental module XTM-25 manufactured by the Rigakurnnovative
Technologies Europe, s.r.o. consists of the aluminium bodybe, the lob-
ster eye P-25 (see Tab. 6.1) with its mounting device and thedaptor for a
photographic camera for tests in the visible light.

Figure 6.2: Module XTM-25 on optical bench
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Chapter 7

Simulation program

To assess the experiments, author of the dissertation devpkd the simula-
tion program. The program simulates operation of Schmidt f{ye LE [26] in
a parallel X-ray beam. The program is presented in this chagt, experimen-
tal results follow in chapter 8. The program is also being udeby Rigaku
Innovative Technologies Europe, s.r.o..

7.1 Used principles

In general, for simulation of X-ray focussing systems, rayacing methods
can be used [45] as for focussing systems for visible lightS&hmidt's lobster
eye has an important property, it consists of two orthogonaubsystems. This
fact allows to simplify the problem. Because each of the twailssystems is in
principle one-dimensional, its operation can be expressbyg one-dimensional
matrix. Operation of the whole LE can be expressed as outerquuct of these
two one-dimensional matrices. Program has been developadthe freeware
C++ compiler and development environment Dev-C++ [36]. Forall real

values, the variable of type "double" (IEE754-1985 64-biteaal variable [44])
were used.

In this chapter, the longitudal axis (i.e. optical axis if the whole simu-
lated setup is centered) is denoted. Lateral axis of the one-dimensional
system is denotedb. Here, denotationx or y is not used to prevent confu-
sion during transformation from the two one-dimensional sfems to the one
two-dimensional system.
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7.2 Simulation of one-dimensional lobster eye
system

In the simulation program, each mirror is represented by theata structure
containing 2-D coordinates of its vertices. The mirror setsi represented
as an array of these structures.

Detector is represented as an 1-dimensional eld of real vads, each item
of the eld represents detected intensity in the correspondg pixel. Detector
surface is supposed to be perpendicular toaxis. The detectorz-position
can be set arbitrarily. The pixel size is also stored.

As mentioned in section 4.2, part of image is due to direct bewes, part by
one-time re ected beams. Multiplically re ected beams arenot token into
accout. Incoming radiation is assumed to be unitary, it meanthat the direct
perpendicular hit of detector pixel causes detection of iahsity 1.

7.2.1 Direct beams

After initialising the mirror and detector parameters, e ect of direct beams
Is simulated.
Simulated situation is shown on Fig. 7.1. Here, denotes slope of a mirror

NN

Detector

Figure 7.1: Principle of simulation of direct beams

relative to z-axis, denotes slope of rays relative to z-axis. Both these angles
are oriented, positive value means anti-clockwise oriettian.

We have found it is very useful to invert the problem. First, he eld
representing detector is lled by cos() to simulate the whole detector be
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illuminated by radiation of unit ux impacting at angle . Next, the e ect of
shielding by mirrors is calculated. This calculations aregrformed as follows.

First, b-positions of the pointsD; and D, are evaluated. If 0, then
b-positions of pointsD; and D, can be expressed as

D: = My (Mg Dj)tan( ) (7.1)
D> = Mgy (Mg Dy)tan( ) (7.2)
(7.3)

If < 0, then the pointsM, and M 3 have to be used instead d1 , and M ;.
Symbol D, denotesz-position of the detector. SymboD,, denotesb-position
of the rst pixel of the detector.

When the positions are evaluated, they are re-calculated foosition on
detector in pixels using equations

p; = int Q (7.4)
@ = D Dp % (7.5)
p. = int Q (7.6)
% = D, Dp % (7.7)

Here, s denotes the size of a pixel. Function in¥) denotes the largest in-
teger number less or equal tx. Variables p; and p, denote index of pixel
corresponding to pointsD,; and D,. Valuesq and @ are always within the
interval [0;1) and they denote relative positions of the point; and D,
within pixels.

Now the following set of conditions is tested:

If p 6 p. then 1 q is subtracted from intensity in the pixel of index
p1, and @ is subtracted from intensity in pixel of indexp,. If, moreover,
p: <p2 1then all pixels of indices betweerpf+1;p, 1] are zeroed.

If pp = p, and qp < g, then valueq, @ is subtracted from intensity
in pixel of index p; = po.

If pp = p. and @ = o, nothing is performed (very unprobable situa-
tion).

