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The absolute and relative y-decay strengths of the lowest T = 3/2 levels in "C and "N pre compared
using the ' C(p,yo)"N, "B('He,py)"C, and "B('He, ny)"N reactions. By combining the present results with

previous measurements, reduced asymmetries of B("C)/B("N) —1 = —0.07 ~ 0.13 0.82+0'6 (0.83 ~ 0.29,
and —0.04 + 0.14 are obtained for the yo(M1), yo(E2), y, (E1), and y2(M1) transitions, respectively. All
of the known mirror y transitions in mass 13 are summarized and compared with theoretical calculations and
with the analogous P decays of "B and "O. Upper limits of 2—7% are placed on the relative size of the
isotensor transition matrix elements for the M1 transitions. Changes in the radial wave functions induced by
binding energy differences in "C and "N do not account for the observed asymmetry of the well known E1
decays of the first excited states. This provides clear evidence of charge dependent parentage differences in

the T-allowed components of the nuclear wave functions. For the lowest T = 3/2 levels in "C and "N we

find I„o/I(' C) = (0.396+0,030)%, I „0/I~(' N) = (12.1+1.1)%, I I 0/I (' N) = (5.79~0,20) eV,
I «t»("C) = (5.88 ~ 0.81) keV, and I tptsi( N) (0.86 + 0.12) keV. A new efficiency calibration standard at

E~ = 15.1 MeV is provided by our measurement of the "C(p,yo)"N thick-target resonant yield,
Y„=(6.83 ~ 0.22) X 10 ' y, 's per incident proton.

NUCLEAR REACTIONS C(p, yo), E =14.23 MeV resonance; "B(He, py),
B( He, ny), particle-y coincidence; measured I'& /I and deduced I'&. and 1 for

yt
C (T =2) and N (T =2); symmetry of mirror transitions.

I. INTRODUCTION

In recent years mirror nuclei have been used
to test the fundamental character of the electro-
magnetic and weak interactions, and also to de-
termine the accuracy with which corresponding
nuclear states are connected by the isospin raising
and lower operators. Differences in mirror P-
decay ft values, which had been interpreted as
possible evidence for second class currents, have
largely been explained in terms of charge-depen-
dent differences in the nuclear wave functions. '
For electromagnetic transitions the experimental
situation is less complete. The expected equality
of isovector y transitions in mirror nuclei follows
from two assumptions —that the nuclear levels
involved obey charge symmetry, and that the elec-
tromagnetic current contains only isoscalar and
isovector components. To date this equality has
been tested only for the T= & -T= —,

' M1 transi-
tions in "C and "N, from which Blin-Stoyle ex-
tracted an upper limit of -10/o for the ratio of iso-
tensor to isovector transition amplitudes. ' It is
possible to check the degree to which the mirror
wave functions obey strict charge symmetry by
studying mirror E1 speeds in T = &

—T =
& transi-

tions. These are expected to have equal strength
in the good isospin limit since the isoscalar E1
operator vanishes in the long-wavelength limit,
and &T = 2 currents cannot connect two T = 2 states.

Therefore any violation of mirror symmetry in
such transitions must be due to a breakdown of
strict charge symmetry in the nuclear wave func-
tions.

We have improved upon previous data concerning
the mirror &T= 1 decays from the lowest T= 2

levels in mass 13 by significantly increasing the
precision of the comparison of the y, and y, M1
transitions. We have also extended the comparison
to the E1 transitions to the first excited states
and the E2 component of the ground-state transi-
tions. Figure 1 illustrates the transitions which
have been measured in the present work.

The summary and comparison of electromagnetic
transition strengths in "C and "N presented here
are derived from a combination of several new
measurements, along with existing information.
In Sec. II below, our measurement of the "C(p, y)-
"N yield for the "N (T =-,) resonance is described.
Coincidence measurements of the "B('He, py)"C
and "B('He, ny)"N reactions are described in Sec.
III. In Sec. IV we compare the observed upper
limits on M1 asymmetries with those expected
from a shell-model calculation of Coulomb and
electromagnetic spin-orbit effects, ' and from a hy-
pothetical isotensor electromagnetic current. ' The
M1 transition strengths are also compared with
the ft values for the P decays of "Band "O, and
with the effective-interaction calculations of Cohen
and Kurath. ' Large asymmetries are observed
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of mass, the total resonance yield can be obtained
from the size of the step in a thick-target excita-
tion function obtained at 8„=125', where P, (cos8)
vanishes. In order to enhance the y-ray counting
rate, a large (-15-cm) diameter lead collimator
was used with the NaI spectrometer. 'This re-
sulted in a modest degradation of the energy resol-
ution to -4.2/g full width at half maximum (FWHM)
at 15 MeV. The effective solid angle was -130
msr.

Several different procedures were employed to
insure the accuracy of the resonance yield mea-
surements. The effects of dead time and pileup
were minimized by running with small beam cur-
rent; small corrections were made using a pulser
whose output was triggered by the beam current
integrator and summed with the signal from the

' C(py)
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FIG. 1. Level diagrams for C and N showing the

y-ray transitions measured. The basic shell-model
configurations for the different levels are given in par-
entheses.
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in the E1 transitions. These are investigated with
a model which takes explicit account of changes
in radial wave functions caused by binding energy
differences between "C and "N. Since these ef-
fects do not explain the observed asymmetries,
we conclude that charge-dependent configuration
mixing is required.

An important aspect of the present work is the
determination of a new calibration standard for
absolute y-ray detection efficiencies at E„=15
MeV. A brief account of this work has already
been published. '
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II. ' C(p, y)' N YIELD MEASUREMENT

A. Experimental method

We have observed the lowest T =
& level in "N

as a narrow resonance in the "C(p, y, )"N reac
tion. ' Figure 2 shows y-ray spectra obtained at
proton energies on and off the resonance near E~
= 14.22 MeV (lab). The data were obtained by bom-
barding a, self-supporting 1.V-mg/cm' natural car-
bon target with a proton beam from the University
of Washington FN tandem Van de Graaff accelera-
tor. y rays were detected at 8„=125' in a 25-cm
x 25-cm NaI spectrometer with a plastic anticoin-
cidence shield. Since the angular distribution of
the decay y rays from an isolated J= —,

