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Medical biophysics |

Generation and properties of X-ray

Fundamentals of X-ray diagnostics

Sound, ultrasound

Thermodynamics - equilibrium, change, laws

Transport processes I: Diffusion, Brown-motion, Osmosis

Transport processes Il: Flow of fluids and gases. Blood as fluid
Bioelectric phenomena

Biophysics of sensory organs. Vision and hearing

Building blocks of lite: water, macromolecules, supramolecular systems
Biological motion. Biomechanics, biomolecular and tissue elasticity

Methods of investigating biomolecular structure and dynamics: X-ray
diffration, mass spectrometry, infrared spectroscopy

Methods of investigating biomolecular structure and dynamics.
Radiospectroscopic methds, fundamentals of MRI.

Blood circulation and cardiac function.
Biophysics of pulmonary function. Physical examination



X-ray

Generation, properties



Wilhelm Konrad

Rontgen
(1845-1923)
Nobel prize, 1901

-ray

Sitzungs-Berichte

der

Physikalisch-medicinischen Gesellschaft

zu

WURZBURG.

Der Abonunementspreis pro Jahrgang betrigt 4 4.—.
Die Nummern werden einzeln nicht abgegeben.
Grossere Beitrige erscheinen in Sonderdrucken.

Jahrgang
1895.

Verlag der Stahel'schen k. Hof- und Universitats-Buch- und Kunsthandiung m Wiirzburg.

No. 9.

Inhalt. Konrad Rieger: Demonstration des sogenannten ,Vogelkopfknaben*
Dobos Janos ans Battonya in Ungarn (Fortsetzung), pag. 129. —
W. C. Rintgen: Ueber eine peue Art von Strahlen, pag. 132. —
Wilheln Wislicenus: 46. Jahresbericht der physikalisch-medizinischen
Gesellschaft zu Wiirzburg, pag. 142. — Mitglieder-Verzeichniss, pag. 146.

Am 28, Dezember wurde als Beitrag eingereicht:
W. C. Rontgen: Uebher eine neue Art von Strahlen.
(Vorldufige Mittheilung.)

1. Liisst man durch eine Hittorf sche Vacuumrshre, oder
einen’ geniigend evacuirten Lenard’schen, Crookes’schen oder dhn-
lichen Apparat die Entladungen eines grisseren Ruhmkorff’s gehen
und bedeckt die Rohre mit einem ziemlich eng anliegenden Mantel
aus diinnem, schwarzem Carton, so sieht man in dem vollstindig,
verdunkelten Zimmer einen in die Nédhe des Apparates gebrachten,
mit Bariumplatincyaniir angestrichenen Papierschirm bei jeder
Entladung hell aufleuchten, flucresciren, gleichgiiltig ob die an-
gestrichene oder die andere Seite des Schirmes dem Entladungs-
apparat zugewendet ist. Die Fluorescenz ist poch in 2 m Ent-
fernung vom Apparat bemerkbar.

Man iiberzeugt sich leicht, dass die Ursache der Fluores-
cenz vom Entladungsapparat und von keiner anderen Stelle der
Leitung ausgeht.

2. Das an dieser Erscheinung zunidichst Auffallende ist,
dass durch die schwarze Cartonhiilse, welche keine sichtbaren
oder ultravioletten Strahlen des Sonnen- oder des elektrischen
Bogenlichtes durchldsst, ein Agens hindurchgeht, das im Stande
ist, lebhafte Fluorescenz zu erzeugen, und man wird deshalb wohl
zuerst untersuchen, ob auch andere Korper diese Eigenschaft
besitzen.

