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n v-ray and VHE telescopes

The line between a telescope and a detector is blurred.

At these high energies they often work together.
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MeV gap

The soft to medium energy y-ray regime
remains one of the least explored energy
ranges in multi-wavelength astrophysics.

This gap, often referred to as the MeV Gap,
is due to sensitivity of detectors.

The interaction cross-section between photons
and matter is lowest in this range, and the
dominant mechanism is Compton scattering,
which produces long-range secondaries.

Large detector volumes are needed to stop
and contain such photons.
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The differential sensitivity for current and past X-ray and y-ray
missions shows the limited performance achieved in the MeV
regime. The reduced sensitivity in the range from 100 keV to

100 MeV is referred to as the MeV Gap.



Compton scattering

In Compton scattering, y-rays partially
transfer their energy to electrons, and
by doing so, the electron recoils and the
gamma ray is scattered at an angle
relative to its initial direction with lower
energy. The Compton-scattered photon
will then interact a second time, and
potentially a third and fourth, before
finally absorbing all its energy in the
detector.

Only the complete measurement of the
secondary products, i.e. the energized
target electron and the de-energized
scattered photon, allow for the
determination of the initial energy and
direction of the incident photon.

incident photon
Po=hv,/c \‘p

Fig. 2 — A photon with initial momentum pg = hvy/c scatters off an electron assumed to be
unbound and at rest. The photon scatters at an angle @ relative to the initial direction, and
has a momentum py.,; = hVyeq /c. The electron recoils from the scatter at an angle ® and
with momentum p, = m,v/+/1 — B2. Through the conservation of energy and momentum,
the relation between the scattering angle and the final photon energy can be determined.

(from Kierans, Takahashi, and Kanbach, 2022)



Compton Scattering y-ray telescope
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o1 A classic Compton telescope uses a
scattering plane (D1) and an
absorption plane (D2) to measure the

position and energy of two
interactions in a Compton event.

1 From these measurements, the original
photon direction can be constrained to
a circle on the sky called the “event

circle.”



Cerenkov air shower telescope

Here the atmosphere acts as a detector for very high
energy gamma rays.

Gamma rays interact in the upper atmosphere to
produce secondary particles, these particles are
moving at speeds greater than the speed of light in
the local medium.

Cerenkov radiation results when charged particles
move at greater than the local speed of light, and
because of the rapidly changing electric field cause
the local medium to radiate.

Cerenkoyv radiation is concentrated in a cone.



Cerenkov air shower telescopes
LI

high energy

Al 0 lllustration of the process of
e detecting a gamma ray using
Earth's atmosphere.

shower of secondary
particles

“pool” of
Cerenkov light

(Credit: Diagram by NASA's Imagine the Universe;
telescope image from the HESS Collaboration)

ground-based
telescope




Cerenkov air shower telescopes
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11 Cerenkov telescopes are large
collection area telescopes with

fairly crude optics, often

0151t

segmented mirror, usually in the

~0.1-10 GeV

open air without an enclosure.




Cerenkov air shower telescopes

The H.E.S.S.
Telescopes

Because the shower and the consequent Cerenkov flash is spread over a wide
spatial areq, arrays of such telescopes are built to improve the directionality.



The MAGIC telescopes

MAGIC is a system of
two 17m-diameter
Cherenkov Telescopes
located at the Canary
island of La Palma
Spain).

University of Oulu is a
member of the
collaboration




The MAGIC telescopes

If you detect a flash in
more than one
telescope you can
determine
directionality by
accurate timing.




The MAGIC telescopes




The Cherenkov Telescope Array (CTA)

o. CTA'is ’rhé next generation ground-based observatory for gamma- my astronomy at VHEs. '

0 LST-1 (the prototype Large Sized Telescope) is intended to become the first of four LSTs on S |
the CTA- Nor’rh site on the |s|c|nd of La Palma.-




Homework: James Webb Space Telescope

JWST's optical design is
a three-mirror anastigmat
(Korsch telescope).

Homework: Plot a scheme and
explain differences with the

classical Cassegrain telescope.
What are the advantages?




Korsch telescope
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Optical design of a Korsch telescope is a three-mirror anastigmat.
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The primary mirror is concave.

