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� V<U¥cdFgaiaiVTQ<XYwyxyQ
	�{1FHU�� `ORGJb<FgQ2wyFHUW�HFgUiUiVTQ<XyFHQ8aoefFHbTFHQ µ�FHb<UWFHUiFZ ¡FHUot�ORb<UWFHQ��gV<U  ¡FHUWt `V"¦
XyV<QTX<@ � V<µ³FHnLQTFHQ9Xynp{TePFga xyETefnpaiGJb<F� ¡FgUWt�ORbTUiFHQYM npF�S<npFZDAE1FHGJI/KLF ¦�©�Q2efFgUWt!FHUWxyµ�FgefUWnLF�x"S<FgU
DAE1FHGJI/KLF ¦��xyKLxyXRUfORE<bTnLFR@ D"nLF�XyFgaWeJO6eiefFgQ�S<npF�ainpµ¶V<KpefORQ<F�«¥VTt!QsORbTµ�FZS<FgU  ¡FgUWt!xyUWµ¶V<Q<X�S<FgU
XyFgafORµ-eiFHQ�	�{1FHU��&`ORGJb<Fu@rqrnLQ<F´XyFHQsOuV<F �hFgaWefnpµ�µ-V<Q<X�S<FHa�KpxyI6ORKLFgQ ��UfOuS<nLFgQ/eiFHQ¶STFHU�	�{1FHU ¦
� `ORGJbTF\npaWe¥OR{1FHU n§@mOT@ Q<nLGJb2e¥µ `xyXRKLnLGJb�@¡�hFHn({1FgM´FHXReiFHQ�	�{1FHU�� `ORGJb<FHQdainpQ<S�S<npFHaWFZ ¡FNt�ORb<UWFHQ
`V<{1FHUWbsORV<ETe�Q<npGJb2e¬OuQ/M´FHQTS<{sORUg@
� V<µ ORQ<S<FgUiFHQ8Xynp{Te¥FHa�µ�FHGJbsORQTnLaiGJbTF- ¡FHUot�ORb<UiFgQ���M npF¶�R@m�¬@ ��Fgb<Q/V<Q<XyaWµ�F��yaWeiUiFgnpt!FHQ��

V<µ 	�{zFgU�� `ORGJbTFHQ2wyFgUWt!xyUWµ¶V<Q<XyFgQ t!FHaWeiaWeiFHKLKpFHQ �gV I `xRQ<Q<FHQ�@���nLFgaiFd ¡FgUWt�ORbTUiFHQ aWnLQ<S ORVTt
M´FHQ<npXyFHQ c�OueiFHUinLORKLnpFHQ�VTQ<S8«¬Q2MhFgQ<S<V<QTXyaiXyFg{<nLFNefF�{zFgaiGJb<U `ORQ<I2e5@²«¬VTGJb±{1FHnrS<npFHaWFHQ  ¡FHU ¦
t�ORb<UWFHQ±nLaWeZFgnLQ<F�KLxRIuOuKLF·�hFgaWeinLµ�µ¶V<Q<X�S<FHa ��UfORS<npFHQ2efFgQ±QTnLGJb2e-x"S<FgU[Q/V<U[aiFgb<U[V<Q<XyFgQsORV
µ `xyXyKLnpGJb @

cdnpe¶S<FHU·npQ S<nLFgaiFHU·«¥Ui{1FHnCe·{zFgaiGJb<UWnLFg{zFgQ<FHQ cdF��yµ�Fgeib<x"S<F9nLaoe·S<nLF {zFgU `V<b<UWV<Q<XyaWKLxyaWF
V<Q<S-�HFHUWaWe `xyUiV<QTXyaWt!UWFHnLF cdFHaWaiV<Q<X�wRxyQ ��FHaWGJb/M npQ<S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ¶wRxyQ¶S<n���V<aWFHQ�	�{1FHU ¦
� `ORGJbTFHQ·µ `xyXyKLnpGJb @&��nLF¡S<n���V<aWF�	�{1FHU�� `ORGJb<FhM npUiS-S<OR{zFgnAµ�npe&Iuxyb `ORUWFHQ2efFgµ���nLGJb2e�{1FHKpFHV<GJb"¦
efFNe5@

©�µ ��FHXyFgQ<afO6ef�²�HV8{<npaib<FgUinLXRFHQ� ¡FHUot�ORb<UWFHQ�� M´xªS<nLF·aoefUiFgV<FHQTS<F�	�{1FHU��&`ORGJb<F�ORVAt´STFHQ
��FgeiFHI2efxRU OR{<XyFg{<nLKpS<FgehM V<UiS<F ��cdFHaWaiV<QTX�npµ"!¥ORbTt!FgKLS$#%�TFHUot!xyKLXuePS<npF�«¬VTt!Q<ORb<µ�F�S<FHaPwRxyQ
S<FgU&	�{zFgU�� `ORGJbTF·XyFHaoefUiFgVTefFgQ'�(npGJb2efFHa¬nLµ ¸sFHUiQAt!FHKLS���aix SsO(�YS<FgU�«¬{TaWeJOuQ<S wyxyµ�cdF��Ra�)2¦
aWeiFHµ �HVTUhaWeiUiFgV<FHQ<STFHQ*	�{zFgU�� `ORGJbTF¬Q<npGJb/e´wyxyUWXyFHXRFH{1FHQYnpaWe5@���nLF¥cdF��Rµ�FNefb<x"S<F¬npaWe´SsORµ�npe
QsORbTFH�HVdV<QsOR{Tb `ORQ<XynpX¶wyxyQdS<FHU���FHaWGJb/M npQ<S<npXyIRFgnpe�S<FHU+	�{1FHU�� `ORGJb<FR@

��FHU��HV µ�FHaiaWFHQ<STF �ZFgaiGJb2M nLQTS<nLXyIuFHnCefaiXRUfORS<npFHQ2eYwRFHUiVTUiafOuGJb/eªFgnLQ<F-,
OuQ<S<FHUWV<Q<X S<Fga
D"eiUiFHVTKLnLGJb2eiµ¶V<aWeiFHUWa9nLQ S<FgU9�hFgxy{sORGJb2efVTQ<XyaiFg{zFgQ<F nLµ ¸sFHUiQAt!FHKLS�@�qra9I `xRQ<Q<FHQ�FgnLQ<�gFHKLQTF
��xyµ�EzxyQTFHQ2efFgQ xAS<FgU�FHnpQ<F.��nLQTF5ORUWIRxyµ¶{TnLQsOueinLxyQTFHQdwRxyQ ��xyµ�E1xyQ<FgQ2efFHQ STFHa ��FHaiGJb2M npQA¦
S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ2efFgQ<aixRUia/��OR{Tb `ORQ<XynpX wyxRQ STFHU�D"eiUiFHVTXyFHxyµ�FgeiUinpF0#�STFHUª� x2OuefnpxyQ�� S<FgU
��FHbTQ"VTQ<X�VTQ<SdSTFHU��hnLFgXyV<Q<X*�!FHnLQTaiGJb<KpnLF��RKLnLGJb9STFHU _�xRUiainpxyQ$#hXyFgµ�FgaiaWFHQdM´FHUWS<FHQ�@
� V<U·«¬VAt!QsORb<µ�F9S<FHa�D/efUiFgV<KLnpGJb2efFHa²I6ORQ<QjFgnLQ<FYIuxyQ2wyFgQ/einLxyQTFHKLKpF*1�1P�¥¦ �ZORµ�FHUfO�wyFHU ¦

M´FHQ<S<FNe-M´FHUWS<FHQ @ � V<UZ�hFgaWefnpµ�µ-V<Q<XªFHnpQ<FHU ��FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ<Iuxyµ�E1xyQ<FgQ2efF
M´FHUiSTFHQªQ/V<Uh�NMhFgn�nLQ FHnLQTFHµ I/V<Ui�gFHQ9«¬{TaWeJOuQ<SªORVTt!XyFgQ<xyµ�µ�FgQ<F¥�hnLKpS<FHU¡S<Fga D"efUWFHV<KpnLGJb2efFga
{1FHQ(`xReinLXRe��(S<nLF�SsORQ<Q±IRxyUWUiFgKLnLFgUWeZM´FHUiSTFHQ @ª«¬VTa\S<npFHaWFHU[aixyXyFgQsORQ<Q2eiFHQj��UiFgV<�HIuxyUiUWFHKO6efnLxRQ
FHUWb(`ORKCe µ ORQ�SsORQTQdV<Q2eiFHU��´FHUu`VTGJI"aWnLGJb2efnpXyV<Q<X�S<FHU¬D"eiUiFHVTXyFHxyµ�FgeiUinpF�S<nLUWFHI2e¬STnLF ��UfORS<npFHQA¦
efFgQ<IRxRµ�E1xyQ<FgQ/eiF2�!xASTFHU FHnpQ<F3��nLQ<FHORUiIuxyµ¶{<npQsOuefnpxyQ wRxyQ���xyµ�E1xyQ<FHQ2eiFHQ$# @

«¬Q2M´FHQ<S<VTQ<X¬I6ORQ<QZS<npFHaWF cdF��yµ�Fgeib<x"S<Fr�R@m�¬@�nLQ�STFHU�nLQTS<V<aWeiUinpFHKLKpFHQ4,±FHUWI/aWefx5��E<U `VTt!V<Q<X
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� Q<STFHQ��<M´x·S<nLF���xRefOuefnpxyQ<aWXyFHaWGJb/M npQ<S<npXyIRFgnpe � !¥FgnLXyV<QTX¶xASTFHU ��Fgb<Q/V<Q<X·wyxyQ/�!{zFNMhFgXRefFgQ$#
c�ORaWGJb<nLQTFHQ2efFgnLKLFgQ {zFgaWeinLµ�µ-e¬M´FHUWS<FHQ8µ¶V �T@Z¸ `V<U�S<npF¶��Fgb<Q/V<Q<XyaWµ�FgaiaiVTQ<X�M VTUiS<FgQ {TnLao¦
b<FgU¬xRtve¬��FHb<Q/V<QTXyaiµ�F��yaoefUWFHnpt!FgQ�wyFgUWM´FHQ<STFge5@���nLFHaWF-µ `V<aiaWFHQ Ou{zFgU¥S<npUiFgI/e�ORVTtrSTFHQ �rUix6¦
{1FHQ<I `xyUWEzFgU ORVAt!XyFH{<UiORGJb2e ��XyFgI"KpFH{Te #�MhFgUiS<FgQ��RMhORa({zFgnywAnpFHKpFHQ-c�OuefFgUinLORKLnpFHQ��!�R@m�¬@ �ZV<µ�µ�n #
Q/V<U aiGJb2M´FHU¬x"S<FgU�XyORU Q<nLGJb2e�µ `xyXyKLnpGJbYnLaoe5@

©�Q�STFHQ�t!xyKLXyFgQ<S<FgQ��ZORETnpefFgKLQ M´FHUWS<FHQ�S<nLF ��UiV<QTS<KORXRFHQ��¬D"e `xRUWt�ORI2efxRUiFHQ V<Q<S �rUix6¦
{<KpFHµ�F�S<nLFgaiFgU�cdFgeib<xASTF {zFgaiGJb<UWnLFH{1FHQ�@ ��nLF�npQ S<FHU9STnLFHaWFHU9«¥Ui{1FHnpeYXyFHµ�FHaWaiFHQTFHQ ��FN¦
aiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ<Iuxyµ�E1xyQ<FgQ2efFHQ8M´FHUiSTFHQ nLQ8�ZORE<nCefFHK�lYµ�npe�STFHQ �ZUWV<Q<S<KLORXyFgQ
S<FgU efFgGJb<Q<nLaWGJb<FHQ�cdFgGJbsORQ<npI ��¸sFHaWeinLXyIuFHnCefaiKpFHb<UWF0#²{zFgUiFHGJbTQ<FgeH@�©�Q �ZORE<npeiFHK�| M nLUWS S<FgU
� V<aiORµ�µ�FHQTbsORQ<Xd�gM nLaWGJb<FHQjS<Fgµ ��FHaWGJb2M nLQ<S<npXyIRFgnpeiaiXyUiORS<nLFgQ2efFHQjV<QTS S<FHU3,
ORQTS<FHUWV<Q<X
S<Fga�D"eiUiFHVTKLnLGJb2eiµ¶V<aWeiFHUWa¬nLQ�«¬{Tb `ORQ<XynpXyIRFgnpe�wyxyQdS<FHU�wyFgUWM´FHQ<S<FNefFgQ D/efUiFgV<XyFgxyµ�FNefUWnLF[b<FHU ¦
XyFgaWefFgKLKCe5@

��nLFP�gV<U�«¥V<aWM´FHUoefV<Q<X\S<FHUrcdFHaWaiV<Q<XRFHQ {1FHQ `xRefnpXRefF ��UWFHV<�gIRxyUWUiFHKLOuefnpxyQ<aot!V<Q<I2efnpxyQ-M nLUWS
nLQ
�[OuE<npeiFHKh]�Q `ORb<FgU¶{zFNefUiORGJb2efFge²VTQ<S t `V<U¶S<npFHaiF9cdF��yµ�Fgeib<x"S<FYxyETeinLµ�nLFgUWe5@��ZORE<npeiFHK´�
{1Fgt�O(�Re´ainpGJb aWGJb<KLnpF��yKpnLGJb�µ�nCe¡S<FHQYF�AEzFgUinLµ�FHQ2eiFHKLKpFHQ�«¬V<aoMhFgUWeiV<Q<XyFgQ�VTQ<SYS<Fgµ  ¡FgUiXyKpFHnpGJb
wyxRQ {zFgUiFHGJbTQ<FgeiFHQjV<Q<S
XRFHµ�FHaiaWFHQ<FgQ �ZFgaiGJb2M nLQ<STnLXyIuFHnpeiaiXyUiORS<npFHQ2efFgQ<IRxyµ�E1xyQ<FHQ2eiFHQ��¡V<µ
SsORµ�npePS<nLF���VsORKpnpe `OuePS<FgU¥cdF��yµ�Fgeib<x"S<FZV<Q<S�S<FHUWFHQ�«¥Q2MhFgQ<S<{sORUWIRFgnpe¥�HV�S<nLaWI"VAefnLFgUiFgQ @
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��nLF ��UiV<QTS<KORXRF S<FHU��ZUiORS<nLFgQ2efFHQTµ�FgaiaiVTQ<X�wRxyQ�wRFHUi�gFHUWUWefFgQ�V<Q<S�UixReinLFHUWFHQ<STFHQ 	�{1FHU ¦
� `ORGJbTFHQ�M npUiSjS<V<UWGJb�FgnLQ<FdcdF��yµ�FgefbTxAS<FªOuV<a²S<FHU�D"eiU `xyµ¶VTQ<Xyaiµ�FHGJb<ORQ<nLI XyFH{<npKLS<FNe%$ B�&§@
��xyUoe¬{sOuainLFgUWe¥S<nLF-cdFgaiaiVTQ<X9S<FHa �ZUiORS<nLFgQ2efFHQ�ORVTtrSTFHµ � V<afORµ�µ�FHQ<bsOuQ<X��NM nLaWGJb<FHQ8S<FgU
��FHaiGJb2M npQ<S<nLXRIRFHnCe¬FgnLQ<Fga¬aoeJOueinLaWeinLaWGJb<FHQ�D"efUWFHV<KpnLGJb2efµ¶VTaWefFgUia ��S<Fga�DAE1FHGJI/KLFg{<nLKpS<FHa # �swyFgUiV<U ¦
afOuGJb/ehS<V<UWGJb �(npGJb2efaWeiUiFgV<V<Q<X·OuQ aWeiU `xyµ�FHQTS<FHQ�� `xyUoefKLnpGJb�aoeJOueinLaoefnLaWGJb�wRFHUWeiFHnpKpefFgQY��ORUWeinLIRFgKLQ��
V<Q<S�S<Fgµ �ZUiORS<npFHQ2efFgQ/eiFHQ<aWxyU�S<FHa aWeiU `xyµ�FHQTS<FHQ�¸ KLV<npS<a&�!«¬{<{<npKLS<VTQ<X�?A@CB #N@

��nLF�D"eiUiFHVAefFHnpKLGJb<FgQ±M´FHUWS<FHQ
STV<UiGJb
FgnLQ<F²Fg{zFgQ<F�,±FHKpKLF�'(*) {zFgKLFgV<GJb2efFgeH@9«¬KpKLF�D"eiUiFHV"¦
KLnpGJb2efIRxRµ�E1xyQ<FgQ/eiFHQ+'(*, M´FHUiSTFHQ9wyxyQ9FgnLQ<FgU ��nLQTaiF(�"S<FgUiFHQ9«¥{<aWefORQ<S9�gV<µ¢�´FHxy{sOuGJb/eiV<Q<Xya ¦
aiGJbTnLUiµ �¢XRKLFHnpGJb�STFHUiFgQ��hUiFgQ<Q2MhFgnpeiF�t�nLaoe �Pnpµ �rV<Q<I2eª� nLQ S<FHU �hx"FH{sORGJb2eiV<Q<XyaWFH{1FN¦
Q<F-� OR{<XRFH{<npKLS<FNe5@ ��nLF[�hFgxy{sORGJb2eiV<Q<XyaWFH{1FHQ<F·FgQ/eiaiE<UWnLGJb2e�S<Fgµ ¸=FgUiQTt!FgKLS ��¸sUfOuV<FHQ<bTxRt!FHU ¦
� FHXynpxyQ$#N@

��nLFª«¬µ�E<KpnpefVTS<FYS<FgUYD"eiUiFgV<KLnpGJb/e�M´FHKpKLFgQ�ORµ 	�Uoe ��K�`O(�Re²aWnLGJb�SsORQ<Q aiGJb<UWFHnp{zFgQ ORKLa`- {1FHUWKORXRFHUiVTQ<X�ORKLKpFHUPXyFgaWeiUiFHVAefFHQ-, FgKLKpFHQ/.
021 � '35476 #98 :<; 0>= � '? ; #A@CB

;EDGFCHJILKMON DPHJQRKS IUT�Q ��?A@pB0#
µ�nCe '3 8 '(*)WV '(*, ��?A@¤?(#

��FHU4,±FHKpKLFgQ/wRFHI2efxRU�S<FHU�FgnLQTt�ORKpKLFgQ<S<FHQ*, FgKLKLFX'(*) aixRKLK�t!FgaWeiXyFHbsOuKpefFgQ�MhFgUiS<FgQ @ ,±FHXRFHQYYY '(*) YYY 8 YYY '(*, YYY 8 ?[Z]\_^�µ `VTaiaiFgQ OuKLKLF�XyFHaoefUiFgVTefFgQ� ¡FgI/eixyUiFgQ`'(*, OuVTt¶FgnLQ<FgUª�ZVTXyFHK �¬S<FgU
aixRXyFHQ<Q<ORQ2efFHQ�q�MPORKpS<I/V<XyFgK&KpnLFgXyFHQ'�!ainLFgb<FZ«¬{<{TnLKLSTV<Q<X�?A@^? #

��nLF[©�Q2efFHQTainpe `Oue ab8 0c0ed STnLFHaWFHUZD/efUiFgV<KLnpGJb2e�MhFgKLKLFgQ�ORQ�S<FHQ8�rV<Q<I2eiFHQ8� S<FHa��hFHxy{"¦
ORGJb2efVTQ<XyaiaWGJb<nLUWµ�a¬{<nLKpS<Fge �gV<afORµ�µ�FHQ�S<ORa¬aWxyXyFHQ<ORQ<Q2efF¶DAEzFgGJI/KLFH{TnLKLSdV<Q<Sdµ�nCe 02= � '? ; #gf02= � '?ih #j8 02= t!xRKLXRe�.

a 1 � '3k476 #jl : ; : h @CB
;mKS DnKMoN DPHJQ B KMEp DqHJQrQ ��?A@^l #

��ORa¡nC¦§efF�D"eiUiFgVTefFgnLKLGJbTFHQ {1F � Q<S<Fge´ainpGJb Ouµ 	�Uoe '? ; V<Q<S�{zFNMhFgXRePaWnLGJb�µ�nCe¡S<FHU ��FHaiGJb2M npQA¦S<npXyIRFgnpe

]
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Einfallende Lichtwelle

Beobachtungsebene B

«¥{<{<nLKpS<V<Q<X�?A@CB*.r«¥KLKLXRFHµ�FHnLQTFHa D"eiUiFgV<F �AE1FHUinpµ�FgQ2e¬OuQd{1FgM´FHXReiFHQ�� ORUoefnLIuFHKpQ

'� ; 8 '� =��
	� '? ; ��?A@m| #
��FHU�_�FgQ<aixRU 	� nLaoe¬S<FgU.�!b<nLFgU¬ORKpa U `ORV<µ�KLnpGJbdVTQ<S��HFgnpeiKLnLGJb�IRxRQ<aWefORQ2eZORQ<XyFgQ<xyµ�µ�FgQ<F0#

��FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ2efFgQ<aixyUg@ !¥ORGJb $ B%?<&PaWeiFHKpKpe¶S<ORa ��FHaiGJb2M npQ<S<nLXRIRFHnCefaot!FHKLSjnpQ
��KLFHnpGJb/V<Q<X ?"@m|dFHnLQ
D )"aWeiFHµ wyxyQ ��n���FgUiFgQ/einORKpXyKLFgnLGJb/V<Q<XRFHQ8SsORU�� SsORa[t!xyKLXRFHQ<S<F�� `xyaiVTQ<X
bsOue�.

'? � 6 # 8 @�� H '? ��� # ���
H
= @��

H����
6�� '� = ��?A@¤](#

� 	� � 6 # '? ��� # � 	� � 6 # '� = ��?A@^� #
��FHU¶npµ �rbsOuaiFHQAt�ORI2efxyU·S<FgU·q �AEzxyQTFHQ2efnLORKpt!V<QTI/einLxyQ nLQ ��KLFHnpGJb/V<Q<X8?A@ml ORVTtveiUiFNefFHQTS<F

«¬{TaWeJOuQ<S¶�gM´FHnpFHU�D"efUWFHVTeiFHnLKpGJb<FHQ\K�`O(�ue�aWnLGJb\SsORQ<Q\µ�nCe �nLKCt!F�wyxyQ ��KLFgnLGJb/V<Q<X¬?A@m�¥aWGJb<UiFgnL{1FHQ
ORKpa�.

'? ; � 6 # V '? h � 6 # 8 	� � 6 #�� '? ; ��� # V '?ih ��� # # ��?A@¤�(#
��nLF `- {1FHUiKLORXyFgUiV<Q<X S<FHU¬� ORUoefnOuKpM´FHKLKpFHQ�ORµ 	�Uoe����HV<µ � FHnCefE<V<QTI/e���MPOuU��HV<U � FHnpe

6 8 ��OuQ�FgnLQ<Fgµ�ORQ<STFHUiFgQ
	�UWe�� � ORQ<�HVAefUiF ��FgQ/.
'3 � 8 	��� � 6 # '3

«¬Q<STFHUia�ORVTaiXyFgS<U `V<GJI2e�MPOuQ<S<FHUoe FHnpQd�rV<QTI/e npµ¹D/efUiFgV<KLnpGJb2efµ¶V<aoefFgU nLQ9S<FgU � FHnpe��(wRxyQ
FHnpQ<FHµ 	�Uoe¥npµ '( ¦P�¥OuV<µ*�sSTFHU�S<V<UiGJb '3 � 8 '3 ��� # XyFgXyFH{1FHQdnLaoe �s�HV '3 8 '3 � 6 # @ ¸ `V<U�I/V<Ui�gF
� FHnCefFgQ���� 	� ��� 6! BZI6ORQ<Q�µ�ORQ9t `V<U 	� � 6 #PS<npF&! `ORb<FgUiV<QTX�S<VTUiGJbTt `V<bTUiFHQ .

	� � 6 # f B V 	� � 6
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Beobachtungsschirm B

Ewaldkugel

k-Raum

ka

e

«¬{<{TnLKLSTV<Q<X�?A@^?k.¡��nLF�q�MhORKLSTI"VTXyFHK(nLµ '( ¦ ��ORV<µ
aix�SsO(�²µ�ORQªaiGJb<UWFHnp{zFgQdI6ORQ<Q .

'3 � 6 #98 '3 ��� # V 6 	� � '3 ��� # ��?A@^k #
V<Q<S�S<nLF �gFHnpeiKLnpGJb<F «¬{<KpFHnCefV<Q<X

�
'3 � 6 #�
6 8 V 	� � '3 ��� # ��?A@^£ #

�'3 � 6 #¡npaWe´SsOR{1FHn=S<npF , ORQ<S<FgUiV<QTXyaiXyFgaiGJb2M nLQTS<nLXyIuFHnCe S<FHaPDAE1FHGJI/KLFgµ¶V<aWeiFHUWa��<S<npF��WFgef�NePnpQ«¬{Tb `ORQ<XynpXyIRFgnpe wRxyµ �ZFgaiGJb2M nLQTS<nLXyIuFHnCefaiXRUfORS<npFHQ2efFgQ2efFHQTaixyU�OuV<aiXyFgS<U `VTGJI/e¬nLaoe5@ �ZKpFHnLGJb/V<QTX
?A@m£·K `O(�RePainLGJbdORV<GJb�ORKLah�HFHnCefKpnLGJb<F�«¥{<KLFgnpefVTQ<X²S<FHa XyFgaWefUWFHVTeiFHQ� ¡FHI2efxyUWa '(*, aiGJb<UWFHnL{1FHQ .

�'(k, 8 V 	� � � '(*) V '(*, #
!¥V<U STnLF��HVTµ¢XyFgaWefUWFHVTeiFHQª ¡FHI2efxRU '( , aiFgQ<I/UiFHGJb2e¬aWefFgb<FHQTS<F-��xyµ�E1xyQ<FHQ2eiF �'(k,�� eiU `ORXRe

�HVTU¬D"EzFgGJI"KpFN¦ ,
ORQTS<FHUWV<Q<X npQ9S<FHU��hFgxy{sORGJb2eiV<Q<XyaWFH{1FHQ<F·� {1FHn�¦ S<npF��HV '(*, EsORUiORKLKpFHK�aoefF ¦
b<FgQ<S<FY��xyµ�E1xyQ<FHQ2eiF �'(5,�� FHUi�gFHV<Xue-Q/V<U[FHnpQ ��x"GJb<FHQ±S<FHa-cdV<aoefFHUWa���S�@mb @�SsORa\DAE1FHGJI/KLF ¦
cdV<aoefFgU�{TKLFHnp{TehM\`Oub<UiFgQ<SdaWFHnpQ<FHU �hFNMhFgXyV<Q<X�Q<npGJb/e aoeJORUWU��<aWxyQ<S<FgUiQ `ORQ<S<FgUWe aWFHnLQTF[D"efUWV<Iy¦
efVTU-��«¬VAtveJORV<GJbTFHQ�VTQ<S  ¡FgUiaWGJb/M npQ<S<FgQ�wyxRQ ��FHVTGJb/e��sFHGJIuFHQ npµ DAE1FHGJI/KLFgµ¶V<aoefFHU #N@ ��nLF
EsORUiORKLKpFHKpF���xyµ�E1xyQ<FgQ2efF�t `V<b<Uoe¥aWxyµ�npe �HVdFHnpQ<FHU¥D"e `xyUiV<QTX�S<FgU¬�´FHxy{sOuGJb/eiV<Q<X�S<FHU¬DAE1FHGJIy¦
KLFNMPOuQ<S<FHUWV<Q<X�V<Q<S�aixyKpKpefF�STV<UiGJbdFHnLQTFHQ�XRFHaiGJbTnLGJI2efFgQ�XyFHxRµ�FNefUinpaiGJb<FgQd«¥VTt!{sORVdUiFgS<V<�HnpFHUoe
M´FHUiSTFHQ��vMhFgnpeiFHUiFga¥S<OR�HV�nLQªS<FgQ�t!xyKpXyFHQTS<FHQ��ZORE<nCefFHKpQ$#N@

¸ `V<UZS<npF D"EzFgGJI"KpFgMhORQ<S<FgUiV<QTXyaiXyFgaiGJb2M nLQTS<nLXyIuFHnCe²nLQ S<FHU\�hFHxR{sORGJb2efV<QTXyaiFg{zFgQ<F9��{1FHn
 ¡FHUoMhFgQ<S<V<QTX FHnpQ<FHU ��nLQTaiFZµ�nCePS<FgU��hUiFgQ<Q2MhFgnpefFZt�XRnLKpehSsORQ<Q�S<FgU�«¥V<aiSTUiV<GJI .

'��� 8 	
�'(k,��YYY '(*, YYY

�§?A@CB�� #

8 V 	�
 	� � � '@ )WV '@ , #� � �§?A@CByB #
µ�nCe '@ ) 8

K
���� � � � V<Q<S '@ , 8

K
���� � � � @
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f

Linse L1

«¬{T{<nLKpS<V<Q<X�?A@ml .¡��xyb(`ORUWFHQ2efF3��nLGJb2eiaWefUWFHV<VTQ<XYORQ�FHnpQ<FHU UiORV<b<FgQ 	�{1FHU��&`ORGJb<Fu@h��npFZ�hFHxy{"¦
ORGJb2efVTQ<X9S<FHa¥XyFHaoefUWFHVTeiFHQ���nLGJb2efFga � Q<STFge�npµ�¸sFHUiQAt!FHKLSdS<V<UWGJb S<nLF[FHnpQ<XyFgt `VTXRefF �(npQ<aiF �rB
aWefOueieH@ ��nLF��hFgxy{sORGJb2eiV<Q<XyaWFH{1FHQ<F·� FgQ/eiaiE<UWnLGJb2e¥SsOR{1FHn�S<FgU¥�´UiFHQTQ<FH{1FHQ<F\S<FHU ��nLQTaiFR@

��V<UiGJb9cdFHaWaiV<Q<X·STFHUhcdV<aWeiFHUWXyFHaWGJb/M npQ<S<npXyIRFgnpe '� � I `xRQ<Q<FHQ �WFgef�Ne ��xyµ�EzxRQ<FHQ2efFgQ S<Fga
��FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ2efFgQ<aixyUWa�x"S<FHU FHnpQ<FHU ��nLQTF5ORUWIRxyµ¶{TnLQsOueinLxyQ9STnLFHaWFHU¥��xyµ�E1xu¦
Q<FgQ/eiFHQ � �WFZQsORGJb�D"efUWFHV<XRFHxyµ�FgeiUinLF�VTQ<S�D/efUiFgVTwyFgI2efxyU '3 #h{zFgaWeinLµ�µ-ePM´FHUiSTFHQ @��nLF8qrUiXRFH{<Q<npaiaWF t `V<UªaoeJOueinLaWeinLaWGJb�wRFHUoefFHnpKpeiF D/efUiFgVTefFgnLKpGJb<FHQ KORaWaiFgQ�aWnLGJb S<nLUWFHI2edORVTt
UfOuV<b<F 	�{1FHU�� `ORGJb<FHQ `V<{1FHUoefUiORXyFHQ��rQ"VTU¶µ�nCe-STFHµ - Q2efFgUiaiGJbTnLFHS�� S<O(� S<nLFYD"efUWFHV<�gFHQ2efUWFHQ
ORVTt�FHnpQ<FHU�¸ K `ORGJb<F �!Q `ORb<FgUiV<Q<XRaWM´FHnLaWF-Fg{zFgQ$# ORQ<XyFgxyUiS<QTFge�ainpQ<S/��«¬{T{<nLKpS<V<Q<X�?A@ml #¬@

��FHU���FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ2efFgQ<aixyU&aiFNef�Ne aWnLGJb[SsORQ<Q\ORV<a&� xReJOueinLxyQ��%��FHb<Q/V<Q<X �
�hnpFHXyV<QTX9V<Q<S DAGJb<FHUWV<Q<X ��_&xyUiaWnLxyQ #¬�HV<aiORµ�µ�FHQ�@ ,�nLF·µ�ORQ8ORVTa ��KLFgnLGJb/V<Q<X�?"@¤�YainpFHb2e �
b `ORQTXRePS<FgUP�rbsORaWFHQTt�OuI/eixyU ORVTa ��KLFHnpGJb/V<Q<X·?"@^l�¦�V<QTS9aixyµ�npe SsORaPDAE1FHGJI/KLFg{<nLKpS�¦�Q/V<U wyxyµ
��FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ��1Q<nLGJb2e¬OR{1FHU wyxyQ�S<FHU��ZFgaiGJb2M nLQTS<nLXyIuFHnCe '� = S<FgU¥_&FHnpKLGJb<FgQOR{ @r«¥QsORKpxyX·I6ORQ<Qªµ OuQ �ZFgaiGJb2M nLQ<STnLXyIuFHnpeiFHQªwyxyQª{1FgM´FHXReiFHQ 	�{1FHU��&`ORGJb<FgQdQTnLGJb2e nLQªS<FgU
DAE1FHGJI/KLFNMPOuQ<S<FHUWV<Q<X�{zFgxy{sORGJb2eiFHQ @ ��ORaPDAEzFgGJI/KLFHµ-V<aWeiFHU nLaoePE<UiORI2efnpaiGJb9V<QsOu{<b(`ORQ<XRnLX\wRxyQ
S<FgU¬D/efUiVTI/eiV<U ����ORV<b<Fgnpe #hS<FHU+	�{zFgU�� `OuGJb<FR@

��� � �����!��W�������������
	 !���� � � � ���������j�
�hnpaib<FgU¬M V<UiSTF·Q"VTU�S<nLF¶�gV<µ�XRFHaWeiUiFgVTefFgQ8 ¡FgI2efxyU�aWFHQ<I/UiFgGJb2efF��ZxRµ�E1xyQ<FgQ/eiF¶S<FgU��HFHnCefKpnC¦
GJb<FgQ�«¬{<KpFHnCefV<Q<X²S<Fga¬XyFgaWeiUiFHVAefFHQd ¡FHI2efxyUWa�t `VTU�STnLF\DAE1FHGJI/KLFNMPORQTS<FHUWV<Q<X9V<Q<SdS<FHUWFHQ ��FN¦
aiGJb2M npQ<S<nLXRIRFHnCe�wyFgUfORQ2e�M´xyUWeiKLnpGJb·XyFHµ�ORGJb2e5@r��npF´E<ORUfORKpKLFgKLF ��xyµ�E1xyQ<FgQ2efF´wRFHUWV<UiaiORGJb2efF Q/V<U
SsORa&��x"GJb<FHQ[S<FHa�cdVTaWefFgUiag@rqra&�gFHnpXRe(ainpGJb\Ou{zFgU��6SsO(� µ OuQ�S<nLF¡¸sxyUWµ S<FgU(�ZxRb `ORUiFgQ<��� `ORGJb<F
{<�NMZ@´S<Fga��ZxRb `ORUiFgQ<�gwRxyKLVTµ�FgQ<a¥npµ � V<aiORµ�µ�FgQ<bsORQ<X·µ�npePS<FHµ�XyFgxyµ�FgefUWnLaWGJb<FHQ�«¬VTt!{<ORV
{1FHU `VTGJI"aWnLGJb2efnpXyFHQ�µ¶V � � µ�npe¶STFHU�¸sxyKLXyF5�¡SsO(� ORV<GJb S<nLF9E<ORUfORKpKLFgKLFY��xyµ�E1xyQ<FHQ2eiF�FgnLQ<FgQ
Q<npGJb/ed�HV�wyFHUWQsORGJb<K `ORaiaWnLXyFgQ<S<FgQ�q¡npQ �sV ��ORVTt·STnLF±DAE1FHGJI/KLFNMPORQTS<FHUWV<Q<X ORV<au`V<{Te �!S<nLFgaiFgU
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Beobachtungsebene B

α

β

Kohärenzvolumen

«¬{T{<nLKpS<V<Q<X�?A@}|U.�DAx�MhxRb<KZS<FHUdD"eiUiFHVAwyFHI2eixyU '(*,�� ORKLaªOuV<GJb '(*,�� ainpQ<S�nLQ S<FHU�qr{1FHQ<F±�
{1FHxy{sOuGJb/ei{sORU��1xR{/M´xyb<K '(*,�� STnLF[q�MPORKpS<I/V<XyFgK�Q<nLGJb2e�S<nLUWFHI2e�aiGJb<QTFHnLSTFge5@
I6ORQ<Q�aixyXyORU S<xyµ�nLQsOuQ/ehMhFgUiS<FgQ$#N@

��ORa&��xyb `ORUWFHQ<�NwyxyKpV<µ�FgQZ{<�gMZ@�S<nLF ��xyb `ORUWFHQ<� � `ORGJb<F {1FHaiGJbTUiFHnp{Te&S<nLF ��xyUWUiFHKLOuefnpxyQ�S<Fga
D"eiUiFHVTKLnLGJb2eiFHa ORQ·�gM´FHn 	�UWeiFHQ�ORVTtzS<Fgµ �hx"FH{sORGJb2eiV<Q<XyaWaiGJb<npUiµ
� � V<QTS � � �2S<nLFhS<V<UiGJb�S<npF
D"eiUiFHVAwyFHI2eixyUiFgQ '3 � V<Q<S '3 � XRFHXyFg{zFgQ ainLQTS @ ��nLGJb2e�OuVTt¡S<FHµ �hFgxy{sORGJb2efVTQ<XyaiaWGJb<nLUWµ�M nLUWS
ORKpahQ<x"GJb9IRxyb `ORUiFgQ/e�OuQ<XyFHaWFHb<FgQ��<M´FHQ<QªS<npF¬Q<xyUWµ�npFHUoefF�©�Q/eiFHQ<aWnpe `OuefaWIRxyUWUiFHKLOuefnpxyQ<aot!V<Q<I2efnpxyQ
XyU `x �yFHUZOuKLa �)�� npaWe5@� `ORKpe�µ ORQ '3 � t!FgaWe �(V<QTS wuORUWnLnLFgUWe '3 � µ�npe�S<FHU[�hFgS<nLQ<XRV<Q<X ��SsO5�dSsOuanLQ � ��npGJb2efV<Q<X '3 ��� XyFHaoefUiFgVTefF �(npGJb2ePXyFgUfORS<F¥Q<x"GJbYµ�nCe¡S<FHµ � '3 � ¦���nLGJb2e � IRxyb `ORUiFgQ/ePnLaWe��AaWx{1FHaiGJbTUiFHnp{zFgQ¶S<npF´qrQ<STE<V<Q<I2efF wyxyQ '3 � FHnLQTF 	�{1FHU�� `ORGJb<F´nLµ '( ¦ ��ORV<µ-�6STnLF¡SsORa&aixyXRFHQsORQTQ/eiF
��xyb `ORUWFHQ<�NwyxyKpV<µ�FHQ�{TnLKLSTFHQ @ ��npF\DAGJb<Q<nCeie � `ORGJb<F¶S<npFHaWF[ ¡xyKpV<µ�FHQ<a�µ�nCe S<FHU¬q�MPORKpS<I/V<XyFgK
M nLUWS�ORKLa ��xyb(`OuUiFHQT���&`ORGJbTF\{1FH�gFHnLGJbTQ<FgeH@
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{1FHxy{sOuGJb/ei{sORUg@�qra-aWnLQ<S OR{1FHU[Q"VTU-XyFgaWefUWFHVTeiF  ¡FHI2eixyUiFgQ '(*, {1FHxR{sORGJb2ef{sOuU���S<npF�ORVTt S<FgU
q�MPOuKLS<I/V<XyFgK<KLnpFHXyFgQ-��npQ¶«¬{<{TnLKLSTV<Q<X[?A@}|��R@m�¬@/'(*,�� #´@
	RFgS<xAGJb�ORV<GJb²SsOuQ<Q��yM´FHQ<Q�S<FHU� ¡FgIy¦
efxRU�Q<nLGJb2eZµ�FHb<UZOuVTt S<FHUZq�MhORKLS<I/V<XRFHKrKLnpFHXRe���I6ORQ<Q STnLFHaWFHU�{1FHxy{<ORGJb2ef{sORUZaWFHnLQ���Q `ORµ�KLnLGJb
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 � 6 �

;
(��

8 � 
 � 6 �
;
�

��V<UWGJb�S<FgQ �ZUWFHQ<� `V<{1FHUiXyORQ<X KpnLµ	� H 
 = ���� H 8 ��� V<Q<S � � � FgUib `OuKpe�µ OuQ�S<npF���FN¦
aiGJb2M npQ<S<nLXRIRFHnCe ��� ORµ 	�Uoe �

��� 8 � 
 ��
t `V<U �%8 ������� � @
cdnCeiefFgKLa U `ORV<µ�KLnLGJbTFHUP«¥{<KLFgnpefVTQ<X·FHUWXynL{Te aWnLGJb�aiGJb<KpnLF��yKLnpGJb

� ���
� � 8 � 


�
��lT@¤](#

«¬Kpa¥Q `OuGJb<aWeiFHa�aWxyKLK(S<npF[{1FHn&S<FgU¬��Fgb<Q/V<Q<XYS<Fga�� `xyUWEzFgUia¥ORVTtvefUWFgeiFHQ<S<F
��V<FHUWIRxyQ2efUiORIy¦
efnpxyQ
{1FHU `V<GJI/ainLGJb2einLXRe¶M´FHUWS<FHQ�@ ��npF FHQ2eiaiE<UWFHGJb<FgQ<S<FHQ�XyFHxRµ�FNefUinpaiGJb<FgQ
 ¡FHUWFHnLQ/{sOuUiV<Q<XRFHQ
KOuaiaiFgQ9ainpGJbªORV<a «¬{T{<nLKpS<V<Q<X ��lT@^] # FgQ/eiQ<FHbTµ�FgQ @ q¡aPeiUinCeie ��Fgb<Q/V<Q<X·npQ �/¦ � nLGJb2efV<QTX·V<Q<S
��xyQ2efUiORI2efnLxRQ�npQ )/¦���npGJb2efV<Q<X�ORVAt .

