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ÅÉÓÁÃÙÃÇ

Ç ÖõóéêÞ ÅðéóôÞìç, ìÝ÷ñé ôá ôÝëç ôïõ 19ïõ áéþíá, åß÷å êáôïñèþóåé
íá äéáôõðþóåé ôïõò íüìïõò ðïõ äéÝðïõí ôï ìáêñüêïóìï óå ìéá êïìøÞ
êáé óáöÞ ìïñöÞ ìå Ýíá ìéêñü ðëÞèïò ìáèçìáôéêþí åîéóþóåùí. Ôï
óýíïëï ôùí íüìùí áõôþí ïíïìÜæåôáé óÞìåñá ÊëáóéêÞ ÖõóéêÞ.

Ç êëáóéêÞ öõóéêÞ äéá÷ùñßæåé óáöþò ôá óùìáôßäéá áðü ôá êýìáôá, ôá
ïðïßá èåùñïýíôáé äýï äéáöïñåôéêÝò ïíôüôçôåò. ¸íá óùìáôßäéï êéíåßôáé,
Ýôóé þóôå êÜèå ÷ñïíéêÞ óôéãìÞ ç èÝóç ôïõ êáé ç ôá÷ýôçôÜ ôïõ íá åßíáé
êáèïñéóìÝíåò êáé Ý÷åé ìéá óáöÞ ôñï÷éÜ. Ôï êýìá äåí åßíáé åíôïðéóìÝíï
óå ìéá ðåñéï÷Þ ôïõ ÷þñïõ êáé ôï åîåôáæüìåíï êõìáôéêü ìÝãåèïò
ðåñéãñÜöåôáé ùò óõíÜñôçóç ôïõ ÷ñüíïõ êáé ôïõ ÷þñïõ. 

Áêüìç ìÝ÷ñé ôá ôÝëç ôïõ 19ïõ áéþíá, åêôüò áðü ôçí ðñïóðÜèåéá
åîÞãçóçò ôùí ðáñáôçñÞóåùí óôï ìáêñüêïóìï ìå ëßãïõò áðëïýò íüìïõò,
áíáðôý÷èçêáí ðåéñáìáôéêÝò äéáôÜîåéò êáé ðñïûðïèÝóåéò, ïé ïðïßåò
Ýäùóáí ôç äõíáôüôçôá ìåëÝôçò ôïõ áôïìéêïý ìéêñüêïóìïõ. Áðü ôá
ðåéñÜìáôá óå áôïìéêü åðßðåäï ðñïÝêõøáí ïñéóìÝíá äåäïìÝíá. Ãéá ôïõò
öõóéêïýò ôïõ ôÝëïõò ôïõ 19ïõ êáé ôùí áñ÷þí ôïõ 20ïõ áéþíá, Þôáí
áðïëýôùò öõóéïëïãéêü íá åöáñìüæïíôáé ïé íüìïé ôçò ÊëáóéêÞò ÖõóéêÞò
óå áôïìéêü åðßðåäï ãéá ôçí åîÞãçóç ôùí ðåéñáìáôéêþí äåäïìÝíùí. Ç
áðüðåéñá áõôÞ åóôÝöèåé áðü ðáôáãþäç áðïôõ÷ßá, ïðüôå êáôÜëáâáí üôé
óôï ìéêñüêïóìï ôá ðñÜãìáôá åßíáé äéáöïñåôéêÜ êáé êÜôé Üëëï óõìâáßíåé.
¢ñ÷éóáí ôüôå íá äéáôõðþíïíôáé íÝåò éäÝåò ðïõ ïäÞãçóáí óôçí
êâáíôïìç÷áíéêÞ. Óôéò åðüìåíåò ðáñáãñÜöïõò èá êáôáãñÜøïõìå ôá
âáóéêÜ óôÜäéá ôçò ðïñåßáò áõôÞò ìÝóá áðü äéÜöïñá ðåéñÜìáôá êáé ôéò
áðüðåéñåò èåùñçôéêÞò åîÞãçóçò ôùí áðïôåëåóìÜôùí ìÝ÷ñé ôçí ôåëéêÞ
èåùñßá.

ÁÊÔÉÍÏÂÏËÉÁ ÌÅËÁÍÏÓ ÓÙÌÁÔÏÓ

¼ëá ôá óôåñåÜ óþìáôá, üôáí âñßóêïíôáé óå õøçëÝò èåñìïêñáóßåò,
áêôéíïâïëïýí çëåêôñïìáãíçôéêÞ áêôéíïâïëßá, ôçò ïðïßáò ôï öÜóìá åßíáé
óõíå÷Ýò. Ï ôñüðïò ðáñáãùãÞò ôçò áêôéíïâïëßáò áõôÞò (èåñìéêÞò) åßíáé
ðïëýðëïêïò êáé äåí ìðïñåß íá êáôáíïçèåß ìå ôï ìïíôÝëï ôïõ åëåýèåñïõ
áôüìïõ, ðïõ ïäçãåß óå ãñáììéêü öÜóìá.

×áñáêôçñéóôéêü óõíå÷Ýò öÜóìá åßíáé áõôü ôïõ (ìïíôÝëïõ ôïõ) ìÝëáíïò
óþìáôïò. ÌÝëáí óþìá åßíáé åêåßíï ôï éäåáôü óþìá ðïõ áðïññïöÜ üëç
ôçí áêôéíïâïëßá, ðïõ ðñïóðßðôåé ðÜíù ôïõ, êáé åêðÝìðåé áêôéíïâïëßá
üëùí ôùí óõ÷íïôÞôùí äßíïíôáò óõíå÷Ýò öÜóìá.

ÐñïóåããéóôéêÜ èåùñïýìå óáí ìÝëáí óþìá ôçí êïéëüôçôá óå õëéêü ìå
èåñìïêñáóßá Ô (Ó÷. 4.129). Áí áêôßíá öùôüò åéóÝëèåé áðü ôç ìéêñÞ ïðÞ
ôçò êïéëüôçôáò, õößóôáôáé ðïëëáðëÝò áíáêëÜóåéò óôï åóùôåñéêü ôçò, êáé
Ý÷åé áìåëçôÝá ðéèáíüôçôá íá åîÝëèåé, äçëáäÞ ç êïéëüôçôá, üðùò êáé ôï
ìÝëáí óþìá, áðïññïöÜ üëç ôçí áêôéíïâïëßá ðïõ åéóÝñ÷åôáé. Ôï öÜóìá
ôçò áêôéíïâïëßáò ðïõ åêðÝìðåôáé áðü ôçí êïéëüôçôá, åßíáé üìïéï ìå áõôü
ôïõ ìÝëáíïò óþìáôïò.

Ç áíÜëõóç ôïõ öÜóìáôïò ôçò áêôéíïâïëßáò ôçò êïéëüôçôáò, ãéá
äéÜöïñåò ôéìÝò ôçò èåñìïêñáóßáò Ô, äßíåé ôá áðïôåëÝóìáôá ôïõ ó÷Þìáôïò
4.130. Ï êáôáêüñõöïò Üîïíáò Éë ïíïìÜæåôáé (öáóìáôéêÞ) áöåôéêÞ
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Ìéá êïéëüôçôá åíüò õëéêïý åßíáé ìéá êáëÞ
ðñïóÝããéóç ôïõ ìÝëáíïò óþìáôïò.



éêáíüôçôá êáé åßíáé ôï ðçëßêïí ôçò Ýíôáóçò ÄÉ (õðåíèõìßæïõìå üôé Ýíôáóç
ôçò áêôéíïâïëßáò åßíáé ç éó÷ýò ôçò áêôéíïâïëßáò áíÜ ìïíÜäá åðéöáíåßáò)
ðïõ åêðÝìðåôáé óå ìéá ðåñéï÷Þ Äë ôùí ìçêþí êýìáôïò äéá ôïõ Äë

(äçëáäÞ ). ÅêöñÜæåé ôç êáôáíïìÞ åíÝñãåéáò ôçò áêôéíïâïëßáò
óôá äéá-

öïñá ìÞêç êýìáôïò.
Áðü ôç ìåëÝôç ôùí êáìðõëþí ôïõ ó÷Þìáôïò 4.130 ðñïêýðôïõí ïé åîÞò

ðåéñáìáôéêïß íüìïé:
á) Ç êáìðýëç óå Üîïíåò Éë − ë åßíáé ßäéá, áíåîÜñôçôá áðü ôï õëéêü

ðïõ åßíáé êáôáóêåõáóìÝíç ç êïéëüôçôá.
â) Íüìïò ìåôáôüðéóçò ôïõ Wien: Ôï ãéíüìåíï ôïõ ìÞêïõò êýìáôïò ëmax

ðïõ áíôéóôïé÷åß óôï ìÝãéóôï ôçò êáôáíïìÞò, åðß ôç èåñìïêñáóßá åßíáé
óôáèåñü.

(4.133)

ã) Áóõìðôùôéêüò íüìïò ôïõ Wien: Åßíáé åìðåéñéêüò íüìïò ðïõ
ðåñéãñÜöåé ðñïóåããéóôéêÜ ôï ôìÞìá ôçò êáìðýëçò Éë-ë ãéá ìéêñÜ ìÞêç
êýìáôïò.

ä) Ï Íüìïò ôùí Stefan-Boltzmann: Ç éó÷ýò áíÜ ìïíÜäá åðéöÜíåéáò
ðïõ áêôéíïâïëåß ç êïéëüôçôá, äßíåôáé áðü ôç ó÷Ýóç.

É = óÔ 4 (4.134)

üðïõ ó = 5,67 × 10- 8 Wm- 2 K4 ìéá ðáãêüóìéá óôáèåñÜ

ÐáñÜäåéãìá 4-49

Ìéá êïéëüôçôá Ý÷åé èåñìïêñáóßá 3000 Ê á) Óå ðïéü ìÞêïò êýìáôïò ç
áöåôéêÞ éêáíüôçôá åßíáé ìÝãéóôç; â) Ðüóç éó÷ýò åêðÝìðåôáé áíÜ ìïíÜäá
åðéöáíåßáò áðü ôçí ïðÞ ôçò êïéëüôçôáò;

ÁðÜíôçóç

á) Óôï ìÞêïò êýìáôïò óôï ïðïßï Ý÷ïõìå ìÝãéóôï, åßíáé

ë Ômax m K= × ⋅−2 898 10 3,
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To öÜóìá ôçò áêôéíïâïëßáò ôçò êïéëüôçôáò ãéá äéÜöïñåò èåñìïêñáóßåò.



Þ

â) Ç éó÷ýò ðïõ åêðÝìðåôáé áíÜ ìïíÜäá åðéöáíåßáò åßíáé É = óÔ 4 Þ 

Þ

ÅÑÌÇÍÅÉÁ ÔÏÕ ÖÁÓÌÁÔÏÓ

Ïé Rayleigh êáé Jeans ðñïóðÜèçóáí íá åîçãÞóïõí èåùñçôéêÜ, óôá ðëáßóéá
ôçò êëáóéêÞò öõóéêÞò, ôïõò ðéï ðÜíù íüìïõò êáé ôçí êáìðýëç ôïõ ó÷Þìáôïò
4.130. Ôá áðïôåëÝóìáôá ôçò èåùñçôéêÞò ðñüâëåøçò ôùí Rayleigh êáé Jeans
(åóôéãìÝíç êáìðýëç) êáé ôá ðåéñáìáôéêÜ ãéá ôçí ßäéá èåñìïêñáóßá Ô öáßíïíôáé
óôï ó÷Þìá 4.131. Ðáñáôçñïýìå üôé, åíþ óõìöùíïýí ãéá ìåãÜëá ìÞêç êýìáôïò,
ãéá ôá ìéêñÜ ìÞêç êýìáôïò õðÜñ÷åé ðëÞñçò áóõìöùíßá. ÁõôÞ ç áóõìöùíßá
åßíáé ãíùóôÞ ùò "õðåñéþäçò êáôáóôñïöÞ".

Ï Ãåñìáíüò öõóéêüò Max Planck ðñïóðáèþíôáò íá åîçãÞóåé óôï
óýíïëü ôïõò ôá ðåéñáìáôéêÜ áðïôåëÝóìáôá, ÷ñåéÜóôçêå íá îåöýãåé áðü
ôá ðëáßóéá ôçò êëáóéêÞò öõóéêÞò. Ðéï óõãêåêñéìÝíá ç èåùñßá ôïõ Planck
èåùñåß üôé êáôÜ ôç èåñìéêÞ éóïññïðßá óôçí êïéëüôçôá õðÜñ÷åé
áêôéíïâïëßá üëùí ôùí óõ÷íïôÞôùí. ÊáôÜ ôç èåñìéêÞ åêðïìðÞ
áêôéíïâïëßáò, ãéá êÜèå óõ÷íüôçôá ïé ìüíåò åðéôñåðüìåíåò åíÝñãåéåò ôçò
áêôéíïâïëßáò åßíáé

Å = 0, h f, 2h f, 3h f, ... Þ

Ån = n h f, n = 0, 1, 2, ... (4.135)

Ï ðáñÜãïíôáò h åßíáé ìéá óôáèåñÜ, ç ïðïßá ôåëéêÜ ïíïìÜóôçêå óôáèåñÜ
ôïõ Planck, êáé ç ðïóüôçôá åíÝñãåéáò hf ïíïìÜóôçêå êâÜíôï (quantum)
åíÝñãåéáò êáé ï áêÝñáéïò n, êâáíôéêüò áñéèìüò ãéá ôç óõãêåêñéìÝíç
óõ÷íüôçôá. Ç áíùôÝñù êâÜíôùóç ïöåßëåôáé óôï ãåãïíüò üôé ç èåñìéêÞ
áêôéíïâïëßá åêðÝìðåôáé áðü ìéêñïýò ôáëáíôùôÝò (êåñáßåò) ðïõ Ý÷ïõí
äéáêñéôÝò ðïóüôçôåò åíÝñãåéåò êáé ìðïñïýí íá áðïññïöÞóïõí Þ íá
åêðÝìøïõí çëåêôñïìáãíçôéêÞ áêôéíïâïëßá êáôÜ ôéò ßäéåò äéáêñéôÝò ðïóüôçôåò,
óýìöùíá ìå ôç ó÷Ýóç

E = n h f,   n = 1, 2, 3 (4.136)

Ôá ðåéñáìáôéêÜ äåäïìÝíá ìå ôá óõìðåñÜóìáôá ôïõ Planck óõìöùíïýí
ðïëý êáëÜ ãéá ôéìÞ ôçò óôáèåñÜò,

h = 6,626 × 10- 34 J ⋅ s (4.137)

Ï Planck ðáñïõóßáóå ôç èåùñßá ôïõ óôéò 14 Äåêåìâñßïõ 1900 óôç ÖõóéêÞ
Åôáéñßá ôïõ Âåñïëßíïõ, õðïóôÞñéîå üôé ç áêôéíïâïëßá åêðÝìðåôáé êáé
áðïññïöÜôáé êáôá êâÜíôá (áóõíå÷Þ ôñüðï), åðåéäÞ ïé ôáëáíôùôÝò ðïõ
ôçí åêðÝìðïõí Ý÷ïõí áõôÞ ôçí éäéüôçôá. ¼ìùò ðßóôåõå üôé ç áêôéíïâïëßá
Ý÷åé óõíå÷Þ åíåñãåéáêÞ êáé ÷ùñéêÞ õöÞ (áðëùìÝíç óôï ÷þñï). Ôï
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Ç äéáêåêïìÝíç ãñáììÞ åßíáé ôá
óõìðåñÜóìáôá ôùí Rayleigh - Jeans êáé ç
óõíå÷Þò ôá ðåéñáìáôéêÜ äåäïìÝíá.

MAX PLANCK
(1858-1947)

ÃåííÞèçêå óôï Êßåëï ôçò
Ãåñìáíßáò. Óðïýäáóå óôï
Ìüíá÷ï êáé óôï Âåñïëßíï
üðïõ ðÞñå ôï äéäáêôïñéêü
ôïõ äßðëùìá ôï 1879. Åñ-
ãÜóôçêå ãéá êÜðïéï
äéÜóôçìá óôï Êßåëï êáé ôï
1889 Ýãéíå êáèçãçôÞò
èåùñçôéêÞò öõóéêÞò óôï
ðáíåðéóôÞìéï ôïõ
Âåñïëßíïõ óôç èÝóç ôïõ
Kirvhhoff. Áñ÷éêÜ
áó÷ïëåßôï ìå ôç
èåñìïäõíáìéêÞ êáé üôáí
óôï Âåñïëßíï ãíþñéóå ôçí
ðåéñáìáôéêÞ åñãáóßá
óõíáäÝëöùí ðÜíù óôç
èåñìéêÞ áêôéíïâïëßá,
êáôáðéÜóôçêå êáé åîÞãáãå
ôïí íüìï ôçò áêôéíïâïëßáò
ôïõ ìÝëáíïò óþìáôïò. Ïé
åñãáóßåò ôïõ Þôáí ç áñ÷Þ
ôçò êâáíôéêÞò öõóéêÞò êáé
ôï 1919 ôéìÞèçêå ìå ôï
âñáâåßï Nobel ãéá ôçí
áíáêÜëõøç ôçò êâÜíôùóçò
ôçò åíÝñãåéáò.



ìåãáëýôåñï Üëìá Ýãéíå áðü ôïí Einstein óôç èåùñßá ãéá ôçí åîÞãçóç ôïõ
öùôïçëåêôñéêïý öáéíïìÝíïõ, ôï ïðïßï áíáðôýóóåôáé óôçí åðüìåíç
ðáñÜãñáöï.

ÐáñÜäåéãìá 4-50

Ðüóá êâÜíôá åêìÝìðïíôáé áíÜ äåõôåñüëåðôï áðü ôïí ¹ëéï, áí ç éó÷ýò ðïõ
ðáñÜãåé ï ¹ëéïò åßíáé 3,74 × 10 26 W êáé ôï ìÝóï ìÞêïò êýìáôïò ôùí
öùôïíßùí ðïõ åêðÝìðïíôáé åßíáé 500 nm. Äßíåôáé ç ôá÷ýôçôá ôïõ öùôüò
c = 3,00 × 10 8 m/s.

ÁðÜíôçóç

Áí Í åßíáé ôï ðëÞèïò ôùí êâÜíôùí ðïõ åêðÝìðïíôáé óôï ÷ñüíï t, Ý÷ïõìå

Nh f = Pt  Þ ,

Añá, áíÜ äåõôåñüëåðôï Ý÷ïõìå

ÐáñÜäåéãìá 4-51

Óýóôçìá ìÜæáò-åëáôçñßïõ åêôåëåß ôáëáíôþóåéò óõ÷íüôçôáò 5 Hz êáé ðëÜôïõò
5 cm. Áí ç ìÜæá åßíáé 1 kg, õðïëïãßóôå ôïí êâáíôéêü áñéèìü n ôïõ
óõãêåêñéìÝíïõ êâáíôéêïý ôáëáíôùôÞ. 

ÁðÜíôçóç

Ç åíÝñãåéá ôïõ óõóôÞìáôïò åßíáé

Þ   E = 2ð 2 m f 2 A 2

¢ñá

nhf = 2ð2 m f 2 A 2 Þ  

Áíôéêáèéóôþíôáò Ý÷ïõìå

Þ   n = 3,70 × 10 32

ÖÙÔÏÇËÅÊÔÑÉÊÏ ÖÁÉÍÏÌÅÍÏ

ÖÙÔÏÇËÅÊÔÑÉÊÏ ÖÁÉÍÏÌÅÍÏ - ÐÅÉÑÁÌÁÔÉÊÁ ÄÅÄÏÌÅÍÁ

Öùôïçëåêôñéêü öáéíüìåíï, åßíáé ôï öáéíüìåíï åêðïìðÞò çëåêôñïíßùí
(ëÝãïíôáé êáé öùôïçëåêôñüíéá) áðü ôçí åðéöÜíåéá ìåôÜëëïõ, üôáí
ðñïóðßðôåé ðÜíù ôçò öùò. ÐáñáôçñÞèçêå åíôåëþò ôõ÷áßá áðü ôïí Hertz
ôï 1887 êáé ôá ðñþôá äåäïìÝíá åäñáéþèçêáí ðñéí ôï 1905 áðü ôïõò P.
Lenard êáé W. Hallwachs.

Óôï ó÷Þìá 4.132 öáßíåôáé ìéá äéÜôáîç, ìå ôçí ïðïßá ìåëåôÜôáé ôï
öùôïçëåêôñéêü öáéíüìåíï. Ï áåñüêåíïò óùëÞíáò åßíáé êáôáóêåõáóìÝíïò
áðü ÷áëáæßá, ãéá íá ìðïñåß íá äéÝñ÷åôáé êáé ç õðåñéþäçò áêôéíïâïëßá.
Ç äÝóìç áêôéíïâïëßáò ðïõ ÷ñçóéìïðïéåßôáé åßíáé ìïíï÷ñùìáôéêÞ. Ç
äÝóìç ðñïóðßðôïíôáò óôç ìåôáëëéêÞ êÜèïäï Ê, ðáñÜãåé öùôïçëåêôñüíéá.
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Ôá öùôïçëåêôñüíéá Ýëêïíôáé áðü ôçí Üíïäï Á êáé áíé÷íåýïíôáé áðü ôï
åõáßóèçôï áìðåñüìåôñï G Ýíåêá äçìéïõñãßáò ñåýìáôïò. Ç ìåëÝôç ôïõ
öáéíïìÝíïõ ïäçãåß óôéò åîÞò ðáñáôçñÞóåéò

á) Ãéá áêôéíïâïëßá óôáèåñÞò óõ÷íüôçôáò êáé ìåôáâëçôÞò Ýíôáóçò, ôï
öùôïçëåêôñéêü ñåýìá i êáé ç ôÜóç V ìåôáîý áíüäïõ êáé êáèüäïõ
ðáñßóôáíôáé ãñáöéêÜ óôï ó÷Þìá 4.133. ¼ôáí ç ôÜóç ãßíåé áñêåôÜ ìåãÜëç,
ôï öùôïçëåêôñéêü ñåýìá ðáßñíåé ìéá óôáèåñÞ ïñéáêÞ ôéìÞ. Ôüôå üëá ôá
öùôïçëåêôñüíéá, ðïõ ðáñÜãïíôáé óôçí êÜèïäï, óõëëÝãïíôáé óôçí Üíïäï.
¼ôáí ç ôÜóç áíáóôñáöåß, ôï ñåýìá äåí ìçäåíßæåôáé áìÝóùò áëëÜ ìåôÜ
áðü ôéìÞ ôçò ôÜóçò V0 . Ç ôÜóç V0 ïíïìÜæåôáé ôÜóç áðïêïðÞò. ¼ôáí ç
áíÜóôñïöç ôÜóç åßíáé áêñéâþò ßóç ìå ôçí ôÜóç áðïêïðÞò, ôá çëåêôñüíéá
ðïõ âãáßíïõí áðü ôçí êÜèïäï ìå ìÝãéóôç ôá÷ýôçôá, ìüëéò ðïõ öôÜíïõí
óôçí Üíïäï, äçëáäÞ öôÜíïõí ìå ìçäåíéêÞ ôá÷ýôçôá. Áðü ôçí áñ÷Þ
äéáôÞñçóçò ôçò ìç÷áíéêÞò åíÝñãåéáò Ý÷ïõìå üôé ç ìÝãéóôç êéíçôéêÞ
åíÝñãåéá ôùí öùôïçëåêôñïíßùí, Kmax , åßíáé

Êmax = e V0 (4.138)

üðïõ e ç áðüëõôç ôéìÞ ôïõ öïñôßïõ ôïõ çëåêôñïíßïõ.
â) ÌåôáâÜëëïíôáò ôç óõ÷íüôçôá f ôçò ðñïóðßðôïõóáò áêôéíïâïëßáò, ïé

áíôßóôïé÷åò ôéìÝò ôçò ìÝãéóôçò êéíçôéêÞò åíÝñãåéáò ôùí öùôïçëåêôñïíßùí,

ÓÔÏÉ×ÅÉÁ ÊÂÁÍÔÏÌÇ×ÁÍÉÊÇÓ 289

Ó×ÇÌÁ 4-133

Ôï öùôïçëåêôñéêü ñåýìá åîáñôÜôáé êáé áðü
ôçí Ýíôáóç ôçò ðñïóðßðôïõóáò áêôéíïâïëßáò.

Ó×ÇÌÁ 4.132

Ó÷çìáôéêÞ äéÜôáîç ôçò óõóêåõÞò ìåëÝôçò ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ.



Kmax , ìåôáâÜëëïíôáé üðùò óôï ó÷Þìá 4.134. Ç ôéìÞ ôçò Êmax

ðñïóäéïñßæåôáé êÜèå öïñÜ áðü ôç ó÷Ýóç 6, áöïý ðñïçãïõìÝíùò Ý÷åé
õðïëïãéóôåß ç ôÜóç áðïêïðÞò V0. Ðáñáôçñïýìå üôé ãéá óõ÷íüôçôåò
ìéêñüôåñåò ìéáò ôéìÞò, fc , äåí åîÝñ÷ïíôáé öùôïçëåêôñüíéá.

ã) ×ñçóéìïðïéþíôáò êÜèïäï áðü ìÝôáëëï Üëëïõ åßäïõò, êáé
åðáíáëáìâÜíïíôáò ôéò äéåñãáóßåò (á) êáé (â), õðïëïãßæåôáé êÜèå öïñÜ ç
ìÝãéóôç êéíçôéêÞ åíÝñãåéá Kmax ôùí öùôïçëåêôñïíßùí. Óôï ó÷Þìá 4.135
öáßíåôáé ç ãñáöéêÞ ðáñÜóôáóç ôçò Kmax ìå ôçí óõ÷íüôçôá f ãéá äéÜöïñá
ìÝôáëëá. Ðáñáôçñïýìå üôé ãéá êÜèå ìÝôáëëï, ç ÷áñáêôçñéóôéêÞ óõ÷íüôçôá fc

åßíáé äéáöïñåôéêÞ. Áêüìç, ïé ãñáöéêÝò ðáñáóôÜóåéò åßíáé åõèåßåò ðáñÜëëçëåò
ìåôáîý ôïõò.

Áðü ôéò ãñáöéêÝò ðáñáóôÜóåéò ôùí ó÷çìÜôùí 4.133., 4.134 êáé 4.135
åîÜãïíôáé ïé ðáñáêÜôù ðåéñáìáôéêïß íüìïé ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ.
1ïò Íüìïò: Ôï öùôïçëåêôñéêü ñåýìá åßíáé áíÜëïãï ðñïò ôçí Ýíôáóç ôçò

ðñïóðßðôïõóáò öùôåéíÞò áêôéíïâïëßáò (Ó÷. 4.133.)
2ïò Íüìïò: Ç ìÝãéóôç êéíçôéêÞ åíÝñãåéá ôùí öùôïçëåêôñïíßùí åîáñôÜôáé

ìüíï áðü ôçí óõ÷íüôçôá ôçò ðñïóðßðôïõóáò áêôéíïâïëßáò êáé
ü÷é áðü ôçí Ýíôáóç ôçò áêôéíïâïëßáò (Ó÷. 4.134).

3ïò Íüìïò: Ôï öùôïçëåêôñéêü ñåýìá åìöáíßæåôáé áí ç ôéìÞ ôçò
óõ÷íüôçôáò ôçò ðñïóðßðôïõóáò áêôéíïâïëßáò åßíáé
ìåãáëýôåñç áðü ìéá óõ÷íüôçôá fc, ÷áñáêôçñéóôéêÞ ãéá êÜèå
ìÝôáëëï. Ç óõ÷íüôçôá fc ïíïìÜæåôáé ïñéáêÞ óõ÷íüôçôá Þ
óõ÷íüôçôá êáôùöëéïý (Ó÷. 4.134 êáé 4.135).

4ïò Íüìïò: Ôï öùôïçëåêôñéêü ñåýìá åìöáíßæåôáé ôáõôü÷ñïíá ìå ôçí
ðñüóðôùóç ôçò öùôåéíÞò áêôéíïâïëßáò óôçí êÜèïäï, ÷ùñßò
÷ñïíéêÞ êáèõóôÝñçóç.

Ç áðüóðáóç ôùí öùôïçëåêôñïíßùí áðü ôï ìÝôáëëï óôá ðëáßóéï ôçò
êëáóéêÞò öõóéêÞò, åßíáé äéêáéïëïãçìÝíç. ¼ìùò, ç êëáóéêÞ öõóéêÞ áäõíáôåß
íá åñìçíåýóåé ôïõò ôñåéò ôåëåõôáßïõò íüìïõò, ðñïâëÝðåé ìÜëéóôá
öùôïçëåêôñéêü ñåýìá ãéá êÜèå óõ÷íüôçôá. ×áñáêôçñéóôéêü åðßóçò åßíáé ôï
ðáñÜäåéãìá ðïõ áêïëïõèåß, óôï ïðïßï öáßíåôáé ï ÷ñüíïò ðïõ ðñïâëÝðåé ç
êëáóéêÞ öõóéêÞ ãéá ôçí ðáñáãùãÞ öùôïçëåêôñïíßùí óå Ýíá ôõðéêü ìÝôáëëï.

ÐáñÜäåéãìá 4-52

Óôç ìåôáëëéêÞ ðëÜêá êáèüäïõ ðñïóðßðôåé ìïíï÷ñùìáôéêÞ äÝóìç éó÷ýïò
10-3 Watt. Ç ðçãÞ áðÝ÷åé áðü áõôÞ 1 m. Íá ðñïóäéïñéóôåß ï ÷ñüíïò ðïõ
èá ðáñÝëèåé ìÝ÷ñé ôï çëåêôñüíéï íá åîÝëèåé áðü ôï ìÝôáëëï. Ç
áðáéôïýìåíç åíÝñãåéá, þóôå ôï çëåêôñüíéï íá åîÝëèåé áðü ôï ìÝôáëëï,
åßíáé: 5 eV, üðïõ 1 eV = 1,6 × 10 -19 J

ÁðÜíôçóç

Ôï Üôïìï Ý÷åé áêôßíá ðåñßðïõ 10-9 m. ¢ñá ôï åìâáäüí ôçò äéáôïìÞò ôïõ åßíáé
ð × 10-18 m2, åðïìÝíùò äÝ÷åôáé åíÝñãåéá áðü ôçí ðçãÞ ìå ñõèìü

Ï ÷ñüíïò ðïõ ÷ñåéÜæåôáé, ãéá íá åîÝëèåé Ýíá çëåêôñüíéï åßíáé
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Ó×ÇÌÁ 4.134

Ðáñáôçñïýìå êÜôù áðü ìéá ôéìÞ ôçò
óõ÷íüôçôáò fc äåí åîÝñ÷ïíôáé

Ó×ÇÌÁ 4.135

Ðáñáôçñïýìå üôé ôá ãñáöÞìáôá åßíáé åõèåßåò
ðáñÜëëçëåò ìåôáîý ôïõò êáé ïé óõ÷íüôçôåò
áðïêïðÞò åßíáé äéáöïñåôéêÝò ãéá êÜèå
ìÝôáëëï.



Ç ÕÐÏÈÅÓÇ ÖÙÔÏÍÉÙÍ ÔÏÕ EINSTEIN

Ãéá ôçí åîÞãçóç ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ ï Einstein, ôï 1905,
äéáôýðùóå ôç èåùñßá ôùí öùôïíßùí ðïõ Þôáí Ýíá åðéðëÝïí Üëìá ðÝñá
áðü ôç èåùñßá ôïõ Planck. ÊáôÜ ôçí èåùñßá ôùí öùôïíßùí ôïõ Einstein
ôï çëåêôñïìáãíçôéêü êýìá åßíáé áóõíå÷Ýò ü÷é äéüôé åêðÝìðåôáé êáé
áðïññïöÜôáé áóõíå÷þò óôçí ðåñßðôùóç ôçò èåñìéêÞò åêðïìðÞò ôïõ
ìÝëáíïò óþìáôïò, áëëÜ ãéáôß áðü ôç öýóç ôïõ Ý÷åé  áóõíå÷Þ õðüóôáóç
üðùò êáé áí ðáñÜãåôáé êáé äéáäßäåôáé êáôÜ áóõíå÷Þ ôñüðï áðïôåëïýìåíï
áðü öùôüíéá, ôá ïðïßá åßíáé ðáêÝôá åíÝñãåéáò åíôïðéóìÝíá êáé óôï
÷þñï, ðïõ äéáäßäïíôáé ìå ôçí ôá÷ýôçôá ôïõ öùôüò. Ç åíÝñãåéá Å ôïõ
öùôïíßïõ åßíáé

Å = h f (4.139)

üðïõ h ç óôáèåñÜ ôïõ Planck êáé f ç óõ÷íüôçôá ôçò áêôéíïâïëßáò. Óôï
ó÷Þìá 4-135 öáßíåôáé ìéá ðïëý ó÷çìáôéêÞ áíáðáñÜóôáóç ôïõ öùôüò ìå
ôá öùôüíéá.

Ï Einstein Ýãñáøå ôçí öùôïçëåêôñïíéêÞ åîßóùóç ùò åîÞò

(4.140)

ÂÜóç ôçò ó÷Ýóçò (4.140) Ýíá öùôüíéï ìåôáöÝñåé üëç ôçí åíÝñãåéÜ ôïõ hf
óå Ýíá ìüíï çëåêôñüíéï ôïõ ìåôÜëëïõ. ÔìÞìá, Ö, ôçò åíÝñãåéáò ôïõ öùôïíßïõ
÷ñçóéìïðïéåßôáé ãéá ôçí åîáãùãÞ ôïõ çëåêôñïíßïõ áðü ôï ìÝôáëëï êáé ãé'
áõôü ôï ëüãï ôï Ö ïíïìÜæåôáé Ýñãï åîáãùãÞò. Ç õðüëïéðç åíÝñãåéá ôïõ
öùôïíßïõ ðáñáìÝíåé óôï çëåêôñüíéï ùò êéíçôéêÞ åíÝñãåéá.

Ìå ôç èåùñßá ôùí öùôïíßùí ïé íüìïé ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ
åîçãïýíôáé ùò åîÞò: Áýîçóç ôçò Ýíôáóçò ôçò áêôéíïâïëßáò óõíåðÜãåôáé
áýîçóç ôçò ñïÞò öùôïíßùí, åðïìÝíùò áýîçóç ôïõ áñéèìïý ôùí
åîáãïìÝíùí çëåêôñïíßùí êáé êáô' åðÝêôáóç áýîçóç ôïõ öùôïçëåêôñéêïý
ñåýìáôïò (1ïò Íüìïò).

Áðü ôçí åîßóùóç (4.140) Ý÷ïõìå
Kmax = h f − Ö (4.141)

¢ñá, áýîçóç ôçò óõ÷íüôçôò óõíåðÜãåôáé áýîçóç ôçò ìÝãéóôçò êéíçôéêÞò
åíÝñãåéáò ôùí çëåêôñïíßùí (2ïò Íüìïò). ÈÝôïíôáò Kmax = 0 óôçí (4.141)
Ý÷ïõìå

Þ (4.142)

ÄçëáäÞ, ãéá íá åîÝëèïõí áðü ôï ìÝôáëëï çëåêôñüíéá ðñÝðåé ç
óõ÷íüôçôá ôçò áêôéíïâïëßáò íá åßíáé ìåãáëýôåñç ôçò ïñéáêÞò fc (3ïò
Íüìïò).

Ìå ôçí ðñüóðôùóç ôùí öùôïíßùí óôï ìÝôáëëï ôá çëåêôñüíéÜ ôïõ
ëáìâÜíïõí áìÝóùò ôçí áðáéôïýìåíç åíÝñãåéá ãéá íá åîÝëèïõí, ïðüôå ôï
öùôïçëåêôñéêü ñåýìá åìöáíßæåôáé áêáñéáßá (4ïò Íüìïò).

ÃñÜöïíôáò ôçí (4.141) ùò
Ê max = h f − h fc (4.143)

åîçãåßôáé ç ãñáöéêÞ ðáñÜóôáóç ôïõ ó÷Þìáôïò 4.135, üðïõ ç êëßóç ôùí
åõèåéþí ãéá üëá ôá ìÝôáëëá åßíáé ßäéá êáé éóïýôáé ìå ôç óôáèåñÜ ôïõ
Planck h (Ýôóé ìåôñéÝôáé ôï h).

f
Ö

h
c =Ö h f= c

h f = Ö + K max

ÓÔÏÉ×ÅÉÁ ÊÂÁÍÔÏÌÇ×ÁÍÉÊÇÓ 291

Ó×ÇÌÁ 4.136

Ìéá ðçãÞ åêðÝìðåé ôá ðáêÝôá åíÝñãåéáò
(öùôüíéá) ôá ïðïßá äéáäßäïíôáé óôï ÷þñï ìå
ôçí ôá÷ýôçôá ôïõ öùôüò.
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Ôï Ýñãï åîáãùãÞò ôïõ Âçñõëëßïõ åßíáé 3,90 eV. á) Ðñïóäéïñßóôå ôçí
ïñéáêÞ óõ÷íüôçôá fc ãéá ôï ìÝôáëëï. â) Áí óôçí åðéöÜíåéá ôïõ ìåôÜëëïõ
ðÝöôåé öùò ìÞêïõò êýìáôïò 150 nm, íá õðïëïãßóåôå ôçí ôÜóç áðïêïðÞò ôïõ
öùôïçëåêôñéêïý öáéíïìÝíïõ.

ÁðÜíôçóç

á) Ç ïñéáêÞ óõ÷íüôçôá ôïõ ìåôÜëëïõ åßíáé

Þ Þ

â) Ç ôÜóç áðïêïðÞò åßíáé . Áðü ôçí öùôïçëåêôñïíéêÞ åîßóùóç

Ý÷ïõìå

¢ñá

Þ

Þ

V0 = 4,39 V

ÊÕÌÁÔÏÓÙÌÁÔÉÄÉÁÊÏÓ ÄÕÚÓÌÏÓ ÔÏÕ ÖÙÔÏÓ -
ÅÍÅÑÃÅÉÁ ÊÁÉ ÏÑÌÇ ÔÏÕ ÖÙÔÏÍÉÏÕ

ÊáôÜ ôçí êëáóéêÞ öõóéêÞ ôï öùò åßíáé êýìá ðñÜãìá ðïõ
äéáðéóôþíåôáé áðü ðëÞèïò ðåéñáìÜôùí. ÅðïìÝíùò, ìéá êõìáôéêÞ åéêüíá
ôïõ öùôüò äåí åðéäÝ÷åôáé áìöéâïëßá. ¼ìùò ìå ôç èåùñßá ôùí öùôïíßùí
öáßíåôáé íá äéáðéóôþíåôáé êáé ìéá óùìáôéäéáêÞ åéêüíá ãéá ôï öùò,
åéêüíá ðïõ áñ÷éêþò ðñïôÜèçêå áðü ôï Íåýôùíá ãéá ôçí åîÞãçóç ôçò
ãåùìåôñéêÞò ïðôéêÞò. Ôï öùôïçëåêôñéêü öáéíüìåíï êáé ôï öáéíüìåíï
Compton, ðïõ èá åîåôÜóïõìå óôçí åðüìåíç ðáñÜãñáöï, äçìéïõñãïýí
êáé åðéâåâáéþíïõí ôçí áíôßëçøç ìéáò óùìáôéäéáêÞò öýóçò ãéá ôï öùò.
Êáé ôï åñþôçìá ðïõ ðñïêýðôåé åßíáé: ôåëéêÜ, ôß åßíáé ôï öùò óùìáôßäéï
Þ êýìá; Ç áðÜíôçóç åßíáé üôé ôï öùò Ý÷åé óùìáôéäéáêü êáé êõìáôéêü
÷áñáêôÞñá, Üñá åßíáé êÜôé Üëëï áðü ôï êëáóéêü óùìáôßäéï êáé êÜôé
Üëëï áðü ôï êëáóéêü êýìá.

Áõôüò ï êõìáôïóùìáôéäéáêüò äõúóìüò ôïõ öùôüò, ðåñéãñÜöåé êáé åîçãåß
ðïëý êáëÜ üëåò ôéò éäéüôçôÝò ôïõ. Ïé äýï ÷áñáêôÞñåò ôïõ öùôüò äåí
áëëçëïóõãêñïýïíôáé, áëëÜ áëëçëïóõìðëçñþíïíôáé (áõôü ëÝãåôáé áñ÷Þ ôçò
óõìðëçñùìáôéêüôçôáò) . ÓõíÞèùò óå ÷áìçëÝò óõ÷íüôçôåò (êáé ìåãÜëåò
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ñïÝò öùôïíßùí) åßíáé Ýíôïíïò ï êõìáôéêüò ÷áñáêôÞñáò ôïõ öùôüò êáé ïé
Üíèñùðïé ðïõ áó÷ïëïýíôáé ìå ôéò ôçëåðéêïéíùíßåò, ïõäüëùò íïéÜæïíôáé
ãéá ôï óùìáôéäéáêü ÷áñáêôÞñá ôïõ öùôüò êáé ïñèÜ ðñÜôôïõí. ¼óï üìùò
ðÜìå óå õøçëüôåñåò óõ÷íüôçôåò (êáé ìéêñÝò ñïÝò öùôïíßùí), ôüóï
ðåñéóóüôåñï ï óùìáôéäéáêüò ÷áñáêôÞñáò êÜíåé ðéï Ýíôïíç ôç ðáñïõóßá
ôïõ. Ùò ðáñÜäåéãìá áíáöÝñïõìå üôé ïé áêôßíåò ã Ý÷ïõí ó÷åäüí
áðïêëåéóôéêÜ óùìáôéäéáêÞ óõìðåñéöïñÜ.

Ìå ôç âïÞèåéá ôçò èåùñßáò ôçò ó÷åôéêüôçôáò ïëïêëçñþíïõìå ôçí
êõìáôïóùìáôéäéáêÞ ðåñéãñáöÞ ôïõ öùôüò, âñßóêïíôáò ôéò ó÷Ýóåéò ðïõ
óõíäÝïõí ôçí åíÝñãåéá êáé ôçí ïñìÞ ôïõ óùìáôéäßïõ - öùôïíßïõ ìå ôç
óõ÷íüôçôá ôïõ çëåêôñïìáãíçôéêïý êýìáôïò. Áðü ôç èåùñßá ôçò
ó÷åôéêüôçôáò Ý÷ïõìå üôé

(4.144)

üðïõ Å ç åíÝñãåéá åíüò óùìáôéäßïõ, p ç ïñìÞ, m ç ìÜæá (çñåìßáò) êáé
c ç ôá÷ýôçôá ôïõ öùôüò.

ÅðåéäÞ ôï öùôüíéï êéíåßôáé ìå ôçí ôá÷ýôçôá ôïõ öùôüò c, Ý÷åé ìÜæá
m = 0, Üñá ç (4.144) ãßíåôáé

Þ Þ

üðïõ ë = c / f ôï ìÞêïò êýìáôïò ôçò áêôéíïâïëßáò. Óõíåðþò ïé ó÷Ýóåéò

(4.145)

óõíäÝïõí ôá óùìáôéäéáêÜ ÷áñáêôçñéóôéêÜ ôïõ öùôïíßïõ, åíÝñãåéá êáé
ïñìÞ, ìå ôá êõìáôéêÜ ÷áñáêôçñéóôéêÜ ôçò çëåêôñïìáãíçôéêÞò
áêôéíïâïëßáò, óõ÷íüôçôá êáé ìÞêïò êýìáôïò.

Åðßóçò éó÷ýåé

êáé

¢ñá, ç (4.145) ãßíåôáé

Å = −hù,   p = −hk (4.146)

üðïõ −h ïíïìÜæåôáé áíçãìÝíç óôáèåñÜ ôïõ Planck. Ôï ù åßíáé ç êõêëéêÞ

óõ÷íüôçôá êáé k ï êõìáôáñéèìüò

ÐáñÜäåéãìá 4-54

¸íá ñáäéïöùíéêü êýìá Ý÷åé óõ÷íüôçôá f = 2,5 MHz. ~Åíáò
ñáäéïöùíéêüò äÝêôçò, ãéá íá äéåãåñèåß ôüóï þóôå íá áêïõóèåß ôï óÞìá
ðïõ Ýñ÷åôáé ìå ôï ñáäéïöùíéêü êýìá, ÷ñåéÜæåôáé éó÷ý ðåñßðïõ 2 × 10 -

17 W. Íá âñåßôå ðüóá öùôüíéá öôÜíïõí êÜèå äåõôåñüëåðôï óôï äÝêôç êáé
íá ó÷ïëéáóôåß ôï áðïôÝëåóìá.

ÁðÜíôçóç

ÊÜèå öùôüíéï Ý÷åé åíÝñãåéá 
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Ãéá íá áêïýãåôáé ï óôáèìüò ðñÝðåé óå ÷ñüíï t íá öôÜíïõí Í
öùôüíéá, Ýôóé þóôå 

Þ

~Áñá, Ý÷ïõìå

Þ

Áíôéëáìâáíüìáóôå üôé, åßíáé ó÷åäüí áäýíáôï íá äéá÷ùñßóïõìå óå Ýíá
äåõôåñüëåðôï 1010 óùìáôßäéá, ãé' áõôü ìðïñïýìå íá ðïýìå üôé ç ñïÞ ôùí
öùôïíßùí åßíáé ìéá óõíå÷Þò ñïÞ åíÝñãåéáò, Üñá óõìâéâáóôÞ ìå ôçí
êõìáôéêÞ öýóç ôïõ öùôüò.

ÐáñÜäåéãìá 4-55

Õðïëïãßóôå ôïí áñéèìü ôùí öùôïíßùí ìÞêïõò êýìáôïò 600 nm, ôá ïðïßá
Ý÷ïõí: á) ÅíÝñãåéá ßóç ìå ôçí êéíçôéêÞ åíÝñãåéá óþìáôïò ìÜæáò 0,20 kg êáé
ôá÷ýôçôáò 10 m/s. â) ÏñìÞ ßóç ìå ôï óþìá ôïõ ðñïçãïõìÝíïõ åñùôÞìáôïò.

ÁðÜíôçóç

á) Ç êéíçôéêÞ åíÝñãåéá ôïõ óþìáôïò åßíáé êáé ç åíÝñãåéá êÜèå

öùôïíßïõ .

¢ñá ôï ðëÞèïò ôùí öùôïíßùí ðïõ ðåñéêëåßïõí åíÝñãåéá ßóç ìå ôçí
êéíçôéêÞ åíÝñãåéá ôïõ óþìáôïò åßíáé 

Þ Þ

öùôüíéá Þ Í = 3,0 × 1020 öùôüíéá.

â) Ç ïñìÞ ôïõ óþìáôïò åßíáé p = mõ êáé êÜèå öùôïíßïõ . 

Óõíåðþò, ôï ðëÞèïò ôùí öùôïíßùí ðïõ êéíïýìåíá óôçí ßäéá êáôåýèõíóç
Ý÷ïõí ïñìÞ ßóç ìå áõôÞ ôïõ óþìáôïò, åßíáé

Þ Þ

Þ
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ÔÏ ÖÁÉÍÏÌÅÍÏ COMPTON

Åðéâåâáßùóç ôçò óùìáôéäéáêÞò öýóçò ôïõ öùôüò Ýãéíå ìå ôï öáéíüìåíï
Compton (1923). Ôï öáéíüìåíï Compton åßíáé ç óêÝäáóç
çëåêôñïìáãíçôéêÞò áêôéíïâïëßáò áðü öïñôéóìÝíá óùìáôßäéá. Ç ìåëÝôç
ôïõ öáéíïìÝíïõ Compton ãßíåôáé ìå ôç äéÜôáîç ôïõ ó÷Þìáôïò 4.137.
Ìïíï÷ñùìáôéêÞ áêôéíïâïëßá ìÞêïõò êýìáôïò ë óêåäÜæåôáé áðü ôá
çëåêôñüíéá ôïõ óôü÷ïõ êáé Ýíáò áíé÷íåõôÞò ìåôñÜ ôï ìÞêïò êýìáôïò ôçò
óêåäáæüìåíçò áêôéíïâïëßáò ãéá äéÜöïñåò ôéìÝò ôçò ãùíßáò óêÝäáóçò ö.

Óýìöùíá ìå ôçí êëáóéêÞ öõóéêÞ, ôï ìÞêïò êýìáôïò ë´ ôçò áíáêëþìåíçò
áêôéíïâïëßáò áíáìÝíåôáé íá åßíáé ßäéï ìå áõôü ôçò ðñïóðßðôïõóáò. Óôá
ðëáßóéá áõôÞò ôçò èåùñßáò ôá çëåêôñüíéá ôïõ óêåäáóôÞ åêôåëïýí
åîáíáãêáóìÝíç ôáëÜíôùóç óõ÷íüôçôáò ßäéáò ìå áõôÞ ôçò ðñïóðßðôïõóáò
áêôéíïâïëßáò, åðïìÝíùò, åðáíåêðÝìðïõí áêôéíïâïëßá ßäéáò óõ÷íüôçôáò ìå ôçí
ðñïóðßðôïõóá. ¼ìùò, ôá ðåéñáìáôéêÜ äåäïìÝíá äßíïõí äéáöïñåôéêü ìÞêïò
êýìáôïò ë´ ôçò áíáêëþìåíçò áðü ôï ë ôçò ðñïóðßðôïõóáò. Äßíïõí ìÜëéóôá
ë´>ë. 

Ç ìåôáôüðéóç áõôÞ Äë = ë´ − ë ïíïìÜæåôáé ìåôáôüðéóç Compton.
Ï Arthur Holly Compton (1892 - 1962) åñìÞíåõóå ôç ìåôáôüðéóç Äë ìå ôç

âïÞèåéá ôçò óùìáôéäéáêÞò öýóåùò ôïõ öùôüò. ×ñçóéìïðïßçóå áêôßíåò X êáé
ôéò èåþñçóå üôé åßíáé óùìáôßäéá ðïõ óõãêñïýïíôáé ìå ôá çëåêôñüíéá ôïõ
óêåäáóôÞ, üðùò ïé ìðÜëåò ôïõ ìðéëéÜñäïõ. Óôï ó÷Þìá 4.138 âëÝðïõìå
ó÷çìáôéêÜ ôç óýãêñïõóç ôïõ öùôïíßïõ ôçò áêôßíáò × ìå ôï çëåêôñüíéï ôïõ
óêåäáóôÞ. Åöáñìüæïõìå ôïõò íüìïõò äéáôÞñçóçò ãéá ôç óýãêñïõóç.

Íüìïò äéáôÞñçóçò åíÝñãåéáò.

Þ

Þ

(á)

¼ðïõ m ç ìÜæá ôïõ çëåêôñïíßïõ êáé p ç ïñìÞ ôïõ ìåôÜ ôçí êñïýóç.
ÊÜíáìå ÷ñÞóç ôùí ó÷Ýóåùí (4.144) êáé (4.145) ôçò ó÷åôéêüôçôáò ãéá ôéò
åíÝñãåéåò.

