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A simple methOd for calculating the asymptotic D state observables for Ii~ht nnclei is suggesled. 

Tbe method exploits the dominant clusters of the light nuclei. The method is applied to calculate 

the tHe asymptotic D to S normalization ratio pO and the closely related D state parallll'lcr O2'. 

The 8&udy predicts a correlation between D'; and HI>, and hetweeu flO and ill>, where lJ" is the 

binding energy of tHe. The presI'nt stndy yields p" ~  -0.11 and D2~ -0,12 fl1l 2 colIsislclIl with 

the correct experimental 'In and the bindillg cncrgief; of the deuteroll, trit.ou, an,l I h.· II p;Hl.ide, 

where '1d is tlte dellteron [) state to S state normalization rat.io. 
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I. INTHOnUCTION 

The rok of thl' dl'ut.erou aSYlllplotic f) t.ll S uorlll;dization rat.io 71 d ha,.; ))('('n emphasizeu recently in making a 

t.hf'Orct.ical estimal c of the t.rilrJi\ asymptotic IJ to 5 lIormalizat.ion ratio 71'( I, 2]. There has twell collsiderable interest 

for theorct.ical and experiment.al delcrJ\lination of Hw asymptotic [) to S normalizat.ioll ratio of light lIudei ever since 

Amado suggested t.hat this ratio shollld be given the "experimelltal" status of a single quantity to measure the D state 

of light. III1c1ei [3]. In t.his paper we generalize certaill id,'3S IIsed successfully ill the two- and three-nucleon systems 

in order t.o fOrlnllJak a Illodd for the asyn,pt,olic J) t.o S normalizat.ion rat.io of light nllclei. \Ve apply these ideas to 

the slndy of t.he asymptot.ic lJ 10 S' Ilorrllalizat.ion rat.io, flo, and I.Iw f) slate paramet.er, D~,  of 4 Il c. 

Though a rcalist.ic Ilullleriral sl IIdy of l.Iu' asyrnptot ic f) 10 S Ilorlllalizat.ion rat.ios of 2 Il, :J J1, and ;\ Jl e is coillpletely 

ulld'~r  cont.rol[1-9], t.he SallIP cau 1101. IH' alJirm,~d ill Hit' case ofother light.nuclf'i. Even in tl ... case of 4 lle, such a t.ask, 

employillg t.he F'ad(leev-Yakubovskii dyllaillical equations, is a fonllidablt~,  hilI. f.'asible, 0111'. Thi!l is why approximate 

IIIet.hods a)'(~ calb! for. As til<' 1I11r1"('II'III1CI(,OIl i<'lIsor rl>l"CC plays a crucial an.) fllndallll'lIt.al role in the forllwtion of 

the V stal.<' of light nucll'i[J. 2,7], il is illt('I'('still~ 10 ask \\hat aI'<' III/' dOlllillali1 litany body IIll'chanisllls that originate 

Ihe f)-slat.e. TIll' prl'sellt sludy is aillled t.o shed Ii!!,hl 011 t.hl' above qllestions, 

III til<' cas.' of Ihl~  lJ slate of I Ill' .)I'lltooll, eXJlloitinp; 1.11<' \\'l'ak (I','rt.llrbativp) nat,url' of t.he D st.at.e, Ericson and 

Itosa (~lot.[7]  have delllollst.raled t.hat thl' css"lIlial inl:',)'('dients of the lIsymptol,ic D t.o ,..; 1I0rmalizat.ion rat.io TJd are 

t.he long-range Ollt'-piOIH'xchallgl' tail of til<' IllldeOIl-IIIICkoli illteract.ion, the hilldillg ellPrgy, IJd , and the S-state 

lIsylll(lt.otic normalization (lamllle! "I' (A N1'), ('1, of I.lll' (kut.PfOn. In the case of:J JJ we have spcn t.hat. the long-range 

one-nucleon-,~xchange  t.ail of t.lte Ilndeon-df'uferoll in"'raet.ioll plays a crucial role in thc forlllalion of the t.rinncll'oll 

f) slal.,[ J, ~J. We have <Ielllollslraff't1 Ihat all realist.ir Ililcleon-nllfll'on poleut.ials will virtually yield the sallie value 

of 7/' provided t.Ilat they also yil'ld the salll" \ahll'~ for till' S-slat.e ANI' and 11<1 of the dplIl('ron and hindin/!;t'nergies 

of 2JJ and :IJJ[I,2]. 

The Pllrpos'~  of t 11t~ 1l\·"~"111.  sfudy i~  10 ident.ify llll' dOlninanf Incrhanislns 1"11' t.he forlllat.ion of the V stal(~ in 11101'1' 

cOInplex sitnatiolls. We do nol ('l)nsid"r tilt' 1'1111 dyn,lIl1i,al prohlenl for our purpose, hUI, rather, a c1l1ster lIIoUei 

(~xploiting t.1 ..: rel"vant loni\-rilnge part, of th.~  c1I1SII'l'-dIiSler int.('radion sllpp0l;ed t.o be resJlonsible for tile for Illation 

of the relevilnt. D state. The It pa1l.ide or .j 11 (' lias a wry illlport.ant. rol., ill Iluclpar physics ami a study of it.s strncture 

(kserVt's a special aUcnt,ion 0111' illl(h)rt.allt, asperl. of ils bOllnd stat.e is its lJ st.at.e adlllixl.uH' for the 4 Ill' -+ 2 2 Il 

challnl'l. TllPr<' hav(' heen a lo!. or th"or.,tic;t! alld t'xp,'rillll'nt.al arl.iviti.·s for nleasnring the asymptot.ic D st.al,e t.o 5 

stat.e normalization ratio fI" fur this c1lallllt'l. [I J '.!1]ln t.his paper WI' silidy 1.111' 0 st.a'" of ,j If(' all" mak(~  a 1II0tiei 

indf'))f'ndf'1l1. estilllat.e of I'" alld Ilie dosdy r"I;tI,'d pal';I1I1""'r n~·. 

