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The delayed neutron emitters ' C and "N have been studied with a 'He neutron detector and y radiations have

been measured with a Ge{Li) detector. ' C was formed in the reaction ' C(' 0,' 0)' C with 56-MeV ' 0 ions,
and also in the reaction "B('Li,2p)' C with 40-MeV Li ions. The thermalized neutrons following both
reactions yield together a ' C half-life of 0.747+0.008 sec with the well-known 4.17-sec "N activity as an
accompaniment formed in the ' C(' 0,"N)"N and "B{Li,p)' N reactions. The neutron spectra in a bare He
detector contain ' C lines of 0.79~0.03 MeV and 1.72+0.05 MeV with relative intensities 1079/I, » ——5.4+0.7 in
addition to "N peaks. The "C neutron groups are assigned to the P decay to the known 3.36- and 4.32-MeV
1+ states of ' N with branches of 84.4~ 1.7% and 15.6~1.7%, respectively. A search for y rays associated
with ' C forbidden P decay to the 0, 3, and 1 levels of ' N at 0.121, 0.297, and 0.397 MeV, respectively,
gave upper limits of 0.5%, 0.5%, and 0.7% for the respective branching ratios (logft& 6.85, & 6.83, and & 6.64,
respectively). The logft values for P decay to the 3.36- and 4.32-MeV states, 3.551~0.012 and 3.83~0.05,
respectively, compare with preliminary theoretical values of 6.49 and 3.94, respectively, due to
Millener. Separate studies were made of "N decay, formed in the "N(t,p)"N reaction at E, = 3.0 MeV. By
using an empirical neutron efficiency function, established for the He detector with the H(p, ni He reaction, ii-

ray branches of "N to the "0neutron-emitting states at 4.55, 5.38, and 5.94 MeV were found to be
39.2+2.0%, 48.0~1.5%, and 7.9~0.3%, respectively, in disagreement with two previously reported
measurements. y-ray measurements on "N with a Ge(Li) detector yielded the following: ratio of P-ray
branching intensities B871/B30g5 = 8.6~0.4' B3841&7X10 ' corresponding to logft & 8.5 for this p-ray branch,
thereby more firmly fixing the "N spin as J"= 1/2; energy of "0 second-excited state 3055.2~0.3 keV; and
ground-state y-ray branch from the 3055.2-keV level (1.5%. The mirror P decays of the A = 17 system are
discussed. An incidental result is a half-life of 178.3 +0.4 msec for Li formed in the t('Li, p) Li reaction with
20-40-MeV 'Li ions.

RADIOACTIVITY C, N; measured t &~2, E„,I„,I&, deduced logft, decay
schemes; compared with theory. Li; measured t f/g.

L INTRODUeTION

Our confidence that we are on the right lines in
our theoretical description of nuclear structure
stems largely from agreement between theory and

experiment in respect of level schemes and rela-
ted static and dynamical properties in cases where
"complete" shell model calculations can be per-
formed. By "complete" we mean calculations in
which the valence nucleons and holes are permit-
ted the freedom of all the relevant subshells, e.g. ,
both 1psl2 and 1p, i, in the 1p shell and 1d, ~„2si/2
and 1d, ~, in the 2s, ld shell. In the 1p shell the
two-body matrix elements (2BME) are sufficiently
few (15) for them to be determined empirically by
fitting to well-identified levels in the classic man-
ner of Cohen and Kurath' and comparing them
ex post facto with G-matrix elements derived from
some fancied nucleon-nucleon potential. It has for
many years been a source of satisfaction that these
empirical 2BME generate wave functions that de-

scribe nuclear properties throughout the 1p shell
with good accuracy and also agree quite well with
the G-matrix elements. In the 2s, 1d shell the
2BME are too numerous to determine empirically
in the first instance and the starting point becomes
the G-matrix elements as in the extensive work of
the Rochester-Oak Ridge-Michigan State school.
Such work, using exact diagonalization to deter-
mine the wave functions, is restricted at present
to six particles or holes by the size of available
computers but it can be extended throughout the
shell with arbitrarily high accuracy by the White-
head-Lanczos tridiagonalization technique. ' The
results of these computations in the 2s, 1d shell
are also most gratifying, especially if some small
latitude of empirical trimming of the 2BME is
allowed such as might reasonably represent the
effects of systematic configuration mixing with
higher shells. This gratifying agreement between
theory and experiment was observed initially in
both shells for the level schemes themselves.
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However, we cannot have confidence in the wave
functions that correctly describe the level schemes
unless they also correctly describe other observa-
ble quantities, both diagonal and off diagonal, or
at least have some good reason for not doing so.
It is therefore most pleasing that the good agree-
ment between theory and experiment extends also
to static magnetic moments and toM1 and Gamow-
Teller transition matrix elements without any
further adjustments of consequence except perhaps
in securing best over-all agreement on the Gamow-
Teller data where it is not the wave functions but
rather the effective p-decay coupling constant that
needs attention. ' However, for the E2 properties,
both diagonal and off diagonal, an enhancement of
the theoretical values through the familiar use of
effective charges is needed; this device represents
the effect of an essential deformation which is
missing from the shell model calculations which
are carried out in a spherical basis. When un-
restricted Hartree-Fock calculations are made the
deformation arises naturally, the E2 moments are
automatically enhanced, and the need for effective
charges disappears.

