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Absolute branching ratios for the isospin-forbidden particle decays of the lowest T =3 levels
of 13¢, 8N, 170, and !'F have been measured by populating the levels in (He, p), (He,a), or
(*He,n) reactions and observing the resulting decay products in coincidence. Branching ratios
of 0,070+ 0.018, 0.261 + 0,030, and 0.026 + 0,018 (0,236 + 0.012, 0,150 + 0,010, 0.053 = 0.015)
were determined for the neutron (proton) decays of the 15.1-MeV, T =3 level of 13C (13N) to the
ground state and first two excited states of 12C, respectively. Branching ratios of 0.91 + 0.15
and 0.05 + 0,02 (0.088 + 0,016, 0.23 + 0.05) were determined for the neutron (proton) decays of
the 11.08-(11.20-) MeV, T =3 level of ”O(”F) to the ground state and unresolved 6.05- and 6.13-
MeV excited states of %0, respectively. The a-decay branching ratios of the 15.1-MeV, T
=2 level of 13N to the ground state and first two excited states of B were determined to be
0.049 +0.027, 0.039+ 0.039, and 0.072 + 0.045, respectively. Possible origins of the large
asymmetries observed in the nucleon decays of these analog levels are discussed. The value
obtained for I} /T for the lowest T=3 level of !*N may be combined with 13C(e,e’) and 12C-
(9,7)13N measurements to determine the ratio I‘fy“ cy/ it (3N)=1.0 + 0.2 for y decay to the
ground state. This places an upper limit on the isotensor transition matrix element at 7%

of the isovector matrix element,

1. INTRODUCTION

One of the more intriguing ideas in nuclear phys-
ics is the suggestion that the isospin impurities
observed in complex nuclei may be useful in un-
derstanding the charge dependence of the internu-
cleon force itself.! That the exploitation of this
suggestion has not been entirely successful is
due in part to the scarcity of sufficiently detailed
experimental information on the size and form
of these impurities. Let us briefly review the
experimental evidence upon which our knowledge
of isospin admixtures is based. Isospin-impurity
amplitudes are obtained primarily from three
sources:

(1) B-decay matrix elements?

(2) Electromagnetic (E.M.) selection rules (es-
pecially for E1 transitions in self-conjugate nu-
clei>?);

(3) Comparison of isospin-allowed and isospin-
forbidden reaction rates.>”"

Because of the particularly simple form of the
operator for pure Fermi 8 decays, the transition
strengths between J"=0" analog states can be pre-
dicted with great precision. Hence the strength

of an isospin-forbidden transition directly mea-
sures the admixture of the analog of the initial
(or final) state into the final (or initial) state.
Charge-dependent matrix elements? obtained from
such measurements vary greatly but are on the
order of 10 keV. Occasionally the strength of a
superallowed Fermi transition is used to set a
limit upon the isospin purity of a nucleon state.
For instance, from the strength of '"Ne g+ decay
to the lowest 7' =3 level of !'F, the isospin purity
of the "F state is found to be >95%.8
Isospin-impurity amplitudes derived from iso-
spin-forbidden E.M. transition rates are subject
to larger uncertainties than those extracted from
B decays. Consider, as an example, the selection
rule on E1 transitions in self-conjugate nuclei.
In the light nuclei (A <40), the isospin-forbidden
transitions are typically only a factor of 10 weak-
er than the allowed transitions.® One might think
that this implied a typical isospin-impurity am-
plitude of ~30%. However, the allowed E1 transi-
tions are themselves very weak, typically 0.002
Weisskopf units (W.u.),° since most of the E1
strength resides in the giant dipole resonance. In
the absence of a detailed theory of the mechanism
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of isospin admixtures, it is difficult to convert
this factor of 10 inhibition into an impurity am-
plitude. However, if we make the assumption that
the “operative” impurity in these dipole transi-
tions is dominated by an admixture from the giant
dipole resonance, then one obtains charge-depen-
dent matrix elements for light nuclei of ~100 keV,
which correspond to isospin-impurity amplitudes
of ~1%. It is reasonable that the average strength
of matrix elements inferred from E.M. transitions
(100 keV) should be larger than that deduced from
B decays (10 keV). In the case of E1 decays the
charge-dependent interaction connects states with
a similar particle-hole structure, while for the
pure Fermi 8 decays, the relevant 0* states will,
in general, have quite different structures. In
principle, isospin-impurity amplitudes are also
obtainable from violations of the selection rule
that in E.M. transitions A7 =0 or +1. As yet, how-
ever, no such transitions have been observed and
the experimental upper limits'® on transitions
where the isospin changes by two units are still
roughly a factor of 4 greater than the expected
rate due to isospin admixtures in the T =2 state.

For example, in Ref. 10, the E2 transition be-
tween the 15.4-MeV T =2 state in >*Mg and the
1.37-MeV 2* T =0 state is found to have r, <40
meV. The width expected from isospin admix-
tures may be estimated by mixing the ground state
into the T'=2 state. Assuming that the charge-de-
pendent matrix element connecting these states is
100 keV, and using the known BE2 for the 1.37
MeV - ground-state transition, we find a strength
of I’y =11 meV for the 15.4-MeV -~ 1.37-MeV tran-
sition.

Studies of isospin-forbidden particle reactions
have, in general, contributed only modestly to-
ward our quantitative understanding of isospin im-
purities, largely because the strong interaction
transition operator is not well understood. Since
one cannot reliably calculate the transition rate of
an isospin-allowed particle transition, it is diffi-
cult to infer impurity amplitudes from measured
reaction rates. Nevertheless, impurity amplitudes
are frequently deduced by assuming some average
strength for the unknown rate. In spite of these
limitations, the particle reactions have produced
same important and unexpected results. Recent
studies of the isospin-forbidden particle decays,
such as the present study of the decays of T=3%
levels in A =13 and A =17 and the work of McGrath
el al.** on decays of 2s-1d shell T =2 states, have
revealed the firsgt details of the form as well as
size of isospin impurities.

It should be noted that in our discussion of iso-
spin impurities we have almost always referred
to the operalive rather than the fofal impurity.

For example, the impurity determined from an
isospin-forbidden g-decay rate is only that frac-
tion of the impurity due to the admixture of a sin-
gle state, and in the study of isospin-forbidden
E1 transitions one is sensitive only to that portion
of the impurity which has a strong E1 strength.

Let us consider in a general way the symmetry
properties of isospin impurities. A charge-de-
pendent two-body interaction between T =% nucle-
ons may be written in the form V; =A4+B(P -t
+C(ti+t}) +D(tit]) where A, B, C, and D are
functions of the space and spin coordinates of par-
ticles ¢ and j and tt and ti refer to the isospin vec-
tor and third component of the isospin vector of
the ith particle. This interaction can be decom-
posed into isoscalar, isovector, and isotensor
components. The first two terms are pure iso-
scalar, the third pure isovector, and the fourth
is a mixture of isoscalar and isotensor. The iso-
tensor term violates charge independence but pre-
serves charge symmetry. The isovector term vio-
lates both charge independence and charge sym-
metry.

The diagonal charge-dependent matrix elements,
which are presumably dominated by the Coulomb
force, are well known from experimentally deter-
mined isobaric displacement energies.’? From
these energies it is found that isovector energies
are much larger than isotensor energies. For ex-
ample, in mass 16 the vector energy is ~50 times
greater than the tensor energy and this ratio in-
creases with increasing mass. Apparently the di-
agonal charge-dependent matrix elements are fair-
ly well understood. Recent model-dependent®s 4
and phenomenological® % calculations reproduce
the observed displacement energies to accuracies
of 50 keV or better.

Much less, of course, is known about the off-
diagonal charge-dependent matrix elements, since
the relevant experimentzl data (summarized above)
are quite sparse. It is often assumed'®~® that for
the off-diagonal elements, as well as for the diag-
onal elements, the isotensor terms are much
smaller than the isovector terms. Calculations
of isospin impurities which employ a simple mod-
el of nucleons moving in an average Coulomb field
necessarily neglect isotensor mixing as the Cou-
lomb force is represented by a one-body operator.
Until quite recently there was no compelling rea-
son for considering isotensor mixing, since most
of the measured transition speeds were not sensi-
tive to isotensor impurites. However, the rates
of isospin-forbidden particle decays of 7=3 and
T =2 states are sensitive to isotensor mixing, and
have provided strong evidence that, in several
cases at least, it is comparable with, and some-
times exceeds, the isovector mixing. Some possi-
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ble explanations for this unexpected behavior will
be discussed below.

In the present work we have determined branch-
ing ratios for isospin-forbidden proton decays of
the lowest T =3 levels of ®N and *'F, neutron de-
cays of the lowest T =3 levels of *C and "0, and
a-particle decays of the lowest T =% level of *N.
It is our hope that comparisons of experimentally
determined isospin-nonconserving particle widths
with those calculated from the Coulomb interac-
tion plus a charge-dependent nuclear interaction
will eventually prove useful in understanding the
charge dependence of the nuclear force. This
charge dependence presumably arises from more
subtle E.M. effects such as mass differences be-
tween the charged and neutral mesons and radia-
tive corrections to the meson~-nucleon coupling
constants.®

In the case of the !*N proton decays, there is an
additional justification for the measurement. The
absolute radiative width of the lowest T =% state
can be obtained by combining our measurement of
T,,/T with the value for T',,T", /T deduced from a
study of the '2C(p, v,) reaction.® This width can
then be compared with the analogous width in 3C
which has been measured with high precision in
inelastic electron scattering.???2 These charge
symmetric AT =1 y transitions in *N and *C
should have identical widths, if the levels are tru-
ly analogs and the E.M. field contains only iso-
scalar and isovector components.? This selection
rule can be accurately tested at present in only
one case: mass 13. An accurate test of this rule
is especially interesting, since evidence for iso-
tensor E.M. currents has recently been deduced
from photoproduction of pions in the region of the
lowest J"=%", T =2 resonance.?®»?* If such cur-
rents did exist, then, at some level of accuracy,
charge-symmetric AT =1 y-ray transitions should
exhibit a charge asymmetry (see Ref. 25). The
effect is expected to be quite small in nuclei since
“T=2” currents cannot couple to single nucleons.
We have therefore attempted to measure I‘Po/ T for
13N with the greatest possible precision. The re-
sultant value for the ratio of radiative widths in
13C and N constitutes the most precise test yet
performed on the equality of charge-symmetric
AT =1 transitions in nuclei. Within the experi-
mental uncertainties no departure from charge
symmetry is observed, although the errors are
not small enough to place a stringent limit on the
presence of isotensor currents.

In Secs. 2 and 3 below, the measurements of the
particle decay of the lowest T'=3 levels of mass
13 and 17 nuclei are described. Measurements of
known branching ratios which verified the accur-
acy of the experimental method are described in

Sec. 4 and the results are discussed in Sec. 5. An
Appendix contains a description of the kinematics
of the reactions and the angular correlations of the
decay products.

2. BRANCHING RATIO MEASUREMENTS
FOR MASS 13

A. Proton Decays of the 15.07-MeV
T =3 Level of N

The lowest T =% level of *N has an excitation
energy of 15.066+ 0.004 MeV,? a width of ~0.9 keV
keV,2" 2 and J" =$7.2% 2" We have studied the iso-
spin-forbidden proton decay of this state by form-
ing it in the 'B(*He, n) reaction at E(*He) =17.0
MeV, which populates the 15.07-MeV state with
high selectivity.?® Branching ratios were obtained
by detecting decay protons in coincidence with neu-
trons from the (*He, ) reaction populating the

=3 gtate. The neutrons were detected at 0° to
align the recoiling *N nuclei and also to maximize
the counting rate, since the neutron angular dis-
tribution®® peaks at 0°.

The experimental apparatus is shown in Fig. 1.
The neutron detector was a heavily shielded 5.0-
cm-thick by 12.7-cm~-diam plastic scintillator
coupled to an XP1040 photomultiplier. This de-
tector is used with the California Institute of Tech-
nology (CIT) pulsed-beam time-of-flight neutron
spectrometer and has been described elsewhere.*

The target-to-neutron detector distance used
was 1.5 m. Protons were detected by two silicon
surface-barrier detectors mounted one behind the
other in a 28-cm-diam aluminum scattering cham-
ber with a wall thickness of 0.32 cm. A 50-mg/
cm? mica foil was placed before the front detec-
tor to stop the elastically scattered *He ions. The
detectors consisted of a 1000-um totally depleted
detector followed by a 1000-um partially depleted
detector, both having an active area of 300 mm?.
The totally depleted detector provided good time
information for the protons of interest in the n-p
coincidence experiment, and the sum of the two
detectors provided sufficient thickness to stop the
protons from the 'B(*He, p)**C(0.0) reaction. This
latter reaction provided an accurate monitor of
beam-target interactions as it produced the most
energetic peak in the charged-particle spectrum
and was clearly resolved. A short dead-time sca-
ler was used to monitor this peak.