All t.he ohservables directly sPlIsil.ive 1.0 the tensor force of the nncleoll-nncleon int.eraction, such as the denteron 

quadrupole 1ll011lelll., Qd, lind 7/' eV., have beell founu t.o be correlaled in numerical calcnlat.iolls with C~  through the 

relation[ 1,2,7,10] 

~  

d 
~  ('~)2f, 	 (1.1 ) 
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where 0 stands for Qd, ,,', or the usual D state parameter, D;, for t.he triton. The fnnction f d(~I)(,l1ds on \.lIP rdevant 

binding energies, e.g., the binding energy of the denteron in the case of Qd, and the binding enr'rgies of I.he deuteron 

and triton in the case of ,,' and D;, while other low-energy on-shell nucleon-uucleon ohservahles are held fixed. If 

correlation (LI) were exact, no new information about the nucleon-nucleon interaction could be obtained from the 

study of Qd, rJ', or D~,  which is not implicit in the values of Bd' B" C~, and rJd.[1] However, this correlation is 

approximate and information about the nucleon-nucleon tensor interaction might be obtainf'd frolll a study of these 

paramel,crs from a brl'akdown of \.Iwse correlations. [II ord ..r that such inforJ1li1liolls l'ould he t·xtracl ..d, howl'vn, 0111' 

should require precise cxperimcntalmellsurl'rnents of t.1"'se ohsl'fvahles.[i, 2] 

[n this paper we shall he iuterl'sled to sec if correlation (I) I'xt.rapolates t.o 1111' casl' of of h"f light. l1ur!f'i, Slll'cifically, 

to till' caSf~  of 1/1f'.. We provide a pert.urbative solution of till' prohlenl, IVhich presl'nls a good d..scriptiol1 of the fJ

state. We find t.hat ill order to reproduce t.hl' correct lJ-st.at.e pariullet.ers of'illc, Ihe Illinilmllil ingradienls ff'quired of 

a model are \.lIP corrl'd. low-elll'rgy d,'ulNou propNfjt's incl"diug ('.~  nl1d 1/0/ 1111.1 II", Il'ilOIl alld I fI(' hilldinp; f'llf'rgil's, 

H, awl B". 

The model also provides the essential b,~havior  of /)~  ;\lHI p" as fllncl iou of t,he bindillg f'Ul'rp;~',  11". or t he tl particle 

for fixed I1d, Bt , and I,d. COllsist.f'l1l. with the experilllelltal Bd' /J/, Bal al1d I,d 11'(' find p" = -- 0.11, alld J)2' = -0.12 
2 

f1ll . The 1I10del also predids an approximate lillear mm'lat.ioll 11I'I.wl'l'l1 /)2 (p") and II" I'm lixl'd 11,/. Il , 1111.1 I,d 10
t 

he verified in realistic dynamical fom-nucleon calnrlat.ions. 

The model for the form;ltion of the J) state is p;iven ill Sec. II. In S4'c. III w,' prl's"nt f< ,I 4' l'il III. Ilotalions for our 

future development of the J) stat.e. In Sec. IV 1.111' analytic 1Il0dei for the J) state of 111 (' is prl's(~lIlcd.  S(~c1.ion  V 

deals with the numerical investigat.ion of om !nod,,!. Finally, ill Sl'c. VI I,rid Slllllllll11'y alld di~('ussioll  arl' prpspnted, 

II. TilE MODEL 

As the ~Xllct  (lynalllicnl studies of the D stat.e for 1.11f' light lIuclear systeliis el1lployinp; I.Iw WIlIII'cf.I'd k4'1'I1f'1 Fadd('ev

Yakubovskii equatiolls are usually perfornwd ill 1.11(' II 10!TlPlit II 111 .spacl', w" prl'sellf our IlIod ..1 ill j IH' 11I1l1I1/'llt 11111 Sp;I('1' 

in t.erms of I.Iw Green functions or propllgators. 

Figllres I and 2 rl'present a coupled set of dynanlical l'/Illatiolls 'II'tl\'l'l'lI dllst/'rs valid for "/1 ,111(1 :\ /I, resppctively. 

III the ca.se of tire deuteron the <1a.shed line denoles 1.11f' exch;lll~('d lIIeSOIl, III tlH' casl' of IIii'I rit.oll tlH' ('Xcllllllgpd 

particle is a nudeon and the douhll' lille denotes a (fpuleroll. III "oth c",;('s a sillgl,> Jillt' d4'llott-s a Illlcl'>OIl. III 1.11f' ca.<;e 

of the deuteron these equations are essentially 1.11f' honIO~('IH>ons version of thl' nlOllll'nf 11111 space Lipl'"l;lllll-Schwingcr 

equal.ions for t,he lIucleon-nllcleon system, which f'OlIpb; Ihe S alld I.IH' f) statl's of till' dPIII'·IOIl. ";xplicilly, th..sl' 

rquations are writt4'n "$ 

90 = VooGogo+ ~'02GOg2,  (2.1 ) 

g2 = \!2oG0 90 + ~'22(,'O!l2, (2.2) 

.vhere III = VI.p/) (I = 0,2) reprl'sl'lIt. 1.1)(' rdev:lllt 1'01111 facl.or!' for 1.1)(' Iwo st.al,>s (kllotl·d ".1 tlH' I,,·()·"ody "oulld 

state wilvcfunctioll .p" Go is the free Green function for propagation, and V's are the relevant pot.ential elementl 

het.ween t.he 5 and t.he D states. Figure l(b) gives the two ways of forming the D state at infinity: (a) in the lint 

term on the right-hand side (rhs), the deuteron breaks up first into two nucleons in the S state which lets chaoled 

t.o two nucleons in the D state via the one-pion-exchange nucleon-nucleon tensor force. (b) in the lIecond term on the 

rhs. the deuteron breaks up first into two nucleons in the D state which continues the same under the action of the 

central one-pion-exchange nucleon-nucleon interact.ion. As the D state of the deuteron could be considered &0 be • 

perturbativ(~ correct.ioll on the 5 stal.e, ill Fig. I(b) the first term on the rhs is supposed to dominate, with theteeond 

term providing small corrccl.ioll. lI"nce, the essential Inl'chanislll for the formation of the D stat.e in this case is given 

hy I.he following equatioll 

!1~  = ~ '20(;090. (2.3) 

CiVt'1I a ('l'asollable gil alld the tensor illteradioll \'211, I';q. (2.:1) conld be uWized fol' studying various properties of 

the J) s/.al.('. This eqn:tI.ioll shonld del.erlllille t.he aSylllpt.otic D 10 5 ral.io of denteron "d provided that the model has 

the correct deut.eron bindillg Bd aud the olll'-pioll-ex:change tail of the tensor nucleon-nucleon interaction. 

III till' 1I10nlelltllrn spacl' rel'r('sent.at.ioll of P.q. (2.:1), al. t.he hound sl.ale energy, !I's have the rollowing structure 

(iltl!lI) '" ct, (2.4) 

wil.h II = v'2mnBd' »In bl'ing the reduced mass and ct the deuteron ANP's for the state of angular momentum " 

The off-diagoual tensor potl'ntial V20 is proporl.iouill to g~N'  whl're 9"N is the pion-nncleon coupling constant. From 

Eqs. (2.3) "nd (2.4), at t.11f' bound statl' energy 0111' hall 

1/ '" Il;N x lnt, (2.5) 

IVlll're lut represents a definite int.egral determined by the deuteron binding Bd. Helice rJd is mainly determined by 

t.he deuteron binding energy and the pion-nncleon coupling constant[7]. 

