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Gamma-rays in the e.m. spectrum

Program Experiments, comparison

What is the best g-ray instrument?

Michele Doro - arQus Twinnin Padova Bergen 2022



THEM ALL

g-rays




TELESKOP

Build your detector

oL [ [[C=B>
=TT
N
w
IS
«
o

E

The James Webb Space Telescope (JWST) is a space telescope
being jointly developed by NASA, the European Space Agency
(ESA), and the Canadian Space Agency (CSA).

Michele Doro - arQus Twinnin Padova Bergen 2022 4



Lo Spettro Elettromagnetico

Dipartimento
di Fisica

e Astronomi a
Galleo Galile

10N ionizzante <<->> ionizzante
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| | | | |

Onde Radio AM Onde Radio FM Microonde Infrarossi  Visibile  Ultravioletti ‘f Raggi X Raggi Gamma
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®
Forno Radiazione
AM Radio Antenna Cellulare Microonde Crema Solare Radiografia nucleare

OCCHIO
Onda elettromagnetica

Telecomando UMANO

s Wavelength A
M JLve Frequency f

E Pt

Energy E=hf

LA AT Speed ¢=299,792 km/s
S —

Do we know something more?

campo magnetico



Lo Spettro Elettromagnetico
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Lo Spettro Elettromagnetico
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What about gamma-rays?

Lo Spettro Elettromagnetico
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y-ray waveband v > 3 x 10'° Hz; A < 0.01 nm;
E > 100keV

DANGER

Radiation risk




FACTS Photon interactions in Pb

Photoelectric Compton Pair prod.

\\\g% .

oFacts: R e (b) Lead (Z = 82)
° "o o - experimental G,
1 Mb o \ﬁ, —
o Gamma-rays cannot be pe. %
reflected, they too E | ]
strongly interact with = — B
atoms/particles 8
= Lkb =
= :
O-2> check gamma-ray : -
Interaction with matter RN Kne
= , / AWARR . Dedr.
1b . SN -
S/ O \ - ”'\‘(: - Ke
. Compton /\/ . \ ]
10 mb a ) R
10 eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy
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h

Compton effect N - A= (1 coso),

where

e \ is the initial wavelength,
o \' is the wavelength after scattering,

e h is the Planck constant,

Fig. 2: A photon of wavelength =
A comes in from the left, collides
with a target at rest, and a new
photon of wavelength \' emerges
at an angle 6. The target recoils,
carrying away an angle-dependent
amount of the incident energy.

e M, IS the electron rest mass,
e c is the speed of light, and
e 0 is the scattering angle.

O Scattering of a high frequency photon after an interaction
with a charged particle, usually an electron.

O Decrease Iin energy (increase in wavelength) of the photon
(which may be an X-ray or gamma ray photon),

Michele Doro - arQus Twinnin Padova Bergen 2022 13



Pair production effect

Pair production

Michele Doro - arQus Twinnin Padova Bergen 2022

O Iwo energetic photons can
hit one another and
become what they want
(provided symmetries are
respected)

Ooln particular it’s very
common they become
electron/positron

OAlso muon/antimuon, etc...

14
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ATMOSPHERE is not transparent

Lo Spettro Elettromagnetico

11 Dipartimento
di Fisica

I e Astronomi a
stror

Galileo Galile
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O For same reason, atmosphere is not transparent to gamma-rays

107 Hz

O Btw, good for life

O Let’'s go to space
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FROM OUTSIDE THE

M. Doro - Ground-based DM digest - Kashiwa Symposium 2022




Use pair production

oGamma-rays are often searched for In
accelerator / beam dump experiments

AC system

oDon’t invent hot water again, go ask
them particle physicists!

Tracker

Calorimeter

Pair event

M. Doro - Ground-based DM digest - Kashiwa Symposium 2022 18



From accelerators to space

Segmented Anticoincidence
Y Detector (ACD) 89 plastic
, Tracker scintillator tiles.

Precision Si-strip Tracker (TKR)

70 m? of silicon detectors arranged
in 36 planes. 880,000 channels.

Hodoscopic Csl Calorimeter(CAL)
M 1536 CslI(Tl) crystals in 8 layers,

Calorimeter
total mass 1.5 tons.

