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We have measured excitation functions of the y rays resulting from the bombardment of
"N by polarized and unpolarized protons in the energy range E~ =2.5—9.5 MeV with em-

phasis on identifying dipole decays to the first (0+) and second (3 ) excited states in ' O.
Resonances in yl2 are observed at E„=16.21, 16.45, 16.82, 17.12, 18.03, 18.98, 19.90, and
20.41 MeV. The 16.21 and 17.12 MeV resonances in yl~ are identified as M 1 decays of the
1+ T=1 states to the 6.05 MeV 0+ state in ' O. The measured ratio of reduced strengths

B(M1,y&)/B(M1, yo) is 0.48%0.03 for decays from the 16.21 MeV state and 0.55+0.04 for
decays from the 17.12 MeV state. The 18.03 MeV resonance is due to a 3 T=1 state in
' 0 with a strength I ~I ~ /I =(1.96+0.27) eV and the 18.98 MeV resonance is due to theP

4 T=1 stretched particle-hole state with a strength of (0.85+0. 10) eV. We determine ab-

solute particle and y widths for these states. The M1 y2 width of the 18.98 MeV state,
(7.1+3.1) eV, is in agreement with a shell-model calculation. Resonances in y3 are observed

at 16.82 and 17.27 MeV and in y4 at 17.88 MeV. The excitation energies and widths of
these levels as well as the strengths of the y transitions suggest a T=1 character for all of
the resonances for which capture y rays are observed. Correspondences of our resonances to
levels in ' N are given. Strong al branches for many of these states indicate isospin impuri-

ties. We compare y widths, including ground-state M l decays, and allowed P transition
rates in A =16 nuclei with shell model calculations and obtain rough agreement with the ex-

perimental results. Additional shell model calculations for M 1 and Gamow- Teller decays in

the A =14, 15, 17, and 18 nuclei are presented, which indicate that Gamow-Teller matrix
elements are quenched by -20% relative to shell model predictions and also relative to the

spin part of the M 1 matrix elements.

NUCLEAR REACTIONS ' N(p, y)' Q, ' N(p, p'y)' N, ' N(p, aly)' C,
E=2.5—9.5 MeV, measured capture y rays to E„=6.05, 6.13, 6.92, and
7.12 MeV final states. Measured o.(90 ), A„(90'), 0(0). Deduced M1
and E1 resonance strengths. Performed shell model calculations and
compared with these and other M 1 and Gamow-Teller strengths in nu-

clei near A =16. Deduced average inhibition of GT matrix elements rel-

ative to shell model and to the spin part of M 1 matrix elements.

27 1837



1838 SNOVER, ADELBERGER, IKOSSI, AND BROWN

I. INTRODUCTION

The well-known and very impressive successes of
the many-particle shell model have contributed
greatly to our confidence that we can achieve a
predictive theory of nuclear structure. In particular
the calculations of Cohen and Kurath' in the Op

shell and of Wildenthal and collaborators in the
lsOd shell have shown that a vast amount of spec-
troscopic data can be successfully explained by a rel-
atively small number of parameters (single-particle
energies and residual two-body matrix elements)
which are chosen to fit the results and found to have
"reasonable" va1ues.

However, it must be appreciated that these
successes are triumphs of the OAco shell model, i.e., a
model in which the basis vectors, although in gen-
eral very complex, are restricted to lie within a sin-
gle major shell. This basis is expected to be suffi-
cient for describing M 1 and allowed Gamow-Teller
decays where operators only connect configurations
lying within a major shell. This expectation is con-
firmed. On the other hand, matrix elements of
operators which cross major shells as well as con-
necting configurations within a major shell are not
expected to be given correctly by the ORco shell
model. Examples are E2 y transitions and second
forbidden P decay. These must be treated
phenomenologically; for example, by endowing the
neutron and proton with effective charges. This
procedure often gives reasonable results.

In view of all these achievements it is perhaps
surprising that the shell model has met with such
limited quantitative success in accounting for quan-
tities which vanish in a Otic basis and manifestly re-
quire 1%co, 2%co, etc., excitations. Examples are un-
natural parity states; E1, M2, or E3 transitions; or
M1 transitions in a "closed-shell" nucleus. Upon
closer examination, however, it is clear that a for-
midable problem is encountered as one expands the
basis from Otic to nRco In orde. r to completely ex-
clude spurious center-of-mass (c.m. ) motion in the
eigenvectors one needs a basis which spans the com-
plete nfl space. The resulting model spaces are
enormous. Nevertheless, improvements in computa-
tional techniques and intelligent truncation schemes
offer hope that the problem can be solved. Our need
to understand nuclear structure compels us to at-
tempt the task.

The ' 0 nucleus plays a very important role in at-
tempts to refine the multi-fico shell model since in
the 95co approximation ' 0 would have no excited
states. The M 1y decay and Gamow-Teller P dix:ay
transitions provide a particularly clean test of shell

model wave functions since the operators are well
understood and have no radial dependence in the
long-wavelength limit. For example, the recent iden-
tification of magnetic-dipole (M 1)y-transition
strength built on the ground state of ' 0 provides a
direct measure of the 2fuu, 4fuu, etc., correlations in
the ground-state wave function. Because the Ml
operator has no radial dependence in the long wave-
length approximation, it cannot excite the closed
shell component of the ground state wave function.
A similar argument applies to the M 1 decays to the
excited 0+ states. Only the 2p-2h and 4p-4h com-
ponents of the 1+ and Oi+ states can contribute to
the M1 transition strength between these states.
Thus a measurement of the relative M 1 strength for
decay of the 1+ T= 1 levels to the various 0+ T=0
states severely constrains shell model calculations of
the wave functions of the 1+ initial states and the
0+ final states.

In this paper we report on experimental studies of
y-ray observables in ' 0 with particular emphasis on
M 1 transitions connecting the 1+ T= I states to the
02+ T=O level and on M1 transitions deexciting the
3 T=1 state at 18.03 MeV and the 4 T=1 18.98
MeV state in ' O. Other resonances observed in our
excitation functions are also discussed. The excita-
tion energies, widths, spins, and y-ray widths of
most of the states observed in this work suggest that
they are analogs of known levels in '6N. On the oth-
er hand, isospin impurities in these levels are re-
vealed by finite widths for a decay.

We conclude by comparing measured M1 and
Gamow-Teller (GT) matrix elements to shell model
calculations in the mass 14, 15, 16, 17, and 18 nu-
clei. We discuss problems associated with large-
basis shell model calculations around 3=16 and
identify shortcomings in some commonly used trun-
cation schemes and residual interactions. We show
that GT matrix elements are on the average inhibit-
ed by about 20% relative to shell-model predictions,
and that an inhibition of similar magnitude exists
for GT matrix elements compared to the spin part
of M 1 matrix elements.

II. EXPERIMENTAL PROCEDURE

The experiments were performed with the Univer-
sity of Washington FN tandem accelerator. Gamma
rays from proton capture were detected in a 25 X25
cm NaI spectrometer with an anticoincidence shield.
We used a polarized beam to measure the excitation
functions at 8&——90' for proton energies between 6.2
and 9.1 MeV (Figs. 1—3). The data below 7.4 MeV
in Fig. 1 were taken with a ' N (99.9% purity) gas
target (0.3 mg/cm ) with Ni entrance (0.6 mg/cm )
and exit foils. At higher energies a thicker ' N tar-
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the excited states of '60. We do not see any sharp
resonances in the yo and yti excitation functions be-
tween E&

——2.6 and 4.0 MeV, although pileup from
the intense 4.4 MeV y rays obscures the region of
the excitation function near Ez ——3 MeV. Addition-
al polarized-beam data on the E„=18.98 MeV and
E„=18.03 MeV resonances (Figs. 2 and 3) were tak-
en using the melamine target (C&H6' N6-0. 29
mg/cm ).

Information on the y rays from the at, pt2, and

p3 exit channels was obtained by digitizing the lower
energy part of the y-ray spectrum in a second
analog-to-digital converter (ADC). This second
spectrum was prescaled by a factor of 10 and did
not have the anticoincidence requirement from the
plastic shield surrounding the NaI.
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FIG. 1. Excitation functions at 6&
——90' for the

N(p, yp) 0, N(p y]2) 0 (E =6.0S, 6.13 MeV)
' N(p, a~y)' C, ' N(p, p~2y)' N, and ' N(p, p3y)' N reac-
tions measured using a gas target.

get (0.64 mg/cm ) and thicker Ni foils (0.9 mg/cmi)
were used. Under these conditions, we obtained
high-quality yield curves for the yo and yi2 decays.
However, the y34 transitions occurred in an energy
range obscured by y rays from the Ni foil. Using an
unpolarized proton beam and a ' N-enriched (99%)
melamine target we measured 90' excitation func-
tions for incident energies between 2.5 and 6.3 MeV
(Fig. 4). At energies greater than 4.0 MeV the y34
cross sections could be extracted from the melamine
data. Below Ez ——4.0 MeV the y rays from primary
and secondary decays involving the 8.88 MeV level
in ' 0 fall in the same energy range as the capture y
rays of interest and it becomes difficult to extract
y~2 and y34 yields. Below the neutron threshold the
spectra become very clean, and one can identify both

III. DATA ANALYSIS

Areas of the gamma ray peaks were extracted by
fitting experimentally deduced line shapes to the
spectra. No background subtraction was necessary
for the capture y rays. For the reaction y rays an
empirical background line shape determined at bom-
barding energies below the p&2 threshold was used.
Typical spectra with the corresponding fits are
shown in Fig. 5.

In fitting the spectra, the relative separation of
the observed lines was fixed by the known energy
differences of the final states. The width of the line
shape for the capture y rays was assumed to increase
linearly with energy, whereas for the reaction y rays
the width was kept constant. The absolute normali-
zation (+10%) of the capture y-ray data was de-
duced by normalizing the yo yields to our previously
measured absolute cross section of 3.75
+0.26 pb/sr at Ez 7 30 M——eV. . A 3% per MeV
correction was applied to the measured yields to ac-
count for the decrease in the detection efficiency
with increasing y-ray energy. The agreement be-.
tween our yo data and those of Ref. 3 is very good.
The yo and y&2 data are also in good qualitative
agreement with those of Refs. 4 and 5. Our data
overlap those of Barnett et al. Although our work
agrees with Ref. 6 for Ez &6 MeV, there is strong
disagreement below 6 MeV, where our y&2 cross sec-
tions are smaller than those of Ref. 6. This indi-
cates that the data of Ref. 6 below Ez ——6.0 MeV are
dominated by strong background contributions.

