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Introduction

# 3https://www.gettyimages.frhttps://americanhistory.si.edu/collections

Discovery in 1895 of a new form of radiation (X-rays) by Wilhelm Conrad Roentgen 

(1845-1923) at the University of Wurzburg in Germany, on November 8, 1895



reveals INHOMOGENEITIES and SINGULARITIES in the sample

through the interaction of the used probe (i.e. X-rays) with the object

Mrs. Röntgen’s hand 

1895

Imaging - Radiology
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a non-destructive imaging method for looking inside an object   
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The beginning…
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A curiosity…. Maybe you do not know…

For almost 20 years before 1895 scientists produced X-rays in their laboratories, 

using several varieties of Crookes tubes, and the so called Pulyui’s lamp,  

but without realizing their potential

Ivan Pulyui got the first X-ray image of a live human skeleton 14 years before Roentgen

The Ukranian scientist Pulyui designed in 1880 a lamp that emitted unknown rays. 

He noticed the lamp’s side effect, namely barium crystals shimmering in its light

Ivan Pulyui

Wikipedia.org

Wikipedia.org

He received even the gold medal at the World exposition in Paris, 1881

# 6
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… X-ray imaging is not really a new technique!

… applied to medicine right the way!

Röntgen

Radiotherapy at Children

hospital, Vienna, 1921

E. & G. Frost perform the 

first American medical X-

ray in Reed Hall, 

Dartmouth College, 1896

1895 today

Cyberknife

Spiral CT

… and therapy

X-rays 

for imaging…

# 7

Dual CT

Tomosynthesis



Why does it work with X-rays?

Weak X-ray attenuation by matter sample (semi-) transparent

X-rays undergo only very little 

scattering and refraction 
negligible change of rays direction 

when traversing the sample

“unchanged” and 

very simple set-up

Prof. P. Coan

The X-ray imaging set-up

# 8



How it looks like in reality…

Siemens X-ray unit

X-ray generator

http://orthopedic-clinic-vr.com/en/rentgenov-kabinet/

Patient bed

Patient standing 

position

Detector

Detector
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Different approaches in medical imaging

 “In-vitro” imaging: it concerns the study of biological samples. 

(es. micro-tomography  applied on bone samples, scaffolds, 

cartilages, etc.)

 Requirements of high resolution and high sensitivity

 Clinical: applications to patients 

(es. mammography, angiography, ecc.)

 need to limit radiation dose. Find best compromise between dose 

and image quality

 Imaging of small animals: applied for different purposes in the 

development of animal models

(es. Cell tracking, Osteoporosis, genetic diseases,..) 

 Research protocols, control of dose.  
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The radiographic chain

radiation matter/sample detection system- -

http://orthopedic-clinic-vr.com/en/rentgenov-kabinet/
Prof. P. Coan



1. The X-ray production

Prof. P. Coan # 12

radiation matter/sample detection system- -



http://tech.snmjournals.orgProf. P. Coan # 13

+ rectifier circuit

The X-ray tube

1. An X-ray generator (providing the power to the X-ray tube)

2. A cathode and an anode under VACUUM

3. A  glass envelope for protection  (leaking radiation, electric shocks, mechanical destruction) 

4. Systems for defining the useful X-ray beam (collimators, filters etc.)

- The tube is typically surrounded by an oil bath and lead housing

Filters/

collimators



The role of the HV generator

The X-ray generator provides operator control of the radiographic technique.

 It applies the high voltage (HV) to the X-ray tube. The value and form of this HV 

determines the quality of the produced X-ray beam

 It heats the cathode and produces the required tube current (mA)

 It determines the exposition time (i.e. beam on/off)

 It delivers the power                                                                                                        

to the X-ray tube 

http://tech.snmjournals.orgProf. P. Coan # 14

+ rectifier circuit



The X-ray generator

# 15

 HV Transformer: to increase or decrease the input voltage (HV ~ 440 V)

 Rectifier: from alternating current (AC) to direct current (DC)

