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Using large-basis realistic wave functions for ~Li (&He) hypernuclei, details of the production
mechanisms in (K,~ ), (~,E+), and (y, K ) processes are displayed, compared, and discussed.
In particular, a selective but complementary population of diferent parts of spectra in these three
reactions and a competition between the resolution and applicability of the realistic spectra are
demonstrated. DiA'erent polarization abilities of the studied reactions are illustrated and optimal
kinematical regions are sought, as well.

I. INTRC)DUCTION

An increased interest in novel hypernuclear (HY) pro-
ductions and in particular in the electroproduction and
photoproduction is encountered since recently. The
reason for that is twofold: a progress of the Continuous
Electron Beam Accelerator Facility (CEBAF) and a com-
plementarity of the photoproduction reaction and other
more "standard" hypernuclear productions. They popu-
late different parts of spectra and only their sophisticated
combination reveals the full complexity of the hypernu-
clear world. There are additional interests related to the
detailed properties of the photoproduction process: The
strong and complicated spin-Aip part of the transition
amplitude suggests a population of the spin-Ilip (upper)
partners of doublets and a possibility of hypernuclear po-
larization. Low distortions are encountered in both in-
coming and outgoing beams; thus, a deep interior of hy-
pernuclei is involved and tested, but not strongly dis-
turbed. To really reveal these fine effects and their rela-
tive importance, a light nucleus (hypernucleus) with a
rich structure described in a realistic model should be
employed. One additional peculiarity of the strangeness
photoproduction should be mentioned: There is not a
single measurement existing on photoproduction of hy-
pernuclei ( A ) 2) and all the results for them are theoret-
ical extrapolations from the elementary process to the
multiparticle medium. In this respect, it would be highly
desirable to have some experimental indication of nonele-
mentary data before large machines start. At present, the
theoretical predictions differ widely.

The first theoretical approaches to all three strangeness
producing reactions dealt with simple targets (as, e.g.,
' C, ' 0, and Fe) in an oversimplified particle-hole mod-
el and neglected the hypernuclear (HY) polarization. It
is the aim of this work to use one and the same full model
for all the three reactions on the target Li, whose under-
lying (core) A =6 nuclei are complicated enough and they
are treated realistically here. In fact, ~Li has already
been studied in (K,sr ) reaction there is thus some
testing material available. The model of (K,sr ) and
(m+, K+) reactions has been recently developed so as to
include the full amplitude and thus to encompass also the

polarization. ' The realistic description of photoproduc-
tion on targets of ' C and ' 0 has been proposed in Ref.
4. The alternative approach comparable with the model
and including also HY polarization can be found in Ref.
5. The latter one will be applied here. The reaction mod-
el is phenomenological, based on the existing data for the
elementary reaction. It is that one used for (K,vr ) in
Ref. 6, for (n+, K+) in Ref. 7, and proposed for (y, K+)
in Ref. 5. In such a way, a fair comparison of all three
processes is possible and their respective virtues may be
appreciated. One of the novelties displayed here is the
polarization attained in a complicated hypernucleus. The
structure input is described in Sec. II, reactions are
modeled in Sec. III, results and discussion are given in
Sec. IV, followed by conclusions.

II. STRUCTURE OF 'Li AND '„Li (AHe)

The successful description of (K,sr ) production of
~Li in the translationally invariant shell model (TISM)
pointed at the possibility of its extension to the A =7 sys-
tem. The Li nuclear core underlying the latter is
difficult for modeling. There are no bound He or Li nu-
clei on which Li could be formed by simply adding a sin-
gle nucleon. Also, Li is not well accounted for by a hole
in Li. Nonetheless, the success in the description of ~Li
(~He) depends critically on the correctness of the model
for Li.

The basis of TISM is used here. It is defined in terms
of the internal degrees of freedom (in Jacobi coordinates):

I
ApJT nlJ:g&=[I A lpJT&lnlj &Aj~ .

~

A —lpJT) is a basis function for a description of A —1

nucleons. p stands for other quantum numbers needed
for a unique classification. We use 0+ lhco shell-model
space for A —1pJT ) (it is supposed that higher
configurations do not contribute to the HY production
on the target of Li). nlj ) A is the hyperon wave function.
In this basis, we diagonalize the Hamiltonian

H =HN+~A

where the nuclear part HN is
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A —1

HN-
~

i I+
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1
A —1

3 —1
+ X VNN(;

(2a)

and that of the hyperon H~ is

3 —i
AHA= + g V„A(r, —rA) .

