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9.1	Introduction



	Man possesses no biological sensors of ionising radiation.  As a consequence he must depend entirely on instrumentation for the detection and measurement of radiation.  Instruments used in the practice of health physics serve a wide variety of purposes.  It is logical, therefore, to find a wide variety of instrument types.  We have, for example, instruments such as the Geiger counter that measure individual photons or particles, thermoluminescent detector badges and pocket dosimeters that measure accumulated radiation doses, and ionisation chamber type instruments that measure dose rate.  In each of these categories, one finds instruments that are designed principally for measurement of a certain type of radiation such as low energy x-rays, gamma rays, fast neutrons, etc.



	Although there are many different instrument types, the operating principles for most radiation measuring instruments are relatively few.  The basic requirement of any radiation measuring instrument is that the instrument's detector interact with the radiation in such a manner that the magnitude of the instrument's response is proportional to the radiation effect or radiation property under measurement.  Some of the physical and chemical radiation effects that are applied to radiation detection and measurement for health physics purposes are listed in Table 9.1.





Table 9.1.  Radiation effects used in the detection and measurement of radiation.





Effect�

Type of instrument�

Detector��

 Electrical











 Chemical







 Light







 Thermo-luminescence�

 1. Ionisation chamber

 2. Proportional counter

 3. Geiger counter

 4. Solid state





 1. Film

 2. Chemical dosimeter





 1. Scintillation counter

 2. Cerenkov counter





    Thermoluminescent

    dosimeter�

 1. Gas

 2. Gas

 3. Gas

 4. Semiconductor





 1. Photographic emulsion

 2. Solid or liquid





 1. Crystal or liquid

 2. Crystal or liquid





    Crystal��
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9.2	Gas filled detectors



9.2.1	The mechanism of gas filled detectors



	Consider a gas detector system such as is shown in Figure 9.1.  This system consists of a variable voltage source, V, a high valued resistor, R, and a gas-filled counting chamber, D, which has two coaxial electrodes that are very well insulated from each other.  All the capacitance associated with the circuit is indicated by the capacitor, C. Because of the production of ions within the detector when it is exposed to radiation, the gas within the detector becomes electrically conducting.



























Figure 9.1.  Basic circuit for a gas-filled detector.





	If the time constant RC of the detector circuit is much greater than the time required for the collection of all the ions resulting from the passage of a single particle through the detector, then a voltage pulse of magnitude.





					V =   �ADVANCE \U 2.90� Q ,										         �ADVANCE \U 2.15�  C



	Where Q is the total charge collected and C is the capacitance of the circuit, and of the shape shown by the top curve in Figure 9.2, appears across the output of the detector circuit.



	A broad output pulse would make it difficult to separate successive pulses.  However, if the time constant of the detector circuit is made much smaller than the time required to collect all the ions, then the height of the developed voltage pulse is smaller, but the pulse is very much narrower, as shown by the curves in Figure 9.2. This pulse 'clipping', as it is called, allows individual pulses to be separated and counted.































Figure 9.2.  Dependence of pulse shape on the time constant of the detector circuit.



9.2.2	Ionisation chambers



	If a constant flux of radiation is permitted to pass through the detector, and if the voltage, V, is varied, several well defined regions of importance in radiation measurement may be identified.  As the voltage is increased from zero through relatively low voltages, the first region, known as the ionisation chamber region, is encountered.  If the instrument has the electrical polarity shown in Figure 9.1, then all the positive ions will be collected by the outer cathode, while the negative ions, or electrons, will be collected by the central anode.  



	"Low voltages" means the range of voltage great enough to collect the ions before a significant fraction of them can recombine, yet not great enough to accelerate the ions sufficiently to produce secondary ionisation by collision.  The exact value of this voltage is a function of the type of gas, the gas pressure, and the size and geometric arrangement of the electrodes.  



	In this region, the number of electrons collected by the anode will be equal to the number produced by the primary ionising particle.  The pulse size, accordingly, will be independent of the voltage, and will depend only on the number of ions produced by the primary ionising particle during its passage through the detector.  The ionisation chamber region may be defined as the range of operating voltages in which there is no multiplication of ions due to secondary ionisation.  That is, the gas amplification factor is equal to one.





	The fact that the pulse size from a counter operating in the ionisation chamber region depends on the number of ions produced in the chamber makes it possible to  use this instrument to distinguish between radiations of different specific ionisation, such as alphas and betas or gammas.  For example, an alpha particle that traverses the chamber produces about 105 ion pairs, which corresponds to 1.6 x 10-14 Coulomb.  If the chamber capacitance is 10 mF, and if all the charge were collected, then the voltage pulse resulting from the passage of this alpha will be



				V  = �ADVANCE \U 2.90� � EMBED Equation.2  ���  = � EMBED Equation.2  ��� �ADVANCE \D 1.45�=  1.6 x 10-3 V.

	A beta particle, on the other hand, may produce about 1000 ion pairs within the chamber.  The resulting output pulse due to the beta particle will be only 1.6 x 10-5V.  Amplification of these two pulses by a factor of 100 leads to pulses of 0.16 V for the alpha and 0.0016 V for the beta.  With the use of a discriminator in the scaler (or other readout device), voltage pulses less than a certain predetermined size can be rejected; only those pulses that exceed this size will be counted.  



