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A A-nucleus single particle potential, mainly suitable for relatively light hypernuclei, which gives
analytic expressions for the A energies in the lower nodeless A orbits is used for an analysis of the
experimental data. The results are discussed and compared with those obtained, in the same way,
for a Woods-Saxon potential. It turns out that the analytic expressions for the Bj energies, in the
region of their validity, give results which are close to the experimental values and compare favorably
with the ones obtained with the (more realistic) Woods-Saxon hypernuclear potential. Our analysis
also shows a state dependence of the depth of the A-nucleus potential which, however, is rather
weak. Finally, the use of an effective A mass is also discussed.

PACS number(s): 21.80.+a

I. INTRODUCTION

The production of hypernuclei via the associated pro-
duction reaction (7*, K*) has been shown to be a pow-
erful tool for hypernuclear research [1-5]. The (= +, K1)
reaction offers the possibility of studying both light and
heavy hypernuclei and especially the deeply bound A
states since it is effective in populating such states be-
cause K+ is only weakly distorted in the nucleus. The
reaction mechanism has been extensively discussed by
Dover et al. [6] and later on by Bando and Motoba [7].
The practicality of this reaction was first demonstrated
at Brookhaven for the case of 12C [8]. Recently the A en-
ergies in heavy nuclear systems have been measured by
means of this reaction with nuclear targets ranging from
9Be to 89Y [1,2]. More recently the A binding energies
and ground-state production cross sections for hypernu-
clei in this region were reported [9].

These new data enable us, for the first time in a rather
systematic way, to follow the evolution of the A binding
energies over an appreciable range of nuclear core mass
number and also in a number of cases provides us with
a complete set of bound and first unbound energy lev-
els for nodeless A orbits at fixed A. This outcome has
increased the interest for the derivation of analytic ex-
pressions which reproduce A binding energies in various
A states as function of the mass number A.

It is noted that a local hypernuclear potential of
Woods-Saxon form

VA—A (7‘) = D

1+ exp(=E)’

with a depth D = 28 MeV, a radius parameter of the
form ro(A.) = 1.128 +0.439A47%/% fm (A. being the mass
number of the core nucleus), and a fixed diffusivity a=
0.54 fm describes the data very well, though some density
dependence or nonlocality is necessary for a better fit
[10].

It is desirable, however, to have analytic expressions for
the A energy in various single particle states which offer

R=ro(A)AY® (1)
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an easy and direct estimate and also give evidence about
the analytic dependence of the A energy on the mass
number. In this work the data are analyzed by means
of a two-parameter single particle hypernuclear potential
which has the advantage of giving rather simple analytic
expressions for the A energies in the lower nodeless A or-
bits. This potential model has recently been used for the
study of the mass number dependence of the oscillator
spacing Awp together with other related quantities [11]
and also for an analysis of =~ hypernuclei [12]. In Sec.
II the main features of the potential model are briefly
described and the eigenvalue problem is given in general
form, since in [11] we had restricted ourselves only to the
ground state. In Sec. III the proposed expressions for the
A energies are presented and discussed, while in Sec. IV
our numerical results with the proposed potential model
as well as the Woods-Saxon one are reported and com-
mented. In addition the role of the effective m} mass,
treated in an approximate way, is also discussed. Finally
in Sec. V our main results are summarized.

II. THE POTENTIAL MODEL

In our approach the A-nucleus interaction is approxi-
mated by a (spin-averaged) local A-nucleus potential of
the form

Va—a(r) = —-D/coshzlr—%, (2)

where D > 0 is the potential depth and R the distance
from the origin, at which the value of the potential well
becomes —0.42D. It is therefore a little larger than the
“half-depth” radius. This potential model which seems
to be suitable mainly for relatively light hypernuclei has
some worth-mentioning features: It approximates well
the harmonic oscillator potential for r <« R but unlike
this potential its range is finite. Its volume integral can
be obtained analytically and, because of this, we can ex-
press the radius parameter o in terms of the volume in-
tegral of the A-nucleon potential |V x| and of the depth
D by assuming the rigid-core model [13,14]. We have
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therefore
_ 15 1/3 . Al/3
To = p (3|VAN1/D) , R= ToAc . (3)
It is noted that in the case of the square well the ex-
pression of rg in the relation R’ = roA,l;/ 3 s ro =

