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Abstract 

Thf> diffe reutial cross sections for the elRStic and inell\.~tic scattering of prot.ons 
Oil dr.ut.erium have hr.l'n meRSureo for scattering angles less than 14° at 198.5,297.6 
alld 45G.() MeV. The~e 'l'rant.ities were deter111ined relalive to d(7/dn for pp elRSt.ic 
s('attl'fillg with a }lrp.cisiol1 of typic(l\ly 2%. The range of excitation energies for tire 
(p, p') r(,action was dlosen to emphasize tire region l1ear the lip threshold dominated 
by the final -stal<' il1terartion in the 150 challne!. Particular att(,l1tion was given to 
tIl<' dq>l'n(lellrr. on ' ~ xril. ation en('r!;y of the ~J>ectrl\ at 198.5 MeV to examine the 
~('nsitivity to thr. 15" scatterilll!; lellgth , (lnp. 111 this paper all dat.a are compared with 
a JlI'W, gl'lIl'rill formulation of a simple moocl of the r('actioll mechanism ba.~ed on the 
impulse approximation . The p.x)lC'rimental results differ from the preoictions hy typi­
cally 10% al1d the dilferr.lItial cross sections exhihit a sensitivity to the intC'rmr.oiate­
C'",'rgy 11Ildeon - nllr"~on amplitlldes. If tIt(' impulse approxi mation is IIsed to (:~tim".te 
a"p froI11 the data at 198.5 MeV a vl'llue of - 24.7 ± 0.4 fill is obtained . 
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1. Introduction 

Tlw ~catt~rill)?; atl1plitllcl('~ which deHn!: the IHlr\('OI1-lIIwlcol1 (NN) int('radion 
,ll int('ntwdiate "II,'rl!;i('s llrc s('nsit.ive to both spin and iSGo,pin . This s(,lIsitivity is 
exploitecl ill studi~s of IllIdeon-lI11cle1ls (NA) scat.terill/'. to adlievc a bett.pr under­
standing of the silllpl~ modes of n1lclear cxcitation partiC11larly th()s(~ involving a 
change ill spin or i);ospin of a sinJ!;le 1I11cleoll ill th(~ target. This r;oal is most r('a<l­
ily arhieved wlwn th(' NA nWaSIII'<'lII('nts call 1)(' most dir<·ctly related to t.he known 
prop(~r ties of thc NN illteraction. 

This pap('r d"scrihr.s the results ofprecisr.lllcasllfcllI, 'nts of th~ cliffr.relltial cross­
s(,ctions for the srattC')'illg of protons of three elu!rgics (E, = 198.5,297.() and 45{) .{) 
MeV) at slllall angles (3° ::; 0 ::; 14°) from the lightcst IIIICIC'ar t.argrt, dr.ukriulIl. 
Th~ spectra of tIle srattered protOIlS arc rC'wrcl,'d liS a fUll ct iol1 of the C'lu:rgy loss 
(w = E; - E/ ) over illl ,'nl'rgy r<llll!;e that illclll<lC's ela.~tic scatt~rillg (11,110) alld illdastic 
scattering (p,p') to I1l1bol1nd states in the final nil (Ontillllum at cxcitation ell('rgies 
(E) lip to 5 M~V ahove the ('n('rgy of the. dellteron !;\'Olllld s tate ( 0: = 0) . These 
conditions shollld ensure th~ silllpl~st possihle interpre tation of th~ data ill terms of 
the NN amplit1ldes at tlwse incidC'lIt elH'rgies, ancl the well -st11died properties of hoth 
the dr.utC'r011 iilld the lip scattC'ring stat.es at low val lies of c:. 

TIl(' deuteron is kllown to hilve 'I11ant11111 IIl1l1lhers J< , T = 1+, 0 and the largC'st 
c.ompon<'lIt of the wave fundion is 25+IL)=J51. In addition, the np scattering states 
just ahove the tlrrt'sh"ld at 0: = 2.2245 M('V ine strollgly inRuenc~d by the final -state 
inl.r.raction in the 15o, T = 1 clrann('!. The consequence of these si1l1ple confi~u ­
rations is I.hat t.he lil11iteo rang.. in E includes ],oth thC' elastic scattering and tire 
simples t I1l1rlrar Gamow-Tr.llc)' tnHlsitioll (6L = 0 , 65 = 6 T = 1). The dC'utr.ron 
off,~rs a unique opportunity to n 'la tc precise datR on both these processes to tire NN 
amplitudes . It :;llOlIld be not.ed t.hat tht' Gamow- Teller tn1l1 ~ition illvr.st igated in tire 
(,1, p') reartion is tlw analogue of that involved in the fUllclament;J r~action in nuclear 
astrophysil"s, p +P -> d + e- + ii [rer. 1)J. 

In the spirit of t.r.sting a simple modd of tire nuclr.ar reactions ohsC'rvco, the 
exp~rilnr.lltal results an' t:Olllpared with a nC'w, dctaileo formulatioll of the impulse 
approximation (IA) dC'fill('c( C'xpli('itly in s':ct. 4. This approximatio1l2) f<'laks di ­
rectly the elasti(:3) and inela.~ti c.: ·) scattering of pn>tolls from de11terium to the NN 
anrplit11d~s at the sallie val lies of E; alld (-) III('asl11'ed ill the laboratory franI<'. It is 
well known that the IA is not a complete th' .'ory of NA seatt,:ring bllt IlIIlcss data 
ex ist which q11antitativdy ddine the failure of the simples t mood it is difficult to 
assess the significiinre of the success of tire refill(,llH'nts whirlr addr('ss the physics 
"Iwyond" the simpll'st model. The conditions rhos(,ll for this C'xperinl<!nt arc almost 
idC'ally suitC'el to thc applicatioll of the IA . 

Mcasl1fC'llrrnts at 158 MeV of tlrr clastic and ill('last ic pd srattering for the pur­
(lOSC' of comparisoll with 1.lrr prl'dicliolls of tIl(' IA w('r" pllbli slrrd 30 yC'ars a~o hy 
Stairs ct al.'). ThC'ir [('sults for tll<! diff(,1'<'ntial cross s('rtinlls for the rl(/I./)o) rC'a<:tion 
at (-) < 15° were /1;"III'I'"lly ('Ollsist."111 (wil.lrill ±10% ) wilh tIl<' pn·dictioos of thc IA 
b;L~ed Oil tire tll<'n ('xisl.illl-\ parlial \Va", · ill"dysis of 1.11(' NN d"ta . Theil' lIl<'a~ lIr' .' 1l1 Cllts 
of cJ1(7/rlnclE for th(' rl(/I , /I') n'adioll, \ro \V('VeT, ('x,·,·ed, ·d t.he c:orr('sl'olldill~ pre-dic­
I.ions of 1.11(' IA ],y 1)(' I.w' ·"1I 15 ;",,1 JO';{, . TIl<' !II .,>') !'< ·Sll!t.S W<T", how(' ver, chal"'l1g,~d 
hy tllOs,' of KlIlncl" d "I. " ) for 1.111' .t(/" ,I' ) )'(·"cI io" al 150 M('V whicll " r; rC', 'd with 
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tlJl' pn ·dicliolls "r Cr()lI1l'r" ) will,ill II ... "XIh" 'ill ll'lI !al IIIICl'l'taility of IJetwc'''" 5 alld 
10%. TI",,,' exist.ill)!, ,LI t .. SII)!,)!,"'! tl .. ,t tlJl' pn ·di, ·tiolls "f the IA an.' possibly valid at 
tI,e lc vclof ± 10% lOll.!"" tI", cOllditioll illv"sti~ated ill the prescllt experilllelll. 

To I", s" lI s itivc to allY of till: "nIC'('SS('S lIot illcludl'd ill the IA (Sllell as IIIl1ltiple 
"'i<ttc :rilll!; or off·sl",l1 dh-l'ls) III<'i1SIII"lIlC'lltS witll a precision uf at least ±2% arc 
clo:.,riy n ·quircd . Tu aclii('v(' this preci,ioll the present experilllellt utilizes a magnetic 
sl",nn11lIdc:r witl, a bwad, can·flllly ·calihrateu IIIUlllelltulII acceptallce alld a ulliquc 
tl'cl,"i'l'lI: iIlVO]villl:, a lIIixl'd tar)!;d of liqlliu hydrogell UIIU deutc:rium . Also of crucial 
illl)lortilllce is tl,, : disjl('rsioll Illiltdlillf!, ill IIIU11le1lt1l11i uf the iucidellt proton bea m and 
tl,e sl)(,,·trolllt't.<-r t() achieve a resolutiull ill ellergy luss (w) uf typically 90 keV . Thi s 
n'sululioll COlld,illCd with exceptiollill cme ill the l'1I<:rgy calihratiull of the spectra 
ar., i1is(, (,ssellti .. 1d"lllt'lils ill i1chi(:viug the adclitiollal gOill ill this expcrilllellt which 
is it pr('cise IIW.kSI U.., III""t lIf tl", , hape of the .lUJ,1") spectw Ileal' the 71/) thresbolu 
"lid th.. illt""pr('liIt.iuli of tllC's,' n ',:iIIlls ill tcnns of ft"p the lip ISu scatterillg lellgtb . 

TI", IH·lItrOIl · ll<'llt.n'lI sCiltt('I'ilig kllgth u"" allu tl,, : cUlTespolluilig value uf the 
"'t'cctiv( ' r.II'/!." l', i1n' ddill l.'d by the bcllilvior of the I Su pllilSC shift .50 at the lowest 
value!; uf k, tl", relative IIIUlllelltulII uf t W() lIuc!eulls: 

1 .,
L' wtbu = - l/u + -reI.:' + ... (1)
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A cOllljl"ri sou of II,,,, ,wd (l~p (tlLe (·O ....(·SJlOlldill!!, value for tile }'1' interactioll 
afll'r con'('('tioll s for tiLe iuHuc 'II<'" of the clc·clruillaglll·tic illteradiulI) is (\11 illlpur ' 
t il llt 1111'" SII 1'(' of tl ... ch.uf!." SYUIllU'try hrcakillg ill the strollg illteracliou7). A di· 
r.,el 1Il<'.ISIlj'(·IUl..'lIt of 1(.", lliI.~ lIot 1)( 'c'll p,·rfurllll'd . COllse'luelltl y, IlIlICh eXpl'rilllell ' 
l.d alld th~'or('ti(';ol "H·ort. h .. ~ 1'("'11 d('vut( 'd to tlL, ' dt'l"rlllilla tiuu uf tllis qUillitity 
frolll reacliolls illv(Jlvill~ 11101''' thall two particles. The Jlw~elltly n:collllllclHleu value 
() f (I,,,, = - IS .52 ± 0.34 fill") is based lIIaillly UII a si llgle d( 71'-,), )211 expcrilllell(9

) 

sllpporlcd by til<' n :s ults lI ~i llg the sanll' reaction ill a killeillatically cOlllplde COII ­
ti!!,luat ioll 'U). All iud"lwlluellt coufinllatiou of tlli~ result by a completely uifferellt 
t"clllli'lll( ' would I,, · v"ry cll':> irahl., . 

MallY att"'llpts havc~ hel'1I IIwd" to f'stilllate u,," ou the has is uf uetailed studies 
()f thl' 11(71,1')2." J'( ·actioll at 1Ol'lItroll (·IIl ...~i"s IH:twe('1I 14 alld 50 MeV . TIl<: n~slllts, 
"vell wllt'll illialys,·d Ihill)!; exact thn'e body cakulatiolls, prodlll'e very scattered 1'< :' 

s liit s for II,.., r"II)!;illg fnllil · 1& tu · ~4 fin") . It l,ilS 1"',,11 sUI,!;!::"stcd that thc'se rcsults 
Illi",h t he rC(,(lI,cilcd willi tllO><' of the d( 71'- , ), )211 ('xp"rilllclits if Olll: illdllues etfects 
of tlLt: tlon 'c' IIl1dcOII force . Howev"r , our kllowl<:clge uf til(' tlll'< 'e IIUC\<:OU force is far 
frOiIl adeq. Iilte. 

It is argued") tllill at t'liI'I' /',i ('s .,hove GO Mc 'V tlH' "H'('cts of thc tlm:'(> 1I11ckoll 
[orn' an' slIIall . It is ('('rla illly tl'll<' ll,at at illtlTlllI'diat. , ('w'!'f!,ies tl", .l(71 , p) reactiull 
ill th" forward dil'<'ct iOIl' awl fill' slliall va llll:s of I.: poplila tc ·s the ISu states of tl,, : 
1111 sys t('1\1 loy it silllpl( 'r iLwl Ilillre scll'div(' n'aelioll IlW('hallislll thall is ill "tfcet at 
low( ~r 1I l' lItrull (·Il!>r)!;i('s. TIl<' (,lIl1t.1'illIItioliS fnllil Illllltipl( ' scatt"rillg ilre reduced ali<I 
til<' r.>lativ(· 'tr"Il~th IIf till' isov, ... tor , s piu ·Hip part of th" NN scattC'riug all,plituue is 
lar/',<'I' . Tll cs(' ,·H·,· ,·ts an ' ill,. , tr" 'cd by tlL" pnlluill"lIt pC 'ak attrillllt"d to tl", filial statc: 
illt( 'ranioll iu tl ... ISu dlillilid for till' <lata 1111 till' ,JU" 1/ )2" n'al'liuu at IGO MeV") 
awl tl lc sllc(,l'sflll illt("'prctatillil of tll<'Sl' datil ill 1 .... 11" of tile IA . The possibility 
of II si llg til!' tI(II, I' )2 11 " 'actiou at illtl'l'ul<'diat, · ('Il<'rl:,i('s to provide .111 illdc pendellt 
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estillwt(· II"" is (,1I1i.ul(·(·d by til<' prosp"ct of ri~ol'<lIls tlm"~ body ('1llculatious uSlllg 
realistic NN forn's at cllcr~il:s lip to I'ioll pwdllclioll tlm:sllOld lJ •IJ ). 

Ddure 1IIHI( ' rtakill~ til( ' t(·(·hllin.1 dwlleuf!.(·s tlwt IIlllst be addresseu to ubtain 
a precisc estilllatc of (I .. " IIsill~ tlH' "(11,1') rcadiull ilt illtenll<.:diate (:lIergies it would 
b" very desirable tu have cuufinllatioll tllUt the reactiun lIledlHllislIl is ade«lIately 
understuuu . III the PH's/'lItexperilllcllt very prl'cise data ai'" ul,tailled for the d(p, 1") 
rcactiull at Ei = l!:IS.5 MeV which thell call be IIsed to obtaill iln estilllate of a.. p 

for cOluparisoll with the value -23.748 ± 0.0()9 fllll~) kllowil frolll luw "lIergy Tip 
scattering. lu this paper the ullalysis is prescllted iu tenus of tlH! silllplc~ IA but 
future refinements of these calculatiolls Itre cxpected. The cllrreut experinH'lItal value 
a~ - a"n = 1.5 ± 0.5 fill is in excelll'ut accord with theuretical predictiolls bascd 011 

estimates of the ulass uitference of the d alld u «uarksl~,'6.7) . To be uf sigllificauce in 
this cUlltext re(!1lires all aualysis of the d(p, p') data which detennilles a value of u.." 
withill 0.3 fill of its kuowlI value. 

Th(' relllaiuuer of this paper is urganiwd ill the fullowillg fasllioll . A detailcd de· 
sniptiou of tl,, : expcrilllcilt ilpp(!ars ill sect. ~ illdlldillg the results of tllC! several tests 
and eillihratiuli s designed to c's tahlisll the pre('isioll uf the filial uata 011 the elastic 
alld illdastic pd scatteriu~ . III this cOllllectioll SOIlW of tllC specific detaib regarding 
the cryof!,euic target , the c:llergy calibratioll aud respollse of the spectrometer amI its 
acceptallce arc descril)('d ill ilppeuuices A, D, C, ami D. The cOlllplete experilllental 
results Oil the d(p,J'u) reactioll togetll('r with a salllple of the d(p, p') data l1fe pre­
sCliteu ill sect . 3 The explicit furlllalislll used ill the analysis of the clata iu the IA 
appears ill sec t. 4 with SOLlie of the tedlllical details beillg prescllted !;eparately in 
i1ppelldix E. Sect. 5 cOlltaill~ the cOlllparisun of the data fWIII this experilllent with 
the pn:dictioll~ of the: IA . Tllcse cUlHparisolls provide a convenient form for a lIIure 
CUlllplcl(' PIl:sc 'lI tatiou of tllC d(p,p') uata thall appea.rs ill sect. 3. A discussion of 
the: results uf this eXlwrillielit "lid a C'ollipilrisoll with otller reh.ted data is in sect. 6 
folluweu by the couclusiulls pn:scnted in sect. 7. 

Thruughout this papc'r the ellc:rgy of the illcidellt protoll (E i ), tllC ellergy (E,) 
allu ""gle ((3) uf the scattereu proton as well as all differential cross sectiolls are cx­
prcssed ill the labomtory refereuC'e fnulle . For the IInbolllld states populated ill the 
.l(p,p') rcactioll, E is the l'xcit(\tion energy m"asllr"d iu the celltre of mass of the un­
ubserved liZ) systelll relative to thc ueuteroll bOllllcl state. The followillg abbreviateu 
Ilotatioll is useu : 

da 
app(O) == dn(H) (2) 

fur the p(]) , /)u) I'< ';oc I iOIl, 
.la 

apol(O) == dn(O) (3) 

for till' .lUI, /)u) ....;o clioll , 
IPa 

ap,I' (O ,c: ) == .lOcl.: (0, c: ) (4) 

fur tl iC d(l' , p') reaction ;0 III I 

'" .1"(1 
a pd·(0) == u dOcl.:( 0, ;: )tI~- (5)1. 
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for the r1{JJ,J/) n,;,,·tiol1 »opulatill~ J', T = 0+,1 fillal statcs. The lat.t(' r is a quanlity 
d('rived frnlll ",,,/' Oil the hasis of the IA iLS discussed ill ,,'ct. 5. The quantities are 
expressed ill ll11its with It and c = 1. 

2. Experimental Details 

In the pn's"lll. expI'I'iml'llt llll! diH"T,'uti,,1 cross sectiolls ap~ <I.nd Opd' were mea­
sured relative 1.0 "pp al lhe sa.me valu('s of E; nlHI (-). Tlw rat.io op,I/o"" was melL~urerl 
tlsillg a cryogellic tar)!;et conlaining liquid wilh v( 'ry nearly eqllal cOllc('ntralions of 
hydrogen alld d, 'ut,('ri1lln . TIll' ratio opd.ja~d wa~ measlln,d IL~ it fUllclioH of E l1sing 
the same targ(" filled wilh pHre liqllid deulerillln (LD2). The ('xperimenlal advan .. 
titge of melL~l1I'illg tllC'se ritlios instead of absoillte cross sections is that the reslllts 
are free from l111c.. rl.ailll.ies in the determination of integmtecl beam inlel1~ity, tarr;et 
thickness, the "J,.drollic dead time corr('ction, tIll' spectrometer soli(! all~le and tIll: 
dfici"ncies of SOlH(' of the wire cham),ers involved in the dcl('ct.ion of the scallered 
protOIlS . Thr lIH'aSlll'1'nl"nl.s wrre done with protons illcid"nt itt HJ8.5, 2D7.6 and 
45G.G MeV IIsin!!, 1.llI' Me(li1llll R('sollll.ioll Spedronll'tn (MrlS) in the anglllitr rallge 
frolll 30 t.o 14° . The "Il('rgil's spall 1.1l(' range availahk frow lhe TrllUMF cyclotron 
and I.he allgl .. s "1'<' those conv, 'niently a('('cssible in the snIHll-allgle cOllfigmation of 
the sp"rt.ronH'l.n . The llIost pr('cise nwa~lIrem('nls of the dependence of Opd' 011 E 

wert: mad(· at J ~)8.5 MeV tu facilil.ale flll.ure conlparisons of the data with rigorous 
three body calcll\;lt.ions. 

2.1. EXI'EllIt-.ll:NTAL CONFIGUI!ATION AN)) UATA ACQUISITION 

The pro!.Oll healll was eXlracted f1'01I1 the TRIUMF cyclot.ron inl.o l,,';un line 
40 (OL40), disl'ITs .. " vnt.ically ill nIOnl(~ntllln by 11 cm/% (6.I'/p) and delivered to 
I.he tarr;d moullI .. d in the T2 s("itllering chawlwr on OL4D. The eSSl'l1lial fealures of 
the configtlfittioll "f the largt't and thr M rI S are shown in fig . 1. 

The larg..ts were 1Il01ml('d 011 the vertica.lly-movahle ladder. The cryogenic 
target cOlltainin)!; I.he liqllid t\('ntl'ri1ll1l or the liqllid denl.erium-hydro~en solution was 
tIl"l1nt('d itt the 1,,1' of the ladder imnll'diate ly below a cooling head. The construction 
of this targri alld till' proc('''ure lo mix the L02 and the LH2 are describ('d in subsect. 
2.2. TIl(' olh('r Idr/!;r.ts 1I101mted on the litdd('r were a ZitS scintillator, an alumillum 
foil aJl(1 a grapllit(, shed . The targ('ts rotated with th" spectrometer always having 
t.he target 1'\;111<' perpendicular to the ilxis of the sp('ctromder. 

The trajl"" "ry of the scnl.l('I'1'" prot.olls WHS slllnpl,," at a clislitnce of 107 cm 
from tl1l' I.arg'" 1.,\' a frollt -('wl ('hmlll"'I' (FECn) cOlllprised of four mulli .. wire drift 
dlamlJl'rs. The drift. chmnlwr is fill('d with isoll1llnlle at I"w pressure 30 kPa (0.3 Atm) 
1.0 l11illillliz(' llIult iI'\!' scallning, mill 1.1l(' Spa('illg of lhe IG illlod(' wires ill .. ach plane is 
5 lllln . Two st.")!;)!;"IT" plalll's of horizolltal win's dl'll'llllilll ' t.h.. ('ooJ'(linat(' XO with a 
pl'l'cisiol1 of ~ n.;, nlln Hlltl YO is d('iI'1'lIliI1l'd ill It silllilnr filshion by the ol.hN two wire 
plalles. 111 ordel If) ('I\Sl1n' I.ha!. 1.1l(' it('(eptallc(' of til(' MrlS W;L<; V(,l'Y lIeady COllstallt 
uVI 'r til(' ran~(' of lllOllu'llta SHlllpkd ill the l'xperilll('lIl, FECO was llsl'd to restrict 
till' allnlysl'd ,hllil 1.0 a red,tll)!;le e!efill('d by 6.XO = 1.5 nil aile! 6.YO = 4.5 em. In 
Older to r"dl1(,(' till' ('Hi '('I. of ltil';lt ("IlIllll. rates in FECO I.he ilctiv(' ar('a of each plitrw 
was lllitsk('d t.o "II an'a sli)!;ht.ly larl;"1" thell tll<'s,' sofl.w<tre lilllil.s. 