This id('a could be rl'adily ~"l1eraJized  to more complex situations. In the case of the trit.on D-state, Fig. 2 and 

Eqs. (2.1) and (2.2) are valid. Thl' forlllfacl.ors!ll are t.o Iw interpreted a.e; t.he triton-nncleon-deuteron rorm factors. 

II... (;ff'l'lI fnudiou (,0 rqllf'sellts t.lw 1'1'1"> propilg11tion of tllf' uucleon-denteron syst.em, and \.IJ(' pol.cntials Vo, Rnd 

\'2fJ an' /.Ill' Born approxilll:ltioll to til<' rpIHrang('1I1ent. nucleon-deuteron dastic sacttering amplit.udt'S representing the 

trallsit.ilJn hetwf'en I.he relal ive S alld n allgnlar 1I10mentlllll stat.l's of the nucleoll-dentel'on system. For example, for 

nnclcon-l1Ilc1eon separabll' t('nsor potent.ial, V02 corresponds to the inhomogeneous term or the Amado model[IO] for 

lIuckon-dl'lIteron scaU.ering for 1.111' l.r<lIlsitioll h,~l.lVc('n 5 "'ld D states of the nucleon-deuteron system. The essential 

1I11'challiSIIl for the formatioll of t.Il(~  D-stat.l' is ap;aill given hy Ell. (2.3). Now in the 1TI0mentllln spal'l' representation 

of Eq. (2.:1), al. the honlld stal.e I'llngy, !I'S have ess('lItially the structure given hy 

(i/1/9,) '" C{, (2.6) 

whn(> C{ is the ANP of /.111' I.rit.oll for the angular 1II011lenl·nlll state /. In Eq. (2.3), ~02  conllects a relative nucleon

<1eut,'r011 S state to " Ilncl('on·denteron [) stat.e ill differellt subc1nst.ers via a nncleon rxchange. lIencl' the amplitude 



V02 involves two form-factors, one for the deuteron S state aud the other for the dl'ul.•~ron f) sl al P. Cons.'quputly, al. 

the triton pole the momentum space version of Eq. (2.3) hail the following form: 

<~: 

ClJ - CJ ct C~ In', (2.7) 

}~ 

where In' repreeents the remaining definite integral now expected to be det.ermined essentially by the dellteron alld 

... triton binding energies and other low-energy nucleon-nucleon observables. Recalling that r,' == Ch/C~, with lid defined 

similarly, Eq. (2.7) reduces to Eq. (1.1), Hence, this simple consideration shows that the ratio '1'/'1.1 is a 1I11iversai 

one satisfying Eq. (1.1) determined essentially by the dellt.eron alld triton hinding PII/'rgi.,s and till' dellteroll S wave 

ANP c1. 
Next let us consider the example of" He, where the two d"lIterons could appear aSylllptol.ically eitlll'r ill a n·lative S 

or a D state. However, asymptotically the nucleon and the I.rinucleon could l'xist only in till' rdaliv(' S stall'. In this 

case the lowest scattering thresholds are the nucleon-trinuclcon and I he denteroll-(I.'uteroll OIIf'S. If \\'(' illrlnde these 

two p088ibilities of breakup of 411 e, then the principal lIlechanisms for 1.1... fOllllal iOIl of 1111' aSyllll,totic d"lIlt'\'OIl

deuteron states are given in Fig. 3. We have two eqnations of the type shown in Fig. :1, Olll' for Ihe S sl al.1' and Ihe 

other for the D state. In Fig. 3 the contributiOl~  of the last term on the rhs is .~xpectt'd to Ill' sllli,11. TIIl~ virtual 

breakup of 4 He first to two d.'nterons and thl'ir evelltllal hreakup to f<lIIr nnd,'olls 10 fOrlll I Ill' fOIll'-nnrleoll-cxcll<l.IIge 

deuteron-deuteron amplitude as in this term is much less probable at negativl' ellcrgi('s thall tlH' virtual b... ~akup of 

..H e to a nucleon and a trinllcleon alld its eventnal transformation 1.0 the <kuteron-delltewn c1ust,'r as ill t he first 

term on the right-hand side of this equation. For this reason we shall negled the last krill of Fig. 3 in t he present 

treatment. As in the three-nucleon case the amplitudes in Fig. 3 are the norn approxilllations to rearrallgclllelll 

amplitudes between dilfenent subclusters, which connect different angnlar momentum states, e.g., S alld lJ. 

We notice that in the first term of Fig. 3 either of the vertices has to be a lJ state so t.hat the passage frolll S to 

D atate is allowed in this diagram. Consequently, at the pole of the 41/ e bOllnd state the 1I10llwntlllll space vl'fsioll of 

Fir;. 3 haa two contributions corresponding to the deuteron (tritoll) vertex 011 the right halld sid., IlI'illg till' S-st.all' 

and the triton (deuteron) vertex being the D-state so that we lIIay write, 

CD- .... - c:;-nl C~ Ch Int. +Cs-nl C~  C~  11112, (2./l) 

where In', and In'2 are two definite integrals. The 41l e asymptotic f)-state 1.0 S-state ral io pO is ddlm'd hy 

Co-.... 
0_ D (" 0)

p = C;-.... · <;." 

It is clear that, unlike in the case of triton, po is determilll'd by two independent t('l'IIIS. Physically, il nwans that tlwre 

are two mechanisms that construct the D state A NP of 411 P.. Now recalling the enlpirical relatiOIl 'I' == ChIC} 

(C~)2'1"t we obtain from Eq. (2.8) 

pDl;;;; ..... es In', (2.10) 

- ddwhere ~s  is ,ll'terlllilwd II)' tlte S'-state asymptotic nlJflllalizations CS , (:5- 11 
', c~,  ('.~.  ami lilt repres,>ut'l integrals 

which ar.~  essentially dderlllined hy the hillding clwrgies Hd , 8 1 and Ho . lIence, in Ihe ca.'le of 411 e Eq. (1.1) gets 

1II0difi.'dto 0111' of the f'HlII of Eq. (2.10). 

