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The energies and intensities of 58ays emitted in thermal-neutron capture by nitrog@9.63%“N) have
been measured accurately. A major reason was to establish this reaction as a standard for similar measurements
on other nuclides. Thesgrays have been placed between 19 known letietduding the ground state and the
capturing statgin 1>N. The primaryy rays of both electric dipoleH1) and magnetic dipoleM 1) types have
been analyzed with existing theories of slow-neutron capture. Unlike many other light nuclides, the cross
sections folE1 transitions in'°N differ drastically from the calculations of pure direct-capture theory. The role
of the resonance-capture contribution from the proton-unbound, neutron-bound levet 2k29 below the
neutron separation energy was considered. Some of the properties of this level are quite well known from the
1C(p, y) reaction, and others can be derived fronfRumatrix analysis of the total cross section as a function
of neutron energy. The thermal-neutron captyreay spectrum is different from the proton-captuyeay
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-nuclegl and direct-captur&l contributions are of comparable magnitude.
Valence-neutron capture forms a significant component of capture by the neutron-bound lead 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. TWé transitions also show some evidence of a direct process but not a
dominant one. The magnitudes of the compound-nuclear transitionsEliloindM 1, are largely consistent
with the values implied by giant resonance theories. The resonance parameters deduced 29-kKed/ level
are: total radiation widtk565+24 meV, reduced neutron wid#b1.6+-0.3 keV (for a channel radius of 3.5
fm), and proton widtk 16030 meV.[S0556-28137)02607-]

PACS numbd(s): 25.40.Lw, 23.20.Lv, 27.26:n

I. INTRODUCTION giving this nucleus high enough energy in its initial capturing
state such that primary magnetic-dipoM 1) transitions can
Studies ofy rays following thermal-neutron capture by proceed to a considerable number of bound positive-parity
light (A<50) nuclides have shown that the mechanism prestates arising from thesDd shell. Whether a direct mecha-
dominantly responsible for producing primary electric-dipolenism plays any role in governing the strengthMf. transi-
(El) transitions is the direct Or[é.] In recent WOfkiZ—lE)] tions may therefore also be addressed.
the 'di(ect(th_ermaln,y) reaction has been treated within a |t js interesting to investigate th¥N (thermaln, y) reac-
realistic optical-model framework, thus allowing precisetion also because it has been our canonical energy and
comparisons between theory and data. At the same time, thgensity standard since 1961 when the special advantages of
accuracy and sensitivity of experimental methods for deteryiq reaction, using melamine §8,Ng) as target material,
mining the cross sections of transitions to individual final, - exploited by Motz, Carter, and Barfield6]. Subse-
states have greatly improved. quently, nearly all laboratories that are engaged rinyj

In the shell, the nuclides treated previously af, . . .
9Be. 12C Ognd 13C [4,8,9. The cross sepctions m}’ primary measurementgl7—29 have directly or indirectly used this
: ! o gtandard.

E1 transitions agree with direct-capture theory despite th . . L
g P y b The measurements are described in Sec. Il. Application of

fact that the neutron-scattering lengths are often so lar .
g g gﬁ1e capture theory requires a knowledge dff) spectro-

(compared to the potential scattering lengthat they ad- . .
versely affect our ability to calculate these cross sections. IF6OPIC factors, neutron-scattering lengths, and resonance pa-

the light of the pattern so far revealed, it is interesting tor@meters, all of which are discussed in Sec. lll. Comparisons
study the target nucleu$4N7 (spin and parity 1), which o_f _the ca_lculated cross sections of pr!m:ErS{ andM1 tran-

also has a particularly large neutron scattering length. Thé&itions with measurements are described in Sec. IV and Sec.
Op shell has conseguences not 0n|y of bringing remnants (ﬁtudies within the ﬁ She”, the calculated direct-capture
the Op strength close to the ground state '8N, but also of ~E1 transition strengths are very different from the measured
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values! The latter values are also very different from what 6 : : . , :

one may call the compound-nuclear expectations, which can

be deduced from investigations of théC(p,y) reaction 5| |
[26-33. [The proton separation energyS,(*N)

=10 207.4 keV is close t(but lower than the neutron sepa- 4 | Compton suppressed
ration energyS,(**N)=10 833.3 keV] Indeed, early mea-
surements by Bartholomeet al.[26] showed that the-ray
spectra from the proton resonances below and near the neu-
tron threshold are very different from tiignermaln, v) spec-
trum. These observations have not been satisfactorily ex-
plained for over four decades. It now appears that there is a .
remarkable interplay between the resonaricempound-
nucleay contributions on the one hand and the valence- and 0 | | , . |
the potential-capture components of direct capture on the 0 2 4 6 8 10 12

other; these combine in a largely destructive fashion leaving GAMMA-RAY ENERGY (MeV)

neither the(thermal n,y) spectrum nor the near-neutron-

threshold 6,y) spectrum having the characteristics that are FIG. 1. Resolutior{full width at half maximum(FWHM)] of
typical of either the direct or compound-nuclear picture. Theour detection system.

resonance [{,y) spectrum can be interpreted, in fact, to

show the strong influence of the neutron-valence mechanisrr@o_6285 keV/channgl The full width at half-maximum
This joint analysis of thermal-neutron capture and proton(FWHM) values for our system are shown in Fig. 1. In the

capture is described in Sec. VI. Our conclusions are Summap'air—spectrometer mode. the EWHM values are 2.3. 3.1 3.8

rized in Sec. VII. . .
. - . . and 4.5 keV, respectively, for-ray energies of 3,5, 7, and 9
A number of primaryM1 transitions with cross sections MeV. At these energies, the resolution attained in the current

i it iat inl5
as great as those of primaf tran5|t|on§ exist in™°N. It study is better than that reported in all previous studies of the
has been speculated elsewhEt€] that a directM 1 mecha- LiN(n, ) reaction

nism analogous to the direEtl process may play a signifi-
cant role in thermal-neutron capture by light nuclides. The
analysis of thel>N data presented in Sec. V leads to the
conclusion thatM 1 direct capture is playing only a minor In a particular energy region, the energy calibration re-
role here in the capture process for low- to medium-energyjuires two standards and a nonlinearity curve. Up to 3 MeV
transitions. This analysis also suggests that resondhte (in the Compton-suppressed m@dehe standards tradition-
capture as deduced from the, ) works[30,33 can ex- ally used in our work are the 510.989.001 keV annihila-
plain the bulk of theM1 transition strength. tion radiation and 2223.2530.004 keV y ray from the
1H(n,y) reaction[34]. Because accurate energy standards
are available in this energy region, the construction of a suit-
Il. EXPERIMENTAL METHOD able nonlinearity curvénot shown does not pose a serious
problem. Between 1 and 13 Melih the pair-spectrometer
mode the standards employed invariably by us are the
The *N(n,y) measurements with thermal neutrons were2223.253-0.004 keV and 4945.3080.012 keV y rays
made at the internal target facility of the Los Alamos Omegafrom the *H(n,y) and *2C(n, y) reactions, respective[\34].
West reactor utilizing 1750 mg of melamine in a high-purity These two are preferred becaulé is readily provided by
graphite holder. This facility and the data analysis procethe CH, material used as a cross section standard’a@dy
dures have been described in Rdf8,11]. The target was the graphite holder containing the target material, both in
placed in a graphite holder, which was inside an evacuateduantities sufficient to provide strong signals. Moreover, the
bismuth channel. The target position was 1.5 m from theformer reaction generates just oneray and the latter just
edge of the reactor core and at this position the thermalthree strongy rays. The problem of constructing an accurate
neutron flux was nominally 8 10" n/cn?s. y-ray spectra nonlinearity curve in the high-energy region was again a
were obtained with a 30-cincoaxial intrinsic germanium lengthy process, for which severéhermaln,y) measure-
detector positioned inside a 20-cm-dia®0-cm-long ments were made, singly and in combinations, not only with
Nal(Tl) annulus. This detector was located 6.3 m from themelamine and CH but also with DO and enriched'*C.
target and was operated either in the Compton-suppressédthe curve shown in Fig. 2 is based mainly on theay
mode(0.3877 keV/channgbr in the pair-spectrometer mode energies(in keV) 2223.255-0.003, 4945.3020.003, and
6250.296-0.003 deduced from the late$B5] neutron-
separation energies (in  keV) 2224.57250.0022,
Yn numerous compilations, F. Ajzenberg-Selove and T. Lauritserﬁ946'312& 0.0023, and 6257.24820.0024, for ZD’ ISC'

[Nucl. Phys.11, 191(1959] and F. Ajzenberg-Selovidducl. Phys.  and °T, respectively, and on a value of 3683.908
A152, 117(1970; A268, 137(1976; A360, 129(1981); A449, 127 ~ =0.016 keV deduced previously by us for the energy of a
(1986] have implied that the experimental thermal-neutron capturdorominenty ray from the *2C(n, y) reaction. Because it is
cross section of“N appears to be high relative to theoretical ex- based on an extrapolation, the curve in Fig. 2 is less accurate
pectations. Actually it isow. Therein lies the problem. above 6.3 MeV than in the 2.2—-6.3-MeV region.