The lllal';l1dl<' d(,lll('l1f.s of tIl<' IIfrlS an' iI '1lladrl1»o\. ' follo\,', ',J hy a dipole which 
b(,lIds tlte I'ill'I.i .. l"s vITl.i,·ally Iltroll!!,1t illI ilVlTiI)!;" d"''''<'I.ioll (If GO°. Tlte lllliforlll 
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mill';l\etic firld ill tIl(' dipoll' D is IIl('asllro :<I IIsill)!; all NMR probe. For particles 
celltred ill thr 11101111'111.11111 acceptallce of tIl(' sp.'Ct.rolllrt.rr the strrngth of the firld 
in t.he «llit(\rllpolr wa' adjllstrd to prodllce a foclls in the l.H'nd planr at a poill t 
just bryond the ('xit willdow of the vaCIlU\ll V('ss(,1 of the spect.rnnl('trr. The filII 
1ll01llC'ntlllll accepl.alll'(' of tIl(' MrlS is 6.p/1' ~ 0.15 IIml the ('or!'('sp'llldillg focal plalle 
is illdill('d at all angle of 45° to the: ('('lItral traj,'ctory. 

Thr coordillal.rs of particles p;Lssillg throll)!;h the fo('al plallc HII' drl.('rtllilled t..y 
four verticitl ,Irift. ChmlllJl'Is 11101111 t('d ill puirs parall,'l to the focal pla11<' and hl\)('llcd 
VOCI nnc! VOC2 ill fig . 1. TIll' cllllllllH'rs Xl 111\11 X2 dcfilll' coordillat,:s ill the I)('nd 
plalle itnd are llsed by extrapolatioll to the focalplall(' to defill(, the 1lI011l('lItllm of the 
pitrlicle . O('CitllS<' of the lellgth of the focitlplllll(" tlH: tnUlsverse coonlinates (Y) are 
deriv('d \Ising th" chmll\)(~rs U 1 alld U2 whi('h havc wires illclill(,(\ at 30° to thos, ~ in 
Xl alld X2. TIl<' t\('sigll of the VOCs I.ogdhcr with th('ir illdillatioll at ~ 45° to tIlt' 
particle trajectories ellstlJ'(:s that the iOllizatioll frolll each track is nortn,llly sampled 
by 4 or 5 all()(k wires which an: space(1 O.G I'm npilrt. The drift tim!'s to each wire are 
lll<"L~mrd with TOCs 111111 lIsct\ to illt('rpolate to the point at which the track pa....;s('d 
thr.,tl/!;h tIl<' win ' plalle. 

The final d('lll<'lIt in tlw MrlS ddrctioll sysl."lll llsl'd ill this exp('rimrnt was the 
hodoscope of pliL,tic scilltillators IOc<tt.ed ahove VOC2. TIl<' imlividtlal ('ielllCnl.s were 
oriented )lerpcIHlicllhu to thr celltra.l trajectory allll wrre spaced to ensure thilt all 
pitrticl,' s pas~d thmlll';h at least Olle. The timc of pa<;SHge of a particlr through the 
hodoscope provided H rdcr('nce for all the tim ill!!; Ill('asmcments in this ('xperirnent. 
Tlw elwrgy deposited by a passillg particle ill allY e1"lllellt of the hodoscope (EHOO) 
wa..~ also ntrmmrrd usillg Olle AOC chal1lll'l for ('ach clement. 

All the relrvallt (lata frolll the wire chatlllll'rs and scilltillittors were r('conled 
ill ,'v('llt .. by ..event mod" (Ill VCrI llIaglletic tapes 011 the basis of a hardware' triggn . 
This re'luirenll'llt incllld('d pulses ill coincidcll('" (kkct('d ill cither XO or YO, X I alld 
a ~i!!;lIl\l ill the hodusc.,»e exc(:edillg a preset threshold, ru; well It!; a correct tillle­
of-Hi/!;ht hrtween FECO alld the hodo~copc _ Althongh the incideut bealll intensity 
was g( ~ llera\ly < 1 lIA tIll' large cross sections for the elastic scaUI'rillg [('sult.ed ill 
valid triM('r ratl's of typically 400 ",-I. The data fur each evmt included a TOC 
chitllllel for each wire hit in all four FEC plaw's and in all four VOC planes. As 
a COI1SI'(I'Wllce the drad t.il11e of the datil acquisition computer was snbstantiaL As 
was In('ntiolled p1'l:viollsly, till' reqllirclll('nt to IW'HS1lI'e this dead time accmatcly Wi}!; 
esselltially avoided by the 1IlI"lStlI·(·'llwnLs of tIll' two ratios opd/ap~ ami Opd'/Opd . 

Th,' (lata writ.t('n 1.0 llHl)!;lwtic tape weI'!' sllbject. to s('veri'll soft.witrc cuts prior 
to the c1'l'at.ioll of tIll' fillal spectra . The tillw .. of·Hi)!;ht of the partie).-s from FECO to 
the hodoscopt' WilS ('xilnlilwd to distillJ!;tlish protolls frolll (\(-ut.erons or ot.hrr chargrd 
particl('s clllit.t,'d fmlll 1.11(' I.arp;d. COllfirlllation of I.his idrlltifinttioll wa..s provided by 
the sil';lmJ EHOO . III addit.ioll t.o the millimUlll 1'I 'qlli1'l'lIl1'lIt of the hanlwlU'e trigger 
the hit patterns ill all tIl(' wire plalles ill FECO, VOCI and VOC2 W('[(' allalyserl 
to ('llSUrr thitt they were ('ollsist"llt with 011(' and ollly Olll' chnrged particle pa<;sill)!; 
through th(' adivl' rq';ioll of all tIll' dlilllll)('rs . EV('lltS 1101. m('('tinr; thes(' [(''1llirrmrllts 
wnr [('j('c",(1 HS "lllissill)!;S" or "1ll111t.ipks" . TIll' l'I'st.ridioll t(l ilcn 'l't data ovcr the 
lilllill'd ITl';ioll in FECI) \V;I.~ llWlltiolWd prr\'io1l.,ly. III addition a tran'ha('k of the: 
traj('('tori, 's frolll tIl<' VOCs 1.0 FEeO 1"'l"lllit t"" a ...dl'ulal.ioll of tIt<: coonlillatl:s XI, 
YI at tIl(' tarl';l'l . TIl<' l10nllal 1)('01111 11Iofi\'- WilS ~ 0.3 I'UI wide X 2.0 ('Ill hi~h. AllY 
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"Vcllts origllJiltilJ!,; fr"lJI '''It.sido· llii, IO'!,;IOII, wllicil Illl!';llt fOI" ilJstallce hilv(~ J"(',mlted 
fnJlIJ I"'iolll Ilid" stnl; ill!,; tIl<" fl"illlu" of tllC crY"!,;("llic tilq;d, W(:I"" rejected. 

2.2. CltYO(;I:NJ(" TA 1((; LT 

TIl" pliOli'l (·.,/1 o,f 1111" n"),,,!';,·lli .. till"!';l"l was forJlled IIY tlVO 50 /1111 tllick foils of 
I.ilnlclwd "ltllJlilllllll f',ltwd illld 1.01 t ... I to it r....:tallglllar c0i'p.:r frail'" with roulld.:u 
cOl"Ill"rs. TI", v..11I1J1<" "I' duo cdl cOlltaillillg tl,,· li'lllid Wits 7 .0 ("III iIigh, 3.0 CIII wide 
wiLl. it thicklJl"~s tl.at ri lll/!:(·d fmlll O.G CIII at the (·dges to 0 .8 C1I\ ill the celltral regioll 
(Ii ... to Ilw blllf',illg of II ... foils. TIl<, 11I',,>sure ill the cdl durillg; the experiment was 
tYJliudly SO kPa. Two "dditiollal ahllllillulll foils, eacil 17/1111 thick were Illouuted 
4.0 CUI lIJ1stn'illll illlll d"WlIstl"<'illll of til" tar!!,cL as part of all 80° K 11<'at shield. As is 
11II·lIl.iullt'd at the IH:gllllliu~ of tllis s('ctioll til(' da.'itic snttlerillg ratios apd/app were 
IIl<"aslIl"<·d with til<" cryo~('uic tmg<:t till(·d with very uearly equal cOllceutratiuns of 
hydro!,;('u allli d'·IIlt'rilllll . Tlw tilliu!'; pwn,dlll"<' used to arhieve this roudition, thc 
.."tilllatc of th.. actual ratio lIwl its ulIC<Ttaillty .... e discusseu ill detail iu appelldix 
A. It is wlIc!lIdl'd tllilt ill all til<" IIl<'ilS'III'IIl<"lIts witll tlJ(" LHdLDl lllixtllre the ratiu 
of the dl"lllnilllll to l.ydro!','·11 1I11c11" ill tIlt' lilr!!,<"L lVitS 1.004 ± (l.01O 

Thl' iIlV(".'iti!,;iltillll s of tl ... d(I)'}!) ... ·i ... Lioll hy lIJ<"aSIIl"' IJlellts of the ratio aI'J.ja"" 

WIT" carried out With 1111" taIW ·!. fill(·d lVith tlw JIll .... LD 2 . For tlIe Ill()st critical 
Illl"ibll ... ·lIlC'llts lVith till" MnS ... ·I.tr..d at (-) = 4° ilud 8.5°, the dellt(Tilllll ~ilS used 
to till til<" tar!',et WitS of a purity of !)!>.!.)!)'/.,. Howevcr, dill: tl) SOliI<' illitial (Iifticulties 
ill tilliu/!, the tar!';<"L, til<' LDl (lal a ilt GO awl II ° was re(:onkd with only !)!)% pure 
d(,lIt(Tilllll. TIlt' iul/ll"I"'" on til<' data allalysis of cuutalllillatioll from the H(p,Pu) 
rcactioll is discIIs",,1 ill ., "hs(',' l. S.:.!. 

For the pllrpos(" of Ill'lpill!!, III dl"ll"nllille Ihe 1:lll'r!!,y respOllSl' of tlu~ MnS ill 
tI." I'xperilll('lItal cllllfif',lIriltioll 'Iwetra W("f(' also Irconh-d with th.. target cell filled 
wil h LHl Th.. iJackl!,rlllllld ori!,;illatill!!, prilllilrily frmll the ahllllilllllll willdows alld 
til<" 11<'at shidd, lViiS (·stilllilt ..d Oil till' hasis of nlllS takell hotll with targl'l cell ellipty 
ioul with the pun: ahllllilllllll foil as it t'llW·t. 

:,!:\ ENEU(;Y ItESI'ONSE AN)) CA1.1 IIltATlON 

TIll' 11 I"!';I1<'1 it" d(,IIWllt.'i of tIl<" I'rilllar), pwtOIl bealll lill" were tllll .. d to provide 
IIII'lIll'lItlllll dispnsi()11 ilt til<' tilrgl'l thiltilliltclll'd the v, ' rti ...tl dispersioll of the spcc· 
I.... 'I 1IL'l...- . C(lIIS( ''1l1('lItly till' sl)("CI ra ilt till' fO('ill plal1(, il<' (' lIratcly n'prescllll'd the 
('II<Tf!,)' dilf" .... II("l·, w = E, - E" d('spit', til<' "Iwrgy s\ln'a" ill til(' iucideut healll of 
t)'pically 1 1>.kV. III i,dditillll to plOvidillg till' fllcal plalle .."ordillal<' XF, the 1I1<'a· 
"",'1I11'1l1s IIf (XO,YO), (XI,YI) 'llul (X2,Y2) IV('le lISl·d to "Illpirically cOlTecL for 
"pIIO'id id,..natiollS illIIll,ill<"llIiltic III'oatll'lIillg n'slIltill!,; frolll 1.11<' fillite an:eptallce of 
tl ... spcdIOIIl""'r TI ... s,· c"ITI·rl.i'>I1S 11'0"1"(" ll1i1d(· IISill!,; tI", stl"lIg d;l~tic scatterillg 
])("i,ks ohserv,'d with till' thill CilrI"J1I illid allllllill'llli til"!',<'l~ . TlIe resultillg resolutioll 
ill ~' lVilS ~ 90 k("V, IlI"ilrly ilJdel"·lJd("l.t of till" Iwalll ,·w'r!!,)' . 

All illll'ortillJt kalll ... · of tllis l'xl'("rilll<"lIl. was til(" I'j"("("isioll n 'quin ·d ill tlIl' cllergy 
C;.JilJI·ill.ioll of III<" SIW,·ll"il. TIll" IIlllst slrill!,;I·1I1. rl"qllin'III'·1I1. ("illll<' ill the illlillysis of 
til<" dala (III til<" .1(1),1") n'ilcti"l1 ill to'nllS of til" ~("al.l<"rill!'; klJl!,III II"" (see sllhscct. 
;1 :\). TIl<' 1II0st niti("i'/ l'ill 'illll<"ll'l" Was tIl<' displil("l 'lIl1"lIl ill XF IJI"tw('<:u tlIe lo("atioll 
"f 1.111' '/(I),J)u) I ... i'/, alld IIll" .lli).}/) 1I1 ... 's""ld ('()ITI 'SP<llldill!'; t" illI l'xcitatioll l'll<'r)!,y 
r: ., 2224 .... k,·V . Tt.,· I'n... is.· "idil'l"alioll \\',IS also IISl ·d I"!',dh.... witii til<' ("aleulaLt·d 
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kill<!lIliltic shifts with s("att''I"ill~ all!,;l(' to provide Ilw 11Io>;t an'urate ('stilllilLcS of both 
the averag" scatlcrill!!, allg].. for .each slJ("dnllll awl tile averag(' illcidcllt protoll ellergy 
E,. 

The J"(·lativ(· calilJlatioll of the focal plilw' of the sp.·(·tnllllO't<'r WiL!; obtailU·d usillg 
tl.., Li.lculated ditl',relll.: es ill 1l101llelltlllll for four peaks observed ill the scalterillg of 
protOLls froJll ciu·llOll. Oil the basis of the iUllllysis pH'scllted ill appclIdix D, it is 
COllclud(·d thilt ill the sp..nrll with thc LDl targd lit 1!)8.5 McV the loclltioll of the 
threshold ilt [ = 2~24.5 k .. V WitS dct('nllillc(1 rdative to E = 0 with Il prccisioll of 
±lO keV. 

The observed peaks reslIltillg frUlll the scatterillg of protolls Oll the ahllllilluJll, 
dellteriulll alld hydrogcll ill the cryogenic target W('re both Substillltially broader alld 
lllOW asYlllllletric thall those ol>s('rved with the thill ahllninlllu aud the carbou targel. 
At forward augl('s with Ei = 198.5 MeV tl.., av('rage ellergy loss of protous passiug 
tlllough the LDl tar!!,(·t WiL!; GOO k..V aud the obs('rved width (FWHM) of tlIC d(p, Po) 
peak was ~ 230 keV. At several stages ill the aualysis it was esseutial to have detailed 
pi.raIuetcri<:atiolls of the peak shapes. They could lIot be adequately predicted 011 
tIle lJ<tsis of the thill tillg( ·t spectra hy iucludillg silllple estilllates of the effects of the 
elwrgy stragglillg alld Illllitipl( , sCiltterillg. Dy Illlalysillg the data at several angles 
with tile cryugelli(" target fill(,d witll LD1 , LHl iL!; well as the LH1/LDl mixtme an 
eillpirical repres('lltatioll of the elastic s("atterillg response fllnctioll was obtained. The 
details of this procedllre are olltlilled ill appelldix C. 

2..1. SI'ECTItOMETEH ACCEPTANCE 

Accurat., 11I(',L'illr.,ll ... lIts ()f the ratios apd/app alld apJ' /a~J as well as tllC slmpes 
()f tlie d()" pi) slwctra required precise illfonuati(lll j"('!!,ardillg tlie Jlossible variatioll 
IIf til(! MIlS acc('ptallc" as a fllllctioll of tlI" f()cal plml<' coordiuate XF. Givell this 
rC<jllirClIl<'llt, til<' data alliolys(·d at each s<'ltillg of tllC MRS wa.::; lill1ited to the rallge 
~ XU = 1.5 CIII, ~ YO =4.5 Clli cOITespolldillg to a solid all!!;/e ~O = 0 .5!) lllSr. 

Thl' llle'L!;IIl,.,d ("(I()rdillatc YO Wits used to furtlwr subdivide tile total solid anglc 
iuto !> Iwarly "([llill billS (,itch with ~ 1'0 = 0.5 Clli cOITespoudillg to a 0.27° rallge ill 
tIle scatlerillg allgle 0. TIl<: actuill profile for ('aeil hill was, ill effect, U cOllvolutioll of 
this val Ill' alld it Gallssiall fllll<.: tioll with a width of ~ 0.15° cOITespolldillg to the width 
of tllC beilill spot Oll tll<~ target. This fiue billllillg of tIl(' data lllade tlie correctiolls 
to accollllt for the tillite SiL" of the hill lIe/!:ligihle. FOl' eilch of the spectra with 
the cryog('llic taq~d till: Ul<'iU. scatterillg all!!;I(: Wits d<'lenllilled with the precisioll of 
about 0.02° frolIl tIl<' 1Ill'iL';lIred cll"r!!,y dilfl'n'lIce of protous ehL!;ticully scattered frolll 
the airllllilllllu ilwl d<'ut,...iulIl lIucki. With the lllixed LHdLDl targd the killelllatic 
shift of tIl<' H()), 1)1I) I)("ilk provided cOllfinllatioll of these estill1ates. The llolllillal 
settillg of the MnS all!';l" agn·(·d with that IlleiL~lII"ed for tlIC: llliddle of the!) bins to 
within U.~5°. TIl<' ditf,· .... uce Ill'tweell tlws" valll"s was sellsitiv" to tllC st(~'rillg of the 
illCidcllt bealll hut was ess"lItially the sallie for all thl' observatiollS with the sallie 
beall1 tlllle. 

TIl(' UIl'ilSlln'III1'lIts (If a".,/a,,~ witll til<' LHdLDl lllixtllre were dOlle at each 
('Iwrgy witll ('ight WJllliuill sl'ltillf!;s of til<.' t-Ins illl/!:Ie: 4, 5, G, 7.25, 8.5, !>.75, 11 
awl 12.5". SillC(" at ('iICh S'"'tillg, th(' lIill(' bill.'i ill YO spillllled a total allglllal" filll!!,e 
(If 2.4°, tlI" Sllllstillltiid (lVI·rlill' provid('d v;dlla!.l" checks Oil tl .. ~ cOllsistell':y of the 
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resllits. Ea..h IIl('a_"IITIII( 'lIt wilh til(' LDJ t.argd n>'ll1irnl 10l1ger runl1illg periods 
perforlll('d at tlH~ l1olllillall1l1~"'S of 4,G,8.5 alld 110. 

Oy 1I1("~~llrillg the ralios 17,,,,/l7 alld Opd'/O,,,, olle avoids til(' IIII C ( ~rtaintif's rf' ­pp 

sllltill/1; frolll illdlici( 'IU'ies in FECU al1<l from possihle variatiolls of th~ eXRrt siz(, of 
each lUi CIII bill in YO . Any slow varial.ioll~ ill til<' accqlt.allcr' of the MIlS with 
XF or possihl(' lo..al variatiolls ill 1.11(' efficiencies of the VDCs, IUlwf'ver, c()l1ld have 
inHllencr'd the r('slllt . 

The slow variat.ion ill til(' ;u-("eptallce with XF was IIIl'aslIrf'd hy sllcc('ssiv(' runs 
al. diffPr('nt val\l('s of til<' MIlS (Iipol(' tidd IIsillg the d;~~l.ic proton pe:ak from the 
a.llllnilllllu tar/1;cL Thf' reslllt", desnih('r1 ill dctllil ill the appendix D, spallnf'(1 a 
rallg(~ in XF IIll1Ch larger thau WitS actllally IIs('(1 ill the e xpcrimf'IIL It is concillde(1 
that over the lilllit.ed 1T101ll<'ntllm rallg(' sampled in this ('xperilllent the slow variation 
in the arceptallc(' wa.s sllbstRntially kss thall 1%. 

Tile "fficif'ncy of proton detf'ction in a 10cali7,e:d re:gioll of the focal planf' d(~­
pcnds s(~lIsitivcly Oil t.he dticiencif's uf individual wires in the VDCs. TII('re is inllercllt 
n~dlllldancy ill til(' data frolll ('ach VDC plalle which aris('s frolll the: l111miwr of adja­
("('lit wires nor1l1ally triggered hy a vfllid ('\,('111.. Oy a tf'dllli'lue: d('scrihf'd ill ap[lf'ndix 
D I.his f('dundallcy W;I_<; ,'xploit('d to hoth estilllate the effi .. i('lwi('S of illdividllal wir!'s 
and to n'COV(T ~ SO'X, of th(' dnl.a that wOllld haw' I)('('n lost bcca1lse of allY ineffi­
ci(,lIci('s. As a din 'cl, t.('st of the eff('r:t.i\'('IIf'SS of tII('S(~ tcClllliqllf's the (p, p') cOlltinu1l111 
at. Img(' val ill'S of t.11<' 1'11("rgy loss W WIIS ex;ullill('d with t.he LD2 targl'l. at Ei = 45G.G 
MeV. TIl(' r('slIlt.s, ap;aill pres(,IIt.('d ill appl'ndix D, illdicfltl' that the f'ff('ct of any loral 
vflriatiulls ill til<' I'Hi ci(,lIcies of the VDCs is less thell 1%. 

