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   10.5 X-ray Imaging



10.5.1 Production of X-rays

Production of X-rays

When the fast-mo ving electro ns co llide with the target, X-rays are pro duced by o ne o f two

metho ds

Metho d 1: Bremsstrahlung

Metho d 2: Characteristic Radiatio n

Method 1: Bremsstrahlung

When high-speed electro ns co llide with a metal target (o ften tungsten), they undergo  a steep

deceleratio n

When a charged particle decelerates quickly, so me o f the energy released is co nverted into

a pho to n

A small amo unt o f the kinetic energy (~ 1% ) fro m the inco ming electro ns is co nverted into  X-rays

as the electro ns decelerate in the tungsten, due to  co nservatio n o f energy

The rest o f the energy heats up the ano de, which usually requires so me fo rm o f co o ling

The energy o f the X-ray pho to n can be o f any value, up to  the o riginal kinetic energy o f the

electro n, giving a range o f po ssible X-ray energies

These X-rays cause the co ntinuo us o r ‘smo o th hump shaped’ line o n an intensity wavelength

graph

Ranges of  Wavelengt hs in Bremsst rahlung Radiat ion
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The continuous spectra of Bremsstrahlung radiation at di�erent acceleration potentials. As wavelength

decreases, the energy of the X-rays photons increases.

When an electro n is accelerated, it gains energy equal to  the pro duct o f its charge and the

accelerating po tential, V , this energy can be calculated using:

E  = eV

This is the maximum energy  that an X-ray pho to n can have

The smallest po ssible wavelength is equivalent to  the highest po ssible frequency and therefo re,

the highest po ssible energy

max
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This is assuming all o f the electro n’s kinetic energy has turned into  electro magnetic energy

Therefo re, the maximum X-ray frequency f , o r the minimum wavelength λ , that can be

pro duced is calculated using the equatio n:

Emax=eV=hf max=
hc

λmin

The maximum X-ray f requency, f , is therefo re equal to :

f max=
eV
h

The minimum X-ray wavelength, λ , is therefo re equal to :

λmin=
hc
eV

Where:

e = elementary charge (C)

V = po tential di�erence between the ano de and catho de (V)

h = Planck's co nstant (J s)

c = the speed o f light (m s )

Method 2: Characteristic Radiation

So me o f the inco ming fast electro ns cause inner shell electro ns o f the tungsten to  be ‘kno cked

o ut’ o f the ato m, leaving a vacancy

This vacancy is �lled by an o uter electro n mo ving do wn and releasing an X-ray pho to n as it

do es (equal in energy to  the di�erence between the two  energy levels)

Because these X-rays are caused by energy level transitio ns, they have o nly speci�c

discrete energies

They cause sharp spikes o n an intensity wavelength graph

The number o f spikes depends o n the element used fo r the target - there are two  sets o f

spikes fo r a tungsten target, representing two  sets o f po ssible energy transitio ns

Charact erist ic Discret e X-Ray Wavelengt hs

max min

max

min

−1
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Electron transitions emit photons with discrete energies. An incoming electron can cause these

transitions, making tungsten emit characteristic photons.

Combined X-Ray Spect ra of  Bremsst rahlung and Charact erist ic Phot ons
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Worked example

X-rays are a type o f electro magnetic wave with wavelengths in the range 10  to  10  m

If the accelerating po tential di�erence in an X-ray tube is 60 kV, determine if the pho to ns emitted

fall within this range.

Answer:

Step 1: Write o ut kno wn quantities

Charge o n an electro n, e = 1.6 × 10  C

Accelerating po tential di�erence, V = 60 000 V

Planck’s co nstant, h = 6.63 × 10  J s

Speed o f light, c = 3 × 10  m s

Step 2: Determine the maximum po ssible energy o f  a pho to n

The maximum po ssible energy o f a pho to n co rrespo nds to  the maximum energy an electro n

co uld have:

E  = eV

Step 3: Determine an expressio n f o r minimum wavelength

Planck relatio n: E = hf

Wave equatio n: c = fλ

When energy is a maximum:

E  = eV = hf

Maximum energy co rrespo nds to  a minimum wavelength:

eV=
hc

λmin

Rearrange fo r minimum wavelength, λ :

λmin=
hc
eV

Step 4 : Calculate the minimum wavelength λ

λmin=
( )6 .63×10−34

( )3×108

( )1 .6×10−19
( )60 000

−8 −13

−19

−34

8 −1

max

max max

min

min

λ  = 2.1 × 10 m

Step 5: Co mment o n whether this is within the range f o r the wavelength o f  an X-ray 

X-ray wavelengths are within 10  to  10  m

The minimum wavelength fo r a 60 kV supply is 2.1 × 10 m, which means the pho to ns

pro duced will be X-rays

min
−11 

−8 −13

−11 
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(a)

(b)

(c)

Worked example

A typical spectrum o f the X-ray radiatio n pro duced by electro n bo mbardment o f a metal target is

sho wn belo w.

