C®@Gamma Ray Astro Notes
Gamma Ray Basic Facts

1 g-rays have the highest frequencies and thus are highly energetic
0 grays havd ~ a few trillionths of a meter
o ThismakestheirQda 94 wmkmn (2 wmkmnn GKS &aAlT S 2F |y |
0 Hencegrays have characteristics appropriate for nuclear reactions

1 Grays span a very large portion of thévEspectrum

) nranges from 18 ¢ 10*°HZ (11 orders of magnitude observable EM spectrum
is only 20 OOM!)
0 In terms of energy the range is 30,000-€\0"° eV
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Figurel- This is the electromagnetic spectrum diagram | could find that accurately shows the
impressive span of gamma rays detectable and useable for astronomy. | guess there are a lot
of astro 001 students getting screwe@image credit: E. Hays Cqton Lecture 1 2007)
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Figure2- This figure does a good job of attaching gamma ray jargon to frequency and energy
values, making us all one step closer to being able to learn something from Peter besides how
to tear an apple in hH. (Image credit: E. Hays Compton Lecture 1 2007)

9 Itis most often appropriate to think @frays photons using the particle description of light



0 The relationship between the bf the radiation and the structural dimensions of the
interacting matter deermine this choice.

0 Sinceg-Nl} @& @ASg SGSy Iy I (2YQasepdrdasitiisSimzdo I y R St
think of them as energetic particles.

0 However,it is most appropriate to use the energy ofjaay photon as its defining
characteristic (interations ofg-rays with matter and fields make this useful)

i Ganmma rays are absorbed by matteregpite theirgreat penetration talents over the rest of the
EMspectrum,KS& OFy LI} aad GKNRdzZAK | FS¢ OY 2F S| |
atmosphere.

o0 Thedistance ag-ray can makehrough matter depends on the density of the
material.

o I(d)=pe™
o Intrinsically this process has continuous spedatteracteristics and cross section
is given by Thompson cross sectism,

o 3 " =28x107"% em

o At~MeVg-ray energiesand greater nuclear interactions become important, and
spectral absorption characteristics are due to nuclear structure.

0 Beginning at xay energies scattering off electrons (& more significantly protons)
becomesnelastic (Compton scattering). Thisuks in a more forward biased
beam after scattering.

0 The decreasing electron cross section is given by the-Wishna cross section.
Listed belown the high energy limiE~ 1/mec®>> 1
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1 Gamma Rays interact with light

How to make Gamma RayBroduction Processes



9 pion decay- Highly energetic protons that interact with matter produce partiatesied
pions. Pions then decay to gamma ragasmic rays, which are damated by protons,
permeate our glaxy,andwhere they originate is still a very open topiicis thought
that sources of cosmic ragdso produce gamma rays from pion decay.

1 protron synchrotron radiation- A charged patrticle travelling through a magnéiaid
experiences a force that causes it to follow a spiral path along the directiorotdn.
This acceleration produces synchrotron photons. Highly energetic protons in strong
magnetic fields will radiate gamma rays.

1 inverse Compton scattering of photonsykelectrons- Electrons scatter photornsnd
increase their energyFor the right combination of energetic electrons doder
energy photons, gamma rays are genexht

1 electron brehmsstrahlung Electrons hat come close to aucleus feel the influence of
the nuclear electrical field and decelerate. For higigrgetic electrons, the photon
energy is similar to the electron energy. This mehi®\Velectrons passing through
atomic or molecular material in sge will produe photons at about 1 TeV.
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Figure3- Physical processes that producamma rays. (Figure credit: Roland Diehl The physics
of GammaRay Sources)

Gamma Ray Interaction#bsorption Processes



1 Photoelectric absorpon: Atomic electrons are removed from their nuclei and they
loses some energy equal to the electron binding energy. This is the dominate abortion
process forrays below 0.1 MeV.

1 Compton attering: Electrons are hit bgray photons and take a fraction of the
photons energy. This process is the dominatgraction in the 0.1 Me\¥ few MeV
energy range.

9 Pair aeation: In the presence of an electric field (usually an atomic nucleus)-tlag g
energy can be converted into a partickntiparticle pair. Conservation of momentum
dictates that the two createavill move in opposite directions in the rest frame of
originalgray. This interaction cannot occur below 1.022 MeV, and the cross section
increases with energy so that it dominates over Compton scattering above a few MeV.

1 Quantized absorption Atomic nuclei in strong magnetic fields can have altered states
where le\el differences correspond tgray regime energies. Thus state transitions may
absorbgrays resonantly forming an excited nucleus. Here the reverse transition back
to ground state in inhibited (either transition selection rules or high frequency of
collisions) energy can be dissipated in to lattice phononsgray fluorescesoccurs
thusgray is absorbed

Photoelectric Effect Compton Scattering Pair Creation

Figure4- Gamma ray interaction with matter(Figure credit: Roland Diehl The physics of
GammaRay Sources)

How to FindGamma RaysGamma Ray Observatories

1 grays cover a large energy range, and are commonly split into the different energy
divisions (see chart below). The split in divisions is dulifferent detection techniques
being needed for various types gfays.

