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The photon spectra from the reaction ' O(m, y)' N and "O(m. ,y)"N were measured with a high-resolution
pair spectrometer. Transitions to 2 states having T = 1 in ' N and T = 2 in "N appear to dominate.
Excitation of 1 states in the giant dipole resonance region, which are the analogs of the levels excited in
photoabsorption and inelastic electron scattering on ' 0 and "0, respectively, were also observed. The total
and partial branching ratios for bound states and giant-resonance transitions are compared with shell-model
predictions. Higher admixtures to the predominantly 1p-1h wave functions are found to be necessary to
obtain agreement with the measured branching ratios. A new treatment of the continuum and resonance
excitation, based on calculations of Ohtsubo et al. , is compared with the data.

NUCLEAR REACTIONS Radiative pion capture; measured photon spectra for
O(m, y) N and O(m, p) N; deduced transitions and transition strength withJ'=1, 2 and T=1 and T=2 respectively; comparison with shell-model cal-

culations.

I. INTRODUCTION

Besides the traditional reactions of photoabsorp-
tion, radiative nucleon capture, and inelastic
electron scattering, radiative pion capture has re-
cently become a useful tool for the investigation
of the giant-dipole resonance (GDR). As for all
electromagnetic processes the transition operator
for the pion process is well understood, and since
it contains the nucleon spin and isospin, it is par-
ticularly well suited for the investigation of the
spin-isospin component of the GDR.

The double magic nucleus "0has been the sub-
ject of detailed experimental' and theoretical'
studies. The photon spectrum measured by the
Berkeley group for "0 (Ref. 1) confirmed only the
2 state at E,("N) = 0 MeV. The GDR excitations
were left in a very ambiguous state. Since then
more elaborate shell-model calculations per-
formed in the impulse approximation with 1p-1h
excitation with and without more complex particle-
hole admixtures' ' have become available and
predict strong 2 excitations. We therefore de-
cided to remeasure "0with a rather improved
energy resolution and statistics. We, further-

more, investigated the heavier isotope "0. Both
isotopes "0 and "0are the only even-A isotopic
pair measured in (m, y) reactions. It is of inter-.
est to compare the two nuclei. In first order one
expects nearly identical spectra, since (m, y)
couples only to protons. The two extra neutrons
outside the "0 core couple to J= 0 Ipredominantly
(d —,')'] and therefore should play a secondary role
in proton-hole neutron-particle excitations. The
expected effect of the two neutrons is to modify
slightly the absolute branching ratio R due to a
"blocking" of neutron orbits and to shift slightly
the energy of the p-h excitation due to a "polariza-
tion" of the "0core. Also, since little is known
about the spectrum of "N states, the present study
was expected to provide information on the posi-
tion of 1 and 2 states in theA. =18 system.

II. EXPERIMENTAL METHOD

The experiments were carried out with the high
intensity pion beam apl at the Swiss Institute for
Nuclear Research (SIN). pious with a momentum
of 200 or 220 MeV/c were degraded in energy and
stopped in targets of D2"0 (99%), D2"0 (9'I%), and
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H,"0enclosed in plastic containers. The effec-
tive target thickness (excluding containers) was
1.15 gicm' with the target placed at 45' to the
beam direction. The photons emitted perpendicular
to the beam were detected in a 180 -bend pair
spectrometer. This high-resolution instrument
consisted of a window-frame magnet with a usable
field volume of 2.50&& 0.65&&0.52 m' and a maxi-
mum field of. 1.1 T. The photons were converted
in a 88 p, m thick gold foil into electron-positron
pairs, which were detected by three multiwire
proportional chambers (MWPC). A detailed de-
scription of the system is available elsewhere. '

The absolute acceptance, its variation with

energy, and the line shape were measured with a
liquid hydrogen target. ' For typical conditions of
the experiments with D,"0and D,"0 an absolute
acceptance of (2.63~ 0.10)x 10 ' with a resolution
of 0.9 MeV full width at half maximum (FWHM) for
129.4 MeV photons from the reaction n p- ny was
achieved. In the experiment with the H,"0 target
the absolute acceptance was increased to
(4.44+ 0.29) x10 ', and the resolution for 129.4
MeV photons was 1.2 MeV. The raw data had to be
corrected for experimental background contribu-
tions originating from the target itself (!T d- nny,
v p ny, !T p-mon followed by mo-2y) as well as
from the container, the beam telescope, and the
degrading material. This problem was overcome
by measuring deuterium, hydrogen, and the empty
containers in separate runs. The contribution of
the degrader and the beam telescope could be re-
moved by reconstructing the direction of the in-
coming photons from the observed trajectories of
the electron-positron pairs that originated in the
converter. By applying cuts on the intersection
of the photon direction with a vertical plane con-
taining the beam axis, the nontarget associated
photons could easily be discarded. The remaining
target associated background was subtracted using
the measured high-statistics spectra of deuterium, '
hydrogen, ' and the container.

For the H,"0measurements the converter thick-
ness was doubled by using two gold foils wi.th an
additional thin multiwire proportional chamber
sandwiched in between. This small chamber makes
it possible to distinguish the contribution of each
converter foil as only the electron-positron pairs
from the first converter traverse the chamber and
the second gold converter. The additional energy
loss in the second converter shifts the photon
spectrum from the first converter by 800 keV.
After correcting for the average energy loss the
contributions of both converter foils can be summed
yielding a resolution of 1.2 MeV. The response
function was again deduced from the hydrogen cal-
ibration measurements. The spectra presented

here contain the data with 0.9 MeV resolution as
well as with 1.2 MeV resolution, so that the final
response function had to be determined from ap-
propriately weighted hydrogen spectra. This yield-
ed a final resolution of 1.1 MeV for "0 and a res-
olution of 0.9 MeV for "0. This resolution, which
is considerably better than the one of 2 MeV
(FWHM) obtained in the previous experiment, '
allows a more precise energy determination of the
excited states and resonances and also permits a
separation of several groups of states.