' level must
have the form A,P, (cos8)+A,P, (cos8) in the center

400 accept
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FIG. 2. y-ray spectra from the C(P, y) N measure-
ment obtained at proton energies on and off the N (T
= 2) resonance at E& = 14.23 MeV. The spectra accepted
and rejected by the anticoincidence shield are shown
separately, with the accepted spectra displaced by 300
counts. These spectra were obtained with an integrated
proton charge of 20 pC accumulated at an average cur-
rent of 35 nA. The regions summed to obtain the total
number of yo and pulser counts are also illustrated. The
spectra are cut off at the low-energy end by an electronic
discriminator.
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phototubes viewing the NaI crystal. The total num-
ber of counts in the y, and pulser peaks was de-
termined by summing counts within the windows
shown in Fig. 2. The gain was stabilized by an
analog device which adjusted the photomultiplier
high voltage to keep the 4.44-MeV y ray at a con-
stant pulse height. The "C(p, ),) yield per pC of
incident protons was determined from the ratio of

y, counts to pulser counts. In order to eliminate
any possible error from drifts in the discrimina-
tor level on the anticoincidence shield, the (p, y, )
yield was calculated from the sum of the spectra
accepted and rejected by the anticoineidence shield
after correcting for a small background due to
cosmic rays. 'The current integration system was
calibrated with a precision resistor and current
source, and the entire 7-m long beam dump in-
cluding the target chamber was used as a Faraday
cup.

'The detection efficiency of the NaI spectrometer
was calibrated at 15.1 MeV, the energy of the y,
transition, using the "B('He, py)"C reaction as
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FIG. 4. Resonance yield per incident proton (multi-
plied by 47r) for the C(P, yo) N reaction at 0& =125 .
Only statistical errors are shown. There is an addition-
al overall systematic error of + 3% due to the NaI effi-
ciency calibration. The solid curve is a Monte Carlo
calculation (see text). The plateau region used to obtain
the thick-target yield is delineated by the vertical lines.
Only the I

&
=35 nA data are shown here. The energy

scale comes from the nominal accelerator calibration.
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FIG. 3. Charged particle spectra from the 1.7-mgjcm2
carbon target at a proton energy just below the N (T
= 2) resonance. The group labeled 2 Si corresponds to
inelastic scattering in the silicon detector of protons in
the ~2C (g.s.) group.

explained in Sec. III below. The coincidence yield
of 15.1-MeV y rays from the "B('He, py) reaction
was measured at 8„=125' consecutively with the
"C(p, ),}yield measurement. The only alteration
in the experimental geometry was to change the
target and rotate a proton detector to an angle of
00

'The resonant y-ray yield depends on the concen-
tration of "C in the target. We determined the
composition of the target from elastic proton scat-
tering. Figure 3 shows charged particle spectra
obtained from the target at laboratory angles of
40' and 120 at a proton energy just below the E~
= 14.23 MeV "N (T= —,') resonance. The particle
spectra were accumulated after the completion of
the "C(p, ),} excitation functions. Except .'or the
1/p of "C in natural carbon, small amounts of hy-
drogen and oxygen are the only visible contamin-
ants. Using known elastic scattering cross sec-
tions for carbon, ' oxygen, "and hydrogen, " the ef-
fect of these contaminants on the thick-target
"C(P,y) yield was determined to be negligible even
for the case of a uniform distribution of contam-
inants through the target interior.

Figure 4 shows the yield of ground-state y rays
per incident proton (multiplied by 4w) obtained at
8„=125 at an average proton current of -35 nA

with 20 p.C of integrated beam per point. In order
to verify that all of the count-rate-dependent ef-
fects were being handled correctly, parts of the
excitation function were repeated with a beam cur-
rent of -10 nA. As a further check for impurities
or irregularities on the target surface, parts of



64 R. E. MARRS, E. G. ADELBERGER, AND K. A. SNOVER I6

the excitation function were repeated again with the
target reversed, and at an average current of -43
nA. 1he runs at different beam currents gave
consistent results, and the weighted average of
Y„,= (Y —Ys) = (6.66 + 0.21) && 10 '

y, 's per proton
was adopted for the resonant yield (see below) from
an infinitely thick natural carbon target. 1his is
4m times the yield per steradian at Oi b= 125 The
error includes contributions of +2% from the stat-
istical uncertainty in the "C(p, z,)"N data, sl'fp

from an estimate of the systematic error in the
"C(p, p) measurement (including the uncertainty
in the beam integration), and +3% from the ac-
curacy of the "B('He, pZ) "C calibration. An ex-
citation function was also measured with a thin
target in order to check that the nonresonant back-
ground was smooth over the energy region spanned
by the thick-target yield. No other structure was
observed with the thin target between 14.21 and
14.2V MeV.

B. Calculated yield curve

The -10% overshoot on the leading edge of the
thick-target resonance yield curve of Fig. 4, known
as the Lewis effect, " is due to the discontinuous
energy loss of protons in the carbon target. The
probability for a proton to lose an amount of ener-
gy Q is roughly proportional to 1/Q' up to a maxi-
mum value of Q which corresponds to a head-on
collision with a free electron. For 14.2-MeV pro-
tons the maximum energy loss is Q =4(m, /m~)E~
=31 keV.

The overshoot can be understood qualitatively"
by imagining the extreme case in which the stop-
ping power is due entirely to collisions involving
an energy loss greater than the resonance width.
In this case all protons incident on the target at the
resonance energy will have a chance to interact
before being degraded in energy, and there will be
a maximum in the resonance yield. But if the in-
cident energy is above the resonance energy, some
of the protons which suffer hard collisions will
jump over the resonance and the overshoot will be
damped. Once the beam energy is well above the
resonance energy, the thick-target yield approach-
es a constant value determined by the average
stopping power. Calculations of this effect have
been made previously for resonances in the neigh-
borhood of E~-1 MeV, " and are in agreement with
experimental data.

In order to properly interpret our resonance
strength measurement, we have investigated the
discontinuous-energy-loss effects using the Monte
Carlo method of Costello et al. and previous auth-
ors." The smooth curve in Fig. 4 is a Monte
Carlo calculation of the thick-target yield, nor-
malized to the data in the "plateau" region of the

yield curve as explained below. The y-ray yield
per proton from a beam of mean energy E~ was
calculated from the double convolution integral

Y(Es) = t
=0

o(Es, E)g (Es, Eq)

X q(E, E;)dE dE; + Ys,

where X is the mean free path and 0~A ~ 1. These
expressions distribute the energy losses as 1/Q'
and the path lengths as e ~" ". Each proton was
followed until its accumulated path length equaled
the target thickness.

