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Interferometrarna Virgo (till vänster) och LIGO 
(till höger). Foton från från Caltech/MIT/LIGO 

Laboratory, fotomontage av Göran Durgé.

Nobelpriset 2017 gick till   
pionjärer inom detektion av 
gravitationsvågor. Mycket har 
skrivits om sådana vågor och 
om de kosmiska händelser ur 
vilka de uppstår. Men hur är det 
möjligt att mäta så fantastiskt 
små vibrationer som det rör sig 
om? Aleksandra Foltynowicz 
förklarar hur de gigantiska inter-
ferometrarna fungerar och ger 
en inblick i de bakomliggande 
teknologierna. 

Aleksandra Foltynowicz 
är docent i experimentell fysik vid 
Umeå Universitet. Hon disputerade 
i Umeå inom ultra känslig laser-
spektroskopi, gjorde postdoc vid 
JILA, University of Colorado i  
Boulder, USA, och återvände till 
Umeå 2012. Hennes forsknings-
grupp utvecklar spektroskopiska 
metoder baserade på optiska 
frekvens kammar och använder  
dem för högupplöst bredbandig 
molekylär spektroskopi.
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UJUFM

.ÅUOJOHFO BW HSBWJUBUJPOTWÇHPS ÅS CMBOE EF TUÕSTUB PDI NFTU JN�
QPOFSBOEF FYQFSJNFOUFO TPN HÕST QÇ +PSEFO� .FE IKÅMQ BW HJ�
HBOUJTLB JOUFSGFSPNFUSBS EFUFLUFSBSNBO GÕSëZUUOJOHBS TÇ TNÇ TPN
BW TUPSMFLTPSEOJOHFO 10−18 NFUFS � FUU BWTUÇOE TPN ÅS FO CSÇL�
EFM BW QSPUPOFOT EJBNFUFS � BW TUPSB UFTUNBTTPS� 'ÕSëZUUOJOH�
FO BW UFTUNBTTPSOB PSTBLBT BW HSBWJUBUJPOTWÇHPS TPN OÇS +PSEFO
GSÇO BWMÅHTOB BTUSPOPNJTLB PCKFLU� %FU UPH NÇOHB ÇS BW QMBOF�
SJOH CZHHBOEF PDI PQUJNFSJOH BW QSFTUBOEB OÇHSB IVOESB NJM�
MJPOFS EPMMBS TBNU JOTBUTFS BW UVTFOUBMT GPSTLBSF GÕS BUU EFTTB FY�
QFSJNFOU TLVMMF MZDLBT� %FU WBS OÕEWÅOEJHU BUU VUWFDLMB OZ MBTFS�
UFLOJL VQQêOOB OZB NBUFSJBM LPOTUSVFSB HJHBOUJTLB WBLVVNSÕS
SFBMJTFSB TFJTNJTL JTPMFSJOH PDI BOOBO BCTPMVU OÕEWÅOEJH UFLOP�
MPHJ MÇOHU VUÕWFS WBE TPN UJEJHBSF IBEF VQQOÇUUT�

%FO GÕSTUB EFUFLUJPOFO BW HSBWJUBUJPOTWÇHPS TLFEEF NFE JO�
TUSVNFOUFU -*(0 J 64" EFO ���F TFQUFNCFS ���� PDI SFEBO UWÇ
ÇS TFOBSF UJMMEFMBEFT USF NÅO TPN TUPE CBLPN EFUUB GSBNTUFH /P�
CFMQSJTFU 	TF 'JHVS �
� 3BJOFS 8FJTT GSÇO .BTTBDIVTFUUT *OTUJUVUF
PG 5FDIOPMPHZ 	.*5
 VQQêOOBSFO PDI JOJUJBUJWUBHBSFO UJMM -*(0�
#BSSZ $� #BSJTI $BMJGPSOJB *OTUJUVUF PG 5FDIOPMPHZ 	$BMUFDI
 PSE�
GÕSBOEF GÕS -*(0 TPN GÅSEJHTUÅMMEF QSPKFLUFU� PDI ,JQ 4� ѮPSOF
$BMUFDI UFPSFUJLFS TPN HKPSEF BWHÕSBOEF CJESBH UJMM VUWFDLMJOHFO
BW EFUFLUPSO TBNU UJMM BOBMZTFO BW NÅUEBUB�

1BSBMMFMMU VUWFDLMBEFT J &VSPQB JOTUSVNFOUFU 7JSHP TPN OV
UJMMTBNNBOT NFE -*(0 SFHFMCVOEFU EFUFLUFSBS HSBWJUBUJPOTWÇHPS�
* EFO IÅS BSUJLFMO CFTLSJWT IJTUPSJFO PN -*(0�7JSHP QSJODJQFO
CBLPN NÅUNFUPEFO EFUFLUPSFSOBT EFTJHO PDI QSFTUBOEB EF GÕST�
UB CFWJTFO GÕS VQQNÅUUB HSBWJUBUJPOTWÇHPS TBNU GSBNUJEB QMBOFS
GÕS QSPKFLUFO�

�

Detektion av
gravitationsvågor; 
LIGO och Virgo
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'JHVS �� %F USF /PCFMQSJTUBHBSOB J GZTJL ����� 3FJOFS 8FJTT #BSSZ $�
#BSJTI PDI ,JQ 4� ѮPSOF 	¥/PCFM .FEJB "# GPUP� "� .BINPVE
�

/¯¼Æ ��ÀÆ¯¼� 
%F GÕSTUB GÕSTÕLFO BUU PCTFSWFSB HSBWJUBUJPOTWÇHPS HKPSEFT BW +PIO
8IFFMFS PDI +PTFQI 8FCFS QÇ �����UBMFU� %F BOWÅOEF TUPSB BMV�
NJOJVNDZMJOESBS TPN TLVMMF WJCSFSB VOEFS QÇWFSLBO BW HSBWJUB�
UJPOTWÇHPS� ���� SBQQPSUFSBEF 8FCFS BUU EF EFUFLUFSBU FO HSBWJ�
UBUJPOTWÇH NFO JOHFO BOOBO GPSTLBSHSVQQ MZDLBEF VQQSFQB IBOT
SFTVMUBU�

*EÊO UJMM -*(0 CÕSKBEF TMÇ SPU IPT 3BJOFS 8FJTT PDLTÇ EFU
QÇ ���UBMFU OÅS IBO VOEFSWJTBEF J BMMNÅO SFMBUJWJUFUTUFPSJ QÇ .*5
	8FJTT ����
� 5BOLFO WBS BUU NÅUB UJEFO EFU UBS GÕS MKVTFU BUU HÇ
GSBN PDI UJMMCBLB NFMMBO UWÇ UFTUNBTTPS EFMT WJE FO UJEQVOLU EÇ
EF USÅĒBEFT BW FO HSBWJUBUJPOTWÇH PDI EFMT EÇ EF WBS PQÇWFSLBEF
BW OÇHPO TÇEBO� %FUUB TLVMMF HÕSBT J FO .JDIFMTPO�JOUFSGFSPNFUFS
�FUU JOTUSVNFOU TPNLBO EFUFLUFSB TLJMMOBEFS J IVS MÇOH UJE EFU UBS
GÕS MKVTFU BUU TQSJEB TJH J UWÇ WJOLFMSÅUB SJLUOJOHBS� &O MJLOBOEF JEÊ
GÕSFTMPHT BW.JDIBFM (FSUTFOTIUFJO BOE 7MBEJTMBW 1VTUPWPJU J .PT�
LWB NFO EFU WBS8FJTT TPN LPSSFLU JEFOUJêFSBEF EF PMJLB CSVTLÅM�
MPSOB PDI IJUUBEF NFUPEFS GÕS IVS EF TLVMMF LVOOB IBOUFSBT� %FUUB
MFEEF IPOPN UJMM FO VQQTLBUUOJOH BW EFO GÕSWÅOUBEF LÅOTMJHIFUFO
GÕS FO EFUFLUPS GÕS HSBWJUBUJPOTWÇHPS�

*OUSFTTFU GÕS 8FJTT GÕSTMBH WÅDLUFT IPT GPSTLBSHSVQQFS TPN
GÕSTÕLU VQQSFQB 8FCFST UJEJHBSF FYQFSJNFOU PDI NÇOHB CÕSKBEF
OV BSCFUBNFEEFUUB LPODFQU� 'PSTLBSF WJE.BY�1MBODL�*OTUJUVU GÛS
"TUSPQIZTJL J (BSDIJOH 5ZTLMBOE PDI J 'SFTDBUJ *UBMJFO CZHHEF FO
GÕSTUB USF NFUFS MÇOH QSPUPUZQ BW FO.JDIFMTPO�JOUFSGFSPNFUFS PDI
TUVEFSBEF EF GVOEBNFOUBMB CSVTQSPDFTTFS TPN CFHSÅOTBEF LÅOT�
MJHIFUFO� 4FOBSF CZHHEF EF FO �� N MÇOH QSPUPUZQ GÕS BUU CFWJTB

�
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BUU LPODFQUFU LVOEF TLBMBT VQQ� * (MBTHPX 4LPUUMBOE CZHHEF FO
HSVQQ VOEFS MFEOJOH BW 3POBME %SFWFS FO UJP NFUFS MÇOH QSPUPUZQ
PDI GÕSFTMPH BUU NBO LVOEF BOWÅOEB 'BCSZ�1FSPU�JOUFSGFSPNFUSBS
GÕS BUU GÕSMÅOHB EFO PQUJTLB WÅHFO TPN MKVTFU HÇS J EF UWÇ BSNBSOB
BW .JDIFMTPO�JOUFSGFSPNFUFSO�

���� USÅĒBEFT 3BJOFS 8FJTT PDI ,JQ ѮPSOF 	ѮPSOF ����

UFPSFUJLFS GSÇO $BMUFDI 	$BMJGPSOJB *OTUJUVUF PG 5FDIOPMPHZ
 NFE
HSBWJUBUJPO TPN TQFDJBMJUFU J 8BTIJOHUPO %�$� GÕS BUU TBNBSCF�
UB J FO LPNNJUUÊ ÅNOBE BUU VUSFEB SZNEQSPHSBNNFUT NÕKMJHB SPMM
J GPSTLOJOH PN HSBWJUBUJPO PDI LPTNPMPHJ� %F EJTLVUFSBEF JOUFS�
GFSPNFUSBS NFE MÇOHB CBTMJOKFS FMMFS BSNBS BOQBTTBEF GÕS BUU NÅUB
HSBWJUBUJPOTWÇHPS� %FUUB MFEEF UJMM BUU $BMUFDI OÇHSB ÇS TFOBSF TBU�
TBEF QÇ FO FYQFSJNFOUFMM HSVQQ JOPN HSBWJUBUJPO VOEFS MFEOJOH BW
3POBME %SFWFS TPN SFLSZUFSBEFT GSÇO (MBTHPX TBNU 4UBO 8IJU�
DPNC� %F MÅU CZHHB FO �� N MÇOH QSPUPUZQ QÇ $BMUFDI�

&O TBNNBOGBUUOJOH BW EÇWBSBOEF TUBUVT BW QSPUPUZQFS GÕS�
NÇHB BUU VUWFDLMB MÅNQMJH PQUJL MBTSBS PDI WJCSBUJPOTJTPMFSJOH EF�
TJHO PDI LPTUOBEFS GÕS WBLVVNTZTUFN PDI CZHHOBEFS TBNU NÕKMJ�
HB QMBUTFS GÕS BOMÅHHOJOHBSOB TLJDLBEFT ���� BW $BMUFDI BOE .*5
UJMM /BUJPOBM 4DJFODF 'PVOEBUJPO 	/4'
 NFE QPTJUJW SFTQPOT TPN
SFTVMUBU� ���� TUBSUBEF 8FJTT %SFWFS PDI ѮPSOF -*(0 -BTFS *O�
UFSGFSPNFUFS (SBWJUBUJPOBM�8BWF 0CTFSWBUPSZ TPN FUU TBNBSCFUF
NFMMBO $BMUFDI PDI .*5 NFE IVWVETBLMJH êOBOTJFSJOH GSÇO $BM�
UFDI�

"OTÕLBO GÕS BUU GÇ CZHHB PDI ESJWB -*(0�BOMÅHHOJOHBS J )BO�
GPSE8BTIJOHUPO PDI J -JWJOHTUPO -PVJTJBOB MÅNOBEFT JO UJMM/4'
����� 'SÇO CÕSKBO QMBOFSBEFT FUU JOJUJBMU -*(0 	J-*(0
 NFE NÕK�
MJHIFU GÕS HSBWJUBUJPOTWÇHEFUFLUJPO TBNU FO VQQHSBEFSJOH J GPSN
BW FUU BWBODFSBU -*(0 	B-*(0
 NFE HPEB DIBOTFS BUU PCTFSWFSB
HSBWJUBUJPOTWÇHPS� J-*(0 CBTFSBEFT QÇ SFEBO EFNPOTUSFSBEF UFL�
OJLFS GBTU VQQTLBMBEFNFE FO GBLUPS ��� J TUPSMFL� B-*(0 TLVMMF OÇ
CÅUUSF QSFTUBOEBNFE IKÅMQ BW UFLOPMPHJFS TPN JOUF ÅOOV GBOOT UJMM�
HÅOHMJHB� %FTTB UFLOPMPHJFS TLVMMF VUWFDLMBT TBNUJEJHU TPN J-*(0
CZHHEFT� 5BOLFO WBS BUU LVOOB JNQMFNFOUFSB B-*(0 J TBNNB JO�
GSBTUSVLUVS TPN J-*(0�

���� CMFW #BSSZ #BSJTI PSEGÕSBOEF GÕS -*(0 	#BSJTI ����
�
)BO TLBQBEF FUU PNGBUUBOEF WFUFOTLBQMJHU TBNBSCFUF LSJOH -*(0
	-*(0 4DJFOUJêD $PMMBCPSBUJPO
 EÅS EFU JOHJDL GPSTLBSF GSÇO .*5
PDI $BMUFDI TBNU BOESB HSVQQFS TPN WJMMF CJESB UJMM QSPKFLUFU�
-*(0T JOUFSGFSPNFUSBS TF 'JHVS � CZHHEFT ����m���� PDI UPHT J

�
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'JHVS �� -*(0T BOMÅHHOJOHBS J )BOGPSE 	UJMM WÅOTUFS
 PDI -JWJOHTUPO 	UJMM
IÕHFS
 64" 	GPUPO GSÇO $BMUFDI�.*5�-*(0 -BCPSBUPSZ
�

ESJѫ ����� 1Ç J-*(0 HKPSEFT TFY EBUBJOTBNMJOHBS VUTQSJEEB ÕWFS
FUU EFDFOOJVN WBSKF HÇOH NFE GÕSCÅUUSBE LÅOTMJHIFU PDI UJMM TJTU
WBS NBO OÅSB EFU GÕSTUB EFMNÇMFU� *OHB PCTFSWBUJPOFS BW HSBWJUB�
UJPOTWÇHPS HKPSEFT NFO KVTU BWTBLOBEFO BW EFUFLUJPOFS WBS ÅOEÇ
FUU WJLUJHU SFTVMUBU� %FU QFLBEF QÇ WJTTB CFHSÅOTOJOHBS GÕS NÕKMJ�
HB HSBWJUBUJPOTWÇHTLÅMMPS PDI GÕS QVCMJDFSBEF UFPSFUJTLB NPEFMMFST
HJMUJHIFU� %F TJTUB LÕSOJOHBSOB BW J-*(0 HKPSEFT J TBNBSCFUF NFE
7JSHP 	TF OFEBO
 GSÇO PDI NFE �����

B-*(0�QSPHSBNNFU TUBSUBEF QÇ BMMWBS ���� PDI EFU HPELÅO�
EFT BW /4' ����� 0DLTÇ BOESB MÅOEFS CJESPH UJMM B-*(0 UJMM FY�
FNQFM� .BY�1MBODL�*OTUJUÛU 5ZTLMBOE 	TUBCJMJTFSBE MBTFS
 4DJFODF
BOE 5FDIOPMPHZ 'BDJMJUJFT $PVODJM 4UPSCSJUBOOJFO 	FUU VQQIÅOH�
OJOHTZTUFN GÕS UFTUNBTTPS
 PDI"VTUSBMJBO3FTFBSDI$PVODJM 	TFO�
TPSFS GÕS UFSNJTL LPNQFOTBUJPO BW WÇHGSPOUFS TBNU JOUFSGFSPNF�
UFSLPNQPOFOUFS
� B-*(0 UPHT J GVMM ESJѫ NFMMBO ���� PDI ����
PDI EFO GÕSTUB EFUFLUJPOFO BW FO HSBWJUBUJPOTWÇH TLFEEF EFO ���F
TFQUFNCFS �����

4BNUJEJHU TPN -*(0 QMBOFSBEFT PDI CÕSKBEF BOWÅOEBT VU�
WFDLMBEFT UWÇ BOESB TUPSB JOUFSGFSPNFUSBS (&0��� TBNU 7JSHP �
TPN OVNFSB PѫB NÅUFS UJMMTBNNBOT NFE -*(0� (&0��� ÅS FO
��� N MÇOH JOUFSGFSPNFUFS OÅSB )BOOPWFS J 5ZTLMBOE TPN CZHH�
EFT NFMMBO ���� PDI ���� HFOPN FUU TBNBSCFUF NFMMBO 5ZTLMBOE
PDI 4UPSCSJUBOOJFO� (&0��� UBS EBUB TBNUJEJHU NFE -*(0 NFO
IBS ÅOOV JOUF PCTFSWFSBU HSBWJUBUJPOTWÇHPS� %FU ÅS FO UFTUBOMÅHH�
OJOH GÕS VUWFDLMJOH BW OZB UFLOPMPHJFS PDI MÕTOJOHBS TPN TFOBSF
TLB LVOOB JNQMFNFOUFSBT J -*(0�

#ZHHBOEFU BW 7JSHP TF 'JHVS � TPN OBNOHBWT FѫFS 7JSHP�
IPQFO J TUKÅSOCJMEFO +VOHGSVO HPELÅOEFT BW 'SBOLSJLF PDI *UB�
MJFO ����m�� PDI LPOTUSVLUJPOFO QÇCÕSKBEFT ���� TUSBY VUBOGÕS

�
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'JHVS �� 7JSHPT BOMÅHHOJOH J *UBMJFO 	UJMM WÅOTUFS
 TBNU ,"(3"T VOEFS�
KPSEJTLB JOUFSGFSPNFUFS J +BQBO 	UJMM IÕHFS
 	GPUPO GSÇO 7JHP PDI ,"(3"
0CTFSWBUPSZ *$33 ѮF 6OJWFSTJUZ PG 5PLZP
�

1JTB J *UBMJFO� %FU JOJUJBMB 7JSHP WBS GÅSEJHU ���� PDI NFE EFTT JO�
UFSGFSPNFUFS HKPSEFT GZSB EBUBJOTBNMJOHBS NFMMBO ���� PDI ����
JCMBOE TBNUJEJHU NFE -*(0� *OTUBMMBUJPOFO BW EFU BWBODFSBEF 7JS�
HP 	BE7
 QÇCÕSKBEFT ���� BOMÅHHOJOHFO UPHT J ESJѫ ���� PDINÅU�
OJOHBS UJMMTBNNBOT NFE B-*(0 IBS QÇHÇUU TFEBO ����� %FO GÕSTUB
HFNFOTBNNB EFUFLUJPOFO HKPSEFT TBNNB ÇS� 7JSHP ESJWT GSÅNTU
BW *UBMJFO PDI'SBOLSJLFNFOPDLTÇ/FEFSMÅOEFSOB 1PMFO6OHFSO
PDI 4QBOJFO ÅS JOCMBOEBEF JOPN &VSPQFBO (SBWJUBUJPOBM 0CTFS�
WBUPSZ $POTPSUJVN�

&O BOOBO BOMÅHHOJOH TPN UPHT J CSVL J GFCSVBSJ GÕSSB ÇSFU ÅS
,"(3",BNJPLB(SBWJUBUJPOBM8BWF%FUFDUPS J +BQBO TF 'JHVS ��
%FU ÅS FO VOEFSKPSEJTL � LN MÇOH JOUFSGFSPNFUFS NFE LSZPHFOJTLU
LZMEB UFTUNBTTPS� %FO TLÕUT BW *OTUJUVUF GPS $PTNJD 3BZ 3FTFBSDI
QÇ 5PLZP 6OJWFSTJUFU� -*(0 7JSHP PDI ,"(3" GÕSCFSFEFS TJH OV
GÕS FO HFNFOTBN EBUBJOTBNMJOH NFE QMBOFSBU TUBSUEBUVN OÅTUB
ÇS�

G¼�ª|�¹�¼ �²¼ ©tÆª�ª�p¼ªp
(SBWJUBUJPOTWÇHPS TPN GÕSTU PNOÅNOEFT BW &JOTUFJO ���� FNJU�
UFSBT BW BDDFMFSFSBOEF NBTTPS� %F ÅS USBOTWFSTFMMB WÇHPS TPN VU�
CSFEFS TJH NFE MKVTIBTUJHIFUFO� 1Ç TÇ TÅUU MJLOBS EF FMFLUSPNBHOF�
UJTLB WÇHPS NFO FO TLJMMOBE ÅS BUU EF JOUF WÅYFMWFSLBS NFE FMFLU�
SJTL MBEEOJOH� * TUÅMMFU LSÕLFS EF SVNNFU WJOLFMSÅU NPU EFO SJLU�
OJOH MÅOHT WJMLFO EF TQSJEFS TJH� 7ÅYFMWJT TUSÅDLFS EF VU SVNNFU
J FO USBOTWFSTFMM SJLUOJOH TBNUJEJHU TPN EFU TLFS FO LPOUSBLUJPO
J FO WJOLFMSÅU SJLUOJOH 	TF PDLTÇ .JDIBFM #SBEMFZT BSUJLFM J EFOOB
,PTNPT
�

