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Coded Mask Imaging

The principle of the camera is straightforward:
photons from a certain direction in the sky project
the mask on the detector; this projection has the
same coding as the mask pattern, but is shifted
relative to the central position over a distance
uniquely correspondent to the direction of the
photons. The detector accumulates the sum of

a number of shifted mask patterns. N/, :
Each shift encodes the position and its strength 4| e Counts
encodes the intensity of the sky at that position. o —*‘l —

Dectector

http://asd.gsfc.nasa.gov/archive/cai/coded _intr.html
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Coded Mask Imaging

How to recover an image

Basic method :
" Correlation with the Mask Pattern'

Recorded pattern is Convolution of source distribution
and the mask pattern, plus some background B
D=S®M +B
Suppose we form an image as
I-M®D =M® S®M+M®B
*M® M® S+ M® B
=ACFIM\)® S+ M® B
where ACF indicated the Autocorrellation function.
If ACF(M) were a Delta function and if M® B were zero

we would have recovered S.
1,

coordinate reversals are ignored here
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e in 1997, thanks to

BeppoSAX observations, prompt
discovery of fading X-ray, .

optical, radio emission 1o \

foIIowmg the GRB 3 000 m"wm afterglow
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the classical GRB
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phenomenon are then o1k o mbme ‘
called "prompt emission”
and the subsequent fading Lt e e et e s

emission is called “afterglow

emission”

F.Longo

Adapted from Maiorano et al.,
ARA, 2005
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The compactness problem

Briggs et al. (1999)
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e Total Energy: E~ 10°! + 10°? erg




The compactness problem
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Relativistic motion of the emitting region




The Fireball model

e Relativistic motion of the emitting region
e Shock mechanism converts the kinetic energy of the shells into radiation.

e Baryon Loading problem

External Shock

= Synchrotron & SSC

= High conversion efficiency

= Not easy to justify the rapid variability

Pre-Burst

Afterglbw

E ~ 1053 ergs

LOCAL MEDIUM

Shock
" Formation

., radio
cal

Internal Shocks
= Source activity

= Synchrotron Emission

= Rapid time Variability

= Low conversion efficiency
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Afterglow Observations

Harrison et al (1999)
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Jet breaks

> breaks in the afterglow
decay light curves ->
collimation ?
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GRB for Cosmology
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SN la Cosmology
SNe la as a “standard candle”

The Phillips relation for SNe la
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Can we apply GRBs as a standardized candle?
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GRB for Cosmology
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 Method (e.g., Ghirlanda et al, Firmani et al., Dai et al., Zhang et al.):

Ep,i= p,Obe(I +Z),tb,i=tb//1 +Z)
IW@? 107 /142 - . Dz =D1 (z, Ho: QM; QA,---)
: ENEVdE corg

(L +2) Jij14e

E’}'.-iso

> fit the correlation and construct an Hubble diagram for each set of
cosmological parameters -> derive c.l. contours based on chi-square
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 results obtainable with 150 GRBs with estimates of z, E,; and tb
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Ghirlanda et al. 2006 A&A
Ghirlanda et al. 2006 JOP Review, GRB Special Issue



Caveats

GRBs as a standard candle?

The Ghirlanda E; - E, relation 004
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Luminosity distance

Distance measures in cosmology

DaviD W. HoaGa

Institute for Advanced Study, 1 Einstein Drive, Princeton NJ 08540
hogg@ias.edu

2000 December

1 Introduction

In cosmology (or to be more specific, cosmography, the measurement of the Universe) there
are many ways to specify the distance between two points, because in the expanding Universe,
the distances between comoving objects are constantly changing, and Earth-bound observers
look back in time as they look out in distance. The unifying aspect is that all distance
measures somehow measure the separation between events on radial null trajectories, ie,
trajectories of photons which terminate at the observer.

In this note, formulae for many different cosmological distance measures are provided. I
treat the concept of “distance measure” very liberally, so, for instance, the lookback time
and comoving volume are both considered distance measures. The bibliography of source
material can be consulted for many of the derivations; this is merely a “cheat sheet.” Minimal
C routines (KR) which compute all of these distance measures are available from the author
upon request. Comments and corrections are highly appreciated, as are acknowledgments or
citation in research that makes use of this summary or the associated code.

2 Cosmographic parameters

The Hubble constant Hy is the constant of proportionality between recession speed v and
distance d in the expanding Universe;

v=Hyd (1)

The subscripted “0” refers to the present epoch because in general H changes with time.



The Luminosity Distance

v A
= 1=2-1
VO )\e

O+ Q4+ Q=1 2

E(z) = /O (1+2)3 + Qp (1+2)2 + Dy

z dz
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astro-ph/9905116v4




Luminosity distance and redshift
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Swift Instruments

Instruments

m Burst Alert Telescope (BAT)
= New CdZnTe detectors

m  Most sensitive gamma-ray
imager ever

m  X-Ray Telescope (XRT)
= Arcsecond GRB positions
m CCD spectroscopy

s UV/Optical Telescope (UVOT)
= Sub-arcsec positions
= Grism spectroscopy
= 24" mag sensitivity (1000 sec)
= Finding chart for other observers

Spacecraft

m  Autonomous re-pointing, 20-75s
m  Onboard and ground triggers

21



Swift

Details

(15-350 keV). Large (2 sr) field of view — detects
bursts with arc min accuracy. And tells observers
immediately.

