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X-RAY IMAGES: ORION IN VISIBLE LIGHT
AND X -RAYS
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WHY DO WE USE X-RAY IMAGING?

A To achieve the best, 2-dimensional angular resolution to get
Accurate positions specially in crowded regions, image different
parts of the same source for morphology

A To . c.olet or figat héd fram faineandk
distant sources

A To concentrate/focus, so that the image photons interact in
such a small region of the detector that non-X-ray background
IS negligible or small

A To serve with high spectral resolution dispersive
spectrometers such as transmission or reflection gratings

A To simultaneously measure both the sources of interest, and
the contaminating background using other regions of the
detector.



X-RAY OPTICS:
BASIC REQUIREMENT

We must make the X-rays Reflect

ATotal External Reflection



Refractive Index for X -rays

Incident on a metal surface

A X-rays incident on a metal surface see most
electrons as free

A Electron number density of plasma of electrons
In @ metal seen by the incident X -rays is
Ne = (Z-2)r/Am , electrons/cm 3

A Refractive Index of the plasma,
n = (1 dw,%/ w42 , where
w,= 4pN.e?/m.i s t he opl as ma

7

A n<1for X-rays (w W) ina metal



SNELL S LAW AND TOTAL EXTERNAL
REFLECTION

ASnel | 6s | awsihfoxnsingf racti on

where f is the standard angle of incidence from the surface normal,
g is the grazing angle from the surface.

A Since n < 1 for X-rays in a metal, X -rays bend away from the
normal and most are absorbed

AWhen f. approaches 90°=X-rays undergo total internal
(oexternal 6) reflection and, we
angle of reflection from the surface, cosq= (1 dw,?/w?)!2



CRITICAL GRAZING ANGLE

Using Taylor Series expansion on both sides
1094 21805w,5/w A
q=w,/w usingw =c/dp
a= FZA)ZRN € [(Am,pc)*?
Thereforegis proportional to (ZY4E
AThe critical angle decreases inversely proportional to the ener
AHigher Z materials reflect higher energies, for fixed grazing anc
AHigher Z materials have a larger critical angle at any energy
For heavy elements, Ni, Au, Pt,Ir,etc.Z/ A =0.5,and
g=5.d 1tarcmin
( lisin Angstroms,and r isin gm/cm 3) <1 deg. -



CRITICAL GRAZING ANGLE
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X-RAY REFLECTIVITIES OF METALS

ENERGY (keV)
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KPSingh Fig. 2.20 Theoretical reflection efficiencies of Be(Z =4), AI(Z =13), Ni(Z =28), and Au(Z =79)
surfaces as a function of energy or wavelength, for various grazing angles. Actual mirrors are less effi-
cient, depending sensitively on the surface finish. The critical angle for a given energy may be defined
as the angle at Wthh the reﬂect1v1ty drops below some arbitrary level, e.g. 10 ¢§. The complexities of

the curves are due to absorption edge effects.
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X-RAY REFLECTION: NOT THE END
OF THE STORY

AThree Significant effects remain:
1. The surfaces are not infinitely smooth.

This gives rise to the complex subject of X-ray
scattering. Scattering cannot be treated exactly, one must

consider a statistical description of the surface
roughness.

Key Features:
A Scattering increases as E?2

Aln plane scattering dominates by factor 1/sing

KPSingh 11-03-2019 K]



2.WE GENERALLY DO NOT |

AVE A

PERFECT INTERFACE FROM A VACUUM
TO AN INFINITELY THICK REFLECTING

LAYER.

We must consider:

A The mirror substrate material; e.g., Zerodur for Chandra

A A thin binding layer, e.g., Chromium, to hold the heavy

metallic coating to the glass

A The high Z metal coating; e.qg., Iridium for Chandra

AAn unwanted but inadvertent overcoat of molecular

contaminants

Feature: Interference can cause oscillations in reflectivity.

KPSingh
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3. PREPARATION OF COATING AFFECTS
REFLECTIVITY THROUGH THE DEPENDENCE
ON DENSITY.
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X-RAY OPTICS:
BASIC REQUIREMENTS

1. We must make the X-rays Reflect

ATotal External Reflection

2. We must make the X-rays form an Image
Ar Colmtaleaiisbi t'ror Fi gur
A ConREl:-els, e attering

KPSingh 11-03-2019 16



FOCUSING BY CURVED PARABOLA
PLATES

1-D focusing

ARays parallel to the parabola axis are focused to
a point.