Man findet bald, dass alle Korper fiir dasselbe durchlissig
sind. aber in sehr verschiedenem Grade. Einige Beispiele fiihre
ich an. Papier ist sehr durchldssig:1!) hinter einem eingebun-

1) Mit ,,Durchlassigkeit'* eines Korpers bezeichne ich das Verhiltniss der
Helligkeit eines dicht hinter dem Korper gehaltenen Fluorescenzschirmes zu der-
jenigen Helligkeit des Schirmes, welcher dieser unter denselben Verbiltnissen aber
ohne Zwischenschaltung des Korpers zeigt.
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Hand mit Ringen (Hand with Ring): print of Wilhelm Réntgen's first

"medical" X-ray, of his wife's hand, taken on 22 December 1895

and presented to Professor Ludwig Zehnder of the Physik Institut,

University of Freiburg, on 1 January 1896. The dark oval on the

third finger is a shadow produced by her ring.


http://en.wikipedia.org/wiki/December_22
http://en.wikipedia.org/wiki/Ludwig_Zehnder

Paper funnel radioscope

~iFree X-Ray Examination to Patients.<

Late 1890s |. World war




Shoe-fitting fluoroscope
1930-50

CERTIFICATE

SHOE-FITTING TEST DATA FOR <k

1. ANKLE ROLL GoopD [] FAIR [] PFOOR  {]
2. WEIGHT DISTRIBUTION ? 3. X-RAY FITTING TEST

Y-RAY TESTR™
LEFT RIGHT LEFT RIGHT
% BALL % [ . e0em: £
WRONG
9% OUTER % WAY 3ty Bl <] WAY
RIGHT % WRONG
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This scientific way of approaching the problem of poorly-fitted shoes
eliminates guesswork. Now you can see for yourself!
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today



X-rays are electromagnetic
waves

Wavelength 1pm 100nm 10nm 1nm 100pm 10pm 1pm 100fm
p— AL AL LU 2 LU . ~L LIS

visiEE light soft X—rays

ultraviolet light hard X—rays
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Photon energy 1eV 10eV 100eV 1keV 10keV 100keV 1MeV 10 MeV

A

X-ray crystallography Mammeography Medical CT Airport security

-

Wavelength 10 - 0.01 nm. Frequency 30x10' - 30x10'® Hz. Energy 120 eV - 120 keV.
(petaherz - exahertz)



X-rays

Generation of X-rays

X-ray spectrum

Interaction with matter 1: diffraction
Interaction with matter 2: absorption
X-ray absorption mechanisms:
Photoelectric effect

Compton scatter
Pair production



Generation of X-ray
(non-conventional)

Triboluminescence: light emission evoked by
scratching or rubbing. Francis Bacon, 1605.

Peeling away sticky tape emits light... ...and X-rays. (Nature News, October 2008)



Generation of X-ray:
in Cathode Ray Tube
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Photo of a Coolidge x-ray tube, from the early 1900s. The

| cathode heated cathode is on the left, the anode target is on the
ray . right. The x-rays are emitted in a downward direction.
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Rotating-anode X-ray tube. Anode rotation is used for cooling.



‘Bremsstranlung’

electrons
accelerated
to velocity v

Electrons decelerate, thereby loose their kinetic energy, when
interacting with the atoms of the anode (“braking radiation”).



G il Bias

Spectrum of Bremsstrahlung

Maximal photon energy (emax)

] N.B.: Total kinetic energy of electron is
COntanOUS SpeCtrum transformed in one steg%rare event).

e. electron’s charg%e;

A — — Uanode . accelerating voltage;
eUanode gmax hf max eUanode: acceleration work;
B h: Planck’s constant;
U, Ur<Uz< U3 fmax: limiting frequency

Limiting wavelength (Amin)
he 1 (Duane-Hunt Law)

)L = 5 N.B.: Limiting wavelength is inversely
min U proportional to avvelerating voltage.
€ anode ¢ light speed;
s > hc/e: constant (1.2398 kV-nm)
A
AP _ .Z-(e, —) Energy spectrum
Ag =c¢ €nax € (energy dependence of power)

Total power (Prot)

1 ' 2 2 2 (based on the area of the triangle)
Bot - EC .Z.gmax B C.Z.Uanode € Crg . coefficient (1.1x10° V-1);
, lanode . @node current (number of electrons
— . . . hitting the anode per unit time);
Ptot CRtg 1 anode Uanode Z A atomic number of the anode atoms
2 .
P, Crilioie Uspose”Z —C U - Efficiency ()
n= = = Crig Y anode Pin . invested power
in Ianode ) Uanode N.B.: Typically, n < 1%.