It uses diodes, which only permit current flow in one direction

Aim: to produce a constant waveform  ripple=variation

Huda, Slone, Rev. Radiologic Physics IIEd. Prof. P. Coan



The electron production

1. Cathode~ coiled metallic wire (e.g. Tungsten)

3. Modern X-ray tubes: 

two filaments  choice of two spot sizes  

Prof. P. Coan

2. Focusing cup – cathode block:
metal cup kept at the same potential as the filament 

 helps direct the e- to the target  

The high resistance in the filament causes 

temperature to rise (> 2200 °C) resulting in 

the thermionic emission of electrons

http://fiziknota.blogspot.fr http://whs.wsd.wednet.edu
# 16

Typical filament parameters: 

 voltage (V): 10 V

 current (I):   4 A  

Dissipated power = V x I   (kilowatts)

~ 40 W     



The electron production and acceleration

http://fiziknota.blogspot.fr

 At the saturation voltage all e- are pulled away from the filament & the Itube is maximized

Electrons are directed and accelerated 

by a high voltage applied between 

the cathode and the anode

KILOVOLT PEAK: kVp

typically: 50 – 90 kVp (chest radiog. ~120 kVp)

Itube

Prof. P. Coan

TUBE CURRENT: Itube (mA)

100 – 1000 mA

Itube (mA)  x  exposure time (s)  = mAs

# 17

X-ray output  mAs



The anode

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

Anode: 

positively charged and includes 

the target (high Z material) where 

X-rays are produced

 e- striking the target  heat & X-rays

 Tungsten (W) the most used because: high Z (74), high melting point (3422°C) 

# 18

 Rhenium is often added for reducing pitting and cracking due to overheating

 Molybdenum (Z=42) and rhodium (Z=45) used for targets in mammography



The rotating anode

Prof. P. Coan http://whs.wsd.wednet.edu

Stationary 

anode

Rotating

anode

evolution

# 19

 A stationary anode: W embedded 

in copper

 Copper is a good heat conductor, 

but heat dissipation is limited!



Prof. P. Coan

The effect of the anode inclination 

Angle of the anode

Focus – detector distance 

(cm)

Field dimension

(cm)

Angle

 Line focus principle: permits larger heat loading while 

minimizing the size of the focal spot by orienting the 

anode at a small angle to the direction of the X-ray beam

 Focal spot = apparent source of X-ray; 

dimension of the source as viewed from the image

 Focal spots must be small to produce sharp images, but 

large enough to tolerate high heat loading

# 20



Tube loading

Prof. P. Coan

Of the electrical energy supplied to an X-ray tube :  99% heating   - 1% X-rays !

Tube loading depends on: - tube voltage (V)

- tube current (I)

- exposure time 

- number of exposures

# 21

Factors determining the amount of heat 

produced and the three areas of an X-Ray 

tube that have specific heat capacities

 This energy is temporarily stored in the anode, 

whose heat capacity is of several 100.000s joules 

Heat on the 

focal spot

tube 

housinganode



Tube loading

Prof. P. Coan # 22http://www.sprawls.org

For given V and I, the energy dissipated during an X-ray exposure (t in seconds) is

V  x  I  x  t   joules

In radiography, typical values for the dissipated power are:

~ 80 – 100 kW for large focal spot sizes

~ 20 kW for small ones

The power P in watts (W) is equal to the energy E in joules (J), divided by the time period t in seconds (s): P(W) = E(J) / t(s)



Electrons onto the anode: which radiation?

- Ionizational losses giving rise to delta rays or eventually heating

Physics of Radiology, Johns, Cunningham

- Characteristic radiation: electron ejects a shell (K) electron

- Bremsstrahlung through the collision between the electron and a nucleus

Prof. P. Coan # 23



Bremsstrahlung radiation

Bremsstrahlung radiation is produced when an energetic electron (1) (with initial energy E1)

passes close to an atomic nucleus. The attractive force of the positively charge nucleus causes

the electron to change direction and lose energy. The electron (2) now has a lower energy (E2).

The energy different (E1- E2) is released as an X-ray photon (3).