Previous authors determined the minimum ener-
gy loss from the expression Q „=I'/Q, where
I is the average excitation potential for the target
material. " This makes the average stopping pow-
er come out correctly. However, taking I(carbon)- VO eV and Q as above results in a value of
only 0.16 eV for Q „. Since the calculation be-
comes prohibitive for a Q „this small due to the
large number of collisions per proton, a value of

where t is the number of target atoms per cm' and
1'~ is the nonresonant yield. 'The resonant cross
section is

14ooI'~
Rs } (E E )2 &Z'

where E„ is the laboratory resonance energy and
I'~ is the laboratory width. g(Es, E,)dE, is the
probability that a proton in a beam of mean energy
E~ has an energy between E, and E,+dE, . A

normalized Gaussian distribution was used for
g(E„E,}. q(E, E,) accounts for the discontinuous-
energy-loss effects and is the probability that a
proton incident at an energy E, is found at an ener-
gy between E and E+dE somewhere inside the tar-
get. The quantity q(E, E,), which for a small range
of incident energies depends only on the energy
difference c =E, —E, was calculated from a 1/Q'
energy-loss spectrum using Monte Carlo tech-
niques. A computer program was written which
followed protons through the target and kept track
of the distance traversed within the target (4x),
while the proton energy was within a given interval
between c and c+ 4a. q(a) was then determined
from q(c) = &x/x&c, where x is the total target
thickness. The size of the energy bins used was
&&=40 eV.

The energy loss per collision and the path length
between collisions were generated from random
numbers (R} using the expressions

Q = Q.,.I1-R(1 —Q.../Q...)]
and
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Q „=2 eV was adopted as an effective minimum-
energy transfer to the electrons in carbon. 'The

energy-loss probability was then renormalized to
give the correct average stopping power K„b
= 30.75 +0.31 keV cm'/mg. " This results in a mean
energy loss per collision of 19.3 eV and a mean
free path of 0.63 pg/cm' in carbon. The electron
shell effects included in the calculations of Costel-
lo et al."at lower proton energies were ignored
in the present calculation.

A total of 3200 protons were tracked through the
target to generate the curve shown in Fig. 4. For
this calculation the value of the resonance cross
section 0, was adjusted to match the observed
average plateau yield for the combined yield curves
(see above), and the laboratory resonance width
was taken to be I'„,= 930 eV (see Sec. III below).
The target thickness of x= 1.70 mg/cm' was chosen
to reproduce the observed width of the excitation
function, and the beam energy resolution of I'~
(I WHM) = 1.8 keV was chosen to reproduce the
slope of the leading edge of the yield curve. I'~
accounts for both the spread of beam energies and
the Doppler broadening of the resonance. The
double convolution integral was done numerically.
The accuracy of the Monte Carlo calculation in the
plateau region was estimated to be -~0.4/0 from
the fluctuations in the predicted yield.

The excellent agreement between the calculated
"C(p, yo) "N resonant yield and the data gives us
confidence that all effects are understood. The
quantity most accurately determined by this pro-
cedure is Y„,=6.66+0.21x 10 ' yp's proton, the
plateau yield (&&4m) that one would measure at
8„(lab) = 125' with an infinitely thick natural car-
bon target. This result is insensitive to the pa-
rameters of the calculation, such as the beam en-
ergy spread, resonance width, and the stopping
power. It is even insensitive to the nature of the
energy loss process. If one were to interpret the
measured plateau yield (indicated in Fig. 4) in the
continuous energy loss approximation (accounting
for finite target thickness but neglecting strag-
gling), the extracted value of Y„,would be about
0.6/o greater than the value given above. This dif-
ference depends somewhat on the definition of the
plateau region, but in any case is much smaller
than the +3% experimental uncertainty, and could
be further reduced by making measurements with
a thicker target.

We obtain the resonance strength" Ys = s&P'„b/
2c after making several small corrections to Y„,:
+1.5/o for the lab-to-c. m. solid-angle transforma-
tion, and +1.1% to account for the fact that e„(lab)
= 125' is not exactly at the zero of P, (coss, ).
The measured angular distribution for yo (see Fig.
5 and discussion below) was used in making the

Here Y„=(6.83 +0.22) x 10 ' y, 's per incident pro-
ton as above, A. = 8.22 x 10 " cm is the reduced
proton wavelength, and a = (2.02 && 10 "mg/
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FIG. 5. Angular distribution of the C(p, yo) 3N reson-
ant yield for the '3N (T = 2) resonance at E =14.23 Mev.
Yields and angles are with respect to the ' N~ reference
frame. The nonresonant background has been subtracted.
The straight line is a least-squares fit to ADPO(cosa)
+ A 2P 2(cos 0) .

second correction. The final result is Y„=(6.83
+ 0.22) x 10 ' yo's/proton.

It is worth noting the effects of discontinuous
energy loss on the apparent resonance energy. The
usual considerations (based on continuous energy
loss) lead one to expect for a thick target that the
resonance energy is the energy at which the reson-
ance yield is one-half of its maximum value. In the
present case our calculations indicate the reson-
ance energy lies 0.4 or Os5 keV lower than the val-
ue given by this prescription, depending on whether
one takes half the maximum or half the plateau
yield.

C. Results

The quantity I'~ I'„ /I" was obtained by inserting
Pp Xp

the usual equation for op into the formula for Y„
given above:

Mi+ M2 A. &o ~p
I' I'
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atom)K„„where e is the stopping power per "C
atom (of natural carbon) and K„»=30.75+0.31
keV cm'/mg. " The factor (M, + M, )/M, =+', con-
verts the stopping power to the c.m. system, and
the remaining quantities have their usual mean-
ing with all widths given in the c.m. system. 'The

resulting value of I'~I'„ /I' = (5.79+ 0.20) eV is in
agreement with, but more precise than, the pre-
vious value of (5.5+0.8}eV.' The greater pre-
cision obtained here stems primarily from the
precise determination of the y-ray detector ef-
ficiency from the proton-y coincidence measure-
ment, along with a proper accounting for the ef-
fects of discontinuous proton-energy loss on the
shape of the (p, y) resonance-yield curve.

