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ABSTRACT  

Strong ground－State（p，t）transitionsin nucleiof neutron  

number 完50－82 are found to show anomalous analYZing powers   

which cannot be reproduced bY direct one－SteP distorted－WaVe  

Born－aPPrOXimation calculations at all・ The anomalies are  

explained as aninterference between（p，d）（d，t）sequential  

processes and the one－SteP PrOCeSS・The cross section of the   

Sequential．processesis aslarge as that of the one－SteP   

PrOCeSSin the L＝0（p，t）reactions． The neutron－number   

dependence of the anomaZies is interpreted. 
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Chapterl ＝ntroduction  

The two－nuCleon transfer reaction（p，t）and／or（t，P）has   

been recognized to be a verY uSeful methodin obtaining nuclear   

StruCtureinformation，Particularlv on the correlations of the   

transferred pairin the nucleus． ActuallY，bv using this re－   

action，C011ective modes associated with the pair correlations  

were observed andidentified as BCS statesl）in theground  

StateS Of medium－ and heavy－maSS nuClei．  

So far most of the studies of two－nuCleon transfer reactions   

have been carried out bY meaSuring differentialcross sections   

Cr（0）for（p，t）and／or（t，P）transitions． Angul・ar distributions  

＋  
of the cross sections u（0）for these transitions between O                                                                                                                ノ  

（0；）  Of medium－ and heavY－maSS nuCleiare known  

e       patterns2）which canbe explainedbYa  

曾rOund s七ates   

to have diffractiv  

a 150 direct transfer of two neutrons in   State On the basis  

Of the first－Order distorted－WaVe Born approximation（DWBA）  

the。rY 3‾5）・：nadditiont。thecrosssectionsu（0，0；）′VeCtOr  
analYZingpoversA（0・0）forthe（t，P）groundpstatetransitions  

have been analyzed so far bY the method of the first－Order  

DWBA6）becausean。malousanalYZipgp。WerSA（0／0；）whichare  
far beyond the predictions bY this method have not been reported   

in two－neutrOn tranSfer experiments．  

The present work，however，rePOrtS for the first time  

A（8・0；）  the existence of anomalous angular distributions of   

for（p，t）reactions which cannot be reproduced bY the first－   

Order DWBA calculations at a11． This work is the first  
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SYStematic study of analYZing powers for（p，t）ground－State   

transitions between medium－rnaSS nuCleihaving neutron number   

Of N宝50－82・ So far published works of（p，t）analyzing power   

measurements for medium－ and heavY－maSS nuCleihave been only  

thefoll。Wingtworeactions： 
7）  

176Yb（昌・t）174YbatEp＝16MeV  
and 208pb（p，t）206pb atE＝40MeV8）．                  ぅー                       p  
From the definition of analyzing powers A（8）and cross   

SeCtions－ Cl（8）in terms of transition amplitudes（see eqs．33  

and 41in chapter 4）′itis obvious that aninterference   

effect between various transition processesin（p，t）reactions   

playes a more dominant role in the analyzing powers than in 

the corresponding cross sections・As a consequencelmeaSure－  

ments of analYZing powers for（p，t）reactiolis are of fundamental  

importance in understanding the reaction dynamics such as a 

COmPetetion between a one－SteP PrOCeSS and multistep processes  

in the（p，t）transitions．  

theanalyzipgpowersA（8′0）and  

r  

＝n the present work，  

Cr。SSSeCti。nSO（0，0）fo  

fifteennucleiof 
98′100，102Ru lO2，104，106，108pd 110，112，114cd 

I （ ，  

116Sn, 120，126，128Te and 142Ndhavebeenmeasuredbyusinga  

polar土zed p工・0七on beam of E ＝22．O MeV．  
p  

＝n Chapter 2r experimentalprocedures are described・＝n  

Chapter3・eXPerimentaldataofA（e，0）andu（e・0）forthe  

（p，t）reactions on the fifteen targets are given．Characteri寧七ic  

features of these experimentalresults are described．The  

an。mal。uSanalyzingpowersA（0，0）appearintheangular  

distributionsar。undO彩200’wheretheu（e，0；）haveadeepminimum・  
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The anomalies display distinguishable change in going one 

nucleus to the other. Chapter 4 is devoted to the theoretical 

analysis of the data bY meanS Of the firstMOrder and（p，d）（d，t）  

second一Order DWBA． The anomalies can be accounted for as an   

interference effect between the（p，d）（d′t）sequentialprocesses   

and the direct one－SteP PrOCeSS・Chapters 5 and 6 are devoted   

to discussions and conclusion，reSPeCtivelY．  

The essential point of the present results has been 

publishedin PhYS．Rev．Letters（ref．9）．  
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Chapter 2  ExperimentalProcedures  

A p01arized proton beam was accelerated with the UniversitY  

Of Tsukuba12UD Pelletron atE＝22・O MeV・Thep01arizedbeam  
p   

was producedwith aLamb－Shift－tyPeion source10）・ThelaYOut  

Of the beam preparation systemisillustratedin Fig．l． The   

beam intensity on target was about 100 nA within a diameter of 

2 mm・ Emitted tritons were momenturn analyzed with an ESP－90  

magnetic spectrograph 11）anddetectedwith siliconposition－  

SenSitive detectors mountedin the focalplane・  

The upperlimit of theinstrumentaland geometrical   

asYrnmetries of the whole detection sYStem WaS eStimated by  

measuringanasymetryf。raH（苗，P）H scatteringatOL＝17・5O  

and found to be zero 12）within a statisticalerror ofl％．  

Measurements of angular distributions of the analyzing  

POWerS A（8）and cross sections o（0）were made from OL＝50to  

650in 50 steps with spln－uP and spln－down runs taken at each ■  

angle． ＝n addition refined rnesurements were madein sma11er   

StePS arOund the angles at which the corresponding o（0）has a   

Sharp mエn土mum．  

Reversalof the polarization of spln－uP and spln－down at   

the target was accomplished by reversing magnetic fields of   

the spln filter andionization reglOn at the p01arized－ion ●  

SOurGe・ The degree of the proton－beam p01arization was measured   

● at the beglnning and end of each run using the quenchNratio  

method 13）andwas foundtobequite stablewithanaverage  

V畠1ue of（85±1）！． This value agreed with the one obtained  
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fr。mameaS。rement。fanasymmetry f。ra4He（盲′P）4He scattering 14）  

Within an experimentalerror ofl％．  

The angular acceptance of the magnetic spectrograph was  

A8L＝3・000rl・50，Which corresponded to a s01id angle of2・O msr  

orl．O msr． The measurement around the angles at which the   

CrOSS SeCtion had a minimum was made by using the sma11er  

acceロtanCe Of△8L＝1・50・Amonitor detector was placed normal  

to the scattering plane at OL＝1550andwas used to measure the  

elastic proton scattering／mOnitoring the target thickness and   

Charge collection of a FaradaY CuP・ The monitor detector was  

insensitive to the p0larization of theincident protons with   

SPln nOrmalto the scattering plane・  

ノ    A speciallY deslgned FaradaY CuP WaS uSed to monitor the  

geometrical condition of the beam in addition to the collection 

Of the charge． As shownin Fig．2，it consists of separated   

two cups： the forward cup with・a hole of 3 rnmin diameter and   

the backward one which stops the fullbeam・ The current from   

the forward cup indicates the geometrical condition of the beam 

PaSSing the h01e． This currentis measured continuousIYin the   

CaSe Of along run．1f the current changes anomalously during   

the run，the data accumulationis automaticalLY StOPPed bY an   

electricalmorlitoring sYStem Of the current．  

＝n order to measure tritonsleaaing to severallevels of   

the residualnucleus and deuteronsin（p，d）reaction simulta－   

neousIY，SeVeralsilicon position－SenSitive detectors were   

aligned preciselY On the focalplane bY uSing alaser－beam・   

The active area of the detector was about 45 rnmlong and 8 rnm  
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wide． The verticalspread of the particles on the focalplane   

was confirmed to be within 8 二mm aS Shownin Fig．4。 The posi－   

tion pulses from two detectors were fed to a multichannelpulse－  

height analyzer（MCA）after processing by the parallelelectric   

Circuits as shownin Fig．3．  

Targets were made by several methods according to their 

chemicalandphYSicalpropertY・AllPd1 112・Cdand 114Cd targets 

were self－SuPPOrting metallic foils（While other targets had an  

aluminium backing which was O．4（or 7）リmin thick・The Pd  

targetsweremadebyapressofingotwitharoller，and 112cd  

and 114cd targets weremade by electroplating・Ofthe targets  

with the Albackingt the argon－SPuttering method was used for  

allTe and 116cd targetsr while the centrifugalsettlingmethod  

was appliedtoa11Rur 118Sn and 144Ndtargets・  

The thickness of each target was determined bY meaSuring  

itsweight or anenergYloss ofαParticles froman241Am  

SOurCe through each target・Uncertainties of the thickness   

were estimated to be within 20 ％ bY COmParing with the results   

in each method． Howeverr the accuracy of the thickness for all  

Ru and l16cd targetswaslimited to about50％mainlydue to  

their non－uniformity．  

A measurement to determine the relative cross sections   

amongisotopesWaS made for four Pdisotopes・  

A surnmary of types′ thicknesses and enrichments of the   

targets usedis presenteain Tablel・  

－ 6 －   



Chapter 3  ExperimentalResults  

TYPICalmomentum spectra of tritons taken at8L＝200for  

fifteen targets are shown in Fig. 5 . The energy resolutions 

are tabulatedin Tablelr which are mainly due to the target   

thickness and the non－uniformitY． Measured angular distribu－   

tions of the analYZing power A（8）and the differentialcross  

SeCtion u（0）for the（p，t）transition to the ground state   

are shownin Figs・7 and8．respectively． The numerical   

results with experimentalerrors are glVenin Appendix 3．  

The absolute error in th白 A（e）was estimated to be less   

than2 ％，Which was due to the geometricalasymmetrY（卓l％）and   

the uncertainties of the beam p01arization’（＝1％）discussedin   

Chapter 2． However，the absolute values of cT（8）had rather   

large unCertainties（20～50 ％）due toinaccuraciesin the   

thickness of the targets used．  

The observed A（0）and u（0）have the fo110Wing characteristic   

features・ The most striking result for A（e）is observedin a  

Pair of twoisotopes of Ru and Pd as shownin Fig．6．A  

positivepeak ofA（0）around8＝20Oin98Ru（102pd）changes to  

asharpnegative dipinlO2Ru（108pd）・On theotherhand′all  

the cT（8）have a deep minimum around Oニ200 and do not show   

SuCh a drastic change．  

Asis easilY Seenin Fig・7，the A（8）displaY distinguish－  

able changein going from one nucleus to the otherin the  

angular distributions around8＝200・Howeverr theY are Very  

Similar with each other over an angular range of250＜0＜650．  
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This featureis clearlY Shownin Fig．9． A hatched area   

COVerS the alldata points after correcting the effect due to   

the nuclear radius．  

An interesting comparison can be made for three pairs of 

nucleiwhich have the same neutronnumber： 100Ru， 102pd ,ith 

N＝56r lO2Ru（ 104pdwithN＝58and  LO8pd， 110cdwithN＝62● The  

Sign of the A（8）is opposite with each other around O＝200 for   

thelatter two pairs，While no such a changeis observed for   

the first pair．  

＝tis easily recognized that the severalproperties   

mentioned above cannot be explained simply by the differences  

of Q－Values（Table2）because the results of A（0）for 108pd  

and l14cd which have almost the same Q－Value（－6．5MeV）are  

quite different with each other．  

1t seems to have a relation between the derivative of the   

measured ロ■（0）and the corresponding A（0）in the angular range   

Of 25O≦0≦ 650． As willbe discussedin section 4．5，the   

experimentalresults approximatelY SatisfY the f0110Wing   

relat土on；  

よ  

A（8）承前ひ（8）／α〔8〕．  

on the contrarYr a11thenucleiexcept 102Ru and 108pddonot  

Obey this simple relationin the forward angular reglOn Of   

e≦25O where the A（0）are expected to be negative since the   

COrreSPOnding cross section ロ■（8）decreases steepIY With   

土ncreas土ng O．  
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Chapter 4  Analysesin Terms of the First－ and Second－ Order  