ACD [surrdunds % —
4x4 array of TKR §
towers]

M. Doro - Ground-based DM digest - Kashiwa Symposium 2022 19



From design to construction

€S ermi

Gamma-ray

. Fermi-LAT

ermi-GBM

M. Doro - Ground-based DM digest - Kashiwa Symposium 2022 20



Metrology of Fermi-LAT

O To first-year Physics students | teach metrology.

oWhat) gre Fermi-LAT metrological parameters (aka figure of
merit)”

Sensitivity/

acceptance

* Minimum flux in
given time

» Min/Max
energy

M. Doro - Ground-based DM digest - Kashiwa Symposium 2022




& fermi.gsfc.nasa.gov © 2@ M %

] Projects [ Didattica [ Social [ Utilities [ Personale [ Links [ Reading List @® URL Short INFN

P - Exploring the Extreme Universe

Fermi
Gamma-ray Space Telescope

Home What is Fermi Science Fermi@10

v Progettare un cor...

National Aeronautics and Space Adminis
Goddard Space Flight Center

Supernova Remnants Gamma-ray Bursts

n

Active Galactic / ' Extragalactic
Nuclei Background

Fermi's Decade of Gamma-ray Discoveri

About Fermi

Click on the images or topic name for

Ferml’s D@COde Of GOmmO-FO\/ DISCOV information about these science topics.

Catalogs Binary Sources

Pulsars Terrestrial Gamma-ray Diffuse Gamma

Flashes Radiation
’—"SUUWWWIWTWHFUUFQHWW_MUW W—

electronic catalog version provides gamma-ray

pulsar ephemerides, properties and fit results to

— __ 0 — = — R S A



Figure of merit of Fermi-LAT

LAT Characteristics
Parameter Value or Range
Energy Range ~20 MeV to >300 GeV

Energy Resolution

<15% at energies >100 MeV

Effective Area

>8,000 cm 2 maximum effective area at normal incidence

Single Photon Angular
Resolution

<0.151; 72, on-axis, 68% space angle containment radius for E > 10 GeV, < 3.5i; 2, on-axis, 68%
space angle containment radius for E = 100 MeV

Field of View

2.4 sr

Source Location
Determination

<0.5 arcmin for high-latitude source

Point Source Sensitivity

<6x10°2 ph cm2 s~1 for E > 100 MeV, 50 detection after 1 year sky survey

Time Accuracy

<10 microseconds, relative to spacecraft time

Background Rejection (after
analysis)

<10% residual contamination of a high latitude diffuse sample for E = 100 MeV - 300 GeV.

Dead Time

<100 microseconds per event

https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone Introduction/LAT overview.htm |

O YOu can
check these
iInfo yourself
to
‘understand
' pastand
current

experiments
|


https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Introduction/LAT_overview.htm

A lot of fun

Pulsars

Pulsar Wind Nebulae (PWNe)

Supernova Remnants (SNRs)

The sky in gamma-rays 4t source catalog

.y, 50MeV-1TeV Candidate SNR/PWNe

Quasars (steep and soft spectrum
8 Vrs (steep p )

BL Lac Blazars

Flat Spectrum Radio Quasars

Other Active Galactic Nuclei

Normal & Starburst Galaxies

Other*

Totals

Unassociated

5065 sources
galactic coordinates

0 No association ® Possible association with SNR or PWN « AGN

* Pulsar & Globular cluster + Starburst Galaxy ¢ PWN

® Binary + Galaxy o SNR ® Nova
| &= Stlar-forming region ® Unclassified source




O Launched In
2007

o Should have s 1| I

been a S

ecursor of R Al TER
Michele Doro - arQus Twinnin Padova Bergen 2022 25 | I | '_ EX P LO R E R




Drawbacks
Crab Nebula SED

Take e.g. the Crab Nebula o TAAGIC daia
=~ 107 , _ »— Fermi-LAT data
> «— Radio - X-ray data
E = MTR model (total)
; 10° : MTR (Sync)
o 4 , MTR (Bremsstr.)
t,a L - WL == m:s'snc))
= - _ —— &
3T 10° _— | . MTR (FIR)
!g : MTR (CMB) X
" Very quickly
1 Falling flux
‘0-11 /
0 T TR NS
10" 10™ 10" 10" 10° 10°* 10* 10 1 100 10

E (GeV)

Sensitive area is the geometrical area of the detector 2m”2, Houston
we have a problem

How to get to larger energies?



