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ABSTRACT

Core-level photoionization is a fundamental process in light-matter interaction consisting
of absorbing a photon by an atom or molecule, ejecting an electron from one of its inner shells,
and creating a core-shell vacancy. This vacancy is then filled through various relaxation pro-
cesses, which can result in the emission of secondary electrons or energy redistribution within
the system. The results presented in this thesis contain technical and methodological advances
in characterizing the decay dynamics of double-core holes (DCH) in gaseous neon atoms,
which have a very short lifetime, using intense and ultrashort X-ray pulses on the attosecond
(10 %8 5) scale at the European XFEL (Eu-XFEL).

Ultrafast electron dynamics are mapped on a single-shot basis using an angle-resolving
electron time-of-flight (e-TOF) spectrometer. A spectrometer was built and commissioned as
part of this work and is presented in detail, including technical information and experimentally
retrieved performance data. Non-invasive systematic pulse characterization using the angu-
lar streaking technique provides spectral and temporal information about the ionizing XFEL
pulses with attosecond resolution. This approach enables single-shot DCH probing based on
the knowledge of spectro-temporal details about the ionizing pulses.

A comprehensive study was conducted to investigate how the contribution of DCH chan-
nels varies with X-ray pulse parameters, including pulse duration, pulse energy, and the pho-
ton energy centres of the reconstructed spectra. The results show that the yield of the DCH
signal increases in such a way that is compatible with the reconstruction of X-ray pulse dura-
tions well below the life time of the single-core hole (SCH) Auger decay in neon, which is on
the order of 2.4 femtosecond (10 !° s), thus enabling the characterization of such short-lived
ionic states in a single shot. Examining the electronic structure of the core-ionized system
before relaxation, combined with detailed information about the ionizing pulse, provides the
experimental stage for valuable insights into nonlinear X-ray—matter interaction. Thus the
ensuing photoabsorption and relaxation channel intensities achievable at high-repetition-rate,
attosecond duration XFEL allow to reveal these ultrafast processes on the natural timescale

of electron dynamics.






KURZFASSUNG

Die Kern-Photoionisation ist ein grundlegender Prozess in der Licht-Materie-Wechselwirkung,

bei dem ein Atom oder Molekiil ein Photon absorbiert, ein Elektron aus einer seiner inneren
Schalen ausst6f8t und eine Kern-Schalen-Liicke erzeugt. Diese Liicke wird dann durch ver-
schiedene Relaxationsprozesse gefiillt, was zur Emission von Sekundirelektronen oder zur
Energieumverteilung innerhalb des Systems fiihren kann. Die in dieser Arbeit vorgestellten
Ergebnisse enthalten technische und methodische Fortschritte bei der Charakterisierung der
Zerfallsdynamik von Doppelkernlochern (DCH) in gasférmigen Neonatomen, die eine sehr
kurze Lebensdauer haben, unter Verwendung intensiver und ultrakurzer Rontgenimpulse im
Attosekundenbereich (10 18 s) am European XFEL (Eu-XFEL).

Die ultraschnelle Elektronendynamik wird auf Single-Shot-Basis mit einem winkelau-
flésenden Elektronen-Flugzeit-Spektrometer (e-TOF) abgebildet. Im Rahmen dieser Arbeit
wurde ein Spektrometer gebaut und in Betrieb genommen, das hier detailliert vorgestellt wird,
einschlieBlich technischer Informationen und experimentell ermittelter Leistungsdaten. Die
nicht-invasive systematische Impulscharakterisierung unter Verwendung der Winkelstreck-
technik liefert spektrale und zeitliche Informationen iiber die ionisierenden XFEL-Impulse
mit Attosekundenauflosung. Dieser Ansatz ermdglicht eine Single-Shot-DCH-Untersuchung
auf der Grundlage der Kenntnis spektral-zeitlicher Details tiber die ionisierenden Impulse.

Es wurde eine umfassende Studie durchgefiihrt, um zu untersuchen, wie sich der Beitrag
der DCH-Kanéle mit den Parametern der Rontgenimpulse, einschlieBlich Impulsdauer, Im-
pulsenergie und den Photonenenergiezentren der rekonstruierten Spektren, verdndert. Die
Ergebnisse zeigen, dass die Ausbeute des DCH-Signals in einer Weise zunimmt, die mit der
Rekonstruktion von Rontgenimpulsdauern weit unterhalb der Lebensdauer des Single-Core-
Hole (SCH)-Auger-Zerfalls in Neon vereinbar ist, die in der Gro3enordnung von 2,4 Fem-
tosekunden (10 1° s) liegt, wodurch die Charakterisierung solcher kurzlebigen Ionenzustinde
in einem einzigen Schuss ermoglicht wird. Die Untersuchung der elektronischen Struktur
des kernionisierten Systems vor der Relaxation in Verbindung mit detaillierten Informatio-
nen iiber den ionisierenden Impuls bietet die experimentelle Grundlage fiir wertvolle Ein-
blicke in die nichtlineare Wechselwirkung zwischen Rontgenstrahlung und Materie. Somit
ermdglichen die sich daraus ergebenden Photoabsorptions- und Relaxationskanalintensititen,
die bei einer hohen Wiederholungsrate und einer Attosekunden-Dauer des XFEL erreichbar
sind, die Aufdeckung dieser ultraschnellen Prozesse auf der natiirlichen Zeitskala der Elek-

tronendynamik.
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WLRQ ZKLOH WKH ERWWRP SDQHO VKRZV D QHJDWLYH VKL
VWUHDNLQJ GLUHFWLRQ 7KHEODFNGRWWHG OLQH UHSU
ZLWKRXW WKH SUHVHQFH RI WKH VWUHDNLQJILHOG XQVW
DEDVHOLQHIRUFRPSDULVRQ 7KHVWUHDNLQJ SKDVH LV F
WKH VKLIWRIWKHSHDNV WR VKRUWHU 72) ,PDJH UHSURG X

SKRWRQHQHUJ\VFDQ IURP H9 WR HOLQVWHSVRI H9
DQJOHKLJKOLJKWV WKHHPHUJHQFHRIWKH '&+ IHDWXUHD
LQVHW VKRZV D PDJQLILHG YLHZ RI WKLV UHJLRQ HPSKDVI
WKH '&+ VLIJQDO

3(6 VSHFWURPHWHU LQVWDOOHG LQ WKHWXQQHO XVHG I
VSHFWUDO GLVWULEXWLRQ DQG SRODUL]DWLRQ RI;)(/ SXC
DQDUUD\RI 72)VSHFWURPHWHUV $QLQGLYLGXDO 72) VS
ROQOWKHULJKW ZLWKGLITHUHQW VHFWLRQVRIWKHGULIW W
IURP > @



3(6 VSHFWUDLQWKH72)DQGHQHUJ\GRPDLQ D DQG F
VSHFWUDLQ 72) DQG WKHFRUUHVSRQGLQJHQHUJ\ FDC
E DQG G 30RWV H DQG | VKRZWKHGLVWULEXWLRQ
HQHUJ\RYHU WKH ZKROH GDWD UXQ UHVSHFWLYHO\

'&+ VSHFWUD REWDLQHG ZLWK SKRWRQ HQHUJ\ ELQQL
ZLGWK XVLQJ3(6 7TKHELQVFRUUHVSRQG WR WKHFHQW

OLPLW H9 DQG WKHXSSHUOLPLW ! H9 UHODWL
VHWSRLQW ,QVHW D FRPSDUHV WKH PDLQ VSHFWUDC
JLHV HO9 DQG H9 UHSURGXFHG EDVHG RQ OLWH!