2P~
(2b)

0. 88~
' P~ [42](30))-0.46~' P~ [42](11)),

Here, P~, is the total momentum of the nuclear core,
mz the momentum of the hyperon relative to that core,
and p, z is the corresponding reduced hyperon mass. The
effective NN interaction of Ref. 9, fitted to all p-shell nu-
clei, is adopted here. This interaction reproduces, besides
others, correctly the 2 1 level of Li at 21 MeV excita-
tion, known experimentally and not fitted a priori in Ref.
9. The main component of this state is P2 [33](30)) and
it is essential in s s~ configurations. The single-particle
energies relative to He and ' 0 cores, calculated in Ref.
9, reproduce the experimental data well. The harmonic-
oscillator constant is chosen to be b=2.04 fm (firoN =9.55
MeV). For Li, it gives the charge rms radius
(r„,),h=2. 60 fm, in agreement with the experimental
value of 2.57 fm. ' When the electron-scattering data on
Li were fitted by the one-body transition densities of

valence nucleons, " a similar value of b=2.03 fm was ob-
tained. The interaction of Ref. 9 predicts low-lying
anomalous parity states of Li, namely, the 2 0 level at
some 9 MeV excitation, with the configuration

which strongly affects the population of HY p 'p ~
states.

To see further the influence of low-lying anomalous
parity states of Li on the shape of hypernuclear excita-
tion function, the calculations here are also performed
with the effective interaction of Ref. 12 [Eq. (13) therein,
employed here for both normal and anomalous parity
states]. To fix the 2 1 level with the main component

Pz[33](30)) at the experimental value E"—21 MeV,
Ace~=19.7 MeV has to be chosen. Such an oscillator
constant would not reproduce (e, e') scattering on Li;
nevertheless, it yields a reasonable single-particle split-
ting. The lowest 2 0 level arises at some 13.6 MeV (and
mixes only weakly into HY configurations p 'pA).

The effective AN interaction adopted here is that of
Ref. 13,

VAN
= V(r)(1 —E+ EP )(1+aoN. o.A) . (3)

The 3=7 system is too light and the use of TISM instead
of the usual shell model is rather important in order to
avoid the center-of-mass spuriosities. It can be shown, '

however, that the same p 'p~ spectra are also obtained
in TISM, if we change relation (4) as follows:

When using a= —0.1, c. =0, and fitted Slater integrals
F'o'= —1.16 MeV, FI '= —3.20 MeV, VAN of Eq. (3) was
successful in an interpretation of p p z states. The
above values for integrals I'" were, however, fitted in the
standard (translationally noninvariant) shell model as

(p(rN)p(rA ) L
~ VAN ~p(rN )p(rA )'L )

F' '+F —'( —,'&Lo —
—,'&L, i+ —,', &~2)

RHS[Eq. (4)]= (p(g' )pN(g' ):AL ~ VAN(p(QN)p((A):L ) — (s(gN)p(g'A):1~ VAN ~s(QN)p(g'A):I ), (5)

or

RHS[Eq. (4)]= (p(rN )p(rA )L
~ VAN ~p(rN )p(rA )L ) — (p(rN )s(rA ):I VAN ~p(rN )s(rA ):I), (6)

V(r) = Voe (7)

Relation (5) [or (6)] yields Vo = —16.8 MeV and
p=1.72 fm. Obviously, translationally noninvariant rela-
tion (4) would yield different Vo and p (and, namely,

where RHS represents right-hand side. Equations (5) and
(6) are equivalent and F" are not Slater integrals any
more, but a suitable parametrization of the interaction
(3). gN=R& z

—rN is the nucleon coordinate relative to
the center of mass (c.m. ) of the rest of the nuclear core
("3 —2 core"); gA=R~

& rA is the A hyperon c—oordi-
nate relative to ( 2 —1) nuclear core, x =m A /mN. Equa-
tion (6) corresponds to the approach of Ref. 15. The ra-
dial dependence of the AN interaction has now to be fixed
in order to calculate the matrix elements of the interac-
tion (3) for other HY configurations (p 'sA and s 'sA).
The Gaussian form of V~& is chosen here:

Vo = —26.2 MeV and p= 1.42 fm), but the spectra calcu-
lated in respective models for p 'pz configurations are
the same. They differ for other configurations. The
harmonic-oscillator constant for hyperon A~~ was chosen
so that the binding energy of the —,

'+0 ground state of ~Li
is equal to the experimental value B~ =5.58 MeV, which
yielded Ace~=10.5 MeV. Such a value seems reasonable
also from the comparison with, e.g. , Ref. 16. Adopting
now the above TISM values of Vo and p, the scalar in-
teraction for the configurations p 'sz would be charac-
terized by V=1.46 and 6=0.58 (in notation of Ref. 17).
Those values are in an acceptable agreement with the
standard fitted set' V=1.49, 6=0.50. Also the values
Vp p in the usual shell model yield plausible matrix ele-
ments V= 1.38 and 6=0.55. It should be mentioned in
passing, however, that the nonexistence of the M1 transi-
tion in ~ B ground-state doublet in the energy range
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E =0.1 —0.5 MeV, ' strongly supports a lower value of
b, -0.3 ( and consequently a strong induced spin-orbit
force S~——0.3).'

III. REACTION MODELS

The three HY production reactions compared here
[(K,vr ),(~+,K+ ),(y, K+' )] are all described in a
similar way, keeping the relation to the amplitude of the
elementary two-body process. The many-body aspects
enter through kinematics, distortion, and wave functions
of the underlying 3=6 nucleus and resulting hypernu-
cleus.