Íüìïò äéáôÞñçóçò ôçò ïñìÞò óôïí xx´ Üîïíá

(â)

Íüìïò äéáôÞñçóçò ôçò ïñìÞò óôïí yy´ Üîïíá

(ã)

Áðü ôçí (â) êáé (ã) Ý÷ïõìå
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Ó×ÇÌÁ 4.137

ÓêÝäáóç öùôïíßïõ áðü çëåêôñüíéï.

Ó×ÇÌÁ 4.138

Ôï óêåäáæüìåíï öùôüíéï Ý÷åé ìéêñüôåñç
óõ÷íüôçôá áðü ôï ðñïóðßðôïí.



ÐñïóèÝôïíôáò êáôÜ ìÝëç ôéò äýï ôåëåõôáßåò ó÷Ýóåéò ðáßñíïõìå

(ä)

Åðßóçò ç (á) ãßíåôáé 

Þ

Áíôéêáèéóôþíôáò óôçí ôåëåõôáßá ó÷Ýóç ôçí (ä) Ý÷ïõìå

(4.147)

Ç ôåëåõôáßá ó÷Ýóç óõìöùíåß áðüëõôá ìå ôá ðåéñáìáôéêÜ äåäïìÝíá. Ç
ðïóüôçôá h / mc óõìâïëßæåôáé ìå ëc êáé åßíáé ãíùóôÞ ùò ìÞêïò êýìáôïò
Compton ôïõ çëåêôñïíßïõ. ÅðïìÝíùò, ç (4.147) ìðïñåß íá ãñáöåß êáé ùò
åîÞò

Äë = ëc (1 − cos ö) (4.148)

Ðáñáôçñïýìå üôé ìå ôï öáéíüìåíï Compton Ý÷ïõìå ìéá åðéâåâáßùóç
ôçò óùìáôéäéáêÞò öýóåùò ôïõ öùôüò. Ãéá ôçí åñãáóßá ôïõ áõôÞ, ôçí
ïðïßá ðáñïõóßáóå ôï 1923, ï Compton ôéìÞèçêå ôï 1927 ìå ôï âñáâåßï
Nobel. Óçìåéþíïõìå üôé ðñÝðåé ç åíÝñãåéá ôïõ öùôïíßïõ íá åßíáé ðïëý
ìåãáëýôåñç áðü ôï Ýñãï åîüäïõ ôïõ çëåêôñïíßïõ, þóôå ç áíÜëõóç áõôÞ
íá åßíáé óùóôÞ. Ãé áõôü ÷ñçóéìïðïéÞèçêáí áêôßíåò X. Ôï çëåêôñüíéï
ðñÝðåé íá åßíáé ðñáêôéêþò åëåýèåñï.

ÐáñÜäåéãìá 4-56

Öùôüíéï áêôßíùí × ìÞêïõò êýìáôïò 0,080 nm óõãêïýåôáé ìå áêßíçôï êáé
åëåýèåñï çëåêôñüíéï êáé óêåäÜæåôáé êáôÜ ãùíßá ö = 30ï. Íá âñåèåß: á) Ôï
ìÞêïò êýìáôïò ôïõ óêåäáæüìåíïõ öùôïíßïõ, â) Ç åíÝñãåéá ðïõ áðÝêôçóå ôï
çëåêôñüíéï, ã) ç ôá÷ýôçôá ôïõ çëåêôñïíßïõ.

ÁðÜíôçóç

á) Åßíáé
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¢ñá

Þ

ë′ = 4 × 10- 9 m Þ ë′ = 4 nm

â) Ç åíÝñãåéá ðïõ áðÝêôçóå ôï çëåêôñüíéï, åßíáé ßóç ìå ôçí åíÝñãåéá ðïõ
Ý÷áóå ôï öùôüíéï. ¢ñá åßíáé 

Þ

ÄÅ = 2,435 × 10 -15 J Þ Þ

ÄÅ = 15,23 keV

ã) ÅðåéäÞ ç åðéðëÝïí åíÝñãåéá ðïõ áðÝêôçóå ôï çëåêôñüíéï åßíáé
ðïëý ìåãÜëç, áíôéìåôùðßæïõìå ôï ðñüâëçìá óôá ðëáßóéá ôçò
ó÷åôéêüôçôáò. ¢ñá

Þ Þ

Þ

õ = 0,17c    Þ

Áí îåêéíÞóïõìå áðü ôç ó÷Ýóç (ìç ó÷åôéêéóôéêÞ), ôüôå ç ôá÷ý-

ôçôá âñßóêåôáé , ëßãï ìåãáëýôåñç äçë. áðü ôçí ðñáãìáôéêÞ

ôçò ôéìÞ.
Áò ðñï÷ùñÞóïõìå ëßãï ðáñáðÝñá. Äéáéñþíôáò ôçí ó÷Ýóç (4.148) ìå ôï

ë, âñßóêïõìå üôé ç ðïóïóôéáßá ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò åßíáé

(4.149)

Ðáñáôçñïýìå üôé áí ë >> ë c , áí äçëáäÞ Ý÷ïõìå ìåãÜëá ìÞêç
êýìáôïò, ç ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò åßíáé áíåðáßóèçôç, åðïìÝíùò,
ìðïñïýìå íá ðïýìå üôé ç áíáêëþìåíç áêôßíá Ý÷åé ðåñßðïõ ôçí ßäéá
óõ÷íüôçôá ìå ôçí ðñïóðßðôïõóá, üðùò ðñïâëÝðåôáé áðü ôçí êõìáôéêÞ
öýóç ôïõ öùôüò. Áí üìùò ôï ë åßíáé óõãêñßóéìï ìå ôï ë c , ôüôå ç
ìåôáôüðéóç Äë åßíáé ðáñáôçñÞóéìç, äçëáäÞ åìöáíßæåôáé ç óùìáôéäéáêÞ
öýóç ôïõ öùôüò.
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ÁÔÏÌÉÊÁ ÖÁÓÌÁÔÁ - ÓÕÍÈÇÊÅÓ BOHR (ÅÍÈÅÔÏ)

¼ðùò ç ìåëÝôç ôïõ öÜóìáôïò ôïõ ìÝëáíïò óþìáôïò ìáò ïäÞãçóå
óôçí Ýííïéá ôçò êâÜíôùóçò ôçò åíÝñãåéáò, Ýôóé êáé ç ìåëÝôç ôùí
ãñáììéêþí öáóìÜôùí Ýìåëå íá ìáò ïäçãÞóåé áñãüôåñá óôçí
ôïëìçñÞ ðñüôáóç ôùí õëéêþí êõìÜôùí ôïõ De Broglie (Íôå
ÌðñÝéã). Áò ðÜñïõìå üìùò ôá ðñÜãìáôá ìå ôç óåéñÜ.

Áðü ôï 1860 Ýùò ôï 1885 õðÞñîå ìéá Ýíôïíç äñáóôçñéüôçôá óôçí
ìåëÝôç ôùí öáóìÜôùí äéáöüñùí õëéêþí. Ôï 1885 ï Åëâåôüò
êáèçãçôÞò ãõìíáóßïõ Johan Jacob Balmer (1825 - 1898) äéáôýðùóå
Ýíáí åìðåéñéêü íüìï ãéá ôï öÜóìá ôïõ õäñïãüíïõ. Ôá ìÞêç
êýìáôïò ôùí ãñáììþí ôïõ öÜóìáôïò ôïõ õäñïãüíïõ äßíïíôáé áðü
ôç ó÷Ýóç:

, n = 3, 4, 5 (á)

üðïõ ç RH åßíáé ìéá óôáèåñÜ ç ïðïßá áñãüôåñá ïíïìÜóôçêå
óôáèåñÜ Rydberg êáé Ý÷åé ôçí ôéìÞ

(â)

Ï ôýðïò ôïõ Balmer ãåíéêåýôçêå áñãüôåñá áðü Üëëïõò
åñåõíçôÝò êáé ðÞñå ôç ìïñöÞ

(ã)

m, n = áêÝñáéïé èåôéêïß (m<n)

Ãéá ôéò óõ÷íüôçôåò ç ó÷Ýóç (ã) ãñÜöåôáé ùò åîÞò

(ä)

Áí èÝóïõìå ôüôå ç ó÷Ýóç (ä) ãñÜöåôáé ùò åîÞò

üðïõ ç ôåëåõôáßá ó÷Ýóç åßíáé ãíùóôÞ ùò óõíäõáóôéêÞ áñ÷Þ.
Ðáñáôçñïýìå åðïìÝíùò, üôé ãéá ôá óôïé÷åßá, õðÜñ÷ïõí

ïñéóìÝíïé äéáêñéôïß ìåôáîý ôïõò üñïé fl, ïé ïðïßïé ïíïìÜæïíôáé
öáóìáôéêïß üñïé êáé ç äéáöïñÜ ôïõò ðñïóäéïñßæåé ôç óõ÷íüôçôá
f ôïõ öÜóìáôïò ôùí óôïé÷åßùí (âë. Ó÷. Å1).

Ï Bohr ëáìâÜíïíôáò õðüøéí ôï áôïìéêü ìïíôÝëï Rutherford,
ôïõò ðáñáðÜíù êáíüíåò ôçò öáóìáôïóêïðßáò, êáé ôç ó÷Ýóç
åíÝñãåéáò öùôïíßïõ Å = h f ôïõ Planck, êáôÝëçîå óôï ìïíôÝëï ôïõ
áôüìïõ ôïõ õäñïãüíïõ, ðïõ óÞìåñá ëÝãåôáé ìïíôÝëï ôïõ Bohr. Ìå
ôï ìïíôÝëï ôïõ ï Bohr, åîçãïýóå ðïëý êáëÜ ôï öÜóìá ôïõ áôüìïõ

f f fm n= −
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ÕËÉÊÁ ÊÕÌÁÔÁ DE BROGLIE

Óå áíôéóôïé÷ßá ôçò èåùñßáò ôùí öùôïíßùí, üðïõ ôï öùò åßíáé êáé êýìá
êáé óùìáôßäéï, êáé ðñïóðáèþíôáò íá åîçãÞóåé ôçí êâÜíôùóç, ï De
Broglie ôï 1923, óôç äéäáêôïñéêÞ ôïõ äéáôñéâÞ äéáôýðùóå ôï áîßùìá üôé:
"¼÷é ìüíï ôï öùôüíéï, áëëÜ êáé êÜèå óùìáôßäéï óõíäÝåôáé ìå Ýíá êýìá",
åðåêôåßíïíôáò ìÜëéóôá ôéò ó÷Ýóåéò (4.145) êáé ãéá ôá óùìáôßäéá.
ÅðïìÝíùò, ãéá Ýíá óùìáôßäéï åíÝñãåéáò Å êáé ïñìÞò p, ç óõ÷íüôçôá êáé
ôï ìÞêïò êýìáôïò ôïõ áíôßóôïé÷ïõ êýìáôïò äßíïíôáé áðü ôïõò ôýðïõò

(4.150)ë
h

p
=f

E

h
= ,
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ôïõ Õäñïãüíïõ, êáèþò êáé áñêåôÜ êáëÜ ôï öÜóìá ôùí áëêáëßùí,
Õäñïãïíïåéäþí áôüìùí.

ÊáôÜ ôïí Bohr ôï çëåêôñüíéï åðéôñÝðåôáé íá âñßóêåôáé óå
óõãêåêñéìÝíåò êõêëéêÝò ôñï÷éÝò, ÷ùñßò íá áêôéíïâïëåß, üðïõ Ý÷åé
óõãêåêñéìÝíåò ôéìÝò åíÝñãåéáò. ÅðïìÝíùò, ç åíÝñãåéá åßíáé
êâáíôéóìÝíç. ¼ôáí ôï çëåêôñüíéï ìåôáâáßíåé áðü ìéá êáôÜôáóç
áíþôåñçò åíÝñãåéáò óå ìéá êáôþôåñç åíÝñãåéá, ôüôå åêðÝìðåé öùôüíéï.
ÐïëëáðëáóéÜæïíôáò ôï öáóìáôéêü üñï åðß (-h) êáé ôáõôßæïíôáò ôï
ãéíüìåíï - hfl ìå ôçí åíÝñãåéá ôçò óôÜèìçò, Ý÷ïõìå áðü ôç ó÷Ýóç (å)

¢ñá
h f = En − Em (å)

ÄçëáäÞ ôï åêðåìðüìåíï öùôüíéï áðü ìéá óôÜèìç n óôç óôÜèìç
m, Ý÷åé åíÝñãåéá ðïõ éóïýôáé ìå ôç äéáöïñÜ ôùí åíåñãåéþí ôùí
äýï óôáèìþí.

Áñãüôåñá ï Bohr äéêáéïëüãçóå ôçí êâÜíôùóç ôçò åíÝñãåéáò ôùí
óôáèìþí õðïèÝôïíôáò ôç óõíèÞêç êâÜíôùóçò ôçò óôñïöïñìÞò Ln ,
ôùí çëåêôñïíßùí ðïõ êéíïýíôáé óôéò êõêëéêÝò ôñï÷éÝò, äçëáäÞ

Ln = n−h,   n = 1, 2, 3, ...

üðïõ −h êáé h ç óôáèåñÜ ôïõ Planck= h

2ð

h f h f h f h f h f E Em n n m n m= − = − − − = −b g b g

Ó×ÇÌÁ Å1



Ãåíéêþò, ïé ðïóüôçôåò Å, p åßíáé ïé ó÷åôéêéóôéêÝò. Ãéá ìéêñÝò ôá÷ýôçôåò
åßíáé p = m õ

Ìå ôç èåùñßá De Broglie åîçãåßôáé ç êâáíôéêÞ óõíèÞêç óôñïöïñìÞò
ôïõ Bohr. Óôçí êëáóéêÞ èåùñßá Ý÷ïõìå äåé äéáêñéôÝò êáôáóôÜóåéò óôá
óôÜóéìá êýìáôá ðïõ ðáñÜãïíôáé óå  ÷ïñäÞ, üðïõ ïé óõ÷íüôçôåò
ôáëÜíôùóçò åßíáé äéáêñéôÝò. ÁíÜëïãá, êáèþò ôï çëåêôñüíéï êéíåßôáé ãýñù
áðü ôï Üôïìï, óçìáßíåé üôé ôï áíôßóôïé÷ï êýìá Ý÷åé ïñéóìÝíïõò
ðåñéïñéóìïýò. ¢ñá, êáôÜ ôá ëåãüìåíá óôï êåöÜëáéï 3.2 Ý÷ïõìå
äçìéïõñãßá óôáóßìùí êõìÜôùí åðïìÝíùò êâáíôéóìÝíùí êáôáóôÜóåùí.

Ãéá ðáñÜäåéãìá óôï Üôïìï ôïõ õäñïãüíïõ, êáèþò ôï çëåêôñüíéï
êéíåßôáé óå ôñï÷éÜ áêôßíáò r ãýñù áðü ôïí ðõñÞíá, Ý÷ïõìå óôÜóéìá
êýìáôá, üðùò óôï ó÷Þìá 4.140. ÅðïìÝíùò, Ý÷ïõìå

Þ Þ

Þ  m õ r = −h

~Áñá, ç óôñïöïñìÞ äßíåôáé áðü ôç ó÷Ýóç

Ln = n−h
Ç ôåëåõôáßá ó÷Ýóç åßíáé ç 2ç óõíèÞêç ôïõ Bohr, ç ïðïßá ôþñá äåí

åðéâÜëëåôáé áëëÜ ðñïêýðôåé!
Ç Üìåóç ðåéñáìáôéêÞ åðáëÞèåõóç ôùí ðñïôÜóåùí ôïõ De Broglie Ýãéíáí

áðü ôïõò Davisson - Germer, ïé ïðïßïé êáôüñèùóáí ìÜëéóôá íá ìåôñÞóïõí ôï
ìÞêïò êýìáôïò ôïõ çëåêôñïíßïõ. Ïé Davisson - Germer åíôåëþò ôõ÷áßá, åíþ
ìåëåôïýóáí äéáöïñåôéêÜ ðñÜãìáôá, åßäáí öáéíüìåíá ðåñßèëáóçò ôùí
çëåêôñïíßùí. Êáôüðéí, åðáíáëáìâÜíïíôáò óõóôçìáôéêÜ ôá ðåéñÜìáôÜ ôïõò
ñß÷íïíôáò çëåêôñüíéá óå ìïíïêñõóôÜëëïõò, ðáñáôÞñçóáí öáéíüìåíá
ðåñßèëáóçò, áðü üðïõ õðïëüãéóáí ôï ìÞêïò êýìáôïò ôùí çëåêôñïíßùí.

ÐáñÜäåéãìá 4-57

Çëåêôñüíéï Ý÷åé ôá÷ýôçôá 1,0 × 10 5 m/s. Õðïëïãßóôå ôï ìÞêïò êýìáôïò De
Broglie. ÐïéÜ ç ôéìÞ ôïõ ðéï ðÜíù ìåãÝèïõò, üôáí ç ôá÷ýôçôá ôïõ çëåêôñïíßïõ
åßíáé 2,0 × 10 8 m/s;

ÁðÜíôçóç

Åßíáé

Þ Þ

Þ   ë = 7,27 nm

Óôç äåýôåñç ðåñßðôùóç ç ïñìÞ ðñÝðåé íá õðïëïãéóèåß ó÷åôéêéóôéêÜ, Üñá
åßíáé
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LOUIS VICTOR 
DE BROGLIE

(1892 - 1987)

ÃåííÞèçêå óôç Dieppe ôçò
Ãáëëßáò. Áñ÷éêÜ óðïý-
äáóå éóôïñßá êáé
áñãüôåñá áó÷ïëÞèçêå ìå
ôç öõóéêÞ. ÐÞñå ôï
äéäáêôïñéêü ôïõ äßðëùìá
ôï 1924 áðü ôï Ðáíå-
ðéóôÞìéï ôùí Ðáñéóßùí.
ÔéìÞèçêå ìå ôï âñáâåßï
Nobel ãéá ôçí áíáêÜëõøç
ôçò êõìáôéêÞò öýóçò ôùí
óùìáôéäßùí.

Ó×ÇÌÁ 4.140

KáôÜ ôçí êßíçóç ôïõ çëåêôñïíßïõ ãýñù áðü
ôïí ðõñÞíá ôïõ áôüìïõ ôïõ õäñïãüíïõ,
äçìéïõñãïýíôáé óôÜóéìá êýìáôá.



ë = 0,21 × 10 - 11 m = 2,1 × 10 -3 nm

Ç ÊÕÌÁÔÏÓÕÍÁÑÔÇÓÇ Ø ÊÁÉ Ç ÐÕÊÍÏÔÇÔÁ
ÐÉÈÁÍÏÔÇÔÁÓ

¸íá óùìáôßäéï óõíïäåýåôáé áðü êýìá, åðïìÝíùò öõóéïëïãéêÜ
ãåííéïýíôáé ôá åñùôÞìáôá, ðïéÜ åßíáé ç êõìáôéêÞ óõíÜñôçóç áõôïý ôïõ
êýìáôïò êáé ðïéÜ åßíáé ç åîßóùóç óôçí ïðïßá õðáêïýåé; Ãéá áðëïýóôåõóç
èåùñïýìå Ýíá óùìáôßäéï ðïõ êéíåßôáé õðü ôçí åðßäñáóç êÜðïéùí
äõíÜìåùí óå ìéá åõèåßá, äçëáäÞ Ýíá óùìáôßäéï óå ìïíïäéÜóôáôç êßíçóç.

¸óôù, üôé ç êõìáôéêÞ óõíÜñôçóç ôïõ óùìáôéäßïõ åßíáé êÜðïéá
óõíÜñôçóç èÝóçò êáé ÷ñüíïõ, Ø (x, t). Óôçí êâáíôïìç÷áíéêÞ ôçí
óõìâïëßæïõìå ìå êåöáëáßï Ø êáé óõíçèßæïõìå íá ôçí êáëïýìå
êõìáôïóõíÜñôçóç. Ôï Üëëï åñþôçìá åßíáé, ðïéÜ åßíáé ç öõóéêÞ åñìçíåßá
ôçò Ø (x, t), ôé ôåëéêÜ åêöñÜæåé ç Ø (x, t).

ÅÜí ðñïóðáèÞóïõìå íá åñìçíåýóïõìå êëáóéêÜ ôçí Ø, èá ìðïñïýóáìå
íá ðïýìå, ãéá ðáñÜäåéãìá, üôé ç ⎟Ø⎟2 åßíáé áíÜëïãç ôçò Ýíôáóçò ôïõ
êýìáôïò êáé åêöñÜæåé ôçí óùìáôéäéáêÞ ðõêíüôçôá, äéüôé êëáóéêÜ ôï êýìá
åßíáé ìéá ïíôüôçôá áðëùìÝíç. Ôá ðåéñÜìáôá üìùò äåß÷íïõí üôé
áíé÷íåýåôáé óùìáôéäéáêÞ õðüóôáóç, äçëáäÞ óå êÜèå ðåßñáìá âñßóêïõìå
ôï óùìáôßäéï åíôïðéóìÝíï êáé áäéáßñåôï óå êÜðïéá èÝóç êÜðïéá ÷ñïíéêÞ
óôéãìÞ. ÅðïìÝíùò, ìéá ôÝôïéá åñìçíåßá åßíáé ëáíèáóìÝíç. Óõíåðþò ìéá
êëáóéêÞ åñìçíåßá ôçò êõìáôïóõíÜñôçóçò Ø (x, t) ìå ôçí óõíÞèç Ýííïéá
ôïõ êýìáôïò (ðåäßï) ïäçãåß óå ëÜèïò óõìðåñÜóìáôá. 

Ç ðõêíüôçôá ðéèáíüôçôáò åßíáé áíåîÜñôçôç ìå ôï ÷ñüíï, üôáí ç
åíÝñãåéá ôïõ óùìáôéäßïõ ðáñáìÝíåé óôáèåñÞ êáé åäþ ðåñéïñéæüìáóôå óå
ôÝôïéåò ðåñéðôþóåéò.

Ðñþôïò ï Max Born ôï 1926 êáé ôçí åðüìåíç ÷ñïíéÜ ïé Born, Bohr
Heisenberg êáé Jordan Ýäùóáí ìéá áðïäåêôÞ åñìçíåßá ôçò
êõìáôïóõíÜñôçóçò, äéáôõðþíïíôáò Üðïøç ç ïðïßá ãßíåôáé áðïäåêôÞ ìÝ÷ñé
óÞìåñá. Áõôïß õðÝèåóáí üôé ôï ôåôñÜãùíï ôïõ ìÝôñïõ ôçò
êõìáôïóõíÜñôçóçò åßíáé ç ðõêíüôçôá ðéèáíüôçôáò íá âñïýìå ôï
óùìáôßäéï óôï óõãêåêñéìÝíï óçìåßï ôïõ ÷þñïõ. ÄçëáäÞ 

P(x) = ⏐Ø (x)⏐2 = Ø (x) Ø * (x)
üðïõ Ñ(x)  : ç ðõêíüôçôá ðéèáíüôçôáò

Ø * (x): ï ìéãáäéêüò óõæõãÞò ôçò Ø(x)

Ç ðéèáíüôçôá íá âñïýìå Ýíá óùìáôßäéï óå ìéá ðåñéï÷Þ áðü x Ýùò
x + dx åßíáé

dP [x, x + d x] = P (x) dx =⏐Ø (x)⏐2

~Åóôù, üôé ç óõíÜñôçóç ⏐Ø (x)⏐2 åßíáé áõôÞ ôïõ ó÷Þìáôïò 4.141. ÅÜí
áðïðåéñáèïýìå ìå Ýíá ðåßñáìá íá åíôïðßóïõìå ôï óùìáôßäéï, ç

Þë = ×
× × ×

× − ×
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Ôï ãñáììïóêéááóìÝíï åìâáäüí éóïýôáé ìå
ôçí ðéèáíüôçôá ôï óþìá íá âñßóêåôáé óôï
äéÜóôçìá (a,b).



ðéèáíüôçôá íá ôï âñïýìå ìåôáîý ôùí èÝóåùí x = a êáé x = b äçëáäÞ óôï
äéÜóôçìá (a, b), äßíåôáé áðü ôç ó÷Ýóç

Þ

üðïõ ôï ïñéóìÝíï ïëïêëÞñùìá éóïýôáé ìå ôï ãñáììïóêéáóìÝíï åìâáäüí
ôïõ ó÷Þìáôïò 4.141.

Åêôåëþíôáò Ýíá ðåßñáìá ç ðéèáíüôçôá íá âñïýìå ïðïõäÞðïôå ôï
óùìáôßäéï åßíáé 1 (100%), Üñá ðñÝðåé

(4.151)

Ç ó÷Ýóç (4.151) ïíïìÜæåôáé óõíèÞêç êáíïíéêïðïßçóçò êáé ïé
êõìáôïóõíáñôÞóåéò ðïõ ôçí éêáíïðïéïýí ïíïìÜæïíôáé êáíïíéêïðïéçìÝíåò.

Ôï ãñáììïóêéáóìÝíï åìâáäüí äßíåé ôçí ðéèáíüôçôá ôï óùìáôßäéï íá
âñåèåß óôï äéÜóôçìá (a, b).

Ìå ôç óôáôéóôéêÞ åñìçíåßá ôçò êõìáôïóõíÜñôçóçò Ø (x, t), ï
êõìáôïóùìáôéäéáêüò äõúóìüò äåí öáßíåôáé ôüóï áëëüêïôïò, üóï ðñéí.
Ôï óùìáôßäéï åßíáé áäéáßñåôï êáé åíôïðéóìÝíï êáé ôï êýìá ðïõ ôï
óõíïäåýåé, óõíäÝåôáé ìå ôçí ðéèáíüôçôá íá ôï âñïýìå êÜðïõ üôáí ôï
áíáæçôÞóïõìå.

ÅÎÉÓÙÓÇ SCHRÖDINGER

Ôï 1922 ï Áõóôñéáêüò öõóéêüò Schrödinger ðñüôåéíå ìßá êõìáôéêÞ
åîßóùóç, ç ïðïßá ðÞñå êáé ôï üíïìÜ ôïõ, ïé ëýóåéò ôçò ïðïßáò åßíáé ïé
êõìáôïóõíáñôÞóåéò Ø (x, t) ôùí õëéêþí êõìÜôùí ôïõ De Broglie. Ç
åîßóùóç éó÷ýåé ãéá ìéêñÝò ôá÷ýôçôåò (õ << c) êáé ç ÷ñïíéêÜ áíåîÜñôçôç
ìïñöÞ ôçò (Ø = Ø (x)) åßíáé ç áêüëïõèç.

(4.152)

¼ðïõ Å åßíáé ç ïëéêÞ åíÝñãåéá, ç ïðïßá åßíáé óôáèåñÞ ìå ôï ÷ñüíï
åíþ ôï U(x) åßíáé óõíÜñôçóç, ç ïðïßá ôáõôßæåôáé ìå ôç äõíáìéêÞ åíÝñãåéá
ôïõ óùìáôéäßïõ ôçò êëáóéêÞò öõóéêÞò (ëÝãåôáé, êáôá÷ñçóôéêþò, äõíáìéêü
áëëçëåðßäñáóçò).

Ç ïñèüôçôá ôçò åîßóùóçò Schrödinger Ý÷åé åëåã÷èåß óå ðëÞèïò
ðåñéðôþóåùí êáé óõìöùíåß ìå ôá ðåéñÜìáôá. Åßíáé ãñáììéêÞ êáé
åðïìÝíùò, éó÷ýåé ãéá ôéò ëýóåéò ôçò ç áñ÷Þ ôçò åðáëëçëßáò, äçëáäÞ, áí
ç Ø1 êáé Ø2 åßíáé ëýóåéò ôçò åîßóùóçò, ôï ÜèñïéóìÜ ôïõò åßíáé êáé
áõôü ëýóç.

ÅÍÍÏÉÁ ÔÏÕ ÐÇÃÁÄÉÏÕ ÄÕÍÁÌÉÊÏÕ

Ôï ðçãÜäé äõíáìéêïý áíôéóôïé÷åß óå óõíÜñôçóç äõíáìéêÞò åíÝñãåéáò
U(x), ç ïðïßá Ý÷åé åëÜ÷éóôç ôéìÞ. Ùò ðáñÜäåéãìá, ìðïñïýìå íá
áíáöÝñïõìå ôç äõíáìéêÞ åíÝñãåéá ôïõ êëáóéêïý áñìïíéêïý ôáëáíôùôÞ
(Ó÷. 4.142).
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ERWIN
SCHRÖDINGER

(1887 - 1961)

ÃåííÞèçêå óôç ÂéÝííç ôï
1887. Óðïýäáóå öõóéêÞ óôï
ÐáíåðéóôÞìéï ôçò ÂéÝííçò.
Åßíáé áðü ôïõò ðáôÝñåò ôçò
êâáíôéêÞò ìç÷áíéêÞò. ÁðÝ-
äåéîå ôçí éóïäõíáìßá ôçò
äéêÞò ôïõ êõìáôïìç÷áíéêÞò
ìå áõôÞ ôçí ðéï áöçñçìÝíç
ìç÷áíéêÞ ôùí ìçôñþí ôïõ
Heisenberg. Ôï 1927 Ýãéíå
êáèçãçôÞò óôï ÐáíåðéóôÞ-
ìéï ôïõ Âåñïëßíïõ
äéáäå÷üìåíïò ôïí Planck.
Ôï 1953 ôéìÞèçêå ìå ôï
Âñáâåßï Nobel êáé ôçí ßäéá
÷ñïíéÜ Ýöõãå áðü ôç
Ãåñìáíßá ãéá ôï Äïõâëßíï
üðïõ Ýãéíå äéåõèõíôÞò
Ó÷ïëåßïõ ÈåùñçôéêÞò
ÖõóéêÞò ãéá Ðñï÷ùñçìÝíåò
ÌåëÝôåò. ÐÝñáóå 17 ÷ñüíéá
äçìéïõñãéêÜ êáé ôï 1956
åðÝóôñåøå óôçí ðáôñßäá
ôïõ üðïõ Ýæçóå ôá ôåëåõ-
ôáßá ÷ñüíéá ôçò æùÞò ôïõ.



¸óôù üôé ç ïëéêÞ åíÝñãåéá ôïõ óùìáôéäßïõ åßíáé (êëáóéêÜ) Å = óôáè.
¼ôáí ôï óùìáôßäéï âñßóêåôáé óôç èÝóç x, ôüôå ç äõíáìéêÞ ôïõ åíÝñãåéá
åßíáé U (x) = 1/ 2 kx 2 êáé ç êéíçôéêÞ åíÝñãåéá åßíáé Ê, Ýôóé þóôå
Å = K + U. Óôç èÝóç x0, ôï óùìáôßäéï Ý÷åé ôç ìÝãéóôç ìåôáôüðéóÞ ôïõ êáé
äåí ìðïñåß íá âñåèåß óå èÝóç ìå x > x0, åðßóçò óôç èÝóç x0 ç êéíçôéêÞ
ôïõ åíÝñãåéá ãßíåôáé ìçäÝí. Óå êÜèå èÝóç x áóêåßôáé óôï óùìáôßäéï

äýíáìç , äçëáäÞ ßóç ìå ôçí áíôßèåôç ôéìÞ ôçò êëßóåùò ôçò
óõíÜñ-

ôçóçò ôçò äõíáìéêÞò åíÝñãåéáò. Ç äýíáìç ðÜíôá êáôåõèýíåôáé ðñïò ôï
êÝíôñï ôïõ ðçãáäéïý.

¸óôù üôé ç äõíáìéêÞ åíÝñãåéá åßíáé ôçò ìïñöÞò ôïõ ó÷Þìáôïò 4.143.
To óùìáôßäéï ìå åíÝñãåéá Å1, åßíáé ðåñéïñéóìÝíï íá êéíåßôáé ìåôáîý x á

êáé xâ. Ôï óùìáôßäéï ìå åíÝñãåéá Å2 êéíåßôáé ìåôáîý -∞ êáé xã. Ôï
óùìÜôéï ìå åíÝñãåéá Å3, ìðïñåß íá êéíåßôáé áðü -∞ Ýùò +∞, êáé ôï
óùìÜôéï ìå åíÝñãåéá Å4, ìðïñåß íá êéíåßôáé ìåôáîý xä êáé +∞.

Óôçí ðåñéï÷Þ ìå x > 0 üðïõ ç äõíáìéêÞ åíÝñãåéá áðïêôÜ ìÝãéóôï, ëÝìå
üôé õðÜñ÷åé öñÜãìá äõíáìéêïý. Óùìáôßäéá ìå åíÝñãåéá ìéêñüôåñç áðü ôç
ìÝãéóôç äõíáìéêÞ åíÝñãåéá, äåí ìðïñïýí íá ðåñÜóïõí áðü ôçí ìßá
ðëåõñÜ ôïõ öñÜãìáôïò óôçí Üëëç.

ÅîéäáíéêåõìÝíá ðçãÜäéá êáé öñÜãìáôá äõíáìéêïý ìðïñåß íá Ý÷ïõí
“ôïé÷þìáôá” êáôáêüñõöá. ÅðåéäÞ ç êëßóç ôüôå ãßíåôáé Üðåéñç, ïé
äõíÜìåéò ðïõ áóêïýíôáé óôá ôïé÷þìáôá åßíáé áðåßñïõ ìÝôñïõ (êñïõóôéêÝò
äõíÜìåéò).

ÓÙÌÁÔÉÄÉÏ ÓÅ ÐÇÃÁÄÉ ÄÕÍÁÌÉÊÏÕ ÌÅ ÁÐÅÉÑÏ
ÂÁÈÏÓ, ÊÂÁÍÔÉÊÇ ÈÅÙÑÇÓÇ

¸óôù, üôé Ýíá óùìáôßäéï âñßóêåôáé ìÝóá óôï ðçãÜäé äõíáìéêïý ôïõ
ó÷Þìáôïò 4.144. Ç óõíÜñôçóç U(x) (ôï äõíáìéêü áëëçëåðßäñáóçò) åßíáé

Èá ðñïóðáèÞóïõìå íá âñïýìå ôçí êõìáôïóõíÜñôçóç áõôïý ôïõ

U x
x L

x x L
b g = < <
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~Åíá ðçãÜäé äõíáìéêïý áðåßñïõ âÜèïõò.



ðñïâëÞìáôïò.
¼ðùò êáé óôçí êõìáôéêÞ, üðïõ ôá êýìáôá ðïõ äéáäßäïíôáé óå

ðåñéïñéóìÝíç ÷ïñäÞ (ãåíéêÜ óå ðåñéïñéóìÝíï ÷þñï), ïäçãïýí óå óôÜóéìá
êýìáôá, Ýôóé êáé ôï ÷ùñéêü ìÝñïò ôçò êõìáôïóõíÜñôçóçò èá Ý÷åé ôç
ìïñöÞ óôáóßìùí êõìÜôùí. Ç êõìáôïóõíÜñôçóç èá Ý÷åé ôç ãåíéêÞ ìïñöÞ

Ø = Á sin k x + B cos k x

üðïõ

Ç êõìáôïóõíÜñôçóç ðñÝðåé íá åßíáé óõíå÷Þò ãéá üëåò ôéò ôéìÝò ôïõ x.
ÅðïìÝíùò, óôï Üêñï x = 0 åßíáé ø = 0, Üñá

0 = Á sin 0 + Â cos 0   Þ   0 = Â Üñá

Ø = Á sin k x

Åðßóçò, óôï Üêñï x = L Ý÷ïõìå Ø = 0, Üñá

Þ Þ

Þ Þ

(4.153)

Ç ó÷Ýóç 4.153 ìáò ðáñÝ÷åé ôéò êâáíôéóìÝíåò ôéìÝò ôçò åíÝñãåéáò ðïõ
ìðïñåß íá Ý÷åé Ýíá óùìáôßäéï ðïõ âñßóêåôáé ìÝóá óôï ðçãÜäé. Ï
êâáíôéêüò áñéèìüò n ÷áñáêôçñßæåé ôçí êÜèå êáôÜóôáóç. ÅÜí ôï óùìáôßäéï

Ý÷åé ôçí åíÝñãåéá Ån, ôüôå ç áíôßóôïé÷ç êõìáôïóõíÜñôçóç Ý÷åé 

êáé åðïìÝíùò, åßíáé

(4.154)

Ç óôáèåñÜ Á õðïëïãßæåôáé áðü ôç óõíèÞêç êáíïíéêïðïßçóçò (ó÷Ýóç
4.151) êáé Ý÷åé ôçí ôéìÞ

Óôï ó÷Þìá 4.145 öáßíïíôáé ïé ãñáöéêÝò ðáñáóôÜóåéò ôçò ðïóüôçôáò Ø
ãéá ôéò ôñåéò ðñþôåò êáôáóôÜóåéò åíÝñãåéáò. Ðáñáôçñïýìå üôé ôá ìÝãéóôá
ôçò ðõêíüôçôáò ðéèáíüôçôáò åßíáé ôüóá, üóá ï êâáíôéêüò áñéèìüò n.
Åðßóçò, ðáñáôçñïýìå üôé óáöþò ôá óçìåßá ôïõ ðçãáäéïý äåí åßíáé üëá
éóïðßèáíá. ÅÜí áíôß ãéá óùìáôßäéï Ý÷ïõìå Ýíá ìáêñïóêïðéêü óþìá, ð.÷.
ìéá ìéêñÞ ìðÜëá ðïõ êéíåßôáé óôï ðçãÜäé áíáêëþìåíç óôá ôïé÷þìáôá,
ôüôå üëá ôá óçìåßá x èá Þôáí éóïðßèáíá. Ðþò óõìâéâÜæåôáé áõôü ìå ôá
ãñáöÞìáôá ôïõ ó÷Þìáôïò 4.145; Óôï ðáñÜäåéãìá ðïõ áêïëïõèåß, èá
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äïýìå üôé äåí õðÜñ÷åé áíôßöáóç.

ÐáñÜäåéãìá 4-58 

¸íá óùìÜôéï óêüíçò ìÜæáò m = 1,0 mg åßíáé ðáãéäåõìÝíï óå Ýíá âáèý
ðçãÜäé ðëÜôïõò L = 1,0 cm. Íá ãßíåé ç ãñáöéêÞ ðáñÜóôáóç ôçò ðõêíüôçôáò
ðéèáíüôçôáò ãéá ôï óùìÜôéï, üôáí êéíåßôáé ìå ôá÷ýôçôá ðåñßðïõ 0,10 cm/s.

ÁðÜíôçóç

Ç åíÝñãåéá ôïõ óùìáôßïõ åßíáé

Þ

Ï áíôßóôïé÷ïò êâáíôéêüò áñéèìüò n ðñïóäéïñßæåôáé áðü 

Þ

Üñá n = 3,0 × 1022

ÅðïìÝíùò, ç ðõêíüôçôá ðéèáíüôçôáò Ý÷åé 3 × 1022 ìÝãéóôá!! ðïõ äåí
ìðïñïýí ðñáêôéêþò íá äéáêñéèïýí, óõíåðþò ç ãñáöéêÞ ðáñÜóôáóç èá
åßíáé êáôÜ ìÝóïí üñï ðñáêôéêþò, åõèåßá ðáñÜëëçëç óôïí Üîïíá x (Ó÷.
4.146). ¢ñá üëá ôá óçìåßá åßíáé éóïðßèáíá, äéüôé åßíáé áäýíáôïí íá
äéá÷ùñßóåéò 3 × 1022 óçìåßá óå ìÞêïò 1 cm. Ç (ìÝóç) ðõêíüôçôá
ðéèáíüôçôáò åßíáé,
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Oé ôñåéò ðñþôåò êõìáôïóõíáñôÞóåéò êáé ïé áíôßóôïé÷åò ðõêíüôçôåò ðéèáíüôçôáò ãéá óùìáôßäéï óå ðçãÜäé äõíáìéêïý áðåßñïõ
âÜèïõò.

Ó×ÇÌÁ 4.146



ÐáñÜäåéãìá 4-59

¸íá óùìáôßäéï ìÜæáò m = 1,0 × 10 - 27 kg âñßóêåôáé óå ôåôñáãùíéêü ðçãÜäé
äõíáìéêïý áðåßñïõ âÜèïõò êáé ðëÜôïõò L = 8,0 × 10 - 12 m. Íá õðïëïãéóèåß ç
åíÝñãåéá ôçò 2çò óôÜèìçò êáé íá ãñáöåß ç áíôßóôïé÷ç êõìáôïóõíÜñôçóç Ø (x).

ÁðÜíôçóç

Ç åíÝñãåéá äßíåôáé áðü ôç ó÷Ýóç

Ãéá n = 2 Ý÷ïõìå

Þ

Å2 = 5,2 × 10 - 19 J   Þ   Å2 = 3,3 eV
Èåùñþíôáò ôçí áñ÷Þ ôïõ Üîïíá x óôï áñéóôåñü Üêñï ôïõ ðçãáäéïý åßíáé

Ãéá n = 2 Ý÷ïõìå

Þ

ÓÙÌÁÔÉÄÉÏ ÓÅ ÐÇÃÁÄÉ ÄÕÍÁÌÉÊÏÕ ÐÅÐÅÑÁÓÌÅÍÏÕ
ÂÁÈÏÕÓ

¸óôù, üôé Ýíá óùìáôßäéï âñßóêåôáé ìÝóá óå Ýíá ïñèïãþíéï ðçãÜäé,
üðùò áõôü ôïõ ó÷Þìáôïò 4.147. Ôï âÜèïò ôïõ ðçãáäéïý åßíáé U0

(äõíáìéêü áëëçëåðßäñáóçò, óå ìïíÜäåò åíÝñãåéáò) êáé ôï ðëÜôïò ôïõ
åßíáé L. (Óôçí êëáóéêÞ öõóéêÞ, üôáí Ýíá “ðçãÜäé” óôï ðåäßï âáñýôçôáò
Ý÷åé âÜèïò z ãéá Ýíá óùìÜôéï ìÜæáò m, ôüôå ôï âÜèïò óå ìïíÜäåò
åíÝñãåéáò åßíáé mgz).

¸óôù, üôé ôï óùìáôßäéï Ý÷åé åíÝñãåéá Å ìéêñüôåñç ôïõ U0, äçëáäÞ
E<U0. Ç óõíÜñôçóç U(x) åßíáé

Ïé ãåíéêÝò ìïñöÝò ôùí ëýóåùí åßíáé
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Ïñèïãþíéï ðçãÜäé ðåðåñáóìÝíïõ âÜèïõò.



üðïõ

êáé

ãéá

üðïõ

ÅðåéäÞ ðñÝðåé ïé êõìáôïóõíáñôÞóåéò êáé ïé ðáñÜãùãÝò ôïõò íá åßíáé
óõíå÷åßò, Ý÷ïõìå

êáé , ãéá

êáèþò åðßóçò 

êáé , ãéá

Áðü áõôÝò ôéò ó÷Ýóåéò ðñïóäéïñßæïíôáé ïé êõìáôïóõíáñôÞóåéò.
Ðñïêýðôïõí, üðùò êáé óôï ðçãÜäé ìå Üðåéñï âÜèïò, êâáíôéóìÝíåò
êáôáóôÜóåéò. Óôï ó÷Þìá 4.148 åßíáé ó÷åäéáóìÝíåò ïé êõìáôïóõíáñôÞóåéò
ôùí ôñéþí ìéêñïôÝñùí ôéìþí ôçò åíÝñãåéáò, êáèþò êáé ïé áíôßóôïé÷åò
ðõêíüôçôåò ðéèáíüôçôáò. Ðáñáôçñïýìå üôé ç êõìáôïóõíáñôÞóåéò åßíáé ìç
ìçäåíéêÝò óå ðåñéï÷Ýò ðïõ êëáóéêÜ åßíáé áðáãïñåõìÝíåò.

ÐáñáôÞñçóç:
Óôï ðñüâëçìá ôïõ äõíáìéêïý áðåßñïõ âÜèïõò, êáèþò êáé óå áõôü ôïõ

ðåðåñáóìÝíïõ âÜèïõò, üðïõ E < U0, ôá ÷ùñéêÜ ìÝñç ôùí
êõìáôïóõíáñôÞóåùí ìðïñïýí íá ëçöèïýí áìéãþò ðñáãìáôéêÜ. Áõôü ìáò
åðéôñÝðåé íá ðáñáóôÞóïõìå ãñáöéêÜ ôçí Ø (x) ùò ðñïò x, êáé ü÷é ìüíï
ôçí ⏐Ø⏐2.
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Ïé ôñåéò ðñþôåò êõìáôïóõíáñôÞóåéò êáé ïé áíôßóôïé÷åò ðõêíüôçôåò ðéèáíüôçôáò.



ÊÂÁÍÔÉÊÏ ÖÁÉÍÏÌÅÍÏ ÓÇÑÁÃÃÁÓ

ÏÑÈÏÃÙÍÉÏ ÖÑÁÃÌÁ ÄÕÍÁÌÉÊÏÕ

¸óôù, üôé ç êëáóéêÞ äõíáìéêÞ åíÝñãåéá U ãéá Ýíá óùìáôßäéï åßíáé
áõôÞ ôïõ ó÷Þìáôïò 4.149. ÅÜí ôï óùìáôßäéï êéíåßôáé ðñïò ôá äåîéÜ áðü
ôçí ðåñéï÷Þ É êáé Ý÷åé åíÝñãåéá E < U0, ç ðéèáíüôçôá íá äéÝëèåé ôï
"öñÜãìá" êáé íá óõíå÷ßóåé óôçí ðåñéï÷Þ ÉÉÉ, óôá ðëáßóéá ôçò êëáóéêÞò
öõóéêÞò, åßíáé ìçäÝí. ¼ìùò Ý÷åé ðáñáôçñçèåß ðåéñáìáôéêÜ üôé ôï
óùìáôßäéï äéÝñ÷åôáé ôïõ öñÜãìáôïò êáé óõíå÷ßæåé íá êéíåßôáé åëåýèåñá
óôçí ðåñéï÷Þ ÉÉÉ. Ôï öáéíüìåíï áõôü ïíïìÜæåôáé öáéíüìåíï óÞñáããáò
(tunnel effect) êáé åîçãåßôáé ìüíï ìå ôçí êâáíôïìç÷áíéêÞ. Åðéëýïíôáò ôçí
åîßóùóç Schrodinger ãéá ôï óõãêåêñéìÝíï äõíáìéêü, ôï ôåôñÜãùíï ôïõ
ìÝôñïõ ôçò êõìáôïóõíÜñôçóçò ðïõ ðñïêýðôåé, åßíáé ðåñßðïõ áõôü ôïõ
ó÷Þìáôïò 4.150. Óôçí ðåñßðôùóç áõôÞ äåí ìðïñïýí íá êáíïíéêïðïéçèïýí
ìå ôï óõíÞèç ôñüðï ïé êõìáôïóõíáñôÞóåéò, áëëÜ åðåéäÞ åíäéáöåñüìáóôå
ãéá ðïóïóôü äéÝëåõóçò êáé áíÜêëáóçò, üðïôå ÷ñåéáæüìáóôå ëüãïõò
ðéèáíïôÞôùí êáé Ýôóé áõôü äåí åíï÷ëåß.

Ðáñáôçñïýìå üôé, Ýíá óùìáôßäéï ìå åíÝñãåéá E<U0 Ý÷åé ðéèáíüôçôá íá
äéÝëèåé áðü ôï öñÜãìá êáé íá êéíçèåß åëåýèåñá ðñïò ôá äåîéÜ, óôçí
ðåñéï÷Þ ÉÉÉ, áöïý ç Ø(x) äåí åßíáé ìçäÝí óôçí ðåñéï÷Þ áõôÞ.

Ç ðéèáíüôçôá (Þ ôï ðïóïóôü ôùí óùìáôéäßùí ðïõ äéÝñ÷ïíôáé ôïõ
öñÜãìáôïò üôáí ðñïóðßðôåé äÝóìç óùìáôéäßùí) äéÝëåõóçò ôïõ öñÜãìáôïò
ãéá Ýíá óùìáôßäéï ïíïìÜæåôáé óõíôåëåóôÞò äéÝëåõóçò Ô êáé óôçí
ðåñßðôùóç êáôÜ ôçí ïðïßá ôï öñÜãìá åßíáé õøçëü Þ ðïëý öáñäý, ç
ðñïóåããéóôéêÞ ôïõ ôéìÞ åßíáé

Ô ≈ e - 2 ã L (4.155)

üðïõ

Ç ðéèáíüôçôá ôï óùìáôßäéï íá áíáêëáóôåß áðü ôï öñÜãìá êáé íá
åðéóôñÝøåé óôçí ðåñéï÷Þ É ïíïìÜæåôáé óõíôåëåóôÞò áíÜêëáóçò R êáé
ðñïöáíþò éó÷ýåé

R + T = 1 (4.156)
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Ïñèïãþíéï öñÜãìá äõíáìéêïý.
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ÐáñÜäåéãìá 4-60

Çëåêôñüíéï Ý÷åé êéíçôéêÞ åíÝñãåéá 40 eV êáé ðñïóðßðôåé óå ôåôñáãùíéêü
öñÜãìá äõíáìéêïý ýøïõò 41 eV. Íá õðïëïãéóèåß ï óõíôåëåóôÞò äéÝëåõóçò
ôïõ çëåêôñïíßïõ äéáìÝóïõ ôïõ öñÜãìáôïò, üôáí ôï öñÜãìá Ý÷åé ðëÜôïò á)
10 nm, â) 1,0 nm êáé ã) 0,10 nm.

ÁðÜíôçóç

Åßíáé

Þ 

á) Ãéá L = 10 nm = 10 × 10 - 9 m åßíáé

Ô = e- 1,9 × 109 × 10 × 10 -9
Þ   Ô = e-19 T ≈ 5,6 × 10-9

äçëáäÞ ç äéÝëõóç ôïõ çëåêôñïíßïõ åßíáé ëåßáí áðßèáíç.
â) Ãéá L = 1,0 nm åßíáé

Þ   Ô = e- 1,9 Þ   Ô ≈ 0,15   Þ   15%

ã) Ãéá L = 0,1 nm åßíáé

Þ   Ô = e- 0,19 Þ Ô ≈ 0,83 Þ 83%
Ðáñáôçñïýìå ìéá ôá÷åßá áýîçóç ôïõ Ô ìå ôç ìåßùóç ôïõ ðëÜôïõò L ôïõ
öñÜãìáôïò.

Óôá ðáñáäåßãìáôá êáé óôéò áíôßóôïé÷åò áóêÞóåéò èåùñïýìå, üðïõ
÷ñåéÜæåôáé, üôé éêáíïðïéåßôáé ç ðñïóÝããéóç ðïõ ðñïáíáöÝñáìå ãéá ôï
öáéíüìåíï óÞñáããáò.

