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The ' N and ' C spectra measured by Alburger, Gallmann, and Wilkinson were reanalyzed to ob-

tain more accurate branching ratios as well as a shape factor for the first-forbidden, nonunique
'5C(

2 )—+'~N(
2 ) decay. ' N P branches were derived to the levels at 0 and 6.13 MeV of

27.9(5)% and 66.3(6)%, respectively; '5C P branches were found to "N levels at 0 and 5.30 MeV of
36.8(8)%%uo and 63.2(8)%, respectively. The "C shape factor was found to deviate significantly from
the allowed shape. Analysis of the shape factor results in the determination of the rank zero com-

ponent of the transition and determination of the two independent matrix elements which contribute
to the rank one component. The possible role of muon capture in determining the rank zero matrix
elements is considered. Comparisons, for both the ' C( 2

)~' N( 2 ) and ' N(0 )~' O(0+) tran-

sitions, are made to shell-model calculations with particular emphasis on the sensitivity of the nu-

clear matrix elements to the choice of the single particle wave function. It is found that rank zero
rates calculated with Woods-Saxon wave functions are much smaller than those calculated with har-
monic oscillator wave functions. Possible meson-exchange contributions to the rank zero rates are
discussed in light of this finding.

I. INTRODUCTION

The —, ground state of ' C decays by p emission to
' N with a half-life of 2.449(5) s.' The branches to the

ground state and —,
' 5299-keV level were determined

25 years ago as 32(2)% and 68(2)%, respectively. '

Branches to four other excited states were determined by
y-ray spectroscopy and their total is less than 0.1%.

The relative intensities of the branches to the ground
state and 5299-keV level were obtained from a ' C beta-
ray spectrum taken with an iron-free intermediate-image
magnetic-lens spectrometer. In 1958, when the data were
taken at Brookhaven National Laboratory (BNL), there
was no computer available for analysis. The spectrum
was unfolded into components using a graphical Kurie-
plot analysis which also was used to look for deviations
from an allowed shape for the two non-negligible com-
ponents. It was found that the spectra for the P branches
to both the —, ground state and —, S299-keV level had
Kurie plots indistinguishable to the eye from allowed
shapes. This was felt to be very surprising at the timel+since the —, ~—, P decay is nonunique first forbidden
and thus would a priori be expected to have a nonallowed
shape.

The p decay of the 2 ' N ground state to '60 was
measured' at the same time and using the same apparatus
and methods as for ' C. It was found that the branch to
the 0+ ' 0 ground state had a beta spectrum with a shape
in excellent agreement with that expected for this unique
first-forbidden decay. This gave considerable added con-
fidence to the ' C results.

Although partially explained by shell-model calcula-
tions of Towner and Hardy, the reason for the allowed
(or nearly allowed) shape for the ' C —,

' ~—,
'

p spec-
trum has remained as somewhat of a puzzle. Interest in

such J~J first-forbidden decays was recently revived by
Kubodera, Delorme, and Rho. These authors predicted a
large enhancement of the relativistic rank zero matrix ele-
ment of y& by one-pion exchange. This prediction is
based on chiral symmetry and soft-pion theorems and
thus its verification would be a rather important check on
present models of nucleons and mesons in nuclei. In
shell-model calculations, to investigate this prediction it
was found that the rank zero contribution to the total de-
cay rate dominates the rank one and rank two contribu-
tions for all the known J'—+J first-forbidden p decays in
light (A ~37) nuclei. This dominance is considerable
without the meson exchange contribution (MEC) to the
timelike component of the axial current (y5) and, further-
more, is enhanced by the expected MEC of 40—50% in
amplitude. Since the rank zero contribution alone devi-
ates negligibly from the allowed shape, one might expect
nearly allowed shapes for all J~J first-forbidden decays
in light nuclei. However, closer examination indicates
that this is not necessarily the case. Although the in-
tegrated rank one contribution to the decay rate is predict-
ed to be relatively very small, there is a strong cancella-
tion between terms with different energy dependences.
The result is a predicted shape factor deviating consider-
ably from allowed.

The strong interest in the MEC to the matrix element
of y5 led us to reconsider the case of ' C. If the deviation
of the shape from the allowed prediction could be extract-
ed accurately enough then the individual rank one matrix
elements could be determined as well as the total rank
zero contribution to the total decay rate. This would then
give a valuable check on the shell-model calculations of
the rank one matrix elements as well as a further experi-
mental value for a rank zero decay rate for comparison to
calculations with and without MEC. Accordingly, least
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squares fits to the 1958 ' C and ' N beta spectrum were
undertaken to obtain a more quantitative appraisal of the
deviation of the ' C spectrum from the allowed shape.
The original measurements and the corrections to them
were adequately described in Ref. 1 to which the interest-
ed reader is directed for details.