Distorted－Wave Born－Approximation  

＝n（p，t）reactions theimportance of successive neutron   

transfer processes has been pointed out especiallY for the so－   

Called 一一forbidden．T transitionsin which the direct one－SteP  

processis stronglYinhibited15）．Thecross section for  

unnatural－Parity transitionsis such a case and has been well  

16  
repr。d。。ed。n thebasis。f the（p，d）（d，t）tw。－StePPr。。eSSeS  

1t has been also pointed out that the（p，d）（d，t）mechanism   

has a．significant effect on the allowed（p，t）reactions such  

as our experiments・The results of calculation17）have sug－  
′  

gested that the（p，d）（d，t）processis as strong as the one－SteP   

prOCeSS．  

However，the comparison between the calculated results and   

the data has been made onlY for the differentialcross sections．   

The purpose of the present analysisis toinvestigate the  

effect of the two－SteP meChanism on the analyzing power for  

StrOng grOund－State（p，t）transitions．The main analYSis for  

the present experimentalresultsis made bY COnSidering（p，d）  

（d，t）process as a two－SteP meChanism and willbe discussed  

in this chapter・The effect of the two－SteP PrOCeSSinv01ving  

inelastic scattering processes willbe discussedin sect．   

5．6．  
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4．1  Formalism for the first－ and the second－Order DWBA  

Zn thelast ten YearS，there has been success for the  

method of coupled－Channel（CC）calculations18）andit has been  

found that CC reaction mechanism playes an important role in 

Various type of reactions．  

＝n this section，One－ and two－SteP distorted－WaVe Born－   

approximation（DWBA）theorYis reviewed，Whichis derived from   

theiterative approximate solution of coupled channelequations．  

The coupled channeltheoryis based upon a wave function   

for the totalsYStem：  

う →  

→ サ＝た（加〆r㌔い享㌔r上官）〆訂卑十㌔√乙‘占）牙戸〔り〕， （1）  

Where α．β．Y．Which are described bY a SymboIcin general，   

denote theincident，finalandintermidiate channel，reSPeCtive－  

1y・The¢cis the normalizedinternalwave function of the  

Channelc andis described by theinternalcoordinatei．The C  

¢cis a s01ution of a Shroedinger equation  

H。生 ＝ら申。  （2）  

Where His theinternalHamiltonianin channelc and Ecis C  

the corresponding eigen value. The Xc is a wave function 

describing the relative motion and is expressed by a relative 

ぅー COOrdinate r・ The 車 Satisfies a Shroedinger equation for the C  

totalsYStem；  
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Hサ ニ EY′  （3）  

where H is a Hamiltonian for the totaL system and has a total 

energy E asits elgenValue． The His written as  

HニHc十丁⊂十Vc 
，  

（4）  

Where T describes the kinematic energy of the relative motion          C  

in the channel c and V is the interaction in each channel c． C  

Eq．（3）can be written as  

〈¢c‡巨Hけ〉〔 
c 

チ  （5）  

Where the subscripti stands for the c00rdinate forintegra－   
C  

tion． BYinserting eq．（1）into eq．（5），We Obtain coupled   

channel equations 

。′ （Ec－Tc‾Uc）7cニ崇Vc。′7c′ ，  （6）  

Where  

Ec  巨－∈c  
，  （7）  

Uc≡＜裾Vc丹c〉亡〔，  
（8）   

and Vcc－is defined by  
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Vcc′亨c ′≡く争cけ巨E慄′1c′〉 
こ。  

and will be discussed later．  

（9）  

BY Puttingα′ β，Yinto c or c－in eq．（6），We Obtain the   

explicit form of the coupled equations：  

（E玖‾㌔－Ud）1d ニ言亀甘1首十鳴声1声，  

（E甘‾㌔」ん）ネオ二佑玖雫よ十孟端′メ冨′十Ⅵ戸プβ，  

（Eβ‾丁β‾］β）メβ＝帰来十字隼首プγ ．  

（10）  

These equations can be solved by aniteratiもe approximate way．  

BY treating up to the second order of Vcc7，We have the solution  

for the final channelβ：   

「ヱ）   一寸）  什）  

〆声＝G声V因子醜十  庁戸鳩首G首佑戊王り．  什）    r＋）  （11）  

The G is a Green operator which describes propagation of a C  

Particlein the field U and has a form of                             C  

（士） －1  

年c ＝（Ec一丁c－Uc±ごり 
，  

（12）  

Where the slgn Of the superscriptindicates the well－known 「  

b。undaryc。ndition・Thef（三）isthedistortedwave。f。ut－  

こ going boundarY COndition andis glVen bY  
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十ご）＝〔！十G。∪。）ち 
。，  

（13）  

Where∈is a plane wave；   
c  

－3／2 →→  

ち⊂ニ（之花） exp〔Jkc・rc〉．   
（14）  

ぅー Here k is the wave number in the channel c． C  

The transition amplitude which corresponds to the transi－  

tion from the incident channel a to the final channel B can be 

obtained from eq．（11）and has the form of  

（l）  （之）  

T紬＝丁紳  十丁紳  ，   
（15）  

whe re 

仁） （ヰ）  

＝く千戸川帥も子。〉，  

再l  

卜）什〉 ＝∑く十戸川拍Gち〉榊l㌔〉   甘   

（l） T紳   

（16）  

（2） 丁βd  
（1フ）  

ThefirsttermT 
βα 
（l）correspondstothefirst－OrderDWBAand  

thesecondtermT 
βα 
（2）tothesecond－OrderDWBA・  

TheVcc． definedin eq・（9）canbe representedin terms  

Of thevarious channel・For example，Ⅴin eq・（16）canbe  
βα   

described more explicitlv as                                                                                  ＿L  

） 

ソニご干ごニく鯨H。十T。十V。一巨！≠。fニ＋’〉  （18）   
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＝f c＝α（β）′ the above expressionis called the prior form（post   

form）． 工tis wellknown that the first－Order transition ampli－  

Ⅴ・Eq・（16）土s  tude does not depend on the representation of   

Written as  

） ） 

T＝く十丹。叫†〉  ⊂＝亘or戸  （19）  

l甘hen we consider the sequentialpickup process，SuCh as  

（p，d）（d，t）process・ⅤβY andVYαineq・（17）are represented・bY  
the prior formsin order to make actualcalculations easy．   

Then eq．（17）becomes   

’’） 

＝喜＜†川を∨ 

丁二十Tニ三  （20）  

Where   

卜〉 ） 

（斗） ＝をく†8捏佑－＝ォi車ざqオ＜中古！叱－∪。l≠久子ご》湖，            l  
） 

Tご三－一言＜千；’佃≠富＜≠首川武一U鵡†ご》． （22，  

The first term having the superscript vv describes the transi－  

tion whichis caused by successive twointeractions and the   

SeCOnd oneis due to the non－OrthogonalitY between the different  

Channels．  

To carry out the calculations（We need the transfoギmation  

Of the coordinate forintegration． The results are as follows：  
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WhereJcIc is theJacobian 

coordinate（言cTrlc一）to（言c，言cY，i）・Hereiisthec00rdinate  

whichisindependentofbothrcandr。．・TheF三？とisaf。rm  

factor glVen bY  

〔c） 〈  

FJ。＝く隼叫1年〉ご，  （26）  

Where   

＜ ）c＝V亡－Uc  ，  
（27）  

and the superscriT3t C denotes the channelin which theinter一 JJ   

action is described．  ．   

●   ＝f theincident and outgoing particle have spln S・and sf， ユ  

and the target and residualnuclear splnS areJ・andJf， 1  

respectivelY，We define  

●
′
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l 更 ニプ－S．  （28）  

The reduced amplitudeβfor the firsトOrderDWBAisdefined3）bY  
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fαこ 

（小叫M√M冊子 戸 ，  

（り  

丁 こご  
』SJ  

（29）  

J＋ユこ  

Where  mヰ＝M＋－ML＋0～十－CrL  and A is a 
呵   

SPeCtrOSCOPIC amPlitude for the transition．  

1n a similar wayr when thelight and heavY Particlein the  

intemediate chahnelhave spln s andJ（reSPeCtivelyJthe mm  
reduced amplitude for the second－Order DWBAis defined  

＿〔2つ  

羊（小りく申M∴Hィ一日亡けィ叫〉 プ  

∫仰了∠ J千丁m 川十叫町こ  

β痛∫AムSヱ了ヱ ，  

弓・芸；三さこ                                 t  

Xエ  
■ J′Sりl  

ヽ βヱぎヱプユ  

（30）  
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‾ 
Jヱニ㌔一丁 -r m∫S之ニSmS‥βヱニム㌔． （31）  

The totalamplitude for the firstq and the second－Order DWBA   

is written as   

句プt’  

。∑月  
ÅS一旗号  

十 ∑  

AS′ノ′  

クエSコカ  

震写11一  

定 ／ 
・ 

仇十伊十伊J  

Bプ  

♪7≠q伊ご  

カち∫1  

ムちム  

（32）   
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The differentialcross section for unpolarized pro］eCtiles and   

unpolarized target nuclei is given by 

仰  
B; 

′／〟f 虐≠   
●         ●  

ヱみ十／  
汀〔8）ニ  ，（33）  

「2石どノ之  虐J「之7∠・十り〔2S∠・十りノ郁fOl伊‘・  

Whereリiandリf are the reduced masses of theincident and  
OutgOipg channel，reSPeCtively′ and k・and kf are the relative l  

momentum of the respective channels．  
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4．2  Definition of analYZing power  

＝n discussing p01arization phenomena，itis recommended to  

use the Madison Convention concernipg notations and coordinate  

systems. According to this convention, the analyzing power is 

generally defined as the quantities which describe the effect   

Ofinitialp01arization of a beam on the differentialcross   

SeCtion for a nuclear reaction．  

The polarization of a beamis refered to a right－handed   

COOrdinate systemin which the positive z－・aXisis along the  

directionofmomentun妄inOftheincidentparticlesandthe  
positivey－aXisis along註 inX妄。ut forthenuclearreaction・  

To describe the state of spln Orientation of an assemblY Of  

Particlesritis recomrnended to use sphericaltensor operators  

Tkq  or Cartesian oqerators si associatea with spin of the 
Particles． The p0larization of aninむident beamis described  

aS an eXPeCtationvalue of T 
kq・                                                                                                                 l■  

f招＝くTた望〉  （34）  

The analyzing power for a reactioninduced bY the p0lar－  

izedbeamofthep01arizationTkisdefinedas18）・  
kq 

ヰ  

て柏MJ  ‾1‾r〔M  

Tk9  （35）   

Tr（M－M十）  
，  

Where M represents the transition matrix for the reaction．  

The corresponding differentialcross sectionis glVen by  
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東  

町（8）＝恥刷L孟で太守丁た受持）〕 ，  （36）  

Where oo（8）is the differentialcross section for unpolarized  

Particles・ ＝n the case of theincident particle with spinl／2，  

the cross sectionin eq．（36）is easily writtenin terrns of   

the Cartesian representation：  

ひrの＝㌔削［！十㌣和明］ ，  
（37）★）  

＝f theincident beamis purely polarized along the direction   

Of the positive（negative）Y－aXSis，the p01arization p equals  

ノ  

1トl）・ Then the A（0）can be written from eq．（37）as  

［ひ什拍）十α↓↑用）  ト巨十↓博）＋ひいr∂）〕  
A〔鋸ニ  

汀ナナ拍）十汀↓↑用）十町村用）十『山〔鋸  †  

because we have the relations  

隼サー釘十㌔↑（∂）ごひ。柑）［い佃）〕，  （39）  

け↑J√β）十㌔J（∂）＝甘or8）Lト月槻〕，   （40）  

Where the cTi十′for example，is the differentialcross section  

from aninitialstate with the spin projectionl／2（described   

as／十）of．theincident particle（p）to a finalstate with the  

★）＝n the present paper，We abbreviate the vector analyzing   

powerA（8）七OA（0）・  
y  
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SPin －1／2（＋）of the outgoing particle（t）on the Y－aXis．  

