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Résumé : Les moyens analytiques permet-
tant dévaluer la composition organique déchan-
tillons complexes sont limités et précieux pour
les sciences du patrimoine. Ce travail ex-
plore le potentiel de la diffusion Raman de
rayons X (XRS) comme approche non invasive
pour étudier des matériaux paléontologiques,
archéologiques et artistiques. Nous opti-
misons la méthodologie XRS requise pour létude
déchantillons complexes, comprenant des spéci-
mens paléontologiques organiques et une collec-
tion dexsudats végétaux à valeur patrimoniale,
et explorons sa capacité à accéder aux différents
niveaux dinformation recherchés. La spectro-
scopie XRS est employée pour étudier des échan-
tillons organiques anciens en 3D sur des di-
mensions millimétriques, de façon non invasive,
pour déterminer les signatures organiques et re-
tracer leur évolution dans le temps. En ex-
ploitant la tomographie directe basée sur le con-
traste des signaux chimiques, nous introduisons
l’imagerie Raman des rayons X en 3D (XRI)
dans le domaine du patrimoine naturel. La col-
lecte successive d’images XRI tomographiques
d’un spécimen exceptionnellement préservé, un
insecte ancien de 53 millions d’années piégé
dans l’ambre, permet dévaluer la distribution
spatiale des vestiges biologiques. Les résultats
soulignent limportance dune imagerie de spé-
ciation des spécimens à léchelle de lobjet, afin
den comprendre la biochimie, lévolution molécu-
laire et les interactions entre organisme et mi-
lieu de dépôt. L’imagerie chimique tridimen-
sionnelle apparaît essentielle à la compréhen-
sion de matériaux hétérogènes du patrimoine
chimiquement altérés qui, ont subi des proces-
sus de diagenèse et de vieillissement au fil du
temps. Nous démontrons que la spectroscopie
XRS à haute résolution spectrale offre une nou-
velle voie d’analyse de matériaux organiques

du patrimoine culturel. Nous examinons une
collection historique d’exsudats de plantes aus-
traliennes utilisées par les peuples aborigènes
depuis des milliers d’années. Lanalyse détail-
lée de la signature spectrale des transitions
électroniques à partir des niveaux de cur des
atomes de carbone et doxygène permet diden-
tifier les liaisons chimiques et de comparer des
sécrétions végétales appartenant à des classes
chimiques distinctes (terpénoïdes, polysaccha-
rides, composés phénoliques et aromatiques).
Nous démontrons par une analyse statistique
que la caractérisation et la discrimination di-
recte des composés organiques complexes est at-
teinte par spectroscopie XRS, avec une bonne
senisbilité et de manière non invasive. Des ap-
proches statistiques ont été développées pour
traiter les données tridimensionnelles XRI et dé-
composer les spectres obtenus. Nous montrons
que la microscopie à transmission des rayons
X en balayage (acronyme anglais : STXM),
dans la gamme des rayons X mous, complète
les approches XRI quand la limite spatiale de
ces dernières est atteinte. Nous avons analysé
des pigments organiques documentés dans le
manuscrit de De Mayern par STXM. Les images
à l’échelle nanométrique fournissent de nouvelles
informations sur la chimie du carbone de ces
pigments et démontrent leur complexité chim-
ique qui ne peut être abordée quà cette résolu-
tion spatiale. En conclusion, les résultats illus-
trent la valeur des méthodes XRS en tant que
sonde spectroscopique et d’imagerie non inva-
sive in situ de la spéciation des éléments légers
dans les matériaux du patrimoine. Avec ce
travail, nous fournissons une nouvelle perspec-
tive de l’exploitation de données XRS applica-
ble à un grand nombre de systèmes organiques,
hétérogènes et chimiquement complexes, et nous
discutons des défis restant à surmonter et des
perspectives futures de ces approches.
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Abstract: The analytical means to assess
the organic composition of complex samples
are limited and precious for heritage studies.
The work unfolds the potentials of x-ray Ra-
man scattering (XRS) as a non-invasive probe
for the study of paleontological, archaeologi-
cal and art materials. We optimize the XRS
methodology required for the study of complex
samples, including organic paleontological spec-
imens and a collection of plant exudates of her-
itage value, and explore its ability to access the
different levels of information sought. XRS is
employed as a bulk, non-invasive, 3D imaging
probe to study ancient organic samples to de-
termine organic signatures and trace their evo-
lution through time. Taking advantage of the
direct tomography technique based on chemical
bond contrast, we introduce 3D x-ray Raman
imaging (XRI) in the field of natural heritage
studies. The successive collection of XRS car-
bon K-edge tomographic images of an excep-
tionally preserved specimen, a 53 million-year
old insect entrapped in amber, provides a means
to assess the spatial distribution of biological
remnants. The results point to the importance
of characterization of paleontological specimens
through imaging at the scale of the object, to
understand the specimens biochemistry, molec-
ular evolution, and interactions between the or-
ganism and the depositional setting. Three-
dimensional chemical imaging appears essential
for understanding chemically altered heteroge-
neous heritage materials that have undergone
diagenesis and aging processes over time. We
demonstrate that high energy resolution XRS

spectroscopy provides a new perception in the
analysis of organic cultural heritage materials.
We examine a historical collection of Australian
plant exudates which assembles natural prod-
ucts used by Aboriginal peoples for thousands
of years. Detailed analysis of the spectral signa-
tures of core electron transitions in the carbon
and oxygen atoms, allows us to identify chemi-
cal bonds and inter-compare plant secretions be-
longing to distinct chemical classes (terpenoids,
polysaccharides, phenolic and aromatic com-
pounds). We exemplify via statistical analysis
that characterization and discrimination of the
complex organic compounds is attained using
XRS in a non-invasive manner. Additional sta-
tistical approaches have been developed to pro-
cess the three-dimensional XRS imaging data
and to decompose the obtained XRS spectra.
We show that scanning transmission x-ray mi-
croscopy (STXM), in the soft x-ray range, com-
plements XRS approach when its spatial limit
is reached. We have analyzed organic dark-
coloured pigments documented in De Mayern’s
manuscript by STXM. The nanoscale images
provide new insights on the carbon chemistry
of these pigments and demonstrate their chem-
ical complexity that can only be addressed at
the nanometric spatial resolution. In conclu-
sion, the results exemplify the value of XRS as
an in-situ non-invasive spectroscopic and imag-
ing probe of light elements in heritage materi-
als. Through this work we provide a new view-
point for exploitation of XRS data in a wide
range of organic, heterogeneous, and chemically
complex systems, and discuss its remaining chal-
lenges and future perspectives.

Maison du doctorat de l’Université Paris-Saclay
2ème étage aile ouest, Ecole normale supérieure Paris-Saclay
4 avenue des Sciences,
91190 Gif sur Yvette, France





OPXMFEHNFOUTࠨ"

य़JT NBOVTDSJQU JT UIF PVUDPNF PG TFWFSBM ZFBST PG SFTFBSDI XPSL UIBU DPVME OPU CF DBSSJFE PVU

XJUIPVU UIF UJNF FOFSHZ BOE FYQFSUJTF PG B NVMUJEJTDJQMJOBSZ UFBN�

* XPVME MJLF UP FYQSFTTNZ HSBUJUVEF UP.S� -P¯D #&353"/% SFTFBSDIFS BU 6OJWFSTJU© 1BSJT�

4BDMBZ BOE �DPMF OPSNBMF TVQ©SJFVSF GPS IJT SPMF BT UIF UIFTJT EJSFDUPS BOE IJT IFMQ BOE HVJE�

BODF UISPVHIPVU UIFTF ZFBST PG SFTFBSDI� * BN QBSUJDVMBSMZ HSBUFGVM GPS BMM UIF IFMQ HJWFO CZ

.S� +FBO�1BTDBM 36&'' SFTFBSDIFS BU TZODISPUSPO 40-&*- BOE DP�EJSFDUPS PG UIF UIFTJT�

य़JT XPSL PXFT B MPU UP .S� 6XF #&3(."// QSPGFTTPS BU UIF 6OJWFSTJUZ PG 8JTDPOTJO�

.BEJTPO XIPTF GSJFOEMZ IFMQ BEWJDF BOE TVQQPSU XFSF PG HSFBU IFMQ UP NF� 8JUIPVU IJT FO�

DPVSBHFNFOU UIJT UIFTJT XPVME OPU IBWF NBUFSJBMJ[FE�

* XBSNMZ UIBOL UIF NFNCFST PG UIF KVSZ GPS IBWJOH BDDFQUFE UP FWBMVBUF NZ XPSL BOE UP

QBSUJDJQBUF JO UIF FYBNJOBUJPO� .S� 4JNP )605"3* QSPGFTTPS BU UIF %FQBSUNFOU PG 1IZTJDT

PG 6OJWFSTJUZ PG )FMTJOLJ .ST� $BSPMJOF 50,"34,* QSPGFTTPS BU UIF 6OJWFSTJU© EF #PSEFBVY

.S� ,BSJN #&/;&3"3" SFTFBSDIFS BU UIF *OTUJUVU EF .JO©SBMPHJF EF 1IZTJRVF EFT .BU©SJBVY

FU EF $PTNPDIJNJF .ST� *MBSJB #0/"%6$& BTTPDJBUF QSPGFTTPS BU UIF %FQBSUNFOU PG $IFN�

JTUSZ PG 6OJWFSTJUZ PG 1JTB .ST�.BSJF�"OH©MJRVF -"/(6*--& 3FTFBSDIFS BU UIF $FOUSF EF

SFDIFSDIF TVS MB DPOTFSWBUJPO BOE .ST� +PBOOF 9*& QSPGFTTPS BU �DPMF OPSNBMF TVQ©SJFVSF�

य़F DPODFQUJPO PG UIF QSPKFDU CFOFUFE GSPN UIF PQJOJPOT TVHHFTUJPOT IFMQ BOE FY�

QFSUJTF PG TFWFSBM TDJFOUJTUT XIPN * XPVME MJLF UP UIBOL� .S� 4FSHF $0)&/ SFTFBSDIFS BU

*1"/&." .S� $ISJTUPQI 4")-& TDJFOUJTU BU &43' .S� %JNPTUIFOJT 40,"3"4 TDJFOUJTU

BU 443- .S� 4ZMWBJO #&3/"3% SFTFBSDIFS BU UIF *OTUJUVU EF .JO©SBMPHJF EF 1IZTJRVF EFT

.BU©SJBVY FU EF $PTNPDIJNJF .ST� 3BDIFM 101&-$"�'*-$0'' QSPGFTTPS BU UIF 6OJWFSTJUZ

PG .FMCPVSOF .ST� 7JDUPSJB #&-53"/ QPTU�EPDUPSBM SFTFBSDIFS BU 6OJWFSTJUZ PG "OUXFSQ

.S� 1JFSSF (6&3*"6 QPTU�EPDUPSBM SFTFBSDIFS BU 6OJWFSTJUZ PG -BVTBOOF .S� "MFTTBOESP

.*30/& SFTFBSDIFS BU &43' .S� 4UFGBO 45"/&4$6 TDJFOUJTU BU 40-&*- BOE .ST� -FJMB

4"67"(& QBQFS DPOTFSWBUPS BOE TDJFOUJTU BU UIF 3JKLTNVTFVN�

* XPVME MJLF UP VOEFSMJOF UIF DPOTUBOU TVQQPSU GSPN UIF *1"/&." UFBN XIJDI NBEF UIF

DPNQMFUJPO PG UIJT XPSL FBTJFS� .BOZ UIBOLT UP .BSJF (0%&5 $M©NFODF *"$0//* 5VMJO

0,#*/0(-6 4FMXJO )"(&3""54 4BN 8&## 4FCBTUJBO 4$)�%&3 .BSPVBOF #&/ +&-�

J



-06- .BUIJFV 5)063: "OOF�'MFVS #"3'644 #©O©EJDUF $)"3#0//&- BOE JO QBSUJDVMBS

(JVMJB '3"/$&4$)*/ .B«WB -)&30/%& BOE 3FHJOB 013"/%* XIPN IBWF CFFO DPO�

TUBOUMZ TVQQPSUJWF BOE FODPVSBHJOH�

'JOBMMZ (FPSHF ZPV NBZ TFF UIF DPODSFUJTBUJPO PG UIJT XPSL BT UIF SFTVMU PG ZPVS DPOUJOV�

PVT TVQQPSU BOE USVTU� 4UBSUJOH GSPNNZ TUVEJFT JO 1IZTJDT VOUJM UPEBZ ZPV IBWF CFFO TFMFTTMZ

QSFTFOU XJUIPVU RVFTUJPOJOH BOZ PG NZ DIPJDFT� %PVCUMFTMZ UIJT XPSL JT EFEJDBUFE UP ZPV�

JJ



$POUFOUT

*OUSPEVDUJPO �

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� 9�SBZ 3BNBO TDBUUFSJOH� " IBSE Y�SBZ QSPCF PG DPNQMFY PSHBOJD TZTUFNT �

��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� /PNFODMBUVSF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

����� 1VCMJTIFE SFWJFXT BOE CPPLT � � � � � � � � � � � � � � � � � � � � � � � �

��� " CSJFG IJTUPSJDBM QFSTQFDUJWF � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� 1SJODJQMFT PG 934 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� .PNFOUVN USBOTGFS EFQFOEFODF � � � � � � � � � � � � � � � � � � � � � ��

������� -PX NPNFOUVN USBOTGFS � � � � � � � � � � � � � � � � � � � � ��

������� )JHIFS NPNFOUVN USBOTGFS � � � � � � � � � � � � � � � � � � ��

����� $PNQUPO TDB॒FSJOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 934 DPSF FMFDUSPO FYDJUBUJPOT � � � � � � � � � � � � � � � � � � � � � � � ��

������� )ZCSJEJ[BUJPO PG DBSCPO � � � � � � � � � � � � � � � � � � � � ��

������� $BSCPO NPMFDVMBS CPOEJOH � � � � � � � � � � � � � � � � � � � ��

����� 934 TJNVMBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $PNQMFNFOUBSJUZ BEWBOUBHFT BOE MJNJUT PWFS Y�SBZ BCTPSQUJPO TQFD�

USPTDPQZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &YQFSJNFOUBM TFDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &OFSHZ SFTPMVUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

������� .POPDISPNBUPST � � � � � � � � � � � � � � � � � � � � � � � � ��

������� $SZTUBM BOBMZ[FST � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 4JHOBM�UP�OPJTF SBUJP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0QUJNJ[BUJPO PG TJHOBM�UP�CBDLHSPVOE SBUJP � � � � � � � � � � � � � � � � ��

������� $POUSJCVUJPO GSPN $PNQUPO TDB॒FSJOH � � � � � � � � � � � � ��

������� #BDLHSPVOE BSJTJOH GSPN UIF TBNQMF FOWJSPONFOU � � � � � � ��

����� 934 �% *NBHJOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

J



$0/5&/54

������� 4QBUJBM SFTPMVUJPO � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 934 PG DPNQMFY PSHBOJD TZTUFNT � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� "OBMZ[JOH NJYUVSFT PG DPNQPVOET � � � � � � � � � � � � � � � � � � � � ��

������� 1PMZDZDMJD BSPNBUJD IZESPDBSCPOT JO DSVEF PJMT � � � � � � � � ��

������� 1PMZDZDMJD BSPNBUJD IZESPDBSCPO NPEFM DPNQPVOET � � � � � ��

������� /BUVSBM�PDDVSSJOH PSHBOJD TZTUFNT � � � � � � � � � � � � � � ��

������� #JPNBTT�EFSJWFE QZSPMZTJT BOE IZESPUIFSNBM DBSCPO � � � � ��

������� -JUIJVN�JPO CB॒FSZ FMFDUSPMZUF TPMVUJPOT � � � � � � � � � � � ��

����� -PPLJOH GPS NJOPS GFBUVSFT � � � � � � � � � � � � � � � � � � � � � � � � ��

������� 1BMFPOUPMPHJDBM PSHBOJD TQFDJNFOT � � � � � � � � � � � � � � � ��

������� )FUFSPBUPNT�DPOUBJOJOH 1")T � � � � � � � � � � � � � � � � � ��

����� 3FTPMWJOH TQBUJBMMZ IFUFSPHFOFPVT TZTUFNT � � � � � � � � � � � � � � � � ��

������� 'JSTU FYBNQMFT PG �% JNBHJOH � � � � � � � � � � � � � � � � � ��

������� 5JNF�SFTPMWFE 934 TUVEJFT PG DIFNJDBM SFBDUJPOT � � � � � � � ��

��� $VSSFOU DIBMMFOHFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� %JTFOUBOHMJOH UIF ࠩFNJTUSZ PG "VTUSBMJBO QMBOU FYVEBUFT GSPN B VOJRVF IJTUPSJDBM

DPMMFDUJPO ��

��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 3FTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� .BJO TQFDUSPTDPQJD QSPQFSUJFT PG QMBOU FYVEBUFT � � � � � � � � � � � � � ��

������� 9BOUIPSSIPFB SFTJOT � � � � � � � � � � � � � � � � � � � � � � � ��

������� $BMMJUSJT SFTJOT � � � � � � � � � � � � � � � � � � � � � � � � � � ��

������� &VDBMZQUVT LJOP � � � � � � � � � � � � � � � � � � � � � � � � � ��

������� "DBDJB HVNT � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� %JTDVTTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9�SBZ 3BNBO TQFDUSPTDPQZ BT BO VODPOWFOUJPOBM DPNQMFNFOU UP MBC�

CBTFE UFDIOJRVFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� $MBTTJDBUJPO PG DPNQPVOET JOUP DIFNJDBM DMBTTFT � � � � � � � � � � � � ��

����� $VMUVSBM VTFT BOE MJNJUBUJPO PG FYUBOU EBUB � � � � � � � � � � � � � � � � ��

JJ



$0/5&/54

��� $PODMVTJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� .BUFSJBMT BOE NFUIPET � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� .BUFSJBMT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 934 TQFDUSPTDPQZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� '5*3 TQFDUSPTDPQZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 934 EBUB SFEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 4UBUJTUJDBM UFTUJOH PG 934 EBUB DMBTTJDBUJPO � � � � � � � � � � � � � � � ��

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �% Y�SBZ 3BNBO NVMUJTQFDUSBM

JNBHJOH ���

��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 3FTVMUT BOE EJTDVTTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� .JDSP�TDBMF �% JNBHJOH PG DBSCPO PO DFOUJNFUSJD $BSCPOJGFSPVT QMBOUT ���

����� 3FWJTJUJOH UIF �% QSFTFSWBUJPO PG JOTFDU JO BNCFS � � � � � � � � � � � � ���

��� $PODMVTJPOT BOE JNQMJDBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� .BUFSJBMT BOE NFUIPET � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 1BMFPOUPMPHJDBM TBNQMFT � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 9�SBZ 3BNBO�CBTFE TQFDUSBM JNBHJOH � � � � � � � � � � � � � � � � � � � ���

����� �% SFDPOTUSVDUJPO PG UIF 93* EBUB � � � � � � � � � � � � � � � � � � � � � ���

����� 4UBUJTUJDBM QSPDFTTJOH PG UIF �% 93* EBUB � � � � � � � � � � � � � � � � � ���

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

� /BOPTDBMF ࠩBSBDUFSJ[BUJPO PG PSHBOJD EBSL�DPMPVSFE QJHNFOUT ���

��� *OUSPEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� .BUFSJBMT BOE NFUIPET � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� .BUFSJBMT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 4DBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ � � � � � � � � � � � � � � � � � ���

������� 4BNQMF QSFQBSBUJPO � � � � � � � � � � � � � � � � � � � � � � � ���

������� %BUB QSPDFTTJOH � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ � � � � � � � � � � � � � � � � � � � ���

��� 3FTVMUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

JJJ



$0/5&/54

����� )JFSBSDIJDBM DMVTUFSJOH PG 459. OBOPTDBMF JNBHFT � � � � � � � � � � � ���

����� $IBSSFE EBUF QJUT TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $IBSSFE QFBDI TUPOF TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 4UJDLMBD CMBDL TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� #POF CMBDL TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $BOEMF GVNF CMBDL TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� #JTUFS TBNQMFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� $BSCPO CMBDL TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� 7JOF CMBDL TBNQMF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� %JTDVTTJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

����� /BOP�TDBMF IFUFSPHFOFJUZ PG UIF EBSL�DPMPVSFE PSHBOJD QJHNFOUT � � � ���

����� य़F JNQPSUBODF PG UIF QSFDVSTPS NBUFSJBM BOE NBOVGBDUVSF QSPDFTT JO

UIF QJHNFOUT OBM DIFNJTUSZ � � � � � � � � � � � � � � � � � � � � � � � ���

����� $PNQBSJTPO PG TPॏ�9"4 BOE 934 DBSCPO ,�FEHF TQFDUSB � � � � � � � � ���

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$PODMVTJPOT BOE 1FSTQFDUJWFT ���

" 4VQQMFNFOUBSZ JOGPSNBUJPO GPS $IBQUFS � ���

"�� .BUFSJBMT BOE .FUIPET � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"���� .BUFSJBMT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"���� 934 TQFDUSPTDPQZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"���� '5�*3 TQFDUSPTDPQZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"������ 9BOUIPSSIPFB SFTJOT � � � � � � � � � � � � � � � � � � � � � � � ���

"������ $BMMJUSJT SFTJOT � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"������ &VDBMZQUVT LJOP � � � � � � � � � � � � � � � � � � � � � � � � � ���

"������ "DBDJB HVNT � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"���� *$1�.4 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

"���� 934 EBUB SFEVDUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

JW



$0/5&/54

# 4VQQMFNFOUBSZ JOGPSNBUJPO GPS $IBQUFS � ���

#�� .BZFSOF .BOVTDSJQU� 1JDUPSJBڧ TDVMQUPSJB FU RVBF TVCBMUFSOBSVN BSUJVNڧ � � � ���

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$ ࠬSFF 934�EFEJDBUFE CFBNMJOFT ���

$�� &43' *%�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$�� 443- ���C � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$�� 40-&*- ("-"9*&4 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

3FGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

% 4DJFOUJࣲD EJTTFNJOBUJPO BOE TZOࠩSPUSPO FYQFSJNFOUT ���

%�� 4DJFOUJD EJTTFNJOBUJPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%���� 1VCMJDBUJPOT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%���� $POGFSFODFT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

%�� 4ZODISPUSPO FYQFSJNFOUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

& 3©TVN© EF UI¨TF ���

-JTU PG 'JHVSFT ���

-JTU PG 5BCMFT ���

"DSPOZNT ���

W





*OUSPEVDUJPO

%JTFOUBOHMJOH UIF DIFNJTUSZ PG VCJRVJUPVT DBSCPO�CBTFE DPNQPVOET JO BODJFOU BOE BSU NBUF�

SJBMT BMUIPVHI DIBMMFOHJOH JT BO FTTFOUJBM TPVSDF PG JOGPSNBUJPO JO NBOZ OBUVSBM BOE DVMUVSBM

IFSJUBHF TUVEJFT <�>� )FSJUBHFNBUFSJBMT BSF DIFNJDBMMZ DPNQMFY TZTUFNT DPOTJTUJOH PG NJYUVSFT

PG EJFSJOH DIFNJDBM HSPVQT JODMVEJOH DPNCJOBUJPOT PG PSHBOJD BOE JOPSHBOJD QIBTFT QSFTFOU

BU EJFSFOU SFMBUJWF BCVOEBODF� 0ॏFO UIFZ BSF DIBSBDUFSJ[FE CZ NVMUJ�TDBMF IFUFSPHFOFJUZ

EVF UP TQBUJBM WBSJBUJPOT PG UIF DIFNJDBM DPNQPTJUJPO� य़SPVHI UIF ZFBST IFSJUBHF NBUFSJBMT

IBWF VOEFSHPOF BHFJOH QSPDFTT PS EJBHFOFTJT XIJDI SFTVMUT JO QBSUJBM PS DPNQMFUF BMUFSBUJPO

PG UIFJS PSJHJOBM DIFNJTUSZ� 4QFDUSPTDPQJD 	J�F� IJHIMZ TFOTJUJWF
 BOE JNBHJOH BQQSPBDIFT FN�

QMPZFE GPS UIFJS DIFNJDBM DIBSBDUFSJ[BUJPO TIFE MJHIU PO UIFJS PSJHJOBM PS BMUFSFE DIFNJTUSZ UIF

VOEFSHPOF BHFJOH QSPDFTTFT PS EJBHFOFTJT BOE UIFJS DVSBUJPO IJTUPSZ�

/VNFSPVT UFDIOJRVFT IBWF CFFO EFWFMPQFE UP QSPCF DBSCPO TQFDJBUJPO JO DPNQMFY TZT�

UFNT� *OWBTJWF BQQSPBDIFT CBTFE PO TFQBSBUJPO UFDIOJRVFT IBWF CFFO MPOH VTFE GPS UIF

EFUBJMFE JEFOUJDBUJPO PG PSHBOJDT JO IFSJUBHF TBNQMFT ZFU UIF JOGPSNBUJPO FYUSBDUFE GSPN

B TFMFDUFE TBNQMJOH BSFB DBOOPU BEESFTT UIF TQBUJBM DIFNJDBM DPNQMFYJUZ� /PO�JOWBTJWF BM�

UFSOBUJWFT JO QBSUJDVMBS 'PVSJFS USBOTGPSN JOGSBSFE TQFDUSPTDPQZ 	'5�*3
 PQUJDBM 3BNBO NJ�

DSPTQFDUSPTDPQZ UJNF�PG�JHIU TFDPOEBSZ JPO NBTT TQFDUSPNFUSZ 	5P'�4*.4
 Y�SBZ QIPUP�

FMFDUSPO TQFDUSPTDPQZ 	914
 Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ 	9"4
 FMFDUSPO FOFSHZ MPTT TQFD�

USPTDPQZ 	&&-4
 BSF FNQMPZFE UP DIBSBDUFSJ[F DPNQMFY PSHBOJD NBUFSJBMT BOE UP QSPCF TQFDJB�

UJPO PG MJHIU FMFNFOUT FJUIFS UISPVHI QPJOU BOBMZTJT PS JNBHJOH <�ۗ�>� "MUIPVHI QPXFSGVM BOE

OPO�EFTUSVDUJWF UIF NBJO MJNJUBUJPO PG UIFTF UFDIOJRVFT JT UIF TVQFSDJBM JOGPSNBUJPO EFQUI

XIJDI JNQPTFT SFRVJSFNFOUT PO TBNQMF QSFQBSBUJPO BOE FOWJSPONFOU DPOTUSBJOUT� 9�SBZ 3B�

NBO TDB॒FSJOH 	934
 DPNQSJTFT B DPNQMFNFOUBSZ IBSE Y�SBZ CVML QSPCF PG MJHIU FMFNFOUT

	NJMMJNFUFST
 BOE PWFSDPNFT TQFDJD MJNJUBUJPOT PG UIFTFT UFDIOJRVFT�

य़JT UIFTJT TFU PVU UP JOWFTUJHBUF UIF QPUFOUJBMT PG 934 BT B OPO�JOWBTJWF JNBHJOH BOE TQFD�

USPTDPQJD UPPM GPS UIF TUVEZ PG QBMFPOUPMPHJDBM BSDIBFPMPHJDBM BOE BSU NBUFSJBMT CZ FYQMPSJOH

UISFF EJSFDUJPOT� UIF DIFNJDBM DPNQMFYJUZ UIF NJYJOH PG QIBTFT PS TQBUJBM IFUFSPHFOFJUZ� 934

JT B OPO�SFTPOBOU JOFMBTUJD TDB॒FSJOH QSPDFTT PG IBSE Y�SBZT XIJDI DBO QSPCF DIFNJDBM JOGPS�

NBUJPO JO DPNQMFY PSHBOJD TZTUFNT JODMVEJOH IFSJUBHF TBNQMFT <� ��>� 6TJOH IBSE Y�SBZT

�



934 QSPWJEFT TQFDJBUJPO JOGPSNBUJPO QSJNBSJMZ UP MJHIU FMFNFOUT TVDI BT DBSCPO XIPTF CJOE�

JOH FOFSHZ GBMMT JO UIF TPॏ Y�SBZ SFHJPO� *O UIF 934 QSPDFTT BO JODJEFOU QIPUPO PG UZQJDBM

FOFSHZ JO UIF �ۗ�� LF7 SBOHF JT JOFMBTUJDBMMZ TDB॒FSFE BOE QBSU PG JUT FOFSHZ JT USBOTGFSSFE UP

FYDJUF JOOFS TIFMM FMFDUSPOT JOUP VOPDDVQJFE TUBUFT <��>� य़JT NFUIPEPMPHZ FOBCMFT UIF NFB�

TVSFNFOU UP CF EPOF JO B OPO�JWBTJWF XBZ JO BJS BOE QSPWJEFT JOGPSNBUJPO OPU DPNQSPNJTFE

CZ TVSGBDF DPOUBNJOBUJPO XIJMF FOTVSJOH UIBU UIF EPNJOBOU TJHOBM DPOUSJCVUJPO JT GSPN UIF

CVML PG UIF QSPCFE NBUFSJBM <��>� *O ���� UIF UIFPSFUJDBM XPSL PG .J[VOP BOE 0INVSB FTUBC�

MJTIFE UIF DPOOFDUJPO CFUXFFO 934 BOE 9"4 <��> XIJMF UIF QJPOFFS FYQFSJNFOUBM XPSL PG

4V[VLJ TIPXFE FYQMJDJUMZ UIF STU Y�SBZ 3BNBO TQFDUSB <��>� 934 JT OPX BWBJMBCMF XJUI UIF

BEWFOU PG FYUSFNFMZ CSJHIU TZODISPUSPO TPVSDFT <��ۗ��>� 934 QPTTFTTFT UIF TFOTJUJWJUZ PG 9"4

UP UIF DIFNJDBM FOWJSPONFOU PG UIF BCTPSCJOH BUPN BOE QSPWJEFT JOGPSNBUJPO PO JUT DIFNJDBM

CPOEJOH BOE PYJEBUJPO TUBUF <��>� *O BEEJUJPO UIF TDB॒FSJOH PG IBSE Y�SBZ QIPUPOT CZ DPSF

FMFDUSPOT DBO MFBE UP IJHI NPNFOUVN USBOTGFS XIJDI FOIBODFT UIF NVMUJQPMBS DPOUSJCVUJPOT

DPNQBSFE UP DPOWFOUJPOBM 9"/&4 BOE FOMBSHF TQFDJBUJPO TFOTJUJWJUZ <��>� 934 JT UIFSFGPSF

B QSPNJTJOH BMUFSOBUJWF PG TPॏ 9"4 UFDIOJRVFT ۗ JODMVEJOH TDBOOJOH USBOTNJTTJPO Y�SBZ NJ�

DSPTDPQZ 	459.
 ۗ GPS UIF TUVEZ PG FMFDUSPOJD BOE QIZTJDP�DIFNJDBM QSPQFSUJFT PG NBUFSJBMT�

*O$IBQUFS � XF QSFTFOU UIF GVOEBNFOUBMT PG 934 SFRVJSFE UP VTF UIF UFDIOJRVF BOE EJTDVTT

UIF NBJO QBSBNFUFST PG UIF FYQFSJNFOUBM TFU�VQT UP PQUJNJ[F TQFDUSBM BOE TQBUJBM SFTPMVUJPO

XIJMF NBYJNJ[JOH TJHOBM�UP�OPJTF SBUJP� 8F DSJUJDBMMZ SFWJFX FYBNQMF BQQMJDBUJPOT UIBU UBSHFU

PO BOBMZTJT PG PSHBOJD TZTUFNT UIF JEFOUJDBUJPO PG NJOPS TQFDUSBM GFBUVSFT BOE UIF TQBUJBMMZ

EJTDSJNJOBUJPO JO IFUFSPHFOFPVT TZTUFNT�

य़SPVHI UIF BOBMZTJT PG DIFNJDBMMZ DPNQMFY TBNQMFT JODMVEJOH PSHBOJD QBMFPOUPMPHJDBM

TQFDJNFOT BOE QMBOU FYVEBUFT PG IFSJUBHF WBMVF XF FYBNJOF UIF EJFSFOU MFWFMT PG JOGPSNBUJPO

UIBU 934 DBO QSPWJEF XIJMF PQUJNJ[JOH UIF NFUIPEPMPHZ GPS FBDI TZTUFN� %FUBJMFE BOBMZTJT PG

UIF 934 TQFDUSBM TJHOBUVSFT PG DPSF FMFDUSPO USBOTJUJPOT JO UIF DBSCPO BOE PYZHFO BUPNT BMMPXT

VT UP JEFOUJGZ DIFNJDBM CPOET BOE JOUFSDPNQBSF PSHBOJD�SJDI IFSJUBHF NBUFSJBMT� *O $IBQUFS

� XF SFQPSU UIF OF TQFDUSPTDPQJD TUVEZ PG XFMM�QSFTFSWFE OBUJWF "VTUSBMJBO QMBOU FYVEBUFT

BTTFNCMFE B DFOUVSZ BHP CZ QMBOU OBUVSBMJTUT� 8F FNQMPZ 934 UP DIBSBDUFSJ[F UIF NPMFDV�

MBS DPNQPTJUJPOT PG XFMM�QSFTFSWFE OBUJWF "VTUSBMJBO QMBOU FYVEBUFT 	9BOUIPSSIPFB $BMMJUSJT

&VDBMZQUVT BOE "DBDJB
 GSPN B IJTUPSJD DPMMFDUJPO� 934 BOE '5�*3 QSPWJEF EFUBJMFE DIFNJDBM

JOGPSNBUJPO BCPVU UIFTF DPNQMFY OBUVSBM NBUFSJBMT BMMPXJOH B CSPBEFS VOEFSTUBOEJOH PG UIFJS

�|



UFSQFOPJE BSPNBUJD QIFOPMJD BOE QPMZTBDDIBSJEF DPNQPVOET BOE TVCTFRVFOU DIFNJDBM DMBT�

TJDBUJPO� य़F GVOEBNFOUBM VOEFSTUBOEJOH PG UIF DIFNJTUSZ PG UIFTF OBUJWF "VTUSBMJBO QMBOU

FYVEBUFT JT UIF STU TUFQ GPS UIFJS GVUVSF JEFOUJDBUJPO JO DPNQMFY IFSJUBHF PCKFDUT�

य़F FYQFSJNFOUBM XPSL QSFTFOUFE IFSF QSPWJEFT POF PG UIF STU JOWFTUJHBUJPOT JOUP IPX

UISFF�EJNFOTJPOBM DIFNJDBM JNBHJOH BQQFBST FTTFOUJBM GPS BEESFTTJOH DIFNJDBM DPNQMFYJUZ PG

BMUFSFE IFUFSPHFOFPVT IFSJUBHF NBUFSJBMT UIBU IBWF VOEFSHPOF EJBHFOFTJT BOE BHJOH QSPDFTTFT

PWFS UJNF� *O $IBQUFS � XF JOUSPEVDF �% Y�SBZ 3BNBO TDB॒FSJOH JNBHJOH 	93*
 JO UIF FME

PG OBUVSBM IFSJUBHF TUVEJFT� 5BLJOH BEWBOUBHF PG UIF EJSFDU UPNPHSBQIZ UFDIOJRVF CBTFE PO

DIFNJDBM CPOE DPOUSBTU XF DPMMFDU 934 DBSCPO ,�FEHF UPNPHSBQIJD JNBHFT PG BO FYDFQUJPOBMMZ

QSFTFSWFE TQFDJNFO B �� NJMMJPO�ZFBS PME BODJFOU JOTFDU FOUSBQQFE JO BNCFS BOE BTTFTT UIF

TQBUJBM EJTUSJCVUJPO PG PSHBOJD SFNOBOUT XIJDI FOIBODF PVS VOEFSTUBOEJOH PG UIF TQFDJNFOT

CJPDIFNJTUSZ NPMFDVMBS FWPMVUJPO BOE JOUFSBDUJPOT CFUXFFO UIF PSHBOJTN BOE UIF EFQPTJ�

UJPOBM TF॒JOH�

8IFO UIF MJNJU PG 934 TQBUJBM SFTPMVUJPO JT SFBDIFE 459. JT FNQMPZFE BT BO BMUFSOBUJWF

QSPCF GPS UIF JOWFTUJHBUJPO PG OBOPDPNQMFY PSHBOJD IFSJUBHF NBUFSJBMT� *O $IBQUFS � XF TIPX

IPX OBOPTDBMF DIFNJDBM DIBSBDUFSJ[BUJPO QSPWJEFE OFX JOTJHIUT JOUP UIF DBSCPO DIFNJTUSZ

PG PSHBOJD EBSL�DPMPVSFE QJHNFOUT� 459. EFNPOTUSBUFT UIF DPNQMFYJUZ PG BSUJTUJD QJHNFOUT

CBTFE PO DBSCPO UIBU DBOOPU CF BEESFTTFE BU UIF NJDSPNFUSJD TQBUJBM SFTPMVUJPO BDIJFWFE WJB

934� य़F OBOPTDBMF DIFNJDBM IFUFSPHFOFJUZ PCTFSWFE JO UIF BOBMZ[FE QJHNFOUT JOEJDBUFT B

OPO�IPNPHFOFPVT EJTUSJCVUJPO PG PSHBOJD QIBTFT QPTTJCMZ B SFTVMU PG WBSJFE DIFNJDBM USBOT�

GPSNBUJPOT PG UIF QSFDVSTPS NBUFSJBMT� 4UBUJTUJDBM BQQSPBDIFT FNQMPZFE GPS UIF FYQMPJUBUJPO PG

UIF 934 BOE 459. EBUB GBDJMJUBUFE UIF FYUSBDUJPO PG WBMVBCMF JOGPSNBUJPO PG UIF DIFNJDBMMZ

DPNQMFY PSHBOJD TZTUFNT TUVEJFE�

-BTUMZ XF EJTDVTT UIF FYJTUJOH DIBMMFOHFT BOE UIF BQQMJDBUJPOT QFSTQFDUJWFT PG UIJT QPX�

FSGVM UFDIOJRVF GPS DPNQMFY PSHBOJD TZTUFNT�

3FGFSFODFT

<�> 3JDIBSE 1 &WFSTIFE� ۠0SHBOJD SFTJEVF BOBMZTJT JO BSDIBFPMPHZ� UIF BSDIBFPMPHJDBM

CJPNBSLFS SFWPMVUJPO �ۡ *O� "SDIBFPNFUSZ ���� 	����
 QQ� ���ۗ����
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<�> 'SBODFTDB $BTBEJP $©MJOF %BIFS BOE -VEPWJD #FMMPU�(VSMFU� ۠3BNBO TQFDUSPTDPQZ PG

DVMUVSBM IFSJUBHF NBUFSJBMT� PWFSWJFX PG BQQMJDBUJPOT BOE OFX GSPOUJFST JO JOTUSVNFO�

UBUJPO TBNQMJOH NPEBMJUJFT BOE EBUB QSPDFTTJOH �ۡ *O� "OBMZUJDBM $IFNJTUSZ GPS $VMUVSBM

)FSJUBHF 	����
 QQ� ���ۗ����

<�> 4JMWJB 1SBUJ FU BM� ۠/FX GSPOUJFST JO BQQMJDBUJPO PG '5*3 NJDSPTDPQZ GPS DIBSBDUFSJ[BUJPO

PG DVMUVSBM IFSJUBHF NBUFSJBMT �ۡ *O� 5PQJDT JO $VSSFOU $IFNJTUSZ ����� 	����
 Q� ���

<�> 7JODFOU .B[FM FU BM� ۠*EFOUJDBUJPO PG SJUVBM CMPPE JO "GSJDBO BSUJGBDUT VTJOH 50'�4*.4

BOE TZODISPUSPO SBEJBUJPO NJDSPTQFDUSPTDPQJFT �ۡ *O� "OBMZUJDBM DIFNJTUSZ ����� 	����


QQ� ����ۗ�����

<�> 4DP॒ " 4BOEGPSE FU BM� ۠0SHBOJDT DBQUVSFE GSPN DPNFU ��1�8JME � CZ UIF 4UBSEVTU

TQBDFDSBॏ �ۡ *O� 4DJFODF �������� 	����
 QQ� ����ۗ�����

<�> "OO /FXNBO BOE 3PCFSU 8FOTMPX� ۠4PMJE�TUBUF $IBSBDUFSJ[BUJPO 5FDIOJRVFT �ۡ *O�

1IBSNBDFVUJDBM $SZTUBMT� 4DJFODF BOE &OHJOFFSJOH 	����
 QQ� ��ۗ����

<�> 4JNPO 3 ,FMFNFO FU BM� ۠%JSFDU DIBSBDUFSJ[BUJPO PG LFSPHFO CZ 9�SBZ BOE TPMJE�TUBUF

��$ OVDMFBS NBHOFUJD SFTPOBODF NFUIPET �ۡ *O� &OFSHZ � 'VFMT ���� 	����
 QQ� ����ۗ

�����

<�> 4ZMWJF %FSFOOF BOE य़BOI य़VZ /HVZFO 5V� ۠$IBSBDUFSJ[JOH UIF NPMFDVMBS TUSVDUVSF

PG PSHBOJD NB॒FS GSPN OBUVSBM FOWJSPONFOUT� "O BOBMZUJDBM DIBMMFOHF �ۡ *O� $PNQUFT

3FOEVT (FPTDJFODF ������� 	����
 QQ� ��ۗ���

<�> 4JNP )VPUBSJ FU BM� ۠%JSFDU UPNPHSBQIZ XJUI DIFNJDBM�CPOE DPOUSBTU �ۡ *O� /BUVSF .B�

UFSJBMT ���� 	����
 QQ� ���ۗ����

<��> 3BGBFMMB (FPSHJPV FU BM� ۠$BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �% Y�SBZ

3BNBO NVMUJTQFDUSBM JNBHJOH �ۡ *O� 4DJFODF BEWBODFT ��� 	����
 FBBX�����

<��> 8JOGSJFE 4DI¼MLF� ۠/PO�SFTPOBOU JOFMBTUJD 9�SBZ TDB॒FSJOH� 3FHJNF PG DPSF�FMFDUSPO

FYDJUBUJPOT 	9�SBZ 3BNBO TDB॒FSJOH
 �ۡ *O� &MFDUSPO %ZOBNJDT CZ *OFMBTUJD 9�3BZ 4DBU�

UFSJOH� /FX :PSL� 0YGPSE 6OJWFSTJUZ 1SFTT ���� QQ� ���ۗ����

<��> 1JFSSF (VFSJBV FU BM� ۠/POJOWBTJWF 4ZODISPUSPO�#BTFE 9�SBZ 3BNBO 4DB॒FSJOH %JT�

DSJNJOBUFT $BSCPOBDFPVT $PNQPVOET JO "ODJFOU BOE )JTUPSJDBM .BUFSJBMT �ۡ *O� "OB�

MZUJDBM $IFNJTUSZ ����� 	����
 QQ� �����ۗ������
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<��> :VLJP .J[VOP BOE :PTIJIJSP 0INVSB� ۠य़FPSZ PG 9�SBZ 3BNBO TDB॒FSJOH �ۡ *O� +PVSOBM

PG UIF 1IZTJDBM 4PDJFUZ PG +BQBO ���� 	����
 QQ� ���ۗ����

<��> 5BEBTV 4V[VLJ� ۠9�SBZ 3BNBO TDB॒FSJOH FYQFSJNFOU� * �ۡ *O� +PVSOBM PG UIF 1IZTJDBM 4P�

DJFUZ PG +BQBO ���� 	����
 QQ� ����ۗ�����

<��> 4JNP )VPUBSJ FU BM� ۠" MBSHF�TPMJE�BOHMF 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPNFUFS BU *%��

PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO

���� 	����
 QQ� ���ۗ����

<��> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<��> +FBO�1BTDBM 3VF FU BM� ۠य़F ("-"9*&4 CFBNMJOF BU UIF 40-&*- TZODISPUSPO� JOFMBTUJD

9�SBZ TDB॒FSJOH BOE QIPUPFMFDUSPO TQFDUSPTDPQZ JO UIF IBSE 9�SBZ SBOHF �ۡ *O� +PVSOBM

PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> +PBDIJN 4U¶IS� /&9"'4 TQFDUSPTDPQZ� 7PM� ��� 4QSJOHFS 4DJFODF � #VTJOFTT .FEJB �����

<��> .JDIBFM ,SJTDI BOE 'SBODFTDP 4F॒F� ۠9�SBZ 3BNBO TDB॒FSJOH GSPN MPX ; NBUFSJBMT �ۡ

*O� 4VSGBDF 3FWJFX BOE -FࡇFST ���� 	����
 QQ� ���ۗ����
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$IBQUFS �

9�SBZ 3BNBO TDBUUFSJOH� " IBSE Y�SBZ QSPCF PG

DPNQMFY PSHBOJD TZTUFNT

JTࡋ DIBQUFS QSPWJEFT B SFWJFX PG UIF DIBSBDUFSJ[BUJPO PG PSHBOJD TZTUFNT WJB Y�SBZ 3BNBO TDBU�

UFSJOH 	934
 BOE B TUFQ�CZ�TUFQ HVJEBODF GPS JUT BQQMJDBUJPO� 8F QSFTFOU UIF GVOEBNFOUBMT PG 934

SFRVJSFE UP VTF UIF UFDIOJRVF BOE EJTDVTT UIF NBJO QBSBNFUFST PG UIF FYQFSJNFOUBM TFU�VQT UP PQ�

UJNJ[F TQFDUSBM BOE TQBUJBM SFTPMVUJPO XIJMF NBYJNJ[JOH TJHOBM�UP�CBDLHSPVOE SBUJP� 8F SFWJFX

BQQMJDBUJPOT UIBU UBSHFU UIF BOBMZTJT PG NJYUVSFT PG DPNQPVOET UIF JEFOUJटDBUJPO PG NJOPS TQFDUSBM

GFBUVSFT BOE UIF TQBUJBM EJTDSJNJOBUJPO JO IFUFSPHFOFPVT TZTUFNT� 8F EJTDVTT UIF SFDFOU EFWFMPQ�

NFOU PG UIF EJSFDU UPNPHSBQIZ UFDIOJRVF XIJDI VUJMJ[FT UIF 934 QSPDFTT BT B DPOUSBTU NFDIBOJTN

GPS BTTFTTJOH UIF �% TQBUJBMMZ SFTPMWFE DBSCPO DIFNJTUSZ PG DPNQMFY PSHBOJD NBUFSJBMT� 8F DPO�

DMVEF CZ FYQPTJOH UIF DVSSFOU MJNJUBUJPOT PG UIF UFDIOJRVF�

��� *OUSPEVDUJPO

%FDJQIFSJOH UIF DIFNJDBM OBUVSF BOE QSPQFSUJFT PG DPNQMFY PSHBOJD TZTUFNT JT PG QBSBNPVOU

JNQPSUBODF GPS B WBTU DPSQVT PG TUVEJFT� GSPN DIBSBDUFSJ[BUJPO PG QSFCJPUJD PSHBOJD TZTUFNT

UP VOEFSTUBOE CJPNPMFDVMFT TZOUIFTJT BOE UIF QBUIXBZ UP MJWJOH TZTUFNT <�> UP UIF TUVEZ PG

OBUVSBM PSHBOJD TPMJET UIBU QMBZ B NBKPS SPMF JO UIF HMPCBM DBSCPO DZDMF <� �> BOE UIF TZOUIFTJT

PG OFX PSHBOJD DBSCPO GPSNT <�>� य़F BCVOEBODF BOE WBSJFUZ PG PSHBOJD DPNQPVOET DBO CF

FYQMBJOFE CZ DBSCPOT BCJMJUZ UP GPSN IZCSJEJ[FE PSCJUBMT <�> 	5BCMF ���
� 0SHBOJD TQFDJFT WBSZ

GSPN TJNQMF EJBUPNJD 	F�H� $/ $0 $� FUD
 BOE QPMZBUPNJD 	F�H� $)� $)� $�)� )$/ $)�0)

FUD
 NPMFDVMFT UP DPNQMFY NPMFDVMBS TUSVDUVSFT 	F�H� QPMZDZDMJD BSPNBUJD IZESPDBSCPOT DBS�

CPIZESBUFT UFSQFOPJET TUFSPJET BWPOPJET GVMMFSFOFT FQPYZ DPNQPVOET FUD
 PG TZOUIFUJD PS

OBUVSBM PSJHJO <�>� %FUFSNJOJOH UIF NPMFDVMBS DPNQPTJUJPO BOE DIFNJTUSZ JO DPNQMFY PSHBOJD

TZTUFNT JT DIBMMFOHJOH EVF UP NVMUJ�TDBMF IFUFSPHFOFJUZ 	J�F� TQBUJBM WBSJBUJPOT JO UIF DIFNJDBM

DPNQPTJUJPO
 EJFSFODF JO SFMBUJWF BCVOEBODF PG JOEJWJEVBM DPNQPOFOUT 	F�H� PSHBOJD QIBTFT

�



���� */530%6$5*0/ $IBQUFS �

NBZ CF QSFTFOU BT B NJOPS DPNQPOFOU
 BOE DPNQMFYJUZ PG DIFNJDBM DPNQPTJUJPO 	DPOTJTUJOH

PG EJFSJOH DIFNJDBM HSPVQT
 JO UIF WPMVNF QSPCFE�

)JTUPSJDBMMZ UIF TUSBUFHZ IBT CFFO FJUIFS UP EFDPNQPTF UIF TPMJET UIFSNBMMZ CFGPSF TFQ�

BSBUJOH JEFOUJGZJOH BOE RVBOUJGZJOH UIF HFOFSBUFE MJRVJET BOE HBTFT PS UP FNQMPZ TFMFDUJWF

DIFNJDBM GSBHNFOUBUJPOT EFSJWBUJ[BUJPOT DMFBWBHFT PS JPOJ[BUJPOT CFGPSF BOBMZTFT <�ۗ�>� :FU

JODPNQMFUF EFDPNQPTJUJPO BOE QPPSMZ DPOTUSBJOFE DIFNJDBM USBOTGPSNBUJPOT PDDVSSJOH EVSJOH

TVDI QSPDFEVSFT IBWF MPOH CFFO SFTQPOTJCMF GPS JOBDDVSBDJFT� "EEJUJPOBMMZ TVDI BQQSPBDIFT

POMZ ZJFME JOGPSNBUJPO FYUSBDUFE GSPN B TFMFDUFE TBNQMJOH BSFB XJUIPVU BEESFTTJOH TQBUJBM

DIFNJDBM DPNQMFYJUZ BOE SFRVJSF UIF EFTUSVDUJPO PG UIF TBNQMF� 7BSJPVT OPO�JOWBTJWF UFDI�

OJRVFT JODMVEJOH '5�*3 3BNBO TQFDUSPTDPQZ OVDMFBS NBHOFUJD SFTPOBODF 	/.3
 5P'�4*.4

914 9"4 BOE &&-4 BSF XJEFMZ FNQMPZFE UP DIBSBDUFSJ[F UIF TUSVDUVSF PG DPNQMFY PSHBOJD

NBUFSJBMT WJB QPJOU BOBMZTJT BOE JNBHJOH� य़FTF UFDIOJRVFT BSF VTFE UP QSPCF UIF TQFDJBUJPO

BOE SFMBUJWF RVBOUJUZ PG DBSCPO OJUSPHFO PYZHFO BOE TVMGVS <��ۗ��>� य़F BEWBOUBHF PG UIFTF

OPOJOWBTJWF UFDIOJRVFT JT UIBU VOBMUFSFE TPMJE TBNQMFT DBO CF BOBMZ[FE XJUIPVU UIFJS EFDPN�

QPTJUJPO BOE EFTUSVDUJPO� :FU FBDI PG UIFTF UFDIOJRVFT IBT MJNJUBUJPOT BOE DBSCPO TQFDJBUJPO

SFNBJOT DIBMMFOHJOH EVF UP B NVMUJUVEF PG FYQFSJNFOUBM DPOTUSBJOUT JODMVEJOH TBNQMF QSFQBSB�

UJPO TBNQMF FOWJSPONFOU QSPCF EFQUI BOE TFOTJUJWJUZ BOE TQBUJBM SFTPMVUJPO� *O UIJT SFWJFX

XF TIPX IPX UIF 934 BQQSPBDI QSPWJEFT B QPXFSGVM DPNQMFNFOU UP UIFTF XFMM�FTUBCMJTIFE

UFDIOJRVF GPS DIBSBDUFSJ[JOH UIF TQFDJBUJPO PG MJHIU FMFNFOUT JO DPNQMFY PSHBOJD NBUFSJBMT�

9�SBZ BCTPSQUJPO OFBS FEHF TUSVDUVSF 	9"/&4
 BU UIF DBSCPO ,�FEHF DBO CF BQQMJFE JO

DPNQMFY PSHBOJD TZTUFNT UP FMVDJEBUF UIF MPDBM DBSCPO CPOEJOH FOWJSPONFOU <�� ��>� 4Pॏ

Y�SBZ TZODISPUSPO�CBTFE UFDIOJRVFT IBWF CFFO FNQMPZFE UP DPMMFDU DBSCPO ,�FEHF 9"/&4

EBUB JO EJWFSTF PSHBOJD NBUFSJBMT XJUI TQBUJBM SFTPMVUJPO EPXO UP UIF OBOPNFUSJD TDBMF <��>�

%FTQJUF UIF CSPBE VTF UIF TIPSU QFOFUSBUJPO EFQUI PG TPॏ Y�SBZT 	GFX IVOESFE OBOPNFUFST
 JO

UIF DBSCPO ,�FEHF SBOHF 	���ۗ��� F7
 JNQPTFT SFTUSJDUJPOT PO UIF TBNQMF QSFQBSBUJPO 	F�H� UIJO

GPDVTFE JPO CFBN 	'*#
 TFDUJPOJOH
 BOE FOWJSPONFOU 	F�H� WBDVVN MPX�; FOWJSPONFOU
�

9�SBZ 3BNBO TDB॒FSJOH JT B IBSE Y�SBZ OPO�SFTPOBOU JOFMBTUJD TDB॒FSJOH QSPDFTT JO XIJDI

BO JODJEFOU QIPUPO JT TDB॒FSFE BOE QBSU PG JUT FOFSHZ JT USBOTGFSSFE UP FYDJUF JOOFS TIFMM FMFD�

USPOT JOUP VOPDDVQJFE TUBUFT <��>� "T TVDI 934 DBO QSPCF MPX�FOFSHZ BCTPSQUJPO FEHFT XIPTF

CJOEJOH FOFSHZ GBMMT JOUP UIF TPॏ Y�SBZ SFHJPO XIJMF FYDJUJOH JO UIF IBSE Y�SBZ SFHJNF� 934

QPTTFTTFT UIF TFOTJUJWJUZ PG Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ 	9"4
 UP UIF DIFNJDBM FOWJSPONFOU

|�
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PG UIF BCTPSCJOH BUPN BOE QSPWJEFT JOGPSNBUJPO PO JUT DIFNJDBM CPOEJOH BOE PYJEBUJPO TUBUF�

6TJOH IBSE Y�SBZ QIPUPOT 934 DBO PWFSDPNF UIF MJNJUBUJPOT PG MPX FOFSHZ QSPCFT JO UFSNT PG

UIF TBNQMF FOWJSPONFOU PS TVSGBDF TFOTJUJWJUZ SFMBUFE UP UIF TIPSU QFOFUSBUJPO EFQUI PG TPॏ Y�

SBZT PS FMFDUSPOT� 934 JT UIFSFGPSF B QSPNJTJOH BMUFSOBUJWF PG TPॏ 9"4 UFDIOJRVFT ۗ JODMVEJOH

459. BOE USBOTNJTTJPO Y�SBZ NJDSPTDPQZ 	59.
 ۗ GPS UIF TUVEZ PG FMFDUSPOJD BOE QIZTJDP�

DIFNJDBM QSPQFSUJFT PG PSHBOJD NBUFSJBMT� 'VSUIFSNPSF 934 DBO QSPCF USBOTJUJPO TZNNFUSJFT

XIJDI BSF OPO�BDDFTTJCMF CZ 9"4 QSPWJEJOH BO BEEJUJPOBM LOPC GPS JOWFTUJHBUJOH NBUFSJBMT

QSPQFSUJFT�

य़F MBTU UXP EFDBEFT IBWF TFFO UIF SBQJE EFWFMPQNFOU PG 934�CBTFE SFTFBSDI GPS UIF TUVEZ

PG MPX�FOFSHZ FEHF USBOTJUJPOT GPS B WBSJFUZ PG PSHBOJD NBUFSJBMT <��ۗ��> MJRVJE TZTUFNT <��ۗ

��> JODMVEJOH XBUFS�CBTFE TZTUFNT <��ۗ��> HBTFT <��ۗ��> BOE DSZTUBMT <�� ��ۗ��>� 934 IBT

CFFO BMTP FNQMPZFE UP BDDFTT USBOTJUJPOT CFZPOE UIF EJQPMF MJNJU 	J�F� NVMUJQPMF USBOTJUJPOT
 JO

MJHIU FMFNFOUT <��ۗ��> MBOUIBOJEFT <��ۗ��> BOE BDUJOJEFT <��ۗ��>� 'PMMPXJOH UIF QJPOFFSJOH

XPSL CZ .BP FU BM� <��> B DPOTJEFSBCMF BNPVOU PG XPSL IBT CFFO QVCMJTIFE PO UIF VTF PG 934

GPS JO�TJUV DIBSBDUFSJ[BUJPO PGNBUFSJBMT VOEFS IJHI QSFTTVSF JO XIJDI UIF TBNQMFT BSF FODMPTFE

CZ EJBNPOE BOWJM DFMMT BOE B HBTLFU NBUFSJBM� य़F HPBM PG IJHI QSFTTVSF 934 TUVEJFT JT UP QSPCF

WBSJBUJPOT JO UIF CPOEJOH DIBSBDUFSJTUJDT PSCJUBM IZCSJEJ[BUJPO PYJEBUJPO TUBUF BOE TQJO TUBUF

UP VOEFSTUBOE UIF MPDBM BUPNJD TUSVDUVSF BOE�PS UIF DIBOHFT PG FMFDUSPOJD TUSVDUVSF PG UIF

NBUFSJBMT VOEFS TUVEZ� )JHI QSFTTVSF 934 FYQFSJNFOUT IBWF GPDVTFE PO UIF TUVEZ PG WBSJPVT

FEHFT JODMVEJOH UIF )F ,ۗFEHF <��> UIF -J ,ۗFEHF <��> UIF # ,ۗFEHF <��ۗ��> UIF $ ,ۗFEHF

<�� ��ۗ��> UIF / ,ۗFEHF <��ۗ��> UIF 0 ,ۗFEHF <�� �� �� �� ��ۗ�� �� �� �� ��ۗ���> UIF

$B -ۗFEHF <���> UIF 4J -ۗFEHF <�� ���> UIF 'F -ۗ <�� ���> BOE .ۗFEHFT <�� �� ���> UIF 7

.ۗFEHF <���> BOE UIF #B /ۗFEHF <��>� $PNQSFIFOTJWF SFWJFXT PO IJHI QSFTTVSF 934 TUVEJFT

XFSF QSPWJEFE CZ 3VF BOE 4IVLMB <���> -FF &OH BOE .BP <���> 4UFSOFNBOO BOE 8JMLF

<���>� 934 IBT CFFO FNQMPZFE GPS JO�TJUV UJNF�SFTPMWFE TUVEJFT PG DIFNJDBM SFBDUJPOT VOEFS

XFMM�EFOFE UIFSNPEZOBNJD DPOEJUJPOT BJNJOH UP VOEFSTUBOE UIF SFBDUJPO QBUIXBZT <�� ��

���ۗ���>� .PSF SFDFOUMZ 934 TUVEJFT IBWF GPDVTFE PO UIF TUVEZ PG MJUIJVN DPNQPVOET MJOLFE

XJUI UIF FNFSHJOH JOUFSFTU JO MJUIJVN�CBTFE CB॒FSJFT BOE�PS FOFSHZ NBUFSJBMT JO HFOFSBM <��

���ۗ���>�

#VJMEJOH PO UIF WBTUMZ FYQBOEFE QPUFOUJBM BOE JUT CSPBE JOUFSFTU XF SFWJFX IFSF UIF VTF

PG 934 BT B QSPCF GPS PSHBOJD NBUFSJBMT� 8F GPDVT PO DPNQMFY PSHBOJD TZTUFNT XIJDI QSFTFOU

�|
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NVMUJ�TDBMF IFUFSPHFOFJUZ EVF UP DIFNJDBM DPNQPTJUJPO TQBUJBM WBSJBUJPOT EJFSFODF JO SFMB�

UJWF BCVOEBODF PG UIFJS JOEJWJEVBM DPNQPOFOUT 	F�H� PSHBOJD QIBTFT QSFTFOU BT B NJOPS DPN�

QPOFOU
 PS DPNQMFY DIFNJDBM DPNQPTJUJPO 	DPOTJTUJOH PG EJFSJOH DIFNJDBM HSPVQT
 JO UIF

WPMVNF QSPCFE� 8F QSFTFOU UIF GVOEBNFOUBMT PG 934 BOE FYQMBJO UIF NBJO QBSBNFUFST PG UIF

FYQFSJNFOUBM TFU�VQT UP PQUJNJ[F TQFDUSBM BOE TQBUJBM SFTPMVUJPO XIJMF NBYJNJ[JOH TJHOBM�UP�

OPJTF BOE TJHOBM�UP�CBDLHSPVOE SBUJP� 8F QSPWJEF B TUFQ�CZ�TUFQ HVJEBODF GPS UIF DIBSBDUFSJ�

[BUJPO PG PSHBOJD TZTUFNT GPS SFBEFST XJUIPVU FYUFOTJWF LOPXMFEHF PG 934� 'JOBMMZ XF SFWJFX

FYBNQMF TUBUF�PG�UIF�BSU BQQMJDBUJPOT UIBU UBSHFU PO BOBMZTJT PG UIF NJYUVSFT PG DPNQPVOET

JEFOUJDBUJPO PG NJOPS GFBUVSFT JO TBNQMFT BOE SFTPMWJOH TQBUJBMMZ IFUFSPHFOFPVT TZTUFNT�

����� /PNFODMBUVSF

9�SBZ 3BNBO TDB॒FSJOH 	934
 TQFDUSPTDPQZ JT POF BWPS PG UIF OPO SFTPOBOU CSBODI PG

JOFMBTUJD Y�SBZ TDB॒FSJOH 	*94
 UFDIOJRVFT� *O UIF MJUFSBUVSF Y�SBZ 3BNBO TDB॒FSJOH JT BMUFS�

OBUJWFMZ PॏFO SFGFSSFE UP BT OPO�SFTPOBOU JOFMBTUJD Y�SBZ TDB॒FSJOH 	/3*94
 PS TIPSUFS /*94

GSPN DPSF FMFDUSPOT� य़SPVHIPVU UIJT UIFTJT XF XJMM VTF UIF UFSN Y�SBZ 3BNBO TDB॒FSJOH�

����� 1VCMJTIFE SFWJFXT BOE CPPLT

य़JT SFWJFX JT DPNQMFNFOUBSZ BOE XJMM OPU DPWFS UPQJDT BEESFTTFE JO QSFWJFXT SFWJFXT QBS�

UJDVMBSMZ IJHI�QSFTTVSF 934 BQQMJDBUJPOT <��� ��� ���>� *U XJMM QSPWJEF UIF NBJO UIFPSFUJDBM

CBDLHSPVOE VTFGVM GPS UIF VTF PG UIF UFDIOJRVFT JO DIFNJTUSZ CVU JT EPFT OPU BJN BU TVCTUJ�

UVUJOH FYUFOTJWF SFWJFXT PO JOFMBTUJD Y�SBZ TDB॒FSJOH UIFPSZ <���ۗ���>� " EFUBJMFE PWFSWJFX

PG UIF UIFPSFUJDBM CBDLHSPVOE PG UIF 934 QSPDFTT JT HJWFO JO DIBQUFST � BOE � PG UIF ۜ&MFDUSPO

EZOBNJDT CZ JOFMBTUJD Y�SBZ TDB॒FSJOH CPPL CZ 8� 4DI¼MLF <��>�

��� " CSJFG IJTUPSJDBM QFSTQFDUJWF

∗ "EBQUFE GSPN #FSHNBOO (MBU[FM BOE $SBNFS <���>�

"MUIPVHI UIF UIFPSFUJDBM CBTJT GPS MJHIU TDB॒FSJOH IBE CFFO QSPWJEFE CZ 4NFLBM <���> JO

���� SFTFBSDIFST QBJE QBSUJDVMBS B॒FOUJPO PODF JOFMBTUJD TDB॒FSJOHXBT QSPWFO CZ 3BNBO <���>�

*NNFEJBUFMZ BॏFS UIF PCTFSWBUJPO PG QIPUPOT JOFMBTUJD TDB॒FSJOH JO UIF PQUJDBM SFHJPO JO ����

3BNBO TVHHFTUFE UIF QSFTFODF PG BOBMPHPVT QIFOPNFOB JO UIF Y�SBZ SFHJNF <���> BOE SF�

|�
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k1, ħω1, ϵ1

k2, ħω2, ϵ2

q

x

y

z

Φ

2θ

dΩ

'JHVSF ���� 4ࠩFNBUJD EJBHSBN PG UIF JOFMBTUJD TDBUUFSJOH QSPDFTT� य़F JODJEFOU QIPUPO DIBS�
BDUFSJ[FE CZ XBWF WFDUPS k1 FOFSHZ !ω1 BOE QPMBSJ[BUJPO WFDUPS ϵ1 JT JOFMBTUJDBMMZ TDB॒FSFE
BOE QBSU PG JUT FOFSHZ FYDJUFT B DPSF FMFDUSPO JOUP BO VOPDDVQJFE TUBUF XIJMF UIF FYDFTT PG
FOFSHZ BOE NPNFOUVN JT SFMFBTFE XJUI B TDB॒FSFE QIPUPO DIBSBDUFSJ[FE CZ XBWF WFDUPS k2
FOFSHZ !ω2 QPMBSJ[BUJPO WFDUPS ϵ2 BOE NPNFOUVN USBOTGFS q�

TFBSDIFST TUBSUFE IVOUJOH GPS UIF QSPPG� "MSFBEZ JO UIF TBNF ZFBS VTJOH B .P Y�SBZ UVCF

BOE B CMPDL PG HSBQIJUF BT B TDB॒FSJOH FMFNFOU %BWJT BOE .JUDIFM DMBJNFE UP IBWF PCTFSWFE

B DBSCPO , MJOF DPSSFTQPOEJOH UP BO FOFSHZ MPTT PG ��� F7 <���>� IPXFWFS UIF SFTVMUT XFSF

OPU SFQSPEVDJCMF <��� ���>� 'JOBMMZ &ISFOCFSH BTTJHOFE UIF GFBUVSF PCTFSWFE CZ %BWJT BOE

.JUDIFM UP B -͡ VPSFTDFODF TJHOBM PG DPOUBNJOBUJPO PG UIF TBNQMF CZ VSBOJVN� *O B MF॒FS

UP $PNQUPO JO ���� 4PNNFSGFME SFGFSSFE UP UIF FYQFSJNFOUT CZ 3BZ <���> BOE TVHHFTUFE UIF

QSFTFODF PG 3BNBO MJOFT EVF UP UIF JOUFSBDUJPO PG 3¶OUHFO SBZT XJUI UIJO MBZFST PG DBSCPO�

4PNNFSGFME JOUFSQSFUFE UIF QSFTFODF PG EJTDSFUF MJOFT JO UIF TQFDUSVN BT SFTJEVFT PG UIF ,

FMFDUSPO DPOUSJCVUJPO UP UIF $PNQUPO CBOE DPNQPTFE CZ TDB॒FSFE QIPUPOT FYDJUJOH CVU OPU

JPOJ[JOH UIF TDB॒FSJOH BUPN <���>� %BT (VQUB SFQPSUFE UIF PCTFSWBUJPO PG UIF FFDU TFWFSBM

UJNFT JO UIF ��T <���ۗ���> BOE TVHHFTUFE UIF OBNF ۠ 4NFLBMۗ3BNBO NPEJFE Y�SBZ TDB॒FS�

JOH ۡ<���>� 'JOBMMZ JO ���� UIF UIFPSFUJDBM XPSL PG .J[VOP BOE 0INVSB <���> FTUBCMJTIFE

UIF DPOOFDUJPO CFUXFFO Y�SBZ 3BNBO TDB॒FSJOH BOE Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ XIJMF UIF

QJPOFFS FYQFSJNFOUBM XPSL PG 4V[VLJ <���> FYQMJDJUMZ TIPXFE UIF STU Y�SBZ 3BNBO TQFDUSB�

��|
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��� 1SJODJQMFT PG 934

य़F VOEFSMZJOH LJOFNBUJDT PG UIF JOFMBTUJD Y�SBZ TDB॒FSJOH QSPDFTT JT TIPXO JO 'JHVSF ���� "O

JODJEFOU QIPUPO DIBSBDUFSJ[FE CZ BO FOFSHZ !ω1 B XBWF WFDUPS k1 BOE B QPMBSJ[BUJPO WFDUPS

ϵ1 FYDJUFT B DPSF FMFDUSPO UP BO VOPDDVQJFE TUBUF XIJMF UIF FYDFTT PG FOFSHZ BOE NPNFOUVN

JT SFMFBTFE XJUI B TDB॒FSFE QIPUPO DIBSBDUFSJ[FE CZ BO FOFSHZ !ω2 B XBWF WFDUPS k2 BOE B

QPMBSJ[BUJPO WFDUPS ϵ2� %VSJOH UIF TDB॒FSJOH QSPDFTT UIF FOFSHZ !ω ≡ !(ω1 − ω2) BOE UIF

NPNFOUVN !q ≡ !(k1 − k2) BSF USBOTGFSSFE UP UIF UBSHFU FMFDUSPOT� 1SJPS UP UIF JOUFSBDUJPO

XJUI UIF QIPUPO UIF UBSHFU FMFDUSPOT BSF DIBSBDUFSJ[FE CZ B TUBUF WFDUPS |i⟩ BOE FOFSHZ &i�

"ॏFS UIF JOUFSBDUJPO UIF FMFDUSPOT BSF MFॏ JO B TUBUF |f⟩ XJUI FOFSHZ &f 	'JHVSF ���
� &OFSHZ

DPOTFSWBUJPO SFRVJSFT�

!ω = Ei − Ef . 	���


य़F USBOTGFSSFE NPNFOUVN JT FYQSFTTFE BT B GVODUJPO PG UIF TDB॒FSJOH BOHMF θ CZ

q2 = ∥q∥2 = k1
2 + k2

2 − 2k1k2 DPT(2θ). 	���


'PS Y�SBZT k1 ≈ k2 TP UIBU

q ≈ 2k1 TJO θ 	���


UIVT UIFNPNFOUVN USBOTGFS EFQFOET VOJRVFMZ PO UIF TDB॒FSJOH BOHMF BOE UIF JODPNJOHXBWF�

MFOHUI λ TJODF

k =
2π

λ
. 	���


����� .PNFOUVN USBOTGFS EFQFOEFODF

य़F DPODFQUVBM CBTJT PG JOFMBTUJD Y�SBZ TDB॒FSJOH PSJHJOBUF GSPN B ,SBNFSTۗ)FJTFOCFSH GPS�

NVMB EFSJWFE GSPN B QFSUVSCBUJPO USFBUNFOU VTJOH UIF JOUFSBDUJPO )BNJMUPOJBO EFTDSJCJOH UIF

JOUFSBDUJPO CFUXFFO UIF JODJEFOU FMFDUSPNBHOFUJD FME BOE UIF TDB॒FSJOH FMFDUSPO TZTUFN�

य़F )BNJMUPOJBOH DBO CF XSJ॒FO EPXO JOUP UXP UFSNT UIF OPO�JOUFSBDUJOH UFSNHo BOE

UIF JOUFSBDUJPO )BNJMUPOJBO UFSN Hi�

H = Ho +Hi. 	���


|��
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य़F UFSN Ho EFTDSJCFT UIF OPO�JOUFSBDUJOH FMFDUSPO TZTUFN BOE JT FRVBM UP

Ho =
∑

j

1

2m
p2
j +

∑

jj′

V (rjj′) 	���


XIFSF V (r) JT UIF TDBMBS QPUFOUJBM PG UIF FMFDUSPO TZTUFN BOE p JT UIF NPNFOUVN PQFSBUPS�

य़F TVN j, j′ JT PWFS BMM UIF FMFDUSPOT PG UIF TDB॒FSJOH TZTUFN�

य़F UFSN Hi EFTDSJCFT UIF JOUFSBDUJPO CFUXFFO UIF FMFDUSPOT BOE UIF JODJEFOU FMFDUSPNBH�

OFUJD FME BOE JT FRVBM UP

Hi =
∑

j

e2

2mc2
A2(rj)−

e

mc
A(rj) · pj 	���


XIFSF A(r) JT UIF PQFSBUPS PG UIF WFDUPS QPUFOUJBM PG UIF JOUFSBDUJOH FMFDUSPNBHOFUJD FME BU

UIF FMFDUSPO QPTJUJPO r� य़F TVN j JT PWFS BMM UIF FMFDUSPOT PG UIF TDB॒FSJOH TZTUFN EFTDSJCFE

CZ UIFJS NPNFOUVN pj BOE UIFJS QPTJUJPO rj �

य़F EPVCMF EJFSFOUJBM TDB॒FSJOH DSPTT TFDUJPO 	%%4$4
 JT DBMDVMBUFE GSPN UIF JOUFSBDUJPO

)BNJMUPOJBO Hi WJB 'FSNJT HPMEFO SVMF JO UIF TVEEFO BQQSPYJNBUJPO� *O OPO�SFTPOBOU 934

FYQFSJNFOUT UIF JODJEFOU Y�SBZ QIPUPO FOFSHZ JT GBS BXBZ GSPN BOZ FMFDUSPO CJOEJOH FOFSHZ PG

UIF TZTUFN BOE UIVT UIF A2 UFSN PG UIF FMFDUSPOۗQIPUPO JOUFSBDUJPO )BNJMUPOJBO EPNJOBUFT�

य़F NFBTVSFE RVBOUJUZ EFTDSJCFE CZ UIF EPVCMF EJFSFOUJBM TDB॒FSJOH DSPTT�TFDUJPO DBO CF

XSJ॒FO BT
d2σ

dΩdω2
=

(
dσ

dΩ

)

य़
S(q,ω). 	���


य़F UFSN (
dσ

dΩ
)य़ SFQSFTFOUT UIF य़PNTPO EJFSFOUJBM TDB॒FSJOH DSPTT TFDUJPO XIJDI EFTDSJCFT

UIF QIPUPO�FMFDUSPO DPVQMJOH TUSFOHUI BOE JT FRVBM UP

(
dσ

dΩ

)

Th

= r0
2

(
ω2

ω1

)
|ϵ1 · ϵ∗2|

2 	���


XIFSF r0 JT UIF DMBTTJDBM FMFDUSPO SBEJVT

r0 =
e2

mc2
. 	����


य़F EZOBNJD TUSVDUVSF GBDUPS S(q,ω) DPOEFOTFT BMM UIF JOGPSNBUJPO BCPVU UIF TDB॒FSJOH

��|
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NBOZ�CPEZ FMFDUSPO TZTUFN UIBU DBO CF PCUBJOFE CZ OPO�SFTPOBOU 934�

S(q,ω) =
∑

f

∣∣∣∣∣⟨f |
∑

j

e(−iq·rj)|i⟩

∣∣∣∣∣

2

δ(Ei − Ef + !ω). 	����


4VCTUJUVUJOH JO &R� ��� UIF EZOBNJDBM TUSVDUVSF GBDUPS S(q,ω) UIF OPO�SFTPOBOU 934 TDBU�

UFSJOH EJFSFOUJBM DSPTT�TFDUJPO JT

d2σ

dΩdω2
=

(
dσ

dΩ

)

य़

∑

f

∣∣∣∣∣⟨f |
∑

j

e(−iq·rj)|i⟩

∣∣∣∣∣

2

δ(Ei − Ef + !ω) 	����


JO B TZTUFN PG FMFDUSPOT JO QPTJUJPO rj � *O UIJT GPSN UIF 934 DSPTT�TFDUJPO JT FRVJWBMFOU UP BO

BCTPSQUJPO DSPTT�TFDUJPO XJUI eiq·r QMBZJOH UIF SPMF PG USBOTJUJPO PQFSBUPS� *O UIF MJNJU PG TNBMM

|q| eiq·r DBO CF FYQBOEFE JO B 5BZMPS TFSJFT BT

eiq·r ≈ 1 + iq · r − (q · r)2

2
+ ... 	����


������� -PX NPNFOUVN USBOTGFS

*O UIF DBTF PG MPX NPNFOUVN USBOTGFS R UIF TFDPOE UFSN q · r EPNJOBUFT� य़F DPOTUBOU UFSN

(eiq·r ≈ 1) EPFT OPU DPOUSJCVUF UP UIF DSPTT�TFDUJPO HJWFO UIBU UIF JOJUJBM BOE OBM TUBUFT BSF

PSUIPHPOBM 	⟨f |i⟩ = 0
� "T TIPXO CZ .J[VOP BOE 0INVSB <���> XIFO UIF EJQPMF BQQSPYJNB�

UJPO q · r ≪ 1 JT GVMMMFE UIF EZOBNJD TUSVDUVSF GBDUPS 4	q,ω
 GPS B HJWFO DPSF FMFDUSPO K DBO

CF XSJ॒FO BT
d2σ

dΩdω2
→

∑

f

q2| ⟨i|r|f⟩|2δ(Ei − Ef + !ω) 	����


BOE UIF 934 QSPDFTT CFDPNFT QSPQPSUJPOBM UP UIF QIPUPBCTPSQUJPO DSPTT�TFDUJPO� *O 9"4 UIF

DPOWFOUJPOBM BCTPSQUJPO USBOTJUJPO PQFSBUPS (ϵ · r)e(ik·r) TJNQMJFT JOUP ϵ · r JO UIF EJQPMBS

BQQSPYJNBUJPO JO XIJDI XF TFU e(ik·r) ≈ 1 BTTVNJOH UIBU UIF PSCJUBM SBEJVT r JT NVDI TNBMMFS

UIBO UIF XBWFMFOHUI k−1 PG UIF BCTPSCFE SBEJBUJPO� य़F UFSN ϵ · r JO 9"4 DBO CF DPNQBSFE

UP UIF UFSN q · r JO 934 XIFSF UIF NPNFOUVN USBOTGFS q QMBZT UIF SPMF PG UIF QPMBSJ[BUJPO

WFDUPS ϵ� "T UIF NPNFOUVN USBOTGFS q JT JODSFBTJOH UIF EJQPMF BQQSPYJNBUJPO JT JOTVਖ਼DJFOU

BOE JU JT SFDPNNFOEFE UP FYQBOE e(ik·r) JO TQIFSJDBM IBSNPOJDT <��>�

|��
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������� )JHIFS NPNFOUVN USBOTGFS

934 DBO BDDFTT OPO�EJQPMF USBOTJUJPOT JG JU SFBDIFT UIF SBOHF XIFSF q · r ≥ 1 <���>� य़F

UFSN q · r EFQFOET PO UIF QIPUPOT JODJEFOU FOFSHZ BOE UIF TDB॒FSJOH BOHMF UIVT UIF EJQPMF

BQQSPYJNBUJPO 	q ·r < 1
 JT OPU WBMJE GPS BMM HFPNFUSJFT� (JWFO B DPOTUBOU JODJEFOU FOFSHZ 934

FOBCMFT EJQPMF GPSCJEEFO USBOTJUJPOT CZ JODSFBTJOH UIF TDB॒FSJOH BOHMF θ UIVT JODSFBTJOH UIF

USBOTGFSSFE NPNFOUVN q ≈ 2k1 TJO θ 	'JHVSF ���
� .FBTVSFNFOUT BU EJFSFOU qT ZJFME BDDFTT

UP UIF FOUJSF VOPDDVQJFE EFOTJUZ PG TUBUFT <���>�

����� $PNQUPO TDB॒FSJOH

8IFO UIF SFDJQSPDBM NPNFOUVN USBOTGFS q−1 JT TNBMM 	J�F� GPS WFSZ MBSHF q
 DPNQBSFE UP UIF

NFBO PSCJUBM SBEJVT 	rc
 PG UIF BCTPSCJOH BUPN UIF TDB॒FSJOH UBLFT QMBDF XJUIJO UIF JNQVMTF

BQQSPYJNBUJPO XIFSF TJOHMF�QBSUJDMF QSPQFSUJFT PG UIF TZTUFN BSF QSPCFE� य़F JNQVMTF BQ�

QSPYJNBUJPO UIFPSZ BTTVNFT UIBU UIF FMFDUSPOT PG UIF UBSHFU DBO CF USFBUFE BT TJOHMF QBSUJDMFT

XIFO UIF FOFSHZ BOE NPNFOUVN PG UIF JODJEFOU Y�SBZT BSF MBSHF DPNQBSFE UP UIF DIBSBDUFS�

JTUJD FOFSHZ E0 	J�F� CJOEJOH FOFSHZ GPS JOOFS TIFMM TUBUFT 'FSNJ FOFSHZ GPS WBMFODF FMFDUSPOT


BOE NPNFOUVN PG UIF CPVOE TUBUF <��� ���>� य़JT CSBODI PG JOFMBTUJD Y�SBZ TDB॒FSJOH JT DBMMFE

$PNQUPO TDB॒FSJOH BOE JU QSPWJEFT BDDFTT UP TJOHMF QBSUJDMFT NPNFOUB J�F� UIF FMFDUSPO NP�

NFOUVN EJTUSJCVUJPO PG UIF TZTUFN HJWFO UIBU qrc ≫ 1 BOE !ω ≫ E0 <��>�

#BTJD LJOFNBUJDT PG $PNQUPO TDB॒FSJOH

य़F CBTJD LJOFNBUJDT PG $PNQUPO TDB॒FSJOH JT TIPXO JO 'JHVSF ����

य़F DPOTFSWBUJPO PG FOFSHZ SFRVJSFT

!ω1 +mec
2 = !ω2 +

√
p2ec

2 +m2
ec

4 	����


XIFSF !ω1 BOE !ω2 JT UIF FOFSHZ PG UIF JODJEFOU Y�SBZ QIPUPO BOE PG UIF TDB॒FSFE QIPUPO

SFTQFDUJWFMZ mec2 JT UIF SFTU NBTT FOFSHZ PG UIF UBSHFU FMFDUSPO BOE UIF UFSN
√
p2ec

2 +m2
ec

4

DPSSFTQPOET UP UIF FOFSHZ PG UIF SFDPJM FMFDUSPO FYQSFTTFE JO UFSNT PG JUT NPNFOUVN pe 	'JHVSF

����
�

��|
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'JHVSF ���� #BTJD LJOFNBUJDT PG $PNQUPO TDBUUFSJOH

य़F DPOTFSWBUJPO PG UIF NPNFOUVN SFRVJSFT

p2ec
2 = (!ω1)

2 + (!ω2)
2 − 2!2ω1ω2 DPT θ. 	����


य़F UXP FYQSFTTJPOT PG UIF FOFSHZ BOE NPNFOUVN DPOTFSWBUJPO 	&RVBUJPOT ���� BOE ����


DBO CF FRVBUFE UP HJWF UIF $PNQUPO XBWFMFOHUI TIJॏ ∆λC = λf − λi XIFSF λi BOE λf BSF

UIF JODJEFOU BOE TDB॒FSFE XBWFMFOHUIT

∆λC =
h

mec
(1− DPT θ). 	����


य़JT DPSSFTQPOET UP BO FOFSHZ TIJॏ ∆EC XIJDI TUSPOHMZ EFQFOET PO UIF JODJEFOU FOFSHZ

Ei BOE UIF TDB॒FSJOH BOHMF θ�

∆EC = Ei

(
Ef

mec2

)
(1− DPT θ) 	����


XIFSF Ef JT UIF TDB॒FSFE QIPUPO FOFSHZ�

����� 934 DPSF FMFDUSPO FYDJUBUJPOT

������� )ZCSJEJ[BUJPO PG DBSCPO

य़F DBSCPO FMFDUSPO DPOHVSBUJPO JO UIF HSPVOE TUBUF JT 1s22s22p2� य़F GPVS WBMFODF FMFDUSPOT

PG DBSCPO 2s22p2 BMMPX UIF GPSNBUJPO PG DPWBMFOU CPOET XJUI OVNFSPVT PUIFS FMFNFOUT TVDI

BT IZESPHFO OJUSPHFO PYZHFO TVMQIVS� य़F GPSNBUJPO PG PSHBOJD NPMFDVMFT UIFJS HFPNFUSZ

|��
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BOE NPMFDVMBS CPOEJOH JT PॏFO FYQMBJOFE UISPVHI UIF DPODFQU PG PSCJUBM IZCSJEJ[BUJPO� )Z�

CSJEJ[FE PSCJUBMT PDDVS UISPVHI B MJOFBS TVQFSQPTJUJPO PG DBSCPO BUPNJD PSCJUBMT 2s BOE 2px,y,z 

JO EJFSFOU QSPQPSUJPOT CFGPSF UIF DSFBUJPO PG NPMFDVMBS PSCJUBMT�

$BSCPO IZCSJEJ[BUJPO JO PDDVST JO UISFF UZQFT 	5BCMF ���
 <� ���>�

	J
 UIF sp3 IZCSJEJ[BUJPO PG DBSCPO JT B SFTVMU PG UIF 2s PSCJUBM XJUI UIF 2px BOE UIF 2pz

NJYJOH JO UXP DPNCJOBUJPOT�

Ψ1 =

√
1

4
2s+

√
1

2
(−2px) +

√
1

4
(−2pz) 	����


Ψ2 =

√
1

4
2s+

√
1

2
(2px) +

√
1

4
(−2pz) 	����


UP DSFBUF B QBJS PG sp3 IZCSJE PSCJUBMT BOE UIF NJYJOH PG 2s PSCJUBM XJUI UIF 2py BOE UIF 2pz  JO

UXP DPNCJOBUJPOT�

Ψ3 =

√
1

4
2s+

√
1

2
(−2py) +

√
1

4
(2pz) 	����


Ψ4 =

√
1

4
2s+

√
1

2
(2py) +

√
1

4
(2pz) 	����


UP DSFBUF BOPUIFS QBJS PG sp3 IZCSJE PSCJUBMT� *O UPUBM GPVS sp3 UFUSBIFESBM IZCSJE PSCJUBMT BSF

GPSNFE�

	JJ
 य़F sp2 IZCSJEJ[BUJPO PG DBSCPO JT UIF SFTVMU PG NJYJOH UIF 2s PSCJUBM XJUI UIF 2px BOE

2pz  JO UXP DPNCJOBUJPOT�

Ψ1 =

√
1

3
2s+

√
1

2
(−2px) +

√
1

6
(2pz) 	����


Ψ2 =

√
1

3
2s+

√
1

2
(2px) +

√
1

6
(2pz) 	����


UP GPSN B QBJS PG sp2 IZCSJE PSCJUBMT BOE UIF NJYJOH PG UIF 2s PSCJUBM XJUI UIF 2pz

Ψ3 =

√
1

3
2s+

√
2

3
(−2pz) 	����


��|
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UP GPSN UIF UIJSE IZCSJE PSCJUBM� *O UPUBM UISFF sp2 QMBOBS IZCSJE PSCJUBMT BSF GPSNFE BOE POF