This pleasing situation naturally raises the ques-
tion as to whether the good agreement between
theory and experiment will persist when mixed
shells are involved in the description of the states
in an essential way, i.e. , when both valence parti-
cles in the 2s, Id shell and valence holes in the IP
she1.1 are simultaneously operative. This question
is not a trivial one because such states obviously
involve new, intershell, 2BME's describing the
particle-hole interactions. In addition, the de-
formation that, as well as enhancing the E2 mo-
ments, is responsible for effectively bringing
certain states, nominally separated by Rw, much
closer together than expected on a spherical basis,
may now enter in a more essential way. There is
now an extensive literature, to which we shall not
refer in detail, on such particle-hole (p-h) effects,
going back to the classic work of Elliott and Flow-
ers in the A=16 system. ' Suffice it to say that
very little work has been done, either experimen-
tally or theoretically, on P decay that links such
p-h states and that such transitions will constitute
a crucial test of the wave functions devised to
reproduce the locations of the states, just as ear-
lier in the cases of the 1P- and 2s, Id shells them-
selves. Note that allowed P transitions are more
desirable than forbidden ones for such tests since
their own (weak interaction) structure is simpler.
The only cases studied are:
(i) "Be. Here the ground state is "accidentally"
of even parity making it a 1p-4h state. Both for-
bidden and allowed decays are observed', there is
no significant theoretical treatment.

(ii) "B. This is a 1p-3h state and its allowed
P-decay has been studied in detail both experi-
mentally' and theoretically' with excellent agree-
ment.
(iii) "C. This is a 1p-2h state with one forbidden
and several allowed transitions known. ' There is
no modern theoretical treatment.
(iv) "N. This is a 1p-1h state with two forbidden
and several allowed transitions known. " There is
no modern theoretical treatment.
(v) "N. This is a 2p-1h state with two forbidden
and several allowed transitions known. " " There
is no modern theoretical treatment.

This sketchy survey reveals both that significant
experimental data bearing on mixed-shell P decay
exist and await modern theoretical treatment, and

also that no experimental data exist involving nu-

clei in which the particle and hole shells both
contain more than one particle and hole, respec-
tively. In the present paper we extend the avail-
able material by a study of the P decay of "C
which, since it is a 2p-2h nucleus, represents the
first available example of such a study where both
particles and holes are multiple.

As will be seen, it turns out that, for practical
reasons, our study of "C decay cannot be separa-
ted from a correspondingly detailed study of "N
decay because we have no available means of
making C free of "N. "N, as we have noted,
is also a particle-hole nucleus whose study there-
fore fits into the present particle-hole program.
There is, however, a completely different reason
for our interest in "N, and since existing data,
particularly as to its allowed branching to neutron-
unstable states of "0, conQict rather severely
with one another, "'"we thought it worthwhile,
from both points of view, to make a detailed study
of "N on its own account as well as to provide us
with information to enable us to unravel the "C
decay scheme. This second reason for a careful
study of "N concerns our long-established interest
in the mirror Gamow- Teller decay problem and
its relevance to the possibility of second-class
currents" in the weak interaction. Very briefly,
if we study mirror Gamow- Teller transitions, for
example, the negative electron decay of "8 to
the ground state of "C [characterized by (ff) ]
and compare it with the mirror positive electron
decay of "N [characterized by (ft ) ] then if we have
perfect isobaric analog symmetry and if the had-
ronic weak axial current has no second-class
piece we expect (ft)' = (ft), i.e. , an asymmetry
in the intrinsic decay rates: 5=[(ft)+/(ft) ]—1=0.
A nonzero value of 5 could be due either to the ex-
istence of second-class currents of finite strength,
which would be a matter of fundamental impor-
tance, or to a failure of perfect isobaric analog
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symmetry, as between "Band "N in the present
example, due to Coulomb or other charge-depen-
dent forces, which would be trivial even if inter-
esting. It turns out that when allowance is made
for the de facto effects of the (Coulomb associated)
binding energy differences as between the various
initial, P-decaying, states of the mirror systems,
then the significantly nonzero experimental 5-val-
ues found for cases of even A correct essentially
to zero with no residuum such as would then signal
a genuine second-class current. " However, for
odd-A cases, such as the comparison of "N-"0
P decay with the mirror "Ne -"F P decay sizeable
& values persist even after correction for the iso-
baric analog asymmetry in the initial, P-decaying,
states" (as between "N and "Ne in this example
where the residual effect is 5=0.13 "}.As has
been emphasized before, "this residual asymmetry
may well be due to the lack of isobaric analog
symmetry in the final states (as between "0 and
"F in the present example), since the final states
are not common to the two sides of the mirror for
odd A. The effect of this final-state asymmetry is
even more difficult to calculate than that of the
initial states where the procedures, even granted
the wave f'unctions, are by no means unambiguous.
However, we should obviously expect the final-
state asymmetry effect on the P decay to be bigger
the greater the de facto nuclear final state asym-
metry as'between the two sides of the mirror. In-
deed, the final state nuclear asymmetries in the
odd-A cases are large and either one or both of
the "mirror" states are often in the nucleon con-
tinuum where tremendous differences between
them can evidently arise. This brings us to the
present point.

