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10.5.1Production of X-rays

Productionof X-rays

= Whenthe fast-movingelectrons collide with the target, X-rays are produced byone of two
methods

= Method 1:Bremsstrahlung
= Method 2:Characteristic Radiation

Method 1: Bremsstrahlung

= Whenhigh-speed electrons collide withametal target (oftentungsten),theyundergo asteep
deceleration
= Whenacharged particle decelerates quickly,some of the energyreleased is converted into
aphoton
= Asmallamount of the kinetic energy (~1%) from the incoming electrons is converted into X-rays
as the electrons decelerate inthe tungsten,due to conservation of energy
= Therestofthe energyheats upthe anode,whichusuallyrequires some formofcooling
= The energyofthe X-rayphotoncanbe of anyvalue,up to the original kinetic energyof the
electron, givingarange of possible X-ray energies
= These X-rays cause the continuous or ‘smoothhump shaped’line onanintensitywavelength
graph
Rangesof Wavelengthsin Bremsstrahlung Radiation
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The continuous spectra of Bremsstrahlung radiation at different acceleration potentials. As wavelength
decreases, the energy of the X-rays photons increases.

= Whenanelectronis accelerated,it gains energyequalto the product ofits charge and the
acceleratingpotential, V, this energy canbe calculated using:
Emax=eV

= This is the maximumenergy that an X-ray photon canhave
= The smallest possible wavelengthis equivalent to the highest possible frequencyand therefore,
the highest possible energy
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= Thisis assumingall of the electron’s kinetic energyhas turned into electromagnetic energy
= Therefore, the maximum X-ray frequency fmax orthe minimum wavelength A, that canbe
produced is calculated using the equation:

hc
A

min

E =eV=hf =
max

max

= The maximum X-ray frequency, 7. is therefore equal to:
eV
f =—

max h

= The minimum X-ray wavelength, A, is therefore equal to:
he
min eV

= Where:
= e=elementarycharge (C)
= V=potential difference betweenthe anode and cathode (V)
= h=Planck's constant(Js)
= c=thespeedoflight(ms-

Method 2: Characteristic Radiation

= Some oftheincomingfastelectrons cause innershellelectrons of the tungstento be ‘knocked

out’ofthe atom,leavingavacancy

= Thisvacancyis filled byanouterelectronmovingdown and releasing an X-ray photon as it
does (equalinenergyto the difference between the two energylevels)

= Because these X-rays are caused byenergylevel transitions, theyhave only specific
discrete energies

= Theycause sharp spikes onanintensitywavelength graph

= The numberofspikes depends onthe elementused forthe target -there are two sets of
spikes foratungstentarget,representingtwo sets of possible energytransitions

Characteristic Discrete X-Ray Wavelengths
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Electron transitions emit photons with discrete energies. Anincoming electron can cause these
transitions, making tungsten emit characteristic photons.

Combined X-Ray Spectra of Bremsstrahlung and Characteristic Photons
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@ Worked example

X-rays are atype of electromagnetic wave with wavelengths inthe range 10-8t0 10 ¥m

If the accelerating potential difference inan X-raytube is 60 kV, determine if the photons emitted
fall within this range.

Answer:
Step 1: Write out known quantities

= Chargeonanelectron,e=1.6 x1077C

= Acceleratingpotential difference, V=60 000V
= Planck’s constant,h=6.63x10734Js

= Speedoflight,c=3x108ms"

Step 2:Determine the maximumpossible energy of aphoton

= The maximum possible energyofaphotoncorresponds to the maximumenergyanelectron
could have:

Emax=€eV
Step 3:Determine anexpressionfor minimumwavelength
Planckrelation: E=hf
Wave equation: c=1A

= Whenenergyis a maximum:
Emax= €V =hfmax

= Maximumenergycorresponds to aminimum wavelength:

hc
eV= T
min
= Rearrange forminimumwavelength, A
hc
min=ﬁ

Step 4:Calculate the minimumwavelengthA i,
(6.63x10734)(3 x 108)

A=
min— (1.6% 10719)(60 000)
Amin=21x10"Tm

Step 5: Comment onwhether this is withinthe range for the wavelength of anX-ray

= X-raywavelengths are within10-8to 10-¥m
= The minimumwavelengthfora60kV supplyis 2.1x10-"m, which means the photons
produced will be X-rays
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@ Worked example

Atypical spectrumof the X-rayradiationproduced byelectronbombardment of ametal targetis
shownbelow.

