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The A single-particle energieB, of hypernuclei(HN) are calculated microscopically using the Fermi
hypernetted chain method to obtain for duN and ANN potentials the\ bindingD(p) to nuclear matter, and
the effective massny(p) at densitiesp<p, (po is normal nuclear density and also the corresponding
effective AN and ANN potentials. The\ core-nucleus potentid) ,(r) is obtained by suitably folding these
into the core density. The Schiinger equation fotJ, andm? is solved forB, . The fringing field(FF) due
to the finite range of the effective potentials is theoretically required. We use a dispaidiMepotential but
also include a phenomenologigadependence allowing for less repulsion fox pg, i.e., in the surface. The
best fits to the data with a FF give a largelependence, equivalent to Ardependent strength consistent with
variational calculations oiHe, indicating an effectivd NN dispersive potential increasingly repulsive with
whose likely interpretation is in terms of dispersive plus two-pion-exchangél potentials. The well depth
is 29+ 1 MeV. TheAN space-exchange fraction correspondmig p) ~0.75-0.80 and a ratio @f to s-state
potentials of~0.5+0.1. Charge symmetry breakif@SB) is significant for heavy HN with a large neutron
excess; with a FF the strength agrees with that obtained fromA+h& HN. The fits without FF are excellent
but inconsistent with the requirement for a FF, witHe, and also with the CSB sign fdr=4.
[S0556-28189)04811-9

PACS numbseps): 21.80+a, 21.10.Pc, 13.75.Ev, 11.30.Er

I INTRODUCTION ANN effective potential®/ . andV nn. The latter are then
appropriately folded into the densipfr) of the core nucleus
In this paper we analyze th& single-particle(SP) sepa-  to give a SP potentidll ,(r), while thek, dependence db
ration energiesB, of A hypernuclei(HN) with a micro-  gives the effective massi(r). These are then used in a
scopic approach. The experimental SP energies have be@ehralinger equation to obtain thB, . Core distortion is
obtained for a wide range of HN witftotal) baryon number  quite small for the relevarm [9].

A=<208 and for orbital angular momenta up Q=3 for Our approach thus has important elements of a local-
large A [1,2]; in particular the recent data for La and Pb aredensity approximation but goes beyond this. Our effective
very important for our results. interactions aréslightly) p dependent since they involveN

The A-nucleus potential roughly follows the density dis- and ANN correlations, which depend om In the leading
tribution p(r) of the core nucleus and has an approximatelyorder of the cluster expansion, our effectiseN potential
constant valud , in the interior of heavy HND, is iden- ~ corresponds closely to a Brueckner-Hartree-Fock approach
tified with the A binding in nuclear matter at normal nuclear Which uses thep-dependentG matrix in the leading order
density po=0.165fm 3. ThenB,~D,—T, where theA
kinetic energyT,~A"22, Table | shows the experimental
B, and Fig. 1 shows, vs A~?3. Extrapolation toA— o,

TABLE |. ExperimentalB, (MeV).

i.e., A"?°-0, in particular for thes, states givesD, AN Ba(®) Ba(P) BAd) BAT)
~30MeV. B 10.2+0.07
Microscopic calculations using variational Monte Carlo {C 10.8+0.01 0.x-0.5
(VMC) techniques have been made for the 5 HN [3,4,5  ;C 11.7+0.01 0.8-0.5
and also fori’O [6], andD, has been calculated with the 'O 12.5+0.35 2.5-0.5
Fermi hypernetted chaitFHNC) method[7,8] generalized {’Si 16.0+0.3 7.051
to include ANN potentials[3]. However, for HN withA  3°S 17.5+0.5 8.1+0.6
>5 adequate variational techniques are in general not yéfCa 18.7+1.1 11.0:0.6 1.0:0.5
feasible and also not suitable for a more global approach. v 19.9+1.0 4.0:0.5
We have therefore used an approach which depends ceffy 22.1+1.6 16.0r1 9.5r1 25+1
trally on variational FHNC calculations of the binding en- 139 4 23.8+1 20.1+0.4
ergyD(p,k,) of aA (momentunk,) to nuclear mattenm) 20%pp 26.5-0.5 21.3-0.7

of densityp (for all p=<pg), and of the associatedN and

0556-2813/99/6(%)/055215%16)/$15.00 60 055215-1 ©1999 The American Physical Society



Q. N. USMANI AND A. R. BODMER PHYSICAL REVIEW C60 055215

% 1a 4%ca 2si Bc "c A; even for 3He core polarization contributes0.4 MeV
mliy Sy [%s] %0 o | 00
[ T v ¢ T v v 4 ¥ [ ) There are two further new features of our work.
S 7] (1) Our treatment ofANN forces is more phenomenologi-
*¥ cal than in our earlier work11] which included dispersive
g § % (VR\n) and two-pion exchangeVg™,,) ANN forces in the
_a g I j . calculation ofD. However, the FHNC calculation for37,
2 z was not and still has not been adequately implemented since
= § ' existing calculations cannot reproduce the feature of VMC
o s . £ 5 calculations of light HN[3—6] for which ANN correlations
0= d § ¥ %8 give a much reduced repulsive or even an attractive contri-
i bution. ForV} there is no such problem as the correlations
f ; L « . are well under control, and a repulsive contribution is always
0 I i, L kg obtained with both VMC and FHNC calculations. We there-
0 008 010 209 015 020 fore use only a dispersive typé, yn but allow for a possible

A dependence of this due ¥, (as well as to a possible

FIG. 1. B, vs A~ 2% for the designatetivalues.(1) The experi- A-dependent/?,) through an additional phenomenological
mentalB, are shown as full circles with error baf®) The calcu- p dependence which mak&s, yy less repulsive fop<pg.
lated B, for V,=6.2MeV, W=0.021 MeV, =2, €=0.255 are  Since lighter nuclei have relatively more surface, this trans-
shown as crosseg3) The calculated,, for 3V, 3°Y,*Lai™Pb for  |ates(Sec. V) into an increasingly repulsivd NN contribu-
the same parameters as i) but including CSB ¥§**=  {ion for largerA.
—0.05MeV) are shown as open circl¢d) The calculated, for (2) We include a charge symmetry breakif@SB) com-
gﬁof/f/)rrl ?;;;T}eci‘:gr;meters as(®) except thai3=0.1, are also ponent in theA N potential. We consider CSB strengths com-
' parable to that obtained from the=4 HN [12]. For heavy
HN with a substantial neutron excess the CSB contribution is
of a reaction-matrix approach; but our approach goes beyonghoderate but significantSec. V); in particular the recent
this since we make an “exact” FHNC calculation which gata for La and Pb are essential for a significant determina-
treats exactly the clusters of all orders except for the elemenign of the CSB potential.
tary diagrams which are negligible for a dilute system such  previous calculations of the I, have used various ap-
as normal nuclear matter. As demonstrated in Sec. Il OUproaches. Ours is perhaps closest to that of Millesteal.
effective V, is quite close to that obtained in the leading [13] who in addition to an analysis based on a phenomeno-
order of the cluster expansion. For soft dir@ab space ex- logical D(p) (also Ref[14]) also considered a local density
change potentials for which theAN correlations are weak, approximation based on phenomenological zero-range
our approach is equivalent to the Hartree approximation, exskyrme forces. Many salient features were already demon-
cept for the neglect of core distortion. Similarly, for a dis- strated in this paper: in particular the “saturation” property
persive typeV nn [EQ. (6)] the effectiveV ,yy is well ap-  of D(p) resulting from the need for strongly repulsieN N
proximated by the leading order of the cluster expansion anébrces, as well as that fany <m, . However, as also in our
is again exact in the limit of the Hartree approximation.earlier work[11], finite range effects, i.e., the FF, were not
Space-exchange potentials give some nonlocéiyin HF  adequately included. Relativistic mean-field calculatid
and our principal approximation is the use of a localgive a surprisingly good fit with only a very few parameters,
mi[p(r)]; this should be a reasonable approximation butthe FF being implicitly includedthrough the meson fielfts
needs further investigation. Our procedure should then be however, RMFT is not a microscopic approach and cannot
good approximation to an exact microscopic treatment anée directly related to thaN and ANN forces. Brueckner-
provides a theoretically well-founded phenomenology. Fold-Hartree-Fock type calculatio46,17] have been made with
ing the effective potentials into the core density is an essenp-dependenG matrices calculated for various OBE poten-
tial element and is necessary to obtain a realistic SP potenials [18,19 which includeAN—2XN coupling, the suppres-
tial, with the associated fringing fieldFF) due to the finite sion of the latter in nuclear matter first shown by realistic
range of theAN and ANN potentials being a crucial com- G-matrix calculations in Ref[20] being roughly equivalent
ponent. to a dispersive/,yn. Unfortunately, higher order contribu-
The smallness of the core polarization provides a greations including the two-pion-exchang&NN contribution,
simplification since the core nucleus can be treated to a goollave so far not been estimated.
approximation as undistorted. Elsewhere we have shown that A brief outline of the paper follows. Section Il discusses
even for quite moderatd, core polarization gives a very our potentials, including CSB. Section Ill presents our theo-
small increas&\B, <0.2 MeV[9]. For a very light HN such retical procedure. Section IV discusses our fits to the data,
as EA’He the correct treatment of core polarization involves aincluding the dependence gf on our potential parameters
rearrangement energy which depends essentiallyMrcor-  which is systematically explored. Section V discussesAhe
relations but which is expected to be unimportant for largeandp dependence of the effectiveN N potential. Section VI
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discusses our fits with CSB. Section VII summarizes results, A N, Ny A N,
in particular our best fits.
)3
A

