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The photon spectrum of the pion capture reaction “C(7~,7)!*B was measured with a
resolution of 0.9 MeV full width at half maximum. A single strong transition is observed
with y-ray energy 115.70+0.17 MeV, corresponding to a state in '“B at 2.15+0.17-MeV ex-
citation. Comparisons with previous experiments and theoretical calculations identify this
as the second T'=2,2~ state in mass-14 nuclei. The single strong transition has a measured
branching ratio (11.1+3.0)x 10~*%, which equals one-fifth of the shell-model prediction.
The total radiative capture branching ratio is 0.68+0.16%, which is a factor of 2 to 3 small-

er than for other 1-p-shell nuclei.

NUCLEAR REACTIONS MC(7~,7)"B (E, <10 MeV), T,=0 MeV;
measured photon spectra with pair spectrometer, compared with shell-
model calculations.

I. INTRODUCTION

We present here the results of our study on the re-
action C(7~,y) with stopped pions. These mea-
surements were motivated, in general, by the desire
to have complete (7—,y) data on nuclei of the 1p
shell and the lower s-d shell to establish the pertain-
ing nuclear structure systematics. With the com-
pletion of the present study all possible targets with
A <20 will have been measured. The (77,y) reac-
tion selectively excites!~* states having large spin-
transfer amplitudes (AS =1) relative to the target
ground states, and having angular momenta J; that
differ from the target angular momentum J; by one
or two units. The former feature is due to the domi-
nance of & terms in the transition operator. The
latter restriction results from the low-momentum
transfer, near 120 MeV/c, in radiative pion capture.

For even-N, even-Z nuclei such as C, previous
experiments show that generally the important states
are the unnatural parity 1% and 2~ states. In only
one nucleus, '2C, was a peak observed in the photon
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spectrum associated with a natural parity excitation.
This was the 1~ state at 23.2 MeV in !2C (Refs. 5
and 6). Several 1~ states are predicted’ to have sig-
nificant (7—,y) strength in '*C. Unlike ?C, 1+
states should not be seen, because *C has filled
1py,, and 1p;, neutron shells. This eliminates the
charge-exchange spin-flip transitions without orbital
rearrangement. Also, calculations* for 0—, 3—, and
4~ states show that the transition strengths to such
states are very weak. Thus the general expectation
for the present study was extension of the systemat-
ics of 17 and 27 isovector states with large spin-
transfer amplitudes.

A more specific goal is the study of T =2 states
in mass-14 nuclei. Using the measured mass® of *B
and estimated Coulomb displacement energies, one
obtains for the excitation energy of the lowest 7" =2
states in *C, *N, and '*O the values 22.2, 24.3, and
22.2 MeV, respectively. At these high excitation en-
ergies, states are difficult to study because they are
generally broad and overlapping. This is especially
true for low-spin states. Also, a definite isospin
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identification is nearly impossible when the states
are produced in these nuclei, because states of lower
T exist in the same excitation region. In the
14C(7~,7)'B reaction, only the T =2 level spectrum
is observed, as “B has T,=2. The mirror nucleus,
4F, is particle-unstable and not amenable to level
studies. This leaves almost no choice but to study
the T'=2 levels in '“B. Because the (7~,7) reaction
at threshold has a well-understood transition opera-
tor, this reaction presents a relatively unique oppor-
tunity for study of the 1~ and 2—, T =2 states.

The systematics of 2~ states in nuclei near '°0O are
particularly interesting in view of recent calcula-
tions,”!°® which show that their energetic positions
are quite sensitive to the spin-isospin part of the ef-
fective particle-hole interaction. The short-range
repulsion mediated by the Migdal-parameter g’ in-
fluences the level energies of the five 2~ states that
arise from coupling of 1p3,,, 1p,,, holes with 2s 5,
1ds,,, and 1d;,, particles. The B(M?2) values for
these transitions, which are not well-known even in
180, appear to be significantly quenched. This may
reflect!! the presence of A-hole components in the
nuclear wave functions. The 1p;/,-hole members of
the quintet of 2~ states may be studied also in the
carbon isotopes. Among these isotopes, '4C has the
simplest configurations owing to the closed neutron
shell. The existing (7~,7) data on >)C (Refs. 5 and
6), 0 (Ref. 12), 8O (Ref. 12), and °Ne (Ref. 13)
lend support to the expected quenching of transition
strength. In all cases, the conventional shell-model
calculations overestimate the strength for the prom-
inent 27 transitions.

In recent studies of inelastic pion!* and electron!’
scattering on !C, the region of the excitation spec-
trum between 20 and 30 MeV was examined. In the
YC(,7m') measurements, no narrow, identifiable
states were observed in this region. In the “C(e,e’)
measurements!® at 180° scattering, preliminary re-
sults indicate the existence of a narrow 4~ state at
24.3 MeV. If this is a T =2 state, its analog in '“B
would be near 2-MeV excitation. We would not ex-
pect to see this state in our experiment because of its
high J value.