« Swift automatically determines if it can view the GRB, and
If so, slews to it.

(0.3-10 keV) and (~1000-6000 A) begin
observing typically within 100 s of the trigger.

« XRT can automatically detect afterglows, and downlinks
limited data immediately. ~90% of BAT GRBs have
promptly detected XRT afterglows.
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Exercise #3

* Check and navigate into Swift web sites



HEASARC Swift Home Archive Data Analysis Proposals & Tools Education & Public Outreach

< //;.,»_, . iy .“',
leil’Gehrels SW|_f§t:O bser\
//*'/4 P ‘-;t.,c oy

About Swift Quicklook Data Results Operations Related Sites Gallery

Gamma-ray bursts (GRBs) are the most powerful  Ailsystems are operating normally.
explosions the Universe has seen since the Big Bang.

They occur approximately once per day and are brief, Swift Resources

but intense, flashes of gamma radiation. They come | .. .. .00 conact information
from all different directions of the sky and last from a  »BAT Transient Lightcurves

T Swift Supernovae
few milliseconds to a few hundred seconds. So far . Observing Schedule

scientists do not know what causes them. Do they signal the birth of a > JoumalPapers Related to Swit
: p y » Swift Press Release Image Archive
black hole in a massive stellar explosion? Are they the product of the  » SwiftUsers Group (SUG)

» Swift Mission Participants

collision of two neutron stars? Or is it some other exotic phenomenon that

2
causes these bursts” LAt S CRE

With Swift, a NASA mission with international participation, scientists e GRB 2203068

o5 https://swift.gsfc.nasa.gov/




https://www.swift.ac.uk/index.php

U.S. site

[ L]
=" 1L N

K. site

— ~

Support Data Access Data Analysis GRB Products

Home About Publications Links

The Neil Gehrels Swift Observatory

As of 3rd March, Swift has resumed normal science operations, with both ToO and
GRB response re-enabled. High urgency ToOs can again be submitted. (GCN 31668)

Welcome to the UK Swift Science Data Centre.

The NASA-led Swift satellite discovers Gamma-Ray Bursts (GRBs) and
measures their X-ray and optical afterglows to arc-second accuracy within
a minute or two, continuing to make spectral observations until they fade
from view days, weeks or even months later. Swift has been finding around
90 new bursts a year since launch in November 2004. It has provided the
most complete study of GRBs so far, finding the most distant objects in the
Universe and rapidly advancing science in this area. Swift is a rapid-
response multi-wavelength facility which is ideal for observations of
transient and variable sources; it has a Guest Investigator programme and
a flexible Target of Opportunity programme which is well used.

"

; 'A\\
l :
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Picture courtesy of
Spectrum Astro

On this site you can find out more about the mission and GRBs, as well as
obtaining data from the on-board instruments and building X-ray products.

One of our team is tweeting about life as a Swift scientist - follow him on Twitter!

Italian site

UNIVERSITY OF

LEICESTER

School of Physics & Astronomy

|d

site map | Search: |

[ Latest Swift Detected GRBs

GRB 220310C
GRB 220310A
GRB 220306B
GRB 220305A
GRB 220302A

(.

( Quick Links

Swift in the news
Training_Opportunities

GRB and Swift Conferences
Targets of Opportunity
Guest Investigator Program
\Build XRT products

( Helpdesk

Questions about Swift? Try our guide to
Swift or the guide to data processing_and
analysis. If these don't solve your
problem, please feel free to e-mail us at
swifthelp@le.ac.uk.

List of acronyms and abbreviations

We are located in the Department of
Physics & Astronomy , at the University of

\Leicester (directions).

J




SWI FT https://swift.asdc.asi.it/

Agenro Spoarie Totono

Home About SSDC News and Communication  Quick Look  Missions  Multimission Archive  Catalogs Tools Links Bibliographic services

Helpdesk  Privacy ﬁ D

U.S. site
Italian site

U.K. site
Swift Home  About Swift ASI HQ Swift Home  Swift Data Archive  Swift pointings  Swift Catalogs  Swift Quicklook Data  Swift Data Analysis

Swift Helpdesk GCN  ToO Request Form  Malindi ground station  Gallery

The Swift Gamma-Ray Burst Mission

ASI Swift Scientific Page (Italian)

Swift is a MIDEX Gamma Ray Burst mission led by NASA with participation of Italy and the
UK. The Swift data are available to the scientific community through data centers in the
USA, Italy and the UK.

Italy contributes to the mission providing:

+ The XRT X-ray mirror
« The Malindi ground station
« XRT data reduction and analysis software

The ASI Science Data Center (ASDC) contributes to the mission providing:

An artist rendering of the Swift
Swift Data Archive Mirror satellite catching a Gamma-ray
On-line XRT & UVOT data analysis Burst

Swift Quick Look Data (XRT & UVOT Interactive Quick Look)
XRT Burst Support (XBS) and Burst Advocate (BA) activity




Discoveries 1n the Swiff era

X-ray afterglow of short GRBs

Prompt optical-IR emission and very early
optical afterglows

X-ray flares from GRB
Early steep decay of X-ray afterglows
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Questions for Swift

« Do short GRBs have afterglows, and hence can we locate
them more precisely?

