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Nuclear Detectors

What is Nuclear detector?- The nuclear detector Is a device
used to detect, track, and identify high energy particles
produced by nuclear decay, cosmic radiation, and nuclear
reactions In a particle accelerator.

It not only detect presence or absence of particle but also find
nature of particle, thereby identify the type of particle.

To detect the nuclear particles number of detectors are devised.
Main detectors which are studied here are gas filled detectors.
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Interaction of particles with matter
With the discoveries of the particles, the study of propagation of them through matter
have gained importance which will help us to find the nature of various particles.
High speed particles or beam of particles are called as radiations.

It i1s well known that matter affects the particles by absorbing, or scattering or slowing
down it during the interaction with them.

When particles pass through matter, they may knock out electrons from atoms of matter
resulting ionization, or forms an ion- pair in a gas, electron- hole pair in semiconductor

The incident particles can also electronically excite atoms. This excited atoms may be
de-excited so as to emit radiations.

The incident particles may collide directly with a nucleus causing it to recoil.

These two effects namely particles interacting with matter and matter with particle are
generally called ‘radiation effect’ and ‘radiation-transport’ respectively.

The detection of the particles now become possible with these effects and these are
useful for the study at various levels.



Types of Interactions

A mono energetic beam of particles interact
with matter in two different ways

Case 1 — A particle in the beam will lose its
energy in multiple interactions or scattered at
small angles. ex,. Diffraction , transmission
of particles

Case 2 - A particle in the beam will
completely lose its energy and will be
removed from the beam in single interaction
/catastrophe (complete absorption of the
particle) This results into the production
either radiations or secondary electrons. EX.
X-rays, emission of visible light, Secondary
electrons, Auger electrons etc.
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Fig. 3.3: Electron interaction with matter



Range of Particles

Nuclear Detectors

Now, consider these two cases in detail.
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The matter through which the particles are transmitted is normally
called as an absorber which has finite thickness.

If a charge particle interacts with matter of certain amount, then it
travels finite distance and stop finally after crossing certain
thickness of the absorber. The finite distance travelled by the
particle through the matter before it comes to rest, is called as
range of it.

All particles in a beam are transmitted up to certain thickness of an
absorber. (i. e. distance traverses by a particle in the absorber.)

In a beam of particles, some of the particles may get stopped earlier
and some may traverse through absorber for longer distance.

From the fig. it is observed that half the particles are transmitted at x =
Ro Which is also called as mean range of particles.

The energy loss per unit length of the matter is called as specific
energy loss.

Heavy particles (alpha particle, proton beam, fission fragments etc.)
have definite range in a gas, liquid or a solid.

The fluctuations in energy loss during the collision process in their path
length results in fluctuations in range. The small variation of the
ranges of the particles is known as ‘straggling’



Geiger’s law

Energy loss rate i.e. ( -dE/dXx) is called the stopping power of the slowing down medium (absorber). It is observed that those
particles moving slowly have more time to interact and can have lesser range than that of faster particles. The energy loss per unit
length of the path is inversely proportional to velocity (v) is given by,

—dE 1

— X= @)
dx (%
Above equation shows that stopping power is independent of mass of the particle. rewriting above equation, we have,
%5 = % ---- (2) C is the constant of proportionality.

For heavy particles (a particle) we can have E = %mvz.

Differentiating E with respect to x in above equation and substituting it in equation (2), we get
dv C

—mv—_ = - (3)
Let R be the range of the particle. For x=0, v=v, and x=R v =0,

Rearranging above equation and integrating as given below:
3

fv(:) —mv?dv = CfOR dx (4), % =cR (5),vy=CR--(6)

Hence vy R ---- (7) - Geiger’s law

C’ depends upon absorbing medium and it is equal to 3c/m

Equation (7) is known as Geiger’s rule. Geiger’s law relates range of the particle with its velocity. The rule is approximately
correct for any charged heavy particle in any medium and explains the relation between energy of the particle and its range.
Measuring the range is a common method to find energy of the particle. The figure (2) given below demonstrates the plot of range
of a particle v/s energy.



Absorption Coefficient and its determination

« Number of particles transmitted during the passage of the beam of particles through matter :
When the incident beam particles pass through matter, a particle is either unharmed or
completely remove from it in a single catastrophic event.

« Transmitted particles will have same energy as that of incident particles.