Characteristic X-ray
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Spectrum of characteristic
X-ray

i peaks of the
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X-ray spectrum characterizes
atomic composition

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

Cu Fe Ka Lines ——
oo - i 1 Bes—
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-#—— Energy

Electronic transitions in Energy dispersive X-ray
a calcium atom. fluorescence spectrum.



Detection of
characteristic X-ray

Electron probe microanalyzer
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X-ray diffraction
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X-ray absorption

Exponential attenuation

principle
X
J
Incident Transmitted
Intensity Intensity
Jo J=J Oe‘“x
g
Jo = J
3
@®
X
n=u,p
wu . attenuation coefficient

um . mass attenuation coefficient (cm2/g)
p . density (g/cm?3)

um 1S the sum of the mass attenuation coefficients
of the different absorption mechanisms.



X-ray photoetfect

Main effect in

Binding energy (A diagostic X-ray!

100 keV 06 keV
photon photoelectron may
, O0—O-~00 participate
O O © ™ inX-ray
generation

Photoeffect attenuation
coefficient:

T=1,p

tm=photoeffect mass
attenuation coefficient
p=density

incoming X-ray
photon (hf) —

hf=A+ Lmy 2



Photoetfect attenuation depends
strongly on the atomic number

wavelength (pm)

) 100 50 4 .
m : I | | I
(cm7g)| soft x-ray
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3

Z
T, =const-£—3=C-;t3-Z3

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

Z,, = \/ Z wZ;
i=1

g=photon energy
Z=atomic number
w=mole fraction
n=number of components

Material Leff
Air 7.3
Water 7.7
Soft tissue 7.4

Bone 13.8



Compton scatter

valence electrons

Arthur Holly
Compton
(1892-1962)

hf = A+ hf

scatt

T Ekin

A=work function
hfscar=€nergy of scattered photon
Erin=Kinetic energy of Compton-electron

Compton-effect attenuation
coefficient:

c=0,p

Compton
electron

incoming A
photon <A, A{)

scattered photon



Palr proauction

incoming photon pair production

[ (electron)

B* (positron)

+++++

'

- /NS
//l\ hf =m ¢ =0,511 MeV

Be.
radiation %

N

(relevant only in therapeutic x-ray)

Energy balance:
hf =2mc*+2E,,

me=mass of electron
c=speed of light

Pair production attenuation
coeftficient:

K=K,pP

Pair production relevant in high-
energy X-ray photons, y-radiation.



Attenuation mechanisms

Dependence on photon energy and material

= Lead @ Water
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Um=mass attenuation coefficient Tm=photoeffect mass attenuation coefficient
om=Compton effect mass attenuation coefficient  km=pair production mass attenuation coefficient



Summary of attenuation
mechanisms

Photon energy () Atomic number (Z) Relevant enerev range in
dependence of the mass dependence of the mass fey rahg
: : : : soft tissue
Mechanism attenuation coefficient attenuation coefficient
Rayleigh scatter ~1/¢ ~7? 1-30keV
Photoeffect ~1/¢& ~73 10 - 100 keV
Compton scatter falls gradually with ¢ ~Z/A (A: mass number) 0.5-5MeV
Pair production rises slowly with € ~7? >5 MeV

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




Trends of X-ray applications

3D

Spiral CT reconstruction

Virtual
endoscopy

Angiography Photon Counting CT



Feedback

https://feedback.semmelweis.hu/feedback/pre-show-gr.php?type=feedback&ar=1PEHQBRA72?RPDD8H



http://report.semmelweis.hu/linkreport.php?qr=4XQJFCQY0Q3A54B6

