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Abstract 

Empirical data on the s’pectra of light hypernuclei, especially the data from recent 

y-ray experiments, is used to constrain the parameters which govern the PNSA and 

pNp,j two-body matrix elements that enter into shell-model calculations. 

1 Introduction 

Three hypernuclear y-ray experiments were run in 1998 

80 KEK E419 7Li(;7mf, K +-y)LLi (Ge ball) 

co BNL E930 ‘Be( I<--, 7r -~)iBe (Ge ball) 

ID BNL E929 W(K--. F r)YC (NaI arrays) 

The detector for the first two experiments was the Hyperball, in a configuration which 
consisted of 14 large-volume Ge detectors with BGO shields. The primary objective of KEK 
E419 was to mea,sure t’he spacing of the the ground-state doublet in LLi while that of BNL 
E930 was to measure the spacing of the excited-state doublet in IBe built on the 2+ state 
of the ‘Be core. As described .at this meeting by H. Tamura, KEK E419 has provided the 
energies (with keV precision) of three of the four particle-stable excited states of LLi, the 
lifetime of one of these states, and information on the pionic weak-decay modes of LLi. 

The objective of BNL E929, described by T. Kishimoto, was to measure the spacing of 
~112 and ~312 A st,ates at - Ill ;\,IeV excitation energy in i3C The experiment, which used 72 . 

NaI detectors and a live 13C target, also measured the excitation energy of the 3/2+ state 
built on the 2+ state of the 12C core. 

The connection between the baryon-baryon interaction for strangeness -1 and hyper- 
nuclear data is sketched below. 

free NN model + SU3 symmetry for gBBh[ and 

II very limited YN data 

.u 
free YN model Coupled AN-EN channels 

v fi 
effective AN and AN:v interactions G-matrix for AN-CN 

vfi 
Hypernuclear shell-model spectra @ experimental data and theoretical analysis 

1 



I’ 

While considerable progress has been made starting from a good NN model (OBEP or 
OBEP + TBEP), applying symmetries, and fitting the limited YN data set, the procedure 
does not lead to a reliable YN interaction. Specifically, predictions for how the overall binding 
energy is distributed between singlet and triplet, or even and odd state, interactions vary 
widely. For example, six NSC97 interactions have been constructed [l] which give equally 
good fits to the YN data but which exhibit a wide range of central spin-spin interaction 
strengths. On the other hand, one can argue that many-body effective interaction theory 
provides a sound connection between the free YN interaction and the effective AN (and ANN) 
interaction for shell-model calculations. Thus, precise hypernuclear data should strongly 
constrain models of the free YN interaction. 

In the following sections, I consider how the new y-ray data affects the parametrizations 
of the :2N effective interaction put forward by Millener, Gal, Dover, and Dalitz (MGDD) [2] 
and by Fetisov, hlajling, iofka, and Eramzhyan (FMZE) [3]. From this purely phenomeno- 
logical point of view, the spin-dependence for a A in a OS orbit interacting with a p-shell core 
is specified by four radial integrals, conventionally denoted by A, S,\, SN, and T associated 
with the operators shr.s.,\, ,!N~,.,s,,, ~N:\.sN, and 3(a~.r^)(a~.r^) - gN.o,\. i2t the end. I make 

some remarks about the general features of AN and ANN interactions. 

2 A 7Li 

The A/-ray energies and the lifetime measured in KEK E419 are shown in Fig. 1 together 
with the shell-model spectrum predicted by a modified MGDD interaction. The B(hJ1) and 
B(E2) values from the ,iHe + N + N model of Hiyama et al. [4] were used with the shell- 
model estimate of the y-ray energies to calculate y-ray branching ratios and lifetimes. The 
parameters of the modified hIGDD interaction are 

1 = 0.50 s,, = -0.04 SN = -0.47 T = 0.04, (1) 

the only change being that the parameter SAW is changed from -0.08 to -0.47 MeV to bring 
the energy of the 5/2+ state in :Li down to the measured value of 2.05 Me\T. At the same 
time, more realistic p-shell wave functions are used for the 6Li core than were used in MGDD. 
One consequence of this is that the splitting of the ground-state doublet rises from 610 keV 
in MGDD to 712 ke\‘, which is quite close to the measured separation of 692 key. 

