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is taken from V. Barger and D. Cline, Phys. Rev. Let-
ters 16, 913 (1966); and to be published. The first
four resonances are chosen for N& and&g, and for N~
the N(938), N*(1688), and a possible 2 resonance men-
tioned in Ref. 8 are taken.

C. B. Chiu and J. D. Stack, Phys. Rev. 153, 1575
(1967). Our results reproduce their W= 0 intercept of
the Nz trajectory.

9The N& and N& trajectories do not turn around, while
&g turns around at W™35 BeV and ot = 125. Whether
or not the trajectories turn around depends on the de-
tailed asymptotic behavior of Immy. Our results for
the polarization in question (where W- 5 BeV) are in-
sensitive to such details.

Since Imn& is small compared with Reug, the imagi-
nary part of Xz is ignored.

~~C. B. Chiu, R. J. N. Phillips, and W. Rarita, Phys.
Rev. 153, 1485 (1967).

~20ne can use more complicated expressions for Xz(W)
which would, among other things, take account of its
threshold properties. However, experimental informa-
tion on these quantities at low energies is not very
good and, consequently, no useful purpose is served
in increasing the number of parameters. We have im-
plicitly assumed that, asymptotically, Xg falls off as
an exponential. This need not be true in practice.

~3This is partly due to the fact that higher partial-
wave amplitudes carry larger statistical weight.

~4The direct-channel contribution is comparable with

p only around the dip region, where the p amplitude is
-&~ its forward value. However, p is a rather weak
secondary trajectory because at t =0 it is already
the Pomeranchuk (P) amplitude. Therefore, compared
with I' the direct channel is quite small and the basic
Regge hypothesis of the asymptotic dominance of the
leading poles in unhampered.
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A strongly repulsive three-body ANN force is proposed for the explanation of some ex-
ceptionally large binding-energy differences in the P-shell hypernuclei. It is argued that
heavy hypernuclei maintain their stability.

A binding energies of hypernuclei in the P
shell follow a linear trend when plotted against
baryon number A (Fig. 1). The over-all lin-
ear increase with A is attributed, in various
approaches, '~' to the strong spin-independent
central part of the AN interaction. For each
p-shell nucleon, an average of about 1- to 1.5-
MeV binding has been obtained. '~ The spin-
dependent components of the AN interaction
are expected to produce deviations of about 0.5
MeV ~ from the straight line shown in Fig. 1.

There are some exceptions to this general
description of p-shell hypernuclei, notably at
A numbers 9 and 13. Both ABe' and AC' lie
considerably below the straight line of Fig. 1.
For these two A values surprisingly large bind-
ing-energy differences are found' ':

b,B ( Li~ — Beg) = 1.62+0.19 MeV,

aB ( B"— C")=1.6+0.8 MeV.

It is to be noticed that BA(AC") = 10.9+ 0.3 MeV'
is even lower than BA(AB")= 11.06+ 0.14 MeV, '
in spite of the smaller A value of AB". The
third example we wish to consider is that of

the A = 8 hypernuclei. The "exotic" Hes s lies
A

considerably above the straight line of Fig. 1.
re we haves s

hB ( He' — Li') =1.0+0.8 MeV, (2)

which might appear less problematic than in
the previous examples (1). However, by cou-
pling the particularly low first excited state
of Li' (J&= &, 0.478 MeV) to the Li' ground
state (J&= —,

'
), the spin-dependent effects in

ALi may reduce the "bare" ABA.
Some n-n-A models for ABe give a rear-

rangement energy of ~1 MeV due to the fact
that Be' is unstable against n-a formation.
This provides a possible explanation of the large
~~(ALi'-ABe'). However, the large rearrange-
ment energy is not reproduced by a shell mod-
el calculation. " Clearly, the rearrangement
arguments, when applied to the A = 8 hypernu-
clei, affect ~A(A He'-ALi') in the opposite
direction, since He is particle unstable. The
A = 12-13 hypernuclei are not affected by these
considerations.

