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Thermal-neutron capture by 14N
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The energies and intensities of 58g rays emitted in thermal-neutron capture by nitrogen~99.63%14N! have
been measured accurately. A major reason was to establish this reaction as a standard for similar measurements
on other nuclides. Theseg rays have been placed between 19 known levels~including the ground state and the
capturing state! in 15N. The primaryg rays of both electric dipole (E1) and magnetic dipole (M1) types have
been analyzed with existing theories of slow-neutron capture. Unlike many other light nuclides, the cross
sections forE1 transitions in15N differ drastically from the calculations of pure direct-capture theory. The role
of the resonance-capture contribution from the proton-unbound, neutron-bound level at 2962 keV below the
neutron separation energy was considered. Some of the properties of this level are quite well known from the
14C(p,g) reaction, and others can be derived from anR-matrix analysis of the total cross section as a function
of neutron energy. The thermal-neutron captureg-ray spectrum is different from the proton-captureg-ray
spectrum, but if proper account is taken of the interference among the compound-nuclear processes, the
valence-neutron mechanism, and potential capture, the data can be satisfactorily explained. In the thermal-
neutron reaction, compound-nuclearE1 and direct-captureE1 contributions are of comparable magnitude.
Valence-neutron capture forms a significant component of capture by the neutron-bound level at229 keV.
Largely destructive interference between compound-nuclear and valence processes in a few transitions in
thermal-neutron capture gives rise to a much smaller total cross section than would be obtained from the
compound-nuclear process alone. TheM1 transitions also show some evidence of a direct process but not a
dominant one. The magnitudes of the compound-nuclear transitions, bothE1 andM1, are largely consistent
with the values implied by giant resonance theories. The resonance parameters deduced for the229-keV level
are: total radiation width5565624 meV, reduced neutron width551.660.3 keV ~for a channel radius of 3.5
fm!, and proton width5160630 meV. @S0556-2813~97!02607-1#

PACS number~s!: 25.40.Lw, 23.20.Lv, 27.20.1n
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I. INTRODUCTION

Studies ofg rays following thermal-neutron capture b
light (A,50) nuclides have shown that the mechanism p
dominantly responsible for producing primary electric-dipo
(E1) transitions is the direct one@1#. In recent works@2–15#
the direct~thermaln,g! reaction has been treated within
realistic optical-model framework, thus allowing preci
comparisons between theory and data. At the same time
accuracy and sensitivity of experimental methods for de
mining the cross sections of transitions to individual fin
states have greatly improved.

In the 0p shell, the nuclides treated previously are7Li,
9Be, 12C, and 13C @4,8,9#. The cross sections of primar
E1 transitions agree with direct-capture theory despite
fact that the neutron-scattering lengths are often so la
~compared to the potential scattering length! that they ad-
versely affect our ability to calculate these cross sections
the light of the pattern so far revealed, it is interesting
study the target nucleus7

14N7 ~spin and parity 11!, which
also has a particularly large neutron scattering length.
fact that 14N has only one neutron short of closure of t
0p shell has consequences not only of bringing remnant
the 0p strength close to the ground state of15N, but also of
560556-2813/97/56~1!/118~17!/$10.00
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giving this nucleus high enough energy in its initial capturi
state such that primary magnetic-dipole (M1) transitions can
proceed to a considerable number of bound positive-pa
states arising from the 1s0d shell. Whether a direct mecha
nism plays any role in governing the strength ofM1 transi-
tions may therefore also be addressed.

It is interesting to investigate the14N ~thermaln,g! reac-
tion also because it has been our canonical energy
intensity standard since 1961 when the special advantage
this reaction, using melamine (C3H6N6) as target material,
was exploited by Motz, Carter, and Barfield@16#. Subse-
quently, nearly all laboratories that are engaged in (n,g)
measurements@17–25# have directly or indirectly used this
standard.

The measurements are described in Sec. II. Application
the capture theory requires a knowledge of (d,p) spectro-
scopic factors, neutron-scattering lengths, and resonance
rameters, all of which are discussed in Sec. III. Comparis
of the calculated cross sections of primaryE1 andM1 tran-
sitions with measurements are described in Sec. IV and
V, respectively. Contrary to our expectations from previo
studies within the 0p shell, the calculated direct-captur
E1 transition strengths are very different from the measu
118 © 1997 The American Physical Society
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56 119THERMAL-NEUTRON CAPTURE BY 14N
values.1 The latter values are also very different from wh
one may call the compound-nuclear expectations, which
be deduced from investigations of the14C(p,g) reaction
@26–33#. @The proton separation energySp(

15N)
510 207.4 keV is close to~but lower than! the neutron sepa
ration energySn(

15N)510 833.3 keV.# Indeed, early mea-
surements by Bartholomewet al. @26# showed that theg-ray
spectra from the proton resonances below and near the
tron threshold are very different from the~thermaln,g! spec-
trum. These observations have not been satisfactorily
plained for over four decades. It now appears that there
remarkable interplay between the resonance~compound-
nuclear! contributions on the one hand and the valence-
the potential-capture components of direct capture on
other; these combine in a largely destructive fashion leav
neither the~thermal n,g! spectrum nor the near-neutron
threshold (p,g) spectrum having the characteristics that a
typical of either the direct or compound-nuclear picture. T
resonance (p,g) spectrum can be interpreted, in fact,
show the strong influence of the neutron-valence mechan
This joint analysis of thermal-neutron capture and pro
capture is described in Sec. VI. Our conclusions are sum
rized in Sec. VII.

A number of primaryM1 transitions with cross section
as great as those of primaryE1 transitions exist in15N. It
has been speculated elsewhere@10# that a directM1 mecha-
nism analogous to the directE1 process may play a signifi
cant role in thermal-neutron capture by light nuclides. T
analysis of the15N data presented in Sec. V leads to t
conclusion thatM1 direct capture is playing only a mino
role here in the capture process for low- to medium-ene
transitions. This analysis also suggests that resonanceM1
capture as deduced from the (p,g) works @30,33# can ex-
plain the bulk of theM1 transition strength.

II. EXPERIMENTAL METHOD

A. Capture facility

The 14N(n,g) measurements with thermal neutrons we
made at the internal target facility of the Los Alamos Ome
West reactor utilizing 1750 mg of melamine in a high-pur
graphite holder. This facility and the data analysis pro
dures have been described in Refs.@2,11#. The target was
placed in a graphite holder, which was inside an evacua
bismuth channel. The target position was 1.5 m from
edge of the reactor core and at this position the therm
neutron flux was nominally 631011 n/cm2 s. g-ray spectra
were obtained with a 30-cm3 coaxial intrinsic germanium
detector positioned inside a 20-cm-diam330-cm-long
NaI~Tl! annulus. This detector was located 6.3 m from
target and was operated either in the Compton-suppre
mode~0.3877 keV/channel! or in the pair-spectrometer mod

1In numerous compilations, F. Ajzenberg-Selove and T. Laurit
@Nucl. Phys.11, 191 ~1959!# and F. Ajzenberg-Selove@Nucl. Phys.
A152, 117~1970!; A268, 137~1976!; A360, 129~1981!; A449, 127
~1986!# have implied that the experimental thermal-neutron capt
cross section of14N appears to be high relative to theoretical e
pectations. Actually it islow. Therein lies the problem.
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~0.6285 keV/channel!. The full width at half-maximum
~FWHM! values for our system are shown in Fig. 1. In t
pair-spectrometer mode, the FWHM values are 2.3, 3.1,
and 4.5 keV, respectively, forg-ray energies of 3, 5, 7, and
MeV. At these energies, the resolution attained in the curr
study is better than that reported in all previous studies of
14N(n,g) reaction.

B. Energy calibrations

In a particular energy region, the energy calibration
quires two standards and a nonlinearity curve. Up to 3 M
~in the Compton-suppressed mode!, the standards tradition
ally used in our work are the 510.99960.001 keV annihila-
tion radiation and 2223.25360.004 keV g ray from the
1H(n,g) reaction @34#. Because accurate energy standa
are available in this energy region, the construction of a s
able nonlinearity curve~not shown! does not pose a seriou
problem. Between 1 and 13 MeV~in the pair-spectromete
mode! the standards employed invariably by us are
2223.25360.004 keV and 4945.30360.012 keV g rays
from the 1H(n,g) and 12C(n,g) reactions, respectively@34#.
These two are preferred because1H is readily provided by
the CH2 material used as a cross section standard and

12C by
the graphite holder containing the target material, both
quantities sufficient to provide strong signals. Moreover,
former reaction generates just oneg ray and the latter just
three strongg rays. The problem of constructing an accura
nonlinearity curve in the high-energy region was again
lengthy process, for which several~thermaln,g! measure-
ments were made, singly and in combinations, not only w
melamine and CH2, but also with D2O and enriched13C.
The curve shown in Fig. 2 is based mainly on theg-ray
energies~in keV! 2223.25560.003, 4945.30260.003, and
6250.29660.003 deduced from the latest@35# neutron-
separation energies ~in keV! 2224.572560.0022,
4946.312060.0023, and 6257.248260.0024, for 2D, 13C,
and 3T, respectively, and on a value of 3683.90
60.016 keV deduced previously by us for the energy o
prominentg ray from the 12C(n,g) reaction. Because it is
based on an extrapolation, the curve in Fig. 2 is less accu
above 6.3 MeV than in the 2.2–6.3-MeV region.