QFSQFOEJDVMBS 2py PSCJUBM SFNBJOT VOBFDUFE�

	JJJ
 य़F sp IZCSJEJ[BUJPO PG DBSCPO JT UIF SFTVMU PG NJYJOH UIF 2s PSCJUBM XJUI UIF 2px JO

UIF UXP QPTTJCMF PSJFOUBUJPOT�

Ψ1 =

√
1

2
2s+

√
1

2
(−2px) 	����


Ψ2 =

√
1

2
2s+

√
1

2
(2px) 	����


UP GPSN B QBJS PG MJOFBS sp IZCSJE PSCJUBMT MFBWJOH UIF UXP QFSQFOEJDVMBS 2pz BOE 2py PSCJUBMT

VOBFDUFE�

������� $BSCPO NPMFDVMBS CPOEJOH

$BSCPO BUPNT BSF JOWPMWFE JO UIF GPSNBUJPO PG UXP CPOET� UIF π BOE σ� य़F PWFSMBQ PG UXP

BUPNJD PSCJUBMT 	IZCSJEJ[FE PS VOIZCSJ[FE
 HJWFT SJTF UP UXPNPMFDVMBS PSCJUBMT 	.0
� B CPOEJOH

PSCJUBM 	J�F� π PS σ
 XJUI FOFSHZ MPXFS UIBO UIF BUPNJD PSCJUBMT BOE BO BOUJCPOEJOH PSCJUBM 	J�F� π�

PS σ�
 XJUI IJHIFS FOFSHZ� य़F IJHIFS FOFSHZ BOUJCPOEJOH PSCJUBM JT FNQUZ JO UIF HSPVOE TUBUF�

य़F σ CPOE JT GPSNFE CZ UIF PWFSMBQ PG PSCJUBMT XIFSF UIF DFOUFS PG UIF FMFDUSPO EFOTJUZ BSF

PO UIF DPNNPO BYJT UP UIF UXP OVDMFJ� 'PS FYBNQMF GPS UIF GPSNBUJPO PG $ ) CPOE UIF

DBSCPO sp3 PSCJUBM JOUFSBDUT XJUI UIF IZESPHFO 1s PSCJUBM UP GPSN UIF σ$) CPOEJOH PSCJUBM BOE

UIF FNQUZ JO UIF HSPVOE TUBUF σ∗$) BOUJCPOEJOH PSCJUBM� " π CPOE JT GPSNFE CZ UIF PWFSMBQ

PG BEKBDFOU Q BUPNJD PSCJUBMT XIPTF BYFT BSF QBSBMMFM� य़F GPSNBUJPO PG B EPVCMF CPOE BT JO

BMLFOFT 	F�H� $)� $)�
 JT B SFTVMU PG B DPNCJOBUJPO PG B σ BOE B π CPOE� " USJQMF CPOE BT

JO BMLZOFT 	F�H� ) $ $ )
 JT GPSNFE CZ UIF DPNCJOBUJPO PG UXP π BOE POF σ CPOE� य़F

FYDJUBUJPO PG B DPSF FMFDUSPO JOUP B π� PS B σ� PSCJUBM EVF UP JOUFSBDUJPO XJUI B QIPUPO JT

SFGFSSFE UP BT B �Tۗσ� PS �Tۗπ� USBOTJUJPO BOE UIF FOFSHZ SFRVJSFE GPS UIF USBOTJUJPO DBO CF

DIBSBDUFSJTUJD PG UIF NPMFDVMF VOEFS TUVEZ 	5BCMF ��� ��� BOE 'JHVSF ��� ���
�

8JUIJO UIF MJNJUT PG UIF EJQPMF BQQSPYJNBUJPO 934 QSPWJEFT BDDFTT UP DPSF�MFWFM FYDJUB�

UJPO TQFDUSB PG MPX�Z NBUFSJBMT DPNQBSBCMF XJUI BCTPSQUJPO FEHFT BDDFTTJCMF CZ TPॏ Y�SBZT

BCTPSQUJPO TQFDUSPTDPQZ� 4JNJMBSMZ UP 9"4 JO 934 TQFDUSPTDPQZ XF PCTFSWF UIF USBOTJUJPOT PG

DPSF FMFDUSPOT UP CPVOE VOPDDVQJFE TUBUFT 	J�F� ۠QSF�FEHFۡ USBOTJUJPOT
 	'JHVSF ���
� *O JTPMBUFE
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)ZCSJEJ[BUJPO &YBNQMFT .PMFDVMBS PSCJUBMT

sp3
"MLBOFT
	F�H� $)�


� sp3 UFUSBIFESBM PSCJUBMT

H

σ

H

σ

Hσ

Hσ

sp2
"MLFOFT
	F�H� $�)�


� QMBOBS sp2 PSCJUBMT BOE �
QFSQFOEJDVMBS p PSCJUBM 	2pz


HH

H H
C C

π

σ

σ

σ

σ

σ

G
sp

"MLZOFT
	F�H� $�)�


� MJOFBS sp PSCJUBMT BOE � QFS�
QFOEJDVMBS p PSCJUBMT 	2py,z


HH C C
σ σσ

π
π

5BCMF ���� )ZCSJEJ[BUJPO PG DBSCPO PSCJUBMT <�>� $BSCPO IZCSJEJ[BUJPO PDDVST JO UISFF UZQFT�
UIF sp3 sp2 BOE sp IZCSJEJ[BUJPO�
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σ*

6 - 10 keV

Hard x-rays 6 - 10 keV

E
i

275
285

295
305

315
Δ
Ε
(eV

)

π* Unoccupied states

Ionization energy

Continuum

E i
- ΔE

Ei

Ef

ΔE

K-shell

'JHVSF ���� 9�SBZ 3BNBO TDBUUFSJOH JOEVDFE USBOTJUJPOT PG DPSF FMFDUSPO�

NPMFDVMFT UIF IJHIFTU PDDVQJFE BOE MPXFTU VOPDDVQJFE TUBUFT BSF PॏFO SFGFSSFE UP BT ۠IJHIFTU

PDDVQJFE NPMFDVMBS PSCJUBM 	)0.0
ۡ BOE ۠MPXFTU VOPDDVQJFE NPMFDVMBS PSCJUBM 	-6.0
 ۡ SF�

TQFDUJWFMZ� य़BOLT UP UIF TFOTJUJWJUZ UP UIF NPMFDVMBS PSCJUBMT UIF TQFDUSBM GFBUVSFT DMPTF UP UIF

BCTPSQUJPO FEHF BSF SFMBUFE UP UIF DIFNJDBM FOWJSPONFOU PG UIF BCTPSCJOH BUPN BOE QSPWJEF

JOGPSNBUJPO PO JUT DIFNJDBM CPOEJOH BOE PYJEBUJPO TUBUF�

" EBUBCBTF PG JOOFS TIFMM FYDJUBUJPO TQFDUSB HBUIFSJOH B MBSHF OVNCFS PG DBSCPO BOE PYZHFO

,�FEHFT TQFDUSB PG HBT QIBTF BUPNT BOE NPMFDVMFT SFDPSEFE CZ &&-4 JT QSPWJEFE CZ )JUDIDPDL

BOE .BODJOJ <���> 	'JHVSFT ������
� 459. DBSCPO ,�FEHF TQFDUSB PG SFGFSFODF DPNQPVOET BSF

BMTP QSPWJEFE CZ 4PMPNPO FU BM� <���> BOE -F (VJMMPV FU BM� <���>�

����� 934 TJNVMBUJPOT

$BMDVMBUJPOT PG UIF TQFDUSB PG NBUFSJBMT 	TPMJET NPMFDVMFT PS MJRVJET
 BSF QPTTJCMF VTJOH TFWFSBM

DPEFT XIJDI DBO UBLF JOUP BDDPVOU UIF q EFQFOEFODF BOE OPO�EJQPMBS FFDUT� य़F DPNQVUJOH

TDIFNF EJFST EFQFOEJOH PO UIF UZQF PG OBM TUBUF JOWPMWFE UIF 934 QSPDFTT� 0OF FMFDUSPO DBM�

DVMBUJPOT JNQMFNFOUFE BU &3,"-& <���> '&'' <���> '%./&4 <��> 4UP#F EF.PO <��� ���> PS

फ़BOUVN &413&440 <���ۗ���> XJMM XPSL XFMM GPS EFMPDBMJ[FE OBM TUBUF TVDI BT GPS UIF DBSCPO
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O

282 284 286 288 290 292
Energy(eV)

N

O

OH2N

O

O

OH

O

O

OH

OH

288.7
288.1

287.6
286.4 287.1

286.8
284.7

283.7 285.2
289.4

290.5

'JHVSF ���� $BSCPO DPSF FYDJUBUJPO SFGFSFODF TQFDUSB PG HBT QIBTF NPMFDVMFT SFDPSEFE CZ &&-4�
%BUB� )JUDIDPDL BOE .BODJOJ EBUBCBTF <���>�
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530.8
531.2

531.5
531.9

533.2 535.2 537 539.4
529.9 537.6536533.9

HO OH

OH

OH2N

O

OH

O

O

O

O

OH

O

530 535 540 545
Energy(eV)

'JHVSF ���� 0YZHFO DPSF FYDJUBUJPO SFGFSFODF TQFDUSB PG HBT QIBTF NPMFDVMFT SFDPSEFE CZ &&-4�
%BUB� )JUDIDPDL BOE .BODJOJ EBUBCBTF <���>�
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"TTJHONFOU &OFSHZ 	F7
 5SBOTJUJPOT

O

O

C O
Aromatic

"SPNBUJD DBSCPOZM 	$ 0
 BOE�PS RVJOPOF <���> ���ۗ����� �Tۗͯ�

C
C

"SPNBUJD BOE�PS PMFOJD DBSCPO <���> �����ۗ����� �Tۗͯ�

O
C
N

O

,FUPOFT 	3�$ 0
� OJUSJMFT 	$ /
<���>� FUIFST
	3�0�3
<���> ���ۗ��� �Tۗͯ�

OH

CxHy

a

b

1IFOPMT 	"S 0)
 	���ۗ����� F7
 <���>�
BMJQIBUJDT 	$Y)Z
 	�����ۗ��� F7
 <���> ���ۗ���

B �Tۗͯ�
C �Tۗ�Q�σ�

N

O

O
H

O

O O

"NJEFT 	3 $	 0
 /	33ۡ

�
DBSCPYZM	 $	 0
0)
�
BDFUBM DBSCPO 	3�$	03
� 3̸=)
<���>

�����ۗ����� �Tۗͯ�

OHR "MDPIPMT 	3 0)
 <���> ���ۗ����� �Tۗ�Q�σ�

CnH2n+1

O
O O

H
OC C

d

"EEJUJPOBM �Tۗͯ� USBOTJUJPOT PG DBSCPYZMJD PS QFS�
PYJEF HSPVQT�
BMLZM DBSCPO <��� ���>

���ۗ�����
D �Tۗͯ�

E �Tۗ�Q

ؾ
(SBQIJUJD NBUFSJBMT EJTQMBZ BO FYDJUPO BU �����
F7 XIJDI SFFDUT UIF FMFDUSPO EFMPDBMJ[BUJPO PWFS
TFWFSBM BSPNBUJD VOJUT <���>

����� �Tۗσ�

5BCMF ���� $IBSBDUFSJTUJD DPSF FMFDUSPO USBOTJUJPOT BU UIF DBSCPO ,�FEHF PG TJNQMF NPMFDVMFT�
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"TTJHONFOU &OFSHZ 	F7
 5SBOTJUJPOT

N

O

O

,FUPOFT 	3�$ 0 	����� F7
<���>�

"NJEFT 3 $	 0
 /	33ۡ
 	����� F7

<���>
�����ۗ����� �Tۗͯ�

O
H

O
$BSCPYZMT 	 $	 0
0)
<���> �����ۗ����� �Tۗͯ�

O
O 1FSPYJEFT 	3003
 <���> ���ۗ����� �Tۗσ�

OHR "MDPIPMT 	3 0)
 <���> �����ۗ����� �Tۗσ�

OH

O
H

O
1IFOPMT 	"S 0)
 <���>�

DBSCPYZMT 	 	$ 0
0)
 <���>
�����ۗ����� �Tۗπ�

O
O &YDJUBUJPOT UP 3ZECFSH .0T 	1FSPYJEFT 	3003
 <���>
 �����ۗ��� �Tۗ�T

OR
RO

OHR

1FSPYJEFT 	3003
 <���>�
"MDPIPMT	3 0) <���>

���ۗ����� �Tۗσ�

5BCMF ���� $IBSBDUFSJTUJD DPSF FMFDUSPO USBOTJUJPOT BU UIF PYZHFO ,�FEHF PG TJNQMF NPMFDVMFT�
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'JHVSF ���� $BMDVMBUJPO PG QIFOPM NPMFDVMF 934 TQFDUSVN� &YQFSJNFOUBM DBSCPO ,�FEHF 9"4
TQFDUSVN JO QIFOPM NPMFDVMF <GSPN 'SBODJT BOE )JUDIDPDL <���>> 	DJSDMFT
 BOE DPSSFTQPOEJOH
DPNQVUFE 934 TQFDUSVN 	MJOFT
 BU R � ���य़F$T SFGFS UP UIF EJFSFOU DBSCPO BUPNT BT MBCFMFE
JO UIF JOTFU�

,�FEHF� "O JMMVTUSBUJPO PG TVDI BQQSPBDIFT JT HJWFO JO 'JHVSF ��� BOE ���� 0$&"/ JNQMFNFOUT B

UXP�QBSUJDMF DPEF XIJDI DPOTJEFST NPSF FYBDUMZ UIF JOUFSBDUJPOT CFUXFFO UIF DPSF IPMF BOE UIF

FYDJUFE FMFDUPO� य़F 934 TQFDUSB BSF DBMDVMBUFE CZ TPMWJOH UIF #FUIF�4BMQFUFS FRVBUJPO <���

���>� 'JOBMMZ MPDBMJ[FE NVMUJQMFUT GFBUVSFT SFRVJSF BUPNJD MJLF NVMUJ�FMFDUSPOT DPEFT TVDI BT

$PXBOT DPEF <���> PS फ़BOUZ <���>� "MM UIFTF DPEFT PFS 934 EFEJDBUFE NPEVMFT�

"T BO JMMVTUSBUJPO XF IBWF DPNQVUFE UIF 934 TQFDUSVN JO UIF QIFOPM NPMFDVMF CZ

'%./&4 VTJOH B DMVTUFS PG �� SBEJVT BU q � �� IFSF DPNQBSFE UP &&-4 EBUB� य़F SFTVMUT

BSF TIPXO JO 'JHVSF ���� य़F DBMDVMBUJPOT QSPWJEFT B SFBMJTUJD EFTDSJQUJPO PG UIF 934 TQFDUSB

JODMVEJOH NVMUJQMF TDB॒FSJOH FFDUT FWFO UIPVHI TQFDUSBM EJFSFODFT SFNBJO� *OUFSFTUJOHMZ

UIF TQFDUSBM DPOUSJCVUJPOT PG BMM BUPNT QSFTFOU JO UIF DPOTJEFSFE BUPNJD DMVTUFS DBO CF TJOHMFE

PVU� *O QIFOPM UIJT TQFDUSBM EFDPNQPTJUJPO JOEJDBUFT UIBU UIF NBJO SFTPOBODF BU ��� F7 DPNFT
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O

O

OH

'JHVSF ���� %FOTJUZ GVODUJPOBM UIFPSZ 	%'5
 DBMDVMBUJPO PG MFWVMJOJD BDJE 934 TQFDUSVN�
&YQFSJNFOUBM DBSCPO ,�FEHF 934 TQFDUSVN 	CMVF
 BOE DPNQVUFE 934 TQFDUSVN 	SFE
 PG MFW�
VMJOJD BDJE� )JHHJOT FU BM� <��> QFSGPSNFE %'5 DBMDVMBUJPOT 	&3,"-& TPॏXBSF
 UP DPNQVUF
UIF UIFPSFUJDBM 934 TQFDUSVN BU NPNFOUVN USBOTGFS q�����−1 	BWFSBHF FYQFSJNFOUBM WBMVF
�
य़F FYQFSJNFOUBM DPSF FMFDUSPO USBOTJUJPOT BSF NBUDIJOH XJUI UIF DBMDVMBUJPO IPXFWFS UIF
FYQFSJNFOUBM JOUFOTJUZ JT OPU XFMM QSFEJDUFE� 4PVSDF� 3FQSPEVDFE GSPN )JHHJOT FU BM� <��>�
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GSPN UIF BSPNBUJD DBSCPOT XIJMF UIF ��� F7 GFBUVSF PSJHJOBUFT GSPN UIF IZESPYZM HSPVQ 	$�

BUPN
� य़F TBNF BUPN BMTP DPOUSJCVUFT UP UIF TQFDUSBM XFJHIU BU IJHIFS FOFSHZ BSPVOE ��� F7�

य़JT EFQBSUT GSPN UIF TJNQMJTUJD WJFX XIJDI SFMBUFT POF TJOHMF DIBSBDUFSJTUJD SFTPOBODF FOFSHZ

UP B HJWFO DIFNJDBM HSPVQ F�H� DBSCPYZM� य़VT DBMDVMBUJPOT DBO CF BO Fਖ਼DJFOU BJE UP JOUFSQSFU

UIF 934 EBUB�

����� $PNQMFNFOUBSJUZ BEWBOUBHFT BOE MJNJUT PWFS Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ

8IJMF UIF NPTU DPNNPOMZ VTFE Y�SBZ NFUIPET UP TUVEZ MPX�; FMFNFOUT BSF DPOWFOUJPOBM 9"4

UFDIOJRVFT VTJOH TPॏ Y�SBZT UIFSF BSF DFSUBJO TBNQMFT BOE TBNQMF DPOEJUJPOT XIFSF UIF BQQMJ�

DBUJPO PG NPSF QFOFUSBUJOH IBSE Y�SBZT JT BEWBOUBHFPVT BOE JO TPNF DBTFT DSJUJDBM� 934 PFST

UIJT DBQBCJMJUZ BOE DBO CF QFSGPSNFE JO�TJUV BOE JO�PQFSBOEP 	F�H� VTJOH B DIFNJDBM SFBDUJPO

DFMM
 VOEFS BNCJFOU DPOEJUJPOT 	BUNPTQIFSJD QSFTTVSF SFHVMBS IVNJEJUZ BOE SPPN UFNQFSB�

UVSF
 VOEFS FYUSFNF DPOEJUJPOT 	F�H� VTJOH B GVSOBDF PS EJBNPOE BOWJM DFMM
 BOE JO JUT OBUVSBM

QIBTF 	TPMJE MJRVJE PS HBT
� "T IBSE Y�SBZT QFOFUSBUF EFFQ JOUP UIF TBNQMF JU EPFT OPU IBWF

UP CF TVSGBDF�DMFBOFE PS EJMVUFE 	UP BWPJE TBUVSBUJPO JO VPSFTDFODF ZJFME�EFUFDUFE 9"4
� 934

UIVT PWFSDPNFT TFWFSBM EJਖ਼DVMUJFT SFMBUFE UP UIF TPॏ Y�SBZ QSPCF PG DPOWFOUJPOBM MPX�; 9"4

UFDIOJRVFT XIFSF UIF TBNQMFT IBWF UP CF FJUIFS TQFDJDBMMZ QSFQBSFE PS BMUFSFE PॏFO JO BO

JOWBTJWF NBOOFS PS TUVEJFE JO B WBDVVN DIBNCFS� 'PS FYBNQMF TDBOOJOH USBOTNJTTJPO Y�SBZ

NJDSPTDPQZ 	459.
 SFRVJSFT VMUSB UIJO TFDUJPOT 	UIJDLOFTT MPXFS UIBO UIF B॒FOVBUJPO MFOHUI

PG UIF TPॏ Y�SBZT
 VTVBMMZ QSFQBSFE WJB VMUSBNJDSPUPNZ PS '*# UFDIOJRVFT XIJDI NBZ CF SJTLZ

UP UIF TBNQMF� 934 TQFDUSBM TIBQF JT OPU BFDUFE CZ TFMG�BCTPSQUJPO QSPDFTTFT DPOUSBSZ UP TPॏ

Y�SBZT TUVEJFT JO XIJDI TQFDUSBM TBUVSBUJPO DBO CF PCTFSWFE EVF UP TFMG�BCTPSQUJPO� 8IJMF UIF

CVML TFOTJUJWJUZ PG UIF IBSE Y�SBZ QSPCF IBT QSBDUJDBM BEWBOUBHFT CZ BWFSBHJOH UIF TJHOBM PWFS

B MBSHFS WPMVNF 934 JT OPU TFOTJUJWF UP TQBUJBMMZ SFTPMWF OBOPTDBMF IFUFSPHFOFJUZ�

#PUI 934 BOE 459. TQFDUSPTDPQZ BSF BFDUFE CZ BOHVMBS EFQFOEFODF� "T BO FYBNQMF

GPS IJHIMZ PSJFOUFE QZSPMZUJD HSBQIJUF 	)01(
 UIF JOUFOTJUZ PG ͯ� USBOTJUJPOT JT NJOJNJ[FE

XIFO UIF BOHMF PG JODJEFODF 	α
 CFUXFFO UIF TZODISPUSPO CFBN BOE UIF D�BYJT PG )01( JT

α = 0 XIJMF UIF JOUFOTJUZ PG σ� USBOTJUJPOT JT NBYJNJ[FE <���> 	'JHVSF ���� #
� )PXFWFS

QFSGPSNJOH CVML 934 NFBTVSFNFOUT QSPWJEFT B TUBUJTUJDBMMZ TJHOJDBOU BTTFTTNFOU PG DBSCPO

TQFDJBUJPO DPNQBSFE UP TPॏ�9"4 FYQFSJNFOUT� $PMMFDUJOH B TQFDUSVN PG IJHIMZ PSJFOUFE TZT�

UFNT 	F�H� OPO�QPXEFS HSBQIJUJD�TQFDJFT
 UISPVHI 459. JT DIBMMFOHJOH EVF UP UIF QPMBSJ[BUJPO�

��|
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EFQFOEFODF PG DPSF USBOTJUJPOT BMUIPVHI JU DBO CF BDIJFWFE UISPVHI DPOUSPM PG UIF QPMBSJ[BUJPO

PG UIF JODJEFOU CFBN�

$POUSBSZ UP 9"4 934 NFBTVSFNFOUT NBZ ZJFME BDDFTT UP UIF VOPDDVQJFE EFOTJUZ PG TUBUFT

CFZPOE UIF EJQPMF MJNJU <���> XIFO UIF NPNFOUVN USBOTGFS PG UIF TDB॒FSFE QIPUPO q JT MBSHF

<���> 	TFF TVCTFDUJPO �������
� य़JT DBO MFBE UP OFX TQFDUSBM GFBUVSFT UIBU DBO CF FYQMPJUFE GPS

HBJOJOH DIFNJDBM JOGPSNBUJPO PG FOIBODFE JNBHJOH DPOUSBTU�

य़F NBJO MJNJUBUJPO PG 934 JT UIF TNBMM DSPTT�TFDUJPO PG UIF OPO�SFTPOBOU JOFMBTUJD TDB॒FS�

JOH QSPDFTT 	PO UIF PSEFS PG GFX CBSOT
 XIJDI JT PSEFST PG NBHOJUVEFT MPXFS UIBO UIF QSPC�

BCJMJUZ PG QIPUP�BCTPSQUJPO QSPDFTT 	.CBSOT
 	'JHVSF ���
� " TVDDFTTGVM 934 FYQFSJNFOU UIVT

SFRVJSFT B IJHI VY NPOPDISPNBUJD JODJEFOU CFBN BOE B MBSHF TPMJE�BOHMF EFUFDUJPO TZTUFN

dΩ 	'JHVSF ���
 PG UIF JOFMBTUJDBMMZ TDB॒FSFE Y�SBZT XJUI IJHI TQFDUSBM SFTPMVUJPO�

"EEJUJPOBM MJNJUBUJPOT PG 934 TJHOBM EFUFDUJPO BQQMZ XIFO UBSHFUJOH PO UIF DIBSBDUFSJ[B�

UJPO PG IFUFSPHFOFPVT TZTUFNT� 8IFO UIF TBNQMF DPOTJTUT PG PSHBOJD BOE JOPSHBOJD QIBTFT

TJHOBM EFUFDUJPO PG UIF 934 TJHOBM DPNJOH GSPN MJHIU FMFNFOUT DBO CF IJOEFSFE EVF UP BCTPSQ�

UJPO PG UIF QIPUPOT CZ IFBWJFS FMFNFOUT QSFTFOU� 'VSUIFSNPSF TJODF 934 JT B OPO�SFTPOBOU

TDB॒FSJOH QSPDFTT UIF NFBTVSFE TJHOBM XJMM IBWF DPOUSJCVUJPOT GSPN BMM FMFDUSPOT� J�F� UIF NPSF

FMFDUSPOT UIFSF BSF JO UIF TBNQMF DPNQBSFE UP UIF UBSHFUFE DPSF FMFDUSPOT VOEFS TUVEZ 	UXP �T

FMFDUSPOT JO UIF DBTF PG DBSCPO ,�FEHF
 UIF NPSF EJਖ਼DVMU JU JT UP NFBTVSF UIF 934 TJHOBM�

��� &YQFSJNFOUBM TFDUJPO

(JWFO UIF MPX DSPTT TFDUJPO PG UIF 934 QSPDFTT UIF CSJHIUOFTT PG UIF Y�SBZ TPVSDF JT B WJUBM QB�

SBNFUFS UP QFSGPSN B TVDDFTTGVM 934 FYQFSJNFOU� #SJHIUOFTT JT EFOFE BT UIF OVNCFS PG QIP�

UPOT JO B DFSUBJO CBOEXJEUI QFS TFDPOE BOE QFS NN2 BOENSBE2� " TZODISPUSPO TPVSDF JT ��9 UP

��15 UJNFT CSJHIUFS UIBO BO Y�SBZ UVCF TPVSDF 	XJUI B CSJHIUOFTT PG ��8 QIPUPO�T�NN2�NSBE2
�

4ZODISPUSPO SBEJBUJPO DPWFST UIF Y�SBZ FOFSHZ SFHJPO XJUI B CSJHIUOFTT CFUXFFO ��17 BOE

��23 QIPUPO�T�NN2�NSBE2 <��� ���>� 4JODF UIF XJEF BWBJMBCJMJUZ PG TZODISPUSPO SBEJBUJPO BOE

UIF STU 934 TQFDUSPTDPQJD BQQMJDBUJPOT <��� ���> B OVNCFS PG DV॒JOH�FEHF FOE�TUBUJPOT IBWF

CFFO EFWFMPQFE EFEJDBUFE UP JOFMBTUJD TDB॒FSJOH GSPN DPSF FMFDUSPOT� " MJTU PG XPSMEXJEF IBSE

Y�SBZ CFBNMJOFT MPDBUFE JO WBSJPVT TZODISPUSPO GBDJMJUJFT FRVJQQFE XJUI FOE�TUBUJPOT EFEJ�

DBUFE GPS 934 FYQFSJNFOUT BSF TVNNBSJ[FE JO 5BCMF ����
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'JHVSF ���� $SPTT TFDUJPO PG JODPIFSFOU TDB॒FSJOH BOE QIPUPFMFDUSJD BCTPSQUJPO JO DBSCPO BT B
GVODUJPO PG FOFSHZ� %BUB GSPN #FSHFS FU BM� <���> 9$0.� 1IPUPO $SPTT 4FDUJPO %BUBCBTF�

4ZOࠩSPUSPO
GBDJMJUZ

#FBNMJOF &OFSHZ
SBOHF
	LF7


3FTPMWJOH
QPXFS
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5BCMF ���� )BSE Y�SBZ CFBNMJOFT FRVJQQFE XJUI FOE�TUBUJPOT EFEJDBUFE GPS 934 FYQFSJ�
NFOUT� B��CPVODF YFE�FYJU NPOPDISPNBUPS C��CPVODF DIBOOFM�DVU QPTU NPOPDISPNBUPS
D��CPVODF IJHI SFTPMVUJPO TZNNFUSJD DIBOOFM�DVU QPTU NPOPDISPNBUPS E��CPVODF IJHI SFTP�
MVUJPO BTZNNFUSJD DIBOOFM�DVU QPTU NPOPDISPNBUPS �,JSLQBUSJDL�#BF[ 	,#
 DPOHVSBUJPO
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8F DPMMFDU BO 934 TQFDUSVN CZ WBSZJOH UIF FOFSHZ USBOTGFSΔ& � &i�&f JO UIF SBOHF PG UIF

BCTPSQUJPO FEHF PG JOUFSFTU 	'JHVSF ���
� 5P PCUBJO UIF FOFSHZ USBOTGFS NFBTVSFNFOUT POF DBO

FJUIFS DIBOHF UIF JODJEFOU FOFSHZ &i BU YFE TDB॒FSFE FOFSHZ Ef PS DIBOHF UIF TDB॒FSFE FO�

FSHZ &f BU YFE &i� *O B TUBOEBSE QSPDFEVSF XJEFMZ BEPQUFE GPS 934 FYQFSJNFOUT UIF CFBNMJOF

NPOPDISPNBUPS 	UIVT TDBOOJOH UIF JODJEFOU FOFSHZ &i
 JT TDBOOFE JO UIF SBOHF PG UIF BCTPSQ�

UJPO FEHF PG JOUFSFTU XIJMF UIF TQFDUSPNFUFST BSF LFQU BU B YFE BOBMZ[JOH FOFSHZ 	&f 
� य़JT

BQQSPBDI LOPXO BT ۜJOWFSTF HFPNFUSZ JT UIF NPTU QSBDUJDBM POF BT JU JT FBTJFS UP TDBO UIF

CFBNMJOF NPOPDISPNBUPS UIBO BO BOBMZ[FS� *UT EPXOTJEF JT UIBU NPNFOUVN USBOTGFS WBSJFT

BT B GVODUJPO PG JODJEFOU FOFSHZ�

य़F TQFDUSPNFUFST JO UIF WBSJPVT CFBNMJOFT FOE�TUBUJPOT EFEJDBUFE GPS 934 TUVEJFT BSF

CVJMU CBTFE PO NVMUJQMF #SBHH DSZTUBM BOBMZ[FST QPTJUJPOFE JO CBDL�TDB॒FSJOH BOHMFT DMPTF UP

��p� य़JT BQQSPBDI BMMPXT UIF IJHI�SFTPMVUJPO NPOPDISPNBUJ[BUJPO PG UIF JODJEFOU BOE PG UIF

TDB॒FSFE QIPUPOT BOE FOTVSFT B MBSHF TPMJE BOHMF PG EFUFDUJPO BOE IJHI Fਖ਼DJFODZ PWFS UIF

XIPMF FOFSHZ SBOHF <���>�

����� &OFSHZ SFTPMVUJPO

य़F PWFSBMM FOFSHZ CSPBEFOJOH PG UIF FYQFSJNFOUBM EBUB DBO CF EJTDVTTFE VOEFS UXP IFBEJOHT�

UIF JOTUSVNFOUBM CSPBEFOJOH 	J�F� UIF FOFSHZ CBOEXJEUI PG UIF NPOPDISPNBUJ[FE JODJEFOU Y�

SBZ CFBN 	Δ&�&
m BOE PG UIF TQFDUSPNFUFS SFTPMVUJPO XIJDI JODMVEFT UIF BOBMZ[FS DSZTUBMT

DPOUSJCVUJPO 	Δ&�&
a
 BOE UIF MJGFUJNF CSPBEFOJOH� य़F FYDJUBUJPO PG B DPSF FMFDUSPO EVSJOH

UIF 934 QSPDFTT JNQMJFT UIF GPSNBUJPO PG B DPSF�IPMF XJUI B OJUF MJGFUJNF� 4VCTFRVFOUMZ UIF

TZTUFN XJMM SFTQPOE CZ MMJOH UIF DPSF IPMF XJUI BO FMFDUSPO GSPN BO VQQFS MFWFM XIJMF UIF

FYDFTT PG FOFSHZ JT SFMFBTFE UISPVHI FNJTTJPO PG "VHFS FMFDUSPOT PS VPSFTDFODF QIPUPOT�

)FJTFOCFSH VODFSUBJOUZ QSJODJQMF JNQMJFT

Γ ≈ !/τ 	����


XIFSF τ JT UIF MJGFUJNF PG UIF OBM TUBUF BOE Γ JT UIF GVMM XJEUI PG UIF SFTPOBODF UIBU DPOUSJCVUFT

UP UIF FOFSHZ SFTPMVUJPO� य़F OJUF MJGFUJNF DPSSFTQPOET UP BO VODFSUBJOUZ JO FOFSHZ XIJDI

MJNJUT UIF FOFSHZ SFTPMVUJPO PG UIF 934 TQFDUSB� य़F MBSHFS UIF BUPNJD OVNCFSZ BOE UIF EFFQFS

UIF DPSF IPMF UIF MBSHFS JT UIF OVNCFS PG IJHIFS FOFSHZ MFWFM FMFDUSPOT UIBU BSF BWBJMBCMF UP ESPQ
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Si spherically
bent crystal
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B. Monochromators and optics

A. Forward Rowland geometry

C. Carbon K-edge spectrum

2θforward

θ Β
θ Β

'JHVSF ���� 4ࠩFNBUJD SFQSFTFOUBUJPO PG UIF 934 FYQFSJNFOUBM TFU�VQ� " UVOBCMF NPOPDISP�
NBUJD Y�SBZ CFBN XJUI JODJEFOU FOFSHZ &i JOUFSBDUT XJUI UIF TBNQMF� य़F Y�SBZT TDB॒FSFE P
UIF TBNQMF BU B MPXFS FOFSHZ &f BSF EFUFDUFE UP EFUFSNJOF UIF FOFSHZ USBOTGFS &i�&f � य़F 934
TQFDUSVN JT PCUBJOFE XIFO UIF FOFSHZ USBOTGFS &i�&f JT WBSJFE PWFS UIF BCTPSQUJPO FEHF PG
JOUFSFTU 	F�H� ���ۗ��� F7 GPS UIF DBSCPO ,�FEHF
� य़F EFUFDUJPO TZTUFN DPOTJTUT PG TQIFSJDBMMZ
CFOU DSZTUBM BOBMZ[FST BOE B EFUFDUPS QMBDFE JO B 3PXMBOE DJSDMF HFPNFUSZ�
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BOE MM UIF DPSF IPMF UIVT UIF TIPSUFS JT UIF DPSF�IPMF MJGFUJNF τ XIJDI SFTVMUT JO MBSHFS FOFSHZ

VODFSUBJOUZ� य़F MJGFUJNF CSPBEFOJOH DBO CF SFQSFTFOUFE CZ B DPOUSJCVUJPO PG -PSFOU[JBO TIBQF�

*G UIF JOTUSVNFOUBM SFTPMVUJPO JT MBSHF DPNQBSFE UP UIF MJGFUJNF CSPBEFOJOH UIF MJOFTIBQFT PG

UIF DPSF FYDJUBUJPO TQFDUSB QFBLT BSF EFTDSJCFE CZ B (BVTTJBO GVODUJPO� य़F PWFSBMM SFTPMVUJPO

JT SFQSFTFOUFE CZ B 7PJHU GVODUJPO XIJDI JT UIF DPOWPMVUJPO PG B (BVTTJBO 	(
 BOE B -PSFOU[JBO

	-
� (
∆E

E

)
= G ∗ L. 	����


8IJMF UIF CSPBEFOJOH PG UIF FOFSHZ XJEUI EVF UP UIF OBUVSF PG UIF QSPDFTT 	J�F� MJGFUJNF PG

UIF DPSF�IPMF
 JT JOUSJOTJD BOE DBOOPU CF BEKVTUFE UIF JOTUSVNFOUBM CSPBEFOJOH DBO CF NJOJ�

NJ[FE UP PCUBJO UIF NPTU BEWBOUBHFPVT PWFSBMM FOFSHZ SFTPMVUJPO GPS UIF FYQFSJNFOU�

5P PQUJNJ[F UIF JOTUSVNFOUBM FOFSHZ SFTPMVUJPO HJWFO CZ�

(
∆E

E

)

ins

=

[(
∆E

E

)2

m

+

(
∆E

E

)2

a

]1/2
	����


UIF JODJEFOU CFBNT 		Δ&�&
m
 BOE UIF BOBMZ[FST 		Δ&�&
a
 FOFSHZ SFTPMVUJPO TIPVME CF DPN�

QBSBCMF� य़F TFMFDUJPO PG JODJEFOU CFBN BOE TDB॒FSFE QIPUPOT XBWFMFOHUIT JT PCUBJOFE

UISPVHI DSZTUBM EJSBDUJPO GPMMPXJOH #SBHHT MBX�

2d TJO θB = nλ 	����


XIFSF θB JT UIF #SBHH BOHMF PG UIF DSZTUBM QMBOFT UIF JOUFHFS n DPSSFTQPOET UP UIF PSEFS PG

SFFDUJPO λ JT UIF XBWFMFOHUI PG UIF QIPUPOT BOE d JT UIF MB॒JDF TQBDJOH PG DSZTUBMMPHSBQIJD

QMBOFT� 'PS B DVCJD DSZTUBM 	TVDI BT TJMJDPO
 JU JT HJWFO CZ�

d = α/(h2 + k2 + l2)1/2 	����


XIFSF α JT UIF MB॒JDF QBSBNFUFS BOE h, k, l BSF UIF.JMMFS JOEJDFT� 5PNPOPDISPNBUJ[F UIF Y�SBZ

CFBN BU B HJWFO FOFSHZ WBMVF E UIF #SBHH BOHMF θB  TIPVME CF TFU TVDI BT�

θB = BSDTJO λ

2d
= BSDTJO

(
hc

2dE

)
. 	����


य़F FOFSHZ SFTPMVUJPO 	Δ&�&
 PG B #SBHH DSZTUBM JT HJWFO CZ UIF EFSJWBUJWF PG &RVBUJPO �����
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∣∣∣∣
∆E

E

∣∣∣∣=
∣∣∣∣
∆λ

λ

∣∣∣∣= ∆θB DPU θB. 	����


*U JT UIFSFGPSF EFUFSNJOFE CZ UIF BOHVMBS TQSFBE ΔθB BOE UIF #SBHH BOHMF θB � )POLBOFO

BOE )VPUBSJ <���> BOE )POLBOFO FU BM� <���> QSPWJEF BO BDDVSBUF EFTDSJQUJPO PG UIF BOBMZ[FST

SFTPMVUJPO DPOTJEFSJOH UIF EZOBNJDBM UIFPSZ PG EJSBDUJPO�

������� .POPDISPNBUPST

9�SBZ NPOPDISPNBUPST BSF EFWJDFT CBTFE PO DSZTUBMT EJSBDUJPO FYQSFTTFE CZ #SBHHT MBX

	&RVBUJPO ����
 BOE BSF VTFE UP TFMFDU B SBOHF PG FOFSHJFT UIVT NBLJOH UIF TZODISPUSPO CFBN

NPOPDISPNBUJD UP B DFSUBJO CBOEXJEUI� य़F EFTJHO PG UIF NPOPDISPNBUPS NBZ WBSZ GPS FBDI

CFBNMJOF BOE UIF FOFSHZ SBOHF JT TFMFDUFE CBTFE PO UIF DPNCJOBUJPO PG DSZTUBMT VTFE UIFJS

PSJFOUBUJPO BOE HFPNFUSJDBM DPOTJEFSBUJPOT 	5BCMF ���
� .POPDISPNBUPST Y�SBZ EJSBDUJPO IBT

BO JOUSJOTJD BOHVMBS XJEUI LOPXO BT UIF %BSXJO XJEUI <���>� .POPDISPNBUPST BSF VTVBMMZ

EFTJHOFE JO DPNCJOBUJPO PG UXP DSZTUBMT BOE NPOPDISPNBUPST CSPBEFOJOH 	CFMPX UIF %BSXJO

XJEUI
 DBO CF SFEVDFE CZ TMJHIUMZ NJTBMJHOJOH UIF UXP TVDDFTTJWF Y�SBZ DSZTUBM EJSBDUJPOT

<���>�

"MM 934�EFEJDBUFE CFBNMJOFT BSF FRVJQQFE XJUI B 4J	���
 NPOPDISPNBUPS 	B4J������ BU

�� , E�B4J/
√
3 GPS h = k = l = 1
 XJUI BO FOFSHZ SFTPMVUJPO PG ≈ 10−4 DPSSFTQPOEJOH UP

Δ&≈��� F7 BU &≈�� LF7� 5P JNQSPWF FOFSHZ SFTPMVUJPO BEEJUJPOBM NPOPDISPNBUJ[BUJPO TUBHFT

BSF PॏFO JOUSPEVDFE JO CFBNMJOFT EFTJHO 	'JHVSF ���
� य़F PWFSBMM FOFSHZ SFTPMVUJPO PCUBJOFE

CZ UIF BEEJUJPO PG QPTU�NPOPDISPNBUPST JO WBSJPVT CFBNMJOFT QFSGPSNJOH 934 FYQFSJNFOUT

JT TVNNBSJ[FE BU 5BCMF ����

������� $SZTUBM BOBMZ[FST

" QSBDUJDBM XBZ UP QFSGPSN FYQFSJNFOUT JO B 3PXMBOE DJSDMF JT UIF +PIBOO BQQSPYJNBUJPO� *O

UIF +PIBOO HFPNFUSZ UIF BOBMZ[FS TVSGBDF JT TQIFSJDBMMZ CFOU XJUI B CFOEJOH SBEJVT FRVBM UP

UIF 3PXMBOE DJSDMF EJBNFUFS <���>� य़F LFZTUPOF PG +PIBOO�UZQF TQFDUSPNFUFST EFWFMPQFE GPS

JOFMBTUJD TDB॒FSJOH FYQFSJNFOUT BSF UIF TQIFSJDBMMZ CFOU DSZTUBM BOBMZ[FST XIJDI BSF DPNCJOFE

UP DPMMFDU UIF TDB॒FSFE QIPUPOT GSPN B MBSHF TPMJE BOHMF XIJMF TFMFDUJOH B TQFDJD QIPUPO

FOFSHZ 	!ω2
 BOE GPDVTJOH UIF TDB॒FSFE CFBN POUP UIF EFUFDUPS� 5P TVਖ਼DJFOUMZ TFMFDU B CBOE PG
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FOFSHJFT PG UIF SBEJBUJPO TDB॒FSFE�P UIF TBNQMF UIF BOBMZ[FS DSZTUBMT BSF QPTJUJPOFE BU #SBHH

BOHMFT θB DMPTF UP ��p� *O TVDI DBTF UIF BOHVMBS EJWFSHFODF∆θB IBT UIF TNBMMFTU DPOUSJCVUJPO

UP UIF FOFSHZ SFTPMVUJPO 	DPU θB → 0
 	&RVBUJPO ����
� #FSHNBOO BOE $SBNFS <���> EFTDSJCF

JO EFUBJM PUIFS HFPNFUSJDBM DPOUSJCVUJPOT UP UIF JOTUSVNFOUBM FOFSHZ SFTPMVUJPO XIJDI BSF

NJOJNJ[FE XIFO #SBHH BOHMF JT DMPTF UP ��p�

(JWFO UIBU UIF BOBMZ[FST BSF QPTJUJPOFE BU CBDL�TDB॒FSJOH #SBHH BOHMFT 	TMJHIUMZ MPXFS

UIBO ��p
 UIF NBJO DPOUSJCVUJPO UP UIF BOBMZ[FS SFTPMVUJPO JT UIF BOHVMBS DPNQSFTTJPO <���

��� ���>� #FOEJOH B DSZTUBM BOBMZ[FS JOEVDFT B TUSFTT 	J�F� BOHVMBS TUSBJO
 QFSQFOEJDVMBS UP JUT

TVSGBDF XIJDI DBVTFT B MB॒JDF EFGPSNBUJPO BOE SFTVMUT JO CSPBEFOJOH PG SFFDUJWJUZ DVSWFT

CBOEXJEUI� य़F UIFPSFUJDBM CBDLHSPVOE QSPWJEFE CZ 5BLBHJ BOE 5BVQJO <��� ���> EFTDSJCFT

UIF EJSBDUJPO QSPQFSUJFT PG CFOU BOBMZ[FS DSZTUBMT XIJMF OFHMFDUJOH UIF BOHVMBS DPNQSFTTJPO

DPOUSJCVUJPO� य़JT BQQSPBDI VTVBMMZ QSFEJDUT IJHIFS SFTPMWJOH QPXFS PG UIF BOBMZ[FS DPN�

QBSFE UP UIF FYQFSJNFOU� )POLBOFO FU BM� <���> TVDDFTTGVMMZ NPEFMFE UIF BOBMZ[FST SFFDUJW�

JUZ DVSWFT CZ UBLJOH JOUP BDDPVOU UIF BOHVMBS DPNQSFTTJPO BOE WJTVBMJ[FE UIF BOHVMBS TUSFTT

XIJDI IBT B SBEJBM�MJLF EJTQFSTJPO PWFS UIF TVSGBDF PG UIF DSZTUBM BOBMZ[FS� य़F SFFDUJWJUZ

DVSWF 	J�F� RVBTJ�FMBTUJD MJOF
 JT NFBTVSFE CZ TDBOOJOH UIF JODJEFOU QIPUPO FOFSHZ BDSPTT UIF

SBOHF PG UIF BOBMZ[FS FOFSHZ 	HJWFO CZ &RVBUJPO ����
� *O QSBDUJDF JNQSPWJOH UIF FOFSHZ SFT�

PMVUJPO PG UIF FYQFSJNFOU DBO CF BDIJFWFE CZ JODSFBTJOH UIF CFOEJOH SBEJVT PS EFDSFBTJOH UIF

BOBMZ[FS BSFB� *OUSPEVDJOH NBTL BQFSUVSFT JO GSPOU PG UIF BOBMZ[FST Fਖ਼DJFOUMZ SFEVDFT UIF

TUSBJO�JOEVDFE DPOUSJCVUJPOT UP UIF FOFSHZ SFTPMVUJPO XIJDI JT MBSHFS GSPN UIF PVUFS SBEJBM

QBSU PG UIF BOBMZ[FS DSZTUBM <���>� य़F UIFPSFUJDBM CBDLHSPVOE UP DBMDVMBUF UIF JOUFSOBM TUSFTT

BOE TUSBJO FMET PG TQIFSJDBMMZ CFOU DSZTUBMT JT QSPWJEFE CZ )POLBOFO BOE )VPUBSJ <���>� "O

BMUFSOBUJWF UP UIF DPOWFOUJPOBM TQIFSJDBMMZ CFOU DSZTUBMT JT UIF VTF PG CFOU�EJDFE DSZTUBMT� 'PS

CFOU�EJDFE DSZTUBMT B HSJE PG TUSFTT�SFMJFG DVUT BSF JOUSPEVDFE UP NJOJNJ[F MB॒JDF EFGPSNBUJPO

BOE BDIJFWF IJHIFS FOFSHZ SFTPMVUJPO QFSGPSNBODF <���>�

����� 4JHOBM�UP�OPJTF SBUJP

8F EFOF OPJTF BT UIF SBOEPN VOCJBTFE TJHOBM JO B NFBTVSFNFOU� य़F JSSFEVDJCMF NJOJNVN

MFWFM PG OPJTF QSFTFOU JO UIF FYQFSJNFOUT JT UIF TP�DBMMFE TIPU OPJTF BSJTJOH GSPN UIF DPVOUJOH

TUBUJTUJDT� 4IPU OPJTF EFTDSJCFT BOZ SBOEPN VODFSUBJOUZ JO B QIZTJDBM RVBOUJUZ DBVTFE CZ DPVOU�

JOH TUBUJTUJDT PG UIF EJTDSFUF FWFOUT UIBU VOEFSMJF UIF QIFOPNFOPO� *G UIF OVNCFS PG QIPUPOT
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SFDFJWFE QFS TFDPOE 	J�F� DPVOUT
 IBT BO BWFSBHF WBMVFN BOE UIF QIPUPOT BSF SBOEPNMZ TQBDFE

UIF QSPCBCJMJUZ UP EFUFDU k QIPUPOT QFS TFDPOE JT HJWFO CZ UIF 1PJTTPO EJTUSJCVUJPO

P (k) =
Nke−N

N !
. 	����


'PS B MBSHF OVNCFS PG QIPUPOT UIF 1PJTTPO EJTUSJCVUJPO UFOET UPXBSET B (BVTTJBO EJTUSJ�

CVUJPO BOE UIF QSPCBCJMJUZ PG EFUFDUJOH k QIPUPOT QFS TFDPOE JT HJWFO CZ

P (k) =
1√
2πσ

e−(k−N)2/2σ2 	����


XJUI B NFBO PG N BOE TUBOEBSE EFWJBUJPO PG σ =
√
N  UIF TJHOBM�UP�OPJTF SBUJP 	4/3
 SBUJP JT

HJWFO CZ

4/3 = N/
√
N =

√
N. 	����


0WFSBMM UP JNQSPWF UIF TUBUJTUJDBM BDDVSBDZ PG B NFBTVSFNFOU 	J�F� JODSFBTF UIF 4/3
 CZ POF

PSEFS PG NBHOJUVEF POF TIPVME JODSFBTF UIF OVNCFS PG DPVOUT CZ UXP PSEFST PG NBHOJUVEF�

य़F CBTJD BQQSPBDI DVSSFOUMZ CFJOH BEPQUFE UP PQUJNJ[F UIF TJHOBM�UP OPJTF SBUJP GPS 934 FYQFS�

JNFOUT JT UIF VTF PG B TJOHMF QPJOU EFUFDUPS GPS NVMUJQMF DSZTUBM BOBMZ[FST <��� ���> BMUIPVHI

UIF ESBXCBDL PG TVDI DPOHVSBUJPO JT UIBU UIF EBUB SFDPSEFE BWFSBHFT PWFS B SBOHF PG TDBU�

UFSJOH BOHMFT� $POTJEFSJOH UIBU 934 TQFDUSB EFQFOE PO UIF NPNFOUVN USBOTGFS BOE UIVT PO

UIF TDB॒FSJOH BOHMF JEFBMMZ XF TIPVME JOUFSQSFU TFQBSBUFMZ UIF TJHOBM PG FBDI DSZTUBM BOBMZ[FS�

)PXFWFS HJWFO UIF MBSHF OVNCFS PG DSZTUBMT VTFE JO NPTU PG TUBUF�PG�UIF�BSU TQFDUSPNFUFST

TVDI BQQSPBDI DBO DPNQMJDBUF EBUB BOBMZTJT�

/PJTF JT BMTP HFOFSBUFE GSPN UIF FMFDUSPOJDT VTFE UP BNQMJGZ BOE QSPDFTT UIF EFUFDUPS TJHOBM�

"EEJUJPOBM TPVSDFT PG OPJTF DBO CF EVF UP SBQJE VDUVBUJPOT EVSJOH EBUB DPMMFDUJPO TVDI BT SBQJE

DIBOHFT BFDUJOH EFUFDUPST 	UFNQFSBUVSF PS QSFTTVSF PG UIF HBT JO BO JPO DIBNCFS
 BOE FFDUT

MJOLFE UP WBSJBUJPOT JO FMFDUSPOT PSCJU JO UIF TUPSBHF SJOH�

����� 0QUJNJ[BUJPO PG TJHOBM�UP�CBDLHSPVOE SBUJP

&WFSZ 934 TQFDUSVN TIPXT B CBDLHSPVOE TJHOBM BSJTJOH GSPN PUIFS QIZTJDBM QSPDFTTFT OPU

EJSFDUMZ SFMBUFE UP UIF 934 QSPDFTT� य़F NBJO QIZTJDBM QSPDFTTFT JOUSPEVDJOH BO BEEJUJPOBM

TJHOBM EVSJOH BO 934 FYQFSJNFOU DBO CF EJWJEFE JOUP UXP DBUFHPSJFT� 	B
 BEEJUJPOBM DPOUSJCV�

��|
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UJPOT GSPN JOFMBTUJD TDB॒FSJOH JO QBSUJDVMBS $PNQUPO TDB॒FSJOH BOE 	C
 CBDLHSPVOE BSJTJOH

GSPN UIF TBNQMF BOE JUT FOWJSPONFOU 	F�H� TUSBZ TDB॒FSJOH VPSFTDFODF
�

������� $POUSJCVUJPO GSPN $PNQUPO TDB॒FSJOH

" DBSFGVM TFMFDUJPO PG UIF NPNFOUVN USBOTGFS XJMM IFMQ NJOJNJ[JOH UIF DPOUSJCVUJPO GSPN

$PNQUPO TDB॒FSJOH <���>� %VSJOH BO 934 FYQFSJNFOU UIF $PNQUPO FOFSHZ TIJॏ∆EC 	&RVB�

UJPO ����
 DBO GBMM JO UIF FOFSHZ SBOHF PG UIF 934 TJHOBM UIF $PNQUPO TJHOBM UIFSFGPSF QSPEVDF

B CBDLHSPVOE BT XFMM BT DPSSFTQPOEJOH DPVOUJOH OPJTF� य़F $PNQUPO QSPMFT DBO CF QSFEJDUFE

CFGPSF UIF FYQFSJNFOU VTJOH UIF UBCVMBUFE )BSUSFF�'PDL 	)'
 BUPNJD $PNQUPO QSPMFT XIJDI

BSF DBMDVMBUFE GSPN UIF FMFDUSPO HSPVOE�TUBUF XBWFGVODUJPO JO UIF MJNJU PG UIF JNQVMTF BQ�

QSPYJNBUJPO <��� ���>� #Z TFMFDUJOH UIF NPNFOUVN USBOTGFS JO TVDI B XBZ UIBU UIF FOFSHZ

SBOHF PG UIF DPSF FEHF VOEFS TUVEZ GBMMT BXBZ GSPN UIF $PNQUPO QFBL NBYJNVN XF DBO

NBYJNJ[F UIF TJHOBM�UP�CBDLHSPVOE SBUJP UIFSFCZ TJNQMJGZJOH UIF TVCUSBDUJPO PG UIF WBMFODF

FMFDUSPO DPOUSJCVUJPO GSPN UIF UPUBM TQFDUSVN 	'JHVSF ����"
�

������� #BDLHSPVOE BSJTJOH GSPN UIF TBNQMF FOWJSPONFOU

य़F GPMMPXJOH BQQSPBDIFT DBO CF JNQMFNFOUFE UP NJOJNJ[F UIF CBDLHSPVOE BSJTJOH GSPN TUSBZ

TDB॒FSJOH GSPN UIF TBNQMF FOWJSPONFOU BOE�PS BJS BOE VPSFTDFODF TJHOBM HFOFSBUFE GSPN

FMFNFOUT JO UIF TBNQMF TFU�VQ� 	J
 Y�SBZ B॒FOVBUJPO BOE TDB॒FSJOH CZ BJS NPMFDVMFT DBO CF

NJOJNJ[FE CZ UIF VTF PG WBDVVN DIBNCFST 	PS PG IFMJVN FODMPTVSFT PS ۠IFMJVN CBHTۡ
 JO UIF

QBUI PG UIF TDB॒FSFE Y�SBZT GSPN UIF TBNQMF UP UIF BOBMZ[FS BOE�PS UIFO UPXBSET UIF EFUFDUPS

<��� ���>� य़JT BQQSPBDI NBYJNJ[FT UIF TJHOBM SFBDIJOH UIF EFUFDUPS BOE SFEVDFT UIF TDB॒FS�

JOH GSPN UIF BUNPTQIFSF XIJMF UIF TBNQMF DBO CF LFQU VOEFS BUNPTQIFSJD DPOEJUJPOT 	JJ
 B

UXP�EJNFOTJPOBM 	�%
 QJYFMBUFE EFUFDUPS DBO CF VTFE UP JTPMBUF UIF TJHOBM DPNJOH GSPN B SFHJPO

PG JOUFSFTU 	30*
 	'JHVSF ����
 <��� ���>� 9�SBZT TDB॒FSFE�P UIF TBNQMF BU EJFSFOU EFQUIT

BMPOH UIF JODJEFOU CFBN EJSFDUJPO XJMM GPDVT JO B EJFSFOU BSFB PG B UXP�EJNFOTJPOBM EFUFDUPS

	'JHVSF ����
 EVF UP QPJOU�UP�QPJOU GPDVTJOH QSPQFSUJFT PG UIF DSZTUBM BOBMZ[FST 	'JHVSF ����


<���>� 4VCTFRVFOUMZ UIF TJHOBM DPNJOH GSPN UIF TBNQMF DBO CF JTPMBUFE GSPN UIF VOXBOUFE

TDB॒FSJOH DPOUSJCVUJPO PVUTJEF UIF TBNQMF GSPN UIF TBNQMF FOWJSPONFOU 	BJS JO UIF CFBN

QBUI TBNQMF IPMEFS FUD�
 	JJJ
 TF॒JOH BT DMPTF BT QPTTJCMF UIF GPPUQSJOUT PG BMM UIF BOBMZ[FST

XJMM IFMQ UP BDIJFWF B UJHIU DPMMJNBUJPO PG UIF Y�SBZT SFFDUFE GSPN UIF #SBHH DSZTUBMT� *O UIBU

|��
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'JHVSF ����� $PNQUPO EFQFOEFODF PO NPNFOUVN USBOTGFS� "� 3BX EBUB PG IJHIMZ PSJ�
FOUFE QZSPMZUJD HSBQIJUF TIPXJOH UIF NPNFOUVN USBOTGFS EFQFOEFODF PG $PNQUPO TDB॒FSJOH�
#� #BDLHSPVOE TVCUSBDUFE BOE OPSNBMJ[FE DBSCPO ,�FEHF 934 EBUB PG )01( TIPXJOH UIF TDBU�
UFSJOH BOHMF EFQFOEFODF PG 934 TJHOBM EVF UP UIF BOJTPUSPQZ PG )01(� 4PVSDF� 3FQSPEVDFE
GSPN )VPUBSJ FU BM� <���>�
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Back Next Finish

Undoing ROI Nr. -3.Zoom again, click the 'Next' button to continue.

ROI

'JHVSF ����� �% EFUFDUPS JNBHF TIPXJOH UIF TJHOBM PG �� DSZTUBM BOBMZ[FST DPMMFDUFE BU *%��
	&43'
� य़F JNBHF JT VTFE UP TFMFDU UIF SFHJPO PG JOUFSFTU 	30*
 DPSSFTQPOEJOH UP UIF TJHOBM
DPNJOH GSPN UIF TBNQMF�

DBTF FOUSBODF TMJUT DBO CF VTFE UP NBTL UIF BDUJWF TVSGBDF PG UIF EFUFDUPS UP BWPJE BT NVDI BT

QPTTJCMF UIF TUSBZ TDB॒FSJOH <���> 	JW
 UIF Y�SBZT TDB॒FSFE�P UIF TBNQMF DPVME CF DPMMJNBUFE

JOEJWJEVBMMZ GPS FBDI BOBMZ[FS� UIJT BQQSPBDI DBO CF JNQMFNFOUFE XIFO B HSPVQ PG BOBMZ[FST

BSF LFQU JO B DIBNCFS CZ UIF VTF PG JOEJWJEVBM BQFSUVSFT BU JUT FOUSBODF <���> 	W
 VPSFTDFODF

TJHOBM DBO CF NJOJNJ[FE CZ TFMFDUJOH UIF JODJEFOU FOFSHZ CFMPX UIF JPOJ[BUJPO FOFSHZ PG UIF

FMFNFOUT QSFTFOU BॏFS EFUFSNJOBUJPO PG UIF VPSFTDJOH FMFNFOUT 	F�H� FMFNFOUT JO UIF TBNQMF

IPMEFS
 BSF LOPXO�

����� 934 �% *NBHJOH

934 JNBHJOH VUJMJ[JOH UIF EJSFDU UPNPHSBQIZ QSJODJQMF JOUSPEVDFE CZ )VPUBSJ FU BM� <���> JT B

QSPNJTJOH BEEJUJPOBM BTTFU UP XFMM�FTUBCMJTIFE UFDIOJRVFT EFEJDBUFE UP UISFF�EJNFOTJPOBM 	�%


JNBHJOH� $POUSBSZ UP DPOWFOUJPOBM �% Y�SBZ JNBHJOH NFUIPET 	J�F� BCTPSQUJPO�CBTFE �% Y�

SBZ DPNQVUFE UPNPHSBQIZ 	$5

 934 UPNPHSBQIZ JT CBTFE PO DIFNJDBM�CPOE DPOUSBTU BOE

EPFT OPU SFRVJSF BOZ SFDPOTUSVDUJPO BMHPSJUIN� *O PSHBOJD TBNQMFT QIPUPOT JO UIF IBSE Y�

SBZ SFHJNF 	�ۗ�� LF7
 XJMM QFOFUSBUF UIF TBNQMF GSPN GFX NJMMJNFUFST UP DFOUJNFUFST� 9�SBZT

TDB॒FSFE�P UIF TBNQMF BU EJFSFOU EFQUIT BMPOH UIF JODJEFOU CFBN EJSFDUJPO XJMM GPDVT PO

|��
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'JHVSF ����� 4ࠩFNBUJD SFQSFTFOUBUJPO PG UIF EJSFDU UPNPHSBQIZ JNBHJOH HFPNFUSZ� 8IFO
UIF JODJEFOU IBSE Y�SBZ CFBN JOUFSBDU JO�EFQUI XJUI B TBNQMF PG IFUFSPHFOFPVT OBUVSF UIF
QIPUPOT TDB॒FSFE�P UIF TBNQMF XJMM GPDVT POUP EJFSFOU QPTJUJPOT PO B �% QJYFMBUFE EFUFDUPS�
य़F TQIFSJDBMMZ CFOU DSZTUBM OPU POMZ NPOPDISPNBUJ[FT UIF TDB॒FSFE SBEJBUJPO CVU EVF UP JUT
QPJOU�UP�QPJOU QSPQFSUJFT BDUT BT B ۜNJSSPS GPS JNBHJOH UIF TBNQMF JO EFQUI� 4PVSDF� "EBQUFE
GSPN 4BIMF FU BM� <���>�

B EJFSFOU BSFB PG B UXP�EJNFOTJPOBM EFUFDUPS 	'JHVSF ����
 EVF UP QPJOU�UP�QPJOU GPDVTJOH

QSPQFSUJFT PG UIF DSZTUBM BOBMZ[FST 	'JHVSF ����
 <���>� य़F TVDDFTTJWF DPMMFDUJPO PG EBUB MBUFSBMMZ

CZ SBTUFS TDBOOJOH UIF PCKFDU BMMPXT UIF DPOTUSVDUJPO PG B �% UPNPHSBQIJD WPMVNF� य़F WPYFM

TJ[F JT EFOFE CZ UIF EJNFOTJPOT PG UIF CFBN MBUFSBMMZ BOE CZ UIF EFUFDUPS QJYFM TJ[F BMPOH

UIF CFBN� 'PS IZQFSTQFDUSBM JNBHJOH BO 934 TQFDUSVN DBO CF DPMMFDUFE GPS FBDI WPYFM CZ

TDBOOJOH UIF JODJEFOU FOFSHZ BDDPSEJOHMZ�

������� 4QBUJBM SFTPMVUJPO

य़F NBJO MJNJUBUJPO PG EJSFDU UPNPHSBQIZ DPNQBSFE UP BCTPSQUJPO BOE QIBTF�DPOUSBTU NJDSP�

DPNQVUFE UPNPHSBQIZ JT UIF MJNJUFE TQBUJBM SFTPMVUJPO� य़F TQBUJBM SFTPMVUJPO PG EJSFDU UPNPH�

SBQIZ JT MJOLFE XJUI UIF CFOU BOBMZ[FS DSZTUBMT RVBMJUZ BOE GPDVTJOH QSPQFSUJFT UIF TJ[F PG UIF

JODJEFOU CFBN 	≈ �� uN
 BOE UIF EFUFDUPS QJYFM TJ[F 	��ۗ��� uN
� "O BMHPSJUIN JOUSPEVDFE CZ

��|
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4BIMF FU BM� <���> DBO FOIBODF UIF TQBUJBM SFTPMVUJPO UISPVHI EFDPOWPMVUJPO PG UIF JOTUSVNFOUT

PQUJDBM SFTQPOTF GVODUJPO 	PS QPJOU TQSFBE GVODUJPO 	14'

�

��� 934 PG DPNQMFY PSHBOJD TZTUFNT

य़F TUFQT UPXBSET B UFDIOJRVFT EFWFMPQNFOU GPS UIF DIBSBDUFSJ[BUJPO PG DPNQMFY PSHBOJD TZT�

UFNT BSF UBSHFUJOH UIF JNQSPWFNFOU PG UISFF EZOBNJDT� TQFDUSBM TJHOBM BOE TQBUJBM� 934 JT DPO�

TUBOUMZ EFWFMPQJOH UP JEFOUJGZ BOE DIBSBDUFSJ[F PSHBOJD TQFDJFT BOE EJTDSJNJOBUF USBDFT� 8F

SFGFS UP DPNQMFY TZTUFNT CBTFE PO UIFJS DIFNJDBM DPNQPTJUJPO 	J�F� DPOTJTUJOH PG TVCTUBODFT

NJYUVSFT
 EJFSFODF JO SFMBUJWF BCVOEBODF PG UIFJS JOEJWJEVBM DPNQPOFOUT 	F�H� PSHBOJD QIBTFT

QSFTFOU BT B NJOPS DPNQPOFOU
 BOE NVMUJTDBMF IFUFSPHFOFJUZ�

����� "OBMZ[JOH NJYUVSFT PG DPNQPVOET

"O 934 TQFDUSVN DPMMFDUFE BU UIF DBSCPO ,�FEHF PS BU UIF PYZHFO ,�FEHF DBO CF FYQMPJUFE

UP JEFOUJGZ UIF DIBSBDUFSJTUJD BCTPSQUJPO GFBUVSFT PG UIF EJFSFOU DIFNJDBM HSPVQT QSFTFOU JO

DPNQMFY NBUFSJBMT� य़F 934 TJHOBM DBO CF JOUFSQSFUFE CZ EFDPNQPTJOH UIF TQFDUSVN VTJOH

B DPNCJOBUJPO PG (BVTTJBOT BU EJBHOPTUJD USBOTJUJPO FOFSHJFT 	TFF 4FDUJPO �����
 	5BCMFT ���

���
� %FDPNQPTJUJPO PG 934 TQFDUSB DBO BMTP CF PCUBJOFE UISPVHI 934 TJNVMBUJPOT UBLJOH JOUP

BDDPVOU UIF NPNFOUVN USBOTGFS EFQFOEFODF BOE OPO�EJQPMBS FFDUT 	TFF 4FDUJPO �����
� य़F

DPNQMFY DIFNJTUSZ PG DPNQPVOET DPOTJTUJOH PG TVCTUBODFT NJYUVSFT DBO CF CF॒FS UBDLMFE CZ

VTJOH TFU�VQT PQUJNJ[FE GPS DPMMFDUJOH 934 TQFDUSB BU IJHI FOFSHZ SFTPMVUJPO UIBU BQQSPBDI

UIF DPSF�IPMF MJGFUJNF PG UIF FMFNFOU VOEFS TUVEZ 	TFF 4FDUJPO �����
�

������� 1PMZDZDMJD BSPNBUJD IZESPDBSCPOT JO DSVEF PJMT

य़F STU TZTUFNBUJD 934 TUVEZ PG PSHBOJD TZTUFNT XBT SFQPSUFE JO FBSMZ ����T <��ۗ�� ���

���>� #FSHNBOO FU BM� FNQMPZFE 934 UP QSPCF UIF TUSVDUVSFT PG GVTFE BSPNBUJD SJOH TZTUFNT

JO BTQIBMUFOFT XIJDI BSF B GSBDUJPO PG UIF TVCTUBODFT GPVOE JO DSVEF PJM� $IBSBDUFSJ[JOH UIF

NPMFDVMBS TUSVDUVSF PG UIF BTQIBMUFOF GSBDUJPO QSPWJEFT JOGPSNBUJPO PG DSVEF PJMT QIFOPNFOP�

MPHJDBM CFIBWJPVS 	J�F� JUT GVODUJPO
� य़F PQFO RVFTUJPOT XIFO UBSHFUJOH PO UIF DIBSBDUFSJ[BUJPO

PG BTQIBMUFOFT BSPNBUJD SJOH TZTUFNT BSF UIFNFBO OVNCFS PG BSPNBUJD SJOHTNPJFUZ UIFXJEUI

PG UIF EJTUSJCVUJPO BOE UIF HFPNFUSZ PG UIF SJOH MJOLBHFT� य़F BVUIPST DPMMFDUFE 934 TQFDUSB

|��
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'JHVSF ����� $PSSFMBUJPO PG �T̝ؾ� USBOTJUJPOT UP UIF SBUJP PG EPVCMF CPOET WFSTVT TFY�
UFUT JO 1")T NPEFM DPNQPVOET� "� 934 DBSCPO ,�FEHF PG 1")T NPEFM DPNQPVOET� 'SPN
UPQ� USJQIFOZMFOF CFO[P<HIJ>QFSZMFOF CFO[P<B>QZSFOF OBQIUIP<��B>QZSFOF BOUISBDFOF
���CFO[BOUISBDFOF� #� 'VMM XJEUI IBMG NBYJNVN 	'8).
 PG UIF �T�ͯ� USBOTJUJPO DFOUFSFE
BU ≈ ��� F7 BT B GVODUJPO PG EPVCMF CPOET WFSTVT TFYUFUT JO 1")T NPEFM DPNQPVOET� य़F
EBTIFE MJOFT SFQSFTFOU UIF NFBTVSFE �T�ͯ� PG DPBM BOE DSVEF BTQIBMUFOFT� 4PVSDF� 3FQSPEVDFE
GSPN #FSHNBOO BOE .VMMJOT <��>�

BU UIF DBSCPO ,�FEHF PG TFMFDUFE QPMZDZDMJD BSPNBUJD IZESPDBSCPOT 	1")T
 NPEFM DPNQPVOET

BOE PG DPBMT BOE DSVEF PJM BTQIBMUFOFT� 1")T BSF DPNQPTFE PG GVTFE�SJOH IZESPDBSCPOT 	J�F�

UXP BSPNBUJD SJOHT UIBU TIBSF B QBJS PG DBSCPO BUPNT
� य़F NFBTVSFE MJOFXJEUI PG UIF �Tۗͯ�

SFTPOBODF BU ≈ ��� F7 PG UIF 1")T XBT VTFE UP VOEFSTUBOE UIF SBUJP PG JTPMBUFE EPVCMF CPOE

DBSCPO UP BSPNBUJD TFYUFU DBSCPO QSFTFOU JO UIF WBSJPVT BTQIBMUFOFT 	'JHVSF ����
� *U XBT PC�

TFSWFE UIBU UIF TIBSQFTU UIF �Tۗͯ� SFTPOBODF PG UIF NPEFM 1")T UIF IJHIFTU UIF QFSDFOUBHF PG

TFYUFU DBSCPO� य़F MJOF CSPBEFOJOH XBT JODSFBTJOH XJUI UIF JODSFBTF PG JTPMBUFE EPVCMF CPOET

GSBDUJPO� (JWFO UIF MBSHF EFHSFF PG TFYUFU DBSCPO QSFTFOU JO UIF BTQIBMUFOFT UIF HFPNFUSZ PG

UIF BSPNBUJD TZTUFNT XBT DIBSBDUFSJ[FE BT QFSJDPOEFOTFE 	J�F� UISFF BSPNBUJD SJOHT UIBU TIBSF

TJOHMF CSJEHFIFBE DBSCPO BUPNT
�

������� 1PMZDZDMJD BSPNBUJD IZESPDBSCPO NPEFM DPNQPVOET

/FFE GPS IJHIFS FOFSHZ SFTPMVUJPO FYQFSJNFOUT� 3FDFOU JOTUSVNFOUBM EFWFMPQNFOUT BM�

MPXFE UIF DPMMFDUJPO PG IJHI SFTPMVUJPO 	���NF7
 DBSCPO ,�FEHF TQFDUSB PG B TFMFDUJPO PG 1")T

��|
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NPEFM DPNQPVOET UP CF॒FS VOEFSTUBOE UIF PSJHJO PG UIF �Tۗͯ� 	SFTPOBODF BU ≈ ��� F7
 MJOF

CSPBEFOJOH <���>� य़F BVUIPST PCTFSWFE UIBU UIF MJOF CSPBEFOJOH QSFWJPVTMZ SFQPSUFE XJUI

MPXFS�SFTPMVUJPO EBUB JT B SFTVMU PG B MJOF TQMJ॒JOH XFMM EFOFE CZ UIF DPMMFDUJPO PG IJHI�

SFTPMVUJPO EBUB 	'JHVSF ����
� य़F MJOF TQMJ॒JOH JT NPSF QSPGPVOE BT UIF QFSDFOUBHF PG ͯ JTPMBUFE

EPVCMF CPOET 	*%#
 JT JODSFBTJOH� य़F MJOF TQMJ॒JOH XBT FYQMBJOFE CBTFE PO $MBST EFTDSJQUJPO

PG UIF FMFDUSPOJD TUSVDUVSF PG GVTFE BSPNBUJD TZTUFNT� "DDPSEJOH UP $MBST NPEFM UIF ͯ CPOET

JO QPMZDZDMJD BSPNBUJD IZESPDBSCPOT DBO DPOTJTU PG BSPNBUJD TFYUFU 	TJNJMBS UP CFO[FOF
 XIJDI

IBWF MBSHF IJHIFTU PDDVQJFE NPMFDVMBS PSCJUBM 	)0.0
ۗMPXFTU VOPDDVQJFE NPMFDVMBS PSCJUBM

	-6.0
 HBQT BOE JTPMBUFE EPVCMF CPOET 	TJNJMBS UP PMFOT
 XIJDI IBWF TNBMM )0.0ۗ-6.0

HBQT <DMBSBSPNBUJD>� य़F 934 FYQFSJNFOUBM TQFDUSB SFTVMU GSPN UIF TVNNBUJPO PG DPSF FMFD�

USPO USBOTJUJPOT UP VOPDDVQJFE NPMFDVMBS PSCJUBMT 	'JHVSF ����
� #BTFE PO )¼DLFM DBMDVMBUJPOT

UIF IJHI�MZJOH -6.0T GPS 1")T SJDI JO BSPNBUJD TFYUFU DBVTF TNBMM HBQ CFUXFFO -6.0 BOE

-6.0�� XIJDI SFTVMUT JO TIBSQ �Tۗͯ� SFTPOBODF BU≈��� F7 	F�H� QIFOBOUISFOF
 	'JHVSF ����
�

1")T SJDI JO JTPMBUFE EPVCMF CPOET IBWF B MPX�MZJOH -6.0 BOE B MBSHF -6.0ۗ-6.0�� HBQ

MFBEJOH UP B TQFDUSBM TQMJU PG UIF �Tۗͯ� 	F�H� BOUISBDFOF
 	'JHVSF ����
�

������� /BUVSBM�PDDVSSJOH PSHBOJD TZTUFNT

'PMMPXJOH UIF IJHI�SFTPMVUJPO TUVEZ PG 1")T 1PNFSBOU[ FU BM� <���> DPMMFDUFE IJHI�SFTPMVUJPO

934 DBSCPO ,�FEHF EBUB PG OBUVSBM�PDDVSSJOH PSHBOJD TZTUFNT <F�H� LFSPHFO 	J�F� PSHBOJD NB॒FS

GPVOE JO TFEJNFOUBSZ SPDLT
 BTQIBMUFOFT BOE GSFTI NBUFSJBMT 	F�H� BMHBF GFSO SIPEPEFOESPO

QFBU
> UP BTTFTT UIF EPNJOBOU FMFDUSPOJD TUSVDUVSFT PG GVTFE�SJOH TZTUFNT� य़F BVUIPST SFQPSU

UIF BCVOEBODF PG BSPNBUJD TFYUFUT DPNQBSFE UP JTPMBUFE EPVCMF CPOET B॒SJCVUFE UP JODSFBTFE

TUBCJMJUZ� BSPNBUJD TUSVDUVSFT XJUI MBSHF OVNCFS PG JTPMBUFE EPVCMF CPOET BSF MFTT TUBCMF UIVT

UIF QPTTJCJMJUZ UP TVSWJWF JO UIF HFPMPHJDBM SFDPSE JT GBS MFTT� "MUIPVHI TUVEZJOH DPNQMFY PS�

HBOJD TZTUFNT UIJT TUVEZ XBT OPU UBSHFUJOH PO UIF DBSCPO TQFDJBUJPO BOE DIFNJDBM JOUFSDPN�

QBSJTPO PG UIF TBNQMFT� य़F DPMMFDUFE DBSCPO ,�FEHF EBUBTFU DBO CF GVSUIFS FYQMPJUFE UP QSPWJEF

JOGPSNBUJPO PO UIF NPMFDVMBS CPOEJOH BOE IFUFSPBUPNT QSFTFODF JO UIF TBNQMFT�

य़F DMBTTJDBUJPO PG LFSPHFOT JOUP UZQFT * ** *** JT CBTFE PO UIF QSJODJQBM TPVSDF NBUFSJBM

BOE UIF IZESPHFO�DBSCPO SBUJP� 5ZQF * ** *** LFSPHFOT BSF EFQPTJUFE JO MBDVTUSJOF NBSJOF

BOE UFSSFTUSJBM FOWJSPONFOUT SFTQFDUJWFMZ� 1SJPS UP UIF BOBMZTJT UIF UZQF * BOE UZQF ** LFSPHFO

TBNQMFT XFSF TVCKFDUFE UP BDJE EFNJOFSBMJ[BUJPO VTJOH IZESPDIMPSJD BOE IZESPVPSJD BDJET UP
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'JHVSF ����� 934 TQFDUSB PG B TFSJFT PG 1")T DPNQPVOET� 'SPN UPQ UP CP॒PN UIF TQFDUSB
DPSSFTQPOE UP USJQIFOZMFOF QIFOBOUISFOF QZSFOF OBQIUIBMFOF BOUISBDFOF UFUSBDFOF BOE
QFOUBDFOF� � *%# DPSSFTQPOET UP UIF QFSDFOUBHF PG ͯ JTPMBUFE EPVCMF CPOET QSFTFOU JO UIF
EJFSFOU 1") DPNQPVOET� /PUF UIF QSPGPVOE MJOF TQMJ॒JOH BU ≈ ��� F7 BT UIF � *%# JT JO�
DSFBTJOH� य़F GFBUVSF DPSSFTQPOET UP �Tۗͯ� USBOTJUJPOT� 4PVSDF� 3FQSPEVDFE GSPN 1PNFSBOU[
FU BM� <���>�
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Anthracene
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PhenanthreneA.

B.

C.

