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|dea about radiation: Solar radiation

REUTERS

Surface temperature of the sun T=5,800K

Radius of the sun R=6.995%10%m

Stefan's constant 0=5.670%x10"8Wm—K™

Thermal energy per second (Power) radiated by the sun is
P=4mR?0T%=3.95%x10%°W



It is known that the cause of solar radiation is
basically a nuclear process.

How it was predicted
=W, Asion

In 1920 Aston
discovered that the mass
of the helium atom is
slightly less than four
times the mass of the
hydrogen atom.

Cavendish Laboratory

Beginning of Nuclear astrophysics



Immediately afterward, Eddington suggested in his 1920
presidential address to the British Association for the
Advancement of Science that Aston’s discovery would

explain the energy generation of the Sun via the conversion
of hydrogen to helium.

What is possible in Cavendish
laboratory may not be too

difficult in the sun.

Reaction among nuclear species
were the source of energy in stars



Atkinson (1936) proposed the fusion of two
hydrogen nuclei to deuterium as a source of
stellar energy generation. A detailed treatment of
this reaction was provided by Bethe in 1938
showed that the p + p reaction gives indeed an
energy generation of the correct order of
magnitude for the Sun.

PPII
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SHe(a,y )’'Be



PHYSICAL REVIEW C 87, 065804 (2013)
Astrophysical S factor of SHe(a,y )’'Be

S(E) = E-o(E)-exp(2nn)
21 = 31.29 Z, Z, (w/E)°5

Big bang nucleosynthesis is initiated by p + n fusion one
second after the big bang. It defines the abundances of the
primordial isotopes, mostly hydrogen and helium, that
later provide the seed for the nucleosynthesis in the first
generation of stars. Big bang nucleosynthesis (BBN)

calculations agree very well with abundance observations
in old stars apart from the abundance of ‘Li, which the
models overproduce by a factor of 3.The rate of this
reaction is known well enough that it is unlikely that it
would solve this so called lithium problem




BBN calculation versus observations

BBN calculations Observations
Cyburt et al. Coc &
2008 Vangioni
2010
“He | 0.2486=+0.0 | 0.2476+0.0 | 0.245-0.262 | x10°
002 004
D/H 2.49+0.17 | 2.68%+0.15 | 2.84+0.26 | x10>
SHe/H| 1.00=%+0.07 1.05%+0.04 (0.9-1.3) x10°
LilH | 5.247071 ., | 5.14%£0.50 1.58+0.31 | x1010

4+ Nuclear solution to the Li problem ?




How to calculate these abundance

Cross section of the particular nuclear reaction

Differential cross sections do/d(2 are used to express the
probability of interactions between elementary particles.

& + @ —> %d + 5 Cross sections depend
scattered | on the nuclide, the
oo ange reaction, and energy.
rate =c N |

incident
beam

beam N is the number of target
= area density Nicad @ % Ny 1y de2 nuclei per unit area;
of scattering = do/d2(6) - Ny ny-d2 | is the beam intensity

centers in target

For cross section measurements we have to characterize the
properties of the outgoing radiation



Elastic scattering

Projectile Inelastic scattering |
e Capture Reactions Out going channel
o Fusion Fission
R Heavy charged
o earrangement ‘ sarticle
>
Accelerator E Light Charged
< Particle
Target I;\Iucletar \_.L‘ Gamma Rays
eaction & X-rays
®.0
8 Neutrons

These emitted particles carry the information about
the nuclear processes involved



How to determined the cross section
Catch hold of the emitted radiation

- When radiation interacts with matter, result
is the production of energetic electrons.
(Neutrons lead to secondary processes that
involve charged species)

Want to collect these electrons to determine
the occurrence of radiation striking the
detector, the energy of the radiation, and
the time of arrival of the radiation.




Basic Radiation Detector Systems

What do you want to know about the radiation?
Energy?

Position (where did it come from)?

How many / how much?

Time of arrival of the radiation?