Although our value has been obtained by ignoring
interference between the resonance and the back-
ground, it should not be significantly affected by
interference since the ratio of the cross sections
o,/o», =230, and interferences of E1 or E2 back-
grounds with the M1 resonance cannot contribute
to the A, term in the angular distribution. Qur data
at 0„=125' measure A„since the resonance angu-
lar distribution has a negligible A, coefficient (see
below).

We have determined the E2/M1 mixing ratio in
the "N (T =-,') ground-state transition from a mea-
surement of the "C(p, y, ) angular distribution at
laboratory angles of 45, 60, 90, 120, and 135'.
The "C(p, y,} thick-target yield at proton energies
above and below the resonance was averaged and
subtracted from the resonance yield to obtain the
data plotted as a function of cos'0, in Fig. 5.
'The straight line in Fig. 5 is a least-squares fit
to A,P, (cos8)+A,P, (cos8), from which we deter-
mine A, /A, = -0.68 +0.03. This implies an E2/M1
intensity ratio of 0.013+0.005 in the y, transition.
A second fit to the angular distribution with the
P, (cos8) term included yielded a value of A, /A,
= -0.008+ 0.014, confirming that there is no signi-
ficant contribution to the yield from the P, term.

A by-product of the present work is a value for
the nonresonant "C(p, y, )"N cross section at 8„
= 125' near E~ = 14.20 MeV. The result is o'(125')
= 1.1+0.1 pb/sr.

"Q( He, py)' Q AND "Q( He, ny)' N

A. Experimental method

The relative y-ray transition strengths from the
lowest T = —,

' levels in "C and "N were compared
in a coincidence study of the mirror stripping
reactions "B('He, py)"C and "B('He, ny)"N. The
experimental arrangement has been described
previously. " In the present measurements a 150
pg/cm', enriched, self-supporting "B target was

I I I I I I
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bombarded with 'He beams of 5.3 MeV for our
"B('He, py) study and 7.0 MeV for our "B('He, ny)
experiment. y rays were detected at 125' in the
NaI spectrometer, and particles were detected
at O'. The 'He beam was stopped in a stack of
nickel and aluminum foils for the proton measure-
ments and in a small tantalum Faraday cup for the
neutron measurements. Neutrons were detected
in a disc of NE102 plastic scintillator 2.5 cm thick
and 11.4 cm in diameter coupled to an RCA4522
photomultiplier tube. The neutron flight path was
35 cm, and the time of flight was measured with
respect to coincident y rays. The data were event-
mode recorded and sorted off line.

'The neutron time-of-flight spectrum for events
with E„—9.5 MeV is shown in Fig. 6. This y-ray
energy range includes all the observed transi-
tions from the lowest T = —,

' levels in "C and "N.
Figure 7 shows a portion of the simultaneously
accumulated singles and coincident proton spec-
tra. The area of the proton group populating the
"C (T =-,') state was used to determine a value
of I'„ /I'= (0.396+0.030)% for this state. This is
smaller than the value of I'„,/1" = (0.53 + 0.06)% ob-
tained by Cocke et al. from a similar measure-
ment. " When combined with an electron-scattering
measurement" of I"„=(23.3 + 2.7) eV, our mea-

0
surement yields (5.88+0.81) keV for the total width
of the T = —, level in "C. This is consistent wi.th,
but more precise than, previous values of I'= (6.0
+ 1.7) keV obtained from a sBe(n, y,)"C measure-
ment" and I =4.7+ 1.6 keV derived by Cocke
ef, aL"

We also measured I'r, /I' s, for "N (T = -', ). In a
separate measurement we detected neutron-proton

NEUTRON TIME OF FLIGHT

FIG. 6. Neutron time-of-Qight spectrum obtained with
the B( He, ny) N reaction. Only events with y-ray
signals greater than 9.5 MeV are included.
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FIG. 7. The ' B( He, py) C singles proton spectrum
at 0&

=0' and the coincidence spectrum corresponding to
events with y-ray signals greater than 9.5 MeV. The
solid lines are drawn to indicate the singles and coin-
cidence line shapes, which are the same if the back-
ground shown by the broken line is assumed for the sin-
gles data.

coincidences associated with this level. Then
I'„,/I'~ is given by the ratio of the neutron-y coin-
cidence yield (as described above) to the neutron-
proton coincidence yield, where in each case these
yields were normalized to the yield of the "C, ,
proton group observed in a monitor detector. The
particle spectrum obtained in the monitor detector
at 40'(lab) is shown in Fig. 8. The monitor detec-
tor was covered by a 9.4 mg/cm' aluminum foil
to stop elastic 'He particles.

Coincident protons from the decay of "N (T = —,')

FIG. 9. Example of data obtained in the B(He, np)
measurement. The diagonal arrows indicate kinematic
bands corresponding to levels in C. The N (T =2) en-
hancement occurs at a fixed neutron time of flight.

were detected in a telescope consisting of a 200-
p.m surface-barrier detector and a 2.4-mm thick
silicon detector at a laboratory angle of 117'. A
solid angle of 45 msr was defined by a circular
aperture covered with 4.7 mg/cm' of aluminum
foil to stop 'He and a particles. An example of
the neutron-protoncoincidence data is shown in
Fig. 9. 'The determination of the ground-state
proton yield is straightforward. The position of
the low-level cutoff in the neutron energy spec-
trum was carefully monitored by counting an "'Am
source at the beginning and end of each data run.
The position of the 60-keV photopeak was used to
establish a digital threshold on the slow energy
signal from the scintillator as illustrated in Fig.
10. From this procedure we obtain I'„,/I'~, = (12.1

12-

IO- "B(~He.p) '~C(3.68+3.85)

cn 8-

OO6-

"B( He.d) C(4.44)
" "B(~He.d)'~C (g.s.)

B( He, p) C(3.09)
"B('He.p) "C(g.s.)

O
4-

2-
~ gl ~ ~

x 10

~ ~ ~

~ ~

"B( He, p)@C
(6,86)

t' B( He, p)' C(4.44)

,x 100
I

20 40 60 80 100
CHANNEL

120 140 160 180 200 220
NUMBER

FIG. 8. Spectrum obtained in the monitor detector at an angle of 40' (lab) and a He energy of 7.0 MeV. The group
labeled B( He, P) C (g.s.) was used to monitor the number of B+ He interactions in the target.
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FIG. 10. (a) Response of the neutron detector to an
Am source. The arrow corresponds to the location of

the 60-keV photopeak, which was used to set a digital
threshold during the data analysis (see text). (b) Re-
sponse of the detector to 1.18-MeV neutrons which popu-
late the lowest T =2 level in N. The solid curve is
drawn only to guide the eye. Random events have been
subtracted.
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s 1.1)%, which is consistent with a previous mea-
surement of (12+ 2)'%%uo.

