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The y-ray decays of the 9.17-MeV state in 1 N have been remeasured with a Ge(Li) detec-
tor. The primary purpose was to obtain an improved value of the M i decay strength of the
(2+, 0) 7.03-MeV state in N. Additional information about the branching ratios and mixing
ratios of other states and transitions was also obtained and is tabulated. The measured val-
ue of the E2/M 1 mixing of the 7.03-MeV —0-MeV transition was 0.74 +0.09; this was com-
bined with previous measurements of this ratio and of the branching ratio and total width of
the 7.03-MeV state to obtain an M i transition strength of (86 +9) x10~ eV. This strength is
then compared with the predictions of various shell model calculations. This analysis sug-
gests the introduction of an effective isoscalar magnetic dipole operator, which is con-.

structed by fitting the ground state magnetic moment of ' N, as well as the 7.03-MeV —0-
MeV transition. This effective operator is then employed to predict the ground state mag-
netic moments of other nuclei in the Op and Os shells, with reasonable success.

NUCLEAR STRUCTURE C(p, y), E=1.75 MeV; measured o(0), relative inten-
sities; deduced 0(7.03 0), ) (( Ml())t(7.03 0), other 0's, branching ratios.

Enriched target. Shell model effective magnetic moment operator.

I. INTRODUCTION

Considerable attention has been given in the
literature to the low-lying states of '4N that appear
to be reasonably well described by the Os'Od"
configuration. ' Varma and Goldhammer' have
emphasized that the M1 strength of the 7.03-MeV
-0-MeV transition is of particular importance,
since the 7.03-MeV state is uniquely characterized
as 'D, within the above configuration. Therefore,
there is a need for a more accurate value of this
transition strength than was available in the liter-
ature' at the time of these studies. "

A description of the remeasurement of the
transition strength is given in Sec. II. In the
course of this measurement, new values were ob-
tained for the branching ratios of the 9.17- and
6.44-MeV states and for several mixing ratios
for transitions from these states. The experi-
mental results are given in Sec. III. The im-
proved determination of the 7.03-MeV -0-MeV
transition strength is compared to the prediction
of various shell model calculations in Sec. IV.
In order to maintain agreement between theory
and experiment, an effective M1 operator is intro-
duced. This effective operator is then applied to
other nuclei in the Op and Os shells.

II. EXPERIMENTAL PROCEDURES AND ANALYSIS

A. Procedure

Earlier measurements of the mixing ratio of the
7.03-MeV-O-MeV transition in "N have had to
contend with one of two major sources of experi-
mental uncertainty; poor statistics in coincidence
experiments" or large, energy-dependent back-
grounds. " The present experiment is a repetition
of that in Ref. 6, i.e., measurement of the angular
distribution of the y rays in the "C(p, y) "N reac-
tion at Ep ——1.75 MeV, except that the spectra were
obtained with a Ge(Li), rather than a NaI(TI),
detector. With this change, the peaks in the spec-
tra corresponding to the transitions of interest
were well resolved and the Compton background
from the dominant 9.17-MeV-O-MeV transition,
while still strong, was essentially flat and feature-
less in the regions of interest. Portions of a
typical spectrum are shown in Fig. 1.

Targets of "C were prepared by cracking CH, I,
enriched to 90% in "C, onto 0.13-mm Au blanks.
These were soldered to 1.6-mm thick brass disks,
thinned to 0.98 mm over the area covered by the
Au, which formed the back wall of the target
chamber. This back wall was set at a 45' angle
to the beam so that differential absorption of y
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B. Analysis

The spins and parities of the states at 0, 2.31,
6.44, 7.03, and 9.17 MeV, which were used in
the analysis, are well established. ' Therefore,
no attempt was made to confirm them in the pres-
ent work, other than by the success of the fit
using the published values.