AOff-axis, the blur circle increases linearly with
the angle.

KPSingh 11-03-2019



PARABOLIC OPTICS

Horizontal and vertical focusing are separated at grazing
incidence. f = (RSind/R; f,=R/(2Sind)

Decoupling the meridional and sagittal focusing elements

Using parabolic sheet mirrors (Parabolas of translation) with
axes of revolution perpendicular to each other and using a
stack of mirrors.

The Kirkpatrick~-Baez mirror system

{(Courtesy of J. Underwood)




KIRKPATRICK -BAEZ (1948) OPTICS FOR X -RAYS

The first ever 2D X-ray image in the Lab.

Effective area=am(alh), r=reflectivity,f=fraction of light
emerging from the front mirror and intercepted by the rear
mirror, m=no. of plates in the front mirror

Ray tracingA spatial resolutioms 510 arcsec®n axis and 1
arcminfor rays ldegoff axis.

11-03-2019 19
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WOLTERG S CONF|I GURA

Wolter, H. 1952, Ann. Physik 10, 94;ibid. 286;
Giacconi,R. & Rossi, B. 1960,). GeophysRes. 65, 773

A A parabola of revolution (rotating the parabola around its central axis)
will focus only the on-axis rays. Off-axis rays (off-axis by angle d will
focus on a ring of radius Fd.

A A Paraboloid produces a perfect focus for on-axis rays.
A Off-axis it gives a coma blur size proportional to the distance off-axis.

AWo | t eassicpaper proved two reflections were needed, and
considered configurations of conics to eliminate coma.

A Basic Principle: The optical path to the image must be identical for all
rays incident on the telescope, in order to achieve perfect imaging.

A Wolter derived three possible Geometries. 15 2
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WOLTER -1 CONFIGURATION

The Type | or the Paraboloid-Hyperboloid is
overwhelmingly most useful in cosmic X-ray astronomy:

AShortest Focal length to aperture ratio. This has been a
key discriminator as we are always trying to maximize
the collecting area to detect weak fluxes, but with
relatively severe restrictions on length (and diameter)
Imposed by available space vehicles.

AFor resolved sources, the shorter focal length
concentrates a given spatial element of surface
brightness onto a smaller detector area, hence gives a
better signal to noise ratio against the non-X-ray
detector background. 1032010 22



X-Ray Mirrors: Paraboloid-Hyperboloid

HYPERBOLOID

PARABOLOID\ \

z
——

SURFACES

THE PRINCIPLE OF THE WOLTER TYPE 1 TELESCOPE.

THE TELESCOPE FOCUS IS AT Fs. THE FOCUS OF
THE PARABOLOID IS AT THE SECOND FOCUS OF THE
HYPERBOLOID.

Advantages of intersecting P and
H surfaces: mounting, nest-
ing, and vignetting considera-
tions. For replicated mirrors,
the P and H figures are typically
polished on a single mandrel and

the pair formed as a single piece.

One requirement of the shorter
focal length is that it puts more
demand on having a detector

with smaller spatial resolution in

order to sample the image.




CHANDRA NBSTED X-RAY TELESCOPES

Increasing the Collecting area

Field-ofl -View
-5 0eg

e
Doubly _‘,,’. :
Reflected - "";, “Eocal

x rav:fi-_f ~F & GButace
_'_,-l"-

Four Nested Hyperboloids
o
_,fljﬂu by
< Betlected
- K-rays

B0 Metlers

Four Nested Paraboloids

Mirrer elements are 0.8 m long and from 66 m to 1.2 m diameter




GRINDING AND POLISHING (CHANDRA)
Wolter ‘
Type 1 \

31| !
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MIRRORS FOR CXO




Solar Array (2)

Spacecraft
Module

Aspect Camera
Stray Light Shade

High Resolution
Camera ————

[HRC)

Integrated
Science High Resolution

Instrument Mirror Assembly

(HRMA)

Module Transmission Thrusters (4]
(1SIM) Gratings (2) (1031bs)

CCD Imaging Low Gain
Spectrometer ntenna i2)
(ACIS) y Launche_dv: 23.7.1999
84 cm long mirrors; 10 m focal length; 1484 Kgs (mirrors only);

Area =1145 cm2 (Geom.) and 0.5 arcsec resolution (FWHM)




