
 SXPPaU\. RHcHQW WKHRUHWLcaO SUHGLcWLRQV LQGLcaWH WKaW PHOWLQJ RI V

 VROLG Pa\ bH caXVHG b\ VSRQWaQHRXV cUHaWLRQ RI GLVORcaWLRQV. TKH WW

 PHOWLQJ RccXUV b\ a WZR-VWHS SURcHVV LQYROYLQJ aQ LQWHUPHGLaWH I

 KH[aWLc SKaVH, LQ ZKLcK WKHUH LV RUGHU LQ WKH ORcaO cU\VWaOOLQH a[

 SRVLWLRQV RI aWRPV. TKHVH LGHaV aUH bHLQJ WHVWHG b\ QXPHULcaO VL

 H[SHULPHQWV RQ HOHcWURQV RQ OLTXLG KHOLXP, OLTXLG cU\VWaO ILOPV, aQ

 aGVRUbHG RQ JUaSKLWH. E[SHULPHQWV RQ OLTXLG cU\VWaO ILOPV LQGLcaO

 GLPHQVLRQaO aQaORJ RI WKH KH[aWLc SKaVH H[LVWV, aQG [HQRQ RQ J

 PHOWLQJ WUaQVLWLRQ cORVH WR WKH IRUP SUHGLcWHG.

 20 AXJXVW 1982, VROXPH 217, NXPbHU 4561

 MHOWLQJ RI TZR-DLPHQVLRQaO SRO

 W. F. BULQNPaQ, DaQLHO S. FLVKHU, D. E. MRU

 TKH HVWabOLVKPHQW RI RUGHU LQ WZR-

 GLPHQVLRQaO VWUXcWXUHV LV RI cRQVLGHUabOH

 LQWHUHVW WR cRQGHQVHG PaWWHU VcLHQWLVWV.

 AOWKRXJK LW LV QRW RbYLRXV, QaWXUH

 abRXQGV ZLWK WZR-GLPHQVLRQaO IRUPa-

 WLRQV. LLTXLG cU\VWaOV aQG OLSLGV IRUP

 TKH PHcKaQLVP RI

 PHOWLQJ WKaW KaV caSWXU

 WHQWLRQ ZaV RULJLQaOO\ V

 WHUOLW] aQG TKRXOHVV (

 WKaW a VLPSOH GHIHcW LQ

 VWUXcWXUH, caOOHG a GLVO

 ILOPV RQH RU WZR PROHcXOHV WKLcN. SLQJOH

 Oa\HUV RI aWRPV caQ bH GHSRVLWHG RQ

 cU\VWaOOLQH VXUIacHV RU RWKHU IOaW VXb-

 VWUaWHV. IQ IacW, VROLG VXUIacHV WKHP-

 VHOYHV RIWHQ XQGHUJR VWUXcWXUaO UHaU-

 UaQJHPHQWV RI WKHLU RXWHUPRVW aWRPLc

 Oa\HUV. SXcK V\VWHPV, ZKLcK KaYH UH-

 cHLYHG a JUHaW GHaO RI H[SHULPHQWaO aWWHQ-

 WLRQ UHcHQWO\, aUH LQWULQVLcaOO\ WZR-GL-

 PHQVORQa .

 PHUKaSV WKH PRVW IXQGaPHQWaO WUaQVL-

 WLRQ WKaW RccXUV LQ cRQGHQVHG PaWWHU LV

 PHOWLQJ IURP VROLGV WR OLTXLGV. TKHRULVWV

 KaYH cRQMHcWXUHG WKaW LQ WKH WZR-GLPHQ-

 VLRQaO ZRUOG PHOWLQJ Pa\ RccXU b\ a

 SURcHVV LQ ZKLcK WKH RUGHU LV JUaGXaOO\

 GHVWUR\HG, TXLWH XQOLNH WKH abUXSW RccXU-

 UHQcH RI WKUHH-GLPHQVLRQaO PHOWLQJ. TKH

 XQLYHUVaO QaWXUH RI WKH WKHRUHWLcaO SUH-

 GLcWLRQV QHaU WKLV cRQWLQXRXV PHOWLQJ

 WUaQVLWLRQ SURYLGHV a cKaOOHQJH IRU H[-

 SHULPHQWaOLVWV. IQ aGGLWLRQ, WKH UHVXOWV

 Pa\ XOWLPaWHO\ aIIHcW RXU XQGHUVWaQGLQJ

 RI WKUHH-GLPHQVLRQaO PHOWLQJ SKHQRPH-

 Qa.

 SCIENCE, VOL. 217, 20 AUGUST 1982

 WKH YHKLcOH IRU WKH G

 UHJXOaU cU\VWaOOLQH SHU

 cXUV GXULQJ PHOWLQJ.

 \HaUV aJR SKRcNOH\ (2) 4

 PHOWLQJ RI WKUHH-GLQ

 PLJKW bH XQGHUVWRRG LQ

 WLRQV, WKH cXUUHQW YLH

 PHcKaQLVP LV PRUH OLNH

 O\ LQ WZR GLPHQVLRQV.

 OQH RI WKH aGYaQWaJ

 OLW]-TKRXOHVV GLVORcaWLR

 LQJ LV WKaW GHWaLOHG SU

 PaGH RI bRWK VWaWLc aQ]

 QHaU WKH SKaVH WUaQVLWLc

 YHUVaO LQ WKH VHQVH WKaW

 GHQW RI WKH GHWaLOHG IRU

 IRUcHV. IQ SaUWLcXOaU, WK

 WKaW, LQ cRQWUaVW WR WKH 1

 caVH, WKH WUaQVLWLRQ LV ]

 QR OaWHQW KHaW- LQ Iac

 VHUYabO\ ZHaN HVVH

 VKRXOG RccXU LQ WKH 4

 TKXV, a WZR-GLPHQVLRQ;

 LWV PHOWLQJ WHPSHUaWXUH

 abRYH ORRN YHU\ VLPLOa

 0036-8075/82/0820-Q693$01.00/0 CRS\ULJKW (> 1982 AAAS  693

 . .

 OHQJWK VcaOHV, LQ cRQWUaVW WR WKH XVXaO

 bHKaYLRU LQ WKUHH GLPHQVLRQV, ZKHUH WKH

 WUaQVLWLRQ LV ILUVW RUGHU.

 RHcHQWO\, HaOSHULQ aQG NHOVRQ (4)

 VKRZHG WKaW WKH WZR-GLPHQVLRQaO PHOWLQJ

 SURcHVV Pa\ bH HYHQ PRUH UHPaUNabOH.

 LLGV TKH\ SUHGLcWHG WKaW a QHZ W\SH RI aQLVR-
 WURSLc IOXLG SKaVH ZLOO RccXU bHWZHHQ WKH

 VROLG aQG WKH XVXaO LVRWURSLc OLTXLG. IQ
 QcWRQ WKHLU WKHRU\ WZR VXccHVVLYH SKaVH WUaQVL-

 WLRQV RccXU bHIRUH aOO YHVWLJHV RI WKH

 VROLG VWUXcWXUH aUH GHVWUR\HG. CXUUHQWO\,

 WKHUH LV cRQVLGHUabOH acWLYLW\ bRWK LQ

 WZR-GLPHQVLRQaO cRPSXWHU VLPXOaWLRQV aQG LQ H[SHUL-

 UHG SK\VLcLVWV' aW- PHQWV RQ WZR-GLPHQVLRQaO V\VWHPV GH-

 XJJHVWHG b\ KRV- VLJQHG WR WHVW WKHVH LGHaV. CRQVLGHUabOH

 1). TKHY VKRZHG SURJUHVV KaV bHHQ PaGH aQG VRPH RI WKH

 WKH UHJXOaU OaWWLcH SUHGLcWLRQV RI WKLV WKHRU\ KaYH bHHQ YHUL-

 RcaWLRQ, cRXOG bH ILHG, HYHQ WKRXJK ZH GR QRW \HW NQRZ

 XQGHU H[acWO\ ZKaW cLUcXPVWaQcHV WKH

 GLVORcaWLRQ WKHRU\ aSSOLHV.

 a WZR-GLPHQVLRQaO

 HRU\ SUHGLcWV WKaW

 SKaVH, caOOHG WKH TKHRUHWLcaO CRQcHSWV

 HV bXW QRW LQ WKH

 LPXOaWLRQV aQG b\ A WZR-GLPHQVLRQaO VROLG LV LQ PaQ\

 IG UaUH JaV Oa\HUV Za\V VLPLOaU WR LWV WKUHH-GLPHQVLRQaO

 WH WKaW WKH WKUHH- cRXQWHUSaUW. IW KaV ZHOO-GHILQHG cU\VWaO-

 UaSKLWH H[KLbLWV a OLQH a[HV, caQ IRUP JUaLQ bRXQGaULHV, aQG

 H[KLbLWV UHVLVWaQcH WR VKHaU IRUcHV. TKH

 SURSHUW\ RI UHVLVWLQJ VKHaU LV SURbabO\

 WKH bHVW GHILQLWLRQ RI a VROLG aQG cHUWaLQO\

 HVWUXcWLRQ RI WKH WKH RQH WKaW LV PRVW XVHG LQ SUacWLcH.

 ULRGLcLW\ WKaW Rc- TKHUHLV RQH LPSRUWaQW Za\, KRZHYHU, LQ

 AOWKRXJK PaQ\ ZKLcK WZR- aQG WKUHH-GLPHQVLRQaO VROLGV

 VXJJHVWHG WKaW WKH GLIIHU. TKHUPaO IOXcWXaWLRQV LQ a VROLG

 QHQVLRQaO VROLGV caXVH GLVSOacHPHQWV RI WKH aWRPV IURP

 _ WHUPV RI GLVORca- WKHLU SHUIHcW OaWWLcH SRVLWLRQV. IQ WZR

 Z LV WKaW VXcK a GLPHQVLRQV WKHVH IOXcWXaWLRQV aUH VXcK

 O\ WR aSSO\ GLUHcW- WKaW WKH PHaQ VTXaUH IOXcWXaWLRQ,

 ((U- U)2), RI WKH GLVWaQcH, U, bHWZHHQ

 ,HV RI WKH KRVWHU- WZR aWRPV VHSaUaWHG b\ aQ aYHUaJH GLV-

 )Q WKHRU\ RI PHOW- WaQcH U GLYHUJHV aV WKH ORJaULWKP RI U.

 UHGLcWLRQV caQ bH FRU WKUHH-GLPHQVLRQaO VROLGV WKH IOXcWXa-

 G G\QaPLc HIIHcWV WLRQV aUH ILQLWH aV U RR, ZKLcK LPSOLHV

 Q, ZKLcK aUH XQL- WKaW WKH SRVLWLRQ RI RQH aWRP HIIHcWLYHO\

 WKH\ aUH LQGHSHQ- GHWHUPLQHV WKaW RI aOO WKH RWKHU aWRPV LQ

 ^P RI PLcURVcRSLc WKH cU\VWaO. TKLV SURSHUW\ LV NQRZQ aV

 OH WKHRU\ SUHGLcWV ORQJ-UaQJH SRVLWLRQaO RUGHU aQG KaV bHHQ

 WKUHH-GLPHQVLRQaO XVHG IUHTXHQWO\ WR cKaUacWHUL]H a VROLG.

 KLJKHU RUGHU ZLWK FRU WZR-GLPHQVLRQaO VROLGV, KRZHYHU,

 W, RQO\ aQ XQRb- WKHGLYHUJHQcHRIWKHIOXcWXaWLRQVLPSOLHV

 QWLaO VLQJXOaULW\ WKaW WKHUH LV QR ORQJ-UaQJH SRVLWLRQaO

 VSHcLILc KHaW (3).

 aO VROLG MXVW bHORZ Z. F. BULQNPaQ LV GLUHcWRU RI WKH PK\VLcaO RH-

 aQG WKH IOXLG MXVW VHaUcK LabRUaWRU\ aQG DaQLHO S. FLVKHU aQG D. E.
 MRQcWRQ aUH PHPbHUV RI WKH WHcKQLcaO VWaII aW BHOO

 LU RQ POcURVcRSOc LabRUaWRULHV, MXUUa\ HLOO, NHZ JHUVH\ 07974.
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 * L' L' * * * * GLIIUacWLRQ H[SHULPHQWV, ZKHUH Q LV WKH

 GLIIHUHQcH bHWZHHQ LQcLGHQW aQG VcaW-

 '!' '3 * * * WHUHGZaYH YHcWRUV. IQ aWZR-GLPHQVLRQ-

 aO VROLG, RQ WKH RWKHU KaQG, aV a cRQVH-

 * * 3 * * * * TXHQcH RI WKH OaUJH, GLYHUJHQW IOXcWXa-

 WLRQV RI WKH SRVLWLRQV RI WKH aWRPV, WKH
 . . . r . r . XQGHUO\LQJ SHULRGLcLW\ \LHOGV RQO\ SRZHU

 OaZ VLQJXOaULWLHV LQ S(Q) RI WKH IRUP

 * * * . r . r r . IQ _ GO-2 + 5,

 WLWK WKLV XQGHUVWaQGLQJ RI WKH QaWXUH

 . . . r . r . RI WZR-GLPHQVLRQaO VROLGV WKH IXQGaPHQ-
 WaO TXHVWLRQ LV KRZ VXcK VROLGV PHOW RU

 FLJ. 1. ScKHPaWLc UHSUHVHQWaWLRQ RI a WZR- WUaQVIRUP WR WKH OLTXLG SKaVH aV WHPSHUa-
 GLPHQVLRQaO VROLG. TKH aWRPV (RSHQ cLUcOHV)
 RQ WKH OHIW aUH SRVLWLRQHG cRLQcLGHQW ZLWK WKH WXUH OQcUHaVHV. TKOV caQ RccXU b\ a ILUVW-
 bOacN GRWV. TKH aWRPV LQ WKH ULJKW-KaQG UHJLRQ RUGHU WUaQVLWLRQ (aV LQ WKUHH GLPHQVLRQV)
 aUH QRW LQ UHJLVWUaWLRQ ZLWK WKRVH RQ WKH OHIW, LQ ZKLcK OaUJH IOXcWXaWLRQV aW YHU\ VKRUW
 aV VHHQ b\ WKH OacN RI UHJLVWU\ ZLWK WKH GRWV. OHQJWK VcaOHV abUXSWO\ cKaQJH WKH ORcaO
 TKH WZR UHJLRQV GR KaYH WKH VaPH RUOHQWaWORQ. RUGHU RI WKH VROLG WR WKH GLVRUGHU RI a

 OLTXLG. AV ZH VKaOO VHH, WKLV SRVVLbLOLW\

 VXUHO\ GRHV RccXU. AOWHUQaWLYHO\, LI WKH

 RUGHU. TKLV KaV bHHQ NQRZQ VLQcH WKH WZR-GLPHQVLRQaO VROLG LV UHOaWLYHO\ VWabOH

 1930'V (5) aQG ZaV XVHG b\ VRPH WR aUJXH WR VKRUW-UaQJH GLVRUGHU, WKH GRPLQaQW

 WKaWWZR-GLPHQVLRQaO VROLGV GR QRW H[LVW, WKHUPaO IOXcWXaWLRQV ZLOO bH RI ORQJ

 bXW LJQRUHG b\ RWKHUV ZKR SRLQWHG RXW Za\HOHQJWK aQG a GHVcULSWLRQ LQ WHUPV RI

 WKaW ((U - U)2) LV YHU\ VPaOO XQOHVV U LV GLVORcaWLRQV PLJKW aSSO\. TKH WKHRUHWLcaO

 KXJH. SUHGLcWLRQV IRU WKLV caVH aUH TXLWH GLIIHU-

 WKLOH a WZR-GLPHQVLRQaO VROLG GRHV HQW IURP aQ\ SUHYLRXV UHVXOWV. -

 QRW KaYH WUXH ORQJ-UaQJH RUGHU, WKH SRVL- A GLVORcaWLRQ LQ WZR GLPHQVLRQV LV a

 WLRQaO cRUUHOaWLRQV GR H[WHQG WR ORQJ GLV- SRLQW GHIHcW LQ aQ RWKHUZLVH SHUIHcW cU\V-

 WaQcHV, LQ cRQWUaVW WR WKRVH LQ a OLTXLG. IQ WaO LQ ZKLcK KaOI aQ H[WUa URZ RI aWRPV LV

 a OLTXLG WKH SRVLWLRQaO cRUUHOaWLRQV GHca\ aGGHG. A GLVORcaWLRQ LQ a KH[aJRQaO OaW-

 H[SRQHQWLaOO\ aV H[S(-U/J) ZLWK a cKaUac- WLcH LV LOOXVWUaWHG LQ FLJ. 2a. DLVORcaWLRQV

 WHULVWLc cRUUHOaWLRQ OHQJWK J QRUPaOO\ aUH GHVcULbHG b\ a `3XUJHUV YHcWRU b (a

 RQO\ a IHZ aQJVWURPV LQ PaJQLWXGH. IQ a OaWWLcH YHcWRU RI WKH cU\VWaO) aV VXJJHVWHG
 WZR-GLPHQVLRQaO VROLG, aV a cRQVHTXHQcH b\ WKH JHRPHWULc cRQVWUXcWLRQ VKRZQ (7).