The individual transitions, 9.17 MeV-0 MeV
and 9.17 MeV-2. 31 MeV, and cascades, 9.17 MeV
-7.03 MeV-0 MeV and 9.17 MeV-6. 44 MeV
-0 MeV, were first analyzed separately in least
squares fits to the substate populations P(0) and

P(1) of the J'=2', 9.17-MeV state 'I.n all cases,

the mixing parameters agreed well with earlier
values, ' and satisfactory best fits were found with
P(1)/P(0) —0.2.

Next, a simultaneous linear least squares fit
to all four cases was made by a search over the
five-dimensional mixing parameter surface in the
vicinity of the individual minima. A satisfactory
minimum of X'= 1.07 was found at P(1)/P(0)
= 0.188+0.013. Projections along each axis in the
vicinity of the minimum are shown in Fig. 2. The
solid curves are quadratic fits to the points to
guide the eye.

The final step was a nonlinear least squares fit
to 12 variables. The initial values of the five
mixing parameters, of the six values of P(0),
and of P(1)/P(0), were taken from the best fit
of the preceding linear fit. The values obtained
for the mixing parameters are listed in Table I.
The final value of P(1)/P(0) was 0.212+ 0.007 and
of X' was 0.92. The experimental angular distri-
butions and the final best fits to them are shown
in Fig. 3.

III. EXPERIMENTAL RESULTS
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FIG. 2. Slices along each axis of the X2 surface gen-
erated in a simultaneous linear least squares fit, as
described in the text. The mMng for the top four graphs
is E2/M1 and, for the bottom graph, M3/E2. The curves
are quadratic fits to the points to guide the eye.

In addition to the six transitions used in the
angular distribution analysis, a number of other
transitions in "N were observed in the spectra.
These were in general agreement with the known
decays of the lower states in "N'; however, only
the 9.17- and 6.44-MeV states were populated
with sufficient intensity to determine useful
branching ratios for their decays.

The relative intensity of each observed transi-
tion was determined by the coefficient of P,(cos8)
in a least squares fit to an expansion in even-
order Legendre polynomials. The results are
listed in Table II and compared to previous re-
sults. The agreement is generally good. The
only exceptions are the 9.17-MeV-O-MeV transi-
tion, where the difference is primarily a result
of the reduction in the upper limits set on possible
but unobserved transitions, and the 6.44-MeV
-5.83-MeV transition which is observed here
with greater relative intensity than the previous
upper limits. If this latter transition is pure E1,
its strength is (4.3+0.8)x10 'W.u. (Weisskopf
units), a reasonable value for an isospin forbidden
transition.

These branching ratios, and that of Ref. 3 for
the 7.03-MeV state, were combined with the level
widths calculated from Ref. 3 to obtain the partial
widths for the six transitions used in the angular
distribution analysis. These and the observed
mixing ratios were used to calculate the partial
widths for each multipole in each transition. The
results are shown in Tabj, e I.
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TABLE I. Mixing ratios and partial'-ray decay widths for transitions in N. The partial
widths for each transition were calculated from the branching ratios determined in the present
work for the 9.17- and 6.44-MeV states and from Ref. 3 for the 7.03-MeV state. The partial
widths for each multipole are given in Weisskopf units.

Transition Mixing ratio Multipoles
r, '
(eV)

l"y(L +1)
(W.u. )

9.17 0
9.17 2.31
9.17 6.44
9.17 7.03
7.03 0
6.44 0

-0.003+ 0.003
0

0.031+ 0.006
—0.037 + 0.015

0.74 + 0.09
-0.004 + 0.010

(E2/Ml)
(E2)
(E2/Ml)
(E2/m1)
(E2/~)
(M3/E2)

7.7 + 0.9
0.077 + 0.011
0.80 + 0.12
0.29 + 0.04
0.124+ 0.012

(7 4 + 0 7) x10

0.47 + 0.06
3.1 + 0.4
1.9 6 0.3
1.4 + 0.2
0.0109+0.0014
0.041 + 0.004

&0.003

3.1 + 1.3
5 4+66

8,8

1.6+ 0.3
&1.4

Reference 3, corrected for the branching ratio of the 7.03-MeV state.
Reference 9.