« Can we pin down the progenitors?
« Are there new subclasses of GRBs?

« Can we find high-redshift bursts and study the early
universe?



Swift discoveries

Short GRBs.

« GRB 050509B was a short GRB discovered by Swift, with
an X-ray afterglow reported 2:29 after the trigger.

. ; N VLT image
Outskirts of an elliptical Hjorth et al,

galaxy.

« Later sGRBs had optical
afterglows too.

« Subsequently found in all
galaxy types.




Swift discoveries

Progenitors

« Short GRBs found in all types of galaxy — old population
(compact merger/magnetar}

 Long GRBs always found in star forming galaxies and
regions — deaths of massive stars.



Swift discoveries

Short GRB with extended emission

« Blurred the distinction between “short” and “long” bursts,
and made it more detector-dependent.

GRB 050724

- Barthelmy et al.
2005

B T
Time (sec)



Swift discoveries

Long GRBs with no SNe

« GRB 060614 and GRB 060505 were nearby, apparantly
long GRBs, with no related supernova, down to deep
limits.

- The GRB taxonomy is clearly more complex than
previously thought.

« Maybe a new, progenitor-based classification is needed?
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Swift discoveries

High redshift bursts
17 GRBs observed by Swift have z>3.5

10 have z>4, and 5 have z > 5 — a large, rapidly growing
population of distant objects.

GRB 050904 was at z=6.29 (Cusumano et al. 2007)

GRB 080913 was at z=6.7, and was a fainter-than-normal
burst! (Greiner et al. 2009)

GRB 090423 was at z=8.26 !l



High redshift GRB
High-Redshift GRBs

z GRB Optical Brightness
94 090429B K=19 @ 3hrs
82 090423 K=20 @ 20 min
67 080813 K=19 @ I0min
629 050904 =18 @ 3hrs
56 060927 =16 @ 2min
53 050814 K= 18 @ 23hrs
511 060522 R=21 @ |5hrs
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High z - searches

High-z Universe: searching for the best probe

Galaxies

Pros
% Multiband data are available (some)

% Refurbished HST
% Different technique (LBG/Lya emission)
% Do not “disappear”

Cons
% Small region of the sky (11 arcmin?)
% Required several hours of observations
% Very faint objects
% Galaxy templates are complex
% Difficult determination of
Age/dust/SFR

Gamma-ray Bursts

Pros
% Very bright
% Happens everywhere
% Can be followed quickly from
space and ground (now at least)
% Have a very simple spectrum
(synchrotron, simple power-law)
% Allow better investigation of T

Cons
% Rare (few “good ones”)

% Fade fast, ~minute position
identification (space mission)

% Require multiband observations



Swift discoveries

Where are the jet breaks?

« Strong, achromatic light curve steepening was expected
in most/all GRBs — it's now exciting if we think we've got
onel!

 They could be hidden (Curran et al. 2008), or we're not
considering enough possibilities (Racusin et al. 2009)

« Perhaps the jets are structured/complex, so breaks are
not achromatic? (e.g. Oates et al. 2007, de Pasquale et
al. 2008).



Afterglows in the Swift era ...
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Afterglows in the Swift era

Multi-A modelling (eg. de Ugarte Postigo et al. 2006)
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Swift discoveries

GRB 080319B
- Very bright — reached m =5.3

Movie from
Pi of the sky.




Swift discoveries

GRB 080319B
Very bright — reached m =5.3

z=0.9

If it were at the Galactic centre, it would appear as bright
as the Sun!

Bright in X-rays and Gamma-rays, but nothing like as
extraordinary as in the optical.

Implies a complex jet structure (Racusin et al. 2008,
Nature).
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080319B
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Even corrected for distance,
brightest optical burst

In our Galaxy, such a burst
would be brighter than the sun!

GRBs much more luminous than
most energetic quasars & SNe
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Swift discoveries

Forward Shock (wide jet)

T>800s
R ~6x10'® cm
FS
~>
— Forward Shock (narrow jet)
<+ —> T ~ 80-40000 s
R~10"
central FS
8° = \ ~>
)N ) ) > - ) —
. 0.4° i ~>
engine RS
Color Key: . Reverse Shock
' - —»> (not seen)
;fg};_pblflzr:e internal shocks >
UV/optical/NIR: ¢ RT:%?G(’C; RS g
radio: red Reverse Shock

T ~50-800 s



Summary

« Swift has helped to answer some questions:
« Localised short GRBs

« Supported collapsar and compact merger progenitor
models.

« Asked a load of new questions!
« What are the subtypes?
« How do we get X-ray afterglows? And flares?

 What is the jet structure?
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Astrofisica Nucleare e Subnucleare
Solid State Detectors



Detectors fo‘r Particle PhyS|cs

Semiconductor Detectors

D. Bortoletto




Solid State Detector

1 A solid state detector is an
jonization chamber

— lonizing radiation creates
electron/hole pairs

— Charge carriers move in
applied E field

— Motion induces a current in
an external circuit, which can
be amplified and sensed.