III. EXPERIMENTAL RESULTS

A. General considerations
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FIG. 1. The photon spectrum for the reactions
0(m' y)' N and O(m' y) N

The photon spectra for both oxygen isotopes
displayed in Fig. 1 are quite similar. Strong tran-
sitions are observed in the bound-state region at
E =128.0 MeV for "O(m, y)"N and at E =124.5
MeV for "O(v, y) "N and in the giant-dipole- reson-
ance region at E =120.0 MeV for "O and at E
=117.6 MeV for 'O. The latter resonances are
superimposed on a quasi-free continuum due to the

(w, ny) reaction. In the reaction with "0 several
additional resonances are clearly observed.

The determination of the energies and partial
branching ratios for bound states is fully indepen-
dent of the way the continuum is described. Even
for the states in the giant-resonance region the
determination of the peak positions is essentially
not influenced by the nonresonant contribution.
This information from the experimental data can
therefore be compared directly with other reac-
tions and theory. The extraction of partial branch-
ing ratios for the states in the unbound region, how-

ever, depends on the model used for subtraction
of the quasi-free continuum. If theoretical cal-
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culations include continuum transitions as well,
such a subtraction is not necessary. However,
since most of the available calculations which can
be compared with the experimental results do not
explicitly treat the continuum, one can in those
cases only attempt a comparison by adopting a
subtraction procedur e. Since interference between
the various channels is hereby neglected, this
procedure necessarily can only yield results with
large uncertainties, which are increased even
further by the rather naive models used in the

past and also in this paper for the nonresonant
contribution. Two different models for the non-
resonant contribution have been used.

In the Fermi-gas model one assumes the funda. —

mental radiative interaction of a pion with a proton
in the nucleus, whose energy distribution is that
of a Fermi gas. No final-state interaction is as-
sumed. In the early low-resolution work by Da-
vies' et al. with an NaI crystal, the Fermi-gas
model was shown to provide a reasonable descrip-
tion of the obsefved photon spectra.

The pole model suggested by Dakhno and Pro-
koshkin' assumes the exchange of a single proton.
The q value at the nucleus vertex is treated as a
free parameter, so that the average excitation en-
ergy of the nucleus is determined experimentally.
It is used here in a slightly modified form (see be-
low).

g 160

Transition energies

The experimental spectrum is well reproduced
by a minimum of one line for the unresolved bound-
state quartet, three additional lines, and five
Breit-%'igner forms superimposed on a nonreson-
ant background for unbound states. Their positions
are given in Table I and Fig. 2 together with cor-
responding energies in "N and "0. They were
determined by a fit to the data after multiplying
with the acceptance and folding in the resolution
(Fig. 3). Three different background parametriza-
tions were assumed; the first representing a lin-
ear rise from the ("N+n) threshold on, the second
following phase space, the third given by a pole
model, and finally, no background at all was as-
sumed. In the second and third cases the back-
ground was normalized to the data in a region
where no resonance excitation is expected. The
determined peak positions of the unbound states
are independent of the background parametrization
used, agreeing within 200 keV. The precision
of our energy scale, obtained from the known en-
ergy of the hydrogen line, is 50 keV, which re-
flects the uncertainty of the peak positions for the

bound states. The excitation energies of the cor-

responding levels in Q were calculated from the
excitation energies in "N assuming a constant
Coulomb energy difference deduced from the very
well measured state at E„("0)= 12.9686+ 0.0006
Me V (Hef. 12) of J' = 2, T = 1 in "0, which is the
analog of the "N ground state.

In Table I the experimental results are given
and compared with resonances excited in other
electromagnetic processes such as (y, n) (Hef.
10-12), (y, p) (Hef. 10, 14, 15), and inelastic elec-
tron scattering" or (p, y,) (Hef. 17) reactions.
The photonuclear reactions on "0 excite pre-
dominantly states with J'=1,T=1, which are also
seen in forward inelastic electron scattering. "
In the latter reaction at higher momentum trans-
fer and backward angles four additional states are
clearly identified as J'=2, T=1. There is even
the indication of a fifth state at an excitation ener-
gy of Z„('60) =23.5 MeV. The comparison of these
excitations with those seen in our experiment of-
fers the possibility of assigning J"= 1,T = 1 to the
resonances seen at E„("0)= 17.1, 22.12, 24.0, and
25.2 Me V, and Z' = 2, T =- 1 to those at Z„("0)
= 17.7, 19.1, and 20.4 MeV. The level at 26.4
MeV may be assigned' to J'=1 of J"=2 . The 2
assignment for the dominant structure at Z„(»O)
=20.4 MeV is further supported by the (p, y. . . »)
reaction. ". The level at 20.9 Me V with a J"=. 1
T =1 assignment from (e, e'), (y, n), and (y, p) does
not appear to be excited strongly in our experi-
ment.

It is somewhat surprising that considerable
strength in our experiment is appearing at ener-
gies coinciding with J"= 1,T = 1 states observed in
photoabsorption, since shell-model calculations as
discussed later indicate that for closed-shell nu-
clei the J =1 isospin and spin-isospin modes of
the giant resonance are clearly distinct and well
separated in energy by a few MeV. The isospin
mode, excited by photoabsorption, is dominated
by "non-spin-flip" excitations, while the spin-
isospin mode is dominated by the "spin-flip" com-
ponents. For this mode states are available with
J"= 2 and J' =-0, which are excluded in the iso-
spin mode. The spin-isospin mode can have spin-
flip as well as non-spin-flip components.

