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Pion Single-Charge Exchange in the Isobar Doorway Model
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The isobar doorway model of Kisslizger and Wang is extended to include the pion sin-
gle-charge-exchange channel in addition to the elastic one. By use of this model, the in-
tegrated charge-exchange cross section to the isospin analog state is calculated and com-
pared with the '3t (&', & )'3N measurements. good agreement with experiment is achieved.
The connection between elastic scattering and charge exchange is discussed.
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FIG. 1. (a) The experimental and calculated '3C(~+,
7( )' I integrated cross sections as a function of the pi-
on energy. The experimental points are from Hef. 1.
The dashed line is obtained with use of the PWIA, and
the dash-dotted line with use of the DWIA. The solid
line is the result of the present isobar-doorway-model
calculation. (b) The experimental and calculated 7(

+ C total elastic cross sections as a function of the pi-
on energy. The experimental points are from Hef. 2.
The solid line is a result of the isobar doorway model
and is computed using the same values for E~, I'~, &q,
and T~ as in the CE reaction.

Recently, the "C(~', &') "N pion single-charge-
exchange (CE) integrated cross section wa, s meas-
ured' with use of the Is-radioactivation method.
In "N, all states except the ground state (g.s.)
are particle-unstable and therefore the measure-
ment includes only CE to the "N g.s., which is
the isospin analog of the "C g.s. The excitation
function measured around the 633 resonance ener-
gy (80-200 MeV) is shown in Fig. 1(a). The shape

of the excitation function is flat and the value of
the cross section is about 0 cz =1 mb. Comparing
the CE excitation function with the elastic one'
[see Fig. 1(b)], I note that the shapes are similar.
The total elastic cross section has the form of a
very broad peak centered around E = 150 MeV with
a width of about 300 MeV.

The elastic channel and the single CE to the g.s.
analog are related by isospin in a simple manner;
and, at first, one would expect such a similarity
to occur. However, the recent calculations' ' do
not reproduce a flat excitation function for the
CE reaction,

The simplest calculation of the (v+, vo) reaction
is performed using the plane-wave impulse ap-
proximation" (PWIA), i.e. , using only the first
term in the multiple-scattering series

&' ' =&k'I &,Ik», (q), (1)

where k and k' are the incident Tt+ and final v'
momenta, q=k-k', and t, is the free-pion-nu-
cleon (nN) t matrix for CE. The form factor
F,(q) corresponds to the isovector part of the nu-
clear density which is equal (neglecting core po-
larization) to the excess neutron density, and

E,(0) =N -Z.
In Fig. 1(a), I show the results of a calculation

using Eq. (1). The excess neutron density is sim-
ply the density of the p», neutron in "C. The ex-
citation function is peaked around 160 MeV with a
width approximately equal to the width of the b,33
resonance. The resulting cross sections are
much larger than the experimental ones. At
maximum the discrepancy is about a factor of 5.
The large cross section is attributed to the fact
that distortions of the pion waves are neglected.
To account for it one constructs a first-order
pion-nucleus potential. The CE reaction is then
calculated by using the distorted waves impulse
approximation'" (DWIA) or the coupled-channels
method. ' Both methods give similar results.

A typical result obtained using Kisslinger's po-
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tential' and the DWIA is shown in Fig. 1(a). The
excitation function has a dip in the resonance re-
gion and the cross section around 150 MeV is al-
most by an order magnitude smaller than the ex-
perimental one. Different optical potentials ob-
tained using different off-shell extrapolations give
similar results. '" Second-order corrections to
the optical potential" improve somewhat the re-
sults but the discrepancy remains still unresolved.
The optical-model calculations generate a subsum
of the total multiple-scattering expansion. The
failure of optical-model calculations in the CE
reaction indicates that a different approach is
needed in which the multiple-scattering series is
summed more effectively. Such a framework
exists in the regime of low-energy nuclear phys-
ics in the form of the unified theory of reactions'0
applied in particular to the doorway-state case.""
Recently, Kisslinger and ang have applied this
theory to pion-nucleus elastic scattering. " I gen-
eralize their theory to include the CE, (w', m')

channel in addition to the elastic one.
In the isobar doorway model of Ref. 13, the b,33