After this process, it is tested whether intensity in each piel is non-negative.
If not, related pixels are zeroed.
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7.2.2 Re ected beams

As the mirrors are considered to be plain (i.e. they are supped not to
be curved; note however that their non-zero thickness willébtaken into ac-
count), the su cient task is to calculate positions of re ections of individual
mirrors. The situation is described on Fig. 7.2. Here, denotes the slope of

Mirror M4

Detector

Figure 7.2: Principle of simulation of re ected beams

the mirror relative to z-axis, denotes the grazing angle and denotes the
slope of the rays relative to thez-axis. All named angles are oriented, positive
value means anti-clockwise orientation. Symbolsl ;, M,, M3, M 4 denote
vertices of mirror. PointsD; and D, are the border points of the re ection.

Using simple trigonometric calculations, position of the pints I; and I,
can be expressed as

Dyp = Mg (M 17 IlZ) tan(2 + ), (78)
D2b = M2b (M 27 |22) tan(2 + ), (79)
- : (7.10)

Mo, My
= arctan ——— 7.11
M 2z M 1z ( )

As the mirror is supposed to have a nite thickness, it is ne@ssary to test,
which side of the mirror re ects. If < 0 then beams hit the oposite side
of a mirror and symbolsM 1, resp. M, in eqgs. 7.8-7.9 have to be identi ed
with the appropriate points on the illuminated side of mirro.

In the calculation of the re ections, one important correcion have to be
made, since re ection can be shaded by an adjacent mirror. €hsituation
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M.

M

&
Figure 7.3: E ect of shading by adjacent mirror

is shown on Fig. 7.3. On the Fig. 7.3, it is shown that the wholsurface
between pointsM ; and M , does not act in the re ection. Only the e ective
arrea bordered by the pointsM 2 and M 9 have to be taken into account.

In the detail, this procedure will be speci ed for the beams grallel to
the z-axis. Positions of the pointsM ¢ and M9 are calcualated using the
equations

Mo, Myp,

t = =2 = 7.12

MZZ Mlz ( )

h = My tMy; (7.13)

@ = N 2tNy; (7.14)
N

MP = P & (7.15)

MY = My, (7.16)

Mg = L% (7.17)

M = tMI + q (7.18)

If M2, >M,, or M$, <M1, or M2, > M &, then the arrea bordered by
points M ; and M ; is shaded completely and the corresponding foil does not
contribute to re ection at all.

If M2, <M 1, then the theoretical position of the pointM ¢ lays outside
the mirror and the point M ; is not shaded, this correction for the point
M, is not used and the position of the pointM; itself has to be used for
calculations.

Similarly, if M2, > M ,, then the theoretical position of the pointM 9 lays
outside the mirror and the point M , is not shaded and the position of the
point M, itself is used for calculations.
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7.3 Calculation of re ecting coe cient

The simulation program allows to use one of the three methoa$ calculation
of the re ecting coe cient. At rst, all mirrors can be simul ated to be ideal
mirrors of 100% re ectivity. This was used to test the progran by comparing
its results to the results of the equations mentioned in chagr 4. The second
way is similar, it allows to set any constant re ecting coe cient.

The third method is intended for simulation of behavior at tre energy of
930eV. It is one of the lines used in the tests in XACT (see semh 8.3) and it
is the value near to the optimal energy for the lobster eye P52 In this case,
the linear approximation of the curve of the re ectivity for gold at the energy
of 930eV obtained from [39] is used. The error of the approxation is less
than 1%. This method is applicable only when all mirrors areluminated
at small grazing angle, less than approx. 3 Note that the lobster P-25
illuminated in the center position ful lls this condition.

The fourth method allows to simulate any material. In this cae, program
allows to import re ectivity data from the source [39]. Between the given
points, the linear interpolation is performed.

7.4 Functionality test

Functionality of the simulation program has been tested fothe lobster eye
P-25 (see Tab. 6.1). For this lobster eye, equation (4.9) @s the gain as
1732. Equation (4.9) is derived from such model of the lobsteye, which
consist of in nite number of in nitelly thin, ideally re ec ting mirrors and
their spacing is in nitelly low [26]. At next, shading of the mirrors by the
adjacent mirrors is neglected here. Due to these approximais, in the paper
[26] is expected the real gain will be less than the value givéy this model.

The simulation program allows to consider the mirrors to beninitelly
thin and ideally re ecting. Also, simulation of the shadingamong the mirrors
can be switched o . If it is done and the mirrors deepness, their average
spacinga, number of them and their radii of convergence, r, are set to
the values of the lobster eye P-25, the program computes gan 1479. This
result is in rough corelation with the result of equation (4R). The result of
the simulation is less as it has been expected.