The wave functions of the hypernuclear states built on the 6Li p-shell core states are 
very close to pure weak-coupling states, as shown in Table 1, with about 1.6% mixing for 
the lowest 5/2+ being the highest. 

J” E 
1/2+ 0 
3/2+ 712 

5/2+ 2053 

7/2+ 2484 

Table 1: T = 0 wave functions for LLi 
Core states 

1+ 1+ 1+ 2+ 3’ 

0.998; -0.0451 0.017; 
0.9981 -0.0422 0.0342 -0.0304 

-0.1274 0.9918 

1 .oooo 
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Figure 1: The experimental data is from KEK E419. The energy spectrum corresponds to 
a small adjustment to MGDD i-o fit energies of observed y-ray lines (A = 0.50, Sh = -0.04, 
SN = -0.47, T = 0.04). The y-ray branching ratios use the B(M1) and B(E2) values of 
Hiy,ama et al. [4] and the “experimental” energies. The (;TT+, K+) cross sections (pb/sr) are 
also from Hiyama et al. - integrated from 0” - 15”. The ratio of intensities of the 692 keV 
and 2050 keV y rays shows that the 3/2+ level must be fed from the 1/2+;T=l state. 

The energy shifts produced by the spin-dependent AN interactions are, however, quite 
sensitive to details of the core wave functions. In the case of 6Li, the fact that the A = 5 
spin.-orbit splittings for the Cohen and Kurath interactions [5] are very small means that the 
spin.-orbit interaction is too weak for the light nuclei. The differences in the wave functions 
are evident from the comparison in Table 2 with an interaction fitted to energy level data for 
A =: 6-9 (DJM) [6] which 1 las itn .4 = 5 spin-orbit splitting of N 3.5 MeV. The Barker wave 
functions [7] used by FMZE are also listed. The wavefunctions of the 2.186-MeV 3+ and 
4.31-MeV 2+ states of 6Li are uniquely 313, while that of the 5.65-MeV 1’ state is mainly 
3D. 

The admixtures of odd-state configurations are larger for the DJM and Barker interac- 
tions than for the CK616 interaction. A good example of the balance between spin-orbit 
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J,“;T 
1;; 0 

OT;l 

2;; 1 

(2s+l)L 

3S 
3D 
‘P 
lS 
3P 
‘D 
3 p 

Table 2: Wave functions for A = 6 
DJM CK616 

0.9873 0.9576 
0.0422 0.2777 
0.1532 0.0761 
0.9560 0.9997 
0.2935 0.0247 
0.8760 0.9827 
0.4824 0.1854 

Barker 

0.992 
-0.028 

0.120 
0.934 
0.358 
0.833 
0.553 

and tensor forces occurs for the ground-state quadrupole moment, which is given by [8] 

Q(‘Li) = e”b2(-8&oP + 10~~ - 7d2)/10 (Elliott’, 1953) 

where o, jj, and 2 are the wave function amplitudes for 3S, 30, and ‘P, respectively, b is 
the oscillator parameter, and e ’ = (1 + de, + SelL)/2 is the isoscalar effective charge. The 

essential feat’ures art the same as for “C /3 decay. For Q, the interference between the y2 

and a,ti terms has to be such as to give a small nkgat’ive Q (Experiment: Q = -0.083 fm2). 
The spin-orbit interaction alone would mix the 3D component with b/n < 0, which is the 
case for the Barker interaction with no tensor force. The CK616 interaction gives an order of 
magnitude larger quadrupole moment than the A = 6 - 9 (DJilI) interaction. For reasonable 
values of the oscillator length parameter and the isoscalar effective charge Q = -0.126 fm2. 