The distortion of incoming g'+ ' and outgoing g'
meson waves is evaluated in the eikonal approximation.
In the calculation of radial integrals &y' 't)'jAlg'+'gz &,

the harmonic-oscillator single-particle wave functions are
reasonable for the deeply bound A-hyperon states. As in

~Li, the hyperon in the p state is barely bound or even
unbound, it is simulated here by the Woods-Saxon
single-particle p-wave functions corresponding to
B~ =0.1 MeV. This procedure is frequently used in other
nuclear reactions to get a more realistic description [e.g. ,
Ml form factors in (e, e') scattering]. In the present case,
the procedure outlined merely reduces the excitation
strength as compared to that of harmonic oscillator.

The simple lines of the excitation function are smeared
out and assume Breit-Wigner form with effective widths

where I is the total width of the level, calculated in the R
matrix theory from the strong hypernuclear decays.
There, the TISM spectroscopic amplitudes are used and
the Young schemes classification applied with advantage.
R denotes the instrumental resolution. Widths (I"s) cal-
culated in this manner vary for the pronounced high-
lying states between 1.5 and 7.7 MeV.

A good resolution allows for rich spectroscopy con-
siderations. The precise energy splittings of HY states
and their relative populations are primarily needed in
verifying or fitting the effective AN interaction. A pro-
nounced selectivity of polarization data and their infor-
mation content makes them an ideal (though not always
applicable in view of small cross sections) spectroscopic
tool. They are rejected in the angular distributions of
A-weak decay products and in A-magnetic moments mea-
surements.

A, H denote the nuclear target and resulting hypernu-
cleus, respectively. Tf; is the transition amplitude from
the initial state of A to the final state of H, q is the
momentum transferred. &. . . Itl. . . & is the elementary t
matrix in the two-body laboratory system. Its two-body
c.m. analog for the (K,m ) reaction is taken from Ref.
6. The two-body c.m. ~two-body laboratory
(2c.m. ~21ab) transformation of &. . . Itl. . . & is per-
formed as in Ref. 20. The polarization of the produced
hypernucleus is expressed as in Ref. 3,

PJ (8 )= M~ M~

(2J„+1)JHI Tf; I

(12)

B. (m+, K+) reaction

The description of this reaction proceeds in a full anal-

ogy with the (K,m ) in-Right reaction, as described in
the preceding paragraph. Two recent studies ' are de-

I I ~ I3-

W2-

'e 1-
b
O

I I ~ I ~ I I I I ~ I I ~ I ~ ~ ~ I I I ~ I ~ I I I ~ I ~ I ~ I I I 100

n(K-,~-)a

- 0.5

where the summation over the final-state projections MH
in Eq. (11) is replaced by the MH weighted sum.

It was long believed that the spin-Aip amplitude of the
(K,m ) reaction is negligible for 8 30 . The polariza-
tion ability of this reaction was thus not considered.
However, the elementary reaction exhibits an enhanced
polarization for kaon momenta above p~ ~ 0.8 GeV/c, as
is demonstrated in Fig. 1 (reconstructed from amplitudes
of Ref. 6). It is seen that the polarization is large in re-

gions where the cross section is very small. Nonetheless,
a transitive situation may be found (cross section still ap-
preciable and polarization already noticeable) at
pz-0. 905 and ptt —1.1 GeV/c. In fact, it has been
demonstrated in Ref. 21 that on a nonelementary target
(' C) the HY polarization may be appreciable, as well.

A. (K,m. ) in-Bight reaction

The many-body laboratory cross section and polariza-
tion for this reaction are described in a standard way:

d(J g p+++ +H I Tf=(2~)
p~[pAH+&. (p. p~co». )] '—

de/dn m 0
de/dA ~10
Polarization ~10
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where

Tf; =&a & q'„lg'. '& p„qlt lp~0&~.by&+'Iq', &,

and

(10)

0.0 0.5 1.0 1.5
p(K-) i b (GeV/c)

-1.0
2.0

FIG. 1. Elementary c.m. cross sections and polarizations for
the reaction n(K, m )A at various angles of outgoing meson
and various incident momenta.
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voted to the (~+,K+) reaction details and the review '

compares it with others throughout, thus there is no need
to repeat all the arguments. The elementary t matrix is
taken as parametrized in Ref. 7. The 2c.m. ~21ab trans-
formation is again that of Ref. 20. The formulas for the
cross section and polarization are those of Eqs. (9) and
(12); the quantities referring to n and K mesons are inter-
changed only.

The (n+, K+) reaction is characterized by the thresh-
old (around 0.65 GeV/c for the heaviest targets), large
transferred momenta (~0.35 GeV/c), smaller cross sec-
tions (-few tens of microbarns), and an appreciable
spin-flip amplitude leading to a large polarization. No-
ticeable of this reaction is its pronounced selectivity,
which provides a separated series of peaks, corresponding
to valence nucleon holes and A in all orbits with max-
imum momentum transferred (L = l„+lA).