Huda, Slone, Rev. Radiologic Physics IIEd. Prof. P. Coan

 Continuous spectrum

 Up to Emax determined by the max 

kinetic energy of the incident e-

 Major contribution to the total 

spectrum

 Increases with the accelerating 

voltage (kV) and the Z of the anode

# 24



Characteristic radiation

Huda, Slone, Rev. Radiologic Physics IIEd. Prof. P. Coan

Characteristic radiation is produced when an incoming electron (1) interacts with an inner-shell

electron (2) and both are rejected (3). When one of the outer-shell electrons moves to fill the

inner-shell vacancy, the excess energy is emitted as characteristic radiation (4). Sometimes the

excess energy is emitted as an Auger electron (5) rather than as a photon.

 Characteristic X-rays occur only at 

discrete energy levels

 Each anode material has 

characteristic X-rays of a given energy

 e- energy must be greater than the 

K-shell binding energy (W: 69.5 keV)

 Only K-shell characteristic X-rays 

are important in diagnostic radiology

# 25



FULL EMITTED X-RAY SPECTRUM

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

N(E) = C x Z x (Emax -E)

Emax = max X-ray photon=e- energy

C = constant

Z = atomic number of the target

# 26
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Angular distribution of the produced X-rays

Polar diagram showing the variation of the intensity of the X-ray vs angle 

produced by the electron bombardment of various targets

The direction of bremsstrahlung photons depends

strongly on the electron energy # 27

Physics of Radiology, Johns, Cunningham



Angular distribution of X-ray produced by 

energetic electrons

Prof. P. Coan

If we strike thin metal target with mono-energetic electrons we get angular

distribution of Bremsstrahlung X-rays that are azimuthally symmetric

http://www.uthgsbsmedphys.org/gs02-0093/2.3b-productionofxraysnotes.pdf

At 100 keV, nearly isotropic

At higher energies, more forward peaking



The heel effect: anode self-absorption

Prof. P. Coan

Up to 30% reduction

# 29



Collimation and filtration

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

Filters:
To remove low-energy X-rays which have 

negligible chance to pass through the patient and 

contribute to the patient dose but not to the image

- Glass window: inherent X-ray beam filter

- Beryllium: very little filtration, used in low-energy 

applications such as mammography

- Other filters are also added  (Mo, Al, Cu)

Beam hardening

Filters 

 DO NOT affect the max X-ray energy

 will ALWAYS reduce the X-ray tube output

 the average X-ray energy is increased

Each photons is attenuated with a probability exp (-μx)

Collimators:
To geometrically shape the X-ray beam

# 30



FIILTERED X-RAY SPECTRUM

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. # 31

1

2

3

No filters

With filters

With filters (+)



Example of filtration

Huda, Slone, Rev. Radiologic Physics IIEd. Prof. P. Coan # 32
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The produced X-rays

EFFICIENCY of X-ray production  ~  kV  x  Z  x 10-6

~  1% for materials with high Z at 100 kVp


exposure time (t)

X-ray tube INTENSITY (output) tube current (Itube) 2

tube tubeI V I t

# 33Huda, Slone, Rev. Radiologic Physics IIEd. 



Quantification of the X-ray beam quality: 

Half value layer (HVL) 

Prof. P. Coan

 The X-ray spectrum can be measured with spectrometric methods                  
(pulse-height analysis in combination with scintillation or semiconductor counters)

BUT expensive & time consuming

http://www.uio.no

 HVL = thickness of the absorber that reduces the number of photons 

(or equivalently the exposure or the absorbed dose in air) by 50%

 X-ray quality often given as HVL in Cu or Al

# 34

 Half value layer (HVL) is recommended for quantifying polyenergetic beams

 used for determined the equivalent photon energy, i.e. quantum energy of a 

monoenergetic beam having the same HVL



2. The X-ray interactions with the body

Prof. P. Coan # 35

radiation matter/sample detection system- -
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Schematic of photon interactions

Several ways for X-rays and 

gamma rays to be absorbed or 

scattered by matter

# 36

Four major interactions are of importance to diagnostic radiology and nuclear

medicine, each characterized by a certain probability of interaction (cross section)

