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Photomultiplier Devices

Spectroscopy with Scint. Counters
-- gamma-ray interactions, reprise
-- observed spectra
--- spectral components, backscatter 
--- summing
-- position measurement

Semiconductor Diodes

Rings of Saturn
NASA/JPL
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Probability of occurrence of the interaction processes 
When comparing the probability of occurrence of the three processes mentioned 

above, a chart showing the prevalence of each process over the others can be 

produced as a function of both the atomic number Z and the photon energy, see figure 

1. 

 

figure 1 The relative importance of the three major types of ionizing photon interaction, the 

photoelectric effect, the Compton effect and pair production. The lines show the 

values where the probabilities for the neighbouring effects are equal. 

2.1.2 Charged particles in matter 
Charged particles such as electrons, protons or alphas behave as directly ionising 

radiation in matter. Typically, energy is transferred to the medium in small quanta.  

For a list of possible interactions a distinction has to be made between fast electrons 

and all other charged particles, collectively known as 'heavy', such as muons or 

protons. 

Fast electrons can interact with the medium through: 

• Coulomb scattering on the electron cloud, which produces secondary electrons 

with an energy ranging from a fraction of an eV to the total energy of the fast 

electron. 

• the production of bremsstrahlung, which occurs in the strong electric field near the 

nucleus. 

Heavy charged particles hardly produce any bremsstrahlung. They do interact with 

matter through Coulomb scattering, however due to the large difference in mass 

between particle and electron, the kinetic energy and momentum conservation laws do 

not allow for the transmission of large parts of the kinetic energy of the particle at 

once, such as can be the case for fast electrons. For more details about the many other 

(here unmentioned) effects the reader is referred to [14]. 
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Chap. 10 – Spectroscopy with Scintillators
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Spectroscopy implies the measurement of the energy of the radiation.
Charged particles: the light output was shown to be proportional to the range of the particles and 
so each measurement of each particle at each energy requires a calibration – limiting the applicability. 

Neutrons: primarily detected with organic scintillators and interact by scattering from hydrogen or 
capturing on seed materials.  The scattering leaves varying amounts of energy in the material (depends on 
kinematics of random collisions).  Neutron spectroscopy with scintillators relies on Time-of-flight 
techniques that can often even ignore the energy deposited in scintillator. 

Gamma-rays: are very penetrating and high density materials are needed to have significant 
absorption à inorganic scintillators. 
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Fig. 2.20  Knoll, 3rd Ed.

Iodine

Sodium Carbon

Recall there are three classes of interactions: PE, 
CS and PP, and the probability of each depends on 
the photon energy and on the Z of the absorber.  

The workhorse scintillator for photons is NaI(Tl),  
the observed spectra have characteristic features 
that depend on the incident photon energy.  Recent 
efforts have attempted to identify new materials: 
e.g., LaBr3(Ce) 

http://www.crystals.saint-gobain.com/products/brillance-labr3-lanthanum-bromide


Spectroscopy w/ Scintillators – Line Shape
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Photoelectric Absorption: low photon energy 
phenomenon, complete conversion of hn into KE of one e- then on 
into visible photons, back into photoelectrons, then into a current.

Compton Scattering: messy

Pair production: photons with more than twice the rest mass 
energy of an electron can convert (in an electric field) into a 
positron/electron pair.  The positron annihilates at the end of its 
range creating two new photons (E=511 keV) each that may escape. 
The fraction of escapes depends on the crystal dimensions.
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Two or three processes take place 
for each incident g ray creating a 
complicated spectrum even from 
a monoenergetic source. 
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Spectroscopy w/ Scintillators – Incomplete Interactions
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Figs. 10.2, 10.3, 10.4, 10.6  
from Knoll, 3rd Ed.

Sum Spectrometer
Small Detector

Surface interactions

Shielding events

https://groups.nscl.msu.edu/SuN/



Spectroscopy w/ Scintillators – Observed Spect.
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60Co one expects:
two full-energy peaks,  
two Compton edges .. 

60Co
b-

E2  DE = 1.332

E2  DE = 1.173

60Ni

Also get:
a)Compton backscatter,
b)X-rays, 
c) and Summing !