 OI LWV UHVLVWaQcHWR VKHaU, WKHcRUUHOaWLRQV TKH aGGLWLRQaO URZ RI aWRPV LQGXcHV a

 GHca\ aOJHbUaLcaOO\ aV 1/UQ, aQG WZR- VWUaLQ ILHOG WKaW GHcUHaVHV aV WKH LQYHUVH

 GLPHQVLRQaO VROLGV aUH VaLG WR H[KLbLW ILUVW SRZHU RI WKH GLVWaQcH IURP WKH GLVOR-

 aOJHbUaLc ORQJ-UaQJH RUGHU (6). TKH H[SR- caWLRQ, VR WKaW WKH HQHUJ\ cRVW, U, WR aGG

 QHQW N LV UHOaWHG WR WKH HOaVWLc PRGXOL aQG WKH VLPSOHVW GLVORcaWLRQ ZLWK IbO = a (OaW-

 WKH WHPSHUaWXUH, T, aQG LQcUHaVHV aV T WLcH VSacLQJ) WR a VROLG ZLWK OLQHaU VL]H R

 LQcUHaVHV. AV ZH VKaOO GLVcXVV, Q LV H[- LV

 V V _ V _ _VV _ * ] _ V Y Y _ V A JZ _JRX

 a 3A)9X X D '

 FLJ. 2. (a) ScKHPaWLc UHSUHVHQWaWLRQ RI a GLVOR-
 caWLRQ LQ a WULaQJXOaU WZR-GLPHQVLRQaO OaWWLcH.
 SXcK GHIHcWV aUH WRSRORJLcaO GHIHcWV LQ WKH
 GLVSOacHPHQW ILHOGV RI WKH VROLG. TKH aWRPV
 aUH ORcaWHG aW WKH YHUWLcHV. (K) DLVcOLQaWLRQ LQ
 a WULaQJXOaU OaWWLcH. TKH OaWWLcH a[LV URWaWHV b\
 60r aURXQG WKH cHQWUaO ILYHIROG V\PPHWULc VLWH.
 TKHUH aUH aOVR GLVcOLQaWLRQV LQ ZKLcK WKH URWa-
 WLRQ LV -60r ZKLcK KaYH VHYHQIROG V\PPHWU\
 LQ WKH cHQWUaO UHJLRQ. IQ WKH KH[aWLc SKaVH WKH
 OaUJH VWUaLQV LQ VXcK GLVcOLQaWLRQV aUH UHOLHYHG
 b\ WKH IUHH GLVORcaWLRQV.

 AW ORZ WHPSHUaWXUHV, WKH IUHH HQHUJ\

 IRU cUHaWLRQ RI a GLVORcaWLRQ LV WKXV YHU\

 OaUJH IRU a PacURVcRSLc V\VWHP. HRZHY-

 HU, LI T > TM, WKH WHPSHUaWXUH JLYHQ b\

 NBTM = a2K/161T, WKH IUHH HQHUJ\ bH-
 cRPHV QHJaWLYH aQG KHQcH IUHH GLVORca-

 WLRQV ZLOO VSRQWaQHRXVO\ IRUP. OQcH WKLV

 RccXUV, WKH V\VWHP ZLOO QR ORQJHU UHVLVW

 VKHaU, VLQcH VKHaU VWUHVV caQ bH UHOa[HG

 VLPSO\ b\ PRYLQJ IUHH GLVORcaWLRQV. IW

 ZLOO KHQcH bH a IOXLG IRU WHPSHUaWXUHV

 abRYH WKH PHOWLQJ WHPSHUaWXUH TM TKH

 HOaVWLc PRGXOL ZLOO MXPS GLVcRQWLQXRXVO\

 WR ]HUR aW WKH PHOWLQJ WHPSHUaWXUH ZLWK

 WKH cRPbLQaWLRQ K KaYLQJ a XQLYHUVaO
 . . .

 JXPS JOYHQ b\

 SHULPHQWaOO\ PHaVXUabOH.

 WKLOH a WZR-GLPHQVLRQaO VROLG GRHV

 QRW KaYH ORQJ-UaQJH SRVLWLRQaO RUGHU, LW

 GRHV KaYH ORQJ-UaQJH RUGHU LQ WKH RULHQ-

 WaWLRQ RI WKH cU\VWaOOLQH a[HV WKaW LV, LQ

 WKH GLUHcWLRQ RI WKH JHRPHWULc (QRW cKHP-

 LcaO) "bRQG" bHWZHHQ aGMacHQW SaLUV RI

 aWRPV. A WZR-GLPHQVLRQaO VROLG WKHUH-

 IRUH ORRNV VcKHPaWLcaOO\ aV VKRZQ LQ FLJ.

 1. AWRPV LQ HacK UHJLRQ RI WKH VROLG ZLOO

 W\SLcaOO\ bH GLVSOacHG IURP WKHLU SRVL-

 WLRQV LQ a SHUIHcW UHJXOaU OaWWLcH b\ aQ

 aPRXQW WKaW IOXcWXaWHV IURP RQH UHJLRQ

 WR aQRWKHU. TKH ORcaO cU\VWaOOLQH a[HV LQ

 HacK UHJLRQ ZLOO, KRZHYHU, KaYH WKH

 VaPH RULHQWaWLRQ.

 IQ WKUHH GLPHQVLRQV, WKH aWRPV LQ HY-

 HU\ UHJLRQ RI a VROLG IOXcWXaWH RQO\ VOLJKW-

 O\ abRXW WKHLU SHUIHcW OaWWLcH VLWHV. TKH

 SHULRGLcLW\ RI WKH aWRPLc aUUaQJHPHQW

 JLYHV ULVH LQ WKUHH GLPHQVLRQV WR a VHW RI

 VKaUS GHOWa IXQcWLRQ SHaNV LQ WKH VWUXc-

 WXUH IacWRU, S(Q), aW WKH BUaJJ SRVLWLRQV,

 G. TKHVH aUH RbVHUYHG LQ [-Ua\ BUaJJ

 694

 (3)

 I

 K(TM) = 1 61TNB TM/a2
 RHPaUNabO\, WKLV SUHGLcWLRQ (ET. 3)

 IURP WKH VLPSOH IUHH HQHUJ\ aUJXPHQW

 WXUQV RXW WR aJUHH H[acWO\ ZLWK GHWaLOHG

 caOcXOaWLRQV RI WKH PHOWLQJ WUaQVLWLRQ, aV

 ILUVW SRLQWHG RXW IRU aQ aQaORJRXV caVH b\

 NHOVRQ aQG KRVWHUOLW] (8). IQ RUGHU WR

 JLYH a PRUH accXUaWH GHVcULSWLRQ RI WKH

 SKaVH WUaQVLWLRQ LW LV QHcHVVaU\ WR cRQVLG-

 HU WKH HIIHcWV RI LQWHUacWLRQV bHWZHHQ

 SaLUV RI GLVORcaWLRQV. II WZR GLVORcaWLRQV

 ZLWK RSSRVLWH BXUJHUV YHcWRUV aUH VHSa-

 UaWHG b\ a GLVWaQcH U, WKHLU WRWaO HQHUJ\

 ZLOO bH ILQLWH bXW LQcUHaVH aV OQ U. TKXV, LQ

 WKH VROLG SKaVH WKHUH ZLOO bH aQ HTXLOLbUL-

 XP WKHUPaO GLVWULbXWLRQ RI GLVORcaWLRQ

 SaLUV ZLWK YaULRXV VHSaUaWLRQV. IQ WKH

 SUHVHQcH RI aQ aSSOLHG VWUHVV WKHVH SaLUV

 acW YHU\ PXcK OLNH HOHcWULc GLSROHV LQ aQ

 aSSOLHG HOHcWULc ILHOG LQ WKaW WKH\ WHQG WR

 aOLJQ ZLWK WKH aSSOLHG VWUHVV LQ VXcK a

 Za\ aV WR UHGXcH WKH VWUHVV LQ WKH VROLG

 MXVW aV HOHcWULc GLSROHV VcUHHQ aQ HOHcWULc

 ILHOG LQ a GLHOHcWULc. TKLV HITHcWLYH VcUHHQ-

 LQJ b\ WKH GLVORcaWLRQ SaLUV ZLOO WKXV

 UHGXcH WKH HOaVWLc cRQVWaQWV. A UHQRUPa-

 OL]aWLRQ JURXS WKHRU\ RI WKH PHOWLQJ WUaQ-

 VLWLRQ GHYHORSHG RQ WKH baVLV RI WKHVH

 LGHaV WaNHV LQWR accRXQW WKH HIIHcWV RI

 SCIENCE, VOL. 217

 U= a2 8 OQ (-) + Ec (1)

 ZKHUH K = 4ABI(F + B), ZLWK F aQG B

 WKH VKHaU aQG bXON PRGXOL, UHVSHcWLYHO\.

 HHUH Ec LV WKH HQHUJ\ RI WKH cRUH RI WKH

 GLVORcaWLRQ. A VLPSOH aUJXPHQW GXH WR

 KRVWHUOLW] aQG TKRXOHVV \LHOGV aQ HVWL-

 PaWH RI WKH PHOWLQJ WHPSHUaWXUH, TM? b\

 cRQVLGHULQJ WKH IUHH HQHUJ\ RI a VLQJOH

 GLVORcaWLRQ. AW QRQ]HUR WHPSHUaWXUH WKH

 IUHH HQHUJ\ cRVW WR aGG a GLVORcaWLRQ LV

 JLYHQ b\ U - TS, ZKHUH S = NB OQ(R/a32

 LV WKH HQWURS\ aVVRcLaWHG ZLWK WKH QXP-

 bHU RI SRVVLbOH SRVLWLRQV RI WKH GLVORca-

 WLRQ (NB LV WKH BROW]PaQQ cRQVWaQW).

 TKHUHIRUH, QHJOHcWLQJ Ec, WKH IUHH HQHUJ\

 LS

 F - a2 K OQ (R)  NBT OQ (-M
 \a I

 = (a2 8 - 2NBT) OQ (-)
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 GLVORcaWLRQ SaLUV aQG aOVR WULSOHWV. IW

 \LHOGV a KLJKHU RUGHU SKaVH WUaQVLWLRQ aQG

 GHWaLOHG SUHGLcWLRQV IRU WKH bHKaYLRU RI

 WKH HOaVWLc PRGXOL aQG RWKHU WKHUPRG\-

 QaPLc TXaQWLWLHV QHaU TM. AV PHQWLRQHG,

 WKH MXPS LQ WKH HOaVWLc PRGXOL aW TM VWLOO

 RbH\V ET. 3. HRZHYHU, WKH HOaVWLc PRGX-

 OL aUH IRXQG WR aSSURacK WKLV YaOXH LQ a

 VLQJXOaU IaVKLRQ. FRU H[aPSOH, IRU a KH[-

 aJRQaO cU\VWaO
 -

 A(1) = A(TM) + COQSW(TM - 1)V (4)

 ZKHUH Y LV SUHGLcWHG WR bH 0.36963 (4, 9).

 TKLV bHKaYLRU LV UHSUHVHQWHG b\ WKH VROLG

 OLQH LQ FLJ. 3.

 OQH YHU\ SHcXOLaU SUHGLcWLRQ RI WKH

 GLVORcaWLRQ WKHRU\ LV WKaW, LQ cRQWUaVW WR

 PRVW KLJKHU RUGHU SKaVH WUaQVLWLRQV, aW

 ZKLcK WKH VSHcLILc KHaW GLYHUJHV RU KaV a

 cXVS, aOO WKH WHPSHUaWXUH GHULYaWLYHV RI

 WKH IUHH HQHUJ\ aUH cRQWLQXRXV WKURXJK

 WKH PHOWLQJ WHPSHUaWXUH. TKHUH LV RQO\ a

 YHU\ GLIILcXOW WR RbVHUYH HVVHQWLaO VLQJX-

 OaULW\ LQ WKH VSHcLILc KHaW aW TM

 AbRYH WKH PHOWLQJ WUaQVLWLRQ, WKH SRVL-

 WLRQaO cRUUHOaWLRQV GHca\ H[SRQHQWLaOO\

 ZLWK a cRUUHOaWLRQ OHQJWK, (, ZKLcK LV WKH

 cKaUacWHULVWLc VHSaOHaWLRQ RI WKH IUHH GLV-

 ORcaWLRQV. AW ZaYHOHQJWKV OHVV WKaQ ,

 WKH IOXLG caQ VWLOO VXSSRUW VKHaU (aQG

 LQGHHG WUaQVYHUVH VRXQG caQ SURSaJaWH),

 bXW aW ZaYHOHQJWKV JUHaWHU WKaQ J PRWLRQ

 RI WKH IUHH GLVORcaWLRQV UHOa[HV VKHaU

 VWUHVVHV. TKH cRUUHOaWLRQ OHQJWK GLYHUJHV

 YHU\ UaSLGO\ aV T aSSURacKHV TM IURP

 abRYH, QaPHO\

 J(D Rc H[S[B(T - TM)-V ] (S)

 TKLV UHVXOW LV LQ cRQWUaVW WR WKH SRZHU OaZ

 GLYHUJHQcH RI ((1) aV (T - TC)-V aW PRVW

 KLJKHU RUGHU WUaQVLWLRQV.