The main features of the elementary cross section are
displayed in Fig. 2. Strong p~ dependence and selective
angular behavior can be revealed there.

C. HY photoproduction

After preliminary considerations in the early 1970's,
the HY photoproduction has been actively pursued by as
much as five difFerent groups. ' They construct the
photoproduction amplitude based on diagrammatic tech-
niques. Including various graphs, more or less involved
amplitudes of the elementary process (yX~AK) are ob-
tained. However, further adjustments are found to be
necessary by comparison with the experimental data (on
difFerential and total cross sections and some on polariza-
tions).

In order to construct the amplitude, we have adopted
consistently a phenomenological approach here. It was
sketched shortly before and it is analogous to Secs. III A
and III B. The elementary amplitude is taken from Ref.
28. In contrast to the (K, 7r ) and (w+, K+) processes,
it contains three spin-flip amplitudes:

F ' =iF, (o"a)+F (o"q)(o[k'Xa])

+iF3(cr.k)(q E)+iF4(o"q)(q.a) . (13)

Here, o. is the baryon Pauli matrix, c. the photon polar-
ization, 2 (q) are in (out) 2c.m. momenta, and x=x/x.
F, are functions of q, ~ and of the scattering angle. To
transform the 2c.m. t matrix into the two-body laborato-
ry system, where

(px. , kr —px ~t ~k~0) =i A, (o"8)+iA~(o k )(p~ E)

+'A 3(o 'px')(px E)

+A4([k Xpx].E), (14)

~5 ~ s ~ s s s I ~ I I ~ s s ~ s s s s ~ ~ s ~ ~ s s ~ s s ~ s ~ s s ~ s s ~ s s ~ s s ~ s s s s s ~ s s ~ s s s I ~ s s0

transformation matrix A, can be used. We write it explic-
itly in the Appendix. The expressions for do. /dA and P
are derived in Ref. 5 and are similar to Eqs. (9) and (12).
Here, however, the additional averaging over the photon
polarization c. arises. The photoproduced HY polariza-
tion has also been studied recently.

The transferred momentum (q -0.28 GeV/c at Hx =0')
of this reaction is comparable to that of the (n+, K+ ) one
and also the thresholds are similar (p'"=0.911 GeV/c for
the elementary reaction and 0.710 GeV/c for that on Li
target).

The production of strangeness via the electroproduc-
tion (e, e'K+) is qualitatively similar. In this case„ it is
mediated by the virtual photon. If the latter is not too
far from the mass shell, both photoproduction and elec-
troproduction are very close for the same photon energy.
In addition, a very good resolution (R ( 1 MeV) is expect-
ed for both processes at the multi-GeV facility CEBAF.

The angular and momenta dependence of the elementa-
ry (y, K+ ) amplitude is depicted in Fig. 3.
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FICx. 2. Elementary c.m. cross sections and polarizations for
the reaction n {~+,K +

)A at various angles of outgoing meson
and various incident mornenta.

FIG. 3. Elementary c.m. cross sections and polarizations for
the reaction p {y, K )A at various angles of outgoing meson and
various incident momenta. {The curve for the cross section at
0& =10 coincides with that at 0& =0.) The phenomenological
amplitude here and further on in hypernuclear {y,K) calcula-
tions is that of Ref. 28 (denoted as 6b there).
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IV. RESULTS AND DISCUSSION

A. (X,~ ) in-Bight production of ALi

In view of the specific properties of this reaction, one
may expect the excitation function with two strong peaks
(substitutional states; large sticking caused by a low
transfer at small angles of outgoing pions). And indeed,
in the earlier experiments, ' the spectrum of &Li was taken
at pz =720 (790) MeV and two pronounced peaks at
EA =2.7 and 14.6 MeV have been observed (see Fig. 4).
Here and further on E~= —B~. The small peak ob-

served at EA= —5.6 MeV has been ascribed to the
ground state of ~Li.

When interpreting the &Li spectrum theoretically, the
use of the Van Hees XX interaction leads to an
identification of the lower major peak at 2.7 MeV with
three

~

—', 0) states, which are strong mixtures of
configurations p 'pA and s 's~ (see Fig. 4). In particu-
lar, states obtained at E~=2.8, 3.9, and 4.6 MeV are
mixtures of configurations ~Es, , 1+0) ~p~A ), ~2. 1&

MeV, 3+0) ~pz ), and ~9.0 MeV, 2 0) sz). These HY
states cannot be experimentally distinguished due to their
large decay widths (some 5 MeV) especially into Li+A
and ~He+d channels.
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FI&. 4. The excitation functions for the reaction 'Li(K, m )~Li at pz =720 MeV/c, resolution R =2.5 MeV, and 0„=0' (collinear
geometry). Theoretical smoothed curves and line spectra are given for two XN interactions (Refs. 9 and 12); spin-isospin assignments
are indicated. The experimental excitation function (Ref. 1) is rescaled to the height of the first peak (factor 0.8 transforms the left
scale to the right one).
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It should be mentioned that a restriction to the
configurations p 'p~ only would yield a single strongly
excited state