FWHM (keV)

B. Energy calibrations

A. Capture facility
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needed. For this purpose, the 2223.3-ke\fay from the

] H(n,y) reaction is used. The results are cross checked us-
63 ing a value of 0.452 0.009 for the ratio of the intensities of
the 1262-keV and 4946-key rays from the!?C(n, y) reac-
tion. This value, determined in a previous experin{&d, is
more precise than 0.479.018, obtained in Ref40].

The capture cross sections reported in this work are based
| on measurements in which the melamine target was studied
126 together with a 100.0-mg Ctstandard. The cross sections

] are normalized to the recommended valuesgf2200 m/$
e g =332.6-0.7 mb[41] for H present in this standard. The
3 4 5 6 7 8 9 thermal-neutron flux at the target position approximates a
CHANNELS (10°) Maxwellian distribution corresponding to a temperature of
350 K, for which the most probable neutron velocity is 2400
FIG. 2. Nonlinearity of our detection system. m/s. To determine the cross sections at 2200 m/sy alé#
pendence of the capture cross section is assumed for both
H and ¥N.

6250.296 (*H)

-63
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C. Intensity calibrations

Intensity calibrations were determined in the Compton-
suppressed mode with a set of standard radioactive sources
with precalibratedy-ray intensities and were further checked ) ]
with y rays from 82Br decay[36,37 producedin situ in the _ Selected portions of th_e mea_sured spectra are shown in
internal target position. Between 200 and 3000 keV thé 19 4- The energies and intensities of $8ays assigned to
curve shown in Fig. @ is believed to be accurate to N are given in Table I. The v_veak_ ones, numbering about
~1%. The efficiency curve in the pair-spectrometer mode30; are reported here for the first time. All of thegeays
[see Fig. 8)] was derived by a lengthy procedure. Conve-have beerj mcorpora_\ted into the level scheme given in Table
nient intensity standardewith ~1% accuraciesthat span II. The spin and parity J™) values for all levels are known
the 3—11-MeV region do not exist. In fact, the reaction undef42]: A primary transition has been observed to each of the
study offers the best possibility of achieving such accuraciest8 final states16 bound and 2 proton-unbountisted in
Our starting point was the intensity values deduced from thd @ble II; of these 18 transitions, eight &4, nineM1, and
14N(n, y) reaction by Motz, Carter, and Barfield6] with a ~ On€ E2. In addltl_on to these 18 states, four o?her neutron-
magnetic Compton spectrometer possessing a predictable diound stateJ™ in parenthesgsare known[42] in **N at
ficiency curve. These values have been confirmed and ré&829¢ ), 10533¢ ), 10693 "), and 10804 ) keV.
fined by several authoree discussion in Ref38]) such  These four states are neither expected nor observed to be
that by the middle 1980s it was possible to generate an effipopulated measurably in thHéN (thermaln, y) reaction. All
ciency curve with~3% accuracy in the 2—-9-MeV region. levels listed in Table Il are previously known, and the place-
Thermal {,y) measurements were then made for over 20ments of transitions are consistent with existing data. The
nuclides lighter than the zinc isotopes. Some of these resulisvel energies listed in that table were obtained through an
have been publishefd 1,13,13. In the case of several light overall least-squares fit involving all transitions. In deducing
nuclides, the decay schemes are relatively simple and thdese level energies, nuclear recoil was taken into account.
intensity balance requiremengsee Tables IYA) and IV(B)  The intensity balance for each of the excited states is good
of Ref.[11], Tables II(A) and 11(C) of Ref.[13], and Table (see columns 4—6 of Table)ll
IV of Ref. [15]) can be used effectively to further refine and  The neutron separation energ$,j of *N was deter-
validate the efficiency curve. The resulting curve shown inmined as 10833.3140.012 keV. The best previously re-
Fig. 3(b) is believed to be accurate to1% in the 2—-7-MeV  ported value fromthermaln,y) measurements is 10 833.64
region, ~2% in the 7-9-MeV region, and-4% in the =0.13 keV [18]. Our value is in good agreement with
9-11-MeV region. 10 833.3015:0.0024 keV, which was deduced recently

To obtain absolute cross sections using the relative effifrom a direct mass doublet measurement using a Penning
ciency curves of Figs. (@ and 3b), a fiducial point is trap[43].

D. yrays in N

100 p——7 T T T T ] F T T T T 100

FIG. 3. Relative efficiency of
our detection system.
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1650 1750 1850 1950 2050 particular primaryy ray are the final-stated(p) spectro-
A B R B scopic strength and th@ormally spin-dependenneutron-
(a) Compton suppressed ] scattering length. The measured, ) spectroscopic factors
[45-47 are given in Table IV.
0% L ] A. Neutron-scattering lengths

: i ] The coherent scattering length and the total scattering
’ ] cross section have been measured by Koester, Knopf, and
Waschkowski[48] as a;,,=8.74*+0.02 fm ando=10.03
+0.09 b, respectively. The separate scattering lengths for
the two spin states presentsawvave scattering can therefore

Counts

W

Fad

Lo : /’ . be deduced as
R N R |
107 e ied bl Y a,_1,=6.3-0.3fm, a,_s,=10.0:04fm (18

Backscatter from 2223 ( °H )
PN ST S RS TR SR

or

T ay_1p=11.260.3 fm, a,_s,=7.5+0.6 fm. (Lb)

(b) Pair spectrometer

[ ] Evidence in favor of the first set comes from the resonances
3t : - (see Table Y observed in the proton-induced reactions on
I 1 14C [26-33,49-51 supplemented by the behavior of the
YN neutron cross section to several hundred keV. The
. ¥C(p,y) reaction has revealed five resonances correspond-
. . ] ing to neutron-bound levels 0N within the 626-keV win-
1 dow betweer§, andS,;,. The spins and paritiesl() of these
[ . ] resonances are also known, some tentatiyéBj. A level
1k <. e . that possibly has a strong effect on the thermal-neutron scat-
i . 1 tering of N is the proton resonance at 597 ké®40 keV
laboratory energy which has been found, on the basis of

Counts (10%)
[aN]
i
1

. J'_,r . "_“__ y-ray angular distributiofi26], to haveJ=2 and most prob-
5200 5300 5400 5500 5600 ably positive parity. This level lies only 292 keV (in the
GAMMA-RAY ENERGY (keV) center-of-mass framéelow S,(*°N).

If the —29-keV level is indeed the dominant one govern-

FIG. 4. Selected portions of the-ray spectrum from the ing the scattering length, its putati\léfzg+ character leads
N(n,»)*N reaction with thermal neutrons obtained using ato the first set of spin-scattering parametggs. 1(a)]. The
melamine target. value of the reduced neutron width for the modification re-

. : . uired from a single level to give the _ 5, scattering length
If a level scheme is complete and internal conversion carigS deduced from 9 9 -2 gleng

be neglected, the quantities , (primary), 2E.I,/S,, and

31, (secondary to ground stateshould all be the same a=all—R*—[v2 J(E.—E
within their stated uncertainties. In the case'®, the mea- =2 /(B =BT
sured valuegin units of mb are 79.8-0.7, 80.3-0.6, and ~ o Al %Z\(n)/(Ex—E)]a 2)

80.9-0.6, respectively. Our recommended cross-section

value of 80.3-0.6 mb is more precise than 7%8.4 mb  wherea, is the channel radiuén R-matrix theory for the

obtained at McMastej25]. entrance channelR” is the more distant-level and back-
The secondary ground-state transitions from the levels &jround contributions to th& function of the single-channel

5299, 6324, 7301, and 8313 keV are measurably broadengdycedr-matrix theory, %, is the reduced neutron width

as a result of recoil-induced Doppler broadening. The life- L ; ; g
time values deduced for these levels from an analysis of thgf the level with eigenvalué, , 2y, is the potential scatter

) ° ; . ing length from the global optical model, afdis the neu-
y-ray line shapes have been previously publisfg. tron energy. Using the modified optical-model parameters of

E. Secondary calibration standards Moldauer[52,4], the potential scattering length is found to

. . L be 4.97 fm; hence, for an assumed channel radius of 3.5 fm,
In Table Il our measured energies and intensities for the, .~ .4 -ad neutron width of the-29-keV level is

strong y rays observed in thé’N (thermaln, y) reaction .
have been compared with those obtained at McMd&4}. 60 keV (in the laboratory frame of reference

Within the quoted uncertainties, these values overlap reason-
ably well. B. Resonance parameters

It turns out (see Sec. |Y that the compound-nuclear
mechanism plays a substantial role in thermal-neutron cap-
Within the direct-capture theory, the two crucial quanti-ture by **N. For its quantitative analysis as much informa-
ties entering the calculation of a partial cross section for dion as possible is needed on nearby resonance levels. More

Ill. OTHER RELEVANT DATA
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TABLE I. Energies E,) and intensities|(,) of y rays from the'N(n,y)**N reaction.