Energy transfer (eV)

True aromatic sextets: 1s-π* singlet

Isolated double bonds: 1s-π* doublet

1

2

'JHVSF ����� .PMFDVMBS PSCJUBMT BOE934 TQFDUSB PG BOUISBDFOF BOE QIFOBOUISFOF� "� -6.0
BOE -6.0�� HSPVOE TUBUF XBWF GVODUJPO DPOUPVS NBQT PG DBSCPO OVDMFJ JO BOUISBDFOF 	MFॏ

BOE QIFOBOUISFOF 	SJHIU
� (SFFO DPMPVS SFQSFTFOUT UIF [FSP BNQMJUVEF BOE SFE BOE CMVF SFQSF�
TFOU PQQPTJUF QIBTF PG NBYJNVN BNQMJUVEFT� #� 1MPU PG UIF PDDVQJFE π BOE VOPDDVQJFE π� PS�
CJUBMT FOFSHZ MFWFMT GPS BOUISBDFOF 	MFॏ
 BOE QIFOBOUISFOF 	SJHIU
 BT FTUJNBUFE CZ )¼DLFM UIF�
PSZ� /PUF UIF -6.0 BOE -6.0�� FOFSHZ HBQ EJFSFODFT GPS BOUISBDFOF 	JODSFBTF PG -6.0ۗ
-6.0�� HBQ BOE EFDSFBTF PG UIF )0.0
 BOE QIFOBOUISFOF 	EFDSFBTF PG -6.0ۗ-6.0��
HBQ BOE JODSFBTF PG UIF )0.0
� $� &YQFSJNFOUBM 934 TQFDUSB PG BOUISBDFOF 	TQFDUSVN �

BOE QIFOBOUISFOF 	TQFDUSVN �
 SFTVMUJOH GSPN UIF TVN PG UIF USBOTJUJPOT UP UIF EJFSFOU ͯ�
VOPDDVQJFE NPMFDVMBS PSCJUBMT BU EJTUJODU FOFSHJFT� /PUF UIF TQMJU PG UIF �Tۗͯ� USBOTJUJPO JO
BOUISBDFOF EVP UP UIF MBSHF -6.0ۗ-6.0�� FOFSHZ HBQ� 4PVSDF� "EBQUFE BOE SFQSPEVDFE
GSPN 1PNFSBOU[ FU BM� <���>�
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SFNPWF UIF NJOFSBM QIBTF JO UIF TFEJNFOUBSZ SPDLT BJNJOH PO NJOJNJ[JOH UIF JNQVSJUJFT BOE

JTPMBUJOH UIF LFSPHFO UP JNQSPWF TJHOBM�UP�OPJTF SBUJP�

934 TQFDUSB PG JNNBUVSF UZQF * LFSPHFO 	GSFTI PVUDSPQ PG UIF &PDFOF (SFFO 3JWFS GPS�

NBUJPO
 BOE BSUJDJBMMZ NBUVSFE TBNQMFT 	DPNJOH GSPN UIF TBNF PVUDSPQ
 CZ TFNJ�PQFOFE

QZSPMZTJT 	TBNQMFT QZSPMJ[FE GPS �I �I ��I ��I
 BSF TIPXO JO 'JHVSF ����"� 'PS IJHI NB�

UVSJUZ TBNQMFT UIF JOUFOTJUZ PG �Tۗͯ� USBOTJUJPOT JO BSPNBUJD DBSCPO 	GFBUVSF BU ≈��� F7
 JT

JODSFBTJOH XIJMF UIF �Tۗσ� USBOTJUJPOT JO BMJQIBUJD DBSCPO 	GFBUVSF BU ≈ ��� F7
 JT EFDSFBTJOH�

%VSJOH LFSPHFO BSUJDJBMMZ�JOEVDFE NBUVSBUJPO B MPTT PG UIF BMJQIBUJD DBSCPO JT JOEVDFE XIJMF

BSPNBUJD DBSCPO JT JODSFBTJOH� *O UZQF * LFSPHFO OP TQMJ॒JOH PG UIF �Tۗͯ� QFBL JT PCTFSWFE

	EVSJOH PS QSJPS UP UIFSNBM NBUVSBUJPO
 JOEJDBUJOH UIF BCVOEBODF PG BSPNBUJD TFYUFUT SBUIFS

UIBO JTPMBUFE EPVCMF CPOET�

5ZQF ** LFSPHFO TBNQMFT QSPOF UP HBT BOE PJM HFOFSBUJPO DPMMFDUFE GSPN UIF 7FOF[VFMBO

-B -VOB GPSNBUJPO BSF DIBSBDUFSJ[FE CZ B SBOHF PG NBUVSJUZ MFWFMT GSPN QSJPS UP PJM GPSNBUJPO

UP PWFSNBUVSF� ,FSPHFO MFWFMT PG NBUVSBUJPO JT BTTFTTFE CZ UIF SFFDUBODF PG WJUSJOF NBDFSBM

	730
� य़F IJHIFS UIF 730 UIF IJHIFS UIF MFWFM PG NBUVSBUJPO PG UIF TBNQMF� 934 DBSCPO ,�

FEHF TQFDUSB PG UZQF ** LFSPHFO FYIJCJU TJNJMBS DIBSBDUFSJTUJDT BT UZQF * LFSPHFO� "U IJHIFS

UIFSNBM NBUVSJUJFT 	730 > ���
 UIF JOUFOTJUZ PG BMJQIBUJD DBSCPO TJHOBUVSF 	�Tۗσ� USBOTJUJPOT

BU≈ ��� F7
 JT EFDSFBTJOH BT UIF JOUFOTJUZ PG BSPNBUJD DBSCPO 	�Tۗπ� USBOTJUJPOT BU≈ ��� F7
 JT

JODSFBTJOH 	'JHVSF ����#
� " TJNJMBS USFOE JT PCTFSWFE JO UZQF *** LFSPHFOT 	DPBMT
 	'JHVSF ����$

%
�

"TQIBMUFOFT FYUSBDUFE GSPN QFUSPMFVN BOE DPBMT BSF UIF GSBDUJPO PG B NJYUVSF UIBU EJT�

TPMWFT JO BSPNBUJD TPMWFOU 	F�H� JO UPMVFOF
 BOE JT JOTPMVCMF JO BMJQIBUJD TPMWFOU� $PBM�EFSJWFE

	$%"
 BOE QFUSPMFVN 	1"
 BTQIBMUFOFT 934 TQFDUSB JT TIPXO JO 'JHVSF ���� &� य़F JOUFOTJUZ

PG �Tۗσ� USBOTJUJPOT JO BMJQIBUJD DBSCPO JT NPSF JOUFOTF JO QFUSPMFVN BTQIBMUFOFT 	1"
 DPN�

QBSFE UP DPBM�EFSJWFE BTQIBMUFOFT 	$%"
� य़F �Tۗͯ� MJOFTIBQF SFNBJOT DPOTUBOU GPS BMM UIF

TBNQMFT BOBMZ[FE TIPXJOH UIF EPNJOBODF PG BSPNBUJD TFYUFUT PWFS JTPMBUFE EPVCMF CPOET JO

BTQIBMUFOFT BT TIPXO BMTP CZ #FSHNBOO .VMMJOT BOE $SBNFS <�� �� ���>�

934 TQFDUSB PG BMHBF B QSFDVSTPS PG UZQF * LFSPHFO BOE GFSO SIPEPEFOESPO BOE QFBU

QSFDVSTPST PG UZQF *** LFSPHFO BSF TIPXO JO 'JHVSF ���� '� य़F DIFNJDBM DPNQMFYJUZ PG GSFTI

NBUFSJBMT JT FWJEFOU CZ UIF QSF�FEHF 934 GFBUVSFT IPXFWFS UIF TUVEZ EPFTOU GVSUIFS JOUFSQSFU

UIF DIFNJDBM DPNQPTJUJPO PG UIF NBUFSJBMT�
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A.A. Type I Kerogen

Energy transfer (eV) Energy transfer (eV)

Energy transfer (eV)Energy transfer (eV)

Energy transfer (eV) Energy transfer (eV)

B. Type II Kerogen

C. Type III Kerogen

E. Asphaltenes E. Fresh materials

D. Type III Kerogen
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'JHVSF ����� 9�SBZ 3BNBO TQFDUSB PG OBUVSBM�PDDVSJOH NBUFSJBMT� "� $BSCPO ,�FEHF 934
TQFDUSB PG UZQF * LFSPHFO MBCFMFE CZ UIFJS BSUJDJBMMZ JOEVDFE UIFSNBM NBUVSJUZ� #� $BSCPO
,�FEHF 934 TQFDUSB PG UZQF ** LFSPHFO MBCFMFE CZ UIFJS UIFSNBM NBUVSJUZ� $ %� $BSCPO ,�
FEHF 934 TQFDUSB PG UZQF *** LFSPHFO MBCFMFE CZ UIFJS UIFSNBM NBUVSJUZ� &� $BSCPO ,�FEHF
934 TQFDUSB PG QFUSPMFVN 	1"
 BOE DPBM�EFSJWFE 	$%"
 BTQIBMUFOFT� '� $BSCPO ,�FEHF 934
TQFDUSB PG GSFTI NBUFSJBMT QSFDVSTPST PG UZQF * LFSPHFO 	BMHBF
 BOE UZQF *** LFSPHFO 	GFSO
SIPEPEFOESPO QFBU
� 4PVSDF� "EBQUFE BOE SFQSPEVDFE GSPN 1PNFSBOU[ FU BM� <���>�
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������� #JPNBTT�EFSJWFE QZSPMZTJT BOE IZESPUIFSNBM DBSCPO

)JHHJOT FU BM� <��> SFQPSU PO UIF VTF PG DBSCPO ,�FEHF TQFDUSPTDPQZ WJB 934 GPS UIF TUVEZ PG QZ�

SPMZTJT BOE IZESPUIFSNBM DBSCPOT 	J�F� DBSCPO NBUFSJBMT UIBU BSF UIFSNPDIFNJDBMMZ�QSPEVDFE

GSPN SFOFXBCMF TPVSDFT
� 'JOHFSQSJOUT PG UIF DBSCPO ,�FEHF DPOSN TUSVDUVSBM EJFSFODFT CF�

UXFFO CJPNBTT�EFSJWFE 	0BL FSDVTࡊ *MFY
 QZSPMZTJT BOE IZESPUIFSNBM DBSCPO 	'JHVSF ����
�

य़F CSPBEFS �Tۗͯ� USBOTJUJPO JO BSPNBUJDT DFOUFSFE BU ��� F7 BOE UIF JODSFBTFE TQFDUSPTDPQJD

TUSVDUVSF BU UIF �Tۗσ� USBOTJUJPOT JO BSPNBUJD DBSCPO 	���ۗ��� F7
 PCTFSWFE JO UIF QZSPMZTJT

DBSCPO JOEJDBUFE UIF QSFTFODF PG B DPOUJOVVN PG QPMZBSPNBUJD NPJFUJFT� 0O UIF PUIFS IBOE

IZESPUIFSNBM DBSCPO JT DIBSBDUFSJ[FE CZ UIF QSFTFODF PG DBSCPYZM HSPVQT 	�Tۗͯ� USBOTJUJPOT

TIPVMEFS DFOUFSFE BU ����� F7
� य़F JODSFBTFE TUSVDUVSF BOE UIF TNBMMFS '8). PG �Tۗͯ� USBO�

TJUJPOT 	DFOUFSFE BU ��� F7
 JO IZESPUIFSNBM DBSCPO JOEJDBUFT B NPSF EJTPSEFSFE TUSVDUVSF BOE

GFXFS BSPNBUJD CPOET� $PNQBSJTPO PG TVSGBDF TFOTJUJWF OFBS FEHF Y�SBZ BCTPSQUJPO OF TUSVD�

UVSF 	/&9"'4
 BOE CVML TFOTJUJWF 934 EBUB SFWFBMT UIF QSFTFODF PG BO FOSJDIFE BSPNBUJD MBZFS

PO UIF TVSGBDF PG IZESP�UIFSNBM DBSCPO� 4QFDUSBM EJTUPSUJPOT PG TPॏ Y�SBZT /&9"'4 QPTTJCMZ

BSJTFT GSPN UIF TBNQMF UIJDLOFTT� य़F JO�TJUV JOWFTUJHBUJPO PG UIF QZSPMZTJT BOE�PS IZESPUIFS�

NBM USFBUNFOU QSPDFTT TFFNT BU IBOE VTJOH 934�

������� -JUIJVN�JPO CB॒FSZ FMFDUSPMZUF TPMVUJPOT

,FUFOPHMV FU BM� <���> TUVEJFE UIF JOVFODF PG -J1'� B TBMU DPNNPOMZ VTFE JO MJUIJVN�JPO

CB॒FSZ FMFDUSPMZUFT PO UIF FMFDUSPOJD TUSVDUVSF PG EJFSFOU BOIZESPVT TPMWFOUT VTJOH 934

TQFDUSPTDPQZ BU UIF DBSCPO BOE PYZHFO ,�FEHF� *ODSFBTJOH UIF -J�TBMU DPODFOUSBUJPO JO UIF

NJYUVSFT PG TPMWFOUT 	QSPQZMFOF�DBSCPOBUFT BOE FUIZMFOF�EJNFUIZM�DBSCPOBUFT
 JODSFBTFE UIF

FOFSHZ QPTJUJPO PG UIF π∗ GFBUVSF JO CPUI UIF DBSCPO BOE UIF PYZHFO ,�FEHFT� -B॒FS XBT

JO BHSFFNFOU XJUI QSFWJPVT Y�SBZ BCTPSQUJPO NFBTVSFNFOUT BTTJHOFE UP BO JODSFBTFE -J+ۗ

EJNFUIZM�DBSCPOBUF DPPSEJOBUJPO DBMMJOH GPS JNQSPWFE EFTDSJQUJPOT PG FMFDUSPMZUFۗ-J+ JOUFS�

BDUJPOT JO OVNFSJDBM TJNVMBUJPOT UIBU HP CFZPOE UFUSBIFESBM -J+ TPMWBUJPO TUSVDUVSFT� य़F TIJॏ

JO UIF DBSCPO ,�FEHF PO UIF PUIFS IBOE XBT B॒SJCVUFE UP B DIBOHF PG UIF JPOJD DPOEVDUJWJUZ

PG UIF FMFDUSPMZUF TPMVUJPOT VQPO UIF TPMWBUJPO PG -J1'�� य़F FOFSHZ DBMJCSBUJPO PG 934 TQFDUSB

CBTFE PO UIF FMBTUJD MJOF FOFSHZ JOEFQFOEFOU PG UIF NFBTVSFNFOU PG TUBOEBSET QSPWFE UP CF

B SFMJBCMF CBTJT GPS UIF QSFDJTF EFUFSNJOBUJPO PG TQFDUSBM EJTQFSTJPO�
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'JHVSF ����� 9�SBZ 3BNBO TQFDUSB PG QZSPMZTJT BOE IZESPUIFSNBM DBSCPO� य़F EJFSFODF
TQFDUSVN 	JO CMBDL DPMPS
 IJHIMJHIUT UIF DIFNJDBM EJFSFODFT CFUXFFO IZESPUIFSNBM 	)5$�
0BL���� JO SFE DPMPS
 BOE QZSPMZTJT 	1ZSPMZTJT 0BL ��� JO CMVF DPMPS
 DBSCPO� य़F DPSF FMFDUSPO
USBOTJUJPOT JO EJFSFOU GVODUJPOBM HSPVQT BSF OPUFE� 4PVSDF� 3FQSPEVDFE GSPN )JHHJOT FU BM�
<��>�
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'JHVSF ����� $PNQBSJTPO PG TPࠧ Y�SBZ DBSCPO ,�FEHF TQFDUSB DPMMFDUFE JO USBOTNJTTJPO BOE
Y�SBZ 3BNBO TQFDUSB PG QZSPMZTJT BOE IZESPUIFSNBM DBSCPO� /PUF UIF TQFDUSBM EJTUPSUJPOT
PG TPॏ Y�SBZ /&9"'4 TQFDUSB QPTTJCMZ EVF UP TFMG�BCTPSQUJPO MJOLFE UP UIF TBNQMF UIJDLOFTT�
4PVSDF� 3FQSPEVDFE GSPN )JHHJOT FU BM� <��>�
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����� -PPLJOH GPS NJOPS GFBUVSFT

य़F RVBMJUZ PG UIF TQFDUSB JO UFSNT PG FOFSHZ SFTPMVUJPO BOE TJHOBM�UP�OPJTF SBUJP JT JNQPSUBOU

XIFO UBSHFUJOH PO UIF JEFOUJDBUJPO PG NJOPS GFBUVSFT MJOLFE XJUI UIF QSFTFODF PG IFUFSPBUPNT

BOE UIF JEFOUJDBUJPO PG NPMFDVMBS CPOEJOH JO IFUFSPHFOFPVT TBNQMFT� $PMMFDUJOH 934 EBUB

BU UIF DBSCPO ,�FEHF XJUI NPEFSBUF FOFSHZ SFTPMVUJPO DBO DPNQMJDBUF UIF JEFOUJDBUJPO PG

GFBUVSFT DPSSFTQPOEJOH UP EJBHOPTUJD USBOTJUJPOT� 8IFO UIF TJHOBM�UP�OPJTF SBUJP JT TVਖ਼DJFOU B

TQFDUSBM EFDPNQPTJUJPO PG NPEFSBUF FOFSHZ SFTPMVUJPO 934 EBUB DBO IFMQ JO UIF JOUFSQSFUBUJPO

PG 934 TQFDUSBM GFBUVSFT�

������� 1BMFPOUPMPHJDBM PSHBOJD TQFDJNFOT

3FDFOUMZ 934 XBT FYQMPJUFE JO UIF FME PG QBMFPOUPMPHZ <��>� य़F QPUFOUJBM PG 934 UP QSPCF

DBSCPO TQFDJBUJPO JO QBMFPOUPMPHJDBM TQFDJNFOT CFMPOHJOH UP B NVTFVN DPMMFDUJPO XBT EFNPO�

TUSBUFE UISPVHI UIF BOBMZTJT PG B ��.ZS PME GPTTJM DPDPPO DPMMFDUFE GSPN 3JWFSDPVSU DJUF 	0JTF

'SBODF
 BOE B ������ZFBS�PME NBNNPUI ESZ TLJO CFMPOHJOH UP UIF 1BSJT /BUJPOBM .VTFVN PG

/BUVSBM )JTUPSZ� य़F EFDPNQPTJUJPO PG 934 DBSCPO ,�FEHF TQFDUSB VTJOH B DPNCJOBUJPO PG

(BVTTJBOT BU EJBHOPTUJD USBOTJUJPOT BMMPXFE UIF JEFOUJDBUJPO PG JOJUJBMMZ VOBDDPVOUFE �Tۗσ�

USBOTJUJPOT JO $ 4 CPOET GSPN SFTJEVBMT JO BO JUFSBUJWF QSPDFTT XIFSF UIF EJTDPWFSFE TQFDUSBM

GFBUVSFT XFSF QSPHSFTTJWFMZ JODMVEFE JO B NPEFM BOE ॒FE UP UIF EBUB 	'JHVSF ����
� "EEJUJPO�

BMMZ UIF 934 DBSCPO ,�FEHF TQFDUSB QSPWJEFE JOGPSNBUJPO PO UIF MFWFM PG BSPNBUJDJUZ QSFTFODF

PG PYJEJ[FE $00 HSPVQT BOE UVSCPTUSBUJDJUZ� य़F TUVEZ JOUSPEVDFE 934 JO UIF FME PG QBMFPO�

UPMPHZ BT BO JO�TJUV OPO�JOWBTJWF CVML QSPCF XIJDI QSPWJEFT JOGPSNBUJPO OPU DPNQSPNJTFE

CZ TVSGBDF DPOUBNJOBUJPO UIVT PWFSDPNJOH DPNNPO DPOTUSBJOUT JO UIF DIBSBDUFSJ[BUJPO PG

BODJFOU NBUFSJBMT�

������� )FUFSPBUPNT�DPOUBJOJOH 1")T

1PNFSBOU[ FU BM� <���> DPMMFDUFE 934 DBSCPO ,�FEHF EBUB PG PYZHFO� TVMGVS� BOE OJUSPHFO�

TVCTUJUVUFE BOBMPHT PG 1") NPEFM DPNQPVOET� 6OMJLF QVSF NPEFM DPNQPVOET OBUVSBMMZ

PDDVSSJOH PSHBOJD TZTUFNT BSF PॏFO DIBSBDUFSJ[FE CZ UIF QSFTFODF PG IFUFSPBUPNT� य़F

FFDU PG IFUFSPBUPNT QSFDFODF JO UIF 934 TQFDUSB JT CFTU VOEFSTUPPE CZ DPNQBSJOH UIF

PYZHFO� TVMGVS� BOE OJUSPHFO�TVCTUJUVUFE BOBMPHT XJUI QVSF IZESPDBSCPOT 934 TQFDUSB 	'JH�
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'JHVSF ����� 4QFDUSBM EFDPNQPTJUJPO PG 934 TQFDUSB PG QBMFPOUPMPHJDBM TQFDJNFOT� "� 934
DBSCPO ,�FEHF PG UIF QBMFPOUPMPHJDBM DPDPPO� य़F U SFTJEVF 	JO HSFFO DPMPS
 JT DBMDVMBUFE XJUI�
PVU (BVTTJBO � DPSSFTQPOEJOH UP $ 4 �T�σ� USBOTJUJPOT JOEJDBUJOH UIF OPUJDFBCMF QSFTFODF PG
DBSCPO�CPVOE TVMGVS JO UIF TBNQMF� #� 934 DBSCPO ,�FEHF PG UIF ������ZFBS PME XPPMMZ NBN�
NPUI ESZ TLJO GSPN GSPN UIF -ZBLIPW *TMBOET 	1BSJT /BUJPOBM .VTFVN PG /BUVSBM )JTUPSZ JOW�
OP� ./)/�'�."2 ���
� य़F TQFDUSB SFWFBM FYDFQUJPOBM QSFTFSWBUJPO PG UIF UJTTVF DIFNJTUSZ
BU UIF BUPNJD MFWFM� 4PVSDF� 3FQSPEVDFE GSPN (VFSJBV FU BM� <��>�
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VSF ����
� "MUIPVHI IFUFSPBUPNT IBWF B NJOPS FFDU JG XF FYBNJOF DBSFGVMMZ UIF 934 TQFDUSB

PG IFUFSPBUPN�DPOUBJOJOH 1")T UIFZ DPOUBJO GFBUVSFT DIBSBDUFSJTUJD PG UIF GVODUJPOBM HSPVQT

BEEFE UP UIF QVSF TZTUFN� /PUF GPS FYBNQMF UIF �Tۗͯ� JO DBSCPYZM HSPVQT DFOUFSFE BSPVOE

����� F7 XIJDI DBO CF PCTFSWFE JO UIF ��OBQIUIPJD BDJE 	'JHVSF ����"
 BOE ��BOUISPJD BDJE

	'JHVSF ����$
�

����� 3FTPMWJOH TQBUJBMMZ IFUFSPHFOFPVT TZTUFNT

������� 'JSTU FYBNQMFT PG �% JNBHJOH

य़F UXP STU FYBNQMFT VTFE UP EFNPOTUSBUF UIF DBQBCJMJUJFT PG DIFNJDBM DPOUSBTU 934 EJSFDU

UPNPHSBQIZ 	%5
 BSF� 	J
 B QIBOUPN TBNQMF QSFQBSFE CZ FNCFEEJOH B EJBNPOE JO HSBQIJUF

QPXEFS QSFTTFE BT QFMMFU 	'JHVSF ����
 BOE 	JJ
 B MBZFSFE DBSCPO CFS�SFJOGPSDFE TJMJDPO DBSCJEF

	$�4J$
 TBNQMF� य़F DBSCPO ,�FEHF 934 TQFDUSBM EJFSFODFT CFUXFFO HSBQIJUF BOE EJBNPOE

XFSF VTFE BT B TPVSDF PG DPOUSBTU UP JNBHF JO �% UIF EJBNPOE FNCFEEFE TFWFSBM NJMMJNFUFST

JOTJEF HSBQIJUF 	'JHVSF ����$% &
�य़F EJFSFODF JO TQFDUSBM GFBUVSFT PG EJBNPOE BOE HSBQIJUF

BSF CBTFE PO UIF OBUVSF PG UIF DBSCPO DIFNJDBM CPOEJOH JO UIF BMMPUSPQFT� EJBNPOE JT TPMFMZ

GPSNFE CZ TQ� CPOET UIVT JU MBDLT UIF ͯ� SFTPOBODF BU ��� F7 XIJMF HSBQIJUF MBZFST BSF GPSNFE

CZ TQ� CPOET� "EEJUJPOBMMZ GPS IJHIMZ PSJFOUFE QZSPMZUJD HSBQIJUF UIF 934 TQFDUSB JOUFOTJUZ

EFQFOET PO UIF PSJFOUBUJPO PG UIF TBNQMF� 8IFO q ∥ ab 	TQ� CPOET BOE q WFDUPS BSF JO UIF xy

QMBOF
 UIF ͯ� SFTPOBODF JT NJOJNJ[FE 	'JHVSF ����$
�

934 EJSFDU UPNPHSBQIZ XBT BQQMJFE UP B $�4J$ TQFDJNFO B TBNQMF UIBU IBT UIF VOJRVF

DIBSBDUFSJTUJD UP SFUBJO JUT NFDIBOJDBM QSPQFSUJFT BCPWF ���� , UP EFUFSNJOF JUT DBSCPO CPOE�

JOH BOE CPOE PSJFOUBUJPO� $BSCPO ,�FEHF 934 TQFDUSB PG UIF $�4J$ DVCPJE TBNQMF DPMMFDUFE

BMPOH UIF CFBN EJSFDUJPO QSPWJEFE JOGPSNBUJPO PO UIF DIFNJDBM CPOEJOH DIBSBDUFSJTUJDT XJUIJO

UIF �NN TBNQMF UIJDLOFTT 	'JHVSF ����#
 <���>� य़F �Tۗͯ� USBOTJUJPOT PCTFSWFE BU≈ ��� F7 JT

WJTJCMF BMPOH UIF TBNQMF UIJDLOFTT JOEJDBUJOH UIF sp2 CPOE EPNJOBUJPO� "O 934 NFBTVSFNFOU

PWFS UIF UISFF TQBUJBM EJNFOTJPOT XBT QFSGPSNFE UP EFUFSNJOF UIF CPOE PSJFOUBUJPO WBSJBUJPOT�

य़F BWFSBHF CPOE PSJFOUBUJPO XBT EFOFE BT UIF BOHMF CFUXFFO q BOE UIF sp2 QMBOF� य़F WPM�

VNF JT WJTVBMJ[FE JO 'JHVSF ����$ % BOE JU JT DPNQBSFEXJUI BNJDSPUPNPHSBQIZ 	u$5
 WPMVNF�

"CTPSQUJPO�DPOUSBTU u$5 BMMPXFE UIF WJTVBMJ[BUJPO PG TBNQMF EFOTJUZ WBSJBUJPOT CVU EPFT OPU

BDDFTT UIF DIFNJDBM CPOE WBSJBUJPOT BDDFTTJCMF CZ 934 EJSFDU UPNPHSBQIZ 	'JHVSF ���� &
�
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C. Anthracene derivatives
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D. Phenanthrene derivatives
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B. Fluorene derivatives
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'JHVSF ����� 934 TQFDUSBM GFBUVSFT JO UIF QSFTFODF PG IFUFSPBUPNT� $BSCPO ,�FEHF 934 TQFD�
USB PG PYZHFO� TVMGVS� BOE OJUSPHFO�TVCTUJUVUFE BOBMPHT PG 1") NPEFM DPNQPVOET� "� 934
TQFDUSB PG OBQUIBMFOF EFSJWBUJWFT� 4QFDUSB DPSSFTQPOE UP OBQUIBMFOF 	CMVF
 ��OBQUIPM 	PS�
BOHF
 ��OBQUIPM 	ZFMMPX
 ��OBQIUIPJD BDJE 	QVSQMF
� #� 934 TQFDUSB PG VPSFOF EFSJWBUJWFT�
4QFDUSB DPSSFTQPOE UP VPSFOF 	CMVF
 DBSCB[PMF 	PSBOHF
 EJCFO[PGVSBO 	ZFMMPX
 EJCFO[PUI�
JPQIFOF 	QVSQMF
 ���EJFUIZMEJCFO[PUIJPQIFOF 	QVSQMF
� $� 934 TQFDUSB PG BOUISBDFOF EFSJWB�
UJWFT� 4QFDUSB DPSSFTQPOE UP BOUISBDFOF 	CMVF
 BDSJEJOF 	PSBOHF
 ��BOUISPJD BDJE 	ZFMMPX
�
%� 934 TQFDUSB PG QIFOBOUISFOF EFSJWBUJWFT� 4QFDUSB DPSSFTQPOE UP QIFOBOUISFOF 	CMVF

QIFOBOUISBEJOF 	PSBOHF
 CFO[P<I>RVJOPMJOF 	ZFMMPX
� 4PVSDF� "EBQUFE BOE SFQSPEVDFE GSPN
1PNFSBOU[ FU BM� <���>�

��|
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'JHVSF ����� 934 EJSFDU UPNPHSBQIZ BQQMJFE UP B EJBNPOE�HSBQIJUF QIBOUPN TBNQMF
"� 4DIFNBUJD SFQSFTFOUBUJPO PG EJBNPOE FNCFEEFE JO HSBQIJUF QFMMFU #� �% WPMVNF PG UIF
TBNQMF CBTFE PO EJSBDUJPO DPOUSBTU XIJDI DPSSFTQPOET UP B [FSP FOFSHZ USBOTGFS NFBTVSF�
NFOU 	FMBTUJD TDB॒FSJOH
� (SBQIJUF BOE EJBNPOE BSF EJTDSJNJOBUFE EVF UP UIF EJFSFODF JO
DSZTUBM TUSVDUVSF $� 934 TQFDUSB PG EJBNPOE QPXEFS 	JO SFE
 BOE IJHIMZ PSJFOUFE QZSPMZUJD
HSBQIJUF 	JO HSFFO BOE CMVF
� /PUF UIF MBDL PG �Tۗͯ� USBOTJUJPOT 	≈��� F7
 JO EJBNPOE BOE
UIF BOHVMBS�EFQFOEFODF PG UIF HSBQIJUF 934 TQFDUSB %� 934 TQFDUSB DPMMFDUFE BMPOH UIF CFBN
QBUI 	Y�BYJT
 GPS UIF HSBQIJUF�EJBNPOE TBNQMF &� �% WPMVNF CBTFE PO UIF DIFNJDBM DPOUSBTU
934 EJSFDU UPNPHSBQIZ� *TPTVSGBDFT JO SFE DPSSFTQPOE UP UIF EJBNPOE BOE JO CMVF UP HSBQIJUF
XJUI B q ∥ ab PSJFOUBUJPO� 4PVSDF� 3FQSPEVDFE GSPN )VPUBSJ FU BM� <���>�
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'JHVSF ����� 934 EJSFDU UPNPHSBQIZ BQQMJFE UP B $�4J$ TBNQMF� "� $�4J$ TBNQMF QIPUPHSBQI
	�×��×�NN3
� #�$BSCPO ,�FEHF 934 TQFDUSB DPMMFDUFE BMPOH UIF CFBN EJSFDUJPO� $� �% EJSFDU
UPNPHSBQIZ TFDUJPOT 	xy TFDUJPOT GPS EJFSFOU [
 PG sp2 CPOE QMBOF PSJFOUBUJPO XJUI SFTQFDU UP
q�%� �% JTPTVSGBDF QMPU GPS TFMFDUFE BOHMFT TIPXO JO $� &� �%NJDSPUPNPHSBQIZ 	u$5
 TFDUJPOT
CBTFE PO BCTPSQUJPO DPOUSBTU TIPXJOH UIF TBNQMF EFOTJUZ WBSJBUJPOT� 4PVSDF� 3FQSPEVDFE GSPN
)VPUBSJ FU BM� <���>�

������� 5JNF�SFTPMWFE 934 TUVEJFT PG DIFNJDBM SFBDUJPOT

*OLJOFO FU BM� <��> SFQPSUFE B STU JO�TJUV UJNF�SFTPMWFE 934 TUVEZ PO UIF Y�SBZۗJOEVDFE EJNFS�

J[BUJPO SFBDUJPO PG α�USBOT�DJOOBNJD 	$"
 BDJE UP α�USVYJMMJD BDJE 	5"
 CBTFE PO SBQJE DBSCPO

,�FEHF TDBOOJOH� य़F UJNF�SFTPMWFE SFGFSFODF DBSCPO ,�FEHF TQFDUSB PG α�USBOT�DJOOBNJD BDJE

BOE JUT EJNFSJ[BUJPO QSPEVDU 	J�F� α�USVYJMMJD BDJE
 XFSF DPMMFDUFE UP EFDJQIFS UIF SFBDUJPOT LJ�

OFUJDT� य़F MPOH�LOPXO 67�JOEVDFE EJNFSJ[BUJPO SFBDUJPO XBT GPVOE UP MJLFXJTF CF JOEVDFE

CZ UIF QSPCF Y�SBZ CFBN CVU UIF BOBMZTJT PG UIF UJNF EFQFOEFODF PG UIF SFBDUJPO MFE UIF BV�

UIPST UP DPODMVEF UIBU UIF Y�SBZ JOEVDFE SFBDUJPO QSPDFFET IPNPHFOFPVTMZ JO DPOUSBTU UP UIF

67�MJHIU�JOEVDFE SFBDUJPO� "OBMZTJT PG UIF DBSCPO ,�FEHF 934 TQFDUSBM TIBQF UJNF�FWPMVUJPO

SFWFBMFE UIF FFDUT PG UXP Y�SBZ JOEVDFE SFBDUJPOT UIF EJNFSJ[BUJPO BOE UIF EJTJOUFHSBUJPO

CVJMEJOH VQ PO MPOHFS UJNF TDBMFT� 6TF PG UIF TQBUJBM TFOTJUJWJUZ PG EJSFDU UPNPHSBQIZ GVSUIFS

BMMPXFE UIF BVUIPST UP BOBMZ[F UIF TQBUJBM QSPHSFTT PG UIFTF UXP SFBDUJPOT UISPVHIPVU UIF TBN�

QMF 	'JHVSF ����$
� य़JT TUVEZ EFNPOTUSBUFE UIBU UIF OFXFTU HFOFSBUJPO PG 934 JOTUSVNFOUT

DBO ZJFME BDDFTT UP TQFDJBUJPO LJOFUJDT PO TVC�NJOVUF UJNF TDBMFT�

��|
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'JHVSF ����� 4QBUJBM QSPHSFTT PG α�USBOT�DJOOBNJD BDJE DSZTUBM EVSJOH Y�SBZ JOEVDFE EJNFS�
J[BUJPO� "� $PNQPOFOU TQFDUSB� α�USBOT�DJOOBNJD BDJE 	$"
 α�USVYJMMJD BDJE 	5"
 OBM QSPE�
VDUT 	'1
� #� $PNQPOFOU TQFDUSB XFJHIUT BT B GVODUJPO PG UJNF� $� 4QFDUSBM JNBHJOH PG UIF
DIFNJDBM DPNQPTJUJPO QSPHSFTT JO UIF α�USBOT�DJOOBNJD BDJE DSZTUBM� 4PVSDF� 3FQSPEVDFE GSPN
*OLJOFO FU BM� <��>�
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��� $VSSFOU DIBMMFOHFT

य़F SFNBJOJOH DIBMMFOHFT PG 934 BSF� 	J
 UIF MPOH BDRVJTJUJPO UJNFT EVF UP UIF MPX Fਖ਼DJFODZ

PG UIF OPO�SFTPOBOU JOFMBTUJD TDB॒FSJOH QSPDFTT� )JHIMZ�Fਖ਼DJFOU TQFDUSPNFUFST GPS EFUFDUJOH

UIF TDB॒FSFE Y�SBZT DPNQPTFE CZ NVMUJQMF BOBMZ[FST DBO FFDUJWFMZ SFEVDF UIF BDRVJTJUJPO

UJNF� 	JJ
 UIF SBEJBUJPO�JOEVDFE FFDUT� JSSBEJBUJPO PG PSHBOJD NBUFSJBMT MFBET UP UIF GPSNB�

UJPO PG OFX DIFNJDBM CPOET UISPVHI DSPTT�MJOLJOH BHHSFHBUJPO EFDPNQPTJUJPO PYJEBUJPO BOE

JTPNFSJ[BUJPO <���>� य़F SBEJBUJPO JOEVDFE FFDUT DBO MFBE UP WJTVBM EBNBHF PG UIF TBNQMF

JODMVEJOH EJTDPMPSBUJPO BOE NFMUJOH BOE EFDPNQPTJUJPO� 3FEVDJOH UIF JSSBEJBUJPO UJNF JT WJUBM

GPS DPMMFDUJOH NFBOJOHGVM 934 TQFDUSB XIJDI SFFDU UIF DIFNJTUSZ PG UIF PSHBOJD TZTUFNT BOE

BWPJET WJTVBM EBNBHF PG QSFDJPVT TBNQMFT 	F�H� DVMUVSBM IFSJUBHF BSUJGBDUT
� 	JJJ
 UIF MJNJUFE TQB�

UJBM SFTPMVUJPO DPNQBSFE UP BCTPSQUJPO PS QIBTF�DPOUSBTU DPNQVUFE UPNPHSBQIZ 	$5
� 	JW
 UIF

EFUFDUJPO PG PSHBOJD USBDFT JO BO IFUFSPHFOFPVT TBNQMF NBZ CF IBNQFSFE CZ UIF QSFTFODF PG

IFBWZ FMFNFOUT� 	W
 UIF QFOFUSBUJPO EFQUI JT SFTUSJDUFE UP UIF JODJEFOU CFBN FOFSHZ 	�ۗ�� LF7


BOE SFTUSJDUT UIF TBNQMF TJ[F BOE DPNQPTJUJPO�

3FGFSFODFT

<�> ,FQB 3VJ[�.JSB[P $BSMPT #SJPOFT BOE "OESFT EF MB &TDPTVSB� ۠1SFCJPUJD TZTUFNT

DIFNJTUSZ� OFX QFSTQFDUJWFT GPS UIF PSJHJOT PG MJGF �ۡ *O� $IFNJDBM SFWJFXT ����� 	����


QQ� ���ۗ����

<�> +PIO * )FEHFT FU BM� ۠य़FNPMFDVMBSMZ�VODIBSBDUFSJ[FE DPNQPOFOU PG OPOMJWJOH PSHBOJD

NB॒FS JO OBUVSBM FOWJSPONFOUT �ۡ *O� 0SHBOJD (FPDIFNJTUSZ ����� 	����
 QQ� ���ۗ����

<�> .JDIBFM 8* 4DINJEU BOE "OHFMB ( /PBDL� ۠#MBDL DBSCPO JO TPJMT BOE TFEJNFOUT� BOBMZ�

TJT EJTUSJCVUJPO JNQMJDBUJPOT BOE DVSSFOU DIBMMFOHFT �ۡ *O� (MPCBM CJPHFPDIFNJDBM DZDMFT

���� 	����
 QQ� ���ۗ����

<�> ,BNJM (PEVMB BOE %BMJCPS 4BNFT� ۠$) CPOE GVODUJPOBMJ[BUJPO JO DPNQMFY PSHBOJD TZO�

UIFTJT �ۡ *O� 4DJFODF �������� 	����
 QQ� ��ۗ���

<�> य़PNBT )FOOJOH BOE 'BSJE 4BMBNB� ۠$BSCPO JO UIF 6OJWFSTF �ۡ *O� 4DJFODF ��������

	����
 QQ� ����ۗ�����

��|
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<�> (1 .PTT 1"4 4NJUI BOE % 5BWFSOJFS� ۠(MPTTBSZ PG DMBTT OBNFT PG PSHBOJD DPNQPVOET

BOE SFBDUJWJUZ JOUFSNFEJBUFT CBTFE PO TUSVDUVSF 	*61"$ 3FDPNNFOEBUJPOT ����
 �ۡ *O�

1VSF BOE BQQMJFE DIFNJTUSZ ������ 	����
 QQ� ����ۗ�����

<�> 4VOHIXBO ,JN 3PCFSU 8 ,SBNFS BOE 1BUSJDL ( )BUDIFS� ۠(SBQIJDBM NFUIPE GPS BOBM�

ZTJT PG VMUSBIJHI�SFTPMVUJPO CSPBECBOE NBTT TQFDUSB PG OBUVSBM PSHBOJD NB॒FS UIF WBO

,SFWFMFO EJBHSBN �ۡ *O� "OBMZUJDBM DIFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<�> 3FCFDDB + 3PCCJOT� ۠1IFOPMJD BDJET JO GPPET� BO PWFSWJFX PG BOBMZUJDBM NFUIPEPMPHZ �ۡ

*O� +PVSOBM PG BHSJDVMUVSBM BOE GPPE DIFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<�> %JOFTI .PIBO $IBSMFT 6 1J॒NBO +S BOE 1IJMJQ ) 4UFFMF� ۠1ZSPMZTJT PG XPPE�CJPNBTT

GPS CJP�PJM� B DSJUJDBM SFWJFX �ۡ *O� &OFSHZ � GVFMT ���� 	����
 QQ� ���ۗ����

<��> य़PNBT #FMJO BOE 'MPSFODF &QSPO� ۠$IBSBDUFSJ[BUJPO NFUIPET PG DBSCPO OBOPUVCFT� B

SFWJFX �ۡ *O� .BUFSJBMT 4DJFODF BOE &OHJOFFSJOH� # ����� 	����
 QQ� ���ۗ����

<��> 4JNPO 3 ,FMFNFO FU BM� ۠%JSFDU DIBSBDUFSJ[BUJPO PG LFSPHFO CZ 9�SBZ BOE TPMJE�TUBUF

��$ OVDMFBS NBHOFUJD SFTPOBODF NFUIPET �ۡ *O� &OFSHZ � 'VFMT ���� 	����
 QQ� ����ۗ

�����

<��> 4ZMWJF %FSFOOF BOE य़BOI य़VZ /HVZFO 5V� ۠$IBSBDUFSJ[JOH UIF NPMFDVMBS TUSVDUVSF

PG PSHBOJD NB॒FS GSPN OBUVSBM FOWJSPONFOUT� "O BOBMZUJDBM DIBMMFOHF �ۡ *O� $PNQUFT

3FOEVT (FPTDJFODF ������� 	����
 QQ� ��ۗ���

<��> +FWHFOJ 1BSTIJOUTFW BOE 5VVMJB )Z¶UZM¤JOFO� ۠.FUIPET GPS DIBSBDUFSJ[BUJPO PG PSHBOJD

DPNQPVOET JO BUNPTQIFSJD BFSPTPM QBSUJDMFT �ۡ *O�"OBMZUJDBM BOE CJPBOBMZUJDBM DIFNJTUSZ

������ 	����
 QQ� ����ۗ�����

<��> "OO /FXNBO BOE 3PCFSU 8FOTMPX� ۠4PMJE�TUBUF $IBSBDUFSJ[BUJPO 5FDIOJRVFT �ۡ *O�

1IBSNBDFVUJDBM $SZTUBMT� 4DJFODF BOE &OHJOFFSJOH 	����
 QQ� ��ۗ����

<��> 4DP॒ " 4BOEGPSE FU BM� ۠0SHBOJDT DBQUVSFE GSPN DPNFU ��1�8JME � CZ UIF 4UBSEVTU

TQBDFDSBॏ �ۡ *O� 4DJFODF �������� 	����
 QQ� ����ۗ�����

<��> 7JODFOU .B[FM FU BM� ۠*EFOUJDBUJPO PG SJUVBM CMPPE JO "GSJDBO BSUJGBDUT VTJOH 50'�4*.4

BOE TZODISPUSPO SBEJBUJPO NJDSPTQFDUSPTDPQJFT �ۡ *O� "OBMZUJDBM DIFNJTUSZ ����� 	����


QQ� ����ۗ�����
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<��> $ISJT +BDPCTFO FU BM� ۠4Pॏ 9�SBZ TQFDUSPTDPQZ GSPN JNBHF TFRVFODFT XJUI TVC���� ON

TQBUJBM SFTPMVUJPO �ۡ *O� +PVSOBM PG .JDSPTDPQZ ����� 	����
 QQ� ���ۗ����

<��> +PBDIJN 4U¶IS� /&9"'4 TQFDUSPTDPQZ� 7PM� ��� 4QSJOHFS 4DJFODF � #VTJOFTT .FEJB �����

<��> 4 #FSOBSE FU BM� ۠6MUSBTUSVDUVSBM BOE DIFNJDBM TUVEZ PG NPEFSO BOE GPTTJM TQPSPEFSNT

CZ 4DBOOJOH 5SBOTNJTTJPO 9�SBZ .JDSPTDPQZ 	459.
 �ۡ *O� 3FWJFX PG 1BMBFPCPUBOZ BOE

1BMZOPMPHZ ������� 	����
 QQ� ���ۗ����

<��> 8JOGSJFE 4DI¼MLF� &MFDUSPO EZOBNJDT CZ JOFMBTUJD 9�SBZ TDBࡇFSJOH� 7PM� �� 0YGPSE 6OJ�

WFSTJUZ 1SFTT �����

<��> 6XF #FSHNBOO FU BM� ۠$BSCPO ,�FEHF 9�SBZ 3BNBO TQFDUSPTDPQZ TVQQPSUT TJNQMF ZFU

QPXFSGVM EFTDSJQUJPO PG BSPNBUJD IZESPDBSCPOT BOE BTQIBMUFOFT �ۡ *O� $IFNJDBM QIZTJDT

MFࡇFST ������� 	����
 QQ� ���ۗ����

<��> 6XF #FSHNBOO FU BM� ۠9�SBZ 3BNBO TQFDUSPTDPQZۘB OFX UPPM UP TUVEZ MPDBM TUSVDUVSF

PG BSPNBUJD IZESPDBSCPOT BOE BTQIBMUFOFT �ۡ *O� 1FUSPMFVN TDJFODF BOE UFDIOPMPHZ ������

	����
 QQ� ���ۗ����

<��> 6XF #FSHNBOO BOE 0MJWFS $.VMMJOT� ۠$BSCPO 9�SBZ 3BNBO TQFDUSPTDPQZ PG 1")T BOE

BTQIBMUFOFT �ۡ *O�"TQIBMUFOFT )FBWZ 0JMT BOE 1FUSPMFPNJDT� 4QSJOHFS ���� QQ� ���ۗ����

<��> +VIP *OLJOFO FU BM� ۠9�SBZ JOEVDFE EJNFSJ[BUJPO PG DJOOBNJD BDJE� 5JNF�SFTPMWFE JO�

FMBTUJD Y�SBZ TDB॒FSJOH TUVEZ �ۡ *O� 4DJFOUJटD SFQPSUT � 	����
 Q� ������

<��> 1JFSSF (VFSJBV FU BM� ۠/POJOWBTJWF 4ZODISPUSPO�#BTFE 9�SBZ 3BNBO 4DB॒FSJOH %JT�

DSJNJOBUFT $BSCPOBDFPVT $PNQPVOET JO "ODJFOU BOE )JTUPSJDBM .BUFSJBMT �ۡ *O� "OB�

MZUJDBM $IFNJTUSZ ����� 	����
 QQ� �����ۗ������

<��> 3BGBFMMB (FPSHJPV FU BM� ۠$BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �% Y�SBZ

3BNBO NVMUJTQFDUSBM JNBHJOH �ۡ *O� 4DJFODF BEWBODFT ��� 	����
 FBBX�����

<��> -VLF +3 )JHHJOT FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH GPS CVML DIFNJDBM BOE TUSVDUVSBM JOTJHIU

JOUP HSFFO DBSCPO �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����
 QQ� �����ۗ

������

<��> )FJLP $POSBE FU BM� ۠5FUSBIZESPGVSBO DMBUISBUF IZESBUF GPSNBUJPO �ۡ *O� 1IZTJDBM SFWJFX

MFࡇFST ������ 	����
 Q� �������

��|
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<��> *JOB +VVSJOFO FU BM� ۠4BUVSBUJPO CFIBWJPS JO 9�SBZ 3BNBO TDB॒FSJOH TQFDUSB PG BRVFPVT

-J$M �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� �����ۗ������

<��> *JOB +VVSJOFO FU BM� ۠&FDU PG UIF IZESPQIPCJD BMDPIPM DIBJO MFOHUI PO UIF IZESPHFO�

CPOE OFUXPSL PG XBUFS �ۡ *Oࡋ�F +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� ����ۗ

�����

<��> +PIBOOFT /JTLBOFO FU BM� ۠1SPUPOBUJPO EZOBNJDT BOE IZESPHFO CPOEJOH JO BRVFPVT

TVMGVSJD BDJE �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� �����ۗ������

<��> -BJMB ) "M�.BEIBHJ FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH� B OFX JO TJUV QSPCF PG NPMFDVMBS

TUSVDUVSF EVSJOH OVDMFBUJPO BOE DSZTUBMMJ[BUJPO GSPN MJRVJE TPMVUJPOT �ۡ *O� $SZTU&OH�

$PNN ����� 	����
 QQ� ����ۗ�����

<��> 1IJMJQQF 8FSOFU FU BM� ۠य़F TUSVDUVSF PG UIF STU DPPSEJOBUJPO TIFMM JO MJRVJE XBUFS �ۡ *O�

4DJFODF �������� 	����
 QQ� ���ۗ����

<��> 1IJMJQQF 8FSOFU FU BM� ۠4QFDUSPTDPQJD DIBSBDUFSJ[BUJPO PG NJDSPTDPQJD IZESPHFO�

CPOEJOH EJTQBSJUJFT JO TVQFSDSJUJDBM XBUFS �ۡ *O� Fࡋ +PVSOBM PG DIFNJDBM QIZTJDT ������

	����
 Q� �������

<��> :POH2$BJ FU BM� ۠0SEFSJOH PG IZESPHFO CPOET JO IJHI�QSFTTVSF MPX�UFNQFSBUVSF)20 �ۡ

*O� 1IZTJDBM 3FWJFX -FࡇFST ���� 	����
 Q� �������

<��> )P ,XBOH .BP FU BM� ۠&MFDUSPOJD TUSVDUVSF PG DSZTUBMMJOF )F4 BU )JHI 1SFTTVSFT �ۡ *O�

1IZTJDBM SFWJFX MFࡇFST ������ 	����
 Q� �������

<��> +PIO 4 5TF FU BM� ۠1SFTTVSF�JOEVDFE FMFDUSPO UPQPMPHJDBM USBOTJUJPOT JO #B�EPQFE 4J

DMBUISBUF �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<��> )JSPTIJ 'VLVJ FU BM� ۠0YZHFO ,�FEHF OF TUSVDUVSFT PG XBUFS CZ Y�SBZ 3BNBO TDB॒FSJOH

TQFDUSPTDPQZ VOEFS QSFTTVSF DPOEJUJPOT �ۡ *O� Fࡋ +PVSOBM PG DIFNJDBM QIZTJDT ������

	����
 Q� �������

<��> 5JNPUIZ 5 'JTUFS FU BM� ۠*OUFSNFEJBUF�SBOHF PSEFS JO XBUFS JDFT� /POSFTPOBOU JOFMBTUJD

9�SBZ TDB॒FSJOHNFBTVSFNFOUT BOE SFBM�TQBDF GVMM NVMUJQMF TDB॒FSJOH DBMDVMBUJPOT �ۡ *O�

1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<��> 5VPNBT 1ZMLLBOFO FU BM� ۠5FNQFSBUVSF EFQFOEFODF PG UIF OFBS�FEHF TQFDUSVN PG XB�

UFS �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� �����ۗ������

|��
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<��> % *TIJLBXB FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH PG XBUFS OFBS UIF DSJUJDBM QPJOU� DPNQBSJTPO

PG BO JTPUIFSN BOE JTPDIPSF �ۡ *O� BS9JW QSFQSJOU BS9JW���������� 	����
�

<��> $ISJTUPQI + 4BIMF FU BM� ۠.JDSPTDPQJD TUSVDUVSF PG XBUFS BU FMFWBUFE QSFTTVSFT BOE UFN�

QFSBUVSFT �ۡ *O� 1SPDFFEJOHT PG UIF /BUJPOBM "DBEFNZ PG 4DJFODFT ������ 	����
 QQ� ����ۗ

�����

<��> 5PTIJBLJ *JUBLB FU BM� ۠1SFTTVSF�JOEVDFE EJTTPDJBUJPO PG XBUFS NPMFDVMFT JO JDF 7** �ۡ *O�

4DJFOUJटD SFQPSUT � 	����
 Q� ������

<��> $ISJTUPQI + 4BIMF FU BM� ۠*OVFODF PG 5."0 BOE VSFB PO UIF TUSVDUVSF PG XBUFS TUVEJFE

CZ JOFMBTUJD 9�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����


QQ� �����ۗ������

<��> 'FMJY -FINL¼IMFS FU BM� ۠*OUSBNPMFDVMBS TUSVDUVSF BOE FOFSHFUJDT JO TVQFSDPPMFE XBUFS

EPXO UP ��� , �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ���� 	����
 QQ� ����ۗ�����

<��> $ISJTUPQI + 4BIMF FU BM� ۠$BUJPO IZESBUJPO JO TVQFSDSJUJDBM /B0) BOE )$M BRVFPVT

TPMVUJPOT �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� �����ۗ������

<��> $ISJTUPQI + 4BIMF FU BM� ۠)ZESBUJPO JO BRVFPVT TPMVUJPOT PG FDUPJOF BOE IZESPYZFD�

UPJOF �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����
 QQ� �����ۗ������

<��> +PIBOOFT /JTLBOFO FU BM� ۠$PNQBUJCJMJUZ PG RVBOUJUBUJWF 9�SBZ TQFDUSPTDPQZ XJUI DPO�

UJOVPVT EJTUSJCVUJPO NPEFMT PG XBUFS BU BNCJFOU DPOEJUJPOT �ۡ *O� 1SPDFFEJOHT PG UIF /B�

UJPOBM "DBEFNZ PG 4DJFODFT ������ 	����
 QQ� ����ۗ�����

<��> $ISJTUPQI + 4BIMF FU BM� ۠)ZESBUJPO JO BRVFPVT PTNPMZUF TPMVUJPOT� UIF DBTF PG 5."0

BOE VSFB �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����
 QQ� �����ۗ������

<��> "SUP 4BLLP FU BM� ۠*OFMBTUJD 9�SBZ TDB॒FSJOH BOE WJCSBUJPOBM FFDUT BU UIF ,�FEHFT

PG HBTFPVT /2 /20 BOE $02 �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����


QQ� �����ۗ������

<��> +VIP *OLJOFO FU BM� ۠5FNQFSBUVSF EFQFOEFODF PG $02 BOE /2 DPSF�FMFDUSPO FYDJUB�

UJPO TQFDUSB BU IJHI QSFTTVSF �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����


QQ� ����ۗ�����

<��> -JO�'BO ;IV FU BM� ۠*OFMBTUJD Y�SBZ TDB॒FSJOH TUVEZ PO UIF TJOHMF FYDJUBUJPOT PG IFMJVN �ۡ

*O� +PVSOBM PG 1IZTJDT #� "UPNJD .PMFDVMBS BOE 0QUJDBM 1IZTJDT ���� 	����
 Q� �������

��|
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<��> "MFLTJ .B॒JMB FU BM� ۠-PDBM FMFDUSPOJD TUSVDUVSF PG .H#2 CZ Y�3BZ 3BNBO TDB॒FSJOH BU

UIF #PSPO , &EHF �ۡ *O� 1IZTJDBM SFWJFX MFࡇFST ����� 	����
 Q� �������

<��> 4[BCPMDT (BMBNCPTJ FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH TUVEZ PG BMJHOFE QPMZVPSFOF �ۡ *O�

.BDSPNPMFDVMFT ����� 	����
 QQ� ����ۗ�����

<��> $ISJTUJBO 4UFSOFNBOO FU BM� ۠य़F CBSJVN HJBOU EJQPMF SFTPOBODF JO CBSJUF� B TUVEZ PG

TPॏ Y�SBZ BCTPSQUJPO FEHFT VTJOH IBSE Y�SBZT �ۡ *O� +PVSOBM PG "OBMZUJDBM "UPNJD 4QFD�

USPNFUSZ ���� 	����
 QQ� ���ۗ����

<��> 5VPNBT 1ZMLLBOFO FU BM� ۠3PMF PG OPO�IZESPHFO�CPOEFE NPMFDVMFT JO UIF PYZHFO ,�

FEHF TQFDUSVN PG JDF �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� ����ۗ

�����

<��> "MFYBOEFS /ZSPX FU BM� ۠1SFTTVSF JOEVDFE TQJO USBOTJUJPO SFWFBMFE CZ JSPO .2,3�FEHF

TQFDUSPTDPQZ �ۡ *O� "QQMJFE 1IZTJDT -FࡇFST ������ 	����
 Q� �������

<��> +PIO 4 5TF FU BM� ۠1SFTTVSF�JOEVDFE DIBOHFT PO UIF FMFDUSPOJD TUSVDUVSF BOE FMFDUSPO

UPQPMPHZ JO UIF EJSFDU '$$→4) USBOTGPSNBUJPO PG TJMJDPO �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM

$IFNJTUSZ $ ����� 	����
 QQ� ����ۗ�����

<��> $ISJTUPQI + 4BIMF FU BM� ۠य़F #B �Eۗ�G HJBOU EJQPMF SFTPOBODF JO DPNQMFY #B�4J DPN�

QPVOET �ۡ *O� +PVSOBM PG 1IZTJDT #� "UPNJD .PMFDVMBS BOE 0QUJDBM 1IZTJDT ���� 	����


Q� �������

<��> 5PE " 1BTDBM FU BM� ۠'JOJUF UFNQFSBUVSF FFDUT PO UIF Y�SBZ BCTPSQUJPO TQFDUSB PG

MJUIJVN DPNQPVOET� 'JSTU�QSJODJQMFT JOUFSQSFUBUJPO PG Y�SBZ 3BNBO NFBTVSFNFOUT �ۡ *O�

Fࡋ +PVSOBM PG DIFNJDBM QIZTJDT ����� 	����
 Q� �������

<��> 4JNP )VPUBSJ FU BM� ۠9�SBZ�3BNBO�TDB॒FSJOH�CBTFE &9"'4 CFZPOE UIF EJQPMF MJNJU �ۡ

*O� +PVSOBM PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> "MFYBOEFS /ZSPX FU BM� ۠*SPO TQFDJBUJPO JO NJOFSBMT BOE HMBTTFT QSPCFE CZ .2/3�FEHF

9�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ �ۡ *O� $POUSJCVUJPOT UP .JOFSBMPHZ BOE 1FUSPMPHZ

����� 	����
 Q� �����

<��> (©SBME -FMPOH FU BM� ۠%FUFDUJOH OPO�CSJEHJOH PYZHFOT� OPO�SFTPOBOU JOFMBTUJD Y�

SBZ TDB॒FSJOH JO DSZTUBMMJOF MJUIJVN CPSBUFT �ۡ *O� *OPSHBOJD DIFNJTUSZ ����� 	����


QQ� �����ۗ������

|��
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<��> $ISJTUPQIFS 8FJT FU BM� ۠1SFTTVSF ESJWFO TQJO USBOTJUJPO JO TJEFSJUF BOE NBHOF�

TJPTJEFSJUF TJOHMF DSZTUBMT �ۡ *O� 4DJFOUJटD SFQPSUT ��� 	����
 QQ� �ۗ���

<��> 4ZMWBJO 1FUJUHJSBSE FU BM� ۠.BHNB QSPQFSUJFT BU EFFQ &BSUIT DPOEJUJPOT GSPN FMFDUSPOJD

TUSVDUVSF PG TJMJDB �ۡ *O� (FPDIFN� 1FSTQFDU� -Fࡇ � 	����
 QQ� ��ۗ���

<��> &NNBOVFMMF EF $MFSNPOU (BMMFSBOEF FU BM� ۠फ़BOUJDBUJPO PG OPO�CSJEHJOH PYZHFOT JO

TJMJDBUFT VTJOH Y�SBZ 3BNBO TDB॒FSJOH �ۡ *O� +PVSOBM PG /PO�$SZTUBMMJOF 4PMJET ��� 	����


Q� �������

<��> :FKVO 'FOH FU BM� ۠3PMF PG JOWFSTJPO TZNNFUSZ BOE NVMUJQPMF FFDUT JO OPOSFTPOBOU

Y�SBZ 3BNBO TDB॒FSJOH GSPN JDPTBIFESBM #4$ �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����


Q� �������

<��> .JDIBFM ,SJTDI FU BM� ۠.PNFOUVN USBOTGFS EFQFOEFODF PG JOFMBTUJD Y�SBZ TDB॒FSJOH

GSPN UIF -J , FEHF �ۡ *O� 1IZTJDBM SFWJFX MFࡇFST ����� 	����
 Q� �����

<��> $ 4UFSOFNBOO FU BM� ۠.PNFOUVN�USBOTGFS EFQFOEFODF PG Y�SBZ 3BNBO TDB॒FSJOH BU UIF

#F ,�FEHF �ۡ *O� 1IZTJDBM 3FWJFX # ���� 	����
 Q� �������

<��> ,FJKP )¤N¤M¤JOFO FU BM� ۠.PNFOUVN EFQFOEFODF PG VPSJOF ,�FEHF DPSF FYDJUPO JO

-J' �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<��> :WFT +PMZ FU BM� ۠'VMM�QPUFOUJBM TJNVMBUJPO PG Y�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ �ۡ *O�

+PVSOBM PG DIFNJDBM UIFPSZ BOE DPNQVUBUJPO ���� 	����
 QQ� ����ۗ�����

<��> 3PCFSU " (PSEPO FU BM� ۠)JHI NVMUJQPMF USBOTJUJPOT JO /*94� 7BMFODF BOE IZCSJEJ[BUJPO

JO �G TZTUFNT �ۡ *O� &1- 	&VSPQIZTJDT -FࡇFST
 ���� 	����
 Q� ������

<��> +PF " #SBEMFZ FU BM� ۠$PSF BOE TIBMMPX�DPSF E�UP G�TIFMM FYDJUBUJPOT JO SBSF�FBSUI NFU�

BMT �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<��> .BSUJO 4VOEFSNBOO FU BM� ۠य़F RVBSUFU HSPVOE TUBUF JO $F#6� "O JOFMBTUJD Y�SBZ TDBU�

UFSJOH TUVEZ �ۡ *O� &1- 	&VSPQIZTJDT -FࡇFST
 ����� 	����
 Q� ������

<��> .BSUJO 4VOEFSNBOO FU BM� ۠�G $SZTUBM 'JFME (SPVOE 4UBUF PG UIF 4USPOHMZ $PSSFMBUFE

5PQPMPHJDBM *OTVMBUPS 4N#6 �ۡ *O� 1IZTJDBM SFWJFX MFࡇFST ����� 	����
 Q� �������

<��> 3PCFSUP $BDJVP FU BM� ۠6SBOJVN �E��G FMFDUSJD�NVMUJQPMF USBOTJUJPOT QSPCFE CZ OPO�

SFTPOBOU JOFMBTUJD Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

��|



3&'&3&/$&4 $IBQUFS �

<��> +PF " #SBEMFZ FU BM� ۠1SPCJOH FMFDUSPOJD DPSSFMBUJPOT JO BDUJOJEF NBUFSJBMT VTJOH NVMUJ�

QPMBS USBOTJUJPOT �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<��> 4VCISB 4FO (VQUB FU BM� ۠$PFYJTUFODF PG CPVOE BOE WJSUVBM�CPVOE TUBUFT JO TIBMMPX�

DPSF UP WBMFODF Y�SBZ TQFDUSPTDPQJFT �ۡ *O� 1IZTJDBM 3FWJFX # ���� 	����
 Q� �������

<��> .BSUJO 4VOEFSNBOO FU BM� ۠%JSFDU CVML�TFOTJUJWF QSPCF PG �G TZNNFUSZ JO 63V24J2 �ۡ *O�

1SPDFFEJOHT PG UIF /BUJPOBM "DBEFNZ PG 4DJFODFT ������ 	����
 QQ� �����ۗ������

<��> .BSUJO 4VOEFSNBOO FU BM� ۠$SZTUBM�FME TUBUFT PG 602 QSPCFE CZ EJSFDUJPOBM EFQFO�

EFODF PG OPOSFTPOBOU JOFMBTUJD Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����


Q� �������

<��> 8FOEZ - .BP FU BM� ۠#POEJOH DIBOHFT JO DPNQSFTTFE TVQFSIBSE HSBQIJUF �ۡ *O� 4DJFODF

�������� 	����
 QQ� ���ۗ����

<��> 4VOH ,FVO -FF FU BM� ۠4USVDUVSF PG BMLBMJ CPSBUF HMBTTFT BU IJHI QSFTTVSF� # BOE -J ,�FEHF

JOFMBTUJD 9�SBZ TDB॒FSJOH TUVEZ �ۡ *O� 1IZTJDBM SFWJFX MFࡇFST ����� 	����
 Q� �������

<��> :VF .FOH FU BM� ۠य़F GPSNBUJPO PG TQ3 CPOEJOH JO DPNQSFTTFE #/ �ۡ *O� /BUVSF NBUFSJBMT

��� 	����
 QQ� ���ۗ����

<��> 4VOH ,FVO -FF FU BM� ۠1SPCJOH PG CPOEJOH DIBOHFT JO #2 03 HMBTTFT BU IJHI QSFTTVSF

XJUI JOFMBTUJD Y�SBZ TDB॒FSJOH �ۡ *O� /BUVSF .BUFSJBMT ���� 	����
 QQ� ���ۗ����

<��> 4VOH ,FVO -FF FU BM� ۠1SPCJOH BOENPEFMJOH PG QSFTTVSF�JOEVDFE DPPSEJOBUJPO USBOTGPS�

NBUJPO JO CPSBUF HMBTTFT� *OFMBTUJD Y�SBZ TDB॒FSJOH TUVEZ BU IJHI QSFTTVSF �ۡ *O� 1IZTJDBM

3FWJFX # ����� 	����
 Q� �������

<��> 3BWIJ 4 ,VNBS FU BM� ۠*OFMBTUJD Y�SBZ TDB॒FSJOH FYQFSJNFOUT PO #4$ VOEFS IJHI TUBUJD

QSFTTVSFT �ۡ *O� %JBNPOE BOE SFMBUFE NBUFSJBMT ������ 	����
 QQ� ���ۗ����

<��> .JDIBFM 1SBWJDB FU BM� ۠9�SBZ 3BNBO TQFDUSPTDPQJD TUVEZ PG CFO[FOF BU IJHI QSFTTVSF �ۡ

*O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ # ������ 	����
 QQ� �����ۗ������

<��> 3BWIJ 4 ,VNBS FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH TUVEJFT PO $60 GVMMFSFOFT BOE NVMUJ�

XBMMFE DBSCPO OBOPUVCFT VOEFS QSFTTVSF �ۡ *O� %JBNPOE BOE SFMBUFE NBUFSJBMT ������

	����
 QQ� ����ۗ�����

|��
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<��> -JO 8BOH FU BM� ۠"QQMJDBUJPO PG B OFX DPNQPTJUF DVCJD�CPSPO OJUSJEF HBTLFU BTTFNCMZ

GPS IJHI QSFTTVSF JOFMBTUJD Y�SBZ TDB॒FSJOH TUVEJFT PG DBSCPO SFMBUFE NBUFSJBMT �ۡ *O�

3FWJFX PG 4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<��> :V -JO FU BM� ۠"NPSQIPVT EJBNPOE� B IJHI�QSFTTVSF TVQFSIBSE DBSCPO BMMPUSPQF �ۡ *O�

1IZTJDBM 3FWJFX -FࡇFST ������ 	����
 Q� �������

<��> 4FBO 3 4IJFI FU BM� ۠&MFDUSPOJD TUSVDUVSF PG DBSCPO EJPYJEF VOEFS QSFTTVSF BOE JO�

TJHIUT JOUP UIF NPMFDVMBS�UP�OPONPMFDVMBS USBOTJUJPO �ۡ *O� 1SPDFFEJOHT PG UIF /BUJPOBM

"DBEFNZ PG 4DJFODFT ������ 	����
 QQ� �����ۗ������

<��> "NZ -B[JDLJ FU BM� ۠/FX DVCJD QIBTF PG -J3/� TUBCJMJUZ PG UIF /−
3 JPO UP ��� (1B �ۡ *O�

1IZTJDBM SFWJFX MFࡇFST ����� 	����
 Q� �������

<��> "NZ -B[JDLJ FU BM� ۠1SFTTVSF�JOEVDFE MPTT PG FMFDUSPOJD JOUFSMBZFS TUBUF BOE NFUBMMJ[B�

UJPO JO UIF JPOJD TPMJE -J3/� &YQFSJNFOU BOE UIFPSZ �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����


Q� �������

<��> .JDIBFM 1SBWJDB FU BM� ۠)JHI�QSFTTVSF TUVEJFT PG NFMBNJOF �ۡ *O� )JHI 1SFTTVSF 3FTFBSDI

���� 	����
 QQ� ��ۗ���

<��> .JDIBFM 1SBWJDB FU BM� ۠)JHI QSFTTVSF JOGSBSFE BOE Y�SBZ 3BNBO TUVEJFT PG BMVNJOVN

OJUSJEF �ۡ *O� QIZTJDB TUBUVT TPMJEJ 	C
 ����� 	����
 QQ� ���ۗ����

<��> 8FOEZ - .BP FU BM� ۠9�SBZۗJOEVDFE EJTTPDJBUJPO PG )20 BOE GPSNBUJPO PG BO 02ۗ)2

BMMPZ BU IJHI QSFTTVSF �ۡ *O� TDJFODF �������� 	����
 QQ� ���ۗ����

<��> +VOH�'V -JO FU BM� ۠&MFDUSPOJD CPOEJOH USBOTJUJPO JO DPNQSFTTFE 4J02 HMBTT �ۡ *O� 1IZTJDBM

3FWJFX # ���� 	����
 Q� �������

<��> 4VOH ,FVO -FF FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH TUVEZ PG .H4J03 HMBTT BU IJHI QSFTTVSF�

*NQMJDBUJPO GPS USJDMVTUFSFE .H4J03 NFMU JO &BSUIT NBOUMF �ۡ *O� 1SPDFFEJOHT PG UIF /B�

UJPOBM "DBEFNZ PG 4DJFODFT ������ 	����
 QQ� ����ۗ�����

<��> :VF .FOH FU BM� ۠*OFMBTUJD Y�SBZ TDB॒FSJOH PG EFOTF TPMJE PYZHFO� &WJEFODF GPS JOUFS�

NPMFDVMBS CPOEJOH �ۡ *O� 1SPDFFEJOHT PG UIF /BUJPOBM "DBEFNZ PG 4DJFODFT ������ 	����


QQ� �����ۗ������

<���> ( -FMPOH FU BM� ۠&WJEFODF PG WFGPME�DPPSEJOBUFE (F BUPNT JO BNPSQIPVT (F02 VOEFS

QSFTTVSF VTJOH JOFMBTUJD Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������
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<���> #FOKBNJO +" .PVMUPO FU BM� ۠*O TJUV TUSVDUVSBM DIBOHFT PG BNPSQIPVT EJPQTJEF

	$B.H4J206
 VQ UP �� (1B� " 3BNBO BOE 0 ,�FEHF 9�SBZ 3BNBO TQFDUSPTDPQJD TUVEZ �ۡ

*O� (FPDIJNJDB FU $PTNPDIJNJDB "DUB ��� 	����
 QQ� ��ۗ���

<���> / )JSBPLB ) 'VLVJ BOE 5BLVP 0LVDIJ� ۠&9"'4 TUVEJFT VOEFS IJHI QSFTTVSF CZ Y�SBZ

3BNBO TDB॒FSJOH �ۡ *O� )JHI 1SFTTVSF 3FTFBSDI ���� 	����
 QQ� ���ۗ����

<���> 4VOH ,FVO -FF FU BM� ۠0YZHFO RVBEDMVTUFST JO 4J02 HMBTT BCPWFNFHBCBS QSFTTVSFT VQ UP

��� (1B SFWFBMFE CZ Y�3BZ 3BNBO TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX -FࡇFST ������ 	����


Q� �������

<���> 4VOH ,FVO -FF 1FUFS + &OH BOE)P�LXBOH.BP� ۠1SPCJOH PG QSFTTVSF�JOEVDFE CPOEJOH

USBOTJUJPOT JO DSZTUBMMJOF BOE BNPSQIPVT FBSUI NBUFSJBMT� JOTJHIUT GSPN Y�SBZ 3BNBO

TDB॒FSJOH BU IJHI QSFTTVSF �ۡ *O� 3FWJFXT JO .JOFSBMPHZ BOE (FPDIFNJTUSZ ���� 	����


QQ� ���ۗ����

<���> )JSPTIJ 'VLVJ FU BM� ۠$PPSEJOBUJPO FOWJSPONFOU PG TJMJDPO JO TJMJDB HMBTT VQ UP �� (1B�

"O Y�SBZ 3BNBO TDB॒FSJOH TUVEZ BU UIF TJMJDPO - FEHF �ۡ *O� 1IZTJDBM 3FWJFX # ���� 	����


Q� �������

<���> "MFYBOEFS /ZSPX FU BM� ۠#VML TFOTJUJWF EFUFSNJOBUJPO PG UIF 'F3+�'FTot�SBUJP JO NJO�

FSBMT CZ 'F -2/3�FEHF 9�SBZ 3BNBO TDB॒FSJOH �ۡ *O� +PVSOBM PG "OBMZUJDBM "UPNJD 4QFD�

USPNFUSZ ���� 	����
 QQ� ���ۗ����

<���> $ISJTUPQIFS 8FJT FU BM� ۠$PNCJOJOH 9�SBZ ,β � � WBMFODF�UP�DPSF BOE 9�SBZ 3BNBO

TQFDUSPTDPQZ GPS TUVEZJOH &BSUI NBUFSJBMT BU IJHI QSFTTVSF BOE UFNQFSBUVSF� UIF DBTF

PG TJEFSJUF �ۡ *O� +PVSOBM PG BOBMZUJDBM BUPNJD TQFDUSPNFUSZ ���� 	����
 QQ� ���ۗ����

<���> :BOH %JOH FU BM� ۠/PWFM IJHI�QSFTTVSF NPOPDMJOJD NFUBMMJD QIBTF PG 7203 �ۡ *O� 1IZTJDBM

SFWJFX MFࡇFST ����� 	����
 Q� �������

<���> +FBO�1BTDBM 3VF BOE "CIBZ 4IVLMB� ۠*OFMBTUJD Y�SBZ TDB॒FSJOH CZ FMFDUSPOJD FYDJUB�

UJPOT VOEFS IJHI QSFTTVSF �ۡ *O� 3FWJFXT PG .PEFSO 1IZTJDT ���� 	����
 Q� ����

<���> $ISJTUJBO 4UFSOFNBOO BOE .BY 8JMLF� ۠4QFDUSPTDPQZ PG MPX BOE JOUFSNFEJBUF ; FMF�

NFOUT BU FYUSFNF DPOEJUJPOT� JO TJUV TUVEJFT PG &BSUI NBUFSJBMT BU QSFTTVSF BOE UFN�

QFSBUVSF WJB 9�SBZ 3BNBO TDB॒FSJOH �ۡ *O� )JHI 1SFTTVSF 3FTFBSDI ���� 	����
 QQ� ���ۗ

����
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<���> 1JUFS 4 .JFEFNB FU BM� ۠*O TJUV 9�SBZ 3BNBO TQFDUSPTDPQZ PG -J#)4 �ۡ *O� 1IZTJDBM $IFN�

JTUSZ $IFNJDBM 1IZTJDT ����� 	����
 QQ� ����ۗ�����

<���> 1JUFS 4 .JFEFNB FU BM� ۠*O TJUV Y�SBZ 3BNBO TQFDUSPTDPQZ TUVEZ PG UIF IZESPHFO TPSQ�

UJPO QSPQFSUJFT PG MJUIJVN CPSPIZESJEF OBOPDPNQPTJUFT �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFN�

JDBM 1IZTJDT ����� 	����
 QQ� �����ۗ������

<���> $ISJTUPQI + 4BIMF FU BM� ۠*O TJUV DIBSBDUFSJ[BUJPO PG UIF EFDPNQPTJUJPO CFIBWJPS PG

.H	#)4
2 CZ Y�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM

1IZTJDT ���� 	����
 QQ� ����ۗ�����

<���> $ISJTUPQI + 4BIMF FU BM� ۠'PSNBUJPO PG $B#6 JO UIF UIFSNBM EFDPNQPTJUJPO PG UIF IZESP�

HFO TUPSBHF NBUFSJBM $B	#)4
2 �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����


QQ� �����ۗ������

<���> 0TDBS "SJFM 1BSFEFT�.FMMPOF FU BM� ۠-J �T DPSF FYDJUPO JO -J) TUVEJFE CZ Y�SBZ 3BNBO

TDB॒FSJOH TQFDUSPTDPQZ �ۡ *O� +PVSOBM PG 1IZTJDT� $POEFOTFE.BࡇFS ���� 	����
 Q� �������

<���> 6MSJLF #PFTFOCFSH FU BM� ۠&MFDUSPOJD TUSVDUVSF DIBOHFT VQPO MJUIJVN JOUFSDBMBUJPO JOUP

HSBQIJUFۗ*OTJHIUT GSPN FY TJUV BOE PQFSBOEP Y�SBZ 3BNBO TQFDUSPTDPQZ �ۡ *O� $BSCPO

��� 	����
 QQ� ���ۗ����

<���> 5BLBNBTB /POBLB FU BM� ۠*O TJUV Y�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ PG B HSBQIJUF

FMFDUSPEF GPS MJUIJVN�JPO CB॒FSJFT �ۡ *O� +PVSOBM PG 1PXFS 4PVSDFT ��� 	����
 QQ� ���ۗ

����

<���> ,B[VIJLP .VLBJ FU BM� ۠*O TJUV 9�SBZ 3BNBO TQFDUSPTDPQZ BOE NBHOFUJD TVTDFQUJCJMJUZ

TUVEZ PO -J <-J0.15.O1.85>04 PYZHFO BOJPO SFEPY SFBDUJPO �ۡ *O� $IFNJDBM $PNNVOJDB�

UJPOT 	����
�

<���> /JFOLF + 'JSFU FU BM� ۠$IFNJTPSQUJPO PG BOJPOJD TQFDJFT GSPN UIF FMFDUSPMZUF BMUFST UIF

TVSGBDF FMFDUSPOJD TUSVDUVSF BOE DPNQPTJUJPO PG QIPUPDIBSHFE #J70� �ۡ *O� $IFNJTUSZ

PG .BUFSJBMT ����� 	����
 QQ� ����ۗ�����

<���> "MFTTBOESP -POHP FU BM� ۠8IBU NBLFT 'F�NPEJFE .H"M�0� BO BDUJWF DBUBMZTU TVQ�

QPSU *OTJHIU GSPN 9�SBZ 3BNBO 4DB॒FSJOH �ۡ *O� "$4 $BUBMZTJT ����� 	����
 QQ� ����ۗ

�����
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<���> .BSDVT 'FITF FU BM� ۠#VML�4FOTJUJWF 4Pॏ 9�SBZ &EHF 1SPCJOH GPS &MVDJEBUJPO PG $IBSHF

$PNQFOTBUJPO JO #B॒FSZ &MFDUSPEFT �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ $ ������

	����
 QQ� �����ۗ������

<���> ,FJKP )¤N¤M¤JOFO BOE 4 .BOOJOFO� ۠3FTPOBOU BOE OPO�SFTPOBOU JOFMBTUJD Y�SBZ TDBU�

UFSJOH �ۡ *O� +PVSOBM PG 1IZTJDT� $POEFOTFE .BࡇFS ����� 	����
 Q� �����

<���> 4VOJM , 4JOIB� ۠य़FPSZ PG JOFMBTUJD Y�SBZ TDB॒FSJOH GSPN DPOEFOTFE NB॒FS �ۡ *O� +PVSOBM

PG 1IZTJDT� $POEFOTFE .BࡇFS ����� 	����
 Q� �����

<���> .JDIBFM ,SJTDI BOE 'SBODFTDP 4F॒F� ۠9�SBZ 3BNBO TDB॒FSJOH GSPN MPX ; NBUFSJBMT �ۡ

*O� 4VSGBDF 3FWJFX BOE -FࡇFST ���� 	����
 QQ� ���ۗ����

<���> 6XF #FSHNBOO 1JFUFS (MBU[FM BOE 4UFQIFO 1 $SBNFS� ۠#VML�TFOTJUJWF 9"4 DIBSBDUFS�

J[BUJPO PG MJHIU FMFNFOUT� GSPN 9�SBZ 3BNBO TDB॒FSJOH UP 9�SBZ 3BNBO TQFDUSPTDPQZ �ۡ

*O� .JDSPDIFNJDBM +PVSOBM ������ 	����
 QQ� ���ۗ����

<���> "EPMG 4NFLBM� ۠;VS RVBOUFOUIFPSJF EFS EJTQFSTJPO �ۡ *O� /BUVSXJTTFOTDIBࡄFO �����

	����
 QQ� ���ۗ����

<���> $IBOESBTFLIBSB 7FOLBUB 3BNBO� ۠" OFX SBEJBUJPO �ۡ *O� 	����
�

<���> #FSHFO %BWJT BOE %BOB 1 .JUDIFMM� ۠'JOF TUSVDUVSF PG UIF TDB॒FSFE SBEJBUJPO GSPN

HSBQIJUF �ۡ *O� 1IZTJDBM 3FWJFX ���� 	����
 Q� ����

<���> 8 &ISFOCFSH� ۠�CFS EJF 4USFVVOH WPO 3¶OUHFOTUSBIMFO BO (SBQIJU �ۡ *O� ;FJUTDISJࡄ S¼ࣉ

1IZTJL ������ 	����
 QQ� ���ۗ����

<���> % $PTUFS * /J॒B BOE 8+ य़JKTTFO� ۠य़F 3BNBO FFDU GPS 9�SBZT �ۡ *O� /BUVSF ��������

	����
 QQ� ���ۗ����

<���> ## 3BZ� ۠5FJMBCTPSQUJPO WPO 3¶OUHFOTUSBIMFO �ۡ *O� ;FJUTDISJࡄ GVFS 1IZTJL ������ 	����


QQ� ���ۗ����

<���> " 4PNNFSGFME� ۠$PODFSOJOH UIF TIBQF PG UIF $PNQUPO MJOFT 	'SPN B -F॒FS UP ")

$PNQUPO
 �ۡ *O� 1IZTJDBM 3FWJFX ���� 	����
 Q� ���

<���> , %BT (VQUB� ۠" OFX UZQF PG Y�SBZ TDB॒FSJOH �ۡ *O� /BUVSF �������� 	����
 QQ� ���ۗ����

<���> , %BT (VQUB� ۠4NFLBM�SBNBO UZQF NPEJFE Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX -FU�

UFST ��� 	����
 Q� ���
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<���> , %BT (VQUB� ۠$IBSBDUFSJTUJD NPEJFE Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX �����

	����
 Q� �����

<���> , %BT (VQUB� ۠3FDPJM FMFDUSPO SFTPOBODF JO DSZTUBMT BOE UIF 4UPLFT BOE "OUJ�4UPLFT

NPEJFE MJOFT JO Y�3BZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX -FࡇFST ����� 	����
 Q� ����

<���> :VLJP .J[VOP BOE :PTIJIJSP 0INVSB� ۠य़FPSZ PG 9�SBZ 3BNBO TDB॒FSJOH �ۡ *O� +PVSOBM

PG UIF 1IZTJDBM 4PDJFUZ PG +BQBO ���� 	����
 QQ� ���ۗ����

<���> 5BEBTV 4V[VLJ� ۠9�SBZ 3BNBO TDB॒FSJOH FYQFSJNFOU� * �ۡ *O� +PVSOBM PG UIF 1IZTJDBM 4P�

DJFUZ PG +BQBO ���� 	����
 QQ� ����ۗ�����

<���> 5BEBTV 4V[VLJ BOE )JTBP /BHBTBXB� ۠9�3BZ 3BNBO TDB॒FSJOH� ***� य़F BOHVMBS EFQFO�

EFODF PG UIF TDB॒FSJOH JOUFOTJUZ �ۡ *O� +PVSOBM PG UIF 1IZTJDBM 4PDJFUZ PG +BQBO ���� 	����


QQ� ����ۗ�����

<���> + "MFLTJ 4PJOJOFO "- "OLVEJOPW BOE ++ 3FIS� ۠*OFMBTUJD TDB॒FSJOH GSPN DPSF FMFDUSPOT�

" NVMUJQMF TDB॒FSJOH BQQSPBDI �ۡ *O� 1IZTJDBM 3FWJFX # ���� 	����
 Q� �������

<���> .BMDPN + $PPQFS� ۠$PNQUPO TDB॒FSJOH BOE FMFDUSPO NPNFOUVN EFUFSNJOBUJPO �ۡ *O�

3FQPSUT PO 1SPHSFTT JO 1IZTJDT ���� 	����
 Q� ����

<���> 1 &JTFOCFSHFS BOE 1. 1MBU[NBO� ۠$PNQUPO TDB॒FSJOH PG Y�SBZT GSPN CPVOE FMFDUSPOT �ۡ

*O� 1IZTJDBM 3FWJFX " ��� 	����
 Q� ����

<���> *BO 'MFNJOH�.PMFDVMBS PSCJUBMT BOE PSHBOJD DIFNJDBM SFBDUJPOT� +PIO8JMFZ� 4POT �����

<���> "EBN 1 )JUDIDPDL BOE %$ .BODJOJ� ۠#JCMJPHSBQIZ BOE EBUBCBTF PG JOOFS TIFMM FYDJ�

UBUJPO TQFDUSB PG HBT QIBTF BUPNT BOE NPMFDVMFT �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ

BOE 3FMBUFE 1IFOPNFOB ���� 	����
 Q� WJJ�

<���> %BXJU 4PMPNPO FU BM� ۠$BSCPO 	�T
 /&9"'4 TQFDUSPTDPQZ PG CJPHFPDIFNJDBMMZ SFMFWBOU

SFGFSFODF PSHBOJD DPNQPVOET �ۡ *O� 4PJM 4DJFODF 4PDJFUZ PG "NFSJDB +PVSOBM ���� 	����


QQ� ����ۗ�����

<���> $PSFOUJO -F (VJMMPV FU BM� ۠9"/&4�CBTFE RVBOUJDBUJPO PG DBSCPO GVODUJPOBM HSPVQ

DPODFOUSBUJPOT �ۡ *O� "OBMZUJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<���> ,BSFO )FZNBOO FU BM� ۠$ �T ,�FEHF OFBS FEHF 9�SBZ BCTPSQUJPO OF TUSVDUVSF 	/&9�

"'4
 TQFDUSPTDPQZ GPS DIBSBDUFSJ[JOH GVODUJPOBM HSPVQ DIFNJTUSZ PG CMBDL DBSCPO �ۡ *O�

0SHBOJD (FPDIFNJTUSZ ���� 	����
 QQ� ����ۗ�����
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<���> 7©SPOJRVF 3PVDIPO BOE 4ZMWBJO #FSOBSE� ۠.BQQJOH JSPO HBMM JOL QFOFUSBUJPO XJUIJO

QBQFS CSFT VTJOH TDBOOJOH USBOTNJTTJPO 9�SBZ NJDSPTDPQZ �ۡ *O� +PVSOBM PG "OBMZUJDBM

"UPNJD 4QFDUSPNFUSZ ���� 	����
 QQ� ���ۗ����

<���> +VMJFO "MMFPO FU BM� ۠0SHBOJD NPMFDVMBS IFUFSPHFOFJUJFT DBO XJUITUBOE EJBHFOFTJT �ۡ *O�

4DJFOUJटD SFQPSUT ��� 	����
 QQ� �ۗ��

<���> (FPSHF % $PEZ FU BM� ۠%FUFSNJOBUJPO PG DIFNJDBM�TUSVDUVSBM DIBOHFT JO WJUSJOJUF BD�

DPNQBOZJOH MVNJOFTDFODF BMUFSBUJPO VTJOH $�/&9"'4 BOBMZTJT �ۡ *O�0SHBOJD (FPDIFN�

JTUSZ ������ 	����
 QQ� ���ۗ����

<���> 4ZMWBJO #FSOBSE FU BM� ۠(FPDIFNJDBM FWPMVUJPO PG PSHBOJD�SJDI TIBMFT XJUI JODSFBTJOH

NBUVSJUZ� " 459. BOE 5&. TUVEZ PG UIF 1PTJEPOJB 4IBMF 	-PXFS 5PBSDJBO OPSUIFSO

(FSNBOZ
 �ۡ *O� .BSJOF BOE 1FUSPMFVN (FPMPHZ ���� 	����
 QQ� ��ۗ���

<���> "EBN 1� )JUDIDPDL BOE $ISJT &� #SJPO� ۠*OOFS�TIFMM FYDJUBUJPO PG GPSNBMEFIZEF BD�

FUBMEFIZEF BOE BDFUPOF TUVEJFE CZ FMFDUSPO JNQBDU �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ

BOE 3FMBUFE 1IFOPNFOB ���� 	����
 QQ� ���ۗ����

<���> * *TIJJ BOE "EBN 1 )JUDIDPDL� ۠" RVBOUJUBUJWF FYQFSJNFOUBM TUVEZ PG UIF DPSF FYDJUFE

FMFDUSPOJD TUBUFT PG GPSNBNJEF GPSNJD BDJE BOE GPSNZM VPSJEF �ۡ *O� Fࡋ +PVSOBM PG

DIFNJDBM QIZTJDT ���� 	����
 QQ� ���ۗ����

<���> .# 3PCJO FU BM� ۠'MVPSJOBUJPO FFDUT PO UIF JOOFS�TIFMM TQFDUSB PG VOTBUVSBUFE

NPMFDVMFT �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ BOE 3FMBUFE 1IFOPNFOB �� 	����


QQ� ��ۗ���

<���> ,- )BSEJOH FU BM� ۠*OOFS�TIFMM FYDJUBUJPO TQFDUSPTDPQZ PG QFSPYJEFT �ۡ *O� $IFNJDBM

1IZTJDT ��� 	����
 QQ� ���ۗ����

<���> * *TIJJ BOE "EBN 1 )JUDIDPDL� ۠य़F PTDJMMBUPS TUSFOHUIT GPS $�T BOE 0�T FYDJUBUJPO

PG TPNF TBUVSBUFE BOE VOTBUVSBUFE PSHBOJD BMDPIPMT BDJET BOE FTUFST �ۡ *O� +PVSOBM PG

&MFDUSPO 4QFDUSPTDPQZ BOE 3FMBUFE 1IFOPNFOB ���� 	����
 QQ� ��ۗ���

<���> +5 'SBODJT BOE "EBN 1 )JUDIDPDL� ۠*OOFS�TIFMM TQFDUSPTDPQZ PG Q�CFO[PRVJOPOF IZ�

ESPRVJOPOF BOE QIFOPM� EJTUJOHVJTIJOH RVJOPJE BOE CFO[FOPJE TUSVDUVSFT �ۡ *O� Fࡋ

+PVSOBM PG 1IZTJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����
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<���> +VTTJ -FIUPMB FU BM� ۠&3,"-&ۘ"FYJCMF QSPHSBN QBDLBHF GPS 9�SBZ QSPQFSUJFT PG BUPNT

BOE NPMFDVMFT �ۡ *O� +PVSOBM PG $PNQVUBUJPOBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

४ॵ९� ��������KDD�������

<���> , )FSNBOO FU BM� ۠4UP#F�%F.PO WFSTJPO ��� �ۡ *O� 450#& TPࡄXBSF 	����
�

<���> "SUP 4BLLP FU BM� ۠%FOTJUZ GVODUJPOBM TUVEZ PG Y�SBZ 3BNBO TDB॒FSJOH GSPN BSPNBUJD

IZESPDBSCPOT BOE QPMZVPSFOF �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<���> .BUIJFV 5BJMMFGVNJFS FU BM� ۠9�SBZ BCTPSQUJPO OFBS�FEHF TUSVDUVSF DBMDVMBUJPOT XJUI

UIF QTFVEPQPUFOUJBMT� "QQMJDBUJPO UP UIF , FEHF JO EJBNPOE BOE α�RVBSU[ �ۡ *O� 1IZT�

3FW� # �� 	�� ����
 Q� ������� ४ॵ९� ��������1IZT3FW#����������� ॻॸॲ�

IUUQT���MJOL�BQT�PSH�EPJ���������1IZT3FW#�����������

<���> 1BPMP (JBOOP[[J FU BM� ۠26"/56. &413&440� B NPEVMBS BOE PQFO�TPVSDF TPॏXBSF

QSPKFDU GPS RVBOUVN TJNVMBUJPOT PG NBUFSJBMT �ۡ *O� +PVSOBM PG 1IZTJDT� $POEFOTFE .BࡇFS

����� 	����
 Q� �������

<���> &NNBOVFMMF EF $MFSNPOU (BMMFSBOEF FU BM� ۠'JSTU�QSJODJQMFT NPEFMJOH PG Y�SBZ 3BNBO

TDB॒FSJOH TQFDUSB �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<���> +PIO 7JOTPO FU BM� ۠#FUIF�4BMQFUFS FRVBUJPO DBMDVMBUJPOT PG DPSF FYDJUBUJPO TQFDUSB �ۡ *O�

1IZTJDBM 3FWJFX # ����� 	����
 Q� �������

<���> ,FJUI (JMNPSF FU BM� ۠&ਖ਼DJFOU JNQMFNFOUBUJPO PG DPSF�FYDJUBUJPO #FUIFۗ4BMQFUFS FRVB�

UJPO DBMDVMBUJPOT �ۡ *O� $PNQVUFS 1IZTJDT $PNNVOJDBUJPOT ��� 	����
 QQ� ���ۗ���� ९ॹॹॴ�

����������

<���> 3PCFSU % $PXBOࡋ�F UIFPSZ PG BUPNJD TUSVDUVSF BOE TQFDUSB� �� 6OJW PG $BMJGPSOJB 1SFTT

�����

<���> .� 8� )BWFSLPSU .� ;XJFS[ZDLJ BOE 0� ,� "OEFSTFO� ۠.VMUJQMFU MJHBOE�FME UIFPSZ

VTJOH 8BOOJFS PSCJUBMT �ۡ *O� 1IZT� 3FW� # �� 	�� ����
 Q� ������� ४ॵ९� ��������

1IZT3FW#����������� ॻॸॲ� IUUQT���MJOL�BQT�PSH�EPJ����

�����1IZT3FW#�����������

��|

https://doi.org/10.1002/jcc.22987
https://doi.org/10.1103/PhysRevB.66.195107
https://link.aps.org/doi/10.1103/PhysRevB.66.195107
https://doi.org/10.1103/PhysRevB.85.165113
https://doi.org/10.1103/PhysRevB.85.165113
https://link.aps.org/doi/10.1103/PhysRevB.85.165113
https://link.aps.org/doi/10.1103/PhysRevB.85.165113
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<���> +� 5� 'SBODJT BOE "EBN 1 )JUDIDPDL� ۠*OOFS�TIFMM TQFDUSPTDPQZ PG Q�CFO[PRVJOPOF