~
—,
' 0) at the energy EA=3.4 MeV (width

I =4.5 MeV).
The Barker NN interaction' splits strongly states of

normal and anomalous parity in Li. Indeed, it gives the
lowest anomalous parity 2 0 level as high as at 13.6 MeV
excitation. Consequently, the configurations p 'p~ and
s 's~ are not strongly mixed. The P 0) state at
Ez =3.5 MeV, having the configuration p 'pz, is popu-
lated prominently, whereas another

~
—,
' 0 ) state at

EA=8.7 MeV (with the structure s 'sA and a large de-

cay width I =7.7 MeV into nucleon, deuteron, and a
channels) gets less strength. Their separate identification
would be again dificult although some enhancement in
the region of EA —8 MeV may be noticed in the experi-
ment. '

The information on the low-lying states of Li (under-
lying the interpretation of ALi) is obtained from the elas-
tic scattering of d on He. Broad resonances ~' PJ[42])
of anomalous parity should be traced in the correspond-
ing phase shifts. However, no such states (low-lying ones
at around 9 MeV or high-lying ones at some 13 MeV)
were found experimentally.

Other models approached the lower peak as follows:
The cluster model ' yielded a peak at E~ =3.1 MeV; the

I

configurations s 'sz were not included there, however.
The shell model with p '(nl )A configurations' generated
a peak at E~ =3.4 MeV, whereas, that of Ref. 32, includ-
ing s 'sz configurations (nuclear 2 0 level at E*=12
MeV there), led to the state at EA =4.8 MeV.

The second major peak of the excitation function is
identified with the g 1) state at E~ =16.1 MeV, I =2.2
MeV (Barker interaction) or at E~ =15.8 MeV, I =2.0
MeV (Van Hees interaction). The configuration ~21.0
MeV, 2 1 ) ~sz ) dominates in it. The underlying nuclear
2 1 level itself has mainly

~ Pz [33]) structure and
possesses a large spectroscopic amplitude for the s-
nucleon knockout off the target Li. Consequently, in or-
der to explain a broad bump in (p, 2p) reactions on Li
(seen at some 13—16 MeV excitation in He), the corre-
sponding 2 1 level in Li is sometimes artificially shifted
by 3 MeV down. However, such a shift would be
refiected by a much lower

~

—', 1) state in the HY spec-
trum of ~Li ~ The position of the latter thus tests the nu-
clear single-particle energy c,

The HY second major peak may serve also as a sensi-
tive test of the wave function of the nuclear 2 1 level
and, consequently, of the NN interaction. To demon-
strate this fact, let us express the excitation energy of the

1 ) state in terms of main components only:

=E( P~[33]Xs~:—,
' 1)—E(' S, [42]Xs~:—,'+0)

=21.0—
[ V+ ( s&sz ~ Vo s&s A ) ] + —', [b, —( sos ~ ~

V
~ s~s A ) ]+ ,' b, + —,'S~ —

—,
' SA + —,",T,— (15)

in parametrization of Ref. 17. For estimating the interaction of A and N in s states, the position of the analogous s s~
peak in ~Li at EA=18.3 MeV may be used. That ~1+—,') state has the pronounced dominant component ~16.66
MeV, —,

'+
—,
' ) ~sA ). The underlying nuclear —,

'+ level, in contrast to the analogous Li one, is a very sharp resonance with

S3&z [32](20)) structure:

E,*h(ALi) =EA(1+—,
'

) E~ (g. s. ; 1 —,
'

) = 18.—3
=E( S3~~ [32]Xs~.1+

—,
'

) E( P3~q [41]—Xs~. 1 —,
'

)

=16.7 —[V+(s~s~/ Vo/s~s~ ) ]+—,', [6—(s~sA/ V /s~sA ) ]
—

—,",6 —
—,'S~+ —', SA —T . (16)

The term X=A, (s~sA~V ~s~sA) is small. Fo—r exam-
ple, by fixing the radial dependence of V in the Gaussian
form, we obtain X= —b, /2. Taking into account also
small coefficients at X, both in Eqs. (15) and (16), we can
safely neglect its contribution. So by comparing Eqs. (15)
and (16), for the excitation energy of the

~

—', 1) state in

~Li, it holds:

(17)

Hence, independently of the particular AN interaction
(S&,S~, T are small and b, &0, anyway), it follows here
for the excitation energy of the

~
—,
'

1 ) state derived
above:

E,*h(ALi) )E,*„=14.6 —
(
—5.6)=20.2 MeV . (18)

In other words, assuming the nuclear 2 1 level as pure
Pz [33]) configuration, the HY

~

—', 1) state will lie too
high. Consequently, the position of this peak in ALi may
serve as a test of small components in the wave function
of the nuclear 2 1 level (and of the underlying NN in-
teraction). This is a remarkable property as this nuclear
state itself is a very broad resonance (due to the decay
channel H+ He).