Gas Solid

Density Low High

Atomic number (Z) Low Moderate (Z=14)
lonization Energy (g;) Moderate (= 30 eV) Low (=3.6 eV)
Signal Speed Moderate (10ns-10us) | Fast (<20 ns)




Comparison solid state versus gas

lonization chamber medium could be gas, liquid, or solid
— Gas = electron and ion pairs; Semiconductor =electron and hole pairs

Gas Solid

Density Low High

Atomic number (2) Low Moderate (Z=14)
lonization Energy (g,) Moderate (= 30 eV) Low (=3.6 eV)
Signal Speed Moderate (10ns-10us) | Fast (<20 ns)

Solid State Detectors 1 Greater density:

1 Energy (E) to create e-h pairs — Reduced range of secondary electrons
10 times smaller than gas = excellent spatial resolution

ionization = increase

— Average E,... ~390eV/ um ~108 e-h/ um
charge=> good E resolution 9€ Ejoss w u

(charge collected is a function of
thickness d. Up-to-now no multiplication)

To minimize multiple scattering d is small
1 300 um =32,000 e-h pairs = good S/N




Solid State Detectors

Gas Detectors

In gaseous detectors, a charged particle is liberating
electrons from the atoms, which are freely bouncing between # @ ¢
the gas atoms.

An applied electric field makes the electrons and ions move,
which induces signals on the metal readout electrodes.

For individual gas atoms, the electron energy levels
are discrete.

Solid State Detectors N

3s [ E

Energie

In solids (crystals), the electron energy levels are in ‘bands’. 2 ValSBEland

Inner shell electrons, in the lower energy bands, are closely 2

bound to the individual atoms and always stay with ‘their’ A8

Energxebénd

atoms. T @ @ @ @
Mg Mg Mg Mg Mg -

In a crystal there are however energy bands that are still
bound states of the crystal, but they belong to the entire

crystal. Electrons in these bands and the holes in the lower

band can freely move around the crystal, if an electric field is

applied.

W. Riegler/CERN 3



Solid State Detectors

e e il Free Electron Energy

— Unfilled Bands

4 3 { e Conduction Band
S $ Band Gap
[}
c 2p Val and
“ $———  valance Band

2s

s - ] | | | | |

Energieband

Atomkern —_ @
g Mg

Mg Mg Mg M

nashiange

Conductor, Insulator, Semiconductor

In case the conduction band is filled the crystal is a conductor.

In case the conduction band is empty and ‘far away’ from
the valence band, the crystal is an insulator.

In case the conduction band is empty but the distance to the valence band is small, the crystal is

a semiconductor.
W. Riegler/CERN



Solid State Detectors

Band Gap, e-h pair Energy
The energy gap between the last filled band - the valence band — and the conduction

band is called band gap E,.
The band gap of Diamond/Silicon/Germanium is 5.5, 1.12, 0.66 eV.

The average energy to produce an electron/hole pair for
Diamond/Silicon/Germanium is 13, 3.6, 2.9¢eV.

— =

A

|

tv Band Gap

Energie

2p Val and

2s

s
Energieband
Mg Mg Mg Mg

Mg -~

Temperature, Charged Particle Detection
In case an electron in the valence band gains energy by some process, it can be
excited into the conduction band and a hole in the valence band is left behind.

Such a process can be the passage of a charged particle, but also thermal excitation
> probability is proportional Exp(-E/KT).

The number of electrons in the conduction band is therefore increasing with
temperature i.e. the conductivity of a semiconductor increases with temperature.

W. Riegler/CERN



Solid State Detectors

Primary ‘ionization’:
The average energy to produce an electron/hole pair is:

Diamond (13eV), Silicon (3.6eV), Germanium (2.9eV) Amplifier

. . L Charged Particle
Comparing to gas detectors, the density of a solid is ' ‘"‘[}
about a factor 1000 larger than that of a gas and the

energy to produce and electron/hole pair e.g. for Siis a
factor 7 smaller than the energy to produce an electron-
ion pair in Argon.

Solid State vs. Gas Detector: Electrodes v -
The number of primary charges in a Si detector is

therefore about 104 times larger than the one in gas >

while gas detectors need internal charge amplification, Diamond - A solid state
solid state detectors don’t need internal amplification. ionization chamber

While in gaseous detectors, the velocity of electrons
and ions differs by a factor 1000, the velocity of
electrons and holes in many semiconductor detectors is
quite similar - very short signals.

W. Riegler/CERN



Semiconductor

»

Conduction band Conduction band

Conduction band

~Band gap=1eV

Fermi Level Valence band

Valence band

Increasing Energy
Increasing Energy

y Band gap =6 eV

P

Increasing Energy

1 Fermi level

valence band — Maximum electron energy at T = 0 K

1 Semiconductor: at room temperature electrons can already occupy the conduction
band and may recombine with holes.

Thermal equilibrium is reached between excitation and recombination when the

charge carrier concentration n_, = n, = n= intrinsic carrier concentration=1.5x101° cm-3

|
|
«— P —.— — e »— —— —e— —e * . Valence electron
a @ » \Si+4 L ] @ a L J @ - Sl+4 L J Sl+4 o s
- ~ - - - * .- Conduction electron




Increasing Energy

»
»

Increasing Energy

Doped semiconductors

»
»

Conduction band

Valence band

DONOR (N)

Conduction band

Valence band

»
»

Increasing Energy

Increasing Energy ‘

Conduction band

Valence band

Conduction band

Valence band




06 6

06 6
O 6 6

doping

0 66
0 606

0 69

06 6
0 0 6

0 0.6

W. Riegler/CERN

Doping of Silicon

In a silicon crystal at a
given temperature the
number of electrons in the
conduction band is equal to
the number of holes in the
valence band.