From eq・（38），the A（8）can be expressedin terms of the  

reducedscatteringamplitude  
Bて凸餌こ  

definedinsect・4■1：  
＊  

ま 
lr r．川十㌔ひこ m＋－－ノ町ヰ′㌔・ヰl  

∑〔〔Sこ十町）（SJ【彗）］工mrBゴ  
Arβ）ニ  

（41）   

S∠・∑f巨フナひ十ひ～l2  

The eq・（41）wi11be derivedin Appendixl．  
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4．3  BCS wave function  

The BCS theoryis wellknown as the powerfulmethod to  

1） describe the wave function for hucleiin an unfilled shel1．  

Detailed comparisons with experiments have been carried out  

19－21）  
SuCCeSSfully bY many authors  

＝n this section，the BCS theorY Wi11be discussed briefly   

since we apply the BCS wave function to the ground state of   

the nucleiinv01ved．  

The model space consists of nucleons in the truncated 

she11－mOdelorbits and the pairing force betweenlike nucleons  

isintroduced・TheHamiltonian forthesYStemis 19，20）  

■／／  
フ†朋  

．  

H＝孟与㍍ち朗一‡紙用  ＋十 q㌦，′ちt朗′  
ー7十川  

Xト7）一一刑㌔l 
朗，  （42）  

whereCandCarethecreati。nandannihilationoperators  
jm  

Of the shellmodelstate with spln〕and z－COmPOnent m，reS－   

PeCtivelv． The first terrn of the right－hand side represents   

the surn of single－Particle energleS While the second term  

represents thepairinginteractions amongnucleons・The Ejis  
the single－Particle energy of the stateコ′ and Gois the ■  

Strength of the pairinginteraction．  

F0110Wing the usualprocedures of the BCS theory，the  

CLandCjmaretranSformedbYtheB。g。1iub。Ⅴ－Valatintrans－  
fomation and the －1quasi－Particle一一 operators areintroduced：  
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l  

CJこニリブαこ十りトて∫ 
（43）  

Where U．and V．satisfY       ］     〕   
え ヱ  

UJ十∨ゴ＝1   （44）  

As this transformation mixes states with different mass nurnber，   

itis necessary tointroduce the auxiliarY Hamiltonian  

′十 H＝H‾九乱ブm㌔ 
揮，  （45）  

Where 入is the chemicalpotentialr SerVing as a Lagrange multiN   

Plier to takeinto account the constraint that the average   

OCCuPation number equals the number n of nucleonsin the   

unfi11ed she11． The coefficients u．and V．are chosen so  
］ コ  

thatthenewHamilt。nianinterms。fa 
jm 

＋ contain termslike aa and aa・TherefoTe the fo110Wing  

equations are obtained  

～ノ＋J  
1 （46）  

［（㌔一入〕ユ十Aヱ］リZ  t t 

Where  

△＝年。テ√ぃり∪ブリJt，  （47）   

and   
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［  

どブース  
＝＝   J十  

（48）  

【（∈J一九〕2ヰ△エコソ2  

瑞車  （49）  

［（どノー入）之ヰ△2］り之  

The number of nucleons is obtained as  

£ノー九  

（50）  

〔（さノー入）之十よ〕り2  

Equations（46）and（50）are the basic equations，and △ and 入  

Wi11be obtainedifEj，Go andn are glVen・After△and入  

are derived，U・and V．maY be calculated from eqs．（48）and             ］     コ  

ofV；（U…）  
is the probability of  （49）． A physicalmeaning  

OCCuPation（nonoccupation）of the jlevel・AIs0 0ne－half of   

the gap energyin the ev卑n－eVen nuCleiapproximately equals   

△inthismodel．  

The numericalvalues E・and Go are tabulated，for example′                         コ  
in Ref．21）where a detailed study of nucleifrom Nito pb  

hasbeenmade・Thevalues of E・△and入usedin thepresent  
j   

PaPer are glVenin Table 3．  
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4．4  SpectroscopIC amPlitude  

＝n reaction calculations，the spectroscopIC amPlitudeis   

an important quantity which contains all information about 

the nuclear structureinvolved． The application of the BCS   

theory to the direct nuclear reaction has been made extensively  

bYS・Yoshida for one－nuCleon 20）and two－nuCleon 22）transfer  

reactions． The expression for the spectroscopIC amPlitudes   

which are necessary to perform the calculation of（p，t）re－   

actionincluding（p，d）（d′t）process can be obtained from his   

WOrk．  

＝f the second－quantization formalismis used，the spectro－  

●ノ SCOPIC amPlitpde for one－nuCleon transferlS eXPreSSed as  

／ち〟～  
A∫り）ニ∑く㌔叛ブ両ヱトMト〉  

xく‡hMhげゴニ照一だ〉  

Here we distinguish between the heavier nucleus（target nucleus  

in pick－uP reaCtions）and thelighter nucleus（residualnucleus  

in pick－uP reaCtions）．The subscript h denotes the heavier  

nucleus and theldenotes thelighter one．and the ＝ and  

having subscript h orlare the totalangular momentum and   

its Z component for the respective nucleus・  

＝f the BCS wave function is assumed for the states  

I＝hMh＞andJ＝1Ml＞，the spectr。SCOPic amplitudes areobtained  

easilyin the f01lowing two cases：  
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（i）The heavier nucleusisin a zero quasi－Particle state and   

thelighter oneis a one quasi－Particle state：  

A．小＝ノ2ノ寸′〉ブ（h）  
（52）  

（ii）The heavier nucleusisin a one quasi－Particle state and   

thelighter oneisin a zero quasi－Particle state：  

A．り）ニ∪ゴ（史）  （53）  

The case（i）corresponds to a（p，d）reaction on an even－eVen   

target and the case（ii）to a（d，t）reaction on an even－Odd  

ノ  

target．  

＝n a similar way．the spectroscopIC amPlitude for the   

two－nuCleon transfer is defined as  

ll A之（丁リz）ニ∑く㌔J叛MJユ爪〉        〝  
侮  

Xくユ拙け再読I㌔叛〉  （54）  

Where  

J  

［⊂；，Cこ］H   
ヰ  

〉け－■‘り－〆J＝′し丁川・」メ 

′芹詫言定ェ川之′  
Whichis a creation operator of a pair of nucleons couロIed to   

totalsplnJ． Then the spectroscopic amplitude for the tran－   

● Sition between the BCS ground statesis glVen aS  
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A～r Ojう）ニノ7一寸士∪プ√ゼ）巧l㈲  （56）   
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4．5  Procedure for calculations  

The numericalcalculations of one－SteP and two－SteP DWBA  

were carried outbyusing thecodeTWOFNR23）．The zero－range  

approximationis usedin this chapter for both the one－SteP  

（p，t）process and the two－SteP（p，d）（d，t）process・工n addition  

the non－OrthogonalitY term given by eq．（25）is neglected．   

The finite－range effect and the contribution of the non－   

orthogonalitY tem Willbe discussedin sects．5・4 ana 5・5′   

respectivelY．  

The form of the optical potential employed is 

（工） （エ）   

r尺）  ∪け）ニー∨尺子vrTいパWv†vrr）十毎5f5（㌻）〕  

r匡） ヰ→  

十LSけ）r』・5）十†。亡T），  ‡d  
r二＝  ＿  

r（丈r  十年レLS  

Where   

（た） －t  

十vけ）＝いヰexp（トRR）佃戸］  

rェ） 

－i  

＝い十eXP（ト町葎ヱ〕   

く工）  

りヨ  

；RR＝rRA 

り3  

；R－ニアユβ，  

一之  

十s（r）＝机exF（トR工）／叫〔けe入Prr－だェ）／輿〕′  

t 

り3 

）ニい十鋸軒ト㌔）／qLSナ；RしS＝TLSA ′  

f, ， 
千oT T≦Rc げ）＝〔言zだソ2だ〔）［3－rT／R。）之］  
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or Z乙eヱ／γ  ，ナ0γ r＞P。′  

り3  

；R。ニ㌔A  

We first used the parameterslistedin Table 4 which were   

determined bY elastic scattering experiments． Those are  

obtained fromtheworkofBecchettiandGreenlees 24）forprotons′  

thatof Hjorth，Lin，andJohnson 25）fordeuterons，andthat  

of Flynn et al, 26）fortritons・As discussedlater，Calculations  

Willbe performed by using modified parameters for the deuteron   

OPticalpotential． These parameters arelistedin Table 5   

together with those usedin the discussion about the effect  

ノ  

● Of the splnMOrbit force；See SeCt．5．3・  

The radialshape of the form factor was calculated with   

the conventionalmethods of zero－range DWBA；the so－Called   

畠eparation energy method for the one－neutrOn tranSfer processr  

（p，d）and（d，t），andthemethodofBaymann andKa11i0 27）for  

the direct（p，t）process． The sing・le－neutrOn WaVe function  

is calculated by assumipg single－Particle potentials of the  

form 
28）   

囲 ぅ→   「斤）  un（T）＝帆げい叛s克子⊥Sけ）√…），  

Where vois deterrnined to glVe aneXPerimentalseparation energY ●  

Of a bound neutron．  

＝n the calculation of the BCS wave functions，We COnSider  

fiveneutron orbitsld5／2，Og7／2・2sl／2・1d3／2・andOhll／2，  
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Of which binding enerqleS are taken from the table of Kisslinger  

andSorensen21）・ThepairinginteractionstrengthGoistaken  

as Go＝23／A MeV・By use of this force strength together with  

the single－Particle energleS，We Calculate the spectroscopIC   

amplitudes of eqs・（52）and（53）for each one－neutrOn tranSfer   

PrOCeSSin（p，d）（d，t）process and those of eq．（56）for one－   

SteP（p，t）process・ The results of the calculation are glVen  

inTable3・WhereAt（Ojj）is a spectroscopic arnplitude for  
p  

One－SteP（p・t）process andApdt（jトis aproductof the spectro－  
．scopic amplitude of a（p，d）process and that of a（d，t）process．   

1n the case ofNdisotopes，the nucleus 144Nd（143Nd）can  

beassumedtohaveapureconfigurationf ，ヲ2（f，／2）。utSidea  

core nucleus 142NdofN＝82・Then the spectroscopic amplitudes  

are simpIYgivenbYA pt（0，f7／2，f7／2）＝landApdt（f7／2）＝花・  
The normalization constants of the zero－range form factors   

are taken to be as f01lows：  

（p，d）＝1．53 ，  （d′t）＝ 3．37  

4 allin units oflOMeVfm・These values havebeenwidelyused  
in DWBA analyses and taken from Ref．17）． The determination  

ofD喜（p．t）  ’ Ds・恥use  is more ambiguous than the other two  

thevaLueD（p，t）＝22throughoutalltherelevantcalculati。nS，  

Whichis obtained bY aSSuming a simple wave function for   

triton and the n－Pinteractionin the zero－range treatment Of   

the BaYmann and Kallio method．  
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4．6  Results of analyses  

