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These values seem already sufficiently large. If
not, it should be possible to raise T", to 10''K
and g close to unity so that o.QT for all collisions
becomes quite large.

Spatial nonuniformity of the wave field might
conceivably have an unfavorable effect on the ion
orbits, by introducing drifts. However, I expect
that such drifts only cause the ions to precess
about the z axis. Therefore, a separation device
which is large compared to R in the transverse
direction can accommodate most orbits. Never-
theless, it will be desirable to produce wave
fields which are as uniform as possible in the
transverse direction. A potential threat to the
method might be instabilities associated with the
large amplitude ion-cyclotron wave. However,
the experiments reported in Ref. 1 do not seem
to show such effects.
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It is shown that the spin-isospin dependence of low-energy ZÃ AN conversion leads
to substantial quenching of nuclear-matter estimates of the widths of some Z-hypernu-
clear states produced in (X,v) reactions, to a level below 10 MeV. The estimated
widths compare favorably with those of the Z-hypernuclear peaks recently observed at
CERN for Li, SBe, and C. Tentative quantum number assignments are suggested for
these states.

The unexpected observation' of narrow (I' & 10
MeV) Z-hypernuclear states at CERN in (K,s')
0' production at 720 MeV/c on 'Li, 'Be, and "C
has focused attention on the issue of widths ex-
pected for such states. As shown below, the nu-
clear-matter estimate for the width of the Z
yields values considerably in excess of the re-
ported widths, since the conversion ZN- AN

proceeds strongly at low energies (pub ~ 200
MeV/c), mostly through s-wave ZN interaction. '
However, this estimate does not account micro-
scopically for the well-known selectivity of the
conversion process at low energies to the spin
and isospin of the decaying ZN pair, ' viz. S =I,
I=2. In this Letter, we examine the consequenc-
es of such selectivity for Z-hypernuclear states
in light species (4 & 16) and find substantial

quenching, relative to the nuclear-matter esti-
mate, for some of the p-shell states produced in

(It,s) by the coherent substitution (lp)„- (lp)z,
in general agreement with the reported spectra.
Heavy Z hypernuclei are not expected to exhibit
narrow-peak structure.

The nuclear-matter estimate for the ~ con-
version width is given by

1'=(Vz t~z p-A. -)..fo-pp(r)lu. , '(r)I'«, (1

where av denotes a Fermi average. The single-
particle Z orbital In, l& ) is described by a radial
wave function u„, (r). Expression (1) can be de-
rived by considering the first-order Z -nucleus
optical potential U, =tz, -~ q-~p~+tq-„q-„p„and
identifying —1'„,/2 with the expectation value of
ImU, in the Z state In, l,). Using the optical
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vo = (vo),/(1+nv) (3)

with (vo), =65 mb and c». =20. The Fermi averag-
ing of (3) for Z at rest yields (vo)»=14 mb for
h„=250 MeV/c. The Z atomic data, ' fitted by
an eff ective scattering length»»z-„= —(0.35 + 0.04)
-i(0.19+0.03) fm, yield another estimate:

(vo) „=8mllmaz-„I /y, z~ =18 mb, (4)

which we adopt here. Rather than evaluate the
radial overlap integral in Eq. (1) we solved the
Z-nucleus Schrodinger equation for a complex
potential U, with ImU = —(vo) „p~(r)/2, and with
a three-parameter Fermi distribution' to de-
scribe both p», (r) and ReU. The resulting widths
are sensitive mainly to ImU(0), and are insensi-
tive to ReU(0); the value ReU(0)- —26 MeV is
suggested by the ~ atomic-data analysis. ' In

~„=23 MeV, I',~=13 MeV, (5)

where the 1s state is bound by 9.6 MeV (13.2
MeV if Coulomb attraction is added for Z ). The
1p state is unbound, and the value of I'» in (5)
was reached by increasing I ReU(0) I by about 10%,
in addition to including Coulomb attraction, which
combine to produce a barely bound 1p state. In
4'Ca we obtain

I'(MeV) = 28(ls), 23(lp), 18(1d), 16(2s). (6)

A similar procedure has been reported by Batty'
to produce widths in the range of 28-18 MeV for

theorem, and recalling that near threshold the
total Z p cross section is dominated by Z p- An,
we obtain (1). The assumption of s-wave domi-
nance for the low-energy ZN interactions is im-
plicit in the above derivation. Higher-order cor-
rections to U, include, for instance, Pauli quench-
ing. This is not expected to yield substantial
modifications of (1) since for a Z p pair at rest,
the AN relative momentum is about 290 MeV/c.
Equation (1) is the generalization of the well-
known expression,

r=(vo)„lq(0)I', f Iq(r)I'd'r=l, (2)

for the annihilation of the two-body cluster de-
scribed by an s-wave function p(r). The relation-
ship between annihilation and meson-exchange
mechanisms is discussed by Gal4 and by Johnston
and Law. 4