II. A-NUCLEAR INTERACTIONS
A. AN potential

Charge symmetric potentiaBince theA has isospinl
=0 there is no(strong AAx vertex, and hence no OPE
potential. However, isospin allows /&> 7 vertex. The two- ) . . .
pion-exchangéTPE) potential is then a dominant part of the ~ FIG- 2. Diagrams for dispersive and two-pion-exchaigeN
AN potential and is dominated by the strong tensor OpgPotentials.
component acting twice. There will also Be K* exchange
potentials which will, in particular, contribute to the space- VER=TaVGooTA(r), (5
exchange and thé N tensor potentials. The latter are of
quite short-range and furthermore are also quite weak bewhere analysis of theA=4 HN gives V§®"=—(0.05
cause thé& andK* tensor contributions are of opposite signs = 0.005) MeV. The negative sign corresponds to a more at-
[19,21]. Also there will be short-range contributions fram  tractive Ap thanAn potential. CSB makes a relatively small
quark-gluon-exchange, etc., which we represent with a shortut significant contribution for the heaviest HN with an ap-
range Saxon-Wood repulsive potential which, somewhat arpreciable neutron excess.
bitrarily, we take to be very nearly the same as for k¢
potential[ 22]. B. ANN potentials

We then use an Urbana-type central poterja22] with

space exchange and consistent with scattering. We need  With only @ AN potential fitted toAp scattering the
only the spin-average potential which is heavier HN are strongly overbound. Many-body effects for a

centralV,\ can arise through changes in thé\ correlation
Van()=V()+Viy, Vin=€eV(r)(1-P,). (1) functiong,y due to the presence of other nucleons. How-
ever, such effects are quite small as shown in Sec. Ill. Sup-
The direct potential is pression of aAN tensor force by other nucleons is also ex-
- ) pected to be quite small, both because of its short range and
V() =Wo[1+exp{(r—R)/a}] " —Va,, Vo,=VoTo(r),  weaknes§23]. However, the TPE\N potentialV,,. can be
2 quite strongly suppressed because of modifications of the
where Wo=2137 MeV, R=0.5fm, a=0.2fm, andr is in propagation of the intermediaf® or N by other nucleons

fm. T.(r) is the one-pion-exchange tensor potential sha Fig. 2. Coupled-channel reaction-matrix calculations can
" . P 9 P PGive a large repulsive contribution because of the large
modified with a cutoff

(mostly OPE tensorcouplings together with the small
— A mass differenc§20,24. We represent such suppression
effects by a phenomenologicdrepulsive “dispersive”

with x=0.7 and c=2.0fm 2 The Ap scattering at low ANN potential of the form

energies is then well fitted with/y=6.15+0.05 MeV. V', —\D .\ 2

is the space-exchange potential aRg is the AN spa?:h(le— Vann=Vann= W) T(r ), ©
exchange operator. The exchange fractiodetermines the
strength ofV’, relative to the direct potentiak is quite
poorly determined from thé p forward-backward asymme-
try to be e~0.1-0.38. e determines the odd-state potential;
thus thep-state potential is

T_(r)=(1+3k+3Kk2)(e ¥/x)(1—e )2, (3

where r,; are the A-nucleon separations. A strengiV
~0.01-0.02MeV gives a repulsive contribution roughly
consistent with the suppression obtained in coupled-channel
reaction matrix calculations. Both VMC calculations of light
HN and FHNC calculations oD (p) always give repulsion
(for W>0).

TPE ANN forces(Fig. 2) arise from gp-wave pion inter-

Charge symmetry breaking potentidhis is expected on action of theA with e:;\ch of two nucleonf25,26. The cor-
theoretical grounds and is also required by the data, in paf€SPonding potentiaV’i%,y is noncentral with tensor compo-
ticular the ground and excited state energie§idfand{He. ~ Nents and is angle dependebetween;, andryy). It has
These were analyzed in Rdfl2] with a phenomenological Peen used together withy, in VMC calculations forA
spin-dependent CSB potential and using centifdforces. It <5, in particular of;He [3-5] and of ;'O [6]. With appro-
was found to be effectively spin independetny appre- priate. ANN correlations (including tensor and angle-
ciable spin dependence would in any case give only a vergependent\NN correlationg the contribution ofv47, can
small contribution for large A relative to the spin- then be quite strongly attractive. This was already shown in
independent term.The CSB potential we use is then to be earlier calculations with centr&N forces[3]. Calculations
added to the attractive pan,. of Eg. (2); its spin-  with more realisticNN forces[27], in which case the tensor
independent part is components oﬁ/i}QN also contribute, give an even more at-

Vp=(1-2e)V(r) or V,/Ve=1-2e. (4)
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tractive contribution. Thus the net contribution M’XNN given by Eq.(6) the corresponding effective potential is
+ VAT for light HN can be only mildly repulsive or even given by Eq.(29) and for a short-rangé, to a good ap-
attractive. proximation by Eq.(34); the depthD*\N [Eq. (26)] is then

In an earlier version of our approach to the SP energiesery nearly proportional tp?, with the corresponding/ ANV
[11], the contribution ofV37,y to D(p) was not adequately [Eq. (37)] obtained by double folding of the effective inter-
calculated, and was repulsive at alland therefore for all action Eqs(30) and(34). Thus for a directV, plus a dis-
HN. A more complete calculation may well give a contribu- persiveV,yy our folding procedure should be an excellent
tion which is repulsive at larges~ p, but which becomes approximation.
less repulsive or even attractive for smallbut such a cal- The A binding D(p,k,) for nuclear matter of density
culation remains to be done. We therefore take a more pheand for aA momentumk, is calculated with the FHNC
nomenological approach which allows for the possibility thatmethod[3,7]. Thus forA—oe,
the netANN force becomes more repulsive for largerthis ALt e (A
may result fromv47,,, and/or from enhanced suppression of _ _ (UAHAw )

IMVANN ¢ _ D(p,ky)=
the A coupling for largerp with a correspondingly more (TA p A
repulsiveVy . We therefore use only W of the form (WA DAY (A= D)y
of Eq. (6) for which the corresponding correlations are well _ N
under control. From now ok{, is denoted by jusV , - (QAD A1)
However, to allow for repulsive contributions which increase B) (A o )
with A we include a purely phenomenological density depen¥WhereH™, W are theAI—J?mHtonAaT and wave function of
dent factor forV,,y, namely, the hypernucleus anti{) ™, w(A-1) those of the core
nucleus. The variational wave functions are

; (€)

Fa(p)=[1—exp(—Bp?lpy)l/[1—e 7]

YA =gk PAFp(A-D), (10
for p<pg=1 for p<py. (7)
_ ) with
F5(0)=0, whereg= is equivalent toF 5(p)=1. The ef-
fect of F4(p) is to give a less repulsivd NN contribution
for p<po, and since lighter HN have relatively more surface F=| IT fana IT fann(Pai faj.Fip) (11
to give a net contribution which becomes more repulsive for =t =)
larger A. The details of howF 4(p) is used is given in Sec. 5pq
lII; the relation betweerF 4(p) and an equivalenA depen-
dence ofW is discussed in Sec. V. AL

\I,<A—1>:H fan(rip) @A 1(1,2,.A-1), (12

i<j

A-1 A-1

Ill. CALCULATION OF

THE A SINGLE-PARTICLE ENERGIES where®*~1) is the uncorrelated Fermi gas wave function