 AQRWKHU LQWHUHVWLQJ SUHGLcWLRQ RI WKH

 WKHRU\ cRQcHUQV WKH bRQG RULHQWaWLRQaO

 RUGHU. IQ WKH WZR-GLPHQVLRQaO VROLG

 SKaVH WKH bRQG RULHQWaWLRQV H[KLbLW ORQJ-

 UaQJH RUGHU aV LOOXVWUaWHG LQ FLJ. 1.

 AbRYH WKH WUaQVLWLRQ WHPSHUaWXUH TM WKH

 IUHH GLVORcaWLRQV GHVWUR\ WKH SRVLWLRQaO

 RUGHU bXW, aV caQ bH cUXGHO\ VHHQ IURP

 FLJ. 2a, KaYH a OHVVHU HIIHcW RQ WKH bRQG

 RULHQWaWLRQaO RUGHU. IQ IacW, LW KaV bHHQ

 SUHGLcWHG WKaW MXVW abRYH WKH PHOWLQJ

 WHPSHUaWXUH WKH cRUUHOaWLRQV bHWZHHQ

 WKH ORcaO bRQG GLUHcWLRQV aW WZR SRLQWV LQ

 WKH OLTXLG ZLOO GHca\ aOJHbUaLcaOO\ ZLWK

 GLVWaQcH (4). TKLV LV VRPHZKaW aQaORJRXV

 WR WKH bHKaYLRU RI a WZR-GLPHQVLRQaO

 QHPaWLc OLTXLG cU\VWaO H[cHSW WKaW a QH-

 PaWLc OLTXLG cU\VWaO KaV XQLa[LaO RUGHULQJ

 RI WKH RULHQWaWLRQ RI URGOLNH PROHcXOHV,

 ZKHUHaV WKLV QHZ SKaVH, ZKLcK KaV a

 ORcaO KH[aJRQaO V\PPHWU\, caQ H[LVW

 HYHQ IRU VSKHULcaO PROHcXOHV ZLWK LVRWUR-

 SLc LQWHUacWLRQV. FRU WKLV UHaVRQ, WKLV

 IOXLG SKaVH KaV bHHQ QaPHG WKH KH[aWLc

 SKaVH. IW VKRXOG H[KLbLW aQ RULHQWaWLRQaO

 20 AUGUST 1982

 U  WKUHH GLPHQVLRQV, ZLWK QR LQWHUPHGLaWH

 KH[aWLc SKaVH. AOWHUQaWLYHO\, WKH WUaQVL-

 WLRQ cRXOG bH ILUVW RUGHU bXW ZLWK a VPaOO

 UHJLRQ RI KH[aWLc SKaVH UHPaLQLQJ. OQH

 UHcHQW UHVXOW WKaW LV UaWKHU HQcRXUaJLQJ LV

 WKH VWURQJ cRQILUPaWLRQ RI a VLPLOaU WKH-

 RU\ GHVcULbLQJ WZR-GLPHQVLRQaO VXSHU-

 IOXLGV. IQ a VXSHUIOXLG, WKH GHIHcWV aQaOR-

 JRXV WR GLVORcaWLRQV LQ WKH VROLG aUH VX-

 SHUIOXLG YRUWLcHV. BLVKRS aQG RHSS\ (10)

 SHUIRUPHG a VHULHV RI bHaXWLIXO H[SHUL-

 PHQWV RQ WKLQ KHOLXP ILOPV ZKLcK cRQ-

 ILUP WKH KRVWHUOLW]-TKRXOHVV GHIHcW WKH-

 RU\ RI WKH SKaVH WUaQVLWLRQ IURP WKH

 VXSHUIOXLG WR WKH QRUPaO IOXLG, LQ SaUWLcX-

 OaU WKH XQLYHUVaO MXPS LQ WKH VXSHUIOXLG

 GHQVLW\ ZKLcK LV aQaORJRXV WR WKaW LQ ET.

 3 (8). AGGLWLRQaO HYLGHQcH KaV accXPX-

 OaWHG IURP VWXGLHV RI WKH aQaORJRXV WUaQ-

 VLWLRQ LQ WKLQ-ILOP VXSHUcRQGXcWRUV (11).

 HRZHYHU, WKH aQaORJRXV WKUHH-GLPHQ-

 VLRQaO SKaVH WUaQVLWLRQ LQ WKHVH WZR caVHV

 LV VHcRQG RUGHU (LQ cRQWUaVW WR WKUHH-

 GLPHQVLRQaO PHOWLQJ) VR WKaW a PXcK

 VWURQJHU caVH caQ bH PaGH IRU WKH GRPL-

 QaQcH RI ORQJ-ZaYHOHQJWK IOXcWXaWLRQV

 QHaU WKH SKaVH WUaQVLWLRQ RI WKH WZR-

 GLPHQVLRQaO V\VWHP. TKH YaOLGLW\ RI WKH

 GLVORcaWLRQ WKHRU\ IRU PHOWLQJ LV WKXV

 PXcK OHVV cOHaU, aQG LQGHHG WKHUH aUH

 PaQ\ caVHV LQ ZKLcK WKH PHOWLQJ WUaQVL-

 WLRQ LV ILUVW RUGHU (12). TKH UHPaLQGHU RI

 WKLV aUWLcOH ZLOO bH GHYRWHG WR H[aPLQLQJ

 WKH UHVXOWV RI cRPSXWHU VLPXOaWLRQV RI

 WZR-GLPHQVLRQaO VROLGV aQG a QXPbHU RI

 H[SHULPHQWV RQ V\VWHPV LQ ZKLcK WUXH

 WZR-GLPHQVLRQaO bHKaYRU caQ bH LQYHVWL-

 JaWHG aQG ZKLcK SRWHQWLaOO\ KaYH VHc-

 RQG-RUGHU WUaQVLWLRQV. TKHVH LQcOXGH

 HOHcWURQV RQ WKH VXUIacH RI OLTXLG KHOLXP,

 XOWUaWKLQ IUHH-VWaQGLQJ OLTXLG cU\VWaO

 ILOPV, aQG LQcRPPHQVXUaWH UaUH JaV

 RYHUOa\HUV aGVRUbHG RQ JUaSKLWH.

 NXPHULcaO SLPXOaWLRQV

 IQ RUGHU WR WHVW WKH WKHRU\ RI GLVORca-

 WLRQ-PHGLaWHG PHOWLQJ PaQ\ QXPHULcaO

 VLPXOaWLRQV ZLWK bRWK MRQWH CaUOR aQG

 PROHcXOaU G\QaPLcV cRPSXWaWLRQV KaYH

 bHHQ caUULHG RXW (13-16). OQH RI WKH

 aGYaQWaJHV RI WKHVH cRPSXWHU VLPXOa-

 WLRQV, ZKLcK aUH VWULcWO\ WZR-GLPHQVLRQ-

 aO, LV WKaW PaQ\ TXaQWLWLHV WKaW aUH GL-

 cXOW WR PHaVXUH LQ H[SHULPHQWV aUH

 "PHaVXUabOH" (WKaW LV, QXPHULcaOO\ caO-

 cXOabOH) LQ VLPXOaWLRQV. IQ aGGLWLRQ, cRP-

 SXWHU VLPXOaWLRQV aUH SRVVLbOH ZLWK a

 ZLGH YaULHW\ RI LQWHUacWLRQV bHWZHHQ WKH

 aWRPV. TKH VWaQGaUG LHQQaUG-JRQHV SR-

 WHQWLaO LQYROYLQJ a VWURQJ UHSXOVLYH cRUH

 ZLWK aQ aWWUacWLYH YaQ GHU WaaOV WaLO, a

 UHaVRQabOH aSSUR[LPaWLRQ WR WKH LQWHUac-

 WLRQ bHWZHHQ UaUH JaV aWRPV, LV IUHTXHQW-

 O\ XVHG, aV ZHOO aV SXUHO\ UHSXOVLYH SRZ-
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 FLJ. 3. SKHaU PRGXOXV F SORWWHG aJaLQVW WHP-
 SHUaWXUH IRU WKH WZR-GLPHQVLRQaO HOHcWURQ JaV.
 TKH VROLG OLQH LV SUHGLcWHG b\ WKH GLVORcaWLRQ
 WKHRU\ (15, 17), ZKLOH WKH RSHQ aQG cORVHG
 cLUcOHV aUH WKH UHVXOWV RI MRQWH CaUOR VLPXOa-
 WLRQV b\ MRUI (15). [RHSULQWHG b\ SHUPLVVLRQ
 RI WKH SXbOLVKHU IURP (15)]

 HOaVWLc cRQVWaQW KH WKaW UHVLVWV YaULaWLRQ

 RI WKH bRQG RULHQWaWLRQV, aQaORJRXV WR

 WKH FUaQN cRQVWaQWV RI QHPaWLc OLTXLG

 cU\VWaOV, ZKLcK OLNHZLVH GHVcULbH WKH

 UHVLVWaQcH WR GHIRUPaWLRQ RI WKH ORcaO

 PROHcXOaU a[LV.

 SLQcH WKH KH[aWLc SKaVH VWLOO KaV aOJH-

 bUaLc ORQJ-UaQJH RUGHU LQ WKH RULHQWaWLRQ-

 aO cRUUHOaWLRQV, WKHUH PXVW bH a SKaVH

 WUaQVLWLRQ IURP WKLV SKaVH WR WKH WUXH

 LVRWURSLc OLTXLG SKaVH. TKLV SKaVH WUaQVL-

 WLRQ, aW a WHPSHUaWXUH TH, caQ aJaLQ bH

 GHVcULbHG LQ WHUPV RI VSRQWaQ'HRXV cUH-

 aWLRQ RI GHIHcWV LQ WKLV caVH GLVcOLQa-

 WLRQV LQ WKH KH[aWLc RUGHU SaUaPHWHU aV

 LOOXVWUaWHG LQ FLJ. 2b. TKH bRQG RULHQWa-

 WLRQ URWaWHV b\ 60r aV RQH PRYHV aURXQG

 a SRLQW GLVcOLQaWLRQ. DXH WR WKH VSRQWaQH-

 RXV cUHaWLRQ RI GLVcOLQaWLRQV, WKH HOaVWLc

 cRQVWaQW KH ZLOO GURS GLVcRQWLQXRXVO\

 WR ]HUR aW TH LQ a IaVKLRQ VLPLOaU WR K aW
 U

 O M .

 AV ZH KaYH VHHQ, WKH GHIHcW-PHGLaWHG

 PHOWLQJ IURP a VROLG WR aQ LVRWURSLc OLTXLG

 LV SUHGLcWHG WR bH a WZR-VWHS SURcHVV

 ZLWK aQ LQWHUPHGLaWH KH[aWLc SKaVH. A1-

 WKRXJK WKLV LV aQ aWWUacWLYH SLcWXUH, LW LV

 baVHG RQ a ORQJ-ZaYHOHQJWK UHQRUPaOL]a-

 WLRQ JURXS aSSURacK WKaW LV VWULcWO\ YaOLG

 RQO\ LQ WKH LLPLW RI a ORZ GHQVLW\ RI

 WKHUPaOO\ acWLYaWHG GLVORcaWLRQV. TKXV, LW

 LV QRW RbYLRXVO\ aSSOLcabOH WR aQ\ JLYHQ

 V\VWHP RI aWRPV RU PROHcXOHV. TKH

 VKRUW-ZaYHOHQJWK IOXcWXaWLRQV, ZKLcK aUH

 LJQRUHG, Pa\ bH LPSRUWaQW HQRXJK WR

 PaNH WKH WUaQVLWLRQ ILUVW RUGHU, aV LQ
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 HU OaZ SRWHQWLaOV RI WKH IRUP V(U) a 1/U.

 GHQHUaOO\, WKH SURSHUWLHV RI WKH V\VWHP

 ZLOO GHSHQG bRWK RQ WKH aUHaO GHQVLW\, QV,

 aQG WKH WHPSHUaWXUH. FRU SRZHU OaZ LQ-

 WHUacWLRQV, KRZHYHU, aOO WKH SURSHUWLHV

 aUH GHWHUPLQHG b\ a VLQJOH GLPHQVLRQOHVV

 SaUaPHWHU: WKH UaWLR RI WKH cKaUacWHULVWLc

 SRWHQWLaO HQHUJ\ WR WKH PHaQ NLQHWLc HQ-

 HUJ\ T (WKH WHPSHUaWXUH). FRU J[aPSOH,

 WKH caVH a= 1 GHVcULbHV a WZR-GLPHQ-

 VLRQaO Oa\HU RI HOHcWURQV (VHH QH[W VHc-

 WLRQ) ZKLcK LQWHUacW ZLWK a SRWHQWLaO H21U,

 ZKHUH H LV WKH HOHcWURQ cKaUJH. TKH GL-

 PHQVLRQOHVV SaUaPHWHU LV WKHQ

 NBT (6)

 AOO WKH SURSHUWLHV RI a Oa\HU RI HOHcWURQV

 caQ WKXV bH GHWHUPLQHG b\ YaU\LQJ RQO\

 WKH WHPSHUaWXUH aW a IL[HG GHQVLW\. IQ WKH

 OLPLW ZKHUH (U > RR, RQ WKH RWKHU KaQG,

 WKH SRZHU OaZ LQWHUacWLRQ bHcRPHV

 HTXLYaOHQW WR WKaW bHWZHHQ KaUG GLVNV. IQ

 WKLV caVH, WKH RUGHU RU GLVRUGHU RI WKH

 aWRPV LV HQWLUHO\ GHWHUPLQHG b\ HQWURS\

 RU IUHH YROXPH. HaUG GLVNV IRUP a VROLG

 aW KLJK GHQVLWLHV (QHaU cORVH SacNLQJ) aQG

 PHOW b\ a ILUVW-RUGHU WUaQVLWLRQ bHORZ a

 cULWLcaO GHQVLW\ ZKLcK LV LQGHSHQGHQW RI

 WHPSHUaWXUH.

 BHIRUH GLVcXVVLQJ WKH UHVXOWV RI WKH

 cRPSXWaWLRQV, ZH bULHIO\ PHQWLRQ WKH

 GUaZbacNV RI cRPSXWHU VLPXOaWLRQV.