%FU ÅS KVTU EFUUB TPN HÕS FO .JDIFMTPO�JOUFSGFSPNFUFS MÅNQ�
MJH GÕS BUU PCTFSWFSB FO HSBWJUBUJPOTWÇH� 4KÅMWB QSJODJQFO GÕS FO TÇ�

�
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EBO JOUFSGFSPNFUFS ÅS BUU EFO ÅS LÅOTMJH GÕS TLJMMOBEFS J IVS MÇOH UJE
EFU UBS GÕS MKVTFU BUU TQSJEB TJH J UWÇ WJOLFMSÅUB SJLUOJOHBS 	TF GBL�
UBSVUB
� /ÅS FO HSBWJUBUJPOTWÇH HÇS JHFOPN JOUFSGFSPNFUFSO TUSÅD�
LFS EFO VU EFO FOB BSNFO PDI ESBS JIPQ EFO BOESB TÇ MKVTFU TPN
LPNNFS UJMMCBLT GSÇO WBS PDI FO BW EFN ÅS OÇHPU VS GBT PDI EF UWÇ
TUSÇMBSOB TMÅDLFS EÅSGÕS JOUF IFMU VU WBSBOESB�)VS TUPS TLJMMOBE HSB�
WJUBUJPOTWÇHFO PSTBLBS NFMMBO EF CÅHHF BSNBSOB ÅS QSPQPSUJPOFMM
NPU BSNBSOBT MÅOHE� %FU ÅS EÅSGÕS NZDLFU MÇOHB JOUFSGFSPNFUFSBS�
NBS CFIÕWT GÕS BUU JOTUSVNFOUFU TLB CMJ LÅOTMJHU GÕS FONZDLFU MJUFO
WJCSBUJPO�

7�|��£À¯ªĮ�ªÆ�¼��¼¯©�Æ�¼ª

1SJODJQFO GÕS FO .JDIFMTPO�JOUFSGFSPNFUFS ÅS BUU EFMB FO MKVTTUSÇ�
MF J UWÇ MÇUB EFN TQSJEB TJH MÅOHT PMJLB SJLUOJOHBS PDI EÅSFѫFS ÇUFS
LPNCJOFSB EFN PDI MÇUB EFN JOUFSGFSFSB� 1Ç HSVOE BW EF HÇUU PMJLB
TUSÅDLPS VQQTUÇS FO GBTGÕSTLKVUOJOH NFMMBO EF UWÇ TUSÇMBSOB WJMLFU J
TJO UVS TLBQBS FUU JOUFSGFSFOTNÕOTUFS�
&O UZQJTL .JDIFMTPO JOUFSGFSPNFUFS WJTBT J êHVSFO OFEBO� %FO CF�
TUÇS BW FO LPOUJOVFSMJH MBTFS FO TUSÇMEFMBSF UWÇ TQFHMBS PDI FO EF�
UFLUPS� -BTFSMKVTFU TLJDLBT NPU TUSÇMEFMBSFO PDI EFMBT VQQ J EF UWÇ
WJOLFMSÅUB BSNBSOB� 4USÇMEFMBSFO IBS SFëFLUBOT R PDI USBOTNJUUBOT
T 	R+T =1 PNNBO CPSUTFS GSÇO BCTPSQUJPOT� PDI TQSJEOJOHTGÕS�
MVTUFS
� -KVTFU SFëFLUFSBT UJMMCBLB BW EF UWÇ TQFHMBSOB WJE BSNBSOBT
TMVU PDI SJLUBT UJMMCBLB NPU TUSÇMEFMBSFO� %ÅS LPNCJOFSBT EF UWÇ PDI
QBSFU EFMBT NFMMBO UWÇ VUHÇOHBS � FO SJLUBE NPU EFUFLUPSO PDI FO
TPN HÇS UJMMCBLB NPU MBTFSO� *OUFSGFSFOT VQQTUÇS J CÇEB VUHÇOHBSOB�

4DIFNBUJTL TLJTT BW FO .JDIFMTPO�JOUFSGFSPNFUFS� %F UWÇ LVSWPSOB
WJTBS JOUFSGFSFOTGSBOTBS WJE EF UWÇ VUHÇOHBSOB�

�
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*OUFOTJUFUFO J EF UWÇ VUHÇOHBSOB ÅS�

IVU� = 2RTI- (1−DPT∆ϕ) 	NPU EFUFLUPSO


IVU� = I- (R
2+T 2+2RT DPT∆ϕ) 	NPU MBTFSO
 ,

EÅS I- ÅS MBTFSOT JOUFOTJUFU PDI∆ϕ ÅS GBTGÕSTLKVUOJOHFONFMMBO TUSÇ�
MBSOB TPN VQQTUÇS Q�H�B� BUU TUSÅDLPSOB ÅS PMJLB�

∆ϕ = 2π
2∆L

λ
.

)ÅS ÅS ∆L = L1−L2 TLJMMOBEFO NFMMBO JOUFSGFSPNFUFSBSNBSOBT
MÅOHEFS PDI λ ÅS MBTFSOT WÇHMÅOHE�
%FO GÕSTUB VUHÇOHTUSÇMFO SJLUBT NPU EFUFLUPSO PDI ÅS FO TÇ LBMMBE
NÕSL QPSU EWT� JOHFU MKVT LPNNFS VU PN GBTGÕSTLKVUOJOHFO ÅS OPMM�
%FO BOESB VUHÇOHTUSÇMFO SJLUBT NPU MBTFSO PDI ÅS PѫB QSPCMFNBUJTL
�EFONÇTUF QÇ OÇHPU TÅUU CMPDLFSBT FMMFS SJLUBT PN GÕS BUU JOUF OÇ ÅO�
EB UJMM MBTFSO PDI TUÕSB EFOOB� %FU GBLUVN BUU EFU êOOT UWÇ VUHÇOHBS
TPN ÅS VS GBT NFE WBSBOESB LBO GÕSLMBSBT BW FOFSHJQSJODJQFO� 4VN�
NBO BW JOUFOTJUFUFO J EF CÇEB VUHÇOHBSOB ÅS BMMUJE MJLB NFE MBTFSJO�
UFOTJUFUFO� * FO CBMBOTFSBE .JDIFMTPO�JOUFSGFSPNFUFS EÅSR=T  ÅS
JOUFSGFSFOTFOTLPOUSBTUFO ���� PDI JOUFOTJUFUFO J CÇEB VUHÇOHBSOB
WBSJFSBS EÇ NFMMBO OPMM PDI I-�
&O MJUFO ÅOESJOH BW FO FMMFS CÇEB BSNBSOBT MÅOHE MFEFS UJMM FO ÅOESJOH
J GBTGÕSTLKVUOJOH PDI EÅSGÕS FO ÅOESJOH J JOUFSGFSFOTTJHOBMFO� /ÅS
MÅOHEFO ÅOESBT TÇ NZDLFU TPN�

∆L1/2 =
1

6

λ

2

CMJS JOUFOTJUFUFO J CÇEB VUHÇOHBSOB IÅMѫFO BWNBYJNVN� * -*(0CMJS
∆L J TUPSMFLTPSEOJOHFO 10−18 N WJMLFU NPUTWBSBS FO EFM QÇ 1012
BW MBTFSWÇHMÅOHEFO 	TPN ÅS � µN
� %ÅSNFE CMJS EFO GÕSWÅOUBEF GBT�
GÕSTLKVUOJOHFO EWT� EFO ÕOTLBEF TJHOBMFO NZDLFU MJUFO�

&JOTUFJO USPEEF JOUF BUU HSBWJUBUJPOTWÇHPS TLVMMF IB OÇHPO CF�
UZEFMTF� ¨WFO PN IBO JOUF GÕSLMBSBEF WBSGÕS LBO NBO TQFLVMFSB
BUU EFU CFSPEEF QÇ BUU JOHFU GFOPNFO LÅOU QÇ IBOT UJE LVOEF PS�
TBLB HSBWJUBUJPOTWÇHPS UJMMSÅDLMJHU TUBSLB GÕS BUU LVOOB PCTFSWFSBT�
&UU HFOPNCSPUU LPN QÇ ���UBMFU OÅS 3VTTFM )VMTF PDI +PTFQI 5BZ�
MPS VQQUÅDLUF FUU CJOÅSU OFVUSPOTUKÅSOTZTUFN � UWÇ OFVUSPOTUKÅS�
OPS TPN LSFUTBS LSJOH TJUU NBTTDFOUSVN� 'ÕS BUU GÕSLMBSB IVS EF
UWÇ TUKÅSOPSOB SÕS TJH CFIÕWEFT BMMNÅO SFMBUJWJUFUTUFPSJ� 0NMPQQT�
UJEFO CMFW HSBEWJT LPSUBSF QÇ HSVOE BW FOFSHJGÕSMVTUFO PSTBLBE BW
FNJUUFSBEF HSBWJUBUJPOTWÇHPS� %FU WBS EFU GÕSTUB CFWJTFU QÇ HSBWJ�
UBUJPOTWÇHPST FYJTUFOT PDI EFU WJTBEF PDLTÇ QÇ FO NÕKMJH LÅMMB UJMM
EFUFLUFSCBSB HSBWJUBUJPOTWÇHPS�

�
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(SBWJUBUJPOTWÇHPS TPN TLBQBUT WJE FO TBNNBOTMBHOJOH BW UWÇ
OFVUSPOTUKÅSOPS VQQUÅDLUFT BW -*(0�7JSHP ����� *OOBO EFTT IB�
EF EFO GÕSTUB PCTFSWBUJPOFO TPN PSTBLBEFT BW FO LPMMJTJPO BW UWÇ
TWBSUB IÇM HKPSUT ���� 	TF LBQJUMFU 'ÕSTUB PCTFSWBUJPOFS
� (SBWJUB�
UJPOTWÇHPS GSÇO CÇEB EFTTB IÅOEFMTFS PSTBLBEF FO SFMBUJW VUTUSÅDL�
OJOH BW 10−21 QÇ +PSEFO� %FUUB CFUZEFS BUU BWTUÇOEFU NFMMBO UWÇ
QVOLUFS TFQBSFSBEF NFE � LN ÅOESBEFT NFE 10−18 N � FO UV�
TFOEFM BW QSPUPOFOT EJBNFUFS�

4USÅDLOJOHFO ÅS PNWÅOU QSPQPSUJPOFMMNPU BWTUÇOEFU GSÇO HSB�
WJUBUJPOTWÇHLÅMMBO� %FUUB JOOFCÅS BUU PN NBO GÕSCÅUUSBS LÅOTMJH�
IFUFO NFE FO WJTT GBLUPS ÕLBS EFU NBYJNBMB BWTUÇOEFU UJMM HSBWJ�
UBUJPOTWÇHLÅMMPSOB TPN LBO PCTFSWFSBT NFE TBNNB GBLUPS� .FE
BOESB PSE ÕLBS WPMZNFO BW VOJWFSTJVN TPN LBO VOEFSTÕLBT PDI
EÅSGÕS TBOOPMJLIFUFO GÕS EFUFLUJPO NFE LVCFO BW BWTUÇOEFU� %ÅS�
GÕS ÅS FO TUPS EFM BW JOTBUTFSOB QÇ -*(0�7JSHP JOSJLUBEF QÇ BUU TUÅO�
EJHU ÕLB LÅOTMJHIFUFO TOBSBSF ÅO BUU HÕSB MÇOHB EBUBJOTBNMJOHBS�

&O.JDIFMTPO�JOUFSGFSPNFUFS ÅS TPNNFTU LÅOTMJH GÕS HSBWJUB�
UJPOTWÇHPS TPN LPNNFS GSÇO FO SJLUOJOH WJOLFMSÅU NPU JOUFSGFSP�
NFUFSOT QMBO 	TF 'JHVS �
 NFO EFO LBO EFUFLUFSB WÇHPS GSÇO VO�
HFGÅS IBMWB IJNMFO CÇEF PWBOGÕS PDI VOEFS JOUFSGFSPNFUFSO� (F�
OPN BUU NÅUB TBNNB WÇH NFE USF FMMFS ëFSB JOUFSGFSPNFUSBS TBN�
UJEJHU LBONBO CFTUÅNNB WBS LÅMMBO êOOT HFOPN USJBOHVMFSJOH 	TF
GBLUBSVUB
� +V ëFS JOUFSGFSPNFUSBS TPN BOWÅOET PDI KV TUÕSSF BW�

'JHVS �� 4DIFNBUJTL CJME BW -*(0T JOUFSGFSPNFUFS 	8FJTT ����
�

�
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TUÇOEFU NFMMBO EFN ÅS EFTUP CÅUUSF CMJS OPHHSBOOIFUFO� &O BO�
OBO BOMFEOJOH BUU BOWÅOEB ëFS ÅO UWÇ JOUFSGFSPNFUSBS TBNUJEJHU
ÅS BUU NBO GÇS CÅUUSF LPOêEFOT PDI CÅUUSF EJTLSJNJOFSJOH BW CSVT
OÅS NBO PCTFSWFSBS TBNNB TJHOBM NFE UWÇ PMJLB EFUFLUPSFS QÇ UWÇ
PMJLB QMBUTFS� %FU ÅS NZDLFU PTBOOPMJLU BUU TBNNB CSVT HFOFSFSBT
TBNUJEJHU QÇ UWÇ PMJLB QMBUTFS�

'ÕS BUU LVOOB EFUFLUFSB TWBHB TJHOBMFS GSÇO HSBWJUBUJPOTWÇHPS
HÕNEB JOPN CSVTFU CFIÕWT FYBLUB UFPSFUJTLB NPEFMMFS GÕS EFTTB
TJHOBMFS TPN BOQBTTBT UJMMNÅUEBUB� 3FEBO OÅS -*(0 TUBSUBEFT ����
GÕSVUTBEF ,JQ ѮPSOF BUU EFU WBS NFTU TBOOPMJLU BUU EFUFLUFSB HSB�
WJUBUJPOTWÇHPS GSÇO FO TBNNBOTMBHOJOH BW UWÇ TWBSUB IÇM GSÅNTU
EÅSGÕS BUU NBTTBO BW EF EÇ LÅOEB TWBSUB IÇMFO WBS UJP HÇOHFS TUÕSSF
ÅO OFVUSPOTUKÅSOPS TÇ EFMFO BW VOJWFSTVN TPN LVOEF HFOPNTÕLBT
WBS UVTFO HÇOHFS TUÕSSF� %FTJHOFO BW -*(0 BOQBTTBEFT EÅSGÕS UJMM
PCTFSWBUJPO BW EFTTB HSBWJUBUJPOTWÇHPS HFOPN BUU TÅLFSTUÅMMB CÅT�
UB LÅOTMJHIFU J KVTU EFU GSFLWFOTPNSÇEF EÅS TJHOBMFO GÕSWÅOUBEFT�
%FU UPH OÇHSB EFDFOOJFS PDI LSÅWEF JOTBUTFS BW NÇOHB UFPSFUJLFS
BUU VUWFDLMB LPEFS TPN LBO TJNVMFSB EF WÇHGPSNFS TPN GÕMKFS BW
TBNNBOTMBHOJOHFO BW TWBSUB IÇM PDI OFVUSPOTUKÅSOPS� ,PEFO TPN
TMVUMJHFO BOWÅOET VUWFDLMBEFT BW 494�UFBNFU 	1SPHSBN UP 4JNVMBUF
F9USFNF 4QBDFUJNFT
 QÇ $BMUFDI PDI LBMMBT 4Q&$ 	4QFDUSBM &JOTUFJO
$PEF
� ,PEFO WBS LMBS OÇHSB ÇS JOOBO EFO GÕSTUB MZDLBEF PCTFS�
WBUJPOFO BW -*(0 PDI EFO IBS BOWÅOUT GÕS BUU TBNNBOTUÅMMB FUU
CJCMJPUFL NFE WÇHGPSNFS PDI NPEFMMFS GÕS BOBMZT BW -*(0�EBUB�

"Ê¼ �Êª��¼p¼ ��Æ� Æ�¯ª�ª pÓ �¼pÓ�ÆpÆ�¯ªÀÓx�¯¼ğ
-*(0 CFTUÇS BW UWÇ OÅTUBO JEFOUJTLB JOUFSGFSPNFUSBS 	"BTJ FU BM�
����
 FO QMBDFSBE J TVNQNBSLFO J -JWJOHTUPOF -PVJTBOB PDI FO
QÇ TUÅQQFO J OPSEWÅTUSB 64" OÅSB )BOGPSE 8BTIJOHUPO 	TF 'J�
HVS �
� #ÇEB IBS � LN MÇOHB BSNBS PDI BWTUÇOEFU NFMMBO JOUFS�
GFSPNFUSBSOB ÅS ���� LN� 7JSHP�JOUFSGFSPNFUFSO 	"DFSOFTF FU BM�
����
 êOOT J *UBMJFO PDI IBS � LN MÇOHB BSNBS 	TF 'JHVS �
� %FU
UBS �� NT GÕS MKVTFU BUU GÅSEBT NFMMBO EF UWÇ -*(0 BOMÅHHOJOHBSOB
PDI �� NT NFMMBO -*(0 PDI 7JSHP� "MMB USF BOMÅHHOJOHBSOB ÅS TUP�
SB .JDIFMTPO�JOUFSGFSPNFUSBS NFE UWÇ UFTUNBTTPS J WBSKF BSN TF
'JHVS �� %FTTB UFTUNBTTPS GPSNBS 'BCSZ�1FSPU�JOUFSGFSPNFUSBS 	TF
GBLUBSVUB
 TPNÕLBS BOUBMFU HÇOHFS MKVTFU TUVETBSNFMMBONBTTPSOB
WJMLFU J TJO UVS ÕLBS LÅOTMJHIFUFO GÕS HSBWJUBUJPOTWÇHPS�

��
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S¼�pª�Ê£�¼�ª�

5SJBOHVMFSJOH ÅS FO CFQSÕWBE NFUPE TPN BOWÅOUT U�FY� GÕS BUU NÅUB
IÕKEFO BW CZHHOBEFS FMMFS BWTUÇOE UJMM BWMÅHTOB PCKFLU TÇTPN TLFQQ
UJMM TKÕTT� 'ÕS BUU CFTUÅNNB BWTUÇOEFU UJMM FUU PCKFLU d CFIÕWT FO CBT�
MJOKF NFE UWÇ QVOLUFS TFQBSFSBEF NFE FUU LÅOU BWTUÇOE L TPN J ê�
HVSFO OFEBO� %ÅSFѫFS NÅUFS NBO UWÇ WJOLMBS UJMM PCKFLUFU α PDI β
PDI NFE USJHPOPNFUSJ SÅLOBS NBO VU BWTUÇOEFU� 'ÕSIÇMMBOEFU NFMMBO
d PDI L CMJS

L = d

(
1

UBOα
+

1

UBOβ

)

#FTUÅNOJOH BW BWTUÇOEFU UJMM FUU BWMÅHTFU PCKFLU HFOPN USJBOHVMFSJOH�

* -*(0 BOWÅOET USJBOHVMFSJOH NFE IKÅMQ BW UJETTLJMMOBEFO NFMMBO EF
TJHOBMFS TPN PCTFSWFSBT QÇ PMJLB BOMÅHHOJOHBS� .FE UWÇ EFUFLUPSFS
LBO NBO CBSB CFHSÅOTB LÅMMBOT QMBDFSJOH UJMM FO DJSLFM LPODFOUSJTL
NFE CBTMJOKFO NFMMBO EF UWÇ EFUFLUPSFSOB� #SFEEFO QÇ DJSLFMSJOHFO
CFSPS QÇ OPHHSBOOIFUFONFE WJMLFO BOLPNTUUJEFSOB LBO CFTUÅNNBT�

σt =
1

2πρσf
,

EÅS ρ ÅS GÕSIÇMMBOEFU TJHOBM�UJMM�CSVT PDI σf ÅS TJHOBMFOT CBOECSFEE�
.FE FUU TJHOBM�CSVTGÕSIÇMMBOEFU QÇ ��m�� PDI CBOECSFEE ��� )[ CMJS
OPHHSBOOIFUFO BW TUPSMFLTPSEOJOHFO0,1NT� %FO ZUB QÇ IJNMFO TPN
CFTUÅNT NFE ��� LPOêEFOTJOUFSWBMM NFE UWÇ EFUFLUPSFS TFQBSFSBEF
NFE BWTUÇOEFU D 	J NT
 PDI NFE LÅOTMJHIFU σt CMJS�

:UB(90�)

4π
=

3,3
√
σ2
t1 + σ2

t2

D
.

.FE D = 10NT TBNU σt = 0,25NT CMJS EFO NÕKMJHB ZUBO ���
BW IJNMFO� 1PTJUJPOTCFTUÅNOJOHFO LBO GÕSCÅUUSBT HFOPN CÅUUSF UJE�
TCFTUÅNOJOH J EFUFLUPSFSOB PDI ÅWFO HFOPN FO GÕSMÅOHE CBTMJOKF
NFMMBO EFUFLUPSFSOB� .BO TLB EPDL OPUFSB BUU ÅWFO PN ZUBO CMJS MJUFO
MJHHFS EFO NÕKMJHB QPTJUJPOFO OÇHPOTUBOT QÇ FO TUPS DJSLFM� * QSBLUJ�
LFO UBS NBO PDLTÇ IÅOTZO UJMM BOESB FHFOTLBQFS BW TJHOBMFO TÇTPN

��
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BNQMJUVE PDI GBT GÕS BUU CFTUÅNNB LÅMMBOT QPTJUJPONFE CÅUUSF OPH�
HSBOOIFU�
.FE USF EFUFLUPSFS GÇS NBO NZDLFU CÅUUSF VQQTLBUUOJOH BW LÅMMBOT
QPTJUJPO TPN WJTBT J êHVSFO OFEBO� 7BSKF QBS BW EFUFLUPSFS EFêOJF�
SBS FO DJSLFMSJOH PDI EF USF SJOHBSOB LPSTBS J CBSB UWÇ QVOLUFS 	4 PDI
4�
� .BO LBO TÅSTLJMKB EFTTB UWÇ QVOLUFS OÅS NBO PDLTÇ UBS IÅOTZO
UJMM TJHOBMFOT BNQMJUVE�.FE GZSB EFUFLUPSFS CMJS EFU CBSB FO QPTJUJPO
EÅS BMMB DJSLFMSJOHBS LPSTBT�

1PTJUJPOTCFTUÅNOJOHFO HFOPN UJETUSJBOHVMFSJOH NFE -*(0�7JSHP
JOUFSGFSPNFUSBSOB� 1MBUTFSOB GÕS EF USF EFUFLUPSFSOB JOEJLFSBT NFE EF
TWBSUB QSJDLBSOB NFE -*(0 )BOGPSE NÅSLU ) -*(0 -JWJOHTUPO - PDI
7JSHP 7� %F USF DJSLFMSJOHBSOB QÇ IJNMFO WJTBS QPTJUJPOFS GÕS LPOTUBOU

UJETGÕSESÕKOJOH 	NFE UJMMIÕSBOEF UJETPTÅLFSIFU
 NFMMBO UWÇ EFUFLUPSFS� 'ÕS
USF EFUFLUPSFS LPSTBS EF USF SJOHBSOB QÇ UWÇ QMBUTFS 	"CCPUU ����
�

%F UWÇ -*(0�JOUFSGFSPNFUSBSOBT BSNBS ÅS SJLUBEF QÇ TBNNB
TÅUU GÕS BUU NBYJNFSB TBOOPMJLIFUFO GÕS HFNFOTBNNB PCTFSWBUJP�
OFS� 7JSHP IBS JOUF TBNNB PSJFOUFSJOH TPN -*(0 WJMLFU NÕKMJHHÕS
TUVEJFS BW HSBWJUBUJPOTWÇHPSOBT QPMBSJTFSJOH�

"SNBSOBT MÅOHE KVTUFSBT TÇ BUU EF HFS TBNNB BOUBM TUVETBS
PDI TÇ BUU MKVTFU TPN HÇS UJMM GPUPEFUFLUPSO TMÅDLT VU� * WFSLMJHIFUFO
IÇMMT JOUFSGFSPNFUSBSOB FO CJU CPSU GSÇO EFO NÕSLB GSBOTFO TÇ BUU
TJHOBMFO ÕLBS FMMFS NJOTLBS CFSPFOEF QÇ WJMLFU BSN TPN CMJS LPSUB�
SF FMMFS MÅOHSF VOEFS WÅYFMWFSLBO NFE HSBWJUBUJPOTWÇHFO� 4JHOBMFO
LBMJCSFSBT HFOPN BUU BOWÅOEB FUU LÅOU TUSÇMOJOHTUSZDL GSÇO FO MBTFS�
-BTFSMKVTFU SFëFLUFSBT GSÇO TMVUNBTTBOT CBLTJEB PDI NPEVMFSBT J
JOUFOTJUFU GÕS BUU HFOFSFSB FO WBSJFSBOEF TUSÇMOJOHTLSBѫ� *OUFSGFSP�
NFUFSOT SFTQPOTNÅUT HFOPNBUU TWFQBNPEVMFSJOHTGSFLWFOTFO HF�
OPN IFMB EFUFLUJPOTCBOEFU�

��
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�p{¼ÚĮG�¼¯ÆĮ�ªÆ�¼��¼¯©�Æ�¼ª

&O 'BCSZ�1FSPU�JOUFSGFSPNFUFS CFTUÇS BW UWÇ TFNJ�USBOTQBSFOUB
QBSBMMFMMB TQFHMBS� 4QFHMBSOBT SFëFLUBOT R ÅS OÅTUBO ���� 	U�FY�
��� FMMFS �����
 TÇ BUU FOEBTU FONZDLFU MJUFO EFM BW MKVTFU TMÅQQT
JHFOPN�

4DIFNBUJTL CJME BW FO 'BCSZ�1FSPU�JOUFSGFSPNFUFS� ,VSWPSOB WJTBS
SFëFLUFSBE TBNU USBOTNJUUFSBE JOUFOTJUFU

* FO 'BCSZ�1FSPU�JOUFSGFSPNFUFS TF êHVS PWBO SJLUBT FO MBTFSTUSÇ�
MF NFE JOUFOTJUFUFO IL NPU GÕSTUB TQFHFMO� &O EFM MKVT USBOTNJUUF�
SBT PDI GPSUTÅUUFS NPU EFO BOESB TQFHFMO� %ÅS SFëFLUFSBT OÅTUBO
BMMU NFO FO MJUFO EFM TMÅQQT JHFOPN PDLTÇ EÅS� /ÅS BWTUÇOEFU NFM�
MBO TQFHMBSOB ÅS MJLB TUPSU TPNFOIFMUBMTNVMUJQFM BW IBMWB WÇHMÅOH�
EFO VQQTUÇS LPOTUSVLUJW JOUFSGFSFOT EWT� FO GÕSTUÅSLOJOH BW EFU
FMFLUSPNBHOFUJTLB GÅMUFU� %FU MFEFS UJMM BUU BMM JOUFOTJUFU USBOTNJU�
UFSBT HFOPN LBWJUFUFO� 5SBOTNJUUFSBEF JOUFOTJUFUFO TPN GVOLUJPO
BW JOUFSGFSPNFSUFSOT MÅOHE L PDI MBTFSWÇHMÅOHEFO λ ÅS�

IT =
IL

1 + 4R
(1−R)2 TJO2

(
2πL
λ

) .

%FUUB VUUSZDL IBS NBYJNB GÕS L = kλ/2 EÅS k ÅS FUU IFMUBM 	TF
êHVSFO
� 3FëFLUFSBE JOUFOTJUFU CMJS IR=IL+IT � %FO IBSNJOJNB
OÅS EFO USBOTNJUUFSBEF JOUFOTJUFUFO IBS NBYJNB�
*OUFSGFSFOTGSBOTBSOB ÅS TNBMBSF ÅO J FO.JDIFMTPO�JOUFSGFSPNFUFS�
#SFEEFO QÇ FUU NBYJNVN EFêOJFSBT TPN ÅOESJOHFO ∆L1/2 BW
MÅOHEFO EÅS EFO USBOTNJUUFSBEF JOUFOTJUFUFO ÅS IÅMѫFO BW MBTFSJO�
UFOTJUFUFO� %FUUB IÅOEFS OÅS�

∆L1/2 =
1−R

2π
√
R

λ

2
=

1

2F

λ

2
EÅS F =

π
√
R

1−R
,

ÅS JOUFSGFSNPUFSOT êOFTT� %FOOB CFTUÅNT BW TQFHMBSOBT SFëFLUBOT�
5JMM FYFNQFM NFE R = 99� CMJS êOFTTFO 312� 0N NBO KÅNGÕS
FLWBUJPOFO PWBO NFE NPUTWBSBOEF J GBLUBSVUBO GÕS .JDIFMTPO�
JOUFSGFSPNFUFSO TFS NBO BUU 'BCSZ�1FSPU�JOUFSGFSPNFUFSO ÅS
LÅOTMJHBSF� "OMFEOJOHFO ÅS BUU SFTPOBOU MKVT J FO 'BCSZ�1FSPU�
JOUFSGFSPNFUFS GÅSEBT FO PQUJTL WÅH2F/π MÅOHSF ÅO L� .FE BOE�
SB PSE CMJS GBTGÕSTLKVUOJOHFO MJLB NZDLFU MÅOHSF KÅNGÕSU NFE MKVT
TPN HÇS FOEBTU JHFOPN FO HÇOH�

��
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&O 'BCSZ�1FSPU�JOUFSGFSPNFUFS CFTLSJWT PDLTÇ J GSFLWFOTSVNNFU
	ν = c/λ
� "WTUÇOEFU NFMMBO UWÇ NBYJNB J GSFLWFOTSVNNFU LBMMBT
GÕS GSJ TQFLUSBM SÅDLWJEE FSR = c/2L� #SFEEFO QÇ FO FOTLJME JO�
UFSGFSFOTGSBOT ÅS∆ν1/2=FSR/2F � 'ÕS FO � LN MÇOH 'BCSZ�1FSPU�
JOUFSGFSPNFUFS NFE êOFTTF ��� CMJS FSR=37,5 L)[ PDI CSFEEFO
QÇ FO GSBOT FOEBTU ��� )[� %FUUB CFUZEFS BUU MBTFSGSFLWFOTFO NÇTUF
WBSB TUBCJM UJMM FO CSÇLEFM BW EFUUB GÕS BUU LVOOB LPQQMBT UJMM JOUFS�
GFSPNFUFSO�
&O 'BCSZ�1FSPU�JOUFSGFSPNFUFS GÕSTUÅSLFS MBTFSFĒFLUFO TPN DJSLV�
MFSBS NFMMBO EF UWÇ TQFHMBSOB NFE FO GBLUPS QÇ VOHFGÅS F/π� %FU
CFSPS QÇ TUÇFOEF WÇHFO NFMMBO TQFHMBSOB TPN VQQTUÇS OÅS SFTPOBO�
TLSJUFSJFU VQQGZMMUT� &O BOOBO WJLUJH FHFOTLBQ ÅS BUU FOEBTU TQFDJ�
êLB TQBUJBMNPEFS UJMMÇUT LPNNB J SFTPOBOT� %ÅSGÕS NÇTUF GPSNFO
QÇ TUSÇMFO TPN LPQQMBT JO J JOUFSGFSPNFUFSO BOQBTTBT OPHHSBOU� &O
'BCSZ�1FSPU�JOUFSGFSPNFUFS LBO PDLTÇ BOWÅOEBT GÕS BUU TQBUJBMU PDI
TQFLUSBMU uSFOBu MBTFSMKVTFU WJMLFU HÕST CÇEF WJE JO� PDI VUHÇOHBS BW
-*(0T PDI 7JSHPT JOUFSGFSPNFUSBS�

*OUFSGFSPNFUFSO IBS ZUUFSMJHBSF UWÇ TQFHMBS FO QMBDFSBE NFM�
MBO IVWVEMBTFSO PDI TUSÇMEFMBSFO PDI FO NFMMBO TUSÇMEFMBSFO PDI
EFUFLUPSO� %FTTB ÇUFSWJOOFS MBTFSFĒFLUFO SFTQFLUJWF TJHOBMFO� &G�
GFLUÇUFSWJOOJOHTTQFHFMO SFëFLUFSBS MBTFSMKVTFU GSÇO VUHÇOHFO SJL�
UBE NPU MBTFSO UJMMCBLB NPU JOUFSGFSPNFUFSO PDI ÕLBS EÅSNFE EFO
DJSLVMFSBOEF FĒFLUFO� 1Ç TÇ TÅUU CMJS MBTFSFĒFLUFO TPN OÇS TUSÇM�
EFMBSFO �� HÇOHFS IÕHSF� 4JHOBMÇUFSWJOOJOHTTQFHFMO NÕKMJHHÕS BW�
TUÅNOJOHFO BW TQFLUSBMB SFTQPOTFO TÇ BUU EFO BOQBTTBT UJMM EF HSB�
WJUBUJPOTWÇHPS TPN TLB EFUFLUFSBT� %FOOB TJHOBMÇUFSWJOOJOHTTQF�
HFM GBOOT JOUF NFE J J-*(0�

5FTUNBTTPSOB J -*(0�7JSHP ÅS TUPSB TQFHMBS HKPSEB BW IPNP�
HFOU LWBSUTHMBT FUU NBUFSJBM NFE TNÇ GÕSMVTUFS PDI NFE PQUJTLB
CFMÅHHOJOHBS TPN HFS IÕH SFëFLUBOT PDI EFTTVUPN SFEVDFSBS UFS�
NJTLU CSVT� :UPSOB ÅS QPMFSBEF GÕS BUU WBSBNZDLFU QMBOB� PKÅNO�
IFUFSOB CFHSÅOTBT UJMM FO CSÇLEFM BW FO OBOPNFUFS � GÕS BUU NJOT�
LB TQSJEOJOHTGÕSMVTUFS� 4QFHMBSOB ÅS �� 	��
 DN J EJBNFUFS �� DN
UKPDLB PDI �� 	��
 LH UVOHB J B-*(0 	TF 'JHVS �
 SFTQFLUJWF J BE7�
%FOOB TUPSMFL HÕS EFU NÕKMJHU BUU SFEVDFSB CSVTFU GSÇO TUSÇMOJOHT�
USZDLFU�

5FTUNBTTPSOB IÅOHFS J TQFDJFMMU EFTJHOBEF VQQIÅOHOJOHTTZ�
TUFN TPN JTPMFSBS EFN GSÇO TFJTNJTLB TUÕSOJOHBS� 0QUJNFSJOHFO
BW EFUUB TZTUFN WBS FO BW EF TUPSB GÕSÅOESJOHBSOB J B-*(0 TPN
HBW FO GÕSCÅUUSBE LÅOTMJHIFU WJE MÅHSF GSFLWFOTFS� %FU OZB VQQ�
IÅOHOJOHTTZTUFNFU IBS GZSB QFOEMBS J TFSJF� %FU TJTUB TUFHFU TPN

��
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'JHVS �� &O BW B-*(0T UFTUNBTTPS 	UJMM WÅOTUFS
 PDI EFTT VQQIÅOHOJOHTZ�
TUFN 	UJMM IÕHFS
 	GPUPO GSÇO $BMUFDI�.*5�-*(0 -BCPSBUPSZ
�

IÇMMFS UFTUNBTTBO BOWÅOEFS LWBSUTHMBTêCSFS 	JTUÅMMFU GÕS TUÇMLBCMBS

TPN IBS NZDLFU MÇHB NFLBOJTLB GÕSMVTUFS GÕS BUU NJOTLB UFSNJTLU
CSVT GSÇO VQQIÅOHOJOHTTZTUFNFU� %FUUB TZTUFN NFE ëFSB TUFH BW
QFOEMBS EÅNQBS NBSLSÕSFMTFS NFE TKV TUPSMFLTPSEOJOHBS� %FU ÅS
NPOUFSBU QÇ FO BLUJWU LPOUSPMMFSBE QMBUUGPSN GÕS WJCSBUJPOTJTPMF�
SJOH GÕS BUU ZUUFSMJHBSF NJOTLB TFJTNJTLU CSVT WJE MÇHB GSFLWFOTFS
EÅS QFOEFMO JOUF ÅS FĒFLUJW� 4ÇEBOU CSVT PSTBLBT U�FY� BW UJEWBUUFO�
SÕSFMTFS�

-BTSBSOB TPN BOWÅOET J B-*(0 PDI BE7 ÅS TUBCJMJTFSBEF FO�
GSFLWFOT�MBTSBS BW GBTUB UJMMTUÇOETUZQ NFE IÕH FĒFLU� /E�:"( SF�
TQFLUJWF /E�70�� #ÇEB FNJUUFSBS FO WÇHMÅOHE LSJOH � µN NFE
FO FĒFLU VQQ FNPU ��� 8� -BTSBSOBT GSFLWFOT TUSÇMSJLUOJOH PDI
JOUFOTJUFU ÅS TUBCJMJTFSBEF NFE PMJLB LPOUSPMMTZTUFN GÕS CÅUUSF QSF�
TUBOEB 	TF GBLUVSB
� %FO IÕHB FĒFLUFO CFIÕWT TÅSTLJMU GÕS BUU NJOT�
LB T�L� IBHFMCSVT 	TIPU OPJTF
� * EF GÕSTUB EBUBJOTBNMJOHBSOB BOWÅO�
EFT FĒFLUFS VOEFS �� 8� %FOOB FĒFLU GÕSTUÅSLT NFS FO ��� HÇOH�
FS J EF UWÇ BSNBSOB� /VNFSB OÇS FĒFLUFO JOPN BSNBSOB OÇHSB
IVOESB L8�

*OOBO MBTFSMKVTFU LPQQMBT UJMM JOUFSGFSPNFUFSO BOWÅOET FO USJ�
BOHVMÅS PQUJTL SFTPOBUPS GÕS BUU SFOHÕSB JOHÇOHTNPEFO PDI GÕS
BUU TUBCJMJTFSB MBTFSGSFLWFOTFO ZUUFSMJHBSF 	TF 'JHVS �
� 7JE VUHÇOH�
FO VS JOUFSGFSPNFUFSO EJTLSJNJOFSBS FO PQUJTL CPX�UJF SFTPOBUPS
GSÇO PÕOTLBEF SVNT� PDI GSFLWFOTLPNQPOFOUFS JOOBO JOUFSGFSFO�
TFO PCTFSWFSBT QÇ EFUFLUPSO�

"MMB EF PMJLB JOUFSGFSPNFUSBSOB J -*(0�7JSHP ÅS LPQQMBEF PDI
NÇTUF BLUJWU TUBCJMJTFSBT GÕS BUU WBSB J SFTPOBOTNFE WBSBOESB� -ÅOH�
EFSOB QÇ 'BCSZ�1FSPU�SFTPOBUPSFSOB J JOUFSGFSPNFUFSBSNBSOB TUB�
CJMJTFSBT BLUJWU UJMM NJOESF ÅO ��� GN NFEBO MÅOHEFO QÇ BOESB

��
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LPQQMBEF SFTPOBUPSFS IÇMMT JOPN � UJMM �� QN� 1Ç TBNNB TÅUU ÅS
JOUFSGFSPNFUFSOT UFTUNBTTPS KVTUFSBEF JOPN UJPUBMT OBOPSBEJBOFS J
GÕSIÇMMBOEF UJMM EFO PQUJTLB BYFMO GÕS PQUJNBM QSFTUBOEB� "LUJW TUB�
CJMJTFSJOH ÅS PDLTÇ OÕEWÅOEJH GÕS BUU EÅNQB WJCSBUJPOFS J QFOEFM�
VQQIÅOHOJOHBSOB PDI GÕS BUU TUBCJMJTFSB EFU TFJTNJTLB JTPMFSJOHT�
TZTUFNFU� 5PUBMU TFUU êOOT ��� LPOUSPMMLSFUTBS TPN BOWÅOET GÕS BUU
BMMU JOPN B-*(0 TLB GVOHFSB PQUJNBMU�

1pÀ�¼�¼� Ó�ªÀÀÆp{�£�À�¼�ª�

7BSKF MBTFS IBS FO CBOECSFEE TPN CFTUÅNT BW FO NÅOHE PMJLB QSP�
DFTTFS� .FE BOESB PSE ÅS GBTFO BW MBTFSMKVTFU JOUF PÅOEMJHU TUBCJM� %FU
GÕSLPNNFS PDLTÇ FO ESJѫ BW MBTFSWÇHMÅOHEFO TPN PSTBLBT U�FY� BW
ÅOESJOHBS BW UFNQFSBUVSFO PDI EÅSNFE MBTFSSFTPOBUPSOT MÅOHE�
'ÕS BUU LPQQMB JO FO MBTFS UJMM FO 'BCSZ�1FSPU�JOUFSGFSPNFUFS NÇT�
UF MBTFSGSFLWFOTFO GÕSTU TUBCJMJTFSBT FѫFSTPN BUU CSFEEFO QÇ USBOT�
NJTTJPOTUPQQBSOB ÅS FO NZDLFU MJUFO BOEFM BW MBTFSGSFLWFOTFO �
PѫB ÅS EF TNBMBSF ÅO MJOKFCSFEEFO� 'ÕS BUU TUBCJMJTFSB FO MBTFS UJMM
FO 'BCSZ�1FSPU�JOUFSGFSPNFUFS BOWÅOET FO T�L� 1PVOE�%SFWFS�)BMM�
NFUPE� 'BTFO QÇ MBTFSO NPEVMFSBT NFE FO IÕH GSFLWFOT WJMLFU TLB�
QBS TJEPCBOE J GSFLWFOTEPNÅOFO� -KVTFU TPN SFëFLUFSBT GSÇO LBWJ�
UFUFO EFUFLUFSBT PDI TJHOBMFONÅUT WJENPEVMBUJPOTGSFLWFOTFO� %FU�
UB TLBQBS FO GFMTJHOBM TPN ÅS OPMM OÅS MBTFSGSFLWFOTFO ÅS J SFTPOBOT
NFE LBWJUFUFO PDI TPN CMJS QPTJUJW FMMFS OFHBUJW CFSPFOEF QÇ MB�
TFSGSFLWFOTFOT BWWJLFMTF GSÇO SFTPOBOTFO� 'FMTJHOBMFO êMUSFSBT PDI
GÕSTUÅSLT PDI TLJDLBT TPN LPSSJHFSJOHTTJHOBM UJMM HJWBSF TPN LPOUSPM�
MFSBS MBTFSGSFLWFOTFO� %FUUB ÅS FUU FYFNQFM QÇ OFHBUJW ÇUFSLPQQMJOH�
.FE EFOOB NFUPE LBO NBO JOUF CBSB MÇTB DFOUSBMGSFLWFOTFO BW MB�
TFSO UJMM 'BCSZ�1FSPU�JOUFSGFSPNFUFSO NFO PDLTÇ HÕSB MJOKFCSFEEFO
TNBMBSF GÕS BUU LVOOB LPQQMB BMMU MKVT JO J SFTPOBUPSO� %FUUB HÕS BUU
MBTFSOT GBT CMJS NFS TUBCJM�

5FTUNBTTPSOB PDIEFSBT VQQIÅOHOJOHTTZTUFN TBNU JOUFSGFSP�
NFUFSOT BSNBS IÇMMT J WBLVVN TF 'JHVS �� 7BLVVNSÕSFO ÅS �� N J
EJBNFUFS PDI USZDLFU J EFO �� ���N3 TUPSB WPMZNFO ÅS VOEFS �µ1B
	10−11 BUN
� -KVTFU TPN TQSJET GSÇO TQFHMBSOB PDI USÅĒBS JOTJEBO
BW WBLVVNSÕSFU PSTBLBS WJCSBUJPOFS WJMLB J TJO UVS ÅOESBS GBTFO BW
EFO TQSJEB MKVTFU� *OTJEPSOB BW WBLVVNSÕSFO ÅS EÅSGÕS UÅDLUB NFE
TLSÅEEBSTZEEB CBĔBS GÕS BUU GÕSIJOESB TQSJUU MKVT BUU ÇUFSWÅOEB UJMM
MKVTTUSÇMFO� * B-*(0 BOWÅOET TBNNB WBLVVNBOMÅHHOJOHBS TPN J
J-*(0 NFO BMM PQUJL TFJTNJTL JTPMFSJOH PDI LPOUSPMMTZTUFN IBS
CZUUT VU�

��
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'JHVS �� %FUBMKFSBU TDIFNB BW B-*(0 	"BTJ FU BM� ����
� -KVTFU GSÇO FO
TUBCJMJTFSBE MBTFS TÅOET HFOPN FO USJBOHVMÅS PQUJTL SFTPOBUPS TPN SFOBS
JOHÇOHTNPEFO PDI TUBCJMJTFSBS MBTFSGSFLWFOTFO� -KVTFU QBTTFSBS TFEBO FUU
TZTUFN BW FĒFLUÇUFSWJOOJOHTTQFHMBS PDI LPQQMBT JO J EFO TUPSB JOUFSGFSPNF�
UFSO HFOPN TUSÇMEFMBSFO� #ÅHHF BSNBS BW .JDIFMTPO�JOUFSGFSPNFUFSO IBS
UWÇ UFTUNBTTPS TPN GPSNBS 'BCSZ�1FSPU�JOUFSGFSPNFUSBS� 6UHÇOHTTUSÇMFO
QBTTFSBS TJHOBMÇUFSWJOOJOHTTQFHMBS PDI FO PQUJTL SFTPOBUPS TPN SFOHÕS
NPEFO JOOBO EFO USÅĒBS EFUFLUPSO 	¥*01 1VCMJTIJOH
�

'JHVS � WJTBS J-*(0T PDI B-*(0TEFTJHO�LÅOTMJHIFUNFEPMJLB
CSVTLÅMMPSNBSLFSBEF� 4BNNBOGBUUOJOHTWJT QÇWFSLBT -*(0 BW GZSB
PMJLB UZQFS BW CSVT�

r 5FSNJTLU CSVT QÇ HSVOE BW#SPXOTL SÕSFMTF BW VQQIÅOHOJOHT�
TZTUFN PDI UFTUNBTTPS TBNU NFLBOJTLB GÕSMVTUFS J TQFHFMOT
PQUJTLB CFMÅHHOJOHBS�%FOOB LPNQPOFOUNJOTLBEFT J B-*(0
HFOPN BOWÅOEOJOH BW TUÕSSF UFTUNBTTPS PDI CÅUUSF CFMÅH�
HOJOHBS TBNU HFOPN CÅUUSF VQQIÅOHOJOHTTZTUFN�

r 5WÇ UZQFS BW LWBOUCSVT� TUSÇMOJOHTUSZDLTCSVT PSTBLBT BW ÕWFS�
GÕSJOH BW SÕSFMTFNÅOHE GSÇO FOTLJMEB GPUPOFS TPN USÅĒBS UFTU�
NBTTBO� %FUUB TLBMBS TPN 1/(mf2) EÅS m ÅS NBTTB PDI f
GSFLWFOT� %FUUB CSVT EPNJOFSBS WJE MÇHB GSFLWFOTFS� 'PUPO�
IBHFMCSVT VQQTUÇS GSÇO TUBUJTUJTLB ëVLUVBUJPOFS J GPUPOFOT
BOLPNTUUJE WJE JOUFSGFSPNFUFSVUHÇOHFO PDI EPNJOFSBS WJE
IÕHB GSFLWFOTFS� %FUUB NJOTLBS NFE JOWFSTFO BW SPUFO BW MB�
TFSFĒFLUFO J JOUFSGFSPNFUFSBSNBSOB� %ÅSGÕS ÅS EFU WJLUJHU BUU
BOWÅOEB TÇ IÕH MBTFSFĒFLU TPN NÕKMJHU�

��
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'JHVS �� &O WBLVVNBOMÅHHOJOH J -*(0 )BOGPSE TPN JOOFIÇMMFS MB�
TFS TUSÇMEFMBSF UFTNBTTPS PDI BOOBO VUSVTUOJOH 	GPUPO GSÇO $BM�
UFDI�.*5�-*(0 -BCPSBUPSZ
�

r 4FJTNJTLU CSVT PSTBLBT BWNBSLSÕSFMTFS PDI LBOEÅNQBTNFE
CÅUUSF TFJTNJTLB JTPMBUJPOTTZTUFN PDI VQQIÅOHOJOHTTZTUFN�

r (SBWJUBUJPOTCSVT PSTBLBT BW TOBCCB GÕSÅOESJOHBS J EFU MPLBMB
HSBWJUBUJPOTGÅMUFU WJMLB GSÅNTU PSTBLBT BW TFJTNJTLB USZDLWÇ�
HPS PDI TLJMKFS TJH GSÇO TFJTNJTLU CSVT FѫFSTPN UFTUNBTTPSOB
JOUF LBO TLZEEBT GSÇO EFTTB ëVLUVBUJPOFS�

'JHVS �� ,ÅOTMJHIFUTLVSWPS GÕS J-*(0 PDI B-*(0 TBNU EF PMJLB CSVTLÅM�
MPSOB 	GSÇO $BMUFDI�.*5�-*(0 -BCPSBUPSZ
�

�²¼ÀÆp ¯{À�¼ÓpÆ�¯ª�¼
%FO GÕSTUB PCTFSWBUJPOFO BW HSBWJUBUJPOTWÇHPS (8������ TLFE�
EF CBSB OÇHSB EBHBS FѫFS BUU B-*(0 UPHT J ESJѫ EFO ���F TFQUFNCFS

��
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����� 4JHOBMFO TPN WJTBT J 'JHVS � WBSBEF CBSB �� TFLVOEFS IB�
EF FO GSFLWFOT NFMMBO �� PDI ��� )[ PDI FO NBYJNBM BNQMJUVE QÇ
10−21� %FO BOMÅOEF GÕSTU J -JWJOHTUPO PDI � NT TFOBSF J )BOGPSE�
4JHOBMFSOB WBS WBSBOESB NZDLFU MJLB WJMLFU TFT OÅS EF ÕWFSMBHSBT
FѫFS FO GÕSTLKVUOJOH QÇ � NT GÕS )BOGPSE�TJHOBMFO 	OFESF CJMEFO
�

'JHVS �� 'ÕSTUB TJHOBMFO GSÇO HSBWJUBUJPOTWÇHPS TPN PCTFSWFSBEFT NFE
-*(0� %F UWÇ ÕWSF HSBGFSOB WJTBS TJHOBMFO GSÇO -*(0 )BOGPSE SFTQFLUJWF
-JWJOHTUPO UJMMTBNNBOT NFE UVOOBSF UFPSFUJTLB LVSWPS� * OFESF CJMEFO ÅS
EF CÇEB TJHOBMFSOB ÕWFSMBHSBEF FѫFS FO GÕSTLKVUOJOH QÇ � NT GÕS )BOGPSE
TJHOBMFO 	GSÇO $BMUFDI�.*5�-*(0 -BCPSBUPSZ
�

(SBWJUBUJPOTWÇHPSOB TPN PSTBLBEF EFTTB TJHOBMFS LPN GSÇO
FO TBNNBOTMBHOJOH BW UWÇ TWBSUB IÇM� FO QSPDFTT TPN WJTBT TDIF�
NBUJTLU J EFO ÕWSF EFMFO BW 'JHVS ��� 'ÕSTU SÕS TJH EF UWÇ TWBSUB
IÇMFO SVOU WBSBOESB PDI EFSBT BWTUÇOE NJOTLBS TVDDFTTJWU� 6OEFS
EFOOB UJE FNJUUFSBT HSBWJUBUJPOTWÇHPS NFE ÕLBOEF GSFLWFOT PDI
BNQMJUVE TPN WJTBT J EFO NJUUFSTUB EFMFO BW TBNNB êHVS� "NQ�
MJUVEFO ÅS TUBSLBTU OÅS EFTTB IÇM UJMM TJTU TMÇT TBNNBO PDI FѫFSÇU
NJOTLBS TJHOBMFO� (FOPN BUU BOQBTTB UFPSFUJTLB LVSWPS UJMM -*(0T
TJHOBMFS LVOEFNBO GÇNZDLFU JOGPSNBUJPO PN EF TWBSUB IÇMFO PDI
EFSBT SÕSFMTF� 6OEFS IFMB QSPDFTTFO SÕSEF EF TJH NFE SFMBUJWJTUJT�
LB IBTUJHIFUFS � WJTBEF NFE EFO HSÕOB LVSWBO J EFO OFESF EF�
MFO BW 'JHVS ��� %FSBT BWTUÇOE WBS GÕSTU LSJOH ��� LN PDI EFUUB

��
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NJOTLBEF UJMM ��� LN QSFDJT JOOBO TBNNBOTMBHOJOHFO 	EFO TWBSUB
LVSWBO
� .BTTPSOB BW EF TWBSUB IÇMFO WBS DB� �� PDI �� TPMNBTTPS
PDI EFU TMVUMJHB TWBSUB IÇMFU IBEF �� TPMNBTTPS� %FUUB JOOFCÅS BUU
USF TPMNBTTPS PNWBOEMBEFT UJMM FOFSHJ J GPSN BW HSBWJUBUJPOTWÇHPS�
%FU CÕS OÅNOBT BUU EFU UPH FO NÇOBE BW EBUBJOTBNMJOH PDI BOBMZT
GÕS BUU TÅLFSTUÅMMB IÕH LPOêEFOTOJWÇ GÕS EFO GÕSTUB PCTFSWBUJPOFO�
.BO KÅNGÕSEF NÇOHB TJHOBMFS PDI MFUBEF FѫFS LPJODJEFOTFS TBNU
BOQBTTBEF UFPSFUJTLB LVSWPS�

'JHVS ��� 4BNNBOTMBHOJOH BW UWÇ TWBSUB IÇM 	ÕWSF EFMFO
 EFO SFTVMUFSBO�
EF TJHOBMFO QÇ +PSEFO 	NJUUFO
 TBNU BWTUÇOEFU 	TWBSUB LVSWBO
 PDI SFMBUJW
IBTUJHIFU 	HSÕOB LVSWBO
 BW EF UWÇ IÇMFO 	OFESF EFMFO
 	#BSJTI ����
�

&ѫFSTPN TJHOBMFO EFUFLUFSBEFT NFE CBSB UWÇ JOUFSGFSPNFU�
SBS LVOEF JOUF SJLUOJOHFO BW HSBWJUBUJPOTWÇHFO CFTUÅNNBT NFE
IÕH OPHHSBOOIFU� .BO LVOEF CBSB LPOTUBUFSBT BUU WÇHPSOB LPN
GSÇO EFO TÕESB EFMFO BW TUKÅSOIJNMFO JOPN FO TUPS SZNEWJOLFM QÇ
��� HSBEFS J LWBESBU� /ÅS EFO GÕSTUB PCTFSWBUJPO BW HSBWJUBUJPOTWÇ�
HPS HKPSEFT UJMMTBNNBOT BW -*(0 PDI7JSHP EFO ���F BVHVTUJ ����
(8������ 	PDLTÇ GSÇO TBNNBOTMBHOJOH BW UWÇ TWBSUB IÇM
 LVO�
EF NBO CFTUÅNNB WÇHPSOBT LÅMMB NFE NZDLFU CÅUUSF OPHHSBOOIFU
HFOPN USJBOHVMFSJOH� %FUUB JMMVTUSFSBT J 'JHVS ���

&OEBTU USF EBHBS FѫFS EFO GÕSTUB HFNFOTBNNB PCTFSWBUJP�
OFO BW FO TBNNBOTMBHOJOH BW UWÇ TWBSUB IÇM NFE -*(0 PDI 7JSHP
PCTFSWFSBEFT GÕS GÕSTUB HÇOHFO HSBWJUBUJPOTWÇHPS TPN FNJUUFSBEFT
VOEFS FO TBNNBOTMBHOJOH BW UWÇ OFVUSPOTUKÅSOPS (8������� *

��
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'JHVS ��� 1PTJUJPOTCFTUÅNOJOHFO BW OÇHSB UJEJHB EFUFLUJPOFS NFE UWÇ BW
-*(0T JOUFSGFSPNFUSBS JOLMVTJWF EFO GÕSTUB IÅOEFMTFO (8������ TBNU
EFO NZDLFU CÅUUSF QPTJUJPOTCFTUÅNOJOHFO BW EFO GÕSTUB HFNFOTBNNB EF�
UFLUJPO NFE -*(0 PDI 7JSHP 	(8������
 	GSÇO $BMUFDI�.*5�-*(0 -B�
CPSBUPSZ
�

NPUTBUT UJMM FO LPMMJTJPO BW UWÇ TWBSUB IÇM LBO FO TBNNBOTMBHOJOH
BW UWÇ OFVUSPOTUKÅSOPS PDLTÇ PCTFSWFSBT J PMJLB EFMBS BW EFU FMFLUSP�
NBHOFUJTLB TQFLUSFU� "OESB JOTUSVNFOU SJLUBEFT ÇU EFU IÇMM TPN
CFTUÅNUT GSÇO -*(0�7JSHP NÅUOJOHBSOB PDI EFU LVOEF CFLSÅѫBT
BUU LÅMMBO UJMM TJHOBMFO WBS UWÇ OFVUSPOTUKÅSOPS J FO HBMBY J TUKÅSO�
CJMEFO 7BUUFOPSNFO� .ÕKMJHIFUFO BUU PCTFSWFSB TBNNB IÅOEFMTF
NFE CÇEF HSBWJUBUJPOT� PDI FMFLUSPNBHOFUJTLB WÇHPS ÕQQOBEF FUU
OZUU GPSTLOJOHTGÅMU J BTUSPGZTJL�

�¼p©Æ��p ÊÆÓ�| £�ª�p¼
&ѫFS EF GÕSTUB PCTFSWBUJPOFSOB IBS -*(0 PDI 7JSHP EFUFLUFSBU
NÇOHB BOESB IÅOEFMTFS� 6OEFS EFO USFEKF LÕSOJOHFO TPN BWCSÕUT
J NBST GÕSSB ÇSFU Q�H�B� DPWJE����QBOEFNJO EFUFLUFSBEFT �� IÅO�
EFMTFS KÅNGÕSU NFE � PDI � J GÕSTUB SFTQFLUJWF BOESB LÕSOJOHFO�
%FO ѨÅSEF EBUBJOTBNMJOHLBNQBOKFO QMBOFSBT UJMM BOESB IBMWBO BW
���� UJMMTBNNBOT NFE ,"(3" WJMLFU LPNNFS BUU ZUUFSMJHBSF GÕS�
CÅUUSB OPHHSBOOIFUFO WJE CFTUÅNOJOHFO BW LÅMMPSOBT QPTJUJPO�

&O OZ -*(0 BOMÅHHOJOH QMBOFSBT OV J *OEJFO� 'JHVS �� WJTBS
QPTJUJPOFSOB GÕS BMMB FYJTUFSBOEF PDI QMBOFSBEF HSBWJUBUJPOTWÇHT�
EFUFLUPSFS� 4BNUJEJHU QÇHÇS IFMB UJEFO VUWFDLMJOHFO BW OZ UFLOPMP�
HJ TPN LPNNFS BUU ZUUFSMJHBSF GÕSCÅUUSB EFUFLUPSFSOBT LÅOTMJHIFU�
&UU QÇHÇFOEF -*(0�QSPHSBN LBMMBT GÕS "� PDI GÕSWÅOUBT GÕSCÅUU�
SB LÅOTMJHIFUFO NFE FO GBLUPS UWÇ HFOPN CÅUUSF VQQIÅOHOJOHTTZ�
TUFN PDI CFMÅHHOJOHBS QÇ UFTUNBTTPSOB TBNU HFOPN BUU BOWÅOEB
T�L� LMÅNU MKVT NFE NZDLFU NJOESF GBTCSVT�

��

DETEKTION AV GRAVITATIONSVÅGOR   ____________________________________________



 SVENSKA FYSIKERSAMFUNDET – KOSMOS 2021 101

'JHVS ��� 1MBDFSJOH BW FYJTUFSBOEF PDI QMBOFSBEF KPSECBTFSBEF HSBWJUB�
UJPOTWÇHTEFUFLUPSFS 	GSÇO $BMUFDI�.*5�-*(0 -BCPSBUPSZ
�

-ÅOHSF GSBN QMBOFSBT FO SZNECBTFSBE HSBWJUBUJPOTWÇHEFUFL�
UPS -*4" UIF -BTFS *OUFSGPNFUFS 4QBDF "OUFOOB GÕS BUU EFUFLUFSB
HSBWJUBUJPOTWÇHPS WJE MÇHB GSFLWFOTFS� -*4" LPNNFS BUU CFTUÇ BW
USF SZNEGBSLPTUFS BSSBOHFSBEF J FO MJLTJEJH USJBOHFM NFE �� NJM�
KPOFS LJMPNFUFS MÇOHB TJEPS TPN SÕS TJH MÅOHT FO KPSEMJLOBOEF IF�
MJPDFOUSJTL CBOB� 7BSKF GBSLPTU LPNNFS BUU JOOFIÇMMB FO UFTUNBTTB
PDI BWTUÇOEFU NFMMBO EFN LPNNFS BUU OPHHSBOU ÕWFSWBLBT NFE
MBTFSMKVT GÕS BUU EFUFLUFSB FO QBTTFSBOEF HSBWJUBUJPOTWÇH� -*4" CÕS�
KBEF QMBOFSBT UJMMTBNNBOT BW &4" PDI /"4" NFO ���� UWJOHBEFT
/"4" CBDLB VU Q�H�B� EF IÕHB LPTUOBEFSOB GÕS EFSBT +BNFT 8FCC
5FMFTDPQF�

���� HFOPNGÕSEF &4" FO -*4" 1BUIêOEFS.JTTJPO GÕS BUU QSP�
WB BWHÕSBOEF UFLOJTLB MÕTOJOHBS GÕS -*4"� 5WÇ UFTUNBTTPS QMBDFSB�
EFT J FUU OÅTUBO QFSGFLU HSBWJUBUJPOFMMU GSJUU GBMM PDI FO MBTFSJOUFS�
GFSPNFUFS NÅUUF EFSBT SFMBUJWB QPTJUJPO PDI PSJFOUFSJOH NFE FO
OPHHSBOOIFU QÇ NJOESF ÅO ��� OBOPNFUFS� *OUFSGFSPNFUFSO WBS
FO NPEFMM BW FO BSN BW EFO QMBOFSBEF -*4"�JOUFSGFSPNFUFSO GBTU
NFE MÅOHEFO NJOTLBE GSÇO NJMKPOUBMT LJMPNFUFS UJMM �� DN� ����
HPELÅOEFT -*4" TPN FO BW &4"T IVWVEQSPKFLU NFE GÕSOZBU JO�
USFTTF BW /"4" PDI QMBOFSBE VQQTLKVUOJOH �����

.ÕKMJHIFUFO BUU EJSFLU PCTFSWFSB HSBWJUBUJPOTWÇHPS IBS ÕQQ�
OBU OZB NÕKMJHIFUFS JOPN BTUSPGZTJL� (SBWJUBUJPOTWÇHPS HFS FUU IFMU
OZUU PCTFSWBUJPOTGÕOTUFS UJMM IÅOEFMTFS TPN JOUF LBO PCTFSWFSBT
NFE FMFLUSPNBHOFUJTLB WÇHPS PDI HFS NÅOHEFS BW OZ JOGPSNBUJPO
PN LPTNJTLB IÅOEFMTFS� %FO QÇHÇFOEF VUWFDLMJOHFO HBSBOUFSBS
OZB VQQUÅDLUFS VOEFS NÇOHB ÇS GSBNÕWFS�
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`��p¼� £tÀª�ª�
"BTJ +� FU BM� 	����
� "EWBODFE -*(0 $MBTT� 2VBOUVN (SBW�

��	�
 �������
"CPUU #� 1� 	����
� 1SPTQFDUT GPS 0CTFSWJOH BOE -PDBMJ[JOH

(SBWJUBUJPOBM�8BWF 5SBOTJFOUT XJUI "EWBODFE -*(0 BOE
"EWBODFE 7JSHP -JWJOH 3FW� 3FMBUJW� �� ��

"DFSOFTF '� FU BM� 	����
� "EWBODFE 7JSHP� B TFDPOE�HFOFSBUJPO
JOUFSGFSPNFUSJD HSBWJUBUJPOBM XBWF EFUFDUPS $MBTT�
2VBOUVN (SBW� ��	�
 �������

#BSJTI #� $� 	����
� /PCFM -FDUVSF� -*(0 BOE UIF EJTDPWFSZ PG
HSBWJUBUJPOBM XBWFT ** 3FW� .PE� 1IZT� ��	�
 �������

'BJSIVSTU 4� 	����
� 5SJBOHVMBUJPO PG HSBWJUBUJPOBM XBWF TPVSDFT
XJUI B OFUXPSL PG EFUFDUPST /FX +� 1IZT� ��	��
 �������

-*(0 $BMUFDI 	V�Ç�
� -*(0 � -BTFS *OUFSGFSPNFUFS
(SBWJUBUJPOBM�8BWF 0CTFSWBUPSZ�
IUUQT���XXX�MJHP�DBMUFDI�FEV�

-*(0 4DJFOUJêD DPMMBCPSBUJPO 	V�Ç�
� -*(0 4DJFOUJêD DPMMBCPSBUJPO�
IUUQT���XXX�MJHP�PSH�JOEFY�QIQ�

ѮPSOF ,� 4� 	����
� /PCFM -FDUVSF� -*(0 BOE UIF EJTDPWFSZ PG
HSBWJUBUJPOBM XBWFT *** 3FW� .PE� 1IZT� ��	�
 �������

7*3(0 	V�Ç�
� 7*3(0� IUUQT���XXX�WJSHP�HX�FV�
8FJTT 3� 	����
� /PCFM -FDUVSF� -*(0 BOE UIF EJTDPWFSZ PG

HSBWJUBUJPOBM XBWFT * 3FW� .PE� 1IZT� ��	�
 �������
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