Doping Silicon with Arsen
(+5) it becomes and n-type
conductor (more electrons
than holes).

Doping Silicon with Boron
(+3) it becomes a p-type
conductor (more holes
than electrons).

Bringing p and n in contact
makes a diode.

Acceptors AN

Conduction band Al

Fermi level W~ -

— |

electrons

g £

¢
holes - s

\

Valence band
AV

A dVidx=-E

e

A dF/dx= ple,. &

Holes

Carri
*~ demll'gfr
Electrons

-
-

11



PN Junction

1 PN junction without external voltage

— Free charges move until the chemical potential
is balanced by an electrical potential called the
built-in potential

>

holes

p-doped

carrier concentration
[log scale]

\© ©
:\Q\Z
' ©
1

:69

:ee
74
1
Vo o
1

1 P V——
E-field

"Diffusion force" on holes —t—-

] 1
E-field force on holes - —b} E-field force on electrons
] 1

1
4—:— "Diffusion force" on electrons

The space charge (depletion) region
can be made bigger by applying a

reverse bias voltage

D. Bortoletto Lecture 4

carrier concentration
[log scale]

>

p-type
silicon

n-type
silicon

. . 1 Y- .
negative terminal I positive terminal

(2T Charge




Si-Diode used as a Particle Detector !

At the p-n junction the charges are
depleted and a zone free of charge
carriers is established.

Depletion
Region

By applying a voltage, the depletion L ¢ .'
zone can be extended to the entire o
diode - highly insulating layer. o o°
An ionizing particle produces free n
charge carriers in the diode, which
drift in the electric field and induce | ‘ | |
an electrical signal on the metal L
electrodes.

e Electron
As silicon is the most commonly & Positve '.‘?]”nf_rt‘;';e'"‘?n'{‘ﬁ}’ﬁéyd
used material in the electronics = Negative 1on from filling in

p-type vacancy

industry, it has one big advantage e Hole

with respect to other materials,
namely highly developed
technology.

W. Riegler/CERN
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Under-Depleted Silicon Detector

W. Riegler/CERN

R © .. 5 0 00000 I,

Zone without free
charge carriers

positively charged.
Sensitive Detector

Volume.

°
n © o 0 0 e®e¢
+ ‘.‘...
+ + Y o
+
+ Tt T %9 00 0
+ Lot o ° o
n oo o
+ + ® o0 o0°
+ CY ) "o
1
n

Zone with free
electrons.
Conductive.
Insensitive to

' particles.

13



Fully-Depleted Silicon Detector

ru_,_"‘ + + + 5+t +
- ¥ T+t On o O

- + + + + +

= + +

S O et

= v + + +

| |

P

n
Zone without free charge carriers
positively charged.
Sensitive Detector Volume.

W. Riegler/CERN 14



Silicon Detector

ca. 50-150 pm
Fully depleted zone Qe A 7 ’ 7 _— Sio,
_ -

ssivation
- A
Fa of + + - e ;
\ wf- p* stlicon

n type silicon

M“me v
n+ silicon /

)

300um

N (e-h) =11 000/100um
Position Resolution down to ~ S5ym!

W. Riegler/CERN Solid State Detectors



Silicon Strip Detectors (SSD)

By segmenting the implant we can
reconstruct the position of the
traversing particle in one dimension

DC-coupled strip detector — simplest
position sensitive Silicon detector

Standard configuration:
Strips p implants
Substrate n doped (~2-10 kQcm) and
~300um thick
V 4ep< 200V

Backside Phosphorous implant to
establish ohmic contact and to prevent
early breakdown

Highest field close to the collecting
electrodes (junction side) where most
of the signal is induced

D. Bortoletto Lecture ,, ‘i",




Double Sided Silicon Detectors

Advantages:

— More elegant for measuring 2
coordinates than using stereo modules

— Saves material
Disadvantages:

— Needs special strip insulation of n-side
(p-stop, p-spray techniques)

— Complicated manufacturing and
handling procedures

Expensive
Ghost hits possible

% real hits
O “Ghosts”

Scheme of a double sided strip detector
(biasing structures not shown)

n+-Si / _ R n+-Si
e -Akkumulationsschicht

Positive oxide charges cause electron
accumulation layer.




Silicon Detector

Every electrode is connected to an amplifier 2
Highly integrated readout electronics.

Two dimensional readout is possible.