VROLG OLQHUHSUHVHQWY WKH *DXVVLDQ ILW FRUUHVS
RIWKHVHFRQG FRUH HOHFWURQ LQWR WKH S VWDWH L
LQGLFDWHY WKH '&+ GHFD\ FKR G § WO VH\V[R¥ DIBVK R @/ RIQAH
HUJ\RI H9 ,QVHW E SUHVHQWVD]RRPHG YLHZRIWK
KLIKOLJKWLQJ WKH HPHUJHQFH RI WKH '&+ GHFD\ FKDQ
UHVRQDQW H[FLWDWLRQRIDFRUH VKHOOHOHFWURQ L
FRUUHVSRQGLQJ WR WKH RWKHU SKRWRQ HQHUJ\ELQV
VSHFWUDO IHDWXUHYV

6FKHPDWLF VNHWFK Rl WKH $K JJHU ?SKJ RF HDWYBIV IRO O R ;
K2L1LRQL]DWLRQ K7TKHPKDLYQBOGLFDWHIG EIQJUHHQ WKt
KL 2$XIJHUWUDQVKWLIRIQ LQAEDERUD I BIQ G
KL 3LQUHG 5HFUHDWHG EDVHG RQ > @

(OHFWURQ VSHFWUXP RI QHRQ DW H9 SKRWRQ HQHU
OLWH $XJHU IHDWXUHV DUH REVHUYHG DORQJVLGH SKF
GDVKHG OLQH UHSUHVHQWY WKH DYHUDJH RI WKUHH V
OLQH LV WKHUHVXOW RIWKHILWWLQJ )RXU GLVWLQF\
GLFDWHG E\ WKH GLIIHUHQW FRORU SHDNV DW WKH ER\
> @ SHDN FRUUHVSRQGV WKRAWWKW BWSHH LEQXW B O O L@ 8 N [
FRUUHVSRQG WR W KH’KM®BDUWWMDW BROE O/ RQG EODFN >
FRUUHVSRQG WR WKH YDOHQFH LRQL]DWLRQ RI VDQG
SHUVDWHD O bW RAMKH VWURQJHVW SHDN2pB JUHHQ > @ |
$XJHUWUDQVLWLRQ

6RUWLQJ RI SXOVHV E\DSSO\LQJ WKUHVKROGV RQ SXC
NLFN 7KH KLJKOLJKWHG UHJLRQV LQ WKH WZR SORWYV
XVHG IRUILOWHULQJ VKRWY ZKLFKDUHUHSUHVHQWH(



&RUUHODWLRQ RIWKH UHFRQVWUXFWHG )(/ VSHFWUD ZLW
SHFRQVWUXFWHG ; UD\VSHFWUXP REWDLQHG IURP WKH VW
FHQWUDO SKRWRQ HQHUJ\GHWHUPLQHG IURP WKH SHDN R
HQHUJ\ GLVWULEXWLRQ RI WKH YDOLG UHFRQVWUXFWHG V
DJH SKRWRHOHFWURQ VSHFWUD LQ 72) IURP WKH 3(6 JURX
SKRWRQ HQHUJ\ELQ
7KHUHFRQVWUXFWHG VSHFWUDO FRUUHODWLRQ ZLWK WK
FRUUHODWLRQRIWKHSKRWRQHQHUJ\HVWLPDWHG IURP W
WKH 3(6 SKRWRQHQHUJ\RQ WKH VLQJOH VKRW VFDOH IRU L
WKHLQGLYLGXDO SXOVHGXUDWLRQRIWKH :)(/VKRWV LV Q
GRWWHG OLQH VKRZV WKH OLQHDU FRUUHODWLRQ WKH DE
LV SORWWHG LQ E 7KHFRUUHODWLRQ DQG DEVROXWH G
FRPSDUDWLYHO\ORQJHU ; UD\ SXOVHV HVWLPDWHG WR K
IV DUHVKRZQLQ F DQG G

5HFRQVWUXFWHG VSHFWUDO FRUUHODWLRQ RI;)(/ ZLWK 3
GXUDWLRQ 7KHFRUUHORWWK® MKRUM SXOVHPRGH 7KH F
ODWLRQ FRHIILARWQMKIHVORQJHU SXOVH PRGH DQG JHWV H
ZLWKLQ WKLV PRGH ZKHQ WKH SXOVHV DUH ORQJ



ILVW RI 7TDEOHYV

&RPSDULVRQRIWKHGLITHUHQWUHWDUGDWLRQYDOXH
RIH 72) VSHFWURPHWHU

&RPSDULVRQ RIPHFKDQLFDO GHVLJQ SDUDPHWHUYV RI
YHUVLRQV

2YHUYLHZ RI WKH REVHUYHG $XJHU WUDQVLWLRQV LQ
PHDVXUHG YDOXH RI NLQHWLF HQHUJ\ LV FRPSDUHG ZL
> @ 7KHSHDNOQXPEHUVDUHPDUNHGLQ )LJXUH

2YHUYLHZ RIWKHREVHUYHG SKRWRHOHFWURQWUDQV!
7TKHPHDVXUHG YDOXHRINLQHWLFHQHUJ\LVFRPSDUHG
> @IRUDSKRWRQHQHUJ\RI H9 7KH SHDN QXPEHUV






&+$37(5 ,1752'8&7,21

&KDSWHU

OQWURGXFWLROQ

2Q 0D\ 7TKHRGRUH + ODLPDQ GHPRQVWUDWHG®& KH ILU)
DVLIQLILFDQW DFKLHYHPHQW DW WKH WLPH DQG D QHZ KRS
ZKLFK KDG QRW EHHQ H[SORUHG EHIRUH 7KH ODWHU GHYHC
RSWLFDOODVHUVDGYDQFHGWKHH[SORUDWLRQRIXOWUDID
7KLV H[SORUDWLRQ RIHYHQWV RQ WKHDWRPLFDQG PROHFX
NQRZQ DVDWWRVHFRQG VFLHQFH 7KH SULPDU\REMHFWLYH
DWWRVHFRQ&EV DWIJLPH SURFHVVHV OLNHWKHHOHFWURQ G
DKLIKRUGHURIWHPSRUDOUHVROXWLRQ 7KLVDOORZVDIX
UHDFWLYLW\ FKDUJHPLJUDWLRQ ©QG SKRWRLRQL]DWLRQ ¢