The B, are obtained from a Schdinger equation with for nuclear matter of density. Details of the correlation
the potentiall, and with an effective mass : factorsf ANs Tans Fann @and calculatlonal methqu are given
in Refs.[3,7]. It should be noted that in all earlier as well as

h2 d? A2, +1) in the present calculaftiorfs‘NN was found to be 1 within the

o a2t 2 FULA(N) [P, =—ByD,. errors of the calculations.
2mi(r) dr r A . . . .
A ) The effective masm} (p) is obtained from a quadratic fit

in ky to D(p,k,)—D(p,ky=0) or equivalently from Eq.
The calculation olJ, andm is described below. Here we (23) together with Eq(21). This procedure for incorporating
characterize the theoretical status and reliability of these caM into Eq. (8) is equivalent to that of Milleneet al. [13]

culations. who use an equivalent energy-dependent potential.
The variational calculations fdd, which is theA binding The well depth can be written as

to nuclear matter, use the wave functid@é) to (12) imple- 22

mented through the Fermi-hypernetted-chain technique. For () y= — A L DAN Y+ DANC k) + DANN

a direct AN potential €=0), the correspondinglocal) SP (pkn) 2m, ° (P)+ Dy (p:ka) (p).

potential is then obtained by folding the effective interaction (13

given by Eq.(16) into the density distributiorp(r) of the
core nucleus to givaJ$(r) [Eq. (35)]. For a short-range
correlation factorf ,y(r) the corresponding well depllhéN
is then very nearly proportional tp, and UdA(r) then very
nearly corresponds to the use of the lowest-order cluster ex- p(p)=D(p,k,=0) and D2N(p)=D2N(p,k,=0).
pansion which, as we shall show, is a good approximation. (14)
This folding procedure then corresponds quite closely to a

Brueckner-Hartree calculation for hypernuclei. FoW gyn The direct contribution is

where D)N, DAV, and DANN are the directAN, the ex-
changeAN, and the three-body NN contributions, respec-
tively. We define
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FIG. 3. The well depttD and its components: the direbr(‘}N,
the exchang®2N, and the three-bodp "N contributions vs the
nuclear matter density for the “exact” FHNC calculation(full
lines) and with the approximation of Eq31) (dashed linesfor
Vo=6.2MeV, W=0.02MeV, Fz=1(8==), and e=0.35. The

differences between the “exact” and approximate values o

m’/m, are less than 0.04%.

DiN=DM(e=0)=—(V)+(Tn)= _Pf VndF.
(15)

The effective interaction corresponding to the direct contri-

bution is

2

Vin=0an vAN<r)—mVi In fon(r)

. (18

where w,y IS the AN reduced mass and,y is the AN
distribution function obtained in the FHNC approximation.
For a reasonabl®/(r), DOAN/p changes by<2% over the
rangep=<0.20 fm 3 (Fig. 3.

The AN exchange contribution is

DeM(p.ka)=€A(p.ky), (17)

where

A(P,kA):PJ VAN(M)[ 9ad(r)De(ker)jo(kar) —gan|dF
(18)

is independent ot, kg is the Fermi momentum, and

_ 3ji(x) 1
X

x2

_1_0+..._

De(x) (19

PHYSICAL REVIEW G0 055215

DM(p.ky) = €e[A(p,ky=0)—pbKi], (20)
with
1
b:gf VangadDe(Ker)r2dF. (21)

Combining the term proportional ﬂoﬁ in Eq. (20) with Eq.
(13) we obtain

h2Kk3
D(P'kA):—W+D(P), (22
A
where
hE AR
ot~ 2my epbki (23)
or, equivalently,
my 2my
=—-—1=——5¢€pb. (24
m¥ h?
¢The effective interaction corresponding IIIQN is
Vin=eVan(DLgad(NDe(ker) —ganl. (25

For the dispersiveANN interaction, Eq.(6), the ANN
contribution is

DANN(p)

1
EWPZJ T2(r A1) TA(rA2)9a(F a1,p2,F 12 d71d7odF
(26)

with

95= 2 Gue(M2Oay(Ta1)day (Ta2),  (27)

xx"y,y'

wherex, x’, y, andy’ represent all the possible exchange
patterns consistent with the Pauli exclusion princifiRef.
[3]). For a short-rangé N correlation factorf 4 the domi-
nant p variation of DANN comes from thep? term in Eq.
(26). With the density modification of Ed7),

D""(p)=F4(p)D*"N(p). (28)
We define an effectivl NN interaction
Vann=WoT2(r 1) T2(r 42) 03 (29
and with the density modification
vxﬁr\)m: Fﬁ(p)vANN- (30)

jo andj, are the zeroth and first order spherical Bessel func-

tions andg,n, 9ag, €tc., are defined in Ref3]. For small
k, we keep only terms ilki in the expansion of, in pow-
ers ofk,r; then

In the following, the indexs is mostly implied and omitted.
For the calculation ofJ ,(r) the use of the effective in-

teractionsV y, Vi, andV, yy includes the density depen-
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ever, for a short-rangd N correlation, this dependence is (Aglp™P)=— 5l 3 (39

dence arising from the density dependent correlations. How- 3 ( 3772) 213
bo
5 :

quite weak. In this case the approximation

AN ,gAd%f/z\N,gNN%f,%lel (31) whereA, denotesA (p,k, =0) in the zero-range limit and

is then very good for the calculation @,", DAN, and 1 -
DANN andm¥ and, therefore, also db(p). With Eq. (31) bo=b(p=0)= gf Vanganr-dF. (40
our effective interactions become
_ 72 Then
Van=FAn[ Van( = 7 —Viinfu(m|, (32
KAN A(p,ky=0)=AqFy, (41)
Vin=efAnVan(r)[De(ker) —1], 33 ith
V= Wof (M) fRa(ra) To(ra) T2(rao). (34 Fi— A(p.ky—0)/Ag. 42

In Fig. 3 the solid curves depict the results of an “exact”
FHNC calculations using Eqg16), (25), and (26). The  Similarly for m} we have
dashed curve gives the results of a calculation using the ap-
proximations(32)—(34). The small differences between the my 2m,
two sets of curves shows that E@1) is a very good ap- X= F—1= - ﬁ—fpbon, (43
proximation; the differences im} are less than 0.04%. A

We remark that the use of the “exact” FHNC method
(exact except for the negligible elementary diagramses-
sential to preserve the variational nature of the calculation of
D. A free variation off,y using Eq.(31) will not give a
lower bound toD. Thusf,y as used in the lowest order
cluster approximation must be constrained by the use of a Fi(p), Fa(p) are form factors which represent finite

with

complete FHNC calculation. range effects oV, . The Hartree-Fock expressions are ob-
For the calculation ofJ ,(r) we fold the effective inter- tained by putting g,y=1. (For a Yukawa poEezntiaI
actions(32)—(34) with the nuclear density(r): ~exp(-ur)/r the HF form factors areF;=2.5¢ 1

—3a 3(a—tan ta)], F,=(1+a? 2, wherea=pu *kg.)
~ Finite-ran ffect F,<1) are more important f
Ud(r=(A-1) f ag(p)Van(lF=FDp(radr, (@35 o EEE G Py 2F1%)02,6F2:§ 5 3 py AN B
=0.9,F,=0.7 at 0.,. Thus, thep dependence dDQN is
close to proportional tp®?, as for a zero-range force. The
ratio DN/ x~ p?3F, /F, is a function only ofp and differs
from that for a Skyrme forceR;=F,=1) used by Millener

Uﬁ(r)=(A—1)Jax(p)VXN(W—F'l)p(r')df', (36)

1 ~ et al. [13]. Comparison with the form factors for a Yukawa
ANN/ by Z A _ (B) : :
UaT(n =3 (A=1)(A 2)f aAnn(P) VN potential shows that~1.1fm ! gives a fair fit toF, and
e o , - w~2 fm~t a surprisingly good fit td~,. There is, of course,
X(|F=r"[,[F=F")p(r")p(r")dr'dF", no reason to expect a particularly good fit with a Yukawa

(37) shape or thap should be the same fdét; andF,.
The expressions for the andp-state contributions to the
UA(n)=U4(r)+U%(r)+UiMNr). (38)  total AN depth are

In the above expressions the density-dependent factors DMN=pAN+DMN=p + D, (45)
aq(p), ax(p), andayyn(p) are chosen such that the effec-
tive |nteract|ons(3_2)—(34) reprod_uce the exact_ FHNC re- where we have neglected the sm@aHl.5 MeV) d-state con-
sults (corresponding to the solid curves of Fig). Ihese - .