@ � 8 ? ��
�

@ � 8 ��
�

� V<aiORµ�µ�FHQTbsORQ<X·wyxRQ @ � µ�nCe @ � t `VTU�npaixReiUixyE1FHa�cdOuefFgUinOuKo.
@ � 8 V�� @ �

M´xy{zFgn � STnLF ��V<FHUWIRxyQ2efUiORI2efnpxyQ<ai�HORb<K �r� �^? �����W� �¤�\¦ µ OueiFHUWnORKpaiE1FH�Hn � aiGJb-#PnpaWe5@
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¸ `V<U STnLFZ�hUWFHnpeiFHQ `OuQ<S<FHUWV<Q<X ���¥FHUib `ORKpe µ�ORQ9SsORQTQ/.
�� 8 V�� ���? � �

«¬Q<ORKLxyX8�gV�xy{TnLXyFgQ�� FHGJb<Q/V<QTXyFHQ STFHU���FHb<Q/V<QTX I6ORQ<Q µ OuQ�S<npF �ZFgaiGJb2M nLQTS<nLXyIuFHnCe npQ
)2¦ � nLGJb/V<Q2efX � � ORµ 	�UWe & {zFgUiFHGJbTQ<FHQ/.

� � 8 � 
 ? &�
��nLF �ZFgaiGJb2M nLQ<STnLXyIuFHnpe � 
 8�KLnpµ � H 
 = � 
� H b `OuQ<XRe(S<npUiFHI2e(µ�npe � 
 S<FHU&��FHbTQ"VTQ<X¥�gV<afOuµ�µ�FHQ/.

� 
 8 V�� � 
 �? �
qrnLQ<XRFHaiFNef�Ne¥npQ � � .

� � 8 V � � 
 &� ��lT@^� #
� � �
� & 8 V � � 


� ��lT@¤�(#

��FHU�XyFgafORµ-eiF ��FHaWGJb/M npQ<S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ2efFgQ<aixRU�{zFgaWeiFHb2e�SsORQTQ�ORV<a¥�gM´FHn�Q<nLGJb2e�wyFHU ¦
aiGJb2M npQ<S<FHQTS<FHQ ��xyµ�E1xyQ<FHQ2eiFHQ/.

� 8 ��
�

���
� � �
� V � ���

� �
� � �

	 

� ��lT@^k #

qrnLQ<Fd_ nLFNt!FHQ<IuxyQ2efUfOuI/einLxyQ�M `V<UiS<FdQ<x"GJb FHnLQTFd�gV<a `Ouei�HKpnLGJb<F��ZxRµ�E1xyQ<FgQ/eiF � ���� � 8 V�� ���
�KLnpFgt!FgUiQ @

���� � � � # !���#
qrnLQdFHKOuaWefnpaiGJb<FgU�� `xyUWEzFgU.��«¥{<{<npKLS<V<QTX lT@m� #%�zS<FgU¬FgnLQ<FgU��hnpFHXyFgI"UiOutve¥nLQ � ¦���npGJb2efV<Q<X ORV<a ¦
XyFgaiFgei�ge¬nLaWe��zaWxyKLK�STV<UiGJb � FHSTV<I2efnLxRQ ORVTtrFgnLQ<F ��nLQ<npF���S<npF[QTFHVTeiUfORKpF-¸=ORaWFHU¬STFHa�� `xyUWEzFgUia #
XyFgQ `ORb<FgUWe�M´FHUiSTFHQ ¦ ��FHbTQ"VTQ<XªV<Q<S ��xyQ2efUfOuI/einLxyQ�M´FHUWS<FHQ aixRµ�nCe¥wRFHUiQ<ORGJb<K `OuaiainpXRe5@ - µ
S<npF FHnLQT�HFHKpQ<FHQ���xyµ�EzxyQTFHQ2efFgQ�S<Fga �ZFgaiGJb2M nLQ<STnLXyIuFHnpeiaiXyUiORS<npFHQ2efFgQ/eiFHQ<aWxyUiad{zFgaWeinLµ�µ�FgQ
�HV�I `xyQ<Q<FgQ��Tµ¶V �\S<npF¬�´nLFHXRFHKLnpQ<nLFhnLQ�«¬{<b `OuQ<XynLXRIRFHnCe¡wyxyQ�S<FHU «¬V<aWKLFgQ<I/V<Q<X	� �h{1FHaoefnpµ�µ-e
M´FHUiSTFHQ @ ��OR�gV µ¶V �
STFHU � V<aiORµ�µ�FgQ<bsORQ<X±�gM npaiGJb<FgQ STFHµ �ZU `V<µ�µ¶V<Q<XyaWI/UiFHnpaiUiORS<nLVTa? ��� #hV<Q<SdS<FHU��hnpFHXyFgKLnpQ<nLF¥FHUiµ�npeWefFgKpehM´FHUWS<FHQ�@qrnLQ���UiFgnLa µ�npe S<Fgµ��¥OuS<nLV<a ? bsOue S<npFZORKLKpXyFHµ�FHnpQ<F�¸sxyUWµX.

? � 8�� � V � # � � � 	 V � # �
qrnLQTt�OuGJb<FZV<Q<S��gM´FHnpt�OuGJb<F\«¥{<KLFgnpeiV<Q<X·QsORGJb �ªKLnpFgt!FgUWe .
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X

Z

D z

w(x)

r(x)
F

«¬{<{TnLKLSTV<Q<X²lT@m� . �hnLFgXyFHKpnLQ<npF�� ��� #hnLQª«¥{<b `ORQ<XRnLXyIuFHnpehwyxyQdS<FHU «¬VTaiKLFgQ<I/V<Q<X � ��@

� 8 � � V � # �
�
	� � � 	 V � # ��lT@^£ #

� 8 B � �
�
	� � # � � � 	 V � #

�
� 	�
� � ��lT@CB�� #

«¬VTa ��lT@m£ #hV<Q<S ��lT@CB�� #hVTQ<S�OuVTt!XyFHK `xyaWe Q<ORGJb �9V<Q<S��[FgUiXynp{Te ainpGJb/.

� V � 8 B � � 
 �
 � # �

 � �

 � �

�
	� �

	 V � 8 V B � � 
 �
 � # �
 � �

 � �

qrnLQ<XRFHaiFNef�Ne¶nLQ±S<nLF���UiFgnLaiXRKLFHnpGJb/V<Q<X�µ�npe�� ��� # 8 	 ��� #[KpnLFNt!FHUWe[S<FgQj��U `V<µ�µ¶V<Q<XRaiI/UiFgnLao¦UfOuS<nLV<a STFHU��hnLFgXyFHKpnLQ<npF�ORµ 	�Uoe � .
? ��� # 8 � B � � 
��
 � # � #�� �
 � �


 � �

�hFgn�I"KpFHnpQ<FHQ9 ¡FHUWaiGJb<npFH{<VTQ<XyFHQ�nLaWe 
��

 �  B\VTQ<SdxR{<nLXyF ��KLFgnLGJb/V<Q<X·wRFHUiFgnLQTt�OuGJb/e�aWnLGJb��HV

? � � #j8 � � � ��
� �	� B

�
��lT@CByB #

!¬OuGJb $ |_& aWefFgb2e¶S<FgU-��U `VTµ�µ¶VTQ<XyaiI/UWFHnLaWUfORSTnLV<aZµ�npeZS<Fgµ �hnLFgXyFHµ�xyµ�FHQ2e�
 � ��� #�nLQ8t!xyKC¦XyFgQ<S<FHU��hFg�HnpFHb/V<Q<XU.
? ��� # 8 0 a � ��� #
 � ��� # ��lT@CB%? #

��OR{1FHn�npaWe 0 SsOuadqrKLORaWeinL�HnCe%`Oueiaiµ�xASTV<K V<Q<S a � S<ORa�O �AnORKpF�¸ K `ORGJb<FHQTµ�xyµ�FHQ2eH@ qra
aixRKLKhbTnLFHU 0 a 8 � B �= 8 ����� ��6 aiFHnpQL$ |_&§@ ©�aWe²S<ORa¶FHnpQ<FªqrQ<S<F9S<Fga·FHKLORaWeinLaiGJbTFHQ ��`xyUiE1FHUWaFHnpQ<XyFgaiEsORQTQ/e¬V<Q<S�M nLUiI2e¬ORVTtrS<ORa¬OuQ<S<FHUWF¶qrQ<S<F[FHnpQ<F\�ZUiOutve � ��npQ � ¦���npGJb2efV<Q<X �1aWx XynpKpe
t `V<U SsOua¥�´nLFHXRFHµ�xyµ�FgQ2e .
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�� � #"8 V � � � V � #
µ�npe � OuKLa � `ORQ<XyF�STFHa¥� `xRUiE1FHUia npQ �¥¦ � nLGJb2eiV<Q<X<@
DAFNef�ge�µ�ORQ/��lT@CByB #hµ�npe ��lT@CB%? #hXRKLFHnpGJbªV<Q<SªnLQ2efFgXyUinpFHUoe �gM´FHnLµ�ORK aWx�FgUib `OuKpe µ�ORQªS<nLFZ�´nLFN¦
XyFgKLnLQTF �.� � # . �

� ��
� � 8 V 
���� #0 a8 V � = 
�� � #

8 � = � � ��V � #� ��
� 8 � = � � � � V � �

? # � � ��.� � # 8 � = � � � ? � � V � �

� # � � � � � �
«¬VTa\S<FgQ
��ORQ<S<{1FHSTnLQ<XyVTQ<XyFHQ � � ��� 8¢� #�8 �ªV<Q<S �.� � 8¢� #�8 �9t!xyKLXRe � � 8 �ªV<Q<S
� � 8 �A@
,±FHnpeiFHUWb<nLQdnLaWe¥{1FHn&I"KpFHnpQ<FHQ��hnLFgXyV<Q<XyFgQ�S<npF-«¥V<aiKpFHQ<I/V<Q<X � ��8 �.� � # V<Q<S�S<nLF\ORV<aWKLFHQ"¦
IRFgQ<S<Fª��UfO6tve � nLaoe-ETUixyE1xyUWeinLxyQ<ORKr�HV<U\«¬V<aWKLFgQ<I/V<Q<X � �0��aix�SsO(��µ�ORQ±aiGJb<KpnLF��RKLnLGJb S<npF
¸sV<Q<I2efnpxyQªS<FHU��hnpFHXyFgKLnpQ<nLF¥nLQª«¬{<b `ORQ<XynpXyIRFgnpe wyxRQdS<FgU «¬V<aWKLFHQTI"VTQ<X�FgUib `OuKpe .

�.� � # 8 l � �
� �

� � � �
? V � �

� � ��lT@CB�l #
©�µ¢Q(`OuGJb<aWeiFHQdDAGJb<UWnpeiePµ `V<aWaiFgQ�STnLF ��FHaWGJb/M npQ<S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ<Iuxyµ�EzxyQTFHQ2efFgQ � ���� �V<Q<S � � �� � {1FHaoefnpµ�µ-e�M´FHUiSTFHQ @[��OR�gV aixyKpK�S<npF¶�hnpFHXyVTQ<XYS<V<UWGJb8FHnLQTF-xyUoefafOu{<b(`ORQ<XRnLXyF-��xu¦eJO6efnLxRQ9{zFgaiGJb<UWnLFH{1FHQ�MhFgUiS<FgQ @
qra�M nLUiS FgnLQ���nLQTnLFHQTFHKLFgµ�FgQ2e

�
�´Ouµ 	�UWe �±STFHUZORV<aWXyFHKpFHQ<I2eiFHQ �hnLFgXyFHKpnLQ<npF\{1FgeiUfORGJb"¦

efFNe5@·��npFHaWFHa3��nLQ<npFHQ<FgKLFHµ�FHQ2e�aWxyKLK�S<V<UWGJb±S<npF·_ OuQ<XyFHQ2eiF�STFHU[�hnLFgXyFHKpnLQ<npF-OuQ STnLFHaWFHµ 	�Uoe
FHUWaiFNef�ge¥MhFgUiS<FgQ @���npFZ«¬{<{<npKLS<VTQ<X ��lT@^� # wRFHUWS<FHVTeiKLnpGJb/e¬S<nLFgaiF `- {1FHUWKLFHXRV<Q<X<@ ��FgU ,�npQ<IRFgK
S<Fga ��npQ<nLFgQ<FHKpFHµ�FHQ2efa�µ�npe¬S<FHU ��¦�«¥GJb<aiF²nLaoe �&@ `«¬Q<STFHUWeZaWnLGJb Q/V<Q8S<nLF¶«¥V<aiKpFHQ<I/V<QTX � �
aix�t `V<b<UWe¬S<nLFga��HV�FHnLQTFHU `«¥Q<S<FgUiV<Q<X9STFHa4,�npQ<IRFgKLa �(@¬��O FgnLQ<F\_�UiORQ<aWKOueinLxyQdIRFHnpQ<FHQ ��FN¦
aiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ8wyFHUWV<UiaiORGJb2e ��µ¶V �ªQ/V<U�FHnpQ<F²��xueJOueinLxyQ S<Fga3�(npQ<nLFgQ<FHKpFHµ�FHQ2efa
µ�npe�S<FHµ ,�nLQ<IuFHK�� � V � � 8 � ��{1FHU `VTGJI"aWnLGJb2efnpXRerM´FHUiSTFHQ��/wyxyUiORV<aWXyFHaWFgef�Ne �/FHa�eiUinCeie�IuFHnpQ<F
��U `V<µ�µ¶V<QTXYS<FHa&��npQ<nLFgQ<FHKpFHµ�FHQ2efa¬ORVTt���MhORa�b<npFHU �iO9OuQ<XyFHQTxyµ�µ�FHQdM nLUiS�@\��FgU+,�npQ<IRFgK
��nLaoe S<V<UWGJb�S<npFZ�ZU `V<µ�µ¶V<Q<X²S<FgU¥�´nLFHXRFHKLnpQ<nLF¥XyFHXRFH{1FHQ/.

eJOuQ��%8 � � ��� #j8
�
	�
�

��nLF��ZU `V<µ�µ¶V<Q<X²S<FgU¥�´nLFHXRFHKLnpQ<nLF¥nLaoe SsORQ<Q/.�
	� � 8 l � �

� �

� � � V � �
? #
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φ

φ

dl

1

φ
2

dl
Übertriebene
Darstellung

Rotation

Dz

x

«¬{T{<nLKpS<V<Q<X lA@¤�k.�� `V<GJI2t `V<b<UWV<Q<X S<FHU·�´nLFHXRV<Q<X ORVAt¥FgnLQ<F�xyUWeiafOR{Tb `ORQ<XynpXyFY� xRefOuefnpxyQ
V<µ
S<FgQ/,�nLQTIRFHK � � 8 � �"V � � S<V<UiGJb ! `ORb<FgUiV<QTX�S<FgU-�hnpFHXyFgKLnpQ<nLF-ORµ 	�UWe � µ�nCeZFHnpQ<FHµ
��nLQ<npFHQ<FgKLFgµ�FgQ/e S<K �uS<FHaWaiFgQYD"eiFHnpXyV<Q<X�XRKLFHnpGJb¶S<FgU D"efFgnLXyV<QTX�S<FHU _ ORQTXyFHQ2efF STFHUr�hnpFHXyFgKLnpQ<nLF
ORQªS<npFHaiFgµ 	�UWe nLaoe5@

��V<UWGJb �HFgnpeiKLnLGJbTF «¬{<KpFHnpeiV<Q<XZFHUWb `ORKCe´µ�ORQ²S<npUiFHI2e´S<nLF���FHaWGJb/M npQ<S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ<Iuxyµ·¦
E1xyQ<FHQ2eiF

� � �
� � 8  � 8 l � 


� �

� � � V � �
? # ��lT@CB5| #

� 
 npaWe�S<nLF��ZFgaiGJb2M nLQTS<nLXyIuFHnCeYS<Fga9qrQ<S<E<V<QTI/eiFHaªS<FgUY�hnpFHXyFgKLnLQTnLF �.� � #·nLQ � ¦ � nLGJb2efV<QTX� ! `ORb<FgUiV<Q<X²t `V<U I/KLFgnLQ<FZ«¥V<aiKpFHQ<I/V<Q<XRFHQ$# @
��O�bTnLFHU�S<npF-�hnpFHXyVTQ<XYORKpa¬� xRefOuefnpxyQªXyFHQ(`Oub<FHUoe¬M V<UWS<F(�znLaWe¥S<npF\efUiORQ<aWEzxyQTnLFHUoefF\��xyµ�E1xu¦
Q<FgQ/eiF\�gV � ���� � XyFHUiORS<F���aWnLFHbTFZ�[OuE<npeiFHK�lT@CB # .

� ���
� 	

8 V � � �� � 8 � � 8 V l � 
� �

� � � V � �
? # ��lT@CB%] #

, `V<UiSTF�µ ORQ Q<xAGJbª��Fgb<Q/V<Q<X²{<�NMZ@hD/eJORV<GJb/V<QTX �!S @}b @¡��UR`V<µ�µ¶V<Q<X\wyxyµ��(npQ<nLFgQ<FHKpFN¦
µ�FHQ2e S<K�# {1FHU `VTGJI"aWnLGJb2efnpXyFHQ��sb `OueieiF�µ�ORQYFHnpQ<F��gV<a `Ouei�HKpnLGJb<F���xyµ�E1xyQ<FHQ2eiF � � �� � 8 � � ��S<npFnLµ�ORKpKLXyFgµ�FgnLQ<FgQ[wRFHUiQ<ORGJb<K `OuaiainpXy{sORUrI/KpFHnLQ-nLaWe # �yVTQ<S²S<FHUrXyFgafORµ\efF ��FHaWGJb/M npQ<S<npXyIRFgnpefaWXyUfO%¦
S<npFHQ2efFgQ<aixyU KLORVTefFNe SsORQ<Q .

� 8 ��
�
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©�Q9S<npFHaiFgµ¹�ZORE<nCefFgKzaWxyKLKzSsORa cdVTaWefFgUWMhORQ<S<FgUiQd{zFgn�«¬Q2M´FHaWFHQ<b<Fgnpe wyFgUiaWGJb<nLFgS<FHQ<FgU���UfOuS<nC¦
FHQ2eiFHQ<Iuxyµ�E1xyQ<FgQ2efFHQdS<FHU�� xReJO6efnLxRQ��ASTFHU ��FHbTQ"VTQ<X�VTQ<SªS<FHU��hnpFHXyV<QTX·{zFgn FHnpQ<FHU XyFg�HnpFHKpe
XyFNM `ORb<KpeiFdD"efUWFHV<XyFgxyµ�FgefUWnLF9{1FHaWGJb<UinpFH{1FHQ V<QTS�{1FHUWFHGJb<Q<FNe M´FHUWS<FHQ @ ��nLF9nLQ �ZORE<nCefFgK l
{1FHUiFgGJb<Q<FNefFHQ ��UfOuS<nLFgQ/eiFHQ<Iuxyµ�EzxyQTFHQ2efFgQ MhFgUiS<FgQ t `V<U S<nLF M´FHnpeiFHUWFHQY�´FHUiFgGJb<Q/V<Q<XyFgQªb<FHU ¦
ORQ<XRFH�HxRXyFHQ @

���
	 � � �W� ���-� �
qraraixyKpKTS<FgU � V<afORµ�µ�FHQ<bsOuQ<X��gM npaiGJb<FgQ S<FgU �ZFgaiGJb2M nLQTS<nLXyIuFHnCe¡S<FHa DAE1FHGJI/KpFHµ¶V<aoefFgUia��"S<npF
nLQdS<FHU¬�hFHxR{sORGJb2efV<QTXyaiFg{zFgQ<F²� XyFgµ�FgaiaiFgQ�M nLUWS��1V<Q<S�S<Fgµ �ZFgaiGJb2M nLQ<STnLXyIuFHnpeiaiXyUiORS<npFHQ2e
XyFg�HFHnpXRe M´FHUiSTFHQ @

¸ `V<U\S<nLF�MhFgnpefFgUiFgQj��FgGJb<Q/V<Q<XyFgQjM npUiS±nLµ�µ�FgU[npµ¨D )"aWefFgµ S<Fga ��UfORS<npFHQ2efFgQ ¦�ORKLaWx
S<FgU {zFNMhFgXyFHQ<STFHQ 	�{1FHUot `ORGJb<F�¦rXRF5ORUW{zFgnpefFNe3��«¥{<{<npKLS<V<QTX¶|<@CB #N@¡��npF ��FHaiGJb2M npQ<S<nLXRIRFHnCe '���{1FH�HnpFHb2e¶aWnLGJb
Q<Oue `V<UWKLnpGJb ORVAt SsORa-D )"aWefFgµ S<Fga ��nLGJb2eiFHa �!XyFHaoefUinpGJb<FHQTFHa·��x"xyUiS<npQsOueiFHQ<a�)/¦
aWeiFHµ #N@

��nLF��HFgnpefKpnLGJb<F¥«¬{<KpFHnCefV<Q<X\S<FHahXyFHaoefUiFgVTefFgQ9 ¡FHI2efxyUWaPFHUWXynL{AehaWnLGJbªORV<a´S<FHµ ��FHaiGJb2M npQA¦
S<npXyIRFgnpefaWXyUfOuS<nLFgQ/eiFHQ2efFgQ<aixRU�VTQ<SdSTFHµ D"eiUiFHVAwyFHI2eixyU '3 .

�'(k, 8 V � � '3 �!|<@pB0#
'3 8 � '(*) V '( , # �!|<@¤?(#

��FHQ ��FHaiGJb2M npQ<S<nLXRIRFHnCefaWXyUfORSTnLFHQ2eiFHQ2efFgQ<aixyU�S<FgU¥� xRefOuefnpxyQ9FHnpQ<XyFHaWFgei�ge�FHUWXynL{Te�.
�'(k, 8 V ��

�
� V 	 �
	 � �
� � �

	 

�
��
�
3$�3 �3 �
	 

�

8 ��
�
	 3 �V 	 3���

	�

�
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Y

Z

X

q

β

α

k

k

ω

a

e

Rotationsscheibe

Linse , Brennweite f

B

Z
X
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«¬{T{<nLKpS<V<Q<X¶|T@pB*. D/efUiFgV<XyFgxyµ�xuefUinpF¥t `V<UhS<nLF�� xRefOuefnpxyQ<aiµ�FHaWaiV<QTX¶S<FHU���UfOuS<nLFgQ/eiFHQ<Iuxyµ�Ezxu¦
Q<FgQ/eiF � � *� � @¬��ORa¬XRFHaWeiUinpGJb<FHQ<F²��x"xyUiSTnLQsOueiFHQ<a�)"aWefFgµ � � ��� � � � # M nLUWS�S<V<UWGJb8SsORa�D )AaoefFgµ
S<Fga ��nLGJb2eiFHa��6SsORa(V<QTXyFHaoefUinpGJb<FHQTF � ��� � # S<VTUiGJb[SsORa�D )"aWeiFHµ�S<Fga���UfORSTnLFHQ2eiFHQZ{zFgaWeinLµ�µ-e5@

«¬Kpa�Q `ORGJb<aWeiFHa�µ¶V �8S<nLFª��xyµ�E1xyQ<FHQ2eiFªwRxyQ �'(5, {zFgaWeinLµ�µ-e¶M´FHUiSTFHQ�� S<npF9aiFgQ<I/UiFHGJb2e
ORVTt�S<Fgµ�XyFHaoefUiFgVTefFgQd ¡FgI/eixyU '(*, aWeiFHb2e5@´��O·S<FHU¥D"eiUiFHVAwyFHI2eixyU '3 npQ9S<FHU �A�N¦�q¡{1FHQTF\KpnLFHXue �
nLaoe-STnLF���xyµ�E1xyQ<FgQ2efF 3 � XyKLFgnLGJb/!¥V<KpK¡V<Q<S aWxyµ�npe[S<nLF �/¦ ��xyµ�EzxRQ<FHQ2efF²wyxRQ �'( ,�� ORV<GJb�@
��nLF&)2¦ ��xyµ�EzxRQ<FHQ2efF\wyxyQ �'(k, aWeiFHb2e�XyFgUfORSTF¶aiFgQ<I/UiFHGJb2e\ORVTt S<Fgµ XRFHaWeiUiFgVTefFgQ8 ¡FgI2efxyUb'(*,
��S<O & � 8 & #YV<QTS�npaWe9aWxyµ�nCe9XyKpFHnLGJb�S<FgU )/¦���xyµ�E1xyQ<FgQ2efF�wyxRQ �'(k,���� FHnLQTF EsORUfOuKLKLFgKLF
��xyµ�EzxyQTFHQ2efF�F�TnpaWeinLFHUoe�aixyµ�npe QTnLGJb2e5@
c�ORQ�FHUWb(`ORKCe�ORKLaWxU.

�'( ,�� 8 ��
�

�V 	 3���
	 

�

©�µ Q `OuGJb<aWeiFHQ�D"GJb<UinCeieªµ¶V � 3�� {1FHaoefnpµ�µ-e MhFgUiS<FgQ @ «¬{<{<npKLS<VTQ<Xj|<@pB I6ORQTQ�µ�ORQ S<npF
FHUot!xyUiSTFHUiKpnLGJb<FgQªXyFHxyµ�FgeiUinpaiGJb<FgQ���U `x �RFHQªFHQ2efQTFHb<µ�FHQ @
��O � (*, � 8 � (*) � 8 ( FHUWb `ORKpePµ ORQ9t `V<U 3 .

3 8 V � ? (
	 B � Ggxya � � � � #
¸ `V<U 3�� FgUiXynp{Te ainpGJbdS<ORQ<Q/.

3�� 8 3 GHxya��
8 � ? (
	 B � Ggxya � � � � #hainpQ � � V �? #
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Dehnung
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«¬{T{<nLKpS<V<Q<X\|<@¤?5.rD"eiUiFHVTXyFHxyµ�FgeiUinpF¥�gV<UP��Fgb<Q/V<Q<XyaWµ�FgaiaiVTQ<X·S<FHU �ZUiORS<npFHQ2efFgQ<IRxyµ�E1xyQ<FHQ"¦
efF � � �� � @

��O9Q/V<UZS<nLF )2¦ ��xyµ�E1xyQ<FHQ2eiF¶wyxyQ �'(k,�� �8³�9nLaoe ��Xynp{TeZFHa[ORVTGJb±Q/V<UZFHnpQ<F ��FHaiGJb2M npQ<S<nLX6¦
IRFgnpeiaiIRxRµ�E1xyQ<FgQ/eiF � � � �8��¥STFHa[DAE1FHGJI/KLFNMPOuQ<S<FHUWQ<a[nLQ�S<FgUZ�hFHxR{sORGJb2efV<QTXyaiFg{zFgQ<F�� V<Q<S
µ�npe���KLFgnLGJb/V<Q<X�?A@CByB�t!xyKLXue .

� � � 8 � ? 	 	 	 B � GHxya0� � � � #PaWnLQ � � V �? # �!|<@^l #
V<Q<S ��� � 8 �T@

��FHQ<Q2e�µ ORQ[b<npQ<XyFHXRFHQ[S<nLF´DAE1FHGJI/KLFNMPOuQ<S<FHUWV<Q<XyaWXyFHaWGJb2M nLQ<S<npXyIRFgnpe¡V<QTS[M npKLKyS<FgQ ��UfO6¦
S<npFHQ2efFgQd{1FHUWFHGJb<Q<FgQ��1aix�K�`O(�RePainLGJb�xy{<npXyF ��KLFgnLGJb/V<Q<X²V<µ�aWeiFHKLKpFHQª�HV .

� � �
� � 8 � � �

� ? 	 	 B � GHxya � � � � #AaWnLQ�� B��� �!|<@m| #

¸ `V<U¡S<npF�npQ�STnLFHaWFHU «¬UW{zFgnpe b `ORV � X[wRFHUWM´FHQTS<FgeiF �ZFgxyµ�FNefUWnLF � � � 8 £y���´FgQ2eit `ORKpKpe¡S<FgU
,±V<Ui�gFHKOuV<aiS<UWV<GJI 	 B � GHxya � � � � #¬@
��� � �9�����!���#
��nLFPDAE1FHGJI/KLFNMPORQTS<FHUWV<Q<XyaWXyFHaWGJb/M npQ<S<npXyIRFgnpe t `V<U�S<npFP��FHbTQ"VTQ<Xyµ�FHaiaWV<Q<X�M nLUWS¶nLQ¶ORQsORKpxyXyFHU
,±FHnLaWF¬M nLF¥{zFgnzSTFHU � xReJO6efnLxRQ {1FHaWeinLµ�µ-e5@ qrahM nLUWSYFHnpQYXyFHxRµ�FNefUinpaiGJb8`Oub<Q<KLnpGJb<FHU´«¬VTt!{<ORV
{1FHQ/VTef�Ne¥¦hainpFHb<F-�hnLKpS �!|<@^? #N@ qra¬µ-V ��M npFHS<FgU¥S<npF\�gFHnCefKLnpGJb<FZ«¬{<KpFHnCefV<Q<X�S<Fga¬XyFgaWefUWFHVTeiFHQ
 ¡FHI2eixyUia �'(*, {1FHaWeinLµ�µ-ePM´FHUWS<FHQ/.

�'(*, 8 V � � '3
8 V ��

�
� �
� � �
� V�� ���

� �
� � �

	�

�
��
�
3��3 �3 �
	�

�
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«¬{T{<nLKpS<V<Q<X�|T@^l . ��xAxRUiS<npQsOuefFgQ2efUfOuQ<aWt!xyUWµ O6efnLxRQ/. D )"aWeiFHµ S<Fga ��nLGJb2efFga � � ��� � � � #
� D )"aWeiFHµ�S<Fga��ZUiORS<nLFgQ2efFHQ � � � � #

8 ��
�
V � �
� 3$�

� ���
� 3 ��

	�

�

8 ��
�
V � �
� 3$��
�

	�

�

�
�e3 � 8 �

cdnpehS<nLFgaiFgUhXyFgxyµ�FNefUWnLaiGJbTFHQ9«¬QTxyUiS<Q/V<QTX·IuOuQ<QYµ�ORQ aWxyµ�nCehQ/V<UhS<nLF+� `ORQ<XyaWS<FHb<Q/V<QTX �
OR{1FHU Q<npGJb2e¥STnLF ��V<FHUWIRxyQ2efUiORI2efnpxyQdµ�FHaWaiFgQ @

¸ `V<U�STnLF�DAE1FHGJI/KLF ¦ , ORQ<S<FgUiV<QTXyaiXyFgaiGJb2M nLQTS<nLXyIuFHnCe\npQ S<FHUZ�´FHxy{sOuGJb/eiV<Q<XyaWFH{1FHQ<F²M nLUWS
M nLFgS<FHU�S<npF9�HV '(*, aWFHQ<I/UiFgGJb2efF ��xyµ�EzxRQ<FHQ2efFª{1FHQ `xuefnLXue5@ ��FHU²FHnpQTt�ORGJb<F�XyFgxyµ�FNefUWnLaiGJbTF
� V<aiORµ�µ�FHQTbsORQ<XªM nLF�{zFgn¡S<FHU\��xueJOueinLxyQ8nLaoe[b<nLFgU\Q<npGJb2e\wRxyUibsOuQ<S<FHQ�@ - µ S<nLFgaiFgQ Q/V<Q
{1FHaWeinLµ�µ�FgQ9�HVdI�`xRQ<Q<FHQ��saixyKpKLFHQªb<npFHU S<npF� ¡FHI2efxRUiFHQ '(*) V<Q<S '(*, nLµ¹D )"aWefFgµ�S<FHa+��nLGJb2efFga
� � � � � � � #PORVTt&SsOua��ZUiORS<nLFgQ2efFHQTa�)"aWeiFHµ � � � � #´eiUfORQ<aot!xyUiµ�nLFgUWe´MhFgUiS<FgQª¦´ORQ<ORKLxyX\t `V<UPS<npF
SsOR�gV9aiFgQ<I/UiFHGJb2eiFHQd ¡FgI2efxyUWFHQ/��aWnLFHbTF�«¬{<{TnLKLSTV<Q<X¶|<@ml # @ '(*) nLµ D )"aoefFHµ S<FHa���UfOuS<nLFgQ/eiFHQ/.