Explain why:

(a) Acontinuous spectrumofwavelengths is produced.
(b) The gradientis steeperat shorterwavelengths.
(c) The spectrumhas asharp cut-off at short wavelengths.

Answer:
Part (a)
Step 1:Consider the pathof the electrons fromthe cathode to the anode

= Photons are produced wheneveracharged particle undergoes alarge accelerationor
deceleration
= X-raytubes fire high-speed electrons at ametal target
= Whenanelectroncollides withthe metal target,itloses energyinthe formof anX-rayphoton
asitdecelerates
Step 2:Considertherelationship betweenthe energy of the electronand the wavelengthof
the photon

= Thewavelengthofaphotondepends onthe energytransferred byadeceleratingelectron

= Theelectronsdon'tallundergo the same deceleration when theystrike the target

= Thisleads to adistributionof energies,hence,arange,orcontinuous spectrum,of
wavelengths is observed

Part (b)
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Step 1:Identify the significance of the intensity

= Theintensityof the graphsignifies the proportion of photons produced withaspecific
energy, orwavelength

= The higherthe intensity, the more photons of a particularwavelength are produced

= |notherwords,the totalintensityis the sumof all the photons with a particularwavelength

Step 2:Explainthe shape of the graph

= Whenasingle electroncollides withthe metal target, asingle photonis produced
= Mostelectrons onlygive up part of theirenergy, and hence there are more X-rays produced
at wavelengths higherthan the minimum (orenergies lowerthan the maximum)
= Atshortwavelengths,thereis asteepergradient because onlyafew electrons transferall,or
most of, theirenergy
Part (c)

Step 1:Identify the relationship between minimum wavelength and maximum energy

= The minimumwavelength of an X-rayis equal to

= The equationshows the maximum energyof the electroncorresponds to the minimum
wavelength, theyare inverselyproportional

= Therefore,the higherthe energyof the electron, the shorterthe wavelength of the X-ray
produced

Step 2:Explainthe presence of the cut-off point

= The acceleratingvoltage determines the kinetic energywhich the electrons have before
striking the target

= Thevalue of this acceleratingvoltage, therefore,determines the value of the maximum
energy

= This corresponds to the minimum, orcut-off, wavelength
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10.5.2 Rotating-Anode X-ray Tube

Rotating-Anode X-ray Tube

= AnX-raytubeis adevice that converts anelectricalinputinto X-rays
= |tiscomposed of fourmaincomponents:

= Aheated cathode

= Ananode

= Ametaltarget

= Ahighvoltage powersupply
= The productionof X-rays has manypracticaluses,suchasin:

= Medicalimaging (radiography)

= Security

= |ndustrialimaging

The Rotating-Anode X-ray Tube

The main components of an X-ray tube are the heated cathode, anode, metal target and a high voltage
supply
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Heated Cathode

= Atoneend ofthe tubeis the cathode (negative terminal) whichis heated by anelectric current
= The heatcauseselectrons to beliberated fromthe cathode, gatheringinacloud nearits
surface

= This process of thermionic emissionis the source of the electrons
Anode

= Atthe otherend of the tube,ananode (positive terminal) is connected to the high-voltage supply
= This allows the electrons to be accelerated upto avoltage of 200 kV
= Whenthe electrons arrive at the anode, they gainakinetic energyof 200 keV (bythe
definitionofanelectronvolt)
= Onlyabout1% of the kinetic energyis converted to X-rays
= Therestis converted to heat energy
= Therefore,to avoid overheating, the anodeis spunat 3000 rom and sometimes water-
cooled
MetalTarget

= Whenthe electrons hit the target athighspeed, theylose some of theirkinetic energy
= This energyis re-emitted as X-ray photons
= Aheat-resistantblock of metal,usuallytungsten,is embedded at the end of the anode, facing
the cathode
= Thisis the material that the electrons collide with and X-rays are generated in
High Voltage Power Supply

= Thehighvoltage supplycreates alarge potential difference (> 50 kV) betweenthe cathode and
the target

= This causes electronsinthe cloud around the cathode to be accelerated to ahighvelocity
towards the target, which theystrike, creating X-rays

Other Components

= X-rays are produced inalldirections, so the tube is surrounded bylead shielding
= Thisis to ensure the safetyof the operators and recipients of the X-rays
= Anadjustable window allows aconcentrated beam of X-rays to escape and be controlled
safely
= The anode and cathode are housed inside avacuumchamber
= Thisis to ensure that the electrons do notcollide with anyparticles on theirwayto the metal
target
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10.5.3 Using X-rays inMedical Imaging