: . . - tribution. Thus using Eqg1) and (4),
correction factors are mostly quite close to unity. In this way
we compensate for the errors we may have introduced

. : : A A
through Eq.(31) in the .calculatlon ofU,(r). The denS|ty-. D=DiN+ > D,= _(1_26)5’ (46)
dependent factoF 4(p) is of course purely phenomenologi-
cal.
We briefly discuss finite-range effects fox'N andm*.  where A=D2"/¢ is independent of. We note thatD,,
A zero-range force is equivalent to retaining terms upg4o V,=0 for e=0.5 and thaD ,<0 for €>0.5, corresponding
in Eq. (19 for Dg(x). Then to a repulsivev,,.
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= I - o 9' s S (N IV. FITS TO THE SP ENERGIES
o 5 B < -
g ° -~ o A. Parameters and inputs to fits of SP energies
= - e ™~ d ) . .
~ w5 ~ N— SR g Potential parametersThe B, are obtained from EJ8),
~< o w "o - . P . .
2 N PWn o o< @ 0 with U ,(r) andm?{ (r) calculated for a given set of potential
@ i S "T®00d59 arameters as described in Sec. lll. In our fits we use\tRe
e ©Cmwo<J Y © strengthV,=6.15+ 0.5 MeV as constrained by the scattering
B = QRIaa © gthvo e
” N PR [l ™ g NI data. The strengtV of the ANN potential is allowed to vary
b ; o | ® S @ o within wide limits (0—0.04 Me\j. The parameter8 in
§ ~ o« ™ Fs(p), which modifies theANN potential in the surface, is
5 N ~oo S ’; allowed to vary from 0.1, where « corresponds to
g ) © o< F.(p)=1, i.e., to the unmodifiedNN interaction of Eq.
3 S s w o © ) (6). The exchange fractioais allowed to vary freely since it
o= ~° © ® 4 © SN 3 is so poorly determined by th&p scattering. The strength
T <€ w Tow gy VSSB of the CSB potential is allowed to vary from0.1 to
e . I NN oo 0 ->E P csB i
23 < °® @~ 2 0.1 MeV, which included/5>"~ —0.05 MeV obtained from
= e oo~ ggNNd the A=4 HN. The fits are then determined by five param-
-9 ™ an o . . ; CSB
¢ o o) m g o Q- a2 eters of whichV is strongly constrained, and;™", for the
ER= © = woo @ values considered, has a minor but significant effect only for
Z 0 Si9 . .
§ = w0 © the heavy HN. The number of experimenBg| to be fitted is
o N - - © 3 24.
s e 2 g o NS Core-nucleus densitie3hese are obtained from the com-
c§ - — « pilation of charge densitiep, of Ref. [28], using in each
=9 ||u < , :
o L © < N case the most accurate fit to the electron-scattering data. To
< o ~ O+ g o N . . L
2c | E w WT©OdaaN obtain the matter densitigs the densitiep. were unfolded
SE|2|d 4 Soa~®s T T g 0 with the (exponential proton charge density,,. The use of
‘E< © Q © v a o g P N 5 Q e two different fittedp. (sum of 12 G and a three-parameter
2= . |98 g g o N Fermi distribution was considered fof°Ca and made only a
5 P I ney o very small difference irB, (=0.02 Me\). All p. except for
=2 - ~ 13C are forA,=A but normalized toA— 1. For ;°C we use
gE S oo p(*C). ,
t o S3S3IS & The experimental B. These(Refs.[1,2]) are shown in
% 2 ¢ o © el Fig. 1 and in Table I. In order not to give undue weight to the
< g e ~ o @ = © 18 five very accuratg C energies, we give each of these a nomi-
3 < wo 9O~ Sag SR g nal error of 0.5 MeV in our fits. We calculate three different
 C Sal o59"® oo O x? per degree-of-freedonB(,): x? for all N=24, x omit-
§ © '_ SRR RN ting 4%Ca(d) (N=23), andy? omitting both4°C(d) and all
= 3 ™~ T+ 0 o gy N . .
o3 go|Boodd= o ™ five ,C values N\=18) where ,C is a shorthand for the
g E - 2o three HN: }'B, 12C, 1°C.
g O« 5 All energiesVy, W, B,, D, etc., are in MeV;p is in
o o © fm~3 BA(9),..., refer to thes state . . . , energies.
2 oo = ) ;
= N o) o O35 3 The dependence of? on the potential parameters was
4 m% 8 < S systematically explored with and without FF, and is pre-
S = M o 00 © sented in Table Il folVy=6.2 for which the most complete
g2 Tl 29885299 2AX 2 search was made, and in Table IV fg§=6.1; a somewhat
Lo e - less complete search was also made ¥Q=6.15. With
S = 2 © < p .15.
2 . Ny 2N Td 8 % o g G W o CSB, more detailed results are shown in Table IX. For a
25 © @ g o iven V, and for eachw and 3, the optimum value of
N ™~ g 0 ; 2 2 ;
= € 2. = 3 S together with the corresponding’, x3, x5 were obtameo!.
g 5 S ! This optimume is well determined. It is these values which
o . “NwoON @ are discussed and shown in the tables. The results for se-
Tl o e © — oY g lected fits, including some of our best fits are shown in Table
8 g
2rE T =) d . L
8 4 © Il. Figure 1 also shows one of our best fitwith FF) for
30|l O - .
SE|Z2| TR0 o Vy=6.2. Figure 4 show® (p) and its components for sev-
0w 22 QCPodowIdI3I < eral fits, and Fig. 5 shows some selected SP potentials.
NS o | g
s N, |[Towmo0oodoa
- 2 6?8948 Na2NYY o B. Fits with only a AN potential
=3 © i i ise= * —
= DCOOOPNS S>> & DwectﬁN potepna!.For thise=0 and henca'fnA "My .
L == 9=R=8=9=8=8=0<R= D(p)=D; "(p) which is to a very good approximation pro-
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FIG. 4. The well depth and its components vs the nuclear matter 2 / -
densityp. All results are folVy=6.2 MeV for D; the triplets are the /- /
values ofW, 8, ¢; for DANN, the doublets are the values \bf, 3. < L

portional to p as discussed in Sec. Il witiDQNz(420 ~~ -

+20)p for Vy=6.15-0.05. Then D,=D}"(pg)=69

+3 MeV and all theB, are much too large. IV, were 404 ,L '2 '3 5 é, 6

adjusted—without any justification—to givB ,=30 MeV r(fm)

so as to roughly fit th@®, (s) for largeA, then theB, , even

for moderateA, would be much too smaland theAN cross FIG. 5. TheA-core nucleus potentials f§fCa andi®®Pb. U , is

section also much too smallThis conclusion, as already the potential with FFD=D[p(r)] is the potential without FF, and

discussed, implies the need for a strongly repulsive contribuV™*"" is the ANN contribution toU, . The full lines are forV,

tion at largep, in order to giveD , =30 MeV. .:6.2 MeV, W=0.021 MeV, B=2, and e=0.255, and the dashed
AN potential with space exchang€or €>0 the ex- lines are forvVy=6.2 MeV, W=0.024 MeV,F =1, ande=0.11.

change contribution is repulsive and could conceivably be

such as to give a reasonable fit; for a givénthere is now  with FF is overall fair; theB,(s) are well fitted, but the fits

only the one parametet ForV,=6.2 our best fit with FF is for >0 are poor. The largeW required without FF reflects

obtained for e~0.79 and correspondinglyn’ (po) =0.53 the need for more repulsion than with FF because the shorter

m, , with a very largex?=39 and withD ,=42MeV. This  range of the SP potential without FF enhances binding. Thus

effectively demonstrates that it is impossible to find even dor a fixed set of parameterg.qg., Vo=6.2, W=0.032) the

tolerable fit for aV ,  with space exchange. Without a FF the effect of a FF is to give a large decreaseBof: about 3-4

fit is even worse: much too sma#, for largeA; too large  MeV for A<51 and about 2 MeV for largeh [for B,(s)].

Spacings betweeBA(|) for differen“ (m’/{ iS Very Smal]_ Some Of OL}I’ best fit SP pOtentials with and without FF are
Thus aAN potential only—uwith or without exchange—is Shown in Fig. 5 and are discussed further below.

ruled out by the SBB, data.