The solid angle of the detectors was defined by
a circular collimator, 1.59 cm in diam, which
was placed 7.39 cm from the target. The ®He
beam passed through two 0.16-cm circular tanta-
lum collimators before striking the target and its
size and position were accurately measured by
allowing it to burn a piece of paper placed in the
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target location. In this way a solid angle of 36
msr was determined to +1% at all angles used.
The targets were 75-ug/cm? self-supporting bo-
ron targets enriched to 98.6% in *B. The beam
passed through the targets and was stopped on a
small Faraday cup located within the chamber.
To determine branching ratios for proton decay,
two spectra were obtained at each angle with iden-
tical geometry for the proton and neutron detec-
tors. First, a “singles” neutron time-of-flight
spectrum was obtained by using a pulsed beam, de-
riving the start pulses for a time-to-amplitude
converter (TAC) from the neutron detector and
the stop pulses from the beam-pulsing apparatus.
From this spectrum the total population of the *N
(T =3) level could be determined relative to the
13C (0.0) monitor. A neutron-proton coincidence
spectrum was then obtained, using the continuous
beam of the tandem accelerator in order to maxi-
mize the real-to-random counting ratio. Neutron
flight times were determined from the time dif-
ference between associated pulses from the neu-
tron and proton detectors, which provided start
and stop pulses, respectively, for a TAC. The
timing signal from the silicon surface-barrier de-
tector was derived from a time-pickoff unit pat-
terned after one described by Sherman, Roddick,
and Metz.®! The time resolution for p-y coinci-
dences was better than 1.5 nsec so that the time
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resolution for the 1-MeV neutrons of interest was
prodominantly determined by the 5-cm thickness
of the plastic scintillator which contributed 3.5
nsec. As the beam-pulse length and electronic
contributions to the time resolution in the singles
spectrum were also small compared with 3.5 nsec,
the line shape for the T'=3 level was similar in
the singles and coincidence spectra. This in-
creased the accuracy with which their ratio could
be determined.

The triggering efficiency of the time-pickoff unit
on the surface-barrier detector was repeatedly
tested to make sure that it was 100% for the de-
cays of interest. The neutron counter was entire-
ly surrounded by a copper shield to prevent pulses
in the photomultiplier from triggering the time-
pickoff unit.

The neutron-detection efficiency was defined as
described in Ref. 30 by setting a discrimination
level at a point equivalent to 3 of the midpoint of
the Compton edge of the 662-keV y rays from a
137Cs source. This level was checked regularly
to ensure a constant neutron-detection efficiency.

A block diagram of the electronic circuits is
shown in Fig. 2. Two-dimensional spectra of pro-
ton energy versus neutron time of flight were ac-
cumulated as a 64 x64-channel array. A typical
spectrum is shown in Fig. 3. The form of this
spectrum is described in detail in the Appendix.
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FIG. 1. Experimental apparatus showing target chamber, neutron detector, and LiCO; collimator used at CIT.
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FIG. 2. Schematic diagram of the electronics used in
the coincidence measurements.

The “kinematic curves” corresponding to the “B-
(®He, np) reaction leaving '2C in its ground state
and first two excited states are very prominent.
In addition there is a strongly populated line aris-
ing from the “B(*He, py) and 'B(*He, dy) reactions
which are also recorded because of the finite ef-
ficiency for y detection in the plastic scintillator.
As the y rays all have the same time of flight, the
curve of this line may be used to correct for the
variation with proton energy of the trigger time

in the proton-detector time-pickoff unit. The en-
hancements on the kinematic curves at coordin-
ates [E,, E, (MeV)] of (1.1, 11.2) and (1.1, 7.0) cor-
respond to decay of the *N (15.07 MeV, T =3) lev-
el to the ground state and 4.44-MeV state of !*C.
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FIG. 3. Two-dimensional spectrum from the reaction
11 (3He,np)12C with proton energy as the abscissa and
neutron time of flight as the ordinate. Solid curves are
kinematic curves corresponding to levels of 12C, Hori-
zontal (vertical) straight lines indicate the calculated
positions of excited states of 13N(3C) from the 1B(He,n)
[11B(He, p)l reaction. Events forming a curve in the
lower left corner of the spectrum are due to particle
y-ray coincidences. Background due to random coinci-
dences has been subtracted.
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As may be seen in Fig. 3 the (1.1, 11.2) enhance-
ment lies between the proton energies correspond-
ing to the 3.85- and 6.86-MeV levels of *C and
therefore could not correspond to the decay of any
known level of *C. However the level density in
13C jg sufficiently high near the (1.1, 7.0) enhance-
ment that a sequential process through *N (15.07)
cannot be assumed without further checks. '

This latter enhancement is clearly observed at
proton-detector laboratory angles of 90, 123, and
140°, At all angles the observed neutron energy
corresponded to the 15.07-MeV level of *N, where-
as the proton energies would have corresponded to
excitation energies of 10.0, 9.85, and 9.75 MeV in
13C, This enhancement was therefore attributed to
the proton decay of the 15.07-MeV level of *N.

”B(3He, np)'ZC
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FIG. 4. (a) Neutron time-of-flight spectrum of the
11B(®He,n) reaction at E3y, =7.00 MeV obtained with the
CIT pulsed-beam facility with a flight path of 1.5 m.
(b)—(d) Projections of the spectrum of Fig. 3 onto the neu-
tron time-of-flight axis, obtained by summing over four
proton-energy channels centered on the kinematic curves
corresponding to the ground state and first two excited
states of 2C., The number of counts in the peaks corre-
sponding to the 15.07-MeV T =3 level, relative to the
peak observed in spectrum (a) was used to determine the
the branching ratios to the energy levels of 12C,
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Similar methods were used throughout this work for each time channel, a given number of energy
to determine the sequential nature of observed en- channels centered around one of the kinematic
hancements. curves. Each such projection represents a time
The background from random coincidences has spectrum of neutrons in coincidence with protons
been subtracted from the spectrum shown in Fig. leaving '2C in one of its various states. In Fig.
3. These coincidences are essentially uniform 4(b)-(d) we display projected spectra of n-p coin-
along the time axis, but reflect the variation of cidences leaving '2C in its ground state and first
count rate with charged-particle energy on the pro- two excited states. These may be compared with
ton-energy axis. The average number of random Fig. 4(a) which is a singles pulsed-beam neutron
coincidences in each proton-energy channel was time-of -flight spectrum for the 'B(*He, #)**N re-
determined by summing counts in the region of the action obtained under identical conditions. A peak
spectrum between the particle-y coincidence curve is observed at channel 11 (67 nsec/m) in all four
and the kinematic curve corresponding to the spectra which corresponds to the lowest T=3 lev-
ground state of C. This region contains no true el of 1*N as discussed above. The ratios of the
coincidences from the (*He, np) reaction on !B or peak areas in the three projected spectra to the
any likely target contaminants. appropriately normalized peak area of the singles
Data analysis was facilitated by the use of a com- spectra may be used to determine the absolute
puter program which projected the kinematic branching ratios for decay to the various states of
curves on either the time or the energy axis. The 2c,
projection on the time axis was made by summing, The formula used to evaluate the differential
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FIG. 5. Differential branching ratios for decays of the 15.1-MeV T'=3 levels of 1*C and !*N to the ground state and
first two excited states of 12C. Solid lines are least-sqaures fits to the data of the formula dB/dQ = A, +A,P,(cosf).
The fit for 13N(15.07) —12C(7.65) + » has been constrained to have the same ratio of A,/A, as that determined for
13N(15.07) — 2C(0.0) + # (see Appendix). Branching ratios are defined as 47 A,.
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branching ratios in the center;Of—mass system of
the recoiling *N nuclei was

dB(8,) - Ny(coinc) Nmon(sing) dfQy, 1
dQcm.  Nyon(coine) Ny(sing) dRcm. AQ b’

where N,(sing) and N,(coinc) are the number of
counts in the peak corresponding to the *N (T =3
level in the singles spectrum and in the projection
of the kinematic line from the coincidence spec-
trum. These numbers were corrected for the dead
times of the multichannel analyzers. N,,(sing)
and N (coinc) are the number of counts obtained
in the peak from the B(*He, p)**C(0.0) reaction
during the accumulation of the singles and coinci-
dence spectra. AQ,, is the solid angle of the pro-
ton detector in steradians.

Differential branching ratios were determined
at three different angles and are shown in Fig. 5.
Since the 15.07-MeV T =3 state of *N has spin 3,
we must have

dB/d¥(0, ) = Ag+ Ay P5(c0Sb; )
=Ay+Ay(3cos?h~1)/2 (1)

(see Appendix). The data appear to be well de-
scribed by a straight line when plotted versus
cos®6 and the solid lines in Fig. 5 are least-
squares fits of formula (1) to the data. The abso-
lute branching ratios [BR(%) =4nA4,] obtained from
these fits are listed in Table I. Branching ratios
are presented for nucleon decay to the ground
state BR(0]) and first two excited states of *C-
[BR(2}), BR(0})].

The errors in the branching ratios are domi-
nated by the statistical uncertainties of the peak
area in the coincidence spectra and the uncertainty
in the subtraction of the background under the
peak in the singles spectra. Because of the poor
energy resolution of both the neutron and proton
detectors employed in the coincidence apparatus,
we had to consider the possibility that unresolved
nearby peaks could not be distinguished from those
due to the 15.07-MeV state of *N, and that we
were, in fact, measuring the combined branching
ratios of more than one state. Such peaks could
arise from contaminants in the !'B target or from
levels in '*N that lie close to the lowest T'=3 level
and might be appreciably populated in the (*He, n)
reaction. We do not expect any levels in *N to
affect our results significantly, as higher resolu-
tion studies of the 'B(®He, n) reaction at 7.0 MeV
(see Ref. 29 and Fig. 6) have shown that the peak
ascribed to the lowest T'=2 level of ¥N corre-
sponds to a level with a natural width less than
15 keV. Any interfering level would therefore
have to be narrow and lie within 15 keV of the T
=} level. However, the highly selective 'B(°*He, n)

reaction shows no peak other than the T =3 level
in the excitation region between 14.7 and 16.9 MeV.
In the latest compilation®? of energy levels of *N
the closest known state lies 300 keV from the
15.07-MeV level.

On the other hand, there is a peak due to the
180 (°He, 7)'®Ne (1.89-MeV) reaction from oxygen
contaminants in the target which falls very close
to the T =3 level in the singles spectra. As proton
decay of the ®*Ne (1.89-MeV) level is energetically
forbidden, there is no contribution from this con-
taminant in the n-p coincidence spectra. To re-
move the contribution from the !®Ne(1.89) level
in the singles spectra, an additional spectrum was
taken under identical conditions, using a WO, tar-
get. The peaks from ®Ne(0.0) in this spectrum
and in the spectrum taken with the !B target were
used to determine the relative amounts of %0 in
the two targets. The normalized ¥Ne(1.89) peak
from the WO, target was then subtracted channel

TABLE I. Decay properties of the lowest T =§- levels
in 13C and N (Ref. a).

13C 13N
BR(0]) 0.070+0.018 0.236+0,012
BR(2]) 0.261+0.030 0.15020,010
BR(05) 0.026+0.018 0.053+0.015
BR(c) 0.019+0.005" 0.049+0,027
BR(ay) e 0.039=0.039
BR(a,) e 0.072 0,045
62(07)/6%(2f) ¢ 0.173+0,026 1,13 £0.07
TrotaL 6.7 +1.7kevd 0.82 +0.20 keV ©
43 +0.7kevf 1.03 keV 8

e 5.0 0.7 keV 0.82 +0.20 keV

5 0.35 £0.10 keV 0.19 +0.05 keV
T 1.31 £0.24 keV 0.12 +0.03 keV
T, 0.130+0.092 keV 0.043+0.016 keV
Ty, 0.095+0.028 keV 0.040+0.024 keV
Ty, 0.032+0.032 keV
Ty, e 0.059 +0.040 keV
Iy, 23.3 +2.6eV 23.3 3.6 eV
ry(f'“ 22,7 +2.6 eV 23.0 3.6 eV

(0.325 W.u.) (0.318 W.u.)