E, (keV)? 1, (mb)° Placemerft E, (keV)? I, (mb)° Placemerit
131.447 0.0153 C—10702 3013.5510 0.521 17 83135299
383.04 0.006 2 C—10450 3269.24 0.0499 C—7564
583.754 0.1158 9155-8571 3300.7413 0.1219 85715270
608.35 0.0183 9760— 9152 3531.98220 7.189 C—7301
767.847 0.0503 C— 10065 3677.737.7 11.66 13 C—7155
770.45 0.008 3 99259155 3855.607 0.656 21 9155-5299
831.2211 0.0253 7155-6324 3880.99 0.039 13 91525270
908.414 0.1294 C—9925 3884.209 0.456 18 9155-5270

1011.684 0.1104 83137301 3923.96 0.0307 92225299
1025.23 0.0132 63245299 4508.73117 13.42 14 C—6324
1053.93 0.0123 6324—-5270 4654.111 0.0235 99255270
1073.027 0.0714 C—9760 5269.16217 23.98 24 5270-0
1610.7914 0.0595 C—9222 5297.82620 17.05 18 5299-0
1678.29325 6.397 C—9155 5533.39118 15.72 17 C—5299
1681.22850 1.323 C—9152 5562.05921 8.58 10 C—5270
1783.636 0.2007 C—9050 6322.43316 14.64 18 6324-0
1853.984 0.5227 9155-7301 7153.44 0.0516 7155-0
1884.78018 15.07 16 7155-5270 7298.98032 7.54 10 7301-0
1988.46 25 0.26 4 83136324 8310.15639 3317 8313-0
1999.67927 3.304 91557155 8568.64 0.056 5 8571-0
2002.34 0.194 7301—5299 9046.7117 0.1639 90500
2030.84 0.056 12 7301-5270 9148.959 1.195 9152-0
2247.45 0.0123 8571-6324 9151.97 0.123 9155-0
2261.8310 0.062 4 C—8571 9219.511 0.0156 92220
2293.1516 0.036 4 7564—-5270 9757.15 0.0455 9760-0
2520.44322 4487 C—8313 9921.33 0.102 8 9925-0
2726.05 0.0164 9050—-6324 10 061.95 0.046 5 10 065-0
2830.80536 1.373 9155-6324 10 697.817 0.008 4 10702-0
2898.45 0.018 4 92226324 10 829.11569 1155 Cc—0

4n our notation, 131.44=131.44-0.07, 3013.5510=3013.55-0.10, etc.

bIn our notation, 0.01%=0.015+0.003, 0.52117=0.521+0.017, etc. Multiply by 1.245 to obtain photons per 100 thermal neutron
captures.

‘See also Table Il. The symb@ denotes the capturing state at 10 833 keV.

precise values of the resonance parameters of the just-bound
—29-keV level, as well as of some other influential levels,
can be found by carrying out a multilevel analysis of the
neutron total cross-section data up to an energy of about 1 ) o ]
MeV. The relevant levels affecting trewave neutron cross 2nd the neutron-induced proton emission cross section by
section can be found in Table V. The neutron-resonance pa-
rameters listed there are from a prelimin&ymatrix analy-

sis [53] of several data sets including recefiN+n total
cross-section data obtained at the Oak Ridge Electron Linear

Accelerator(ORELA) [54]. . . L .
A sharp resonance at 434-keV neutron energy has beev%herex is the de Broglie wave lengttdivided by 2r), g, is

found [54] to haveJ=12, and it is probably a-wave reso- the spin-weighting factor, antﬂ;b is 'Fhe collision matrix
nance. Other important information on the levels governing'eément for entrance channaland exit channeb and for
the neutron cross sections &N can be derived from the tot@l Spin and parity™; it is given by
C(p,y) and **C(p,n) reactions. These reactions provide
values of the reduced-width amplitudes for proton emission
to the ground state of’C, the only significant particle chan-
nel other than the neutron channel.

Our independent analysis of the neutron total cross sec-
tion is based on the reducé&matrix theory with two chan- in which thec,d element(c,d also denoting channglsf the
nels; in this theory, the total cross section is described by reducedR-matrix R is

Tnio=27X22, g)(1—ReUl) )
JﬂT

Onp~ 77}(22 gJ|U}]1;|2! 4
Jﬂ'

Uap=exp—i¢,)[1—(S—B+iPR)]*
X[1=(S—=B—iPR)]ap eXp—idy), (5)
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TABLE II. Level scheme of'>N from this work.

E (leve)? 31, (in)? 31, (oup? 31, (in-oup?

(keV) Jmb Deexcitingy rays (mb) (mb) (mb)

0.0 %_ 7987 79.87
5270.16413 g+ 5269.162 24.3919 23.98 28 043
5298.82415 %+ 5297.826 17.1318 17.0518 0.13
6323.85813 %7 6322.433, 1053.9, 1025.2 15.115 14.66 18 0.46 24
7155.08916 §+ 7153.4, 1884.780, 831.22 14.961 15.1516 —-0.1921
7300.88518 g+ 7298.980, 2030.8, 2002.3 7.4 7.79 11 0.03 15
7563.5315 ; 2293.15 0.0499 0.036 4 0.01310
8312.63520 %* 8310.156, 3013.55, 1988.46, 1011.68 448 4209 0.28 11
8571.204 ng 8568.6, 3300.74, 2247.4 0.17m 0.189 11 —-0.012 14
9049.586 %* 9046.71, 2726.0 0.200 0.179 10 0.021 12
9151.975 3" 9148.95, 3880.9 1.38 1.236 0.116
9154.93418 g* 9151.9, 3884.20, 3855.60, 2830.805, 6.40 6.54 7 -0.14 10

1999.679, 1853.98, 583.75

9222.4814 3 9219.5, 3923.9, 2898.4 0.0 0.063 10 —0.004 12

9760.26 7 2" 9757.1, 608.3 0.071 0.063 6 0.008 7

9924.885 3 9921.3, 4654.1, 770.4 0.129 0.13310 —0.004 11
10 065.457 g* 10 061.9 0.0503 0.046 5 0.004 6
10450.8 4 g_ 0.006 2 0.006 2
10701.8% 7 %_ 10697.8 0.0153 0.008 4 0.007 5
10833.314 12 { g* 10 829.110, 5562.059, 5533.391, 8@®9 —80.96

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

4n our notation 5270.1643=5270.164-0.013, 79.87=79.8+0.7, etc.
bSpin and parity assignments for all levels from Héf].

‘See Table | for intensity values.

4Proton unbound.

€Capturing state. . : i
TABLE Ill. Energies and intensitiegphotons per 100 neutron

capture} of strongy rays in the reactiot’N (thermaln, y). In our
Reg=Rig+ > YaieYaa/(Ex—E—iTy apd2). (6)  notation, 1678 2925=1678 29325, 7.969=7.96+0.09, efc.
= ,

. This work Ref.[24]

In Eq. (5), ¢, and ¢, are the hard-sphere scattering phase Los Alamos McMastef
shifts for thea,b channels}> andsS the vector matrices with E, (eV) L, (%) E, (eV)° L, (%)
the penetration and shift factors, respectively, for the neutron
and proton channels as elements; these are appropriate 1678 29325 7.96 9 1678 17455 7.23 18
channel radiug, and orbital angular momentuinimplied 1884 78018 18.77 20 1884 87921 18.66 25
by the J™ of the compound-nuclear state ah#l of the re- 1999 67927 4115 1999 70886 3.999
sidual nucleus in the appropriate channel, as well as to thats520 44322 5.58 9 2520 41815 5797
the electric charges of the particles in the chan(fédr fur- 2830 80536 1.71 4 2830 80970 1.733
ther details, see Lane and Thom&8].) The quantities in 3531 98220 8.94 11 3532 01313 9.24 9
Egs. (5 and (6) carry an implicit dependence aif" and, 3677 73717 145216 3677 77217  14.8915
hence, onl. The reducedR-matrix R depends only on the 4508 73117 16.71 17 4508 78314 16.54 17
levels that carry its implied and . These levels are defined 5ogg 16217 29.86 30 5269 16912 30.03 20
by the internal nuclear Hamiltonian and the boundary condigog7 g2620 21.23 22 5297 81715 21.31 18
tions B imposed at the channel radius. The extra-level pasg33 39118 19.58 21 5533 37913 19.75 21
rameterl’) ,,sin Eq. (6) is the “absorption” width into all 5565 g5921 10.68 12 5562 06217 10.65 12
g?annels other than the n_eutron and_ p-roton channels. In the;»5 43316 18.23 22 6322 33714 18.67 14

N+n case these comprise the radlat|on.channels. 7208 98032 939 12 7208 91433 9.73 9