 EYHQ ZLWK WKH IaVWHVW cRPSXWHUV, VLPXOa-

 WLRQV aUH OLPLWHG WR a VPaOO QXPbHU RI

 SaUWLcOHV, XVXaOO\ OHVV WKaQ 1000, VR WKaW

 cRUUHOaWLRQV caQ bH PHaVXUHG RQO\ RXW WR

 UaWKHU VKRUW GLVWaQcHV. HHQcH, PaQ\ HI-

 IHcWV VXcK aV WKH VWaWLVWLcV RI GLVORca-

 WLRQV QHaU WKH KRVWHUOLW]-TKRXOHVV WUaQVL-

 WLRQ Pa\ bH RbVcXUHG, HVSHcLaOO\ VLQcH

 WKH cRUUHOaWLRQ OHQJWK- LV H[SHcWHG WR

 JURZ H[WUHPHO\ UaSLGO\ MXVW abRYH WKH

 PHOWLQJ WUaQVLWLRQ. AQRWKHU aQG SURbabO\

 PRUH VHULRXV GUaZbacN LV WKH UHOaWLYHO\

 VKRUW WLPH VcaOH LQ WKH VLPXOaWLRQV. TKH
 ORQJHVW cXUUHQWO\ aIIRUGabOH UXQV cRUUH-

 VSRQG WR RQO\ a IHZ KXQGUHG SLcRVHc-

 RQGV RI UHaO WLPH. BHcaXVH RI WKH VORZ

 PRWLRQ RI GHIHcWV, WKH WLPH QHHGHG WR

 HVWabOLVK WKHUPaO HTXLOLbULXP ZLOO bH

 TXLWH ORQJ, aQG WKHUH LV cRQVLGHUabOH cRQ-

 WURYHUV\ RYHU ZKHWKHU WKH cRPSXWHU VLP-

 XOaWLRQV aUH LQ HTXLOLbULXP LQ WKH UHJLRQ
 QHaU WKH PHOWLQJ WHPSHUaWXUH. WLWK WKHVH

 UHVHUYaWLRQV LQ PLQG, ZH SUHVHQW bHORZ a

 bULHI VXPPaU\ RI WKH UHVXOWV cRPPRQ WR

 VHYHUaO V\VWHPV. AW ORZ WHPSHUaWXUHV a

 QRQ]HUR VKHaU PRGXOXV LV RbVHUYHG, aQG

 IRU PRVW V\VWHPV WKH YaOXHV RI WKH HOaVWLc

 PRGXOL aW WKH aSSaUHQW PHOWLQJ WHPSHUa-

 WXUH, RbWaLQHG bRWK IURP WKH G\QaPLc

 cRUUHOaWLRQ IXQcWLRQV aQG b\ GLUHcW aSSOL-

 caWLRQ RI VWUHVV, aUH QHaU WKH KRVWHUOLW]-

 TKRXOHVV SUHGLcWLRQ (14). IQ SaUWLcXOaU,

 MRUI (15) KaV IRXQG (VHH FLJ 3) TXaQWLWa-
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 WLYH aJUHHPHQW aW aOO T < TM bHWZHHQ

 WKH cRPSXWHG VKHaU PRGXOXV IRU aQ HOHc-

 WURQ V\VWHP aQG aQaO\WLcaO caOcXOaWLRQV

 (15, 17). IQ aGGLWLRQ, WKH cULWLcaO YaOXH RI

 U RbWaLQHG aJUHHV ZHOO ZLWK UHQRUPaOL]a-

 WLRQ JURXS caOcXOaWLRQV aQG ZLWK H[SHUL-

 PHQWV ZLWK HOHcWURQV RQ KHOLXP (VHH bH-

 ORZ).

 IQ WKH VROLG SKaVH, aOO VLPXOaWLRQV \LHOG

 ORQJ-UaQJH bRQG RULHQWaWLRQaO aQG SRZHU

 OaZ SRVLWLRQaO RUGHU. IQ WKH IOXLG SKaVH,

 RQ WKH RWKHU KaQG, WKH cRUUHOaWLRQV IaOO

 RII H[SRQHQWLaOO\ ZLWK a cRUUHOaWLRQ

 OHQJWK WKaW JURZV UaSLGO\ aV T TM-

 HRZHYHU, WKH cRUUHOaWLRQ OHQJWK W\SLcaO-

 O\ UHacKHV RQO\ RQ WKH RUGHU RI ILYH

 OaWWLcH VSacLQJV LQ WKH OLTXLG SKaVH. TKLV

 (, WKRXJK a IacWRU RI 3 OaUJHU WKaQ W\SLcaO

 Pa[LPXP cRUUHOaWLRQ OHQJWKV LQ VLPSOH

 WKUHH-GLPHQVLRQaO IOXLGV, LV cRQVLGHUabO\

 OHVV WKaQ WKH V\VWHP VL]H. IQ aGGLWLRQ,

 PaQ\ aXWKRUV KaYH caOcXOaWHG IUHH HQHU-

 J\ cXUYHV aQG ILQG K\VWHUHVLV aW WKH PHOW-

 LQJ WUaQVLWLRQ aQG aQ aSSaUHQW OaWHQW

 KHaW, TO\S, ZKLcK WKH\ LQWHUSUHW aV HYL-
 GHQcH IRU a ILUVW-RUGHU WUaQVLWLRQ. TKH

 aSSaUHQW HQWURS\ cKaQJHV OYS aUH, KRZ-

 HYHU, W\SLcaOO\ RQH-WKLUG WR RQH-KaOI RI

 WKH cKaQJHV aW WKH cRUUHVSRQGLQJ WKUHH-

 GLPHQVLRQaO PHOWLQJ WUaQVLWLRQ.

 PLcWXUHV RI WKH GLVORcaWLRQ GLVWULbX-

 WLRQ, RbWaLQHG b\ a cOHYHU PHWKRG SLR-

 QHHUHG b\ McTaJXH HW aO. (16), VKRZ

 RQO\ bRXQG SaLUV bHORZ TM, aV H[SHcWHG.

 AV WKH WHPSHUaWXUH LQcUHaVHV WKH\ WHQG

 WR VKRZ a YHU\ UaSLG ULVH LQ WKH QXPbHU

 RI GLVORcaWLRQV QHaU TM, LQcOXGLQJ "IUHH

 RQHV aV ZHOO aV a UHJLRQ RI SRVVLbOH WZR-
 . .

 SKaVH cRH[LVWHQcH cRQVLVWHQW ZLWK a ILUVW-

 RUGHU WUaQVLWLRQ. IW aSSHaUV UaWKHU XQOLNH-

 O\, KRZHYHU, WKaW HTXLOLbULXP caQ bH

 UHacKHG, HYHQ LQ WKH ORQJHVW cRPSXWHU

 UXQV, RQcH WKH cRUUHOaWLRQ OHQJWK LV PXcK

 PRUH WKaQ a IHZ OaWWLcH VSacLQJV. IW LV

 WKXV QRW cOHaU ZKHWKHU WKH UHVXOWV aUH

 PRUH cRQVLVWHQW ZLWK a VHcRQG-RUGHU

 KRVWHUOLW]-TKRXOHVV WUaQVLWLRQ IRU VRPH

 LQWHUacWLRQV RU aOZa\V LQGLcaWH a ILUVW-

 RUGHU WUaQVLWLRQ. TKH LQWHUSUHWaWLRQ RI
 WKH UHVXOWV Pa\ ZHOO UHPaLQ a PaWWHU RI

 cRQWURYHUV\ aQG SHUVRQaO SUHMXGLcH IRU

 VRPH WLPH. AV ZH ZLOO VHH, KRZHYHU,

 VHYHUaO UHaO H[SHULPHQWaO V\VWHPV aO-

 UHaG\ \LHOG UHVXOWV WKaW aUH TXLWH cRQVLVW-

 HQW ZLWK WKH KRVWHUOLW]-TKRXOHVV-HaO-

 SHULQ-NHOVRQ-YRXQJ WKHRULHV.

 EOHcWURQV RQ HHOLXP

 OQH RI WKH VLPSOHVW WZR-GLPHQVLRQaO

 V\VWHPV cRQVLVWV RI a VLQJOH Oa\HU RI
 HOHcWURQV IORaWLQJ 100 aQJVWURPV abRYH
 WKH VXUIacH RI VXSHUIOXLG KHOLXP-4, UH-

 SHOOHG b\ WKH bXON KHOLXP bXW KHOG WR WKH

 VXUIacH b\ WKHLU LPaJH SRWHQWLaO LQWHUac-

 WLRQ aQG aQ aSSOLHG YHUWLcaO HOHcWULc ILHOG

 (18). TKH HOHcWURQV bHKaYH aOPRVW cRP-

 SOHWHO\ cOaVVLcaOO\-TXaQWXP HIIHcWV aUH

 QHJOLJLbOH GXH WR WKH ORZ GHQVLWLHV,

 QV 108 WR 109 SHU VTXaUH cHQWLPHWHU. AV

 PHQWLRQHG abRYH, GXH WR WKH VLPSOH IRUP

 RI WKH CRXORPb LQWHUacWLRQ bHWZHHQ WKH

 HOHcWURQV, aOO SURSHUWLHV RI WKH V\VWHP

 aUH a IXQcWLRQ RQO\ RI WKH GLPHQVLRQOHVV

 UaWLR U, JLYHQ LQ ET. 6. AW VPaOO U WKH

 HOHcWURQV aUH XQcRUUHOaWHG aQG IRUP a

 IOXLG RU WZR-GLPHQVLRQaO SOaVPa. HRZ-

 HYHU, ZKHQ U H[cHHGV a cULWLcaO YaOXH UM,

 WKH HOHcWURQV aUH H[SHcWHG WR IRUP a

 KH[aJRQaO WLJQHU cU\VWaO QaPHG IRU

 WKH ILUVW SK\VLcLVW WR VXJJHVW WKaW aW ORZ

 GHQVLWLHV HOHcWURQV VKRXOG bHKaYH cOaVVL-

 caOO\ aQG cU\VWaOOL]H.

 A IHZ \HaUV aJR, LQ WKH cXOPLQaWLRQ RI

 a VHULHV RI H[SHULPHQWV RQ WKH HOHcWURQ

 IOXLG, GULPHV aQG AGaPV (19) IRXQG WKaW

 LI WKH\ cRROHG WKH HOHcWURQV RQ KHOLXP LQ

 WKHLU c\OLQGULcaO H[SHULPHQWaO cHOO WR bH-

 ORZ 0 5 K, VHYHUaO P\VWHULRXV QHZ UHVR-

 QaQcHV aSSHaUHG LQ WKH UaGLR-IUHTXHQc\

 abVRUSWLRQ VSHcWUXP. TKH WHPSHUaWXUH aW

 ZKLcK WKHVH PRGHV aSSHaUHG VcaOHG

 SURSHUO\ ZLWK <, cRUUHVSRQGLQJ WR a

 YaOXH RI U aW RQVHW RI UM = 137 + 15,

 ZKLcK WKH\ LQWHUSUHWHG aV WKH PHOWLQJ

 SRLQW RI WKH WLJQHU cU\VWaO.

 A GHWaLOHG aQaO\VLV RI WKH H[SHULPHQWV

 b\ FLVKHU HW aO. (20) OHG WR WKH LQWHUSUHWa-

 WLRQ RI WKH QHZ UHVRQaQcHV aV cRXSOHG

 ORQJLWXGLQaO PRGHV RI WKH HOHcWURQ VROLG

 aQG KHOLXP VXUIacH ZaYHV (ULSSORQV),

 ZLWK ZaYHOHQJWKV GHWHUPLQHG b\ WKH c\-

 OLQGULcaO VaPSOH cHOO. IQ WKH VROLG SKaVH,

 WKH HOHcWULc ILHOG SUHVVLQJ WKH HOHcWURQV

 RQWR WKH KHOLXP VXUIacH caXVHV a YHU\

 VKaOORZ (0.01 WR 0.1 A) GLPSOH WR IRUP

 XQGHU HacK HOHcWURQ (21). IQ WKH ILXLG
 SKaVH, WKH HOHcWURQV PRYH WRR UaSLGO\ IRU

 WKHU GLPSOHV WR IRUP. TKH cRXSOHG

 PRGHV ZKLcK LQYROYH UHOaWLYH PRWLRQ

 RI WKH HOHcWURQ OaWWLcH aQG GLPSOH OaW-

 WLcH aUH WKXV a JRRG LQGLcaWLRQ RI WKH

 SUHVHQcH RI a WLJQHU cU\VWaO.

 E[SHULPHQWaOO\, ZKLOH WKH UHVRQaQcHV

 aSSHaU UaSLGO\ aV WKH V\VWHP LV cRROHG,

 WKHUH LV QR MXPS LQ IUHTXHQc\ RU aPSOL-
 WXGH. IQ aGGLWLRQ, QR K\VWHUHVLV LV Rb-

 VHUYHG. BRWK RI WKHVH RbVHUYaWLRQV aUH

 cRQVLVWHQW ZLWK a KLJKHU RUGHU PHOWLQJ

 WUaQVLWLRQ.

 WKLOH LW LV RQO\ SRVVLbOH aW SUHVHQW WR

 cRPSaUH UM ZLWK WKH GLVORcaWLRQ WKHRU\,

 aV GLVcXVVHG LQ WKH SUHYLRXV VHcWLRQ, LQ

 SULQcLSOH LW VKRXOG bH SRVVLbOH WR RbWaLQ

 WKH VKHaU PRGXOXV RI WKH HOHcWURQ cU\VWaO

 b\ H[cLWLQJ ORQJ-ZaYHOHQJWK VKHaU ZaYHV

 HOHcWURPaJQHWLcaOO\ aQG PHaVXULQJ WKH

 WUaQVYHUVH VRXQG YHORcLW\. DLUHcW cRP-

 SaULVRQ ZLWK WKH WKHRUHWLcaO SUHGLcWLRQ

 IRU WKH MXPS LQ WKH HOaVWLc PRGXOL VKRXOG

 WKHQ bH SRVVLbOH.
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 O O

 OUOH RI WKH aGYaQWaJHV RI HOHcWURQV RQ
 KHOLXP, LQ aGGLWLRQ WR WKH VLPSOH LQWHUac-
 WLRQV, WKH OacN RI LPSXULWLHV, aQG WKH
 SRVVLbLOLWLHV RI cRXSOLQJ WR WKH HOHcWURQV
 HOHcWURPaJQHWLcaOO\, LV WKaW WKH KHOLXP
 VXbVWUaWH, XQOLNH VROLG VXbVWUaWHV, GRHV
 QRW aIIHcW aQ\ WKHUUIORG\QaPLc RU VWaWLc
 SURSHUWLHV RI WKH HOHcWURQ Oa\HU. IQ IacW,
 VWaWLVWLcaO PHcKaQLcLaIOV caQ LPPHGLaWHO\
 "LQWHJUaWH RXW" WKH HIIHcWV RI WKH KHOLXP
 ULSSORQV aUOG KHQcHIRUWK LJQRUH WKHP aV
 IaU aV aQ\ VWaWLc SURSHUWLHV aUH cRQ-
 cHUQHG. IW LV WKXV UaWKHU LURQLc WKaW WKH
 ILUVW RbVHUYaWLRQ RI WKH ORQJ H[SHHWHG
 WLJUOHU cU\VWaO ZaV PaGH SRVVLbOH b\ WKH
 G\QaPLc cRXSOLQJ RI WKH HOHcWURQV WR
 ULSSORQV.

 LLTXLG CU\VWaO FLOPV

 WKLOH HOHcWURQV RQ KHOLXP IRUP a YHU\
 ORZ GHQVLW\ VROLG WKaW GRHV QRW KaYH
 VWUXcWXUH OI1 aWRPLc VcaOHV? PRVW WZR-
 GLPHQVLRQaO VROLGV aUH IRUPHG RI aWRPV
 RU PROHcXOHV ZLWK OaWWLcH VSacLQJV RI a
 IHZ aQJVWURPV. SLQcH WZR-GLPHQVLRQaO
 PHOWLQJ LV baVLcaOO\ a VWUXcWXUaO SURbOHP,
 RQH H[SHcWV [-Ua\ VcaWWHULQJ, ZKLcK LV
 VHQVLWLYH WR VWUXcWXUH RQ aWRPLc VcaOHV,
 WR bH aQ LPSRUWaQW H[SHULPHQWaO SURbH
 IRU VWXG\LQJ RWKHU WZR-GLPHQVLRQaO V\V-
 WHPV.