II. ANALYSIS

N(W)=X;N;(W) . (3)

The partial decay rate for a given branch is proportional
to the Fermi function

f= I N(W)dW, (4)

so that evaluation of f can be done in terms of the in-

teg rais

I„=I F(Z, W)pq W" +'dW, (5)

where, from Eq. (2), n =0, 1, —1, and 2.
The data analysis consisted of a least-squares fit of Eqs.

(1)—(3) to the ' N and ' C data. Various portions of the
spectra were included in the fit depending on the parame-
ters being determined.

A ' N{P )'0

I.et us first consider ' N. For a unique first-forbidden
transition, the shape factor is given by

—,', z (p +A,2q ), (6)

where, for the present cases, A, z deviates negligibly from
unity and z is the rank two nuclear matrix element. Thus,
from Eq. (6) we find (omitting the factor —,', z );

k= 8 0 —1 ka= —2SO kb=0 kc=2

(for the' N 2 ~0+ decay) . (7)

The ' N beta spectrum is shown in Fig. 1. The first fit
was made to the portion of the spectrum at higher p en-

ergies than the end point for any excited state (&4.5
MeV). The unknowns were k, a, and c. The resulting
values for a and c, —8.99(64)& 10, and

We will use the following conventions and notation:
6=m, =c=1, 8'o is the electron end point energy, 8' is
the energy of the electron, p is the electron momentum, q
is the neutrino momentum, p=(W —I)'/, q=Wo —W,
F(Z, W) is the ratio of the electron density at the nucleus
to the density at infinity, and C( W) is the shape factor.

The functional form for the beta spectrum due to a sin-
gle branch is

N ( W) =C ( W)F (Z, W)pq W .

The shape factor for an allowed transition is a constant,
C( W) =k, and for a first-forbidden transition is, to a very
good approximation,

C( W) =k (1+aW+ b /W+cW ) .

If more than one branch is present, then the total spec-
trum is given by

l8
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FIG. 1. Beta-ray spectrum for '6N(P )' O. The data are
from Ref. 1. The least squares fit assumed four branches to ' 0
levels at 0, 6.13, 7.12, and 8.87 MeV and the intensities of the
branches to these levels were varied. For the fit shown the un-
certainties assigned to the data were adjusted so that the nor-
malized p was unity. The shape factor for the g.s. branch was
fixed at the unique value.

l0

+4.38(16)X 10, are in excellent agreement with those
predicted by Eq. (7), namely, a = —9.378X10 and
c=+4.384)&10 . In this fit the energy calibration of
the spectrometer described in Ref. 1 was used. That is,
with I the magnet current p =k~I and kz was originally
determined' from calibration points at 0.976 and 2.53
MeV. The ' N(P )' 0 Q value is 10418.6(23) keV, while
that for ' C(P )' N is 9771.7(8) keV. These are quite
similar. Thus a more accurate calibration at high end-
point energy, —10 MeV, for use with the ' C spectrum
can be obtained from a fit to the ' N spectrum with the
shape factor fixed at the unique value and the spectrome-
ter calibration constant as a variable. Such a fit yielded a
calibration 0.36% different from the original one. This
calibration was used in all subsequent analysis.

There are four ' N p branches intense enough to in-
fluence the spectrum of Fig. 1. These are to the g.s. and
the 6.13-, 7.12-, and 8.87-MeV levels. A fit to the whole
spectrum of Fig. 1 with all four branches was made with
the g.s. shape factor fixed as unique and the other three
fixed as allowed. This fit, made to test the reliability of
the lowest energy portion of the spectrum, yielded
branches (in %) to the aforementioned levels of 28.1(6),
66.2(9), 4.8(11), and 1.0(5), respectively. These results are
in excellent agreement with the published values of 26(2),
68(2), 4.9(4), and 1.0(2). The intensities of the p
branches to the 7.12- and 8.87-MeV states relative to the
P branch to the 6.13-MeV level were previously deter-
mined from the relative intensities of the y-decay of the
levels. These previous values are more accurate than the
present ones from the p spectrum and are adopted in the
subsequent analysis to obtain the best ratio of the
ground-state branch to the main branch to the 6.13-MeV
level. That is, this latter ratio was obtained from a fit to
the whole spectrum of Fig. 1 with I(7.12)/I(6. 13) and
I(8.87)/I(6. 13) fixed as explained and I(g.s. )/I(6. 13)



SHAPES OF THE ' N AND ' C BETA SPECTRA. . . 2283

Ex
(MeV)

Branch'
(%%uo)

TABLE I. Beta decay of the ground state of ' N.