KHQ PDWWHU LV H[SRVHG WR VXIILFLHQWO\LQWHQVH OLJ
HDU UHVXOWLQJLQ SKHQRPHQD VXFKDV PXOWLSKRWRQDE"
KLIJIK KDUPRQLF@HG@KHUDWORQOLQHDU SURFHVVHV DUH QRW
VWDQGLQJ OLIJKW *PDWWHU LQWHUDFWLRQV EXWDOVR VHU
HYHQWYV &UXFLDOO\ WKH\KLJKOLJKW WKH FDSDELOLW\RIF
UHDO WLPHE\SURYLGLQJDFFHVV WRVWDWHVDQGHYHQWYV
UHJLPH

TKHDGYHQWRIVKRUW ZDYHOHQJWK ; UD\ VRXUFHV ZLWK
GXUDWLRQV KDV HQDEOHG WKH HIWHQVLRQ RI DWWRVHFRQ
YDQFHPHQWLY SDUWLFXODUO\VLJQLILFDQWIRU SURELQJFF
ERXQGDQG KLIJIKO\ORFDOL]HGDURXQG VSHFLILFDWRPLF VL
HOHPHQWDQG VLWH VSHFLILFLQIRUPDWLRQ PDNLQJWKHP
OD[DWLRQ G\QDPLFVLQFRPSOH[V\VWHPV V X@ KORURHRO'HHRUX C
WKH KLIJK SKRWRQ HQHUJ\DVVRFLDWHG ZLWK WKHVH ; UD\V |



ILUPO\ERXQG FRUH HOHFWURQV ZKLFKLQ WXUQ DUH FDSDEOH
FKHPLFDOHQYLURQPHQW ORQLWRULQJWKHLUHYROXWLRQLQ
DOORZV RQH WR GLVHQWDQJOH VLWH VSHFLILF FKDUJH PLJUDW
VWDWHV WKDW PHGLDWH XOWUDIDVW FKHPLFDO UHDFWLRQV 7k
XQGHUVWDQGLQJRISURFHVVHV VXFKDVLQQ®U VKHOO LRQL]D)
7KH UHDOL]DWLRQ RI VXFK VWXGLHV KDV EHHQ JUHDWO\ DFF
UD\IUHH HOHFWURQ ODVHUV ;)(/V ZKLFK GHOLYHU XOWUDVKI
: UD\ SXOVHV ZLWK KLJK VSDWLDO FRKHUHQFH DQG EULOOLDQF
JLIKW 6RXUFH@/ &WH#H (OHFWURQ /DVHU L@ +DOBXVWKH)($8RSHDQ
)(/ (X ;)(/ >@ KDYHUHYROXWLRQL]HG WLPH UHVROYHG VSHFW
QLTXHV DOORZLQJUHVHDUFKHUV WR WUDFN DWRPLF VFDOH V'
WLPH >@ ,QDQ ;)(/ HOHFWURQ EXQFKHV DUH ILUVW DFFHOHUD
OLQHDUDFFHOHUDWRU DQG WKHQ SDVVHG WKURXJK XQGXODW
. UD\ EXUVWV WKURXJK WKH SURFHVV RI VHOI| DP@OLZKIHG VSRQ!
UHVXOWLQJ SXOVHV H[KLELW SHDN LQWHQVLWLHV VXIILFLHQW
. UD\UHJL@H >
'"HVSLWHWKHLUWUHPHQGRXV SRWHQWLDO WKHVFLHQWLILF
VSHFWUDODQG WHPSRUDO FKDUDFWHUL]DWLRQ RIWKHHPLWW |
XOWUDIDVW SXPS SUREHH[SHULPHQWY HVSHFLDOO\ZKHQ WKH
WLPHVFDOH 2QHRIWKHPRVWHIIHFWLYHWHFKQLTXHVIRU SXO"
VWUHDNL @KHUHLQ DQ XOWUDVKRUW : UD\ SXOVH LRQL]JHV D WL
QHDU LQIUDUHG ODVHU ILHOG VWUHDNVY WKHHMHFWHG SKRWRF
SKRWRHOHFWURQ VSHFWUXP HQFRGH WKH WHPSRUDO VWUXFW
UHFRQVWUXFWLRQRILWY WHPSRUDO DQG VSHFWU@®O LQIRUPDYV
7KLV FKDUDFWHUL]DWLRQRIWKHLQGLYLGXDOLQFRPLQJ;)(/
UHOHYDQW LQFRPLQJ SXOVHV ZKLFK DUHFDSDEOH RIVWDUWL:«
SURFHVVWKDWLVLQLWLDWHG E\DQLQWHQVH; UD\SXOVHLV W
> @ 7KHFKDUDFWHUL]DWLRQRIWKHVH XOWUDIDVW QRQOLQHD
VLIJQLILFDQW ,QFRUSRUDWLQJWHPSRUDODQGVSHFWUDOLQIF
DW ;)(/V RSHQV XS D QHZZRUOG RIHOHEFWURQ G\QDPLEV FKDUD!
7KLVZRUNSURYLGHVLQVLIJKWVLQWRWKHFKDUDFWHUL]DWLF
DUHJHQHUDWHG XVLQJWKHLQWHQVH:; UD\SXOVHV IURP (X :)(/
VSHFWURVFRS\ XVLQJ DQ DQJOH UHVROYHG WLPH RI IOLJKW 7
VKRW FKDUDFWHUL]DWLRQ %H\RQG WKH SXOVH FKDUDFWHUL]I
. UD\SXOVHZLWKWKH72) VSHFWURPHWHU LVFDSDEOHRIFKDUI
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LQVLQJOH VKRW VSHFWUD 7KLVHQDEOHVWKHRSSRUWXQL)
VFDOH ZLWK D QRQ LQYDVLYH GLDJQRVWLF RI WKH LRQL]LQJ
SKRWRQLRQL]DWLRQSURFHVV ZKLFKKDVDOLIHWLPHRIOH)
LV RQO\SRVVLEOH ZLWK D KLJK LQWHQVLW\; UD\SXOVH ZKl

&RPSOHPHQWLQJ WKH SXOVH GXUDWLRQ DQDO\VLV ZLWK
WKHLQWHQVLW\ RI WKH LRQL]LQJ SXOVH DORQJ ZLWK WKH
LQFRPLQJ; UD\WWR DQ LQGHSHQGHQW VSHFWUDO FKDUDFV
UREXVWQHVV RIWKHUHFRQVWUXFWLRQ PHFKDQLVP