If thickness of the mirrors is taken into account, their norideal re ectivity
is simulated and the shading is simulated, the gain reache84/for the photons
of energy 930eV. Further results for this lobster eye are mented in section
(8.3). Here, comparation to the values obtained experimeaity is given too.
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Chapter 8

Lobster eye experimental tests

8.1 Imaging from nite distance

The rst tests were performed with the lobster eye L.U.N.D. ¢ee Tab. 6.1) de-
signed for imaging from nite distance. This lobster eye wakindly provided
by Rigaku Innovative Technologies Europe, s.r.o. and Meagments were
performed in their laboratories. We kindly thank this compay, namely to
doc. Ing. Ladislav Pna, DrSc., Ing. Adolf Inneman, PhD. anl Ing. Veronika
Semencowa. For these experiments, X-ray detecting deviddedipix2 was
kindly provided by the Institute of Experimental and Applied Physics of
the Czech Technical University in Prague. We kindly thank tis institution,
namely to Ing. Stanislav Posgsil, DrSc. and Ing. Jan Jakibek, PhD.

Used lobster eye L.U.N.D. (see Tab. 6.1) has the similar dgsi as the
lobster eye P-90 (see Tab. 6.1) intended for imaging from inity.

Goals of these measurements were to test the basic functitityaof the
lobster eye with Medipix2 at the energy of 8keV, and to obtairthe basic
imaging characteristic. Note that measurement of the imagdistortion of
the LE as the function of the source position represents aniginal type
of experiment. Any similar experiment with LE has not been phblished
previously.

8.1.1 Experimental setup

The used setup consists of the X-ray tube source with a copparget, lobster
eye optics and Medipix2. X-Ray tube was set to acceleratingpflage 40kV.

In all measurements, the detector and X-ray tube was xed inhe fo-
cuses of the optics (see section 4.3 for note of meaning of teem focus
used here). Optics is located on the device allowing verticand horizon-
tal translations. Used optics L.U.N.D. (see Tab. 6.1) has ¢er dimensions
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(a) Photography (b) Denotation of axes

Figure 8.1: Setup for imaging from nite distance

65x30x30mm. Distance between the edge of the optics and thera§ source
was 455mm, distance between the edge of the optics and the etgor was
580mm.

Axes are denoted as follows (see Fig. 8.1(b)3:axis is the optical axis of
the whole setup,y-axis is the vertical axis andx-axis is the lateral horisontal
axis.

8.1.2 Spatial resolution and eld of view

The image obtained with the centered optics and Itered by tle median
Iter with a cell of 3 3 pixels is shown on (Fig. 8.2(a)). It is seen that
the optics is operative at the chosen energy (approx. 8keMntensity along
the horisontal axis passing through the centre of the cross drawn on the
Fig. 8.3. To suppress the noise, data were processed in sygpezls of 1 pixel
width (x-size) and 3 pixels heighty-size). The FWHM of the main peak is
19 pixels, it corresponds to the angle distance of®° It is a principal limit
of the angular resolution.

To determine the eld of view, corner positions of the opticgsee chapter
4.5) were found. In each of these positions, the center of tloeoss lays at
the one of the borders of the image (see Fig. 8.2(b)). Distamdetween
these positions is 16.8mm. If, for the sake of simplicity, is supposed that
the optics lays at the middle of the distance between the X-yatube and
detector, i.e. at 550mm, eld of view can be determined as appx. 1.7 .
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Figure 8.2: Basic images obtained by lobster eye L.U.N.D.

8.1.3 Image distortion and intensity

For the applications, the image distortion and intensity asa function of the
source position have to be measured, because these e ectsthe corrected.

The X-ray tube source and the detector were situated at xed @ints.
The optics was being moved to various positions ir-axis (vertical) and y-
axis to simulate imaging from various source positions. Thisetup provides
imaging with the scale of roughly 1 : 1, for this reason the dettor might not
be moved because if the LE is moved to any position, the reladi position
between the detector and the LE is also changed by the sametdisce.

In each position of the LE, position of the centre of the crosen the
image have been determined as follows: rst, the image wasered by the
median lter with the cell of 3 3 pixels. Then, for each box of the size 55
pixels, the total intensity is calculated. Center of the boof the highest total
intensity is assumed as the center of the focal spot.

Shifts of the centers of the crosses from the ideal positiofi®. with linear
optics) to the measured positions are shown on the (Fig. 8&)j.

On the (Fig. 8.4(b)), the result of simulation is shown. The pint source
was virtually moved across the sky and for each position thaytracing was
used to get its image. ldeal position and position measured the images
were compared. Here, the code used for the simulation was X#38D [45]
and the simulation was performed in collaboration with Mgr.Libor Sweda,
PhD from Faculty of Nuclear Sciences and Physical Enginerg of CTU and
from the company Elya solutions, s.r.0. Author thanks him ladly for the
help.

