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The mysterious X-ray

Wilhelm Konrad 

Röntgen

(1845-1923)

Nobel prize, 1901
Hand mit Ringen (Hand with Ring): Wilhelm 

Röntgen's first "medical" X-ray, of his wife’s, Anna 

Bertha Ludwig’s hand, taken on 22 December 

1895 and presented to Professor Ludwig Zehnder 

of the Physik Institut (University of Freiburg, 1 

January 1896). 



Glorious history of x-ray
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World 

war I.
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X-rays are electromagnetic 

waves

Wavelength 10 - 0.01 nm. 

Frequency 30x1015 - 30x1018 Hz (petaherz - exahertz).

Energy 120 eV - 120 keV.



Generation of X-ray 

Triboluminescence: light emission 

evoked by scratching or rubbing. 

(Francis Bacon, 1605)

Peeling away sticky tape emits 

light and X-rays. (Nature News, 

October 2008)

Non-conventional 

method

Usual method: x-ray tube
Ianode

Uanode

Iheating

Uheating

anode
(anticathode)

cathode

cathode
ray

X-
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Coolidge x-ray tube (1900s). Heated 

cathode on the left, anode target on the 

right. x-ray emitted downwards.

Rotating-anode X-ray tube. Anode 

rotation is used for cooling. 



Mechanism I. “Bremsstrahlung”
Electrons decelerate, thereby loose their kinetic energy, when 

interacting with the atoms of the anode (“braking radiation”).



Spectrum of Bremsstrahlung 

Continuous
e: electron’s charge; 
Uanode : accelerating voltage; 
eUanode : acceleration work; 
h: Planck’s constant; 
fmax: limiting frequency

Maximal photon energy (εmax)
N.B.: Total kinetic energy of electron is 
transformed in one step (rare event).

Total power (Ptot)
(based on the area of the triangle)

CRtg : coefficient (1.1x10-9 V-1);
Ianode : anode current (number of electrons 

hitting the anode per unit time);
Z : atomic number of the anode atoms

Limiting wavelength (λmin) 
(Duane-Hunt Law)

c : light speed;
hc/e: constant (1.2398 kV∙nm)

N.B.: Limiting wavelength is inversely 
proportional to accelerating voltage.

Efficiency (η)

N.B.: Typically, η < 1%.
Pin : invested power

Energy spectrum
(energy dependence of power)
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Mechanism II. Characteristic X-ray
Knocked-out inner-shell electron is replaced by one on a higher-energy shell

Spectrum of 

characteristic X-ray

Linear



X-ray spectrum characterizes 
atomic composition

Energy dispersive X-ray fluorescence spectrum

Electronic 
transitions in a 
calcium atom

X-ray spectroscope (in an electron microscope!)
(measures x-ray energy spectrum)

JEOL

Because inner-shell electrons participate in characteristic X-radiation, only 
the atomic (and not the molecular) properties are revealed 



Condition of 
constructive 
interference:
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Interaction of x-ray with matter
1. Diffraction 2. Absorption
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μ : linear attenuation coefficient
μm : mass attenuation coefficient (cm2/g)
ρ : density (g/cm3)

Exponential attenuation principle



Attenuation mechanisms

τm, σm, κm: mass attenuation coefficients, ρ: density

Mechanism

Photon energy (ε) dependence of 
the mass attenuation coefficient

Atomic number (Z) 
dependence of the mass 
attenuation coefficient 

Relevant energy range in soft 
tissue

Photoeffect ~1 / ε3 ~Z3 10 - 100 keV

Compton scatter falls gradually with ε ~Z/A (A: mass number) 0.5 - 5 MeV

Pair production rises slowly with ε ~ Z2 > 5 MeV

Diagnostic X-ray:
1. Contrast mechanism between soft tissue and bone: photoeffect (~Z3)
2. Contrast mechanism within soft tissue: Compton-scatter (~ρ)



Photoeffect attenuation depends strongly 

on photon energy and atomic number

wavelength (pm)

photon energy (keV)

For multi-component system: “effective 
atomic number” (Zeff)

Material Zeff

Air 7.3

Water 7.7

Soft tissue 7.4

Bone 13.8

ε=photon energy

Z=atomic number

w=mole fraction

n=number of components

soft x-ray



Absorption is the foundation of applications

X-ray source

X-ray

Attenuation 
(human body)

Detector (film, sensor, screen)

μn : nth absorber’s attenuation coefficient 

xn : nth absorber’s thickness
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The X-ray image is a 

summation image

(“X-ray image”, 

“radiographic image”, 

“roentgenogram”).

Contrast arises due to 

spatially varying 

attenuation. 



Feedback

https://feedback.semmelweis.hu/feedback/index.php?feedback-

qr=0HNVLNBD70GBWWFT
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