Here we propose that three-body ANN forc-
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FIG. 1. Binding energies of hypernuclei in the p shell, extracted from Refs. 5, 6, 7, and 8; C. Mayeur et al. ,
Nuovo Cimento 43A, 180 (1966); and%'. Gajewski et al. , Phys. Letters 23, 152 (1966).

es, effectively of the form"
A-1

(o. o.)(7. r—.)y(r. , ~. ),3 2 g 2 g 2A' gA'
2&/

are the source of the above reviewed irregu-
larities of binding energies. Investigations
of the role of such forces in the s-shell hyper-
nuclei suggest that they are strongly repulsive
(W&0).~ Due to its exchange nature, the in-
teraction (3), with W&0, is repulsive in the
symmetric 8 and D states of the P' configura-
tion and attractive in the antisymmetric I' states.
Hence, the more spatial symmetry is inherent
in the nuclear core state, the more pronounced-
ly one expects repulsive ANN contributions
to lower the hypernuclear binding energy. ~3

Let us consider in some detail the case A
=9. Be' (the core of ABe') has predominant-
ly the maximum orbital symmetry, [4], in its
ground state, "while Li' (the core of ALi'),
because of the Pauli principle, cannot have
more spatial symmetry than the [3, 1] type.
The interaction (3) is capable therefore of low-
ering the binding energy of ABe' relative to
that of AI i'. Also for the other pairs consid-
ered by us we find a similar situation. For
C" the predominant symmetry is of the [4, 4]

type, the maximum orbital symmetry compat-
ible with the Pauli principle, while that of B'
cannot exceed [4, 3, 1]. In the A = 8 hypernucle-
ar case we know that Li' is predominantly of
the [3] orbital symmetry type, "while the max-
imum orbital symmetry of He' is [2, 1].

These qualitative remarks may be made quan-
titative by computing the coefficients ap and

a, of the two Slater integrals I" and I'. The
ANN contribution to the hypernuclear binding
energy is then given by a+0+a+~. The con-
tribution of the I' term is expected to be the
more important one. ' Some of these coefficients
have been given in the literature' and the rest
of them relevant to our purpose were evaluat-
ed by us for intermediate-coupling wave func-
tions. ' ~" They are shown in Table I. The most
marked variations of ap and a, occur at the A
=8 andA =9 hypernuclei. For the A = 12-13
case the variation is large between AB" and
AC". . A variation in ap of about 7 units is com-
mon to these three cases. No analogous vari-
ations are found in the energy expression be-
cause of noncentral AN forces. We would like,
therefore, to attribute the large binding-ener-

gy differences (1) and (2) to a three-body re-
pulsive ANN interaction of the type (3). After
allowance has been made for spin-dependence
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Hypernucleus a0 a2

pHe
a

.e8 a

I isb
~L gb

A Bes b
e10 a
il a

A
B12b
B13a

)3b

—2.49
2.73

—2.83
—8.72
—9.84

—17.55
—17.55
—18.31
—21.8
—24.5
—28.9

—0.21
—0.24
-0.20
-0.42
—0.53
—0.87
—0.98
—1.08
—1.42
—1.97
—2.15

aCalculated by us.
Calculated by Bodmer and Murphy, Ref. 2.

effects, we identify a mean binding-energy dif-
ference of about 1 MeV with approximately (1/7)
Xg + .

This identification leads then to very impor-
tant consequences. In AC", the heaviest among
the well-known P -shell hypernuclei, the ANN
repulsion due to p-shell nucleons alone is ex-
pected to be about 4 MeV, which is not negli-
gible at all compared to the total binding. Such
a large three-body repulsion was discarded,
although its connection with the binding ener-
gy differences in the p-shell hypernuclei was
considered, in the very detailed analysis made
by Bodmer and Murphy. ' However, these au-
thors put limits on the ANN contribution by
treating the JN=O hypernuclei, not taking in-
to account two-body contributions arising from
noncentral AN forces. The order of magnitude
we have established here for the ANN interac-
tion seems to be the same as that proposed for
the s-shell hypernuclei, '2 where it leads to about
3 MeV ANN repulsion in AHe'. These consid-
erations will necessitate the strengthening of
the triplet central AN interaction used in hyper-
nuclear calculations, as indicated by A-P scat-
te ring. '6

In view of the strong ANN interaction which
we propose, it might seem that hypernuclear
stability would be destroyed at an early stage,
since the number of ANN bonds increases qua-
dratically with A. Rather, upon closer inspec-
tion the opposite appears more probable. The
expectation values of both AN and ANN inter-
actions are expected to reach an asymptotic
value for high A values. In terms of a naive