(3|7an|/4n D)2,

We may note that potential (2) falls off exponentially
for large r, as does the usual Woods-Saxon one, but its
surface region is very extended. This fact makes it suit-
able for comparatively light hypernuclei, but it is less
appropriate for the heavy ones. The main advantage,
however, in using this potential is that the Schrédinger
eigenvalue problem can be solved analytically for states
with [ = 0. The radial wave functions Wpo(r) = rRpo(r)

|

221N (n+1)T(2A —n+1/2) (2A —2n — 1)

N"OZ[ T(n+3/2)T @ —n)

are written by means of the Jacobi polynomials in the
following form: '

Vno(y) = Nno(y — 1)V/3(y + 1) P(y) /372212

(4)
where y = coshz—};. The parameter A is given by the
expression

1
A= [a+ suDR2/n2)"? — 1] , (5)

where p is the A-core reduced mass. The normalization
constant Ny, is expressed in terms of the I" function (for
details see Appendix A) as follows:

] v . (6)

The corresponding energy eigenvalues are given by the expression

2
—n% |1 [8uDR? 3
Eno = WR? [5 72 +1- <2n + 5)

with n =0,1,2,... and nmax < A — 1/2.

(7

Finally, another advantage in using the above potential model is the possibility of obtaining easily, as one should
expect, analytic expressions for the expectation values of the potential and kinetic energies of a A in its ground state
[11]. Thus, one finds analytically the dependence of these quantities on A. The expression for the kinetic energy

(27 — 1)(3X +1/2)

(Ta) =D

20(2A +1/2)(2A + 1)
-D [SdAc_l/s (2(1 + d2A0—2/3)1/2 —1+ dzAc—z/s)-uz) _ 10d2A;’2/3] (8)
f
is quite simple and particularly useful in deriving an ap- where
proximate formula for the oscillator spacing fiwa by ap-
plying the virial theorem [11]. The corresponding expres- d= (52 /8 Drg) /2 (11)

sion for the square well is [14,15]

252
(Ty) ~ EiA—2/3

2 (ro~1.1—1.4 fm). (9)

This expression (or the improved one with higher-order
corrections [16]), however, is appropriate only for very
large A, since it ignores certain surface effects, quite im-
portant in lighter systems, which are expected to give
rise to a term proportional to Ac Y 3, as is the case with
expression (8).

III. EXPRESSIONS FOR THE A BINDING
ENERGY

Using (7), the g.s. binding energy of the A may be
written in the form

R? 2

1/2 2
=D [(1 + d2Ac‘2/3) - 3dA;1/3] , (10)

Expression (10) is a rather simple “semiempirical” for-
mula By = Bp(A.) which reproduces the average trend
of the variation of By with A, and which is obtained
from the corresponding energy eigenvalue equation with-
out additional approximation, apart from the assumption
that the parameters D and 7o are independent of A.. It
is of course approximate and it should be clear that it
contains only part of a proper hypernuclear formula, as
is the case with other semiempirical formulae of this type
[14].

An expansion of (10) in powers of A, can be derived
[11):

Bpr=D|1—6doA;Y3 410424523

—3d3A1 — 3d02—:Ag4/3 o (12)

with
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hz 1/2

The first term dependent on A, is proportional to A /3

and not to A 2/3 s for the square well and the Woods-
Saxon potentials [14-21]. Such a behavior of B, is ob-
served for the first time, to our knowledge, on the basis of
a potential model (with D and rq independent of A) [11].
This behavior should be attributed to the shape of the
potential which has an extended surface region. It is also
seen from (12) that the first four terms of the expansion
are independent of the nucleon mass.