Final state

logft'

+2 /
8'5

/
/+I

I I I

Ist FORB IDDEN--- ALLOV/ED

0
6.05
6.13
7.12
8.87
9.63
9.85

0+
0+
3
1

2
1

2+

27.9(5)
1.2(4) &&

10-'
66.3(6)
4.8(4)
1.0(2)
1.20(5) &&

10-'
6.5(20) X 10-'

9.069(5)'
9.96(15)'
4.48(4)
5.11(4)
4.38(9)
6.12(5)
9.07(13)'

b o

24—

'The branches to the two ' 0 levels above 8.87 MeV are not dis-

cussed in the text and are from Ref. 7.
"Tiq2 ——7.13(2) s, Q(P )=10.419(2) MeV.
'logf ) t.

2I—
O

IB-
O

varied. As before, the unique shape factor was assumed
for the g.s. branch. The final revised results for the
branching ratios in ' N decay are given in Table I. In ad-
dition, we find I(6.13)/I(g. s. )=2.36(6). These results
should replace those in Refs. 1 and 2 and in Table 16.21
of Ref. 7 since these previously published results are based
on the original graphical analysis of the data of Fig. l.

In summary, analysis of the ' N beta spectrum yields
the following: (1) shape factor constants for the g.s.
branch accurate to —10% and in excellent agreement
with theory; (2) relative branches to the three most in-
tensely fed excited states in excellent agreement with pre-
vious determinations (from y intensities); and (3) a reliable
calibration of the spectrometer for use in analysis of the
' C spectrum.

Ist FO

oo
I

6
BETA ENERGY ( MeV)

IO

FIG. 2. Beta-ray spectrum for "C(P )"N. The data are
from Ref. 1. The least squares fit assumed two branches to "N
levels at 0 and 5.30 MeV and the intensities of these branches
were varied as was the shape factor for the g.s. branch. The un-

certainties assigned to the data were adjusted so that the nor-
malized P was unity for the forbidden fit.

15C(P—)1sN

The fit to the ' C spectrum of Fig. 2 was made with
four or five unknowns, namely, the intensities of the two
non-negligible branches, two constants describing the
shape factor [Eq. (2)] and, in some cases, the end-point en-

ergy. In principle, the term in b/W should also be in-
cluded as a variable but this term is essentially negligible
except at very low P energies. Thus, this term was es-
timated theoretically and fixed. Surprisingly, the parame-
ters a and c were rather well determined by a fit to the
whole spectrum. The value of X (normalized to the de-
grees of freedom) was 1.76 with a and c varied and 3.30
with a=c=0 (i.e., an allowed shape). The values of a
and c from the fit are

a = —6.48(90) )& 10, c =+2.45(37) )& 10

"C(—,
'

) "N( —,
'

) (8)

while the branching ratios for the decays to the g.s. and
5299-keV level are 36.8(8)% and 63.2(8)%, respectively.
These are considerably different from the values of
32(2)% and 68(2)% which are the original graphically ex-
tracted branching ratios. The principle reason for the
difference is the assumption of an allowed shape in the
original analysis. The quoted P values correspond to un-
certainties assigned to the individual data points as fol-

f=928(20) for ' C( —, )~' N( —, ) . (9)

This completes the information which can be extracted
from the data of Fig. 2.

For the scale of Fig. 2, the difference between the al-
lowed and first-forbidden fits is not large enough to be
discernible except just above the end point for the branch
to the 5299-keV level, i.e., Ep ——4.4—5.0 MeV. To display
the difference and thus the evidence for a non-negligible
shape factor, the deviation of the data points (in units of
the standard deviation, o) is displayed for the two fits in

lows: (1) the counting statistics, (2) the counting statistics
in the monitor (relative normalization), and (3) an uncer-
tainty due to possible scattering effects assumed to be
3/Ep (MeV)%. These uncertainties were added in quad-
rature. The best values of a and c [Eq. (8)) were obtained
with the end-point energy fixed at its known value of
9771.7(8) keV. However, the uncertainties assigned to a
and c (and the branching ratios also) are from a fit with
the end-point energy varied as well as a, c, and the rela-
tive intensities. This fit gave an end-point energy of
9.763(15) keV in satisfactory agreement with the known
value.