I, e <3.3 eV

2 The branching ratios are from this work except for
I, for *C which is taken from Ref. 60. Other quanti-
ties are obtained as described in Sec, 5A.

b p. H. Nettles and D. C. Hensley, Bull. Am. Phys.
Soc. 14, 1168 (1969).

¢ The error in the ratio of reduced widths is smaller
than implied by the uncertainties in the branching ratios
because of systematic effects which cancel in the ratio
of reduced widths. Penetration factors were evaluated
at a radius of 4,0 fm.

4 Reference 34,

¢ References 20, 28, and present work.

f References 21 and 28,

& Reference 27.
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by channel from the spectrum of the !'B target.
The shapes of the backgrounds under the *Ne(0.0)
and the *N (7 =3) peaks in the spectrum from the
1B target were determined from higher resolution
spectra taken at flight paths up to 3.3 m (see Fig.
6). However, the uncertainty in the shape of this
background remained the major source of error
in our result for the branching ratio to the ground
state of 2C. To evaluate the accuracy with which
this background subtraction was performed, the
peak shape obtained in the singles run [after sub-
traction of the *Ne(1.89) peak and the background]
was compared with the peak shape from the coin-
cidence spectrum, projected on the time axis.
Figure 7 illustrates the similarity of the shapes.

The error in the branching ratio to the ground
state of *2C was determined as the quadratic sum
of the following contributions: uncertainty in the
background subtraction under the T =% peak in sin-
gles spectrum (4.8%); uncertainty in subtraction
of the contribution to singles spectrum from *Ne
(1.89 MeV) (2.2%); statistical error on peak in
coincidence spectrum (2.8%); uncertainty in solid
angle of proton detector (1%). All other sources of
error are believed to be negligible. It should be
noted that the uncertainties in the singles spectra
do not contribute to the errors in the determina-
tion of the relative branching ratios to various
states of '2C, so that the ratios of branching ra-
tios are inherently more accurate than the abso-
lute branching ratios.

Since the angular correlation of the p decays to
12C(0.0) is very anisotropic, we can infer that the
BN substates are unequally populated, indicating
that processes other than L =0 stripping are in-

2500
”B( SHe'n ) I3N
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z (00)
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FIG. 6. Pulsed-beam neutron time-of-flight spectrum
at a flight path of 3 m from the (He,n) reaction on a !'B
target, showing contributions from oxygen and carbon
contamination in the target. The spurious peak (SP) re-
sults from y rays produced by the beam striking collima-
tors a few meters away from the target.

volved in the reaction mechanism. Since the out-
going neutron has an energy of only 1 MeV this is
not surprising. Using the correlation theory giv-
en in the Appendix we find that the ratio of the re-
duced matrix elements for p,,, and p;,, emission
is 2.1+2.4.

B. Alpha Decays of the 15.07-MeV
T =3 Level of BN

The apparatus and methods used in this measure-
ment were similar to those described in Sec. 2A.
The o detector was a 50-um-thick surface-bar-
rier detector subtending a solid angle of 12 msr.
A single a-n coincidence spectrum was obtained
at E(®*He) =7 MeV for detector angles 6,=0° 6,
=51° TFor these conditions P,(cosf,, )~ 0 so that
this measurement is sufficient to determine the
branching ratios. For this measurement the peak
from elastically scattered *He ions was used as a
monitor of beam-target interactions.

500

200

BN (15.07)
s | e (3He, n) SINGLES -
© (3He, np) COINCIDENCE

8,=0°, 8, = 123°

FLIGHT TIME nsec/m

FIG. 7. Comparison of neutron time-of-flight peak
shapes obtained for the 1{B(*He,7)!3N (15.07) reaction in
a singles spectrum using a pulsed beam and in a coinci-
dence spectrum in which timing was derived from pro-
tons decaying to the ground state of 12C, A linear back-
ground has been subtracted in each case and an addition-
al contribution from the %0(*He,)!¥Ne (1.89) reaction
on oxygen target contamination has been subtracted from
the singles spectrum, The solid curve is included to
guide the eye.
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The a-n coincidence spectra showed a kinematic
curve corresponding to the ground state of °B and
considerable yield in the region of the excited
states of °B. From enhancements on the kinemat-
ic curves, branching ratios of (4.9+2.7)%, (3.9
+3.9)%, and (7.2+4.5)% were determined for o de-
cays of the 15.07-MeV, T = level of *N to the 0.0-,
1.5-, and 2.33-MeV states of °B, respectively.

An enhancement in yield was also observed at a
neutron flight time corresponding to the T'=3 lev-
el in ®N, and at charged-particle energies be-
tween the 1-MeV lower energy cutoff and 2.5 MeV.
This region could correspond to a decays to the
5Li+ o continuum and/or proton decays to the
10.84- and 11.83-MeV levels of *C. For decay to
the continuum the angular correlation is no longer
simply A, + A, P,(cosb.,. ) and so it is impossible
to calculate a branching ratio for decay by this
mode. However, there is a significant yield ob-
served in this region, which could contribute a
large proportion of the remaining decay modes of
the *N(T =3) level. [Note that the sum of the
known proton and a-decay modes is only (60 + 14)%.]

C. Neutron Decays of the 15.11-MeV
T =3 Level of 13C

The lowest T =2 level of 3C has an excitation
energy of 15.106+ 0.002 MeV,%* % a width of ~5
keV,* % and J" =37.2® The apparatus and tech-
niques used to study the isospin-forbidden neutron
decays of this state were similar to those de-
scribed in Sec. 2A. The 15.11-MeV state was pop-
ulated in the “B(®He, p) reaction, which preferen-
tially populates this state®® at 0°, and decay neu-
trons were detected at a number of laborabory an-
gles. Measurements were performed at incident
energies of 7.5 and 6.6 MeV using the CIT EN tan-
dem accelerator, and at 7.5 MeV using the Chalk
River MP tandem. Better statistical accuracy was
obtained in the last measurement at Chalk River,
and the following discussion is restricted entirely
to it.

Protons from the 'B(*He, p) reaction were de-
tected in a 1000-um totally depleted silicon sur-
face-barrier detector at 0°, and neutrons in coin-
cidence with these protons were detected at a dis-
tance of 1 m in a 5-cm-thick by 11.3-cm-diam
NE102 plastic scintillator coupled to an XP1040
photomultiplier with an ORTEC model 271 con-
stant fraction timing base. Three parameter
events, consisting of silicon-detector energy, sil-
icon-detector to photomultiplier time difference,
and photomultiplier pulse height were recorded on
magnetic tape. A 64 x128-channel spectrum of
neutron flight time versus proton energy was re-
corded on line by means of a PDP 1 computer, to

monitor the experiment, and playback of the tapes
and subsequent data analysis were performed using
the Chalk River PDP 10 and CDC 6600 computers.

The protons from the 'B(*He, p) reaction pop-
ulating the 15.11-MeV state were observed at 0°
in order to align the recoiling nuclei and pro-
vide a neutron angular distribution of the form
Ay+ Ay P,(cosb) (see Appendix.) In addition, the
proton yield is highest at 0°, so these two fea-
tures made it necessary to tolerate the poor en-
ergy resolution [full width at half maximum
(FWHM)= 250 keV] obtained when foils (17 mg/cm?
of Ni followed by 10 mg/cm? of Al) were intro-
duced to stop the incident beam. We are satis-
fied, however, that our branching ratio measure-
ments are not distorted by unresolved particle
groups. Groups arising from (*He, d) reactions on
1B or the target contaminants, and from (*He, p)
reactions on target contaminants lie along differ-
ent curves in the two parameter spectra and cause
no difficulty. The only difficulty could arise from
levels in *C. However, high-resolution studies
of the 'B(*He, p) reaction at 12-MeV incident en-
ergy*® failed to reveal the presence of any other
states in '*C within 500-keV excitation energy of
the 15.11-MeV state. In addition, the proton group
leading to the T =3 level was found to have a sym-
metrical shape with a total observed width of 17.5
keV FWHM, due predominantly to experimental
energy resolution. Since no known*? narrow level
(' <100 keV) of *°C falls within 1.5 MeV of the
15.11-MeV level it is most unlikely that a very
narrow T =3 state is unresolved from the T=32
state in the high-resolution studies.

The peak due to the T =% level was somewhat
obscured in the singles spectra from the silicon
detector [Fig. 8(a)] by a large peak resulting from
the *He('H, p)*He reaction on hydrogen contamina-
tion in the target and in the foils. However, a
peak due to the 9.9-MeV level of *C was cleanly
resolved in the spectra, and was used as a moni-
tor of beam-target interactions. This peak is
clearly resolved from any peaks which might re-
sult from (*He, p) or (*He, d) reactions on **C, 0,
or °B, which are the only likely target contami-
nants. To determine the population of the T=3
level relative to the 9.9-MeV level, both levels
were observed with high resolution at 0° in the 61-
cm double-focusing magnetic spectrometer at CIT
where they stood out cleanly above background.

The neutron detector used at Chalk River was
contained in a cylindrical lead shield 2.5 cm thick
and a lead plate 1.3 cm thick was placed in front of
the detector to reduce the background of v rays
from the target. This shield is similar to the lead
shield used at CIT, but does not include the large
LiCO, loaded paraffin collimator. Tests at CIT*
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showed that the presence of this collimator affect-
ed neutron efficiencies by less than 15% and so
the efficiency of the neutron detector was taken

to be the same as that of the CIT detector, with
an additional error in absolute efficiency of +15%.
The efficiency curve for the CIT detector is shown
in Fig. 9. The experimental points were deter-
mined using the known cross sections for the

D(d, n)*® and T(p, n)®" reactions. For neutron en-

6,=145° ''B(*He,np)c g,=0°

(a) CHARGED-PARTICLE SINGLES

10000 -

——"H(He, p)*He
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5000 13¢(9.90)
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FIG. 8. (a) Charged-particle singles spectrum ob-
tained at 0° with a 7.5-MeV ®He beam incident on a
75-ug/cm? 1B self-supporting target, followed by a
17-mg/cm? Ni foil and a 10-mg/cm? Al foil. The large
peak at 5.5 MeV is due to hydrogen contamination in the
target and foils. (b)—(d) Projections onto the proton-en-
ergy axis of the kinematic curves corresponding to the
ground state and first two excited states of 12C, observed
in the 1B(3He,np)12C reaction with similar target condi-
tions to Fig. 8(a).

ergies between 1.95 and 10.75 MeV the efficiency
was measured using the D(d, n) reaction and a gas-
target cell to obtain absolute efficiencies. Rela-
tive efficiencies for neutrons with energies less
than 2.6 MeV were found using the T(p, n) reaction
and were matched onto the absolute efficiencies
from the D(d, n) reaction. The solid curve in

Fig. 9 is calculated from the H(n, n) scattering
cross section for a recoil-proton cutoff energy

of 450 keV. The dashed line is an approximation
to the data used for interpolation of the efficien-
cies used in the present work. The uncertainty

in the relative efficiency is estimated to be less
than +5% and the uncertainty in absolute detection
efficiency is estimated to be +10% for the CIT de-
tector and +18% for the Chalk River detector. The
pulse-height threshold for the neutron detector
was set to be § of the midpoint of the Compton
edge observed with a **'Cs source and was checked
frequently to maintain constant neutron-detection
efficiency.

Neutron-proton coincidence spectra were ob-
tained for neutron-detector laboratory angles of
105, 123, and 145° at a detector distance of 1 m.
Enhancements were observed in all cases at points
corresponding to decay of the *C(15.11-MeV) lev-
el to the ground state and 4.43-MeV level of **C.
Figure 8 shows projections on the proton-energy
axis of the kinematic curves corresponding to the
lowest three states of '2C, as well as the singles
spectrum obtained in the proton detector. The
peaks corresponding to decays to the ground state

o
o
T
1

DETECTOR EFFICIENCY
o

S

T

0.1

4 6 8 12
NEUTRON ENERGY (MeV)

FIG. 9. Neutron detection efficiency, determined from
the D(d,n) reaction (closed circles) and the T(p, n) reac-
tion (open circles). The solid curve is calculated from
the H(n,n) scattering cross section, for a recoil-proton
cutoff energy of 440 keV., The dashed lines are approxi-
mations to the data, used to determine efficiency values
for all calculations in the present work.
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and 4.43-MeV level of '2C are clearly observed,
but the decay branch to the 7.65-MeV level of **C
is much weaker.