It is interesting to note that a formula derived in anal-
ogy with the Weizsicker-Bethe mass formula for ordinary
nuclei has the following structure [22]:

was made to obtain under some very general considera-

tions a semiempirical formula, which also has a leading
. -1/3

term proportional to A¢ /"

It is interesting, however, to derive an analytic expres-
sion which will also include the A binding energy in states
with I #0. As potential (2) is not soluble for [ #0, for
the derivation of such an expression some approximate
procedure is necessary. The idea is to approximate 1/1"2
of the centrifugal term by 1/sinh?r (see also [25]). This
works well for small values of %, but the most interest-
ing point is that now the eigenvalue problem is exactly
soluble. The expressions for the radial A wave functions
and the corresponding energy eigenvalues are now

0 (y) = Nui(y — 1)V/2H1/2(y 4 1) P(y) /2 722-1/2)

(15)
By =D —FA™Y3, (14) 2
2
- 1 /8uDR?
where D and F are constants. Formula (14) has been ex-  E2, = 3 22 [—2- E — +1—-20— (2n + g)] )
trapolated by a straight line in the plot By versus A~1/3 H h
to both A — oo and the observed low A region. It turns (16)
out, however, that the validity of expression (14) is quite
limited [23]. Finally it is noted that in [24] an attempt  while the normalization constant is
o
N [P T (4 DD @At 1/2) A —2n -1 1) 1/2 an
nt = T(n+i+3/2)T(2A—n—1) '
I
The difference 1/72 — 1/sinh®r is then treated as pertur-  which gives
bation using the unperturbed wave functions ¥2,(r), W .
BY = gV
A A
Vohnt = (09| V| W2 18 2
( P)n < nll PI nl) ( ) _ h [2/\—(l+1)]2
2uR?
with
RA0+1) (1 1 r I+ T(2A +0.5)0(2) — 1 — 0.8)
o= R (p - _sinh2x> yr=g (19 STEA+ 07N~ - 1)
However, matrix elements of the above form cannot be (23)

calculated in closed form. In view of this, the above
difference is expanded as follows:

1 .
™% — (sinhz) ™2 = = (coshz)~%/® + ij(tanha:)2j.
3 p
(20)
Then, keeping the first term of the expansion, which is
sufficient to yield stable results (see also [25]), we proceed
to the calculation of the matrix elements as described in
Appendix B. In the case we are interested in (n = 0 and
1 #£0) we obtain
RA(I+1)T(2A+1/2)T (2A — 1 — 4/5)
6uR? T (@2A—-1-1)T(2A+7/10) "
(21)

Then the expression for the A energy to first order is

Eg = E§ — (V) (22)

(Vp>0,l =-

For | = 0 we regain expression (10). For the higher states
(n # 0,1 # 0) the corresponding expressions become
more complicated.

Our numerical results show that the approximate ex-
pression (23) works very well: The values obtained with
(23) differ from the numerically calculated A energy
eigenvalues, on the average, less than 1% and therefore
(23) may be used instead of treating the eigenvalue prob-
lem numerically.

IV. NUMERICAL RESULTS AND COMMENTS

Here, we report the results using the expressions
given above and also by numerical integration of the
Schrédinger equation for the Woods-Saxon potential. For
the determination of D and r¢ of potential (2) we tried
two possibilities. First, using (10) we performed a least
squares fit [analogous to that discussed by Bodmer and
Rote for the ground state B for the square well poten-
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TABLE I. The s, p, and d A energies for potential (2) for various hypernuclei. The values in

parentheses are for the parameters obtained from the fit to the ground state Ba only.
Bypt Bis ByPt Bip ByP* Bid

2c 10.75 (10.73) 10.90
¥o 12.50 (12.70) 12.89 2.5 (2.35) 2.93
28si 16.0 (16.13) 16.35 7.0 (6.74) 7.02
325 17.5 (17.04) 17.05 8.0 (7.64) 7.92
¥ca 18.70 (18.18) 18.17 10.5 (8.97) 9.60
v 19.90 (19.26) 19.30 12.0 (10.50) 11.05 4.0 (4.0) 4.11
35Fe 21.0 (19.70) 19.70 (10.88) 11.70 (4.15) 4.80
0 4 22.1 (21.74) 21.61 16.0 (14.01) 14.23 9.5 (7.2) 7.9
28Ba (23.44) 23.04 (16.40) 16.60 (10.30) 10.70
208pp (24.86) 24.50 (18.30) 18.60 (13.01) 13.16
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tial [17,18] (see also [26])] to the experimental ground
state By for 12 < A < 89, reported recently by the
Brookhaven group [9]. The best fit values are D = 35.56
MeV, ro= 1.075 fm. Next, using expression (23), we per-
formed a global fit including also the available p and d
state A energies obtained from the (7, K*+) data. The
pa and dp energies were those from the figures of Refs.
[1,2,10]. As experimental errors for these we used those
in [10]. The best fit values are D = 34.31 MeV, ro=1.144
fm. In both cases the best fit values lead to a shallower
but a little wider potential well, compared with those of
an earlier study [11] where, however, experimental data
for the ground state B from older experiments with less
accuracy had been used. The depth in the second fit is
slightly smaller, the relative diference being 3.5%, while
the range is a little longer. In Table I the By values in
the s, p, and d states are displayed for hypernuclei cov-
J