ÅÖÁÑÌÏÃÅÓ ÔÏÕ ÖÁÉÍÏÌÅÍÏÕ ÓÇÑÁÃÃÁÓ

á) Äßïäïò óÞñáããáò (tunnel diode): Åßíáé äéÜôáîç ðïõ áðïôåëåßôáé áðü ìéá
åðáöÞ áíÜìåóá óå äýï ôýðïõò çìéáãùãþí, äçëáäÞ äýï áíôßèåôá öïñôéóìÝíåò
ðåñéï÷Ýò, ðïõ äéá÷ùñßæïíôáé áðü ìéá ïõäÝôåñç ëåðôÞ ðåñéï÷Þ. åöáñìüæïíôáò
ìéá åîùôåñéêÞ çëåêôñéêÞ ôÜóç, ç ïðïßá åßíáé êáé ôï öñÜãìá äõíáìéêïý ãéá
ôá çëåêôñüíéá, ðåôõ÷áßíïõìå çëåêôñéêü ñåýìá (ñåýìá óÞñáããáò), ðïõ
åîáñôÜôáé ðïëý áðü ôï ýøïò ôïõ öñÜãìáôïò (ôçí ôÜóç). Ýôóé ìðïñïýìå íá
êáôáóêåõÜóïõìå Ýíá ðïëý ãñÞãïñï “äéáêüðôç” ìå ôïí ïðïßï ñõèìßæïõìå ôï
ðïóü ôïõ çëåêôñéêïý ñåýìáôïò, ìåôáâÜëëïíôáò ôçí ôÜóç ðïõ åöáñìüæïõìå.

â) ÄéÜóðáóç Üëöá (alpha decay): Ôï äõíáìéêü Coulomb êáé ôï ðõñçíéêü
äõíáìéêü (Ýíôïíá åëêôéêü ìå ìéêñÞ åìâÝëåéá), êáôÜ ôç äéÜóðáóç åíüò ðõñÞíá
óå óùìÜôéï á (ðõñÞíåò Çe) êáé óôï èõãáôñéêü ðõñÞíá, äßíïõí óõíéóôÜìåíï
äõíáìéêü üìïéï ìå áõôü ôïõ ó÷Þìáôïò 4.151. Ðáñüëï ðïõ ç åíÝñãåéá ôùí

T e≈ − × × × −1 9 10 0 1 109 9, ,

T e≈ − × × −1 9 10 109 9,

T e= − ×1 9 10 9, LT e=
−

−
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óùìáôéäßùí á åßíáé ìéêñüôåñç áðü ôçí ôéìÞ U0, ôçò ìÝãéóôçò ôéìÞò ôïõ
öñÜãìáôïò, åíôïýôïéò ëüãù ôïõ öáéíïìÝíïõ óÞñáããáò õðÜñ÷ïõí óùìáôßäéá á
ðïõ îåöåýãïõí, êáé Ýôóé ðåôõ÷áßíåôáé ç äéÜóðáóç.

ã) Óôéò óõíäÝóåéò ÷Üëêéíùí áãùãþí. Óôïõò ÷Üëêéíïõò áãùãïýò ôùí
çëåêôñéêþí åãêáôáóôÜóåùí óôá óçìåßá óõíäåóÞò ôïõò (åðáöÞ ôïõò),
êáíïíéêÜ, åðåéäÞ äçìéïõñãåßôáé ïîåßäéï ôïõ ÷áëêïý ðïõ åßíáé ìïíùôéêü, èá
Ýðñåðå íá ìçí äéÝñ÷åôáé ñåýìá. ÅðåéäÞ üìùò ôï óôñþìá ôïõ ìïíùôéêïý åßíáé
ðïëý ëåðôü, äéáðåñíÜôáé ï öñáãìüò áðü ôá çëåêôñüíéá êáé Ýôóé, Ý÷ïõìå
åðáöÞ êáé ñåýìá.

ÁÑ×Ç ÁÂÅÂÁÉÏÔÇÔÁÓ

Ãéá íá êáôáíïÞóïõìå ôçí áñ÷Þ áâåâáéüôçôáò áò öáíôáóôïýìå ôï
åîÞò ðåßñáìá. Èåùñïýìå ìéá äÝóìç çëåêôñïíßùí, ç ïðïßá êéíåßôáé
êáôÜ ôïí êáôáêüñõöï Üîïíá y, üðùò óôï ó÷Þìá 4.152. ÐáñåìâÜëïõìå
ôçí åðéöÜíåéá Á, êÜèåôç óôç äÝóìç, ç ïðïßá Ý÷åé óôç èÝóç x ìéá
ó÷éóìÞ åýñïõò Äx. ÐÝñáí ôçò åðéöÜíåéáò Á, ôïðïèåôïýìå, ðáñÜëëçëá
ìå áõôÞ, öèïñßæïõóá åðéöÜíåéá Â. Ôá çëåêôñüíéá ðïõ ðåñíïýí áðü
ôç ó÷éóìÞ ðñïóðßðôïõí óôçí åðéöÜíåéá Â êáé áöÞíïõí óôßãìá óôï
óçìåßï ðïõ ÷ôõðïýí. Ìå áõôü ôïí ôñüðï ìðïñïýìå íá ðñïóäéïñßóïõìå
ôçí êáôáíïìÞ èÝóåùí ôùí çëåêôñïíßùí óôçí åðéöÜíåéá Â. Ìå âÜóç
ôçí êëáóéêÞ öõóéêÞ, ôá çëåêôñüíéá ðïõ èá äéÝëèïõí áðü ôç ó÷éóìÞ
èá êéíçèïýí ðáñÜëëçëá óôïí Üîïíá yy~, äçë. äåí åêôñÝðïíôáé áðü ôçí
åõèýãñáììç äéÜäïóç. Óõíåðþò, óôçí åðéöÜíåéá Â èá õðÜñ÷åé
ïìïéüìïñöï ìáýñéóìá, Üñá ïìïéüìïñöç êáôáíïìÞ çëåêôñïíßùí óå
åýñïò Äx. Ìéêñáßíïíôáò ôï åýñïò ôçò ó÷éóìÞò Äx, áíáìÝíïõìå íá
ìéêñýíåé êáé ôï åýñïò ìáõñßóìáôïò óôçí åðéöÜíåéá Â. Óõíåðþò,
ôåßíïíôáò ôï Äx óôï ìçäÝí, ðñïóäéïñßæïõìå ó÷åäüí ðëÞñùò ôçí èÝóç
x ôùí çëåêôñïíßùí ðïõ äéÝñ÷ïíôáé, åíþ óõã÷ñüíùò, ãíùñßæïõìå
ðëÞñùò ôçí óõíéóôþóá õx , ôçò ôá÷ýôçôÜò ôïõò ðïõ åßíáé õx = 0. ¼ìùò,
ôï ðåßñáìá äßíåé Üëëá áðïôåëÝóìáôá, áõôÜ ôïõ ó÷Þìáôïò 4.153, üðïõ
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ÊëáóéêÜ, çëåêôñüíéá ðïõ äéÝñ÷ïíôáé áðü
ôç ó÷éóìÞ êéíïýíôáé åõèýãñáììá.

Ó×ÇÌÁ 4.153

Ôá çëåêôñüíéá äéåñ÷üìåíá áðü ôçí ó÷éóìÞ Äx åêôñÝðïíôáé áðü ôçí åõèýãñáììç äéÜäïóç.



ç êáìðýëç (á) äßíåé ôçí ðõêíüôçôá ôçò êáôáíïìÞò ôùí çëåêôñïíßùí
ðïõ ðñïóðßðôïõí óôá äéÜöïñá óçìåßá ôçò ïèüíçò Â. Áõôü ôï
áðïôÝëåóìá åîçãåßôáé, üðùò Ý÷ïõìå áíáöÝñåé êáé óôá ðñïçãïýìåíá,
ìå ôç äéôôÞ öýóç ôùí çëåêôñïíßùí.

Ôï óðïõäáßï ôïõ ðåéñÜìáôïò üìùò, âñßóêåôáé óôï üôé êáèþò ôá
çëåêôñüíéá äéÝñ÷ïíôáé áðü ôçí ó÷éóìÞ Äx, áðïêôïýí óõíéóôþóá ôá÷ýôçôáò
õx . ÌÜëéóôá üóï ðéï ìéêñü åßíáé ôï åýñïò Äx ôçò ó÷éóìÞò (êáëýôåñïò
ðñïóäéïñéóìüò ôçò èÝóçò x), ôüóï åíôïíüôåñá áðëþíåôáé ç êáìðýëç (á),
äçëáäÞ Ý÷ïõìå ìåãáëýôåñç óõíéóôþóá ôá÷ýôçôáò óôïí Üîïíá x. ¢ñá
÷Üíåôáé ç äõíáôüôçôá ôïõ ôáõôü÷ñïíïõ ôçò áêñéâïýò ìÝôñçóçò ôçò èÝóçò
x êáé ôçò ôá÷ýôçôáò õx .

Óõíåðþò ðñïóðáèþíôáò íá ðñïóäéïñßóïõìå ìå ìåãáëýôåñç áêñßâåéá
ôç èÝóç ôïõ çëåêôñïíßïõ óôïí Üîïíá x, ìáò ðñïêýðôåé ìåãáëýôåñç
áðñïóäéïñéóôßá óôçí ôá÷ýôçôá õx , ç ïðïßá êëáóéêÜ èá Þôáí ìçäÝí.

Óôï ó÷Þìá 4.153, ç ãùíßá è åßíáé ìåãáëýôåñç, üóï ìéêñüôåñç åßíáé ç
ó÷éóìÞ. Åðßóçò ç ãùíßá è åßíáé ìåãáëýôåñç üóï ìåãáëýôåñï åßíáé ôï
ìÞêïò êýìáôïò ôïõ çëåêôñïíßïõ. Êáé óôéò äýï ðåñéðôþóåéò, üðùò éó÷ýåé
óôç êõìáôéêÞ, åßíáé åíôïíüôåñï ôï öáéíüìåíï ôçò ðåñßèëáóçò. Óõãêåêñé-
ìÝíá ãéá ìéêñÝò ôéìÝò ôçò ãùíßáò è éó÷ýåé

Áðü ôï ó÷Þìá Ý÷ïõìå

Äp ≈ p è Þ  Äp ≈ (h / ë) è  Þ

Üñá

Äx Äp ≈ h

Ç ðéï ðÜíù ðáñáôÞñçóç åßíáé èåìåëéþäåò áîßùìá ôçò êâáíôéêÞò
èåùñßáò óýìöùíá ìå ôçí ïðïßá åßíáé áäýíáôï ôáõôü÷ñïíïò
ðñïóäéïñéóìüò (ãíþóç) èÝóçò êáé ïñìÞò åíüò óùìáôéäßïõ. Ðñþôïò ï
Heisenberg ôï 1927, åéóÞãáãå ôçí Ýííïéá ôçò ìç äõíáôüôçôáò ôáõôü÷ñïíçò
ìÝôñçóçò ôçò èÝóçò êáé ôçò ïñìÞò åíüò óùìáôéäßïõ. Ç áñ÷Þ åßíáé ãíùóôÞ
ùò Áñ÷Þ ôçò Áðñïóäéïñéóôßáò ôïõ Heisenberg (ç Áñ÷Þ ôçò
Áâåâáéüôçôáò) êáé ç äéáôýðùóç ôçò åßíáé ç áêüëïõèç:

"Ìåôñþíôáò ôáõôü÷ñïíá ôç èÝóç êáé ôçí ïñìÞ åíüò óùìáôéäßïõ, ôï
ãéíüìåíï ôçò áðñïóäéïñéóôßáò óôç èÝóç Äx åðß ôçí áðñïóäéïñéóôßá

óôçí ïñìÞ Äp, åßíáé ìåãáëýôåñï Þ ßóï −h (üðïõ −h ). ÄçëáäÞ

(4.157)

¸íá Üëëï éäåáôü (gedanken) ðåßñáìá ãéá ôçí êáôáíüçóç áõôÞò ôçò
áñ÷Þò åßíáé ôï áêüëïõèï. ¸óôù, üôé Ýíá çëåêôñüíéï åßíáé áêßíçôï! (Ó÷.
4.154). Ãéá íá ðñïóäéïñßóïõìå ôç èÝóç ôïõ ñß÷íïõìå ðÜíù ôïõ Ýíá
öùôüíéï, ôï ïðïßï áíáêëþìåíï Ýñ÷åôáé óôï ìéêñïóêüðéï, ìÝóù ôïõ
ïðïßïõ öôÜíåé óôï ìÜôé ìáò. ¼ìùò, ëüãù ôçò óýãêñïõóçò ìå ôï öùôüíéï,

Äx Äp ≥ −h

= h

2ð

Ä
Ä

p
h

ë

ë

x
≈

è
ë

x
≈

Ä
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WERNER
HEISENBERG

(1901 - 1976)

ÃåííÞèçêå óôï Wnrzburg
ôçò Ãåñìáíßáò. Ôï 1923
ðÞñå ôï äéäáêôïñéêü ôïõ
ìå ôçí êáèïäÞãçóç ôïõ
Sommerfeld áðü ôï Ðáíå-
ðéóôÞìéï ôïõ ÌïíÜ÷ïõ.
ÅñìÞíåõóå ôá áôïìéêÜ
öÜóìáôá áíáðôýóóïíôáò
Ýíá êáèáñÜ ìáèçìáôéêü
ôïìÝá, ôçí Üëãåâñá ìç-
ôñþí ðïõ ðïõ Þôáí
ðëÞñçò éóïäýíáìç ìå ôç
èåùñßá ôïõ Schrodinger.
Ìéá áðü ôéò óðïõ-
äáéüôåñåò åñãáóßåò ôïõ
åßíáé ç áñ÷Þ
áðñïóäéïñéóôßáò ãéá ôçí
ïðïßá ôï 1932 ôéìÞèçêå
ìå ôï âñáâåßï Nobel.



ôï çëåêôñüíéï áðïêôÜ ïñìÞ êáé äåí åßíáé ðëÝïí áêßíçôï. Ç ìåôáâïëÞ
óôçí ïñìÞ ôïõ çëåêôñïíßïõ èá åßíáé ôçò ôÜîåùò ôçò ïñìÞò ôïõ öùôïíßïõ,

Üñá . Åðßóçò, ç áêñßâåéá ôçò ðñïóäéïñéóèåßóáò èÝóçò åîáñôÜôáé 

áðü ôï ìÞêïò êýìáôïò ôïõ öùôüò. H áðñïóäéïñéóôßá óôïí ðñïóäéïñéóìü
ôçò èÝóçò åßíáé ðåñßðïõ ôçò ôÜîåùò ôïõ ìÞêïõò êýìáôïò ôçò
ðñïóðßðôïõóáò áêôéíïâïëßáò, óõíåðþò Äx ≈ ë.

ÅðïìÝíùò

Þ

Áõôü åßíáé ôï åëÜ÷éóôï üñéï. Óõíåðþò

ðïõ åßíáé ðåñßðïõ ç ó÷Ýóç (4.157).

ÐáñÜäåéãìá 4-61

Õðïëïãßóôå ôçí áâåâáéüôçôá óôç èÝóç åíüò çëåêôñïíßïõ, üôáí ç
ôá÷ýôçôÜ ôïõ åßíáé 2,0 × 104 m/s êáé ç áâåâáéüôçôá óôçí ìÝôñçóÞ ôçò
åßíáé 0,010%.

ÁðÜíôçóç

Ç áâåâáéüôçôá óôçí ïñìÞ åßíáé

Þ

Åßíáé (ðåñßðïõ)

Äx Äp ≈ h Þ Þ

Þ Þ

Äx ≈ 3,7 ìm.

Ç áðñïóäéïñéóôßá éó÷ýåé êáôÜ Üîïíåò. Äåí ìðïñåß äçëáäÞ íá ãßíåé
ôáõôü÷ñïíç ìÝôñçóç ôçò èÝóåùò êáé ôçò ïñìÞò ãéá ôïí ßäéï Üîïíá, åíþ
ìðïñåß íá ãßíåé ãéá äéáöïñåôéêïýò. ¸÷ïõìå

Äpx Äx ≥ −h

Äpy Äy ≥ −h

Äpz Äz ≥ −h

¸÷ïõìå üìùò

Ä mx ≈ × −3 7 10 6,Äx ≈ ×
×

−

−
6 63 10

0 18 10

34

27

,

,

Ä
Ä

x
h

p
≈

Ä kg
m

s
p = × −0 18 10 27,

Ä kg
m

s
p p mõ= = = × × × ×−0 01 0 01 0 01 9 1 10 2 1034 4, , , ,

Ä Äx p h≥

Ä Äx p h≈Ä Äx p
h≈
ë
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h
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≈Äp
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Ó×ÇÌÁ 4.154

Ôï öùôüíéï óêåäÜæåôáé áðü ôï çëåêôñüíéï.



Ç áñ÷Þ ôçò áðñïóäéïñéóôßáò Þ áñ÷Þ ôçò áâåâáéüôçôáò, ãéá ôçí åíÝñãåéá
êáé ôï ÷ñüíï åßíáé

ÄÅ Ät ≥ −h (4.158)

¼óï äçëáäÞ ðåñéóóüôåñï ÷ñüíï äéáñêåß ç ìÝôñçóç ôçò åíÝñãåéáò åíüò
óõóôÞìáôïò, ôüóï ìåãáëýôåñç åßíáé ç áêñßâåéá ôçò ìÝôñçóçò. Ãéá ôçí
áðåßñùò áêñéâÞ ìÝôñçóç ôçò åíÝñãåéáò åíüò óõóôÞìáôïò, äçëáäÞ ÄÅ = 0,
áðáéôåßôáé ç ìÝôñçóç íá äéáñêÝóåé (èåùñçôéêÜ) Üðåéñï ÷ñüíï.

ÐáñÜäåéãìá 4-62 

¸íá äéåãåñìÝíï Üôïìï åêðÝìðåé Ýíá öùôüíéï, êáèþò ôï çëåêôñüíéï
ìåôáâáßíåé áðü êáôÜóôáóç åíÝñãåéáò Åá óôçí óôáèåñÞ êáôÜóôáóç óôçí
ïðïßá Ý÷åé åíÝñãåéá År. To öùôüíéï Ý÷åé óõ÷íüôçôá ðïõ õðïëïãßæåôáé áðü
ôç ó÷Ýóç

Ðáñáôçñåßôáé üìùò êÜðïéï åýñïò Äf óôçí óõ÷íüôçôá ôùí åêðåìðïìÝíùí
öùôïíßùí ðïõ ïöåßëåôáé óôï ÷ñüíï áðïäéÝãåñóçò ôïõ áôüìïõ. Áí ï ìÝóïò
÷ñüíïò æùÞò ôùí äéåãåñìÝíùí êáôáóôÜóåùí (ìÝóïò ÷ñüíïò áðïäéÝãåñóçò)
åßíáé ô = 10 × 10- 8 s , õðïëïãßóôå ôï åýñïò Äf ôùí óõ÷íïôÞôùí.

ÁðÜíôçóç

Áðü ôçí áñ÷Þ áðñïóäéïñéóôåßáò Ý÷ïõìå

ÄÅ Ät ≈ −h
Åßíáé

ÄÅ = h Ä f êáé   Ät = ô = 10-8 s
¢ñá

Þ

Þ

Ä , Hzf = ×1 6 10 7

Ä
ð Ä ð

Hzf
t

≈ =
× × −

1

2

1

2 10 8

h f t
h

Ä Ä
ð

≈
2

f
E E

h
= −á ô

Ä Ä Ä Ä Ä Äp y p x p zx y z= = = =. . . 0
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Öùôïãñáößá áðü çëåêôñïíéêü ìéêñïóêüðéï ôçò êñõóôáëëéêÞò Ýíùóçò LaSi2. Ïé öùôåéíÝò êïõêßäåò áðåéêïíßæïõí
ôçí ðñïâïëÞ áðü äÝóìåò áôüìùí. (ÅñãáóôÞñéï ÇëåêôñïíéêÞò Ìéêñïóêïðßáò ÅÊÅÖÅ Äçìüêñéôï
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ÐÉÈÁÍÏÔÇÔÅÓ (EÍÈÅÔÏ)

Äåéãìáôéêüò ÷þñïò
Ôï óýíïëï ôùí äõíáôþí

áðïôåëåóìÜôùí åíüò
ðåéñÜìáôïò ïíïìÜæåôáé
äåéãìáôéêüò ÷þñïò.
ÐáñÜäåéãìá, êáôÜ ôç ñßøç
åíüò æáñéïý ï äåéãìáôéêüò
÷þñïò åßíáé Ù = {1, 2, 3, 4,
5, 6}, êáôÜ ôç ñßøç åíüò
íïìßóìáôïò äýï öïñÝò åßíáé
Ù = {ÊÃ, ÊÊ, ÃÊ, ÃÃ},
üðïõ (Ê) êïñþíá êáé (Ã)
ãñÜììá.

Ðéèáíüôçôá
Ðéèáíüôçôá åíüò åíäå÷üìåíïõ Á, õðïóõíüëïõ ôïõ Ù, êáëåßôáé

ôï ðçëßêï ôùí åõíïúêþí ðåñéðôþóåùí ãéá ôï Á, ðñïò ôï óõíïëéêü
ðëÞèïò ôùí ðåñéðôþóåùí ôïõ Ù.

ÐáñÜäåéãìá

Ñß÷íïíôáò Ýíá æÜñé ç ðéèáíüôçôá íá öÝñïõìå 2 Þ 3, äçëáäÞ ôï
åíäå÷üìåíï Á = {2, 3} åßíáé

(ãéá áìåñüëçðôï æÜñé).

Ðõêíüôçôá ðéèáíüôçôáò
¸íáò óôü÷ïò ìå êÝíôñï ôçí

áñ÷Þ óõíôåôáãìÝíùí åíüò
êáñôåóéáíïý óõóôÞìáôïò,
âÜëëåôáé ðÜñá ðïëëÝò öïñÝò
áðü Ýíáí Üñéóôï óêïðåõôÞ (Ó÷.
Å2).

¸íá éóôüãñáììá ôçò
ôåôìçìÝíçò x ìå ôï áíôßóôïé÷ï
ðëÞèïò ôùí óöáéñþí êáôÜ
ðåñéï÷Ýò Äx èá åßíáé áõôü ôïõ
ó÷Þìáôïò Å3 (ÄçëáäÞ óôçí

ðåñéï÷Þ Äxi âñßóêïíôáé ÄÍi âïëÝò).
Ôïðïèåôïýìå Ýíáí íÝï óôü÷ï êáé ï óêïðåõôÞò âÜëëåé åê íÝïõ.

Ç ðéèáíüôçôá ç âïëÞ íá âñåèåß óå ìéá ðåñéï÷Þ Äx, åßíáé

üðïõ Í ôï óõíïëéêü ðëÞèïò ôùí âïëþí.

ÄP =
ÄÍ

Í

P
N

N
A

A= = =
2

6

1

3

Ó×ÇÌÁ Å2

Ó×ÇÌÁ Å3
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Áí ç ðåñéï÷Þ åßíáé
áðåéñïóôÞ dx, ôüôå Ý÷ïõìå

Óå üëåò ôéò ðåñéðôþóåéò ôá
áðïôåëÝóìáôá åßíáé êáëýôåñá
üóï ôï Í → ∞ .

Ç óõíÜñôçóç ðõêíüôçôáò
ðéèáíüôçôáò f (x) ïñßæåôáé ùò

åîÞò

Þ

Óôï ðáñÜäåéãìÜ ìáò ç f(x) èá åßíáé ðåñßðïõ, üðùò óôï ó÷Þìá Å4.

ÐáñáôçñÞóåéò:

1) Åßíáé f (x) > 0
2) Ãéá ìéá ìéêñÞ ðåñéï÷Þ Äx ôï ãñáììïóêéáóìÝíï åìâáäüí ôïõ

ó÷Þìáôïò (ã) éóïýôáé ìå ÄP ≈ f (x)Äx, äçëáäÞ ìå ôçí ðéèáíüôçôá
ôï åíäå÷üìåíï (ç âïëÞ íá) åßíáé óôçí ðåñéï÷Þ ôïõ Äx.

3) Ç ðéèáíüôçôá ôï åíäå÷üìåíï íá åßíáé óôçí ðåñéãåãñáìÝíç
ðåñéï÷Þ á < x < â, åßíáé ôï ãñáììïóêéáóìÝíï åìâáäüí óôï ó÷Þìá
Å4).

Þ

äéüôé ôï Óf (x) Äx êáèþò ôï Äx → 0 åßíáé åî’ ïñéóìïý ôï ïñéóìÝíï
ïëïêëÞñùìá ôçò óõíÜñôçóçò f (x) áðü ôï á Ýùò ôï â.

4) Ðñïöáíþò éó÷ýåé P (-∞ < x < +∞) = 1 äçë. 

(óõíèÞêç êáíïíéêïðïßçóçò).

5) Ç ðéèáíüôçôá ôïõ åíäå÷ïìÝíïõ áêñéâþò x åßíáé ìçäÝí (äéüôé
ôï åýñïò Äx = 0).

ÅÍÈÅÔÏ: ÇÌÉÁÃÙÃÏÉ 

Ìå ôç âïÞèåéá ôçò êâáíôïìç÷áíéêÞò åîçãåßôáé ç áãùãéìüôçôá
ôùí äéáöüñùí õëéêþí. ¼ôáí Ýíá Üôïìï åßíáé ìïíùìÝíï Ý÷ïõìå
êâáíôéóìÝíåò êáôáóôÜóåéò êáé ôá çëåêôñüíéá ôïõ êáôÝ÷ïõí ìüíï
ïñéóìÝíåò äéáêñéôÝò åíåñãåéáêÝò óôÜèìåò. ¼ôáí üìùò âñåèïýí
êïíôÜ ðïëëÜ Üôïìá, ó÷çìáôßæïíôáò êñõóôáëëéêü ðëÝãìá, óõìâáßíåé
åðéêÜëõøç ôùí êõìáôïóõíáñôÞóåùí ôùí åîùôåñéêþí çëåêôñïíßùí
êáé áðïäåéêíýåôáé üôé äçìéïõñãïýíôáé äéáðëáôõóìÝíåò åíåñãåéáêÝò
æþíåò (ó÷Þìá Å5). Ïé äçìéïõñãïýìåíåò åíåñãåéáêÝò æþíåò åßíáé,

f x xc hd =z
−∞

+∞
1

P dá x â f x x
á

â

< < = zb g c h

P ÄP =Ó Ó Äá x â f x x< < =b g c h

f x
x

b g = dP

d
f x

xx
b g =

→
lim

ÄP

ÄÄ 0

dP =
dÍ

Í

Ó×ÇÌÁ Å4
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ç æþíç áãùãéìüôçôáò, ç ïðïßá åßíáé êåíÞ êáé ç æþíç óèÝíïõò ðïõ
åßíáé ðëÞñùò êáôåéëçììÝíç äéüôé åðéôñÝðåôáé ìüíï Ýíá çëåêôñüíéï
áíÜ åíåñãåéáêÞ óôÜèìç (üðùò ëÝåé ç êâáíôéêÞ áñ÷Þ ðïõ ëÝãåôáé
áðáãïñåõôéêÞ áñ÷Þ ôïõ Pauli). Ôï åýñïò ôçò áðáãïñåõìÝíçò æþíçò
ÅG åîáñôÜôáé áðü ôç öýóç ôïõ õëéêïý. 

¼ôáí Ý÷ïõìå çëåêôñéêü ñåýìá, ôá çëåêôñüíéá - öïñåßò ôïõ ñåýìáôïò
Ý÷ïõí åíÝñãåéá ìåãáëýôåñç áðü áõôÞ ðïõ Ý÷ïõí óôïí êñýóôáëëï ÷ùñßò
ñåýìá, Üñá èá áíåâáßíïõí óôçí øçëüôåñç óôÜèìç åíÝñãåéáò. Óõíåðþò, ìéá
ðëÞñùò êáôçëçìÝíç åíåñãåéáêÞ æþíç äåí äßíåé çëåêôñéêÞ áãùãéìüôçôá
ãéáôé äåí õðÜñ÷ïõí åíåñãåéáêÝò óôÜèìåò øçëüôåñçò åíÝñãåéáò. Ãéá íá
Ý÷ïõìå áãùãéìüôçôá, ðñÝðåé íá õðÜñ÷ïõí ìéóïÜäåéåò åíåñãåéáêÝò æþíåò.

ÁíÜëïãá ìå ôçí ôéìÞ ôïõ åýñïõò ÅG ôá õëéêÜ ÷ùñßæïíôáé óå
ìïíùôÝò çìéáãùãïýò êáé ìÝôáëëá (áãùãïß) (Ó÷. Å6).

á) ÌïíùôÝò
Ôï åýñïò æþíçò ÅG åßíáé ðïëý ìåãÜëï (ðåñß ôá 5 eV) êáé ìå ìéá

óõíçèéóìÝíç ðñïóöïñÜ åíÝñãåéáò ôá çëåêôñüíéá äåí ìðïñïýí íá
ìåôáâïýí óôç æþíç áãùãéìüôçôáò.

â) Çìéáãùãïß
Ôï åýñïò æþíçò ÅG åßíáé ìéêñü (ðåñß ôï 1 eV, ãéá ôï Si åßíáé 1,4 eV

êáé ãéá ôï Ge 0,67 eV) êáé ìå ìéêñÞ ðñïóöïñÜ åíÝñãåéáò ôá çëåêôñüíéá
ìåôáâáßíïõí áðü ôç æþíç óèÝíïõò óôç æþíç áãùãéìüôçôáò, áöÞíïíôáò ìéá
êåíÞ èÝóç ðïõ ïíïìÜæåôáé ïðÞ. ÕðÜñ÷åé äõíáìéêÞ éóïññïðßá ïðþí-
çëåêôñïíßùí, äçëáäÞ óõíå÷þò äçìéïõñãïýíôáé êáé êáôáóôñÝöïíôáé ïðÝò.

ã) ÌÝôáëëá 
Ïé æþíåò óèÝíïõò êáé áãùãéìüôçôáò åðéêáëýðôïíôáé ìåñéêþò êáé

Ó×ÇÌÁ Å6

Ó×ÇÌÁ Å5
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äçìéïõñãåßôáé ìéá óõíå÷Þò æþíç ìéóïÜäåéá, åðïìÝíùò ìå ìéêñÞ
ðñïóöïñÜ åíÝñãåéáò ìåôáêéíïýíôáé çëåêôñüíéá áðü ôç æþíç óèÝíïõò
êáé ãßíïíôáé (ó÷åäüí) åëåýèåñá óôç æþíç áãùãéìüôçôáò.

ÅíäïãåíÞò áãùãéìüôçôá ôïõ êáèáñïý çìéáãùãïý
¼ðùò ðñïáíáöÝñáìå, ç ìéêñÞ ðñïóöïñÜ åíÝñãåéáò (óõìâáßíåé áêüìç

êáé óôç óõíçèéóìÝíç èåñìïêñáóßá) óôïí çìéáãùãü óõíïäåýåôáé ìå ôç
äçìéïõñãßá (ó÷åäüí) åëåýèåñïõ çëåêôñïíßïõ êáé ïðÞò. Óôá ó÷Þìáôá

Å7, Å8 öáßíåôáé ç áíáðáñÜóôáóç ôïõ êñõóôÜëëïõ Si êáé ïé áíôßóôïé÷åò
æþíåò óèÝíïõò êáé áãùãéìüôçôáò ìåôÜ ôçí ðñïóöïñÜ åíÝãåéáò óôïí

êñýóôáëëï. Ç äçìéïõñãçèåßóá ïðÞ óõìðåñéöÝñåôáé ùò
èåôéêü öïñôßï êáé óõìâïëßæåôáé ìå p (áðü ôï positive).
Áí åöáñìïóèåß çëåêôñéêü ðåäßï, èá Ý÷ïõìå ìåôáêßíçóç
öïñôßïõ ãéá äýï ëüãïõò, áðü ôçí ìåôáêßíçóç ôùí
“åëåýèåñùí” çëåêôñïíßùí êáé áðü ôçí áíôßèåôç êßíçóç
ôùí ïðþí (Ó÷. Å9). Óõíåðþò, óôçí áãùãéìüôçôá
óõìâÜëëïõí êáé ïé ïðÝò êáé ôá åëåýèåñá çëåêôñïíßùí.

Ç êßíçóç ôùí ïðþí ãßíåôáé óôç æþíç óèÝíïõò, üðïõ óõìâáßíåé ìåôáêßíçóç
çëåêôñïíßùí áðü äåóìü óå äåóìü êáé êßíçóç ôùí çëåêôñïíßùí óõìâáßíåé
óôç æþíç áãùãéìüôçôáò. Ç óõíäõáóìÝíç áãùãéìüôçôá ôùí äýï æùíþí
ôïõ êáèáñïý çìéáãùãïý ïíïìÜæåôáé åíäïãåíÞò áãùãéìüôçôá.

Ó×ÇÌÁÔÁ Å7, Å8
ÁíáðáñÜóôáóç ôçò äïìÞò ôïõ êñõóôÜëëïõ Si. 
i) Áðüóðáóç çëåêôñïíßïõ äçìéïõñãåß óôïí áíôßóôïé÷ï äåóìü ìßá ïðÞ.
ii) Ç ãÝííçóç ôïõ æåýãïõò ïðÞò - çëåêôñïíßïõ ïäçãåß óå ìéóïÜäåéåò æþíåò

áãùãéìüôçôáò êáé óèÝíïõò.
iii) ÂëÝðïõìå üôé ïé ÷áìçëÝò óôÜèìåò ôçò æþíçò áãùãéìüôçôáò Ý÷ïõí çëåêôñüíéá

êáé ïé õøçëÝò ôçò æþíçò óèÝíïõò åßíáé Üäåéåò.

Ó×ÇÌÁ Å9
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Çìéáãùãïß ìå ðñïóìßîåéò
á) Çìéáãùãüò ôýðïõ n: 
¼ôáí óôïí êñýóôáëëï ðõñéôßïõ ìåñéêÜ Üôïìá Si Ý÷ïõí

áíôéêáôáóôáèåß áðü ðåíôáóèåíÞ Üôïìá ð.÷. áñóåíéêïý (As), ôüôå ôá
ôÝóóåñá çëåêôñüíéá ôïõ As ðáßñíïõí ôç èÝóç óôç æþíç óèÝíïõò ôùí
áíôéóôïß÷ùí çëåêôñïíßùí ôïõ Si ðïõ áíôéêáôÝóôçóå, êáé ôï ðÝìðôï
ôïðïèåôåßôáé óôç æþíç áãùãéìüôçôáò. Áõôü Ý÷åé ùò áðïôÝëåóìá êáé
ôïí äñáóôéêü ðåñéïñéóìü (ó÷åäüí ìçäåíéóìü) ôïõ öáéíïìÝíïõ
äçìéïõñãßáò ôùí æåõãþí çëåêôñïíßïõ - ïðÞò ðïõ óõìâáßíåé óôïí
êáèáñü çìéáãùãü. ÅðïìÝíùò, óå Ýíáí ôÝôïéï êñýóôáëëï åðéêñáôïýí
ïé áñíçôéêïß (negative) öïñåßò äçëáäÞ ôá çëåêôñüíéá, êáé ãé’ áõôü
ìéá ôÝôïéá ðñüóìéîç êáé ï áíôßóôïé÷ïò çìéáãùãüò, ïíïìÜæåôáé ôýðïõ
n.

â) Çìéáãùãüò ôýðïõ p: 
¼ôáí ï êñýóôáëëïò ðõñéôßïõ “íïèåõèåß” ìå ôñéóèåíÝò óôïé÷åßï ð.÷.

Al, ôüôå áðü ôéò ôÝóóåñéò êåíÝò èÝóåéò
óôç æþíç óèÝíïõò, ðïõ áöÞíåé ôï Üôïìï
ôïõ ðõñéôßïõ ðïõ áíôéêáôáóôÜèçêå, èá
óõìðëçñùèïýí ìüíï ïé ôñåéò áðü ôá
çëåêôñüíéá ôïõ áôüìïõ ôïõ Al. Óõíåðþò
äçìéïõñãïýíôáé ïðÝò óôç æþíç óèÝíïõò

ôüóåò, üóá ôá Üôïìá ôïõ Al óôïí êñýóôáëëï. Áõôü, Ý÷åé ùò óõíÝðåéá
ôï äñáóôéêü ðåñéïñéóìü äçìéïõñãßáò æåõãþí çëåêôñïíßïõ - ïðÞò ðïõ
Ý÷ïõìå óôïí êáèáñü çìéáãùãü. Óå áõôüí ôïí êñýóôáëëï åðéêñáôïýí
ïé èåôéêïß (positive) öïñåßò äçëáäÞ ïé ïðÝò, êáé ãéá áõôü ìéá ôÝôïéá
ðñüóìéîç êáé ï áíôßóôïé÷ïò çìéáãùãüò, ïíïìÜæåôáé ôýðïõ p.

Äéüäïò p-n
Ôï óýóôçìá ðïõ äçìéïõñãåßôáé, üôáí Ýñèïõí óå åðáöÞ Ýíáò

çìéáãùãüò ôýðïõ p ìå Ýíá ôýðïõ n,
ïíïìÜæåôáé êñõóôáëïäßïäïò Þ äéüäéï
Þ äßïäïò p - n (Ó÷. Å11).

Óôï ó÷Þìá Å12 öáßíïíôáé ïé äýï ôñüðïé
óýíäåóçò ôçò äéüäïõ p - n óå Ýíá êýêëùìá.

Óôïí ðñþôï ôñüðï, ç äßïäïò åðéôñÝðåé ôçí äéÝëåõóç ôïõ ñåýìáôïò,
åíþ óôï äåýôåñï ôï ñåýìá åßíáé ó÷åäüí ìçäÝí. Ëüãù áõôÞò ôçò

éäéüôçôáò ç êñõóôáëïäßïäïò ìðïñåß íá ÷ñçóéìïðïéçèåß ùò áíïñèùôÞò.

Ôñáíæßóôïñ åðáöÞò
Ôï ôñáíæßóôïñ åðáöÞò åßíáé ìßá åðáöÞ npn Þ pnp ìå öõóéêÝò

Ó×ÇÌÁ Å 12

Ó×ÇÌÁ Å 11

Ó×ÇÌÁ Å10
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äéáóôÜóåéò ôçò ôÜîåùò 1mm2. Áðü ôï ðåñßâëçìÜ ôïõ åîÝñ÷ïíôáé
ôñåéò áêñïäÝêôåò, ï åêðïìðüò (emitter, E) ç âÜóç (base, B) êáé

ï óõëëÝêôçò (collector, C). 
Óôï ó÷Þìá Å13 äßíåôáé ç

ó÷çìáôéêÞ ðáñÜóôáóç êáé ï
çëåêôñïíéêüò óõìâïëéóìüò ãéá
ôñáíæßóôïñ npn êáé pnp, êáèþò
êáé ïé ôñüðïé ðüëùóçò.

Ç åêìåôÜëëåõóç ôùí éäéïôÞôùí
ôùí çìéáãùãþí åß÷å ùò áðï-
ôÝëåóìá ôç äçìéïõñãßá ôùí
ôñáíæßóôïñ ìå óõíÝðåéá ôçí

åãêáôÜëåéøç (ó÷åäüí) ôùí ëõ÷íéþí êåíïý ðïõ ÷ñçóéìïðïéïýíôáí ìÝ÷ñé
ôüôå. Áõôü ïäÞãçóå óôçí ñáãäáßá ôå÷íïëïãéêÞ åîÝëéîç ôùí
çëåêôñïíéêþí óõóêåõþí. Áðáéôïýíôáí Ýôóé, áðü ôéò äéÜöïñåò ÷þñåò
åñåõíçôéêü ðñïóùðéêü õøçëÞò óôÜèìçò ãéá ôç óýëëçøç íÝùí éäåþí,
þóôå íá âñßóêïíôáé óôï ìÝôùðï ôçò åîÝëéîçò. ×áñáêôçñéóôéêü êáé
äéäáêôéêü åßíáé ôï ðùò ïé ÇÐÁ, áìÝóùò ìåôÜ ôçí áíáêÜëõøç ôïõ
ôñáíæßóôïñ ôï 1948, ðÞñáí ôçí ðñùôïðïñåßá áðü ôéò åõñùðáúêÝò
âéïìç÷áíßåò ðïõ ìÝ÷ñé ôüôå êáôåß÷áí ôçí ðñþôç èÝóç óôïí ôïìÝá ôùí
ëõ÷íßùí êåíïý.

ÔÏ ×ÑÏÍÉÊÏ ÔÇÓ ÁÍÁÊÁËÕØÇÓ ÔÇÓ ÊÂÁÍÔÏÌÇ×ÁÍÉÊÇÓ

Ôá ðåéñÜìáôá ôïõ Rutherford, ôï 1910, Ýäåéîáí üôé ôï Üôïìï
áðïôåëåßôáé áðü Ýíá èåôéêü ðõñÞíá ìå ðïëý ìéêñÝò äéáóôÜóåéò óå
ó÷Ýóç ìå áõôÝò ôïõ áôüìïõ. Åðßóçò, ôá ðåéñÜìáôá áõôÜ Ýäåéîáí
üôé ó÷åäüí üëç ç ìÜæá ôïõ áôüìïõ âñßóêåôáé óôïí ðõñÞíá. Ï
Rutherford åðéíüçóå ôï ðëáíçôéêü ìïíôÝëï ãéá ôï Üôïìï, üðïõ ôá
çëåêôñüíéá ðåñéöÝñïíôáé ðåñß ôïí ðõñÞíá, üðùò ïé ðëáíÞôåò
ðåñéöÝñïíôáé ãýñù áðü ôïí Þëéï. Áí ôá çëåêôñüíéá äåí
ðåñéöÝñïíôáí Ýôóé, èá Ýðåöôáí áìÝóùò óôïí ðõñÞíá ëüãù
áìïéâáßáò çëåêôñéêÞò Ýëîçò. ~Ïìùò, êáé óôçí ðÝñéðôùóç ôçò
ðåñéöïñÜò ôùí çëåêôñïíßùí ãýñù áðü ôïí ðõñÞíá äåí ìðïñåß íá
õðÜñîåé åõóôÜèåéá óôï Üôïìï. Ï ëüãïò åßíáé üôé, ôá çëåêôñüíéá
åðéôá÷ýíïíôáé, áöïý äåí Ý÷ïõí óôáèåñÝò äéáíõóìáôéêÝò ôá÷ýôçôåò,
ïðüôå ÷Üíïíôáò åíÝñãåéá ëüãù áêôéíïâïëßáò èá Ýðñåðå íá ðÝóïõí
ôåëéêþò ðÜíù óôïí ðõñÞíá. Ï Í. Bohr ôñïðïðïßçóå áõôÞ ôç
èåùñßá ìå äýï áîéþìáôá. Óýìöùíá ìå ôï ðñþôï õðÜñ÷ïõí
ôñï÷éÝò, ïé ïðïßåò üôáí äéáãñÜöïíôáé áðü ôï çëåêôñüíéï áõôü äåí
áêôéíïâïëåß. Èåþñçóå üôé ç óôñïöïñìÞ åßíáé êâáíôéóìÝíç,
ðáßñíåé äçëáäÞ äéáêñéôÝò ôéìÝò, ïé ïðïßåò åßíáé ðïëëáðëÜóéá
êÜðïéáò ôéìÞò. Óýìöùíá ìå ôï äåýôåñï áîßùìá èåþñçóå üôé, üôáí
çëåêôñüíéï ìåôáðßðôåé áðü ìßá ôñï÷éÜ óå Üëëç, üðïõ õðÜñ÷åé
äéáöïñÜ åíÝñãåéáò, åêðÝìðåôáé Þ áðïññïöÜôáé áêôéíïâïëßá êáé
ìÜëéóôá éó÷ýåé ãéá ôçí óý÷íïôçôá í ( f ) ç ó÷Ýóç

hí = Å1 − Å2

üðïõ h ç óôáèåñÜ ôïõ Planck 

Ó×ÇÌÁ Å13
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H èåùñßá ôïõ Bohr Ýäùóå ðïëý êáëÜ áðïôåëÝóìáôá ìüíï ãéá
ôá öÜóìáôá áôüìùí ìå Ýíá çëåêôñüíéï. Äåí ìðïñïýóå üìùò íá
äþóåé éêáíïðïéçôéêÜ áðïôåëÝóìáôá ãéá Üëëá Üôïìá êáé áêüìá
÷åéñüôåñá, ãéá ìüñéá.  Íùñßôåñá õðÞñ÷áí êáé Üëëá äåäïìÝíá ðïõ
äåí ìðïñïýóáí íá åîçãçèïýí ìå ôçí êëáóéêÞ öõóéêÞ. ~Åíá áðü
áõôÜ Þôáí ôï öáéíüìåíï ôçò èåñìéêÞò éóïññïðßáò
çëåêôñïìáãíçôéêÞò áêôéíïâïëßáò êáé ýëçò (èåùñßá ìÝëáíïò
óþìáôïò). Ç êáôáíïìÞ ôçò èåñìéêÞò áêôéíïâïëßáò äåí ìðïñïýóå
íá åîçãçèåß ìå ôçí êëáóéêÞ öõóéêÞ. Ï Planck, ôï 1900, ìå ìåãÜëç
äõóáñÝóêåéá (!) Ýëõóå ôï õðïëïãéóôéêü ðñüâëçìá õðïèÝôïíôáò üôé
ç áêôéíïâïëßá åêðÝìðåôáé êáé áðïññïöÜôáé áðü ìéêñÝò êåñáßåò
(ôáëáíôùôÝò) ðïõ õðÜñ÷ïõí óôï èåñìü óôåñåü óþìá åíþ ï
êáèÝíáò Ý÷åé äéáöïñåôéêÞ óõ÷íüôçôá. Ïé ôáëáíôùôÝò Ý÷ïõí
åíÝñãåéåò ðïõ åßíáé áêÝñáéá ðïëëáðëÜóéá ìéáò åëÜ÷éóôçò
ðïóüôçôáò åíÝñãåéáò E = hí êáé åêðÝìðïõí Þ áðïññïöïýí
çëåêôñïìáãíçôéêÜ êýìáôá ìå åíÝñãåéåò ðïõ åßíáé åðßóçò
ðïëëáðëÜóéá ôçò åëÜ÷éóôçò åíÝñãåéáò (quanta, êâÜíôá,
ðïóüôçôåò). Ôá áîéþìáôá ôïõ Planck êáé ôïõ Bohr åßíáé ðñüóèåôá
óôçí êëáóéêÞ êáôÜ ôá Üëëá èåùñßá. ÕðÞñ÷áí êáé Üëëá öáéíüìåíá
ðïõ ÷ñåéÜæïíôáí ôçí Ýííïéá ôùí êâÜíôùí êáé ìÜëéóôá ü÷é ìüíï
ìå ôçí Ýííïéá ôïõ Planck áëëÜ ìå ôçí Ýííïéá ôïõ ðåñéïñéóìïý
óôçí Ýêôáóç, äçëáäÞ ôçí óùìáôéäéáêÞ Ýííïéá ôùí êâÜíôùí öùôüò.
ÔÝôïéï öáéíüìåíï Þôáí ôï öùôïçëåêôñéêü. Ï Einstein ðÞñå ôï
Nobel ãéá ôçí åîÞãçóç áõôïý ôïõ öáéíïìÝíïõ. Óýìöùíá ìå ôïí
Einstein ç áêôéíïâïëßá åßíáé áðü ôç öýóç ôçò êâáíôéóìÝíá, üðùò
ðñïçãïõìÝíùò, áíåîÜñôçôá áðü ôïí ôñüðï ðïõ ðáñÜãåôáé. Åðßóçò
áðïôåëåßôáé áðü ïíôüôçôåò åíôïðéóìÝíåò óôï ÷þñï üðùò åßíáé ôá
óõíÞèç óùìáôßäéá (öùôüíéá). ¸íá öùôüíéï áðïññïöÜôáé áðü Ýíá
çëåêôñüíéï ôïõ öùôïåõáßóèçôïõ õëéêïý. Áí ç åíÝñãåéá ðïõ
ðáßñíåé ôï çëåêôñüíéï, õðåñâåß êÜðïéá ôéìÞ, ôüôå âãáßíåé áðü ôï
ìÝôáëëï. Äåí ìðïñïýí íá âãïõí çëåêôñüíéá, üóï Ýíôïíï öùò êé
áí ðÝöôåé óôï ìÝôáëëï, áí ç óõ÷íüôçôá äåí õðåñâåß êÜðïéá ôéìÞ
÷áñáêôçñéóôéêÞ ôïõ ìåôÜëëïõ. Ôï Üëëï öáéíüìåíï Þôáí ôï
öáéíüìåíï Compton. Ìðïñåß íá åîçãçèåß, áí èåùñÞóïìå üôé ïé
áêôßíåò × áðïôåëïýíôáé áðü öùôüíéá, ôï êáèÝíá ìå ïñìÞ hí/c .
Ôá öùôüíéá óõãêñïýïíôáé ìå ôá çëåêôñüíéá (üðùò ôá óùìáôßäéá)
êáé üôáí óêåäáóôïýí, Ý÷ïõí ãåíéêþò Üëëç ïñìÞ êáé åíÝñãåéá, Üñá
êáé Üëëç óõ÷íüôçôá (Å = hí, p = hí/c). Áõôü Ýäåé÷íå êáé ôï
ðåßñáìá. ÊëáóéêÜ èá Ýðñåðå, áöïý ôï çëåêôñüíéï âñßóêåôáé ìÝóá
óå çëåêôñïìáãíçôéêü ðåäßï äåäïìÝíçò óõ÷íüôçôáò, íá ìåôÝ÷åé óå
åîáíáãêáóìÝíç ôáëÜíôùóç ßäéáò óõ÷íüôçôáò êáé íá áêôéíïâïëåß
óå áõôÞ ôç óõ÷íüôçôá. ~Åôóé, åìöáíßóôçêå Ýíáò ðåñßåñãïò äõúóìüò.
Ç çëåêôñïìáãíçôéêÞ áêôéíïâïëßá êáé ôá óùìáôßäéá ðáñïõóéÜæïõí
êáé ôéò äýï éäéüôçôåò êáôÜ ðåñßðôùóç, äçëáäÞ êáé ôïõ êýìáôïò
êáé ôïõ (åíôïðéóìÝíïõ) óùìáôéäßïõ. Ç èåùñßá åðßóçò Þôáí ëßãï
êëáóéêÞ êáé ëßãï êâáíôéêÞ! Ï Louis de Broglie Þôáí áõôüò ðïõ
åéóÞãáãå ôï ìÞêïò êýìáôïò, ðïõ öÝñåé ôï üíïìÜ ôïõ, ãéá ôá
óùìáôßäéá. ÓõãêåêñéìÝíá, èåþñçóå üôé ìå êÜèå óùìáôßäéï ðïõ
Ý÷åé ïñìÞ p óõíäÝåôáé êýìá ìå ìÞêïò êýìáôïò ë = h/p. Ðñïöáíþò,
ãéá ìáêñïóêïðéêÜ óþìáôá ôï ë åßíáé ôüóï ðïëý ìéêñü ðïõ äåí
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ðáßæåé êáíÝíá ñüëï óôçí ðåñéãñáöÞ ôçò êßíçóÞò ôïõò. Óôï Üôïìï,
üðïõ ôï ìÞêïò êýìáôïò ôùí çëåêôñïíßùí åßíáé óõãêñßóéìï ìå ôéò
äéáóôÜóåéò ôïõ áôüìïõ êáé ôá êõìáôéêÜ öáéíüìåíá ãßíïíôáé
áéóèçôÜ. Ï Bohr åîÞãçóå ôï ðñþôï áîßùìÜ ôïõ äå÷üìåíïò üôé ôá
çëåêôñüíéá, ãéá íá êéíïýíôáé óå åõóôáèåßò ôñï÷éÝò, ðñÝðåé áõôÝò
íá Ý÷ïõí ðåñßìåôñï ðïõ íá áíôéóôïé÷åß óå óôÜóéìá, “êëåéóôÜ”,
êýìáôá (ç ðåñßìåôñïò áêÝñáéï ðïëëáðëÜóéï ôïõ ìÞêïõò êýìáôïò).
Ïé ôñï÷éÝò ôùí óùìáôéäßùí öÜíçêå üôé äåí Ý÷ïõí Ýííïéá, áí ôï
ìÞêïò êýìáôïò åßíáé óõãêñßóéìï ìå ôéò õðüëïéðåò äéáóôÜóåéò ôïõ
áíôéêåéìÝíïõ, üðùò ïé áêôßíåò öùôüò äåí Ý÷ïõí íüçìá, üôáí ïé
äéáóôÜóåéò ôùí åìðïäßùí åßíáé óõãêñßóéìåò ìå ôï ìÞêïò êýìáôïò
ïðüôå Ý÷ïõìå öáéíüìåíá ðåñßèëáóçò. Ï Schrödinger âñÞêå ôçí
êõìáôéêÞ åîßóùóç ðïõ öÝñåé ôï üíïìÜ ôïõ ãéá ôá êýìáôá de
Broglie. Ï Werner Heisenberg èåìåëßùóå ôçí êâáíôéêÞ èåùñßá
îåêéíþíôáò áðü Üëëç âÜóç ðïõ åßíáé äõóêïëüôåñï íá ðåñéãñáöåß.
Ï Schrödinger Ýäåéîå üôé ïé äýï öïñìáëéóìïß Þôáí éóïäýíáìïé. Ç
áíôéóôïé÷ßá ìåôáîý êëáóéêÞò êáé êâáíôéêÞò öõóéêÞò öáßíåôáé óôï

ó÷Þìá Å14.