Using X-rays in Medical Imaging

= X-rayimaging has become ahighlydeveloped technique which enables physicians to produce
detailed images of bones,soft tissues and evenblood vessels
= Whentreating patients, the mainaims of X-rayimaging are to:
= Reduce the patient's exposure to radiationas much as possible
= |mprove the contrast of the image

Reducing Exposure

= X-rays are ionising, meaning they can cause damage to livingtissue and can potentiallylead to
cancerous mutations
= Therefore,healthcare professionals must ensure patients receive the minimumradiationdosage
possible
= The X-raydose givento apatientdepends on
= The exposure time
= Theintensityof the beam
= X-rayequipmentis designed to reduce exposure and minimise therisk to the patient by
= Controllingthe intensity of the X-raybeam
= Usingabeamdefiner
= Usingametalfilter
= Usingsensitive detectionmethods
Controlling theintensity of the X-raybeam

= Theanode p.d.controls the maximumenergy of the X-ray photons from an X-ray tube
= The higherthe anode p.d., the shorterthe wavelength and hence, the higherthe energyofthe
X-rayphotons
= Shorterwavelengths of X-ray (high energy photons) are more penetrating, therefore, theyare
less likelyto be absorbed bythe body
= The cathode currentcontrols the intensity of the X-raybeam
= The higherthe cathode current, the more electrons that are emitted by thermionic emission
= |[fmoreelectronsreachthe anode eachsecond,thenmore X-ray photons are emitted per
second
= To minimise the exposure to the patient, the beamintensity should be reduced bylowering the
cathode current
= This minimises the risk to the patient byreducing the numberofionisingphotons passing through
the patienteachsecond
Beamdefiners
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= Abeamdefiner,orlead diaphragmplate,consists of two pairs of lead sheets withanarrow
aperture inthe centre whichis placed close to the X-ray tube (where the X-rays are emitted)
= |ead diaphragmplates minimise the exposure to the patient by producingafocused
(collimated) beam
= Thisisnecessarybecause:
= Photons are emitted by the X-ray tube inmanydirections
= Thelead plates absorbthe scattered photons and the aperture allows X-rays travellingina
specific directionto pass through
= This minimises the risk to the patient because the narrow beamis used to investigate a specific
areaofthebodyonly
= Therefore,the areas of the bodynotbeingscanned are notexposed to ionisingphotons
Metalfilters

= Ametalfilteris athinsheet of metal, usually aluminium,whichis placed inthe path of the beam
between the X-ray tube and the patient
= Aluminium filters minimise the exposure to the patient byreducing the intensity of low-energy X-
rays
= Thisisnecessarybecause:
= Manywavelengths of X-ray are emitted by the X-ray tube
= |Longerwavelengths of X-ray(low energyphotons) are less penetrating, therefore, theyare
more likelyto be absorbed by the body
= As aresult,analuminium filterminimises the risk to the patient becauseitreduces the amount of
ionising photons which the bodycould absorb
= This happens because the aluminiumsheet:
= Absorbs alarge percentage of the low-energy photons (whichare notneeded to produce
animage)
= Allows the high-energy photons to pass straight through
Sensitive detection methods

= The exposure time canbereduced byusingamore sensitive X-raydetector, by
= Usinganelectronic detectorinstead of photographic detection
= |ntensifyingthe image

Contrast & Sharpness

= Contrastisdefined as:
The differenceindegree of blackeningbetweenstructures

= Contrastallows acleardifference betweentissues to be seen

= |mage contrastcanbe improved by:
= Usingthe correctlevel of X-rayhardness:hard X-rays forbones,soft X-rays fortissue
= Usingacontrastmedia

= Sharpnessis defined as:

How well-defined the edges of structures are

= |mage sharpness canbe improved by:
= UsinganarrowerX-raybeam
= ReducingX-rayscatteringbyusingacollimatororlead grid
= Smallerpixelsize
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Contrast Enhancement

= Acontrast mediumis defined as:
Asubstance,suchas bariumoriodine, whichis agood absorber of X-rays. A patient
is giventhis so abigger contrast canbe obtained onanX-ray image