The experimental value of f from the definition
ft =6170 s, t =2.449(5) s, and the present branching ra-
tio is;
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cipate. The f value can be written as

f f(0)+f(&) (10)
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where f' ' is the contribution from the Rth rank. Given
some well-justified approximations, the experimental in-
formation available, namely, f, a, and c, is sufficient to
determine f' ' and the two independent matrix elements
which contribute to f'". Firstly, we made the Za«1
approximation which gives p) ——y( ——A,2

——1 in the notation
of Schopper. ' ' This is the approximation used by War-
burton, Alburger, and Wilkinson whose notation we
adopt:

07— C(W)= g K(MOR)W
M, R

(1 la)
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FIG. 3. Shape factor C'( W}=C( W}/k for "C P decay (solid
curve). The constants a and c, in units of MeV ' and MeV
respectively, are obtained from a fit to the spectrum, while b is

obtained from the matrix elements deduced from the fit together
with the theoretical value for u; see Ref. 8. The shape factor
for the unique first-forbidden ' N(2 )—+' O(0+) transition is
shown for comparison (dashed curve).

the upper part of the figure. The two curves shown here
are smoothed representations of the individual points.
There is a good deal of scatter about these smoothed
curves; however, the correlation of the deviation with en-

ergy implied by the curve for the allowed fit is really
there. For the forbidden fit, the correlation is weak.
Since no energy variation other than that included is ex-

pected theoretically, any correlation in the forbidden fit
indicates the presence of systematic errors as is also im-

plied by the deviation of X from unity for the forbidden
fit. The error bars in the bottom of Fig. 2 and the values

of a in the upper part correspond to an increase in the cal-
culated uncertainties by v'1. 76, i.e., by X for the first-
forbidden fit. This procedure should cover the indicated
systematic (unknown origin) errors. The ' N data
(P =2.5) were treated similarly.

In summary, the ' C shape factor parameters derived
from the 1958 data are found to be significantly different
from zero (the shape is not allowed), rather well deter-

mined, and roughly half the ' N parameters. The actual
shape factors are shown in Fig. 3. We now consider the
nuclear structure information extractable from these pa-
rameters.

III. EXTRACTION OF MATRIX ELEMENTS

The ' C( —, )~' N( —, ) nonunique first-forbidden
transition has contributions from rank zero and rank one
matrix elements, i.e., J;+J~ ~ 2, so rank two cannot parti-

f' '=K(000)Ip+K( —100)I

f"' =K (001)I()+K (101)I)+E(201)I2

+K( —101)I

f f(o)+f())

k =K(000)+K(001),

ka =K(101),

kb =K( 100)+K(—101—),
kc =K(201),

(12)

and all the K(M01), which are explicitly defined in Ref.
9, are expressible as quadratics in u and x (the two in-
dependent rank one matrix elements). For C( —, )

&S I +

~' N( —,
'

), we have (for WS wave functions);

k =+K(OOR), ka =+K(10R), kc=+ K(20R) .
R

(1 lb)

In Ref. 9, the K(MOR) are given in terms of matrix ele-
ments (or combinations of same). As stated previously,
the kb/W term in C(W) is practically negligible so that
we approximate it by a shell-model derived prediction.
The conserved vector current (CVC) is invoked to express
the relativistic rank one matrix element g'y in terms of the
matrix element x (the P-decay analog of the E 1 operator):
g'y =Eaux where Er is the transition energy for the decay
of the ' N T= —,

'
analog of the ' C g.s. to the ' N g.s. and

E& ——11.595 MeV (see the Appendix). Finally, the primed
matrix elements x' and u' of Ref. 8 are assumed propor-
tional to the unprimed matrix elements x and u. These
primed matrix elements differ from the unprimed ones by
an extra factor in the radial integral. Shell-model calcula-
tions (Sec. IV) yield x'/x =0.73(0.58), u'/u =0.74(0.62)
for harmonic oscillator [Woods-Saxon (WS)] single-
particle wave functions. The choice made for the con-
stant of proportionality has some effect on the value of x
derived from the fit but has little effect on the value of u.

With the above assumptions we have;
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TABLE II. Results for "C(
2 )~"N(T~ ).