The secondary is convex,
and it works slightly off-axis.

The tertiary removes the
resulting astigmatism and
it also flattens the focal plane.

This also allows for a wider
field of view.
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JWST's optical design

OTE = Optical Telescope Element 18 Segments

Primary Mirror (PM)
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- JWST's optical design is
a three-mirror anastigmat
(Korsch telescope).




Homework: James Webb Space Telescope

https://youtu.be/y9Z22GbFJWmo

The path which light
follow as it hits the
primary mirror, and
then reflected to the
secondary, and then in
through the aft optics
assembly where the
tertiary and fine
steering mirrors are.


https://youtu.be/y9Z2GbFJWmo
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Seeing
Turbulence in atmosphere

Adaptive Optics



Diffraction and Spatial resolution

Airy disk:

The first dark ring is at an angular distance of
1.22 A / d (radians) from the center. This is often
taken as a measure of resolution in an ideal
telescope.



Diffraction and Spatial resolution

The fundamental limit to the spatial resolution of a
circular aperture telescope is set by the size of the
Airy diffraction pattern, but in practice the
resolution is often worse than that, particularly at

wavelengths shorter than 10 um (100000 ;&).
Causes are:

Imperfections in manufacture or support of the reflecting surface;

Aberrations;

Distortion of the wavefront by the atmosphere (seeing)!



Seeing and Scintillation

-1 The Earth's atmosphere is not a quiescent plane-parallel ideal
region. It is, in fact, a turbulent mix of gasses, always in motion.
Because the index of refraction varies with temperature and
pressure motions in the atmosphere result in variations in
refraction of the light passing through.

o This results in rapid fluctuations in the apparent brightnesses of
stars (scintillation), and motions in the apparent positions or
variations in the apparent sizes of stars (seeing). = ruue

)




Distortion of the wavefront

At optical and near infra-red wavelengths the
spatial resolution is not set by the diffraction limit.

Distortion of the wavefront by the atmosphere %
causes phase errors, therefore small errors in the )
direction that the light appears to come from. [[) dfiraction pattern

Turbulence combined with temperature gradients n
causes some pockets of the atmosphere to have n

different temperature and hence different |
refractive index. ;’

seeing disc
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Turbulence in atmosphere
.t §

Plane waves from distant point source

How optical
wavefronts from a
distant star may be

perturbed by a
layer of turbulent
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Adaptive Optics

In Adaptive Optics, mirrors are deformed to correct
for distortions of the wavefront by the atmosphere.

Not to be confused with Active Optics, in which the
distortions corrected are those caused by mechanical
or thermal deformation of the telescope.

Adaptive optics corrections need to be calculated
and applied at a frequency up to hundreds of Hz
(c.f. ~ 1 Hz for active optics).



Kolmogorov theory

The theory of atmospheric turbulence is due to the
Russian physicist Kolmogorov.

The turbulence above a telescope occurs at different
scales and heights.

It can be characterised with a single scale length
parameter, usually called the Fried parameter,
denoted by r.



Kolmogorov theory

Fried’s coherence length r is the distance over which the phase difference is one
radian:

cos 7\
~ 6/5
ro ~ 0.114 2%/ (5502) m

A is the operating wavelength in nm
z is the zenith angle

Fried’s parameter defines the maximum diameter of a telescope before it becomes
seriously affected by atmospheric turbulence:

In visual wavelengths, telescopes with a diameter >11.5 cm is always have their
images degraded by turbulence.



The seeing disc

0 Full Width Half Maximum (FWHM) of the point spread
function due to atmospheric turbulence (the seeing) is given by:

B=0.98A/r, (radians)

01 This is quite close to the diffraction radius of a telescope of
diameter D=r:

U= 1.22 A/ D (radians)

0 For larger telescopes we need to use adaptive optics.



The Strehl Ratio

o1 Performance of an adaptive optics system /

flux

is characterized by the Strehl Ratio, which
is the ratio of the central intensity in the iy diffraction pattern
real point spread function, to that in the n

ideal point spread function for that
felescope Strehl ratio = — ’ l

(i.e. the Airy or diffraction function). R

1 For a seeing limited telescope the Strehl seeing disc
ratio is given by:
S = (rO/D)2 cross—section through image

D is the ’relescope diameter. The seeing disc of a star superposed on the theoretical
diffraction pattern (figure from Vik Dhillon’s lectures).



http://slittlefair.staff.shef.ac.uk/teaching/phy217/lectures/telescopes/L10/index.html

Adaptive Optics

The aim of an adaptive optics system is to produce a Strehl ratio as close as
possible to 1.