Differential branching ratios as a function of
angle were calculated from the following expres-
sion

dB__N,(coinc) Ny (mag) d@y, 1 1
dQem, Ny o(sing) Ny ,,(mag) dcm AQ, €, ’

where N,(coinc) is the number of counts in the peak
corresponding to the *C 15.11-MeV level in the
projection of the kinematic curve from the coinci-
dence spectrum. N, 4(sing) is the number of counts
in the peak due to the 'B(*He, p)**C(9.9-MeV) reac-
tion in the singles spectrum. N, ,(mag) and
Ns..,(mag) are the yield in the peaks correspond-
ing to 3C (9.9 MeV) and (15.11 MeV) in the high-
resolution spectra obtained with the CIT magnetic
spectrometer. All of these numbers have been
corrected for the dead times of the related elec-
tronic circuitry. ¢, is the efficiency of the neu-
tron detector as determined from the dashed

curve in Fig. 9 and AQ, is the solid angle of the
neutron detector, in steradians.

The values obtained for dB/dQ are plotted in
Fig. 5. The main errors in the measurement,
other than statistical errors in N,(coinc) were
10% from the N(mag) ratio and 18% from the neu-
tron-detection efficiency. Branching ratios were
determined by least-squares fits to the data as
shown by solid lines in Fig. 5. Results obtained
at two energies at CIT agreed within the errors
with the result obtained at Chalk River and a
weighted average of the results is listed in Table
I. As the relative neutron-detection efficiencies
are better known than the absolute values, the ra-
tios of branching ratios are more accurately de-
termined than is indicated by the individual num-
bers.

The determination of the slope of the angular
correlation for the decays to *2C(0.0) is difficult
due to the small branching ratios for this branch.
Within the poor statistical accuracy available, the
correlation appears to be close to isotropic. This
is to be expected if the reaction proceeds by L =0
stripping. Presumably the fact that the outgoing
proton in the 'B(*He, p)*°C is considerably more
energetic than the neutron in the “B(*He, #)**N re-
action accounts for the difference in the two cases.
As a consequence of this isotropy, we were un-
able to separate the j=3 and j=3 contributions to
the decays to the 2* state of '*C.

Using techniques similar to those described
above, branching ratios were also measured for
the 9.9- and 11.7-MeV T=4%, J"=3" levels. The
population of these levels in the 'B(*He, p)**C re-

action was determined using an annular particle
telescope (200-um AE and 1000-pm E detector) at
0°, and the branching ratios were determined by
observing coincidences between the E detector and
the neutron detector. The particle telescope per-
mitted both these levels to be clearly resolved
from other levels populated in the (*He, p), (®He, d),
and (®He, #) reactions. The observed branching
ratios are listed in Table III. These levels are of
particular interest since they have J" =%~ and may
therefore be mixed into the T =3 level.

3. BRANCHING-RATIO MEASUREMENTS
FOR MASS 17

A. Proton Decays of the Lowest T = %
Level of !'"F

The lowest T'=2 level of "F has an excitation
energy of 11,197+ 0.004 MeV,? a width of approxi-
mately 0.5 keV,3% 3% and J" =3".% 3% We have
studied the isospin-forbidden proton decays of this
level to the ground and unresolved first and second
excited states of *O using a technique similar to
that employed in the *N measurement. The state
was populated in the *N(®He, ) reaction which
preferentially populates the 11.197-MeV state.?®

Measurements were performed at CIT, using a
cylindrical brass scattering chamber having a
diam of 8.1 cm and a wall thickness of 0.32 mm.
Highly enriched °N gas was contained in a thin
gas cell designed so that the proton and neutron
detectors both viewed the total volume of interac-
tion between the incident beam and the target gas.
The beam entered the cell through a 10-*-mm-
thick circular nickel foil and was stopped in a tan-
talum disk which formed the rear wall of the cell.
A 0.057-mm-thick aluminum foil was placed im-
mediately in front of the counter to stop 3He ions
elastically scattered from the nickel foils and
beam stop. A 1000-yum surface-barrier counter
was used to detect the charged particles. The
counter subtended a solid angle which was typical-
ly 17 msr. The neutron detector was the same
one used at CIT to study the *C decays. Since the
11.20-MeV state of "F has spin §, its decays are
isotropic in its rest frame and, in principle, a
measurement at one beam energy and one decay
angle suffices to determine the branching ratio.
However, measurements were made at several
different combinations of beam energy and decay
angle in order to ensure that the enhancements we
were ascribing to decays of the 11.20-MeV T =3
state were in fact due to proton decays of a state
in 7F and not to neutron decays.of states in 0.

In order to obtain the relative normalization of
the coincidence and pulsed-beam singles spectra,
the energy spectrum from the surface-barrier
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counter was simultaneously recorded in a separ-
ate 200-channel analyzer. The number of counts
in the isolated peak from the *N(®He, d,) reaction
served as an accurate monitor independent of
beam-position fluctuations and gas-pressure
changes.

The branching ratio. for proton decays to the
ground state of %0 was determined from five sep-
arate coincidence spectra taken at incident ener-
gies of 8.25 and 8.44 MeV and decay angles of 90,
110, 120, and 135°. The energies and angles were
chosen to place the enhancement from the decays
of the ¥'F (T=2) level between the strong enhance-
ments due to levels in O at 4.55 and 5.08 MeV.
The neutron detector was placed at zero degrees
and 1.5 m from the target. Sample singles and
coincidence spectra are shown in Fig. 10. The
proton decays of the lowest T =3 level of 'F to the
ground state of ®0 are seen as a weak enhance-
ment located between intense groups from neu-
tron decays of 0.

In our measurements of the decay of the 'F
T =3 level to the unresolved 6.06- and 6.13-MeV
states of %0, the density of 'O states which pro-
duced enhancements in the same region was so

T T T T T T T
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E 3 = 8.44 MeV
3000 8n =0°
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FIG. 10. (a) Neutron time-of-flight spectrum from the
15N(He,»)1'F reaction at Egy, =8.44 MeV. The peak near
channel 76 is due to prompt <y rays. (b) Projection onto
the neutron time-of-flight axis of the kinematic curve
corresponding to the ground state of 160, observed in the
15N (He,np) !0 reaction.

high that it was not possible to resolve the T=3%

decays from them. However, we found that the
levels were so dense as to produce a rather uni-
form background upon which the ’F enhancement
appears. This is illustrated in Fig. 11 which
shows the projection on the neutron axis of the
kinematic curve corresponding to the 6.05- and
6.13-MeV levels of °0. Parts a, b, and ¢ corre-
spond to *He incident energies of 9.18, 9.03, and
8.93 MeV, respectively. Enhancements due to the
neutron decay of levels in "0 are expected to oc-
cur at a constant neutron flight time, determined
by the energy available for the 'O decay and the
0 center-of-mass energy, which is not strongly
dependent on the beam energy. On the other hand,
enhancements due to the proton decay of the !"F

15N (3He, np) '0(6.05 + 6.13)
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T T T T T
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FIG. 11, Projections of the neutron time-of-flight axis
of the kinematic curve corresponding to the °N(*He,np)-
160 (6.05 + 6.13) reaction at (a) 9.18-MeV (b) 9.03-MeV
and (c) 8.93-MeV incident energy for 6,=0°, 6,=145°.
For a discussion of the peaks see Sec. 3A.
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(T =%) level occur at a neutron flight time appro-
priate to the *N(*He, #)'"F (11.195) reaction, and
have different flight times at the three different in-
cident energies. Two peaks may be observed in
the spectra, one of which remains fixed at a posi-
tion corresponding to a level in 'O at 11.6 MeV.
The other has a centroid which occurs at the ex-
pected position of the 'F (T =3) level as deter-
mined from pulsed-beam, single-counting spectra
at the three energies and is assumed to be an en-
hancement dueto the proton decay of the "F (T'=3)
level.

Our branching ratios for the proton decays of the
lowest T =32 level of F are listed in Table II. The
quoted errors include contributions from counting
statistics, uncertainty in the background subtrac-
tions, dead-time corrections, and the solid angle
subtended by the counter. Our branching ratios
are in good agreement with those obtained com-
pletely independently® from delayed proton emis-
sion following the superallowed Fermi g* decay of
17Ne, also listed in Table II. In the delayed proton
work it was possible to resolve the 6-MeV doublet
of 0. The decays were found to proceed pre-
dominantly to the 6.13-MeV 3~ state.

B. Neutron Decays of the Lowest T =3
Level of 1’0

The lowest T =3 level of "0 has been observed
in both the **N(*He, p) and *O(°He, o) reactions.** 4!
It has an excitation energy of 11.075+ 0.006 MeV,
a width T=511keV,2 and J"=3".%%%! In our first
attempt to measure branching ratios for neutron
decays of the 11.08-MeV T =3 state we populated
it by the N(°*He, p) reaction. The beam entered
a gas cell with a diameter of 1.2 cm through a
10-3-mm-thick nickel foil and protons left the cell
at 0° through a 5% 10-2-mm-thick copper foil which
was sufficient to stop the 3He ions. Otherwise the
apparatus was identical to that employed for the
7F decays. Since the resolution of the silicon de-
tector for protons populating the T =% level of "0
was degraded by the foil to 250 keV FWHM, the
population of the T =% level could not be deter-
mined accurately from the silicon-detector spec-
tra. Therefore the 61-cm magnetic spectrometer
at CIT was used to determine the population of
the T =3 level relative to the 7.12-MeV state of
180 formed in the *N(*He, d) reaction. The latter
group was the most prominent peak in the silicon-

TABLE II. Decay properties of the lowest T=4# levels of 70 and !'F (Ref. a).

170 ITF
Present work Ref. 8
BR(0]) 0.91+0.15 0.088+0.016 0.10+0.02
BR(0F) b b <0.03
BR(3)) 0.05x 0,02 0.23 +0.05 0.22£0.02
BR(2}) 0.24%0.06
BR(1]) ‘e 0.44+0,04
BR(a() 0.06¢ <0.07
62(07)/6%(3}) ¢ 0.31+0.14 0.065+0.,019
TrotaL 5+1keV® 0.43):33 kev ©
ivh 4.5+1.2 keV 4048 ev
T, <17 eV
25%0.
rs, 0.25+0.11 keV 95+3) eV
Iy, 1004 ev
Iy, 190%§3, ev
Top 0.3 keV <40 eV
~ f
I‘),1 4 eV

2 Branching ratios are from this work and Ref. 8, Other quantities are obtained as described in Sec. 5B,

b Sum of branching ratios to 0§ and 37.
¢ Reference 42,

dThe penetration factors are evaluated at a radius of 4.4 fm,

¢ References 38 and 39,

f M. Haraken, K. A. Snover, and P. Paul, Bull. Am, Phys. Soc. 17, 98 (1972),
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detector spectra and its population was easily de-
termined. In the course of these measurements
we discovered that a level of "0 with T=3, at an
excitation energy of 11.023 MeV, which has been ob-
served in the ®*C(a, ny) reaction,*® was also popu-
lated significantly in the *N(*He, p) reaction. In
Fig. 12(a) we display a singles-momentum spec-
trum of protons from the *N(*He, p) reaction, mea-
sured in the magnetic spectrometer, which shows
the 11,075~ and 11.023-MeV states. Since the
11.075-MeV T =3 state could not be resolved from
the nearby T =3 level using the coincidence appara-
tus, we were unable to obtain accurate branching
ratios by using the *N(®He, p) reaction to populate
the T =3 level. We could, however, place limits
on the neutron branching ratios of the 7=3 level
from our measurements. In a series of *N-

(®He, np) coincidence spectra taken at various in-
cident energies, a strong enhancement at the posi-
tion expected for decays of the unresolved 11.023-
and 11.079-MeV levels of "0 to the ground state

of 10 was observed (see Fig. 13). When the en-
hancement along the kinematic lines correspond-

l TOIO75,T=3/2) 1w 5. g (@
2000~ ’ " »3/2) 15N (3He, p) o)
E3,,, = 9.6 MeV
8,=5°
1000 "o(11.023,T=1/2) _|
)
Nove
wn 0 I} 1 1 1 1 1 1 i i 1
- 23.700 23900 24100 24300 24500
2
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Gy =10°
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FIG. 12. (a) Spectrum of protons detected in the CIT
81-cm radius magnetic spectrometer from the 15N-
(*He, p)1'0 reaction at an incident energy of 9.6 MeV.
The ordinate is NMR frequency, proportional to particle
momentum. (b) Spectrum of o particles from the 130-
(®He, )10 reaction at 12-MeV incident energy. The
peak labeled 11C(0.0) is due to the 2C(*He, @) reaction
on carbon contamination in the target.

ing to decays to the first and second excited states
of *0 were examined, a peak was found corre-
sponding to decays of the 11.02-MeV state to the
6.13-MeV state of 0. From such spectra upper
limits of 10% and 15% were set for decays of the

=3 level to the 6.06- and 6.13-MeV states of
80, respectively. From a knowledge of the rela-
tive populations of the 11.079- and 11.023-MeV
states a lower limit of 48% was placed on the
branching ratio of the 7' =3 state to the ground
state of 0.