Parameter Present analysis ' C(p, X)' HO
Shell model

C

f(0)

f(()

—6.48(90)X 10
+2.45{37)X10-'

928(20)
783(22)
145{10)

—0.58(7)
—2.68(33)

+0.58(5)

—3.46 X 10-'
+1.15X 10-'

993
909
84

—0.58
—1.80

—4. 12g10 2

+1.32X10-'
378
272
106

—0.63
—1.92

'See the Appendix.
Harmonic oscillator (HO) and Woods-Saxon (WS) radial wave functions, 1Aco~Ofuo configurational

space, and no MEC enhancement. a and c are calculated from the theoretical values for ka and kc and
the experimentally derived value for k. See Ref. 8 for details of the calculation.
The relative phase of x and u is determined as even. The overall sign is arbitrary. The matrix ele-

ments are in units of fm and are obtained on the assumption that x'/x and u'/u take the calculated
WS values. Using HO values yields x = —0.64 and u = —2.67 with the same errors.

K(001)=45.93(u +5.00ux+6. 41x ),
K(101)= —8.74(u +3.20ux+1.02x )

= ——,
'

u Y—WoK(201),

K(201)=(5u +4x )/9,

(13)

' C(0+) )& vis, &2 with small admixtures of other configu-
rations, the most important of which are ' C(2+) Xvd5&2
and ' C(2+) &&vd3~2. The ' N ground-state wave function
is taken to be simply a p) ~q hole configuration.

The rank zero and rank one contributions to the f value
are approximately given by

Io =0.86125 I j =8.6955

I )
——0.10450, I2 ——100.020,

(14)

A. 'C(2 ) r'N(T~ )Pdecay

The ' C ground-state wave function is taken from a
1%co shell-model calculation and can be written as

TABLE III. Shape factor and f for ' C P decay.

905
790

ka

45.3
46.7

kc

4.15

kIo

779
680 —955

3.7
4.9

kcI2

783
145

in units of A, Using Eqs. (5), (12), (13), and (14), the
measured quantities f, a, and c can now be used to solve
for f(o), x, and u. Since the K(M01) are quadratics in u
and x, there are two solutions; however, one is not physi-
cally meaningful (f' '&0). The results of the physically
meaningful solution are summarized in Table II. The cal-
culated %S value m= —1.76 can be used to extract
go

——30.08 from f' ' since K(000)=g()+ —,
' w, and

K( —100)=——', g, w. Finally, a breakdown in terms of
rank and energy dependence presented in Table III
demonstrates the small influence of the kb terms and the
strong cancellations occurring in f"'.

IV. THEORY

f' ) =0.8613(g'v+8. 74w)

f"'=20.25(10.50x +u —2.44xu) .

(15a)

(15b)

From their definitions, we recall that g'U, w, x, and u are
matrix elements of the operators incr V/,M, '—i A, o"r,
—i r, and —A, r X cr, respectively, with A, = —cz /c)
=1.26. Of the four nuclear matrix elements, x, u, and
the combination go-g'0+ 8.74w are determined by fitting
the data on ' C P decay (Sec. III and Table II).

The one-body density matrix elements (OBDME), in a
form appropriate' for use with single-particle matrix ele-
ments computed with Woods-Saxon wave functions, are
given in Table IV. Table IV also gives a breakdown of the
contribution to the nuclear matrix elements from each
pair of orbits. The calculated values of x and u, slightly
larger for the WS case than for the harmonic oscillator
(HO) case, are in reasonable agreement with those de-
duced from the '5C P decay data (Table II). However, the
deviations from the deduced values are in the opposite
direction to our expectations, given that E1, M2, etc.,
Inatrix elements are usually overestimated in calculations
restricted to OAm and 1~ spaces.

The most significant difference between the WS and
HO matrix elements occurs for g'u, the matrix element of
a derivative operator. Since g v cancels against w in the
combination go, changes in g'U are amplified and the re-
sult is a reduction in f( ' by a factor of more than 3 when
WS wave functions are used (Table II). To emphasize the
point, the behavior of the important Is)&2-Op)~i matrix
elements Pu and w as a function of binding energy are
displayed in Fig. 4 where the strong dependence of g'U on
the p~~2 binding energy is particularly evident. It would
require binding energies of —11 and -24 MeV for the
vis~&2 and mQp~&2 orbits, respectively, to reproduce the
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TABLE IV. Matrix elements for "C( i )~"N( i ) P decay.