Uy

W. Riegler/CERN

_ ! . ' X - Strips
T ’ T h T i .:_ orpads

D = typically 300 um

|
1
i
|
°®

track

Solid State Detectors

CMS Outer Barrel Module

17



Silicon Drift Detector (like gas TPC!)

hole bias current bias HV divider

- Potential

+ 4

hole dark current

mmn{ _

hol »
s * clectro
X ® 9o s o

N

drift cathodes \

drift
cathodes

Collection
Anodes

pull-up
ionizing particle cathode

electrons

W. Riegler/CERN Solid State Detectors 20



Astrofisica Nucleare e Subnucleare
“X-ray” Astrophysics



Detector Project

GLAST Project For SWG discussion , Huntsville, 2002.9.13
a,/

Definition of Terms

;- A=area

Vi

+ Effective Area: Area at normal incidence
times detection efficiency.
Aeff
Energy 68% spread
at normal incidence.
+ Energy Resolution: <
ER
68“ 0
I I
I I
L |
> I':R le
I

94



Detector Project

GLAST Project

+ Angular Resolution:
Or

+ Field of View:
FOV

+ Sensitivity:

For SWG discussion , Huntsville, 2002.9.13

Definition of Terms

Space angle for 68%
containment at normal
incidence.

Integral effective area over solid angle
divided by peak effective area.

Flux of weakest source that can be
detected at 5 sigma significance.

95



Nobel prize 2002 — R.Giacconi

p—— —_——
——
-_——
-
—
-
-

_—— .
-
=~ -
-
-
-

Accretion disk Mass accretes
= / Normal

.. for pioneering contributions to astrophysics,
which have led to the discovery of cosmic X-ray sources”



Scanning with Slat Collimators

 Imaging the sky with non-imaging X-ray instruments as a goal
* Linear scanning means position is determined in one direction

* At least a second scanning, preferentially in the direction
perpendicular to the previous one

* First all-sky survey in X-rays by Uhuru (1970-72): 2 prop.
counters with metal collimators (0.5°%5°, 5°%5° FWHM )

SUN
STAR !
SENSORs SENSORS .
COLLIMATOR
COLLIMATOR 129X SOFWHM
£X EFWHM

ELECTRONICS
PACKAGE

PROPORTIONAL
COUNTER BANKS

TELEMETRY
AND
SPIN CONTROL




Scanning Grid Collimators

 Two or more plane (“grid” of absorbing rods) collimators to
improve angular resolution

 Higher resolution with three or more grids (e.g., 4 in
HEAO-1 A-3 experiment)

 Two-dimensional measurements need scans in two or

more directions Double-grid collimator

Transmission Function of triangular shape
— Angular resolution: d/D

of max.

-

rotation axis

fransmission

Modulation curve

detector

Detector




Sensibilita - 1

Sensibilita = flusso minimo rivelabile
Emissione nel continuo: fotoni cm=2 s1 keV-1
Emissione di righe: fotoni cm2 s1

Cs = Tasso di conteggi di sorgente

Csig = Tasso di conteggi di fondo
assumendo una statistica poissoniana

SNR=n_ = Cs
Cs +Cu

In realta’ quello che si misura e’ (S+B)-B in un dato intervallo di tempo

S=(+B)-B——>0.=0.,, +0, =
—(\(S+B)’+(B)Y>=S+B+B=S+2B
SNR = S/o; = §/+/(S +2B)




Sensibilita - 2 - “basic” dependencies

S=¢ AT AE F_.

A T AE F,,

g=efficienza di rivelazione fotoni della sorgente
A=area efficace

T=tempo di esposizione

AE=banda energetica

F=flusso della sorgente

Fug=fondo strumentale

the source dominates

the signal

F,. \/2F bkg)

Backg-dominated obsn.

to give an idea of the
main dependencies
of the limiting flux
(sensitivity)




In the “real world”, the background is not only instrumental but also
cosmic

S=source flux density [counts/m?s]

A=area of the detector

Q=solid angle subtended by the beam of the telescope on the sky
B,=instrumental (particle) background [counts/s]

B,=cosmic background (XRB) [phot/m? s ster]

T=exposure time

SOURCE=SxAxT (photons related to the source)

BACKGROUND=B,xT + B,xAxQxT (photons related to the backgrounds)

B, /A +QB,

SIN=5=S§_. =5




Focalizzazione vs collimazione

\\\, 3 '\" ' ' \\\\\| Proper
N } n‘

imaging
\\ 19 ‘ of X-rays
‘ below 20-40 keV

Sistema
collimato

A = PSF projected
on the focal plane

Sistema collimato: limita |la regione di cielo da cui puo’ provenire un segnale,
(quindi limita il background), non incrementandone la “densita”

Sistema focalizzato: fa corrispondere ad ogni sorgente un punto nel piano focale,

e “concentra” il segnale, producendo un’ immagine



Background counts from a collimated
CB = B A d AE At telescope with detector area A, sensitive over

the band AE, in a time interval At

o(Cy)=C 31/2 The counts obey the Poisson statistics

Source counts collected from a source with
CS — S E Ad AE At nE flux Sg in the same conditions (QE=n)

= (C +C ) -C Measured counts (backg-subtracted)
as S B B

o’ (C

meas) = 202 (CB) Background dominates fluctuations

_ Sy A AE At

S/N = Cs
No™ hC, ~ \2BA, AE At
\2B
s, =l

™ e AJA, At AE




X-Ray Mirrors

4 Nested Paraboloids
4 Nested Hyperboloids Jv

v

Doubly
Reflected
X-rays

Field of View
+.5 Deg

Focal
Surface

10 meters

Mirror elements are 0.8 m long and from 0.6 m to 1.2 m diameter



Why do we use X-ray optics

 To achieve the best 2-dim angular resolution

» To distringuish nearby sources or different regions of the same source
* To perform morphological studies