n

e

FIG. 1. Resolution@full width at half maximum~FWHM!# of
our detection system.
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120 56E. T. JURNEY, J. W. STARNER, J. E. LYNN, AND S. RAMAN
C. Intensity calibrations

Intensity calibrations were determined in the Compto
suppressed mode with a set of standard radioactive sou
with precalibratedg-ray intensities and were further checke
with g rays from 82Br decay@36,37# producedin situ in the
internal target position. Between 200 and 3000 keV
curve shown in Fig. 3~a! is believed to be accurate t
;1%. The efficiency curve in the pair-spectrometer mo
@see Fig. 3~b!# was derived by a lengthy procedure. Conv
nient intensity standards~with ;1% accuracies! that span
the 3–11-MeV region do not exist. In fact, the reaction un
study offers the best possibility of achieving such accurac
Our starting point was the intensity values deduced from
14N(n,g) reaction by Motz, Carter, and Barfield@16# with a
magnetic Compton spectrometer possessing a predictab
ficiency curve. These values have been confirmed and
fined by several authors~see discussion in Ref.@38#! such
that by the middle 1980s it was possible to generate an
ciency curve with;3% accuracy in the 2–9-MeV region
Thermal (n,g) measurements were then made for over
nuclides lighter than the zinc isotopes. Some of these res
have been published@11,13,15#. In the case of several ligh
nuclides, the decay schemes are relatively simple and
intensity balance requirements„see Tables IV~A! and IV~B!
of Ref. @11#, Tables III~A! and III~C! of Ref. @13#, and Table
IV of Ref. @15#… can be used effectively to further refine an
validate the efficiency curve. The resulting curve shown
Fig. 3~b! is believed to be accurate to;1% in the 2–7-MeV
region, ;2% in the 7–9-MeV region, and;4% in the
9–11-MeV region.

To obtain absolute cross sections using the relative e
ciency curves of Figs. 3~a! and 3~b!, a fiducial point is

FIG. 2. Nonlinearity of our detection system.
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needed. For this purpose, the 2223.3-keVg ray from the
1H(n,g) reaction is used. The results are cross checked
ing a value of 0.45260.009 for the ratio of the intensities o
the 1262-keV and 4946-keVg rays from the12C(n,g) reac-
tion. This value, determined in a previous experiment@39#, is
more precise than 0.47960.018, obtained in Ref.@40#.

The capture cross sections reported in this work are ba
on measurements in which the melamine target was stu
together with a 100.0-mg CH2 standard. The cross section
are normalized to the recommended value ofsg~2200 m/s!
5332.660.7 mb @41# for 1H present in this standard. Th
thermal-neutron flux at the target position approximate
Maxwellian distribution corresponding to a temperature
350 K, for which the most probable neutron velocity is 24
m/s. To determine the cross sections at 2200 m/s, a 1/v de-
pendence of the capture cross section is assumed for
1H and 14N.

D. g rays in 15N

Selected portions of the measured spectra are show
Fig. 4. The energies and intensities of 58g rays assigned to
15N are given in Table I. The weak ones, numbering ab
30, are reported here for the first time. All of theseg rays
have been incorporated into the level scheme given in Ta
II. The spin and parity (Jp) values for all levels are known
@42#. A primary transition has been observed to each of
18 final states~16 bound and 2 proton-unbound! listed in
Table II; of these 18 transitions, eight areE1, nineM1, and
oneE2. In addition to these 18 states, four other neutro
bound states~Jp in parentheses! are known@42# in 15N at
9829(72

2
), 10 533(52

1
), 10 693(92

1
), and 10 804(32

1
) keV.

These four states are neither expected nor observed t
populated measurably in the14N ~thermaln,g! reaction. All
levels listed in Table II are previously known, and the plac
ments of transitions are consistent with existing data. T
level energies listed in that table were obtained through
overall least-squares fit involving all transitions. In deduci
these level energies, nuclear recoil was taken into acco
The intensity balance for each of the excited states is g
~see columns 4–6 of Table II!.

The neutron separation energy (Sn) of 15N was deter-
mined as 10833.31460.012 keV. The best previously re
ported value from~thermaln,g! measurements is 10 833.6
60.13 keV @18#. Our value is in good agreement wit
10 833.301560.0024 keV, which was deduced recent
from a direct mass doublet measurement using a Pen
trap @43#.
FIG. 3. Relative efficiency of
our detection system.
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56 121THERMAL-NEUTRON CAPTURE BY 14N
If a level scheme is complete and internal conversion
be neglected, the quantitiesSI g ~primary!, SEgI g /Sn , and
SI g ~secondary to ground state! should all be the same
within their stated uncertainties. In the case of15N, the mea-
sured values~in units of mb! are 79.860.7, 80.360.6, and
80.960.6, respectively. Our recommended cross-sec
value of 80.360.6 mb is more precise than 79.861.4 mb
obtained at McMaster@25#.

The secondary ground-state transitions from the level
5299, 6324, 7301, and 8313 keV are measurably broade
as a result of recoil-induced Doppler broadening. The li
time values deduced for these levels from an analysis of
g-ray line shapes have been previously published@44#.

E. Secondary calibration standards

In Table III our measured energies and intensities for
strongg rays observed in the14N ~thermaln, g! reaction
have been compared with those obtained at McMaster@24#.
Within the quoted uncertainties, these values overlap rea
ably well.

III. OTHER RELEVANT DATA

Within the direct-capture theory, the two crucial quan
ties entering the calculation of a partial cross section fo

FIG. 4. Selected portions of theg-ray spectrum from the
14N(n,g)15N reaction with thermal neutrons obtained using
melamine target.
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particular primaryg ray are the final-state (d,p) spectro-
scopic strength and the~normally spin-dependent! neutron-
scattering length. The measured (d,p) spectroscopic factors
@45–47# are given in Table IV.

A. Neutron-scattering lengths

The coherent scattering length and the total scatte
cross section have been measured by Koester, Knopf,
Waschkowski@48# as acoh58.7460.02 fm andssc510.03
60.09 b, respectively. The separate scattering lengths
the two spin states present ins-wave scattering can therefor
be deduced as

aJ51/256.360.3 fm, aJ53/2510.060.4 fm ~1a!

or

aJ51/2511.260.3 fm, aJ53/257.560.6 fm. ~1b!

Evidence in favor of the first set comes from the resonan
~see Table V! observed in the proton-induced reactions
14C @26–33,49–51# supplemented by the behavior of th
14N neutron cross section to several hundred keV. T
14C(p,g) reaction has revealed five resonances correspo
ing to neutron-bound levels of15N within the 626-keV win-
dow betweenSn andSp . The spins and parities (J

p) of these
resonances are also known, some tentatively@42#. A level
that possibly has a strong effect on the thermal-neutron s
tering of 14N is the proton resonance at 597 keV~640 keV
laboratory energy!, which has been found, on the basis
g-ray angular distribution@26#, to haveJ5 3

2 and most prob-
ably positive parity. This level lies only 2962 keV ~in the
center-of-mass frame! belowSn(

15N).
If the 229-keV level is indeed the dominant one gover

ing the scattering length, its putativeJp5 3
2

1
character leads

to the first set of spin-scattering parameters@Eq. 1~a!#. The
value of the reduced neutron width for the modification
quired from a single level to give theaJ53/2 scattering length
is deduced from

aJ5ac$12R`2@gl~n!
2 /~El2E!#%

'apot2ac@gl~n!
2 /~El2E!#, ~2!

whereac is the channel radius~in R-matrix theory! for the
entrance channel,R` is the more distant-level and back
ground contributions to theR function of the single-channe
reducedR-matrix theory,gl(n)

2 is the reduced neutron width
of the level with eigenvalueEl , apot is the potential scatter
ing length from the global optical model, andE is the neu-
tron energy. Using the modified optical-model parameters
Moldauer @52,4#, the potential scattering length is found
be 4.97 fm; hence, for an assumed channel radius of 3.5
the reduced neutron width of the229-keV level is
;60 keV ~in the laboratory frame of reference!.

B. Resonance parameters

It turns out ~see Sec. IV! that the compound-nuclea
mechanism plays a substantial role in thermal-neutron c
ture by 14N. For its quantitative analysis as much inform
tion as possible is needed on nearby resonance levels. M
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TABLE I. Energies (Eg) and intensities (I g) of g rays from the14N(n,g)15N reaction.