To obtain more accurate branching ratios for
the neutron decays of the lowest T'=3% level of "0
the state was populated in the *O(°He, a) reaction
which populates the 11.079-MeV T =32 level very
strongly and does not populate any nearby T=3%
states. In Fig. 12(b) we display a singles-momen-
tum spectrum of a particles, taken with the 61-
cm magnetic spectrometer, set at 10°, which
demonstrates the great selectivity of the (°*He, a)
reaction. Our O targets were prepared by oxi-
dizing 10-*-mm-thick nickel foils in an '*0, at-

T T T T T T T T T
170(11075) dg (a)
24000 (T=3/2) 15N (3He, p) 0 .
| Espe = 9.58 MeV
o d He = 7
5 x1/5 8,70° .
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I7o
T 8000+ (5.94)(5.38) |
2 4
P N 0
I i
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S o A._
-
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S 1000} 15N (3He,np)'0(00) ]
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(5oas3e PO GTOT 4
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FIG. 13. (a) Energy spectrum of protons and deuterons
from the !N(®He, )"0 and 1*N(*He,d)!1%0 reactions at
9.58-MeV incident energy. Clearly visible are the peaks’
corresponding to the 10 (11.075; T=3%) level and the d,
peak which was monitored during all *N(*He,np)!0 co-
incidence runs. (b) Projection on the proton axis of the
kinematic line due to the N(He,np)1%0 (0.0) reaction
at an incident energy of 9.58 MeV, for §,=0°, 6,=170°,
The peak near channel 12 is assumed to correspond to
decays of the 170 (11.075) level to the ground state of 10,
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mosphere. Due to the Coulomb barrier the (*He, a)
yield from nickel was negligible in comparison
with the yield from Q. However, the strong flux
of elastically scattered *He ions, which, of course,
could not be stopped in a foil without also stopping
the a particles, made it impractical to use a solid-
state detector to detect the a particles in order to
study the *O(®*He, an) reaction. Instead the mag-
netic spectrometer was used at 10°, which is at
the peak of the L =1 angular distribution leading

to the T=3 level. Since the T=% level has spin 3,
the angular distribution of the decay neutrons is
isotropic in the center-of-mass system, regard-
less of the angle of detection of the o particles
from the populating reaction.

A 140-pm-thick silicon surface-barrier counter
was placed in the focal plane of the spectrometer
and a time spectrum of neutrons emerging at 280°
in coincidence with o particles from the *O(He, o)-
Y0 (T = %) reaction was accumulated by starting
the TAC with the silicon detector and stopping it
with the neutron counter. Time spectra were ob-
tained from a coincidence run of 12-h duration
with the magnet set on the "0 (T =$%) peak and two
5-h runs with the magnet set on the background on
either side of the peak. A flat background of
chance coincidences, determined from the average
number of counts in the time spectrum with appar-
ent flight times faster than y rays, was subtracted
from all three spectra. The two corrected back-
ground spectra were then normalized to the same
charge as the spectrum taken on the peak and sub-
tracted from it. The resultant spectrum is shown
in Fig. 14.

The neutron detector was the same one employed
at CIT for the *3C decays, but for the O measure-
ment the slow channel threshold was lowered to
% of the midpoint of the Compton edge of **'Cs y
rays. This change increased the detection effi-
ciency for 0.8-MeV neutrons from the decay of the

=3 level of Y70 to the first and second excited
states of 0. The detector was placed 52 cm
from the target and was housed in a lead shield
with a 5-cm wall thickness. The smooth curves
shown in Fig. 14 are experimentally determined
line shapes for monoenergetic neutrons of ener-
gies appropriate for the 'O decays. Because of
the sizable “tail” on the intense peak, arising
from decays to the ground state of °0, it was nec-
essary to measure the line shape for neutrons of
this energy rather carefully, in order to deter-
mine the branching ratios, particularly for the
weak branch to the excited states. The “tail” is
caused by scattering of neutrons into the detector
by the surrounding material (primarily the mag-
netic spectrometer and its relatively thick-walled
scattering chamber), and its shape was found to

depend upon the angular distribution of the emitted
neutrons. Since the 0 (T =3) decay distribution
is isotropic except for a small center-of-mass
correction, it was necessary to find a reaction
which produced neutrons of approximately the cor-
rect energy, did not produce other neutron groups
within 6 MeV of the primary group, and had an an-
gular distribution which was as close as possible
to isotropic. The '*C(a, n) reaction at 4.70-MeV
bombarding energy has a resonance which is near-
ly isotropic* and this reaction was used to deter-
mine the line shape for 6.8-MeV neutrons. A simi-
lar determination of the line shape for neutrons
from the decays to the first two excited states of
180 was made using the T(p, n) reaction at 1.7-MeV
incident energy, which is also roughly isotropic.
Absolute-detection efficiencies were found by com-
paring yields of the line-shape data to spectra tak-
en with the standard detector geometry with the
same targets and bombarding energies.

The branching ratios obtained are listed in Ta-
ble II. The quoted errors are dominated by uncer-
tainties in the detection efficiency and, for the ex-
cited state decays, an uncertainty in the back-
ground under the peak. No corrections for impur-
ity groups or for unresolved levels of 'O were
deemed necessary because of the quality of the a-
particle spectrum from the spectrometer.
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FIG. 14. Time-of-flight spectrum of neutrons in coin-
cidence with & particles detected from the 180(*He, a)1’0
(11.075, T=%) reaction. A uniform chance-coincidence
background and normalized real-coincidence background
spectra have been subtracted. The solid curve is a line
shape for 5.6-MeV neutrons, obtained from the *C(a,z)-
180 (0.0) reaction at an incident energy of 4.70 MeV; the
darker dashed curve is a line shape for 0.86-MeV neu-
trons, obtained from the T ( p, #) reaction at 1.7 MeV.
The lighter dashed curve indicates the maximum back-
ground assumed in the calculation of the branching ratio
for the decay of the 170(T =%) level to 160 (6.05+6.13).
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4. EXPERIMENTAL CHECKS FROM THE
MEASUREMENT OF KNOWN
BRANCHING RATIOS

Because the technique used in our branching ra-
tio measurements was fairly complex and involved
sizable corrections for dead times, etc., we felt
it was mandatory to measure some known branch-
ing ratios as a check. It was important to measure
both neutron and proton decaying states, and to
use both solid and gaseous targets. These require-
ments were met by obtaining branching ratios
for the 6.86-MeV J" = 3" state of '*C, and the un-
resolved 3.81-MeV (J" =1%) and 3.91-MeV (J"
=07) states*® of °F. These states are expected to
have branching ratios of unity since they have only
one open particle-decay channel; the former de-
cays by neutron emission to the ground state of
12C and the latter two by proton emission to the
ground states of '°0.

The '3C state was populated in the 'B(°He, p) re-
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FIG. 15. (a) Charged-particle singles spectrum from

the 11B(He, p)!3C reaction showing the population of the
13¢ (6.87) level. (b) Projection onto the proton-energy
axis of the kinematic curve corresponding to the 1B~
(He,np)12C (0.0) reaction.

action with the protons detected at 0°, using iden-
tical apparatus to that employed at CIT for the de-
cays of the *C T =3 state. Sample singles and
coincidence spectra are shown in Fig. 15. Since

=3" for the '°C(6.86) level, the angular correla-
tion should be of the form

dB/d(0) = A, + Ay Py(cosb) + A, Py(cosd) .

The least-squares fit to the data of this expres-
sion is shown in Fig. 16(a). A branching ratio of
1.05+ 0.11 was obtained for this decay. The de-
cays of '°F states were studied using the same ap-
paratus as used for the "F decays; the levels were
were populated by the *N(®*He, n)!°F reaction, and
the neutrons were detected at 0°. Sample singles
and coincidence spectra are shown in Fig. 17. As
the spins of the 3.81- and 3.91-MeV levels are <1,
the angular correlation for this case was fitted by
an expression containing terms up to P,. This fit
is shown in Fig. 16(b). A branching ratio of 0.99
+0.09 was obtained for these decays. Since the
measured branching ratios are unity within the ex-
perimental errors for these test cases, we con-
clude that our techniques, corrections, and error
estimates are reliable.

5. INTERPRETATION OF THE BRANCHING-
RATIO MEASUREMENTS

A. Isospin Mixing of the 15.1-MeV
=3 Statesin 4 =13

The decay properties of the lowest T =3 levels
of ¥N and °C are listed in Table I. The nucleon
decay branching ratios are from this work. The
radiative width of the '°C level is from inelastic
electron scattering studies.?™2? The radiative
width for the *N level is obtained by combining
the observed resonance strength (T, T', /T) from
the 2C(p, y) reaction® with our value for T, /T.
The total width of the C level is obtained from
resonance work,3* but also mdependently from in-
elastic electron scattering® and y-ray branching
ratio measurements® [I'=(r', /T)~'T', |. The to-
tal width of the *N state is obgamed from a com-
bination of resonance® and branching ratio mea-

surements,” T =(T, /T)"*(T, T, /TNT, /T,)~,

and independently from elastic proton scattermg
The particle decay widths are obtained by multi-
plying our branching ratios by the adopted best
value for the total width.

Two features of these decay widths are particu-
larly striking:
(1) The equality of the isospin-allowed AT =1 radi-
ative decay widths of *C and ®N. The ratio of re-
duced transition probabilities: B(M1) *N/B(M 1)
13C=1.024+0.20.
(2) The strong asymmetry in the isospin-forbidden
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particle widths and total widths of the 7'=$ levels.

The equality of the isospin-changing y-ray tran-
sition strengths is easily understood. In first-or-
der perturbation theory, i.e., negligible isospin
mixing, the ratio of the transition probabilities is
just

_ (3,+3| Hem |3, +3)|?

(3, ~z|Heml 5, =3)

where the states are labeled by T and T,. The
conventional radiation operator Hg ) is assumed
to transform as electric charge and thus contains
only isoscalar and isovector components. For
AT =1 radiation the isoscalar term cannot contri-
bute and from the Wigner-Eckhart theorem we

R

have
G+1,10/3+HEL T |?
= =1.0
R 103D T D

which is consistent with the experimental value.
Isospin impurities will, of course, cause R to dif-
fer from unity but the effect is negligible since the
impurities themselves are small. A detailed cal-
culation of the isospin impurities?*® predicts a
charge asymmetry of ~1% in the radiative widths
which is much smaller than the experimental un-
certainties in R. In Sec. 5C we will consider the

effects of a proposed isotensor E.M. current,
which could cause R to differ from unity even in
the case where isospin mixing can be ignored.

