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THERMAL-NEUTRON CAPTURE IN LIGHT NUCLEI 

S .  RAMAN 
Oak Ridge National Lnboratory, Oak Ridge, Tennessee 37831 USA 

E. T. JURNEY and J. E. LYNN 
&os Alamos National Laboratory, Los Alamos, New Mexico 8754.5 USA 

Abstract: We have made considerable progress towatds our goal of carrying Out thermal-neutron 
capture y-ray measurements on all stable isotopes below A = 60. Information processed till now 
has significantly augmented the existing knowledge on the debiled nuclear level structure of many 
light nuclides. Most of this knowledge comes from our y-ray energies, level placements, and 
branching ratios of secondary transitions between low-lying states. Spectroscopic information is 
also contained in the cross sections of the primary transitions originating from the capturing state. 
This fact is deduced from the success of "direct" dKories of neutron capture for many nuclides, 
especially those Of light and neaf ~lcsed-~hell character. 

1. Introduction 

We have made thermal-neutron capture 7-ray measurements in over 40 nuclei with 
A < 60. The results obtained for 7Li, 19F, magnesium isotopes (24Mg, ZMg, and *6Mg), 
silicon isotopes (**Si, 29Si, and %i), and sulfur isotopes (3% 33S, %S, and 36S) have 
been published.1-5 We plan to publish the results for the remaining isotopes in the coming 
years. 

These measurements were d e  at the internal target facility of the Los Alamos Omega 
West reactor. This facility and the data analysis procedures have been described in Refs. 1 
and 3. Gamma-ray spectra were obtained with a 30-cm3 coaxial intrinsic Ge detector 
positioned inside a 20-em-dim by 30-cm-long NaI(TI) annulus. The Ge detector was 
operated either in the Compton-suppressed mode (- 0.39 keV/channel) or in the pair- 
spectrometer mode (- 0.63 keV/channel). In the latter mode, the full width at half max- 
imum (FWHM) values were typically 2.3, 3.1, 3.8, and 4.5 keV, respectively, for y-ray 
energies of 3,5,7, and 9 MeV. At these energies, the resolution attained in our studies is 
better than that reported in all previous (47)  studies (with Ge detectors) of these isotopes. 

2. Energy calibrations 

In our measurements, our goal is to determine y-ray energies (for the strong "-rays) 
in the 0.1-10.0 MeV region to an accuracy of +30 eV or better. In a particular energy re- 
gion, the energy calibration requires two standards and a nonlinearity curve. Up to 3 MeV 
(in the Compton-suppressed mode), the standards traditionally used in our work are the 
5 1 1 -keV annihilation radiation and the 2223-keV 7 ray from the H(n, 7) reaction. Because 
accurate energy standards are available in this energy region, the construction of a suitable 
nonlinearity curve does not pose a serious problem. Between 1 and 13 MeV (in the pair- 
spectrometer mode) our standards are the 2223-keV and 4945-keV 7 rays from the 
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‘H(n,y) and ‘*C(n,y) reactions, respectively. These two are preferred because 1H is 
readily provided by the CH2 material used as a cross section standard and 12C by the 
graphite holder containing the target material, both in quantities sufficient to provide strong 
signals. The problem of constructing an accurate nonlinearity curve in the high-energy 
region is a lengthy process which requires good standards. Herein lies the problem. 

A set of primary calibration standards for use in thermal (n,y) spectroscopy have been 
provided [see Table r] by Wapstrau based mainly on the Smith mass doublet measure- 
ments. Originally proposed in 1’375, these standards have undergone major revisions in 
1983 and 1990. In 1990, Wapstra revised downwards all 1983 S, standards except 
S,( *H) by substantial amounts (see Table I). He then reanalyzed the energies of the strong 
y rays in I5N reported in earlier studies by the Brookhaven-Idaho, Oak Ridge-Los 
Alamos, and McMaster groups. By imposing the constraint S,(”N) = 10833.232 f 0.008 
keV, he produced a recommended set of energies for these 7 rays. The nonlinearity curve 
implied by Wapstra’s 1990 values created a serious problem. The Sn(3H) value implied by 
this nonlinearity curve was -100 eV lower than the 1990 standard of SJ3H)= 6257.246k 
0.009 keV. In other words, we could not reconcile the 1990 Sn(3H) and Sn(15N) stan- 
dards and we chose to abandon the latter. We then proceeded to independently determine 
Sn(15N) as 10833.315f0.021 keV. This value disagreed strongly with Wapstra’s 1990 
standard of 10833.232 f 0.008 keV even after increasing the uncertainty in the latter by a 
factor of 2.5. 

