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Remember: light propagates as a wave➔

In homogeneous and isotropic medium
light travels a straight line➔ light ray

Geometric optics

Light travels with velocity c = 3x108 m/s (2,99792458...x108 m/s) – only in vacuum!

– in optically dense medium it slows down: c1 < c (as E=hf and c=lf, thus l1<l)

– absolute index of refraction is the ratio of light speed in vacuum to the medium: n1=c/c1

– relative index of refraction of two media: n2,1 = n2 / n1

– light ray is an arrow, arrowhead showing the propagation of energy
reversibility principle: the opposite direction is possible as well

– Fermat’s principle:
light travels the path between points that needs the least time to take
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Snell’s law:

Refraction

Refraction can be
explained by the
Fermat’s principle

optical axis

n1

n2

a

b
n1 < n2

a > b

optical axis
incoming ray

refracted ray

reflected ray

shortest path
in dense
medium

shortest total path



n1

n2

a=90o

bcritical

Limiting (critical) angle of refraction

n2 > n1

n2/n1 = sin 90° / sin bcritical = 1/sin bcritical ➔ n1 = n2 x sin bcritical

Analytical application:

the index of refraction of diluted
solutions depends linearly on their
concentration (c): n1 = n0 + k*c

if n1 < nmeasuring prism



Limiting angle and total internal reflection

n1

n2

a=90o

bcritical
b > bcritical

mag köpeny

nmag=1,458

nköpeny=1,440

application:

optical fiber

optical light
guidance



Bronchoscopy Colonoscopy

Applications in medicine:
– diagnostics: local inspection, biopsy,... 
– therapy: surgery,...



Examples of applications in dentistry:



Index of refraction depends on the frequency of light:
increased frequency = increased index of refraction ➔

spectral decomposition of mixed (white) light is possible:

Dispersion

spectrum of a prism is 
non-linear, whereas

spectrum made by an 
optical grating is 

linear



Refraction on curved surfaces
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S]em�YegRSWikibaQ a leQcVpW a mpWeUekbeQ kifeje]eWW fykXV]WiYRlVig UeciSURk 
pUWpkpYel, a W|rĘerĘsspggel  (D)  szRkiV  jelleme]Qi, eg\Vpge a dioptria   
(1 dpt = m-1). S]yrylencspk eVeWpQ (4. b. ibUa) a SiUhX]amRVaQ pUke]Ę fpQ\VXgaUak 
a leQcVpQ Yaly iWhaladiV XWiQ Qem WalilkR]Qak, haQem ~g\ V]yUydQak, miQWha eg\ 
SRQWbyl iQdXlWak YRlQa ki. A] ~Q. Ypkon\ lencspk eVeWpQ a Yalydi VXgiUmeQeW jyl 
hel\eWWeVtWheWĘ a] ~Q. fĘstkon W|UWpQĘ eg\eWleQ fpQ\W|UpVVel (liVd 4. beWpW ibUa), ami 
a fpQ\~W V]eUkeV]WpVpW k|QQ\ebbp WeV]i. A] alibbiakbaQ a leQcVpk kpSalkRWiViQil 
e]W a] eg\V]eUĦVtWpVW alkalma]]Xk. 
 

 
 

4. iEUD. A ´YpNRQ\´ J\ĦMWĘ- pV V]yUyOeQcVe fyNXV]SRQWMaLQaN V]eUNeV]WpVe a fĘVtN 
VeJtWVpJpYeO. 