Explain why:

A co ntinuo us spectrum o f wavelengths is pro duced.

The gradient is steeper at sho rter wavelengths.

The spectrum has a sharp cut-o � at sho rt wavelengths.

Answer:

Part (a)

Step 1: Co nsider the path o f  the electro ns f ro m the catho de to  the ano de

Pho to ns are pro duced whenever a charged particle undergo es a large acceleratio n o r

deceleratio n

X-ray tubes �re high-speed electro ns at a metal target

When an electro n co llides with the metal target, it lo ses energy in the fo rm o f an X-ray pho to n

as it decelerates

Step 2: Co nsider the relatio nship between the energy o f  the electro n and the wavelength o f

the pho to n

The wavelength o f a pho to n depends o n the energy transferred by a decelerating electro n

The electro ns do n't all undergo  the same deceleratio n when they strike the target

This leads to  a distributio n o f energies, hence, a range, o r co ntinuo us  spectrum, o f

wavelengths is o bserved

Part (b)
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Step 1: Identif y the signi�cance o f  the intensity 

The intensity o f the graph signi�es the pro po rtio n o f pho to ns pro duced with a speci�c

energy, o r wavelength

The higher the intensity, the mo re pho to ns o f a particular wavelength are pro duced

In o ther wo rds, the to tal intensity is the sum o f all the pho to ns with a particular wavelength

Step 2: Explain the shape o f  the graph

When a single electro n co llides with the metal target, a single pho to n is pro duced

Mo st electro ns o nly give up part o f their energy, and hence there are mo re X-rays pro duced

at wavelengths higher than the minimum (o r energies lo wer than the maximum)

At sho rt wavelengths, there is a steeper gradient because o nly a few electro ns transfer all, o r

mo st o f, their energy

Part (c)

Step 1: Identif y the relatio nship between minimum wavelength and maximum energy

The minimum wavelength o f an X-ray is equal to

λmin=
hc

Emax

The equatio n sho ws the maximum energy o f the electro n co rrespo nds to  the minimum

wavelength, they are inversely pro po rtio nal 

λmin∝
1

Emax

Therefo re, the higher the energy o f the electro n, the sho rter the wavelength o f the X-ray

pro duced

Step 2: Explain the presence o f  the cut-o � po int

The accelerating vo ltage determines the kinetic energy which the electro ns have befo re

striking the target

The value o f this accelerating vo ltage, therefo re, determines the value o f the maximum

energy

This co rrespo nds to  the minimum, o r cut-o �, wavelength
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10.5.2 Rotating-Anode X-ray Tube

Rotating-Anode X-ray Tube

An X-ray tube is a device that co nverts an electrical input into  X-rays

It is co mpo sed o f fo ur main co mpo nents:

A heated catho de

An ano de

A metal target

A high vo ltage po wer supply

The pro ductio n o f X-rays has many practical uses, such as in:

Medical imaging (radio graphy)

Security

Industrial imaging

T he Rot at ing-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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Heat ed Cat hode

At o ne end o f the tube is the catho de (negative terminal) which is heated by an electric current

The heat causes electro ns to  be liberated fro m the catho de, gathering in a clo ud near its

surface

This pro cess o f thermio nic emissio n is the so urce o f the electro ns 

Anode

At the o ther end o f the tube, an ano de (po sitive terminal) is co nnected to  the high-vo ltage supply

This allo ws the electro ns to  be accelerated up to  a vo ltage o f 200 kV 

When the electro ns arrive at the ano de, they gain a kinetic energy o f 200 keV (by the

de�nitio n o f an electro nvo lt)

Only abo ut 1%  o f the kinetic energy is co nverted to  X-rays

The rest is co nverted to  heat energy

Therefo re, to  avo id o verheating, the ano de is spun at 3000 rpm and so metimes water-

co o led

Met al Target

When the electro ns hit the target at high speed, they lo se so me o f their kinetic energy

This energy is re-emitted as X-ray pho to ns

A heat-resistant blo ck o f metal, usually tungsten, is embedded at the end o f the ano de, facing

the catho de

This is the material that the electro ns co llide with and X-rays are generated in

High Volt age Power Supply

The high vo ltage supply creates a large po tential di�erence  (> 50 kV) between the catho de and

the target

This causes electro ns in the clo ud aro und the catho de to  be accelerated to  a high velo city

to wards the target, which they strike, creating X-rays

Ot her Component s

X-rays are pro duced in all directio ns, so  the tube is surro unded by lead shielding

This is to  ensure the safety o f the o perato rs and recipients o f the X-rays

An adjustable windo w allo ws a co ncentrated beam o f X-rays to  escape and be co ntro lled

safely

The ano de and catho de are ho used inside a vacuum chamber

This is to  ensure that the electro ns do  no t co llide with any particles o n their way to  the metal

target

Page 9 of 32
For more help visit our website www.exampaperspractice.co.uk



10.5.3 Using X-rays in Medical Imaging

Using X-rays in Medical Imaging

X-ray imaging has beco me a highly develo ped technique which enables physicians to  pro duce

detailed images o f bo nes, so ft tissues and even blo o d vessels

When treating patients, the main aims o f X-ray imaging are to :