Important properties of radiation detectors
(depends on application)

Energy resolution

Time resolution

Spatial resolution

Sensitivity

Counting Speed




Detector characteristics

Sensitivity of the detector
Energy Resolution of the detector

Time resolution of the detector

Detector efficiency



Summary of detector types

- Gas Ionization
- Scintillators
- Ionization in a Solid (Semiconductor detectors)



Gas Detectors



Gas-Filled Detectors - Components

Variable voltage source

Gas-filled counting chamber

Two electrodes well insulated from each other
Electron-ion pairs

— produced by radiation in fill gas

— move under influence of electric field

— Due to the movement of these electron ion pairs
— Induced charge in the electrodes

— Time dependent voltage: pulse formation

— Pulse amplitude is a measure of the energy of the
Incident radiation

— Time of occurrence of the pulse



Gas- Filled Detectors

wall
fill gas
End Anode (+ Output
. oo >
window
Or wall
Cathode (-) R or




Indirect lonization Process Direct lonization Process

wall

beta (p-)

[0

Incident
charged
particle

Incident gamma photon

« Gas filled detectors operate in either
— current mode

« Output is an average value resulting
from detection of many values

— pulse mode
* One pulse per particle



Operating gas detectors: voltaae
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onizaton Chamber Smoke Detector

241Am: Half life:432 years
o-emitter.

Metal Plates

Americium Source

The radioactive isotope americium-241 in the smoke detector emits
ionizing radiation in the form of alpha particles into an ionization
chamber(which is open to the air). The air molecules in the chamber
become ionized and these ions allow the passage of a small electric

current between charged electrodes placed in the chamber. If any
smoke particles pass into the chamber the ions will attach to the
particles and so will be less able to carry the current. An electronic
circuit detects the current drop, and sounds the alarm.




Proportional Counters

« QOperates at higher voltage than ionization chamber
« Initial electrons produced by ionization

— are accelerated with enough speed to cause
additional ionizations

— cause additional free electrons
— produces more electrons than initial event
* Process is termed: gas amplification



A Single-wire Proportional Chamber

HV
Supply

> to computer



Cathode p—r

Axgc( é"(r) i
L e P

Basic elements of a proportional ) 1\,’
counter. The outer cathode must & Tilteipdonion r
also provide a vacuum - tight
enclosure for the fill gas. The V
output pulse is developed across ¢(r) = rin (b/a)
the load resistance R,

The rapid decrease in the
electric field with distance from
the anode wire limits the
multiplication region to a small
volume.

Pulse shape is independent

of the position of
interaction.




Multi wire proportional counter
position localization of the ionizing particles.

Array of thin wires: placed between two conductive planes serving as
cathodes, so that the thin wires acts like an individual proportional

counter.

The electrons of the primary
ionization drift towards the
wire which is closest and get
multiplied in its vicinity.

Thus sensing the anode wire
which carries the negative
signal determines one
coordinate of the incident
radiation.

MWPC are operated at very low gas pressure:

WINDOW PLANE
(INDOW MYLAR

CATHODE PLANE\\\

NODE PLANE
Anode Wires
A

Cu-SIRIPS
12

41-SUPPOR1

transparent to low mass charged particle.
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What is a PPAC?

(Parallel Plate Avalanche Counter)

Two flat, conducting plates with a little gas in between

eSimple, low cost device
eCan be radiation hard
Unaffected by heat, light

*No electronics or photodetectors attached

Timing information is more important than energy resolution

Detection of heavy charged particle



Particle trajectory
A homogeneous electric

g " Anode field is produced between
the plates, which under
| the condition of relative

low gas pressure, can
Cathode reach a value of as high as
4x10°V/m

Maximum gain ~ 10% is possible.



Timing response of a PPAC

mPPAC output
Fast rise time due to higher reduced electric field,
Low energy loss & constant pulse height

65
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501

~3 ns rise time.

451

40

11

Rise time~ 3nsec.




X1 X2 Dimension: 240mm x 150mm

Delay Line Board (X)
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Schematic view of a double sided PPAC




Gas Electron Multiplier (GEM)

» Gas lonization and Avalanche Multiplication

» ... a different way to get an intense electric field,
» ... without dealing with fragile tiny wires.