When we quote the experimental asymmetry
6=0.151+0.033 "for A=17 what is meant is that
the detailed decay scheme of "Ne to "F, complete
with all its branching ratios, is used to compute
mirror final state by mirror final state the par-
tial decay probabilities of "N to "0 on the assump-
tion of equality of ft values for mirror decays;
addition of all relevant partial decay probabilities
of "N as computed then predicts the half-life of
"N, t, i, (predict) from that of "Ne that would
follow from full mirror symmetry of the weak and
strong interactions; thus 5= [f, i, (predict)/f, i,
(exp)] -1. If one transition dominates then this
definition of 5 obviously refers predominantly to
that transition but if, as with A=17, several tran-
sitions contribute significantly to the total decay
rate, then such omnibus comparison may conceal
important information that would be revealed if
the ft comparison could be made partial mirror
transition by partial mirror transition. In parti-
cular, in the present case, the hypothesis that the

omnibus 5=0.13 is due to the final-state nuclear
asymmetries would lead us to expect, on decom-
posing the "N P decay into its constituent parts,
to find the largest 5 values associated with the
partial transitions to those final states that differ
most as between "0 and "F. As is seen from
Table III where our final conclusions are summa-
rized, the A=17 final states of chief concern are
in their respective nucleon continua, and the big-
gest "0-"Fnuclear difference, as signaled by
difference of nucleon width, is indeed seen for
those mirror states for which 5 is most different
from zero.

II. EXPERIMENTAL PROCEDURES AND RESULTS

Although "N can be formed readily in the
"N(t, P) "N reaction with 3-MeV tritone from the
3.5-MeV Van de Graaff accelerator at Brookhaven
National Laboratory, the known Q value of -3.0
MeV for the "C(t,P)"C reaction means that its
threshold is too close to the energy limit of the
machine to allow an appreciable amount of "C
to be produced. We therefore sought alternate
means of making "C by using heavy ions from
the tandem Van de Graaff facility. Two reactions
that proved to be successful were "C("0,"0)"C
and "B('Li,2P)' C. In the first case the target
consisted of 100 p, g/cm' of "C deposited on a thick
gold backing and the "0beam energy was 56 MeV.
For the second reaction a thick layer of 97% en-
riched "Bpowder deposited on a Ta backing or
alternatively a medium-thin layer of "Bon a Be
backing was used with a 'Li beam energy of 40
MeV. Targets were mounted at the center of a
2.5-cm o.d. glass tube and a mechanical beam
chopper was used for target irradiation.

Delayed neutrons from the induced activities
were studied with a commerical 'He proportional
counter 2.5-cm in diam& 30 cm long filled with a
'He-Ar mixture at 7 atm pressure. For the half-
life measurements the detector and target were
separated by -2 cm of paraffin and were then
surrounded with a cubic structure of paraffin
blocks measuring 50 cm on a side. A pulse-
height window was set on the thermal peak in the
detector output and the discriminator pulses were
multi scaled.

When neutron energy spectra were to be recorded
all hydrogenous material was removed and the
detector was placed up against the target tube. In
some of the tandem experiments a 3-mm thick Pb
absorber was wrapped around the target tube to
suppress the very intense P-ray flux and the con-
sequent pileup pulses.

Recording of the data was controlled by a timer
programmer" which operated the beam chopper,
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started and reset the multiscaler, or directed
pulse-height spectra into various time bins in the
Z-7 computer.

Detector calibration

Because of our lack of confidence in calculations
of the efficiency function of the 'He detector, par-
ticularly the corrections for the wall effect, we
decided to determine the efficiency and spectral
response empirically. This was done with essen-
tially monoenergetic neutrons from the 'H(p, n)'He
reaction using a thin Ti- H target consisting of
Ti deposited to a thickness of 0.5 mg/cm' on a
copper backing and then tritiated to an atomic
ratio 'H/Ti 0.15 (the exact thickness and compo-
sition of the target are not important for our pur-
poses). Protons of various energies between 2.0
and 3.4 MeV from the 3.5-MeV Van de Graaff
bombarded the target, and the detector was posi-
tioned at 0' and 40 cm from the target, or at 90
and 19 cm from the target.

A typical response spectrum of the 'He detector
at 0' when protons of 2.5 MeV were incident on the
tritium target is shown in Fig. 1. In addition to
the peak (and its low-energy wall-effect tail) due
to the monoenergetic neutrons, there is a large
thermal neutron peak resulting from the slowing
down of neutrons in the target room and their re-
turn to the detector. Each such spectrum was
fitted beyond the thermal peak with a function of
the form

y(l ~)/(l + e&
-

m& &) + e-&&-&0& ~~ o'

where the first term fits the low-energy tail and
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FIG. 1. Response of the ~He detector to the mono-
energetic neutrons from the ~H(p, n)SHe reaction at E&
=2.5 MeV, using a thin Ti- H target. The large thermal
neutron peak results from the slowing down of neutrons
in the target room and their return to the detector.

cuts off the distribution under the peak in a phys-
ically reasonable way, and the second term is a
simple Gaussian fit to the peak; k, a, b, E„and
& were all computer fitted to obtain values appro-
priate to the final analysis of the "C and "N de-
layed neutron spectra. The effective neutron en-
ergy and total flux were calculated for the parti-
cular target-detector geometry used by numerical
integration over the detector volume using the
known 'H(p, n)'He differential cross section' and
the integrated beam current in each run. Small
corrections were made for the scattering of neu-
trons in the copper target backing and glass target
chamber wall. The peak efficiency was obtained
by comparing the measured area under the peak
with the calculated neutron flux. When this was
done for all of the runs a curve of relative peak
efficiency versus neutron energy was obtained.
For an unknown spectrum with specified peak en-
ergies the computer program could furnish the
relative intensities of the various neutron groups
either by fitting the complete observed spectrum
using the measured k(E, ), a(E„),b(E, ), E,(E„),
and +(E„)or by empirically extracting the peak
areas and using the peak efficiency curve.