The normalization of the reaction y-rays cross
sections was obtained using the relative efficiency of
our NaI at 4.4 and 15.1 MeV given in Ref. 7. This
procedure introduced an additional uncertainty of



1840 SNOVER, ADELBERGER, IKOSSI, AND SRO%N

l8.94
I

l8.98
1

I8.94

&J+p a=90'
E„(Mev)

l9.02 l8.98 l 9.02

0

o -0.2-
II

II

)3
b

~ ~ ~

0 ~ ~ ~ ~

4A

Al

b

5,5-

5.0-

4.5-
(4~

E 4.0-

~ ~ ~ ~ ~
~ ~

CO

4.0—

35-

b
7.25

II II
I I L I l

I

7.50 7.55

b c)
I I

7.25 7.50
Ep(MeV)

FIG. 2. Excitation functions in the vicinity of the 18.98 MeV 4 state taken with a melamine target.

+15% in the absolute cross sections for the reaction

y rays. Absolute yields were extracted independent-

ly for the gas cell and melamine target data. %ith
the melamine target, both the '

N(p, aiy)' C and the
' C(p,piy)' C reactions contributed to the yield of
the 4.43 MeV y rays. In the region between 6.3 and
7.3 MeV the contribution of the ' C(p,piy) reaction~
is estimated to be 15% of the observed cross section.
Our normalized data for the gas and melamine tar-
gets agree to within +10%, consistent within the
uncertainties in the absolute normalization, except
for the off resonance cross sections for the 5.3 MeV

y rays at E~-7.3 MeV, which differ by -20%.
Resonance strengths deduced from the melamine
and the gas cell data are consistent, indicating that
the higher yield of 5.3 MeV y rays in the gas cell
data is due to an unidentified contaminant back-
ground which is absent in the melamine data. The

overall uncertainty in the absolute normalization of
the reaction data is estimated to be +20%.

IV. RESULTS

In this section we discuss the resonance structures
observed in our excitation functions. All proton res-
onance energies are given in the laboratory system
and correspond to the energy in the center of the
target. Resonance widths are in the center-of-mass
system. Total widths were estimated from the ob-
served widths and the energy loss in the target. The
latter was determined from a comparison of the ob-
served width and the total width of the 18.98 MeV
resonance (see Sec. IV C). We assumed that the en-

ergy loss in the target and the width of the state
contribute quadratically to the observed width, and
we included the variation in the energy loss in the
target as a function of proton beam energy.
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A. Assumptions of the analysis

Gamma decay widths are inferred from the mea-
sured (p, y) cross section at 0=90' and the measured
a2 coefficients of the angular distributions. When
the latter were not available we estimated the gam-
ma strength using theoretical values (see Table I) for
the a2 coefficient.

Particle and y decay widths to excited residual
states were deduced by assuming that resonance-
background interference in the y-ray excitation
functions can be neglected. For the E„=18.03 and
18.98 MeV resonances we use measured angular dis-
tributions to extract the absolute strengths. For the
other particle-decay resonances we assume isotropic
resonance angular distributions. When values for
I „could not be inferred from previous work we as-

no

sumed the isospin symmetric relation y„=y~ . We
define y~ by I ~ ——2Py~, where P is a penetrability
calculated for the lowest allowed I value and

R=r (A, ' +A '
)

with r0=1.35 fm. The branching ratios Iz, /I',
when not known from previous work, were deter-
mined by requiring that XI „=I assuming that, in
addition to no and po, only the observed channels
contribute to the sum (see Table V). This leads to a
quadratic equation for each resonance, with two
possible solutions. We used the mean of these two
solutions for our estimate of I'z /I in Table V. For
all cases the individual solutions were within 35%
of the mean, except for the E„=17.880 MeV reso-
nance, for which the two solutions for I z /I arePo
0.09 and 0.63. Although we quote errors on the res-
onance strengths, in Table V we do not give errors
on the extracted values of the radiative widths be-
cause it is difficult to assess the uncertainties in our
estimates of I z /I'. A future measurement of these

proton branching ratios by coincidence techniques
would be valuable.

Limits on the resonance spins are deduced by as-
suming dipole decays for the capture y rays. This is
based on the empirical observation that for states of
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known spin we never see resonances in the cross sec-
tions which correspond to gamma decays with mul-
tipole order greater than one. Isospin assignments
are based in part on the recommended upper limits
(RUL's) given in Ref. 9 for A =6—20 isoscalar di-

pole de:ays: 0.003 W.u. for E 1 and 0.030 W.u. for
Ml. We use the standard definition of dipole
Weisskopf units, along with the relation

8(M1} (p~ }=1.798(M1) (W.u. )
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The most interesting feature of the excitation
functions shown in Fig. 4 is the yiq decay of the 1+
states at 16.21 and 17.12 MeV (Ref. 3). Excitation
functions at 8=90' over these two resonances in -5
keV steps are shown in Fig. 6. Angular distribu-
tions on and off the resonances were measured to
determine the resonant Legendre coefficients. We
show below that the y~2 resonance yields are due to
yi. The even Legendre coefficients for the reso-
nance yo and y& decays must be identical since both
final states have spin zero. Hence the yi/yo branch-
ing ratios may be determined from the 90' data
alone. Our y&2 resonance angular distributions are
consistent with the yo resonance angular distribu-
tions, but the errors are quite large (az- —0.5+0.3
and +0.2+0.3 for the 16.21 and 17.12 MeV reso-
nances, respectively). In extracting the resonance
strengths we used the ai coefficient determined
from the yo data. The present data combined with
those of Ref. 3 result in improved values for these
ai coefficients: —0.761+0.061 and +0.30+0.10
for the 16.21 MeV and 17.12 MeV resonances,
respectively. From the resonance areas of Fig. 6 we
obtain

'5,
IO

'

3 4 5 6 7

E„(MeV)

PIG. 5. Typical spectra obtained with a melamine tar- .

get. The solid lines are the result of a line shape fit used

in the area extraction.

I'pl'r /I'=2. 77+0.34 eV

and

I'pl r /I'=0. 33+0.05 eV

for the 16.21 MeV state and

between the reduced M 1 strength in Weisskopf units
and in nuclear magnetans squared.

Tentative identification of passible analog states is
based in part on assuming 12.857 MeV for the aver-

age Coulomb displacement energy between 'sO and
' N and upon similarities in the total widths of the
corresponding states.

and

I'~I r /I'=4. 12+0.58 eV

I' I'„,/I =0.60+0.08 eV

far the 17.12 MeV state. These transitions labeled

yi could in principle be an unresolved mixture of
M 1 decay strength to the Oi+ (6.05 MeV) state and

TABLE I. Calculated a2 coefficients for dipole decays.

1,
3
3
0,
2$

2
2

3/2
5/2
5/2
1/2
3/2
5/2
5/2

3, 5/2
3, 7/2
3, 7/2
2, 3/2
2, 5/2
4, 7/2
4, 7/2

2+
3+
3+
1

2
3
3

3
3
2+
2+
1

3
2+

a2 (min)

—0.143
0.375

—0.400
—0.100
—0.500

0.375
—0.400

a2 (max)

—0.0715
0.500

—0.300
0.050

—0.250
0.500

—0.300

a

—0.107+0.036
0.438+0.063

—0.3SO~0.050
—0.025+0.075
—0.375+0.125

0.438+0.065
—0.350+0.050

'Used in estimating resonance strengths in cases where angular distributions have not been
measured.
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FIG. 6. Excitation functions in the vicinity of the 16.21 and 17.12 MeV states.

TABLE II. Properties of known 1+, 1 levels in ' O.

E„(MeV) (kkeV) 16.21(10)
Ep (MeV) (+keV) 4.358(10)
rpryo/r (~ev) 277(0 34)

2.65(0.22)'
2.70(0.25)'

I
, /I 0.119(0.007)

0 10—o. &o

r /r' 0.73
I (keV) 17(10)

18(3)'
3.70(0.5) eV

0.041(0.006) W. u. M1
I f 0.44(0.06) eV

0.020(0.003) W. u. M1
0.27+o'27 {V

'Reference 3.
Average of Ref. 3 and present results.

'Assumes a2 ——0 for y34.
Rough estimates from Ref. 27.

'Reference 11.
Errors quoted neglect the uncertainty in I'~ /I .

18.8(100)'
7.1( 100)) 1.8+0.3

0.035(0.006) W.u. M1
&0.40 eV

17.12(10)
5.328(10)
4.12(0.58)

3.75(0.50)'
3.90(0.50)
0.149(0.011)

& 0.6
0.58 & 0.5

25(8)
36(5)'
6.72(1.0) eV )3.6 eV

0.064(0.009) W.u. M1 )0.026 W.u. M1
1.00(0.17) eV



27 PROTON CAPTURE TO EXCITED STATES OF ' 0: M 1, E1, . . . 1845

M2/E3 strength to the 3 (6.13 MeV) state. How-
ever, the observed decay strengths, if all to the 3
state, would correspond to 40—70 M2 Weisskopf
units. Since 1 W.u. of M2 strength would be a very
strong transition, it is clear that these decays are
essentially all M 1(yi) with negligible M2 contribu-
tions. From the 90' cross sections, we get

I r, /1 r ——0.119+0.007

corresponding to a ratio of

B(M l, yi)/B(M 1,yo) =0.48+0.03

for the 16.21 MeV state. The same ratios for the
17.12 MeV state are 0.149+0.011 and 0.55+0.04,
respectively. Thus the ratio of reduced strengths of
the decay to the 02+ state relative to the decay to the
ground state is approximately the same for the 16.21
and 17.12 MeV resonances. In our data the reso-
nance corresponding to the 17.12 MeV state has an
observed width of 34 keV. Correcting for the energy
loss in the target we obtain I, =25+8 keV, which
is in fair agreement with the previously measured'o
value of 36+5 keV. The observed width of the
16.12 MeV state is 32 keV, which yields
I, =17+10 keV. The results for the 1+ reso-
nances are summarized in Table II, including infor-
mation from other experiments. "

The 1+; 1—+0+; 0 ground-state B(M 1) values for
the 16.21, 17.12, and 18.8 MeV levels of
0.075+0.010, 0.0116+0.017, and &0.047 (in units
of p~ } are in good agreetnent with recent electron
scattering results. ' These electron scattering results
suggest additional broadly distributed M1 strength
in the region E„=17.4 to 18.0 MeV of magnitude
comparable to that of the 17.12 MeV decay strength.
A substantial ground-state radiative width report-
ed' for a J;T= 1+; 0 state at E„=13.67 MeV has
been shown'4 to be incorrect (Ref. 14 obtains I'r, & 1

eV for this state).