The higher the Strehl ratio, the more the image is concentrated and hence the
higher the spatial resolution.

The Strehl ratio recorded by a telescope without adaptive optics is typically
only a few per cent.

In general, the higher the ratio of the telescope diameter D to r, the more
difficult it is to correct the wavefront.

If D/r, is not too high (2-5) then considerable improvement in the image
quality can be obtained using a tip-tilt corrector.

This is the lowest order adaptive optics corrector, which is a flat mirror which can be tilted
in two orthogonal planes, to keep the image centred.



Adaptive Optics

Adaptive optics is more difficult at shorter wavelengths.

ro is dependent upon wavelength, in the sense that it is larger for longer
wavelengths (slide 189):

ro oc N/3
The timescale on which the properties change is faster at shorter wavelengths.
T,=0.31r,/ <V>
<V> is the altitude averaged wind velocity, typically 10 m/s.

For this reason, most practical adaptive optics systems work in the
near infra-red.

ro at 20000 A is 5.9 times what it is at 5000 A.



Practical Adaptive Optics system
=

Science object Reference star 1 Collimating optics — to ensure phase
@ x correction is correct for all parts of the
wavefront.

l J; 1 Phase corrector — deformable mirror with
a number of piezoelectric actuators.

Turbulence
1 Beam Splitter — either dichroic filter (to

/ reflect blue and transmit red) or a pickoff
----------------------------------------------- to send only the reference star to the
S {——— Telescope
Collimating apertura wavefront sensor.
optics
P 0 Wavefront sensor — usually a fast frame
o "1 lscionce transfer CCD to detect the wavefront from
HIB8
corrector w—{ [Camera the reference star.
Comrsctor T T 1 Control loop — to calculate the phase
contro
signal W avefront corrections from the output of the wavefront
Sensor
Sensor.
Control Wavefront

1 Science camera — CCD or IR hybrid array.

algorithm zignal



The Isoplanatic Angle

You can see from the diagram that the light from the reference star travels through
the atmosphere at a slightly different angle to that from the science obiject.

How far off does this have to be before the reference star does not any more
sample the relevant path through the atmosphere?

This depends upon a number of things including the height of the turbulent layer in
the atmosphere.

Uy = 0.31 ry [ <h>

<h> is some average turbulence altitude. Typically <h> =~ 5 km.
So, if ry = 20 cm, then U, = 8.25 arcseconds.



Wavefront sensors

Simplest type is
a Shack-Hartmann wavefront sensor.
Series of lenslets which each image

part of the pupil plane onto a
detector.

Spots from the lenslets move around
as the wavefront changes.
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Shack-Hartmann Wavefront Sensor

Software detects the centroid of each spot.

PLANE WAVEFRONT l l

Then it models the wavefront distortions

using a set of functions called Zernicke

polynomials.
Feedback to a membrane mirror to alter
° ° CORRUGATED WAVEFRONT /( ﬁﬁ‘i\»"i' "“’**-—/’\/
shape to correct the wavefront distortion. e B ———
REFLECTED PLANE WAVEFRONT T T

INCIDENT CORRUGATED WAVEFRONT

DEFORMABLE MIRROR

Figures from Vik Dhillon’s lectures.



http://slittlefair.staff.shef.ac.uk/teaching/phy217/lectures/telescopes/L10/index.html

Effect of adaptive optics on a star image at the
Keck telescope

SAQ /74164

open loop V mag. = 4.4 Keck | AD loop closed
Sp. type: GBIl

Seeing of N FWHM of
1.4 arcsecond 907 46 milli—arcsecond
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H band images — 1.6um
14 Dec 2000 — 07:45 UTC

This is cheating a bit because the star is its own guide star!