Measurements on ' C: Delayed neutrons

The decay of thermalized neutrons following a
1.5-sec bombardment of the "C target with a
300 nA beam of 56-MeV "Q" ions is shown in
Fig. 2. A channel advance rate of 0.05 sec/channel
was used in the multiscaler and the data represent
many irradiate-count cycles taken over a total
elapsed time of -10 h. Several such runs were
made, as also were several using the bombard-
ment of medium-thin targets of "Bwith a 40-MeV
'Li beam (see below).
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FIG. 2. The decay of thermalized neutrons following
the irradiation of a C target with 56-MeV 0 ions.
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sec half-life, to decay to negligible proportions.
This was done for the half-life measurements
mentioned above. (Note that the only other known

light delayed neutron emitter that we might make
in our two reactions is "B, which emits very few
neutrons and is so short-lived —0.017 sec —that
we should not see it. )

The spectrum of delayed neutrons in the bare
'He detector following the bombardment of "B
with 40-MeV 'Li ions was stored in five successive
0.75-sec time bins in the Z-7 computer with the
results shown in Fig. 4. This represents a run of
40 h using a beam current of 150 nA of 'Li' on
the target for 1 sec in each cycle. 'Li, "C, and
"N all contribute to the first time bin, Fig. 4(a),
but no attempt has been made to sort out the var-
ious components in this bin. Thus, 'Li is known" "
to emit neutrons with energies of 0.3, 0.65, and
-1.0 MeV. By the time of the second bin, Fig.
4(b), the 'Li activity has decayed by a factor of
18, or to nearly negligible proportions. It will
be noted that the successive spectra, Figs. 4(b)
through 4(e) clearly show the two "C lines de-
caying more rapidly than the "N lines. The close
similarity between Fig. 3 and Fig. 4(c) may also
be pointed out.

Computer fits were made to the spectra in Figs.
4(b) through 4(e) using the neutron detector effi-
ciency functions described above together with the
"C and "N half-lives. A portion of this analysis
is given in Fig. 5 which shows the net spectrum
due to the "C delayed neutrons, viz. , the 0.75-sec
component of the four time slices used. The ratio
of the neutron intensities f, »/I, » based on this
spectrum is 5.1 +0.7 in agreement with the ratio
6.5 +1.4 derived from the "C+"P data shown in
Fig. 3. We adopt the value of 5.4+0.7 for the in-
tensity ratio of these two "C neutron groups.

The only known 1' states of "N, to which "C
therefore enjoys allowed P decay, are those at
3.355 +0.005 and 4.318 +0.005 MeV. ' Neutrons
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FIG. 5. Net ~6C neutron spectrum extracted from the
data of Fig. 4.

occurring in the breakup to "N are expected at
0.814 +0.005 and 1.717 +0.005 MeV with which our
measured energies of 0.79 +0.03 and 1.72 ~0.05
MeV are in good agreement. We therefore con-
clude that our measurements refer to these two
stated levels of "N. We have no evidence for de-
layed neutrons such as would signal P decay to
other states of "N above the "N+n threshold. In
our subsequent analysis we take it that no such
additional transition is significantly present. (We
may anticipate the discussion by saying that we are
encouraged in this neglect of possible further
transitions, not only by our failure to see any,
but by the theoretical prediction that no more
1' states are expected below an excitation of
6-8 MeV where their contributions to the total
"C decay would be negligible because of phase
space even if they were intrinsically very strong. )

Measurements on ' C: Delayed p rays

Although we have demonstrated "C P decay, as
expected, to the two known 1' states of "N above
the "N+n threshold and have no evidence for
other transitions to neutron-unstable states, we
cannot turn our results into ft values without

knowledge of possible P decay to neutron-stable
states of "N. The only such states known" are
the low-lying quartet of 2, 0, 3, and 1 at
excitation energies of zero, 0.121, 0.297, and

0.397 MeV, respectively, to all of which P decay
is forbidden. The only transition on whose
strength a useful limit can be guessed with any
reliability is the unique first forbidden one to the
2 ground state. The strengths of such transitions
in light nuclei do not vary very widely unless there
is some evident configurational reason for their
being slow which is not so in the present case.
Nearby examples are the decay of this same 2

ground state of "N to the ground state of "0
(log ft = 9.11 + 0.04 ") and that of "N to the ground
state of "0 (logft=9. 56+0.13"). In the present
case the low value log ft= 9.0 would correspond to
a partial half-life of more than 100 sec so we may
safely ignore ground-state decay of ' C for our
present purposes. However, we have no such
reasonable guidance for the nonunique first forbid-
den decays to the 0 and 1 states (the third for-
bidden decay to the 3 state can evidently be ig-
nored). Indeed, if the 0'-0 P decay of "C to
the 0.121-MeV state of "N were to have the same
ft value as the 0 0' p decay of that 0.121 MeV
state to the ground state of "O" it would contri-
bute about 10% to the total P-decay rate of "C.
It is therefore important to gain information on
these forbidden decays not only for their own in-
terest but because they could possibly significantly
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affect our values deduced for the strengths of the
allowed decays that lead to neutron emission. This
entails a search for p rays from "N following "C
P decay.