 
A W|UĘeUĘVVpg, ill. a fykXV]WiYRlVig pV a leQcVe geRmeWUiai SaUampWeUei k|]|WW az 
alibbi |VV]ef�ggpV ill feQQ:  
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ahol n21 a leQcVe aQ\agiQak a k|UQ\e]eWUe YRQaWkR]y UelaWtY W|UpVmXWaWyja, R1 pV R2 
a leQcVpW haWiURly g|mbfel�leWek VXgaUai (2. ibUa). Az R VXgiU SR]iWtY elĘjelĦ, ha 
ktY�lUĘl WekiQWYe a leQcVe fel�leWe dRmbRU~ (kRQYe[), ill. QegaWtY, ha hRmRU~ 
(kRQkiY). A kpSleW a]W mXWaWja, hRg\ miQpl kiVebb a haWiURly g|mb|k VXgaUa, azaz 
miQpl dRmbRU~bb a leQcVe, aQQil kiVebb a fykXV]WiYRlVig, ill. nagyobb a 
W|UĘeUĘVVpg, pV megfRUdtWYa. Az 5. ibUiQ k�l|Qfple VXgaU~ g|mbfel�leWekbĘl 
elĘilltWhaWy leQcVpkeW mXWaWXQk be. 
 

 
 

5. iEUa. LencseWtSXVRN. 
 
A (2) kpSleW WeV]i pUWheWĘYp V]em�QkQek a]W a kpSeVVpgpW, hRg\ k�l|Qb|]Ę 
WiYRlVigRkbaQ leYĘ WiUg\akaW eg\aUiQW pleVeQ le WXd kpSe]Qi (akkomodiciy). 
Il\eQkRU Xg\aQiV a V]emleQcVe fykXV]WiYRlViga YilWR]ik. TiYRlUa Qp]pVkRU a] 
eUQ\edW illaSRW~ ciliaris izomzat a leQcVef�ggeV]WĘ URVWRkaW megfeV]tWi, e]]el a 
leQcVpW ellaSRVtWja (R1, R2 megQĘ), amiQek k|YeWke]WpbeQ a fykXV]WiYRlVig megQĘ, 
a W|UĘeUĘVVpg lecV|kkeQ. K|]elUe Qp]pVkRU fRUdtWRWW a hel\]eW, a ciliaris izomzat 
|VV]eh~]ydik, a V]emleQcVe fykXV]WiYRlViga kiVebbp, W|UĘeUĘVVpge Qag\Rbbi Yilik 
(UpV]leWeVebbeQ liVd 8. A SZEM OPTIKÈJA ctmĦ feje]eWbeQ). 

 
 
3. iEUD. A J\ĦMWĘOeQcVe V]iUPa]WaWiVa 

SUL]PibyO. 

 fykXV]WiYRlVig 
 focal length 
 Brennweite 

 W|UĘeUĘVVpg 
 Power (strength) of a lens 
 Brechkraft 

 W|UĘeUĘVVpg 
 power (strength) of a lens 
 Brechkraft 

Power of a lens
(diopter, 1/m)

– rays travel parallel with the optical axis focus in one point (converging lens), or
diverge as they are emanated from one point (diverging lens)

– simplification for thin lenses: if only one refraction would happen in principal plane!



Image formation by thin spherical lenses – principal rays

Image is formed if rays emanating from a point re-unite:

Linear magnification: ratio of image size to object size
N = K / T  (= k/ t) 

– real image: can be directly monitored or stored
– virtual image: a real image can be formed by another lens
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8. iEUD. A QeYe]eWeV VXJiUPeQeWeN aONRWWa KaVRQOy KiURPV]|JeN VeJtWVpJpYeO a 
OeQcVeW|UYpQ\ OeYe]eWKeWĘ. 

 
A OeQcVe OLQeiULV Qag\tWiViW a NpS pV a WiUg\ PagaVVigiQaN hiQ\adRVa adMa, aPL 
a]RQbaQ a NpS- pV WiUg\WiYROVig VegtWVpgpYeO (OiVd 8. ibUa WiUg\ROdaOL, LOO. NpSROdaOL 
YRQaONi]RWW haVRQOy hiURPV]|geLW) is feOtUhaWy: 

t
k

T
KN    .                                                  (3) 