'( ) 8 (*) ���
V Ggxya �
�

ainLQ �

	�

� �!|<@¤](#

'(*, nLµ¹D )"aWeiFHµ�S<Fga���UfORSTnLFHQ2eiFHQ/.
'(*, 8 ( , ���

V Ggxya �
�V ainpQ �

	 

� �!|<@^� #

qrnLQªaiFgQ<I/UiFgGJb/eiFHU¬ ¡FgI2efxyU �HV '(*, nLaoe SsORQ<Q .

'( ,�� 8 (*, ���
V Ggxya��
�V aWnLQ �

	�

� �!|<@¤�(#
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8 (*, ���
ainLQ �
�V Ggxya �

	�

� �!|<@^k #

 '@ ,�� 8 ��
�

aWnLQ �
�V GHxRa �

	 

� �!|<@^£ #

��FHU�D/efUiFgVTwyFgI2efxyU '3 nLaoe SsORQ<Q�FHnpQTt�ORGJb/.
'3 8 '(*) V '(*, ��|<@CB�� #

8 ( ���
GHxRa � V GHxRa �

�
ainLQ � � ainpQ �

	�

� ��|<@CByB #

��nLF¬�HV '(*, aiFHQTI"UWFHGJb2efF¶�ZxRµ�E1xyQ<FgQ/eiF�wyxyQ �'(k, FgUib `ORKCe µ OuQdOuV<a S<FHU���KLFHnpGJb/V<Q<X
�(*, � 8 �'(k, '@ , � ��|<@CB%? #

8 V ( � 

� ��Ggxya � V GHxya � #TainLQ � ��|<@CB�l #

- Q2eiFHU¥ ¡FgUWM´FHQ<STV<Q<XYwyxRQ ���T@CB%� # nLaoe�aiGJb<KpnLF��RKLnLGJb�S<npF¶DAE1FHGJI/KpFgMhORQ<S<FgUiV<Q<XRaiXyFgaiGJb2M nLQ<STnLXu¦
IRFgnpe�nLQ � � ¦ � nLGJb2eiV<Q<XU.

��� � 8 V 	 � 

� ��Ggxya � V GHxya � #TainLQ � ��|<@CB5| #

©�µ �ZFgXyFHQ<aiOuef�¥�HV<Uh��xueJOueinLxyQ<aiORQ<xyUWS<Q/V<Q<X\KLnLFgXRe b<nLFgU´aWGJb<nLFNt!FHa ,
ORQTS<FHUWQYwyxyQ+'(*, wyxRU
� �'(5,�� �8�� #N@Z��FgaibsOuKL{�µ¶V �YS<FHU��ZxRUiUiFgI2efV<Uot�ORI2efxyU � � � ��KLFHnpGJb/V<Q<Xª?A@CB�l # {zFgUiFgGJb<Q<Fge�M´FHU ¦
S<FgQ @r��OR�gV¶M nLUiS-�HV<a `Ouef�gKLnLGJb·�gV<U¡��xyµ�EzxyQTFHQ2efF �'( , � � �ZKpFHnLGJb/V<QTXy|<@CB�l #&STnLFP��xyµ�E1xyQ<FHQ2eiF�'(k, � {1FHQ `xuefnLXue .

�( , � 8 �'(k, '@ ,�� ��|<@CB%] #

8 ��
�
V � �
� 3���
�

	 

�
��
�
V GHxRa �
�V ainpQ �

	 

� ��|<@CB�� #

8 � 

�
�!GHxya � V GHxya � #TGHxya � ��|<@CB%� #

qrnLQ<XRFHaiFNef�Ne¥npQ �ZKpFHnLGJb/V<QTX ��?A@CB�l #´t!xyKpXRe S<npUiFHI2e�.

� � 8 Ggxya � efORQ B � � � ainpQ �
ainLQ � ��|<@CB�k #

8 B � eJORQ B � � ��|<@CB�£ #
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B%]
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l2]

B5� ?R� ly� |2� ]R� �R� �R� ky� £y�

���
��
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��

�
	
� � �
��
�

«¥V<aWt�OuKLKLaoM nLQ<IuFHK � � ��UfORS$#
«¬{T{<nLKpS<V<Q<X²|<@}|U. qrnLQ �sV ��S<Fga¥aWGJb<nLFNt!FHQ-,
ORQTS<FHUWQ<a�wRxyQ �'(5, ORVTt S<nLF\DAE1FHGJI/KLFNMPOuQ<S<FHUWV<Q<X
��{1FHn � � 8�BZQ/V<U aiFgQ<I/UiFgGJb/eiFHa4, ORQ<STFHUiQ #N@

��ORa¡aiGJb<npFgt!F ,
OuQ<S<FHUWQ�wRxyQ �'(k, ��V<Q<S�aixyµ�npe�S<FHU´��xyUiUWFHI2efV<Uot�ORI2efxyU #�IuOuQ<Q�STnLF¥DAE1FHGJIy¦
KLFNMPOuQ<S<FHUWV<Q<XyaWXyFHaWGJb2M nLQ<S<npXyIRFgnpehFHUibTFH{<KpnLGJb�{zFgFHnLQ �sV<aiaWFHQ�� �WF QsORGJb ��U `x(�yF S<FHahD"efUWFHV2M nLQ"¦
IRFgKLa � �=M nLF-��nORXRUfORµ�µ¢|<@}| �gFHnpXRe5@¥��nLFZIRxRUiUinpXynLFgUWeiF¶DAE1FHGJI/KpFgMhORQ<S<FgUiV<Q<XRaiXyFgaiGJb2M nLQ<STnLXu¦
IRFgnpe�nLaoe aixyµ�npe�.

� �� � 8 ��� � � � 8 V 	 � 

� �!GHxya � V GHxRa � #�� B � eJOuQ B � � #TaWnLQ � ��|<@^?R� #

- µ�XyFgt!xRUiµ-e[QsORGJb S<FHU\�HV
µ�FHaWaiFHQTS<FHQ ��UfORSTnLFHQ2eiFHQ<Iuxyµ�E1xyQ<FgQ2efF npQ «¥{<b `ORQ<XRnLXyIuFHnpe
wyxRQdS<FgU¥DAEzFgGJI/KLFgMhORQ<STFHUiVTQ<XyaiXRFHaiGJb2M npQ<S<nLXRIRFHnCe�FHUWb(`ORKCe µ ORQ .

� ���
� � 8 V � �� �	 ��Ggxya � V GHxya � #��oB � eJORQ B � � #TainpQ � ��|<@^?AB #

,�nLKpK1µ�ORQ�SsORaPaWGJb<nLFNt!F4,
OuQ<S<FHUWQYwyxyQ '(*, V<Q2efFgUi{<npQ<S<FHQ��Tµ¶V �-µ ORQ FHnLQTFHQYXyFgxyµ�FgefUWnC¦
aiGJbTFHQ²«¬VTt!{<ORV ��«¥{<{<npKLS<V<QTX�|<@^] #�M `Oub<KLFgQ��y{1FHnTSTFHµ S<nLF EsORUiORKLKpFHKLF ��xyµ�EzxRQ<FHQ2efF �'( , � wyFHU ¦
aiGJb2M npQ<S<FgeH@ ��nLFga�npaWe�S<FgU¥¸=ORKpK �TM´FHQTQ�S<FHU «¥V<aWt�ORKpKLaoM nLQ<IuFHK � XyFgUfORS<F\£y� ��UfORS�{zFNefU `ORXRe5@
��ORQ<Q UWFHS<VT�HnLFgUWe�ainpGJbjS<nLFªD"EzFgGJI"KpFgMhORQ<S<FgUiV<QTXyaiXyFgaiGJb2M nLQTS<nLXyIuFHnCeªORVTt�FHnpQ<FHQjFgnLQTt�ORGJbTFHQ
«¬VTaiS<UWV<GJI .

��� � 8 	 � 

� Ggxya � ��|<@^?y? #

- µ S<FgQ ��FHaWGJb2M nLQ<S<npXyIRFgnpeiaiXyUiORS<nLFgQ2efFHQ�ORV<a�S<FHU ��FHaWGJb/M npQ<S<npXyIRFgnpe�{zFgUiFgGJb<Q<FHQ��HV
I `xyQ<Q<FgQ��st!xyUiµ\e µ OuQ�xR{<nLXyF ��KLFgnLGJb/V<Q<X²V<µ¢�HV/.

� ���
� � 8 ��� �

	¬GHxya �
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«¬{T{<nLKpS<V<Q<X¥|<@¤]5.�D"eiUiFgV<XyFHxRµ�FNefUinpF tJ`VTU�S<nLF´��FHbTQ"VTQ<Xyaiµ�FHaWaiV<QTX �/{zFgnTS<FgU Q/V<U�aWFHQ<I/UiFgGJb2efFHa
, ORQ<S<FgUiQªwyxyQ '( , ORVTtveiUinpeWe � � 8�£y� � #N@
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Elastischer
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v
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Biegung

«¬{T{<nLKpS<V<Q<X |<@m� .&D"eiUiFgV<XyFHxRµ�FNefUinpFr�HV<U&�hnpFHXyFgµ�FgaiaWV<Q<X�S<FHU���UfORS<npFHQ2efFgQ<IRxRµ�E1xyQ<FgQ/eiF � ���� � @
����� � � � # !���#
«¬VTGJb�tJ`V<U¡S<npF �hnpFHXyV<QTXZM npUiS·M nLFgS<FHU¡S<npFPaiGJbTxyQ {1FHI6ORQ<Q2eiF¬D/efUiFgV<XyFgxyµ�FNefUWnLF3��«¥{<{<npKLS<V<QTX
|<@m� #r{zFgQ"VAef�geH@¡��nLF �HFgnpeiKLnLGJbTF�«¥{<KLFgnpeiV<Q<X[S<FHa´XyFHaoefUiFgVTefFgQY ¡FHI2efxRUia '( , npaWe µ�nCe �ZKpFHnLGJb/V<QTX
|<@CByB*.

�'(k, 8 V � � '3 ��|<@^?Rl #

8 V ��
�
� �  �� � �� � � �

	 

�
��
�
Ggxya � V Ggxya �

�
ainpQ � � ainpQ �

	 

� ��|<@^?u| #

8 ��
�
V  � �!ainpQ � � ainpQ � #�V � � �!GHxya � V GHxya � #

	�

� ��|<@^?y] #
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Ewaldkugel
(Ausschnitt)

Streufläche

k az

Kohärenzvolumen

«¬{T{<nLKpS<V<Q<XZ|<@^�k.���npF �N¦ ��xyµ�E1xyQ<FHQ2eiF �'(5, �PnpaWe nLµ�µ�FHU�EsOuUfORKpKLFHKT�HV<µ ��xyb `OuUiFHQT�gwyxRKLV<µ�FHQ��
V<Q<SªwyFgUiV<UWafORGJb2e¬S<FHaWbsORKL{ �= "���( DAE1FHGJI/KpFgMhORQ<S<FgUiV<Q<XT@

 � 8 l � 

� �

� � � V � �
? #� � 8 V  �

«¬V<GJb�b<nLFgU KLnLFgXRe M nLFgS<FHU aWGJb<nLFNt!FHa+, ORQ<STFHUiQ�wyxyQ �'(k, wyxRUH@´q¡a��HFgnLXRe�aWnLGJb�STV<UiGJbdFHnLQTF
FHnpQTt�ORGJb<F `- {zFgUiKLFgXyV<Q<X �<SsO(�²S<npF��N¦ ��xyµ�E1xyQ<FHQ2eiF�wyxyQ �'(k, `V<{1FHUWbsORV<ETe�Q<npGJb2e¥µ�F��R{sORUPnpaWe5@
��FHQTQ S<npFHaiF��N¦���xyµ�E1xyQ<FgQ2efF²nLaoe\npµ�µ�FHU¬EsORUfOuKLKLFgK��HVTU-��xyb `OuUiFHQT��� `ORGJbTF(� STnLF²aiFgQ<I/UiFHGJb2e
ORVTt&S<FgU D"eiUiFHV � `ORGJb<F�aoefFHb2e��=ORKLaWx¶EsORUiORKLKpFHK=�HV<Uh�N¦�«¥GJb<aiF5�sµ�nCehSTFHU ¸sxyKpXyF(�"SsO(�·FgnLQ<F ,
ORQ"¦
S<FgUiV<Q<X±wyxyQ '(*, npQ��N¦���npGJb2efV<Q<X `V<{1FHUib<ORV<ETe IRFHnpQ<F*, ORQ<STFHUiVTQ<X
S<FgUYDAE1FHGJI/KpFHaYnpQ�S<FgU
�hFgxy{sORGJb2efVTQ<XyaiFg{zFgQ<F��jFHUW�HFHVTXRe4��«¬{T{<nLKpS<V<Q<XZ|<@^� #N@ ��nLF �gV '(*, aWFHQ<I/UiFgGJb2efF���xyµ�EzxRQ<FHQA¦
efFZK `O(�Re aWnLGJb�SsORQ<Q�µ�nCe���KLFHnpGJb/V<Q<X·|<@^?y]¶V<Q<S�|<@m£�aWGJb<UiFgnL{1FHQdORKLa .

�(*,�� 8 �'(k, '@ ,��8 V  � ��aWnLQ � � ainLQ � #TaWnLQ �
��FHU²��xyUWUiFHI2eiV<UWt�ORI2eixyU·S<FHU·aWGJb<nLFNt!FHQ ,
OuQ<S<FHUWV<Q<X8t `V<U·S<npFªDAE1FHGJI/KLFNMPORQTS<FHUWV<Q<XyaWXyFN¦

aiGJb2M npQ<S<nLXRIRFHnCe·nLaoe¶S<VTUiGJb �ZKpFHnpGJb"VTQ<X ��|T@pB�£ #[XyFgXyFH{1FHQ��raWx SsO(��µ�ORQ t `VTU-S<npF9DAE1FHGJI/KLF ¦
MhORQ<S<FgUiV<Q<XRaiXyFgaiGJb2M nLQ<STnLXyIuFHnpe¬S<FHQ�«¬VTaiS<UWV<GJI

� �� � 8 l 	 � 

� �

� � � V � �
? #���aWnLQ � � aWnLQ � #�� B � efORQ B � � #TainLQ � ��|<@^?R� #

FHUWb `ORKCe5@
��nLF�FgQ2efaiETUiFHGJbTFHQ<S<F �ZUiORS<npFHQ2efFgQ<IRxyµ�E1xyQ<FHQ2eiF K `O(�Re ainpGJb�OuV<aYS<FgU�DAEzFgGJI/KLFgMhORQ<STFN¦

UiVTQ<XyaiXRFHaiGJb2M npQ<S<nLXRIRFHnCe¬{1FHUWFHGJb<QTFHQ/.
� � �
� � 8 � �� �	 ��aWnLQ � � aWnLQ � #�� B � efORQ B � � #TainLQ � ��|<@^?y� #
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- µ�S<npF-EsORUiORKLKpFHKpFZ�ZxRµ�E1xyQ<FgQ/eiF\wRxyQ �'(k, �HV�wRFHUWµ�FgnLS<FgQ��zµ-V � M nLFgS<FHU¥S<FHU¥«¬VTt!{<ORV
wyxRQ «¥{<{<npKLS<V<QTX9|<@¤] {1FHQ/VTei�ge�M´FHUWS<FHQ��(aWx�S<O(� � 8 £y���H@\��nLF¶DAE1FHGJI/KLFNMPORQTS<FHUWV<Q<XyaWXyFN¦
aiGJb2M npQ<S<nLXRIRFHnCe�UiFHSTV<�HnpFHUWe�aWnLGJb�SsORQ<Q��HV/.

��� � 8 l 	 � 

� �

� � � V � �
? #��oB � ainLQ � # ��|<@^?Rk #

«¬VAt!XyFHK `xyaWe QsOuGJb�S<FgU¥�gVdµ�FHaWaiFHQTS<FHQ ��FHaWGJb2M nLQ<S<npXyIRFgnpeiaiXyUiORS<nLFgQ2efFHQTIRxyµ�EzxRQ<FHQ2efF\FHUWb `ORKpe
µ�ORQ/.

� � �
� � 8 ��� �

	 �oB � ainLQ � # ��|<@^?R£ #
��nLF�M `ORb<UiFgQ<SZS<FHU&�hnpFHXyVTQ<X ORVTtveiUiFgeiFHQ<STF `«¬Q<S<FgUiV<QTX¥S<FgU&D"efUWFHV<XRFHxyµ�FgeiUinLF&¦1S @mb�@ `«¥Q<S<FHUWV<Q<X
S<Fga·qrnLQTt�ORKpKLa ¦ V<Q<S «¥V<aWt�ORKpKLaoM nLQ<IuFHKLa�¦¬aixyKpK´OuKLa�wyFgUiQsORGJbTK `ORaWainLXR{sORU-I/KpFHnLQ±XyFHKCefFgQ ��I/KpFHnLQTF
«¬VTaiKLFgQ<I/V<Q<X � � #N@ ¬Ouerµ�ORQ �WFgS<x"GJb·aiGJb<xyQ�FHnpQ<FhaoeJOueinLaWGJb<FP ¡xyUi{TnLFHXRV<Q<X�S<FgarFHKLORaWeinLaiGJbTFHQ
� `xyUiE1FHUWa-µ�npe\S<FHU\«¬V<aWKLFgQ<I/V<Q<X � � ��S<nLF�Q<nLGJb2e·µ�FHbTU\wyFgUiQsOuGJb<K `ORaWainpXy{sORU\nLaWe�� M nLUWS
S<FgUqrnLQTt�OuKLKLaoM nLQ<IuFHK ��V<Q<S±S<FHU[«¬VTaWt�ORKpKLaWM npQ<IRFgK � OR{<b `ORQ<XynpXªwRxyQ
S<FgUZaWeJO6efnLaWGJb<FHQ «¬V<aWKLFHQ"¦
I/V<Q<X�V<Q<Sªwyxyµ 	�Uoe �ªFHQ2efKLORQ<X²S<FgU¥�´nLFHXRFHKLnpQ<nLFC.

� ��� #98 � � � ��� # ��|<@mly� #
� ��� #98 � � � � � # ��|<@mlTB #

µ�npe � ��� #98 ORUWGgeJOuQ � � � � # ��|<@ml2? #
V<Q<S � � ��� #98 l � �

� �

� � � V � �
? # ��|<@mlyl #
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,±FHaiFgQ2efKLnpGJb<FHUª�´FHaWefORQ<STeiFHnpK¬S<npFHaiFgUY«¬UW{zFgnpe nLaWeYS<nLF��hFHaoefnLµ�µ¶V<QTX
S<FHU9DAEzFgGJI/KLFgMhORQ<STFN¦
UiVTQ<XyaiXRFHaiGJb2M npQ<S<nLXRIRFHnCe ��� @ � V<U �hFgaWefnpµ�µ-V<Q<X·S<FgU¬c�V<aWeiFHUWMhORQ<STFHUiVTQ<X aoefFHbTFHQ��NMhFgn(nLµ�HFgnpeiKLnLGJbTFHQ²«¬{<aoeJORQTS ��ORVAt!XyFHQ<xRµ�µ�FHQ�DAE1FHGJI/KLFg{<nLKpS<FHUr�gV<Ur ¡FHUot `V<XyV<Q<XT@���nLF�D"EzFgGJI"KpFHµ¶V"¦
aWeiFHU&nLQZ{1FHnLSTFHQ\�hnLKpS<FHUWQ�ainLQTS\UWFHKO6efnpw¬�HV<FgnLQsOuQ<S<FHU�wRFHUiaWGJb<xy{1FHQ @ � npFHKynpaWe&S<npF¡�hFHaoefnLµ�µ¶V<QTX
S<npFHaiFgU\ ¡FgUiaiGJbTnLFH{TV<Q<X<@8qra-npaWe\MhFgQ<nLX�aWnLQ<Q2wRxyKLK � S<npF� ¡FgUiaiGJbTnLFH{TV<Q<X8{zFgaiE<npFHKpaWM´FHnLaWF9ORVTt¦
XyUWV<Q<S STFHah«¥{<aWefORQ<S<FgaPFHnpQ<FHU {1FHaixRQ<S<FHUWahµ�ORUiI6ORQ2eiFHQ9D/efFHKpKLF nLµ cdV<aWeiFHUP�gV {1FHaoefnLµ�µ�FHQ��
SsOYSsOua[DAEzFgGJI/KLFHµ-V<aWeiFHU�M `ORb<UWFHQ<S8S<FgUZ�hFgM´FHXRV<Q<XªQ<nLGJb2eZaoeJORUWU�{<KLFgnL{Te.�§cdVTaWefFgUiIuxAGJb<FgQ��
ainpFHb<F-�ZORE<npeiFHK�?A@}| #N@¥��FHVAefKLnpGJbdXRFHQsORVTFHUiF¶q¡UWXyFH{TQ<nLaWaiF¶FgUi�HnpFHKCe¬µ�ORQ�STV<UiGJb�STnLF¶��xyUWUiFgKO6¦
efnpxyQªS<FHU ©�Q2efFgQ<ainCe `OueiaWwRFHUiK `ORVTt!FZS<FgU¬D"EzFgGJI"KpFH{<npKLS<FgUH@

«¬V<arSTFHQ�qrnLXyFgQ<aiGJbsO6tvefFHQ�S<FgUraixyXyFgQsORQ<Q2eiFHQ���UiFHVT�HIRxRUiUiFgKOueinLxyQTaWt!V<Q<I2einLxyQ·I6ORQ<Q²SsOuQ<Q
S<npF  ¡FHUWaiGJb<npFH{<V<QTX �NMhFgnLFgU�DAEzFgGJI/KLFH{TnLKLSTFHU·UiFgKOueinpw8�gV<FHnpQsORQ<S<FgU·FHUWµ�nCeiefFgKpe[MhFgUiS<FgQ @
©�µ
t!xyKpXyFHQ<STFHQªaixyKpK S<npFZ�ZUWFHV<�gIRxyUWUiFgKOueinLxyQ<aot!V<Q<I2efnpxyQªQ `ORb<FgU {zFNefUfOuGJb/eiFge�MhFgUiS<FgQ @

���
	 � � � ��� �!���� �"� � ����� � ��# �������
��FHXyFg{zFgQdaWFHnLFgQd�NMhFgn(xyUWeiafOR{<b�`ORQ<XynpXyF[DAnLXRQsORKLF����
	��ZV<Q<S���
	��6@
��nLF��ZUWFHV<�gIRxyUWUiFgKOueinLxyQª�gM npaiGJb<FgQ�S<FgQd{1FHnpS<FHQdDAnpXyQsORKpFHQ9M nLUWS�STV<UiGJbdS<nLFZ¸sV<Q<I2einLxyQ

	 � � #j8 + � � #���� � � #"8
I��
�
B � + ��� #�� � � � � # � � ��]A@pB0#

XyFgXyFH{1FHQ @ � nLaWeYFHnLQTFd ¡FHUWaiGJb<npFH{<VTQ<X�STFHUY{1FHnpS<FHQ DAnpXyQsORKpFdUWFHKLOuefnCw��gV<FHnpQsORQ<STFHUYnpQ �/¦
� nLGJb2efV<QTX<@

qraPaixyKpK=Q"VTQYXyFH�gFHnpXRe´M´FHUWS<FHQ��<SsO(�\µ ORQ�S<nLF¥��UiFgV<�HIuxyUiUWFHKO6efnLxRQ<aWt!V<QTI/einLxyQ�nLQ�FHKLFgX2ORQA¦
efFgU�, FgnLaiF `V<{1FHU S<npFZ¸sxyV<UinpFHUoefUfOuQ<aWt!xyUWµ O6efnLxRQYORV<aWS<U `VTGJIRFHQ�IuOuQ<Q @
��OR�gVªM npUiS��HV<FgUiaoe¥STnLFZ¸sxyV<UWnLFHUoefUiORQ<aWt!xRUiµ�nLFHUoefF¬wRxyQ + � � #hXyFH{TnLKLSTFge .

� � ( #98
I��
�
B � + ��� # @ B

;
��� � �

�
� ��]A@¤?(#

lyl

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



� ��� � 	������ � � ������� � � �������
��	 � � ����������� 	 � � � lR|

8
I��
�
B � + ��� #TGHxRa0�§?<Z ( � #

�
� V �

I��
�
B � + � � #TainLQ��§?[Z ( � #

�
� ��]A@^l #

8 � � ( # V ��� � ( # ��]A@m| #
,±FHnpeiFHUWb<nLQªµ¶V �²S<npFZ¸sxyV<UinpFHUoefUfOuQ<aWt!xyUWµ�npFHUoefF¥wRxyQ 	 � � # XRFH{<npKLS<FNe MhFgUiS<FgQ/.

� � ( #98
I��
�
B � 	 � � # @CB

;
��� � �

�
� ��]A@¤](#

8
I��
�
B �
$
I��
�
B � + � � # � ��� � � #

�
� & @CB ; ��� � � � � ��]A@^� #

8
I��
�
B � + ��� # $

I��
�
B �

� ��� � � #A@CB ; ��� � � � �]& � � ��]A@¤�(#

- µ SsOua[�NMhFgnpeiF�©�Q2eiFHXyUiORK¡nLQ8S<FHUZKpFgef�NefFgQ � FgnLKLF·{1FHUWFHGJb<QTFHQ
�gV±I `xyQ<QTFHQ��&µ¶V ��µ OuQ
S<npF[DAV<{<aoefnpeiVTefnpxyQ � 8 � � �
S<V<UiGJbAt `V<b<UiFgQ/.

I��
�
B �

� � � #A@CB
;
��� � �

D
� B � Q � �

8 @ ; ��� � �
I��
�
B �

� � � #A@CB
;
��� � �

�
�

8 @ ; ��� � �
	 � ( #
qrnLQ<aWFgei�HFHQdnLQ9wyxRUinLXRFHa ©�Q2efFgXyUfORK � �ZKpFHnpGJb"VTQ<X�]A@¤�(#hKLnLFNt!FHUoe .

� � ( # 8
I��
�
B � + ��� #A@

;
��� � ��	 � ( # � � ��]A@^k #

8 	 � ( # $
I��
�
B � + ��� #TGgxya ��?[Z ( � #

�
� ���

I��
�
B � + ��� #TaWnLQ ��?[Z ( � #

�
� & ��]A@^£ #

8 	 � ( # $�� � ( # ���� � ( # & 8 	 � ( # � d � ( # �§]A@CB�� #
��FHU  ¡FHUiXRKLFHnpGJb�wRxyQ � � ( #4� ��KLFgnLGJb/V<Q<X¶]A@CB�� #rV<Q<S � � ( #+� ��KLFHnpGJb/V<Q<X·]"@m| #r�HFgnLXRe��AS<O(�

S<npF�¸sxyV<UWnLFgUWefUiORQ<aot!xyUiµ�nLFgUWefF � � ( #·S<FHU ��UiFHVT�HIRxRUiUiFgKOueinLxyQTaWt!V<Q<I2einLxyQ FHnpQTt�ORGJb SsOua �rUix6¦
S<V<I2eZOuV<a�S<FgU�¸sxyV<UinpFHUoefUfOuQ<aWt!xyUWµ�npFHUoefFHQ�S<FgU�¸sV<Q<I2efnpxyQ � ��� #¥VTQ<S S<FHU¥IRxyµ�E<KpF ��IRxyQ �WV"¦
XynpFHUWeiFHQ�¸sxyV<UWnLFHUoefUiORQ<aWt!xRUiµ�nLFHUoefFgQ9S<FHU�¸sV<Q<I2efnpxyQ + ��� #PnLaoe .

� � ( #j8 	 � ( # � d � ( # �§]A@CByB #
��nLFgaiFgU � V<aiORµ�µ�FHQTbsORQ<XYI6ORQTQ ORQsORKpxyXYOuVTt¡�gM´FHnpS<nLµ�FHQ<aWnLxyQ<ORKLF-DAnLXRQsORKLF ���´nLKLSTFHU #·`V<{1FHU ¦
efUiORXyFgQ M´FHUWS<FHQ @���nLF²��UWFHV<�gIRxyUWUiFHKLOuefnpxyQ<aot!V<Q<I2efnpxyQ8�gM´FHnLFgU[�hnLKpS<FHU + � � 4 & #¬VTQ<S � � � 4 & #nLaoe XyFHXRFH{1FHQ�S<V<UiGJb .
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	 � � 4 � # 8
I��
�
B �

I��
�
B � + ��� 4 & # � ��� � � 4 & � � # � � � & �§]A@CB%? #

�
V<Q<S � aWnLQ<Sª ¡FHUWaiGJb<npFH{<VTQ<XyFHQdnLQ �/¦´V<Q<S )/¦���npGJb2efV<Q<XT@
cdnCeiefFgKLa ¸sxyV<UWnLFgUWefUiORQ<aot!xyUiµ�OuefnpxyQ FgUib `OuKpe µ�ORQ/.

	 � � 4 � #�� � � (
� 4 ( � # 8 	 � '( # � d � '( # �§]A@CB�l #

��� � ��� � ��� � � � � � � ��� �
��O nLQ S<nLFgaiFgU�«¥Ui{1FHnpe²µ�npe²STnLXynCeJORKpnLainpFHUoefFHQ��rORKLaWx8S<nLaWI"UWFgeiFHQ �´nLKLSTFHUiQ XyFHORUi{1FHnCefFge·M npUiS��
M´FHUiSTFHQ�©�Q2efFgXyUfOuKLFZXyFHXRFHQ�DAV<µ�µ�FgQdOuV<aiXyFNeJORVTaiGJb2e5@ ¸¥`V<U �gM´FHn&�hnLKpS<FHU µ�npe ��� 
 qrKLFN¦
µ�FHQ2efFgQdKLORVTefFNe S<nLF�STnLaiI/UWFgefF[��xyUWUiFHKLOuefnpxyQ<aot!V<Q<I2efnpxyQ

	 ) � � 4 � # 8 + ) � � 4 & #���� ) ��� 4 & # �§]A@CB5| #
8 � B �:

�  =
� B �:
�  = + ) � � 4  -# � ) � � � � 4

� �  -# �§]A@CB%] #

µ�npe � 8 � 4 B 4 ? 4 � � � V BZV<Q<S � 8 � 4 B 4 ? 4 � � � 4 
 V B � � ��8�B 4 � � 8 B #N@
��nLF S<npUiFHI2eiF¬D"V<µ�µ�OueinLxyQ<a ¦ocdFNefb<x"S<FPM `ORUWF¥{1FHnsXRU `x �yFgUiFgQY�hnpKLS<FgUiQ²aiFgb<U´UWFHGJb<FgQA¦ V<Q<S

�HFgnpeinLQ2efFgQ<ainCwz@��ZKpFHnpGJb"VTQ<X�]"@pB%] µ¶V � ( 8 � 
 µ�ORK2t `V<U �WFgS<FHQ·�´nLKLSTE<V<Q<I2e�S<FHa �ZUWFHV<�gIRxyU ¦
UiFgKOueinLxyQTai{<npKLS<FgahS<V<UWGJb<XyFNt `V<b<UWe�M´FHUiSTFHQ @ !¥npµ�µ-ePµ ORQ9FgnLQ��/VsORS<UiOuefnpaiGJb<Fga¥�´nLKLS9µ�npe � �
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	 *�, � 6 # 8.-/*.� � # � � � � 6 # � � IRxyUWUiFgKLnLFgUWe V<QTS�S<npF-cdO �AnLµ¶V<µ�aiE1xyaWnpefnpxyQ 
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S<FgU¥�´FHaWeinLµ�µ¶V<Q<X²S<FgU  ¡FHUiaWGJb<nLFg{<V<Q<X�ORV<a S<FgU��ZUWFHV<�gIRxyUWUiFgKOueinLxyQ�ORVTtveiUinCeie5@
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Signal-Rausch-Verhältnis
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τ
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��--D0RW 7 BDGDS "�# &�_ �w/�032I�D03/�W�/�03GD/�2¼�,@I/�B��H = @I@I/AW�+�4I0 = G2I-D03W 7 /A2 Ka034 /A0RGD/A@§z���/�^�H�WR/jt�+�G�U7 /A@IBDGDS Y = G ¶ � © ª ��� o ��� BDG 7 /�0RG/�@½�w/AWR0R^ > 4IBDGDS ! » G)4V/AS?@V+P4V0 = G ( ;BD-�/�@¡º ¶ �& p�� ¸ p © ª ��� o ��� #� bN�w� � 0RG§�\- > ;+.GS?0RS?H�/�0%4�Y = G 7 /�@�|~/A@I2I^ > 0R/�-BDGDS ¶ BDG 7¡7 /�@a�w/AWR03^ > 4IBDGDS º ¶ 03254�03G��--D0RW 7 BDGDS "�# ´�S?@V+�yD2I^ > 7 +.@IS./�254I/�W3W34 #LN+.Gµ2I0R/ > 4N03Gµ�\-D-D0RW 7 BDGDS "�# ´ 25/ > @ 7 /�B�4VWR03^ > 7 /AG rZ0RG	�gBDC 7 /�@��w/�W30R^ > 4VBDGS 7 /A@�w03W 7 /A@ _ 
./¼W ;+.GDS?/A@ 7 03/8�w/AWR03^ > 4IBDGDS?25��/A034�� 7 /A254 = 254 ;+�@IH./A@ 2I03GDH)4 7 +.2 z�0RS?GD+.W%U ] +.B2I^ > U|~/�@ > ;+.W%4VGD032ZU�0RG2I-�/�2 = G 7 /�@5/�-�/�0�S?@ = C?/�Ga|~/�@I25^ > 0R/A-DBDGDS./�G1�t = KT+.Ga2I^ > GD/AWRW�BDGg+.H��A/��4V+PU-DW3/x|~/�@ > ;+.W34IGD0R252I/:/�@5@I/�03^ > 4 # *xBD@I^ > 7 03/,@V+.BDK�U��A/�0%4VWR03^ > / » G)4V/AS?@V+P4V0 = G !�� L�0%4I4I/�W3tv/�@�4V-D03W%U7 BDGS ( Y./�@I@50RGDS./�@54�2I0R^ > 7 /�@ » G�E = @IKT+�4V0 = GD25S?/ > +�W34 7 /A2Xz���/�^�H�WR/`U��w03W 7 /A2wBDG 7J7 0R/�/��/AH)4V03Y./z���/�^�H�WR/AS?@';= C?/ ! 7 /�2\S?/�Ka03454V/�W%4V/AG��v0RW 7 /�2 ( Y?/A@IS?@�;= C?/A@54x250R^ > U� = W3S?/:0R254�/A0RGD/�2I^ > W3/�^ > 4V/A@I/z¾4V+�4V03254V03H #Z¥ /�034I/�@ > 0RG 2I03GDH)4 7 +.2\z�0RS.Gg+.W%U ] +�BD2I^ > U
|~/�@ > ;+.W34IGD0R2utw/AGDG ¶ S?@�;= C?/A@�tX0R@ 7 � 7 +7 +.GG 7 0R/\-�/A0 7 /AG��w03W 7 /A@v03KTKa/�@Ztv/�GD03S?/�@ » 7 /�G)4I034£;+P4�-�/�2I0%4V�A/�G ! ;BD-�/A@IWR+.�D��/�G 7 /A@��w/A@I/A0R^ >tX0R@ 7 H�WR/�03GD/�@ ( BDG 7 7 0R/�+.-2 = W3B4V/�9 ;=?> / 7 /A@ 0 +�BDC�U�gBDGH�4I0 = G�2I03GDH)4�U 7 /A@:[\G)4V/A@IS?@5BDG 7tX0R@ 7 7 = Ka0RGg+.G)4I/�@ #¬BD@�tw/A034V/A@I/AG |~/�@I+.GD2I^ > +.BDWR03^ > BDGDS 7 03/�2I/A2J¬BD2I+.KaKT/AG > +.GDS.2atX03@ 7 0RG �\-D-D03W 7 BDGS"�# & 7 0R/��,@I/ABD��H = @I@5/�WR+�4V0 = G¦�Atv/�0R/A@ �w0RW 7 /�@�E�;B@ /A0RGD/<|~/A@I25^ > 0R/A-DBDGDS�Y = G ¶ � © ª ±Z0%O�/�W3GBDG 7 /�03GD/�@ » G)4I/�S?@I+�4V0 = G½;BD-�/A@�º ¶ � & p�� ¸ p © ª ±~0{O�/�WRG S?/A��/A0RS.4 # LN+.G�K<BDC 7 /�2�tw/AS?/�GN0RKr�O���/A@I0RKa/�G)4�-�/A254I@I/�-�4�2I/A0RG1�6/�0RG/TK ;= S?W30R^ > 2�4�H�BD@5��/¢�w/�W30R^ > 4VBDGS?2I�A/�034�0RK *x/j4V/AH�4 = @ ��B/�@5@I/A0R^ > /AG # ��WR2®�\-D2I^ > ;+�4V�ABDGDSa2 = W3W34V/ 7 0R/x�A/�0%4VWR03^ > / » G)4V/AS?@V+P4V0 = G ! �w/�W30R^ > 4VBGDS ( KT+PO�0RKT+.W$ &�� 7 /�2\�w03W 7 +.-254�+�G 7 /�2®-�/A4I@V+.S./�G _ º ¶�� $$ & ¶*x0R/��w/AWR03^ > 4IBDGDS?25��/A034�K<BDC�+.-�/�@ KT03G 7 /�2�4V/AGD2:2 = WR+.GDS S?/jt ;+ > W34,tv/�@ 7 /�G� 7 +.C�K¢+�G/�03GD/v+.BD2I@5/�03^ > /�G 7 /®��BD25G¾B�4V��BGDS 7 /�2�*��¾Gg+.Ka0RH?U��w/A@I/A0R^ > /A2 7 /A2Z*x/A4I/�H)4 = @I2�/A@I@5/�0R^ > 4 # �w/A0��B:S?/A@I03GDS?/�@1�w/�W30R^ > 4VBDGSXE +�WRWR/AGx2 = GD254�/AWR/�H)4I@ = GD032I^ > /A2 ] +.B2I^ > /AG 2 = tX03/~*x0RS?0%4�+.W30R2I03/�@5BDGDS?2�UBDG 7 *x0R25H�@I/A4I0R250R/�@5BDGDS?25@V+.B2I^ > /AG�/A@ > /A-DWR03^ > 03GD2 0 /AtX03^ > 4�BDG 7�7 03/��xBg+.W3034£;+P4 7 /A2\�,@5/�BD�`UH = @I@I/AW�+�4I0 = G2I-D03W 7 /A2wtX0R@ 7 tX03/ 7 /A@®Y?/�@52I^ > W3/�^ > 4V/A@54 #�w/�0�H¾W3/�03GD/�@5/�G |~/�@52I^ > 03/�-DBGDS?/�G ! H�WR/A0RGD/A@x+.W32 f� ()()( f� 7 /A@:�w0RW 7 S?@�;= C?/ ( H�;= GDGD/AG·+�-�/A@+.BD^ > W};+.GDS?/A@I/��w/�W30R^ > 4VBDGS?2I�A/�034I/�GJS?/jt�;+ > W%4wtv/�@ 7 /�G =?> GD/ 7 +.C</�03GD/�G/�GDGD/AGD25tv/�@�4V/:|~/�@�U2I^ > WR/�^ > 4I/�@IBGDS 7 /�@���BD2�tw/A@54VBGDS¦/�0RG)4I@I03454 #J¥ /�034I/�@5/�2�tX03@ 7·7 +.��B§03K /jO���/�@I03KT/AG)4V/�W3WR/AG
�s/�0RW 7 0R/A2I/�@X�\@I-�/�034�+�BD2IS?/jE`;B > @�4 #
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�w0R2 > /�@�tXB@ 7 / 7 /A@JrZ0RG �gBC 7 /�2�z���/�^�H�WR/`U�� = ^ > /�GD2 ! 7 �¾Gg+.Ka0R2I^ > / ;�\G 7 /A@IBDGDS 7 /A2z���/�^�H�WR/`U�L�B254V/A@I2 ( GD0R^ > 4 -�/�@�;B^�H¾250R^ > 4V03S.4 # *,+.2�z���/A^�H�WR/jU�� = ^ > /AG¼Y?/A@IW3/�0 > 4 = -D03S?/�G·�w/`U4V@I+.^ > 4VBDGS?/�G G = ^ > Ka/ > @ � /jtX0R^ > 4�� 7 +®2I03^ > 7 0R/~z�4V@IBH�4IBD@ 7 /�2sz¾��/A^�H¾W3/jU�L�BD254I/�@52st�;+ > @I/�G 77 /A@���/�0%4VW30R^ > U}@';+.BDKaWR03^ > /�G » G)4V/�S.@V+�4I0 = G ;+.G 7 /�@�4�BDG 7 ��B½/�03GD/�@ K¢+.252I0%Y?/�G§|~/A@I2I^ > WR/�^ > 4I/jU@IBGDS 7 /�@ rZ@IS?/A-DGD032I2I/ 7 /A@ �:@5/�BD�AH = @5@I/AW�+�4I0 = G E`;B > @�4 ! » 7 /AG)4V034';+�4:-�/�0 7 /�@:+.G 7 /A@��,@5/�BD�`UH = @I@I/AW�+�4I0 = GJ-�/A4I/�03W 7 03S.4V/AG �w0RW 7 /�@wY./�@5@I0RGS?/�@�4\250R^ > (`#
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�w032 > /A@�tXBD@ 7 / 7 0R/ /�G 7 WR03^ > / �w/AWR0R^ > 4IBDGDS?25��/�0%4 ! @I+.BDK�U���/A034IWR0R^ > / » G)4V/AS?@V+P4V0 = G ( G�BD@�+.WR2z¾4';= @5E +.H)4 = @<+.GS?/�25/ > /AG # L�+.G§HP+.GDG � / 7 = ^ > +.BD2 7 /�@ Y = G½0 > @ Y?/A@IBD@52V+.^ > 4V/AG |~/A@I-D@5/�0%U4V/A@IBDGS 7 /�@ � +�BDC�U�gBDGH�4I0 = G 7 /A@¢��B�4 = H = @I@5/�W�+P4V0 = G /A0RGD/A2�+.BEFS./�G = KaKa/�GD/AG z���/�^�H�WR/`U�w03W 7 /A2 7 /�G��w/A4I@V+.S 7 /A@\z���/A^�H�WR/Atw+.G 7 /�@IBGDS ! |~/A@I25^ > 0R/A-DBDGDS ( +.-D25^ > ;+�4I��/�G #*,+.��B�tX0R@ 7 Y = G¢/A0RGD/AK 254V+�4V032I^ > /AGJz���/�^�H�WR/A-D0RW 7T7 0R/ f�

U��w@5/�0%4V/ !)( � ( 7 /�@ � +�BDC.Y?/A@54I/�0%UWRBGDS 7 /A@w�\B4 = H = @I@5/�WR+�4V0 = GD25EFBGDH)4V0 = GT-�/�2�4V0RKaK 4 # *,+.GDGTGD0RKaK 4uKT+.G¢/A0RG 7 ��GD+.KT032I^ > /A2z���/�^�H�WR/A-D0RW 7 KT0%4,º ¶ � ¶ +.BE # *x0R/ � +.BDC�Y?/�@�4V/A0RWRBGDS 7 /A2 �\B4 = H = @5@I/�WR+�4V0 = GD25-D0RW 7 /�2�0R2�47 +.GG¼/�G)4IW�+.GDS 7 /�@<z���/�^�H�WR/jt�+.G 7 /�@5BDGDS /�W3WR03�4V032I^ > Y?/A@I��/A@I@�4 # �w/�2�4V0RKaK 4 KT+.G·/AG)4VW�+�GDS7 /A@vrZW3WR0R�2I/�G > +.BD�4V+.^ > 25/ 7 03/ f�
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» G 7 03/�2I/A@���@5-�/A034�tXB@ 7 /AG��ABD@��\BEFGg+ > Ka/ 7 /A@Xz���/�^�H�WR/A-D0RW 7 /�@®¯®¯�*\U��:+.Ka/�@V+�2w-�/�G�B4V�j4! ¯®¯�* � ¯ > +�@IS?/ ¯ = BD�DW3/ 7 *x/AY¾0R^A/ (j# *x/�@�+.W3WRS?/AKT/A0RGD/\��BEF-g+�BN/�03GD/�@\¯®¯�*\U�� +�KT/A@V+�0R2�40RG ��--D0RW 7 BDGDS\© #%$ S?/A��/A0RS.4 #6» K�¯®¯�*\U�z¾/�GD2 = @stX03@ 7�7 +.2s/�0RG�E +.WRW3/�G 7 /�� 03^ > 460RG /�W3/�H)4V@50R25^ > /��+ 7 BDGS¢BDKaS?/Atw+.G 7 /�W34\BDG 7 +.-4V@I+.GD25� = @�4V03/�@54 # *,+.2�±Z@I03GD��03� 7 /A2���+ 7 BDGS?254I@V+.GD25� = @54V/A2-�/�@IB > 4\+.B�E 7 /A@���+ 7 BDGDS?2�Y?/�@52I^ > 03/�-DBGDSD� 7 0R/,03GNz¾^ > 0R/A-�/A@I/�S.0R254I/�@5G�2�4�+�454IygG 7 /A4 #*x0R/ > 0R/A@6Y./�@5tv/�G 7 /A4I/�G¢¯®¯�*\U�z�/AGD2 = @5/�G�-�/�2I0%4V�A/�G</A0RGD/v2 = S?/AGg+.GDG)4I/ » G�4I/�@5WR0RG/jU�z�4V@IBH)U4VB@ # *x/�@�z�/AGD2 = @�0R2�4X0RG��w/AWR0R^ > 4IBDGDS?2�UwBG 7 z���/�03^ > /�@5-�/A@I/A0R^ > / BDG)4V/A@54V/A0RW%4��tv/�W3^ > / 7 +�GDG254I@I/A03EF/�G�E5;= @IKa0RS�+.GS?/ = @ 7 GD/j4\250RG 7 ! �\-D-D03W 7 BDGST© # ¸ (`# ;[�-�/A@ 7 0R/:WR03^ > 4V/�Ka�ygG 7 WR03^ > / z�/�G¾U2 = @ �s;+.^ > / ! �v/�WR03^ > 4VBDGDS.2I-�/�@I/A0R^ > ( tX03@ 7�7 0R/ » GE = @5K¢+P4V0 = G 7 /�KM/A0RS?/AG�4IWR03^ > /�GN¯®¯�*\U�¯ > 03���BS?/AE�;B > @54 # ;[\-�/�@:/A0RGD/�|~/�@5-D0RG 7 BDGDS��AtX032I^ > /AG 7 /�@�z�/AGD2 = @ �s;+.^ > /¢BDG 7·7 /�G¦Y?/A@54I0RHP+.WR/AGz�^ > 03/�-�/�@5/�S?03254V/A@IG¼tX03@ 7 7 0R/�/AG�4I254V+.G 7 /AGD/���+ 7 BDGSN0RGGD/�@ > +.WR- H�BD@I�A/�@<¬/�034 ! � & & �"!'()()(¸ ( "$# ! ( 03G 7 0R/Z+�-DS?/ 7 BDGDH./AW34I/wz¾^ > 0R/A-�/A@I/�S.0R254I/�@ ! z���/A0R^ > /A@I-�/�@5/�0R^ > ( �D+.@V+.W3WR/AW ;BD-�/�@5G = KaKT/AG #*x0R/%��+ 7 BDGDS?/AG 7 /A@�Y./�@54I0RHP+.W3/�G�z�^ > 03/�-�/�@I/AS?0R2�4V/A@�tv/�@ 7 /�G G�BDG���/A0RWR/AG)tw/A0R2I/ 0RG 7 +.2 >D= @I0%U� = G�4V+.WR/ z�^ > 03/�-�/�@5/�S?03254V/A@ ! ��BD25WR/�25/�@5/�S?03254V/A@ ( S?/�25^ >D= -�/�G BDG 7 Y = G 7 = @54\2I/A@I03/�WRW�+�BD2IS?/AWR/`U2I/AG ! ��-D-D03W 7 BGDS�© # ¸ (j#*,+ 7 0R/¦WR03^ > 4I/�Ka�ygG 7 WR0R^ > / z�/�GD2 = @ ��;+.^ > /¼G�BD@�/�03GD/�GµH�WR/�03GD/�G �s/�0RW 7 /�@�S?/�2I+.K 4V/AG
Signal-
Aufbereitung

CCD-
Sensor

Ablaufsteuerung

Video

LPT

�\-D-D03W 7 BDGST© #3$?_ �\WRW3S?/�Ka/�03GD/�@v��BEF-g+�B�/A0RGD/A@�¯®¯�*\U��:+.KT/A@V+
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Ausleseregister

abgedunkeltes Schieberegister
lichtempfindliche Fläche

paralleles Übernehmen der
Ladungen

vertikales Schieben ins

Ausleseregister

Ausleseregister und horizontales,
serielles Auslesen der Zeilen��--D0RW 7 BDGDS�© # ¸ _ ��+ 7 BGDS?254I@V+.G2I� = @54�0RK�¯®¯�*\U�¯ > 03�

CCD-Zelle

lichtempfindliche
Sensorfläche

Querschnitt Sensorzellen mit lens-on-chip�\-D-D0RW 7 BDGDS�© # �_ ¯®¯�*\U�¯ > 0R��Ka034�L�03H�@ = W30RGD25/�G�U}2 �¾254I/�K¯®¯�*\U�¬/AWRW3/Z+.BD25K¢+.^ > 4���H�;= GDG/�G 7 0R/u¯®¯�*\U�z¾/�GD2 = @I/AG Ka034 /A0RGD/A@sLN+�4V@50%O,+.BD26L�0RH�@ = WR03GD2I/AGY?/A@I25/ > /AG tw/A@ 7 /AG # *x0R/�25/ -m;BDG 7 /�WRG 7 +�2�/A0RGE +�WRWR/AG 7 / � 03^ > 4 BG 7 KT+.G�/�@5@I/A0R^ > 4�/�0RG/rZKT��ygG 7 W30R^ > H�/�034I2I2�4V/�03S?/�@5BDGDSaBDK�^�+ # 7 /�G �+.H)4 = @®�jtw/A0 ! ��-D-0RW 7 BDGDS�© # �)(j#�;BD@ 7 03/�2I/:�\@I-�/�034®tXB@ 7 /AG��jtw/A0�Y./�@52I^ > 03/ 7 /AGD/��:+.Ka/�@V+�2�Y?/�@�tw/AG 7 /j4 _
$?# rZ0RG/�z¾4V+.G 7 +�@ 7 U�¯®¯ »�] U ��|\U��:+.Ka/�@I+�Ka034 /�03GD/�K $ � ¸£U�¬ = W3W%U�¯®¯�*\U�¯ > 03� BDG 7 ².©.´O ª ´ ª ±~0{O�/�WRG # *x0R/J�:+.Ka/�@I+ +�@I-�/�034I/A4�03K » G)4V/A@IW�+�^�/jU�L = 7 BD2 ! 9\+.WR-D-0RW 7 Y?/�@�E + > U@5/�G ( BDG 7 WR03/AEF/�@�4 � /T/A0RG·9�+.W3-D-D03W 7 0RK yO�/�G¼�\-D254V+.G 7 Y = G8¸ & Ka2 # *,+.2,|x0 7 / = Uz�03S?Gg+.W�tX0R@ 7�7 +.GGJKT0%4I4V/AWR2u/�03GD/�@v2 = S # g@I+.KT/`U � @V+.--�/A@�U��:+.@�4V/ ! �\Gg+.W = S�U�*x03S?034V+.W%U¥ +.G 7 W3BDGDS ( 0RG /A0RGD/AGN±u¯ /A0RGDS./�WR/A2I/AG #¸ # rZ0RG/�25��/A��03/�WRW3/�¯®¯�*\U�* = BD-WR/jU �W�+�2 > U�� +�KT/A@V+NKa034�/A0RGD/AK ¸ �

�
U�¬ = WRW�¯®¯�*\U�¯ > 03�BDG 7 ² " ©aO " ´ $ ±~0{O�/�WRG # rZ2,H;= GDGD/�G �jtw/A0Z�w03W 7 /A@�0RG�/�03GD/�K Y�+.@I0R+.-DWR/AGN�\-D254V+.G 7Y = G � & & �"! -0R2�^�+ #Zª &�� ! +.BEFS?/AG = KaKT/AG�BDG 7 /AG�4�tv/ 7 /�@�;BD-�/A@�/�03G�|x0 7 / = U�z�0RS.Gg+.W
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Ka03454V/�W32 g@V+.Ka/jU � @I+.-D-�/�@�U��:+.@54I/ = 7 /�@x;B-�/A@u/A0RGD/�*x@5BD^�H./A@I2I^ > GD03454V254I/�W3WR/��¾BD+.2I03�g+.@�U+.W3WR/AWs03G 7 /�G¦±u¯ /�03GDS?/�W3/�25/�G tv/�@ 7 /�G # *x/�@,+.B�E 7 0R/ � 03^ > 4I/�Ka�ygG 7 WR0R^ > H./�0%4,-�/�� = US?/AGD/:*��¾Gg+.Ka0RH�-�/�@I/A0R^ > 7 /A@X�:+.KT/A@V+ BKaE +.C�4�WR03GD/�+�@�´��w0%4 # *x/�@w��BEFGg+ > KT/A��/A0345U�DBGDH)4¢-�/�0 7 /�@T�w0RW 7 /�@<tX03@ 7¡7 BD@5^ > /�03G /`O¾4V/�@5GD/�2 �6@50RS?S?/A@I250RS?Gg+�W�S?/�S./�-�/�G # �\BE7 /AK ¯®¯�*\U�¯ > 0R��-�/jygG 7 /AGN2I03^ > 7 0R/ = -�/�G�+.GDS./�2I�@ = ^ > /�GD/AG¦L�03H¾@ = WR03GD2I/AG #�w/�0\-�/A0 7 /AG��:+.KT/A@V+.2atX0R@ 7 7 +.2�/A@I2�4V/¦9�+�WR-D-D03W 7¡7 BD@5^ > +�WRWR/�S?/A@V+ 7 /AG ¬/�03WR/�G 0RK¯®¯�*\U�¯ > 0R� S?/�-0RW 7 /A4�� 7 +.2X�Atv/�0%4V/ 7 BD@5^ > +.W3WR/xBDGS?/�@I+ 7 /�G #

� ��� � ��# ������
���� �
	�	 
��$� ���"��� �

» G¦�:+.�D0%4V/�W "�# " tXBD@ 7 /�-�/A@I/A034V2 7 0R/<� = 4�tv/�G 7 0RS?H�/�034x/�0RG/�@�H�BD@5��/AG·�v/�WR03^ > 4VBDGDS.2I��/A034xE ;B@/�03GD/aS?/�Gg+�BD/J�w/A254V03KTK BDGDS 7 /�@<z���/A^�H�WR/Atw+.G 7 /�@IBGDS +.GDS?/A2I�D@ = ^ > /AG # [�K 7 0R/T�w/�W30R^ > U4VBGDS?2I�A/�0%4�/A0RGD/A2m�w03W 7 /A2s2�4V/ABD/�@5G���B H ;= GGD/�G1�.K<BDC 7 /�@ ��+.25/�@5254V@I+ > W)E ;BD@ 7 0R/v�w/AWR0R^ > 4IBDGDS?2�U7 +.B/�@Xº ¶ S?/�25^ > +.W34I/A4®tv/�@ 7 /�G # *x0R/A2®HP+.GDG /�G)4�tv/ 7 /A@\Ka034®/A0RGD/AKQS?/A�DBDW3254V/AG �s+�2I/�@XKa034Y�+.@I0R+.-DW3/�@�±ZBDW32 7 +.B/�@�� = 7 /�@�tX0R/J03G 7 0R/A2I/�@��\@I-�/�034�Ka034</�0RG/�K ¯ ¥ U �s+�2I/�@�BDG 7 /A0RGD/A@Gg+.^ > S?/�25^ > +.W34I/A4I/�G�����������������������aS?/A2I^ > / > /�G #u» K E = WRS./�G 7 /AG¢2 = WRW�H�BD@I� 7 0R/ gBDGDH)4V0 = GD2�Utv/�0R25/�/A0RGD/A@®2 = W3^ > /�G�± = ^�H./AWR25��/�W3WR/ /�@5W�;+.B4I/�@�4®tw/A@ 7 /AG #� @5BDG 7 WR+.S?/XE`;BD@ 7 /�GJ± = ^�H�/�W32I/ ��/�H)4X03254 7 +.2wG0R^ > 4VW30RGD/�+.@I/®|~/�@ > +.W%4V/�GT/�03GD/�2�L�/ 7 03BDKa2! > 0R/�@\/�03GD/�2 = �4V032I^ > +.G0R2 = 4V@ = ��/AG �,@I03254�+�WRWR2 ( -�/A0�*xBD@5^ > ��BD/�@5BDGDS /�03GD/�@\/�W3/�H)4V@ = K¢+�S?GD/jU4V032I^ > /AG ¥ /�W3WR/ ! ��03^ > 4 (��«"! 
#» G 7 /�@w2IHP+.W�+�@I/�G��<;+ > /A@IBDGS<-�/A254I/ > 4X�AtX032I^ > /AG 7 /�@®± = W�+.@50R2I+�4V0 = G � BDG 7J7 /�K � = W�+PU@I032I03/�@I/AG 7 /AG�/AWR/�H)4I@I0R25^ > /�G g/�W 7#" 7 /A@\¬BD2V+.KaKa/�G > +�GDS _
� �%$ k'&(" ! © #3$'(�\03^ > 4VWR03GD/�+�@I034';+�4V/AG 0RG 7 03/�25/�K L�/ 7 0RBK /�G)4V2�4V/ > /�G 7 BD@I^ > /�0RG/ EF/�W 7 254£;+�@IH./�+.- > ;+�GDS?0RS./z�BD25��/A�4V03-D0RW3034£;+P4 _

& ! " (~� & f *)& � " *)& 0 " � * ()()( ! © # ¸ (z�/A4I�A4wK¢+.G¢© # ¸ 0RGT© #%$ /A0RG1�¾-�/A254I/ > 4 7 03/�± = W�+.@50R2�4�+.0 = G�/�-�/�GE +�WRWR2v+.BD2u/�03GD/�K W30RGD/�+.@I/AG
�s/�@IK BDG 7 GD03^ > 4:WR0RG/�+.@5/�G �s/�@5KT/AG # *x0R/A2x-�/ 7 /�B�4V/A4�� 7 +.C 7 0R/�+�4 = KT+.@I/AG /�W3/�H)4V@50R2I^ > /�G*x0R� = W3/,GD0R^ > 4\KT/ > @XWR0RG/�+.@�+.BE >D=?> / /�W3/�H)4V@50R25^ > /�G ¥ /�^ > 2I/�W%EF/�W 7 /�@ 7 /�@�� 0R^ > 4�tw/AWRW3/ +.G)4�Ut = @54I/�G�H ;= GDGD/�G _

� �%$ k ! & f " **& � " � * ()(�( ( ! © # �?(*xBD@I^ > 7 /AG#��Bg+ 7 @V+�4I0R2I^ > /�G��6/A@IK�03G © # � tX03@ 7 7 /�@X�v@I/�^ > BDGS?2I03G 7 /jO 7 /A2\L�/ 7 03BDKa2+.- > ;+.GDS?03S<Y = G " BDG 7 /�2X4V@I0%4I4X* = �D��/AWR-D@5/�^ > BDGDST+.BE _
$� ! " ( � � $� �k **+," * � " � ! © # ª)(BDG 7 º � - � 0k¸ ! +." * � " � ( ! © # ".(

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ª ´

∆

U

x

y

LA
SA

OA

TA
Polarisator

TA

Analysator

Kristall

�\-D-D03W 7 BDGST© # ªD_ ± = ^�H�/�W32I��/AWRW3/ �jtX0R25^ > /�G��Atv/�0�S?/�H�@5/�BD�j4V/�G ± = WR+.@I032V+�4 = @I/AG #
� BDG 7�� 250RG 7 /�WR/AH)4V@ =¾= �4I0R25^ > /�� = GD2�4�+.G)4I/�G # *x/�@�± = ^�H./�W32�U�r ��/�H)4�@5/�2IBW34V03/�@�4<+.B27 /AK +." U �6/A@IK 0RG � W3/�03^ > BGDSx© # " � 7 /�@ > 0R/A@ 7 B@I^ > /�03G 2�4�+.@5H./�2Z/AWR/AH�4I@I032I^ > /A2�� � �������
	 � ���"Xk @5/�+.W30R250R/�@�4�tX03@ 7 #¦» G½/�03GD/�K¤-�/�@I/A034I2 7 = �D��/�W3-D@I/A^ > /�G 7 /�G �:@50R2�4�+.W3Wu/AG)4V254I/ > /AG 7 +�GDGGD/ABD/ = �4V032I^ > /:��^ > 2I/�G #��BE 7 /�G �,@I03254�+�WRW ! � # � # �� � ��� � ( 2 = WRWwG�BDG¡/�03GD/ WR03GD/�+.@�� = W�+.@50R2I/A@54I/�� 0R^ > 4�tw/AWRW3/E +.W3WR/�G # ¥ 0R@ 7 7 0R/�Gg+�4 ;BD@IW30R^ > / = �4V032I^ > /���^ > 2I/ ! � � ( 7 /�2��,@I0R2�4�+.W3WR2\�g+.@V+�WRWR/AW��ABD@:��BD2�U-D@5/�034IBDGDS?25@I03^ > 4IBDGDS 7 /�@ ¥ /AWRWR/ S?/AWR/AS.4���/AG)4V254I/ > /AG 0RG 7 /�@a��BD@T��BD25-D@I/A034IBDGDS?25@I0R^ > 4IBDGDS2I/AGDH�@I/A^ > 4I/�G rZ-�/�GD/J25^ > GD/AWRWR/JBG 7 W�+.GDS.2V+.Ka/¢�\^ > 2I/AG ! z�� ��� � ( KT0%4</A@ > ;=?> 4I/�@�-D�jt #/�@5GD0R/ 7 @I03S.4V/A@w± > +�2I/�GS?/�25^ > tX03G 7 03S?H./A034 #u» 254 7 0R/\± = WR+.@I032V+�4I0 = G2I@I03^ > BDGDS 7 /�@w/A0RGE +�WRWR/AG 7 /AG� 0R^ > 4�tv/�WRW3/�BDK ª�" � @I+ 7 ��B 7 03/�25/�G ��^ > 25/�G S?/ 7 @5/ > 4���2 = tX0R@ 7¦7 03/ ¥ /�WRW3/ 03G �Atv/�0Z��B¾U/�03Gg+.G 7 /�@w25/�GDH�@5/�^ > 4�� = WR+.@I032I0R/A@54I/ �s/�03W3tv/�W3WR/�GTS?WR/A0R^ > /A@w�\KT�DW3034IB 7 /�+.BEFS?/A2I�g+�W34V/AG ! 250R/ > /��--D0RW 7 BDGDS¦© #«ª·(j# rZ2�4V@5034I4</�0RG/ ± > +.2I/AG�Y./�@52I^ > 03/�-DBDGS§�AtX0R25^ > /�G -�/A0 7 /AG �6/A0RW3tv/�W3WR/AG+.BE�� 7 +TE�;BD@ 7 0R/A2I/ �s/�03W3tv/�WRW3/�G�BDG)4V/�@52I^ > 03/ 7 W30R^ > /��v@I/�^ > ��+ > W3/�G ! 7 BD@I^ > 7 03/ �\GD0R2 = 4V@ = �D0R/7 /A2��,@I03254V+.WRW32 ( BG 7 � /�25^ > tX0RG 7 03S?H./A034I/�G�S?/�W%4V/�G _

� � ¸�� + � 0k �� k ! © # © (*x0R/®± = W�+�@I0R2I+�4V0 = GD25/�-�/�GD/ 7 /�@m4V@I+.GD25KT0%4I4V03/�@�4V/�G�z¾4V@I+ > WRBGDS,0R2�4 7 +.GDG�BDK 7 /�G ¥ 03GDH./AW
����� " � S?/AS?/�G�;B-�/A@ 7 /�@XBD@I25�D@�;BGDS?WR03^ > /�G�S?/ 7 @I/ > 4 � �! �#*x0R/,z��g+.GDG�BDGS�� ��� �D-�/�0 7 /A@ 7 /�@ � +.GDS?BDG)4I/�@I25^ > 0R/ 7 S?/A@V+ 7 / ��� ¸<-�/A4V@�;+.S.4��D0R2�4 _

� � � � � k¸ + � 0k ! © # ² (*x0R/ 7 +.GG�/�G)4V2�4�+.G 7 /�GD/�9�+�WR-)tw/AWRW3/�GD�DWR+�4I4I/ 7 @I/ > 4 7 0R/�± = W�+�@I0R2I+�4V0 = GD25/�-�/�GD/vBDK & & � @V+ 7 #�w@I03GDS.4 KT+.G 7 /�Gµ�,@I03254�+�WRW��jtX0R25^ > /�Gµ�Atv/�0 S?/�H�@I/ABD�A4I/¼± = W�+�@I0R2I+�4 = @I/�G�\2 = 03254 7 03/�s@V+.GD25KT032I250 = G 7 0R/A2I/�@ ��G = @ 7 G�BDGDS -�/�0!� � & Ka0RGD03K¢+�W ! ��BDWRWu0RK » 7 /�+.W3E +�WRW ( BG 7 /�@�U

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ª)&

CCD

Laser

R

Kamera

Streumedium

dk

ds

��--D0RW 7 BDGDS�© # "�_ �\BEFGg+ > Ka/:/�03GD/�2\z���/�^�H�WR/A-D0RW 7 /�2X03K���+ > EF/�W 7
@I/A0R^ > 4x0 > @�LN+PO�0RK<BK -�/�0 � � � ��� # ��GD2�4V/�W3WR/ 7 /�2x�jtw/A034I/�G ± = W�+.@50R2I+�4 = @52\HP+.GG K¢+�G+.BD^ > /�03GD/�G¡� = W�+.@50R250R/�@5/�G 7 /�G¡z¾4I@V+ > W%4V/A0RWR/A@ -�/�G�B4I��/�G�wt = � /JGg+.^ > ± = WR+.@I032V+�4I0 = G2I@I03^ > U4VBGDS 7 /A@Xz¾4V@I+ > W 7 /�G�z�4V@V+ > W34I/�0RW3/�@~�g+.252I03/�@54 = 7 /�@wBK & & � @I+ 7 +.-S?/�W3/�GDH)4wtX03@ 7 ! � WR+.G�U��+.2I/A@I�D@50R25K¢+ (`#
� ��� � �'�����$� 	�� � � �
�)���)��� 	�
������������������
���	�
 !
��"$#%�&�����'�(�)��*�"+#���
��,�(
�*��*xBD@5^ > L�/�252IBDGDS 7 /�2�z���/�^�H�WR/A-D0RW 7 /�2T0RK �\+ > EF/�W 7 2 = WRW\+.BD2 7 /�@J� =?> ;+�@I/�G��-D@5/�034I/ 7 /A2z���/�^�H�WR/A-D0RW 7 /�2 !�� Ka03454VW3/�@I/ � @�;= C?/�/A0RGD/A2az���/�^�H�WR/A2 ( 7 /�@�*xB@I^ > Ka/�252I/�@ 7 /A@��w/�W3/�BD^ > U4VBGDS?2 ��;+.^ > /a-�/A254V03KTK�4�tv/�@ 7 /�G # *x03/</�G)4V25�D@I/A^ > /�G 7 /¢|~/�@52IBD^ > 2V+.G = @ 7 G�BDGDS�0R2�4:��-D-D03W%U7 BDGS¢© # " ��B�/�G)4VG/ > Ka/�G #*x0R/u� =?> ;+.@5/�GD�A-D@I/A034I/'-/.�03254sS?/A@V+ 7 / 7 /A@�*xB@I^ > Ka/�252I/�@ 7 /�@s��B�4 = H = @I@5/�W�+P4V0 = GD25EFBDGH�4I0%U= G 7 /A2wz¾��/A^�H¾W3/�-D03W 7 /A2��)-�/�0 7 /�@ 7 0R/w��B4 = H = @5@I/AW�+�4I0 = G�+.B�E f� °

+.-DS?/jE +.WRW3/�G�0R2�4 ! �\-D-D03W 7 BDGS© # © (j#*x/�@w�w/�W3/�BD^ > 4VBGDS?2 7 BD@I^ > Ka/�252I/A@0- � 03254 7 +.GDGTS?/�@I+ 7 /\BDKTS./�H./ > @54��D@ = � = @�4V0 = Gg+.Wg��B@� =?> ;+.@5/�GD�A-D@I/A034I/ � ¸  �_
- � � ª �� �

-/. ! © # ´ (
] 0R2�4 7 /�@ ��-D2�4�+.G 7 �AtX032I^ > /AG 7 /�@ z¾4I@I/�B	� ;+.^ > /TBDG 7¼7 /�@��w/ = -D+.^ > 4VBDGDS.2I/�-�/�G/JBDG 7 �7 03/ ¥ /AWRWR/AGDW ;+�GDS?/ 7 /A2 � 03^ > 4I/�2 #�w/�0mY./�@52I^ > 03/ 7 /AGD/�G·��-D2�4 ;+.G 7 /�G ] tw/A@ 7 /AG·Ka034 7 /�@�¯®¯�*\U�� +�KT/A@V+Jz���/�^�H�W3/�-D03W 7 /A@+.BEFS./�G = KaKa/�G¡BDG 7 7 +�@V+.BD21-/.�BG 7 2 = KT0%41- � -�/�254I0RKaK 4 # r~2atX0R@ 7 � /Atv/�03WR2 7 0R/ f� °

U�w@5/�034I/ 7 /�@���B�4 = H = @I@5/�W�+P4V0 = G 7 /�2�z���/�^�H�WR/A-D0RW 7 /�2�-�/�254I0RKaK 4 ! *,+ 7 +�26rZ@5S?/�-DG0R2�0RG ±Z0%O�/�W3G/�@52I^ > /A0RG)4��sK<BDCJG = ^ > Ka034 7 /A@:±Z0%O�/�W3-D@I/A034V/ 7 /�2�¯®¯�*\U��\@I@I+��¾2:K<BDW%4V03�DWR03��0R/A@54Xtv/�@ 7 /�G U> 03/�@ $?$ # � +.W32 >D= @50R� = G�4V+.WR/x±~0{O�/�WR-@I/�0%4V/ (j#

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � " &

1/e2

y

x

z(x,y)

dk

Autokorrelationsfunktion

��--D0RW 7 BDGDSµ© # © _ rZ03G z���/�^�H�WR/A-D0RW 7 BG 7¹7 03/ �v/�254I0RKaK<BDGDS Y = G 7 H 03G 7 /AK 7 +.��B¾US?/ > ;= @I03S?/�G �\B4 = H = @I@5/�WR+�4V0 = GD2I-0RW 7 ! �\/A-�/AGDKT+PO�0RKT+<2I0RG 7 GD03^ > 4�+�-DS?/�-0RW 7 /A4 (�#

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � "�$

CCD

Laser

Kamera

Streumedium

dk

ds

f

�\-D-D03W 7 BDGST© # ² _ L�/�2I25BDGDST/�0RG/�2\z���/�^�H�WR/A-D0RW 7 /�2X0RK g/�@IG�EF/�W 7
] " & KaK $ & & KaK ¸ & & KaK � & &

KTK
-/. ©

� # K $ ¸.² # K ¸ ª$ # K �
²?¸ # K- � & # © ª KTK & # © � KaK & # ©)²�KaK & # © " KaKL�03454V/AW3tv/�@54 7 /A2��w/�W3/�BD^ > 4VBGDS?2 7 BD@I^ > Ka/�252I/A@I2 _ - � � &$( © " � �

�)���)��� � 
��,�,��������� ��
�* ��� 
 !�

\;BDS�4�KT+.G¢�jtX0R2I^ > /�G��:+.KT/A@V+ BDG 7 z¾4I@I/�B	�s;+.^ > /x/A0RGD/���03GD2I/\KT0%4 7 /�@®�v@I/�GG�tv/�0%4V/�E�/A0RG1�BDG 7 03254 7 /�@��\-D254V+.G 7 7 /�@ ��03GD2I/���BD@®�:+.Ka/�@I+ S?/A@V+ 7 /�S?WR/A0R^ > 7 /A@®�w@5/�GDG)tv/�034I/.�Dtv/�@ 7 /�Gz���/�^�H�WR/A-D0RW 7 /�@®03K g/�@5GEF/�W 7 ! g@V+.B/�G >D= EF/�@�U ] /AS?0 = G ( +.BEFS./�G = KaKa/�G ! �\-D-D0RW 7 BDGDS�© # ² (`#*x0R/x� =.> ;+.@I/AGD��-@I/�0%4V/ 7 /A@��\B4 = H = @5@I/�WR+�4V0 = GD2�EFBDGDH)4V0 = G 7 /�2\z���/�^�H�WR/A-D0RW 7 /�2X03254 7 +.GG _
-/. � ª �� 	