Firstit should be emphasized taht the observed A（0）cannot   

beinterpreted bY Only one－SteP（p，t）process becauseit always  

Predicts a sharp negative minimum at 8＝200 as shownin Fig・10．  

The analYZing powers A（8）which cannot be explainedin   

terms of the direct one－SteP PrOCeSS are Called anomalousin  

this paper・The calculated A（0）and o■（0）bY the one－SteP  

process seem to obey a derivative relation A（e）∝d［’1no（8）】／d8  

asindicated by dashedlinesin Fig・10r which connect a peak   

Or Va11ey of the cross section with a corresponding zero－CrOSS   

POint of the analyzing power． This relation，Whichis we11   

known in the elastic scattering, can be obtained quite generally 

inthegr。undstateO（p・t）0transitionandisderivedin  

Appendix2 bY the perturbation treatment of spln－Orbit distor－  

tion・According to this relationp the sharp n9gative dip  

Should always appear around 餌20O because the corresponding  

ロ（e）decreases steeply withincreasing O from O＝0．  

＝n consequenceit can be concluded that other transition   

PrOCeSSeS than the direct one－SteP PrOCeSS are eSSentialto  

interpret the experirnentalA（8）around O＝200．Then（p′d）（d，t）   

PrOCeSSeS are taken into account．  

The calculated analYZing power A（8）and cross sections  

U（8）in terms of the one－ and two－SteP DWBA are shownin Figs．   

11and12r respectively・The potentialparametersin Table4   

are used as a first trial． ＝t should be noticed that this   

OPticalpotentialfor deuterons has a surfaceimaglnarY Part  

ー 30 －   



which depends linearly on the deformation parameter B2 of the 

nucleus・Asis seenin Fig．13，the strength of the（p，d）（d，t）  

PrOCeSSis comparable to that of the one－SteP PrOCeSS and the  

resultant magnitude of the cross section can reproduce the  

experimentalresults within a factor of about 3．  

The variation of the A（8）around O＝200 seems to be well  

reproduced for the Ru and Pdisotopes，although the character－   

istic negative dipin the one－SteP DWBA stillremains slightly．  

These results are considered to be a success because the sharp  

negative dipisinevitably predicted by the one－SteP DWBA and  

no variation in A（0）is obtained around 8芸200 as far as the  

One－SteP DWBAis applied． However，the fitting to the experト  

mentalresults becomes worsein going from Cd to Te bothin  

the cross sections and the analYZing powers． Thus we cannot  

Obtain overallfit to the measured angular distributions of the  

A（0）and o（0）for the fifteen nuclei．  

As七he second stage，We made a calculation by using a  

modified optical potential for deuterons which had a volume 

imaglnarY Partinstead of a surfaceimqginarY Part・The effect  

●  Of changlng theimaglnary Partinto a volume tYPeis a reduc－  

tion．of the contribution to the deuteron scattering from the  

nuclear interior． This result is consistent with that obtained  

bYuSe Of theJohnson－Soper approach29），andtherefore suggests   

that deuteron breakupis responsible for the required change   

in the deuteron potential． However，the differences between  

theJohnson－Soper effective parameters and thosein the present  

analysis suggest a further studY Of the problem。 A  
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Phenomen01oglCalinvestigation willbe presentedin sect・5．2．  

As shown in Fig. 14, we can obtain a significant improvementt 

for both the analyzing powers and cross sections bYintroducing   

this emplricaldeuteron opticalpotential・ Theinterference  

between the one－ and（p，d）（d，t）two－Step PrOCeSSeSis essential   

to reproauce the anomalies at e）＝200． For simplicity andin order   

to see a 

1YZipg power over a wide mass－number range，We uSe the same  

Parameter Set Of the deuteron potentialfor a11nucleiexcept  

for lO8pdwhichwi11be discussedlater．＝tis essentia11y the  

Same POtentialsetin Table 4． Here we made another modification   

for the spln－Orbit force for protons・ The depth of the spln－  

Orbit force was reduced fromVLS＝6・2to4・5MeV・This modifica－  

tion is not so essential as discussed later in sect．5．3．  

Contributions of various neutron orbits to the two－SteP   

PrOCeSSeS are eXPlainedin Fig．15． A dominant contribution  

05 the d 
5／2 
0rbit accounts for thepositiveA（0）in forwa士d  

angles8＜200for98Ru and 104pd．A decrease of the contribu－  

tion of thed 0rbit and arelativeincrease of that of  
5／2  

thes 
l／2 
0rbitin lO2pdto 108pdcanexplainan  

appearance ofasharpn＄gativedipfor 108pLd・Aredisappea－  

rance ofit for 126Teis due to anincrease of the contribution  

Of the hll／2 orbit. Large difference in analyzing powers for 

Various orbits appears onlYin forward apgles O≦400．while  

the each analYZing power focuses almost on the same angular   

distributionsin backward angles〔ほ400．1t should be noticed   

that the j dependence of analYZing powers for one－nuCleon  
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transferreaction 30）is similarlyrevealedin the（p，d）（d′t）  

sequentialprocesses31）：ad 
5／2－d3／2 

PairinFig・15・  

Appearance of a round positive peakin the A（0）at Oニ250  

has been observed onlyin the caseof 10spd. This can be 

● reproduced quite wellbY adding a surfaceimaglnarY Part tO   

the distorting potentialfor deuterons，aS eXPlainedin Fig．16．   

This factimplies that deuteronsin theintermediate channel   

break up and／or are absorbed more easilY near the nuclear  

surface of lO9pd thanin the other nuclei．This seems to be  

correlatedwiththe fact that llOpd（108pd）has a verylarge  

deformationparameter 32）ofβ2＝0・25（0・24）・  

＝n addition to A（0），the observed o－（8）are also we11   

reproducedin their shape as wellasin magnitude within a   

factor of about2 byincluding the（p，d）（d，t）processes・The   

normalization factors are given in Table 6 and will be discussed 

土n sect．5．7．  

Asis shoⅥ1in Fig．14′ the angular distribution of the   

CrOSS SeCtion for the（p，d）（d．t）two－SteP PrOCeSSeS（dashed   

CurVeS）is verY Similarin shape to that for the one－SteP   

PrOCeSS（dash－dotted curves）． Moreover，the cross section of   

the coherent sum of the two processes（solid curves）has a   

Similar shape of angular distributions to that of the both   

Of the two processes mainlY because there occurs a constructive   

interference between the two processes． Therefore we cannot   

appreciate the contribution of the（p，d）（d．t）two－SteP PrO嶋   

CeSSeS tO the ground－State（p，t）transitions as far as onlY   

the cross－SeCtion data are utilized． ＝ndeed strong（p，t）  
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＋ transitions between Oground states of medium－and heavy－rnaSS  

nucleihave been considered so far to proceed via a direct one－  

steptransferoftwoneutronsinalsopair2）・Accordingto  
′0；）′  however，the previous  Our data of the analyzing powers A（0  

conclusion mentioned aboveis wrong． The（p・，d）（d，t）two－SteP   

PrOCeSSis as strong as the one－SteP PrOCeSSin the stropg   

ground－State（p，t）transitionsin medium－ and heavy－maSS   

nuclei． The anornalous analyzing powers due to theinterference   

between the one－ and two－SteP PrOCeSSeS PrOVe this fact verY   

Clearly・  
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Chapter 5  Discussion  

5・1 ＝sotope dependence of the analY写1ng POWer  

The fact that the difference of the contributions of each   

orbitin theintermediate states of the（p，d）（d．t）process   

determines the aspect of the angular distributions of A（0）in   

forward angles e＜200is aemonstratedin Fig．17． The dashed   

line shows the result of the calculation in which the contribu－  

tions ofboth thed 5／2and d 3／2 0rbits are omitted fromthe  

totalscattering amplitude・＝f the component of the d 5／20r  

d 
3／2 
0rbitis added，theA（0）becomes positive ornegative at  

ノ  

forward angles 8＜200 according to the respective case・ The   

finalresult after surnming allcontributionsisindicated by   

the s01idline and reproduces the sign of the measured A（8）・  

On the contrary．the orbitpdependent behav＿ior of the A（0）cannot  

be observedin backward apgles O＞30O where the angular distribu一 ′ヽ′  

tions are verY Similar for each single－Particle orbit・It  

Should be noted that no orbit－dependent behavioris observed   

in the shape of the cross section u（0）asis shownin Fig・17・  

＝n order to see the sYStematic aspect of the A（8）around  

8＝200 for allnucleiin the N＝50－82 she11，We made an artificial   

Calculation as shownin Fig．18・Altho†lgh the corresponding  

SPeCtrOSCOPic amplitudes for eachisotope（Table3）are  

employedin the calculation，the scattering amplitude βare  

a11calculatedbyusingthereactionparameters fixedt098Ru・  

This procedureis adequate toinvestigate the effect of the  
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nuclear structure involved because it can reduce the effect   

due to the reaction dYnamics・ Ztis clearlY Seenin Fig・18   

that the positive A（0）observedin O＜200 becomes negativein   

going from Ru to Te and various behaviors of A（8）are observed   

for eachisotope． This generaltrendis consistent with the   

experimentalresults・  
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5・2  Effect of theimaglnary Part Of the deuteron optical  

po七en七土al  

＝t has been pointedout 25，33）that avolumeintegralof  

OPticalpotentialsis physically more slgnificant than，for ●   

instance′ the depth of the potentialitself・ From this point   

Of view．the following studYis carried outin order to   

investigate the effect of the imaginary part of the distorting 

ノ  

POtentialin theintermediate state．  

A simple evalution bY uSing a v01umeintegrallof the   

irnaglnary POtentialfor deuterons  

工≡i拝呈wレ十R；現川  （冊子）  

is made，Where the parameters are definedin sect．4．5． ＝f  

We Change the depths of Wv and Ws for the deuteron potential  

With keeplng the volumeintegralIconstant，a relativelY こ   

Smallchang■ein the apgular distributions of A（e）is observed  

in forward angles O≦400 as shownin Fig．19． However，the   

amplitude of the A（0）around〔は550 becomelarger withincreasing  

the ratio of Wv to Ws Fig・20shows the similar results・＝n  

this case the combinations of the parameters Wv and Ws are  
taken arbitrarilY Without conserving the・VOlumeintegra11．   

The second minimum around（は550in the angular distribution  

Of o（0）is rather sensitive to the v0lumeint甲ral＝・＝t  

shifts backward in angle with increasing the value of the 

V01umeintegral＝． An agreement with the data can be obtained  
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bY adjusting the Wv and Ws・Butitis difficult to eliminate  

the negative dip of the A（0）around O＝20O bY the same adjusト   

ment．  
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5．3  Effect of the spln－Orbit terms of the opticalpotentials  

＝n the previous calculationsin chapter 4，the optical   

POtentials which do not contain spln－Orbitinteractions have   

been used for deuterons and tritons． We first examine the   

effect of the spln－Orbit force for deuteronsin this section．  

Fig．21shows the A（O）and cT（0）calculated by using the   

deuteron opticalpotentialdetermined bY the elastic scatter－  

ing 33）withap01arizeddeuteronbeamofEd＝12MeV・OnlYthe  
OPticalpotentialfor tritons has no spln－Orbitinteraction． ●  

No modification for theimaglnary Part Of the deuteron poten－   

tialfrom the surface tYPeis made． The agreement with the   

dataisimproved for the angular distribution of A（8）iri   

backward angles，although a sma11dip appears around O＝15O・   

＝t should be noted that successful calculational results are   

Obtainedin the Nd case without depending on the choice of   

the deuteron potential．   

■    Next Fig．22 shows the resultsin the case where the spln－   

Orbitinteractionis switched off． The volumeimaginarY Part   

is used according to the successful calculational procedures 

in sect．4．6． The spin－Orbit force of deuteronsis therefore   

COnSidered to be notimportant for the（p，d）（d，t）process．  

The effect of the spln－Orbitinteraction for the triton   

POtentialwasinvestigated by u．sing the potentialset 2in   

Table 5（Ref．34）， The effect of the spin－Orbit force for   

tritons on the angular distributions of A（0）appearsin   

forward angles O＜20O as shoⅥ1in Fig．23；a Sma11dip appears  
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around Oだ150． However，the agreernent With the data does not   

become worse． Thereforeit can be concluded that the splnN   

orbit forces both for tritons and deuterons have no slgnificant   

effect on the finaL results of the calculations．  

Ztis generally observed that the calculated A（0）0Ver－  

estimate the datain amplitude・This factis strongly corre－  

1ated with the spin－Orbit force for p哩旦・A shallow spln－  

orbit potential for protons can give rise to a significant 

overallreduction of A（0）in amplitude as shownin Fig．24・  

The depth of the spln－Orbit potentialis reduced from VLS＝6・2  

to 3．1M．eV in this case．  
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5．4  Finite－range effect  