	In the case of the example given above, a discriminator setting of 0.1 V would allow the pulses due to the alphas to be counted, but would not pass any of the pulses due to the beta rays.  This discriminator setting is often referred to as the input sensitivity of the scaler. Increasing the input sensitivity, in the example above, would allow both alphas and betas to be counted.  This ability to distinguish between the two radiations is illustrated in Figure 9.3, which shows the output pulse height as a function of voltage across the counting chamber.





























Figure 9.3  Curve of pulse height versus voltage across a gas filled pulse counter, illustrating the ionisation chamber, proportional, and Geiger regions.





9.2.3	Proportional detector



	One of the main disadvantages of operating a counter in the ionising chamber region is the relatively feeble output electric pulse, which requires either much amplification or a high degree of input sensitivity in the scaler.  To overcome this difficulty, and yet to take advantage of pulse size dependence on ionisation for the purpose of distinguishing between radiations, the counter may be operated as a proportional counter.  



	As the voltage across the counter is increased beyond the ionisation chamber region, a point is reached where secondary electrons are produced by collision.  This is the beginning of the proportional region.  The voltage drop across resistor R will now be greater than it was in the ionisation chamber region because of these additional electrons.  The gas amplification factor is greater than 1.  

�

	This multiplication of ions in the gas, which is called an avalanche, is restricted to the vicinity of the primary ionisation.  Increasing the voltage causes the avalanche to increase in size by spreading out along the anode.  Since the size of the output pulse is determined by the number of electrons collected by the anode, the size of the output voltage pulse from a given detector is proportional to the high voltage across the detector.  Besides the high voltage across the tube, the gas amplification depends on the diameter of the collecting electrode and on the gas pressure.  



	Because of the dependence of gas multiplication, and consequently the size of the output pulse, on the high voltage it is important to use a very stable high voltage power supply with a proportional counter.



	An example of the use of a proportional counter to distinguish between alpha and beta radiation is shown below in Figure 9.4.  At point A, the "threshold" voltage, the pulses produced by the alpha particles that traverse the counter are just great enough to get by the discriminator.  A small increase in voltage causes a sharp increase in counting rate because all the output pulses due to alphas now exceed the input sensitivity of the scaler.  Further increase in high voltage has little effect on the counting rate, and results in a "plateau", a span of high voltage over which the counting rate is approximately independent of voltage.  



	With the system operating on this alpha plateau, the pulses due to beta rays are still too small to get by the discriminator.  However, a point, B, is reached, as the high voltage is increased, where the gas amplification is great enough to produce output pulses from beta particles that exceed the input sensitivity of the scaler.  This leads to another plateau where both alpha and beta particles are counted.  By subtracting the alpha count rate from the alpha-beta count rate, the beta ray activity may be obtained.



































Figure 9.4.  Alpha and alpha-beta counting rates as a function of voltage in a proportional counter.
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9.2.4	Geiger detector



	Continuing to increase the high voltage beyond the proportional region will eventually cause the avalanche to extend along the entire length of the anode as shown in Figure 9.5.

































Figure 9.5.  Gas amplification.





	When this happens, the end of the proportional region is reached and the Geiger region begins.  At this point, the size of all pulses, regardless of the nature of the primary ionising particle, is the same.  When operated in the Geiger region, therefore, a counter cannot distinguish different types of radiations.  However, the very large output pulses (greater than ¼ Volt) that result from the high gas amplification in a Geiger counter means either the complete elimination of a pulse amplifier or use of an amplifier that does not have to meet the exacting requirements of high pulse amplification.



	Figure 9.4 shows the alpha and alpha-beta plateaus of a proportional counter.  A Geiger counter has a wide range of operating voltages over which the counting rate is approximately independent of the operating voltage.  This plateau extends approximately from the voltage which results in pulses great enough to be passed by the discriminator to that which causes a rapid increase in counting rate that precedes an electrical breakdown of the counting gas.  



	In the Geiger region, the avalanche is already extended as far as possible axially along the anode.  Increasing the voltage, therefore, causes the avalanche to spread radially, resulting in an increasing counting rate.  



	There is have a slight positive slope in the plateau, as shown in Figure 9.6.  Figures of merit for judging the quality of a counter are the length of the plateau, the slope of the plateau, and the resolving time (discussed below). 

	A Geiger counter has a slope of about 3% per hundred volts.  The operating voltage for a Geiger counter is about one third to one half the distance from the knee of the curve of count rate versus voltage.







































Figure 9.6.  Operating characteristics of a Geiger counter.





·	Quenching a Geiger counter



	When the positive ions are collected after a pulse, they give up their kinetic energy by striking the wall of the tube.  Most of this kinetic energy is dissipated as heat.  Some of it, however, excites the atoms in the wall.  In falling back to the ground state, these atoms may lose their excitation energy by emitting UV photons.  Since at this time the electric field around the anode is re-established to its full intensity, the interaction of UV photon with the gas in the counter may initiate an avalanche, and thereby produce a spurious count.  



	Prevention of such spurious counts is called quenching.  Quenching may be accomplished either electronically, by lowering the anode voltage after a pulse until all the positive ions have been collected; or chemically, by using a self-quenching gas.  A self-quenching gas is one that can absorb the UV photons without becoming ionised.  One method of doing this is to introduce a small amount of an organic vapour, such as alcohol or ether, into the tube.  The energy from the U.V. photon is then dissipated by dissociating the organic molecule.  