D. Fits without FF

C. Effect of fringing field (FF) The dependence of the? on the potential parametees

For the specific effect of the finite range of theN and ~ W (for B=2°) are shown in Tables Ill and IV. The best fits
ANN potentials, i.e., of the FF, we consider the theoretically2re obtained foV,=6.2 with W=0.02, ¢=0.35, and forv
ties, in particular about the FF: no space exchangg ( shown in Tables I!I and IV. That f0V0=6.2(S|Ig.ht.|y better
=m,) implies there are no approximations involving any than'forvo=6.1) is also shown in more d'eta|l in Table Il
nonlocality of V,y, and 8= (Fz=1) implies theANN and is close to one we found earl{drl] and is also close to
potential is given by Eq(6) without any phenomenological ~ the p® nonlocal fits of Milleneret al. with mi/m,~0.8,
dependence. Thus the only parameter for fixédis W. ~ Da~28 [13]. The inclusion of recent data fofLa and
Tables IIl and IV show the dependence gf on W and  especially for;’®Pb worsens the fit and shows the importance
Table Il the results for the best fits: fay=6.2, we obtain  of data for largeA. F4(p)<1 (i.e., #) and/or inclusion
W=0.032 without FF, an#V=0.028 with FF. The dramatic Of a negative CSB worsen the fits, but a rather large positive
improvement with a Fiffrom y2=10.3(no FP, to 3.8(FF)]  CSB improves the fits consideraligec. V); also \’Ca(d)
is striking and seems strong evidence for its reality. This fitand A<13 are quite well fitted and better than with FF.
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TABLE lIl. x? (perB,) for interactions withV,=6.2 MeV. For eactW (MeV) and 8 the optimume is
shown. The three values gf are in descending ordeg? for all 24 B, , x? omitting °Ca(d), x? omitting
1%ca(), and all ,C. Values in parenthesis are with a CSB poteni§Ff®= —0.05 MeV with FF and 0.1

without FF.
With FF No FF
W(MeV)= 0.028 0.026 0.024 0.021 0.018 0.032 0.026 0.02
B
o e= 0.00 0.06 0.11 0.195 0.28 0.00 0.18 0.35
3.82 2.86 25@2.17 3.25 5.35 10.26 3.9 1.50.89
2.43 2.00 1.96.59 3.14 5.54 9.22 3.7 1.582.91)
1.84 1.17 0.90.64 1.87 3.08 10.86 4.6 1.79.98
4 e= 0.05 0.10 0.15 0.23 0.31
5.71 3.71 2.46 2.10 341
3.86 2.34 1.53 1.74 3.44
3.82 1.99 0.90 0.72 2.15
2 e= 0.09 0.13 0.18 0.255 0.33
6.32 4.01 2.52 1.121.56 2.78
4.36 2.44 1.45 1.30.09 2.73
4.65 2.36 1.07 0.50.36 1.66
0.1 e= 0.16 0.20 0.24 0.305 0.37
6.31 412 2.57 1.68.57) 2.46
454 2.77 1.61 1.22.1) 2.40
5.13 2.94 1.42 0.58.55 1.49

However, as discussed further in Sec. V, these fits are natetermined. We discuss mostly the fits ¥¢y=6.2, since the
considerations foWy=6.1 and 6.15 are quite similar.
The fit for e=0 and 8= (upper left hand of Table ]I

reconcilable with3He which requires a much small&w

~0.01.

We also made calculations for the same parametégs
=6.2, W=0.02, ¢e=0.35) but using the charge distribution
pc instead ofp. This gives a very small decrease s0.1
MeV in the B, even for smallerA where the difference is
largest. Thus the proton charge distribution is quite inad-
equate in representing the effect of a realistic FF inspite of it

rms radius of 0.8 fmalso Ref.[14]).

( was already discussed. For givg¢hthe best fit occurs for
some intermediate value &% in the range shown; the opti-
mum e increases a%V decreases as a result of the compen-

sation just discussed. In particular, we note that the rather

good fit obtained foB= o with W=0.024,e=0.11 which is
also shown in Table Il. Thus if no modification of teNN
Tontribution arising fronF4(p) <1 had been made, this fit

would have been considered the best with FF: it is in fact

Although a FF field gives a dramatically improved fit in o ite good and not much poorer than the best fits to be dis-
the absence of exchange, the dependence on the exchangised below. Again as without FF, this fit, apart from not

frz_iction e and also oW is considerably greater_without than being the best i3 is allowed to vary, is not reconcilable with
with a FF(presumably because the SP potentials extend f“riHe, which requireaV=0.01.

ther \évith a FB, leading .without FFto a stgeper descent in For a givenW the best fits with FF occur for smallg
the y*(e,W) surface, which is then responsible for the some-_q 1 _5 "yith the optimunr increasing as8 decreases: the
what better fits without FF wheais switched on. We again exchange contribution becomes more repulsive for laeger
Whereas theANN contribution becomes less repulsive for
small 8 since this implies a less repulsiveN N contribution
from the surface. There is then a valley of minimygf
running diagonally from the upper leftarge W,B) to the
Systematic searches were made Yy=6.1, 6.15, and lower right(smallW, ) with the lowest values occurring for
most completely for 6.2, providing the complete landscapg=0.1-2, W~0.021 and correspondingly=0.25-0.30.
of the dependence of thg?s on the potential parameters. This region of minimumy?<2 is quite well determined. If
Different fits can be comparable because considerable corri9Ca(d) is omitted, a significantly smalleﬁs 1.3 is ob-
pensation can occur: decreasMgand increasindV, 8, eall  tained, the parameters of the corresponding best fit region
correspond to more repulsion. In particulariwhose effect changing only very slightly. The further omission of th€
occurs both through the potential antf) is not very pre- values give the best values ,Q%S 0.6 and changes the best
cisely determined. Nevertheless, as seen from Tables Ill aniit region to somewhat larges (for both Vy=6.2 and 6.1
IV, a region of minimumy2<2 (for V,=6.2) is quite well  This is because th&>13 HN (which dominatey? and x?3)

fit without FF, however good, is difficult to justify.

E. Fits with FF
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TABLE IV. x? (per B,) for interactions withV,=6.1 MeV and for best fit interactions with,
=6.15MeV. As for Table lll, values are with FF except for last column without FF.

W(MeV)= 0.024 0.022 0.020 0.018 0.02
B
% €= 0.04 0.15 0.23
4.00 5.67 1.68
3.49 5.70 1.65
1.72 3.81 1.98
4 €= 0.07 0.13 0.18
3.38 3.29 3.87
2.39 2.82 3.70
1.26 1.24 2.02
2 e= 0.05 0.10 0.15 0.20
4.33 3.14 2.80 3.26
271 2.06 2.21 3.04
2.16 1.14 1.02 1.55
0.1 €= 0.15 0.20 0.24
2.96 2.502.29 2.82
1.84 1.871.64 2.48
1.22 0.800.67) 131
Best fit interactions foW,=6.15 MeV
W=0.020 MeV
2 e= 022
2.271.96
1.841.50
0.700.449
0.1 e= 0.26
2.041.79
1.531.29
0.750.53

prefer a value of3 which gives too smalB, for ,C. Further ~CSB potential. Our best fitshown in Table Il do not differ

related discussion is in Sec. V. too much in theirB, values. ForVy=6.1 and 6.15Table
The ?\OCa(d) value does not fit the pattern afA(d) val- |V) the pattern of fits is quite similar to that fNOZGZ

ues for any of our fitsvith FF. Our best fits with FF all give Although the best fits are quite good, they are somewhat

B,=3 MeV for j‘\OCa(d) as compared with the experimental inferior to those forV,=6.2. Because/,y is now less at-

B,=1 MeV. This suggests that the experimerial should tractive, the best fits occur for slightly smallé&f=0.02 and

be confirmed. It is difficult to see how structure effects couldcorrespondingly smallee=0.23. The best fits are foB

be large enough to account for the difference. Conceivably=0.1; these are slightly better than f8~2, and both give

the A in ad state could act as a pseudoneutron, closing theery similarB, .

s-d shell; but this would be expected to give more binding

and is thus in the wrong direction to a%count for the experi-

mental energy. In any case, omittingCa(d) does not L . .-

change the best-fit parameters. We recall that our best fits, Some fits |pclud|ng our bestmarked with ) together

without FF(Table I} give B,~1.5MeV for{Ca(d) as well Vith the associated well depi,=D(po) and its compo-

as values for,C in good agreement with experiment. If we N€Nts: as Well amj(po)/m, are shown in Table V. If with

do not rule out this fit on the grounds of a theoretical need™F &ll Vo=6.15-0.05, consistent wit\N scattering, are

for a FF and of consistency wittHe then a definitive deter- considered equally acceptable, thee=0.2-0.3, W

mination of B, for °Ca(d) becomes critical. =0.02-0.021, correspondlngly,mj;(po)/mAz0.75—0.&_32
The best fits with FF, apart frof’Ca(d) and ,C, are ~ and V,/V=0.4-0.6. Our results suggest the;=6.2 is

very good and reproduce the experimei@iglvery well. The ~ Preferred, in which caseéN=0.021, f=0.1-2 with €

inclusion of a reasonable negative CSB potential consisterft 0-25—0.3 now being somewhat more precisely determined

with A=4 improves the fits with FF for larga even further, and correspondinglymy (po)/m,=0.74—-0.78 andV,/V,

whereas our best fits without FF are worsened; however, thes0.4—0.5. Our best fits without Ffor Vy=6.1-6.2) give

latter are considerably improved with a rather lapgssitve ~ W=0.02, €=0.25-0.35 andmj/m,=0.72-0.8, V,/V;

F. Best-fit parameters and other quantities
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TABLE V. Well depth, effective mass, and related quantities. All fits are with FF except where indicated.
Our best fits are marked with asterisks. All energies in MgV fm 3.