2. Branching ratios

The partial branching ratio for the bound-state
quartet, the dipole resonances, and the continuum
nonresonant background are given in Table II.
They are determined from the number of events
for. a given contribution to the final spectrum after
background subtraction and corrections for the
energy dependence of the acceptance and the loss
of photons due to conversion in the target and the
anticounters in front of the spectrometer. The
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TABLE I. Experimental parameters for radiative pion capture 60(7(,p) N. Comparison of deduced excitation ener-
gies with levels seen in other reactions and assigned spins. IT =1; all energies in MeV. ]

128.0

16O(~ y) "N

E( N)

0
E„( 0)

12.98
E (16O)

12.98 2

(16O) g 1l

16p( I )16pg & 16p(~ )15N b ' O(y, P) 'N' 'N(P yo) P

E (16p)

15N(p ~ — )16O

E (16O)

123.9

123.2

121.7

4.1+0.2 17.1 + 0.2

4.8 + 0.2 17.7 + 0.2

6.1+ 0.2 19.0 +0.2

120.5 7.5 + 0.2 20.4 +0.2
118.8 9.1 + 0.2 22.2 + 0.2
116.9 11.1 + 0.2 24.0+ 0.2

115.8 12.2+ 0.2 25.2 + 0.2

114.5 13.5 ~ 0.2 26.4 + 0.2

17.14 1

17.60 2
1-9.04 2
19.50 1
20.36 2
22.30 1
24.20 1

17.3 1

19.3 1

20.9 1
22.2 1
24.05 1

25.20 1

17.3 1

19.0 1
19.5 1
20.85 1
22.16 1
24.04 1
25.0 1
25.5
26.3 1

17.13 1
17.28 1

19.02 1
19.52
20.945 1
22.146 1
24.065 1

25.117 1

18.98 ~2, 3, 4

20.40 2

~ Reference 16.
b Reference 10—13.

References 10, 14, 15.
Reference 17.
Reference 18.

corresponding number of pions stopping in the tar-
get is determined from a range curve at low pion
beam intensity. The reliability of this procedure
was confirmed by our hydrogen calibration experi-
ment. ' The branching ratio for the sum of the 2
ground state and the 0,3, 3. states 120, 296, and
397 keV above the ground state was found to be
(14.5+ 1.6) x 10 4. Our instrumental resolution was
not sufficient to obtain the four contributions sep-

arately. Limiting the fit to the 2 and the 3 state,
which from theory are expected to be dominant
(see Sec. IV2 b), yielded almost equal contribu-
tions for both levels (3 /3 = 1.0+ 0.3).

For the determination of the resonance contri-
bution the following procedure was adopted. The
pole model was used and the residual nucleus
after emission of a neutron was assumed to be
either in its ground state "N, J'" = —,',E„=O or in
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FIG. 2. The photon spectrum for the reaction O(x, y)' N in the bound-state and the giant-dipole excitation region.
Comparison of observed transitions with levels seen in '6N and 60.
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FIG. 3. Photon spectrum of 7t capture in '60. Solid
curve is derived b fy olding the contributions of th 1

models five Be Brest-Wigner resonances and four lines
epoe

with the response function of th e apparatus.

its lowest l in e
15Ng pe 3- E —6 M

y g xcited state of negative p t
=-,- E =6.3 M

pari y
= —, , E„=6. MeV. The continuum was then

described. by the superposition of the tw p

tio
p contributions neglec tinging any correla-

ion of both reaction channels Thne s. e positive parit
states are neglected because the theory predicts

g igi e contribution, since such statuc s a es cannot

~ o ~ ~

e excited via a one-body operat or. ' urther
justification for ththese parametrizations is found
in the contin inuum shell-model calculations of
Ohtsuka and Ohtsubo" de b d

'escri ed in Sec. IV.
The total uquasi-free contribution is thus found

from the experiment to be (167+ 18'x
e ermination is mainly based on the energy re-

gion between 50 and 100 MeV he, w ere no sharp

resonances are expected. Bel 50 Mow eV the spec-
rum could riot be measured 'th

It was
e wi our spectrometer.

was therefore extrapolated with the aid of the
pole model. Thise . is extrapolated portion amounted
to only (4*1)x10 '. For the remaining unbound
2 states in N j, identified by their counterparts
in "0 that are observed in other reactions, we
ind a combined branching ratio of (29.9+ 1

&& 10 . Her
~ ~

Here the state corresponding to the one in
"0at 20.5 MeV dominates with R = 15
x 10-4 "If no continuum background in this re ion
is assumed, an upper limit for the branching ratio
for this state of (21.7+ 2.6)x10 4 'is obtained and
under the same assumumption without additional BW
resonances a value of (30.2+ 3.7)xl0 4. F
sum of all 1

&&10 . For the
1 states we obtain R = (20.3+ 1.4)

&&10 4, whereby almost half of this value is con-
tributed by the state at E, = 22.12 Me

ing e giant-dipole-resonance contributions
all states with

n ri u ions, i.e.,

125 Me
s wi photon energies between 112 dan

V, which correspond to ex t tci a ion energies
for the analog states in ' O b twe een 16 and 28
MeV, one finds 8 = (45.8+ 2.4) x 10 ~, or fI,'

= (76.7+ 8.5) x 10 ~ '
u ionif the quasi-free contribution

is included. For the isovec tor giant-quadrupole-
resonance region, which we take as the energy
region between 98 and 113 M Ve in our gamma

Ref
spectrum (corresponding to E =27-4— 3 MeV in "0)
( ef. 4) we obtain R = (64.5+ 7.1)x10-4.

e a sence of structure the excitation of quad-

TABLE II. The ex er'exper imental partial branching ratios

N
y

a»o"
'y R x10 Remarks'

Resonance contribution

128
123.9
123.2.
121.7
120.5
118.8
116.9
115.8

- 114.5

3642+ 62
583 + 52
605 + 59

1110+ 64
3773+ 92
2336+ 81
1446 + 86

731 + 92
894 + 91

14.5 + 1.6
2.3 + 0.4
2.4~ 0.4
4.4+ 0.6

15.1+ 1.6
9.3~ 1.2
5.8 + 0.8
2.9+ 0.6
3.6+ 0.6

15.0+ 3.0

25 + 6

No separation of
Line, J'=1
Line, J"=2
Line, J =2
BW, I'= 85 keV,
BW, I"=220 keV,
BW, I"=330 keV,
BW, I'=280 keV,
BW, &=350 keV,

2, 0, 1, 3

J7f 2

J =1
J =1
Jfr =1
J =1, 2, (2 )

Continuum contribution

125.5 11731 + 232 46.8 + 5.2

119.2 30 070 + 252 120.0 + 13.0

Total branching ratio

56 921'+481 227 + 24

184 ~39

224 +48

Pole model, N(E„=O), J"+2

Pole model, N*(E =6.3 MeV) J"=+
x ' & 2

a Photon energy in MeV.
Number of events in spectrum.

g ratio measured in this experiment.Branchin
Reference 1.

