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 KIJ IJE IPKG
� HMKNIL MO 	 
 � KM �FIKMN � �N� PEQ FKNKNR UE�GKENGKEL EPE QMLI �K
E��
�MLI KN IPFNL�FIKMN FNU FPE ENIKPE �� Q� OFT �I �

��



������� �

��������� ���

�QFRKNE IJE � KR �FNR IJFI �PMTRJI IJE TNK�EPLE KNIM E� KLIENGE FHHPM� KQ FIE �� i� � K��KMN
�EFPL FRM � �JE EFP�� TNK�EPLE FL GJFPFGIEPK�EU �� F LIFIE MO E�IPEQ E �� JKRJ UENLKI�
FNU JKRJ IEQHEPFITPE o FNU FL F PELT �I MO IJELE GMNUKIKMNL o IM I�HEL MO HFPIKG�EL EPE
HPELENI � ����
 HFPIKG�EL FNU �������
 HFPIKG �EL � D KIJMTI FN� OTPIJEP 
NM �EURE o
KI MT �U � E NFITPF � IM FLLTQE IJFI IJE TNK�EPLE � ERFN KN F L�QQEIPKG LIFIE  KIJ
ESTF� FQMTNIL MO EFGJ I�HE MO HFPIKG�E HPELENI � �O IJ KL EPE NMI IJE GFLE o IJEN LMQE
E�H �FNFIKMN MT �U � E NEGELLFP� IM FGGMTNI OMP IJE UK� EPENGE � �I LM JFHH ENL IJFI JEN
QFIIEP FNU FNIKQ FIIEP GMQ� KNE o IJE� FNNKJK�FIE KN F �TPLI MO PFUKFIKMN � $N� KLKMNKNR
IJE TNK�EPLE FI IJKL EFP�� LIFRE o KI IJEPEOMPE NEGELLFP� IM PESTKPE F HPEUMQ KNFNGE MO
Q FIIEP HFPIKG �EL M�EP FNIKQ FIIEP HFPIKG�EL � �M FLLTQE MIJEP KLE MT �U Q EFN UEN� KNR
IJE OFGI MO MTP �EP� E� KLIENGE o � EGFTLE KO IJE PFIKM MO Q FIIEP IM FNIKQ FIIEP FL E�FGI��
TNKI�o IJEN F �� MO IJE Q FIIEP KN IJE TNK�EPLE MT �U JF�E � EEN GMN�EPIEU IM PFUKFIKMN
IJPMTRJ FNNKJK�FIKMN HPMGELLEL � K��KMNL MO �EFPL FRM o �EF� KNR MN �� PFUKFIKMN IMUF� FNU
OMP F�� MO IKQ E � �IF��E Q FIIEP MT �U NMI E� KLI IM G �TQH IMREIJEP IM OMPQ H �FNEIL o LIFPL
MP RF �F� KEL o MN �� HJMIMNL MT �U KNJF� KI IJE �M �TQE MO IJE TNK�EPLE � �JE STELIKMN IJEN
� EGMQ EL � J� UMEL FN�IJKNR E� KLI- �JE M�� KMTL FNLEP KL IJFI IJEPE FL L�KRJI �� QMPE
QFIIEP IJFN FNIKQ FIIEP FI LMQ E HMKNI FOIEP IJE � KR �FNR o RK� KNR PKLE IM IJE Q FIIEP
UMQ KNFNIEU TNK�EPLE E LEE IMUF�o �TI J�-

�NE HMLLK��E E�H �FNFIKMN IJFI FL HPMH MLEU KN IJE HFLI OMP IJE Q FIIEP	FNIKQ FIIEP
FL�QQEIP� LTRRELIEU IJFI LMQ E PERKMNL MO IJE TNK�EPLE Q F� GMNIFKN Q FIIEP JK�E

i
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MIJEP PERKMNL GMNIFKN FNIKQ FIIEP o LM IJFI MN F�EPFRE IJEPE KL FN ESTF � FQMTNI MO EFGJ
I�HE � nME�EP o IJ KL KL NMI GMNLKLIENI  KIJ JFI KL M�LEP�EU � $� KUENGE MO FNIKQ FIIEP
MT �U GMQE KN IJE OMPQ MO F GJFPFGIEPKLIKG HJMIMN LKRNF � HPMUTGEU JEN QFIIEP FNU
FNIKQ FIIEP FNNKJK�FIE � �NE F� IM LEFPGJ OMP FNIKQ FIIEP �MGF��� KL IM LITU� IJE � ��


� ���  KIJ KN MTP LM �FP L�LIEQ o JKGJ GMNLKLIL MO LIPEFQ L MO GJFPREU Q FIIEP HFPIKG�EL
IJFI MPKRKNFIE OPMQ IJE �TN � �O E�EP IJKL  KNU ENGMTNIEPL F H MG
EI MO FNIKQ FIIEP o IJEN
F HJMIMN LKRNF � MT �U � E EQ KIIEU o G �EFP�� KNUKGFIKNR IJKL HPELENGE � �M UFIE o IJEPE JFL
� EEN NM KNUKGFIKMN MO FNIKQ FIIEP KN MTP LM �FP L�LIEQ MP E �LEJEPE o FNU IJE FPRTQENI MO
UKLIKNGI Q FIIEP FNU FNIKQ FIIEP PERKMNL FHH �KEU IM �FPREP FNU �FPREP LGF �EL KN IJE TNK�EPLE
LTGJ FL RF �F� KEL FNU G �TLIEPL MO RF �F� KEL � EGMQEL KNGPEFLKNR �� UK� GT �I IM FGGMQQMUFIE �

��� ������ �	�

����

�M E�H �FKN IJE Q FIIEP	FNIKQ FIIEP FL�QQEIP� MO IJE TNK�EPLE o � �� � �F
JFPM� �i� HPM�
HMLEU IJFI IJPEE GPKIEPKF QTLI � E LFIKL�EU � ��� NMN�GMNLEP�FIKMN MO �FP�MNL o ���� 	 

� KM �FIKMN o FNU ����� IJE E�M �TIKMN MO IJE TNK�EPLE OPMQ F LIFIE MO IJEPQMU�NFQ KG ESTK�
�K�PKTQ IM F LIFIE MO NMN�ESTK�K�PKTQ �

�� ������ ������ � ����� ���

�JE KQ�F �FNGE KN IJE FQMTNI MO Q FIIEP FNU FNIKQ FIIEP GFN � E E�FQ KNEU FL IJE KQ�F ��
FNGE KN IJE FQMTNI MO �FP�MNL FNU FNIK�FP�MNL o LKNGE �FP�MNL �NETIPMNL FNU HPMIMNL�
FPE IJE JEF� KELI MO IJE �FLKG GMNLIKITENIL MO Q FIIEP � �NE HMLLK��E E�H �FNFIKMN OMP IJE
FL�QQEIP� KL IJFI �FP�MNL KN IJE EFP�� TNK�EPLE EPE LMQ EJM F��E IM UEGF� KNIM HFPIK�
G�EL IJFI EPE NMI �FP�MNL o MP 	��� 	�
�o IJFI �FP�MNL EPE HPMUTGEU OPMQ NMN��FP�MNL �
�JE �NF � HPMUTGIL KN �FP�MN UEGF� QKRJI JF�E � EEN QTGJ �KRJIEP o NMN��FP�MNKG HFPIK�
G�EL LTGJ FL F �EHIMN �FN E�EGIPMN o OMP KNLIFNGE� FNU F QELMN �F HKMN o OMP KNLIFNGE� FL



#

KN IJE HPMGELL �

� � ��� � V �i �i�

�M OFP o NM E�H EPKQ ENIF � E� KUENGE JFL � EEN OMTNU IM LTRRELI IJFI IJE HPMIMN TNUEPRM EL
F UEGF� MO FN� LMPI � $�HEPKQ ENIF ���o F �MEP � MTNU MO FHHPM� KQ FIE �� % � i��� �EFPL
JFL � EEN H �FGEU MN IJE Q EFN �KOEIKQ E MO IJE HPMIMN ��� � � EGF �� IJFI IJE FRE MO IJE
TNK�EPLE KL PMTRJ �� i� �� �EFPL �

��� � � � ��������

	EOI �� KILE�O o IJE LIFIEQ ENI MO NMN�GMNLEP�FIKMN MO �FP�MNL KN IJE � PLI �F
JFPM� GMNUK�
IKMN MT �U HPMUTGE FN ESTF � NTQ� EP MO �FP�MNL FNU FNIK�FP�MNL IJFI MT �U E�ENITF���
FNNKJK�FIE o �EF� KNR � EJKNU NEKIJEP Q FIIEP NMP FNIKQ FIIEP � � LEGMNU GMNUKIKMN KL IJEPE�
OMPE PESTKPEU KN JKGJ �FP�MN KNIEPFGIKMNL QTLI � KM �FIE 	 
 GMNLEP�FIKMN � �JE E�FGI
UELGPKHIKMN MO 	 
 � KM �FIKMN  K�� � E UKLGTLLEU KN QMPE UEIFK� KN �JFHIEP � o �TI ELLENIKF ���
IJE 	 
 L�QQEIP� PE�FIEL F HFPIKG �E IM KIL FNIKHFPIKG �E � �ITU� KNR PEFGIKMNL IJFI FPE IJE
	 
 GMN+TRFIEL MO MNE FNMIJEP JE �HL KN IJE TNUEPLIFNUKNR MO IJE Q FIIEP	FNIKQ FIIEP
FL�QQEIP�� �O F HPMGELL KL F��E IM Q F
E FN F�LM �TIE UKLIKNGIKMN � EIEEN QFIIEP FNU
FNIKQ FIIEP o IJ KL GMT �U �EFU IM UK� EPENGEL KN JM QTGJ MO EFGJ I�H E KL HPMUTGEU � �MP
KNLIFNGE o LTHHMLE F HFPIKG�E GMT �U UEGF� IJPMTRJ IM GJFNNE �L o MNE HPMUTGKNR QFIIEP
FNU IJE LEGMNU HPMUTGKNR FNIKQ FIIEP �

��� HFPIKG �E � 	
���� � ���� HFPIKG�E � 
 ��	 
���� V �i ���

�O MNE MO IJELE UEGF� QMUEL FL OF�MTPEU M�EP IJE MIJEP MP JFHHENEU OFLIEP o IJEN IJKL
MT �U �EFU IM F UK�EPENGE KN IJE FQMTNI MO Q FIIEP FNU FNIKQ FIIEP HPMUTGEU �



�

��� ����������� �� �����������

�JE �NF � KNRPEUKENI NEGELLFP� IM GPEFIE F �FLIKNR �FP�MN FL�QQEIP� KL IJFI IJE TNK�EPLE
QTLI E�M ��E OPMQ F LIFIE MO IJEPQ MU�NFQ KG ESTK�K�PKTQ KNIM F LIFIE MO NMN�ESTK�K�PKTQ �

�JKL F�o 	 
 HPMGELLEL IJFI OF�MTP IJE HPMUTGIKMN MO Q FIIEP M�EP FNIKQ FIIEP GFN � E
LIPTNR IMREIJEP KN IKQ E IM � KE�U IJE M�LEP�EU QFIIEP UMQ KNFNGE � D KIJMTI IJKL �FLI
GMNUKIKMN o FN� QFIIEP	FNIKQ FIIEP FL�QQEIP� MT �U � E EPFLEU FL IJE LIFIE PEITPNL IM
IJEPQ MU�NFQ KG ESTK�K�PKTQ � �MNLKUEP IJE JMI � KR �FNR KN JKGJ IJE IEQHEPFITPE
MO IJE EFP�� TNK�EPLE KL �EP� JKRJ o JKRJ ENMTRJ KN OFGI IJFI IJE HPMGELLEL IJFI ITPN
HFPIKG �EL KNIM PFUKFIKMN FPE �F �FNGEU �� PEFGIKMNL IJFI ITPN PFUKFIKMN KNIM HFPIKG �EL �
�M JF�E Q FIIEP IMUF� JME�EP o IJE TNK�EPLE MT �U JF�E JFU IM GMM � KN MPUEP IM �PEF

IJE LIFIE MO ESTK�K�PKTQ � EIEEN QFIIEP �FNU FNIKQ FIIEP� FNU PFUKFIKMN o FNU KN UMKNR
LM OF�MTP Q FIIEP HPMUTGIKMN M�EP PFUKFIKMN HPMUTGIKMN � �I ITPNL MTI IJFI PEFGIKMNL
HPMUTGKNR Q FIIEP HPE�FK� � EGFTLE IJE� �EFU IM �MEP ENEPR� LIFIEL �

�TPIJEPQ MPE o F LIFIE IJFI KL KN IJEPQMU�NFQ KG ESTK�K�PKTQ JFL Q F� KQTQ ENIPMH�o
MP Q F� KQTQ PFNUMQNELL � �� IJE LEGMNU �F MO IJEPQMU�NFQ KGL o KO F L�LIEQ TNUEPRMEL
GJFNRE o KI  K�� E�M ��E KN LTGJ FL F� IJFI KIL ENIPMH�  K�� KNGPEFLE MP o FI � ELI o PEQ FKN
IJE LFQE � � UK�EPENGE KN IJE NTQ� EP MO HFPIKG�EL FNU FNIKHFPIKG�EL JME�EP UEGPEFLEL
IJE PFNUMQNELL MO IJE L�LIEQ o IJEPEOMPE IJE L�LIEQ GFNNMI � E KN F LIFIE MO ESTK�K�PKTQ �

��� �������

�JE GTPPENI LGENFPKM OMP IJE E�M �TIKMN MO IJE TNK�EPLE KL IJFI KNKIKF ���o FOIEP IJE � KR
�FNR o �FP�MNL FNU FNIK�FP�MNL E� KLIEU KN ESTF � HPMHMPIKMNL � �I LMQ E �FIEP HMKNI o
HPM GELLEL IJFI � KM �FIE 	 
 FNU �FP�MN NTQ� EP MGGTP JKGJ � KE �U FN E�GELL MO �FP�MNL
M�EP FNIK�FP�MNL o FNU FPE HPELEP�EU �� JF� KNR IJE TNK�EPLE � E IEQHMPFPK�� MTI MO
IJEPQ MU�NFQ KG EST �K�PKTQ � � LJMPI IKQ E FOIEP IJELE E�ENIL IF
E H �FGE o IJE �FP�MN



%

NTQ� EP � KM �FIKNR PEFGIKMNL FPE NM �MNREP FGIK�E o FNU IJE �FP�MN E�GELL KN IJE TNK�EPLE
KL �OPM�EN KN� � �FP�MNL FNU FNIK�FP�MNL LT�LESTENI �� FNNKJK�FIE �

�FP�MN � �FP�MN � � � �i �#�

�EF� KNR MN �� �FP�MNL IM H MHT �FIE IJE TNK�EPLE � EGFTLE F �� MO IJE FNIK�FP�MNL JF�E LKNGE
� EEN GMN�EPIEU IM HJMIMNL � �NE GJFPFGIEPKLIKG MO IJE Q FIIEP	FNIKQ FIIEP FL�QQEIP�
IJFI KL M�LEP�EU IMUF� KL IJE PFIKM MO IJE NTQ� EP MO �FP�MNL o  �����	 o IM IJE NTQ� EP MO
HJMIMNL o 
 ����	 �#� �  �����	   �����	

 ���� �	 �  �����	 �
 �����	
� � i��� V �i ���

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

�I KL IJE LEGMNU MO IJE �F
JFPM� GPKIEPKF o 	 
 � KM �FIKMN o IJFI IJE �IFNOMPU 	 KNEFP � GGE ��
EPFIMP �ENIEP ��	�� � � �FGIMP� KL � EKNR �TK�I IM LITU�� � LKNR � � QELMNL KN JKGJ IJE
Q FNKOELIFIKMN MO 	 
 � KM �FIKMN KL E�H EGIEU IM � E IJE Q MLI FHHFPENI o FN KNIEPNFIKMNF �
IEFQ MO LGKENIKLIL KL JMHKNR IM TNUEPLIFNU FI �FLI MNE �EP� KQHMPIFNI FLH EGI MO J� E
E� KLI �

�N MPUEP IM LITU� 	 
 � KM �FIKMN o F UEIEGIMP KL NEGELLFP� IM Q EFLTPE IJE 
E� LKR�
NFITPEL IJFI KNUKGFIE 	 
 L�QQEIP� JFL � EEN �PM
EN � �TGJ F UEIEGIMP  K�� JF�E F
NTQ� EP MO LT��UEIEGIMP GMQHMNENIL IJFI  K�� GMNGENIPFIE MN UK� EPENI FLH EGIL MO IJE
E�HEPKQ ENI o KNG �TUKNR F UPKOI GJFQ� EP IJFI  K�� QFKN �� � E GMNGEPNEU  KIJ Q EFLTPKNR
IJE Q MQENITQ MO GJFPREU HFPIKG�EL � �JE OMGTL MO IJKL IJELKL  K�� � E IM MTI �KNE F LEPKEL
MO LITUKEL H EPOMPQ EU TLKNR F HPMIMI�HE UPKOI GJFQ� EP o IJE PELT �IL MO JKGJ  K�� � E TLEU
KN UEIEPQ KNKNR GEPIFKN UELKRN OEFITPEL MO IJE OT �� LGF �E UEIEGIMP �
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� L Q ENIKMNEU KN �JFHIEP io 	 
 � KM �FIKMN Q KRJI E�H �FKN J� IJEPE KL QMPE Q FIIEP KN
IJE TNK�EPLE IMUF� IJFN FNIKQ FIIEP � �TI JFI E�FGI �� KL 	 
 � KM �FIKMN-

�J� LKGKLIL MOIEN LITU� IJE L�QQEIPKEL MO �FPKMTL L�LIEQ L KN MPUEP IM TNUEPLIFNU
IJEQ � 	 
 KL F GMQ� KNFIKMN MO IM LTGJ L�QQEIPKEL KN NFITPE � 
 � EKNR �
��� MP ����

��	�
� ��� FNU 	 � EKNR ��
� � ���� �� ���� MP �
����������
����� ����
���� ��

� �� � �������� � � 	�����

� PKMP IM ij%k o HFPKI� FL FLLTQEU IM � E F L�QQEIP� IM JKGJ NFITPE FUJEPEU o Q EFNKNR
IJFI IJE Q KPPMP KQ FRE MO FN� HPMGELL PEHPELENIL FNMIJEP H MLLK��E HPMGELL IJFI GMT �U � E
M�LEP�EU KN NFITPE � nME�EP KN ij%k o � �� � 	EE FNU � �" � 
FNR �� � NMIKGEU IJFI HFPKI�
L�QQEIP� JFU � EEN LJMN IM JM �U OMP F �� OMPGEL KN NFITPE E� GEHI IJE OMPGE GF ��EU IJE
� �� OMPGE JKGJ RM�EPNL PFUKMFGIK�E UEGF�L o FNU IJE� HPMH MLEU IM IELI IJKL FLLTQHIKMN �
�JE � PLI FNU QMLI OFQ MTL E�H EPKQ ENI IM IELI HFPKI� GMNLEP�FIKMN KN EF
 UEGF�L FL
H EPOMPQ EU �� � �� � DT �%� MNE �EFP �FIEP TLKNR � UEGF� MO GM�F�I�k� � �JE RMF � MO IJE
E�HEPKQ ENI FL IM M�LEP�E F LHFIKF � FL�QQEIP� KN IJE EQ KLLKMN MO E �EGIPMNL OPMQ IJE
PFUKMFGIK�E UEGF� JKGJ GMT �U �EFU IM F UKLIKNGIKMN � EIEEN IJE UEGF� HPM GELL FNU KIL
Q KPPMP KQ FRE �

k



,

�JE HPMGELL TLEU KN DT �L E�HEPKQ ENI FL IJE PFUKMFGIK�E UEGF� MO GM�F �I KNIM NKG
E � �

��	 � � ��� � � �� � � � V �� �%�

�N MPUEP IM ELIF��KLJ F PEOEPENGE UKPEGIKMN KN LHFGE o F Q FRNEIKG �E�U FL FHH �KEU IM
IJE PEFGIKMN JKGJ F �KRNEU IJE LHKN MO IJE GM�F �I FIMQ � FNU IJEPEOMPE IJE LHKN MO IJE
PELT �IKNR NKG
E � FIMQ KN IJE LFQ E UKPEGIKMN FL IJE �E�U � �� QEFLTPKNR IJE EQ KLLKMN MO
E �EGIPMNL HFPF ��E � MP FNIKHFPF ��E � IM IJE MPKENIFIKMN MO IJE NTG �EFP LHKN �IJE UKPEGIKMN MO
IJE Q FRNEIKG �E �U � o FN� FL�QQEIP� UTE IM F HFPKI� IPFNLOMPQ FIKMN GFN � E UEIEGIEU �
DT FNU JEP GM ��EFRTEL M�LEP�EU IJFI KN IJE �F� UEGF�o E�EGIPMNL EPE EQ KIIEU F �MNR IJE
UKPEGIKMN MO IJE NTG �EFP LHKN UKPEGIKMN � �O HFPKI� FL IM � E KN�FPKFNI o IJEN IJE Q KPPMP
KQ FRE HPMGELL MT �U F �LM JF�E IM EQ KI E �EGIPMNL KN IJKL LFQ E MPKENIFIKMN o HFPF ��E � IM
IJE UKPEGIKMN MO IJE LHKN � �JE NTG �ETL KN IJE Q KPPMP KQ FRE JFL IJE UKPEGIKMN MO KIL LHKN
� KHH EU � EGFTLE KI KL NM PMIFIKNR KN IJE MHHMLKIE UKPEGIKMN o �EI IJE E�EGIPMNL KN IJKL
Q KPPMP KQ FRE PEFGIKMN FPE EQ KIIEU KN IJE UKPEGIKMN ��� �� ��� IM IJE LHKN FL LJMN KN
� KRTPE � �i �

�JKL FL G �EFP E� KUENGE MO F HPM GELL JMLE Q KPPMP KQ FRE UM EL NMI MGGTP KN NFITPE �
�O HFPKI� JFU NM E�EGI MN IJKL UEGF�o IJEN E�EGIPMNL KN IJE Q KPPMP KQ FRE LGENFPKM LJMT �U
JF�E � EEN EQ KIIEU KN IJE �UMNFPU� UKPEGIKMN o KN IJE LFQ E UKPEGIKMN FL IJE LHKN �
nME�EP o IJ KL FL NMI IJE GFLE o FNU IJE LFQ E PELT �IL EPE OMTNU OMP F �� L�LIEQ L RM�EPNEU
�� IJE EF
 OMPGE � �JE EF
 KNIEPFGIKMN �� ��� �� � KM �FIEL HFPKI� � IJFI KL o IJE HFPKI�
L�QQEIP� KL �PM
EN KN E�EP� EF
 KNIEPFGIKMN �

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

�NMIJEP L�QQEIP� IJFI KL �F �KU OMP F�� OMPGEL E�GEHI IJE EF
 OMPGE KL IJE GJFPRE
GMN+TRFIKMN MHEPFIKMN o 	 o JKGJ GMN�EPIL EFGJ HFPIKG�E KNIM KIL FNIKHFPIKG�E  KIJMTI
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lab mirror image

spin

spin
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������ & � � � KFRPFQ LJM KNR IJE PFUKMFGIK�E � UEGF� MO ���M � EOMPE FNU FOIEP F HFPKI�
IPFNLOMPQ FIKMN � �N IJE �F� o Q MLI MO IJE E �EGIPMNL FPE EQ KIIEU KN IJE UKPEGIKMN MO IJE
NTG�EFP LHKN MPKENIFIKMN � DJEPEFL KN IJE Q KPPMP KQ FRE o JEPE IJE HFPKI� MHEPFIKMN
GJFNREL IJE UKPEGIKMN MO IJE LHKN MO IJE NKG
E � FIMQ o Q MLI MO IJE E �EGIPMNL FPE EQ KIIEU
��� �� ��� IM IJE LHKN UKPEGIKMN � �JKL KQ H �KEL UKPEGI �� IJFI HFPKI� L�QQEIP� KL �PM
EN �

GJFNRKNR IJE LHKN MP QMQ ENITQ MO IJE HFPIKG �E � �JE NETIPKNM o JKGJ KL F HPMUTGI
MO EF
 KNIEPFGIKMNL o KL FN M�� KMTL E�GEHIKMN IM IJKL L�QQEIP�� � �� NETIPKNML FPE ��� ��
����� FNU F �� FNIKNETIPKNML FPE 
��� �������� �JKL Q EFNL IJFI IJE LHKN MO IJE NETIPKNM
KL F�F�L F �KRNEU FNIKHFPF ��E � IM KIL QMQENITQ o JK�E IJE LHKN MO IJE FNIKNETIPKNM KL
F �F�L HFPF ��E � IM KIL QMQENITQ � �HH �� KNR IJE GJFPRE GMN+TRFIKMN L�QQEIP� IM F �EOI�
JFNUEU NETIPKNM FL K��TLIPFIEU KN � KRTPE � �� RK�EL F �EOI�JFNUEU ���NETIPKNM KN PEITPN
JKGJ UMEL NMI E� KLI KN NFITPE � �JEPEOMPE o GJFPRE GMN+TRFIKMN FHH �KEU IM FN� HPMGELL
KN�M �� KNR F NETIPKNM  K�� NMI PELT �I KN F HJ�LKGF��� M�LEP�EU HPMGELL o JKGJ QEFNL IJFI
IJE GJFPRE GMN+TRFIKMN KL NMI F L�QQEIP� MO EF
 KNIEPFGIKMNL �
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������ & �& � � KFRPFQ K��TLIPFIKNR IJE FGIKMN MO IJE GJFPRE GMN+TRFIKMN L�QQEIP� MN IJE
NETIPKNM L� LIEQ � �JE MHEPFIKMN MO GJFPRE GMN+TRFIKMN GJFNREL F �EOI�JFNUEU NETIPKNM o
JKGJ JFL � EEN M�LEP�EU KN NFITPE o KNIM F �EOI�JFNUEU FNIKNETIPKNM o JKGJ JFL NMI � EEN
M�LEP�EU KN NFITPE � �JEPEOMPE o GJFPRE GMN+TRFIKMN KL � KM �FIEU KN EF
 KNIEPFGIKMNL �
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$�EN IJMTRJ EFGJ MO IJE L�QQEIPKEL 	 FNU 
 KL NMI GMNLEP�EU KN EF
 KNIEPFGIKMNL o
HJ�LKGKLIL IJMTRJI IJFI H EPJFHL IJELE IM L�QQEIP� � KM �FIKMNL MT �U MGGTP GMTH �EU
IMREIJEP LM IJFI IJE GMQ� KNEU 	 
 L�QQEIP� MT �U � E HPELEP�EU � �MP E�FQH �E o KN IJE
���M E�HEPKQ ENI IJFI FL TLEU IM UEQMNLIPFIE IJE � KM �FIKMN MO HFPKI� KN EF
 UEGF� L o
FHH �� KNR FN FUUKIKMNF � GJFPRE GMN+TRFIKMN IPFNLOMPQ FIKMN IM IJE Q KPPMP KQ FRE �EFUL IM
F HPMGELL KN JKGJ IJE HFPIKG�EL FPE EQ KIIEU F�MNR IJE UKPEGIKMN MO IJE LHKN MPKENIFIKMN o
E�FGI �� FL KN IJE MPKRKNF � PEFGIKMN � �I MT �U LEEQ IJEN IJFI IJE GMQ� KNFIKMN MO 	 FNU