}‘l/\gi\‘\. | A Y <) ,
MY ST

Solution
1S...to take
a shower
(not a joke)




Remember pair production

ol oPair production can happen in the
atmosphere, but are electron lost?
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Decelerating charge: Breemstrahlung

Bremsstrahlung
(Roentgen quantum)

\ Electron lower
N\ In energy

X, -

OoFrom the first electron-positron pair = secondary
emission of gamma-rays

Michele Doro - arQus Twinnin Padova Bergen 2022 29



Wwait...

O Didn’t we say before
gamma-rays interact
with matter?

O Primary or secondary
does not matter...

Michele Doro - arQus Twinnin Padova Bergen 2022

Cross section (barns/atom)

Photon interactions in Pb

N r Photoelectric Compton Pair prod.
\g% J
.0
0 =82
0 &oo&) (b) Lead (Z 32)
9 e o -experimental O
1 Mb O'\ \% 9, —
p.e. 2%
ORayleigh —
1 kb -
- - T - :‘5“:'4 ’ ' SO o O
e N P Knuc —
, \/ >~ JSgadr
1b K . T
/ \ .'."-. ~ - ]_é")
/ GCOIllptOll N is ¢
/ .':/’\',\ h \ -
/ AN \ .
/ N \ R
10 mb i -
10 eV 1 keV 1 MeV 1 GeV 100 GeV
Photon Energy



A “shower” of particles

primary vy

(-.

Michele Doro - arQus Twinnin Padova Bergen 2022

O A cascade of particles is born

O First studied by Bruno Rossi
who dubbed them ‘docce’ (aka
showers)

" §

- '
b ; } M‘-—"ﬂ
525

o SN -

Bruno Benedetto Rossi o

31



Gamma-
rays hit
the Earth
atmosphe

re




The shower dies of photo-eletric effect

N o
- (b) Lead (Z=282)
% 8%,
] A .
G e o -experimental G,
iM%
p.e. R
S~ ..04
=
8 3.'.0":
— )
EJ ORayleigh "-j‘
=1 2
S A Q
-
1 kb
- )
o !
0; ‘:
J A
D D
VJ ‘.:.'o (W)
gJ - - = ..:5‘45 - ‘,n‘.“.‘” e >
g ’ "‘J'On )0’)'"_'“"".
= .’ N Y Khue
O ’ . A
/ N
/ \ o Gg.d.r.
/ N
]. b / v N
d \ & N = T T
/ G \ .-",. | N K()
o’ Compton N ot
/ .:/‘\‘,\ h \
/ N '.‘ \ \ .
/ LN N
N
10 mb

10 eV | keV 1 MeV
Photon Energy
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1 GeV

100 GeV

33

12 km

shower size N,

700 |

sea level

depth sea level

Zie—

(g/cm?) zenith angle of 40 deg,

X()=[ px)dx



Longitudinal EM shower development

Rossi & Greisen approximation B

Y10 -
°o L .
S 8
5 | , B S
¥ /4 ~— N ..
0 b . ‘A e b 1 *'Lﬁ—"rrlﬁmlmrm—l’xl i
0/ 5 10 5 20 25 30 35
Bruno Rossi In (Ey/E.) Atmospheric depth t (radiation lengths)

Michele Doro - arQus Twinnin Padova Bergen 2022 34



How can we see these showers?

Will see not one but two ways...



Pavel Cherenkov

o Had to find the fluorescence
nature of solvents of uranium
salts, emitting bluish light

O Surprise that also water was
sometimes emitting blue light

O Initially complaning about his
tutor: he had to spend >1-1,5
hours In a dark, cold cellar, for
accomodating his eyes

O He noticed that the emission is
not chaotic, but Is related to
the track of moving particle.

Michele Doro - arQus Twinnin Padova Bergen 2022 36



Cherenkov Radiation - light ‘boom’

- - | oMinimum energy for a

0 0%00%0, o8P0 02, charged particle to emit
0000000 & O JORIOD 5 6O j

000895300 S 8udiiesos Cherenkov light

O
OOO 8 %g.gg % 8 OOOO@)%Q.Q% O QOO mec 2 mec 2
000000000 LoBBIGF 000 | S — R U ——
OOOoogoOg %O QOO0 050 min — —
oo%ooooo C§>O<>OO<>OOQ /1 _ﬁZ \/1 —n
Y v Y

OAssuming f~1 the

| | Cherenkov angle
O Coherent reorientation of

electric dipoles induced coS(Imax) = B
by the charge in the
medium.