	Such a tube is useful only as long as it has a sufficient number of organic molecules for the quenching action.  In practice, an organic vapour Geiger counter has a useful life of about 108 counts.  Self-quenching also results when the counting gas contains a trace of halogen, usually bromine.  In this case, the halogen molecule does not dissociate after absorbing the energy from the U.V. photon.  The useful life of a halogen-quenched counter, therefore, is not limited by the number of pulses that had been produced in it.

�

·	Dead time, recovery time and resolving time



	If two particles enter the counter in rapid succession, the avalanche of ions from the first particle paralyzes the counter, and renders it incapable of responding to the second particle.  Because the electric-field intensity is greatest near the surface of the anode, the avalanche of ionization starts very close to the anode, and spreads longitudinally along the anode.  The negative ions thus formed migrate towards the anode, while the positive ions move towards the cathode.  The negative ions, being electrons, move very rapidly, and are soon collected, while the massive positive ions are relatively slow moving, and therefore travel for a relatively long period of time before being collected.



	These slow moving positive ions form a sheath around the positively charged anode, thereby greatly decreasing the electric field intensity around the anode and making it impossible to initiate an avalanche by another ionizing particle.  As the positive ion sheath moves towards the cathode, the electric field intensity increases, until a point is reached when another avalanche could be started.  The time required to attain this electric field intensity is called the dead time.  



	After the end of the dead time, when another avalanche can be started, the output pulse from this avalanche is still relatively small, since the electric field intensity is still not great enough to produce a Geiger pulse.  As the positive ions continue their outward movement, an output pulse resulting from another ionizing particle would increase in size.  When the output pulse is large enough to be passed by the discriminator and be counted, the counter is said to have recovered from the previous ionization, and the time interval between the dead time and the time of full recovery is called the recovery time.  



	The sum of the dead time and the recovery time is called the resolving time.  Alternatively, the resolving time may be defined as the minimum time that must elapse after the detection of an ionizing particle before a second particle can be detected.  



	The relationship between the dead time, recovery time, and resolving time is illustrated in Figure 9.7.  The resolving time of a Geiger counter is of the order of 100 msec or more.  A proportional counter is much faster than a Geiger counter.  Since the avalanche is a proportional counter is limited to a short length of the anode, a second avalanche can be started elsewhere along the anode while the region of the first avalanche is completely paralyzed.  the resolving time of a proportional counter, therefore, is on the order of several microseconds.



















































Figure 9.7.  Relationship between dead time, recovery time and resolving time.





9.3	Measurement of resolving time



	The resolving time of a counter may be conveniently measured by the two-source method.  Two radioactive sources are counted; singly and together.  If there was no resolving time loss, the counting rate of the two sources together would be equal to the sum of the two single source counting rates.  However, because of the counting losses due to the resolving time of the counting system, the sum of the two single counting rates exceeds that of the two sources together.  If R1 is the counting rate of source 1, R2 of source 2, R1,2 of the two sources together, and Rb the background counting rate, then the resolving time is given by 



						�ADVANCE \D 2.90�     R1 + R2 - R1,2 - Rb�ADVANCE \U 2.90�

			t  =�ADVANCE \U 2.90�		                             �ADVANCE \D 2.90�

			               R12 �ADVANCE \L 3.60�2 - R1  �ADVANCE \L 7.20�2 - R2  �ADVANCE \L 7.20�2�ADVANCE \D 2.90�





	All the source counting rates above include the background.  Because R1 + R2 is only slightly greater than R1,2, all the measurements must be made with a great degree of accuracy when determining the resolving time.  An arrangement has to be made to ensure that the same geometry is used when each source is counted separately and together.  This can be done by preparing sources S1 and S2 as semicircles with identical dummies D1 and D2.  The readings R1, R2,R1,2 and Rb are obtained by placing two of the semi circular sources and dummies in the following combinations, S1 + D2, D1 + S2, S1 + S2 and D1 + D2.  For the case where the resolving time is t and the observed counting rate of a sample is Ro, the counting rate that would have been observed had there been no resolving time loss, that is, the "true" counting rate, R, is

				  �ADVANCE \D 3.60�          Ro�ADVANCE \U 3.60�

				R =  �ADVANCE \U 1.45�          �ADVANCE \D 1.45�

				         1 - Rot
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9.4	Solid state detectors



9.4.1	Scintillation counters



	A scintillation detector is a transducer that changes the kinetic energy of an ionizing particle into a flash of light.  Historically, one of the earliest means of measuring radiation was by scintillation counting.  Rutherford, in his classical experiments on scattering of alpha particles, used a zinc sulfide crystal as the primary detector of radiation.  He used his eye to see the flickers of light that appeared when alpha particles struck the zinc sulfide.  Today, the light is viewed electronically by photomultiplier tubes whose output pulses may be amplified, sorted by size, and counted.  The various radiations may be detected with scintillation counters by using the appropriate scintillating material.  Table 9.2 lists some of the substances used for this purpose.









	Table 9.2.  Scintillating materials.





Phosphor�

Density

(g/cm3)�Wavelenght of

maximum emission, A�

Relative pulse

height�

Decay time

(msec)��  NaI (Tl)

  CsI (Tl)

  KI (Tl)

  Anthracene

  Trans-Stilbene

    Plastic

    Liquid

  p-Terphenyl�3.67

4.51

3.13

1.25

1.16





1.23�      4100

      Blue

      4100

      4400

      4100

      3550-4500

      3550-4500

      4000�210

55

50

100

60

28-48

27-49

40�     0.25

     1.1

     1.0

     0.032

     0.0064

     0.003-0.005

     0.002-0.008

     0.005��



	Scintillation counters are widely used to count gamma rays and low energy beta rays.  The counting efficiency of Geiger or proportional counters for low energy betas may be very low due to the dissipation of the beta energy within the sample.  This phenomenon is called self-absorption.  This disadvantage can be overcome by dissolving the radioactive sample in a scintillating liquid, such as toluene.  Such liquid scintillation counters result in detection efficiencies that approach 100%.  They are widely used in research applications, especially in the field of biochemistry, where they are used to measure 14C and 3H.

