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Ionizing Radiation 
Detectors & Instruments
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Basic understanding of the different detectors and 
instruments is obviously very important…



Discuss the principles of ionizing radiation 
interaction that are used in active detector systems

Discuss the three categories of active detector 
systems

Objectives
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Discuss the basic designs of the three categories of 
detector systems

Discuss the operating regions of a gas-filled detector

Discuss the characteristics of the three types of gas-
filled detectors



Discuss the types and examples of:
gas-filled detectors and instruments
scintillation detectors and instruments
semiconductor detectors and instruments

Objectives
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Understand the differences in gamma efficiencies of a 
GM detector and LEG scintillator



Media
Gas
Solid

Interactions
Excitation
Ionization

Detecting Radiation
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Liquid



Active Detector Systems

Gas-filled detectors

Scintillation detectors
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Semiconductor detectors



Gas-Filled
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Detectors



Basic Design:
Gas-Filled Detectors
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Operating Regions of all Gas-Filled 
Detectors

Six Operating Regions

Recombination

I i ti
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Ionization
Proportional

Limited Proportional

Geiger Mueller
Continuous Discharge



Operating Regions of a
Gas-Filled Detector
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Ionization Chamber 
Characteristics

Operate in the ionization region
Primarily used to measure exposure rates due to gammas and 
X-rays
Slow response at low exposure rates
Capable of measuring high exposure rates (1–1000 R/hr)
E i d d t (fl t l ti )
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Energy independent (flat relative response curve)
Air often used as the fill gas
Could be sealed (PIC) or open to the atmosphere
Use a desiccant (silica gel) to dry the air if open to atmosphere; 
their response is affected by ambient  pressure and 
temperature



Ion Chamber Instruments

451PRSO 50E

Model 9

RO-2

Pocket 
Dosimeter

RSO-50E



You are an inspector based in Texas.  You are going to 
perform an inspection in Denver Colorado.  You pack up 
two air ionization chambers (one pressurized and one 
communicating) and a GM survey meter.  You want to 
make a measurement of radiation levels around a 50 Ci

Problem
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make a measurement of radiation levels around a 50-Ci 
137Cs calibration source.  Can you use any of the three 
instruments you brought for this survey?  If not, can the 
non-usable ones be made usable?  [This might be 
necessary if your first choice isn't working]



Operate in the proportional/limited proportionality region

Primarily used to count alpha and beta sources and surface 
contamination

Can distinguish small beta pulses from larger alpha pulses

Proportional Counter 
Characteristics
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Much shorter dead time than GMs, therefore better at high count 
rates

Might be sealed or operate in gas flow mode

Gas flow mode allows operation at one atmosphere and the use of 
larger and thinner window which improves efficiency

P-10 is common fill gas:  90% argon + 10% methane



Proportional Counter Instruments

Model 15

“Rem Ball”
(BF3)

Model 15
(He-3)

“Hand and Foot
Monitor”

Floor Monitor

Tritium Monitor



Geiger-Mueller Detector 
Characteristics

Operate in the Geiger Mueller region
Usually operate in the pulse mode
Used to measure exposure rates or count beta sources and 
surface contamination
Energy dependent:  When measuring exposure rates, they over-
respond at low photon energies (< 200 keV)
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respond at low photon energies (  200 keV)
All pulses are the same size, hence no discrimination between 
alpha and beta  and gamma pulses
Usually sealed with gas at a fraction of an atmosphere
Neon fill gas with halogen quench gas is common
Sometimes helium fill gas with organic quench gas
Large dead times (e.g., 100 us)



GM Instruments

“Pancake” probes“Radiographer”

Energy-
compensated

Pancake  probes

“Pocket meter”

Radiographer

“Teletector”



100 cm2 active
(no protective screen)

80 cm2 active
(20 cm2 covered by screen)

Assumptions:

Calibration source 
activity = 1E6 dpm

and
Contamination source 

activity = 1E6 dpm

Calibration Confusion

Measured:  8,000 cpm (20% low)
Activity = 8E5 dpm (20% low)

Measured:  10,000 cpm
Efficiency = cpm/dpm = 1%

Measured:  10,000 cpm
Activity = 1.25E6 dpm (25% high)

Measured:  8,000 cpm
Efficiency = cpm/dpm = 0.8%

Calibration with screen off

Calibration with screen on

activity = 1E6 dpm

Scenario #1:

Scenario #2:



Scintillation
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Detectors



SCINTILLATOR PHOTOMULTIPLIER
TUBE

LIGHT
PHOTONS

PULSEINCIDENT
RADIATION

Basic Design:
Scintillation Detectors
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e  e  e  e  e  e  e  e  e  e  e  e

CONDUCTION BAND

VALENCE BAND

BAND
GAP

ACTIVATOR 
GROUND STATE

ACTIVATOR
EXCITED STATE

e

LIGHT 

PHOTON

Band Theory of 
Solids



Ionizing radiation interacts with the scintillator, depositing 
energy.