The collinear geometry (0 =0') is not a good instru-
ment for getting detailed information on the bound states
of ~Li. If, however, pions at t9 =10 are taken with reso-
lution of R=1 MeV, bound low-lying states appear as
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FIG. 5. The excitation function 'Li(K, ~ )~Li at pz =0.8
GeV/c, 0 = 10', and high-quality resolution R =1.0 MeV.

0.10-
5/2+
T~O

sharp separate peaks (Fig. 5). Those are
l —,'+0) ground

state,
l

—', 0 ) state at E~ = —3.25 MeV, l —,
'+ 1 ) at

Ez= —1.43 MeV, and /+1) at EA=0.47 MeV, as ob-
tained here theoretically. Experimentally, by measur-
ing the HY y quanta in ~Li, E ( —', +~

—,'+)=2.03 MeV
was found. The slightly larger theoretical value here
(E =2.33 MeV) stems from the scalar character of the
standard AX interaction' used (neglecting the induced
spin-orbit force S~).

It is interesting that the relative height of HY peaks at
Ez -4 and 15 MeV is rather sensitive to the NN interac-
tion used for 0 )0 . With the increasing m-detection an-
gle, the strength of the pure p 'pA configurations de-
creases faster than those with s 's~ (the radial integrals
(g' '

%A lg'+'4'z) depend on the momentum transfer).
Consequently, the strong mixture p 'pz+s 'sz for Van
Hees interaction is less extensively reduced with an in-
creasing angle than that of p 'pz for Barker interaction.
The relative population strength of both —, substitution-
al states can thus prove or eliminate the existence of the
low-lying anomalous parity states in Li.

As proposed in Ref. 35, the enhanced polarization is
encountered even for the reaction (K, 7r ) in flight.
This is demonstrated here in Fig. 6, displaying the excita-
tion function of ~Li at 0 = 10' for K mesons with

pK =905 MeV/c. However, highly polarized states are
not strongly populated with the exception of the /+0)
state (P=0.22) and the

l
—,'+1) state (P = —0.43), which

are both polarized and fed strongly. As expected from
Fig. 1, when further increasing p~ to the value of
pz =1100MeV/c, polarizations at t9 =10' reach remark-
able values approaching often unity t P ( —,

'
+ 0)=0.58,
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FIG. 6. The excitation functions and polarization for the re-
action Li(K, ~ )~Li at 0 =10' two resolutions and pz =0.905
GeV/c (polarizing region). Polarizations have spin-isospin indi-
cation for appreciably populated states only; calculations here
and further on have been performed with the NX interaction of
Ref. 9.



2760 O. RICHTER, M. SOTONA, AND J. ZOFKA 43

P( ,'+—1)= —0.99, P( —', +1)= —0.70]. The above discussed
resonance g 1) (at E~"~ =+14.6 MeV) assumes then as
much as P=0.58 polarization.

The difFerential cross section summed over all states
calculated here amounts to 4.3 mb/sr for the Woods-
Saxon wave function (4.8 mb/sr for the harmonic-
oscillator ones) and it is in good agreement with the ex-
perimental value' of 4.4+1.2 mb/sr for pz =790 MeV/c.

B. (sr+, K +
) production of „Li

The inspection of the elementary reaction cross section
(Ref. 7 and Fig. 2) suggests p —1.05 GeV/c as the most
efIIcient momentum for the HY production. The large
cross sections at 0 =0 and large transferred momentum
allow us to expect a sufficient population of high-spin
states and El=1 p 's~, 61=2 p 'p~ transitions. An
appreciable elementary spin-Hip amplitude in the region
of rnomenta of interest points at the production of an
enhanced polarization and population of both natural
and non-natural states. Analysis of the amplitude, how-
ever, shows that population of only one member of the
doublet prevails and the reaction (w+, K+) alone is not
able to reveal clearly the (small) spin splitting of low-lying
(p 's~) HY states.

This all is clearly illustrated in the calculated excita-
tion functions and polarizations of ~Li in Figs. 7 and 8.
In the collinear setup (Hx. =0'), the low-lying states
~g. s. , —,'+0) and ~2.33 MeV, —', +0) are strongly excited
and are seen as separate peaks even with a bad resolution
R =2.5 MeV. When improving the resolution also states

~
—,
'+ I ) and

~

—', + I ) become visible. This is the same group
of states, distinguished in the (K,~ ) reaction (Sec.
IV A), but there at 0 = 10', thus at the decreased
efficiency. For the (n+, K+) reaction, the excitation
function does not change so dramatically when increasing
the angle of the outgoing meson from 0 =0' to 10' (cf.
upper parts of Figs. 7 and 8), the reason being much
smaller relative change of the transferred momentum
I350 to 380 MeV/c as compared with 50 to 100 MeV/c in
the case of (K,m ) reaction]. The cross sections de-
crease by a factor of 2 approximately when changing 0~
from 0 to 10', but the polarization appears in addition
(the bottom lowest part of Fig. 8).