Quantity

OBDME'
fu'

8.74co

OBDME

Case

AJ=O
HOb
Wsb

HO
WS

EJ=1
HO
WS
HO
WS

p 1/2 1$1/2

1.0171
59.58
45.35

—18.26
—19.19

1.7617
—0.957
—1.006
—2.413
—2.536

p1/2d 3/2

0.0000
0.00
0.00
0.00
0.00

p3/2 1$1/2

0.0629
0.048
0.049

—0.061
—0.062

p3/2d3/2

—0.0696
—9.12
—9.07

2.79
2.80
0.0555

—0.030
—0.030

0.152
0.153

p 3/2d 5/2

—0.1929
0.314
0.316
0.396
0.398

0$ )/2p1/2

—0.0469
—3.36
—3.47

1.03
0.99
0.0302

—0.020
—0.019

0.051
0.049

Os i/2p3/2

—0.0656
0.062
0.060
0.078
0.075

Total

47.10
32.80

—14.44
—15.39

—0.583
—0.631
—1.797
—1.923

'Defined in Ref. 8.
~HO: bo ——1.687 fm, b„~ ——V 2/3 —1bo ——1.746 fm; WS: ro r, =1.40——fm, ao ——0.65 fm, V„=O. The above parameters reproduce
the observed rms charge radius of ' N [2.580(26) fm, Ref. 18] when the procedures of Ref. 10 are followed.

HO matrix elements. However, the actual separation ener-
gies" to the dominant parent, the ' C ground state, are
1.22 and 10.21 MeV. This p~/2 binding energy is typical
of the values occurring in the evaluation of ls&&2-0p, rz
matrix elements in the mass region 11 & 3 &21. To repro-
duce the observed f' ' an enhancement factor to g'v of 1.4
is required, in line with expectations' ' for pion
exchange-current contributions.

B. ' N(0 )~'60(0+) P decay

It is interesting to compare the ' C p decay with the
much studied' ' N(0 )~' O(0+) transition to which,

I I l

I /2- OP I] 2 MATR I X ELEME NTS

from the point of view of nuclear structure, it is very
similar. For ' N decay

f ' '= 1.264(g'u+9. 43w) (16)

The experimental value' is f=f' '=(4.02+0.40))&10 .
Using the 1fico and Oirico initial and final A =16 wave
functions, the HO (WS) values of g'u, 9.43w, and f' ' are
—70.87 ( —57.35), 25.60, (30.05), and 2546 (949). Again,
the use of single-particle wave functions more realistic
than HO wave functions leads to a substantial reduction
in f' '; in the WS case, g'u needs to be enhanced by a fac-
tor of 1.5 to reproduce the experimental value of f' '. A
larger enhancement factor is anticipated for an expanded
shell-model space since 21m admixtures have been
shown' to reduce f' '; a similar effect is expected for
A =15.

C. Muon capture on ' N

50
E

~~ 40

LLI

x 30

x
20

IO-

0 l6 20

In muon capture, the equivalents of the P-decay matrix
elements g'v and tv enter with a relative sign that is oppo-
site to that for the p-decay process, a fact which has been
exploited in the study' of the ' N(0 )~' O(0+) transi-
tion. Since it is possible to study experimentally p capture
on ' N leading to the particle stable ground state ( —, )

and first excited state ( —, ) of ' C, it is of interest to cal-
culate the expected capture rates.

We calculate the partial capture rates using the formal-
ism of O' Connell, Donnelly, and Walecka' ' except that
we choose I'g(0)=I'&(0)= —1.26 to be consistent with
the value we use for p decay. Other relevant parameters
are the neutrino energy, 94.91 and 94.17 MeV for transi-
tions to the —,

' and —', + final states, respectively, and the
square of the muon wave function averaged over the nu-
cleus,

OPI~2 BINDING ENERGY (MeV)

FIG. 4. The nuclear matrix elements g'u and —8.74w, as a
function of single-particle binding energy for the 1s &/2 and Op i/2
orbits. The dashed and solid curves are for 1$&/2 binding ener-

gies of 1 and 13 MeV, respectively. The rank zero contribution
to the T ~T P-decay rate is proportional to the square of1+ 1

the difference between the two matrix elements and varies rap-
idly as a function of the Op~/2 binding energy.

~ Pi, ~, i
——40.36 MeV (17)

The reduction factor R =0.825 used to get
~ Pi, ~, i was

obtained by averaging the ' C and ' 0 values from Table
3 of Ref. 16.

The calculated capture rates are given in Table V for
both HO and WS cases and also for WS with a 40%
enhancement of the rank zero matrix element of the time-
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TABLE V. Calculated partial muon capture rates for "N.