In thf analyses described below, the distant level paranka; o 15639 412 9 8310 14329 4925
etersR q are assumed to be zero ford and for the proton ;5 a5 11059 1436 10829 08746  13.65 21

channel. Some allowance can be made for inadequate repre-
sentation of levels near or within the fitted energy range byThis study detected rays only in the pair spectrometer mode.
giving an energy variation to thR;,, parameter: PBased on an assumé{= 10 833.302-0.012 keV[34].
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TABLE V. Spectroscopic factors for levels itPN from the (d,p) reaction.
Phillips and Jacobg45] Amokraneet al.[46] Kretschmeret al.[47]
E (leve)? Ey=7, 8, and 9 MeV Ey=3 MeV E4=10 MeV Adopted Adopted
(keV) J7 S(1) (1) S(1) (1) S(1)
0.0 3 1.30+0.04 (=1) 1.45+0.15 (=1) 1.45:0.15 (=1)
5270.16413 5" <0.05 (=2) <0.22 (=2) <0.05 (=2)
5208.82415 1" <0.05 (1=2) <0.03 (=0) <0.03 (=0)
<0.03 (I=0)
6323.85813 3~ 0.10+0.02 (=1) 0.11+0.03 (=1)  0.11+0.03 (=1)
7155.08916  5° 0.88+0.03 (=2) 0.92+0.07 (=2) 0.92£0.07 (=2)
3+ 0.07+0.05 (I=2) 0.07+0.04 (=2) 0.07+0.04 (=2)
7300.88518 2 [0_8%0_04 (1=0) 0.89+0.05 (=0) 0.89+0.05 (=0)
7563.5315  I° 0.87+0.01 (=2) 0.87+0.01 (=2)
1+ <0.09 (1=2) 0.11+0.05 (=2) 0.11+0.05 (=2)
8312.63520 1 {1_0&0'04 (1=0) 0.77+0.08 (=0) 0.77+0.08 (=0)
8571.204 3+ 0.12+0.03 (I1=2) 0.12+0.05 (=2) 0.12+0.05 (=2)
’ 2 0.02+0.01 (1=0) 0.05-0.03 (=0) 0.05+0.03 (=0)
9049.586 i 0.15 (=0) 0.15 (=0)
9151.975 g 0.032 (=1) 0.032 (=1)
9154.93418 §° 0.13 (=2) 0.13 (=2)
92224814 1 0.045 (=1) 0.045 (=1)
9760.26 7 g 0.021 (=1) 0.021 (=1)
9829 3 .
- 0.043 (I=2)¢
9924.885 3 (_ )d
0.054 (1=0)
. 0.48+0.08 (I1=2) 0.64 (=2) 0.48+0.08 (=2)
10065.457 3
2 [0.32t0.08 (1=0) 0.15 (=0) 0.32+0.08 (=0)
104503 4 S~ 0.0082 (=1) 0.0082 (=1)
1053355 §° 1.06+0.01 (=2) 1.06£0.01 (=2)
1069323 ¢°
- 0.06+0.03 (I=2)¢
10701.87 7 3 (1=2)
0.02+0.03 (1=0)
10 804 2 gt 0.13+0.01 (=1)¢

8n our notation 5270.1643=5270.164-0.013, 5298.8245=5298.824-0.015, etc.
bSpin and parity assignments for all levels from Ref].

‘Proton unbound.

9Thesel values are not compatible with the adopted

7) order to make numerical calculations of both the penetration
and shift factors.

The R-matrix eigenvalues, differ from the energies
Er of isolated resonance€g=E,—A,, where the level
shift Ay, =3 (S.— Be) 7)2\(0)' The boundary conditiof, (the

The channel radiug. and boundary conditioS; for a  |ogarithmic derivative of the compound-nuclear wave func-
given channet are arbitrary parameters R-matrix theory,  tion projected on the channel wave functionimposed at
except for the condition that. should be placed beyond the a. on the internal eigenfunctiori@nd their eigenvalues, )
range of significant nuclear forces. In the case of neusron is usually chosen so that th®, values coincide as nearly as
waves, this constraint is not important in practice and, forpossible with the resonances in the cross section. In the case
convenience, a value close to the optical-potential radius isf levels open tos-wave neutrons and with small proton
usually chosen. Even for other channels this condition can beeduced widths, this procedure is achieved with the choice of
overridden to some extent. To obtain realistic energy depens;-o)=S,=0; for higher orbital angular momenta or for
dence of the proton-channel penetration factor, a channel ra@harged-particle channelf. is chosen to be equal to the
dius is adopted that is close to the radius of the Woodsshift factor S, at the neutron-separation energy.

Saxon potential fot*N. The smooth tail of the real potential With this prescription for3., the R-matrix eigenvalues
well is added to the Coulomb and centrifugal potentials inbelow the neutron separation energydN do not coincide

R;,=C+D(E—Ey>),

where Eq, is an arbitrarily chosen pivotal enerdusually
the midpoint of the range
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TABLE V. Known resonances if*C+p and *N-+n. Data on the proton resonances are from Rgf6—33, 49—5). The neutron
resonance parameters are from a prelimirfarynatrix analysig53] of all available data including recent total cross-section {4 The
uncertainty analysis is unavailable at this time, but a rough idea of the uncertainties in the neutron resonance parameters can be obtained
from those listed in Refl41].

E, (lab)® or Ep (c.m) or
E, (lab)? Ex(**N) En(cm)  E(*™N)-S, I, r,
(keV) (keV) Nk (keV) (keV) (keV) (keV)  [(23+1)/2]T T, /T
(a) Resonances if*C+p

260 10 449.#0.3 g 242 —384 (0.08-0.01)x 107 (0.29+0.05) meV
349 10533.30.5 5 326 —300 (37£6) meV
521 10693.2-0.3 g 486 —140 (0.49-0.10)x 1078 (3.1+0.5) meV
530 10701.9403 3" or 494 —131 ~0.2 (0.840.13) eV
64 10 804+ 2 3 597 -29 (0.22:0.10)x 1073 (0.27+0.04) eV

1162 11 29%2 1 1084 458 5.6

1319 (11 437.6:0.4)° N 1231 605 6.80.5

1509 (11 615 4)° X 1408 782 40%7

1668 117633 5 1556 930 0.5

1788 118753 6 1668 1042 0.03

1884 119653 1 1758 1132 0.3

(b) Resonances it"N-+n

434 11 238 . 405 405 <0.1 2.4
491 11 291 1 458 458 5.3 1.8
611 11 408 17 7=3 570 570 250 <5
634 11428 N 591 591 11 26.0

1000 11 766 = 933 933 0.6 33.7

1117 11 875 5 1042 1042 <0.2 15.5

1185 11938 5 1105 1105 <0.2 1.3

1210 11 962 i 1129 1129 0.4 11.4

8 or an independent evaluation Bf, (lab) and E, (lab) values, see Tables 15.11 and 15.13, respectively, of the latest compilation by
Ajzenberg-Selové41].

®The o widths are negligible compared to the proton widths up to an excitation energy of 13 MeV.

“The directly measurel, (lab) value of 635-1 keV [28,30,33 for this resonance disagrees with 64R keV deduced from the measured
excitation energy of 10 8042 keV [32] given in the next column. The conclusions of this paper are relatively unaffected by this change.
9The 11 438-keV level seen iffC+ p and the 11 425-keV level seen #iN-+n are probably the same. This is a broad level.

®The 11 615-keV level seen i'C+ p and the 11 403-keV level seen iiN+n are probably the same. This is a very broad level.

with the neutron-bound statés, (seen in the'’C+p reac- the binding energy of the appropriafe-matrix level was

tion) that influence the low- energy neutron cross section, théen multiplied by the spectroscopic factor of the corre-
latter having a natural boundary condition in the neutronSPOnding bound state. Reduced widths, level shifts, and
channel equivalent t%,= — x(E,)a, giving rise to a level- R-matrix memg energies were calculated in an iterative
shift contribution of —K(Eﬁ)ayf(n). Here, «(E])  Process starting from the energies of the bound statedn
—2M[E[[/#2, M being the reduced mass of the discussion below, the proton resonances beg(t°N)

neutron+target. For levels with large reduced proton widths,(th? “bound levels’) are referred to by their energi&s or
even larger contributions to the level shifts can occur from(Ex—Sn) in the center-of-mass system.
the energy dependence of the proton shift factor. T+he+sp|ns and parities of most of the neutron-boufid
The reduced neutron widths of many of the negative-=3 ,3 levels seem to be well determined. Two of the least
energy (s-wave R-matrix levels were estimated from the certain assignments, however, belong to levels that concern
spectroscopic factors of the corresponding bound statess most. One of these at29 keV has already been men-
(when availablg this was done for most of the states up totioned. The other is a resonance at 494 keV observed in the
an excitation energy of 9.5 MeV ifPN. The reduced widths “C(p,7y) reaction. This level is bound by 131 keV against
of schematic single-particl®-matrix levels were first calcu- neutron emission. The spin of this levelds but conflicting
lated as a function of binding energy for a potential of attributions have been made for its parity. Hebbard and Dun-
Woods-Saxon shape with parameters appropriatefir, bar[28] assign positive parity from proton elastic scattering
the binding energy being varied by changing the potentiameasurements and compilations prior to 193ée footnote
depth. The single-particle reduced width thus calculated at) show this assignment, but later compilatidd?] show
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negative parity based on the unpublished work of Beukens 12
[32]. The partial widths of the- 29-keV level account only [
for ~10% of the(thermaln,p) cross section. The 131-keV
level has a large proton widtli~200 eV [42]), and a
positive-parity assignment would account for the major por-
tion of the (thermaln,p) cross section.