"
B. NaI calibration

The 1', T=11evel at 15.11 MeV in "C decays
predominantly by a y transition to the ground state
and therefore offers a unique opportunity to cali-
brate the NaI spectrometer at virtually the same
energy as the y, transitions from the lowest T = 2

levels in "C and "N. The efficiency-solid-angle
product of the NaI spectrometer was determined
at E„=15MeV by observing tagged y rays from the
"B('He, py)"C reaction (see Ref. 16). An enriched,
150-p, g/cm' "Btarget was bombarded with a 4.1-
MeV 'He beam and coincident protons were de-
tected at 0 using the same setup employed for the
"B('He,p)"C measurement. Since the p-y angular
correlation for a J=1 level must also be of the

FIG. 11. Response of the NaI spectrometer to y rays
of different energies. Spectra accepted by the anticoin-
cidence shield are displaced upward. The 15.11- and
4.44-MeV spectra are cut off at -1.5 MeV by a discrim-
inator threshold. The 12.71-MeV spectrum is not shown
below -7 MeV due to the presence of strong background
y rays.

form A,P, (cos6)+A,P, (cose), y rays were detected
at 125; where P, (cosH) has a zero.

Figure 11 shows the coincident 15.11-MeV y-ray
line shape, as well as line shapes at E„=12.71
and 4.44 MeV. The 4.44-MeV line shape was ob-
tained by setting a window on the proton group
populating the first excited state of "C, and the
12.71-MeV line shape was obtained from "B('He,
dy)" C data accumulated simultaneously with the
"B('He, py)" C data.

A smooth line shape having a constant precentage
width was derived from the 15.11-MeV data of Fig.
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11, and was fitted to all of the y-ray spectra re-
ported in the present work in order to obtain y-ray
yields and energies. The smooth curves in Fig. 11
are examples of the fitting procedure. It can be
seen that the percentage energy resolution of the
NaI spectrometer is essentially constant for the
y-ray energies of interest in the "C-"N compari-
son. The low energy tails of the line shape (be-
low -0 7E„.) were not included in the fitting pro-
cedure.

In determining the y detection efficiency a branch-
ing ratio of I'„ /I' = (88.2 a 2.1)% was adopted for
"(:(15.11) based on existing measurements of the
n-decay" and relative y-decay" branching ratios.
The NaI efficiency was extrapolated to lower en-
ergies using y-ray absorption coefficients and the
observed energy dependence of the accepted and
rejected line shapes. The uncertainty in the NaI
efficiency makes a negligible contribution to the
error in the relative y-ray transition strengths
reported for "C and "N, since the transitions
have nearly the same energy in both nuclei.

80

40-

20-

u)

O
I60-

I20-

80-

40

Y~
C (T=5/2)

I I

Yp
N (T= 5/2)

C. Results

The coincident y-ray spectra corresponding to
the deexcitation of the lowest T= 2 levels in "C
and "N are shown in Fig. 12 together with the
least-squares-fitted line shapes. A small back-
ground due to random coincidences has been sub-
tracted. The y-ray widths, branching ratios, and
total widths obtained for the 2, T =

& levels in "C
and "N are summarized in Table I. I'„ for "C
is taken from the electron scattering measurement
of Wittwer, Clerc, and Beer,"while I'„ for "N
is obtained from the present measurement of

10.0 I2.0 14.0
E„(Mev)

I6.0

FIG. 12. Coincident p-ray spectra from the decay of
the T =2 levels in 3C and N. The smooth curves are
least-squares-fitted line shapes.

I'~ I'„,/I' in combination with a previous coinci-
dence measurement" of I'~ /I'=0. 236+0.012.

0
The unresolved transition to the —, and —,

"second
and third excited states is expected to go pre-
dominantly to the —,

' level. In "N these transitions

TABLE I. Summary of y widths (in eV) and branching ratios for the ' C(2, T, = ~) and ' N-
(&, T= z) levels at E„=15.1 MeV. The state labeled z refers to the level at 7.55 MeV in ' &.

J of
final state 13(

r„(eV)
13N Theory ('3N)

z (g.s.)

ly
2

+g3 5+

5
2

22.7 +2.6(Mi)
0.59 +O. 1 1 (E2) '
4.12 + 0.74

18.2 +2.4

&0.9

24.2 ~1.5(M 1)
0.32 +0.12(E2)

~2.82 +0.30

19.6 +1.4

26.24 (M 1)
0.74(E2)

10.44 (to —)

7.0&&10 3

13(
Decay properties of the T= ~ levels

13N

I'„,/1" = (0.396 + 0.030)%

I'= (5.88 +0.81) keV

r,pl p/P (5.79+0.20) eV

I„,/r~, =(i . +1.1)%

1 = (0.86 +0.12) keV

Reference 32.
Reference 18.
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are not resolved, while in "C the 170-keV energy
separation allows us to place an upper limit of 20%
on the —,

"contribution by use of the line-shape fit-
ting procedure. The presence of a weak E1 tran-
sition to the —,

"state would not substantially alter
our conclusion, since E1 and M1 transitions have
the same energy dependence and are both expected
to have equal strength in "C and "N.

Although the natural line widths of the unbound
states in "N are much smaller than our instru-
mental resolution, the systematic errors in I'„
and I'„ introduced by the tails of the unbound levels"2
were estimated from their resonance shape seen"
in "C(p, Z) adjusted by the appropriate E„' phase-
space factors. The y, and y, strength "missed"
by the line-shape fitting program was found to be
much smaller than our statistical uncertainties
and has been neglected.