IZESPRVJOPOF BOE QIFOPM� EJTUJOHVJTIJOH RVJOPJE BOE CFO[FOPJE TUSVDUVSFT �ۡ *O�

Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ����� ४ॵ९� �� � ���� �

K������B����

<���> 3" 3PTFOCFSH 1+ -PWF BOE 7JDUPS 3FIO� ۠1PMBSJ[BUJPO�EFQFOEFOU $ 	,
 OFBS�FEHF Y�

SBZ�BCTPSQUJPO OF TUSVDUVSF PG HSBQIJUF �ۡ *O� 1IZTJDBM 3FWJFX # ���� 	����
 Q� �����

<���> + "MFLTJ 4PJOJOFO FU BM� ۠&YQFSJNFOUBM EFUFSNJOBUJPO PG UIF DPSF�FYDJUFE FMFDUSPO EFO�

TJUZ PG TUBUFT �ۡ *O� +PVSOBM PG 1IZTJDT� $POEFOTFE .BࡇFS ����� 	����
 Q� �����

<���> .+ #FSHFS FU BM� ۠9DPN� 1IPUPO DSPTT TFDUJPOT EBUBCBTF OJTU TUBOEBSE SFGFSFODF

EBUBCBTF � 	YHBN
 �ۡ *O� IࡇQ���QIZTJDT�OJTU�HPW�1IZT3FG%BUB�9DPN�5FYU�9$0.�IUNM

	����
�

<���> $IBNTFEEJOF #FOBCEFSSBINBOF FU BM� ۠%FWFMPQNFOU BOE PQFSBUJPO PG B 1S2'F14#

CBTFE DSZPHFOJD QFSNBOFOU NBHOFU VOEVMBUPS GPS B IJHI TQBUJBM SFTPMVUJPO Y�SBZ CFBN

MJOF �ۡ *O� 1IZTJDBM 3FWJFX "DDFMFSBUPST BOE #FBNT ���� 	����
 Q� �������

<���> 3BJOFS8BO[FOCFSH FU BM� ۠%FTJHO TUBUVT PG UIF VMUSB�MPX FNJ॒BODF TZODISPUSPO GBDJMJUZ

1&53" *7 �ۡ *O� "*1 $POGFSFODF 1SPDFFEJOHT� 7PM� ����� �� "*1 1VCMJTIJOH --$� ����

Q� �������

<���> ,B[VZVLJ 5PIKJ BOE :BTVP 6EBHBXB� ۠9�SBZ 3BNBO TDB॒FSJOH BT B TVCTUJUVUF GPS TPॏ�

Y�SBZ FYUFOEFE Y�SBZ�BCTPSQUJPO OF TUSVDUVSF �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����


Q� �����

<���> ,B[VZVLJ 5PIKJ BOE :BTVP 6EBHBXB� ۠/PWFM BQQSPBDI GPS TUSVDUVSF BOBMZTJT CZ Y�SBZ

3BNBO TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����
 Q� �����

<���> &YQFSJNFOUBM 4UBUJPO ���C 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF "DDFTTFE "VH�

�� ����� ॻॸॲ� IUUQT���XXX�TTSM�TMBD�TUBOGPSE�FEV�DPOUFOU�

CFBN�MJOFT�CM���C�

<���> :VNJOH . 9JBP FU BM� ۠/FX EFWFMPQNFOUT JO IJHI QSFTTVSF 9�SBZ TQFDUSPTDPQZ CFBN�

MJOF BU )JHI 1SFTTVSF $PMMBCPSBUJWF "DDFTT 5FBN �ۡ *O� 3FWJFX PG TDJFOUJटD JOTUSVNFOUT

���� 	����
 Q� �������

|��

https://doi.org/10.1021/j100195a018
https://doi.org/10.1021/j100195a018
https://www-ssrl.slac.stanford.edu/content/beam-lines/bl6-2b
https://www-ssrl.slac.stanford.edu/content/beam-lines/bl6-2b
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<���> :POH 2 $BJ FU BM� ۠0QUJDBM %FTJHO BOE 1FSGPSNBODF PG UIF 5BJXBO *OFMBTUJD 9�3BZ

4DB॒FSJOH #FBNMJOF 	#-��96
 BU 41SJOH�� �ۡ *O� "*1 $POGFSFODF QSPDFFEJOHT� 7PM� ����

�� "NFSJDBO *OTUJUVUF PG 1IZTJDT� ���� QQ� ���ۗ����

<���> +BNFT .JDIBFM "CMF॒ FU BM� ۠य़F ("-"9*&4 JOFMBTUJD IBSE Y�SBZ TDB॒FSJOH FOE�TUBUJPO

BU 4ZODISPUSPO 40-&*- �ۡ *O� +PVSOBM PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<���> *%���*OFMBTUJD 4DBࡇFSJOH * &43' "DDFTTFE "VH� �� ����� ॻॸॲ�IUUQT���XXX�FTSG�

FV�IPNF�6TFST"OE4DJFODF�&YQFSJNFOUT�&.%�*%���CFBNMJOF�

DIBSBDUFSJTUJDT�IUNM�

<���> 1�� %ZOBNJDT *OFMBTUJD 9�SBZ 4DBࡇFSJOH 4UBUJPO 1&53"*** "DDFTTFE "VH� �� ����� ॻॸॲ�

IUUQT���QIPUPO�TDJFODF�EFTZ�EF�GBDJMJUJFT�QFUSB@JJJ�

CFBNMJOFT � Q�� @ EZOBNJDT � JOFMBTUJD @ Y @ SBZ @ TDBUUFSJOH @

TUBUJPO�YST@TQFDUSPNFUFS�JOEFY@FOH�IUNM�

<���> 6XF #FSHNBOO BOE 4UFQIFO 1 $SBNFS� ۠)JHI�SFTPMVUJPO MBSHF�BDDFQUBODF BOBMZ[FS

GPS Y�SBZ VPSFTDFODF BOE 3BNBO TQFDUSPTDPQZ �ۡ *O� $SZTUBM BOE .VMUJMBZFS 0QUJDT�

7PM� ����� *OUFSOBUJPOBM 4PDJFUZ GPS 0QUJDT BOE 1IPUPOJDT� ���� QQ� ���ۗ����

<���> "SJ�1FLLB )POLBOFO BOE 4JNP )VPUBSJ� ۠(FOFSBM NFUIPE UP DBMDVMBUF UIF FMBTUJD EF�

GPSNBUJPO BOE 9�SBZ EJSBDUJPO QSPQFSUJFT PG CFOU DSZTUBM XBGFST �ۡ *O� *6$S+ ��� 	����
�

<���> "SJ�1FLLB )POLBOFO FU BM� ۠4UVEZ PO UIF SFFDUJWJUZ QSPQFSUJFT PG TQIFSJDBMMZ CFOU

BOBMZTFS DSZTUBMT �ۡ *O� +PVSOBM PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<���> $IBSMFT (BMUPO %BSXJO� ۠य़F UIFPSZ PG Y�SBZ SFFYJPO� 1BSU � �ۡ *O� 1IJM� .BH �� 	����


QQ� ���ۗ����

<���> +FTTF 8. %V.POE� ۠य़FPSZ PG UIF VTF PG NPSF UIBO UXP TVDDFTTJWF Y�SBZ DSZTUBM SF�

FDUJPOT UP PCUBJO JODSFBTFE SFTPMWJOH QPXFS �ۡ *O� 1IZTJDBM 3FWJFX ���� 	����
 Q� ����

<���> )BOT )FJOSJDI +PIBOO� ۠%JF FS[FVHVOH MJDIUTUBSLFS S¶OUHFOTQFLUSFO NJU IJMGF WPO

LPOLBWLSJTUBMMFO �ۡ *O� ;FJUTDISJࡄ S¼ࣉ 1IZTJL ������ 	����
 QQ� ���ۗ����

<���> "SJ�1FLLB)POLBOFO FU BM� ۠*NQSPWJOH UIF FOFSHZ SFTPMVUJPO PG CFOU DSZTUBM Y�SBZ TQFD�

USPNFUFST XJUI QPTJUJPO�TFOTJUJWF EFUFDUPST �ۡ *O� +PVSOBM PG TZODISPUSPO SBEJBUJPO ����

	����
 QQ� ���ۗ����

��|

https://www.esrf.eu/home/UsersAndScience/Experiments/EMD/ID20/beamline-characteristics.html
https://www.esrf.eu/home/UsersAndScience/Experiments/EMD/ID20/beamline-characteristics.html
https://www.esrf.eu/home/UsersAndScience/Experiments/EMD/ID20/beamline-characteristics.html
https://photon-science.desy.de/facilities/petra_iii/beamlines/p01_dynamics/inelastic_x_ray_scattering_station/xrs_spectrometer/index_eng.html
https://photon-science.desy.de/facilities/petra_iii/beamlines/p01_dynamics/inelastic_x_ray_scattering_station/xrs_spectrometer/index_eng.html
https://photon-science.desy.de/facilities/petra_iii/beamlines/p01_dynamics/inelastic_x_ray_scattering_station/xrs_spectrometer/index_eng.html
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<���> 4BUJP 5BLBHJ� ۠%ZOBNJDBM UIFPSZ PG EJSBDUJPO BQQMJDBCMF UP DSZTUBMT XJUI BOZ LJOE PG

TNBMM EJTUPSUJPO �ۡ *O� "DUB $SZTUBMMPHSBQIJDB ����� 	����
 QQ� ����ۗ�����

<���> %BOJFM 5BVQJO� ۠य़©PSJF EZOBNJRVF EF MB EJSBDUJPO EFT SBZPOT 9 QBS MFT DSJTUBVY E©�

GPSN©T �ۡ *O� #VMMFUJO EF .JO©SBMPHJF ���� 	����
 QQ� ���ۗ����

<���> 4JNP )VPUBSJ FU BM� ۠" MBSHF�TPMJE�BOHMF 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPNFUFS BU *%��

PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO

���� 	����
 QQ� ���ۗ����

<���> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<���> 5JNPUIZ 5 'JTUFS FU BM� ۠#BDLHSPVOE QSPQPSUJPOBM FOIBODFNFOU PG UIF FYUFOEFE OF

TUSVDUVSF JO OPOSFTPOBOU JOFMBTUJD Y�SBZ TDB॒FSJOH �ۡ *O� 1IZTJDBM 3FWJFX # ����� 	����


Q� �������

<���> 'SBOL #JHHT -BXSFODF #� .FOEFMTPIO BOE +PTFQI # .BOO� ۠)BSUSFF�'PDL $PNQUPO

QSPMFT GPS UIF FMFNFOUT �ۡ *O� "UPNJD EBUB BOE OVDMFBS EBUB UBCMFT ���� 	����
 QQ� ���ۗ

����

<���> $ISJTUPQI + 4BIMF FU BM� ۠1MBOOJOH QFSGPSNJOH BOE BOBMZ[JOH 9�SBZ 3BNBO TDB॒FSJOH

FYQFSJNFOUT �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<���> $ISJTUPQI + 4BIMF FU BM� ۠*NQSPWJOH UIF TQBUJBM BOE TUBUJTUJDBM BDDVSBDZ JO 9�SBZ 3BNBO

TDB॒FSJOH CBTFE EJSFDU UPNPHSBQIZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����


QQ� ���ۗ����

<���> 4JNP )VPUBSJ FU BM� ۠%JSFDU UPNPHSBQIZ XJUI DIFNJDBM�CPOE DPOUSBTU �ۡ *O� /BUVSF .B�

UFSJBMT ���� 	����
 QQ� ���ۗ����

<���> 6XF #FSHNBOO 0MJWFS $ .VMMJOT BOE 41 $SBNFS� ۠9�SBZ 3BNBO TQFDUSPTDPQZ PG DBS�

CPO JO BTQIBMUFOF� MJHIU FMFNFOU DIBSBDUFSJ[BUJPO XJUI CVML TFOTJUJWJUZ �ۡ *O� "OBMZUJDBM

$IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<���> .JDIFMMF - (PSEPO FU BM� ۠*OOFS�TIFMM FYDJUBUJPO TQFDUSPTDPQZ PG UIF QFQUJEF CPOE� $PN�

QBSJTPO PG UIF $ �T / �T BOE 0 �T TQFDUSB PG HMZDJOF HMZDZM�HMZDJOF BOE HMZDZM�HMZDZM�

HMZDJOF �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ " ������ 	����
 QQ� ����ۗ�����

|��
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<���> "OESFX & 1PNFSBOU[ FU BM� ۠$BSCPO DPSF FMFDUSPO TQFDUSB PG QPMZDZDMJD BSPNBUJD IZ�

ESPDBSCPOT �ۡ *O� Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ " ������ 	����
 QQ� ����ۗ�����

<���> "OESFX & 1PNFSBOU[ FU BM� ۠&MFDUSPOJD 4USVDUVSF PG /BUVSBMMZ 0DDVSSJOH "SPNBUJD $BS�

CPO �ۡ *O� &OFSHZ � GVFMT ���� 	����
 QQ� ����ۗ�����

<���> %JEFN ,FUFOPHMV FU BM� ۠9�SBZ 3BNBO TQFDUSPTDPQZ PG MJUIJVN�JPO CB॒FSZ FMFDUSPMZUF

TPMVUJPOT JO B PX DFMM �ۡ *O� +PVSOBM PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<���> -P¯D #FSUSBOE FU BM� ۠.JUJHBUJPO TUSBUFHJFT GPS SBEJBUJPO EBNBHF JO UIF BOBMZTJT PG BO�

DJFOU NBUFSJBMT �ۡ *O� 5S"$ 5SFOET JO "OBMZUJDBM $IFNJTUSZ �� 	����
 QQ� ���ۗ����

��|
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%JTFOUBOHMJOH UIF ࠩFNJTUSZ PG "VTUSBMJBO QMBOU

FYVEBUFT GSPN B VOJRVF IJTUPSJDBM DPMMFDUJPO

'PS NJMMFOOJB UIF VOJRVF QIZTJDPDIFNJDBM QSPQFSUJFT PG QMBOU FYVEBUFT IBWF EFटOFE QSBDUJDBM BQ�

QMJDBUJPOT JO NBUFSJBM DVMUVSF BOE DVMUVSBM VTF� /BUJWF "VTUSBMJBO QMBOU FYVEBUFT JODMVEJOH SFTJOT

LJOPT BOE HVNT IBWF CFFO VTFE BOE DPOUJOVF UP CF VTFE CZ "CPSJHJOBM "VTUSBMJBOT GPS OVNFSPVT

UFDIOJDBM BOE DVMUVSBM QVSQPTFT� &TQFDJBMMZ JO UIF BSFB PG BOBMZTJT PG NBUFSJBM DVMUVSBM IFSJUBHF

UIFSF IBT OPU CFFO B DPNQSFIFOTJWF BOBMZUJDBM BQQSPBDI UP OBUJWF "VTUSBMJBO QMBOU FYVEBUFT� "

IJTUPSJD DPMMFDUJPO PG XFMM�QSFTFSWFE OBUJWF "VTUSBMJBO QMBOU FYVEBUFT BTTFNCMFE B DFOUVSZ BHP

CZ QMBOU OBUVSBMJTUT HJWFT B SBSF XJOEPX JOUP UIF IJTUPSZ BOE DIFNJDBM DPNQPTJUJPO PG UIFTF

NBUFSJBMT� 8F SFQPSU IFSF UIF TUVEZ PG GPVS HFOFSB GSPN UIJT DPMMFDUJPO 9BOUIPSSIPFB $BMMJUSJT

&VDBMZQUVT BOE "DBDJB VTJOH B NVMUJNPEBM BQQSPBDI CBTFE PO 934 '5�*3 BOE JOEVDUJWFMZ DPV�

QMFE QMBTNB NBTT TQFDUSPNFUSZ 	*$1�.4
� $PNCJOJOH UIF BOBMZTJT PG DIBSBDUFSJTUJD GFBUVSFT JO

UIF 934 BOE '5�*3 TQFDUSB QSPWJEFT EFUBJMFE DIFNJDBM JOGPSNBUJPO BCPVU UIFTF DPNQMFY OBUVSBM

TQFDJFT� 8F VTF UIJT DIBSBDUFSJ[BUJPO UPXBSET UIFJS CSPBEFS DBUFHPSJ[BUJPO JOUP DIFNJDBM DMBTTFT

JODMVEJOH UFSQFOPJE BSPNBUJD QIFOPMJD BOE QPMZTBDDIBSJEF DPNQPVOET� Fࡋ TUVEZ FYFNQMJटFT

UIF QPUFOUJBM PG 934 B TZODISPUSPO�CBTFE IBSE Y�SBZ NFUIPE SFDFOUMZ JOUSPEVDFE JOUP IFSJUBHF

TDJFODFT UP JOUFSSPHBUF DBSCPO BOE PYZHFO TQFDJBUJPO JO BHFE PSHBOJD TZTUFNT PG DPNQMFY DIFN�

JTUSZ XJUIPVU UIF MJNJUBUJPO PG JOWBTJWF BOE�PS TVSGBDF TQFDJटD NFUIPET� 0VS टOEJOHT QSPWJEF

GVOEBNFOUBM VOEFSTUBOEJOH PG UIF DIFNJTUSZ PG UIFTF OBUVSBM NBUFSJBMT MPOH VTFE CZ "CPSJHJOBM

"VTUSBMJBO QFPQMFT�

��� *OUSPEVDUJPO

'PS NJMMFOOJB TPDJFUJFT IBWF FNQJSJDBMMZ VUJMJ[FE UIF QIZTJDPDIFNJDBM QSPQFSUJFT PG QMBOU FY�

VEBUFT BOE JNQMFNFOUFE UIFN JO QSBDUJDBM BQQMJDBUJPOT BOE DVMUVSBM FYQSFTTJPO <�ۗ�>� /BUJWF

"VTUSBMJBO QMBOU FYVEBUFT JODMVEJOH UIF DPNNPOMZ OBNFE SFTJOT LJOPT BOE HVNT IBWF CFFO

��
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VTFE CZ "CPSJHJOBM "VTUSBMJBOT PWFS UIPVTBOET PG ZFBST BDSPTT UIF DPOUJOFOU GPS B WBSJFUZ PG

QVSQPTFT� #FTJEFT UIF QSBDUJDBM VTF GPS FYBNQMFT TVDI BT BEIFTJWFT BOE CJOEFST UIFZ IBWF

CFFO FNQMPZFE JO B EJWFSTJUZ PG DVMUVSBM IFSJUBHF PCKFDUT <�ۗ�>�

/BUJWF QMBOU FYVEBUFT IBWF BO JNQPSUBOU SPMF JO "CPSJHJOBM "VTUSBMJBO IFSJUBHF BOE UFDI�

OPMPHJDBM VTFT� *OEJHFOPVT "VTUSBMJBOT BDSPTT UIF DPOUJOFOU VTFE QMBOU NBUFSJBMT GSPN EJFSFOU

TPVSDFT BT IBॏJOH BEIFTJWFT 	F�H� IBॏJOH TUPOF UPPMT UP IBOEMFT
 QBJOU CJOEFST QSJNJOH MBZFST

GPS CBSL QBJOUJOHT 	TVDI BT PSDIJE MFBG KVJDF
 BOE GPS NFEJDBM BOE OBSDPUJD QVSQPTFT <� � �ۗ��>�

"CPSJHJOBM "VTUSBMJBOT EFWFMPQFE UFDIOPMPHJFT GPS QSPDFTTJOH UIF OBUVSBMMZ PDDVSSJOH PSHBOJD

NBUFSJBMT NBYJNJ[JOH UIFJS FFDUJWF VTF GPS FBDI QVSQPTF <��>� 5P DIBOHF PS FOIBODF UIFJS

QSPQFSUJFT TQFDJD GPSNVMBUJPOT XFSF PॏFO NJYFE XJUI PDIFS BOE PUIFS NBUFSJBMT JODMVEJOH

ESJFE BOE QPXEFSFE QPMZTBDDIBSJEF HVNT BOE CFST <� ��ۗ��>�

1MBOU FYVEBUFT DPOUJOVF UP CF JODPSQPSBUFE JO B WBSJFUZ PG DVMUVSBM DPOUFYUT JO "CPSJHJOBM

"VTUSBMJBO DPNNVOJUJFT <�>� 'PS FYBNQMF DPOUFNQPSBSZ "VTUSBMJBO "CPSJHJOBM BSUJTUT NBZ

DIPPTF UP VTF USBEJUJPOBM CJOEFST PWFS TZOUIFUJD NBUFSJBMT TVDI BT BDSZMJD PS PJM QBJOUT <�>�

"SUJTUT HP UISPVHI UIF UJNF�DPOTVNJOH QSFQBSBUJPOT PG QBJOUT VTJOH USBEJUJPOBM CJOEFST BOE

QJHNFOUT UP JOUFOUJPOBMMZ DPOOFDU UIFJS BSUXPSLT UP UIFJS MPDBM MBOETDBQF USBEJUJPO BOE DVMUVSF

<� ��>�

0OMZ B GFX DIBSBDUFSJ[BUJPO TUVEJFT PG UIF DPNQMFY DIFNJTUSZ PG OBUVSBM "VTUSBMJBO QMBOU

FYVEBUFT IBWF CFFO SFQPSUFE JO UIF DPOUFYU PG SBX FYVEBUFT BOE TJNJMBSMZ PO DVMUVSBM IFSJUBHF

NBUFSJBMT� #MFF FU BM� <�> IBWF FYBNJOFE TBNQMFT JODMVEJOH9BOUIPSSIPFB UBUFBOB 9BOUIPSSIPFB

TFNJQMBOB BOE BO "DBDJB HVN PG BO VOLOPXO TQFDJFT CFMPOHJOH UP UIF FUIOPCPUBOZ DPMMFDUJPO

PG UIF 4PVUI "VTUSBMJBO .VTFVN 	4".
 CZ '5�*3 BOE DIFNPNFUSJD UFDIOJRVFT� य़F BVUIPST

XFSF BCMF UP EJFSFOUJBUF OBUJWF "VTUSBMJBO SFTJOT BOE JEFOUJFE QSPCBCMF DBOEJEBUFT VTFE GPS

IBॏFE TUPOF LOJWFT� 3FFWFT 1PQFMLB�'JMDP BOE -FOFIBO <��> BOBMZ[FE UIF TBNF UISFF TBN�

QMFT GSPN UIF 4". DPMMFDUJPO BOE BMTP DIBSBDUFSJ[FE LOPXO"VTUSBMJBO BOE &VSPQFBONBUFSJBMT

PG EJFSFOU DIFNJDBM DMBTTFT CZ QZSPMZTJT HBT DISPNBUPHSBQIZNBTT TQFDUSPNFUSZ 	QZ�($�.4


XJUI TVCTFRVFOU NVMUJWBSJBUF TUBUJTUJDBM BOBMZTJT� "OBMZTJT PG UIF TBNF NBUFSJBMT CZ EJFSFOU

NFUIPET EFNPOTUSBUFE DPOTJTUFOU SFTVMUT F�H� UIF JEFOUJDBUJPO PG UIF $ $ SJOH TUSFUDIJOH

CZ '5�*3 BOE UIF JEFOUJDBUJPO PG QIFOPMJD HSPVQT CZ QZ�($�.4 GPS UIF 9BOUIPSSIPFB HFOFSB�

#PUI QBQFST OE UIBU UIF"DBDJB BOE9BOUIPSSIPFB TBNQMFT DBO CF EJTUJOHVJTIFE GSPN UIF PUIFS

TBNQMFT CZ LFZ DIBSBDUFSJTUJDT JO FBDI HFOFSB� #SBETIBX <��> FNQMPZFE ($�.4 UP DIFNJDBMMZ

��|
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DIBSBDUFSJ[F TJY FUIOPHSBQIJD SFTJOT CFMPOHJOH UP UIF 1J॒ 3JWFST .VTFVN DPMMFDUFE B IVOESFE

ZFBST BHP� .BUIFTPO BOE .D$PMMVN <�> BOBMZ[FE B DPMMFDUJPO PG CPUI SBX QMBOU NBUFSJBMT

BOE SFTJOT GSPN फ़FFOTMBOE .VTFVN PCKFDUT CZ '5�*3 BOE ($�.4� 8IJMF OPU JEFOUJGZJOH UIF

NBKPS DPNQPOFOUT PG UIF TQFDJFT FYBNJOFE GSPN UIF SBX QMBOU NBUFSJBMT BOE BSUFGBDUT UIF

BVUIPST XFSF BCMF UP BTTJHO 9BOUIPSSIPFB 5SJPEJB BOE &SZUISPQIMFVN DIMPSPTUBIZT SFTJOT PO

BSDIBFPMPHJDBM PCKFDUT UP UIFJS QMBOU SFTJO DPVOUFSQBSUT CZ NBUDIJOH FMVUJPO UJNFT JO ($�.4

BOE TQFDUSBM GFBUVSFT JO B॒FOVBUFE UPUBM SFFDUBODF 	"53
 '5�*3 <�>�

"U UIF UVSO PG UIF ��UI DFOUVSZ B HSPVQ PG VOLOPXO OBUVSBMJTUT BTTFNCMFE BO FYUFOTJWF

BOE DPNQSFIFOTJWF DPMMFDUJPO PG QMBOU FYVEBUFT TBNQMFE BDSPTT "VTUSBMJB DBSFGVMMZ BOOPUBUJOH

MPDBUJPO JOGPSNBUJPO XJUI NPTU DPMMFDUFE GSPN BCPVU ����ۗ���� 	5BCMF ���
� य़FTF TBNQMFT

IBWF CFFO TUPSFE VQ UP UIF QSFTFOU JO MBCFMFE CSPXO HMBTT KBST� 'VSUIFS EFUBJMT BOE TUPSBHF

DPOEJUJPOT PG UIF DPMMFDUJPO BSF MPTU UP UJNF IPXFWFS JU JT BTTVNFE UIBU UIF JOEJWJEVBM KBST IBWF

CFFO LFQU UPHFUIFS BOE UIFSFGPSF FYQFSJFODFE UIF TBNF DPOEJUJPOT PWFS UIF EFDBEFT� य़F STU

EPDVNFOUBUJPO PG UIF DPMMFDUJPO XBT JO UIF MBCPSBUPSJFT BU UIF "SU (BMMFSZ PG 4PVUI "VTUSBMJB�

8IFO UIFTF MBCPSBUPSJFT XFSF DMPTFE JO UIF MBUF ����T UIF DPMMFDUJPO XBT USBOTGFSSFE BOE IFME

JO UIF 4PVUI "VTUSBMJBO TUBUF GPSFOTJD MBCPSBUPSZ 	'PSFOTJD 4DJFODF 4PVUI "VTUSBMJBۗ'44"
 VOUJM

UIF FBSMZ ����T� 4VCTFRVFOUMZ UIF DPMMFDUJPO XBT CFRVFBUIFE UP 'MJOEFST 6OJWFSTJUZ CZ GPSNFS

TDJFOUJTUT BU '44" 1SPGFTTPS 1BVM ,JSLCSJEF BOE %S 1BVM 1JHPV XJUI UIF JOUFOUJPO GPS GVSUIFS

SFTFBSDI BCPVU UIJT VOJRVF UJNF DBQTVMF PG TBNQMFT� य़JT FYDFQUJPOBM DPMMFDUJPO PFST B SBSF

HMJNQTF JOUP XFMM�QSFTFSWFE QMBOU FYVEBUFT PG NBKPS DVMUVSBM BOE UFDIOPMPHJDBM JOUFSFTU VTFE

CPUI CZ "CPSJHJOBM "VTUSBMJBO BOE &VSPQFBO "VTUSBMJBO QFPQMFT�

)FSF XF SFQPSU B EFUBJMFE DIBSBDUFSJ[BUJPO PG UIF DIFNJDBM TQFDJBUJPO PG OBUJWF "VTUSBMJBO

QMBOU FYVEBUFT GSPN GPVS EJTUJODU HFOFSB 	9BOUIPSSIPFB $BMMJUSJT &VDBMZQUVT"DBDJB
 QSFTFSWFE

JO UIF IJTUPSJD DPMMFDUJPO� 8IJMF TPNF HFOFSB BSF VOJRVFMZ GSPN "VTUSBMJB PS 0DFBOJB BOE IBWF

QSPQFSUJFT UIBU BSF OPU TFFO JO PUIFS QBSUT PG UIF HMPCF 	9BOUIPSSIPFB $BMMJUSJT &VDBMZQUVT


TQFDJFT PG "DBDJB BSF GPVOE XPSMEXJEF <��>� "MUIPVHI GSPN EJTUJODU HFPHSBQIJDBM PSJHJOT

FYVEBUFT GSPN $BMMJUSJT IBWF CFFO OPUFE GPS UIFJS DIFNJDBM TJNJMBSJUJFT UP TBOEBSBD SFTJO GSPN

UIF 5FUSBDMJOJT BSUJDVMBUB USFF GSPN OPSUIFSO "GSJDB <��>� 4JNJMBSMZ FYVEBUFT GSPN "VTUSBMJBO

"DBDJB IBWF QBSBMMFMT GSPN PUIFS "DBDJB TQFDJFT UIBU QSPEVDF HVN "SBCJD 	"DBDJB TFOFHBM OPX

LOPXO BT 4FOFHBMJB TFOFHBM
 <��>� )PXFWFS EFTQJUF FYUFOTJWF DIBSBDUFSJ[BUJPO PG HVN "SBCJD

UIF WBTU NBKPSJUZ PG PWFS B UIPVTBOE "DBDJB 	XB॒MF
 TQFDJFT XPSMEXJEF BSF GPVOE JO "VTUSBMJB

|��
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4BNQMFT 4QFDJFT (FOVT $MBEF -PDBUJPO
� 9� BSCPSFB 9BOUIPSSIPFB "OHJPTQFSNT )FMFOTCVSHI "VTUSBMJB �� .BZ

����
� 9� TFNJQMBOB TTQ�

UBUFBOB
9BOUIPSSIPFB "OHJPTQFSNT .VOTUPO ,BOHBSPP *TMBOE 4PVUI

"VTUSBMJB <4". /P� "�����>
� 9� TFNJQMBOB 9BOUIPSSIPFB "OHJPTQFSNT 8FTU PG $MBSFOEPO 4PVUI "VTUSBMJB

<4". /P� "�����>
� $� DBMDBSBUB $BMMJUSJT (ZNOPTQFSNT फ़JFEPOH OFBS #PNCBMB /FX

4PVUI 8BMFT "VTUSBMJB �� .BSDI
����

� $� HMBVDB $BMMJUSJT (ZNOPTQFSNT %FOJMJRVJO /FX 4PVUI8BMFT "VT�
USBMJB

� $� QSFJTTJJ TTQ� WFS�
SVDPTB

$BMMJUSJT (ZNOPTQFSNT 4IV॒MFUPO /FX 4PVUI 8BMFT "VT�
USBMJB

� 8IJUF .BMMFF &VDBMZQUVT "OHJPTQFSNT /PU SFDPSEFE �� .BZ ����
� &� MBSHJठPSFVT &VDBMZQUVT "OHJPTQFSNT (VOCBS /FX 4PVUI 8BMFT "VT�

USBMJB %FDFNCFS ����
� /PU SFDPSEFE "DBDJB "OHJPTQFSNT $PPQFST $SFFL <4". /P� "����>
�� "� CBLFSJ "DBDJB "OHJPTQFSNT 5VCVMHVN "VTUSBMJB 'FCSVBSZ

����

5BCMF ���� /BUJWF "VTUSBMJBO QMBOU FYVEBUFT� य़F SBX NBUFSJBMT GSPN UIF IJTUPSJDBM DPMMFDUJPO
BSF BQQSPYJNBUFMZ ���� ZFBST PME� 4BNQMFT GSPN UIF 4PVUI"VTUSBMJBO.VTFVN 	4".
 	EFOPUFE
CZ 4".OVNCFS
 BSF SBX QMBOU NBUFSJBMT BMTP TUPSFE GPS EFDBEFT XJUI UIF FYBDU DPMMFDUJPO EBUFT
VOLOPXO�

SFNBJO MFTT TUVEJFE CZ BOBMZUJDBM BQQSPBDIFT� य़FTF HFOFSB SFQSFTFOU NBOZ PG UIF HFOFSBM

DMBTTFT PG QMBOUT UIBU QSPEVDF FYVEBUFT JO "VTUSBMJB <�> BT XFMM BT UIPTF VTFE JO DVMUVSBM BOE

TDJFOUJD QSBDUJDFT <� ��>�

8F BOBMZ[FE BOE DMBTTJFE UIFTF OBUVSBM QSPEVDUT VTJOH DIFNJDBM DIBSBDUFSJ[BUJPO CZ B

NVMUJNPEBM BQQSPBDI UIBU JODMVEFT TZODISPUSPO�CBTFE Y�SBZ 3BNBO TDB॒FSJOH BOE MBC�CBTFE

BOBMZUJDBM NFUIPET 	'5�*3 BOE *$1�.4
� 8F DPNCJOFE 934 BOE '5�*3 XIJDI QSPWJEFE NPMFD�

VMBS TQFDJDJUZ GSPN JEFOUJDBUJPO PG NBKPS GVODUJPOBM HSPVQT 	BQQSPYJNBUFMZ QSPQPSUJPOBM UP

UIFJS DPODFOUSBUJPO
� 8F TIPXFE UIBU TUSBJHIUGPSXBSE BOE TFOTJUJWF DIBSBDUFSJ[BUJPO BOE EJT�

DSJNJOBUJPO PG UIF DPNQMFY PSHBOJD DPNQPVOET JT B॒BJOFE VTJOH 934 JO B OPO�JOWBTJWF NBO�

OFS� य़FXPSL JT UIF STU JO�EFQUI 934�CBTFE TUBUJTUJDBM JOUFS�DPNQBSJTPO PG DPNQMFY IJTUPSJDBM

TBNQMFT� 0VS BQQMJDBUJPO PG 934 QSPWJEFT BO BUPNJD�MFWFM VOEFSTUBOEJOH PG UIF DIFNJDBM TQF�

DJBUJPO PG UIF QMBOU FYVEBUFT JO UIJT SBSF DPMMFDUJPO� 934 DBO CF BQQMJFE JO B SPVUJOF XBZ GPS

UIF DIFNJDBM DIBSBDUFSJ[BUJPO PG TBNQMFT XJUIPVU CFJOH JOWBTJWF BOE DBO CF DPOTJEFSFE BT B

QPXFSGVM UPPM GPS UIF DIFNJDBM DIBSBDUFSJ[BUJPO BOE OF TQFDUSPTDPQJD BOBMZTJT PG TPMJE PSHBOJD

NBUFSJBMT�

��|
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��� 3FTVMUT

����� .BJO TQFDUSPTDPQJD QSPQFSUJFT PG QMBOU FYVEBUFT

934 DBSCPO ,�FEHF 	'JHVSF ���
 BOE PYZHFO ,�FEHF 	'JHVSF ���
 TQFDUSB XFSF DPMMFDUFE GPS B

WBSJFUZ PG QMBOU TQFDJFT BOE HFOFSB� य़F 934 QSPDFTT JT CBTFE PO UIF JOFMBTUJD TDB॒FSJOH PG

B IJHI�FOFSHZ JODJEFOU QIPUPO ohω1 XIJDI FYDJUFT B DPSF FMFDUSPO UP B WBDBOU IJHIFS�FOFSHZ

NPMFDVMBS PSCJUBM XIJMF UIF FYDFTT PG FOFSHZ JT SFMFBTFE XJUI B TDB॒FSFE QIPUPO ohω2 <��ۗ��>�

4QFDUSBM EFDPNQPTJUJPO PG UIF OPSNBMJ[FE CBDLHSPVOE�DPSSFDUFE 934 TJHOBM XBT QFSGPSNFE

BT EFTDSJCFE 	TFF 934 %BUB 3FEVDUJPO
� 934 JT BCMF UP QSPWJEF B VOJRVF DIFNJDBM OHFSQSJOU

GPS FBDI PG UIF QMBOU HFOFSB VOEFS TUVEZ UIVT JU DBO CF DPOTJEFSFE BT B SFMJBCMF OPO�JOWBTJWF

UPPM GPS UIFJS EJTDSJNJOBUJPO� 934 EBUB JOUFSQSFUBUJPO XBT CBTFE PO BO JNQPSUBOU DPSQVT PG

XPSL PO DBSCPO ,�FEHF 9"/&4 BOE &&-4� " EBUBCBTF PG JOOFS TIFMM FYDJUBUJPO TQFDUSB PC�

UBJOFE CZ &&-4 HBUIFSJOH B MBSHF OVNCFS PG DBSCPO BOE PYZHFO ,�FEHF TQFDUSB JT QSPWJEFE CZ

)JUDIDPDL BOE.BODJOJ <��>� '5�*3 BTTJHONFOUT XFSF CBTFE JO IBOECPPLT <��ۗ��> BOE TQFDJD

TUVEJFT DJUFE BMPOH UIF UFYU� '5�*3 	'JHVSF ���
 BTTJTUFE PO UIF JOUFSQSFUBUJPO PG UIF 934 GFB�

UVSFT BOE UIF BDDVSBUF BTTJHONFOU PG UIF DPSF FMFDUSPO USBOTJUJPOT JO WBSJPVT GVODUJPOBM HSPVQT�

4PMVUJPO�CBTFE *$1�.4 XBT FNQMPZFE GPS UIF FMFNFOUBM DIBSBDUFSJ[BUJPO PG BMM PG UIF TBNQMFT

	4* "QQFOEJY 'JHVSF "��
�

������� 9BOUIPSSIPFB SFTJOT

$PNQBSFE UP BMM PUIFS QMBOU FYVEBUFT TUVEJFE 9BOUIPSSIPFB TQFDJFT FYIJCJU UIF IJHIFTU BNPVOU

PG BSPNBUJD BOE�PS PMFOJD DBSCPO XIJDI DBO CF DPOTJEFSFE BT B EFOJOH GFBUVSF PG UIF TQFDJFT

	'JHVSF ���" 4* "QQFOEJY 5BCMF "��
� य़F 934 DBSCPO ,�FEHF TQFDUSB BSF EPNJOBUFE CZ UIF

QSFTFODF PG BO JOUFOTF QFBL BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO BSPNBUJD � PMFOJD

HSPVQT 	'JHVSF ���"
� य़F QSFTFODF PG BSPNBUJD HSPVQT JT DPOSNFE CZ UIF '5�*3 IJHI JOUFOTJUZ

TIBSQ QFBLT DFOUFSFE BU ���� DN−1 ���� DN−1 BOE ���� DN−1 B॒SJCVUFE UP $ $ TUSFUDIJOH

	'JHVSF ���$
� य़F '5�*3 CBOE DFOUFSFE BU ���� DN−1 JT B॒SJCVUFE UP $ $ TUSFUDIJOH PG OPO�

BSPNBUJD $ $ CPOET <��>� *UT QSFTFODF JT IJHIFS JO 9� BSCPSFB XIJMF GPS 9� TFNJQMBOB BOE 9�

TFNJQMBOB TTQ� UBUFBOB UIF GFBUVSF JT MFTT OPUJDFBCMF� य़F XFBL JOUFOTJUZ '5�*3 QFBL PCTFSWFE

BU ���� DN−1 JT B॒SJCVUFE UP UIF $) TUSFUDIJOH JO BMLFOF HSPVQT 	'JHVSF ���#
�

य़F 934 GFBUVSF BU �����ۗ����� F7 	DFOUFS PG ॒FE (BVTTJBO � WBSJFT BNPOH UIF TQFDJFT 4*

|��
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"QQFOEJY 5BCMF "��
 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO QIFOPMT 	"S 0)
 BOE UP B MFTTFS

FYUFOU UP �Tۗ�Q�Ͳ� USBOTJUJPOT JO BMJQIBUJD HSPVQT 	$Y)Z
 <��> 	'JHVSF ���"
 DPOSNFE CZ UIF

XFBL '5�*3 CBOET JO UIF ����ۗ���� SFHJPO DPSSFTQPOEJOH UP $ ) BOUJTZNNFUSJD BOE TZN�

NFUSJD TUSFUDI PG $)� BOE $)� HSPVQT 	'JHVSF ���#
� य़F '5�*3 CBOET DFOUFSFE BU ���� DN−1

BOE ���� DN−1 MJOLFE UP UIF 0 ) EFGPSNBUJPO�$ 0) TUSFUDIJOH BSF PCTFSWBCMF JO BMM 9BO�

UIPSSIPFB TQFDJFT 	'JHVSF ���$
� य़F CSPBE TJHOBM JO UIF ����ۗ���� DN−1 SFHJPO JT B॒SJCVUFE UP

0) TUSFUDIJOH 	'JHVSF ���"
� य़F (BVTTJBO � ॒FE BU �����ۗ����� F7 	UIF DFOUFS WBSJFT BNPOH

9BOUIPSSIPFB TQFDJFT 4* "QQFOEJY 5BCMF "��
 JT UFOUBUJWFMZ BTTJHOFE UP �Tۗͯ� USBOTJUJPOT JO LF�

UPOFT 	3�$ 0
 	'JHVSF ���"
� 0YZHFO �Tۗͯ� FYDJUBUJPOT JO DBSCPOZM HSPVQT 	$ 0
 	(BVTTJBO

� DFOUFSFE BU �����ۗ����� F7
 BSF PCTFSWFE BU UIF 934 PYZHFO ,�FEHF TQFDUSB 	'JHVSF ���"
�

'5�*3 TQFDUSB FYIJCJU B TNBMM TIPVMEFS BSPVOE ���� DN−1 UIBU DPVME CF SFMBUFE UP UIF $ 0 PG

BSPNBUJD LFUPOFT XIJDI BQQFBST BU MPXFS XBWFMFOHUIT UIBO BMJQIBUJD LFUPOFT EVF UP UIF DPO�

KVHBUJPO 	'JHVSF ���$
 <��>� य़F 934 GFBUVSF DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗ�Q�Ͳ�

FMFDUSPOJD USBOTJUJPOT JO IZESPYZM HSPVQT 	3 0)
 	'JHVSF ���" 4* "QQFOEJY 5BCMF "��
 <��>�

������� $BMMJUSJT SFTJOT

य़F 934 DBSCPO ,�FEHF TQFDUSVN PG $� DBMDBSBUB JT DIBSBDUFSJ[FE CZ B NBJO QFBL BU ����� F7

BTTJHOFE UP UIF �Tۗͯ� FMFDUSPOJD USBOTJUJPOT JO DBSCPYZM HSPVQT 	 $00)
 	'JHVSF ���#
� य़F

QSFTFODF PG DBSCPYZMT JO UIF TBNQMF BSF DPOSNFE CZ UIF TUSPOH CSPBE GFBUVSF PG UIF '5�*3

TQFDUSVN DFOUFSFE BU ���� DN−1 B॒SJCVUFE UP $ 0 TUSFUDIJOH PG DBSCPYZMJD BDJET 	'JHVSF ���"


UIF CBOE BSPVOE ���� DN−1 SFMBUFE UP 0 ) TUSFUDIJOH BOE UIF QFBL BU ���� DN−1 MJOLFE UP UIF

$ 0) TUSFUDIJOH � 0 ) EFGPSNBUJPO PG UIF 0) HSPVQT 	'JHVSF ���$
� य़F 934 PYZHFO ,�FEHF

TQFDUSB PG $BMMJUSJT TQFDJFT DPOSN BT XFMM UIF BCVOEBODF PG DBSCPYZMJD BDJET� $PNQBSFE UP BMM

UIF PUIFS HFOFSB UIF TQFDUSB FYIJCJU B IJHIFS JOUFOTJUZ QFBL DFOUFSFE BU ����� BTTJHOFE UP UIF

PYZHFO $ 0 �Tۗͯ� USBOTJUJPOT JO DBSCPYZMT 	 $00)
 XIJMF UIF GFBUVSF DFOUFSFE BU ����� F7

JT B॒SJCVUFE UP UIF PYZHFO 0 ) �Tۗͯ� USBOTJUJPOT JO DBSCPYZM HSPVQT 	 $00)
 <��> 	'JHVSF

���#
�

य़F 934 QFBL BU ����� F7 DPSSFTQPOET UP �Tۗͯ� USBOTJUJPOT JO BSPNBUJD PS PMFOJD HSPVQT

	$ $
 	'JHVSF ���#
� य़F QSFTFODF PG MPX JOUFOTJUZ CBOET BU ���� DN−1 BOE ���� DN−1 BU�

USJCVUFE UP UIF $ $ TUSFUDIJOH JO BSPNBUJD DPNQPVOET JOEJDBUFT UIF MPX BSPNBUJDJUZ PG UIF$BM�

MJUSJT TQFDJFT 	'JHVSF ���$
 MJOLFE UP UIF BHFJOH QSPDFTT PG UIF SFTJO <��>� य़F '5�*3 CBOE DFO�

��|
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UFSFE BU ���� DN−1 B॒SJCVUFE UP UIF $ $ TUSFUDIJOH JT MJOLFE UP UIF QSFTFODF PG OPO�BSPNBUJD

$ $ CPOET� य़F CBOE BU ���� DN−1 MJOLFE UP UIF $ ) TUSFUDIJOH GSPN UIF $ $ NPJFUJFT DPO�

SNT UIF FYJTUFODF PG UIFTF TUSVDUVSFT 	'JHVSF ���#
� य़F MPX JOUFOTJUZ 934 GFBUVSF DFOUFSFE BU

����� F7 JT QPTTJCMZ B॒SJCVUFE UP �Tۗͯ� FMFDUSPOJD USBOTJUJPOT JO LFUPOF HSPVQT 	'JHVSF ���#
�

य़F '5�*3 TIPVMEFS BSPVOE ���� DN−1 JT B॒SJCVUFE UP UIF $ 0 TUSFUDIJOH JO LFUPOFT BOE UIF

���� DN−1 CBOE UP UIF 0 ) CFOEJOH JO BMDPIPMT 	'JHVSF ���$
�

य़F CSPBE 934 GFBUVSF JO UIF SFHJPO �����ۗ��� F7 DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF

�Tۗ�Q�Ͳ� PG BMJQIBUJD HSPVQT 	'JHVSF ���#
� UIFJS QSFTFODF JT DPOSNFE CZ UIF TUSPOH JOUFOTJUZ

QFBLT PG $)� BOE $)� BOUJTZNNFUSJD BOE TZNNFUSJD TUSFUDI JO UIF ����ۗ���� DN−1 SFHJPO

PG UIF '5�*3 TQFDUSVN 	'JHVSF ���#
� य़F QSFTFODF PG UIFTF HSPVQT JT DPOSNFE CZ UIF CBOET

BSPVOE ���� DN−1 	 $)� 
 BOE BSPVOE ���� DN−1 	EFGPSNBUJPO PG $)� BOE $)� HSPVQT
 	'JH�

VSF ���$
�

������� &VDBMZQUVT LJOP

य़F 934 DBSCPO ,�FEHF TQFDUSB PG &VDBMZQUVT FYVEBUFT FYIJCJU BO JOUFOTF QFBL DFOUFSFE BU

����� F7 BTTJHOFE UP �Tۗͯ� USBOTJUJPOT JO QIFOPMJD HSPVQT 	"S 0)
 <��> 	'JHVSF ���$ 4* "Q�

QFOEJY 5BCMF "��
� य़F QSFTFODF PG 0) HSPVQT JT DPOSNFE CZ UIF '5�*3 CBOE BU ���� DN−1

	0 ) TUSFUDIJOH
 	'JHVSF ���"
 BOE CZ UIF CBOET DFOUFSFE BU ���� DN−1 BOE ���� DN−1 BU�

USJCVUFE UP UIF 0) EFGPSNBUJPO � $ 0) TUSFUDIJOH JO 0 ) 	'JHVSF ���$
� य़F QSFTFODF PG

BSPNBUJD HSPVQT JT OPUJDFBCMF CZ UIF CBOET BU ���� ���� BOE ���� DN−1 	$�$ TUSFUDIJOH JO

BSPNBUJD HSPVQT
 	'JHVSF ���$
� य़F FMFDUSPOJD USBOTJUJPOT BU ����� F7 DPVME IBWF CFFO BT XFMM

B॒SJCVUFE UP �Tۗ�Q�Ͳ� USBOTJUJPOT JO BMJQIBUJD 	$Y)Z
 HSPVQT IPXFWFS UIF MBDL PG JOUFOTF '5�*3

CBOET JO UIF SFHJPO ����ۗ���� DN−1 DPOSNT UIF BCTFODF PG $)� BOE $)� HSPVQT 	POMZ B XFBL

BMJQIBUJD TJHOBM DBO CF TFFO GPS &� MBSHJठPSFVT
 	'JHVSF ���#
� य़F '8). PG UIF ॒FE (BVTTJBO

� DFOUFSFE BU ����� F7 JT OBSSPXFS DPNQBSFE UP PUIFS HFOFSB XIJDI JOEJDBUFT UIF BCTFODF PG

USBOTJUJPOT PWFSMBQ 	4* "QQFOEJY 5BCMF "��
�

8IJUF .BMMFF BOE &� -BSHJठPSFVT TQFDUSB BSF DIBSBDUFSJ[FE CZ UIF QSFTFODF PG �Tۗͯ� USBOTJ�

UJPOT JO BSPNBUJD SBUIFS UIBO PMFOJD DBSCPO 	DFOUFSFE BU ����� BOE ����� F7 SFTQFDUJWFMZ
 	'JH�

VSF ���$
 DPOSNFE CZ UIF QSFTFODF PG '5�*3 CBOET BU ���� DN−1 ���� DN−1 BOE ���� DN−1

B॒SJCVUFE UP UIF $ $ TUSFUDIJOH JO BSPNBUJD DPNQPVOET 	'JHVSF ���$
� य़F NBJO EJFSFODFT

CFUXFFO &VDBMZQUVT TQFDJFT JT UIF JOUFOTJUZ PG UIF 934 GFBUVSFT DPSSFTQPOEJOH UP UIF QSFTFODF

|��
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PG DBSCPYZMT 	 $00)
 BOE BMJQIBUJD BMDPIPMT 	3 0)
 	'JHVSF ���$
� य़F �Tۗͯ� USBOTJUJPOT JO

DBSCPYZMT DFOUFSFE BU ����� F7 BSF IJHIFS GPS UIF 8IJUF .BMMFF TQFDJFT XIJDI BHSFFT XJUI UIF

IJHIFS JOUFOTJUZ PG UIF CBOE BU ���� DN−1 JO UIF '5�*3 TQFDUSB B॒SJCVUFE UP $ 0 TUSFUDIJOH

	'JHVSF ���"
� "U UIF 934 PYZHFO ,�FEHF8IJUF .BMMFF FYIJCJU B IJHIFS JOUFOTJUZ ͯ� SFTPOBODF

DFOUFSFE BU ����� F7 B॒SJCVUFE UP PYZHFO �Tۗͯ� USBOTJUJPOT JO DBSCPYZMT 	 $00)
 	'JHVSF

���$
� य़F GFBUVSF BU ����� F7 JT B॒SJCVUFE UP UIF 0 ) PYZHFO �Tۗͯ� USBOTJUJPOT JO DBSCPYZM

HSPVQT�

य़F 934 GFBUVSF DFOUFSFE BU ����� F7 B॒SJCVUFE UP UIF �Tۗ�Q�Ͳ� FMFDUSPOJD USBOTJUJPOT JO

BMJQIBUJD BMDPIPMT 	3 0)
 JT NPSF JOUFOTF GPS &� -BSHJठPSFVT TQFDJFT 	'JHVSF ���$ 4* "QQFOEJY

5BCMF "��
� #PUI &VDBMZQUVT TQFDJFT MBDL PG JOUFOTF CBOET BSPVOE ���� DN−1� POMZ XFBL JO�

UFOTJUZ QFBLT BU ���� DN−1 BOE ���� DN−1 BSF QSFTFOU JO UIF TQFDUSB PG &� -BSHJठPSFVT 	'JHVSF

���#
� य़JT TVHHFTUT B MPX QSPQPSUJPO PG $ ) CPOET DPNQBSFE UP $ $�$ $�$ $ CPOET 	TVC�

TUJUVUFE PS GVTFE DZDMPBMLBOFT BOE VOTBUVSBUJPOT
� *O BEEJUJPO '5�*3 EBUB TVHHFTUT B IJHIFS

QSPQPSUJPO PG DBSCPIZESBUFT JO &� MBSHJठPSFVT�

������� "DBDJB HVNT

य़F 934 TQFDUSB PG "DBDJB FYIJCJU TJHOJDBOU TQFDUSBM EJFSFODFT BNPOH UIF UXP TQFDJFT 	'JH�

VSF ���% 4* "QQFOEJY 5BCMF "��
� UIF BCVOEBODF PG UIF WBSJPVT QFBLT JT EJFSFOU BOE UIF WBSJFE

DFOUFS PG UIF ॒FE (BVTTJBOT JO UIF TBNF FOFSHZ USBOTGFS SFHJPO JOEJDBUFT UIF EJFSFODFT JO

DIFNJDBM DPNQPTJUJPO 	4* "QQFOEJY 5BCMF "��
� य़F TBNQMF PG VOLOPXO "DBDJB TQFDJFT MBDLT

UIF BSPNBUJD BOE�PS PMFOJD DBSCPO 	OP GFBUVSF BSPVOE ����� F7
 BOE FYIJCJUT BO JOUFOTF GFBUVSF

DFOUFSFE BU ����� F7 XIJDI DPSSFTQPOET UP UIF �Tۗ�Q�Ͳ� USBOTJUJPOT JO IZESPYZMT 	3 0)
 	'JH�

VSF ���%
� य़F JOUFOTF '5�*3 CBOE DFOUFSFE BU ���� DN−1 QSFTFOU JO CPUI TBNQMFT JT B॒SJCVUFE

UP UIF 0 ) TUSFUDIJOH 	'JHVSF ���"
�

"DBDJB VOLOPXO TQFDJFT FYIJCJUT B TNBMM GFBUVSF JO UIF 934 DBSCPO ,�FEHF TQFDUSVN DFO�

UFSFE BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO FUIFS HSPVQT 	3 0 3
 	'JHVSF ���%
 <��

��>� य़F TIPVMEFS DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� JO BDFUBM DBSCPOT 	3�$	03
�


<��ۗ��> $PNQBSFE UP "DBDJB VOLOPXO TQFDJFT "� CBLFSJ FYIJCJUT IJHIFS JOUFOTJUZ QFBLT DFO�

UFSFE BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO FUIFS HSPVQT 	3 0 3
 	'JHVSF ���%

4* "QQFOEJY 5BCMF "��
 <�� ��> BOE BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� PG BDFUBM DBSCPOT

	3�$	03
�
 	'JHVSF ���% 4* "QQFOEJY 5BCMF "��� (BVTTJBOT ��
 <��ۗ��>� 0 $ 0 DBSCPO JT

��|



���� 3&46-54 $IBQUFS �

284 286 288 290 292 294284 286 288 290 292 294

8

7

N
or
m
al
iz
ed

in
te
ns
ity

(a
.u
.)

Energy Transfer (eV)

284 286 288 290 292

3

2

1

284 286 288 290 292

Energy Transfer (eV)
284 286 288 290 292 294

4N
or
m
al
iz
ed

in
te
ns
ity

(a
.u
.)

Callitris

284 286 288 290 292 294284 286 288 290 292 294

Energy Transfer (eV)

Xanthorrhoea

N
or
m
al
iz
ed

in
te
ns
ity

(a
.u
.)

284 286 288 290 292

Energy Transfer (eV)

N
or
m
al
iz
ed

in
te
ns
ity

(a
.u
.)

9

10

284 286 288 290 292

B

AcaciaD

CA Eucalyptus

O

O

C
C

O
C
N

OH
CxHy

N

O

O
H

O

O O

OHR

CnH2n+1

O
O O

H
O

O

'JHVSF ���� 934 DBSCPO ,�FEHF TQFDUSB EFDPNQPTJUJPO� "� � 9� BSCPSFB� � 9� TFNJQMBOB
TTQ� UBUFBOB� � 9� TFNJQMBOB� #� � $� DBMDBSBUB� $� � 8IJUF .BMMFF� � &� MBSHJठPSFVT� %� �
"DBDJB VOLOPXO TQFDJFT �� "� CBLFSJ� य़F DFOUFST PG (BVTTJBOT DPSSFTQPOE UP DPSF FMFDUSPO
USBOTJUJPOT BU TQFDJD GVODUJPOBM HSPVQT BT SFQPSUFE JO UIF MJUFSBUVSF PG TPॏ Y�SBZT BCTPSQUJPO
BOE�PS &&-4 TUVEJFT 	TFF 4�* "QQFOEJY 5BCMF "��
�
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'JHVSF ���� 934 PYZHFO ,�FEHF TQFDUSB EFDPNQPTJUJPO� "� � 9� BSCPSFB� � 9� TFNJQMBOB
TTQ� UBUFBOB� � 9� TFNJQMBOB� #� � $� DBMDBSBUB� � $� HMBVDB� � $� QSFJTTJJ TTQ� WFSSVDPTB� $� �
8IJUF .BMMFF� � &� MBSHJठPSFVT� %� � "DBDJB VOLOPXO TQFDJFT �� "� CBLFSJ� य़F DFOUFST PG
(BVTTJBOT DPSSFTQPOE UP DPSF FMFDUSPO USBOTJUJPOT BU TQFDJD GVODUJPOBM HSPVQT BT SFQPSUFE JO
UIF MJUFSBUVSF PG TPॏ Y�SBZT BCTPSQUJPO BOE�PS &&-4 TUVEJFT 	TFF 4�* "QQFOEJY 5BCMF ���
�
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'JHVSF ���� '5�*3 TQFDUSB PG OBUJWF "VTUSBMJBO QMBOU FYVEBUFT� � 9� BSCPSFB� � 9� TFNJQMBOB
TTQ� UBUFBOB� � 9� TFNJQMBOB� � $� DBMDBSBUB� � $� HMBVDB� � $� QSFJTTJJ TTQ� WFSSVDPTB� � 8IJUF
.BMMFF� � &� MBSHJठPSFVT� � "DBDJB VOLOPXO TQFDJFT �� "� CBLFSJ
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DPOTJEFSFE IJHIMZ EJBHOPTUJD GPS TVHBST TJODF JU DBO CF GPVOE JO B MJNJUFE OVNCFS PG PSHBOJD

DPNQPVOET <��>� 'PS "�CBLFSJ UIF 934 GFBUVSF DFOUFSFE BU ����� F7 QPTTJCMZ JOEJDBUFT UIF

QSFTFODF PG BMLZM HSPVQT 	'JHVSF ���%
� य़F 934 DBSCPO ,�FEHF TQFDUSVN PG "� CBLFSJ FYIJCJUT

B QFBL BU ����� F7 B॒SJCVUFE UP �Tۗͯ� USBOTJUJPOT JO BSPNBUJD BOE�PS PMFOJD DBSCPO�

य़F '5�*3 TQFDUSB PG "DBDJB TQFDJFT 	"� CBLFSJ VOLOPXO TQFDJFT
 FYIJCJU UIF GPMMPXJOH GFB�

UVSFT 	'JHVSF ���
� 	B
 BO JOUFOTF CSPBE CBOE JO UIF ����ۗ���� DN−1 SBOHF B॒SJCVUFE UP 0 )

TUSFUDIJOH 	C
 B QFBL DFOUFSFE BU ���� DN−1 B॒SJCVUFE UP UIF $)� BOUJTZNNFUSJD TUSFUDIJOH

BOE B CBOE BU ���� DN−1 MJOLFE UP UIF $) TUSFUDIJOH 	D
 B CSPBE BTZNNFUSJDBM CBOE DFOUFSFE

BU ���� DN−1 QPTTJCMZ MJOLFE XJUI UIF QSFTFODF PG BCTPSCFE XBUFS 	E
 UXP JOUFOTF CBOET BU

���� DN−1 BOE BU ���� DN−1 QPTTJCMZ B॒SJCVUFE UP UIF EFGPSNBUJPO PG $)� BOE$)� HSPVQT 	F
 B

CSPBE CBOE DFOUFSFE BSPVOE ���� DN−1 BOE UXP CBOET DFOUFSFE BU ���� DN−1 BOE ���� DN−1

MJOLFE UP UIF TLFMFUBM WJCSBUJPOT PG QPMZTBDDIBSJEFT� य़F EJFSFODFT JO JOUFOTJUZ BNPOH UIF

UXP TQFDJFT BSF QPTTJCMZ SFMBUFE UP UIF QSPQPSUJPO PG NPOPTBDDIBSJEFT PS UIFJS PSHBOJ[BUJPO JO

UIF QPMZTBDDIBSJEF DIBJO�

��� %JTDVTTJPO

����� 9�SBZ 3BNBO TQFDUSPTDPQZ BT BO VODPOWFOUJPOBM DPNQMFNFOU UP MBC�CBTFE UFDIOJRVFT

य़JT XPSL EFNPOTUSBUFT UIF BEWBOUBHF PG 934 JO UIF DIBSBDUFSJ[BUJPO PG JOIFSFOUMZ DPNQMFY

OBUVSBM NBUFSJBMT DPNQPTFE PG B WBSJFUZ PG PSHBOJD NPMFDVMF DMBTTFT� य़F IJTUPSJDBM DPMMFDUJPO

QSPWJEFT BO PQQPSUVOJUZ UP VOEFSTUBOE UIF DIFNJDBM OBUVSF PG UIF QMBOU FYVEBUFT UIBU IBWF

VOEFSHPOF TJNVMUBOFPVTMZ BHFJOH QSPDFTTFT GPS PWFS B DFOUVSZ� TBNQMFT XJUIJO UIF DPMMFDUJPO

LFQU BU TJNVMUBOFPVT ZFU VOLOPXO DPOEJUJPOT� य़F DPOEJUJPOT FYQFSJFODFE CZ UIJT IJTUPSJDBM

DPMMFDUJPO EFNBSDBUF UIF TBNQMFT GSPN GSFTI NBUFSJBMT BOE EFOFT UIF DPMMFDUJPO BT BO BQQSP�

QSJBUF SFGFSFODF GPS VOEFSTUBOEJOH BHFE TBNQMFT� 'VSUIFS BOBMZTJT PG GSFTI NBUFSJBMT BOE EBUB

DPNQBSJTPO XJMM IFMQ JEFOUJGZ UIF BHJOH NFDIBOJTNT PG UIF TBNQMFT� 8F TVHHFTU UIBU CFGPSF

934 JT BQQMJFE GPS UIF JEFOUJDBUJPO PG PSHBOJD NBUFSJBMT JO DPNQMFY BHFE IFSJUBHF BSUJGBDUT

BHJOH FYQFSJNFOUT PG GSFTI NBUFSJBMT TIPVME CF DBSSJFE PVU UP FTUBCMJTI B HSFBUFS EFHSFF PG

EFUFDUJPO BDDVSBDZ�

934 JT B WFSZ QPXFSGVM FMFNFOU�TQFDJD IBSE Y�SBZ UFDIOJRVF <�� ��> UIBU QSPWJEFT BUPNJD�

MFWFM DIFNJDBM TQFDJBUJPO JOGPSNBUJPO GPS MJHIU FMFNFOUT TVDI BT DBSCPO BOE PYZHFO FRVJWBMFOU
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UP 9"/&4 TQFDUSPTDPQZ 	BMTP LOPXO BT OFBS�FEHF Y�SBZ BCTPSQUJPO OF TUSVDUVSF /&9"'4


<��>� य़F UFDIOJRVF PWFSDPNFT UIF MJNJUBUJPOT PG DPOWFOUJPOBM 9"/&4 GPS UIF TUVEZ PG UIFTF

PSHBOJD TBNQMFT SFMBUFE UP UIF TIPSU QFOFUSBUJPO EFQUI PG TPॏ Y�SBZT� "T 934 JT B IBSE Y�

SBZ CVML�TFOTJUJWF QSPCF JU EPFT OPU SFRVJSF TQFDJBM TBNQMF USFBUNFOU BOE�PS FOWJSPONFOU� *U

DBO CF BQQMJFE JO B OPO�JOWBTJWF NBOOFS UP QSPCF CVML DBSCPO TQFDJBUJPO 	NJMMJNFUFS TDBMF


JO DPNQMFY PSHBOJD TZTUFNT JODMVEJOH WBMVBCMF IFSJUBHF TBNQMFT <�� ��>� 934 IBT BMTP CFFO

TVDDFTTGVMMZ FNQMPZFE BT B UISFF�EJNFOTJPOBM JNBHJOH QSPCF UP TUVEZ OBUVSBM IFSJUBHF PSHBOJD

TBNQMFT UP EFUFSNJOF PSHBOJD TJHOBUVSFT BOE USBDF UIFJS FWPMVUJPO UISPVHI UJNF <��>�

य़F OBNF ۜۜY�SBZ 3BNBO TDB॒FSJOH DPNFT GSPN UIF BOBMPHVF PG JOFMBTUJD TDB॒FSJOH JO

UIF PQUJDBM SFHJPO JOUSPEVDFE CZ 3BNBO JO ����� 8IJMF PQUJDBM 3BNBO TQFDUSPTDPQZ QSPCFT

WJCSBUJPOBM FYDJUBUJPOT JO UIF NF7 SBOHF VTJOH QIPUPOT JO UIF F7 SBOHF Y�SBZ 3BNBO TDB॒FS�

JOH QSPCFT FMFDUSPOJD FYDJUBUJPOT JO UIF UFOT UP IVOESFET F7 SBOHF VTJOH QIPUPOT JO UIF IBSE

Y�SBZ SBOHF 	�ۗ�� LF7
� य़JT XPSL EFNPOTUSBUFT UIF BEWBOUBHFT PG 934 GPS TUVEZJOH PSHBOJD

OBUVSBM QMBOU QSPEVDUT� *O DPNCJOBUJPO XJUI UIF FTUBCMJTIFE NFUIPE '5�*3 934 TVDDFTTGVMMZ

QSPWJEFE B GVMM DIBSBDUFSJ[BUJPO PG TJHOBUVSF DIFNJDBM GFBUVSFT CFUXFFO UIF HFOFSB� '5�*3 TQFD�

USPTDPQZ JT B XJEFMZ VTFE UFDIOJRVF UP QSPWJEF DPNQMFNFOUBSZ EFUBJMFE NPMFDVMBS JOGPSNBUJPO

UP PQUJDBM 3BNBO TQFDUSPTDPQZ PG DVMUVSBM IFSJUBHF NBUFSJBMT <��ۗ��>� य़F QSPCF EFQUI PG CPUI

UFDIOJRVFT JT UISFF PSEFST PG NBHOJUVEF TIPSUFS UIBO UIBU PG 934 	≈ uN
� " MJNJUBUJPO PG PQ�

UJDBM 3BNBO BOBMZTJT PG PSHBOJD DPNQPVOET BSJTFT GSPN UIF GBDU UIBU IJHI FOFSHZ TPVSDFT NBZ

BDUJWBUF FMFDUSPOJD USBOTJUJPOT XIJDI QSPEVDF VPSFTDFODF QIFOPNFOB UIBU EFDSFBTF TJHOBM

TFOTJUJWJUZ� 4VSGBDF�FOIBODFE 3BNBO TDB॒FSJOH 	4&34
 JT BCMF UP RVFODI VPSFTDFODF BOE JO�

DSFBTF 3BNBO TJHOBM CVU SFRVJSFT JOWBTJWF TBNQMF USFBUNFOU <��>� "53�'5�*3 JT B OPO�JOWBTJWF

UFDIOJRVF UIBU DBO CF QFSGPSNFE EJSFDUMZ PO UIF IFSJUBHF PCKFDU� )PXFWFS JU SFRVJSFT DPOUBDU

PG UIF DSZTUBM XJUI UIF TBNQMF XIJDI NBZ DBVTF EFGPSNBUJPO� 1Z�($�.4 JT B QPXFSGVM UFDI�

OJRVF XIJDI BMMPXT UIF TFQBSBUJPO BOE JEFOUJDBUJPO PG DIBSBDUFSJTUJD NBSLFS DPNQPVOET JO

DPNQMFY PSHBOJD NBUSJDFT XJUI B IJHI EFHSFF PG TFOTJUJWJUZ BOE TQFDJDJUZ <�� ��>� 1Z�($�.4

SFRVJSFT SFNPWJOH TBNQMF GSPN UIF PCKFDU PG BU MFBTU GFX UFOT PG NJDSPHSBNT 	CVML BOBMZTJT


XIJDI JT BMXBZT B DPOTUSBJOU XIFO EFBMJOH XJUI UIF TUVEZ PG JNQPSUBOU DVMUVSBM BOE IJTUPSJ�

DBM TBNQMFT� 1Z�($�.4 VTVBMMZ SFRVJSFT SFMBUJWFMZ TIPSU SVO UJNFT ZFU EFSJWBUJ[BUJPO PG UIF

TBNQMF JT OFDFTTBSZ� 934 JT B OPO�JOWBTJWF UFDIOJRVF IPXFWFS BDDFTT UP B TZODISPUSPO BOE

BO 934 TQFDUSPNFUFS JT QSFSFRVJTJUF�

|��
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����� $MBTTJDBUJPO PG DPNQPVOET JOUP DIFNJDBM DMBTTFT

"NPOH UIF PCKFDUJWFT PG UIF TUVEZ XBT UP QSPWJEF B TQFDUSBM TJHOBUVSF GPS FBDI FYVEBUF XIJDI

DBSSJFT JOGPSNBUJPO PO JUT CPOEJOH TUSVDUVSF� 8F IBWF BQQMJFE 'JTIFST MJOFBS EJTDSJNJOBOU

BOBMZTJT 	-%"
 B TVQFSWJTFE TUBUJTUJDBM MFBSOJOH BMHPSJUIN UP FYBNJOF JG UIF NVMUJWBSJBUF EF�

DPNQPTJUJPO PG UIF 934 TJHOBM 	4* "QQFOEJY 5BCMF "��
 DBSSJFT FOPVHI JOGPSNBUJPO UP EJTDSJN�

JOBUF CFUXFFO UIF WBSJPVT HFOFSB� -%" XBT BQQMJFE UP UIF EBUB DPOTJTUJOH PG UIF JOUFHSBUFE

BSFB PG UIF ॒FE (BVTTJBO EJTUSJCVUJPOT JO UIF FOFSHZ USBOTGFS SFHJPO �����ۗ����� F7�

'PS B TBNQMF TFU DPOTJTUJOH PG k DMBTTFT 	IFSF k = 4
 -%" JT QSPQPTJOH K − 1 PSUIPHPOBM

QSPKFDUJPOT TVDI UIBU UIF CFUXFFO�HSPVQ TDBࡇFS JT NBYJNBM XJUI SFTQFDU UP UIF XJUIJO�HSPVQ

TDBࡇFS� 'PMMPXJOH UIJT DSJUFSJB UIF STU QSPKFDUJPO BMTP UFSNFE STU DPNQPOFOU PG UIF -%" JT

CFTU EJTDSJNJOBUJOH FBDI PG UIF K DMBTTFT UIF TFDPOE QSPKFDUJPO JT PQUJNBM XIFO UIF EBUB JT

QSPKFDUFE PO UIF IZQFS QMBOF PSUIPHPOBM UP STU QSPKFDUJPO BOE TP PO� 'JHVSF ���" SFQSFTFOU

UIF SFTVMUT PG UIF -%" BQQMJFE UP UIF 934 EBUB� *O UIJT HSBQI UIFSF JT B DMFBS TFQBSBUJPO

CFUXFFO UIF EBUBQPJOUT PG FBDI HFOFSB TVQQPSUJOH UIF DBQBDJUZ PG UIF 934 EBUB UP EJTDSJNJOBUF

UIF HFOFSB PG TBNQMF PG VOLOPXO PSJHJO� 5P GVSUIFS BTTFTT UIF EJTDSJNJOBUJOH QPXFS PG UIF

934 EFDPNQPTFE TQFDUSB XF UFTUFE UIF IZQPUIFTJT UIBU UIF TFQBSBUJPO TFFO PO UIF -%" JT

PCUBJOFE CZ NFSF DIBODF UISPVHI PWFS॒JOH PG UIF EBUB� B OPU TP VOMJLFMZ QPTTJCJMJUZ TJODF

XF BSF BOBMZ[JOH POMZ � TBNQMFT GPS k = 4 DMBTTFT BOE N = 7 WBSJBCMFT� य़JT IZQPUIFTJT JT

SFKFDUFE XJUI B p�value = 1.31� CFMPX UIF TUBOEBSE 5� UISFTIPME 	'JHVSF ���#
�

य़F QSFTFOU NVMUJ�BOBMZUJDBM TUVEZ DMBTTJFT UIF QMBOU FYVEBUFT EFSJWJOH GSPN EJFSFOU

OBUJWF "VTUSBMJBO HFOFSB JO CSPBEFS DIFNJDBM DMBTTFT� QIFOPMJD BOE BSPNBUJD DPNQPVOET 	&V�

DBMZQUVT 9BOUIPSSIPFB
 QPMZTBDDIBSJEFT 	"DBDJB
 UFSQFOPJET 	$BMMJUSJT
� य़F DIFNJDBM DIBSBD�

UFSJ[BUJPO PG UIFTF HFOFSB DBO JOGPSN PO UIF DVMUVSBM VTFT PG UIF QMBOU FYVEBUFT� य़F DIFNJDBM

TJNJMBSJUZ PG QMBOU FYVEBUFT VOJRVF PG UIF FDPTZTUFN PG "VTUSBMJB 	F�H� $BMMJUSJT
 XJUI QMBOU FYV�

EBUFT XJEFMZ VTFE JO &VSPQF 	F�H� "GSJDBO TBOEBSBD 	5FUSBDMJOJT

 IJHIMJHIUT IPX DVMUVSFT BDSPTT

UIF XPSME DPOWFSHFE UPXBSET TJNJMBS TPMVUJPOT BOE UIF QBSBMMFM VTFT PG NBUFSJBMT EFSJWJOH GSPN

EJTUJODU QMBOU HFOFSB� य़F QMBOU FYVEBUFT UIJT TUVEZ BOBMZ[FE GBMM JOUP UIF DBUFHPSJFT PG UXP

FYBNQMFT PG SFTJOT POF PG LJOP BOE POF PG HVN CZ UIF DIFNJDBM DMBTTJDBUJPO�

य़F "VTUSBMJBO HSBTT USFF 9BOUIPSSIPFB QSPEVDFT B SFTJOPVT NBUFSJBM EPNJOBUFE CZ BSP�

NBUJD BOE QIFOPMJD IZESPDBSCPOT JODMVEJOH BSPNBUJD BOE�PS PMFOJD DBSCPO DPOTJTUFOU XJUI
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'JHVSF ���� 'JTࠩFSلT MJOFBS EJTDSJNJOBOU BOBMZTJT 	-%"
� "� 'JTDIFST MJOFBS EJTDSJNJOBOU
BOBMZTJT BQQMJFE UP UIF (BVTTJBO EFDPNQPTJUJPO PG UIF 934 TQFDUSB PG � TBNQMFT PG LOPXO
HFOFSB� 1SPKFDUJPO PO UIF STU � 	PVU PG �
 CFTU EJSFDUJPOT GPVOE CZ -%"� #� य़F IJTUPHSBN PG
MPH(J) XIFSF J JT UIF NFUSJD PG UIF -%" GPS BMM UIF QPTTJCMF OPO�FRVJWBMFOU HSPVQJOHT XJUI
HSPVQT PG SFTQFDUJWFMZ � � � BOE � TBNQMFT� य़F WFSUJDBM EBTIFE MJOF SFQSFTFOUT UIF 5� Q�WBMVF
UISFTIPME PG UIJT TUBUJTUJDT BOE UIF CMBDL USJBOHMF UIF WBMVF PG MPH(J) PCUBJOFE GPS UIF HSPVQJOH
CBTFE PO UIF HFOFSB PG UIF TBNQMFT�

UIFJS DBUFHPSJ[BUJPO BT QMBOU SFTJOT BOE UIFJS QIZTJDBM QSPQFSUJFT BOE VTF JO IBॏJOH� य़F 9BO�

UIPSSIPFB TQFDJFT BSF VOJRVF UP "VTUSBMJB BOE UIF HFOFSB OBNF 9BOUIPSSIPFB NFBOT ۠ZFMMPX

PX ۡ EFOPUJOH UIF DPMPS PG UIFJS FYVEBUFT IPXFWFS XIFO ESJFE UIF DPMPS PG UIF CSJ॒MF SFTJO

DBO SBOHF GSPN ZFMMPX UP SFE� (JWFO UIFJS MPX TPMVCJMJUZ JO XBUFS "CPSJHJOBM "VTUSBMJBOT VTF

9BOUIPSSIPFB GPS QSBDUJDBM QVSQPTFT JODMVEJOH IBॏJOH XBUFSQSPPOH PS SFQBJS PG CBSL DPOUBJO�

FST BOE DBOPFT BOE BSUJTUJD QVSQPTFT 	F�H� B॒BDIJOH FMFNFOUT UP PCKFDUT
 <��ۗ��>� 9BOUIPSSIPFB

TQFDJFT BSF HFPHSBQIJDBMMZ XFMM�EFOFE� UIVT UIFZ DBO CF WBMVBCMF GPS USBDJOH UIF TPVSDF PG UIF

PCKFDU BOE UIF USBEF CFUXFFO DPNNVOJUJFT <��>� 3FDFOU "CPSJHJOBM "VTUSBMJBO BSUJTUT JODMVEJOH

-JOETBZ )BSSJT $ISJTUPQIFS 1FBTF BOE 3PWFS य़PNBT IBWF VTFE 9BOUIPSSIPFB SFTJOT JO UIFJS

BSUXPSLT BT QJHNFOU CJOEFST <�>� BT B DIPJDF MJOLFE UP DPVOUSZ BOE DVMUVSF�

$BMMJUSJT B HFOVT QSPNJOFOU BOE VOJRVF JO "VTUSBMJBO FDPTZTUFNT CFMPOHT JO UIF DIFNJDBM

DMBTT PG EJUFSQFOPJE SFTJOT XJUI B TVCTUBOUJBM QSFTFODF PG DBSCPYZMJD BDJET DIBSBDUFSJ[FE CZ

DBMMJUSJTJD BOE DPNNVOJD BDJE� य़FSF JT OPU FYUFOTJWF MJUFSBUVSF PO UIF DIFNJTUSZ PG $BMMJUSJT

QMBOU FYVEBUFT QFSIBQT EVF UP JUT TQFDJD HFPHSBQIJD MPDBUJPO� 0OF FYDFQUJPO JT 4JNPOFJU FU

BM� <��> XIP EPDVNFOUFE UIBU UIF HFOFSBM DIFNJTUSZ BOE DPMPS PG $BMMJUSJT FYVEBUFT BSF TJNJMBS

UP PUIFST JO UIF $VQSFTTBDFBF 	DZQSFTT
 GBNJMZ JODMVEJOH UIFJS BCJMJUZ UP QPMZNFSJ[F TJNJMBS UP

FYVEBUFT GSPN PUIFS DPOJGFS USFF TQFDJFT <��>� य़F SFTVMUT PG UIJT TUVEZ EFNPOTUSBUF UIBU UIF
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"VTUSBMJBO $BMMJUSJT TQFDJFT DBO CF EJSFDUMZ DPNQBSFE JO UFSNT PG DIFNJTUSZ XJUI UIF "GSJDBO

TBOEBSBD 	5FUSBDMJOJT
 B XFMM�TUVEJFE SFTJO XJEFMZ VTFE BT WBSOJTI JO &VSPQFBO BSUXPSLT <��

��>� "GSJDBO TBOEBSBD ۘ B MBCEBOF UZQF EJUFSQFOJD SFTJO ۘ JT DIBSBDUFSJ[FE CZ UIF QSFTFODF PG

DPNNVOJD BDJE B EJUFSQFOJD BDJE TJNJMBS UP BCJFUJD BDJE XIJDI QPMZNFSJ[FT� 4JNJMBSMZ UP UIF

9BOUIPSSIPFB FYVEBUFT $BMMJUSJT BSF BMTP SFTJOT BOE UIFSFGPSF DBO CF VTFE BT BEIFTJWFT BOE JO

CJOEJOH <�>� .BOZ &VSPQFBO IJTUPSJDBM NBOVTDSJQUT EFTDSJCF SFDJQFT PG WBSOJTIFT NBEF XJUI

TBOEBSBD BOE IJHIMJHIU JUT VTF BT B IJHI RVBMJUZ NBUFSJBM <��ۗ��>� "MUIPVHI $BMMJUSJT XBT BMTP

VTFE BT B WBSOJTI JU IBT OPU CFFO FYUFOTJWFMZ FYQPSUFE GSPN "VTUSBMJB <��>�

&VDBMZQUVT FYVEBUFT BSF QSJNBSJMZ EPNJOBUFE CZ QIFOPMJD BOE PUIFS BSPNBUJD DPOTUJUVFOUT�

*O UIF MJUFSBUVSF FYVEBUFT GSPN &VDBMZQUVT TQFDJFT BSF PॏFO EFTDSJCFE BT HVNT PS SFTJOT 	F�H�

۠HVN USFFۡ
� य़JT UFSNJOPMPHZ DBO CF NJTMFBEJOH TJODF UIFZ BSF OFJUIFS QPMZTBDDIBSJEF PS

QPMZUFSQFOPJE SBUIFS UIFZ BSF NPSF BDDVSBUFMZ EFTDSJCFE BT LJOP XIJDI JT DIFNJDBMMZ EFOFE

CZ -BNCFSU FU BM� BT EPNJOBUFE CZ QIFOPMJD BOE PUIFS BSPNBUJD DPOTUJUVFOUT <�� ��>� ,JOP

DPNQPTJUJPO JT CBTFE PO UIF QPMZNFSJ[BUJPO PG QIFOPMJD BOE BWBO DPNQPVOET XIJDI DSFBUF

UIF TJHOJDBOU UBOOJO DPNQPTJUJPO XIJDI GPSNT UIF DIBSBDUFSJTUJD BTUSJOHFOU QSPQFSUJFT� *O

HFOFSBM UIF MJRVJE FYVEBUF IBSEFOT JO BJS BOE UIF LJOPT DBO CF DBUFHPSJ[FE HFOFSBMMZ JOUP

HSPVQT CBTFE PO UIFJS TPMVCJMJUJFT JO BMDPIPM BOE XBUFS� $PMPST PG &VDBMZQUVT LJOP SBOHF GSPN

EBSL SFE�CSPXO UP ZFMMPX BOE SBOHF GSPN WFSZ GSJBCMF UP CSFBLJOH JOUP MBSHF GSBHNFOUT <��>�

,JOP XBT VTFE CZ "CPSJHJOBM "VTUSBMJBO QFPQMFT GPS NFEJDBM BQQMJDBUJPOT JODMVEJOH USFBUJOH

XPVOET BOE UPPUI EFDBZ BOE BT BO BTUSJOHFOU BT XFMM BT JOUFSOBMMZ GPS JOGFDUJPOT DPMET BOE

JOVFO[B BOE DPOUJOVF UP IBWF BQQMJDBUJPOT UPEBZ <�� ��>�

"DBDJB FYIJCJU DIBSBDUFSJTUJD GFBUVSFT PG QPMZTBDDIBSJEFT� UIVT UIFZ CFMPOH UP UIF XJEF DBU�

FHPSZ PG HVNT� "T TVDI UIFZ BSF XBUFS�TPMVCMF NBUFSJBMT UIBU DPOUBJO QPMZTBDDIBSJEF�QSPUFJO

DPNQMFYFT BOE JT B CJPQPMZNFS XIJDI DBO BDU BT BO FNVMTJFS UIBU PDDVS JO B SBOHF PG DPMPST

<��>� 4USFUDIJOH CBDL ����� ZFBST BHP "DBDJB IBT GPVOE NBOZ BQQMJDBUJPOT JO BSUT DPTNFU�

JDT NFEJDJOFT BOE GPPE BOE DPOUJOVFT UP CF B TJHOJDBOUMZ USBEFE DPNNPEJUZ XPSMEXJEF <��>�

"CPSJHJOBM "VTUSBMJBO QFPQMFT VTF BDBDJB 	XB॒MF HVN
 JO B WBSJFUZ PG GPPE QSFQBSBUJPOT FJUIFS

CZ NJYJOH UIF HVN JO XBUFS PS NJYJOH XJUI PUIFS OBUJWF GPPET TVDI BT FVHFOJB BQQMFT BT XFMM

BT JO NFEJDJOBM QSFQBSBUJPOT GPS USFBUJOH DPMET BOE DPVHIT <�� ��ۗ��>� *O BSUT BDBDJB HVNT BSF

GPVOE BT CJOEFST BDSPTT TFWFSBM DVMUVSFT GPS WBSJPVT QBJOUJOH BOE JOL NFEJB 	F�H� XBUFSDPMPST

HPVBDIF
 <�� �� ��>� (VN "SBCJD POF PG UIF NPTU OPUBCMF HVNT IJTUPSJDBMMZ VTFE BT CJOE�
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JOH NFEJB JO BSUXPSLT BDSPTT "GSJDB UIF .FEJUFSSBOFBO SFHJPO BOE "TJB EFSJWFT GSPN "DBDJB