The present measurement of the mixing ratio
for the 7.03-MeV-O-MeV transition is compared
with previous ones in Table III. The failure of
the present experiment to obtain a significantly
smaller error was disappointing, but was pre-
saged by the shallow minimum in y' for this tran-
sition shown in Fig. 2. The good agreement among
the five measurements is pleasing, however, and
their weighted average should be a valid number.
Their agreement is further illustrated by the
fact that the internal error of their average,
based on the squared residuals, is smaller than
the external error, based on the estimated
standard deviations.

With this value for the mixing ratio and the par-
tial width for this decay from Table I, the best

values for the multipole strengths are (I I
Ml II)'

= (86 + 8) x 10 ' eV or 0.0117s 0.0012 W.u. and

(ll &21 l&'=(38+5) x10 ' eV or 1.35+0.16 W u. '
Further reduction in the assigned errors will
require remeasurement of the lifetime of the
7.03-Me V state.

IV. THEORETICAL CONSIDERATIONS

The experimental data available in '4N presents
an interesting opportunity for an exercise with
the shell model. The reason is that the shell
model wave function for a few critical states in
this nucleus appear to be quite well determined.

Several authors" "have performed shell model
calculations for '4N, assuming just two active
holes in the OP shell. In this approximation, the
ground state (J = 1, T = 0) may be written as the
linear combination

I.O— I.O— (b) I
1o& =&sl'S»+&~l'P &+&nl'D. &,

the excited state at 2.31 MeV (J =0, T =1) is

(4.1)

t- 0.5- I

CO

LLI

X
I .0—

UJ~ IO-

0.5-

0.5

I.O—

1.5—

I I I

1.0-

0.5-

I.O
cos2 8

I I I I

0 0.5 1.0

I
0 1)=a, I's,&+a,I3I'.&, (4.2)

p, (T = 0) = 2 J+ 0.385 . (4.4)

while the 7.03-MeV (J = 2, T = 0} level is uniquely
given as

(4.3)

The unambiguous shell model assignment in the
last case provides a powerful foothold in this
problem.

A second advantage is found in the simple nature
of the isoscala~ portion of the nuclear magneitc
moment operator:

FIG. 3. Experimental angular distributions for the
six transitions used in the least squares analysis. The
curves are the best fits to each distribution from the
simultaneous nonlinear least squares fit, as described
in the text. Where error bars are not shown, the error
is less than or equal to the size of the point.

S is the total nuclear angular momentum operator,
and 5 the net spin. Since J is a good quantum
number in nuclear states, the first term in Eq.
(4.4} affects magnetic moments but not Ml transi-
tions.
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TABLE II. Branching ratios for the decays of the 9.17-, 7.03-, and 6.44-MeV states in ~4N.

(Me V) (MeV)

Branching ratio
Present Previous

(%) (Vo)

9.17

7.03

6 44

2+;1

2+; 0

3+:0

0.0
2.31
3.95
4.91
5.11
5.69
5.83
6.20

6.44

7.03

7.97
8.06
8.49
8.62

0.0
2.31
3.95

0.0
3.95
4.91
5.11
5.69
5.83

1+ 0
0 1
1+.0
(0, 1);0
2;0
1";0
3;0
1+;0
3+ 0

2 0

2;0
1;1
4;0
0+; 1

1+.P
P+. 1
1+ 0

1+ 0
1+ 0
(0, 1) ; 0
2;0
1;0
3;0

85.1 + 1.0
0.85+ 0.08

&P.2
&p.2
&p, 2

0.49+ 0.10
0.61+ 0.08

&0.2

8.8 + 0.8

3.2 + 0.3

&0.03
&0.03
&0.03
&0.03

96 +4

&3b

69.6 + 1.5
19.6 + 1.0
&p 4
6.4 + 0.6

&0.3
3.7 +0.6

79 +4
1.1+0.4

&1

3 E2

+2
6.3 ~ 0.5

3 +1
3.5+ 0.5

98.6+ 0.3
0.5+ 0.1
0.9+ 0.25

73.1 + 1.5
18.9+ 0.9

6.8 + 0.6

&3, &2, &1

' Reference 3.
Present, but observable only at some angles.