* As a collector to “gather” weak fluxes (case of limited photon statistics)

 As a concentrator, so that the image photons may interact in a small region of
the detector, thus limiting the influence of the background

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

 To simultaneously measure both the source(s) of interest and the contaminating
background in other (source-free) regions of the detector




X-ray optical constants

* X-rays are hard to refract or reflect: the refractive index of all materials in

X-rays is very close to 1 and only slightly less than 1 = X-rays are above the characteristic
energy of bonded e- in atoms

* complex index of refraction of the reflector to describe the interaction
X-rays /matter (see, for a review, Aschembach et al. 1985, Rep. Prog. Phys. 48, 579)

n=1-0+if
where d describes the phase change and
B accounts for the absorption

0 and B depend on the wavelength

n1 T Z

incident beam ¢ inf 0 ref

X ____________________ O ref

O transm

n2

* the amplitute of reflection is described by the Fresnel's equations



normal

interface

: refracted
' (transmission)

ne1-50+if
- razing 8 0 | e
n 1 g g |“, @ ' P,
angle _. ,
, , A
incident | reflected

Snell’s Law of Refraction:
relationship between the angles of incidence
and refraction in a medium

n,sinf, = n,sino,




refracted

(transmission)
-1=841 0
n=1-8+ifp o 0,
; a V'\
n=1 gE %l
, \“A

mcndent reflected
n,=1n,=1-0) — sing, —(1 O0)sing,
O =(r/2)-¢

cos(90 —@,) =cost}, =(1-0)cos(90 - ¢,) =(1-0O)cos T,
= cost, =cos, (1-9)

Total reflection if no real solution for 3,
0>0, cos6, =<1 =>» There is a critical angle 8. below which refraction is impossible
and total external reflection occurs (grazing angle, 6,=6,)

Extreme case for
- ow B vanes . |1=cos, =cos?, /(1-0)—=>cos?, =1-6




Total X-ray reflection at grazing incidence

* Real part of n slightly less than unity for matter at X-rays, =1 in vacuum (total
external reflection); d<<1

» Snell's law (n1 cos6; =n2 cos6,) to find a critical angle for total reflection

- (Total) external reflection in vacuum for angles « critical angle:|cOS @.,, =1—90

» X-ray partially reflected also for 6>6_;.also, some absorption in the material

cos(,,) =10 /2=1-§ —lowangles o g 26

* Far from fluorescent edges: N . Zr o )\,2
5 ~ 0 e
oA | N
, Critical angle:
where Ny,=Avogadro’'s humber
Z=atomic number
r.=electron radius . In.versely depepdent on energy
p=density . ngh.er Z materials refle_ct higher
A=wavelength of the incoming photon | €nergies, for a fixed grazing angle
A=atomic weight » Higher Z materials have a larger
critical angle at any energy




* For heavy elements, Z/A%0.5, and if d««l1:

6 . ~26 ~5.6A/p

where )\[A] and p[g/cm3]l and el:(]'».c:r‘—\ir-|:|08_:_k p . Angolo dfinciden?afO.Sdgg
06 - S \
« 0.6 S
g 06T Z(Ni)=28 ) i
° 1 = 3 --Au
s 04l P 8.9 g/em P |
I Z(Au)=79 X 1
021 p=19.3 g/cm3 - . 1
+ Higher Z matenials reflect higher 1
6 . OC 1 ’ p / li, 1 energies, for a fixed grazing angle |
crit 0.0 pppepepepptbpe gl T
2 4 6 8 10 12 14

Energia dei fotoni (keV)

« Some reflectivity is lost due to scattering related to the presence of
micro-roughness at the surface

* Use of heavy materials (but attention at the absorption edges...)




X-ray mirrors with

REFLECTING SURFACE

INCIDENT
-~ PARAXIAL
RADIATION

PARABOLOID

* perfect on-axis focusing

* of f-axis images strongly affected by coma

ar 0F GRoPRYSICAL Reseanci
jovRs

J

Americ

With the development of artificial satellites

it has become possible to observe soft X rays
! from extraterrestrial sources. The purpose of

this note is to describe the design of an X-ray
“elescope’ and to analyze some of its charae-

feristics.
| The instrument consists of one or several
parabolic mirrors on which the X rays impinging
ot nearly grazing angles undergo total reflection.
The possibility of using opties of this type has
been discussed in the past in connection with
Xeray microscopy [Kirkpatrick and Pattee, 1957;
Trurnit, 1946]. These discussions have remained
of purely theoretical interest, owing to the diffi-
eulty of constructing sufficiently accurate mirrors
he extremely small physical dimensions re-
quired. These difficulties, however, are greatly
reduced in the construction of large mirrors.

parabolic profile

Voruxe 65, No. 2 Fraruary 1960

A ‘Telescope’ for Soft X-Ray Astronomy

Rriccarno Graccont
n Science and Engineering, Inc
Cambridge, Massachusetts
AND
Bruno Rossr

husetts Institute of Technology
Cambridge, Massachusetts

Let us consider first a narrow section of a
parabolic mirror whose plane is at the distance 1
from the focus of the paraboloid, F (Fig. 1).
Rays parallel to the axis are concentrated by
the mirror into a point at F. It can be shown
that, on a first approximation, a parallel beam
of rays, forming a small angle, &, with the axis,
are concentrated on a circle in the focal plane
whose center is at F and whose radius is B = lex.
Thus, a detector of radius R in the focal plane
will record all rays stri ing the mirror and form-
ing with the axis angles less than R, .