Reduce the patient's expo sure to  radiatio n as much as po ssible

Impro ve the co ntrast  o f the image

Reducing Exposure

X-rays are io nising, meaning they can cause damage to  living tissue and can po tentially lead to

cancero us mutatio ns

Therefo re, healthcare pro fessio nals must ensure patients receive the minimum radiatio n do sage

po ssible

The X-ray do se given to  a patient depends o n

The expo sure time

The intensity o f the beam

X-ray equipment is designed to  reduce expo sure and minimise the risk to  the patient by

Co ntro lling the intensity o f the X-ray beam

Using a beam de�ner

Using a metal �lter

Using sensitive detectio n metho ds

Cont rolling t he int ensit y of  t he X-ray beam

The ano de p.d. co ntro ls the maximum energy  o f the X-ray pho to ns fro m an X-ray tube

The higher the ano de p.d., the sho rter the wavelength and hence, the higher the energy o f the

X-ray pho to ns

Sho rter wavelengths o f X-ray (high energy pho to ns) are mo re penetrating, therefo re, they are

less likely to  be abso rbed by the bo dy

The catho de current co ntro ls the intensity  o f the X-ray beam

The higher the catho de current, the mo re electro ns that are emitted by thermio nic emissio n

If mo re electro ns reach the ano de each seco nd, then mo re X-ray pho to ns are emitted per

seco nd

To  minimise the expo sure to  the patient, the beam intensity sho uld be reduced by lo wering the

catho de current

This minimises the risk to  the patient by reducing the number o f io nising pho to ns passing thro ugh

the patient each seco nd

Beam de�ners
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A beam de�ner, o r lead diaphragm plate, co nsists o f two  pairs o f lead sheets with a narro w

aperture in the centre which is placed clo se to  the X-ray tube (where the X-rays are emitted)

Lead diaphragm plates minimise the expo sure to  the patient by pro ducing a fo cused

(co llimated) beam

This is necessary because:

Pho to ns are emitted by the X-ray tube in many directio ns

The lead plates abso rb the scattered pho to ns and the aperture allo ws X-rays travelling in a

speci�c directio n to  pass thro ugh

This minimises the risk to  the patient because the narro w beam is used to  investigate a speci�c

area o f the bo dy o nly 

Therefo re, the areas o f the bo dy no t being scanned are no t expo sed to  io nising pho to ns 

Met al �lt ers

A metal �lter is a thin sheet o f metal, usually aluminium, which is placed in the path o f the beam

between the X-ray tube and the patient 

Aluminium �lters minimise the expo sure to  the patient by reducing the intensity o f lo w-energy X-

rays

This is necessary because:

Many wavelengths o f X-ray are emitted by the X-ray tube

Lo nger wavelengths o f X-ray (lo w energy pho to ns) are less penetrating, therefo re, they are

mo re likely to  be abso rbed by the bo dy

As a result, an aluminium �lter minimises the risk to  the patient because it reduces the amo unt o f

io nising pho to ns which the bo dy co uld abso rb

This happens because the aluminium sheet:

Abso rbs a large percentage o f the lo w-energy  pho to ns (which are no t needed to  pro duce

an image)

Allo ws the high-energy  pho to ns to  pass straight thro ugh

Sensit ive det ect ion met hods

The expo sure time can be reduced by using a mo re sensitive X-ray detecto r, by

Using an electro nic detecto r instead o f pho to graphic detectio n

Intensifying the image

Contrast & Sharpness

Co ntrast is de�ned as:

T he di�erence in degree o f  blackening between structures

Co ntrast allo ws a clear di�erence between tissues to  be seen

Image co ntrast can be impro ved by:

Using the co rrect level o f X-ray hardness: hard X-rays  fo r bo nes, so f t X-rays  fo r tissue

Using a co ntrast media

Sharpness is de�ned as:

Ho w well-de�ned the edges o f  structures are

Image sharpness can be impro ved by:

Using a narro wer X-ray beam

Reducing X-ray scattering by using a co llimato r o r lead grid

Smaller pixel siz e
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Contrast Enhancement

A co ntrast medium is de�ned as:

A substance, such as barium o r io dine, which is a go o d abso rber o f  X-rays. A patient

is given this so  a bigger co ntrast can be o btained o n an X-ray image

The use o f a co ntrast medium is so metimes required because:

So me so ft tissue o rgans do  no t sho w up o n X-rays when the o rgans have similar attenuatio n

co e�cients

Co ntrast media are go o d abso rbers o f X-rays as they have a large  attenuatio n co e�cient