Consist of insulating foils -
with conductive surfaces LS S S22 5

with regular pattern of small- —S S FS S T Ta e
diameter etched holes e \

+ 2 x 5-18 um Copper

Modest voltage difference
leads to field E~V /h ~
(200V / 5*10-3cm) =
40kV/cm in holes,
providing amplification
Several GEMs in series

can provide
= IO EOhi sl amplification of ~10*




Large area gas detectors

Need to cater large areas (e.g. 100’s of m?)
cost constraints; need cheap and reliable technology
Still desire good (sub-mm) position resolution

Calls for simple detectors operating in limited streamer
mode to produce large signals, since electronics needs
to be cheap too



RPC —resistive plate chambers

« Consist of few mm gap between highly resistive and flat
planes of glass or ceramic with a high potential (~10kV)

across them Readout Strips (X)

Insulator— S I ¢ H\/

Electrons of ionization High Resistivity Electrode
Graphite - 5
Gas Gap

clusters start to produce Coating
High Resistivity Electrode

on avalanche immediately .\ L o

Readout Strips (Y)

Schematic image
of typical RPC geometry

particle /

/ cathode| Schematic view
of avalanche process

sensitive region

Gap size matters!
[the smaller the better]

anode

T~



Scintillator



Scintillation detectors

The disadvantage of gas filled counters is their low efficiency. This
can be overcome by going to detectors with higher densities
(solids, liquids).

However to be a workable solid detector we need:
1) material must support high E (to collect the e- and ions)
2) little or no current must flow in the absence of radiation
3) e must be easily removed by radiation and must be able to
travel

(1) & (2): Insulator (3): conductor
\ /

SEMICONDUCTORS

Bulk material in large size was long unavailable. >
Scintillation counters (1950)



As a charged particle traverses a medium it excites the atoms (or
molecules) in the medium. In certain materials called scintillators
a small fraction of the energy released when the atoms or
molecules de-excite goes into light.

ENERGY IN — LIGHT OUT

There are different types of materials that scintillate:
¢ non-organic crystals (Nal, Csl, BGO)

¢ organic crystals (Anthracene)
¢ Organic plastics (see table on next page)
¢ Organic liquids (toluene, xylene)




Principle of scintillation detectors

1) Incident radiation
interact with material T .
2) Atoms are raised to Q\ 17
excited states S
3) Excited states emit ! j\
visible light: ,A
fluorescence 4\\ N\MM\ :\ /\}L\
4) Light strikes { —
photosensitive a | B |
surface o I
5) Release of a i T \ = | \
photoelectron | |

Qutput
pulse

multiplication




Impurities: added to inorganic scintillators: Activator

Creates special sites in the lattice:
Normal energy band structure is modified

Energy states are created within the forbidden gap through which the
electrons can de excite back to the valance band

Conduction Band ¢ Lower energy
® transitions can give rise
+ L to visible photons
. :
s 2 Yy - Traps OS.erv'es as a basis of
3 2 scintillator process
()
3 S oL .
i S ¢ de excitation sites are
called Luminescence
— <0 centers

Valence Band
Energy bands in impurity activated crystal



Inorganic (Crystal) Scintillators

 Most are crystals of alkali metals (iodides)

— Nal(Tl)

— CsI(TI)

— Cal(Na)

— Lil(Eu)

— CaF,(Eu)

— BGO

— BaF,



Detecting Scintillator Output
PhotoCathode & Photomultiplier Tubes

Radiation interaction in scintillator produces light
(may be in visible range)

Quantification of output requires light
amplification and detection device(s)

This is accomplished with the:
— Photocathode
— Photomultiplier tube

Both components are
— placed together as one unit
— optically coupled to the scintillator



Cutaway diagram of
scintillation detector & Photomultiplier Tube

Photocathode

Scintillation

Radiation Photomultiplier tube

TU0oUo0UooU

NaT (TI) Photoelectrons

Gain ~ 106 - 10’



Semiconductor Detectors



Silicon Detectors !
4 i Yields depletion depth ~ 5 mm
£
i‘E'.".".'.".'."2'.".?'r'iv'.'.'v.'.".'v:’f'.t.".';":'v.'.".".'.':""' ''''''''''' p + Im p | ant
ever | ’T l Si (n type)
n+ implant
‘¥