1
ro(Ae) = m'r‘o ({1 +

This expression is obtained in the framework of the fold-
ing model and for a Woods-Saxon potential holds pro-
vided that e~F/® « 1, except for the light hypernuclei
[29]. The best fit values are as follows: 1s state D = 26.16
MeV, ro= 1.255 fm and a= 0.38 fm; global fit D = 26.84
MeV, ro= 1.21, and a= 0.38 fm. It is again seen that
there is a small difference of about 2.5% between the two
depths. In Table II the Bj values in the s, p, and d
states for the Woods-Saxon potential are shown for the
same A, as in Table I.

It is seen from Table I that the 1s A energies in both
cases are very close and agree well with the experimental
B . For the other states the results of the second fit are
slightly better for both potentials. However, as A, in-
creases the agreement (apart from sj energies) becomes
worse especially for A 2 50. In addition the comparison
of the results for potential (2) and the more realistic (for
A z/16) Woods-Saxon potential (Table II) shows that the
values of F;, obtained with these two potentials agree
fairly well for 16 S A K 208. For A X 12 the various

ering for the sake of comparison a wide range of A. The
available experimental Bp values are also shown. The s
energy of % Fe also obtained from the (n+, K*) reaction
is rather preliminary [27). The values in parentheses cor-
respond to the first fit, i.e., to the parameters from the
fit to only the sy energies. In Fig. 1 the A energies in
the s, p, and d states, calculated with (23) (global fit),
are plotted against Ac 1/3 together with the experimental
values, in which the sy and p, energies of 32S, observed
in the (K, 7~) reaction [28] are also included.

We also repeated the same procedure for the Woods-
Saxon potential, where the Schrodinger equation is solved
numerically. To improve the fit, instead of using R =
roAi/ 3 a more complicated expression, as in [21], is used
for the radius of the potential [R = ro(A)Ai/ % in which
ro is A dependent :

4 641/2 1/3 4 691/2y 1/3

Ta Ta

— ——= - — | —= . 24
1+27(roA5/3)] } +{1 [H”(roAi“)] } ) Y

[

expressions obtained with our model are not expected to
be reliable enough because their D and rq should depend
rather strongly on A. Thus, and in view of the comments
made above, formula (10) for the ground state By seems
to be rather accurate almost throughout most of the Pe-

riodic Table (12 <~ A < 208). This is interesting, because
the relevant formula (apart from its simplicity) is valid
for both light and heavy hypernuclei, contrary to those
of Walecka type [14-20] which are more appropriate for
the heavier systems and those potentials which are valid
only for light hypernuclei [22,30-32].

On the other hand, the two potentials do not compare
well for the other nodeless A single particle states for
A R 50. Therefore, expression (23) does not seem appro-
priate for heavier hypernuclei. This should be attributed
to the shape of potential (2) which, though it falls off ex-
ponentially, as the Woods-Saxon potential is not so “flat”
with the appearance of an extended rather “unrealistic”
surface compared with the Woods-Saxon potential, which

is well established as a fair discription for A & 16. Thus,
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FIG. 1. The observed A single particle binding energies

and the theoretical values obtained from expression (23).

the large surface thickness does not have a serious effect
on the ground state energies even for large A, but affects
more the A energies in the other single particle states as
A increases.