Hence when co ntrast media enter an o rgan, the X-ray image is enhanced  as the substance is

o paque to  X-rays

Barium and io dine are used depending o n the o rgan being imaged

Io dine is used as a co ntrast medium in liquids  i.e. to  o bserve blo o d �o w - this is usually

injected into  the patient

Barium sulphate is used as a co ntrast medium in the digestive system - this is usually

ingested by mo uth and is kno wn as a barium meal

The large attenuatio n co efficient o f co ntrast materials is due to  the large ato mic number o f

these elements

Barium has an ato mic number o f 56, while io dine has an ato mic number o f 53

Using iodine as a cont rast  medium

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

Using a barium meal as a cont rast  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 can be detected and images can be pro duced fro m three main detectio n metho ds:

X-ray �at panel (FTP) detecto rs

Pho to graphic �lm

Fluo ro sco pic image intensi�catio n

Flat-Panel Detectors

X-ray �at panel (FTP) detecto rs are the mo st co mmo n type o f detectio n metho d used in medical

facilities to day

They are made up o f three layers, o r 'panels':

The scintillato r layer

The pho to dio de pixel layer

The electro nic scanner layer

X-ray Flat  Panel Det ect or St ruct ure

The process of forming a digital image using an X-ray �at panel detector

Once the X-rays arrive at the FTP detecto r behind the patient:

The electro ns in the scintillato r layer abso rb the high-energy X-rays and emit visible pho to ns

The emitted visible pho to ns are then abso rbed by pho to dio de pixels and trigger the release

o f  electro ns

The release o f electro ns generates a p.d. (electrical signal) which is pro cessed and

transmitted as a digital image  to  be sto red o n a co mputer

FTP detecto rs can pro duce high-quality images o f mo st so lid structures in the bo dy, such as

bo nes and jo ints

These types o f detecto rs are also  used in mo st co mmercial uses o f X-rays, such as airpo rt

security 

Photographic Film Detection
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Befo re digital metho ds, the o riginal X-ray detecto rs used pho to graphic �lm

In medicine to day, ho wever, pho to graphic detectio n is rarely used

An intensif ying screen o r 'cassette' is a device co ntaining two  �uo rescent screens placed o n

either side o f a do uble-sided X-ray �lm

X-ray Int ensif ying Casset t e

In an intensifying cassette, photographic �lm is sandwiched between two sheets of �uorescent material 

The X-rays expo se the pho to graphic �lm but the �uo rescent screens emit light that expo ses the

�lm faster

Each X-ray abso rbed by the �uo rescent material causes several visible light pho to ns to  be

emitted

These visible pho to ns co ntribute to  the darkening o f the �lm, allo wing the image to  fo rm

abo ut 20 times faster than using X-rays alo ne

St ruct ure of  an Int ensif ying Screen

The �uorescent screens on both sides of the �lm signi�cantly shorten the exposure time required to

produce the X-ray image

Using an intensifying screen allo ws the o verall expo sure time o f X-rays to  be sho rtened
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This is bene�cial to  the patient because

Reducing the expo sure time reduces the io nising do se o f radiatio n received by a patient

The patient do es no t have to  be statio nary fo r so  lo ng

T he Image Intensi�er

A �uo ro sco pic image intensi�er is a device which co nsists o f

An evacuated glass tube

A pho to catho de

Multiple ano des

Two  �uo rescent screens, o ne at each end o f the evacuated tube

The o peratio n o f an image intensi�er is as fo llo ws:

An image fo rms o n the �rst �uo rescent screen as incident X-rays are abso rbed and re-

emitted as visible pho to ns

Visible pho to ns cause electro ns to  be emitted fro m the pho to catho de

The emitted electro ns are accelerated thro ugh a large p.d. (abo ut 25 kV) to wards the ano des

which fo cus them o n an o utput windo w

The intensi�ed image is fo rmed o n the �uo rescent viewing screen at the end o f the

evacuated tube 

Often a camera is attached to  the o utput windo w to  allo w the images to  be viewed o n a TV

screen

St ruct ure of  a Fluoroscopic Image Int ensi�er

An image intensi�er converts X-rays to photons using �uorescent screens and increases the brightness

through the acceleration of electrons to show processes in real-time

The �nal image o n the �uo rescent viewing screen is abo ut 5000 times brighter co mpared to  the

initial image o n the �rst �uo rescent screen because the electro ns are:

Fo cused o nto  a smaller area fo r a given po wer o utput, hence intensity increases 
⎛
⎜
⎜

⎝

⎞
⎟
⎟

⎠
I =

P
A
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(a)

(b)

(c)

(d)

(d)

Given a large amo unt o f energy due to  the acceleratio n by the ano des which means several

pho to ns are pro duced fo r every electro n arriving at the �uo rescent viewing screen

This metho d o f X-ray detectio n is used fo r imaging mo vement

This means real-time images can be o bserved and reco rded

Fo r example, dynamic pro cesses such as swallo wing o r blo o d �o w in and aro und o rgans

This metho d invo lves a higher radiatio n do se to  the patient than in X-ray imaging invo lving a single

expo sure

This is because a co ntinuo us beam o f X-rays is required fo r the duratio n o f the pro cedure

Ho wever, if the image intensi�er is used with a TV camera, the radiatio n do se is minimised

co mpared to  taking several images o f the same regio n

Worked example

Fo r a �uo ro sco pic image intensi�er, state the purpo se(s) o f

the �uo rescent screen at the pho to catho de

the pho to catho de

the ano des

the �uo rescent screen at the end o f the evacuated tube

the evacuated tube

Answer:

(a) T he purpo se o f  the �uo rescent screen at the pho to catho de is...