TFOFHBM BOE "DBDJB TFZBM 	SFDFOUMZ OBNFE HFOFSB 4FOFHBMJB
 BOE JU JT IBSWFTUFE DPNNFSDJBMMZ

NBJOMZ JO 4VEBO 	���
 <�>� "MUIPVHI UIF NBKPSJUZ PG UIF TQFDJFT PG "DBDJB BSF JO "VTUSBMJB UIF

NBKPSJUZ PG UIF BOBMZTFT IBWF GPDVTFE PO UIF DPNNFSDJBM TQFDJFT "DBDJB�4FOFHBMJB TFOFHBM BOE

"DBDJB�4FOFHBMJB TFZBM�

����� $VMUVSBM VTFT BOE MJNJUBUJPO PG FYUBOU EBUB

$VMUVSBM IFSJUBHF DPOTFSWBUPST PॏFO GBDF UIF DIBMMFOHF PG USFBUJOH BO PCKFDU XIJMF SFTQFDU�

JOH UIF BSUJTUJD JOUFOU BOE DVMUVSBM GBDUPST UIVT BWPJEJOH JOUFSWFOUJPOT XJUI NPEFSO TZOUIFUJD

NBUFSJBMT XIFSF QPTTJCMF <��>� य़F BDDVSBUF DIBSBDUFSJ[BUJPO BOE VOEFSTUBOEJOH PG UIF OBU�

VSBM CJOEFST DIFNJDBM BOE QIZTJDBM QSPQFSUJFT BOE TUBCJMJUZ BSF JNQPSUBOU GPS UIF USFBUNFOU

EFDJTJPOT BT XFMM BT VOEFSTUBOEJOH UIF JOUFOU PG UIF BSUJTU� य़FSF JT FYUFOTJWF MJUFSBUVSF PO

UIF BOBMZTJT PG &VSPQFBO BSUJTUT CJOEFS NBUFSJBMT BDSPTT TFWFSBM DBUFHPSJFT JODMVEJOH SFTJOT

QPMZTBDDIBSJEFT UFSQFOPJET XBYFT BOE PJMT <��>� IPXFWFS UIF DIBSBDUFSJ[BUJPO PG OBUJWF "VT�

USBMJBO NBUFSJBMT JT TJHOJDBOUMZ VOEFSTUVEJFE BT DPNQBSFE UP &VSPQFBO�TUZMF NBUFSJBMT� *O

BEEJUJPO UIFSF BSF OPU DPNQMFUF PS DPNQSFIFOTJWF EBUBTFUT GPS "VTUSBMJBO SBX NBUFSJBMT BT

UIFSF BSF GPS &VSPQFBONBUFSJBMT 	TFF GPS JOTUBODF UIF *36( EBUBCBTF <��>
� य़FSFGPSF UIJT XPSL

DPOUSJCVUFT UP PVS GVOEBNFOUBM VOEFSTUBOEJOH PG "VTUSBMJBO QMBOU FYVEBUFT BOE DSVDJBMMZ B

SFMJBCMF NFUIPE GPS JEFOUJDBUJPO BOE EJFSFOUJBUJPO PG USBEJUJPOBM CJOEFST JO NVTFVN BSU

HBMMFSZ BOE DVMUVSBM DPMMFDUJPOT <�>�

*OEJHFOPVT BOE XFTUFSO TDJFOUJD LOPXMFEHF UPXBSET UIF EFWFMPQNFOU PG TVTUBJOBCMF BOE

FOWJSPONFOUBMMZ GSJFOEMZ BQQMJDBUJPOT PG CJPNBUFSJBMT VTJOH MPDBMMZ BWBJMBCMF NBUFSJBMT� य़F

QSPNPUJPO PG ۜHSFFO MPDBM NBUFSJBMT UT JOUP HMPCBM USFOET UPXBSET EFWFMPQJOH GVODUJPOBM

TVTUBJOBCMF VTFT PG SFTPVSDFT BOE OPWFM BQQSPBDIFT UP FYUBOU UFDIOPMPHJFT UIBU SFDPHOJ[F USB�

EJUJPOBM BOE OPO�USBEJUJPOBM VTFT PG NBUFSJBMT <��ۗ��>�

��� $PODMVTJPOT

8F IBWF EFNPOTUSBUFE UIF DPNQMFNFOUBSZ VTF PG 934 BOE '5�*3 UP TVDDFTTGVMMZ JEFOUJGZ DSJUJ�

DBM DIFNJDBM GFBUVSFT TQFDJD UP FBDI HFOFSB GPS OBUJWF "VTUSBMJBO QMBOU FYVEBUFT GSPN B VOJRVF

IJTUPSJDBM DPMMFDUJPO� 934 QSPWJEFT UIF GVOEBNFOUBM CPOEJOH JOGPSNBUJPO PG MJHIU FMFNFOUT '5�
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*3 QSPWJEFT UIF GVODUJPOBM HSPVQ JOGPSNBUJPO� य़F DPNCJOBUJPO PG UIFTF UFDIOJRVFT EFMJWFST

B OPWFM BOE QPXFSGVM DIBSBDUFSJ[BUJPO BOE DIFNJDBM DMBTTJDBUJPO PG CVML QMBOU FYVEBUFT BOE

UIFJS QSPQFSUJFT XJUI GVSUIFS QPUFOUJBM GPS JEFOUJDBUJPO JO BSUXPSLT DVMUVSBM IFSJUBHF JUFNT

BOE NVTFVN DPMMFDUJPOT� य़F GBTDJOBUJOH QBSBMMFMT CFUXFFO WBSJPVT VTFT PG QMBOU FYVEBUFT

BDSPTT DVMUVSFT JMMVTUSBUFT UIF DIFNJDBM TJNJMBSJUZ PG UIF QMBOU FYVEBUFT VOJRVF PG UIF FDPTZT�

UFN PG "VTUSBMJB 	F�H� $BMMJUSJT
 XJUI QMBOU FYVEBUFT GPVOE BSPVOE UIF XPSME 	F�H� "GSJDBO TBO�

EBSBD 	5FUSBDMJOJT

� 8IJMF NBOZ OBUJWF TQFDJFT BSF VOJRVF UP "VTUSBMJB UIFZ DBO CF DMBTTJFE

JO TJNJMBS GVOEBNFOUBM DIFNJDBM UZQPMPHJFT BT PUIFS TQFDJFT BSPVOE UIF HMPCF FYFNQMJFE CZ

"DBDJB BOE &VDBMZQUVT� *OUFSFTUJOHMZ DPNQBSJOH UIF DIFNJDBM DPNQPTJUJPOT PG $BMMJUSJT GSPN

"VTUSBMJB XJUI UIBU PG 5FUSBDMJOJT GSPN &VSPQF TIPXT LFZ TJNJMBSJUJFT EFTQJUF CFJOH HFPHSBQI�

JDBMMZ JTPMBUFE HFOFSB� *O UVSO UIF GVOEBNFOUBM DIFNJTUSZ PG UIF NBUFSJBM BMTP PॏFO EJDUBUFT

UIF DVMUVSBM VTF XIFUIFS JU IBT JEFBM QSPQFSUJFT GPS B QJHNFOU CJOEFS PS IBॏJOH BHFOU� 8IJMF

NBOZ PG UIFTF NBUFSJBM QSPQFSUJFT BSF VUJMJ[FE PO UIF CVML TDBMF JU JT UIF GVOEBNFOUBM DPNQP�

TJUJPOBM BOE GVODUJPOBM HSPVQ DIFNJTUSZ UIBU EFUFSNJOFT UIF EFTJSBCMF QSPQFSUJFT GPS DVMUVSBM

BOE PUIFS BQQMJDBUJPOT� *U JT UIFSFGPSF OP TVSQSJTF UIBU OBUVSBM NBUFSJBMT EJTDPWFSFE BOE NB�

OJQVMBUFE PWFS UIPVTBOET PG ZFBST PG USBEJUJPO DPOUJOVF UP JOTQJSF UIFJS QSFTFOU BOE GVUVSF

VTFT�

��� .BUFSJBMT BOE NFUIPET

����� .BUFSJBMT

" TBNQMF�TFU PG OBUJWF "VTUSBMJBO QMBOU HFOFSB 	&VDBMZQUVT $BMMJUSJT 9BOUIPSSIPFB "DBDJB


TVNNBSJ[FE JO 5BCMF ��� XFSF BOBMZ[FE� य़F TBNQMFT XFSF TFMFDUFE GSPN 4PVUI "VTUSBMJBO.V�

TFVN 	4".
 DPMMFDUJPOT BOE B IJTUPSJDBM CJPMPHJDBM DPMMFDUJPO HBUIFSFE GSPN EJWFSTF MPDBUJPOT

BDSPTT "VTUSBMJB BOE IFME GPS ZFBST JO UIF 4PVUI "VTUSBMJB TUBUF GPSFOTJD MBCPSBUPSZ 	'PSFOTJD

4DJFODFT 4PVUI "VTUSBMJB�'44"
 BOE OPX MPDBUFE BU 'MJOEFST 6OJWFSTJUZ� 6OGPSUVOBUFMZ UIF

DPMMFDUPST PG UIJT FYDFQUJPOBM DPNQSFIFOTJWF DPMMFDUJPO BSF VOLOPXO BOE UIF PSJHJOBM EBUB

OPUFCPPLT OP MPOHFS FYJTU� IPXFWFS TBNQMFT JO UIF IJTUPSJDBM CJPMPHJDBM DPMMFDUJPO BSF PWFS

B DFOUVSZ PME XIFSF FBDI BNCFS KBS JT DMFBSMZ MBCFMFE XJUI UIF DPMMFDUJPO MPDBUJPO BOE EBUF

BOE PFS BO VOQSFDFEFOUFE TUVEZ TFU� 8IJMF UIF FYBDU TUPSBHF DPOEJUJPOT BSF VOLOPXO BDSPTT
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UJNF UIFZ BSF DPOTJTUFOU XJUIJO UIF DPMMFDUJPO XIJDI NJOJNJ[FT UIF FFDUT PG WBSJBCMFT TVDI

BT UFNQFSBUVSF BOE IVNJEJUZ�

����� 934 TQFDUSPTDPQZ

9�SBZ 3BNBO NFBTVSFNFOUT 	DBSCPO ,�FEHF BOE PYZHFO ,�FEHF
 XFSF QFSGPSNFE VTJOH UIF

IJHI�SFTPMVUJPO 9�SBZ 3BNBO TQFDUSPNFUFS PQFSBUFE BU CFBNMJOF �ۗ� BU UIF 4UBOGPSE 4ZO�

DISPUSPO 3BEJBUJPO -BCPSBUPSZ <��>� य़F JOTUSVNFOU DPOTJTUT PG �� DSZTUBM 4J	���
 BOBMZ[FST

BSSBOHFE PO PWFSMBQQJOH 3PXMBOE DJSDMFT PG ����NN BOE BU B YFE #SBHH BOHMF PG ��p SF�

TVMUJOH JO B YFE EFUFDUJPO FOFSHZ BU ���� F7 BOE BO PWFSBMM FOFSHZ SFTPMVUJPO PG ���� F7�

4QFDUSB BSF SFDPSEFE VTJOH BO JOWFSTF TDBOOJOH BQQSPBDI XIFSFJO UIF EFUFDUJPO FOFSHZ JT

IFME DPOTUBOU BU ���� F7 XIJMF UIF JODJEFOU FOFSHZ JT TDBOOFE UISPVHI B 4J	���
 EPVCMF�DSZTUBM

NPOPDISPNBUPS� य़F BWFSBHF NPNFOUVN USBOTGFS JT R ≈ ���� �−1 XIJDI FOTVSFT UIBU EJQPMF

USBOTJUJPOT EPNJOBUF UIF TQFDUSB BOE UIFSFGPSF UIF 9�SBZ 3BNBO TQFDUSB BSF GPSNBMMZ FRVJWB�

MFOU UP DPOWFOUJPOBM TPॏ 9�SBZ BCTPSQUJPO TQFDUSB�

'PS FBDI TBNQMF UIF NFBO DBSCPO ,�FEHF TQFDUSVN TIPXO JO 'JHVSF ��� XBT PCUBJOFE GSPN

B DPMMFDUJPO PG NVMUJQMF DPOTFDVUJWF TQFDUSB PO OVNFSPVT TBNQMF SFHJPOT UP FOTVSF TVਖ਼DJFOU

TJHOBM�UP�OPJTF SBUJP BOE IJHI EBUB RVBMJUZ� /P WJTVBM EBNBHF XBT PCTFSWFE PO UIF TBNQMFT

VOEFS TUVEZ� य़F FYQFSJNFOUBM DPOEJUJPOT XFSF PQUJNJ[FE UP NJOJNJ[F SBEJBUJPO EBNBHF� 8F

XFSF NFBTVSJOH UIF TBNQMFT BU B HSB[JOH HFPNFUSZ 	≈ �pۗ�p
 BOE UIFSFGPSF UIF QSPKFDUFE CFBN

GPPUQSJOU PO UIF TBNQMF XBT RVJUF MPOH 	�� NN
 JO UIF IPSJ[POUBM EJSFDUJPO� 7FSUJDBMMZ UIF

CFBN '8). XBT ≈ ���uN� .FBO TQFDUSB XFSF FOFSHZ�DBMJCSBUFE VTJOH UIF BWFSBHF DFO�

UFS PG UIF FMBTUJD TDB॒FSJOH QFBLT DPMMFDUFE CFGPSF BOE CFUXFFO 934 NFBTVSFNFOUT UP UBLF

JOUP BDDPVOU UIF FOFSHZ ESJॏ PG UIF NPOPDISPNBUPS XJUI UJNF� 6TJOH UIF FNQJSJDBM GPSNVMB

y = a/(x − b) <��> XF QFSGPSNFE B OPO�MJOFBS U UP UIF QSF�FEHF SFHJPO BOE TVCUSBDUFE UIF

CBDLHSPVOE� य़F CBDLHSPVOE�DPSSFDUFE TQFDUSB XFSF UIFO OPSNBMJ[FE UP UIF QPTU�FEHF SFHJPO

XJUI OP TJHOJDBOU PTDJMMBUJPO�

934 PYZHFO ,�FEHF FYQFSJNFOUT XFSF QFSGPSNFE BU ("-"9*&4 CFBNMJOF 	4ZODISPUSPO

40-&*- 'SBODF
 XJUI BO FOFSHZ SFTPMVUJPO PG ��� F7 <��>� य़F TQFDUSPNFUFS JT FRVJQQFE XJUI �

TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT <��>� 'PS UIF 934 TQFDUSVN BDRVJTJUJPO XF TDBOOFE

UIF CFBNMJOF FOFSHZ BMPOH UIF BCTPSQUJPO FEHF PG JOUFSFTU BU B YFE BOBMZ[FS FOFSHZ� &YQFS�

JNFOUT XFSF QFSGPSNFE BU B 4J	���
 BOBMZ[FS FOFSHZ PG ≈ ��� LF7 PQFSBUFE BU B #SBHH BOHMF
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PG ��p� य़F EBUB XBT DPMMFDUFE BU CBDLTDB॒FSFE HFPNFUSZ 	TDB॒FSJOH BOHMF PG 2θ ≈ ���p
 UP

NBYJNJ[F UIF 934 TJHOBM� य़F NPNFOUVN USBOTGFS JT R ≈ ��� �−1� य़F CFBNMJOF JT FRVJQQFE

XJUI B DSZPHFOJDBMMZ DPPMFE 4J	���
 EPVCMF�DSZTUBM NPOPDISPNBUPS� य़F NPOPDISPNBUJ[FE 9�

SBZ CFBN JT GPDVTFE CZ B UPSPJEBM NJSSPS UP B TQPU TJ[F 	7 × )
 PG BQQSPYJNBUFMZ ��×�� uN2�

8F DPMMFDUFE FOFSHZ USBOTGFS NFBTVSFNFOUT BMPOH UIF PYZHFO ,�FEHF BSPVOE ��� F7 FOFSHZ

USBOTGFS XJUI BO FOFSHZ TUFQ PG ��� F7 BOE EXFMM UJNF PG ��� NT QFS FOFSHZ TUFQ� 'PS UIF TBLF

PG DPNQBSJTPO PYZHFO ,�FEHF EBUB XBT DPMMFDUFE BU CFBNMJOF �ۗ� 	443-
 BU MPX NPNFOUVN

USBOTGFS 	R≈ ���� �−1
 GPS GPVS TBNQMFT 	9� TFNJQMBOB TTQ� UBUFBOB $�DBMDBSBUB 8IJUF .BMMFF

&�MBSHJPSFVT
� $PNQBSJTPO PG UIF PYZHFO ,�FEHF 934 TQFDUSB DPMMFDUFE BU IJHI BOE MPX NP�

NFOUVN USBOTGFS EP OPU FYIJCJU BOZ TQFDUSBM EJFSFODFT 	TFF 4* "QQFOEJY 'JHVSF "��
�

����� '5*3 TQFDUSPTDPQZ

'5�*3 TQFDUSB XFSF DPMMFDUFE XJUI B TQFDUSPNFUFS #SVLFS "MQIB ** FRVJQQFE XJUI B %5(4 EF�

UFDUPS� .FBTVSFNFOUT XFSF QFSGPSNFE JO USBOTNJTTJPO NPEF VTJOH ,#S QFMMFUT 	4JHNB "MESJDI

'5�*3 HSBEF SFG� ������
� " UPUBM PG ��� TDBOT IBWF CFFO BDDVNVMBUFE JO FBDI TBNQMF VTJOH

B SFTPMVUJPO PG � DN−1 JO UIF SBOHF CFUXFFO ���� UP ��� DN−1� "MM TQFDUSB TIPXFE IBWF OPU

CFFO DPSSFDUFE JO PSEFS UP BWPJE BOZ LJOE PG EJTUPSUJPO�

����� 934 EBUB SFEVDUJPO

य़F TQFDUSBM EFDPNQPTJUJPO PG UIF 934 TJHOBM JO UIF SFHJPO PG JOUFSFTU �����ۗ����� F7 BOE

�����ۗ����� F7 XBT QFSGPSNFE VTJOH B MJOFBS DPNCJOBUJPO PG (BVTTJBOT� य़F QBSBNFUFST PG

UIF NPEFM UP CF ॒FE BSF UIF JOUFOTJUZ UIF GVMM XJEUI IBMG NBYJNVN 	'8).
 BOE UIF DFOUFS

PG FBDI (BVTTJBO� य़F '8). IBT B MPXFS 	'8). PG UIF FMBTUJD MJOF
 BOE BO VQQFS CPVOE

	TFMFDUFE JO TVDI B XBZ UP NJOJNJ[F UIF QPTU�U SFTJEVBM
� य़F DFOUFS PG FBDI (BVTTJBO JT BM�

MPXFE UP WBSZ TMJHIUMZ EVSJOH UIF U JO B DPOTUSBJOFE FOFSHZ USBOTGFS SFHJPO UIBU DPSSFTQPOET

UP FMFDUSPOJD USBOTJUJPOT JO TQFDJD PYZHFO�DPOUBJOJOH GVODUJPOBM HSPVQT FYQFDUFE GPS UIFTF

GBNJMJFT PG DPNQPVOET� य़F TIJॏ PG UIF DFOUFS BOE UIF XJEUI PG UIF ॒FE (BVTTJBO QSPWJEFT

JOGPSNBUJPO PO UIF PWFSMBQ PG GVODUJPOBM HSPVQT PG XIJDI UIFJS USBOTJUJPOT BSF FYQFDUFE UP CF

JO UIF TBNF FOFSHZ USBOTGFS SFHJPO� 1PTU�U SFTJEVBMT XFSF DBMDVMBUFE UP DIFDL GPS QPTTJCMF

NJTTJOH GFBUVSFT BT 3FG� <��>� य़F JOUFOTJUZ '8). BOE DFOUFS PG FBDI (BVTTJBO BSF ॒FE

��|
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VTJOH B OPOMJOFBS MFBTU TRVBSFT SFHSFTTJPO JNQMFNFOUFE JO 1ZUIPO� "MM UIF QBSBNFUFST BSF

TVNNBSJ[FE JO 4* "OOFY 5BCMF 4� 4��

����� 4UBUJTUJDBM UFTUJOH PG 934 EBUB DMBTTJDBUJPO

'JTDIFS MJOFBS EJTDSJNJOBUJPO JT OEJOH UIF QSPKFDUJPOT XIJDI NBYJNJ[FT UIF SBUJP J PG UIF

CFUXFFO�HSPVQ TDBࡇFS EJWJEFE CZ UIF XJUIJO�HSPVQ TDBࡇFS� 'PSNBMMZ GPS B HJWFO TFU PG QSP�

KFDUJPOT EFOFE CZ UIFJS NBUSJY 8 OPUJOH 4B BOE 4W SFTQFDUJWFMZ UIF CFUXFFO�HSPVQ BOE

XJUIJO�HSPVQ TDB॒FS NBUSJDFT BOE GPS BOZ TRVBSF NBUSJY . OPUJOH |.| JUT EFUFSNJOBOU J JT

EFOFE CZ�

J(8) =
|8t4B8|
|8t4W8|

0ODF UIF -%" JT QFSGPSNFE UIF NBYJNVN J DBO BMTP CF DPNQVUFE BT UIF QSPEVDU PG UIF TJO�

HVMBS WBMVFT B॒BDIFE UP FBDI PG UIF QSPQPTFE QSPKFDUJPOT� 8IJMTU J JT B HPPE NFUSJD PG UIF

BCJMJUZ PG UIF TFU PG QSPKFDUJPO UP TFQBSBUF UIF EBUBTFU JOUP QSFEFOFE HSPVQT JUT TDBMF JT UPP

EFQFOEFOU VQPO UIF OVNCFS PG TBNQMFT UIF OVNCFS PG HSPVQT BOE UIF OVNCFS PG WBSJBCMFT�

)FODF UIF WBMVF PG J DBO OPU CF VTFE BMPOF UP KVEHF JG B HJWFO -%" JT QSPEVDJOH B NFBOJOHGVM

EJTDSJNJOBUJPO� 5P BTTFTT UIF RVBMJUZ PG UIF EJTDSJNJOBUJPO PCUBJOFE CBTFE PO UIF HFOFSB PG

UIF TBNQMFT XF DPNQBSFE UIF WBMVF PG J XJUI UIF POF PCUBJOFE GPS BMM PUIFS QPTTJCMF 	SBO�

EPN
 HSPVQJOH PG UIF TBNQMFT XJUI UIF TBNF HSPVQ TJ[FT UIBU JT XJUI SFTQFDUJWFMZ � � � BOE

� NFNCFST� 'SPN UIF 8! = 40320 QPTTJCMF QFSNVUBUJPOT PG UIF TBNQMFT XF LFQU B TJOHMF

SFQSFTFOUBUJWF GSPN BMM FRVJWBMFOU HSPVQJOHT� UXP HSPVQJOHT BSF FRVJWBMFOU JG UIFZ EJFS POMZ

CZ UIF PSEFS PG UIF TBNQMFT XJUIJO FBDI HSPVQT 	MFBEJOH UP 6 × 2 × 2 = 24 FRVJWBMFOUT
 PS

CZ TXBQQJOH UIF UXP HSPVQT NBEF PG FYBDUMZ � TBNQMFT 	MFBEJOH UP 2 FRVJWBMFOUT
� य़JT XBZ

XF PCUBJOFE BMM UIF 840 OPO�FRVJWBMFOU HSPVQJOHT PG UIF TBNQMFT� 'PS FBDI PG UIFTF 	SBOEPN


HSPVQJOH UIF -%" JT QFSGPSNFE BOE UIF DPSSFTQPOEJOH WBMVF PG J JT SFDPSEFE BOE SFQPSUFE

PO B IJTUPHSBN PG QPTTJCMF MPH(J) WBMVFT 'JHVSF ���#� 6TJOH UIF HSPVQJOH CBTFE PO UIF HFOFSB

PG UIF TBNQMFT XF PCUBJOFE J = 24.91 GSPN UIF -%" UIJT CFJOH UIF FMFWFOUI IJHIFTU WBMVF

PG UIF J DPNQVUFE GPS BMM 	840
 QPTTJCMF HSPVQJOHT� *O SFHBSE PG UIJT SBOL UIF OVMM IZQPUIFTJT

۠UIJT WBMVF PG J JT PCUBJOFE CZ QVSF DIBODFۡ DBO CF SFKFDUFE XJUI B Q�WBMVF PG 11/840 = 1.31��

/PUF UIBU JO UIJT UFTU UIF MPXFTU QPTTJCMF Q�WBMVF XPVME IBWF CFFO 1/840 = 0.12� BOE UIBU UIF

TUBOEBSE UISFTIPME 	p = 5�
 DPSSFTQPOET UP B WBMVF PG J = 11.62� "MM TUBUJTUJDBM DPNQVUBUJPOT

|��
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XFSF QFSGPSNFE VTJOH UIF 3 -BOHVBHF BOE &OWJSPONFOU GPS 4UBUJTUJDBM $PNQVUJOH <��>� -%"

XBT QFSGPSNFE VTJOH UIF MEB GVODUJPO GSPN UIF ."44 QBDLBHF <��>�

3FGFSFODFT

<�> "NPT /VTTJOPWJUDI� 1MBOU HVN FYVEBUFT PG UIF XPSME� TPVSDFT EJTUSJCVUJPO QSPQFSUJFT

BOE BQQMJDBUJPOT� #PDB 3BUPO '- 64� $3$ 1SFTT �����

<�> "N©MJB 1JMBS 3BVUFS FU BM� /BUVSBM QSPEVDUT JO UIF OFX NJMMFOOJVN� QSPTQFDUT BOE JOEVT�

USJBM BQQMJDBUJPO� 7PM� ��� 4QSJOHFS 4DJFODF � #VTJOFTT .FEJB �����

<�> $- .BOUFMM� ۠य़F OBUVSBM IBSE SFTJOTۘUIFJS CPUBOZ TPVSDFT BOE VUJMJ[BUJPO �ۡ *O� &DP�

OPNJD #PUBOZ ��� 	����
 QQ� ���ۗ����

<�> 4IBSPO "MDPDL� ۠1BJOUJOH $PVOUSZ� "VTUSBMJBO "CPSJHJOBM BSUJTUT BQQSPBDI UP USBEJ�

UJPOBM NBUFSJBMT JO B NPEFSO DPOUFYU �ۡ *O� "*$$. #VMMFUJO ���� 	����
 QQ� ��ۗ���

<�> 0XFO 1PXFMM 3PEFSJDL + 'FOTIBN BOE 1BVM .FNNP॒� ۠*OEJHFOPVT VTF PG TQJOJGFY

SFTJO GPS IBॏJOH JO OPSUI�FBTUFSO "VTUSBMJB �ۡ *O� &DPOPNJD CPUBOZ ���� 	����
 QQ� ���ۗ

����

<�> $BSOFZ % .BUIFTPO BOE "+ .D$PMMVN� ۠$IBSBDUFSJTJOH OBUJWF QMBOU SFTJOT GSPN "VT�

USBMJBO "CPSJHJOBM BSUFGBDUT VTJOH "53�'5*3 BOE ($�.4 �ۡ *O� +PVSOBM PG BSDIBFPMPHJDBM

TDJFODF �� 	����
 QQ� ���ۗ����

<�> 5JN .BMPOFZ FU BM� ۠%JSFDU EBUJOH PG SFTJO IBॏFE QPJOU UFDIOPMPHZ JO "VTUSBMJB �ۡ *O�

"VTUSBMJBO "SDIBFPMPHZ ���� 	����
 QQ� ��ۗ���

<�> "MJTB + #MFF FU BM� ۠5PXBSET UIF JEFOUJDBUJPO PG QMBOU BOE BOJNBM CJOEFST PO "VTUSBMJBO

TUPOF LOJWFT �ۡ *O� 5BMBOUB ���� 	����
 QQ� ���ۗ����

<�> +FSFZ ' 1BSS� ۠य़F JEFOUJDBUJPO PG 9BOUIPSSIPFB SFTJOT CZ TUBSDI NPSQIPMPHZ�

1SPTQFDUT GPS BSDIBFPMPHJDBM BOE UBYPOPNJD BQQMJDBUJPOT �ۡ *O� &DPOPNJD #PUBOZ ����

	����
 QQ� ���ۗ����

<��> +F 1BSS� ۠0ODF UXJDF NBZCF CVU OPU UISFF UJNFT� 3FIFBUJOH 9BOUIPSSIPFB BVTUSBMJT

SFTJO �ۡ *O� "VTUSBMJBO "SDIBFPMPHZ ���� 	����
 QQ� ��ۗ���

��|



3&'&3&/$&4 $IBQUFS �

<��> 5JBOZ 3FFWFT 3BDIFM 4 1PQFMLB�'JMDP BOE $MBJSF & -FOFIBO� ۠5PXBSET JEFOUJDBUJPO

PG USBEJUJPOBM &VSPQFBO BOE JOEJHFOPVT "VTUSBMJBO QBJOU CJOEFST VTJOH QZSPMZTJT HBT

DISPNBUPHSBQIZ NBTT TQFDUSPNFUSZ �ۡ *O� "OBMZUJDB DIJNJDB BDUB ��� 	����
 QQ� ���ۗ

����

<��> 1IJMJQ " $MBSLF� "CPSJHJOBM QFPQMF BOE UIFJS QMBOUT� 3PTFOCFSH 1VCMJTIJOH �����

<��> 'JPOB #SBETIBX� ۠$IFNJDBM DIBSBDUFSJTBUJPO PG NVTFVN�DVSBUFE FUIOPHSBQIJD SFTJOT

GSPN "VTUSBMJB BOE /FX (VJOFB VTFE BT BEIFTJWFT NFEJDJOFT BOE OBSDPUJDT �ۡ *O� )FS�

JUBHF 4DJFODF ��� 	����
 Q� ���

<��> ;FOB $VNQTUPO� 'PPE UPPMT BOE NFEJDJOF� � OBUJWF QMBOUT UIBU JMMVNJOBUF EFFQ "CPSJH�

JOBM LOPXMFEHF� FO� ॻॸॲ� IUUQ���UIFDPOWFSTBUJPO�DPN�GPPE�UPPMT�

BOE� NFEJDJOF� �� OBUJWF� QMBOUT� UIBU� JMMVNJOBUF� EFFQ�

BCPSJHJOBM�LOPXMFEHF������� 	WJTJUFE PO ����������
�

<��> /JDIPMBT .BSL 4NJUI� ۠&UIOPCPUBOJDBM FME OPUFT GSPN UIF /PSUIFSO 5FSSJUPSZ "VT�

USBMJB �ۡ *O� +PVSOBM PG UIF "EFMBJEF #PUBOJD (BSEFO ���� 	����
 QQ� �ۗ���

<��> #BSL 1BJOUJOHT ] %FWFMPQNFOU 4FSWJDFT� ॻॸॲ� IUUQT � � � NBOVBM � NVTFVN �

XB � HPW � BV � DPOTFSWBUJPO � BOE � DBSF � DPMMFDUJPOT � ���� �

FUIOPHSBQIJD�NBUFSJBM�CBSL�QBJOUJOHT 	WJTJUFE PO ����������
�

<��> $POTFSWBUJPO� ॻॸॲ� IUUQT���OHB�HPW�BV�DPOTFSWBUJPO�PCKFDUT�

CBSL�DGN 	WJTJUFE PO ����������
�

<��> "OESFX )� य़PSOIJMM FU BM� ۠" EBUFE NPMFDVMBS QFSTQFDUJWF PG FVDBMZQU UBYPOPNZ FWP�

MVUJPO BOE EJWFSTJDBUJPO �ۡ FO� *O� "VTUSBMJBO 4ZTUFNBUJD #PUBOZ �� 	� ����
 QQ� ��ۗ���

९ॹॹॴ� ���������� ४ॵ९� ��������4#������ ॻॸॲ� IUUQ���XXX�QVCMJTI�

DTJSP�BV� QBQFS�4#����� 	WJTJUFE PO ����������
�

<��> +FBO ) -BOHFOIFJN� 1MBOU SFTJOT� DIFNJTUSZ FWPMVUJPO FDPMPHZ BOE FUIOPCPUBOZ� 0SF�

HPO 64� 5JNCFS 1SFTT �����

<��> (JEFPO ' 4NJUI BOE &TUSFMB 'JHVFJSFEP� ۠$POTFSWJOH "DBDJB .JMM� XJUI B DPOTFSWFE

UZQF� XIBU IBQQFOFE JO .FMCPVSOF ۡ *O� 5BYPO ���� 	����
 QQ� ����ۗ�����

<��> :VLJP .J[VOP BOE :PTIJIJSP 0INVSB� ۠य़FPSZ PG 9�SBZ 3BNBO TDB॒FSJOH �ۡ *O� +PVSOBM

PG UIF 1IZTJDBM 4PDJFUZ PG +BQBO ���� 	����
 QQ� ���ۗ����

|��

http://theconversation.com/food-tools-and-medicine-5-native-plants-that-illuminate-deep-aboriginal-knowledge-145240
http://theconversation.com/food-tools-and-medicine-5-native-plants-that-illuminate-deep-aboriginal-knowledge-145240
http://theconversation.com/food-tools-and-medicine-5-native-plants-that-illuminate-deep-aboriginal-knowledge-145240
https://manual.museum.wa.gov.au/conservation-and-care-collections-2017/ethnographic-material/bark-paintings
https://manual.museum.wa.gov.au/conservation-and-care-collections-2017/ethnographic-material/bark-paintings
https://manual.museum.wa.gov.au/conservation-and-care-collections-2017/ethnographic-material/bark-paintings
https://nga.gov.au/conservation/objects/bark.cfm
https://nga.gov.au/conservation/objects/bark.cfm
https://doi.org/10.1071/SB18015
http://www.publish.csiro.au/?paper=SB18015
http://www.publish.csiro.au/?paper=SB18015
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<��> 5BEBTV 4V[VLJ� ۠9�SBZ 3BNBO TDB॒FSJOH FYQFSJNFOU� * �ۡ *O� +PVSOBM PG UIF 1IZTJDBM 4P�

DJFUZ PG +BQBO ���� 	����
 QQ� ����ۗ�����

<��> 8JOGSJFE 4DI¼MLF� &MFDUSPO EZOBNJDT CZ JOFMBTUJD 9�SBZ TDBࡇFSJOH� 7PM� �� 0YGPSE 6OJ�

WFSTJUZ 1SFTT �����

<��> "EBN 1� )JUDIDPDL BOE $ISJT &� #SJPO� ۠*OOFS�TIFMM FYDJUBUJPO PG GPSNBMEFIZEF BD�

FUBMEFIZEF BOE BDFUPOF TUVEJFE CZ FMFDUSPO JNQBDU �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ

BOE 3FMBUFE 1IFOPNFOB ���� 	����
 QQ� ���ۗ����

<��> +PTFQI # -BNCFSU� 0SHBOJD TUSVDUVSBM TQFDUSPTDPQZ� 1FBSTPO $PMMFHF %JWJTJPO �����

<��> -+'$ #FMMBNZ� Fࡋ JOGSBSFE TQFDUSB PG DPNQMFY NPMFDVMFT� 4QSJOHFS 4DJFODF � #VTJOFTT

.FEJB �����

<��> %BJNBZ -JO�7JFO FU BM� Fࡋ IBOECPPL PG JOGSBSFE BOE 3BNBO DIBSBDUFSJTUJD GSFRVFODJFT

PG PSHBOJD NPMFDVMFT� &MTFWJFS �����

<��> $BMWJO +� #SF॒ FU BM� ۠3FWFBMJOH TUSVDUVSBM FWPMVUJPO PDDVSSJOH GSPN QIPUP�JOJUJBUFE

QPMZNFS OFUXPSL GPSNBUJPO �ۡ *O� $PNNVOJDBUJPOT $IFNJTUSZ ��� 	����
 QQ� �ۗ��

<��> +VMJFO "MMFPO FU BM� ۠0SHBOJD NPMFDVMBS IFUFSPHFOFJUJFT DBO XJUITUBOE EJBHFOFTJT �ۡ *O�

4DJFOUJटD SFQPSUT ��� 	����
 QQ� �ۗ��

<��> 5TPOLP ,PMFW� ۠7JCSBUJPOBM BTTJHONFOU PG JO�BOE PVU�PG�QMBOF NPEFT PG TPNF BSPNBUJD

BOE BSZMBMJQIBUJD LFUPOFT �ۡ *O� +PVSOBM PG .PMFDVMBS 4USVDUVSF ��� 	����
 QQ� ���ۗ����

<��> :BO ;VCBWJDIVT FU BM� ۠*OOFSTIFMM BCTPSQUJPO TQFDUSPTDPQZ PG BNJOP BDJET BU BMM SFMFWBOU

BCTPSQUJPO FEHFT �ۡ *Oࡋ�F +PVSOBM PG 1IZTJDBM $IFNJTUSZ " ������ 	����
 QQ� ����ۗ�����

<��> 7JDUPSJB #FMUSBO FU BM� ۠.BSLFST SFBDUJPOT BOE JOUFSBDUJPOT EVSJOH UIF BHJOH PG 1JOVT

SFTJO BTTFTTFE CZ 3BNBO TQFDUSPTDPQZ �ۡ *O� +PVSOBM PG /BUVSBM 1SPEVDUT ���� 	����


QQ� ���ۗ����

<��> -FFOB�4JTLP +PIBOTTPO BOE +. $BNQCFMM� ۠3FQSPEVDJCMF 914 PO CJPQPMZNFST� DFMMV�

MPTF TUVEJFT �ۡ *O� 4VSGBDF BOE *OUFSGBDF "OBMZTJT� "O *OUFSOBUJPOBM +PVSOBM EFWPUFE UP UIF

EFWFMPQNFOU BOE BQQMJDBUJPO PG UFDIOJRVFT GPS UIF BOBMZTJT PG TVSGBDFT JOUFSGBDFT BOE UIJO

टMNT ���� 	����
 QQ� ����ۗ�����

��|
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<��> 7©SPOJRVF 3PVDIPO BOE 4ZMWBJO #FSOBSE� ۠.BQQJOH JSPO HBMM JOL QFOFUSBUJPO XJUIJO

QBQFS CSFT VTJOH TDBOOJOH USBOTNJTTJPO 9�SBZ NJDSPTDPQZ �ۡ *O� +PVSOBM PG "OBMZUJDBM

"UPNJD 4QFDUSPNFUSZ ���� 	����
 QQ� ���ۗ����

<��> $PSFOUJO -F (VJMMPV FU BM� ۠9"/&4�CBTFE RVBOUJDBUJPO PG DBSCPO GVODUJPOBM HSPVQ

DPODFOUSBUJPOT �ۡ *O� "OBMZUJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<��> +PTFQI # -BNCFSU :VZBOH 8V BOE +PSHF " 4BOUJBHP�#MBZ� ۠5BYPOPNJD BOE DIFNJDBM

SFMBUJPOTIJQT SFWFBMFE CZ OVDMFBS NBHOFUJD SFTPOBODF TQFDUSB PG QMBOU FYVEBUFT �ۡ *O�

+PVSOBM PG OBUVSBM QSPEVDUT ���� 	����
 QQ� ���ۗ����

<��> 6XF #FSHNBOO 1JFUFS (MBU[FM BOE 4UFQIFO 1 $SBNFS� ۠#VML�TFOTJUJWF 9"4 DIBSBDUFS�

J[BUJPO PG MJHIU FMFNFOUT� GSPN 9�SBZ 3BNBO TDB॒FSJOH UP 9�SBZ 3BNBO TQFDUSPTDPQZ �ۡ

*O� .JDSPDIFNJDBM +PVSOBM ������ 	����
 QQ� ���ۗ����

<��> +PBDIJN 4U¶IS� /&9"'4 TQFDUSPTDPQZ� 7PM� ��� 4QSJOHFS 4DJFODF � #VTJOFTT .FEJB �����

<��> 1JFSSF (VFSJBV FU BM� ۠/POJOWBTJWF 4ZODISPUSPO�#BTFE 9�SBZ 3BNBO 4DB॒FSJOH %JT�

DSJNJOBUFT $BSCPOBDFPVT $PNQPVOET JO "ODJFOU BOE )JTUPSJDBM .BUFSJBMT �ۡ *O� "OB�

MZUJDBM $IFNJTUSZ ����� 	����
 QQ� �����ۗ������

<��> 3BGBFMMB (FPSHJPV FU BM� ۠$BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �% Y�SBZ

3BNBO NVMUJTQFDUSBM JNBHJOH �ۡ *O� 4DJFODF BEWBODFT ��� 	����
 FBBX�����

<��> 4JMWJB 1SBUJ FU BM� ۠/FX GSPOUJFST JO BQQMJDBUJPO PG '5*3 NJDSPTDPQZ GPS DIBSBDUFSJ[BUJPO

PG DVMUVSBM IFSJUBHF NBUFSJBMT �ۡ *O� 5PQJDT JO $VSSFOU $IFNJTUSZ ����� 	����
 Q� ���

<��> .BSJLB 4QSJOH FU BM� ۠"53�'5*3 JNBHJOH GPS UIF BOBMZTJT PG PSHBOJD NBUFSJBMT JO QBJOU

DSPTT TFDUJPOT� DBTF TUVEJFT PO QBJOU TBNQMFT GSPN UIF /BUJPOBM (BMMFSZ -POEPO �ۡ *O�

"OBMZUJDBM BOE #JPBOBMZUJDBM $IFNJTUSZ ������� 	����
 QQ� ��ۗ���

<��> 1FUFS 7BOEFOBCFFMF )PXFMM (. &EXBSET BOE -VD .PFOT� ۠" EFDBEF PG 3BNBO TQFD�

USPTDPQZ JO BSU BOE BSDIBFPMPHZ �ۡ *O� $IFNJDBM 3FWJFXT ����� 	����
 QQ� ���ۗ����

<��> .BSDP -FPOB +FOT 4UFOHFS BOE &MFOB 'FSMPOJ� ۠"QQMJDBUJPO PG TVSGBDF�FOIBODFE 3BNBO

TDB॒FSJOH UFDIOJRVFT UP UIF VMUSBTFOTJUJWF JEFOUJDBUJPO PG OBUVSBM EZFT JO XPSLT PG

BSU �ۡ *O� +PVSOBM PG 3BNBO 4QFDUSPTDPQZ� "O *OUFSOBUJPOBM +PVSOBM GPS 0SJHJOBM 8PSL JO

BMM "TQFDUT PG 3BNBO 4QFDUSPTDPQZ *ODMVEJOH )JHIFS 0SEFS 1SPDFTTFT BOE BMTP #SJMMPVJO

BOE 3BZMFJHI 4DBࡇFSJOH ����� 	����
 QQ� ���ۗ����

|��
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<��> /PSNBO $PMUIVQ� *OUSPEVDUJPO UP JOGSBSFE BOE 3BNBO TQFDUSPTDPQZ� &MTFWJFS �����

<��> .BSJB 1FSMB $PMPNCJOJ FU BM� ۠"OBMZUJDBM TUSBUFHJFT GPS DIBSBDUFSJ[JOH PSHBOJD QBJOU NF�

EJB VTJOH HBT DISPNBUPHSBQIZ�NBTT TQFDUSPNFUSZ �ۡ *O� "DDPVOUT PG DIFNJDBM SFTFBSDI

���� 	����
 QQ� ���ۗ����

<��> 'SBODFTDP $BSVTP FU BM� ۠.JDSP�BOBMZUJDBM JEFOUJDBUJPO PG UIF DPNQPOFOUT PG WBSOJTIFT

GSPN 4PVUI *UBMJBO IJTUPSJDBM NVTJDBM JOTUSVNFOUT CZ 1-. &4&.ۗ&%9 NJDSP'5*3

($ۗ.4 BOE 1Zۗ($ۗ.4 �ۡ *O� .JDSPDIFNJDBM +PVSOBM ��� 	����
 QQ� ��ۗ���

<��> 4VTBO 7BMJT� ۠*OWFTUJHBUJPO JOUP UIF EJTUPSUJPO PG 5SJPEJB BOE 9BOUIPSSIPFB SFTJOT

PO "VTUSBMJBO "CPSJHJOBM BSUFGBDUT JO NVTFVN DPMMFDUJPOT �ۡ *O� "*$$. #VMMFUJO �����

� 	����
 QQ� ��ۗ���

<��> 7FFSMF 3PUT FU BM� ۠)BॏFE 5PPM�VTF &YQFSJNFOUT XJUI "VTUSBMJBO "CPSJHJOBM 1MBOU "E�

IFTJWFT� 5SJPEJB 4QJOJGFY 9BOUIPSSIPFB (SBTT 5SFF BOE -FDIFOBVMUJB EJWBSJDBUB .JO�

ESJF �ۡ *O� &9"3$ +PVSOBM � 	����
�

<��> )BSE :BLLB� (SBTT 5SFF 3FTJO 	9BOUIPSSIPFB
� FO�"6� .BS� ����� ॻॸॲ� IUUQT���

LPPSJIJTUPSZ�DPN�HSBTT�USFF�SFTJO� 	WJTJUFE PO ����������
�

<��> #FSOE 35 4JNPOFJU FU BM� ۠5FSQFOPJE DPNQPTJUJPOT PG SFTJOT GSPN $BMMJUSJT TQFDJFT 	$V�

QSFTTBDFBF
 �ۡ *O� .PMFDVMFT ����� 	����
 Q� �����

<��> %PNJOJRVF 4DBMBSPOF .BTTJNP -B[[BSJ BOE 0TDBS $IJBOUPSF� ۠"HFJOH CFIBWJPVS BOE

BOBMZUJDBM QZSPMZTJT DIBSBDUFSJTBUJPO PG EJUFSQFOJD SFTJOT VTFE BT BSU NBUFSJBMT� .BOJMB

DPQBM BOE TBOEBSBD �ۡ *O� +PVSOBM PG BOBMZUJDBM BOE BQQMJFE QZSPMZTJT �� 	����
 QQ� ���ۗ

����

<��> %BOJFM 7BSOFZ य़PNQTPO� Fࡋ DSBࡄTNBOڣT IBOECPPL� *M MJCSP EFMMڣBSUF CZ $FOOJOP

Eڣ"OESFB $FOOJOJ� �����

<��> %POBME $ 'FMT FU BM� -PTU TFDSFUT PG 'MFNJTI QBJOUJOH JODMVEJOH UIF टSTU DPNQMFUF &OHMJTI

USBOTMBUJPO PG UIF %F .BZFSOF .BOVTDSJQU #. 4MPBOF ����� &JKTEFO UIF /FUIFSMBOET�

"MDIFNJTU �����

<��> $IBSMFT -PDL &BTUMBLF� .FUIPET BOE NBUFSJBMT PG QBJOUJOH PG UIF HSFBU TDIPPMT BOE NBT�

UFST� $PVSJFS $PSQPSBUJPO �����

���|

https://koorihistory.com/grass-tree-resin/
https://koorihistory.com/grass-tree-resin/
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<��> .ST .BSZ 1 .FSSJFME� .FEJFWBM BOE 3FOBJTTBODF USFBUJTFT PO UIF BSUT PG QBJOUJOH� PSJH�

JOBM UFYUT XJUI &OHMJTI USBOTMBUJPOT� $PVSJFS $PSQPSBUJPO �����

<��> +PTFQI # -BNCFSU FU BM� ۠$IBSBDUFSJ[BUJPO PG &VDBMZQUVT BOE DIFNJDBMMZ SFMBUFE FYV�

EBUFT CZ OVDMFBSNBHOFUJD SFTPOBODF TQFDUSPTDPQZ �ۡ *O�"VTUSBMJBO +PVSOBM PG $IFNJTUSZ

����� 	����
 QQ� ���ۗ����

<��> +PTFQI # -BNCFSU FU BM� ۠$IBSBDUFSJ[BUJPO PG QMBOU FYVEBUFT CZ QSJODJQBM�DPNQPOFOU

BOE DMVTUFS BOBMZTFT XJUI OVDMFBS NBHOFUJD SFTPOBODF WBSJBCMFT �ۡ *O� +PVSOBM PG OBUVSBM

QSPEVDUT ����� 	����
 QQ� ����ۗ�����

<��> $PSOFMJB -PDIFS BOE -BVSB $VSSJF� ۠3FWJTJUJOH LJOPTۘBO "VTUSBMJBO QFSTQFDUJWF �ۡ *O�

+PVSOBM PG &UIOPQIBSNBDPMPHZ ����� 	����
 QQ� ���ۗ����

<��> $ISJTUJBO 4BODIF[ FU BM� ۠"DBDJB HVN� )JTUPSZ PG UIF GVUVSF �ۡ *O� 'PPE )ZESPDPMMPJET ��

	����
 QQ� ���ۗ����

<��> %JBOB +¦HFS FU BM� ۠*TPMBUJPO BOE TUSVDUVSBM DIBSBDUFSJ[BUJPO PG FDIJOPDZTUJD BDJE USJUFS�

QFOPJE TBQPOJOT GSPN UIF "VTUSBMJBO NFEJDJOBM BOE GPPE QMBOU "DBDJB MJHVMBUB �ۡ *O�

+PVSOBM PG /BUVSBM 1SPEVDUT ����� 	����
 QQ� ����ۗ�����

<��> 8BࡇMF 	"DBDJB
 BOE JUT NBOZ VTFT� FO�"6� 4FQU� ����� ॻॸॲ� IUUQ � � �

LPPSJIJTUPSZ�DPN�XBUUMF� 	WJTJUFE PO ����������
�

<��> 1IJMJQ "$MBSLF� ۠"VTUSBMJBO FUIOPCPUBOZ� BO PWFSWJFX �ۡ *O�"VTUSBMJBO "CPSJHJOBM 4UVE�

JFT � 	����
 QQ� ��ۗ���

<��> $MBSB (SBO[P॒P FU BM� ۠1MBOU HVN JEFOUJDBUJPO JO IJTUPSJD BSUXPSLT �ۡ *O� 4DJFOUJटD SF�

QPSUT � 	����
 Q� ������

<��> .BSJB 1FSMB $PMPNCJOJ "MFTTJP $FDDBSJOJ BOE "MFTTJB $BSNJHOBOJ� ۠*PO DISPNBUPHSB�

QIZ DIBSBDUFSJ[BUJPO PG QPMZTBDDIBSJEFT JO BODJFOU XBMM QBJOUJOHT �ۡ *O� +PVSOBM PG $ISP�

NBUPHSBQIZ " ������� 	����
 QQ� ��ۗ���

<��> "*$$.� $PEF PG FUIJDT BOE DPEF PG QSBDUJDF� �����

<��> #FUI " 1SJDF BOE 1 #PSJT� *OGSBSFE BOE 3BNBO 6TFST (SPVQ 4QFDUSBM %BUBCBTF� ���� FE�

7PM� � � �� 1IJMBEFMQIJB� *36( ����� *OGSBSFE BOE 3BNBO 6TFST (SPVQ 4QFDUSBM %BUBCBTF�

8FC� �� +VOF ����� �����

|���

http://koorihistory.com/wattle/
http://koorihistory.com/wattle/
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<��> 4VCSBUB .POEBM 1BVM .FNNP॒ BOE %BSSFO.BSUJO� ۠1SFQBSBUJPO BOE DIBSBDUFSJ[BUJPO

PG QPMZVSFUIBOFT GSPN TQJOJGFY SFTJO CBTFE CJP�QPMZNFS �ۡ *O� +PVSOBM PG 1PMZNFST BOE

UIF &OWJSPONFOU ���� 	����
 QQ� ���ۗ����

<��> 4VCSBUB .POEBM 1BVM .FNNP॒ BOE %BSSFO .BSUJO� ۠1SFQBSBUJPO BOE DIBSBDUFSJ[B�

UJPO PG TQJOJGFY SFTJO�CBTFE CJP�QPMZVSFUIBOF�UIFSNPQMBTUJD QPMZVSFUIBOF CMFOET �ۡ *O�

1PMZNFS�1MBTUJDT 5FDIOPMPHZ BOE &OHJOFFSJOH ����� 	����
 QQ� ����ۗ�����

<��> 4VCSBUB .POEBM FU BM� ۠1IZTJDP�UIFSNBM QSPQFSUJFT PG TQJOJGFY SFTJO CJP�QPMZNFS �ۡ *O�

.BUFSJBMT $IFNJTUSZ BOE 1IZTJDT ������� 	����
 QQ� ���ۗ����

<��> )BSTIJ , (BNBHF FU BM� ۠*OEJHFOPVT BOE NPEFSO CJPNBUFSJBMT EFSJWFE GSPN 5SJP�

EJB 	ۜTQJOJGFY
 HSBTTMBOET JO "VTUSBMJB �ۡ *O� "VTUSBMJBO +PVSOBM PG #PUBOZ ���� 	����


QQ� ���ۗ����

<��> -P¯D #FSUSBOE FU BM� ۠1BMFP�JOTQJSFE TZTUFNT� %VSBCJMJUZ 4VTUBJOBCJMJUZ BOE 3FNBSLBCMF

1SPQFSUJFT �ۡ *O� "OHFX� $IFN� *OU� &E� ����� 	����
 QQ� ����ۗ�����

<��> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<��> 6XF #FSHNBOO FU BM� ۠$BSCPO ,�FEHF 9�SBZ 3BNBO TQFDUSPTDPQZ TVQQPSUT TJNQMF ZFU

QPXFSGVM EFTDSJQUJPO PG BSPNBUJD IZESPDBSCPOT BOE BTQIBMUFOFT �ۡ *O� $IFNJDBM QIZTJDT

MFࡇFST ������� 	����
 QQ� ���ۗ����

<��> +FBO�1BTDBM 3VF FU BM� ۠य़F ("-"9*&4 CFBNMJOF BU UIF 40-&*- TZODISPUSPO� JOFMBTUJD

9�SBZ TDB॒FSJOH BOE QIPUPFMFDUSPO TQFDUSPTDPQZ JO UIF IBSE 9�SBZ SBOHF �ۡ *O� +PVSOBM

PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> +BNFT .JDIBFM "CMF॒ FU BM� ۠य़F ("-"9*&4 JOFMBTUJD IBSE 9�SBZ TDB॒FSJOH FOE�TUBUJPO

BU 4ZODISPUSPO 40-&*- �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> 3 $PSF 5FBN� 3� " -BOHVBHF BOE &OWJSPONFOU GPS 4UBUJTUJDBM $PNQVUJOH� 3 'PVOEB�

UJPO GPS 4UBUJTUJDBM $PNQVUJOH� 7JFOOB "VTUSJB ����� ॻॸॲ� IUUQT���XXX�3�

QSPKFDU�PSH��

���|

https://www.R-project.org/
https://www.R-project.org/
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<��> 8� /� 7FOBCMFT BOE #� %� 3JQMFZ� .PEFSO "QQMJFE 4UBUJTUJDT XJUI 4� 'PVSUI� *4#/ ������

�������� /FX :PSL� 4QSJOHFS ����� ॻॸॲ� IUUQ���XXX�TUBUT�PY�BD�VL�

QVC�."44��

|���

http://www.stats.ox.ac.uk/pub/MASS4
http://www.stats.ox.ac.uk/pub/MASS4
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$BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP

�% Y�SBZ 3BNBO NVMUJTQFDUSBM JNBHJOH

Fࡋ JO�TJUV �% BOE �% JNBHJOH PG UIF DIFNJDBM TQFDJBUJPO PG PSHBOJD GPTTJMT JT BO VOTPMWFE QSPC�

MFN JO QBMFPOUPMPHZ BOE DVMUVSBM IFSJUBHF� )FSF XF VTF Y�SBZ 3BNBO TDBࡇFSJOH 	934
 CBTFE

JNBHJOH BU UIF DBSCPO ,�FEHF UP GPSN �% BOE �% JNBHFT PG UIF DBSCPO DIFNJTUSZ JO UXP FYDFQ�

UJPOBMMZ QSFTFSWFE TQFDJNFOT B GPTTJM QMBOU EBUJOH CBDL GSPN UIF $BSCPOJGFSPVT BOE BO BODJFOU

JOTFDU FOUSBQQFE JO �� NJMMJPO�ZFBS�PME BNCFS� Fࡋ �% 934 JNBHJOH PG UIF QMBOU GPTTJM SFWFBMT B

IPNPHFOFPVT DIFNJDBM DPNQPTJUJPO XJUI NJDSPNFUSJD ڣQPDLFUTڢ PG QSFTFSWBUJPO MJLFMZ JOIFSJUFE

GSPN JUT HFPMPHJDBM IJTUPSZ� Fࡋ �% 934 JNBHJOH PG UIF JOTFDU DVUJDMF EJTQMBZT BO FYDFQUJPOBMMZ

XFMM QSFTFSWFE SFNBJOJOH DIFNJDBM TJHOBUVSF UZQJDBM PG QPMZTBDDIBSJEFT TVDI BT DIJUJO BSPVOE B

MBSHFMZ IPMMPXFE PVU JODMVTJPO� 0VS SFTVMUT PQFO VQ OFX QFSTQFDUJWFT GPS JO�TJUV DIFNJDBM TQFDJB�

UJPO JNBHJOH PG GPTTJMJ[FE PSHBOJD NBUFSJBMT XJUI UIF QPUFOUJBM UP FOIBODF PVS VOEFSTUBOEJOH PG

PSHBOJD TQFDJNFOT BOE UIFJS QBMFPCJPMPHZ�

��� *OUSPEVDUJPO

य़F DIFNJTUSZ PG BODJFOU PSHBOJD NBUFSJBMT DBSSJFT JOGPSNBUJPO PG UIFJS PSJHJOBM OBUVSF� #F�

DBVTF UIJT JOGPSNBUJPO JT EJਖ਼DVMU UP EFDPEF BOE MJNJUFE CZ EFHSBEBUJPO UIF EFQJDUJPO PG DIFN�

JDBM TJHOBUVSFT QSFTFSWFE JO UIF GPTTJM SFDPSE DPOTUJUVUFT POF PG UIF FTTFOUJBM DIBMMFOHFT GPS

QBMFPOUPMPHJTUT�

*O TPNF SBSF DBTFT PSHBOJD TUSVDUVSFT DBO CF QSFTFSWFE JO SPDLT� &NCMFNBUJD DBTFT PG

PSHBOJD QSFTFSWBUJPO JODMVEF NBNNPUIT FOUPNCFE JO UIF QFSNBGSPTU <� �> JOTFDUT USBQQFE JO

BNCFS 	<�ۗ�>
 DPMPSFE EJOPTBVS GFBUIFST <�> BOE DIBSDPMJFE PS MJHOJUJD GPTTJM QMBOUT GSPN UIF

$BSCPOJGFSPVT VTFE BT UIF NBJO TPVSDF GPS DPBM� "MUIPVHI GBTDJOBUJOH UIF TFBSDI GPS BODJFOU

CJPNPMFDVMFT JNQPTFT TUSJOHFOU JOUFSQSFUBUJPOBM BOE BOBMZUJDBM DIBMMFOHFT BT 	J
 UBQIPOPNJD

BOE EJBHFOFUJD QSPDFTTFT NBZ TUSPOHMZ BFDU PSJHJOBM DIFNJTUSZ 	JJ
 DPOUBNJOBOUT BSF MJLFMZ

���
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QSFTFOU BU UIF TVSGBDF PG UIF TBNQMFT BOE 	JJJ
 DBSCPO�CBTFE DPNQPVOET DBO CF QSFTFSWFE BT

USBDFT�

.PTU GPTTJM CJPHFOJD PSHBOJD DPNQPVOET IBWF CFFO EFUFDUFE JO UIFJS OBUJWF GPSN VTJOH

JOWBTJWF BOBMZTJT TVDI BT HBT DISPNBUPHSBQIZ�NBTT TQFDUSPNFUSZ 	($�.4� F�H� <� �>
 PS BN�

QMJFE CZ QPMZNFSBTF DIBJO SFBDUJPO 	1$3� F�H� <� � �>
� )PXFWFS TVDI NFBTVSFNFOUT BSF

QFSGPSNFE PO FYUSBDUT BOE UIFSFGPSF POMZ SFQSFTFOU BWFSBHFE JOGPSNBUJPO PWFS UIF TBNQMJOH

WPMVNF BOE EP OPU ZJFME UIF TQBUJBM DPNQMFYJUZ PG UIF DIFNJTUSZ PG TVDI TQFDJNFOT GPS XIJDI

JNBHJOH JT B SFRVJTJUF� य़F EFWFMPQNFOU PG OFX BOBMZUJDBM UPPMT BOE�PS UFDIOJDBM JNQSPWF�

NFOUT UPXBSET IJHIFS TFOTJUJWJUZ PS SFTPMVUJPO IBWF SFDFOUMZ QVTIFE GPSXBSE UIF TFBSDI GPS

USBDFT PG BODJFOU CJPNPMFDVMFT JO UIF GPTTJM SFDPSE <��>�

'PS JOTUBODF 'PVSJFS USBOTGPSN JOGSBSFE 	'5�*3
 NBQQJOH SFWFBMFE UIF QSFTFSWBUJPO PG

BNJEF BOE UIJPM HSPVQT PG UIF β�LFSBUJO NPMFDVMF JO DB� ���NJMMJPO�ZFBS�PME SFQUJMF TLJO GSPN

6UBI 	64"
 <��>� 5JNF�PG�JHIU TFDPOEBSZ JPO NBTT TQFDUSPNFUSZ 	5P'�4*.4
 EBUB QSP�

WJEFE JEFOUJDBUJPO PG IFNPHMPCJO�EFSJWFE QPSQIZSJO NPMFDVMFT JO B DB� ���NJMMJPO�ZFBS�PME

CMPPE�FOHPSHFE NPTRVJUP GSPN .POUBOB 	64"
 <��>� *O DPOKVODUJPO XJUI JNNVOPIJTUPDIFN�

JDBM TUBJOJOH BOE '5�*3 JNBHJOH 5P'�4*.4 JEFOUJFE FOEPHFOPVT QSPUFJOBDFPVT BOE MJQJE

DPOTUJUVFOUT LFSBUJOPDZUFT BOE CSBODIFE NFMBOPQIPSFT XIJDI FWJEFODF GPS IPNFPUIFSNZ

BOE DSZQTJT JO B DB� ����NJMMJPO�ZFBS�PME JDIUIZPTBVS GSPN (FSNBOZ<��>� 0OF PG UIF NPTU

QSPNJTJOH FYQFSJNFOUBM BQQSPBDIFT JT TDBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ 	459.
 B

TZODISPUSPO�CBTFE TPॏ Y�SBZ UFDIOJRVF XIJDI DBO QSPCF TQFDJBUJPO PG MJHIU FMFNFOUT JO NJDSP�

NFUSJD TBNQMFT BU B TQBUJBM SFTPMVUJPO PG GFX UFOT PG OBOPNFUFST <��>� $BSCPO ,�FEHF TQFDUSB

PCUBJOFE PO DBSCPOBDFPVT TZTUFNT DPOTJTU PG TQFDUSBM GFBUVSFT UIBU DBO EJFSFOUJBUF PSHBOJD

DPNQPVOET <��>� "QQMJFE UP QBMFPOUPMPHZ 459. JEFOUJFE QBSUJBMMZ EFHSBEFE TQPSPQPMMFOJO

NPMFDVMFT XJUIJO B DB� ����NJMMJPO�ZFBS�PME MZDPQIZUF NFHBTQPSF GSPN 'SBODF <��> BOE QBS�

UJBMMZ QSFTFSWFE DIJUJOۗQSPUFJO DPNQMFYFTXJUIJO UIF DVUJDMFT PG B DB� ����NJMMJPO�ZFBS�PME TDPS�

QJPO GSPN *MMJOPJT 	64"
 BOE PG B DB� ����NJMMJPO�ZFBS�PME FVSZQUFSJE GSPN $BOBEB <��>� य़JT

UFDIOJRVF FWFO BMMPXFE EPDVNFOUJOH UIF DIFNJDBM OBUVSF PG BODJFOU 	TFWFSBM CJMMJPO ZFBST PME


PSHBOJD NJDSPGPTTJMT <��>�

)PXFWFS UIFTF UFDIOJRVFT QSFTFOU TPNF MJNJUBUJPOT UIF NBJO POF CFJOH UIF MBDL PG CVML

TFOTJUJWJUZ� *O GBDU 459.�CBTFE Y�SBZ BCTPSQUJPO OFBS FEHF TUSVDUVSF 	9"/&4
 TQFDUSPTDPQZ

POMZ BMMPXT QSPCJOH UIJO TBNQMFT 	J�F� TBNQMFT USBOTQBSFOU UP Y�SBZT BU UIF USBOTJUJPO FOFSHZ

|���
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PG UIF FMFNFOU PG JOUFSFTU
� '5�*3 3BNBO BOE 5P'�4*.4 JNBHJOH BMTP POMZ QSPWJEF TVSGBDF

TFOTJUJWJUZ� य़VT BOZ DPOUBNJOBUJPO PG UIF TVSGBDF CZ FYPHFOPVT PSHBOJD NB॒FS CVU BMTP

TBNQMF SPVHIOFTT DBO DPNQSPNJTF EBUB BDRVJTJUJPO BOE JOUFSQSFUBUJPO� य़JT ۜCMBDL BOE XIJUF

TJUVBUJPO XIFSF PSHBOJD DPNQPVOET FJUIFS BCTPSC UPP NVDI PS UPP MJ॒MF 	IBSE Y�SBZT
 UP BMMPX

NFBOJOHGVM JNBHJOH EFQFOEJOH PO UIF OBUVSF PG UIF QSPCF TUJMM QPTFT OVNFSPVT DIBMMFOHFT UP

UIF EFQJDUJPO PG UIF �% DIFNJDBM TQFDJBUJPO PG QSJNBSJMZ PSHBOJD TZTUFNT� " NFUIPE QSPWJEJOH

TQBUJBMMZ�SFTPMWFE JOGPSNBUJPO PG PSHBOJD DBSCPO TQFDJBUJPO JO �% BOE PWFS MBSHF BSFBT BQQFBST

DSJUJDBMMZ SFRVJSFE UP PWFSDPNF UIFTF MJNJUBUJPOT�

)FSF XF SFQPSU UIF VOQSFDFEFOUFE VTF PG B IBSE Y�SBZ QSPCF GPS UIF FMFNFOU�TQFDJD DIFN�

JDBM CVML JNBHJOH PG BODJFOU NBUFSJBMT� 5BLJOH BEWBOUBHF PG UIF DBQBCJMJUZ PG OPO�SFTPOBOU

Y�SBZ 3BNBO TDB॒FSJOH 	934
 GPS EJSFDU UPNPHSBQIZ XJUI DIFNJDBM�CPOE DPOUSBTU <��> XF

EFWFMPQ �% BOE �% Y�SBZ 3BNBO TDB॒FSJOH TQFDUSBM JNBHJOH GPS DVMUVSBM IFSJUBHF BOE HFP�

TDJFODFT� य़F MBSHF QFOFUSBUJWF QPXFS PG IBSE Y�SBZT FOBCMFT UIF NFBTVSFNFOU UP CF EPOF JO

B OPO�JOWBTJWF XBZ XJUI OP QBSUJDVMBS QSFQBSBUJPO OPS TQFDJD FYQFSJNFOUBM DPOEJUJPOT JO

BJS BOE QSPWJEFT JOGPSNBUJPO UIBU JT OPU DPNQSPNJTFE CZ TVSGBDF DPOUBNJOBUJPO CZ FOTVS�

JOH UIBU UIF EPNJOBOU TJHOBM DPOUSJCVUJPO JT GSPN UIF CVML PG UIF QSPCFE NBUFSJBM <��>� 934

�% BOE �% JNBHJOH BSF EFNPOTUSBUFE BHBJOTU B GSBHNFOU PG -FQJEPEFOESPO USVOL GSPN UIF

6QQFS $BSCPOJGFSPVT 	DB� ���.ZB
 PG 1BT�EF�$BMBJT 	'SBODF
 BOE BO &PDFOF BOU 	DB� ��.ZB


FOUSBQQFE JO BNCFS GSPN 0JTF 	'SBODF
 SFTQFDUJWFMZ� य़F QSFTFOU SFTVMUT SFWFBMT MPDBM ۠QPDL�

FUTۡ PG QSFTFSWBUJPO JO UIF DIFNJDBM DPNQPTJUJPO PG UIF QMBOU GPTTJM MJLFMZ JOIFSJUFE GSPN JUT

HFPMPHJDBM IJTUPSZ XIJMF UIFZ BDRVBJOU UIF FYDFQUJPOBM QSFTFSWBUJPO PG UIF JOTFDU DVUJDMF CZ

TIPXJOH DIFNJDBM TJHOBUVSFT PG QPMZTBDDIBSJEFT TVDI BT DIJUJO�

��� 3FTVMUT BOE EJTDVTTJPO

8F DPMMFDUFE 934 DBSCPO ,�FEHF JOUFOTJUJFT VTJOH NBQQJOH 	PS SBTUFS�TDBOOJOH
 CZ NPWJOH

TFRVFOUJBMMZ PCKFDUT BDSPTT UIF QIPUPO CFBN BU B HJWFO JODJEFOU FOFSHZ XIJMF NFBTVSJOH UIF

TDB॒FSFE JOUFOTJUZ� 4FWFSBM TVDI NBQT BSF BDRVJSFE BU EJFSFOU FOFSHZ MPTTFT UISPVHI UIF

DBSCPO ,�FEHF UP QSPEVDF B IZQFSTQFDUSBM EBUBDVCF�

*MMVNJOBUJOH B TBNQMF XJUI BO JODJEFOU FOFSHZ E BOE TF॒JOH B 	YFE
 BOBMZ[FS FOFSHZ Ef 

UIF FOFSHZ MPTT∆E = E−Ef DBO DSFBUF FMFDUSPOJD FYDJUBUJPOT� *G∆E JT UVOFE UP B USBOTJUJPO

���|
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JOWPMWJOH B CPVOE FMFDUSPO UIF SFTVMUJOH TQFDUSPTDPQZ JT DBMMFE Y�SBZ 3BNBO TDB॒FSJOH TQFD�

USPTDPQZ� #FTJEF B R�EFQFOEFOU CBDLHSPVOE XIJDI JT EPNJOBUFE BU IJHI NPNFOUVN USBOTGFS

	R
 CZ $PNQUPO TDB॒FSJOH BOE BU MPX R CZ DPMMFDUJWF WBMFODF FMFDUSPO FYDJUBUJPOT TVDI BT

QMBTNPOT UIF 934 TQFDUSVN DPOUBJOT JO HFOFSBM OPO�EJTQFSTJWF GFBUVSFT XIJDI BSF HFOFSBUFE

XIFO B GSBDUJPO PG JODJEFOU QIPUPO FOFSHZ JT USBOTGFSSFE UP UIF TBNQMF JOOFS TIFMM FMFDUSPOT

QSPNPUJOH UIFN JOUP VOPDDVQJFE TUBUFT<��>� 934 UIFSFGPSF FOBCMFT UIF NFBTVSFNFOU PG UIF

OFBS�FEHF FYDJUBUJPO TQFDUSVN JO UIF FOFSHZ MPTT EPNBJO� *U DPNCJOFT UIF DIFNJDBM TFOTJUJWJUZ

PG Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ 	9"4
 GPS UIF TUVEZ PG UIF TQFDJBUJPO PG MJHIU FMFNFOUT TVDI BT

DBSCPO XJUI UIF CFOFU PG IJHI QIPUPO FOFSHZ 	PG �ۗ�� LF7 SBOHF
 EJTDBSEJOH UIF TJHOJDBOU

FYQFSJNFOUBM DPOTUSBJOUT PG 9"4 BU UIF MPX FOFSHZ PG UIF DBSCPO ,�FEHF 	���ۗ��� F7
� 934

IBT EFNPOTUSBUFE B HSFBU QPUFOUJBM UP QSPCF DBSCPO TQFDJBUJPO JO IPNPHFOFPVT MJRVJE PS TPMJE

DBSCPO�CBTFE TBNQMFT UIBU BSF QPPS JO IFBWJFS FMFNFOUT 	BCTPSQUJPO PG Y�SBZ GSPN UIF MB॒FS

SFQSFTFOUT UIF NBJO MJNJUBUJPO PG UIJT UFDIOJRVF
� 934 IBT CFFO TIPXO B QSPNJTJOH NFBOT UP

JEFOUJGZ UIF DIFNJDBM TQFDJBUJPO PG MJHIU FMFNFOUT JO B SBOHF PG TZTUFNT GSPN PJM DVUT UP BSUJTUT

QJHNFOUT <��ۗ��>� य़F QSPPG PG DPODFQU PG JNBHJOH IBT CFFO FTUBCMJTIFE PO B NPEFM PCKFDU

<��> ZFU 934 JNBHJOH PG SFBM�UP�MJGF NBUFSJBMT IBT OFWFS CFFO TUVEJFE�

����� .JDSP�TDBMF �% JNBHJOH PG DBSCPO PO DFOUJNFUSJD $BSCPOJGFSPVT QMBOUT

8F VTFE 934 JNBHJOH 	93*
 UP TUVEZ B GSBHNFOU PG -FQJEPEFOESPO USVOL DPMMFDUFE PO B 6QQFS

$BSCPOJGFSPVT 	DB� ���.ZB
 DPBM TMBH IFBQ JO /PZFMMFT�MF[�-FOT 'SBODF 	'JHVSF ���"ۗ$
� य़F

GPTTJM GSBHNFOU FBTJMZ SFDPHOJ[BCMF CZ JUT DIBSBDUFSJTUJD EJBNPOE�TIBQFE QB॒FSO JT DB� � DN

MPOH BOE ��� DN XJEF BOE MJFT PO B CMBDL TIBMF ZFMMPXJTI JO QMBDFT XIJDI BMTP JODMVEFT PUIFS

QMBOU GSBHNFOUT� .PTU PG UIF -FQJEPEFOESPO USVOL IBT UIF TBNF BQQFBSBODF BOE DPMPS BT UIF

TIBMF CVU JU BMTP DPOUBJOT B UIJDLFS WJUSFPVT NBUFSJBM CMBDL UP WFSZ TIJOOZ 	FYUSFNFMZ TJNJMBS UP

WJUSJOJUF
 EJTUSJCVUFE BMPOH UIF FEHFT PG NPTU EJBNPOE�TIBQFE MFBG TDBST� " GFX CFJHF QBUDIFT

BSF JSSFHVMBSMZ EJTUSJCVUFE PWFS UIF GPTTJM�

93* QSPEVDFT DBSCPO NBQT XJUI B NJDSPNFUSJD TQBUJBM SFTPMVUJPO 	EPXO UP B GFX NJDSPN�

FUFST BT EFOFE CZ UIF CFBN TJ[F
 PWFS MBSHF QMVSJ�DFOUJNFUSJD PCKFDUT� *O DPOUSBTU UP DBS�

CPO NBQQJOH VTJOH TDBOOJOH FMFDUSPO NJDSPTDPQZ XJUI FOFSHZ EJTQFSTJWF 9�SBZ TQFDUSPTDPQZ

	4&.�&%9
 �%�93* QSPWJEFT CVML NBQQJOH TVDI UIBU UIF DBSCPO TJHOBM JT OPU 	PS NJOJNBMMZ


IBNQFSFE CZ DPOUBNJOBUJPO PS TVSGBDF SPVHIOFTT� $PMMFDUJOH B NBQ CFGPSF BOE BॏFS UIF ,�

|���
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'JHVSF ���� $BSCPO Y�SBZ 3BNBO TDBUUFSJOH NBQQJOH BOE TQFDUSPTDPQZ PG B GSBHNFOU PG
-FQJEPEFOESPO USVOL GSPN UIF 6QQFS $BSCPOJGFSPVT 	DB� ���.ZB
 PG /PZFMMFT�MF[�-FOT
'SBODF� 	"
 0QUJDBM QIPUPHSBQI PG UIF TUVEJFE PCKFDU� 	#
 4DIFNBUJD WJFX PG UIF FYQFSJNFOUBM
934 TFUVQ� 	$
 $MPTF VQ PO UIF TUVEJFE BSFB� य़F EBTIFE MJOF SFQSFTFOUT UIF CPVOEBSJFT JEFOUJ�
FE JO %� 	%
 $BSCPO NBQ GSPN UIF EP॒FE CPY BSFB JO " 	TDBO BSFB� ��×��NN2 ����� QJYFMT
TDBO TUFQ� ���×��� uN2 CFBN TJ[F� ��×�� uN2
� य़F CPY DPSSFTQPOET UP UIF BSFB BOBMZ[FE JO
'JHVSF ���� 	&
 /PSNBMJ[FE CBDLHSPVOE�DPSSFDUFE DBSCPO ,�FEHF 934 TQFDUSB GSPN UIF MPDB�
UJPOT JOEJDBUFE CZ TUBST JO % 	TVN PG � TQFDUSB� ���NT QFS FOFSHZ TUFQ� CFBN TJ[F� ��×�� uN2

BOE QVSF HSBQIJUF 	(
 GPS FOFSHZ DBMJCSBUJPO BOE SFGFSFODF� TQFDUSB XFSF WFSUJDBMMZ TIJॏFE GPS
JODSFBTFE SFBEBCJMJUZ� 4DBMF CBST SFQSFTFOU � DN�

���|



���� 3&46-54 "/% %*4$644*0/ $IBQUFS �

FEHF BMMPXT SFDPOTUSVDUJOH BO FEHF�KVNQNBQ B NBQ PG DBSCPO DPODFOUSBUJPO XJUIJO UIF TBN�

QMF� य़F NBQ PCUBJOFE BQQFBST TVSQSJTJOHMZ DPOUSBTUFE DPOTJEFSJOH UIF BCPWF EFTDSJQUJPO PG

UIF TBNQMF� EFTQJUF UIFJS TJNJMBS BQQFBSBODF BOE DPMPS UIF GPTTJM JT DMFBSMZ FOSJDIFE JO DBS�

CPO BOE OP DPOUSBTU JT PCTFSWFE CFUXFFO UIF WJUSFPVT NBUFSJBM UIF CFJHF QBUDIFT BOE UIF

SFTU PG UIF GPTTJM 	'JHVSF ���$%
� य़F DBSCPO EJTUSJCVUJPO DBO CF VTFE UP QJOQPJOU JOUFSFTU�

JOH BSFBT GPS TQFDUSPTDPQZ� 8F DPMMFDUFE WF GVMM 934�CBTFE DBSCPO ,�FEHF 9"/&4 TQFDUSB

	'JHVSF ���&
 POF GSPN UIF TIBMF BOE GPVS GSPN UIF QMBOU UBSHFUJOH BU UIF EJFSFOU NBUFSJBMT

PCTFSWFE 	BU UIF FEHF BOE JOTJEF PG UIF EJBNPOE�TIBQFE MFBG TDBST
 BOE BU UIF EJFSFOU DBSCPO

BNPVOUT SFWFBMFE CZ UIF NBQ� य़F CMBDL TIBMF NBUSJY EPFT OPU DPOUBJO TJHOJDBOU BNPVOUT PG

PSHBOJD DBSCPO� 4VSQSJTJOHMZ BHBJO BMM GPVS TQFDUSB GSPN UIF GPTTJM BQQFBS WFSZ TJNJMBS BॏFS

CBDLHSPVOE�DPSSFDUFE OPSNBMJ[BUJPO� य़F TQFDUSB SFWFBM UXPNBJO BCTPSQUJPO GFBUVSFT BU �����

BOE ����� F7 B॒SJCVUFE UP �Tۗͯ� BOE �TۗͲ� FMFDUSPOJD USBOTJUJPOT JO BSPNBUJD PS PMFOJD $�$

DBSCPOT SFTQFDUJWFMZ <��>� *O DPOUSBTU UP VTVBM MPX�FOFSHZ $�9"/&4 TQFDUSPTDPQZ CVML QSPC�

JOH PG UIF FYQFDUFE SBOEPN�PSJFOUFE QPMZDSZTUBMMJOF NBUFSJBM BMMPXT DPNQBSJOH UIF JOUFOTJUZ

PG UIFTF TQFDUSPTDPQJD GFBUVSFT�

8JUI B 	�Tۗͯ�
�	�TۗͲ�
 SBUJP 	UIBU JT �Tۗͯ��	�TۗͲ� � BSDUBOHFOU
 XIFSF UIF BSDUBOHFOU

GVODUJPO NPEFMT UIF FEHF KVNQ JO UIF $�9"/&4 TQFDUSB
 PG ���� UIFTF TQFDUSB SFWFBM UIBU

UIF HSBQIJUJD NBDSPNPMFDVMBS PSHBOJD DBSCPO DPNQPTJOH UIF -FQJEFOESPO USVOL JT OPU IJHIMZ

PSEFSFE CVU SBUIFS TJNJMBS UP CJUVNJOPVT DPBMT<��>� *O DPOUSBTU UP MJHOJUF UIF TQFDUSB PG UIF

-FQJEPEFOESPO USVOL EP OPU FYIJCJU BOZ DMFBS BCTPSQUJPO GFBUVSF BU ����� F7 B॒SJCVUFE UP DBS�

CPYZMJD GVODUJPOBM HSPVQT 	�Tۗͯ� USBOTJUJPO
�

य़FSF JT POMZ B MJNJUFE OVNCFS PG DIBSBDUFSJTUJD SFTPOBODFT BU UIF DBSCPO ,�FEHF <�� ��>

BOE UIF TQFDUSB BU UIJT FEHF GSPN UIF -FQJEPEFOESPO USVOL BSF XFMM FYQMBJOFE CZ B DPNCJOB�

UJPO PG UXP (BVTTJBOT DFOUFSFE BU UIF �Tۗͯ� BOE �TۗͲ� FOFSHJFT BOE PG BO BSDUBOHFOU�TIBQFE

DPOUSJCVUJPO UP BDDPVOU GPS USBOTJUJPOT UP UIF DPOUJOVVN 	'JHVSF ���"
� 5P GVSUIFS UFTU UIF

IPNPHFOFJUZ PG UIF DBSCPO TQFDJBUJPO PWFS B WFSZ MBSHF TBNQMF BSFB XF DPMMFDUFE NBQT BU EJG�

GFSFOU DIBSBDUFSJTUJD FOFSHJFT 	��� ��� ��� ��� ��� BOE ��� F7
� य़F TQFDUSBM EFDPNQPTJUJPO

PG UIF SFEVDFE 934�CBTFE 9"/&4 TQFDUSB PCUBJOFE GPS FBDI QJYFM VTJOH UIF TBNF (BVTTJBOT

BOE BSDUBOHFOU QMVT B MJOFBS U PG UIF $PNQUPO CBDLHSPVOE UT WFSZ XFMM UP UIF FYQFSJNFOUBM

EBUB 	'JHVSF ���$
� य़F EFDPNQPTJUJPO HJWFT B 	�Tۗͯ�
�	�TۗͲ�
 SBUJP PG ���� XFMM DPNQBSBCMF

UP UIBU PCUBJOFE GPS UIF GVMM 934�CBTFE 9"/&4 TQFDUSVN DPMMFDUFE BU UIF TBNF MPDBUJPO 	����
�
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य़F (BVTTJBO EJTUSJCVUJPOT DMFBSMZ IJHIMJHIU UXP DMBTTFT PG QJYFMT UIPTF CFMPOHJOH UP UIF GPTTJM

	IJHI DPOUSJCVUJPO
 BOE UIPTF GSPN UIF TIBMF NBUSJY 	MPX DPOUSJCVUJPO SFFDUJOH UIF MPXFS

DBSCPO DPOUFOU PG UIF TIBMF� 'JHVSF ���& TQFDUSVN �
� य़F EJTUSJCVUJPO PG UIF 	�Tۗͯ�
�	�TۗͲ�


SBUJP XJUIJO UIF GPTTJM BQQFBST RVJUF IPNPHFOFPVT XJUI B NFBO SBUJP PG ���� 	'JHVSF ���%
�य़JT

DIFNJDBM NBQ EPFT OPU SFWFBM BOZ DPOUSBTU NBUDIJOH UIF PQUJDBM NPSQIPMPHZ PG UIF TBNQMF

FJUIFS BT UIF WJUSFPVT NBUFSJBM TVSSPVOEJOH UIF EJBNPOE�TIBQFE MFBG TDBST SFNBJOT TQFDUSP�

TDPQJDBMMZ JOEJTUJOHVJTIBCMF GSPN UIF SFTU PG UIF GPTTJM�

7FSZ JOUFSFTUJOHMZ B GFX QJYFMT ZJFME TJHOJDBOUMZ EJFSFOU SBUJPT� MFTT UIBO �� BOE �� PG

UIF QJYFMT SFDPSE SBUJPT <���� BOE >� SFTQFDUJWFMZ TVHHFTUJOH B DPNQMFY QSFTFSWBUJPO IJT�

UPSZ XJUI MPDBM DIFNJDBM IFUFSPHFOFJUZ� 1JYFMT XJUI MPXFS SBUJPT NBZ JOEJDBUF NJDSPNFUSJD

۠QPDLFUTۡ PG QSFTFSWBUJPO XIFSF UIF QMBOU NBUFSJBM IBT OPU CFFO UVSOFE JOUP DPBM CVU POMZ

BT MJHOJUF PS FWFO TIPX UIF QSFTFODF PG MFTT EFHSBEFE QMBOU DPNQPVOET TVDI BT DFMMVMPTF PS

MJHOJO XIFSFBT QJYFMT BU IJHI SBUJP JOEJDBUF UIF MPDBM QSFTFODF PG NVDI NPSF UIFSNBMMZ BMUFSFE

DPNQPVOET�

य़FTF SFTVMUT EFNPOTUSBUF UIF TUSPOH QPUFOUJBM PG �%�93* UP FWBMVBUF DBSCPO TQFDJBUJPO JO

IFUFSPHFOFPVT GPTTJMT� 0CTFSWBUJPO PG NJDSPNFUSJD ۠QPDLFUTۡ PG QSFTFSWBUJPO BQQFBST QBSUJDV�

MBSMZ QSPNJTJOH GPS GVSUIFS NPMFDVMBS JEFOUJDBUJPO�

����� 3FWJTJUJOH UIF �% QSFTFSWBUJPO PG JOTFDU JO BNCFS

*O EFOTF TBNQMFT TVDI BT SPDLT �ۗ�� LF7 Y�SBZT QFOFUSBUF B GFX UFOT UP IVOESFET PG NJ�

DSPNFUFST� *O DPOUSBTU UIFZ XJMM QFOFUSBUF GSPN NJMMJNFUFST UP DFOUJNFUFST JO PSHBOJD NB॒FS�

9�SBZT TDB॒FSFE P UIF PCKFDU BU EJFSFOU EFQUIT BMPOH UIF JODJEFOU CFBN EJSFDUJPO XJMM GP�

DVT PO EJFSFOU BSFBT PG UIF QJYFMBUFE EFUFDUPS EVF UP UIF QPJOU�UP�QPJOU GPDVTJOH QSPQFSUJFT

PG UIF CFOU BOBMZ[FS DSZTUBMT 	'JHVSF ���"
� य़F DPMMFDUJPO PG EBUB BMPOH UIF CFBN EJSFDUJPO

UIFSFCZ QSPWJEFT B �% JNBHF XIFSF UIF DPOUSBTU JT HPWFSOFE CZ UIF JOFMBTUJD TDB॒FSJOH TJHOBM

BॏFS QSPQFS JOUFHSBUJPO� TJNJMBS UP DPOGPDBM JNBHJOH� य़F DPMMFDUJPO PG TVDDFTTJWF TFDUJPOT CZ

SBTUFS�TDBOOJOH UIF PCKFDU UIFO NBLFT JU QPTTJCMF UP DPOTUSVDU B �% UPNPHSBQIJD WPMVNF BU

B SFTPMVUJPO EFOFE CZ UIF EJNFOTJPOT PG UIF QSPKFDUFE CFBN MBUFSBMMZ BOE CZ UIF EFUFDUPS

QSPKFDUFE QJYFM TJ[F BMPOH UIF CFBN 	EJSFDU UPNPHSBQIZ <�� ��>
�

8F QFSGPSNFE �%�93* PG B CMPDL PG &PDFOF BNCFS DPOUBJOJOH B NPSQIPMPHJDBMMZ XFMM�

QSFTFSWFE BOU XPSLFS XJUIPVU XJOHT 	0JTF 'SBODF DB ��.ZB� 'JHVSF ���#
� &YQFSJNFOUBM
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'JHVSF ���� �E 934 DBSCPO ,�FEHF TQFDJBUJPO NBQQJOH PG B GSBHNFOU PG -FQJEPEFOESPO
USVOL GSPN UIF 6QQFS $BSCPOJGFSPVT 	DB� ��� .ZB
 PG /PZFMMFT�MF[�-FOT 'SBODF� 	"
 4QFD�
USBM EFDPNQPTJUJPO JO � (BVTTJBOT BOE BO BSDUBOHFOU PG FEHF GFBUVSFT PG UIF CBDLHSPVOE�
DPSSFDUFE OPSNBMJ[FE 934 DBSCPO ,�FEHF 9"/&4 TQFDUSVN GSPN UIF MPDBUJPO JOEJDBUFE BT
QPJOU ۠�ۡ JO 'JHVSF ���%� 	#
 $BSCPO JOUFOTJUZ NBQT DPMMFDUFE BU ��� ��� ��� ��� ��� BOE
��� F7 GSPN UIF EP॒FE CPY BSFB JO 'JHVSF ���% 	TDBO TUFQ� ���×��� uN2 ���� QJYFMT CFBN
TJ[F� ��×�� uN2
� /PUF IPX BDDVSBUFMZ UIF JOUFOTJUJFT JO UIF GPTTJMT NBUDI UIF GVMM TQFDUSB DPM�
MFDUFE BOE IPX UIF JOUFOTJUJFT EFDSFBTF GPMMPXJOH UIF $PNQUPO TDB॒FSJOH CBDLHSPVOE JO UIF
TIBMF� 	$
 4QFDUSBM EFDPNQPTJUJPO PG UIF SFEVDFE TQFDUSVN DPMMFDUFE BU UIF FYBDU TBNF MPDBUJPO
BT TQFDUSVN QPJOU ۠�ۡ JO " BOE 'JHVSF ���%� 	%
 %JTUSJCVUJPO PG UIF 	�Tۗͯ�
�	�TۗͲ� � BSDUBO�
HFOU
 SBUJP XJUIJO UIF -FQJEPEFOESPO USVOL 	DBMDVMBUFE GSPN UIF TQFDUSBM EFDPNQPTJUJPO PG UIF
SFEVDFE TQFDUSVN BU FBDI QJYFM
� य़F XIJUF DSPTTFT JOEJDBUF UIF MPDBUJPO PG UIF GVMM TQFDUSB
TIPXO JO 'JHVSF ���&� 	&
 )JTUPHSBN BOE LFSOFM EFOTJUZ PG UIF SBUJP BMMPXJOH UP QJOQPJOU B
GFX QJYFMT XJUI TQFDJBUJPO EJFSFOU GPSN UIF GVMM TQFDUSB DPMMFDUFE� 	'
 .FBO 	SFEVDFE
 TQFDUSB
GSPN UIF EJFSFOU DMBTTFT PG SBUJP JEFOUJFE CZ UIFJS SFTQFDUJWF DPMPS CPYFT JO &�
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DPOEJUJPOT XFSF TFMFDUFE UP ZJFME B WPYFM TJ[F PG ��×��×�� uN3 FBDI WPYFM CFJOH BTTPDJBUFE