Pf the "N states in question the 0 can decay
only to ground with the emission of a y ray of
120.8+ 0.5 keV; the 3 decays 100% to the ground
state through a y ray of 297.0 +0.7 keV; the 1

decays about 27% directly to the ground state by a
y ray of 397.3 +0.7 keV and the rest via the 0
state by a y ray of 276.7+0.9 keV. We must
therefore search for y rays of approximately
121, 277, 297, and 397 keV, although we cer-
tainly do not expect to find the third of these.

Although the delayed neutron spectra, using both
the reactions we have described, are quite clean,
since delayed neutron ernitters are rare, the
same is not true of the y spectra, since all sorts
of contaminant activities are produced. It is
not a wholly trivial matter even to observe the
well-known (~3%) branch of "N via the 870.81
+0.22-keV state of "Q." It is very desirable
that we should indeed see this line following "N
decay since then, if we know the relative ' C and
"N total activities within our counting interval,
we can infer the "C y-producing branches from
the known "N y-producing branch.

We found the cleanest conditions using a few
mg/cm' thick deposit on "Bon a 0.0025-cm thick
Be foil, 40-MeV 'Li bombardment, and fast pneu-
matic rabbit transport to a shielded counting area.
The target was viewed with a 70-cm' Ge(Li) count-
er of good resolution and, simultaneously, by a
'He counter immersed in a rigid paraffin assembly
in such a manner as to give it an approximately
constant sensitivity to neutrons across the energy
range of interest from both "C and "N decay. By
a time-decomposition into "C and "N lifetimes
following multiscaling of the pulses due to thermal-
ized neutrons we could determine the relative "C
and "N production rates in the conditions of our
bombardment (2: 1 in favor of "C). With this in-
formation we could then calculate the relative
"C/"N activity in any other timing regime. We
used several different timing regimes depending on
whether our objective was to optimize sensitivity
to "C decay, "N decay and so on.

The 871-keV line following the decay of "N made
in the "B+'Li bombardment was weak and in a
region of high background. However, it was clear-
ly identified by the following tests:
(i) Energy We found a li.ne of 870.95 + 0.22 keV
which is to be compared with the expected 870.79
+0.22 keV.
(ii) Lifetime Our 871-keV lin. e decayed with a
half-life of 4.5 +0.8 sec to be compared with the
expected 4.17 sec.

TABLE I. P decay of C.

Final state
in "N
(MeV)

P branch
(%)

logf&

(exp)
logft
(theory

0.121
0.297
0.397
3.36
4.32

0
3
1
1'
1+

&0.5
&0.5
&0.7

84.4+ 1.7
15.6+ 1.7

&6.85
&6.83
&6.64

3.551+ 0.012
3.83 + 0.05

6.49
3.94

Note that the limits on the P branches to the three
odd-parity states are linked since the most sensitive
index of the formation of the 1 state is its branch
(=70%%ug) via the 0 state; because of this the limit on the
combined P branching to these three low-lying states
is 1.2%.

Reference 28.

Measurements on '7N: Delayed neutrons

"N was produced in the "N(t, P)"N reaction
by bombarding a Ti"N target with 3.0-MeV tritons
from the 3.5-MeV Van de Graaff. Following an
irradiation of 4 sec duration the spectrum was

(iii) Intensity. In elean conditions on the 3.5 MeV
Van de Graaff accelerator we made "N via the re-
action 'N(t, p)"N and viewed the target with the

3
same He-counter/paraffin assembly and the same
Ge(Li) counter as in the "B+'Li experiment and

in a similar geometry in relation to the target.
The 871-keV line was now very easily seen and

we measured its peak counts per neutron count in
the 'He counter. In the "B+'Li run the 871-keV
peak stood in relation to those counts in the 'He
counter that belonged to "N in a proper way as
determined from this "N+ f experiment.

The "N lines were sought under optimum con-
ditions in which the 871-keV line from "0was
clearly visible and of well-determined strength.
The search was carried out using a computer
program in which the Ge(Li) resolution was fixed
at measured values as determined from neighbor-
ing y-ray lines and at small energy intervals
covering ranges 2 keV either side of the nominal
y-ray energies. No "N line was found and limits
on the associated "C P branches were extracted
as shown in Table I using the methods already
detailed, (3.3 +0. 5)% for the yield of the 871-keV
line per "N decay, "'"and a peak-efficiency cali-
bration of the Ge(Li) detector carried out using a
set of standard sources of known intensities with
the same P absorber in place in front of the Ge(Li)
detector as in the "B+'Li run.