We also fitted the pj energies with both potentials us-
ing data for 16 < A < 89. Our results show that the
depths are a little different from the ones obtained using
the s5 energies. The relative differences are 7.5% and
12% respectively. The calculated p state energies repro-
duce very well all the experimental B, for both poten-
tials, also the Ej, energies calculated with potential (2)
and the Woods-Saxon potential are very close throughout
the Periodic Table. However, in this case the A energies
in the s and d states are not reproduced well.

The above analysis of the data indicates that there is
a state dependence of the potential which is rather weak.
This is in accordance with a recent study [29].

The state dependence of the depth is more apparent
for potential (2), and a similar comment could be made
for a square well potential [29]. This could be explained
by the fact that the above potentials are not suitable for
all A. However, potential (2) gives a more satisfactory

description of the lighter hypernuclei (A < 18) than the
Woods-Saxon potential. For the latter our analysis shows

that an excellent fit is obtained if data in the s, p, and d
states with A > 28 are used. The parameters in this case
are D = 27.25 MeV, ro= 1.189, a= 0.4 fm. This fit also
reproduces rather well the fp energy in 8}Y (E;; = 2.80
MeV, Ef}‘pt ~ 2.5 MeV). One should keep in mind, how-
ever, the limited number of the data and their relatively
large errors. More data, especially for heavier elements,
with much better precision (expected to be accomplished
at PILAC [33,34]) will determine more accurately the
depth and the range of the A-nucleus potential.

Finally, though our analysis is purely phenomenologi-
cal, we also considered approximately an effective A mass
m}) 7# ma. This problem has been discussed in [10] (see
also [35,36]) by employing density-dependent and nonlo-
cal A-nucleus potentials by means of the Skyrme-Hartree-
Fock approximation. Such an approach overcomes the
limitation of a local A-nucleus potential which cannot
satisfactorily fit simultaneously light and heavy hyper-
nuclei. These studies indicate that the data are better
described for m} /ms ~ 0.8.

We ignore for the sake of simplicity the density depen-
dence of m} and treat my as a free parameter. Thus we
repeated our fitting procedures but varying the A mass.
For potentials (2), as one should expect, using m} < mx
does not influence the results. The reason is that, as seen
from expressions (10)—(13), the use of m} leads to an in-
crease of the range of the potential but the product mar2
remains constant, while the depth of the well is practi-
cally the same. This is also confirmed by our numerical
calculations in all cases we examined. On the other hand,
for the Woods-Saxon potential our calculations show that
m} ~ (0.85—0.9)m does somewhat improve our fit. We
note that in [21] and for this potential there is an anal-
ogous expansion [formula (13)] in powers of A for the
ground state Bp. It is seen from this expression that
apart from the leading term (which corresponds also to
the case of an infinite square well), where the quantity
maTE enters, the other terms contain additional contri-
bution from mj and perhaps this explains the observed
small improvement in the fits. However, such a treatment
is rather crude, since the density dependence is ignored
and this should be taken into account in assessing these
results.

TABLE II. The s, p, and d A energies for the Woods-Saxon potential for various hypernuclei.

The values in parentheses correspond to the fit for the ground state Ba.
BYxpt Bi, Byxpt B, BYPt Bia

2c 10.75 (9.92) 9.60
0 12.50 (12.33) 12.10 2.5 (1.69) 1.20
28si 16.0 (16.21) 16.19 7.0 (6.85) 7.36
325 17.50 (16.98) 17.05 8.0 (8.66) 8.18
Ca 18.70 18.15 (18.25) 10.5 (10.66) 10.30
v 19.90 (19.26) 19.43 12.0 (12.66) 12.41 4.0 (5.05) 4.39
2Fe (21.0) (19.65) 19.85 (13.378) 13.16 (6.06) 5.44
4 22.1 (21.28) 21.61 16.0 (16.44) 16.42 9.50 (10.63) 10.20
28Ba (22.46) 22.89 (18.73) 18.86 (14.16) 13.98
208py (23.31) 23.80 (20.40) 20.65 (16.81) 16.80
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V. SUMMARY