�

	The detection efficiency of gas filled counters is close to 100% for those alphas or betas that enter the counter, but their detection efficiency for gamma rays is very low, usually less than 1%.  Solid scintillating crystals, on the other hand, have high detection efficiencies for gamma rays.  Furthermore, since the intensity of the flicker of light in the detector is proportional to the energy of the gamma ray that produces the light, a scintillation detector can, with the aid of the appropriate electronics, be used as a gamma ray spectrometer.  With a suitable detector, a scintillation counter may also be used as a beta ray or an alpha ray spectrometer.)



	For gamma ray measurement, the detector used most frequently is a sodium iodide crystal activated with thallium [NaI(Tl)], that is optically coupled to a photomultiplier tube.  The thallium activator, which is present as an "impurity" in the crystal structure to the extent of about 0.2%, converts the energy absorbed in the crystal to light.  The high density of the crystal, together with its high effective atomic number, results in a high detection efficiency, Figure 9.8.  Gamma ray photons, passing through the crystal, interact with the atoms of the crystal by the usual mechanisms of photoelectric absorption.









































Figure 9.8.  Detection efficiency versus gamma-ray energy for a NaI(TI) well crystal.  (From C.J. Borkowski:  O.R.N.L. Progress Report 1160, 1951)



	The primary ionizing particles resulting from the gamma ray interactions (the photoelectrons, Compton electrons, and positron-electron pairs) dissipate their kinetic energy by exciting and ionising the atoms in the crystal.  The excited atoms return to the ground state by the emission of quanta of light.  These light pulses, upon striking the photosensitive cathode of the photomultiplier tube, cause electrons to be ejected from the cathode.  These electrons are accelerated to a second electrode, called a dynode, whose potential is about 100 V positive with respect to the photocathode.  

�

	Each electron that strikes the dynode causes several other electrons to be ejected from the dynode, thereby "multiplying" the original photocurrent.  This process is repeated about 10 times before all the electrons thus produced are collected by the plate of the photomultiplier tube.  This current pulse, whose magnitude is proportional to the energy of the primary ionizing particle, can then be amplified and counted.  Figure 9.9 illustrates schematically the sequence of events in the detection of a photon by a scintillation counter.



9.4.2	Semiconductor detectors



	A semiconductor detector acts as a solid state ionization chamber.  The ionizing particle -beta ray, alpha particle, etc -interacts with atoms in the sensitive volume of the detector to produce electrons by ionization.  The collection of these ions leads to an output pulse.  In contrast to the relatively high mean ionization energy of 30-35 eV for most counting gases, a mean energy expenditure of only 3.5 eV is required to produce an ionizing event in a semiconductor detector (silicon).



	A semiconductor is a substance that has electrical conducting properties midway between a "good conductor" and an "insulator".  although many substances can be classified as semiconductors, the most commonly used semiconductor materials are silicon and germanium.  



	These elements, each of which has four valence electrons, form crystals that consist of a lattice of atoms that are joined together by covalent bonds.  Absorption of energy by the crystal leads to disruption of these bonds only 1.12 eV required to knock out one of the valence electrons in silicon which results in a free electron and a "hole" in the position formerly occupied by the valence electron.  This free electron can move about the crystal with ease.  The hole too can move about in the crystal; an electron adjacent to the hole can jump into the hole, and thus leave another hole behind.  



	Connecting the semiconductor in a closed electric circuit results in a current through the semiconductor as the electrons flow towards the positive terminal and the holes flow towards the negative terminal.
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Figure 9.9.  Semiconductor junction detector.  This detector is most useful for measuring electrons or other charged particles.  For measuring gamma rays, an electron radiator is interposed between the radiation and the detector, and the photo and compton electrons thus produced are measured by the detector.





	The operation of a semiconductor radiation detector depends on its having either an excess of electrons or an excess of holes.  A semiconductor with an excess of electrons is called an n-type semiconductor, while one with an excess of holes is called a p-type semiconductor.  Normally a pure silicon crystal will have an equal number of electrons and holes.  (These electrons and holes result from the rupture of the covalent bonds by absorption of heat or light energy.)  By adding certain impurities to the crystal, either an excess number of electrons (an n region) or an excess number of holes (a p region) can be produced.  



	Germanium and silicon both are in group IV of the periodic table.  If atoms from one of the elements in group V, such as phosphorous, arsenic, antimony, or bismuth, each of which has five valence electrons, are added to the pure silicon or germanium, four of the five electrons in each of the added atoms are shared by the silicon or germanium atoms to form a covalent bond.  The fifth electron from the impurity is thus an excess electron, and is free to move about in the crystal and to participate in the flow of electric current.  