REPLICATION TECHNOLOGIES

XMM o Newton: Electroforming Technique

Nickel Mirror Process Flow

Mandrel recycled

Hole Drilling Metrology

Production




X-RAY MULTI MIRROR (XMM)}NEWTON

Wolter Type 1 with 58 mirror
shells of Nickel coated o

Min. Packing Distance: 3 mi \ \

Mirror Module Mass: 437 kg
b, SHE
2 06E 506 kev
2 Q E Y 1 1 L y 1 )
350 Q 260
er 10/97 I

Innermost Mirror Dia:31.8cn

Axial Mirror Length
paraboloid+ hyperboloid:

60 cm
Wall Thickness:

Angular Resolution, Half
Energy Width

15 arc seconds, 0-10keV




XMM-NEWTON X-RAY TELESCOPE

Launched on 10" Dec. 199%y ESA -- the largest X -ray
observatory : 3 X -ray Telescopes (1 is shown below)

High Dispersion Reflection Grating Plate

to CCD Strip
at secondary
focus

Gold Reflecting Surface

X—ray diffracted

CCD strip at Secondary
Focus

540 MM

40% Dispersed X-rays

50% Non Dispersed X-—rays

Gratlng Stack
(200 mm depth)

CCD Camera At
Prime Focus

Focal Length 7500 MM




EPOXY REPLICATION PROCESS FOR FLAT FOILS

orming supstrate

Conical
Approximation to Argel]  giass mandrel

4. DC sputtering deposition

Wolter I:

Used for making _»s Q e
Suzaku mirrors o S - =
and adopted for a 5. spraying epoxy adhesive
soft X-ray ' . [ © ;]
telescope for : R al

AStrosat | . 7. epoxy curing (50C 8h)

KPSingh
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COMPARING TWO TYPES OF XRTS

Wolter -1 Optics VS.

Exact machining of surface shapes

Stiff and thick surfaces

with low thermal expansion
Very poor nesting of many surfaces
Small effective area

Limited high energy response

or very large FL. (8 -10m)
Higher Angular resolution
(arcsec)

Expensive Technology

Heavy ( ~tonne)
Einstein, ROSAT, Chandra

Conical Approx. Optics

Approximate surfaces - easier to
fabricate

Thin surfaces of metals
(ready foils or replication)
Very high nesting possible

Larger effective area for same
aperture

Much better high energy

response for same F.L.
Poorer angular resolution
(arcmin)

Relatively much cheaper

Lighter (10 - 30 Kg.)

ASCA, Suzaku,AstroSat
11-03-2019 32
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Gold Surface
Replication: SXT




X-ray Ground calibration: SXT Mirrors

Performance of
SXT grazing
iIncidence foll
mirrors evaluated
using Indusl soft
X-ray reflectivity
beamline

KPSingh
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Archana et al Experimental Astropomy
(2010)
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X-ray Ground calibration

Performance of
SXT grazing
Incidence foll
mirrors evaluated
at 5.4 and &eV.
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to be ~ 10 Angstro 00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
Grazing Angle (Deg)

Surface Iayers are ig. 6 X-ray reflectivity pattern obtained using Cr K, X-rays for a typical sample of gold mirror

smoother than the Archana et al Experimental Astronomy
deeper layers (2010)
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ASTROSATSXT: MIRRORS ASSEMBLY
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Number of nested shells = 40



SXT. OPTICS + CCD BASED FPCA(~65 KG)

Soft X-ray Telescope Tharmal Baffle

Rear Tube-1

\ Rear Tube-2

Valve module. of

2 | FPCA
0 : = (Focal Plane C
* q\ OCJM“:;‘ ,;mm




SOFT xXRAY TELESCOPE

Telescope Length: 2460 mm
(Telescope + camera + baffle + door)
Top Envelope Diameter: 386 mm
Focal Length: 2000 mm
Maximum radius of foils: 130 mm
Minimum radius of foils: 65 mm

Reflector Length: 100 mm

Reflector thickness: 0.2 mm (Al) +
Epoxy (50-60 microns) + gold 1400
Angstroms

Minimum reflector spacing: 0.5 mm

No. of reflectors: 320 11.03-2019
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ASTROSATSXT: FM

} Characterization and proof of assembly thru Optical laser
beam tests of all individual mirrors (320) and full beam.
Depth of focus checked @ no change up to 3-4 mm

Full aperture optical light test to check
the FM SXT optics at 2m focal length

Angular Resolution (Half-power
diameter) = ~3-4 arcmin

Field of View (1 CCD) = 41 x 41 arcmin

KPSingh 11-03-2019 40