The group of states is also strongly excited around
E~ —5 MeV, namely, —,

' 0),
~

—,
' 0), and g 0). Simi-

larly, as in the case of the (K,vr ) reaction, they are
p 'p~ configurations (a mixture with s 's~ for g 0)
state). They have very different relative weights, with
preponderance of the relatively narrow (I =3.0 MeV)
stretched

~
—,
' 0) state. Those with lower spins have large

decay widths I -5.0 MeV and cannot be thus identified
as separate peaks.

The upper peak (prevailingly
~

—', I ) state) at E~ —15
MeV is less appreciably populated than in the (K,n )

process. This is mainly due to the difFerence in the
transferred momentum and the s 'sz character of that
group.

A changed kinematics (increased momentum) does not
change the shape of the excitation function significantly,

C. Photoproduction of „Li („He)

This reaction is a useful complement to the above two
processes. It has a similar kinematics (large momentum
transfer) with the (sr+, K+) reaction. Pronounced spin-

6 a ~ e e a a a a a ~ a a a a ~ e a a e a a e a e a a a a e ~ ~ e
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p=1050 MeV/c
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. &L.
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~,E I. I Il ~ ~ lk 5 ~ ~ ~ 'I

FIG. 7. The excitation functions for the reaction
Li(~+,E+)~Li at p, =1.05 GeV/c, OK =0', and three resolu-

tions 8=1.0, 2.5, and 5.0 MeV.

but the absolute values difFer. In particular, at p =1.5
GeV/c, the cross sections decrease by a factor of 3—5, but
polarization increases almost twice (reaching values close
to 1 for some states). When compared with the cluster
calculation, the agreement is fair; however, the states
around E~ =5 MeV are more emphasized here than in
Ref. 35.
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FIG. 8. The excitation functions and polarization for the re-
action Li(m+, K+)~Li at p =1.05 GeV/c, 0~ =10', and R=1.0
and 2.5 MeV. Strongly excited and polarized states are indicat-
ed by spin-isospin assignments.

Hip amplitudes excite comparably both natural and non-
natural parity states. It makes the photoproduction a
suitable tool for studying low-lying doublets and polariza-
tions (the elementary diff'erential cross section at 1.2 GeV
reaches some 0.3 pb/sr at Hz —0 —30'; see Fig. 3).
Another important spectroscopic virtue of the photopro-
duction is a relatively weak interaction of E+ meson and
photon y with the nuclear medium. K+ has mean free
path of about 7 fm in the nuclear medium and may map a
deep interior of it.

A first inspection of the photoproduction excitation
function reveals that even at an intermediate resolution
of R =5 MeV, three similarly pronounced peaks are seen.
Their relative intensity varies with p~ (upper part of Fig.
9) and with various parametrizations of the elementary
amplitudes. Only when the resolution exceeds the value
of 10 MeV, three peaks start to combine into a single
broad resonance which would nonetheless give a rough
estimate of the summed nonelementary cross section.
The latter, amounting to 2 pb/sr at Ox- =0' and p&=1.2
GeV/c in the theoretical model, is completely lacking in
a list of experimental HY data, as yet.

The lowest peak (Fig. 9) corresponds to the excitation
of the ground state of &He (EA = —5 MeV, —,'+1); the
middle one at E~ —5 MeV includes states

~

—', 1 ), —,'1 ),
and g 1) with the width of I =3.5 MeV.

The upper peak at E~ —13 MeV corresponds to the
state —,

' 1 ), with the dominant component
~

17.5
MeV, 2 1) sz). The underlying 2 1 level of He has
mainly

~ Pz[33]) structure and forms isospin analog
state to the well known one in Li. The HY

~

—', 1) state
is very narrow (I -1.5 MeV), because it lies just above
the threshold of the only opened decay channel (AH + t)
It constitutes a spin doublet partner to the g 1) state
discussed in Sec. IV A and thus can serve again as the test
of NN interaction used. Moreover, the relative position
of the doublet partners

~

—,'1 ) and
~

—', 1 ) rknown from
combining (K vr ) and (y, K+ ) reactions] constrains
strongly the hypernuclear spin-spin interaction.

The splitting of the lowest peak into two may be ob-
served, provided the resolution as good as some 1 MeV is
achieved. When increasing the angle Hz (Fig. 10), the
above-mentioned states get polarized. The lower

~
—,'+1)

state has I'= —0.33 and the higher one consists of two
states

~

—', +1)+ ~=,'+1) with P = —0.22+0.13. The pro-
nounced states in the middle peak possess a higher polar-
ization; in particular

~
—,
' 1) has P= —0.30 and

~

—,'1)
has I' = —0.32. The main component of the upper peak

1) has P = —0.15 only. There are again many states
in the spectrum with higher polarization, but they are ex-
cited only very weakly.