» For every material thickness of dx, rate of change of number of particles with respect to X is
proportional to number of incident particles present at that time, so,

—F & N(x) e (1), =2 = pN(x) - 2) ’813' ;N(—Z) = —udx -—(3) Eq. (3) can be
solved by integrating the equation as given below. fNoM = —pu J; dx---- (4) solution of this
equation is log, (N(X)/Ng) = —ux ----- (5) . Simplifying this equation we get , N(x)/N, = € ¥ - (6)
°* N(X) =Ngsge™ (10). N(x)

From above equation,

number of particles transmitted

decreases exponentially

with absorber thickness (x) as shown in fig. (3)
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Interactions of photons/electrons through matter

In the case 2,where a particle is either absorbed completely or pass through unharmed,
no range is defined but mean free path for the particle is defined which is average
distance travelled by a particle before undergoing collision. The mean free path is equal
to 1/p. Such behavior has been shown by photon or electron.

Photons and electrons roughly show above characteristics. Photons do not lose energy In
small steps. They are either absorbed or scattered

Photons interact with matter through three principal processes.
Photoelectric effect

Compton effect

Pair Production

Photoelectric effect occurs for photons having energy at few keV or below it, whereas
Compton effect occurs for photon energy of few MeV. The rest energy of electron pair is
about 1.02 MeV, so to produce pair of electron- positron it is necessary to have photon at
least equal to1.02 MeV. Photon or y ray absorption in the matter is hence energy
dependent.



Bremsstrahlung Process

» Electrons do not exhibit well defined range as it is lighter than proton. They are
deflected easily and hence within few collisions they get stopped.

 Electron with energy less than 1 MeV slows down like heavy particle when they pass
through matter but they do not have well defined range.

* When an electron above 1MeV passes through Coulomb force field of the nucleus, they
get accelerated, hence deflected. Due to interaction of the electron with the nucleus, it
loses its energy. The lost energy is emitted in the form of radiation. This process is
called as ‘Bremsstrahlung’ means ‘breaking radiation’. The figure below shows the
process of Bremsstrahlung. [Bremsstrahlung : Bremsen — to break, strahlung — radiation]




Gas filled detectors

Most of the detectors are gas filled detectors.

Normally gas filled detectors consist of a metal cylinder provided with
either glass or mica window filled with the gas under study.

Pressure Inside the cylinder Is kept either at atmospheric pressure or below
that depending upon type of detectors.

These detectors involve electrical circuit for the detection of particles. The
electrical circuit consists of amplification circuit, resistance, capacitor,
voltmeter, ammeter, CRO etc.

Some detectors consist of counter circuits to count number of particles.

There are basic three types of gas filled detectors : (a) lonization chamber
(b) Proportional counter (c) Geiger-Muller counter.

At the output of the detector, The voltage/current signals/pulses are
obtained by varying applied voltage.



Various Regions of gas filled chamber

The plot of log of pulse height v/s applied voltage involves various regions on the plot. These are,
| — lon-recombination region: Range — Applied voltage range (0-50V) — Due to small voltage,

recombination of electrons and +ve charges takes place.

Il - lonization Chamber region: V,,, (5S0V-200V) : complete lonization of gas —

Saturation region

Il — Proportional counter region: V,,, (200V-600V): production and collections of ion-pairs
Increase rapidly which is also called as gas multiplication. The charge collected is proportional to
amount of the charge produced in the initial event I.e. it is proportional to the energy of radiation.
IV — Region of limited proportionality: V,,, (600V-800V): gas multiplication increases rapidly and
lonizing current is no longer proportional to initial energy of the incident particle.
V — Geiger —Muller counter region: V,,, (800V-1000V): The region is nearly a flat region and called
as plateau. The ionization current is independent of initial number of ions and their energy.
The plot is as shown in fig1.
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lonization chamber

An lonization chamber consists of a conducting chamber of cylindrical shape. It
has a central conducting electrode located along the axis of the chamber. The
electrode iIs insulated from the chamber. The radius of outer cylinder is about 1 cm.
The central electrode wire has a diameter about 0.02 cm. The chamber length is
about 10cm.

The chamber is filled with a gas (usually air or Hydrogen gas) at 1 atmos. Pressure
or less than 1 atm. for detecting alpha or beta particles, but for detecting gamma
particles the pressure is usually high.

Central electrode is anode and it is at positive potential with respect to sidewall of
the chamber which is acting as cathode. Parallel plate ion chamber is similar to
cylindrical ion chamber but consists of parallel plates instead of cylinder.



lonization chamber - Diagram
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lonization Chamber -Working

Charge particle passes through chamber, gas particles are ionized due to
Interaction between incident particles and gas atoms.