Eg (keV)
a I g (mb)

b Placementc Eg (keV)
a I g (mb)

b Placementc

131.44 7 0.015 3 C→10702 3013.5510 0.521 17 8313→5299
383.0 4 0.006 2 C→10450 3269.24 0.049 9 C→7564
583.75 4 0.115 8 9155→8571 3300.7413 0.121 9 8571→5270
608.3 5 0.018 3 9760→9152 3531.98220 7.18 9 C→7301
767.84 7 0.050 3 C→10065 3677.73717 11.66 13 C→7155
770.4 5 0.008 3 9925→9155 3855.607 0.656 21 9155→5299
831.22 11 0.025 3 7155→6324 3880.99 0.039 13 9152→5270
908.41 4 0.129 4 C→9925 3884.209 0.456 18 9155→5270
1011.684 0.110 4 8313→7301 3923.96 0.030 7 9222→5299
1025.2 3 0.013 2 6324→5299 4508.73117 13.42 14 C→6324
1053.9 3 0.012 3 6324→5270 4654.111 0.023 5 9925→5270
1073.027 0.071 4 C→9760 5269.16217 23.98 24 5270→0
1610.7914 0.059 5 C→9222 5297.82620 17.05 18 5299→0
1678.29325 6.39 7 C→9155 5533.39118 15.72 17 C→5299
1681.22850 1.32 3 C→9152 5562.05921 8.58 10 C→5270
1783.636 0.200 7 C→9050 6322.43316 14.64 18 6324→0
1853.984 0.522 7 9155→7301 7153.44 0.051 6 7155→0
1884.78018 15.07 16 7155→5270 7298.98032 7.54 10 7301→0
1988.4625 0.26 4 8313→6324 8310.15639 3.31 7 8313→0
1999.67927 3.30 4 9155→7155 8568.64 0.056 5 8571→0
2002.3 4 0.19 4 7301→5299 9046.7117 0.163 9 9050→0
2030.8 4 0.056 12 7301→5270 9148.959 1.19 5 9152→0
2247.4 5 0.012 3 8571→6324 9151.97 0.12 3 9155→0
2261.8310 0.062 4 C→8571 9219.511 0.015 6 9222→0
2293.1516 0.036 4 7564→5270 9757.15 0.045 5 9760→0
2520.44322 4.48 7 C→8313 9921.33 0.102 8 9925→0
2726.0 5 0.016 4 9050→6324 10 061.95 0.046 5 10 065→0
2830.80536 1.37 3 9155→6324 10 697.817 0.008 4 10 702→0
2898.4 5 0.018 4 9222→6324 10 829.11059 11.5 5 C→0

aIn our notation, 131.447[131.4460.07, 3013.5510[3013.5560.10, etc.
bIn our notation, 0.0153[0.01560.003, 0.52117[0.52160.017, etc. Multiply by 1.245 to obtain photons per 100 thermal neut
captures.
cSee also Table II. The symbolC denotes the capturing state at 10 833 keV.
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precise values of the resonance parameters of the just-b
229-keV level, as well as of some other influential leve
can be found by carrying out a multilevel analysis of t
neutron total cross-section data up to an energy of abo
MeV. The relevant levels affecting thes-wave neutron cross
section can be found in Table V. The neutron-resonance
rameters listed there are from a preliminaryR-matrix analy-
sis @53# of several data sets including recent14N1n total
cross-section data obtained at the Oak Ridge Electron Lin
Accelerator~ORELA! @54#.

A sharp resonance at 434-keV neutron energy has b
found @54# to haveJ5 7

2, and it is probably ad-wave reso-
nance. Other important information on the levels govern
the neutron cross sections of14N can be derived from the
14C(p,g) and 14C(p,n) reactions. These reactions provid
values of the reduced-width amplitudes for proton emiss
to the ground state of14C, the only significant particle chan
nel other than the neutron channel.

Our independent analysis of the neutron total cross s
tion is based on the reducedR-matrix theory with two chan-
nels; in this theory, the total cross section is described b
nd
,

1

a-

ar

en

g

n

c-

sn,tot52p|2(
Jp

gJ~12ReUnn
Jp

! ~3!

and the neutron-induced proton emission cross section b

sn,p5p|2(
Jp

gJuUnp
Jp

u2, ~4!

where| is the de Broglie wave length~divided by 2p!, gJ is

the spin-weighting factor, andUab
Jp

is the collision matrix
element for entrance channela and exit channelb and for
total spin and parityJp; it is given by

Uab5exp~2 ifa!@12~S2B1 iPR!#21

3@12~S2B2 iPR!#ab exp~2 ifb!, ~5!

in which thec,d element~c,d also denoting channels! of the
reducedR-matrixR is
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TABLE II. Level scheme of15N from this work.

E ~level!a

~keV! Jpb Deexcitingg raysc
SI g ~in!a

~mb!
SI g ~out!a

~mb!
SI g ~in-out!a

~mb!

0.0 1
2

2 79.8 7 79.8 7
5270.16413 5

2
1 5269.162 24.3919 23.98 28 0.4 3

5298.82415 1
2

1 5297.826 17.1318 17.05 18 0.1 3
6323.85813 3

2
2 6322.433, 1053.9, 1025.2 15.1215 14.66 18 0.46 24

7155.08916 5
2

1 7153.4, 1884.780, 831.22 14.9614 15.15 16 20.19 21
7300.88518 3

2
1 7298.980, 2030.8, 2002.3 7.819 7.79 11 0.03 15

7563.5315 7
2

1 2293.15 0.0499 0.036 4 0.013 10
8312.63520 1

2
1 8310.156, 3013.55, 1988.46, 1011.68 4.487 4.20 9 0.28 11

8571.204 3
2

1 8568.6, 3300.74, 2247.4 0.1777 0.189 11 20.012 14
9049.586 1

2
1 9046.71, 2726.0 0.2007 0.179 10 0.021 12

9151.975 3
2

2 9148.95, 3880.9 1.343 1.23 6 0.11 6
9154.93418 5

2
1 9151.9, 3884.20, 3855.60, 2830.805, 6.407 6.54 7 20.14 10

1999.679, 1853.98, 583.75
9222.4814 1

2
2 9219.5, 3923.9, 2898.4 0.0595 0.063 10 20.004 12

9760.267 5
2

2 9757.1, 608.3 0.0714 0.063 6 0.008 7
9924.885 3

2
2 9921.3, 4654.1, 770.4 0.1294 0.133 10 20.004 11

10 065.457 3
2

1 10 061.9 0.0503 0.046 5 0.004 6
10 450.3d 4 5

2
2 0.006 2 0.006 2

10 701.87d 7 3
2

2 10 697.8 0.0153 0.008 4 0.007 5
10 833.314e 12 1

2
1
, 3
2

1 10 829.110, 5562.059, 5533.391, 80.96 280.9 6
4508.731, 3677.737, 3531.982, 3269.2,
2520.443, 2261.83, 1783.63, 1681.228,
1678.293, 1610.79, 1073.02, 908.41,

767.84, 383.0, 131.44

aIn our notation 5270.16413[5270.16460.013, 79.87[79.860.7, etc.
bSpin and parity assignments for all levels from Ref.@42#.
cSee Table I for intensity values.
dProton unbound.
eCapturing state.
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Rcd5Rcd
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l
gl~c!gl~d! /~El2E2 iGl,abs/2!. ~6!

In Eq. ~5!, fa andfb are the hard-sphere scattering pha
shifts for thea,b channels,P andS the vector matrices with
the penetration and shift factors, respectively, for the neut
and proton channels as elements; these are appropria
channel radiusac and orbital angular momentuml implied
by the Jp of the compound-nuclear state andIp of the re-
sidual nucleus in the appropriate channel, as well as to
the electric charges of the particles in the channel.~For fur-
ther details, see Lane and Thomas@55#.! The quantities in
Eqs. ~5! and ~6! carry an implicit dependence onJp and,
hence, onl . The reducedR-matrix R depends only on the
levels that carry its impliedJ andp. These levels are define
by the internal nuclear Hamiltonian and the boundary con
tions B imposed at the channel radius. The extra-level
rameterGl,abs in Eq. ~6! is the ‘‘absorption’’ width into all
channels other than the neutron and proton channels. In
14N1n case these comprise the radiation channels.
In the analyses described below, the distant level par

etersRcd
` are assumed to be zero forcÞd and for the proton

channel. Some allowance can be made for inadequate re
sentation of levels near or within the fitted energy range
giving an energy variation to theRnn

` parameter:
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TABLE III. Energies and intensities~photons per 100 neutron
captures! of strongg rays in the reaction14N ~thermaln,g!. In our
notation, 1678 29325[1678 293625, 7.969[7.9660.09, etc.

This work
Los Alamos

Ref. @24#
McMastera

Eg ~eV! I g ~%! Eg ~eV!b I g ~%!

1678 29325 7.96 9 1678 17455 7.23 18
1884 78018 18.77 20 1884 87921 18.66 25
1999 67927 4.11 5 1999 70886 3.99 9
2520 44322 5.58 9 2520 41815 5.79 7
2830 80536 1.71 4 2830 80970 1.73 3
3531 98220 8.94 11 3532 01313 9.24 9
3677 73717 14.52 16 3677 77217 14.89 15
4508 73117 16.71 17 4508 78314 16.54 17
5269 16217 29.86 30 5269 16912 30.03 20
5297 82620 21.23 22 5297 81715 21.31 18
5533 39118 19.58 21 5533 37913 19.75 21
5562 05921 10.68 12 5562 06217 10.65 12
6322 43316 18.23 22 6322 33714 18.67 14
7298 98032 9.39 12 7298 91433 9.73 9
8310 15639 4.12 9 8310 14329 4.22 5
10 829 11059 14.3 6 10 829 08746 13.65 21

aThis study detectedg rays only in the pair spectrometer mode.
bBased on an assumedSn510 833.30260.012 keV@34#.
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TABLE IV. Spectroscopic factors for levels in15N from the (d,p) reaction.