Table I. The coefficients with which I' and I" ap-
pear in the energy expression due to Jt NN forces of the
type (3). a0 is the coefficient of I" and a2 iS that of & .

shell-model picture, the A wave function in
heavy hypernuclei extends over the nuclear
core, and hence its frequency vA (for harmon-
ic-oscillator wave function) behaves like A —"',
while the nuclear frequency v decreases only
as A "'. The overlap between the A and the
inner nuclear shells becomes poorer with high-
er A values, thus leading to an asymptotic be-
havior. The same conclusions may be reached,
of course, also by nuclear-matter calculations.
However, the effect of the exchange fa.ctor (i; cr&)

&& (7~'~&) in further reductions is much more
pronounced in a shell-model context than in
nuclear-matter calculations. In the former all
three-body combinations of the form QPN;X&,
where j runs over a filled I.S shell and i belongs
to a different shell, are strictly 0, due to the
exchange factor. A rough calculation" indicates
that, with ANN forces of the type (3) which are
strong enough to fit the binding-energy differ-
ences discussed above, we get a total of about
10 MeV repulsi. on for AAgioe By the sam
method AN forces, of a strength indicated by
A-P scattering, "yield about 30 MeV attraction,
the net being I3A -20 MeV, which is not too
far from what is observed in Ag and Br emul-
sions. '8 It is generally believed' that for such
heavy systems we are quite close to asymptot-
ic behavior. Therefore we expect hypernucle-
ar stability not to be destroyed even for heavi-
er systems.
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The reaction y+p x++n has been investigated for photon energies between 1.2 and 3
GeV and pion c.m. angles from 2.5 to 15'. The cross section is strongly peaked in the
forward direction and shows resonance structure in the region of the N3g&*(1920) and
Ng)2* (2190).

We have measured the photoproduction of
single positive pions from hydrogen at angles
ranging from 1' to 6' in the lab. A modified
version of the magnetic spectrometer and scin-
tillation counter-hodoscope system described
earlier' was used. In order to reject the large
electromagnetic background produced at small
angles, the following changes in the apparatus'
had to be made'.

(i) The counter hodoscope Hl which previous-
ly measured the production angle (8) of parti-
cles passing through the spectrometer was
replaced by a collimator of variable width and
height at the first angular focus in the horizon-
tal plane (FI1). The collimator size was cho-
sen to optimize solid-angle acceptance while
maintaining an angular resolution &0 = +4.5

mrad at all production angles except for the
one-degree measurements, wher e ~ 0 = +2.5
mrad was chosen to allow a more detailed in-
vestigation of the expected rapid variation of
the cross section with angle.

(ii) Five scintillation counters, S, to S» were
used to define the geometry of the beam. They
were all placed behind the magnetic system
to limit the highest instantaneous singles count-
ing rate to -1 Mc/sec.

(iii) A threshold gas Cherenkov counter~ (Ce)
of 25 cm diam and 2.40-m radiator length filled

with ethylene at 1.2 atm was placed between
and 8, to detect po sitrons p as sing through

the spectrometer. Its efficiency was (99.93
+ 0.03) /o.

(iv) A second threshold gas Cherenkov count-
er (C~) of the same diameter, but 3.40 m long,
located between S, and S, and filled with ethyl-
ene at 3.5 atm, detected pions with momentum
P~&2.1 GeV/c with an efficiency ez&99%.

(v) The time of flight of particles was mea, -
sured between counters S, and S, (7.7 m distance)
with a resolution of 1.3-nsec full width at half-
maximum, permitting the separation of pions
from protons below 2.1 GeV/c, where the C~
counter becomes inefficient.

An event was defined as the passage of a charged
particle other than a positron through the spec-
trometer. Its occurrence was indicated by an
anticoincidence (GCe) of Ce with G = (S,S,S,S,S,),
the geometry-defining coincidence between all
trigger counters. Among these events, pions
were distinguished from protons either by a
colncldence of GCe with Cr or by using the tlme-
of-flight information, depending on momentum.

The number of positrons not rejected by ~e
because of the inefficiency of Ce contributed
less than 1% to the pion rate except at 6~lab
= 1', E&—- 1.37 GeV, where it contributed 2%.
Muons from pair production contribute a neg-
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