III. DEFINI'I'lONS AND NOTATJONS 

In this Section we pres.~nt  notations alld definitions which we shall nse for future development. The asymptotic 

wavefulICtioll for a two-body honnd state, clll, (hillding 1'III'rgy 0) ill a potpntial \' is girl-n hy 

~7i:  l~::::~~  lilll ("ljWI411), (3.J)
}~~~  (rljl4>l) = --,. q-."I 

where I is I.h<' rt~lative orl,dal angular IIIOlIIl'nlulIl, j is Ihe lol.al final spill of thp syst.CIII (the intrinsic spin of the 

systelll is 1I0t shown) ,111.1 1111j} is tlw 1I101ll"ntUIl'l spar" wal'" flilld.ion. The a.'iYlllptotic 1I0flllalization parallleter Cjl 

for this slal.l~  is c1dined hy 

(3,2),I~~,  (l'iJI1>,) = ~~  /3.!!.~I"-r
vNl' 

line N rl'preselils the nlllll""r of ways a pari iClllar a_sYIIII".of ic cOllliguration call lw .'ollstrllct.l'd 1'1'0111 its constituPllts 

ill t1H~ salll<' challneJ. I'or "Xilillpl,', ill the rhallne!, :111 -. II + 2 H, as we can COillhilW tlw protOIi with either of the 

two lIeul rollS to !orlll 2/1, N = 2. Silllilarly ill till' 1/1 (' -. '2'! /I challn..l, the (knteroll call Ill' fOl'llled ill two differellt 

ways all<1 N = 2 nut in the chanllcls 41le __ 311 +1 11 and 'llJe -- n + 3He, lIeglecting Coulomb interaction, there 

are [our <1ilr.>rent possihilit.ies for cOllstru ....illg thp outgoing .. halllwi components, so tltal. N = 4. 

Frolll Eqs. (3, I) and (:12), lVe obt.aill 

nIll.;:iN lill' (qljl!' I,p,) (3.3) 
Cjl = - - ,fii q-",I 

As the part.ial wave 1 malrix milY he f'xpresse<1 as 

(qljI1Iqlj) = lim l.01L11l1""W (3.4)
q-'I' E-+lr-'� 

t.h .. parallll'l"r e}1 is relat,'d t.o tit .. residue at tI", t-Illal.rix (lol .. by� 

(:i.5)(qljjtlqlj}llc .• == lilll 1(llljll'l4>,W == -~ ('], 
q-'/' 1fl\ 1lI;1 

With this <1dillitioll, in t.he limit of 11-" 0, C)/ ~  1.[1] 

For t.11t' tll'o-parl iell' 1'0111111 stal." the I.~rl.,x  fllllclioll .'1('/) fur a Jdinilp angular 11I01Iu~III'lInl  (all<1 j) call he wrilll'n 

as 

~ j-----yl--' I· (3.6)tJ 2
g'/('I ) = - ---'j ('/(-:--) 1/\11 ).
} 1fNlTlh } III 

wlten~  the kinemat.ical fadar which t.akes int.o accounl t.he cenlrifugal barrier has been explicitly shown. The fnnction 

g(q2) essclltially provides Ihe mOllll'nt.UIII d,'pen.h·IICt· of till' vl'rtl'x fUllct.ion. In tlte presl'lIt qnalitative study we set 

g(q2) = I so thaI. we havf' 

5 



r=IC q),
9j(q2) = -y 1l"Nm~Cj/(iii  .� (:U) 

In Eq. (3.7) apart from a kinematical factor that takes into account I.he centrifugal barriN, t.he forlll factor is as!JlIlned 

to be independent of the relative momentum of the two components rorming the bound stat.e, consistent with the 

minimal three body model [1]. In particular, the form factors for the formation or 1/1e from 1I11c1eon{N)-triton(t) 

channel and from two deuterons(dd) are respectively, 

900N'() = 2 ~v"_JV"co-NIq __ ~ 

3..(i S •� (3.8) 

and 

!1dt(q) = __~(:~_dd(-:-9_)', 

(:l.g)J .j2if J 'I/dd 

with 

PNI = /3(110 2- ~~ I'dd = ro~=-- ~n,~i. (:\10) 

when' B" and Bd an' t.he binding pllPrgies or .1/1 P flnd :' /I r('~Jleftiv('ly  all,l W\, aSSllllW " '" 111"" •. /, .,,, =: 

For t1w ca.qe wherp angular momentum st.at.es Sand J) st.al.ps nre Illixed, thp prohabilit.y :ullplil.lld\' for a givell J

value is proport.ional t.o t.he corrp~pol\(ling spl\l'rieal harmonic) ;"" (Ill. ()dillill~  fIlf' spill-:l\Iglllar II 1011 WIlt.1l II I rUlidiollS 

Y"jm(q) as 

Y,.jm{ti) = (V,(q)Q9l1".)jlll = L C~~;IIl.'n}i",,(.j)~, ...... ,� (:J11) 
01"nl, 

where 1/;. is the spin statp or the system, 'Zi denot.ps allgular /IIOlllpllt U/II cOllplillg, th.. \('r! "x fUllet i"lIs ill fh,~ /IIinilllal 

model for t -+ N d and d -+ N N vNt.ices takp the rOrl1l 

Nd - 3 /liNd ., [ _ 711p~ ]
gj=t.m(l'd = -'2 V-?;;'C<; YUHm(pd - ;;td Y2H ... (/'!l� (3.12) 

NN - j"/INN d [ _ Ildl'~  . ]gj=I,,,,(P3) =- --Cs YUII",(I'3) - -2'-Y211",(/I:d (:U :1)
1r /'NN 

Here ci and C1 are t.he as)'mpt.otif Ilorlllalizilt.ioll paralllpt."r~ for tllP S st.at.p of till' dellt.Noll alld Irit.on r..~ppd.ively, 
d

whereas '1 and 7/' are the rat.ios of fOrrespollding J)-stat.e ANI"s with the S-stat.,~  ANI'·s. '111<' 1'l·lative IIlOlnpnt.nlll 

of the nucleon wil.h rpspect t.o the deut.eron i.~ iii, wl ... reas til!' rl'lal i\"l' 1110/'11'11111111 of I he t\\'I) lI"d"OIl syst,PIII is jJ3' 

IV. I)-STATE PAllAM ETF:IlS or 4 JJ /-; 

Having deli ned the relevant. vrrlex fnnctions. we fall write down I.he !'qual iOIl for ('Ollst rile' i 111-\ I hI' Sand n ~t.a'es 