We ignore the possible forbidden branches in
prescribing the data on the allowed transitions in
Table I.
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FIG. 6. The spectrum of delayed neutrons observed
in a He detector due to 7N activity formed in the

N(t, P) N reaction at E& = 3.0 MeV.

stored for 4 sec, this cycle being controlled by
the timer programmer and repeated until sufficient
numbers of counts were accumulated.

Figure 6 shows one of the "N spectra obtained
with the 'He detector close to the glass target tube.
An analysis of this spectrum was made using the
techniques referred to earlier. The results are
shown in Table II, which also includes the branch-
ing ratios obtained in two previously reported
measurements. "'" In reducing our own data we
have taken as the sum of the P branches to neu-
tron-stable levels of "0 (4.9 +0.7)%, being a
conflation of earlier measurements. "'"

As described earlier, the 'He detector response
for neutrons of various energies was taken in rela-
tively good geometry. Since it was thought that
the response function might depend on the source-

detector distance, another run was made on the
"N neutron spectrum with the detector at a dis-
tance of 27 cm from the target. Analysis of the
relative peak intensities in this run showed no
discernible differences with the data from Fig. 6.

Measurements on '7N: y-ray spectrum

The y-ray spectrum of "N was studied using a
Ge(Li) detector together with a rabbit target-trans-
fer system at the 3.5-MeV Van de Graaff. A tar-
get of Ti"N was attached to a rabbit and bombarded
with 3.0-MeV tritons. The activity was monitored
by observing thermalized neutrons with a 'He
counter surrounded with paraffin and placed oppo-
site to the Ge(Li) detector. The paraffin also pro-
vided an energy calibration line of 2223.31 +0.04
keV from n-P capture of the "N neutrons. This
line, together with the 2103.58 +0.10-keV one-
escape peak due to the 2614.58-keV z ray of a
"'Th source, allowed the higher energy ' N y ray
to be measured as 2184.2 ~0.2 keV. By adding the
recoil energy correction of 0.16 keV and the ener-
gy of the first excited state, 870.8+0.2 keV, "the
energy of the "0 second excited state becomes
3055.2+0.3 keV, to be compared with the compila-
tion value" of 3055+ 2.5 keV.

In this same run the relative intensities of the
870.8- and 2184.2-keV peaks were found, as
well. as upper limits on 3055- and 3841-keV lines
neither of which could be seen in the spectrum. A
separate run was made using a "Co source to es-
tablish the Z-ray efficiency versus energy function
for the detector. Tables of Camp and Meredith"
were used for the relative intensities of the "Co
y rays. By applying this efficiency function to the
"N y-ray peaks we find I,»/f»~=9. 6+0.4. This
ratio is considerably larger than the earlier re-
ported ratios of 6.8+0.9" and 6.36+ 0.20" both

TABLE II. P ray branches in the decay of N.

State in "0
{MeV) Previous

P-ray branch
(%)

Present logf~

0
0.871
3.055
3.841
4.554
5.377
5.935

1,6 + 0.5
2.8 + 0.5
0.50+ 0.10

&0.1
37.9 + 1,8
51.1 + 1.5
5.8 + 0.6

27k 3'
57+ 4
11+2

3.0 + 0.5
0.34 + 0.06
&7x10 3

39.2 + 2.0
48.0 R 1.5

7.9 + 0.7

7.29+ 0.11
6.80+ 0.07
7.08% 0.08

&8.5
4.40+ 0.02
3.88+ 0.02
4.31+0.04

Based on present results, except for the ground-state branch.
Reference 11.
Combined result based on Refs. 11, 12, and 13.
Reference 12.
Reference 13.
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of which were obtained using NaI(Tl} detectors. A

possible explanation might be incomplete exclusion
of the nP-dy radiation of 2.22 MeV in the earlier
work; this would interfere with the 2.18-MeV
peak in the NaI(Tl) spectrum whereas it is com-
pletely resolved in our own case. Assuming that
3.3% of the "N decays result in 870.8-keV y rays
then the upper limit on the intensity of a 3841-keV
p ray is & 7X10 ' per decay (90% confidence limit)
corresponding to log ft&8. 5 for P decay to the

3841-keV state. This is an improvement
by a factor of more than 10 on the old limit and
correspondingly reinforces the assignment of
J= ~ to "K From the limit on the 3055-keV line
the ground-state y-ray branch from the 3055-keV
level is &1.5%; a very small branch would be ex-
pected in view of its being an M2 in competition
with the 2184-keV E1 to the first-excited state.

Half-life of Li

8.OI

l6

0+
sec

& 1.2%

4.32

3.36 I+

2.49
N+l}

0.397 I

[o uzi o

16~
J =2

FIG. 7. Proposed decay scheme of C based on the
present work.

As in the case of "C the threshold for the
'Li(t, P)'Li reaction is too high for 'Li to be made
with the 3.5-MeV Van de Graaff. We therefore
studied this activity by using the inverse reaction,
i.e., 'H('Li, p}'Li at 'Li beam energies in the range
20-40 MeV from the MP tandem Van de Graaff
facility. It was hoped that the neutron spectrum in
the 'He detector could be measured so that inde-
pendent evidence could be obtained on the charac-
teristics of the decay of 'Li. Two previous stud-
ies"'" of 'Li have been made, both using the
p-neutron time-of-flight technique, but substantial
differences in the P branching ratios were found in
these experiments.