Values forpy=0.165
Vo w B € Da Dé)\N _DQN —DANN Ds Dy Dg+DANN MA/M Dpax  Prmax

6.2 0028 « O 29.0 725 0 435 541 184 10.6 1 30.0 0.140

6.2 0.026 « 0.06 299 725 2.2 40.4 541 16.2 13.7 0.94 30.6 0.142
6.2 024 <« 011 312 725 4.0 37.3 541 144 16.8 0.89 315 0.148
6.2 0022 2 023 298 725 8.5 343 541 99 19.8 0.79 33.8 0.122
6.2 0.021 2 0.255 304 725 8.4 327 541 101 21.4 0.79 339 0.124

6.2 0.021 0.1 0.305 284 725 11.2 327 541 7.2 21.4 0.74 36.5 0.126
6.15° 0.02 2 022 29.1 695 7.9 325 515 101 19.0 0.80 32.7 0.124
6.15 0.02 0.1 0.26 275 695 9.4 325 515 8.6 19.0 0.78 355 0.126
6.1 0.022 0.1 0.15 274 66.5 5.3 33.9 48.7 124 14.8 0.86 35.5 0.126
6.1 0.020 0.1 0.20 28.7 66.5 7.1 30.8 48.7 10.6 17.9 0.82 354 0.128
6.1 0.018 0.1 0.24 30.3 66.5 8.5 277 48.7 9.2 21.0 0.79 356 0.131
No FF

6.2 0032 » 0 22.8 725 0 498 54.1 184 4.3 1 26.3 0.119
6.2 002 o« 035 286 725 127 31.1 541 55 17.6 0.72 29.0 0.144
6.1 0.02 o« 0.23 278 66.5 8.1 306 48.7 95 181 0.80 28.1 0.15

=0.3-0.5. The well deptB , is quite similar for all fits with  +DANN~18_21 MeV, whereas the even-st&ematrix con-
and without FF and is quite well determined independentiytributions are=30 MeV [16,17); this suggests that the latter
of Vg the best fits fol,=6.2 giveD y=28.5-30.5 and for  are missing about 10 MeV repulsi¢see Sec. VII for further
Vy=6.1 and 6.15 giveD , =28-29. discussion

A new feature of our work is thaf z(p)<1 is required The sp potentials are shown in Fig. 5 ffica and3%b.
with FF. Our best fits fo3=0.1-2 correspond to a reduced The potential without FFi.e., zero-range\N force) is just
repulsiveANN contribution from the surface. Since the sur- p[p(r)]. This shows the structure correspondinddttp) in
face is relatively more important for smai| this implies an  Fig. 4, in particular a minimums- D max at a value off cor-
effectively less repulsivée NN potential for smalleA. This responding topay. However, for U, this structure is
aspect of our fits is discussed in more detail in Sec. V. smoothed out by the finitA N range. As already pointed out

Some results foD(p) and its components are shown in jn Ref. [13], ro5(D)=ro(p) +0.55fm because of the non-
Fig. 4 forVo=6.2. In Table V we also show the maximum jinear (with p) contributions ofD*NN and to a lesser extent
valuesD nq, and the corresponding densitipgax. The sa-  of pAN (DAN~ ) to a very good approximation The -
lient “saturation” feature ofD(p), i.e., a maximum at e radii ofD[p(r)] and ofU ,(r) are quite close for all
Pmax=po, IS required by all fits and reflects the competition ncej:r, (U ,)=r, D) +0.1fm. Althoughr o is approxi-
between the attractiva N contributionDg" and the repul-  mately the same with and without FF, the FF spreads out the
sive ANN contribution DANN with some help fromD2N. sp potentials. Thus definingAr=roq—ro, we obtain
This saturation feature was already clearly pointed out bYAr(D):l.S—l.?fm forp=o and =1.3-1.5 fm forg=2
Millener et al. [13] and was also found in our earlier work whereasAr (U ,)=3.3—-3.9fm forg=%« and =2.0-3.0 fm

[11]. The effect of <= is quite striking: for smalle3 in  for g=2. As expected, reducing narrows the surface re-
particular 3=2 and especially3=0.1, D(p) has a larger gion of the potentialU, for B=2= is somewhat shallower
maximum value and is more sharply peaked than for than forg=2; this difference is compensated by the smaller

=00, the maximum occurs gina=0.125 for=0.1 and 2 m* (larger ¢) and hence larger kinetic energy for the latter,
and at somewhat lower values0.145 for g=c both with  p5ih potentials inclusive ain giving similarB, .

and without FF. Figure 4 also clearly shows how for smaller
B the ANN depthD*NN(p) is smaller corresponding to a
lessened repulsive contribution from the surface. The ex-
change contributioﬂDQN is proportional toe, for a givenp
andV,, consistent with Eq(3.14). Our best fits with FF requirg8=0.1-2, implying ap
Table V also shows the- and p-state depth®s andD,  dependence of the effectiveNN interaction. Equivalently,
given by Eq.(46), as well asD¢+ DANN which corresponds  this implies anA (andl) dependence of th& NN strengthw
to the even-state contribution ®&matrix calculations which  if the unmodifiedV 5y Of Eq. (6) is used. This equivalence
include theAN—3N, 3S—3D contribution whose suppres- is quantified in Table VI. This shows th& NN potential
sion in nuclear matter is roughly equivalent to a dispersiveenergieg'V, ) for the unmodifiedV , n normalized towW
V,nn. The total well depth is therD,=(D¢+D"NN) =0.02 and obtained with-core wave functiong, for each
+D,. We note that our best-fit interactions giies A, corresponding to two of our best fitd/e confirmed that

V. THE A AND p DEPENDENCE OF THE EFFECTIVE
ANN POTENTIAL
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TABLE VI. ANN energies and the ratioga(8). ANN potential energiegV,yn) (MeV) are for Vg

=6.2MeV, W=0.02 MeV, B=x; the ratiosy,(B) are given by Eq(47).

<VANN> Ya(2) ¥a(0.1)

S p d f S p d f S p d f
e 6.3 0.76 0.63
2c 7.6 2.1 0.82 0.62 071 0.43
Bc 8.1 2.5 0.81 0.64 0.72 0.48
0 9.6 3.8 0.81 0.68 0.71 053
Si 150 8.3 0.85 0.75 0.77 0.64
S 16.3 9.4 0.84 0.76 0.77 0.64
Ca 176 111 6.1 0.85 0.78 0.69 0.76 0.68 0.54
vV 228 148 9.0 089 0.82 0.76 0.83 0.74 0.67
Y 256 196 14.1 95 090 084 079 072 085 075 070 0.60
La 265 228 185 143 093 0.88 083 0.78 087 080 075 0.69
Pb 265 244 214 179 094 090 086 081 088 084 078 0.73

the effect of using differentp, corresponding to different calculationg5] using a realistic Argonng18 potential[27]
fits is small if the fits give similaB, and are normalized to give B,=3.12+0.02. (A change sW= *=0.001 givessB,
the saméW.) We also show the ratios ~%0.25.) Apart from ,C, which is discussed below, the
plot is reasonably close to linear, consistent with a surface
effect. The increase of the effective strendfth with A is
clearly demonstrated even apart from any uncertainties in the
interpretation forA<<13. In particular, the value foiHe is
very well consistent with the trend of an increasingly repul-
sive dispersiveANN force for largerA. A value of W inde-
pendent ofA as in the best fits without FF or with a FF with
Fz=1 is inconsistent witPA=5. As previously discussed,
this increase in the effective repulsiveNN strength withA
could arise from the changing effectivenessvgfy, result-
ing from the associated NN correlations and possibly also
from structure effects o'}, but these issues can only be
resolved by more detailed microscopic calculations.
Modified fits with FF and the A13 HN. As already re-
marked, theA<13 HN agree better witl8=0.1 than with
B=2. This is confirmed by calculations for just<13 with
both =2 and g=0.1 (for Vy=6.2, W=0.021, e=0.255
then more sensitive to the surface; also for giderit is less ~ @PPropriate to our best fit ;03:2) which give a much
for smaller B8 since then the repulsivd NN contribution m;proved fit for 3=0.1 of xy“=0.8 (per B,) compared to
from the surface is more strongly reduced. Table VII showst” =4 for 8=2. Noteworthy is that all thre&,(s) which
the values of,(8) for W=0.021 averaged over the desig- Were poorly fitted withg=2 are simultaneously much im-
nated groups of HNand s and p) states using they, of _prov_ed for,BzO._l. We can now obtain a modified fghown
Table VI. We use the valu&/=0.021 since this is appropri- 1" Fig. 1), albeit with effectively an extra parametevy
ate to the best fit fop=2 shown in Table Il. TABLE VII. Effective ANN strengtthis the average\ for
e s 7 oSt fop of NN (e s, o
V ynn Of Eq. (6) the values ofV, which give the best fits for =0.021 MeV as described in the teXV/, (_MeV) is Fhe ef_fectlve
the appropriate averages of tBg of each of the groups of value ofWfor Vo=6.2 MeV, e=0.255 obtained by direct fits to the
nuclei in Table VII. This was done fovy=6.2, e=0.255 Bi-
which correspond to our best fit f@@=2. Table VIl shows