The coefficients which measure the contribution of the ;lN parameters to the energy of 
the hvpernuclear eigenst,ates are given in Table 3. There are significant differences from the 
MGDD calculation which used the CK616 wave functions for the core, notably for the core 
states which appear in Table 2. For example, the coefficient, of S’Ar for the l/2+; 1 state is 
very small for ILIGDD, and the coefficients of SN and T differ substantially for the members 
of the ground-state doublet. 

J” 
1/2+ 
3/2+ 
5/2+ 
7/2+ 
1/2+ 
3/2+ 
5/2+ 

Table 3: Coefficients of spin-dependent parameters in energies (nfel’). 
Isospin A S A SN T 

0 -0.9646 -0.0354 0.2982 0.0293 
0 0.4796 0.0186 0.3142 -0.2415 
0 -0.8108 -1.1405 0.9757 1.1239 
0 0.5000 1.0000 1.0000 -1.2000 
1 -0.0099 0.0095 0.7642 -0.0277 
1 -0.2675 -1.2276 0.8129 1.2081 

1 0.1316 0.8684 0.7543 -0.9630 

The coefficients in Table 3 can be used to examine in detail the contributions of each 
component of the AN interaction to the observed energy separations in ;Li. The coefficients 
for the combinations of parameters are given in Table 4 first for the nIGDD interaction (with 
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CK616 wave functions for the “Li core) and second for the interaction of Eq. (1) (with the 
DJM wave functions of Table 2). The third line for each spacing gives the actual contributions, 
in keV for the DJM case. These don’t sum precisely to the result of the full diagonalization 
because the configuration rnixing adds small contributions from the differences in diagonal 
energies of the core states. 

Table 4: Breakdown of contributions to energy level spacings in LLi _~ 
Spacing il SA SN T AJ%N _~ 

3/2+ - l/2+ 1.348 0.152 -0.059 -1.301 610 keV 

AE N AEAN 1.444 0.054 0.016 -0.271 712 keV 
722 -2 -8 -11 

5/2+ - l/2+ 0.075 -1.003 0.952 0.226 2235 keV 

AE N 2186 + AE,,,, 0.154 -1.105 0.678 1.095 2050 keV 
‘77 44 -319 44 

1/2+ - 1/2+ 0.912 0.088 0.081 -0.798 3966 keV 

AE - 3563 + ilEAN 0.955 0.045 0.466 -0.057 3819 keV 
477 -2 -219 -2 

7/2+ - 5/2+ 
AE N ilEAN 

1.337 2.091 0.036 -2.224 
1.311 2.141 0.024 -2.324 
656 -86 -11 -93 

442 keV 
431 keV 

As expected, the energy splitting of the ground-state doublet is dominated by the spin- 
spin interaction. The excitation energy of the 5/2+ state requires a substantial negative value 
for SN, with a somewhat’ different value for the two calculations. The excitat,ion energy of 
the l/2+ T=l state provides another measure of S-v since the n contribution comes from 
the splitting of the ground-state doublet. It is clear from Table 3 that the “P component in 
the O+; 1 wave funct,ion cont,rols the magnitude of the coefficient of SN. The energy splitting 
of the excited-state 7/2+, 5,/2+ doublet is mostly provided by the spin-spin interaction but 
could involve substantial cancelling contributions from SA and T. 

In principle, the measuremcbnt of these four energy separations, the energies of two states 
based on excited states of the tr.ore and two doublet separations, gives the four parameters 
controlling the spin dependence of the p N:iA interaction. In reality, it looks as if A, SN, and 
one combination of SA and T, Itlamely T -- SA, might be determined. 

It is clear from Table 4 that values extracted for the parameters which govern the AN 
interaction are dependent on tht.1 model for the core wave functions. In the MGDD calculation 
it, is difficult to reconcile the observed energies for the 5/2+ and l/2+ excited states because 
of the values taken for the coefllicients of SN. This is more nearly possible in the DJM case, 
especially if T - SA is reduced, as is the case for the FMZE parameter set [3] and as suggested 
by t’he preliminary result from 13NL E930 for IBe. For example, the set 

a == 0.48 S* = -0.01 SN = -0.40 T = 0.03, (2) 
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gives excitation energies of 689 keV, 2053 keV, and 3835 keV for the 3/2+, 5/2+, and l/2+ 
excited states, respectively. The spacing for the 7/2 +, 5/2+ doublet rises to 494 keV. It is 
possible that this spacing could be measured as part of BNL E930 by using a h’- beam 
at 1.1 GeV/c, where the spin-flip production amplitudes are substantial and could provide 
sufficient population of the 7/2+ state for a measurement. 