3. Experimental Results 

:J.I. 	 TilE ELASTIC SCATTEIIING !lATIOS: (1vd/17pp 

Threc of I II(' sl)('rtra 1I~f'd to d(,ter1l1iue tile ratios of tl1<' diff( ' rcntial cross scc ­
tioll~ for t.he clasl i(' scat.terillg of protol1s from dellteriul1l a11(1 hydrogcII at 198.G M('V 
are illusl.ratf'd ill til!: . 2 . lu each ca.~e th(' slwctnull is ont' of the nil!(~ rf'conl('d si­
mllitalleously COIT(,SPOlldiug to ('(IWI] iutervals in the scalt('ring angl!' 60 = 0.27". 
The dat.a w(,re recorde(\ with the liquid target fill('d with IIcllrly (:qllal couc(,l1tratiolls 
of d(~utf'rilll11 alld hydrogcn (aplwmlix A). TIl<' tlln!1' promin('nt p('aks (in ord(T of 
increl-l.~ing chal1n!'! 11I11ul)('r) result frolll the (P,IJo) n'actiou 011 the aillminll111 wiudow~ 
of I.he t.arg('t, I. I)( ~ d('III.(Tilllll "lid the hydro)!;ell. At ItII allglr:s I.he ve ry small colltri ­
hllt.ions fro111 t.11<' HAI(!',!") r('actiou w(,re slIbl.ract('d ou til(' ba_~is of spectra rcconk(1 
wit.h til(' pl1n' ;lllIllIill11111 l.al'/1;I'I.. TII<'S(' con('ctious W(TI' always hdow 1'70 ami in must 
C;L~('S 1H'low O.G(/(, . 111 ('as('s sllclt as til<' Sp('('trtIlU al. (-) = G.2° tlw ratio I7pd/Opp was 
d'Tiv('" silllply frolll 1.11(' rat.io (If Ill<' two iulq;nolr'd lH'ak iul!'1lsili( 's cOIT('cl('d for the 
(0.4 ± 	1.0)% "iff('n'1I('(' ill tlH' "('lIt('rilllll/hydro~!'I1 cou('( 'ul.ral.iolls. 

At the sUHlller allgles, part.icularly at E p =198 .G M( 'V , til<' t.ltn '(' I)('aks (lver­
lapp('" as illllslral( '(1 ill ti)!;. 2a. COIT(,ctioIlS for thl' cOIII.riblll.ioIlS of 1.11(' tails of 
ov('r!appillp; pl'aks W(T( ' 11111(1(' on 1.lw hasis of til<' ('Inpirical flll1Ct.ioll cl.osl'n t.o ac­
(,(l1Il1t ill (l!'I.ail for 1.11<' n>1l1plical.('(1 p('ak shap('s as (kscrilH'rI ill app(,lIdix C . Tlw 
fitted s ll"p('s wwd ill til<' alia lysis "I. 4 .20 ,HI ' SIIOWII ill Ii)!, . 201 . At 1.1", slllal"'st all~I( 's 

1I0t all Ihl' p<tr<tllwt.ns in III<' "Illpirintl fits t.o 111f' illdividllallH'aks cOllld 1)(' IIlIi'lI1f'ly 

() 

dl'l('f1l1ilH'd . III 1.Ilf'sl' ..asf'S 1.11(' l'!'sl1ltinp; 1111Cnt.ai11l.i('s iu til(' arr'; ~~ of the d('ul.erium 
alld hydrogl'lI IlI'aks W('1'C ('sti1l1al.r'd nlld add('d 1.0 t.hl' statistica.l ('nors . 

At til(' larp;cr fl11)!;I !:s (-:) > 7" Rt 198.G MeV) til(' H(JI , Pu) p('ak ovnlappf'd with 
tlw c011tinu11111 frol11 I.hc ri(lI, p') reaction as illu~lrall'd ill fig . 2(' , TIl(' cOl1tillUU11l 
W<lS subtracted using spl'dra 11l.,llslIn,d at Ilw saJlW angll' with I.hl' pun' LD· j target. 
Th(' d(lI, p') coutiuul1l11 showlI in fi)!;. 2c is dniv('d froll1 til<' LD'1 Sp( 'dnllll suitably 
shifted and 1I0nuali~('d to lI1atch the d(l', 1'0) pl'ak. Alt('mativcly at th(' larg('sl. augles 
where the d(I'.TI') cont.illlllllU is f('al.llrd('~s, it was titted with 11 quadratic fU11ctioll 
which was then IIsl'd for slIhtractioll. In tll<'s(~ case~ the two 1I11'1.llOds of suhtractioll 
were fUllnd to yidd (,(>11Sisi.el1 t values for th(' integral of the H( p, /10) p('ak. The sl11all 
IIncertainty ill tlw sllhtraction of the contillllulI1 was indu(I(~d ill the ('rror ('stimated 
for thi s ill tegr;!.1. 

The results uf thc 1I1( 'R5Ured ratios opJ/o"p an' give ll ItS a fllllction of the IRho­
ratory anglt~ e ill tahle 1 for the three protou clI('rgi(~s . The 72 spec tra recorded with 
eight diffcr('ut s(,ttings of the lIulllilllll MRS nngl(! pwvidl'd sl1b~talllial ov(·dap. 111 
these n')!;iol1s the 1I1(' a.~med ral.ios wer(' !'OlIsist('lIt wil.hin t.he sl.atist.intl uncntaiuti(!s 
and tlw closely-span'd pairs of data poil1t~ n'sult.iu)!; fro 11I Ildja('('lIt ~ettillgs of the 
nomiual MIlS allgle wcre <1verag('d . Th" resllitillg vflhws ; It. 43 allgles for each proton 
el1('rgy arc tht' ( ~ ntril's il1 table 1 <l11d fir!' plot.t('d in tig. 3. 

Tlw talmlated enOl'S for til<' rat.ios il1c1udf' til(' ~I. ati s tical ulln:rtainti('s ill the 
peak int('gral~ tog('l.her with thos(' flttrihl1tr'" to th(' ovnl O1 ppillg peaks at smaller 
O1llgles lI11d th(' subl.ractiou of the dU',I") cOlltinulII1I lit large r fl.llgles. The precisioll 
of til(' ql1ol.('d r('s1llts (ill sOllie CIl.s('S ±O.G%) rest.s ill hug(' lI1('asurC on the technique 
uf measuriug the rati() from a single Sp('dn1111 using the same: small allglliar hin. 

Tll('re arr ~ several sources uf sysk1l1atic IIIHTrtllinties that an: lIot i11cluded in the 
errors (Inot('d ill tahle 1 or plotted in tig. 3. The IIUlst sigllifi('allt of these is attrihlltf'd 
to the 1.0% un(·"rl.llinl.y in tlw c~timated ratio of the COn(Tlltratious of deutr:rium a11d 
hydrog.:n in the taI)!;d (app(:udix A). TIIP lIH'aSllrel1wllts of tit(' variatioll of the MRS 
acceptance with XF olltlilwd in IIPJl('l1(lix D hav(: been 1IS1,,1 to e"tilllak that th" 
maxi11111111 e ffl'ct Oil 111" rf'sults 'IlIol.ed in tahl(' 1 i~ < O.G% . Comhi11iug tll( 'sf' ('rror~ 
yi('lds a total sysl.(' ll1alic 1II1('('rtainty ill the 11I('a:;nred val lies of (Jpd/Ovv of ±1 .1%. As 
indicat.ed pre viously (subs('ct.. 2.4) tl)(~ ohserVl'd kil1('111atic separatiou of thf' three 
elastic scatteriug peaks ha:; he(,l1 us('d tu dct(,l1Uill(' tlw 11l('.an scat.tering angles for 
each hill to a precision of ±0.02°. 

3.2. 	 I'll E d(]) , p') SI'ECTItA 

TIl(' ill( ' la>;tic protou scal.terill)!; frolll d('nt.nimu wa~ i1wtlys( 'd in kilns of th" 
'I1I<tlltity I7 p,,.(-).O:) df'till('d ill (''I. (3). Th(' VilltH'S wl'n' 1II( ';I"In'd rl'lat.ive to I7p " at 
the Sall)( ' 0111":;"'. TIl(' data \\'('n' d .... ivl'd fro111 sp('ctra n 'cordl ,d wilh plln' LDl il1 Ill(' 
target ('( ,II ,IS illllslral(,d iu ti~. 4. TI1f' dat.a il1 fi~. 4. m(' plotted i~~ It fUllctioll 
of W = E, - E,. Th(' SP('('I.rtllll is dOll1illa",d hy til<' p('aks COIT('spoluling to the 
ela..~tic scal.te:rill":; Oil allllllilllll11 alld d('lIt(Ti1ll11 I.o,.:;d.hn with til<' broad cOlltillllll111 
from til<' dUI,/I') react.ioll. All iudicat.iou of how sillall 011'(' t.11<' (,(lIll.rihlll.ious fnlln the 
H(I',IJo) aud AIUI, !") n 'act.iolls is 1.1", !H'ar ahs('II('(' of (:V('IIt.S ill til(' int( ~ rvalllCtwecII 
the d(l' , l~,) lH'ak 0111(1 tlw r/(I' , p') COlllil1l1l11ll. 

Til(! ('11<'I')!;y calihraliol1 of 1.1 ... f()('al plal1l' W;IS a crucial fad.or part.icnlarly ill th" 
detail"d al1alysis of t.1l<' s lt;1Jlf' of III<' "(JI , ,,' ) al E,. = 198.G M(V wllici, is disrnss('d il1 
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Sllhs.'d. J .3. TI ... pl ..... ,dlll'l, iIlV..lvill); II ... i'"i.lysis of UC(j>,I/) sp('ctra is discllssed 
ill ddilil 111 aplH'lldix U. TI", Il'ill1sf"lllIi" iOIl of L111' ' ~ II<'I,!:\Y sCid(' to tl ... 11]' excitatioll 
('lwrl\Y [ W,L~ IJi,~. ,d Oil I'dativistic kill(·llliltics. III mdcr to reduce the s(~lIsitivil.y of the 
n'sllits to I..cid Vill·ii" iOIl' ill till' dtici(,lIci,'s of the VDCs, til" spectra at E. = 198.5 
M"V W('l(' \'('('(Irdl'd for sevcrid (llsuidly six) val lies of til" speetroillcter IIwgnetic field. 
TllC sev('!',,1 sp,:ctra ('''IT''~pOlldilll-\ tu tlw sallie Hllgular Ilill were added togctlwr usillg 
tile [ ndi hriltiolls awl til<! well dctcrtllillcd locatiolls of the two elastic scattering 
p"aks, 

TIll' n :~lIlts of till' 1Il('i1Slln'II"'llts lIf Ill(' d(p,j/) ,!,,,t:lra at two UJlgles for each 
of tl", tim'" (11'111.011 IIl<'id('lIt elwr!!,i( 's are illustl'<llt ~d ill fig, 5. The noss sectiollS have 
IlC(~11 IIlIl'lIlilliz('(1 rdative to tile cit 'Ut('lOIl d'L~tic sCiitterillg peak observed in the Satlle 
'I'('('tra . Till' lIj('a~lIr(,IIH'lIls of tlH' nvdla"" JesCI'iiJ,,<i ill sllusect. 3.1 were tlr(!1l used 
to n.J;.I( ~ tlw d(I', 1/) Spl'ctlil to ('last it: JII' sCiltterillg at the Si\llle I\lIgle. Fillally the 
idisolllt" seide Oil III<' ol'<lillale ill fil-\. 5 was (krived by asslllllillg a vv is giv(~1l I)y the 
Arlldt SM90 pIIiLS(' sllifts 17 ). TIl" ('nors illdllde thc statistical ullcertaillty of the data 
ill ('aclr "ll<'rl-\y Ilill (Ll..: = 20 b·"), il vl'ly slIlall cOlIll'ilJlltioll fW1I1 tlte conespolldillg 
1l11«'!'taillty ill til(: ill I. "!; I'a I of the: tI(I), I'D) peak Itlld tlH' statistical ullc<:rtainty esti ­
lIIat('(1 ill tabl" I for 1.11<' ratio (J,.Jln", .. Siuci' nil the detailed allalysis of the results of 
thi~ pilJwr is ill I·('I'IIIS lIf til<' noss s('nious IIleasllr<·d relative to a vv the IIl1certaillty 
ill the (·Iastie 1'1' ');,ti' is lIot illcilld"d. 

At ('i1ch (,11('l'l-\y (E,) sJwetr" silllilm to those illllstratc'd iu fig. 5 were d('rived for 
35 allg).os in til(' r"lIl-\e 2.8° < (-) < 12.1°. The d(' jI(,llClc'II(,(' of a"J' on two findy -billlled 
variables ((-:) illHI c') awl tit" s<'lI~itivity lIf the l'esults lieiii' til" Ill' threshold to th" 
('Xl'crilllClllal (,WT);y I'<'SJJ(JlISC fllllctioll preclude a sillll'le tabl/latioll of all the data 
ill a fortll silllilar to tal,l( ' I. TIl<' llIost ilnjlortnllt feiltllres of the tI(I',I") data i1l'e 
Pl('sClll('d ill till' fortll of cOlllparisolls with dctililed pt<'dicliolls bi1S('<i Oil the IA ill 
sllbs('cl. 5.2 alld .J.3. 

4. Predictions of the Inlpulse Approxilllation 

TIl<' ..JiI~l.ic alld illdil~l.ic ,,'<1 t I.nillg; noss s('eli(llls Wl'I'<' calclliated ill til<' illlplIlse 
i1pPI'()xilll<ltiClII with plallt· waves ill tlw illc(lllIillg awl olltl-\oillg chanllels. TIll? protoll ­
d(,lIlt'roll sCilttcTill).; alllplitllC),oS wnl' cOllstructe(1 fW11I tlte free NN atllplitudes alld 
the fO\'l1l factors rqll< ''''lIlill!', tllP strlletlln' of tl,,· dClltlTolI ali<I filial state systelll. 
TIll' e!fects of th(' rl 'iI('1 iOIl ciYllilllli, 's, slIeh ilS distortiolls of tlte ill('idellt illld exit 
WilV<'~ , douhle scatlcrillr, il/ld oH'-slwIl eH'"l'ls, w(:rc lIegl(":lni. Outlilled below is the 
forlll,disllI IIs< ,d ill till' (·illcll);'lioll~. 

TI", dilfen'lItiill cnlss ~('eti(lll iiJl' (');"lic sOlttl'l'illl-\ is expl'<'ssed I,y tht' ('([uiltioll: 

0,,,,( (-») = . I '" IT"" ... ; , (G)(2J/) + I)(L'I +1) L AiJlAi·(t»1 
"'II Alv'" ,"L~ U 

i1nd ill th(' IA:I) tlw IJlI s('i1tkrill).; illllplitlldl' is : 

T:',"':','· .(-») = (("/'1":'''' ''(0) < tfiJ,.A/ ' (,le." II I'XI'(/CI- '-"/2) 114J"Mu(i:')~.". > + 
I I un U "'JIII, I) I 

1,·/·) ....... ; (-»)..... ::'\1 II" ( ~ 'I')) II .1, (ll (7)
I "' I"I ~ ( < "t'J,.MiJ I J~".~ ( Xl' -I'J . I - ..... Jull'" I ""'1 > 

II 

with Ii = PI - ;;. tire 1llOIIIl'IItlllli ll'illlsf('r to the dellteroll. Tile ~'" is the spill PUJ·t of 
the wave fllllctioll . 

Thc dcuterull Wilve fl/llctioll is expressed ill the fonll: 

4>J O M,,(ll = L < IVIllD"VIII;;OjJ/JAlv > < .slllll.s]III:1I.svJn;;v > 
IVIIIV1II'lHlJ 

/'u (I' )llu '" u({lr )~''''~'''' (8) 

III these fonllula(' Iv,.sD illld Jv arc til" orl,il.al allglliar IIIOllwutlllll, spill alld 
total au)!;ular 1I101llClltllill of the dCllteroll. The spillS iUld IIIi1glldic (IUalltlllllllullIl>crs 
of the struck lIucleoll, the spectator III1Ckoll ill the dCllt('rOIl, alld of tlte cnergetic 
protoll arc .s1, 1111,":1, 111:1, alld .011, lIll r('spectively. Thc tjllalltities of the filial state lue 

TI (VY) .....". I I. . 1 IC t ("v)""""• '-') allu.1 t " (v'-") al'(~ t Ie f 'C nClltl'OIl-llrotoll all(1}1l1l1eu. '(0 H.. l)fotoll ­
111'2111) "'21112 

protOIl scatt(!l'illg alllplitudes. III all these fonlllliae e is tlte scatterillg allglc ill thc 

laboratory syst(·1I1. 11r is defilled as i/li'l, when' i-: is the relative positioll vector of 
two nucleolls . 

Eq. (G) call be written ill the fortn: 

avJ(0) = h( .s!).!/J)1 LIL ;'(-)' iiv';11;:'. ({2. )F,u'" (q )n:'~::"; ((:))
oS I ~-; 1. 

JA-/mllll~ ltV''vIlH, 

W( --"l"/J.sJ; .sl"V )X( I.sJ, Iv.svJ/), l'u.sv Jv) 

< 1,,01011'u0 > < 1111.01711./1 M > 12 (9) 

III ('<t. (8) I = I~ I; is the orbital allgulal' 1I101lielltlllll transferred to the 

deutelOlI. ;; = .>1 - .s'2 is tlte spill trilllsfel'l'ed to the stmek IIl1dc~1I whicll, sillce 
the spectator lIuckoll is Ilot illvolved ill til<! scatterill)!;, is the SillllC as the spill 

tmllsferrcd to the dl.'ut(·roll :; = ,,~) - .so. i:.= J1 - J~ is the total allglliar 1110­
IlIelltulIl trallsfer. IV alld X arc Racah alld 9 - ) spill cOlljllillg eodficicllts, Iilld 

wF/lv" (Ill = fo I·Jell·),( '7 )/,,,(1')/',,(1') is tlte fortll factor. TIl" n:':.::n;(0) are irrc­
dllcitle tellSOI'S cOllstlllcted from the NN sCiltterillg IUllplitlldes IIsillg the formulae 
presclltl'd ill appclldix E. TIt(· standard 1I0tHtioll ; = '1/2.01 + 1 is IIsed. 

To calculate the illclilstic scatt('rillg noss scctiolls tlte wave fUlldions of tlte filial 
state arc expressed ill the followillg fort II: 

...... -- I If[)<VJ .1.,.,.1.... (f,.J7'IJ -- - L < lup"ll'lijJj"yJII '')''I'IJ''JJAJIIJJ >< ,s4!H'4!,sJJlI:JI.supJIlS"p > 
7r J",,1I1 "I' '"~ III ~ 

!J.I•••'".( kr )ll~.", ..) {2, )1 i"...,...( {2 L )e.; ~".; ( 10) 

H(Te !JJ... , ...! b') is til<' WilV!.· fllllctioll ali(I J"v, AJ"p, I",,, 1I1"p, .s"p alld III;;np arc tllC 

'1"illltlllll 1I111111)('rs of tlw filial sl.i1I·(· IIl1ohs('rv('(1 "I' systnll . Tlte If 1I0r1l1ali.mtioll 

fador is tlw SiHIlt' ilS is IIsc·d ill J(.f.lg). \Vith tltis fador tllC' illll'gral of tlte ISo 
cOlltrilJlltioll to tlte Im'ilk-llp ~I)j'nnllll ilt slllall 1I11lllWlltlllli trilllsfcrs I)('colltes C(luaI 
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1.0 tlw cross S!'d.ioll o"t.ailled frOiIi I.II!' SHill of 1.11(' NN spill' Hip scatl.! 'rillr; alllplitudcs 
for 	1I01l·illl.I'n... t.illp; t;'r~d. 1I1 ... II'OIiS. 

TIl!' (p, 1") cross sl'l·tiolls call tll!'l1 1)(' wril.II'1i ill til!: forlll: 

L> 	 MN ' opd,(u) = _1.:(~)1 L L i'( - )'iil)':;"pj"p.:;1y,:,,(llq)? 	 ,. 1 
.... 	 ·"tr ·... 2 

JJn"A/u'I"'1 1l"1",,JPII, 

FI, uJ".' .. "(I.:, CJ )B;':,::"; (-) )IV(""1"""":1; " 1" I) )X (1.<,],I I) .' f) J v , I"ps"p.l", , ) 

< 11)01011",,0 > < 1111"'11,1.1 M > /1 (11) 

wlwre I.: is tl\(' [I·lat.i,,(' 1lI0ll\('lltlllll of two llllc1I'OllS ill thl' filial. 1I11hollnd state. 

The forlll factor for tIl(' 1,.-.·ak·1l1' ero!;s sectiolls is defiu(,d ,L~: 

"" 1 (}I' 
FII"J",.,,,.(I.:,q) = I' cll'j,(? )/'D(I·)YJ".,,,.(h) (12 )u _1 

The exprc'ssiolls for (7,,,, (8) 0111.1 (7,,,1' (!J) r('pn'sl'lIt l'xt"llsi"l1~ t.o all partial wav,'s of 
tIl(.' forllllllatioll or UII' IA e].:vdop"·d by (:rolll!'l.-i). In tlte lilliit that thc d(,lltl ' roll 
gronnd ~tatc is pHn' "51 the l ' xpn'~!;iOIlS for t.h(' cla.stic scatt.l'rillJ?; ilnd for the indiL~tic 
scat.tcrinJ?; to 1.11( ' 15u (,(lllt.illlllllll arc: idl'nti ..al. TI", d;L~tic s('ilt.t.(,l'ing eross s('dioll at 
sllIal1 IInp;l!.'s is dOllli 1I;II..d I,y thl~ spill illdl'( 1( ' lIdl'lIt N N s('att"lillg al11plitllde A( (-)), as 
the !;pill depl'lIdl'llt illlIplitlld('s of tlw protoll ' lIelltroll illl(l prot.oll'protoll scattering 
havc llC'arly opposite phllsl's alld tl ...ir SIIIlIS arc slIIall. In tIt!' IA tIll.' cross s('etion 
"pd" for the- react.ion populating t.he 15 u scatt(~rillg state dq)('nds only on the spin 
dcpclld('\\t alllplitud.. s C(8), M(S), G(0) Ilnd H(-)) . 

Thl' (Iellt('[oll w"vc fllnct.ioll ,,\\(I th... filial stntl' wave- fUllctions w('re- caklllatcd 
from thf' Paris potelltial l!!). Since t.11(' PHris pot.('ntial dol'S \lot ill.-1I1c1e- te-rms bre-akillg 
isospill SYll\lllctry thc stre-llgth of the- spill · sillgl .... , isovl'ct.or part. of til(' pot<:lItial ha;1 
to 1)(' adjllsted to )'I'produce 1.1 ... scaUI'lill)!; 1<-llJ?;th CL" p' To reproduce e xactly (Ln. 

kllowlI from low 1'\l(T~y expnill ... llts til!' \'~'=U:r=1 p"t.e-lIti," wa.s sca1c-d hy t.he faetor 
1.043. TI\(' SIlIIlS ClV''\' I, J"" illld I"v ill (''1l1atiolls 8 0111(1 !J I'Xll ~ II(].'c1 lip to three. 
COlltrilllltiollS frolll til!' hi~her orbital all~l\llIr IIIOlIll'1It!\l1l tmnsfl ' rs, alld higher filial 
spillS wl'n' IIq~lil-\ihly slllal1l)(,(,;IIISI' of the slllall vahl('s of If alld 1.:. As ('vidC:III'(' or this, 
at 1!J8.5 MI:Y til!' "olltrill1ltioll frolll tlJ(' filial statl's with I". = 3, ill the excitatioll 
la\l)!;e, 1)('low 5 MI 'Y, is ..aklllale-d to 1)(' IOWIT thall 1'70 of th ... total yield. 