In conclusion, a two-parameter A-nucleus potential
which, in general, is rather suitable for relatively light
hypernuclei and leads to analytic expressions for the A
energy in various A orbits has been used for an analy-
sis of the experimental (v*, K*) data. Our A energies,
which have the leading term of their expansion in pow-
ers of A; to be proportional to A¢; 1/3 (due to “surface
effects” introduced by the potential model), give results
which are close to the experimental values and compare
favorably with the ones obtained with the more realis-
tic Woods-Saxon potential in the region of their valid-
ity. The proposed expressions are relatively simple and
therefore may easily be used. Our analysis also shows a
very weak state dependence of the depth of the A-nucleus
potential. Finally treating the A mass as a free param-
eter, though we cannot make a firm conclusion, the use
of an effective A mass (m)} < m,) does not influence the
results for potential (2), while for the Woods-Saxon it
slightly improves the fit.

oo
J= lgln/2,—2>\—1/2) /1 (y — 1)1/2(y + 1)-2,\-1/2P(y)1(11/2,—2/\—1/2>yndy7
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APPENDIX A

For the calculation of the normalization constant Npg
(the procedure is the same for N,;) it is necessary to
calculate the following integral J:

00
J = / (y — 1)1/2(y + 1)—2A—1/2IP(y);l/Q:—Zl\-l/z)|2dy‘
1

(A1)

The integral J can be expressed in closed form by ex-
ploiting the properties of the Jacobi polynomials (see
[37]). Thus, using the orthogonality property of the Ja-
cobi polynomials expression (Al) takes the form

(A2)

where 19,{2"2*‘1/ 2 is the coefficient of y™ in P(y)fll/ 2-22-1/2) Then using the Rodrigues formula [38], we obtain

1/2,-2X—1/2
nn

J= 2nnl

'2n—-2\+1)

J= (_1)n2—2nl’(n +1)I'(n—-2X+1)

o n
/ yn _‘i {(y _ 1)n+1/2(y + 1)n—2)\—1/2}dy‘
1 dy
Next integrating by parts n times we get the following form:

0o
/ (y _ 1)n+1/2(y + 1)"'_2)‘_1/2(1’!/.
1

(A3)

(A4)

The integral in (A4) can be obtained analytically (see [39]) and therefore (A1) after simple algebra is finally written

a1 T(2n — 2X + 1)T(2X — 2n + 1)T(n + 3/2)

J = (-1)"2-

T(n+ D0(n—2x + DT@A—n +1/2)

(A5)

APPENDIX B

Using the properties of the Jaccobi polynomials [37,38,40] the calculation of the matrix elements of expression (18)
using (19) and (20) is reduced to the calculation of the following integral:

o0
/1 (y — VY2 (y 4+ 1)~ P=7/10) | p(y) I+1/2=22=1/2) 12,

(B1)

Following Miller [40] we expand the polynomials in (Bl) in a finite basis of Jacobi polynomials of the form

P(y)§c1/2,—2,\—7/1o)’ namely,

n
P31 _ §™ o) p(y) 20,
k=0

(B2)

where the coefficients C()\);; may be expressed in terms of gamma functions (see formula (3.3) of [40]):
k

_ (2k+1—-20+0.8)

ooy = Lo T(—4X —0.2)

T(—n—4Xx—0.2)

T(n+k+1—2A+ )Tk +1— 2\ + 0.8)T(n + | + 1.5)

Tn+l—2 + )D(k+1+150(n+k+1—2x+18)

(B3)

Thus we have now to calculate instead of integral (B1) the following quantity:
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n

k=0

oo
SSICOURE [y = 1M1/3(y 4 1) BT/ Py (/210 gy,
1

(B4)

The last integral, however, is the same as the one calculated in Appendix A.

[1] R.E. Chrien, Nucl. Phys. A478, 705c (1988).

[2] P.H. Pile, Il Nuovo Cimento A 102, 413 (1989).

[3] R.E. Chrien, Il Nuovo Cimento A 102, 823 (1989).

[4] R.E. Chrien, LAMPF Workshop on (mw, K) Physics (Los
Alamos, NM, 1990), Proceedings of the LAMPF Work-
shop on (w, K) Physics, AIP Conf. Proc. No. 224, edited
by B.F. Gibson, W.R. Gibbs, and M.B. Johnson (AIP,
New York, 1990), p. 28.

[5] C.B. Dover, LAMPF Workshop on (m,K) Physics (Ref.
[4]), p. 3.