3 i-7 ‘;C, and ‘;C 

There is new data on each of these hypernuclei from experiments at KEK and BNL and it 
is of interest to see whether there is consistency with the preceeding analysis of the KEK 
E419 data on LLi. 

The y-ray from the first 3/2+ state of ‘,“lC has been seen in BNL E929 with an energy of 
4.915(33) hIe1;. This is in agreement the value 4.89(7) l\leV deduced from a high-statistics 
13C(7rITs. 1<+)l:3\C spectrum from KEK E336 [9], in which the ground-state and 3/2+ peaks 
are well resolved. The deviation from the 4.439 MeV energy of the 2+ core can be attributed 
mainly to SN, as can be seen from Table 5 (parameters from Eq. (1)). For comparison, the 
hIGDD excitation energy is 4.49 hfeV. 

_1 

-0.045 
-23 

Table 5: l;c: 3/2+ - 1/2+ separation AE = 4439 + AEjlN 

S:\ SK T 

-1.455 -0.908 -1.1.58 
58 427 -46 

_lE 

4808 keV 

It should be noted that the parameters are radial integrals which therefore depend on the 
size of the hppernucleus. -4s far as t,he the charge radii of the cores are concerned, 6Li requires 
a larger b - 1.9 fm than does 12C with b N 1.64 fm. This suggests that the parameters could 

take larger values for ‘,“\C than for LLi. On the other hand! there is evidence from the 
lifetime measured for the 5/2+ state of LLi in KEK E419 that the 6Li core is compressed by 
the addition of the A, thus lessening the difference in parameter values. 

The energies of the excited I- states in i2C are also raised from the unperturbed core 
energies. A preliminary analysis of (7r+, h’+) data from KEK E336 [9] gives 2.71 Me\: and 
6.05 Mei’ for the 12 and 13 levels. The corresponding numbers,from KEK E369 [lo], which 
achieved an energy resolution of 1.45 h4eV, are 2.54 hleV and 6.17 MeV. As can be seen 
from Tables 6, the largest contributions are again from SN with substantial contributions 

from 1. 
A number of y rays in ‘.“\C could be measured in future runs of BNL E930 at either 

0.9 GeV/c or 1.8 GeV/c depending in part on the primary beam intensity available to 
the D6 beamline. These include the spacing of the ground-state doublet, either directly 
if the spacing is large enough to preclude predominantly weak decay of the upper level or 
indirectly through transitions from the 12 level. Table 6 indicates the indirect means for 

the parameters of Eq. (1). H owever, the parameters of Eq. (2) give a spacing of 130 keV 
(module size effects), which should be directly observable. 

Finally, a preliminary result from BNL E930 is that the splitting of the 3/2+, 5/2+ 
doublet, in :Be appears to have been observed. Even treating the lines as unresolved leads 
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Table 6: Energy separations in ‘:C --- 
Spacing A S* SN T AE _- 
1; - 1; 0.336 1.:130 -0.909 0.703 2537 keV 

AE N 2.000 + AE,, 168 -45 427 28 

1; - 1; 0.383 -0.397 -1.336 0.488 5633 keV 

AE N 4.804 + AE,, :192 16 628 20 

2, - 1; 0.483 1.500 0.033 -2.079 

AE N AE,,& 242 -60 -16 -83 
71 keV 

to a, limit on the spacing of < 60 keV compared with < 100 keV from the work of May et al. 
[ll] with NaI detectors. Table 7 shows that the parameter set of Ey. (1) gives a splitting 
of 121 keV. This is because S.1 =: -0.04 MeV was set at the previous upper limit with the 
con-tribution from other parameters being ignored. However, the small S = 1 amplitudes 
(- ‘4% intensity) in the 8Be 2+ wave function (necessary to account for 8Li and 8B /J decay) 
lead to a substantial contribution from the AN tensor interaction. The parameter set of Eq. 
(2) gives a splitting of 39 keV. 