~ BW corresBW corresponds to Breit-Wigner level sha e.
See text.

e s ape.
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rupole states is not required. In our parametriza-
tion this region is well described by the quasi-
free continuum.

Summing over all the contributions yields a total
branching ratio of (2.27+ 0.24) x10 ', in very good
agreement with but more precise than the Berkeley
results of (2.24+ 0.48)x10 ' and (2.20+ 0.33)x10 '
for liquid oxygen and H,Q, respectively, as target. '

18O

The photon spectrum from the "O(m, y)"N*
reaction is shown in detail in Fig. 4. The raw data
were processed in the same way as "0, as far
as the cuts on the distributions and subtraction of
non- "N-associated background are concerned.
However, the resolution here was somemhat high-
er, with 0.9 at 130 MeV photon energy. Strong
transitions that are well separated in the spectrum
are observed in the bound state and also in the
resonance region. The photon peak with the highest
energy corresponds to the ground-s6, te transition
in "N. This state has also been seen in (n, p)-
(Ref. 20) and (f, 'He)- (Ref. 21) charge exchange
experiments. The ground state may be either J'
=0, 1, or 2 . Further excited states in "N have
not yet been observed. '

In the isobaric analog nucleus "0 several ex-
perimental investigations have been performed in
the excitation region of interest between 16 and
26 MeV. Cross sections have been measured for
the "O(y, P)'7N- (Ref. 23) and the "O(y, n)"0- (Ref.
24) reactions and also for 180' inelastic electron
scattering. " The photo reactions show prominent
peaks in this region mith a fine structure quite
similar to the one observed in "O. The (y, p) ex-
periments on "0 and "0manifest a substantial
difference between the shapes of the cross sec-
tions about 21 MeV. Instead of four narrower and
more tightly clustered peaks in "0, only two
broad structures appear in "0, which may have
shoulders or may be composed of two peaks. A
similar structure is observed in our experiment.

EVENTS' &Mey

100

80 85 90 95 IOO I05 I IO I I5 I20 I25 I30
PHOTON-ENERGY (Mey)

FIG. 4. Photon spectrum of 7I capture in ' 0. Solid
curve is derived by folding the contributions of the pole
models, four Breit-Wigner resonances and two lines
with the response function of the apparatus.

The broad bump between 113 and 117 MeV photon
energy seen in '60 seems to be distributed over
a larger energy region between 105 and 115 MeV
in "Q. The upper part of the spectrum, i.e., above
115 MeV, has been analyzed similar to "0. In
Table DI the observed transitions are given togeth-
er with the excitation energies in "N as mell as
the analogs in "0, calculated from the Coulomb
energy differences. Furthermore, resonances
seen in inelastic electron scattering as mell as in

(y, n) and (y, p) reactions are also listed
The dominant excitations observed in the bound

state and the resonance region at 124.4 and 117.8
MeV photon energy, respectively, correspond to
the ground state in "N and to one strongly excited
resonance at an excitation energy of 8„("N)= 6.9
MeV [E,("0)=23.2 MeV]. Because the (m, y)
reaction couples only to protons and the proton
shells of "0 and "0are nearly identical and based
on our experiment and theoretical calculations for
' 0, according to mhich 2 states are excited pre-
dominantly, we should assign J = 2 to the ground-
state excitation in "N. The same arguments should
hold also in the resonance region. Therefore,
we assign J' =2 to the dominant structure at
E„("N)= 6.9 MeV. We observe that the separation
of this resonance state from the ground state is
very close to the energy separation of 6.1 MeV
of both dominant J"= 2 structures in ' 0. How-
ver the width of the resonance in '80 i

siderably larger than in "0, suggesting two or
more levels. The position coincides with the
strongest 1 excitation seen in the (y, n) cross sec-
tion on "0measurements, while in "0 the strong
est 1 state is observed 2 MeV higher in energy.
The disappearance of this separation and the
braodening of the resonance at F. =117.6 MeV may
probably be explained by the partial overlap of the
1 state and the 2 state in "0. This is also sup-
ported by a comparison of the partial branching
ratios.

The branching ratios were deduced by using the
method already described. For the quasi-free
background, again, we adopt tmo pole contribu-
tions. The recoil nucleus "N is left either in its
ground state P" =-,' ) or in its first known excited
state with negative parity with E„=5.5 MeV, J'
=3-

2 ~

The branching ratio for the bound states was
found to be (13.6+ 1.7) x 10 4. It proved impossible
to obtain a further separation of bound states mith
the present statistics and resolution. Comparing
the ratio of the partial branching ratio of the bound
states to the total branching ratio it appears that
the values for "0 and "0 of (6.7+ 0.5)x 10 ~ and
(6.4~0.2)x10 ', respectively, are equal; similar-
ly, we obtain for the total quasi-free contributions
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TABLE III. Experimental parameters for radiative pion capture O(vr, y) N; all energies
in MeV. The first column gives the photon energy, the second and the third columns give the

excitation energies in N and for the analog levels in p. The third and the fourth columns
list the transitions seen in other experiments, while the last column gives the radiative cap-
ture branching ratios.