A search for the analog of the 2~ ground state of
B in C was performed by Kline er al.'® using
180° electron scattering. Although the state was not
observed, the analysis of its nonobservation in terms
of the interference of two dominant particle-hole (p-
h) configurations is supported by our results as dis-
cussed in Sec. IV.

The B levels were studied previously® with the
charge-exchange  reaction *C(’Li,’Be)!*B  at
T(Li)=52 MeV. The interpretation of these data is
somewhat complicated, because each level in 4B js
observed twice, once through the ’Be ground state

and once through the 'Be (0.431 MeV) state. On the
basis of the similarity to the corresponding
12C("Li,’Be)!?B reaction, multiplets of levels associ-
ated with the p-h excitations (1ds,, 1p3,, 1) coupled
to J7=47, 37, and 2~ and (Is,,, 1p3,, ") coupled
to J7=27 and 1~ were identified. This identifica-
tion of the predominant shell-model configurations
as well as of the accurate excitation energies (< 0.06
MeV error) was quite valuable in giving a definite
interpretation of our results. The comparisons to-
gether with shell-model calculations are discussed in
Sec. IIT and IV.

II. EXPERIMENTAL PROCEDURES

A pion beam of momentum 220 MeV/c and flux
10® s~! was delivered to our target from the SIN-7
E 1 channel. This beam is extracted at a 0° produc-
tion angle from a Be pion-production target. The
upstream portion of this channel is shared with the
high-intensity muon channel. During our data-
taking period the muon experiments were designated
primary users and determined the tune of the com-
mon section. In parasitic mode we were not able to
optimize the tune as required by the thin- and
small-area “C target. The beam we obtained had a
momentum bite Ap/p of 4% and a beam spot size
of 6 cm horizontal and 10 cm vertical (FWHM).
Under these conditions 1.4% of the 7~ flux passed
through the 2 by 3 cm beam-defining counter posi-
tioned 1.2 cm upstream from the target. Of these
only 6.8% stopped in the *C content of the target.
Figure 1 depicts the degrader and target geometry.
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FIG. 1. (a) Experimental setup. (b) Reconstruction of
the origin of the photon along the beam axis. Solid curve,
target cell filled with '*C; dashed line, empty target cell.
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The '*C target consisted of four identical target
cells stacked in contact with one another. The area
of each target was 3 by 5 cm and the areal thickness
was approximately 0.1 g/cm?. The cell design con-
sisted of a stainless steel U frame to which was
glued a 0.0025-cm stainless steel wraparound win-
dow. The *C was packed into these cells through
one end, which then was sealed by inserting a sin-
tered steel plug. This target design was chosen for
pion-scattering experiments with beam spot sizes
less than 3 by 5 cm, and is not optimal for a pion-
stopping experiment. The total mass of '*C plus 2C
powder in the four targets was 6.34+0.02 g. The
14C to 2C atom ratio as determined from five as-
says'’ was 4.60+0.37. Thus the total *C target
thickness was 356+5 mg/cm? and the '2C thickness
was 66+5 mg/cm?. The total stainless thickness in
the eight windows was 160+10 mg/cm?. Identically
constructed target frames containing >C powder or
no target material were used to measure back-
grounds.

The photons were detected in a pair spectrometer
whose technical description is given in Ref. 18. We
used a 3% radiation-length gold converter that gave
us a resolution at 129.4 MeV of 0.9 MeV (FWHM).
The instrumental line shape was measured with the
7~ p—n reaction employing a liquid hydrogen tar-
get. The variation of spectrometer acceptance with
photon energy was calculated by Monte Carlo simu-
lation and checked with hydrogen runs. The
7~ p—7°n reaction produces a uniform photon
spectrum between 55 and 83 MeV. The edges of
this distribution and the 129.4-MeV line were used
to check the spectrometer energy calibration to an
accuracy of 0.1 MeV.

From the electron-positron trajectories the photon
direction and its intersection with the target plane
can be calculated. The measured resolution in the
target position is 4 cm FWHM. The distribution of
target interaction coordinates obtained in the present
experiment is shown in Fig. 1(b). This distribution
shows the presence of the target, which was physi-
cally placed at —2.0 cm. The presence of photons
in the data arising from pions stopping near the
downstream face of the degrader is also evident
from Fig. 1(b). To eliminate most of these events,
only y rays with target coordinates in the range —7
to 20 cm were accepted in the spectra for final
analysis. These events represent 0.47% of the total
number of events written on tape. The total *C
data represent 3.5 d of running (taping) time.