1
2 2of He in the 111e -+ 11 dIanne!. The fir~t.  lille of Fig :l represellt.s diagrallllllafi('alJ)' II,,· prf'selltlJlodel ror the 

format.iou of t.he asymptotic Sand [) statl'S of 1 I-I e. IIsiug l.IIP notal ion or pl'l'viOIl~  Sl'e II,,· eXl'lifil part i:d wa\'p 

form of the prl'senl model collid he written <Iown a,<;' 

ro 

!l~;~i71) =l dq,'1~  JJdrl~ldn93  L ((g~t(P.l)~xtr ~Yi:(q3)) 

o LI,L3 '. OU 

x B 2
1

3 - - ((gtt,(pd~xZ') ~Yo(q,))2 
d - 0 - ql - iq3 - q, . 93 2' 0 00 

1 N')� (4.1)x B 2 2 900 {ql , 
,- 0 - 3q, 

where p, = -( ~i,  +qj) is the relative momentum between the the exchanged nucleon 2 and the Ibudurele81 deutroa 

3, 1~  = (i, -I- ~) is the relat.ivp momentulll bet.ween t.he spectat.or nucleon 1 and nucleon 2, q, is the momentum carried J
!<: 

by nllrleon 1 and q3 is tIlP mOlllpntlll1l carried by the st.rncl-ureless deutron of momentUl1l q3. The indices 1.2 refer 

t.o the spectat.or nudeon, the eXfhanged IIl1deon, and 3 rders t.o 1.'le struct.ureless denteron. lIere 13 is the angular 

mOlllcul.Ulll fitate or 1/1 e; 1:1 =- 0 (2) corresponds to t.llP S (lJ) st.at.es or 1 II e. L3 is tltl' relative angular momentum of 

till' t.wo nudeons rortning Iile <Ieut.<-rou or 1II0l1leutuIII -q:l. L, is t.he relative angular mOlllentum of the structurelea 

dCIIl<-rnn or moment 11111 '(3 aJIII t,h .. nurlcon 2 rortning the triton or lllomenlum -ql, :\:!" is till' spin state of nucleon 1 

wit.h fII0llwut.llm ql, alld '-t i~ tl", ~;pill  st.atp or thp st.rlld.nrell'ss deuteron wilh momeululI' q3. We dropped the index 

1/1 of the rortt..ractor~  at. N N. Nd flnd Nt vert.ices. because or the angular 1l10mpntum cOllpliug notation employed. 

lIer" gjL is the L fOmpO'lI'lIt or the \Trt.px deli/wd ill F;qs. (3.12) and (3.13). For eXRnlple, 

-NN - j"/'NN d· ,.
~IL,(/)3) =- -tr-CL.YL.'lm(/J3),� (4.2) 

wherf' Ct, = cg (-ChdpV/'~N) for "3 = 0 (2). 

Thp dIS of Eq. (1.1) is the first term on the rh~ or Fig. 3. The term 9&'0' is the Nt form factor, {B, - B o - hft1 

rq>rpsf'nt.s the propagation or the two-particle trit.on-nucleon state at a four particle energy E = -Bo • the energy for 

propagat.ion of the two-particle triton-nuclf~on  slate being (B, - Bo ). The term {Bd - 8 0 - qf - 3d/4 - i, .q;t 1 

r<,present.s t.he propagation or the t.hree-part.icle nucknn-nncleon-deuteron state at a four part.icle energy E = -Bo • 

the energy for propagation of the three-particle nucleon-nuclon-deuteron state being (Bd - Bo ). There are two angular 

11101l\l'lIt.ul\l-spin coupling coefficients. The olle involving g~~l"  gives the angular momentnm coupling to form the 

tritoll a\l(l it.s coupling to nucleon I t.o give the final zero total angular momentum of 4He. The one involving irl 
giv('s the spin-angulRr mOnl('nf.1I1l1 fOnpling or nnclons 1 and 2 to rorlll the deuteron of moment.um -q3 and its coupling 

t.o till' strucl-nrelpss druteron 3 t.o give UIP final zero total angular momentum of 4 He. Finally, there is snmmation 

over Ille iut.f'rnal allgular 1II01l1enta L I and L:1, and integrations over the internal loop momentum i, and angles of q;. 

Snhstit.nting thp vallll'~  or vnl.ex rllllcl-iolis and rearranging Eq. ('1.1), WI' obtain the properly normalized function 

"1~(q:d givl'JI by 

d ro� 
"dd( ) = dd ~71" 2C C' ca;-NI /'NN/'Nd/'N' l J 2 1,.(q3,q,)�I, '1:1 _ gU/,(93)� -::: ~L£_  ----- "'11'11 2 2 (4.3)� 

/1,/<1 1r /Idd n B, - Bo - :i'l.� 

such Ihat ilt t.he 1 Ii e pole it gives t.he asY/llpt.ot.ic normalization parameter!! of 4 HI': 

"1:(i/lrl,d =C,,-dd 

In E'I (1.:l) 

R 



1,,(q3,q.) = Jdfl"dfl'l (gfj~(i13)  0 xt)i, 0 )i;(I/:\))1l1l 

x B 2
1 

- - ((g!J.t,(ji'1)0\'"f) 0Yo(tid) (4.1) 3:1 
d - a - ql - 4q3 - q\ . q3" ,. 0 00 

The values of ' 3 = 0,2 yield the S and V state of 41l e respectively. For evalualillg t h., int ('grall, wc "xpalld the 

energy propagator in terms of spherical harmonics as helow, 

1 
tJ - Do - q~ - !d - ii• . iia = 211' t;00 

(_I)l, l<dql, q3)Jn + l(Ydqd x h(Q3»oo, (4.5) 

where 

PL(x)dx1\ I<dq.,q3) = 2 3 2 . (H)
-I Bd - 8 0 - ql - 41/3 - 1/1 1/3 X 

By using the angular momentum algebra techuiques [22]. the inl.rillsic spill d('pcIHlell ... · of IIII' illt<'grallli alld lhe pari 

containing the spherical harmonics ill Eq. (4.:1) are ea."ily spparal.ed out ali<I ('vailla... ·" ind,'p"lId"1I1 of "ach other. 

Next the same procedure is adopted to separalf' thO' 'II alld '1:\ d"l)l'1I <11'11 1 p',rls of IIII' illl ..~ralid. An ..1' illt"l~raling 

over angles we get the followillg result for At,tI 

CdC' co-NI Z I IiN 
Add( )_ 555 IINN/INd/'NI 1 fll (I)·li-~tlt/,-,j-"I,,--l

I, q3 - f'lI----22 - , }� 
11' J-Idd, (] 8 , - flo - 3//1� 

00 ,.tll (.,tL,-o-1! 2,,+/I-I.,tl()!-f ( )4
'" '" /' (- -) '7d 'II 1/1 1/3X L..J L..J \f, qa,ql -2- 1 ------3/1---

L"L•.,..jj,-,L=O J-INN J-II� 

x cgci° C{;o'o-I'L-, C{;ooo/,-, U( ILa1/3 ; I ['I) 

1 1 
x U(22Lllj ISdU(oL3 - oL 113 ; L3 r)U(wyj3L 1 -IJ; L I 1.) 