Fortunately, the problem has been resolved in the latest (1995) mass adjustment.9 
Very accurate mass ratios (and mass differences) have been measured at MIT using a 
single-ion Penning mass spectrometer.10 The deduced S,(15N) values together with values 
for Sn( 2H) and Sn(3H) (of comparable accuracies obtained using conventional spectro- 
scopy) are shown in the last column of Table I. We are able to construct a smooth non- 
linearity curve using these values. However, the dispersion (keV/channel) and differential 
nonlinearity of our system (or any other known system) are such that we are far from being 
able to fully exploit the superaccuracies of these primary standards. 

TABLE I. Neutron sejwatioln energies S, in (ev) deduced by Wapstra. The keV digits 
are indicated in bold and are not repeated. In our notation, 2224 662 32 = 2224 662 f 3 1, 
6257 372 38 = 6257 372 f 38, etc. 

Ref. [6] Ref. [7J Ref. [8J Ref. [9] 
1975’ 1983b 1W 19956 

2H 2224 66231 573 8 570 4 572.5 22 
3H 6257 37238 282 8 2469 248.2 24 
13C 4946 42639 336 14 312 12 3 12.0 23 
’% 8176 57556 483 15 434 13 441.3 44 
15N 10833 39566 302 12 232 8 301.5 24 

‘Based on assumed mass difference n-H = 782 430 30 eV and l u  = 931 501.6 26 keV. 
bsased on assumedS,(*H) = 2224 573 8 eV and lu = 931 501.2 3 keV. 
’Based on assumed Sn(tH> = 2224 570 4 eV and l u  = 931 493.88 28 keV. 
dBased on ju = 931 493.86 7keV. 
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3. Intensity calibrations 

It is relatively straightforward to determine intensity calibrations below 3 MeV using 
standard radioactive sources. The problem is more complicated in the 3-10 MeV region be- 
cause convenient intensity standards (with - 1% accuracies) that span this region do not 
exist. In the early 1980s, we started with the known intensity values deduced from the 
14N(n,y) reaction and generated an efficiency curve with - 3% accuracy in the 2-9 MeV 
region. We then made thermal (n,y) measurements for several nuclides below A = 60. In 
many cases, the decay schemes arr: relatively simple and the intensity balance requirements 
could be used effectively to further refine the efficiency curve. We now believe that we can 
determine the intensities of strong 7 rays in the 2-9 MeV region to an accuracy of better 
than 1%. 

4. Completeness 

In our measurements, the detection limit for a y ray in the 0.1-10.0 MeV region is 
typically 2-4 photons per 104 thermal-neutron captures which is a factor of 2-5 better than 
in previous measurements using Ge detectors. This improvement, in turn, has resulted in a 
significant increase in the number of y rays identifisd in our work. A particularly satisfy- 
ing feature of studying neutron capture in light nuclei is that the level schemes are reason- 
ably complete. This aspect is shown in Fig. 1. 
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FIG. 1. Completeness of the (n,y) level schemes based on the reasonable assumption 
that Z lr (secondary y rays) represents the total c a p m  cross section. Closed circles refer 
to previously published works and apen circles to work in progress. The latter data points 
are subject to upwad revisions. 
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Even though one can make a hard-sphere estimate of the capture cross section, it is not 
possible to make a reliable prediction of the actual capture cross section because of the 
influence of nearby resonances. 'The complexity of the y-ray spectrum also depends on 
several factors including the value of S,, and the density of bound levels. The only 
statement that we can make is that the ratio of the number of y rays to the number of levels 
(including the ground state and the capturing state) appear to be reasonably constant (see 
Fog. 2) with an average value of 3.7 f 0.8. 
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FIG. 2. Observed y-ray miiitiplicities in the (n,y) reaction. Closed circles refer to 
previously published works andl open circles to w d  in progress. 'Ihe latter data points are 
subject to revisions. 