- � ! © # &?([\K 0RG�2I� ;+�4V/A@I/�G |~/A@I25BD^ > /�G¦+�BD2 7 /A@x�,@I/ABD��H = @I@5/�WR+�4V0 = G��jtw/A0R/A@,z���/�^�H�WR/A-D0RW 7 /�@ 7 03/z���/�^�H�WR/jt�+�G 7 /�@5BDGDS -�/�2�4V0RKaKa/�G ��B¼H ;= GGD/�G1�62 = W3W34I/<E ;BD@�/A0RG S?B4I/�2<�,@5/�BD�`U�-�At # ��B¾U4 = H = @5@I/�WR+�4V0 = GD25-D0RW 7 Ka034 /A0RGD/AK >D=?> /AG 9�+�BD�4VKT+PO�0RK BDK BDG 7 GD0R/ 7 @I03S?/�Gµ�\/A-�/AGDK¢+£UO�0RKT+ 7 0R/8�w@I/A034V/§-�At # 7 0R/89 ;=?> / 7 /A2 *x/A4V/AH)4 = @52 � � &�()()( " & -/.8-�/A4V@I+.S?/AG # *x0R/� =?> ;+.@5/�GD�A-D@I/A034I/ -/.T2 = WRW%4V/T+.-�/A@ Ka0RG 7 /�254I/�GD2<© ±Z0%O�/�Wv-�/j4V@V+�S?/�G ! 2I03/ > /J+�BD^ > �:+.�D034I/�W© #«ª�(j#L�034 � W3/�03^ > BGDS<© # & BG 7 /�03GD/�@w�w@I/A034I/�-D�jt # 9<;=?> / 7 /�2�*x/A4V/AH)4 = @52�� - " & -/.�/�@ > ;+.W34KT+.G /�0RG/,S?/�/A0RS?GD/j4V/ �w@5/�GDG)tv/�034I/ 7 BD@I^ > 7 0R/ � WR/A0R^ > BDGDS _
	 - ��- � �¸ & & � ! © #%$ & (rZ2�K<BDC 7 + > /�@¢/�0RG/NS?/A/�0RS.GD/A4I/ �w@5/�GDG)tv/�034I/ E`;BD@�+�WRWR/ tv/�034I/�@5/�G |~/�@52IBD^ > / S?/AEFBDG¾U7 /AG¼tw/A@ 7 /AG # *,+.��B·2 = W3WR/�G 7 0R/T� =?> ;+.@5/�GD�A-D@I/A034I/�G -/.�E`;BD@:Y?/�@52I^ > 03/ 7 /AGD/ �w@5/�GDG)tv/�034I/�GS?/AKT/A2I2I/AG�tv/�@ 7 /�G _

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � " ¸
E ª & KaK © & KaK ´ & KaK $ ¸ & KTK ¸ & & KTK � & &

KaK
-/. ! -�/�@I/A^ > GD/j4 ( ªD# " © # ² &�# & $ �# " ¸?¸ # " � �# ´-/. ! S?/AKT/A2I2I/AG ( ª ² & $�ª ¸

� �
©��W3WR/ -/.`U ¥ /A@54V/�2I03G 7 03G ±Z0{O/AWRG +.GDS?/AS?/�-�/�G BDG 7 +�BE 7 03/ >= @I03� = G)4�+�WR/J��^ > 2I/ 7 /A2¯®¯�*\U��\@I@I+��¾2X-�/�� = S?/�G #*,+ 7 +�2<¯®¯�*\U}��@I@I+ �¦0RG 7 /�@�9 = @50R� = G�4V+.WR/AG¼+�BD2�² " ©�±Z0%O�/AWRG -�/A254V/ > 4��Z/�03S?GD/AG¼2I03^ >7 03/:�w@I/AGDG)tw/A034V/AG 	 � ´ & � � BDG 7 	 � $ ¸ & � � #

�)���)��� ���%�&
���&������ �&���%
�*,�,
 �� ������
» G �:+.�D034I/�Wm¸ # � tXB@ 7 /�S?/A��/�03S.4�� 7 +.C 7 03/ ¥ + > @I25^ > /�03GDWR03^ > H./A034V2 7 0R^ > 4I/AEFBDGDH)4I0 = G 7 /�@ » G¾U4V/AGD2I0%4£;+�4</�0RG/�2az���/�^�H�WR/A-D0RW 7 /�2 7 BD@I^ > /�03GD/�GD/AS)+�4V0%Y?/ r�O�� = GD/�G)4V0R+.W3Y./�@�4V/�03WRBDGS S?/�S./�-�/�G0R2�4 _

� ! � ( � $¸�� � � e 	
° 
 °Ka034¼¸�� �� �  ���*x0R/ ¥ + > @I2I^ > /�0RGWR0R^ > H./�0%4��)/A0RGD/AG » G�4I/�GD25034';+�4V2�tw/A@54 = -�/A@ > +�WR-�/�03GD/�@Zz�^ > @V+�GDH./ » +�GD��B4I@I/jE�UEF/�G�g0R254 7 +.GDG _

� ! � ( � ��
�

$
 ��� � e��� 	�� -�� ! © #%$?$£(

� � e 	� 	�� ! © #%$ ¸ (*x0R/ ¥ + > @I25^ > /�03GDWR03^ > H./A034���/�03GD/�G » G)4V/AGD2I0%4£;+�4I25tv/�@�4\03K » G�4I/�@�Y.+�WRW � ()()( � * º � �AB yDG 7 /�G�0R2�4X2 = Ka034�/�G)4V25�D@I/A^ > /�G 7 _
� ! � ( �

��������
�

$
 ��� � e �� 	�� -�� ! © #%$��)(

� !�$ - � e � 	� 	!� ( � e 	� 	�� ! © #%$�ª�(� " � e 	� 	�� ! © #%$£"?(��W32 = 7 /A@�S.WR/�03^ > /x|~/�@5W�+.B�E6tX03/,0RG � W3/�03^ > BGDSa© #3$.$?#» G§��-D-0RW 7 BDGDS © # ´N03254�/�0RG·|~/�@IS.WR/�03^ > 7 /A@<-�/A@I/A^ > GD/A4I/�G gBDGDH)4V0 = G§+.BD2 � W3/�0R^ > BDGS© #%$�� BDG 7 /A0RGD/AK 9\03254 = S?@V+.KaK¹/A0RGD/A2v@5/�+.W�+.B�EFS?/�G = KTKa/�GD/AG�z¾��/A^�H¾W3/�-D03W 7 /A2 7 +.@IS?/A254I/�WRW%4 #��-S?/�25/ > /AG�Y = G</A0RGD/A@m[\G)4I/�@IS.@IBDG 7 H = @5@I/�H)4IBD@�Usz¾4I@I/ABDWR03^ > 46BDG 7 03GDH =.> ;+.@I/AG)4V/�2 ��03^ > 4Z+.G�U7 /A@I/�@ � 03^ > 4 ��BD/�W3WR/�G�tX03/,±u¯uU�L = GD034 = @w/j4V^ # � 7 +�2®-�/A0 7 /A@®��BEFGg+ > KT/ 7 /�2�z���/�^�H�W3/�-D03W 7 /A2��B /�03GD/�@�|~/�@52I^ > 03/�-DBDGS 7 /�@T9\03254 = S?@V+.KaK Y./�@54I/�03WRBDGDS �AB > ;=?> /�@I/AG » G)4V/AGD2I0%4£;+�4I25tv/�@54I/�GE ;B > @�4 ! LN+PO�03K<BDK W30R/�S�4:GD0R^ > 4 -�/A0u�\BDW3W ( U\/�@ > ;+.W%4:K¢+.G /�03GD/�S?B4I/ ;[�-�/A@I/A0RGD2�4V0RKaK<BDGS7 /A2�9�0R254 = S?@I+.KTKa2wKa034 7 /�@XGD/AS)+�4V0%Y?/AGNr�O�� = GD/�G)4V0R+.W3Y./�@�4V/�03WRBDGS #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � " �

&
& #3$& # ¸& # �& # ª& # "& # ©& # ²& # ´& # & $

& ¸ ª © ´ $ &

�� ��

�� ���

» G�4I/�GD25034';+�4V2�Y?/�@�4V/A0RWRBGDST/A0RGD/A2\z���/A^�H�WR/jU��w0RW 7 /�2
" � 	� 		�
���������������������������������! #"$��%

��--D0RW 7 BDGDSN© # ´ _ |~/�@�4V/�03WRBDGS 7 /A@ ¥ + > @52I^ > /A0RGDW30R^ > H�/�034I25EFBDGH�4I0 = G � ! � ( /A0RGD/A2�z���/�^�H�WR/`U-D03W 7 /A2��./A0RGD/AG » G)4V/�G2I034';+�4V2�tw/A@54 � 0RK » G)4V/A@5Y�+.W3W � � ()(�( � * º �  Y = @5��BygG 7 /�G1��03K |~/A@IS?W3/�03^ >Ka034 7 /AKM9\03254 = S?@V+�KTK /�03GD/�2X/jO���/�@50RKa/�G)4V/AWRW +.B�EFS?/�G = KTKa/�GD/AG z¾��/A^�H¾W3/�-D03W 7 /A2 #
� ��& ��� 	(' �$��
���� #�� �'���%
 �*) �$�
[\K 7 03/ z¾��/A^�H¾W3/Atw+.G 7 /A@IBDGS¡03G /A0RGD/AK -�/�2�4V03KTK 4I/�G ¬/�034I0RG)4V/A@5Y�+.W3W ¶ -�/�2�4V0RKaKa/�G¡��BH�;= GDGD/AG1�)tw/A@ 7 /AG¢Ka034 7 /�@u¯®¯�*\U�� +�KT/A@V+x�Atv/�0��v0RW 7 /�@mS ! O�� � ( BDG 7 > ! O� � ( 0RK���/�0%4VW30R^ > /AG��-254�+�G 7T¶ +.BEFS?/AG = KaKT/AG # LN+�G¢-D03W 7 /j4 7 +.GDG 7 +.2v�:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7�7 /�@u-�/A0 7 /AG�w03W 7 /A@�KT0%4I4I/�WR2 7 /�@  = BD@50R/�@�4V@I+.GD25E = @IKT+�4V0 = G _

+ � !�o�pVqD(Z�-,.,�/ egf !0,1,�/<!32!Fo�pVq(I(546,1,�/<!07�!Fo�pVq(I(5( ! © #%$ © (*,+ 7 03/�-�/�0 7 /�G �w0RW 7 /�@ 7 0R25H�@I/A4�2I03G 7 ��0R254�+.BD^ > 7 +.2,�,@I/ABD��H = @I@5/�WR+�4V0 = GD2I-0RW 7�7 032IH�@I/j4BDG 7 > +�4 7 03/,S?WR/A0R^ > / � @';= C?/xtX0R/ 7 +�2�B@I2I�@.;BDGDS.WR0R^ > /��v0RW 7 #*,+ 7 0R/ @ ;+.BKTW30R^ > /�|~/A@54V/A0RW3BDGDS 7 /�@ » G)4V/AGD2I0%4 ;+�4T/�03GD/�2 ! /A0RGD�A/�WRG/�G ( z���/�^�H�WR/A2¢/A0RGD/A@� +.BDC.Y./�@54I/�03WRBDGDS�E = WRS�4��s0R254<+.BD^ > 7 +.2�9�+�BD�4VKT+PO�0RK BDK 7 /�2<�:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7 /�2/�03GD/ �Atv/�0 7 0RKa/�GD250 = Gg+�WR/ � +�BDC.EFBDGDH)4I0 = G #®» K �,@I/ABD��H = @I@5/�WR+�4V0 = GD2I-0RW 7 ��/A0RS?/AG 2I03^ > G = ^ >tv/�034I/�@5/��\/A-�/AGDKT+PO�0RKT+� 7 0R/T+.-�/A@ 0 # + # 7 /�B4IWR0R^ > GD0R/ 7 @I03S?/�@ +.W32 7 +.2<9\+.BD�4IK¢+PO�03K<BDK2I03G 7 # z�03G 7 -�/A0 7 /¢�w0RW 7 /�@�0 7 /AG)4V0R25^ > ! |~/�@52I^ > 03/�-DBGDS98+ � & ( �Z0R2�4 7 +.2aL�+PO�0RK<BDK 7 /A@� +.BDC.EFBDGH�4I0 = G¢S?/�Gg+�BJ0RK L�03454V/AWR�DBDGH�4 7 /�2X�,@5/�BD�AH = @5@I/�WR+�4V0 = GD25-D0RW 7 /�2 # rZ0RGD/�|~/�@I25^ > 0R/`U-DBDGS�-�/A0 7 /A@��w03W 7 /A@vBDK 7 /AG |~/AH)4 = @:8+ -�/AtX0R@5H)4 7 +.GGJ/�0RG/�|~/�@52I^ > 03/�-DBDGS 7 /�2®9\+.BD�4�UKT+PO�0RK<BDKa2 7 /A2��:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7 /�2®BK�/�-�/�GE +�WRWR2 7 /�G |~/�H)4 = @;8+ #��BD2 7 /�K |~/A@I25^ > 0R/A-DBDGDS.Y./�H)4 = @<8+ 7 /A2�LN+PO�0RK<B2�W�;+.C�4w250R^ > 7 +.GDG 7 0R@I/AH)4 7 03/:z���/�^�H?UWR/jt�+�G 7 /�@5BDGDS?25S?/�25^ > tX0RG 7 03S?H./A034=8>�� 03G 7 /�@�*x/A4I/�H)4 = @I/�-�/�G/�-�/�@5/�^ > GD/AG _
8>�� �

?@
A
B �DC e ��EGFBIHKJML FINB �0O e nGE�FB � JMP FIN

Q�R
S ! © #%$ ² (KT0%4

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � "�ª
+A� _ O¾U�± = 25034I0 = GJY = KM9�+.B�4VKT+PO�0RK<BK 7 /A2\�,@5/�BD�AH = @5@I/�WR+�4V0 = GD25-D0RW 7 /�2 ! ±~0{O�/�W (+�n _ ��U�± = 25034I0 = GJY = KM9�+.B�4VKT+PO�0RK<BK ! ±Z0{O/AW (o k _ O¾U�� =�= @ 7 0RGD+�4V/�Y = K L�0%4I4V/AWR�DBGDH)4 7 /�2\�w0RW 7 /�2 � H � ! ±Z0{O/AW (q k _ ��U�� =�= @ 7 0RGD+�4V/ � � � ! ±Z0%O�/�W (� _ �w@I/A034V/ 7 /A2��:@5/�BDH = @I@ # -0RW 7 /�2X0RG�±Z0%O�/�W3G9 _ 9 ;=?> / 7 /A2��,@5/�BD�AH = @5@ # -D0RW 7 /�2X0RG�±Z0%O�/AWRG� H _ �w@I/A034V/:/A0RGD/A2\±Z0{O/AWR2 7 /A2x¯®¯�*\U�*x/A4I/�H)4 = @52� � _ 9 ;=?> /:/A0RGD/A2\±Z0{O/AWR2 7 /A2�¯®¯�*\U�*x/A4I/�H)4 = @52¶ _ ��/�0%4VW30R^ > /A@®��-D2�4�+.G 7�7 /A@�-�/�0 7 /�G�+.BEFS./�G = KaKa/�GD/AG��v0RW 7 /�@�w0R2 > /�@Xtw+.@ 7 03/ � /�GD+.BD0RS.H./�0%4 7 /�@\�w/�2�4V03KTK<BGDS 7 /�2,L�+PO�0RK<BD2 7 /A2x�,@I/ABD��H = @I@5/�W�+£U4V0 = GD25-D0RW 7 /�2Z+�BE�� $ ±Z0%O�/�WD-�/�25^ > @';+�GDH)4 # [\K 7 0R/®± = 2I0%4V0 = G�0RK¹z�BD-D�0%O�/�W3-�/A@I/�03^ > -�/A254V03K�UKa/�GN�AB H�;= GDGD/AG1�K<BC¢KT+.GN/AG�4�tv/ 7 /�@,/�03GD/ �jtw/A0 7 03KT/AGD2I0 = Gg+.W3/�G � +�BDC)+.GD�D+.2I25BDGDS 7 /A2S?/A2V+.K 4I/�G½�,@I/ABD��H = @I@5/�WR+�4V0 = GD2I-0RW 7 /�2 = 7 /A@</�03GD/�±6+.@V+�- = W = 0 7 @I/�S.@I/�252I0 = G¼03G 7 /A@ ] /AS?0 = G7 /A2�LN+£O03K<BD2 7 BD@5^ > E`;B > @5/�G ! /�03GD/ � +.BC.EFBDGDH)4V0 = G > +�4a0RK LN+PO�0RK<BKT25-�/A@I/�03^ > /A0RGD/AG+.GDG ;+ > /�@5G 7 �g+�@V+.-�/�W%E5;= @IKa0RS?/AG8|~/�@5W�+.BE (j# *x/�@a��B¡|~/�@5E�;BS?BDGDS·254V/ > /�G 7 / � +.BDC)+.G�g+.2�U2IBGDS?2V+�WRS = @5034 > K<BD2<�A/�03S.4V/J250R^ > G�BD@a+.WR2�-�/ 7 03GDS.4�-@V+.BD^ > -g+�@�� 7 +¦KT+.G§KT+PO�0RKT+.Wu/�0RG/� /�Gg+.B0RS?H�/�034ZY = G�� &$( " ±Z0{O/AWRGa/�@5@I/�03^ > /�GTH = GG�4I/.��BDG 7a7 0R/X��G�g+.2I25BDGDS<-�/�0 >=?> /�G¢�\/`U-�/�GDKT+PO�0RKT+?+.G)4V/A0RWm03K �w0RW 7 G0R^ > 4<H = G)Y?/�@5S?0R/A@54I/ ! Y = G 7 /A@ >D=?> /�G ] /�^ > /AGD��/A034�/A0RGDKT+.W+.-DS./�2I/ > /�G (j#*x0R/ ��������� � � ��� �	����
�������� � �� 7 /�2 = -�/�@I/AG �s/�03WR2 7 /�2 S)+.BC.E5;= @IKa0RS./�G 9�+.B�4VKT+PO�0%UK<BDKa2®/�@�tX0R/A2�250R^ > +.WR2�tv/�25/�G)4VW30R^ > -D@V+.B^ > -D+.@I/A@\BDG 7 S?/AGg+.BD/A@ #��BD25S)+.GDS.2I�DBDGH�4uE ;BD@ 7 0R/ ] /�S?@5/�252I0 = Ga03254�/�0RG/X+.WRW3S?/�Ka/�03GD/w�,BD@�Y?/®�jtw/A034V/A@ � @ 7 G�BDGDS�+.BD2 7 /A@X2I0R^ > /�03G -�/AWR0R/A-D0RS./�2®±6+.@V+.- = W = 0 7 /A@I��/ABDS?/AGNW ;+�C.4 _

,¢!�o�pVq(Z��� f * � � o * � 0 q * � � o�q * ���5o � * ����q �rZ0RGD/ ] /�S?@5/�2I250 = G 7 03/�25/�@�gBDGDH)4V0 = G +.G�S?/�Ka/�252I/�G/¼*,+�4I/�G � ! �w/A254I0RKaK<BDGDS 7 /A@BDG�-�/�HP+.GDG)4V/AG ±�+�@V+.Ka/A4I/�@ � � ( -�/ 7 /�B4I/A4T/�0RG/ L�03GD0RKa0R/A@IBDGS 7 /�@ ��Bg+ 7 @I+�4V032I^ > /AG ��-¾Utv/�0R^ > BDGS¢�AtX032I^ > /AG gBDGDH)4I0 = G BDG 7 L�/AC 7 +�4I/�G _º � h � h n !!,¢!�o�pVq�p � � ��� (-��<!Fo�pVq(I( � ! © #%$ ´ (*,+.2®03254XS?W3/�0R^ > -�/ 7 /AB4V/AG 7 Ka034
� º
� � � � & ! © #%$'&)(E`;BD@X+.W3WR/����LN+.G /�@ > ;+.W%4 7 +.GG�/A0RGJW30RGD/�+.@I/A2 � WR/�03^ > BDGDS?252 �¾254I/�K�� 7 /�252I/�G �u;= 2IBGDS 7 0R/xS./�2IB^ > 4I/�G±�+�@V+.Ka/A4I/�@ � � 2I0RG 7 _

h � h n
?@@@@@@@@
A

¸ ¸ o ¸ q ¸ o�q ¸ o � ¸ q �¸ o ¸ o � ¸ o�q ¸ o � q ¸ o 0 ¸ o�q �¸ q ¸ o�q ¸ q � ¸ o�q � ¸ o � q ¸ q 0¸ o�q ¸ o � q ¸ o�q � ¸ o 0 q ¸ o�q 0 ¸ o�q¸ o � ¸ o 0 ¸ o � q ¸ o 0 q ¸ o � ¸ o � q �¸ q � ¸ o�q � ¸ q 0 ¸ o�q 0 ¸ o � q � ¸ q �

Q RRRRRRRR
S

?@@@@@@@@
A

� f� �� 0
� �
���
���

Q RRRRRRRR
S � h � h n

?@@@@@@@@
A

¸ �¸ o��¸ q��¸ o�q��¸ o � �¸ q � �

Q RRRRRRRR
S

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � "?"
*,+.2 � WR/�03^ > BDGDS?252 �¾254I/�K tXBD@ 7 /~KT0%41/A0RGD/AK ±u¯ Ka03454V/�W321¯w@I+.Ka/�@�U}��W3S = @I0%4 > K BD2S?/AW�;= 2�4 #��B2 7 /�G ±�+�@V+.Ka/A4I/�@IG � � HP+.GDG 7 +�GDG 7 0R/<± = 25034V0 = G 7 /A2�LN+PO�0RK<BKT2 7 /�2 ±�+�@V+.- = W = 0 7 2-�/�254I0RKaK 4�tv/�@ 7 /�G # �w/ 7 0RGDS.BDGDS�E`;BD@ 7 +.2\LN+PO�03K<BDKQ03254

� ,� o
����� � E�� n E � &

� ,� q
����� � E�� n E � & ! © # ¸ & (2 = 7 +.C�KT+.GJE`;BD@ 7 03/ LN+PO�0RK<BKT25� = 25034I0 = G�/A@ > ;+�W34 _

o k � ! - � � * � 0 � �¸ ��� (A! - � ��¸ ��� * ¸ ���j( egf ! © # ¸ $£(
q k � - � 0 - � � o k¸ ��� ! © # ¸?¸ (L�0%4 7 0R/�25/�@ ] /�S?@5/�2I250 = G H = KaK 4aKT+.G¡+.BEx/A0RGD/ � /�Gg+.B0RS?H�/�034�Y = G & ( $ ()()( &$( " ±Z0{O/AWRG #z�03GDG)Y = W3W�E`;BD@m/A0RGD/wS?B4V/ ] /�S.@I/�252I0 = G�0R2�4~+.-�/�@�� 7 +.C 7 /A@ ¥ /AG 7 /��BDGDH)4 7 /�@ � +.BDC.EFBGDH)4V0 = G+.BDC./�@ > +.WR- 7 /�@ ] /AS?@I/A2I250 = GD25K¢+P4V@I0{O WR03/�S.4 #v¥ /�GDG -/. 7 03/ f� °

U��w@I/A034V/ 7 /A@ � +.BDC.EFBGDH)4V0 = G0R2�4��mW30R/AS.4 7 /�@ ¥ /�G 7 /��DBDGH�4�-�/�0 � � *��� # �;BD@ /A0RGD/
�
O
�
U�L�+�4V@50%O·K<BDC 7 +.GDG�-/.�� ©±Z0%O�/�W 25/�03G #�;BD@ /�03GD/¢S?/AGg+.BD/¢�w/�2�4V03KTK<BGDS 7 /�@�z¾��/A^�H¾W3/Atw+.G 7 /A@IBDGS 03254�Gg+�4.;BD@IW30R^ > G = ^ > /�0RG/S?B4I/�2�z¾0RS?Gg+�W%U ] +.BD25^ > U}|~/A@ > ;+�W34VG0R2 ! z� ]�( U,250R/ > /J�:+.�D034I/�W "�# " U 7 /A2��,@I/ABD��H = @I@5/�+.W%4V0%U= GD25-D0RW 7 /�2w/�@5E = @ 7 /A@IWR03^ >�� 7 +.2w|~/�@ > ;+.W%4VGD032vY = G 9�+.BD��4VKT+PO�0RK<BDK �AB 7 /�G �\/A-�/AGDKT+PO�0RKT+2 = WRW34I/xS?@ = C�2I/�03G #[\K�/AG)4V2I^ > /�0 7 /�G �AB�H ;= GDG/�G1� = - ;BD-�/�@ > +.BD�4 7 03/:± = 25034I0 = G 7 /A2\9\+.BD�4IK¢+£O03K<BDKa2��BDG 7 GD0R^ > 4 7 0R/�/A0RGD/A2<�\/A-�/AGDKT+PO�0RK<BDKa2,S?/jEFBDG 7 /AG¼tXBD@ 7 /.�6tX03@ 7·7 +.2 z�0RS?GD+.W%U ] +.B2I^ > U|~/�@ > ;+.W%4VGD032 � bN�v��� � � P
	���������	 ���� �����������	 � +.W32�|~/A@ > ;+.W%4VGD032 7 /�@�9 ;=?> / 7 /A2<� = 4V/AG�4I0R/AWRWR/AG89\+.BD�4�UKT+PO�0RK<BDKa2u��BD@®9 ;=?> / 7 /A2®G ;+.^ > 2�4V/AG���/�-�/�GDKT+PO�0RK BDKT2 ! 250R/ > /:+.BD^ > �:+.�D0%4V/�W "�# "?( 7 /A2�,@I/ABD��H = @I@5/�W�+P4V0 = GD2I-D03W 7 /A2,S?/�-0RW 7 /A4 # r~2,tv/�@ 7 /�G8G�BD@ �,@I/ABD��H = @I@5/�WR+�4V0 = GD2I-0RW 7 /�@,+.B2IS?/`Utv/�@54I/A4���-�/�0 7 /�GD/AG � bN�w����� $ ( "0R2�4 # ¥ 03@ 787 03/�25/ z�^ > @I+.GDH./ BDG)4I/�@I25^ > @I0%4I4I/�G1�ZtX0R@ 7§7 0R/�L�/�252IBDGS Y./�@5t = @�EF/�G ! 4I@V+�4�-�/�07 /AGNr�O���/A@I03KT/AG�4I/�G�G¾B@ ;+�BDC?/�@5254�2I/AW34I/�G�+.BE (j#L8;= S?W30R^ > /�[\@I2I+.^ > /AG½E�;B@</�03G8��B½S?/A@I0RGS?/�2�z¾0RS?Gg+�W%U ] +.BD25^ > U}|~/A@ > ;+�W34VG0R2 7 /�2��,@5/�BD�`UH = @I@I/AW�+�4I0 = G2I-D03W 7 /A2 _$?# ���(��� ����� � � � ��u�£Y?/A@IBD@52V+.^ > 4 7 BD@I^ > L�/ > @5E +.^ > U�BDG 7 �®0R/jEF/�GD2�4V@I/ABDBDGDS 7 /A2�z�4V@I/AB�UKa/ 7 03BDKa2 #  = WRS?/v0R254�Y?/�@5@I03GDS?/�@�4V/ » 7 /AG)4V034';+�4~�AtX032I^ > /AG 7 /�G�-�/A0 7 /AG�+.G 7 /�@~�,@5/�BD�`UH = @I@5/�W�+P4V0 = G,-�/j4V/�03W 7 03S.4V/AG z���/�^�H�WR/A-D0RW 7 /�@5G! ¤9�+.BD��4VKT+PO�0RK<BDK 2I03GDH)4����\/A-�/AGDK¢+£UO�0RKT+ 4V@5/A4I/�G 7 /�B4IWR03^ > /�@ > /A@5Y = @ #¸ # ������� � � �������(�#"$�&%���'� 	
��� 03G 7 /�G¼z���/�^�H�WR/A-D0RW 7 /�@5G ! z¾4I@I/A03EF/�G�1Y?/�@5BD@I2I+.^ > 4 � # � #7 B@I^ > " & 9\�x�v@IBDKaKT25�g+.GDG�BDGS = 7 /�@v/�WR/AH)4V@ = GD0R25^ > / » G)4V/A@5EF/A@I/�G��/�@52I^ > /A0RG�BDGDS./�GJUL = 0R@)(/`U�z¾4 ;= @IBGDS (j#6» K �,@I/�B��H = @I@I/AW�+�4I0 = G2I-D03W 7 ��/�03S.4u2I03^ > /�03GD/�254�+�@IH�+.BD25S?/��@ ;+.S.4I/�:+.G)4V/w/�G)4VWR+.GDS 7 /A@uz¾4V@5/�03EF/AG = @50R/�G)4I0R/�@5BDGDS # rZ2Z-�/A254I/ > 4u+.-�/�@ 7 03/®L8;= S.WR0R^ > H./�0%4 7 /A@�03W34I/�@IBGDS�0RK  = BD@I03/�@I@I+.BDK ! 9 = ^ > �D+.C.ygW%4V/�@ (j#

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � " ©
� � � � ��	 	���� � ����� � ��� �����$��
����� � ) � ��� �$��
�$�

» G �:+.�034V/AW ª tXBD@ 7 / -�/�@I/A034I2�S./���/A0RS.4�� 7 +.C 7 0R/�z���/�^�H�W3/Atw+.G 7 /A@IBDGDS 7 0R@I/AH)4\Ka034 7 /�G���BKa/�2I25/�G 7 /�G � /�2I^ > tX03G 7 0RS.H./�0%4V25S?@V+ 7 0R/�G)4I/�GDH = KT� = GD/AG)4V/�G �ABD2V+�KTKa/�G > ;+.GDS.4 # L�034�/A0RGD/A@-�/�254I0RKaK 4V/AG S?/ = Ka/A4V@50R25^ > /�G �\G = @ 7 G�BDGDS§HP+.GDG KT+.G 7 +.GDG /A0RGD�A/�W3GD/ � = Ka� = GD/�G)4V/AG+.BD2 7 /�@�z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.S?/�25^ > tX03G 7 03S?H./A034 8>�� -�/A@I/�^ > GD/�G #¼» G 7 0R/A2I/�@ ��@I-�/�0%4<tXBD@�U7 /AG ! /�03GD��/AWRGD/ ( � = Ka� = GD/�G)4V/AG 7 /�2 � /A2I^ > tX0RG 7 0RS?H�/�034I2IS?@I+ 7 03/�G)4V/AG�4I/�GD2 = @I2 7 /A@ ] = 4�+�4I0%U= G1� 7 /�@�*x/ > G�BDGSTBDG 7�7 /A@��w0R/AS?BDGDS�S?/AKT/A2I2I/AG #
�)������� ��� � � �&���'�¬BD@:L�/�2I25BDGDS 7 /�@ � /�25^ > tX0RG 7 03S?H./A034I2IS?@I+ 7 0R/AG)4V/�GH = Ka� = GD/�G)4V/
	�� O	 � 7 /�@ ] = 4�+P4V0 = G ! 250R/jU> /��:+.�D0%4V/AW �#%$ � � WR/�03^ > BDGDS �# �)( tX03@ 7 /�03GD/ ] = 4�+�4I0 = GD252I^ > /A0R-�/<-�/�G�B4V�j4�� 7 /A@I/�G ] = 4�+PU4V0 = GD2I+.^ > 2I/�0RG 7 /�@®O�U��jU�rZ-�/AGD/<WR03/�S.4 ! 2I03/ > / +.BD^ > �:+.�D0%4V/AW ªD#3$ ���\-D-D0RW 7 BDGDS ªD#%$£(j# *x03/�25/] = 4�+�4I0 = G2I2I^ > /�0R-�/�tX03@ 7 Ka034I4I/�W32v/A0RGD/A2 � BDKaKa0%U ] 0R/AKT/AGD2,;BD-�/�@®/A0RGD/AG�L = 4 = @®+.GDS?/j4V@50R/jU-�/�G # *x0R/ � /�2I^ > tX03G 7 0RS.H./�0%4 7 /�2ZL = 4 = @52stX03@ 7 ;BD-�/�@s/�0RG/v/A0RGD2�4V/�W3WR-g+�@I/uz��g+�GDG�BDGDS?2 �¾B/�WRW3/-�/�254I0RKaK 4 # rZ2<WR03/�C?/AG82I03^ > ¥ 0RGDH�/�W3S?/�25^ > tX03G 7 03S?H./A034V/AG½0RK¤�w/�@5/�03^ >� � ���� f� ()()( ¸�� f�/�03GD254I/�W3WR/�G # *x0R/TL�/�252IBDGS 7 /�@:4�+�4I2';+.^ > W30R^ > /AG ¥ 0RGH./�W3S?/�25^ > tX0RG 7 03S?H./A034 -D�At # 7 /�@�±6/`U@I0 = 7 /�G 7 +�BD/�@\/�0RG/�@ ] = 4V+�4V0 = G�S?/�25^ > 0R/ > 4xKT0%4�/A0RGD/A@ » GEF@I+.@ = 45U � 03^ > 4I2I^ > @I+.GDH�/�BDG 7 /A0RGD/A@/�W3/�H)4V@ = GD032I^ > /AG » G)4V/A@5Y�+.WRW{U�[ > @ #¬BD@w|~/A@I/�03GE +.^ > BDGDS�tX0R@ 7 /�03GJS?/ = Ka/A4I@I032I^ > /A@���BEF-D+.B S?/At ;+ > W34���-�/A0 7 /AK 7 /A@®��BD2�UE +.W3WR25tX03GDH./AW�� � & & -�� 0R2�4 � � 03254 7 /�@~rZ0RGE +�WRWR2�tX0RGDH�/�W # *x03/ ] = 4�+�4I0 = G2I2I^ > /�0R-�/®0R2�4 7 +.-�/�0+.BEv/�03GD/�K ¥ 0RGDH�/�W3S?/�-�/�@,K = G)4V03/�@54��1Ka034 7 /�K 7 /A@,��BD2�E +.WRW32�UX-�At # rZ0RGE +�WRWR2�tX0RGDH�/�W60RK�w/A@I/�03^ > &�� (�()( & &�� /A0RGDS?/A254I/�WRW%4�tv/�@ 7 /�GNHP+.GG #��W32TH =?> ;+.@5/�G)4V/ � 03^ > 4 ��BD/�W3WR/ H = KaK 4T/�03G 9�/jU���/jU �s+�2I/�@TKT0%4�^�+ # " K ¥ = �4V032I^ > /A@� /�03254VBGDS½��BDK rZ03GD2V+�4I� # rZ03GD/ Gg+.^ > S./�2I^ > +.W34I/A4V/·± = ^�H./AWR25��/�W3WR/¦2 = @IS.4JE�;BD@ 7 0R/ G�;= 4I0RS?/�w/AWR0R^ > 4IBDGDS?25254V/ABD/�@5BDGDS ! 2I03/ > / �:+.�D0%4V/AW © # ¸ (j#*,+ 7 0R/a��BEFGg+ > KT/ 7 /A2�z���/�^�H�W3/�-D03W 7 /A2�03K �/A@IGEF/AW 7 /�@�E = WRS?/AG·K BDCD�s-�/jygG 7 /j4<2I03^ >�AtX032I^ > /AG 7 /�K¨z¾4I@I/ABDKT/ 7 0RBK BDG 7¼7 /�K¤*x/A4I/�H)4 = @ /�03GD/ ��03GD2I/�� 7 /A@I/AG8��-D2�4�+.G 7 ��BDK*x/A4I/�H)4 = @mS?/�@I+ 7 / 7 /A@I/AGT�v@I/�GG�tv/�0%4V/®E�0R2�4 # ��+.^ > �:+.�D0%4V/�W�© # �# ¸\tX0R@ 7 Ka034��w@5/�GDG)tv/�034I/�GY = G 	 � ´ & � � BDG 7 	 ��$ ¸ & � � S?/�+.@I-�/�0%4V/j4 #��W32�*x/A4V/AH)4 = @ 7 03/�G)4 /A0RGD/uz¾4V+.G 7 +�@ 7 U�¯®¯ »�] U ��|\U��:+.Ka/�@I+�BDG 7 /�03GD/Z2I��/��A0R/AWRWR/m* = BD-DW3/jU�WR+.2 > U��:+.KT/A@V+� tv/�W3^ > /¢-�/�@5/�034I2�03G8�:+.�D0%4V/AW~© #3$ -�/A2I^ > @50R/A-�/AG¼tXBD@ 7 /�G # *x/�@ S?/�2I+.K 4I/��B�EF-g+.B�0R254X03G ��-D-D03W 7 BGDS�© # & BG 7 �\-D-D03W 7 BDGST© #3$ & �AB�25/ > /AG #*x0R/�*,� sU��:+.Ka/�@I+¢HP+.GDG 0RG ¸J�w/A4I@I03/�-D2I+.@54I/�G -�/j4V@I03/�-�/�G tv/�@ 7 /�G # ¬BDK /�0RG/�G 0RKH = G�4I0RG�BD03/�@IW30R^ > /AG·L = 7 BD2���t = 0RK EF/�2�4V/�G·��-D2�4�+.G 7 Y = G§¸ & KT2:9\+.WR-D-0RW 7 /�@x+�BEFS?/�G = K�UKa/�G�tXBD@ 7 /�G # *x03/�2I/A@uL = 7 BD2ZtXBD@ 7 /\G�BD@ZE`;BD@ �s/�2�45U6BDG 7 
.BD254V+.S?/A�Atv/�^�H./�-�/AG¾B�4V�A4 # L�034/�03GD/�K +�G 7 /A@�� +�KT/A@V+a+.GDS?/A2I^ > W = 2I25/�GD/AGN|x0 7 / = U�L = GD0%4 = @®03254 7 +�GDGN/A0RGD/:H = G�4I0RG�BD03/�@IW30%U^ > /��w/ = -g+.^ > 4VBDGS 7 /A2�z¾��/A^�H¾W3/�-D03W 7 /A2XK ;= S.WR0R^ > #» G 7 /�@x�jtw/A034I/�G·�w/A4I@I0R/A-D2V+�@54,H�;= GDG/�G¦�Atv/�0~* = ���/AWR-D03W 7 /A@\03K Y�+.@50�+.-WR/�GN��/�0%4VW30R^ > /AG��-254�+�G 7T¶ � � & & ��!�()()( ª &�� ! +.B�EFS?/�G = KTKa/�G�tv/�@ 7 /�G�BDG 7 ;BD-�/�@ 7 0R/X�g+�@V+.W3WR/�WDz�^ > GD0%4I4�U254I/�W3WR/ ! ��± � ( 0RG�/�03GD/�Gµ±u¯ /A0RGDS?/AWR/A2I/�G�tv/�@ 7 /�G # *,+.2J/�@5254I/¼�w03W 7 -�/AygG 7 /A4�2I03^ > 03G+.W3WR/�G�S?/A@V+ 7 /AG1� 7 +.2��Atv/�034I/<�w03W 7 0RGN+.WRW3/�G BDGDS?/A@V+ 7 /�G¦¬/A0RWR/AG 7 /�@,¯®¯�*\U�LN+�4I@I0%O # ;[�-�/A@/�03GD/�G��s@I0RS.S?/�@5/�0RGS)+.GDS�03254 7 03/ z�4V/�BBD/�@5BDGDS 7 /�@X��BEFGD+ > Ka/ 7 /�2 $?# BDG 7 ¸ # 9�+.W3-D-D0RW 7 /�2K ;= S?WR03^ > # *x0R/~�:+.Ka/�@I+®H�+�GDG 7 +.-�/A0 ;BD-�/A@�/�0RG/u25/�@50R/�W3WR/~±u¯uU�z¾^ > GD03454V2�4V/�W3WR/~�D@ = S?@V+�KTKa0R/A@54

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���
���

	�
���	�����

	�!�
	���	�
�
	���

" ²

He-Ne-Laser

Pockels-Zelle

Rotationsscheibe

Einstellung
Einfallswinkel

Justierung
X-Richtung

CCD-Kamera

Linse

��--D0RW7 BDGDSa©#&_ |~/�@52IBD^> 2V+.BEF-D+.B7 /A@] = 4V+�4V0= GD25KT/A2I2IBGDS

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���
���

	�
���	�����

	�!�
	���	�
�
	���

" ´

HV-
Netzteil

Monitor

PC

Netzteil

regelbar
Netzteil

CCD
Kamera

Linse
Brennweite f

Rotationsscheibe

IR-Lichtschranke

Pockelszelle He-Ne-Laser

LPT1

COM1

LPT2

Verstärker

Zeitzähler
Periodendauer

001245

Motor

polarisierender
Strahlteiler

��--D0RW7 BDGDS©#%$ &_ L�/�C)+�G= @7 G¾BGDS�E�;BD@7 03/] = 4V+�4V0= GD25KT/A2I2IBGDS�Ka0347 /�@v*= BD-DW3/jU�W�+.2> U
�:+.Ka/�@V+! *,�(

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ".&
tv/�@ 7 /�G ! �w/A4I@I03/�-D2I+.@54���±�+.@I+.KT/j4V/A@®/A4V^ # (`#z = t =.> W 7 0R/��:+.Ka/�@V+£U�+.WR2�+.B^ > 7 03/��v/�WR03^ > 4VBDGDS.2I254I/�BD/A@IBDGS 7 /�@a± = ^�H�/�WR25��/AWRWR/�2 = UtX0R/ 7 /�@X�w03W 7 4I@V+.G25EF/�@uY = G 7 /A@X�:+.KT/A@V+ 03G 7 /�G�±u¯ S?/�25^ > + > KT0%4�2I/AWR-D2�4VS?/A2I^ > @50R/A-�/AGD/�G±Z@ = S.@V+.KaKT/AG<0RG�/A0RGD/A@~L�BDW%4V0%U ��+�2IH�0RGDSPU��w/j4V@I03/�-D252 �¾254I/�K<BKTS?/A-DBDGDS ! [�� »��,(j# ¬/A034IH¾@5034I0%U2I^ > / ] = B4V03GD/�GJtXBD@ 7 /�G 7 0R@5/�H)4�0RG 7 /AG �w/j4V@I03/�-D252 �¾254I/�KaH./A@IG ! 7 /�G��:/A@IGD/AW ( 0RG)4I/�S?@50R/�@�4 #rZ2�H = GDG)4V/AG§BDGg+.- > ;+.GDS?03S 7 0R/a�w/AWR0R^ > 4IBDGDS?2 7 +.BD/A@<º ¶ /A0RGD/A2 �v0RW 7 /�2:BDG 7·7 /�@ ��/A034VW30R^ > /��-254�+�G 7 -�/�0 7 /�@��w03W 7 /A@ ¶ /�03GDS?/�2�4V/AWRW34wtw/A@ 7 /AG _

º ¶ � $ # ! ()(�( ª & � !¶ � $ # ! ()(�( ª & � !