- Photoelectric effect (τ)

- Rayleigh (classical or coh.) scattering (σR)

- Compton scattering (σC)

- Pair production (κ)
Total linear attenuation = sum of cross 

sections of the different interactions

The most important effects in radiography

No transfer of energy to the medium
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The attenuation, i.e. reduction of the intensity, of an X-ray beam

may be caused by absorption or by deflection (scattering) of

photons from the beam

 Attenuation affected by the properties of both the radiation and the absorber (matter)

 See cross sections and their dependences

 X-ray energy

 Number of photons

 Absorber’s density (or physical state) 

 Absorber’s atomic number

 Absorber’s thickness

 …
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Energy-dependence of the X-ray mass 

attenuation of water

R. D. Evans # 38
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Handy guide to the relative contribution 

of the 3 major types of X/γ-ray interactions

R. D. Evans

# 39



I =  I0 exp (-µ x)

X-rays

µ1

sample
I 0

I

detector

x

Lambert-Beer’s law

 INTENSITY 

downstream the sample: 

µ = total X-rays attenuation coefficient for a given material

Let’s consider the case of monoenergetic X-rays

# 40Prof. P. Coan

I

y

X



What do we measure?

# 41Kalender, Computed Tomography, 2011Prof. P. Coan

Simple and ideal case, but…
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Strong energy dependence
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Mass attenuation coefficient

# 42
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Subject contrast

Subject contrast: difference in X-ray intensities transmitted through a

detail/lesion and the adjacent structures/tissues

Huda, Slone, Rev. Radiologic Physics IIEd. 

Strongly depends on the X-ray E

At high X-ray E, i.e. high tube V:

- X-rays are more penetrating

- the subject contrast  is reduced

- the Compton effect becomes 

more important ( lower contrast)

# 43



3. How to choose the X-ray parameters

Prof. P. Coan # 44



The choice of the energy is fundamental for obtaining high contrast images

Soft tissues High Z tissues/materials
Difference 

visible at low 

energies

Difference 

visible at all 

energies

Prof. P. Coan



Best energy for one image

(for a given sample, composition, thickness..)

Low energy because the mass absorption coefficient is higher..

But not too low because: 

 otherwise too little number of photons passing through tissues                
(high noise-> poor visibility)

 too high dose 

Prof. P. Coan

X-ray energy selection

# 46



With a X-ray tube, for a given sample you can:

Adapt kVp,

Adapt filters (Mo, W, Rh…) 

Play with mAs to reduce dose

The ideal source:

 You use monochromatic X-rays (max contrast, minimum dose)

 If sample is thicker, you only change the exposure time (without 

changing the spectrum!)

Prof. P. Coan



4. The detection system

Prof. P. Coan # 48

radiation matter/sample detection system- -



How can we visualize the primary image? 

Prof. P. Coan Physics of Radiology, Johns, Cunningham
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Analog radiography Digital radiography

 uses film to capture, display and 

store radiographic images in 

combination with film developer 

and processor systems

 uses digital detectors: 

photostimulable phosphors, scintillators, 

photoconductors, and computer-based 

image handling and treatment

Analog vs digital

http://www3.gehealthcare.com

http://www.toshiba-medical.eu

# 50
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Screen-film radiography

FILM
with an emulsion layer on 

both side of the base or on 

only one side

http://www.sprawls.orgProf. P. Coan

The primary image is converted in darkening of the film

SCREEN-FILM
Intensifying screens convert 

X-rays to a light pattern and 

improve the efficiency over 

use of film alone

Emulsion: silver halide (iodobromide) grains

Screen: phosphor crystals



# 52http://www.uiowa.eduProf. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. 

 Screens are permanently mounted on the cassette on 

layer of compressible foam

 The foam produces force, which holds the screens 

tightly against the film

 Good screen-film contact (no air gap, no impurities) for 

good image quality

Cassette with 2 screens: ~50% absorption effic.