= Theuseofacontrastmediumis sometimes required because:
= Some softtissue organs do notshow up onX-rays whenthe organs have similar attenuation
coefficients
= Contrastmediaare good absorbers of X-rays as theyhave alarge attenuation coefficient
= Hencewhencontrastmediaenteranorgan,the X-rayimage is enhanced as the substance s
opaque to X-rays
= Bariumandiodine are used dependingonthe organbeingimaged
= Jodineisusedasacontrastmediuminliquidsi.e.to observe blood flow - this is usually
injected into the patient
= Bariumsulphate isused as acontrast mediumin the digestive system - this is usually
ingested bymouth and is known as a barium meal
= Thelarge attenuationcoefficient of contrast materials is due to the large atomic number of
these elements
= Bariumhas anatomic numberof 56, whileiodine has anatomic numberof53

Usingiodine asa contrast medium

lodine makes liquids, such as blood, opaque to X-rays and improves the contrast of the X-ray image

Using a bariummeal asa contrast medium
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Barium makes intestines opaque to X-rays and improves the contrast of the X-ray image
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10.5.4 X-ray Detection

X-ray Detection

= X-rays canbe detected andimages canbe produced fromthree maindetectionmethods:
= X-rayflatpanel (FTP)detectors
= Photographic film
= Fluoroscopicimageintensification

Flat-Panel Detectors

= X-rayflat panel (FTP) detectors are the mostcommontype of detectionmethod used inmedical
facilities today
= Theyare madeupofthreelayers,or'panels”:
= The scintillator layer
= The photodiode pixellayer
= The electronic scanner layer
X-rayFlat PanelDetector Structure

The process of forming a digitalimage using an X-ray flat panel detector

= Once the X-rays arrive at the FTP detectorbehind the patient:
= Theelectronsinthe scintillatorlayerabsorb the high-energy X-rays and emit visible photons
= The emitted visible photons are thenabsorbed byphotodiode pixels and triggerthe release
of electrons
= Therelease of electrons generates ap.d.(electrical signal) whichis processed and
transmitted as a digitalimage to be stored onacomputer
= FTPdetectors canproduce high-qualityimages of most solid structures inthe body,such as
bones and joints
= Thesetypesofdetectorsarealso usedinmostcommercialuses of X-rays, such as airport
security

Photographic Film Detection
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= Before digital methods,the original X-raydetectors used photographic film
= |Inmedicine today,however,photographic detectionisrarelyused
= Anintensifyingscreenor'cassette'is adevice containingtwo fluorescentscreens placed on
eitherside of adouble-sided X-ray film
X-rayIntensifying Cassette

In anintensifying cassette, photographic fiim is sandwiched between two sheets of fluorescent material

= The X-rays expose the photographic filmbut the fluorescent screens emit light that exposes the
filmfaster

= EachX-rayabsorbed bythe fluorescent material causes several visible light photons to be
emitted
= These visible photons contribute to the darkening of the film, allowing the image to form
about 20 times fasterthanusing X-rays alone
Structure of anIntensifying Screen

The fluorescent screens on both sides of the film significantly shorten the exposure time required to
produce the X-ray image

= Usinganintensifyingscreenallows the overall exposure time of X-rays to be shortened
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= Thisis beneficialto the patientbecause
= Reducingthe exposure time reduces theionisingdose of radiationreceived by a patient
= The patientdoes nothave to be stationaryforso long

The lmage Intensifier

= Afluoroscopic image intensifieris a device which consists of
= Anevacuated glass tube
= Aphotocathode
= Multiple anodes
= Two fluorescentscreens,one ateachend of the evacuated tube
= The operationofanimage intensifieris as follows:
= Animage forms onthe first fluorescent screenas incident X-rays are absorbed and re-
emitted as visible photons
= Visible photons cause electrons to be emitted fromthe photocathode
= The emitted electrons are accelerated throughalarge p.d.(about 25 kV) towards the anodes
whichfocus themonanoutput window
= Theintensified imageis formed onthe fluorescentviewingscreenatthe end of the
evacuated tube
= Oftenacamerais attached to the output window to allow the images to be viewed onaTV
screen
Structure of a Fluoroscopiclmage Intensifier

Animage intensifier converts X-rays to photons using fluorescent screens and increases the brightness
through the acceleration of electrons to show processes in real-time

= The finalimage onthe fluorescentviewingscreenis about 5000 times brighter compared to the
initialimage onthe first fluorescent screenbecause the electrons are:

P)
] Focusedontoasmallerareaforagivenpoweroutput,henceintensityincreases( = X}

\
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= Givenalarge amount of energydue to the acceleration bythe anodes whichmeans several
photons are produced foreveryelectronarriving at the fluorescent viewing screen
= This method of X-raydetectionis used forimaging movement
= This means real-time images canbe observed and recorded
= Forexample,dynamic processes suchas swallowingorblood flowinand around organs
= This method involves a higherradiationdose to the patient thanin X-rayimaginginvolving asingle
exposure
= Thisisbecause acontinuous beamof X-rays is required forthe durationof the procedure
= However,if the imageintensifieris used witha TV camera, the radiation dose is minimised
compared to taking severalimages of the sameregion

@ Worked example
Forafluoroscopic image intensifier, state the purpose(s) of

(a) the fluorescent screenat the photocathode

b) the photocathode

(c) the anodes

(d) the fluorescent screenat the end of the evacuated tube
(d) the evacuated tube

—

Answer:
(a)The purpose of the fluorescent screenat the photocathodeis...

= To absorb X-rayphotons and emitvisible light photons
(b)The purpose of the photocathodeis...

= To absorbvisible light photons and emit electrons from the surface of the cathode
(c)The purposes of the anodes are...

= To accelerate the electronsreleased at the cathode
= To focusthe electronbeams to produce animage
(d)The purpose of the fluorescent screenat the end of the evacuated tubeis...

= To convertthe energyofeachelectroninto severalvisible light photons
(e)The purpose of the evacuated tubeis...

= To preventcollisions betweenelectrons and airmolecules
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Advantages of the FTP Detector

= Previously,X-rayimages were predominantly produced using photographic film
= Now,digital methods,suchas flat paneldetection (FTP), are preferred

= The keyadvantages of FTP detectors compared with photographic detectionare:
1.Flat-panel detectors are faster than film

= This means X-rayimages canbe produced inreal time,which allows forquickerdiagnoses
= Whereas photographic filmrequires time to be processed and developed
2.Flat-paneldetectors are more sensitive than film

= Thismeans alowerdose ofradiationcanbe administered to the patientto produce animage
of the same qualitycompared to one produced by film
3.Flat-panel detectors produce digitalimages

= Digitalimages canbe processed quickly, as wellas stored and transferred withease
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@ Worked example
Forthe following X-raydetectionmethods

= Photographic film
= Flat panel (FTP)detector
= Fluoroscopicimage intensification
State and explainwhich one should be used inthe following situations:

(a) to produce animage of abrokenbone
(b) to observe the blood flowinanorganinreal-time
(c) to performaroutine dental check

Answer:

(a)
Step 1: State the best technique to produce animage of abrokenbone:

= Flatpanel (FTP)detection
Step 2:Explainthe advantage of FTP overimage intensification:

= Thereis no movementso areal-time image is notrequired
Step 3:Explainthe advantages of FTP over photographic film:

= FTPis more sensitive thanfilmwhichmeans amore detailed image of the bone canbe
produced

= FTPisfasterthanfiimasitdoesn’thave to be developed, which means the diagnosis canbe
made quicker

= FTPproduces adigitalimage whichis easierto save, share ortransferunlike film

= FTPallows foramuchlowerdose of X-rays to be used than filmwhichis saferforthe patient

(b)
Step 1:State the best technique to observe the blood flowinanorganinreal-time:

= Fluoroscopicimageintensification
Step 2:Explainthe advantages of image intensification:

= Blood flowis adynamic process and onlythe fluoroscopicimage intensifiercancapture
real-time movement

= Theintensifyingscreenis more sensitive thanfiimand does notneed to be developed

= However, the intensifyingscreendoesrequire agreaterexposure time than filmand FTP

(c)

Step 1: State the best technique to performaroutine dental check:
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= Photographic filmORflat paneldetection
Step 2:Explainthe advantages of FTP or flmoverimage intensification:

= Thereis no movementso areal-timeimageis notrequired
= Bothfilmand FTP provide alowerdose ofradiationthanthe intensifyingscreen
Step 3:Explainthe advantage of FTP or photographic fimover the other method:

= FTPisthe bestoptionasitis more sensitive than film, allows the shortest exposure time and
produces adigitalimage
OR

= Photographic filmwould be acceptable foraroutine checkif it was the onlyavailable
technology

10.5.5 Attenuation of X-rays

Attenuation of X-rays in Matter

= Whenacollimated beam of X-rays passes through a patient’s body, the X-ray photons are
absorbed and scattered