The graphs of the measured data (Fig. 8.4(a)) and the simulian (Fig. 8.4(b))
are similar. This fact indicates that the optics behavior riates to the assump-
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Figure 8.3: Graph of intensity from Fig. 8.2(a)

tions. The assymetry of the graph (Fig. 8.4(a)) indicates tat the foils in the
optics have some distortions.

Relative intensity of the cross centre as function of opticposition is
shown on Fig. 8.5. Intensity drops to a half of the intensity &athe centered
position roughly at corner positions of the optics determied in section 8.1.2.
Hence, the eld of view de ned by positions where decrease ah intensity
to a half occurs is about the same as deduced from corner pasis of the
optics.

8.1.4 Assesment

For the presented results, the lobster eye optics designear imaging from
focus to focus has been used. The similar type of optics, buesigned for
imaging from in nity to focus is planned for the tests for thespace X-ray
telescope. The optics has been used with the Medipix2 sendewice. Results
of the measurements indicate, that Medipix2 is suitable fothe lobster eye
optics at the chosen energy 8keV. At this energy, the obtaideeld of view

and spatial resolution have been identi ed. Image of distéion depending
on incoming angle has been measured. Experimental resultsrespond to
simulations. Image of distortion and intensity depending mincoming angle
has been measured.
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Figure 8.4: Image distortion. Arrows represents shifts obtal spot position
from its ideal position

Figure 8.5: Relative intensity of the cross centre as a furnioh of optics
position
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8.2 Tests of telescope prototypes in visible
light

Modules XTM-25 and XTM-90 (see chapter 6) were tested in visie light.
Note that gold coated surfaces in used lobster eyes P-25 anéd® (see table
Tab. 6.1) re ect visible light too. However, their re ectivity for the visible
light is di erent than for the X-rays. For this reason, testsin visible light
show basic functionality and they can give rough informatio about spatial
resolution. Usually, spatial resolution of LE is better in Xray than in visible
light, since in visible light, some unwanted e ects (mainlydi raction e ects)
appear.

8.2.1 Experimental setup

Experiments have been performed in the laboratories of Dsion of Preci-
sion Mechanics and Optics of Department of Instrumentatiorand Control
Engineering of Faculty of Mechanical Engineering of the Celk Technical
University in Prague.

In place of the X-ray pixel detector, the camera Cannon350D@S was
used. This camera contains CCD chip of diameter 15x22.5mm tiwvithe
resolution of 2304 3456 pixels. Its pixel size is approx.:61 m. The whole
setup consists of the light source, the aperture, the colliaor and the tested
module. The setup was placed on the optical bench as it is plogfraphed on
Fig. 8.6

As the apertures, a metal (opaque) plate with single hole ofiameter
0:5mm and three metal plates with two holes of the same diametemnd
variant distances have been used. The collimator had focangth 150cm.
In this con guration, the light source with the single hole gerture can be
regarded as a point source placed at in nite distance. Lighsource with
aperture with two wholes can be regarded as two point sources in nity.
Distances of the holes have been chosen to represent souot@sgle distances
1¢°, 20° and 3C.

8.2.2 Results
Module XTM-25

The basic image obtained with single hole aperture and Itexd by the median
Iter with the cell of size 5 5 pixels is shown on Fig. 8.7.

Intensity along the horisontal axis passing through the cére of the cross
is drawn in the Fig. 8.8. FWHM size of the peak in this graph ceesponds to
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Figure 8.6: Overall experimental setup

the distance of 1.21mm and it corresponds to the angle of vieaf 17°. This
value represents the FWHM angular resolution.

To simulate graph of intensity of two point sources, these da are drawn
shifted and also sum of both data sets is drawn. The depictedtisation
corresponds to the situation, when the angle between the soas is approx.
16 It has been indenti ed as the limit position where the soures can be
resolved, if the intensity is demanded to fall between peaks 80 % of the
peak level.

The resolution was tested experimentally with two-hole aptires with
various hole distances. Resulting image for holes of anglestdnce 30 is
shown on Fig. 8.9. Graph of intensity along the horisontal ag is shown
on Fig. 8.10. The minimal value of the intensity between the ain peaks
IS approx. 62% of intensity of the lower peak. Sources are tieéore well
resolved.

The analogous results for the angle distance 28re shown on Fig. 8.11
and Fig. 8.12. The minimal value of intensity between the mai peaks is
approx. 74% of intensity of the lower peak. Sources are weatlsolved, however
they are near the limit of resolvability.

