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The reactions Li(7t+, 7t-) Be, ' B(7|-,7i. )' C, and ' C(g, g)'3N are examined using a full
multiple-scattering formalism with a separable form assumed for the pion-nucleon t
matrix. Spin-flip contributions are included. We find that the contributions arising from
transitions to nonanalog final states in the case of B and Li are of the same order of
magnitude as pure analog cross sections.

Pion-nucleus charge-exchange scattering has
been studied as a means of probing nuclear struc-
ture details. Early theoretical works on this
problem have used either optical models in a
coupled-channel or distorted-wave formalism, '
or multiple-scattering expansions, such as Glau-
ber theory. ' However, from the results of such
calculations, it seems that those optical models
incorporate too much absorption. The validity
of applying the Glauber theory to pion-nucleus
charge exchange is questionable, considering
the lack of forward peaking in the pion-nucleon
charge-exchange amplitudes contrary to a Glau-
ber -theory assumption.

We have used a fixed-nucleon, full multiple-
scattering treatment' free from the approxima-
tions of optical models and also free of the small-
angle forward-peaked assumptions of Glauber
theory. The basic features of the formalism are

described by Gibbs, Jackson, and Kaufmann. '
Here we use a separable form for the pion-nu-
cleon t matrix, ' instead of the pole approxima-
tion used there. This enables us to treat the off-
shell properties of the pion-nucl. eon scattering
more realistically. The t matrix used has the
form

(q~t((u)~q') =X,((u)V, (q)V, (q')

+X,((u)q q'V, (q)V, (q'),

where

(u = (k'+ tj. ')'7'

and

()k+Q7()exp[2s5, (u)J —1

The parameters o., have been determined by fits
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to v-deuteron absorption: n, = 500 MeV/c and n,
=300 MeV/c.

The set of multiple-scattering equations which
we must solve can be written in the shorthand
form

(3)

where the first term on the right-hand side rep-
resents single scattering and the second describes
multiple scattering to all orders, the last scat-
tering being on the ith nucleon. The quantity f, is.
the pion-nucleon scattering amplitude, and G, is
related to the pion-nucleus scattering amplitude
by

E(k, k') =QG,.(k, k') exp(-ik r', ).
This amplitude must then be averaged over the
appropriate nuclear wave functions. By allowing
for charge exchange, we can formulate a set of
coupled equations, similar in form to Eq. (3),
but containing amplitudes for charge-exchange
as well as elastic scattering. Matrix techniques
can then be used in the fixed-nucleon approxima-
tion to solve for the total charge-exchange am-
plitude. '

For the charge-exchange reactions which we
consider, some transitions are to nonanalog fi-
nal states. We account for this by constructing
models which describe such states. In addition,
we examine the multipole structure of the probed
nuclear density by writing the charge-exchange
transition oper ator as Q 6;(r„.. . , rA)~, ', where
B is a full A-particle multiple-scattering opera-
tor and ~, ' is the isospin-raising operator. Mak-
ing use of the antisymmetrization properties of
our wave functions and using standard angular-
momentum techniques enable us to combine spher
ical harmonics of the valence nucleons from ini-
tial and final states and thus project out the ap-
propriate (even) multipoles of the nuclear form
factor. The coefficients of these higher multi-
pole terms are then used in the full multiple-
scattering calculation.

We calculate the (m', m') cross sections to par-
ticle-stable states for "B, 'Li, 2nd "C for pion
energies ranging from 20 to 260 MeV. Harmonic-
oscillator densities are used. The results are
compared to the data of Shamai et al. '

For "B, we use a model consisting of two nu-
cleons outside a 'Be core, coupled to the appro-
priate total angular momentum with space sym-
metry components chosen to mock up shell-mod-
el results. ' The initial state is 3' and there are

two particle-stable final states in the residual
"C, the 0' ground state and the 2' 3.34-MeV
state, both reached by nonanalog transitions.
The transition from 3' to 0' must go by quadru-
pole spin flip, whereas the 3' to 2' transition
can proceed by either monopole or quadrupole.
Figure 1 shows the summed cross section to both
final states for two choices of the oscillator pa-
rameter, b F.or b =1.6 fm (the value indicated
by electron scattering) we also display the mono-
pole and quadrupole components of the cross sec-
tion. For energies above 50 MeV, the quadrupole
transition strongly dominates. The transition to
the 2' state is the larger, being approximately
an order of magnitude greater than the transition
to the 0' state throughout the energy range. For
ener gies up to 80 Me V, spin-flip and spin-non-
flip parts are comparable. From 80 to 200 MeV,
spin-flip dominates, and above 200 MeV, the
spin-nonf lip cross section is larger.