 HRZHYHU, WZR PaMRU GLIILcXOWLHV JHQHU-
 aOO\ SUHYHQW URXWLQH [-Ua\ VWXGLHV RI WZR-
 GLPHQVLRQaO PHOWLQJ. FLUVW, aOWKRXJK VXU-

 IacHV, LQWHUIacHV, aQG WKLQ ILOPV OLWHUaOO\
 VXUURXQG XV, LW LV TXLWH UaUH WR cRPH XSRQ
 a WZR-GLPHQVLRQaO cU\VWaO WR XVH aV a
 VaPSOH. NHYHUWKHOHVV, aV ZH ZLOO GH-
 VcULbH bHORZ, LW KaV bHHQ SRVVLbOH WR
 SUHSaUH VXLWabOH WZR-GLPHQVLRQaO cU\V-
 WaOV aQG VWXG\ WKHLU bHKaYLRU QHaU PHOW-
 LQJ. SHcRQG, WKH [-Ua\ VcaWWHULQJ cURVV
 VHcWLRQ IRU a WZR-GLPHQVLRQaO V\VWHP LV
 JHQHUaOO\ VPaOO VRPH IRXU WR VL[ RUGHUV
 RI PaJQLWXGH ZHaNHU WKaQ WKaW RI WKUHH-
 GLPHQVLRQaO cU\VWaOOLQH VSHcLPHQV. FRU-
 WXQaWHO\, WKH UHcHQW GHYHORSPHQW RI [-
 Ua\ VcaWWHULQJ H[SHULPHQWV aW KLJK-IOX[
 V\QcKURWURQ UaGLaWLRQ VRXUcHV VXcK aV
 WKH SWaQIRUG PRVLWURQ EOHcWURQ AccHOHU-
 aWLQJ RLQJ (SPEAR) KaV RYHUcRPH WKH

 40.8
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 4 Oa\HUV
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 U
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 FLJ. 4. (a) ScKHPaWLc UHSUHVHQWaWLRQ RI WKH OLTXLG cU\VWaO ILOP GUaZLQJ WHcKQLTXH ZLWK LQVHW V.KRZLQJ aQ HQOaUJHG VHcWLRQ RI WZR-Oa\HU cU\VWaOOLQH
 ILOP. (b) RHcLSURcaO VSacH aSSURSULaWH WR a VLPSOH WZR-GLPHQVLRQaO KH[aJRQaO OaWWLcH, VKRZLQJ WKH GLIIHUHQW GLUHcWLRQV RI WKH [-Ua\ VcaQV GHVcULbHG
 LQ WKH WH[W. (c) X-Ua\ GaWa RbWaLQHG RQ a IRXU-Oa\HU ILOP b\ XVH RI a URWaWLQJ aQRGH [-Ua\ JHQHUaWRU ZLWK a GLIIUacWLRQ aSSaUaWXV KaYLQJ a UHVROXWLRQ

 VKRZQ b\ WKH GaVKHG OLQH (ZLGWK 0.04 - I). TKH VROLG OLQH LV a ILW RI WKH SRZHU OaZ OLQH VKaSH GHVcULbHG LQ WKH WH[W ZLWK H[SRQHQW X - 0.15. (IQ-

 VHW) THPSHUaWXUH GHSHQGHQcH RI ; WKH WZR cXUYHV UHSUHVHQW XSSHU aQG ORZHU OLPLWV RI WKH XQcHUWaLQW\ LQ WKH ILWWLQJ SURcHGXUHV. [RHSULQWHG b\
 SHUPLVVLRQ RI WKH SXbOLVKHU IURP (23)] (G) X-Ua\ GaWa RbWaLQHG RQ a WZR-Oa\HU ILOP aW WKH SWaQIRUG S\QcKURWURQ RaGLaWLRQ LabRUaWRU\, XVLQJ WKH LP-

 SURYHG UHVROXWLRQ aYaLOabOH ZLWK V\QcKURWURQ bHaPV (ZLGWK 6 [ 10-4 A-O). TKH VROLG OLQH LV a ILW WR WKH SRZHU OaZ OLQH VKaSH ZLWK X = 0.13.

 [FURP (25)]
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 LQWHQVLW\ OLPLWaWLRQV RI cRQYHQWLRQaO Oab-

 RUaWRU\ [-Ua\ VRXUcHV.

 TKH ILUVW aWWHPSWV WR VWXG\ WKH PHOWLQJ

 RI WZR-GLPHQVLRQaO cU\VWaOV H[SORLWHG
 WKH UHPaUNabOH abLOLW\ RI VRPH OLTXLG

 cU\VWaOV WR IRUP IUHHO\ VXVSHQGHG ILOPV
 (OLNH VRaS bXbbOH ILOPV). TKHVH caQ bH

 PaGH aV WKLQ aV WZR PROHcXOaU Oa\HUV (50
 A) ZLWK aQ aUHa RI 1 cP2. TKLV WHcKQLTXH

 ZaV GHYHORSHG aW HaUYaUG (22) aQG KaV
 bHHQ H[SORLWHG LQ [-Ua\ VcaWWHULQJ H[SHUL-

 PHQWV b\ MRQcWRQ aQG PLQGaN (23). AV

 VKRZQ LQ FLJ. 4a, WKH ILOP LV GUaZQ

 acURVV aQ RSHQ KROH LQ a JOaVV cRYHU
 VOLGH. IQ WKH cU\VWaOOLQH SKaVH, WKH HORQ-

 JaWHG PROHcXOHV RUGHU ZLWK WKHLU ORQJ

 a[HV SHUSHQGLcXOaU WR WKH SOaQH RI WKH
 ILOP aQG IRUP a VLPSOH cORVH-SacNHG KH[-

 aJRQaO OaWWLcH RQ WKH SOaQH. OSWLcaO UH-

 IOHcWLYLW\ PHaVXUHPHQWV caQ HaVLO\ GHWHU-

 PLQH WKH WKLcNQHVV RI WKH ILOP WKaW LV,
 WKH H[acW QXPbHU RI Oa\HUV ZKLcK LV
 IRXQG WR bH XQLIRUP RYHU WKH HQWLUH VaP-
 SOH aUHa. GHQHUaOO\, WKLV WKLQ OLTXLG cU\V-
 WaO ILOP WHcKQLTXH RIIHUV WZR LPSRUWaQW
 aGYaQWaJHV. FLUVW, LW SURGXcHV VLQJOH-
 cU\VWaO WZR-GLPHQVLRQaO VROLGV WKaW aUH
 QRW XQGHU WKH LQIOXHQcH RI aQ\ VXbVWUaWH
 SRWHQWLaOV. SHcRQG, IURP WKH [-Ua\ VcaW-
 WHULQJ YLHZSRLQW, WKH OacN RI aQ\ VXb-
 VWUaWH RU VaPSOH cHOO ZaOOV JUHaWO\ UH-
 GXcHV WKH bacNJURXQG VcaWWHULQJ aJaLQVW
 ZKLcK WKH [-Ua\ VLJQaO PXVW bH YLVLbOH.

 IQ FLJ. 4b ZH VKRZ a VcKHPaWLc YLHZ
 RI WKH UHcLSURcaO VSacH UHSUHVHQWLQJ WKLV
 WZR-GLPHQVLRQaO KH[aJRQaO OaWWLcH. IQ
 GLIIUacWLRQ H[SHULPHQWV BUaJJ URGV aUH
 RbVHUYHG b\ VcaQQLQJ WKH [-Ua\ PRPHQ-
 WXP WUaQVIHU YaULabOH Q aQG PHaVXULQJ
 WKH VcaWWHULQJ LQWHQVLW\. OQH LV JHQHUaOO\

 LQWHUHVWHG LQ WKH OLQH VKaSH RI WKH URG,

 VcaQQLQJ RXW IURP WKH RULJLQ RI UHcLSUR-

 caO VSacH; LW LV WKLV LQIRUPaWLRQ WKaW LV
 GLUHcWO\ UHOaWHG WR WKH FRXULHU WUaQVIRUP

 RI WKH SRVLWLRQaO cRUUHOaWLRQ IXQcWLRQ GLV-

 cXVVHG LQ WKH WKHRUHWLcaO VHcWLRQ. FLJXUH
 4c VKRZV GaWa (24) RbWaLQHG RQ a PaWHULaO

 caOOHG 40.8 IN-(4-Q-bXW\OR[\bHQ]\OL-

 GHQH)-4'-Q-RcW\OaQLOLQH] b\ XVLQJ a cRQ-
 YHQWLRQaO (50-NLORZaWW) URWaWLQJ aQRGH [-
 Ua\ JHQHUaWRU, aQG FLJ. 4G VKRZV GaWa

 (25) RQ aQRWKHU PaWHULaO, 14S5 (4-Q-SHQ-
 W\ObHQ]HQHWKLR - 4' - Q - WHWUaGHc\OR[\bHQ]R -

 aWH) WaNHQ ZLWK V\QcKURWURQ UaGLaWLRQ. IQ

 bRWK caVHV WKH VaPSOHV aUH LQ WKH WZR-
 GLPHQVLRQaO cU\VWaOOLQH VWaWH, ZKHUH
 BUaJJ VLQJXOaULWLHV VKRXOG WKHRUHWLcaOO\

 bH RI WKH IRUP S(Q) - IQ - GO-2+N. IQ-

 GHHG, WKLV IRUP GRHV ILW WKH H[SHULPHQWaO

 OLQH VKaSHV. TKH PRVW UHPaUNabOH aVSHcW

 b 14

 12

 10 a
 XHQRQ aGVRUbHG RQ JUaSKLWH (001) VXUIacH

 8
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 FLJ. 5. (a) IOOXVWUaWLRQ RI a PRQROa\HU RI [HQRQ aGVRUbHG RQ WKH (001) VXUIacH RI JUaSKLWH. TKH VWUXcWXUH aW WKH IXOO PRQROa\HU cRYHUaJH LV
 LQcRPPHQVXUaWH ZLWK WKH VXbVWUaWH bHcaXVH RI WKH OaUJH VL]H RI WKH [HQRQ aWRPV. (b) T\SLcaO GLIIUacWLRQ SURILOHV IURP WKH cORVHG cHOO VROLGLILcaWLRQ
 UXQV. EPSW\ cHOO bacNJURXQG, cRUUHcWHG IRU [HQRQ [-Ua\ abVRUSWLRQ, KaV bHHQ VXbWUacWHG. TKH VROLG OLQHV IRU T = 135.0 aQG 151.3 K aUH ILWV WR a
 SRZHU OaZ OLQH VKaSH, aV GLVcXVVHG LQ WKH WH[W. TKH VROLG OLQHV IRU T = 152.0 aQG 160.0 K aUH ILWV WR a SRZGHU aQG WLOW-aYHUaJHG LRUHQW]LaQ.
 [RHSULQWHG b\ SHUPLVVLRQ RI WKH SXbOLVKHU IURP (30)] (c) IQYHUVH cRUUHOaWLRQ OHQJWK K GHWHUPLQHG IURP a LRUHQW]LaQ OLQH VKaSH aQaO\VLV. TKH VROLG
 OLQH LV a ILW RI K YHUVXV T WR WKH WKHRUHWLcaO SUHGLcWLRQ ZLWK Y = 0.4 aQG TM = 152 K, aV GLVcXVVHG LQ WKH WH[W. [RHSULQWHG b\ SHUPLVVLRQ RI WKH SXb-
 OLVKHU IURP (30)]
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 RI WKH GaWa LV WKH IacW WKaW WKH OLQH VKaSH
 VcaOHV ZLWK WKH LQVWUXPHQWaO UHVROXWLRQ
 ZKHQ WKH OaWWHU LV LPSURYHG b\ a IacWRU RI

 50 LQ JRLQJ IURP URWaWLQJ aQRGH GaWa

 (FLJ. 4c) WR V\QcKURWURQ UaGLaWLRQ GaWa

 (FLJ. 4G). TKH VROLG OLQHV LQ FLJ. 4, c aQG
 G, aUH ILWV WR WKH GaWa RbWaLQHG b\ cRQYR-
 OXWLQJ WKH UHVROXWLRQ IXQcWLRQ (GaVKHG
 OLQH) ZLWK S(Q) = IQ - GL-2+Q. SLQcH

 WKLV IRUP KaV QR OHQJWK VcaOH, WKH UHVXOW-
 LQJ cRQYROXWHG IXQcWLRQ ZLOO GHSHQG RQO\

 RQ WKH UaWLR RI WKH PRPHQWXP WUaQVIHU WR
 WKH UHVROXWLRQ ZLGWK. TKLV ZRXOG cOHaUO\

 QRW bH WKH caVH LI WKH V\VWHP ZHUH a
 OLTXLG, IRU ZKLcK WKH VcaWWHULQJ LQWHQVLW\
 LV RI WKH IRUP S(Q)Rc(Q2 + K2)-1, ZKHUH

 K - 1/( LS WKH LQYHUVH RI WKH OLTXLG cRUUH-
 OaWLRQ OHQJWK. TKLV UHVROXWLRQ VcaOLQJ LV

 WKXV VWURQJ HYLGHQcH IRU WKH aSSOLcabLOLW\

 RI WKH WZR-GLPHQVLRQaO cU\VWaOOLQH VWUXc-

 WXUH IacWRU.

 AV GLVcXVVHG aW WKH RXWVHW RI WKLV aUWL-

 cOH, RQH H[SHcWV a WZR-GLPHQVLRQaO VROLG

 WR H[KLbLW a QRQ]HUR VKHaU PRGXOXV LQ

 aGGLWLRQ WR WKH cKaUacWHULVWLc VWUXcWXUH

 IacWRU GLVcXVVHG abRYH. PLQGaN HW aO. (26)
 VXccHHGHG LQ PHaVXULQJ WKH LQ-SOaQH

 VKHaU PRGXOXV RI OLTXLG cU\VWaO ILOPV b\

 XVLQJ a YHU\ VHQVLWLYH UHVRQaQW RVcLOOaWRU
 WHcKQLTXH. FURP WKHVH H[SHULPHQWV
 WKHUH LV cHUWaLQO\ QR GRXbW abRXW WKH WZR-
 GLPHQVLRQaO VROLG QaWXUH RI WKHVH PaWHUL-
 aOV, aQG RQH LV WKXV HQcRXUaJHG WR XVH [-

 Ua\ GaWa WR H[WUacW WKH WHPSHUaWXUH GH-

 SHQGHQcH RI WKH H[SRQHQW . A ILUVW
 aWWHPSW WR GR WKLV LV VKRZQ LQ WKH LQVHW LQ

 FLJ. 4c. TKH PHaVXUHPHQWV aUH VXbMHcW WR

 VRPH XQcHUWaLQW\ aQG WKH VROLG aQG
 GaVKHG OLQHV UHSUHVHQW XSSHU aQG ORZHU
 OLPLWV. TKH UHVXOWV LQGLcaWH WKaW N aW

 PHOWLQJ (TM = 50rC IRU 40.8) LV cORVH WR

 WKH UaQJH SUHGLcWHG b\ WKHRU\, 1/4
 < N < 1/3. AOWKRXJK WKHUH aUH IHZ GaWa
 VR IaU abRYH TM, H[SHULPHQWV RQ WKH

 PHOWLQJ RI WKLQ-ILOP OLTXLG cU\VWaOV aUH

 bHLQJ cRQWLQXHG.