(2.8+1)(2/3+1)]+[ (2L3+1)!2L" ]! 
(4.7)[x (2L+ 1)(21+ I) (20+ 1)!(21.3 -20)!(2.8+ 1)!(2LI - 2/1)! . 

Here U(ilhiaj4; J I<) == (21 + 1)(2K + l)lV(iIiziai4; J I<) are rellorlllalized Gj SyllillOls. 

As L I = 0 or 2 and L3 = 0 or 2, the left hand side of the above eqnation cOlltains fonr l('rIlIs. Wf~  rdaill Ih.' 

three terms linear in V-state and nf'glect the term containing a prodllct of lId and II'. [III I I.e lililit '/:1 - i'l, analytic 

expressions are easily obtained for [(dql' q3) (relevant L values in the pr"sPlit cOlllf'xl heillg " = 0, I, 2).J 'I'll(' 

asymptotic V state to S stale ratio for 4/1 e is defi ned by 

o _ A~tJ(il'tJd) 

(-1.8)P = Agd(il'.... )' 

After substil.uting numerical values of variolls allglliar 1II01l1"nt.1I1l1 ('oupling ('(wllki/'lIls for allow"d valt.. ·s of allglliar 

momenta in Eq. (4.7), we evaluate p" as, 

a Z ("d "')' FI ('7d 
4 1/) f'z ('7d 

4 1]1 ) (1.!»
P = J-Idd 41'~N - I'~d - IJ-I""~  II~N - 3/1~d  - F;; II~N - 9Jl7vd ' 

where 

1� d Lt2 , )�
F "" q\ql I<dql,lJ-Idd.- B 2q2L - 0 B, - 0 - 3 ' 

Similarly, the Vr parameter of -4 He is defined a.'S 

fI 

n,' = _. lilll _~~~('J;I!_ -= -- lilll ~t\~:l~_ ('1.10) 
.' q,-II q5 ggg(f/:\) - q,~(1 h~"(q:d q~ 

The inll'grals appearing ill Eq. (·LIIl), arl' IlI'('fOl'nw,1 analytically for q:l _.~ 0 and lhe r"slllt for f)~ is 

1)" - (_.L _.:1_) _I 21 1NI + "fff;:-:::B;j (_L _~ _rL.)
',-- Z 2 Z 2 

,j"NN lINd 6 I'Nl + JU o - /1" liNN 311Nd 

2 9 j"fJ-- 3 d
+~IINI + "8/ IN IV I3" - Bd +"8 (8 0 - /I,d (_'_1_ _ i_i-) (4.11) 

15 (J-INI+JBo -Bd)2 II~N  9J-17vd . 

Eqllat.ions (4 .fI) allli (4.11) arp thp principal r,'slllt s "f tl.,· I'rl's"III. stlldy. 

v. NII~IEIUC"\' HI';SIJl:I'S 

TII(' 11I1l11,~ri('al resllits lill' lIlt' n sial.· I'aranlf't,-I's of 1// c hasf'd 011 E'ls. (1.9) alld (\.II) ,He expected to he 1II0re 

reason"hl,' thall that for :1/1 "I' Hef. [lj hecalls/' of 1hI"'/' r,'asolls Firstly, t.l.f~  approxillialc' analyl ical treal.lllellt of Ref. 

[IJ ('mploying t.he diagranl;ttic eqllation of Fi~.  '1 for :1/1 is 11101'" approxilliate than tl,e presf·nt. treallllent elllployillg 

Fig. :1 1'01'1/1 e. This is I,,-calls/, ill till' 1'.\1111('1' casf' I he lIe"lf'<:\ of tl.,' spill singlet lwo IInc\Pon state as an illf.prlllt'diate 

stOll,' is too drast.ic; wllf'r";LS III 1/1/' lallPl' ('as,' tlwr,' art' 11001 Iwl' (,Olllpl'tillg challllels if WI' pennit. olily ex('h~lIge  of one 

III1Clf'OIl as sl.owli in Fig. 2 Th" exchallge of two 1I11oleolls is possihle hnt is IlInch IPss likely alld is nsnally lIeglected 

ill I hI' IreaLlJlI'ut of IOIlr 1I11l·I"OIl ,IYIl;lIl1ics[:!:q S..wlldly, I.IIf' .1Iilliulal c1l1ster 1Il0.ld \\'f' are nsillg is expedf~<I to work 

better whell the nuclells is strollgly hOlllld alld II", cOllsl.illll'Ut.S e11 and :1 II) are loosdy bOlln<l. As 411 e is strollgly 

1>01llld this approximatioll is 1II0re trlle in ~ II f than ill 311. Filially and 1II0st illlporl.alltly, in the present nIodel we 

are taking the dilferellt vert ices 1.0 he essent.ially collstants as in Eqs. (3.13) and (·1 I) which correspollds to taking 

the vl'l't.ex form factors 1Il1ity. This redncl's the dynalllical equations ess,'ntially to algehraic relaliolls between the 

aSylllpt.otic lIorlllalizalioll paralllders. lu so doillg syslt'lIlat.ic pl'rors are illtrodllced. The calculation of the triton 

aSylllptotic f) to S ratio 1/ ill It('f. [lJ will h,LV<' the ahove "rror. Bnt 4/1c aSylllptoti.· f) to S ratio pO of Eq. (4.9) 

and D~  of Eq. ('t II) are ohtained hy dividing t.\\'o eqllatiolls of type (44) olle for 1;1 = 0 and t.he other for 13 = 2 

wher'" exactly id('lIlical ;'1,prOxilllat.iolis ale luade. This divisiol\ is expect,'d t.o wduce Ihe allOv,~ syslelllatic ('nor alld 

Eqs. (1 9) alld (-1.11) are lik/'Iy to 1"i1d to a IJlor.~  1'I'liahlp esl illialt' of 111 f IJ state coillpar,~d  to Ihe <'st.illlal,' of 3 II lJ 

stale ohtail\cd in H,'qq. 