UP JUT PXO 934�CBTFE 9"/&4 TQFDUSVN�

य़F JNBHF PG UIF UPUBM TJHOBM JOUFOTJUZ MFBET UP EJSFDU PCTFSWBUJPO PG NPTU PG UIF NPSQIPM�

PHZ PG UIF GPTTJM 	'JHT� ���$ BOE ���"
� य़F UISFF UFHNB BSF WJTJCMF 	IFBE NFTPTPNB NFUBTPNB

JODMVEJOH UIF QFUJPMF CVU OPU TIPXJOH TFHNFOU EFUBJMT
 UIF NBOEJCMFT NBYJMMBSZ QBMQT BOE

SFNOBOUT PG UISFF MFHT DPOSNJOH UIBU UIF IZQFSTQFDUSBM EBUBTFU DPOUBJOT FOPVHI JOGPSNB�

UJPO UP DPOUSBTU EJFSFOU QBSUT PG UIF GPTTJMT� " NFBO TQFDUSVN GSPN ��� QJYFMT JO UIF CVML

BNCFS 	'JHVSF ���%
 FYIJCJUT B GFBUVSF BU ����� F7 B॒SJCVUFE UP �Tۗͯ� USBOTJUJPOT PG BSPNBUJD�

PMFOJD DBSCPOT B CSPBE GFBUVSF JO UIF ����������� F7 FOFSHZ SBOHF BOE B GFBUVSF BU ����� F7

SFMBUFE UP $ۗ$ �TۗͲ� DPOUSJCVUJPOT <��>� "NCFST GPSN EVSJOH UIF QPMZNFSJ[BUJPO PG OPO�

WPMBUJMF UFSQFOPJET NBKPS DPNQPOFOUT PG UIF SFTJOT QSPEVDFE BT B QSPUFDUJWF NFUBCPMJTN CZ

NBOZ BOHJPTQFSNT BOE HZNOPTQFSNT XIJMF UIF WPMBUJMF UFSQFOPJET FTDBQF UP UIF BUNPTQIFSF�

य़F &PDFOF 0JTF BNCFS BO *D UZQF SFTJO UZQJDBM PG BOHJPTQFSNT EFSJWFE GSPN 'BCBDFBF TQ�

<��> JT DIBSBDUFSJ[FE CZ UIF QSFTFODF PG BSPNBUJD�PMFOJD DBSCPOT B॒SJCVUFE UP UFSQFOPJET

CJPNBSLFST PG UIF CPUBOJDBM PSJHJO PG UIF SFTJOT <��>� य़F CSPBE GFBUVSF MJLFMZ DPSSFTQPOET UP

UIF TVQFSJNQPTJUJPO PG UIF �TۗͲ� FMFDUSPOJD USBOTJUJPOT PG BMJQIBUJD DBSCPOT 	�����ۗ����� F7


<��> GPSNFE EVSJOH QPMZNFSJ[BUJPO <��> BOE UIF �Tۗͯ� USBOTJUJPOT PG DBSCPOZM HSPVQT�

$POUSBTUT PCTFSWFE JO UIF TQFDJNFO JOEJDBUF UIF QSFTFODF PG EJFSFOU DIFNJDBM DPNQPVOET�

4QFDUSB GSPN UIF QFSJNFUFS PG UIF JOTFDU TIPX GFBUVSFT NBSLFEMZ EJFSFOU GSPN UIF CVML BN�

CFS� य़F 934 TQFDUSVN I(∆E,X) BU B HJWFO WPYFM PG DPPSEJOBUFT X = (x, y, z) JT B MJOFBS

DPNCJOBUJPO PG UIF TQFDUSB PG UIF EJFSFOU DPNQPVOET QSFTFOU QMVT B CBDLHSPVOE TJHOBM GSPN

WBMFODF FMFDUSPO CBDLHSPVOE BOE $PNQUPO TDB॒FSJOH�

I(∆E,X) =
N∑

n=1

An(X)ISFGOPSNn (∆E) + C1(X) + C2(X)∆E 	���


XIFSF∆E JT UIF FOFSHZ USBOTGFS XJUI SFTQFDU UP UIF ,�FEHF PG UIF FMFNFOU VOEFS TUVEZ� 8IFO

UIFNPEFM JT DPNQMFUF 	BMM SFGFSFODF DPNQPVOET JEFOUJFE
 UIFAn QBSBNFUFST SFFDU UIF RVBO�

UJUZ PG FBDI TQFDJFT n PG OPSNBMJ[FE 934 TQFDUSVN I SFGOPSN
n (∆E) JO UIF WPYFM QSPCFE� *O UIF

SFTUSJDUFE ∆E SBOHF VTFE UIF UBJM PG UIF CBDLHSPVOE JO UIF 934 TQFDUSVN JT FYQFDUFE UP CF

RVBTJ Bਖ਼OF JO FOFSHZ BOE JT NPEFMMFE BT C1(X) + C2(X)∆E�

य़F EFDPNQPTJUJPO PG UIF 934 EBUB XBT QFSGPSNFE BT EFTDSJCFE JO .BUFSJBM BOE .FUI�

PET VTJOH BT JOJUJBM HVFTT UIF BWFSBHFE TQFDUSVN PG BNCFS NFBTVSFE JO UIF CVML BNCFS 	'JH�
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A

D

C

dorsal

5 mm

B

lateral

ventral

E

'JHVSF ���� 934 �E DBSCPO ,�FEHF TQFDJBUJPO NBQQJOH PG BO &PDFOF 	DB� ��.ZB
 BOU FO�
USBQQFE JO BNCFS GSPN 0JTF 'SBODF 	"
 4DIFNBUJD WJFX PG UIF FYQFSJNFOUBM 934 TFUVQ� 	#

0QUJDBM QIPUPHSBQI PG UIF TQFDJNFO� 	$
 *TPTVSGBDF PG UIF SBX FOFSHZ JOUFHSBUFE JOUFOTJUZ
EBUB� 	%
 �% SFOEFSJOH PG UIF BOU DVUJDMF 	CSPXO
 BOE JOUFSOBM WPJE 	USBOTQBSFOU HSFZ
 DMBTTFT PG
WPYFMT CBTFE PO UIF UPUBM TJHOBM JOUFOTJUZ JNBHF XJUI JOUFSQPMBUJPO 	WPYFM TJ[F� �� uN3 ������
WPYFMT 	BNCFS WPYFMT OPU TIPXO
 CFBN TJ[F� ��×�� uN2
� 0CMJRVF EPSTBM MBUFSBM SJHIU BOE
WFOUSBM WJFXT PG UIF �% SFOEFSJOH BॏFS TNPPUIJOH 	BWFSBHFE WPYFM�EJTUBODF JOUFSQPMBUJPO
 	&

$MVTUFSJOH PG UIF BOU DVUJDMF WPYFMT 	CSPXO WPYFMT TIPXO JO %
 CBTFE PO UIF ADIJU QBSBNFUFS
BMMPXT DIFNJDBMMZ EJTUJOHVJTIJOH UXP DMBTTFT PG WPYFMT� POF JO EPSTP�SJHIU QPTJUJPO 	OFHBUJWF
ADIJU WBMVFT JO CMVF
 UIF PUIFS JO WFOUSP�MFॏ QPTJUJPO 	QPTJUJWF ADIJU WBMVFT JO SFE
 IFSF TIPXO
JO PCMJRVF EPSTBM MBUFSBM SJHIU BOE WFOUSBM �% WJFXT 	BॏFS TNPPUIJOH
�
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VSF ���%
� "T TIPXO PO UIF NBQ PG UIF RVBESBUJD FSSPS PG UIF U UIF TQFDUSBM EBUB EJFS DPO�

TJEFSBCMZ GSPN UIF BNCFS GPS B MJOF POF QJYFM XJEF BU UIF MPDBUJPO PG UIF JOTFDUT GPSNFS DVUJDMF

	'JHVSF ���#
� 4QFDUSB GSPN UIFTF QJYFMT TIPX TJHOJDBOUMZ EJFSFOU DIBSBDUFSJTUJDT DPNQBSFE

UP UIPTF PG UIF BNCFS NBUSJY� *O QBSUJDVMBS TPNF TIPX B NPSF JOUFOTF GFBUVSF BU ����� F7 BU�

USJCVUFE UP �Tۗͯ� USBOTJUJPOT GSPN BNJEF HSPVQT XIJMF PUIFST BSF DIBSBDUFSJ[FE CZ UIF BCTFODF

PG TQFDUSBM GFBUVSF BU ����� F7 XIJDI QPJOUT UP UIF BCTFODF PG BSPNBUJD�PMFO DBSCPOT�

"SUISPQPET DVUJDMF JT B IJFSBSDIJDBMMZ TUSVDUVSFE NBUFSJBM DPNQPTFE CZ UIF FYUFSOBM UIJO

FQJDVUJDMF MBZFS SJDI JO MJQJET BOE QSPUFJOT BOE UIF FYPDVUJDMF BOE FOEPDVUJDMF DPNQPTFE

NBJOMZ CZ DIJUJO�QSPUFJO DPNQMFYFT� $IJUJO 		$�)��0�/
O
 B MJOFBS QPMZNFS PG β����MJOLFE /�

BDFUZM HMVDPTBNJOF VOMJLF NPTU DBSCPIZESBUF DPNQPVOET JT OPU XBUFS TPMVCMF BOE JT LOPXO

UP CF RVJUF EFDBZ�SFTJTUBOU<�� �� ��>� 8F UIFSFGPSF DPNQBSFE UIF MB॒FS TQFDUSB UP B SFGFSFODF

DIJUJO TBNQMF NFBTVSFE XJUI 934 TQFDUSPTDPQZ VOEFS JEFOUJDBM DPOEJUJPOT� 4JODF CPUI TIPX

TJNJMBS GFBUVSFT XF BEEFE B DIJUJO SFGFSFODF TQFDUSVN UP PVS ॒JOH NPEFM� य़F QBSBNFUFST

ABNC BOE ADIJU QSFEJDUFE GSPN MJOFBS MFBTU TRVBSF ॒JOH SFFDU UIF QPTTJCMF QSFTFODF PG UIF

DPNQPVOET JO FBDI WPYFM� 1PTJUJWF WBMVFT PG ADIJU 	ADIJU > 0.007
 BSF PCTFSWFE JO UIF WFOUSBM

FYPTLFMFUPO 	JOEJDBUFE CZ BSSPX &Y7 'JHVSF ���$
� *O DPOUSBTU TJHOJDBOUMZ EJFSFOU WBMVFT

	ADIJU < −0.007
 BSF PCTFSWFE GPS QJYFMT EFOPUFE CZ BSSPX &Y% XIJDI MFBET UP B TFDPOE TQFD�

USVN XIFO TFHNFOUFE 	'JHVSF ���$
� 8F TQFDVMBUF UIBU UIF OFHBUJWF ADIJU WBMVFT JO UIF MFBTU

TRVBSFT SFHSFTTJPO JOEJDBUF UIF QSFTFODF PG BO BEEJUJPOBM DIFNJDBM DPNQPVOE OPU JODMVEFE JO

UIF NPEFM�

य़F DMVTUFSJOH PG UIF EBUB CBTFE POADIJU BMMPXT EJTDVTTJOH UIF DIFNJTUSZ PG UIF BSUISPQPET

DVUJDMF� य़F TQFDUSVN &Y7 JT DIBSBDUFSJTFE CZ UIF QSFTFODF PG �Tۗͯ� USBOTJUJPOT EVF UP UIF

QSFTFODF PG BSPNBUJD BOE�PS PMFOJD DBSCPOT 	'JHVSF ���%
� #PUI TQFDUSB &Y7 BOE GSPN UIF

DIJUJO SFGFSFODF BSF EPNJOBUFE CZ B CSPBE DPNQMFY GFBUVSF DFOUFSFE BU ����� F7 XIJDI IBT

CFFO B॒SJCVUFE UP UIF QSFTFODF PG DBSCPOZM BTTPDJBUFE XJUI UIF BNJEZM HSPVQ PG UIF HMZDPTZM

SJOH <��>� य़F DPNQMFY GFBUVSF DFOUFSFE BU ����� F7 PG UIF 934 TQFDUSVN PG UIF DIJUJO TUBOEBSE

JT B॒SJCVUFE UP UIF �Tۗ�Q�Ͳ� USBOTJUJPO PG 0�BMLZM 	$ۗ0)
NPJFUJFT <��>� य़F GFBUVSF BU ����� F7

QSFTFOU JO UIF DIJUJO TUBOEBSE JT BTTJHOFE UP UIF QSFTFODF PG WJOZM LFUPOF NPJFUJFT B QPTTJCMF

SFTVMU PG SBEJBUJPO�JOEVDFE DIBOHFT <��>� य़F GFBUVSF BU ����� F7 BTTJHOFE UP UIF QSFTFODF

PG �Tۗͯ� USBOTJUJPO PG PMFOJD NPJFUJFT NBZ FJUIFS CF JOEJDBUJWF PG UIF TQFDJNFO DIFNJTUSZ
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'JHVSF ���� 934 WJSUVBM DSPTT TFDUJPO BOE TQFDUSB PG BO &PDFOF BOU FOUSBQQFE JO BNCFS GSPN
0JTF 	'SBODF DB� ��.ZB
� 	"
 5PUBM JOUFOTJUZ WJSUVBM DSPTT TFDUJPO JNBHF 	QJYFM TJ[F� �� uN2
CFBN TJ[F� ��×�� uN2
 PG UIF BOU FOUSBQQFE JO UIF &PDFOF BNCFS 	JNBHF XJUI JOUFSQPMBUJPO
�
	#
 4QBUJBM EJTUSJCVUJPO PG UIF RVBESBUJD FSSPS TIPXJOH UIF EJWFSTF DIFNJDBM SFHJPOT PG UIF
TBNQMF XIFO QFSGPSNJOH B U CBTFE PO UIF BNCFS SFGFSFODF 	JNBHF XJUI JOUFSQPMBUJPO
� 	$

4QBUJBM EJTUSJCVUJPO PG ADIJU XIFO QFSGPSNJOH B U CBTFE PO UIF SFGFSFODF DPNQPVOET "NCFS
BOE $IJUJO 	JNBHF XJUI JOUFSQPMBUJPO
� 	%
 'SPN UPQ UP CP॒PN EJTUJODUJWF OPSNBMJ[FE NFBO
934 TQFDUSBM QSPMFT DPSSFTQPOEJOH UP UIF WFOUSBM 	ADIJU > 0.007 &Y7 
 BOE UIF EPSTBM 	ADIJU <
−0.007 &Y%
 BSFBT PG UIF FYPTLFMFUPO BT JOEJDBUFE XJUI UIF BSSPXT JO $ 0JTF BNCFS DPMMFDUFE
GSPN UIF CVML TQFDJNFO 	"NCFS
� DIJUJO TUBOEBSE VTFE BT B SFGFSFODFNBUFSJBM 	$IJUJO TUBOEBSE
�
4DBMF CBST SFQSFTFOU ��� uN�
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BOE�PS SFTVMU GSPN UIF FMJNJOBUJPO PG IZESPYZM HSPVQT GSPN QPMZTBDDIBSJEFT EVSJOH JSSBEJBUJPO

BT SFQPSUFE CZ $PEZ FU BM� <��>�

*O DPOUSBTU �Tۗͯ� USBOTJUJPOT BSF UPUBMMZ BCTFOU GSPN UIF BSUISPQPET DVUJDMF DMPTF UP UIF

TQFDJNFO EPSTBM�SJHIU TVSGBDF 	TQFDUSVN &Y% 'JHVSF ���$ BOE %
� य़F MFTT JOUFOTF GFBUVSF PG

UIJT TQFDUSVN DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF PWFSMBQQJOH DPOUSJCVUJPO PG �Tۗͯ� USBO�

TJUJPOT JO BNJEF HSPVQT<��> BOE UIF QPTTJCMF QSFTFODF PG �TۗͲ� USBOTJUJPOT PG BMJQIBUJD HSPVQT

JO UIF FOFSHZ SFHJPO �����ۗ����� F7 <��>� य़F QSFTFODF PG BMJQIBUJD DBSCPOT JT DPOTJTUFOU XJUI

UIF TFNJOBM XPSL PG 4UBOLJFXJDI FU BM�<��> XIJDI JEFOUJFT UISPVHI JOWBTJWF NFBOT BMJQIBUJD

HFPQPMZNFST JO BNCFS JODMVTJPOT FYPTLFMFUPO B॒SJCVUFE UP CVSJBM EJBHFOFUJD USBOTGPSNBUJPO

PG UIF PSJHJOBM DIFNJTUSZ PG UIF PSHBOJTN� $IJUJO BOE MJHOP�DFMMVMPTF DPVME CF JEFOUJFE VT�

JOH 1Z�($�.4 JO TVC�GPTTJM 	�ۗ�� LB
 JOTFDU BOE QMBOU TQFDJNFOT FOUSBQQFE JO SFTJOT GSPN

,FOZB ZFU OP USBDF PG UIFTF NBDSPNPMFDVMFT DPVME CF JEFOUJFE JO %PNJOJDBO BNCFS JODMV�

TJPOT 	>��.B
 JOTUFBE BMJQIBUJD QPMZNFST BOE TVMQIVS�DPOUBJOJOH NPJFUJFT XFSF JEFOUJFE

<��>� "MJQIBUJD TJHOBUVSFT XFSF BMTP JEFOUJFE JO GPTTJM BSUISPQPET QSFTFSWFE JO TFEJNFOUT

	F�H�(VQUB FU BM� <��>
� *O BMM UIF QSFWJPVT FYBNQMFT NFOUJPOFE 1Z�($�.4 XBT VTFE BU B TFNJ

RVBOUJUBUJWF MFWFM� TFMFDUJWF TBNQMJOH EPFT OPU FOTVSF UIBU UIF TBNQMJOH BSFB JT SFQSFTFOUBUJWF

PG UIF XIPMF TQFDJNFO� )FSF UIF JEFOUJDBUJPO PG UXP EJTUJODU DIFNJDBM OHFSQSJOUT JO UIF

FYPTLFMFUPO 	EPSTP�SJHIU WT� WFOUSBM�MFॏ EJTUSJCVUJPOT 'JHVSF ���&
 QPJOUT UIF JNQPSUBODF PG

EJTDSJNJOBUJOH UIF TQBUJBM EJTUSJCVUJPO PG PSHBOJD DPNQPVOET JO �% BU B HMPCBM TDBMF JO PSEFS UP

QSPWJEF DPNQMFUF JOGPSNBUJPO BCPVU UIF TQFDJNFOT CJPDIFNJTUSZ QIZTJPMPHZ NPMFDVMBS FWP�

MVUJPO PS GVODUJPO PS DIFNJDBM JOUFSBDUJPOT CFUXFFO UIF PSHBOJTN BOE UIF EFQPTJUJPOBM TF॒JOH�

*ODMVTJPOT JO BNCFS PDDVS JO TFWFSBM PX TFRVFODFT BOE PॏFO GPSNNVMUJQMF JODMVTJPOT PS TZO�

JODMVTJPOT� &BDI PX MFBET UP B QSFTFSWBUJPO NPEF UIBU EFQFOET PO TFWFSBM VOLOPXO GBDUPST

JODMVEJOH UJNF� $PUZ FU BM� IJHIMJHIUFE UIF OFFE GPS B �% BQQSPBDI PG UBQIPOPNZ UP DPOTUSBJO

QBMFPCJPMPHJDBM JOUFSQSFUBUJPOT <��>� य़FJS $5�TDBO UPNPHSBQIZ PG NVMUJQMF JODMVTJPOT JO UIF

TBNF TBNQMF SFWFBMFE EJFSFOU MFWFMT PG QSFTFSWBUJPO EFQFOEJOH PO UIF SFTJO MBZFS BOE PO UIF

UZQF PG PSHBOJTN�

"MUIPVHI BNCFS BOE DPQBM 	GPTTJM USFF SFTJO
 QSFTFSWF UISFF�EJNFOTJPOBMMZ BOE JO TVQFSC

EFUBJM OVNFSPVT PSHBOJTNT 	JOTFDUT GFBUIFST QMBOUT FUD�
 BT B SFTVMU PG FOUSBQNFOU UIBU SBQJEMZ

EFIZESBUFT UIF JODMVTJPOT BOE QSPUFDUT UIFN GSPN XBUFS BOE NJDSPCJBM EFDBZ<�> NBOZ MPDBM�

JUJFT POMZ QSFTFSWF DVUJDMF PS IPMMPX NPVMET 	TVDI BT UIF BOU XF TUVEJFE IFSFJO
 PS OP GPTTJMT
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BU BMM BOE UIF QSPDFTTFT UIBU DPOUSPM UIJT SBOHF JO QSFTFSWBUJPO 	OBUVSF PG UIF SFTJO QSPEVDFS

BOE PG UIF JODMVTJPOT FOWJSPONFOUBM DPOEJUJPOT NBUVSBUJPO SFXPSLJOH
 SFNBJOT FTTFOUJBMMZ

VOLOPXO<�� ��>�

य़F DMVTUFSJOH PG UIF EBUB CBTFE PO UIF UPUBM JOUFOTJUZ BMMPXT UIF EJTDSJNJOBUJPO PG UIF

JODMVTJPO GSPN UIF TVSSPVOEJOH PSHBOJD TVCTUSBUF� 'VSUIFS EFDPNQPTJUJPO PG UIF DVUJDMF WPYFMT

	CSPXO WPYFMT JO 'JHVSF ���%
 CBTFE PO UIF ADIJU QBSBNFUFS BMMPXT UIF JEFOUJDBUJPO PG DIJUJO

USBDFT EJTUSJCVUFE JO UIF DVUJDMF 	'JHVSF ���&
�य़JT XFBMUI PG JOGPSNBUJPO BMMPXT VT UP SFQPSU UIF

STU FWFS GVMM OPO�JOWBTJWF �% TQFDJBUJPO PG DBSCPOBDFPVT DPNQPVOET JOTJEF B QBMFPOUPMPHJDBM

TQFDJNFO 	'JHVSF ���
� $VUJDMF WPYFMT XJUIADIJU QPTJUJWF WBMVFT BSF SFQSFTFOUFE JO SFE BOEADIJU

OFHBUJWF WBMVFT JO CMVF DPMPS� य़F MBDL PG DBSCPO TJHOBM JO UIF JOUFSOBM QBSU PG UIF BCEPNFO BOE

UIF IFBE 	USBOTQBSFOU HSFZ WPYFMT JO 'JHVSF ���%ۗ&
 QPJOUT UP UIF QPPS QSFTFSWBUJPO TUBUF PG

UIF JOUFSOBM TPॏ UJTTVF TUSVDUVSFT XIJMF UIF WPYFMT XJUI DIJUJO Bਖ਼OJUJFT 	QPTJUJWF ADIJU WBMVFT

SFE WPYFMT JO 'JHVSF ���&
 DPOSN UIF QSFTFSWBUJPO PG UIF DVUJDVMBS BOBUPNZ JO UIF WFOUSBM

TVSGBDF PG UIF JOTFDU� 6OUJM OPX DIFNJDBM DIBSBDUFSJ[BUJPO IBT NBJOMZ GPDVTFE PO UIF BNCFS

BOE WFSZ GFX TUVEJFT IBWF JOWFTUJHBUFE UIF JODMVTJPOT EVF UP UIF GPMMPXJOH DIBMMFOHFT<��>�

TQFDUSBM GFBUVSFT GSPN UIF JODMVTJPOT BSF QSFEJDUFE UP CF WFSZ DMPTF JO XBWFOVNCFS UP UIPTF

PG UIF SFTJO BOE CFDBVTF DPNQPOFOUT PG UIF SFTJO IBWF MBSHFMZ QFOFUSBUFE UIF JODMVTJPOT <��>

TBNQMJOH BOE�PS TQFDUSPTDPQZ UFDIOJRVFT POMZ QSPWJEF BWFSBHF JOGPSNBUJPO XIJDI JOWPMWF

EFTUSVDUJWF TBNQMF QSFQBSBUJPO SFTUSJDUJOH UIFJS VTF GPS SBSF TQFDJNFOT�

य़F GBDU UIBU XF XFSF BCMF UP EFUFDU QPMZTBDDIBSJEF USBDFT BOE EJTUJOHVJTI UIF QSFTFSWFE

JOTFDUT FYPTLFMFUPO GSPN JUT FODBTJOH BNCFS BOE IPMMPX QBSUT JO �% XJUI SFBTPOBCMF SFTPMV�

UJPO PQFOT FOUJSF OFX BWFOVFT GPS UIF DIFNJDBM DIBSBDUFSJ[BUJPO PG PSHBOJTNT QSFTFSWFE JO

BNCFS�

��� $PODMVTJPOT BOE JNQMJDBUJPOT

0WFS UIF MBTU UXP EFDBEFT 934 TQFDUSPTDPQZ IBT CFFO TVDDFTTGVMMZ BQQMJFE GPS DIFNJDBM TQF�

DJBUJPO PG MJHIU FMFNFOU TZTUFNT BOE DPOEJUJPOT OPU TVJUFE GPS B TPॏ Y�SBZ QSPCF� 0VS SFTVMUT

TIPXO IFSF FYUFOE UIJT DBQBCJMJUZ UP UIF IZQFSTQFDUSBM �% BOE �% JNBHJOH PG PSHBOJD�SJDI

QBMFPOUPMPHJDBM TQFDJNFOT BOE HFPMPHJDBM PCKFDUT� य़F QPTTJCJMJUZ UP XPSL PO TVDI TBNQMFT

XJUIPVU BOZ TQFDJD QSFQBSBUJPO BOE VOEFS BNCJFOU DPOEJUJPOT JT UIF DSJUJDBM BEWBOUBHF PG
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UIJT IBSE Y�SBZ QSPCF� 8IJMF PUIFS JNBHJOH NFUIPET NPTU OPUBCMZ Y�SBZ QIBTF DPOUSBTU UP�

NPHSBQIZ QSPWJEFT CF॒FS TQBUJBM SFTPMVUJPO BOE JT MFTT SFTUSJDUFE JO UFSNT PG TBNQMF TJ[F BOE

DPNQPTJUJPO UIF 934 NFUIPE TIPXO IFSF VOJRVFMZ DPNQMFNFOUT TVDI JOGPSNBUJPO CZ QSP�

WJEJOH VOQSFDFEFOUFE JOTJHIUT JOUP �% DBSCPO TQFDJBUJPO� (JWFO UIF TNBMM DSPTT TFDUJPO BOE

SFTVMUJOH XFBL TJHOBM TUSFOHUI 934 CBTFE TQFDJBUJPO DIBSBDUFSJ[BUJPO BOE JNBHJOH QPTFT TPNF

SFTUSJDUJPOT GPS TBNQMF TJ[F BOE DPNQPTJUJPO� 'PS �% JNBHJOH UIF NBJO SFTUSJDUJPO JT UIF QSFT�

FODF PG IFBWZ FMFNFOUT JO UIF TBNQMF XIJDI SFEVDF UIF TDB॒FSJOH WPMVNF� "T DVSSFOU 934

TFUVQT PQFSBUF JO UIF �ۗ�� LF7 SBOHF �% JNBHJOH JT GVSUIFSNPSF SFTUSJDUFE UP TBNQMF TJ[FT

BOE DPNQPTJUJPOT UIBU QFSNJU UIF QFOFUSBUJPO BU TVDI Y�SBZ FOFSHJFT� 'VSUIFS XPSL XJMM BJN

BU NJOJNJ[JOH UIF TPVSDF PG QPUFOUJBM SBEJBUJPO�JOEVDFE EBNBHF <��>� 4FWFSBM EJSFDUJPOT DBO

CF QVSTVFE� VTF PG DSZPHFOJD BOE BOBFSPCJD DPOEJUJPOT GPS TPNF TBNQMFT� JODSFBTF JO Y�SBZ

FOFSHZ UP SFEVDF UIF QIPUPFMFDUSJD DSPTT TFDUJPO XIJMF JODSFBTJOH UIF 934 JOUFOTJUZ BOE QFOF�

USBUJPO MFOHUI� EFGPDVTJOH UIF CFBN JO UIF WFSUJDBM EJSFDUJPO VTJOH UIF TP�DBMMFE �% TFDUJPOJOH

NPEF <��>�

*O BEEJUJPO UP BODJFOU GPTTJMT UIF EFWFMPQNFOU PG UIJT BQQSPBDI UP UIF TUVEZ PG PSHBOJD�

SJDI IFUFSPHFOFPVT NBUFSJBMT TIPXT QSPNJTF GPS OVNFSPVT FMET PG SFTFBSDI JODMVEJOH HFP�

TDJFODFT MJGF TDJFODFT NBUFSJBMT TDJFODFT BOE DVMUVSBM IFSJUBHF�

��� .BUFSJBMT BOE NFUIPET

����� 1BMFPOUPMPHJDBM TBNQMFT

5XP QBMFPOUPMPHJDBM TBNQMFT XFSF FYBNJOFE� 	J
 B GSBHNFOU PG -FQJEPEFOESPO USVOL DPMMFDUFE

CZ POF PG VT 	1(
 PO B 6QQFS $BSCPOJGFSPVT 	DB� ���.ZB
 DPBM TMBH IFBQ JO /PZFMMFT�MF[�

-FOT 'SBODF PO "QSJM ��UI ����� 	JJ
 BO JOTFDU 	JOW� OP� 1"�YYY )ZNFOPQUFSB 'PSNJDJEBF


FOUSBQQFE JO BNCFS BO *D UZQF SFTJO UZQJDBM PG BOHJPTQFSNT BOE EFSJWFE GSPN B 'BCBDFBF� य़F

BNCFS EFQPTJU PG 0JTF EJTDPWFSFE JO ���� BU UIF फ़FTOPZ MPDBMJUZ JO UIF 0JTF 3JWFS BSFB PG

1BSJT CBTJO JO 'SBODF IBWF CFFO EBUFE BT FBSMJFTU &PDFOF 	BQQSPYJNBUFMZ �� NJMMJPO�ZFBST�PME


<��>� य़F TQFDJNFO CFMPOHT UP UIF QBMFPOUPMPHJDBM DPMMFDUJPOT PG UIF /BUVSBM )JTUPSZ .VTFVN

PG 1BSJT�

'PS DPNQBSJTPO XF DPMMFDUFE EBUB PO QVSJFE QPXEFS PG DIJUJO GSPN TISJNQ TIFMMT 	$����

$"4� ��������� 4JHNB�"MESJDI 4U� -PVJT 64"
�
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����� 9�SBZ 3BNBO�CBTFE TQFDUSBM JNBHJOH

"MM FYQFSJNFOUT XFSF QFSGPSNFE BU UIF ("-"9*&4 BOE *%�� CFBNMJOFT BU UIF 40-&*- BOE UIF

&43' TZODISPUSPOT SFTQFDUJWFMZ� य़F TQFDUSPNFUFS BU UIF ("-"9*&4 CFBNMJOF XBT FRVJQQFE

XJUI � TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT PQFSBUFE BU B #SBHH BOHMF PG ��p<��>� य़F &43'

TQFDUSPNFUFS JT FRVJQQFE UP IPVTF �� TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT �� PG XIJDI

XFSF VTFE JO UIF GPSXBSE TDB॒FSJOH HFPNFUSZ 	NFEJBO TDB॒FSJOH BOHMF� ��p
 BOE �� JO UIF

CBDLTDB॒FSJOH HFPNFUSZ 	NFEJBO TDB॒FSJOH BOHMF� ���p
 <��> SFTVMUJOH JO BWFSBHF NPNFOUVN

USBOTGFST PG ���±��� �−1 BOE ���±��� �−1 SFTQFDUJWFMZ�

0O CPUI CFBNMJOFT UIF JODJEFOU Y�SBZ CFBN XBT NPOPDISPNBUJ[FE VTJOH B DSZPHFOJDBMMZ

DPPMFE 4J	���
 EPVCMF�DSZTUBM NPOPDISPNBUPS BOE GPDVTFE CZ ,JSLQBUSJDL�#BF[ NJSSPST UP B

TQPU TJ[F 	7×)
 PG BQQSPYJNBUFMZ ��×�� uN2 BU *%�� BOE ��×�� uN2 BU ("-"9*&4�य़F PWFS�

BMM FOFSHZ SFTPMVUJPO XBT ��� F7�

93* XBT QFSGPSNFE PO UIF TQFDJNFOT XJUIPVU BOZ QSJPS TBNQMJOH� 'PVS EJNFOTJPOBM WPM�

VNFT XFSF UBLFO BU *%�� CZ TDBOOJOH UIF Y�SBZ CFBN BDSPTT UIF TBNQMF IPSJ[POUBMMZ BOE QBSB�

NFUSJDBMMZ WBSZJOH UIF TBNQMF JO UIF WFSUJDBM QPTJUJPO BOE UIF Y�SBZ CFBN FOFSHZ UP DSFBUF

FOFSHZ MPTTFT JO UIF WJDJOJUZ PG UIF DBSCPO ,�FEHF 	���ۗ��� F7
� य़F VTFE TUFQ TJ[FT XFSF

�� uN JO UIF IPSJ[POUBM BOE WFSUJDBM EJSFDUJPO� य़F FOFSHZ TUFQ XBT � F7 PWFS UIF QSF�FEHF

SFHJPO 	�����ۗ����� F7
 ��� F7 PWFS UIF DBSCPO ,�FEHF SFHJPO 	�����ۗ����� F7
 BOE � F7 VQ UP

����� F7�

य़JT JT BO FBSMZ TUBHF EFWFMPQNFOU PG UIF UFDIOJRVF BOE XF IBWF UFTUFE TFWFSBM DPOHVSB�

UJPOT BU UIF CFBNMJOFT JODMVEJOH UP TVSWFZ SBEJBUJPO EBNBHF UIBU DBO PDDVS� य़F -FQJEPEFO�

ESPO 934 EBUB XBT DPMMFDUFE CZ DPOUJOVPVTMZ TDBOOJOH UIF TBNQMF JO UIF CFBN BU YFE FOFSHZ

UIVT SFEVDJOH UIF FYQPTVSF UJNF� /P WJTJCMF SBEJBUJPO JOEVDFE EBNBHF XBT PCTFSWFE JO UIJT

TBNQMF XIJDI JT LOPXO UP CF TUBCMF VOEFS JSSBEJBUJPO� *O DPOUSBTU BNCFS JT LOPXO UP CF B

WFSZ TFOTJUJWF NBUFSJBM VOEFS JSSBEJBUJPO� य़F �% BNCFS WPMVNF QSFTFOUFE IFSF XBT DPMMFDUFE

JO IJHI�VY NPEF 	1013 QI�T
 SFTVMUJOH JO EBSLFOJOH PG UIF FYQPTFE BSFB BॏFS UXP NJOVUFT

EXFMM UJNF� /FWFSUIFMFTT UIF TQFDUSB TUJMM DBSSZ DIFNJDBM JOGPSNBUJPO PG UIF TBNQMF PSJHJOBM

DIFNJTUSZ BOE OPOF PG UIF TBNQMFT TIPX TJHOBM DPSSFTQPOEJOH UP B TJHOJDBOUMZ BMUFSFE NBUF�

SJBM <��>� 0QUJNJTBUJPO UP GVSUIFS SFEVDF UIF JNQBDU PG JSSBEJBUJPO JT CFZPOE UIF TDPQF PG UIJT

1I% NBOVTDSJQU IPXFWFS XF EJE DBSSZ PVU UFTUT JO B MPX�VY NPEF 	�� UJNFT MFTT
 BOE IJHIFS

|���
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FOFSHZ SFTPMVUJPO XIJDI TIPXT QSPNJTF UP NJUJHBUF SBEJBUJPO EBNBHF� 'VSUIFS Fਖ਼DJFOU XBZT

UP BWPJE EBNBHF BSF EJTDVTTFE JO UIF DPODMVTJPOT�

����� �% SFDPOTUSVDUJPO PG UIF 93* EBUB

"MM EBUB XBT BOBMZ[FE VTJOH UIF 934UPPMT QSPHSBN QBDLBHF <��> BOE �% WPMVNFT XFSF DSFBUFE

GPS FBDI FOFSHZ MPTT TUFQ BT EFTDSJCFE SFDFOUMZ <��>� 'JOBMMZ EBUB GSPN EJFSFOU BOBMZ[FS DSZT�

UBMT XFSF JOUFSQPMBUFE POUP B DPNNPO FOFSHZ MPTT TDBMF UP BDDPVOU GPS UIF TMJHIUMZ EJFSFOU

FMBTUJD MJOF FOFSHJFT PG UIF EJFSFOU BOBMZ[FS DSZTUBMT BOE EBUB GSPN UIF �� MPX�NPNFOUVN�

USBOTGFS BOBMZ[FS DSZTUBMT XBT BWFSBHFE PWFS�

����� 4UBUJTUJDBM QSPDFTTJOH PG UIF �% 93* EBUB

%FDPNQPTJUJPO PG UIF 934 TQFDUSVN I(∆E,X) XBT QFSGPSNFE BDDPSEJOH UP FRVBUJPO ��� VT�

JOH B OPO�MJOFBS MFBTU TRVBSFT ॒JOH QSPDFEVSF JNQMFNFOUFE JO 1ZUIPO� /PSNBMJ[FE TQFDUSB

XFSF VTFE BT SFGFSFODF TQFDUSB I SFGOPSN
n (∆E) 	TFF NBJO UFYU GPS EFTDSJQUJPO PG UIF SFGFSFODFT

VTFE BU FBDI QSPDFTTJOH TUFQ
� य़F HPPEOFTT PG U XBT FWBMVBUFE PO UIF CBTJT PG UIF SFTJEVBM

	RVBESBUJD
 TVN PG TRVBSFT RSS =
∑n

i=1

(
IFYQ
i − IQSFEJDUFE

i

)2

�

3FGFSFODFT

<�> .B॒IJBT )PTT 4WBOUF 1BBCP BOE /, 7FSFTIDIBHJO� ۠.BNNPUI %/" TFRVFODFT �ۡ *O�

/BUVSF �������� 	����
 QQ� ���ۗ����

<�> )FOESJL / 1PJOBS FU BM� ۠.FUBHFOPNJDT UP QBMFPHFOPNJDT� MBSHF�TDBMF TFRVFODJOH PG

NBNNPUI %/" �ۡ *O� 4DJFODF �������� 	����
 QQ� ���ۗ����

<�> (FPSHF 0 1PJOBS BOE 3PCFSUB )FTT� ۠6MUSBTUSVDUVSF PG ���NJMMJPO�ZFBS�PME JOTFDU UJT�

TVF �ۡ *O� 4DJFODF �������� 	����
 QQ� ����ۗ�����

<�> 3PC %F4BMMF FU BM� ۠%/" TFRVFODFT GSPN B GPTTJM UFSNJUF JO 0MJHP�.JPDFOF BNCFS BOE

UIFJS QIZMPHFOFUJD JNQMJDBUJPOT �ۡ *O� 4DJFODF �������� 	����
 QQ� ����ۗ�����

<�> 3BºM + $BOP FU BM� ۠"NQMJDBUJPO BOE TFRVFODJOH PG %/" GSPN B ���ۗ����NJMMJPO�ZFBS�

PME XFFWJM �ۡ *O� /BUVSF �������� 	����
 QQ� ���ۗ����

���|
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<�> %BWJE 1FOOFZ FU BM� ۠"CTFODF PG BODJFOU %/" JO TVC�GPTTJM JOTFDU JODMVTJPOT QSFTFSWFE

JO ۜ"OUISPQPDFOF$PMPNCJBO DPQBM �ۡ *O� 1MP4 POF ��� 	����
 F������

<�> +BLPC 7JOUIFS FU BM� ۠य़F DPMPVS PG GPTTJM GFBUIFST �ۡ *O� #JPMPHZ -FࡇFST ��� 	����
 QQ� ���ۗ

����

<�> +PDIFO + #SPDLT FU BM� ۠"SDIFBO NPMFDVMBS GPTTJMT BOE UIF FBSMZ SJTF PG FVLBSZPUFT �ۡ *O�

4DJFODF �������� 	����
 QQ� ����ۗ�����

<�> (PSEPO % -PWF FU BM� ۠'PTTJM TUFSPJET SFDPSE UIF BQQFBSBODF PG %FNPTQPOHJBF EVSJOH

UIF $SZPHFOJBO QFSJPE �ۡ *O� /BUVSF �������� 	����
 QQ� ���ۗ����

<��> %FSFL &( #SJHHT BOE 3PHFS & 4VNNPOT� ۠"ODJFOU CJPNPMFDVMFT� UIFJS PSJHJOT GPT�

TJMJ[BUJPO BOE SPMF JO SFWFBMJOH UIF IJTUPSZ PG MJGF �ۡ *O� #JP&TTBZT ���� 	����
 QQ� ���ۗ

����

<��> /JDIPMBT 1� &EXBSET FU BM� ۠*OGSBSFE NBQQJOH SFTPMWFT TPॏ UJTTVF QSFTFSWBUJPO JO ��

NJMMJPO ZFBS�PME SFQUJMF TLJO �ۡ *O� 1SPDFFEJOHT PG UIF 3PZBM 4PDJFUZ PG -POEPO #� #JPMPHJDBM

4DJFODFT �������� 	����
 QQ� ����ۗ�����

<��> %BMF & (SFFOXBMU FU BM� ۠)FNPHMPCJO�EFSJWFE QPSQIZSJOT QSFTFSWFE JO B.JEEMF &PDFOF

CMPPE�FOHPSHFE NPTRVJUP �ۡ *O� 1SPDFFEJOHT PG UIF /BUJPOBM "DBEFNZ PG 4DJFODFT ���

	����
 QQ� �����ۗ������

<��> +PIBO -JOEHSFO FU BM� ۠4Pॏ�UJTTVF FWJEFODF GPS IPNFPUIFSNZ BOE DSZQTJT JO B +VSBTTJD

JDIUIZPTBVS �ۡ *O� /BUVSF ��� 	����
 QQ� ���ۗ����

<��> $ISJT +BDPCTFO FU BM� ۠4Pॏ 9�SBZ TQFDUSPTDPQZ GSPN JNBHF TFRVFODFT XJUI TVC���� ON

TQBUJBM SFTPMVUJPO �ۡ *O� +PVSOBM PG .JDSPTDPQZ ����� 	����
 QQ� ���ۗ����

<��> %BXJU 4PMPNPO FU BM� ۠$BSCPO 	�T
 /&9"'4 TQFDUSPTDPQZ PG CJPHFPDIFNJDBMMZ SFMFWBOU

SFGFSFODF PSHBOJD DPNQPVOET �ۡ *O� 4PJM 4DJFODF 4PDJFUZ PG "NFSJDB +PVSOBM ���� 	����


QQ� ����ۗ�����

<��> 4ZMWBJO #FSOBSE FU BM� ۠&YDFQUJPOBM QSFTFSWBUJPO PG GPTTJM QMBOU TQPSFT JO IJHI�QSFTTVSF

NFUBNPSQIJD SPDLT �ۡ *O� &BSUI BOE 1MBOFUBSZ 4DJFODF -FࡇFST ������� 	����
 QQ� ���ۗ����

<��> (FPSHF % $PEZ FU BM� ۠.PMFDVMBS TJHOBUVSF PG DIJUJO�QSPUFJO DPNQMFY JO 1BMFP[PJD

BSUISPQPET �ۡ *O� (FPMPHZ ���� 	����
 QQ� ���ۗ����

|���
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<��> +VMJFO "MMFPO FU BM� ۠.PMFDVMBS QSFTFSWBUJPO PG ���� (B (VOJOU PSHBOJD NJDSPGPTTJMT

BT B GVODUJPO PG UFNQFSBUVSF BOE NJOFSBMPHZ �ۡ *O� /BUVSF $PNNVOJDBUJPOT � 	����


Q� ������

<��> 4JNP )VPUBSJ FU BM� ۠%JSFDU UPNPHSBQIZ XJUI DIFNJDBM�CPOE DPOUSBTU �ۡ *O� /BUVSF .B�

UFSJBMT ���� 	����
 QQ� ���ۗ����

<��> 1JFSSF (VFSJBV FU BM� ۠/POJOWBTJWF 4ZODISPUSPO�#BTFE 9�SBZ 3BNBO 4DB॒FSJOH %JT�

DSJNJOBUFT $BSCPOBDFPVT $PNQPVOET JO "ODJFOU BOE )JTUPSJDBM .BUFSJBMT �ۡ *O� "OB�

MZUJDBM $IFNJTUSZ ����� 	����
 QQ� �����ۗ������

<��> 8JOGSJFE 4DI¼MLF� &MFDUSPO EZOBNJDT CZ JOFMBTUJD 9�SBZ TDBࡇFSJOH� 7PM� �� 0YGPSE 6OJ�

WFSTJUZ 1SFTT �����

<��> 6XF #FSHNBOO BOE 0MJWFS $.VMMJOT� ۠$BSCPO 9�SBZ 3BNBO TQFDUSPTDPQZ PG 1")T BOE

BTQIBMUFOFT �ۡ *O�"TQIBMUFOFT )FBWZ 0JMT BOE 1FUSPMFPNJDT� 4QSJOHFS ���� QQ� ���ۗ����

<��> 4FSHF #FSOBSE FU BM� ۠9"/&4 3BNBO BOE 93% TUVEZ PG BOUISBDFOF�CBTFE DPLFT BOE

TBDDIBSPTF�CBTFE DIBST TVCNJ॒FE UP IJHI�UFNQFSBUVSF QZSPMZTJT �ۡ *O� $BSCPO ����

	����
 QQ� ����ۗ�����

<��> ,BSFO )FZNBOO FU BM� ۠$ �T ,�FEHF OFBS FEHF 9�SBZ BCTPSQUJPO OF TUSVDUVSF 	/&9�

"'4
 TQFDUSPTDPQZ GPS DIBSBDUFSJ[JOH GVODUJPOBM HSPVQ DIFNJTUSZ PG CMBDL DBSCPO �ۡ *O�

0SHBOJD (FPDIFNJTUSZ ���� 	����
 QQ� ����ۗ�����

<��> $PSFOUJO -F (VJMMPV FU BM� ۠9"/&4�CBTFE RVBOUJDBUJPO PG DBSCPO GVODUJPOBM HSPVQ

DPODFOUSBUJPOT �ۡ *O� "OBMZUJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<��> $ISJTUPQI + 4BIMF FU BM� ۠1MBOOJOH QFSGPSNJOH BOE BOBMZ[JOH 9�SBZ 3BNBO TDB॒FSJOH

FYQFSJNFOUT �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> +FBO +PTTBOH FU BM� ۠फ़FTOPJO B OPWFM QFOUBDZDMJD FOU�EJUFSQFOF GSPN �� NJMMJPO ZFBST

PME 0JTF BNCFS �ۡ *O� Fࡋ +PVSOBM PG PSHBOJD DIFNJTUSZ ���� 	����
 QQ� ���ۗ����

<��> :PVTTFG " /PISB FU BM� ۠$IFNJDBM DIBSBDUFSJ[BUJPO BOE CPUBOJDBM PSJHJO PG 'SFODI BN�

CFST �ۡ *O� +PVSOBM PG /BUVSBM 1SPEVDUT ���� 	����
 QQ� ����ۗ�����

<��> # "SUVS 4UBOLJFXJD[ FU BM� ۠1SFTFSWBUJPO PG DIJUJO JO ���NJMMJPO�ZFBS�PME GPTTJMT �ۡ *O�

4DJFODF �������� 	����
 QQ� ����ۗ�����

���|
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<��> /FBM 4 (VQUB FU BM� ۠य़F GPTTJMJ[BUJPO PG FVSZQUFSJET� B SFTVMU PG NPMFDVMBS USBOTGPSNB�

UJPO �ۡ *O� 1BMBJPT ���� 	����
 QQ� ���ۗ����

<��> (FPSHF % $PEZ FU BM� ۠4Pॏ 9�SBZ JOEVDFE DIFNJDBM NPEJDBUJPO PG QPMZTBDDIBSJEFT JO

WBTDVMBS QMBOU DFMM XBMMT �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ BOE 3FMBUFE 1IFOPNFOB

������� 	����
 QQ� ��ۗ���

<��> # "SUVS 4UBOLJFXJD[ FU BM� ۠$IFNJDBM QSFTFSWBUJPO PG QMBOUT BOE JOTFDUT JO OBUVSBM

SFTJOT �ۡ *O� 1SPDFFEJOHT PG UIF 3PZBM 4PDJFUZ PG -POEPO� 4FSJFT #� #JPMPHJDBM 4DJFODFT

�������� 	����
 QQ� ���ۗ����

<��> %BWJE $PUZ FU BM� ۠य़F STU BOU�UFSNJUF TZOJODMVTJPO JO BNCFS XJUI $5�TDBO BOBMZTJT

PG UBQIPOPNZ �ۡ *O� 1MP4 POF ��� 	����
 F�������

<��> 9BWJFS .BSUJOF[�%FMDM²T %FSFL &( #SJHHT BOE &OSJRVF 1F±BMWFS� ۠5BQIPOPNZ PG JO�

TFDUT JO DBSCPOBUFT BOE BNCFS �ۡ *O� 1BMBFPHFPHSBQIZ 1BMBFPDMJNBUPMPHZ 1BMBFPFDPMPHZ

������� 	����
 QQ� ��ۗ���

<��> 7JDUPSJB & .D$PZ $BSNFO 4PSJBOP BOE 4BSBI & (BCCP॒� ۠" SFWJFX PG QSFTFSWBUJPOBM

WBSJBUJPO PG GPTTJM JODMVTJPOT JO BNCFS PG EJFSFOU DIFNJDBM HSPVQT �ۡ *O� &BSUI BOE &OWJ�

SPONFOUBM 4DJFODF 5SBOTBDUJPOT PGࡋF 3PZBM 4PDJFUZ PG &EJOCVSHI ������� 	����
 QQ� ���ۗ

����

<��> )PXFMM (. &EXBSET %FOOJT8 'BSXFMM BOE 4VTBOB & +PSHF 7JMMBS� ۠3BNBONJDSPTQFD�

USPTDPQJD TUVEJFT PG BNCFS SFTJOT XJUI JOTFDU JODMVTJPOT �ۡ *O� 4QFDUSPDIJNJDB "DUB 1BSU

"� .PMFDVMBS BOE #JPNPMFDVMBS 4QFDUSPTDPQZ ���� 	����
 QQ� ����ۗ�����

<��> -P¯D #FSUSBOE FU BM� ۠.JUJHBUJPO TUSBUFHJFT GPS SBEJBUJPO EBNBHF JO UIF BOBMZTJT PG BO�

DJFOU NBUFSJBMT �ۡ *O� 5SFOET "OBM� $IFN� �� 	����
 QQ� ���ۗ����

<��> "OES© /©M FU BM� ۠6O HJTFNFOU TQBSOBDJFO FYDFQUJPOOFM   QMBOUFT BSUISPQPEFT FU

WFSU©CS©T 	�PD¨OF CBTBM .1�
� -F फ़FTOPZ 	0JTF 'SBODF
 �ۡ *O� $PNQUFT 3FOEVT EF

Mڣ"DBE©NJF EFT 4DJFODFT � 4©SJFT **" � &BSUI BOE 1MBOFUBSZ 4DJFODF ��� 	����
 QQ� ��ۗ

���

<��> +BNFT .JDIBFM "CMF॒ FU BM� ۠य़F ("-"9*&4 JOFMBTUJD IBSE 9�SBZ TDB॒FSJOH FOE�TUBUJPO

BU 4ZODISPUSPO 40-&*- �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����
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<��> 4JNP )VPUBSJ FU BM� ۠" MBSHF�TPMJE�BOHMF 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPNFUFS BU *%��

PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO

���� 	����
 QQ� ���ۗ����

<��> $ISJTUPQI + 4BIMF FU BM� ۠*NQSPWJOH UIF TQBUJBM BOE TUBUJTUJDBM BDDVSBDZ JO 9�SBZ 3BNBO

TDB॒FSJOH CBTFE EJSFDU UPNPHSBQIZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����


QQ� ���ۗ����
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/BOPTDBMF ࠩBSBDUFSJ[BUJPO PG PSHBOJD

EBSL�DPMPVSFE QJHNFOUT

/BOPTDBMF DIFNJDBM DIBSBDUFSJ[BUJPO QSPWJEFT OFX JOTJHIUT JOUP UIF DBSCPO DIFNJTUSZ PG PSHBOJD

EBSL�DPMPVSFE QJHNFOUT� 4DBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ 	459.
 EFNPOTUSBUFT UIF DPN�

QMFYJUZ PG BSUJTUJD QJHNFOUT CBTFE PO DBSCPO UIBU DBO CF BEESFTTFE BU UIF OBOPNFUSJD TQBUJBM SFT�

PMVUJPO� 8F TIPX UIBU Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ JO UIF TPࡄ Y�SBZ SBOHF DPNQMFNFOUT UIF

934 BQQSPBDI XIFO JUT TQBUJBM MJNJU JT SFBDIFE� 8F BOBMZ[F EBSL DPMPSFE QJHNFOUT EPDVNFOUFE JO

.BZFSOڣT NBOVTDSJQU 	EBUF TUPOF QFBDI TUPOF TUJDLMBD CPOF CMBDL
 B DBOEMF GVNF CMBDL B XPPE

TPPU 	CJTUSF
 B DPNNFSDJBMMZ BWBJMBCMF WJOF CMBDL 	,SFNFS
 BOE B DBSCPO CMBDL� Fࡋ OBOPTDBMF

DIFNJDBM IFUFSPHFOFJUZ PCTFSWFE JO UIF BOBMZTFE QJHNFOUT JOEJDBUFT B OPO�IPNPHFOFPVT USBOT�

GPSNBUJPO PG UIF QSFDVSTPS NBUFSJBMT EVSJOH QZSPMZTJT PS DPNCVTUJPO PG UIF TBNQMF�

��� *OUSPEVDUJPO

0SHBOJD EBSL�DPMPVSFE QJHNFOUT BSF BWBJMBCMF UP UIF BSUJTUT JO B WBSJFUZ PG GPSNT <�>� 8JO�

UFS BOE 'JU[)VHI EPDVNFOUFE BOE DMBTTJFE BSUJTUT QJHNFOUT CBTFE PO DBSCPO FJUIFS BD�

DPSEJOH UP UIFJS NBOVGBDUVSF QSPDFTT 	J�F� HSBQIJUF DIBSSFE NBUFSJBMT BNF DBSCPOT DPLFT


PS UIFJS TPVSDF NBUFSJBM 	J�F� QJHNFOUT PG WFHFUBCMF PSJHJO BOJNBM PSJHJO TPPUT BOE TNPLFT

HSBQIJUJD QJHNFOUT CMBDL FBSUIT
 <�ۗ�>� य़F XJEF SBOHF PG DBSCPO�CBTFE NBUFSJBMT VTFE BT

EBSL�DPMPVSFE QJHNFOUT JO EJWFSTF DVMUVSBM BOE IJTUPSJDBM DPOUFYUT NBLF UIFJS JEFOUJDBUJPO

DPNQMFY BOE JODPNQMFUF <�>� *EFOUJDBUJPO BOE EPDVNFOUBUJPO PG UIF SBX NBUFSJBMT JT PॏFO

DSVDJBM UP VOEFSTUBOE UIF BSUJTUT NFUIPEPMPHZ UP B॒SJCVUF UIF XPSL PG BSU UP B XPSLTIPQ PS

BO BSUJTU BOE UP EFOF QSPQFS SFTUPSBUJPO BOE DPOTFSWBUJPO QSBDUJDFT�

3FTFBSDIFST B॒FNQUFE UP DIFNJDBMMZ DIBSBDUFSJ[F BOE TFU VQ DSJUFSJB GPS UIF PSHBOJD

EBSL�DPMPVSFE QJHNFOUT EJTDSJNJOBUJPO� 3FTFBSDI PO DPNNFSDJBM DBSCPO�CBTFE QJHNFOUT

	F�H� HSBQIJUF MBNQCMBDL WJOF CMBDL JWPSZ BOE CPOF CMBDL BTQIBMUVN 7BO %ZDL CSPXO
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BOE DBTTFM FBSUI FUD
 IBT CFFO DBSSJFE PVU CZ NFBOT PG WBSJPVT UFDIOJRVFT� 'PVSJFS USBOT�

GPSN JOGSBSFE TQFDUSPTDPQZ 	'5�*3
 IBT CFFO FNQMPZFE GPS UIFJS NPMFDVMBS DIBSBDUFSJ[BUJPO

<� �>� 5PNBTJOJ 4JSBDVTBOP BOE .BJFS <�> QSPQPTFE UXP PX DIBSUT GPS UIF DPNNFSDJBM PS�

HBOJD QJHNFOUT EJTDSJNJOBUJPO� 	J
 POF CBTFE PO UIF QSFTFODF PG DIBSBDUFSJTUJD '5�*3 CBOET

	F�H� IZESPDBSCPO CBOET BU UIF ��������� DN−1 TQFDUSBM SFHJPO
 BOE 	JJ
 POF CBTFE PO UIF QFS�

DFOUBHF PG UIF DBSCPO DPOUFOU BOE UIF QSFTFODF PG IFUFSPBUPNT TVDI BT TVMGVS QPUBTTJVN

QIPTQIPSPVT DBMDJVN BOE TPEJVN� JOGPSNBUJPO FYUSBDUFE GSPN TDBOOJOH FMFDUSPO NJDSPTDPQZ

	4&.
 DPVQMFE XJUI FOFSHZ EJTQFSTJWF Y�SBZ TQFDUSPTDPQZ 	&%4
 <�>�

य़F EJTUJODU NPSQIPMPHZ PG UIF QJHNFOUT QBSUJDMFT MJOLFE XJUI UIF SBX TUBSUJOH NBUFSJBM

BOE UIF NBOVGBDUVSF QSPDFTT PG UIF QJHNFOUT DBO CF VTFE GPS UIFJS JEFOUJDBUJPO JO DPNQMFY

IFSJUBHF TBNQMFT <� �>� *O B TUVEZ PG BODJFOU &HZQUJBO QBQZSJ UIF CMBDL QJHNFOU GPVOE JO UIF

JOL XBT JEFOUJFE BT B BNF DBSCPO UISPVHI JUT TQFDJD NPSQIPMPHZ DPOTJTUJOH PG TQIFSPJEBM

QBSUJDMFT PG≈ �� ON JO EJBNFUFS PCTFSWFE CZ 4&. JNBHF BMUIPVHI JUT TQFDJD TPVSDF NBUFSJBM

	MBNQCMBDL PS TPPU
 XBT OPU JEFOUJFE <�>� "VUSBO FU BM� JTPMBUFE UIF EJSBDUJPO TJHOBM PG UIFTF

BNF DBSCPOT UISPVHI TZODISPUSPO�CBTFE Y�SBZ EJSBDUJPO DPNQVUFE UPNPHSBQIZ 	93%�$5


<�>�

0QUJDBM 3BNBO TQFDUSPTDPQZ QSPWJEFE JOGPSNBUJPO PO UIF EFHSFF PG TUSVDUVSBM PSEFS PG

DPNNFSDJBM CMBDL QJHNFOUT <� �>� य़F PSHBOJD QJHNFOUT TUVEJFE CFJOH IJHIMZ EJTPSEFSFE NB�

UFSJBMT TIPXFE TJNJMBS 3BNBO TQFDUSB FYIJCJUJOH UXP DIBSBDUFSJTUJD CSPBE 3BNBO CBOET POF

BSPVOE ���� DN−1 LOPXO BT ( CBOE 	HSBQIJUF CBOE
 BOE BO BEEJUJPOBM CBOE BSPVOE ���� DN−1

LOPXO BT % CBOE 	EJTPSEFS CBOE
� य़F JOUFOTJUZ SBUJP PG UIF % BOE ( CBOE JOEJDBUFE UIF

HSBQIJUJ[BUJPO MFWFM PG UIF QJHNFOUT <� �>� य़F HFOFSBM DMBTTJDBUJPO PG B CMBDL QJHNFOU BT B

DBSCPOBDFPVT NBUFSJBM JT FBTZ UP BDIJFWF ZFU UIF TQFDJD TPVSDF PG UIF NBUFSJBM JT IBSE UP CF

EJTDSJNJOBUFE EVF UP DMPTF TJNJMBSJUJFT JO UIF TQFDUSB� POMZ TMJHIU EJFSFODFT JO CBOE QPTJUJPO

JOUFOTJUJFT BOE CBOEXJEUIT NBZ CF PCTFSWFE <� � �>�

%FTUSVDUJWF UIFSNPBOBMZUJDBM BOBMZTJT JODMVEJOH EJFSFOUJBM TDBOOJOH DBMPSJNFUSZ 	%4$


BOE UIFSNPHSBWJNFUSZ DPVQMFE XJUI '5�*3 VOEFS OJUSPHFO PX 	5(�'5�*3
 IBT CFFO FNQMPZFE

GPS TUVEZJOH UIF UIFSNBM TUBCJMJUZ PG DPNNFSDJBMMZ BWBJMBCMF WJOF CMBDLT CPOF CMBDLT BOE MBNQ�

CMBDLT UIFJS JOPSHBOJD�PSHBOJD SBUJP BOE UIFJS EFDPNQPTJUJPO QSPEVDUT <�>� 0SHBOJD SFTJEVFT

PG WJOF QMBOUT 	MJHOJO BOE DFMMVMPTF
 XFSF JEFOUJFE JO WJOF CMBDL QVSDIBTFE GSPN ,SFNFS� UIF

BCTFODF PG MJHOJO BOE DFMMVMPTF QZSPMZTJT QSPEVDUT JO UIF ;FDDIJ WJOF CMBDL JOEJDBUFE B EJG�
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GFSFOU QSPEVDUJPO QSPDFTT 	J�F� QSPEVDFE BU IJHIFS UFNQFSBUVSF PS XJUI QSPMPOHBUFE IFBUJOH


<�>� #PUI 5PNBTJOJ 4JSBDVTBOP BOE .BJFS BOE -MVWFSBT�5FOPSJP FU BM� JO JOEJWJEVBM TUVEJFT

SFQPSUFE BEVMUFSBUJPO JO B DPNNFSDJBM TBNQMFT <� �>�

*O UIJT XPSL XF BOBMZ[FE B SBOHF PG EBSL DPMPSFE PSHBOJD QJHNFOUT TVNNBSJ[FE JO 5B�

CMF ��� 	TFF .BUFSJBMT TVCTFDUJPO
� 'PVS QJHNFOUT XFSF QSFQBSFE CZ 6OJWFSTJUZ PG "NTUFS�

EBN TUVEFOUT VTJOH PSHBOJD NBUFSJBMT 	TUJDLMBD EBUF BOE QFBDI TUPOF CPOFT
 GPMMPXJOH SFDJQFT

BOE JOTUSVDUJPOT EPDVNFOUFE JO UIF .BZFSOF NBOVTDSJQU 	5BCMF ��� TBNQMFT 
�ؾ�� #FUXFFO

���� BOE ���� य़FPEPSF EF .BZFSOF 	���������
 BO JOVFOUJBM QIZTJDJBO PG UIF UJNF DSF�

BUFE BO FYFNQMBSZ BSU�UFDIOPMPHJDBM UFYU TPVSDF DPOUBJOJOH IBOEXSJ॒FO SFDPSET PO BSUJTUJD

UFDIOJRVFT� य़SPVHI JO�TJUV PCTFSWBUJPOT BSUJTUT JOUFSWJFXT BOE IJT PXO FYQFSJNFOUBUJPO

.BZFSOF HBUIFSFE BSUJTBOBM LOPX�IPX GSPN UFYUVBM TPVSDFT BOE MJWJOH BSUJTUT <��>� य़F ��UI

DFOUVSZ NBOVTDSJQU FOUJUMFE 1JDUPSJBڧ TDVMQUPSJB FU RVBF TVCBMUFSOBSVN BSUJVNڧ 	'JHVSF #��


DPNQSJTFT IJTUPSJDBM SFDJQFT BOE UFDIOJDBM QSBDUJTFT PO UIF QSFQBSBUJPO PG QJHNFOUT ۗ JODMVEJOH

PSHBOJD QJHNFOUT 	'JHVSFT #�� #�� #�� #�� #�� #��
� य़F SFUSPTQFDUJWF VTF PG UIF NBOVTDSJQU

CZ BSUJTUT JO UIF FBSMZ ��UI DFOUVSZ BOE JUT TUVEZ CZ DPOTFSWBUPST BOE UFDIOJDBM BSU IJTUPSJ�

BOT UPEBZ IJHIMJHIUT UIF JNQPSUBODF PG USBOTGFSSJOH TDJFOUJD LOPXMFEHF PO BSU QSPDFTTFT BOE

NBUFSJBMT <��>�

य़JT TUVEZ TFU PVU UP JOWFTUJHBUF UIF DIFNJDBM IFUFSPHFOFJUZ PG UIF PSHBOJD QJHNFOUT 	TVN�

NBSJ[FE JO 5BCMF ���
 BU UIF OBOPTDBMF� #Z FNQMPZJOH TDBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ

	459.
 XF DPMMFDUFE DBSCPO ,�FEHF Y�SBZ BCTPSQUJPO OFBS FEHF TUSVDUVSF 	9"/&4
 EBUB XJUI

OBOPNFUSJD TQBUJBM SFTPMVUJPO UP JOWFTUJHBUF UIF DBSCPO CPOEJOH PG UIF TBNQMFT� 'PS DPNQBSJ�

TPO Y�SBZ 3BNBO TDB॒FSJOH 	934
 XBT FNQMPZFE UP DPMMFDU DBSCPO ,�FEHF 9"/&4 EBUB JO UIF

FOFSHZ MPTT EPNBJO� 934 VUJMJTFT IBSE Y�SBZT UP QSPWJEF CVML�TFOTJUJWF TQFDJBUJPO JOGPSNBUJPO

QSJNBSJMZ UP MJHIU FMFNFOUT TVDI BT DBSCPO XIPTF CJOEJOH FOFSHZ GBMMT JO UIF TPॏ Y�SBZ SFHJPO

<��>� 8F TIPXFE UIBU 459. OBOPTDBMF JNBHFT QSPWJEFE OFX JOTJHIUT JOUP UIF DBSCPO DIFN�

JTUSZ PG UIF EBSL�DPMPVSFE PSHBOJD QJHNFOUT BOE EFNPOTUSBUFE UIFJS DIFNJDBM DPNQMFYJUZ BOE

JOIPNPHFOFJUZ UIBU DBOOPU CF UBDLMFE XIFO UIF TQBUJBM MJNJU PG 934 JT SFBDIFE�

|���
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��� .BUFSJBMT BOE NFUIPET

����� .BUFSJBMT

8F BOBMZ[FE B TBNQMF�TFU PG EBSL�DPMPVSFE PSHBOJD QJHNFOUT TVNNBSJ[FE JO 5BCMF ���� 	J
 UIF

TBNQMFT �ؾ� XFSF NBOVGBDUVSFE BU 6OJWFSTJUZ PG "NTUFSEBN CZ -J[ )FCFSU /PBI WBO EFS

.FFS /JLJUB 4IBI .PNPLP 0LVZBNB +FTTJF $BSUFS $BNJMMF %VMMBBSU BOE 1BVM ,JTOFS CBTFE

PO IJTUPSJDBM SFGFSFODFT GPVOE JO UIF.BZFSOF NBOVTDSJQU <��>� य़F TBNQMF QSFQBSBUJPO XBT TV�

QFSWJTFE CZ .BBSUKF 4UPMT�8JUMPY BOE +FOOZ #PVMCPVMM©� 	JJ
 B CJTUFS 	TBNQMF �
 NBOVGBDUVSFE

CZ #JSHJU 3FJTTMBOE 	UIF TBNQMFT �ۗ� XFSF QSPWJEFE UP VT CZ -FJMB 4BVWBHF
� 	JJJ
 UXP DPN�

NFSDJBMMZ BWBJMBCMF QJHNFOUT TVQQMJFE CZ ,SFNFS *OD XFSF BOBMZ[FE� B CJTUFS <�����> 	TBNQMF

�
 BOE B WJOF CMBDL <�����> 	TBNQMF �
� 	JW
 B DBSCPO CMBDL </#4���> 	TBNQMF �
 TVQQMJFE CZ

/BUJPOBM #VSFBV PG 4UBOEBSET 	/#4 UPEBZ /*45
�

8JOUFS BOE 'JU[)VHI <�> EPDVNFOUFE BOE DMBTTJFE UIF BSUJTUT QJHNFOUT CBTFE PO DBSCPO

FJUIFS BDDPSEJOH UP UIFJS NBOVGBDUVSF QSPDFTT 	J�F� HSBQIJUF DIBSSFE NBUFSJBMT BNF DBSCPOT

DPLFT
 PS UIFJS TPVSDF NBUFSJBM 	J�F� QJHNFOUT PG WFHFUBCMF PSJHJO BOJNBM PSJHJO TPPUT BOE

TNPLFT HSBQIJUJD QJHNFOUT CMBDL FBSUIT
 <� �>� %BUF TUPOF QFBDI TUPOF BOE WJOF CMBDL

CFMPOH UP UIF XJEF DBUFHPSZ PG WFHFUBCMF DIBST� य़FJS OBNFT EFOPUF UIF EJWFSTJUZ PG TUBSUJOH

NBUFSJBMT <�>� #JTUFS BMTP SFGFSSFE BT CJTUSF JT BO JNQVSF XPPE TPPU XIJDI DPOUBJOT CSPXOJTI

UBSSZ JNQVSJUJFT SFTQPOTJCMF PG UIF EBSL CSPXO DPMPVS PG UIF QJHNFOU <�>� य़F BNPVOU PG UBSSZ

NBUFSJBMT EFQFOET PO UIF EJTUBODF PG TPPU DPMMFDUJPO� UIF DMPTFS UP UIF QMBDF PG DPNCVTUJPO UIF

MBSHFS UIF BNPVOU PG UBSSZ NBUFSJBMT XIJDI BFDUT UIF DIFNJDBM DPNQPTJUJPO PG UIF QJHNFOU�

*O UIF ��UI DFOUVSZ #PMU[ EFTDSJCFT IPX TPPU QSPEVDFT B TIJOZ EFQPTJU BॏFS UIF DPNCVTUJPO

PG IBSEXPPET JO BO PWFO PS DIJNOFZ <��>� 1BSSZ BOE $PTUF TVHHFTUT UIF QSFQBSBUJPO PG CJTUFS

GSPN CFFDIXPPE <��> BT EPDVNFOUFE FBSMJFS CZ )PDIIFJNFS <��>� #JTUFS JT NFOUJPOFE JO

UIF QSFQBSBUJPO PG CJTUSF HMB[FT <��> JOLT BOE XBUFSDPMPST <��>� #JTUFS XBT BMTP JEFOUJFE PO

NFEJFWBM PJM QBJOUJOHT <��>�

#POF JT B DPNQPTJUF IJFSBSDIJDBM CJPNBUFSJBM XIJDI DPOTJTUT PG DMPTFMZ BTTPDJBUFE PSHBOJD

	≈ ��XU�
 JOPSHBOJD QIBTF 	≈ �� XU�
 BOE XBUFS 	≈ ��XU�
 <��>� 0SHBOJD QIBTF QSJNBSJMZ

DPOTJTUT PG UZQF * CSJMMBS DPMMBHFO 	≈ ���
 DIBSBDUFSJ[FE CZ B USJQMF IFMJDBM TUSVDUVSF GPSNFE CZ

QPMZQFQUJEFT <�� ��>� $BSCPO NBZ BMTP EFSJWF GSPN GBUT� *OPSHBOJD QIBTF PG CPOF DPOTJTUT PG B

IJHIMZ EJTPSEFSFE BQBUJUF EJTUJODU GSPN HFPMPHJDBM IZESPYZMBQBUJUF 	$B��	10�
�	0)
�
 EFQMFUFE
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JO IZESPYZM JPOT 	0)ۗ
 DPOUBJOJOH DBSCPOBUF TVCTUJUVUJPOT 	�ۗ� �
 BOE XBUFS JO JUT BQBUJUF

TUSVDUVSF 	$Bۗ��Y<	10�
�$0	Yۗ�)10�
Y>	0)

YwO)�0ۗ� <�� �� ��>� *EFOUJDBUJPO PG UIF OPO�

DBSCPO DPOTUJUVFOU 	J�F� UIF CPOF NJOFSBM
 IBT CFFO JO NBOZ IFSJUBHF TUVEJFT UIF TPVSDF PG

JEFOUJDBUJPO PG CPOF BOE JWPSZ CMBDL <� ��>�

य़F QSPEVDUJPO PG B CMBDL QJHNFOU CZ CVSOJOH TUJDLMBD JT QSPQPTFE JO .BZFSOF NBOVTDSJQU

JO 'PMJP �� JO XIJDI B DPOWFSTBUJPO CFUXFFO .BZFSOF BOE +PIO )PTLJOT 	BO &OHMJTI NJOJBUVSF

QBJOUFS
 UBLJOH QMBDF PO UIF ��UI PG .BSDI ���� JT EPDVNFOUFE 	TFF 'PMJP �� 'JHVSF #��
� 4UJDL

MBD B-ڧ	 -BRVF RVJ WJFOU EFT *OEFT 0SJFOUBMFTڧ 
 JT LOPXO JO BSUT GPS UIF QSPEVDUJPO PG B SFE

QJHNFOU IPXFWFS BDDPSEJOH UP )PTLJOT UIF MBD DBO CF CVSOFE UP DSFBUF B CMBDL QJHNFOU�

#FTJEF .BZFSO NBOVTDSJQU TUJDLMBD CMBDL BOE JUT NBOVGBDUVSF NFUIPE JT OPU NFOUJPOFE JO BOZ

NPEFSO QVCMJDBUJPO SFHBSEJOH IJTUPSJDBM QJHNFOUT FWFO JO TFDUJPOT SFGFSSJOH UP *OEJBO MBLF

BOE MBD 	SBX NBUFSJBM
 <��>� 4UJDLMBD JT B DPNQMFY TVCTUBODF TFDSFUFE PO UXJHT PG OBUJWF *OEJBO

BOE 4PVUI�&BTU "TJBO USFFT CZ TDBMF JOTFDUT 	,FSSJB MBDDB
� य़F NBJO DPOTUJUVFOUT PG TUJDLMBD

	J�F� SBX MBD
 BSF� 	J
 SFTJOT 	≈ ���
 B QPMZFTUFS DPNQMFY PG MPOH�DIBJO IZESPYZ GB॒Z BDJET

BOE TFTRVJUFSQFOJD BDJET 	JJ
 EZFT 	≈ ���
 DPOTJTUJOH PG BOUISBRVJOPOF EFSJWBUJWFT 	J�F� MBDDBJD

BDJET
 BOE 	JJJ
 XBYFT 	≈ ��
 DPOTJTUJOH PG NJYUVSFT PG MPOH�DIBJO BDJET BMDPIPMT FTUFST BOE

IZESPDBSCPOT <��>� /PO�QVSJFE MBD NBZ BMTP DPOUBJO JOTFDU CPEZ CBSL PG IPTU USFFT BOE PUIFS

JNQVSJUJFT <��>�

����� 4DBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ

4DBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ 	459.
 B TZODISPUSPO�CBTFE UFDIOJRVF BMMPXT

OBOPNFUSJD TDBMF PCTFSWBUJPOT PG Y�SBZ BCTPSQUJPO NFBTVSFNFOUT BU UIF TPॏ Y�SBZ FOFSHZ SF�

HJPO� " 459. NJDSPTDPQF DPOTJTUT PG B 'SFTOFM [POF QMBUF BO PSEFS TPSUJOH BQFSUVSF 	04"


UIF TBNQMF IPMEFS 	TBNQMFT BSF NPVOUFE PO QJF[P TUBHFT
 BOE BO Y�SBZ EFUFDUPS FODMPTFE JO

BO BMVNJOVN DIBNCFS UIBU DBO CF FWBDVBUFE UP ��−6 UPSS� 'PS JODSFBTFE UIFSNBM TUBCJMJUZ BOE

SFEVDF PG JOUFSGFSPNFUFS ESJॏT IFMJVN JT BEEFE <��>� 9�SBZ BCTPSQUJPO OFBS FEHF TUSVDUVSF

	9"/&4
 TQFDUSB BSF PCUBJOFE UISPVHI TVDDFTTJWF DPMMFDUJPO PG �% JNBHFT 	JNBHF TUBDLT
 BU

YFE QIPUPO FOFSHJFT PWFS UIF FEHF PG JOUFSFTU 	'JHVSF ���
� य़F Y�SBZ CFBN JT GPDVTFE PO UIF

TBNQMF VTJOH B [POF QMBUF BOE B UXP EJNFOTJPOBM 	�%
 JNBHF JT DPMMFDUFE CZ TDBOOJOH UIF TBN�

QMF BU B TQFDJD FOFSHZ XJUI B OBOPNFUSJD TQBUJBM SFTPMVUJPO 	PG NJOJNVN �� ON
 BOE B EXFMM
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4BNQMFT %FTDSJQUJPO 4PVSDF NBUFSJBM .BOVGBDUVSFS )JTUPSJDBM SFGFSFODF

� %BUF TUPOF CMBDL EBUF QJUT DIBSSFE 6OJWFSTJUZ PG "NTUFSEBN
����

.BZFSOF NBOVTDSJQU
GPMJP ��S 	'JH� #��


� 1FBDI TUPOF CMBDL QFBDI QJUT DIBSSFE 6OJWFSTJUZ PG "NTUFSEBN
����

.BZFSOF NBOVTDSJQU
GPMJPT ��S ��S
	'JH� #�� #��


� 4UJDLMBD PSHBOJD TVCTUBODF
TFDSFUFE CZ 5BD�
DIBOMJB MBDDB TDBMF
JOTFDUT

6OJWFSTJUZ PG "NTUFSEBN
����

.BZFSOF NBOVTDSJQU
GPMJP ��S 	'JH� #��


� #POF CMBDL MBNQ GFFU CPOFT
DIBSSFE

6OJWFSTJUZ PG "NTUFSEBN
����

.BZFSOF NBOVTDSJQU
GPMJP ��S 	'JH� #��


� $BOEMF GVNF CMBDL DBOEMF VOLOPXO
DPNQPTJUJPO

6OJWFSTJUZ PG "NTUFSEBN
����

� #JTUFS XPPE QSFQBSFE CZ #JSHJU 3FJTT�
MBOE %SFTEFO (FSNBOZ
����

� #JTUFS CFFDIXPPE ,SFNFS *OD� ���� <�����>
� $BSCPO CMBDL OBUVSBM HBT /BUJPOBM #VSFBV PG 4UBO�

EBSET </#4���>
� 7JOF CMBDL QMBOU XBTUF ,SFNFS *OD� ���� <�����>

5BCMF ���� 0SHBOJD QJHNFOUT BOBMZTFE BU UIF OBOPTDBMF WJB 459.
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'JHVSF ���� 4DBOOJOH USBOTNJTTJPO Y�SBZNJDSPTDPQZ� "� 4DIFNBUJD SFQSFTFOUBUJPO PG B 459.
NJDSPTDPQF DPOTJTUJOH PG B 'SFTOFM [POF QMBUF BO PSEFS TPSUJOH BQFSUVSF 	04"
 UIF TBNQMF
IPMEFS BOE BO Y�SBZ EFUFDUPS� #� &BDI JNBHF JT TDBOOFE BU B TQFDJD FOFSHZ 	F�H� ����� F7
� GPS
BO JNBHF TUBDL BDRVJTJUJPO B TFSJFT PG JNBHFT JT BDRVJSFE BU TVDDFTTJWF FOFSHJFT� $�"MJHOFE BOE
PQUJDBM EFOTJUZ 	0%
 DPSSFDUFE 459. JNBHFT PG DIBSSFE EBUF QJUT TBNQMF BDRVJSFE BU TQFDJD
FOFSHJFT 	����� F7 ����� F7 BOE ����� F7
� "SFBT XIFSF UIFSF JT OP TBNQMF QSFTFOU BSF EFOFE
BT *o BSFBT� *OUFOTJUZ WBSJBUJPOT 	F�H� *1 BOE *2 	BU ����� F7
 PS *3 BOE *4 	BU ����� F7

 JO UIF JNBHFT
DPMMFDUFE BU TQFDJD EJBHOPTUJD FOFSHJFT DPSSFTQPOE UP TQFDJBUJPO WBSJBUJPOT JO UIF TBNQMF�

UJNF PG GFX NJMMJTFDPOET QFS QJYFM� य़F DPMMFDUFE EBUBDVCF DPOTJTUT PG B 9"/&4 TQFDUSVN GPS

FBDI QJYFM XJUI B NJOJNVN TJ[F PG �� ON × �� ON�

$BSCPO ,�FEHF 9"/&4 TQFDUSB PG UIF QSFTFOU TUVEZ IBWF CFFO DPMMFDUFE PO)&3.&4 CFBN�

MJOF BU UIF TZODISPUSPO 40-&*-� )&3.&4 CFBNMJOF EFEJDBUFE UP TPॏ Y�SBZ NJDSPTDPQZ HFOFS�

BUFT QIPUPOT JO UIF FOFSHZ SBOHF GSPN �� F7 UP ���� F7 <��>� 'PS TBNQMFT �ؾ� JNBHF TUBDLT IBWF

CFFO DPMMFDUFE XJUI BO FOFSHZ TUFQ PG � F7 PWFS UIF ���ۗ��� F7 FOFSHZ SBOHF ��� F7 PWFS UIF

�����ۗ����� F7 FOFSHZ SBOHF � F7 PWFS ������� F7 FOFSHZ SBOHF BOE � F7 PWFS ���ۗ��� F7 FO�

FSHZ SBOHF XJUI B EXFMM UJNF PG UXP NJMMJTFDPOET QFS QJYFM� 'PS TBNQMFT �� JNBHF TUBDLT IBWF

CFFO DPMMFDUFE XJUI BO FOFSHZ TUFQ PG � F7 PWFS UIF ���ۗ��� F7 FOFSHZ SBOHF ��� F7 PWFS UIF

�����ۗ����� F7 FOFSHZ SBOHF � F7 PWFS ������� F7 FOFSHZ SBOHF BOE ��� F7 PWFS ���ۗ����� F7

FOFSHZ SBOHF XJUI B EXFMM UJNF PG UXP NJMMJTFDPOET QFS QJYFM�
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������� 4BNQMF QSFQBSBUJPO

$BSCPO ,�FEHF 9"/&4 EBUB DPMMFDUFE WJB 459. SFRVJSFT QSFQBSBUJPO PG VMUSBUIJO TBNQMFT

	UIJDLOFTT PG DB� ��� ON
� 5P BDIJFWF UIF SFRVJSFE UIJDLOFTT GPS UIF 459. BOBMZTJT TBNQMFT

XFSF OFMZ QPXEFSFE BOE TVTQFOEFE JO QVSF )�0� " ESPQMFU PG � u- XBT EFQPTJUFE JO TJMJDPO

OJUSJEF 	4J/
 NFNCSBOFT BOE MFU UP ESZ VOEFS WBDVVN�

������� %BUB QSPDFTTJOH

)ZQFSTQFDUSBM EBUB PCUBJOFE WJB 459. XBT STU QSPDFTTFE XJUI B9JT���� TPॏXBSF <��>� *O

459. FYQFSJNFOUT UIF EBUB SFDPSEFE DPSSFTQPOET UP UIF JOUFOTJUZ PG UIF USBOTNJ॒FE Y�SBZT�

6TJOH B9JT���� UIF SFDPSEFE EBUB XBT DPOWFSUFE UP PQUJDBM EFOTJUZ 	0%
 CZ−ln(I/Io) XIFSF I

JT UIF JOUFOTJUZ PG UIF Y�SBZT USBOTNJ॒FE UISPVHI UIF TBNQMF BOE Io JT UIF JOUFOTJUZ PG UIF Y�SBZT

JO B QSF�TFMFDUFE SFHJPO XJUIPVU UIF TBNQMF QSFTFOU� *OUSJOTJD NFDIBOJDBM BOE UIFSNBM ESJॏT

EVSJOH UIF BDRVJTJUJPO PG JNBHFT BU B TFRVFODF PG FOFSHJFT 	J�F� SFDPSEFE TUBDLT
 BSF DBVTJOH

NJTBMJHONFOU PG UIF SFDPSEFE JNBHFT� 4UBDLT XFSF BMJHOFE VTJOH +BDPCTFOT BMJHONFOU SPVUJOF

BWBJMBCMF WJB B9JT�����

य़F BMJHOFE BOE 0%�DPOWFSUFE JNBHF TUBDLT DPMMFDUFE GPS FBDI TBNQMF XFSF HFOFSBUFE BT

�NSD FYUFOTJPOT BOE VOEFSHPOF GVSUIFS QSPDFTTJOH QSPDFEVSFTXJUIJO UIF 1ZUIPO FOWJSPONFOU�

'PS FBDI QJYFM XF DBMDVMBUFE UIF UPUBM JOUFOTJUZ 	J�F� UIF TVN PG UIF JOUFOTJUJFT BU B TFRVFODF PG

FOFSHJFT
 BOE UIF TJHOBM�UP�OPJTF SBUJP 	J�F� UIF NBYJNVN TJHOBM EJWJEFE CZ UIF TUBOEBSE EFWJ�

BUJPO PG UIF BCTPSQUJPO TJHOBM JO UIF FOFSHZ SBOHF �����ۗ����� F7
� " QSF�TFMFDUJPO PG TQFDUSB

CBTFE PO UIF UPUBM JOUFOTJUZ IJTUPHSBN BOE B TJHOBM�UP�OPJTF UISFTIPME 	���
 XBT QFSGPSNFE

BJNJOH BU JEFOUJDBUJPO PG SFHJPOT XJUI OP TBNQMF PS OPJTZ QJYFMT XIJDI XFSF TFU UP [FSP� य़F

QSF�TFMFDUFE TQFDUSB XFSF OPSNBMJTFE CZ UIF JOUFHSBUFE BSFB PG FBDI TQFDUSVN�

य़F QSF�TFMFDUFE BOE OPSNBMJ[FE TQFDUSB 	CZ UIF JOUFHSBUFE BSFB PG FBDI TQFDUSVN
 XFSF

DMBTTJFE UISPVHI IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT 	TLMFBSO�DMVTUFS�"HHMPNFSBUJWF$MVTUFSJOH


<��> VTJOH UIF 8BSE WBSJBODF NJOJNJ[BUJPO BMHPSJUIN BT B MJOLBHF NFUIPE BOE UIF &VDMJEFBO

EJTUBODF BT B NFUSJD PG QBJSXJTF EJTUBODFT CFUXFFO PCTFSWBUJPOT� य़F OVNCFS PG DMVTUFST XBT

TFMFDUFE VTJOH UIF HSBQI PG UIF &VDMJEFBO EJTUBODF 	DBMDVMBUFE WJB TDJQZ�DMVTUFS�IJFSBSDIZ�MJOLBHF

<��>
 BT B GVODUJPO PG UIF OVNCFS PG DMBTTFT 	TFF HSBQI ���
� UIF PCKFDUJWF GVODUJPO JT EFDSFBT�
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JOH BT UIF OVNCFS PG DMBTTFT JT JODSFBTJOH� "O BDDFQUBCMF DIPJDF PG DMBTTFT DPSSFTQPOET UP BO