The spectrum measured with the *C target and
surviving the target cuts is shown in Fig. 2(a). One
sees in this spectrum contributions from 4C, !°C,
'H, and stainless steel. The spectra of scintillation
material (a composite of hydrogen and 'C), graphite
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FIG. 2. Photon spectra from radiative pion capture
measured in this experiment. (a) '*C target, raw spec-
trum. (b) Graphite target. (c) Hydrogen calibration spec-
trum. (d) Stainless steel. (e) '*C spectrum, remaining
after subtraction of the '2C, H,, and steel contributions.

(2C), and stainless steel were measured separately to
give the data needed to subtract these components
from the !“C target data. In addition, hydrogen
spectra [Fig. 2(c)] were measured using a liquid hy-
drogen target. Figures 2(b) and (d) show the spectra
for 2C and steel. The high Q value (21.15 MeV) for
the “B(7r~,%)'*C reaction corresponds to the max-
imum kinematically 'possible photon energy of
117.84 MeV for pions bound in 1s and 2p atomic or-
bits.

Above 118 MeV we have only contributions from
the impurities in the spectra. Each of these impuri-
ties has a distinguishing feature. Only the scintilla-
tor contains the H, peak, '>C has two peaks at 125.0
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and 120.4 MeV, and only steel can produce events
between 130 MeV and the pion mass. A fit in the
region above 118 MeV to a composite of these spec-
tra with their relative yields left as free parameters
therefore rapidly converges to a unique solution.
Similar fits were made to the empty targets and
those containing '?C. The results are summarized in
Table 1.

The branching ratios are computed from the
number of incoming pions N, the stopping fraction
[ the photon yield N,, and the acceptance of spec-
trometer'® 7=(2.66+0.10) X 10~ using the expres-
sion

B(r™,9)=N (Nofo) " folfaf) ", (1)

where f, is a correction factor to take into account
the energy dependence of the spectrometer accep-
tance, f, corrects for the absorption of photons on
their way to the converter foil, and f, is the fraction
of good events lost in the tails of the target cuts.
Only 18% of all events in the raw spectrum [Fig.
2(a)] are due to '“C; therefore, the uncertainties in
the measured branching ratios are somewhat larger
than usual. The measured '°C branching ratios
agree well with the averages of four previous mea-
surements.*

III. RESULTS AND COMPARISONS
WITH OTHER EXPERIMENTS

Examination of the *C spectrum [Fig. 2(e)] shows
that three components appear to be present: (1) a
sharp line near 116 MeV, (2) a featureless continu-
um between 80 and 105 MeV, and (3) some transi-
tion strength between 105 and 115 MeV, which may
be in excess of the usual continuum shape and may
be associated with unresolved nuclear states. Al-
though the third component is not unambiguously
evident from the data, the fact that shell-model cal-
culations discussed below show considerable
strength to 1~ and 27 states in this region makes
this representation of the data most probably
correct:. We note also that the line at 116 MeV ap-
pears broader than the instrumental line shape. This
can be seen by comparing Figs. 2(a) and (c) with Fig.
2(e).

To determine the parameters of these components
we used the pole-model spectrum! for the continu-
um and two Breit-Wigner resonance functions for
the nuclear states. Both the positions and widths of
these states were allowed to vary. The end point of
the continuum was held fixed to correspond to the
BB(g.s.) + n vertex, which occurs 1.1 MeV above
the B ground state. The results of this fit are

TABLE 1. Quantities entering the computation of the measured branching ratios.

12C

Empty dummy (@

target target target Average
Pions® 5.90x 10 2.06< 10" 37.86 10"
Stopping fraction® 8.1% 16.8% 15.7%
H, events® 258+58 81+33 1224+148
2C events? 7871154 980+109 8526+556
2C stopping fraction® 4.0% 13.1% 5.2%
2C branching ratio® 1.99+0.39% 1.65+0.18% 2.01+0.13% 1.87+0.17%f
Steel events® 1143+187 341+125 8069760
Steel stopping fraction® 4.1% 3.7% 3.7%
Steel branching ratio® 2.11+0.35% 2.04+0.75% 2.59+0.24% 2.41+0.19%
14C events 38961888
14C stopping fraction® 6.8%
14C branching ratio® 0.68+0.17%

“Number of pions passing the scintillator in front of the target (N, in text).

"Fraction of pions stopping in the target material (f, in text).

°I2C includes scintillator; for *C a thin Mylar foil is also included.
9The events have been corrected for the energy dependence of the efficiency; the unfolding fac-
tors are 1.12 for 2C, 1.16 for steel, 1.09 for *C, and 1.43 for H,.
¢Corrections are made for 15% events lost in target cut and 2% of photons absorbed in the

target.

fPrevious measurements are 1.84+0.08, 1.92+0.19, 1.6+0.1, and 2.1+0.4% (Ref. 4).
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presented in Table II and in Fig. 3.