Equatiou (-1.9) or ('1.11) yields thai for lix"d /1" LJ,I, II", alld II', /''' alld 1):; ar.' corl'd"I.·.1 wilh /3". Spf'cilicatioll 

of LJ" aloll" is not enoll~\1  to deterlllilll' the ~/Ic  J) st.ate I,aralllet"rs. We have estahlislll'<1 ill Hefs. (1,2, I:!J that ill 

a dYllamical calculation 11' is propOI't.illal 10 1(' for Iixpd Uri alld 1J1 , from which t.he Ih"orptical eslilllate of II' /ll ti was 

madf' This W;LS r"I.:vanl I",cause of lhf~  1I11rprl;lillly ill till' eXpf'rilliclital vallie of lid. H this reslllt is nSf·d ill E'I8. (·Ul) 

or (1.11) it follows that {''' and l)2 are proportioll'" t.o lId for fixed IJd , n" and 8". 

Next the results of the pl'l'selll calcnlalioll nsillg Eqs. (el.9) alld (1.11) are present.ed. In E'I8. (·1.9) and ('1.1 I), in 

aclual nlllllerical calcnlatioll both lId and II' an' t.ak"11 to Iw positive. The positive sign of '7' is consistent with the 

order of allgnlar 1Il0lllcntmll collplillg we lise in the presellt. silldy [12). III Fig. 4 Wl' plot po versus Bn calculated 

using Eq (1.9) for dilferellt val lies of 8 , and for Il ti =0.027 alld Uti =2.225I\feV. TIll' vallll~  lId = 0.027 is the average 
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experimental value reported ill ltd. (7). There is a rPfl'nt I'xperilll"ntal Iill<lillg: '/ = O(J~5(;  in Ikf. I!JJ. For the 

present illustration we shall, how"vN, lise ,]d =0.027. TllolIgh t.IlC lillal pstilllatp of IIII' aSYlllptot if J) st at,,, paralllCters 

of 1 JI e will depend on the vallie of '1 d employed, tile gelll:'ral cOllclllSiollS of this pap.'r will 1101. depl'lId Oil I.he choice 

of this experimental value of '1d . The five lines in this figure correspolI<l to H, = 7.0, i .5, lUI, R.5, alld 9.0 MeV. The 

numerical value of '1' for a particular B. is taken from the correlatioll ill Hd. (lJ. Wc lilld I.hat till' llHlgllitllde of pO 

increases with the increase of Bo for a fixed fl. alld with the decrease of B. for a fixl'd 1J0 This IIhould be compared • 

with the corrclatioll of I]' with H. in Rd. [I]. W.. also f:llclllat"'d J)~  IIsill/!; F:q. (11 J) ror diff.'r"lIl. v:dlll's of /J, alld 

Bt). 

Moff' rt'~;lIlts of our calclilill,iolllllling Eqs. (1.!1) ami (1.1 I) arl' "xhihil,,·J ill Tald" 1. W" 1~11I/l/oY"d din,·I't'1I1 valu"sof 

8. and B o . The vallie H" = 28.3 MeV alld 11, = 8.1R M"Y :lrl' IIII' I'xp,-'rinwl1t,,1 I';dlll's Th(' ollll'r vallles of Bo alld 

IJ, are collsid('red as they aff' idl'lIticalll'ith fl'SIIIt.s of t IlI'orPl.ic" I calclJlat,ioli of H.of [20) ,\s Ih.· lahl<'s or Ihe hill<lillg 

cllergies art:' crucial[ 1,21 for a corr"ct. sl"'cilkatioll of 1.1,(' J) state p"r;III1d..~rs  \1'(' dl'(ided 10 cOllsidn tllf's" hilldillg 

Pllcrgics ohtaillt:'d ill Hef. [201. For eXillllpl,', LJ. = 8.15 MeY is til" me"l1 of :1/1 alld'/f, hi"dillg clI,'rgi"s oht;!iIlP<I 

ill 1l.cf.[20) with tllf' Urball:l potelltial. For Ih.. salll<' pot"lItial th,')' ohla;III'<I !, ,-:: 'LR '1I\Io'V. alld I);; :::: -1l.2'1 fill 2 , 

to he cOlllpared with the presellt J)~  = -0.15 1'111 2 For 1.111' ArgolllU' polo'1I1 ial 1111')' o"t.ailll'd IIl1'ali 1/, = 1'.0·1 I\I('Y, 

Do. == 27.8 MeV, and D'2 = -0.16 fill', t,o 1)1' COlllpilr('d with tllf' pres"111 I)~ :c: -().I'LIIII~.  HIli t,l)(' lar/!;I' c1lallg(' of 

D~  ill RI'f. [20] from one ca.«e to the other is ill colltradict iplI wit.h t.he prt'SellI. silidy Th,· first row of Tahle J is the 

result of our calculation for p" and /)'2 cOllsisf.clll, with t.11I' corr,'rt (·xpNill)('nl.al H, :lIld H" '111.1 lIsill/!; II" :::: 0.027, 

'1' /I]d = 1.68: 

pO ~ -0.J4, 

n~  ~  -0.12/m2
, (.'i.I) 

pO / JI~dD~ ~ I. 

III Ref. [211 it has been est.imated that p" /(/I~d/)21  ~  0.9 in agr('elllellt, t.o t.he prt·s,'nt. lilldillg. 

Next we wonl,1 like tl) co111 pil H> t.he pr"s,·nt. result. lI'it,h 01.1 II' r ('exp.'rilllf'ni al') (,I',dllal iOlls of t.llI'sl' aSylllptotir 

paramet.ers. Sant.os ct a!. [11] evaluat.ed p" from ,III alia lysis I)f lensor analY7.ing pOlI'prs for (d. II) rl'acl iOlls ou Sand 

Ar. They employed a simple 0111' IItep trallsfer 1I1<'c1lallilllll, plane-wave sral.f.ering sl.ail's, 7.1'1'O-rallg., or aSylllpt.ot.ic 

bonnd states. Kpepilll'; ollly the dominanl, angular 11101111'11111111 states for t,he t,rilnsfnrt'd ,),oIlIf'[OIl 111f')' IHl'dicled 

p" = -O.2!. 

III anot.her stlldy Sant.os 1'1 al.[1 ril cOlIsid,'red t.he tellsor allaIY'l,in/!; pOlI'l'I' of rl"ldi',n :' /I (,T, 1)1/1 rand COllcllld"d 

that. IIgre('l11ellt with experinlf'llt wlIl<I h., ohlaill.~d for -(Jri < po < -0.'1. 