The 12.71-MeV y, transition in "N may contain
an unresolved contribution from the y decay of
"C (12.71) populated in the proton decay of the
"N (T = —,) level. We estimate the contribution of
12.71-MeV y rays from this process as follows.
"C (12.71,T= 0) contains" a p' = (0.21 +0.11)% ad-
mixture of "C (15.1, T= 1).The T= ,' level in "-N

should decay strongly to the "C (15.1} impurity
in the 12.71-MeV state. We estimate the partial
width for this decay as I'~= 2Py»C'SP', where P
is a Coulomb penetration factor, y„„'is the Wig-
ner-limit width, C is an isospin Clebsch-Gordan
coefficient, and S is the spectroscopic factor for
"B (g.s.)-"B(g s )+n .U. sing . the Cohen-Kurath
value" of S = 0.629 and I'„ /I' ("C) (12.71)= (1.93
+0.12}%from Ref. 16, we expect that the isospin
forbidden proton decays are responsible for (15
+ 8)% of the "y," yield. Hence I'„ for "N (T = -2)

is given in Table I as an upper limit.
The total width of "N (15.07) can be obtained

from I'= (I'„ /I' ) ' x (I'&I'„ /I')(I'~, /I') '. From
our measurements of the first two ratios and the
value of I'~ /I' given in Ref. 22, we obtain I' = (860
+120}eV.

Recently Hinterberger et al. 25 made a careful
study of the "C(p, p) reaction over the 14-MeV
T = —,

' resonance. They obtain I'~ /I' = 0.191+ 0.017
and I'= 1.10 +0.09 keV, which when combined with
our value for I'~ I'„ /I' yield I'„,= 30.3+ 2.9 eV.
Since these results disagree with our values we
have tried to account for the discrepancy. It is
interesting to note that the value of 1"~ = 203 + 22

0
eV derived from our work and Ref. 22 agrees well
with I'~ = 210 + 11 eV obtained by Hinterberger
et a/. " An elastic scattering interference anomaly
is sensitive primarily to I'~ when I' -R, where

08 is the experimental energy resolution. If Hinter-
berger et al. had slightly underestimated R the
effect would be to yield an erroneously large value

of I' and hence an erroneously small value of I'~ /PpI'. Although we cannot find any fault with the
analysis of Ref. 25, the history of elastic scatter-
ing studies of very narrow resonances indicates
that it is difficult to compute resolution functions
correctly.

IV. COMPARISON OF TRANSITION STRENGTHS

A. M1 transitions

The six known mirror electromagnetic transi-
tions in "C and "N are listed in Table II. The re-
duced transition strengths are expressed in Weiss-
kopf units (W.u. ); and the measurements are from
the present work unless noted otherwise. For the
purpose of comparing the reduced transition
strengths in "C and "N it is convenient to define
the asymmetry parameter 5 =—B("C)/B("N) —1,
which also appears in Table IL The precision of
our comparison of the &T = 1, M1 transitions is
improved by defining the relative asymmetry
d. =B„ ("C)B„("N)/B„ ("C)B„("N) —1. & can be
determined accurately since it is independent of
the absolute strengths.

Since the M1 operator contains no radial depen-
dence in the long-wavelength limit, and the y, and

y, transitions are strong, these transitions are
relatively insensitive to differences in the nuclear
structure and hence test the structure of the elec-
tromagnetic current itself. Defining A, and Ay
as the reduced isotensor and isovector transition
amplitudes, respectively, a nonzero isotensor am-
plitude would produce an asymmetry of 5

=4(—',}'~'A,/A, for each of the "isovector" transi
tions, and a relative asymmetry of 4= 8(—,')'~'X
for the two Ml transitions. Here 2 -=2[A,/A, (y, )
-A, /A, (y,)]. The M1 transitions are seen to have
no asymmetry within the experimental uncerta. in-
ties, and upper limits (at 68% confidence level)
are given for A, /A, and X in Table II.

'The &T = 1 transition strengths may also be af-
fected by charge-dependent mixing in the initial
or final states. Table II lists the asymmetry 6 in
the yp transition predicted by the shell-model cal-
culation of Sato and Yoshida, ' which included Cou-
lomb and electromagnetic spin-orbit effects. The
predicted asymmetry from these effects is smaller
than our experimental upper limit.

The asymmetries in the M1 transitions expected
from a hypothetical isotensor electromagnetic cur-
rent, as calculated by Chemtob and Furui, ' are
also displayed in Table II. These asymmetries are
also smaller than our experimental upper limits.
Even though our experimental results have placed
a good limit on the reduced isotensor matrix ele-
ment A„ the corresponding limit for the isotensor



16 ELECTROMAGNETIC TRANSITIONS IN ' C AND ' N 71

TABLE II. Comparison of reduced transition strengths in ' C and ' N. 6 =B(' C)/B(' N) —i.

E; (z', v) B (W.U. ) 6 (exp. ) 6 (theory) /A, /x, f

13(

13N

13(

13N

13C

13N

13(

N
13C

N
13(

N

15.11
15.07
f 5.11
15.07
15.11
15.07
15.11
15.07
3.68
3.51
3.09
2.37

(— —)
3 3

(— -)3 3

(— —)
3 3

' (-'- -')
0.0
0.0 b, r)
3 68 (3 1)
3.51
3 09 (1 I

)237 2 2

3.09 (1, I)
2.37 2 .2" (-'- -')
00 2 &2

0.318+ O. 036
0.342 + 0.021
0.51 +O. f 0
0.28 +0.11
0.587 +0.077
0.613+ 0.044

(6.4+ f.f)~10 '
~ (Ei)~(3.69 +0.39)&f0+

0.038 +O.of 1 ~

(Ef)0.094 + 0.0 f 3 '
0.040 + 0.005 g

O. 13 ~O. Of "

-0.07+0.13

0 82+1~ 2

-0.04+ 0.14

~0.83 +0.29

-0.60 +0.13

-0.69 +0.05

6 = 0.03 + 0.07

o.of '
—0.049

O.OO3 b

O. OO7 b

&0.065

&0.058

A & 0.016

Reference 18.
Isotensor, Ref. 4.
Charge dependent, shell model, Ref. 3.
This may contain a small unresolved component (see text).

'Reference 33 as quoted in Ref. 23.
Reference 23.

I Reference 34.
"Weighted average as given in Ref. 35.