Ya(B) = (VIRWVann) (47)

for B=0.1 and 2(V{,) is calculated in the same way as
(Vann) but with Eq.(30) which includesF 5(p). The ratio
va is effectively independent oV but depends o\ and|
(we suppress theindeX and is a measure of the effective-
ness offF 5(p). Thus for any given fit, obtained for sonveé
andp, the strength of the unmodified dispersigyy of EQ.
(6), which gives the samB, is given by

Wh=ya(B)W.

v has the expected behavior: for fixghthe ratio ¥(B) is
less for smallerA since then the surface is relatively more
important,y, is close to 1 for largéh, andF 4(p) is chosen
S0 as to giveya=1 for nuclear matter wittp=0.165; y,
decreases for increasirligsince the corresponding, are

(48)

that for A>13 the value ofW, is consistent withW,(2), A Wa(2) Wa(0-1) Wa
whereas forA<<13 it is closer toW,(0.1). e 13 12 0.015 0.0125 0.0135
Figure 6 also showiV, vs 1— A~ 23, including the ap- 169 16 0.016 0.013 0.0165
propriate nuclear matter valu&/=0.021. We also show the sj.s.ca-v 37 0.017 0.016 0.019
valueW~0.01 obtained forHe with VMC calculations for  y_| a-pp 173 0.019 0.0175 0.0205

the dispersiveV,yy Of EQ. (6). Thus microscopic VMC
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022F 1 ] T T T T T T and a reduce@ deformation30]. Such questions, including
| Y-la-Pb M| the effect of AN spin, spin-orbit and exchange effects can
0.20F S:-S-Ca-V 4 _ only be resolved by more detailed microscopic calculations.
__o18} - VI. CHARGE SYMMETRY BREAKING
E = % n The CSB potential is given by Ed5). This is imple-

Z o016 . mented through the changé— Vo+VS® in the CSAN
== [~ m potential Eq(2). This implies CSB state independence, how-
014 &94 . ever, since the exchangedd-state contribution is relatively

— - small, any difference between tipe ands-state CSB poten-
0.12F - tials would change our results only slightly. The change in
- e — B, due to CSB is then to a good approximation
ot 1. ] 1 1 1 1 1 1 i N—Z dB
_\/CSBRy . pl A
0.6 0.7 0.8 0.9 10 AB,=Vq BBA( A 1>, A=AV, (49)

1. A-2/3

which is to be added to the calculated results obtained with-
out CSB. SinceAB, is proportional to the neutron excess,
we only include CSB for the four heaviest nucfé\'/(s,d),
~6.2,W=0.021,¢=0.255, and with3=2 for A>13, but  a "(SP.d.f), F*La(s,p), *Pb(s,p) making a total ofN
with B=0.1 for A<13. This givesy?=1.08, and omitting = 10 energies, the “heavies.” The values Bf, shown in
“°Ca(d) givesy2=0.57 (instead ofy?=1.77,x2=1.33 with  Table VIIl were obtained numerically and are almost the
B=2 for all A). Inclusion of CSB VoCSB= —0.05) further ~Same for all our best-fit potentials. Also shown are A&,

reduces this toy?=0.4. These are truly excellent fits al- OF VOC_SB: —0.5, which is close to the value preferred by
though admittedly somewhatl hocand with effectively an ~ analysis of theA=4 HN [12]. ;ghe values ofAB, are rela-
additional parameter and with no improvement {3ga(d).  tively small (=2% of B, for {*Pb) but can affect the fits
The reduction forA<13 in W, from 0.015 for3=2 to  Significantly since all the\B, are proportional td/5>".
0.125 for 3=0.1 could well be due to structure effects not ~We note that the best fits without CSB are effectively
considered in our average approac¢bxcept indirectly unchangeq |f.we omit the heav!es. This |mplles_ that W|Fh
throughp) since these could be important f€ where such CSB the fits including the heavies are not spuriously dis-
effects are expected to be relatively more important than foforted by overweighting these ¥g>® were allowed to vary
larger A. Since all theB,(s) for ,C are improved simulta- OVver too large a range. This can happen for poorer fits with a
neously these structure effects would have to be common fdelatively largey? which can then be strongly but spuriously
all three ,C. A likely candidate would be a2exchange reduced. o _
ANN potentialV3Ty (Fig. 2). In particular, this has an over-  Table IX shows results for our best-fit interactiofub-
all 7,- 7, factor as well as spin and tensor terms; neglecting@ined without CSB with and without FF.Ax“(H) is the
the latter gives an overall % - 7,)(G,-&,) factor. Such change due to a given CSB in the tojed(H) for all ten
terms, through the associated correlations, could possibl§nergies. For each interactialy*(H) is shown for a range
produce a pronounced structure dependence. Also the effe@f V5> ; also shown are the corresponding minima of
of a (7,-7,)(G,-G,) factor (see, e.g., Refs[26,29) is Ax2(H) with the associated values ™55, For the four
strongly dependent on the spatial symmetry of the wavédest-it interactions with FF and also for the bet fit {6r
function and in particular on the coupling scheme. Possibly=, the minima all occur quite close ¥§>"= —0.05, com-
also dispersiveANN effects could change significantly be- pletely consistent with the value obtained from tide
tween ,C and}°0. Another mechanism which could perhaps =4 HN; positiveVSSE are strongly unfavored. The optimum
significantly increas®, is the coupling of the (8 A tothe decreases in the total’[ ~Ax2(H)/10] are moderate, but
deformedC core nuclei, resulting in d-stateA component significantly improve the fits obtained without CSBables

FIG. 6. The effectiveANN strengthv_vA for the designated HN
vs 1-A" 25,

TABLE VIII. CSB quantities.AB, in MeV.

B} AB L (V5®B=—0.05 MeV)
N—-Z (N=-2)/(A-1) S p d f S p d f
v 4 0.08 39 30 20 0.16 0.12 0.08
Sy 10 0.11 42 35 28 20 024 020 016 011
3a 24 0.17 46 40 35 28 040 0.35 0.30 0.24
208pp, 43 0.21 48 44 39 34 050 046 041 035
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TABLE IX. Fits with a CSB potential Ax?(H) is the total change irny?(H) for all 10 heavy HN
[30V(s,p), 8Y(s,p.d,f), *%La(s,p), 3%Pb(s,p)] for the listed values o¥/55E. V,, VSSB, Win MeV.

Interaction Ax3(H) Minima
Vo W B € V§B=  —01 -0.05 +0.05 +0.1  VSSB  —Ax*(H)
With FF
6.2 0.021 2.0 0.255 -1.1 -25 +6.65 +16.9 -0.55 2.5
6.2 0.021 0.1 0.305 +2.7 -0.6 +4.6 +13.1 —-0.035 1.0
6.1 0.02 0.1 0.20 +0.4 -1.8 +5.7 +15.5 —-0.045 1.8
6.15 0.02 2 0.22 -3.0 -35 +75 +18.9 -0.06 3.5
6.2 0.024 oo 0.11 -4.8 -4.4 +8.4 +20.7 -0.8 3.2
Without FF
6.2 0.02 el 0.35 +26.7 +134 7.4 -10.8 +0.12 11.0
6.1 0.02 o 0.23 +31.2 +13.6 —-9.7 -16.2 +0.15 16.2