Analogous results for angle distance @re shown on Fig. 8.13 and Fig. 8.14.
The minimal value of intensity between the main peaks is appk. 94% of in-
tensity of the lower peak. Sources are not resolved.
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Module XTM-90

from Fig. 8.9

The basic image obtained with the single-hole aperture andtered by the
median lter with the cell of size 5 5 pixels is shown on Fig. 8.15. The
mean FWHM of the main spot corresponds to angle of view approg7°.
Intensity along the horisontal axis passing through the cére of the cross
is drawn on the Fig. 8.16. FWHM size of the peak in this graph ceesponds
to the distance of 4.36mm and it corresponds to the angle ofew of 17
This value represents the FWHM angular resolution.
To simulate distribution of intensity for two point sources these data are
drawn shifted and also sum of both data sets is drawn, as it héaeen done
for the module XTM-25. Drawn situation corresponds to the suation, when
the angle between the sources is approx. %9t has been found that it is
the limit position, where the sources can be resolved, if isidemanded the
intensity to fall between peaks to the 80% of level of the peak
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with two-hole aperture with angleFigure 8.14: Graph of intensity
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The resolution was also tested experimentally with the twdole apertures
of the various hole distances. Resulting image for holes ofgde distance 30
is shown on Fig. 8.17. Graph of intensity along the horisontaxis is shown
on Fig. 8.18. The minimal value of intensity between the mairpeaks is
approx. 45% of intensity of the lower peak. Sources are we#isolved.

Analogous results for angle distance 2Gre shown on Fig. 8.19 and
Fig. 8.20. The minimal value of intensity between the main ks is ap-
prox. 69% of intensity of the lower peak. Sources are resalve

Analogous results for angle distance fGre shown on Fig. 8.21 and
Fig. 8.22. Sources are not resolved.

8.2.3 Assesments

For the intended use in a space all-sky monitor, the angulaesolution must
be in the order of tens of arcus minutes or better. If it will, he lobster eye
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telescope can estimate the X-ray source position with the sient accuracy
for a larger telescope, which can analyse the source in détdiests in visible
light shows this goal is reachable.

For the module XTM-25 with the lobster eye P-25, test with a sigle
aperture gives estimation of angular resolution as 16 FWHM resolution
is 172 Tests with two-hole appertures (aligned in the axis of oneystem of
mirrors) con rm the value between 18 2. Theoretical value of the angular
resolution calculated using the equation(4.6) reachess8

For the module XTM-90 with lobster eye P-90, test with a singd aper-
ture gives estimation of angular resolution as 29 The FWHM resolution
is slightly better, it reaches 1. Tests with two-hole appertures (aligned in
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the axis of one system of mirrors) con rm the value between 90 2°. The-

oretical value of the angular resolution calculated usinght equation(4.6)
reaches 15°

As explained above, it can be expected that spatial resolot in X-ray
will be even slightly bettet give better results than in visble light.
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8.3 Test of lobster eye P-25 in X-ray beam
XACT

For the imaging tests of the lobster eye optics designed famaging from
in nity, the complex laboratory equipment is necessary. Xay source must
generate a parallel (or almost parallel) X-ray beam. Width tthis beam must
be su cient to illuminate whole active area of the optics. The experimental
equipment also must contain the X-ray image detector. The dector as well
as tested optics must be placed on remotely controlled pasihing devices.
In the Europe, suited test facilities are placed in Max PlaricInstitute (Ger-
many), in University of Palermo (Italy) and in University of Leicester (Great
Britain).

The collaboration was established with the National Instiite for As-
trophysics of Univsersity of Palermo (INAF-OAPA). Here, tre performance
of the lobster eye P-25 (see Tab. 6.1) was experimentally ted in quasi-
parallel-beam, full-imaging mode using the 35 meters long-pay beam-
line XACT (X-ray Astronomy Calibration and Testing Facility) [6, 43], see
Fig. 8.23-Fig. 8.25. As the detector, a microchannel plateV{CP) also pro-
vided by INAF-OAPA was used. We kindly thank this institution for provid-
ing its equipment. We would like to thank namely to Prof. Alfmso Collura,
Dr. Marco Barbera and Dr. Salvatore Varisco. Note that imagig tests in
quasi-parallel beam with Schmidt LE optics of used size haveever been
published previously.

8.3.1 Experimental setup

The X-ray tube source with an exchangeable target and exchgeable trans-
mission lters is permanently installed at one side of the tanel. Used en-
ergy lines, corresponding acceleration voltage, targetad lters are listed in
Tab. 8.1.