5. Comparison of Data with IA Predictions 

:'>.1. 	 ELASTIC S(,ATTl-:IlING !lATIOS (7""/(7,,,. 

TIl(' llIe-aslln·d ratios ",.d/(7"" an' ' ·OIlIP;II..-d ill ti~ . 3 wit.h t.wo pn',lidiolls of this 
qllillltit.y IHLs,'d Oil till' 1:'1. ill t.11I' rorlll pn·"'·l1t.l·d ill sl'cI . 4. TIll' solid 1'1Irv('s are hiLs",1 
Oil t.he illl<:rnwdiatl' l'lI!'rr;y NN s('attl'rill)!; 'll\lplitIH!cs (at. E,=1!J8.5, 2!J7 .G and 45G.G 
MeY) fifh'c1 by Amdt. d ct!. alld d('si~lIi1t. I 'd SM!JO ill tl ... l'Ollll'lltl'l progrillll SAIOI7). 
The <l11sl)('d clIrv!'s n'sllit. frolll 1.111' aillplil,mll's listcd ill thl' sallll ' p .... l!;ral11 bllt <1e-rivcc1 
IlSillr; t.]1!' DOIIIl poll ,"t.iaFU). III hoth el'SI'S th.. dl'llt., ·roll wayI' fllnctioll was that 
d"riv('d USilll!; til!' Pmis pol.l·lIti .. I I

"). III tIl!' lowI", p,/llI'ls of fil-\. 3 the correspondillg 
pn'dict.ioIlS or (7"" alld (7"" a\'( ' showll s!'jlarill.l-Iy. TIlI'sl' p;lIwls illllstratc t.hc strollg 
illHlI('lI(,!' of UI!' ('0111011". illilTiidioll1l1 tIl!' slIlalksl 'n"' ....ill~ 1IlIglI's alld titc e-xtl 'llt. 
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to which s(lIl'" of til!' dilr.TI·II('('s 1)('lwI'I'1I III!' 1\1'0 sds of NN aJilplitud('s callcd ill 
pn'didill{!; the ratio (7,..,/(7,.• . It. shollid 1)(' "Illphil~iz, ·d t.hilt til!' ('('Illpari~olls l)('twI 'I'1I 
data awl til(> pI('didiolls ha.s(·d 011 till' silllple 1:'1. sltoWIi ill til!' IIpp!T pallds of fig . 3 
illvolve 110 arhitrary panulle tcrs or lIol'lllalizatioll. 

A mow dl·taill·d cOlllpnrisoll 1)('l.wI,(·1I t.11!' l·xlI'lIsiv.. .latH /!;ivI'1l ill table 1 and 
pn:dictions h,L,,:d 0\1 :;I'veral diff!TCllt sl'ls or NN aJllplit.lldcs is 1H('S('lIt('d ill fig. 6. 
Thc data poillts ill this fignre n ·p ... ·sl'lit til!' lIu·,LSIlr ... 1 ratio a .t/(7pp dividl'd hy tlwv
rat.io a"d/app predict.. d Hsillr; thc SM!JU alllpliI.Hdl·s. COlllparisolis of the llata arc 
also Illlld... wit.h the pn'didiolls "asl'(1 Oil ot.llt'r illtlTlIl<'dialt' Cll!T~y NN alllplitlides; 
specifically FA!J1, Y350 alld \.II<' 10c,,1 phasl' shirt. sollltiollS of Arndt., alld of til!' DOlllI 
alld Paris potl ·ntials. III l.'ilCIt I'as", the (,lIrVI'S iI ...' .:aklllatl:d IIsillJ?; tIl!' ntlll'litlllles 
listed ill SA 10 awl dividillg tltc pn.'didl',1 ratio (7 • .t/app hy tIl(' ('OlTl'spolldillg ratio 
pre-Ilided IIsillg SM!JO. It is l:vid(,lIt frolll hoth tir;o 3 ali(I fig. 6 that, at E, = 1 fJ8 .5 
MI,Y the data for all)!;!..s 0 > 5° Ii .. cOllsistl'lItly Iwlow th.. pr..dictiolls of the IA. 
At the hi!!:ll!'r e\l!'rgil's th... d"ta arc typically wit.hill 5% of the predictiolls ov...r tit ... 
COlllpl('tl' all/!;lIlar rall!!;"'. It shollid he lIot...d that. at tltI's(' hi~her CIl!Tgic's tlte- ratios 
Opd/OpJ> pr..di .... l:d usilll-\ t.lte Saclay mid DASQUE pha!:;!' shift solllt.iolis talJlllatcd ill 
SAID diff!T frOlIl til!' Ilat.a hy sllhstalll.ially 1110",: tlwl1 the pl'!'dicl.iolls illcllldc·d ill fil-\. 
6. The iIlHII( 'IIC" of til!' "01111.1 sl.al. .. wavl' flllld.ioll W,LS also illvl'sti~atc'd . Tlte vahH,s 
or apd pn·di .. kd llsill~ Ihl' DOIIII poll'llti .. ls A. D illld (:1U) ditf(,l'e-d flOllI thc!;I' ohtailll'U 
with tIll' Paris wa\'(' fllllctioll hy < 211.,. FurthI'! discllssioll of tll!'sl' Irslllt~ is dl'f('rn~,1 
to sllbsed. G.l . 

.".2. 	 DEUTEIION INI';LASTIC SCATTI': I!IN(;: (7, ..,./(7pp 

Adopl.ill~ tIl(' formalism IIIlt.lille-<1 in Sl'('l. 4, th(' vall\(' of "pd,(-),t:) Cilll also he 
pn.'dictcd ill t.h(: IA frolll th(' NN alllplituc1I's at illt.I'l'IlI('diall·'I'll!Tl!;ie-s /tilt! a l110del of 
the- low,clle-r!!:y NN illt. .. rilctioll which d..fillcs t.lw prop"·rt.i"·s of tIl!' de-lilt-ron mHI the 
low encrgy lip ph'L~1' shirts . Thc [I'~Il1ts of sllch cn1.-lIlatiolls fif.l.l·d to tlw "xpCrir\l(~lltal 
dat.a. IIsillg onc lIortllillizatioll p:na1lH't.e-r for I'a(,h sl)('ctrlllll arl' showlI ill fig. 5 . 
Th.. dd.a.ikd shapI's or predictio\ls shown arl' 1",.,",cI 011 1''1 . (!J) lI~ill~ Ih(' SM!JO 
NN al\lplit.udes ;111<1 t.11!' Palis polPlI!i,,1 1l1001ifil 'd sli~ht.ly ,'s disclIss('d ill Sl'cl. 4 to 
[I'produl'l' "xal'lly til!' kllOW1I 1So s..at.t. ....ill~ !clll-\I.h CI"p' Thl' tlll'ordical pn-dictiolls 
have 1,.,1 ' 11 ('ollvolul.l·c1 wit.h til!' "·xlwrillll'lIt.ally 1I1(·".slI\'( ·d sl"'lH' of th,· dl'lIte-roll c la.sti(' 
scatl.('\'illl-\ pc·ak. TIl!' cOllvollll.io\l of t.11! ' "XI)('rillJ('lItal Irspoww flllll'lioll is of CTllcial 
importancc to I.h .. allalysis of t.he btc'ak'llp sIH·ct.ra IlI'al till' Hp thr('sho"1. At tlw 
s l11all('r n1lg1c-s t.11!' pI'IJI·c·dlln ' ... -r.. rwd to ill SlIhsl'(,t. 3 .1 ," .. 1 discllssl 'll ill ddail i1l 
app"lIdix C W;LS IIsl·11 to slIbtract thl' tilil of t.11I' AI(I', /'u) IH'ak rrolll t.h ... IIl1'a~llr.. d 
shape of t.hl' ri(l', 1~') IH'ak . TI .. · sllbt.ractioll of thl' tailor tlJ(' l' lasl.il' IWilk frolll 
11 11II11i1l III 11 also pc·rlllitt.l'd ;11\ ,1(,(,lI1'al(' I'st.illla!.! ' of t.hl' i11I ..~rill or tIll' cI(/" I'u) Iwak ill 

(',u-h spccl.nllll. This i1ltl ' p;r"ll.o~l·tl\l'r wit.h 1.111' lI)('ilSIl I"" I r,,,ios "''''/"w allow('d t.11!' 
1I11',lSllrcd iul.o'lIsit.y ill l'iI ... h l'lI!'rl:\)' illll ' lv,,1 or til!' cI(p.J>') s pl'('lm to I ... rd"I.I-d t.o "pp 
at the S,UtH' s, ·att.l ...ill~ ;'111-\).', 

TI.., silll-\'" fn'" pilrilll)('ln Ils"d i1l ('"rh tit. 1.0 I.II!' dil!;, showll ill ti~. 5 is a 
nOl'lllalizat.ioll or 11)(' pn 'did.I'd sl,...-I.nllll al. .. ,,. ·h all~J... This pilr;lIll!'l.C'f is fit.tcd 011 

tlw b'L~is of t.11!' dill.iI ill IIII' iut'Tval c ::: 3.!J flkY . TIJ(' S;lIll1' IA 1·,,J ... dal.iolls lISI·<1 to 
pn'dict. tIl!' ,11"1)1" of !.III' 'p,·eI.ra h a \'( ' also 1)1" ' 11 II ."I ·,J til pn·d id. (7, ..,./(7"" . III fif!,. 7 
is plol. .... d t.lll' 'lI110l1l1t. by which til!' 1'llIpiril';,J 1I0rlll,diZiliioll of tIll' dala diff..rs fr01l1 
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till" Illllll li di ,.al i"ll IJI" di ..... d ill III'" /:\ willi IIII' S l\·I(JU illuplitllt\o-s. TIll' "ITors SllllWll 
for ll ll: l'Xl lITilllt"ll Ud 1,,,iIl IS ill.-illd,' liI ' h" ' Ir i~i ll "; fro lll til<' s tilli s li (' illl'r,,("isioll of till! 
(I'.}/) ~ IH ... tra , II,,' II lI n 'r lilluty iu till" illt"f\ral of till' ,I(/,./,u) I'eilk, the e rror of tl.., 
1"<1tio a~,d(]p. ol.liliw ·d fllllll t a blo- 1 alitl illl llll c .... taiuty of uI'lWl'l'U 1 aud 2% whil.'h 
is th" vi'liatioll lh'lt wOlild "' : ~lIlt if the Ill'per lilllit of the value of " used to d e tille 
the legioll of tho: til W('J" vilril'd ill tilt' rallf\e frolll 2.!l tu 4.!l M,~V . As is the CHoSe ill 
tif\ . G for fT p,,/fT,.p , lh, ' ,'xl,, 'rilll(,lItally dl:tl'nllillt 'd !"iltios apJ,/app are also cOlllpared 
wilh I'lI"tiiclillll s ill tIl( ' IA lISillf\ otlll"l NN illlIl'litudes. This is achieved uy also 
COIIII' .... i ll~ ill ti f\. 7 tl l<' vidlWS of J,~'J:~" v fT pJ' ( c )dc: /app for these ilillplitlldes with the 
vidues de rived with l il(' S M!lO .1Iupl itlldcs . 

TIll" I .... ·ilk -III' ' IH 'C tla jus L idJove tile th ... ·shold ilW dOluiuilt,!d hy the ISu( d-) 
n'SOllilll("I: Ililrt.ic lIli lrl y at tlJ(' s lII.dlcst val lies of tile IllOllwlltulutrau , fl 'r 1/ . Thi s r l'sult 
is illus triltl 'd h y till' IA Illvdidiolls sllOwu ill fig . O. TI.., 1.'01ltrihutiollS to the total 
s p".. tra flolu all till ;.! s l aL, ·S , 'x""pt the I Su is thc slllooth lower curve ill each sl'glllellt 
of tlw ti )!; llrc . TIl(' f\"IIt'lally ('x("('Ilt:ut agn:t 'lllellt i.J e twee n th t' predicted shapes of the 
(1' , 1" ) s lH'ctra '11IeI Lill' d a ta I' ...'s"ut, ~ d ill ti f\ . 5 indi cat('s thilt the IA aC I.'Olluts very 
well for 1.11<' rei." iI' , ' (" OlltlilllltiollS lif tl ... ISu aud .. II otll('r tiual states . Au aualy s i~ 

of tilt! SII'"("" ss o f III(' IA ill I'n 'dictiolls "f tilt' dl't .. it..d slml'e of the ISu reSOllallce at 
Ep = 1(J8 .5 M.,V i, illrllld"d iu sill IS" " I .. 5 .3 . 

TIlt' 01 'SI ' IV", I , l.n ·IIf\t.1r of IIIl" G .ilUOW -THI, 'r tlall~itioll hd weeu the d eult'rou 
",nllll)(1 s Lal, ' ( 1 +, "J' .. 0) il ild tIl<" d- n '~llllaIl C(' (0+ , T = I) li as 1..(" ' 11 " s tilllated by 
sl lbtliinill f!; tilt' "'''''1'01 1<"111. f\iv"11 by tlJ(' lower cllrv,'s , ll(l\vll iu tif\ . 5 . The high elwr!{y 
t .,i1 of t ilt" ,,- W"OIl ;lIl("l ' ,·x u ·lItls wdll )('yolld uoth ~ = 3 .!l M, 'V , the upper lilllit of the 
dilta ill d lul, 'd ill II,.. fit to tilt · lA, awl the lllilXilUlllU elle rgy of tIle datil allalysl,d ill 
Ihis , 'x IH'riuwul. T Ill' tilt"d shilpes prt ~dicl<'d I,y IA WIT" tlll'rdol"l' used to t:stilllate 
a. J'( :-)) ' til<' iutl 'f\l il l of till' ISu ero" s, 'C tioll ov'!r all vailles of t. TIl<! resultillg values 
uf th(' riltio a.J./ (1"" ale lis t<-d ill t .. hlt- 2 a lit I plotl<'11 iu tig . 8. III 'ldditiou to the 
1I11...Ttaiul.y assif\l ,..d 1.11 lh" r ' ltill apJ./a~p the e rrors 'Illolt:d ill tahle 2 illdude tlw 
v' lriillioll Ill i.1 "'o "ld n's lilt frolll it ±5'Y., chauj.;" iu th ..· Idativ,' coutriUllt.ioll of all 
till ' tillal Still.('S l 'X" 'I,L till' d- ill 1111' rilu",e c :::: 3 .!l M,·V. Tllis llllct')"taillty I)( ~collles a 
dlllllillilUt ""1111'''11(' 11 1. ilt li'lg" villlI .. s of tilt' UIOUII 'Utlllll trallsf" ... 

TIl<' \,i dll" s of {1 ,.J ,/a•." <I....il'"d frolll til<' IH"'S"lIt ('xp.... iuH'ut are pl"lll'd iu fig; . 
8 . Abo sll..",u ill I I II ~ tigllrt, a ....' til<' cOlT, 'sP"lltiiug ratios p ...·dicted usiug til" IA 011 

ll ... basis of tl,, ' S!l 10U alii I 001111 NN 'illlplitlldes . As iu fig . 3 for tI", mtio apJ/ a pp, 

th(' low,')" \lauds ill tig . 8 show till' '\"l"'lIdt'II I.'C 011 8 of thc predicted val III'S of apd' 

ilud a vp s"l'<lr' lt,·l y. 

~U . 'I'll E (1',// ) 1> .\ 1",\ :\ NIl fl"p AT r;, = I !J~ . r, ~l<-V 

Al E, = 101i .;, ~lo- V II ... tI(I' . l i ) <1 ;11., \1'1 ' 1"1 ' ... ·....rd .. d willi a 1')"( ·.. isi" l1 ill lt"II(J..d to 
I'rtlvid, ' il .. ril.i,·;d ) . ·, 1. "f llll' s"lIs itivily lI f tlll' SII;II'" " f til<" ,j- ", 'SIIII<lII("( ' III tll<' v.dllc 
"f ",,~ , lilt' IS " s("; iI Io"rill f\ 1' ·IIj.;11 1. III Illi , s. ,,· tilili tIll' illi idy s is i ~ ill Il'I"IIIS of till' IA as 
eXl'n·s,,·d ill "'1 . (0) witli IIIl' NN illuplillltlo 's gi l" 'ul.y IIIl' SM011 S..llIti.. lI . 

As ill s ul •. ,,·.. 1 ,j.2, II", illil ii.! illlidy , i ~ a ~s lllll( 'S iI fiuill ~ tilt" iut('r' lI:tioll d e tilll 'd 
II)' lll<' P .,ris 1'01<"1 01 ii d 1I10ditil ·<1 til r"lmldll"" til<' \'.0111<' II ",. = -23.748 ± 0 .00!l fill 
d.... iv"d fnllli tll<' ; 11I ; d ysi~ of low-"I1' ,)"",y "I' ,caLtl 'rillf\I " ). TIll' sl'lIs it.ivity of the r('sult 
to tIlt· tilil of 1.111' :\! (I' .j'o) p, 'ak is disnlss"d ill '1I'I'l ·llIli x C . At ilug\t-s (1 < 3 .82° it 

l oS 

w'L.~ ""Iwllld,'d tllHt tl ... uu.. ,'rlilillly ill til<' "(I',j'u ) Iilll'sIJilI'" I'recillded a IIl('illlillgful 

allalysis uf ti l<! (J" 1/) data ill t,'nlls of II ,w 

TIl<' lIJ('ilsun'd ilwl ~akulatl'd un'ak-ul' sl'. '.. I..... for tlln,,' sratl,'rill/!; Hllgll's 4 .08, 
G.50 awl D.OD" are "ulllpill"L'l1 ill tig , !l. For "itch of the solill cmv,'s, the ollly free 
I'itralllett'f is the llv,'rall lIurJllali:latioll of tile Sl'l,.' I.)"I1I1I whi~h is dderJllilll'd by H tit 
to thl' data ill the rcgioll C < 3.!l MeV. TIll' loeatioll llf tl)(! lip threshold (E = 2.2245 
MeV) is tixl·d IJY C = 0 , the ubs.' rved lowtioll of till' ,1(p,Jlu) pl'ak illld thc IlIl,.tSHred 
eJl{'rgy cidiuJ"iltiulI of the sp.,~troulcter (appt.'udix D) . TIl" ditferelJ(:e uctweell the 
illdividual data I'oillts awl til<' solid curves a ... ~ I'lotlt'd ill til" low, 'r segllll' lIt of each 
tigure. The quali t y of thl' tit fur eac h uf tile tim'" sl'e<'lra ill tig . !l is Ilt-til..,d by till' 
values of ,Y': allli tilt: dq; rees of fre'l,dolll showll ill the Ul'l't'l" third of table 3 . 

III ordcr to .tSses the s"lIsitivity uf the d(p, p') spectra to tlj(~ v.due of U np , separate 
calculatiolls of a pJ' wel"l ~ also IIlilde lISillg the stn 'lIgth of the V.s=U,"J" =1 COIIlPUllcllt of 
tile Paris pot'!lItial adjllsted to give a"p=-22, -24 alld -2G fill . Over this lilllited rall~e 
each vallie of apJ' was expressed !1S a IllIadratic fllllctioll uf the "panullcler" U"p' 011 
this uiL.~is a SI ~COlIII tit Wit:; lIIade to each of tlle ol,sl!rved spectra ill which uuth the 
1Illl"lllali,wtioll itwl II"" wen' free piLritlllelt:rs. Althollgh these two-parameter tits arc 
also showlI ill tig . !l til(' Ilt'st illllicatioll of till.' illlprOVl'lllcllts ill the Iluality of till' 
lits an~ the val lies of \~ listed ill the lIIiddle scctioll of table 3. As is illdicated ill 
thi s table sllustitlltially illlProved tits arc obtaill('d at l'ach augle with values uf U"P 

ilIon: Ilegativ(' thitll tl ... accept"d value . The statisti"al l'ITors of tile fitted values of 
(I"p li stcd ill taule 3 mrrespulld to the lilllits for which X~ would be illcre<t.Sed by 1 
fWIIl its Iluoted nliuinllun vallie . The poLt'ntilll systcumtic errors in this analysis are 
discuss"d I}elow . 

The one aud t wo-parameter tits n'f' ~rred to uuove rely on a culiuration of c; 

d"tiued l,y tlw 10"at iou of tile d(p,JJo) peilk aud pn ~ ('ise UIl"L~IlI·eUlent of thc dispersion 
of tile sp,'ctroUlt:l"J". As it result of tile Iluidysis ..utlilH~d in appt'lltlix D it is I'stilllated 
that the ullc"rtaiul.y ill tllis dispersiou (·orr.:s pouds to II ± 1.0 keY uncertainty iu the 
caliiJratiou in till' rq~iou of tlJl! 111' thresllold . As it tt:st of the seusitivity of the 
n:sults to this "Stiuwtl', a third sd of tits WiI,; iliad,' iu wllich tile location of the 
tltn.:shold was also iI f)(',' l''''I '1IU)(:t'')" ,I"fiued iu t .... IlIS (If t:l.c; = " I,,(fitted) - 2.2245 
MeV . Tilt: res ults of tl,,'s,' 3-paramctcr tits to tlw sp"elm iu fig. !l arc sunnnarize<l in 
the low('r sl!ction of table 3 . III sha.rp cont.rast to till! iUlprovclllellt ill the fits achieved 
uy lllakillg (1"1' a l'aI"iIIUt ' tl'f, lit) suhstantial rellllc tioll ill ,\ 2 results frOlll the use of 
a fitlt:d 6.C. Moreover , Iwcausc of tllC stroug I.'on·datioll between u"p lIlal t:l.E the 

s tati s ti('al llUCel"lilillty in lI"p is substalltially illl:n !asnl. 
TIll' pro, · , ' dlln ~ outlill, 'd above was cillTied out for cilt"ll of thl ' spectra n :('ortl,'tl 

ill tile aUf\ulill" rauj.;" frOlu 4° to 12". lu additiou, for I'a('h sp"ctnuu the iuHuI'ul.'e 
of the rilllg" of "Xt"italioll "llI'rgi, 's illdlllkd ill tilt! tit Wi~~ iuvcs tigalt!<l by adoptiug 
tlll"C diH', ~ n ' lIt "1'1"')" lilllil.s C < 2.!l , 3 .!l .Illtl 4 .!l ~kV . All till' ... ~sllits for till! fitted 
vaitll's of It"p an' SllOWll iu ti,,;. 10. SI '\" 'nd of till' Sp,'I·t .... n'('onkd at 0~1IIs = II" were 
cOllt.uuillat('d ill tilt' r<,); ioll <: > 2.!l MeV by til<' pn:SI :u('( ' of the H(J',JJo) pcak r"s ulting; 
frulll tlll' lise of till' low,' r I'lIrit. )' dl ·u ....rilllll at t.his anf\l<:. III these CitSeS the abscllce 
of values plot tl'd iu tif\ . 10 illdi('at" s tllilt uo tits to lI"p wl')"e attclllpted . Although 
the high plll'ity d,'ut,')"illlll ( > !l!l.!l!l';{,) was Ils"d at (-)~lI(S = 4 aud 8" thl' erratic 
IlI'haviour of Ill<' tit s at 7.4!l , 7 .7G, 8 .02 IIlId 8 . ~!l" is also at.trilllltt:d to thc I'rt!SI:UCC of 
il Vl'ry w('ak H(1), 1'0) l', 'ak lo("at,'d iu till' rq!;iou uu.st .... iti(',,1 to the Illca:;IU'enlellts of 
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IInp (E ~ 2.3 Mf'V). The poillts I'lott.,'d ill this I"gioll illustral<' th.. valll" of making 
tlw lllcaSlln'lIH'nts of (I"" ov(,r a wide rang" (If cOllditiolls alld th.. us.. of tlH' tit with 
a variable 6E as a diagllostic. TIH' tits at tlH's" fom angles wcrc 1I0t illellld,'d ill 
further a.nalysis. TI", H(I), /l1J) p..ak S""II at (-)~IIIS = 4 alld 8° n'pn's"lIted a 0.1 % 
contamillal.ion of tlw LDl targl't alld W'L~ attribllted to vapors cOlltaining hydrog,'n 
f[(nen on the windows of the rryogellic I.arget. 