X-rays generally from fluorescence of scintillator or often from shielding. 
Solution: move shielding far from detector and use a “graded shield”

Compton backscatter, the photon scattered at q ~180o from the environment 
back into the detector.  E(hn, q ~180o) ~ moc2/2 
Solution:  move shielding far from the detector.

ab

c



Spectroscopy w/ Scintillators–Response Function
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Fig. 10.11 & 22  Knoll, 3rd Ed.

Fig. 10.28 Knoll, 3rd Ed.

Beware the crystal sizes are 
different in each of these figures!
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Spectroscopy w/ Scintillators – Summing

© DJMorrissey, 2o19

( )( )

( )( )

( )[ ])0(1

)0()*(

)0()*(

)*(

][)*(

2211211

2
221112

2
221112

222

11111

WBRNNNN

WtABRBRN

WtABRBRN

BRtAN

textinSyBRtAN

Geo
TotalLossNet

GeoGeo
Total

Geo
PhotoLoss

GeoGeo
Photo

Geo
PhotosumE

Geo
Photo

Geo
Photo

ee

eeeee

eeeee

ee

eee

-=-=

µD=

µ=QD=

D=

W=D=

-

Summing is a loss mechanism that depends on the geometry (true coincident) and on the rate (random).
True Coincident Summing: two photons are emitted in cascade from the same nucleus 
(within the total resolving time) and both strike the detector… [ ‘A’ is the activity of the source ]

Random Summing: two particles from different nuclei strike the detector within the 
total resolving time, t,  -- only depends on the total counting rate, r :

The sum peak:

Any loss from “1”:

Observed “1”:
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Where rpu is the rate of all events that add signal 
onto “1” or  pile up …  rpu = r2 + r1 + rback + …

N.B. random summing even occurs with sources 
that only emit one gamma ray!
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Spectroscopy w/ Scintillators – Position
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Position measurements can use the light output reaching each end of a bar 
or if the electronics are suitable, the time difference between signals at each end.

x=0 x=L

Assume that light is “piped” to the end with a Beer’s Law attenuation coefficient, a

Left

Right

*



Week 7:  Ch. 11 Semiconductor diodes
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Principles of Scintillation Counters

Semiconductor Diodes
-- basics of semiconductors
--- pure elements & dopants
--- 5-3 Materials
-- ion collection, leakage current
--- diode structure, pn, np junctions
--- depletion region

Practice Problems / Exam



Chap. 11 – Semiconductor Diodes
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Conduction Band

Valence Band

Semiconductor diodes provide the best resolution for energy measurements, silicon 
based devices are generally used for charged-particles, germanium for photons.
•Scintillators require ~ 100 eV / “information carrier” .. Photoelectrons in this case
•Gas counters require ~ 35 eV / “information carrier” .. Ion-pairs or Electrons
•Solid-state devices require ~ 3 eV / “information carrier” .. Electron/hole pairs

Metal                                              Insulator

A semiconductor is an insulator with a small band gap,  
~1.2eV for silicon.  Generally want smallest band gap but
thermal excitation across the gap provides a leakage 
current.  N.B. the actual band gap depends on the direction 
relative to the lattice (Si and Ge do not crystallize in cubic 
lattices) and the gap decreases slowly with temperature.

C.A.Klein, J.App. Phys. 39 (1968) 2029

The ratio of  ‘w’ to band gap is approximately constant 
for a wide range of materials – division of excitation 
energy between e/h pair and phonons, etc. is ~ constant.

Fig. 13.21 Knoll, 3rd Ed.



Semiconductors – Charge carriers
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The intrinsic carrier density in a semiconductor is low: 

Nv and Nc are the densities of states in the 
valence and conduction bands.  ( Only 
rough estimates given here. )  
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“pure” material, no dopants is called “intrinsic”

“diamond lattice”

Lattice Constant
Carbon 0.356 nm
Silicon 0.543 nm
Germanium 0.565 nm

(e.g. Copper has f ~ 2 conduction  electrons / atom).