We now give numerical estimates for the width
I'. The Z p-An total cross sections, as fitted
by Nagels et al. ,

' are well described for v &vF

by the form

(K,~'): 4IM, I'If, - -I', I=-,',
(K,~ ): —,

'
I M, l'If, -zo -f~-z+/&&I',

I= —'
2P

(K, »r ): ~IMMI'lf„z +402fp z+I,

(8a)

(8b)

(8c)

where M~ are distorted-wave integrals and the
f 's are forward amplitudes. At 720 MeV/c,
If.-zol) Ifp-z+ I and the I =~2 state is expected
to be produced tw ice as strongly as the I = &

state in (K, »» ). Although the production process
occurs via n -Z', the strong charge-exchange
process Zap-Z'n renders this particle basis

~ states in '"Pb.
The nuclear-matter estimate given above for I'

is valid only for medium-weight and heavy nuclei,
where spins and isospins are close to saturation.
This is not the case for light nuclei since the ZN- AN conversion process, operative only for I= 2,
is dominated' by 'S, -'S, and 'S, -'D, components
for pz& 250 MeV/c. We must therefore incorpo-
rate this selectivity of spin and isospin explicitly
into the calculation of the ~ conversion width.
The expectation value of

o(r» —rz-)
fee

is to be replaced by the expectation value of

Q» 6(r» —rz)(~ + ~o» oz) (3 —3&» ~ tz),

where the index i runs over all nucleons, as ap-
propriate to a charge indepe-ndent formulation.
The ~ isospin operator is here normalized to t&'
=2. The matrix elements of (7) were evaluated
for several Z-hypernuclear states in the p shell
which are expected to be significantly excited in
low-momentum-transfer (small-q) strangeness
exchange. We demonstrate the relevant argu-
ments for the relatively simple case of "C.

With q=130 MeV/c at p~=720 MeV/c, the
strongest Z -hypernuclear excitations expected at

&')'zBe. We stress that the same I = —, states are
excited in both (K, »» ) and (K,&'). The 0'(1s ',
ls) states are not expected to exhibit an experi-
mentally meaningful signature because of their
large 1s„'width, and the 2'(p„, ',p;) states re-
quire q= 200 MeV/c for their observation, in
analogy"'with '&C. In a jj description of "C, the
forward cross sections for excitation of these J'
=0', 1 states are given by
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meaningless and implies isospin classification,
with the result that two states, not just one, are
produced for each value of J". Of course, if the
I=2 and I =2 states are almost degenerate with
each other, large mixings may occur.

Our findings are as follows: (i) The width of
the 1 states is not significantly changed relative
to the nuclear-matter estimate Ithe latter is here
obtained by retaining only the spin-isospin inde-
pendent term in (I)]. For oscillator wave func-
tions, the width of the I= 2 state is increased by
a factor 1.17 whereas that of the I = ~ state de-
creases by a factor 0.86. Hence, these states
are most likely too broad to be identified. (ii) The
width of the coherent 0' states significantly chang-
es from the nuclear-matter breakdown of F = I',
+ I'~, the subscripts denoting conversion within
the appropriate nucleon shells, into

r(r=-,') =r, +~~ r„r(1=-,') =r, . (9)

Thus, the I= 2, 0' state is narrower than given by
the nuclear-matter estimate by a factor I;/(1,
+ r~), which for oscillator wave functions as-
sumes the value 0.41. This state, excited sig-
nificantly in both (K,p ) and (K, p ), is predict-
ed to have a conversion width of about 5 MeV;
adding a few MeV for the Z-particle decay width, '

it is likely to have a width smaller than 10 MeV.
In the absence of identifying angular distribu-
tions, we tentatively assign the observed 'EC and
'~Be structures' to be the O', I =

& state. The
O', I=-, state, excited only in (K, w ), should be
much broader.