The resllits obtaill,'d frOlIl this alia lysis of 0,,,/' ill terInS of (I"p llIe essentially 
inscnsitive to 1.1 ... parl.iclliar elwin' of thc illt(,rII ... dial.,! ,'w'rgy NN 11IIIplil.lldes. In 
e'l. (9) I.he dl'(>l:IIII"II("e of Opd' 011 k (or e'lllivalclll.ly t:) is dl'tilled by 1.1", forIn factor 
FilvJ.p/"p( k, (j) giv"11 ill "'I. (10) For slIIall val lies of k alld q the shapp. of apd.(E) is 
essentially dd..rillilll'd by FOOI~(k,lJ), I.he forlll flldor for th(' J51 -4 150 trallsition. 
The contriblltiolls arisillg frolll nil vah ...s of J"p f. 0 arc shown s"pamtdy in fig. 9. If 
orll! IIsed a sd of NN IlIlIplitlHles oth('r I.han SM90 the eff('ct would be a vny slllall 
changl~ in the n'lative IIInplitud" of the J"p f. 0 cOlltriblll.iollS. 

TIll' sp.nsitivity of the reslllt.s obl.ained in this section to the shape of I.he NN 
potelll.ial at low l'w'l"/?;i('s hn.~ b('clI illv('sti/!;at.('d lIsillg th(' .. ffective fallg" formalislII 
(1). Th" Paris pot.I'IIt.i.1I lIs('d 1.0 call"lllal<' t.llI' filllli sIal<' wave fllndioll~ predicts 
a vallie of tl", I 5u eff('dive rallg.. ,'. = 2.88 fill, wIIlT('a_~ 1.1", ITCOIIIIW'I](led valliI' 
is 2,75 ± 0.05 fIll M). The COIT");ll.ioll I)('twe('n I.IH' tiued vailles of (I"p aliI! "< was 
estilllat.~d lIsillg a square well pot.('nlial. III t.he alia lysis of til(' data with f < 4.9 M('V 
a n'dllctioll ill Ih(' ('ff(,rt.iV(' rmlg" hy (1.1 fill would ('hang(' t.he tit.t.('d vallie of (lnp by 
-0.1 fill. For t.h" til. 1.0 t.11t' dat.a wit.h '- < 3.9 M('V t.h(' COIT('spolldillg chang(~ is 6(1np= 

-0.05 fm, alld for '- < 2.9 MeV tilt' ('ff('cl. is lH'gligible. 
The fits to anp at differellt allgles were illdqwlldellt, and since in many ca.~es 

the statistical precisioll of a fit WIlS bctt<~r than 0.3 fill (with 6f = 0) it is evidellt 
tllat syst.elllllt.ic 1II1cerl.aillti!'s played a domillallt role. The most obviolls of these is 
the effect. of t.he ± 1.0 k ..V precisioll est.illlat!'d in apP('J](lix D for the calibratioll lIsed 
to locate the II/! thr('shold relative to '- = O. As 1I0ll'd enrlil'r, till' fitted vallie of anp 

is strollgly corrf'lllt.('d with Ihis qllalltity nlld a 1 keV shift challges a np hy typically 
0.27 fm. TIJ(' ('ff('1'l of slIlall differ(,lIces ill tire ex»crillll'lllallill<'shapf' at f ~ 2.3 MeV 
('olllparcd t.o t.11I' 1I11';L~",'('d res),oIlS(' at '- = 0 ha~ also 1)('en iIlVl'~tigated. A 3% challge 
of the widlh parallH'ter 11' (app('JJdix D) wOllld alter tire tits wit.1r f < 3.9 MeV by 1 
fill and those with f < 2.9 MeV by 2 fill. Direct IIW'L~IIJ'('lIIents of the challge ill HI 

for different 10Clltiolls of the d(J),/!u) peak Oil the foclli plane, for the different vailles 
of E, alld cOllsidcratioll of tire kllOWII variatioll of th.. dE/dx with E, indicate that 
a n"L~ollahl(> "I'),('r lilllit 011 1.11<' dlang(' ill /(' at E = 2.3 MeV is O.G%. At this lilllit 
1.11(' chaJlgf' ill U"p is 0.2 fill for E < 3.9 M('V nlHI 0.4 fill for E < 2.9 MeV. Fllrther 
disnlssioll of t.11t' J'('sllits pn's<"IIt.('d ill tig. 10 is d .. fl'J'n'd to slIhs.'ct. G.3. 

6. Discussion 

G.1. rrpd/rrpp 

TIH' result.s IIf 1.11<' pn's(,lIt. ('xp(,lillll'lIt t.o llI(';ISUI'<' till' ('Iastic ~catt('riJlg ratios 
Opd/Opp for til<' 1111<'(' ('ll<'rgi('s alld ill the all)!;ular rall)!,(' 3° :S (-) :S 14° are presented ill 
differ ... lt forllls ill tig. 3, tig. G alJ(l t.able 1. Th(' ('ITors pn'.'il'lItcd for each Valll(, of the 
ralio arl' g"IJ('rnlly :S 1% fllr f:-) > 4° alld accOIlllt for all 1.111' kJlowllllllccrtaillties in til<' 
eXI'ITillll'lIt. ,'x""pt. for 1.111' ol','mll syst.('IIJ;llic ('ITIII' ,'stilllat...d to Iw ±1.1% whi('h is 
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dOJllill'lt('d by til(' IJIII"Tt;lillty ill t.h .. ralio of hydrog"11 alld (klll.('rilllll ('ollcf'lItrations 
ill the LH d LDl t.argf'!. Till' r"slIlt.s ill fig. 3 ;l\1I1 tig. G an' I'n's('Il!.l'd ill the forJII 
of cOJIIl'arisolls willI ),r('didiolls of tl ... IA l]..scril)('<1 ill S('('1.. 4. Tll('s(' coJllpllrisolls 
are lIIadf' kllowillg that til<' IA is cl'J't.'linly all illcolllPII'l<' IllI'my alii I that IL~ far a.~ 
the rl'actioll lIJ('chnJlislII is cOII«'m('I! till' illt.('J'..sting physi('s IiI'S "bl'yolld" thi~ simple 
IIH)(kl. 

A gelleral cc)JJchlsiOlI Ilrat ('all he dr;lwlI frolll tig. G is that IIlId('r these r('st.rirl.ed 
('x),('rilllelltal ('olldiliolls till' Iwt (~ffect of th.. physics I"'Y0lJ(l til(' silllple 1I10d..! is 
JlJodest. At 198.5 M('V alld nil hut til<' slIIall..st. allg!<-s IIII' ,'xp('J'illll'lItal ratios are 
typically 10 to 15'Yc, 1)('low the pJl'dictiolls of til<' IA. Th .. agn'('IIll'IIt. at the higher 
ell('rgies is evell 1)('tt.I'\' alld tht' systelllat.i(' d('vialiolls of th(' dnta frolll any of tire 
pr"dictiolls an! of tlw salll(' lIlagllitllde a.'i tire dift'('J'(,lIcl's ill thf' IA thflt resllit from 
the USP. of various NN alllplitwl('s. EJllpiri('nlly it IlPI)('ars that in the TnlUMF 
t'1H'rgy range th(' 111'1 cOlTect.ioll to th(' IA vllries slIlootlrly with E. and challges sigll. 
Withollt invokillg Illllodel of the eXI)('cl<'d colTectiolls to Ihe IA Olle shollid 1I0t us(' the 
cOlllparisoll 1)('t.w('C1I Ihe datn nlld illdividual pr..dict.iolls ill fig. G 1.0 draw ('ollelnsions 
wilh regard 1.0 tl", validit.y of allY slw('iti(' fOJ'lIlHI;It.ioll of t.ll(' NN IllllplitHd('s. The 
qllalit.y of til(' dat.1l alld t.ll(' obs('J'vatioll thaI. tl ... SHillS of all ('olT(,ctions are lIIod.'st 
slIggest that. if t.lre siz(' of t.1r('s.. ('OIT('('Iiolls ('all 1)(' pJl'di.-t('d to wit.hill 10% IIH'mlillgfnl 
cOllelusions ill t.his r('gard ('all 1)(' dJilwlI 011 th(' h;lsis of th(' existillg data. 

Th... origillal data 011 Opd at E, = 158 ~'1('V") WIlS als" cOlIll'ared with the predic­
tiolls of t.hl' IA. Alt.hollgh it is diffic1llt to lIIak .. d..tnilt'll colllparisolls with the dat.a at 
198.5 ~kV pn''''III,'d ill tig. G, a silllilarity is lIo!.l'd. At til<' slllall('st allgl.,s tire dat.a 
at 158 MeV ngn,.. d with or ('xce('d,'d pr('dicli()l1~ hilt at (-) = 15° t.1I(' data W'L~ low~r 
thall th(' pn~didion hy 15-20%. Smprisillgly, t.llf'rc is no otll('r lIigh prf'cision data 
on Jid I'lastic seatterillg at sllIallq snit.abl!' for ('(llllpari~on with the presellt n'5ults in 
the TnlUMF (,lIergy range. 

There ar(', how(,I'('r, s"v('ral.'xl.(,lIsiv(' st.udi(·s of a"d at scatt(,ring angles (1 < 14° 
in the energy rail/!," frolll 582 10 991 M('V2Il-1). III all till'S" (!xp('riTJl('IIt.s tlw r(,coil 
deuleroll W'L~ det('ct('(1 with til<' int.('ntioll of ('xduding possibl(' cOlltrilHlt.iolls frolll 
inel'L~tic s('attITillg. Ollly in 111(' ens<' of til .. dat.a at 582 M..V·lI) are tlll'fI' r('sllits 
n~port('d for opp 1'<'('111'<1...1 in th(' sallll' ('XP('J'illll'lIt. III this cas.. til<' nll"L~ur"d ratio 
apd/app at H = 12° is (,(Hlsist('nt wilh III(' rat.io predirl.('d ill the IA (8) IIsing the 
NN amplitmles of SM90 withill the ('xl)('rillJ('lIlal IIcI'macy of ~ ±8%. All of the 
dala at highn f'lIergi,'s'l1'll) have IWl'1I colIll'<llrd with pn'didiolls that illcl1ld~ the 
f'ff('cts of 1I1111t.ipl(' scatterillg. Good IIgrl'('III1'III. is ohs('J'v('(1. III particlliar tile more 
n'I'('lIt dat.a at 793 M.'V24 ) app('ar 10 1)(' ill ('x",'lkllt. agn"'III1'1I1 wit.h holh th ... .lata 
of h01l1 ct aJ.'lJ) at 79G M('V and (,<llnr!at.illns illcl1lding doul,le s('at.t.nillg followillg 
til<' pr('snil'l.ioll of Allwri d IL/. 1;.2';) 

h.:l. Opd' /rr pp , rr,,,/' /rr"" 

Fi/!;. 5 illust.rat"s )!"",d agn"'lIl<'lIt 1 ... t.wl'(·11 til<' 1IJ('.LslIr..d shap('s of IIII' tl(p,p') 
spectra alld t.h(' »lrdid.iIlIlS b;ls,'d IIJI til(' IA. III paltielliar th(' r..Jativt~ cOIlt.rihulilln 
of til(> do alld IIII' Slllll of ;111111<' 0111('1' slat('s IIf t.h(' 11I1(1),S'TV('d "l' syst.(,JIl se(,IIIS t.o I", 
ad"'Iuat.dy account...d for III'(T t.11<' lilllit"'drallg" illllllllll<'lItlllll t.r;lIlsf .. r allli ,'xcitat.ioll 
f'll<'rgy saJl1pJ..d ill t Ilis ,·xpnillJ('lIt.. Tllis ;'gn·('III1'IIt. lIr;li;,'s IIl<'anillgflll a ('olllparisllll 
ill fig. 7 of Ih...1111'"1111 II)' II'hich III(' pr('(li('tiolls of III<' 1.1\ IlIlIst 1)(' .'ical('d to lJIat('h 
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.·"dJ " XP' " ill Jl'1I Ld sp. ·.. I'"l1' 
(; .. II ...."lIy II ....... llIi'"l'i s(l ll .~ Iwtll""'1l till' dlll" illid tI,e 11I·"di .. l.iollS of tl)( ~ IA for 

till' dellt"WII IIwl",ti .. ' .. aLl .... ill!', (iiI-(. 7) arc V""y Sill,ili, .. to thos!.· disCllS~t'U ill Sec 
G.I f .... tlj(' II(},, }''') l'I'adioll (fil-(. 5). At E. = 108.5 MeV the data for e > 4° lie 5 
to 15% below IIIl' prl'didillIlS. 0111'1' a!!,lIill till' disut'Jlilllcics appcar to elmllg(' sigll 
lll' IJI.'collw SlIllIlkl' ill llW!!,lIitllde at till' high"r protoll el)('''gies. A ve ..y cUllsist,,"t 
picture "JIIlT!!," S (If d"t ., tiNl'nllill('d wil h iI pn:cisioll of 1·2% ditf" ..illg frolll the very 
slllIple p)'(·dict.i'"ls I,y typically W%. Tlj('s!' data then.fore pl'Oviue a finn ba:;is fo .. a 
plUl'"r eVilllliltioll of t.l ... pllysil's Iwyolld IIII' silllpk lIludd . 

A '111"llt il.ativ, · I )l'atlll<'lIt of tl ... I'l'filll·lIll.'lIts to tl)(' IA is heyolld thc scope of 
this p ''1)('1'. TI)I' 108 .5 M. ·V d.,t;, is 1.1)1' "I,j"('[ of a ..i!:,IJllJlIS th ..ee·hody calculatiull 
II s illg n ·.disti,· NN fOl'n 's ' :') . This ... dntl .. tioll is v.did ollly hdow tllC pioll prodllC.tioll 
th"l'shold ali(I doc, uot illdlld, ' the COIIIOIIII, illt(')'ilCtioll l·J). The applln 'lIt SlIccess of 
lIIodds fo .. a pol illcllldillg the eft'l'els of dllUhk sn,tll'rillg at ~ 800 MeV is lIotCU ill 
sllb,cd. G.l Silllila.. calculatiolls arc 111111.... way tu iuvcstig'lte whether such a muud 
C,1I1 ''''COUllt for till' slIllill ('(lIT,·,·tioIlS lJI'l'd.·d to ,t.·s....ibe the pn~sellt data at all three 

17l'lwrgies. It should hI' lIotl'd tlwL ,lIlaly,," of },d (·lastir ) IIwl illl'h~sticltl) scatterillg 
ill a n'llItivi~1 i(' frallll·wlI .. k slIgg('st that tl)('se eft'l'ets are sllIall ill the kill(,)lIatic regilllc 

S"lllpkd !.y tl)l' pn's"111 data . 
TIll' ('x p(' .. i1I11'1I1.1II n·,,"ts PI<"/'III.,·<I ill Ii!', . 8 illld tablt.. 2 SlIUlllw..ize the illfunlla' 

tioll dnivl'd "" !!,lI nlilll-( til<' , tn·II!!,I.11 of till' t .... llsiliOll til the d- (' Su) filial state . This 
trallsitiou is Illli,!ll..!y c.S = I, c.T = I lIlIlI ('ollSt"IIl"IIt1y dqwllds Oil II very (Iitfen'ut 
l'oll,hillatillll of till' NN alliplitlld.. , tll.,11 that illvolvl'd ill ap" I..d. ~ )1. These uata a ..e 
tile llIost p... :cis. · ilvailahl,· for tllis . till' silll],lest ]>u..e G,lIl1lJW'Tl'lk.. trallsitioll fo.. 
wl,ich wry deL<,ill'd lJlodds <:xist of both tI)(' illitial alld fillal lIuel"ar staks. Fig. 8 
iilll"Lr"t,·s the sellsitivity uf till' predidiolls of the fA fur two dift·e..ellt sds uf thc N N 
.ullplitlld,·s . 

fl('('('lItly tlII 'n ' Las IW':11 l'lJllsid.Tahk illtl · ....s t ill IlSillg the (tl. 'He) .."actiull 
(wile...· the two p...,t.III1S ...... ill till' ISu Sli,t(·) 'IS i\ prolw of IIl1dca .. st .."ctul'e, tI) . 
TIll' .\lI"'l'llI... y of till' IA ill /ksnilllll!!, Lilt' a.d' dat il is di ... ,ctly n·lat<·d to silllilar 
IIl1ld..ts·J"·'O) uSl'd to <l1I.dy,,· tlj(' dat..,JH .. II') fo .. till' "\'·IIIl ·I1I.<I ..y process ),(<1. ·JH,,)II. III 
this ""1111,'('1 i'lll t I ... pl't'\'i()lI' d,lI.a luo,1 di ...... lly cOluparid,\.o 1.0 thosl' pn~St'llted ill tllis 
papl'), . 1 ... • rlUN' "I' I\IJX d 1t1.:>U) lit E,/ = 350 ~kV whi..t, Ilav" 1)(:I'u ('ollipared with 
till' p ... ·(iinilllls of ClIrlJlJllI'i1 d ul.ltI ). \Vitillu tl ... '1l1ot",1 "XIJlTillll'lItal'"ICl'l'tililty uf 
20·;f. the IIl1'a s u ... ·d dift'en'ulilll IT",S " 'diolls agrl'/·d wiLh till' I'n 'dicriolls ()v"r a )'auge 
ill killl'lI",ti .. VlI 1'1 a I. II's '} .Illd < wid"r thllll tllllt ::<.,lIlpkd ill tIl" pr<'s"lIt eX]J<'rilllcllt . 

(j.:!. (1"", AT }~',=I~~ . ,r) M('V ANI) II". 

A d..r. .. ikd 't1I.dy,i, "f I lit' ,11<11'" "f LIlt' tI( I,,}i ) ' !,"r! 1''' .. t E, =108 . .J 1\·1(' V Il<'ar til(' 
"}' thn'sllOld l'<'v('a!s a '1II .. lIlult ('(11l,i,I"1I1 d .. vi"Lioll I>I'IW""II til<' d"t.a "11(1 i'n·dicli()u~ 
l,,,s,'d "II tilt' IA (ti).!; . 0, 1,,1,1,· 3). II II"s 1)('('11 ' ·llll'iri .. ,dly dl'll'l'llliw'd LltaL Oill~ ('all 
''',(,Ollllt f()r 1.1 ...,,· Ikviatioll' alllll"l. '·()II'1,J..ldy I,y 'IIljIlSI.ill).!; IIJI' sLn·Il).!;Lh of Lhe filial 
st'll<' II}' illll'r.u·li"ll ill t.1 ... 5 = 0, T = 1 cll"IlIll'1. TI ... dl"Il~'" I'all 1)(' ('xprc,s~eu ill 
tcnlls of v.dll<'s "f IIII' I SU ''''"L('I'III~ 11'1l!!,tll sli~lltly diH'I'I'('llt fmlll tlw value a"p = 
-23.748 ± (I.Oll0 fill d"riv"d fr()111 low "lI< ' rgy II}' Sl"iI.tl'lilll',. TIJI' data ill e!l('h allgllJaI' 
hill have l>e"11 ",,'.1 to I'r()vi<i,' ill<i"I"'II,kIlL estilllat,·s (If CI"p '" illdi('aLed ill tablc 3 

l!.l 

allli iIlIlSLrllt"d ill fi!', . HI. It , IIlll"d 1)(' I!OLi('( 'd tllllt " 1 fill challg" ill II"" r('slllts fWIII 
a O.[) % ('hallg" ill till' stn'lI!!,th of I :,=u,'/'= I. 

I)""aIlSt' of t,11I' s"lIsitiviLy of the d"riv"d v"lIl1's of II"" to til" "lIng)' calilll'l,tiull 
uf tl,c spcdl'll illll"I"'llIkllt allalys.. s w.e; I"'rforllwd with the ('alihratioll as II fitku 
pawllwter frcc to ,e;SIlIlIl' diH'erellt va!tll's fur ('adl allglliar bill. The IImill cUlldusioll 
for this IIl1realistic.dly r('laxed allalysis is that tl)(.' resllits wOllld iLl'l)(,IU' tu cOllfinll 
the estillmtc that the calibratioll at c: = 2224.5 k,'V is 'II·'·lIrate to til" estilllilt"d 
prccisioll of ±1.0 keV. This illd"lll'lIdellt illlalysis also had til" h('lII·fit of Iwlpillg to 
reveal till' prcSt'lIce of a very weak cUlltalllillatioll of the 11(1'.1") spectm fWIIl I'}' clastic 
s('atterillg . 