Semiconductors – Dopants
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Conduction Band

~ 1 eV gap

Valence Band

Donor level from P atom below conduction band by ~ 0.05 eV  .. 
Thermally excite from donor, excess electrons® n-type

Conduction Band

~ 1 eV gap

Valence Band

Acceptor level from B atom above valence band by ~ 0.05 eV  .. 
Thermally excited from valence band, excess holes ® p-type

Control the conductivity by controlling the amount of dopants!
N.B. 2 ppb gives (2x10-9) (5x1022/cm3) = 1014 /cm3  >> 109 for Si

Add atoms from the neighboring groups in the periodic table 
•Group 15, Phosphorous, nearly same size, excess electron
•Group 13, Boron, nearly same size, electron deficit 
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For an n-type material, the electrons 
carry the current so that the 
resistivity is:



Semiconductor – Ion Chamber?

© DJMorrissey, 2o19

Imagine constructing a simple block of intrinsic 
semiconductor and trying to use it as an ion chamber … 
The block has a length, “L” and a cross sectional area, “A”
with a resistivity of r = 60k ohm-cm (high quality silicon).
Apply nominal V0 = 60V bias to collect ions.

1 MeV energy into material creates ~ 3x105 e/h in ~50 ns … limiting drift velocity ~ 107 cm/s 

isignal ~ Δq
Δt

=
3x105 1.6x10−19( )
L cm /107cm / s( )

=
5
L

10−7 Amps for L in cm

ILeakage =
V0

R
where R = ρ L

A

ILeakage =
V0A
ρL

→
60A

60, 000L
=
A
L

10−3 Amps for A/L in cm

Thus, I  >> i   so we need a trick to kill the leakage current.
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Semiconductor Diodes – 1

© DJMorrissey, 2o19

A

n-type     p-type p-type     n-type

“Forward” bias – normal flow of current “Reverse” bias – no nominal current

A

The “type” is determined by the 
implanted atoms .. Different 
atoms can be put into a single 
piece of semiconductor, then an 
internal field will form due to 
migration of charges.



Semiconductor Diodes – 2 
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Diffusion of “donor atoms” into bulk p-type material gives concentration profile

bulk p-type dopant concentration is much, much 
lower than the concentration of donor atoms 
(figure contains a log scale) 

Charge density, r(x):  Migration of the charge 
across the boundary causes a charge separation 
and a “depletion region”… in this case the holes 
migrate for a longer distance due to imbalance in 
concentrations in two regions

Which creates an internal electric potential, f(x) 
with a potential difference of ~ 1V

and an electric field, E(x), where the lines of force 
originate on positive ions and terminate on the 
negative ions.

The depleted region has a very low concentration of mobile charge carriers and a 
very high resistivity – this is a very good region to measure/collect ionization. 

Fig. 11.8 Knoll, 3rd , 4th

Eds.



Semiconductor Diodes – Model for Depletion Depth
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Charge neutrality gives:  a*ND=b*NA    (1)
Concentrations versus 
position for 1-Dimension

One Dimensional Poisson Equation in two regions:

)2(
22

:0atMatch

22 bNqVaNq
x

AeDe

ee
+

=+
-

=

Depletion depth: combine (1) & (2)   (a+b)*b = 2eV /qeNA

Generally b > a   ..  d = b~ (2eV /qeNA) ½

Depletion depth, d = a+b
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Semiconductor Diodes – 3 
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Fig. 11.12 Knoll, 3rd ,4th Eds.

Fig. 11.13 Knoll, 3rd ,4th Eds.
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Some properties of the junction:

Silicon Surface Barrier Device

n-type

Au SiO2 Si  Al

One can apply an external 
(reverse) bias voltage such that 
the depletion layer extends 
from the junction to the full 
thickness of the device

Rectifying contact
ohmic or blocking contact

Fig. 11.11 Knoll, 3rd ,4th Eds. 
(From EG&G Ortec)



Semiconductor Diodes
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ATLAS (HEP) 64x64x0.3 mm,  n+ contacts 0.08 mm pitch Silicon layers are thin, typically 0.3mm  
but up 5mm are produced.  (dictated by 
the semiconductor chip industry).

Silicon Detector “telescopes” combine a thin device 
with a thick device to identify charged particles.
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Semiconductor Diodes – Micron Semiconductor
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http://www.micronsemiconductor.co.uk



Week 8:  Exam -1- Next Week
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Semiconductor Diodes

Exam -1- in Classroom Tuesday, 17 Oct. 2017 
-- Chapters 1 to 10 plus Vacuum
-- Open Book (Knoll)