,Q WKH XSFRPLQJ FKDSWHUV WKH DIRUHPHQWLRQHG QRC
OLYHG VWDWH DORQJZLWK WKH SXOVH FKDUDFWHUL]DWLRC
WKH EDVLFV RI OLJKW +PDWWHU LQWHUDFWLRQ DQG WKH OL
RIWKHVLJQLILFDQW SDUW RI WKLV ZRUN &KDSWHU SURYLC
UHVROYLQJ 72) VSHFWURPHWHU VHWXS 2QH RI WKH VLJQLI
DQG FRPPLVVLRQ D 72) VSHFWURPHWHU VHWXS WKDW FDQ E
FKDUDFWHUL]DWLRQ 7KLV FKDSWHU SURYLGHY GHWDLOV DF
WDWLRQV LQFRUSRUDWHG LQWR WKH GHWHFWRU HOHFWURZ
FRQGXFWHG GXULQJ WKH LQLWLDO VWDJHV RI WKH UHVHDU
FKDUDFWHUL]DWLRQ LQ QHRQ XVLQJWKH LQWHQVH ; UD\ SX
GHSHQGHQFHRQ WKH '&+\LHOG DORQJZLWKDVSHFWUDO FF
WKHWZR LQGLYLGXDO VFKHPHYV LV DOVR SURYLGHG KHUH
ZRUNDUH FRQFOXGHG LQ &KDSWHU DORQJZLWK SRVVLEOF
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&KDSWHU

[ KHRUHWLFDO %DFNJURXQG

$SWRPLF 6\VWHPV

7KLV FKDSWHU SURYLGHV D IRXQGDWLRQDO RYHUYLHZ RI DV
DQG WKH SURSHUWLHV RIOLJKW VRXUFHUHOHYDQW WR WKL)
RQ H[SHULPHQWDO LQYHVWLJDWLRQV FRQGXFWHG DW DQ ;)
VSHFWURVFRSLF WHFKQLTXHV IRUSURELQJXOWUDIDVW SKH
VWDQGLQJRIWKHUHVXOWVY DQG DQDO\VLY SUHVHQWHG LQ
HVVDU\ WKHRUHWLFDO EDFNJURXQG LQWURGXFHV WKH WH .
DORQJ ZLWK WKH OLJKW VRXUFH HPSOR\HG IRU WKLV ZRUN
VFULSWLRQ LV OLPLWHG WR WKRVH FRQFHSWV HVVHQWLDO
DWRPLF OHYHO SKRWRLRQL]DWLRQDQG WKHVXEVHTXHQW F
WKH FRUH IRFXV RI WKLV WKHVLYV

$WRPLF RUELWDOVDQGHQHUJ\OHYHOV

ODWWHU FRQVLVWY RI DWRPV HDFK FRPSULVLQJD FHQWUD
HOHFWURPDJQHWLF IRUFH EHWZHHQ WKH QHIJDWLYHO\ FKD
QXFOHXV NHHSV WKHHOHFWURQV ERXQG WR WKHDWRP 7KH
DWRPYV PDVV FRQVLVWV RI SRVLWLYHO\ FKDUJHG SURWRQ"
WURQVDUHQRWIUHHWRRFFXS\DUELWUDU\SRVLWLRQV DUF
E\DWRPLFRUELWDOV ZKLFKFRUUHVSRQGWR S SUREDELOLW\
RIGHWHFWLQJ @Q AIIKMRMRIFFFHSW ZDV ILUVW IRUPDOL]JHG E\ W
%RKULQ OHDGLQIJWR WKHGHYHORSPHQW RIWKH %RKU F



J)LIXUH %RKUPRGHORIDWRP ZLWKHQHUJ\OHYHOV PDUNHG I
RIDQHOHFWURQIURP WKH Q RUELWDO WR WKH Q RUELWDO \
FRUUHVSRQGLQJWR WKHHQHUJ\JIJDS $EVRUSWLRQ FDQ SURPR!
QXFOHXV WR WKRVH IDUWKHU IURP WKH QXFOHXV $ WUDQVLWL
ORZHU RQH VLIQLILHVHQHUJ\HPLVVLRQ UHSUHVHQWHG ZLWK
D[LVZLWKDJUDGLHQW FRORUVFDOHLQGLFDWHV KLJKELQGLQJ

RI Q

,Q WKH %RKU PRGHO RI WKH DWRP HOHFWURQV RFFXS\ GLVFL
VSHFLILF HQHUJ\ DQG UDGLXM HDMQBOXDVWVRWHBWHKG ZLWK WK
LQFUHDVHV ZLWK WKH GLVWDQFH IURP WKH QXFOHXV :KHQ DQ
DQRWKHU LW XQGHUJRHV D GLVFUHWH FKDQJHLQ HQHUJ\NQRZ:
LQWKHLQWHUPHGLDWH VSDF® EHWZHHQ WKH WZR VWDWHV >

7KHHQHUJ\RI WKHHOHFWURQDIWHU VXFKD WUDQVLWLRQ GL
WKHHQHUJ\GLITHUHQFHEHWZHHQWKHWZRRUELWDOV :KHQDQ
ORZHUHQHUJ\OHYHO DV LQGLFDWHG H[WHKWWIHEHQD BDRZEHU H
DV HOHFWURPDJQHWLF UDGLDWLRQ UDGLDWLYH GHFD\ RU WU
VIVWHP YLD QRQ UDGLDWLYH GHFD\ SDWKZD\V &RQYHUVHO\ \
DWRP WKDW PDWFKHV WKH HQHUJ\ JDS EHWZHHQ WKH WZR OHY]|
H[FLWHG IURP D ORZHU WR D KLJKHUHQHUJ\RUELWDO DV LQGLF

(DFK FKHPLFDO HOHPHQW KDV D XQLTXH VHW RI TXDQWL]HG F
WKH VSHFLILF IUHTXHQFLHV RI OLJKW LW FDQ UHVRQDQWO\ DE"
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DV FKDUDFWHULVWLF VSHFWUDO ILQJHUSULQWYV HQDEOLQ
WKURXJKVSHFWURVFRSLFWHFKQLTXHY 7KLVIXQGDPHQWD
DILHOG WKDW VWXGLHV WKHLQWHUDFWLRQ EHWZHHQ HOHF
OHYHO

7KH GLVFUHWH IL[HG HOHFWURQ RUELW PRGHO RI WKH ¥
DWRPLF EHKDYLRU ZKLFK LV EHWWHU H[SODLQHG E\ WKH ZLC
LQ TXDQWXP PHFKDQLFV (UZLQ 6FKU|GLQJHU GHYHORSHG W
WKH GLVFUHWH HOHFWURQ RUELWDO FRQFHSW E\ GHVFULEL
FDWLRQV DURXQG WKH QXFOHXV 7KH WLPH LQGHSHQGHQW
SK\VLFV DV LWV VROXWLRQ \LHOGYV TXDQWL]JHG HQHUJ\ OHY
VSDWLDO GLVWULEXWLRQ RIHOHFWURQV NQRZQ DV DWRPLTF