Our results for the two lowest 2™ levels differ in
several respects from the results obtained in the only
previous study® of the '“B levels. We find the rela-
tive branching ratio of the ground state (2{) to the
second 27~ state (2;7) to be less than 0.1. A value of
1.6 was obtained for the relative cross sections of the
14C("Li,’Be)*B reaction. We obtain an excitation
energy of 2.15+0.17 MeV for the 25 level compared
to 1.82+0.06 MeV in Ref. 8. Lastly, our fit to the
data gives a level width of 1.0+£0.5 MeV for the 25
state. No value of the width was given in Ref. 8, al-
though an examination of the published spectrum
indicates that there may be some level broadening.

These differences can be understood as follows.
Due to the higher momentum transfer g=1.6 fm™!
of the 'C('Li,’Be)'*B reaction, as compared to
g=0.6 fm~! of the "C(7~,7)'*B reaction, higher
spin states are produced in the former reaction.
Thus the strongest state, near 2-MeV excitation,
seen in the *C(’Li,’Be)'*B spectrum was identified
as a 4~ state at a measured energy of 2.08+0.05
MeV; a value of 3.8 was given for a cross-section ra-
tio relative to the 2; state. The effect of having the
4~ and 2, states close in energy, and of doubly ob-
serving each level in the ("Li,’Be) reaction (separated
by 0.471 MeV), produces a broad unresolved struc-
ture near 2-MeV excitation. This makes the deter-
mination of the 2, -state energy and width quite un-
certain. In the (77,y) reaction the 4~ state is absent
and the 2, state is the strongest state in the spec-
trum. Thus the accuracy of our energy and width
measurement is dominated by the statistical error
rather than the background fitting error, and there-
fore should be more accurate.

The “C('Li,’Be)!*B data would seem to provide
an upper limit on the width of the 27 state. A value
between 0.4 and 0.8 MeV is quite consistent with
these data if one assumes that at least 30% of the

observed strength is due to the 2, state. This result
and our value of 1.0+0.5 MeV place the most prob-
able value of the width in the range 0.5 to 1.0 MeV.
Considering the preliminary results of the 14C(e,e")
experiment!®> where a level width I'(47) <0.3 MeV
is reported, one obtains a picture of this region of
excitation showing a narrow 4~ state overlapping a
broad 2~ state, both centered at an excitation energy
of 2.1+0.1 MeV.

The one remaining difference between the two
studies is the relative 27 /25 strength. Most shell-
model calculations, as discussed below, describe
these states as mixtures of (2s,,, 1p3,, ! and (1ds ),
1p3,~ ") configurations. The 27 state consists pri-
marily of the former configuration; the 2; state, of
the second configuration. The squares of the M2
form factors' associated with these configurations
peak near ¢ =2 fm~! and ¢=0.8 fm ™!, respectively.
The ratio of form factors changes from 1:70 to 5:1
in going from g =0.6 fm~! to g=1.5 fm~!, respec-
tively. These ratios, evaluated for electron scatter-
ing, show the tremendous sensitivity to g contained
within these configurations (2s;,, vs 1ds,). It is
not unreasonable to expect this sensitivity to be re-
sponsible in part for the difference in the relative
strengths seen in the (77,y) and ('Li,’Be) reactions.

In Table III we compare results for the
2C(7r~,9)"?B and "*C(7~,7)'B reactions on the two
lowest 27 states. For both nuclei the 25 state has a
much larger (77,y) branching ratio than the 2{
state. For !2C the relative branching ratio is 30 to 1;
for C the 2{ state was not observed, but a lower
limit of 10 to 1 is obtained for this ratio. The 25
states have a natural width of order 0.5 MeV in both
2B and !“B. Preliminary results from 180 electron
scattering experiments!>?? indicate that these states
in 12C and !*C also have widths of order 0.5 MeV.
They occur at 19.4+0.1 MeV and 24.3+0.2 MeV,
respectively. The widths of the 2 states in *B and

TABLE II. Results for the *C(~,7) reaction.

E, E,(*B) Number r B(7,y)
(MeV) (MeV) of events J7 (MeV) (10~%
117.852 0.0 7184 2= 0.0 0.1*32
115.70+0.17 2.15 632+172 2= 1.040.5 11.143.0°
112.1+1.6 6.7 12234612 (1-,27) 7.8+3.2 21.4410.7°
<116.8 >1.1 20344615 continuum® 35.7+10.8°
Total 3896+ 888 68.3+15.6°

#Kinematical value, assuming a mass excess of 23.657 MeV for “B and a 2p-shell atomic bind-

ing energy of 33 keV for the pion.

®Uncertainty in the fit, including the statistical errors from the background subtraction. A
normalization error of 10% must be combined in quadrature to get the total error (see Table

D.