As illdi(,H.tcd previollsly. iI I'rop"r alia lysis of the slllllll dl'viat.iolls hetwl'clI the 
p... ,dic.tiolls of tlw IA awl till' datil illll:;lI'at(~d ill fir;. 10 IIII1SL illdllll" a 1I101'e (.'OIl1l'lcte 
1II0ucl. Sudl a 1II0d..\ would I'reslIlIllIhly a('collllt for a possible uqwwlellce UII e of 
thc v.due of a"p fitt"d (III thc ba,;is uf thc IA. Elllpirin,lly it is observed ill fig. 10 that 
thc fitteu values arc ahllost illdl'pClldelit uf e over thc lIiCasweu rauge. Cunsc<tU<~lItly 
the indept'lId'~lIt l'stillla[('S at "111.'1. augle havc bC(,1I uveraged (igllorillg tliC fOllr angles 
lIear e = 8°) awl tlw reslllts an.' p ....Sl·llt"d ill fig . 11 plottcd Ie; a fllllctioll of the 
IIliLxillllllll vallie of c illdlllled ill the fit til till' (P.}>') specL"", It shullid be 1I0tl~U that 
althollgll till! allalysis prescllted ill appl'lIdix C illdin,ks that at e = 3.82° the shape 
of till' II(Jl.l'u) spednllll is Illost sellsitivl' tu the sublractiull of the tail of the AI(p.Pu) 
pl'ak, the filll'li v .. lall'S of II". at this illlgie ,u'e cOIII]>lddy cOllsistellt with the values 
at largl,), ""gll·s. 

It is evidcllt frlllll the allalysis presl'lItl.'d ill subsect. 5 .3 thilt systellliltic er­
rors will uOlllillatt' allY average uf thc "clllpiri(:al" v.dlles of a,,~ tu be derivcd frolll 
this l~xI"'rillwllt. Till' lToss-lmtched n'giull SIIl,WII ill fig. 11 COIT('SPUlIUS to a,,~ = 
-24.7 ± 0 .4 fill . The l'ellt ....1 value ('olTcspollds ,'xactly to tliC fitlcd avcragc with 
thc calib.."tioll tix, ~d awl either c < 2.9 llI' £ < 3 .9 . The largest kllown systclllatic 
enor ill the cstilJlal<.' of lI"p with fix"d ndi1.>n,tiull is ±0.27 fill which arises from the 
± 1.0 keV IIIICI:l'lilillty ill tile calibratioll. III fig. 11 this estillll1tc ha:; beCII illcrell!SCd 
by a cUlIs,'rvativ" fact.or 1.5 to <lI'Cllllllt for possibl.. syst'~'llatic errurs assuciated with 
the liS" of th(· sll'II)(' of tile d{J,. }'u) pl'ak ill cOllvolutillg till' theuretical pl'Cdictiolls 
alld the ullCl'l'taillty ,,_~s,>ciated with cOlltrillilliolls tu the spenra uf filial states otllcr 
thall tl .... d" . TIll' dith'l"lIc,'S I)('twcell till' ellll'iril'al fits to lIu~ awl the vallie -23.748 
± 0 .009 fill rql)'l 's"IILs a I'halll'ug.. tu lII11re cOlllpldc tlll'ories Slid, as the Faddl.'Cv 
calclllatiollS cllrrclltly ill progress IJ ). 

TIll' p ..CSt:llt resilits wllllid hc rdl'vallt to till' illterpretatioll of data fl'OlII tllC 
<1(11,],)211 ... ·.II·tioll lit illt''I'lul'diat(: euergics to dl'l('nuille thc v.due uf au" . TI,e fact 
tllat till' silll],I(' IA dll"s 1I0t an'Ollllt for our (/(1', J") data prechlll('s tliC lise uf thc 
n'actioll d(),. }' )1111 at 200 kieV to ('xtmct It" .. IIlIt.il W(' IIIIII""stalld the origill of the IA 
fai 111re. I t is illq lllrt lIlIt to k,"'p ill llIillll 1.11l It. till' t\\'o pl'On'ss," d( II. 1') It It allu d(p. p')I(}J 
eVl'll al. till'S" ... ·I.Il.iv..Jy Ili).\h "lll'rgi,'s ditf.... "t. s lIllIll au!',I,'s 1)(''''111'(' of the p ..escllce 
of til" COilIOlllb forn·. If till'S(' tlll'on'ti('al dllllh-II!',"s ('all 1)(' IlId. a 11I(',e;lIn,"wlt uf 
II"" IIsill!', this ... ·.IniOIl at a 1j('111 rOil "Ill'r!!,), ill Lh.. vicillity of 200 MeV shuuld be 
,t'l'iuusly ('(llIsiti'·n ·d. TIll' '·XIll'l'IlIj('IIt.;,J dlall"I1I-("s LIllit. would I", pos"d hy such illI 
ulld"rtakillg " ... . fOl'lllidlll'k. p'llticlliariy tlwt of ol.l.aiuill!', till' Iwst possihlc rt ~soilltioll 
ill the excitatioll "IIIT!!,y ;c. 
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7. Conclusions 

TIl!' III0St. illlJ)()rt.ant. rOllsl"III"lI(,(' of 1.11<' pn's"lIt ,'xpnilll<'lIt is I.hat high pr<'­
cisioll dat.a 11011' ,'xisl for t.11<' ,'llIst.i(' s(,III.I."rill~ of prot.ons frolll dellt.f'rilllll at thrf'" 
'~II<'r)!;ies (WS.G, 2()7.G alld 4GG.G r-kV) ill tIl<' forward din'ctiolls (-)IAJ., < 14°) alld 
1111<I<-r tlw smll<' ('oliditiollS for illd:LSt.i,' s('att.t'rilll!; ill\'olvillg low exrit.ation "ll<'rgies 
(t < 5 Mf'V) ill 1.11<' 11I1D"s,'rved "I' sysl.I'1I1. Tll<'se dat.a mllst he alllOllgst. t.he IIlost 
alll"lIa"I,! 1.0 th,~.rd.i('l" predictions IJ('('aIISC' they involvl~ silllple IIllrl('llr reartions at 
low q iUl<1 c, lllillilllally-illt.eradill~ 1I1l1'leons, amI thl' light.c'st IIl1dc'ar Illr)!;f't for which 
hoth tIl<' illitial awl filial stat.es are well-known. Milch of tllf' data 111'(' ())"sent.ed in 
their most pn'('is(' forlll (typically ±2'10) as ratios of tIl(' diff('rc~lItilll rross s('ctiolls 
for dasti(' Illld illdasti(' scal.t.I'rill~ IIl<'a_sllI'c,d n'lal.ive 1.0 tIl<' 1'1' scat.terillg. Df'lail,'d 
IlIe;L~lll"'lIl<'lIts of t.11<' shape (If tIl<' cl(J', 1") ('ollt.illlllllll are relal.!'d to t.he strellgth of 
tIl(' ISU fillill staIr illt.C'lil(·I.ioll. 

Predidiolls of I hI' IlIc'asllred qlliUltit.ies hased on the illl(JIIIS(~ approximat.ioll 
providf' all excdlellt rdC'I'C'IH'I' for 1.11<' pn'S('lItatioll of tll<'sc' dat.il. This very silllplc~ 
1Il0del has hc'c'lI clc'\'c'lo()('d ill sllfficiellt dc,tail to HC"("ollllllodate variolls models of tIl<' 
illiti<ll and fillallllH'lc'ar sta!.c's /l.S wdl ,IS 11 widf' nlll~(, of tIl<' illt.c'\'lll<'dintf' f'nf'rgy NN 
amplitlldes. The g(,)l<'rid 1"",,1 of a~r<~'IIl"lIt l)('tw('c'lI t.ll<'sf' pr('dirtiolls awl the data 
is typir .. lly lO'X,. 

TIIf' shap.. of tIl<' cl(p,I") S()I'CII'IIIII ha.s 1)('1'11 illv('sli~atc'd with tIl<' p;reatest 
precisioll al E, = WS.G r-·lc'V. AI. low \'altl<'s of tIl<' exrit.al.ioll C'IIf'rp;y (.:) t.his shape is 
particlllarly s"llsit.ivc' 10 t.he fillal·st.at.e illt,'riwtioll ill til<' ISu dlHllll<'\. If the modd 
of this illtnad iOIl is adjllsl.C'd 1.0 "X;ll"I.ly n'prodll('e IIII' kllowlI va.ltlf' of {lnp, thc~ ISo 
scattcrillg 1"Il~t.h, tIl<' IA providc's lI'IISOllil "Ic' pn'dicl iOlls of the IIwflSllrprl shapf'. 
A Sigllificllllt illlprov(,lIl<'lIt ill t.he ql1alit.y of tll<'sl' fils, howf'ver, ran be ohtairwd 
elllPirically by illcrea.sill~ tIl<' stn'llgt.h of the filial sl.atf' illlnilction hy (0.5 ± 0.2)'X, 
in tIl<' 5 = 0, T = 1 challlll'l which wOllld correspolld t.o a vallie of (lnp = - 24.7 ± 0.4 
fm. 

Thl' data t.hal i.s preS<'lIl.cd is slltfit'ic'lIl.ly pwciS(' 1.0 1)(' sc'nsitivp to tlw physics 
hf'yond 1111' SiIlIP"" IA alld Ill<'rdore )'('I))'('s(,lIls it sigllificalli. challf'lIg.. to Illorf' c1etailc'd 
IllI'ord.ical III0d .. ls. If 1111')'(' is sigllificalll pro~)'('ss ill this rq~a)'(l, tlll'lI tll<'se data pos· 
sihly 1II1gllIl'1I1(',J loy flll.lIlI' 1I11.'aSIIII'III<'III.S \\'ilh gn'alrr p)'('risioll or of otllf'r variables 
('(1I11c1 Iwvf' a si~nificalll impacl 011 0111' IlIldnsl.alldillg of I.he hiLSic NN interart.ioll. 
III particlllar IIII' ,Jala c'xhihit. a s"lIsil ivit.y 1.0 1.11<' illl.c'I·lIwdial.('-ew'rgy isosralar NN 
i11l1plitlldes i\lHI, as 1Il1'lIl.iOl)('d ah","', 10 1.\)(' low C'lwr)!;y scattl'rilll!; lellgth (lnp' In this 
n'/',;nd an mll'qllill.e IllI'orf'lical 1lI0d,'I wOllld Iw w~'c"'d 1.0 jllstify lIew IIWIlSllrf'lllf'nts 
of tlw 11"11 1.1'1 III-W'1l I. rOil scal.tc...ill~ 1('II~I.h, (I"", Ilsillg 1.11f' "(11,1,)211 rf'actioll iu thl' 
illl.lTlIlI,dial.,' C'IWI~y rl'~ioll. 

:.>I 

Appendix A. LHdLDI target 

TIl<' LHdLDI lilr~d. wa.s prodll("('d hy liqlldyilll!; a l!;iLS mixlulI' which had hecll 
pl'cparf'd vny rardlllly 1.0 Illakc SIlIl' that it c·ollt.aiw'd eqllal cOllI"'lItrations of hoth 
g;LSC'S. Tltc' gilSC'S (J.()()()()() pmc' HI frolll «"Lilld,' amI O.()()() purl' Dl frolll (!Hsotec) 
were trallsfelT('(1 frmll hi,!!;h P""SSll\'C' supply holt.I,'s 1.0 two 3 lil,'I' sample cylilldcl's. 
11Iit.iaIly 400 kPa of III<' HI ga.'; W;IS loaded to 011<' cylilld,'l' alld 400 kPa of DJ to the 
other. TIl<' pressulI' diff"",'lIcf' l)('twc'c'lI tIl<' cyliwkrs was IIlc'asllr"d with a 1l1<'ITIlry 
1Illlnonwtc'r alld did not ,'xCl'('d 1 kPa. III t.11<' ""'olld step 4()O kPa of hydro)!;(,l1 was 
addf'd to tIl<' cylilldc'r wil.h d"IIl<'rilllll alld vin'-vnsa. Thc fiual ]))'I'SSlIn's ill both 
rylilldcrs wen~ SOO kPa, and agaill they WI'IT eqllal withill 1 kPa. Slilall differelln's 
ill til<' volumes of t.hc' two cyliuckrs mul ill III<' P""SSIl\'('S Hddc,d ill earl. step callo'led 
ill the first approxilllal iOIl, and 1.1'11('(' thc' t.otal I·OIU·Cllt.ratioliS of the hydrogf'll alld 
dellterilllll gases ill thl' two cylinders w,'n' \,(')'y dose to I'lJual. After tllf' fillillg, 
the two cylilld('ls W''1C' 110ft for G days 10 allow t.hc ga.sc's to mix. Since the meau 
path leugt.h of the pal'ticlrs ill this I.illle was II faclor of 1:1 ~reatc~r thall the twight 
of the rylillders, Illixin~ was Il<'nriy C'OllIplde. This was VC'rified "y a Monte-Carlo 
siUIIlIat.ioll codl'. TIl<' ~as for liqnificat.ioll iu III<' t.ar~c't was takc'u sillmlt.aneollsly 
from "ol.h cylilldns. Owill,!!; 1.0 til<' v''1y syulllll't.ric procnllll'" of mixill)!; till' ga.';C's 
the ullUlI)('rs of c\c'III.nimll awl hj'c1ro~c'u al.ollls ill I.IH' mixt.lIl'1' WCl'f' detcl'lllillCd to 
Iw e()lml, witltin 1111 CITor g,'w'rollsly ,'sl.illlal.ed 10 1)(' < 1'X,. This ratio ill tIl<' lic)lliJ 
WiL~ sli~htly diffc'n'lIt. dIll' 1.0 1.111' diff('l"llI'e ill III<' fractiollal vapollr pressllres of the 
I.wo gasl's ill 1.111' fillill~ illld safc,ty tlll)!'s ahovf' the tnr~ct. TIl" filial Illllllher for the 
D/H C"OlIrI'llll'al.iolls ill 1.11<' I.ar/',C'I. ("(,II IViI.S 1.004 ± 0.010. 

OC'C1lIls(' of t.1H' illll"'rl.allCl' of t.his pilrilllll'l.,'l' it was dl<'ckf'd ill two iwlC'pendelit 
ways. Mass spect.)'()smpy illiitlyses of two ~ilS samples I.akc'll dmillg tllf' filling providcJ 
a D/H rat.io 0.%5±(UJ3, whidl wOllld rOlTc's(II'lul 1.0 a rat.ioofO.!:JG±0.03 ill tIl<' Iiqllid. 
The other lllethod of c1l<'ckillg the ratio of D/H COlH'C'lltral.iolis ill tIl<' tar~et cOllsist.c'd 
of romparisoll of tIl<' ral.ios of c1ast.ir smttl'rill/', peaks from rllllS with 1.11<' LHdLD2 
tar)!;et, a.~ wf'1I a.S wilh tlH' sallie t.ar~(~t fillc'd with plln' LD2 alld plln~ LH 2 . TIl<! ralio 
of tIl<' llIullher of cOllllh ill t.he (H'ak frolll srat.t.l'rill~ 011 till' Ily.1ro/!;c'n isotop" 10 the 
peak from 1.11f' S('ill.l.nill~ 011 1.11<' altllllilllllll willdows provid,'d a direct meiLSlln' of tlw 
amotmt of t.his isol.opc' ill the I.ill'~et. TIl<' allalysis was dOlH' IIsiug I()S.G MeV data at 
GO, when' t.he threc scatt"rill~ peaks w('le ""paral,'d, /llid lIt. 11°, wlwre the delltf'l'illlll 
hr(,ak-llp rOlll.illllllllllllldn II", hyclro~"l1 pc'ak was smooth. TIll' 1I1<'asllrcd D/H ratios 
werc 1.022 ± 0.044 illUI 1.040 ± 0.044, and IIH'ir avna,!!;,' deviat.c's hy 2.7% from the 
expected valliI' I.()04. TIll' Illf'l.hod of peak ralios .1l'lc'l'lIlill".1 the D/H atomic ratio 
directly ill tIl<' tar~l't, alld ils n'slIll pwvidl's all imporl.alll. illdqll'ud"lIt coufinuat.ion 
of tIl<' ahsolllt.c' 1I111'111itlil.al.ioll of 0111' data with 4';{, iH"nlrill"y. 

TIIf' ml.io of t.11<' peaks frolll tit<' 1'....1.011 s..atl., ...ill~ Oil cl<-II "'ri I1111 alld Itydro/',I'II 
atollls WiLS IIl<'aslll"',J s<'\', ... ;d I.illl<'s l.h ....II~11 t.11<' 1'1111 at E, = l()S.5 r"kV awl (-) = GO 
to llIollilor possihle dlilll)!;"S of I.he I.ill~('\ (,(lIllposil.ioll. All tlte lI'slilts, illdlldilll?; the 
OlW olol.aill"d at til<' "lid of Ih" IIl1'ilSIIII'III"lIh, ilftlT til<' rllllS at 2!:J7.G illld 4:1G.7 MeV, 
Well' rollsisl.C'lI1 wil.llill a SI.ill.isli .. i" "\TOI of 0.1:1%, "Ollfil"lllill~ I.llat tIll' D/H atoluic 
ral.io ill 1.11<' l.ar~1'I. did 1101. dlilll)!;(' ill lillII'. As a filial .. ll<'ck IIII' lIlIllIl"'l of rOllllts 
fnnll sl·iltt.elill~ "II 1.111' hydro~"11 ill.OIIIS flOl1l II,.. \V;II'T all,J oil v;q.ollr <1"1H1sited Oil 
the cryo~"lIi .. l.ilr~"1. WilS lI)('aSIII"<1 illllll('diili<'ly aft., ... "llIpl.yill/', 1.1)(' I.ar~c·t. Lc'ss thau 
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O.2S'ic, of llll' ... >lllIh ill 1.llI' s(,,,11 'Till); 1'1'•.]; tWill Ilyd ..o)!;, ·11 witll L11(' LH1 lar!!,ct cOlild 
[,e alllil)llt..d 10 tlll'~I' ,·ollt;llllill;llIts. 

Alt 1t1l11);11 llll' tWIlIIl"OI"lI'('UU'lIh of tlH' ratio of D/H COlln'lItratiollS ill LH1/LD1 
llIixtlll'<' a ... · kss pH'cis" tllall till' ('sLiulill<' baSl·d Oil t.he tillillg p"O('(·dlll·C tlw three 
v;dw's al'l~ IIl1llll.dly CIlllsislo:lIt. The ad0l'lI~d vallie of this ratio is 1.004 ± 0.010. 

Appendix B. Energy calibration 

TIl<' ('IH'I);y co.JilJldtioli of llli' fll ..al plallc (XF) WiL~ dl'tl'l'lllilled usillg till' cJ;.stic 
2alHl ilH:laslic pl'aks flOl1l tlli' s('alt.... illg of lilc I!)S.,J MeV 1)l'ilIlI 011 a 25.3 IIlg/1'I11 

tllick cOIr),oll la ..)!;I'l . Til" fOil .. p, .• ,J;,; "OIT( 'spulldill)!; lo tlte I'liergy levels ill 12C al 
cxcitatiolls 00, 4438.9 ± 0.31, 7G,J4 .2 ± 0.15 awl 15110 ± 3.0 keV were used. TIIC 
IIWiLSlln 'llll'lIts w" ..c dOl'" at (:) ~ GO W 111' ... · tl", yidds f..0111 tlte first alld secolld excited 
sI.OIt(·S art: "bllllt. Cltll.,J. Th(' yidd frolll tlj(' g ..Olllld state t ..allsitioll was redllrcd to 
IIlal..h L1w yields frolll till' two tirst cHit"d ~l'll"s by pre-scidillg lhis p(,ak by a 
faelor of 1000. 1'1... l' ... ·-s..alill); was r""liz('d ill tlj(' t ..igg(·r IlSillg I'lIlses frolll a thill 
scilltillator I'ositioll ..d ill t.h" foc;d 1'];11'" suclt t.11;,1 ollly dastically scatl(·n·d pmtidcs 
w('n ' JliL~sill)!; lhrollg;h it. To ",'dlll'l' til<' cuulltillg rale, ollly the pa..t of th" f()('all'lalle 
(,( Irresl' 0111 Iill)!; III ,·xcilat.iolls Ul' to ~ 8 MeV was artival(,,1 by ino:ludillg ill tlw triggcr 
ollly tIH's,' wiws fllllli till' CIlIT('SIHIlldillg; n:gioll of the VDC X!. Partid(·s f..olll higher 
excitaliolls we .." legisln..d with V .. lY slllall ('ffi<:il'llcy, ollly by accidelltal COillcio"rwes 
ill L11l' lri);g'·r. 1'1 ... iTI,"S s( ·,·tioll fOi ' lilt' statl' at 15110 ];'·V was so large that the 
1I11llliler ()f (,(>lIIl!.S ill lhis 1'(,01]; w;, .S olily l<'11 t.illll's slllilll"r thall til" Illllll),er of ('Ollllts 
ill til(' t.11l'''' · Illaiu 1H';,J,s. 1'1.1' 1H';d; ('OI'l"SPOIHlill)!; to this slal,· sllpplied Ilsdlll data 
f'>I' a ('ollsist.(·IIt·y ksl Ilf !.h,· c .. lil, ..al i()ll, 1)(,(,"IIS1' Ilf il S larg(' dislall"" frolll the groullo 
slalc IlI'ilk. 1'111' width of til(' p"aks frolll tl ... iul'iasti(' s('atll' ..illg was ~ 90 kcV, 
bill L111' ""'slic s('attl'rillg I)('ak was IlIoa<l"II"d to "lu>llt 105 keV hy the p ..c-scalillg 
s('illtillalor sitllal ..d ill frout of tlu' VDC dlilllll ... rs . 