C. The E„=18.98 4 T=1 state

We observe a narrow resonance at

Ez ——7.314+0.010 MeV

(E„=18.983+0.010 MeV) .

The strong resonance effect in the pi2 channel and
the weak effect in the ai channel are consistent with
the decay branches measured's for the 4 T=1
state at

E„=18.975+0.010 MeV

strongly populated in the ' 0(d, t) reaction. 's The
4 assignment' was substantiated in high energy
inelastic-proton scattering. ' The inelastic scattering
of m+ and tr revealed' a significant (-1% inten-
sity) isospin mixing between this state and the neigh-
boring 4 T=0 states at E„=17.79 and 19.80
MeV. In Ref. 4, it was shown from y-y coincidence
measurements that this resonance y decays predom-
inantly to the 3 (6.13 MeV) level. For the yq decay
of this resonance we observe a2 ———0.28+0. 11, and
a i,a3, and a4 consistent with zero (see Table III and
Fig. 7). For pure dipole decay to the 3 level,
—0.357 &az & —0.304 for J(resonance) =4, 0.375
&a2 &0.50 for J(resonance) =3, and —0.143 &a2
& —0.072 for J(resonance} =2. Hence our mea-
sured a2 rules out J=3, and favors a J=4 assign-
ment. Although the presence of a small E2 ampli-
tude in this decay would invalidate this argument,
the 4 assignment is likely based on the other exper-
iments discussed above. Assuming J =4, our
measured a2 leads to an amplitude mixing ratio

~

E2/M 1
~

& 10%. A total width of 8+4 keV was
determined by combining our measureinent of
I'&I& /I' (neglecting interference effects) with theP P&2

branching ratios of Ref. 15. The absolute widths for
the various decay branches are listed in Table IV.
The observed width of the 4 state for our melam-

TABLE III. Angular distribution coefficients for the 18.03 MeV 3, 1 and 18.98 MeV 4,
1 resonances.

Channel a2

18.03 MeV
resonance'

a4 a2

18.98 MeV
resonance

aq

—0.28+0.11
0.54+0.01

0.55+0.06
0.68+0.02

—0.052+0.046b

0.0
—0.26+0.01

0.0
0.18%0.02
0.47+0.05"

$12

Pl2
al

'For the y~q channel, a nonzero value of a& ——+ 0.21+0.04 is observed after subtracting back-
ground.
'These values cannot arise from an isolated 3 resonance and hence may contain significant
resonance-background interference contributions.
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TABLE IV. Properties of the 4;1 and 3;1 states. Results are from the present work except where noted.

Ep (MeV) Ex (MeV)
J T (+keV) (+keV) I (keV) I I /I r, rr.

18.975(10)'
18.979(7)"

&0.03 eV y34

0.618(0.086) keV p»
&0.09 keV a~

9(6.5)'

4;1 7.314(10) 18.983(10) 8.2(3.8) 0.85(0.010) eV yg & 7 0.12(0.05) po 7.1(3.1) eV yq

0.16(0.07) W.u. M1 (y )

0.63(0.08) p» g0.3 eV y&

0.02(0.05) ao 0.98(0.19) keV po
0.07(0.05) a~ 5.2(2.3) keV p»

0.57(0.49) keU a~

3;1 6.298(10) 18.032(10) 16(8)

18.033(10)' 18(7)

18.033(7)

1.96(0.27) eV yq

0.31{0.11) eV y34

1.11(0.26) keV p»
4.25(1.00) keV a~

0.26(0.09) 0.41(0.15) po

0.02(0.05) ao

0.46(0. 15) a~
0.11(0.15) n

4.8(1.9) eV y~
0.14{0.06) W.u. M1 (yg)
0.76(0.39) eV y)
0.026(0.013) W.u. E1 (y))
7.8(2.8) keV po
2.7(1.2) keV p»
8.9(3.2) keV a~

'Reference 16.
From combining the present results with those of Ref. 16.
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ine target data was 22 keV which, together with the
total width given above, determines the energy loss
in the target to be 20+3 keV at Ep =7.31 MeV. Our
resonance strength

I'q I'r, /I'= 0.85+0.10 eV

is in agreement with a previous limits of &1 eV.
Using

I'p/I =0.12+0.05

(Ref. 15), we deduce

I
&,

——7.1+3.1 eV,

or 0.16+0.07 W.u. (see Table IV}.
A particularly interesting question is the degree of

purity of the dominant (ds/z pz/z ) configuration
in the 4; 1 level. The po entrance channel requires
tiny (&1%) (Ref. 15) admixtures of (g9/z, pi/z '}
configurations. The 4; 1 level gets most of the ex-
pected (d, t) pickup strength, ' but only roughly
one-half of the expected M4 inelastic electron
scattering strength. Our measured y-decay
strength is 0.7+0.3 of the value expected for a pure
(d5/z p3/z ')4; 1 level (see Table VIII). Unfor-
tunately the uncertainty in this quantity is too large
to draw any interesting conclusions. This stems
mostly from the large (+40%) uncertainty in
I'z /I', which should be remeasured (for example,Po

by elastic scattering).
It is surprising that the 4 resonance does not

show sizable interference effects (see Fig. 2}, as one
might expect for an M 1 resonance interfering with
an El background. However, such interference
would vanish due to angular momentum coupling
constraints if the El background were mainly due
to p-wave capture, since the 4 resonance must be
formed by g-wave capture. Alternatively, if the E 1

background were due to a mixture of p-, f-, and h-

wave capture, several interference terms would re-
sult. These could sum destructively and also lead to
the very small observed interference. The possibility
that the background is predominantly M1 can be
excluded on the basis of its strength.

D. The 18.03 3 T=1 state

Our resonance at

Ep ——6.298+0.010 MeV

(E =18.032+0.010 MeV)

occurs at the same energy as the

E„=18.033+0.010 MeV

3 level of Ref. 15. For the yiz decay of this reso-
nance we obtain a& ——+0.55+0.06, a ~

——+0.21
+0.04, and aq, a4 consistent with zero. This is con-
sistent with dipole decay. Assuming pure dipole de-
cay to the 3 6.13 MeV level, the az coefficient re-
stricts the spin of the 18.03 MeV state to J=3 (for
which +0.375&az &+0.50), in agreement with
Ref. 4. The nonvanishing ai indicates interference
of opposite parity radiations, which suggests nega-
tive parity, since the background must be mostly
E 1. The suggestion of interference effects in
Az(90') (see Fig. 3) is also consistent with the nega-
tive parity of the state. Breuer et al. '~ measured

l~ /I =0.41 and I', /I'=0. 46 [+(0.010—0.020)]
for the pc and ai decays of this state. They assigned
the missing strength (see Table IV) to the no chan-
nel. The strong resonance we observe in the a~
channel is consistent with the po and a~ branching
ratios of Ref. 15. Our observation of a resonance in
the piz channel indicates that the missing 11% de-
cay strength attributed to the neutron channel in
Ref. 15 is due to the piz channel. Therefore we
identify this resonance as the same level populated
in single-nucleon pickup studies. ' ' The strongest
evidence for the parity of this state comes from the
'70(d, t) work' which reports a clear /=1 angular
distribution shape in the region of the first max-
imum, implying m= —and hence J =3 . The
measured az given above suggests the presence of
both d5/z and g7/z entrance channels, with the ratio
of g7/z to d5/z amplitudes between 0 land 2.4. .

Our measured strength

I'&I'r, /I =1.96+0.27 eV

agrees with the less precise previous result of
1.5+0.8 eV. Using

I'p/I =0.41+0.15

(Ref. 15) we deduce I'r, ——4.8+1.9 eV or 0.14+0.06
W.u. (M 1) (see Table IV). The results for the 18.98
and 18.03 MeV states are summarized in Tables III
and IV. It is interesting to note that the 18.03 MeV
3;1 state theoretically does not have a strong 1p-1h
component; nevertheless, its M1 decay strength to
the 3;0 state is as large as the decay strength of the
18.98 MeV 4; 1 state to the same final state.

We see no evidence of the 4 T=0 levels at 17.79
and 19.80 MeV which have been observed in the
' O(d, t}' 0 reaction' ' and in inelastic proton'
and pion' scattering. The resonances should occur
at proton energies of 6.04 and 8.18 MeV, respective-
ly. From our data we estimate I'r &2.2 eV (0.066
W.u.) for the 17.79 MeV state and I

& & 13 eV (0.24
W.u. ) for the 19.80 MeV state. This is consistent
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with the rather weak po decay branches of these
states (Iz/I =0.14+0.05 and 0.08+0.05, respec-
tively' ) along with their predominantly T=0 char-
acter, ' which would lead to weak M1 decays ac-
cording to Morpurgo's rule.

At
E. The 16.45 MeV 2+ state

Ep 5.000+0.010 MeV

(E„=16.815+0.010 MeV)

we observe a strong, narrow resonance (I =32+8

E& ——4.610+0.010 MeV

(E„=16.450+0.010 MeV)

a strong narrow resonance (I =24+8 keV) is present
in the yi2 yield curve and absent from all other
channels (see Fig. 4). We identify this resonance as
a well-known 2+ state in ' O." In inelastic electron
scattering' "' ' a narrow 2+ state was seen at
E, =(16.46+0.07) MeV with I =35+5 keV and
I

&
——0.5+0.2 eV. It has also been observed as a

30

weak resonance in the yo, ao, u~,po, and no exit
channels in both ' C+o. and ' N+p reactions. "
We obtain

/I'=1. 11+0.24 eV

assuming J=2 and a2= —0. 11 (see Table I) for the
E1 decay to the 3 6.13 MeV state. From our yo
yields we estimate I'&I z /I &0.21 eV. This com-

bined with r& from electron scattering yields
Yo

lz/I &0.7. ' C(a,a)' C and ' C(a,po) results
show a J;T=2+;(1) resonance at E, =16.442(2)
MeV with I'= 22+ 3 keV, I',/I'=0. 28, and

I'z /I'=0. 1. Combined with our y2 capture
&o

strength, this yields I
&
-11 eV=0.02 W. u. (E1).