See text.

current is not very stringent, since its effects
in nuclei are highly suppressed because a &T= 2

current cannot couple to single nucleons. Upper
limits on the isotensor amplitude have also been
obtained in searches for isospin forbidden (AT = 2)
y transitions" and in various high energy experi-
ments. "

The P decays of "B (Refs. 26 and 29) and "O
(Ref. 30) are analogous to the isovector Ml decays
of the lowest T = & levels in "C and "N if the or-
bital part of the M1 operator is neglected. An

asymmetry in the mass-13 P decays of 6~ =ft'/
ft —1 = 0.166+0.026 has been observed experimen-
tally. '"" As in the mirror y decays, the asym-
metry 5~ could be due either to charge-dependent
differences in the nuclear wave functions or to a
fundamental effect such as a second class current.
Although the charge-dependent shell-model cal-
culations of Sato and Yoshida' predict a p-decay
asymmetry 5~ of only 0.047, one cannot conclude
that charge-dependent effects are not responsible
for the entire asymmetry. Unfortunately, the
experimental uncertainty of ~0.13 in the y, asym-
metry makes a quantitative comparison of the ob-
served P and y asymmetries impossible.

The importance of the orbital contribution to the
&T = 1 Ml matrix elements may be assessed by
comparing the absolute value of the analogous P
and y transition strengths. Since the small asym-
metries 6~ and 6„are not of interest here, we
average the experimental logft values for "Band
"Q, and the reduced transition strengths for "C

and "N. These averaged strengths are compared
in Table III. Here the y-ray transition strengths
A „(Ml) are obtained from the expression A„(Ml)
= 362I'„(eV)/E„'(MeV). We follow Ref. 31 and de-
fine the y-ray transitiop strength expected on the
basis of the P-decay strength as Az(MI)= 11.1CA(GT),
where A(GT) =4390/ft, and C is the square of the
ratio of the isospin Clebsch-Gordan coefficients
for the y and p transitions. In the present case

3 The spin component of the M 1 transition,
which is measured by the analogous P decays, is
in reasonable agreement with the experimental
strengths for the ground-state transition, but ac-
counts for only 25/o of the transition strength to
the 2 state. The importance of the orbital term
in the analog-to-antianalog transition and the sensi-
tivity of this strength to the details of the antianalog
wave function have been pointed out previously by
Dietrich et al. ,' who computed the transition strength
in a simple j-j coupling model with the orbital term
included. The M 1 and E2 transition strengths pre-
dicted" in the Cohen-Kurath lp shell calculation
are listed in Table I. The failure of the Cohen-
Kurath calculation to reproduce the analog-to-an-
tianalog transition strength presumably results
from this extreme sensitivity.

B. E1 and E2 transitions

Unlike the Ml transitions, the El decays of the
T = & level display a pronounced charge asymmetry.
Similar asymmetries are observed in all the known
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TABLE III. Comparison of the average isovector Mi transition strengths in ' C and ' N

with the average p-decay strengths of ' B and ' p to the same final states. A&(M1) is the ex-
pected Mi strength obtained from the P-decay ft values.

Final T= 2 state
E„(~3c)

0.00

3.68

7.55

Logft
13Ba 13p 1

4.04 +0.01 4.10 + 0.02

4.45 +0.05 4.52 +0.13

5.33 +0.09 5.22 +0.23

A, (M1)'

2.90 + 0.06

A„(M1) ~ A„(Mi)tb

2.51 + 0.14 2.78

2.45

5.6&10 '
1.13+ 0.12 4.56 + 0.29

0.16 +0.04 &0.8

References 28 and 29 as given in Ref. 30.
Reference 30.

'Based on weighted average of log ft for '3B and ' O.
"Present work, weighted average of C and ' N.13

~Reference 32.

mirror E1 decays from T = & levels in mass
13"'"" (see Table II). There is also a suggestion
of an asymmetry in the E2 component of the y,
transition from the T =-,' level. In two of the three
El transitions a &T = 2 current cannot produce
an asymmetry because it does not connect T = &

levels. The asymmetry in the weak E1 transition
from the T= & level probably should not be at-
tributed to an isotensor current either. We must
look to the nuclear structure for an explanation
of the asymmetries in the electric transitions.

First we consider isospin mixing as a source of
the asymmetries. For the &', T =

& ground-state
decays the isospin impurity amplitude P —0.1
MeV/15 MeV-7 && 10 ', where 0.1 MeV is a large
isospin mixing element and 15 MeV is roughly the
minimum size for a T = & to T = & energy denomina-
tor. If the admixed state has a strong (-0.1 W. u. )
El decay, then this would cause a -2P = 1% effect
on the observed transitions. For the T = 2 levels,
none of the isospin-forbidden particle decay widths
exceeds 10 ' single-particle units, and most have
-10 ' single-particle units. " A T = & admixture
with strong intrinsic y (0, 1 W.u. ) and particle
(8'= 0.1) decays would change the El strength by
-25% if it were admixed with the maximum am-
plitude permitted by the observed particle decays.
Therefore isospin mixing cannot be responsible
for the asymmetries of the T = & levels and is ap-
parently not the sole cause of the T=-,' asymmet. —

ries either.
We next inquire whether binding-energy effects

can be responsible for the asymmetries. Each of
the E1 transitions involves the &' first excited
state, which is bound by 1861 keV in "C and un-
bound by 422 keV in "N. Since the radial wave
function of the 2.3'7-MeV state of "N will "stick
out" farther than the wave function of the analog
3.09-MeV state of "C, one might expect some dif-
ferences in mirror transitions involving these

levels. We have calculated the transition strength
for both the (—,",T =,) —(-,', T = —,') and the (—,', T
=-,) —(—,",T =-,) El transitions in a simple one-
particle model with a single configuration for each
state. We are led to this approximation since the
~' states are almost pure 2s, » single-particle
states (see below). Single-particle radial wave
functions were generated in a nucleon-plus-"C
central potential of the form

V(r)= V„,f(r) —V„f(r)—o'1 d
mc x Ch

+ Vc(r),

where f(r) = Ily e'" "o'~'j ', and Vc(r) is the Cou-
lomb potential of a uniformly charged sphere of
radius R, = rp' '. The radial wave functions were
calculated with the computer- code ABACUS."
'The real well depth, VR, was adjusted separately
for "C and "N to obtain the correct binding ener-
gies, and the other parameters were held fixed.
No imaginary terms were included in the potential.
The well depths used are listed in Table 1V, and
the resulting wave functions are plotted in Fig.
13. 'The largest neutron-proton asymmetry oc-
curs in the "C(0')C832s, &, wave function, which is
unbound in "N. Our purpose is to compute the
direct effect of this binding difference upon the E1
transition rates.