! *x03/ = -�/A@I/ � @I/�G��/:0R2�4 7 BD@I^ > 7 0R/:�:+.Ka/�@I+<S?/�S./�-�/�G (��B^ > 2�;+.K 4VW30R^ > /���BD2�tw/A@54V/A@ = B�4V0RG/�G:tXBD@ 7 /AG�Ka034/�03S?/�GD/AG ±~@ = S?@I+.KTKa/�G 7 BD@I^ > S./AE`;B > @�4 #�w/�0 7 /�@ ��|\U�¯®¯ »�] U��:+.KT/A@V+®0R2�4 7 /A@s�A/�0%4VWR03^ > /m�\-D254V+.G 7:¶ � ¸ &�� ! EF/�254�Y = @IS?/AS?/�-�/�G #��B^ > 7 0R/:�\BEFGg+ > Ka/�2�4V/ABD/�@5BDGDSJ/�@�E = WRS�4X0RG)4V/A@IG # *x03/ �w0RW 7 /�@®tv/�@ 7 /�G ;BD-�/�@ 7 +.2X|x0 7 / = Uz�03S?Gg+.W�KT0%4I4V/AWR2v/�0RG/�@®��GD+.W = SPU�*x0RS.034�+�W%U ¥ +.G 7 W3/A@IHP+.@54I/ ! g@V+�KT/`U � @V+.-D-�/�@�U��:+.@�4V/ ( 0RG 7 /�G±u¯ /A0RGDS?/AWR/A2I/�G #*x0R/a/jO¾4V/A@IGD/��w/�W30R^ > 4VBDGS?2I2�4V/�B/�@IBGDS 7 /�@ ± = ^�H./AWR2I�A/�W3WR/TtX03@ 787 BD@I^ > /A0RGD/T2I/AWR-D2�4VS?/`U-g+.B�4V/ �s@I0RS.S?/�@5/�WR/AH)4V@ = GD0RHa+.BD2 7 /�K |�0 7 / = U�z¾0RS?Gg+�W+.-S?/�W3/�034I/A4 ! 2I03/ > /,�\-D-D03W 7 BDGS�© #3$.$£(j#rZ0RG �®0R/jEF�g+.C.yDW34V/A@xBDG 7 /�03G � = KT�g+�@V+�4 = @�W30R/AEF/A@IG¦+.B2 7 /�K |�0 7 / = U�z�03S?Gg+.W 7 0R/<Y./�@�4V0RHP+PUWR/AG�z �¾GD^ > @ = GD0RKa�DBDW32I/,BDG 7 E`;B > @I/AG 2I0R/,/A0RGD/AK /A@I2�4V/�GNL = G = � = �J�AB # L�034 7 0R/�25/�K H�+�GDG7 /A@a¬/�034I�DBDGDH)4 7 /�@��w/AWR03^ > 4IBDGDS -�/���;BDS?WR03^ > 7 /�2<Y./�@�4V0RHP+.W3/�G½z ��G^ > @ = G0R2I03/�@5BDGDS?250RKa�DBDW%U2I/A2 |�2 �¾GD^T/�0RGS?/�2�4V/�W3W34,tv/�@ 7 /�G # rZ0RGD/��Atv/�0%4V/A2���GD+.^ > S?/A2I^ > +.W%4V/j4V/�2A�~L = G = � = � /�@5��/�BS.47 /AG§/�0RS./�G)4VW30R^ > /AG½�w/�W30R^ > 4VBDGS?2I03KT�DBWR2 KT0%4 7 /A@�*,+.BD/A@�º ¶ ! /A0RGD2�4V/AWRWR-D+.@ (`# *x0R/A2I/J�:+PUKa/�@V+¢tXB@ 7 /�0RG 7 /AG rmO���/�@50RKa/�G)4V/AG·G�BD@,Y?/A@5tv/�G 7 /A4��sBDK �AB¦��/�03S?/�G� 7 +.C 7 0R/ � @V+ 7 0%U/�G)4I/�GDKa/�252IBDGDS./�G¦+.BD^ > KT0%4X/�03GD/�@X2I/ > @��D@I/A0R2IS;BDGD254I0RS?/AG ¯®¯�*\U�� +�KT/A@V+ ! ^�+ #®" & & *:L (7 BD@5^ > S?/jE`;B > @54�tv/�@ 7 /�GNH�;= GGD/�G #*x0R/�/�@5254V/AG rZ@IS?/A-DGD032I2I/N2I0RG 7 0RG¡��-D-0RW 7 BDGDS8© #3$�� ��B 25/ > /AG # �\WR2¢z¾4V@5/�BDKa/ 7 0RBDK7 03/�G)4V/a/�03GE +.^ > +�BE 7 /A@ ] = 4�+�4I0 = G2I2I^ > /�0R-�/�/�03GDS?/�25�g+.GDG)4I/�2�±6+.�D0R/A@�Ka034:/A0RGD/A@�S.@ = -�/�G1�7 BD@5^ > +.BD2XBDG@I/�S./�WRKN;+.C?03S?/�GJz¾4V@5BDH)4VBD@®BDG 7 /A0RGD/AK�+.W3WR/A2�+.G 7 /�@I/:+�WR2�@�;+.BDKaWR0R^ > H = G254�+�G�U4V/AG ] /��g/jO�0 = GD2IH = /��a��0R/AG)4V/�G # rZ2�03254 7 0R/ z���/A^�H�WR/Atw+.G 7 /�@IBGDS?S?/A2I^ > tX0RG 7 0RS?H�/�034 > n 03G��- > ;+.GDS?03S?H./A034uY = K �\BD25E +.W3WR2�tX0RGDH�/�W � 7 +.@5S?/�2�4V/�W3W34 # rZ2vtXBD@ 7 /�G � /jtw/A0RW32 $ & L�/�252IBDGS?/�GKa034 7 /A@�*,� sU��:+.Ka/�@I+ 7 BD@I^ > S?/AE�;B > @54<BG 7¼7 /A@�L�03454V/�W%tw/A@54 S?/A-D0RW 7 /A4��sBK 7 0R/Tz¾4I@I/�B¾UBDGDS 7 /�@�rZ0RG��/�W3KT/A2I25BDGDS?/AG§BDK 7 /�G L�03454V/AW3tv/�@54 -�/A254I0RKaKT/AG8��B§H�;= GDG/�G # f rZ2<�A/�0RS�42I03^ > /A0RGD/ 2I/ > @�S.B4V/ ;[\-�/�@5/�0RG254V03KTK BDGDS½Y = GµS?/�Ka/�252I/�G/�G *,+�4I/�GµKT0%4 7 /�@�-�/A@I/A^ > UGD/j4V/�G ¥ 0RGDH�/�W�+�- > ;+.GDS.0RS?H�/�034 7 /A@xz¾��/A^�H¾W3/Atw+.G 7 /A@IBDGS?2IS?/A2I^ > tX0RG 7 0RS?H�/�0%4 ! 2I03/ > / �:+.�D034I/�WªD#%$ � � WR/A0R^ > BDGDS ªD# �)(j#Z» GD25-�/A2 = G 7 /�@5/,0R254 7 0R/xz¾4V@5/�BDBGDS 7 /�@�r~03GD��/AWRKa/�C.tv/�@�4V/\2I/ > @®H¾W3/�03GU 7 # > # 25^ >D= G +.B2�/A0RGD/A@�r~03GD��/AWRKa/�252IBDGDSTW�+.252I/AGN2I03^ > S./�Gg+.B/�BDG 7 ��B�Y?/�@5W ;+.252I03S?/ � @V+ 7 0%U/�G)4I/�GDKa/�252IBDGDS./�G 7 BD@I^ > E�;B > @I/AG U 7 0R/<�\BEFGg+ > KT/</A0RGD/A@,¬/A034V@5/�0 > / /A0RGD/A2,��/�0%4VW30R^ > GD03^ > 4H = GD254V+.G)4V/�G � /A2I^ > tX0RG 7 0RS?H�/�0%4V2IS.@V+ 7 03/�G)4V/AGN03254 =?> G/ z¾^ > tX03/�@50RS?H�/�034I/�G�K ;= S?WR03^ > #*,+.2Tz�0RS.Gg+.W%U ] +�BD2I^ > U
|~/�@ > ;+.W34IGD0R2 7 /A2¢�,/�B��H = @I@I/AW�+�4I0 = G2I-D03W 7 /A2 7 0R/A2I/�@aL�/�2I25BDGDS?/AG1�+.BD2 7 /AK 7 0R/�z���/�^�H�WR/jt�+�G 7 /�@5BDGDS8-�/�2�4V03KTK 4�tXB@ 7 /���0R2�4T03G½��-D-D03W 7 BGDS¼© #3$�ª 7 +�@IS?/`U254I/�W3W34 ! tv/�0%4V/A@\rZ@5W�;+.B4I/�@5BDGDS?/AG�250R/ > /��:+.�034V/AW "�# "?(j# *xBD@5^ > 7 03/,0RKQ±�+.�D03/�@�+.BE�4I@I/j4V/�G 7 /
�����
	����������	��������
	�����	�����	! �	!��"#�$%��	� &��'�'()	!�

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � © &

(Belichtungs-
dauer)

HV-
Netzteil

CCD
Kamera

Linse
Brennweite f

Pockelszelle

polarisierender
Strahlteiler

Streumedium

Tiefpaßfilter

Video

-

+

Uref Monoflop 1

(Verzögerung des
Aufnahmezeit-
punktes)

Komparator

Monoflop 2

Frame-Grabber-PC-Karte

PC
Vsync

20ms

(CCIR)

��--D0RW 7 BDGDS © #%$?$?_ z ��G^ > @ = G0R2V+P4V0 = G 7 /�@ ± = ^�H./AWR2I�A/�W3WR/ KT0%4 7 /A@µz¾4�+.G 7 +.@ 7 U�¯®¯ »�] U�:+.Ka/�@V+

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � © $

punkt
Mittel-

z(x,y)

y

x

Verschiebung des Maximums
in y-Richtung

��--D0RW 7 BDGDS © #%$ ¸ _ �w/�032I�D03/�W6/�0RG/�2:�,@I/ABD��H = @I@5/�W�+P4V0 = GD2I-D03W 7 /A2�Y = G /A0RGD/A@ ] = 4�+�4I0 = GD25KT/A2�U2IBGDS
L�/ > @5E +.^ > UxBDG 7 �®0R/jEF/�GD2�4V@5/�BDBDGSN��/A0RS.4I/�2I0R^ > -�/A0 7 /�@ z���/�^�H�WR/jt�+�G 7 /�@5BDGDS /A0RG¦@I/AW�+�4I03Y254V+.@IH�/�2T� = ^ > /AG 7 /�2TL�BD2�4V/A@I2 ! ��B�E�4�+.BD^ > /�G¡BDG 7 |~/�@52I^ > tX0RG 7 /�G Y = G ��/ABD^ > 4 �g/A^�H./AG0RKQz���/�^�H�WR/AK<BD2�4V/�@ ( �gt = 7 B@I^ > 7 BD@I^ > 7 +.2�z� ] 2I^ >= G�@5/�WR+�4V0%Y¢GD03/ 7 @50RS�W30R/�S�4 # rZ03G��v/�0%U2I�0R/�W~/A0RGD/A2<�,@I/ABD��H = @I@5/�W�+P4V0 = GD2I-D03W 7 /A2 7 /�@ ] = 4�+�4I0 = GD25KT/A2I25BDGDSN03254 0RG·��-D-0RW 7 BDGDS�© #3$ ¸��B�2I/ > /�G #*,+.2m±Z@ = -DWR/AK 7 /�2mL�BD254I/�@5H = ^ > /�GD2~tXBD@ 7 / 7 +.GG<-�/A0 > ;=?> /�@5/�Gaz���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2�US?/A2I^ > tX0RG 7 0RS?H�/�034I/�G 7 /�B4IWR03^ > # *x0R/<S.WR/�03^ > /�G ] = 4�+P4V0 = GD2IKa/�252IBDGDS./�G¦tX0R/ = -�/�G¦tXBD@ 7 /�GKa034�/�03GD/�@¢¸ # " U}E +�^ > /�G ¥ 0RGDH�/�WRS./�2I^ > tX03G 7 0RS.H./�0%4 7 B@I^ > S?/jE ;B > @�4 # *,+.2Tr~@5S?/�-GD0R2a0R2�4¢03G��--D0RW 7 BDGDS�© #%$£" �AB¢2I/ > /�G # �v/�0z���/A^�H�WR/Atw+.G 7 /�@IBGDS?2IS./�2I^ > tX03G 7 0RS.H./�0%4V/AG�S?@ ;= C?/A@w+.W32u´ &±Z0%O�/�W � /�L�/AC?0RG)4V/A@5Y�+.W3W ¶ ! K¢+£O03K¢+�WKN;= S?WR03^ > t�+.@5/�G $�ª�� ±Z0%O�/�W ( �A/�03S.4V/AG�250R^ > �\BD25E5;+�WRWR/7 /A@�rZ0RGD�A/�WRKa/�252IBDGS?/�G¼U 7 +.2�9\+.BD�4IK¢+PO�03K<BDK 7 /A2��:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7 /�2 H = GDG)4V/GD03^ > 4aKa/ > @�/A0RG 7 /�B4I0RS -�/�254I0RKaK 4<tv/�@ 7 /�G ! � bN�w��� � $ ( "?(`# rZ@I254¢+.W32 7 /�@��\-D254V+.G 7�AtX032I^ > /AG8�Atv/�0wz���/�^�H�WR/A-D0RW 7 /�@5G·Y = G ¶ � $ & � ! +.BE ¶ � " � ! @I/ 7 BD��03/�@�4�tXBD@ 7 / ! 7 03/z���/�^�H�WR/AS?/�25^ > tX0RG 7 03S?H./A034 > +.WR-0R/�@�4V/ 250R^ > 2 = Ka034 /�-�/�G�E +.WRW32 ( �\H = GG�4I/�G H�/�03GD/·�\BD25E5;+�WRWR/Ka/ > @,-�/ = -D+.^ > 4V/A4:tv/�@ 7 /�G # *xB@I^ > /�0RG/�G¦K ;= S?WR03^ > 254�H¾B@I��/AG·�\-D254V+.G 7¦¶ HP+.GDG¦2 = Ka0347 /A@\rZ03G �gBDC 7 /A2xL�B254V/A@IH = ^ > /AGD2xKa0RGD03KT03/�@�4vtv/�@ 7 /�G #» G ��--D0RW 7 BDGDST© #%$ ©a03254 7 0R/ � /�25^ > tX03G 7 03S?H./A034V25S?@V+ 7 0R/AG�4I/�GDH = Ka� = G/�G)4V/ 	�� O	 � 0RG���-¾U> ;+.GS?0RS?H�/�0%4¢Y = G 7 /�@ ±s/�@I0 = 7 /�G 7 +�BD/�@ � 7 /A@ ] = 4�+�4I0 = G S?/��A/�0RS�4TUa+.B�EFS?/�G = KTKa/�G -�/�0EF/�2�4V/AG ¥ 03GDH./AW � � � & � # ��BD^ > > 03/�@w03254 7 0R/ ;[\-�/�@I/A0RGD2�4V03KTK<BGDS �jtX0R2I^ > /�G S?/�Ka/�252I/AGD/�GBDG 7 -�/�@I/A^ > GD/j4V/�G � @I+ 7 0R/AG)4 ! � WR/�03^ > BDGDS �# � �:+.�034V/AW �#%$£( +.BDC./�@ = @ 7 /AG�4IWR03^ > S.B4 #*x/�@ � @V+ 7 0R/AG�4 7 /�@ ] = 4V+�4V0 = GN03254 = @54I2IBDGg+�- > ;+.GDS.0RSD��t�+.2 7 0R/�L�/�C?/A@IS?/A-DGD0R252I/�/�-�/�G¾UE +.W3WR2�tX0R/ 7 /�@52I�D03/�S?/AWRG�2 = W3W34I/�G # [\K 7 03/�2���B ;B-�/A@I�D@ ;BEF/�G1��tXBD@ 7 /�G -�/�0 EF/A254V/A@,z¾4I@I/ABDS?/ = U

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ©)¸

&
$ &
¸ &� &
ª &"
&

© &

$ & $£" ¸ & ¸ " � & �)" ª & ª�"
���
� � � �
��� 	
�� 

�� �
� �� 

�

��B25E +.W3WR25tX03GDH./AW � ! � @I+ 7 (

�������������������� ���"!��$#
-�/�@5/�^ > G/A4S./�Ka/�2I25/�G

��--D0RW 7 BDGDS © #%$��_ |~/�@5S?WR/A0R^ > 7 /A@ S?/�Ka/�252I/�G/�G BDG 7 -�/A@I/A^ > GD/A4I/�G z���/A^�H�WR/Atw+.G 7 /jU@IBGDS?2IS./�2I^ > tX03G 7 0RS.H./�0%4 > n -�/A0 7 /A@ ] = 4V+�4V0 = G Ka034 7 /�@ ±6/�@50 = 7 /�G 7 +.BD/A@ / � " ! 03G��- > ;+.GDS?03S?H./A034 Y = K ��BD2�E +.WRW325tX03GDH./AW � # ! �:+.Ka/�@I+ _ *,� w�:�w@5/�GDG)tv/�0%4V/ 7 /�@ � 0RG�U2I/ 	 � $ ¸ &�� � � ¶ � $ & � ! ��z¾4V@5/�BDBGDS rZ0RGD�A/�WRKa/�C�tw/A@54V/ BDK 7 /�G L�034I4I/�W%tw/A@54 _�&% $ ��� o ��� (

&

¸ &ª
&

© &
´ &$ & &

$ & $£" ¸ & ¸ " � & �)" ª & ª)" &
$
¸�
ª "
©

' ()+*,
' ()+**

��BD2�E +.WRW325tX03GDH./AW � ! � @V+ 7 (

-/. 10$� 2�3���4�5���6��������� �"��!��$#
� b��w� �� bN�w���

7 7 7 7 7
7

��--D0RW 7 BDGDS¢© #3$�ªD_ *,+.@I2�4V/�W3WRBDGS 7 /A@:z�03S?Gg+.W{U ] +.BD2I^ > U}|~/�@ > ;+.W%4VGD032I2I/ � bN�v� � � � P&	���������	 �
8 � 9;:=<BDG 7 � b��w��� � � P
	���������	 �� � ��� ������ 	 � 7 /�@Z�,@5/�BD�AH = @5@I/�WR+�4V0 = GD2�EFBDGDH)4V0 = G�Y = G 7 /�@ ] = 4V+�4V0 = GD25KT/A2I2IBGDS+.BD2�*x0R+.S?@V+�KTK ! © #3$��?(

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ©
�

&
¸ &ª &
© &´ &
$ & &$ ¸ &$�ª &$ © &

$ & $£" ¸ & ¸ " � & �)" ª & ª�"
� �
� � � �
��� 	
�� 

�� �
� �� 

�

��BD2�E +.WRW325tX0RGH./�W � ! � @V+ 7 (

����������6���������+����!��$#
-�/�@5/�^ > G/A4S./�Ka/�2I25/�G

��--D0RW 7 BDGDS © #%$£"�_ |~/�@5S?WR/A0R^ > 7 /A@ S?/�Ka/�252I/�G/�G BDG 7 -�/A@I/A^ > GD/A4I/�G z���/A^�H�WR/Atw+.G 7 /jU@IBGDS?2IS./�2I^ > tX03G 7 0RS.H./�0%4 > n -�/A0 7 /A@ ] = 4V+�4V0 = G Ka034 7 /�@ ±6/�@50 = 7 /�G 7 +.BD/A@ / � ¸ ! 03G��- > ;+.GDS?03S?H./A034 Y = K ��BD2�E +.WRW325tX03GDH./AW � # ! �:+.Ka/�@I+ _ *,� w�:�w@5/�GDG)tv/�0%4V/ 7 /�@�� 0RGD25/
	 �¨$ ¸ &�� � � ¶ �¨$ &�� ! �vz¾4V@5/�BDBGDS 7 /�@TL�/AC.tw/A@54I/ � % ¸ ��� o ��� (j# �w/�0 � % ¸ " �4V@I+�4V/AG ��B25E5;+.W3WR/:0RG 7 /�G¦L�/�C?@5/�0 > /�G¦+.BE ! -�/�0 � � ¸ & � /A4�tw+ ¸ & � �-�/�0 � � ¸ " � /A4�tw+$ & � (j#

$$?# "
¸¸ # "
�

�# "ª
ªD# "

$?# " ¸ ¸ # " � �# " ª ªD# " " "�# "
���
�
� � �
�


� � � � 	

�
 ��

±6/�@50 = 7 /�G 7 +.BD/A@ � ! 2 (

3���4�5���6��������� �"��!��$#
	�� O
	 �L�/�C 7 +P4V/�G

��--D0RW 7 BDGDS�© #%$ © _ |~/A@IS?W3/�03^ > 7 /�2 S?/�Ka/�252I/�G/�G¼BG 7 -�/�@5/�^ > G/A4V/AG � @V+ 7 03/�G)4V/AG 	 � O
	 � -�/�07 /A@ ] = 4�+�4I0 = G BDG)4V/A@ 7 /�K¤��BD2�E +.WRW325tX03GDH./AW � � � & �

03G8��- > ;+.GDS?03S?H./A034 Y = G 7 /A@<±6/A@I0{U= 7 /�G 7 +.BD/�@ / #¡! � +�KT/A@V+ _ *,� w�6�w@I/AGDG)tw/A034I/ 7 /�@ � 0RG2I/ 	 �¤$ ¸ &�� � � ¶ �¤$ & � ! �z¾4I@I/�BBDGDS 7 /�@\L�/AC.tw/A@54I/ � % &$( & " f� (

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � © ª

& # ©
& # ´
$

$?# ¸
$?# ª

U " & " $ & $'" ¸ & ¸ " � & �)"

� � � � 	

�
 ��

� @54®O ! KTK (

3���4�5���6��������� �"��!��$#
-�/A@I/A^ > GD/A4S?/�Ka/�252I/�G

��--D0RW 7 BDGDS�© #3$ ² _ �w/�2�4£;+�4I0RS?BDGS 7 /A@ � @54I2IBDGg+�- > ;+.GDS.0RS?H�/�034 7 /A@ � @V+ 7 03/�G)4V/AGDH = KT� = GD/AG�4I/	�� O
	 � -�/�0 7 /�@ ] = 4�+�4I0 = G !3/�� " ! � 	 ��$ ¸ &�� � � � � � & �

��z�4V@I/ABDKa/ 7 03BDK�±6+.�D0R/A@ (`#Ka/A4V@50R/,BDG 7 ±s/�@I0 = 7 /�G 7 +�BD/�@ 7 /�@ ] = 4�+P4V0 = GJ/�G)4VWR+.GDS 7 /�@�O�U��\^ > 2I/ 7 /�@ ] = 4�+�4I0 = G2I2I^ > /�0%U-�/ 7 0R/ � /�2I^ > tX03G 7 0RS.H./�0%4V25S?@V+ 7 0R/�G)4I/�GDH = KT� = GD/AG)4V/ 	 � O	 � S./�Ka/�2I25/�G # ��W32 z¾4V@5/�BDKa/ 7 0RBDKtXBD@ 7 /<��BK /�03GD/�G�tX0R/ 7 /�@,±6+.�D0R/A@�����BDK +.G 7 /A@I/AG /A0RGD/ ! BDGS?WR/A0R^ > KN;+.C?03S ( +.BEFS?/A@V+.B > 4I/L�/j4�+.W3WR2I^ > /�0R-�/:-�/AG�B4V�j4 # *,+.2�r~@5S?/�-GD0R2XKa034X±6+.�D0R/A@X0R254�03G��\-D-D03W 7 BDGST© #3$ ²<�AB�25/ > /AG #rZ2X��/�03S.4X2I03^ > �DtX0R/:�AB�/A@5tw+.@54I/�G�tw+.@A�g/�0RG = @�4V25BDGg+.- > ;+.GDS?03S?/�@ � @V+ 7 0R/�G)4 # �*,+.2Tz�0RS.Gg+.W%U ] +�BD2I^ > U
|~/�@ > ;+.W34IGD0R2 7 /�2T�,@I/ABD��H = @I@5/�W�+P4V0 = GD2I-D03W 7 /A2 ! �\-D-D0RW 7 BDGDS © #%$ ´ (��/A0RS.4�25/ > @ 7 /�B�4VWR03^ > 7 /�GN[\G)4V/A@I2I^ > 0R/ 7 �AtX0R25^ > /�G ±�+.�D03/�@XBDG 7 L�/A4V+.WRW1+.WR2\z¾4I@I/�B/�@ _ *x0R/L�/ > @5E +.^ > 254V@5/�BDBGDS<-�/�0�±�+��D0R/A@u/A@I�A/�BDS.4v/�03G 7 /�B4IWR03^ > 25^ > WR/A^ > 4I/�@5/�2®�,@I/ABD��H = @I@5/�WR+�4V0 = GD2�U-D03W 7a7 BD@I^ > L�BD254I/�@5H = ^ > /�G 0RK |~/A@IS?W3/�03^ > �ABDK L�/A4V+.WRW���t = �@V+.H)4V032I^ > H�/�03GD/,L�/ > @5E +�^ > U254I@I/ABDBDGDS 7 /�2 � 0R^ > 4V/A2�+�BE�4V@5034I4 #�w/�Ka/�@5H./AGD25tv/�@�4�0R2�4 7 0R/ �6+�4V2I+.^ > /�� 7 +.C�+.B^ > tv/�034�+.BC?/�@ > +.WR- 7 /A2<¬/AG)4V@IBKT2 7 /A@] = 4�+�4I0 = G�\t = 7 03/ � /�25^ > tX03G 7 03S?H./A034 7 /�@ ] = 4�+�4I0 = GD252I^ > /A0R-�/¦BDG 7 2 = Ka034 7 /�@Nz¾4I@I/�B¾U�DBDGH�4I/�S.@ = C?/ ¥ /�@�4V/�+.GDGD03KTK�4 ! /AG�4I2I�D@5/�^ > /AG 7 2I^ > GD/�W3W1t�+.G 7 /�@5G¦z¾4V@5/�BD�BDGDH)4V/ 0RG 7 03/z¾4I@I/�B	� ;+.^ > /J/A0RG¼BG 7 tX0R/ 7 /�@ > /�@I+.BD2 ( � 7 0R/ �xBg+.W3034 ;+P4 !�� z� ]\( 7 /A@�L�/A2I25BDGDS?/AG GD03^ > 4GD/AGDGD/�G25tv/�@54x+.-DGD03KTK�4 #*x/�@��\G�4I/�03W 7 /�@az�4V@I/ABD�DBDGH�4I/�@5/�WR+�4V0%Y·�ABD@ � /A2V+.K�4V��+ > W 7 /A@Tz¾4V@5/�BD�DBGDH)4V/ 0RG 7 /A@z¾4I@I/�B	�s;+.^ > /�� 7 /�@�t�;+ > @I/AG 7 7 /�@ ¬/�034 ¶ 0RG 7 0R/8z¾4V@5/�B �s;+�^ > /§/�03G�UJBDG 7 +.BD25tw+.G 7 /�@54��HP+.GDG¡KT0%4 E = W3S?/�G 7 /�@ � WR/A0R^ > BDGDS +.-DS./�2I^ > ;+�4V�j4atv/�@ 7 /�G ! /A@IS?03-4�2I03^ > BDG)4I/�@���GDGD+ > Ka//�03GD/�@ >D= K = S?/AGD/�GµBDG 7 H�@5/�0R2�E5;= @IKa0RS./�Gµ�w/�W3/�BD^ > 4VBGDS +.BD2�/�03GE +.^ > /AG S?/ = KT/j4V@I032I^ > /AG;[\-�/�@5WR/AS?BDGDS?/AG (j_
"a� $ - > ¶ � � � - B � N�F °� * ¸.� � +.@5^�2I03G � N������ �KT0%4 > +.WR2 ¥ +.G 7 /A@IBDGS?2IS?/A2I^ > tX0RG 7 0RS?H�/�0%4 7 /�@ z¾4I@I/�B	�s;+.^ > /�BG 7 ��+�WR2 ] + 7 0RBD2 7 /A@z¾4I@I/�B	�s;+.^ > / # *,+.2�LN+£O03K<BDK " � ��� � $ WR0R/AS.4 -�/A0 ¶ � & � 7 +.2�L�0RGD03K<BDK " � � � � &

��� ��	�� �� %	�''�'(	� 	� �
 ����!	���� 	���� 	! %�%	 ���� 	���� ���%�%	!��� 	! %� � 	!��� 	! ����������%����� � ' ��'	��� 	!���'	��
�'� ��� � '��	! ��'	!�'��� ���'	!����	��
��� ' ���� 	��
��	 '�� %	�(�	!��� ��!�)�
()	"������� �����)��$&()	�$���� � �
���'�
($#�	!�
�"%&�#	!���''�'('� 	 $)( *
(�	��
� ��()	! �$+�'	! �� ����	!����	��'�����
�%	� %��'(�,�� �����
-./� 	 $�� ��	�� 	!��$10)2�	� %� �$������ ��3

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � © "

&
¸ &ª &
© &´ &
$ & &$ ¸ &$�ª &

U " & " $ & $'" ¸ & ¸ " � & �)"

' (
) *,

� @54®O ! KTK (

-/. 10$� 2 3���4�5���6��������� �"��!��$#
z¾4V@5/�BDKa/ 7 03BDK _ ±6+.�D0R/A@z�4V@I/ABDKa/ 7 03BDK _ L�/j4�+.W3W7 7 7

7 7 7 7 7 7 7 7 7 7

7

��--D0RW 7 BDGDS�© #%$ ´ _ *,+�@I254I/�W3WRBDGDS 7 /A2®z�03S?Gg+.W{U ] +.BD2I^ > U}|~/�@ > ;+.W%4VGD032I2I/A2 � b��w� � � ��� � 	 �8 � 9 :+< 7
/A@�,@I/ABD��H = @I@5/�W�+P4V0 = GD25EFBDGH�4I0 = G¦Y = G 7 /�@ ] = 4�+�4I0 = GD25KT/A2I25BDGDS�+.BD2<*x0R+.S?@I+.KTK © #%$ ² # *,+�2z¾4I@I/�BKT/ 7 0RBDK ±6+.�D03/�@ > +�4�tv/�S./�G 7 /A@<L�/ > @5E +�^ > 254I@I/�BBDGDS¦/�03G 7 /AB4VW30R^ > 25^ > WR/A^ > 4V/�@5/�2z� ] +.WR2 7 +.2\z¾4V@5/�BDKa/ 7 03BDK L�/j4�+.W3W
�¾t = �D@V+�H�4I0R25^ > H�/�0RG/<L�/ > @5E +�^ > 254I@I/�BBDGDS�+�BE�4V@5034I4! / � " ! p ¶ ��$ &�� ! (j#-�/�0 > ¶ � ¸.� # �w/A0s/A0RGD/A@�±6/�@50 = 7 /�G 7 +.BD/A@ 7 /A@ ] = 4V+�4V0 = GJY = G / � " ! ��/�0RG/�K��\-D254V+.G 77 /A@xz¾4I@I/AB �s;+.^ > /�Y = K ¬/�G)4I@IBDK 7 /A@ ] = 4�+P4V0 = G Y = G o�� ¸ " � � BDG 7 /A0RGD/AK ��/�0%4VW30R^ > /AG��-254�+�G 7 -�/A0 7 /A@�+.G 7 /A@��,@I/�B��H = @I@I/AW�+�4I0 = G§-�/A4I/�03W 7 03S.4V/AG8�w03W 7 /A@ ¶ �¨$ & � ! -�/A4I@';+.S�47 /A@ ��G)4I/�0RW 7 /A@�z¾4I@I/�B�DBDGDH)4V/�� 7 0R/a0RG8-�/�0 7 /�G8z���/�^�H�WR/A-D0RW 7 /�@5G§+.BE�4V+.BD^ > /AG1�ZG�BD@ G = ^ >