To evaluate the finite－range effectin the（p，t）and（p，d）   

（d，t）processes，numericalcalculations were donein the case  

of the reaction 
L44 Nd（p，t）142Nd．Sincetheexact－finite－range  

PrOgram tO COmPute the one－SteP（p，t）transitionis not avail－   

able，OnlY the distance between a proton and a cluster of two   

neutronsis considered to be finitein the one－SteP PrOCeSS．   

For the（p，d）（d′t）process，the fullfinite－range Calculations  

are made23）．However，there remains anuncertaintyin the  

relativeintensity between the one－SteP and two－SteP tranSitions・   

The normalizationis made bY uSing the result of the zero－  

range calculatioり．SO that a rough estimation of the finiteq  

range effectis madein this section．  

＝tis assumed that both theintrinsic wave function¢d for  

a deuteron and¢t for a triton have the pure srwave spatial  

part・Theformsof¢dand中tareassumedtobe 17）  

一久月  －ムチl  

－ e  
㌔げ一）＝板  

ダー  

ユ 

イ「2f‡十÷デー）  
戸オ（F．一ア2）ニ〟fe  

W土th  

－1 
a＝0．233加′  

∩2＝0．0634fm－2′  

－1 
b＝1．45fm′  
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Where Nd andNt arespatialnormalization constants。For the  

n－Pinteraction potential，We take a Gaussian form：  

之  

ー（T／写〕  

V叩（T）ニーレ0已   

With a range parameter ∈＝1．49 fm．  

Fig．25shows the calculated A（8）which should be compared   

With the zero－range Calculation．A slight differenceis   

Observed around 8完200 and 500． The finite－range effect，   

however．ユs small．  
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5・5  Effect of the non－OrthogonalitY term  

The strength of the non－Orthogonality term andits effect  

onA（0）areinvestigatedin the 142Nd case・The finite－range  

methodis used to calculate the overlap＜¢dI¢t＞，While the zero－  

range approximation with the same normalization constant glVen   

in sect．4．5is applied for the first stepin the（p，d）（d，t）   

PrOCeSS． Theintrinsic wave functionsin sect．5。4 are used  

ねご¢d andゆt・  

The strength of the non－OrthogonalitY termis sma11er than  

that of theinteraction term［TVV・                         1n eq．（21）］bY a factor of   

aboutlO as shownin Fig．26． The resultant calculationsin－   

Cluding the non－OrthogonalitY term Show that thereis essentia11Y   

no effect on the A（8）．（Fig．26）  
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5．6  Effect ofinelastic two－SteP PrOCeSSeS  

＝t has been pointed out by many authors that the two－SteP   

PrOCeSSeS Viainelastic excitations areimportantin（p，t）   

transitionsleading to the c011ective states． This reaction   

mechanism has been clearly confirmed by a recent investigation 

2；  transitionsin（p，t）reac－  Of the analYZing power for the  

tions 35，36）．Therefore the contributions ofinelastic two－  
＋ 

steppr。CeSSeSViathefirst2（2；）states。ftheinitial  
and final nuclei should be estimated．  

An estimation for these contributions was done in the  

104 pd（p，t）102pdreaction・Thewavefunctions。fthe2；  

StateS are COnStruCted by using the quasIParticle random－  

phase－aPPrOXimation（RPA）mode119）・Details of the formalism  

and relevant spectroscopic amplitudes are givenin Ref・36）・   

For theinelastic scatteripg process，We emPloY maCrOSCOPIC  

forrn factors which are obtained as the derivative of the   

OPticalpotential． The deformation parameters are taken as  

β2＝0・2for both target and residualnucleus・The relative  

importance of the（p，PY）（p一′t）and（p，tT）（t7，t）processes to   

the one－SteP PrOCeSSis explainedin Fig．27． The strength   

Of the（p，Pl）（p．，t）is smaller than that of one－SteP PrOCeSS  

bYO・5％，While the（p，tl）（t一′t）processis much sma11er and   

negligible． No remarkable changeis observedin the analyzing   

POWer bYincluainginelastic two－SteP PrOCeSSeS aS ShoⅥ1in  

Fig・27・ The effect of theinelastic two－SteP PrOCeSSeSis   

minorin comparison with the（p，d）（d，t）processes which are  
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as strong as the one－SteP PrOCeSS．  
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5．7  Absolute values of the cross sections  

＝n the present paperr we calculated the abs0lute values   

Of the（p，t）cross sections on the basis of the zero－range   

approximation by using the numericalvalues for the zero－range  

normalization constants Do（p，d），Do（d，t）and Do（p，t）given by  

SeCt．4．5．  

Nowwe define theratioN asN≡oexp／oth at the second peak 

Of the angular distributions of the cross section・ Here the  
I  

J七h  
S  are the theoretical cross sections mentioned above． Zn  

Table 6 are given the ratio N obtained for five nuclei（see   

Fig．14）bY the use of the modified opticalpotentialwhich  

′ has been introduced to obtain overall fits with the data．  

The ratios obtained are N＝1±0．2 except for the case of  

142Nd．The agreementbetween the theoreticalcross sections  

and the experimentalonesis as g00d as one would expectin   

View of the uncertainties in the abs01ute values of the   

experimentalcross sections（see chapt．3）and the oversimpli－   

ficationin the opticalpotentials for deuterons and tritons   

（seesect．4．6）．   

Theseratiosincreasesfrorn 
98 
Ru54tO 

126 
Te74andfa11  

doⅧat 142Nd82・Thisfactseemstoberelatedtothemodel  
SPaCe uSed for the construction of the nuclear wave functions．   

Thelimited modelspace（only five single－Particle orbits）   

employed for the BCS wave functions is considered to be 

inadequate for the nucleinear the closed shell・＝t may be  

true that the modelspaceis t00Wide for98Ru and too narrow  
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for 126Te．The overestimate of the theoreticalcross sections  

for the case of 142Nd,,y be due to the simplified assumptionn 

WaVe function for the target  Of the pure－COnfiguration  

nucleus 144Nd．  
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Chapter 6  Conclusion  

The anomalous analYZing powers for strong（p，t）ground－   

State tranSitions have been observed for the first time by the   

SYStematic measurement on fifteen nucleihaving neutrons from   

N＝54 t0 82． The corresponding cross sections，however，do not   

Show such anomalies． This experimentalresult dernOnStrate烏   

that the analYZing powers are powerful t001s forinvestigating   

the reaction mechanism of two－nuCleon transfer reactions．  

The conventionalone－SteP DWBA cannot explain these   

anomaliesr which only predicts similar angular distributions   

Of the analYZing power for each target nucleus of the fifteen  

ノ  

nuclei． The anomalous analyzing powers stronglY Violate the   

derivative rule between the cross section and the analYZing   

POWer・ This fact te11s us that other transition processes   

than the direct one－SteP PrOCeSS are eSSentialtointerpret   

the anomalies．  

The（p，d）（d．t）two－SteP PrOCeSSeS are then found to be  

essentialforinterpreting the experimentalresult・The   

anornalies can be accounted for as an interference effect   

between thと（p，d）（d，t）sequentialprocesses and the direct  

One－SteP PrOaeSS・The neutronqnumber dependence of the  

anomalous angular distributions of the analyzing powers is 

determined by the variation of the dominant one－quaSIParticle ■  

neutron orbitsin theintermediate channelsin the sequential   

two，SteP PrOCeSSeS・  

The ground－State（p，t）cross sections for superconducting  
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nucleiareimproved wellbyincluding the（p，d）（d，t）processes   

Which are as strong as the one－SteP PrOCeSS・  

More works should be done for the distorting potential   

in theintermediate channelin the sequentialtwo－SteP PrOCeSSeS・  
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Table l Experimentalinformation on fifteen 七argetS for  

（p．t）react土ons．  

Form  Enrichment Energy reSOlution  Target Thickness  

2 
（叩／cm）  

100Ru  2．1  

102Ru  l．8  

104Ru  l．3  

104pd  2．0  

106pd  2．4  

108pd  2．0  

110pd  2．9  

112cd  4．0  

114cd  4．4  

116cd  O．8  

118sn  l．1  

122でe  l．0  

128Te  l．8  

130Te  l．5  

144Ⅳd  l．2  

（keV）   

130  

50  

50  

60  

60  

50  

50  

100  

120  

20  

40  

20  

60  

60  

30   

（篭）  

RuOZ a）  97・24  

Rua）  99．35  

Rua）  99．35  

pdb）  95．25  

pdb）  96．66  

pdb）  98．11  

pdb）  97．73  

cdb）   97．8  

cdb）   99．O  

cda）   96．85  

SnOZ 
a）  

95・75  

でe 
a）   

94．71  

でe 
a）   

99．19  

甑 a）   97．49  

舶203 a）97・51  

（a）On an aluminum backing．  

（b）Self－SuPPOrting metallic film．  
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Table 2 Q－Values for ground－State（p，t）reactions。 a）  

Reaction  

lOORu（p′七）98Ru  

102 
Ru（p′t）100Ru  

104 
Ru（p′t）102Ru  

104 pd（p，七）102pd  
106 pd（p，t）104pd  
108 
pd（p′t）ユ06pd  

llOpd（p．t）108pd  
112 
cd（p′七）110cd  

1L4 cd（p，t）112cd  
ユ16 
cd（p′t）114cd  

118 
sn（p′t）116sn  

122 Te（p．t）120でe  
128 Te（p．t）†26でe  

130恥（p．t）128Te  
144 
Nd（p′t）142Nd  

Q－Value（lieV）   

－8．660   

－7．539   

－6．655   

－9．145   

－8．152  

－7．285  

－6．475  

－7．892   

－7．099  

′  

－6．362  

－7．788  

－8．562   

－6．585   

－6．018   

－5．461   

（a）Ref．39）．  
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E 
a） 
j′  

Table 3 Single particle energleS  and the calculated  

and gapenergy△・TheApt（Ojj）   
e        SPeCtrOSCOPIC amPlitudes for  

Chemicalpotential入  

andAdt（j）b）areth  
p  

One－SteP and two－SteP（p，d）（d．t）processes，reSPeCtivelY・  

100Ru  98Ru 
（nlj）Ej（脚）Apt（Ojj）Apdt（∃）  

入（HeV）0・368瑚・072  Id 
5／2  

－0・075  

△（meV）1・062 0・922  2s 
l／2  

1・382  

0曾7／2  
1・786  

0hll／2  
2・561  

1d3／2  
3・087  

1．018  1．439   

0．378  0．534   

0．615  0．870   

0．540  0．764   

0．259  0．366  

102Ru   u
 
 
R
 
 

O
 
 

O
 
 

ュ
 
 （nlj）E〕（MeV）Ap七（Ojj）Apd七（j）  

入一厘eV） 0．772   

△（HeV） 1。215  

0．859  1．215   

0．485  0．685   

0．810  1．146   

0．703  0．995   

0．336  0．476  

1d5／2  
－0・066  

2s 
l／2  

1・372  

0g7／2  
1・769  

0bll／2  
2・555  

1d3／2  
3・055  

●  
4
 
 
 
⊥
 
 

6
 
 
 
7
 
 

3
 
 
 
0
 
 

0
 
 
ュ
 
 

a）Calculated values for target bY uSing the formulain Ref．21）．  

b）Apdt（j）≡Apd（j）×Adt（j）；See SeCt・4・5・  

で － 3   



Table 3  （continued）  

104Ru  lO2Ru  （nlj）E掴eV） Ap七（Oj〕）Apd七（j）  

入（MeV） 1．108   

△（HeV） 1．334  

3
 
 
⊥
 
 

6
 
 
 
つ
ム
 
 

7
 
 
 
2
 
 
 
●
 
 
 
 
 
 
 
 
●
 
 

0
 
 
⊥
 
 
 

Id 
5／2  

－0・057  

2s 
l／2  

1・364  

0g7／2  
1・753  

0hll／2  
2・548  

1d3／2  
3・023  

0．742  1．049   

0．541  0．765   

0．959  1．357   

0．854  1．207   

0．411  0．581  

104pd  d
 
 
 

p
 
 

つ
ム
 
 

0
 
 

⊥
 
 

（nlj）Ej掴ev）Ap七（Ojj）Apd七（・〕）  

入（HeV） 0．668   

△（MeV） 1。208  

0．887  1．255   

0．462  0．653   

0．880  1．244   

0．673  0．951   

0．326  0．461  

●  

●  

2
 
 
 
2
 
 

9
 
 
 
8
 
 

つ
ム
 
 
 
0
 
 

0
 
 
⊥
 
 
 