A NpSROdaORQ OpYĘ ViUgiYaO MeO|OW haVRQOy hiURPV]|geN feOhaV]QiOiViYaO: 
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aPLbĘO T-veO YaOy RV]WiVVaO pV a (3) |VV]ef�ggpV fLg\eOePbeYpWeOpYeO az aOibbL ² 
V]yUy- pV g\ĦMWĘOeQcVpNUe eg\aUiQW pUYpQ\eV ² leQcVeW|UYpQ\ Ye]eWheWĘ le: 
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eUdePeV Ppg PegePOtWeQL, hRg\ NpW N|]eOL, a]RQRV RSWLNaL WeQgeO\Ħ OeQcVe 
W|UĘeUĘVVpge |VV]eadydLN (9. ibUa): 
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IWW a N|]eOL a]W MeOeQWL, hRg\ a OeQcVpN WiYROViga a fyNXV]WiYROVigaLNQiO VRNNaO 
kisebb. Ezen alapul a V]eP QeP PegfeOeOĘ aONaOPa]NRdyNpSeVVpgpQeN 
V]eP�YeggeO (Yag\ NRQWaNWOeQcVpYeO) YaOy NRUULgiOiVa. 
 
A LENCSETgRVeNY ELLENėRZeSE 
 
A feQWLeN eOOeQĘU]pVpUe QphiQ\ NtVpUOeWeW Ypg]�QN a g\aNRUOaWYe]eWĘYeO N|]|VeQ. A 
PpUpVeN NLpUWpNeOpVe eg\pQLOeg Ypg]eQdĘ. 

1. FigyeOM�N Peg eg\ g\ĦMWĘOeQcVe NpSaONRWiViW N�O|Qb|]Ę WiUg\WiYROVigRN 
eVeWpQ! MpUM�N Peg a NpS- pV WiUg\WiYROVigRW |W N�O|Qb|]Ę beiOOtWiVbaQ! A 
OeQcVeW|UYpQ\W ~g\ Lga]ROhaWMXN, ha a NpSWiYROVig UecLSURNiW a WiUg\WiYROVig 
UecLSURNiQaN f�ggYpQ\pbeQ ibUi]ROMXN. ENkor egyenest kell kapnunk, mely 
PLQdNpW WeQgeO\W a] O /f pUWpNQpO PeWV]L. 

2. Eg\ PiVLN (LVPeUW dLRSWULiM~) OeQcVpW heO\e]]�QN V]RURVaQ a] eOĘbbL PeOOp, pV 
a NpW OeQcVpbĘO iOOy UeQdV]eUUe SiUhX]aPRV VXgaUaNaW bRcViWYa haWiUR]]XN Peg 
a OeQcVeUeQdV]eU fyNXV]WiYROVigiW! EOOeQĘUL]]�N, hRg\ a W|UĘeUĘVVpgeN 
|VV]eadydQaN-e! 

 
A MIKROSZKÏP 
 
Az |VV]eWeWW PikURV]kyS fĘ aONRWyUpV]eL: a PegYLOigtWy UeQdV]eU, az RbMeNWtY- pV 
az RNXOiUrendszer (OiVd a ctPOaS ibUiMiW). A WiUg\hR] N|]eOL g\ĦMWĘOeQcVpW (LOO. 
lencserendszert) neve]]�N RbjekWtYQek (WiUg\OeQcVe), a V]ePhe] N|]eOLW 

 OeQcVeW|UYpQ\, OeNpSe]pVL W|UYpQ\ 
 lens equation 
 Linsengleichung, Abbildungsgesetz  

 
 
9. iEUD. K|]eOL OeQcVpN W|UĘeUĘVVpJeL 

 |VV]eadydnak. 

lens law:



The final image is magnified, inverted and virtual!

N = N1*N2 = (T’/T)*(K’/T’) = K’/T

Image formation by a microscope
– based on geometrical optics



Magnification Resolution

What is the limit on magnification?

What is the smallest distinguishable detail in the image?



Image formation by a microscope
– based on wave optics

Resolution is limited by interference of light emanating from different parts of the object

Any object
comparable in size
with the wavelength
evokes diffraction!