Óýìöùíá ìå ôéò éäÝåò ôçò êõìáôïìç÷áíéêÞò (óÞìåñá ëÝãåôáé
êâáíôïìç÷áíéêÞ) ç êõìáôïóõíÜñôçóç ìðïñåß êáé äßíåé ôçí
ðéèáíüôçôá, íá âñåèåß ôï óùìáôßäéï óå ìéá ïñéóìÝíç ðåñéï÷Þ ôïõ
÷þñïõ (ç åñìçíåßá áõôÞ ïöåßëåôáé áñ÷éêÜ óôïí Max Born). Äåí
Ý÷åé íüçìá íá ìéëÜìå ãéá ôñï÷éÝò óùìáôéäßùí, áëëÜ ãéá
ðéèáíüôçôåò íá âñåèåß ôï óùìáôßäéï êÜðïõ. ÏñéóìÝíåò (óõæõãåßò)
öõóéêÝò ðïóüôçôåò, üðùò ç ïñìÞ êáé ç èÝóç, äåí ìðïñïýí íá
ðñïóäéïñéóôïýí áðü ôçí êâáíôéêÞ èåùñßá ôáõôü÷ñïíá (áñ÷Þ
áðñïóäéïñéóôßáò Heisenberg). ÓÞìåñá, ãßíåôáé óçìáíôéêÞ Ýñåõíá
ðåéñáìáôéêÞ êáé èåùñçôéêÞ ðïõ áöïñÜ óôç óôáôéóôéêÞ áõôÞ
åñìçíåßá ôçò êâáíôïìç÷áíéêÞò ç ïðïßá áíáöÝñåôáé ùò åñìçíåßá
ôçò Êïðåã÷Üãçò, áðü üðïõ Þôáí ï Í. Âohr. ÐñÝðåé íá ðïýìå üôé
ðïëëïß åðéóôÞìïíåò (ìÝ÷ñé êáé óÞìåñá), üðùò êáé ï Einstein áëëÜ
êáé ï Schrödinger, äåí Þôáí éêáíïðïéçìÝíïé ìå áõôÞ ôçí åñìçíåßá.
Ðßóôåõáí óå êÜðïéï ôñüðï åñìçíåßåò ðïõ èá Þôáí ðéï êïíôÜ óôç
êëáóéêÞ óôáôéóôéêÞ åñìçíåßá.

á) ÊÕÌÁÔÉÊÁ ÊÁÉ ÓÙÌÁÔÉÄÉÁÊÁ ÖÁÉÍÏÌÅÍÁ ÌÅ ÖÙÔÏÍÉÁ
Ç åíÝñãåéá êÜèå öùôïíßïõ ó÷åôßæåôáé ìå ôçí óõ÷íüôçôá êáé

ôï ìÞêïò êýìáôïò ôïõ öùôüò. Ïé êõìáôéêÝò éäéüôçôåò êáé ôá

Ó×ÇÌÁ Å14
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öáéíüìåíá ðåñßèëáóçò êáé óõìâïëÞò ðáñáôçñïýíôáé ìå
ìïíáäéêÜ öùôüíéá. Äåí öáßíïíôáé óå äõíÜìåéò ìåôáîý ôùí
öùôïíßùí. Áò èåùñÞóïõìå ôç äéÜôáîç ôïõ ðåéñÜìáôïò óõìâïëÞò
ôïõ Young ìå äýï ó÷éóìÝò, ó÷Þìá á. Áò õðïèÝóïõìå üôé óôï
äéÜöñáãìá ìå ôéò äýï ó÷éóìÝò ðÝöôåé öùò áëëÜ ôüóï áóèåíéêü,
ðïõ óôï ÷þñï ìåôáîý ôïõ äéáöñÜãìáôïò êáé ôçò öùôïãñáöéêÞò
ðëÜêáò íá ìçí õðÜñ÷ïõí óõã÷ñüíùò äýï öùôüíéá. Áí ç äéÜôáîç
áöåèåß åðß ðïëý ìåãÜëï ÷ñïíéêü äéÜóôçìá (ßóùò êáé ìÞíåò) óôï
ôÝëïò èá ðáñáôçñçèïýí ïé ãíùóôïß êñïóóïß óõìâïëÞò óôç
öùôïãñáöéêÞ ðëÜêá. Ìðïñåß êáíåßò íá ÷ñçóéìïðïéÞóåé ðïëëïýò
áíé÷íåõôÝò Þ (áðáñéèìçôÝò) ìïíáäéêþí öùôïíßùí,
äéáôåôáãìÝíïõò êáôÜ ôçí êáôáêüñõöç äéåýèõíóç óôç èÝóç ôçò
ðëÜêáò. Ï êÜèå áíé÷íåõôÞò áðëþò ìåôñÜåé ôï ðëÞèïò ôùí
öùôïíßùí ðïõ ðÝöôïõí ðÜíù (áðáñéèìåß ôá öùôüíéá-óùìáôßäéá).
Óôï ôÝëïò ôïõ ðåéñÜìáôïò èá äéáðéóôùèåß üôé ôï ðëÞèïò ôùí
öùôïíßùí ðïõ ìåôñïýí ïé áðáñéèìçôÝò óôéò èÝóåéò ôùí
ìåãßóôùí, åßíáé ìåãÜëï, åíþ áõôïß óôéò èÝóåéò ôùí åëá÷ßóôùí
ìåôñïýí ìéêñïýò áñéèìïýò öùôïíßùí. Áõôü ðïõ ðñïêýðôåé áðü
ôá áíùôÝñù åßíáé üôé, ôï êÜèå Ýíá öùôüíéï ðåñéãñÜöåôáé áðü
êýìá ôï ïðïßï “ðÝöôåé” ðÜíù óôç ó÷éóìÞ 1 êáé 2 êáé ç óõìâïëÞ
ôïõ óôç èÝóç ôïõ äåýôåñïõ ðåôÜóìáôïò êáèïñßæåé óå ðïéá
óçìåßá öôÜíïõí ðåñéóóüôåñá öùôüíéá êáé ðïõ ëéãüôåñá. Ôï
êÜèå öùôüíéï üìùò, öèÜíïíôáò êÜèå öïñÜ óå Ýíá óçìåßï ôïõ
ðåôÜóìáôïò, ìðïñåß íá ìåôñçèåß áðü Ýíá ìüíï áíé÷íåõôÞ.
Óýìöùíá ìå ôçí êëáóéêÞ çëåêôñïìáãíçôéêÞ èåùñßá ôï êýìá
åßíáé êýìá çëåêôñéêïý êáé ìáãíçôéêïý ðåäßïõ. Ç óõó÷Ýôéóç ìå
ôá öùôüíéá ëÝåé üôé ç “öùôåéíüôçôá” ðïõ åßíáé áíÜëïãç ôïõ
ôåôñáãþíïõ ôïõ ðëÜôïõò ôçò Ýíôáóçò ôïõ çëåêôñïìáãíçôéêïý
êýìáôïò, åßíáé êáé áíÜëïãç ôïõ ðëÞèïõò ôùí öùôïíßùí ðïõ
ðÝöôïõí óôï óõãêåêñéìÝíï óçìåßï áíÜ ìïíÜäá ÷ñüíïõ êáé
ìïíÜäá åðéöÜíåéáò. Óôï ó÷Þìá Å16 öáßíåôáé ï ó÷çìáôéóìüò
öùôïãñáößáò ìå üëï êáé ðåñéóóüôåñá öùôüíéá. ~Åíá ðåßñáìá
áíÜëïãï ìå ôï ðåßñáìá ðïõ ðåñéãñÜøáìå (ðåßñáìá ðåñßèëáóçò)
Ýãéíå óôç ðñáãìáôéêüôçôá áðü ôïí Geoffrey Taylor, óðïõäáóôÞ

Ó×ÇÌÁ Å15
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ôüôå óôï ðáíåðéóôÞìéï ôïõ Cambridge óôçí Áããëßá, êáé ç
äéÜñêåéÜ ôïõ Þôáí ìåñéêïß ìÞíåò! ~Åíá Üëëï ðåßñáìá áêñéâþò,
üðùò áõôü ðïõ ðåñéãñÜøáìå, Ýãéíå áðü ôïí John King óôï
ðáíåðéóôÞìéï MIT óôéò Ç.Ð.Á.

â) ÊÕÌÁÔÉÊÁ ÖÁÉÍÏÌÅÍÁ ÌÅ ÓÙÌÁÔÉÄÉÁ
ÁíÜëïãá ðåéñÜìáôá ðåñßèëáóçò êáé óõìâïëÞò ìðïñåß íá

ãßíïõí ìå óùìáôßäéá. Ìðïñåß íá åêôåëåóôïýí ðåéñÜìáôá
ðåñßèëáóçò êáé óõìâïëÞò ìå äéðëÞ ó÷éóìÞ áêñéâþò üðùò ôá
áíùôÝñù. ¸ôóé èá äïýìå êõìáôéêÜ öáéíüìåíá êáé üôáí áêüìç
ìÝóá óôçí áíôßóôïé÷ç óõóêåõÞ, üðùò óôá öùôüíéá, õðÜñ÷åé êÜèå
öïñÜ ìüíï Ýíá óùìáôßäéï. Áõôü ðåñéãñÜöåôáé ìå êÜðïéá
êõìáôïóõíÜñôçóç, ç ïðïßá, áöïý äéÝëèåé êïíôÜ áðü êÜðïéï
åìðüäéï Þ ôéò äýï ó÷éóìÝò, äßíåé ôïõò áíáìåíüìåíïõò
ó÷çìáôéóìïýò óôï äåýôåñï ðÝôáóìá (ìå ôçí ðõêíüôçôá
ðéèáíüôçôáò ðïõ ðåñéãñÜöåé). ÔÝôïéï ðåßñáìá ðåñßèëáóçò Ýãéíå
ôï 1949 áðü ôïõò L.M. Biberman, N.C. Sushkin êáé V.A.
Fabrikant óôç ÓïâéåôéêÞ ~Åíùóç. Ôá öùôüíéá êáé ôá óõíÞèç
óùìáôßäéá ðáñïõóéÜæïõí ôï öáéíüìåíï ôïõ äõéóìïý, äçëáäÞ
ðáñïõóéÜæïõí êáé óùìáôéäéáêÝò êáé êõìáôéêÝò éäéüôçôåò. Õëéêü
êýìá ó÷åôßæåôáé êáé ìå Ýíá ìüíï óùìáôßäéï Þ öùôüíéï êáé ãé’
áõôü åìöáíßæïíôáé êõìáôéêÜ öáéíüìåíá êáé óôá ìïíáäéêÜ
öùôüíéá êáé óôá ìïíáäéêÜ óùìáôßäéá. Äåí ÷ñåéÜæåôáé êáé äåí
ìðïñïýí íá óõìâÜëëïõí äýï äéáöïñåôéêÜ öùôüíéá Þ óùìáôßäéá
ãéá íá åìöáíéóôïýí ïé óõíÝðåéåò ôùí êõìáôéêþí öáéíïìÝíùí. Óå
ðïëý åéäéêÝò ðåñéðôþóåéò ãßíåôáé êÜôé ôÝôïéï, ð.÷. óå öùò áðü
laser, üôáí äéáöïñåôéêÜ öùôüíéá åßíáé, üðùò ëÝìå, óýìöùíá
ìåôáîý ôïõò.

Ó×ÇÌÁ Å16
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öùôïãñáöéêÞ ðëÜêá. Åßíáé ðñïöáíÞò ç êâáíôéêÞ õöÞ ôçò áêôéíïâïëßáò (öùôüíéá).
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Áðü ôç ìåëÝôç ôçò áêôéíïâïëßáò ôïõ
ìÝëáíïò óþìáôïò ðñïÝêõøáí äéÜöïñïé
ðåéñáìáôéêïß íüìïé. ~Åíáò áðü áõôïýò åßíáé
êáé ï íüìïò ôùí Stefan - Boltzmann ðïõ
ðñïóäéïñßæåé ôçí éó÷ý áíÜ ìïíÜäá
åðéöÜíåéáò ç ïðïßá åêðÝìðåôáé áðü ôï
ìÝëáí óþìá êáé åßíáé

Ãéá ôç èåùñçôéêÞ åîÞãçóç ôçò
áêôéíïâïëßáò ôïõ ìÝëáíïò óþìáôïò ï Planck
äéáôýðùóå ôçí áíôßóôïé÷ç èåùñßá, óýìöùíá
ìå ôçí ïðïßá ç çëåêôñïìáãíçôéêÞ
áêôéíïâïëßá áðïññïöÜôáé êáé åêðÝìðåôáé
êáôÜ ïñéóìÝíåò äéáêñéôÝò ðïóüôçôåò (êâÜíôá
åíÝñãåéáò).

n = 1, 2, 3 ...

üðïõ f ç óõ÷íüôçôá ôçò áêôéíïâïëßáò ðïõ
åêðÝìðåôáé êáé h ç óôáèåñÜ ôïõ Planck.

Öùôïçëåêôñéêü öáéíüìåíï åßíáé ç
áðüóðáóç çëåêôñïíßùí áðü ôçí åðéöÜíåéá
ìåôÜëëïõ üôáí ðñïóðÝóåé ó’ áõôü
çëåêôñïìáãíçôéêÞ áêôéíïâïëßá. Ç
öùôïçëåêôñéêÞ åîßóùóç ôïõ Einstein, ç
ïðïßá åîçãåß ôïõò ðåéñáìáôéêïýò íüìïõò
ôïõ öáéíïìÝíïõ, Ý÷åé ôç ìïñöÞ 

üðïõ h f ç åíÝñãåéá ôïõ ðñïóðßðôïíôïò
öùôïíßïõ, Ö ôï Ýñãï åîáãùãÞò ôïõ
ìåôÜëëïõ êáé Êmax ç ìÝãéóôç êéíçôéêÞ
åíÝñãåéá ôùí öùôïçëåêôñïíßùí.

Ôï öùôïçëåêôñéêü öáéíüìåíï êáé ôï
öáéíüìåíï Compton åðéâåâáéþíïõí ôç
óùìáôéäéáêÞ öýóç ôïõ öùôüò, ìå ôç âïÞèåéá
ôçò ó÷åôéêüôçôáò. Ãéá ôçí åíÝñãåéá êáé ôçí
ïñìÞ öùôïíßïõ Ý÷ïõìå

Ôï öáéíüìåíï Compton åßíáé ç óêÝäáóç
çëåêôñïìáãíçôéêÞò áêôéíïâïëßáò áðü
(åëåýèåñá) öïñôéóìÝíá óùìáôßäéá. ÊáôÜ ôç
óêÝäáóç öùôïíßïõ áðü çëåêôñüíéï
ðáñáôçñåßôáé ìßá ìåôáôüðéóç ôïõ ìÞêïõò
êýìáôïò, ç ïðïßá äßíåôáé áðü ôç ó÷Ýóç

üðïõ ë êáé ë~ ôï ìÞêïò êýìáôïò ôçò
ðñïóðßðôïõóáò êáé áíáêëþìåíçò
áêôéíïâïëßáò áíôßóôïé÷á, ö ç ãùíßá
óêÝäáóçò êáé m ç ìÜæá ôïõ çëåêôñïíßïõ.

Ï de Broglie äéáôýðùóå ôï áîßùìá üôé:
êÜèå óùìáôßäéï óõíäÝåôáé ìå Ýíá êýìá ðïõ
ç óõ÷íüôçôÜ ôïõ êáé ôï ìÞêïò êýìáôüò ôïõ
äßíïíôáé áðü ôéò ó÷Ýóåéò

Ç áíôßóôïé÷ç êâáíôéêÞ óõíÜñôçóç Ø (x , t)
(ãåíéêþò åßíáé ìéãáäéêü ìÝãåèïò)
ïíïìÜæåôáé êõìáôïóõíÜñôçóç êáé ôï
ôåôñÜãùíï ôïõ ìÝôñïõ ôçò åßíáé ç ðõêíüôçôá
ðéèáíüôçôáò íá âñïýìå ôï óùìáôßäéï óôï
óõãêåêñéìÝíï óçìåßï ôïõ ÷þñïõ. ¸÷ïõìå

P (x, t) =⏐Ø (x, t)⏐2 = Ø *(x, t) Ø (x, t)

Ç êõìáôéêÞ åîßóùóç, ôçò ïðïßáò ëýóç
åßíáé ç Ø (x , t), ðñïôÜèçêå áðü ôïí Schrö-
dinger êáé ç ÷ñïíéêÜ áíåîÜñôçôç ìïñöÞ ôçò
åßíáé

üðïõ Ø = Ø (x)

Óôç ðåñßðôùóç ôïõ ôåôñáãùíéêïý ðçãáäéïý
áðåßñïõ âÜèïõò êáé ðëÜôïõò L ïé
êõìáôïóõíáñôÞóåéò êáé ïé áíôßóôïé÷åò ôéìÝò
ôçò åíÝñãåéáò åíüò óùìáôéäßïõ ìÝóá óå áõôü
åßíáé

− + =h
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d Ø
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2 2
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üðïõ n = 1, 2, 3, ...

Óôá ðëáßóéá ôçò êâáíôïìç÷áíéêÞò
åîçãåßôáé ôï öáéíüìåíï óÞñáããáò, êáôÜ ôï
ïðïßï Ýíá óùìáôßäéï ìðïñåß íá ðåñÜóåé
áðü Ýíá öñÜãìá äõíáìéêïý, Ýóôù êáé áí ç
åíÝñãåéÜ ôïõ åßíáé ìéêñüôåñç áðü ôï ýøïò
ôïõ öñÜãìáôïò. Óôçí ðåñßðôùóç ïñèïãùíßïõ
öñÜãìáôïò ýøïõò U0 êáé ðëÜôïõò L, ï
óõíôåëåóôÞò äéåýëåõóçò Ô äßíåôáé
ðñïóåããéóôéêÜ áðü ôç ó÷Ýóç:

üðïõ

Ç áñ÷Þ áâåâáéüôçôáò äéáôõðþèçêå áðü
ôïí Heisenberg ëÝåé, ìåôñþíôáò ôáõôü÷ñïíá
ôçí ïñìÞ p êáé ôç èÝóç x åíüò óùìáôéäßïõ
ôï ãéíüìåíï ôùí áðñïóäéïñéóôéþí Äp êáé
Äx åßíáé ðÜíôá ìåãáëýôåñï Þ ßóï áðü ôï −

h, äçëáäÞ

Äx Äp ≥ −h

Åðßóçò, äéáôõðþíåôáé êáé ìå ôçí
áðñïóäéïñéóôßá óôç ìÝôñçóç ôçò åíÝñãåéáò
ÄÅ êáé ôïõ áíôßóôïé÷ïõ ÷ñüíïõ Ät ðïõ
äéáñêåß ç ìÝôñçóÞ ôçò ùò 

ÄÅ Ä t ≥ −h

ã
m U E

h
= −2 0

2

( )

T e ãL≈ −2

E
h

mL
n n=
F
HG
I
KJ

2
2

28

Ø
L L

xn sin
nð= 2

1. ÐÅÉÑÁÌÁ ÅÐÉÄÅÉÎÇÓ
ÖÙÔÏÇËÅÊÔÑÉÊÏÕ ÖÁÉÍÏÌÅÍÏÕ ÌÅ
ÅÊÖÏÑÔÉÓÇ ÐÕÊÍÙÔÇ

ÔïðïèåôÞóôå äýï ìåôáëëéêÝò ðëÜêåò óå ìåôáîý
ôïõò áðüóôáóç ðåñé ôïõ 1 cm, åê ôùí ïðïßùí ç
ìßá åßíáé áðü øåõäÜñãõñï (êáëÜ ãõáëéóìÝíï),

åíþ ç Üëëç áðü áëïõìßíéï Þ ÷áëêü, äçëáäÞ Ý÷åôå
Ýíáí ðõêíùôÞ. Öïñôßóôå ôïí ðõêíùôÞ ìå äéáöïñÜ
äõíáìéêïý ðåñßðïõ 1000 V, öñïíôßæïíôáò ç ðëÜêá
áðü øåõäÜñãõñï íá Ý÷åé ôï ìéêñüôåñï äõíáìéêü.
ÓðåðÜóôå ôéò ðëÜêåò, þóôå íá ìçí öùôßæïíôáé êáé

óõíäÝóôå ôéò ìå çëåêôñïóêüðéï. ÐáñáôçñÞóôå üôé
ç Ýíäåéîç ôïõ çëåêôñïóêïðßïõ ìåéþíåôáé ìå
êÜðïéï áñãü ñõèìü. Îáíáöïñôßóôå ôéò ðëÜêåò êáé
ôþñá öïôßóåôå ìå öùò áðü ëÜìðá õðåñéþäïõò
(áôìþí õäñáñãýñïõ), ðñïóï÷Þ óôá ìÜôéá óáò!
ÐáñáôçñÞóôå ôïí ôá÷ýôåñï ñõèìü ìåßùóçò ôçò
Ýíäåéîçò ôïõ çëåêôñïóêïðßïõ ðïõ ïöåßëåôáé óôçí
åêöüñôéóç ôïõ ðõêíùôÞ ëüãù ðáñáãùãÞò
öùôïçëåêôñïíßùí. Áí êÜíåôå ôï ßäéï ðåßñáìá, ìå
ôïí øåõäÜñãõñï íá Ý÷åé ôï ìåãáëýôåñï äõíáìéêü,
ôüôå ç åêöüñôéóç åßíáé ðïëý áñãÞ êáé óôéò äýï
ðåñéðôþóåéò. Åîçãåßóôå ôá áðïôåëÝóìáôá. Ôï
ðåßñáìá ìðïñåß íá ãßíåé êáé ìüíï ìå
çëåêôñïóêüðéï ìå ðëÜêá øåõäáñãýñïõ.

2. ÔÏ ÐÑÏÂËÇÌÁ ÔÇÓ ÓÔÁÈÅÑÏÔÇÔÁÓ
ÊÁÉ ÔÙÍ ÄÉÁÓÔÁÓÅÙÍ ÔÙÍ ÁÔÏÌÙÍ. 

Óôéò áñ÷Ýò ôïõ 20ïõ áéþíá Ýíá áðü ôá
óðïõäáéüôåñá ðñïâëÞìáôá ôçò ÖõóéêÞò Þôáí ç
óôáèåñüôçôá êáé ïé äéáóôÜóåéò ôùí áôüìùí. 

á) Õðïëïãßóôå ôçí äéÜóôáóç ôùí áôüìùí
èåùñþíôáò üôé åßíáé óöáßñåò ðïõ áêïìðïýí ç
ìßá ôçí Üëëç, ãéá Ýíá õëéêü ð.÷. Al.

drasthriothtesÄ Ñ Á Ó Ô Ç Ñ É Ï Ô Ç Ô Å Ó
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â) ÅîåôÜóôå, åÜí õðÜñ÷ïõí äåóìåýóåéò óôéò
äéáóôÜóåéò ôùí áôüìùí óôá ðëáßóéá ôçò
êëáóéêÞò ÖõóéêÞò.

ã) ÈåùñÞóôå ôç óôñïöïñìÞ ôùí çëåêôñïíßùí
ôçò ôÜîåùò ôïõ h (Þ −h) ôçò óôáèåñÜò ôïõ Planck
êáé âñåßôå ôçí ôÜîç ìåãÝèïõò ôïõ áôüìïõ.

ä) Óôá ðëáßóéá ôçò êëáóéêÞò ÖõóéêÞò Ýðñåðå
ôï çëåêôñüíéï íá ðÝóåé óôïí ðõñÞíá, åðåéäÞ
áêôéíïâïëåß. Ðþò åîçãåßôáé ç óôáèåñüôçôá ôùí
áôüìùí;

3. ÓÁÑÙÔÉÊÏ ÌÉÊÑÏÓÊÏÐÉÏ ÓÇÑÁÃÃÁÓ
(STM)

ÁíáôñÝîôå óå âéâëéïãñáößá (ð.÷. ÖõóéêÞ
Young, Åëëçí. ÌåôÜöñáóç, Åêäüóåéò ÐáðáæÞóç
1994) êáé óõãêåíôñþóôå ðëçñïöïñßåò ãéá ôï
STM. ÁðáíôÞóôå óôï åñþôçìá: ìå ðïéü ôñüðï
áðïêôïýìå åßäùëï ìéáò åðéöÜíåéáò, þóôå íá
ìðïñïýìå íá Ý÷ïõìå “åéêüíá” ôùí áôüìùí ôçò
åðéöÜíåéáò áõôÞò;

1 

Äýï êïéëüôçôåò áðü äéáöïñåôéêÜ õëéêÜ êáé ßäéáò
èåñìïêñáóßáò åðéêïéíùíïýí üðùò óôï ó÷Þìá. Áðï-

äåßîôå üôé ç éó÷ýò ðïõ åêðÝìðåôáé áíÜ ìïíÜäá
åðéöÜíåéáò ôçò êïéíÞò ïðÞò åßíáé ßäéá ðñïò ôéò äýï
êáôåõèýíóåéò.

2

Ôï ó÷Þìá 4.131 äåß÷íåé ç óýãêñéóç ôùí ðåéñáìáôéêþí
êáé èåùñçôéêþí ðñïâëÝøåùí (Rayleigh - Jeans) ãéá

ôçí éó÷ý áíÜ ìïíÜäá åðéöáíåßáò
êáé áíÜ ìïíÜäá ìÞêïõò êýìáôïò
ãéá ôï ìÝëáí óþìá. ÐïéÜ áðü
ôéò ðáñáêÜôù ãñáöéêÝò
ðáñáóôÜóåéò åßíáé ç Ië − f ;

3

Ôï öÜóìá ìéáò êïéëüôçôáò âïëöñáìßïõ Ý÷åé
ìåãáëýôåñç ëáìðñüôçôá óôï éþäåò åíþ ìéáò
êïéëüôçôáò ÷áëêïý óôï åñõèñü. ×áñáêôçñßóôå ôéò
ðáñáêÜôù ðñïôÜóåéò óùóôÝò (Ó) Þ ëÜèïò (Ë).
(á) Ï ÷áëêüò Ý÷åé õøçëüôåñç èåñìïêñáóßá áðü ôï

âïëöñÜìéï.
(â) Ï ÷áëêüò Ý÷åé ßäéá èåñìïêñáóßá ìå ôï

âïëöñÜìéï êáé áðëþò åðåéäÞ åßíáé ìÝôáëëï
÷ñþìáôïò êïêêéíùðïý ôï öÜóìá åßíáé
ëáìðñüôåñï óôï åñõèñü.

(ã) Ç ÷Üëêéíç êïéëüôçôá åêðÝìðåé ëéãüôåñç éó÷ý
áðü áõôÞ ôïõ âïëöñáìßïõ.

4

ÊïéôÜæïíôáò óôï åóùôåñéêü ìéá êïéëüôçôáò, äåí
ìðïñïýìå íá äéáêñßíïõìå ôéò ëåðôïìÝñåéåò ôùí
ôïé÷ùìÜôùí ôçò, ìðïñåßôå íá åîçãÞóåôå ãéáôß
óõìâáßíåé áõôü;

5 

Ôá áðïôåëÝóìáôá áíÜëõóçò ôïõ öÜóìáôïò äýï
äéáöïñåôéêþí êïéëïôÞôùí (á) êáé (â) áðïôõðþíïíôáé
óôï ó÷Þìá. ×áñáêôçñßóôå ôéò ðáñáêÜôù ðñïôÜóåéò
óùóôÝò (Ó) Þ ëÜèïò (Ë).

ÅÑÙÔÇÓÅÉÓ
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(á) Ïé êáìðýëåò åßíáé äéáöïñåôéêÝò äéüôé åßíáé
äéáöïñåôéêÜ ôá õëéêÜ ôùí êïéëïôÞôùí.

(â) Ïé êáìðýëåò åßíáé äéáöïñåôéêÝò äéüôé ç ïðÞ ôçò
(á) åßíáé ìéêñüôåñç áðü ôçí ïðÞ ôçò (â) Üñá
åêðÝìðåôáé ëéãüôåñç éó÷ýò. 

(ã) Ïé êáìðýëåò åßíáé äéáöïñåôéêÝò äéüôé ç
èåñìïêñáóßá ôçò (â) êïéëüôçôáò åßíáé
ìåãáëýôåñç áðü ôç èåñìïêñáóßá ôçò (á)
êïéëüôçôáò.

6 

(á) Óôï ó÷Þìá ðáñéóôÜíïíôáé ïé ãñáöéêÝò

ðáñáóôÜóåéò Ië-ë ãéá ôçí áêôéíïâïëßá áðü ôçí
åðéöÜíåéá âïëöñáìßïõ (á) êáé ãéá ôçí
áêôéíïâïëßá êïéëüôçôáò óå âïëöñÜìéï (â),
ßäéùí èåñìïêñáóéþí. Ìðïñåßôå íá åîçãÞóåôå
ãéáôß ç (á) ðåñéÝ÷åé ìéêñüôåñï åìâáäüí áðü
áõôü ôçò (â) êáìðýëçò;

(â) Ãéáôß ïé êïéëüôçôåò ðïõ äçìéïõñãïýíôáé óôá
áíáìÝíá êÜñâïõíá öáßíïíôáé ëáìðñüôåñåò áðü
ôá ßäéá ôá êÜñâïõíá;

7

Ï ÂÝãáò åßíáé ìðëå áóôÝñé êáé ï ÁíôÜñçò åñõèñü.
Ðïéü áðü ôá äýï áóôÝñéá åßíáé èåñìüôåñï êáé
ãéáôß;

8 

Åßíáé óùóôÞ ç áíôéóôïé÷ßá ôùí ÷ñùìÜôùí ôïõ êñýïõ
êáé ôïõ æåõóôïý óå ìéá ìðáôáñßá âñýóçò;

9 

Ìå ôçí áíÜëõóç ôïõ öùôüò ìéáò êïéëüôçôáò êáé ìå
Ýíá öáóìáôüìåôñï ðñïóäéïñßæïõìå ôçí Ië-ë ôçò
êïéëüôçôáò êáé åßíáé áõôÞ ôïõ ó÷Þìáôïò. ÐïéÝò áðü
ôéò ðáñáêÜôù ðñïôÜóåéò åßíáé óùóôÝò
(á) Áí áõîÞóïõìå ôç èåñìïêñáóßá ç ôéìÞ ëmax èá

áõîçèåß.
(â) ÁõîÜíïíôáò ôç èåñìïêñáóßá ôï åìâáäüí ôçò

êáìðýëçò áõîÜíåôáé.
(ã) Ôï åìâáäüí ðïõ ðåñéêëåßåôáé êÜôù áðü ôçí

êáìðýëç åßíáé ç éó÷ýò ôçò áêôéíïâïëßáò ðïõ
åêðÝìðåôáé áðü ôçí ïðÞ.

(ä) Ôï öùò áðü ôá ôïé÷þìáôá ôçò êïéëüôçôáò
åêðÝìðåôáé êáôÜ óõíå÷Þ ôñüðï, äéüôé ç
èåñìïêñáóßá ôçò êïéëüôçôáò åßíáé ÷áìçëÞ.

(å) Ç éó÷ýò, áíÜ ìïíÜäá åðéöáíåßáò, ôïõ öùôüò ðïõ
åêðÝìðåôáé áðü ôçí ïðÞ êáé Ý÷åé ìÞêç êýìáôïò
áðü ë1 Ýùò ë2 åßíáé ôï ãñáìïóêéáóìÝíï åìâáäüí
óôï ó÷Þìá.

(óô) Áí ìéêñýíïõìå ôçí ïðÞ ç êáìðýëç èá åßíáé
áêñéâþò ç ßäéá.

10 

Ãéá äýï êïéëüôçôåò äéáöïñåôéêÞò èåñìïêñáóßáò ïé
áíôßóôïé÷åò Ië − ë åßíáé áõôÝò ôïõ ó÷Þìáôïò.

Áí ðïéüò åßíáé ï ëüãïò ôùí åìâáäþí,

áõôïý ðïõ ðåñéêëåßåôáé áðü ôçí êáìðýëç (á) ðñïò
áõôü ðïõ ðåñéêëåßåôáé áðü ôçí êáìðýëç (â);
(á) 1/ 2,   (â) 4,   (ã) 8,    (ä) 16

11

Óôï ó÷Þìá åßíáé ç äéÜôáîç ðïõ ìåëåôïýìå ôï

öùôïçëåêôñéêü öáéíüìåíï.
Áí ìåôáêéíÞóïõìå ôïí äñïìÝá ä ðñïò ôá äåîéÜ ôß

ë

ë
1

2

1

2
=
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èá óõìâåß óôçí Ýíäåéîç ôïõ G;
(i) Èá áõîÜíåôáé äéáñêþò
(ii) Èá áõîÜíåôáé ãéá ëßãï êáé ìåôÜ ó÷åäüí èá

óôáèåñïðïéçèåß;
(iii) Èá ðáñáìåßíåé áìåôÜâëçôç;

12 

Áí áõîÜíïõìå ôçí Ýíôáóç ôïõ öùôüò êñáôþíôáò ôïí
ä óå óôáèåñÞ èÝóç, óôç äéÜôáîç ôïõ ó÷Þìáôïò ôçò
åñþôçóçò 11, ôß áðü ôá ðáñáêÜôù èá óõìâåß ìå ôçí
Ýíäåéîç ôïõ ãáëâáíüìåôñïõ G;
(i) Èá áõîÜíåôáé äéáñêþò;
(ii) Èá áõîçèåß êáé èá óôáèåñïðïéçèåß ìéá ìÝãéóôç ôéìÞ;
(iii) Èá ðáñáìåßíåé óôáèåñÞ;

13 

ÁíôéóôñÝöïõìå ôçí ðïëéêüôçôá ôçò ðçãÞò ôçò
äéÜôáîçò ôçò åñþôçóçò 11 êáé ñõèìßæïõìå ôï äñïìÝá
Ýôóé þóôå ôï ãáëâáíüìåôñï íá Ý÷åé Ýíäåéîç ìçäÝí.
Ìå ðïéü ôñüðï ìðïñïýìå íá ìåôáâÜëëïõìå ôçí
Ýíäåéîç ôïõ ãáëâáíüìåôñïõ;
(á) ÁõîÜíïíôáò ôçí Ýíôáóç ôïõ öùôüò.
(â) ÁõîÜíïíôáò ôçí óõ÷íüôçôá ôïõ öùôüò ðïõ ðÝöôåé

óôçí “êÜèïäï”.
(ã) Ìå êáíÝíáí ôñüðï.

14 

Ðþò äéêáéïëïãåßôáé üôé ôï ñåýìá ôùí
öùôïçëåêôñïíßùí åîáñôÜôáé áðü ôçí Ýíôáóç ôïõ
öùôüò ðïõ ðñïóðßðôåé óôçí êÜèïäï;

15

ÐïéÜ áðü ôéò ðáñáêÜôù ãñáöéêÝò ðáñáóôÜóåéò åßíáé ç
óùóôÞ, áí Kmax åßíáé ç ìÝãéóôç êéíçôéêÞ åíÝñãåéá ìå ôçí
ïðïßá åîÝñ÷ïíôáé ôá öùôïçëåêôñüíéá êáé ë ôï ìÞêïò

êýìáôïò ôçò áêôéíïâïëßáò ðïõ ðñïóðßðôåé óôï  ìÝôáëëï,
óå Ýíá ðåßñáìá åðßäåéîçò ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ;

16 

¸íá êßôñéíï Þ Ýíá éþäåò öùôüíéï ðåñéÝ÷åé
ðåñéóóüôåñç åíÝñãåéá;

17 

Êüêêéíç êáé êßôñéíç áêôéíïâïëßá Ý÷ïõí ßäéá Ýíôáóç.
Èåùñïýìå íïçôÝò åðéöÜíåéåò ßäéïõ åìâáäïý êÜèåôåò
óôéò áêôßíåò ôùí áêôéíïâïëéþí. Óå ðïéÜ ðåñßðôùóç
ï ñõèìüò äéÝëåõóçò öùôïíßùí åßíáé ìåãáëýôåñïò;

18

ÅîçãÞóôå ãéáôß ôï öùò êáèþò áíáêëÜôáé óå Ýíáí
êáèñÝðôç áóêåß ðßåóç ó’ áõôüí;

19 

Ðïéü öùôüíéï Ý÷åé ìåãáëýôåñç ïñìÞ ôï ìðëÝ Þ ôï
ðñÜóéíï;

20 

Óôï ó÷Þìá 4.138 ôïõ êåéìÝíïõ, êáèþò áõîÜíåôáé ç
ãùíßá è, ç óõ÷íüôçôá ôïõ óêåäáæüìåíïõ öùôïíßïõ, 
(á) ðáñáìÝíåé ßäéá
(â) ìéêñáßíåé Þ
(ã) ìåãáëþíåé

21 

Áðü ôçí êõìáôéêÞ ãíùñßæïõìå üôé ç óõ÷íüôçôá ôçò
áíáêëþìåíçò áêôéíïâïëßáò åßíáé ßäéá ìå áõôÞ ôçò
ðñïóðßðôïõóáò, ðùò óõìâéâÜæåôáé áõôÞ ç ðñüôáóç
ìå ôï öáéíüìåíï Compton;

22 

ÐïéÜ ç äéáöïñÜ ìåôáîý öùôïçëåêôñéêïý öáéíïìÝíïõ
êáé öáéíïìÝíïõ Compton;

23 

Óôï ó÷Þìá (á) åßíáé Ýíá öùôüíéï êáé Ýíá åëåýèåñï
çëåêôñüíéï ðñéí ôçí óýãêñïõóç. Ðïéü áðü ôá
åðüìåíá ó÷Þìáôá ìðïñåß íá ðáñéóôÜíåé ôï
áðïôÝëåóìá ôçò óýãêñïõóçò;
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24

ÓêåäÜæåôáé Ýíá êüêêéíï êáé Ýíá ðñÜóéíï öùôüíéï
áðü áêßíçôï åëåýèåñï çëåêôñüíéï. ÐïéÝò áðü ôéò
ðáñáêÜôù ðñïôÜóåéò åßíáé óùóôÝò ãéá ßäéá ãùíßá
óêÝäáóçò;
(á) Ç ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò åßíáé ßäéá êáé

ãéá ôá äýï öùôüíéá.
(â) Ç ðïóïóôéáßá ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò

åßíáé ìåãáëýôåñç óôï êüêêéíï.
(ã) Ôï ìÞêïò êýìáôïò ôïõ óêåäáæüìåíïõ öùôïíßïõ

åßíáé ßäéï êáé ãéá ôá äýï öùôüíéá.

25

ÓêåäÜæåôáé Ýíá öùôüíéï áðü áêßíçôï åëåýèåñï
çëåêôñüíéï. Ðïéåò áðü ôéò ðáñáêÜôù ðñïôÜóåéò åßíáé
áëçèåßò.
(á)  Ç óõ÷íüôçôá ôïõ óêåäáæüìåíïõ öùôüò åßíáé ç

ßäéá ìå áõôÞ ôïõ ðñïóðßðôùíôïò, üðùò
ðñïâëÝðåôáé áðü ôçí êëáóéêÞ öõóéêÞ.

(â)  Ç óõ÷íüôçôá ôïõ óêåäáæüìåíïõ öùôüò äéáöÝñåé
êáôÜ ðïëý áðü áõôÞí ôïõ ðñïóðßðôïíôïò üôáí
ôï ðñïóðßðôùí öùò åßíáé ìåãÜëçò óõ÷íüôçôáò
ïðüôå åßíáé åíôïíüôåñç ç óùìáôéäéáêÞ öýóç ôïõ.

(ä)  ÅÜí ôï çëåêôñüíéï Þôáí óõíäåäåìÝíï ìå Ýíáí
ðõñÞíá ôï áðïôÝëåóìá ôçò óêÝäáóçò èá Þôáí
äéáöïñåôéêü.

(å)  Ç åíÝñãåéá ðïõ ÷Üíåé ôï öùôüíéï ìåôáöÝñåôáé
åí ãÝíåé, åí ìÝñåé óôï çëåêôñüíéï êáé åí ìÝñåé
åêðÝìðåôáé ùò çëåêôñïìáãíçôéêÞ áêôéíïâïëßá.

(óô) Êáèþò ðñïóðßðôåé ôï öùò óôï çëåêôñüíéï, áõôü
áñ÷ßæåé íá ôáëáíôåýåôáé ïðüôå ãßíåôáé ðçãÞ
çëåêôñïìáãíçôéêÞò áêôéíïâïëßáò ìå óõ÷íüôçôá
ìéêñüôåñç áðü áõôÞ ôïõ ðñïóðßðôùíôïò öùôüò,
äéüôé ôï çëåêôñüíéï Ý÷åé êÜðïéá ìÜæá (Üñá
áäñÜíåéá). ÅðïìÝíùò ôï óêåäáæüìåíï öùò ðïõ
åßíáé áõôü ðïõ ðáñÜãåé ôï çëåêôñüíéï Ý÷åé
ìéêñüôåñç óõ÷íüôçôá.

26

Ìßá ìïôïóõêëÝôá êáé Ýíá áõôïêßíçôï Ý÷ïõí ßóåò
êéíçôéêÝò åíÝñãåéåò, ðïéü ü÷çìá (óõíÞèùò) Ý÷åé
ìåãáëýôåñï ìÞêïò êýìáôïò;

27

Ãéáôß ï êõìáôéêüò ÷áñáêôÞñáò ôçò ýëçò äåí
åßíáé ðñïöáíÞò óôéò êáèçìåñéíÝò ìáò
ðáñáôçñÞóåéò óõíçèéóìÝíùí óùìÜôùí;

28 

Ïé êõìáôïóõíáñôÞóåéò äýï åëåýèåñùí
çëåêôñïíßùí åßíáé áíôßóôïé÷á ïé (á) êáé (â) ôïõ

ó÷Þìáôïò. Ðïéï áðü ôï äýï çëåêôñüíéá Ý÷åé
ìåãáëýôåñç ôá÷ýôçôá;

29 

ÕðÜñ÷åé áíôßöáóç óôï üôé Ýíá çëåêôñüíéï åßíáé
óùìáôßäéï Üñá óõãêåíôñùìÝíï óå Ýíá óçìåßï åíþ
ôáõôü÷ñïíá åßíáé êáé êýìá Üñá “áðëùìÝíï óôï ÷þñï”;

30 

Ç êõìáôïóõíÜñôçóç Ø(x) åíüò óùìáôéäßïõ åßíáé
áõôÞ ôïõ ó÷Þìáôïò (á). ÐïéÜ áðü ôá ó÷Þìáôá

(â), (ã), (ä) ðåñéãñÜöåé ôçí ðõêíüôçôá
ðéèáíüôçôáò;

31

Ç óõíÜñôçóç ðõêíüôçôáò ðéèáíüôçôáò ãéá Ýíá
óùìáôéäßïõ åßíáé áõôÞ ôïõ ó÷Þìáôïò. Ôï åìâáäüí
ôïõ ãñáììïóêéáóìÝíïõ ÷ùñßïõ åßíáé 0,7. ÊÜíïíôáò
Ýíá ðåßñáìá ãéá ôïí ðñïóäéïñéóìü ôçò èÝóåùò ôïõ
óùìáôéäßïõ ðïéá åßíáé ç ðéèáíüôçôá íá âñåèåß;
(á) Áðü ôï -∞ Ýùò ôï x1

(â) Áðü ôï x1 Ýùò ôï ∞
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(ã) Áðü ôï x2 Ýùò ôï ∞
(ä) Áðü ôï -∞ Ýùò ôï +∞

32

Ç êõìáôïóõíÜñôçóç åíüò óùìáôéäßïõ åßíáé áõôÞ ôïõ
ó÷Þìáôïò.

(á) ÐïéÜ ç ðéèáíüôçôá íá âñåèåß ôï óùìáôßäéï óôç
èÝóç x = 2

(â) ÐïéÜ ç ðéèáíüôçôá íá âñåèåß ôï óùìáôßäéï óôç
èÝóç x = 1,5

(ã) ÐïéÜ ç ðéèáíüôçôá íá âñåèåß ôï óùìáôßäéï
ìåôáîý ôçò èÝóåùò 1 êáé 3

33

¸íá óùìáôßäéï âñßóêåôáé óå Ýíá ôåôñáãùíéêü
ðçãÜäé áðåßñùò âáèý. Êáèþò êéíåßôáé ôï óùìáôßäéï
éóïäõíáìåß ìå äýï åðßðåäá êýìáôá äéáäéäüìåíá

áíôßèåôá ëüãù ôùí ðïëëáðëþí áíáêëÜóåùí,
åðïìÝíùò äçìéïõñãïýíôáé óôÜóéìá êýìáôá. Ðñïó-
äéïñßóôå ôá ìÞêç áõôþí ôùí óôáóßìùí êõìÜôùí,
êáèþò êáé ôéò áíôßóôïé÷åò ôéìÝò ôçò åíÝñãåéáò ôïõ
óùìáôéäßïõ. Äßíåôáé ôï ìÞêïò L ôïõ ðçãáäéïý ç
ìÜæá m ôïõ óùìáôéäßïõ êáèþò êáé ç óôáèåñÜ ôïõ
Planck h.

34

Óôï ó÷Þìá ðáñéóôÜíåôáé ç êõìáôïóõíÜñôçóç åíüò
óùìáôéäßïõ ôï ïðïßï âñßóêåôáé ìÝóá óå Ýíá ðçãÜäé
äõíáìéêïý.

(á) Íá ðñïóäéïñßóåôå ôï âÜèïò ôïõ ðçãáäéïý.
(â) Íá âáèìïëïãçèåß ï Üîïíáò ôïõ Ø.

35

Ïé êõìáôïóõíáñôÞóåéò äýï óùìáôéäßùí ßäéáò ìÜæáò
ðïõ âñßóêïíôáé óå äýï ðçãÜäéá äõíáìéêïý åßíáé
áõôÝò ôùí ó÷çìÜôùí (á) êáé (â) áíôßóôïé÷á.
(á) Áí ôï åýñïò ôïõ ðñþôïõ ðçãáäéïý åßíáé L ôï

åýñïò ôïõ äåõôÝñïõ åßíáé

(i) (ii) 2L  (iii) (iv) ;

(â) Áí ç åíÝñãåéá ôïõ ðñþôïõ óùìáôéäßïõ åßíáé Å,
ôïõ äåõôÝñïõ åßíáé

(i) 2E (ii) Å /4   (iii) Å /16     (iv) 16E ;

36

Ãéáôß Ýíá óùìáôßäéï ðïõ âñßóêåôáé óå Ýíá ðçãÜäé
ðåðåñáóìÝíïõ âÜèïõò, õðÜñ÷åé ðéèáíüôçôá íá
âñåèåß êáé åêôüò ôïõ ðçãáäéïý;

37

Ç êõìáôïóõíÜñôçóç åíüò óùìáôéäßïõ åßíáé ôçò
ìïñöÞò ôïõ ó÷Þìáôïò. ×áñáêôçñßóôå óùóôÝò Þ ëÜèïò
ôéò ðáñáêÜôù ðñïôÜóåéò.

L

2

L

4

L

2
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(á) Ôï óùìáôßäéï âñßóêåôáé óå Ýíá ôåôñáãùíéêü
ðçãÜäé ðïõ ôá üñéá ôïõ åßíáé ðåñßðïõ áðü x1

Ýùò x2.
(â) ÐÝñáí ôïõ x2 ôï óùìáôßäéï êéíåßôáé åëåýèåñá.
(ã) Ç åíÝñãåéá ôïõ óùìáôéäßïõ åßíáé ìåãáëýôåñç

áðü ôï ýøïò U0 ôùí ÷åéëÝùí ôïõ ðçãáäéïý.
(ä) ÓôÜóéìá êýìáôá äçìéïõñãïýíôáé áðü ôï x1, Ýùò

ôï x2.

38 

Áí áõîçèåß ç åíÝñãåéá ôùí óùìáôéäßùí ðïõ
ðñïóðßðôïõí ó´ Ýíá öñÜãìá äõíáìéêïý, ðþò èá
ìåôáâëçèåß ï óõíôåëåóôÞò äéÝëåõóçò;

39 

Óùìáôßäéá ìå åíÝñãåéá Å åêôïîåýïíôáé ðñïò ôá äåîéÜ
êáé óõíáíôïýí ôï öñÜãìá äõíáìéêïý ôïõ ó÷Þìáôïò.
ÐïéÝò áðü ôéò ðáñáêÜôù ðñïôÜóåéò åßíáé óùóôÝò;

(á) Ôá óùìáôßäéá èá öôÜóïõí ìÝ÷ñé ôï ìÝóï ôïõ
öñÜãìáôïò êáé èá åðéóôñÝøïõí.