E ~level!a

~keV! Jpb

Phillips and Jacobs@45#
Ed57, 8, and 9 MeV

S( l )

Amokraneet al. @46#
Ed53 MeV

S( l )

Kretschmeret al. @47#
Ed510 MeV

S( l )
Adopted
S( l )

Adopted
S( l )

0.0 1
2

2 1.3060.04 (l51) 1.4560.15 (l51) 1.4560.15 (l51)

5270.16413 5
2

1
,0.05 (l52) ,0.22 (l52) ,0.05 (l52)

5298.82415 1
2

1 H,0.05 ~ l52!

,0.03 ~ l50!
,0.03 (l50) ,0.03 (l50)

6323.85813 3
2

2 0.1060.02 (l51) 0.1160.03 (l51) 0.1160.03 (l51)

7155.08916 5
2

1 0.8860.03 (l52) 0.9260.07 (l52) 0.9260.07 (l52)

7300.88518 3
2

1 H0.0760.05 ~ l52!

0.8960.04 ~ l50!

0.0760.04 (l52)
0.8960.05 (l50)

0.0760.04 (l52)
0.8960.05 (l50)

7563.5315 7
2

1 0.8760.01 (l52) 0.8760.01 (l52)

8312.63520 1
2

1 H ,0.09 ~ l52!

1.0260.04 ~ l50!

0.1160.05 (l52)
0.7760.08 (l50)

0.1160.05 (l52)
0.7760.08 (l50)

8571.204 3
2

1 H0.1260.03 ~ l52!

0.0260.01 ~ l50!

0.1260.05 (l52)
0.0560.03 (l50)

0.1260.05 (l52)
0.0560.03 (l50)

9049.586 1
2

1 0.15 (l50) 0.15 (l50)

9151.975 3
2

2 0.032 (l51) 0.032 (l51)

9154.93418 5
2

1 0.13 (l52) 0.13 (l52)

9222.4814 1
2

2 0.045 (l51) 0.045 (l51)

9760.267 5
2

2 0.021 (l51) 0.021 (l51)

9829 3 7
2

2

9924.885 3
2

2 H0.043 ~l52!d

0.054 ~l50!d

10 065.457 3
2

1 H0.4860.08 ~ l52!

0.3260.08 ~ l50!

0.64 (l52)
0.15 (l50)

0.4860.08 (l52)
0.3260.08 (l50)

10 450.3c 4 5
2

2 0.0082 (l51) 0.0082 (l51)

10 533.5c 5 5
2

1 1.0660.01 (l52) 1.0660.01 (l52)

10 693.2c 3 9
2

1

10 701.87c 7 3
2

2 H0.0660.03 ~ l52!d

0.0260.03 ~ l50!d

10 804c 2 3
2

1 0.1360.01 (l51)d

aIn our notation 5270.16413[5270.16460.013, 5298.82415[5298.82460.015, etc.
bSpin and parity assignments for all levels from Ref.@42#.
cProton unbound.
dThesel values are not compatible with the adoptedJp.
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` 5C1D~E2E1/2!, ~7!

whereE1/2 is an arbitrarily chosen pivotal energy~usually
the midpoint of the range!.

The channel radiusac and boundary conditionBc for a
given channelc are arbitrary parameters inR-matrix theory,
except for the condition thatac should be placed beyond th
range of significant nuclear forces. In the case of neutros
waves, this constraint is not important in practice and,
convenience, a value close to the optical-potential radiu
usually chosen. Even for other channels this condition can
overridden to some extent. To obtain realistic energy dep
dence of the proton-channel penetration factor, a channe
dius is adopted that is close to the radius of the Woo
Saxon potential for14N. The smooth tail of the real potentia
well is added to the Coulomb and centrifugal potentials
r
is
e
n-
a-
-

order to make numerical calculations of both the penetra
and shift factors.

The R-matrix eigenvaluesEl differ from the energies
ER of isolated resonances:ER5El2Dl , where the level
shift Dl5Sc(Sc2Bc)gl(c)

2 . The boundary conditionBc ~the
logarithmic derivative of the compound-nuclear wave fun
tion projected on thec channel wave function! imposed at
ac on the internal eigenfunctions~and their eigenvaluesEl!
is usually chosen so that theEl values coincide as nearly a
possible with the resonances in the cross section. In the
of levels open tos-wave neutrons and with small proto
reduced widths, this procedure is achieved with the choice
Bn( l50)5Sn50; for higher orbital angular momenta or fo
charged-particle channels,Bc is chosen to be equal to th
shift factorSc at the neutron-separation energy.

With this prescription forBc , theR-matrix eigenvalues
below the neutron separation energy of15N do not coincide
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TABLE V. Known resonances in14C1p and 14N1n. Data on the proton resonances are from Refs.@26–33, 49–51#. The neutron
resonance parameters are from a preliminaryR-matrix analysis@53# of all available data including recent total cross-section data@54#. The
uncertainty analysis is unavailable at this time, but a rough idea of the uncertainties in the neutron resonance parameters can b
from those listed in Ref.@41#.

Ep ~lab!a or
En ~lab!a

~keV!
Ex(

15N)
~keV! Jp

Ep ~c.m.! or
En ~c.m.!

~keV!
Ex(

15N)2Sn
~keV!

Gp
b

~keV!
Gn

~keV! @(2J11)/2#GpGg /G

~a! Resonances in14C1p
260 10 449.760.3 5

2
2 242 2384 (0.0860.01)31026 (0.2960.05) meV

349 10 533.360.5 5
2

1 326 2300 (3766) meV

521 10 693.260.3 9
2

1 486 2140 (0.4960.10)31026 (3.160.5) meV

530 10 701.960.3 3
2

1
or 3

2
2 494 2131 ;0.2 (0.8460.13) eV

640c 10 80462 3
2
(1) 597 229 (0.2260.10)31023 (0.2760.04) eV

1162 11 29162 1
2

2 1084 458 5.6

1319 (11 437.660.4)d 1
2

1 1231 605 6.860.5

1509 (11 61564)e 1
2

1 1408 782 40167

1668 11 76363 3
2

1 1556 930 0.5

1788 11 87563 ~32!
2 1668 1042 0.03

1884 11 96563 1
2

2 1758 1132 0.3

~b! Resonances in14N1n
434 11 238 7

2
1 405 405 ,0.1 2.4

491 11 291 1
2

2 458 458 5.3 1.8

611 11 403e 1
2

1
, T5

3
2

570 570 250 ,5

634 11 425d 1
2

1 591 591 11 26.0

1000 11 766 3
2

1 933 933 0.6 33.7

1117 11 875 5
2

2 1042 1042 ,0.2 15.5

1185 11 938 5
2

1 1105 1105 ,0.2 1.3

1210 11 962 1
2

2 1129 1129 0.4 11.4

aFor an independent evaluation ofEp ~lab! andEn ~lab! values, see Tables 15.11 and 15.13, respectively, of the latest compilatio
Ajzenberg-Selove@41#.
bThea widths are negligible compared to the proton widths up to an excitation energy of 13 MeV.
cThe directly measuredEp ~lab! value of 63561 keV @28,30,33# for this resonance disagrees with 64062 keV deduced from the measure
excitation energy of 10 80462 keV @32# given in the next column. The conclusions of this paper are relatively unaffected by this ch
dThe 11 438-keV level seen in14C1p and the 11 425-keV level seen in14N1n are probably the same. This is a broad level.
eThe 11 615-keV level seen in14C1p and the 11 403-keV level seen in14N1n are probably the same. This is a very broad level.
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with the neutron-bound statesEl8 ~seen in the12C1p reac-
tion! that influence the low- energy neutron cross section,
latter having a natural boundary condition in the neutr
channel equivalent toBn52k(El8)a, giving rise to a level-
shift contribution of 2k(ER8 )agl(n)

2 . Here, k(El8)
5A2M uEl8 u/\2, M being the reduced mass o
neutron1target. For levels with large reduced proton width
even larger contributions to the level shifts can occur fr
the energy dependence of the proton shift factor.

The reduced neutron widths of many of the negati
energy ~s-wave! R-matrix levels were estimated from th
spectroscopic factors of the corresponding bound st
~when available!; this was done for most of the states up
an excitation energy of 9.5 MeV in15N. The reduced widths
of schematic single-particleR-matrix levels were first calcu
lated as a function of binding energy for a potential
Woods-Saxon shape with parameters appropriate for14N,
the binding energy being varied by changing the poten
depth. The single-particle reduced width thus calculated
e
n

,

-

es

f

l
at

the binding energy of the appropriateR-matrix level was
then multiplied by the spectroscopic factor of the cor
sponding bound state. Reduced widths, level shifts,
R-matrix binding energies were calculated in an iterat
process starting from the energies of the bound statesEl8 . In
the discussion below, the proton resonances belowSn(

15N)
~the ‘‘bound levels’’! are referred to by their energiesEl8 or
(El82Sn) in the center-of-mass system.