Energy Regime Energy Hange Type of Telescope
Low /Medium Energy | 100 keV - 30 MeV Space
High Energy 30 MeV - 50 GeV Space
Very High Energy 50 GeV - 100 TeV Ground
Ultra High Energy = 100 TeV Ground
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with ground based observatories via the secondary products thegte on their trip to the

ground.

Qurrent gray astronomymissiong'this is list is based on ne@mpilinglots of sources
so | may have missed a mission)
0 Spacebased telescopes

A

A

A

A
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Compton(1991-2000 30keV 30 GeY- This was therray observatory
that established the field afray astronomy.(CGR@liscoveries later
Swift (2004now; 0.2- 150 keV- Autonomaus spacecraft response to
GRB.Accurate position estimates within minutes

GLAST (Fermi)06/2008now;) First major discovery is a puls@TA 1
only detected irg-raysregime.

AGILE2007now; 30 MeV- 50 GeV and 8- 60 keVJ- First combag-ray
and hard xray imager Smalltalian SpaceAgencymission.

Integral (20022008,3 keV- 10 MeV\}- High sgctral and spatial
resolution. Simultaneous Gammiay, Xray and Optical observations.

0 Ground based telescopes

A

A
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>

VERITAE5eV(TeV}- 4 12m optical telescope to deteCtherenkovight
Milagro- First Te\Wedicatedgray astronomy observatoryit is a giant
football field sized pool.

H.E.S.§100 GeV100Te\}- An array of 4.2m Cherenkovight telescopes
in a 120m sqare.

MAGIQ30-300GeV)A 17mCherenkovlight telesope

CANGARO®@gain another array of @herenkovight telescopes this time
10m in diameter each
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Fizure 10-1 The predicted sensitivities of a number of operational and proposed ground-based Cherenlov telescopes
for a 50-hour expozure on a single source. EGRET, GLAST, and MILAGEQ zensitivities are shown for one vear
of all-:ky survey. Note the excellent overlap region between GLAST and future Cherenkov telescopes, which will
allow accurate energy and sensitivity calibrations to be made for the ground-based instruments in the 50500 Ge1"
energy range, for example via contemporaneous observations of the Crab Nebula.

Gamma Ray Sources

=

Pulsars Rotating neutrorstarswith intense Bfields.

Supernova Remnantsgrays created in thdlastwave from the explosion of a massive
star.

Pulsar WindNebulae- Particle winds from a pulsarwhich becomsenergizedhebula.
Microquasars Stellar mass black holes in our galéhat createrelativistic jets.

Blazars Supermassive black holesthe center of galaxies accretimgatter and
creating extendedelativistic jets.

Gamma Ray Burst$owerful explosions in distant galaxies.

Diffuse Emission g-rays from within our galaxy

Unknowng About 2/3 of known gNJ @ &2 dzZNOSa KIF dSy Qi oSSy
origin. There are @&lo some places that are theorizemlproducegrays, butwe have not
seen any.

Gamma Ray Detector€omptorn’Fermi Instrumentation
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GRO Instruments-Energy Ranges
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Figure5-Compton Gamma Ray Observatory's 4 instrumeatsl the energy rangesf operation for
each instrument (Compton was simply Gamma Ray Obsaory (GRO) until it wasamed, and ngl

don@know the person who named Compton.)

Oriented Scintillation Spectrometer Experime(®SSE)

1 Consists of four detectsthat can be pointedndividuallyto aim at both a source and
obtain backgroundneasurementgrom two simultaneousangles
1 Covered an energy range @05 to 10 MeV

Imaging Compton Telescod€OMPTEL)

1 Had a field of view of ansteradien and was able ttetermine angle of arrivab 1%
and energies to 5%.
1 Detected in the energy rangd 0.7530 MeV.



e anticoincidence
shield

T~ conversion foil

i particle tracking

detectors

calorimeter

Figure6- Principles ofa pair conversion telescope (e.GGR@ EGRET & GLASIAT).

Energetic Gamm®&ay Experiment Telescope (EGRET)

Detector Subsystems

9 Plastic scintillator anticoincidence

(0]

(0]

Purpose To help discriminate against energetic cosmic rays continuously
traversing the detector

Scintillator consists of a clear plastic (polystyrene) whose atgithemit UV

light as a result of ionization by a pulse from thédid from the passing charged
particle.