1d5／2  
－0・057  

2s 
l／2  

1・364  

0g7／2  
1・473  

0hll／2  
2・548  

1d3／2  
3・023  

106pd  d
 
 
 

p
】
 
 

4
 
 

0
 
 

ュ
 
 （nlj）Ej（MeV）Apt（Ojj）Apdt（j）  

0．777  1．099   

0．524  0．741   

1．015  1曹435   

0．806  1．140   

0．392  0．554   

1d5／2  
瑚・049  

2sl／2  
1・355  

0g7／2  
1・457  

0hll／2  
2・542  

1d3／2  
2・992  

入（MeV） 0．993   

△（MeV） 1．306  

●  

9
 
 
 
3
 
 

5
 
 
 
⊥
 
 

6
 
 
 
2
 
 

0
 
 
⊥
 
 

4  で
 
 



Table 3  （cont土nued）  

108pd  lO6pd  （nlj）．Ej（MeV）Ap七（・Ojj）Apdt（j）  

0．699  0．989   

0．551  0．779   

1．087  1．537   

0．927  1．311   

0．454  0．642  

Id 
5／2  

－0■042  

2s 
l／2  

1・347  

0g7／2  
1・442  

0hll／2  
2・536  

Id 
3／2  

2・962  

つ
］
 
 
 
0
 
 

0
0
 
 
1
」
 
 
 

入（MeV）1．288   

△（MeV）1．364  

d
 
 
 

p
 
 

8
 
 

0
 
 

ュ
 
 110pd  

（nlj）Ej（MeV）Ap七（Ojj）Apd七（j）  

0．′636  0．900   

0．551  0．779   

1．104  1．561   

1．039  1．470   

0．514  0．727  

1d5／2  
－0・034  

2s 
l／2  

1・338  

呵7／2  
1・427  

0hll／2  
2・530  

1d3／2  
2・933  

7
 
 
 
7
 
 

7
 
 
 
6
 
 

2
 
 
3
 
 
 

入（MeV）1．566   

△（HeV）1．389  

d
 
 
 

C
 
 

O
 
 

ュ
 
 

⊥
 
 112cd  （nlj）Ej（MeV）Ap七（Ojj）Apdt（j）  

1．451  0．932   

1．102  1．559   

0．556  0．786   

0．978  1．383   

0．484  0．685   

Id 
5／2  

－0・027  

0g7／2  
1・133  

2s 
l／2  

1・330  

0hll／2  
2・524  

1d3／2  
2・905  

入（MeV）1．451   

△（ⅢeV）1．324  

●  

3
 
 
 
5
 
 

5
 
 
ュ
 
 

ュ
 
 
3
 
 

工
 
 
 
⊥
 
 

m
⊥
 
 



Table 3  （continued）  

114cd  l12cd  
（nlj）E〕（HeV）Ap七（Oぅぅ）Apd七（j）  

0．592  0．837   

1．043  1．475   

0．544  0．769   

1．092  1．544   

0．546  0．772  

入（HeV） 1．733   

△（MeV） 1．316  

Id 
5／2  

－0・020  

0g7／2  
1・119  

2s 
l／2  

1・322  

0hll／2  
2・518  

1d3／2  
2・878  

⊥
 
 
 
6
 
 

4
 
 
 
つ
ん
 
 

4
 
 
 
3
 
 
 
●
 
 
 
 
 
 
 
 
●
 
 

⊥
 
 
ュ
 
 
 

d
 
 
 

C
 
 

4
 
 

⊥
 
 

ュ
 
 116cd  

（nlj）Ej（MeV）Ap七（Ojj）Apd七（j）  

0．530  0．750   

0．951  1．345   

0．509  0．720   

1．201  1．699   

0．611  0．864  

1d5／2  
－0・013  

0g7／2  
1・106  

2s 
l／2  

1・315  

0hll／2  
2・512  

1d3／2  
2・851  

■  

一  

3
 
 
 
7
 
 

つ
ん
 
 
⊥
 
 

7
 
 
 
3
 
 

l
 
 
⊥
 
 
 

入（meV） 2．006   

△（MeV） 1．293  

118sn  n
 
 
 

S
 
 

6
 
 

⊥
 
 

ュ
 
 （nlj）Ej（MeV）Ap七（Oぅぅ）Apdt（J）  

0．528  0．747   

0．866  1．225  

0．522  0．738  

1．168  1．652   

0．590  0．834   

1d5／2  
－0・006  

0g7／2  
0・813  

2s 
l／2  

1・307  

0hll／2  
2・506  

1d3／2  
2・825  

●  

●  

⊥
 
 
3
 
 

3
 
 
 
3
 
 

6
 
 
 
つ
ム
 
 

⊥
 
 
「
⊥
 
 

入（MeV） 1．938   

△（MeV） 1．214  

6  
m
⊥
 
 



Table 3  （COntinued）  

122でe 120でe  
（nlj）Ej拇eV）Ap七（叩）Apd七（j）  

入（MeV） 2．173   

△（MeV） 1．126  

8
 
 
 
4
 
 

7
 
 
 
3
 
 

8
 
 
ュ
 
 
 
●
 
 
 
 
 
 
 
 
●
 
 

ュ
 
 
ュ
 
 
 

0．453  0．640   

0．648  0．916   

0．468  0．661   

1．268  1．793   

0．654  0．925  

Id 
5／2  

0・006  

0冒7／2  
0・508  

2s 
l／2  

1・293  

0hll／2  
2・494  

1d3／2  
2・775  

128Te  e
 
 
 

T
 
 

6
 
 

つ
ん
 
 

ュ
 
 （nlj）Ej（MeV）Ap七（Ojj）Apdt（j）  

0，321  0．453   

0．435  0．615   

0．307  0．435   

1．320  1．867   

0．785  1．110  

入（MeV） 2．857   

△（MeV） 0．939  

1d5／2  
0・023  

097／2  
0・473  

2s 
l／2  

1・272  

0hll／2  
2・477  

Id 
3／2  

2・705  

●  

0
 
 
 
【
ノ
 
 

4
 
 
 
3
 
 

6
 
 
 
0
 
 

つ
ん
 
 
⊥
 
 
 

e
 
 
 

m
⊥
 
 

8
 
 

つ
ん
 
 

ュ
 
 130でe  

（nlj）巳j（MeV）Ap七（Oぅぅ）Apdt（j）  

Id 
5／2  

0・0287  

0曾7／2  
0・462  

2s 
l／2  

1・266  

0bll／2  
2・471  

1d3／2  
2・683  

0．275  0．389   

0．369  0．522   

0．259  0．367   

1．223  1．730   

0．766  1．084   

●  

●  

8
 
 
ュ
 
 

4
 
 
 
4
 
 

0
0
 
 
 
9
 
 

つ
ん
 
 
 
0
 
 

入（MeV） 3．051   

△（HeV） 0．798  
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Table 4  0ptical－POtentialparameters for the first analYSis  

in chapter 4 and bound state potentialparameters  

for neutrons．  

n  

（S王：で1） （SEで1）  

VR 46・96＋0・4Z／A l／3（94・6＋0・4Z／A l／3） 166・7  

＋24・0∈a） ×【ト3expトrRAl／3＝  

f）  

1．16  1．27  

0．752  0．67   

37．5－127．4∈  

C）  
12．28＋341．5ノB（由）／A  O  Ws  6．3＋12．0∈  

r 
工  

1・32  

a 
工   

0・51＋0・7∈  

VIS  6．2  

LS 
l・01  

a 
工S  

O・75  

r 
c  

l・25  

ref．  b）  

1．498  

0．817  

0  9．05－5．85∈  

1．27  

0．67   

1．25  

g）  e）   

a）∈≡（N－Z）／A b）Ref．24．  

＋ 3 
c）B（E2；0＋2）inlOfmfortargetnucleusin（p，t）reactions  

was taken from Ref．32．   

d）Ref．25．  e）Ref．26．   

f）Adjusted to give the experimentalbinding energY．  

冒）Ref．28．  

ワ ー 8   



Table 5  0ptical－POtentialparameters for the second analysis  

in chapter 4 and those usedin chapter 5．  

でri七OnS  Deuterons   

（SEで 2）  （SET 3）  （SET 2）   （SET 3）  

VR  91・13＋2・20Z／A l／3 98・O  

r 
R  

l・05  1・15  

a 
R  

O・80  0・81  

Wv  O  18・O  

ws   218A－2／3  0  

r 
工  

1・43  1・34  

a 0・50＋0・013A 2／3  
工   

0・68  

152．5  176．0  

1．20  1．14  

0．65  0．72   

13．7  18．0  

1．60  1．61   

0．98  0．82   

6．0 ノ  0   

1．15  

0．84   

1．30  1．14  

3．5  

0．75   

0．5  

1．3   

a）  

ⅤもS  

r 
I」S  

a 
工」S  

r 
c  

ref．  C）  d）   

a）Ref．33．   

b）Modified set from SETl；See SeCt．4．6．   

C）Ref．34．   

d）Ref．17．  

ワ ー 9  



Table 6  Ratios N of experimentalto theoreticalcross  

SeCtions for five nucleiin Fig・14・  

98Ru  lO2Ru  lO8pd  126でe  142Nd  

N  O．8  0．8  1．2  1．3  0．5  

で －10   



Figure captions  

Fig・1・ Layout of the beam preparation sYStern・   

Fig．2． ＝1lustration of the double FaradaY CuP．   

Fig・3． Block diagram of the circuits for data accumulation・   

Fig・4・ TYPICalverticalspread of tritons on the focalplane  

Of ESPq90m早gnetic spectrograph・  

Fig・5・ Momentum spectra of tritons for both spln－uP and spln－  

down． Each residual nucleus is indicated． ＝n the  

PreSent PaPer，the notation of eachisotopeis glVen  

bY the residualnucleusin the（p，t）reaction．   

Fig・6・Angular distributions of cross sections and analYZing  

powers for 98，102Ru and 102，108pd ．Thelines are to  

guide the eYe．   

Fig・7・Angular distributions of analyzing powers for（p，t） ／  
ground－State tranSitions of E ＝22．O MeV． Thelines  