The spins and parities of most of the neutron-boundJp

5 1
2

1
, 32

1
levels seem to be well determined. Two of the lea

certain assignments, however, belong to levels that con
us most. One of these at229 keV has already been men
tioned. The other is a resonance at 494 keV observed in
14C(p,g) reaction. This level is bound by 131 keV again
neutron emission. The spin of this level is32 , but conflicting
attributions have been made for its parity. Hebbard and D
bar @28# assign positive parity from proton elastic scatteri
measurements and compilations prior to 1976~see footnote
1! show this assignment, but later compilations@42# show
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negative parity based on the unpublished work of Beuk
@32#. The partial widths of the229-keV level account only
for ;10% of the~thermaln,p! cross section. The 131-keV
level has a large proton width~;200 eV @42#!, and a
positive-parity assignment would account for the major p
tion of the ~thermaln,p! cross section.

In our R-matrix analysis ~in which the level at
2131-keV is included as a32

1
state! all knownJp5 1

2

1
and

Jp5 3
2

1
bound states were included explicitly. The reduc

neutron widths of the states below 9.5-MeV excitation e
ergy were held at the fixed values determined using
(d,p) spectroscopic factors. Qualitative information on t
reduced neutron widths of the higher-lying states can
found in the literature on the (d,p) reaction. Phillips and
Jacob@45# find stripping cross sections to the 10 702- a
10 804-keV states that are only a small fraction of that to
7301-keV state. In more recent work, Piskorˇ and Scha¨ferlin-
gová @56# make no mention of states between 10.07 a
11.23 MeV, again indicating weak stripping cross sectio
and, therefore, small reduced neutron widths. By contr
the 2767-keV level~excitation energy 10 066 keV! shows
up as quite a strong state with a cross section perhaps a
half that of the 7301-keV state@45,56#. In Ref. @45# its strip-
ping pattern is described as a mixture ofl52 andl50, with
an attempt made at assigning the relative weight of the s
troscopic factors.

Information on the reduced proton widths of the tw
weakly ~neutron-!bound levels and some of the unbound le
els can be obtained from the14C1p reactions. The proton
widths Gp recommended in Ref.@42# for the 229- and
2131-keV levels are listed in Table V. Measurements
Bartholomewet al. @26# of the (p,n) and (p,g) yields over
the two nearly overlapping and strongly interferingJp5 1

2

1

resonances in the 1.1–1.5 MeV proton energy region~0.5–
0.9 MeV neutron energy! have been analyzed by Fergus
and Gove@27# to yield proton and neutron reduced wid
amplitudes. Because of the large value of its reduced pro
width, the2131-keV level makes an important contributio
to the ~thermaln,p! cross section of14N. This contribution
can be enhanced by the sign relationships of the redu
width amplitudes of theJp5 1

2

1
levels that give constructive

interference between their contributions to that cross sect
Therefore, the measured~thermal n,p! cross section~snp
51.8360.03 b @57#! can be used to constrain the possib
values of the reduced neutron width of the2131-keV level.

The remainingR-matrix parameters, including the impo
tant reduced neutron width of the229-keV level, were de-
duced by least-squares analysis of the neutron total c
section~data of Harvey and co-workers@54# averaged in en-
ergy bins of varying widths!, the thermal-neutron-scatterin
lengths, and the~thermaln,p! cross section, the (n,p) cross-
section data of Morgan@58# up to 1 MeV neutron energy
and some (n,p) cross-section data@59,60# at lower neutron
energies. After trial adjustment of some of the more dist
levels, such as theJp5 3

2

1
resonance at 1 MeV, a best fit t

the reduced neutron width amplitudes of the levels at229
and 2131 keV and to theR3/2

` parameter gave us the fi
shown in Fig. 5 with the parameters listed in Table VI.
spite of the small proton reduced width of the229-keV
level ~denoted byl!, the interference of this level with th
s
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e

e

d
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t,

out
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y

n

ed
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ss

t

contribution of the2131-keV level~denoted bym! has an
appreciable effect on the~thermaln,p! cross section. Thus
the assumption about the relative signs of the reduced pr
width amplitudes of these two levels has a marked effect
the resulting value of the reduced neutron width of the low
level. Acceptable fits can be found for a range of values
the neutron widths of these two levels, the correlation be
~units in keV!

gm~n!
2 5~50929.6gl~n!

2 !. ~8!

Uncertainties in the reduced width amplitudes of the ma
neutron resonances up to 1 MeV are;1%.

In the above analysis, the assumption has been made
the2131-keV level hasJp5 3

2

1
. The positive-parity assign

ment was made by Hebbard and Dunbar@28#, who observed
an anomaly in the14C(p,p) elastic scattering which could b
explained if this resonance were ad wave. However, accord
ing to Beukens@32#, the positive-parity assignment should b
ruled out because it would lead to a prohibitively largeM2
strength of 1564 Weisskopf units for the transition to th
9222-keV,12

2
level. We believe strongly that the32

1
assign-

ment is correct because the229-keV level on its own falls
short of explaining the low-energy14N(n,p) cross section
by at least one order of magnitude. Nevertheless, in the
lowing analysis of the neutron-captureg-ray data, we do
consider the possibility that the2131-keV level has nega
tive parity and does not contribute to thes-wave neutron
cross sections. We note here that to fit the total cross-sec
data in this case, the reduced neutron width amplitude of
229-keV level becomes 235 eV1/2.

IV. PRIMARY E1 TRANSITIONS

Direct ~thermaln,g! can be described in simple terms
the transition from the orbit of a neutron being scattered b
smooth potential field to the single-particle component of
bound final state. The important fact that makes this proc
rather precisely calculable is the location of the major par
the integrand of the radial matrix element beyond the nuc
potential radius~‘‘channel capture’’ @1#!. Here the wave
functions involved can be rather accurately constructed, u

FIG. 5. Total neutron cross section of14N fitted with the param-
eters of Table VI.
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TABLE VI. Resonance parameters for the total neutron cross section and spin-state neutron scattering lengths of14N over the neutron
energy range 0–1 MeV. The channel radiusac54.0 fm. The ‘‘pivot’’ energyE1/2 for Eq. ~7! and for evaluation of boundary conditions
zero. The absorption widthGabs is assumed to be 0.5 eV. EigenvaluesEl are given in the laboratory frame.

Jp C D (eV21) El ~keV! gl(n) (eV
1/2) gl(p) (eV

1/2) Gl(n) ~keV! Gl(n)
0 ~eV! Gl(p) ~keV!

1
2

1
20.57 231027 25933 47a 3.6

23210 394b 254
21906 50a 47

635 154 259 30.8 39 6.23
890 50c 408c 3.87 4.1 400

3
2

1 0.024 20.000 24301 543b 483

22462 167b 46
2830 467d 358
2175 122 735e 24 0.17
242 227 12 84.5 1.231024

998 163 2115 43.5 43.5 34.9
1250 373 ;0 255 228 ;0

1
2

2 ;0.000 ;0.000 501 82 158 0.98 6.56
3
2

2 ;0.000 ;0.000 1116 185 70 12.7 4.4
7
2

1 ;0.000 ;0.000 470 577 108 1.86 0.13

aAssumed value; negligible or smalll50 (d,p) strength~see Table IV!.
bFrom (d,p) spectroscopic factor~see Table IV!.
cWidth parameter from Table V.
dAssumed value from qualitative indications of the (d,p) strength@45#.
eFrom (p,g) reactions@33#.
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ally from a knowledge of the neutron-scattering length,
binding energy, and the single-particle spectroscopic fa
of the final state. The wave functions can be refined by c
culating them within the framework of an optical mod
@1,2#. A by-product of this calculation arises from the imag
nary part of the optical potential, yielding a cross-sect
component proportional to the valence-radiation stren
function. Valence radiative capture is the resonance an
of the off-resonance direct capture@61,62#.

The formal theory of direct capture is described in Re
@1,2,62,63#, and methods for calculating direct-capture cro
sections from the optical model to compare with experim
tal data are given in Refs.@2,4,6#. In Refs.@4# and @6# two
useful practical methods were developed. In the first meth
the parameters of the global optical potential are modifi
within reasonable physical limits, to reproduce the act
slow-neutron-scattering length of the target nucleus. For
final state, the well depth of the real component of the opt
potential is modified so that the single-particle final state
its eigenvalue equal to the binding energy of the actual fi
state of the compound nucleus. The radiative transit
strength is computed from the radial matrix element form
between the wave functions of scattering and bound stat
these two potentials and multiplied by the spectroscopic
tor of the actual final state. This method is known as
specialized (S) optical-potential method.

In the second method, the initial-state-scattering wa
function is calculated without modifying the global optica
potential parameters, except that the real potential for
final state eigenfunction is still varied to give the requir
binding energy. The discrepancy between the compu
neutron-scattering length~the potential-scattering length! and
the experimental value is attributed to the influence of one
e
or
l-

n
h
og

.
s
-

d,
,
l
e
l
s
l
n
d
of
c-
e

e

e

d

r

more local resonance levels~bound or unbound!. A valence
radiative component proportional to this difference is add
to the potential-capture amplitude calculated from the glo
optical potential. The valence radiation width is derived fro
an imaginary term in the dipole radial matrix element th
arises from the presence of the imaginary component of
optical potential. The direct-capture cross section thus ca
lated is known as the global1valence (G1V) result. Our
experience with the two methods is that their results n
mally agree to within a few percent.