Energy target Iter Iter acceleration
[keV] material material thickness [ m] | voltage [kV]
0.28 carbon | polypropylen+copper 1+0.5 2.5
0.93 copper | polypropylen+copper 1+0.5 2.5

1.5 | aluminium aluminium 10 5.5
2.9 silver silver 3 5.5
4.5 titanium titanium 20 8.0
8.0 copper copper 20 12.5

Table 8.1: Energy lines used in X-ray beam in INAF-OAPA
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Figure 8.23: Vacuum X-ray tunnel XACT at INAF-OAPA, Palermo

Energy lines in Tab. 8.1 have been selected as follows. Lin83keV was
the nearest to the optimal energy for lobster eye P-25 (whids 1keV) from
the available lines. Also, from the available lines, one neéwer (0.28keV)
and one near higher lines (1.5keV) have been selected. Lin&ké&V was
chosen, because it is the optimal energy for LE with Medipixih space, as
explained in chapter 5.1.1. Also, from the available linesyne near lower
(2.9keV) and one near higher line (8.0keV) have been chosen.

Tested lobster eye P-25 was placed on the oposite side of thnel on a
device allowing remotely controlled rotations around veital and horisontal
axes perpendicular to the beam axis. The detector was placed a device
allowing remotely controlled translation in all basic thre directions. The
experimental arrangement of LE, MCP and positioning devisecan be seen
on Fig. 8.26. Because the target was small (less than 1cm) atde distance
(35m), angle size of the source is less than 1 arcmin. Theacat value of
angle resolution of the used LE is 5.5arcmin, true value caronbe better.
For these reasons, the used source can be considered as a gpoakimation
of a point source in the in nity.
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Figure 8.24: Control room of XACT

8.3.2 Centering the optics, estimation of eld of view
and basic images

First, the limiting positions, when one arm of the cross vashes have been
found, see Fig. 8.27. The eld of view de ned by these position in both
axes can be estimated as

=29 02 (8.1)

Note that these measurements have been performed at energykeV. Note
results for all energy lines listed in Tab. 8.1 excepting théne 8keV leaded
to the same value. Theoretical value calculated using thelagion (4.11) is
2:7 . This value corresponds to the measured one. At the line 8ke¥ was
impossible to nd these positions, because limiting anglef gold at 8keV is
only approx. 05° and for this reason, used lobster eye does not operate in
the mentioned corner position at 8keV.

For the further experiments, the middle value between valsespeci ed
on Fig. 8.27, i.e. pitch = 1:25, yaw = 0:05 was considered as the central
position of the optics.

For all energy lines listed in Tab. 8.1, the images at centrglosition of the
optics were obtained. These results are shown on Fig. 8.28.these pictures,
it is seen that the detector is circular and some cells nearetborder produce
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Figure 8.25: Door of the test chamber of XACT in the clean room

major level of noise.

8.3.3 Angular resolution

At all energies, FWHM of the central peak corresponds to thengle of view
within the interval 12 13 This value represents one possible method of
estimating the angular resolution.

Another mothod of estimation of the angular resolution is bsed on sum-
ming the pro le of focal cross along one line with the same datshifted, to
simulate resulting image of two point sources. Searchingrfposition, when
intensity between peaks of the sum falls to 80% of intensityf dower peak
(as it was done in section 8.2) the value 13 1°was estimated as the spatial
resolution for all used energy lines. This value corresposido the FWHM
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Figure 8.26: Lobster eye and detector on positioning devien the test
chamber

spatial resolution. The corresponding graph for energy o80eV is shown on
Fig. 8.29. Graphs for the other used energies are similar.

As it was expected, the obtained angular resolution of appxo 13 in X-
rays is better than the value 18in visible light (see chapter 8.2.2), however,
it is still essentially worse than the theoretical value 5°.

It means, the focus is smudged. This fact also can be seen oe Fig. 8.30,
where the experimental image on the energy 930eV is companeidh the
result of simulation.

8.3.4 Estimation of Gain

Gain was estimated as the ratio between the average ux in thmain spot and

ux of the incoming X-ray. Here, the square of size 306 (i.e. projection
of the central chamber) with maximal total ux was consideré as the main
spot. The results are listed in Tab. 8.2, they are compared time results of
simulations (see chapter 7). Comparsion of experimentallybtained values
of the gain with the results of the simulations is also givenroFig. 8.31.
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Energy [keV] | measured gain| simulated gain
0.28 78 2 820
0.93 64 1 764
15 75 1 786
2.9 26 1 318
4.5 27 1 262
8.0 11 1 78

Table 8.2: Gain of P-25 at various energies

Measured values are approximately 10 times smaller than trsgmulated
ones.