" � ¸ $ � # *x/�@T|~/�@IS.WR/�03^ > KT0%4���--D0RW 7 BDGDS§© #3$ ´8�A/�03S.4 +.-�/�@JH�/�0RG/ 7 /�B4IWR03^ > / |~/�@�U2I^ > WR/�^ > 4I/�@IBGDS 7 /�@�254�+P4V0R2�4V032I^ > /AG§rZ0RS?/AGD2I^ > +PE�4V/�G 7 /�@��:@5/�BD�AH = @5@I/AW�+�4I0 = G # rZ0RG Y;= WRW30RS?/*x/�H = @I@5/�WR+�4V0 = G 7 /�2�z���/�^�H�WR/A-D0RW 7 /�2 !!"a� & ( 0R2�4X-�/A0 o � © & KTK ��B�/�@�t�+.@�4V/AG #» G �:+.�D0%4V/AWs¸ # ª tXBD@ 7 / 7 /AK 2I0R^ > -�/jtw/AS?/�G 7 /�G z���/�^�H�W3/�K<BD2�4V/A@�/�03GD/�� =.> ;+.@I/AGD���A/�0%4¶�� �ABDS?/ = @ 7 G/A4 # \;B@ 7 +.2 = -D0RS?/ �w/�032I�D03/�W6-�/j4V@';+�S.4x250R/ ¶�� �Q$ ¸PKT2 # ��BD2 7 /�G S?/AKT/A2I2I/`UGD/AG z���/�^�H�WR/A-D0RW 7 /�@5GN/A@IS)+.-�2I03^ > /A0RGD/�� =?> ;+.@5/�GD�A��/�0%4\Y = G ¶�� � $£" Ka2 # *x/�@�-�/�@I/A^ > GD/j4V/� = ^ > �g+.@V+�KT/j4V/�@ ! � WR/A0R^ > BDGDS�¸ # ¸ �)( E ;BD@ 7 0R/�25/�L�/A2I25BDGDSJ-�/A4V@ ;+.S.4 �8� $ ( ¸�� 7 /�@\S?/�Ka/�2�U2I/AGD/a-�/j4V@ ;+�S.4
� � $ ( " � E ;BD@ 7 /AG·Gg+�^ > �:+.�D0%4V/�WZ¸ # ª 7 = Ka0RG0R/�@5/�G 7 /�2:� = ^ > /�G·Y = @I@I+.BD2�US?/A2V+.S.4�tX0R@ 7 �6tv/�W3^ > /�2 7 BD@I^ > @5/�0RG = �4I0R2I^ > /��w/j4V@V+�^ > 4IBDGDS?/AG 7 /�@<z���/A^�H�WR/�-0RW 7 /�@�+.BD^ >-�/ = -g+�^ > 4I/A4<tXB@ 7 /��Z+.-�/�@ /A-�/AG8GD03^ > 4 7 BD@5^ > 7 +.2�z�� ] 7 /�2<�:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7 /�2+.BD25@I/A0R^ > /AG 7 tX03/ 7 /A@IS?/AS?/�-�/�G�tX0R@ 7 #� / 7 03S?WR03^ > 7 0R/ G = @IKa0R/A@54I/<9<;=.> / 7 /�@ � +.BDC.2I�D0%4V��/ ! +.-D��;BDS?W30R^ > 7 /A2,H = GD2�4�+.G)4I/�G BDG 7G = @5KT03/�@�4V/�G¦[�G)4V/�@5S?@IBG 7 /�2� 2 B � F - $ �1250R/ > /��:+.�D034I/�W "�# �?( 7 /�2 �,@I/ABD��H = @I@5/�WR+�4V0 = GD2�U-D03W 7 /A2u�A/�03S.4u/�0RG/\GD/AGDGD/AGD25tv/�@�4V/,��-Gg+ > Ka/\-�/�0��ABDGD/ > KT/AG 7 /�@ ¥ +.G 7 /�@5BDGDS?25S?/�25^ > tX03G�U7 03S?H./A034 7 /A@�z�4V@I/ABD�DBDGH�4I/.�gtX0R/:�\-D-D0RW 7 BDGDS�© #3$'& �A/�0RS�4 #¬BDKM��-2I^ > W3BDC�2 = WRW�G = ^ > 7 03/<L�/A2I25BDGDS 7 /A@xz���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034Ka034 7 /A@�G = @IKT+.WR/AG�¯®¯ »�] U ��|\U��:+.Ka/�@I+aS./���/A0RS.4Xtv/�@ 7 /�G # *,+.2�r~@5S?/�-GD0R2�0R2�4X0RG���-D-D03W%U7 BDGS\© # ¸ & �AB�25/ > /AG�BG 7 BDG)4V/�@52I^ > /A0 7 /j4�250R^ > 0RG 7 /A@ �xBg+.WR0%4£;+�4�GD03^ > 4�Y = G 7 /�G:Y = @ > /�@50RS?/AGL�/A2I2IBGDS?/�GNKT0%4 7 /�@�*,� �U��:+.Ka/�@V+ #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ©?©

&
& # ¸
& # ª
& # ©
& # ´ $
$?# ¸

U " & " $ & $'" ¸ & ¸ " � & �)"

�� �
�
�
�

� @54®O ! KTK (

] = 4�+P4V0 = GD2IKa/�252IBDGDSz�4V@I/ABDKa/ 7 03BDK _ L�/j4�+.W3W

��--D0RW 7 BDGDS�© #%$'&_ � = @IKa0R/A@54I/,9<;=?> / 7 /�2\LN+PO�0RK BDKT2 7 /�2\�,@I/�B��H = @I@I/AW�+�4I0 = G2I-D03W 7 /A2�@I/`UW�+P4V03Y¦�ABDK¤H = GD2�4�+.G)4I/�G [\G)4V/A@IS?@5BDG 7 ! > 03/�@ ��$'( 0RG¼��- > ;+�GDS?0RS.H./�0%4 Y = K¨�\-D254V+.G 7½7 /A@z¾4I@I/�B	�s;+.^ > / ��BDK ¬/AG)4V@IBK 7 /�@ ] = 4�+P4V0 = G #

&
¸ &ª &
© &´ &
$ & &$ ¸ &$�ª &

$ & $'" ¸ & ¸ " � & �)" ª & ª�"
� �
� � � �
��� 	
�� 

�� �
� �� 

�

��B25E +.W3WR25tX03GDH./AW � ! � @I+ 7 (

3���4�5���6��������� �"��!��$#
-�/A@I/A^ > GD/A4S?/�Ka/�252I/�G

��--D0RW 7 BDGDS © # ¸ & _ |~/�@5S?WR/A0R^ > 7 /A@ S?/�Ka/�252I/�G/�G BDG 7 -�/A@I/A^ > GD/A4I/�G z���/A^�H�WR/Atw+.G 7 /jU@IBGDS?2IS./�2I^ > tX03G 7 0RS.H./�0%4 > n -�/A0 7 /A@ ] = 4V+�4V0 = G Ka034 7 /�@ ±6/�@50 = 7 /�G 7 +.BD/A@ / � ª ! 03G��- > ;+.GDS?03S?H./A034�Y = K �\BD25E +.W3WR2�tX0RGDH�/�W � #M! � ��� �����
	���¦�®�w@I/AGDG)tw/A034I/ 7 /�@ � 0RGD25/
	 � ´ &�� � � ¶ � ¸ &�� ! ��z¾4V@5/�BDBGDS 7 /�@\L�/�C�tw/A@54V/ � % $ ��� o ��� (

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ©)²
� $� ������� � ����� � ��� 
�����(��� 	
*x/A@1H�WR/�03GD254I/.�£G = ^ > Gg+.^ > tw/A0R25-g+.@I/v*x@I/ > tX0RGDH�/�W 7 /A@ ] = 4V+�4V0 = G,º�� �  º�� �	�� O
	 � º	��0R254�-�/�0 /�0RG/�@��w@I/AGDG)tw/A034V/ 	 � & ( $ ¸ � � /A0RGD/A@ � / = KT/j4V@I03/ � �´ &�� p � �¹$ & � BDG 7 /A0RGD/A@XKT03GD0RKT+.WR/AGT|~/A@I2I^ > 0R/�-BDGDS�-�/�0 7 /�@\z���/�^�H�WR/A-D0RW 7 /�@BDK $ ±~0{O�/�W � /,¬/A034V03G)4V/�@�Y�+.WRWgº�� ! H¾W3/�03GD254I/.�¾G = ^ > KT/AC?-g+.@5/xz¾��/A^�H¾W3/Atw+.G 7 /`U@5BDGDS (`_ º���
 d � � &$( & $ �

�)�������  
#�� �����

» G 7 /�@ G�;+.^ > 2�4V/AG |~/�@I25BD^ > 25@I/�0 > /·tX03@ 7 7 0R/ *x/ > G�BDGDS /A0RGD/A2��g+.^ > /�G � BKTKa0R-g+�G 7 /�2BDG)4V/A@I25BD^ > 4 # ¬B@xL�/A2I25BDGDS 7 /A@ � @V+ 7 0R/�G)4I/�GDH = KT� = GD/AG)4V/ 	�� C	 � ! 2I03/ > /��:+.�D0%4V/�W �# ¸�BDG 7� WR/�03^ > BDGDS �# ´ ( tX03@ 7 tX0R/ 7 /�@ /�0RG·S?/ = KT/j4V@I032I^ > /A@��\BEF-g+.B ;+ > GDW30R^ > 7 /�K 7 /�@ ] = +�4I0 = G-�/�G�B4V�j4 ! ��--D0RW 7 BDGDS�© # ¸ $£(`# *x0R/ �xBD/A@IH = G)4V@V+�H�4I0 = G 	�� O
	 n HP+.GDG¦Ka034 7 03/�25/�@ � / = Ka/A4I@I0R/GD03^ > 4�S./�Ka/�2I25/�G:tw/A@ 7 /AG # [�K 7 /AG � @V+ 7 0R/�G)4 7 /�@ �xBD/�@5H = G)4I@V+.H)4V0 = G:KT/A2I25/�G ��B H;= GDGD/�G�7 +.@�E 7 /�@\z¾4V@5/�BY./�H)4 = @ 8� GD03^ > 4\03G 7 /�@�O�U��`U�rZ-�/AGD/:WR03/�S?/AG #*,+.2 � BDKaKT03-g+.G 7 0R2�4J+.G 7 /A@�/�03GD/�G z¾/�034I/�EF/A254J/A0RGDS?/A2I�g+�GDG)4 # *x0R/ 7 �¾Gg+.Ka0R25^ > /*x/ > G¾BGDS�tX03@ 7 Ka034 9�0RW%EF/�/�0RG/�2 �s+�B4V25�D@I/A^ > /�@52 7 BD@5^ > S?/AE�;B > @54��Z+.G 7 /�2I25/�G¡L�/AK<-D@I+.G

! S./�Gg+.B/�@�+.G 7 /�@�2 = S # 7 BD254I^�+.� ( 7 +.2 +.G 7 /A@I/JrZG 7 / 7 /�2�*x/ > G�BDGDS?25-g+.G 7 /A2�-�/jEF/�2�4V0RS�40R2�4 # *x/�@��s+�BD254I2I�D@5/�^ > /A@uBG 7�7 +.2Z*x/ > G�BDGDS?25-g+.G 7 /A0RGD25^ > WR03/�C?W30R^ > 9�+.W%4V/�@5BDGDS\H;= GDGD/�G�03GO�U ] 0R^ > 4VBGDS�Y./�@52I^ >D= -�/�G§BG 7 -�/���;BDS?W30R^ > ��BD2�E +.WRW32�UXBDG 7 rZ0RGE +�WRWR2�tX0RGDH�/�W6KT0%4I4V/AWR2,/A0RGD/A2*x@I/ > 4V0R25^ > /�2�/A0RGDS./�254I/�W3W34:tw/A@ 7 /AG ! ��--D0RW 7 BDGDS © # ¸?¸ (j# ��BD^ >½> 03/�@:tX0R@ 7 ��BD@ |~/A@I/A0RGE +PU^ > BDGDS 7 /�@X��B25E +.W3WR25tX03GDH./AW � � & & � - �
S?/At�;+ > W34 #*x/�@ ��+.B4V25�D@I/A^ > /�@N2 = W3W34V/¦/A0RGD/·KT0%4 7 /�@ ¬/�034�W30RGD/�+.@�+.GD254I/�03S?/�G 7 /§¬BDS?H�@I+�E�4�+.BE7 +.2T*x/ > G¾BGDS?2I-D+.G 7 +.B2.;BD-�/�G # *x03/�2�tXBD@ 7 / 7 BD@5^ > /A0RGD/ 7 @I/A0R/A^�H�E5;= @IKa0RS?/�z��g+�GDG�BDGDS+.K ��+.B�4V2I�@I/�^ > /�@</A@I@I/A0R^ > 4�� 7 + 7 0R/a+.B2IWR/AGDH./AG 7 /J�,@I+�E�4 , �D@ = � = @�4V0 = Gg+.Wm�ABDK 0RG 7 /A@z�^ > tX0RGS?2I�DBWR/ �g0R/AC?/�G 7 /�G¢z¾4V@ = K � 03254 # *x0R/A2I/�@~�,@I+�E�4ZtX0R@5H�4u/A0RGD/®@ ;BD^�H)4V@I/A0R-�/�G 7 /x�,@V+�E�47 /A@�L�/�K<-@V+.Gg+�BE > ;+.GDS.BDGDS ! z�03^�H./ ( /AG)4VS?/AS?/�G # *xBD@5^ > 7 +.2X*x/ > G¾BGDS?2I-D+.G 7 tX0R@ 7 7 03/�25/@�;B^�H�4I@I/A0R-�/�G 7 /��,@V+�E�4XW3/ 7 03S?WR03^ > /�@ > ;=?> 4 #*x0R/w*x@I/�03/�^�H?U�z¾�g+.GDG�BDGDS,Ka034s/A0RGD/A@m±6/A@I0 = 7 /AG 7 +.B/�@��TtX0R@ 7 KT0%4m9�0RW3EF/~/A0RGD/A2Z*x0RS?0%4�+.W{U��GD+.W = SPU ¥ +.G 7 W3/�@I2�KT0%4,Gg+.^ > S./�2I^ > +.W34I/A4V/AK � /�0R2�4VBDGS?25Y./�@I2�4£;+.@5H./A@ @I/�+.WR032I03/�@54 # *x/A@�*X��U¥ +.G 7 W3/�@103254�Ka0341/A0RGD/AKµ�jtw/A034I/�G�±v¯ Y?/A@I-DBDG 7 /�G1� 7 /�@ 7 /�2I25/�G���GD2�4V/�B/�@IBGDSa;B-�/A@IGD03KTK 4 #*x0R/ � /A2I^ > tX0RG 7 0RS?H�/�034 7 /A@���+.B4V25�D@I/A^ > /�@5KT/AK<-D@I+.G¢BDG 7 2 = KT0%4 7 /A2\;+.BDC?/A@I/�GTrZG 7 /A2 7 /A2*x/ > G¾BGDS?2I-D+.G 7 /A2603254 7 +.GG > *®� ���� Ka034��¡+.WR2S?/�2I+.K 4V/AG 9�BD- 7 /�@6L�/AK<-D@I+.G,t�;+ > @I/AG 7/�03GD/�@X±s/�@50 = 7 /�� #*x/�@¢9\BD-�� 7 /A@ ��+.B4I2I�D@5/�^ > /A@IKa/�K<-@V+.G tX0R@ 7 Ka034a/�03GD/�@�L�0RH�@ = KT/j4V/�@52I^ > @I+.BD-�/S?/AKT/A2I2I/AG # *,+.-�/�0~tX0R@ 7¼7 +.2�*x/ > G�BDGDS?25-g+.G 7 Ka034 7 /�K ��+.2I/A@I254I@V+ > W�-�/AWR/ABD^ > 4V/A4<BDG 77 +.2az¾��/A^�H¾W3/�-D03W 7 -�/ = -D+.^ > 4V/A4 # �w/A0�/�03GD/�@ -�/A254V03KTK�4V/�G ��+.B�4V2I�@I/�^ > /�@I25�g+.GDG�BDGS·tX0R@ 77 03/aL�0RH�@ = KT/j4V/�@52I^ > @I+.BD-�/¢+�BE 7 03/aL�/�K -D@V+.G·S?/AE + > @I/AG1��-D0R2:2I03^ > 7 +.2�z���/A^�H�WR/�K BD254I/�@-�/Atv/�S.4 # �w/A0vY./�@I25^ > 0R/ 7 /�G/�G z¾�g+.GDG�BDGDS./�G¡W ;+.C.4�2I03^ > 7 +.GDG 7 /A@�9\B-�� -�/�2�4V0RKaKa/�G #rZ2¢tXBD@ 7 / -�/�0 7 /�G�L�/�2I25BDGDS?/AGµKa034a/A0RGD/AK S./�2V+�K 4V/AG 9\BD- Y = G � � &$( ª (�()( $ KaKS?/�+.@I-�/�0%4V/A4 #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ©?´
*x0R/�S./�2V+�K 4V/X�:+.Ka/�@I+PU�z¾4I/�BD/A@IBDGS,BDG 7 �w0RW 7 +.BEFGD+ > Ka/vtX0R@ 7 tX0R/ 7 /�@ZKa034�/�0RG/�K ±u¯@I/�+.WR032I03/�@54 ! 250R/ > /®�:+.�D0%4V/�W�© # "�#%$£(j# rZ2mt�+.@6tw/AS?/�G 7 /A@ ] /A�D@ = 7 BD�A0R/A@I-g+.@5H./A034 7 /�@~L�/A2I25BDG�US?/AG t�;BGD2I^ > /AGD25tv/�@�4���-�/A01/�03GD/�@®-�/�2�4V0RKaK 4I/�GJ��B2IWR/AGDH�BDGDS 7 /�2 ��+.B4I2I�D@5/�^ > /A@I2�KT/A2I25/�G��B¦H�;= GDG/�G # *,+���B HP+.GDG¦0RK �Atv/�0%4V/AG¼±u¯ /�0RG/ �6@50RS?S?/A@�U�z�^ > tw/AWRWR/ /�0RGS?/�2�4V/�W3W34\tw/A@ 7 /AG1�-�/�0 7 /�@5/�G rZ@I@5/�0R^ > /�G /�03GJz �¾GD^ > @ = GD032V+�4I0 = G�U�z�0RS.Gg+.W�+.G 7 /AG �:+.KT/A@V+PU�±u¯ S?/�S./�-�/�G1��BDG 77 03/ L�/�252IBDGDS 7 = @54XS./�254V+.@54I/A4XtX0R@ 7 ! 2I03/ > /:�\-D-D0RW 7 BDGDSa© # ¸ �)(`#�w/�0 7 /�G§E = WRS./�G 7 /AG L�/�252IBDGDS./�G tXB@ 7 / 7 +.GG¡�AB /A0RGD/AK -�/�2�4V0RKaK 4I/�G¡¬/�0%4V�DBGDH)4/�03G ��BD252I^ > GD0%4I4 7 /�@XS?/A2V+.K�4V/�G�*x/ > G¾BGDSTS./�Ka/�2I25/�G #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���
���

	�
���	�����

	�!�
	���	�
�
	���

©&

HV-
Netzteil

Monitor

PC 1

Netzteil

CCD
Kamera

Linse
Brennweite f

Pockelszelle He-Ne-Laser

LPT1

COM1

LPT2

polarisierender
Strahlteiler

Gummiband

PC 2

LPT1

Synchronisation DA

VerstärkerDA-Wandler

Lautsprecher

��-D-D03W7 BGDS�©# ¸$?_ |~/�@52IBD^> 2V+.G= @7 G�BDGDS7 /�@�*x/> G¾BGDS?2IKa/�252IBDGS

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ² &

Einstellung
der
Vorspannung

Winkeleinstellung

Dehnungsband

Verschiebung in
x-Richtung

Lautsprecher

Drehtisch

Membran

��-D-D03W 7 BGDSa© # ¸.¸ _ ��BD252I^ > G034I4�+.BD2X�\-D-D0RW 7 BDGDS ! © # ¸ $£(

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ² $
I,D

t

τ

Bild 1,2��--D0RW 7 BDGDS © # ¸ �_ �\BD2IW3/�GDH�BDGS 7 /A@���+.B�4V2I�@I/�^ > /�@IKa/�K -D@V+.G¹* 7 BD@I^ > 7 /�G�0RG 7 /A@z�^ > tX0RGS?2I�DBWR/ �g0R/AC?/�G 7 /�G z¾4V@ = K »a# ¬BDK ¬/�0%4V�DBDGH�4	� f tX03@ 7½7 +.2�/A@I254I/��w0RW 7 �Z��BDK¬/�0%4V�DBGDH)4 � � � � f *½¶ tX03@ 7 7 +.2X�Atv/�0%4V/��w0RW 7 S?/�Ka/�252I/AG» G ��-D-0RW 7 BDGDSJ© # ¸ ª 250RG 7 7 0R/<rZ@5S?/�-DG0R2I25/ 7 /�@�/�@I2�4V/AG¼L�/�2I25BDGDS?/AG¼�AB 2I/ > /�G # ��B�E�US?/j4V@V+�S?/�Gµ0R254 7 03/·S?/AKT/A2I25/�GD/8BG 7 -�/�@I/A^ > GD/j4V/½z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034! �:+.�034V/AW ªD# ¸�� � W3/�0R^ > BDGS ª# ¸ & ( 0RG½��- > ;+.GDS?03S?H./A034�Y = K ��BD2�E +.WRW325tX03GDH./AW � -�/�0�EF/A254V/A@9\B-DS?/�25^ > tX0RG 7 03S?H./A034 > * 7 /�@�+.BD25WR/AGDH./AG 7 /�G �s+�B4V25�D@I/A^ > /�@�U�L�/AK<-D@V+�G #w¥ 0R/,-0R2 > /�@X0R2�47 /A@�rZ0RGE +�WRWR2�tX0RGDH�/�W � �µ& & � - �u# *x0R/ ¥ 0RGDH�/�WR+.- > ;+.GS?0RS?H�/�0%4 7 /�@Xz���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2�US?/A2I^ > tX0RG 7 0RS?H�/�034u2�4V0RKaK 4�2I/ > @uS.B4ZKa034 7 /�@u+.BD2 � WR/A0R^ > BDGDS ªD# ¸ & -�/�@I/A^ > GD/j4V/�G·;BD-�/�@I/A0RG #��B^ > 7 0R/�z¾4V@5/�BDBDGS 7 /�@mrZ03GD��/AWRKa/�C.tv/�@�4V/wY = K L�034I4I/�W%tw/A@54m032546Y?/�@5Gg+.^ > W};+.2I250RS?-D+.@mH�WR/A0RG #*x0R/wz���/�^�H�WR/jt�+�G 7 /�@5BDGDS?25S?/�25^ > tX0RG 7 03S?H./A034u2I/j4V�j4m2I03^ > +.BEFS.@IBDG 7 7 /�26S?/ = K�4V@I032I^ > /AG<��B�E�U-g+.B2�2 = t =?> W:+.BD2 7 /�@ 25/�GDH�@I/A^ > 4V/�G +�WR2J+.B^ > 7 /A@ �g+.@V+�WRWR/AWR/AG � = KT� = GD/AG)4V/ Y = G �8" ���B2V+.KaKT/AG ! 2I^ > 0R/AEF/A2 ¥ +.G 7 /�@IG Uu2I03/ > / �:+.�D0%4V/�W1¸ # ¸ (j#» G ��-D-0RW 7 BDGDS�© # ¸ " tX0R@ 7 -�/A0sY./�@�;+.G 7 /A@IWR03^ > /�@x9\BD-DS./�2I^ > tX03G 7 0RS.H./�0%4 > * 7 0R/ � @V+ 7 0%U/�G)4I/�GDH = KT� = GD/AG)4V/ 	�� C	 � S?/�Ka/�252I/�G # �\BD^ >·> 0R/�@���/�03S.4x250R^ > /�03GD/�+.B2IS?/A��/�03^ > GD/j4V/ ;[\-�/�@�U/�03GD254I0RKaK<BDGDS�Ka034 7 /�G�+.BD2 � WR/�03^ > BDGDS ªD# ¸ $ -�/A@I/�^ > GD/A4I/�G ¥ /�@�4V/�G #�w/�0 7 /�G = -D0RS?/AG¦L�/A2I2IBGDS?/�G¦WR+.S¢25^ > 0R/jEF/�2 ¥ +.G 7 /A@IG Y = G �8" � Y = @ #  ;BD@��\-D-D03W 7 BDGS© # ¸.©TtX03@ 7 /A0RGD/�S?/ = KT/j4V@I032I^ > / ��G = @ 7 G�BDGDS�Y./�@5tv/�G 7 /A4 ! 7 0R/ 2I0R^ > +�BD2��\-D-D0RW 7 BDGDS�© # ¸ $+.-DW3/�0%4V/A4 ( �X-�/�0 7 /A@ G¾B@J��B 7 /�K S?/�2�4V@I/AB4V/AGµ|~/AH�4 = @ 8" � 25/�GDH�@I/A^ > 4V/�2 ¥ +.G 7 /�@5G�Y = G
�8" � +.B�E�4V@I0%4I4 # *x/�@ ��BD2�E +.WRW325tX03GDH./AW,0R254 2 = Ka034 � � & &�� �xBDG 7µ7 /�@�rZ0RG�E +.WRW325tX0RGH./�W �tX0R@ 7 Y�+.@I030R/A@54 # *x0R/A2wS?/A2I^ > 03/ > 4 7 BD@5^ > |~/�@I25^ > 0R/A-�/AG 7 /�2�z��0R/�S./�WR2 � 0RGaO¾U ] 03^ > 4VBDGDS BDG 7|~/�@�;+.G 7 /A@IBDGS 7 /A2�*x@5/ > tX0RGDH�/�W32 7 03/�25/�2�z��D0R/AS?/�W32��g2 = 7 +�CT-�/�0 � / 7 /�K ¥ 03GDH./AW

�
03KTKa/�@7 /A@�S.WR/�03^ > / � @54�+.B�E 7 /AKM*x/ > G�BDGS?2I-g+�G 7 -�/�W3/�BD^ > 4V/j4\tX03@ 7 #» GJ��-D-0RW 7 BDGDS�© # ¸.²�BDG 7 © # ¸.´ 2I03G 7�7 03/�rZ@IS./�-DGD032I25/ 7 /�@�*x/ > G�BDGDS.2IKa/�2I25BDGDS 7 +�@IS?/`U254I/�W3W34 # ��BEFS./A4V@I+.S?/AGT03254 7 0R/\z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034�S?/�S?/AG 7 /AG�rZ0RG�E +.WRW32�UtX0RGH./�W

�v# ±~@50RGD�A0R�D03/�W3W/�@ > ;+.W%4vKT+.G�tX0R/ 7 /�@uS?/�GD+.BD/�L�/�C?/A@IS?/A-DGD032I2I/��g+.-�/�@~0RK |~/A@IS?W3/�03^ >��B 7 /�G = -0RS?/AG L�/A2I2IBGDS?/�G¦Ka034\2I^ > 03/AEF/A@ ¥ +.G 7 /A@IBDGDS�Y = G �8" � E ;+.W3W34 7 03/�z¾4I@I/�BBDGDS 7 /A@rZ0RGD�A/�W3KT/AC.tw/A@54I/N254';+.@IH�/�@�03GD2 � /AtX03^ > 4 # *,+�2T25^ > 0R/jEF/ ¥ +�G 7 /�@5G 7 +.@�E:+.WR2 = GD03^ > 4 +.WR2��B8Y./�@5KT/A0 7 /AG 7 /�@�z¾4£;= @�E +.H)4 = @ +.GDS?/A2I/ > /�G§tv/�@ 7 /�G1�~2 = G 7 /�@5G84V@�;+.S.4���BD@ |~/A@I-�/�252I/�@5BDGDS7 /A@�L�/AC?S?/AGg+.BD03S?H./A034 7 BD@5^ > |~/�@5S?@';= C./�@IG 7 /A@�z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034X-�/�0S?W3/�0R^ > /�K � @V+ 7 0R/AG�4I/�G�-�/A0 #rZ2 �A/�03S.4V/<250R^ > -�/�0 7 /�G � @I+ 7 0R/AG)4V/�GKT/A2I2IBGDS?/�G� 7 +.C 7 03/�*x/ > G�BDGS½;B-�/A@ 7 /�G¦S?/`U2V+�K 4V/AG *x/ > G�-�/A@I/�03^ > ! 4�+�4I2';+.^ > W30R^ > tXBD@ 7 / � + G�BD@�/�03G½H¾B@I��/A@T�\BD2I25^ > GD0%4I4 7 /�@a*x/ > U

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ²?¸

&

¸ &ª &
© &
´ &$ & &$ ¸ &

$ & $£" ¸ & ¸ " � & �)" ª & ª�"
� 	
� � � �
��� 	
�� 

�� �
� �� 

�

��BD2�E +.WRW325tX0RGH./�W � ! � @V+ 7 (

� ����� !��$#��"� �+����!��$#

> � ! � (L�/AC 7 +�4I/�G

��--D0RW 7 BDGDS © # ¸ ª_ L�/A2I2IBGDS 7 /�@ z���/�^�H�WR/jt�+�G 7 /�@5BDGDS?25S?/�25^ > tX0RG 7 03S?H./A034 > � 03G��- > ;+.GDS?03S?H./A034vY = K ¥ 0RGDH�/�W �¦-�/�03K *x/ > G�BDGDS?25/jO���/�@I03KT/AG)4XKT0%4w/A0RGD/AK ��+�^ > /�G � BDK�UKa0R-g+.G 7 # 	 � $ ¸ & � � � / � ¸ " & � ! � ¶ � � &�� ! � > * � � ( & �6�� � � � ² " � � ��&% $ ±Z0{O/AW

&

& # & "
& #%$

& #3$£"
& # ¸

& ¸ ª © ´ $ & $ ¸
� �
�
� � �
�


� � � � 	

�
 ��

9�BD-DS?/A2I^ > tX0RG 7 0RS?H�/�0%4 > *�! �6�� (

� ����� !��$# ����� ����!��$#
�w/�@5/�^ > G�BDGSL�/�C 7 +P4V/�G

��--D0RW 7 BDGDS¼© # ¸ "�_ |~/�@5S?WR/A0R^ > Y = G S?/AKT/A2I25/�GD/AG BG 7 -�/�@I/A^ > G)4V/AG � @V+ 7 0R/�G)4I/�G 	�� C
	 � -�/�07 /A@x*x/ > G¾BGDS?2IKa/�252IBDGS�03GN�\- > ;+.GDS.0RS?H�/�034�Y = G 7 /�@x9\BD-DS./�2I^ > tX03G 7 0RS.H./�0%4 > *a! +.W32 = -�/�0o8� � (j# � /AKT/A2I25/�G·tXB@ 7 /a-�/A0 � � � & �

BDG 7 � � & & � #�! 	 � $ ¸ & � � � � � ² " � � ��&% &$( & $ f� (

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���
���

	�
���	�����

	�!�
	���	�
�
	���

²�

CCD
Kamera

Linse
Brennweite f

Pockelszelle

polarisierender
Strahlteiler

Lautsprecher

Spiegel 1

Spiegel 2
Spiegel 3

Gummiband

L

αβ

��--D0RW7 BDGDS©# ¸.©_ *x/> G�BDGDS.2IKa/�2I25BDGDS<BG�4I/�@v2I/�GH¾@5/�^> 4V/A@®�w/= -g+.^> 4VBGDS! H�/�03G¢2I^> 0R/AEF/A2
L�BD2�4V/A@5tw+.G7 /A@IG(

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ² ª

�
ª "
© ²
´&$
&$?$$
¸

" & "?" © & © " ² & ² " ´ &
� 	
� � � �
��� 	
�� 

�� �
� �� 

�

rZ0RGE +.W3WR2�tX0RGDH�/�W
��! � @I+ 7 (

� � ��� !��$# ����� ���"!��$#

> � ! ��(L�/�C 7 +P4V/�G

��--D0RW 7 BDGDS © # ¸?² _ L�/A2I2IBGDS 7 /�@ z���/�^�H�WR/jt�+�G 7 /�@5BDGDS?25S?/�25^ > tX0RG 7 03S?H./A034 > � 03G��- > ;+.GDS?03S?H./A034TY = G�rZ0RG�E +.WRW325tX0RGH./�W
�v# *x/�@��\BD25E +.W3WR2�tX0RGDH�/�W�0R254 � � & & � 7 # > # G�BD@2I/AGDH�@I/A^ > 4I/�2�L�BD254I/�@�t�+.G 7 /�@5G½U ! . � $?#¡! 	 � $ ¸ &�� � � /M� ¸ " &�� ! � ¶ � � & � ! �> *®�µª ( $ �s�� � � � ² " � � (`#

ª
©´$
&$ ¸$�ª
$ ©$
´¸ &
¸?¸

" & "?" © & © " ² & ² " ´ &
� 	
� � � �
��� 	
�� 

�� �
� �� 

�

rZ0RGE +.W3WR2�tX0RGDH�/�W
��! � @I+ 7 (

� � ��� !��$# ����� ���"!��$#

> � ! ��(L�/�C 7 +P4V/�G

��--D0RW 7 BDGDS�© # ¸.´ _�¥ 0R/\��-D-D03W 7 BGDS�© # ¸?² ( ��G�BD@ /�� $ ¸ " � ! � > *�� ² ( " �s�� � � � ² " � � #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ² "

& # & &
& # & &?"