The np-Jdunction

+V
Surface Barrier Detectors N |
Characteristic I(V) curve of a diode
olUo Al -
Advantage: % '
. . “n Forward
Thin entrance window bias
FUII depletion a”OWS dE/dX measurement lE]B Leakage*current g
Increasing bias voltage beyond full /Eg\éerse i
y—1/100

depletion gives rise to faster signal rise



Types of Silicon detectors

Single-sided strips (readout on p-side)
Double-sided strips (requires n-side readout as well)

([
3\
—

 Pixels

Schematics of Silicon
Strip Detector

SiO» Al",‘ <« L >
m ﬁ 0 High resistive n-type
silicon onto which

5 pum g
n-type 2 p+ diode strips with
aluminum contacts
¥ are implanted

11




High Resolution Photon Detectors

1000

High purity Ge detectors (HPGe) 500

200

s Resolution <2 keV at 1 MeV
= Large volume > 100 cc .

= Neutron-damage resistant . can be
annealed

s Can be warmed up to room
temperature for storage

= High e-h mobility : short collection = ¢
time ~ 100 ns

Linear attentuation coefficients (cm-1)
(Ox}

0.05

0.02

0.01 ‘ ! ?
0.010.02 0.05 0.1 0.2 Q5 =1 2 5 10

Energy (MeV)




Photon interactions in Ge

Only ~ 3% of the interactions

photo-electric Absorbed

Part of photon energy

absorbed in Ge after each Y \ _
. v c
scattering o«

Total number of interactions ;"

in the crystal depends on Absorbed or escaped
crystal volume

. . Ligua Ndewar
Larger fraction of E, =
deposited with bigger (of & Qo
detectors O

”\ . Cu cold finger

Gé ¢rystal




Counts

Gamma-Ray Spectra of Natural Background

1.0E+07
Plastic Scintillator (no resolution)
1 OE+06 P il High Purity Germanium
' (excellent efficiency and resolution)
1.0E+05
1.0E+04 ﬁ/\
1 .0E+03 odium lodide (poor resolution)
1.0E+02 . t
Cadmium Zinc Telluride [CZT] |i|l'| il | | :
o o Hml ”“ |||| Hl ‘ ‘ ‘
— | | 1

0 500 1000 1500
Energy (keV)

2000 2500 3000



Composite Detectors



E E-AE
AE
Thin Thick
transmission Detector
Detector

»Energy Loss

Particle identification

»Heavy Charged Particles lose energy primarily through
ionization and atomic excitation as they pass through matter.
» Described by the Bethe-Bloch formula:

V and ze: velocity and charge of the incident particle
N and Z: Number density and atomic number of the absorber
B: slowly varying function of incident energy



By accepting only those events that occur in coincidence between
the two detectors, a simultaneous measurement of AE and E is
carried out for each incident particle.

Entries 1701438
Mean x 204.4
Mean y

Light charged |RMSx

5 i ) RMS y
- particles from [Integral

3He + 160 — x + X

Hg-(.s.cat)

g P(F)

B R S A S o T 0 G ot 2 d ol N ST M I W S W T WO WO WO TN WU A WA S U BTSN |

0 200 400 600 800 1000 1200 1400 1600 1800 2000
E [Ch]




Time-of-Flight Method

Basic idea:

Measure signal time difference between
two detectors with good time resolution
[start and stop counter; also: beam-timing & stop counter]

Typical detectors:
Scintillation counter
Resistive Plate Chamber (RPC)

Coincidence setup or TDC measurement
with commmon start/stop from interaction time

Scintillator |

/

particlAe//

Y

Scintillator |l

PMT

PMT

multichannel
analyzer | 1 ime

TDC

Start

Stop

" Discriminators



TRIUMF Annular Chamber for Tracking and
|dentification of Charged particles (TACTIC)

MOTIVATION: study the 8Li(c,n)B reaction

Recent (rapid neutron capture) r-process network calculations of
core collapse supernovae have included light nuclei and shown that
for particular models, two nuclear reaction chains

oc(om,y) Be(n,y) Be(a,y) Cand
oc(t,y) L|(n,y) Li(a, n) B

can significantly affect the final abundances of certain heavy nuclei



TACTIC

detection (drift) electrons; | . ‘;7
region = _--- el

target region

“active” target -
a detector in which
the target nucleus (in this case 4He) is a component of the detection gas.