Th,' J>ositious of tlil' 11I'''];s Wt ·... ~ 1I1('aslu'cd fo .. s('v''l'.tl 1I1ll)!;lIdic fi"]ds of tile 
sJ>,:l'll'OlIl('t.er. III t.1t,· tit 1'('(' 1l ... "sIU·CIIII ·lIb of till' ('alibralioll cu ..ve dOIl(: <lu ..iug tlte 
('XJ><Tillj('Ul til(' UUlllbl'lS of diH'e"l'lIt v"lt ... s of till ' 11la);llI'ti(' field (N~tl w('n' 17, 12 
alld 9. 1'111' IHJ.Siliolis of t.he pl'al;s W(· .... ('akul'ttcd \'y a J>IU)!;rillll tiltillg tltei .. shapes 
willi il f, '1'11111];' il'SlllUill); a G"IISSi"1I f01'l1l dos(' to t.lll' ("'utn ', alld aSYllIlIlI't ..ic tails . 
1'111' 1'(''' k posi I iOlls w....,· <11'1 ,'1'Il1 iw·d I)y 1.11" ceut ..al, GiIlISSi;'1I pa.. ts. U1Il'('naillties 
of th, ' I'()silioll~ , .. ;,Jl'1ll;llt ·d fl'lllli till' ..o....I·];.I.ioli Illi1trix "f fitted pa.."lIwll:.. S, we ..e of 
~ 0.7 ];,." fOi til<' Ill;,ill 1'('i,J;, .lIld 2 k..V fo .. tl ... fou .. th pl'ak. The J>( 'ak at 7G54 keV 
o\'t'l'i;'1'1'1'I1 wit.h 1.111' nllll.illlllUIi ... ·sllilill); fnHII til<' (k('ay of 11C illt" th ..ee It particles 
;.JUIV'· 72tiO k(·V. TI,is (,()lItilllllllll was illclud,·d ill lite tit , with its sllilp" giv('11 by the 
I)('UI'!.ral,ilily of" I'"rlicil's llll'Oll);h tlw COIIIOIlliJ I,anil·r. III tltc C/·Ill ..al n'gion of 
th.. 7G:l4 k"V p(,ak llll' ..olltillUUIII WilS stroll)!;ly slIppn·sS(·d by till.' hani('" alld IWlll'c 
its iu"",ct. 'HI tlj(' I",;d; positioll was vc..y sllIall. 1'111' ;lllgll];lr dist ..ibutioll of tilL' 
s('atLc..illg lo till' ti ..st " xcil"d sl;,l,· "' .. s dr"lIwt ically ditft.I'I'1l1 frolll tlj(' dist ..ihlltiolls 
til all till' otlll''' st ;II.I·.S. Thi s p .."dll ... ·d a slII;,J1 shift of t.llis I",al; rdativi' t.o other 
»I';,k s, whi(,h n·s lllt ..d frllill ill' iIIlP'Tf""l "ouq"'lIs;11 iOIl fo .. d"lH'wll'lu'(' of XF Oll tlte 
.s.. ilUnillp; all);I,· . Tl,is shift "' .. s iul ...o<lu('(·d as ;1 1'1'1'" pilrilllll'l .... ill tilliug tl.., Iwak 
p"sit.ioIlS , "ud I Ill' \'.d,l<' of ~ 3 I;,'" Ol,l .. illl'd 1'1'1>111 1.111' tir- a); ... ·'·d with tlJ(' cSlilllatc 
of ll.., dl"Il);1' of IIII' XF positioll wil.l, II ... ,,11);1, ·. 
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TIH~ 3NM posiliolls of llll' p"alis ("Xdlldill)!; IIII' IS I J(J k,'V 1"',,1;) o!.ta.iw·d for NAt 
lH;I);II('lic tit-Id v,,"l<'~ W('n' filled witll NM + 3 pilrilllll'tn~ includin)!;: lhr('e panllllelers 
Jetillillg (illildrali,' d!,(wlld"llce of XF 011 the Pl'OlOIl 11I01lH'llta (1'), NAt - 1 val lies 
of the lIIaglletic field, alllJ the olle parallll'l('r COlTcctillg the posilioll of the peaK 
cOl'I'espowlillg lo the tirst excited slate. Tile prololl Ulolllelllu W('re calculut('d frolll 
killellwtics illcllldillg ('Iwrgy losscs ill the larget, which challged slightly with tilt! 
pl'OlOIl ellergy. The val lies of the umglletic fidds oi>taiued fl'OlII the fit Wel'e diffel'ellt 
fWIII the rcud'ollts of the NMn probe by less thau 0.04% which correspollds to WI 

ellergy difren~llce of about 180 keY. 

The X~ p('r d('gree of fn~"dOlIl oiltrull('d fl'OlII the fit fol' the three calibration 
curves were 5.72, G.75 mal 3.50 iwlicatillg tlwt the X F(p) dep(~llIleuce was more 
cOlllplicated thall (jlwdralie. In fact th" J'l'sllits of the first, lIIost precise, llIeasure­
1I1elitS of the calihralioll ('lll've sllowlI ill fig. 12 iudi...,te systelllutic d(!viatiolls tJ.w of 
the points frolll the fitted cllrve of the onl(!r of 1 k(·V. The data arc uot precise euough, 
however, to d(·tenllille a IIlOre cOillplinlted dqwlldellce of the XF position 011 proton 
IIHlIllellllllll. Possible tluctllatiolls of the tl'll(' calihratioll ('llI've IlHlulld the calculuted 
curve, sug)!;('stt-d by tli" data, should 1I0t dWlIg(' the (,1I('rgy differellce of two poiuts 
sctlHrated by 2 MeV hy 1II0re thall 1 keY. DCCillls(' tlie (/(p,]l) spectra w('re llIeasured 
at several positiolls on til!' fond plalle, ,uHI add('d togdlwr after tnulsforIllation to 
the deuteroll eXl'itatioll "Iwrgy, these deviutiolls were ill large part avel'llged out. The 
slopes of th(' tillu' ('alihl'atioll cllrves lIIeaslired ill till' COIiI'SC of the experimellt were 
cOllsislcllt will,ill 0.4 keV for an iutel'val tJ. XF "olTcspolldiug; to ~w = 1 MeV. The 
elTor ill til(: distall('e IJ('l w(~ell til(' dastic s('allnillg; p(,ak illld thc threshold of the 
break-lip sp('ctm for dC:llteriull1 targd detenllilll'd usiug this cidibration is estilllated 
to be < l.0 keY. 

Appeudix C. Energy response 

At slllall augks thc peaks fl'OlII scatte..illg 011 dellterilllll, hydl'Og(~n and alu­
lIlilllllll lIuclei ill till' targl'l overlaJ>I'I~d alld wen: s<,)mrHtcd usillg a program whicll 
fitted lite spectra. III th,~ sPt:t:tl'illllclt:;lIrcd with the LH~/LD2 tal'get three peaks, and 
ill thc spl'ctra Crolll tile LD~ ta ..gd two peaks Itad to be s"l,ill'ilted. The sqliu'ation of 
tl ... pcaks IIwasll ...~d wit.h the d"utel'illlll tCl"g;,·t lI'ilS 1II0..e d"llIiUldillg, as /lot ollly the 
illlegral of tlw J>eak frolll scatkl'illg Oil dl'lIt('l'illlll Itad to be dcll'l'llIillCd, but also its 
shilJ>e . 

TIJ(' aSYlullll·l ..ic shi'J>!:s of thc pcaks \\'1'11' d,·sc ..ilwd hy a fOI'III11la oiff(~rcllt for 
the two sides of llw pcak, but ('ollvt'l')!;illg to tlH' Silll\l', Gilllssiall fonn at the ccntrc. 
1'11<' ri)!;llt sid" of til" Ill''']; (sllmllel' IIIOIIK'lIta, !iIlW'" excitatiolls) W!1S Plu'umeteri:wo 
ill the followill)!; way: 

( 
( .r-.lu)~ )( ('If (J'-J'U)))l'(.J:)=/'"xp - . 1+I'Jl -+atllll --­

II " + II/{(j ' - .Iu) + ('11( ·1' - .I'u)" 2 WJl 
(C.l) 

1'111' fonlllll .. Ih"" fol' til<' Id't sid(' WllS: 

(.I'-.lu)J ) 
(C.2)(P( .r) = /, "X), - (Ill + bl.I.I' - .I'ul + ('d.1 J·ull.J 
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TIl<' parallH'I....'" " (\H'i)!;hl.), ,1'0 (posilioll) "lid II' (widl.l!) d"fillcd 1.111' Gallssiall 
sllllJw, alld all t.1H' ot.llI'r p"r;lIlId"rs d,·snil,.." 1.11(' shap"s of till' tails. TIll' last fador 
ill "1(. (C.l) w;,.~ ""('I'ssary to 1'1'1'1'00111('1' till' shapc of thc low ,·.... rl';y tail of till' I)('aks 

as illllsl.ratl',1 ill fi)!;. 13. 
TIl<' paralllf'l"rizal iOIl of til<' p"aks was oI,·tcnllilled IIsilll'; the spcctra 1\I"aslll"'oI 

wit.h til(' d'·lI1.crillll1 tar)!;d aroulld G", wl ...re tl ... two I"'aks frolll scattnillg on the 
alul\lilllllll mHI dC1Ifl'rilllll lIucll'i wcn, w,'11 ""'(llu'atc,1 aIHI IlI<'HS1lf"" with hi/!:h st.atis· 
tiral I\CC1II'IICY . The shapes of t11f' ()('aks wcn, r<,\l1'()(luccd very well, I\lId till' s()('clra 
wit.1i a very lar~" 1\111111)('1' of (,Ollllts W'T" fitt,'d wit.h 1\ \2 ()('r c\<,)!;f('(' of frrr<lom of 
lwt.w('rll Olle ami t.wo. The pro..eolllJ'(' of fittillg till' spe.. tra W,L~ also tcstrd Ilsing th e 
w('1\ :wparat.ec\(lI'aks frolll scn.t.l,·rill)!; 011 11111 III i111111 1 alld hy,lro!!:ell, IIwasmed with the 
LH2 tar)!;,'t. TIll' parallH't.('J's CI/," /I, ,/"/1, "'/I alld Ct we'n' til<' 5alll(' for all the' peaks in 
the sp,·ctnllll, all" for all th(' ,1(1)!;1,'s wil.h t.h,' sallie 111'11.111 t.ll1l'·. TIII'Y W'T'~ dC'lcTIIlill(',1 
at all!!:"'s wll('l'I' t.11(' pcaks W"I'( ' w,,11 s"l><lral.,'d, alld W"I'(' k('pt fix",1 at nlll';lrs whl're' 
tl.., (waks Ilv.... l"pped . TIl(' pal'''III1'I.l'I's 1'/1 alld b,. W'Te tre"tcd ill s('veral ways: they 
w...." fix,·d or allo\\" ',1 t.o v"ry bol.11 wit.h t.hc all)!;k all" for tlH' IlI'aks ill 1.111' ",()(·('I.I'IIIII. 
Th" dilferl'lll"'s Iwl.w'·' ·11 t.11(' n'slIlt,s ol,lai", '" ill til(' diff'T"lIt lIId.hods of s'·]laral.ill).!; 
tl", (waks w....(' IIs('oI 1.0 ,·stilll"I.,' til<' 1II11·.... I.aillt.ies illtrll(llI('roi by the I)('ak sl'parat.ioll 

pro('rollln,. 

Appelldix D. AcceptAllce ' 

TIll' slow variatillll IIf tl ... "('f., ·,·1 iOIl I'ffi"i"II"y r('slllt.s frOlIl till' sp('ct.l'olllct.er 01" 
tics, ill pal'ticllim frolll t.he chall!!," of tllf~ "d"dioll solid all)!;1e wit.h 1II01lI'·lItllm. The 
typi('al MilS a('n,]>lalll'l' is lilll'nl' ill till' lIIiddle of thO' focal pia III', alld '1IIi('kly falls 
at the cllds. III 1.111' prl ·""·IIt. "XPl'l'illll'lIt this slow variat.ioll was (>ss'·III.ially e1illlinated 
by t.he v(,ry slllall "111 ralln' Will""W of t.h... S(II'rt.rllllll'tCI' ,Idilw" by soft.war(' willdows 
Oil t.1 ... XO alld YO positiolls ill til(' FEC ('hmlll)('l's . N"ariy all th!' JlrotollS frolll this 
clltl'al1(,c WilHlow W'T" '), ·tl'ete') abm', ' till' fO(,1l1 ]llmll' of tl ... S(H'!"t.rollldn. The .I,> 
p(,lIdrll(,(, of til(' dctcd.illll dfiri"JI('y 011 f' = [1/n was c\w('keu IIsill!!: protolls ('Ia.~ti('nlly 
s,·at.t.(,l'c<l frolll 1.111' III 111 IIi II 11111 tarr;..t. at II". TIll' 1IH1!!:lIrtic fl"I.! of the spe('trolllcler 
WIlS d'IlI1!!:,'d to shift Ih(' r1ast.i(' s('alt"lill)!; pcak throllgh III(' fo('alplalle. The nJlIlI(wr 
of Pl'ol.Olls 1'I·).!;isl.1'1'1'I1 ill tIll' MflS, ('orr"ctl',1 for till' dcad tillw IIl1'asllrl'(l with a IlIIlser, 
divid"d hy till' 11111111)('1' of '·Olllll.s frolll the 1)(''''11 il1t.,')!;ralor provid(',1 il IIlea!mrC of 1.lw 
sp..cf.!'OIlIl'I.(T ;l(,"I'(,lall(,('. The a('('('pl.;I1I(,(· wa.~ fOIl"d to 1)(' illdcpclldellt (If the mag, 
lI('t.i(' illdlldiol1 D. alld h... II·" illd"lIl'IIII"1I1 (If XF 1.0 wit.hill 1'1'<,. TIll' hrlllll ('urrcllt 
11I0Ilit.ol' . d""", ·I."d ill ('(,ill('id"II('1' two prot.OIlS fnl1l1 till' P!'Of.(lII'prol.oll snltt(>rillg ill 
t.11I' CH 2 t.ar~('t. Fom pairs of plOtoll dd.,'cf.ors wen' """,.1 (left, right, lip allli olowII) 
whi('h 1'1'1111...·" sClIsit.ivit.y of till' "1111111 ill!!: I'<lf,· t.1l IIII' 1"'1l1I1 positioll . TIll' resllits of 
titc a('('I'],I,a1I1'r ,'lIrv,' 1II"<lSIII'I'lIl1'lIts <In' shllwlI ill ti)!; . 14. 

The ,'xp.... illll'llt<l1 I'I·Slllt.S w"rr IHls,'" 1111 IIII' "olll]lal'isllll of till' pl'otoll yidds Ilt 
diffrl'(,lI1. 11I01I1I'1I1.a, so 1.111' lond variatiolls of 1.111' dl'll'('tioll I'fficicII(,y across the fo(,al 
plallr wen' v('ry iIIIport.;oIII . S"ch \'arial,iolls (,(lIIld 1)(' pl'lldll"",1 loy lown "ffici('ncy of 
part.iclilar wirl's IIf I.hl' VDC ,·hallll,,·rs. ('sp""iall), ill II ... Xl ..In''III ... r sitllat..d elos,' 
1.0 t.11I' fo('all'lal1". TIll' G 111111 ill 1.1'1"wi ... · spa('ill)!; ill IIII' VDC ..10;11 111 II'rs at E, = (98.5 
M,'V (,1I1T"SPlllllls 1.11 a 3S0 b·V "II'T)!;Y sf,·p wl,i .. !. is illlporl;lIll. fill' itllalysis of tltc 

sha]ll' IIf 1.111' r/" \,(,SIIII;" ""'. 

~J 

Illforlllal.ioll frolll I II<' VDC d,alll"....s was all;dyso'" ill a way whi('h \;IIW'ly fI'· 

d ,,('(·01 possi bJ.. irl'l ')!;I1\;"'if i,'s of till' ....S)l"ll""· flllll'1 illlls ," II' III ilIdfic i"11 twirl's . r Ilrti· 
(',,"s passill).!; t.hc VDCs at illl all~k of ~ 4!j° Iypil'ally 1'1'0.111(' " si)!;lI;ds ill 4 to!j wirl'!; . 
TIll' tilllill)!; of I"d.'i'·s fr 11111 t.11I' win's is 1I'i1 ',1 for 1.111' pr..cis, · ,ktl'l'lIIillal,ioll IIf til<' hit 
p"sit.illll. TIl<' slIflw;II'" IIsl',l for allalysi!; IIf till' dala idl'lIt.ifi, ·" ('a,,·s with OIW wire 
ill til(' elIlSt., ... lIIissill)!; alld ('"lell!;.",'d I,it. p"sil iOlls llSill)!; I.illlill)!; illfol'lllat.ioll frolll the 
'H't . iv,~ wir..s. The prll)!;rmll also pHwi,kd spl'ctra of th.. illdfici.. llcy IIf "ach wire ill 
tlw VDCs. 011 tt.(' 01.111'1' hllllli it n·jn·t., 'd ('iI,,!'S fol' wlti( 'h till' tillll' paU,l'm fr01l1 the 
wires illlli('at.,'d prodlll'l.ioll of h rays, which ('(111101 I'l'slIlt. ill all illcorrect. dd.'·l'Inina, 
tioll of th(' hit posil.ioll . '''lith this software the VDCs illeffic icllcy was abollt 2% per 
challllll'r practically illd"PCllllcllt of the (losit.ioll . The total illdficiclI"y for det,·('tioll 
ill t.he focal plmll' was abollt 4%, hl'calls,' illforlllalioll frolll III(' two X ('hallllll'rs hilt 
ollly olle of t.h,· U d,alllbers was n ·I(lIi ....d . 

TIl<' i1olllo~'·II .. il.y of till.' MflS rI'SI'IIIIS" flllll'tioll W;'-~ dll'ckcd by IIl1'asllrillg a 
SllIooth ('01lti1l1l01lS 'I"'l:tl'lllll frolll hi)!;h ex .. itatiollS obtailll'd by bOlllbardill).!; tllf' LD2 
tm)!;d. at 45G.G M,·\!. TIll' S]I""1.1'1 1111 was III1'''SIll'',j fill' 1" '11 v;dll(,s IIf tl ... MflS fi('ld n t.o 
av(,rage IIv('r P' ,ssilol,· vari"t.illlls of 1.111' (1',1") ITOSS s,·,·t.illlls. TIll' SIIIIIIIII''' sP"ctl'lllll is 
showlI ill ti)!;. 15 wil h a fiUcd I]lIadrat.i.. flllldioll of XF. Ollly f, 'w point.s 1II,'asllred with 
till' stat.ist.i('al ('I'ror of 0 .3!j% d,·villl.,· fl'OlII th.. ('Ilrv(' loy ilI on' thall 0.5%. Tllf' origill 
of th!' small slruct.III'(' A!'OlIlId p"sitioll 520 111111 is diffi(,ult. 1.0 ('xphlill, as th!' program 
did 1I0t ill,jinlt'· allY 1IIIIIsllally iIlCffici"lIt wi ... ·s ill tIll' VDCs. This stl'wl.llf(' di,1 
1I0t dist.lIl'b I III' pn"'isl' 11II'''SIII'I'lIl1'lIts of t.11<' sh;1]1I' of till' 1/" ""sOIHIII('1' si)!;lIifi('antiy, 
lo('('allsl' til, · 01"" sl,,·,·t.l'a w,·... · III1'aSlln '" for six vaitll's of till' IlJa~llI'tic fi, 'ld alld less 
tl,all a third of 1.111' data IIv"rlaps tIll ' alf'·l't...1 n ·)!;ioll. MOI'I 'ov"r, be('allse of the 
\.;illl·lIlal.i,· shifl, of IIII' '1)('.-11'11 wit.h (-), t.11I' ,·H'·, ·t. IIf till' stl'lIl'1.II),(· ill tl ... n 'spllllsl' 
fllll('tillll 011 t IlI'ir shap" p;lIlly "v"r,,)!;,'s IIlIt "V"II fol' till' I'III1S fill' whi('h oV"r!appillg 
I.a\.;,·s pb, ... ·. 

Appendix E. NN scattering amplitudes 

Th,· IIl1d"OIl'lIl1d"II11 sCi/tterill)!; IllllplillllJ.. ..all Ill' ' ~xpn'ss('d ill trrllls of the 
scatll-rill!'; lIH1t.rix ill till' t.ol.al spill n·(II·'·SI·IIt.atioll: 

("'"':(-)) =" < " llJIl.S2111115 .H >< "' '','' '' '1 1ll'115M' > < 5/1/ 11'11 5U' > (E.l)
"'lJH1 L 

" 
wilef" 5 is 1.111' t.otal spill IIf t.WO 1I11c1I'III1S illv"h-,'" ill t.l ... scaf.krill!!,. 

011 till' olh.... halld this s.. atl ....ill/\ illllplit."," · 1'1'11 III' d"v"lop"" as a SIIIII of I.h" 

irn·.JlIciloJ.. lI'w;ors n;':.::'" (-»): 

,"",.~ '""' .~J. nt ' I ,(-)) L < "1"11.,,,, .•1'< 1/11 I1 > -:::jn 'n 
I , (-)) ( E .2) 

II' 7 '''1 .'t' .'" J. .• "'. 

whc!'1' t.1l(' .< is f I... spill f rallsf"IT",1 t.o fI... st.l'1l1'k IIl1d' ·OII. 

Till' ir... ·dll('i"l.. kllSllrs 1';111 III' IIht.ililll'ol frolll IIII' s..att .... ill)!; lIIat.l'i x "I"lIlellts 
usill)!; til(' fOI'IIII1I,,: 

n""·n ' (,.») ,, "I'" "1511' "'le'I'""'.' I ,- = L < ·... 'l"'r.."".' -" 11111. >< ·... I'III ·... 1"1 /. .! >< .... .JlII ·... 1"1 1 ..J1I' > 
I,. ~ "'~" 

< 5 .H II' II S;1!' > (E.3) 

:'!(j 
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A sl;II"L'ld alill sil llpl"sl wily 10 ,·XI' ... ·ss tIll' IIIlCkulI-Illld"OIl scatt"rillg allll'li ­

tlld,· is tu li St: IIII' W"lf""sl"i,,") ;llIll'liIlId,'s : 

I{(-)j -= A(-)j + 1\'\(-»01"0,,, + C(-»)(Ol" + a,,,) 
( E.4)+G((-»)(OI"Ol, + (71.0,P) + H( -»)(OlvO,. - al,a,,) 

when: 1.1", din'cl iOlls "f '-i, ,j',i; an ' d"fi", '" Ly II ... vectors 11; x Iii, Jlj - }i. alld 1'1 + J~, 
"Ill! s lillSnil'ls I ilIIII 1 d' ·IIIlI,· IWo IIl1d"olls ilivolv(',1 ill llie SCillt,'rillg, Frolll thc 
1lI1c1(,('ll ' llIlel(,OIi illlIl'Jilll,h-s aI'<' c()llstnli'l,·d tl ... inulllcihle tellsors whidl d"peIlJ Oll 
rill' Spill lllil!;ll< ' lic 11I1I100)('rs of il sCiltl''l'I·d IIUel"Oll lIIl au(\III'" alld the spill trallsfer 
alld its IlIill-\lIl'lic 1l1lllll)('L fl,·lati"lls 1",tw""11 cl"llll'llts of tIle ~ciltterillg matrix allJ 
tlte Wolf<.lIslt'ili ;l1l1plitlldl's are givell ill 1'<.[,:(1). 