Il and 1I1). The resulting smalk? indicate that no significant with EF for W~0.025 MeV. However, these values are in-
improvement can be obtained by further variation of the C&onsistent with VMC calculations ofHe which require
parameters. A more detailed breakdown of the results shows g g1 Mev.
that the principal contributiocr;Bis frosz(Fz)b) with its op- (3) The best fits with FF are obtained f@~0.1-2 and
timum at about th2e samig~" as for Ax“(H), and that  .,rrespond to a largp dependencé 4(p) of the effective
Ax“(La) and Ax*(Y) are—as expec_ted—con3|dceégbly ANN potential of Eq.(30). This dependence translates into
smaller with very shallow minima at slightly largéf, an A-dependent strength of the unmodifiadN potential,
~0. . _nicely consistent withw~0.01MeV for 3He and with
Without FF there is a pronounced preference for a qwteNO 02 MeV for nuclear matter. Tha dependence is inde
. CSB~ _ . . . ~VU. . =
'?rge posmvevq .N.O'l 0.15. The pp2t|mum Is quite large pendently confirmed by calculations with the unmodified
giving a very significant reduction iy“ (e.g., forVy=6.2 V,un Of Eq. (6) in which the average strengii, is ob-

from 1.5 to 0.9. The dominant contributions are now from , % . L
Pb(s) and La@) which account for most ofAy?, also tained for groups of HN of differend by fitting the appro-
priate Bo. The increasing repulsion with may be inter-

Ax?(La) and Ax?(Y) separately have shallow minima at . r . : :
x (La) Xcésio 1p y preted in terms of a combination of dispersive and two-pion

about the sam¥ . - .
¢ exchange\ NN potentials, the latter giving an attractive con-

Purely on the basis of? the fits with no FF are preferred, ~7 ' .
. - tribution for smallA (as shown by VMC calculationsbut
Ithough not strongly so, with a rather | s, ) )
atnolign not strongly So, With a ratner ‘arge posi one which becomes less attractive for largeand perhaps

However for the reasons previously discusg#teoretical .
even repulsive for heavy HN, as a consequence ofAhe

Lo seney e e s o o e gependence of e assotbGN corcetons
f (4) A somewhat large attractiveAN strength V,

:gg]atticg Acgg I;]I;le;/;/lgfohnvery clearly and directly favor a §6.2 MeV is preferred_ by our best fits. The exchange frac-
' tion for Vy=6.2MeV is €=0.28+0.025 and correspond-
ingly mX (po)/m,=0.76+0.02 andV,,/V,=0.45+0.1. If all
VIl. CONCLUSION valuesV,=6.15+0.05 MeV are given equal weight, then

We recall that in the absence of core distortion our apiS not as well determinedi=0.25+0.05, m}(po)/m,
proach is exact in the Hartree limit and is also close to the=0.78+0.03,V,/V;=0.5+0.1; but even these values ef
lowest order of the cluster expansion, but goes well beyon@re considerably better thar=0.1-0.4 obtained fromAp
this. The fringing field due to the finite range of thN and ~ scattering. Without FF and for,=6.15+0.05MeV we ob-
ANN effective interactions is an essential element which hagain e=0.29+0.06, m} (po)/m, =0.76+0.04,V,/V,=0.42
a firm theoretical basis. We summarize our results for ourt0.12.
best fits which were obtained by systematically searching the (5) Because of competition between the attractivé and
dependence of? on the potential parameters. the strongly repulsivé\ NN forces theA binding to nuclear

(1) A AN potential only, with or without space exchange, matterD(p) shows the characteristic “saturation” features.
is inconsistent with the SP data, quite independently of thd'he maximum is ap,a~0.145 fm 3 for our best fits with
scattering data. Fz=1, both with and without FF. A density dependence

(2) The FF gives a significantly more extended andFz<1 gives a larger and sharper maximum Aty
smoother SP potentidl , than for zero-range forces, being ~0.125 fm 2 for our best fits =0.1 and 2.
relatively more important for smal\. With the unmodified (6) The well depth for our best fits iID,=D(pg)~29
dispersiveV,yn Of EQ. (6) and without exchange the FF £1 MeV, very well consistent with earlier values.
dramatically improves the fits. Including exchange gives an (7) Charge symmetry breaking is significant for heavy
excellent fit without FF forW~0.02 MeV, and a good fit hypernuclei with a large neutron excess, especially for La
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and Pb for which data were obtained only recently. With aso-called ALS componentis likely to be quite as compli-
FF we obtain a negativéspin independentCSB strength  cated as for the SP nucleon cdsee, e.g., Ref32]), involv-
VOCSB~ —0.05+0.02MeV which is completely consistent ing for example tensor componeriia particular in theAN
with that obtained from theéA=4 HN (Ap more attractive — 2N coupling and/orANN forces, and the effect of core
than An) and definitely inconsistent with a positive CSB. excitations(Ref. [33] for iGO).
Without a FF a quite large positive/S~0.1-0.15 is We comment briefly on the existing OBE potentials
strongly favored, inconsistent with=4. To obtain a better [18,19 and the associatedowest-order G-matrix calcula-
estimate ofV§>® from the A=4 HN we are revisiting these tions of the well depti16,17]. All the potentials, except ND
with more realisticNN forces[31]. However we expect any (NijmegenD) give either a very small attractive or small
changes to be quite minor since calculations for theA®  repulsive odd-statéi.e., p-wave contributionD,~—1.0 to
potential are very little changed with use of realisNid\ 3.5 MeV (e=0.5). Only ND gives a significantly attractive
forces[5], and would not be expected to change the CSBodd-state contributionD,=8 MeV (corresponding toe
sign. The importance of the new La and Pb data shows that0.28) which is comparable to thoge=7-12 Me\) ob-
more extensive data for the heavy HN could help to pintained for our best-fit interaction§able V). The results of
down the CSB potential. the G matrix and of our FHNC calculations are not expected
(8) The experimental valuB,~1 MeV for {°Ca(d) does to differ too much forD, (e.g., Ret.[3]). As already men-
not fit the pattern of calculated values for any of our fits withtioned in Sec. IV E, the “even-stateG-matrix contributions
FF, the best of which give-3 MeV. Without FF we obtain are to be compared with our values®f+D """ which are
~1.5 MeV quite consistent with experiment. Clearly recon-=16—21 MeV for our best-fit interactiongTable V),
sideration of the experimental value would be importantWhereas thes-matrix results are=31-35 MeV (except for

There are indications of structure effects common to fe =24 MeV for NSQ. This suggests that the-matrix calcu-
HN for which more detailed microscopic calculations would lations are missing about 10 MeV repulsion due to higher-
be needed. order (three-body contributions, in particular fron’viﬁN.

As noted, without space exchange a FF is strongly preSUCh a 10 MeV contribution would in particular bring the
ferred; however, the stronger dependenceeomithout FF  G-matrix results for ND D, =40.5MeV) into good agree-
leads to this being preferred when exchange is included. ment with two of our best-fit potentials, namely,
could be that the approximations involving the nonlocality of =6.2 MeV, W=0.021 MeV, withg=2, €=0.255 and with
the exchange contributions are worse with a FF since thig@=0.1, e=0.305(Table V). All the other OBE potentials,
extends considerably outside the density distribution wheréecause of insufficiently attractivi@,, would then give too
m’ ~m, . Further study of this approximation is needed. Wesmall D =20 MeV. We conclude that our results show a
also note thatspherical core distortion gives a contribution definite preference for ND as compared with the other OBE
AB, >0 which decreases with, thus simulating an increas- potentials. The situation for the recently published improved
ingly repulsive interaction contribution. However, estimatesNijmegen potential§34] remains essentially unchanged. All
of AB, (Ref.[9]) are very small<0.2 MeV even for the the new potentials giv@-state potentials which are too re-
lighter HN. For our calculations afB ,(1s) we used a den- Pulsive by about 7-10 MeV than our best-fit interactions,
sity functional for the core nucleus to obtain its response tguggesting that modifications to tipestate OBE potentials
the A. For an incompressibility constamt=200MeV our are needed. We also mention that the CSB of both the old
most conservativguppe) estimates areAB,=0.2 for A and new potentials is similar with a pronounced spin depen-
=12 to 0.025 MeV forA= 208, with an approximata~23  dence (the singlet interaction being of the wrong sjgn
and K ! dependence; bukB, could be considerably less. Which is in disagreement with the analysis of the data, al-
For | >0 spherical polarization effects will be even smaller. though the spin dependence of the new potentials is less than
Deformation contributions tAB, are expected to be quite that of the old ones. A preliminary version of the present
small for the nuclei we have considered, except f@, but ~ Work is in the proceedings of the HYP97 Confere/ig].
need to be estimated.

We have not included a SP spin-orbit potential in our
analysis. Thus the B-splittings observed to datén 3Be, We thank T.-S. Harry Lee for helpful discussions and
B, P0) are not significantly different from zer6<0.3  comments. This research was sponsored in part by the U.S.
MeV). Also the relation between the SPslpotential and the Department of Energy, Nuclear Physics Division, under
basic (e.g., Nijmegeh OBE AN interaction(including the  Contract No. W-31-109-ENG-38.
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