= Different materials absorb X-rays by different amounts

= Forexample,bones absorb alarge proportion of X-ray photons whichis whytheyappear
bright white onan X-rayimage

= Asthe X-rays pass through a material, the intensityof the beamis found to decayexponentially
= Thisdecreaseinintensityis knownas attenuation

= The attenuationof X-rays canbe calculated using the equation:

= —uXx
1 Ioe
= Where:
u IO=theintensityoftheincidentbeam(Wm‘Z)

s I-the intensity of the transmitted beam (W m-2)
= U =thelinearabsorption coefficient(m)
= X =distance travelled through the material (m)

= Thelinearattenuationcoefficient il is defined as
The fractionof X-rays removed per unit thickness of the materialforaspecified
energy of the X-rays

= Thevalue of ndepends onthe density of asubstance and the energy of the X-rayphotons
= The greaterthe densityof amaterial, the greaterthe value of p
= Forexample,bone absorbs agreaterproportionof X-rays thansoft tissue due to its higher
density
Absorption of X-raysbyfleshand bone
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Boneis denserthan soft tissues, such as flesh, so X-rays are absorbed more over a shorterdistance

Half -value thickness

= Similarto half-lifeinradioactivity,amaterial's abilityto absorb X-rays is known as its half-value
thickness
= The half-value thickness of amaterial canbe defined as:
The thickness of the material whichwillreduce the intensity of X-rays to half its
originallevel for aspecified energy of the X-rays

1
0
= |fthe half-value thicknessis X = Xl/z,thenintensityhas avalueof I = 7,30 substituting this
into the attenuationequation gives:
I
0 — X,
S = /2
5 IO e
1 -
— = ¢ 'uX]/Z
2
= Takingnaturallogarithms of both sides gives
| 1
n— = —ux
2 VA
In2 = ux
H 1/
= Hence, the half-value thickness of asubstance is given by:
In2
X _
VA
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@ Worked example

Astudentinvestigates the absorption of X-rayradiationinamodelarm.Across-sectionof the
modelarmis showninthe diagram.

Parallel X-raybeams are directed alongline MM and line BB.The linearabsorption coefficients of
the muscle and the bone are 0.20 cm~'and 12cm-'respectively.

Calculate theratio:

intensity of incident X — ray beam from model

intensity of incident X — ray beam on model
foraparallel X-raybeamdirected along
(a)line MM
(b)line BB
and state whetherthe X-rayimages have good contrast.
Answer:
(a)
Step 1: Write out the known quantities

= Linearabsorptioncoefficientformuscle, ﬂm =0.20cm™

= Distance travelled through the muscle, Xm =8.0cm

Step 2:Write out the equationfor attenuationand rearrange

I= I0 e KX
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= Where I =the intensity of the incident X-ray beam from the model

= And [0 =theintensityoftheincident X-raybeam onthe model

intensity of incident X — ray beam from model I Cx
intensity of incident X — ray beam on model 1, ¢

Step 3:Substituteinvalues and calculate the ratio

l = ¢—(020%8.0) = 0.2

Iy

(b)

Step 1: Write out the known quantities

Linearabsorptioncoefficientformuscle, M= 0.20cm’!

Linearabsorption coef'ﬁcientforbone,/,tb =12cm-!
= Distance travelled through the muscle, Xm =4.0cm
= Distance travelled throughthe bone, X, =4.0cm

b
Step 2:Write out the equationforattenuationfortwo mediaand rearrange

- X

— =e mmXe_‘ubXb

Step 3:Substitute invalues and calculate the ratio

I
— = ¢ (020%x4.0) x o—(12%X4) = 4% 10722 = ()

h

Step 4:Write aconcluding statement

= Eachratio gives ameasure of the amount of transmissionof the beam fromthe model
= Agoodcontrastis when:

= Thereis alarge difference betweenthe intensities

= Theratiois muchlessthan1.0
= Therefore,bothimages have agood contrast
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Differential Tissue Absorption

= Theamountofattenuationofabeamof X-rays dependson

= Thedensity of the absorbingtissue

= The energy of the X-rayphotons

Thelinearattenuationcoefficientpofanabsorberis proportional to the densityp of the

absorbing substance

= The higherthe density of a material,the more X-rayenergythat it absorbs

= Thisis because the photonsinteract withmore atoms, oralargermass of atoms,inthe same
volume

Therefore, dividingthe value of pof amaterial byits density gives aconstant value forthat

particularsubstance

This constantis known as the mass attenuationcoefficient

Where:

* I =mass attenuationcoefficient(m?kg™)
m

= U =linearattenuationcoefficient (m

» P =densityofthe absorbing material (kg m~3)
The mass attenuationcoefficient of asubstance describes how easilyabeamof X-rays of a
certainenergy canpenetrate it
= The greaterthe mass attenuationcoefficient,the strongerthe absorptionof X-rays by the
material
= Thelowerthe mass attenuation coefficient, the greaterthe penetrationof X-rays through the
material
Massattenuation coefficientsforcommon elements
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Atvery high and very low X-ray energies, differences in attenuation are very small. The optimum range for
distinguishing different tissues is 30 keV to 100 keV

Photonsof energieslessthan 30 keV...

= Are absorbed bysofttissue and bone
= Therefore,these photons are removed from the X-raybeam by placing a suitable metal filter (e.g.
lead ortin)inthe path of the X-raybeam
Photonsof energiesbetween 30 keVand100keV...

= Are absorbed morereadilybybone thanbysofttissue
= Thisis because the elementsinbone have higher atomic numbers thanthe elementsinsoft
tissues so bone canabsorb photonsinthis energyrange more readily
= Therefore,these photons are used to distinguishbetweensofttissue and bone
Photonsof energiesgreaterthan100keV...

= Are absorbed more equallyinalltypes of tissue,includingbone

= This means theyproduce no distinctionbetweenanytissues

= Therefore,these photons are notused indiagnostic X-rayimaging
Attenuationin different elements

= The graphofmass attenuationcoefficient and X-rayphotonenergyforelements with different
values of atomic numberZ shows that
= Elements withlowerZ values tend to absorbalowerproportionof X-rays
= Elements with higherZ values tend to absorb a greaterproportionof X-rays

Page 25 of 32
For more help visit our website www.exampaperspractice.co.uk



E=l

Exam Papers Practice

= The table below shows the compositionof different substances and the effect of atomic
numberonattenuation

Substance Elements Effect on attenuation

hydrogen (IH),carbon (6C) and

softtissue o lowerZ values,less attenuation
oxygen (8 )
hydrogen (1H) carbon (6C)’
bone oxygen (80)’ calcium (Zoca) and | higherZ values, more attenuation
phosphorus (15P)

veryhighZ values, verylarge
attenuation

contrast media iodine (531) and barium(56Ba)
ideal forimprovingcontrast
veryhighZ values, high attenuation
i atlowerenergies
heavy metals lead (82Pb) and tin (SOSH)
idealforuse as metalfilters
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@ Worked example

Amonochromatic beam of X-rays passes through an aluminium sheet of thickness 2.5 mm.The
intensityofthe beamisreduced by25%.

Calculate the mass attenuationcoefficient forthese X-rays.
The densityof aluminiumis 2700 kg m-3

Answer:
Step 1:List the known quantities:

» IntensityofX-raybeam, I = (1 —0.25)10 = 0.75 IO

= Thickness ofaluminiumsheet, X =2.5mm=0.0025m
» Densityof aluminium, p =2700kgm=3
Step 2:Determine the linear attenuationcoefficient of the X-rays

I=1 e#
= ~0.0025
0.751, =1 e K

0.75 = ~0.00254

= Take naturallogs of bothsides:

n0.75 = —0.0025u
_ In0.75
K= 7 70.0025

linearattenuation coefficient: (L =T15m-""!

Step 3:Determine the mass attenuationcoefficient of the X-rays

_H
=5
15
Fm = 2700

mass attenuation coefficient: u_= 0.043m?kg™!
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@ Worked example

The table shows the linearattenuation coefficients forbone and muscle at three different X-ray
photonenergies.

Photonenergy / keV Bonep/cm™! Muscle p/cm™!
30 213 0.41
50 0.68 0.24
80 0.36 0.20
100 0.30 0.18

Determine the energy of X-ray photons that would produce animage of muscle next to bone with
the best contrast.

Answer:
Step 1:Recallthe factor that determines the quality of contrast

= Contrastdepends onthe differenceinattenuation
= The smallerthe differenceinattenuation, the poorerthe contrast
= Thelargerthe differenceinattenuation,the betterthe contrast
Step 2:Determine the difference betweenthe values of attenuationat eachenergy

= At30keV, the differenceinattenuationis 213 -0.41=172cm"’

= At50keV, the differenceinattenuationis 0.68 -0.24=0.44cm"!