[6] C.B. Dover, L. Ludeking, and G.E. Walker, Phys. Rev.
C 22, 2073 (1980).

[7] H. Bando and T. Motoba, Prog. Theor. Phys. 76, 1321
(1986).

[8] C. Milner et al., Phys. Rev. Lett. 54, 1237 (1989).

[9] P.H. Pile et al., Phys. Rev. Lett. 66, 2585 (1991).

[10] D.J. Millener, C.B. Dover, and A. Gal, Phys. Rev. C 38,
2700 (1988).

[11] G.A. Lalazissis, M.E. Grypeos, and S.E. Massen, Phys.
Rev. C 37, 2098 (1988); M. Grypeos, G. Lalazissis, and
S. Massen, Nucl. Phys. A450, 283c (1986).

[12] G.A. Lalazissis, M.E. Grypeos, and S.E. Massen, J. Phys.
G 15, 303 (1989).

[13] R. Dalitz and B. Downs, Phys. Rev. 111, 967 (1958).

[14] A. Gal, Adv. Nucl. Phys. 8, 1 (1975).

[15] B. Povh, Annu. Rev. Nucl. Part. Sci. 28, 1 (1978).

[16] D. Walecka, Nuovo Cimento 16, 342 (1960).

[17] A.R. Bodmer and D.M. Rote, in Proceedings of the Inter-
national Conference on Hypernuclear Physics, Argonne,
1969, edited by A.R. Bodmer and L.G. Hyman (Argonne
National Laboratory, Argonne, IL, 1969), Vol. II, p. 521.

[18] D.M. Rote and A.R. Bodmer, Nucl. Phys. A148, 97
(1971).

[19] D. Ivanenko and N. Kolesnikov, Sov. Phys. JETP 3, 965
(1957).

{20] A. Deloff, Nucl. Phys. B27, 149 (1971).

[21] C. Daskaloyannis, M.E. Grypeos, C.G. Koutroulos, and
D. Saloupis, Lett. Nuovo Cimento 42, 257 (1985).

[22] S. Iwao, Prog. Theor. Phys. 46, 1407 (1971).

[23] M. Shoeb and M.Z. Rahman Khan, J. Phys. G 10, 1739
(1984).

[24] M.Z. Rahman Khan and M. Shoeb, J. Phys. Soc. Jpn.
55, 3008 (1986).

[25] N. Bessis et al., J. Phys. A 15, 3679 (1984).

[26] D.H. Davies et al., Phys. Lett. 9, 464 (1962).

[27] O. Hashimoto et al., II Nuovo Cimento A 102, 679
(1989); M. Akei et al., ibid. 102, 457 (1989).

[28] R. Bertini et al., Phys. Lett. 83B, 306 (1979).

[29] G.A. Lalazissis, J. Phys. G 19, 695 (1993).

[30] R.K. Bhaduri and Y. Nogami, Phys. Rev. Lett. 28, 1397
(1972).

[31] AM Khan and S. Ali, Lett. Nuovo Cimento 31, 528
(1981).

[32] K. Kar and J.C. Parikh, Pramana 19, 555 (1982).

[33] R. Chrien, LAMPF Workshop on (m,K) Physics (Ref.
[4]), p. 28.

[34] C.B. Dover, LAMPF Workshop on (mw, K ) Physics (Ref.
[4]), p. 3.

[35] Y. Yamamoto, H. Bando, and J. Zofka, Prog. Theor.
Phys. 80, 757 (1988).

[36] M. Rayet, Nucl. Phys. A367, 373 (1972).

[37] G. Szegd, Orthogonal Polynomials, American Mathemat-
ical Society Colloquium, Providence, 1975), Vol. XXIII.

[38] W. Magnus, F. Oberhettinger, and R.P. Soni, Formulas
and Theorems for the Special Functions of Mathematical
Physics, 3rd ed. (Springer-Verlag, Heidelberg, 1966), p.
213.

[39] I.S. Gradshteyn and I.M. Ryzhik, Tables of Integrals, Se-
ries and Products (Academic, New York, 1980), p. 285.

[40] W. Miller, Jr., J. Math. Phys. 9, 1175 (1968).