For the Jp5 3
2

1
scattering state of14N1n, it turns out

that the contribution from the valence amplitude is mu
greater in magnitude than that from potential capture. B
cause of the greater modeling uncertainties in extracting
valence component from the optical-model calculation,
(S) method for calculating the direct-capture component
been relied upon in this work. The parameter chosen to v
to reproduce the scattering lengths is the real potential de
For this type of variation to succeed in reproducing theJ5
3
2 scattering length without altering the global potential r
dius or surface diffuseness parameter, the imaginary com
nent of the optical potential was set to zero. This proced
should realistically represent the scattering in the region
yond the potential radius where the contribution to the rad
component of theE1 matrix element is by far the major one
For these (S) calculations the modified Moldauer paramete
@2,52# are used for the global optical potential. The results
our calculations for theE1 primary transitions in15N are
compared with measurements in Table VII.

In view of the previous success of the direct-captu
theory in explainingE1 capture cross sections in the 0p
shell @4,13#, not to mention the general success of the the
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TABLE VII. Direct-capture cross sections for primaryE1 transitions in the14N(n,g) reaction. Calculations use the experimen
scattering lengthsaJ51/256.3 fm andaJ53/2510.0 fm. The calculated neutron strength functionGn

0/D is 2.00331024. Columns 1, 2, 3, and
4 give the energy,Jp value, transferredj value, and thel51 (d,p) spectroscopic factor multiplied by (2J11) for the final state,
respectively. Column 5 is the primary transition energy. Column 6 is the average valency capture width and column 7 the potentia
cross section, both calculated using the specialized optical model. The entries in column 6 do not include the spin-coupling facto
spectroscopic factor; those in column 7 do. Column 8 is the calculated cross section using the specialized optical-model (S) procedure. The
measured cross sections are given in column 9. Finally, column 10 gives the hypothesized compound-nuclear contributions deduce
differences between column 8 and column 9 via Eq.~9!; they are presented as two alternative values separated by a solidus.

Ef

~keV! Jp j
(d,p)

(2J11)S
Eg

~keV!
Gg,val /DEg

3

(1027 MeV23)
spot,g

~mb!
sdir,g(S)

~mb!
sexp,g

~mb!
sCN,g

~mb!

0 1
2

2 1
2 2.90 10 829 0.181 0.16 280.4 11.55 178/405

6324 3
2

2 3
2 0.44 4509 0.978 0.74 5.47a 14.64 18 2.2/38

3.68b 3.6/33
1
2 0.770 0.52 9.15 0.6/47

9152 3
2

2 3
2 0.13 1681 2.400 0.44 0.14a 1.32 3 0.6/2.3

2.130 0.43 0.14b

9222 1
2

2 3
2 0.09 1611 2.519 0.31 0.14a 0.059 5 0.02/0.4

2.238 0.30 0.14b

9760 5
2

2 3
2 0.13 1073 3.808 0.11 0.06a 0.071 4 0.00/0.3

0.11 0.06b

9925 3
2

2 3
2 908 4.094 9.23S 3.373Sb 0.129 4

10 450 5
2

2 3
2 0.05 383 9.775 0.006 0.013b 0.006 2 0.00/0.04

10 702 3
2

2 3
2 131 28.16 1.83S 1.303Sb 0.015 3

aAssumed 0p3/2 final-state single-particle character.
bAssumed 1p3/2 final-state single-particle character.
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when applied to (A,50) nuclides@1,6#, it is surprising to
see the apparent failure of the theory@compare the
sdir,g(S) and sexp,g columns of Table VII# in the current
case. For the transition to the ground state, which has
almost pure 0p1/2 configuration, the measured cross sect
is only about 125 of the theoretical cross section, while for th
transition to the 6324-keV state, the measured cross sec
is 1.5 to 4 times greater than theory suggests. If the influe
of compound-nuclear components in the transitions is
sponsible for these discrepancies, the relation

sCN,g5@sdir,g
1/2 6sexp,g

1/2 #2 ~9!

can be used to infer that the compound-nuclear compo
has to be of similar magnitude to the direct component. I
noted also that the totals of both the calculated direct-cap
cross sections and the apparent compound-nuclear ca
cross sections are much greater than the experimental v
of the total capture cross section. Further analysis of the
of compound-nuclear capture can be made using the
mated properties of the bound levels from Sec. III B. T
analysis is postponed to Sec. VI following our analysis of
M1 transitions in the next section which yields more info
mation on bound-level properties.

V. PRIMARY M1 TRANSITIONS

The cross sections of ten primaryM1 transitions~com-
pared to eight primaryE1 transitions! have been measured i
the 14N ~thermaln,g! reaction. The average cross section
theM1 transitions is actually greater than that of theE1 by
n
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a factor of 2. This is the strongest example to date of
nonconformance of slow- and resonance-neutron cap
with the multipolarity rules of Blatt and Weisskopf@64#.

With the expectation, and observation in (d,p) reactions,
that the 1s1/2 single-particle neutron state is bound by a fe
MeV in 15N, it is tempting to test the magnetic-dipole ve
sion of direct-capture theory against the data. DirectM1
neutron capture can only be a spin-flip process with no
bital angular momentum change involved. It depends for
existence on the scattering and final states being contro
by rather different potential fields.

The calculation of the directM1 capture cross section i
identical to the procedure forE1 in either the (S) or
(G1V) methods~see Sec. IV!, except that theE1 operator
rY1M „see Eq.~13! of Ref. @8#… is replaced by theM1 op-
erator. The simple form for this operator for a neutron~mag-
netic momentmn in nuclear magnetons! impinging on the
potential field provided by a target nucleus with magne
momentm I is

HM1,M8 5
e\

2mc F 34pG12Fm I IM
I

1
mnsn,M

s G . ~10!

Heree is the proton charge,m the nucleon mass,c the ve-
locity of light, I the target-nucleus spin operator,M the
polarization quantum number, ands the Pauli spin operato
for the neutron. From this expression the reduced matrix
ement for the spin factor can be computed, while the rad
matrix element is simply the integral of the product of t
initial state radial wave functionXl and the final state radia
wave functionFm projected on the single-particle channe
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TABLE VIII. Direct-capture cross sections for primaryM1 transitions in the14N(n,g) reaction. Columns 1, 2, 3, and 4 give the energ
Jp value, transferredl value, and the (d,p) spectroscopic factor multiplied by (2J11) for the final state, respectively. Column 5 is th
primary transition energy. Column 6 is the average valency capture width and column 7 the potential capture cross section, both
using the specialized optical model. The entries in column 6 do not include the spin-coupling factor and the spectroscopic factor
column 7 do. Column 8 is the calculated cross section using the specialized optical-model (S) procedure. The measured cross sections
given in column 9.

Ef

~keV! Jp l
(d,p)

(2J11)S ( l )
Eg

~keV!
Gg,val /DEg

3

(1029 MeV23)
spot,g

~mb!
sdir,g (S)

~mb!
sexp,g

~mb!

5270 5
2

1 2 ,0.3 ~2! 5562 0.141 8.5810

5299 1
2

1 012 ,0.06 ~0! 5533 0.143 ,2031026 ,0.38 15.7217

7155 5
2

1 2 5.5 ~2! 3678 0.181 11.6613

7300 3
2

1 012 3.6 ~0! 3532 0.186 0.11 7.31 7.189

8312 1
2

1 012 1.54 ~0! 2520 0.226 0.10 1.35 4.487

8571 3
2

1 012 0.2 ~0! 2262 0.241 0.009 0.108 0.0624

9050 1
2

1 0 0.30 ~0! 1784 0.276 0.020 0.081 0.2007

9155 5
2

1 2 0.78 ~2! 1678 0.286 6.397

10 066 3
2

1 012 1.3 ~0! 768 0.439 0.032 0.027 0.0503

10 533 5
2

1 2 6.4 ~2! 300 ,0.01
al
we

(
ca

Th

n
th

m
i-
pt

V
in

se

a
tu
t

a
bu
io
in
2

ur

t

to

ib-
ion

the

li-

-
e
the

the
ns

n
e
dth

the

tion
h,

ded
In the current calculations, the modified Moldauer optic
model parameters are used. For the initial state, the
depth of246 MeV is used in the (G1V) method, but it is
adjusted to reproduce the scattering length in theS)
method; in the latter, the imaginary component of the opti
potential is set to zero. For the final state, the well depth
adjusted to reproduce the binding energy of the state.
magnetic moment for14N is 0.4038 nuclear magnetons@42#.

The calculated direct-capture cross sections are show
Table VIII and compared therein with the data. Three of
strongest measured transitions are toJp5 5

2

1
final states at

5270, 7155, and 9155 keV which can only be formed fro
single-particle states withl52 and, therefore, have zero d
rect cross sections. For the same reason, the direct-ca
cross section of the transition to the 10 533-keV,5

2

1
state is

also zero. The strongest cross section of all primaryM1
transitions is for the 5533-keV transition to the 5299-ke
1
2

1
state, but this state is reported as having no clear stripp

pattern@45# and, in any case, it has a very small (d,p) spec-
troscopic factor. Consequently, the direct-capture cross
tion of the 5533-keV transition must be very small.