	Under these conditions, the crystal is of the n-type.  A p-type semiconductor, having an excess number of holes, can be made by adding an impurity from group III of the periodic table to the semiconductor crystal.  Elements from group III, such as boron, aluminium, gallium, or indium, have three valence electrons.  Incorporation of one of these elements as an impurity in the crystal, therefore, ties up only three of the four valence bonds in the crystal lattice.  This deficiency of one electron is a hole, and we have p-type silicon or germanium.

�

·	N-P Junctions



	A p-region in silicon or germanium that is adjacent to an n region is called an n-p junction.  If a forward bias is applied to the junction, that is, if a voltage is applied across the junction such that the p region is connected to the positive terminal and the n region to the negative terminal, the impedance across the junction will be very low, and current will flow across the junction.  If the polarity of the applied voltage is reversed, that is, if the n region is connected to the positive terminal and the p region to the negative, we have the condition known as reverse bias.  



	Under this condition, no current (except for a very small current due to thermally generated holes and electrons) flows across the junction.  The region around the junction is swept free, by the potential difference, of the holes and electrons in the p and n regions.  This region is called the depletion layer, and is the sensitive volume of the solid state detector.  When an ionizing particle passes through the depletion layer, electron-hole pairs are produced as a result of ionizing collisions between the ionizing particles and the crystal.  The electric field then sweeps the holes and electrons apart, giving rise to a pulse in the load resistor as the electrons flow through the external circuit.



	Semiconductor detectors are especially useful for radiation spectrometry because of their inherently high energy resolution.  For charged particle spectroscopy, surface barrier type semiconductors are used.  Figure 9.10 shows the resolution obtainable with such a detector; alphas of 5.443 and 5.486 MeV are easily and clearly separated.  By using an appropriate neutron-sensitive material such as 3He gas, 6Li, 10B, 235U, or a hydrogenous material together with a surface barrier detector, either slow or fast neutrons can be measured.  







































Figure 9.10.  Alpha spectrum of 241Am obtained with a silicon surface barrier detector.

�

	For photon spectrometry, lithium-drifted silicon, Si(Li), or lithium-drifted germanium, Ge(Li), is used.  these detectors must be operated at cryostatic temperatures.  The required low temperature is obtained by mounting the detector on a "cold finger" that is immersed in liquid nitrogen (77°K) in a dewar flask.  Figure 9.11 illustrates the excellent resolution that is obtainable with these detectors.



Advantages of semiconductor detectors include:



(a)	High speed counting due to the very low resolving time - of the order of nano-seconds.

(b)	High energy resolution.

(c)	Relatively low operating voltage - about 25-300 V.



































Figure 9.11.  Characteristic x-ray lines from an aluminium-silicate sample.  The spectrum, shows the excellent resolution capability of a Si(Li) low energy photon detector.





9.4.3	Cerenkov detectors



	Cerenkov radiation is visible light that results from the passage of a charged particle through a medium at a velocity greater than the phase velocity of light in that medium.  The emission of Cerenkov radiation is favoured by a high index of refraction of the medium.  Accordingly, Cerenkov detectors are made of high-density glass whose index of refraction for the sodium D lines is of the order of 1.6-1.7.  Liquids of high refractive index also are used.  



	Cerenkov radiation, after being produced in the detector, is viewed by a photomultiplier tube for measurement.  The Cerenkov detector is not usually used in operational health physics.  Because of the dependence of Cerenkov radiation on the velocity of charged particles in the detector, the Cerenkov phenomenon is used mainly in high-energy physics research to measure the velocity of very energetic particles.

�

9.5	Radiation spectrometry



	Radiation spectrometry is the analysis of radiation sources or radioisotopes by measuring the energy distribution of the source.  A spectrometer is an instrument that separates the output pulses from a detector, usually a scintillation detector or a semiconductor detector, according to size.  Since the size distribution is proportional to the energy of the detected radiation, the output of the spectrometer provides detailed information that is useful in identifying unknown radioisotopes and in counting one isotope in the presence of others.  This technique has found widespread application in x-ray and gamma ray analysis using NaI(Tl) scintillation detectors and semiconductor detectors, in beta ray analysis using liquid scintillation detectors, and in alpha analysis using semiconductor detectors.  



	Nuclear spectrometers are available in two types, either a single channel instrument or a multi-channel analyzer (MCA).  The essentials of a single channel spectrometer consist of the detector, a linear amplifier, a pulse height selector, and a readout device, such as a scaler or a ratemeter (Figure 9.13).  The pulse height selector is an electronic "slit", which may be adjusted to pass pulses whose amplitude lies between any two desired limits of maximum and minimum.  The output from the pulse height analyzer is a logic pulse to a scaler or to a count rate meter.  



	The main use of the single channel analyzer is to discriminate between a desired radiation and other radiations that may be considered noise.  Thus, the single channel spectrometer is used to measure one radioisotope in the presence of another, or to optimize the signal to noise ratio when measuring a low activity source in the presence of a significant background.







































Figure 9.12.  Schematic representation of the sequence of events in the detection of a gamma-ray photon by a scintillation counter.  An average of about four electrons are knocked out of a dynode by an incident electron.















































Figure 9.13.  Block diagram of a single-channel gamma ray spectrometer.



	A multi-channel analyzer (Figure 9.14) has an analog-to-digital converter (ADC) instead of a pulse height selector to sort all the output pulses from the detector according to height.  The MCA also has a computer-type memory for storing the information from the ADC or from another source.  This feature allows automated data processing operations such as background subtraction and spectrum stripping.  Spectrum stripping is a technique for analysis of compound spectra that is based on sequential subtraction of known gamma ray spectra of individual isotopes from the compound spectrum recorded when the sample undergoing nuclear analysis contains several different gamma emitters.

