resonance is introduced explicitly into the de-
scription of the m-nucleus system. The pion
forms, together with the nucleon, a 633 particle
bound in the nucleus. The resulting b,-particle-
nucleon-hole, (ddt ') configurations are inter-
mediate states serving as doorways in pion-nu-
cleus. scattering. Examples of such (~ ') states
for the case of "C+m'are shown in Fig. 2.
These doorways are of course not eigenstates
of the &-nucleus system. They are coupled to
more complicated states. In the case of a single
doorway, it makes its appearance not only in the
elastic channel but also in other exit channels.
When there are many doorways of the same na-
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FIG. 2. The isobar doorway states in the &++'~C sys-
tem. (The nuclear orbits are the s,y„p 3i2, and P,i2
while the & can be in any orbit possible. )

ture, as it is in the present case, I expect a sim-
ilar situation to occur.

I now briefly outline the derivation of the T ma-
trix for CE, following closely Ref. 13. The states
of the pion-nucleus system are divided into three
orthogonal subspaces. (1) The & space contains
the elastic (i.e., v' and the g.s. of "C) and the
CE ()To and the g.s. of '~N) channels; (2) the d
spa. ce contains the AN ' doorways; and (3) the q
space contains all the remaining states. By use
of the projection operator technique, the Schro-
dinger equation is written as set of three equa-
tions with states of the P, d, and q spaces mu-
tually coupled. ""The usual procedure is then
to eliminate the q space and to rewrite the three
coupled equation as a system of two coupled equa-
tion in terms of an effective Hamiltonian JC.""
The solution of these equation leads to the follow-
ing expression for the T matrix:

(The notation X» means XRY', where X and I' are projection operators. ) I denote the elastic and CE
channels by 0 and 1, respectively, and P= 0, 1. The wave functions 4 si') are solutions of (K~z-8) l 4 ~(')&

= 0; similarly, for C && ~. Following Kisslinger and Wang, I postulate that SCz~ is generated by the off-
resonance part of the rN interaction. The matrix T is the nonresonant part calculated using the
states 4 ~~', and G~+ is the corresponding Green's function. In the doorway-state hypothesis, "there
is no direct coupling between P and q states, i.e., H~, =O. By use of this hypothesis, the T matrix be-
comes"

where e~ is the doorway-state energy plus a shift due to the coupling to both the P and q states. "" The
width of the doorway is I', = I"„+F„', where I', is the escape width into the channels in P and j."„ is
the absorption width resulting from the coupling to states in q space. ""Kisslinger and Wang" have
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shown that the numerator in Eq. (3) can be related to the wN t matrix. Their expression for the T ma. -
trix, adapted to my case, is

(4)

where I," is a nuclear form factor corresponding to doorway d and channel 1, Ez and Fz, are the ener-
gy and width of the 633 resonance.

This expression can be simplified even more when the closure approximation is used. " The energies
E'~ and widths F„are replaced by average values; and the sum over d in the form factor is performed.
The final result is

When applying this equation I will assume that
X» is diagonal in the two channels, i.e., direct-
channel coupling can be neglected in the reso-
nance region.

The doorways for the CE channel are of the
type given in Fig. 2(e). (The b.» can be in any
single-particle state possible. ) The doorways
for the elastic channel are all the ~ ' configu-
rations shown in Fig. 2. The interpretation of
the CE reaction is simple. The incoming m in-
teracts with the p„, neutron, forming a 6'N '
configuration. Subsequently, the 6' decays into
a p„, proton while a &' escapes.

Since the doorway states for both channels are
of the same type their average energies and
widths are approximately the same. I assume
that these do not change appreciably in the ener-
gy range E =80-200 MeV. I can now use the
elastic m+ "C data to estimate e„and F,. The
data of Ref. 2 yield e „=150 MeV and I „=300
MeV. I use E&=170 MeV and F&=120 MeV,
which are close to the 633 resonance values. The
values of t, are calculated using the rN phase
shifts"; and E,(q) is determined using the wave
function of the p», neutron orbit. The solid line
in Fig. 1(a) is the result of our calculation. The
theoretical curve agrees well with the experi-
mental excitation function. The solid curve in
Fig. 1(b) is the theoretical total elastic cross
section calculated using Eq. (5) with t, replaced
by t„ the elastic vN t matrix, and F,(q) replaced
by the elastic form factor E,(q) evaluated using
harmonic-oscillator wave functions for "C. The
values for Ez, F~, e~, and I'~ were the same as
in the CE calculation. Again, the agreement with
experiment' is satisfactory.