The screen-film cassette
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Intensifying screens

Less exposure

Less dose to the patient

Until about 1970s calcium tungstate

(CaWO4) was used in screens now 

other rare earth based screens used 

because of their higher efficiency

Screen materials

Huda, Slone, Rev. Radiologic Physics IIEd. http://www.sprawls.org
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Characteristic curve of a film

# 54Huda, Slone, Rev. Radiologic Physics IIEd. 

Relation between exposure and 

resultant film OD

After processing, the film blackening reflects 

the pattern of X-rays reaching the cassette

Film blackening Number of photons

OPTICAL DENSITY (OD) =  log10(I0/It)  

I0 : light intensity incident on the film

It : light intensity transmitted through the film
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Film contrast

Film gamma

Film latitude

relates to the observed Δ(density) 

measured on the film for a given 

Δ(exposure) incident on the film

max slope of the linear portion of the 

curve (depends on film types and processing)

range of exposure level over which 

the film may be used

Film contrast and film latitude: 

Inversely proportional

Dynamic range: 

highest exposure/lowest exposure

Characteristic curves 

for 2 different films

Characteristic curve of a film



Scatter reduction: air gap and grids

Prof. P. Coan # 56Huda, Slone, Rev. Radiologic Physics IIEd. 

GRIDS: - the most efficient way; placed between the patient and the film

- made of narrow ‘parallel’ bars of lead or other highly attenuating materials 

AIR GAPS: - scattered X-rays are less likely to reach the screen-film receptor

- mainly used for magnification neuroradiology and mammography

The problem of X-ray scattering!



Prof. P. Coan

Analog radiography Digital radiography

 uses film to capture, display and 

store radiographic images in 

combination with film developer 

and processor systems

 uses digital detectors: 

photostimulable phosphors, scintillators, 

photoconductors, and computer-based 

image handling and treatment

Analog vs digital

http://www3.gehealthcare.com

http://www.toshiba-medical.eu

# 57



Computed radiography 

and digital radiography

# 58Prof. P. Coan

Computed radiography 

uses storage-phosphor image plates with a separate image readout process 

Digital radiography 

converts X-rays into electric charges by means of a readout process using TFT               

(thin-film transistor) arrays



Prof. P. Coan

Indirect and direct digital detector

Huda, Slone, Rev. Radiologic Physics IIEd. # 59

a scintillator layer 

+ 

a light-sensitive TFT photodiode

INDIRECT-CONVERSION TFT detectors 

a X-ray sensitive photoconductor layer 

+ 

a TFT charge collector

DIRECT-CONVERSION TFT detectors 

MATRIX READOUT = PIXELATED DIGITAL IMAGE

Stored charges read out electronically
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Computed radiography – Image plate

1. Layer of photostimulable crystals

 formation of a latent image                      
(energy trapped in the crystal structure)

2. Readout: release of the trapped energy by 

photostimulated luminescense (emission of blue light).

This light is collected by photodiodes and converted into 

electric charge  ADC

3. Residual signal erasure
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Digital radiography –

(indirect and direct flat panels)

Advantages:

- compact size 

- immediate access to digital image

- higher conversion efficiency (vs CR and screen-film)
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Structured and unstructured scintillators
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Evolution of digital detectors

Prof. P. Coan
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Digital vs analog radiology

 Digital radiology separates image capture, image storage and image 

display functions that are all performed by film in screen-film imaging

 Possibility of improving the image quality by applying equalization, 

filtering, masking etc. procedures



Two different modes of operation

 Real-time observation and imaging of dynamic activities

 RX + Image intensifier + closed-circuit TV systems (video or spot film or cine 

and photospot camera etc.)

 Low power (70-90 kVp, 1-5 mA, variable exposition time), low dose        

( high quantum noise)

Fluoroscopy

 image recorded either with film-screen systems (analog radiography) 

or digital detectors (digital radiography)

 Higher power: > 100kW and exposure times ~ ms – s. 

Radiography

Prof. P. Coan # 67



Fluoroscopy

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. # 66



The image intensifier in fluoroscopy

Prof. P. Coan Huda, Slone, Rev. Radiologic Physics IIEd. # 67
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