(â) Ôá óùìáôßäéá üôáí ëÝìå üôé äéáðåñíïýí ôï
öñÜãìá, åííïïýìå üôé åìâïëßæïõí ôï öñÜãìá, ôï
ôñõðïýí êáé ðåñíïýí áðÝíáíôé, áõôü ôï
êáôáöÝñíïõí ïñéóìÝíá ìüíï óùìáôßäéá.

(ã) Óôçí ðåñéï÷Þ ÉÉÉ ç êõìáôïóõíÜñôçóç åßíáé áõôÞ
ôïõ åðéðÝäïõ êýìáôïò.

(ä) ÐïôÝ äåí âñßóêåôáé ôï óùìáôßäéï óôçí ðåñéï÷Þ
ÉÉ äéüôé Ý÷åé åíÝñãåéá Å, ìéêñüôåñç ôïõ U0.

(å) Óôçí ðåñéï÷Þ É õðÜñ÷ïõí äýï åðßðåäá êýìáôá
ôá ïðïßá äéáäßäïíôáé ìå áíôßèåôåò êáôåõèýíóåéò.

40 

Ðñïóäéïñßóôå ôï óçìåßï óôï ïðïßï èá áíáêëáóèåß
êëáóéêÜ ôï óùìáôßäéï ôïõ ó÷Þìáôïò áí ç åíÝñãåéá
ôïõ åßíáé 10 J êáé êéíåßôáé ðñïò ôá äåîéÜ.

41 

¸íá óùìáôßäéï ìå åíÝñãåéá Å < U0 ðñïóðßðôåé óôï
öñÜãìá äõíáìéêïý ðëÜôïõò L êáèþò êéíåßôáé óôçí
ðåñéï÷Þ É. ÐïéÝò áðü ôéò ðáñáêÜôù ðñïôÜóåéò åßíáé
áëçèåßò.

(á) Áí áõîÞóïõìå ôï ðëÜôïò L ï óõíôåëåóôÞò
äéÝëåõóçò èá ìåéùèåß äéüôé óôçí ðåñéï÷Þ ÉÉ ç
êõìáôïóõíÜñôçóç ìåéþíåôáé åêèåôéêÜ.

(â) Ç åíÝñãåéá ôïõ óþìáôïò óôçí ðåñéï÷Þ ÉÉÉ åßíáé
Å ´ > V0 åðåéäÞ ôï óùìÜôéï Ý÷åé ðåñÜóåé ôï
öñÜãìá äõíáìéêïý.

(ã) Áí áõîÞóïõìå ôï ðëÜôïò L ï óõíôåëåóôÞò
äéåëåýóåùò èá ðáñáìåßíåé ßäéïò, áñêåß ôï
óùìÜôéï íá áíÝâåé óôï äõíáìéêü V0, ìåôÜ èá
öôÜóåé óôçí ðåñéï÷Þ ÉÉÉ.

42 

ÅîçãÞóôå ìå ôçí áñ÷Þ ôçò áâåâáéüôçôáò üôé ôï
çëåêôñüíéï äåí ìðïñåß íá ðÝóåé óôïí ðõñÞíá.



1

(á) Õðïëïãßóôå ôïí êâáíôéêü áñéèìü n ãéá Ýíáí
ôáëáíôùôÞ, óýóôçìá åëáôÞñéï - ìÜæá, áí ï ïñèüò
ôýðïò ðïõ ðáñÝ÷åé ôçí åíÝñãåéá åßíáé 

(â) Õðïëïãßóôå ôçí ðïóïóôéáßá ìåôáâïëÞ ôçò
åíÝñãåéáò ôïõ ôáëáíôùôÞ ãéá ìåôáâïëÞ ôïõ
êâáíôéêïý áñéèìïý n êáôÜ 1. Äßíåôáé ç
óôáèåñÜ ôïõ ôáëáíôùôÞ k = 100 Í/m êáé ç
ìÜæá m = 1 kg, ç óôáèåñÜ ôïõ Planck åßíáé
h = 6,626 × 10-34 J . s êáé ôï ðëÜôïò ôáëÜíôùóçò
0,20 m.

2

Ðüóá öùôüíéá óõ÷íüôçôáò f = 5,0 × 1015 Hz
÷ñåéÜæïíôáé ãéá íá áíÝëèåé Ýíá óþìá âÜñïõò 10 Í
êáôÜ ýøïò h = 1 m; Äßíåôáé ç óôáèåñÜ ôïõ Planck
h = 6,626 × 10 -34 J.s.

3

Ìéá áêôéíïâïëïýóá êïéëüôçôá Ý÷åé èåñìïêñáóßá
Ô = 6000 Ê
(á) Õðïëïãßóôå ôï ìÞêïò êýìáôïò óôï ïðïßï ç

êïéëüôçôá áêôéíïâïëåß ðåñéóóüôåñï.
(â) Õðïëïãßóôå ôçí éó÷ý ðïõ åêðÝìðåôáé áíÜ ìïíÜäá

åðéöáíåßáò áðü ôçí êïéëüôçôá. Äßíåôáé
ó = 5,67 × 10 - 8 W/m2. K2.

4

Ìéá êïéëüôçôá Ý÷åé ïðÞ ó÷Þìáôïò êýêëïõ áêôßíáò
0,50 mm. Õðïëïãßóôå ôçí ïëéêÞ éó÷ý ðïõ åê-
ðÝìðåôáé áðü ôçí ïðÞ üôáí ç èåñìïêñáóßá ôçò
êïéëüôçôáò åßíáé Ô = 5000 Ê. Äßíåôáé ç óôáèåñÜ
ó = 5,67 × 10 - 8 W/ m2 K 2.

5

Ìéá ëõ÷íßá áôìþí íáôñßïõ Ý÷åé éó÷ý 100 W êáé
åêðÝìðåé öùò ìïíï÷ñùìáôéêü ìå ìÞêïò êýìáôïò
ë = 5,9 × 10-10 m. Íá õðïëïãßóåôå: á) Ôá öùôüíéá
ðïõ åêðÝìðåé ç ëõ÷íßá êÜèå äåõôåñüëåðôï. â) Ôá
öùôüíéá ðïõ äéÝñ÷ïíôáé áíÜ äåõôåñüëåðôï áðü
åðéöÜíåéá 1,0 m2 êÜèåôç óôéò áêôßíåò äéÜäïóçò ôïõ
öùôüò êáé óå áðüóôáóç 1000 m. Äßíåôáé ç óôáèåñÜ
ôïõ Planck h = 6,626 × 10 - 34 J.s êáé ç ôá÷ýôçôá ôïõ
öùôüò c = 3,0 × 108 m/s.

6

Èåùñþíôáò ôï áíèñþðéíï óþìá ùò ìÝëáí óþìá
èåñìïêñáóßáò 37 o C, õðïëïãßóôå ôçí éó÷ý ðïõ
áêôéíïâïëåß ï Üíèñùðïò. Ìéá êáëÞ ðñïóÝããéóç ôïõ
åìâáäïý ôçò åðéöÜíåéáò, ôïõ áíèñþðéíïõ óþìáôïò
åßíáé 1,65 m2. Äßíåôáé ó = 5,67 × 10 - 8 W/m2. K2.

7

Åíüò áóôåñéïý êüêêéíïõ ãßãáíôá ç ìÝãéóôç éó÷ýò
áêôéíïâïëßáò óõìâáßíåé óå ìÞêïò êýìáôïò
ëmax = 640 nm ÐïéÜ ðåñßðïõ åßíáé ç èåñìïêñáóßá
ôïõ áóôÝñá;

E h f h f= +n
1

2
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43

Óôï ó÷Þìá, ôá çëåêôñüíéá êéíïýíôáé ïñéæüíôéá,
äéÝñ÷ïíôáé áðü ôçí ó÷éóìÞ åýñïõò Äx êáé
êáôáãñÜöïíôáé óôçí ïèüíç Å. ÐïéÝò áðü ôéò
ðáñáêÜôù ðñïôÜóåéò åßíáé áëçèåßò.
(á) Áí ôá çëåêôñüíéá Ý÷ïõí ìåãáëýôåñç ïñéæüíôéá

ôá÷ýôçôá ç êáôáíïìÞ èá Ý÷åé ìéêñüôåñï åýñïò.
(â) Áí ìéêñýíïõìå ôï ðëÜôïò ôçò ó÷éóìÞò èá

ìéêñýíåé êáé ôï åýñïò ôçò êáôáíïìÞò.
(ã) Áí ìåãáëþóïõìå áñêåôÜ ôç ó÷éóìÞ èá õðÜñ÷åé

ïìïéüìïñöç êáôáíïìÞ ßóç ìå ôï åýñïò ôçò
ó÷éóìÞò.

AÓÊÇÓÅÉÓ - ÐÑÏÂËÇÌÁÔÁ
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8

Ôï Ýñãï åîáãùãÞò ôïõ Al åßíáé 4,2 eV. Áí öùò

ìÞêïõò êýìáôïò 2,0 × 10 - 7 m ðñïóðÝóåé óå åðéöÜíåéá
Al, íá õðïëïãßóåôå ôç ìÝãéóôç êéíçôéêÞ åíÝñãåéá
ôùí åêðåìðüìåíùí öùôïçëåêôñïíßùí. Õðïëïãßóôå
åðßóçò ôï ïñéáêü ìÞêïò êýìáôïò ôïõ Ál. Äßíåôáé ç
ôá÷ýôçôá ôïõ öùôüò c = 3,0 × 10 8 m/s êáé ç óôáèåñÜ
ôïõ Planck h = 6,626 × 10 - 34 J.s.

9

Ôï Ýñãï åîáãùãÞò ãéá ôï Li åßíáé 2,3 eV. Õðïëïãßóôå
ôçí ôÜóç áðïêïðÞò üôáí ç êÜèïäïò åßíáé áðü Li
êáé ç ðñïóðßðôïõóá áêôéíïâïëßá åßíáé óõ÷íüôçôáò
f = 1,5 × 10 15 Hz. Äßíåôáé  h = 6,626 × 10 - 34 J.s.

10

Ãéá íá ìçäåíéóôåß ôï öùôïçëåêôñéêü ñåýìá åíüò
öùôïêõôôÜñïõ ðñÝðåé íá åöáñìüóïõìå
áíÜóôñïöç ôÜóç 0,6 V üôáí ôï ìÞêïò êýìáôïò
ôïõ ðñïóðßðôïíôïò öùôüò åßíáé 800 nm.
Õðïëïãßóôå ôï Ýñãï åîáãùãÞò ôùí çëåêôñïíßùí
áðü ôï õëéêü ôçò öùôïêáèüäïõ. Äßíïíôáé
c = 3,0 × 10 8 m/s êáé h = 6,626 × 10 - 34 J.s.

11

Ãéá ìÞêïò êýìáôïò ôçò ðñïóðßðôïõóáò áêôéíïâïëßáò
500 nm óå åðéöÜíåéá êáéóßïõ ç ìÝãéóôç åíÝñãåéá
ôùí öùôïçëåêôñïíßùí åßíáé 0,57 eV. Íá õðïëïãßóåôå:
á) Ôï Ýñãï åîáãùãÞò êáéóßïõ, â) ôçí ôÜóç áðïêïðÞò
üôáí ôï ìÞêïò êýìáôïò ôçò ðñïóðßðôïõóáò
áêôéíïâïëßáò åßíáé 600 nm. Äßíåôáé c = 3,0 × 108 m/s
êáé h = 6,626 × 10 - 34 J.s.

12

¼ôáí óôçí åðéöÜíåéá åíüò ìåôÜëëïõ ðñïóðßðôåé
öùò ìÞêïõò êýìáôïò 400 nm, ç ôÜóç áðïêïðÞò
ôïõ öùôïçëåêôñéêïý öáéíïìÝíïõ åßíáé 0,5 eV. Íá
âñåßôå:
(á) Ôç ìÝãéóôç êéíçôéêÞ åíÝñãåéá ôùí

öùôïçëåêôñïíßùí.
(â) Ôï Ýñãï åîáãùãÞò ôïõ ìåôÜëëïõ.
(ã) Ôï ïñéáêü ìÞêïò êýìáôïò. Äßíïíôáé c =

3,0 × 10 8 m/s êáé h = 6,626 × 10 - 34 J.s.

13

Ãéá êÜðïéï ìÝôáëëï ôï ðåßñáìá ôïõ öùôïçëåêôñéêïý
öáéíïìÝíïõ Ýäùóå ôç ãñáöéêÞ ðáñÜóôáóç ôïõ
ó÷Þìáôïò üðïõ ï ïñéæüíôéïò Üîïíáò åßíáé ç
óõ÷íüôçôá ôïõ ðñïóðßðôïíôïò öùôüò êáé ï
êáôáêüñõöïò ç ôÜóç áðïêïðÞò. Íá õðïëïãéóèïýí
ìå ôç âïÞèåéá ôçò ãñáöéêÞò ðáñÜóôáóçò ôï Ýñãï

åîáãùãÞò ôïõ  ìåôÜëëïõ êáé ç óôáèåñÜ ôïõ Planck.
Äßíåôáé ìÝôñï ôïõ öïñôßïõ ôïõ çëåêôñïíßïõ,
e = 1,60 × 10 - 19 C.

14

¸íá öùôüíéï ìÞêïõò êýìáôïò ë = 0,20 nm
óõãêñïýåôáé ìå áñ÷éêÜ áêßíçôï êáé åëåýèåñï
çëåêôñüíéï êáé åêôñÝðåôáé êáôÜ ãùíßá ö = 60ï. Íá
õðïëïãéóèåß ç ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò êáèþò
êáé ôï ìÝôñï ôçò ïñìÞò ôïõ çëåêôñïíßïõ ìåôÜ ôçí
êñïýóç. Äßíåôáé ç ôá÷ýôçôá ôïõ öùôüò
c = 3,0 × 10 8 m/s, êáé ç óôáèåñÜ ôïõ Planck
h = 6,626 × 10 - 34 J.s êáé ç ìÜæá ôïõ çëåêôñïíßïõ
m = 9,1 × 10- 31 kg.

15

Ìéá äÝóìç ìïíï÷ñùìáôéêïý öùôüò óõ÷íüôçôáò
f = 2,0 × 1015 Hz ðñïóðßðôåé êÜèåôá êáé áíáêëÜôáé
åî’ ïëïêëÞñïõ áðü Ýíáí êáèñÝðôç. Áí ç
ðõêíüôçôá ôçò äÝóìçò åßíáé 1,0 × 1011 öùôüíéá/m3.
Íá õðïëïãßóåôå: á) Ðüóá öùôüíéá ðÝöôïõí óå
åðéöÜíåéá 1,0 m2 áíÜ äåõôåñüëåðôï. â) ÐïéÜ
åßíáé ç óõíïëéêÞ ìåôáâïëÞ ôçò ïñìÞò ôùí
öùôïíßùí ôïõ åñùôÞìáôïò (á). ã) ÐïéÜ åßíáé ç
ðßåóç ðïõ áóêåß ç äÝóìç óôïí êáèñÝðôç. Äßíåôáé
c = 3,0 × 108 m/s êáé h = 6,626 × 10 - 34 J.s.

16

Öùôüíéï ìå ìÞêïò êýìáôïò 0,30 nm áðïêëßíåé êáôÜ
ãùíßá 120ï ìåôÜ áðü óêÝäáóç óå áêßíçôï êáé
åëåýèåñï çëåêôñüíéï: á) Ðñïóäéïñßóôå ôï ìÞêïò
êýìáôïò ôïõ óêåäáæüìåíïõ öùôïíßïõ. â) Õðïëïãßóôå
ôçí êéíçôéêÞ åíÝñãåéá ôïõ çëåêôñïíßïõ ìåôÜ ôçí
êñïýóç. Äßíåôáé h = 6,626 × 10 - 34 J.s,
c = 3,0 × 108 m/s êáé ç ìÜæá ôïõ çëåêôñïíßïõ
m = 9,1 × 10 - 31 kg.
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17

ÄÝóìç öùôïíßùí ìÞêïõò êýìáôïò 0,020 nm
õößóôáíôáé óêÝäáóç Compton. Õðïëïãßóôå ôçí
åíÝñãåéá êáé ôçí ïñìÞ ôùí öùôïíßùí, ðïõ
áíé÷íåýïíôáé óå ãùíßá óêÝäáóçò 45ï. Äßíïíôáé
c = 3,0 × 108 m/s êáé ç ìÜæá ôïõ çëåêôñïíßïõ
m = 9,1 × 10 - 31 kg.

18

Öùôüíéï õößóôáôáé óêÝäáóç Compton êáôÜ 90ï.
Áí ôï áñ÷éêü ìÞêïò êýìáôïò ôïõ öùôïíßïõ åßíáé
ßóï ìå ôï ìÞêïò êýìáôïò Compton ôïõ
çëåêôñïíßïõ, íá õðïëïãéóèåß ôï ìÞêïò êýìáôïò
ôïõ óêåäáæüìåíïõ öùôïíßïõ. Åðßóçò õðïëïãßóôå
ôçí ïñìÞ áíÜêñïõóçò ôïõ çëåêôñïíßïõ. Äßíåôáé
h = 6,626 × 10 - 34 J.s,  c = 3,0 × 108 m/s êáé ç ìÜæá
ôïõ çëåêôñïíßïõ m = 9,1 × 10 - 31 kg.

19

ÐïéÜ åßíáé ç ìåôáâïëÞ ôïõ ìÞêïõò êýìáôïò åíüò
öùôïíßïõ êáôÜ ôç óêÝäáóç Compton êáé óå ãùíßá
óêÝäáóçò 180ï;

20

Áðïäåßîôå üôé ç ìåôáâïëÞ ôçò óõ÷íüôçôáò ôïõ öùôïíßïõ
êáôÜ ôç óêÝäáóç Compton äßíåôáé áðü ôç ó÷Ýóç.

üðïõ ëc ôï ìÞêïò êýìáôïò Compton ôïõ çëåêôñïíßïõ,
ö ç ãùíßá óêÝäáóçò êáé c ç ôá÷ýôçôá ôïõ öùôüò.
Êáôüðéí áðïäåßîôå üôé ç åíÝñãåéá ôïõ çëåêôñïíßïõ
ìåôÜ ôçí óêÝäáóç áõîÜíåé êáèþò áõîÜíåôáé ç ãùíßá
óêÝäáóçò ôùí öùôïíßùí.

21

Õðïëïãßóôå ôï ìÞêïò êýìáôïò De Âroglie åíüò
çëåêôñïíßïõ ôá÷ýôçôáò 1,0 × 106 m/s. Äßíåôáé ç ìÜæá
ôïõ çëåêôñïíßïõ m = 9,11 × 10 -31 kg êáé ç óôáèåñÜ
ôïõ Planck h = 6,626 × 10 - 34 J.s.

22

Çëåêôñüíéï åðéôá÷ýíåôáé áðü äéáöïñÜ äõíáìéêïý
V = 100 V. Õðïëïãßóôå ôï ìÞêïò êýìáôïò De Broglie
ôïõ çëåêôñïíßïõ ìåôÜ ôçí åðéôÜ÷õíóç ôïõ. Äßíåôáé ç
ìÜæá ôïõ çëåêôñïíßïõ m = 9,1 × 10 - 31 kg êáé ç
óôáèåñÜ ôïõ Planck h = 6,626 × 10 - 34 J.s.

23

¸íá âëÞìá ìÜæáò m = 0,03 kg êéíåßôáé ìå ôá÷ýôçôá
1000 m/s. Ðïéü åßíáé ôï áíôßóôïé÷ï ìÞêïò êýìáôïò
De Broglie ãéá ôï âëÞìá; Äßíåôáé h = 6,626 × 10- 34 J.s.

24

Çëåêôñüíéï êáé Ýíá öùôüíéï Ý÷ïõí ßäéï ìÞêïò
êýìáôïò 2,0 × 10 - 12 m. Íá õðïëïãßóåôå ôçí ïñìÞ êáé
ôçí åíÝñãåéá êÜèå óùìáôéäßïõ (Ôï çëåêôñüíéï íá
áíôéìåôùðéóèåß ó÷åôéêéóôéêÜ). Äßíåôáé ç ìÜæá çñåìßáò
ôïõ çëåêôñïíßïõ m = 9,1 × 10- 31 kg ç ôá÷ýôçôá ôïõ
öùôüò c = 3,0 × 108 m/s êáé ç óôáèåñÜ ôïõ Planck
h = 6,626 × 10- 34 J.s.

25

Õðïëïãßóôå ôï ìÞêïò êýìáôïò åíüò áôüìïõ çëßïõ óå
èåñìïêñáóßá 27 ï C. Äßíåôáé Çe = 4, ó÷åôéêÞ áôïìéêÞ
ìÜæá, óôáèåñÜ ôïõ Avogadro N = 6 × 10 23 mol -1 ç
ðáãêüóìéá óôáèåñÜ ôùí áåñßùí R = 8,31 J.K-1.mol-1

êáé ç óôáèåñÜ ôïõ Planck h = 6,626 × 10 - 34 J.s.

26

Çëåêôñüíéï Ý÷åé ìÞêïò êýìáôïò De Broglie 1,0 × 10-10 m.
Íá õðïëïãéótåß ç åíÝñãåéá ôïõ çëåêôñïíßïõ. Äßíåôáé
ç óôáèåñÜ Planck h = 6,626 × 10 - 34 J.s ç ìÜæá ôïõ
çëåêôñïíßïõ m = 9,1 × 10 - 31 kg êáé ç ôá÷ýôçôá ôïõ
öùôüò c = 3,0 × 10 8 m/s.

27

Óùìáôßäéï ìÜæáò m = 1,0 × 10 - 30 kg åßíáé
ðåñéïñéóìÝíï óå Ýíá ôåôñáãùíéêü ðçãÜäé äõíáìéêïý
áðåßñïõ âÜèïõò êáé ðëÜôïõò L = 1,0 × 10 - 10 m.  Íá
õðïëïãéóôåß ç åíÝñãåéá ôçò 3çò óôÜèìçò êáé íá
ãñáöåß ç áíôßóôïé÷ç êõìáôïóõíÜñôçóç Ø(x). Äßíåôáé
ç óôáèåñÜ ôïõ Planck h = 6,626 × 10 - 34 J.s.

28

Ç êõìáôïóõíÜñôçóç óùìáôéäßïõ ðïõ âñßóêåôáé óå
ôåôñáãùíéêü ðçãÜäé äõíáìéêïý áðåßñïõ âÜèïõò,
ìå ôá üñéá ôïõ ðçãáäéïý óôéò èÝóåéò x = 0, êáé
x = L åßíáé: Ø (x) = 104 sin (3ð × 108 x).
Íá õðïëïãéóôåß ç åíÝñãåéá ôïõ óùìáôéäßïõ.
Äßíåôáé h = 6,626 × 10 - 34 J.s êáé ç ìÜæá ôïõ
óùìáôéäßïõ m = 9,11 × 10 - 31 kg.

29

Íá ãñáöåß ç êõìáôïóõíÜñôçóç åíüò óþìáôïò ìÜæáò
m = 1,0 × 10 - 8 kg ðïõ âñßóêåôáé óå ôåôñáãùíéêü
ðçãÜäé äõíáìéêïý áðåßñïõ âÜèïõò ìå üñéá x = 0
êáé x = 2 × 10 - 6 m êáé ôïõ ïðïßïõ ç åíÝñãåéá åßíáé
E = 1,37 × 10 - 46 J. Äßíåôáé h = 6,626 × 10 - 34 J.s.

30

Áêôßíá ëÝúæåñ ñïõâéäßïõ åêðÝìðåé öùò ìÞêïõò êýìáôïò
694,3 nm. ÕðïèÝôïíôáò üôé ç åêðïìðÞ ôïõ öùôüò
áõôïý ïöåßëåôáé óôç ìåôÜâáóç åíüò çëåêôñïíßïõ
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êëåéóìÝíïõ óå ôåôñáãùíéêü ðçãÜäé äõíáìéêïý áðåßñïõ
âÜèïõò, áðü ôçí n = 2 óôç n = 1 åíåñãåéáêÞ
êáôÜóôáóç, õðïëïãßóôå ôï ðëÜôïò ôïõ ðçãáäéïý.
Äßíïíôáé h = 6,626 × 10- 34 J.s, c = 3,0 × 108 m/s êáé ç
ìÜæá ôïõ çëåêôñïíßïõ m = 9,1 × 10- 31 kg.

31

Óå Ýíá êéâþôéï êëåéóôü, ôï ïðïßï åßíáé éóïäýíáìï
ìå ôåôñáãùíéêü ðçãÜäé äõíáìéêïý áðåßñïõ âÜèïõò,
áöÞíïõìå ìéá ìðÜëá ðåñßðïõ óôç ìÝóç. Aí ç ìðÜëá
âñßóêåôáé óôçí êáôÜóôáóç n = 1 õðïëïãßóôå ðüóï
÷ñüíï èá êÜíåé íá öôÜóåé óôçí Üêñç ôïõ êïõôéïý.
ÈåùñÞóôå ôï ðëÜôïò ôïõ êïõôéïý L = 40 cm êáé ôç
ìÜæá ôçò ìðÜëáò m = 0,20 kg. Åðßóçò èåùñÞóôå üôé
ãéá íá öôÜóåé ç ìðÜëá óôçí Üêñç ðñÝðåé íá
ðñï÷ùñÞóåé 10 cm. Äßíåôáé h = 6,626 × 10- 34 J.s.

32

Èåùñþíôáò ôï ðõñçíéêü äõíáìéêü ùò ôåôñáãùíéêü
ðÞãÜäé ó÷åäüí áðåßñïõ âÜèïõò, åêôéìÞóôå ôéò 3 ðñþôåò
åíåñãåéáêÝò óôÜèìåò åíüò íåôñïíßïõ ôïõ ðõñÞíá.
Äßíåôáé ç äéÜìåôñïò ôïõ ðõñÞíá ðåñßðïõ 2,0 × 10-14 m
êáé ç ìÜæá ôïõ íåôñïíßïõ 1,67 × 10 - 27 kg.

33

Çëåêôñüíéï åíÝñãåéáò 4 eV ðñïóðßðôåé óå öñÜãìá
äõíáìéêïý ðëÜôïõò 0,40 nm êáé ýøïõò 8,0 eV. Íá
âñåèåß ç ðéèáíüôçôá þóôå ôï çëåêôñüíéï íá
äéáðåñÜóåé ôï öñÜãìá. Äßíåôáé ç ìÜæá ôïõ
çëåêôñïíßïõ m = 9,11 × 10 −31 kg êáé ç óôáèåñÜ ôïõ
Planck    h = 6,626 × 10−34 J.s.

34

Õðïëïãßóôå ôçí ðéèáíüôçôá äéÝëåõóçò åíüò óùìáôéäßïõ
Üëöá áðü ýøïò öñÜãìáôïò ôÝôïéï þóôå ç äéáöïñÜ
ýøïõò êáé åíÝñãåéáò íá åßíáé U0 − E = 106 eV. Äßíåôáé

ç ìÜæá ôïõ óùìáôéäßïõ Üëöá m = 6,7 × 10−27 kg. Ç
äéÜìåôñïò ôïõ ðõñÞíá åßíáé ðåñßðïõ 2 × 10−14 m.

35

ÌðÜëá ôïõ ìðüïõëéíãê Ý÷åé ìÜæá m = 8,0 kg êáé
åíÝñãåéá Å = 99 J. ÐïéÜ ç ðéèáíüôçôá äéÝëåõóçò ôçò
ìðÜëáò áðü ôï öñÜãìá äõíáìéêïý ýøïõò U0 = 100 J

êáé ðëÜôïõò L = 5,0 cm; Äßíåôáé h = 6,626 × 10 -34 J.s.

36

Ñåýìá çëåêôñïíßùí i = 10 mA óõíáíôÜ öñÜãìá
äõíáìéêïý. Áí ç äéáöïñÜ ýøïõò öñÜãìáôïò êáé
åíÝñãåéáò çëåêôñïíßïõ åßíáé U0 − E = 0,01 eV êáé ôï
ðëÜôïò ôïõ öñÜãìáôïò L = 0,20 nm íá õðïëïãéóôåß
ôï ñåýìá çëåêôñïíßùí ðïõ äéáðåñíÜ ôï öñÜãìá.
Äßíåôáé h = 6,626 × 10 - 34 J.s êáé ç ìÜæá ôïõ
çëåêôñïíßïõ m = 9,11 × 10 - 31 kg.

37

Ç ôá÷ýôçôá åíüò çëåêôñïíßïõ ìåôñÞèçêå êáé âñÝèçêå
5,0 × 10 4 m/s ìå áâåâáéüôçôá ìÝôñçóçò 0,0020%. Íá
õðïëïãéóèåß ç áðñïóäéïñéóôßá ôçò èÝóçò ôïõ
çëåêôñïíßïõ. Äßíåôáé h = 6,63 × 10 - 34 J.s êáé ç ìÜæá
ôïõ çëåêôñïíßïõ m = 9,11 × 10 - 31 kg.

38

Ç áðñïóäéïñéóôßá óôïí ðñïóäéïñéóìü ôçò èÝóåùò
åíüò çëåêôñïíßïõ åßíáé 4,0 cm. Õðïëïãßóôå ôçí
áðñïóäéïñéóôßá ôçò ôá÷ýôçôáò ôïõ çëåêôñïíßïõ.
Äßíåôáé ç ìÜæá ôïõ çëåêôñïíßïõ m = 9,11 × 10- 31 kg
êáé ç óôáèåñÜ ôïõ Planck h = 6,63 × 10 - 34 J.s.

39

Ç ïñìÞ åíüò ðñùôïíßïõ ìåôñÞèçêå ìå óöÜëìá 10%.
ÐïéÜ åßíáé ç åëÜ÷éóôç áðñïóäéïñéóôßá óôç èÝóç ôïõ,
áí ç åíÝñãåéÜ ôïõ åßíáé 1,0 MeV; Äßíåôáé
h = 6,626 × 10 - 34 J.s, e = 1,6 × 10 - 19 C êáé ç ìÜæá ôïõ
ðñùôïíßïõ åßíáé mp = 1,67 × 10 - 27 kg.

40

Áðü ôçí ôáñÜôóá åíüò êôéñßïõ ýøïõò Ç, ðåôþíôáò
ðåôñáäÜêé ìÜæáò m ðñïóðáèïýìå íá ðåôý÷ïõìå
Ýíá óôü÷ï óôï Ýäáöïò. Íá áðïäåßîåôå üôé ç
åëÜ÷éóôç áðñïóäéïñéóôßá óôï óôü÷ï äßíåôáé áðü
ôç ó÷Ýóç:

¼ðïõ g ç åðéôÜ÷õíóç ôçò âáñýôçôáò.

41

ÂëÞìá ìÜæáò m = 50 g êéíåßôáé ìå ôá÷ýôçôá 500 m/s.
ÅÜí ç áâåâáéüôçôá óôç ìÝôñçóç ôçò ôá÷ýôçôáò åßíáé
0,020 %, íá ðñïóäéïñéóôåß ç åëÜ÷éóôç áâåâáéüôçôá
óôç ìÝôñçóç ôçò èÝóçò ôïõ óþìáôïò. Äßíåôáé ç
óôáèåñÜ ôïõ Planck h = 6,63 × 10 - 34 J.s.

42

Ç äéÜìåôñïò ôïõ ðõñÞíá åßíáé ôçò ôÜîçò ôïõ 1,0 × 10-14 m.
Åöáñìüæïíôáò ôçí áñ÷Þ áðñïóäéïñéóôßáò õðïëïãßóôå
ôçí ôÜîç ìåãÝèïõò ôçò ïñìÞò åíüò íïõêëåïíßïõ.
Káôüðéí õðïëïãßóôå ôçí êéíçôéêÞ åíÝñãåéá ôïõ
íïõêëåïíßïõ êáé áðü ôçí ôéìÞ ôçò åêôéìÞóôå ôçí
ðõñçíéêÞ äõíáìéêÞ åíÝñãåéá!! Äßíåôáé ç ìÜæá ôïõ
íïõêëåïíßïõ 1,67 × 10 - 27 kg êáé ç óôáèåñÜ ôïõ Planck
h = 6,63 × 10 - 34 J.s.
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ÁíÜêëáóç êýìáôïò åßíáé ôï öáéíüìåíï, ôï ïðïßï
ðñïêýðôåé üôáí Ýíá êýìá ðïõ äéáäßäåôáé óå Ýíá
ìÝóï (1) óõíáíôÞóåé ôç äéá÷ùñéóôéêÞ åðéöÜíåéá
ìå Ýíá Üëëï ìÝóï (2), ïðüôå Ýíá ìÝñïò ôïõ
êýìáôïò åðéóôñÝöåé óôï ðñþôï ìÝóï,
õðáêïýïíôáò óôï íüìï ôçò áíÜêëáóçò.

AñìïíéêÞ ôáëÜíôùóç åßíáé ç ðåñéïäéêÞ êßíçóç
åíüò óþìáôïò êáôÜ ôçí ïðïßá ç áðïìÜêñõíóÞ ôïõ
áð’ ôç èÝóç éóïññïðßáò åßíáé áñìïíéêÞ
óõíÜñôçóç ôïõ ÷ñüíïõ.

ÄéÜèëáóç êýìáôïò åßíáé ôï öáéíüìåíï, ôï ïðïßï
ðñïêýðôåé üôáí Ýíá êýìá ðïõ äéáäßäåôáé óå Ýíá
ìÝóï (1) óõíáíôÞóåé ôç äéá÷ùñéóôéêÞ åðéöÜíåéá
ìå Ýíá Üëëï ìÝóï (2), ïðüôå Ýíá ìÝñïò ôïõ
êýìáôïò åéóÝñ÷åôáé óôï äåýôåñï ìÝóï
õðáêïýïíôáò óôï íüìï ôçò äéÜèëáóçò.

Äéáêñüôçìá åßíáé ôï áðïôÝëåóìá ôçò óýíèåóçò
äýï áðëþí áñìïíéêþí ôáëáíôþóåùí ôçò ßäéáò
äéåýèõíóçò êáé ðëÜôïõò, ðïõ ïé óõ÷íüôçôÝò ôïõò
äéáöÝñïõí ðïëý ëßãï. Ôï äéáêñüôçìá åßíáé ìéá
ðåñéïäéêÞ, áëëÜ ü÷é áñìïíéêÞ êßíçóç.

ÅîáíáãêáóìÝíåò ôáëáíôþóåéò åßíáé áõôÝò, êáôÜ
ôéò ïðïßåò ôï ôáëáíôïýìåíï óýóôçìá ðáßñíåé
åîùôåñéêÜ ôüóç åíÝñãåéá, þóôå íá
áíáðëçñþíïíôáé ïé åíåñãåéáêÝò áðþëåéåò ôïõ
óõóôÞìáôïò.

Çëåêôñïìáãíçôéêü êýìá åßíáé ìéá
çëåêôñïìáãíçôéêÞ äéáôáñá÷Þ, ç ïðïßá ìðïñåß íá
äéáäßäåôáé óôï ÷þñï áðü ìéá ðåñéï÷Þ óå ìéá Üëëç,
áêüìç êáé áí äåí õðÜñ÷åé åíäéÜìåóï õëéêü.

Éîþäåò åßíáé ç éäéüôçôá, ðïõ ÷áñáêôçñßæåé ôçí
ôñéâÞ ãéá ñåõóôÜ.

ÉóïöáóéêÝò åðéöÜíåéåò åßíáé êÜèå óõíå÷Þò
åðéöÜíåéá ðÜíù óôçí ïðïßá ç öÜóç ôïõ êýìáôïò
åßíáé ßäéá.

ÊÝíôñï âÜñïõò åíüò óþìáôïò åßíáé ôï óçìåßï áðü
ôï ïðïßï äéÝñ÷åôáé ï öïñÝáò ôïõ âÜñïõò üðùò êáé
áí óôñáöåß ôï óþìá. Óôá ïìïãåíÞ âáñõôéêÜ ðåäßá
ôï êÝíôñï âÜñïõò óõìðßðôåé ìå ôï êÝíôñï ìÜæáò.

ÊÝíôñï ìÜæáò åíüò óþìáôïò åßíáé Ýíá
÷áñáêôçñéóôéêü óçìåßï, ðïõ åîáñôÜôáé áðü ôïí
ôñüðï êáôáíïìÞò ôçò ìÜæáò óôï ÷þñï.

Êñïýóç áíåëáóôéêÞ åßíáé ç êñïýóç êáôÜ ôçí
ïðïßá Ý÷ïõìå áðþëåéá åíÝñãåéáò, áëëÜ ôá
óþìáôá ðáñáìÝíïõí áíåîÜñôçôá ôï Ýíá áðü ôï
Üëëï.

Êñïýóç äõï óùìÜôùí åßíáé ç åðáöÞ
(ðñïóÝããéóç) äõï óùìÜôùí, ðïõ äéáñêåß åëÜ÷éóôï
÷ñüíï êáé åìöáíßæïíôáé êñïõóôéêÝò äõíÜìåéò, ïé
ïðïßåò åßíáé ðïëý ìåãÜëåò.

Êñïýóç åëáóôéêÞ åßíáé áõôÞ êáôÜ ôçí ïðïßá äåí
Ý÷ïõìå áðþëåéá åíÝñãåéáò, äçëáäÞ äéáôçñåßôáé ç
êéíçôéêÞ åíÝñãåéá ôïõ óõóôÞìáôïò.

Êñïýóç ôåëåßùò áíåëáóôéêÞ Þ ðëáóôéêÞ êñïýóç
åßíáé áõôÞ êáôÜ ôçí ïðïßá Ý÷ïõìå áðþëåéá
åíÝñãåéáò êáé ôá äýï óþìáôá åíþíïíôáé óå Ýíá.

Êýìá åßíáé ìéá äéáôáñá÷Þ ðïõ ìåôáöÝñåé
åíÝñãåéá ìå ïñéóìÝíç ôá÷ýôçôá.

Êýìá áñìïíéêü åßíáé ôï êýìá ðïõ ðñïêýðôåé áðü
äéáôáñá÷Þ, ðïõ åßíáé áñìïíéêÞ óõíÜñôçóç ôïõ
÷ñüíïõ.

ÌÝëáí óþìá åßíáé Ýíá éäåáôü óþìá ðïõ Ý÷åé ôçí
éêáíüôçôá íá áðïññïöÜ êÜèå ðñïóðßðôïõóá
çëåêôñïìáãíçôéêÞ áêôéíïâïëßá áíåîÜñôçôá áðü
ôç óõ÷íüôçôÜ ôçò.

Íüìïò ôçò áíÜêëáóçò åßíáé ï íüìïò ï ïðïßïò
ðåñéãñÜöåé ôçí áíÜêëáóç êõìÜôùí.
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Íüìïò ôçò äéÜèëáóçò åßíáé ï íüìïò ðïõ
ðåñéãñÜöåé ôç äéÜèëáóç ôùí êõìÜôùí.

Íüìïò ôïõ Bernoulli åßíáé ï íüìïò ðïõ óõíäÝåé
ôá÷ýôçôá, ðéÝóåéò êáé õøïìåôñéêÝò äéáöïñÝò óå
(éäáíéêü) ñåõóôü.

Ðåñßèëáóç åßíáé ôï öáéíüìåíï ðïõ ðñïêýðôåé
üôáí öùò äéÝñ÷åôáé áðü Ýíá ìéêñü Üíïéãìá Þ
ãýñù áðü ìéá áêìÞ Þ áêßäá.

ÑåõìáôéêÞ Þ ñïúêÞ ãñáììÞ åßíáé êÜèå ãñáììÞ
ðïõ äåß÷íåé ôçí ôñï÷éÜ ðïõ äéáãñÜöåé êÜèå
óùìÜôéï åíüò ñåõóôïý, ôï ïðïßï ñÝåé.

Ñåõóôü åßíáé êÜèå õëéêü ðïõ Ý÷åé ôçí éäéüôçôá íá
ñÝåé.

ÑïðÞ äýíáìçò åßíáé Ýíá öõóéêü ìÝãåèïò, ôï
ïðïßï ó÷åôßæåôáé ìå ôçí éêáíüôçôá ôçò äýíáìçò íá
ðåñéóôñÝøåé Ýíá óþìá.

ÓôÜóéìï êýìá åßíáé ôï áðïôÝëåóìá ôçò óõìâïëÞò
äýï êõìÜôùí, ðïõ Ý÷ïõí ôçí ßäéá ôá÷ýôçôá, ôçí
ßäéá óõ÷íüôçôá, ôï ßäéï ðëÜôïò êáé äéáäßäïíôáé
ðÜíù óôçí ßäéá äéåýèõíóç ìå áíôßèåôåò öïñÝò.

Óôåñåü óþìá åßíáé ôï óþìá åêåßíï óôï ïðïßï ïé
áðïóôÜóåéò ìåôáîý äõï ïðïéùíäÞðïôå óçìåßùí
ðáñáìÝíïõí óôáèåñÝò, áíåîÜñôçôá áðü ôç èÝóç
ôïõ óþìáôïò.

ÓõìâïëÞ êõìÜôùí ðñïêýðôåé äýï Þ ðåñéóóüôåñá
êýìáôá áëëçëïåðéêáëýðôïíôáé óôï ÷þñï.

Ó÷åôéêüôçôá åéäéêÞ èåùñßá. Óôçñßæåôáé óå

ìåãÜëï âáèìü óôï ãåãïíüò üôé ç ôá÷ýôçôá ôïõ
öùôüò åßíáé óôáèåñÞ êáé áíåîÜñôçôç áðü ôï áí ç
ðçãÞ ôïõ öùôüò êéíåßôáé Þ ü÷é.

Óýíèåóç áðëþí áñìïíéêþí ôáëáíôþóåùí åßíáé ç
óõíéóôáìÝíç êßíçóç ðïõ ðñïêýðôåé üôáí Ýíá
óþìá åêôåëåß ôáõôü÷ñïíá ðåñéóóüôåñåò áðü ìéá
ôáëáíôþóåéò.

Óõíôïíéóìüò åßíáé ç êáôÜóôáóç êáôÜ ôçí ïðïßá ç
óõ÷íüôçôá ôïõ äéåãÝñôç åßíáé ôÝôïéá, þóôå íá
ðñïêáëåß ôáëÜíôùóç ìÝãéóôïõ ðëÜôïõò.

Óýóôçìá áäñáíåéáêü åßíáé Ýíá óýóôçìá
áíáöïñÜò, ùò ðñïò ôï ïðïßï óþìá ðïõ äåí
áëëçëïåðéäñÜ ìå Üëëï óþìá êéíåßôáé åõèýãñáììá
êáé ïìáëÜ.

Öáéíüìåíï Compton åßíáé ç óêÝäáóç ôçò
çëåêôñïìáãíçôéêÞò áêôéíïâïëßáò áðü öïñôéóìÝíá
óùìáôßäéá.

Öáéíüìåíï Doppler åßíáé ç áëëáãÞ ôçò
óõ÷íüôçôáò ðïõ áíôéëáìâÜíåôáé Ýíáò
ðáñáôçñçôÞò (äÝêôçò), ðïõ ïöåßëåôáé óôç ó÷åôéêÞ
êßíçóç ç÷çôéêÞò ðçãÞò (ðïìðïý) - ðáñáôçñçôÞ
(äÝêôç).

Öèßíïõóåò ôáëáíôþóåéò åßíáé áõôÝò ôùí ïðïßùí
ôï ðëÜôïò ìåéþíåôáé ìå ôï ÷ñüíï.

Öùôïçëåêôñéêü öáéíüìåíï åßíáé ç áðüóôáóç
çëåêôñïíßùí áðü ôçí åðéöÜíåéá åíüò ìåôÜëëïõ,
üôáí ðñïóðÝóåé ðÜíù ó’ áõôü çëåêôñïìáãíçôéêÞ
áêôéíïâïëßá êáôÜëëçëçò óõ÷íüôçôáò.
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ÐÁÑÁÑÔÇÌÁ 1

ÓÕÓÔÇÌÁÔÁ ÖÕÓÉÊÙÍ ÌÅÃÅÈÙÍ ÊÁÉ ÌÏÍÁÄÙÍ ÌÅÔÑÇÓÇÓ

ÃÅÍÉÊÁ

Ôá öõóéêÜ ìåãÝèç (ðïóüôçôåò) Ý÷ïõí ãåíéêÜ áñéèìçôéêÞ ôéìÞ êáé ìïíÜäá ìÝôñçóçò. Ôï öõóéêü
ìÝãåèïò åêöñÜæåôáé ùò ãéíüìåíï ìéáò áñéèìçôéêÞò ôéìÞò (êáèáñüò áñéèìüò) èåôéêÞò Þ áñíçôéêÞò, åðé
ôç ìïíÜäá ìåôñçóÞò ôïõ. ÁõôÞ ç ó÷Ýóç ðáñéóôÜíåôáé óôç ìïñöÞ 

Á = {Á} [Á]

Ãéá ôïõò äéÜöïñïõò óõíäõáóìïýò öõóéêþí ðïóïôÞôùí éó÷ýïõí ïé ãíùóôïß êáíüíåò áñéèìçôéêÞò ãéá
ôéò áñéèìçôéêÝò ôéìÝò êáé ôéò ìïíÜäåò.

ÁÂ = {Á}{Â} [Á][Â] = {ÁÂ}[ÁÂ]

{ÁÂ} åßíáé ç áñéèìçôéêÞ ôéìÞ ôïõ ìåãÝèïõò ÁÂ êáé [ÁÂ] ïé ìïíÜäåò (ìïíÜäá) ìÝôñçóÞò ôïõ

üðïõ åßíáé ç áñéèìçôéêÞ ôéìÞ ôïõ ìåãÝèïõò êáé ç ìïíÜäá ìÝôñçóÞò ôïõ. Óýìöùíá ìå
ôá

áíùôÝñù õðÜñ÷åé äéáöïñÜ óôïõò óõìâïëéóìïýò ìéáò öõóéêÞò ðïóüôçôáò êáé ôçò áñéèìçôéêÞò ôçò ôéìÞò
åêöñáóìÝíçò ùò ðñïò óõãêåêñéìÝíåò ìïíÜäåò. Ãéá ôçí áñéèìçôéêÞ ôéìÞ ìðïñåß íá ÷ñçóéìïðïéçèåß ôï
óýìâïëï ôïõ öõóéêïý ìåãÝèïõò ìÝóá óå { } (ìýóôáêåò) ìå äåßêôç Ýîù áðü ôçí ðáñÝíèåóç - ìýóôáêá ôçí

ìïíÜäá ìÝôñçóçò. ÐñïôéìÜôáé íá åêöñÜæåôáé ç áñéèìçôéêÞ ôéìÞ ùò ðçëßêï ôçò öõóéêÞò ðïóüôçôáò äéá
ôçò ìïíÜäáò.

ÐáñÜäåéãìá : (ôá÷ýôçôá/ìÝôñï åðß äåõôåñüëåðôï)

Áõôüò ï óõìâïëéóìüò åßíáé ÷ñÞóéìïò êáé ðñïôåßíåôáé íá ÷ñçóéìïðïéåßôáé óå ãñáöéêÝò ðáñáóôÜóåéò
óôïõò Üîïíåò, êáèþò êáé óå ðßíáêåò.

Ï áíùôÝñù óõìâïëéóìüò åßíáé êáëýôåñïò áðü ôïí Üëëï ðïõ Ý÷åé åõñåßá ÷ñÞóç êáé óýìöùíá ìå ôïí
ïðïßï ãñÜöïõìå, õ(m s−1), t(s), IF (mA), VF (V).

1

υ
−⋅m s

⎡ ⎤
⎢ ⎥⎣ ⎦

Á

Â

Á

Â
⎧ ⎫
⎨ ⎬
⎩ ⎭

Á

Â

{ }
{ }

[ ]
[ ]

⎧ ⎫ ⎡ ⎤= = ⎨ ⎬ ⎢ ⎥⎩ ⎭ ⎣ ⎦
ÁÁÁ Á Á

Â Â Â Â Â
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Ó×ÅÓÅÉÓ (ÅÎÉÓÙÓÅÉÓ) ÌÅÔÁÎÕ ÐÏÓÏÔÇÔÙÍ ÊÁÉ ÌÅÔÁÎÕ ÁÑÉÈÌÇÔÉÊÙÍ ÔÉÌÙÍ

Åîßóùóç öõóéêþí ìåãåèþí

(ôá÷ýôçôá = ìÞêïò /÷ñüíïò)

Åîßóùóç áñéèìçôéêþí ôéìþí

Áí ôï õ ìåôñéÝôáé óå km/h ,ôï t óå s, êáé ôï l óå m Ý÷ïõìå ôçí åîßóùóç ôùí áñéèìçôéêþí ôéìþí: 

{õ}km/h = 3,6 {l}m /{t}s

Ôï 3,6 åßíáé Ýíáò åìðåéñéêüò ðïëëáðëáóéáóôÞò.

ÔÝôïéåò åîéóþóåéò åîáñôþíôáé áðï ôéò åéäéêÝò ìïíÜäåò. ÓõíÞèùò ðáñáëåßðïíôáé ïé äåßêôåò-ìïíÜäåò
êáé ãñÜöïíôáé óôï êåßìåíï.

ËÝìå üôé Ý÷ïìå áõôïóõíåðÝò ç óýìöùíï (coherent) óýóôçìá ìïíÜäùí, áí ç åðéëïãÞ ôùí ìïíÜäùí
åßíáé ôÝôïéá ðïõ ïé åîéóþóåéò ìåôáîý ôùí áñéèìçôéêþí ôéìþí êáé ïé áíôßóôïé÷åò åîéóþóåéò ìåôáîý
öõóéêþí ìåãåèþí åßíáé ßäéåò.¸ôóé åßíáé ôá äéÜöïñá óõóôÞìáôá ðïõ îÝñïìå (ð.÷. ôï S.I )

ÄÉÁÓÔÁÓÇ (ÄÉÁÓÔÁÓÅÉÓ) ÖÕÓÉÊÏÕ ÌÅÃÅÈÏÕÓ

Óå êÜèå óýóôçìá öõóéêþí ìåãåèþí êáé áíôßóôïé÷ùí ìïíÜäùí, Ýíá ðëÞèïò ìåãåèþí, Ýóôù ôá Á, B,
C,… ëáìâÜíïíôáé ùò èåìåëéþäç öõóéêÜ ìåãÝèç Þ öõóéêÜ ìåãÝèç áíáöïñÜò. ÊÜèå Üëëï öõóéêü
ìÝãåèïò Q ôïõ óõóôÞìáôïò ëÝãåôáé ðáñÜãùãï öõóéêü ìÝãåèïò êáé ìðïñåß íá ãñáöåß ùò óõíäõáóìüò
ôùí èåìåëéùäþí öõóéêþí ìåãåèþí ùò ãéíüìåíá óýìöùíá ìå ôç ó÷Ýóç 

Q = î AáBâCã… + ...