A Ti-~H target with a 2.5-mg/cm' deposit of Tion
a copper backing tritiated to an atomic ratio 'H/Ti
=0.85 was mounted in a glass target chamber. In
order to protect the tandem accelerator vacuum
system from possible tritium contamination the

target tube and a short intermediate beam pipe
section were isolated from the main beam pipe by
means of a 0.00025-cm thick Ni foil. The target
section was filled with He gas at low pressure
(-2 cm Hg) and a fast-acting shutoff valve was
located on the high-vacuum side of the foil, to-
gether with an ionization gauge to detect any leak-
age of gas through the foil. 'Li" beam currents of

500 nA were used but no foil rupture occurred.
Unfortunately, the yield of delayed neutrons in

the bare 'He detector from 'Li produced with the
most intense 'Li beams available was much too
small to define the shape of the spectrum in a
reasonable amount of machine time. However,
with paraffin surrounding the target and detector
there was enough yield of thermalized neutrons to
allow the half-life to be determined. In addition
to the 'Li neutrons there was a background of
4.17-sec "N presumably produced via the
"C('Li, 2P)"N reaction on carbon contamination.
This yield was -1/0 as strong as the 'Li at the
beginning of each measurement.

Eleven runs were made on the 'Li half-life using
various beam energies and intensities. The com-
puter fits to the data assumed two components, the
'Li unknown and the 4.169-sec background due to
"N. Based on the analysis of the various runs
a half-life value of 178.3 ~0.4 msec is adopted for
'Li. The result agrees with a previous value of
177 +3 msec obtained by Chen, Tombrello, and
Kavanagh» but differs by more than the sum of
errors when compared with the previous most
accurate value of 176 +1 msec reported by Dos-
trovsky et al."

III ~ DISCUSSION. ' C

Our experimental conclusions as to "C decay
are summarized in Fig. 7 and in Table I, the latter
also showing Millener's preliminary theoretical ft
values for the two allowed transitions. " It is
clear that theory and experiment disagree rather
badly both in respect of the relative ft values
of these two transitions, where we have

[(ft), »/(ft), ssl, „p=1.89 +0.22 as against
[(ft), »/(ff), .»]~„,=0.003, and also in respect
to the total decay rates where we have

t, g, (exp) =0.747 + 0.008 sec as against
t, ~, (theor) = 6.2 sec.

Millener's theoretical ft values follow from
a detailed calculation using particle-hole 2BME's
that proved highly successful in the case of
"B.' Failure in the present case is perhaps the
more surprising since weak jg transitions to the
two low-lying 1' states of "N are theoretically
predicted, on the basis of a simple weak-coupling
argument" such as we should have expected, to
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give at least a reasonable qualitative indication
of how things might turn out. On this weak-coup-
ling argument the "C ground state is chiefly
("C 0',)("00, ) with some ("C 0', )("00;) expected;
detailed evaluation gives about 67% L= 0 and
32% L =1. Similarly, the lowest weak coupling
basis states for 1' in "N are ("N 1,)( 0 0+)

and then ("C 0,)("F 1+,). Now ("N 1;)(' 0 0+,)
are predominantly L, =2 and 0, respectively, so
weak P decay is expected to the lower of the "N 1'
states. The second 1' state is mainly of I = 0 but
the symmetry is chiefly [4431], whereas the
dominant symmetry of the "C ground state is
[4422] and the P decay is again expected to be
weak. It is therefore even qualitatively surprising
that both "C P branches that we observed are
strong rather than weak.

The detailed theoretical treatment" indeed pre-
dicts that "N should have three 1' states to which
"C P decay is strong, with log ft values in the
range 3.2 to 3.8, but these theoretical states are
at much higher excitation (about 6-8 MeV). Ob-
viously the two low-lying 1' states will be sensi-
tive to mixing with each other on changes of the
2BME and so this failure of theory to get the rela-
tive ft values right might be remedied without too
much difficulty. Indeed, if we arbitrarily mix the
two theoretical low-lying 1' wave functions $,
and g, to construct new states, gy 0 6$, +0.8$,
and li, '=0.8$, —0.6$„the ratio of the ff values
comes about right and the theoretical "C half-life
simultaneously shortens from 6.2 sec to 2.7 sec
which is much nearer the experimental, 0.75 sec,
if still not good.

It is not therefore clear whether or not some
unexpectedly significant revision in the making
of these mixed-shell calculations may be neces-
sary. This would be surprising in view of the
success of the particle-hole interaction, used in
the present calculation, in correlating the proper-
ties of the low-lying wrong parity" states in the
1P shell, ' in particular the relative lowering of
the 2s relative to the 1d states as one moves to
smaller A values. It would also be surprising in
view of the fact that the particle-hole interaction
used is quite close to the Kuo 6 matrix derived
from a realistic nucleon-nucleon potential. A
final remark is that although the calculation may
have failed quite badly on the ft values it gives
good agreement with experiment on the "N level
scheme itself' which emphasizes the point made
in the Introduction that an account of the level
scheme alone is not enough.

It should be emphasized that Millener's theoreti-
cal results are preliminary and may possibly
change significantly with refinement even without
much change to the particle-hole interaction used.

