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ON THE A=4 0'-1" BINDING-ENERGY DIFFERENCE

B. F. Gibson
Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico B7545

D. R. Lehman
Department of Physics, The George Washington University
Washington, D. C. 20052

The A=4 A-hypernuclei provide a rich source of information about the s-wave properties
of the fundamental hyperon-nucleon (YN) force as well as offer a unique opportunity to
investigate the complications that arise in calculations of the properties of bound systems
in which one baryon (here the A) with a given isospin couples strongly to another (the )
with a different isospin.1 (Implications for NN-NA coupling are apparent.) The XH-XHe
irodoublet ground-state energies are not comsistent with a charge symmetry hypothesis for
the YN interaction. The (spin-flip) excitation energies are quite sensitive to the AN-2N
coupling of the YN interaction. In particular, when one represents the free YN interaction
in terms of one-channel effective AN potentials, the resulting o’ (ground) state and 1
(excited) spin-flip state are inversely ordered in terms of binding energies, the 1% state
beire more tound. It is the "I suppression" that results from the reduced strength of the
AN-IN off-disgonal coupling potential when the trinucleon core is restricted to isospin-1/2
vhich we study here. We find this spin-isospin suppression of the A-I conversion, which is
due to the composite nature of the nuclear cores of the XH and 2He hypernuclei, to be a
significant factor in understanding the 0+-1+ binding energy relationship.

Lack of precision YN scattering data is a severe limitation upon any attempt to char-
acverize that interaction. Commendable attempts have been made to parimeterize potentials
using 1) a combined analysis of all existing YN data plus the extensive NN data and 2)
various syunmetry assumptions concerning meson vcoupling in an JOBE model of the YN and NN
interac’.x‘ons.z'3 We shall for convenience make use of the AN-IN separable potential model
of Stepein-Rudzka anu Hycecha in our four-body calculations; it is hased upon the main
features of the OBE potential model described in Ref.

In order to put our results into perspective, let um first consider the model thot re-
sults when one assumes that the YN force ir independent of explicit AN-IN coupling; in other
words, it is assumed that the free YN force acts in an unmodified manner in composite ryntems.
This model har been extensively employed in the literature in ma-shell hypernuclear studies.
Such a phenomenological approach leads to the following spin-irospin combinations of the
effective AN spin=ainglet and spin-triplet potentialn O;N and VXN (neglecting any charge-

symmelry-breaking ditferences between Ap and An interactions):
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(It has been assumed that the singlet interaction i5 stronger thanm the triplet interaction.s)
The YN subscript denotes the fact that the potential describes the full effective AN-2N

interaction. The implicit assumption is that the AN-IN coupling is identical an eaclh state.

That is, one has ussumeé that the 2x2 matrix potentials
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can be represented by unique effective one-channel potentials V:N and QRN independent of the

spin apd isospin of the hypernuclear states being studied. Such is not the cuse. For the

A=4 hyverauclei the J"=0+ ground-state potentials have the form
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while the J"=1+ excited state potentials are of the form
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See, for example, Ref. 6 and 7.) In peither case is the coupling of the A-1 system to the

composite isospin-1/2 trinucleon core the same ar the coupling to an elementary isospin-1/2
nucleon. The singlet potential differs from the free interaction in the ground state. The
triplet potential differs from the free interaction in the excited state. In each cage the
amagnitude of the AN-IN coupling is reduced, weakening the YN interaction relative to its
free nlrength.] Both 0% and 1% state binding energies are less than those calculated in
terms of a model bated entirely upon free AN interaction parameters.

The measurement of the y-tratnsitions in the A=4 hyperauclei has been described by
l'lakarz'a sec alno Ref. 9 and 10. Bound state tranmitionm of this type provide invaluable
data becaune our ability to trest properly hound systems in much more highly developed than
that for continuum states. In addition, the precinion posmible in much experimentn {n
normally much greater than that obtajned in a continuu measurement. The reported apin=-flip

Y-trans‘tion energien nrrn
.4 B 4 - bo*
LY(A") = B(AH) H(AH ) = 1.041.04 MeV

l‘.y(:llf) - B - n(:’\ne') - 1.152,06 HeV .



These excitation energies (of approximately the same 1 MeV magnitude) imply that the mechan-
ism leading to this particular 0+-1* splitting must be simiisr for each member of the iso-
doublet. The question which we address is whether E zan be undersiood, at least qualita-
tively, in tcwms of the known properties of the free YN interaction.