Karp et al.[161 studied tensor analyzing powers for (d, 0) reactions on H!'r. TIH')' "1111'10)','<1 silllpit' slll'Il-/IIodrl 

conligurations for the nllclei involved, lH'rfor/lled a Iinit,e-r:\IIge DWAA r:lkulal ion, alld 11')'1'1''''111('.1 t.h.·I/l e ~ 27 /1 

overlap hy an effective two-hody lJIooel. Froll1 "II analysis of tI .., ('xpNilllf'ntal dat.a I I,,· alii hoI'S cOllclllded IX; 

-0.:1 ± 0.1 fill', 

'jOSt.('I·ill et al.[17] st.lldi('d t.I'IISor allalY7.illg pOWNS for (d, II) reacl,iolls ou 40Ca. They performed a DW£JA calculation 

with local elH'rgy approximation and collclu.led J)~  =-0.:11 flll 2 all<l pn =-0.22. Dut Tostevill[18} has later warned 

t.hat t.his value of D2 may have large error, 

Merz pt. al.[19] has performed an analysis in order t.o make a more reliable estimate of these parameters. From a 

study of f,he 4°Ca(d, 0 )JR J( reaction at 20 MeV bombardillg energy employillg a fnl1 finite-range DWBA calculation 

they predicted D~  = -0,19 ± 0.04 fm 2 , 

Recently, Piekarewicz alld l(oollin[21] performed a phellolllenological fit to the experinlelltal data of the 2 H(d. ')')4 H Ie 

reaction alld predicf.ed po = -0.1, From a stndy of ('fOSS seet.ioll of the !lame reaction, however, Wel1er et al. (13) 

prl'diet.('d fI" = - 0.2 ± (I.U5, 

Cosidering t.he <tnalit1ltive nature of the presellt. study WI' lilld thaI. thpre is reasonably good agreement. between the 

pres('lIt anll ot her sl,lIr1i('s This assllrl's f.hat. IV" han' corr("'! Iy illrillded 1,111' essellt.ial nwchllllislllS of the formatioll of 

the f) sl,at,e. 

Ulllike ill the caRl' of :'1/, t1wrF' aI''' 1.11'0 r1istillcl. illgr"di'~lIt.s for the formation of thl' D sta.... of 4He: ,,' and ,,". 

This is e1l'al frolll I'xpressi"ns ('UJ) anrl ('1.11). This possihilil,y did not exist, ill the ca.,;e of:' /I where ,,' iii detprmined 

1111 i'lllely by '1 d apart frolll thl' bindi IIg elll'rgies. III t.ht> uSllal opt.ical potential study of the 1) st.ate of 1 IIe all in Ref. 

[2,11 f.11C r1l'l'elHlenre of pC< 011 I" is always lIeglectl'lL Thill depf'ndl'lIce will be explicit ill B microscopic four-particle 

t.reatIJlf.'nt. of 1 lit'. Such microscopic. calclliatiolls are IVelcome in the fnt.ure for eRf.ahlishillg t.he conclllsions of the 

prf'sl'lIt study. 

VI. SUMMARY 

We have calculated in a lIimple llIodei t.he ilsymptotic D sla!,e parameters for 4 He. The present investigation 

gell<~ralizt:'s  the consideration of ulliversality as prt>sented ill Refs, [II and [21 for the t.rinudeon system. The universal 

trelld of the theoretical calculations on the trillllcleon system alld the consequent correlations are generalized here 

1.0 t.IH' ca.'ie of the D-st.ate observahles of 1II e. The essellt.ial results of om calcnlatioll appear in Eq. (5.1). We 

hal'e USl'd a lIIillimal c1ust.pr modd ill Ollr calculat.ioll where esselltial1y the boulld st,ate form factors are lIeglected, 

Ihus trallsformillg til(' oynalllic.al I'quatioll illto all algebraic relation between f.he different asymptotic parameten, 

Dil'irling I.wo sUfh f'qlliltiollS - 0111' for t.he a,«ympl,otic S stilt.e of 1 II e and other for the ltSympl.otic D state of 4 He 

\.I", l'stilllatl's of Eq. (ri.l) art> arrivl'r1. As we hilve pointed Ollt ill Sec. V, sllch a division shollld reduce the Ilyatematic 

~rror  of I,hl' approximation scheml'. DYllalllical calclliatioll IIsillg realist.ic fOllr-body model should be performed in 

:mlf'f t.o see wll('t./lCr thl' prl'sent estilllate (S.I) is reasonahle. At the same time arcurat.e experimental results are called 

for. WI' have prl'dict.I~11  rorrclat.iolls 1)('l.wl'el1 pC< and 1J0 , and het.ween D~ and Bo to be found ill actual dynamical 

:alrulatinlls. Such corrdat.iolls though apllf'ar 10 I,,' I'xtfl~lllI'ly plausihlf' ill view of the rlllclllation of I" of (I), can 

'1I1y 1)(' \'f'rified after lH'rformilig ad.llal dYllillnical calclliatiolls. 

This work wa.<; sllpport.,'d ill part by the COllsl'lho N"cional rle Dpscnvolvirnellto Cielltllico e Tecllol6gico and 

Fillallciadoras rle F:sI.udns e Projel.os of Brar-il. 
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Table) 

,---

Ba 11 t 7]d 7]1 Da
2 

pa k
I'ddD~ 

(MeV) (MeV) (fm 2 ) 

28.3 8.48 0.027 0.0454 -0.12 -0.14 1.07 

28.2 8.1.5 0.025 0.0.514 -0.15 -0.17 0.98 

27.8 8.04 0.026ti 0.0430 -0.12 -0.14 1.05 

--_.. _-- --

Table Capt.ion: Heslllt.s for]) st.at.e paranwt.els of "He calculat.ed lIsillg Eqs. 

(33) and (:15). 

Figure Capt.ions 
I. The coupled Schr()dinger e<illation for I IIf' fonuation of the 1) st.at.e ill 21l. 

2. The cOllpled Schriidingcr equat.iou for the fonllatioll of the D stat.e ill 311. 

:\. The present lIlodei for t.he fOl'llliLt.ioll of tile Sand [) st.ates in ·'/h. III 1I11111ericai 
calcula.t.ion only t.he first. term 011 the right halld side of this diagram is ret.ained. 

'I. The pa versus Da correlat.ioll for fixed 13t = 7, 7.5,8,8.5, and 9 MeV and with 
7l d = ll.027 lIsing Eq. (33). The curves are labelled by the Et values. The 7l t values 
for each line are t.aken from the l]t v<'rsus E't correlation of Ref. [1J. 

16 



--

+ + 

+ + 

A� 
"'--' 

/ 

/ n - ~ 

l.L.. 
II 

~ ~
 



~I:L =~ -" 
q\ 

s .- -0.12J:F =====;==1:::==:1-_/
3 3 q3 -ql 

12--"'t'"(---;.,----"r--

+ -0.14 
3 

f'J ~ 3 p 
(X� 

-0.16� 

-0.18'� I I I I I I I I 

24 26 28 30 32 
Ba (MeV) 

fl". If-L----