Michele Doro - arQus Twinnin Padova Bergen 2022 37



Cherenkov radiation in the
atmosphere

In 1948, P.M.S. Blackett suggested
that secondary CR'’s should produce
Cherenkov radiation which would

account for a fraction 104 of the total
night sky light

Pulses of Cherenkov light from air
showers were first recorded by

Galbraith and Jelley in 1953
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First attempt: UK and Crimea

Galbraith & Jelley, 1st telescope, 1953

Michele Doro - arQus Twinnin Padova Bergen 2022 40



Now...much better

Imaging Atmospheric Cherenkov Telescopes (IACTs)




How 1t works

1TeV

S 1. Primary gamma-rays pair-

produce after few radiation
lengths at 10-20 km asl
2. Shower of electrons dies
| off after few.interaction
S lengths: particle do not
A8 reach ground
3. Cherenkov light emitted by
/ 'superluminal’ electrons
Gk v>c/n
(R 4. Cherenkov photons pool at
ground

ﬁ Hinton JA, Hofmann W. 2009.
Annu. Rev. Astron. Astrophvs. 47:523—65




Non-commercial devices
- Photomultipliers tubes
- Fast electronics

~1 picture/sec

M. Doro - Ground-based DM dige

Run 325448 Event 11426




Credit: Nina McCurdy and Joel R. Primack/UC-HIPACC

Ground vs space

* Figure of merits of current generation:
* FOV 5x5 deg
* 50 GeV- 100 TeV
* Eff.Area ~ 10°-10° m?

~ A * Dark time: ~1000 h/year

* ~10-50 h source for detection

* ~0.1 angular resolution

* ~10-20% energy resolution

Pagovea bargen 2022 44




TACT Year Nr. tels & diameter Location
Current IACTs a0 Do DA

H.E.S.S. 2003 4X12m+1x28 m  Gambserg, Namibia
MAGIC 2004 2X17 m La Palma, Spain
VERITAS | 2007 4x12 m Arizona, USA

Table 1: Current major operating ground-based Cherenkov telescopes. Given
are the starting year, the array multiplicity and dish diameter in the latest con-

. figuration, and the location. ~ MD NIMA742 (2014) 99-106

—
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Key technological elements for MAGIC

MIRRORS

"‘ ')9" O STRUCTURE

Michele Doro - arQus Twinnin Padova Bergen 2022 46



Drawback: also many cosmic rays

Energy []]
10~ 108 107® 107* 1072 10 107 E h : h b f| f
—— O Earth I1s hit by a constant Tlux o
3 \g\ AMS-02 & 5 _
AUGER o\ |E
10 p S cOoSMmiIC rays
CALET N )
CREAM 3
DAMPE 2
FERMI 5
_ HAWC 2
— HESS =
n }EE(T%EEICECUBE mE primary vy cosmic ray (p, «, Fe ...)
@)p) + o >
~ ASCADE . <
KASCADE-Grande -
E UCLEON H >
; PAMELA § > atmospheric nucleus
Tel Arra p
v Tibetdll 0 — N
TUNKA
.(2. VERITAS = / \e”
< EM shower ./~ |
= Ankle \ > y nucleons,
i \%& l"’ K* etc.
&D ;3 atmospheric nucled"si e =
qq) EM shower 0 \
[

ﬁ nucleons, T\ /
o y SN _ _
K", etc. L \. ¢ U
— -Y }“"l ‘ +
» e+ e
Vy i
LHC K . ’
EM shower




vents rate and selection

oDuring data-taking, e.g., MAGIC
acquires @ 200 Hz. These are
mostly hadronic showers.

Gamma-rays are less than
1/1000 of this rate.