 IMREIJEP KL IJE L�QQEIP� IJFI KL THJE �U KN EF
 KNIEPFGIKMNL o PFIJEP IJFN 	 FNU 

LEHFPFIE��o �TI KN ijk� 	 
 � KM �FIKMN FL M�LEP�EU E�H EPKQ ENIF ��� KN IJE NETIPF� 
FMN
L�LIEQ �k� �

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


�N �K
E F NETIPF � QELMN LTGJ FL IJE HKMN JKGJ KL KIL MN FNIKHFPIKG�E o IJE NETIPF � 
FMN o

 � o JFL FN FLLMGKFIEU FNIKHFPIKG�E o 
 � o JKGJ KL F UKLIKNGI LIFIE � nME�EP F 
 � HFPIKG �E o
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JKGJ KL GMQHMLEU MO F ���� I�H E STFP
 FNU FN FNIK��
�� � I�HE STFP
 o GFN GJFNRE
KNIM KIL FNIKHFPIKG �E o IJE 
 � o JKGJ KL Q FUE MO FN FNIK���� STFP
 FNU FNU F ��
�� �

STFP
 � �JE HPMGELL IJFI F ��M L IJKL Q K� KNR IM JFHH EN KL GF ��EU F � ����� �
��
 � ��

�
�� ����� � EGFTLE IM QEUKFIKNR � � MLMNL FPE E�GJFNREU FL K��TLIPFIEU KN � KRTPE � �# �
�JKL Q K� KNR HPMH EPI� KN LIF��E HFPIKG�EL KL TNKSTE IM MN �� IM MIJEP L� LIEQ L o NFQ E��
IJE � QELMNL� FNU IJE � QELMNL �
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������ & �� � �M� UKFRPFQ OMP MNE HMLLK��E LEGMNU MPUEP EF
 IPFNLKIKMN � EIEEN IJE

FMN FNU KIL FNIKHFPIKG�E �

"M o GMNLKUEP JM IJE L�QQEIPKEL MO HFPKI�o 
 o FNU GJFPRE GMN+TRFIKMN o 	 o FGI MN
IJE 
FMN LIFIEL � � �� QELMNL KNG�TUKNR IJE NETIPF� 
FMN JF�E NERFIK�E KNIPKNLKG HFPKI�o
LM IJFI JEN IJE HFPKI� MHEPFIKMN KL FHH �KEU IM F 
FMN LIFIE o IJE LFQ E 
FMN LIFIE KL
PEITPNEU o �TI  KIJ F NERFIK�E HFPKI� EKREN�F �TE �


 �
 � � �  �
 � � � 
 �
 � � �  �
 � � V �� �k�
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�JEPEOMPE o GMQ� KN KNR IJELE IM L�QQEIPKEL KNIM MNE MHEPFIKMN o IJE � EJF� KMTP MO IJE

FMN FNU FNIK
FMN TNUEP IJE 	 
 L�QQEIP� � EGMQEL FHHFPENI �
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$STFIKMN � �� LJM L IJFI 
 � FNU 
 � FPE NMI RMMU EKRENLIFIEL MO 	 
 � �MP F LIFIE IM
� E F �RMMU� EKRENLIFIE MO F L�QQEIP� MHEPFIKMN o IJFI LIFIE QTLI � E PEITPNEU MNGE
IJE MHEPFIKMN JFL � EEN FHH �KEU � �MP E�FQH �E o KN MPUEP OMP F LIFIE �	 � IM � E F RMMU
EKRENLIFIE MO 	 
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�N MIJEP MPUL o 	 
 F�EGIL IJE KNUK� KUTF � 
FMN LIFIEL o �EF� KNR IJEQ UK� EPENI IJFN IJE�
EPE KN KIKF���� 	 
 L�QQEIP� FHH �KEU IM F 
FMN LIFIE PEITPNL FN FNIK
FMN LIFIE o JK�E
	 
 FHH �KEU IM IJE FNIK
FMN LIFIE PEITPNL F 
FMN LIFIE o JKGJ KN �MIJ GFLEL FPE NMI IJE
LFQ E FL IJE KN KIKF� LIFIEL �

nME�EP o � EGFTLE MO IJE Q K� KNR HPMH EPI� IJFI 
FMNL E�JK� KI o JEPE F 
FMN GFN
GJFNRE KNIM KIL FNIKHFPIKG�E o 
 ��� 
 � o IJE �HFPIKG �EL� IJFI FPE M�LEP�EU KN IJE �F� MPF�
IMP� FPE NMI IJE KNUK� KUTF � 
FMN LIFIEL 
 � FNU 
 � o �TI PFIJEP F �KNEFP GMQ� KNFIKMN MO
IJE IM �
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FNU 
 � �� IJEQ LE ��EL FPE NMI KN�FPKFNI TNUEP 	 
 L�QQEIP�o IJE 	 
 HPMH EPIKEL MO
IJELE GMQ� KNEU LIFIEL  K�� � E GMNLKUEPEU � � LKNR IJE HPE� KMTL PELT �IL OMP IJE IPEFIQ ENI
MO IJE KNUK� KUTF � 
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$FGJ MO IJE LIFIEL 
 �� FNU 
 �� FHH EFP IM � E F RMMU EKRENLIFIE MO 	 
 � EGFTLE EFGJ
LFIKL�EL IJE GMNUKIKMN KN $STFIKMN � �j � � LLTQ KNR IJFI 	 
 KL GMNLEP�EU KN EF
 KN�
IEPFGIKMNL o 
 �� GFN MN �� UEGF� KNIM F LIFIE JF� KNR F 	 
 EKREN�F�TE MO � i ��	�� 	 