The M1 transition
~
20) -

~
1 0) then involves only

the 'D, amplitude in Eq. (4.1), since

(4.5)

Evaluating ('D, $~'D,), one obtains'

Reference Value Method

'2C(3He, Py}
~ C( He, py)

13( (p ~)

14N(y ~)

Gorodetsky et al. , Ref. 4 0.6 +0.2

Gallmann et ~., Ref. 5

Prosser et al. , Ref. 6

Swann, Ref. 7

Present work

0.7 + 0.1

0.6 + 0.1

0.6 + 0.15

0.74 + 0.09 "C(P, y)

0.669 + 0.031Mean

TABLE III. Measured values of (][E2][)/((]Ml[[)
for the 7.03-MeV 0-MeV transition in N. The
symbol (()XL(() represents the reduced matrix element
for XL multipole radiation. The mean is the weighted
mean of the five values and its error is the weighted
internal error. The external error is 0.050.

I'„,(7.03 - 0) —0.126i'', (4 6)

where the width I' is in eV. Using the experi-
mental value of I" obtained above one has

IAnl'= 0.68+ 0.07. (4 7)

The magnitude of tne remaining amplitudes in
Etl. (4.1) can be found from the experimental
value for the ground state magnetic moment

(l)=o 88IA,I'+o »IA~I'+o »IAnl'

= 0.404,

and the normalization conditio.

IA. I'+ IA, I'+ IAoI'=1.

We find

(4.8)

(4.9)

[A ['=0.09+0.04,

~AJ'= 0.23+ 0.11.
(4.7')

(4 7")

It will also be useful to find ~B,~' and ~B~~' The.
( 01) state has well known isospin analogs in "C
and "0, which display unusually large ft values
in their I3 decay to the "N ground state for an
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allowed transition. For practical purposes the
Gamow-Teller matrix element can be set equal
to zero, yielding the condition

&3A,B, +A~B~ = 0. (4.10)

Equations (4.10), (4.7'), and (4.7") and the nor-
malization lB,l'+ lB~l'=1 yield

lB, l
=0.53.0.21, (4.10')

I B.I' = 0.47 ~ 0.21. (4.10")

The magnitudes of these amplitudes derived in
a variety of shell model calculations are displayed
in Table IV, to be compared with the values ob-
tained in the "fit" given above. The comparison
is very poor in that the fit values are quite differ-
ent from those obtained in shell model calcula-
tions.

First, note that there is excellent agreement
among the shell model calculations in that the
ground state is very near LS coupling with 0.90
- lAJ'~ 0.96. The fit value for lAol' is substan-
tially less. There is also consensus in the shell
model work that lBsl'& le' This i.s important
because it is a consequence of the fact that the
So partial wave of the effective interaction is

much more attractive than the 'P, partial wave.
The amplitudes of the fit are compatible with that
fact only near the extremity of the error bars.
Furthermore, at that extremity one would have a
minimum value for le' (0.61) and a value for
lA~ l' (0.34) more than four times in excess of
any shell model calculation.

The most disturbing feature of the comparison
is that the values obtained in the fit lie closer to
jj coupling than to the shell model values. If the
shell model work is of any use at all, it should
distinguish between I S and jj coupling.