An additive to the plastic causes the UV lighbeoabsorbel and reemitted as
optical light

The inside of the covering is highly reflective causing the optical light to bounce
around until it hits one of the photomultiplier tubes along the bottom edges of
the scintillator

Once light histhe photomultiplier it 8 converted to a voltage pulskat tells the
detector that a cosmic ray has hince gamma rays are not charged they will
not disturb atoms in the plastic

9 Spark chamber & Creation of electrgrositron pair

(0]

Purpose Convertg-rays in to measureable secondary product (electpmsitron



creation)

graysare detected in a bank of 36 spark chambers stacked vertically

Spark chambers are interspersed with tantalum (Z=73) foil sheets

o Thegrayinteracts with Coulomb field of thieigh Z atom, which can be thought
of as a virtual photonto convert thegrayto an electronpositron pait

0 The created "electrons" steal most of tlygrayQ @nergy in the form of kinetic
energy and will then tend to travel in the same direction as thegmal gamma
ray.

o The subsequent spark chambers can then record the tracks of the created
particles

o O

1 Spark Chamber Details

o Each spark chamber layer consists of a flat enclosure containingugaswo
parallel planes (separated ~3mm) of parallel closphcsd wires (~1mm)

o The planes are rotated so that the wires in one plane run at right angles to the
wire in the other plane

o The passage of the electron through the gas creates an ionization trail in the
gas of each chamber it travels through

o If a high wltage pulse is applied immediately between top and bottom track a
spark will occur at the-x location of theonization.

o It take some time (~100ms) for the system to recover from the high voltage
application, which is theeadtime per event

o To record the location of the %/ location of the spark each wire has a small
donut-shaped magnet on its endnd the flow of current through the magnet
core will force the magnet's pole to switch direction

o After the detectionall the magnetic poleare reset with aother voltage
pulse

1 Timing scintillation detectors

o Purpose Eliminate false detections due to cosmic rays

o The electrons next pass througWo plastic timing scintillatas that are above
and below the lower group of spark chambers

o The electron pair Wi create a voltage pulse the photomultiplier tubes The
pulsesare recorded and congred.

o The scintillators determine the direction of travel (upward/ downward) to
eliminate cosmic rays from coming upward

1 Crystal Scintillaor
o Purpose Calculaterray energies and arrival directian
o The electrons finally pass into a crystal scintillator made of a high Z material
(sodium iodide)
0 The electrons undergo multiple interactions until they have given up all their
kinetic energy to ioraation.



Recombination of ions and electrons cause the material to emit light collected
by photomultipliers which can then be converted to energy

The total energy from scintillation plus energy lost travelingotingh ionization
chambers is added to caleté thetotal energy of initiab-rays.

From the information othe track through the chamber the arrival direction
can be deduced
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Figure7-A nice side view of EGRET with all the gory details labeled.
(Figure credit Hale Bra@ Astronomy Methodsis grandfather played
football for U. Nebraska

2.25m




|||||||
nnnnn

s e

ATERALLLERETR

Figure IV-1. The EGRET Instrumeat

Figure8- Another view of EGRET, all theomponentsare
labeled if you zoom in you can read therfFigure credit:
heasarc.gsfc.nasa.gpv

Large Area Telescope (LAT)
A Segmented Anticoincidence Detector(ACD)
0 Purpose: Reject cosmic rays
0 Made 0f89 plasticscintillator tilessurroundingthe instrument.

A Glast Tracker

0]
0]

Purposes: Induceg-ray pair production, determine arrival direction
Thetracker consists of a fotwy-four array of tower modules Each tower
module consists of interleaved planes of siliirip detectors and tracker
tungsten converter sheets

In each module, there ar19 pairs of planes of silicon.

In each pair, one plane has the strips oriented in thelitection”, while the
other has the strips oriented in the perpendiculardiyection”.

When a particle interacts irhe silicon, its position on the plane can therefore
be determined in two dimensions

A Calorimeter

o

Purposes. Calculatayray energiesjmage products of particle shower created
in tracker

The calorimeter is made of Csl (Tl) bars, arranged in a segmentetentan
give both longitudinal and transverse information about the energy deposition



pattern.

o0 Once agraypenetrates through the anticoincidence shiefde siliconstrip
tracker, and thdead converter planes, it then passes into the cesiadide
calorimeters This causes a scintillat reaction in the Csand the resultant
light flash igphotoelectricallyconverted to a voltage

o The voltage is then digitize@éndrecorded
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Figure9- LAT schematic showing ACD, tracker, and calorimeter. (Fig. credit: GLAST science
overview readingassigredin class(too many authors)



Figurel0 EGRETomparedwith LAT (this istrait from class reading!)

Burstand Transient Source Experime(BASTEexperiment
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T
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Purpose BASTE @esigned tabserverentire sky at all times for GRBs

It consists of 8 detectors one on each corner of the space.craft

Each detector is a slab of Nal tharkough to insure thatrrays will interact within the
slab creating an avalanche of ionizing paes

The onizatiors create optical photons detected by a photomultiplier tube which
creates a vdtage proportional to the incomingrayQ @nergy

Thenumber of gamma rays detected in a given time interval indicates the intensity of
the flash

Thearrival direction ofGRBs determinedby comparing signal from several detectors