HY = EY

ZKHUHY WKH +DPLOWRQLDQ RSHUDWRU Y ILWWHKH HQMH IX R FW!|
RI'WKHV\VWHP WKDW FRQWDLQV LQIR@PDWLRQ DERXW LWV S

$WRPLFRUELWDOV DUHGHILQHG E\TXDQWXP QXPEHUV ZK
WDWLRQ DQGHOHFWURQHQHUJ\OHYHOV (DFKHOHFWURQ L
TXDQWXP QXPEHUV EDVHG RQ 3DXOLYV H[FOXVLRQ SULQFLS
VHW RI TXDQW XR@Q XKXBPIQWWXP QXPEHUV DUH VLJQLILFDQW EH
HOHFWURQFRQILIXUDWLRQDQG SUREDEOH ORFDWLRQRIDC
FKDUDFWHULVWLFV VXFKDVLRQL]DWLRQ HQHUJ\ DQG DWRF
QXPEHUV QDPHO\WKH SULQFWEBODIXQWY P RRKIREWXP TXD Q
OWKH PDJQHWLF T PDDOX W™ RN PBHHFE W UR Q WS LTK HXDULVY X P XA
TXDQWXP QXPEHUGHVFULEHVDQHOHFWURQIVHQHUJ\DQG V
ZLWK WKHVDPHSULQFLSDO T TXDQWXP QXPEHUYDOXHPDNH X
WXP QXPEHYVFULEHY WKH QXPEHU RI VXE VKHOOV DQG WKHL
QXPEMWBHILQHY WKH HQHUJ\ OHYHOV LQ D VXEVKHOO 7KH V¢
WKH SURMHFWLRQ RIWKHHOHFWURQ VSLQ DORQJDFKRVHQ

7KH SULQFLSDO TXDQW X RQGHEHNL IGH Y RWKHGBELPDU\ HOH
DWRP ,WLQGLFDWHV WKH PRVW SUREDEOH UDGLYX\WQEHWZH
FUHDVHV WKHHOHFWURQ UHVLGHV IDUWKHU IURP WKH QXF(
DOOLQFUHDVHLQ DWRPEBYEHDDKISRDOWHYRH LQWHJHU VWD
FRUUHVSRQGV WR WKH ILUVW DQG LQQHUPRVW HOHFWURQ V
HOHFWURQ VEMXM DEVRUEV HQHUJ\ LW FDQ EHFRPH H[FLWH



J)LIXUH 9LVXDO UHSUHVHQWDWLRQ RI DWRPLF RUELWDO VK
(DFK RUELWDO LV ODEHOOHG ZLWK LWV FRP UWLHNGER@GLL@II PDKIID +
VSDWLDO RULHQWDWLRQ RI WKHRUELWDOQLWBY® YUQYBG VXE
RULHQ®M DWAKR@® HAVKH@BOG RUELWDOV H[KLELW GLITHUHQW RULF
PRGLILHG @RP >

VKHOO @XFK BWF (OHFWURQ VKHOOV DUHWUDGLWLRQDOO\ OD
0 1 DQGVRRQ FRUQHVSRQGLIVSHEWLYHO\

7KH RUELWDO DQJXODU PRPHQWXP TXDQWXP QXPEHU GHWHU
DVKHOODQG WKHUHIRUH WKH DQJXODU GLRWIH\EXR\Q R\ R R HDO
VSHFLILF RUELWDO V S G |ZLWKD GLVWLQFW VRIDSH 8QOLNH
EH]JHURRUD SRVLWLYH LQ®HJHK UG WPHEDPDPWRR & [FHIKDE FWV WK F
JLYHQ HQHQ W IO H @B R\RQEOH RUELWDO VKDSHVY VXEVKHOOV
WR DQ DOORZHG DQJXODU PRPHQWXP VWDWH 7KHPRVW FRPPR
VKRZQL@KHV RUELWDO KDVDVSKHULFDO VKDSHDQGLV GLVWU
RUELWDO KDV D GXPEEHOO VKDSH B py KDVPIGUTHKHH & RIP IS O HQLWWR U L +
RI WKH RUELWDO VKDSH LQFUHDVHV IURP G RQZDUG 7KH QXPE
LQVLGH D VXEVKHOO DUH GHWHUPLQH® EAKRMKHDPOBXFMPRMLF TXD Q
UDQJH IMRP PHDQLQJ WKLYV FDQ EH D JHUR QHJDWQWH RU SRVL
P WKHHOHFWURQ VSLQ TXDQWXP QXPEHU GRHVY QRW GHSHQG |
VSLQ TXDQWXP QXPEHU GHVFULEHVY WKH HOHFWURQ VSLQ GLUF
1=2 $ SRVLWLYH YDOXH FRUUHVSRQGYV WR DQ XSZDUG GLUHFWL
DGRZQZDUG GLUHFWLRQ

7KHILOOLQJRIHOHFWURQV LQVLGH DWRPLF RUELWDOV LV SLU
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)LIXUH 6KRZV WKH DUUDQJHPHQW RI HOHFWURQV LQVLGH
LQ WKH VRUELWDO WKHVHFRQG VKHOO FRQWDLQV D PD[LP
LQ WKH SRUELWDO DQG@&VR RQ WDNHQ IURP >

> @ +XQGTV UXOHRIPD[LPEP PEAGWDRIOLFUYWIFPO@V I7ZRKEG SULC
JURXQG VWDWH RUWKHVWDWH ZLWK WKH ORZHVW HQHUJ\
VWDWH 7KHHOHFWURQILOO SDWWHUQ ZLOOEH V V S V
LQWKHGLUHFWLRQRIWKHDUURZLQ)LJXUH 7KHHOHFWU
QXPEHU= 2 ¥YV8W 8 ¥V & SDQGLQVWHDGRIZULWLQJWKH I>
RQH FDQ DOVR ZU1L WY $VKILKLY$WWNA@WKH VKRUWKDQG UHSUHVE
YDOHQFHVKHOOLV ZULWWHQ WRJHWKHU ZLWK WKH QH[W VP]|
ILOOHG ORZKHAJ VKHOOV >

I[ILIKWODWWHU QWHUDFWLRQ

SKRWRHOHFWULF HITHFW

7KH GLVFRYHU\ Rl WKH SKRWRHOHFWULF HIITHFW SOD\HG D |
FKDQLFVE\GHPRQVWUDWLQJ WKH SDUWLFOH QDWXUHRIOL,
PHFKDQLFV ,Q $OEHUW (LQVWHLQ PDWKHPDWLFDOO\HJ[S
WKH VXUIDFH RI PHWDOV ZKHQ HOHFWURPDJQHWLF UDGLDW
WKHP@ 7KLV LV SRVVLEOH RQO\ZKHQ WKHLQFLGHQW SKRW
WKDQ WKHHOHFWURQIYVELQGLQIJHQHUJ\ 7KLVFRQFHSW ZD'
K\SRWKHVLY _WLQWURGXFHG WKHLGHD WKDW OLJKW LV FR
DVSKRWRQV UDWKHU WKDQ@ FRQWLQXRXV VSHFWUXP >
7TKLV3K'ZRUN SULPDULO\GLVFXVVHV SKRWRHOHFWURQHI