A 

-0.035 

Table 7: iBe: 3/2+ - 5/2+ separation -- -____ 
S,\ SN T AE 

-2.465 --0.004 0.936 121 keV 
-:18 99 2 37 

4 The AN interaction for pi states 

Gen.eralizing from the previIDus examples, we consider both nucleons and h’s in either s or p 

orbits and use, for simplicit.y, the same harmonic oscillator wave functions for both. Then, 
the matrix elements can be categorized and parametrized as in Table 8, where 

v. = $v(?(S =I 0) -_I- $(S = 1) L’, = Vc(S = 1) - Vc(S = 0) 

vi r= T/‘L&T*.(s* + SN) + I:,&h.*.(S* - sr\i) V-N = hzNA.(SA + SN) - hLdNA+A - SN) 

To compute ma.trix elernents, it is useful to have the AN effective interaction expressed 
in a, radial form. For this I use the YNG interactions of Yamamoto et al. [la] in which 
nuclear mat,ter G-matrix elements for various free YN interaction models are simulated by a 
number of Gaussians with different ranges (T” times Gaussian for tensor interactions). The 
central interactions are density-dependen-t in the sense that the parametrization depends 
on /CF. However, since my object is to s’cale the strengths of various components of the 
interaction to fit hypernuclear data, I use t#he parametrization [13] of the NSC97f interaction 
[1] for k~ = 1 fm-l and use harmonic oscillator wave functions with b = 1.7 fm for both 
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Table 8: 11N interaction parameters for harmonic oscillator wave functions 
NA orbit pairs 

1 NA SNSA PNSA, SNPA PNPA # 

1 TS12 T xx 11” 
3 1 

p-p,s-d,d-d 3 

# LIatrix elements 2 5 13 

nucleon and .I. The interaction that I settle on will be called DNP99. In the first instance, 
I scale strengths to reproduce the parameters of Eq. (1) as in Table 9, where results for 
unscaled interactions are also given for comparison. 

DNP99 
V 

-1.315 

Table 9: pNS,\ interaction parameters 
A SA SN T 

0.50 -0.04 -0.47 0.04 

ND -1.536 -0.048 -0.131 -0.264 0.018 
NF -1.323 0.072 -0.175 -0.266 0.033 

NSC89 -1.317 1.052 -0.173 -0.292 0.036 
NSC97f -1.252 0.754 -0.140 -0.257 0.054 

It is clear that 1 is basically undetermined (cf. [l, la]). Also, I\>MI - l/3 - 1/5lT’~,sI 
for all the potential models which does lead to ISNl > IS,,1 but the near equality of ll>~s( 

and (1 &I suggested by the data is not reproduced. 
The prLp,\ central interaction can be parametrized for S = 0 and S = 1 separately as [14] 

(examples are shown in Table 10) 

T.h,, = (F(O) + F(“)QN.Q,\)( 1 - E + ~rj;) (3) 

where J’(‘)/F(‘) characterizes the range of the interaction and E characterizes the space- 
exchange component. The matrix elements for L = 0, 1,2 are 

p) + ; F(2), (F(O) - 1 F@))(l - 2E) 
5 

> F(O) + & F(2). 