This exceeds the RUL of 0.003 W.u. for isoscalar
E1 transitions; hence, we assign T=1 to this reso-
nance, in agreement with previous suggestions. The
' C(a, yo)' 0 reaction strength

I I &/I=0. 45+0.11 eV

(Ref. 23) together with the ao branching ratio quot-
ed above leads to I

&,
-1.6 eV for the ground state

E2 transition, a value considerably larger than the
electron scattering result of 0.5+0.2 eV." The (a, y)
result may include contributions from broad E2
strength in this same energy region. The energy of
this resonance agrees well with the expected energy
of the analog in ' 0 of the ' N 3.52 MeV 2+ state.

F. The 16.81 MeV 3+ state

At

keV) in the aiy, yi2, and y34 yield curves. A decom-
position of the y34 yield indicates that the resonance
is mainly due to the y3 decay to the 6.92 MeV 2+
state. Assuming dipole decays limits J to 1, 2, or 3.
Absence of a yo transition suggests J=2 or 3. A 3+
resonance has been observed at Ez ——5.01 MeV in
the ' N(p, ai) and ' N(p, po) reactions. The ab-
sence of a corresponding ' N(p, no) resonance sup-
ports the l=3 assignment for this resonance since
the ratio of penetrabilities P„/P~ =0.038 for l =3,
whereas P„/Pz ——0.45 for l = 1. This resonance
probably corresponds to the 16.80+0.10 MeV (3+)
state observed ' in inelastic electron scattering with
1&100 keV. The analog of the 3.96 MeV 3+
state of ' N is expected to occur in ' 0 very near
this resonance. For I~/I =0.5 (see Table V) the
M1 transition strength somewhat exceeds the RUL
for an isoscalar transition. Thus we suggest T=1
for the resonance. However, our (p, aiy) strength
implies I ~ =14 keV (see Table V), indicating signi-

ficant isospin mixing.

G. The 17.27 MeV 1 T=1 state

The resonance in the y34 channel at

E& ——5.488+0.015 MeV

(E„=17.27+0.015 MeV)

corresponds to the decay of the well-known" 17.29J=l, T=l state. Analysis of our gamma ray
spectra indicates that the y34 resonance is an E1-
decay branch to the 2+ 6.92 MeV state of ' 0. As-
suming a2 ———0.025 (see Table I) we obtain

I' I r, /I =3.27+0.41 eV

for this branch. Resonance analysis of the yo data
of Ref. 3 constrained to reproduce cross sections and
analyzing powers at 90' as well as the a and b coeffi-
cients over an extended energy region yields

I pl r /I =(25+6) eV,

in agreement with an estimate of this strength based
on the present data. Using" I z/I =0.41 we ob-
tain I

&
——61 eV, in good agreement with previous

radiative capture results" (I r
——67 eV) and inelastic

electron scattering results" '
( I r

——62+ 12 eV).
Yp

We estimate

r, rr, =0.134+0.025

for this state, which yields I
&

——8 eV or 0.015 W.u.
(E 1)
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H. Other resonances

The strong resonances (see Fig. 4) observed in the
a~y yield curve at Ez ——2.995(15) and 3.288(15)
MeV [E„=14.936(15) and 15.210(15) MeV, respec-
tively] correspond to well established states" in '60
at excitation energies of 14.922(6) and 15.196(3)
MeV with assigned spins of' 2+ and 2, respectively.
The 2+ resonance has

r,r.,
/I'=0. 31+0.08

(see Table V), indicating nearly equal po and at
widths (and consequently a very small ao width),
consistent with Ref. 11. Breuer et al. "observed the
population and decay of the 2 resonance in the
' O(d, tc) reaction with c=po and a„and found

I&, /I =0.81 and I,/I'=0. 19; hence, I'&I', /I'
=0.15, consistent with our result of 0.17+0.14.

Near Ez ——3.47 MeV (E„=15.38 MeV) we observe
a broad peak in the a~y channel with I =200 keV
which is not resolved from the strong resonance in
this channel at E& ——-3.29 MeV. This peak does not
agree with any single known resonance in ' O.

The broad structure around E~ =5.7 MeV in the

y~2 and a& yield curves suggests the presence of reso-
nances at E„=17.40 and 17.55 MeV, both with
widths of roughly 150 keV.

The relatively strong resonances in the 4.4 MeV
y-ray yield curve at Ez ——5.375 and E~ =5.89 MeV
agree with known resonances in the
' C(p,p~)' C (4.43) reaction. We ascribe these res-
onances to the ' C(p,p, y4. 43) reaction on the car-
bon contained in the melamine target.

At

Ep ——6. 138+0.010 MeV

(E„=17.880+0.010 MeV)

we observe a narrow resonance (I'=10+8 keV) in
the y34 and at channels (see Fig. 4). A decomposi-
tion of the y34 yield indicates that the resonance is
due to y4, which populates the 1 7.12 MeV final
state. Thus we expect J=O, 1, or 2 for the reso-
nance. It is possible that this resonance corresponds
to the (2 ) state seen in inelastic electron scatter-
ing ' at 17.6+0.1 MeV with I & 100 keV. The ana-
log of the 5.05 MeV 2 level" in ' N is expected
about 17.88 MeV (see Table VI), suggesting a (2, 1)
assignment for our resonance, an M1 decay to the
7.12 1 state, and an isospin mixed character for the
resonance.

Relatively weak overlapping resonances are ap-
parent in a&y, p &2y, and p3y at

Ep ——7.54+0.05 MeV

(E„=19.20+0.05 MeV)

and

Ep ——7.86+0.05 MeV

(E„=19.50+0.05 MeV)

and in a~y, p~2y, and y&2 at

E&
——7.65+0.05 MeV

(E„=19.30+0.05 MeV),

TABLE VI. Some probable analog T=1 states in ' 0 and ' N.

E„(MeV)

( +keV)

16Na

r {keV)
E„(MeV)

(~keV) I (keV)

16Ob

EN EO

+ 12857 keV

3,355(5)
3.519(5)
3.960(5)
4.319(5)
4.387(6)
4.760(50)
4.776(1O)
5.050{16)
5.150(7)
6.009(10)
6.168(4)
6.426(7)

is(s)
3

&2
20(5)
82(20)

2so(so)
59(8)
19(6)

&11
270(30)

&11
3oo(3o)

1+
2+
3+
1+
1

1

2+
2

(2,3)
1

(4 )

16.212(10)
16.442(2)'
16.817(2)'
17.123(10)
17.271( 15)

-17.5'
17.72'
17.880(10)
18.033(7)
18.990(30)'
18.979(7)
19.48(25)'

18(3)'
24(8)
32(8)
36{5)s
77(1O)

-500'
-75'

i9(8)
16(8)

260'
8(4)

250(50)

jI
+

2+
3+
1+
1

1

(0+ 2+ }~

(2 )

3
1

1

0(11)
—66(5)

0(5)
53{11)

—27(16)

—87
27(i8)

—26(10)
—124(31)

46(8)
—197(26)

'Reference 11.
This work unless otherwise noted.

'Visible in data of Ref. 6.
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with widths -130—200 keV. The lower resonance
occurs at the same energy as the 3 T= 1 state seen
by Breuer et al. ' with I =68+10 keV, but is con-
siderably broader.

The

Ez ——8.288+0.010 MeV

(E„=19.896+0.010 MeV}

resonance was studied previously by Chew et al. , '
who showed that the yi2 decay is to the 3 (6.13
MeV) final state and assigned J=3 to the resonance.
There is also some evidence of a narrow (l =3) reso-
nance at this energy in the ' N(p, p) excitation func-
tions of Dearnaley, suggesting 7r =+.

Finally, at

E~ =8.836+0.020 MeV

(E, =20.412+0.020 MeV),

we observe a very strong resonance which has previ-
ously been studied ' in the '5N(p, y2} reaction.
Strong resonance-background interference was ob-
served in the 90' y, 2 yield, due to interference effects
in the a2 coefficient. This was interpreted as arising
from J=4 resonance —J=2 background or J=2
resonance —J=4 background interference. The au-
thors of Refs. 4 and 5 argued that the 20.41 MeV
state is the giant M1 resonance built upon the 3
(6.13 MeV} level and suggested on the basis of the
agreement in excitation energy that this is the 2
(M2} resonance seen at E„=20.36+0.07 MeV in
inelastic-electron scattering. However, the reso-
nance widths do not agree: I'=190+20 keV for the
(p, y2~ resonance and I'=500+100 keV for the
(e,e') resonance. "' An assignment of E 1 to the
resonant y2 transition is more likely. The observed
interference in a2 requires interfering resonance and
background amplitudes of the same parity. The
predominant multipolarity in the background is al-
most certainly El; thus, this effect is simply ex-
plained if the resonant yz yield is also E l. If the
resonance were M1, then a substantial portion
( & 50%) of the background would have to be M 1

(E2 capture could not be sufficiently strong), and
one would expect large off-resonance E1-M1 in-
terference in this region, which is not observed ei-
ther in the ui coefficients of Ref. 5 or in our 90'
analyzing power A„(90') for y2 (Fig. 1). This argues
that this resonance is E1; hence, J =2+ or 4+. In
this case 4+(f7/2)-2+(p3/2) interference would ac-
count for the behavior in the a7 observed in Ref. 5.
If we identify this resonance as the one seen at
E~ =8.88+0.04 MeV in the (p, n) reaction, ' then

the observed reaction strengths (see Table V} are in-
compatible with J=2. Hence we assign
J =4+(2+), T= 1 to this resonance. This is likely
the same resonance observed ' in (p,p0 q ) at
E =20.42 MeV, which on the basis of weak evi-
dence was tentatively assigned J =(2+,3+,4+ ).
Also, elastic a scattering suggests a (4+) resonance
at this energy with about the right width. A T=1
state with J =(2,4 } seen' at E„=20.45 MeV in
/=1 pickup from ' 0 must correspond to a different
level.

