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Using a generalized Goldhaber- Teller model of the giant multipole resonance in ~~O,

we have evaluated radiative pion-capture rates from 1s and 2P orbits, leading to vari-
ous multipole isospin states in '6N, and obtained the corresponding y spectra. The sub-
sequent neutron emission was considered on the basis of Wigner's R-matrix theory.
Whereas in 1s capture, the spectra are dominated by the dipole resonances, in the 2p
capture there is an even stronger contribution from the 2+ and 3+ quadrupole states.
The total radiative capture rate compares favorably with experiment.

N*(4., Z-1)-¹"&(A-l, Z-l) +n. (2)

On the basis of approximate SU(4) symmetry
of light nuclei one expects' collective excita-
tions of these nuclei with selection rules (for
A=2Z=2N=4n) AS=1, AT=0 (spin resonance);
AS = 0, AT = 1, AT3 = +1, 0 (isospin resonance);
and AS = 1, AT = 1, AT, = +1, 0 (spin-isospin
resonance). The best-known member of this
multiplet is the familiar AT, = 0 isospin res-
onance or giant dipole state seen in photonu-
clear reactions. ' It has been pointed out'~'
that the radiative pion-capture process

+N(A, Z) -y+N*(A, Z-1)

should be an even better means than the cap-
ture of muons' for studying the ~T, =-1 ana-
log to the giant resonance state (both dipole
and quadrupole) of the capturing nucleus: One
may perform a measurement of the photon spec-
trum, '~' or else the photon may be used as a
coincidence signal for a time-of-flight ener-
gy determinatione of the neutrons ~' emitted
in the subsequent decay

sitions only, '~4 and hence will excite spin-iso-
spin resonances without exciting the isospin
resonance. In this way the two capture process-
es complement each other. A further signif-
icant difference arises from the fact that mu-
ons are captured from the 1s Bohr orbit, pi-
ons mostly from higher orbits, " and it turns
out that nuclear quadrupole spin-isospin oscil-
lations (1,2+, 3+ states), which play a minor
role in 1s capture, "give very large contribu-
tions in 2p radiative pion capture. '~" A dem-
onstration in this way of their existence would
be of very great interest.

The calculation of the rates of Reaction (1)
has been carried out for "0 on the basis of
the generalized Goldhaber-Teller model, fol-
lowing our previous procedure. "~'4 The cor-
responding giant resonance levels of "0 and
xeN are given j.n Fig. 1 of Ref. 12; the quadru-
pole levels in this figure were based on a cal-
culation of Spicer and Eisenberg" using the
particle-hole model.

The capture rate of process (1) from a 0+,
T = 0, S = 0 state to a definite final state (J, M)
is given by4

But whereas muon capture contains both Fer-
mi and Garnow-Teller matrix elements, pion
capture depends on Gamow-Teller-type tran-

where

e' f'=2—— 3([e ~ MI2),
4n 4@m '
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with e'=4&/137, f'/4&=0. 08, k=photon momentum, k =m -~J (&uJ=excitation energy of "N measured
from the "0 ground state), e =photon polarization vector, and yz =pion wave function. As before, "
the matrix element is expressed by the transition density of the operator 7'-'0, given by the Go
haber-Teller model. Only the spin-isospin mode (T=1,L, S= 1) of the collective nuclear vibrations
contributes, corresponding to the states J' =1+ (for L=0, monopo]e), 0,1,2 (L=1, dipole), 1+,
2+, 3 (quadrupole), etc. After summing over M and over photon polarizations and, for the 2p state,
averaging over its orientation, we find

(I& ~ Ml ) = lc i (J/L) Qi ll'(lO, AOILO)(l'O, AO[LO)I I,
El'

x(5,-l/'L p(l0, 10 )j0)(l'0, 10 I j0)W(zl Jl; Lj)W(X/'J1; Lj )), (4)

with

J= (2J+1)'" E(0) =1; e.g.,

C =(2v/r )(A/m(u )"',

c =2wg /3m(u )'",

C =(2~/r )(m/5~~
2 xms (5)

g =mass number=16, m =proton mass, and

0 ~ . dI = R (r)j (kr) [r'p—(r)]dr,
nA. l ch 0

where @~=R„~(r)Y~&(r), p, (r) =nuclear ground-
state density. In our application to "0we con-
sider only 1s and 2p capture (A = 0, 1) and L - 2.
The integrals (8) may be expressed by deriv-
atives of the ground-state form factor E(k) with