°Pole model (discussed in Ref. 1) with A=22.1 MeV, corresponding to the 1*B(g.s.) + n vertex.
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FIG. 3. C(7—,7)"*B photon spectrum compared to a
fit to the spectrum. Solid curve, total spectrum; dashed
curve, individual contributions. The statistical errors
from the background subtraction do not vary significantly
over the spectrum and are only shown for a few points.

4B are not measured in the (7~,7) experiments. In
12C the 2] state has a width 0.4+0.1 MeV and
occurs at an energy of 16.6+0.1 MeV.?? In !C the
2{ state is at 22.1+0.2 MeV and has a width of
<0.3 MeV."” In B and B, the 2] states are
particle-stable.

There is a further similarity between '2C, *C, and
even 13C, which is quite remarkable. In both '’C
and !C the 2; state is nearly degenerate in energy
with the lowest 4~ state (41 ) of the same isospin. In

12C the 4 state has an excitation energy 19.59+0.04
MeV (Ref. 22); in C it is at 24.3+0.2 MeV."
These values are within 0.2 MeV of the 2; energies
given above. The near degeneracy of the 25 and 4;
states in '2C was the cause of the oscillatory angular
distribution in the 2C(e,e’m*)!?B reaction measured
by Min et al.,”® where the two states were not
resolved. A very similar oscillatory pattern was ob-
served®* for the 1*C(e,e'm)>B reaction for states near
21.5-MeV excitation, indicating that sizable M 4 and
M?2 strength exists to unresolved T=% states in
this region. This is supported by results of two oth-
er experiments.

A strong M 4 transition was observed in 180° elec-
tron scattering on *C by Hicks et al.?’ to a state at
21.5+0.1 MeV. It has a width of I'=0.34+0.04
MeV. In the same experiment two additional states
were observed in the lower-g data (g~1 fm—!) near
22.0 and 22.7 MeV. In the C(z~,y) study®® two
peaks in the photon spectrum were identified with
states in 1>C at 21.6 and 22.7 MeV. Most probably
the observed peaks correspond to isovector M 2 tran-
sitions in 13C; they are identified as % and -;-+
states, respectively, in Ref. 26 (the ground state is
5 ). The M 4 transition in BC was tentatively iden-
tified”® with a 5 ' state at 21.5 MeV. These three
states in C are believed to correspond in large mea-
sure to (1ds,, 1p3,, 1), T =1, p-h excitations on the
13C ground state, giving ~ " and > states when the
p-h excitation is coupled to 27, and then coupled to
the 5 ground state. The state with %+ is pro-
duced when the p-h excitation couples to 4. The

TABLE III. Comparison of (7~,7) branching ratios for the lowest two 2~ states !B and

14B.
E,(B) E,(C) B(7—,y) r B(theory)

State (MeV)  (MeV) (1079 (MeV) (10~4
[PC2r,T=1) 1.67° 16.58° 0.50+0.18° 0.410.1° 14 0.25¢
| “C2r, T =2) 0.0 22.1f 0.1(—0.1, + 1.2)8 9" ~of
|2C,25,T=1) 4.37° 19.35° 18.32+0.60°  0.89+0.07*°  50¢  60°
[12C,257,T=1) 18.5+1.9¢ 0.45+0.12
|2C,25,T=1) 16.4+1.78 0.49+0.108
| 1C,25,T=2) 2.1# 24.2 11.1+3.08 1.04+0.488 53" 64t

2Reference 6.
YReference 22.
“Width of 16.58-MeV state in '>C; Ref. 22.

dReference 20, Tamm-Dancoff approximation.

‘Reference 21, continuum shell model.
fReference 15.
EThis experiment.

"Reference 7; first column, Cohen-Kurath (Ref. 34) plus Gillet-COP (Ref. 35); second column,

Cohen-Kurath plus Millener-Kurath (Ref. 33).

iReference 19.

iAssuming a 2.1-MeV energy spacing between the 2™ states in C.
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(251, 1p3pn~Y), T=1,2 excitation on the '*C
ground state produces —;—+ and %+ states in PC at a
lower energy. Candidates for these states are ob-
served (weakly) at 18.6 MeV in the 3C(7~,7)"’B ex-
periment.?¢

In summary, we see that the (77,y) data show a
strikingly similar pattern in the 27" and 2; isovector
excitations built on the '>C, 3C, and *C ground
states. This pattern is corroborated by the 180° elec-
tron scattering data and the (e,e’nwr) data. The latter
studies further show that in all three nuclei the
lowest 4] isovector state is nearly degenerate in en-
ergy with the 25 excitation.