p  

are t0 

Fig・8． Angular distributions of cross sections for（p，七）  

groundNState tranSitions atE＝22・OMeV・Thelines  
p  

are to guide the eYe．   

Fig・9・Surnmary for angular distributions of analyzing powers．  

The hatched area covers allthe data points of  

analYZing powers・The Aoin the angular correction  

factoris taken as Ao＝128・  

Fig．10．Comparison of tYPICalexperimentalcross sections and ■  

analYZing powers with the theoreticalones calculated  

in terms of the onerstep DWBA（solidlines）． The   



normalization of the cross section to the datais made  

arb土t工・ar土1v．   

Fig・11・Comparison betweenrneaSured angular distributions of  

analYZing powers and the calculationsin terms of  

One－ and two－SteP DWBA・ For the opticalpotential  

ParameterSr the setlfor deuterons and the setl  

for tritons are used． The solid curves represent  

the calculated analyzipg powers・The doトdashed  

CurVeS COrreSPOnd to the one－SteP PrOCeSS Only・   

Fig・12・Calculated cross sections with the same optical  

POtentialparameters as thosein Fig．11（s01id  

lines）． The data are arbitrarilY nOrmalized to the  

theoretical curves．   

Fig・13・Relative strepgths of the one－ and two－SteP PrOCeSSeS・  

The s01id curves represent the calculated cross  

SeCtions with the sarne OPticalpotentialsets as  

thosein Fig．11． The dot－dashed curves and the  

dashed curves represent the theoreticalcross sections  

COrreSPOnding，reSPeCtively′ tO the one－SteP PrOCeSS  

OnlY and the two－SteP PrOCeSS OnlY・No normalization  

to the data is made．   

Fig．14．Experimentaland calculated analYZing powers A（0）and  

CrOSS SeCtions cr（e）． The opticalpotentialset 3  

for deuterons and the set 3 for tritons are used．   

1       The depth of the splnqOrbit force for protonsis  

reduced fromVI，S＝6・2to4・5MeV・Dot－dashed（dashed）  

CurVeS are the one－SteP（two－SteP）DWBA calculations   



and solid curves are the coherent sum of the two  

processes．The measured cross sections are arbitrarilY  

normalized to the theoretical curves．   

Fig．15．Contributions of each orbit to the analyzing powers  

and cross sectionsin the two－SteP PrOC：eSSeS・ Solid  

CurVeS are the coherent sum of the each process・  

Opticalpotentialparameters are the same as those  

in F土9．14．   

Fig・16・Effect of theim甲1narY Part Of the deuteron optical ●  

potentialon thecalculatedanalYZingpowers for lO8pd・  

Potentialparameters are the same as thosein Fiq．14．  

The VTsis taken as Ws＝12・5MeVin theindication of  

㌔＋Ws・  

Fig．17．She11effect of the（p，d）（d，t）two－SteP PrOCeSS On  

the analYZing powers［（a），（b）】and cross sections  
′  

【（c）】for 126Te．S01idlinesin（a）and（c）re－  

PreSent the calculations corresponding to the coherent  

Sum Of the one疇 and two－SteP PrOCeSSeS and those  

in（b）corresponding to the two－SteP PrOCeSSeS OnlY．  

Zn（a），（b）and（c）′ the dot－dashed（dotted）curves  

represent the calculations without the contribution  

Ofd5／2（d3／2）andthedashed curveswithoutbothd 
5／2  

andd 
3／2 
in（p，d）（d・t）two－StePPrOCeSSeS・Optical  

POtentialparameters are the same as thosein Fig・14．  

Fig・18・Generaltrend of the apgular distributions of the  

Calculated analyzipg powers for the nucleiin the  

N＝50－82 shell．   



Fig・19・Effect of theimaglnary Part Of the deuteron optical ●  

potentia10n the angular distributions of the analyzing  

powers for 
116 sn・Thepotentialset3fordeuteronS  

and the potentialset 3 for tritons are used． The  

depth of the 芦Pln－Orbit force for protonsis not  

modified． The curves represent the calculated  

analYZing powers corresponding，reSPeCtively，tO  

Ws＝16・3 andWv＝0（dashedlines）′Ws＝11・7and Wv＝1・6  

（solidlines），Ws＝6・7andWv＝3・1（doトdashedlines）  

in the unit of MeV． The potentialsetlis used for  

tr土七OnS．   

Fig・20・Effect of theim？glnarY Part Of the deuteron optical ■  

POtentialon the angular distributions of the analYZing  

powers and the cross sections for l16sn・The potential  

Setlwith the modifiedimaglnary Partis used for  

deuterons． The curves represent the calculations  

COrreSPOnding，reSPeCtivelY，tO Ws＝O and Wv＝25・1  

（solidlines），Ws＝16・3and Wv＝0（dashedlines）・Ws＝  
8・4and Wv墓8・4（dotqdashedlines）in the unit of MeV・  

The potentialsetlis used for tritons．   

Fig．21．Calculated analYZipg powers and cross sections for  

142Ndwith the potentialset2for deuterons and  

the potentialsetlfor tritons．Dot－dashed（dashed）  

CurVeS are the one－SteP（two－SteP）DWBA calculations  

and s01id curves are the coherent sum of the two  

prOCeSSeS・   

Fig．22．Effect of the spln－Orbit force for deuterons on the   



Calculated analYZipg powers・The potentialparameterS  

are the same as thosein Fig．21except for the  

imaglnary Part Of the deuteron potentialwhich has ●  

Wvinstead of Ts・The coheremt sum of one‾and two‾  
SteP PrOCeSSeSis representedin（a）and the two－SteP  

PrOCeSS 土n（b）．   

Fig・23・Effect of the spln－Orbit force for tritons on the  

Calculated analYZipg powers・Solidlines（dashed  

lines）in（a）are the calculations with（without）the  

SPlnqOrbitinteraction for onep and two－SteP PrOCeSSeS．  

S01id lines（dashed lines）in（b）are the calculations  

for one－SteP PrOCeSSeS OnlY With・（without）the spin－  

Orbitinteraction． Dashedlines（dot－dashedlines）  

in（b）are the calculations for 七WO－SteP PrOCeSSeS  

OnlY With（without）the spin－Orbitinteraction． The  
′  

Set 2 for tritons and the set l for deuterons are  

used for the opticalpotentialparameters．   

Fig．24．Effect of the spln－Orbit force for protons on the  

Calculatedanalyzipgpowers for one－ and two－SteP  

（p，d）（d′t）processes． The set 3 for deuteron畠 and  

the set 3 for tritons are used for the opticalpotenq  

tialparameters．  

Fig・25・Finite－range Calculations for analYZipg powers comN  

Pared to zero－range Calculations． The set 3is used  

for the deuteron opticalpotentialand the set 3 for  

the triton opticalpotential．  

Fig・26・Effect of the non－OrthogonalitY term On the analYZing   



powers［（a），（b）］and the cross sections［（c）］・Curves  

in（b’）are the two－SteP Calculations onlY・Solid  

lines（dashedlines）in both（a）and（b）are the  

calculationsincluding（excluding）the non－OrthogonalitY  

term． curvesin（c）are the cross sections corre－  

SPOnding（reSPeCtivelYr tO the non－OrthogonalitY term  

only（TnO）（dashedlines），theinteraction term onlY  

（TVV）（dot－dashedlines）and the coherent sum of the  

two terrnS（TVV＋TnO）．The opticalpotentialparameters  

are the same as thosein Fig．25．   

Fig．27．Effect of theinelastic two－SteP PrOCeSSeS On the  

analyzing powers（1eft side）and the cross sections  

（right side）． The potentialset2is usedin triton  

Channels． The cross sections for each process re－  

PreSent the relative strengths・   
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AppendixI Expression for the A（0）in terms of the reduced  

ampl土七ude B  

We first define two right－handed・COOrdinate sYStemS；  

the sYStem Sland the system S2・＝n the sYStem SIIthe z－aXis  

is perpendicular to the reaction plane and the y－aXisis parallel  

to the direction of anincident beam・The sYStem S2is the  

Same aS that defined bY the Madison conventionin which z－aXis  

is taken to be parallelto the direction of theincident beam  

and th畠・・y－aXisis perpendicular to the reaction plane・The  

Calculation of the reduced amplitudeis usually madein the  

SYStem S2，because the p0lar apglein the system S2equals the  

scattering angle. The reduced amplitudes B described in each 

sYStemare COnneCtedbytheequation 3）  

α 

ぢs．瑞s2）〔R，2）z）・2）ノÅ1・1｝  

● WheretheDコリl（R12）aretherotationmatriciesandR12meanS  
the Eular angles of the rotation necessarY tO take the system  

Slintocoincidencewiththe sYStemS2・1nthis case，尺12ニ  

（冗／2．一可2J町2）andノ｛＝招＋十伊f一灯こ and〆′＝仰；十可－イ・  

As shownin eq．（33）．the differentialcross section for  

the spln Substates m妄tロ圭′U！are proportionalto the value ●  

zB； 舶一2 ・：ntecaseofanincidentparticle  
With spinl／2，We Can eaSilY e羊PreSS the analyzipg powerin  

the system SlOn the basis of the physicalmeaning of eq・（38），  

Å － 1   
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■  

＝n order to use the reduced arvlitude describedin the  

SyStem S2，it：is二neCeSSary tO tranSform the above expression  

from the sYStem SltO the sYStem S2・BYinserting eq・（Al・1）  

ノ into eq．（Al．2），the numerator of eq．（A2．2）is written as  
淋  

′／／  ／／ ′  
爪ヰ  町FひJ  ＋叫 

（S．）B （S－）  

′   

∑  J．  上  
叫弓万   

米  
〟  〟 ／／  

n㌧隼隼   
m  
f  

′′′くSご1小甘吾洋 ∑．  －、■ ●1 
．  巧ヤ1   

′               川手り（乃  

（S2）巨プ ～s之）  JS▲・十り  
∠ ▼ （  

ゴ泉 
～ 

； XD〆ほ）鞍γrRほ）掛ほ）D？ィR戒；（Rほ）Dミ′（R．2）    ほ         ロ十打十       甘Jかご  
（Al．3）  

GenerallY，the rotation matrices satisfY the equation  

s米  s  

こD ′（R fZ）D〟′（R12）ご吉川㌦ ′   わ1m        けt 川                             エ D ノ（R）D〟．rR．■）＝＝ 長 〝  
ノ乃  

and  

A － 2   



D三ご用∫2）D≡′（Rほ） m汀l  

′ 

＝√－1；‾m∑くSト用ぷ輝くSS一桝ノ肘′桐＞琉（Rほ）        と  
（Al．4）  

Thenr appIYing these relations to the rotation matrices，the   

eq．（Al．3）can be rewritten as  

s∫）B ）  高が 
了 l  

∑D望∂川くS；丁㌔一引Sご聖一句〉 q  

ノ ′ ノ 泉  
－ m子ひ手打∠  

＝ノキ′ち・叫 エ  
．        フ♪，≠与㌔  

川十年町∠－  

X B 
フl 

とSz）BJl  （S∫）．  （Al．5）  

Summing over q，We Can Obtain the followinq results；   
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1島。ノ＝∠－叫ヤり工川野ts2）占；芯〕， m十当町J 」彗 
（Al．6）  

Where the notation＝m means 一．taking theim9glnarY PartST．・ ●  

The denominator of eq・（Al・2）has the same expression  

after the transfomation・Then the analYZipg poweris expressed  

in the sYStem S2aS the funCtion of the scatteripg apgle8：  

よ  

J何周㌔てこ。，Bご寸‾籠佃 〕  羞恥伺ヰ本心－う  （Al．7）  
A（0〕＝－  

㌔ 

汀～ 

A － 3   



Appenaix 2  Derivative relation between the A（8）andロ■（0）  

The one－SteP DWBAleads to the derivative relation between  

theA（8）anau（8）inthegr。undstateO言（prt）0；transition・  
This relation does not depend on whether the zero－range Or the  

finite－r甲1ge aPPrOXimationis emploYed・＝n this appendixr we  

f0110Wtheprocedure givenbYK．＝・Kub0 37）using the zero－  

range approxま皿a七土on．  

The reduced amplitudeβdescribedin the sYStem S2（see  

Appendixl）generally satisfies thefollowingrelation3）：  

¢こ ＋＋J■小＝隼 
芦 （8）ニr－1 ）  （A2．1）  

＝nthe（p，t）transitionbetweenO 
． 

l＝S＝j＝O and si＝S 
f・ 
Then■the eq・（A2：・1）becomes  

βれ再訂； 

ナm十‾α与‾αJ 

㈹＝ト1〆 （∂）．  （A2．2）  

Here we drop thel，S，j because they are unlque・By usipg  

the above relation．the differentialcross sectionin eq．（33）   

can be written as  

2 Z 

β）l＋fB・巧∂）l）′  Jr8）ニ火（lB  （Å2．3）  

Where  

点f＿2Jナ十J  
（A2．4）   

rz符〆J之点ご 2JJナノ  
●  

A － 4  



From eq．（41），the analyzing poweris written as  

l ．11＊  
2工m〔BO言rβ）B一言て∂）〕  

（A2．5）■  
βr∂）＝   

lつ．11 ぱ÷首相〕J2十ほナキ8）l2   

Theexplicit formofthereducedamplitudeis．givenby 
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XLI月5LiJfくJfJロ‡－川手ノ川ヰー叫十畑JJひこ）  