In our R-matrix analysis (in which the level at

—131-keV is included as & staté all knownJ™=3" and

J’ng+ bound states were included explicitly. The reduced
neutron widths of the states below 9.5-MeV excitation en-
ergy were held at the fixed values determined using the
(d,p) spectroscopic factors. Qualitative information on the
reduced neutron widths of the higher-lying states can be
found in the literature on thed(p) reaction. Phillips and
Jacob[45] find stripping cross sections to the 10 702- and
10 804-keV states that are only a small fvraction Of. that to the FIG. 5. Total neutron cross section YN fitted with the param-
7301-keV state. In more recent work, Piskord Schéerlin- oo of Table vI.

gova [56] make no mention of states between 10.07 and

11.23 MeV, again indicating weak stripping cross sectionsContribution of the— 131-keV level(denoted byy) has an
and, therefore, small re.du<_:ed neutron widths. By Contras%lppreciable effect on th@hermaln, p) cross section. Thus,
the — 76?-keV Ievel(eXCItathn energy 10 066 kg\shows the assumption about the relative signs of the reduced proton
up as quite a strong state with a cross section perhaps abo\}d}dth amplitudes of these two levels has a marked effect on
hglf that of the 7301-_keV sta{@fs,_SQ. In Ref. [45]_'t3 StP- e resulting value of the reduced neutron width of the lower
ping pattern is described as a mixturel ef2 andl =0, with

o . . level. Acceptable fits can be found for a range of values for
an attempt made at assigning the relative weight of the SP€§he neutron widths of these two levels, the correlation being
troscopic factors. (units in keV)

Information on the reduced proton widths of the two
weakly (neutronybound levels and some of the unbound lev-
els can be obtained from th¥'C+ p reactions. The proton
widths I', recommended in Refl42] for the —29- and L - - ;
—131-keF{/ levels are listed in Table V. Measurements byUncertalntles in the reduced width amplitudes of the major

. neutron resonances up to 1 MeV ard %.
Bartholomewet al. [26] of the (p,n) and (o, y) yields over In the above analysis, the assumption has been made that

the two nearly overlapping and strongly interferid@= 3 the — 131-keV level hag™= 2

A
. 5 . The positive-parity assign-
2
resonances in the 1.1-1.5 MeV proton energy regdb— 0 a5 made by Hebbard and Dunf8], who observed
0.9 MeV neutron energyhave been analyzed by Ferguson

_ >~ an anomaly in thé“’C(p,p) elastic scattering which could be
and _Gove[27] to yield proton and heutron reduced width explained if this resonance weraelavave. However, accord-
amphtudes. Because of the large valge of its reducgd pFOtofhg to Beuken$32], the positive-parity assignment should be
width, the—131-keV level makes an important contribution ruled out because it would lead to a prohibitively lage
to the (thermaln,p) cross section of*N. This contribution

) . . s(}rength of 154 Weisskopf units for the transition to the
can be enhanced by the sign relationships of the reduce - ) + )
idth litudes of tha™=1" levels that ai ructi 9222-keV,3 level. We believe strongly that the assign-
wi ampliitudes o —2 [evels inal give ConsSIuCVe 04 s correct because the29-keV level on its own falls

Uhort of explaining the low-energy®N(n,p) cross section
by at least one order of magnitude. Nevertheless, in the fol-
lowing analysis of the neutron-captureray data, we do
consider the possibility that the 131-keV level has nega-
tive parity and does not contribute to tlsewave neutron

;cjant r(;adbuc?d nttautron width Olf thez?c' It(ﬁv Ievetl, wetret ?e' cross sections. We note here that to fit the total cross-section
ucte. dy teasf ;_'squares e(tjna ysis Ic<) [5‘3 neu rondq al ClO%ta in this case, the reduced neutron width amplitude of the
section(data of Harvey and co-worke averaged inen- _ 5q | v level becomes 235 &4

ergy bins of varying widths the thermal-neutron-scattering
lengths, and thé&hermaln,p) cross section, then(p) cross-
section data of Morgaf58] up to 1 MeV neutron energy, IV. PRIMARY E1 TRANSITIONS

and some I, p) cross-section datg59,60 at lower neutron Direct (thermaln, y) can be described in simple terms as
energies. After frial adjlﬂstment of some of the more distan{ne transition from the orbit of a neutron being scattered by a
levels, such as th@"=3 resonance at 1 MeV, a best fit to smooth potential field to the single-particle component of the
the reduced neutron width amplitudes of the levels-&9  bound final state. The important fact that makes this process
and —131 keV and to theR7, parameter gave us the fit rather precisely calculable is the location of the major part of
shown in Fig. 5 with the parameters listed in Table VI. In the integrand of the radial matrix element beyond the nuclear
spite of the small proton reduced width of the29-keV  potential radius(“channel capture”[1]). Here the wave
level (denoted by), the interference of this level with the functions involved can be rather accurately constructed, usu-

Total cross section (b)

0 [ L L L L L
0 200 400 600 800 1000
Neutron energy (keV)

yim):(sos% 9.6 (n))- (8)

Therefore, the measure@hermal n,p) cross sectiono,

=1.83+0.03 b[57]) can be used to constrain the possible

values of the reduced neutron width of thel31-keV level.
The remainingR-matrix parameters, including the impor-
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TABLE VI. Resonance parameters for the total neutron cross section and spin-state neutron scattering léfigtbsesfthe neutron
energy range 0—1 MeV. The channel radiys=4.0 fm. The “pivot” energyE,,, for Eq. (7) and for evaluation of boundary conditions is
zero. The absorption width s is assumed to be 0.5 eV. Eigenvalugsare given in the laboratory frame.

J c D(ev)  EykeV)  yn@ (V) mp (V) ThmkeV) Iy V) Ty kev)
3" —0.57 2x107’ —5933 47 3.6
—3210 394 254
—1906 5@ 47
635 154 —-59 30.8 39 6.23
890 5@ 408 3.87 41 400
g 0.024 —0.000 —4301 543 483
— 2462 167 46
—-830 467 358
—-175 122 735 24 0.17
—42 227 12 84.5 12104
998 163 —~115 435 435 34.9
1250 373 ~0 255 228 ~0
i ~0.000 ~0.000 501 82 158 0.98 6.56
3 ~0.000 ~0.000 1116 185 70 12.7 4.4
I ~0.000 ~0.000 470 577 108 1.86 0.13

8Assumed value; negligible or smadk=0 (d,p) strength(see Table IV.
®From (d,p) spectroscopic factoisee Table IV.

‘Width parameter from Table V.

dassumed value from qualitative indications of tha |§) strength[45].
®From (p,y) reactiong 33].

ally from a knowledge of the neutron-scattering length, themore local resonance levelsound or unbound A valence
binding energy, and the single-particle spectroscopic factoradiative component proportional to this difference is added
of the final state. The wave functions can be refined by calto the potential-capture amplitude calculated from the global
culating them within the framework of an optical model optical potential. The valence radiation width is derived from
[1,2]. A by-product of this calculation arises from the imagi- an imaginary term in the dipole radial matrix element that
nary part of the optical potential, yielding a cross-sectiongrises from the presence of the imaginary component of the
component proportional to the valence-radiation strengtiyptical potential. The direct-capture cross section thus calcu-
function. Valence radiative capture is the resonance analogied is known as the globavalence G+V) result. Our

of Epr? offf—resclnnr?nce di][edqt capturél,63. described in Ref experience with the two methods is that their results nor-
e formal theory of direct capture is described in RefS, o 20 res o within a few percent,

[1,2,62,63, and methods for calculating direct-capture cross . 3t i 4 )

sections from the optical model to compare with experimen- FOr theJ7=; scattering state ofN+n, it turns out

tal data are given in Ref§2,4,6]. In Refs.[4] and[6] two that the_contrlbgtlon from the valence amplltude is much
useful practical methods were developed. In the first methodJreater in magnitude than that from potential capture. Be-
the parameters of the global optical potential are modifiedcause of the greater modeling uncertainties in extracting the
within reasonable physical limits, to reproduce the actuavalence component from the optical-model calculation, the
slow-neutron-scattering length of the target nucleus. For théS) method for calculating the direct-capture component has
final state, the well depth of the real component of the opticabeen relied upon in this work. The parameter chosen to vary
potential is modified so that the single-particle final state hao reproduce the scattering lengths is the real potential depth.
its eigenvalue equal to the binding energy of the actual finaFor this type of variation to succeed in reproducing Jre
state of the compound nucleus. The radiative transitior§ scattering length without altering the global potential ra-
strength is computed from the radial matrix element formedlius or surface diffuseness parameter, the imaginary compo-
between the wave functions of scattering and bound state afent of the optical potential was set to zero. This procedure
these two potentials and multiplied by the spectroscopic facshould realistically represent the scattering in the region be-
tor of the actual final state. This method is known as theyond the potential radius where the contribution to the radial
specialized §) optical-potential method. component of th&1 matrix element is by far the major one.