VXFK DV ;)(/V 7KHVH VRXUFHV SURYLGH WXQDEOH UDGLDWLRQ
DOORZLQJDFFHVV WR YDULDEOH HQHUJ\ OHYHOV D PRUH GHWTE
LQ 6HFWLRQ 7KHLQWHUDFWLRQ EHWZHHQ SKRWRQ DQG HOF
WKDW ZKHQ HOHFWURPDJQ HW hFf UDFLLANIVR @ @ IDADKDIGRPU AK H U
30DQFNYV FRQWVWIKMW DHHTXHQF\ DQ HOHFWURQ LV HMHFWHG 11U
SKRWRQ HQHUJ\LV KLJKHU WKDQ WKH®@L QKGIL\D B BIQ B H )\ HRS WH\HHHD
DVIROORZV

Eke = hn  Eginding

7KH NLQHWLF HQHUJ\ RI WKH HM H FRA:HIEQKEOW KM/ BRRVL R Q) H S Bl )\
RILQFLGHQW THH EWQE LKEJHQ@ FRUHOHFWURQV LQ D VKHOO LV DY
OLWHU@mMNXKHWSURFHVV NQRZQ DV SKRWRLRQL]JDWLRQ SURYL
VXSSRUWY WKH WKHRU\DQG LV DOVR VLIJQLILFDQW IRU XQGHUYV
LQWHUDFWLQJZLWK UDGLDWLRQ ZKLFKLVHVVHQWLDOIRULQW
ZRUN

SKRWRLRQL]DWLRQ LQ DWRPV

7KH SKRWRQ HOHFWURQ LQWHUDFWLRQ FDQ LQLWLDWH GLIITHU]
HUJ\RIWKHH[FLWLQJUDGLDWLRQDQG WKHVDPSOHZLWK ZKLFK
HOHFWURQ LQWHUDFWLRQ NQRZQ DV SKRWRLRQL]DWLRQ LV H
RWKHU H[FLWLQJ VSHFWURVFRSLFDOO\PHDVXUDEOH VFKHPHYV
GLDWLYHDQGQRQ UDGLDWLYHUHOD[DWLRQ SDWKZD\VDUHGLV
YDOHQFH VKHOO HOHFWURQV UHTXLUHV RQO\D IHZWHQV RI HOF
LV GXH WR WKH FRPSDUDWLYHO\JUHDWHU GLVWDQFH EHWZHHC
ZHOO DV WKH VFUHHQLQJHIIHFW RILQQHU VKHOO HOHFWURQV
UHTXLUHKXQGUHGV W® WRXR/@PIJBWRRIPI FKHIUDPHZRUN RI WKL
WURVFRSLFDOO\PDS RXWLQQHU VKHOO LRQL]DWLRQDQG UHOTL
HQDEOHG E\D VRIW ; UD\EHDP ZLWK D WXQDEOH ® RWRQ HQHUJ

6LQFH ZH DUH GHDOLQJ ZLWK D KLJKHU UDQJH RI SKRWRQ HQH
WRLRQL]DWLRQ SURFHVV GLVFXVVLQJWKH GLITHUHQW W\SHV |
HODERUDWH RQ WKH LPSRUWDQFH DQG VFRSH RI WKLV ZRUN 7
OLJKW DWRPLQWHUDFWLRQV SKRWRLRQL]DWLRQ WKH $XJIHU
OHLWQHU GHFD\ DFNQRZOHGJLQJ WKH VLIJQLILFDQW FRQWULE
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> @ KRZHYHU IRUFRQVLVWHQF\ZLWKWKHWHUPLQRORJ\
LQJWKHEDVLV RIWKLV WKHVLY WKHQRPHQFODWXUH u$XJH
UHVFHQFH

3KRWRLRQVM DWLRQOH VWHS SURFHVV WKDW LQYROYHV R(
WURQ 7KLV FDQKDSSHQ WRHLWKHU WKHYDOHQFHHOHFWU
EHWZHHQ WKHHQHUJ\RI WKHHPLWWHG HOHFWURQ WKH SKF
DIIHFWHG VKHOO LV WKH VDPH DV HTXDWLRQ 7KH SKRWHR
WKH YDOHQFH VKHOOTV ELQGLQJHQHUJ\ VLPLODUO\ WKH Lt
HOHFWURQ ELQGLQJHQHUJLHY 7KH WZR GLIIHKH®WINKFHH P
HQHUJ\SKRWREZWWEGXQHBRORXUHG LQFRPLQJOLJKW FDQ'}
FRUH VKHOO ,Q FRQWUDVW WEHIMRPSQOBRWLYROQLHREZKH HC
WKDW DUH IDUDZD\ IURP WKH QXFOHXV

)LIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI SKRWRLRQL]DV\
FRUUHVSRQGLQJLQQHU VKHOO HOHFW URQHIURKPL DEV LIRIGZ IE
UHSUHVHQW WKH YDOHQFH HmH P thBE8KRWRLRQL]DWLRQ Z

JOXRUHVFHQFHDQG WKH $XJHU SURFHVVDUHHVVHQWLDO(
LVWKHHMHFWLRQRIDQHOHFWURQE\D SKRWRQ ZKLFKLV W
WKH VHFRQG VWHS LV WKH ILOOLQJ RI WKLV KROHHLWKHU U
GHFD\RIDQLQQHU VKHOO YDFDQ F\l ©XHRRIHYFHHI) LR 8 WRSMKR QI
PDUNHG LQ ) ZLOWHFUHDWH D KROHLQ WKHFRUH VKHOO
ROQHRIWKHYDOHQFHHOHFWURQVILOOV WKLV KROH PDUNHC(



JLIXUH 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH UDGLDWLYH
VKHOO SKRWRLRQL]DWLRQ

HPLWWHG DV D SKRWRQ 7TKHIUHTXHQF\RU WKHHQHUJ\ RI WK
WKDW RIWKHLQFLGHQW RQH

7KH QRQUDGLDWLYHUHDGMXVWPHQW RIWKHLQQHU VKHOO'Y
OHVV WLJKWO\ERXQG VKHOO UHSODFHV WKH YDFDQF\IRUPHG E
HMHFWLRQRIDVHFRQG HOHFWURQ L@ WRIWIGHBROMRWD X XP UHS
JLIXUWKRZV DQ H[DPSOH RI WKLV $XJHU UHOD[DWLRQ 7KH LQF
RYHUFRPHWKHELQGLQJHQHUJ\FDQJHQHUDWHD YDEDQF\LQ W
KROH LV ILOOHG E\ WKH WUDQVLWLRQ RIDQ HOHFWURQ IURP W
UHOHDVH RI DQ HOHFWURQ SURFHVV LQ WKH H[DPSOH 7KH H
FDOOHG WKH $XJHU HOHFWURQ DQG WKH NLQHWLF HQHUJ\RI W