V. IDENTIFICATION OF T=1 ANALOG
STATES IN '~O AND '~N

Because of the selection rules favoring ET=1 for
both E1 and M1 transitions, it is likely that the
'5N(p, y) resonances we observe correspond to T=1
states. We have reviewed the isospin assignments
for most of the resonances above. Our assignments
are summarized in Table VI. In Table VI we list the
excitation energies and widths of the suggested cor-
responding states of ' N and ' 0 along with the ex-
citation energy difference in ' N and ' 0 normalized
to zero for the lowest 1+ T= 1 state. It is clear
from the small value of this difference, and the near
equality of the corresponding level widths in ' N
and ' 0, that our assignments are reasonable. We
have noted above that isospin nonconserving a de-
cay branches are observed for most of the ' N(p, y)
resonances. This does not invalidate the T=1 as-
signments because the a widths are a very small
fraction of the Wigner-limit width. The a branch-
ing ratios are relatively large, not because the a
widths are large, but because the proton widths are
small. The smallness of the proton widths is a
consequence of the 2p-2h nature of the positive pari-
ty T=l states. This configuration could decay
readily to the 5 MeV lp-2h states of ' N (which are
energetically closed below E„=17.40 MeV}. On the
other hand, decays to the ' N ground state are
strongly suppressed. Similarly the proton widths of
the negative parity E 1 states are configuration in-
hibited; for example, the d5/i p3/2

' structure of the
19.0 MeV 4 state inhibits its decay to the ' N
ground state. Both the 6.01 MeV 1 and the 6.43
MeV ' N levels' appear to be analogs of known 1

levels in ' 0 (see Table VI). The parent in '6N (ex-
pected near 6.0 MeV) of the broad 18.8 MeV '60
1+;1 level has not been identified. Most likely this
' N 1+ state is not resolved from neighboring levels
such as the 6.01 MeV 1 state. Other 1+ states as-
signed in ' N have no known ' 0 analogs. "



1852 SNOVER, ADELBERGER, IKOSSI, AND BROWN

VI. THEORETICAL DISCUSSION

We are primarily concerned with a comparison in
' 0 between the present experimental gamma widths
and theory. We will show that the available theoret-
ical models have some success in explaining the data
but also some serious failures, in particular for the
M 1 transitions to the 1+ T= 1 states. In order to il-
luminate the reasons for these failures, we have ex-
panded our comparisons to include M1, Gamow-
Teller, and (p, n) observables in the region
A =14—18 as well as the two-nucleon transfer reac-
tions leading to the 1+ T= 1 states.

Although a number of interesting collective
models have been applied to the description of excit-
ed states in ' 0, such as the alpha cluster model
and the deformed Nilson model, these models have
thus far only been developed for the T=O states.
For the isovector transitions; the interplay between
single-particle and collective excitations is important
and we must turn to a more microscopic description
as provided by the shell-model configuration mixing
theory.

Since the first excited state of ' 0 (the 6 MeV 0+
state) is known to have a 4p-4h configuration, a
"good" shell-model calculation of ' 0 and neighbor-

ing nuclei should be one which permits up to 4%co

excitations out of the Os and Op shell cores. The
basis dimensions for such a calculation are prohibi-
tively large (there are, for example, 2337 4p-4h 0+
states) and some truncations must be made in order
to keep the number of basis states down to a
manageable size. In ' 0 two different kinds of con-
figurations relative to a (Os, 0p) closed shell are
known to be important for the low lying levels.
Namely, the lp-lh configurations for vibrational

type of states such as the 3 T=O "octupole vibra-
tion" and the 1 T= 1 "giant-dipole vibration, "and
the many-particle-many-hole configurations for the
deformed type states such as the low-lying "4p-4h"
rotational band.

A single truncation which simultaneously incor-
porates both of these features has yet to be success-
fully developed. Rather, one truncation has been
developed ' which works best for describing vibra-
tional collectivity and another which works
best for describing the many-particle-many-hole
states. In the next section we briefly describe some
recent versions of these two truncations schemes.

A. The ZBM model space

This model space restricts the active orbits to the
Op~/2, Ods/2, and 1s&/q subshells outside of a closed
(Osi/2 Op3/2) (' C) core and is referred to as the
"ZBM" model space after the authors instrumental

in its early development. ' The ZBM truncation
has been very successful in giving a microscopic
description of the low lying "many-particle-many-
hole" holes states for nuclei around ' O. The
parameters of the effective interaction in this model
are usually taken as the three single-particle energies
and the 30 independent two-body matrix elements.

Initially, the two-body matrix elements were based
on a realistic interaction, then some or all of them
along with the three single-particle energies were
varied to fit experimental binding energies for
3 =13—18. ' More recently ' two interactions
have been extensively tested which are referred to as
the "F"and "Z" interactions in Ref. 39. The com-
parisons made in Ref. 39 and the comparisons of
electromagnetic matrix elements we have calculated
have shown no clear preference for one interaction
over the other, and most results presented here will
be those for the Z interaction.

Arima and Strottmann have calculated M 1

strengths in ' 0 using the ZBM model space with
the "ZBM-II" interaction of Ref. 36. The Ml
strength distribution with this interaction is similar
to the results given here for the Z interaction. (Note
that the ZBM calculations shown in the figure of
Ref. 40 do not include 4p-4h components in the 0+
and 1+ states. )

The major deficiency of the ZBM model space is
that it does not include the Od3/i and Op3/i levels.
These will enter as intruder states at about 6 MeV
above the nonclosed shell configurations and will
modify the M I observables for transitions within
the ZBM model space.

B. The PSD model space

In the PSD model space the Op3/2 Op&/2, Ods/2
1s&/2, and Od3/g orbits are all active. Millener and
Kurath (MK) (Ref. 35) have determined an effective
interaction appropriate for a truncation in which the
normal parity states are constrained to a major oscil-
lator shell and the non-normal parity states are con-
strained to 1%co excitations, e.g., Op to Odls excita-
tions. The residual interactions consist of the Otic
matrix elements of the type

(Op-Op
i ViOp-Op)

(Od ls-Od ls
i

V
i
Od ls-Od ls),

the ltd matrix elements such as

(Op-Od 1s
i

V
i
Op-Od is ),

and the &co matrix elements such as

(Op-Op
~

V
~

Od ls-Od ls) .
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The total interaction which we refer to as the MK
interaction consists of the following:

Otic. The Cohen-Kurath "8—16-TBME" interac-
tion' for the Op shell; the Preedom-Wildenthal in-
teraction for the Od ls shell.

1Ac0. The 1fico MK interaction is based on a Yu-
kawa potential with 11 parameters for the central,
I.S, and tensor interactions. These are chosen to
give a good account of the non-normal parity states
of a number of nuclei from 'Be to ' 0 (Ref. 35).

2%co. The Kuo-Brown 6 matrix. '

We are also interested in using the MK interac-
tioris to calculate the 2p-2h 0+ and 1+ states in ' 0
which are central to understanding the M1 and GT
decays involving the 1+ states. To remove the
spurious states the full basis must include

(Os) (Op)', (Os) (Op)' (Od ls), (Os) (Op)' (Od ls)'

and

(Os) (Op)" (Of lp)'

configurations. The calculations we have carried
out do not include excitations into or out of the Os

and Of lp shells (the latter two components given
above). However, we have compared some of our
results with calculations of Millener 0 which in-
clude all four configurations, and the differences
were small.

Arima and Strottman (AS) (Ref. 40) have also
carried out calculations for ' 0 with the first two
configurations above (they allow only one particle in
the Od3/q orbit; however, we have checked that the
same restriction in the present calculation does not
significantly change the M 1 matrix elements to the
states of interest). The total AS interaction consists
of the following:

(Hico The Cohen. -Kurath interaction' for the Op

shell; the Kuo-Brown G-matrix elements for the
Od 1s shell.

liric0. The Gillet interaction. "
2%co. The Gillet interaction.

Clearly the MK and AS interactions differ in many
respects. We expect the MK interaction to be more
reliable, since it has been tied more closely to experi-
mental binding energies and excitation energies.
The major deficiency of the MK-PSD inodel is that
the energies of the many-particle-many-hole states
in ' 0 come at too high an excitation with the MK
interaction.

C. The spurious state problem

With harmonic-oscillator wave functions it can be
shown that the closed-shell configuration for ' 0

can be factored into a product of intrinsic and center
of mass wave functions with the center of mass in a
Os state. There is one 1%co excitation which excites
the center of mass into a Op state, and hence one
particular linear combination of lp-lh states for
J=1 and T=O will be spurious and unphysical.
In j-j coupling this linear combination is proportion-
al to

g &pii
I IRI tO &

I S» & ~ 2 &p I
lrI' "III & I

pii &

ph

where

1R=—g r(i)

is the center of mass coordinate.
In the PSD-MK model space this spurious state

can easily be eliminated, for example by using the
method of Gloeckner and Lawson (GL}.~ However,
since the ZBM lp-lh spectrum is incomplete (i.e.,
the Op3/2 and Od3/2 orbits are missing) there is only
one 1 state, the Opi/2 'lsi/2' configuration, and
the spurious state cannot be eliminated. The two
approximate extremes are to use the GL method,
which has the effect of eliminating all 1 states
from the ZBM lp-lh spectrum, ~ or to keep the
wave functions unmodified. The Opi/2 'ls, /2' con-
figuration is in fact 95% nonspurious (i.e., this con-
figuration contributes 5.4% to the above spurious
wave function), and hence it is more reasonable to
use the latter approximation of leaving the ZBM
wave functions unmodified.

The spurious 1 T=0 state is involved in the 2p-
2h states of ' 0 since spurious 2p-2h states can be
made by the coupling of a nonspurious lp-lh and
the spurious Ip-1h state. In the PSD 2p-2h spec-
trum it is very important to remove these com-
ponents, which we have done by using the GL
method. In addition, the center of mass can be
directly excited by 2fico into Od and 1s states which
are represented by a linear combination of 2ftco lp-
1h and 2p-2h shell-model configurations. Our cal-
culations do not include these 2fuu 1p-1h states, but
comparisons with some calculations of Millener, 2O

who has included 2fico lp-lh, suggest that their ef-
fects on the results presented here are small.

D. General comparison of M 1, GT,
and (p, n) observables

The reduced hf 1 and GT transition probabilities
are historically defined as:

B(M1)=56.8 p~ /[r (fs)E (MeV) ]
=86.4I r(eV}/E (MeV)

B(GT)+B(F)=6170/[t i/2( s)f],
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where B(F) is the reduced Fermi transition proba-
bility.

The trivial statistical dependence on J; and Jf can
be removed by defining related reduced matrix ele-

ments M by

and

M(GT) = [(2J;+1)B(GT)]' ' .