ôï î åßíáé áñéèìçôéêüò óõíôåëåóôÞò (ðáñÜãïíôáò). Ðñïöáíþò ìðïñåß íá Ý÷ïõìå áèñïßóìáôá
ãéíïìÝíùí ôçò ðáñáðÜíù ìïñöÞò.

ÄéÜóôáóç (dimension) Þ äéáóôÜóåéò ôïõ Q åßíáé : dim Q = Aá
ä B

â
ä Cã

ä …(÷ùñßò ôïí áñéèìçôéêü ðáñÜãïíôá
î) üðïõ Aä , Bä ,Cä,… åßíáé ïé äéáóôÜóåéò ôùí èåìåëéùäþí ìåãåèþí A, B, C,…Ôá á, â, ã… åßíáé ïé
äéáóôáôéêïß åêèÝôåò .

Óôï S.I. (ÄéåèíÝò Óýóôçìá ÌïíÜäùí, Système International d’ unite~s) ðáßñíïõìå ãéá äéÜöïñïõò
ëüãïõò (ðïõ åßíáé éóôïñéêïß áëëÜ êáé ó÷åôßæïíôáé ìå ôçí åõêïëßá óôéò äéáäéêáóßåò ìÝôñçóçò) ùò
èåìåëéþäåéò, 7 öõóéêÝò ðïóüôçôåò ðïõ åßíáé: ôï ìÞêïò, ç ìÜæá, ï ÷ñüíïò, ôï ñåýìá, ç èåñìïäõíáìéêÞ
(äçëáäÞ ç áðüëõôç) èåñìïêñáóßá, ç ðïóüôçôá ýëçò êáé ç öùôåéíÞ Ýíôáóç. ÁõôÜ ôá èåìåëéþäç ìåãÝèç
åßíáé äéáóôáôéêÜ áíåîÜñôçôá ìåôáîý ôïõò (äçëáäÞ äåí êáèïñßæåôáé ðëÞñùò ôï Ýíá áðü ôá Üëëá). Ïé
ìïíÜäåò ôùí èåìåëéùäþí ìåãåèþí åßíáé áíôßóôïé÷á ôá, m (ìÝôñï), kg (÷éëéüãñáììï), s (äåõôåñüëåðôï),
A (áìðÝñ), K(êÝëâéí), mol (ìïë, ãñáììïìüñéï) êáé cd (êáíôÞëá).

υ = l

t
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Ïé äéáóôÜóåéò ôïõò åßíáé áíôßóôïé÷á: L, M, T, I, È, N, J.

ÁäéÜóôáôç åßíáé ìéá ðïóüôçôá ðïõ Ý÷åé äéáóôáôéêïýò åêèÝôåò á = â = ã = … = 0. ÁõôÞ Ý÷åé äéÜóôá-
óç = Á0Â0… = 1.

Óôï S.I. Ý÷ïõìå åðïìÝíùò
dim Q = Lá Mâ Tã Iä Èå Næ Jç

Óôçí ðñÜîç åðéôõã÷Üíåôáé áõôïóõíåðÝò (Þ óýìöùíï) óýóôçìá ìå ôïí êáèïñéóìü ôçò ìïíÜäáò
ìÝôñçóçò ðáñÜãùãïõ ìåãÝèïõò áðü ôçí åîßóùóç ãéá ôéò äéáóôÜóåéò ôçò (äçëáäÞ ÷ùñßò ôïõò
áñéèìçôéêïýò ðáñÜãïíôåò) ð.÷.

,   
dim E = M L2 T −2

Üñá ç ìïíÜäá êéíçôéêÞò åíÝñãåéáò åßíáé, kg . m2/s2 = 1 J = 1 joule (ôæïýë).

ÕðÜñ÷ïõí ïìïåéäÞ ìåãÝèç ðïõ ðñïöáíþò Ý÷ïõí ôçí ßäéá ìïíÜäá, ð.÷ ç äéÜìåôñïò êáé ôï ýøïò
ìåôñïýíôáé óå ìÝôñá (m). H êéíçôéêÞ åíÝñãåéá ,ç èåñìïäõíáìéêÞ åíÝñãåéá,ç äõíáìéêÞ åíÝñãåéá
ìåôñïýíôáé óå ôæïõë (J).

Ïé (óùóôÝò) ó÷Ýóåéò öõóéêþí ìåãåèþí êÜðïéïõ áõôïóõíåðïýò óõóôÞìáôïò üðùò åßíáé ôï ÄéåèíÝò
Óýóôçìá (S.I.) åßíáé áíåîÜñôçôåò áðï ôçí åðéëïãÞ ôùí èåìåëéùäþí ìïíÜäùí. Áõôü ó÷åôßæåôáé ìå ôçí
ëåãüìåíç ïìïãÝíåéá ôùí ôýðùí ôïõ óõóôÞìáôïò ìåãåèþí. ÌéÜ áðëÞ Ýêöñáóç ôçò ïìïãÝíåéáò åßíáé üôé
ôï áñéóôåñü êáé ôï äåîéü ìÝëïò ôùí ôýðùí (åîéóþóåùí) Ý÷ïõí ßäéåò äéáóôÜóåéò. Ðñïöáíþò
áèñïßæïíôáé êáé áöáéñïýíôáé ìåãÝèç ìå ßäéåò äéáóôÜóåéò. Ïé åêèÝôåò ðñÝðåé íá åßíáé áäéÜóôáôá
ìåãÝèç.

Ôçí éäÝá áõôÞ ôç ÷ñçóéìïðïéïýìå ùò åñåõíçôéêü åñãáëåßï ãéá åîáãùãÞ ôýðùí üôáí äåí Ý÷ïõìå ìéá
èåùñßá ðïõ íá ìáò äßíåé ôïõò ôýðïõò Þ ãéá Ýëåã÷ï óöáëìÜôùí ó÷Ýóåùí ìåôáîý öõóéêþí ìåãåèþí. Áõôü
áðïôåëåß åéäéêü êëÜäï ôçò åðéóôÞìçò ðïõ ïíïìÜæåôáé ÄéáóôáôéêÞ ÁíÜëõóç. Ç ÄéáóôáôéêÞ ÁíÜëõóç
÷ñçóéìïðïéåßôáé óå äýóêïëá ðñïâëÞìáôá üðùò åßíáé ç ñåõóôïìç÷áíéêÞ êáé óå ðñï÷ùñçìÝíá èÝìáôá
öõóéêÞò (üðùò áóôñïöõóéêÞ, öõóéêÞ óùìáôéäßùí, ê.ëð.) üôáí äåí ãíùñßæïõìå êáëÜ ôïõò öõóéêïýò
íüìïõò ðïõ ôá äéÝðïõí Þ åßíáé äýóêïëç ç åöáñìïãÞ ôïõò.

E mõ= 1

2
2
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OÑÉÓÌÏÓ ÔÙÍ ÈÅÌÅËÉÙÄÙÍ ÌÏÍÁÄÙÍ ÔÏÕ S.I.

Ôï üíïìá ÄéåèíÝò Óýóôçìá ÌïíÜäùí (Système International d’unités) ìå ôçí äéåèíÞ óõíôïìïãñáößá
S.I., õéïèåôÞèçêå áðï ôçí 11ç ÃåíéêÞ ÓõíäéÜóêåøç ÌÝôñùí êáé Óôáèìþí ôï 1960 (Conférence
Générale des Poids et Mesures, C.G.P.M.). Ôï S.I. Ý÷åé åðôÜ èåìåëéþäç ìåãÝèç êáé áíôßóôïé÷åò
èåìåëéþäåéò ìïíÜäåò ðïõ ïñßæïíôáé óôá ÅëëçíéêÜ, ÁããëéêÜ êáé ÃáëëéêÜ áíôßóôïé÷á, ùò åîÞò:

1. ìÝôñï, metre, mètre

á) Ôï ìÝôñï (m) åßíáé ôï ìÞêïò ðïõ äéáíýåé ôï öùò óôï êåíü óå ÷ñïíéêü äéÜóôçìá 1 / 299 792 458 ôïõ
äåõôåñïëÝðôïõ

â) The metre is the length  of the path travelled by light in vacuum during a time interval of
1 / 299 792 458 of a second

ã) Le mètre est la longueur du trajet parcouru dans le vide par la lumière pendant une durée de 
1/299 792 458 de seconde. (17th CGPM 1983 Resolution 1) 

2. ÷éëéüãñáììï, kilogram, kilogramme

á) To ÷éëéüãñáììï (kg) åßíáé ç ìïíÜäá ìÜæáò êáé éóïýôáé ìå ôç ìÜæá ôïõ äéåèíïýò ðñïôýðïõ ôïõ
÷éëéïãñÜììïõ.

â) The kilogram is the unit of mass; it is equal to the mass of the intrernational prototype of the kilo-
gram.

ã) Le kilogramme est l’ unité de masse; il est égal à la masse du prototype international du kilo-
gramme. (1st CGPM 1889 and 3rd CGPM 1901)

3. äåõôåñüëåðôï, second, seconde

á) Ôï äåõôåñüëåðôï (s) åßíáé ç äéÜñêåéá 9 192 631 770 ðåñéüäùí ôçò áêôéíïâïëßáò ðïõ åêðÝìðåôáé
êáôÜ ôçí ìåôÜâáóç ìåôáîý ôùí äýï õðÝñëåðôùí óôáèìþí ôçò êáôþôáôçò (èåìåëéþäïõò) óôÜèìçò ôïõ
áôüìïõ ôïõ êáéóßïõ-133.

â) The second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition
between the two hyperfine levels of the ground state of the cesium - 133 atom.

ã) La seconde est la durée de 9 192 631 770 périodes de la radiation correspondant à la transition entre
les deux niveaux hyperfins de l’ e~tat fondamental de l’ atome de cesium - 133. (13th CGPM, 1967,
Resolution 1).

4. áìðÝñ, ampere, ampère

á) To áìðÝñ (Á) åßíáé åêåßíï ôï óôáèåñü ñåýìá ôï ïðïßï, üôáí äéÝñ÷åôáé áðï äýï åõèýãñáììïõò
ðáñÜëëçëïõò áãùãïýò  áðåßñïõ ìÞêïõò áìåëçôÝáò êõêëéêÞò äéáôïìÞò ïé ïðïßïé âñßóêïíôáé óå áðüóôáóç
ìåôáîý ôïõò 1 ìÝôñï óôï êåíü ,åîáóêåßôáé äýíáìç ìåôáîý ôïõò ßóç ìå 2 × 10−7 íéïýôïí áíá ìÝôñï ìÞêïõò
ôïõò.

â) The ampere is that constant current which, if maintained in two straight parallel conductors of infi-
nite length, of negligible circular cross section, and placed 1 meter apart in a vacuum, would produce
between these conductors a force equal to 2 × 10 −7 newton per metre of length.

ã) L’ ampère est l’ intensité d’ un courant constant qui, maintenu dans deux conducteurs parallèles,
rectilignes, de longueur infinie, de section circulaire négligeable, et placés à une distance de 1 mètre l’
un de l’ autre dans le vide, produirait entre ces conducteurs une force égale à 2 × 10 − 7 newton par mètre
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de longueur. (9th CGPM, 1948, Resolutions 2 and 7).

5. êÝëâéí, kelvin, kelvin

á) Tï êÝëâéí (Ê), ç ìïíÜäá ôçò èåñìïäõíáìéêÞò èåñìïêñáóßáò, åßíáé ôï êëÜóìá 1/ 273,16  ôçò
èåñìïäõíáìéêÞò èåñìïêñáóßáò ôïõ ôñéðëïý óçìåßïõ ôïõ íåñïý

Ç 13ç C G P M (1967, Aðüöáóç 3) áðïöÜóéóå åðßóçò üôé ôç ìïíÜäá êÝëâéí êáé ôï óýìâïëü ôçò Ê
ðñÝðåé íá ÷ñçóéìïðïéïýíôáé ãéá íá åêöñÜóïõí êáé ôç èåñìïäõíáìéêÞ èåñìïêñáóßá êáé ôï äéÜóôçìá Þ
äéáöïñÜ èåñìïêñáóßáò.

Åêôüò áðï ôç èåñìïäõíáìéêÞ èåñìïêñáóßá (óýìâïëï Ô) õðÜñ÷åé åðßóçò ç èåñìïêñáóßá Êåëóßïõ
(Celsius), óýìâïëï t Þ è , ðïõ ïñßæåôáé áðï ôçí åîßóùóç 

t = T − T0

üðïõ Ô0 = 273,15 Ê. Ç èåñìïêñáóßá Êåëóßïõ åêöñÜæåôáé óå âáèìïýò Êåëóßïõ (óýìâïëï oC). Ç
ìïíÜäá âáèìüò “Êåëóßïõ” éóïýôáé ìå ôç ìïíÜäá “êÝëâéí” êáé êÜèå äéÜóôçìá èåñìïêñáóßáò Þ äéáöïñÜ
èåñìïêñáóßáò åßíáé äõíáôüí íá åêöñÜæåôáé êáé óå âáèìïýò Êåëóßïõ.

â) The kelvin, unit of thermodynamic temperature, is the fraction 1/273,16 of the thermodynamic tem-
perature of the triple point of water.

ã) Le kelvin, unité de temperature thermodynamique, est la fraction 1/273,16 de la température ther-
modynamique du point triple de l’ eau. (13th CGPM 1967, Resolution 4).

6. ìïë (ãñáììïìüñéï), mole, mole

á) Ôï ìïë ç ãñáììïìüñéï (mol) åßíáé ç ðïóüôçôá ýëçò óõóôÞìáôïò ôï ïðïßï ðåñéÝ÷åé ôüóåò
óôïé÷åéþäåéò ïíôüôçôåò üóá Üôïìá õðÜñ÷ïõí óå 0,012 ÷éëéüãñáììá Üíèñáêá - 12.

¼ôáí ÷ñçóéìïðïéåßôáé ôï ìïë, ðñÝðåé íá êáèïñßæïíôáé ïé óôïé÷åéþäåéò ïíôüôçôåò ðïõ ìðïñåß íá åßíáé
Üôïìá, ìüñéá, éüíôá, çëåêôñüíéá ç Üëëá óùìáôßäéá ç êáèïñéóìÝíåò ïìÜäåò ôÝôïéùí óùìáôéäßùí.

Óçìåßùóç: Óôïí ïñéóìü åîõðáêïýåôáé üôé ôá Üôïìá ôïõ Üíèñáêá - 12 åßíáé åëåýèåñá ,óå çñåìßá êáé
óôç êáôþôáôç (èåìåëéþäç) åíåñãåéáêÞ êáôáóôáóÞ ôïõò.

â) The mole is the amount of substance of a system which contains as many elementary entities as
there are atoms in 0,012 kilogram carbon 12.

When the mole is used, the elementary entities must be specified and may be atoms, molecules, ions,
electrons, other particles or specified groups of such particles.

ã) La mole est la quantité de matière d’ une système contenant autant d’ entités élémaintaires qu’ il y
a d’ atomes dans 0,012 kilogramme de carbone 12.

Lorsqu’ on emploie la mole, les entités élémentaires doivent être spécifiées et peuvent être des atomes,
des molécules, des ions, des électrons, d’ autres particules ou des groupements spécifiés de telles par-
ticules. (14th CGPM 1971, Resolution 3).

7. êáíôÞëá, candela, candela

á) Ç êáíôÞëá (cd) åßíáé ç öùôåéíÞ Ýíôáóç óå äåäïìÝíç êáôåýèõíóç, ðçãÞò ðïõ åêðÝìðåé
ìïíï÷ñùìáôéêÞ áêôéíïâïëßá óõ÷íüôçôáò 540 × 1012 ÷åñôæ (Hz) êáé Ý÷åé Ýíôáóç áêôéíïâïëßáò óå áõôÞ
ôç êáôåýèõíóç ßóç ìå ôï 1/683 âáô áíÜ óôåñáêôßíéï (W/sr).

â) The candela is the luminous intensity, in a given direction, of a source that emits monochromatic
radiation of frequency 540 × 1012 hertz and that has a radiant intensity in that direction of (1/683) watt
per steradian.

ã) La candela est l’ intensité lumineuse, dans une direction donnée, d’ une source qui emet une radi-
ation monochromatique de fréquence 540 × 1012 hertz et dont l’ intensité energetique dans cette direc-
tion est 1/683 watt par stéradian. (16th CGPM 1979, Resolution 3).
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ÏÄÇÃÏÓ ×ÑÇÓÇÓ ÔÏÕ ÄÉÅÈÍÏÕÓ ÓÕÓÔÇÌÁÔÏÓ ÌÏÍÁÄÙÍ (SI)

To åêóõã÷ñïíéóìÝíï ìåôñéêü óýóôçìá åßíáé ãíùóôü ùò ÄéåèíÝò Óýóôçìá ÌïíÜäùí (Système
International d’ Unités), ìå ôç äéåèíÞ óõíôïìïãñáößá SI. Óôçñßæåôáé óå åðôÜ èåìåëéþäåéò ìïíÜäåò ðïõ
äßíïíôáé óôïí Ðßíáêá 1, ïé ïðïßåò óõìâáôéêþò èåùñïýíôáé ùò äéáóôáôéêÜ áíåîÜñôçôåò.

~Ïëåò ïé Üëëåò ìïíÜäåò åßíáé ðáñÜãùãåò ìïíÜäåò êáé ó÷çìáôßæïíôáé êáôÜ óõíåðÞ ôñüðï (coherent-
ly) ìå ðïëëáðëáóéáóìü êáé äéáßñåóç, ìïíÜäùí ôïõ óõóôÞìáôïò, ÷ùñßò áñéèìçôéêïýò ðáñÜãïíôåò. Áõôü
ïäçãåß óôï íá Ý÷ïõí áêñéâþò ôçí ßäéá ìïñöÞ ïé åîéóþóåéò áñéèìçôéêþí ôéìþí ìå ôéò åîéóþóåéò
ìåãåèþí. Ðáñáäåßãìáôá ðáñÜãùãùí ìïíÜäùí, üðïõ ðåñéëáìâÜíïíôáé êáé ìåñéêÝò ìå åéäéêÜ ïíüìáôá,
äßíïíôáé óôïí Ðßíáêá 2. 

Ôá ðïëëáðëÜóéá êáé õðïðïëëáðëÜóéá ôùí ìïíÜäùí ôïõ SI ðáñÜãïíôáé ìå ôç ÷ñÞóç ôùí ðñïèåìÜôùí
ðïõ áíáãñÜöïíôáé óôïí Ðßíáêá 3.

Ôï SI Ý÷åé ðÜñåé ôç äéåèíÞ áíáãíþñéóç ôïõ áðü ôç Meter Convention (ÓõíèÞêç ôïõ ìÝôñïõ), ðïõ
õðïãñÜöôçêå óôï Ðáñßóé áðü ôïõò áíôéðñïóþðïõò 17 ÷ùñþí óôéò 20 Ìáéïõ 1875 êáé ôñïðïðïéÞèçêå ôï
1921. ÓÞìåñá ìÝëç ôçò åßíáé 47 ÷þñåò. ÁõôÞ ç óõíèÞêç äçìéïýñãçóå ôçí ÃåíéêÞ ÓõíäéÜóêåøç ÌÝôñùí êáé
Óôáèìþí (Conférence Générale des Poids et Mesures, CGPM), ùò ôï åðßóçìï äéðëùìáôéêü üñãáíï
õðåýèõíï ãéá ôçí åðéêýñùóç íÝùí ðñïôÜóåùí ðïõ ó÷åôßæïíôáé ìå ôéò ìåôñéêÝò ìïíÜäåò. Ïé åðéóôçìïíéêÝò
áðïöÜóåéò ëáìâÜíïíôáé áðü ôçí ÄéåèíÞ ÅðéôñïðÞ ÌÝôñùí êáé Óôáèìþí (Comité International des Poids
et Mesures, CIPM). ÁõôÞ õðïâïçèåßôáé ìå ôéò õðïäåßîåéò ïêôþ Óõìâïõëåõôéêþí Åðéôñïðþí (Consultative
Committees, CC), ðïõ åßíáé åîåéäéêåõìÝíåò óå åéäéêïýò ôïìåßò ôçò ìåôñïëïãßáò. Ïé äñáóôçñéüôçôåò ôùí
åèíéêþí åñãáóôçñßùí ðñïôýðùí ôùí äéáöüñùí ÷ùñþí êáôåõèýíïíôáé áðü ôï ÄéåèíÝò Ãñáöåßï ÌÝôñùí
êáé Óôáèìþí (Bureau International des Poids et Mesures, BIPM), ôïõ ïðïßïõ ôá êåíôñéêÜ ãñáöåßá åßíáé
óôéò Sèvres óôç Ãáëëßá êáé ôï ïðïßï âñßóêåôáé õðü ôçí åðßâëåøç ôçò CIPM. Ôï SI êáèéåñþèçêå ìå ôçí 11ç
CGPM ôï 1960, ôüôå ðïõ ïé ïñéóìïß ôùí ìåôñéêþí ìïíÜäùí, ôá óýìâïëá êáé ç ïñïëïãßá ôñïðïðïéÞèçêáí
óçìáíôéêÜ êáé áðëïðïéÞèçêáí. Ôï BIPM ìå ôçí êáèïäÞãçóç ôçò ÓõìâïõëåõôéêÞò ÅðéôñïðÞò ç ïðïßá åßíáé
åéäéêÞ ãéá ôéò ìïíÜäåò (Consultative Committee for Units, CCU), êáé ìå ôçí Ýãêñéóç ôçò Äéåèíïýò
ÅðéôñïðÞò ÌÝôñùí êáé Óôáèìþí (CIPM), äçìïóéåýåé êáôÜ äéáóôÞìáôá Ýíá êåßìåíï üðïõ áíáöÝñïíôáé
ðåñéëçðôéêÜ ïé éóôïñéêÝò áðïöÜóåéò ôçò CGPM (ÃåíéêÞò ÓõíäéÜóêåøçò ÌÝôñùí êáé Óôáèìþí) êáé ôçò
CIPM êáé äßíåé ìåñéêÝò ôõðïðïéÞóåéò ãéá ôç ÷ñÞóç ôïõ SI. ÊÜðïéåò Üëëåò óõóôÜóåéò äßíïíôáé áðü ôçí
ÅðéôñïðÞ Óõìâüëùí ÌïíÜäùí Ïíïìáôïëïãßáò, Áôïìéêþí Ìáæþí êáé Èåìåëéùäþí Óôáèåñþí ôçò
Äéåèíïýò ~Åíùóçò ãéá ÊáèáñÞ êáé ÅöáñìïóìÝíç ÖõóéêÞ (Commission for Symbols, Units, Nomenclature,
Atomic Masses and Fundamental Constants of the International Union or Pure and Applied Physics,
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ÌÞêïò

ÌÜæá

×ñüíïò

çëåêôñéêü ñåýìá

ÈåñìïäõíáìéêÞ èåñìïêñáóßá

Ðïóüôçôá ýëçò

ÖùôåéíÞ Ýíôáóç

m

kg

s

A

K

mol

cd

ÌÝãåèïò (Ðïóüôçôá) ÌïíÜäá

¼íïìá Óýìâïëï

meter

kilogram

second

ampere

kelvin

mole

candela

ìÝôñï

÷éëéüãñáììï

äåõôåñüëåðôï

áìðÝñ

êÝëâéí

ìïë (ãñáììïìüñéï)

êáíôÞëá
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IUPAP). Óôçí ÅëëÜäá õðåýèõíç õðçñåóßá ãéá èÝìáôá ôõðïðïßçóçò åßíáé ï ÅËÏÔ (Åëëçíéêüò
Ïñãáíéóìüò Ôõðïðïßçóçò) ðïõ õðÜãåôáé óôï Õðïõñãåßï Âéïìç÷áíßáò EíÝñãåéáò êáé Ôå÷íïëïãßáò. ÁõôÞ
ç ìéêñÞ ðåñßëçøç óõíïøßæåé ôéò ðéï óçìáíôéêÝò óõìâÜóåéò áëëÜ ãéá ðëÞñç åîïéêåßùóç ìå ôï SI ðñÝðåé íá
áíáôñÝîåé êÜðïéïò óôéò áñ÷éêÝò ðçãÝò.

Aðü ôï 1995 ç 20ç CGPM Ýðáøå íá èåùñåß ôéò ëåãüìåíåò “óõìðëçñùìáôéêÝò ìïíÜäåò” ùò åéäéêÞ
êáôçãïñßá ðáñÜãùãùí ìïíÜäùí ìå äéÜóôáóç 1 (ìå ôïí ôßôëï áäéÜóôáôåò ðáñÜãùãåò ìïíÜäåò), Ýôóé,
áõôÝò ïé ìïíÜäåò, ðïõ åßíáé ôï áêôßíéï (rad) êáé ôï óôåñáêôßíéï (sr) óõìðåñéëáìâÜíïíôáé óôéò
ðáñÜãùãåò ìïíÜäåò óôïí Ðßíáêá 2.
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Åðßðåäç ãùíßá

ÓôåñåÜ ãùíßá

ôá÷ýôçôá

åðéôÜ÷õíóç

ãùíéáêÞ ôá÷ýôçôá

ãùíéáêÞ åðéôÜ÷õíóç

óõ÷íüôçôá

êõêëéêÞ óõ÷íüôçôá

äýíáìç

ðßåóç, ôÜóç(äõíáìçò)

Ýñãï, åíÝñãåéá, èåñìüôçôá

þèçóç, ïñìÞ

éó÷ýò

çëåêôñéêü öïñôßï

çëåêôñéêÞ ôÜóç, ÇÅÄ

áíôßóôáóç

áãùãéìüôçôá

ìáãíçôéêÞ ñïÞ

(áìïéâáßá Þ áõô) åðáãùãÞ

÷ùñçôéêüôçôá

Ýíôáóç çëåêôñéêïý ðåäßïõ

ðõêíüôçôá ìáãíçôéê. ñïÞò

çëåêôñéêÞ ìåôáôüðéóç

Ýíôáóç ìáãíçôéêïý ðåäßïõ

èåñìïêñáóßá Êåëóßïõ

öùôåßíç ñïÞ(éó÷ýò)

öùôéóìüò(öùôåéíüôçôá)

ñáäéåíÝñãåéá

rad

sr

Hz

N

Pa

J

W

C

V

Ù

S

Wb

H

F

T

oC

lm

lx

Bq

m/m=1

m2/m2=1

m/s

m/s2

rad/s

rad/s2

s-1

rad/s

kg.m/s2

N/m2

N.m, kg.m2/s2

N.s, kg.m/s

J/s

A.s

J/C, W/A

V/A

A/V, Ù-1

V.s

Wb/A

C/V

V/M, N/C

Wb/m2, N/(A.m)

C/m2

A/m

K

cd.sr

lm/m2

s− 1

ÌÝãåèïò ÌïíÜäá

Åéäéêü üíïìá Óýìâïëï                          Éóïäýíáìç (äéáóôáôéêÜ)

radian

steradian

hertz

newton

pascal

joule

watt

coulomb

volt

ohm

siemens

weber

henry

farad

tesla

degree

Celsius

lumen

lux

becquerel

áêôßíéï

óôåñáêôßíéï

÷åñôæ

íéïýôïí

ðáóêÜë

ôæïõë

âáô

êïõëüìð

âïëô

ùì

æÞìåíò

âåìðåñ

÷Ýíñõ

öáñÜíô

ôÝóëá

âáèìüò

Kåëóßïõ

ëïýìåí

ëïõî

ìðåêåñÝë
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ÓÕÌÂÏËÉÓÌÏÓ

Óýìâïëá (ìå ãñÜììáôá) ðáñéóôÜíïõí ìåãÝèç (ðïóüôçôåò), äçëáäÞ áñéèìçôéêÞ ôéìÞ êáé ìïíÜäá
ìÝôñçóçò. Ùò óýìâïëá ãéá ôá ìåãÝèç ÷ñçóéìïðïéïýíôáé ðëÜãéá ãñÜììáôá (italics), åíþ ôá ãñÜììáôá
ãéá ôéò ìïíÜäåò åßíáé üñèéá (roman), ð.÷. F = 15 N.

Óýìâïëá ãéá ïíüìáôá ìïíÜäùí ðïõ ðáñÜãïíôáé áðü êýñéá ïíüìáôá Ý÷ïõí ôï ðñþôï ãñÜììá
êåöáëáßï. Áí äåí ðáñÜãïíôáé áðü êýñéá ïíüìáôá åßíáé åî ïëïêëÞñïõ ìå ðåæÜ ãñÜììáôá. Ôá ßäéá ôá
ïíüìáôá ôùí ìïíÜäùí åßíáé ìå ðåæÜ ãñÜììáôá, ð.÷. tesla, (T), meter (m). Ôá óýìâïëá ôùí ìïíÜäùí
åßíáé ìáèçìáôéêÜ ìåãÝèç (ü÷é áðëÝò óõíôïìïãñáößåò) êáé óõíÞèùò ðáñéóôÜíïíôáé ìå ôï ðñþôï
ãñÜììá ôïõ ïíüìáôïò ôçò ìïíÜäáò, ð.÷. ôï óýìâïëï ãéá ôï ãñáììÜñéï, gram, åßíáé g, ü÷é gm, ôï
óýìâïëï ãéá ôï äåõôåñüëåðôï, second, åßíáé s, ü÷é sec, õðÜñ÷ïõí ìåñéêÝò åîáéñÝóåéò, ð.÷. mol, cd êáé
Hz. Ôï óýìâïëï ôçò ìïíÜäáò äåí áêïëïõèåßôáé áðü êïõêßäá êáé ï ðëçèõíôéêüò óõìâüëïõ ìïíÜäùí äåí
ðáßñíåé ôï “s” ôïõ ðëçèõíôéêïý, ð.÷. 3 kg, ü÷é 3 kgs. Óôá ÅëëçíéêÜ äåí ãñÜöïõí ôéò ìïíÜäåò óôïí
ðëçèõíôéêü üôáí ÷ñçóéìïðïéïýí ôï îåíüãëùóóï üíïìá ðáñüëï ðïõ óôá ÁããëéêÜ êåßìåíá ôéò ãñÜöïõí
óôïí ðëçèõíôéêü, ð.÷. ìåñéêïß ðñïôéìïýí ôï 3 meter áíôß ôïõ 3 meters, åíþ ÷ñçóéìïðïéïýí ôï 3 ìÝôñá.

Ç ëÝîç “âáèìüò” (“degree”) êáé ôï ó÷åôéêü óýìâïëï, ï, äåí ÷ñçóéìïðïéïýíôáé ìå ôç ìïíÜäá ôçò
èåñìïäõíáìéêÞò èåñìïêñáóßáò Ô (äçëáäÞ ÷ñçóéìïðïéåßôáé ôï kelvin Þ K, ü÷é âáèìüò kelvin, ü÷é oK).
ÁõôÜ üìùò äéáôçñïýíôáé óôç ìïíÜäá èåñìïêñáóßáò Êåëóßïõ t, ðïõ ïñßæåôáé ùò t = T − T0 üðïõ

Ô = 273,15 Ê áêñéâþò, (äçëáäÞ ëÝìå âáèìüò Êåëóßïõ (Celsius), ïC).

Ôá óýìâïëá ãéá ðñïèÝìáôá óôï SI ðïõ ðáñéóôÜíïõí 106 êáé ðåñéóóüôåñï åßíáé ìå êåöáëáßá. ~Ïëá ôá Üëëá
åßíáé ìå ðåæÜ. Äåí õðÜñ÷åé êåíü ìåôáîý ðñïèÝìáôïò êáé ôçò ìïíÜäáò. Íá áðïöåýãïíôáé óõíäõáóìïß
ðñïèåìÜôùí (ð.÷. pF, ü÷é ììF). Ï åêèÝôçò äñá óå üëç ôç ìïíÜäá óõìðåñéëáìâáíïìÝíïõ ôïõ ðñïèÝìáôïò
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1024

1021

1018

1015

1012

109

106

103

102

101

10-1

10-2

10-3

10-6

10-9

10-12

10-15

10-18

10-21

10-24

yotta

zetta

exa

peta

tera

giga

mega

kilo

hecto

deca

deci

centi

milli

micro

nano

pico

fempto

atto

zepto

yocto

ãõüôá

æÝôá

Ýîá

ðÝôá

ôÝñá

ãßãá

ìÝãá

êßëï (÷éëéï)

Ýêôï

äÝêá

íôÝóé (äÝêáôï)

óÝíôé (åêáôïóôü)

ìßëé (÷éëéïóôü)

ìßêñï

íÜíï

ðßêï

öÝìðôï

Üôï

æÝðôï

ãõüêôï

Õ

Æ

E

P

T

Z

M

k

h

da

d

c

m

ì

n

p

f

a

z

y

ÐáñÜãïíôáò

ðïëëáðëáóéáóìïý
Ðñüèåìá Óýìâïëï
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(ð.÷. 1 cm = 102 m Üñá (1 cm)3 = 1 cm3 = (10− 2 m)3 = 10− 6 m3). ~Ïôáí êÜðïéï ðïëëáðëÜóéï Þ
õðïðïëëáðëÜóéï ìïíÜäáò ãñÜöåôáé ìå ôï ðëÞñåò üíïìÜ ôçò, ôï ðñüèåìá ðñÝðåé íá ãñÜöåôáé ðëÞñåò
ìå ôï ðñþôï ãñÜììá, üðùò êáé ôá Üëëá, ðåæü (ð.÷. megahertz, ü÷é Megahertz, ü÷é Mhertz). 

Ôï kilogram (÷éëéüãñáììï) åßíáé ç ìüíç èåìåëéþäçò ìïíÜäá ôçò ïðïßáò ôï üíïìá, ãéá éóôïñéêïýò
ëüãïõò, ðåñéÝ÷åé ðñüèåìá. Ïíüìáôá ðïëëáðëáóßùí êáé õðïðïëëáðëáóßùí ôïõ kilogram Þ ôá óýìâïëÜ
ôïõò ó÷çìáôßæïíôáé âÜæïíôáò ðñïèÝìáôá óôç ëÝîç “gram” Þ óôï áíôßóôïé÷ï óýìâïëï “g”. 

Ï ðïëëáðëáóéáóìüò ìïíÜäùí óõìâïëßæåôáé ìå ôç ÷ñÞóç (áíõøùìÝíçò) ôåëåßáò Þ áöÞíïíôáò Ýíá
äéÜêåíï ìåôáîý ôùí ìïíÜäùí (ð.÷. Í . m Þ N m). H äéáßñåóç ìðïñåß íá óçìåéþíåôáé ìå ôç ÷ñÞóç
ðëÜãéáò åõèåßáò, ìå ôçí ïñéæüíôéá åõèåßá ôïõ êëÜóìáôïò Þ ìå áñíçôéêü åêèÝôç (ð.÷. m/s,  Þ m. s−1), äåí
åðéôñÝðåôáé ç ÷ñÞóç ôçò ðëáãßáò óå óýìðëåãìá óõìâüëùí ðåñéóóüôåñï áðü ìßá öïñÜ (ð.÷. m/s, ü÷é
m/s/s). Ãéá ôçí áðïöõãÞ óýã÷õóçò üôáí õðÜñ÷ïõí ðåñéóóüôåñåò áðü ìßá ìïíÜäåò óôïí ðáñïíïìáóôÞ,
ç ðñáêôéêÞ ðïõ ðñïôéìÜôáé åßíáé ç ÷ñÞóç ðáñÝíèåóçò Þ áñíçôéêþí åêèåôþí (ð.÷. W/(m2 . K4) Þ W . m−

2 . K− 4). Ç ðáñÜóôáóç ôùí ìïíÜäùí ìðïñåß íá ðåñéëáìâÜíåé ìïíÜäåò ìå ðñüèåìá (ð.÷. kJ/mol, W/cm2).

Ïíüìáôá ìïíÜäùí íá ìçí áíáìéãíýïíôáé ìå óýìâïëá ìáèçìáôéêþí ðñÜîåùí (ð.÷. ìðïñåß êÜðïéïò íá
ãñÜøåé “meter áíÜ second” áëëÜ ü÷é “meter/second”, ü÷é “meter.second”, áíÜëïãá ìðïñåß íá ðåé êÜðïéïò
ãéá ôá åëëçíéêÜ). ~Ïôáí êÜðïéïò ãñÜöåé ìå ôá ïíüìáôá äýï ìïíÜäùí ôï ãéíüìåíü ôïõò, óõíéóôÜôáé íá ìðáßíåé
Ýíá êåíü ìåôáîý ôïõò (åðéôñÝðåôáé êáé åíùôéêÞ ðáýëá), äåí ðñÝðåé íá ÷ñçóéìïðïéåßôáé (áíõøùìÝíç) ôåëåßá
(ð.÷. ãñÜöïõìå “newton meter” Þ “newton - meter”,ü÷é üìùò “newton.meter”).

ÏìÜäåò ôñéþí øçößùí óå áñéèìïýò ìå ðåñéóóüôåñá áðü ôÝóóåñá øçößá äéá÷ùñßæïíôáé ìå ìéêñÜ êåíÜ
áíôß ôåëåßåò (ð.÷. 299 792 458, ü÷é 299.792.458) ãéá íá áðïöåýãåôáé óýã÷õóç ìå ôçí ôåëåßá ðïõ
÷ñçóéìïðïéåßôáé óå êåßìåíá óôá ÁããëéêÜ ùò äåêáäéêü óýìâïëï (áíÜëïãï éó÷ýåé ãéá ôï êüììá ãéá ôá
êåßìåíá óôá ÁããëéêÜ). Óçìåéþíïõìå üôé ï ISO (ÄéåèíÞò Ïñãáíéóìüò Ôõðïðïßçóçò) óõíéóôÜ ôç ÷ñÞóç
êüììáôïò ùò äåêáäéêïý óõìâüëïõ áêüìç êáé üôáí ãñÜöïíôáé êåßìåíá óôá ÁããëéêÜ. ¼ëåò ïé ÷þñåò ôçò
Åõñþðçò åêôüò ôçò Áããëßáò ÷ñçóéìïðïéïýí ôï êüììá óå êåßìåíá óôç ãëþóóá ôïõò.

Ç áñéèìçôéêÞ ôéìÞ êáé ôï óýìâïëï ôçò ìïíÜäáò ðñÝðåé íá äéá÷ùñßæïíôáé ìå êåíü, áêüìç êáé áí
÷ñçóéìïðïéïýíôáé ùò åðßèåôï (ð.÷. ãéá ôï “ôñßìåôñï” ãñÜöïõìå 3 m, ü÷é 3m ïýôå 3-m). Ná ìðáßíåé
ðÜíôá ôï ìçäÝí ìðñïóôÜ áðü ôï äåêáäéêü óýìâïëï óå äåêáäéêïýò. Áñéèìüò äåí ðñÝðåé íá áñ÷ßæåé Þ
íá ôåëåéþíåé ìå ôï äåêáäéêü óýìâïëï (,) ð.÷. ðñÝðåé íá ãñÜöåôáé 0,3 J êáé ü÷é ,3 J åðßóçò, íá ãñÜöåôáé
3,0 J êáé ü÷é 3,  J. Ôï ðñüèåìá êÜðïéáò ìïíÜäáò íá åðéëÝãåôáé Ýôóé þóôå ç áñéèìçôéêÞ ôéìÞ ôïõ
ìåãÝèïõò íá åßíáé ìÝóá óå ëïãéêÜ ðñáêôéêÜ üñéá, óõíÞèùò ìåôáîý 0,1 êáé 1000 (ð.÷. 200 kN, 0,5 mA).
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÷ñüíïò

åðßðåäç ãùíßá

üãêïò

ìÜæá

åîáóèÝíéóç (attenuation),
óôÜèìç (level)

min

h

d
o

´

´´

L

t

Np

B

1 min = 60 s

1 h = 60 min = 3600 s

1 d = 24 h = 86 400 s

1o = (ð /180) rad 

1´ = (1/60)ï = (ð/10 800)rad

1´´ = (1/60)´ = (ð/648 800)rad

1 L = 1 dm3 = 10-3 m

1 t = 1000 kg

1 Np = 1

1 B = 0,5 (ln 10) Np

ÌÝãåèïò ÌïíÜäá

¼íïìá Óýìâïëï                                 Éóïäýíáìç

minute

hour

day

degree

minute

second

liter

metric ton

neper
bel

ëåðôü

þñá

çìÝñá

ìïßñá

ëåðôü

äåõôåñüëåðôï

ëßôñï

ìåôñéêüò ôüíïò
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ÌÏÍÁÄÅÓ ÅÊÔÏÓ SI ÐÏÕ ×ÑÇÓÉÌÏÐÏÉÏÕÍÔÁÉ ÌÁÆÉ ÌÅ ÔÏ SI

~Åíáò óçìáíôéêüò ñüëïò ôïõ SI åßíáé íá áðïèáññýíåé ôçí åîÜðëùóç ìç áíáãêáßùí ìïíÜäùí. Åí
ôïýôïéò, õðÜñ÷ïõí ôñåéò êáôçãïñßåò ìïíÜäùí åêôüò SI ðïõ ìðïñåß íá ÷ñçóéìïðïéïýíôáé. Óôïí ðßíáêá
4 öáßíïíôáé ôÝôïéåò ìïíÜäåò ðïõ ÷ñçóéìïðïéïýíôáé ìáæß ìå ôï SI. ÅîáéñÝóåéò ôùí êáíüíùí, åßíáé ç ìç
ýðáñîç êåíïý ðñéí áðü ôá óýìâïëá ï, ~ êáé ~~ ãéá ôéò ìïíÜäåò ôçò åðßðåäçò ãùíßáò êáé åðßóçò ôï ãåãïíüò
üôé ÷ñçóéìïðïéåßôáé ôï êåöáëáßï L ãéá íá áðïöåýãåôáé óýã÷õóç ìåôáîý ôïõ ãñÜììáôïò l (åë) êáé ôïõ
áñéèìïý 1 (Ýíá). ÊÜðïéåò åéäéêÝò ìïíÜäåò ðïõ ïé ôéìÝò ôïõò óå ìïíÜäåò ôïõ SI ïñßæïíôáé ðåéñáìáôéêÜ,
åßíáé åðßóçò áðïäåêôÝò ãéá ÷ñÞóç óå åéäéêïýò êëÜäïõò êáé öáßíïíôáé óôïí Ðßíáêá 5. 

Ç ôñßôç êáôçãïñßá ìïíÜäùí ðïõ ãßíåôáé áðïäåêôÞ óôï S.I. ðåñéëáìâÜíåé,

1 íáõôéêü ìßëé = 1852 ìÝôñá,
1 knot (êüìâïò) = 1 íáõôéêü ìßëé áíÜ þñá = 0,514 m/s,

1 are = 100 m2,

1 hectare (åêôÜñéï) = 104 m2,

1 bar = 105 N/m2 = 100 kN/m2,
1 angstrom = 100 pm êáé ôï

1 barn = 10- 28 m2

Óçìåéþíïõìå üôé óôïõò ðßíáêåò ìå ôéò ôéìÝò ôùí óôáèåñþí ãñÜöïõìå üôé ôï çëåêôñïíéïâüëô éóïýôáé
ìå 1,602 177 33 (49) × 10−19 J ôï (49) äçëþíåé ôçí áâåâáéüôçôá ôùí äýï ôåëåõôáßùí øçößùí 33 êáé åäþ
íïåßôáé ùò ± 0,000 000 49 × 10-19 J.
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åíÝñãåéá

ìÜæá

áðüóôáóç

eV

u

ua

1,60217733(49) × 10-19 J

1,6605402(10) × 10-27 kg

1,49597870691(30) × 1011 m

ÌÝãåèïò ÌïíÜäá

¼íïìá Óýìâïëï                             Éóïäýíáìç

ÐÉÍÁÊÁÓ 5    ÌïíÜäåò ðïõ ãßíåôáé áðïäåêôü íá ÷ñçóéìïðïéïýíôáé ìå ôï S.I. ôùí ïðïßùí ïé ôéìÝò óôï  S.I.  ðñïó
äéïñßæïíôáé ðåéñáìáôéêÜ



ÁËËÅÓ ÌÏÍÁÄÅÓ ÅÊÔÏÓ S.I.

ÄÉÁÖÏÑÅÓ ÌÅÔÁÔÑÏÐÅÓ ÌÏÍÁÄÙÍ

1 in (ßíôóá) = 2,54 cm (áêñéâþò)

1 ft (ðüäé) = 12 in (áêñéâþò) = 0,304 8 m (áêñéâþò)

1 yd (ãõÜñäá) (ðÞ÷õò) = 3 ft (áêñéâþò) = 0,914 4 m (áêñéâþò)

1 mile (ìßëé) = 5280 ft (áêñéâþò) = 1,609 344 m (áêñéâþò) 

1 L (ëßôñï) =10− 3 m3 (áêñéâþò)

1 ëåðôü (1 min) = 60 s

1 þñá (1 h) = 60 min = 3600 s

1 ìÝñá (1 d) = 24 h = 86 400 s

ÓõíôåëåóôÞò ìåôáôñïðÞò

1 kg f = 9,806 65 N
(áêñéâþò)

1 atm = 101 325 Pa
(áêñéâþò)
1 Ôorr = 1/ 760 atm (áêñéâþò)
= 133,322 4 Pa
1 mm Hg = 13,595 1 mm H2O
= 133,322 4 Pa
1 at = 1 kgf / cm2

= 98 066,5 Pa (áêñéâþò) =
= 0,967 841 atm
1 mm H2 O = 10− 4 at = 9,806 65 Pa
(áêñéâþò)

1 ìåôñéêüò ßððïò (1 CV = 1 PS)
= 75 kg f m/s (áêñéâþò)
= 735,498 75 W (áêñéâþò)
1 hp = 745,699 9 W (áêñéâþò)
= 550 ff lbf/s

1 cal15 = 4,185 5 J
(åßíáé ç ðïóüôçôá èåñìüôçôáò ãéá íá èåñìáíèåß
1 g íåñïý, ðïõ äåí ðåñéÝ÷åé äéáëõìÝíï áÝñá, áðü
14,5 oC óå 15,5 ïC õðü óôáèåñÞ ðßåóç 101,325 k Pa
óýìöùíá ìå ìåôñÞóåéò ôçò åðï÷Þò ôïõ 1950)

1 G = 10− 4 T

¼íïìá êáé Óýìâïëï

÷éëéüãñáììï - äýíáìçò (êéëïðüíô)
kg f (kp)

êáíïíéêÞ áôìüóöáéñá
atm
ôïñ
torr
óõìâáôéêü ÷éëéïóôü õäñáñãýñïõ
mm Hg
ôå÷íéêÞ áôìüóöáéñá
at

óõìâáôéêü ÷éëéïóôü íåñïý
mm H2O

ìåôñéêüò ßððïò

ßððïò (éððïäýíáìç)

Fahrenheit (ÖáñåíÜéô)
o F

êáëïñß ôùí 15 ïC
cal15 (Þ åäþ áðëþò cal)

ðõêíüôçôá ìáãíçôéêÞò ñïÞò, gauss
Gs
(óôç ÖõóéêÞ ÷ñçóéìïðïéåßôáé ôï G)

MÝãåèïò

äýíáìç

ðßåóç

éó÷ýò

èåñìïêñáóßá

Èåñìüôçôá

çëåêôñïìáãíçôéóìüò
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1 year (Ýôïò) a, atrop (ôñïðéêü) = 365,242 20 d = 31 556 926 s 

1 angstrom (1 A
o

) = 10− 10 m (áêñéâþò) 

1 ï (âáèìüò) = ð/180 rad = 0,017 453 3 rad

g n êáíïíéêÞ ôéìÞ ôçò åðéôÜ÷õíóçò âáñýôçôáò = 9,806 65 m/ s2 (áêñéâþò)

1 pound, lb (ðÜïõíô, ëßìðñá) = 0,453 592 37 kg (áêñéâþò)

1 acre = 4840 yd2 (áêñéâþò) = 4 064,856 m2

1 âáñÝëé (US) ãéá ðåôñÝëáéï ê.ëð. = 9702 in3 = 158,987 3 L

1 pound - force (lbf) (ìéá ëßìðñá - äýíáìçò) = 4,448 222 Í

1 Âtu (ÂñåôáíéêÞ ìïíÜäá èåñìüôçôáò) = 788,169 ft · lbf = 1 055,056 J

ÐÑÏÔÅÉÍÏÌÅÍÁ ÓÕÌÂÏËÁ ÄÉÁÖÏÑÙÍ ÖÕÓÉÊÙÍ ÌÅÃÅÈÙÍ

ÌåñéêÜ óýìâïëá ðáñéóôÜíïõí ðåñéóóüôåñá áðü Ýíá öõóéêÜ ìåãÝèç êáé Ýíá öõóéêü ìÝãåèïò ðáñéóôÜíåôáé
ìå ðåñéóóüôåñá óýìâïëá. Åßíáé óôçí êñßóç ìáò íá åðéëÝãïõìå ôá êáôÜëëçëá óýìâïëá ãéá ôçí ðåñßðôùóç
þóôå íá ìçí õðÜñ÷åé óýã÷õóç. ¸ôóé åíþ ôá óýìâïëá ôùí ìïíÜäùí åßíáé êáëÜ êáèïñéóìÝíá, ôá óýìâïëá
ôùí ìåãåèþí äåí åßíáé ìïíïóÞìáíôá êáèïñéóìÝíá.

ÌåñéêÜ ðáñáäåßãìáôá:

ÓôñïöïñìÞ L, J ÈåñìïäõíáìéêÞ, èåñìïêñáóßá Ô (È)

Ðïóüôçôá ýëçò n, (í) Èåñìïêñáóßá Êåëóßïõ t, è

ÏñìÞ P Èåñìïêñáóßá ÖáñåíÜéô tF

ÓôáèåñÜ Avogadro L, NA Öïñôßï Q, q

ÑïðÞ áäñÜíåéáò É, J Çëåêôñéêü ñåýìá É, i

ÃñáììïìïñéáêÞ ìÜæá Ì Ðõêíüôçôá çëåêôñéêïý ñåýìáôïò j, J

ÂÜñïò Fg , (G), (W), (P) Çëåêôñéêü äõíáìéêü V, Ö

ÑïðÞ (äýíáìçò) Ì ÄéáöïñÜ äõíáìéêïý U, V

ÑïðÞ æåýãïõò Ì, Ô ÇëåêôñéêÞ ñïÞ ÖÅ (Ø)

Ðßåóç p, P Ó÷åôéêÞ åðéôñåðôüôçôá år , K

Áñéèìü óùìáôéäßùí Í (äéçëåêôñéêÞ óôáèåñÜ)

Ðõêíüôçôá áñéèìïý óùìáôéäßùí n Ó÷åôéêÞ äéáðåñáôüôçôá ì r

Ó÷åôéêÞ áôïìéêÞ ìÜæá Á r MáãíçôéêÞ óôáèåñÜ ì0

Ó÷åôéêÞ ìïñéáêÞ ìÜæá Ì r (äéáðåñáôüôçôá ôïõ êåíïý)

¸ñãï W HëåêôñéêÞ óôáèåñÜ å0

Ió÷ýò P, N (åðéôñåðôüôçôá ôïõ êåíïý)

TIMEÓ ÌÅÑÉÊÙÍ ÂÁÓÉÊÙÍ ÖÕÓÉÊÙÍ ÌÅÃÅÈÙÍ (2006)

Ìå âÜóç ôá íÝá ðåéñáìáôéêÜ äåäïìÝíá, ðïõ óõãêåíôñþíïíôáé åðß ðïëëÜ ÷ñüíéá, ç åðéôñïðÞ ìå ôï üíïìá
Committee on Data for Science and Technology of the International Council of Scientific Unions (CODA-
TA), äçìïóéåýåé ôéìÝò ãéá èåìåëéþäåéò öõóéêÝò óôáèåñÝò êáé óõíôåëåóôÝò ìåôáôñïðÞò. Ç ôåëåõôáßá
äçìïóßåõóç ìÝ÷ñé óÞìåñá (3/ 2008), Ýãéíå ôï 2006. 