Ea=Ex E. E

EA DEGDUH WKHELQGLQJHQHUJLHV RIWKH EDIQIGW KK HEQ Q8 IRQ WK
HQHUJ\RIDQ HOHFWURQ LQ WKH /VKHOO ZLWK D YDFDQF\ LQ WI
KHUH LV FDOOHG .// $XJHU QDPHG DIWHU WKH VKHOOV LQYROY}
SKRWRLRQL]DWLRQ WKXVFUHDWLQJDFRUH VKHOO YDFDQF\ D
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J)LIXUH 1RQ UDGLDWLYH GHFD\ PHFKDQLVPV DIWHU FRUF
DIWHULRQL]DWLRQRIRQHFRUH VKHOO HOHFWURQ E VKRZz
$XIJHUGHFD\DIWHUH[FLWDWLRQRIWKHLQQHU VKHOOHOHF

DVHFRQG HOHFWURQ IURP WKH/VKHOO LVHMHFWHG DQG W

6XSSRVH WKH LQLWLDO SKRWRQ LQWHUDFWLQJZLWK WKH
FDSDEOH RI SURPRWLQJDQ HOHFWURQ IURP WKH FRUH VKHC
LQLWLDWHD UHVRQDQW $XJHU GHFD\ DV VKRZQLQ ,Q WK
H[FLWHV RQH RIWKH.VKHOO HOHFWURQV DQG WKHIROORZL
WKH .// $XJHU SURFHVV

$XIJHU GHFD\DQG IOXRUHVFHQFH DUH W 2\RKFRRZR/S\W KVHLIQUD \S. LI K
FRPSDULVRQ ZLWK WKH SKRWRLRQL]H@ & H DKOHDIQ& B WHRWPHHF(
\LHOG LQFUHDVHVY ZLWKDQLQFUHDVHRI= ZLWK =1 UbGLD
LRQL]DWLRQ 7KH $XJHU SURFHVV LV GRPLQDQAN BRU/ VKHOC

,QDGGLWLRQ WR VLQJOH SKRWRQLRQL]J]DWLRQ IXUWKHU
EHORZWKHLRQL]DWLRQWKUHVKROG ZKLFKDUHJHQHUDWH
WDEOHWRSRSWLFDORU)(/V ,QWKLVFDVH WKHDWRPLQWH!
UHVXOWLQIJLQWKHVHTXHQWLDODEVRUSWLRQRIPDQ\SKRW
LRQL]DWLRQ 03, $ERYH WKUHVKROGLRQL]DWLRQUHSUHVE
DQHOHFWURQDEVRUEVPRUHSKRWRQVWKDQDUHQ®@®FHVVDL
7KH DWRP WKDW KDV EHHQ LRQL]JHG YLD RQH RI WKH SUHYLR?
GHFD\VYLDD VHFRQGDU\ PHFKDQLVP DVPHQWLRQHG EHIRL
WKHLQQHU VKHOO PD\DOVR EH JHQHUDWHG ZKLFK FDQ XQ
GRXEOH FRUH KROH '&+ $XJHU GHFD\ )RXUWK JHQHUDWLF
JHQHUDWH VKRUW SXOVHV ZLWK KLIJIK UHSHWLWLRQ UDWHYV
SXOVHV FDQ FUHDWH DQ DGGLWLRQDO KROH LQ WKH LQQHU



J)LIXUH <LHOGFRPSDULVRQRI$XJHUGHFD\DQGIOXRUHVFHQ
$XIJHUGHFD\FXUYHVRI. /| DQGOVKHOOV EODFNZLWKVXEVHTX
O UHVSHFWLYHO\ DQGWKHIOXRUHVFHQFH\LHOGLVUHSUHVHQ
IURP2 @

SURFHVV RFEFXUV $ GHWDLOHG GLVFXVVLRQ RI WKLV SURFHVV L

&UHDWLQJDQ LQQHU VKHOO YDFDQF\LQ DQ DWRP PD\ UHVXC
LRQL]DWLRQRIWKHRXWHU VKHOO HOHFWURQV 7KHDGGLWLRGC
ERXQG VWDWH LV FDOOHG VKDNH XS ,Q FRQWUDVW LQ WKH VKI
WR WKH FRQ®& LTDKIAPVKDNH SURFHVV KDSSHQV GXH WR WKH VXGC
RI WKH DWRPLF VIVWHP 7KH SRWHQWLDO VHHQ E\ WKH RXWHU
LRQL]DWLRQRIRQHRIWKHVFUHHQLQJHOHFWURQV PHDQLQJD
DVSKRWRLRQL]DWLRQ RIWKHFRUH VKHOO IOXRUHVFHQFH DQ
XS RUVKDNH RI@SURFHVYV >

7KHWKUHH SUHYLRXVO\PHQWLRQHG SKRWRQ HOHFWURQLQV
VFRSLFDOO\DQG DUHLQGHSHQGHQW VSHFWURVFRSLFILHOGYV
VSHFWURVFRS\ SURYLGH LQIRUPDWLRQ DERXW WKH ELQGLQJ H
SURYLGHV WKH PRVW VWUDLJKWIRUZDUG LQVLJKW LQWR WKH EI
HPLVVLRQ GHSHQGV RQWKHHQHUJ\GLIIHUHQFHEHWZHHQ WZR |
LFV RI WKUHH HOHFWURQLF RUELWDOV2WKH LQLWLDO FRUH KRC
$XJHUHOHFWURQ2PDNHLQWHUSUHWLQJ$XJHUVSHFWUD TXLWF
YLGHV FULWLFDO QHZLQVLJKWVRQHOHFWURQ+HOHFWURQ LQW
GLUHFW SKRWRHPLVVLRQ FDQQRW UBYHDO GHVSLWH WKLV FRF
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&URVVO6HFWLRQDQG $QJXODU 'LVWULE

/RWDODQG SDUWLDO FURVV VHFWLRQV

7KH SUREDELOLW\ RI D SKRWRQ HOHFWURQ LQWHUDFWLRQ
WLRQ SURFHVVHV GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ L
FURVV VHFWLRQ ZKLFK SURYLGHV LQVLJKW LQWR V@KH OLNEFE
,QDFODVVLFDODSSURDFK WKHFURVYV VHFWLRQ LV WKH UD
WRWDO DUHD R@W KO MRDQUUH VW WKH FURVYV VHFWLRQ RI W
QHWLFUDGLDWLRQ ZLWK D TXDQWXP PHFKDQLFDO V\VWHP L
REWDLQHG IURP )HUPLAIWV@ROGHQ UXOH >