パL；SLO項JLO・：〉くLi㌔～mヰ吋］子Oi－mヰ〉くLl叫LiOフT （A2・6）  

Where Li（Lf）andJi（Jf）are the orbitaland the totalangular  

momentum of the‘initial（final）partialwave，reSPeCtivelY，  

and会standsfor（2Ⅹ＋l） 1／2・Whenl＝S＝j＝0・WehaveLi＝Lf≡L  

andJi＝Jf≡Jbecaus・e Of the property of thevector coupling・  
I 

：nthlscase・theradialintegral isreducedto  
L：，：  

the form of  

2冗 り之 B  
－    ．    ■ 」  

巨こ良イ A  †チLJ（か）F。（T）チLJけ川T， （A2・7）  JLT  

Where A and B are the masses of target and residualnucleus，  

respectivelY，and fLJis the partialwave of the distorted  

WaVe・The Fo（r）is the radialpart of the form factor・  

We consider the spln－Orbit force as a perturbation and   

assume thatit affects onlY Phase shifts of the partialwave：  

A － 5   



→う  

JcLくL●（㌻〉 

fLコ缶＋Le 
／  

（A2．8）  

Where  

→ －－｝  

くL・α〉   †oTJ＝L十士  

旺－（L十り ナ。ナJ＝卜去   

／＼  

The fLis a par七ialwavein the case ofno spln－Orbit coupling  

andindependent ofJ・The CLis a smallpararneter related to  

the strength of the spin－Orbit force．BYinserting eq・（A2・8）   

into eq．（A2．7），We Obtain  

ぅー．轟 こCLくL・灯〉 〈  
ユL  

工 
LT 

（A2．9）  

／ヽ ノ＼  

Where＝Lis the radialintegralin terms of fL，andCLis a  

Sum Of two CLs for theincident and exit channel・  

From eq．（A2・6），We have  

l‡  

白0三言（鋸二藷た（2JナりユL了PL桝 
，  

（A2．10）  

and   

t 

B喜；（8）＝豊トー㌔－L－i JLJP∴刷，  （A2．11）  

Where Ao denotes the spec七roscopic amplitude・BYinserting  

A － 6   



eq．（A2．9）into eqs．（A2．10）and（A2・11），and appIYing a  

Taylor expansion for exponentin eq．（A2・9），We Obtain the  

f01lowing resultsin the firsトOrder approximation for CL；  

ll ′ヽ  

BO三言（e）ニ…（2L＋りILPL（8），  （A2．12）  

and   

B－与‾㌔幻＝か∑c（2拙）言LPし（0）               L  し  
（A2．13）  

＝f we a・SSume that the CLis effective onlY for a fewL，We Can  

take it outside the summation over L and replace it by an 

average quantity C． This procedureis similar to that bY  

R．C．Johnson38）．Thenwehave the f01lowing relation by  

COmParing eq．（A2．12）with（A2．13）：  

；喜 肝B 白），  （A2．14）  

bec・auSe」We have the relation  

PL＝り ＝－ ‡  PL（鋸   （A2．15）  

＝n the expression for the cross section（A2．3），the first term   

Of the right－hand sideis dominant because the second termis  

proportionaltoC2fromeq・（A2・13）andcanbeneglectedin  

Our first－Order approximation・Then we have  

A － 7   



I i 

甘re）籍Kぱ盲キ鋸き  （A2．16）  

Byinserting eqs．（A2．14）ana（A2．16）to eq．（A2．5），We Obtain   

the final result：  

A（0）＝己孟倶8）／…）  （A2．17）   

A － 8  



Append土Ⅹ 3  

A3．1．   Experimental results of differential cross sections 

O（8）and analyzing powers A（8）in the center of mass   
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Experimental results of differential cross sections 

CT（8）and analYZing powers A（0）in the center of mass   

SYStem for（p，t）ground－State tranSitions． Statistical   
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Experimental results of differential cross sections 

CT（0）and analyzing powers A（0）in the center of mass  

SyStem for（p，t）ground－State tranSitions・Statistical   

errors areindicated bY 60／cland 6A．  
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Experimentalresults of differentialcross sections  

U（0）and analyzing powers A（8）in the center of mass  

SyStem for（p，t）ground－State tranSitions・Statistical  

errors areindicated bY 6u／O and 6A・  
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A3．5．   Experimentalresults of differentialcross sections   

G（0）and analYZing powers A（O）in the center of mass   

SyStem for（p，t）groundMState tranSitions・ Statis七ical   

errors areindicated by 60／Cland 6A．  
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Experimental results of differential cross sections 

Cr（8）and analyzing powers A（8）in the center of mass  

SyStem for（p，t）ground－State tranSitions．Statistical   

errors areindicated bY 60／O and 6A・  
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Experimental results of differential cross sections 

O（8）and analyzing powers A（0）in the center of mass  

SYStem for（p，t）ground－State tranSitions・Statistical  

errors areindicated bY 6cT／O and 6A．  
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A3．8．   Experimentalresults of differentialcross sections   

O（．8）and analYZing powers A（0）in the center of mass   

SYStem for（p，t）ground－State tranSitions． statistical   

errors areindicated bY 6ロ／cT and 6A．  
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Experimentalresults of differenti・alcross sections   

ロ（e）and analYZing powers・A（e）in the center of mass  

SyStem for（p，t）ground－State tranSitions・ Statistical   

errors areindicated bY 6u／O and 6A・  
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Experimental results of differential cross sections 

O（0）and anaユyzing powers A（O）in the center of mass  

SYStem for（p，t）ground－State tranSitions・ Statistical   

errors areindicated by 6cr／cT and 6A．  
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A3．11   Experimentalresults of differentialcross sections   

Cy（8）and analyzing powers A（0）in the center of mass   

SyStern for（p，t）groundMState tranSitions． Statistical   

errors areindicated by 6cT／U and 6A．  
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Experimental results of differential cross sections 
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errors areindicated bY 6cT／OT and 6A．  

A3．14．   

130 
無（p′t）128でe  

ロ（0）  6ロ／ロ  A（0）  6A  
b
 
 
 

a
 
）
 
 
 

l
 
q
」
 
 

凸
U
 
e
 
 

d
 
 

（
 
 

Cm  

（×100）   （×100）  （deg）  （tlb／sr）   

6
8
⊥
6
ュ
 
q
ノ
 
q
ノ
つ
ん
 
亡
U
⊥
1
】
 
0
⊥
 
 

●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
＿
 
 
 
●
 
 
 
●
 
 
 
■
 
 
 
●
 
 
 
●
 
 
 
■
 
 

0
 
0
つ
ム
2
ュ
 
（
U
 
O
ュ
l
つ
‘
l
 
l
⊥
 
 

－ 2．6  

一′2．8  

－ 0．3   

42．4  
18．8  

10．9   
0．9  
－22．7  

－57．6  

19．1   
23．0   
4．3  
－15．6  

つ
ん
 
3
9
5
6
つ
ム
 
3
1
⊥
8
7
7
⊥
3
 
 

5
 
4
 
3
2
 
4
 
9
7
 
5
 
9
 
7
 
⊥
7
 
2
 
 

2
 
つ
ん
 
つ
ん
 
 

8
 
6
2
ュ
5
 
7
 
6
3
 
 

つ
ム
 
⊥
 
 

5
7
0
0
5
 
0
0
0
 
0
0
 
ェ
6
0
0
0
Q
ノ
9
 
 

●
 
 
 
■
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
一
 
 
 
●
 
 
 
■
 
 
 
●
 
 
 
一
 
 

〇
 
〇
⊥
つ
ん
 
ェ
 
0
0
⊥
⊥
⊥
⊥
 
0
0
 
 

5
 
0
 
0
0
0
0
 
0
 
0
 
0
0
 
0
0
 
0
 
 

●
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
■
 
 
 
●
 
 
 
●
 
 
 
■
 
 
 
●
 
 
 
●
 
 
 
●
 
 
 
■
 
 
一
 
 

7
 
0
 
5
 
0
 
5
 
0
 
5
 
0
 
5
 
0
 
5
 
0
 
5
 
 

⊥
 
⊥
 
2
2
 
3
 
3
4
 
4
 
5
 
5
6
 
6
 
 

7．6  

10．2  
15．2  
20．3  
25．4  
30．5  
35．5  

40．6  
45．6  
50．7  
55．8  
60．8  
65．8  

A － 22   



A3．15．   Exper主mentalresults of differentialcross sections   

O（e）and analyzing powers A（0）in the center of mass   

SyStem for（p，t）ground－State tranSitions． Statistical   

errors areindicatea bY 60／O and 6A．  

144 
Nd（p′七）142Nd  

ロ（8）  6ロ／ロ  A（0）  01ab  
（deg■）  

5．0   
7．5  
10．0  
12．5  
14．5  
15．0  
16．5  
20．0  
25．0  
30．0  
35．0  

40．0  
42．5  

45．0  
47．5  
50．0  
55．0  

60．0  
65．0  

占A  
Cm  

（de冒）  （vb／sr）   1
 
 
8
6
3
2
 
Q
U
 
O
3
0
0
ュ
 
0
2
 
9
3
3
2
 
0
 
5
 
5
0
 
 

塾
ロ
 
 
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
 
●
 
＿
 
●
 
 
●
 
 
●
 
 
■
 
 
●
 
 
■
 
 
●
 
 

（
 
 
0
⊥
1
」
2
3
4
7
つ
ム
ュ
ュ
ュ
ュ
3
3
3
2
⊥
⊥
つ
ム
 
 
 

（×100）   （×100）  

2．2  1．1  
－ 0．2  1．8   
4．1  2．5   
6．6  2．6   
9．6  4．7   
41．1  6．5   
31．0  10．5   

20．3  3．9  
10．9  1．5   

2．0  1．2  
－ 7．8  1．5  
－31．4  2．9  

－48．7  5．5  
－31．1  5．1   

1．1  3．9  
12．2  2．7   
2．9  1．8  

－13．4  2．0  
－30．6  3．0  

5．1   
7．6  
10．1  
12．7  
14．7  
15．2  
16．7  

20．3  
25．3  
30．4  
35．5  

40．5  
43．0  
45．6  
48．1  

50．6  
55．7  
60．7  
65．7  

0
 
7
 
4
 
⊥
 
 

⊥
 
 

3
7
 
0
0
3
5
3
5
q
ノ
ュ
9
0
0
 
7
3
8
 
6
 
5
つ
J
 
ュ
⊥
 
 

q
ノ
 
5
 
0
 
亡
U
5
4
 
⊥
 
0
0
 
8
 
5
 
5
 
q
ノ
4
 
つ
ん
 
4
 
7
4
 
4
0
0
 
 

つ
ム
 
3
 
つ
ん
 
 

l
 
工
 
 

A － 23   


	0001.tif
	0002.tif
	0003.tif
	0004.tif
	0005.tif
	0006.tif
	0007.tif
	0008.tif
	0009.tif
	0010.tif
	0011.tif
	0012.tif
	0013.tif
	0014.tif
	0015.tif
	0016.tif
	0017.tif
	0018.tif
	0019.tif
	0020.tif
	0021.tif
	0022.tif
	0023.tif
	0024.tif
	0025.tif
	0026.tif
	0027.tif
	0028.tif
	0029.tif
	0030.tif
	0031.tif
	0032.tif
	0033.tif
	0034.tif
	0035.tif
	0036.tif
	0037.tif
	0038.tif
	0039.tif
	0040.tif
	0041.tif
	0042.tif
	0043.tif
	0044.tif
	0045.tif
	0046.tif
	0047.tif
	0048.tif
	0049.tif
	0050.tif
	0051.tif
	0052.tif
	0053.tif
	0054.tif
	0055.tif
	0056.tif
	0057.tif
	0058.tif
	0059.tif
	0060.tif
	0061.tif
	0062.tif
	0063.tif
	0064.tif
	0065.tif
	0066.tif
	0067.tif
	0068.tif
	0069.tif
	0070.tif
	0071.tif
	0072.tif
	0073.tif
	0074.tif
	0075.tif
	0076.tif
	0077.tif
	0078.tif
	0079.tif
	0080.tif
	0081.tif
	0082.tif
	0083.tif
	0084.tif
	0085.tif
	0086.tif
	0087.tif
	0088.tif
	0089.tif
	0090.tif
	0091.tif
	0092.tif
	0093.tif
	0094.tif
	0095.tif
	0096.tif
	0097.tif
	0098.tif
	0099.tif
	0100.tif
	0101.tif
	0102.tif
	0103.tif
	0104.tif
	0105.tif
	0106.tif
	0107.tif
	0108.tif
	0109.tif
	0110.tif
	0111.tif
	0112.tif
	0113.tif
	0114.tif
	0115.tif
	0116.tif
	0117.tif
	0118.tif
	0119.tif
	0120.tif
	0121.tif
	0122.tif
	0123.tif
	0124.tif
	0125.tif
	0126.tif
	0127.tif