L�QQEIP� � o JEPEFL 
 �� QTLI UEGF� IM F LIFIE JF� KNR F 	 
 EKREN�F�TE MO  i ���� 	 

L�QQEIP� � � �JE UEGF� GJFNNE � OMP NETIPF � 
FMNL KL MOIEN KNIM IM MP IJPEE HKMNL � � KNGE
IJE IM HKMN �NF� LIFIE E�JK� KIL E�EN 	 
 L�QQEIP� UTE IM IJE NERFIK�E KNIPKNLKG HFPKI�
MO EFGJ Q ELMN FNU IJE H MLKIK�E GMNIPK�TIKMN OPMQ GJFPRE GMN+TRFIKMN o KI KL FLLM GKFIEU
 KIJ IJE UEGF� MO 
 �� � �MPPELHMNUKNR ��o 
 �� UEGF�L IM F IJPEE HKMN �NF � LIFIE � EGFTLE
IJE HFPKI� MO IJPEE HKMN LIFIEL RK�EL MUU 	 
 L�QQEIP�� �JEPEOMPE o KO EF
 KNIEPFGIKMNL
M� E� �� L�QQEIP� IJEN 
 ��  K�� ���� UEGF� KNIM IM HKMNL o �TI NE�EP IJPEE o FNU 
 ��
 K�� ���� UEGF� KNIM IJPEE HKMNL o �TI NE�EP IM �
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� O IJE IM UEGF� L o IJE �� UEGF�  K�� IF
E H �FGE QTGJ OFLIEP IJFN IJFI MO IJE #�
� EGFTLE IJE ENEPR� PE �EFLEU KL RPEFIEP � �IFPIKNR  KIJ F � EFQ MO 
 � HFPIKG�EL o JKGJ
GFN � E IJMTRJI MO FL � EKNR F Q K�ITPE GMNIFKNKNR � MIJ 
 �� FNU 
 �� o IJE 
 �� GMQHMNENI
 K�� STKG
�� UEGF� �EF� KNR MN �� IJE 
 �� GMQHMNENI FI LMQ E �FPRE UKLIFNGE F �MNR IJE
� EFQ � �JKL KL E�FGI �� IJE KUEF IJFI FL TLEU IM IELI 	 
 KN�FPKFNGE � � K�EN F �MNR
ENMTRJ � EFQ �KNE� o IJE E�G �TLKMN MO �� �NF � LIFIEL FI �FPRE UKLIFNGEL FL UKGIFIEU �� 	 
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�N ijk� � PMNKN FNU � KIGJ �k� PEHMPIEU E� KUENGE IJFI IM HKMN �NF � LIFIEL EPE OMTNU
FI UKLIFNGEL OFP UMN IJE � EFQ �KNE JEPE MN �� IJPEE HKMN �NF � LIFIEL EPE E�HEGIEU o
RK� KNR TNQ KLIF
F��E E� KUENGE MO 	 
 � KM �FIKMN � �JE FLLTQHIKMN IJFI 
 �� FNU 
 �� EPE
H EPOEGI 	 
 EKRENLIFIEL MO 	 
 FL NMI �F �KU FOIEP F �� o FNU F LQ F �� FUQ K�ITPE MO 
 ��
�KE �o IJE � PMNR� 	 
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�JE �F� E �L 	 FNU � KN $STFIKMNL � �i� FNU � �i% PEOEP IM IJE �KOEIKQ E MO IJE HFPIKG �E�
�	� OMP �MNR� �K�EU FNU ��� OMP LJMPI��K�EU ��� �
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�JE GME� GKENI � KL KNIPMUTGEU IM GJFPFGIEPK�E NFITPE �L UEHFPITPE OPMQ HEPOEGI 	 

L�QQEIP� FNU KL LJMN E�HEPKQ ENIF��� IM � E LQ F�� o � � � �# � i��� ��� �

�TPIJEP LITUKEL MN 
 �
� PE�EF �EU E�EN QMPE E� KUENGE OMP 	 
 � KM �FIKMN � � KM �FIKMN MO

	 
 L�QQEIP� RK�EL PKLE IM FN M�LEP�F��E UK� EPENGE KN IJE �PFNGJKNR PFIKML KN F LEGMNU

 �
� UEGF� QMUE �
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$�HEPKQ ENIL LJM IJFI 
 �� UEGF� L QMPE MOIEN KNIM F HMLKIPMN IJFN FN E �EGIPMN o ��
F LQ F�� OPFGIKMNF � FQMTNI # �# � i��� �,� o JKGJ Q EFNL IJFI IJKL PEFGIKMN KL LENLKIK�E IM
IJE UK� EPENGE � EIEEN Q FIIEP FNU FNIKQ FIIEP o HPMUTGKNR QMPE MO MNE IJFN IJE MIJEP �
�JE OFGI IJFI 	 
 � KM �FIKMN F ��M L TNESTF� IPEFIQ ENI MO HFPIKG �EL FNU FNIKHFPIKG�EL
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LTRRELIL F �KN
 IM IJE Q FIIEP�FNIKQ FIIEP FL�QQEIP� KN IJE TNK�EPLE � �O IJE � KM �FIKMN MO
	 
