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How do we form an X-Ray Image?




Why do we Use X-Ray Optics?
1. To achieve the best, 2-dimensional angular resolution

 Distinguish nearby sources, different regions of the samsgource

* Use morphology to apply intuition and choose models.

10" = 27 kpc

33333



Why do we Use X-Ray Optics?
2. As a collector to “gather” weak uxes of photons
3. As a concentrator, so that the image photons interact in sth a small
region of the detector that background is negligible or smdl
4. To simultaneously measure both the sources of interestnd the
contaminating background using other regions of the detedr

0.0030 counts per pixel



Why do we Use X-Ray Optics?
5. To serve with high spectral resolution dispersive spectimeters
such as transmission or reflection gratings.



X-Ray Optics

1. We must make the X-rays Re ect
 Total External Re ection
* Fresnel's Equations

2. We must make the X-rays form an Image
* Mirror Figure

e Scattering



X-Ray Re ection: Zero Order Principles:

Refs:
Gursky, H., and Schwartz, D. 1974, in “X-Ray Astronomy,” R. Giacconi and H. Gursky eds.,

(Boston: D. Reidel) Chapter 2, pp 71-81;
Aschenbach, B. 1985, Rep. Prog. Phys. 48, 579.

X-rays re ect at small grazing angles.
An analogy Is skipping stones on watet.

Scattering of any wave by an ensemble of electrons is
coherent only In very special directions; namely, the famiar
Angle of Incidence equals Angle of Re ection ; = ..



We have Snell's law for refraction, sin ,=sin i/n or cos , =cos ;/n
IS the standard angle of incidence from the surface normal,
Is the grazing angle from the surface.

The complex index of refraction is n=1-+1i .

We have used the subscripts for the incident photon, ofor the re ected or outgoing photon,
and r for the refracted photon.

Figure from Atwood, D. 1999, “Soft X-rays and Extreme Ultraviolet Radiation: Principles and Applications, (http://www.coe.berkeley.edu/AST/sxreuv)
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Total external re ection works for
i C

since cos ./n =cos , =1.

The limiting condition is cos .=n.
cos . 1- 32=1-,) C:p(2 ).

Away from absorption edges,
=ro NJ(2 ). ) o "(2)E

 The critical angle decreases In-
versely proportional to the energy.

e Higher Z materials re ect higher
energies, for xed grazing angles.

* Higher Z materials have a larger
critical angle at any energy.



SPECIAL TOPIC: Index of Refraction

Attwood, D. 1999, “Soft X-rays and Extreme Ultraviolet Radiation: Principles and
Applications, (http://www.coe.berkeley.edu/AST/sxrew)

Consider a plane wave, E(r,t)=ge '¢ t k0,
The velocity,! /k, Is ¢ in vacuum, and is c/n % /k in a material.

Substituting k = (! /c) n in the re ecting medium, n=1- +

E(r,t):Eo e ittt (I=c)@ +i)yl—= EO e il (t-r/c) e i('= o) e ( )r:

The roles are now clear: we havehe wave which would propagate in
vacuum, a phase shift caused by the small real deviation from unityand
an



X-Ray Re ection: Fresnel Equations

The Fresnel equations give the correct amplitudes of re eabn (and
refraction) for a plane wave incident on an in nitely smooth surface.
Use Maxwell's equations, keeping the components ofikand Hy and D-
and B, continuous across the interface.

We need to consider polarization to apply the boundary condions. The
re ected wave will have the amplitude

I, for the parallel component

rs for the perpendicular component of the electric vector.

The squared amplitudes of the complex numbersyand rg are the actual
re ectivities.

For unpolarized X-rays the re ectivity is just ( jrpj*+jr4)/2



rp=(n*sin -(n?-cos ))/(n°sin +(n?-cos )
rs=(sin -(n?-cog ))/(sin +(n-cog )7

andr, ' rgfor X-rays, since n 1.
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X-Ray Re ection: NOT the end of the Story

Three Signi cant effects remain:

1. The surfaces are not in nitely smooth. This gives rise to
the complex subject of X-ray scattering. Scattering cannot
be treatedexactly, one must consider a statistical description
of the surface roughness.

Key Features:

Scattering increases as £
In plane scattering dominates by factor 1/sin



Scattering
Features:
1. Scattering is predominantly in the plane of the incident Xray and the
normal to the surface. Out of plane scattering is less by a fdor sin( ).



Scattering
Features:
2. Scattering iIs asymmetric. Backward scattering can be no ore than - |,
which would take the ray into the surface. Forward scatterirg is unlimited.

Scattering Angle [arcmin]



Scattering
Aschenbach, B. 1985, Rep. Prog. Phys. 48, 579; Zhao, P. & Vam&ybroeck, L. P. 2002, SPIE
4844,
Scattering theory treats irregularities in the surface heght h as random,
characteriz&d by a power spectral density function

2Wi(H=j €2 *f h(x) dx j?