T = 22V (i Yii 2d(E & i)
(TXDWLRQ VKRZV WKH WU QVRIWWKE® SOQRWDBE DOUWWMDIWH ZLW
Y DQG HLJMEQNR WXH |LQYQ Y @E®HHUIZHSMHVHQWY WKH +DPLOW
VSRQGLQJWR WKH LQW Hb D ¥ WILKQH SSKERWARGD HDAHUWK MX UL Q J W
WKH WHUP "SKRWRLRQL]J]DWLRQ FURVV VHFWLRQ"  UHSUHVHC(
DOOLRQL]DWLRQ SUREDELOLWLHY E\WKHWDUJHW $SDUWL
LRQL]IDWLRQRID SDUWLFXODURUELWD@LQ WKHWDUJHW DQ

dpaag, . o . .
sif(hn) = = Ohnjhy (8 Y ij?
m

ZKHAJHV WKH ILQH VW U X BWKKUH EFRIQUINUWBENN B QI6S UHVHQW Vv
WKH WUDQVLWLRQ PDWUL[HOHPHQW LQ WKH GLORGKH SSU|
WRWDO FURVV VHFWLRQ FDQ EH UHSUHVHQWHG DV WKH VXP |
SKRWRQ H@HUJ\ >

st(hn) = _EoifSif(h”)
i
7TKLVGHVFULSWLRQ RIWKHSDUWLDO FURVYVY VHFWLRQH[SOD
WR WKH GLITHUHQW VXEVKHOOV ,Q WKH SDVW WKHH[FLWD)\
VHFWLRQ ZzDV OHVV H[SORUHG GXH WR WKH XQDYDLODELOLYV
VRXUFHY 7KHDGYHQW RI PRQRFKURPDWL]HG VIQFKURWUR
WXQDELOLW\LQ SKRWRQHQHUJ\DGGUHVVHYVY WKLV LVVXH (°



VHFWLRQLV QRWVXE VKHOO VHQVLWLYH LWLV VWLOOLQWHUH
SKRWR DEVRUSWLRQ VSHFWURVFRS\DQG WE®H@OHFWURQ HQH!L

'LITHUHQWLDO FURVV VHFWLRQDQGDQJXODU GL'

7KH SDUWLDO SKRWRLRQL]J]DWLRQ FURVYV VHFWLRQ GRHV QRW S
PRPHQWXP TXDQWXP QXPEHU RI WK® HWMHH &H IGLYHORW. R HGRH BWAD
FURVV VHFWLRQ ZLWK D VROLGDQJOHLVY FDOOHG WKH GLIITHUHC
VHFWLRQIRUSKRWRLRQL]DWLRQRIDQ XQSRODUL]J]HGWDUJHW Z
LQWKHHOHFWULF GLSROHDSSUR[¥DWLRQ FDQEHZULWWHQ D

dST _ ST
aw %[1"’ bP,(coxg)]
DQG 2
P.coS = 3cosg 1

2
"KHWHLYV WKH VR &P QVOMKH VHFRQG RUGHU /HJHQWBUH SRO\Q
WKH DQJOH EHWZHHQ WKH SKRWRHOHFWURQ DQ@ WKKHSRODUL]
DV\PPHW U\ SIDLUWVDWPKMEGHWWHUPLQLQJIDFWRURIDQJXODUGLVWUL
FRQWDLQV WKH UHOHYDQW G\QDPLFDO LQIRUPDWLRQ DERXW W
(TXDWLRQ ZLOOEH FKDQJHG LI WKHLQFLGHQW SKRWRQ LV
VXPHWKHFLUFXODUO\SRODUL]HG OLJKWDV WKHOLQHDU VXP R
ZLWK WKH VDPH LQW HXW R\YKEVBWOBDJI WKH RUWKRJIJRQDO D[H
DIDWLRQ 7KXV WKHGLIIHUHQWLDO FURVV VHFWLRQ GXH WR D |
EH

Ziv{,:j—;[l L bRy(cowQ)

sTLVWKHWRWDO FQ WS WHVFMQAWEHY WOKHGSRODU DQJOH EHWZHFE
SURSDIDWLRQ GLUHFWLRQDQGWKHHPLWWHG SKRWRHOHFWUR
HPDWLFDO GHULYDWLRQRIHTXDWLRIQVKHDE &V DADHITKH URIPO @
WEH WR EH SRVLWLY H ¢ RW D)X\ LYPIS@X HY JRW K Hy SLRVW KEIQHDQD 6 X H
1 b 2 )RUDGHWDLOHG XQGHUVWDQGLQJHMRIRMKHATDQMKHHIP® W L F
WKHSXEOLFDWLRQ RIRQRRSHYVBPRA/ADKHBDQIXODU GLVWULEXWLE
LQIJWRWKHGLIITHUHQW YDOXHWRI WKIS DN VHRAVWUILEGC EVRW B R W IHF

GLVWULEXWLRQ@=5Q/FRIOWMUWKMWOLRLWHDUO\SRODUL]J]HG SKRWRQ \
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J)LIXUH 7ZR GLPHQVLRQDO UHSUHVHRQ WDWKH. RQIRXIBDWLVR'
b 2 7KHKRUL]RQWDO D[LVUHSUHVHQWYVY WKHGLUHFWLRQ R
UHSUHVHQWY WKH GLUHFWLRQ RI WKH SKRSARQ EHDP ODJLF

PLDORIWKHVHFRQG GHJUHHEHFRPHV]J]HUR $WWKLVDQJOH
DYDLODEOHUHJDUGLQJWKHDQJXODU GLVWULEXWLRQ DQG

'LWKDGYDQFHPHQWY LQ WKHVSHFWURVFRS\ILHOG GLIIH
XVLQJDQJOH UHVROYLQJSKRWRHOHFWURQVSHFWURVFRS\
VXFKDVLRQ\LHOG GHDY & UG R R QMVF HQ@ F@® GHIDAWYHHFEAHLHRDWH SR
LQ WKH OLWHUDWXUH 7KH DV\PPHWU\ SDUDPHWHU FDQ FKI
WKH GLIIHUHQW DWRPLF RUELWDOV RI WKH LRQL]JHG WDUJH\
PHQWYV FDQ SURYLGH GDWD DERXW WKH PDJQLWXGH RI WKH S
LQIRUPD@LRQ >

$OO0O WKHH[SODQDWLRQVDQG HTXDWLRQVPHQWLRQHG DE
GLSROHDSSUR[LPDWLRQLVYDOLG ,QWKHHOHFWULF GLSR
WUHDWHG DV D SRLQW OLNH REMHFW ZLWK DQ HOHFWULF GL
ZDYHOHQIJWKLVPXFKODUJHU VGKBQWKE MDJUHARI WK H W P DV HEW
WKH QRQ GLSROH HIITHFWV LQ SKRWRLRQL]DWLRQ ZHUH GRP
ZHUH QHJOLJLEOH IRU ORZ® a5 KIRZR @ HOQ HW X 8VHYV KDYH EH
ZKHUH WKHQRQ GLSROHHIIHFW LV REVHUYHG IRUD IHZ WHQ
5 SKRWRLRQL]DW@QRQ VWXGLHV >
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