For 'I.i, the initial state is & . There are two
particle-stable final states: the 2 analog and
the —,

' first excited state. Hence both monopole
and quadrupole transitions are allowed to either
final state when spin flip is included. To de-
scribe the mass-7 nuclei, we use a full shell-
model treatment' which considers three nucleons
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FIG. 1. Cross section for ' B. Monopole and quadru-
pole curves have 5 =1.6 fm.
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FIG. 2. Cross section for YLi.

outside an n-particle core. The results of the
calculation are shown in Fig. 2. The curves
shown are the summed cross sections to both fi-
nal states and contain both monopole and quadru-
pole components. The cross sections to each of
the two final states are of comparable size. The
effect of including spin-flip transitions can be
clearly seen.

We also examine the reaction "C(m', p')"N.
This is a pure analog transition, with —, initial
and final states, and proceeds entirely via the
monopole form factor. En Fig. 3 we show our re-
sult including spin flip. Various modifications
were studied including deformation of the "C nu-
cleus' and antisymmetrization of the p-shell nu-
cleons. These modifications do not significantly
lessen the discrepancy with the data. Different
parametrizations of the pion-nucleon phase shifts"
give changes of about 10% for the low-energy
cross sections.

Excellent agreement is obtained for the purely
nonanalog "B reaction. The agreement is not as
good for the two cases involving analog transi-
tions.

Since the data are obtained by activation mea-
surements, a process which can contribute to
the discrepancy in the analog eases is nucleon
charge exchange by low-energy protons produced
in the target. A correction for this effect was
made in Ref. 6. Our estimates of this process
are energy dependent and give corrections pos-
sibly as large as 0.5 mb for "C and 1.0 mb for
'Li." For the nonanalog ' B reaction, the basic
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FIG. 3. Cross section for ' C. The solid curve is
computed with a Gaussian density with 5 = 1.64 fm; the
dashed curve with the "exponential tail" density of Bef.
4 with a matching radius of 3.0 fm.

(p, n) cross section is about two orders of mag-
nitude smaller than these analog transitions, and
hence this effect is negligible. Because of the
difficulty of making reliable ealeulations of sec-
ondary production, a final comparison of theory
and experiment for analog transitions must await
the higher pion fluxes required for thin-target
measurements or the direct detection of the final

The fact that the "B cross section is calculated
to be of the same magnitude as the analog transi-
tions indicates that, unlike (P, n) reactions, (m',
m') reactions do not select analog transitions.
This results because the basic m'-n charge-ex-
change amplitude is substantial at large angles,
leading to good overlap with higher transition
multipole moments. This feature has signifi-
cance for the (m+, pop) experiments, as there
should be an appreciable P production from non-
analog states. "
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Up to now no experimentally feasible method for detecting abnormal nuclear states has
been known. We propose to observe them in high-energy heavy-ion collisions through the
disappearance of, or irregularities in, high-density nuclear Mach shock phenomena.

Even though nuclear density isomers were sug-
gested recently by several authors, ' ' there has
been up to now no known experimentally feasible
way for their detection. We suggest here a rath-
er simple and unique method for their observa-
tion, which is based on high-density nuclear
Mach shock (HDNMS) waves and head shock waves
occurring during the interpenetration of high-en-
ergy heavy ions. ' ' Indeed, the recent experi-
ments of Baumgardt et al. ' could be consistently
interpreted with the shock-wave concept. In par-
ticular, these experiments lead to the conclusion
that the observed Mach angles cannot be explained
with simple sound waves of low amplitude' close
to nuclear equilibrium density pp but that HDNMS
waves are necessary for which the actual density
p/p, is approximately 3-6. At these densities
isomeric or abnormal nuclear states may exist' '
which will affect the properties of the nuclear
system. The situation can schematically be re-
presented by the compression-energy functional
W,(p) [Fig. 1(a)]. Its first minimum is associ-
ated with the nuclear ground state of binding en-
ergy Mpc Wp 16 MeV, and its second mini-
mum, separated by a barrier from the first one,
represents the density isomer. This secondary

minimum and particularly the binding energy
AI pc' —W, of abnormal nuclear matter may shift
up or down by a few hundred MeV. ' ' Moreover,
the compression energy of the isomer, which is
determined by the compression constant K, = 9p,'
&& O'W/dp, ' of the second minimum, may drasti-
cally deviate from that of the ground state (K,
= 300 MeV)' and lead to very high sound velocities
in abnormal nuclear matter c,/c = (Bp/Be)"' at
constant entropy, where e = Wp is the energy den-
sity and p = p'BW/Bp is the pressure. Requiring
the conservation of flux of baryons, energy, and
momentum across the shock front one gets the
relativistic Rankine-Hugoniot (RRH) equation

fp

which uniquely connects the specific enthalpies
i=Wp+p and i, =W, p, (p, =0), the pressure p,
and the densities p and p, on the two sides of the
shock front. The index zero denotes the unshocked
nuclear matter. For the energy per baryon W(p,
T) in compressed nuclear matter we made the
following sensate:

W(p, T) =M,c2+W,(p)+Wr(p, T),