ODuring data reconstruction, only
1/1000 hadronic events
survive (very energy dependent

Michele Doro - arQus Twinnin Padova Bergen 2022 48




Events classes

Gamma (the good) Hadron (the bad) NSB (the ugly)

Entries 1
Mean 3.426
RMS 3.992

Entries 1
Mean 12.21

0000000

oooooo

Entries 1
Mean 5.572

RMS 6.584

Entries 1
Mean 14.39

5 0.60°
189mm

Michele Doro - arQus Twinnin Padova Bergen 2022 49

RMS 8.385

45
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10
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0000000
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Event tagging

ALPHA

DIST

é WIDTH

LENGTH

1

You
“clean”
the image
and
extract
shape

Michele Doro - arQus Twinnin Padova Bergen 2022

NDarameter

2 V
Viengti< Iength}cu/

You make a
Random Vo< widthcy

Forest Is a
Y v
Vi,e > Sizecut

collection of
decision

rees, by

omparing

ith Monte

%0.18
IO 3 §0.16
You have §°-14-
. [ % 0.12
classified 5 0
g 01 gamma
events 2 0.8l
according to oo
“hadronness

”“and startto &
“make cuts

proton

08 09
hadronness

1



Some background survives

Nevents

6000

5000

4000

3000

2000

1000

oStrong!

lllllllllllllllll*llllll

Time =2945h
N, =7709)N =2440= 9.0
N, = 7465.0
Significance (N_ /\off) = 477.90¢
Significance (Li&Ma) = 129 680
Sensitivity = 0.80 = 0.02 % Crab

, Gamma Rate = 4.22 +- 0.05/ min

E Bkg Rate = 0.14 +- 0.01 / min
.
B ro-
- : -
_ .
= -Q-W

0 0.1 0.2 0.3
92
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»\/\/eak

g 9000 - Time = 29.89 h
< 8000 & N, = 15128, N =13488.0+ 116.1
7000 - —0—. N, = 1641.0
g Significance (N_ /Yoff) = 14.13a
6000 = Significance (Li&Ma) = 9.70¢
5000 E Sensitivity = 27.36+ 2.90 % Crab
= Gamma Rate = 0.91 +- 0.09 / min ™%
4000 - Bkg Rate = 7.52 +- 0.06 / min
3000 F
2000 F
1000
O : 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 I
0 0.1 0.2 0.3 0.4
92
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Incoming gamma ray

’j\— Collision with atmospheric S h Owe r F ro nt
Detectors

Extensive Air Shower

Particles from air shower penet

esenmenins - |f we go high-enough,
o we can detect _the

particles_ of the showers
directly!

Cherenkov
Light
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Which detectors

Light-blocking Purified
dome water
Particle path
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oWater tanks!

O Tank filled with water

O Photosensors within

O A charged particle emit Cherenkov
%‘he tank!
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Sichuan-China
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Gamma Ray (Cosmic-ray) detectors

<MeV range MeV-GeV
Balloons-

range
Satellite-
* >PeV range
Wide Ground-
based

Just cosmic rays

See talk by
Regina
Caputo

earlier
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Comparing experiments

Plot from https://arxiv.org/abs/1611.02232

-8
10
- ,SPI
N 9 ~
= 10 COMPTEL
&
w -10 /
Tt -
310 / EGRET
s
= 1
2 10
.q: F : LAT 'CTA NOl'th
£ .1of IBIS/SGRI S 5
2 10
-ASTR A ‘
1 JEM-X € S OG M MAGIC HiSCORE
10 CTA South J__
14 LHAASO
10
0% 10" 1 10 10° 1000 10 100 100° 1007 10° 100 10"
Energy (MeV)

Michele Doro - arQus Twinnin Padova Bergen 2022 60


https://arxiv.org/abs/1611.02232

Ingredients to discovery
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50% duty cycle

50%
on | s50%
off
75% duty cycle
75%
O hs%
off

25% duty cycle

25%
on

75%
off

Not yet availbale




Other very interesting things to check

OoData

O Are the data public/available?

O Are data available with what delay?

oSoftware
O Is there any instrument related software?

O Is there a general astro-software?