For small potentials electrons and +ve ions are produced but most of the charges
recombine and a few charges are collected by electrodes , hence current Is
smaller for low voltage. A current pulse of small size is recorded in the meter.

For higher potentials, current pulse size increases as recombination is less.

The current pulse increases and reaches to a constant value where no more ions
are produced. Here Current pulse size is maximum. This maximum current is
called as saturation current.

It is to be cared that voltage should not been increased beyond certain value to
avoid ion multiplication.

The lon chamber also should be kept dry.

Normally heavy particles or alpha particles with high energy are detected by lon
chamber.

B and y particles are hardly detected as they produce poor 1onization.



W- Value and Uses

The average energy lost by the incident particle in creating one ion —
pair is called W-value

W-value Is always greater than ionization energy.
It is a function of energy and it depends upon type of gas.

They are found beneficial in smoke industry.
They are used as smoke detector.

In medical field and radio therapy they are used for finding amount
of dose of radiations given for the treatment.

In nuclear industry also, the provide output is proportional to the
amount of radiation which can be found from it.
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Working of Parallel plate chamber

It IS a current 1onization chamber.
It consists of two parallel plates embedded in cylindrical chamber.

A suitable potential difference I1s maintained between two
electrodes.

lon- pair produced by radiation are collected by electrodes due to
potential difference produced by them.

Due to P.D. current flows which is recorded by current meter.
The current is directly proportional to applied voltage.



Proportional Counter

It IS one of the electric detector based on ion collection method
by 1on multiplication and it Is developed by John Simpson in
1940.

Proportional counter consists of a metal chamber and a thin
wire of diameter about 0.1 mm. A wire is placed axially along
the centre. The wire is insulated from the tube. It acts as anode
wire and it is at positive potential with respect to metal
chamber which acts like a cathode. The chamber is filled with

gas.
The source potential is at 200 to 800V and does not cause
discharge.



Proportional counter - Diagram
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Working: Proportional counter

The potential difference between cathode and anode is maintained between 200 to 800
V.

Normally the detector is filled with noble gas (Argon or Neon) with some polyatomic
gas (Methane) around 10%. The pressure is kept low.

The chamber or tube has Mica window through which ionizing particles enter to ionize
gas.

The ionizing particles produced due to ionization are attracted towards electrodes i.e.
positive charges towards cathode and negative charges towards central wire anode.

Due to high voltage electrons gain sufficient high energy between two successive
collisions, hence act independent in presence of other e's and charges and produces
more es by ionizing gas atoms , resulting into cumulative process and multiplication of
es i.e. avalanche of es.

The voltage region in which multiplication remains constant is called as proportional
region.



Continued.....

The apparatus operated in this region is called as a ‘Proportional counter’
The tube can be without mica window.

Due to avalanche effect, the number of ions are increased by a factor of 104.
The cumulative process is also known as amplification.

The amplification depends upon nature of gas, operating voltage, radius of
cathode, diameter of anode.

The disadvantage of it is the amplification depends upon operating voltage.
Output is also proportional to energy of incident particle.

8. Itis used for detecting B particles, X rays , neutrons, fission fragments, etc. It is
also used for radioactive contamination detection to check radiation content.

B> D

e



Avalanche effect in a proportional counter.
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1.In proportional counter high electric field is present between anode and
cathode. Electric field at a distance r from the central wire or anode depends
upon applied voltage. If ‘b’ is the radius of cylinder and ‘a’ is the radius of
anode and V is applied voltage then electric field at a distance r is given by,

V K ,. . b
— T =~ I = Hm(—)
i1 P (1

E(r) =

'::.lr:

2.The multiplication effect produced due to collision of a high energetic
electrons with gas molecules creating more ion pairs is also called as
Townsend avalanche or Townsend cascade. The total number of ion-
pairs produced by singly primary ion-pair is called gas amplification or
multiplication factor.

If W is the average energy for generation of one ion pair and AE is the
energy lost by the incident particle then number of ion pairs produced is
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3.1f m is multiplication factor then charge carried on anode J} = 11 —
4. This shows that charge produced due to multiplication QocAE

5. Hence \Woltage across resistance R 1.e. voltage pulse is proportional to energy
of 1onizing particle. Hence the counter is called as proportional counter.

e
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Geiger —Muller counter

* In 1928, Geiger and Muller developed the counter in Germany. The
counter Is also called as G.M. Counter or simply Geiger counter. It
can be used to detect a and (3 particles as well as y and X-rays.