For all five of the remaining transitions to the states
7301, 8313, 8571, 9050, and 10 065 keV, the direct-cap
cross sections can be calculated; there is semiquantita
agreement~compare the last two columns of Table VII! with
the experimental values. It can be concluded that direct c
ture may be playing a significant role in these transitions
not a dominant one. The evidence of the strongest transit
is that theM1 giant resonance, involving a cooperative sp
flip between the 0d3/2 and 0d5/2 subshells at an energy of
to 5 MeV, could be playing a major role.

That theM1 transitions from~thermaln,g! are governed
more by the229-keV level~the 640-keV proton resonance!
rather than by a dominant admixture of direct capture is f
ther demonstrated by using information from the14C(p,g)
reaction. From the resonance parameters that govern
14N neutron cross section~see Table V!, it is seen that the
229-keV level will dominate the resonance contribution
-
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the thermal-capture cross section; no other level will contr
ute more than a few percent, assuming similar radiat
widths, apart from possibly the2131-keV level. If the
2131-keV level has positive parity as assumed in
R-matrix analysis of Sec. III B, itsJ5 3

2 character allows an
amplified effect through interference with the capture amp
tude from the229-keV level.

To evaluate the contribution from the229-keV level, the
data used are~i! Gl(p)Gl(g) /Gl5135620 meV @33#, ~ii !
Gl(g) /Gl50.5520.15

10.25 @65#, and~iii ! the primary captureg-ray
spectrum@33#. The combination of~i! and ~ii ! gives Gl(g)

53002110
1470 meV for the total radiation width of this reso

nance, the bulk of the uncertainty coming from th
Gl(g) /Gl measurement. Using the spectral information,
partial radiation widths for the primaryM1 transitions can
be determined.

The nondirect transitions to the threeJp5 5
2

1
final states

are examined first, neglecting the possible influence of
2131-keV level. From the thermal-neutron cross sectio
~assuming them to arise from only the spin3

2 initial state!, the
partial radiation widths~the compound-nuclear radiatio
widths of the229-keV level! for these transitions can b
calculated as a function of this level’s reduced neutron wi
using the formula

sg~CN!,l5p|2gJGln~ th!Glg~CN!,i /El
2 ~11!

for the cross section of thei th transition, whereGln(th)
52kagl(n)

2 is the neutron width of the levell at thermal-
neutron energy. These partial widths can be divided by
respective spectral abundances in the229-keV 14C(p,g)
resonance to determine three values of the total radia
width. Within the likely range of the reduced neutron widt
they are in agreement with each other~within two or three
standard deviations!, but are a little higher than the~broad!
estimate of the total radiation width from the (p,g) data
discussed above. From this spectral analysis, it is conclu
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that the likely value of the total radiation width ranges fro
about 1000 meV ~if the reduced neutron width is
;49 keV! to about 900 meV~if the reduced width is
;53 keV!.

The transitions to theJp5 3
2

1
andJp5 1

2

1
final states are

examined next, ignoring at first the direct component. W
the same treatment as above, results are obtained that a
substantial agreement among the three transitions for w
all the relevant data are available, but the total radiat
widths lie about 25% lower than those from the transitions
the Jp5 5

2

1
levels.

Inclusion of the2131-keV level complicates the analy
sis. Fortunately, the total radiation width of this level
known accurately from the14C(p,g) work; it is Gg(tot)
5420665 meV @33#. When combined with the spectra
abundance data, the partial radiation widths can be de
mined. With the value of the reduced neutron width tak
from Eq. ~7!, it is possible to make an estimate of the co
tribution of the2131-keV level to the~thermaln,g! cross-
section amplitudes. Using

sl~g,i !5@sm~g,i !
1/2 6sexp~g,i !

1/2 #2, ~12!

the contribution from the229-keV level can be extracted
which is then analyzed as before. The major effect is on
5562-keV transition to the 5270-keV final state because
transition is very strong in the2131-keV proton resonanc
spectrum. Two branches are now found forGg(tot) corre-
sponding to the interference implied in Eq.~11!. One branch
runs from;400 meV forgl(n)

2 549 keV to;800 meV for
gl(n)
2 553 keV; the other from;1800 to;1000 meV over

the same range. The splitting between the branches foun
the other two transitions is not nearly so great; in fact, it
much less than the uncertainty caused by the experime
uncertainties in the spectral factorf g,i . The branches that ar
in agreement for the three transitions are shown in Fig. 6~a!.

The transitions to the12
1
and 3

2

1
final states are no

strongly affected by the2131-keV level, so further consid
eration of these transitions is deferred to the next section

VI. DIRECT AND RESONANCE INTERPLAY

In a more elaborate way, the primaryE1 transitions in the
14N ~thermaln,g! can be compared with those measured
the 14C(p,g) work. The strengths of the threeE1 transitions
to the 0.0-, 6324-, and 9152-keV levels from the229-keV
proton resonance are@33# (4464), (6.860.7), and (2.9
60.4) %, respectively. These values are to be compa
respectively, with (14.360.7), (16.760.3), and (1.6
60.1) % from the current14N ~thermaln,g! work. The pat-
tern of partial radiation widths that emerges from the~reso-
nancep,g!, after assuming a reasonable value of the to
radiation width, is quite different from that needed to expla
the ~thermaln,g! spectrum. For example, if a total radiatio
width of 600 meV and a reduced neutron width of 50 ke
are assumed, the resonance contribution to the partial cap
cross sections for these threeE1 transitions are 37, 5.7, an
2.4 mb compared, respectively, to the measured values~see
Table I! of 11.5, 13.4, and 1.3 mb. Reference to t
compound-nuclear cross-section entries in Table VII sho
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that the latter values are also quite unlike the resonance
tribution. A likely explanation for these strong differences
that there is a substantial component of neutron valence
plitude in the transitions from the bound level, and this co
ponent interferes with the compound-nuclear amplitude
give the distinctive resonance spectrum that is observed;
spectrum differs from the~thermaln,g! spectrum because o
the interference in (n,g) with the potential-capture ampli
tude. A quantitative analysis of this hypothesis now follow

The procedure used is the following. First, it is assum
that the compound-nuclear process contributes only to
J5 3

2 component of the cross section, the local levels that
influence the capture cross section being only of this sp
The calculated value of theJ5 1

2 direct-capture cross sectio
is then deducted from the experimental value of the cap

FIG. 6. Total radiation width of the229-keV level deduced

from ~a! M1 transitions toJp5
5
2

1
final states,~b! E1 transitions to

Jp5
1
2

1
and Jp5

3
2

1
final states, and~c! M1 transitions toJp

5
1
2

1
andJp5

3
2

1
final states. Allowance has been made for dire

capture in the (n,g) reaction.
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cross section; this is denoted as theJ5 3
2 experimental cross

section. Next, the compound-nuclear cross sectionsg(CN)i
for each transition is deduced from the difference betw
the J5 3

2 direct and experimental capture cross-section a
plitudes @see Eq.~9!#. The two possible values for this ar
very close to those that have already been given in Table
the J5 1

2 direct-capture cross section being very small. Th
a value of the reduced neutron width of the229-keV level is
selected from the range that gives a reasonable fit to the
neutron cross section~see Sec. III!. This selection also im-
plies @from Eq. ~7!# a value for the reduced width of th
2131-keV level. Hence, it is possible to calculate~see be-
low! the value of the valence radiation width for this state
well as for the229-keV state. After using

Gm,g~CN!i
1/2 5Gm,g i

1/2 6Gm,g~val!i
1/2 , ~13!

two possible values can be calculated for the contribution
the compound-nuclear capture cross section resulting f
the2131-keV level acting alone. With this information, fou
possible values can be extracted for the compound-nuc
capture cross section resulting from the229-keV level using

sl,g~CN!i5@sg~CN!i
1/2 6sm,g~CN!i

1/2 #2. ~14!

Hence, the compound-nuclear radiation width can be ca
lated using Eq.~11!. Combining the radiation width ampli
tudes for the valence and compound-nuclear processes u

Gl,g i5@Gl,g~CN!i
1/2 6Gl,g~val!i

1/2 #2 ~15!

and after taking into account the sign correlation of the
lence radiation widths, one finally arrives at four possib
values of the resonance radiation width for thei th transition.
Division by the spectral fractionf g,i gives an estimate of the
total radiation width. If our hypothesis is correct, the
should be for all transitions a common pair of values of
reduced neutron width and the total radiation width.

The valence radiation width is fully correlated with th
reduced neutron width of the level@61#, as well as with the
final-state spectroscopic factor, and hence may be calcul
accurately. The method used for this calculation is that
scribed for discreteR-matrix levels in Ref.@2#. In the current
case, thes-waveR-matrix single-particle state is calculate
with a boundary condition at the channel radius appropr
to the thermal-neutron energy and placed at the binding
ergy of229 keV by adjustment of the potential depth. T
ratio of the radiation width to neutron width for theR-matrix
single-particle state at thermal-neutron energy is then ca
lated and multiplied byGn(th) for the actual level to obtain
the required valence radiation width.