Óôïõò ðßíáêåò ðïõ äßíïíôáé ôï óýìâïëï ãéá ôá äåêáäéêÜ åßíáé êïõêßäá (.) äéüôé ïé ðßíáêåò åßíáé áðü ôï
NIST (Íational Institute of Standards and Technology - Åèíéêü Éíóôéôïýôï ÐïóïôÞôùí êáé Ôå÷íïëïãßáò)
ôùí Ç.Ð.Á. Óôéò Ç.Ð.Á. (áããëüöùíç ÷þñá) ÷ñçóéìïðïéåßôáé ç êïõêßäá áíôß ãéá êüììá ãéá ôá äåêáäéêÜ
øçößá.
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From: ysics.nist.gov/constants

Fundamental Physical Constants — Frequently used constants
Relative std.

Quantity Symbol Value Unit uncert. ur

speed of light in vacuum c, c0 299 792 458 m s−1 (exact)
magnetic constant µ0 4π× 10−7 N A−2

= 12.566 370 614...× 10−7 N A−2 (exact)
electric constant 1/µ0c

2 ε0 8.854 187 817...× 10−12 F m−1 (exact)
Newtonian constant
of gravitation G 6.674 28(67)× 10−11 m3 kg−1 s−2 1.0× 10−4

Planck constant h 6.626 068 96(33)× 10−34 J s 5.0× 10−8

h/2π h̄ 1.054 571 628(53)× 10−34 J s 5.0× 10−8

elementary charge e 1.602 176 487(40)× 10−19 C 2.5× 10−8

magnetic flux quantum h/2e Φ0 2.067 833 667(52)× 10−15 Wb 2.5× 10−8

conductance quantum 2e2/h G0 7.748 091 7004(53)× 10−5 S 6.8× 10−10

electron mass me 9.109 382 15(45)× 10−31 kg 5.0× 10−8

proton mass mp 1.672 621 637(83)× 10−27 kg 5.0× 10−8

proton-electron mass ratio mp/me 1836.152 672 47(80) 4.3× 10−10

fine-structure constant e2/4πε0h̄c α 7.297 352 5376(50)× 10−3 6.8× 10−10

inverse fine-structure constant α−1 137.035 999 679(94) 6.8× 10−10

Rydberg constant α2mec/2h R∞ 10 973 731.568 527(73) m−1 6.6× 10−12

Avogadro constant NA, L 6.022 141 79(30)× 1023 mol−1 5.0× 10−8

Faraday constant NAe F 96 485.3399(24) C mol−1 2.5× 10−8

molar gas constant R 8.314 472(15) J mol−1 K−1 1.7× 10−6

Boltzmann constant R/NA k 1.380 6504(24)× 10−23 J K−1 1.7× 10−6

Stefan-Boltzmann constant
(π2/60)k4/h̄3c2 σ 5.670 400(40)× 10−8 W m−2 K−4 7.0× 10−6

Non-SI units accepted for use with the SI
electron volt: (e/C) J eV 1.602 176 487(40)× 10−19 J 2.5× 10−8

(unified) atomic mass unit
1 u = mu = 1

12m(12C) u 1.660 538 782(83)× 10−27 kg 5.0× 10−8

= 10−3 kg mol−1/NA
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From: http://physics.nist.gov/constants

Fundamental Physical Constants — Physico-chemical constants
Relative std.

Quantity Symbol Value Unit uncert. ur

Avogadro constant NA, L 6.022 141 79(30)× 1023 mol−1 5.0× 10−8

atomic mass constant
mu = 1

12m(12C) = 1 u mu 1.660 538 782(83)× 10−27 kg 5.0× 10−8

= 10−3 kg mol−1/NA

energy equivalent muc2 1.492 417 830(74)× 10−10 J 5.0× 10−8

in MeV 931.494 028(23) MeV 2.5× 10−8

Faraday constant1 NAe F 96 485.3399(24) C mol−1 2.5× 10−8

molar Planck constant NAh 3.990 312 6821(57)× 10−10 J s mol−1 1.4× 10−9

NAhc 0.119 626 564 72(17) J m mol−1 1.4× 10−9

molar gas constant R 8.314 472(15) J mol−1 K−1 1.7× 10−6

Boltzmann constant R/NA k 1.380 6504(24)× 10−23 J K−1 1.7× 10−6

in eV K−1 8.617 343(15)× 10−5 eV K−1 1.7× 10−6

k/h 2.083 6644(36)× 1010 Hz K−1 1.7× 10−6

k/hc 69.503 56(12) m−1 K−1 1.7× 10−6

molar volume of ideal gas RT/p
T = 273.15 K, p = 101.325 kPa Vm 22.413 996(39)× 10−3 m3 mol−1 1.7× 10−6

Loschmidt constant NA/Vm n0 2.686 7774(47)× 1025 m−3 1.7× 10−6

T = 273.15 K, p = 100 kPa Vm 22.710 981(40)× 10−3 m3 mol−1 1.7× 10−6

Sackur-Tetrode constant
(absolute entropy constant)2
5
2 + ln[(2πmukT1/h2)3/2kT1/p0]
T1 = 1 K, p0 = 100 kPa S0/R −1.151 7047(44) 3.8× 10−6

T1 = 1 K, p0 = 101.325 kPa −1.164 8677(44) 3.8× 10−6

Stefan-Boltzmann constant
(π2/60)k4/h̄3c2 σ 5.670 400(40)× 10−8 W m−2 K−4 7.0× 10−6

first radiation constant 2πhc2 c1 3.741 771 18(19)× 10−16 W m2 5.0× 10−8

first radiation constant for spectral radiance 2hc2 c1L 1.191 042 759(59)× 10−16 W m2 sr−1 5.0× 10−8

second radiation constant hc/k c2 1.438 7752(25)× 10−2 m K 1.7× 10−6

Wien displacement law constants
b = λmaxT = c2/4.965 114 231... b 2.897 7685(51)× 10−3 m K 1.7× 10−6

b′ = νmax/T = 2.821 439 372... c/c2 b′ 5.878 933(10)× 1010 Hz K−1 1.7× 10−6

1 The numerical value of F to be used in coulometric chemical measurements is 96 485.3401(48) [5.0 × 10−8] when the relevant current is
measured in terms of representations of the volt and ohm based on the Josephson and quantum Hall effects and the internationally adopted conven-
tional values of the Josephson and von Klitzing constants KJ−90 and RK−90 given in the “Adopted values” table.
2 The entropy of an ideal monoatomic gas of relative atomic mass Ar is given by S = S0 + 3

2
R ln Ar −R ln(p/p0) + 5

2
R ln(T/K).
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From: http://physics.nist.gov/constants

Fundamental Physical Constants — Adopted values
Relative std.

Quantity Symbol Value Unit uncert. ur

relative atomic mass1 of 12C Ar(12C) 12 (exact)
molar mass constant Mu 1× 10−3 kg mol−1 (exact)
molar mass of 12C M(12C) 12× 10−3 kg mol−1 (exact)
conventional value of Josephson constant2 KJ−90 483 597.9 GHz V−1 (exact)
conventional value of von Klitzing constant3 RK−90 25 812.807 Ω (exact)
standard atmosphere 101 325 Pa (exact)

1 The relative atomic mass Ar(X) of particle X with mass m(X) is defined by Ar(X) = m(X)/mu, where mu = m(12C)/12 = Mu/NA = 1 u

is the atomic mass constant, NA is the Avogadro constant, and u is the atomic mass unit. Thus the mass of particle X in u is m(X) = Ar(X) u
and the molar mass of X is M(X) = Ar(X)Mu.
2 This is the value adopted internationally for realizing representations of the volt using the Josephson effect.
3 This is the value adopted internationally for realizing representations of the ohm using the quantum Hall effect.
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MAÈÇÌÁÔÉÊÏÓ ÓÕÌÂÏËÉÓÌÏÓ ÐÏÕ ×ÑÇÓÉÌÏÐÏÉÅÉÔÁÉ ÓÔÉÓ ÖÕÓÉÊÅÓ ÅÐÉÓÔÇÌÅÓ

Ôá óýìâïëá ãéá ôéò öõóéêÝò ðïóüôçôåò åßíáé ìå ðëÜãéá ãñÜììáôá, åíþ ôá óýìâïëá ôùí ìáèçìáôéêþí
óõíáñôÞóåùí åßíáé ïñèÜ. Äßíïìå ìåñéêÜ áðü ôá ìáèçìáôéêÜ óýìâïëá ðïõ ÷ñçóéìïðïéïýíôáé óôéò ÖõóéêÝò Åðé-
óôÞìåò êáé Ôå÷íïëïãßá. ÁõôÜ åßíáé ôá óõíéóôþìåíá óýìâïëá óôá ðëáßóéá ôïõ SI ðáñüëï ðïõ ç ÷ñÞóç ôïõò äåí
åßíáé åíôåëþò êáèéåñùìÝíç.

Óýìâïëï ÅöáñìïãÞ Óçìáóßá

=
def

,  =
d

a =
def

b, p =
d

mõ Ôï a åßíáé åî ïñéóìïý ßóï ìå ôï b

≡ a ≡ b To a = b áðïôåëåß ôáõôüôçôá

≈ a ≈ b a ðåñßðïõ ßóï ìå b

~,  ∝ a ~ b, a ∝ b To a åßíáé áíÜëïãï ôïõ b

a−,  <a> MÝóç ôéìÞ ôïõ a

~- ~- Ôï (åßíáé áóõìðôùôéêÜ

ßóï ìå êáèþò ôï x ôåßíåé óôï a

(x → a) 

ex, exp x ÅêèåôéêÞ óõíÜñôçóç (âÜóçò e) ôïõ x

TÑÉÃÙÍÏÌÅÔÑÉÊÅÓ ÓÕÍÁÑÔÇÓÅÉÓ

Äßíïìå ôïí óùóôü äéåèíÞ óõìâïëéóìü óôá ðëáßóéá ôïõ Äéåèíïýò ÓõóôÞìáôïò êáé ôïí óõìâïëéóìü ðïõ
(êáêþò) ìåñéêïß ÷ñçóéìïðïéïýí óôçí ÅëëÜäá.

SI ÅëëçíéêÞ ïíïìáóßá Åëëçíéêüò óõìâïëéóìüò

cos x óõíçìßôïíï x óõí x

sin x çìßôïíï x çì x

åöáðôïìÝíç x åö x

Þ tg x

óõíåöáðôïìÝíç x óö x

Þ cotan x

ôÝìíïõóá x ôåì xsec
cos

x
x

= 1

= 1

tan x

cot
tan

x
x

= 1

= sin

cos

x

x

tan
sin

cos
x

x

x
=

1

x − a

1

sin ( a)x −
1

x − a

1

sin ( a)x −
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óõíôÝìíïõóá x óôåì x

Þ cosec x

Aíôßóôñïöåò ôñéãùíïìåôñéêÝò óõíáñôÞóåéò

arcsin x ôüîï çìéôüíïõ x ôïîçì x

arccos x ôüîï óõíçìéôüíïõ x ôïîóõí x

arctanx ôüîï åöáðôïìÝíçò x ôïîåö x

(Þ arctg x)

arccot x ôüîï óõíåöáðôïìÝíçò x ôïîóö x

arcsec x ôüîï ôÝìíïõóáò x ôïîôåì x

arccsc x ôüîï óõíôÝìíïõóáò x ôïîóôåì x

(Þ arccosec x)

Ãéá ôéò áíôßóôñïöåò ôñéãùíïìåôñéêÝò óõíáñôÞóåéò õðÜñ÷åé êáé ï óõìâïëéóìüò sin -1 x, cos-1 x ê.ëð. (çì -1 x,
óõí-1 x, ê.ëð.), ï ïðïßïò üìùò êáëü åßíáé íá áðïöåýãåôáé, þóôå íá ìçí äçìéïõñãåßôáé óýã÷õóç ìå ôïí
óõìâïëéóìü, sinn x, cosn x ê.ëð., ðïõ óçìáßíåé (sin x)n, (cos x)n ê.ëð.

Êáëü åßíáé íá ôïíéóôåß üôé ðñÝðåé íá ÷ñçóéìïðïéåßôáé ï äéåèíÞò óõìâïëéóìüò (ï ðñïôåéíüìåíïò óôá
ðëáßóéá ôïõ SI). Ôï üíïìá ôùí óõíáñôÞóåùí åîáñôÜôáé áðü ôç óõãêåêñéìÝíç ãëþóóá êÜèå ÷þñáò, áëëÜ
ü÷é ôï óýìâïëü ôïõò.

ËÏÃÁÑÉÈÌÏÉ

loga x ËïãÜñéèìïò ìå âÜóç a ôïõ x

Áí äåí ÷ñåéÜæåôáé íá êÜíïõìå áíáöïñÜ óôç âÜóç áëëÜ áðëÜ íá óçìåéþóïõìå ôïí

ëïãÜñéèìï, åíüò áñéèìïý x, ÷ñçóéìïðïéïýìå ôïí óõìâïëéóìü log x, ÷ùñßò âÝâáéá áõôü

íá óçìáßíåé üôé ìðïñåß êÜðïéïò íá âñåé ôï áðïôÝëåóìá log x ðáñüëï ðïõ ï x åßíáé

óõãêåêñéìÝíïò.

ln x ln x = log e x

Öõóéêüò ëïãÜñéèìïò ôïõ x (ëïãÜñéèìïò ìå âÜóç ôï e = 2,718 281 8 ...)

lg x lg x = log 10 x

êïéíüò äåêáäéêüò ëïãÜñéèìïò (ìå âÜóç ôï 10)

lb x lb x = log 2 x

äõáäéêüò ëïãÜñéèìïò ôïõ x (ìå âÜóç ôï 2)

Óçìåéþíïõìå üôé äåí óõíéóôÜôáé ç ÷ñÞóç ôïõ log x ãéá íá äçëþóåé ln x, lg x, lb x, log e x, ê.ëð.

= 1

sin x

csc
sin

x
x

= 1
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ÄÉÁÍÕÓÌÁÔÁ

Ôá äéáíýóìáôá ðáñéóôÜíïíôáé, óõíÞèùò, ìå ìáýñá (bold) ãñÜììáôá óôá Ýíôõðá ãñáðôÜ, Þ ìå äéÜíõóìá
óôï ðÜíù ìÝñïò, óõìâïëéóìüò ðïõ ðñïôéìÜôáé êáé óôá ÷åéñüãñáöá.

a, 
→
a äéÜíõóìá

a, ⏐a⏐, ⏐
→
a⏐ ìÝôñï ôïõ äéáíýóìáôïò 

→
a (÷ñçóéìïðïéåßôáé êáé ôá ⏐⏐a⏐⏐, ⏐⏐

→
a⏐⏐)

→
ea ìïíáäéáßï äéÜíõóìá óôçí êáôåýèõíóç   

→
a,   

→
a = a

→
ea

→
ex , 

→
ey , 

→
ez ìïíáäéáßá äéáíýóìáôá óôçí êáôåýèõíóç ôùí áíôßóôïé÷ùí

→
i, 

→
j, 

→
k êáñôåóéáíþí áîüíùí óõíôåôáãìÝíùí

→
ei (i = 1, 2, 3)

ax , ay , az êáñôåóéáíÝò óõíéóôþóåò ôïõ äéáíýóìáôïò 
→
a

ai (i = 1, 2, 3)

¸íá äéÜíõóìá 
→
a óå ôñéóïñèïãþíéï êáñôåóéáíü óýóôçìá óõíôåôáãìÝíùí ãñÜöåôáé ùò

→
a = ax

→
ex + ay

→
ey + az

→
ez

Tá ax
→
ex ê.ëð. ëÝãïíôáé äéáíõóìáôéêÝò óõíéóôþóåò óå áíôßèåóç ìå ôá ax ê.ëð. ðïõ åßíáé áðëþò ïé

êáñôåóéáíÝò óõíéóôþóåò. ÐïëëÝò öïñÝò ï êáíüíáò äåí ôçñåßôáé êáé ëÝìå óõíéóôþóá ôçí äéáíõóìáôéêÞ
óõíéóôþóá. Ïé óõíéóôþóåò óôïõò êáñôåóéáíïýò Üîïíåò åßíáé ïé ðñïâïëÝò ôïõ äéáíýóìáôïò óôïõò
áíôßóôïé÷ïõò Üîïíåò. Ãéá ôéò ðñïâïëÝò óå êÜðïéïí Üîïíá éó÷ýïõí ôá ßäéá üðùò êáé ãéá ôéò óõíéóôþóåò.
¸÷ïõìå êáé åäþ ðñïâïëÞ óå Üîïíá ðïõ åßíáé ìïíüìåôñï (âáèìùôü) ìÝãåèïò êáé äéáíõóìáôéêÝò ðñïâïëÝò
óå Üîïíá. Êáé åäþ ðïëëÝò öïñÝò äåí ôçñïýìå ôïí êáíüíá ôçò ïñïëïãßáò. Ç ðñïâïëÞ óå åðßðåäï åßíáé
äéÜíõóìá ìå äýï óõíéóôþóåò. ÐïëëÝò öïñÝò áíáöåñüìáóôå óôçí ðñïâïëÞ (Þ óõíéóôþóá) óå Üîïíá êáé åíþ
ôçí ðáñéóôÜíïõìå óùóôÜ ìå ìïíüìåôñï óýìâïëï âÜæïõìå óôï äéÜãñáììá äéÜíõóìá ãéá íá öáßíåôáé áí ç
ðñïâïëÞ (óõíéóôþóá) åßíáé èåôéêÞ Þ áñíçôéêÞ. ÐñïöáíÝò åßíáé üôé ôï äéÜíõóìá áõôü ðáñéóôÜíåé êáé ôç
äéáíõóìáôéêÞ ðñïâïëÞ (Þ äéáíõóìáôéêÞ óõíéóôþóá).

Óå ìåñéêÜ óõããñÜììáôá ìðïñåß íá ó÷åäéÜæïõí ôç ìýôç ôïõ äéáíýóìáôïò óôç ìÝóç ôïõ åõèýãñáììïõ
ôìÞìáôïò áíôß óôï ôÝëïò ôïõ.
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ÓÔÏÉ×ÅÉÁ ÐÅÑÉ ÓÖÁËÌÁÔÙÍ ÊÁÉ ÓÇÌÁÍÔÉÊÙÍ ØÇÖÉÙÍ

ÅÉÓÁÃÙÃÇ

Ç ðåéñáìáôéêÞ öõóéêÞ áó÷ïëåßôáé êõñßùò ìå ôïí ðïóïôéêü ðñïóäéïñéóìü öõóéêþí ìåãåèþí. ÌåñéêÜ
ðåéñÜìáôá ó÷åäéÜæïíôáé ãéá íá åðéâåâáéþóïõí ãíùóôïýò íüìïõò êáé Üëëá ãéá íá êáèïñßóïõí
åìðåéñéêÝò ó÷Ýóåéò ìåôáîý äýï Þ ðåñéóóüôåñùí ìåãåèþí. Óå êÜèå ðåñßðôùóç ÷ñåéÜæåôáé íá ìåôñçèïýí
äéÜöïñåò öõóéêÝò ðïóüôçôåò êáé ìå ðïëý áðëü Þ ðåñßðëïêï ôñüðï, ìå ÷ñÞóç äéáöüñùí ó÷Ýóåùí, íá
ðñïóäéïñéóôïýí Üëëåò öõóéêÝò ðïóüôçôåò. ÊÜèå ìÝôñçóç êáé ðñïóäéïñéóìüò äéáöüñùí ìåãåèþí Ý÷åé
ðÜíôá êÜðïéá áðñïóäéïñéóôßá Þ áëëïéþò  êÜðïéï óöÜëìá, üðùò óõíçèßæåôáé íá ëÝãåôáé. Ôá óöÜëìáôá
åßíáé ôüóï ìéêñüôåñá üóï êáëýôåñåò åßíáé ïé ìåôñÞóåéò êáé ï ðñïóäéïñéóìüò ôùí ìåãåèþí. Áõôü
åîáñôÜôáé áðü ôá üñãáíá ðïõ ÷ñçóéìïðïéïýíôáé, áðü ôç äéáäéêáóßá êáé ôïõò áíèñþðïõò ðïõ åêôåëïýí
ôç äéáäéêáóßá áõôÞ.Ãéá ðáñÜäåéãìá ç äéÜìåôñïò ìéáò ñÜâäïõ ìåôñÞèçêå êáé âñÝèçêå 56,72 mm, üìùò
ðéï óùóôüò ôñüðïò ãñáöÞò åßíáé áõôüò ðïõ äåß÷íåé êáé ôï óöÜëìá ôçò ìÝôñçóçò, (56,72 ± 0,02) mm,
áõôü èá ðåé üôé ç äéÜìåôñïò åßíáé (ðåñßðïõ) êÜôé ìåôáîý 56,70 mm êáé 56,74 mm. Ôï 0,02 mm äçëþíåé
ôï óöÜëìá, äçëáäÞ ôçí áêñßâåéá ôïõ ðñïóäéïñéóìïý ôçò äéáìÝôñïõ. ÕðÜñ÷ïõí äéÜöïñïé ôýðïé
óöáëìÜôùí ðïõ ïöåßëïíôáé óå äéÜöïñåò áéôßåò üðùò, óôá üñãáíá ôùí ðåéñáìÜôùí Þ ìåôñÞóåùí Þ óôïí
ðåéñáìáôéóôÞ (ðáñáôçñçôÞ). ×ùñßæïíôáé áêüìç óå óõóôçìáôéêÜ êáé ôõ÷áßá óöÜëìáôá. Ç èåùñßá ôùí
óöáëìÜôùí åßíáé åêôåôáìÝíç êáé ðïëýðëïêç, áëëÜ óôï ðáñüí êåßìåíï èá ðåñéïñéóôïýìå óå ìåñéêïýò
áðëïýò êáíüíåò ðïõ ó÷åôßæïíôáé ìå õðïëïãéóìïýò ðïõ Ý÷ïõí íá êÜíïõí ìå ìåôñÞóåéò Þ ìå ôç ëýóç
ðñïâëçìÜôùí êáé áóêÞóåùí üðïõ õðÜñ÷ïõí êáé áñéèìçôéêÜ áðïôåëÝóìáôá.

ÓÇÌÁÍÔÉÊA ØÇÖIÁ, ÓÔÑÏÃÃÕËÏÐÏÉÇÓÇ ÁÑÉÈÌÇÔÉÊÙÍ ÔÉÌÙÍ

ÓçìáíôéêÜ øçößá ôçò áñéèìçôéêÞò ôéìÞò öõóéêïý ìåãÝèïõò åßíáé ôá øçößá åêåßíá ðïõ ãíùñßæïõìå üôé ëßãï
ðïëý åßíáé óùóôÜ êáé óõìâáôÜ ìå ôçí áêñßâåéá ìå ôçí ïðïßá îÝñïõìå ôçí ôéìÞ ôïõ öõóéêïý ìåãÝèïõò. Ôï
ôåëåõôáßï óçìáíôéêü øçößï Ý÷åé ëéãüôåñç ðéèáíüôçôá íá åßíáé óùóôü. ÓÞìåñá åéäéêÜ ìå ôç ÷ñÞóç ôùí
çëåêôñïíéêþí õðïëïãéóôþí ïé ïðïßïé ìðïñïýí íá äßíïõí ôá áðïôåëÝóìáôÜ ôïõò ìå ðïëëÜ øçößá, ÷ñåéÜæåôáé
íá êáôáëÜâåé êÜðïéïò ôç óçìáóßá ôùí áðïôåëåóìÜôùí ôùí ðñÜîåùí ìå öõóéêÜ ìåãÝèç ôá ïðïßá Ý÷ïõí
ðåñéïñéóìÝíç áêñßâåéá óôïí ðñïóäéïñéóìü ôïõò. Ç äéÜäïóç ôùí óöáëìÜôùí ìÝóù äéáöüñùí ó÷Ýóåùí êáé
äéáäéêáóéþí åßíáé ïëüêëçñç åðéóôÞìç êáé öõóéêÜ äåí èá ìáò áðáó÷ïëÞóåé êáèüëïõ. Èá áñêåóôïýìå óå
áðëïýò, éêáíïðïéçôéêïýò êáíüíåò.

Ôá ìçäåíéêÜ óôá áñéóôåñÜ ôïõ ìåãáëýôåñçò ôÜîçò ìç ìçäåíéêïý øçößïõ äåí õðïëïãßæïíôáé óôçí áñßèìçóç
ôïõ ðëÞèïõò ôùí óçìáíôéêþí øçößùí.

Ôá êáôùôÝñù ðáñáäåßãìáôá åßíáé åðåîçãçìáôéêÜ:

1,35 3 óçìáíôéêÜ øçößá

0,107 3 óçìáíôéêÜ øçößá

0,050 20 4 óçìáíôéêÜ øçößá

500 3 óçìáíôéêÜ øçößá

500,0 4 óçìáíôéêÜ øçößá

50 × 101 2 óçìáíôéêÜ øçößá

5 × 102 1 óçìáíôéêü øçößï

1,520 × 105 4 óçìáíôéêÜ øçößá

1,7 × 10 −4 2 óçìáíôéêÜ øçößá

ÐïëëÝò öïñÝò ÷ñåéÜæåôáé íá óôñïããõëïðïéçèåß êÜðïéïò áñéèìüò, äçëáäÞ íá áíôéêáôáóôáèåß ìå ôïí
ðëçóéÝóôåñü ôïõ ìå ðéï áêñéâÞ (ëéãüôåñá) óçìáíôéêÜ øçößá. Áò õðïèÝóïõìå üôé Ýíáò áñéèìüò
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äéêáéïëïãåßôáé íá Ý÷åé ôñßá óçìáíôéêÜ øçößá, åíþ áðü êÜðïéïí õðïëïãéóôÞ ç ôéìÞ ôïõ äßíåôáé ùò
0,516 784 252. Ï ðëçóéÝóôåñïò áñéèìüò ìå ôñßá óçìáíôéêÜ øçößá åßíáé ï 0,517, áõôüò åßíáé ï
óôñïããõëïðïéçìÝíïò áñéèìüò. Ç óôñïããõëïðïßçóç áõôÞ åßíáé óôñïããõëïðïßçóç ðñïò ôá Üíù, áöïý ï
ôåëéêüò áñéèìüò åßíáé ìåãáëýôåñïò ôïõ áñ÷éêïý.

Áí Ý÷ïõìå ôïí 1,723 êáé ðñÝðåé íá óôñïããõëïðïéçèåß óå äõï óçìáíôéêÜ øçößá, ôüôå êáôáëÞãïõìå
óôïí 1,7. Åäþ Ý÷ïìå óôñïããõëïðïßçóç ðñïò ôá êÜôù, áöïý ï ôåëåõôáßïò åßíáé ìéêñüôåñïò ôïõ áñ÷éêïý.
Áí Ý÷ïìå ôïí 1,75 êáé ðñÝðåé íá ôïí óôñïããõëÝøïõìå óå äýï óçìáíôéêÜ øçößá, ôüôå ìðïñïýìå íá ôïí
óôñïããõëÝøïõìå ðñïò ôá ðÜíù êáé íá ðÜñïõìå ôïí 1,8 (ðïëëïß ðñïôéìïýí áõôÞ ôç ëýóç), áõôÞ ç
ìÝèïäïò åöáñìüæåôáé óôïõò õðïëïãéóôÝò. Ìéá Üëëç ìÝèïäïò åßíáé íá êÜíïìå ôç óôñïããõëïðïßçóç
óôïí êïíôéíüôåñï áñéèìü ìå ôï ôåëåõôáßï øçößï æõãü. Áõôü âïçèÜ óå ðåñéðôþóåéò üðùò, üôáí Ý÷ïìå
íá åðåîåñãáóôïýìå óåéñÜ áðü ðïëëÜ äåäïìÝíá, ïðüôå ç äéáäéêáóßá áõôÞ êÜíåé ìéêñüôåñá ôá
óöÜëìáôá, óôñïããõëïðïßçóçò, äéüôé (ó÷åäüí) ôá ìéóÜ èá åßíáé ðñïò ôá ðÜíù êáé ôá ìéóÜ ðñïò ôá êÜôù.

¸÷ïìå ôüôå ôï 1,75 íá ãßíåôáé, ìå äýï óçìáíôéêÜ, 1,8 (ìåãáëýôåñï), åíþ ôï 2,65 ìå äýï óçìáíôéêÜ
ãßíåôáé 2,6 (ìéêñüôåñï). Ç ÷ñÞóç ôïõ åðéóôçìïíéêïý óõìâïëéóìïý, óå ðïëëáðëáóéáóìü åðß äõíÜìåéò
ôïõ 10, ðïëëÝò öïñÝò åðéâÜëëåôáé ãéá áðïöõãÞ áóáöåéþí. Áí èÝëïìå íá äçëþóïõìå üôé ï áñéèìüò
ðåíôáêüóéá Ý÷åé äýï óçìáíôéêÜ øçößá, ôüôå äåí ìðïñïýìå íá ãñÜøïìå 500, äéüôé áõôü èá äÞëùíå 3
óçìáíôéêÜ. Ï áñéèìüò ìðïñåß íá ãñáöåß 5 × 101 Þ 5,0 × 102 Þ 0,50 × 103 ê.ëð. ×ñåéÜæåôáé ðñïóï÷Þ üôáí
ãñÜöïìå ìçäåíéêÜ óôï ôÝëïò ôïõ áñéèìïý, áí äåí åßìáóôå ðñïóåêôéêïß áõôÜ ìðïñåß íá ìçí åßíáé
óçìáíôéêÜ øçößá.

ÐïëëÝò öïñÝò Ý÷ïìå áñéèìïýò ðïõ åßíáé ãíùóôïß ìå áðüëõôç áêñßâåéá êáé üìùò äåí ôïõò ãñÜöïìå
ìå Üðåéñá óçìáíôéêÜ øçößá. Óå ôÝôïéåò ðåñéðôþóåéò äçëþíïõìå üôé, ï áñéèìüò åßíáé, ãéá ðáñÜäåéãìá,
2 áêñéâþò Þ áõôü ãßíåôáé áíôéëçðôü áðü ôá óõìöñáæüìåíá. Åßíáé åõíüçôï áí ëÝìå üôé Ý÷ïìå ôï
äéðëÜóéï ôïõ ìÞêïõò, L, êáé ãñÜöïìå 2 × L, ôüôå ôï 2 åßíáé ãíùóôü ìå áðüëõôç áêñßâåéá. Åðßóçò áí
ãñÜöïìå ð × L ôï ð èåùñåßôáé ãíùóôü ìå Üðåéñá óçìáíôéêÜ.

ÓÇÌÁÍÔÉÊÁ ØÇÖÉÁ ÊÁÔÁ ÔÏÍ ÐÏËËÁÐËÁÓÉÁÓÌÏ (ÄÉÁßÑÅÓÇ) ÊÁÉ ÐÑÏÓÈÅÓÇ (ÁÖÁÉÑÅÓÇ)

¼ôáí ÷ñçóéìïðïéïýìå ãåíéêÜ ðïëýðëïêåò åêöñÜóåéò ìåôáîý ìåãåèþí ç åðßäñáóç ôçò áóÜöåéáò óôç
ãíþóç ôùí áñéèìçôéêþí ôéìþí äéáöüñùí ìåãåèþí Ý÷åé ðñïöáíþò åðßäñáóç óôéò õðïëïãéæüìåíåò
ðïóüôçôåò. Ç áíÜëõóç ôçò äéÜäïóçò ôùí óöáëìÜôùí åßíáé ãåíéêÜ ðïëýðëïêç, áëëÜ åäþ èá
ðåñéïñéóôïýìå óå áðëïýò êáíüíåò ãéá ðïëëáðëáóéáóìü (êáé äéáßñåóç) êáé ãéá ðñüóèåóç (êáé
áöáßñåóç).

Ðïëëáðëáóéáóìüò (äéáßñåóç)

Ðñïóäéïñßæïìå ôá óçìáíôéêÜ øçößá ôïõ êÜèå áñéèìïý ðáñÜãïíôá Þ äéáéñÝôç. ÊÜðïéïò Þ êÜðïéïé
Ý÷ïõí ôïí åëÜ÷éóôï áñéèìü óçìáíôéêþí. Ôï áðïôÝëåóìá ôùí ðñÜîåùí èá Ý÷åé áñéèìü óçìáíôéêþí ðïõ
äåí ìðïñåß íá åßíáé ìåãáëýôåñïò áðü áõôüí ôïí åëÜ÷éóôï áñéèìü. Óôçí ðñÜîç ï áñéèìüò ôùí
óçìáíôéêþí ëáìâÜíåôáé ßóïò ìå áõôü ôïí åëÜ÷éóôï áñéèìü.

Ðáñáäåßãìáôá

3,25 × 0,21/0,8 = 0,9

0,851 × 0,80 = 0,68

0,075 2 /0,012 = 6,3

1,35 × 104 × 0,73/2 × 102 = 0,5 × 102

Ðñüóèåóç (áöáßñåóç)

Óå áõôÞ ôçí ðåñßðôùóç áõôü ðïõ ðáßæåé ñüëï åßíáé ç ôÜîç ôïõ ôåëåõôáßïõ óçìáíôéêïý øçößïõ êÜèå
áñéèìïý (åëÜ÷éóôç ôÜîç øçößùí ôïõ áñéèìïý). Âñßóêïìå ôçí åëÜ÷éóôç ôÜîç ãéá êÜèå áñéèìü êáé ôçí
ìÝãéóôç áðü áõôÝò. Ôï áðïôÝëåóìá ôçò ðñÜîçò äåí ìðïñåß íá Ý÷åé øçößá ìå ìéêñüôåñç ôÜîç áðü ôçí
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ìÝãéóôç áõôÞ ôÜîç. Óôçí ðñÜîç ðáßñíïõìå øçößá ìÝ÷ñé ôç ìÝãéóôç.

Ðáñáäåßãìáôá

10,00 1 åëÜ÷éóôç ôÜîç 10−3 (÷éëéïóôÜ)

0,000 3 åëÜ÷éóôç ôÜîç 10−4 (äÝêáôá ôïõ ÷éëéïóôïý)

0,85 åëÜ÷éóôç ôÜîç 10−2 (åêáôïóôÜ)

ÌÝãéóôç ìåôáîý áõôþí åßíáé ç 10−2 (åêáôïóôÜ)

Üñá 10,00 1 + 0,000 3 − 0,85 = 9,15

124 åëÜ÷éóôç ôÜîç 100 (ìïíÜäåò)

5,0 × 102 åëÜ÷éóôç ôÜîç 101 (äåêÜäåò)

7,8 åëÜ÷éóôç ôÜîç 10−1 (äÝêáôá)

ÌÝãéóôç ìåôáîý áõôþí åßíáé ç 101 (äåêÜäåò)

Üñá 124 − 5,0 × 102 + 7,8 = −3,7 × 102

ÌåñéêÝò öïñÝò åßíáé âïëéêü íá ãñÜöïíôáé ïé áñéèìïß ìå ôïí åðéóôçìïíéêü óõìâïëéóìü ìå ßäéåò
äõíÜìåéò (áñíçôéêÝò Þ èåôéêÝò) ôïõ 10. Óôçí ôåëåõôáßá ðñïçãïýìåíç ðåñßðôùóç èá Ý÷ïìå,

1,24 × 102

5,0 × 102

0,078 × 102

Üñá

1,24 × 102 − 5,0 × 102 + 0,078 × 102 = (1,24 − 5,0 + 0,078) × 102 = −3,7 × 102

áöïý óôïõò áñéèìïýò ôçò ðáñÝíèåóçò ç ìÝãéóôç ôÜîç ôåëåõôáßïõ óçìáíôéêïý øçößïõ åßíáé ôá äÝêáôá.

Óôçí ðñüóèåóç êáé áöáßñåóç äåí éó÷ýåé êáíüíáò ãéá ôï ðëÞèïò ôùí óçìáíôéêþí øçößùí, áëëÜ ï
êáíüíáò áöïñÜ óôï ôåëåõôáßï óçìáíôéêü øçößï ôïõ áðïôåëÝóìáôïò ôùí ðñÜîåùí.

Ãéá ðáñÜäåéãìá óôï ðñþôï ðáñÜäåéãìÜ ìáò, åíþ õðÜñ÷åé ï áñéèìüò 0,000 3 ìå Ýíá óçìáíôéêü øçößï
ôï áðïôÝëåóìá 9,15 Ý÷åé ôñßá óçìáíôéêÜ.

ÐáñáôÞñçóç: ðñÝðåé ç óôñïããõëïðïßçóç íá ãßíåôáé ìéÜ öïñÜ óôï ôÝëïò êáé ü÷é óôá åíäéÜìåóá
äéáäï÷éêÜ óôÜäéá äéüôé ôï áðïôÝëåóìá ìðïñåß íá äéáöÝñåé ðïëý.

ð.÷  1,25 × 0,85 × 1,1 = 1,2 êáé ü÷é 1,25 × 0,85 × 1,1 = 1,1 × 0,85 = 0,94

¼ôáí êÜíïìå åíäéÜìåóåò ðñÜîåéò íá ÷ñçóéìïðïéïýìå ôïõëÜ÷éóôï äýï óçìáíôéêÜ øçößá ðåñéóóüôåñá
áðü áõôÜ ôïõ áðïôåëÝóìáôïò.

Ðñïóï÷Þ !!

Åßíáé ðáñáðëáíçôéêü íá äßíåé êÜðïéïò Ýíá áðïôÝëåóìá ìå ðåñéóóüôåñá óçìáíôéêÜ øçößá Þ ëéãüôåñá
áðü üóá åßíáé éêáíïðïéçôéêÜ óùóôÜ. Áõôü óå ðåñéðôþóåéò áðïôåëåóìÜôùí Ýñåõíáò èá ìðïñïýóå íá
ïäçãÞóåé óå óçìáíôéêÝò ðáñáíïÞóåéò ãéá ôçí êáôáíüçóç ôùí íüìùí ôçò öýóçò êáé èá áðïôåëïýóå
ïðéóèïäñüìçóç ôçò áíèñþðéíçò ãíþóçò ãéá ôï Óýìðáí.

¼ôáí ïé ó÷Ýóåéò åßíáé ðïëýðëïêåò ïé áíùôÝñù êáíüíåò äåí åßíáé ðÜíôá óùóôïß. Óå áõôü ôï âéâëßï,
èá èåùñïýìå üôé ôá óçìáíôéêÜ øçößá ôùí äåäïìÝíùí öõóéêþí ìåãåèþí åßíáé åðáñêÞ, þóôå ôï
áðïôÝëåóìá íá ìðïñåß íá õðïëïãéóôåß ìå ôïõëÜ÷éóôï 3 óçìáíôéêÜ øçößá, åêôüò áí åêöñÜæåôáé ñçôÜ
êÜôé Üëëï. ÖõóéêÜ, äåí ìðïñÝóáìå íá áðïöýãïõìå ôïí ðåéñáóìü íá Ý÷ïìå ðñïâëÞìáôá üðïõ ãéá

ëüãïõò åõêïëßáò äßíïíôáé áñéèìçôéêÝò ôéìÝò ôçò ìïñöÞò , þóôå íá âãáßíïõí åýêïëá, óôñïããõëÜ
áðïôåëÝóìáôá!

5 2 7/

ÐÁÑÁÑÔÇÌÁ 4 359



360 ÐÁÑÁÑÔÇÌÁÔÁ



3) (á)
5) (á) Ë, (â) Ë, (ã) Ó, (ä) Ó
6) (á) Ë, (â) Ë, (ã) Ó, (ä) Ó
7) (i) → (ã), (ii) → (â), (iii) → å, (iv) → (ä),

(v) → (óô)
9) (á) Ë, (â) Ó, (ã) Ë, (ä) Ë

10) i = Im sin ùt, Q = −Qm cos ùt
11) (i) → (ä), (ii) → (ã)
15) (á) óå óåéñÜ, (â) ðáñÜëëçëá
19) (â)
22) (á) Ê2 > Ê1, (â) ßäéï
24) (ã)
25) (á) Ë, (â) Ë, (ã) Ó, (ä) Ó
27) Ôï 3
29) ü÷é
30) ìéêñüôåñç
31) (ã), ü÷é
33) (â)
35) (á) Ë, (â) Ó, (ã) Ó
43) (á) → 2, (â) → 1, (ã) → 4, (ä) → 3
44) (ã)
46) (á) Ó, (â) Ë, (ã) Ë, (ä) Ó, (å) Ó
47) (ä)
48) (â)
49) ü÷é

1) (á) 107 rad/s, (â) 1/ 3 pF
2) 0,4 ⋅ 104 Çz, 0,29 ⋅ 104 Hz, 0,24 ⋅ 104 Hz,

0,5 ⋅ 104 Hz
3) 1,0 ìF, 4,0 H
4) 4 ìF

5)

6) (á) − 2,6 A, (â) 6,8 ⋅ 10 −2 J, (ã) 75 ⋅ 102 A/s
8) 16 J/s, 5 ⋅ 10 −6 s
9) 1,5 ⋅ 10 −1 H, 24 nF

10) 2 ⋅ 10 −4 F, 0,5 ⋅ 10 −4 F, 0,25 mH

11)

12) 60,65 %
13) 3,0 %
14) 21 s
16) (á) 1,5 cos 5 t, (â) 0,017 m, 0,017 m/s

17) (á) , (â) 1,57 J, 

(ã) m/s, 4 Watt
18) 10 Watt
19) 6 Hz
20) 10 Ù
21) 2,6 e− 30 t cos 5 t  (10 − 3 C)
22) 3 ⋅ 104 rad/s
23) (á) 105 A/s, (â) 400 J/s, (ã) 420 J/s

24)

25)

26) (á) x2 + y2 = 9, (â) êáôÜ ôç öïñÜ ôùí äåé-
êôþí ôïõ ñïëïãéïý.

5 10
5

cos t −FHG
I
KJ

ð

f = ⋅24 10 5 Hz

2 2

0 25 8
4

,
ð

sin t −FHG
I
KJ

2
2

m

b
ln

2 5 3, Watt
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ÊÅÖÁËÁÉÏ 3

ÔÁËÁÍÔÙÓÅÉÓ

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ



2) (á), (ã)
3) (á) äåîéÜ, (â) áñéóôåñÜ, (ã) äåîéÜ,

(ä) áñéóôåñÜ
4) (i) → (ã), (ii) → (â), (iii) → (ä), (iv) → (á)
6) (á) Ë, (â) Ë, (ã) Ó, (ä) Ó
8) (â), (å)

10) (ã)
12) (â)
19) (â)
25) (á) Ë, (â) Ë, (ã) Ë
27) ç ðñþôç
29) (ã)
32) (á) Ë, (â) Ó, (ã) Ó, (ä) Ë
34) (á) Ó, (â) Ë, (ã) Ë, (ä) Ó
41) 1 → (â), 2 → (ã), 3 → (á)
45) (i)
46) (á) → 3, (â) → 2, (ã) → 1
51) (á) Ë, (â) Ó, (ã) Ë
52) (ã) 
54) (ã)

1) (á) 30 cm/s, (â) 30ð cm/s, (ã) äåîéÜ
2) 0,017 m < ë < 21,25 m êáé

0,0725 m < ë < 90,625 m
3) 10 cm, 2 cm − 1, 50 Hz, 100 cm/s
4) 5 m

5) 5ð cm/s, 

6) 12 m/s, y = 0,08 sin ð (6 t − 0,5 x)
7) 1200 m/s
8) 3,76 m/s
9) 0,15 s

10) 393 nm, 35,3o

11) 29,4o

12) 32,7o

13) 366 nm
14) 2,04o

15) 41,8o

16) 41,8o

17) 1,49
19) −0,707 cm, −6,120 cm
20) 136,03 m/s
21) 0
22) Íáé, 6ð cm/s
23) 6 sin (150 t + 0,6 x), −6 sin (150 t − 0,6 x),

250 cm/s
24) 180 Hz

26)

27) n=1, ..., 310
28) (á) 212 Hz, 423 Hz, (â) 2 m, 1 m

(ã) 4 sin ð x cos 424 ðt, 3 sin 2 ð x cos 846 ð t
29) 2 Çz
30) 19,1 cm, 57,41 cm
31) 0,243 m, 700 Hz, 1400 Hz, 2100 Hz
32) 5ç, 335 m/s
33) 335 m/s
34) 162 Hz, ..., n81, ... 1944, 212,5 Hz, 425 Hz,

... 1912,5Hz
35) n 0,34 Hz
36) 5760 Hz
37) 0,664
38) 1,5 m
39) åííÝá
40) 512 nm

1

2 2
f

2 5 2, ð cm / s
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1) (i) Ó, (ii) Ë
4) (á) Ó, (â) Ë, (ã) Ó
6) (ã)
8) (á) Ë, (â) Ë, (ã) Ë, (ä) Ó, (å) Ó

12) (á) Ó, (â) Ó, (ã) Ë, (ä) Ó, (å) Ó
15) (â)
17) 1,07 m/s
18) (á) → 3, (â) → 4, (ã) → 1
20) (ã)
22) (ã)
23) (â)
24) (ã)
26) (iv), (ii)
27) 1 → 2, 2 → 3, 3 → 4, 4 → 1

1) 1,528 h
2) 1,8 m
3) 0,35 m/s
4) 3,9 ⋅ 105 N/m2

5) áðáéôåß õ ≥ 7,75 m/s, åßíáé õ ≥ 16,9 m/s Üñá
éêáíïð.

6) Ç/ 2
7) 20 cm
8) 0,081 m3/ s
9) 3,16 m/s, 19,0 m/s

10) 204 km/h
11) 2 ⋅ 108 W
12) 5 J
13) 11700 kg
14) 272 m/s

15) (á) , (â) 72,8%
16) 43,8 m/s
17) (á) 120 m/s, (â) 53,67 m/s
18) 2

20)
mg

Rõ6ð

õ 23
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ÓÔÅÑÅÏ

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ

2) (ã)
3) (ã)
4) (ä)
6) (â)
7) (á)
8) (á)
9) (ä)

11) (á) Ó, (â) Ë, (ã) Ó
12) (á) Ë, (â) Ë, (ã) Ó
13) (á) Ë, (â) Ó, (ã) Ó, (ä) Ë, (å) Ë
17) (á) Ó, (â) Ë, (ã) Ó, (ä) Ó
19) ô → F, I → m, ù → õ, Äè → Äx, á → a
20) (â)

1) x = 2 cm, y = 2,25 cm
2) 62,14 cm áðü ôï Üêñï ôçò ñÜâäïõ ðïõ

áðïôåëåßôáé áðü áñãßëéï
3) Óôç ìåóïêÜèåôï ôïõ ÂÃ óå áðüóôáóç 3 cm

áðü ôï ÂÃ
4) 7,3 × 10 −5 rad/s, 460 m/s
5) ð/30 rad/s, ð/20 cm/s
6) 18 m/s2

7) (á) 45 kg m2, (â) 18 kg m2, (ã) 11 kg m2

8) 8,0 × 10 − 2 J
9) 7,7 m/s

10) 6,0 m/s
11) 5,0 sec − 2

ÊÅÖÁËÁÉÏ 4

ÑÅÕÓÔÁ

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ



21) (â)
26) (á)
31) (á) Ë, (â) Ó, (ã) Ó
32) (á) Ë, (â) Ó, (ã) Ë, (ä) Ó
33) (ã)
34) (â)
35) (â)

12) 1,0 m/s
13) 100 s − 2, 200 s − 1

14) (á) , (â) 2 m/s

15) 5 m/s2

16) 5 m/s2

18)

19) tan ö/3
21) 100 Í
22) 1/3
23) F = 80 N ìå öïñÜ ðñïò ôá ðÜíù êáé óçìåßï

åöáñìïãÞò óôá 27,5 cm
24) 3,1 m
25) 4 m
26) Áðü ôï ó÷ïéíß 69,3 Í. Áðü ôçí Üñèñùóç

156,2 Í ìå ãùíßá 26,3ï ùò ðñïò ôïí ôïß÷ï
27) 600Í, 750Í
28) (ÁÊ) = 45 cm
29) Óçìåßï Ê ôçò (ÏË): (ÏÊ) =4 cm
30) (OK) = 2 cm
31) (á) 135,6 Ím, (â) 85,2 hp
32) (á) 16 Ð Í m, (â) 144 × 103 J, 480 W,

(ã) 960 W, 576 W
33) (á) 460,8 J, (â) 230,4 W
34) 1 Hz
35) 10,5 J

37)

38) (á) 5 rad/s, (â) 530 m/s
39) 9,8 rad/s, 45 J

40)

41) õÁ m /s m/ s= =9 3

2
7 8,

h R= −
0

5 1

2

õ
g R

0
04
15

= Ã

mg 37 4/

20

3
2m /s
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KÑÏÕÓÅÉÓ

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ

1) (ã)
2) Á → ã, Â → á, Ã → â
3) (á)
4) (ã)
5) (ä)
6) (â)
7) (â)

1) (á) 9,375 J, (â) 7,5 m/s, 17,5 m/s
2) (á) 2,0 m/s, 4,0 m/s, 16 m/s

(â) 240 Í, 160 Í
3) 0,28 m/s, 0,32 m/s
4) 0,20 m
5) 1,0 m/s
6) (á) e2 h, (â) e2í h, (ã) (1 − e2 ) Ei (áñ÷)



8) (â)
9) (â)

10) (ä)
11) (á)
12) (â)
13) Á → ä, Â → â, Ã → á
14) Á → á, Â → ä, Ã → â, Ä → ã
15) (ã)
16) Â → ã, Ã → á, Ä → â
17) (â)
18) (á)
19) (á)
20) 1) ã, 2) â
21) (â)
22) (ã)
23) (á)
24) (ã)
25) (â)
26) (á)
27) (ã)
28) (á)
29) (á)
32) (â)
34) (á) ï ðñïóèåôÝïò 1/ 2 MVc

2

(â) Ôçí áðþëåéá êéíçôéêÞò åíÝñãåéáò
39) (â) 1/2 (m1 + m2) Vc

2 (ôåëåßùò áíåëáóôéêÜ)
40) (ã)
41) Â → â, Á → â
43) (á)
44) (ä)
45) (á)
46) ÓùóôÝò ïé (â) êáé (ä)

7) 0,80
8) 0,750
9) 0,268

10)

11) (á) h1 = h2 = 5 × 10−2 m,

(â) h1′ = 3,125 × 10−3 m, h2′ = 2,81 × 10−2 m,

(ã) h1 = h2 = 1,25 × 10−2 m

12) (á) 0,7 m/s, (â) 3,2 × 10−2 J

13)

14) 1 m/s
15) 1 m/s ðñïò ô’ áñéóôåñÜ, óôçí áñ÷éêÞ

äéåýèõíóç õðü ãùíßá õðü ãùíßá
30ï ùò ðñïò ôçí áñ÷éêÞ äéåýèõíóç êßíçóçò,

õðü ãùíßá 30ï ùò ðñïò ôçí áñ÷éêÞ
äéåýèõíóç êßíçóçò áðü ôçí Üëëç ìåñéÜ.