* It 1s an electric detector based on ‘Multiplicative and collection’
method.

* It works in Geiger region; in which pulse height is very large and
Independent of initial number of 1ons. In this region, the avalanche

assoclated with the drift of a single electron to one point on the
anode Initiates avalanche over entire length of anode.



Diagram for G.M. counter

Glass tube

To Amplifier

U
r




oo

Construction

A G.M. counter Is a glass tube having thin end windows of mica, glass of 1 or
2 mg/cm? thick to allow alpha or beta particles to enter through counter.

It consists of a fine wire (Anode of tungsten wire of thickness of 2x10- cm to
5x10-° cm) mounted along the tube as shown in fig 7.

A tube may vary from 1cm to 100cm. in length and 0.3cm -10cm in diameter.

The cathode Is a form of cylinder made up of copper metal filled with 90%
monoatomic hing gas so it ionizes more easily then Argon gas. argon and 10%
polyatomic organic gas like ethyl alcohol at pressure of 100mm. G.M. counter
can operate at low voltages also as ethyl alcohol has lower ionization potential
(11.3 V) and it Is quenc

The G. M. Counter is self —quenched counter.



Working of G.M. Counter

A potential of 200- 800V is applied with respect to anode wire. Due to high
voltage, single ion pair is produced by incident particle which results into electric
discharge.

The electric discharge spread over the whole tube so as to create avalanche
(producing more electrons).

Electrons have small mass so they get accumulated at the anode faster than
positive ions. A sheath of positive ions at cathode liberates electrons from metal
by field emission.

Some liberated electrons neutralize positive ions while some excite gas
molecules. Later, these excited molecules returns to ground state by emitting
radiations.

If the radiations are in ultraviolet regions then they emit photoelectrons from
cathode. These photoelectrons gets accelerated towards central wire i.e. anode and
produces more electrons creating avalanche. In this way a new sheath is formed
and they continue discharge.

The discharge is in the form of series of pulses at close intervals or at some
overlapping which is recorded in G.M. counter. It is also possible to have
continuous discharge which should be avoided.



L)
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Some Imp. features

Some mechanism must be devised to terminate the discharge after each event. The
process of preventing the continuous avalanching is called as quenching of the counter.
Self quenching is obtained by adding a quenching agent which has lower ionization
potential. Commonly used quenching gas is ethyl alcohol which has lower potential than
Argon gas.

To avoid such discharge, the value of resistance has been chosen to be large so that
potential across it reduces the potential difference between cathode and anode. This
enables the counter to delay the record actual detection of the particles.

The time lag for which the counter cannot record the pulses is called as ‘dead time’. It is
of the order of 200microsecnd.

Below certain threshold two successive pulses or ionization events cannot be recorded.
This threshold is called Geiger threshold.

When counter sensitivity slowly returns to its initial value as space-charge progress
towards cathode. At this time counter can note pulses. This is called ‘recovery time’ i.e.
the time during which small pulses are formed.



Resolving time and Uses

JThe dead time and recovery time may corresponds to the time for
which positive ion sheath takes to reach cathode. It is called as
‘resolving time’

JG.M. Counter detects large voltage pulse as compared to other
detectors or records constant output pulse which Is independent of
Initial 1onization.

1t Is very sensitive counter and can even detect cosmic rays. The

operation voltage also can be controlled to control continuous
discharge.

1t has long life. The operating voltage should not exceed normal
operating voltage.



Dead time, recovery time and resolving time

Calculation of resolving time : N-n=Nnrt

[t - resolving time] N-Actual number of ionizing particles, n — Final counts
registered by counter (N to be the actual rate of arrival of ionizing particles, n be

the count rate that counter is able to register and t be the dead time)
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Geiger Plateau

Geiger Plateau Is the region where the counting rate of recorded pulses
remains constant with increasing voltage.

After Geiger threshold voltage (potential) the pulse counts increases as voltage
Increases and then it remains almost constant for further increase of voltage as

shown in the following Fig.(8).
In plateau region count rate is independent of applied voltage.

After certain voltage the count rate increases rapidly for the small increase of
voltage which is the region of continuous discharge which should be avoided.

If Plateau region becomes smaller and steeper then GM counter is near to its
end of its useful life.
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