The standard tactic in this type of problem is
to introduce an effective moment operator. " In
this example, it is particularly easy. Equation
(4.4) is modified into

p, (T = 0) = -,')(J+ 0.38yR, (4.11)

(g l p g js)

(g~+g.s)'=y(g.p+g. N)+() —1)

(4.12)

(4.13)

The prime denotes an "effective" operator.
The value of y appears to be quite well deter-

mined, showing little sensitivity to the shell
model wave function used. This is because y de-
pends only on A~:

y = (0.823+0.042)AD ', (4.14)

on which the shell model calculations are in con-
sensus. Regretfully, A. is not so well fixed be-
cause A, depends on A, :

)(. =0.808+ 0.38y l. IAnl'- 2IA. I-'l . (4.15)

The shell model work indicates that lA, l' is very
small, and consequently hard to determine pre-

with the introduction of two parameters A, and y,
which are both unity for the bare operator. This
is the most general form the isoscalar part of
the magnetic dipole operator can take on, so long
as one retains its single particle character.

One can then fit A. and y to two bits of data; the
magnetic dipole moment of "N of Eq. (4.8), and
the width of the magnetic dipole transition in Eq.
(4.6). The values of lA~ l' are taken directly from
the shell model calculation, and the results are
displayed in Table V. It is also of interest to ex-
press these parameters in terms of the orbital
(g,~+g,s) and spin (g~+g, „)factors for the proton
and neutron:

TABLE IV. Values of (AD, l~ and lB&l from Eqs. (4.1) and (4.2), as found in various calcula-
tions.

Reference IAsl' l&sl'

Cohen and Kurath I '
Cohen and Kurath II

Elliot and Flowers

Norton and
Goldhamme r

jj coupling

0.92

0.92

0.96

0.90

0.74

0.01

0.02

0.01

0.09

0.04

0 ~ 07

0 ~ 06

0.03

0.01

0.22

0.75

0.78

0.65

0.62

0.33

0.25

0.22

0.35

0.38

0.67

Eqs. (4.7), (4.10'), and (4.10") 0.68+ 0.07 0.09+ 0.04 0.23 +0.11 0.47+ 0.21 0.53+ 0.21

' This is the (8—16) 2 BME fit of Ref. 10 with & = 5.67 MeV, as shown in Ref. 1.
This is the (8-16) 2 BME fit of Ref. 10 with & =5.15 MeV, as shown in Ref. 1.
This is the 4 BME fit of Ref. 13.
The jj coupled wave functions displayed assume a pure p&y2 configuration.
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TABLE V. Parameters of the effective magnetic dipole operator using the shell model wave
functions of Table IV.

Reference 2(a"p+ g"~)

Bare operator
Cohen and Kurath I
Cohen and Kurath II
Elliott and Flowers
Norton and Goldhammer

1.0
0.85+ 0.04
0.85+ 0.04
0.84+ 0.04
0.87+ 0.04

1.0
1.10+0.01
1.09+ 0.01
1.11+0.01
1.04+ 0.01

0.88
0.80+ 0.04
0.79+ 0.04
0.78+ 0.04
0.78+ 0.04

cisely.
Table VI is the result of an investigation to

find if the effective M1 operator has any further
validity. Since we have only the isoscalar term,
applications are limited. Ground state static
moments can be done directly if P = 0. In addi-
tion, if both M1 moments are known for a pair of
mirror nuclei, the sum of these moments depends
only on the isoscalar component of the operator.
Several such cases are displayed in Table VI,
where we compare results with the bare operator
and the effective operator to the experimental
value. We have used only the Op shell wave func-
tions of Norton and Goldhammer in Table VI, be-
cause they are conveniently available. Consis-
tency thereby dictated use of the effective moment

operator determined by the same fit in "N.
Results are encouraging. The effective opera-

tor yields improvement over the bare operator
for A = 6, 13, and 15. In A = 10 and 11, a com-
paratively large correction to the bare operator
is needed, and the effective operator used pro-
vides a comparatively small one (in the wrong
direction). It may be significant that in all of
the states investigated except the ground states
of the A = 10 and 11 systems I.S coupling is a
reasonably good approximation. In "Band "t.

no LS state contributes as much as 50%%uo to the
total wave function. The poorest example of L,S
coupling elsewhere is in A = 13, where the 'P
state of optimal orbital symmetry accounts for
72%%uo of the wave function. Perhaps it is not sur-
prising that an effective operator fitted to I.S
wave functions works well only in IS coupling.