PCKFDUJWF GVODUJPO XIJDI EPFT OPU DIBOHF ESBTUJDBMMZ JG POF PS NPSF DMBTTFT BSF BEEFE <��>�

'PS FBDI TQFDUSB DMVTUFS BO BWFSBHF TQFDUSVN JT DBMDVMBUFE CZ BDDFTTJOH UIF BMJHOFE BOE0%�

DPOWFSUFE JOUFOTJUJFT� " MJOFBS CBDLHSPVOE XBT DBMDVMBUFE BOE TVCUSBDUFE GSPN UIF BWFSBHF

TQFDUSB� य़F CBDLHSPVOE�DPSSFDUFE BWFSBHF TQFDUSB XFSF UIFO OPSNBMJ[FE UP UIF QPTU�FEHF

SFHJPO XJUI OP TJHOJDBOU PTDJMMBUJPO�

����� 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPTDPQZ

8F DPMMFDUFE 934 DBSCPO ,�FEHF EBUB XJUI BO FOFSHZ SFTPMVUJPO PG ��� F7 	DBMDVMBUFE BT UIF

'8). PG UIF FMBTUJD MJOF
 GPS UIF DPNNFSDJBMMZ BWBJMBCMF CJTUFS 	,SFNFS
 	5BCMF ��� TBNQMF �


DBSCPO CMBDL 	5BCMF ��� TBNQMF �
 BOE DPNNFSDJBMMZ BWBJMBCMF WJOF CMBDL 	,SFNFS
 	5BCMF ���

TBNQMF �
� य़F FYQFSJNFOUT XFSF QFSGPSNFE BU ("-"9*&4 CFBNMJOF 	4ZODISPUSPO 40-&*-

'SBODF
 <��> FRVJQQFEXJUI � TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT <��>� &YQFSJNFOUT XFSF

QFSGPSNFE BU B 4J	���
 BOBMZ[FS FOFSHZ PG≈ ��� LF7 PQFSBUFE BU B #SBHH BOHMF PG ��p� य़F EBUB

XBT DPMMFDUFE BU CBDLTDB॒FSFE HFPNFUSZ 	TDB॒FSJOH BOHMF PG 2θ ≈ ���p
 UP NBYJNJ[F UIF 934

TJHOBM� य़F NPNFOUVN USBOTGFS JT R≈ ��� �−1� य़F CFBNMJOF JT FRVJQQFE XJUI B DSZPHFOJDBMMZ

DPPMFE 4J	���
 EPVCMF�DSZTUBM NPOPDISPNBUPS� य़F NPOPDISPNBUJ[FE 9�SBZ CFBN JT GPDVTFE

CZ B UPSPJEBM NJSSPS UP B TQPU TJ[F 	7 × )
 PG BQQSPYJNBUFMZ ��×�� uN2� 8F DPMMFDUFE FOFSHZ

USBOTGFS NFBTVSFNFOUT BMPOH UIF DBSCPO ,�FEHF 	���ۗ��� F7
 FOFSHZ USBOTGFS XJUI BO FOFSHZ

TUFQ PG ���� F7�

��� 3FTVMUT

����� )JFSBSDIJDBM DMVTUFSJOH PG 459. OBOPTDBMF JNBHFT

)JFSBSDIJDBM DMVTUFSJOH BOBMZTJT XBT FNQMPZFE BT B NFBOT UP EJTDSJNJOBUF DBSCPO TJHOBUVSFT

JO FBDI 459. FOFSHZ TUBDL 	TFF %BUB QSPDFTTJOH TVCTFDUJPO
� 'PS FBDI TBNQMF BOBMZ[FE UIF

OVNCFS PG DMBTTFT XBT DIPTFO CBTFE PO UIF TUFQ�MJLF GFBUVSFT PCTFSWFE BU UIF QMPU PG &VDMJEFBO

EJTUBODF 	PCKFDUJWF GVODUJPO
 BT B GVODUJPO PG UIF OVNCFS PG DMBTTFT� (SBQI ��� XIJDI DPSSF�

TQPOET UP UIF IJFSBSDIJDBM DMVTUFSJOH PG EBUF QJUT DIBSSFE QJHNFOU JMMVTUSBUFT UIJT QPJOU DMFBSMZ�

य़F DMVTUFSJOH PCKFDUJWF GVODUJPO JT EFDSFBTJOH BT UIF OVNCFS PG DMBTTFT JT JODSFBTJOH� 1PUFOUJBM

PQUJPOT PG UIF OVNCFS PG DMBTTFT BSF NBSLFE JO SFE� *O 'JHVSF ��� BOE 'JHVSF ��� UXP FYBNQMFT
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'JHVSF ���� )JFSBSࠩJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� DBSCPO ,�FEHF 9"/&4 TQFDUSB PC�
UBJOFE WJB 459. PG UIF ࠩBSSFE EBUF QJUT� य़F HSBQI QSFTFOUT UIF DMVTUFSJOH PCKFDUJWF GVOD�
UJPO 	&VDMJEFBO EJTUBODF
 BT B GVODUJPO PG UIF OVNCFS PG DMBTTFT� *O SFE BSF NBSLFE QPUFOUJBMT
PQUJPOT PG UIF OVNCFS PG DMBTTFT 	��� DMBTTFT
� &JHIU PS ॏFFO DMBTTFT BSF DPOTJEFSFE BO BD�
DFQUBCMF DIPJDFT TJODF BEEJOH GFX FYUSB DMBTTFT EPFT OPU DIBOHF TJHOJDBOUMZ UIF PCKFDUJWF
GVODUJPO <��>� य़F DMVTUFSJOH JNBHFT DPSSFTQPOEJOH UP UIF DIPTFO OVNCFS PG DMBTTFT 	� ��
 BSF
TIPXO JO 'JHVSFT ������ SFTQFDUJWFMZ�

PG QJYFMT HSPVQJOH 	� BOE �� DMBTTFT
 PG EBUF QJUT DIBSSFE QJHNFOU BSF TIPXO SFTQFDUJWFMZ� य़F

IJHIFS UIF OVNCFS PG DMBTTFT DIPTFO UIF NPSF EFUBJMFE JT UIF DIBSBDUFSJ[BUJPO PG UIF TBNQMF�

TQFDUSBM TJHOBUVSFT QSFTFOU BU MPXFS QFSDFOUBHF BSF NBEF WJTJCMF� 'PS FBDI TBNQMF UIF BWFSBHF

TQFDUSB PG UIF QJYFM DMBTTFT BOE UIFJS QFSDFOUBHF BSF EJTQMBZFE� य़JT BQQSPBDI BMMPXFE VT UP

EFDJQIFS TBNQMFT BSFBT DIBSBDUFSJ[FE CZ DIFNJDBM IFUFSPHFOFJUZ�

����� $IBSSFE EBUF QJUT TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF DIBSSFE EBUF QJUT TBNQMF 	5BCMF ��� TBNQMF �
 IZQFS�

TQFDUSBM EBUB PCUBJOFE WJB 459. JMMVTUSBUFE UIF QSFTFODF PG EJTUJODU PSHBOJD TJHOBUVSFT� य़F

OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS FBDI DMBTT JO UIF DBTF PG UIF � BOE ��

DMBTTFT BSF EJTQMBZFE JO 'JHVSF ��� BOE 'JHVSF ��� SFTQFDUJWFMZ�

य़F BWFSBHF TQFDUSVN PG UIF QJYFM DMBTT " 	'JHVSF ���"
 QPJOUT PVU UIF QSFTFODF PG RVJOPOJD

DPNQPVOET JO UIF TBNQMF� UIF TIPVMEFS DFOUFSFE BU ����� F7 QSFTFOU JO UIF DPSSFTQPOEJOH

BWFSBHF TQFDUSVN JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPO JO $ $ JO RVJOPOFT <��>� 1JYFM DMBTT #

BOE QJYFM DMBTT $ TIPXO JO 'JHVSF ��� # BOE 'JHVSF ��� $ XIJDI SFQSFTFOU UIF IJHIFS QFSDFOUBHF
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PG QJYFMT 	��� BOE ����� SFTQFDUJWFMZ
 JOEJDBUF JOUFOTF BSPNBUJDJUZ JO UIF DIBSSFE EBUF QJUT

TBNQMF� UIF QFBL DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO BSPNBUJD BOE�PS

BMLFOF DBSCPO 	$ $
 <��>� य़F QFBL DFOUFSFE BU ����� JT BTTPDJBUFE UP UIF �Tۗσ� USBOTJUJPOT JO

BSPNBUJDT 	$ $
� य़F BWFSBHF BOE OPSNBMJ[FE TQFDUSB PG QJYFM DMBTT # BOE QJYFM DMBTT $ FYIJCJU

EJFSFOU SBUJP PG �Tۗͯ���Tۗσ� USBOTJUJPOT� य़F QFBL BU ����� F7 JT UFOUBUJWFMZ B॒SJCVUFE UP UIF

�Tۗͯ� USBOTJUJPO JO DBSCPOBUFT BOE�PS UIF �Tۗ�Q USBOTJUJPOT JO BMLZM DBSCPO 	$O)�O��
 <��>� य़F

TQFDUSBM GFBUVSF DFOUFSFE BU ����� F7 JT BTTJHOFE UP UIF �Tۗͯ� USBOTJUJPOT JO DBSCPYZMT 	 $00)
�

य़F BWFSBHF TQFDUSB PG QJYFM DMBTT % 	'JHVSF ���%
 BOE QJYFM DMBTT & 	'JHVSF ��� &
 BSF DIBS�

BDUFSJ[FE CZ BO JOUFOTF GFBUVSF DFOUFSFE BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPO JO DBS�

CPOBUFT 	$0�
� य़F BCTPSQUJPO CBOE DFOUFSFE BU ����� F7 DPSSFTQPOET UP �Tۗͯ� USBOTJUJPOT JO

BSPNBUJD BOE�PS BMLFOF HSPVQT 	$ $
� य़F BCTPSQUJPO CBOE DFOUFSFE BU ����� F7 JT B॒SJCVUFE

UP UIF PWFSMBQ PG �Tۗͯ� USBOTJUJPOT JO QIFOPMT 	"S 0)
 BOE �Tۗ�Q�σ� USBOTJUJPOT JO BMJQIBUJD

HSPVQT 	$Y)Z
� य़F QFBL BU ����� F7 JT BTTJHOFE UP UIF �Tۗͯ� USBOTJUJPOT JO DBSCPYZMT 	$00)
�

1JYFM DMBTT % JT DIBSBDUFSJ[FE CZ UIF JOUFOTF GFBUVSFT DFOUFSFE BU ����� F7 BOE ����� F7 BU�

USJCVUFE UP UIF QPUBTTJVN 	,
 -� BOE -� FEHFT SFTQFDUJWFMZ <��>�

1JYFM DMBTT ' 	'JHVSF ��� ' 
 BOE QJYFM DMBTT ( 	'JHVSF ���(
 IBWF B OPUBCMZ EJTUJODU DIFN�

JDBM OHFSQSJOU� *O UIF OPSNBMJ[FE BWFSBHF TQFDUSVN PG QJYFM DMBTT ( UIF EPNJOBOU QFBL BU

����� F7 JT UFOUBUJWFMZ B॒SJCVUFE UP UIF PWFSMBQ PG �Tۗͯ� JO DBSCPYZM HSPVQT 	 $00)
 BOE

BNJEF 	 $	 0
 /
 HSPVQT� य़F GFBUVSF JT TIJॏFE UP ����� F7 GPS QJYFM DMBTT ' JOEJDBUJOH UIF

QSFTFODF PG TPMFMZ BNJEFT 	 $	 0
 /
� य़F GFBUVSF DFOUFSFE BU ����� F7 DPSSFTQPOET UP UIF

�Tۗͯ� USBOTJUJPOT PG DBSCPO MJOLFE UP BOPUIFS DBSCPO 	$ $
� य़F QFBL BU ����� F7 JT UFOUB�

UJWFMZ B॒SJCVUFE UP �Tۗͯ� USBOTJUJPOT JO DBSCPOBUFT 	$0�
� य़F TIPVMEFS DFOUFSFE BU ����� F7 JT

B॒SJCVUFE UP UIF �Tۗ�Q�σ� JO BMJQIBUJD DBSCPO 	$Y)Z
 BOE�PS UIF �Tۗͯ� USBOTJUJPOT JO QIFOPMT

	"S 0)
 <��>� य़F QFBL BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO DBSCPOZM HSPVQT

	$ 0
 <��>�

����� $IBSSFE QFBDI TUPOF TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF DIBSSFE QFBDI TUPOF TBNQMF 	5BCMF ��� TBNQMF �


IZQFSTQFDUSBM EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4

TQFDUSB GPS FBDI DMBTT JO UIF DBTF PG �� DMBTTFT BSF EJTQMBZFE JO 'JHVSF ���� 0WFSBMM BMM UIF QJYFM

DMBTTFT PG UIF QFBDI TUPOF CMBDL TBNQMF BOBMZ[FE BSF DIBSBDUFSJ[FE CZ JODSFBTFE BSPNBUJDJUZ�
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'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF DIBSSFE EBUF
QJUT� &BDI JNBHF "ۗ) SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIPTFO
OVNCFS PG DMBTTFT� FJHIU DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB
PO UIF SJHIU� य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�
TFMFDUFE OPO�[FSP QJYFMT� 4DBMF CBS � uN�
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288.5
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286.8

285.5
285.1

284.6 299.4297.4290.4
288.5

285.4284.6

'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF DIBSSFE
EBUF QJUT� &BDI JNBHF 	"ۗ/
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIP�
TFO OVNCFS PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4
TQFDUSB PO UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP JT OPU TIPXO�
य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�TFMFDUFE OPO�[FSP
QJYFMT� 4DBMF CBS � uN�
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'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF DIBSSFE
QFBDI TUPOF� &BDI JNBHF 	"ۗ/
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT
	DIPTFO OVNCFS PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF
9"/&4 TQFDUSB PO UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP
JT OPU TIPXO� य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�
TFMFDUFE OPO�[FSP QJYFMT� 4DBMF CBS � uN�

UIF BCTPSQUJPO CBOE BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO BSPNBUJD HSPVQT 	$ $
 JT

EPNJOBOU <��>� 'PS UIF NBKPSJUZ PG UIF QJYFM DMBTTFT 	'JHVSF ���$ /ڝ& 
 UIF BWFSBHF DBSCPO ,�

FEHF 9"/&4 TQFDUSB FYIJCJU BO JODSFBTFE TUSVDUVSF BU UIF �Tۗσ� USBOTJUJPO JO BSPNBUJD DBSCPO

	$ $
 	��� UP ��� F7
 JOEJDBUJWF PG TUSVDUVSBM PSEFSFE QPMZBSPNBUJD TUSVDUVSFT <��>� 1JYFM DMBTT

$ 	'JHVSF ���$
 FYIJCJU B QFBL BU ����� F7 BTTJHOFE UP UIF �Tۗͯ� USBOTJUJPO JO DBSCPOBUFT 	$0�


BOE�PS UIF �Tۗ�Q� JO BMLZM DBSCPO 	$O)�O��
� "O BCTPSQUJPO CBOE BU ����� F7 JT B॒SJCVUFE UP �Tۗ

ͯ� USBOTJUJPOT JO DBSCPYZMT 	 $00)
�य़F JOUFOTJUZ PG UIF CBOET BTTJHOFE UP DBSCPOBUFT BOE�PS

BMLZM DBSCPO BOE UP DBSCPYZMT JT EFDSFBTJOH JO QJYFM DMBTTFT )ڝ& 	'JHVSF ��� 
)ڝ&�य़F BCTPSQUJPO

CBOE BU ����� F7 JO UIF BWFSBHF TQFDUSVN PG QJYFM DMBTT % 	'JHVSF ���%
 JT B॒SJCVUFE UP �Tۗͯ�

USBOTJUJPOT JO $ $ RVJOPOJD DPNQPVOET <��>� य़F BCTPSQUJPO CBOE BU ����� F7 DIBSBDUFSJTUJD

PG QJYFM DMBTT " JT B॒SJCVUFE UP QPUBTTJVN -� FEHF <��>�
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����� 4UJDLMBD CMBDL TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF TUJDLMBD CMBDL 	5BCMF ��� TBNQMF �
 IZQFSTQFDUSBM

EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS FBDI

DMBTT JO UIF DBTF PG �� DMBTTFT BSF EJTQMBZFE JO 'JHVSF ���� य़F QSFTFODF PG BSPNBUJD DBSCPO

	�Tۗͯ� USBOTJUJPO BU ����� F7
 JT OPUBCMF GPS UIF TUJDLMBD CMBDL TBNQMF BOBMZ[FE 	'JHVSF ���
� य़F

CSPBEFOJOH PG UIF CBOE FYUFOEJOH UPXBSET ��� JOEJDBUFT UIF QSFTFODF PG �T�ͯ� USBOTJUJPOT JO

RVJOPOJD DPNQPVOET XIJDI IBWF MPXFS FOFSHZ ͯ� TUBUFT <�� ��>� य़F CSPBE BCTPSQUJPO CBOE

BU UIF FOFSHZ SBOHF ���ۗ����� F7 QSFTFOU JO QJYFM DMBTTFT %ڝ" 	'JHVSF ��� 
%ڝ" JT QPTTJCMZ BT�

TPDJBUFE XJUI PYZHFO DPOUBJOJOH BOE BMJQIBUJD HSPVQT� XIJDI BSF HSBEVBMMZ EFDSFBTJOH JO QJYFM

DMBTT & 	'JHVSF ��� &
 BOE QJYFM DMBTT ' 	'JHVSF ��� ' 
� य़F IJHI QFSDFOUBHF PG JOPSHBOJD QIBTF

	QJYFM DMBTTFT " /ڝ) 
 	'JHVSF ��� " /ڝ) 
 JT OPUFXPSUIZ� य़F QSFTFODF PG QPUBTTJVN JT QSPNJ�

OFOU JO QJYFM DMBTT " BOE QJYFM DMBTTFT /ڝ) 	-�� FEHFT BU ����� F7 BOE ����� F7 SFTQFDUJWFMZ
 <��>�

य़F BCTPSQUJPO CBOE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO DBSCPOBUFT 	$0�
�

����� #POF CMBDL TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF CPOF CMBDL TBNQMF 	5BCMF ��� TBNQMF �
 IZQFSTQFDUSBM

EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS FBDI

DMBTT JO UIF DBTF PG �� DMBTTFT BSF EJTQMBZFE JO 'JHVSF ���� " IJHI QFSDFOUBHF PG UIF CPOF CMBDL

QJHNFOU BOBMZ[FE JT DIBSBDUFSJ[FE CZ UIF TQFDUSB 'ڝ$ TIPXO JO 'JHVSF ���� य़F TIBSQ QFBL BU

����� F7 JT JOEJDBUJWF PG UIF �Tۗͯ� USBOTJUJPOT JO DBSCPOBUF HSPVQT <��>� य़F GFBUVSF DFOUFSFE

BSPVOE ��� F7 XIJDI DPSSFTQPOET UP UIF $B -�� FEHF JT MJOLFE XJUI UIF BQBUJUF TUSVDUVSF JO

UIF CPOF� 8F FYQFDU UIBU BO FOFSHZ TDBO XJUI B OFS TUFQ BU UIF $B -���FEHF 9"/&4 SFHJPO

XPVME FYIJCJU UXP NFBO GFBUVSFT DFOUFSFE BU ����� F7 BOE ����� F7 DPSSFTQPOEJOH UP UIF -�

BOE -� FEHFT PG $B <�� ��>� य़F GFBUVSF DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF PWFSMBQ PG

�Tۗͯ� USBOTJUJPOT JO BNJEF HSPVQT 	 $	 0
 /
 	F�H� QFQUJEF HSPVQT JO QSPUFJOT
 BOE �Tۗͯ�

JO DBSCPYZM HSPVQT 	 $00)
� य़F TIPVMEFS DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗ�Q�σ�

USBOTJUJPOT JO BMJQIBUJD HSPVQT 	$Y)Z
� य़F TNBMM BCTPSQUJPO CBOE BU ����� F7 JOEJDBUFT UIF

QSFTFODF PG BSPNBUJD BOE�PS PMFOJD DBSCPO 	�Tۗͯ� USBOTJUJPOT
�

" TNBMM QFSDFOUBHF 	��
 PG UIF BOBMZ[FE CPOF CMBDL QJHNFOU 	QJYFM DMBTT " TIPXO JO 'JH�

VSF ��� "
 TIPXT B DIFNJDBM EJTUJODU TQFDUSBM TJHOBUVSF DIBSBDUFSJ[FE CZ JODSFBTFE BSPNBUJDJUZ�
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'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ��� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF DIBSSFE
TUJDL MBD� &BDI JNBHF 	"ۗ/
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIP�
TFO OVNCFS PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4
TQFDUSB PO UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP JT OPU TIPXO�
य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�TFMFDUFE OPO�[FSP
QJYFMT� 4DBMF CBS � uN�
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य़F EPNJOBOU QFBL DFOUFSFE BU ����� F7 DPSSFTQPOET UP �Tۗͯ� USBOTJUJPOT JO BSPNBUJD DBSCPO�

य़F JODSFBTFE TUSVDUVSF PG UIF GFBUVSF BU ����� F7 B॒SJCVUFE UP UIF �Tۗσ� USBOTJUJPO JO BSPNBUJD

DBSCPO 	$ $
 JOEJDBUFT UIF QSFTFODF PG TUSVDUVSBM PSEFSFE QPMZBSPNBUJD TUSVDUVSFT <��>� य़F

QFBL DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO BNJEF 	 $	 0
 /
 BOE DBS�

CPYZM 	 $00)
 HSPVQT <��>� य़F TIPVMEFS DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗ�Q�σ�

USBOTJUJPOT JO BMJQIBUJD HSPVQT 	$Y)Z
� य़F QFBL BU ����� F7 JOEJDBUFT UIF QSFTFODF PG DBSCPO�

BUFT� य़F QSFTFODF PG UIF $B FEHF JT PCTFSWFE BU DB� ��� F7�

य़F DIFNJDBM EJTUJODU QJYFM DMBTT # TIPXO JO 'JHVSF ��� # SFQSFTFOUJOH POMZ UIF ���� PG UIF

BOBMZ[FE BSFB JT DIBSBDUFSJ[FE CZ UIF NFBO TQFDUSVN �� य़F �Tۗͯ� USBOTJUJPOT 	$ $
 DFOUFSFE

BU ����� F7 BOE UIF �Tۗσ� 	$ $
 BU ����� F7 SFFDU UIF BSPNBUJD OBUVSF PG UIF SFHJPO� य़F QFBL

BU ����� F7 MJLFMZ DPSSFTQPOET UP KPJOU DPOUSJCVUJPO PG �Tۗͯ� USBOTJUJPOT JO BNJEF	 $	 0
 /


BOE DBSCPYZM 	 $00)
 HSPVQT� य़F BCTFODF PG B GFBUVSF BU ����� F7 TVHHFTUT UIF BCTFODF PG

DBSCPOBUF NJOFSBMT JO UIF TQFDJD SFHJPO�

����� $BOEMF GVNF CMBDL TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF CPOF CMBDL TBNQMF 	5BCMF ��� TBNQMF �
 IZQFSTQFD�

USBM EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS

FBDI DMBTT JO UIF DBTF PG � DMBTTFT BSF EJTQMBZFE JO 'JHVSF ���� य़F DBOEMF GVNF CMBDL QJH�

NFOU BOBMZ[FE JT DIBSBDUFSJ[FE CZ UIF JOUFOTF GFBUVSF BU ����� F7 B॒SJCVUFE UP UIF �Tۗͯ� JO

DBSCPOBUFT BOE�PS UIF �Tۗ�Q� USBOTJUJPOT JO BMLZM DBSCPO� य़F JOUFOTJUZ PG UIF QFBL WBSJFT JO

UIF UISFF QJYFM DMBTTFT $ڝ" PG UIF TBNQMF TIPXO JO 'JHVSF ���� य़F IJHIFS UIF JOUFOTJUZ PG

UIF BCTPSQUJPO CBOE BU ����� F7 	DBSCPOBUFT
 UIF IJHIFS UIF BCTPSQUJPO CBOET BU ����� F7 BOE

����� F7 B॒SJCVUFE UP UIF QPUBTTJVN 	,
 -� BOE -� FEHFT SFTQFDUJWFMZ� य़F BWFSBHF DBSCPO ,�

FEHF 9"/&4 TQFDUSB PG UIF UISFF QJYFM DMBTTFT PG DBOEMF GVNF CMBDL BSF BMTP DIBSBDUFSJ[FE CZ

UIF QSFTFODF PG �Tۗͯ� USBOTJUJPOT JO BSPNBUJD�BMLFOF DBSCPO 	$ $
 BU ����� F7 BOE UIF �Tۗͯ�

USBOTJUJPOT JO DBSCPYZM HSPVQT 	 $00)
 BU ����� F7� " TNBMM TIPVMEFS DFOUFSFE BU≈����� F7 JT

BTTPDJBUFE XJUI UIF QSFTFODF PG �T�ͯ� USBOTJUJPOT JO QIFOPMT 	"S 0)
 <��> BOE�PS UIF �Tۗ�Q�σ�

USBOTJUJPOT JO BMJQIBUJD HSPVQT 	$Y)Z
�
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'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ����� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF CPOF CMBDL�
&BDI JNBHF 	"ۗ'
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIPTFO OVNCFS
PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB PO
UIF SJHIU� 0OMZ TJY PVU PG UIF ॏFFO DIPTFO DMBTTFT BSF TIPXO EVF UP DIFNJDBM TJNJMBSJUZ
XJUI UIF DMBTTFT "ۗ'� य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF
QSF�TFMFDUFE OPO�[FSP QJYFMT� 4DBMF CBS � uN�

���|



���� 3&46-54 $IBQUFS �

280 285 290 295 300

26.5%

51.7%

21.8%

288.3
287.2

285.4
290.4 299.4297.4

292.4

A.

B.

C.

'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF DBOEMF
GVNF CMBDL� &BDI JNBHF 	"ۗ$
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT
	DIPTFO OVNCFS PG DMBTTFT� GPVS DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4
TQFDUSB PO UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP JT OPU TIPXO�
य़F QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�TFMFDUFE OPO�[FSP
QJYFMT� 4DBMF CBS � uN�
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����� #JTUFS TBNQMFT

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF CJTUFS TBNQMF 	5BCMF ��� TBNQMF �
 IZQFSTQFDUSBM

EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS FBDI

DMBTT JO UIF DBTF PG �� DMBTTFT BSF EJTQMBZFE JO 'JHVSF ���� य़F BWFSBHF DBSCPO ,�FEHF 9"/&4

TQFDUSB PG UIF QJYFM DMBTTFT .ڝ" 	'JHVSF ���� 
.ڝ" BSF DIBSBDUFSJ[FE CZ UIF EPNJOBOU QFBL BU

����� F7 B॒SJCVUFE UP UIF �T�ͯ� USBOTJUJPOT JO DBSCPYZM HSPVQT 	 $00)
 QPTTJCMZ MJOLFE XJUI

UIF EFDPNQPTJUJPO QSPEVDUT PG MJHOJO TVDI BT WBOJMMJD BDJE 	��NFUIPYZ���IZESPYZCFO[PJD BDJE


BOE TZSJOHJD BDJE 	���EJNFUIPYZ���IZESPYZCFO[PJD BDJE
 <��>
� य़F TNBMM BCTPSQUJPO CBOE BU

����� F7 JT B॒SJCVUFE UP UIF �Tۗͯ� USBOTJUJPOT JO BSPNBUJD BOE�PS BMLFOF DBSCPO 	$ $
 <��>�

य़F TIPVMEFS DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP KPJOU DPOUSJCVUJPO PG �Tۗ�Q�σ� USBOTJUJPOT

JO BMJQIBUJD HSPVQT 	$Y)Z
 BOE �T�ͯ� USBOTJUJPOT JO QIFOPMT 	"S 0)
 <��> QPTTJCMF NBSLFS PG

NFUIPYZQIFOPMT EFSJWJOH GSPN MJHOJO� -JHOJO EFDPNQPTFT JOUP HVBJBDPM 	��NFUIPYZQIFOPM


BOE TZSJOHPM 	���EJNFUIPYZQIFOPM
 EFSJWBUJWFT <��>� य़F BCTPSQUJPO CBOE BU ����� F7 JT BU�

USJCVUFE UP UIF �Tۗͯ� JO GVSBO EFSJWBUJWFT 	α�DBSCPO $ 0
 <�� ��>� 'VSBOPTF JTPNFST BOE MFW�

PHMVDPTBO 	���BOIZESP�β�%�HMVDPQZSBOPTF
 BSF DPNCVTUJPO�EFDPNQPTJUJPO QSPEVDUT PG DFM�

MVMPTF BOE IFNJDFMMVMPTF BOE BSF DPOTJEFSFE BDDPVOUBCMF GPS UIF TUJDLJOFTT BOE IZHSPTDPQJDJUZ

PG CJTUSF <�� ��>� य़F JOUFOTJUZ PG UIF BCTPSQUJPO CBOET BU ����� F7 WBSJFT JO EJFSFOU QJYFM

DMBTTFT 	TFF 'JHVSF ����
� य़F TIBSQ BCTPSQUJPO CBOE DFOUFSFE BU ����� F7 QSPNJOFOU BU UIF BW�

FSBHF TQFDUSB PG QJYFM DMBTTFT %ڝ" 	'JHVSF ���� 
%ڝ" JT B॒SJCVUFE UP UIF �Tۗ�Q USBOTJUJPOT JO

BMLZM DBSCPO 	$O)O��
 <�� ��>� य़F BCTPSQUJPO CBOE BU ����� F7 JT BTTJHOFE UP UIF �Tۗ�Q�σ� JO

BMDPIPMT $ 0) <��>�

य़F TQFDUSBM EJFSFODFT CFUXFFO UIF CJTUFS TBNQMF QSFQBSFE CZ #JSHJU 3FJTTMBOE 	5B�

CMF ��� TBNQMF �
 BOE UIF DPNNFSDJBM QJHNFOU TVQQMJFE GSPN ,SFNFS 	5BCMF ��� TBNQMF �
 BSF

TJHOJDBOU 	'JHVSF ����� TQFDUSB � � 
 XIJDI JOEJDBUFT EJFSFODFT JO UIF QSFQBSBUJPO QSPDFEVSF

BOE�PS UIF SBX NBUFSJBM VTFE�

����� $BSCPO CMBDL TBNQMF

य़F DBSCPO DIFNJTUSZ PG UIF BNF DBSCPO QJHNFOU FYBNJOFE 	5BCMF ��� TBNQMF �
 BQQFBST

RVJUF IPNPHFOFPVT 	IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF 459. FOFSHZ TUBDL JT OPU TIPXO
�

य़F BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB PG DBSCPO CMBDL 	TFF 'JHVSFT �������� TQFDUSVN �
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'JHVSF ���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF CJTUFS� &BDI
JNBHF 	"ۗ/
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIPTFO OVNCFS
PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB PO
UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP JT OPU TIPXO� य़F
QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�TFMFDUFE OPO�[FSP
QJYFMT� 4DBMF CBS � uN�
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'JHVSF ����� $PNQBSJTPO PG UIF BWFSBHF TQFDUSB �ۗ� PCUBJOFE WJB IJFSBSDIJDBM DMVTUFSJOH BOBM�
ZTJT PG UIF 459. EBUB PG CJTUFS TBNQMF BT QSFTFOUFE JO 'JHVSF ���� /PUF UIF EFDSFBTF PG UIF
BCTPSQUJPO CBOE BU ����� F7 B॒SJCVUFE UP UIF �Tۗ� JO GVSBO EFSJWBUJWF DPNQPVOET 	α�DBSCPO
$ 0
<��> NBSLFST PG DFMMVMPTF�IFNJDFMMVMPTF EFHSBEBUJPO <�� ��>�

JT DIBSBDUFSJ[FE CZ UIF �Tۗͯ� USBOTJUJPOT JO BSPNBUJDT DFOUFSFE BU ����� F7�य़F JODSFBTFE TUSVD�

UVSF PG UIF �Tۗσ� USBOTJUJPOT JO UIF ���ۗ��� F7 SFHJPO TVHHFTUT UIF QSFTFODF PG QPMZBSPNBUJD

NPJFUJFT <��>� य़F QSFTFODF PG BSPNBUJD DBSCPYZMJD BDJET JT JNQMJFE CZ UIF QFBL DFOUFSFE BU

����� F7 XIJDI JT B॒SJCVUFE UP �Tۗͯ� USBOTJUJPOT JO DBSCPYZM HSPVQT CPOEFE UP VOTBUVSBUFE

DBSCPO <��>� य़F TIPVMEFST DFOUFSFE BU ����� F7 BOE ����� F7 BSF B॒SJCVUFE UP UIF �Tۗ�Q�σ�

USBOTJUJPOT JO BMJQIBUJD HSPVQT 	$Y)Z
 BOE�PS UIF �Tۗ�Q USBOTJUJPOT JO BMLZM DBSCPO 	$O)�O��


SFTQFDUJWFMZ <�� ��>�

����� 7JOF CMBDL TBNQMF

य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF WJOF CMBDL TBNQMF 	5BCMF ��� TBNQMF �
 IZQFSTQFDUSBM

EBUB PCUBJOFE WJB 459. BOE UIF OPSNBMJ[FE BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB GPS FBDI

DMBTT JO UIF DBTF PG �� DMBTTFT BSF EJTQMBZFE JO 'JHVSF ����� य़F BCTPSQUJPO CBOE BU ��� F7

JO UIF DIFNJDBM EJTUJODU QJYFM DMBTT " JT JOEJDBUJOH UIF QSFTFODF PG RVJOPOJD DPNQPVOET <��>�

य़F CBOE BU ����� F7 DIBSBDUFSJTUJD PG UIF DMBTTFT $ڝ" BOE DMBTT ' JT B॒SJCVUFE UP UIF �Tۗͯ�

USBOTJUJPOT JO DBSCPYZM 	 $00)
 HSPVQT� य़F BCTPSQUJPO CBOE BU ����� F7 BTTPDJBUFE XJUI

DBSCPOZM HSPVQT QPTTJCMZ B॒SJCVUFE UP UIF �Tۗͯ� JO GVSBO EFSJWBUJWFT 	α�DBSCPO $ 0
 <�� ��>
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	DPNCVTUJPO�EFDPNQPTJUJPO QSPEVDUT PG DFMMVMPTF BOE IFNJDFMMVMPTF
 JT QSFTFOU POMZ JO DMBTTFT

�$ڝ" *O DMBTTFT #$ UIF CBOE DFOUFSFE BU ����� F7 JT B॒SJCVUFE UP �Tۗͯ� JO BSPNBUJD BOE�PS

BMLFOF DBSCPO 	$ $
� *O DMBTT ( UIF CSPBE �Tۗͯ� USBOTJUJPO CBOE BU ����� F7 FYUFOEJOH UPXBSET

��� F7 BOE ��� F7 JOEJDBUF UIF QSFTFODF PG RVJOPOF�MJLF DPNQPVOET <�� ��>�

$MBTTFT /ڝ( BSF DIBSBDUFSJ[FE CZ BO JOUFOTF GFBUVSF BU ����� F7 B॒SJCVUFE UP �Tۗͯ� USBOTJ�

UJPOT JO BSPNBUJD DBSCPO� य़F EJTUJODU TUSVDUVSF PG UIF CBOE BU ����� F7 XIJDI BSJTFT GSPN UIF

�Tۗσ� USBOTJUJPOT JOEJDBUFT UIF QSFTFODF PG QPMZBSPNBUJD DPNQPVOET 	$ $
 <�� ��>� य़F MBDL

PG B TIBSQ �Tۗσ� FYDJUPO QFBL CFUXFFO ������� F7 JOEJDBUF UIF QSFTFODF PG TNBMMFS HSBQIFOF

TIFFUT <��>� य़F OPUBCMF GFBUVSF BU ����� F7 JT B॒SJCVUFE UP UIF �Tۗ�Q�σ� USBOTJUJPOT JO BMJQIBUJD

HSPVQT 	$Y)Z
� '5�*3 EBUB DPMMFDUFE CZ -MVWFSBT�5FOPSJP FU BM� <�> DPOSN UIF QSFTFODF PG

BSPNBUJDT 	���� DN−1 ���� DN−1� ν$ $
 BOE BMJQIBUJDT 	���� DN−1 ���� DN−1 ���� DN−1�

ν$ )
 JO UIF WJOF CMBDL ,SFNFS DPNNFSDJBM QJHNFOU PSJHJOBUJOH GSPN UIF QZSPMZTJT PG DFMMV�

MPTF BOE MJHOJO <�>�

��� %JTDVTTJPO

����� /BOP�TDBMF IFUFSPHFOFJUZ PG UIF EBSL�DPMPVSFE PSHBOJD QJHNFOUT

'PS FBDI EBSL�DPMPVSFE PSHBOJD QJHNFOU 459. BOBMZTJT QSPWJEFT NFBOJOHGVM JOUFSQSFUBCMF

TQBUJBMMZ SFTPMWFE TQFDUSPTDPQJD EBUB BU UIF DBSCPO ,�FEHF� 459. OBOPTDBMF NBQQJOH PG UIF

BOBMZTFE QJHNFOUT SFWFBMT BO IFUFSPHFOFPVT DBSCPO TJHOBUVSF BU UIF OBOPTDBMF B CFIBWJPVS

UIBU DBOOPU CF PCTFSWFE BU UIF NJDSPTDBMF OFJUIFS WJB CVML 934 TQFDJBUJPO BOBMZTJT OPS CZ

BWFSBHJOH UIF 459. TJHOBM� य़F IJFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF IZQFSTQFDUSBM 459.

EBUB TVDDFTGVMMZ JEFOUJFT UIF EJTUSJCVUJPO PG EJFSFOU PSHBOJD QIBTFT JO UIF BOBMZTFE TBNQMFT

QPTTJCMZ B SFTVMU PG UIF OPO�IPNPHFOFPVT USBOTGPSNBUJPO PG UIF QSFDVSTPS NBUFSJBMT EVSJOH

UIF NBOVGBDUVSF QSPDFTT�

����� य़F JNQPSUBODF PG UIF QSFDVSTPS NBUFSJBM BOE NBOVGBDUVSF QSPDFTT JO UIF QJHNFOUT

OBM DIFNJTUSZ

&BDI QJHNFOU SFTVMUT GSPN UIF QZSPMZTJT PS DPNCVTUJPO PG QSFDVSTPS PSHBOJD NBUFSJBMT BOE UIF

NBOVGBDUVSF QSPDFTT MFBET UP UIFJS IFBU�JOEVDFE USBOTGPSNBUJPO� 6OEFSTUBOEJOH UIF QIZTJDP�

DIFNJDBM QSPDFTTFT UIBU UBLF QMBDF EVSJOH UIF QSFDVSTPS NBUFSJBMT USBOTGPSNBUJPO SFUSJFWJOH
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'JHVSF ����� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG UIF ���� QSF�TFMFDUFE DBSCPO ,�FEHF 9"/&4
TQFDUSB 	BT EFTDSJCFE JO %BUB QSPDFTTJOH �������
 PCUBJOFE WJB 459. BOBMZTJT PG UIF WJOF CMBDL�
&BDI JNBHF 	"ۗ/
 SFQSFTFOUT UIF QJYFMT 	JO ZFMMPX
 CFMPOHJOH UP UIF TBNF DMBTT 	DIPTFO OVNCFS
PG DMBTTFT� ॏFFO DMBTTFT
 BOE UIF DPSSFTQPOEJOH BWFSBHF DBSCPO ,�FEHF 9"/&4 TQFDUSB PO
UIF SJHIU� य़F DMBTT DPSSFTQPOEJOH UP UIF QSF�TFMFDUFE QJYFMT TFU UP [FSP JT OPU TIPXO� य़F
QFSDFOUBHF PG QJYFMT CFMPOHJOH UP FBDI DMBTT JT DBMDVMBUFE PVU PG UIF QSF�TFMFDUFE OPO�[FSP
QJYFMT� 4DBMF CBS � uN�
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JOGPSNBUJPO PO QSFDVSTPS NBUFSJBMT DIFNJTUSZ BOE EPDVNFOUJOH UIF OBM DIFNJTUSZ PG UIF

QJHNFOU JT JNQPSUBOU JG BJNJOH JO UIF JEFOUJDBUJPO PG UIF QJHNFOUT JO DPNQMFY IFSJUBHF BSU�

XPSLT�

0VS SFTVMUT TIPX UIBU GPS FBDI QJHNFOU UIF EFHSFF PG IFUFSPHFOFJUZ 	J�F� UIF QFSDFOUBHF PG

QJYFMT IBWJOH EJTUJODU DIFNJDBM TJHOBUVSFT
 WBSJFE BOE JU JT QPTTJCMZ MJOLFE XJUI UIF QJHNFOUT

NBOVGBDUVSF DPOEJUJPOT JOEJDBUJOH B OPO�IPNPHFOFPVT USBOTGPSNBUJPO PG UIF QSFDVSTPS NB�

UFSJBMT EVSJOH QZSPMZTJT PS DPNCVTUJPO PG UIF TBNQMF� 7BSJPVT TUVEJFT SFQPSU UIF DPOOFDUJPO

CFUXFFO UIF UFNQFSBUVSF BOE UIF DIFNJDBM USBOTGPSNBUJPO PG UIF QSFDVSTPS PSHBOJD NBUFSJBM

EVSJOH QZSPMZTJT PS DPNCVTUJPO <� �� �� ��>� य़F IFBUJOH UFNQFSBUVSF BQQMJFE NBZ PCTUSVDU

UIF JEFOUJDBUJPO PG UIF SFTVMUJOH QJHNFOU JO NPSF DPNQMFY IFSJUBHF BSUJGBDUT� 1SPMPOHBUFE

IFBUJOH PS IJHI UFNQFSBUVSF SFTVMUT JO UIF DPNQMFUF USBOTGPSNBUJPO PG UIF QJHNFOUT DIFN�

JTUSZ JOUP QPMZBSPNBUJD TUSVDUVSFT XIJDI NBLFT UIFJS EJTDSJNJOBUJPO CBTFE PO UIF DIFNJTUSZ

PG UIF QSFDVSTPS NBUFSJBMT JNQPTTJCMF� य़F MPXFS UIF UFNQFSBUVSF BQQMJFE UIF IJHIFS UIF QPT�

TJCJMJUZ UP USBDF UIF PSJHJOBM DIFNJTUSZ PG UIF QSFDVSTPS NBUFSJBM�

8JOUFS BOE 'JU[)VHI <�> EPDVNFOUFE BOE DMBTTJFE UIF BSUJTUT QJHNFOUT CBTFE PO DBSCPO

FJUIFS BDDPSEJOH UP UIFJS NBOVGBDUVSF QSPDFTT 	J�F� HSBQIJUF DIBSSFE NBUFSJBMT BNF DBSCPOT

DPLFT
 PS UIFJS TPVSDF�QSFDVSTPS NBUFSJBM 	J�F� QJHNFOUT PG WFHFUBCMF PSJHJO BOJNBM PSJHJO

TPPUT BOE TNPLFT HSBQIJUJD QJHNFOUT CMBDL FBSUIT
 <� �>� %BUF TUPOF QFBDI TUPOF BOE WJOF

CMBDL CFMPOH UP UIF XJEF DBUFHPSZ PG WFHFUBCMF DIBST� य़FJS OBNFT EFOPUF UIF EJWFSTJUZ PG

TUBSUJOH NBUFSJBMT <�>� $IFNJDBMMZ DPNQMFY CJPNBTT�EFSJWFE DIBST BSF UIF TPMJE SFTJEVFT PG JO�

DPNQMFUF DPNCVTUJPO <��>� य़F DIFNJDBM USBOTGPSNBUJPO PG DIBSSFE CJPNBTT JT IJHIMZ MJOLFE UP

UIF DIBSSJOH UFNQFSBUVSF� *ODSFBTJOH UIF UFNQFSBUVSF MFBET UP UIF GPSNBUJPO PG BSPNBUJD SJOH

TUSVDUVSFT GPMMPXFE CZ UIF DPOEFOTBUJPO PG BSPNBUJD VOJUT JOUP MBSHFS DPOKVHBUFE TIFFUT� UIVT

BO JODSFBTFE BSPNBUJDJUZ JT PCTFSWFE� य़F CSFBLEPXO PG UIF SBX NBUFSJBM BQQFBSJOH BU EJFS�

FOU UFNQFSBUVSFT EFQFOET PO JUT DPNQPTJUJPO� UIF SFMBUJWF RVBOUJUJFT PG CJPQPMZNFST 	QSFDVSTPS

NBUFSJBMT
 JO UIF SBX QMBOU NBUFSJBM EFUFSNJOFT UIF DIBSSJOH DPOEJUJPOT UP ZJFME USBOTJUJPO DIBST

<��>�

,FJMVXFJU FU BM� TVHHFTUT UIF DBUFHPSJ[BUJPO PG DIBST BDDPSEJOH UP UIFJS VOJRVF QIZTJDP�

DIFNJDBM TUBUFT <��>� 	J
 UIF USBOTJUJPO DIBST JO XIJDI UIF OBUJWF DSZTUBMMJOF FOUJUZ PG UIF QMBOU

CJPQPMZNFST 	J�F QSFDVSTPS NBUFSJBMT� DFMMVMPTF IFNJDFMMVMPTF MJHOJO
 JT QSFTFSWFE 	JJ
 UIF

BNPSQIPVT DIBST JO XIJDI UIF IFBU�JOEVDFE BMUFSFE NBUFSJBMT DP�FYJTU XJUI UIF EFWFMPQJOH BSP�

|���
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NBUJD QPMZDPOEFOTBUFT 	JJJ
 UIF DPNQPTJUF DIBST DPOTJTUJOH PG QPPSMZ PSEFSFE HSBQIFOF MBZFST

FNCFEEFE JO BNPSQIPVT QIBTFT BOE 	JW
 UIF UVSCPTUSBUJD DIBST DIBSBDUFSJ[FE CZ UIF QSFTFODF

PG EJTPSEFSFE HSBQIJUJD DSZTUBMMJUFT� '5�*3 BOBMZTJT PG XPPE BOE HSBTT DIBST FWPMVUJPO BT B GVOD�

UJPO PG UFNQFSBUVSF JOEJDBUF UIBU OP DIFNJDBM DIBOHFT PDDVS JO UIF SBOHF CFUXFFO ���ۗ��� p $

UIF EFIZESBUJPO PG DFMMVMPTF BOE MJHOJO TUBSUT BU ��� p $ UIF USBOTGPSNBUJPO PG QSFDVSTPS NBUF�

SJBMT 	MJHOJO�DFMMVMPTF
 PDDVST BU ��� p $ BOE UIF EFHSFF PG DPOEFOTBUJPO JT JODSFBTJOH BU ��� p $

BOE CFZPOE <��>�

"DDPSEJOH UP 3FJETNB FU BM� UIFSNBM EFHSBEBUJPO PG DPMMBHFO 	JO CPOF
 VOEFS SFEVDJOH DPO�

EJUJPOT JOJUJBUFT BU ���ܹ BOE SFTVMUT JO JUT DPOWFSTJPO JOUP BMLZMBUFE CFO[FOFT QIFOPMT BOE

DPOEFOTFE BSPNBUJD DPNQPVOET 	�������ܹ
� )PXFWFS UIF DPNQMFUF USBOTGPSNBUJPO PG DPMMB�

HFO JOUP QPMZBSPNBUJD DPNQPVOET PDDVST BU IJHIFS UFNQFSBUVSFT <�� ��>� य़F MPX QFSDFOUBHF

PG QPMZBSPNBUJD TJHOBUVSFT JO UIF DBSCPO ,�FEHF BWFSBHF TQFDUSB 	POMZ JO QJYFM DMVTUFST "#
 PG

UIF CPOF CMBDL BOBMZ[FE JT BO JOEJDBUPS PG UIF MPX IFBUJOH UFNQFSBUVSF PG UIF TBNQMF� य़F IFBU�

JOEVDFE BMUFSBUJPO VOEFS SFEVDJOH DPOEJUJPOT PG CPUI QSPUFJOT 	J�F� CPOF
 BOE QPMZTBDDIBSJEFT

	J�F� XPPE DPOTUJUVFOU
 SFTVMUT JOUP TPMJE SFTJEVFT PG BSPNBUJD OBUVSF� *ODSFBTJOH UFNQFSBUVSF

	����ܹ
 SFTVMUT JO JODSFBTFE PSEFSJOH BOE GPSNBUJPO PG QPMZBSPNBUJD QMBOBS TIFFUT JO CPUI

DIBSSFE CPOF BOE DIBSSFE XPPE XIJDI DBO NBLF UIFJS EJTDSJNJOBUJPO DIBMMFOHJOH JG CBTFE

POMZ JO UIF PSHBOJD QIBTF PG UIF DIBSSFE CPOF�

����� $PNQBSJTPO PG TPॏ�9"4 BOE 934 DBSCPO ,�FEHF TQFDUSB

934 JT B IBSE Y�SBZ QSPCF XIJDI UP STU BQQSPYJNBUJPO IBT UIF TBNF TQFDUSBM JOGPSNBUJPO

BT 9"/&4 	TFF $IBQUFS �
� 'JHVSF ���� QSFTFOUT UIF BWFSBHF DBSCPO ,�FEHF 9"/&4 EBUB PG

UIF PSHBOJD QJHNFOUT TVNNBSJ[FE BU 5BCMF ��� DPMMFDUFE WJB TDBOOJOH USBOTNJTTJPO Y�SBZ NJ�

DSPTDPQZ 	459.
 	JO CMBDL DPMPS
 BOE Y�SBZ 3BNBO TQFDUSPTDPQZ 	JO SFE DPMPS
� 'JHVSF ����

DPNQBSFT UIF TQFDUSPTDPQJD 934 BOE 459. EBUB PG DPNNFSDJBM CJTUFS 	,SFNFS
 DBSCPO CMBDL

	OBUJPOBM CVSFBV PG TUBOEBSET
 BOE DPNNFSDJBM WJOF CMBDL 	,SFNFS
� य़F TQFDUSBM EJFSFODFT

PCTFSWFE BSF NBJOMZ B॒SJCVUFE UP UIF MPXFS FOFSHZ SFTPMVUJPO PG UIF 934 EBUB BDRVJSFE BU

("-"9*&4 CFBNMJOF JO ����� य़F CVML�TFOTJUJWF 934 EBUB BSF DPMMFDUFE XJUI MPXFS FOFSHZ

SFTPMVUJPO 	≈��� F7 EVF UP JOTUSVNFOUBM DPOTUSBJOUT BU UIF ("-"9*&4 CFBNMJOF BU UIF UJNF

XIFO UIF FYQFSJNFOUT XFSF QFSGPSNFE
 DPNQBSFE UP 459. EBUB 	≈��� F7
 XIJDI SFTVMUT JO

BWFSBHJOH PG UIF TQFDUSBM GFBUVSFT BOE NBLFT UIFJS DIFNJDBM DIBSBDUFSJ[BUJPO IBSEFS� 8JUI UIF
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BWBJMBCJMJUZ PG QPXFSGVM TZODISPUSPO TPVSDFT BOE Fਖ਼DJFOU OFX Y�SBZ TQFDUSPNFUFST <�� ��ۗ

��> UIF BQQMJDBUJPO PG 934 BT B CVML�TFOTJUJWF QSPCF PG MJHIU FMFNFOUT IBT CVSHFPOFE <��ۗ��>

BOE BO FOFSHZ SFTPMVUJPO DPNQBSBCMF XJUI 459. DBO OPX CF BDIJFWFE 	TFF $IBQUFS �
�

"T IBSE Y�SBZT QFOFUSBUF EFFQ JOUP UIF TBNQMF 934 PWFSDPNFT TFWFSBM EJਖ਼DVMUJFT SFMBUFE

UP UIF TPॏ Y�SBZ QSPCF PG DPOWFOUJPOBM MPX�; 9"4 UFDIOJRVFT XIFSF UIF TBNQMFT IBWF UP

CF FJUIFS TQFDJDBMMZ QSFQBSFE PS BMUFSFE 	J�F� TBNQMFT USBOTQBSFOU UP Y�SBZT BU UIF USBOTJUJPO

FOFSHZ PG UIF FMFNFOU PG JOUFSFTU
 PॏFO JO BO JOWBTJWF NBOOFS XIJDI NBZ CF SJTLZ UP UIF

TBNQMF PS TUVEJFE JO B WBDVVN DIBNCFS� 934 TQFDUSBM TIBQF JT OPU BFDUFE CZ TFMG�BCTPSQUJPO

QSPDFTTFT DPOUSBSZ UP TPॏ Y�SBZT TUVEJFT JO XIJDI TQFDUSBM TBUVSBUJPO DBO CF PCTFSWFE EVF UP

TFMG�BCTPSQUJPO�

8IJMF UIF CVML TFOTJUJWJUZ PG UIF IBSE Y�SBZ QSPCF IBT QSBDUJDBM BEWBOUBHFT CZ BWFSBHJOH

UIF TJHOBM PWFS MBSHFS WPMVNF 934 JT OPU TFOTJUJWF UP TQBUJBMMZ SFTPMWF OBOPTDBMF IFUFSPHFOFJUZ�

य़F OBOPNFUSJD MBUFSBM SFTPMVUJPO PG 45.9 DBOOPU CF SFBDIFE� य़F DP�FYJTUBODF PG IFUFSPHF�

OFPVT PSHBOJD QIBTFT PCTFSWFE BU UIF OBOPTDBMF DPVME OPU CF SFTPMWFE XJUI UIF NJDSPNFUSJD 	≈

UFOT PG NJDSPOT
 SFTPMVUJPO PG UIF �% PS �% 934 JNBHJOH� 459. BMMPXFE OBOPTDBMF DIBSBDUFS�

J[BUJPO PG UIF EBSL�DPMPVSFE PSHBOJD TBNQMFT XIJDI TIFE MJHIU UP UIFJS DIFNJDBM DPNQMFYJUZ�

0WFSBMM 459. DPOTJTUT PG B QPXFSGVM BOE DPNQMFNFOUBSZ QSPCF GPS UIF DIBSBDUFSJ[BUJPO PG

DPNQMFY PSHBOJD TZTUFNT�
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'JHVSF ����� /PSNBMJ[FE BWFSBHF 459. TQFDUSB PG PSHBOJD QJHNFOUT� � %BUF QJUT DIBSSFE�
� 1FBDI QJUT DIBSSFE� � 4UJDL MBD DIBSSFE� � -BNQ GFFU CPOFT DIBSSFE� � $BOEMF GVNF CMBDL�
� #JTUFS� � $PNNFSDJBM CJTUFS 	,SFNFS
� � $BSCPO CMBDL 	/BUJPOBM CVSFBV PG TUBOEBSET
� �
$PNNFSDJBM WJOF CMBDL 	,SFNFS
� *O SFE DPMPS BSF UIF CVML 934 DBSCPO ,�FEHF TQFDUSB 	TQFDUSB
���
 DPMMFDUFE XJUI MPXFS FOFSHZ SFTPMVUJPO 	��� F7
�
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'JHVSF ����� $PNQBSJTPO PG 459. 	CMBࠨ
 BOE 934 	SFE
 DBSCPO ,�FEHF TQFDUSB PG PSHBOJD
QJHNFOUT� � $PNNFSDJBM CJTUFS 	,SFNFS
� � $BSCPO CMBDL 	/BUJPOBM CVSFBV PG TUBOEBSET
� �
$PNNFSDJBM WJOF CMBDL 	,SFNFS
� /PUF UIF BWFSBHJOH PG UIF TQFDUSBM GFBUVSFT JO UIF MPX FOFSHZ
SFTPMVUJPO 934 TQFDUSB 	��� F7
�
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3FGFSFODFT

<�> +PIO 8JOUFS BOE & 8FTU 'JU[)VHI� ۠1JHNFOUT CBTFE PO DBSCPO �ۡ *O� "SUJTUTڣ QJHNFOUT �

	����
 QQ� �ۗ���

<�> +PIO 8JOUFS� ۠य़F DIBSBDUFSJ[BUJPO PG QJHNFOUT CBTFE PO DBSCPO �ۡ *O� 4UVEJFT JO $PO�

TFSWBUJPO ���� 	����
 QQ� ��ۗ���

<�> .BSJLB 4QSJOH 3BDIFM (SPVU BOE 3BZNPOE8IJUF� ۠#MBDL &BSUIT� " 4UVEZ PG 6OVTVBM

#MBDL BOE %BSL (SFZ 1JHNFOUT VTFE CZ "SUJTUT JO UIF 4JYUFFOUI $FOUVSZ �ۡ *O� /BUJPOBM

(BMMFSZ 5FDIOJDBM #VMMFUJO �� 	����
 QQ� ��ۗ����

<�> &VHFOJB 5PNBTJOJ (BCSJFMB 4JSBDVTBOP BOE .BSUB 4JMWJB .BJFS� ۠4QFDUSPTDPQJD NPS�

QIPMPHJDBM BOE DIFNJDBM DIBSBDUFSJ[BUJPO PG IJTUPSJD QJHNFOUT CBTFE PO DBSCPO� 1BUIT

GPS UIF JEFOUJDBUJPO PG BO BSUJTUJD QJHNFOU �ۡ *O� .JDSPDIFNJDBM +PVSOBM ��� 	����


QQ� ��ۗ���

<�> "OOB -MVWFSBT�5FOPSJP FU BM� ۠" NVMUJ�BOBMZUJDBM DIBSBDUFSJ[BUJPO PG BSUJTUT DBSCPO�

CBTFE CMBDL QJHNFOUT �ۡ *O� +PVSOBM PG FSNBMࡋ "OBMZTJT BOE $BMPSJNFUSZ ����� 	����


QQ� ����ۗ�����

<�> 1JFSSF�0MJWJFS "VUSBO FU BM� ۠3FWFBMJOH UIF /BUVSF PG #MBDL 1JHNFOUT 6TFE PO "ODJFOU

&HZQUJBO 1BQZSJ GSPN $IBNQPMMJPO $PMMFDUJPO �ۡ *O� "OBMZUJDBM $IFNJTUSZ 	����
�

<�> &VHFOJB 1 5PNBTJOJ FU BM� ۠.JDSP�3BNBO TQFDUSPTDPQZ PG DBSCPO�CBTFE CMBDL QJH�

NFOUT �ۡ *O� +PVSOBM PG 3BNBO 4QFDUSPTDPQZ ����� 	����
 QQ� ����ۗ�����

<�> "OOB -MVWFSBT�5FOPSJP FU BM� ۠य़F EFWFMPQNFOU PG B OFX BOBMZUJDBM NPEFM GPS UIF JEFO�

UJDBUJPO PG TBDDIBSJEF CJOEFST JO QBJOU TBNQMFT �ۡ *O� 1-P4 0OF ���� 	����
�

<�> /BUIBO 4 %BMZ FU BM� ۠.VMUJWBSJBUF BOBMZTJT PG 3BNBO TQFDUSB PG DBSCPOBDFPVT CMBDL

ESBXJOH NFEJB GPS UIF JO TJUV JEFOUJDBUJPO PG IJTUPSJD BSUJTU NBUFSJBMT �ۡ *O� +PVSOBM PG

3BNBO 4QFDUSPTDPQZ ���� 	����
 QQ� ����ۗ�����

<��> %POBME $� 'FMT FU BM� -PTU 4FDSFUT PG 'MFNJTI 1BJOUJOH� *ODMVEJOH UIF 'JSTU $PNQMFUF &OHMJTI

5SBOTMBUJPO PG UIF %F .BZFSOF .BOVTDSJQU #�.� 4MPBOF ����� "MDIFNJTU �����
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<��> +FOOZ #PVMCPVMM©� ۠%SBXO VQ CZ B MFBSOFE QIZTJDJBO GSPN UIF NPVUIT PG BSUJTBOT� य़F

.BZFSOF NBOVTDSJQU SFWJTJUFE �ۡ *O� /FUIFSMBOET :FBSCPPL GPS )JTUPSZ PG "SU�/FEFSMBOET

,VOTUIJTUPSJTDI +BBSCPFL 0OMJOF ���� 	����
 QQ� ���ۗ����

<��> 8JOGSJFE 4DI¼MLF� &MFDUSPO EZOBNJDT CZ JOFMBTUJD 9�SBZ TDBࡇFSJOH� 7PM� �� 0YGPSE 6OJ�

WFSTJUZ 1SFTT �����

<��> %POBME $ 'FMT FU BM� -PTU TFDSFUT PG 'MFNJTI QBJOUJOH JODMVEJOH UIF टSTU DPNQMFUF &OHMJTI

USBOTMBUJPO PG UIF %F .BZFSOF .BOVTDSJQU #. 4MPBOF ����� &JKTEFO UIF /FUIFSMBOET�

"MDIFNJTU �����

<��> 7BMFOUJO #PMU[� *MMVNJOJFSCVDI� XJF NBO BMMFSMFJ 'BSCFO CFSFJUFO NJTDIFO VOE BVࡄSBHFO

TPMM� BMMFO KVOHFO BOHFIFOEFO .BMFSO VOE *MMVNJOJTUFO O¼U[MJDI VOE �SEFSMJDI¼ࣉ 4¤OEJH

�����

<��> &SOFTU +PIO 1BSSZ BOE +PIO )FOSZ $PTUFࡋ�F DIFNJTUSZ PG QJHNFOUT� 4DP॒ (SFFOXPPE

�����

<��> $BSM 'SJFESJDI "VHVTU )PDIIFJNFS� $IFNJTDIF 'BSCFO�-FISF PEFS BVTࣉ¼ISMJDIFS 6OUFS�

SJDIU WPO #FSFJUVOH EFS 'BSCFO [V BMMFO "SUFO EFS .BMFSFZ� 7PM� �� (S¤ �����

<��> 6STVMB #BVNFS FU BM� ۠0O UIF 6TF PG #JTUSF JO 5SBOTQBSFOU 8PPE 7BSOJTIFT� "OBMZTJT

"QQMJDBUJPO BOE 3FDPOTUSVDUJPO �ۡ *O� 4UVEJFT JO $POTFSWBUJPO ���TVQ� 	����
 4���ۗ4����

<��> 3PTBNPOE %SVTJMMB )BSMFZ� ۠"SUJTUT QJHNFOUT D� ���������� B TUVEZ JO &OHMJTI EPDV�

NFOUBSZ TPVSDFT �ۡ *O� 	����
�

<��> +BOJOF 8BMDIFS )FJLF 4UFHF #BZFSJTDIF 4UBBUTHFN¤MEFTBNNMVOH FU BM� -FU UIF NBUF�

SJBM UBML� UFDIOPMPHZ PG MBUF�NFEJFWBM $PMPHOF QBOFM QBJOUJOH� �����

<��> 'FNLF ) 3FJETNB FU BM� ۠$IBSSFE CPOF� 1IZTJDBM BOE DIFNJDBM DIBOHFT EVSJOH MBCPSB�

UPSZ TJNVMBUFE IFBUJOH VOEFS SFEVDJOH DPOEJUJPOT BOE JUT SFMFWBODF GPS UIF TUVEZ PG SF

VTF JO BSDIBFPMPHZ �ۡ *O� +PVSOBM PG "SDIBFPMPHJDBM 4DJFODF� 3FQPSUT �� 	����
 QQ� ���ۗ

����

<��> "EFMF - #PTLFZ� ۠.JOFSBMJ[BUJPO PG CPOFT BOE UFFUI �ۡ *O� &MFNFOUT ��� 	����
 QQ� ���ۗ

����

<��> 4UFQIFO 8FJOFS�.JDSPBSDIBFPMPHZ� CFZPOE UIF WJTJCMF BSDIBFPMPHJDBM SFDPSE� $BNCSJEHF

6OJWFSTJUZ 1SFTT �����

|���
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<��> +JMM %JMM 1BTUFSJT $MBVEF ) :PEFS BOE #SJHJ॒F8PQFOLB� ۠.PMFDVMBS XBUFS JO OPNJOBMMZ

VOIZESBUFE DBSCPOBUFE IZESPYZMBQBUJUF� य़F LFZ UP B CF॒FS VOEFSTUBOEJOH PG CPOF

NJOFSBM �ۡ *O� "NFSJDBO .JOFSBMPHJTU ���� 	����
 QQ� ��ۗ���

<��> #SJHJ॒F 8PQFOLB BOE +JMM % 1BTUFSJT� ۠" NJOFSBMPHJDBM QFSTQFDUJWF PO UIF BQBUJUF JO

CPOF �ۡ *O� .BUFSJBMT 4DJFODF BOE &OHJOFFSJOH� $ ���� 	����
 QQ� ���ۗ����

<��> %BWJE #VUJ FU BM� ۠1JDBTTPT "DSPCBU 'BNJMZ JO GPDVT� BO JOWFTUJHBUJPO PG NBUFSJBMT BOE

UFDIOJRVFT PG BO JDPOJD XPSL JO UIF DPMMFDUJPO PG UIF (PUIFOCVSH .VTFVN PG "SU �ۡ *O�

4/ "QQMJFE 4DJFODFT ��� 	����
 QQ� �ۗ��

<��> /JDIPMBT &BTUBVHI FE� 1JHNFOU DPNQFOEJVN� B EJDUJPOBSZ BOE PQUJDBM NJDSPTDPQZ PG

IJTUPSJDBM QJHNFOUT� FOH� /FX FE� 0$-$� ���������� "NTUFSEBN� &MTFWJFS #V॒FSXPSUI�

)FJOFNBOO ����� ९ॹ२ॴ� ��������������

<��> 1VSOFOEV ,VNBS #PTF� ۠$IFNJTUSZ PG MBD �ۡ *O� +� *OTU� $IFN� *OEJB �� 	����
 QQ� ��ۗ���

<��> ,, 4IBSNB " 3PZ $IPXEIVSZ BOE 4 4SJWBTUBWB� ۠$IFNJTUSZ BOE "QQMJDBUJPOT PG -BD

BOE *UT #Z�1SPEVDU �ۡ *O� /BUVSBM .BUFSJBMT BOE 1SPEVDUT GSPN *OTFDUT� $IFNJTUSZ BOE

"QQMJDBUJPOT� 4QSJOHFS ���� QQ� ��ۗ���

<��> +VMJF $PTNJEJT BOE ,BSJN #FO[FSBSB� ۠4Pॏ 9�SBZ TDBOOJOH USBOTNJTTJPO TQFDUSP�

NJDSPTDPQZ �ۡ *O� #JPNJOFSBMJ[BUJPO TPVSDFCPPL� $IBSBDUFSJ[BUJPO PG CJPNJOFSBMT BOE

CJPNJNFUJD NBUFSJBMT 	����
 QQ� ���ۗ����

<��> 3BDIJE #FMLIPV FU BM� ۠)&3.&4� B TPॏ 9�SBZ CFBNMJOF EFEJDBUFE UP 9�SBZ NJDSPTDPQZ �ۡ

*O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> "EBN )JUDIDPDL� B9JT ���� ڝ "OBMZTJT PG 9�SBZ *NBHFT BOE 4QFDUSB� ॻॸॲ� IUUQ���

VOJDPSO�NDNBTUFS�DB�B9JT�����IUNM 	WJTJUFE PO ����������
�

<��> '� 1FESFHPTB FU BM� ۠4DJLJU�MFBSO� .BDIJOF -FBSOJOH JO 1ZUIPO �ۡ *O� +PVSOBM PG .BDIJOF

-FBSOJOH 3FTFBSDI �� 	����
 QQ� ����ۗ�����

<��> 1BVMJ 7JSUBOFO FU BM� ۠4DJ1Z ���� 'VOEBNFOUBM "MHPSJUINT GPS 4DJFOUJD $PNQVUJOH JO

1ZUIPO �ۡ *O� /BUVSF .FUIPET �� 	����
 QQ� ���ۗ���� ४ॵ९� ��������T����������

�������

���|

http://unicorn.mcmaster.ca/aXis2000.html
http://unicorn.mcmaster.ca/aXis2000.html
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<��> -P¯D #FSUSBOE FU BM� ۠*EFOUJDBUJPO PG UIF OJTIJOH UFDIOJRVF PG BO FBSMZ FJHIUFFOUI

DFOUVSZ NVTJDBM JOTUSVNFOU VTJOH '5*3 TQFDUSPNJDSPTDPQZ �ۡ *O� "OBMZUJDBM BOE CJPBO�

BMZUJDBM DIFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<��> +FBO�1BTDBM 3VF FU BM� ۠य़F ("-"9*&4 CFBNMJOF BU UIF 40-&*- TZODISPUSPO� JOFMBTUJD

9�SBZ TDB॒FSJOH BOE QIPUPFMFDUSPO TQFDUSPTDPQZ JO UIF IBSE 9�SBZ SBOHF �ۡ *O� +PVSOBM

PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> +BNFT .JDIBFM "CMF॒ FU BM� ۠य़F ("-"9*&4 JOFMBTUJD IBSE 9�SBZ TDB॒FSJOH FOE�TUBUJPO

BU 4ZODISPUSPO 40-&*- �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<��> +5 'SBODJT BOE "EBN 1 )JUDIDPDL� ۠*OOFS�TIFMM TQFDUSPTDPQZ PG Q�CFO[PRVJOPOF IZ�

ESPRVJOPOF BOE QIFOPM� EJTUJOHVJTIJOH RVJOPJE BOE CFO[FOPJE TUSVDUVSFT �ۡ *O� Fࡋ

+PVSOBM PG 1IZTJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<��> $PSFOUJO -F (VJMMPV FU BM� ۠9"/&4�CBTFE RVBOUJDBUJPO PG DBSCPO GVODUJPOBM HSPVQ

DPODFOUSBUJPOT �ۡ *O� "OBMZUJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<��> 4ZMWBJO #FSOBSE FU BM� ۠(FPDIFNJDBM FWPMVUJPO PG PSHBOJD�SJDI TIBMFT XJUI JODSFBTJOH

NBUVSJUZ� " 459. BOE 5&. TUVEZ PG UIF 1PTJEPOJB 4IBMF 	-PXFS 5PBSDJBO OPSUIFSO

(FSNBOZ
 �ۡ *O� .BSJOF BOE 1FUSPMFVN (FPMPHZ ���� 	����
 QQ� ��ۗ���

<��> ,BSJN #FO[FSBSB FU BM� ۠4DBOOJOH USBOTNJTTJPO 9�SBZ NJDSPTDPQZ TUVEZ PG NJDSPCJBM

DBMDJDBUJPO �ۡ *O� (FPCJPMPHZ ��� 	����
 QQ� ���ۗ����

<��> +- 4PMPNPO 3PCFSU + .BEJY BOE +PBDIJN 4U¶IS� ۠0SJFOUBUJPO BOE BCTPMVUF DPWFSBHF PG

CFO[FOF BOJMJOF BOE QIFOPM PO "H 	���
 EFUFSNJOFE CZ /&9"'4 BOE 914 �ۡ *O� 4VSGBDF

4DJFODF ������� 	����
 QQ� ��ۗ���

<��> .BSDP ,FJMVXFJU FU BM� ۠%ZOBNJD NPMFDVMBS TUSVDUVSF PG QMBOU CJPNBTT�EFSJWFE CMBDL

DBSCPO 	CJPDIBS
 �ۡ *O� &OWJSPONFOUBM TDJFODF � UFDIOPMPHZ ���� 	����
 QQ� ����ۗ�����

<��> -VLF +3 )JHHJOT FU BM� ۠9�SBZ 3BNBO TDB॒FSJOH GPS CVML DIFNJDBM BOE TUSVDUVSBM JOTJHIU

JOUP HSFFO DBSCPO �ۡ *O� 1IZTJDBM $IFNJTUSZ $IFNJDBM 1IZTJDT ����� 	����
 QQ� �����ۗ

������

<��> +VMJF $PTNJEJT FU BM� ۠$IBSBDUFSJ[BUJPO PG $B�QIPTQIBUF CJPMPHJDBM NBUFSJBMT CZ TDBO�

OJOH USBOTNJTTJPO 9�SBZ NJDSPTDPQZ 	459.
 BU UIF $B -� �� 1 -� ��BOE $ ,�FEHFT �ۡ

*O� "DUB CJPNBUFSJBMJB �� 	����
 QQ� ���ۗ����

|���
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<��> . .BVFSFS FU BM� ۠3FTPOBOU FYDJUBUJPO BOE EFDBZ PG DPSF IPMFT JO DPOEFOTFE MBZFST PG

GVSBO BOE QZSSPMF �ۡ *O� Fࡋ +PVSOBM PG DIFNJDBM QIZTJDT ���� 	����
 QQ� ����ۗ�����

<��> #FSOE 35 4JNPOFJU FU BM� ۠-FWPHMVDPTBO B USBDFS GPS DFMMVMPTF JO CJPNBTT CVSOJOH BOE

BUNPTQIFSJD QBSUJDMFT �ۡ *O� "UNPTQIFSJD &OWJSPONFOU ���� 	����
 QQ� ���ۗ����

<��> (FPSHF % $PEZ FU BM� ۠%FUFSNJOBUJPO PG DIFNJDBM�TUSVDUVSBM DIBOHFT JO WJUSJOJUF BD�

DPNQBOZJOH MVNJOFTDFODF BMUFSBUJPO VTJOH $�/&9"'4 BOBMZTJT �ۡ *O�0SHBOJD (FPDIFN�

JTUSZ ������ 	����
 QQ� ���ۗ����

<��> %BXJU 4PMPNPO FU BM� ۠$BSCPO 	�T
 /&9"'4 TQFDUSPTDPQZ PG CJPHFPDIFNJDBMMZ SFMFWBOU

SFGFSFODF PSHBOJD DPNQPVOET �ۡ *O� 4PJM 4DJFODF 4PDJFUZ PG "NFSJDB +PVSOBM ���� 	����


QQ� ����ۗ�����

<��> +� 5� 'SBODJT BOE "EBN 1 )JUDIDPDL� ۠*OOFS�TIFMM TQFDUSPTDPQZ PG Q�CFO[PRVJOPOF

IZESPRVJOPOF BOE QIFOPM� EJTUJOHVJTIJOH RVJOPJE BOE CFO[FOPJE TUSVDUVSFT �ۡ *O�

Fࡋ +PVSOBM PG 1IZTJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ����� ४ॵ९� �� � ���� �

K������B����

<��> "OOFMJFT WBO )PFTFM FU BM� ۠$PNCVTUFE CPOF� 1IZTJDBM BOE DIFNJDBM DIBOHFT PG CPOF

EVSJOH MBCPSBUPSZ TJNVMBUFE IFBUJOH VOEFS PYJEJTJOH DPOEJUJPOT BOE UIFJS SFMFWBODF GPS

UIF TUVEZ PG BODJFOU SF VTF �ۡ *O� +PVSOBM PG "SDIBFPMPHJDBM 4DJFODF� 3FQPSUT �� 	����


Q� �������

<��> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<��> 4JNP )VPUBSJ FU BM� ۠" MBSHF�TPMJE�BOHMF 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPNFUFS BU *%��

PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO

���� 	����
 QQ� ���ۗ����

<��> $ISJTUPQIFS 8FJT FU BM� ۠$PNCJOJOH 9�SBZ ,β � � WBMFODF�UP�DPSF BOE 9�SBZ 3BNBO

TQFDUSPTDPQZ GPS TUVEZJOH &BSUI NBUFSJBMT BU IJHI QSFTTVSF BOE UFNQFSBUVSF� UIF DBTF

PG TJEFSJUF �ۡ *O� +PVSOBM PG BOBMZUJDBM BUPNJD TQFDUSPNFUSZ ���� 	����
 QQ� ���ۗ����

���|
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<��> 6XF #FSHNBOO FU BM� ۠$BSCPO ,�FEHF 9�SBZ 3BNBO TQFDUSPTDPQZ TVQQPSUT TJNQMF ZFU

QPXFSGVM EFTDSJQUJPO PG BSPNBUJD IZESPDBSCPOT BOE BTQIBMUFOFT �ۡ *O� $IFNJDBM QIZTJDT

MFࡇFST ������� 	����
 QQ� ���ۗ����

<��> 6XF #FSHNBOO BOE 0MJWFS $.VMMJOT� ۠$BSCPO 9�SBZ 3BNBO TQFDUSPTDPQZ PG 1")T BOE

BTQIBMUFOFT �ۡ *O�"TQIBMUFOFT )FBWZ 0JMT BOE 1FUSPMFPNJDT� 4QSJOHFS ���� QQ� ���ۗ����

<��> 6MSJLF #PFTFOCFSH FU BM� ۠&MFDUSPOJD TUSVDUVSF DIBOHFT VQPO MJUIJVN JOUFSDBMBUJPO JOUP

HSBQIJUFۗ*OTJHIUT GSPN FY TJUV BOE PQFSBOEP Y�SBZ 3BNBO TQFDUSPTDPQZ �ۡ *O� $BSCPO

��� 	����
 QQ� ���ۗ����

<��> "OESFX & 1PNFSBOU[ FU BM� ۠&MFDUSPOJD 4USVDUVSF PG /BUVSBMMZ 0DDVSSJOH "SPNBUJD $BS�

CPO �ۡ *O� &OFSHZ � GVFMT ���� 	����
 QQ� ����ۗ�����

|���



$PODMVTJPOT BOE 1FSTQFDUJWFT

य़F QSFTFOU TUVEZ IBT CFFO POF PG UIF STU B॒FNQUT UP UIPSPVHIMZ FYBNJOF UIF QSPTQFDUT

PG Y�SBZ 3BNBO TDB॒FSJOH BT B OPO�JOWBTJWF QSPCF GPS UIF TUVEZ PG IFSJUBHF NBUFSJBMT� 8F

GPDVT PO DPNQMFY PSHBOJD TZTUFNT XIJDI QSFTFOU NVMUJ�TDBMF IFUFSPHFOFJUZ EVF UP DIFNJDBM

DPNQPTJUJPO TQBUJBM WBSJBUJPOT EJFSFODF JO SFMBUJWF BCVOEBODF PG UIFJS JOEJWJEVBM DPNQP�

OFOUT 	F�H� PSHBOJD QIBTFT QSFTFOU BT B NJOPS DPNQPOFOU
 PS DPNQMFY DIFNJDBM DPNQPTJUJPO

	DPOTJTUJOH PG EJFSJOH DIFNJDBM HSPVQT
 JO UIF WPMVNF QSPCFE� य़F JOWFTUJHBUJPO PG PSHBOJD

IFSJUBHF NBUFSJBMT WJB 934 VODMPBLT UIFJS DIFNJDBM DPNQMFYJUZ BOE NVMUJ�TDBMF IFUFSPHFOFJUZ�

934 JOUFSSPHBUFT DBSCPO BOE PYZHFO TQFDJBUJPO JO DPNQMFY PSHBOJD TZTUFNT XJUIPVU JOWB�

TJWF BOE�PS TVSGBDF MJNJUFE NFUIPET� " IJTUPSJD DPMMFDUJPO PG XFMM�QSFTFSWFE OBUJWF "VTUSBMJBO

QMBOU FYVEBUFT BTTFNCMFE B DFOUVSZ BHP CZ QMBOU OBUVSBMJTUT JT TUVEJFE VTJOH B UXP�NPEBM BQ�

QSPBDI� य़F DPNCJOFE BOBMZTJT PG UIF 934 BOE '5�*3 TQFDUSBM GFBUVSFT QSPWJEFT B GVOEBNFOUBM

VOEFSTUBOEJOH PG UIF CPOEJOH BOE UIF GVODUJPOBM HSPVQ JOGPSNBUJPO UIVT JU GBWPVST UIF DIFN�

JDBM DIBSBDUFSJ[BUJPO PG UIF OBUVSBM NBUFSJBMT MPOH VTFE CZ "CPSJHJOBM "VTUSBMJBO QFPQMFT� 934

PQFSBUJOH BT B OPO�JOWBTJWF �% JNBHJOH UFDIOJRVF JT QSPWF VTFGVM JO FYQBOEJOH PVS VOEFS�

TUBOEJOH PG PSHBOJD�SJDI IFUFSPHFOFPVT IFSJUBHF NBUFSJBMT� 934 DBSCPO ,�FEHF UPNPHSBQIJD

JNBHFT PG BO FYDFQUJPOBMMZ QSFTFSWFE TQFDJNFO B �� NJMMJPO�ZFBS PME JOTFDU FOUSBQQFE JO BN�

CFS EFUFSNJOF PSHBOJD TJHOBUVSFT BOE USBDF UIFJS FWPMVUJPO UISPVHI UJNF� $POUSBTUT PCTFSWFE

JO UIF TQFDJNFO JOEJDBUF UIF QSFTFODF PG EJFSFOU DIFNJDBM TQFDJFT B SFTVMU PG EJBHFOFTJT PWFS

UJNF� 8IFO UIF MJNJUBUJPO PG 934 TQBUJBM SFTPMVUJPO JT SFBDIFE 459. JT BO BMUFSOBUJWF TPॏ

Y�SBZ QSPCF GPS UIF OBOPNFUSJD DBSCPO TQFDJBUJPO PG DIFNJDBMMZ DPNQMFY NBUFSJBMT� 0SHBOJD

EBSL�DPMPVSFE BSU QJHNFOUT TUVEJFE WJB 459. TIPXFE B OPO�IPNPHFOFPVT OBOPTDBMF EJTUSJ�

CVUJPO PG PSHBOJD QIBTFT QPTTJCMZ B SFTVMU PG UIFJS NBOVGBDUVSF QSPDFTT�

1SPWJEJOH JOTJHIUT JOUP UIF PSHBOJD DIFNJTUSZ PG QSFDJPVT TBNQMFT XJUIPVU TQFDJD QSFQB�

SBUJPO BOE VOEFS BNCJFOU DPOEJUJPOT WJB TQPU PS UISFF�EJNFOTJPOBM BOBMZTJT JT B DSJUJDBM BEWBO�

UBHF PG UIJT IBSE Y�SBZ CVML QSPCF� :FU UIF MPOH BDRVJTJUJPO UJNFT EVF UP MPX Fਖ਼DJFODZ PG UIF

OPO�SFTPOBOU JOFMBTUJD TDB॒FSJOH QSPDFTT DBO PCTUSVDU UIF BDRVJTJUJPO PG NFBOJOHGVM TQFDUSB�

य़F EFWFMPQNFOU PG IJHIMZ�Fਖ਼DJFOU TQFDUSPNFUFST DPOTJTUJOH PG NVMUJQMF BOBMZ[FST DBO FFD�

UJWFMZ SFEVDF BDRVJTJUJPO UJNF� 1SPMPOHFE SBEJBUJPO FYQPTVSF JOEVDFT TJEF FFDUT UIBU DBVTF

���
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EBNBHF UP UIF TBNQMF 	F�H� EJTDPMPSBUJPO NFMUJOH EFDPNQPTJUJPO GPSNBUJPO PG OFX DIFNJDBM

CPOET
� य़F QSFDJTF DPOEJUJPOT GPS NJOJNJ[JOH UIF SBEJBUJPO�JOEVDFE EBNBHF JO QSFDJPVT IFS�

JUBHF TBNQMFT SFNBJO UP CF FMVDJEBUFE� " GVSUIFS TUVEZ DPVME BTTFTT UIF CFOFUT PG VTJOH DSZP�

HFOJD BOE BOBFSPCJD DPOEJUJPOT BOE EFGPDVTJOH UIF CFBN JO UIF WFSUJDBM EJSFDUJPO VTJOH UIF

TP�DBMMFE �% TFDUJPOJOHNPEF� य़F JODSFBTF JO UIF Y�SBZ JODJEFOU FOFSHZ 	���� LF7
 IBT B EPVCMF

CFOFU� UIF SFEVDF PG UIF QIPUPFMFDUSJD DSPTT TFDUJPO XIJMF JODSFBTJOH UIF QFOFUSBUJPO EFQUI

BOE UIF 934 TJHOBM JOUFOTJUZ� य़F JODJEFOU CFBN JOUFOTJUZ SFTUSJDUT UIF QFOFUSBUJPO MFOHUI UIF

TBNQMF TJ[F BOE DPNQPTJUJPO� *O QPJOU BOBMZTJT PS �% JNBHJOH UIF EFUFDUJPO PG PSHBOJD USBDFT

JO BO IFUFSPHFOFPVT TBNQMF NBZ CF IBNQFSFE CZ UIF QSFTFODF PG IFBWZ FMFNFOUT XIJDI SF�

EVDF UIF TDB॒FSJOH WPMVNF EVF UP BCTPSQUJPO� 934 IBT MJNJUFE TQBUJBM SFTPMVUJPO DPNQBSFE UP

PUIFS JNBHJOH UFDIOJRVFT TVDI BT BCTPSQUJPO PS QIBTF�DPOUSBTU DPNQVUFE UPNPHSBQIZ 	$5


BOE TDBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ� /PUXJUITUBOEJOH UIJT MJNJUBUJPOT 934 ZJFMET �%

CPOEJOH JOGPSNBUJPO PG MJHIU FMFNFOUT JO B OPO�JOWBTJWF NBOOFS�

0WFSDPNJOH UIF FYJTUJOH DIBMMFOHFT BOE BEWBODF GVUVSF EFWFMPQNFOUT JO 934 NFUIPEPM�

PHZ BOE JOTUSVNFOUBUJPO XJMM GBDJMJUBUF UIF TUVEZ PG PSHBOJD IFUFSPHFOFPVT NBUFSJBMT JO OV�

NFSPVT FMET PG SFTFBSDI JODMVEJOH HFPTDJFODFT MJGF TDJFODFT NBUFSJBMT TDJFODF BOE IFSJUBHF

TDJFODF�

|���
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4VQQMFNFOUBSZ JOGPSNBUJPO GPS $IBQUFS �

"�� .BUFSJBMT BOE .FUIPET

"���� .BUFSJBMT

" TBNQMF�TFU PG OBUJWF "VTUSBMJBO QMBOU HFOFSB 	&VDBMZQUVT $BMMJUSJT 9BOUIPSSIPFB "DBDJB


TVNNBSJ[FE JO 5BCMF � XFSF BOBMZ[FE� य़F TBNQMFT XFSF TFMFDUFE GSPN 4PVUI "VTUSBMJBO .V�

TFVN 	4".
 DPMMFDUJPOT BOE B IJTUPSJDBM CJPMPHJDBM DPMMFDUJPO HBUIFSFE GSPN EJWFSTF MPDBUJPOT

BDSPTT "VTUSBMJB BOE IFME GPS ZFBST JO UIF 4PVUI "VTUSBMJB TUBUF GPSFOTJD MBCPSBUPSZ 	'PSFOTJD

4DJFODFT 4PVUI "VTUSBMJB�'44"
 BOE OPX MPDBUFE BU 'MJOEFST 6OJWFSTJUZ� 6OGPSUVOBUFMZ UIF

DPMMFDUPST PG UIJT FYDFQUJPOBM DPNQSFIFOTJWF DPMMFDUJPO BSF VOLOPXO BOE UIF PSJHJOBM EBUB

OPUFCPPLT OP MPOHFS FYJTU� IPXFWFS FBDI BNCFS KBS JT DMFBSMZ MBCFMFE XJUI UIF DPMMFDUJPO MPDB�

UJPO BOE EBUF� .BOZ PG UIFTF TBNQMFT JO UIF IJTUPSJDBM CJPMPHJDBM DPMMFDUJPO BSF PWFS B DFOUVSZ

PME BOE IBWF CFFO TUPSFE JO BNCFS HMBTT CP॒MFT VOEFS BNCJFOU DPOEJUJPOT BOE PFS BO VO�

QSFDFEFOUFE TUVEZ TFU� #Z LFFQJOH UIF TUPSBHF DPOEJUJPOT DPOTJTUFOU XJUIJO UIF DPMMFDUJPO JU

NJOJNJ[FT UIF FFDUT PG UFNQFSBUVSF BOE IVNJEJUZ BT B WBSJBCMF BDSPTT UIF DPMMFDUJPO�

"���� 934 TQFDUSPTDPQZ

9�SBZ 3BNBO NFBTVSFNFOUT 	DBSCPO ,�FEHF BOE PYZHFO ,�FEHF
 XFSF QFSGPSNFE VTJOH UIF

IJHI�SFTPMVUJPO 9�SBZ 3BNBO TQFDUSPNFUFS PQFSBUFE BU CFBNMJOF �ۗ� BU UIF 4UBOGPSE 4ZO�

DISPUSPO 3BEJBUJPO -BCPSBUPSZ <�>� य़F JOTUSVNFOU DPOTJTUT PG �� DSZTUBM 4J	���
 BOBMZ[FST BS�

SBOHFE PO PWFSMBQQJOH 3PXMBOE DJSDMFT PG ����NN BOE BU B YFE #SBHH BOHMF PG ��p SFTVMUJOH

JO B YFE EFUFDUJPO FOFSHZ BU ���� F7 BOE BO PWFSBMM FOFSHZ SFTPMVUJPO PG ���� F7� 4QFDUSB BSF

SFDPSEFE VTJOH BO JOWFSTF TDBOOJOH BQQSPBDI XIFSFJO UIF EFUFDUJPO FOFSHZ JT IFME DPOTUBOU

BU ���� F7 XIJMF UIF JODJEFOU FOFSHZ JT TDBOOFE UISPVHI B 4J	���
 EPVCMF�DSZTUBM NPOPDISP�

NBUPS� य़F BWFSBHF NPNFOUVN USBOTGFS JT q ≈ ���� B�V� XIJDI FOTVSFT UIBU EJQPMF USBOTJUJPOT
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EPNJOBUF UIF TQFDUSB BOE UIFSFGPSF UIF 9�SBZ 3BNBO TQFDUSB BSF GPSNBMMZ FRVJWBMFOU UP DPO�

WFOUJPOBM TPॏ 9�SBZ BCTPSQUJPO TQFDUSB�

934 PYZHFO ,�FEHF FYQFSJNFOUT XFSF QFSGPSNFE BU ("-"9*&4 CFBNMJOF 	4ZODISPUSPO

40-&*- 'SBODF
 XJUI BO FOFSHZ SFTPMVUJPO PG ��� F7� य़F TQFDUSPNFUFS JT FRVJQQFE XJUI �

TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT <�>� 'PS UIF 934 TQFDUSVN BDRVJTJUJPO XF TDBOOFE

UIF CFBNMJOF FOFSHZ BMPOH UIF BCTPSQUJPO FEHF PG JOUFSFTU BU B YFE BOBMZ[FS FOFSHZ� &YQFS�

JNFOUT XFSF QFSGPSNFE BU B 4J	���
 BOBMZ[FS FOFSHZ PG ≈ ��� LF7 PQFSBUFE BU B #SBHH BOHMF

PG ��p� य़F EBUB XBT DPMMFDUFE BU CBDLTDB॒FSFE HFPNFUSZ 	TDB॒FSJOH BOHMF PG 2θ ≈ ���p
 UP

NBYJNJ[F UIF 934 TJHOBM� य़F NPNFOUVN USBOTGFS R JT ≈ ��� �−1� य़F CFBNMJOF JT FRVJQQFE

XJUI B DSZPHFOJDBMMZ DPPMFE 4J	���
 EPVCMF�DSZTUBM NPOPDISPNBUPS� य़F NPOPDISPNBUJ[FE 9�

SBZ CFBN JT GPDVTFE CZ B UPSPJEBM NJSSPS UP B TQPU TJ[F 	7 × )
 PG BQQSPYJNBUFMZ ��×�� uN2�

8F DPMMFDUFE FOFSHZ USBOTGFS NFBTVSFNFOUT BMPOH UIF PYZHFO ,�FEHF BSPVOE ��� F7 FOFSHZ

USBOTGFS XJUI BO FOFSHZ TUFQ PG ��� F7 BOE EXFMM UJNF PG ��� NT QFS FOFSHZ TUFQ�

"���� '5�*3 TQFDUSPTDPQZ

'5�*3 TQFDUSB XFSF DPMMFDUFE XJUI B TQFDUSPNFUFS #SVLFS "MQIB ** FRVJQQFE XJUI B %5(4 EF�

UFDUPS� .FBTVSFNFOUT XFSF QFSGPSNFE JO USBOTNJTTJPO NPEF VTJOH ,#S QFMMFUT 	4JHNB "MESJDI

'5�*3 HSBEF SFG� ������
� " UPUBM PG ��� TDBOT IBWF CFFO BDDVNVMBUFE JO FBDI TBNQMF VTJOH

B SFTPMVUJPO PG � DN−1 JO UIF SBOHF CFUXFFO ���� UP ��� DN−1� "MM TQFDUSB TIPXFE IBWF OPU

CFFO DPSSFDUFE JO PSEFS UP BWPJE BOZ LJOE PG EJTUPSUJPO�

"������ 9BOUIPSSIPFB SFTJOT

य़F '5�*3 BCTPSCBODF TQFDUSB PG 9BOUIPSSIPFB TQFDJFT 	9� BSCPSFB 9� TFNJQMBOB TTQ� UBUFBOB

9� TFNJQMBOB
 	'JH��
 BSF EPNJOBUFE CZ UIF GPMMPXJOH GFBUVSFT� 	B
 B CSPBE TJHOBM JO UIF

����ۗ���� DN−1 SFHJPO B॒SJCVUFE UP 0) TUSFUDIJOH 	C
 B XFBL JOUFOTJUZ QFBL PCTFSWFE BU

���� DN−1 B॒SJCVUFE UP UIF $) TUSFUDIJOH JO BMLFOF HSPVQT 	D
 XFBL JOUFOTJUZ QFBLT DFOUFSFE

BU ���� DN−1 ���� DN−1 ���� DN−1 B॒SJCVUFE UP UIF $)� BOE $)� BOUJTZNNFUSJD TUSFUDI BOE

$)� TZNNFUSJD TUSFUDI SFTQFDUJWFMZ 	E
 B QFBL DFOUFSFE BU ���� DN−1 	NBJOMZ PCTFSWFE BU 9�

BSCPSFB TQFDUSVN
 B॒SJCVUFE UP $ $ TUSFUDIJOH JO DPOKVHBUFE $ $ CPOET 	F
 IJHI JOUFOTJUZ

TIBSQ QFBLT DFOUFSFE BU ���� DN−1 ���� DN−1 BOE ���� DN−1 B॒SJCVUFE UP $ $ TUSFUDIJOH JO�

EJDBUJOH UIF QSFTFODF PG BSPNBUJD HSPVQT 	
 TFWFSBM TIBSQ CBOET JO UIF SBOHF ����ۗ���� DN−1

|���
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B॒SJCVUFE UP JO�QMBOF $ ) EFGPSNBUJPO 	H
 UIF CBOET BU ���� DN−1 BOE ���� DN−1 MJOLFE UP

UIF 0) EFGPSNBUJPO BOE UIF $ 0) TUSFUDIJOH BOE 	I
 B TUSPOH CBOE DFOUFSFE BU ��� DN−1

B॒SJCVUFE UP PVU�PG�QMBOF $ ) EFGPSNBUJPO�

"������ $BMMJUSJT SFTJOT

य़F '5�*3 BCTPSCBODF TQFDUSB PG $BMMJUSJT TQFDJFT 	$� HMBVDB $� DBMDBSBUB $� QSFJTTJJ TTQ� WFSSV�

DPTB
 	'JH��
 BSF EPNJOBUFE CZ UIF GPMMPXJOH GFBUVSFT� 	B
 B CSPBE CBOE DFOUFSFE BU ���� DN−1

DPSSFTQPOEJOH UP UIF TUSFUDIJOH PG QPMZNFSJD 0 ) 	C
 B CBOE BU ���� DN−1 DPSSFTQPOEJOH

UP UIF TUSFUDIJOH WJCSBUJPO PG $ $ CPOET 	D
 TUSPOH JOUFOTJUZ QFBLT DFOUFSFE BU ���� DN−1

���� DN−1 ���� DN−1 ���� DN−1 B॒SJCVUFE UP UIF $)� BOE $)� BOUJTZNNFUSJD TUSFUDI BOE

$)� BOE $)� TZNNFUSJD TUSFUDI SFTQFDUJWFMZ UIF QSFTFODF PG UIFTF HSPVQT JT DPOSNFE CZ

UIF CBOET BSPVOE ���� DN−1 	 $)� 
 BOE BSPVOE ���� DN−1 	EFGPSNBUJPO PG $)� BOE $)�

HSPVQT
 	E
 B TUSPOH CSPBE TJHOBM DFOUFSFE BU ���� DN−1 B॒SJCVUFE UP $ 0 TUSFUDIJOH GSPN

UIF DBSCPYZMJD BDJE� 	F
 B CBOE DFOUFSFE BU ���� DN−1 B॒SJCVUFE UP UIF QSFTFODF PG DPOKVHBUFE

$ $ CPOET�

"������ &VDBMZQUVT LJOP

य़F '5�*3 TQFDUSB PG &VDBMZQUVT TQFDJFT 	8IJUF .BMMFF &� MBSHJठPSFVT
 	'JH��
 FYIJCJU UIF GPM�

MPXJOH GFBUVSFT� 	B
 BO JOUFOTF CSPBE CBOE DFOUFSFE BU ���� DN−1 DPSSFTQPOEJOH UP UIF TUSFUDI�

JOH PG QPMZNFSJD 0 ) 	C
 B QFBL BU ���� DN−1 B॒SJCVUFE UP $ 0 TUSFUDIJOH QSPCBCMZ GSPN

$00) HSPVQT 	D
 IJHI JOUFOTJUZ CBOET BU ���� DN−1 ���� DN−1 BOE ���� DN−1 B॒SJCVUFE UP

UIF $ $ TUSFUDIJOH GSPN BSPNBUJD DPNQPVOET 	E
 UXP CBOET DFOUFSFE BU ��� BOE ��� DN−1

B॒SJCVUFE UP UIF $) PVU�PG�QMBOF CFOEJOH WJCSBUJPOT�

"������ "DBDJB HVNT

य़F '5�*3 TQFDUSB PG "DBDJB TQFDJFT 	"� CBLFSJ VOLOPXO TQFDJFT
 FYIJCJU UIF GPMMPXJOH GFBUVSFT

	'JH��
� 	B
 BO JOUFOTF CSPBE CBOE JO UIF ����ۗ���� DN−1 SBOHF B॒SJCVUFE UP 0 ) TUSFUDIJOH

	C
 B QFBL DFOUFSFE BU ���� DN−1 B॒SJCVUFE UP UIF $)� BOUJTZNNFUSJD TUSFUDIJOH BOE B CBOE

BU ���� DN−1 MJOLFE UP UIF $) TUSFUDIJOH 	D
 B CSPBE BTZNNFUSJDBM CBOE DFOUFSFE BU ���� DN−1

QPTTJCMZ MJOLFE XJUI UIF QSFTFODF PG BCTPSCFE XBUFS� 	E
 UXP JOUFOTF CBOET BU ���� DN−1 BOE

BU ���� DN−1 QPTTJCMZ B॒SJCVUFE UP UIF EFGPSNBUJPO PG $)� BOE $)� HSPVQT 	F
 B CSPBE CBOE

���|



"��� ."5&3*"-4 "/% .&5)0%4

DFOUFSFE BSPVOE ���� DN−1 BOE UXP CBOET DFOUFSFE BU ���� DN−1 BOE ���� DN−1 MJOLFE UP UIF

TLFMFUBM WJCSBUJPOT PG QPMZTBDDIBSJEFT� य़F EJFSFODFT JO JOUFOTJUZ BNPOH UIF UXP TQFDJFT JT

QPTTJCMZ SFMBUFE UP UIF QSPQPSUJPO PG NPOPTBDDIBSJEFT PS UIFJS PSHBOJ[BUJPO JO UIF QPMZTBDDIB�

SJEF DIBJO�

"���� *$1�.4

*OEVDUJWFMZ DPVQMFE QMBTNB NBTT TQFDUSPNFUSZ FYQFSJNFOUT XFSF QFSGPSNFE BU 'MJOEFST 6OJ�

WFSTJUZ VTJOH B 1FSLJO&MNFS /FY*0/ ���% JOEVDUJWFMZ DPVQMFE QMBTNB NBTT TQFDUSPNFUFS

FRVJQQFE XJUI B 1$� 1FMUJFS $PPMFS 0SHBOJDT 4BNQMF *OUSPEVDUJPO ,JU 	1FSLJO&MNFS .BT�

TBDIVTF॒T 64"
� 4BNQMF 1SFQBSBUJPO JOWPMWFENJDSPXBWF EJHFTUJPO VTJOH BO "OUPO 1BBS.VM�

UJXBWF &DP 	"OUPO 1BBS (SBU[ "VTUSJB
 BT GPMMPXT� ���NH PG TBNQMF XBT QMBDFE JO UIF UVCFT

BOE �N- PG OJUSJD BDJE XBT JOUSPEVDFE� य़F UVCFT XFSF UIFO TFBMFE BOE MFॏ JO UIF GVNFIPPE

PWFSOJHIU 	��ۗ�� I
 BT B QSF�EJHFTUJPO� य़FNJDSPXBWF EJHFTUJPO JOJUJBMMZ SBNQFE UIF UFNQFSB�

UVSF UP ���ܹ PWFS ��NJO UIFO XBT IFME UIFSF GPS �NJO TFDPOE TUBHF SBNQFE UIF UFNQFSBUVSF

UP ���ܹ PWFS ��NJO BOE IFME UIFSF GPS ��NJO� "MM UFNQFSBUVSF JODSFBTFT XFSF MJOFBS BOE

NPOJUPSFE BT BO BWFSBHF BDSPTT BMM TBNQMF WFTTFMT� य़F �N- PG EJHFTUFE TBNQMF XFSF UIFO

NBEF VQ UP ��N- VTJOH .JMMJ�2 VMUSBQVSF XBUFS 	.FSDL .JMMJQPSF .BTTBDIVTF॒T 64"
 BOE

GVSUIFS EJMVUFE � JO � PODF BHBJO XJUI .JMMJ�2 VMUSBQVSF XBUFS� य़F QSFQBSFE TBNQMFT XFSF

UIFO BOBMZ[FE VTJOH UIF LJOFUJD EJTDSJNJOBUJPO 	,&%
 NPEF XIJDI VTFT IFMJVN BT UIF DPMMJ�

TJPO HBT� य़F QBSBNFUFST PG UIF BOBMZTJT XFSF BT GPMMPXT� 3' 1PXFS PG ����8 .FJOIBSE HMBTT

53����$ ���NN *�% OFCVMJ[FS RVBSU[ HMBTT DZDMPOJD TQSBZ DIBNCFS XJUI 1FMUJFS DPPMFS �NN

*�%� RVBSU[ JOKFDUPS EFNPVOUBCMF RVBSU[ UPSDI OJDLFM�BMVNJOJVN USJQMF DPOF JOUFSGBDF QMBTNB

HBT PX PG �� - NJO−1 OFCVMJ[FS HBT PX PG ���� - NJO−1 IFMJVN HBT PX PG ���N- NJO−1

BOE B EVBM EFUFDUPS NPEF 	QVMTF�BOBMPH
 SFBEJOH �� TXFFQT XJUI � SFQMJDBUFT QFS TBNQMF� य़F

TUBOEBSET VTFE DPOUBJOFE UIF FMFNFOUT�"H "M "T # #B #F $B $E $P $S 'F , .H .O

.P /B 1C 4C 4F 4J 4S 5J 5M 6 7 BOE ;O� "QBSU GSPN VSBOJVN BMM PUIFS FMFNFOUT SBOHFE

GSPN ���ۗ��� QQC BOE VSBOJVN SBOHFE GSPN ����ۗ�� QQC�

"���� 934 EBUB SFEVDUJPO

य़F TQFDUSBM EFDPNQPTJUJPO PG UIF 934 TJHOBM JO UIF SFHJPO PG JOUFSFTU �����ۗ����� F7 BOE

�����ۗ����� F7 XBT QFSGPSNFE VTJOH B MJOFBS DPNCJOBUJPO PG (BVTTJBOT� य़F QBSBNFUFST PG
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$FOUFS 	F7
 '8).
	F7


"TTJHONFOU 5SBOTJUJPOT

BVTTJBO)ؾ � ���ۗ����� ���ۗ��� "SPNBUJD DBSCPOZM 	$ 0
 BOE�PS RVJOPOF <�> �Tۗͯ�

BVTTJBO)ؾ � �����ۗ����� ���ۗ��� "SPNBUJD BOE�PS PMFOJD DBSCPO <�> �Tۗͯ�

BVTTJBO)ؾ � ���ۗ��� ���ۗ��� ,FUPOFT 	3�$ 0
� OJUSJMFT 	$ /
<�>� FUIFST 	3�0�
3
<�>

�Tۗͯ�

BVTTJBO)ؾ � ���ۗ��� ���ۗ��� 1IFOPMT 	"S 0)
 	���ۗ����� F7
 <�>�
BMJQIBUJDT 	$Y)Z
 	�����ۗ��� F7
 <�>

�Tۗͯ�
�Tۗ�Q�σ�

BVTTJBO)ؾ � �����ۗ����� ���ۗ��� "NJEFT 	3 $	 0
 /	33ۡ

� DBSCPYZM
	 $	 0
0)
� BDFUBM DBSCPO 	3�$	03
� 3̸=)
<�>

�Tۗͯ�

BVTTJBO)ؾ � ���ۗ����� ���ۗ��� "MDPIPMT 	3 0)
 <�> �Tۗ�Q�σ�

BVTTJBO)ؾ � ���ۗ����� ���ۗ��� "EEJUJPOBM �Tۗͯ� USBOTJUJPOT PG DBSCPYZMJD PS QFSPY�
JEF HSPVQT� BMLZM DBSCPO <� �>

�Tۗͯ�
�Tۗ�Q

(BVTTJBO � �����ۗ����� ���ۗ��� (SBQIJUJD NBUFSJBMT EJTQMBZ BO FYDJUPO BU ����� F7
XIJDI SFFDUT UIF FMFDUSPO EFMPDBMJ[BUJPO PWFS TFW�
FSBM BSPNBUJD VOJUT <�>

�Tۗσ�

(BVTTJBO � �����ۗ����� ���ۗ��� "SPNBUJD BOE�PS PMFOJD DBSCPO BOE DPOUSJCVUJPOT
GSPN NVMUJQMF TDB॒FSJOH <�>

�Tۗσ�

5BCMF "��� 934 DBSCPO ,�FEHF TQFDUSBM EFDPNQPTJUJPO

UIF NPEFM UP CF ॒FE BSF UIF JOUFOTJUZ UIF GVMM XJEUI IBMG NBYJNVN 	'8).
 BOE UIF DFOUFS

PG FBDI (BVTTJBO� य़F '8). IBT B MPXFS 	'8). PG UIF FMBTUJD MJOF
 BOE BO VQQFS CPVOE 	TF�

MFDUFE JO TVDI B XBZ UP NJOJNJ[F UIF QPTU�U SFTJEVBM
� य़F DFOUFS PG FBDI (BVTTJBO JT BMMPXFE

UP WBSZ TMJHIUMZ EVSJOH UIF U JO B DPOTUSBJOFE FOFSHZ USBOTGFS SFHJPO UIBU DPSSFTQPOET UP FMFD�

USPOJD USBOTJUJPOT JO TQFDJD PYZHFO�DPOUBJOJOH GVODUJPOBM HSPVQT FYQFDUFE GPS UIFTF GBNJMJFT

PG DPNQPVOET� य़F TIJॏ PG UIF DFOUFS BOE UIF XJEUI PG UIF ॒FE (BVTTJBO QSPWJEFT JOGPSNB�

UJPO PO UIF PWFSMBQ PG GVODUJPOBM HSPVQT PG XIJDI UIFJS USBOTJUJPOT BSF FYQFDUFE UP CF JO UIF

TBNF FOFSHZ USBOTGFS SFHJPO� 1PTU�U SFTJEVBMT XFSF DBMDVMBUFE UP DIFDL GPS QPTTJCMF NJTTJOH

GFBUVSFT BT 3FG� <�>� य़F JOUFOTJUZ '8). BOE DFOUFS PG FBDI (BVTTJBO BSF ॒FE VTJOH B OPO�

MJOFBS MFBTU TRVBSFT SFHSFTTJPO JNQMFNFOUFE JO 1ZUIPO� "MM UIF QBSBNFUFST BSF TVNNBSJ[FE JO

5BCMF "�� "���
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B. Oxygen K-edge

'JHVSF "��� 934 EBUB PG OBUJWF "VTUSBMJBO QMBOU FYVEBUFT� "� $BSCPO ,�FEHF 	FOFSHZ SFT�
PMVUJPO� ��� F7 443- CFBNMJOF ���C
� #� 0YZHFO ,�FEHF 	FOFSHZ SFTPMVUJPO� ��� F7� 40-&*-
CFNBMJOF ("-"9*&4
� *O CMBDL DPMPS 	TQFDUSB ����
 BSF IJHIFS SFTPMVUJPO EBUB GPS DPNQBSJ�
TPO 	��� F7 443-
� � 9� BSCPSFB� � 9� TFNJQMBOB TTQ� UBUFBOB� � 9� TFNJQMBOB� � $� DBMDBSBUB� �
$� HMBVDB� � $� QSFJTTJJ TTQ� WFSSVDPTB� � 8IJUF .BMMFF� � &� MBSHJठPSFVT� � "DBDJB VOLOPXO
TQFDJFT� �� "� CBLFSJ�
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3FGFSFODFT

<�> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

<�> +BNFT .JDIBFM "CMF॒ FU BM� ۠य़F ("-"9*&4 JOFMBTUJD IBSE 9�SBZ TDB॒FSJOH FOE�TUBUJPO

BU 4ZODISPUSPO 40-&*- �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����
 QQ� ���ۗ����

<�> 1JFSSF (VFSJBV FU BM� ۠/POJOWBTJWF 4ZODISPUSPO�#BTFE 9�SBZ 3BNBO 4DB॒FSJOH %JT�

DSJNJOBUFT $BSCPOBDFPVT $PNQPVOET JO "ODJFOU BOE )JTUPSJDBM .BUFSJBMT �ۡ *O� "OB�

MZUJDBM $IFNJTUSZ ����� 	����
 QQ� �����ۗ������

<�> ,BSFO )FZNBOO FU BM� ۠$ �T ,�FEHF OFBS FEHF 9�SBZ BCTPSQUJPO OF TUSVDUVSF 	/&9�

"'4
 TQFDUSPTDPQZ GPS DIBSBDUFSJ[JOH GVODUJPOBM HSPVQ DIFNJTUSZ PG CMBDL DBSCPO �ۡ *O�

0SHBOJD (FPDIFNJTUSZ ���� 	����
 QQ� ����ۗ�����

<�> $PSFOUJO -F (VJMMPV FU BM� ۠9"/&4�CBTFE RVBOUJDBUJPO PG DBSCPO GVODUJPOBM HSPVQ

DPODFOUSBUJPOT �ۡ *O� "OBMZUJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����

<�> 7©SPOJRVF 3PVDIPO BOE 4ZMWBJO #FSOBSE� ۠.BQQJOH JSPO HBMM JOL QFOFUSBUJPO XJUIJO

QBQFS CSFT VTJOH TDBOOJOH USBOTNJTTJPO 9�SBZ NJDSPTDPQZ �ۡ *O� +PVSOBM PG "OBMZUJDBM

"UPNJD 4QFDUSPNFUSZ ���� 	����
 QQ� ���ۗ����

<�> +VMJFO "MMFPO FU BM� ۠0SHBOJD NPMFDVMBS IFUFSPHFOFJUJFT DBO XJUITUBOE EJBHFOFTJT �ۡ *O�

4DJFOUJटD SFQPSUT ��� 	����
 QQ� �ۗ��

<�> (FPSHF % $PEZ FU BM� ۠%FUFSNJOBUJPO PG DIFNJDBM�TUSVDUVSBM DIBOHFT JO WJUSJOJUF BD�

DPNQBOZJOH MVNJOFTDFODF BMUFSBUJPO VTJOH $�/&9"'4 BOBMZTJT �ۡ *O�0SHBOJD (FPDIFN�

JTUSZ ������ 	����
 QQ� ���ۗ����

<�> 4ZMWBJO #FSOBSE FU BM� ۠(FPDIFNJDBM FWPMVUJPO PG PSHBOJD�SJDI TIBMFT XJUI JODSFBTJOH

NBUVSJUZ� " 459. BOE 5&. TUVEZ PG UIF 1PTJEPOJB 4IBMF 	-PXFS 5PBSDJBO OPSUIFSO

(FSNBOZ
 �ۡ *O� .BSJOF BOE 1FUSPMFVN (FPMPHZ ���� 	����
 QQ� ��ۗ���

<��> "EBN 1� )JUDIDPDL BOE $ISJT &� #SJPO� ۠*OOFS�TIFMM FYDJUBUJPO PG GPSNBMEFIZEF BD�

FUBMEFIZEF BOE BDFUPOF TUVEJFE CZ FMFDUSPO JNQBDU �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ

BOE 3FMBUFE 1IFOPNFOB ���� 	����
 QQ� ���ۗ����

|���
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<��> * *TIJJ BOE "EBN 1 )JUDIDPDL� ۠" RVBOUJUBUJWF FYQFSJNFOUBM TUVEZ PG UIF DPSF FYDJUFE

FMFDUSPOJD TUBUFT PG GPSNBNJEF GPSNJD BDJE BOE GPSNZM VPSJEF �ۡ *O� Fࡋ +PVSOBM PG

DIFNJDBM QIZTJDT ���� 	����
 QQ� ���ۗ����

<��> .# 3PCJO FU BM� ۠'MVPSJOBUJPO FFDUT PO UIF JOOFS�TIFMM TQFDUSB PG VOTBUVSBUFE

NPMFDVMFT �ۡ *O� +PVSOBM PG &MFDUSPO 4QFDUSPTDPQZ BOE 3FMBUFE 1IFOPNFOB �� 	����


QQ� ��ۗ���

<��> ,- )BSEJOH FU BM� ۠*OOFS�TIFMM FYDJUBUJPO TQFDUSPTDPQZ PG QFSPYJEFT �ۡ *O� $IFNJDBM

1IZTJDT ��� 	����
 QQ� ���ۗ����

<��> * *TIJJ BOE "EBN 1 )JUDIDPDL� ۠य़F PTDJMMBUPS TUSFOHUIT GPS $�T BOE 0�T FYDJUBUJPO

PG TPNF TBUVSBUFE BOE VOTBUVSBUFE PSHBOJD BMDPIPMT BDJET BOE FTUFST �ۡ *O� +PVSOBM PG

&MFDUSPO 4QFDUSPTDPQZ BOE 3FMBUFE 1IFOPNFOB ���� 	����
 QQ� ��ۗ���

<��> +5 'SBODJT BOE "EBN 1 )JUDIDPDL� ۠*OOFS�TIFMM TQFDUSPTDPQZ PG Q�CFO[PRVJOPOF IZ�

ESPRVJOPOF BOE QIFOPM� EJTUJOHVJTIJOH RVJOPJE BOE CFO[FOPJE TUSVDUVSFT �ۡ *O� Fࡋ

+PVSOBM PG 1IZTJDBM $IFNJTUSZ ����� 	����
 QQ� ����ۗ�����
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"QQFOEJY #

4VQQMFNFOUBSZ JOGPSNBUJPO GPS $IBQUFS �

#�� .BZFSOF .BOVTDSJQU� 1JDUPSJBڧ TDVMQUPSJB FU RVBF TVCBMUFSOBSVN BSUJVNڧ

य़F .BZFSOF NBOVTDSJQU FOUJUMFE 1JDUPSJBڧ TDVMQUPSJB FU RVBF TVCBMUFSOBSVN BSUJVNڧ 	'JH� #��


DPOUBJOT IBOEXSJ॒FO SFDPSET PO BSUJTUJD UFDIOJRVFT HBUIFSFE CFUXFFO ���� BOE ���� XSJU�

UFO PS DPMMFDUFE CZ 4JS य़FPEPSF EF .BZFSOF 	���������
 BO JOVFOUJBM QIZTJDJBO PG UIF UJNF

<�>� .BZFSOF DPMMFDUFE PSHBOJ[FE BOE DPNQJMFE BSUJTBOBM LOPX�IPX GSPN UFYUVBM TPVSDFT BOE

MJWJOH BSUJTUT UISPVHI JO�TJUV PCTFSWBUJPOT BSUJTUT JOUFSWJFXT BOE IJT PXO FYQFSJNFOUBUJPO

DSFBUJOH BO FYFNQMBSZ BSU�UFDIOPMPHJDBM UFYU TPVSDF� य़F ��UI DFOUVSZ NBOVTDSJQU DPNQSJTFT

SFDJQFT BOE UFDIOJDBM QSBDUJTFT PO UIF QSFQBSBUJPO PG QJHNFOUT ۗ JODMVEJOH PSHBOJD QJHNFOUT

	'JH� #�� #�� #�� #�� #�� #��
 ۗ JOLT EZFT PJMT BOE WBSOJTIFT UIF QSJNJOH BOE QSFQBSBUJPO

PG QBJOUJOH TVSGBDFT BOE UIF DPOTFSWBUJPO BOE SFTUPSBUJPO PG QBJOUJOHT <�>� 1JHNFOU QSFQBSB�

UJPO UFDIOJRVFT XFSF FYQFSJNFOUFE BOE EJTQMBZFE PO GPMJPT PG DPMPVS TBNQMFT XJUI DBQUJPOT

	'JH� #��
�

य़F NBOVTDSJQU DPOUBJOT ��� IFUFSPHFOFPVT GPMJPT CPVOE JOUP B CPPL BॏFS .BZFSOFT

EFBUI� 5PEBZ UIF NBOVTDSJQU 	4MPBOF .4 ����
 JT QSFTFSWFE BU UIF #SJUJTI MJCSBSZ� JU XBT BD�

RVJSFE JO ���� CZ UIF #SJUJTI .VTFVN BT QBSU PG 4MPBOF NBOVTDSJQUT DPMMFDUJPO� य़F EJHJUJ[FE

NBOVTDSJQU JT BDDFTTJCMF POMJOF <�>� &SOTU #FSHFS 	���������
 QSPWJEFE UIF GVMM USBOTDSJQUJPO

BOE USBOTMBUJPO PG UIF .BZFSOF NBOVTDSJQU GPS UIF STU UJNF JO ���� <�>� य़F SFUSPTQFDUJWF

VTF PG UIF NBOVTDSJQU CZ BSUJTUT JO UIF FBSMZ ��UI DFOUVSZ BOE JUT TUVEZ CZ DPOTFSWBUPST BOE

UFDIOJDBM BSU IJTUPSJBOT UPEBZ IJHIMJHIUT UIF JNQPSUBODF PG USBOTGFSSJOH TDJFOUJD LOPXMFEHF

PG BSU QSPDFTTFT BOE NBUFSJBMT�
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'JHVSF #��� 4MPBOF .4 ���� GPMJP �S -POEPO #SJUJTI -JCSBSZ <�>� .BOVTDSJQUT UJUMF QBHF
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ࠬSFF 934�EFEJDBUFE CFBNMJOFT

*O UIF GPMMPXJOH TFDUJPO XF JOUSPEVDF UIF TQFDJटDJUJFT PG UISFF FOE�TUBUJPOT EFWFMPQFE BU *%���

CFBNMJOF PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ 	&43'
 UIF ��� CFBNMJOF PG UIF 4UBOGPSE

4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF 	443-
 BOE ("-"9*&4 CFBNMJOF 	4PVSDF PQUJNJT©F EF MVNJ¨SF

Eڣ©OFSHJF JOUFSN©EJBJSF EV -63& 	40-&*-

� UIF TQFDUSPNFUFST BSF EFEJDBUFE GPS 934 FYQFSJNFOUT�

" MJTU XJUI IBSE Y�SBZ CFBNMJOFT MPDBUFE JO WBSJPVT TZODISPUSPO GBDJMJUJFT FRVJQQFE XJUI FOE�

TUBUJPOT EFEJDBUFE GPS 934 FYQFSJNFOUT BSF TVNNBSJ[FE JO 5BCMF ����

$�� &43' *%��

य़F *%�� CFBNMJOF 	&43'
 JT FRVJQQFE XJUI B TQFDUSPNFUFS EFEJDBUFE UP UIF TUVEZ PG DPSF

FMFDUSPO FYDJUBUJPO VTJOH OPO�SFTPOBOU JOFMBTUJD TDB॒FSJOH GPS MPX�Z FMFNFOUT <�>� य़F *%��

FOE�TUBUJPO JT NBEF PG �� TQIFSJDBMMZ CFOU 4J	OO�
 +PIBOO�UZQF BOBMZ[FS DSZTUBMT TFQBSBUFE JO

TJY NPWBCMF VOJUT PG UXFMWF DSZTUBMT� UISFF PQFSBUJOH JO UIF IPSJ[POUBM BOE UISFF JO UIF WFSUJDBM

TDB॒FSJOH QMBOF� &BDI DSZTUBM BOBMZ[FST VOJU JT QMBDFE JO B DBSCPO CFS WBDVVN DIBNCFS UP

NJOJNJ[F BCTPSQUJPO BOE VOXBOUFE TDB॒FSJOH GPSN BJS� य़F UXP GFBUVSFT UIBU EJFSFOUJBUF UIJT

TQFDUSPNFUFS DPNQBSFE UP PUIFS 934 TQFDUSPNFUFST BSF JUT JNBHJOH DBQBCJMJUJFT BOE UIF FYJCMF

TDB॒FSJOH BOHMFT TFMFDUJPO GPS FBDI BOBMZ[FS DIBNCFS BMMPXJOH B XJEF SBOHF PG NPNFOUVN

USBOTGFS EBUB DPMMFDUJPO� य़F TQFDUSPNFUFS JT FRVJQQFEXJUI POF QJYFMBUFE BSFB EFUFDUPS GPS FBDI

NPWBCMF DSZTUBM BOBMZ[FST DIBNCFS BMMPXJOH UP QFSGPSN �% 9�SBZ 3BNBO TDB॒FSJOH JNBHJOH

	93*
 CBTFE JO UIF TP�DBMMFE EJSFDU UPNPHSBQIZ UFDIOJRVF 	'JHVSF ����
 <� �>� य़F JNBHJOH

DBQBCJMJUZ PG UIF TQFDUSPNFUFS JT B WBMVBCMF UPPM GPS UIF JO�TJUV TUVEZ PG DPNQMFY IFUFSPHFOFPVT

TBNQMFT <�>� य़F TPVSDF DBO CF GPDVTFE EPXO UP � uN × �� uN TQPU TJ[F 	7 × )
� य़F �%

EFUFDUJPO JT BMTP VTFE GPS UIF PQUJNJ[BUJPO PG UIF TJHOBM�UP�CBDLHSPVOE SBUJP CZ TFQBSBUJOH UIF

TJHOBM DPNJOH GSPN UIF TBNQMF BOE UIF VOXBOUFE TDB॒FSJOH GSPN UIF TBNQMF FOWJSPONFOU�

&BDI PG BOBMZ[FST VOJU JT FYJCMF UP NPWF JOEJWJEVBMMZ GPS B WBSJFUZ PG TDB॒FSJOH BOHMFT

UIVT BMMPXJOH UP DPMMFDU EBUB GPS B SBOHF PG NPNFOUVN USBOTGFS� य़F WBSJFUZ PG QPTTJCMF DPOH�

���



$��� 443- ���#

VSBUJPOTNBYJNJ[FT UIF TPMJE BOHMF EFUFDUJPO BOE BMMPXT UIF DPMMFDUJPO PG EBUB JO CBDL�TDB॒FSFE

BOE GPSXBSE HFPNFUSZ TJNVMUBOFPVTMZ�

य़F BDIJFWBCMF FOFSHZ SFTPMVUJPO BU *%�� WBSJFT GSPN ��� F7 UP ��� F7 EFQFOEJOH PO UIF TF�

MFDUJPO PG UIF QPTU�NPOPDISPNBUPST� य़F *%�� JT FRVJQQFE XJUI B DSZPHFOJDBMMZ DPPMFE 4J	���


NPOPDISPNBUPS XIJDI DBO CF DPNCJOFE XJUI B WBSJFUZ PG QPTU�NPOPDISPNBUPST� B 4J	���


DIBOOFM�DVU B GPVS CPVODF 4J	OOO
 	O����
 B 4J	OO�
 	O����
 PS B IJHIMZ TQFDJBMJ[FE CBDL�

TDB॒FSJOH 4J	OOO
 DIBOOFM�DVU NPOPDISPNBUPS GPS VMUSB�IJHI FOFSHZ�SFTPMVUJPO BQQMJDBUJPOT

	5BCMF ���
�

5P NJOJNJ[F UIF TUSBJO�JOEVDFE DPOUSJCVUJPOT UP UIF FOFSHZ SFTPMVUJPO UISFF UZQFT PG DJS�

DVMBS NBTLT XJUI EJBNFUFST 	�� NN �� NN BOE �� NN
 BSF BWBJMBCMF BJNJOH UP SFEVDF UIF

JMMVNJOBUFE DSZTUBM BSFB� 5P GVMMM UIF DPOEJUJPO PG PQFSBUJOH BU #SBHH BOHMFT DMPTF UP ��p BOE

TUJMM SFTFSWF TQBDF GPS UIF TBNQMF UIF EFUFDUPS DBO CF EJTQMBDFE P UIF 3PXMBOE DJSDMF CZ B

EJTUBODF PG 2z 	'JHVSF $��
� "U UIF TBNF UJNF UIF BOBMZ[FST BSF NPWFE BXBZ GSPN UIF TBNQMF

CZ B EJTUBODF z UP LFFQ UIF GPDVT PG UIF BOBMZ[FST PO UIF EFUFDUPS <�>� "T B SFTVMU #SBHH BOHMFT

WBSZ BDSPTT UIF BOBMZ[FS 	J�F� EJTQFSTJWF EJSFDUJPO
 DBVTJOH B EJTQFSTJPO LOPXO BT Pञ�3PXMBOE

DPOUSJCVUJPO UP UIF FOFSHZ SFTPMVUJPO HJWFO CZ

∆E

E
=

zD

R2
DPU θB 	$��


XIFSF D JT UIF TJ[F PG UIF BOBMZ[FST JO UIF EJTQFSTJWF EJSFDUJPO R JT UIF 3PXMBOE DJSDMF SB�

EJVT BOE θB JT UIF #SBHH BOHMF PG UIF BOBMZ[FS SFFDUJPO� 0�3PXMBOE HFPNFUSZ JT B NBJO

DPOUSJCVUPS UP UIF PWFSBMM SFTPMWJOH QPXFS UP NJOJNJ[F UIF P�3PXMBOE DPOUSJCVUJPO UIF TQFD�

USPNFUFS PQFSBUFT BU BOBMZ[FS #SBHH BOHMFT θB DMPTF UP ��p BOE UIF z/R 	SFMBUJWF PTFU
 BOE

D/R 	JOEJWJEVBM BOBMZ[FS PQFOJOH
 BSF NJOJNJ[FE�

$�� 443- ���C

य़F FOE�TUBUJPO PG UIF XJHHMFS CFBNMJOF ��� BU 443- JT EFEJDBUFE UP 934 TQFDUSPTDPQZ FY�

QFSJNFOUT XJUI BO FOFSHZ SFTPMVUJPO 	≈ ��� F7
 DPNQBSBCMF UP TPॏ Y�SBZ CBTFE UFDIOJRVFT�

*U JT FRVJQQFE XJUI UXP NVMUJ�DSZTUBM +PIBOO UZQF TQFDUSPNFUFST QPTJUJPOFE PO JOUFSTFDUJOH

3PXMBOE DJSDMFT PG � N� UIF STU POF DPOTJTUT PG �� TQIFSJDBMMZ CFOU EJDFE 4J	���
 DSZTUBM BOB�

MZ[FST QMBDFE JO GPSXBSE HFPNFUSZ 	TDB॒FSJOH BOHMFT DFOUFSFE BU ��p
 BMMPXJOH MPX�NPNFOUVN
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z
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Si spherically
bent crystal

Detector

Sample

2θforward

θ Β

θ Β
RRowland

'JHVSF $��� 4ࠩFNBUJDT PG Pࣱ�3PXMBOE HFPNFUSZ

USBOTGFS 	MPX�q
 FYQFSJNFOUT UIVT FOBCMF TPॏ�9"4 FRVJWBMFOU TUVEJFT� य़F TFDPOE TQFDUSPNF�

UFS DPOTJTUT PG �� OPO�EJDFE TQIFSJDBMMZ CFOU 4J	���
 DSZTUBM BOBMZ[FST QPTJUJPOFE BU CBDLXBSE

TDB॒FSJOH BOHMFT 	DFOUFSFE BU ���p
 UIVT FOBCMJOH IJHI�NPNFOUVN USBOTGFS 	IJHI�q
 FYQFSJ�

NFOUT GPS UIF TUVEZ PG EJQPMF�GPSCJEEFO USBOTJUJPOT�

य़F CFBNMJOF PQFSBUJOH JO BO FOFSHZ SBOHF PG �ۗ�� LF7 JT FRVJQQFE XJUI UXP MJRVJE OJUSP�

HFO DPPMFE EPVCMF DSZTUBM NPOPDISPNBUPST� B 4J	���
 BOE B 4J	���
� " 3I�DPBUFE DPMMJNBUJOH

BOE GPDVTJOH NJSSPS JT QPTJUJPOFE CFGPSF BOE BॏFS UIF NPOPDISPNBUPS� " TQPU TJ[F PG ��� uN

× ��� uN 	7 × )
 JT BDIJFWFE BU UIF TBNQMF QPTJUJPO�

5P BDIJFWF UIF PQUJNBM FOFSHZ SFTPMVUJPO UIF JOUSJOTJD FOFSHZ SFTPMVUJPO PG UIF NPOPDISP�

NBUPS TIPVME CF DPNQBSBCMF UP UIF FOFSHZ SFTPMVUJPO PG UIF JODJEFOU CFBN 	���� F7 GPS UIF

4J	���
 NPOPDISPNBUPS
� 5P SFEVDF UIF MB॒JDF EFGPSNBUJPO 	J�F� UIF TUSFTT JOEVDFE QFSQFOEJD�

VMBS UP UIF TVSGBDF PG UIF TQIFSJDBMMZ CFOU DSZTUBMT
 XIJDI SFEVDFT UIF FOFSHZ SFTPMVUJPO PG

UIF BOBMZ[FST UIF TQFDUSPNFUFS PQFSBUJOH BU MPX�R JT FRVJQQFE XJUI CFOU�EJDFE DSZTUBMT� य़F

�� � PG FBDI EJDFE DSZTUBMT TVSGBDF JT DPWFSFE CZ TFWFSBM UIPVTBOE PG TQIFSJDBMMZ CFOU QBRVFUT

PG � × �NN2 TJ[F PG ���NN UIJDLOFTT CPOEFE PO B HMBTT TVCTUSBUF� 8JUI B TJOHMF EJDFE DSZT�

UBM UIF PWFSBMM SFTPMVUJPO JT XJUIJO UIF SBOHF PG ����ۗ����NF7 	NFBTVSFE GPS UIF FMBTUJD MJOF

TDBOT XJUI UIF 4J	���
 NPOPDISPNBUPS
� य़F DBMDVMBUFE DSZTUBM DPOUSJCVUJPO 	FFDUJWF %BSXJO

|���
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XJEUI
 JT ≈ ���NF7� 0O UIF DPOUSBSZ UIF IJHI�R TQFDUSPNFUFS JT FRVJQQFE XJUI DPOWFOUJPOBM

4J	���
 TQIFSJDBMMZ CFOU DSZTUBMT� 5P NJOJNJ[F UIF HFPNFUSJDBM DPOUSJCVUJPOT UIF DSZTUBMT GPS

CPUI NPOPDISPNBUPST BSF PQFSBUJOH PO B YFE #SBHH BOHMF DMPTF UP ��p�

'PS PQUJNJ[BUJPO PG UIF TJHOBM�UP�OPJTF SBUJP POF TJMJDPO ESJॏ EFUFDUPS JT VTFE GPS FBDI TQFD�

USPNFUFS� " UJHIU DPMMJNBUJPO PG UIF Y�SBZT JT BDIJFWFE CZ QPTJUJPOJOH UIF GPPUQSJOU PG UIF BO�

BMZ[FST BT DMPTF BT QPTTJCMF� 5P NJOJNJ[F UIF TJHOBM�UP�CBDLHSPVOE SBUJP � × �NN2 FOUSBODF

TMJUT BSF VTFE BT NBTLT GPS UIF EFUFDUPST BDUJWF TVSGBDF� %VSJOH UIF FYQFSJNFOUT BO IFMJVN

QPMZQSPQZMFOF CBH JT BEEFE UP UIF PWFSBMM FYQFSJNFOUBM TFU�VQ UP NJOJNJ[F UIF B॒FOVBUJPO

BOE EJVTFE TDB॒FSJOH PG UIF Y�SBZT JO UIFJS QBUI GSPN UIF TBNQMF UP UIF BOBMZ[FST BOE UIFO

UPXBSE UIF EFUFDUPS�

$�� 40-&*- ("-"9*&4

8IFO UIF FYQFSJNFOUBM XPSL PG UIJT UIFTJT UPPL QMBDF ("-"9*&4 CFBNMJOF BU TZODISPUSPO

40-&*- 	'SBODF
 XBT FRVJQQFE XJUI � TQIFSJDBMMZ CFOU 4J	���
 BOBMZ[FS DSZTUBMT QPTJUJPOFE

BU B � × � DPOHVSBUJPO <�>� य़F BOBMZ[FST XFSF PQFSBUJOH BU B #SBHH BOHMF DMPTF UP ��p�

'PS NPOPDISPNBUJ[BUJPO PG UIF JODJEFOU CFBN B DSZPHFOJDBMMZ DPPMFE 4J	���
 EPVCMF�DSZTUBM

NPOPDISPNBUPS XBT VTFE� य़F JOFMBTUJD TDB॒FSJOH FOE�TUBUJPO PQFSBUFE JO BO FOFSHZ SBOHF

GSPN �ۗ�� LF7�य़F PWFSBMM FOFSHZ SFTPMVUJPOXBT BQQSPYJNBUFMZ ��� F7 	NFBTVSFE BU UIF FMBTUJD

MJOF TDBO
� 5XP GPDVTJOH NPEFT PG UIF NPOPDISPNBUJ[FE 9�SBZ CFBN XFSF BWBJMBCMF� UIF ,#

NJSSPSTXIJDI QSPWJEF BNJDSP�GPDVTFE CFBNXJUI TQPU TJ[F≈ ��× �� uN2 	7×)
 PS B UPSPJEBM

NJSSPS UIBU QSPWJEFE B IJHIFS Y�SBZ JOUFOTJUZ XJUI B CFBN TQPU TJ[F 	7 × )
 PG BQQSPYJNBUFMZ

≈ �� × �� uN2�

4JODF ���� UIF ("-"9*&4 VOEVMBUPS CFBNMJOF BU TZODISPUSPO 40-&*- 	'SBODF
 JT FRVJQQFE

XJUI B OFX TQFDUSPNFUFS GPS 934� *U DPNQSJTFT PG BO BSSBZ PG �� × 4J	���
 TQIFSJDBMMZ CFOU

BOBMZ[FST 	3 � � N #SBHH BOHMF � ��p
 BTTFNCMFE JO B DPNQBDU XBZ PO B QPSUJPO PG B TQIFSF

BT EFTDSJCFE JO 4PLBSBT FU BM� <�>� य़F JODJEFOU QIPUPO FOFSHZ JT TFMFDUFE CZ B DSZPHFOJDBMMZ

DPPMFE 4J	���
 EPVCMF�DSZTUBMNPOPDISPNBUPS� " TFDPOE IJHI SFTPMVUJPO QPTU�NPOPDISPNBUPS

	)3.
 DBO CF JOTFSUFE JO UIF CFBN UP JNQSPWF UIF FOFSHZ SFTPMVUJPO� *U VTFT UXP TFUT PG � ×

4J	���
 DSZTUBMT XJUI TZNNFUSJD BOE BTZNNFUSJD SFFDUJPOT 	BMQIB � �p
 JO B GPVS�CPVODF OPO

EJTQFSTJWF HFPNFUSZ� य़F )3. ZJFMET B SFTPMVUJPO CFUXFFO ��� NF7 	BTZNNFUSJD DBTF
 BOE
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��� NF7 	TZNNFUSJD DBTF
 PWFS B XJEF FOFSHZ SBOHF 	������ LF7
� 5XP GPDVTJOH NPEFT PG UIF

NPOPDISPNBUJ[FE 9�SBZ CFBN BSF BWBJMBCMF� UIF ,# NJSSPST XIJDI QSPWJEF B NJDSP�GPDVTFE

CFBN XJUI TQPU TJ[F ≈ �� × �� uN2 	7 × )
 PS B UPSPJEBM NJSSPS UIBU QSPWJEFT B IJHIFS Y�SBZ

JOUFOTJUZ XJUI B CFBN TQPU TJ[F 	7 Y )
 PG BQQSPYJNBUFMZ ≈ �� × �� uN2�

3FGFSFODFT

<�> 4JNP )VPUBSJ FU BM� ۠" MBSHF�TPMJE�BOHMF 9�SBZ 3BNBO TDB॒FSJOH TQFDUSPNFUFS BU *%��

PG UIF &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO

���� 	����
 QQ� ���ۗ����

<�> 4JNP )VPUBSJ FU BM� ۠%JSFDU UPNPHSBQIZ XJUI DIFNJDBM�CPOE DPOUSBTU �ۡ *O� /BUVSF .B�

UFSJBMT ���� 	����
 QQ� ���ۗ����

<�> $ISJTUPQI + 4BIMF FU BM� ۠*NQSPWJOH UIF TQBUJBM BOE TUBUJTUJDBM BDDVSBDZ JO 9�SBZ 3BNBO

TDB॒FSJOH CBTFE EJSFDU UPNPHSBQIZ �ۡ *O� +PVSOBM PG 4ZODISPUSPO 3BEJBUJPO ���� 	����


QQ� ���ۗ����

<�> 3BGBFMMB (FPSHJPV FU BM� ۠$BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �% Y�SBZ

3BNBO NVMUJTQFDUSBM JNBHJOH �ۡ *O� 4DJFODF BEWBODFT ��� 	����
 FBBX�����

<�> +FBO�1BTDBM 3VF FU BM� ۠य़F ("-"9*&4 CFBNMJOF BU UIF 40-&*- TZODISPUSPO� JOFMBTUJD

9�SBZ TDB॒FSJOH BOE QIPUPFMFDUSPO TQFDUSPTDPQZ JO UIF IBSE 9�SBZ SBOHF �ۡ *O� +PVSOBM

PG TZODISPUSPO SBEJBUJPO ���� 	����
 QQ� ���ۗ����

<�> %JNPTUIFOJT 4PLBSBT FU BM� ۠" IJHI SFTPMVUJPO BOE MBSHF TPMJE BOHMF Y�SBZ 3BNBO TQFD�

USPTDPQZ FOE�TUBUJPO BU UIF 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF �ۡ *O� 3FWJFX PG

4DJFOUJटD *OTUSVNFOUT ���� 	����
 Q� �������

|���



"QQFOEJY %

4DJFOUJࣲD EJTTFNJOBUJPO BOE TZOࠩSPUSPO

FYQFSJNFOUT

%�� 4DJFOUJD EJTTFNJOBUJPO

%���� 1VCMJDBUJPOT

ۦ (FPSHJPV 3� (VFSJBV 1� 4BIMF $� +� #FSOBSE 4� .JSPOF "� (BSSPVTUF 3� #FSHNBOO

6� 3VF +�1� #FSUSBOE -� 	����
� $BSCPO TQFDJBUJPO JO PSHBOJD GPTTJMT VTJOH �% UP �%

Y�SBZ 3BNBO NVMUJTQFDUSBM JNBHJOH� 4DJFODF BEWBODFT �	�
 FBBX�����

ۦ #FSHNBOO 6� (FPSHJPV 3� (VFSJBV 1� 3VF +� 1� #FSUSBOE -� 	����
� /PVWFMMFT

TQFDUSPTDPQJFT 3BNBO 9 EV DBSCPOF QPVS MFT NBU©SJBVY BODJFOT� 3FFUT EF MB QIZTJRVF

	��
 ������

ۦ (FPSHJPV 3� 4BIMF $� 4PLBSBT %� #FSOBSE 4� #FSHNBOO 6� 3VF +�1� #FSUSBOE -�

	����
� 9�SBZ 3BNBO TDB॒FSJOH� " IBSE Y�SBZ QSPCF PG DPNQMFY PSHBOJD TZTUFNT� *O

QSFQBSBUJPO

ۦ (FPSHJPV 3� 1PQFMLB�'JMDP 3� 4� 4PLBSBT %� #FMUSBO 7� 4QBOHMFS +� -FINBOO 3�

-FOFIBO $� #FSOBSE 4� $PIFO 4� 3VF +�1� #FSHNBOO 6� BOE #FSUSBOE -� %JTFOUBO�

HMJOH UIF $IFNJTUSZ PG "VTUSBMJBO 1MBOU &YVEBUFT GSPN B 6OJRVF )JTUPSJDBM $PMMFDUJPO�

*O QSFQBSBUJPO

%���� $POGFSFODFT

ۦ 8PSLTIPQ ۜ$VMUVSBM BOE /BUVSBM )FSJUBHF BU &43'�&#4 &43' (SFOPCMF 'SBODF �� � ��

+BOVBSZ ���� 0SBM

ۦ 8PSLTIPQ %*.9*."(&� "EWBODFE USBJOJOH PO UIF BOBMZTJT PG TZODISPUSPO�CBTFE 9�

���
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SBZ JNBHFT GPS IFSJUBHF BOE BODJFOUNBUFSJBMT 4JUF EV 4ZODISPUSPO 40-&*- 4BJOU�"VCJO

'SBODF 0DUPCFS ����� ���� 0SBM

ۦ +PVSO©FT EF MB .BUJ¨SF $POEFOT©F 	+.$
 (SFOPCMF 'SBODF "VHVTU ����� ���� 0SBM

ۦ (PSEPO SFTFBSDI TFNJOBS 4DJFOUJDNFUIPET JO DVMUVSBM IFSJUBHF SFTFBSDI $BTUFMMEFGFMT

#BSDFMPOB +VMZ ����� ���� 1PTUFS

ۦ (FP3BNBO���� $BUBOJB *UBMZ +VOF ����� ���� 0SBM

%�� 4ZODISPUSPO FYQFSJNFOUT

ۦ *EFOUJGZJOH DBSCPOBDFPVT DPNQPVOET JO DBSCPO�CMBDL CBTFE QJHNFOUT VTJOH B OPWFM 9�

SBZ 3BNBO TDB॒FSJOH UFDIOJRVF ���� ("-"9*&4 40-&*- *O )PVTF

ۦ य़F DIFNJDBM QSFTFSWBUJPO PG JOTFDUT JO BNCFS SFWJTJUFE� *OTJEF GSPN �% 9�SBZ 3BNBO

TDB॒FSJOH 0DUPCFS ���� *%��� &43' 1SPQPTBM OVNCFS� �����

ۦ %JTDSJNJOBUJPO PG DBSCPO�CBTFE BSUJTUT QJHNFOUT VTJOH B OPWFM 9�SBZ 3BNBO TDB॒FSJOH

UFDIOJRVF /PWFNCFS ���� ("-"9*&4 40-&*- 1SPQPTBM OVNCFS� ��������

ۦ %JTFOUBOHMJOH UIF $IFNJTUSZ PG "VTUSBMJBO 1MBOU &YVEBUFT GSPN B6OJRVF )JTUPSJDBM $PM�

MFDUJPO ���� ���C 443- *O )PVTF

ۦ /BOPTDBMF DIBSBDUFSJ[BUJPO PG DBSCPO�CBTFE BSUJTUT QJHNFOUT UISPVHI 459. 'FCSVBSZ

���� )&3.&4 40-&*- 1SPQPTBM OVNCFS� ��������

ۦ �% 9�SBZ 3BNBO TDB॒FSJOH JNBHJOH GPS UIF JOWFTUJHBUJPO PG BSUXPSLT +VOF ����

("-"9*&4 40-&*- 1SPQPTBM OVNCFS� ��������
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December 20173D XRS imaging experiments:
Madagascar Copal

ID20 (ESRF)

April 2018XRS experiments:
Organic pigments
Galaxies (SOLEIL)

June 2018
Conference: Oral presentation
"Georaman 2018", Catania, Italy

August 2018 Conference: Oral presentation
"Journées de la Matière Condensée

(JMC)", Grenoble, France

October 20183D XRS imaging experiments:
Amber

ID20 (ESRF)

November 2018XRS experiments:
Plant exudates
Galaxies (SOLEIL)

November 2017

≈ 3 weeks stay at SLACDecember 2018

1st article published:
''Carbon speciation in organic fossils using

2d to 3d x-ray Raman multispectral imaging''

August 2019

January 2020

February 2020

November 2019High resolution XRS experiments:
Plant exudates

beamline 6-2 (SSRL)

June 2021

STXM experiments:
Organic pigments
HERMES (SOLEIL) Workshop: Oral presentation

''Cultural and Natural Heritage at
ESRF-EBS'', ESRF, Grenoble

October 2019
Workshop: Oral presentation

''DIMXIMAGE: Advanced training on the
analysis of synchrotron-based X-ray images

for heritage and ancient materials'',
SOLEIL, Gif-sur-Yvette

'JHVSF %��� 1I% UJNFMJOF
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3©TVN© EF UI¨TF

-FT NPZFOT BOBMZUJRVFT QFSNF॒BOU E©WBMVFS MB DPNQPTJUJPO PSHBOJRVF E©DIBOUJMMPOT DPN�

QMFYFT TPOU MJNJU©T FU QS©DJFVY QPVS MFT TDJFODFT EV QBUSJNPJOF� $F USBWBJM FYQMPSF MF QPUFOUJFM

EF MB EJVTJPO 3BNBO EF SBZPOT 9 	934
 DPNNF BQQSPDIF OPO JOWBTJWF QPVS ©UVEJFS EFT

NBU©SJBVY QBM©POUPMPHJRVFT BSDI©PMPHJRVFT FU BSUJTUJRVFT� /PVT PQUJNJTPOT MB N©UIPEPMP�

HJF 934 SFRVJTF QPVS M©UVEF E©DIBOUJMMPOT DPNQMFYFT DPNQSFOBOU EFT TQ©DJNFOT QBM©PO�

UPMPHJRVFT PSHBOJRVFT FU VOF DPMMFDUJPO EFYTVEBUT W©H©UBVY   WBMFVS QBUSJNPOJBMF FU FY�

QMPSPOT TB DBQBDJU©   BDD©EFS BVY EJ©SFOUT OJWFBVY EJOGPSNBUJPO SFDIFSDI©T� -B TQFDUSP�

TDPQJF 934 FTU FNQMPZ©F QPVS ©UVEJFS EFT ©DIBOUJMMPOT PSHBOJRVFT BODJFOT FO �% TVS EFT EJ�

NFOTJPOT NJMMJN©USJRVFT EF GB§PO OPO JOWBTJWF QPVS E©UFSNJOFS MFT TJHOBUVSFT PSHBOJRVFT FU

SFUSBDFS MFVS ©WPMVUJPO EBOT MF UFNQT� &O FYQMPJUBOU MB UPNPHSBQIJF EJSFDUF CBT©F TVS MF DPO�

USBTUF EFT TJHOBVY DIJNJRVFT OPVT JOUSPEVJTPOT MJNBHFSJF 3BNBO EFT SBZPOT 9 FO �% 	93*


EBOT MF EPNBJOF EV QBUSJNPJOF OBUVSFM� -B DPMMFDUF TVDDFTTJWF EJNBHFT 93* UPNPHSBQIJRVFT

EVO TQ©DJNFO FYDFQUJPOOFMMFNFOU QS©TFSW© VO JOTFDUF BODJFO EF �� NJMMJPOT EBOO©FT QJ©H©

EBOT MBNCSF QFSNFU E©WBMVFS MB EJTUSJCVUJPO TQBUJBMF EFT WFTUJHFT CJPMPHJRVFT� -FT S©TVMUBUT

TPVMJHOFOU MJNQPSUBODF EVOF JNBHFSJF EF TQ©DJBUJPO EFT TQ©DJNFOT   M©DIFMMF EF MPCKFU BO

EFO DPNQSFOESF MB CJPDIJNJF M©WPMVUJPO NPM©DVMBJSF FU MFT JOUFSBDUJPOT FOUSF PSHBOJTNF FU

NJMJFV EF E©Q´U� -JNBHFSJF DIJNJRVF USJEJNFOTJPOOFMMF BQQBSB®U FTTFOUJFMMF   MB DPNQS©IFO�

TJPO EFNBU©SJBVY I©U©SPH¨OFT EV QBUSJNPJOF DIJNJRVFNFOU BMU©S©T RVJ POU TVCJ EFT QSPDFTTVT

EF EJBHFO¨TF FU EF WJFJMMJTTFNFOU BV M EV UFNQT� /PVT E©NPOUSPOT RVF MB TQFDUSPTDPQJF 934  

IBVUF S©TPMVUJPO TQFDUSBMF PSF VOF OPVWFMMF WPJF EBOBMZTF EF NBU©SJBVY PSHBOJRVFT EV QBUSJ�

NPJOF DVMUVSFM� /PVT FYBNJOPOT VOF DPMMFDUJPO IJTUPSJRVF EFYTVEBUT EF QMBOUFT BVTUSBMJFOOFT

VUJMJT©FT QBS MFT QFVQMFT BCPSJH¨OFT EFQVJT EFT NJMMJFST EBOO©FT� -FT QFVQMFT BCPSJH¨OFT BVT�

USBMJFOT POU VUJMJT© MFT FYUSBPSEJOBJSFT QSPQSJ©U©T QIZTJDP�DIJNJRVFT EFT FYTVEBUT EFT QMBOUFT

BVTUSBMJFOOFT 	HPNNFT S©TJOFT FU LJOPT
 EBOT EJWFST VTBHFT BMMBOU EFT BQQMJDBUJPOT QSBUJRVFT

  MFYQSFTTJPO DVMUVSFMMF� -BOBMZTF E©UBJMM©F EF MB TJHOBUVSF TQFDUSBMF EFT USBOTJUJPOT ©MFDUSPO�

JRVFT   QBSUJS EFT OJWFBVY EF DPFVS EFT BUPNFT EF DBSCPOF FU EPYZH¨OF QFSNFU EJEFOUJFS MFT

���



MJBJTPOT DIJNJRVFT FU EF DPNQBSFS EFT T©DS©UJPOT W©H©UBMFT BQQBSUFOBOU   EFT DMBTTFT DIJNJRVFT

EJTUJODUFT 	UFSQ©OP¯EFT QPMZTBDDIBSJEFT DPNQPT©T QI©OPMJRVFT FU BSPNBUJRVFT
� /PVT E©NPO�

USPOT QBS VOF BOBMZTF TUBUJTUJRVF RVF MB DBSBDU©SJTBUJPO FU MB EJTDSJNJOBUJPO EJSFDUF EFT DPN�

QPT©T PSHBOJRVFT DPNQMFYFT FTU B॒FJOUF QBS TQFDUSPTDPQJF 934 BWFD VOF CPOOF TFOJTCJMJU© FU

EF NBOJ¨SF OPO JOWBTJWF� %FT BQQSPDIFT TUBUJTUJRVFT POU ©U© E©WFMPQQ©FT QPVS USBJUFS MFT EPO�

O©FT USJEJNFOTJPOOFMMFT 93* FU E©DPNQPTFS MFT TQFDUSFT PCUFOVT� /PVT NPOUSPOT RVF MB NJDSP�

TDPQJF   USBOTNJTTJPO EFT SBZPOT 9 FO CBMBZBHF 	BDSPOZNF BOHMBJT � ۠459.ۡ
 EBOT MB HBNNF

EFT SBZPOT 9 ۠NPVT ۡ DPNQM¨UF MFT BQQSPDIFT 93* RVBOE MB MJNJUF TQBUJBMF EF DFT EFSOJ¨SFT FTU

B॒FJOUF� /PVT BWPOT BOBMZT© EFT QJHNFOUT PSHBOJRVFT EPDVNFOU©T EBOT MF NBOVTDSJU EF %F

.BZFSO QBS 459.� -FT JNBHFT   M©DIFMMF OBOPN©USJRVF GPVSOJTTFOU EF OPVWFMMFT JOGPSNBUJPOT

TVS MB DIJNJF EV DBSCPOF EF DFT QJHNFOUT FU E©NPOUSFOU MFVS DPNQMFYJU© DIJNJRVF RVJ OF QFVU

ªUSF BCPSE©F RV  DF॒F S©TPMVUJPO TQBUJBMF� -I©U©SPH©O©JU© DIJNJRVF   M©DIFMMF OBOPN©USJRVF

PCTFSW©F EBOT MFT QJHNFOUT BOBMZT©T JOEJRVF VOF USBOTGPSNBUJPO OPO IPNPH¨OF EFT NBU©SJ�

BVY QS©DVSTFVST QFOEBOU MB QZSPMZTF PV MB DPNCVTUJPO� &O DPODMVTJPO MFT S©TVMUBUT JMMVTUSFOU MB

WBMFVS EFT N©UIPEFT 934 FO UBOU RVF TPOEF TQFDUSPTDPQJRVF FU EJNBHFSJF OPO JOWBTJWF JO TJUV

EF MB TQ©DJBUJPO EFT ©M©NFOUT M©HFST EBOT MFT NBU©SJBVY EV QBUSJNPJOF� "WFD DF USBWBJM OPVT

GPVSOJTTPOT VOF OPVWFMMF QFSTQFDUJWF EF MFYQMPJUBUJPO EF EPOO©FT 934 BQQMJDBCMF   VO HSBOE

OPNCSF EF TZTU¨NFT PSHBOJRVFT I©U©SPH¨OFT FU DIJNJRVFNFOU DPNQMFYFT FU OPVT EJTDVUPOT

EFT E©T SFTUBOU   TVSNPOUFS FU EFT QFSTQFDUJWFT GVUVSFT EF DFT BQQSPDIFT�

���|



-JTU PG 'JHVSFT

��� 4DIFNBUJD EJBHSBN PG UIF JOFMBTUJD TDB॒FSJOH QSPDFTT � � � � � � � � � � � � � � ��

��� #BTJD LJOFNBUJDT PG $PNQUPO TDB॒FSJOH � � � � � � � � � � � � � � � � � � � � � � ��

��� 9�SBZ 3BNBO TDB॒FSJOH JOEVDFE USBOTJUJPOT PG DPSF FMFDUSPO � � � � � � � � � � ��

��� $BSCPO DPSF FYDJUBUJPO SFGFSFODF TQFDUSB PG HBT QIBTF NPMFDVMFT � � � � � � � � ��

��� 0YZHFO DPSF FYDJUBUJPO SFGFSFODF TQFDUSB PG HBT QIBTF NPMFDVMFT � � � � � � � � ��

��� $BMDVMBUJPO PG QIFOPM NPMFDVMF 934 TQFDUSVN� � � � � � � � � � � � � � � � � � � ��

��� %FOTJUZ GVODUJPOBM UIFPSZ 	%'5
 DBMDVMBUJPO PG MFWVMJOJD BDJE 934 TQFDUSVN � � ��

��� $SPTT TFDUJPO PG JODPIFSFOU TDB॒FSJOH BOE QIPUPFMFDUSJD BCTPSQUJPO JO DBSCPO

BT B GVODUJPO PG FOFSHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 4DIFNBUJDT PG UIF 934 FYQFSJNFOUBM TFU�VQ � � � � � � � � � � � � � � � � � � � � ��

���� $PNQUPO EFQFOEFODF PO NPNFOUVN USBOTGFS � � � � � � � � � � � � � � � � � � ��

���� �% EFUFDUPS JNBHF TIPXJOH UIF TJHOBM PG �� DSZTUBM BOBMZ[FST DPMMFDUFE BU *%��

	&43'
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 4DIFNBUJD SFQSFTFOUBUJPO PG EJSFDU UPNPHSBQIZ JNBHJOH HFPNFUSZ � � � � � � � ��

���� $PSSFMBUJPO PG �Tۗͯ� USBOTJUJPOT UP UIF SBUJP PG EPVCMF CPOET WFSTVT TFYUFUT JO

1")T NPEFM DPNQPVOET� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 934 TQFDUSB PG B TFSJFT PG 1")T DPNQPVOET� � � � � � � � � � � � � � � � � � � � ��

���� .PMFDVMBS PSCJUBMT BOE 934 TQFDUSB PG BOUISBDFOF BOE QIFOBOUISFOF� � � � � � ��

���� 9�SBZ 3BNBO TQFDUSB PG OBUVSBM�PDDVSJOH NBUFSJBMT � � � � � � � � � � � � � � � ��

���� 9�SBZ 3BNBO TQFDUSB PG QZSPMZTJT BOE IZESPUIFSNBM DBSCPO � � � � � � � � � � ��

���� $PNQBSJTPO PG TPॏ Y�SBZ BOE Y�SBZ 3BNBO DBSCPO ,�FEHF TQFDUSB PG QZSPMZTJT

BOE IZESPUIFSNBM DBSCPO � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

���� 4QFDUSBM EFDPNQPTJUJPO PG 934 TQFDUSB PG QBMFPOUPMPHJDBM TQFDJNFOUT � � � � � ��

���� 934 TQFDUSBM GFBUVSFT JO UIF QSFTFODF PG IFUFSPBUPNT � � � � � � � � � � � � � � ��

���� 934 EJSFDU UPNPHSBQIZ BQQMJFE UP B EJBNPOE�HSBQIJUF QIBOUPN TBNQMF � � � � ��

���� 934 EJSFDU UPNPHSBQIZ BQQMJFE UP B $�4J$ TBNQMF� � � � � � � � � � � � � � � � � ��

���



-*45 0' '*(63&4

���� 4QBUJBM QSPHSFTT PG α�USBOT�DJOOBNJD BDJE DSZTUBM EVSJOH Y�SBZ JOEVDFE EJNFS�

J[BUJPO� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 934 DBSCPO ,�FEHF TQFDUSB EFDPNQPTJUJPO� � � � � � � � � � � � � � � � � � � � � ��

��� 934 PYZHFO ,�FEHF TQFDUSB EFDPNQPTJUJPO � � � � � � � � � � � � � � � � � � � � ��

��� '5�*3 TQFDUSB PG OBUJWF "VTUSBMJBO QMBOU FYVEBUFT � � � � � � � � � � � � � � � � ��

��� 'JTDIFST MJOFBS EJTDSJNJOBOU BOBMZTJT� � � � � � � � � � � � � � � � � � � � � � � � ��

��� $BSCPO Y�SBZ 3BNBO TDB॒FSJOH NBQQJOH BOE TQFDUSPTDPQZ PG B GSBHNFOU PG

-FQJEPEFOESPO USVOL GSPN UIF 6QQFS $BSCPOJGFSPVT 	DB� ���.ZB
 PG /PZFMMFT�

MF[�-FOT 'SBODF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� �E 934 DBSCPO ,�FEHF TQFDJBUJPO NBQQJOH PG B GSBHNFOU PG -FQJEPEFOESPO

USVOL GSPN UIF 6QQFS $BSCPOJGFSPVT 	DB� ��� .ZB
 PG /PZFMMFT�MF[�-FOT 'SBODF ���

��� 934 �E DBSCPO ,�FEHF TQFDJBUJPO NBQQJOH PG BO &PDFOF 	DB� ��.ZB
 BOU FO�

USBQQFE JO BNCFS GSPN 0JTF 'SBODF � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 934 WJSUVBM DSPTT TFDUJPO BOE TQFDUSB PG BO &PDFOF BOU FOUSBQQFE JO BNCFS

GSPN 0JTF 	'SBODF DB� ��.ZB
 � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� 4DBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ � � � � � � � � � � � � � � � � � � � � � ���

��� $MVTUFSJOH PCKFDUJWF GVODUJPO BT B GVODUJPO PG UIF OVNCFS PG DMBTTFT GPS DIBSSFE

EBUF QJUT � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG UIF DIBSSFE EBUF QJUT 	� DMBTTFT
 ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG UIF DIBSSFE EBUF QJUT 	�� DMBTTFT
 ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG UIF DIBSSFE QFBDI TUPOF 	��

DMBTTFT
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG UIF DIBSSFE TUJDL MBD 	�� DMBTTFT
 ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG UIF DIBSSFE CPOF CMBDL 	��

DMBTTFT
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG DBOEMF GVNF CMBDL 	� DMBTTFT
 ���

��� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG CJTUFS 	�� DMBTTFT
 � � � � � � � ���

���� 1SFTFODF PG GVSBO EFSJWBUJWFT JO UIF CJTUFS TBNQMF � � � � � � � � � � � � � � � � ���

���� )JFSBSDIJDBM DMVTUFSJOH BOBMZTJT PG 459. EBUB PG WJOF CMBDL 	�� DMBTTFT
 � � � � ���

���� /PSNBMJ[FE BWFSBHF 459. TQFDUSB PG PSHBOJD QJHNFOUT � � � � � � � � � � � � � ���

���|



-*45 0' '*(63&4

���� $PNQBSJTPO PG 459. BOE 934 DBSCPO ,�FEHF TQFDUSB PG PSHBOJD QJHNFOUT � � ���

"�� 934 EBUB PG OBUJWF "VTUSBMJBO QMBOU FYVEBUFT � � � � � � � � � � � � � � � � � � � ���

"�� *$1�.4 EBUB PG OBUJWF "VTUSBMJBO QMBOU FYVEBUFT � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP �S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ��S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ��S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ��S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ��S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ���W � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ���S � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

#�� 4MPBOF .4 ���� GPMJP ��W � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

$�� 4DIFNBUJDT PG P�3PXMBOE HFPNFUSZ � � � � � � � � � � � � � � � � � � � � � � � ���

%�� 1I% UJNFMJOF � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ���

|���



-JTU PG 5BCMFT

��� )ZCSJEJ[BUJPO PG DBSCPO PSCJUBMT � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� $IBSBDUFSJTUJD DPSF FMFDUSPO USBOTJUJPOT BU UIF DBSCPO ,�FEHF PG TJNQMF NPMFDVMFT ��

��� $IBSBDUFSJTUJD DPSF FMFDUSPO USBOTJUJPOT BU UIF PYZHFO ,�FEHF PG TJNQMF NPMFDVMFT ��

��� )BSE Y�SBZ CFBNMJOFT FRVJQQFEXJUI FOE�TUBUJPOT EFEJDBUFE GPS 934 FYQFSJNFOUT� ��

��� /BUJWF "VTUSBMJBO QMBOU FYVEBUFT � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 0SHBOJD QJHNFOUT BOBMZTFE BU UIF OBOPTDBMF WJB 459. � � � � � � � � � � � � � ���

"�� 934 DBSCPO ,�FEHF TQFDUSBM EFDPNQPTJUJPO � � � � � � � � � � � � � � � � � � � � ���

"�� 'J॒FE QBSBNFUFST PG 934 DBSCPO ,�FEHF TQFDUSB EFDPNQPTJUJPO � � � � � � � � ���

"�� 934 PYZHFO ,�FEHF TQFDUSBM EFDPNQPTJUJPO � � � � � � � � � � � � � � � � � � � � ���

"�� 'J॒FE QBSBNFUFST PG 934 PYZHFO ,�FEHF TQFDUSB EFDPNQPTJUJPO � � � � � � � � ���

"�� $POUSJCVUJPO PG GVODUJPOBM HSPVQT UP UIF 934 DBSCPO ,�FEHF TQFDUSB � � � � � � ���

���



"DSPOZNT

"53 B॒FOVBUFE UPUBM SFFDUBODF

$5 DPNQVUFE UPNPHSBQIZ

%%4$4 EPVCMF EJFSFOUJBM TDB॒FSJOH DSPTT TFDUJPO

%'5 EFOTJUZ GVODUJPOBM UIFPSZ

%5 EJSFDU UPNPHSBQIZ

&&-4 FMFDUSPO FOFSHZ MPTT TQFDUSPTDPQZ

&43' &VSPQFBO 4ZODISPUSPO 3BEJBUJPO 'BDJMJUZ

'*# GPDVTFE JPO CFBN

'5�*3 'PVSJFS USBOTGPSN JOGSBSFE TQFDUSPTDPQZ

)' )BSUSFF�'PDL

)0.0 IJHIFTU PDDVQJFE NPMFDVMBS PSCJUBM

)01( IJHIMZ PSJFOUFE QZSPMZUJD HSBQIJUF

*$1�.4 JOEVDUJWFMZ DPVQMFE QMBTNB NBTT TQFDUSPNFUSZ

*%# JTPMBUFE EPVCMF CPOET

*94 JOFMBTUJD Y�SBZ TDB॒FSJOH

,# ,JSLQBUSJDL�#BF[

-%" MJOFBS EJTDSJNJOBOU BOBMZTJT

-6.0 MPXFTU VOPDDVQJFE NPMFDVMBS PSCJUBM

/.3 OVDMFBS NBHOFUJD SFTPOBODF

���



/&9"'4 OFBS FEHF Y�SBZ BCTPSQUJPO OF TUSVDUVSF

/3*94 OPO�SFTPOBOU JOFMBTUJD Y�SBZ TDB॒FSJOH

1")T QPMZDZDMJD BSPNBUJD IZESPDBSCPOT

14' QPJOU TQSFBE GVODUJPO

QZ�($�.4 QZSPMZTJT HBT DISPNBUPHSBQIZ NBTT TQFDUSPNFUSZ

30* SFHJPO PG JOUFSFTU

4&34 TVSGBDF�FOIBODFE 3BNBO TDB॒FSJOH

4/3 TJHOBM�UP�OPJTF SBUJP

40-&*- 4PVSDF PQUJNJT©F EF MVNJ¨SF E©OFSHJF JOUFSN©EJBJSF EV -63&

443- 4UBOGPSE 4ZODISPUSPO 3BEJBUJPO -JHIUTPVSDF

459. TDBOOJOH USBOTNJTTJPO Y�SBZ NJDSPTDPQZ

5P'�4*.4 UJNF�PG�JHIU TFDPOEBSZ JPO NBTT TQFDUSPNFUSZ

59. USBOTNJTTJPO Y�SBZ NJDSPTDPQZ

730 WJUSJOF NBDFSBM

9"/&4 Y�SBZ BCTPSQUJPO OFBS FEHF TUSVDUVSF

9"4 Y�SBZ BCTPSQUJPO TQFDUSPTDPQZ

914 Y�SBZ QIPUPFMFDUSPO TQFDUSPTDPQZ

93* Y�SBZ 3BNBO TDB॒FSJOH JNBHJOH

934 Y�SBZ 3BNBO TDB॒FSJOH

���|




	Table of Contents
	Introduction
	References

	1 X-ray Raman scattering: A hard x-ray probe of complex organic systems
	1.1 Introduction
	1.1.1 Nomenclature
	1.1.2 Published reviews and books

	1.2 A brief historical perspective
	1.3 Principles of XRS
	1.3.1 Momentum transfer dependence
	1.3.1.1 Low momentum transfer
	1.3.1.2 Higher momentum transfer

	1.3.2 Compton scattering
	1.3.3 XRS core electron excitations
	1.3.3.1 Hybridization of carbon
	1.3.3.2 Carbon molecular bonding

	1.3.4 XRS simulations
	1.3.5 Complementarity, advantages and limits over x-ray absorption spectroscopy

	1.4 Experimental section
	1.4.1 Energy resolution
	1.4.1.1 Monochromators
	1.4.1.2 Crystal analyzers

	1.4.2 Signal-to-noise ratio
	1.4.3 Optimization of signal-to-background ratio
	1.4.3.1 Contribution from Compton scattering
	1.4.3.2 Background arising from the sample environment

	1.4.4 XRS 3D Imaging
	1.4.4.1 Spatial resolution


	1.5 XRS of complex organic systems
	1.5.1 Analyzing mixtures of compounds
	1.5.1.1 Polycyclic aromatic hydrocarbons in crude oils
	1.5.1.2 Polycyclic aromatic hydrocarbon model compounds
	1.5.1.3 Natural-occurring organic systems
	1.5.1.4 Biomass-derived pyrolysis and hydrothermal carbon
	1.5.1.5 Lithium-ion battery electrolyte solutions

	1.5.2 Looking for minor features
	1.5.2.1 Paleontological organic specimens
	1.5.2.2 Heteroatoms-containing PAHs

	1.5.3 Resolving spatially heterogeneous systems
	1.5.3.1 First examples of 3D imaging
	1.5.3.2 Time-resolved XRS studies of chemical reactions


	1.6 Current challenges
	References

	2 Disentangling the chemistry of Australian plant exudates from a unique historical collection
	2.1 Introduction
	2.2 Results
	2.2.1 Main spectroscopic properties of plant exudates
	2.2.1.1 Xanthorrhoea resins
	2.2.1.2 Callitris resins
	2.2.1.3 Eucalyptus kino
	2.2.1.4 Acacia gums


	2.3 Discussion
	2.3.1 X-ray Raman spectroscopy as an unconventional complement to lab-based techniques
	2.3.2 Classification of compounds into chemical classes
	2.3.3 Cultural uses and limitation of extant data

	2.4 Conclusions
	2.5 Materials and methods
	2.5.1 Materials
	2.5.2 XRS spectroscopy
	2.5.3 FTIR spectroscopy
	2.5.4 XRS data reduction
	2.5.5 Statistical testing of XRS data classification

	References

	3 Carbon speciation in organic fossils using 2D to 3D x-ray Raman multispectral imaging
	3.1 Introduction
	3.2 Results and discussion
	3.2.1 Micro-scale 2D imaging of carbon on centimetric Carboniferous plants
	3.2.2 Revisiting the 3D preservation of insect in amber

	3.3 Conclusions and implications
	3.4 Materials and methods
	3.4.1 Paleontological samples
	3.4.2 X-ray Raman-based spectral imaging
	3.4.3 3D reconstruction of the XRI data
	3.4.4 Statistical processing of the 3D XRI data

	References

	4 Nanoscale characterization of organic dark-coloured pigments
	4.1 Introduction
	4.2 Materials and methods
	4.2.1 Materials
	4.2.2 Scanning transmission x-ray microscopy
	4.2.2.1 Sample preparation
	4.2.2.2 Data processing

	4.2.3 X-ray Raman scattering spectroscopy

	4.3 Results
	4.3.1 Hierarchical clustering of STXM nanoscale images
	4.3.2 Charred date pits sample
	4.3.3 Charred peach stone sample
	4.3.4 Sticklac black sample
	4.3.5 Bone black sample
	4.3.6 Candle fume black sample
	4.3.7 Bister samples
	4.3.8 Carbon black sample
	4.3.9 Vine black sample

	4.4 Discussion
	4.4.1 Nano-scale heterogeneity of the dark-coloured organic pigments
	4.4.2 The importance of the precursor material and manufacture process in the pigment's final chemistry
	4.4.3 Comparison of soft-XAS and XRS carbon K-edge spectra

	References

	Conclusions and Perspectives
	A Supplementary information for Chapter 2
	A.1 Materials and Methods
	A.1.1 Materials
	A.1.2 XRS spectroscopy
	A.1.3 FT-IR spectroscopy
	A.1.3.1 Xanthorrhoea resins
	A.1.3.2 Callitris resins
	A.1.3.3 Eucalyptus kino
	A.1.3.4 Acacia gums

	A.1.4 ICP-MS
	A.1.5 XRS data reduction

	References

	B Supplementary information for Chapter 4
	B.1 Mayerne Manuscript: "Pictoria, sculptoria et quae subalternarum artium"
	References

	C Three XRS-dedicated beamlines
	C.1 ESRF ID20
	C.2 SSRL 6-2b
	C.3 SOLEIL GALAXIES
	References

	D Scientific dissemination and synchrotron experiments
	D.1 Scientific dissemination
	D.1.1 Publications
	D.1.2 Conferences

	D.2 Synchrotron experiments

	E Résumé de thèse
	List of Figures
	List of Tables
	Acronyms