The marked asymmetry in isospin-forbidden nu-
cleon decay widths can also be understood on a
fairly simple basis. To interpret the asymme-
tries we must remove the trivial charge-depen-
dent effects of differences in phase space and
barrier penetration for protons and neutrons. Pre-
sumably we can account for such effects by divid-
ing the branching ratios by the =1 penetration
factors (using » =4.0 fm) to obtain ratios of re-
duced widths,

2n+\ /024y BR(0}) P(27)

6%(07)/6 (21)—§§'('2—5 m .
In this case, division by penetration factors does
not greatly affect the result and the large asym-
metry is still present in the ratio of reduced
widths (see Table I). We will try to understand
the significance of the asymmetries by using low-
est-order perturbation theory, mixing T=1 levels
into the mass 13, T'=3 states, and T'=1 levels in-
to the '2C states. The symmetry of the y decays
supports the reasonableness of a perturbation ap-
proach. We ignore mixing of 7'=2 states in !*C
since the T'=2 levels occur at excitation energies

0.12 T T T T T T T T
13c(6.87) — '2C(0.0) +n
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FIG. 16 (a), (b) Differential branching ratios for the neutron decay of the 1*C (6.87) level to the ground state of 12C,
and for the proton decay of the unresolved 3.81- and 3.91-MeV levels of !°F to the ground state of 150,
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above 27 MeV. The initial (mass 13, T=3%) and
final (*2C +nucleon) states may be written,

Ii>=|ak; T=%’Tz>+EBj(Tz)’bj;T=%’Tz>s
J
lf>={lck;T=0,0>+[j“J 5,‘(,{,;7‘:1,0)}'7‘:%, Tz>,

where the sums run over all possible admixed
states. For the case with T,=+3

(rl=2 Bi(T.Xcl ;)
+(2)V238%(d;| a) + 0(80) .
i

The terms (c| b;) and (d;| a) are equal to VN
XCFP(i~f), where N is the number of active nu-
cleons and CFP is the appropriate coefficient of
fractional parentage. We assume there are no
fortuitous cancellations in first order and neglect
terms of order g5 and higher. Then the ratio of
reduced widths to final states ¢ and ¢’ becomes

;Bj(TzXCij)+(%)1’2‘155’5<djla> 2
- ;B,.(szc'l b,.)+(§)1’2‘j[, *(djlay | ’

where B,(T,) is given by
Bi(T)=(E,=E, )" (b;T,| Hycl aT,) -

Hyc is an isospin nonconserving two-body interac-
tion, such as the Coulomb force, which contains
only isoscalar, isovector, and isotensor terms,
Hyc=TS+T%+T), and E, and E,, are zeroth-order
(charge-independent) excitation energies. The T,
dependence of g; is given by the Wigner-Eckhart
theorem

Bj(Tz=i%) = "(Ea - Ebj)-l[(a)-llejli (5)~1/2Aj2] )
where A;' and A,? are reduced isovector and iso-
tensor matrix elements of Hy.

From the above expression for 6.2/6,.%* we can
immediately see that the large asymmetry in the
ratio of reduced widths implies that:

(1) Isospin mixing in the mass 13 levels is impor-
tant; i.e., isospin impurities in !2C alone cannot
cause an asymmetry. If the g; all vanish, then
6,2/6,.% is independent of T,.

(2) A strong isotensor impurity in the mass 13 lev-
els is required. Purely isovector impurities in
mass 13 and in *2C cannot produce asymmetries
in ratios of reduced widths, since 5% is indepen-
dent of T, and the isovector component of B;(T,) is
the same for T —+2 and T,=

(3) The isotensor amphtude in the mass-13 states
must be comparable with the isovector amplitude

plus the term due to T'=1 impurities in *C. The
isotensor amplitude changes sign when 7,~ -T,,
while the term due to impurities in *C and the iso-
vector amplitude do not. To get a strong asym-
metry, cancellation must occur, so these terms
must be of the same order.

Isospin impurities in the ground and f1rst ex-
cited states of 2C are probably smaller than the
impurities in the mass-13 T=3 levels. In '2C the
nearest T =1 state that could mix into the ground
state lies at least 17.8 MeV away. If, in fact, we
can neglect the impurities in !2C, the asymmetries
in reduced widths imply that:

(4) More than one T =% state is substantially in-
volved in the mixing of the mass-13 T=3 levels.
If the 6% are negligible for all j and only one B, is
significantly greater than zero, then the ratio of
reduced widths becomes |{c| b,)/c’| b,)|?, which
is independent of T, and only a property of the ad-
mixed state b,. Probably the admixtures in both
13C and *N are complex and not dominated by a
single state. However, in principle the impurity
in each nucleus could be dominated by a single
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FIG. 17. (a) Neutron time-of-flight spectrum from the
14N (3He,n)1%F reaction showing the population of the !¢F
(3.81+3.91) levels. (b) Projection onto the neutron time-
of-flight axis of the kinematic curve corresponding to
the N (He,np)150 (0.0) reaction.
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state, as long as it was a different state in **C and
13N.
(5) The isotensor amplitude in the mass-13 states
must be comparable to the isovector amplitude.
Since our results contradict the usual assumption
that off-diagonal isotensor amplitudes are small
compared with isovector amplitudes, it is instruc-
tive to consider in a qualitative fashion, the source
of the large isotensor term. We recall that any
one-body model of the isospin-nonconserving inter-
action implicitly neglects isotensor mixing. How-
ever, the isospin-violating interaction is actually
a two-body operator; in particular for the Coulomb
force, it is a two-body operator that vanishes un-
less both of the particles are charged. For the
sake of discussion we shall consider pure 1p-shell
zeroth-order wave functions for the J"=3", T=%,
and T =3 states. In this model, the *C states have
2 proton holes and 1 neutron hole in the 1p shell,
and the *N states have 1 proton hole and 2 neutron
holes. The isospin-mixing matrix elements for
mass 13 will have the form

(C(hhh)r- 15| Ho| C(hBR) g5,

where H. is the Coulomb potential and C denotes
the closed core. This can be expanded into a sum
of two-body matrix elements of three kinds; one
where H_ operates only on the holes, one where
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H_ operates only on the core particles, and one
where H, connects core particles and holes. The
last two kinds of terms vanish identically by ortho-
gonality. Terms of the first kind also vanish in
13N (which has only one proton hole) but are pres-
ent in **C (which has two charged holes). Hence,

in this simple model, 3N has no 1p-shell isospin
impurities induced by the two-body Coulomb force
while 3C does (see for example Ref. 47). Since

we showed above that T ,-dependent isospin impuri-
ties implied a strong isotensor mixing, we can un-
derstand how a strong isotensor matirx element
can arise from even the simplest microscopic
model of the nuclear states.

It is interesting to note that the mass-13 decays
may be particularly sensitive to the charge-depen-
dent nuclear force. If this force is predominantly
the result of the mass difference of the charged
and neutral pions it will be largely charge symme-
tric and have an isotensor character. It will there-
fore give equal contributions in *C and N, in
direct contrast to the Coulomb force which mixes
1p-shell states only in C.

Let us consider the isospin-forbidden branching
ratios predicted by the extreme single-particle
shell model. In this picture the low-lying 3  states
in mass 13 have a p,,,7'p,,,~? configuration; we
assume that the isospin impurity in the 3C 15.11-

TABLE II. Some properties of J"=4, T =4 levels in mass 13 (Ref. a).

E, r AM1) 13
(MeV) (keV) W.u.) log ft BR(0) BR(2%)
13c
3.684 (4.0£0.35)x 1074 ¢ 0.38 4.45+0.05P 0.0 0.0
(9.499) 4 =5 cee
9.899 28 0.16°¢ 1.0 £0.2¢ <0.15¢
11,72 . 12530 ~0.1¢ 0.67+0,16¢ 0.33+0.08°
(13.76) ~ 350
13N
3.509 635 0.68 4,52+0.,13 8 1.00 0.0
9.52 30 5.18+0.14 8 0.6+0.1h 0.4+0.1h
11.87 130

2 Unless otherwise noted, taken from Ref. 32.

b K. W. Jones, W. R. Harris, M. T. McEllistrem, and D. E. Alburger, Phys. Rev, 186, 978 (1969).

¢ Reference 21.
dThis level is not firmly established as having J" =¥,
€ Present work,

f This level is seen strongly in inelastic electron scattering but its spin is not determined.

8J. E. Esterl, J. C. Hardy, R. G. Sextro, and J. Cerny, Phys. Letters 33B, 287 (1970).

hy. E. Esterl, J. C. Hardy, R. G. Sextro, and J, Cerny, Phys. Letters 33B, 287 (1970); A, C. L. Barnard, J. B. Swint,
and T. B. Clegg, Nucl. Phys. 86, 130 (1966); E. M. Bernstein, J. J. Ramirez, R. E. Shamu, Pui-Wah Chang, and
M. Soga, Phys. Rev. Letters 28, 293 (1972) find that for the decay of this level to the 2* state of 12C l“j=1,2/l", =3/2>0.9.
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MeV T =% level will have the same configuration.
This impurity can decay to p,,,~%p,,,” or to
Pas2~'p1,2~% by emission of a p;,, or p,,, neutron,
respectively, but cannot decay to the 2C ground
state which in this extreme model is p,,,"*. On
the other hand, decay to the 4.44-MeV state
(p3)2~%P1)27%) is possible. We would thus expect
from this model that the strongest branching ratio
measured in this work would be the '*C decay to
12C (4.43), all the other decays would arise from
processes we have neglected, such as configura-
tion mixing, higher-order terms in the perturba-
tion expansion, excitation out of the 1p shell, im-
purities in '2C, direct mixing, and the charge-de-
pendent nuclear force. It is interesting that the
mixing induced by impurities in 'C (assumed to
be only T =1) and excitation out of the 1p shell (as-
suming it is dominated by the one-body Coulomb
potential) have a pure isovector character and
hence will give equal contributions to the decay
amplitudes in *C and !*N. From Table I we see
that, in fact, the strongest observed branching ra-
tio is 3C(T =3)—~ '2C(4.43) +n, which is ~4 times
stronger than the N branches and “C(T =%)
—~120(0.0)+%n. The decay widths of the T =% lev-
els in *N and '3C to the 7.6-MeV 0* state of *C

=3

are particularly interesting. These decays are
presumably governed by that portion of the iso-
spin impurity which has (sd) shell components,
since the 7.6-MeV state of '°C is probably not a
p-shell state (Cohen and Kurath’s* 0} state lies
at an excitation energy of 13.5 MeV). The ob-
served widths are small and roughly the same
size in **C and *N, which supports our simple
picture.

In order to do a realistic calculation of the iso-
spin-forbidden particle widths of the 3=, T=3 lev-
els, one has to know the properties of the =T
=} levels, their excitation energies, coefficients
of fractional parentage, and off-diagonal charge-
dependent matrix elements. We summarize what
is known about the positions of these 3~ levels in
Fig. 18, where the experimentally determined
negative-parity levels as well as the charge-in-
dependent calculations of Cohen and Kurath*® (CK)
are displayed. In Table III some of the properties
of the J"=%", T =% levels are given. Our knowl-
edge of these levels is quite meager. The lowest
2- levels in *N and *C have been identified, but
the spectroscopic factor for the 3C level (S=0.22)
deduced from the '2C(d, p) reaction®® differs by a
factor of 7 from the reduced width for the analog
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1400 %
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- - 13.18
265 0 | 1240 | (%)
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FIG. 18. Partial-energy-level diagram for 13C and ®N, Experimental numbers are from Ref. 32.
Theoretical numbers are from Ref. 48.
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level in *N(6,2=0.031) obtained from the *C(p, p)
reaction.’? One or possibly two 2~ levels occur at
an excitation energy of ~9.5 MeV and a state has
been seen at ~11.8 MeV. CK predict p-shell %',
T =3 levels to lie at excitation energies of 3.59,
10.43, 14.00, 17.45, and 19.84 MeV. Only for the
lowest level of CK can one unambiguously identify
the calculated states with experimentally deter-
mined levels. On the basis of two-particle pickup
reactions®® and inelastic electron scattering,?* the
11.8-MeV levels are associated with the 10.43-
MeV level of CK. The 9.5-MeV levels are appar-
ently not accounted for in the CK calculations.
No state corresponding to the 14.00-MeV level of
CK has been observed. This is especially vexing
since a T =} level in this vicinity might be expect
ed to play an important role in the isospin mixing
if the energy denominator were sufficiently small.
A detailed calculation?” of the isospin-forbidden
widths in mass 13 has been performed by Arima
and Yoshida (AY) who used the CK wave functions
for the charge-independent basis. They find that
there are two important sources of the impurities
induced by the Coulomb force: the mixing of the
1p-shell states in 3C, and the mixing of continuum
states (levels above the 1p shell) which is approxi-
mately charge symmetric and gives nearly equal
contributions in !*C and !3N. We have neglected
this last type of mixing in our discussion above.
AY did find that the decay widths are quite sensi-
tive to a charge-dependent (isotensor) nuclear
force, although it is not needed to obtain agree-
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ment with experiment. Their results are quite
sensitive to the exchange character of the charge-
independent nuclear force used in calculating the
widths and to the exact location of CK’s third $-,
T =% state, which plays a very important role in
the isospin mixing because of its small energy
denominator (0.8 MeV). With suitable choice of
the exchange character and a small change in the
position of this state they obtain excellent qualita-
tive agreement with our results as can be seen in
Table IV. Even the relative amounts of j =3 and
j=3% which we obtain in the decay 3N* - 12C(2*) +p
are in rough agreement with the calculation. Un-
fortunately the relative amounts of j=3 and j= 3
could not be determined for the corresponding *C
decay. The calculated j= 3 fraction is quite sensi-
tive to the assumed 14.00-MeV state of CK and a
measurement of this fraction would constitute a
good test of the theory. It would also be valuable
to demonstrate that the choice of nuclear-force
parameters that produces reasonable values for
the isospin-forbidden widths also gives the correct
widths for the isospin-allowed decay widths of the

=4 states, such as the 11.7-MeV level in 3C.
The apparent charge asymmetry in the reduced
widths of the 3.6-MeV states is presumably due to
inconsistent analyses.