For the HY spectroscopy, the reaction Li(y, K )~Li
would be very useful, and as noted in Refs. 37 and 38, it
would be feasible at CEBAF. In this reaction, both iso-
spin branches T=0, 1 are excited. For T=O case, the
complementarity of the photoproduction and (sr+If+)
reactions may be used to advantage. In particular (see
Fig. 11), there is encountered the strongly excited

~

—,'+0)
state (at E~ = —4.68 MeV as obtained here), which is the
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FIG. 9. Photoproduction Li(y, K+ )&He excitation functions
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FIG. 10. Photoproduction Li(y, K+ )AHe excitation func-
tions and polarization at p,, = 1.2 GeV/c and 0K = 10; employed
resolutions are 1.0 and 2.5 MeV.
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variety of states; combination of results allows us to ob-
tain the full HY spectrum and complete doublets. All
three reactions are able to polarize substantially some
a priori known states. For that, a suitable kinematical
region is needed, which would optimize the information
output. This arises at 0-10 and at momenta pK =0.905
or 1.1 GeV/c for the (K, vr ) reaction, p =1.05 or 1.5
GeV/c or the (~+,K+ ) reaction, and p = 1.2 GeV/c for
the (y, K+ ) reaction.

The rich spectra of ALi (~He) —and for that reason a
very involved treatment of the structure was needed—
allow us to test not only the AN interaction, but also the
NN interaction, which controls the reliability of the un-
derlying nuclear core.

It should be noted in passing that the electromagnetic
production of strangeness is especially appealing because
of the richness of the transition operator, strong popula-
tion of the low-lying bound states and of complete dou-
blets. In this respect, the electroproduction (e,e'K+)
may appear more e%cient than the photoproduction
(y, K+) due to larger cross sections, larger kinematical
flexibility (virtual photons), and a possibility of a better
resolution (internal versus extracted electron beams),
which is crucial in the hypernuclear spectroscopy, aimed
at presently. Li will then be a useful target and &Li a
distinguishing testing ground.

The discussions, and useful comments by L. Majling,
T. Motoba, and S. Frullani, are gratefully acknowledged.
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APPENDIX

The transformation of amplitudes from the 2 c.m. sys-
tem into the two-body laboratory system,

FIG. 11. Schematic estimate (see text) of the photoproduc-
tion 'Li(y, K )&Li excitation function at py =1.2 GeV, 0I,. =0',
and R = 1.0, 2.5, and 5 MeV.

upper member of the ground-state doublet. The position
of this bound state is important for fixing the spin-
exchange strength in the effective AN interaction. ' In
view of the lack of reliable theoretical and experimental
data on the (y, K ) reaction, the (y, K+ ) elementary am-
plitude was used here instead, for the first rough estimate
of the ~Li excitation function. The possible differences
between both amplitudes are discussed in Ref. 37 and a
calculation of the (y, K ) one is in progress.

A, =a+VF, , (A 1)

(w —m~ }(k P~cos8)—
XI =(w+m~) 1—

(w+ m~ )(Er+ mr)
(A2)

gy+myk2- [(w + m~ )( k —Px cos8)
Ey+my

—(w —m~)(Er+mr) j, (A3)

is described by defining the constants iV;. They were
given previously for (K,n ) and (m+, K+) reactions
(there i,j = 1,2) and for the photoproduction
(i,j = 1, . . . , 4) they read as follows:

V. CONCLUSIONS

The detailed comparison of hypernuclear productions
on Li pointed not only to specific properties of those re-
actions, explained by different kinematics, (spin) structure
of their transition operators, and response to the nuclear
medium. It also revealed a necessity of an increased pre-
cision via the resolution reduced below 1 MeV or via the
spectroscopy of the secondary HY y quanta. The polar-
ization experiments may further improve the spectro-
scopic predictions. All three analyzed reactions excite a

X,'=X,'=0,
N —m~

I
— PK Ey+my

By+my PK
Ap=(w+m~)

Ey+my q

k (w —m~) Pz
u +m~-

Ey+my q

(A4)

(A5)

(A6}

(A7)
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Fr+mr k (w+m~) Pg
A4 W

q Ey+my q

g =A, =O
1 2

w —m~ I'K2

A3=
@@+my. q

(A8)

(A9)

(A10)

Z4=X44=O,3 4

where

1 2k (Er+mr)
0!=

2w( w mN) EKEY(Etta ™~)(Er™~)

(A14)

(w+m~)(sr+mr) P~
A4

E&+m& q

w m~
~1 ~KEy+my

(w+m~)(Er+mr) P~X42=-
Z~+m~ q

(A 1 1)

(A12)

(A13)

w =+s =Er+ F~

E are 2 c.m. energies [Ez=+mz+tc, E„=+mr+q,
er =~], tc and q are 2 c.m. in an out momenta, E are two-
body laboratory energies [Er=Qm r+ (kr —Pz ),
Ez =Qmtt+Ptc ], and k and P are two-body laborato-
ry momenta.
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