Final state
i+
2

5 +
2

Case

HO

WS
c

HO

WS

0.578

0.324
0.439
3.71

3.63

0.773

0.561
0.561
0.04
0.08

1.350
0.885
1.000
3.75

3.71

like current. We note that: (i) in contrast to p decay, the
rank one contribution to the —,

' ~—,
' transition is larger

than the rank zero contribution; (ii) the rank zero and
rank one matrix elements are sensitive to the radial wave
functions; (iii) it is possible that the —, ~—, rate is
overestimated since the analogous 0+~2 transition rate
for p, capture on ' 0 is overestimated by a factor of 2
when the wave functions are restricted to ORa~ and 1fuo;
and (iv) it appears unlikely that a conventional p, capture
experiment could be used to obtain useful information on
the —, ~—, transition since this rate would presumably

1 1+

be obtained from a difference between the total capture
rate to bound states and the capture rate for the stronger

1 5 +
transition.

For ' 0+@ ~' N(0 ), we obtain w=2. 03X10 s
and 1.41&&10 s ' for HO and WS wave functions,
respectively; enhancing the time component in the WS
case by a factor of 1.5 yields w=2. 11)&10 s '. The ex-
perimental value' is w =(1.56+0.11)&& 10 s '. Al-
though the p capture rates are sensitive to the choice of
radial wave function, the sensitivity is not as strong as for
the inverse p decay, where the effects are magnified by the
cancellation between the contributions of the timelike and
spacelike currents to the matrix element.

'co+ is the contribution to the capture rate from rank JI+ 2
ma-

trix elements.
boo =co++co is the partial capture rate in units of 10' s
'WS with the timelike matrix element enhanced by a factor of
1.4.

of interest since one-pion exchange currents are expected
to contribute significantly to g'v. The important result of
the present calculations is that it is very important to cal-
culate the one-body contribution to g'U, i.e., the matrix
element of y5, using realistic single-particle wave func-
tions. The g'u matrix elements for ' C, ' N(0 ), and the
previously studied "Be decay are considerably smaller
when calculated with Woods-Saxon wave functions than
if harmonic oscillator wave functions are used, leading, in
the impulse approximation to very much smaller values
for f' '. The same is true for all the nine cases studied in
Ref. 5, as might be surmised from Fig. 4 since the
1s&&2-Op&&2 matrix element dominates in all cases. It is
clear that the use of harmonic oscillator wave functions in
previous calculations' ' overestimates the rank zero con-
tribution in the impulse approximation and these calcula-
tions should be reconsidered.

For ' C and ' N(0 ) p decay, where the nuclear struc-
ture is simplest (1s&~2-Op&&2 contribution most dominant),
meson exchange contributions to g'U at a level of
40—50% of the impulse approximation matrix element
would give agreement with the measured f' '. However,
we have yet to consider 2fico (and higher) correlations in
both the initial and final states. Such correlations are ex-
pected to further reduce the calculated value of f' '.

APPENDIX: RADIATIVE WIDTH
OF THE ' N 11.595~0 TRANSITION

The p matrix element x can also, in principle, be ex-
tracted from the radiative width I r for the ground-state~o
decay of the ' N analog of the ' C ground state. In this
appendix we consider the extraction of a value of x from
' C(p, yc)' N data. There are two problems to be dis-
cussed. First, the evaluation of I z from the available ex-

~0
perimental' and theoretical reports is somewhat
complicated and has not been done by the compilers. '

V. CONCLUSIONS

The ' C( —,
' )~' N( —,

'
) p spectrum has been found to

differ significantly from an allowed shape. An analysis of
the ' N(2 )~' O(0+) P spectrum, a transition with a
similar end point and a known shape factor, gives consid-
erable confidence in the results from the ' C analysis.
The ' C analysis yields (i) a ground state branching ratio
for the P decay and hence the f value for the ground state
transition, (ii) the division of f into f' ' and f"I and (iii)
the two rank one matrix elements which determine f"'
and the shape factor. The value obtained for the E 1-type
matrix element x is consistent with a value deduced from
the analog y decay in ' N (see Appendix). Our shell-
model calculations reproduce the observed value for x but
somewhat underestimate the value of u.

The value of f' determines a linear combination gc of
the two rank zero matrix elements g'v and w, a quantity

TABLE VI. ' C(p, yo)' N cross section measurements for
Ep ——1.50 MeV.