For the 10.83-MeV transition to the ground state, the
sults of this analysis give two branches with very high valu
of Gl,(tot) (;10 eV) and one with low values~;23–230
meV!. The fourth branch lies in the range 1374 meV~for
gl(n)
2 549 keV! to 298 meV ~for gl(n)

2 553 keV!. This
branch@shown in Fig. 6~b!# is used as the only one in rea
sonable agreement with theM1 analysis presented in Sec. V
The results for two otherE1 transitions for which sufficien
data are available are also shown in Fig. 6~b! as a plot of
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Gl,(tot) vs gl(n)
2 . There is a considerable uncertainty in th

analysis of the 4509-keV transition to the 6324-keV sta
The assumption that thep-state admixture in this state i
from the 1p3/2 configuration gives high values ofGl,(tot) ,
generally well over 1 eV. Different behavior is obtained f
the assumption of 0p1/2 configuration. One branch runs from
540 meV ~for gl(n)

2 549 keV! to 575 meV ~for gl(n)
2

553 keV! as shown in Fig. 6~b!. A second branch is very
close, running from 620 to 660 meV, while the remaini
two lie around 2 eV. The 1681-keV transition to the 915
keV final state has very little contribution from th
2131-keV level. Consequently, there are only two branch
one in the regionGl,g(tot);570 meV@as shown in Fig. 6~b!#,
the other at;80 meV.

The direct process can be included in the analysis of
M1 transitions to theJp5 1

2

1
, 32

1
final states in exactly the

same way as was done for theE1 transitions. The result is
shown in Fig. 6~c!, again exhibiting convergence close to
total radiation width of 550 meV and a reduced neutr
width of 51 keV.

The sources of error in the above analysis are varied
complex. There are uncertainties of;1–4 % in the mea-
surement of the thermal-neutron-capture cross secti
;20% in the (d,p) spectroscopic factors, and;10% in the
spectral abundances in the14C(p,g) reaction. These uncer
tainties, especially those in the spectroscopic factors, do
always translate directly into uncertainties on the final
sults. From ax2 analysis of all ten transitions that can yie
information on the total radiation width, final values o
Gl,g(tot)5565624 meV, andgl(n)

2 551.660.3 keV are ob-
tained. Presented in Table IX~a! for E1 and in Table IX~b!
for M1 transitions are our assessments of total, neutron
lence, and compound-nuclear partial radiation widths. Fr
our value of the total radiation width and the result fro
Refs.@33# for GpGg,tot /G, the proton width of the229-keV
level is found to be to beGp5177625 meV, which is in
agreement with the value given in Table V.

The assumption~discussed at the end of Sec. III! that the
2131-keV level does not have positive parity weakens
above analysis. With a value of 55 keV for the reduced n
tron width of the229-keV level and no contribution from
the2131-keV level, the optimum values of the total radi
tion width deduced from the various transitions range fro
180 to 870 meV. In particular, there is no common value
the total radiation width as shown in Fig. 6 for the positiv
parity assumption. This failure to converge strengthens
arguments in favor ofJp5 3

2

1
for the2131-keV level.

The strength of the compound-nuclear~CN! component
of the radiation requires some comment. It appears fr
Table IX that the CN radiation width for the 10.83-Me
transition to the ground state is;3.0 eV. At this energy the
E1 radiative width could be substantially affected by t
giant-dipole resonance. Using the formula of Brink@66#, the
radiative strength functionGg /D is ;331026 at thisg-ray
energy, if the energy of the giant-dipole resonance is take
20 MeV and its width as 4 MeV. The level spacingD for
Jp5 3

2

2
levels at this excitation energy appears to

;0.5 MeV ~see Table VII!, indicating an expectedGg of
;1.5 eV. For the 4509-keV transition, the giant-dipo
model givesGg;25 meV, which can be compared with th
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TABLE IX. Valence and compound-nuclear radiation widths forE1 andM1 transitions from the229 keV resonance deduced from th
14C(p,g) data and calculated neutron valence widths.

Ef ~keV! Jp Eg ~keV! Branchinga ~%! Gg
b ~meV! Gg,val

c ~meV! Gg,CN
d ~meV! Gg,CN

e ~meV!

~a! E1 transitions
0 1

2
2 10 829 444 249 1469 3027 2928

6324f 3
2

2 4509 6.87 38 27 131 123

9152 3
2

2 1681 2.94 16 2.7 5.7 5.8

~b! M1 transitions
5270 5

2
1 5562 6.06 25 25 25

5299 1
2

1 5533 17.320 73 0.34 83 87

7155 5
2

1 3678 8.99 37 37 52

7300 3
2

1 3532 7.07 29 18 1 11

8312 1
2

1 2520 4.75 20 7 3 8

9155 5
2

1 1678 4g 17 17 27

aFrom (p,g) spectrum of Ref.@33#.
bFrom total radiation width and branching.
cCalculated from reduced neutron width.
dFrom partial radiation width and valence width.
eFrom thermal-neutron cross section and calculated direct capture.
fSingle-particle 1p3/2 character assumed.
gGörreset al. @33# give a value of~2.14!% for this branch compared to 4% obtained earlier by Siefken, Cockburn, and Krone@30#. We use
the latter value in our analysis because it is in better agreement with the~unpublished! datum of Beukens@32#. The branchings obtained b
Beukens have been adopted in Table 15.5 of Ref.@41#.
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CN value of 131 meV. For the 1681-keV transition, t
model value is;0.5 meV compared with the CN value o
5.7 meV. It is well-known that for low-energy transitions th
Brink formula tends to underestimate the radiation wid
The semiempirical Cameron formula@67# gives an expected
value of;5 meV for the 1681-keV transition. Thus, the C
radiation widths given in Table VII are in complete acco
with conventional expectations.

Less is known about the expected strength of
compound-nuclearM1 transitions. Mottelson@68# has pro-
posed a correlated spin-flip mechanism giving rise to a g
resonance analogous to theE1 case. Estimates of the energ
of theM1 giant resonance and its strength are given by B
and Mottelson@69#. The experimental situation has bee
summarized by Raman, Fagg, and Hicks@70#. With a giant-
resonance energy of 14 MeV, which is estimated to be
propriate for the nuclei at the upper end of the 0p shell, and
a Lorentzian spreading of the strength with half-width of
MeV into the CN states, partial radiation widths of 50, 8, a
0.4 meV are expected for the final states at about 5.3,
and 9.2 MeV, respectively. These estimates are in reason
agreement with the extracted values of the CN widths of
lower states@see Table VII~b!#, but that for the 9155-keV
state is almost two orders of magnitude too short.

VII. CONCLUSIONS

The thermal-neutron-capture cross section of;80 mb for
14N would seem, at first sight, to be typical of off-resonan
capture by a light nucleus; this (n,g) reaction, from our
previous experience, might be expected to be almost ent
direct in nature. In fact, this reaction turns out to have one
the richest mixtures of resonant and off-resonant feature
.
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neutron capture. Furthermore, it is anomalous in havin
greater cross section forM1 thanE1 transitions. The decep
tively small totalE1 capture cross section (;26 mb) is a
result of largely destructive interference in a few transitio
between a complex compound-nuclear contribution from
relatively close bound level, a valence contribution from t
same level, and a potential-capture contribution. The fi
two contributions are roughly commensurate for the prin
pal transitions in theE1 primary capture process, and pote
tial capture also plays a significant role. The compoun
nuclear contribution on its own would give a total captu
cross section forE1 transitions of;475 mb, while the va-
lence contribution would be;225 mb. Potential capture
alone would amount to;284 mb. These components inte
fere with each other. Our analysis ofM1 transitions suggest
that a direct process plays a modest role here, but it does
grossly distort the spectrum from that which would res
from resonance compound-nuclear capture alone. The m
nitude of the latter is largely in agreement with the theory
theM1 giant resonance.

The role of the bound level in the capture process
been established quantitatively from its observation a
resonance in the (p,g) reaction, and from the behavior of th
neutron total cross section at epithermal neutron energ
From these data, the reduced neutron width of this bo
level has been deduced and also its total and partialg radia-
tion widths. Although the error bounds on the determinat
of the total radiation width from the (p,g) data are very
wide, it has been possible to establish its value~and hence
the partial widths! much more precisely by comparing th
proton-resonance spectrum with the thermal-neutron sp
trum. To this end, our theoretical estimates of the vale
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partial radiation widths were used together with the therm
neutron direct-capture cross sections. The consensus o
analysis for several transitions establishes that the reson
total radiation width is;565 meV and proves the importan
role of the valence neutron capture mechanism in this re
nance. The significance of this indirect detection of valen
neutron capture is that it constitutes the first observation
this process in a resonance that has not been initiated by
neutron. In other words, the neutron valence radiation wi
amplitude, while a significant fraction of the compoun
nuclear radiation amplitude, is not correlated with the e
trance channel width. The reduced neutron width of the le
is 51.6 keV; this value corresponds in neutron spectrosc
language to aGn

0 ~neutron width reduced to 1 eV energ!
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value of 85 eV. This is not a particularly strong neutro
resonance level. However, its properties are such that
resonance fully accounts for the14N thermal-neutron capture
g-ray spectrum.
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