Several remarks should be made: (a) Although
the resonant term in Eq. (5) is equal to T "v

times a simple factor, this resemblance between
Eq. (1) and Eq. (5) is only formal. As stressed
in Ref. 13, the T matrix in Eq. (5) corresponds

to an entire sum of the multiple-scattering se-
ries, and is not merely a trivial modification of
the first term in this series. The advantage of
the doorway-state approach lies in the fact that
complicated nuclear structure effects can be ex-
pressed in terms of several parameters, such as
the shift or absorption width I„.For example,
if we approximate F„=F& and e„=Ez„ then for
E = e~ the resonant term in Eq. (5) is equal to T
times the absorption factor, I -I'„ /I;. (b) In
the present description there is a simple relation
between the CE to analog channel and the elastic
one. This is consistent with the fact that the ex-
citation functions in these two channels have sim-
ilar shapes. (c) In the present approach, the
doorways are simple bX ' states, and X« is as-
sumed to be diagonal. An extension to the case in
which the various ~ ' states are correlated is
of interest. (d) The present approach can be gen-
eralized to include inelastic scattering and "in-
elastic" CE to nonanalog states.
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The B(E3; 0+ 3 ) and quadrupole moment, Q3, of the first excited state of Pb
have been measured by the reorientation effect in Coulomb excitation, giving B(E3; 0+

2 ) =0.665+0.025 e b and Q~- ——-0.42+0.32 eb. This value for Q~- is much smaller in
magnitude than those obtained by Barnett et al. , and is consistent with most theoretical
predictions.

Few problems of nuclear structure physics
have aroused as much attention in recent years
as the dramatic discrepancy between the experi-
mental and theoretical values for the static quad-
rupole moment Q,. of the 3 first excited state at
2.61 MeV in Pb. Using the reorientation effect
in Coulomb excitation, Barnett and Phillips re-
ported a value of Q, = —1.3+0.6 eh and, in a
later measurement, '

Q, - = —0.9+ 0.4 e b or —l. 1
+ 0.4 e b, depending on the value assumed for Q, +

in ' 'Pb. With the exception of the work of Kra-
inov, ' theoretical calculations' ' give Q, - be-
tween —0.09 and —0.20 e b. Guidetti, Rowe, and
Chow' have shown that it is very difficult to re-
produce simultaneously the experimental B(E3;
0+-3 ) and Q, - with particle-hole models and
models involving the coupling of a quadrupole pho-
non to particle-hole excitations. In addition,
Hamamoto' and Bohr and Mottelson' have pointed
out the inconsistency between the experimental
value of Q, - and the splitting of the (hz, 3 ) sep-
tuplet in "'Bi.

The reorientation experiments of Barnett et al.
involved the measurement of the excitation prob-
ability of the 3 level for a number of scattering
angles and/or projectiles. It has been acknowl-
edged" that at least some of these measurements
were performed at bombarding energies suffi-
ciently high for Coulomb-nuclear interference-to
have a significant effect on the excitation prob-

ability, and hence on the value inferred for Q,-.
In the first experiment of Barnett and Phillips, '
4He energies of 17.5 and 18.0 MeV, and an "0
energy of 69.1 MeV were used. In their later ex-
periment, ' the various heavy-ion projectiles had
an energy of 4.15 MeV/A. In principle it is possi-
ble' to correct for the Coulomb-nuclear inter-
ference effect by assuming an appropriate nucle-
ar potential. However, while this may be feasi-
ble for 4He data, there are serious difficulties in
obtaining reliable potentials for heavy ions. Clear-
ly it is preferable to perform the experiments at
lower bombarding energies, where nuclear ef-
fects will be less important. This Letter reports
such a measurement.

The major experimental difficulty lies in the
rapid decline of the already small ES excitation
probability as the bombarding energies are re-
duced below those used in Ref. 1; in the present
work, the excitation probabilities are a factor of
7 lower for 'He and a factor of 4 lower for "O.
We used an annular high-collection-field surface-
barrier detector" at a mean laboratory scatter-
ing angle of 171.6'. An annular counter gives a
large solid angle (42 msr), which is required in
view of the small cross sections, and detection
at 180 has the advantage of reducing the depen-
dence of the excitation probabilities on scattering
angle. The targets were 99.1% enriched "'Pbcl,
on thin carbon backings, the partial thickness of
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