TI ... ,'xl'licil. f"mlldil" for lit" irn'ducil,l(' t('lIsors n;':,::"; (-)j a~ fllllctioll~ of the 
W"lfcIISt .. ill: lI ) illllplill1,ks of tIl<' 1I11.-\(,Oll-lII1Ckoli sCillI.'Tilll!, ar" tllc followilll!,: 

I I I I 

il.t,,i(l:») '- lJ'~I'-' ((-)) = '2:-\(-») 
I I I I .) 

n iui ( (-) ) =- - 13 ~,I - j (-l) = --=;0( G( (-») + H ( (-l) ms( (-) )) 
v3
fiII , ,n?Ii ( (-)) c LJ ~_'1 - j ( (-») -= - Vj ( H ( (-) )si 11 ( (-:) ) +i C( (:) ) ) 

II , , fi
iJi3 ((-») = l1~l j -j(-») = V~(H(-»sill«-») - iC((:)))

1

I I I I

iJ,:U- ; ((-)) - iJ~J' J (-») := -11 C( (-l) 
I L I I .)

niu-'( -») -= l1~u'j(-l):= ..i3 H(-»)sill(-») 

I , , , fi nI' --I' ( (-») '-" n~In ((-l) := V~ (G ( (-») - M ((-:)) - H ( (:) ) ('Os ( (-) ) ) 

1 1 II fi
n{ j (-l) := _n~.!IJ (-») = V~(-M( (:-») - G((-)) + H«-») ro~((-»)) (E .S) 

TIll' ;llllplill"I,'s II s"d ill Illis "qllal iOIl ilr" SUIlIS or ditkn'll('('s of llie protoll ­
protoll ;11,,1 Ilrl>ll>ll- llI'lI!.r<>1I "'ill.1 "1 ill); illl'pli!.II.!I·s: A(-» := Ap-"(-» ± A,,_p(-l) alld 
so OIl. Till ' 1'<·lalil'" ,if!:11 willi wl,ic" 11,,'s,' ;lIl1l'lillUks iln ' ildd,·d is );iV"ll I,), lhe filctor 
( _ )1-,,, -,'" d .. ri\',.d fll'"1 1.11<' s)'1Il 11 11'1 ry 1'101"'1'1 i, 's of II ... splll'ric;ol Itilnllollic~ "lld tl", 
C , C; .'odticil'lIls. III "lil'1 i.- ",.. Ikri llf', , fl>r IVIlidl / is illi "V"11 11111111>"1 alld -'I> = ,,~) = 1 
illlll'lilLldl's iI\'< ' .111.1.·" willi Ill<' ,;; 1111" , if',lI, ,11111 ill ilJ( ' \;I~lic ~'-illl"rill); I"ildillg; to the 
d' n'sl>ll;IIII'" (/:= 1I " ,~)",,()) IIII' Sif',llS ill'<' l>PlHlSill', 

6, Ackllowiedgelllcllts 

TIll' ;llllllors f',rill.-l'lIlI y 'Il'klll>wl'·"f!:'· 1-111' iI"i~I'II11·'· of 1IIi111}' illdividllals ill tIll' 
sl"'(" 'S~ flll cOIIII'I"1 i,," "I' 1111~ "Xl"Tillll'lll, TIl<' '''-),of',I'lIi.- tilr);<'l WilS dl'sif!:llI'd, ,'011­

sll'lll'lctl illld "1H'r,,, ..d by C, l\\iII',Io"IlIlIllh-r II ... tlin·.-r.ioll of 0, 1l1 '; lky, C,A, Milkr 
;111<1 M, V"ltl'l'li ""isl"d ill l'rdilllillill'j' 1' )q)l'rilll<'l1l~ ,,1111 l'ro\,idl·d \'illlI;ohl" ,'xl'"r ­
ti si' ill tIll' "1"TillilJlI ,,1'111<' sjH"'Ir<IlI1"il'L A . \Villbllrllllllwll', ·d d"vd"l' tl"'l'rol-\rillll 

'r-, 

lIs('d lo ol'l.illliz<· II ... dtici(,lIci,'s of tIl<' "'i .... cll;III1I"'rs, S ,flilill participall'd ill lhe pre­
IilllJllary pltase of Ihis '·XP<'lilll<'llt. TIl<' TfllUl\lF slalf provided excell"lll leelwicai 
~upport throu);ilolil. 

We also wislt lo tlwllk A, Gal, fl. l\'\aclil"idl awl Sir. O. \Vilkiusoll for t1wir ad­
vice aud ,'ucoura)!,"lIl<'ut ill lite illlerprl'latioll of Ill<' ,lata. O. Lui.seau killdly provid,'d 
tIll' software ... ·c('ssary to Iltiliz,' tIl" Pilri~ pol"lll i;d ill tit" illlidysi~, We 11I1V,: \)("'11 

slillllilal,,,1 hy disl'llssious with W. Gliiekl,', H, \Vit.da ilwl O. Vlaltovie rt'gardiug lhe 
possihle illlerprdatioll of t1ll'~l' data usillg It ri);OflillS tltree-hody fonllillisul. 

Tllis work was sUPllOrt(·d hy grallts frolll llw Nillllrill SciclIc,'s Itlld Ell);ill<"'rillg 
fl,'s"ilrcll COIIllcil of C;uwda illld by lll<' Eurupeall CUllllllllllity COli tract Cll-CT-() 1­
08()4. 
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J.GO I.a!)a ± 0 .012 507 1033 ± D.O]I 5.4G 20a3 ± 0.014 

5.aG '2OJO ± 0 .012 5.83 l.a24 ± ()Oll G.n '2 .0G7 ± 0 .01 4 

G.'23 1007 ± 0 .012 G10 lal4 ± 0.011 G .00 la77 ± 0 .014 

G.43 20G:1 ± 0 .01'2 G.27 I.Sa4 ± 0()12 G.17 1.04G ± 0015 

G.70 2.020 ± 001'2 G.54 I.SG3 ± 0013 G.44 I.SS0 ± 0 .013 

G.OG 2003 ± 0()1'2 G.SO I.S31 ± 0014 G.71 I.S'21 ± O.OIJ 

7.'23 2 .011 ± 001'2 707 1.7aG±O.017 G.as 17SS ± 0.013 

7.G'2 1.047 ± (1 .017 7.4a 1.7G7 ± 0013 7 17 1 7S0 ± oon 

70'2 1.0G7 ± OOIG 7.7G I.Ga3 ± 0013 7.40 1.70S ± 0.01 '2 

8.18 U)20 ± OOIG 8.03 I.GGI ± ()O13 7.GG I.GGI ± 0 .013 

8.4G 1.81H ± OOIG 8.JO I.G21 ± 0013 7.a4 I.GSG ± 0 .01 '2 

8.Ga I.S18 ± OOIG 8G3 I.GOI ± OOIG S.'20 I.GG7 ± 0 .01 '2 

S.a3 1.812 ± ()013 8.73 I.G'22 ± 0.013 S.43 1.48G ± 0.01 '2 

ala 1.788 ± 0013 8.S() I.G4G ± OOI.J 8.GG 1.455 ± 0 .010 

aAG 1.7JG ± ()O12 a (13 1.4aS ± ().() 10 s.a3 14'20 ± 0 .010 

a.7G IGz;O ± 0 .01,) a.'2G 1.473 ± 0010 a.la 1.374 ± 0010 

a.aG I .G7a ± 0 .010 a.G7 1.420 ± O()IO aAG 1.333 ± o .()oa 

10 .18 I.GGO ± 0011 0.8() 1.383±OO11 a.G7 I1GG ± 0013 

10.44 I.GGJ ± O.OJ() IO()O 1.387 ± (I01l8 aal I.'2GG ± 0 .010 

JO.71 1G7::' ± 0010 10.'28 1.310 ± O.WIS 1018 1.1 a() ± (l .OOS 

lOa8 l.G2a ± 0010 10.54 I .·~OG ± (J.WIS IOAG 1. 14a±ooos 
112() \.)00 ± (Ulil JO .82 1.137 ± (JOOS 10.71 UI!)G ± 0010 

II.G4 1.44a ± o .(loa 11 .04 I .na ± O.OO!) 10.9;) I.(lG7 ± 0.01 D 

II.SI 1.305 ± 0 .009 11.25 1.1 a'2 ± 0 .007 I11S U)]4 ± OOOS 
1'2 O(l 13[)S ± 0 .01 I II G:~ 1. IG8 ± tUIOG 11.55 0 .074 ± 0 .008 

12 .2 1 13:-11 ± 0 .01 0 II. ia 1.11 a :f. IUl07 1182 0 .044 ± 0.007 

1~ JO 
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'1',, 1. 1. , I •·.. 11 " Table 2. Deri ved rallos of till' illda~1 it' ~ (' atl",ill J.\ l'ol'lliatillg the I Su lip states to 
til<' ..til~1 it' 1'1' s('atkrillg, 

198 5 tvt.Y 2~7 , G 1\'J.-Y 4;"G ,G M.·Y 
(-) (-) a 1'1'

(-) 
(1j ' ,j / (1 /1 ..1 / (11' 1' u pJ/upp I !)S.5 }'kY 2!J7 ,G t-.kV 4SG,G MeY 

12.42 IJJ!) ± 0014 120;" 1,090 ± OOOS 1209 0,!)07 ± 0007 (-) (-) <:)Upd' / a ,,/, u,u,./ap,. Up•• /a pp 
12.G9 I. :z7S ± 0013 12,2S I.U-I 8 ± O,OOS 12.43 0,87!) ± (1.010 3.02 0,2;"S ± 002!) 2,S7 0.341 ± 0.020 3.UG 0.345 ± O.OOG 
12.0G UG2± (LOI3 12.S4 I .U2S ± (LOO8 12,G!) 0,823 ± (L009 3,2S 0.340 ± 0.014 3.14 0.'111 ± 0,012 3.33 0,348 ± O,OOG 
1322 1.211 ± U013 12,8 1 1,00-1 ± OOU!) 129G 0,77!) ± O.OO!) 3,S5 0.455 ± O,U II 3AI O.4GO ± 0,012 3.;"!) 0,3S7 ± O,OOG 
13<1 0 l.lJG ± OOI 2 nos O!JS4 ± OUIl9 1322 0,7;"2 ± U,UO!) 3,S2 0,552 ± 0,009 3,G7 0.;"0;" ± 0,012 3.8G 0.341 ± 0.007 
LUG l.l:iJ ± U,OI 2 13,J4 o920 ± O,OU!) 13.4!) 0.711 ± O,OO!) 4,08 0,G13 ± O.OOS 3,!)4 0,;"33 ± 0.Dl1 4,13 0,341 ± 0,007 

4,35 0,G4G ± O,OOS 421 0.;"32 ± 0.0 II 4.3!) 0.323 ± 0,007 

4.G2 0,G71 ± O,OU!) 4.47 0,;"3;" ± 0,011 4.GG 0.302 ± 0,007 

'ISS O,GG!) ± O.OO!) 4,74 O.;"IS ± 0.011 4.!)3 0.291 ± O.OOG 
4,!)0 OG70 ± O,OO!) 4.G3 0,;"25 ± (1.0 II 4,S4 0.2!)7 ± 0,007 

;" ,IG OGS I ± O,OOS -t89 0.;"14 ± 0,011 ;" .10 0,2!)1 ± 0.007 

5A3 0,G7!) ± O,OOS ;" . 1G 0;"02 ± (1.010 ;" ,37 0,27S ± 0,007 

;"70 0,GG7 ± O,()(IS S.43 OA!)2 ± 0,010 ;",G4 0.2G7 ± 0.007 
;" ,!)G 0,G4G ± 0.007 5,G!) 0,471 ± 0,010 5.!)0 0.2S4 ± 0,007 

G.23 0,G23 ± O.OIl7 5!)G 0,4;"7 ± 0,010 G.17 0,24!) ± 0,007 

G,;"O O,GOG ± O.OOG G.23 0.442 ± 0,010 G.43 0.223 ± 0.007 

G,77 o57!) ± O,OOG G,50 0,427 ± O,OO!) G,70 0.222 ± 0.007 

7,03 0,5;"5 ± O,OOG G,7G 0.410 ± O,OO!) G,!)7 0.20!) ± 0.OU7 

7,22 0,54G ± 0,007 7,OS 0,3!)!) ± 0,010 7.2!) 0.205 ± 0,007 

7.4!) 0,523 ± 0.007 7,35 0,3S0 ± 0.010 7, ;"G 0.1!J7 ± 0.007 

7.7G UA!)!) ± 0.OU7 7,G2 0.3G;" ± 0,010 7,S3 0, ISS ± 0.OU7 
S,02 U.4SS ± 0,007 7.SS 03S1 ± O,UIO 8.0!) 0, IS3 ± 0,007 

S.2!) OAG!) ± O.OOS S.I;" 0.340 ± 0,010 S,3G 0, 17G ± 0,007 

S,5G 0.'149 ± OOOS SAl 1l ,327 ± (1.010 S,G3 0, IG2 ± O,OOS 

8,S2 OA3G ± O,OOS S.GS 0,307 ± 0.010 S,!)O 0. IG5 ± 0,008 
!) ,O!) 0,422 ± O,OO!) S,!)5 0,301 ± 0,010 !),lG 0.157 ± 0,008 

!)3G O,40S ± OOO!) !),22 0,2S!) ± (UIIO !).43 0.154 ± 0.008 
!), !)O 037!) ± (1.010 !) ,GS O.27G ± 0,010 !).S3 0.14G ± O.OOS 

10,17 0,JG5 ± OOO!) !) ,!)2 0.272 ± 0,010 HI.O!) 0,140 ± 0,008 

10.43 0,373 ± O,OO!) 10. IS U,2GI ± 0,010 1O,3G 0.133 ± 0.008 

10,70 0,J47 ± O.OO!) IOAS 0,2S2 ± OOlO IOG3 0.131 ± 0.008 

1O.!)7 0.3-12 ± OUO!) 10.72 0,244 ± 0,010 lO.8!) U.12G ± 0.008 

11.23 OJJ 1 ± (UIlO 10 !)!) 0,241 ± O,U 10 lUG 0,123 ± 0.008 

Il.:'lO 0.322 ± 0010 IUS 0.231 ± 0.010 11.43 0.117 ± O,OUS 

1177 0,30S ± (1.010 11.52 0,23S ± 0,010 11.70 0,113 ± 0.008 

12.04 0.2!)S ± O,OlO 11.7!) 0,21S ± 0.010 11.!)G 0.112 ± 0.008 
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Tahl, ' 3. \2 Hllalysis of lA tils 10 til(' data of ti)!;. 9. 

(-) 408 	 G.[,(I 909 

(lnv (fill) - 23 7[,' -23.7[" - 23. 7[,' 

t;.[ (k,'Y) ()" ()" O· 
D. of F. 8[, 8[' 8[, 

d 9~.4 77.44 102.G8 

(1np (fill) -24.[,9 ± 0.24 -24.G4 ± 0.24 -25.13 ± 0 .44 

t;.[ (keY) 0" O· O· 
D. of F. 84 84 84 

X~ 79.88 G2.12 91.98 

(I"v (fill) -~4 . n ± 11.34 - ~4.85 ± 03G -25 .90 ± 0.85 

t;.[ (k,'Y) -13 ± 1.0 0.9 ± 1.1 32 ± 3.0 

D.ofF. S3 S3 83 
1\ :, 79.01 G1.['O 89.G4 

'panlllldl'[ is tix( 'd at. /!,iv('11 vallll' 
Fi/!,lI[(' rapl.iolls 

1. 	 Schclllatic vi,~w of till' t'XPlTillll'lItal cOllti~und. ioll . 

2. 	 Port.ioJls of Iypical sp,·(·t.ra lIsl'd 10 t1,·tlTlllilll' 0,,,,/(1,,,. with t.11<' lIIixl'd LDdLH/ 
I . ar~ct. 

3. 	 TIll' III1'asllr('(1 ratios (1v"/o,>" <da.l.;1 IIlJd 1I01l-syst.·JlIilI.ic ,'IT()\"S ill lIpp('r pancls). 
TIl<' p ...·didiolls of the lA ar(' sh.,wJI hast·d Oil t.11I' NN alliplitlld,'s giv(,11 hy 
SM90 (solid li1t<·s) ali<I til<' DOIJIJ pol.I·JlI.ial (dash('d lillt's) . Th(~ low('r pallels 
show pn'did.iolls of I7vd al1t1 (1"" s''Parateiy. 

4. 	 Typical proton sp'~dnllll n'c()\"d('d wilh til<' LD/ tar/!,l't. 

[,. 	 TYl'icall"('slJits fOl" 17,><1' ill til<' n'/!,ion of t.11<' II}' t.IJI"('shold. Tlte solid clJrvl's fitt"t1 
to III<' dala wit.11 0111' l1ol"III;t\izal.iol1 p'Hal1l1'ln an' til<' pn'didiolls of t.11<' lA (SC(' 

SlI],S('('!.. 5.2). TIll' I()\""r CIII"\'('S an' pn't1idiolls for all fil1al stat.('s "xc\lItiillg thc 

". eSu). 

G. 	 Dat.a an' rat.ios flf t.1 ... III1 'il sm"('d (":tlios (1/",/(1",>t.o II ... r;tlios 11Ir,lict"d ill till' 
IA I1sill)!; til(' NN '1I1Iplillll,,"S of S~190. TI ... ,'I11"\'('S COIT('SIIl'IJ(1 to I'r..dirtioJls 
wit.h otlt .... NN aJllplitlldl's: FA 9 1 ~Ioh,,f sollll iOI1 (solid I, DOIIIJ pol.f'lIt.inl (loJlg 
dasllf's). P"ris pot.'·III.ial (dot-(Iaslt), Allldt. V3[,O (shorl. d;"I ...s) a1ld local Allldt 
(dots) . 

7. 	 Dat.a an' lIonll;dizat.ioll fa.-tol"s I"('quirl'd t.o til "h.'l·I"n ·t! (1".1'« ' )/(1"v t.o IA " ..... 
didiolls willt S1I190. TIll' pll'dil"liolls I'''S('<I "" "Ibn NN ;lIl1plil.ll1!o-S ilW r('l'n" 
sl'lIl...d as ill fi~ . G. 

:IJ 

8 . 	 Upp"r pallds: ,·slilllat. .. d ralills (1".,./(1,.,. cOlllpan·d wit.h lA pl"('dictiollS with 
NN illl"""' lilllls ~iv,," "y S~19() (solid lill"s) ;,"<1 001111 pol"'lItial (,la.~III'<I IiIH's). 
Lowl'r p;l\l<'ls: sq,arat,· pn ·didiolls of 0,>,> alld avd" 

9. 	 UPP'T pallds: nalllpl,'s of t.h(' '/(}',1") dal;, IIs('(1 ill tl\(' alia lysis of (In.' Tile 
solid rmv,·s arl' 1.'\ fits wilh \'ari;,hl.. lIollllalizatioll "ut wit.h (I"v=·23 .748 fill. 
As ill fi)!;. [, t.11I' low .. r ("l1(\·'·S ill tiU's" palll·ls an' for all filial staU's ,'x('( 'pt d'. 
Low"r ]>;l\l<'ls: Illdivid1\al poillt.s an ' till' diH','\"cIICl's l)('tw(" ' 11 1.11(' dat.a alld solid 
run',· ""OVI'. TIlt' r .. sults of tits t.o 1.11<' d;.I.a a .. hieved wilh (lnv as a variahk 
]>arall\l'I.('(" (s,'(' t .. xt) an' ilidicat.,·(1 by t.h .. dilslU'd (t;.c: = 0) alld d"t. · daslwd (t;.[ 
variahk) ("lIrv(·s . TIll' si/!,lIifica1\(,(' "f till'S" rl'till'·III'·IIt.S .. all I,.. I lI'S I. nss"ss"d 
with rdlT"IICI' to 1.;\.1.1,· 3. 

10. 	 YahH'.< of t.11I ' s ..;.u.('rill~ 11'1I~t.h tiu,·(1 usill~ IIII' IA 1.0 avd'("') for tIll"'" valll('s of 
til<' IIPP''\" lilllit. 011 E. Solids poillts with t;.E = 0; 01'('11 ,:ircks with t;.[ variahl.. . 
S"lidlill"s n·p("I's' ·III. t'\ ... kllown vah\f' of (I"" alld t.h(· v,·rt.ical (\;Lsh('(llill("s cllelosc 
till' fil 1.1'(1 \'ahll's r .. j ..ctl'd "II til(' I,asis of a wl'ak rOIlI.OIIl1illat.ioll frOlll till' HI/I, 1'0) 
l"I'adioll (S('(~ t,·xl) . 

11. 	 AV('rap;" vahll's "f (I"" (kriv"d flOlll t.\1(' dal a of fi)!;. 10 plot t.,·d as n fllllrt.ioll of 
till' Illaxilllllill vailic of c: illcllllkd ill til. Solids poilll.s with t;. ;; = 0; oP"lI cirrles 
wit.h t;.c ;L~ a f... ·(· panlllll'ln al. ( '; 1('1t vail ... "f (-). TIl<' dOli "I.. Iillc rcpn's('lIts 
tIl<' klillWIl vahlt' ",,/. = ·23.74S fill. TIlt' noss·ltalc\l('d 1"('~ioJl sllows 1.1)(' (I". 
24.7 ± 0.4 fill \':Ihl<' oblainl'd fro II I this all;,fysis . 

12 . 	 Calihralioll of t.11l' MflS fO( 'al plaJl(' at. E, = W8 .5 M(·Y . t;.w is 1.11<' ditf('n'IIr< ~ 
hdw.·.·11 tIll' JlII ·aslI ... ·d alld til.lt'd posil iOlls of tl ... pcaks. Poillts corrl'spolI(lillg 
I.., popllialioll of ditfn.. llt. tillal slat.·s ilJ 1/(' a ... ·: solid dimlloJld (0.0 kt,y), solid 
triaJl~lc (4438 .9 k .. V), solid circl(· (7G['4.2 kl'Y) ami 01'('1l circ\(' (1[,110 h·Y). 

13. 	 M,'a.';\Ir .. d alld fil.!.f'(lliw·shap,·s for t.11<' "Iaslir s('aI t.niJl/!, 011 th.. allllllillllln Will' 
dows <tlld d(·I1I • ..-illlll iJl 1.11<' LD/ IM/!,d.. TIll' t1ol.l.PtI curve shows tlt(' rcslJlt of 
tl", fit wit.1t 1.1 ... I"st fad.O\" ill'·I(. (el) sl'l 10 1. 

14. 	 MflS ;t('rf'pt.aJl("(·III<';Ism"f'd Ily .. Iaslic scat.tlTill/!, OIl allllJlillll1ll at. ditflT('llt vahws 
of t.h(' Jllap;Jll'I.i(· fi"ld ill III<' dipolc-. 

1 [,. 	 Lo",,1 va ria I iOl1s of til<' M fl S ,)(· ... ·pta IJ("(' lI ...aslIrt·d wi tit t he (1', 1'/) con t.i JlIIlIIII 
at w ~ 2GO ~I,·Y . TI ... data ;,1. "acll "oilll Oil II ... focal "I,llif' (XF) [(·P\l'S(·II1. t.\1(' 
SII1I1 of 10 IItI ·aSlll·(·III(·IJI.s 1.;,f"·11 at. diH'·\I·IJI. \'allll's of III<' lIIa~lId.ic tidd in thc 
dipole . 
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