That brings us to the problem of the derivation
of the effective moment operator. How do the
corrections arisen' There are two categories of
possibilities: (I) The effective operator incor-
porates mixing of configurations from higher
shells. (2) The magnetic moment is simply modi-
fied in the presence of other nucleons, by rela-
tivistic effects, meson exchange effects, or
velocity dependent nuclear forces.

In an attempt to determine which effect is im-
portant here, we have used the effective operator
to calculate the magnetic moment of 'H, and the
'H+'He mirror pair. The spirit of using an ef-
fective operator dictates that one neglect con-
figuration mixing. One then assumes that 'H is
pure 'S, and that 'H and 'He are pure 'Sy/2 The
results appear in the final two entries of Table
VI, and, surprisingly, the agreement with ex-
periment is excellent.

Of course, we know that the deuteron does

TABLE VI. Ground state magnetic dipole moments in nuclear magnetons (using the OP shell
wave functions of Norton and Goldhammer) found with the bare operator, and the effective oper-
ator with X=1.04+0.01, p=0.87+0.04.

Nucleus

iOB (J—3)
ii B+ ii C (J ~)

i3C+ i3N (J
~N+ ~O (J=g}

'8 (J=1)
'H+'He (J=-,')

Bare operator

0.87

1.87

1.78

0.35

0.37

0.88

0.88

Effective operator

0.84+ 0.02

1.88+ 0.03

1.80+ 0;03

0.39+ 0.01

0.41+ 0.01

0.85+ 0.02

0.85+ 0.02

p
Experiment

0.822

1.8007

1.66

0 ~ 3803

0.4358

0.857

0.851
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possess a 'D, component. Consequently, we con-
clude that the effective operator must, at least
in part, absorb the mixing of the 'g), amplitude.
The admixture of 'Dy component needed to fit the
magnetic moment with the bare single nucleon
operator is 8.8%. The actual admixture of the
'D, component is generally thought" to be nearer
7 /p. Therefore, it is likely that the effective op-
erator also corrects for some sort of modifica-
tion of the bare nucleon Ml operator.

The interesting point is that the effective iso-
scalar operator determined above yields
reasonable results in both the Op and Os shell
nuclei, so long as the wave function is reasonably
represented by I.S coupling.

It is worthwhile noting in Table VI that the
experimental value of the magnetic moment of the
deuteron (0.857',„)is very nearly equal to the ex-
perimental value of the sum of the moments for
'H+ 'He (0.851'„). These two numbers would be
precisely the same if our effective operator
were exactly valid. As it stands the effective op-
erator appears to be a reasonable approximation.

Further applications are warranted if one has
sufficient experimental data and reliable shell
model wave functions. T = 0-g = 0 M1 transitions

are an obvious target. We have made a cursory
survey in the Op shell and found no viable candi-
dates worth reporting in detail. Let us give just
one example to illustrate the difficulties. A
likely looking candidate is the 3.95-MeV-O-MeV
(JT = 10-10) transition in "N. The M1 width is
reasonably determined to be (0.58 + 0.12) x 10 ' eV.
The Cohen and Kurath I fit yields a width of
0.408x10 ' eV, while the II fit yields 1.321
x10 ' eV. The effective moment operator would
worsen agreement considerably in the first case,
and help substantially in the second. To make a
discriminating statement on the merit of using
the effective operator one must be able to choose
between the two sets of wave functions. This is
difficult as the overlap integra1. s between the
sets are 0.999. Quite evidently the 7 forbidden
M1 transitions are frequently very sensitive to the
precise shell model wave functions employed.
The simplicity and lack of ambiguity found in the
7.03-MeV-O-MeV transition investigated in this
paper is a singular stroke of good fortune.
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