For suf ciently smooth surfaces scattering can be considexd as
diffraction, so that light of wavelength is scattered due to irregularities
with spatial frequency f according to the usual grating equaion:

f= sin = ,where Iisthe grazing angle and the scattering angle.

The scattered intensity, relative to the total power in the bcal plane, Is
( )=2W(f)8 (sin )4f 4



Scattering is Proportional to E?

For a Gaussian distribution of surface
heights, and no correlation of roughness with
direction, the relative total scattered inten-
sityis 1-e® sn =Y (4 sin = )2 when
the exponent is small. The rmﬁroughness of
the surface, isdenedas %= 2W;(f) df.



In plane scattering dominates by a factor 1/sin



X-Ray Re ection: NOT the end of the Story

2. We generally do not have a perfect interface from a
vacuum to an in nitely thick re ecting layer. We must
consider:

The mirror substrate material; e.qg., Zerodur for Chandra

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

The high Z metal coating; e.g., Ir for Chandra

An unwanted but inadvertent overcoat of molecular
contaminants

Feature: Interference can cause oscillations in re ectivy.






3. Preparation of coating affects re ectivity
through the dependence on density.



X-Ray Mirrors: Parabola

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

Off-axis, the blur circle increases linearly with the angle



An incoming ray will hit the parabola at an angle =arctan( %—R) and be
diverted through an angle 2 . One veri es that R?=4fz satis es the dif-
ferential equation tan 2 = R/(z-f), where f is the distance from the origin
to the focus, and can be set, e.qg., by choosing that the mirraegment, of

length ", have a speci ¢ grazing angle at a radius R.
Focal Length: F=R/2



There are two uses for the parabola:
1. Translate the parabola a distanceh to form a plate, curved in one di-
mension. This will produce one dimensional focussing of a pat to a line,

while another plate at right angles can focus in the other dirension.
Parabolic Plate Area= " h






There are two uses for the parabola:
2. Form a Paraboloid of revolution, and use with an hyperbolad.
Paraboloid Area=2 R




X-Ray Mirrors: Wolter's Con gurations

Wolter, H. 1952, Ann. Physik10, 94jbid. 286;

Giacconi, R. & Rossi, B. 1960,). Geophys. Re®5, 773

A Paraboloid produces a perfect focus for on-axis rays.

Off-axis it gives a coma blur size proportional to the distarce off-axis.
Wolter's classic paper proved two re ections were needed, rad
considered con gurations of conics to eliminate coma.

Basic Principle: The optical path to the image must be idental for all
rays incident on the telescope, in order to achieve perfeciaging.

Wolter derived three possible Geometries.



The Wolter Geometries



X-Ray Mirrors: Wolter's Con gurations

The Paraboloid-Hyperboloid is overwhelming most useful incosmic
X-ray astronomy:

» Shortest Focal length to aperture ratio. This has been a key
discriminant as we are always trying to maximize the colleahg area
to detect weak uxes, but with relatively severe restrictions on
diameter (and length) imposed by available space vehicles.

 For resolved sources, the shorter focal length concentras a given
spatial element of surface brightness onto a smaller deteat area,
hence gives a better signal to noise ratio against the non-bay
detector background. BUT, puts greater demand on having a detector
with very small spatial resolution in order to sample the iga.



X-ray Focus

A Grazing Incidence telescope acts as a thin lens. As the teope tilts

about small angles, the image of a point source near the axigmains
Invariant in space.

e This is what allows us to convert a linear distance y betweetwo
Images to an angular distance =y/F.

* This shows that the optimum focal surface is a bowl shape,tfing on
the at plane perpendicular to the optical axis.

In a Wolter | system the rays from an on-axis point source congrge to
focus in a cone of half-angle four times the grazing angle.



X-ray Focus
Chandracone angles are 3.4172.751, 2.429, and 1.805.
For a 0.1” contribution to the on-axis blur due to imprecision
of the focus, we must be able to focus within
5 m/tan3.4 =85 m.



Because the optimal focal plane is
curved toward the mirror, and be-
cause optical imperfections in mirror
gure and mechanical tolerances in
aligning the pieces of glass prevent
perfect imaging on axis, itis generally
advantageous to position a at imag-
Ing detector slightly forward of the
Ideal on-axis focus.
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Chandra point spread function, 5 and 10 arc minutes off-axis
Notice asymmetric effects, due to alignment.
Raytrace calculation.




Chandra: Mirror Polishing




Coated Mirror




Chandra: Mirror Assembly




The Future of X-ray Telescopes

To achieve larger collecting area:
* Need light weight, thin glass
e Large number of densely packed shells
To achieveChandralike angular resolution
 Make mirror adjustable, correct on-orbit for gravity rele ase
* Thin piezoelectric Im deposited on back, controls bi-mormh strain

* Deposit electrode pattern on piezo layer to create cells









Related Topics
Related Topics:

. Aberrations and manufacturing tolerances
. Contamination Control

. Normal Incidence Mirrors

. Multi-layer Coatings

. Gratings

. Refractive Optics

~N~ OO o &~ W NP

. Polarization