In the second method, the initial-state-scattering wave-or these §) calculations the modified Moldauer parameters
function is calculated without modifying the global optical- [2,52] are used for the global optical potential. The results of
potential parameters, except that the real potential for theur calculations for theE1l primary transitions in'>N are
final state eigenfunction is still varied to give the requiredcompared with measurements in Table VII.
binding energy. The discrepancy between the computed In view of the previous success of the direct-capture
neutron-scattering lengtlthe potential-scattering lengtand  theory in explainingEl capture cross sections in theg 0
the experimental value is attributed to the influence of one oshell[4,13], not to mention the general success of the theory
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TABLE VII. Direct-capture cross sections for primafyl transitions in thel®N(n,y) reaction. Calculations use the experimental
scattering lengtha;- 1= 6.3 fm anda;_3,=10.0 fm. The calculated neutron strength funcﬂtﬁnD is 2.003x 10~4. Columns 1, 2, 3, and
4 give the energy,)™ value, transferred value, and thd =1 (d,p) spectroscopic factor multiplied by {2-1) for the final state,
respectively. Column 5 is the primary transition energy. Column 6 is the average valency capture width and column 7 the potential capture
cross section, both calculated using the specialized optical model. The entries in column 6 do not include the spin-coupling factor and the
spectroscopic factor; those in column 7 do. Column 8 is the calculated cross section using the specialized optic8)paxteddure. The
measured cross sections are given in column 9. Finally, column 10 gives the hypothesized compound-nuclear contributions deduced from the
differences between column 8 and column 9 via &, they are presented as two alternative values separated by a solidus.

E¢ (d,p) E'y r 7,vaI/D E:;’/ Opot,y O'dir,y(s) Oexpy OCN,y
(keV) Jm j (2J+1)S (keV) (1077 MeV?) (mb) (mb) (mb) (mb)
0 i : 2.90 10 829 0.181 0.16 280.4 11% 178/405
6324 3 3 0.44 4509 0.978 0.74 547 14.64 18 2.2/38
3.68 3.6/33
3 0.770 0.52 9.15 0.6/47
9152 3 3 0.13 1681 2.400 0.44 0.14 1323 0.6/2.3
2.130 0.43 0.1%
9222 3 3 0.09 1611 2.519 0.31 0.14 0.059 5 0.02/0.4
2.238 0.30 0.1%
9760 3 3 0.13 1073 3.808 0.11 0.06 0.0714 0.00/0.3
0.11 0.08
9925 3 3 908 4.094 9.XS 3.37x S 0.1294
10 450 3 3 0.05 383 9.775 0.006 0.013 0.006 2 0.00/0.04
10 702 3 3 131 28.16 1.8S 1.30x S° 0.0153

a8Aassumed @, final-state single-particle character.
bAssumed b, final-state single-particle character.

when applied to A<50) nuclides[1,6], it is surprising to a factor of 2. This is the strongest example to date of the
see the apparent failure of the theofgompare the nonconformance of slow- and resonance-neutron capture
Tair, (S) and gy, columns of Table VI] in the current  with the multipolarity rules of Blatt and Weisskof$4].
case. For the transition to the ground state, which has an With the expectation, and observation i, ) reactions,
almost pure @,,, configuration, the measured cross sectionthat the &,,, single-particle neutron state is bound by a few
is only abouts; of the theoretical cross section, while for the MeV in N, it is tempting to test the magnetic-dipole ver-
transition to the 6324-keV state, the measured cross secti@gion of direct-capture theory against the data. Dirgtl
is 1.5 to 4 times greater than theory suggests. If the influenceeutron capture can only be a spin-flip process with no or-
of compound-nuclear components in the transitions is rebital angular momentum change involved. It depends for its
sponsible for these discrepancies, the relation existence on the scattering and final states being controlled
by rather different potential fields.

The calculation of the dired11 capture cross section is
identical to the procedure foE1l in either the §) or

G+V) methods(see Sec. Y, except that théel operator

can be used to infer that the compound-nuclear componerﬁpw (see Eq(13) of Ref.[8]) is replaced by theé1 op-

has to be of similar magnitude to the direct component. It ISsrator. The simple form for this operator for a neutforag-

noted also_that the totals of both the calculated direct—capturﬁetic momenty,, in nuclear magnetopsmpinging on the
Cross sectllons and the apparent compound-nu.clear C"’1‘:"[L}5'(3)tential field provided by a target nucleus with magnetic
cross sections are much greater than the experimental val ;
. : omenty, is
of the total capture cross section. Further analysis of the role
of compound-nuclear capture can be made using the esti-
mated properties of the bound levels from Sec. Il B. This " _i
analysis is postponed to Sec. VI following our analysis of the MLM™ 2mc¢
M1 transitions in the next section which yields more infor-
mation on bound-level properties. Heree is the proton chargan the nucleon masg; the ve-
locity of light, | the target-nucleus spin operatok{ the
V. PRIMARY M1 TRANSITIONS polarization quantum nu_mber, am:d_the Pauli spin operator
for the neutron. From this expression the reduced matrix el-
The cross sections of ten primakf1 transitions(com-  ement for the spin factor can be computed, while the radial
pared to eight primariz1 transition$ have been measured in matrix element is simply the integral of the product of the
the N (thermaln, y) reaction. The average cross section ofinitial state radial wave functioX, and the final state radial
the M1 transitions is actually greater than that of the by ~ wave function® , projected on the single-particle channel.

_ 1/2 1/2 2
OCN,y™ [o'dir,yi Uexp,y] 9

. (10)

3 1% MIIM MnOn M
R _+—
4 |
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TABLE VIII. Direct-capture cross sections for primaky1 transitions in thé*N(n, y) reaction. Columns 1, 2, 3, and 4 give the energy,
J7™ value, transferred value, and the d,p) spectroscopic factor multiplied by §2-1) for the final state, respectively. Column 5 is the
primary transition energy. Column 6 is the average valency capture width and column 7 the potential capture cross section, both calculated
using the specialized optical model. The entries in column 6 do not include the spin-coupling factor and the spectroscopic factor; those in
column 7 do. Column 8 is the calculated cross section using the specialized optical-iBpged¢edure. The measured cross sections are
given in column 9.

E¢ (d,p) E'y lﬂy,vaI/DEa«; Opot,y Odir,y ©) Oexpy
(keV) Jm | (23+1)S (1) (keV) (107° MeV 3 mb) (mb) (mb)
5270 s 2 <0.3 (2 5562 0.141 8.5810
5299 i 0+2 <0.06 (0) 5533 0.143 <20x10°¢ <0.38 15.7217
7155 s 2 5.5 (2) 3678 0.181 11.6613
7300 3 0+2 3.6 (0) 3532 0.186 0.11 7.31 7.19
8312 i 0+2 1.54 (0) 2520 0.226 0.10 1.35 4.48
8571 g 0+2 0.2 (0) 2262 0.241 0.009 0.108 0.062
9050 i 0 0.30 (0) 1784 0.276 0.020 0.081 0.20D
9155 g 2 0.78 (2) 1678 0.286 6.397
10 066 3 0+2 1.3 (0) 768 0.439 0.032 0.027 0.058
10533 = 2 6.4 (2) 300 <0.01

In the current calculations, the modified Moldauer optical-the thermal-capture cross section; no other level will contrib-
model parameters are used. For the initial state, the welite more than a few percent, assuming similar radiation
depth of —46 MeV is used in the &+ V) method, but it is  widths, apart from possibly the-131-keV level. If the
adjusted to reproduce the scattering length in tf®) ( —131-keV level has positive parity as assumed in the
method,; in the latter, the imaginary component of the opticalR-matrix analysis of Sec. lll B, itd=3 character allows an
potential is set to zero. For the final state, the well depth ismplified effect through interference with the capture ampli-
adjusted to reproduce the binding energy of the state. Thiude from the—29-keV level.

magnetic moment fof*N is 0.4038 nuclear magnetof42]. To evaluate the contribution from the29-keV level, the

The calculated direct-capture cross sections are shown idgata used ardi) I'y,)I'y(,) /T'’\ =135+ 20 meV [33], (ii)

Table VIIl and compared therein with the data. Three of ther', ., /T, =0.55" 322[65], and(iii ) the primary capture-ray

strongest measured transitions arleizvzg+ final states at spectrum[33]. The combination ofi) and (i) givesT,,,
5270, 7155, and 9155 keV which can only be formed from=300"$:3 meV for the total radiation width of this reso-
single-particle states with=2 and, therefore, have zero di- nance, the bulk of the uncertainty coming from the
rect cross sections. For the same reason, the direct-capturg,,/I'y measurement. Using the spectral information, the
cross section of the transition to the 10 533-k§V,state is  partial radiation widths for the primaryl1 transitions can
also zero. The strongest cross section of all primarg  be determined.

transitions is for the 5533-keV transition to the 5299-keV, The nondirect transitions to the thre]§=§+ final states