Wave optics basis of image formation
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KONTRASZT NÖVELÉSE A MIKROSZKÓPBAN 
 
A. Sötétlátótér mikroszkópia 
Használata: kisméretű, reflektív objektumok esetén (itt a világos háttér miatt nem tudnánk elkülöníteni a 
tárgyat). 
Megoldás: háttérintenzitás eliminálása, képalkotás csak a szórt sugarakkal. 
Fourier-optikai mechanizmus: a nem szórt, nulladrendű sugarat eltávolítjuk a diffrakciós képből, és a 
képalkotásban csak a szórt maximumok játszanak szerepet. (A Fourier-optikai magyarázatra lásd a 49. 
ábrát). 
Megvalósítás: minta-megvilágító sugarak útjába egy centrális korongot helyezünk, mely kizárja a 
centrális sugarakat. Csak a nagy szögben érkező sugarak jutnak a tárgyig (47. ábra). 
 

 
47. ábra. A sötétlátótér mikroszkópia 

alapelve. 

 
 

 
48. ábra. Speciális sötétlátóteres kondenzorok. 

 

 

 

 
49. ábra: A képsíkban regisztrált mikroszkópos kép (balra fent). A nagy szögben szórt sugarak kitakarásával nyert 
kép: a részletek elmosódtak (középen fent). A nulladik rend kitakarásával nyert kép = sötétlátóteres kép; a finom 
részletek megjelennek (jobbra fent). A mikroszkópos kép 2D Fourier transzformált alakja (diffrakciós képe, balra 

lent). A diffraktált sugarak eltakartak (középen lent). A nulladik diffrakciós rend eltakart (jobbra lent). 
 

Image formed
by the lens

Diffraction
pattern of the
above image

full diffraction retained higher orders excluded zero order excluded



Wave optics basis of image formation

d*sin w = l

d = 0,61*l/(n*sin w) = 0,61*l / NA

Abbe’s principle: an image to form, at least the first order maxima should enter

the objective! The resolution is determined by the wavelength of illumination and

the numeric aperture of the objective – not by the magnification!



Wave optics basis of image formation

The best resolution with blue illumination and high (expensive)
numeric aperture objective is around 200 nm! Smaller objects
can not be resolved in details in conventional light microscope!



Image formation by human eye

feloldóképesség biológiai korlátja:
a receptorsejtek sűrűsége

Object Image on Visual
receptors sensation

visual acuity (visus):
= 1(’) / a(’) *100 (%)

normally a = 1’

biological limit of resolution: density
of receptor cells

To recognise two points being 
separated minimum one receptor 
cell must remain inactive between
two activated ones.

Limiting angle of view: the smallest angle for two points being distinguished
aL=1.22 l/d, for average wavelength (550 nm) and pupil diameter (4 mm) aL=0.6’



Can Abbe’s formula be overcome?

Super resolution microscopy... 
(in 5 weeks J)
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61,0d limit of resolution for blue light ~ 200 nm

Abbe’s formula – any place for improvement?

To improve resolution ➔ shorter wavelength needed
➔ electron beams?!

➔ l ~ 2 pm
U = 100 kV

vm/h e=l

em
eU2v =

➔ let’s make an electron microscope!



Electron beam’s interactions with sample

TEM

SEM



Construction of Electron Microscope

Scanning electron microscope
SEM

Transmission electron microscope
TEM



Light microscope vs Electron microscope

spinach leaf, semi-thin
section in light

microscope

chloroplast in spinach leaf
cell, ultra-thin section, in 

electron microscope
limit of resolution

l ~ 400 nm l ~ 2 pm
d = 0,61*l/NA d = l/NA
NA ~ 1,54 NA ~ 0,01
d ~ 200 nm d ~ 0,2-0,5 nm



TEM

Electron micrograph showing a mitochondrium
and endoplasmic reticulum



SEM

Scanning Electron Microscope

image of bacteria in dental plaque

Magnification: 30000X



Question of the day J

Electron microscopy image 
of dentinal tubules in teeths

made of dentin.  Which

method was applied?

(SEM or TEM)? 



Checklist:

Snell’s law

Fermat’s principle

limiting angle – total internal reflection

spectrum by prism

image formation by thin lenses – principal rays

lens equation, lens-makers’ equation

image formation by light microscope

resolution limit of light microscope – Abbe’s principle

electron microscope

wavelength of an electron beam
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