Cross section
(pb/sr)

7.7
17.5
17.5
16.8
17.3

Accuracy
(%)

20
40
16
25
13

Reference

9 24a

20
21, 22"

22
Weighted average

of last 3

'The cross section can be derived from information contained in
Ref. 19 but is not given explicitly. The quoted cross section is
taken from Fig. 2 of Ref. 24. The quoted uncertainty is from
Ref. 19.
'This is not a direct measurement. The yield curves of Refs. 20
and 21 overlap at a E~=2.48-MeV resonance where they agree
perfectly. This agreement constitutes an independent calibration
of the absolute cross section scale of Ref. 20.
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TABLE UII. Resonance energies and radiative widths from
Ref. 25. [All energies are in the center-of-mass system. The un-

certainties in the last figure (in parentheses) represent the spread
in the individual results for the two theories and for average (1)
they represent the spread between the R matrix and S matrix
averages. Average (2) includes the experimental uncertainties
added in quadrature. These are the adopted values. ]

Theory

E, (MeV)
1 3T——
2

T=—
2

r, (eV)'
1 3T=—
2

T=—
2

R matrix
S matrix
Average (1)
Average (2)

1.236(1)
1.238{1)
1.237(l)
1.237(3)

1.429(8)
1.346(3)
1.388(40)
1.388(40)

7.5(3)
4.6(1)
6.1(15)
6.1(17)

48.4(8)
50.7(40)
49.6(12)
49.6(65)

'The radiative widths of Ref. 19 have been scaled upwards by
2.1 as discussed in the text.

Second, there is interference between the J, T= —,
'

i+
analog at —11.6 MeV and a nearby —, , —, resonance at
11.4 MeV. This interference causes isospin mixing be-
tween the two levels which will affect the value of I

&

(and thus x ). Thus, we consider an estimation of the
"zero-order" value of I v, i.e., the value which would

/OP

have pertained in the absence of the mixing. The radia-
tive width I

&
is evaluated from the ' C(p, yo)' N cross

section at the peak of the E~ = 1.50-MeV resonance corre-
sponding to the 11.6-MeV level. Four measurements of
this cross section are listed in Table VI. The last three are
in excellent agreement but differ from the first by an aver-

age factor of 2.25. Thus we discard the first and adopt
the weighted average of the last three.

The interference between the 11.6-MeV level (E~= 1.50
MeV) and the 11.4-MeV level (E~=1.31 MeV) has pro-
vided a popular experimental test of multilevel compound
nucleus theories. Three reports have been published of
simultaneous fits to the yield curves for the ' C(p, yo) and
' C(p, n) reactions. These all used the ' C(p, yo)' N data
of Bartholomew et al. ' which, as discussed, we conclude
has a cross section a factor of 2.25 times too small. How-

ever, the analysis can simply be scaled by this factor.
The three analyses were performed by Ferguson and

Gove in 1959, French, Iwao and Vogt" in 1961, and
Tindle and Vogt in 1969. The analysis became more so-

phisticated and comprehensive with time and we need
only consider the last one. Tindle and Vogt considered
three different R-matrix fits and two different S-matrix
fits. The results within each theory were very similar and
can be averaged. We present a summary of the radiative
widths resulting from the two theories in Table VII. We
adopt the bottom line [average (2)) for the two levels. Us-
ing a (p, y) Q value of 10.2074 MeV, 7 the two —,

' levels

are at excitation energies of 11444(3) and 11595(40) keV,
respectively. We note that the uncertainties in the
theoretical analysis are rather large for the excitation en-

ergy of the broad [I „„=485(10)keV (Ref. 25)] T= —,

level and for I v in the case of the T= —,
'

level but small
Xo

for the energy of the T= —, level and the radiative width
of the T= —,

'
level.

Assuming isospin conservation, the P matrix element x
is related to I

&
for the T= —,

'
level byYo

~

x
~
=[4mB(E1)]'~; I v,

——1.04653E&B(E1),

with E& in MeV, and I r in eV. Before applying Eq.
(Al) we estimate the effect of the isospin mixing between
the two —, levels. This problem was considered in detail

by French et al. They argued that other levels could be
ignored and the isospin impurity in the two levels could
be directly related to the ratio of their reduced neutron
widths since a T= —,

'
level cannot neutron decay to a

T =0 level (' N g.s.). The calculated admixture is then
5.0% for the R-matrix calculation and 2.8% for the S-
matrix calculation. Using the procedure described by
French et al. , the estimation of the "zero-order" radiative
widths is straightforward. The experimental results of
Table VII yield zero-order widths of 19 and 41 for the R-
matrix calculation and 12 and 48 for the S-matrix calcu-
lation. We adopt
I r (T = —, ) =16(4) eV,
I z ( T= —, ) =44(7) eV (A2)

(adopted "zero-order" values) .

From Eq. (Al), the T = —', radiative width corresponds to

i
x

i
=0.58(5).
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