In regard to the 2; and 4; states in '°C, it is in-
teresting to note that recent pion inelastic scattering
experiments on '2C show?’ that there is considerable
isospin mixing of levels near 20-MeV excitation.
Preliminary analyses?’ indicate that there are two
4~ states at 19.3 and 19.7 MeV and that each of
these states consists of nearly equal components on
T=0 and T =1 configurations [predominantly
(1ds,, 1p3,~1]. The pion data also give an indica-
tion®’ that the 2~ states are isospin mixed, but to a
lesser degree. In the preliminary analysis,?” 2~
states at energies 18.3 and 19.3 MeV were obtained.
The latter state is thought to be mostly 7 =1, the
former mostly T =0. Isospin admixtures of 30%
(T =1 into the 18.3-MeV state, T'=0 into the 19.3-
MeV state) are consistent with the data. These re-
sults from the pion experiments have not yet been
fully reconciled with the 2, and 4] states identified
in electron scattering. On the basis of excitation en-
ergy, one would associate the 19.7-MeV, 4~ state
and the 19.3-MeV, 2~ state with the states identified
in the above discussion of electron scattering. In the
2C(7~,7) reaction, only the T =1 components of
these isospin mixed states are observed.

In both the >C(7~,y) and *C(7,y) photon spec-
tra there is transition strength to states above the 25"
state. For '2C there is a peak in the spectrum® cor-
responding approximately to 8-MeV excitation in
12B (23 MeV in '2C). This peak is broader than the
instrumental line width and has been interpreted® as
transition strength to unresolved 1~ and 2~ states.
In the "*C(7~,y) spectrum of Fig. 3 one sees transi-
tion strength to states above the 2, state, but no iso-
lated -peak. Kissener and Eramzhyan’ predict
(m~,y) strength in this region to two 1~ states,
predominantly due to (1ds, 1ps,,~!) and (1ds,,
1p3,,~!) excitations, and to a 2~ state with a
predominant (1d;,, 1p3,»~') configuration. These
states are predicted to lie between 3- and 7-MeV ex-
citation in *B. We cannot resolve these states, but
consider it quite likely that they constitute the major
features of the transition strength to this region.
Our fit of a broad Breit-Wigner resonance function

for this transition strength resulted (Table II) in a
branching ratio (21.4+10.7)X10~% which is ap-
proximately twice that of the 2, state
(11.1£3.0)X 10~% These numbers are consistent
with the theoretical ratio’ 1.2 for the strengths of
these two components. The full theoretical spec-
trum is compared with the data in Sec. IV.

In Fig. 4 we give the “B-1“C level scheme for
T =2 levels as presently known. It is based on Refs.
8 and 15 and on this experiment. The *C(7r~,y)
data establish the presence of the 2, state at 2.1
MeV and give a first measurement of its width.
Also, our data are highly suggestive of the existence
of 2= and 1~ states in the 5- to 7-MeV region of
14B. The values of 5 and 7 MeV shown in Fig. 4 are
theoretical values’ for the 25 state and the 1~ state
with the largest (77,y) transition rate, respectively.

IV. SHELL-MODEL ANALYSIS
OF THE '*C AND “C(7~,7) BRANCHING RATIOS
FOR THE LOWEST 2~ STATES

The negative parity states at low-excitation energy
in 1B and '“C are described by nearly identical
particle-hole combinations. The filling of the 1p,,,
neutron shell in “C does have, however, two im-
mediate consequences. The 1% excitation (1p,,,
1p; /2‘1) giving the well-known 15.1 MeV in 2C is
absent in '*C. Also, the transitions from the 1s,,,
core to the 1p;,, shell are blocked by the Pauli ex-
clusion principle. Such transitions would be expect-
ed”® around 30 MeV in ’)C and at a somewhat
higher energy in *C. The absence of (1p, nls ™
excitations in '*C may explain why the photon spec-
trum looks emptier at lower energies than for '°C,

A
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FIG. 4. '“C-"B level diagram showing the T =2 states
presently known, and transitions of interest to the present
study.



768 HELMUT W. BAER et al. 28

and why the total branching for '“C is only one
third of that for '>C. Although there are these
differences between ?C and *C, we do not expect
them to significantly affect the relative branching
ratios to the 1~ and 2~ states in the two nuclei

which we now discuss.
The 1~ and 2~ states can be formed from
1p3/2—1 hole and 2S1/2, 1d5/2, and 1d3/2 particle
1

combinations. The unperturbed single-particle ener-
gies taken from Ref. 28 are 16.9, 17.6, and 22.1
MeV. The residual interaction typically shifts these
levels upward by 2 MeV, and furthermore produces
a small mixing among the three principal configura-
tions. Donnelly?® gives the following wave func-
tions and energy eigenvalues for the three T =1,2~
states in 12C:

|277;18.8 MeV ) =0.94 | 25,5 1p3,, 1) —0.34 | 1ds, 1p3, ') —0.02| 1d3 5 1p3 .7 1),
|277;20.6 MeV ) =0.34|2s,,, 1p3,, ') 4+0.93 | 1ds,, 1p3,, 1) —0.14| 1d5,, 1p3, 1), )
[2357;23.8 MeV ) =0.07 | 25,,5 1p3,, 1) +0.12 | 1ds 5 1p3, 1) +0.99 | 1d5 5 1p3 o7 1) .