Figure 9.14.  Block diagram of a multi-channel analyzer.





	Analog-to-digital conversion is accomplished by charging a capacitor to the peak voltage of the pulse to be analyzed, and then discharging it.  While the capacitor is being discharged, "clock" pulses from a high frequency oscillator are counted by a scaler.  The number of clock pulses counted during the capacitor discharge is proportional to the time required for the capacitor to discharge, and thus is proportional to the height of the output pulse from the detector.  



	The output from the ADC is a logic pulse that is stored in a channel whose number, or "address" is determined by the number of clock pulses that were counted during the discharge of the capacitor.  Most multi-channel analyzers are built with the number of channels varying of a factor of 2 over the range of 128 to 4096, each with a storage capacity of 105 to 106 counts per channel, and "clock" frequencies ranging from 4 to 100 MHz.  The multi-channel spectrometer can print out the counts in each channel as well as visually displaying the gamma-ray spectrum on a cathode ray tube.  A typical simple gamma-ray spectrum is shown in Figure 9.15.



	The basis for radiation spectrometry is the location of spectral lines arising from the total absorption of charged particles or photons.  For this purpose, the resolution of the detector is important if spectral lines that are close together are to be separated and observed.  Resolution is defined as the ratio of the full width at half-maximum (FWHM) of the full energy peak (often called the "photopeak" when dealing with photon detectors) to the energy midpoint of the full energy peak (Figure 9.15).  If the full width of half-maximum is � EMBED Equation.2  ���E,



		         					     			

�ADVANCE \U 5.75�			percentage resolution	=	� EMBED Equation.2  ����ADVANCE \U 3.60�  �ADVANCE \D 2.15�x  100.
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Figure 9.15.  Gamma-ray spectrum of 137Cs.

�

	The smaller the energy spread, _E, the better is the ability of a detector to separate full energy peaks that are close together.  The resolution of a given detector is a function of energy and improves with increasing energy.  for example, for a 100 keV photon, the resolution of a NaI(TI) detector may be about 14%, whereas for a 1 MeV photon, it may be as good as about 7%.





9.6	Personal monitoring equipment



9.6.1	Dose measuring instruments



	Radiation flux is only one of the several factors that determine radiation dose.  For example a photon flux of 2000 per cm2/sec of 0.1 MeV radiation and one of 100 photons per cm2/sec of 2 MeV radiation will give about the same dose.  A flux measuring instrument, however, such as a Geiger counter, would register about 20 times more for the 0.1 MeV radiation than for the higher-energy radiation.  To measure radiation dose, the response of the instrument must be proportional to absorbed energy.  Persons working in designated radiation areas are required to wear personal dosimeters.  This is a device which measures the dose accumulated by the wearer and there are several types of personal dosimeters in common use.



9.6.2	The film badge



	This is the most common personal dosimeter and consists of a piece of photographic film in a special holder.  The film badge is one of the accepted methods of monitoring whole-body radiation dose for the purpose of record keeping.  The developed films may be stored and could if necessary, be rescrutinised later.



	The film badge in general use in the United Kingdom consists of a Kodak Personal Monitoring Type 2 film in a special holder.  The Kodak Type 2 film is a double emulsion type having a fast emulsion on one side and slow emulsion of the other.  The degree of blackening on the developed film is determined using a densitometer and then related by calibration to the radiation exposure of the film.  The use of two emulsions permits measurement over a wide range of dose.  The fast emulsion enables g-ray doses in the range of 50 mSv to about 50 mSv to be measured.  If a dose in excess of about 50 mSv has been received, part of the fast emulsion is stripped from the film and the slow emulsion then permits measurements up to 10 Sv.



	The holder is illustrated in Figure 9.16.  It incorporates several filters so that b, g, X and thermal neutron doses can be measured.  Basically beta dose is measured in the open window area, gamma under the lead and thermal neutron by taking the difference between the (lead + cadmium) and the (lead + tin) filters.  Thermal neutrons interact with cadmium via an (n, g) reaction and the resulting gamma rays give additional blackening under the cadmium filter.  The 300 mg/cm2 and 50 mg/cm2 filters permit energy corrections to be applied to the b and low energy g doses.  The strip of lead around the edge of the holder is to minimise edge effects at the boundary

 of the various filters.  The indium foil is an "exposure indicator" for critically accidents.  A dose above 10 mSv (1 rem) of thermal neutrons will activate the indium sufficiently to permit measurement using a Geiger-Müller tube.



















































Figure 9.16.  The film badge.





	Photographic films are used in radiation monitoring.   Films used for this purpose are usually 30 x 40 mm and are, of course, sealed in a light tight packet.  After processing, the film is read by passing a beam of light through it and measuring the optical density.  This observed density is converted to radiation dose by means of a calibration curve obtained by exposing a number of films to known doses and plotting a dose-density curve (see Figure 9.17).























Figure 9.17.  Dose-density curve.

�

	The sensitivity of the film depends on the grain size of the emulsion.  The most sensitive types give a range of dose measurement of about 50 mSv to 50 mSv.



	The main advantage of photographic film is that, with the aid of special film holders incorporating filters, it enables information on the type and energy of radiation to be deduced.  In addition, the developed film can be stored and rescrutinized later.  The most serious disadvantage is that a rapid reading cannot be obtained.