To  abso rb X-ray pho to ns and emit visible light pho to ns

(b) T he purpo se o f  the pho to catho de is...

To  abso rb visible light pho to ns and emit electro ns fro m the surface o f the catho de

(c) T he purpo ses o f  the ano des are...

To  accelerate the electro ns released at the catho de

To  fo cus the electro n beams to  pro duce an image

(d) T he purpo se o f  the �uo rescent screen at the end o f  the evacuated tube is...

To  co nvert the energy o f each electro n into  several visible light pho to ns

(e) T he purpo se o f  the evacuated tube is...

To  prevent co llisio ns between electro ns and air mo lecules
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Advantages of the FTP Detector

Previo usly, X-ray images were predo minantly pro duced using pho to graphic �lm

No w, digital metho ds, such as �at panel detectio n (FTP), are preferred

The key advantages o f FTP detecto rs co mpared with pho to graphic detectio n are:

1. Flat-panel detecto rs are f aster than �lm

This means X-ray images can be pro duced in real time, which allo ws fo r quicker diagno ses

Whereas pho to graphic �lm requires time to  be pro cessed and develo ped

2. Flat-panel detecto rs are mo re sensitive than �lm

This means a lo wer do se o f radiatio n can be administered to  the patient to  pro duce an image

o f the same quality co mpared to  o ne pro duced by �lm

3. Flat-panel detecto rs pro duce digital images

Digital images can be pro cessed quickly, as well as sto red and transferred with ease
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(a)

(b)

(c)

Worked example

Fo r the fo llo wing X-ray detectio n metho ds

Pho to graphic �lm

Flat panel (FTP) detecto r

Fluo ro sco pic image intensi�catio n

State and explain which o ne sho uld be used in the fo llo wing situatio ns:

to  pro duce an image o f a bro ken bo ne

to  o bserve the blo o d �o w in an o rgan in real-time

to  perfo rm a ro utine dental check

Answer:

(a)

Step 1: State the best technique to  pro duce an image o f  a bro ken bo ne:

Flat panel (FTP) detectio n

Step 2: Explain the advantage o f  FT P o ver image intensi�catio n:

There is no  mo vement so  a real-time image is no t required

Step 3: Explain the advantages o f  FT P o ver pho to graphic �lm:

FTP is mo re sensitive than �lm which means a mo re detailed image o f the bo ne can be

pro duced

FTP is faster than �lm as it do esn’t have to  be develo ped, which means the diagno sis can be

made quicker

FTP pro duces a digital image which is easier to  save, share o r transfer unlike �lm

FTP allo ws fo r a much lo wer do se o f X-rays to  be used than �lm which is safer fo r the patient

(b) 

Step 1: State the best technique to  o bserve the blo o d �o w in an o rgan in real-time:

Fluo ro sco pic image intensi�catio n

Step 2: Explain the advantages o f  image intensi�catio n:

Blo o d �o w is a dynamic pro cess and o nly the �uo ro sco pic image intensi�er can capture

real-time mo vement

The intensifying screen is mo re sensitive than �lm and do es no t need to  be develo ped

Ho wever, the intensifying screen do es require a greater expo sure time than �lm and FTP

(c)

Step 1: State the best technique to  perf o rm a ro utine dental check:
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Pho to graphic �lm OR �at panel detectio n

Step 2: Explain the advantages o f  FT P o r �lm o ver image intensi�catio n:

There is no  mo vement so  a real-time image is no t required

Bo th �lm and FTP pro vide a lo wer do se o f radiatio n than the intensifying screen 

Step 3: Explain the advantage o f  FT P o r pho to graphic �lm o ver the o ther metho d:

FTP is the best o ptio n as it is mo re sensitive than �lm, allo ws the sho rtest expo sure time and

pro duces a digital image

OR

Pho to graphic �lm wo uld be acceptable fo r a ro utine check if it was the o nly available

techno lo gy

10.5.5 Attenuation of X-rays

Attenuation of X-rays in Matter

When a co llimated beam o f X-rays passes thro ugh a patient’s bo dy, the X-ray pho to ns are

abso rbed  and scattered

Di�erent materials abso rb X-rays by di�erent amo unts

Fo r example, bo nes abso rb  a large pro po rtio n o f X-ray pho to ns which is why they appear

bright white o n an X-ray image

As the X-rays pass thro ugh a material, the intensity o f the beam is fo und to  decay expo nentially