17 state, but this state is reported as having no clear strippingreé €xamined first, neglecting the possible influence of the

pattern[45] and, in any case, it has a very smaill Io) spec- —131-keV level. From the thermal-neutron cross sections
troscopic factor. Consequently, the direct-capture cross se¢assuming them to arise from only the sgimitial state), the
tion of the 5533-keV transition must be very small. partial radiation widths(the compound-nuclear radiation

For all five of the remaining transitions to the states atwidths of the —29-keV leve) for these transitions can be
7301, 8313, 8571, 9050, and 10 065 keV, the direct-capturgalculated as a function of this level's reduced neutron width
cross sections can be calculated; there is semiquantitatiwsing the formula
agreemenfcompare the last two columns of Table VWith
the experimental values. It can be concluded that direct cap-
ture may be playing a significant role in these transitions but
not a dominant one. The evidence of the strongest transitions
is that theM 1 giant resonance, involving a cooperative spinfor the cross section of theth transition, wherel’, ,(th)
flip between the @5, and (s, subshells at an energy of 2 =2kayf(n) is the neutron width of the level at thermal-
to 5 MeV, could be playing a major role. neutron energy. These partial widths can be divided by the

That theM 1 transitions fromthermaln, y) are governed respective spectral abundances in th€9-keV “C(p,y)
more by the—29-keV level(the 640-keV proton resonance resonance to determine three values of the total radiation
rather than by a dominant admixture of direct capture is furwidth. Within the likely range of the reduced neutron width,
ther demonstrated by using information from tH€(p, y) they are in agreement with each oth®ithin two or three
reaction. From the resonance parameters that govern trstandard deviationsbut are a little higher than théroad
1N neutron cross sectiofsee Table V, it is seen that the estimate of the total radiation width from the,¢) data
—29-keV level will dominate the resonance contribution todiscussed above. From this spectral analysis, it is concluded

o e = TG0 (th Ty ony.i /EX (11
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that the likely value of the total radiation width ranges from 48 49 50 51 52 53
about 1000 meV (if the reduced neutron width is —T—— T
~49 keV) to about 900 meV(if the reduced width is 1000 |- -
~53 keV). -
The transitions to thé™=2" andJ™=1" final states are 80| msU=H T T T T T, .
examined next, ignoring at first the direct component. With S
the same treatment as above, results are obtained that are in 600 - 9155(/=3) .
substantial agreement among the three transitions for which -
all the relevant data are available, but the total radiation 400 - -
widths lie about 25% lower than those from the transitions to L 5200 =3)
the J™=2 " levels. 200 - . -
Inclusion of the— 131-keV level complicates the analy- - (@) M1 transitions
sis. Fortunately, the total radiation width of this level is ob—t
known accurately from the'C(p,y) work; it is ', — T T T
=420+65 meV [33]. When combined with the spectral 2000 |- (b) E1 transitions |

abundance data, the partial radiation widths can be deter-
mined. With the value of the reduced neutron width taken
from Eq. (7), it is possible to make an estimate of the con-

1600 ground state (J = 4) —

Total radiation width (meV)

tribution of the —131-keV level to thgthermaln, y) cross- 1200 - -
section amplitudes. Using -
800 |- 9152(J =3) T
Mo =L = o 1 12 a0 eu0=y» i
the contribution from the-29-keV level can be extracted, i
which is then analyzed as before. The major effect is on the 0 : ' : ' :
5562-keV transition to the 5270-keV final state because this L DL B B
transition is very strong in the-131-keV proton resonance 1000 = 7
spectrum. Two branches are now found 0r, corre- [ 80 =P
sponding to the interference implied in E4.1). One branch 800 T N
runs from ~400 meV for y; =49 keV to~800 meV for I "'“*-.\_\ swuh ]
Yim=53 keV; the other from~1800 to~ 1000 meV over S0 T o S
the same range. The splitting between the branches found for - ses00=d) o "\":\-.-_
the other two transitions is not nearly so great; in fact, it is 400 - por=3” > ]
much less than the uncertainty caused by the experimental i 1
uncertainties in the spectral factby; . The branches that are 200 - B 7
in agreement for the three transitions are shown in Fig). 6 - (©) M1 transitions 1
The transitions to the, " and ' final states are not e s = s
strongly affected by the- 131-keV level, so further consid- Reduced neutron width (keV)

eration of these transitions is deferred to the next section.
FIG. 6. Total radiation width of the-29-keV level deduced
VI. DIRECT AND RESONANCE INTERPLAY from (a) M1 transitions tQ)” = §+ final states(b) E1 transitions to

T 1+ m_ + . o T
. .. . 5 andJ final states, andc) M1 transitions toJ
In a more elaborate way, the primdgl transitions in the 1+2 dc)

14 (thermaln, y) can be compared with those measured in~2 dJ”—- flnal states. Allowance has been made for direct
the C(p, y) work. The strengths of the thrd&l transitions capture in the i, y) reaction.

to the 0.0-, 6324-, and 9152-keV levels from the29-keV  that the latter values are also quite unlike the resonance con-
proton resonance arg83] (44+4), (6.8-0.7), and (2.9 tribution. A likely explanation for these strong differences is
+0.4) %, respectively. These values are to be comparedhat there is a substantial component of neutron valence am-
respectively, with (14.30.7), (16.70.3), and (1.6 plitude in the transitions from the bound level, and this com-
+0.1) % from the currentN (thermaln, y) work. The pat-  ponent interferes with the compound-nuclear amplitude to
tern of partial radiation widths that emerges from theso-  give the distinctive resonance spectrum that is observed; this
nancep, y), after assuming a reasonable value of the totakpectrum differs from thé&hermaln, y) spectrum because of
radiation width, is quite different from that needed to explainthe interference inr{,y) with the potential-capture ampli-
the (thermaln, y) spectrum. For example, if a total radiation tude. A guantitative analysis of this hypothesis now follows.
width of 600 meV and a reduced neutron width of 50 keV  The procedure used is the following. First, it is assumed
are assumed, the resonance contribution to the partial captutieat the compound-nuclear process contributes only to the
cross sections for these thrEd transitions are 37, 5.7, and J= 2 component of the cross section, the local levels that can
2.4 mb compared, respectively, to the measured vakes influence the capture cross section being only of this spin.
Table ) of 11.5, 13.4, and 1.3 mb. Reference to theThe calculated value of thé= 3 direct-capture cross section
compound-nuclear cross-section entries in Table VII showss then deducted from the experimental value of the capture
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cross section; this is denoted as the 3 experimental cross T, 4y Vs ¥2,. There is a considerable uncertainty in the

section. Next, the compound-nuclear cross sectigfen)  analysis of the 4509-keV transition to the 6324-keV state.
for each transition is deduced from the difference betweerrhe assumption that thp-state admixture in this state is
the J=3 direct and experimental capture cross-section amfrom the Ipy, configuration gives high values df, (.,
plitudes[see Eq.(9)]. The two possible values for this are generally well over 1 eV. Different behavior is obtained for
very close to those that have already been given in Table Vllhe assumption of 9, , configuration. One branch runs from
the J= 3 direct-capture cross section being very small. Thens40 mev (for ?’f(n):49 keV) to 575 meV (for 7i(n)

a value of the reduced neutron width of th9-keV level is  _g3 keV) as shown in Fig. ). A second branch is very
selected from the range that gives a reasonable fit to the t°t€|ose, running from 620 to 660 meV, while the remaining

neutron cross sectiofsee Sec. Il This selection also im- g Jie around 2 eV. The 1681-keV transition to the 9152-
plies [from Eg. (7)] a value for the reduced width of the ey final state has very little contribution from the

o) the valu of the valénce radiation widh fo s state aspr s o ovel, Consedenty, there are only two branches
well as for the—29-keV state. After using S;)hnee(;?h?rear:gsl%rlr“r;\évotpS?O meVlas shown in Fig. @)],
The direct process can be included in the analysis of the
Ty eni=Tra T3 e (13) M1 transitions to the)™=1" 2" final states in exactly the

] o same way as was done for thel transitions. The result is
two possible values can be calculated for the contribution t&hown in Fig. 6c), again exhibiting convergence close to a
the compound-nuclear capture cross section resulting frofptal radiation width of 550 meV and a reduced neutron
the —131-keV level acting alone. With this information, four width of 51 keV.
possible values can be extracted for the compound-nuclear The sources of error in the above analysis are varied and
capture cross section resulting from th@9-keV level using  complex. There are uncertainties 6f1—4 % in the mea-
surement of the thermal-neutron-capture cross sections,
=[gt2 M2 72 ~20% in the @,p) spectroscopic factors, and10% in the
O-)M CN [0' o ] . (14) ’ - N
YN YOI ey (CN spectral abundances in tHéC(p,y) reaction. These uncer-
Hence, the compound-nuclear radiation width can be calcutainties, especially those in the spectroscopic factors, do not
lated using Eq(11). Combining the radiation width ampli- always translate directly into uncertainties on the final re-
tudes for the valence and compound-nuclear processes usifglts. From ax? analysis of all ten transitions that can yield
information on the total radiation width, final values of
I’y ,(oy=565+24 meV, andy},=51.6-0.3 keV are ob-
tained. Presented in Table (& for E1 and in Table IXb)

and after taking into account the sign correlation of the Va_fOf M1 transitions are our assessments of total, neutron va-

lence radiation widths, one finally arrives at four possiblelence' land (}or:]\poundl—nugllea}r part_iglhradiztiohn widthls.fFrom
values of the resonance radiation width for tketransition. gurf va uefo ; (;tote;rrahmuon wi t'd in fthe r;sukt Vrom
Division by the spectral fractiof,, ; gives an estimate of the efs.[33] for I'yI', /T, the proton width of the-29-ke

total radiation width. If our hypothesis is correct, there level is fOU”‘?' to be to b€921?7i 25 meV, which is in
agreement with the value given in Table V.