The pioneering calculation of AY represents an
important contribution to our understanding of the
detailed mechanism of isospin mixing. However
the quantitative results depend strongly upon shell-
model calculations (in particular upon the location
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FIG. 19. Energy-level diagram showing positions of known or possible 3~ levels in 170 and 1'F (see Table V).
Theoretical numbers are from Ref, 51.
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and properties of an as yet unobserved level cal-
culated to lie 0.8 MeV below the lowest T =  state).
Because of the sensitivity of the calculation by AY
to the unobserved shell-model state, it is instruc-
tive to estimate the decay widths in *C from a sim-
ple model where the entire width comes from the
mixing of the “antianalog” state at 3.5 MeV, which
which should have a large Coulomb matrix element.
With a Coulomb matrix element of 110 keV (CK
predict 165 keV) and CK’s spectroscopic factors,
assuming that I'=2P¢? where

(T=3|H,|T=3)|*

02= Sgw 2
- Es/z - E1/2 ’

Oy, ? is the Wigner limit width, S is the spectro-
scopic factor, and P is an /=1 penetration factor
evaluated at R=4.0 fm, we obtain I, =0.34 keV

and I',,=1.42 keV. This compares well with the
experimental values 0.35+0.10 and 1.31+0.24.

The agreement is somewhat fortuitous since many
additional coherent contributions have been neglect-
ed. However, it suggests that two-body Coulomb
mixing within the p shell can contribute a large
part of the isospin impurity for 3C, even if no un-
observed J" = 3" level lies particularly near the

T =3 state. Since shell-model wave functions and
energies are not reliable for such highly excited
states, a really credible calculation of isospin
mixing must employ experimentally determined
level parameters. A strong effort to identify the

3= T=} levels and to measure their reduced widths
is needed for a better understanding of isospin mix-
ing in mass 13.

B. Isospin Mixing in the 11-MeV
T =3 Statesin 4 =17

The decay properties of the lowest T =3 levels
of 0O and "F are listed in Table II. The nucleon
decay branching ratios are from this work and
Ref. 8. The total width of the !"F level is obtained
by combining an inelastic scattering measure-
ment® of T, with our value for T, /T [i.e., T

=T,(T,,/T)™']. The width of the '"O level is found
by observing it as a resonance in the *C(a, n,) re-
action.?? The asymmetry observed in the particle
decays is even more striking than that observed
for mass 13. The decay width of Y'O(T =$) to the
160 ground state is nearly 100 times greater than
the corresponding width in I"F. Again we attempt
to remove the uninteresting effects of charge-de-
pendent differences in phase space barrier pene-
trations by dividing the branching ratios by pene-
tration factors to obtain ratios of reduced widths.
We assume for the moment that the 'O decays go
to the 3~ member of the 6-MeV doublet in %0 as
is the case for "F. (Decays to the 0} state would
involve an obvious charge asymmetry.) A strong
asymmetry remains in the reduced widths. How-
ever, in this case the @ values for "F and "0 de-
cays to the excited states of %0 are sufficiently
different that division by penetration factors con-
stitute a significant correction. Although the pene-
trabilities are quite sensitive to the radius parame-
ter used in the calculation, the variation with ra-
dius is similar for the mirror decays. The ratio
of the penetrability for an QO decay to that for the
analogous !"F decay varies by less than 30% for
radii between 3.5 and 5.0 fm. Thus in the compari-
son of ratios of reduced widths in ''F and 'O, the
uncertainty due to the choice of nuclear radius (a
radius of 4.4 fm was employed) is smaller than the
experimental errors in the "0 case. We may con-
clude that in mass 17, as well as in mass 13,
more than one state is mixed into the T =} level
and that the isovector and isotensor admixtures
have comparable intensities.

Again, as in mass 13, we turn to an extreme
single-particle model to understand in a qualita-
tive fashion the possible sources of the asym-
metric decays. In this case the configuration of the
T=%and T=%, J" =3 states will be 2p-1h struc-
tures built on a closed 1p shell. Detailed calcu-
lations®! using this limited basis have been fairly
successful, which supports this simple model.
Isospin mixing between 2p-1h states in mass 17

TABLE IV. Comparison of measured decay widths of the 15.1-MeV 7 =4 levels of *C and ®N with shell-model cal-
culation (Ref. a).

13c 13I\I
rmb rmb
Ty, T, Yo Ty, Ty, 2l11/2]13/2) 1)
(keV) (keV) ev) (keV) (keV) 2|13/2]|3/2) ev)
Expt 0.35+0.10 1.31+0.24 22,7+2.6 0.19£0.05  0.12+0.03 2.1+2.4 23.0+3.6
Theory 0.19 1.65 28.35 0.25 0.14 3.32 exp(~0.17) 28.13

2 The calculations of T, , T, , Iy, and I, are given in Table 9 of Ref. 47. A Rosenfeld force has been used with a
range of 1,414 fm. The energy separation ot1 the nearest -Q-', T =»} state is increased by 50% over the value predicted by

CK.
b The theoretical values of rYo(Ml) are from Ref. 46,
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has been discussed by Walker and Schlobohm.5?
Denoting holes by superscript bars, the 2p-1h
configurations of 1’0 and “'F may be written

0.
g,

T+ Vv,
TAT+ TVD,

where m and v denote protons and neutrons, re-
spectively. The Coulomb matrix elements

(C(pph) =1/ | He| C(pph) 7 =3/,) can be decomposed
into two-body particle-particle and particle-hole
terms. For the T'=3 states the particles can be
coupled to T, =0 or Ty =1. The particle-par-
ticle Coulomb matrix elements vanish unless both
particles are protons and as a result are nonzero
only for T,,, =1 states in '"F. Now let us consider
the particle-hole Coulomb matrix elements. These
vanish for the case where the hole is a neutron.
Thus in *'F the T, =0 configurations cannot be
mixed into the T=% level by the particle-hole
Coulomb force while in O they can. As was the
case in mass 13, even the simplest microscopic
model can, in principle, produce asymmetric de-
cays and hence comparable isotensor and isovec-
tor Coulomb matrix elements.

A realistic calculation of the mixing must em-
ploy measured properties of the admixed states.
In Table V and Fig. 19 we show some properties of
known or possible J™ =3, T =3 levels in O and
F. In Ref. 51 four 3~ states are predicted to lie
at less than 10 MeV. The experimental data are
quite incomplete above an excitation energy of 6
MeV, However, a 3~ state in "F has been iden-
tified® at an excitation energy of 11.00 MeV
(I'=~0.4 MeV). Because of its proximity to the
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11.20-MeV T =3 level, this T'=3 state may play
an important role in the mixing. The T =3 state
has I', /T'~0.1 which could mean that it domi-
nates the decays of 'F, since the T'=3% level has
I,/T~0.09. As yet there is no explanation for
the most remarkable feature of the mass-17 de-
cays — that the decay width of the T=2 level in 'O
to the ground state of °0 is ~100 times greater
than the corresponding width in "F,

C. Radiative Widths of the Lowest T =+
Level of *C and *N and the Proposed
Isotensor Electromagnetic Current

It is usually assumed that the E. M. transition
operator transforms like the charge and contains
only isoscalar and isovector components. In this
case first-order perturbation theory predicts that
the reduced transition probabilities for the AT =1
radiative decays of the lowest T'=$ levels of *C
and N should be in the ratio R,; = B(M1)3N/
B(M1)*C=1. However, there is at present no
compelling evidence either in nuclear or particle
physics, for restricting the E.M. field to iso-
scalar and isovector components.** %5 In fact,
recent analyses by Sanda and Shaw®® and Berardo
et al.?* of analogous pion photoproduction reac-
tions in the A(1236) T=% resonance region
(y+p-A*~71"+nand y+n-~ A%~ 77+ p) find sup-
port for an appreciable isotensor current. In the
absence of isotensor currents the radiative widths
of the A* and A should be in the ratio

R =I"(A+-2+'y)_1
ATr(A%—n+y)

TABLE V. Some properties of possible J"=-}°, T =-%- levels in mass 17 (Ref. a).

170 11p
E, r E, r
(MeV) (kev)  logft®  JT MeV)  (keV) log ft ™ © T/T T, /Ty Jm
3.055 6.9£0,1  § 3.105 191 6.44£0.61 1.0 ¥
5.935 2310 ¥ 6.036 28 442001 1.0 ¥
6.406 5.80£0.13 1.0 %)
7.708¢ 5.67+0.12 <5 C% D)
7.947 7910 ' 8.075°¢ 3.96+0.01 0.49£0.02 ($,4)
8.436°¢ 3.85+0.02 6.0 0.5 (§,4)
8.825°¢ 4.23+0.02 8.2 x1.2  ($,§)
9.16 43 ¥
11.00¢  ~400 ~0.10 ¥

@ Unless otherwise noted, taken from F, Ajzenberg-Selove, Nucl. Phys, A166, 1 (1971).

Y log ft for 1'N or !"Ne 8 decays.
¢ Reference 8.
d Reference 53.



912 E. G. ADELBERGER et al. 7

Upon examining the differences in total cross sec-
tions

d=0,y+n-n"+p)=0,ly+p—~7"+n)

as a function of energy, Sanda and Shaw find ef-
fects they cannot ascribe to kinematics. They
attribute the discrepancy to an isotensor current,
which would permit the A* and A° to have different
radiative widths since in this case

1-x4|?
1+xa
where x,=(2)"/245/A7 and A} and A; are reduced
isovector and isotensor amplitudes of the E.M.
interaction. Berardo et al. have analyzed their

7~ +p-n+y data and existing photoproduction
cross sections using the Sanda-Shaw model. They
obtain acceptable fits for

RA=

’

AA
-0.52 S—A% <-0.13.
1

If isotensor currents do exist then AT =1, nu-
clear transitions will also, at some level of ac-
curacy, show departures from charge symmetry.?®
In nuclei, isotensor amplitudes are suppressed,
since a “AT =2 photon cannot couple to a single
nucleon which has T=3. But the current can couple,
for example, to virtual A(1236) T=3 baryons
formed in the process N+N-A+ A within nu-
cleus. Consequently the ratio®®

S0 45]

Ris

should show a small departure from unity if a
sizable isotensor amplitude were present in the
A decays as suggested by the analysis of Ref. 24.
It will clearly be difficult to separate the effects
of “AT =2 photons from ordinary isospin impuri-
ties if the two effects are of the same size. In
mass 13 the calculated charge asymmetries aris-
ing from isospin impurities*® are between ~1%
and ~3.5%. A rough upper limit of |A,/A,|<0.036
has been estimated® for the effects on nuclear
transitions of an isotensor component in A N+y
of the size indicated by Berardo et al.** This
would produce an asymmetry of <11%. A careful
measurement of the radiative widths is therefore
of considerable interest. From the present ex-
perimental value R,;=1.02+0.20 an upper limit
|A,*3/A,*3| < 0.07 can be inferred. While this is
still too large to place really useful limits on
isotensor effects, the experimental uncertainties
could be significantly improved. At present the
error in R, is dominated by the *C(p, v,) mea-
surement,?® which has a quoted uncertainty of
+14.5%. This could be significantly improved

with a new measurement.