This decrease in intensity is kno wn as attenuatio n

The attenuatio n o f X-rays can be calculated using the equatio n:

I = I0 e−μx

Where:

I0  = the intensity o f the incident beam (W m )

I  = the intensity o f the transmitted beam (W m )

μ  = the linear abso rptio n co e�cient (m )

x  = distance travelled thro ugh the material (m)

The linear attenuatio n co e�cient μ  is de�ned as

T he f ractio n o f  X-rays remo ved per unit  thickness o f  the material f o r a speci�ed

energy o f  the X-rays

The value o f μ depends o n the density o f a substance and the energy o f the X-ray pho to ns 

The greater the density o f a material, the greater the value o f μ 

Fo r example, bo ne abso rbs a greater pro po rtio n o f X-rays than so f t tissue  due to  its higher

density 

Absorpt ion of  X-rays by �esh and bone

-2

-2

-1
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Bone is denser than soft tissues, such as �esh, so X-rays are absorbed more over a shorter distance

Half-value thickness

Similar to  half-life in radio activity, a material's ability to  abso rb X-rays is kno wn as its half -value

thickness

The half-value thickness o f a material can be de�ned as:

T he thickness o f  the material which will reduce the intensity o f  X-rays to  half  its

o riginal level f o r a speci�ed energy o f  the X-rays

If the half-value thickness is x = x1 2
, then intensity has a value o f I =

I0

2 , so  substituting this

into  the attenuatio n equatio n gives:

I0

2 = I0 e−μx 1 2

1
2 = e−μx 1 2

Taking natural lo garithms o f bo th sides gives

ln
1
2 = −μx1 2

ln 2 = μx1 2

Hence, the half-value thickness o f a substance is given by:

x1 2
=

ln 2
μ
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Worked example

A student investigates the abso rptio n o f X-ray radiatio n in a mo del arm. A cro ss-sectio n o f the

mo del arm is sho wn in the diagram.

Parallel X-ray beams are directed alo ng line MM and line BB. The linear abso rptio n co e�cients o f

the muscle and the bo ne are 0.20 cm  and 12 cm  respectively.

Calculate the ratio :

intensity of incident X− ray beam from model
intensity of incident X− ray beam on model

fo r a parallel X-ray beam directed alo ng

(a) line MM

(b) line BB

and state whether the X-ray images have go o d co ntrast.

Answer:

(a)

Step 1: Write o ut the kno wn quantities

Linear abso rptio n co e�cient fo r muscle, μm  = 0.20 cm

Distance travelled thro ugh the muscle, xm  = 8.0 cm

Step 2: Write o ut the equatio n f o r attenuatio n and rearrange

I = I0 e−μx

−1 −1

-1
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Where I  = the intensity o f the incident X-ray beam fro m the mo del

And I0  = the intensity o f the incident X-ray beam o n the mo del

intensity of incident X− ray beam from model
intensity of incident X− ray beam on model =

I
I0
=e−μx

Step 3: Substitute in values and calculate the ratio

I
I0
= e−( )0 .20×8 .0 = 0 .2

(b)

Step 1: Write o ut the kno wn quantities

Linear abso rptio n co e�cient fo r muscle, μm  = 0.20 cm

Linear abso rptio n co e�cient fo r bo ne, μb  = 12 cm

Distance travelled thro ugh the muscle, xm  = 4.0 cm

Distance travelled thro ugh the bo ne, xb  = 4.0 cm

Step 2: Write o ut the equatio n f o r attenuatio n f o r two  media and rearrange

I
I0
= e−μmxm × e−μ bx b

Step 3: Substitute in values and calculate the ratio

I
I0
= e−( )0 .20×4 .0 × e−( )12×4 = 6 .4×10−22 ≈ 0

Step 4 : Write a co ncluding statement

Each ratio  gives a measure o f the amo unt o f transmissio n o f the beam fro m the mo del

A go o d co ntrast  is when:

There is a large di�erence between the intensities

The ratio  is much less than 1.0

Therefo re, bo th images  have a go o d co ntrast

-1

-1
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Di�erential Tissue Absorption

The amo unt o f attenuatio n o f a beam o f X-rays depends o n

The density o f the abso rbing tissue

The energy o f the X-ray pho to ns

The linear attenuatio n co e�cient μ o f an abso rber is pro po rtio nal to  the density ρ o f the

abso rbing substance

The higher the density o f a material, the mo re X-ray energy that it abso rbs

This is because the pho to ns interact with mo re ato ms, o r a larger mass  o f ato ms, in the same

vo lume

Therefo re, dividing the value o f μ o f a material by its density gives a co nstant value fo r that

particular substance

This co nstant is kno wn as the mass attenuatio n co e�cient

μm =
μ
ρ

Where:

μm  = mass attenuatio n co e�cient (m  kg )

μ  = linear attenuatio n co e�cient (m )

ρ  = density o f the abso rbing material (kg m )

The mass attenuatio n co e�cient o f a substance describes ho w easily a beam o f X-rays o f a

certain energy can penetrate it

The greater the mass attenuatio n co e�cient, the stro nger the abso rptio n o f X-rays by the

material

The lo wer the mass attenuatio n co e�cient, the greater the penetratio n o f X-rays thro ugh the

material

Mass at t enuat ion coe� cient s f or common element s

2 –1

–1

–3
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At very high and very low X-ray energies, di�erences in attenuation are very small. The optimum range for

distinguishing di�erent tissues is 30 keV to 100 keV

Phot ons of  energies less t han 30 keV...

Are abso rbed by so ft tissue and bo ne

Therefo re, these pho to ns are remo ved fro m the X-ray beam by placing a suitable metal �lter (e.g.

lead o r tin) in the path o f the X-ray beam

Phot ons of  energies bet ween 30 keV and 100 keV...

Are abso rbed mo re readily by bo ne than by so ft tissue

This is because the elements in bo ne have higher ato mic numbers  than the elements in so ft

tissues so  bo ne can abso rb pho to ns in this energy range mo re readily

Therefo re, these pho to ns are used to  distinguish between so ft tissue and bo ne

Phot ons of  energies great er t han 100 keV...

Are abso rbed mo re equally in all types o f tissue, including bo ne

This means they pro duce no  distinctio n between any tissues

Therefo re, these pho to ns are no t used in diagno stic X-ray imaging

Attenuation in di�erent elements

The graph o f mass attenuatio n co e�cient and X-ray pho to n energy fo r elements with di�erent

values o f ato mic number Z sho ws that 

Elements with lo wer Z  values  tend to  abso rb a lo wer pro po rtio n o f X-rays

Elements with higher Z  values  tend to  abso rb a greater pro po rtio n o f X-rays
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The table belo w sho ws the co mpo sitio n o f di�erent substances and the e�ect o f ato mic

number o n attenuatio n

Substance Elements Effect on attenuation

so ft tissue

hydro gen 
( )1

H , carbo n 
( )6

C  and

o xygen 
( )8

O
lo wer Z values, less attenuatio n

bo ne

hydro gen 
( )1

H , carbo n 
( )6

C ,

o xygen 
( )8

O , calcium 
( )20

Ca  and

pho spho rus 
( )15

P
higher Z values, mo re attenuatio n

co ntrast media  io dine 
( )53

I  and barium 
( )56

Ba
very high Z values, very large

attenuatio n

ideal fo r impro ving co ntrast

heavy metals lead 
( )82

Pb  and tin 
( )50

Sn
very high Z values, high attenuatio n

at lo wer energies 

ideal fo r use as metal �lters
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Worked example

A mo no chro matic beam o f X-rays passes thro ugh an aluminium sheet o f thickness 2.5 mm. The

intensity o f the beam is reduced by 25% .

Calculate the mass attenuatio n co e�cient fo r these X-rays.

The density o f aluminium is 2700 kg m

Answer:

Step 1: List the kno wn quantities:

Intensity o f X-ray beam, I = ( )1−0 .25 I0 = 0 .75 I0
Thickness o f aluminium sheet, x  = 2.5 mm = 0.0025 m

Density o f aluminium, ρ  = 2700 kg m

Step 2: Determine the linear attenuatio n co e�cient o f  the X-rays

I = I0 e−μx

0 .75 I0 = I0 e−0 .0025μ

0 .75 = e−0 .0025μ

Take natural lo gs o f bo th sides:

ln 0 .75 = −0 .0025μ

μ = −
ln 0 .75
0 .0025

linear attenuatio n co e�cient:  μ  = 115 m

Step 3: Determine the mass attenuatio n co e�cient o f  the X-rays

μm =
μ
ρ

μm =
115
2700

mass attenuatio n co e�cient:  μm  = 0.043 m  kg

−3

−3

−1

2 −1

Page 27 of 32
For more help visit our website www.exampaperspractice.co.uk



Worked example

The table sho ws the linear attenuatio n co e�cients fo r bo ne and muscle at three di�erent X-ray

pho to n energies.

Pho to n energy / keV Bo ne μ / cm Muscle μ / cm

30 2.13 0.41

50 0.68 0.24

80 0.36 0.20

100 0.30 0.18

Determine the energy o f X-ray pho to ns that wo uld pro duce an image o f muscle next to  bo ne with

the best co ntrast.