= At80keV, the difference inattenuationis 0.36 -0.20=0.16 cm™!

= At100keV, the differenceinattenuationis 0.30-0.18=0.12cm™!

= The difference betweenuofbone and muscleis greatestusing 30 keV X-rays hence this
energywould produce animage with the best contrast
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10.5.6 The CT Scanner

Computed Tomography Scanning

= Computerised axialtomography(CT) scanningis animaging technique whichuses X-rays to
produce very high-resolutionimages of the internal structures of the body
= ACTscancanproduce:
= Sharp,focused 2Dimages of thinslices of the body
= Detailed 3Dimages of sections of the body
= ThemainfeaturesofaCTscannerare
= Aring-shaped structure whichallows forrotation of the components
= AnX-ray tube mounted onone side of thering
= Anarray of detectors mounted onthe otherside of the ring(opposite the X-ray tube)
= Acomputerwhichprocesses theimages
Featuresof a CT scanner

During a CT scan, the patient lies in the centre of a ring while the X-ray tube and detectors are rotated
around the organ being examined
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= The mainprinciples of the operationofaCTscanare as follows:

The patientlies stationaryat the centre of aring while the X-ray tube and arrayof detectors
arerotated around theminopposite directions

The X-raytube produces anarrow, monochromatic beamof X-rays as short pulses

The X-raybeam passes through the patient and arrives at the arrayof detectors onthe
opposite side of thering

The X-raytube rotates and sends beams through the same slice of the bodyindifferent
directions

Signals fromthe detectors are fed into acomputerand are combined to generate a2D
image of the slice

This processisrepeated to build upimages of successive slices

Acomputercombines the images to produce a 3Dimage which canbe rotated and viewed
fromdifferentangles

Building animage using CT scanning

CT scans take several 2D images from multiple positions to create a 3D image

= Howtheimageisbuilt up:

The detectors are arranged around the outside of the path of the X-rays

The X-rays pass through the patient and arrive at the detectoronthe opposite side

The detectorsregisteralowerintensity thanthe initial intensity of the transmitted beam

The detectors relaythis informationto acomputerwhichproduces across sectionalimage
overtime

Image of aslice producedbya CT scan
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A CT scan produces detailed images of slices of the body. This diagram shows a CT scan through a
patient's abdomen, which can be combined with many slices to allow a comprehensive 3D image to be
built up

O Exam Tip

Don’t confuse CAT scans with MRIscans. The machines bothlook like large doughnuts but MRI
uses magnetic fields not X-rays!

Pros & Cons of CT Scanning

= Asimple X-rayimage can provide useful,but limited, informationabout internal structuresina2D
image
= Whenamore comprehensive image is needed,acomputerised axialtomography (CT) scanis
needed
Advantagesof CT scans:

= Produces highresolutionand highcontrastimages (software canadd colourand sharpen
images, and parts of the image canbe edited out)
= Candistinguishbetweentissues with similarattenuation coefficients
= Softtissue and bone canbeimaged inasingle process
= Produces a3Dimage of the bodybycombiningtheimagesineachdirection
= No overlappingimages (e.g.bones obscuringorgans)
Disadvantagesof CT scans:

= The patientreceives amuchhigherradiationdose compared to anormal X-ray
= CTscans are time-consuming and expensive
= Possible side effects fromthe contrast media
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@ Worked example
AnX-rayimage is taken of the skull of apatient. Anotherpatient has a CT scan of theirentire head.
Byreference to the formationof theimageineachcase:

= suggestwhichmethodis more suitable forassessinghead injuries.
= explainwhythe exposure to radiationdiffers between the two imaging techniques.
Answer:

InX-ray imaging:

= The simple X-rayimage involves taking a single exposure which produces a single 2Dimage
= Asimple X-rayis suitable foridentifying simple fractures to the skull,but cannot give further
details about ahead injuryas it cannotimage brain tissue
= Thistechniqueis quickerthan CT scanning and less harmful to the patient as the radiation
doseis muchlower
InCT scanning:

= ACTscaninvolves takingseveralexposures of aslice of the head from manydifferent
directions

= Thisisrepeated forseveralslices so signals canbe combined to build a 3Dimage of the
patient's head

= CTscanningis bestforhead injuries as it canprovide amore detailed, high-resolutionimage
ofthe tissue boundaries inside the skull than a simple X-ray

= However,CT scanningis more time-consuming, so the patientis exposed to amuch greater
radiation dose than the simple X-ray
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