——~~ ~(u)~8& (6a ' k' dk

with a~ =137/Zm~, and f~ =exp(-r/a~) =0.84
representing the deviation of y~ from its point-
charge value. Table I shows the individual cap-
ture rates in the third column. They add up
to the total radiative caPture rates A. 1s =5.1
x10" sec ', X2 =1.1x10"sec '. We divide
these by the total 1s and 2p pion absorption
rates taken from Ericson" and weight the two
branching ratios by the probabilities of s- and
p-state capture given by Eisenberg and Kess-
ler, "to obtain the branching ratio of radiative
capture to all pion absorption processes, 8&=—1.5%. This is of the right order of the exper-
imental value, Rexpt 1 /p quoted by Anderson
and Eisenberg. 4

The rates &&of Table I, together with the

Table I. Radiative pion capture rates to spin-isospin giant resonance states in 0, photon energies, neutron de-
cay energies, branching ratios, and decay widths.

Spin-
is ospln
state

Ground-state decay
cu A. A, k E Branching ratio E

n n

(MeV) (10 s ec ) {10 sec ) (MeV) (MeV) (k) {MeV)

state decay
B~anching ratio

(Vo)

I'
exp

(MeV)

m 1+

d 0

1
2
3+

26.5

22.5
22.0
17.5

29.1
28.1
20.5

5.96

0
13.61
17.88

1.00
5.34
7.40

6.54

5.31
8.28

23.2

7.27
23.9
34.5

117.5
118.0
122.5

9.6
9.1
4.6

110.9 16.1
111.9 15.2
119.5 7.6

113.5 13.6

2

30
100

4
6

100

7.3

3.3
2.8

9.8
8.9
1.3

100

98
70

96
94
~0

1.5
1.5
1.0
2.0
2.0
2.0
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DOES CHARGE OBEY A SUPERSELECTION RULE~
William B. Rolnick
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It has been suggested' that one can test a
supposed superselection rule by allowing a
particle to interact with two parts cf a system
under the following circumstances. The inci-
dent particle and the other system as a whole
may be eigenstates of the additively conserved
quantum number in question (charge is consid-
ered in Ref. 1). However, if the two parts of
the system are not individually eigenstates of
the quantum number the particle will not be
either, when it is in the region between the
two parts (after interacting with one part).
The combination of system plus particle will
still be an eigenstate of the quantum number
(with the same eigenvalue).

I wish to point out that only if the two parts
of the system can be separated from one an-
other can we speak of interaction with one part,
and only if the particle can be separated from
both parts (after the first interaction), so that
there is no mutual interaction, can we consid-
er the particle as an isolated system which
is not an eigenstate of the quantum number in
question. For an operator obeys a superselec-
tion rule if and only if the states, of pure iso-
lated systems, in our physical Hilbert space
are all eigenstates of that operator. We must
know that there is no superselection rule be-
fore we can proceed with the experiment, for
if there were a superselection rule such a (non-
interacting) separation would be impossible,
i.e., the construction of the apparatus precludes

the superselection rule.
One can prove that angular momentum can-

not obey a superselection rule without using
the arguments presented in Ref. 1 (which, I
claim, have not proved it). Consider Jz. If
there exists an eigenstate of Jz with eigenval-
ue m, namely Im), we write

J Im) = m lm).

Rotational invariance implies that there exists
a state Im)' such that

where Jz' is the angular-momentum operator
in the (arbitrarily chosen) z' direction. But
(it is well known for angular momentum that)
Im)' is an eigenstate of Jz only if Jz' and Jz
commute, therefore since

[J,J ']00

when the z' and z directions are not parallel,
we find

(m)'t const lm)'.

Furthermore, Eq. (3) implies that

J ' jm) 0 const im).

Now consider the symmetry of isospin. If
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