Answer:

Step 1: Recall the f acto r that determines the quality o f  co ntrast

Co ntrast depends o n the di�erence in attenuatio n

The smaller the di�erence in attenuatio n, the po o rer the co ntrast

The larger the di�erence in attenuatio n, the better the co ntrast

Step 2: Determine the di�erence between the values o f  attenuatio n at each energy

At 30 keV, the di�erence in attenuatio n is 2.13 − 0.41 = 1.72 cm

At 50 keV, the di�erence in attenuatio n is 0.68 − 0.24 = 0.44 cm

At 80 keV, the di�erence in attenuatio n is 0.36 − 0.20 = 0.16 cm

At 100 keV, the di�erence in attenuatio n is 0.30 − 0.18 = 0.12 cm

The di�erence between µ o f bo ne and muscle is greatest using 30 keV X-rays hence this

energy wo uld pro duce an image with the best co ntrast

–1 –1

–1

–1

–1

–1
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10.5.6 The CT Scanner

Computed Tomography Scanning

Co mputerised axial to mo graphy (CT ) scanning is an imaging technique which uses X-rays to

pro duce very high-reso lutio n images o f the internal structures o f the bo dy

A CT scan can pro duce:

Sharp, fo cused 2D images  o f thin slices o f the bo dy

Detailed 3D images  o f sectio ns o f the bo dy

The main features o f a CT scanner are

A ring-shaped  structure which allo ws fo r ro tatio n o f the co mpo nents

An X-ray tube  mo unted o n o ne side o f the ring

An array o f  detecto rs  mo unted o n the o ther side o f the ring (o ppo site the X-ray tube)

A co mputer which pro cesses the images

Feat ures of  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 main principles o f the o peratio n o f a CT scan are as fo llo ws:

The patient lies statio nary at the centre o f a ring while the X-ray tube and array o f detecto rs

are ro tated aro und them in o ppo site directio ns

The X-ray tube pro duces a narro w, mo no chro matic beam o f X-rays as sho rt pulses

The X-ray beam passes thro ugh the patient and arrives at the array o f detecto rs o n the

o ppo site side o f the ring

The X-ray tube ro tates and sends beams thro ugh the same slice  o f the bo dy in di�erent

directio ns

Signals fro m the detecto rs are fed into  a co mputer and are co mbined to  generate a 2D

image  o f the slice

This pro cess is repeated  to  build up images o f successive slices

A co mputer co mbines the images to  pro duce a 3D image which can be ro tated and viewed

fro m di�erent angles

Building an image using CT  scanning

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

Ho w the image is built up:

The detecto rs are arranged aro und the o utside o f the path o f the X-rays

The X-rays pass thro ugh the patient and arrive at the detecto r o n the o ppo site side

The detecto rs register a lo wer intensity than the initial intensity o f the transmitted beam

The detecto rs relay this info rmatio n to  a co mputer which pro duces a cro ss sectio nal image

o ver time

Image of  a slice produced by a 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

Exam T ip

Do n’t co nfuse CAT scans with MRI scans.  The machines bo th lo o k like large do ughnuts but MRI

uses magnetic �elds no t X-rays!

Pros & Cons of CT Scanning

A simple X-ray image can pro vide useful, but limited, info rmatio n abo ut internal structures in a 2D

image

When a mo re co mprehensive image is needed, a co mputerised axial to mo graphy  (CT) scan is

needed

Advant ages of  CT  scans:

Pro duces high reso lutio n and high co ntrast images (so ftware can add co lo ur and sharpen

images, and parts o f the image can be edited o ut)

Can distinguish between tissues with similar attenuatio n co e�cients

So ft tissue and bo ne can be imaged in a single pro cess

Pro duces a 3D image o f the bo dy by co mbining the images in each directio n

No  o verlapping images (e.g. bo nes o bscuring o rgans)

Disadvant ages of  CT  scans:

The patient receives a much higher radiatio n do se co mpared to  a no rmal X-ray

CT scans are time-co nsuming and expensive

Po ssible side e�ects fro m the co ntrast media
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Worked example

An X-ray image is taken o f the skull o f a patient. Ano ther patient has a CT scan o f their entire head.

By reference to  the fo rmatio n o f the image in each case:

suggest which metho d is mo re suitable fo r assessing head injuries.

explain why the expo sure to  radiatio n di�ers between the two  imaging techniques.

Answer:

In X-ray imaging:

The simple X-ray image invo lves taking a single expo sure which pro duces a single 2D image

A simple X-ray is suitable fo r identifying simple fractures to  the skull, but canno t give further

details abo ut a head injury as it canno t image brain tissue

This technique is quicker than CT scanning and less harmful to  the patient as the radiatio n

do se is much lo wer

In CT  scanning:

A CT scan invo lves taking several expo sures o f a slice o f the head fro m many di�erent

directio ns

This is repeated fo r several slices so  signals can be co mbined to  build a 3D image o f the

patient's head

CT scanning is best fo r head injuries as it can pro vide a mo re detailed, high-reso lutio n image

o f the tissue bo undaries inside the skull than a simple X-ray

Ho wever, CT scanning is mo re time-co nsuming, so  the patient is expo sed to  a much greater

radiatio n do se than the simple X-ray

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