When a scattering event occurs the ejectiles pass out of the
central cylindrical cathode enter the drift region of the detector.
Ejectiles ionize the drift gas —— lose energy. The drift field of
the detector is radial, thus the gas ionization is drifted radially

from the cathode to the segmented anode. Due to the low
energy of the ejectiles, a gas electron multiplier (GEM) is utilized
to provide proportional amplification of the small signals. When
drift electrons pass through the holes, avalanching occurs but
proportionality is maintained.




Array of Detectors is required
¢ To increase the efficiency.
¢ To record all the radiation emitted in 47 solid angle.
¢ To establish relation between various types of
radiation from a nuclear reaction



INDRA, a 4Pi charged product detection array at GANIL
Identification of Nuclei and Detection with
Increased Resolutions

Identification de Noyaux et Détection avec Résolutions Accrues
covering 90% of Designed for the study of the decay properties of hot

total solid angle nuclei, formed during heavy ion collisions with
energies ranging between 30 and 100 MeV/nucleon

s . W - G
[ e S <

1.plastic scintillators
2.lonization chamber ||

3.Silicon detectors

4.cesium iodide
(Csl) scintillator

5.telescope
comprising a 80-pum
thin silicon detector, B%
followed by a 2-mm

o INDRA ha
Si(Li) detector

.-1 T P -

s a total of 628 detectors



Anti-Compton shields : Why?

Totally absorbed y = good event 5 -
B BEE e EEEE] el bl LN2 Dewar
Scattered y = background =
Ge Crystal \

Signal from Ge + signal from BGO=>rejected event

60 Background from Full-energy
C O Compton Scattering photo-peaks

. . veto
1% : | 'I

T L T f T ' T L 1 o I

8000

6000

Unsuppressed \

Counts

4000

2000 Suppressed

0'200'460'660]8(')0l10|00l12IOO' ]
Energy (keV) Collimator II

Germanium
Photo absorption (low energy)

Interaction: Compton Scattering (intermediate energy)
Pair creation (high energy)

BGO




Without
Compton

suppression
shields

With BGO
shielding

continuum,.
y => Large
peak to

=1L

peak-to-total ratio
~ unsuppressed

P/T ~0.15
~ suppressed
P/T~0.86

to increase efficiency:
use many detectors

Compton
\‘\__L | ij\
total ratio \""m
2| | ess solid
angle
coverage
=> Big drop in
| efficiency

Array



TESSA-Il - First Compton Suppressed Array

TESSA II VERTICAL CENTRE LINE

6 Detector
Array at
Daresbury

Nal Shield

Front Nal
catcher

2L
NG

Ge detectors
inserted
from top

TESSA :

Nucl. Phys. A409(1983)343c



TESSA 2: TESSA3:
12 Compton suppressed

Ge detectors

6 Compton suppressed
Ge detectors

The quest of high spin superdeformed band in °?Dy



Composite HPGe detectors: Clover

Detectors larger than 7 cm & difficult to fabricate
Large charge collection time & Doppler broadening

Solution L
Increased neutron damage sensitivity

sMore than one detector within common cryostat and ACS

m|_ess dead space due to common ACS

mIncreased solid angle coverage & granularity

mScattering from one detector to another increases photopeak efficiency

B Four5cm I x7cmlong crystals within
the same cryostat

B High probability of a Compton-scattered
event in one crystal being absorbed in
another crystal

B 50% 'Addback efficiency' at 2 MeV




EUROBALL

GAMMASPHERE



For use with

Radio Active Beam

TIGRESS




24 Clover Detector Array




Fusion-evaporation reactions

Target
nucleus

O=> 4 \.=>,Q\5
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Microball,
Washington University St. Louis

Aitg Na.1

BUIcasy

95 Csl(TI) Scintillators
In 9 rings

used with
Gammasphere
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The Evolution of Gamma-Ray Spectroscopy

. e 1963
S Morinaga & Gugelot .
(= 2 eEach advance in y-ray
= detectors has resulted
nyloTe in new discoveries.

(ce, 4n)

L_J l ., TOED e Shells of highly-
- segmented Ge
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1978 |'°’ oy R0t .
Ward of at : { detectors which can
2xGe(Li)
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L - 1998
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Riley et al
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Thank you for
your attention