	Films used in film badge dosimeters are energy dependent in the low energy range, from about 0.2 MeV gamma radiation downward (Figure 9.18).  This energy dependence arises from the fact that the photoelectric cross section for the silver in the emulsion increases much more rapidly than that of air or tissue as the photon energy decreases below about 200 keV.  A maximum sensitivity is observed at about 30-40 KeV.  Below this energy, the sensitivity of the film decreases because of the attenuation of the radiation by the paper wrapper.



































Figure 9.18.  Energy dependence of a film badge dosimeter to x-rays.  (From N.B.S. Handbook 50, Photographic Dosimetry of X- and Gamma-rays, 1954).





9.6.3	Thermoluminescent dosimeters



	These materials offer an accurate and stable means of measuring dose over the short and long term and find applications both as whole-body and extremity monitors.  One of the disadvantages of this technique is that the process of reading the dose destroys the information, so that, unlike the film badge, the dosimeter can be read only once.  The TLD system also gives less information about the quality of the radiation.



	Two materials currently in use are lithium fluoride and calcium fluoride.  The latter is very sensitive but has a poor energy response.  Lithium fluoride is less sensitive but its energy response is excellent.  In a practical dosimeter system the thermoluminescent material is usually in the form of a powder or a thin disc.





	The majority of establishments are now using TLD systems as the primary method of personal monitoring.  This is because they are particularly suitable for automatic  linking to computerised dose recording systems.  Even in establishments in which the film badge is the main method of personal monitoring, TLD systems are used to provide a convenient method of short-term dose control.



	Many crystals, including CaF2 containing Mn as an impurity, and LiF, emit light if they are heated after having been exposed to radiation.  They are called thermoluminescent crystals.  Absorption of energy from the radiation excites the atoms in the crystal, which results in the production of free electrons and holes in the thermoluminescent crystal.  These are trapped by impurities or imperfections in the crystalline lattice thus locking the excitation energy into the crystal.  Heating the crystal releases the excitation energy as light.



	Figure 9.19 shows a characteristic glow curve for LiF, which is obtained by heating the irradiated crystal at a uniform rate, and measuring the light output as the temperature increases.   The temperature at which the maximum light output occurs is a measure of the binding energy of the electron on the hole in the trap.  More than one peak on a glow curve indicates different trapping sites, each with its own binding energy.  The total amount of light is proportional to the number of trapped, excited electrons, which in turn is proportional to the amount of energy absorbed from the radiation.  The intensity of the light emitted from the thermoluminescent crystals is thus directly proportional to the radiation dose.  



























Figure 9.19.  Glow curve for LiF that had been exposed to 100 R (1Gy).  The area under the curve is proportional to the total exposure





	In use, a very small quantity, of the order of about 50 mg is placed into a small capsule and exposed to radiation.  For readout, the phosphor is heated electrically and the intensity of the resulting luminescence is measured by a photomultiplier tube whose output signal, after amplification, is applied to a suitable readout instrument, such as a digital voltmeter.  The instrument is calibrated by measuring the intensity of light from phosphors that had been exposed to known doses of radiation.  Since the intensity of luminescence is proportional to the quantity of the phosphor as well as to the radiation absorbed dose, the amount of phosphor used in making a measurement must be kept as close as possible to the amount used in calibrating the instrument.



	Thermoluminescent dosimeters respond quantitatively to x-rays, gamma rays, beta rays, electrons, and protons over a range that extends from about 0.1 mGy to about 1000 Gy.  LiF thermoluminescent dosimeters are approximately tissue equivalent, since the effective atomic number of the LiF phosphor is 8.1, while the effective atomic number of soft tissue is about 7.4.  The response of aLiF thermoluminescent dosimeter is almost energy independent from about 100 keV to 1.3 MeV gamma rays.  Below 100 keV, the sensitivity increases somewhat, as shown in Figure 9.20.







































Figure 9.20.  Energy dependence of LiF compared with that of other unshielded dosimeters.





9.6.4	Fast neutron dosimeters



	The fast neutron dosimeter consists of a nuclear emulsion film sealed in a moisture proof sachet and worn in a holder similar to a film badge.  The holder contains lead, boron and plastic filters to screen the emulsion from body-scattered neutron radiation.  The fast neutrons interact with the base material of the film and cause recoil protons to be ejected.  These protons create ionisation tracks in the emulsion which show up when the film is developed.  The tracks are counted under a microscope and the number of tracks per square centimetre is a measure of the neutron dose.



	Track plates have a range of 1 mSv to 1Sv.  Their chief drawbacks are that they are tedious and expensive to evaluate and that they have a threshold energy of about 0.5 MeV for detection of neutrons.  In addition, they are sensitive to gamma radiation and a dose of about 100 mSv of g makes the counting of tracks impossible.

�

9.6.5	Criticality locket



	A criticality locket is worn in addition to the film badge or TLD whenever fissile material is handled (e.g. fuel element manufacturing and processing plants, fuel elements cooling ponds and reactors).  It is designed to measure the very high neutron doses which would be experienced during a criticality accident.  The criticality locket contains components which are activated by neutrons of different energies.  The reactions utilised in the dosimeter are:



			32S(n, p)32P			(S - sulphur, P - phosphorus)

			197Au(n, g)198Au	(Au - gold)

			115In(n, n)115In		(In - indium)





	All of the activated components are beta emitters and can be counted in a beta castle.  From the counts obtained the fast, intermediate and thermal neutron dose can be estimated.