In the actual design of the instrument it is
necessary to consider two limitations: (1) for
each wavelength, and for each material, the
angle of the incident rays with the reflecting
surface must be smaller than a certain value,
0, so that the reflection coefficient will be of the

ge’ formation by a small segment of a paraboloid. The incident rays are in the zy plane

773

Wolter, 1952



Wolter's solution to the X-ray imaging

Annalen der Physik. 6. Folge. Band 10. 1952
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CONFOCAL HYPEREOLOI D“--,; “

Fine for 4
X-ray astronomy

b
Applied in solar
X-ray telescopes
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TYPE |

CONFOCAL
HYPERBOLOID
\-‘

. PARABOLOID
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REFLECTING
SUIRFACES

Wolter-l optics
Paraboloid =» Hyperboloid

TYPE |l
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REFLECTING . Tee s
SURFACES . Teeel
Wolter-Il optics

Paraboloid = Hyperboloid (ext. surface)



Paraboloid Hyperboloid

Surfaces

Surfaces

X-Ray Mirrors

cosg=1-0

§=2.70x10"° % or

Focal Point

Cf Aschembach et al. 1985

: vacuum
¢ =90" -4, |
s : _— reflected ray
inci :e:y

) N\ N N N N N N N N N W T W W

solid n" (Ren* <n,)
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Focalizzazione vs collimazione

\\\, 3 '\" ' ' \\\\\| Proper
N } n‘

imaging
\\ 19 ‘ of X-rays
‘ below 20-40 keV

Sistema
collimato

A = PSF projected
on the focal plane

Sistema collimato: limita |la regione di cielo da cui puo’ provenire un segnale,
(quindi limita il background), non incrementandone la “densita”

Sistema focalizzato: fa corrispondere ad ogni sorgente un punto nel piano focale,

e “concentra” il segnale, producendo un’ immagine
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Old slide but Chandra and XMM-Newton still working

HEAO A-4 LED

(1977)

1 C_rab

SIGMA (1989)

Rosat (1990)

SAX - PDS (1996)

__/GRO : oss;/e (19

e

XMM-Newt

on (1999)

- Rossi XTE - 1

\| IBIS/INTEGRAL (2002):

“HEXTE (1995)

Chandra (1999)

2

Photon Energ




Single photon calorimeter

Individual X-ray photons are absorbed by
a crystal which is maintained at a T very
close to absolute zero (<0.1 K).

=» 2-3 year lifetime

We measure the increase of T which is

proportional to the energy of the X-ray
photon

Energy resolution ~ 3 eV

High efficiency

The best spectral resolution of any
non-dispersive (grating) spectrometer

X-ray Photon

\

absorber

thermometer

temperature
7 [f

Diagram showing the
essential elements of
a calorimeter. Inset shows
temperature response to an
X-ray hit.




Onboard Suzaku - calibration source (°°Fe)

FWHM=7 eV

1 I '

5860 5880 5900 5920 5940
Energy (eV)

Expected spectral resolutions <2-3 eV in next-generation
X-ray calorimeters (e.g., Athena)

Onboard of the Japanese mission ASTRO-H/Hitomi ()




X-ray spectroscopy

The reflection of X-rays from a crystal lattice follows the Bragg’s law, and
therefore the name Bragg spectrometer is usually given to the device with
this kind of reflection grating.

Here the macroscopic shaping (grooves) of a metallic plate, which is used in
longer wavelengths, is replaced by a material with regular lattice structure
of atoms (crystal material). The reflection takes place by the same principle
as from a macroscopic lattice, leading to a wavelength-dispersed output
from a white light input.

The lattice of the crystal forms a 3-dimensional diffraction array which reflects
X-rays of wavelength A within a narrow range of wavelength satisfying the

Erazscondition Incident X-rays
nAd=2dsinf ,n=123,.. (order of diffraction
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X-ray spectroscopy

up to soft X—rays =1 keV in practlce)

The grating equation is
=(1/N) (sinf? - sinfl), n=1,2,3,... (order of diffraction)

where N is the grating constant (lines/cm), & is the diffraction angle and £ is
the angle of incidence. For X-rays this is usually rearranged in form valid for
small angles

nAN=6-8

There are two geometries usually applied in X-ray optics, Sk

1. Conventional Johann mount geometry Xoray mirror e e M




Costa et al. 2001

X-ray polarimetry

r N
Z direction z incosring Photon

Photon Photon
Polarization

| Polarization l | |
%‘

Ejected Photo-electron

Angufar Disfribufion on
fhe defecfor pfane (X-Y) .77=l7"°0° :p “““““““ —

- Y direction
Distribution in space of K-shell
photo-efectrons after the absorption of

I/Xd',mh_on a polarized photon beam.
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X-ray polarimetry

Auger
electron St
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