Because the 2s,,, and 1ds,, single-particle energies differ by only 0.9 MeV, the 2] and 2, states are mixed to
two nearly orthogonal combinations of these configurations. The experimental energies for these three states
are?? 16.6+0.1, 19.4+0.1, and 22.8+0.1 MeV, respectively. (Only a tentative 2~ assignment?® exists for the
22.8-MeV state.) In '?B the states occur at 2.6, 4.4, and 8.8 MeV, respectively.

It is straightforward to obtain the (7,y) branching ratios for 2~ states with the above configurations.
Neglecting 1s capture and smaller matrix elements, one can use the expressions given by Ohtsuka®® and Per-
renoud®® to obtain the transition rate
2

(14+m,/m,)? ~
k dm (2= |[[Fx Pyt |0+ ) |

o
0+ —27)= g, 52

A
4 m, 1+k/M; 3 24

4
k

X5 {nlj | —krjo—5krjo+ 55 (B=5v)j1 | 1p3) |

+ 2 [ nlj | krjy +(B+9)j1 | 1p5) | 2455 | {nlj | —krj+Q2y—B)jy [ 1p3) |2 . (3)

Here A,B=(B/A)k? and y=(C/A)k? are the coeffi-
cients of the elementary photopion production am-
plitude, having values! 4 =—32.6X10"3m, 3,
B=7x10"%m, 3 and C=—-27X10"m, 3. M,
M, and a, denote the nucleon mass, nuclear mass,
and the pionic Bohr radius, respectively. The 07 in-
itial nuclear state is assumed to consist of the
(1p3,,)* proton configuration, and the 2~ final state
is assumed to be a T =1 p-h excitation with configu-
ration (nlj)(p3,, ") coupled to 2.

We can evaluate the radial integrals containing
the spherical Bessel function of argument kr using
the expressions given by deForest and Walecka.’!
The wave numbers are k=116 MeV for *C and 120
MeV for ?C. The single-particle wave functions are
harmonic oscillator eigenstates with radius parame-
ter b=1.88. These functions for b=1.88 are sharply
peaked near the nuclear surface (r=2.5 fm). There-

fore, we have replaced the distorted pion wave func-
1

B0t —27)=18X10"*R,; ('*C);17x 10~ *R 5, 4('2C)

for the 1p —2s single-particle transition, and

B(0t—27)=83X10"*R,,;%(!*C);70x 10~*R,,%(12C)

I
tion, which appears in the integrals, by a distortion
factor Cy, (evaluated at r=2.5 fm, C,,=1.41) mul-
tiplying a hydrogenic wave function. The latter
varies linearly with » near the origin.

The measured branching ratios B (7 ~,y) are ratios
A, /Ty, of the (77,y) transition rate as given by Eq.
(3) and the total level width of the 2p-pionic level.
For the carbon isotopes the ls-state capture proba-
bility is only a few percent.! The measured®? 2p-
level widths are

I, (1?C)=1.1740.11 eV
and

I, (C)=0.97+0.10 eV .

Because the “C width has not been measured, we
use the *C value for the present analysis.

Using Eq. (3) and the above 2p-level width, we ob-
tain (7~ ,) branching ratios

(4a)

(4b)
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for 1p—1d transitions. The spin-multipole opera-
tors Ry ;=([6-Y,.]’) have the values®® (5/2m)!/?,
(21/10m)'/2, and (2/57)'/? for the single-particle
states 25, .5, 1ds/,, and 1d5 ,, respectively. If we in-
clude 1s capture, the factors in Eq. (4a) change by
less than 10%. The higher spin multipoles R 3, and
R ;3 appear with coefficients which are typically 5%
to 15% of those of R,; and thus do not change the
single-particle estimates significantly (except for the
1d;/, case, where R; contributes 40%). In particu-
lar, the -only non-spin-flip term, arising from
([Y3]), contributes less than 1%. Therefore our re-
action is seen to be sensitive only to spin-density ma-
trix elements. Inserting the above values of R,;, we
obtain for the branching ratios

(2512 1p3 2~ 1) 14X 10~4(C)14x 10~4(12C) ,

(5a)
(1dsy 1psn~1): 55X 104 14C)47 x 10~4(12C) ,

(5b)
(1d3 5 1p3 .~ 1): 11X 10~4(14C)9% 10-4(12C) .

(5¢)

We see that the (1ds,, 1p; ,» 1) configuration leads
to the strongest (7 —,y) transitions. Because this
configuration dominates the 25 state in 12C and C,
this state produces the large peak in the photon
spectrum in each case.