M(M1) =[(2J;+1)B(M1)]'i'
With these definitions, M(M1) and M(GT) are re-
lated to

T) 0 T( ~f i

7 () Z
&ffffO(I~MI)fffi&+( —1) '

Z () y &f fffO(IVMI)fff~ &,

T) 1 T;
&f f f

fO(GT)
f f

fi& .

The reduced matrix element convention is

&J/, MI f r,'"'f J;,M;&

J k J;
—Mf q M;

The magnetic moments are proportional to matrix
elements of the O(M 1) operators, and by definition,

12 J ii
p =(4~/3)'~~ M(M 1) .

In the impulse approximation for weak and elec-
tromagnetic interactions, in which the nucleons are
treated as point particles and the nuclear recoil is ig-
nored, O(M1) and O(GT) are given by the follow-
ing one-body operators:

O(ISM I )/pN

=(3/4m)' [(g~+g,„)s+(g&~+g&„) 1]/2,
O(IVM 1)/pN

=(3/4n )' [(g, —g,„)s 7+(gi —g,„)1 r]/2,
and

O(GT)=(gg/gv)(2)' 's r,
s =Xs(i),
1 =X 1 (i),
s r =X s (i)r(i),

and

1r=X1(i)r(i) .

The ratio of the axial vector to vector coupling con-
I

I

stants is determined from the neutron beta decay'

f gg/gy f
=1.251+0.009,

and gz and g„are the free proton and neutron g fac-
tors (g,z ——5.585, g,„=—3.826, glz ——1., and gt„——0.).
The "free" nucleon values may be renormalized
due to many-fm configuration mixing outside that
contained in our model space.

Beyond the impulse approximation, processes
such as the delta-particle-nucleon-hole admixtures
will contribute to the renormalization of the s r
operator equally for both the M 1 and GT observ-
ables. There is presently considerable controversy as
to whether this or the many-Aco admixtures are more
important.

On the other hand, meson exchange and pair
current diagrams contribute quite differently to the
vector M1 and axial vector GT operators, so that
the "effective" operators for s r may be different
for M 1 and GT observables. [Note in Eq. (5.18) of
Ref. 50 that pair-current contributions are propor-
tional to M(proton) /M(m. ) for the vector and
M(m. )/M(proton) for the axial-vector operators. ]

The various isovector probes may be directly com-
pared by relating them to the basic reduced matrix
elements,

and

[Note that for a free nucleon R ( s r )=3 and
R( 1 r) =0.] We define reduced matrix elements re-
lated to the various probes such that the leading
term is equal to R( s r ):

R (IVM1) =M(IVM 1)
Tf 1 T;

(3/4n)'~ ~ 0 ~ (g,q —g,„)/2
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=R( s r )+ [(g~&
—gi„)/(g& —g,„)]R( 1 r )

=R( s r)+0.1062R( 1 r),

Tf 1 Tg

R(GT) M(GT)/ (2} '
I g~/gV l —T, b T, Tzf z zi

=R(sr} .

In these relations, unnecessary phase factors have
been dropped.

It was recently discovered that the (p, n} reaction
cross sections for medium energy protons at small
angles are dominated by L =0 and S=1 transfer. '

Hence, the small-angle cross sections are proportion-
al to the same matrix element which mediates
Gamow-Teller beta decay. The proportionality con-
stant has been established empirically by comparing
the (p, n) cross sections and 8(GT) matrix elements
between the same initial and final states. The ma-
trix elements R (pn), which are defined in the same
way as R(GT}, can then be extracted for many tran-
sitions which are energetically inaccessible to beta
decay. This has led to a tremendous increase in our
knowledge about many individual states connected
via the s r operator as well as about the features of
the "giant Gamow-Teller" resonance in general. We
will define a quantity B(pn} extracted from the
(p,n) experiments " in such a way that it would
equal 8(GT) between the same two states (i.e., it
contains the factor gz /gz).

In the following comparisons of theory and exper-
iment we have used, in addition to the present exper-
imental results, data obtained from the compila-
tions ' and from other works' ' not covered
by the compilations.

There are many cases in the mass region
A =13—18 where M1 and GT strengths connecting
the same pairs of states have been measured. The
experimental matrix elements M and R for a number
of these are given in Table VII. (Note that the signs
of M and R are only meaningful for the diagonal
cases, which are related to the isovector magnetic
moments. }

The theoretical matrix elements R ( s 7) and
R( 1 r ) are also given in Table VII for the ZBM and
PSD calculations. We first discuss some general
features of the comparison of experiment with
theory. It is convenient to consider the experimental
quantity R(IVM1) with the theoretical 1 P. contri-
bution subtracted,

R(IVM1) =R(IVM 1)+0.1062R( 1 7 ) .

For diagonal (magnetic moment) matrix elements
the sign is negative, and for the off-diagonal M1
matrix elements the sign is determined by the rela-

I

tion between the theoretical s ~ and 1 ~ matrix ele-
ments.

In Table VII we compare the quantities R(GT),
R (IVM 1), and R( s r) whose absolute values should
be equal if experiment and theory agree. In Fig. 8,
the quantities R(GT) and R (IVM1) (ZBM) are com-
pared in an (x,y} plot and in Fig. 9 the quantities
R(GT), R (IVM1)(PSD-MK), R ( s r )(ZBM), and
R( s r)(PSD-MK) are compared in a histogram plot.
The notation R(IVM1) (ZBM) indicates that this
quantity was obtained from the experimental
R(IVM1) minus the theoretical 1 r contribution
calculated in the ZBM space. In many cases
R(IVM1) (ZBM) and R(IVM1) (PSD-MK) are
nearly equal and the conclusions do not strongly de-
pend on which one is used.

For the strong transitions R(IVM1) is on the
average somewhat larger than R(GT}. If we average
the ratios R (IVM 1)/R(GT) for the transitions given
in Table VII, we obtain 1.25, with an internal uncer-
tainty of +0.10. Here we have summed the transi-
tion strengths for each nucleus given in Table VII
and then computed the ratio. This result is insensi-
tive to the choice of PSD-MK or ZBM results for
R(IVM1). Thus we have very clear evidence for a
difference in the enhancement of s r(M1) relative
to s i.(GT) This 2. 5+ 10% difference between
R(IVM1} and R(GT) may arise from the mesonic
exchange and pionic pair-current corrections which
are much more important for the M 1 operator than
for the GT operator, as mentioned above.

From Table VII and Fig. 9 it can also be seen that
the experimental R(GT) is on the average quenched
(by about 20%) relative to the theoretical R(sr).
This is presumably due to the many-fico configura-
tion mixing and the delta-particle-nucleon-hole ad-
mixtures mentioned above.

In conclusion, near ' 0, the average "effective"
M1 operator is close to the free nucleon value, but
this is due to an accidental cancellation between a
quenching effect (as seen for the GT operator) and
an enhancement effect (due to exchange currents).
About 20% of the M 1 and GT contributions are
due to "nuclear medium" effects which must be in-
corporated into the theory as effective two-body
operators. These two-body "nuclear medium" ef-
fects provide a mechanism by which the 2p-2h 1+
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tion of exchange current contributions to the ' 0
M1 transitions indicates they are too small to ac-
count for the observed effects.

0
0 2

I
R~&&&")Ized

states in ' 0 can be directly excited f'rom a closed-
shell ground-state configuration. It may be neces-
sary to include this effect in order to account for the
experimental results, although a preliminary calcula-

FIG. 8. A plot of the quantity R(IVM1) on the x axis

vs R(GT) on the y axis. R(IVM1) was obtained from the
experimental R(IVM1) corrected for the 1 ~ contribu-

tion calculated in the ZBM model (see Table VII and Sec.
VID). In the impulse approximation both quantities are

equal to R ( s 7) and would lie on the 45' line shown.

E. 1p-1h states in A =16

It is instructive to consider the M 1 and GT prop-
erties of known 0 through 4 low lying "lp-lh"
states in A = 16 since much data is available and the
theories give some contrasting results. In addition
to the GT results shown in Table VII, several other
results are given in Table VIII.

In addition to the ZBM and PSD model spaces we
have considered the simpler 1p-1h weak-coupling
approximation in which, for example, the lowest 2
state has a pure (Opi~i) '(Odsqi)' configuration.
The T=1 to T=O B(M I) strengths in the weak-
coupling model are very large (several W.u.), and
larger than experiment. The ZBM and PSD model
spaces can then be considered as two very different
ways to expand the weak-coupling model space.

The ZBM model space contains the weak-
coupling configurations for the 0, 1,2, and 3
states and adds the 3p-3h configurations. Even
though the ZBM wave functions admix up to about
30% of the 3p-3h component into the lowest levels,
the B(M1) values are nearly the same as in the pure
weak coupling. The main reason for this is that the

0

7/
x//

17F

7/

R(«) zB&

R(GT)

R (IVM1) pso-vK

R(«)pso sK

2
'

7~

1
0 )( /

—0 ~/ x/
X/

x//

x
0// Q ~ X

7 x/ x
0

x/
13N 14p 14p 1sp 16p 16p 16p 16' 16N 16N 18p 18p

FIG. 9. Comparisons of the experimental matrix elements R(GT) (crosses) and R (IVM1) (open circles), and the theoret-
ical matrix elements R( s r) (unshaded histograms for ZBM and shaded histograms for PSD-MK.). R(IVM I ) was ob-
tained from the experimental R (IVM1) corrected for the 1 P. contribution calculated in the PSD-MK model (see Table
VII and Sec. VI D).
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TABLE VIII. Ml transition strengths between the lowest negative parity states of each
spin in A =16. 8(M1) in units of p~ and p(J) in units of pN.