The strength of the —,"--,' transition in "C was
computed from the expression" I'„(E1)= 9 e'a'(E„/
gc)'SR8 8&'. The strength of the mirror transition
in "N was calculated in two steps. First the re-
sonant cross section was computed from the ex-
pression" o(E1) = (8v/3)(E~/kc)'(e'/hv)a'S'R'8 8&',
and then c(E1) was integrated over the resonance.
In these expressions the effective charge a =+2( —,",).
The statistical factors, which account for the an-
gular momentum algebra, are S= 1 and S'= —,'. The
spectroscopic factors for the initial and final
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TABLE IV. Real-well depths used to generate the wave functions for the calculations of the
single-particle Ei transition strengths in C and ' N. Other parameters (held constant) in the
potential were ro ——i.25 fm, a=0.65 fm, V~, =5.5 MeV. Positive binding energy (Ez) indicates
an unbound configuration. The labels "neutron" and "proton" indicate that the binding energy
is with respect to the level in ' C or N, respectively.

Par entage
E~ (MeV)

Neutron Proton
VRe (MeV)

Neutron Proton

1
2

ly
2

2 (T=2)3- 3

12C (0+)1P
' C(0')(32s f/p

"C(2-, Z = i)(32s«,

-4.947

-i.86i

-6.4i8

-i.944

+0.422

—3.455

43.9i6

57.534

70.76 i

44.004

56.875

70.276

0.6

0.4

Radial Navefunctions for ' C and '
N
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FIG. 13. Radial wave functions for single-particle
configurations in mass 13 computed using a Woods-
Saxon potential. The quantity plotted is u(r) =rg(r).
For the unbound proton corresponding to the first excited
state of 3N, u(~) has been normalized to the ' C wave
function inside the nuclear radius for display purposes
only. Aside from the normalization, u(r) is equal to the
2s&/& component of the C+P scattering wave function
computed on the peak of the N(2+) resonance.

states, 8,'= 1.02 and 8f'=0.49,"were assumed
to be the same in "C and "N. R and R' are the
squares of the radial integrals from r= 0 to 30 fm
as calculated by ABACUS, and v is the relative
proton velocity. The resonance shape for o(E1}
was calculated by stepping the proton energy over
the resonance while holding the potential fixed.
The result is compared with a Breit-Wigner shape
in Fig. 14. 'The good agreement" means that the
Breit-Wigner formula with I'= 35 keV and the cal-
culated peak value v(E1) = 152 pb may be used to
determine I"„=0.80 eV. Our calculation yields
B(E1,"C)=B(E1,"N) =0.16 W.u. for the —,'--,'
transition. Thus the change in the 2sz/2 radial
wave functions does not change the strength of
this mirror transition. This occurs because the
change in normalization of the wave function com-
pensates the change in the tail region.

The binding-energy effect on the (-,', T = -,')
—(-, ', T = —,') decays is not so simple to calculate.
The dominant p-shell configuration of the T = 2

level cannot contribute to this decay. Several
possible sd-shell admixtures in the T = —,

' level may
contribute to this decay. All such configurations
are bound in the T = —,

' level and hence should have
similar radial wave functions in "C and "N. We
have estimated the effect due to only one such con-
figuration, namely "C(2,T =1, 1658 MeV)
(32s, /, . The transition then has the form
[1P,&, '(2s, &,1d}'jr,&, &[2s,&,). The El operator
connects one of the 2sld-shell nucleons in the T = —,

'
level with the 1p3/, hole. This part of the matrix
element should have nearly the same value in "C
and in "N since only bound wave functions are in-
volved. A binding effect arises from the overlap
of the 2sl/2 nucleons in the initial and final states.
The overlap integrals were calculated from the
expression

30 fm

u&u, dr
0

We find I("C)lI("N) = 1.85. This leads to an ex-
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pected asymmetry of 6=0.35 for the (—,', T= ,')--' (—,",T= —,') transition, compared to the observed
asymmetry of 5» 0.83 +0.29. Thus a substantial
part of this asymmetry may be due to binding-
energy effects and/or isospin mixing in the T = —,
levels.

'The discrepancy between the experimental and
calculated asymmetries in the (&', T= &) -(&,
T = —,') transitions clearly indicates that charge-
dependent parentage differences must be present.
These differences are not due to isospin mixing
(as argued above), but are instead charge-depen-
dent differences in the T-allowed components of
the nuclear wave functions. This "dynamic dis-
tortion"" means that the wave functions of the mir-
ror states are no longer related by the isospin
raising or lowering operator. Kurath" has recent-
ly demonstrated the sensitivity of the (—,",T = —,')- (2, T = ,) trans-ition to the amount of "C (2',
4.43)ld, &, configuration in the —,

" state (which
contributes to the El decay through the "C (2',
4.43)I31P,&, component in the ground state). It is
clear that the binding-energy difference will make
this contribution less important in "N than in "C.
The amplitude of the (unbound) 2s, &, wave function
near the nuclear surface is smaller in "N than
"C, and the coupling potential to the "C(4.4)
(31d, &, configuration peaks in the surface region.
Since the "C(4.4) Im ld, &2

contribution will inter-
fere destructively in the E1 matrix element with
the contribution from "C(0.0)82s,

& „ the "N decay
will be retarded less than the "C decay, as ob-
served experimentally. Recently Fox et a/. "have
reproduced the experimental strengths in a cou-
pled-channels calculation which includes the ef-
fects discussed above.

V. SUMMARY

'The results presented here constitute the most
precise available comparison of isovector transi-
tions in mirror nuclei. The mirror M1 transitions
in mass 13 have the same strength within experi-
mental uncertainties. Thus there is no evidence
for either an isotensor component in the electro-
magnetic interaction or unexpected asymmetries
in the nuclear structure of "C and "N. The mirror
E1 transitions in mass 13, on the other hand, show
large asymmetries in their strength. The asym-
metry in the strongest of the T=-,'-T= —,

' E1 tran-

'
C (p,yj' N for 2s~ Resonance

/2

I20—

Xh
W

b
80—

35 keV
FWHM

40

sitions must be due to charge-dependent configura-
tion differences, presumably "dynamic distortions"
induced by binding-energy differences. Asym-
metries in the other E1 transitions are probably
due to similar subtle differences in the nuclear
structure. 'The E1 decays from the T= —, levels
may have contributions from is@spin mixing as
well.
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