For reasons that I come to shortly, the DNP99 interaction has attractive odd-state 
central interactions obtained essentially by changing the sign of the odd-state components of 
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Tabk 10: piyp,j central matrix elements __~_ 
s 1:: () S=l 

L=O L =I 1 L=2 L=O L=l L=2 _~_ 
DNP99 -2.555 -0.650 --1.433 -1.695 -0.442 -1.037 

ND -1.359 -0.647 -1.304 -1.985 -0.428 -1.444 

iYF -2.579 0.437 -1.704 -1.723 -0.156 -1.335 

NSC89 -4.295 0.498 -2.478 -1.410 -0.205 -1.044 

NSC97f -4.079 0.717 --1.192 -2.231 0.424 -1.364 

NSC97f. This gives an interaction with E Iv 0 in the parametriztion of Eq. (3). It is obvious 
that a repulsive odd-state ‘contribution will generally require a more attractive even-state 
contribution to compensate. This is the case for the NSC97 interactions. The balance of 
even-state and odd-state interactions also affects the relative contribution of the spin-spin 
interaction is s-shell and p-shell hypernuclei (Table 8). 

Table 11 shows that the matrix elements are a rather sensitive function of the size 
parameter, especially for the non-central interactions. This may be important in comparing 
the spectra of i2C and if0, for I:>xample, and indicates that a calculation with realistic radial 
wave functions is nclcessary. 

Table 11: p,@i\ central parametrization as a function of b for the DNP99 interaction 
b = 1.6 fm b = 1.7 fm b = 1.8 fm ---- 

V --1.460 -1.259 -1.094 

,A 0.580 0.490 0.418 
(7 L’A --0.054 -0.041 -0.031 
SN --lo 6‘;!1 . _ -0.469 -0.359 

‘r 0.051) 0.040 0.032 

F’(S=O) -1.6;!0 -1.391 -1.201 
F2(S=0) --3.4+79 -3.310 -3.110 

F’(S=l) - 1.17,4 -1.014 -0.880 

F2(S=l) - 1.909 -1.926 -1.888 

5 pa states in ‘i:CZ 

The essential structure of the ll:,west pA states in ‘:C built on the lowest O+ and 2+ states 
of the 12C core, is illustrated in Fig. 2. T:he way in ihich the 2+ @ p,l states are organized 
according to spatial symmetry and L = Score + I* by the action of the Q.Q and exchange 
interactions is indicated, as is the final result of coupling the A intrinsic spin. The numbers 
on the far right are non-spin-flip spectroscopic amplitudes which govern the production of the 
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QN-&A + C 
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I 

4 QN.QA 
- [54] 2 

4.44 MeV 

PI 1 0+ 
P41 l 

Figure 2: r2C(O+, 2+) @ I_‘A spectrum 

states in (K, 7r) or (7r, K) reactions [14]. The l/2- states are seen 
reaction near 0”. The 3/2, and 5/2, states are seen strongly in 
the (A--, r-) reaction at larger angles. The lowest l/2-,3/2- doublet is at E, N 11 MeV. 

strongly in the (K-, n-) 
the (7r+, K+) reaction or 

‘$ SAL 

3/2- 0.16 

0 l/2- 1.67 

l 5/2- 1.82 

7/2- 

3/2- 0.20 

5/2- 0.23 

. l/2- 0.25 

0 3/2- 1.13 

The energy of the second l/2- state is very sensitive to any space-exchange component 
in the AN interaction. In the limit of good spatial symmetry indicated in Fig. 2, 6 of the 8 
p,\piy pairs are symmetric for [54] symmetry while only 3 are for [441] symmetry. The l/2- 
states are very prominent in the (K-, 71~) reaction at forward angles and their separation 
has been measured [15]. Table 12 shows that NSC97f, with repulsive odd-state interactions 
and therefore a large space-exchange component, gives far too large a separation. The 
l/2, - 5/2, separation from a comparison of spectra at different angles shows the same 
effect. The DNP99 interaction is in much better agreement with the data although there 
is some freedom to vary E and Fc2), e.g. to improve l/2, - 5/2, separation. The effect of 
changing E from - 0 to N 0.25 is shown in Table 12. The cross section ratio in Table 12 is 
a measure of the pureness of the spatial symmetry. Q-value and binding-energy effects in 
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DWBA reduce the cross-section ratio below the ratio of nuclear structure factors given in 
the table, so that the DNP!39 interaction is also quite consistent with the observed ratio. 