The general lesson of the "C example is that
for I n, l, ) Z states where the corresponding In, l, )
nuclear shell is not closed, the P, component of
I' may be substantially reduced as a result of
spin-isospin correlations. For heavy nuclei, the
effect of such reduction is smaller, except pos-
sibly for cohevefit strangeness analog states. Sub-
stantial reductions may be achieved for 3p Z
states in the p shell. Table I summarizes our
calculations for coherently produced Z Ip states
on 'Li and 'Be. These states are described by
the dominant LS component of the target nucleus,
P3/2 with I = 0, 1,2 . A similar schematic de-
scription has been shown" to reproduce qualita-
tively the observed features of 'Be(K, m )~9Be.
The forward cross sections for excitation of
these -', states at p~ = 720 MeV/c are given ap-
proximately by n, 'IMol'I fg 2"I' «r (K,~'), re-
spectively. The sum of n, (n, ') equals the num-
ber of 1p neutrons (protons) in the target. Last-
ly, we note that since the central proton density'

TABLE I. Number n, of lp nucleons for the coherent excitation, (lp)N-(lp)~, of
~-hypernuclear & states in (&,&') reactions, respectively, at 0 on 7Li and ~Be for
pz = 720 MeV/c. The conversion width I' relative to the nuclear-matter estimate I'„~
18 also shown.

Target
nucleus

VLi

Ape structure

(5/9)'~~S[2l+ (4 9 ~~2D[2] (3'P

Lower peak'
Upper peak

(o, 1)
{1.0)
(1.'1)
(1,2)

(O, 1)
{0'.1)
(1'.0)
(1 1)
(1.'2)

3/2
1/6
0

1/3
5/4
3/4
1/3 c

0
2/3'

0.9
2.7
2.0
0.7
0.8
1.2
19
2.0
1.6'
103

1.0
0.7

(8/15)~/2 ~S[4) —(7/15)~/2 ~D[4) fjy P
b (2/3) ~~~&+~ P[3, 1/+ ~~ N+ D[3, 1] a) p, with SN = 1 for Iy = 0 and

SN=0, 1 for I&=1.
'Distributed according to (2SN+ 1) for SN = 0, 1.
d

SN

381



VOLUME 44, NUMBER 6 PHYSICAL REVIEW LETTERS 11 I'EBRUARY 1980

TABLE II. Number n, of 1P nucleons involved in the
coherent excitation of ~-hypernuclear 0+ states in (X",
r ) reactions, respectively, at 0 on 60 for P&=720
MeV/c, and conversion width ratio r/r„. We show
two representative cases, corresponding to weak or
strong & spin-orbit coupling.

gZ structure nc

(arp3j2 ' ZPi/2)P+

4Pf/2 zt 3/2) 0+

Sp

3Q

1/2
3/2
1/2
3/2
1/2
3/2
1/2
3/2

4/3
8/3
2/3
4/3

2

0

1.3
0.6
1.2
0.8
1.4
0.3
1.1
1.1

in 'I i and 'Be is lower than for "C, the nuclear-
matter estimate (1) for I'» yields values smaller
than given in (5). With oscillator densities we
estimate I'»= 7, 9 MeV in 'Li, 'Be, respectively.

In z Li there is only one state, with I= 2, whose
conversion width is expected to be significantly
quenched, by a factor 0.7. Its formation, how-
ever, is only about one-sixth of the overall co-
herent (1P)„-(1P)z production in (E, n ). This
same state, with different isospin projection,
may more readily be excited in (K, m').

In zBe two peaks are reported, ' about 10 MeV
apart from each other, similar to the case of
~Be. Since the conversion width of only one of
the components of the upper ~Be peak is signifi-
cantly quenched, we tentatively assign the ob-
served zBe peaks to (S„,I„;I)= (1, 1;2) for the up-
per one and (0, 0; 1) for the lower one, with for-
mation cross section ratio of ~, in accordance
with the observation' that the lower peak is more
abundantly produced in (K, m ). The (1, 1;2)
state is then that observed in (K, m'). If all the
zBe states listed in Table I were relatively nar-
row, the formation cross-section ratio would be

~ in favor of the upper peak, a situation prevail-
ing' in &Be.

Table II gives our predictions for an "P target,
The nature of the 'zQ 0'(Ip ', 1p) states depends
critically on the strength of the effective one-
body Z spin-orbit potential relative to the 6-MeV
P„, '-P„, ' nuclear spin-orbit splitting. We dif-
ferentiate in Table II between two representative
possibilities: (i) The Z spin-orbit potential is
small, in which case the 0' states formed have
the approximate structure (p», ',p», ) and (p», ',

p», ), roughly 6 MeV apart from each other for
each of the values I = &, 2. The width of the I = 2

states is seen from Table II to be partly quenched,
in particular that of the main (p», ',p„,) excita-
tion. However, the superposition of these two
I =

& states may overlap the 6 MeV spacing be-
tween them, so that their appearance as separate
peaks, say in (E,7I'), is uncertain. (ii) The Z
spin-orbit potential is comparable to that of a nu-
cleon, in which case only one 0' state (with spec-
troscopic assignment 'S,) is expected" to be
formed for each of the values I = 2, 2 in (E,m ).
The width of the I=2 state is substantially
quenched (0.3) and it may be seen as a narrow
structure in (E,m').
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