J (T') +Jf(Tf)

"O 4-(1) 4-(0)
~3 (0)

3 (1)-+4 (0)
3-(0)

~2-(0)

19.0

13.26

6.13

6.13

0.29(13)

2.20(36)

Experiment'

E; (MeV) Ef (MeV) 8(M1) or p

11.49
1.41
1.81
2.68
0.50

2.28
0.52

11.49
0.41
1.60
1.31
0.20

Theory
8(M1) or p

jj ZBM PSD
coupling Z int MK int

2 (1)~3 (0)

~2-(0)
—+1 (0)

(1)~2 (0)
—+1 (0)

O-(0)
0 (1)-+1 (0)
2 (0)-+3 (0)
0 {0)-+1 (0)

'6N 3 (1)—+2 {1)
1 (1)~2 (1)
1 (1)~0 (1)

@[3 (1)]
p[2 (1)]
v[1 (1)l

12.53'
12.97

13.09

12.80
8.87

10.95

0.30
0.40
0.40
0.30
0.0
0.40

6.13

8.87
7.12

7.12

7.12
6.13
7.12

0.0
0.0
0.12

1.51{9)

2.72{22)
0.46(6)

0.56(16)

1.18{9)
0.0036(14)
0.0012(8)

0.016{1)d

0.037(3)'
0.299(24)'

+1.52(9)

+1.83(13)'

0.70

4.21
0
0
1.73
1.88
5.63
0.0057
0.046

0.0056
0
0.65

—2.18
—1.55
—2.18

0.76

3.47
0.0018
0.0049
1.46
1.75
5.09
0.0053
0.040

0.00055
0.0022
0.40

—2.01
—1.46
—1.80

0.24

1.97
0.0021
0.044
0.64
2.05
1.44
0.00025
0.0117

0.033
0.017
0.50

—1.43
—2.13
—1.98

'References 56 and 57 unless otherwise noted.
'This work.
'We sum the decays of the 12.53 and 12.97 MeV 2 states to obtain the isovector strength.
Reference 62.

'Reference 61.

M 1 operator does not connect the off-diagonal lp-
1h and 3p-3h components. Millener has made cal-
culations which include 3p-3h admixtures in the
larger PSD space and found a similar result.

On the other hand, in PSD all but the 4 1p-1h
states are mixed by the MK interaction. This mix-
ing has the effect of reducing the 8(M 1) values and
improving the agreement with experiment, rather
dramatically in some cases. (This reduction can be
associated with the tendency towards LS coupling. )

There remain, however, some glaring discrepancies.
The experimental transition strengths for all three
branches of the M 1 and GT decay of the 2 T= I
state are larger than the PSD-MK theory. In partic-
ular, the decay of this state to the 1 T=0 state is
experimentally not nearly as forbidden as expected.
This transition is completely forbidden in the j-j
weak coupling limit because it involves only the
Od5~2 to 1s~~2 single-particle matrix element.

F. The 1+ T=1 states in A =16

Some transitions to and from the 1+ T= 1 states
in A =16 are shown in Fig. 10. As expected, the
beta decays of ' C to ' N(1+) are stronger than the
M 1 decays ' 0(1+) to ' O(g.s.) because the beta de-
cay connects two states each of which is predom-
inantly 2p-2h, while the gamma decay connects a
"2p-2h" state with a state which is predominantly
Op-Oh. In addition, there are data on the '

O(p, n)
reactions feeding the 1+ states.

In the ZBM space the lowest 1+ T=1 state is cal-
culated to occur at 13.08 MeV and 15.52 MeV with
the "Z" and "F" interactions, respectively. The
agreement with the experimental energy of 16.22
MeV is reasonable but not too surprising since these
interactions have been adjusted to fit (among many
binding energy observables) the spectrum of many-
particle-many-hole states in ' Q. In the PSD model



27 PROTON CAPTURE TO EXCITED STATES OF ' 0: M 1, E 1, . . . 1859

C

o, zf

O

I+
i+o
O Vl

4.32

3.36

17.14

16.22

16N

6.05

O

I+

o o
O O O

W
Ch C
I+ I+
O OoD
Vl

CD

I+

CD

CD

C
Vl

0';0

16p

0 0+;0

FIG. 10. Experimental M1 and GT decay strengths in-

volving the A =16 1+ T=1 states. The reduced transition
strengths B(GT) are dimensionless and B(M1) are in units

of pp' ~

space the excitation energies depend on the type of
configurations allowed. With the MK interaction
the excitation energy relative to the closed-shell con-
figuration for the g.s. is 17.10 MeV, in good agree-
ment with experiment. When 2p-2h admixtures are
also allowed in the g.s. its binding energy increases
by 8.21 MeV, thus putting the 1+ at 25.31 MeV ex-
citation, much higher than experiment. The spac-
ings between the lowest five 1+ T=l levels are
about the same in the ZBM and PSD calculations,
and the agreement of the spacings with the three
states known experimentally is good (see Table IX).

The predicted and measured M 1, GT, and (p, n)
strengths involving the 1+ states are given in Table
IX. The lowest two 1+ states are also both relative-
ly strongly populated in the ' N(t, p) (Refs. 64 and
65) and '4C(iHe, p) (Refs. 64 and 66) reactions. The
measured relative two-particle stripping strengths
along with the predictions are given in Table X.
The ZBM calculation is in reasonable agreement
with all of these strengths. On the other hand, the
PSD-MK theory gives poorer agreement for each
observable. In particular, it greatly underpredicts
the GT and M1 strength. We have repeated the
PSD calculation with the Arima-Strottman interac-

TABI.E IX. Comparison of observed E 1, Ml, GT, and (p, n) transition rates with shell model calculations: Transitions

involving the 1+ T=1 states in A =16.

Transition

16C(p+ ) 16M( 1+)
16N( 1+)

16p( 1+) 16p(p+ )
16p(p+ )
16p(2+ )
16p( 1

—
)

16p( 1+) 16p(0+ )
16p(0+ )
16p(2+ )
16p( 1

—
)

16p( 1+) 16p(0+ )

16p( j+ ) 16p(p+ )
16p(0+ ) 16F(1+)

16F(1+)
16F(1+)

Experiment

E; (MeV)' Ef (MeV)

2.103
3.418
0.218
0.098
0.148
0.020
0.095
0.109
0.001
0.001

[22.71] 3.36
4.32
0
6.05
6.92
7.12
0
6.05
6.92
7.12

16.22

17.14

18.8 0.010

3.76
4.65
6.2

0.006"
0.078h

0.068"

16.49
0
0
0

0
2.25
3.81
4.74

0.044
0.14
0.19
0.0036

Theory ZBM (Z int)
Bb E; (MeV)' Ef (MeV) B"

1.737%0.048d [18.53] 2.25
0.914%0,105 3.81
0.07520.010' 13.08 0
0.036%0.005' 6.19
0 04O+0.022 e 7.39
0.0005+o.ooo3e 6.91
0.116%0.017' 14.64 0
0.064%0.011' 6.19

& 0.033' 7.39
&0.0004' 6.91
=0.047

0.04320.010~

[23.18]

17.10

3.55
4.57
0

0.002
0.567
0.0024

18.12 0.0048

19.98

20.42
0
0
0

3.55
4.57
6.43

0.016

0.0001
0.0007
0.0008
0.006

Theory PSD (MK int)

E; (MeV)" Ef (MeV) B

'Excitation energy in ' p.
B(GT) is dimensionless and includes the factor (g&/gq) as defined in text; B(M1) in units of pN, B(E1) in units of

8 fm.
'8.21 MeV has been subtracted from the theoretical energies (see Sec. VI E).
~References 56 and 57.
'This work.
fReference 1.
~Reference 12.
"References 53 and 55.
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0[' N(t, p)] 0[' C('He,p)]
ZBM' PSD ZBM' PSD'

Exp' (Z int) (MK int) Exp (Z int) (MK int) Exp
No. (%%uo) (%) (%) (%) (%%uo) (%)

Excitation energy (MeV)

ZBM
(Z int)

PSD
(MK int)

TABLE X. Summary of (t,p) and ( He,p) reactions to the ' N 1+ T=1 states.

1

2
3
4

X1—4

27
23

20
27
0

47
94

64
6
3
3

76

30
20

52
15
3
0

70

5
47

5
1

58

3.36
4.32
5.9

2.25
3.81
4 74
5.66

3.55
4.57
6.43
6.87

'Experimental values from Refs. 64 and 65 arbitrarily normalized to 50% for the sum of the

3.36 and 4.32 MeV 1+ states in ' N.
Experimental values from Refs. 64 and 66 arbitrarily normalized to 50% for the sum of the

3.36 and 4.32 MeV 1+ states in ' N.
'Theoretical values normalized to 100% for the sum over all states.

tion and find results very similar to those with the
MK interaction. We cannot reproduce the results
shown in Fig. 2 of Ref. 40.

To gain more insight into the reason for the
failure of the PSD calculations we have calculated
the M 1 arid GT strengths to a wide range of excita-
tion energies in ' O. It turns out in the PSD space
calculations that the M I strength is spread rather
uniformly over about 100 states, and it is neither
convenient nor informative to present such results in
tabular form. Thus, we present the results by mak-

ing a Gaussian average over the levels and showing
a plot of the Ml strength distribution (M1SD)
versus excitation energy. A full width at half max-
imum of 0.9 MeV for the Gaussian was chosen be-
cause a narrower width tended to show more fine
structure than we believe is physically meaningful.

The M1SD for the ' 0 g.s. 0+ to 1+ T= 1 states
is shown in Fig. 11. The corresponding summed
M1SD are given in Table XI. In order to directly
show the division of the M 1SD into spin and orbital
contributions, the calculations were repeated with
the orbital g factors set to zero, and the results are
plotted in Fig. 12. For this latter case we compare
to the experimental (p, n) data of Refs. 53 and 55 by
multiplying the B(pn) values by 1.690 (which ac-
counts for the g factors and isospin Clebsch-Gordan
coefficients). By comparing Figs. 11 and 12 it can
be seen that without the orbital contribution the
M 1SD is reduced by about half in the ZBM model.

The PSD calculation is in much poorer agreement
with experiment than is the ZBM calculation for
both the M 1's in ' 0 and the GT decays of ' C (see
Fig. 13). Could this discrepancy be due to the
neglect of 4p-4h configurations in the PSD calcula-
tions? To explore this we repeated the ZBM calcula-
tions without the 4p-4h configurations in the 0+ and
1+ states. The comparisons (Figs. 11—13) show that

although the details of the M1SD structure are sen-
sitive to these 4p-4h configurations, the summed
strengths are similar. This is reasonable since there
is less than 6% intensity of the 4p-4h component in
the ZBM ground state. Hence the problem must be
with the 2p-2h configurations.