124.4
123.1
121.5

117.5

116.0

114.3

0
1.3 + 0.2
2.9 ~ 0.2

6.9 ~ 0.2

8.5 + 0.2

10.1 + 0.2

P (i8O)

16.2
17.6*0.2
19.2 + 0.2

23.2 + 0.2

24.8 + 0.2

26.4 + 0.2

18p( I
) 18pg &

E„("O)

16.6
18.4

20.2
21.9
23.7
25.2

26.9

1 8P(~ )
i YN b

~ (18p)

17.3

19.2

22.3
23.4

25;2
27.5

R &&10 '
y

12.3 + 1.6
1.2~ 0.4
1.4* 0.3

18.1+ 2.2

2.3 + 0.8

6.7 + 0.7

Pole I 43.6 + 5.3

Pole II 110.2 +12.6

Total 196 + 22

Heferen'ce 25.
b References 23 and 24.

in "0 and "0 (77+ 3)x10 and (74+2)x10 ', re-
spectively. For the strongest resonance excita-
tions at E =117.6 MeV ("0) and E =120.4 MeV
("0) photon energy we deduce a substantial dif-
ference, as the respective values are (9.2+ 0.4)
x 10 ' and (6.V+ 0.2) x 10 2, taking into account only
the strength of the 2 state in "0 [E„("0)=20.4
MeVI. If we add the 1 strength at the excitation
energy of E,("0)= 22.2 MeV to the 2 strength,
no significant difference in the fractional stz ength
is observed anymore. If we compare the fraction-
al strength in the intervals 106—114 MeV ("0) and
110-118MeV ("0)we deduce

(32+ 0.5) x 10 ' ("0), (36+ 0.5) x 10 ' ("0).

Summing over all contributions yields a total
branching ratio of R = (1.96+ 0.22) x 10 ', which
seems smaller than the one for "0by 14%.

It is apparent that these slight differences must
be due to the tmo neutrons outside the doubly
closed "O core. One can now speculate that the
available transition strength in the GDH region in
"0 is distributed over a smaller number of con-
tributing shell-model configurations. To confirm
this hypothesis, experiments mith improved statis-
tics as mell as shell-model calculations would be
necessary.

IV. COMPARISON WITH THEORY FOR '60

Transition operator and pionic atom data

For the theoretical analysis of radiative pion
capture a standard procedure has nom emerged
which has recently been reviewed in detail. Tak-
ing the transition operator from the elementary
process m p-ny, the impulse approximation is
used to calculate transition rates for given nuclear
states from the different pionic orbits. For the
coefficients of the transition operator, i.e., the
relevant linear combination of the pion photopro-
duction multipoles near threshold, three of the
calculations available "7use the set of Maguire
and Werntz ' A = -0 0332m x &=0 0048m s

C = -0.037m„, D=0.0117m„, and E=
0.0304m, '. Ohtsubo et a~-" use slightly differ-
ent values A = -0.0320 m „', B=0.0075 m
C = -0.0371 m„, and g) = -0.0140 m, , whereas
Murphy et al- limit themselves to the dominant
term in the transition operator. The treatment
of the pion wave function also differs in the various
calculations. In earlier works'4'" hydrogenic
wave functions had been used, and the distortion
of the' pion mave function due to the strong interac-'
tion was accounted for only for a multiplicative
factor
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in the transition rate, Later works'"' improved
this by introducing pion wave functions which are
direct solutions of the Klein-Gordon equation for
optical potentials. As will be apparent in the fol-
lowing, these differences in the method, however,
are not essential and, in particular, do not re-
move discrepancies with experiment or signifi-
cantly decrease the sensitivity regarding the speci-
fic nuclear wave functions used.

To relate the calculated transition rates to the
experimentally observed branching ratios, one
has to compute

An, &

(I)
tot

where A"' is the calculated radiative transition
rate, A,",t' is the total absorption rate from a given
pionic level including the strong channels, and

+„, is the fraction of pions being absorbed from
this level. These latter quantities are in principle
deduced from the pionic x-ray widths and intensity
measurements, supplemented by cascade calcula-
tions. As discussed previously, ""for light nu-
clei the sum is limited to two terms (n, l) = (1, 0)
and (2, 1), so that

. Als A»
~») i +~»

I A tot A tot
(2)

At;t. can be determined directly from 0 'I'» «„ for
which reliable measurements exist yielding an
average value of (1.16+ 0.07)x 10"sec '. '

&u» can
be approximated by [1 —(I'»/P»)], where I"» is the
yield for the 2p-1s transition and P» the popula-
tion of the 2p level. Since I'» cannot be measured
directly with great precision, it is in general de-
termined from Y» via

em

Y
—1 A

»
(3)

where A» „=6.70X 10'4 sec ' (Ref. 30) is the cal-
culated electromagnetic transition rate. (The Aug-
er rate is small and neglected here. )

One now obtains

(4)

For Y» the available experiments are in consid-
erable disagreement, yielding I"» = (4.9+ 0.7)
x10-' (Ref. 30), (2.0+ 0.5)x10 ' (Hef. 31),
(3.0+1.0)X 10 (Ref. 32), and (3.4+ 0.6)X 10 ';
P» is found from cascade calculations to be in the
range of (57+ 6)x10 ' (Ref. 30 and 31).

The corresponding values of I » are then I »
= (4.7+ 0.8) eV, (12+ 4) eV, (8+2) eV, and

(7.1+ 1.3) eV. It is evident that theoretical branch-
ing ratios obtained in this manner are subject to
a possible error of a factor of 2.5, depending on

what value of Y» one chooses. The only direct
measurement of I'» = 11+6 eV (Hef. 33) favors the
lowest Y» value which yields I'» = 12+ 4 eV. How-

ever, optical model calculations favor I"»
= (4.7+ 0.8) eV. '~

The situation is indeed quite unresolved and calls
for new experiments. Since the renormalization
of the pion wave function at the origin depends
mainly on the level shift, not on the width, one
does not find the solution for this problem there.
When comparing the various theoretical results
it seems, therefore, preferable. to consider ratios
between different contributions rather than absolute
branching ratios, since in this case only the smalf
error of 4,",t enters.