 SWXGLHV RI WKLcN ILOPV (JUHaWHU WKaQ 100
 Oa\HUV) KaYH SURGXcHG H[cLWLQJ LQGLUHcW

 HYLGHQcH LQ VXSSRUW RI WKH H[LVWHQcH RI

 WKH KH[aWLc SKaVH bHWZHHQ WKH VROLG aQG

 IOXLG SKaVHV LQ a PaWHULaO caOOHG 650BC
 (27) (Q-KH[\O-4'-Q-SHQW\OR[\bLSKHQ\O-4-

 caUbR[\OaWH). IQ WKLV ZRUN, a QHZ OLTXLG

 cU\VWaO SKaVH KaV bHHQ GLVcRYHUHG ZKLcK

 caQ bH WKRXJKW RI aV a VWacN RI WZR-
 GLPHQVLRQaO KH[aWLc Oa\HUV. TKH [-Ua\
 GaWa VKRZ WKaW VL[IROG bRQG RULHQWaWLRQaO
 RUGHU GHYHORSV LQ WKH Oa\HUV XSRQ cRROLQJ
 WKURXJK a ZHOO-GHILQHG KLJKHU RUGHU
 SKaVH WUaQVLWLRQ. AbRYH WKH WUaQVLWLRQ,

 WKH V\VWHP LV LQ WKH VPHcWLc A SKaVH,

 ZKLcK LV a bXON WKUHH-GLPHQVLRQaO SKaVH

 WKaW caQ bH WKRXJKW RI aV a VWacN RI WZR-
 GLPHQVLRQaO OLTXLG Oa\HUV. TKH [-Ua\

 VcaWWHULQJ IURP WKLV SKaVH cRQVLVWV RI a

 c\OLQGHU LQ UHcLSURcaO VSacH. TKH c\OLQ-
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 GHU ZaOO KaV a LRUHQW]LaQ LQWHQVLW\ SUR-

 ILOH aV a IXQcWLRQ RI WKH UaGLaO PRPHQWXP

 WUaQVIHU, Q 11 (VHH FLJ. 4b). AV WKH WUaQVL-

 WLRQ WaNHV SOacH, WKH VcaWWHULQJ LQ WKH

 c\OLQGHU GHYHORSV VL[ Pa[LPa aV a IXQc-

 WLRQ RI X, LQGLcaWLQJ WKH GHYHORSPHQW RI

 ORQJ-UaQJH bRQG-RULHQWaWLRQaO RUGHU; bXW

 WKH LRUHQW]LaQ VKaSH SHUVLVWV LQ WKH Q 11

 GLUHcWLRQ. ObYLRXVO\ WKH V\VWHP KaV QRW

 GHYHORSHG WKH SRVLWLRQaO ORQJ-UaQJH RU-

 GHU cKaUacWHULVWLc RI a WKUHH-GLPHQVLRQaO

 cU\VWaO. RaWKHU, WKH RbVHUYHG VWUXcWXUH LV

 WKaW H[SHcWHG, aQG LQ IacW aQWLcLSaWHG

 (28), LQ H[WHQVLRQV RI WKH HaOSHULQ-NHO-

 VRQ LGHaV WR a WKUHH-GLPHQVLRQaO VWacN RI

 Oa\HUV, HacK RI ZKLcK LV LQ WKH WZR-

 GLPHQVLRQaO KH[aWLc VWaWH. IQ aQaORJ\
 ZLWK WKH WZR-GLPHQVLRQaO KH[aWLc SKaVH,

 WKH WKUHH-GLPHQVLRQaO VWacNHG KH[aWLc

 SKaVH LV QRW VROLG aQG VKRXOG QRW VXSSRUW

 a VKHaU IRUcH. IQGHHG, PHaVXUHPHQWV RI

 WKH LQ-Oa\HU VKHaU PRGXOXV b\ PLQGaN HW

 aO. (29) UHYHaO WKaW WKH VKHaU PRGXOXV,

 ZKLcK LV QRQ]HUR LQ WKH ORZHU WHPSHUa-

 WXUH WKUHH-GLPHQVLRQaO cU\VWaOOLQH SKaVH,

 YaQLVKHV LQ WKH VWacNHG KH[aWLc SKaVH.

 TKHVH H[SHULPHQWV VWURQJO\ VXJJHVW WKaW

 WKLQ OLTXLG cU\VWaL ILOPV RIIHU WKH bHVW

 RSSRUWXQLWLHV IRU RbVHUYaWLRQ RI a WZR-

 GLPHQVLRQaO KH[aWLc SKaVH.

 RaUH GaVHV AGVRUbHG RQ GUaSKLWH

 HaYLQJ VKRZQ WKH aSSOLcabLOLW\ RI WKH

 SRZHU OaZ VWUXcWXUH IacWRU WR WKH BUaJJ

 VcaWWHULQJ IURP WZR-GLPHQVLRQaO cU\VWaOV

 aQG PHQWLRQHG WKH GLVcRYHU\ RI a WKUHH-

 GLPHQVLRQaO aQaORJ WR WKH KH[aWLc SKaVH,

 ZH QRZ WXUQ RXU aWWHQWLRQ WR WKH GHWaLOV

 RI WKH WZR-GLPHQVLRQaO PHOWLQJ SKaVH

 WUaQVLWLRQ. A cOaVV RI V\VWHPV cRQVLVWLQJ

 RI UaUH JaVHV SK\VLVRUbHG RQ WKH (001)

 baVaO SOaQHV RI S\URO\WLc JUaSKLWH KaV

 SURYLGHG aQ HQRUPRXV aUUa\ RI VXUIacH

 SKaVH WUaQVLWLRQV WKaW aUH LGHaOO\ VXLWHG

 WR [-Ua\ VcaWWHULQJ VWXGLHV (30). TR GaWH,

 WKH PRVW VXbVWaQWLaO SURJUHVV RQ WKH WZR-

 GLPHQVLRQaO PHOWLQJ SURbOHP KaV bHHQ

 PaGH ZLWK WKH V\VWHP cRQVLVWLQJ RI

 VOLJKWO\ PRUH WKaQ RQH PRQROa\HU RI [H-

 QRQ aWRPV, aV VKRZQ VcKHPaWLcaOO\ LQ

 FLJ. 5a. TKH [HQRQ LHQQaUG-JRQHV GLaP-

 HWHU LV OaUJHU WKaQ WKH VHSaUaWLRQ RI WKH

 UHOHYaQW PLQLPa LQ WKH VXbVWUaWH SRWHQ-

 WLaO RI WKH JUaSKLWH, aQG KHQcH WKH QaWXUaO

 OaWWLcH VSacLQJ RI WKH aGVRUbaWH LV LQcRP-

 PHQVXUaWH ZLWK WKH VXbVWUaWH. IW KaV bHHQ

 VKRZQ WKHRUHWLcaOO\ WKaW WKH ZHaN JUaSK-

 LWH SRWHQWLaO (37 K) VKRXOG QRW TXaOLWa-

 WLYHO\ aOWHU WKH bHKaYLRU RI WKH PHOWLQJ

 SKaVH WUaQVLWLRQ IURP WKaW RQ a VPRRWK
 VXbVWUaWH HYHQ WKRXJK WKH V\VWHP GLIIHUV

 VOLJKWO\ IURP WKH LGHaO WZR-GLPHQVLRQaO
 V\VWHP. IQ JHQHUaO, VXbVWUaWH SRWHQWLaOV

 aQG RWKHU HIIHcWV VXcK aV SURPRWLRQ WR

 WKH VHcRQG Oa\HU caQ aIIHcW WKH QaWXUH RI

 WKH SKaVH WUaQVLWLRQ. NHYHUWKHOHVV, WKH

 GaWa VKRZQ LQ FLJ. 5, b aQG c, GHPRQ-

 VWUaWH cRQVLVWHQc\ ZLWK WKH GLVORcaWLRQ

 WKHRU\ aW a UHPaUNabO\ TXaQWLWaWLYH OHYHO

 (30).

 IQ FLJ. 5b, ZH VKRZ a VHULHV RI VcaQV RI

 [-Ua\ LQWHQVLW\ YHUVXV WKH UaGLaO PRPHQ-

 WXP WUaQVIHU WKURXJK WKH BUaJJ URGV (VHH

 FLJ. 4b). TKH GLVRUGHU RI WKH JUaSKLWH

 VXbVWUaWH caXVHV aQ a]LPXWKaO aYHUaJLQJ

 RI WKH VcaWWHULQJ, UHQGHULQJ LW HIIHcWLYHO\

 c\OLQGULcaO. IQ aGGLWLRQ, VXbVWUaWH WLOW GLV-

 RUGHU (WKaW LV, LQ WKH RULHQWaWLRQV RI WKH

 JUaSKLWH SOaQHV) LHaGV WR aQ aV\PPHWULc

 OLQH VKaSH ZLWK H[cHVV KLJK-Q 11 VcaWWHU-

 LQJ. HRZHYHU, WKLV GLVRUGHU LV ZHOO XQ-

 GHUVWRRG aQG GRHV QRW VWaQG LQ WKH Za\

 RI H[WUacWLQJ WKH LQWULQVLc OLQH VKaSHV aV

 WKH GaWa RI FLJ. 5b GHPRQVWUaWH. IQ WKH

 H[SHULPHQW, WKH PHOWLQJ WUaQVLWLRQ Rc-

 cXUV aW TM= 152 K. TZR VcaQV bHORZ

 TM VKRZQ LQ WKH XSSHU SRUWLRQ RI FLJ. 5b
 aUH ZHOO GHVcULbHG b\ OLQH VKaSHV baVHG

 RQ cRQYROXWLQJ SRZHU OaZ VLQJXOaULWLHV

 ZLWK WKH UHVROXWLRQ IXQcWLRQ aQG SHU-

 IRUPLQJ WKH aSSURSULaWH a]LPXWKaO aQG

 WLOW aYHUaJHV. IQ cRQWUaVW WR WKH OLTXLG

 cU\VWaO caVH, WKH UHVROXWLRQ ZLGWK KHUH LV

 GRPLQaWHG b\ WKH cRKHUHQcH VL]H (2000

 A) RI WKH VXbVWUaWH GRPaLQV. AW ORZ

 WHPSHUaWXUHV (VHH WKH T = 135 K VcaQ) a

 VPaOO bXPS RQ WKH KLJK-Q 11 VLGH caQ bH

 VHHQ aQG LV XQGHUVWRRG LQ WHUPV RI ZHaN

 PRGXOaWLRQ RI WKH [HQRQ RYHUOa\HUV b\

 WKH VXbVWUaWH SRWHQWLaO. TKLV bXPS ZHaN-

 HQV JUaGXaOO\ aQG KaV YaQLVKHG bHIRUH

 UHacKLQJ Tc. E[cOXGLQJ WKLV HIIHcW, WKH

 GaWa LQ WKLV WZR-GLPHQVLRQaO cU\VWaO

 SKaVH caQ bH ILW ZLWKLQ H[SHULPHQWaO HU-

 URU WR WKH N SRZHU OaZ IRUP, ZLWK WKH

 H[SRQHQW N LQcUHaVLQJ ZLWK WHPSHUaWXUH

 WR a YaOXH aW PHOWLQJ LQ WKH UaQJH SUHGLcW-

 HG b\ WKHRU\.

 AbRYH WKH KLJKHU RUGHU WUaQVLWLRQ aW

 TM, a IUHH WZR-GLPHQVLRQaO V\VWHP
 ZRXOG SUHVXPabO\ bH LQ WKH KH[aWLc

 SKaVH ZLWK aQ LVRWURSLc OLTXLG SKaVH aW

 KLJKHU WHPSHUaWXUHV. TKH SK\VLVRUbHG

 V\VWHPV aUH H[SHcWHG WR H[KLbLW RQO\ RQH

 SKaVH abRYH TM, ZKLcK ZLOO bH RULHQWa-

 WLRQaOO\ RUGHUHG aW aOO WHPSHUaWXUHV GXH

 WR WKH SUHVHQcH RI WKH VXbVWUaWH. ObVHUY-

 LQJ HYHQ WKLV H[WHUQaOO\ LPSRVHG RULHQWa-

 WLRQaO RUGHU LV QRW SRVVLbOH, KRZHYHU, LQ

 WKH SUHVHQcH RI a]LPXWKaO GLVRUGHU. NHY-

 HUWKHOHVV, RQH caQ VHH WKH HYROXWLRQ RI
 ILQLWH SRVLWLRQaO cRUUHOaWLRQV abRYH TM,

 ZKLcK SURGXcH a LRUHQW]LaQ VKaSHG

 VWUXcWXUH IacWRU ZLWK a WHPSHUaWXUH-GH-

 SHQGHQW LQYHUVH cRUUHOaWLRQ OHQJWK V.

 DaWa WaNHQ bHWZHHQ 152 aQG 160 K VKRZ

 a cRQWLQXRXV HYROXWLRQ RI WKH cRUUHLaWLRQ
 OHQJWK RYHU aQ HQWLUH GHcaGH OLPLWHG
 abRYH b\ WKH ILQLWH VL]H RI WKH VXbVWUaWH

 GRPaLQV. AV VKRZQ LQ FLJ. 5c, WKH WHP-
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 WKH NHXYLHPH CRQVHLO GH PK\VLTXH, IQVWLWXW IQ-
 WHUQaWLRQaO GH PK\VLTXH SROYa\ (SWRRSV, BUX[-
 HOOHV, 1952).

 3. TUaQVLWLRQV ZLWK QR OaWHQW KHaW aUH RIWHQ caOOHG
 VHcRQG RUGHU, ZKLcK VXJJHVWV a MXPS LQ WKH
 VSHcLILc KHaW, RU cRQWLQXRXVb ZKLcK VXJJHVWV QR
 VLQJXOaU bHKaYLRU. TR aYRLG cRQIXVLRQ, ZH ZLOO
 UHIHU WR WKHVH SKaVH WUaQVLWLRQV aV KLJKHU RUGHU.

 4. B. I. HaOSHULQ aQG D. R. NHOVRQ, PK\V. RHY.
 LHWW. 41, 121 (1978); D. R. NHOVRQ aQG B. I.
 HaOSHULQ, PK\V. RHY. B 19, 2456 (1979).

 5. F. BORcK, Z. PK\V. 61, 206 (1930); R. E. PHLHUOV,
 AQQ. IQVW. HHQUL PRLQcaUH 5, 177 (1935).

 6. T. M. RLcH, PK\V. RHY. A 140, 1889 (1965);
 N. D. MHUPLQ, LbLG. 176, 250 (1968); VHH aOVR
 L. D. LaQGaX aQG E. M. LLIVKLW], SWaWLVWLcaO
 PK\VLcV (AGGLVRQ-WHVOH\, LRQGRQ, HG. 2, 1969),
 S. 466.