16) 1 m/s, 90o êáé 1 m/s, 30o

17) Íáé, äéüôé õ2 = 21,0 m/s = 75,6 km/h

18) , , ìå ãùíßá ö ôÝ-

ôïéá þóôå: 

19) á) ≈ 9,1 × 10− 31 kg ≈ me ,

â) 0,8350 × 10− 27 kg = mp / 2 = mn / 2

20) , ,

p1′ = ì (õ1 − õ2), p2′ = − ì (õ1 − õ2), üðïõ ì ç
áíçãìÝíç ìÜæá.

24) 9,2 × 106 J, 0 êáé 9,2 × 106 J, 1,7 × 106 J
25) á) 3,4 × 105 J, 3,6 × 105 J êáé 3,4 × 105 J

â) 3,6 × 105 J
27) á) 60 ï, 24,0 m/s, â) 20,0 s, 240 m

28)

29) 49o

30) Ï êïëõìâçôÞò ðïõ èá êïëõìðÞóåé âüñåéá,
10 s

32) 1,2 m/s2

33) 2,5 s
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34) á) 5,10 m/s, â) 578 Í
35) á) è = 60ï, â) 1/ð Çz

37)

38) ã) 480 Í
39) á) ÏìáëÜ åðéôá÷õíüìåíç, â) 16,0 s
40) fmin = 741 Hz, fmax = 996,5 Hz
41) 450 Hz

42)
, 

43) > 323 m/s
44) á) 250 Hz, â) 0
45) á) 460 Hz, â) 372 Hz
46) á) 340 m, â) 300 m
47) Ät = 0
48) 11 m/s

fÄ 2 1 21
f

= ,
fÄ1 0 850
f

= ,

g 3
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Ó×ÅÔÉÊÏÔÇÔÁ

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ

1) (ä)
2) 1 → á, 2 → â, 3 → â, 4 → á, 5 → â,

6 → á, 7 → á
3) (å)
5) (á)
7) (á)
8) (ã)
9) (â)

10) (ã)
11) (å)
13) (á)
14) (ä)
15) Íáé
16) (â)
18) (á)
19) ÊÜèåôá ðñïò ôï ìÞêïò ôïõ ã
20) (â)
21) (ã)
22) (á)
23) á) 1ï ôï 3ï, 2ï ôï 1ï êáé 2ï, 3ï ôï 4ï
24) (â)
25) 1 → ã, 2 → â, 3 → á
26) (ã)
27) á) 1ï ôï 3, 2ï ôï 2 êáé 1

â) 1ï ôï 2, 2ï ôï 1 êáé 3
ã) 1ï ôï 2, 2ï ôï 1 êáé 3ï ôï 3
ä) 1ï ôï 3, 2ï ôï 2 êáé 3ï ôï 1

1) Óå áäñáíåéáêü óýóôçìá ðïõ êéíåßôáé ìå

2) á) 87,4 m, â) 394 × 10−6

3) á) 0,480 c, â) Ç Ýíôïíç ëÜìøç,
ã) 4,39 × 10−6 s

4) 229 km, −613 × 10−6 s
5) 0, −2,5 × 10−6 s
6) á) 1,6 × 10−8 s, â) ôïõ áåñïðëÜíïõ
7) (1 + 3,4 × 10−10), â) 3,0 × 10−5s
8) Íáé (áöïý õ/c < 1)
9) á) 1,6 s, â) 2,3 × 108 m, ã) 0,96 s

10) á) 0,43 c, â) 0,34 c, ã) ≈ 111 m
11) 39,2 m
12) á) 1,42 ìs, â) 423 m
13) á) 0,99999662 c, â) 5,37 × 104 ÌeV
14) 0,99 c
15) 55 m
16) 0,357 c
17) 0,95 c
18) 0,688 c, áðïìáêñýíåôáé
19) á) 0,978 c, â) − 0,648 c
20) 0,588 c

21) á) 0,943c, â) 
3

2
c

u
t

d
c= Ä 0 2



29) (â)
31) (â)
32) (á)
33) (ã)
34) (â)
35) (á)
36) (ã)
37) (â)
38) (ã)

22) á) 0,866 c, â) 0,986 c
23) á) 0,9999999996 c, â) 7,66 cm
24) á) 534, â) 0,99999825, ã) 2,23 Ô
25) á) 939,4 ÌeV, â) 3,008 × 103 ÌeV,

ã) 2,069 × 103 MeV
26) á) 0,134 c, â) 4,65 KeV, ã) 1,1%
27) á) 117,3 MeV, 140,7 MeV,

â) 459,8 ÌeV, 5723,5 MeV
28) á) 4,16 × 10−10 J, â) 1,17 × 10−10 J, ã) 0,393
29) 36 × 1030 kg/Ýôïò
30) á) 0,948 c, â) 226 MeV, ã) 314 MeV/c
31) 207 me , ôï ìéüíéï
32) 1) Ôï öùôüíéï, 2) Ôï ðñùôüíéï, 3) Ôï

ðñùôüíéï, 4) Ôï öùôüíéï
33) 1) 0,9988, 20,6, 2) 0,145, 1,01, 3) 0,073,

1,0027
34) á) 5,71 GeV, 6,65 GeV, 6,58 GeV/c

â) 3,11 ÌeV, 3,62 MeV, 3,59 MeV/c

35) á) 

36) á) 0,776 × 10 −3 m, 16,25 × 10−12 s
â) 16,0 × 10 −3 m, 335 × 10−12 s, ü÷é

38) á) 3,3 × 10−14, â) 8,7 × 10−13

39) 4,25× 10−6 rad
40) ≈ 3km
41) ≈ 3 × 10−13, ≈ 13 × 10−13

p
h f

c
=
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KBANTOMHXANIKH

ÁÐÁÍÔÇÓÅÉÓ ÅÑÙÔÇÓÅÙÍ ÁÐÁÍÔÇÓÅÉÓ ÁÓÊÇÓÅÙÍ

2) (â)
3) (á) Ë, (â) Ë, (ã) Ó
5) (á) Ë, (â) Ë, (ã) Ó
7) Ï ÂÝãáò
9) (á) Ë, (â) Ó, (ã) Ë, (ä) Ë, (å) Ó, (óô) Ó

10) (ä)
11) ii Þ iii
12) (i)
13) (â)
15) (ã)
20) (â)
23) (ã)
24) (á) Ó, (â) Ë, (ã) Ë
25) (á) Ë, (â) Ó, (ä) Ó, (å) Ó, (óô) Ë
28) (â)
30) (ä)

1) á) 1,895 × 1033, â) 5,27 × 10− 32%
2) 3 × 1018

3) á) 483 nm, â) 7,35 × 107 w/m2

4) 27,8 Watt
5) á) 8,9 × 1017, â) 70,9 × 109

6) 0,175 Watt
7) 4528 K
8) 2,013 eV, 295,8 nm
9) 3,91 Volt

10) 0,953 eV
11) á) 1,916 eV, â) 0,155 Volt
12) á) 0,5 eV, â) 2,61 eV, ã) 476 nm
14) 33,13 × 1025 kg m/s, 0,121 × 10− 11 m
15) á) 3 × 109 , â) 26,504 × 10− 8, ã) 26,504 × 10− 8

16) 30,36 × 10− 11 m, 7,86 × 10− 18 J



31) á) 15%, â) 85%, ã) 15%, ä) 100%
32) á) 0%, â) 0%, ã) 50%
35) á) iii, â) iv
37) (á) Ó, (â) Ë, (ã) Ë, (ä) Ó
39) (á) Ë, (â) Ë, (ã) Ó, (ä) Ë, (å) Ó
40) 4 m
41) (á) Ó, (â) Ë, (ã) Ë
43) (á) Ó, (â) Ë, (ã) Ó

17) 9,6 × 10 −15 J, 3,2 × 10 −23 kg m/s
18) 1,456 × 10 −11 m, 3,05 × 10 −22 kg m/s
19) 0,485 × 10 −11 m
21) 0,727 × 10−9 m
22) 8,14 × 10−13 m
23) 2,21 × 10−29 m
24) 3,313 × 10 −22 kg m/s, 9,94 × 10−14 J,

12,82 × 10−14 J
25) 7,27 × 10 −11 m
26) 8,2 × 10−14 J
27) 5 × 10 −17 J, 1,41 × 105 sin 3 × 1010 ð x

28) 5,42 × 10 − 21 J
29) 103 sin 5 × 106 ðx

30) 4,59 × 10−14 m
31) 1,7 × 1024 ÷ñüíéá
32) 3,29 × 10−13 J, 13,1 × 10−13 J

29,6 × 10−13 J
33) 0,0279 %
34) 2,37 × 10−6 %
35) 0
36) 8,148 mA
37) 0,728 %
38) 0,0182 m/s
39) 0,287 × 10−12 m
41) 1,33 × 10−31 m
42) 6,63 × 10 −2 kg m/s, 8,23 × 106 eV
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ÁäñáíåéáêÝò äõíÜìåéò   264
Áäñáíåéáêü óýóôçìá   184, 226
Áêôéíïâïëßá   72
ÁíÜêëáóç   51
Áíåìïäü÷ïò ðëïßïõ   106
ÁíçãìÝíç ìÜæá   196
¢íùóç äõíáìéêÞ   111
Áðüëõôç ôá÷ýôçôá   190

åðéôÜ÷õíóç   190
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ÁñìïíéêÜ êýìáôá   47
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Áñìïíéêüò ôáëáíôùôÞò   3
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ÃùíéáêÞ åðéôÜ÷õíóç   125
ÃùíéáêÞ ôá÷ýôçôá   124

Äåßêôçò äéÜèëáóçò   53
ÄéÜèëáóç   51
ÄéáìÞêç êýìáôá   47
Doppler öáéíüìåíï   201
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Äõúóìüò ôïõ öùôüò   292

ÅãêÜñóéá êýìáôá   47
ÅíÝñãåéá öùôïíßïõ   292
ÅîáåñéóôÞñáò ëåùöïñåßïõ   106
ÅîáíáãêáóìÝíåò çëåêôñéêÝò ôáëáíôþóåéò   19
ÅîáíáãêáóìÝíåò ìç÷áíéêÝò ôáëáíôþóåéò   13
Åîßóùóç Schrödinger   302
Åîßóùóç ôçò óõíÝ÷åéáò (ñåõóôÜ)   98
Åðáëëçëßá êõìÜôùí   58

Heisenberg   311
Huygens   50, 58
ÇëåêôñéêÝò ôáëáíôþóåéò   3
ÇëåêôñïìáãíçôéêÜ êýìáôá   70, 74
Çëåêôñïìáãíçôéêü öÜóìá   75
Çìéáãùãïß   315
Ç÷çôéêüò óùëÞíáò   65

Èåþñçìá Steiner   129, 131
Èåþñçìá Torricelli   102
Èåþñçìá ñïðþí   138

Éäáíéêü êýêëùìá LC   3
Éîþäåò   107
ÉóïöáóéêÝò åðéöÜíåéåò   49

Êáìðýëç óõíôïíéóìïý   14
ÊâÜíôï (quantum)   287
ÊÝíôñï âÜñïõò   143
ÊÝíôñï ìÜæáò   122, 193
Êïéëßåò   62
Êñïóóïß óõìâïëÞò   68
Êñïýóåéò   171
Êñïýóç åëáóôéêÞ   173, 175

áíåëáóôéêÞ   174, 180
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ðëáóôéêÞ   174, 180
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ÊõêëéêÞ éäéïóõ÷íüôçôá   10, 21
ÊõêëéêÞ óõ÷íüôçôá   10
Êýëéóç äßóêïõ   134
Êýìáôá De Broglie   299
Êõìáôáñéèìüò   48
KõìáôïóõíÜñôçóç Ø 301

Lissajous   32

ÌÝëáí óþìá   285
Ìåôáó÷çìáôéóìïß Lorenz   236

ôá÷õôÞôùí ó÷åôéêéóôéêïß   237
Ìåôáó÷çìáôéóìïß Ãáëéëáßïõ   228
Ìåôáó÷çìáôéóìüò åíÝñãåéáò   192
Ìåôáó÷çìáôéóìüò ìÞêïõò   245

çëåêôñéêïý êáé ìáãíçôéêïý ðåäßïõ   255
ó÷åôéêéóôéêÞò åíÝñãåéáò   249
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Ìåôáó÷çìáôéóìüò ôá÷ýôçôáò   189
ïñìÞò   189

ÌÝôùðá êýìáôïò   49
Ìç áäñáíåéáêü óýóôçìá   185
Ìichelson - Morley   229, 231
ÌéêôÜ êýìáôá   47
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Physics 1901
RÖNTGEN, WILHELM CONRAD, Germany, Munich University, b. 1845, d. 1923: "in recognition of the extraordinary services
he has rendered by the discovery of the remarkable rays subsequently named after him". 

Physics 1902
The prize was awarded jointly to: 
LORENTZ, HENDRIK ANTOON, the Netherlands, Leyden University, b. 1853, d. 1928; and 
ZEEMAN, PIETER, the Netherlands, Amsterdam University, b. 1865, d. 1943: 
"in recognition of the extraordinary service they rendered by their researches into the influence of magnetism upon radiation
phenomena" 

Physics 1903
The prize was divided, one half being awarded to: 
BECQUEREL, ANTOINE HENRI, France, École Polytechnique, Paris, b. 1852, d. 1908: 
"in recognition of the extraordinary services he has rendered by his discovery of spontaneous radioactivity"; 
the other half jointly to: 
CURIE, PIERRE, France, École municipale de physique et de chimie industrielles, (Municipal School of Industrial Physics and
Chemistry), Paris, b. 1859, d. 1906; and his wife 
CURIE, MARIE, née SKLODOWSKA, France, b. 1867 (in Warsaw, Poland), d. 1934: 
"in recognition of the extraordinary services they have rendered by their joint researches on the radiation phenomena discov-
ered by Professor Henri Becquerel" 

Physics 1904
RAYLEIGH, Lord (JOHN WILLIAM STRUTT), Great Britain, Royal Institution of Great Britain, London, b. 1842, d. 1919: 
"for his investigations of the densities of the most important gases and for his discovery of argon in connection with these stud-
ies" 

Physics 1905
LENARD, PHILIPP EDUARD ANTON, Germany, Kiel University, b. 1862 (in Pressburg, then Hungary), d. 1947: 
"for his work on cathode rays" 

Physics 1906
THOMSON, Sir JOSEPH JOHN, Great Britain, Cambridge University, b. 1856, d. 1940: 
"in recognition of the great merits of his theoretical and experimental investigations on the conduction of electricity by gases" 

Physics 1907
MICHELSON, ALBERT ABRAHAM , U.S.A., Chicago University, b. 1852 (in Strelno, then Germany), d. 1931: 
"for his optical precision instruments and the spectroscopic and metrological investigations carried out with their aid" 

Physics 1908
LIPPMANN, GABRIEL, France, Sorbonne University, Paris, b. 1845 (in Hollerich, Luxembourg), d. 1921: 
"for his method of reproducing colours photographically based on the phenomenon of interference" 

Physics 1909
The prize was awarded jointly to: 
MARCONI, GUGLIELMO, Italy, Marconi Wireless Telegraph Co. Ltd., London, Great Britain, b. 1874, d. 1937; and 
BRAUN, CARL FERDINAND, Germany, Strasbourg University, Alsace (then Germany), b. 1850, d. 1918: 
"in recognition of their contributions to the development of wireless telegraphy" 

Physics 1910
VAN DER WAALS, JOHANNES DIDERIK, the Netherlands, Amsterdam University, b. 1837, d. 1923: 
"for his work on the equation of state for gases and liquids" 

Physics 1911
WIEN, WILHELM, Germany, Würzburg University, b. 1864, d. 1928: 
"for his discoveries regarding the laws governing the radiation of heat" 
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Physics 1912
DALÉN, NILS GUSTAF, Sweden, Swedish Gas-Accumulator Co., Lidingö-Stockholm, b. 1869, d. 1937: 
"for his invention of automatic regulators for use in conjunction with gas accumulators for illuminating lighthouses and buoys" 
Physics 1913
KAMERLINGH-ONNES, HEIKE, the Netherlands, Leyden University b. 1853, d. 1926: 
"for his investigations on the properties of matter at low temperatures which led, inter alia to the production of liquid helium" 

Physics 1914
VON LAUE, MAX, Germany, Frankfurt-on-the Main University, b. 1879, d. 1960: 
"for his discovery of the diffraction of X-rays by crystals" 

Physics 1915
The prize was awarded jointly to: 
BRAGG, Sir WILLIAM HENRY, Great Britain, London University, b. 1862, d. 1942; and his son 
BRAGG, Sir WILLIAM LAWRENCE, Great Britain, Victoria University, Manchester, b. 1890 (in Adelaide, Australia), d. 1971: 
"for their services in the analysis of crystal structure by means of X-rays" 

Physics 1916
The prize money  allocated to the Special Fund of this prize section. 

Physics 1917
BARKLA, CHARLES GLOVER, Great Britain, Edinburgh University, b. 1877, d. 1944: 
"for his discovery of the characteristic Röntgen radiation of the elements" 

Physics 1918
PLANCK, MAX KARL ERNST LUDWIG, Germany, Berlin University, b. 1858, d. 1947: 
"in recognition of the services he rendered to the advancement of Physics by his discovery of energy quanta" 

Physics 1919
STARK, JOHANNES, Germany, Greifswald University, b. 1874, d. 1957: 
"for his discovery of the Doppler effect in canal rays and the splitting of spectral lines in electric fields" 

Physics 1920
GUILLAUME, CHARLES EDOUARD, Switzerland, Bureau International des Poids et Mesures (International Bureau of Weights
and Measures), Sèvres, b. 1861, d. 1938: 
"in recognition of the service he has rendered to precision measurements in Physics by his discovery of anomalies in nickel
steel alloys" 

Physics 1921
EINSTEIN, ALBERT, Germany and Switzerland, Kaiser-Wilhelm Institut (now Max-Planck-Institut) für Physik, Berlin, b. 1879, d.
1955: 
"for his services to Theoretical Physics, and especially for his discovery of the law of the photoelectric effect" 

Physics 1922
BOHR, NIELS, Denmark, Copenhagen University, b. 1885, d. 1962: 
"for his services in the investigation of the structure of atoms and of the radiation emanating from them" 

Physics 1923
MILLIKAN, ROBERT ANDREWS, U.S.A., California Institute of Technology, Pasadena, CA, b. 1868, d. 1953: 
"for his work on the elementary charge of electricity and on the photoelectric effect" 

Physics 1924
SIEGBAHN, KARL MANNE GEORG, Sweden, Uppsala University, b. 1886, d. 1978: 
"for his discoveries and research in the field of X-ray spectroscopy" 

Physics 1925
FRANCK, JAMES, Germany, Goettingen University, b. 1882, d. 1964; and 
HERTZ, GUSTAV, Germany, Halle University, b. 1887, d. 1975: 
"for their discovery of the laws governing the impact of an electron upon an atom" 
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Physics 1926
PERRIN, JEAN BAPTISTE, France, Sorbonne University, Paris, b. 1870, d. 1942: 
"for his work on the discontinuous structure of matter, and especially for his discovery of sedimentation equilibrium" 
Physics 1927
The prize was divided equally between: 
COMPTON, ARTHUR HOLLY, U.S.A., University of Chicago b. 1892, d. 1962: 
"for his discovery of the effect named after him"; and 
WILSON, CHARLES THOMSON REES, Great Britain, Cambridge University, b. 1869 (in Glencorse, Scotland), d. 1959: 
"for his method of making the paths of electrically charged particles visible by condensation of vapour" 

Physics 1928
RICHARDSON, Sir OWEN WILLANS, Great Britain, London University, b. 1879, d. 1959: 
"for his work on the thermionic phenomenon and especially for the discovery of the law named after him" 

Physics 1929
DE BROGLIE, Prince LOUIS-VICTOR, France, Sorbonne University, Institut Henri Poincaré, Paris, b. 1892, d. 1987: 
"for his discovery of the wave nature of electrons" 
More...

Physics 1930
RAMAN, Sir CHANDRASEKHARA VENKATA, India, Calcutta University, b. 1888, d. 1970: 
"for his work on the scattering of light and for the discovery of the effect named after him" 

Physics 1931
The prize money was allocated to the Special Fund of this prize section. 

Physics 1932
HEISENBERG, WERNER, Germany, Leipzig University, b. 1901, d. 1976: 
"for the creation of quantum mechanics, the application of which has, inter alia, led to the discovery of the allotropic forms of
hydrogen" 

Physics 1933
SCHRÖDINGER, ERWIN, Austria, Berlin University, Germany, b. 1887, d. 1961; and 
DIRAC, PAUL ADRIEN MAURICE, Great Britain, Cambridge University, b. 1902, d. 1984: 
"for the discovery of new productive forms of atomic theory" 

Physics 1934
The prize money was with 1/3 allocated to the Main Fund and with 2/3 to the Special Fund of this prize section. 

Physics 1935
CHADWICK, Sir JAMES, Great Britain, Liverpool University, b. 1891, d. 1974: 
"for the discovery of the neutron" 

Physics 1936
The prize was divided equally between: 
HESS, VICTOR FRANZ, Austria, Innsbruck University, b. 1883, d. 1964: 
"for his discovery of cosmic radiation"; and 
ANDERSON, CARL DAVID, U.S.A., California Institute of Technology, Pasadena, CA, b. 1905, d. 1991: 
"for his discovery of the positron" 

Physics 1937
The prize was awarded jointly to: 
DAVISSON, CLINTON JOSEPH, U.S.A., Bell Telephone Laboratories, New York, NY, b. 1881, d. 1958; and 
THOMSON, Sir GEORGE PAGET, Great Britain, London Universi ty, b. 1892, d. 1975: 
"for their experimental discovery of the diffraction of electrons by crystals" 

Physics 1938
FERMI, ENRICO, Italy, Rome University, b. 1901, d. 1954: 
"for his demonstrations of the existence of new radioactive elements produced by neutron irradiation, and for his related dis-
covery of nuclear reactions brought about by slow neutrons" 
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Physics 1939
LAWRENCE, ERNEST ORLANDO, U.S.A., University of California, Berkeley, CA, b. 1901, d. 1958: 
"for the invention and development of the cyclotron and for results obtained with it, especially with regard to artificial radioac-
tive elements" 
Physics 1940
The prize money was with 1/3 allocated to the Main Fund and with 2/3 to the Special Fund of this prize section. 
Physics 1941
The prize money was with 1/3 allocated to the Main Fund and with 2/3 to the Special Fund of this prize section. 
Physics 1942
The prize money was with 1/3 allocated to the Main Fund and with 2/3 to the Special Fund of this prize section. 

Physics 1943
STERN, OTTO, U.S.A., Carnegie Institute of Technology, Pittsburg, PA, b. 1888 (in Sorau, then Germany), d. 1969: 
"for his contribution to the development of the molecular ray method and his discovery of the magnetic moment of the proton" 

Physics 1944
RABI, ISIDOR ISAAC, U.S.A., Columbia University, New York, NY, b. 1898, (in Rymanow, then Austria-Hungary) d. 1988: 
"for his resonance method for recording the magnetic properties of atomic nuclei" 

Physics 1945
PAULI, WOLFGANG, Austria, Princeton University, NJ, U.S.A., b. 1900, d. 1958: 
"for the discovery of the Exclusion Principle, also called the Pauli Principle" 

Physics 1946
BRIDGMAN, PERCY WILLIAMS, U.S.A., Harvard University, Cambridge, MA, b. 1882, d. 1961: 
"for the invention of an apparatus to produce extremely high pressures, and for the discoveries he made therewith in the field
of high pressure physics" 

Physics 1947
APPLETON, Sir EDWARD VICTOR, Great Britain, Department of Scientific and Industrial Research, London, b. 1892, d. 1965: 
"for his investigations of the physics of the upper atmosphere especially for the discovery of the so-called Appleton layer" 

Physics 1948
BLACKETT, Lord PATRICK MAYNARD STUART, Great Britain, Victoria University, Manchester, b. 1897, d. 1974: 
"for his development of the Wilson cloud chamber method, and his discoveries therewith in the fields of nuclear physics and
cosmic radiation" 

Physics 1949
YUKAWA, HIDEKI, Japan, Kyoto Imperial University and Columbia University, New York, NY, U.S.A., b. 1907, d. 1981: 
"for his prediction of the existence of mesons on the basis of theoretical work on nuclear forces" 

Physics 1950
POWELL, CECIL FRANK, Great Britain, Bristol University, b. 1903, d. 1969: 
"for his development of the photographic method of studying nuclear processes and his discoveries regarding mesons made
with this method" 

Physics 1951
The prize was awarded jointly to: 
COCKCROFT, Sir JOHN DOUGLAS, Great Britain, Atomic Energy Research Establishment, Harwell, Didcot, Berks., b. 1897,
d. 1967; and 
WALTON, ERNEST THOMAS SINTON, Ireland, Dublin University, b. 1903, d. 1995: 
"for their pioneer work on the transmutation of atomic nuclei by artificially accelerated atomic particles" 

Physics 1952
The prize was awarded jointly to: 
BLOCH, FELIX, U.S.A., Stanford University, Stanford, CA, b. 1905 (in Zurich, Switzerland), d. 1983; and 
PURCELL, EDWARD MILLS, U.S.A., Harvard University, Cambridge, MA, b. 1912, d. 1997: 
"for their development of new methods for nuclear magnetic precision measurements and discoveries in connection therewith" 

Physics 1953
ZERNIKE, FRITS (FREDERIK), the Netherlands, Groningen University, b. 1888, d. 1966: 
"for his demonstration of the phase contrast method, especially for his invention of the phase contrast microscope" 
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Physics 1954
The prize was divided equally between: 
BORN, MAX, Great Britain, Edinburgh University, b. 1882 (in Breslau, then Germany), d. 1970: 
"for his fundamental research in quantum mechanics, especially for his statistical interpretation of the wavefunction"; and 
BOTHE, WALTHER, Germany, Heidelberg University, Max-Planck Institut (former Kaiser-Wilhelm-Institut) für medizinische
Forschung, Heidelberg, b. 1891, d. 1957: 
"for the coincidence method and his discoveries made therewith" 
Physics 1955
The prize was divided equally between: 
LAMB, WILLIS EUGENE, U.S.A., Stanford University, Stanford, CA, b. 1913: 
"for his discoveries concerning the fine structure of the hydrogen spectrum"; and 
KUSCH, POLYKARP, U.S.A., Columbia University, New York, NY, b. 1911 (in Blankenburg, then Germany), d. 1993: 
"for his precision determination of the magnetic moment of the electron" 

Physics 1956
The prize was awarded jointly, one third each, to: 
SHOCKLEY, WILLIAM, U.S.A., Semiconductor Laboratory of Beckman Instruments, Inc., Mountain View, CA, b. 1910 (in
London, Great Britain), d. 1989; 
BARDEEN, JOHN, U.S.A., University of Illinois, Urbana, IL, b. 1908, d. 1991; and 
BRATTAIN, WALTER HOUSER, U.S.A., Bell Telephone Laboratories, Murray Hill, NJ, b. 1902, d. 1987: 
"for their researches on semiconductors and their discovery of the transistor effect" 

Physics 1957
The prize was awarded jointly to: 
YANG, CHEN NING, China, Institute for Advanced Study, Princeton, NJ, U.S.A., b. 1922; and 
LEE, TSUNG-DAO, China, Columbia University, New York, NY, U.S.A., b. 1926: 
"for their penetrating investigation of the so-called parity laws which has led to important discoveries regarding the elementary
particles" 

Physics 1958
The prize was awarded jointly to: 
CHERENKOV, PAVEL ALEKSEYEVICH, USSR, Physics Institute of USSR Academy of Sciences, Moscow, b. 1904, d. 1990; 
FRANK, IL'JA MIKHAILOVICH, USSR, University of Moscow and Physics Institute of USSR Academy of Sciences, Moscow, b.
1908, d. 1990; and 
TAMM, IGOR YEVGENYEVICH, USSR, University of Moscow and Physics Institute of USSR Academy of Sciences, Moscow,
b. 1885, d. 1971: 
"for the discovery and the interpretation of the Cherenkov effect" 

Physics 1959
The prize was awarded jointly to: 
SEGRÈ, EMILIO GINO, U.S.A., University of California, Berkeley, CA, b. 1905 (in Tivoli, Italy), d. 1989; and 
CHAMBERLAIN, OWEN, U.S.A., University of California, Berkeley, CA, b. 1920: 
"for their discovery of the antiproton" 

Physics 1960
GLASER, DONALD A., U.S.A., University of California, Berkeley, CA, b. 1926: 
"for the invention of the bubble chamber" 

Physics 1961
The prize was divided equally between: 
HOFSTADTER, ROBERT, U.S.A., Stanford University, Stanford, CA, b. 1915, d. 1990: 
"for his pioneering studies of electron scattering in atomic nuclei and for his thereby achieved discoveries concerning the stuc-
ture of the nucleons"; and 
MÖSSBAUER, RUDOLF LUDWIG, Germany, Technische Hochschule, Munich, and California Institute of Technology,
Pasadena, CA, U.S.A., b. 1929: 
"for his researches concerning the resonance absorption of gamma radiation and his discovery in this connection of the effect
which bears his name" 

Physics 1962
LANDAU, LEV DAVIDOVICH, USSR, Academy of Sciences, Moscow, b. 1908, d. 1968: 
"for his pioneering theories for condensed matter, especially liquid helium" 

375



Physics 1963
The prize was divided, one half being awarded to: 
WIGNER, EUGENE P., U.S.A., Princeton University, Princeton, NJ, b. 1902 (in Budapest, Hungary), d. 1995: 
"for his contributions to the theory of the atomic nucleus and the elementary particles, particularly through the discovery and
application of fundamental symmetry principles"; 
and the other half jointly to: 
GOEPPERT-MAYER, MARIA, U.S.A., University of California, La Jolla, CA, b. 1906 (in Kattowitz, then Germany), d. 1972; and 
JENSEN, J. HANS D., Germany, University of Heidelberg, b. 1907, d. 1973: 
"for their discoveries concerning nuclear shell structure" 
Physics 1964
The prize was divided, one half being awarded to: 
TOWNES, CHARLES H., U.S.A., Massachusetts Institute of Technology (MIT) , Cambridge, MA, b. 1915; and the other half
jointly to: 
BASOV, NICOLAY GENNADIYEVICH, USSR, Lebedev Institute for Physics, Akademija Nauk, Moscow, b. 1922; and 
PROKHOROV, ALEKSANDR MIKHAILOVICH, USSR, Lebedev Institute for Physics, Akademija Nauk, Moscow, b. 1916: 
"for fundamental work in the field of quantum electronics, which has led to the construction of oscillators and amplifiers based
on the maser-laser principle" 

Physics 1965
The prize was awarded jointly to: 
TOMONAGA, SIN-ITIRO, Japan, Tokyo, University of Education, Tokyo, b. 1906, d. 1979; 
SCHWINGER, JULIAN, U.S.A., Harvard University, Cambridge, MA, b. 1918, d. 1994; and 
FEYNMAN, RICHARD P., U.S.A., California Institute of Technology, Pasadena, CA, b. 1918, d. 1988: 
"for their fundamental work in quantum electrodynamics, with deep-ploughing consequences for the physics of elementary par-
ticles" 

Physics 1966
KASTLER, ALFRED, France, École Normale Supérieure, Université de Paris, b. 1902, d. 1984: 
"for the discovery and development of optical methods for studying hertzian resonances in atoms" 

Physics 1967
BETHE, HANS ALBRECHT, U.S.A., Cornell University, Ithaca, NY, b. 1906 (in Strasbourg, then Germany): 
"for his contributions to the theory of nuclear reactions, especially his discoveries concerning the energy production in stars" 

Physics 1968
ALVAREZ, LUIS W., U.S.A., University of California, Berkeley, CA, b. 1911, d. 1988: 
"for his decisive contributions to elementary particle physics, in particular the discovery of a large number of resonance states,
made possible through his development of the technique of using hydrogen bubble chamber and data analysis" 

Physics 1969
GELL-MANN, MURRAY, U.S.A., California Institute of Technology, Pasadena, CA, b. 1929: 
"for his contributions and discoveries concerning the classification of elementary particles and their interactions" 

Physics 1970
The prize was divided equally between: 
ALFVÉN, HANNES, Sweden, Royal Institute of Technology, Stockholm, b. 1908, d. 1995: 
"for fundamental work and discoveries in magneto-hydrodynamics with fruitful applications in different parts of plasma physics";
and 
NÉEL, LOUIS, France, University of Grenoble, Grenoble, b. 1904: 
"for fundamental work and discoveries concerning antiferromagnetism and ferrimagnetism which have led to important applica-
tions in solid state physics" 

Physics 1971
GABOR, DENNIS, Great Britain, Imperial College of Science and Technology, London, b. 1900 (in Budapest, Hungary), d.
1979: 
"for his invention and development of the holographic method" 
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Physics 1972
The prize was awarded jointly to: 
BARDEEN, JOHN, U.S.A., University of Illinois, Urbana, IL, b. 1908, d. 1991; 
COOPER, LEON N., U.S.A., Brown University, Providence, RI, b. 1930; and 
SCHRIEFFER, J. ROBERT, U.S.A., University of Pennsylvania, Philadelphia, PA, b. 1931: 
"for their jointly developed theory of superconductivity, usually called the BCS-theory" 

Physics 1973
The prize was divided, one half being equally shared between: 
ESAKI, LEO, Japan, IBM Thomas J. Watson Research Center, Yorktown Heights, NY, U.S.A., b. 1925; and 
GIAEVER, IVAR, U.S.A., General Electric Company, Schenectady, NY, b. 1929 (in Bergen, Norway), 
"for their experimental discoveries regarding tunneling phenomena in semiconductors and superconductors, respectively" 
and the other half to: 
JOSEPHSON, BRIAN D., Great Britain, Cambridge University, Cambridge, b. 1940: 
"for his theoretical predictions of the properties of a supercurrent through a tunnel barrier, in particular those phenomena which
are generally known as the Josephson effects" 

Physics 1974
The prize was awarded jointly to: 
RYLE, Sir MARTIN, Great Britain, Cambridge University, Cambridge, b. 1918, d. 1984; and 
HEWISH, ANTONY, Great Britain, Cambridge University, Cambridge, b. 1924: 
"for their pioneering research in radio astrophysics: Ryle for his observations and inventions, in particular of the aperture syn-
thesis technique, and Hewish for his decisive role in the discovery of pulsars" 

Physics 1975
The prize was awarded jointly to: 
BOHR, AAGE, Denmark, Niels Bohr Institute, Copenhagen, b. 1922; 
MOTTELSON, BEN, Denmark, Nordita, Copenhagen, b. 1926 (in Chicago, U.S.A.); and 
RAINWATER, JAMES, U.S.A., Columbia University, New York, NY, b. 1917, d. 1986: 
"for the discovery of the connection between collective motion and particle motion in atomic nuclei and the development of the
theory of the structure of the atomic nucleus based on this connection" 

Physics 1976
The prize was divided equally between: 
RICHTER, BURTON, U.S.A., Stanford Linear Accelerator Center, Stanford, CA, b. 1931; 
TING, SAMUEL C. C., U.S.A., Massachusetts Institute of Technology (MIT), Cambridge, MA, (European Center for Nuclear
Research, Geneva, Switzerland), b. 1936: 
"for their pioneering work in the discovery of a heavy elementary particle of a new kind" 

Physics 1977
The prize was divided equally between: 
ANDERSON, PHILIP W., U.S.A., Bell Laboratories, Murray Hill, NJ, b. 1923; 
MOTT, Sir NEVILL F., Great Britain, Cambridge University, Cambridge, b. 1905, d. 1996; and 
VAN VLECK, JOHN H., U.S.A., Harvard University, Cambridge, MA, b. 1899, d. 1980: 
"for their fundamental theoretical investigations of the electronic structure of magnetic and disordered systems" 

Physics 1978
The prize was divided, one half being awarded to: 
KAPITSA, PYOTR LEONIDOVICH, USSR, Academy of Sciences, Moscow, b. 1894, d. 1984: 
"for his basic inventions and discoveries in the area of low-temperature physics"; 
and the other half divided equally between: 
PENZIAS, ARNO A., U.S.A., Bell Laboratories, Holmdel, NJ, b. 1933 (in Munich, Germany); and 
WILSON, ROBERT W., U.S.A., Bell Laboratories, Holmdel, NJ, b. 1936: 
"for their discovery of cosmic microwave background radiation" 
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Physics 1979
The prize was divided equally between: 
GLASHOW, SHELDON L., U.S.A., Lyman Laboratory, Harvard University, Cambridge, MA, b. 1932; 
SALAM, ABDUS, Pakistan, International Centre for Theoretical Physics, Trieste, and Imperial College of Science and
Technology, London, Great Britain, b. 1926, d. 1996; and 
WEINBERG, STEVEN, U.S.A., Harvard University, Cambridge, MA, b. 1933: 
"for their contributions to the theory of the unified weak and electromagnetic interaction between elementary particles, includ-
ing inter alia the prediction of the weak neutral current" 

Physics 1980
The prize was divided equally between: 
CRONIN, JAMES, W., U.S.A., University of Chicago, Chicago, IL, b. 1931; and 
FITCH, VAL L., U.S.A., Princeton University, Princeton, NJ, b. 1923: 
"for the discovery of violations of fundamental symmetry principles in the decay of neutral K-mesons" 
Physics 1981
The prize was awarded by one half jointly to: 
BLOEMBERGEN, NICOLAAS, U.S.A., Harvard University, Cambridge, MA, b. 1920 (in the Netherlands); and 
SCHAWLOW, ARTHUR L., U.S.A., Stanford University, Stanford, CA, b. 1921, d. 1999: 
"for their contribution to the development of laser spectroscopy"; 
and the other half to: 
SIEGBAHN, KAI M., Sweden, Uppsala University, Uppsala, b. 1918: 
"for his contribution to the development of high-resolution electron spectroscopy" 

Physics 1982
WILSON, KENNETH G., U.S.A., Cornell University, Ithaca, NY, b. 1936: 
"for his theory for critical phenomena in connection with phase transitions" 

Physics 1983
The prize was awarded by one half to: 
CHANDRASEKHAR, SUBRAMANYAN, U.S.A., University of Chicago, Chicago, IL, b. 1910 (in Lahore, India), d. 1995: 
"for his theoretical studies of the physical processes of importance to the structure and evolution of the stars" 
and by the other half to: 
FOWLER, WILLIAM A., U.S.A., California Institute of Technology, Pasadena, CA, b. 1911, d. 1995: 
"for his theoretical and experimental studies of the nuclear reactions of importance in the formation of the chemical elements in
the universe" 

Physics 1984
The prize was awarded jointly to: 
RUBBIA, CARLO, Italy, CERN, Geneva, Switzerland, b. 1934; and 
VAN DER MEER, SIMON, the Netherlands, CERN, Geneva, Switzerland, b. 1925: 
"for their decisive contributions to the large project, which led to the discovery of the field particles W and Z, communicators of
weak interaction" 

Physics 1985
VON KLITZING, KLAUS, Federal Republic of Germany, Max-Planck-Institute for Solid State Research, Stuttgart, b. 1943: 
"for the discovery of the quantized Hall effect" 

Physics 1986
The prize was awarded by one half to: 
RUSKA, ERNST, Federal Republic of Germany, Fritz- Haber-Institut der Max-Planck-Gesellschaft, Berlin, b. 1906, d. 1988: 
"for his fundamental work in electron optics, and for the design of the first electron microscope" 
and the other half jointly to: 
BINNIG, GERD, Federal Republic of Germany, IBM Zurich Research Laboratory, Rüschlikon, Switzerland, b. 1947; and 
ROHRER, HEINRICH, Switzerland, IBM Zurich Research Laboratory, Rüschlikon, Switzerland, b. 1933: 
"for their design of the scanning tunneling microscope" 

Physics 1987
The prize was awarded jointly to: 
BEDNORZ, J. GEORG, Federal Republic of Germany, IBM Research Laboratory, Rüschlikon, Switzerland, b. 1950; and 
MÜLLER, K. ALEXANDER, Switzerland, IBM Research Laboratory, Rüschlikon, Switzerland, b. 1927: 
"for their important breakthrough in the discovery of superconductivity in ceramic materials" 
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Physics 1988
The prize was awarded jointly to: 
LEDERMAN, LEON M., U.S.A., Fermi National Accelerator Laboratory, Batavia, IL, b. 1922; 
SCHWARTZ, MELVIN, U.S.A., Digital Pathways, Inc., Mountain View, CA, b. 1932; and 
STEINBERGER, JACK, U.S.A., CERN, Geneva, Switzerland, b. 1921 (in Bad Kissingen, FRG): 
"for the neutrino beam method and the demonstration of the doublet structure of the leptons through the discovery of the muon
neutrino" 

Physics 1989
The prize was awarded by one half to: 
RAMSEY, NORMAN F., U.S.A., Harvard University, Cambridge, MA, b. 1915: 
"for the invention of the separated oscillatory fields method and its use in the hydrogen maser and other atomic clocks" 
and the other half jointly to: 
DEHMELT, HANS G., U.S.A., University of Washington, Seattle, WA, b. 1922 (in Görlitz, Germany); and 
PAUL, WOLFGANG, Federal Republic of Germany, University of Bonn, Bonn, b. 1913, d. 1993: 
"for the development of the ion trap technique" 

Physics 1990
The prize was awarded jointly to: 
FRIEDMAN, JEROME I., U.S.A., Massachusetts Institute of Technology, Cambridge, MA, b. 1930; 
KENDALL, HENRY W., U.S.A., Massachusetts Institute of Technology, Cambridge, MA, b. 1926, d. 1999; and 
TAYLOR, RICHARD E., Canada, Stanford University, Stanford, CA, U.S.A., b. 1929: 
"for their pioneering investigations concerning deep inelastic scattering of electrons on protons and bound neutrons, which
have been of essential importance for the development of the quark model in particle physics" 

Physics 1991
de GENNES, PIERRE-GILLES, France, Collège de France, Paris, b. 1932: 
"for discovering that methods developed for studying order phenomena in simple systems can be generalized to more complex
forms of matter, in particular to liquid crystals and polymers" 

Physics 1992
CHARPAK, GEORGES, France, École Supérieure de Physique et Chimie, Paris and CERN, Geneva, Switzerland, b. 1924 ( in
Poland): 
"for his invention and development of particle detectors, in particular the multiwire proportional chamber" 

Physics 1993
The prize was awarded jointly to: 
HULSE, RUSSELL A., U.S.A., Princeton University, Princeton, NJ, b. 1950, and 
TAYLOR Jr., JOSEPH H., U.S.A., Princeton University, Princeton, NJ, b. 1941: 
"for the discovery of a new type of pulsar, a discovery that has opened up new possibilities for the study of gravitation" 

Physics 1994
The prize was awarded 
"for pioneering contributions to the development of neutron scattering techniques for studies of condensed matter" 
by one half to: BROCKHOUSE, BERTRAM N., Canada, McMaster University, Hamilton, Ontario, b. 1918: 
"for the development of neutron spectroscopy" 
and by the other half to: SHULL, CLIFFORD G., U.S.A., Massachusetts Institute of Technology, Cambridge, MA, b. 1915: 
"for the development of the neutron diffraction technique" 

Physics 1995
The prize was awarded 
"for pioneering experimental contributions to lepton physics" 
with one half to: PERL, MARTIN L., U.S.A., Stanford University, Stanford, CA, U.S.A., b. 1927, 
"for the discovery of the tau lepton" 
and with one half to: REINES, FREDERICK, U.S.A., University of California at Irvine, Irvine, CA, U.S.A., b. 1918, d. 1998: 
"for the detection of the neutrino" 

Physics 1996
The prize was awarded jointly to: 
LEE, DAVID M., U.S.A., Cornell University, Ithaca, NY, U.S.A., b. 1931; 
OSHEROFF, DOUGLAS D., U.S.A., Stanford University, Stanford, CA, U.S.A., b. 1945; and 
RICHARDSON, ROBERT C., U.S.A., Cornell University, Ithaca, NY, U.S.A, b. 1937: 
"for their discovery of superfluidity in helium-3" 
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Physics 1997
The prize was awarded jointly to: 
CHU, STEVEN, U.S.A., Stanford University, Stanford, California, U.S.A., b. 1948; 
COHEN-TANNOUDJI, CLAUDE, France, Collège de France and École Normale Supérieure, Paris, France, b. 1933; and 
PHILLIPS, WILLIAM D., U.S.A., National Institute of Standards and Technology, Gaithersburg, Maryland, U.S.A, b. 1948: 
"for development of methods to cool and trap atoms with laser light" 

Physics 1998
The prize was awarded jointly to:
LAUGHLIN, ROBERT B., U.S.A., Stanford University, Stanford, CA, U.S.A., b. 1950; 
STÖRMER, HORST L., Germany, Columbia University, New York, NY and Bell Labs, NJ, USA b. 1949; and 
TSUI, DANIEL C., U.S.A., Princeton University, Princeton, NJ, U.S.A, b. 1939: 
"for their discovery of a new form of quantum fluid with fractionally charged excitations" 

Physics 1999
The prize was awarded jointly to:
't HOOFT, GERADDUSG, Netherlands, University of Utrecht, Utrecht, the Netherlands, b. 1946; and  
VELTMAN, MARTINUS J.G., Netherlands, University of Michigan, USA, b. 1931:
"for elucidating the quantum structure of electroweak interactions in physics" 

Physics 2000 
The prize was awarded with one half jointly to:
ALFEROV, ZHORES IVANOVICH, Russia, A.F. Ioffe Physico-Technical Institute, St. Petersburg, Russia, b. 1930; 
KROEMER, HERBERT, Federal Republic of  Germany, University of California at Santa Barbara, California, USA, b. 1928: 
"for developing semiconductor heterostructures used in high-speed- and optoelectronics"; 
and one half to 
KILBY, JACK ST. CLAIR, USA, Texas Instruments, Dallas, Texas, USA, b. 1923, d. 2005:
"for his part in the invention of the integrated circuit"

Physics 2001 
The prize was awarded jointly to:
CORNELL, ERIC ALLIN, USA, JILA and National Institute of Standards and Technology (NIST), Boulder, Colorado, USA, b.
1961;
KETTERLE, WOLFGANG, Federal Republic of Germany, Massachusetts Institute of Technology (MIT), Cambridge,
Massachusetts, USA, b. 1957;
WIEMAN, CARL EDWIN, USA, JILA and University of Colorado, Boulder, Colorado, USA, b. 1951: 
"for the achievement of Bose-Einstein condensation in dilute gases of alkali atoms, and for early fundamental studies of the
properties of the condensates" 

Physics 2002
The prize was awarded with one half jointly to: 
DAVIS, RAYMOND Jr., USA, Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, USA, b. 1914,
d. 2006;
KOSHIBA, MASATOSHI, Japan, International Center for Elementary Particle Physics, University of Tokyo, Japan, b. 1926: 
"for pioneering contributions to astrophysics, in particular for the detection of cosmic neutrinos"; 
and one half to
GIACCONI, RICCARDO, USA, Associated Universities Inc., Washington DC, USA, Associated Universities Inc., Washington
DC, USA, b. 1931:
"for pioneering contributions to astrophysics, which have led to the discovery of cosmic X-ray sources"

Physics 2003 
The prize was awarded jointly to:
ABRIKOSOV, ALEXEI ALEXEEVICH, USA and Russia, Argonne National Laboratory, Argonne, Illinois, USA, b. 1928;
GINZBURG, VITALY LAZAREVICH, Russia, P.N. Lebedev Physical Institute, Moscow, Russia, b. 1916; and
LEGGETT, ANTHONY JAMES, UK and USA, University of Illinois, Urbana, Illinois, USA. b. 1938: 
"for pioneering contributions to the theory of superconductors and superfluids" 
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Physics 2004 
The prize was awarded jointly to:
GROSS, DAVID J., USA, Kavli Institute for Theoretical Physics, University of California, Santa Barbara, USA, b. 1941;
POLITZER, H. DAVID, USA, California Institute of Technology (Caltech), Pasadena, USA, b. 1949; and
WILCZEK, FRANK, USA, Massachusetts Institute of Technology (MIT), Cambridge, USA, b. 1951: 
"for the discovery of asymptotic freedom in the theory of the strong interaction"

Physics 2005 
The prize was awarded with one half  to:
GLAUBER, ROY J., USA, Harvard University, Cambridge, MA, USA, b. 1925: 
"for his contribution to the quantum theory of optical coherence" ; and one half  jointly to
HALL, JOHN L., USA, JILA, University of Colorado and National Institute of Standards and Technology, Boulder, CO, USA, b.
1934; and
HANSCH, THEODOR W., Germany, Max-Planck-Institut f?r Quantenoptik, Garching and Ludwig-Maximilians-Universit?t,
Munich, Germany, b. 1941: 
"for their contributions to the development of laser-based precision spectroscopy, including the optical frequency comb tech-
nique"

Physics 2006 
The prize was awarded jointly to:
MATHER, JOHN C., USA, NASA Goddard Space Flight Center, Greenbelt, MD, USA, b. 1946; and
SMOOT, GEORGE F., USA, University of California, Berkeley, CA, USA, b. 1945: 
"for their discovery of the blackbody form and anisotropy of the cosmic microwave background radiation"

Physics 2007 
The prize was awarded jointly to:
FERT, ALBERT, France, Unite Mixte de Physique CNRS/THALES, Universite Paris-Sud, Orsay, France, b. 1938; and
GRUNBERG, PETER, Germany, Forschungszentrum J?lich, Germany, b. 1939: 
"for the discovery of giant magnetoresistance" 
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