8.3.5 Gain as function of incident beam angle

At three selected lines: 0.28keV, 0.93keV and 4.5keV the gavas measured
as a function of incident beam angle. In these measurementgtics was
focused and pitch angle was xed. Yaw angle is the incident Ben angle.
Results are shown on Fig. 8.32-Fig. 8.34.

8.4 Assesments

Tests of the lobster eye P-25 in the XACT facility representhie most impor-
tant experimental part of the work. Results show that the capbility of the

lobster eye P-25 is many times worse than it has been expectadtheoretical
considerations. Nevertheless, the lobster eye P-25 islstikell capable to be
implemented into an experimental space lobster eye X-rayléscope.

Measured angular resolution reaches 4 3his value is more than two times
worse than the theoretical value B° Nevertheless, this value is adequate for
an all-sky monitor searching for X-ray transients to be angbked by subse-
quent narrow eld instrument.

The measured gain is approx. 10 times worse than the gain obtad by
simulations. It means, the telescope will have 10 times wearsensitivity than
expected.

Both facts, worse angular resolution and gain, can be clagd by two facts
related to the manufacturing process. At rst, mirrors havenot been located
to the ideal positions. It causes smudging of the image andatease in gain.
The manufacturer, Rigaku Innovative Technologies Europes.r.o.(former Re-
ex, s.r.0.) gave me information of the reached accuracy ohé settling of the
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mirrors. The root of mean square error of the deviation of theirror spacing
is approx. 25 m. This error has the cumulative character, i.e. if one mirno
is settled with some deviation, the following mirror is seted with the same
deviation plus the deviation of its own settling. In the simlation program,
these deviations were simulated. The resulting gain was deased two- to
ve-times. Second key manufacturing challenge is the atrss of the mirrors.
Sure, mirrors are never ideally at and their de ections casses decreasing
of the gain. The de ection of the mirrors reaches the order ahe tens of
microns. However, this fact cannot be simulated by the progm using the
presented algorithm and the exact proof that this fact causthe decrease of
the gain will be the subject of further research. Partiallythe lower mea-
sured values of the gain are also caused by the fact, that thergral position
found as the center between the corner position is not the pben of the
maximal gain as seen on the Fig. 8.32-Fig. 8.34. This fact itsa given by
the mentioned manufacturing deviations.

The experiment also showed the lobster eye P-25 cannot be etigelly
used with the Medipix2/Timepix detectors. On the graph Fig.8.31 it is
seen the gain rapidly decreases above the energy of apprdse\2 due toM 4,
absorption line of gold. This absorption line lays at the engy 2.1keV [39].
However, the Midipix2/Timepix detectors are usable only fo detection of
photons of energies above approx. 3.5keV.
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(a) pitch=+0 :2 (b) pitch= 2.7

(c) yaw=+1:5 (d) yaw= 14

Figure 8.27: Corner positions of P-25
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(a) 0.28keV (b) 0.93keV

(c) 1.5keVv (d) 2.9keV
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(e) 4.5keV (f) 8.0keV

Figure 8.28: Basic images obtained by P-25 for various enirg
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Figure 8.30: Comparsion of the experimentally obtined fotaross with re-
sults of simulation for lobster eye P-25 at energy 930eV. Boimages are of

the same scale.
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Figure 8.31: Gain of lobster eye P-25 at various energies

Figure 8.32: Gain as function of incident beam angle at engr@80eV
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Figure 8.33: Gain as function of incident beam angle at engr@.93keV

Figure 8.34: Gain as function of incident beam angle at engrg.5keV
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Chapter 9

Conclusions

All goals of the work have been achieved. Medipix2 and Timepidevices
were tested. Basic tests of imaging from nite distance by lister eye were
performed. Two experimental modules called XTM-25 and XTMO with
two di erent pieces of lobster eyes called P-25 and P-90 webmiilt. Both
these modules were tested in visible light, standalone ldbs eye P-25 was
tested also in X-rays. A related simulation program was créad.

Medipix2 and Timepix devices were proven to be suitable as tdetors
for the lobster eyes designed for the energies above apprdXkeV. At the
energy 8keV, this fact has been shown experimentally. At thienergy, used
lobster eye for imaging from nite distance was operativef shows relatively
large eld of view and moderate yet su cient angular resoluton.

Tests in visible light of both lobster eyes P-25 and P-90 fomaging from
in nite distance also showed the both lobster eyes are opénge and they
have adequate angular resolution.