OScience

O Is there a guest observer program?
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M.Gaug, MD, MNRAS accepted 10.1093/mnras/sty2188=2> | o i mst12m)

Two CTA arrays
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World-wide effort

»CTA is a global effort with
more than 1,500 scientists
and engineers from about
150 institutes in 25 countries
involved in directing CTA's
science goals and array
design.«

- 4




Three telescope sizes

2017 Begin Pre-Construction
2022 Begin Operation

Large Size L

-

2022-25 Commissioning and

ll viedium Size Early Science

20xx Construction completion
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A sensitivity leap
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CTA energy and angular resolution

Energy Resolution
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.. i .+ Itwould'be even better if somebody

- . told-us where dark subhalos could
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Todo: change detector arrangement to To astrophysical

dense circular core & outer detectors
source

& Incoming gamma ray

Collision with
atmospheric

nucleus

Particles penetrate
detector tanks, interact
and are detected

Charged Particle
from Air Shower

PARTICLE DETECTOR ARRAY

CherenkoJ
Light

S 8§ &

N
N
i \

=

.
OUpe % (

r
det eq o S—

Sensitive —
Photodetector

Not to scole
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The Southern Wide-field Gamma-ray Observatory

at least 4400 m above sea level

ONew project In
South America

Light-Tight

redit: Richard White, MPIK



PR A Ll « =« &
LI ooo’olo'o.“.l 000

o » s s

Q\\Q;‘ e *“\o‘oo- h oooo.o.ooo.oooooooooooo’oo - o’ol.'.l- . WOOO
QQQ ' 0‘ o’oo’ o’ o’o .-oooo.-oo.-oooooooo.’oo’ o‘o P o.’o. .- - e ®
o R AL A ,,Y

AN AT A S .
P e o A e et Aorehdn o,

D Dy S e o S o *,
¢ & .’ .’.0’..’..’. ’-“‘..O..‘ . .O’..’.O’..’..’.”. 1 ....‘ .’ . ). 'Yy ..‘.”“ ) "
BN A S S AN

D A R A O A A
A R NN NN YN A AN T
A A A A A AT T
LN A A AL S AL
A A A AT A A A AT,
S O U LA AR, A
...'.OO.....‘ .‘.’..’..’..’ .’ .’. L ..‘.. . .’ " .".’..’.. .. .’..'..'..’..".".’.." ﬁ '
ALY LAY YA YA T
LA AT T T G et o
AR A A A A
LAY AR AL
AN ALY
AN AL AR
AR A AN A AN AR
AN B AR A S S B S OOR Sl
A e AR A ST
(RO RUR PN gy N AN AN A N
AL AR b AT
e vy ARl B
...’..’..’..’."..’..'..’.O .. ..’..’..’. .‘ .’ ;..’ - ...... ..’..".’.0.“ - .’..' .’ .’ .’ ‘ )
T T T T AT T e S S R Tt S
ALY ARG U ALY

T B e B L Ot
A AL A S AL YU A
B e O WU CARIR
‘ -K......’.. LR .'..'."..'..’.&.’..’..’..’.......‘."‘...4.’.'.....“ ."..’ .’ .’ ’ .’." .’. v : ~

. "....O...‘. . r.." ‘. . .n“..‘.......'... LR . ...‘...'..’..‘. "”’..’. ’0 ’. '..'..’. ’0 " . ..~

CONAE AN A A A AN
AL A I A
"‘. = ' ‘) . .‘. ... .‘.‘.‘.. LR .' .’..’..’....'.‘.’.’..’..’ ). .‘.’. ”b .’ .’ .’ '“’ = = ‘.‘
".’ ' .l. ...’ "’ .‘...’...’..’..."..........’. ’ ’ .’ ’*. .’ " .’ » ’. ’. e ) .‘~
N RN N AT v

NIRRT

N l.ﬁ A AT £
, . . . l}‘ '“.. . . . . ..’." "" L . .‘. o

: 0
1

.
)
L)
,
'
.
L]
.
"

‘
'
N
Q
.
‘
’
'’

'. - “
l‘.. " . .‘g"' 'l" - - *° %
- "
‘0’ . . . .- » . . R et

- -

«ul WS PUTEY
100 200 300

o—
E
<

-4
4
4
—
-
- o

-
S
O
—
_
-
S
o
_
S
-
yi

—-»———_n—-—— ——-—

- < = e
= O =
[w]A 7 | |

_ _
S S
= e
~ =

300}

Michele Doro - arQus Twinnin Padova Bergen 2022



Recap

1. There cannot be a single instrument to cover all energy-
range

2. Instruments are bound to technology available, or
technology development, and costs

3. Instruments improve with generations