Table 12: EnergJEseparations (MeV) of “C(O+, 2+) x pA states of ‘;C 

AE MeV -___- 
States Experiment DNP99 & - 0.25 NSC97f 

- 
_~.. 

l/2, - l/2, 6.0(4) 6.1 6.8 10.0 

l/2; - 512; 1.7( 4) 1.2 1.9 4.9 

$Jw4w1) - !j .,s < 6.8 < 8.5 < 15.5 

Having created an interact ion (DNP99) which reproduces important features of both 
the pNs~ and pNp,j interactlions, I am in a position to consider the important measurement 
of the separation of the lowest l/2- and 3/2- states in Fig. 2 in BNL E929. To a first 
approximation, these states rn;ly be regar,ded as ~112 and p3/2 A single-particle states with 
the 12C ground state as a corf’ a,nd their separation would give a measurement of the pi\ 

spin-orbit splitting. As ca:n brt seen from Table 13, the spin-spin, spin-orbit, and tensor 
interactions all make substantia.l contribu-tions to the splitting. 

spin-spin 

+42 keV 

Table 13: “(::(O+) @ p1\ l/2- - 3/2- separation in i:C 
spin-or I )it, tensor 
+280 ktrI,- -215 keV 

total 

107 ke\’ 

E929 (preI.irninary) 114(52) keV 

The spin-spin and tensor contributions arise from S = 1 components in 12C wave func- 
tions. For the CKPOT wave function used for the core, there is a substantial (16%) L=l,S=l 
com.ponent with [431] symmetr~y mixed into the dominant (79%) [44] L=O,S=O component 
for the O+ state. The spin-orbit, contribution to the separation of the diagonal O+@pA matrix 
elements gets 240 keV from s“p\ and 80 keV from p8pA. The 2’ @ pA admixtures are at the 
level of N 6% and act in a somewhat different manner for l/2-- and 3/2- [14]. The tensor 
contribution comes N 2/3 from even state and - l/3 odd state interactions, a result which 
is specific to the NSC97f inter;l,ction upo:n which the DNP99 interaction is based and de- 
pends on the fact that overall slrength of the tensor interaction was scaled to get the desired 
strength for the odd-state t,ensor interaction. The fact that there is substantial cancellation 
between the spin-orbit and tensor contributions is in contrast to :Be where spin-orbit and 
tensor contributions add rather than subtract in the 3/2+, 5/2+ separation (Table 7). As 
noted earlier, there is an indication that .both SA and 2’ should be reduced, perhaps as in 

Eq. (2). 
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6 Remarks 

After the addition of important new information from y-ray experiments, it still appears that 
the data on spin-dependence can be consistently explained in terms of the pNs,j interaction 
only. Care has to be taken that the nuclear core wave functions are optimized to reproduce 
purely nuclear properties and the variation in the parameters with nuclear size needs to be 
investigated using realistic radial wave functions for both nucleons and the A. 

We have to bear in mind, however, that I~N-CN coupling is an important feature of 
YN interaction models. When explicit C degrees of freedom are eliminated from shell-model 
calculations an effective ANN interaction must be present. The AN-EN coupling has long 
been known to give a substantial contribution to the splitting of the Oft, l+ doublet in ;H and 
$,He [16]. E. h x austive calculations for the s-shell hypernuclei with various phenomenological 
forms for the lZNN interaction suggest an - l/3 contribution to the O+, l+ splitting [17] from 
dispersive ANN forces with a spin-dependence of the form (1 + ~sA.(s~ + ~2)). 

More recently, Akaishi et al. [18] h ave calculated g-matrices for a number of YN potential 
models for use in the model space of s orbits only. Then, the coupling between s3s,l and 
s3sr configurations is simply ‘u = 3/2 3g - l/2 ‘g for 0’ and ‘u = l/2 3g + l/2 ‘g for l+, 
where ‘9 and ‘g are the relative s-state g-matrix elements for triplet and singlet states. 
The C admixture and energy shift for the lower state are (u/AE)~ and v2/ilE, respective11 
(-1E - 80 iUeir). The 3g interaction dominates with the result that the energy shift is 
substanial for t,he Ot state and very small for the l+ state. The results for NSC97e and 
NSC97f bracket’ the experimental splitting of - 1.1 Me,,. For NSC97f, the AN and ANN 
contributions are comparable (U N 7.6 Me\/‘) for a total of 1.48 Me\:. At this meeting, E. 
Hiyama showed similar results from calculations which include explicit C degrees of freedom 
in a large model space. 