9.6.6	Quartz fibre dosimeter



	The quartz fibre electrometer (QFD) is a pocket dosimeter, about the size of a large pen, which gives continuous visual indication of accumulated gamma dose.  It consists of a quartz fibre assembly in a small ion chamber, a spring loaded plunger for charging the QFD, a microscope lens through which to view the quartz fibre and a scale calibrated in roentgens.  The QFD is charged by applying a voltage to the centre electrode which causes the quartz fibre to deflect.  When it is exposed to gamma radiation the air inside the chamber is ionised and the charge on the electrode reduced.  Consequently the deflection of the quartz fibre is decreased and the change in deflection indicates the dose.  Quartz fibre dosimeter are available with sensitivities ranging from full scale deflections of 1 mSv to 100 Sv.
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Figure. 9.21.  Cross section of a direct reading quartz fibre dosimeter.





9.6.7	Electronic dosimeters



	Various types of electronic dosimeters are available, usually based on miniature G-M tubes.  They provide a direct display of either dose rate or accumulated dose.





9.7	Choosing a health physics instrument



	The choice of a surveying instrument for a specific application depends on a number of factors.  Some general requirements include portability, mechanical ruggedness, ease of use and reading, ease of servicing, ease of decontamination, and reliability.  In addition to these general requirements, health physics survey instruments must be calibrated for the radiation that they are designed to measure.



9.7.1	Ability to respond to the radiation being measured



	This point can be clarified with a practical example:  a commonly used side window beta-gamma probe has a window thickness of 30 mg/cm2.  This probe would be worse than useless if one wished to survey for low-energy beta radiation, such as 14C or 35S, or for an alpha contaminant such as 210Po.  Each of these radioisotopes emits only radiation whose range is less than 30 mg/cm2 - radiation not sufficiently penetrating to pass through the window of the probe.  Incorrect use of this probe, therefore, may falsely indicate safe conditions when, in fact, there may be severe contamination.  



	Similarly, incorrect inferences may be drawn if a neutron monitor is used to measure gamma radiation or if an instrument designed to measure gamma rays is used for neutrons.  It is essential that radiation survey instruments be used only for the radiation for which they are designed.



9.7.2	Sensitivity



	The instrument must be sufficiently sensitive to measure radiation at the desired level.  The requirement for sensitivity varies with the purpose the instrument is to be used for.  Environmental levels require fairly sensitive instruments and measurements of beams of radiation from various devices used in medicine and industry require much less sensitivity and a greater range of measurement.



	Since the allowable exposures to individuals in the workplace or public arena are relatively low, fairly sensitive measurements are required for adequate control of these exposures.  Instruments used for these kinds of measurements should be able to measure down to as low as 1.0 mSvh-1 on their lowest, or most sensitive range.  It is not uncommon for such instruments to be capable of measuring up to 10 mSv h-1 on their highest range.  Logarithmic or auto-ranging linear scales are now the most common type of readout.



9.7.3	Response time



	The response time of a survey instrument may be defined as the time required for the instrument to attain 63% of its final reading in any radiation field.  This time is determined by the product of the input capacity (in farads) of the detector and the shunting resistance (in ohms) across the detector.  The time constant is usually expressed in seconds.  A low value for the time constant means an instrument that responds to rapid changes in radiation level - such as would be experienced when passing the probe rapidly over a small area of contamination on a bench top or over a small crack in a radiation shield.  



	A fast response time, however, may mean a decrease in sensitivity.  Furthermore, a fast response time may result in rapid fluctuations of the meter reading, thus making it difficult to obtain an average level.   In practice, the response time of a survey instrument is designed to optimise these divergent factors.  Many instruments offer a range of response times, the appropriate one being selected by the surveyor turning the time constant selector switch to the desired value.



9.7.4	Energy dependence



	Most radiation measuring instruments have a limited span of energy over which the radiation dose is accurately measured.  One of the figures of merit of a radiation dosimeter is the energy range over which the instrument is useful.  In figure 9.22 typical response curves are shown for the ion chamber, geiger tube and scintillation detector.  It is seen that the ion chamber has a relatively flat response over the energy region 0.3 to 10 MeV while the response curves for the geiger tube and the scintillator tend to peak markedly at low energies.  



	Survey monitors are often calibrated using a radium-226 source, which has an effective photon energy of 0.8 MeV.  If the instrument is then used to measure radiation of different photon energy it may seriously underestimate or overestimate the dose rate.  Generally, compensating devices are incorporated into instruments using scintillation or geiger detectors to give a relatively uniform response from about 0.1 to 3 MeV.













































Figure 9.22.  Energy response curves of various detectors.





9.7.5	Volume of detector



	The volume of a detector affects the sensitivity of the instrument.  Increasing the volume increases the sensitivity of the detector.  However, with large volume detectors situations can arise where the detector volume is only partially saturated giving rise to inaccurate readings (Figure 9.23).























































Figure 9.23.  Partial and total saturation of a large volume detector.





	Radiation dose rates are a standardised measurement; they are not an arbitrary unit such as counts per second.  For this reason instruments used for dose rate measurements must be calibrated against a known standard.  It is therefore important that the conditions of use relate as closely as possible to the conditions under which the instrument was calibrated.



	Most dose rate meters are calibrated with the radiation entering from the front of the chamber.  This should also be the case when instruments are being used in practice.  It is important to realise also that the total volume of the detector must be exposed for the correct reading to be obtained.
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