Note that the above values are not too different
from the complete calculations (Table III) of
Kissener and Eramzhyan’ using Cohen-Kurath plus
Gillet-COP matrix elements or the Millener-Kurath
p-h matrix elements. Even a continuum shell-model
calculation, as is available?! for 12, does not alter
the results dramatically.

In view of the small values for the (1d5,, 1p3,, ")
amplitudes contained in the 2{ and 2; states [Eq.
(2)], we analyzed the '2C and *C(7~,y) branching
ratios assuming wave functions

|27 ) =cosd | 25, 2 1p3 .~ ") —sing | 1ds,5 1p3 ")
(6)

|25 ) =sing | 25, 1p3,, ') +cosd | 1ds,, 1p3 ")

We find that the minimum value for the ratio
B(27)/B(2;)=0.22 is obtained with ¢=15°. In-
clusion of 1s capture reduces this value to 0.18. If
the harmonic oscillator parameter is changed to 1.64
fm (an alternative value used by Donnelly?®), the
minimum occurs at ¢=20° with a ratio of 0.14.
These values of ¢ agree with the theoretical values
of Donnelly,?® but do not agree with the 12¢ and C
experimental ratios of B(27)/B(2;). The calcula-

tions of Kissener and Eramzhyan’ indicate a possi-
ble way out of this dilemma. Use of the Millener-
Kurath®® interaction, which contains noncentral
terms and generally improves the agreement between
the predicted and experimental positions of the un-
natural parity states in the lp shell, leads to a re-
duced transition strength to the 2] state that is con-
sistent with the experimental upper limit. The sum
of the two branching ratios is independent of the
mixing angle and can be used to determine the
quenching factors (r,) for the matrix elements. We
find r,=0.40+0.05 for '*C and r,=0.56+0.02 for
12C. Similar quenching factors are needed for the
complete shell-model results. This reduction was
also noted by Donnelly?® in his comparison with in-
(le%astic electron scattering data for the 25 level in

C.

In Fig. 5 we compare our spectrum to the full
shell-model results. The theoretical branching ratios
have been reduced by a factor of 5 to match the
strongest 2~ transition. The theoretical spectra are
convoluted with the instrumental resolution and
energy-dependent acceptance. In addition, we as-
sumed a natural line width of 1 MeV for all theoret-
ical levels except for the “B ground state. The
overall representation of the data is seen to be quite
satisfactory.

V. SUMMARY AND CONCLUSIONS

The present study on '*C has completed the
(m~,y) reaction systematics of isovector M2 excita-
tions in the carbon isotopes, and has confirmed the
trends for 2~ state excitation found throughout the
1p shell and lower 2s-1d shell. For the carbon iso-

Excitation Energy in B

(MeVv) 30 20 10 0
T T T T T T T T 1§ 1 11T T
1501
“e(rry) “B*
2 100}
0
o
~
°o
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w
0

160 1:10 120
Photon Energy (MeV)

FIG. 5. The “C(7—,7)'*B photon spectrum compared
to the shell-model calculations of Ref. 7. Solid curve,
Cohen-Kurath plus Gillet-COP p-h interaction; dashed
curve, Cohen-Kurath plus Millener-Kurath p-h interac-
tion; dotted curve, contribution of the 2; state predicted
at E,(B)=1.8 MeV.
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topes we see the second 2~ excitation, predominant-
ly (1ds;, 1p3;; "), carrying most of the (77,%)
strength. The lowest energy 2~ excitation, predom-
inantly (2s,,, p3,» '), is much weaker. The highest
energy 2~ excitation, predominantly (1d; /2 pipnh,
is not as clearly distinguishable in the “C (7~,7)
spectrum as it is in those of >C and 3C. A further
feature of the “giant isovector M 2” state is that it is
broadened, both as the parent state in 2B or *B and
in the target nucleus '2C or *C. Its width is approx-
imately 0.5 MeV. Shell-model analyses of the tran-
sition rates to this state in >C, 1°C, and '*C overesti-
mate the measured rates by factors of 2 to 5.

The latter feature is a trend of the (7—,y) data
that exists for all cases investigated so far. In addi-
tion to the three carbon isotopes, the quenched M2
strength is observed in %0 and '®0 (Ref. 12) and
20Ne (Ref. 13). In these cases the observed strength
misses the predicted values by a factor of approxi-

mately 2. Only for %0 have attempts been made to
account for the missing strength. The inclusion of
2he admixtures into the ground states typically re-
moves one half of the discrepancy. Higher-order
admixtures into the final states have only a small ef-
fect. Thus one is led to consider more exotic
mechanisms like A-h admixtures to account for the
missing strength. Recently such investigations have
begun.”’~!! However, before firm conclusions are
possible, extensive systematics must be compiled.
The present study on '*C, which has located the
“isovector M 2 resonance” in this important single
closed-shell nucleus, is a step in this direction.
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