Some electrons in the scintillator go to a higher energy level.

Scintillation Process 
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Some of these electrons immediately fall back down to a lower 
energy level, emitting a photon of light.  Collectively, the photons 
of light form a flash (scintillation).

Each scintillation is converted into an electronic pulse by a 
photomultiplier tube (PMT) to ultimately create a readout on the 
instrument. 



PHOTOELECTRONS

DYNODES
COLLECTOR

ELECTRICAL
SIGNAL

OUTPUT

PHOTONS (VIS. OR U. V.)

Scintillation Detector (gamma)
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PHOTOMULTIPLER TUBE

PHOTO
CATHODE

FLOURESCENT
MATERIAL

INCIDENT
RADIATION



PMTs in a CT Scanner
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Scintillation Detector (alpha)
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Scintillation Detector Types

Chemically, the scintillating material can be:

Organic

Inorganic
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Physically, the scintillating material can be a:

Gas

Liquid

Solid



Scintillation Detector Examples

Inorganic scintillators:

Gas (e.g., He, Xe)

Solid crystal (e.g., NaI, ZnS, CsI, LiI, LSO, LaBr3 )
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Organic scintillators:

Solid crystal (e.g., anthracene, stilbene, naphthalene)

Distributed throughout the volume of a liquid or 
polymerized plastic  (e.g., PPO in polystyrene )



Liquid Scintillation Counters

A scintillating liquid (solvent + fluor), referred to as the 
“cocktail,” serves as the detector

The cocktail (perhaps 10 ml) is inside a plastic or glass vial 
that is transparent to the light emitted by the cocktail
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Sample options:
Ideally, the sample (e.g., 1 ml) is dissolved 
in the cocktail
The sample could also be suspended as 
an emulsion or suspended in a gel
In some cases, a large solid sample (e.g., 
a smear) is simply placed into the cocktail 
with no attempt at dissolving it



Liquid Scintillation Counters

Liquid scintillation counting (LSC) is primarily used to quantify 
pure beta emitters, e.g.,  

H-3
Ni-63
C-14
S 35
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S-35
P-32

It is also used to quantify alpha emitters and nuclides that 
decay by electron capture (e.g., Fe-55, Cr-51, I-125).

LSC incorporates elements of spectroscopy, but it is rarely 
used to identify radioactive material.  As a rule, LSC is used to 
quantify the activity of a known nuclide.



Liquid Scintillation Counters

Three Important Characteristics of LSC:

Very high counting efficiencies
100% for many nuclides
Efficiencies as high as 70% for H-3
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No backscatter

Low background



Basic Design:
Liquid Scintillation Counters

PMT
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PMT

Coincidence 
Circuit

Summation 
CircuitVial



Charged Particle

Solvent * Solvent * 10 Fluor * 20 Fluor *

Short wavelength light photon

Long wavelength light photon* Excitation energy

Solvent

Solvent *

Solvent

Solvent *

10 Fluor

10 Fluor *

20 Fluor

20 Fluor *

PMT
Solvent

Solvent *

Solvent

Solvent *

10 Fluor

10 Fluor 

20 Fluor

20 Fluor *

Solvent Solvent 10 Fluor 20 Fluor





Semiconductor
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Detectors
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Basic Design:
Semiconductor Detectors

+

Ge

e-
ee

e-
e

e-

e-

Anode

Cathode

Conduction Band

e- e- Valence Band       e- e-



Semiconductor Detector Types

Germanium (Ge) and silicon (Si) are the industry 
workhorses

All semiconductor crystals contain some impurities
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Ge and Si detectors are classified according to the 
predominant type of impurity that they possess:

n-type p-type



Semiconductor Detector Types

Three Types of Semiconductor Detectors

Diode Detectors (thin Si wafers)
P-N junction
PIN
Use: alpha or beta spectroscopy photon dosimetry (EDs)
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Use:  alpha or beta spectroscopy, photon dosimetry (EDs)

Lithium-Drifted Detectors (p-type Si or Ge)
GeLi
SiLi
Use:  X-ray or gamma spectroscopy

High Purity Germanium (HPGe) Detectors (p- or n-type Ge)
Use:  gamma spectroscopy



Efficiencies
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Gamma Efficiency

An air ionization chamber measures exposure directly 
by accounting for the free electrons produced in the 
instrument which has a fixed volume of air.  Electrons 
represent charge so that charge (coulombs) per volume 
(mass) of air = Roentgen.
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( ) g

But GM detectors work differently.  They count events 
(interactions) in the detector yielding a result in cpm.  
How can we relate cpm to mR/hr?  Actually, many 
manufacturers provide dual scale GM detectors 
indicating both cpm and mR/hr.