 7. SHH, IRU H[aPSOH, F. R. N. NabaUUR, TKHRU\ RI
 DLVORcaWLRQV (COaUHQGRQ, O[IRUG, 1967). AV Pa\
 bH VHHQ LQ FLJ. 2a, a GLVORcaWLRQ LQ a KH[aJRQaO
 cU\VWaO acWXaOO\ cRQVLVWV RI WZR H[WUa KaOI URZV
 RI aWRPV aW 60r WR HacK RWKHU.

 8. D. R. NHOVRQ aQG J. M. KRVWHUOLW], PK\V. RHY.
 LHWW. 39, 1201 (1977).

 9. A. P. YRXQJ, PK\V. RHY. B 19, 1855 (1979).
 10. D. J. BLVKRS aQG J. D. RHSS\, PK\V. RHY. LHWW.

 40, 1727 (1978).
 11. M. R. BHaVOH\, J. E. MRRLM, T. P. OUOaQGR, LbLG.

 42, 1165 (1979); A. F. HHbaUG aQG A. T. FLRU\,
 LbLG. 44, 291 (1980).

 12. R. J. BLUJHQHaX, E. M. HaPPRQV, P. HHLQH\, P.
 W. SWHSKHQV, P. M. HRUQ, LQ OUGHULQJ LQ TZR
 DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-HROOaQG,
 NHZ YRUN, 1980), S. 29.

 13. J. TRbRcKQLcN aQG G. V. CKHVWHU, LQ LbLG., S.
 339; PK\V. RHY. B, LQ SUHVV.

 14. F. F. AbUaKaP, PK\V. RHY. LHWW. 44, 463 (1980);
 LQ OUGHULQJ LQ TZR DLPHQVLRQV S. K. SLQKa,
 EG. (NRUWK-HROOaQG, NHZ YRUN, L980), S. 165, J.
 O. BURXJKWRQ, G. B. GLOPHU, J. D. WHHNV, PK\V.
 RHY. B 25, 4651 (1982).

 WKH NHXYLHPH CRQVHLO GH PK\VLTXH, IQVWLWXW IQ-
 WHUQaWLRQaO GH PK\VLTXH SROYa\ (SWRRSV, BUX[-
 HOOHV, 1952).

 3. TUaQVLWLRQV ZLWK QR OaWHQW KHaW aUH RIWHQ caOOHG
 VHcRQG RUGHU, ZKLcK VXJJHVWV a MXPS LQ WKH
 VSHcLILc KHaW, RU cRQWLQXRXVb ZKLcK VXJJHVWV QR
 VLQJXOaU bHKaYLRU. TR aYRLG cRQIXVLRQ, ZH ZLOO
 UHIHU WR WKHVH SKaVH WUaQVLWLRQV aV KLJKHU RUGHU.

 4. B. I. HaOSHULQ aQG D. R. NHOVRQ, PK\V. RHY.
 LHWW. 41, 121 (1978); D. R. NHOVRQ aQG B. I.
 HaOSHULQ, PK\V. RHY. B 19, 2456 (1979).

 5. F. BORcK, Z. PK\V. 61, 206 (1930); R. E. PHLHUOV,
 AQQ. IQVW. HHQUL PRLQcaUH 5, 177 (1935).

 6. T. M. RLcH, PK\V. RHY. A 140, 1889 (1965);
 N. D. MHUPLQ, LbLG. 176, 250 (1968); VHH aOVR
 L. D. LaQGaX aQG E. M. LLIVKLW], SWaWLVWLcaO
 PK\VLcV (AGGLVRQ-WHVOH\, LRQGRQ, HG. 2, 1969),
 S. 466.

 7. SHH, IRU H[aPSOH, F. R. N. NabaUUR, TKHRU\ RI
 DLVORcaWLRQV (COaUHQGRQ, O[IRUG, 1967). AV Pa\
 bH VHHQ LQ FLJ. 2a, a GLVORcaWLRQ LQ a KH[aJRQaO
 cU\VWaO acWXaOO\ cRQVLVWV RI WZR H[WUa KaOI URZV
 RI aWRPV aW 60r WR HacK RWKHU.

 8. D. R. NHOVRQ aQG J. M. KRVWHUOLW], PK\V. RHY.
 LHWW. 39, 1201 (1977).

 9. A. P. YRXQJ, PK\V. RHY. B 19, 1855 (1979).
 10. D. J. BLVKRS aQG J. D. RHSS\, PK\V. RHY. LHWW.

 40, 1727 (1978).
 11. M. R. BHaVOH\, J. E. MRRLM, T. P. OUOaQGR, LbLG.

 42, 1165 (1979); A. F. HHbaUG aQG A. T. FLRU\,
 LbLG. 44, 291 (1980).

 12. R. J. BLUJHQHaX, E. M. HaPPRQV, P. HHLQH\, P.
 W. SWHSKHQV, P. M. HRUQ, LQ OUGHULQJ LQ TZR
 DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-HROOaQG,
 NHZ YRUN, 1980), S. 29.

 13. J. TRbRcKQLcN aQG G. V. CKHVWHU, LQ LbLG., S.
 339; PK\V. RHY. B, LQ SUHVV.

 14. F. F. AbUaKaP, PK\V. RHY. LHWW. 44, 463 (1980);
 LQ OUGHULQJ LQ TZR DLPHQVLRQV S. K. SLQKa,
 EG. (NRUWK-HROOaQG, NHZ YRUN, L980), S. 165, J.
 O. BURXJKWRQ, G. B. GLOPHU, J. D. WHHNV, PK\V.
 RHY. B 25, 4651 (1982).

 15. R. MRUI, PK\V. RHY. LHWW. 43, 931 (1979).
 16. J. P. McTaJXH, D. FUHQNHO, M. P. AOOHQ, LQ

 OUGHULQJ LQ TZR DLPHQVLRQV S. K. SLQKa, EG.
 (NRUWK-HROOaQG, NHZ YRUN, L980), S. 147.

 17. D. S. FLVKHU, PK\V. RHY. B, LQ SUHVV.
 18. C. C. GULPHV, SXUI. ScL. 73, 379 (1978).
 19. aQG G. AGaPV, PK\V. RHY. LHWW. 42, 795

 (1979).
 20. D. S. FLVKHU, B. I. HaOSHULQ, P. M. POaW]PaQ

 LbLG., S. 798; D. S. FLVKHU, LQ OUGHULQJ LQ TZR
 DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-HROOaQG
 NHZ YRUN, 1980), S. 189.

 21. YX. P. MRQaUNKa aQG V. B. SKLNLQ, ZK. ENVS.
 THRU. FL]. 68, 1423 (1975) [SRY. PK\V. JETP 41,
 710 (1976)].

 22. C. Y. YRXQJ, R. PLQGaN, N. A. COaUN, R. B.
 MH\HU, PK\V. RHY. LHWW. 40, 773 (1978), C.
 RRVHQbOaWW, R. PLQGaN, N. A. COaUN, R. B.
 MH\HU, LbLG. 42, 1220 (1979).

 23. D. E. MRQcWRQ aQG R. PLQGaN, LQ OUGHULQJ LQ
 TZR DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-
 HROOaQG, NHZ YRUN, 1980), S. 83.

 24. , PK\V. RHY. LHWW. 43, 701 (1979).
 25. D. E. MRQcWRQ, R. PLQGaN, S. C. DaYH\, G. S.

 BURZQ, M. E. NHXbHUW, XQSXbOLVKHG UHVXOWV.
 26. R. PLQGaN, D. J. BLVKRS, W. O. SSUHQJHU, PK\V.

 RHY. LHWW. 44, 1461 (1980).
 27. R. PLQGaN, D. E. MRQcWRQ, S. C. DaYH\, J. W.

 GRRGb\, LbLG. 46, 1135 (1981).
 28. R. J. BLUJHQHaX aQG J. D. LLWVWHU, J. PK\V.

 (PaULV) LHWW. 39, 399 ( 1978).
 29. R. PLQGaN, W. O. SSUHQJHU, D. J. BLVKRS, D. D.

 OVKHURII, J. W. GRRGb\, PK\V. RHY. LHWW. 48
 173 (1982).

 30. P. A. HHLQH\, R. J. BLUJHQHaX, G. S. BURZQ, P.
 M. HRUQ, D. E. MRQcWRQ, P. W. SWHSKHQV, LbLG.,
 S. 104.

 31. WH ZLVK WR acNQRZOHGJH PaQ\ VXJJHVWLRQV IRU
 cOaULI\LQJ WKH PaQXVcULSW b\ J. D. WHHNV, P. C.
 HRKHQbHUJ, aQG M. E. FLVKHU. IQ aGGLWLRQ, ZH
 acNQRZOHGJH PaQ\ VWLPXOaWLQJ GLVcXVVLRQV ZLWK
 RXU cROOHaJXHV aQG cROOabRUaWRUV.

 15. R. MRUI, PK\V. RHY. LHWW. 43, 931 (1979).
 16. J. P. McTaJXH, D. FUHQNHO, M. P. AOOHQ, LQ

 OUGHULQJ LQ TZR DLPHQVLRQV S. K. SLQKa, EG.
 (NRUWK-HROOaQG, NHZ YRUN, L980), S. 147.

 17. D. S. FLVKHU, PK\V. RHY. B, LQ SUHVV.
 18. C. C. GULPHV, SXUI. ScL. 73, 379 (1978).
 19. aQG G. AGaPV, PK\V. RHY. LHWW. 42, 795

 (1979).
 20. D. S. FLVKHU, B. I. HaOSHULQ, P. M. POaW]PaQ

 LbLG., S. 798; D. S. FLVKHU, LQ OUGHULQJ LQ TZR
 DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-HROOaQG
 NHZ YRUN, 1980), S. 189.

 21. YX. P. MRQaUNKa aQG V. B. SKLNLQ, ZK. ENVS.
 THRU. FL]. 68, 1423 (1975) [SRY. PK\V. JETP 41,
 710 (1976)].

 22. C. Y. YRXQJ, R. PLQGaN, N. A. COaUN, R. B.
 MH\HU, PK\V. RHY. LHWW. 40, 773 (1978), C.
 RRVHQbOaWW, R. PLQGaN, N. A. COaUN, R. B.
 MH\HU, LbLG. 42, 1220 (1979).

 23. D. E. MRQcWRQ aQG R. PLQGaN, LQ OUGHULQJ LQ
 TZR DLPHQVLRQV, S. K. SLQKa, EG. (NRUWK-
 HROOaQG, NHZ YRUN, 1980), S. 83.

 24. , PK\V. RHY. LHWW. 43, 701 (1979).
 25. D. E. MRQcWRQ, R. PLQGaN, S. C. DaYH\, G. S.

 BURZQ, M. E. NHXbHUW, XQSXbOLVKHG UHVXOWV.
 26. R. PLQGaN, D. J. BLVKRS, W. O. SSUHQJHU, PK\V.

 RHY. LHWW. 44, 1461 (1980).
 27. R. PLQGaN, D. E. MRQcWRQ, S. C. DaYH\, J. W.

 GRRGb\, LbLG. 46, 1135 (1981).
 28. R. J. BLUJHQHaX aQG J. D. LLWVWHU, J. PK\V.

 (PaULV) LHWW. 39, 399 ( 1978).
 29. R. PLQGaN, W. O. SSUHQJHU, D. J. BLVKRS, D. D.

 OVKHURII, J. W. GRRGb\, PK\V. RHY. LHWW. 48
 173 (1982).

 30. P. A. HHLQH\, R. J. BLUJHQHaX, G. S. BURZQ, P.
 M. HRUQ, D. E. MRQcWRQ, P. W. SWHSKHQV, LbLG.,
 S. 104.

 31. WH ZLVK WR acNQRZOHGJH PaQ\ VXJJHVWLRQV IRU
 cOaULI\LQJ WKH PaQXVcULSW b\ J. D. WHHNV, P. C.
 HRKHQbHUJ, aQG M. E. FLVKHU. IQ aGGLWLRQ, ZH
 acNQRZOHGJH PaQ\ VWLPXOaWLQJ GLVcXVVLRQV ZLWK
 RXU cROOHaJXHV aQG cROOabRUaWRUV.

 SHUaWXUH GHSHQGHQcH RI WKH cRUUHOaWLRQ
 OHQJWK LV PaUJLQaOO\ bHWWHU GHVcULbHG b\
 WKH IRUP SUHGLcWHG b\ WKH GLVORcaWLRQ
 PHOWLQJ WKHRU\, KX H[S[-B(T-TM) V],
 WKaQ b\ WKH cRQYHQWLRQaO SRZHU OaZ VLQ-
 JXOaULW\ RI WKH IRUP K[ (T- TC)V- OI
 cRXUVH, WKH PRVW QRWabOH RbVHUYaWLRQ LV
 WKaW WKH cRUUHOaWLRQ OHQJWK JURZV LQcUHaV-
 LQJO\ UaSLGO\ aV TM LV aSSURacKHG IURP
 WKH IOXLG VLGH WR a OHQJWK VcaOH IaU LQ
 H[cHVV RI WKRVH VHHQ LQ aQ\ WKUHH-GLPHQ-
 VLRQaO OLTXLG aQG JUHaWHU WKaQ WKH VL]H RI
 aQ\ WZR-GLPHQVLRQaO cRPSXWHU-VLPXOaW-
 HG V\VWHP. TKHVH GaWa WKXV SURYLGH YHU\
 cRQYLQcLQJ HYLGHQcH IRU a KLJKHU RUGHU
 WUaQVLWLRQ.

 WKLOH PaQ\ H[SHULPHQWV QHHG WR bH
 GRQH WR PaNH a cRQcOXVLYH caVH IRU GLVOR-
 caWLRQ-PHGLaWHG WZR-GLPHQVLRQaO PHOW-
 LQJ, WKH UHVXOWV RI WKH H[SHULPHQWV GH-
 VcULbHG KHUH ORRN H[WUHPHO\ HQcRXUaJLQJ
 LQ a QXPbHU RI caVHV.

 RHIHUHQcHV aQG NRWHV

 1. J. M. KRVWHUOLW] aQG D. J. TKRXOHVV, J. PK\V. C
 6, 1181 (1973); J. M. KRVWHUOLW], LbLG. 7, 1046
 (1974).

 2. W. SKRcNOH\, LQ L'EWaW SROLGH, PURcHHGLQJV RI

 SHUaWXUH GHSHQGHQcH RI WKH cRUUHOaWLRQ
 OHQJWK LV PaUJLQaOO\ bHWWHU GHVcULbHG b\
 WKH IRUP SUHGLcWHG b\ WKH GLVORcaWLRQ
 PHOWLQJ WKHRU\, KX H[S[-B(T-TM) V],
 WKaQ b\ WKH cRQYHQWLRQaO SRZHU OaZ VLQ-
 JXOaULW\ RI WKH IRUP K[ (T- TC)V- OI
 cRXUVH, WKH PRVW QRWabOH RbVHUYaWLRQ LV
 WKaW WKH cRUUHOaWLRQ OHQJWK JURZV LQcUHaV-
 LQJO\ UaSLGO\ aV TM LV aSSURacKHG IURP
 WKH IOXLG VLGH WR a OHQJWK VcaOH IaU LQ
 H[cHVV RI WKRVH VHHQ LQ aQ\ WKUHH-GLPHQ-
 VLRQaO OLTXLG aQG JUHaWHU WKaQ WKH VL]H RI
 aQ\ WZR-GLPHQVLRQaO cRPSXWHU-VLPXOaW-
 HG V\VWHP. TKHVH GaWa WKXV SURYLGH YHU\
 cRQYLQcLQJ HYLGHQcH IRU a KLJKHU RUGHU
 WUaQVLWLRQ.