In order to carry out our calculations within the comtext of the an exact four-body
fot'llulimn,]l we utilize separable potential representations of both the NN and YN inter-
actions. We employ rank-one potentials of the form

>
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where gi(k) = (k2 + ﬁf)-] vhen there is no tensor component and where
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wher, a spin-triplet tensor force is used. (The quantity p ir the appropriate twvo-body

reduced mags.) In our previous ground-state studiea,”"2

we restricted our consideration
to rank-one effective YN potentisls, the potential parrmeters being chosen to describe the
low-energy free scattering data. In the case of the singlet potential this was vationalized
on the basis that AN-IN coupling was very welkl3 50 that V;N = O was a good approximation;
sec also Ref. 1-3. We ncw assume that the free interactions are defined by the rank-two
potenti.in o{ Ref. 4, modity the off- dingonll coupling terma an noted ahove for the ground
atate (V 1 XN) and the excited ntate (V + -VXN), and generate effective rank-one poten-
tials which reproduce the vame scattering length and effective rarge asg the appropriately
modified minglet and triple’ rauk-two potentials. The result {s a reasonable qual{itative
dercription of the spin-isoapin suppresred (compired to the free interaction) ground-state
and excited - state binding energien from which to extimate Ey'

The exact coupled two-vaviavle integral equations that muat be mnlved, when the NN and
YN interactions are represented by separable potentialw, are described in Ref. 11. The
integral equations are solved n'merically without remort to separable expannions of the
kernela. The renulting solutfons ponsens the characteristics of true few-hody calculatfons:
for an attractive potential with a negetive ncatteriug length, |al > |a’l {mpliea that V in
more sttractive that V° {a two-body, threec-body, and four-body calculationn, whereas r > 1’
fmplies that V {s more attractive than V  in a two-body calculation but lexa attractive in
bath three-body and four-hody calculations. Even though this is an oversimplitied picture,

ft (s porsible to underntand qualitatively the EY resulta dencribed below {n terme of the



scattering lengths and effective ranges of the various poteutial models.

The potential parameters used in our numerical studies are listed in Table I. The
first two columns are devoted to the free YN singlet snd triplet interactions; the poten-
tials as modified for tﬂe 0+ and l+ state calculations due to coupling to the composite

rinucleon cores are described in the last two columns. In the first five rows we list the
pirameters from Ref. 4 for the coupled AN-IN potentials; note that their definitions of the
potential strengths differ fiom ourzs. In the next two rows we list the AN gcattering lengths
and cffective ranges for each of tbe iank-two puientials; our values for the free inter-
actions diffe: slightly from those reported ‘in Ref. 4. The rank-one effective potentials,
at defined above, which reproduce these scatte:ing lengths and effective ranges are piven in
the last two rows. It is the rank-one effective pctentials which are sctually utilized in
obtaining the numerical estimates of the A=4 binding energies icported here. The singlet
potential is stronger than the triplet in the two-body sense discusaed above: |ls| > |lt|
and T > r,. Howevif, the significant differecce in life between L and r, ensures that the
triplet-dowinated 1 state is more bound than the 0 state when one uses the potentials
vhich describe free scattering in s true four-body calculation. Indeed, we find that E_=-1
MeV which bas the wrong sign; i.e., the l+ state is an MeV more bound than the 0* state if
effective interactions corresponding to the free scattering parameters are used. To obtain
a8 correct picture, one must take into account the epin-isospip supprecsion of the off-
diagonal potentials outlined above. When the modified cinglet potertial (corresponding to
:%V;N) is used in the 0* state calculation, the hinding energy is lowered to about 9 MeV; in

contrast, when the modified triplet potential (corresponding tn %Vt ) is used in the triplet-

XN
dominated 1* state calculation, the binding energy is lowered much further to around 7.7

Table I. The YN potential parameters with corresponding scattering lengths
and effective ranges.

vh, v Vi (09 Ve (1))
(! -0.7251 -0.5298 -0.7251 -0.5298
A -1.0970 -0.6777 0.3657 -0.1355
Al(fn-l) 0.8916 -0.9871 0.8916 -0.9871
BA(fn") 1.18 1.6 1.18 1.6
Hz(fn-l) 1,44 2.0 Y4 2.0
a (fn) .97 -1.9% -1.43 -0.95
ro(fn) 1.80 2.45 4L.68 3.51
A (e 0.1022 0.3194 0.0741 0.1801

p (e ly 1.2260 1.7142 11839 1.6028



MeV.

In summary, we obtain the following estimates of the A-separation energy and the

y-transition energy:

AB,

n

2.0 MeV

n(j;u) - BCH)

+ 4+ 4 4
Ey(l +0) B(AH) - B(AH*)

1.3 HeV .,

(The triton core has been treated in the truncated t-matrix approximation using the 7%

D-state deuteron model of Phillips along with a rank-one singlet potential.la) These results

are a clear indicatiop of the importance of treating more explicitly the AN-IN coupling in

hypernuclear studies than is possible when one merely fits effective pctentials to the free

scattering data.
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