But how efficient are these GM detectors for gamma.



Sample Gamma Efficiency

One instrument spec sheet lists the following 
relationship:

3,600 cpm = 1 mR/hr
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Most GM detectors are calibrated with 137Cs so let’s start 
there:

Using the photon fluence graph on Misc-40 we can find 
how many 662 keV photons it takes to produce 1 R/hr

But what does this mean?



7.8 x 105 photons
cm2 - sec

137Cs



Sample Gamma Efficiency

The relationship between photon fluence rate and 
exposure rate for 662 keV photons is:

1 = 7.8 x 105 photons
cm2 - sec

R
hr
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cm sechr

Let’s change the seconds to minutes

1 = 7.8 x 105 photons
cm2 - sec

R
hr

x 60 sec
1 min

1 = 4.7 x 107 photons
cm2 - min

R
hr



Now lets change the R to mR

1 = 4.7 x 107 photons
cm2 - min

R
hr

1000 x
mR
R

Sample Gamma Efficiency
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Dividing both sides by 1000 yields

1 = 4.7 x 104 photons
cm2 - min

mR
hr



Since the efficiency is a function of the instrument, we 
need to know the surface area of the detector which 
happens to be 15 cm2 for this particular detector

4 photonsmR 15 2

Sample Gamma Efficiency
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1 = 4.7 x 104 photons
cm2 - min

mR
hr

x 15 cm2

1 = 7.1 x 105 photons
min

mR
hr



But remember, the manufacturer said that
1 mR/hr = 3600 cpm so we find:

1 = 7.1 x 105 photons
min

mR
hr

= 3600 counts
min

Sample Gamma Efficiency
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The efficiency is then:

3600 counts
min

7.1 x 105 photons
min

= 0.5%= 0.005
counts
photon



We can repeat the same calculation for a Low Energy 
Gamma Scintillator (LEG) 

If we are still using 137Cs, the value from Misc- 40 remains 
the same

Sample Gamma Efficiency
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Remember, the efficiency is a function of the instrument.  
The surface area of an LEG is about  5 cm2

1 = 4.7 x 104 photons
cm2 - min

mR
hr



1 = 4.7 x 104 photons
cm2 - min

mR
hr

x 5 cm2

1 = 2.4 x 105 photons
min

mR
hr

Sample Gamma Efficiency
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One manufacturer says that
1 mR/hr = 10,000 cpm so we find:

1 = 2.4 x 105 photons
min

mR
hr

= 10,000 counts
min



The efficiency is then:

10,000 counts
min

h t
=  4.2%= 0.042

counts
photon

Sample Gamma Efficiency
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This is almost 10 times more efficient than a GM 
even though this is a LOW energy detector and we 
are evaluating it for 137Cs which is a HIGH energy 
gamma emitter.

2.4 x 105 photons
min

photon



How efficient is it for low energy gammas?

Let’s look at the efficiency for 100 keV.  From one 
manufacturer’s spec sheet for the LEG instrument    
1 mR/hr produces 1 x 106 cpm 

Sample Gamma Efficiency
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From Misc-40 we find how many 100 keV photons it 
takes to produce 1 R/hr

1 = 6.5 x 106 photons
cm2 - sec

R
hr



Converting to minutes and multiplying by the area of 
the instrument (5 cm2) yields

= 6.5 x 103 photons
cm2 - sec

1 mR
hr

or

Sample Gamma Efficiency
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1 = 6.5 x 103 photons
cm2 - sec

mR
hr

x 5 cm2 x 60 sec
min

1 = 2.0 x 106 photons
min

mR
hr



The manufacturer said that 1 mR/hr = 1,000,000 cpm so 
we find:

1.0 x 106 counts
min counts

Sample Gamma Efficiency
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min

2.0 x 106 photons
min

=  50%= 0.5
counts
photon

So, as expected, the Low Energy Gamma detector is 
very efficient for LOW energy gammas.



An x-ray source is energized for only a fraction of a 
second.  You are attempting to measure the amount 
of radiation scattered at 90° from a water phantom 
placed at 1 meter from the source in the path of the 
primary beam.   You are standing 1 meter away from 

Problem
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p y g y
the water phantom and you are using an air 
ionization chamber.  How would you accomplish 
this task?



You are about to enter a radiation environment where alpha, beta 
and gamma exist.  You are carrying a GM detector.  The walls of the 
detector are constructed of materials with a density thickness of 7 
mg cm-2.  The detector also has a removable cover having a density 
thickness of 1,000 mg cm-2.

Problem
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a. Which types of radiation can you detect when;

1. the detector is uncovered 
2. the detector is covered

b. Briefly explain how you might use this information to evaluate 
the relative exposure to the skin as opposed to the whole 
body.



END OF
DETECTORS
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DETECTORS
&

INSTRUMENTS



END OF
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CHAPTER 9
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