Let us briefly discuss other possible nuclear
tests for isotensor currents. In addition to the
comparison of absolute radiative widths mentioned
above, one could search for asymmetries in the
velative widths of two sets of analogous AT =1
transitions (i.e., a charge dependence of rela-
tive y-ray branching ratios), or for transitions
between states which differ by two units of isospin.
The comparison of analogous branching ratios is
inherently quite precise. However, isotensor
amplitudes will produce charge asymmetries only
if the appropriate matrix elements have opposite
signs (see Ref. 56). The best upper limit for
T=2-T=0 y-ray transitions!® yields a much
weaker limit on possible isotensor currents than
the present measurement, since in the case
studied the AT =2 transition is E2 while the AT =1
transition is M1,

There is an additional incentive for comparisons
of the type reported here. The apparent asym-
metry in the A(1236) decays was most pronounced
in a comparison of the reactions

p+Y‘A+,
A 4p.

There have been suggestions that the isotensor
currents may involve time-reversal violations

as well.’ In that case, one should probably com-
pare nuclear reactions which are also time-re-
versal analogs. The mass-13 decays have pre-
cisely this form. Inthe *N case the width is mea-
sured for the radiative decay *N* ~ 3N +y, while
in '3C the width is measured for excitation by in-
elastic electron scattering °C +y - 13C*. Further-
more these M1 transitions are strong, which re-
duces the influence of small isospin impurities
which would play a significant role is highly re-
tarded decays.

D. Conclusions

The particle decays of T =% levels in the mirror
nuclei *C, *N and O, '"F show strong charge
asymmetries, indicating that the isovector and
isotensor mixing amplitudes have similar magni-
tudes. This conclusion is consistent with the ob-
served decays of T =2 states in the 2s-1d shell
where AT =2 a-particle emission competes suc-
cessfully with isospin-forbidden proton decay.
Strong charge asymmetries arise naturally from
a shell-model description of the nuclear states.
Unfortunately, detailed calculations of the mixing
must rely upon theoretical estimates of the proper-
ties of the high-lying admixed states, since experi-
mental data on these levels are not available. At
this point a most useful avenue for further work
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lies in locating the 7'=3 states that may be ad-
mixed, and measuring their partial decay widths.
As the T'=3 level spectra in A=13 and A =17 be-
come better understood, one may be able to learn
more about the mechanisms of isospin mixing and
ultimately about the charge dependence of the nu-
cleon-nucleon force itself.
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APPENDIX

To understand the reaction kinematics of our
experiments let us consider the case of mass 13
in some detail.

The lowest T'= 3 level of 3N was produced in the
"'B(°He, ) reaction which preferentially populates
the 7=} state. The branching ratios were ob-
tained by detecting the decay proton in coincidence
with the neutron populating the decaying state. In
this case the reaction of interest is *He + B —#
+p+'C which proceeds sequentially through a
resonance in the p+*2C system corresponding to
the lowest T'=3 level of *N. The kinematics for
the three body reaction 'B(*He, #p)*2C are shown
in Fig. 3. For fixed angles of the neutron and pro-
ton detectors, the particle energies are con~
strained to lie on “kinematic curves,” one for each
state of C. A resonance in the p+2C system
will appear as an enhancement in the density of
events lying on the appropriate kinematic curve
at the point were the invariant mass of the p+ 2C
system has the resonant value. These should
occur at the interaction of the “kinematic curves”
with the horizontal lines drawn on the figure for
various excited states of '*N. However, by charge
symmetry there are essentially as many reso-
nances in the z+C system as in p+ 2C and these
also produce enhancements on the kinematic
curves at intersections with the vertical lines
drawn for various excited states of 13C. To dis-

tinguish an enhancement caused by a resonance

in the p+ ®C system from one due to the n+2C
system, one can show that the invariant mass in
the p+ 2C system corresponds to a known reso-
nance in *N and that there exists no resonance in
13C that could also produce the enhancement. Al-
ternatively, one can vary the incident energy or
detector angle and find in which system the en-
hancement has a constant invariant mass. We
have in most cases used the latter method to iden-
tify resonances, since it is completely unambigu-
ous and is not dependent upon the energy resolution
and calibration of the detectors. For complete-
ness we should mention that, in principle, one
must also consider resonances in the system of
the two light particles (in the present case p+#).
However, no sharp resonances exist in this sys-
tem and such effects can be neglected in our ex-
periments.

The angular correlation between the particle
populating an unstable state with j >4, and the nu-
cleon emitted in its decay is not, in general, iso-
tropic. Hence in order to measure a branching
ratio one must integrate decay measurements
performed over the entire sphere. To simplify
this integration we have detected the particle popu-
lating the decaying level at 0°, in which case the
apparatus for producing the state (beam, collima-
tors, and detector) is symmetric about the beam
(2) axis. Thus j, is conserved and the density
matrix for the decaying state is diagonal. Further-
more, j,=S}+S,~ S} where S, S, and S? refer to
the spins of the incident, target, and outgoing
light particles, respectively. The target and beam
are unpolarized and by parity conservation the out-
going particle cannot have any longitudinal polari-
zation. Therefore, the density matrix must have
the property that its diagonal element correspond-
ing to j,=+m is equal to the element corresponding
to j,=-m, and the decaying state is said to be
aligned.

A general expression for the angular correla-
tion may be written as

2 (6, )= pulaa’)eays (00t . (LL)

b L ¢
X(kykykrky | Br)aa Byby b’ L'a’

By by k
X<b|LllaXd’| L’ ||l a)*, (2)

where the summation is over aa’dbb’LL'kkkyk, kyk;
and ¢ =(2a+1)'2, This is equation 2.93 of Fer-
guson’s® book on angular correlations and we
follow his formalism. The initial (&) and final (b)
states are related by the vector addition formula
a=b+L. p,faa’) is a statistical tensor describing
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the initial state as produced by the populating re-
action and may be written in terms of a density
matrix constructed using the eigenfunctions |aa)
of the spin of the initial state, thus

pedaa’)= (=)'~ (aa, a’ - a'|kkXaa|pla’a’) .

For an aligned state, where the density matrix
satisfies

(aa|pla’a’) =6,,0 qor{a—alpla=a), .

we must have k=0 and k=even <2q. This may
be seen from the following:

(_)a-ot(aa, a-a ‘kO) =(_)2a—_k-20t

x [(=)*“(a~ &, ac|k0)]

= (=) ()" *(a - a, aa | k0)].

Therefore terms with opposite signs for a cancel
if k=0dd, so p,(aa)=0 for & odd. If the recoiling
nucleus is not detected and the detector of the
emitted particle is axially symmetric, then

Ekt;ka( bb'kthL(LL') =const Yf(@, ¢)5kbo éxbo ’

and the angular correlation may therefore be
written

dB L=2a
20 (0= L§o ApP(cosb),
L=even

which considerably simpilfies the integration over
solid angle. For the lowest T'=2 level of **C and
13N, a"=%" and so W(8) =A,+A,P,(cos0).

For the lowest 7=% level of O and 'F, a" =3,
and the angular correlation is isotropic regard-
less of the polarization of the state (i.e., regard-
less of the angle of the detector that observes the
reaction populating the state) as long as the state
has definite parity. Referring to Eq. (2), we may
select the z axis in the direction of polarization
of the state, so that we have axial symmetry and
k=0. As we do not detect the recoiling nucleus
with spin b, we have k,=«,=0, hence k=%, and
k;, =k =0. The efficiency tensor GZ‘LKL(LL ') now
contains the Clebsch-Gordan coefficient (10, 70| 20)
which vanishes unless [+1’+k=even, where L
=+ s for the emitted particle. Conservation of
parity requires [+’ even and so % is even, but
k<1 and so =0 and the angular correlation is
isotropic.

The angular correlation will also be isotropic
if the initial state is unpolarized, regardless of
its spin and parity. This situation can occur in
our experiments if the double-stripping reactions
populating the 7'=% states in '*N and **C proceed

by means of a simple, one-step direct reaction
and transfer a 7=1, §=0, L =0 dinucleon to an
unpolarized target. If, however, there is a signifi-
cant compound nuclear contribution to the reaction,
we can expect to observe nonzero A, terms for the
angular correlation of the nuclear decays of the

$- levels of **C and *N. In this case we can sepa-
rate the reduced matrix elements for decay by
emission of a p,,, or p;,, particles. For the decay
of the 3=, T=% level to the 0* ground state of 2C,
only p,,, emission is possible and the ratio 4,/4,
is sufficient to determine the ratio of alignment
parameters p,,/pg. For the decay to the 2%, 4.43-
MeV level of *C, both p,,, and p,,, are allowed.
Then

9B (a3 prol10, 10 [kOW(11, LL'; )
as kRLL'
XW(LEL'S;2k)2|L[$X2|L [5)*,

where £=0,2 and L, L’=3,3. Since the p,, are
determined from the ratio A,/A, from the decay
to the ground state, we have

(%)
Ao/4.a3

><3 1.33Re(2|3]18)2[51%)%) + 2] 2[12) |°
21318 1P+ 1K21212) °

Unlike E.M. matrix elements, the relative
phases of the reduced matrix elements for parti-
cle emission with different L values are not unique-
ly defined. However, the two reduced matrix ele-
ments corresponding to L=1[+% and L=[-} gen-
erally have relative phase near 0 or 180°, since
the Coulomb and angular momentum barriers
which dominate the decaying wave function de-
pend only on [ and not on L. This is supported
by the detailed calculations of AY %" who find that
in all cases the relative phase of the reduced ma-
trix elelents for p,,, and p,,, are within 6° of 0°
or 180°,

If one assumes that

@lzl$)=cei %2 3%
and that ¢=0, then

A A > <1.33C+1>
=2 =( =2 -0.6) ———— ).
(Ao)4.4s <Ao o.o( ) 1+¢C

For decay to the 0*, 7.65-MeV level of C, only
D32 €mission is possible and so the ratio of 4,/4,
is defined only by the alignment parameters. It
should therefore be identical to the A,/A, ratio
observed for decay to the 0% ground state.
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The expression, E/A =€y +3 €, 0,5 5 ,(, +04)* + 3 €4 (a, —0,)?, for the ground-state ener-
gy of nuclear matter with an excess of neutrons, of spin-up neutrons, and of spin-up protons
(characterized by the corresponding parameters, a,=(N-Z)/A, a,=(Ny~N})/A, and o,
=(Zy-Z,)/A), contains three symmetry energies: the isospin symmetry energy €., the
spin symmetry energy €., and the spin-isospin symmetry energy €,,.. General expressions
for €, and €, are obtained in terms of the K matrix which depends on four different Fermi
momenta, With suitable approximations, numerical values of €, and €., (and also of € )
are derived using the Brueckner-Gammel-Thaler, the Hamada-Johnston, and the Reid soft-
core nucleon-nucleon potentials., The most reliable results, obtained with the Reid soft-core
potential, are: €,=61 MeV, €,=74 MeV, and €, =73 MeV. The possibility of estimating
the energies of the spin and spin-isospin modes of collective nuclear excitations is discussed.

I. INTRODUCTION

Let us consider nuclear matter composed of N}
neutrons with spin up, N, neutrons with spin down,
Zy protons with spin up, and Z, protons with spin

down. All the nucleons are contained in a periodici-

ty box of volume 2. The composition of the sys-
tem may be characterized by A=Ny+N,+ Zy+ Z,,
the neutron-excess parameter

aT=(Nf+N;— Zy - Z;)/A=(N"' Z)/A’

the neutron-spin-up-excess parameter q,
=(Ny - N,)/A, and the proton-spin-up-excess pa-
rameter a,=(Z} - 2,)/A.

The ground-state energy E of the system is sub-
ject to two conditions:

(1
2

E(A’ Qry Qpy ap) =E(A’ =Qr, Qp, an)!
E(A,a,, a, a)=EA,a.,~-a,~-a,).

The first one results from the charge indepen-
dence of nuclear forces, and the second one from

the time-reversal invariance of the interaction
(or, in other words, from the requirement that
E does not change when the spins of all the nu-
cleons are reversed).

Because of these two conditions the expansion
of E in powers of o,, @, and a, takes the form

E/A=€q+3€. 0.2 +36,(a,+a,) +3€,,(a,=a,),
®)

where powers higher than quadratic are neglected.
In expression (3), apart from the volume energy,
€,q, and the usual (isospin) symmetry energy,
denoted here by €., we have two more quantities:
€, and €,,. Quantity €, is the measure of addi-
tional energy necessary to maintain a spin excess
in the system, characterized by the spin-excess
parameter, a,=a,+a,=(Ny+Z;-N,- Z,)/A.
Quantity €, is referred to further as the spin sym-
metry energy. Quantity €., is the measure of
additional energy necessary to maintain in the
system an excess of spin-up neutrons and spin-