The most important reason for the difference be-
tween the M1SD's predicted with the PSD and
ZBM interactions is the difference in the ground
state wave functions. We demonstrate this by com-
paring a calculation of M 1 strength from the ZBM
(Op-Oh+ 2p-2h) and MK PSD ground states to the
MK PSD 1+ T=1 levels. The ZBM ground state
gives a considerably larger M1 strength than the
MK ground state (see Figs. 11 and 12). The main
difference between the MK and ZBM ground states
is not the total intensity of 2p-2h components
(which are 25% for ZBM and 21% for PSD), but
rather lies in the structure of the 2p-2h component.
In going from ZBM to PSD the (Op~/2) (Od5/2)
component gets reduced from 24% to 3.5%, with
the next largest component being

(Op&/& (Op 1/2) (Ods/2) (Od3/2)

We conclude that the calculated M1SD is quite
sensitive to some as yet uncontrolled aspect of the
interactions.

Although the lowest two 1+ states have quite
similar B(M1), B(GT), and two-particle transfer
strengths, it is interesting that the low-lying 1+
states are predicted to have very different inelastic
electron scattering form factors (see Fig. 14). It
would be very interesting to see if this is substantiat-
ed by experiment.

Because of the success of the ZBM model in ac-
counting for the ' 0 1+ states, we have also calcu-
lated the GT observables for several A =15—18 nu-
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0.4-

0

0.4-

"'O N1 strength

Experiment
Calculation ( ) (b) ( ) (d) ( )

XB(M1,0+T=0~1+T=1) 1.65 1.56 1.24 1.00 3.44
(gI "——0.5)

XB(M1,0+T=0~1+T=1) 0.79 0.70 0.70 0.70 3.32
(gI "——0.0)

XB(GT,O+T =2—+1+T=1) 8.40 8.66 8.1517.8 16.1
% 2p-2h in 0+ T=O 34 30 25 21 25

TABLE XI. Total sums of the strength distributions
shown in Figs. 11—13 and % 2p-2h admixture in the ' 0
ground state. B(M1) in units of p~'.

0

0.2-

0.4-

(b)

(c)

0.4-

0.2-

16O (p, n) strength
I I I & I I I I I I I I I I ~ I

Experiment

0.2- 0

0.2-

I I I I I I I0

0.2—

0

0.4-

0.2-

0 I I I I I I I

10 14 18 22 26 30 34 38 42 46 50
E„{NeY)

0.2-

0

(c)
FIG. 11. Distribution of B(M1, 0+ g.s. to 1+ T=1)

strength in ' 0 vs excitation energy in MeV. The experi-
ment is shown at the top followed by the various theoreti-
cal calculations. For both experiment and theory, the
B(M1) values for discrete states have been averaged over
a Gaussian (with F%HM=0.94 MeV) in order to em-

phasize the general trends. The vertical scale has been ad-

justed so that the B(M1) value for an isolated peak can be

simply read off from the maximum. (a) The ZBM
model-space results with the "F" interaction. (b) The
ZBM model-space results with the "Z" interaction. (c)
Same as (b) except excluding 4p-4h configurations. (d)
The PSD model-space results with the "MK" interaction.
(e) The 0+ g.s. as in (c) and the 1+ T= 1 state as in (d).

clei. As can be seen from Table XII, the ZBM
model continues to give rough qualitative agreement
with experiment. One may compare a few of the
measured transitions in Table V with shell model

0.2-

0.2—

0 I I I I I c I

0.2-

0 I s ~ & I ~ I

10 14 18 22 26 30 34 38 42 46 50

E„{HeV)

FIG. 12. Distribution of NB(pn, 0+ g.s. to 1+ T=1)
strength in ' 0 (see caption to Fig. 1). The theory is the
same as in Fig. 1 except that the orbital g factors have
been set equal to zero. The experimental (p, n) cross sec-
tions from Refs. 53 and 55 were normalized to the strong
' N to ' C B(GT) value and then multiplied by the factor
N=1.690 so that they can be compared in an absolute
manner to the theoretical B(M1) with gI ——0.
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"6C GT strength

4.0-

2.0-

Experiment

10

'6O O', O-1', 1

0

1O'-

2.0-

0

4.0-

i i~i I i I i i I i I i i

(b)

10-6

2.0-
L7
cQ 0

4.0-

2.0-

0

(c)

107:

10-e

0 3.02005 10 2.51.5

q (fm "j

FIG. 14. Transverse M1 electron scattering form fac-
tors for the lowest three 1+ states in ' 0 obtained in the
ZBM model with the Z interaction.

2.0-

I I I I I I i0

2.0-
(e)

calculations. This is done in Table XIII, where
again one finds only very rough agreement.

VII. CONCLUSIONS

In our comparisons between experiment and
theory we have first focused on the relationships be-
tween the Gamow-Teller and isovector M1 matrix
elements. The experimental GT matrix elements for
the strong transitions are on the average quenched
about 20% relative to shell-model calculations,
which allow for full mixing within the major oscilla-
tor shells. At present it is not clear theoretically
whether this is mostly due to delta-particle-
nucleon-hole or to many tie nuclear configu-ration

0
10 t4 18 22 26 30 34 38 42 46 50

E„(lleV)
FIG. 13. Distribution of ' C(g.s.) to ' N(1+, T=1)

B(GT) strength. The excitation energies of the 1+ states

are given relative to the '0 g.s. as in Fig. 11. The
theoretical calculations are as given ip the caption to Fig.
11.

mixing. For the M1 matrix elements we have
used theory to make a separation between s v and
1 r contributions. In those cases for which the 1P.

contribution is not very important, the experimental
M 1 matrix elements are on the average not
quenched. We have shown clear evidence for the
enhancement of s F(M1) relative to s P(GT} Since.
the mechanisms which give rise to the quenching in
GT decays affect the s r part of the M 1 operator in
exactly the same way, the observed average
25+ 10% enhancement of s r(M 1) relative to
s P(GT) is presumably due to the meson-exchange
and pair-current contributions. '0

We then investigated several truncation schemes
for shell model calculations of 1fico excitations
around 3=16. Here, as expected, calculations in
the complete PSD space (Opi/q, Op3/i Ods/z, 1si/z,
and Od3/i) are much more successful in reproducing
M 1 and GT observables involving the predominant-
ly lp-lh states than is the ZBM calculation (which
allows many-particle many-hole excitations in a
space restricted to Op, /z, Od5/z, and ls i/z}. Yet even
for these simple "lp-lh" states the PSD calculations
with the MK interaction have striking failure. —
the most conspicuous example being the
' N —+ ' O(1;T=O) beta decay. This reveals defi-
ciencies in the liik0 part of the MK residual interac-
tion.

Then we turned to the next simplest test case—the
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TABLE XII. Comparison of GT transition rates with the ZBM shell model calculations:

Transitions in A =15, 17, and 18.

Transition

Experiment'

Ef (MeV) B(GT}b
Theory (Z int)

Ef (MeV) B(GT)

"C "N(1/2+)
(3/2&+)
(1/22+)
(3/2+ )

(1/23+)

' N —+' O(1/2i )

(3/2] )

(3/22 )

(1/22 )

18N 18O( 1
—

)

(1g )

(2g )

(0, )

(23 )

5.30
7.30
8.31
8.57
9.05

3.06
4.55
5.38
5.94

4.46
5.53
6.20
6.35
6.88
7.77

0.514+0.012
(7.96 +0.92)X10 "
0.041+0.005
0.028 t0.005
0.551+0.051

(5.14 +0.95)X10
0.246+0.011
0.814+0.038
0.303+0.028

0.044+0.006
0.004~0.001
0.003+0.001
0.005+0.001
0.040+0.007
0.030+0.006

4.60
6.48
6.98
7.28
9.56

2.33
4.11
4.79
5.04

4.10
5.20
6.44
5.97
5.85
7.36

0.770
0.554
0.013
2.1X10-'
1.95

0.015
1.182
1.449
0.770

0.068
0.015
0.059
0.068
0.264
0.042

'References 56, 57, and 59.
"Includes the factor (g„/gi )~ as defined in the text.

largely 2p-2h 1+ T=1 and 0+ T=2 states. Here
neither the ZBM nor the PSD calculations can
quantitatively describe the M1 and GT transitions
involving the 1+ states. However, the ZBM model
gives much better qualitative agreement than does
the PSD model. Both the GT decays of ' C and M 1

decays of ' 0(1+) to the ground and "4p-4h" 0+
states are explained to within a factor of 3 or better
by the ZBM calculation. In contrast, the PSD
model predicts much too small M 1 and GT
strengths. In the case of the Ml transitions, we
have shown that this can be caused by a deficiency
in the ' 0 ground state wave function as computed
with the MK interaction. Although both the ZBM
and PSD models have comparable intensities for the
total 2p-2h component in the ' 0 ground state, the
form of these components is very different in the
ZBM and PSD-MK calculations. Although this

failure of the MK interaction may in part reflect the
above-mentioned problems with the lyrico residual
matrix elements, it very probably reveals a serious
shortcoming in the duo matrix elements as well.

Clearly more work remains to be done. %hich
features of the MK interaction produce the wrong
form of the 2p-2h components in the ' 0 ground
state? The calculations predict that most of the M 1

strength built on the ' 0 ground state lies above
E„=19MeV—an area that is currently unexplored.
Is this in fact correct? Finally, it would be valuable
to have more data which can help characterize the
n-particle-n-hole character of the states in 'sO. Is
the "2p-2h" 0+ T=0 state the one at 12.0 MeV or
does it lie higher?

Understanding the structure of '60 is a central
item on the agenda of nuclear structure physics. A
number of challenging problems must be solved be-

TABLE XIII. A comparison of some ET=1 E1 and M1 transitions in ' 0 with ZBM cal-

culations.

2)+, 1~3),0
3(+, 1—+3),0

~2)+,0
2p, 1~1),0

0.010 e fm'
7X10-4 e'fm'

16.45 6.13
16.82 6.13
6.92 0.11 p~

17.88 7.12 0.14 pN

Experiment
Transition E; (MeV) Ef (MeV) B(E1 or M1)'

5.84
5.84
7.39
6.91

Theory (Z int)

E; (MeV) Ef (MeV) B(E1 or M1)'

13.85
14.19 QQQ8 e fm

021 p~
15.26 0.015 p~2

'B(E1) computed assuming e~ —e„' =0.5e. Note: 1 W.u. (M1)=1.79 p~ and, for 3=16,
1 W.u. (E1)=0.41 e fm .
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fore we have a predictive theory of nuclei. For-
tunately the problem is becoming well focused and
we may look forward to some progress in this im-

portant area.
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