2. Nuclear wave functions

(a) Classification of the applied models. The
most recent theoretical calculations' compare in

great detail the various types of nuclear wave func-
tions that have been employed in the past in de-
scribing the "O nuclear structure in general and
reactions involving single-body transition opera-
tors, in particular, such as p, capture and photo-,
absorption. The different types of nuclear matrix
elements are given by Vergados4 and Ohtsubo
et al. ' We therefore limit our discussion here to
a general classification of the wave functions
available.

The published papers start with 1k', 1p-1h ex-
citation for the negative-parity dipole states and

the "O nucleus with the closed-shell component
only. Vergados4 and Ohtsubo et al.' use single-
particle energies and wave functions of Gillet and

in conjunction with the Tamm-Dancoff
approximation (TDA). For the residual interac-
tion, Kuo-Lee matrix elements are introduced by
Vergados and by Ohtsubo et a/. In addition, Oht-
subo' et al. investigate the capture rates also with
the random phase approximation (RPA). The
single-particle energies adopted by Eramzhyan
et al. ' differ slightly from those in the other cal-,
culation. All calculations' ' (referred to in the
following as type I) yield quite similar results.
For the positive-parity quadrupole states 2h~,
1p-1h excitations are taken into account by Ver-
gados and Eramzhyan et al. In this case the sin-
gle-particle energies are much more uncertain
than for the 1A case, where they are fitted to ex-
perimental data.

Extensions of this simple model proceed along
two lines. First, ground-state correlations (type
II models) in the form of 2p-2h admixtures are in-
cluded in the "O initial state. Ohtsubo et al.' fol-
low the approach of Walker, "whereas Eramzhyan
et al. ' develop their own formalism. These cor-
relations have the effect of reducing the rates
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considerably, also in muon capture, where type
I calculations notoriously overestimate the capture
rate. Finally, admixtures to the 1p-1h excitations
are included also for the excited states (type III),
namely, 2p-2h (3h&u) admixtures to the dipole
states." They have the effect of reducing the p, —

capture and radiative pion capture rates to the
lowest lying dipole states (the bound state quartet)
even further and bring the p-capture rate in agree-
ment with experiment. ' It should, however, be
stressed again that the theoretical calculations
mentioned so far do not attempt to calculate the
quasi-free capture on an equal level with the reson-
ance transitions. This fact combined with the
crude model used by us to subtract the continuum
transitions makes a comparison between experi-
ment and theory somewhat tentative. This prob-
lem, fortunately, is partly overcome by the re-
cent work of Ohtsuka and Ohtsubo, "who apply the
continuum shell model.

(b) Bound states. Table IV summarizes the the-
oretical and experimental branching ratios for the
bound-state quartet. It is clear that agreement
between our experiment and the theoretical re-
sults of Szydlik and %erntz~' is obtained only for
I'~= (4.7*0.8) eV. The authors use semipheno-
menological, strongly renormalized matrix ele-
ments adapted to fit p. capture and inelastic elec-
tron scattering data. If the higher I"» value is the
correct one, then these results fall below the ex-
perimental ones, as does the type III calculation.

In both cases, however, the experimental rate is
overestimated by the simple 1p-1h model, indicat-
ing a need for the inclusion of ground-state cor-
relations, as shown previously from p, -capture
results. " In all theoretical calculations the 1s-
capture contribution is small, and the 2 states
dominate with approximately an 80% contribution.
In view of the fact that our attempt to separate the
closely bunched states yielded about equal contri-
butiona for the 2 and 3 states, an experiment with
even higher resolution would appear desirable in
order to resolve this discrepancy. It should be
remarked here that other charge-exchange reac-
tions such as (t, ~He) (Ref. 39) yield f(3 )jI(2 )
= 2: 1 at momentum transfers of about 190 MeV/c
and electron scattering ' indicates a strong depen-
dence of the 3 -form factor upon the momentum
transfer.

(c) Dipole transitions. Table V shows the theo-
retical and experimental branching ratios for the
sum of all. J"=1 and for the sum of all J =2
transitions in the giant-resonance region. In ad-
dition, the branching ratj.o divided by the bound-
state-quartet branching ratio is given. The follow-
ing conclusion can be drawn: Using I'~= (4. I+ 0.8)
eV, the branching ratios for the sum of all 2
states exceed the experimental one by factors of
2.5 to 4, and up to 2 for the 1 states. These dif-
ferences ].ie outside the uncertainties introduced by
the treatment of the continuum. The high I"» value
of (12+ 4) eV yields good agreement for the 2

(10

TABLE IV. Theoretical branching ratios for the bound-state quartet in N. The second and
the third columns give the theoretical radiative tr ansi. tion rates, which are then converted to
branching ratios using Eq. (4). These are given in the fourth and the fifth columns for the
two capture schedules available.

+18 A2p g b f d f e
1s 2

Type (10~6 sec ~) (10 sec ~) (10 4) (%) Po) Beference

I
I
I

II
II
III

6.02
6.45
9.66
5.84
4 02
3.63
2.80

32.89
33.78
19.64
30.84
21.31
18.32
15.13

14.5 + 1.6
20+7 47~8
21+8 48+8
18 +6 40+7
19+6 44+8
13 ~4 33 ~6
12 +4 26 +5
10+3 23+4

9.4 83
9.8 85
8 ~ 7 88
9.8 83
9.1 81

10.2 72
8.7 79

Experiment
Bef. 5, case A
Bef. 3, TDA
Bef. 4
Bef. 3, BPA
Bef. 5, case B
Bef. 3, using Walker
Bef. 5, case C

1.76 10.36 6 + 2 15 + 3 8.8 86 Bef. 27 g

Indicates a general classification of nuclear wave functions (see text).
Using I"

&,
= (7.56 + 0.5) ke V, I & = (12 +4) eV, Bef. 31.