Tests of lobster eye P-25 in X-rays proved the lobster eye P-has large
eld of view and adequate angular resolution. Measured el@f view corre-
sponds to theory, however measured angular resolution is@px. 2 3 times
worse than results of simulations. Also, gain (ampli catia of the ux) at
several energy lines was measured. Measured gain is apprbX.times worse
than gain estimated by simulations. These di erences can hatributed to
manufacturing deviations. Tests revealed that current mawfacturing accu-
racy is not su cient for building small lobster eyes with high gain and high
spatial resolution.

Although P-25 has worse properties than it is estimated by msiulation,
it can still be used in a small satellite for technological ahproof-of-concept
test. Tests showed the Medipix2 and Timepix devices are natiigable detec-
tors for this lobster eye. The Medipix2 or Timepix device cabe used jointly
with lobster eye P-90. Though, this lobster eye has larger dal length and
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small eld of view for the intended application - cubesat X-ay wide- eld-of-
view monitor.

To sum up, results indicate that a small experimental lobsteeye telescope
for proving of the technology in the space is realisable.
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Chapter 10

Future work

For the future, it is planned tu build a follow-up prototype of X-ray telescope,
completely designed for a space experiment.

As a good platform for future application in space, a satetk of the type
CubeSat type seems most feasible and appropriate. Theseedigtes have the
basic outer dimensions of 100 100 100mm and their mass has to be less
than 1kg. Their basic diameter can be multiplied by 1, 1.5, 2rd3. By the
same factor, the mass limit is increased. This allows to bdila satellite of
the outer dimensions of 300 100 100mm with maximal mass of 3kg.

This allows to use the lobter eye P-25 which has focal lengthi 850mm
and it is designed for optimal e ciency at energy 1keV. In ths case, the
Medipix2/Timepix are not suitable detecting devices, beazse they detect
energies above approx 3.5keV. As well, using another senmdactor detector
represents a complex problem, because they require to be ledoin order
to detect energies about 1lkeV. So a two- or three-staged MCRrt be a
good choice. These devices operate at wide scale of temperad, they are
radiation durable. The resolution around 100m has been proven to be
su cient for using with the lobster eye P-25. They provide less detection
e ciency should not be an obstacle in the rst ight experiment.

The usual trajectory of CubeSats is roughly circle at the atude 600-
800km with a big inclination around 88. This big inclination ensures the
stable ratio between time of illumination by sun and time in he Earth shade.
It is an useful factor for power supply systems design. Alsdhis stable
ratio alows to use only passive temperature stabilisatiorwhich can ensure
variation of the temperature inside a satellite within the nterval 10 50 C.
At these temperatures, usual electronic components opeeat Trajectory of
CubeSats drifts by 1 per day. Hence, if the lobster eye will y with its
optical axis stabilised perpendiculary to the Earth surfag, it can scan the
whole sky per year.
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Chapter 11

Ful llment of goals

11.1 Medipix2 and Timepix

Spectroscopic properties of Medipix2 and Timepix deviceseve tested. Re-
sults are given in section 5.1.1. In the same section, otheroperties of
Medipix2 and Timepix devices acquired from the cited literure are given.

11.2 Tests of lobster eye optics for X-ray imag-
ing from nite distance

Basic tests of imaging from nite distance by lobster eye werperformed with
the lobster eye specimen L.U.N.D. Its eld of view and spatiaesolution were
determined. Image distortion as function of source positiowas estimated
and compared with simulations. Results are given in sectidhl.

11.3 Experimental modules

Two experimental modules called XTM-25 and XTM-90 with two derent

pieces of lobster eyes called P-25 and P-90 were built. Thesedules are
introduced in chapter 6. Both these modules were tested insible light,
Results are presented in section 8.2.
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11.4 Tests of lobster eye optics for X-ray imag-
ing from in nite distance

To reach this goal, the collaboration between DCE FEE CTU andNational

Institute for Astrophysics of University of Palermo (ltaly) was established.
This institute kindly provided its facility XACT for this ex periment. Here,
the lobster eye P-25 was tested in X-rays at various energiggem 280eV to
8keV. Its eld of view, gain and spatial resolution were detenined. At chosen
lines, gain as the function of the source position was meaedr Results are
shown in section 8.3.

11.5 Simulation program

A related simulation program was created. The program simates lobster
eye operation in the centered arrangement (i.e. when the >y source and
the detector lay in the optical axes of the lobster eye). Thiprogram can
simulate behavior of any lobster eye con guration for any esrgy, visualize
the image and estimate the gain. The program is introduced ichapter 7.

11.6 Assesment

Each result is assessed in the corresponding section. Gah@ssessment is
given in conclusions.
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