 WKLOH PaQ\ H[SHULPHQWV QHHG WR bH
 GRQH WR PaNH a cRQcOXVLYH caVH IRU GLVOR-
 caWLRQ-PHGLaWHG WZR-GLPHQVLRQaO PHOW-
 LQJ, WKH UHVXOWV RI WKH H[SHULPHQWV GH-
 VcULbHG KHUH ORRN H[WUHPHO\ HQcRXUaJLQJ
 LQ a QXPbHU RI caVHV.

 RHIHUHQcHV aQG NRWHV

 1. J. M. KRVWHUOLW] aQG D. J. TKRXOHVV, J. PK\V. C
 6, 1181 (1973); J. M. KRVWHUOLW], LbLG. 7, 1046
 (1974).

 2. W. SKRcNOH\, LQ L'EWaW SROLGH, PURcHHGLQJV RI

 ORJLcaOO\ VRSKLVWLcaWHG caUH, VcLHQWLILc UH-

 VHaUcK, VcLHQWLILc PaQaJHPHQW aQG TXaOL-

 W\ cRQWURO, aQG WKH HIIHcWLYH WHacKLQJ aQG
 LPSOHPHQWaWLRQ RI "PHGLcaO PRUaOLW\."

 IQ VWULYLQJ WR UHaOL]H WKHVH JRaOV, WKH

 CCU HSLWRPL]HV WKH cRPSOH[ SURcHVVHV

 RI ZKaW WKH CKLQHVH caOO "ZaONLQJ RQ WZR
 OHJV" (3). A cKaLQ RI GXaOLWLHV LV LQ-
 YROYHG: aQ LQWULcaWH baOaQcLQJ RI PRGHUQ

 WHVWHUQ aQG WUaGLWLRQaO CKLQHVH PHGL-

 cLQH, cRPPXQLW\ SXbOLc KHaOWK aQG LQGL-
 YLGXaO SaWLHQW caUH, cHQWUaO cRQWURO aQG

 LQVWLWXWLRQaO aXWRQRP\, SUHYHQWLYH aQG

 cXUaWLYH PHGLcLQH, SULPaU\ aQG WHUWLaU\

 caUH, acXWH aQG cKURQLc LOOQHVV, UXUaO aQG

 XUbaQ QHHGV, PHQWaO aQG PaQXaO OabRU,

 bHLQJ "RHG" aQG bHLQJ "H[SHUW," SUROH-

 WaULaQLVP aQG HOLWLVP, WKH RLG aQG WKH
 QHZ, aQG WKH baOaQcLQJ RI LGHaV aQG

 UHVRXUcHV LPSRUWHG IURP abURaG aQG
 "PaGH LQ CKLQa."

 A VHULHV RI GLOHPPaV WKaW UaPLI\ bH-
 \RQG WKH ZaOOV RI WKH FLUVW CHQWUaO HRV-
 SLWaL aQG LWV CCU aUH cRQWaLQHG LQ WKHVH

 GXaOLWLHV. SRcLHWaO SUHcHSWV cRQVWaQWO\
 VKLIW cRQcHUQLQJ KRZ WKH GLOHPPaV LGHaO-
 O\ VKRXOG bH UHVROYHG, aQG ZKaW cRPbL-

 QaWLRQV RI bLQaU\ HOHPHQWV aQG VWaWHV RI

 HTXLOLbULXP bHWZHHQ WKHP WKLV LPSOLHV.

 PURSHU "WZR-OHJJHGQHVV" LQ WKH PHGLcaO
 aV LQ aOO RWKHU VSKHUHV RI CKLQHVH VRcLHW\
 LV QRW RQO\ GHILQHG aQG PRQLWRUHG bXW

 UHSHaWHGO\ aOWHUHG b\ WKH IORZ RI PLQRU

 aQG PaMRU QaWLRQaO SROLc\ GLUHcWLYHV WKaW
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 ORJLcaOO\ VRSKLVWLcaWHG caUH, VcLHQWLILc UH-

 VHaUcK, VcLHQWLILc PaQaJHPHQW aQG TXaOL-

 W\ cRQWURO, aQG WKH HIIHcWLYH WHacKLQJ aQG
 LPSOHPHQWaWLRQ RI "PHGLcaO PRUaOLW\."

 IQ VWULYLQJ WR UHaOL]H WKHVH JRaOV, WKH

 CCU HSLWRPL]HV WKH cRPSOH[ SURcHVVHV

 RI ZKaW WKH CKLQHVH caOO "ZaONLQJ RQ WZR
 OHJV" (3). A cKaLQ RI GXaOLWLHV LV LQ-
 YROYHG: aQ LQWULcaWH baOaQcLQJ RI PRGHUQ

 WHVWHUQ aQG WUaGLWLRQaO CKLQHVH PHGL-

 cLQH, cRPPXQLW\ SXbOLc KHaOWK aQG LQGL-
 YLGXaO SaWLHQW caUH, cHQWUaO cRQWURO aQG

 LQVWLWXWLRQaO aXWRQRP\, SUHYHQWLYH aQG

 cXUaWLYH PHGLcLQH, SULPaU\ aQG WHUWLaU\

 caUH, acXWH aQG cKURQLc LOOQHVV, UXUaO aQG

 XUbaQ QHHGV, PHQWaO aQG PaQXaO OabRU,

 bHLQJ "RHG" aQG bHLQJ "H[SHUW," SUROH-

 WaULaQLVP aQG HOLWLVP, WKH RLG aQG WKH
 QHZ, aQG WKH baOaQcLQJ RI LGHaV aQG

 UHVRXUcHV LPSRUWHG IURP abURaG aQG
 "PaGH LQ CKLQa."

 A VHULHV RI GLOHPPaV WKaW UaPLI\ bH-
 \RQG WKH ZaOOV RI WKH FLUVW CHQWUaO HRV-
 SLWaL aQG LWV CCU aUH cRQWaLQHG LQ WKHVH

 GXaOLWLHV. SRcLHWaO SUHcHSWV cRQVWaQWO\
 VKLIW cRQcHUQLQJ KRZ WKH GLOHPPaV LGHaO-
 O\ VKRXOG bH UHVROYHG, aQG ZKaW cRPbL-

 QaWLRQV RI bLQaU\ HOHPHQWV aQG VWaWHV RI

 HTXLOLbULXP bHWZHHQ WKHP WKLV LPSOLHV.

 PURSHU "WZR-OHJJHGQHVV" LQ WKH PHGLcaO
 aV LQ aOO RWKHU VSKHUHV RI CKLQHVH VRcLHW\
 LV QRW RQO\ GHILQHG aQG PRQLWRUHG bXW

 UHSHaWHGO\ aOWHUHG b\ WKH IORZ RI PLQRU

 aQG PaMRU QaWLRQaO SROLc\ GLUHcWLYHV WKaW
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 TKH CKLQHVH UHIHU aSSUHcLaWLYHO\ WR
 ZKaW WKH\ caOO a "ZLQGRZ-SLcWXUH": a

 G\QaPLc YLHZ RI a OaQGVcaSH, IUaPHG b\

 a ZLQGRZ LQ VXcK a Za\ WKaW LW LV QRW RQO\
 HVWKHWLcaOO\ SOHaVLQJ bXW aOVR KXPaQO\
 LQWHUHVWLQJ aQG LQWHOOHcWXaOO\ aQG PRUaOO\
 HGLI\LQJ. TKH CULWLcaO CaUH UQLW (CCU)
 RI WKH TLaQMLQ FLUVW CHQWUaO HRVSLWaO cRQ-
 VWLWXWHG VXcK a ZLQGRZ-SLcWXUH IRU XV (1).

 IW SURYLGHG XV ZLWK a cRQcUHWH, IRcXVHG

 SHUVSHcWLYH RQ WKH aSSOLcaWLRQ RI CKLQa'V

 RHQHH C. FR[ LV AQQHQbHUJ PURIHVVRU RI WKH
 SRcLaO ScLHQcHV aW WKH UQLYHUVLW\ RI PHQQV\OYaQLa,
 PKLOaGHOSKLa 19104, aQG ZaV a PHPbHU RI WKH AAAS
 BRaUG RI DLUHcWRUV IURP 1978 WR 1981. AW WKH WLPH
 WKLV aUWLcOH ZaV ZULWWHQ JXGLWK P. SZa]H\ ZaV E[HcX-
 WLYH DLUHcWRU RI MHGLcLQH LQ WKH PXbOLc IQWHUHVW aQG
 AGMXQcW PURIHVVRU RI SRcLRPHGLcaO ScLHQcHV aW BRV-
 WRQ UQLYHUVLW\ ScKRROV RI MHGLcLQH aQG PXbOLc
 HHaOWK. SKH LV QRZ PUHVLGHQW RI CROOHJH RI WKH
 AWOaQWLc, BaU HaUbRU, MaLQH 04609.

 TKH CKLQHVH UHIHU aSSUHcLaWLYHO\ WR
 ZKaW WKH\ caOO a "ZLQGRZ-SLcWXUH": a

 G\QaPLc YLHZ RI a OaQGVcaSH, IUaPHG b\

 a ZLQGRZ LQ VXcK a Za\ WKaW LW LV QRW RQO\
 HVWKHWLcaOO\ SOHaVLQJ bXW aOVR KXPaQO\
 LQWHUHVWLQJ aQG LQWHOOHcWXaOO\ aQG PRUaOO\
 HGLI\LQJ. TKH CULWLcaO CaUH UQLW (CCU)
 RI WKH TLaQMLQ FLUVW CHQWUaO HRVSLWaO cRQ-
 VWLWXWHG VXcK a ZLQGRZ-SLcWXUH IRU XV (1).

 IW SURYLGHG XV ZLWK a cRQcUHWH, IRcXVHG

 SHUVSHcWLYH RQ WKH aSSOLcaWLRQ RI CKLQa'V

 RHQHH C. FR[ LV AQQHQbHUJ PURIHVVRU RI WKH
 SRcLaO ScLHQcHV aW WKH UQLYHUVLW\ RI PHQQV\OYaQLa,
 PKLOaGHOSKLa 19104, aQG ZaV a PHPbHU RI WKH AAAS
 BRaUG RI DLUHcWRUV IURP 1978 WR 1981. AW WKH WLPH
 WKLV aUWLcOH ZaV ZULWWHQ JXGLWK P. SZa]H\ ZaV E[HcX-
 WLYH DLUHcWRU RI MHGLcLQH LQ WKH PXbOLc IQWHUHVW aQG
 AGMXQcW PURIHVVRU RI SRcLRPHGLcaO ScLHQcHV aW BRV-
 WRQ UQLYHUVLW\ ScKRROV RI MHGLcLQH aQG PXbOLc
 HHaOWK. SKH LV QRZ PUHVLGHQW RI CROOHJH RI WKH
 AWOaQWLc, BaU HaUbRU, MaLQH 04609.

 cXUUHQW SROLc\ RI WKH IRXU PRGHUQL]aWLRQV
 (aJULcXOWXUH, LQGXVWU\, QaWLRQaO GHIHQVH,

 aQG VcLHQcH aQG WHcKQRORJ\) WR WKH ILHOG

 RI PHGLcLQH. OQ WKLV XQLW, WKH IRXUWK
 PRGHUQL]aWLRQ (2)-VcLHQcH aQG WHcKQRO-

 RJ\-LV cRQWLQXRXVO\ bURXJKW WR bHaU RQ
 WKH caVHV RI cULWLcaOO\ LOO SaWLHQWV ZKR aUH
 VHQW WR WKH KRVSLWaO IURP WKH cLWLHV aQG
 WKH cRXQWU\VLGH RI WKH SURYLQcH LQ ZKLcK

 LW LV ORcaWHG. TKH CCU LV SaUW RI a

 SURPLQHQW, XUbaQ, "XSSHU PLGGOH OHYHO

 KRVSLWaO" WKaW LV NQRZQ IRU LWV OHaGHUVKLS
 LQ QXUVLQJ aQG LWV cRPSHWHQcH LQ PHGL-

 cLQH aQG VXUJHU\, SaUWLcXOaUO\ WKH WUHaW-
 PHQW RI HPHUJHQc\ aQG cULWLcaO cRQGL-

 WLRQV. TKH KRVSLWaO LV cRPPLWWHG WR VHUY-
 LQJ WKH SaWLHQW b\ SURJUHVVLYHO\ "VcaOLQJ

 WKH KHLJKWV" RI PRGHUQ PHGLcLQH
 WKURXJK aGYaQcHG VcLHQWLILc aQG WHcKQR-

 cXUUHQW SROLc\ RI WKH IRXU PRGHUQL]aWLRQV
 (aJULcXOWXUH, LQGXVWU\, QaWLRQaO GHIHQVH,

 aQG VcLHQcH aQG WHcKQRORJ\) WR WKH ILHOG

 RI PHGLcLQH. OQ WKLV XQLW, WKH IRXUWK
 PRGHUQL]aWLRQ (2)-VcLHQcH aQG WHcKQRO-

 RJ\-LV cRQWLQXRXVO\ bURXJKW WR bHaU RQ
 WKH caVHV RI cULWLcaOO\ LOO SaWLHQWV ZKR aUH
 VHQW WR WKH KRVSLWaO IURP WKH cLWLHV aQG
 WKH cRXQWU\VLGH RI WKH SURYLQcH LQ ZKLcK

 LW LV ORcaWHG. TKH CCU LV SaUW RI a

 SURPLQHQW, XUbaQ, "XSSHU PLGGOH OHYHO

 KRVSLWaO" WKaW LV NQRZQ IRU LWV OHaGHUVKLS
 LQ QXUVLQJ aQG LWV cRPSHWHQcH LQ PHGL-

 cLQH aQG VXUJHU\, SaUWLcXOaUO\ WKH WUHaW-
 PHQW RI HPHUJHQc\ aQG cULWLcaO cRQGL-

 WLRQV. TKH KRVSLWaO LV cRPPLWWHG WR VHUY-
 LQJ WKH SaWLHQW b\ SURJUHVVLYHO\ "VcaOLQJ

 WKH KHLJKWV" RI PRGHUQ PHGLcLQH
 WKURXJK aGYaQcHG VcLHQWLILc aQG WHcKQR-
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 CULWLcaO CaUH aW TLaQMLQ'V FLUVW CHQWUaO

 HRVSLWaO aQG WKH FRXUWK MRGHUQL]aWLRQ

 RHQHH C. FR[ aQG JXGLWK P. SZa]H\

 CULWLcaO CaUH aW TLaQMLQ'V FLUVW CHQWUaO

 HRVSLWaO aQG WKH FRXUWK MRGHUQL]aWLRQ

 RHQHH C. FR[ aQG JXGLWK P. SZa]H\
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