Using I'& =(7.56+0.5) keV, I 2&=-(4.7+0.8) eV, Bef. 30.
Contribution of ls capture to total branching ratio with I'& = (7.56 + 0.5) keV, I'2& = (4.7 +0.8)

eV.
Contribution of 2 — N-ground state to total branching ratio with I'&, =(7.56 +0.5) keV, 12&

=(4.7+0.8) eV.
Correction factors C(lg) = 0.45 and C(2p) = 1.45, included.

& Using semiphenomenological matrix elements.
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FIG. 5. Comparison of the experimental ratio Rp (1 )/
Ry (b.s.) to the theoretical results of Vergados (Ref. 3),
Ohtsubo (Ref. 4), and Eramzhyan (Ref. 5). The results
of the TDA and RPA calculations of Ohtsubo are not
significantly different, so that only the TDA results are
shown. Also, in Eramzhyan's calculations for model
A and B no difference is found. Again only the result
of model 8 is shown.

states between theory and experiment, particularly
for type II and type III models only; however, the
1 branching ratios are underestimated in this
case. From the relative branching ratios to the
bound-state quartet, it again seems that the 1
strength is underestimated. Closest to observa-
tion in this case are type II models, whereas in
the type III models the bound-state transitions are
relatively too strongly suppressed. This might in-
dicate that at least the 2 states are of rather pure
1p-1h configuration. This statement is further

. supported, if one considers the distributions of the
1 and 2 strength over the different states are
displayed in Fig. 5 and Fig. 6. For the 2 states
a straightforward and relatively unambiguous pic-
ture emerges. The theoretical states expected
by Eramzhyan et al. at 18.0, 18.2, and 19.6 MeV
and by Ohtsubo et al. at 17.7, 19.3, and 20.4 MeV
find their experimental counterparts at 17.7, 19.0,
and 20.4 MeV with approximately the right distri-
bution of strength. The 20.4-MeV state, consist-
ently predicted in all types of models with the dom-
inant strength, is rather nicely confirmed experi-
mentally. The configuration of this state is mainly
0.75ID,&,P», ') +0.60~S,&+,~, '). Even in the
very early simple Goldhaber- Teller model calcula-
tion this resonance is predicted. It was already
seen in the old radiative m-capture measurements;
even the low-statistics (m, yn) -coincidence experi-
ment shows clear evidence in the neutron spec-
trum for the decay of this state. Around 23 to 24
MeV a further 2 state is expected, which could be
tentatively identified with the state at 24.1 Mev,
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Experiment
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FIG. 6. Comparison of the experimental ratio Ry (2 )/
Ry (b.s.) to the experimental results of Refs. 3, 4, and
5.

found in the experiment for which no spin assign-
ment could be performed by comparison of experi-
mental results.

Regarding the 1 states, according to the theory
most of the strength is concentrated near 26 MeV
(relative to "0), with smaller contributions at
17.5, 20.5, and 23 MeV. Our experiment shows
states near 17, 22, 24, and 25 MeV, whereby only
the transition to the lowest level has a strength
that is in agreement with theory.

The energy of the most strongly excited state
seen in our experiment corresponds precisely
to the energy of the strongest peak in the photo-
nuclear giant resonance in "O at 22.2 MeV. As
already mentioned, the giant dipole resonance
which is excited in photonuclear reactions and
related processes is an isospin mode. Such a
mode, according to the available calculations,
should differ in energy from the spin-isospin mode
excited in pion capture by several MeV. Verga-
dos, e.g. , quotes for the principal component of
the isospin resonance an energy of 23.9 MeV and
for the syin-isospin case 26.5 MeV. However,
such calculations should not be taken too literally,
because they presuppose almost pure 1p-1h con-
figurations. On the other hand, from the extensive
work on photonuclear reactions on "0 it is well
known that 3p-3h configurations must be included
to account for the several peaks in the giant reson-
ance, ~ and at least 2p-2h configurations are nec-
essary for explaining the partial decay of this
giant resonance to even-parity states in "N and
"O. ' Vergados pointed out that the distinction

between spin-flip and non-spin-flip states in non-
closed-shell nuclei is no longer meaningful due to
recoupling and antisymmetric effects. Our data
therefore seem to support the assumption that the
1 states in "0have a considerably more com-
plicated structure than considered in the past in
calculations for radiative pion capture. Thus, we
do not believe that this initially puzzling coincidence
in energy found in the different experiments is for-
tuitous.

(d) Quadrupole transitions. The transitions to
positive parity states (28+) are not as easily iden-
tifiable, since they are expected to be broad and,
furthermore, they are spread over a large energy
region. It is apparent from our parametrization
of the spectrum that there is no compelling need
for invoking their presence; the spectrum shape
follows the pole model nicely. In the work of
Eramzhyan et al. ,

' which includes a complete
diagonalization of the 20m subspace, 462 such states
are expected below 115-MeV photon energy. With
this high number of states an attempt to distinguish
them from the continuum becomes pointless. Table
VI gives a comparison of the theoretical branching
ratios with the total experimental rate for the re-
gion below 115 MeV photon energy. From the rel-
ative branching ratios, assuming the most reason-
able model for the bound-state transitions, one
may deduce that only 60% of the observed rate can
be accounted for by quadrupole transitions.