& #%$
& #3$ & "
& #3$.$

& #3$?$'"
& #3$ ¸

& #3$ ¸ "
& #3$ �

& " & $ & & $£" & ¸ & & ¸ " &

� � � � 	


 �

¬/�0%4 � ! � ! (

. � � � �������$�+��2�� � � ��� !��$#

��--D0RW 7 BDGDS¼© # ¸ &_ ��BEFGD+ > Ka/N/�03GD/�@�¬/�0%4V@I/A0 > /�BDK 7 0R/��\03^ > 4VWR03GD/�+�@I034';+�4 7 /�2¢-�/A0 7 /A@*x/ > G¾BGDS?2IKa/�252IBDGS¼Y?/A@5tv/�G 7 /j4V/AG � BDKaKa0R-g+.G 7 /�2��AB �A/�0RS./�G # r~2�tXBD@ 7 / � /jtw/A0RW32���BY?/A@I25^ > 0R/ 7 /�GD/AG ¬/�0%4V/�G 7 /A@X��BD25WR/�GH¾BGDS 7 /A2 � BDKaKT03-g+.G 7 /�2�S?/AKT/A2I25/�G # L�/�C?�D+.@V+.Ka/jU4V/A@ _ 	 ��$ ¸ & � � � ¶ � � &�� ! � / �µ" & &�� ! � � � � & �G�BDGDS S?/�Ka/�252I/AG BDG 7¡7 +.@I+.BD2 7 /A@ � @V+ 7 0R/AG�4<-�/A@I/�^ > GD/A4 ( GD0R^ > 4aH = G254�+�G�4atw+.@ # *x/A@*x/ > G¾BGDS?2IS.@V+ 7 03/�G)4 > +�454V/82 = Ka034�/�0RG �A/�0%4�+.- > ;+.GDS?03S?/�2�|~/�@ > +.W34I/�G1�:tw/AWR^ > /A2¦0RG /A0RGD/A@¬/�0%4V@5/�0 > /�S?/�Ka/�252I/AG¡tXBD@ 7 / BDG 7 0RG§�\-D-D0RW 7 BDGDS¦© # ¸ & 7 +�@IS?/A254V/AWRW%4�0R2�4 # rZ2�tXBD@ 7 / ��B-�/�254I0RKaK 4V/AG ¬/A034V�BDGDH)4V/AG /�0RGN* = �D��/�W3-D0RW 7 ! ��-D2�4�+.G 7 7 /�@x-�/�0 7 /�G �w0RW 7 /�@ ¶ � � &�� ! (+.BEFS./�G = KaKa/�G¦BDG 7·7 /�@ � @V+ 7 03/�G)4�+.BD2 7 /A@<z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034<-�/`U254I0RKaK 4 # �w/�0�S?/A@I03GDS?/�@���B2IWR/AGDH�BDGDS 7 /�2��s+�B4V25�D@I/A^ > /�@52,BDG 7N7 /�2 � BDKaKT03-g+.G 7 /�2®t�+�@7 03/\*x/ > GE5;+ > 0RS?H�/�034~S.@';= C?/A@ZBDG 7 /�G)4V25�D@I/A^ > /�G 7J7 /�@ � @I+ 7 03/�G)4 # L�034~��BGD/ > Ka/�G 7 /�@v��BD2�UWR/AGDH�BDGDS 7 /�@ ��+.B�4V2I�@I/�^ > /�@IKa/�K -D@V+.GJGD+ > K 7 0R/�*x/ > G�E5;+ > 0RS.H./�0%4v+.-�BDG 7¢7 /�@ � @V+ 7 0R/AG�42I03GDH)4 # *x03/�[�@I2V+�^ > /�W30R/AS.4<03G 7 /�@�GD03^ > 4VWR03GD/�+�@I/�G ] ;BD^�H�254I/�WRW3H�@V+�E�4 7 /A2 � BKTKa0R-g+�G 7 /�2BDG 7 ��BK �6/A0RW 03G 7 /�@\L�/�K -D@V+.GD+.BE > ;+.GS?BDGDS 7 /A2 ��+.B4I2I�D@5/�^ > /A@I2 #rZ0RGJ�w/A0R25�D0R/AW�/A0RGD/A2®�,@I/�B��H = @I@I/AW�+�4I0 = G2I-D03W 7 /A2���tX0R/�/A2w4 �¾�D0R25^ > /�@�tw/A0R25/,-�/A0 7 /A@�*x/ > UG�BDGDS?25KT/A2I25BDGDS�+�BE�4V@I+�4��D03254X03G��\-D-D03W 7 BDGST© # � & �AB�25/ > /AG #
� $� ������� � ����� � ��� 
�����(��� 	
*x03/ H�W3/�0RG254V/ G = ^ > Gg+�^ > tv/�032I-g+�@I/<@5/�W�+P4V03Y./ *x/ > G�BDGDS * J� � ���� º	� � 	�� C

	 � º��03254®-�/�0�/�0RG/�@X�w@5/�GDG)tv/�034I/ 	 � &$( $ ¸ � �D/A0RGD/A@ 7 BD@5^ > �¦� ´ & � BDG 7 � � $ & �EF/A254VS./�WR/AS.4V/AGTz¾4V@5/�BDS?/ = Ka/A4V@50R/�BG 7 /�0RG/�@mKa0RGD03K¢+�WR/�G:|~/�@52I^ > 03/�-DBGDS�-�/�0 7 /�@z���/�^�H�W3/�-D03W 7 /A@ BK $ ±Z0%O�/�W � /¢¬/�0%4V0RG)4I/�@5Y�+.W3Wmº�� ! H�W3/�0RG254V/�G = ^ > Ka/�C.-g+.@I/z���/�^�H�W3/Atw+.G 7 /A@IBDGDS (j_
- �
�

����� 
 d � �
¸�� $ & e �

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ².©

punkt
Mittel-

z(x,y)

y

x

in x-Richtung
Verschiebung des Maximums

��-D-D03W 7 BGDSa© # � & _ �,@I/�BH = @5@I/�WR+�4V0 = GD25-D0RW 7 /�03GD/�@�*x/ > G¾BGDS?2IKa/�252IBDGS�w/A0 7 /�@ � / = KT/j4V@I03/ � �µ& & � /�@ > ;+.W346KT+.G /A0RGD/ 7 /�B�4VWR03^ > 2I^ > WR/�^ > 4I/�@I/®BG�4I/�@5/�\+.^ > tw/A0R2IS.@I/�G��/ _
- �
�

����� 
 d � ��$ � $ & e �

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ²?²

Kunststoffstreifen

Drehtisch

Lautsprecher

Membran

Einstellung
der
Vorbiegung

Verschiebung
in x-Richtung

Winkeleinstellung

��--D0RW 7 BDGDSa© # �$?_ �\BD2I25^ > GD03454XY = G���-D-D03W 7 BGDS�© # � ¸
�)������� 	���
��'�����

\;BD@ 7 03/X�w0R/AS?/�Ka/�252IBDGS?/�GatX0R@ 7 /A0RGa/�W�+�254V032I^ > /A@�����+.^ > /�@v�:BGD254I254 = �2�4�+.-T-�/AG¾B�4V�A4 ! �:+PU-�/�WR-0RG 7 /A@ (`# *,+.2�/�0RG/ rZG 7 /�0R2�4�y�O03/�@�4�� 7 +.2\+.G 7 /A@I/�;B-�/A@\/A0RGD/AG � �¾W = GE + 7 /AGNKa034 7 /A@L�/AK<-D@V+�G¢/�03GD/�2 ��+.B4I2I�D@5/�^ > /A@I2wY./�@I-BDG 7 /AG # ±~@50RGD�A0R�D03/�W3WD/�@ > ;+.W34~KT+.G�tX0R/ 7 /�@ 7 /�GTS?WR/A0%U^ > /AG |~/�@52IBD^ > 2V+.BEF-D+.B tX0R/ -�/�0 7 /A@¢*x/ > G�BDGDS?25KT/A2I25BDGDS8G�BD@�Ka034 7 /AK [\G)4V/A@I25^ > 0R/ 7 �7 +.C 7 /�@ ��+.B4I2I�D@5^ > /�@®BDK & & � @V+ 7 S?/ 7 @I/ > 4X0R254vUmtX0R/,03G���--D0RW 7 BDGDS�© # �$ 7 +.@IS?/A254I/�WRW%4 #*x0R/:S?/A2V+.K�4V/�|~/A@I25BD2I^ > 2I+.G = @ 7 G�BDGDS�0R2�4�03GN��--D0RW 7 BDGDST© # � ¸a�AB 2I/ > /�G # *,+.2,L�/�C?�D@50RG�U��03��0R254 7 +.2~S?WR/A0R^ > /wtX03/X-�/A0 7 /�@u*x/ > G�BDGDSD� 7 03/X*xBD@I^ > E�;B > @IBDGS 7 /A@vL�/�252IBDGDS./�G¦;+ > GDWR03^ >! �:+.�034V/AW © # "�# ¸ (j#*x/�@u/�03GD��03S?/�[�G)4V/�@52I^ > 03/ 7 �ABJ+.WRW3/�G�-D032 > /A@I0RS./�G � @V+ 7 0R/AG�4I/�GDKa/�252IBDGS?/�GJ03254�� 7 +�C 7 03/� @V+ 7 03/�G)4V/AGDH = KT� = GD/AG�4I/�G 7 /A@:�w0R/AS?BDGDS ��� ��� � ��� %� 	
 ��
 250RG 7 # \;B@x@I/A�D@ = 7 BD�A0R/�@5-g+.@5/L�/A2I2IBGDS?/�G¢0R254 7 /�@u�,BDGD254I254 = �2�4�+.-TKT0%4m/A0RGD/A@ � @�4V2IKT+.@5H¾03/�@5BDGDS,Y?/A@I2I/ > /�G # L�034 = -D03S?/�@L�/AC?S?/ = KT/j4V@I03/XH�+�GDG¢G�BD@ 7 0R/ � @V+ 7 03/�G)4V/AGDH = KT� = GD/AG�4I/ 	����	 � -�/ = -D+.^ > 4V/A4vtw/A@ 7 /AG1�DGD03^ > 4+.-�/�@ 7 03/ � = KT� = GD/AG�4I/ 	�� C	�� #*x0R/�/A@I254I/TL�/�252IBDGDS� 7 03/ > 0R/A@,S?/��A/�0RS�4 tv/�@ 7 /�G·2 = W3W
�1S.0R-4 7 03/�25/ � @�4V2V+�- > ;+.GDS.0RS?H�/�0347 /A2 � @V+ 7 0R/�G)4I/�G�BDG 7N7 /�@�z���/A^�H�WR/Atw+.G 7 /�@IBGDS?2IS./�2I^ > tX03G 7 0RS.H./�0%4 > � tX0R/ 7 /�@ #w» G���-D-D03W%U7 BDGST© # � � 250RG 7J7 03/,S?/�Ka/�252I/AGD/�G�BDG 7 -�/A@I/A^ > GD/A4I/�G z���/A^�H�WR/�S./�2I^ > tX03G 7 0RS.H./�0%4V/AG ! 250R/ > /� WR/�03^ > BDGDS ªD# ¸.© ( 03G¡�\- > ;+.GS?0RS?H�/�0%4�Y = K � @�4<O 7 /�@��v0R/�S./�WR03GD0R/T-�/A0�EF/�2�4V/�G¡��B25E +.W3WR2�UBDG 7 rZ0RGE +.W3WR2�tX0RGDH�/�W ! � �µª & � p �¼� " &�� ( S?/�S?/AGm;BD-�/�@5S?/�2�4V/�W3W34 # *x03/ -�/�@5/�^ > G/A4V/AG ¥ /�@54I/H = GDG)4V/�G¡-�/�254';+�4V03S.4<tv/�@ 7 /�G # ��BD^ >¡> 03/�@<03254 7 03/ z¾4I@I/�BBDGDS 7 /�@�rZ03GD��/AWRKa/�C.tv/�@�4V/JBDK7 /AG L�0%4I4I/�W3tv/�@�4XY?/�@5Gg+.^ > W};+.2I250RS?-D+.@XH¾W3/�03G #*xBD@I^ > 7 03/�r~03GD2I�D+.GDG�BDGDS 7 /�2 �,BDGD2�4V2�4 = ��254V+.-�/A2:0R254:/A0RGD/ ! 254V+�4V032I^ > / ( | = @I-D03/�S?BDGS

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���
���

	�
���	�����

	�!�
	���	�
�
	���

².´

HV-
Netzteil

Monitor

PC 1

Netzteil

CCD
Kamera

Linse
Brennweite f

Pockelszelle He-Ne-Laser

LPT1

COM1

LPT2

polarisierender
Strahlteiler

PC 2

LPT1

Synchronisation DA

VerstärkerDA-Wandler

Lautsprecher

��-D-D03W7 BGDS�©#� ¸_ |~/�@52IBD^> 2V+.BEF-D+.B7 /A@\�v0R/�S./�Ka/�2I25BDGDS

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ² &

& "$
&$£"
¸ &¸ "�
&�)"ª
&ª�""
&

& $ & ¸ & � & ª & " & © & ² &
� 	
� � � �
��� 	
�� 

�� �
� �� 

�

� @�4XO ! KaK (

� �6� #��+� �+����!��$#
�w/�@5/�^ > G�BDGSL�/�C 7 +P4V/�G

��--D0RW 7 BDGDS�© # � �_ � /�S?/AGm;BD-�/�@I2�4V/AWRWRBGDSJY = G8L�/�252IBDGDSNBDG 7 �w/�@5/�^ > G�BDGDS 7 /�@�z���/�^�H�WR/`Utw+.G 7 /A@IBDGDS.2IS?/A2I^ > tX0RG 7 0RS?H�/�034 > � -�/�0 7 /A@��w0R/AS?BDGDS�0RG �\- > ;+.GDS.0RS?H�/�034wY = K � @54�O ! /�G)4�UW�+�GDS 7 /�@��w03/�S?/AWR0RG0R/ (`# L�/�C.�g+.@V+�KT/j4V/�@ _ 	�� $ ¸ &�� � � ¶ � ª &�� ! � � � ª & � # z¾4I@I/�BBDGDS7 /A@�L�/�C.tv/�@�4V/ � % &$( " ±~0{O�/�W #Y = @ > +.G 7 /�G1�xt = 7 BD@I^ > rZ0RGE +.W3WR2�U<BDG 7 ��B25E +.W3WR25tX03GDH./AW,+.- > ;+.GDS?03S8Y = G 7 /�@ �w03/�S?/AWR03GD0R/tv/�@ 7 /�G1�gtw+.2 7 BD@I^ > 7 0R/ � WR/A0R^ > BDGDS?/AG ªD# � � -�/�@�;BD^�H�2I03^ > 4I0RS.4�tX0R@ 7 #*,+ 7 /A@,�,BDGD254I254 = �2�4�+.- �@V+.H)4V032I^ > 7 B@I^ > 25^ > /�03GD/�G 7 tw+.@�����/�03S.4V/AG 7 0R/<L�/�252IBDGS?/�G7 BD@5^ > �®03/AEF/AG�U~BDG 7 L�/ > @5E +.^ > 254V@5/�BDBGDS¢03K�LN+P4V/�@50�+.W�/�03G�/A@ > /A-DWR03^ > /�2�z¾��/A^�H¾W3/�H = ^ > /AG1�tv/�WR^ > /�2®��BJ25/ > @®25^ > WR/A^ > 4V/�G��,@I/ABD��H = @I@5/�W�+P4V0 = GD2I-D03W 7 /A@IGaE ;B > @54I/ # *x/�2�tw/AS?/�GJtXBD@ 7 / 7 /A@�,BDGD2�4V254 = ��254�+�-NKa034 � @V+�� > 034�-�/A2I^ > 03^ > 4I/A4���t = Ka034 > /A@5Y = @I@I+.S?/�G 7 /<L�/�C?/A@IS?/A-DGD0R252I/ /�@�U��03/�W%4�tXBD@ 7 /�G #» G·�\-D-D03W 7 BDGS�© # �.ª·! KT0%4 � � ¸ & � ( BDG 7 �\-D-D0RW 7 BDGDS�© # �)"¦! Ka034 � � ª & � ( 03254 7 03/��B�EFGg+ > Ka/ 7 /A@ � @I+ 7 03/�G)4V/AGDH = Ka� = GD/�G)4I/ 	�� �	 � +�WR2�gBDGDH)4I0 = G¢Y = K � @�4wO¢S?/��A/�0RS�4 ! 250R/ > /+.BD^ > � WR/�03^ > BDGDS ªD# ¸?² (`# ��B^ > > 0R/�@,H = GDG)4V/AG 7 0R/�-�/�@I/A^ > GD/j4V/�G � @I+ 7 03/�G)4V/AG -�/�2�4£;+�4I0RS.4tv/�@ 7 /�G #*x0R/ ¥ 0RGH./�WR+.- > ;+�GDS?0RS.H./�0%4 7 /�@�z���/�^�H�WR/jt�+�G 7 /�@5BDGDS?25S?/�25^ > tX0RG 7 03S?H./A034:tX0R@ 7 25^ > WR03/�C�UWR03^ > 0RG§�\-D-D0RW 7 BDGDS¦© # � © S./���/A0RS.4<BDG 7 -�/A�;BDS?W30R^ > 7 /A@��w/�@5/�^ > G�BDGS ! BG 7 7 /�G 7 BD@5^ > US?/jE`;B > @54I/�G��<;+ > /�@IBGDS?/�G ( 03G��:+.�034V/AW ªD# � -�/A254£;+P4V0RS�4 #» G ��-D-D03W 7 BGDS�© # � ²�03254®G = ^ > KT+.W�/�0RG�4 �¾�D032I^ > /A2��:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7¢7 /A@X�w0R/AS?/jUKa/�2I25BDGDS 7 +.@5S?/�2�4V/�W3W34 #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ´ &

&
& # & & "& # & $& # & $'"& # & ¸& # & ¸ "& # & �& # & �?"& # & ª& # & ª)"& # & "

& $ & ¸ & � & ª & " & © & ² &

� � � � 	

�
 ��

� @54®O ! KTK (

� � � # �+��� ����!��$#
�w/�@5/�^ > G�BDGSL�/�C 7 +P4V/�G

��--D0RW 7 BDGDS © # �.ªD_ � /�Ka/�252I/AGD/¹BDG 7 -�/A@I/A^ > GD/A4I/ � @V+ 7 03/�G)4V/AGDH = KT� = GD/AG�4I/ 	�� �
	 � 03G��- > ;+.GDS?03S?H./A034JY = K � @54�O�� 7 0R/¦+.W32J/�0RG��0RS./ 0RK �w0R/AS?BDGDS?25/jO���/�@I03KT/AG)4 -�/ = -g+.^ > 4V-D+.@tw+.@ # L�/AC?�g+.@I+.KT/j4V/A@ _ 	 � $ ¸ &�� � � ¶ � ª & � ! � � � ¸ &�� # z¾4V@5/�BDBGDS 7 /�@:L�/�C.tv/�@�4V/�&% &$( & & $ f� #

&
& # & & "& # & $& # & $'"& # & ¸& # & ¸ "& # & �& # & �?"& # & ª& # & ª)"& # & "

& $ & ¸ & � & ª & " & © & ² &

� � � � 	

�
 ��

� @54®O ! KTK (

� � � # �+��� ����!��$#
�w/�@5/�^ > G�BDGSL�/�C 7 +P4V/�G

��--D0RW 7 BDGDS © # �)"�_ � /�Ka/�252I/AGD/¹BDG 7 -�/A@I/A^ > GD/A4I/ � @V+ 7 03/�G)4V/AGDH = KT� = GD/AG�4I/ 	�� �
	 � 03G��- > ;+.GDS?03S?H./A034�Y = K � @�4�O # L�/�C.�g+.@V+�KT/j4V/�@ _ 	 � $ ¸ &�� � � ¶ � ª &�� ! � � � ª & � #z¾4I@I/�BBDGDS 7 /�@\L�/AC.tw/A@54I/ � % &$( & & $ f� #

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ��	���� 	�� ��� 	�! �
	�� � 	 � �
	�� � ´ $

¸ &¸ "�
&�)"ª
&ª�""
&"?"
© &© "
² &

$ & $£" ¸ & ¸ " � & �)" ª & ª�"
� 	
� � � �
��� 	
�� 

�� �
� �� 

�

��B25E +.W3WR25tX03GDH./AW � ! � @I+ 7 (

� � � #�� ��� ���"!��$#
�v/�@I/A^ > G�BDGDSL�/AC 7 +�4I/�G

��--D0RW 7 BDGDST© # � © _ |~/A@IS?W3/�0R^ > Y = GN-�/A@I/�^ > GD/A4I/�@,BDG 7 S?/�Ka/�252I/�G/�@:z���/�^�H�W3/Atw+.G 7 /A@IBDGDS.2�US?/A2I^ > tX0RG 7 0RS?H�/�034 > � 7 /�@J�w03/�S?BGDS¼03G ��- > ;+.GDS?03S?H./A034aY = K ��BD2�E +.WRW325tX03GDH./AW � # ! 	 �$ ¸ & � � � ¶ � ª &�� ! � / � " & &�� ! � o � � &�� � (j# z¾4I@I/ABDBDGDS 7 /A@½L�/�C�tw/A@54V/ _�&% &$( " ±Z0%O�/AW #

punkt
Mittel-

z(x,y)

y

x

Verschiebung des Maximums
in x-Richtung

��--D0RW 7 BDGDSa© # � ² _ � �¾�D0R25^ > /�2��:@5/�BD�AH = @5@I/AW�+�4I0 = GD25-D0RW 7 /�03GD/�@X�w03/�S?/AKT/A2I25BDGDS

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



� ��� �����
	 �

� ������� �����
	�� � ��� �� � � ��� 	�� � � � �
� � � � � � �
� � ������� � �

��������� �!�#"��$�%� &'� �,�(�*)+� �#�!,.-/�*0.� &'�*� 1#1#�2�3"���� 4/56�3�*7�-8���:9.-/"$";�*� "�� �%"� � 1#"�� � � &*<=7)t>�#"@?
���#0/9.�3�#�2&'0/�2AB���%�3";�*� "�9B-/5a�C-/"$� "D�2�3"E��� �GFH-B�=AB�*�%-/"1�D�$� �JIK�37�";L�"�0ML$"��N���3���G�#� 0/L$"�0O56�#�
7�-/7$� � � �3"PA.L��#0/9.�3�#�>L�"$�QF>�����'-@�$LD� �#� �*)�A.�*9B� �#�>0.� 56� &*&'� "�tG�3�*���3"SR

IK�%�����34/5T�U�27�-8���V�%&W�T�#5 |X� �'0/1%�3�%<=7¡� LYA."����3�*� "Z��� 4/56�3�*7�-8��� "\[ �.R �]Rvz��+� <=9;1%�^?
» "D�2�3�'_`� �'-/56�3�2�'�%��-8���3�ba(-/1#-/0/�2A���7��%�dc+)+���@eL�0/1%�#<=7,�]L$_`)�A.L�L�"�� 
.L�&'�2A.0/�Ztf� "��#0>A."�&I�$�*L�<=7�&g?
,/-.1%1 � ���%��F>�dA.1#�%&'�%� �'L�"�0:�#&'�>56�#�®���'� �#&*0heL�"$&'�2�#0/� "��!-/5a�C-/"$� "D�2�3"�5Qe-/0/1#�%<=7b[��.R �]Ri5T���>IK��?
-8��� "�1%A.&*�3�>A.1%& �j�#<=7;� �;L�� 1#1%�kc^Rz@<=7�-/"l�$�%� �(L$_`"PA.7$5T�mL�"�� �]L$&5tf� �'�*L�"�0n�3�%"��3&!IK-?�D�+� 1#)��%1#��� &>0/�3" eL�0.�]�oRpA$RH_ eL$�]���#�
0/�3"PA.L��(L�"��J� L@,/� �'1 eA.&'&*�#0/�x�G�3&'�*�%565ML�"�0m� �%"$� � � �*A.���%�3"D�2� "$9.-/5a�C-."�� "D�2�BR  eL��f� �%"$�]0/L@?
�2�az;�=AB�*�%&'�*�%9V��� �,�(L�&5tf� �W�2L�"$0Q�%&W�!9.�3�%"��T�����*�*� 13tf� �W�2)��#1%��L$"�0E� �W_`-/�*�$� �*1#�%<=71�j&'-q�PA.4n���#��]L@_`"PA.7�56�!� �#"�� �\¬h� ���2�'� �%7$�K��� & � �2A.���#� "D�2�3"q5 e-/0.1%�%<=7n�#&'� R

» 5 � � 0/�3"�&2AB�I�J� L��Tz��+� <=9;1#�U? » "D�*� �'_`�3�*-/56�3�*�*�#�n-@���3�ra(-/1#-/0/�*A.��7��#�.�mtf-��$�%��|X� �W_`-/�W?
5ML�"$0O� �#"�� &G0/�*-/4.� " �s� �#1%&t��� � � )C�3� � eA.<=7$�!A.L$_`0/�3"�-/565T�3"Tt>�#�*�1��t>�%�'�N)+� �+���%�3&*� �J��� 4u?
56�3�27$-@���n�$� � � �2A.���#� "D�rA."v�3�%"��35���L��'<=7w�$� " �sAB&*� �'&'�*�2A.7�1#��L��'<=7�5T�3&*&'� �6)C�30/�*�3"D�3�*� "
� �'�x0.� 56� &*&'� "SR ¥ �3�#�2�3�*7��#":�PA.�W_i&*�%<=7r�#5 � � 0.� "�&*AB�V�®�3L��uz��+� <=9;1%�^? » "D�2�3�'_`� �'-/56�3�2�'�%�J-8���3�
a(-.1%-/0/�*A.��7��#�!�PA.&K��� 4/-.) � � 9D�K)+�Atf� 0.� "1�C-/7�"��m�PA.4N&'�%<=7��PA.�2ABL�&(�$�%���G� &W�2�%565ML�"$0T���3&
� �2A.���#� "D�2�3"y,/�3�*&*<=7$1%� <=7D�*� �'� R 
.� ��-8<=7�5ML�4n���#��z8�*�*� L$0/� -/56�3�*�*�#�M5 e-.0/1%�#<=7�&'�]0/� "PABLl)C�^?
9uA."�"D�K&'� �#"1�C��AT���#�<z��+� <=9;1#�AtGA."����3�*L�"�0.&*0/�3&*<=7)t>�%"��$�%0/9B� �#�z�3�*7��3)�1%�#<=7Q��L��'<=7l���%� z8�*�*� L8?
0/�3-/5T�U�2�'�%�K)+� �3�%" �PL$4.�Xt>�%�*����%"�&')C�3&*-/"$��� �'�m��L$�*<=7V��� "�r �h�39;�(���3&H&'<=7��%�U_`� " ¥ A."$��� �'"�&
���3&m0/�3&'�*�*� L@�2� " |X� 9D�2-.�*& 8" � �%5{9/?gFHA.L�5VRrIK�%�3&*�3��r �C� 9D�m9BAB"�"|AB)C�3�z0.1%� �#<=7D� �3�#�*�%0J� L$�rx�*7 e-.78L$"�0y���3�OL�"D�2�3�*�3"½�]A.<=7)tf� �%&'0/�*�3"D� �n�$� � � �2AB���%�3";�*� "�56� &'&*L�"$0lA.L�&'0/� ";L$�I�3� tf� �g?
���3"SR

IK� �(981#� �#"�&'�*�mL�"$�y��� �(0/� e-.4.�2�z5T�34/)PA.�'� � �2AB���%�3";��t>�%�'�N���*A.9D�2�#&*<=7l";L��]�$L��*<=7y�$� "� �3�#�*1%�%<=7$� "¼�()�&'�2A."�� ¶ ��� �m)C�3�%���3"�A.L$_`0/�3"�-/565T�3"�� "¼�G�%1#��� ��L�"$�}��� �:��� 4/0.� -/56�3�*�*�%�
)+� &'�*�%565O�dR�IK�#� ¥ A.7�1��$� �,�G�'� "�")tf� ���2�r��� �%�j�#"�&*�M�#&'�!�3�%"�0.� &*<=7$� eA."�9D� R  eL��]� �%"$�M0/L$�*�z8�2AB�2�#&'�2�#9Q���3& ���'� LD�39.-/�'�*�31~AB�*�%-/"�&')��%1#��� &A�bA.L�&����35����%�az��+� <=9;1#�AtGA."����3�*L�"�0.&*0/�3&*<=7)t>�%"@?
���#0/9.�3�#�>)+� &'�*�%565O��t>�#�*�1��&'-/1%1��2�K�$�%� �G�*�3"�")tG�3�#�*�

	 - ��- � �¸ & & �
)+�3�2�*A.0/�3"|[ ��A.���#�*� 1©$R

�
R ¸/c^RXI!A.)+� �h�#&'� - � �$� ��z8�*�*� L	� eA.<=7��3"���L��'<=7�5T�3&*&'� ��� �w���#�,�G�*�3�#�*�

´)¸

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	���� ����� "$� ��" " � ��!���	�� � 	 " " � 	���������	 �
!�� ���
" � � � 	�!�# ��" " ��!
	X´
�

-8��� �>a e-/7������ &(IK�3�*� 9D�2-.�*&��PL$"�� � �$�%���� 1%1#� "�1 eA."�0/�]��� &��j�%<=7D�2�3& R
IK�%���x�*-/)$1%� 5TAB�*�%9V��� �O��� 7$�'_ A.<=7@?KL�"�� � �%�3_`�3"�&'�*�*�3L�L�"�0��%5��x�*-.)C�3"�5NAu�2�*�3�~A.1 L�"��

���35 �PAB�2A.L�&(�*�3&*L�1��2�%�3�*�3"���� 5 ��L$&'�2�3�*9B-@<=7��3"�9uA."$"Q��L��'<=7l� �#"�� "lABL�&*�'� �%<=7$� "��l9;1%�3�%"��3"
� �3�#�*1%�%<=7$� "��G�%1#�PA.)�&W�=A."����w�oRpA$Rw56�%"$�%56�%� �W���f� �'��� "SR��x�%"$���f� ���2�3�*�l� e-/0/1%�#<=7�9.�3�#� � L$�F>� ��L � �%�3�*L�"�0H���3& �VL�&'�*� �*9B-@<=7$� "�&��#&'�b�PAB&��(L$_ �2�*A.0/�3"m�3�%"��3���G� &'<=7��%<=7D�2L$"�0KA.L$& � �2A ��7��#�
[ � �2A ��7��#�W? �bA.<=9@cGA.L@_��PA.&!�x�*-.)C�3"�5NAu�2� �'�~A.1 R

IKL��*<=7 ���#�"|A.7�1(� �%"$� �$#8<=7��2A."$9.�l_^eL��E�PAB&�#@�%0."PA.1�? F(ABL�&*<=7@?&%X� �'7beA.1#�*"��%&�#('(F ���3&
)!�*�3L � 9B-/�*�'� 1~Au�2�%-."�&*)��#1%���3&x9uA."�"r���%�*�f�2A.L�<=7;)PAB�*9.�3�#�f� �#"�� �t���3&*&'L�"�0O)+� &W�2�#5T5O�+�G�3�*���3"SR
� � 0/�3)C�3"$_ A.1%1#&x5 eL$&*&*�3"E���#�K���34,�PA.�*A.5O�*� �X9.-/�'�*�#0/�%�3�'�-�G�3�*���3"�[ � R.�(R89;1#� �%"$� �*�3� � � ���21%�#<=7�� �
�G�#1%�PA.)$&'�=AB"��$��-8���3� � �%"$�mAB"���� �'�m��� 4/0.� -/56�3�*�*�%�dcUR

IK�%� � � "�A.L��%0.9.� ���>��� �*�f� &'�*�%565ML�"�0:�$� ��#/�+� <=9;1%�0�JA."$��� �'L�"�0/&'0/� &'<=71�>�#"����#0/9.�3�#��A.L$&
���352)!�'� L � 9.-/�'�*� 1%AB�2�#-/"�&')��%1#�6�$L��*<=7$�f� &'�*�%565ML�"�0z���3&3�()�&'�2A."����3&J��� &J�QA54@�%5OL�5T&X���3&
)!�*�3L � 9B-/�*�'� 1~Au�2�%-."�&*)��#1%���3& � L:��� &'&*� "N�����*�2�316��L$"�9D�x9uA."�":��L��'<=7r� �%"$��� A.�*A.)+-/1%-/�#���*�30/�*�3&W?
&*�#-/"VA.L$_
)��%& � L �87(9.:;�x�<4$�31%" � �>=h� ���2� �#"�7��3�#�J,.� �*)+� &'&*�3�'�?�f� �'��� "hR

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



� ������� � ��� ��������� �
���w� � ���

����  �%1�_`�*�%�3��#8�2A.L���� � �sAB&*� �'&'�*�*-,��7$-/5T�U�2�'�%� � �
	�	� [ L$";,.� � e-��h�3"D�21%�#<=7D�^c

� :  �x�SR��$R��]RiI!AB�%"D���,� �bA.&'� ��#/�+� <=9;1%�mA."��q�'� 1~Au�2� ����7$� "�-/56� "�A(� #/���'�%"�0/�3� �
	����
���.  RPIK� 5m�2� e-.��� � � �sAB&*� ��#/�+� <=9D�*�*-/&'9.-,���#� � #/���'�%"�0.� � �
	�	��
���, F ��>a �]A.<=7��3" ��� "�&W�2���2L$�r_ eL��rA.1#1%0/�35T�3�%"��E��� <=7�A."��%9 �� i�3&'�*�%0/9B� �#�*&*1#� 7��'��[ %X-/�'1%�U?

&*L�"$0/&*&'98�'�6�$�=c0� �
	�	�
�"!!  GR �
� �$�*-.�'�2�j�3�HAB1oR � � �$�2�#9 �$� �%"$�>�x�#"$_ eL�7��'L�"�0 � �x�'� "D�2�#< �ma]A.1#1&� �
	�	�#
��#. �]R$� eA.7$"�� �iIK�#0/�#�2A.1%�?�G�%1#�$,/�3�2A.�')C�3�#�2L$"�0 � # ���*�#"�0/� � �%	�	�
�"�! FzR&�]R$'!-/" � A.1%� � � �
R/ �%"D� � �iIK�%0/���=A.1�� 5NAB0/�8�x�*-8< � &'&*�#"�0 � �]�$���%&'-/" �� &'1%�(�,� �
	���
���. amR/#8� e-/<=9.�3���)�
A.&*<=7$� ";)�L�<=7V5NAu�27��35NAB�*�%&'<=7�� �* P-/�*56� 1#"6L$"��E56-@���3�*"��3� %X�3�'_ A.7$�*� " �

%X� �'1~A.0ra(A.�*�'�jIK� L$�*&*<=7 � �
	�	+�
��	. amR )��'�%�30/&��hIK�%�MIK- � �C�316��L$1%&W? #/�+� <=9;1%�^? #8�*�*-,��7$-/5T�U�2�'�%�!?>� �#"y-,�$�*�%&*<=7$� &�%X� �W_ A.7��'� "

� L�� ��� &'&*L�"�0T��� �H�V-/5T�3"D�=A." �f� �'�*�!,/-/",'!� &*<=7 �>�#"����%0.9.� ���2&'0/�2A.�$�%� "D�*� "q�%"E�*L��*)�L8?
1%�3";�*� ""#8�*� e-/5ML$"�0/� " �iIK�%&*&'� �W�=AB�*�%-/"��G�'� 56� " � �%	�	��

��� 7  amR �f�*�-�.� � �
IK�#�M���.�h�3�*� "D�*�%� 1#1%�
#/�C�3<=9;1%�U? �]"��35T-.5T�U�2�*�#�m?>�3�%"l"��3L�� &0/PL��#���+�8"PA.56��?
&*<=7��3&K�V� 4.,.� �'_ AB7��*�3" �hIK�#&*&'� �'�2AB�2�#-/"��G�'� 56� " � �
	�	+�

������ ��RuFH�3"�9.�3" �;IK�%� =h� ���2�3";� �>�#<=9;1%L�"�0]A.L�&'0/� ���37�"D�2�3�  �%�*)+� 1#&'�*�*L�9D�2L$�*� "m�%"m� �%"$� �b�2L��g?
)�L�1#� "D�2�3" )�A."PAB1%&'�*�ke-/5OL�"�0 �$IK�%&*&'� �W�=AB�*�%-/"��G�'� 56� " � �%	�	�

��� :  �]R )!�3,.� 1#-/7 �  R #8�=ABL���� �SIK�3�2�3�*56�%"PAu�2�%-."�-._x,.� 1#-@<3�#���V0/�2AB���%�3";�*&?�>�#�*7y&*< AB�*�*� �'� �
1%�#0/7D�J< �'-/&*&g? <3-/�*�'� 1~Au�2�%-."V56�dAB&*L��'� 56� "D�2& � �?� ��1 R � �$�dR�1$132 ����� ? ����� �S[ �
	���� c

���
�. �!R$4t-.&*7��#5ML��2A/� #8�2AB�2�#&'�*�%<dAB1��$�*-,�+� �W�2�%�3&(-B_X�+�8"PA.56�%<z& �+� <=9;1%�3&��5�$R � �@�dR #@-@<BR �(5�R
687 � � 7 � : ? � 7 !9� [ �
	���# c

���%�, �xR �QAB"���� 1 � � R �-/1#_ � � �$�*�%< A.1$<3-/7�� �'� "�<3�HA."�� �;LPA."D�2L�5 -,�$�2�#< & �:�JA.5M)��'�%��0/� � �
	�	�!
���;!! �$R.� R$ P�*�3L�"�� �+��AB�27��35NAu�2�%< A.1h&W�=AB�*�%&W�2�%<3&�� �x�'� "D�2�#< �ma]A.1#1&� �%	�	 :

���
#. FzR � R �G�'�%0/7PAB5"�+ +AB&'�< P-/L��'�%� ���
�*A."�&'_`-.�*56&�� �
	���

���

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998



���������
	������������������� ���
��� �!
� ��� � ��� � � � �

��� �#"l)C�3&*-/"$��� �'� �zI!A."�9q0/�#1#�?�X�'-._gRzIK� R� �#1#_`�*�#� � #8�=A.L$���O_ eL��K�$�%�O7$� �',.-/�*�*A.0/�3"����
�G�U�2�*�3L�L�"�0TL�"��V���%� � A.7�1#�*� �#<=7�� " �]"$�*� 0.L�"�0/�3" � L����#� &'� �*�]�')C�3�#�dR

� <=7�)C�3�PA."�9B�656�%<=7Q)C�3� 56� �%"$� " )!-/1%1#� 0/�3" �G�'L�"�-��QAB� � A.&]L�"����QAB�'�27��%A.&KF>� "�9B� "
_ eL�� � A.7$1%�*�3�%<=7��]IK�%&'98L$&*&*�#-/"��3"NL�"��N�PA.&G0.L$�2���]�*)+� ���2&'981#�%5TAK&*- �>�%�()C�3�CL$"�&*�3�*� 5 �2�3<=7�"�� ?
&*<=7$� "l�V�#�=AB�*)+� �#�*� �>a(A.�'�*5ML$�HF>-/7;)C�3<=9+R

IK�%���]"��'� 0/L�"$0 � Ln���%�3&*�3���]�*)+� ���J1#�%�3_`�3�'�*�KIK� R-�f� �*"$7PA.�*� #8<=71�GA.�'9D?&|�3� �GA.<=7 �+��� 5
�%<=7n"$�%<=7D� ";L�� �PAB_ eL$�G&*-."���� �'"VA.L�<=7n_ eL��J���#�K0/�31%�%�37�� "$� � �JI(? )�A.56� �*AO�PA."$9.� "q5 e-/<=7D�2� �
���#�!5T�#�J��� ""�x�%"�&W�2�#� 0r�%"q���#�8� 4/�+� �'�%56� "D�2��� �'5ye-.0/1%�#<=7;�*�.R

Diplomarbeit/Thesis University of Bremen, Physics Department 

Stefan Bosse 1998