In particular, in the SU(3) basis used for the de-
tailed calculation only those representations free
of spurious center-of-mass effects are admitted
at present (a restriction that can be lifted in
principle) and this truncation might possibly ad-
versely affect the ft values without adversely
affecting the level scheme of "N (which in fact
looks good in terms of relative excitation within
itself but which lies about 2 MeV too high as a
whole relative to "C and which will be pushed
down somewhat by an expansion of the SU(3)
basis).

IV. DISCUSSION: '7N
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FIG. 8. Decay scheme of ~'N. The P-ray branch to the
ground state of ~~O state is from Ref. 11, while the
branches to the first two excited states were derived by
combining the present results with those of Refs. 11, 12,
and 13. P-ray branches to the three neutron-emitting
states of '70, and the limit on the branch to the 3.84-
MeV state, are from the present work only.

As is seen from Table II, there are serious dis-
crepancies among the three recent measurements
of the "N P branches to the neutron-unstable states
of "O. In the subsequent analysis we shall there-
fore use just our own numbers for those branches;
for the branches to the neutron-stable excited
states we combine our new results with the means
of values earlier obtained. "" The "N decay
scheme is shown in Fig. 8.

From the point of view of nuclear structure
theory the present data affect the previous dis-
cussion" only marginally and since there has been
no significant new theoretical discussion, although
new developments are under way, '" we will leave
this matter merely with the reminder that theory
and experiment do not, at the moment, sit at all
well together.

Our chief present concern is with the mirror
ft-value problem which is summarized in Table III
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TABLE III. Summary of YN and Ne p decay relevant to the mirror Gamow-Teller ft value problem. The underlying
data are detailed in the text. I'„and I'& are the neutron and proton widths of the 0 and TF states, respectively (Ref.
10). {ft) is for ~YN decay and (ft)+ for ~VNe decay.

Final state in 0 Final state in 7F

(MeV) (MeV)
I n Fp

(kev) (keV)

3.055

4.554

5.377

5.935

3.105

4.605

5.477

6.041

i
2

2

3
2

40

28

23

19 (8.0 + 1.1) x 10 {2.78 + 0.40) x 10

230 (2.53+ 0.14) x 104 (3.92 ~ 0.18) x 104

69 (7.59+ 0.28) x 10~ (7.22 + 0.15) x 10~

28 (2.04~ 0.19) x 104 (2.606+ 0.067) x 10

-0.653+ 0.069

0.55 + 0.11

-0.049 + 0.040

0.28 + 0.12

where the relevant data are assembled. For the
ground state transition energies we have used the
new mass tables, "in the case of the mass of
"Ne combining the value from the tables with the
result of the application of the isobaric multiplet
mass equation to the other members of the T =-,'
isobaric quartet. ' For the excitation energies
in "0we have followedthe compilation" and for
those in "Fwe have used the means of the two
concordant sets quoted in Ref. 30 from which we
also take the "Ne branching ratios and half-life.
The "N half-life is our own. "

Comparison of Tables II and III shows that the
omnibus & =0.15 is due chiefly to the very large
positive & value for the lower —,

' state to which
the "N branch is about 3'@ (the comparably nega-
tive & value for the lower —,

' state is unimportant
in the omnibus & because the branching ratio of
"N to that state is only about 0.3%}.

These enormous & values for the two lowest
states, by far more different from zero than any
case observed in the even-A systems where the
final state is common to the two sides of the
mirror, reveal very clearly the importance of the
final state nuclear asymmetry in the odd-A cases
and confirm the reasonableness of excluding these
cases from the analyses of ft-asymmetries in
terms of second-class currents. " It is particular-
ly noteworthy that the largest & values are found
in the two cases where the nuclear asymmetry is
most evident: for the lower & state "0 is neutron
stable while its mirror is in the continuum; for
the lower —,

' state the difference between the two
nuclear widths is very large. (In the former case
the large ft value in any case makes a large "acci-
dental" 5 value more likely. ")

It is worth making some remarks on the other
two cases of odd-A systems that have large resi-
dual & values after allowance for the nuclear

asymmetry in the initial state, namely A =9 and
35" (A= 13 at one time appeared to be another
such case" but a, treatment of the initial state
nuclear asymmetry using more modern wave
functions has shown that it can account for the
experimental & value"}. A = 9 is a very similar
case to A =17 in that continuum final states are
involved: the decay of 'Li is about two-thirds to
the ground state of 'Be which is neutron stable,
whereas its mirror in 'B that receives the 'C
positron decay is in the proton continuum; most
of the rest of 'Li P decay leads to the 2.43 MeV ~

level of neutron width only 1 keV, whereas the
mirror level in 'B has a proton width of 80 keV, '
so a gross nuclear asymmetry is evident in both
cases and an aberrant 6 value may well be antici-
pated in consequence. A= 25 does not involve
continuum levels significantly, although the con-
tinuum is close for the major P branches of "Na;
in this case the experimental error on 5 is quite
large, and full many-particle wave functions have
not been available to assess the initial state bind-
ing energy effect so judgement must be reserved.
(It is interesting to note that for A=13 the bulk of
the P decay leads to nucleon-stable states in "C
and "N so we should not expect there as large
a final-state nuclear asymmetry effect as for
A=9 and A=17; it is therefore pleasing that the
initial state effect now appears adequate to ex-
plain the experimental 5 value. ")
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