If, following Akaishi et al., I calculate the AN-CN coupling for the l/2+ ground-state 
of :Li by asking for the matrix element between p”(l+; 0)s~ and p”(O+; 1)s~ in the LS limit, 
I get ~1 = &!(“gPs -l g,,)/2. Because gps - g,,/2, the coupling matrix element is probably 
smaller than for the l+ states in the A=4 hypernuclei and the shift should be very small. For 
the 3/2+ state, only non-central coupling interactions contribute. It is of interest to pursue 
these coupling effects in p-shell hypernuclei using finite nucleus g-matrices [19]. 

Finally on this topic, Fetisov [20] h as used a zero range ANN interaction with a spin- 
dependence of the form (t + ?‘a*.(~~ + c2)) to fit the ,4=4, 5, and 7 hypernuclei with 
allowance for a change in size of the 6Li core. He finds a good fit for which the 3-body 
interaction contributes about l/2 the splitting for A=4 and l/3 for ,4=7 (A = 0.30). The 
other parameters (SN = -0.4, S,I = -0.02, T = 0.02) are similar to those of Ey. (2). 

The 6Li core is compressed by - 8% and this would go a good way towards explaining the 
measured lifetime (Fig. 1) of the 5/2+ state in A 7 Li which is much longer than expected on 

the basis of the B(C2) for the core transition (Tamura’s talk). Because SN acts in concert 
with the nuclear one-body spin-orbit interaction, which compression of the core will enhance, 
Fetisov suggests that part of his SN = -0.4 could b e d ue to this effect. It should be recalled 
that the spectra of ‘:C and ‘:C also call for a large value of SN. 

The pNp,\ matrix elements are sensitive to many more features of the underlying AN 

interaction than are the PNsA matrix elements. Qualitities such as the space-exchange char- 
acter, the Q.Q component, and the even-state tensor interaction all played a role in my 
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discussion of p* states in ‘IC In particular, the pi data restrict the magnitude of the space . 
exchange component of the effective AN interaction to be quite small. This is in agreement 

with an analysis of ,d single-particle energies by Usmani and Bodmer [al], who find E N 0.25. 
It would be interesting to know why the NSC97 potential models [l] have such strong odd- 
state repulsion (E -J l), in contrast to the new ESC99 potential model [22) or the old ND 

model. 
The object of future (K-: ~-7) runs of BNL E930, hopefully with the Hyperball in 

a configuration which includes new detectors now under construction that will double the 
Hyperball’s efficiency, is to complete the set of information on the PNSA interaction. An 
important target is 160 because the grou: nd-state doublet splitting in ‘10 is very sensitive 
to the tensor matrix element T [2]. It may have to be measured as the difference of energies 
of the - 6 MeV y-rays deexciting the 12. level. It may also be possible to observe y-ray 
transitions in ‘;N following prot,on emission from higher-energy states in ‘:O. As mentioned 
previously, studies with 12< I ancl. ‘Li targei;s are also under consideration. Measurements for 
a range of nuclei throughout, thcl p shell should both overdet,ermine the set of spin-dependent 
parameters and make it possible to test for variations with nuclear size and the empirical 
need for a ANN interaction. Once sufficient information is at hand, it will be of interest to 
see what the predictions are for the groun.d-state doublet splitting in i”B: a transition that 
was searched for and not found in the first hypernuclear experiment with Ge detectors [23]. 
Taking the result of this very difficult experiment at face value leads to the conclusion that 
the splitting is small, < 100 ke7Lr for example, which is in conflict with predictions using the 
parameter sets of Eqs. (1) and (2). The result of this experiment has played an important 
role in the thinking of Fetisov and his collaborators [3, 201. 
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