Effect of adaptive optics (real, not cheating)

Galactic Center 2.2 microns

13"x13" Field. 15 minutes exposure. S

i

¥ithout Adaptive Optice compensation

0.57" Seeing

With Adaptive Optics compensation
0.13"” Full Width at Half Maximum

Copyright CFHT. 199B.



Problems of adaptive optics

You need a bright star as a guide star

The wavefront is only corrected for objects near that
star, within the isoplanatic angle.

So, if there isn’t a star near the objects you are
interested in, why not put one there?



Laser guide stars

Two types of laser used to create artificial guide stars:

Sodium lasers — Sodium layer at about 20 km altitude is
produced from micrometeorites. This can be excited by a
laser beam tuned to one of the D lines

(usually D2 at 5890A).

Rayleigh Scattering Lasers — light from the laser is back
scattered by air density fluctuations. The laser beam is
focused at an altitude of ~20 km, in addition the beam is
pulsed and the return is gated with a fast shutter, so that the
altitude is defined by the light travel time to and from the
layer.



Rayleigh Scattering lasers

Rayleigh scattering is more efficient in blue and
ultraviolet wavelengths (hence the sky is blue). The
return beam is therefore bluer than the outgoing
beam.

There is a tradeoff between the rate of the pulses
and the altitude that the laser is gated to. If the
altitude is 20 km, then the light travel time there
and back is (4 x 104) / (3 x 108) seconds, and the
laser guide star cannot be used for atmospheric
fluctuations faster than this.



The cone effect

The Laser Guide Stars are not at infinite

altitude, and therefore the light from the y from star

guide star does not pass through the b i T el i

same atmosphere as the beam from the i LGS

astronomical target.

The beam from the star suffers different
wavefront distortions to the beam from
the laser guide star.

This problem is worse for lower altitudes
and for larger telescopes.

¥




The cone effect

The maximum size of telescope that can be used
with a laser guide star at altitude H is given by:

dy=290,H
where U, is the isoplanatic angle.
For realistic values of the isoplanatic angle at
optical wavelengths, d, is about 1T metre for

Rayleigh scattering lasers (gated at 20 km altitude)
and 4-8 metres for a sodium laser.



The tilt problem and its solution

The laser beam passes through the atmosphere twice, once on
the way up and once on the way down.

The lowest order terms in the wavefront correction, called
Tip and Tilt, cancel out and measurement of the Laser Guide
Star does not sense them.

Use a natural guide star for tip and tilt only. You can do this in
the infrared as the isoplanatic angle is larger.

Use a polychromatic Laser Guide Star. Sodium can be excited
to higher levels to emit other lines (in the ultraviolet and
infrared). Using the wavefronts at more than one wavelength
the atmospheric tilt can be calculated.



Practical problems of laser guide stars

Sodium lasers are expensive and unreliable.
Require high power consumption.

Can make yourself very unpopular with other telescopes
on the mountain looking in the same direction.

Want to be very sure you have no planes flying
overhead as you can blind a pilot.



CheSs 7995

207 Sodium (left) and Rayleigh (right) laser guide stars in action.



Multi Conjugate Adaptive Optics

With only one guide star, we can only model a height averaged
wavefront distortions.

With more guide stars, we can begin to make a three dimensional
model of the turbulence, and correct the turbulence in different layers.

This also helps correct the cone effect, as you can now model each layer
and know which part of that layer a particular beam passes through.

In Turbulence Tomography you use a number of guide stars to model the
3 dimensional turbulence and work out better what to do with your
deformable mirror.

In Multi Conjugate Adaptive Optics you have a number of deformable
mirrors which correct the distortions for a number of turbulent layers.



Multi Conjugate Adaptive Optics

E

1 MCAOQO with 2 laser guide stars
and 2 deformable mirrors. In
the high layer the light from

each LGS passes through a
different parft of the

atmospheric layer.
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Tomography and MCAO
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Horizontal axis 1s across the image in each case, vertical axis 1s
Strehl ratio.



Tomography and MCAO

In classical AO your correction is strictly valid for the
position of your guide star, and is less valid for your
objects

In tomography, you use a three dimensional model
to make the right corrections for the object you are
interested in.

In MCAQO you have many deformable mirrors, and
your corrections are valid over a much wider field.

MCAOQ greatly increases the isoplanatic angle.
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