(e) Continuum shell-model calculations. Othsuka
and Ohtsubo" made an attempt to overcome the
problem of the background treatment. They adopt-
ed the continuum shell model of Birkholz et al.
and treated thus the resonances and the quasi-free
emission of a nucleon consistently. They assumed
that the ground state of "0 is described by the
Walker model and the configuration space is limit-
ed to 1p-1h excitation only. The single-particle
potential and the residual interaction are taken
from Raynal et al.~'

Othsuka's and Ohtsubo's result is plotted togeth-
er with the experimental data in Fig. 7. The
smooth lines show the total spectrum as well as
the contribution of the negative parity states (0,
1,2, 8 ) and the contribution of the continuum,
all folded with the response function of our appara-
tus. The total theoretical strength B = 3.04&10 '
was normalized to the experimental value A
= (2.27+ 0.24)x10-'. It is evident that the excited
resonances are well reproduced. Even the pre-
dicted widths of the resonances are in agreement.
The 19% of the total. radiative capture rate due to
the 1 strength seems underestimated. Too much
strength is concentrated in the 2 excitation
(-48%), especially in the resonance at 120 MeV
photon energy. The contributions of the 0 excita-



20 XCI "f AyION P F I & AI AND N2 B. ESONAXCFS VIA

TABLE VI. Theoretical branching ratios fo
symbols see Table IV.)

ra ios for quadrupole trans t'ra ios fo si ions positive parity states). {Foor an explanation of

16
y

(10 sec ~) 12(10~2 sec ~)
fgs fg+ f +

(Vo) (%) (%) .~l~(b.s.) ' References

6.5
4.5
7.8

13.7

94.5
68.2
51.2
65.7

51 +13
37+ 9
40 +10
38 +10

125+22
91+16
98 +16
93+16

3.8
3.7
2.4

10.7

18
18
12
11

37
37
41
37

5.84
4.21 3.00

2.21

2.68 g

1.94
5; case D
5, case K

2

64.5+7.1 Experiment

Using I"& =(7.56+0.5) keV, I'2&={12+4) eV

o 8 capture to total branchin
states to totalContribution of' 1+ (2+)

rane ing ratio [I'2&=(4.7+0 8) Vj.

Bound-state br h'
1 branching ratio.

f
rane ing ratio case C.

Bound-state "branching ratio case B.
ate branching ratio cas A.g Bound-state

Contribution in ener re 'C ' '
ergy region 98 MeV~E ~113 M V.

e ative to bound state.
eV.

tion (0.2%%u), && and the 3 excitation ~2~

Roughly 70%%u f th
'

%%u

tr td
0 o he available

a e in resonance excitation.
The separa. te study of the ua '-

for different v
o e quasi-free transitions

r erent values of total angular
J (j+

u ar momentum

j „&~ resulting from the couplin f
j„= „—,and the residual nucleon stat

„is based on ari
s es

p 'ty and excitation energ . Oht-"b"t.l."f-d th.t th t
h l thJ

'8 '
a, e stron trans

ose channels are labeled by (J, l„). This eff
d (J,

In the last case interf
F

erference is observable.
urthermore, at lovrerr photon energies (&100 M V)
ese curves show no si ifi

e

the 1-
no sign' ica,nt deviation from

e po e-model treatment. This m
provides a nice a

is model therefore

simple a r
' es a nice a posteriori justification f thor e

men
pp oximation used to ext t th p

ental branching ratios. It '
rac e experi-

tha

' s. is clear, however
at one overestimates the uasi-

byu '
thsing e pole model on

e quasi-free contribution
only. The continuum shell-

1000

800

600

400

200

0

m

80 85 90 115 1200 95 100 105 110 115 120 125 130

FIG. 7 Comparison of the photon sp

tion (Ref. 10).
s o e continuumum shell-model calcula-

model calculation gives rise to uasi-
tions only for 30/r, ~ of all captures. The m

'

tributions ar t th (, ,f) state with 12%%uoe o eS, l)=3
o t e J, /„= 1,p) and (J, l ) = 2

1 %%u

I, — ~f) i"
e y o each, whereas the

contribution of 2%%u g
' e0 g ls negll ible

o ese four contributions reproduces ni
the spectrum shape be~ e
one uses a different method of n

e a e een 113 andp e, adjusting the strength b bv

gion is re ro
e measured spectrum in the GD

p oduced reasonably favell but
e 8 re-

excitation str th
u the 1

stren th b hv

reng is underestimmated and the

This may be caused b th
g e een 98 and 113 M Ve is also too low.

giant-quad-y e fact thai the ian—
nce exci tion is not inc

V. CONCLUSIONS

The data presented here
the r

ere demonstrate anew that
e radiative pion capture reaction ma serv

ig nuclei. While previous data ' ha
. sized mainly the se ' ' ac ior&

'e selectivity of this reactiori '

p P-o -type trans'
ei, and to a lesser extent E1

0 e e dominan t structures for ' P
here. The sensitivity to a arti

ments compens t
i' arge spin-densi m atrix ele-

ensa es the restriction to a fixed
mentum transfer in the (w

si e a severe limitation if th is process i

course the muon ca,ptur
sca ering. Of

cap ure process, whose axial



260 G. ST RAS S N ER et al. 20

part resembles closely the dominant part of the
radiative pion capture transition operator, is theo-
retically expected to show similar selectivity, ""
but it is experimentally not accessible to the type
of high-resolution spectroscopy which are new
detector allows. The comparison of our data with
available shell-model calculations shows that the
general structure of the data can be explained well,
but a detailed fit and thus a useful set of phenomen-
ological wave functions can only be obtained when

all electromagnetic and weak processes involving
the same transitions are considered concurrently.
An annoying problem in the comparison between
theory and experiment persists in the fact that 2p-
capture calculations are more model dependent
and that pionic capture schedules needed to relate
them to the experimental data are badly known.
This can be circumvented in future experiments,
isolating 1s capture via a coincidence with the x-
rays feeding the 1s level. This technique has
successfully been applied by us to 'Li.4' Future
w'ork should also consider coincidence angular cor-
relation experiments with the decay neutrons from
the unbound states as well as secondary nuclear
y rays as recently proposed. ' Then it should be

possible to extract spin and parity assignments
directly from (w, y) data, and thus fully exploit
the capability of this reaction.

,
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