should be for all transitions a common pair of values of the h . h f hat th
reduced neutron width and the total radiation width. The assumptiottdiscussed at the _e_nd 0 S_ec.) ithat the
—131-keV level does not have positive parity weakens the

The valence radiation width is fully correlated with the . )
reduced neutron width of the levEs1], as well as with the above analysis. With a value of 55 keV for the reduced neu-

final-state spectroscopic factor, and hence may be calculatdfPn Width of the —29-keV level and no contribution from
accurately. The method used for this calculation is that deth® —131-keV level, the optimum values of the total radia-
scribed for discret®-matrix levels in Ref[2]. In the current  tion width deduced from the various transitions range from
case, thes-wave R-matrix single-particle state is calculated 180 10 870 meV. In particular, there is no common value of
with a boundary condition at the channel radius appropriatd® total radiation width as shown in Fig. 6 for the positive-
to the thermal-neutron energy and placed at the binding erparity assumption. This faﬂure to converge strengthens the
ergy of —29 keV by adjustment of the potential depth. Thearguments in favor o8”=3 " for the —131-keV level.
ratio of the radiation width to neutron width for tfR-matrix The strength of the compound-nucle@N) component
single-particle state at thermal-neutron energy is then calcipf the radiation requires some comment. It appears from
lated and multiplied by[",(th) for the actual level to obtain Table IX that the CN radiation width for the 10.83-MeV
the required valence radiation width. transition to the ground state i83.0 eV. At this energy the
For the 10.83-MeV transition to the ground state, the reE1l radiative width could be substantially affected by the
sults of this analysis give two branches with very high valuegiant-dipole resonance. Using the formula of Br{&6], the
of Ty oy (—~10€V) and one with low value$~23-230 radiative_ strength functioﬁy/_D is _~3>< 10" ¢ at this_y-ray
meV). The fourth branch lies in the range 1374 médr energy, if the energy of the giant-dipole resonance is taken as
?’f(n):49 keV) to 298 meV (for Vf(n):53 keV). This 20 MeV and its width as 4 MeV. The level spaciiy for
branch[shown in Fig. 6b)] is used as the only one in rea- J”=3 levels at this excitation energy appears to be
sonable agreement with ti\é1 analysis presented in Sec. V. ~0.5 MeV (see Table VI), indicating an expected',, of
The results for two otheE1 transitions for which sufficient ~1.5eV. For the 4509-keV transition, the giant-dipole
data are available are also shown in Figh)6as a plot of model givesl’,~25 meV, which can be compared with the

Fh,yi:[ril,%y(cr\l)iirllz )i]2 (15

N, y(val
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TABLE IX. Valence and compound-nuclear radiation widths Edr andM 1 transitions from the- 29 keV resonance deduced from the
14C(p,y) data and calculated neutron valence widths.

E; (keV) J7 E, (keV) Branching (%) I (meV) IS (MeV) ') oy (MeV) Iy (meV)
(a) E1 transitions
0 %’ 10 829 444 249 1469 3027 2928

6324 g’ 4509 6.87 38 27 131 123

9152 g’ 1681 2.94 16 2.7 5.7 5.8
(b) M1 transitions

5270 g+ 5562 6.06 25 25 25

5299 %* 5533 17.320 73 0.34 83 87

7155 5 3678 8.99 37 37 52

7300 3" 3532 7.07 29 18 1 11

8312 %* 2520 4.75 20 7 3 8

9155 * 1678 4 17 17 27

3 rom (p,y) spectrum of Ref[33].

®From total radiation width and branching.

Calculated from reduced neutron width.

dFrom partial radiation width and valence width.

®From thermal-neutron cross section and calculated direct capture.

fSingle-particle P, character assumed.

9Gorreset al.[33] give a value 0f2.14)% for this branch compared to 4% obtained earlier by Siefken, Cockburn, and K30h&Ve use
the latter value in our analysis because it is in better agreement witlutipeiblishedl datum of Beukeng32]. The branchings obtained by
Beukens have been adopted in Table 15.5 of Ref].

CN value of 131 meV. For the 1681-keV transition, the neutron capture. Furthermore, it is anomalous in having a
model value is~0.5 meV compared with the CN value of greater cross section fdd1 thanE1 transitions. The decep-
5.7 meV. It is well-known that for low-energy transitions the tively small total E1 capture cross section~26 mb) is a
Brink formula tends to underestimate the radiation width.result of largely destructive interference in a few transitions
The semiempirical Cameron formulé7] gives an expected petween a complex compound-nuclear contribution from a
value of~5 meV for the 1681-keV transition. Thus, the CN rejatively close bound level, a valence contribution from the
radiation widths given in Table VIl are in complete accord same level, and a potential-capture contribution. The first
with conventional expectations. two contributions are roughly commensurate for the princi-

Less is known about the expected strength of the, yansitions in th&1 primary capture process, and poten-
compound-nucleaM1 transitions. Mottelsoii68] has pro- tial capture also plays a significant role. The compound-

posed a correlated spin-fiip mechanism giving rise to a gianIt'luclear contribution on its own would give a total capture
resonance gnalogous o tBe case. Estimates of.the eNeT9Y cross section foE1 transitions of~475 mb, while the va-
of theM1 giant resonance and Its strength are given by BOh[ence contribution would be-225 mb. Potential capture
and Mottelson[69]. The experimental situation has been ' .
alone would amount te-284 mb. These components inter-

summarized by Raman, Fagg, and Hi¢ke]. With a giant- ) : "
resonance energy of 14 MeV, which is estimated to be aIC)f_ere with each other. Our analysis lf1 transitions suggests

propriate for the nuclei at the upper end of the €hell, and that a dirgct process plays a modest role hgre, but it does not
a Lorentzian spreading of the strength with half-width of 29rossly distort the spectrum from that which would result
MeV into the CN states, partial radiation widths of 50, 8, andfrom resonance compound-nuclear capture alone. The mag-
0.4 meV are expected for the final states at about 5.3, 7.3litude of the latter is largely in agreement with the theory of
and 9.2 MeV, respectively. These estimates are in reasonabllge M1 giant resonance.

agreement with the extracted values of the CN widths of the The role of the bound level in the capture process has
lower stategsee Table VI(b)], but that for the 9155-keV been established quantitatively from its observation as a

state is almost two orders of magnitude too short. resonance in thep( y) reaction, and from the behavior of the
neutron total cross section at epithermal neutron energies.
VIl. CONCLUSIONS From these data, the reduced neutron width of this bound

level has been deduced and also its total and paytiadia-

The thermal-neutron-capture cross section-@0 mb for  tion widths. Although the error bounds on the determination
1N would seem, at first sight, to be typical of off-resonanceof the total radiation width from thep(y) data are very
capture by a light nucleus; thisn{y) reaction, from our wide, it has been possible to establish its valaed hence
previous experience, might be expected to be almost entirelthe partial widths much more precisely by comparing the
direct in nature. In fact, this reaction turns out to have one oproton-resonance spectrum with the thermal-neutron spec-
the richest mixtures of resonant and off-resonant features itrtum. To this end, our theoretical estimates of the valence
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partial radiation widths were used together with the thermalvalue of 85 eV. This is not a particularly strong neutron
neutron direct-capture cross sections. The consensus of otgsonance level. However, its properties are such that this
analysis for several transitions establishes that the resonangesonance fully accounts for tHéN thermal-neutron capture
total radiation width is~565 meV and proves the important j-ray spectrum.
role of the valence neutron capture mechanism in this reso-

nance. The significance of this indirect detection of valence

neutron capture is that it constitutes the first observation of

this process in a resonance that has not been initiated by the We thank G. M. HalgLos Alamog for making available
neutron. In other words, the neutron valence radiation widttpreliminary resultgpart (b) of Table V] from his R-matrix
amplitude, while a significant fraction of the compound- analysis of existing resonance data. The current work was
nuclear radiation amplitude, is not correlated with the ensponsored by the U.S. Department of Energy under Contract
trance channel width. The reduced neutron width of the leveNo. W-7405-eng-36 with the University of Californidos

is 51.6 keV; this value corresponds in neutron spectroscoppilamos and Contract No. DE-AC05-960R22464 with
language to d'° (neutron width reduced to 1 eV enejgy Lockheed Martin Energy Research Corporatioak Ridge.
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