 L�QQEIP� FL �TK�I KNIM IJE EFP�� TNK�EPLE KN LTGJ F F� IJFI IJE HPMUTGIKMN MO
Q FIIEP FL OF�MTPEU M�EP FNIKQ FIIEP o IJEN IJKL Q KRJI E�H �FKN IJE Q FIIEP UMQ KNFNGE
IJFI FHHFPENI�� HPE�FK�L IJPMTRJMTI IJE M�LEP�EU TNK�EPLE IMUF��

$�EN IJMTRJ 	 
 L�QQEIP� �PEF
 KNR FL UKLGM�EPEU #� �EFPL FRM o FNU Q FN� QMUE �L
E� KLI IM FGGMTNI OMP KI o IJEPE KL LIK�� NM �EPK�EU IJEMP� IJFI JFL � EEN LJMN IM UELGPK� E
JM 	 
 � KM �FIKMN �IL KNIM IJE GTPPENI IJEMPEIKGF � QMUE �L MO HFPIKG�E HJ�LKGL � �JE RMF �
MO IJE �	�� � �FGIMP� KL IM Q F
E LTGJ F IELI TLKNR NETIPF� � QELMNL PFIJEP IJFN
NETIPF � 
FMNL IM UELGPK� E MNGE FNU OMP F �� IJE LMTPGE MO 	 
 � KM �FIKMN �
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�JE GTPPENI � KE MO Q FIIEP KN IJE TNK�EPLE KL IJFI KI GMNLKLIL MO +TLI IM I�HEL MO
E�EQ ENIFP� HFPIKG�EL � STFP
L FNU �EHIMNL � �JE IJEMP� UELGPK� KNR IJE � EJF� KMTP MO IJELE
OTNUFQENIF � �TK�UKNR ��M G
L KL 
NMN FL IJE � ���
� � ���� MO HFPIKG �E HJ�LKGL o JKGJ
FGGMTNIL OMP IJE E�EGIPMQ FRNEIKG OMPGE �UELGPK� KNR IJE OMPGEL MO E �EGIPKG FNU QFRNEIKG
FIIPFGIKMN FNU PEHT �LKMN IJFI � KNU FIMQ L� o IJE EF
 OMPGE �PELHMNLK��E OMP PFUKMFGIK�E
UEGF� � o FNU IJE LIPMNR NTG �EFP OMPGE �JKGJ JM �UL FIMQ KG NTG �EK IMREIJEP� � �M OFP o
IJE �IFNUFPU hMUE� JFL � EEN F �EP� LTGGELLOT � UELGPKHIKMN MO NFITPE FNU IM UFIE o
NM E�H EPKQ ENIF � E� KUENGE JFL UKLFRPEEU  KIJ KIL HPEUKGIKMNL � nME�EP o KN MPUEP IM
KNGMPH MPFIE 	 
 � KM �FIKMN KNIM IJE IJEMPEIKGF � QMUE�L MO IJE ij%�L FNU �FIEP KNIM IJE
�IFNUFPU hMUE � o FN FUUKIKMN IM IJE IJEMP� FL NEGELLFP�o FNU KI KL IJKL HPMH MLEU
FUUKIKMN IJFI IJE ��� RPMTH  K�� � E IELIKNR �

�TFP
L FNU �EHIMNL o IJE OTNUFQENIF � �TK�UKNR ��M G
L MO IJE �IFNUFPU hMUE� o FPE
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�EHIMN FNU STFP
 OFQ K�KEL E�H �KGKI ��� $FGJ MO IJE �EHIMNL FNU STFP
L �KLIEU � E �M F �LM
JFL FN FLLMGKFIEU FNIKHFPIKG �E o JKGJ KL MHHMLKIE�� GJFPREU �
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�����	 TH o � GJFPQ o � IMH o �

UMN o � LIPFNRE o � �MIIMQ o 	
����� & � � �F��E LJM KNR IJE IJPEE RENEPFIKMNL MO OTNUFQENIF � HFPIKG �EL �

�JE E� KLIENGE MO OFQ K�KEL RK�EL PKLE IM � MO IJE OPEE HFPFQEIEPL MO IJE �IFNUFPU
hMUE � o NFQ E �� IJE � HFPFQ EIEPL MO IJE �F� K��M��M�F�FLJK�hFL
FF ���h � QFIPK�
IJFI UELGPK� E IJE Q K� KNR � EIEEN STFP
 RENEPFIKMNL � �JE STFP
 QFLL EKRENLIFIEL �IJE
HJ�LKGF � STFP
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L � o � o � PEQ FKN TNQ K� EU o JK�E IJE � o � o 	 STFP
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FPE Q K�EU � �JE HTPHMLE MO IJELE Q FIPK� E �EQ ENIL KL IM UELGPK� E IJE GMTH �KNR LIPENRIJ
� EIEEN STFP
L � �MP KNLIFNGE o ��� KNUKGFIEL IJE LIPENRIJ MO IJE OMPGE � EIEEN IJE �
FNU � STFP
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�JE ��h QFIPK� E�EQ ENIL FPE NMI F �� KNUEH ENUENI o FNU KN IJE �IFNUFPU hMUE � MO
IJPEE RENEPFIKMNL o IJE NKNE E�EQ ENIL MO IJE ��h QFIPK� FPE UE�NEU KN IEPQ L MO IJPEE
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HRS  Ar:CO2:CH4  [89:10:7]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
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HRS  Ar:CO2:CH4  [89:10:1]
LoZ1  He:CO2:i-C4H10  [83:10:7]
LoZ2  He:i-C4H10  [80:20]
LoZ3  He:C3H8  [70:30]
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