5. Possible Primary M2 Transition 

In the (n ,y )  reaction, the observed primary y rays are predominantly ET or M1. 
Primary E2 transitions are extreme1 rare.11-13 The only previously reported observation 
of a primary M2 transition is in the Ca(n,y) reaction,14 but this result is emneous. 

Figure 3 (from Ref. 2) shows an extremely weak (- 6 photons per 104 captures) peak 
at 4630.6 keV. This peak re resents a transition between the capturing state (J" = 0' + 1') 
and the 1971-keV level in 'k. This level is most probably a J* = 3- state (see Table IX of 
Ref. 2). If the placement of this 3" ray and the J' assignment for the 1971-keV level are 
confirmed by future works, the 4630.6-keV y ray would represent the fust observation of 
a primary M2 transition in the ( n ~ )  reaction. 

E 
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6. Direct Capture 

Although low-energy neutron capture can be regarded as the classical compound- 
nuclear process, it has been known for a long timelS that far away from resonances a direct 
form of radiative capture not involving the compound nucleus can exist. In this process, the 
neutron-target interaction is represented in zero order by a potential well, and the neutron 
that is initially in an s orbit simply falls into ap-wave orbit in the final nucleus resulting in 
the emission of a primary El trarisition. The theoretical analysis requites a knowledge of 
the coherent scattering length and (d, p) spectroscopic factors. 

Direct neutron capture is amenable to calculation because the major component of the 
radial factor of the E l  matrix element arises outside the potential well where the wave 
functions are known, being dependent only on the scattering length (for the initial state) and 
the binding energy plus single-particle spectroscopic factor (for the final state). Indeed, 
many partial E l  cross sections can be reproduced by a formalism that treats the potential 
with a sharp cutoff at the well radius and ignores all internal contributions to the matrix 
element. This version is known as channel capture and a simple analytical formula16 has 
been found to be very successful in estimating the cross sections of primary El transitions 
in many nuclides. 

In the more detailed version of the0ry,4J7-*~ called potential capture, the wave 
functions are computed numerically from a realistic optical model (such as Woods-Saxon) 
and the internal contributions are included. The optical-model parameters are varied within 
physically reasonable limits to reproduce the measured scattering length. The depths of the 
real potential are then varied to reproduce the binding energies of final bound states of 
largely single-particle character. This is the specialized optical-model [SJ procedure. 
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FIG. 3. The 4630.6-keV y-ray observed in the ''F(n.r) reaction is probably the best 
candidate for a primary M2 transition in the (n,y) reaction. 
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Alternatively, the direct-capture amplitude can be written as a sum of two terms-a 
potential-captun amplitude (based on a global [GI potential) and a valence [vJ correction 
due to the projection of the single-particle motion in the wave function of local resonance 
levels. The valence correction can be assessed from the difference between the calculated 
(from the optical model) potential scattering length and the measured scattering length of the 
target nucleus. We call this the [GWJ procedure. The direct-capture cross section is 

where &w is the contribution froin local levels to the reduced 2 function,  FA,,(^^^^^^) is 
the average valency radiation width arising from the imaginary part of the capture 
amplitude, and I'h is the neutron width derived from the neutron strength function 
calculated from the optical-model scattering. In general, we find that the [G+V] and [SI 
methods give very similar results. 

Differences between experinnend and calculated cross sections are attributed to a 
compound-nuclear radiative amplitude due to the tails of nearby resonances. Compound 
nucleus (CN) is a generic term for mechanisms involving more general features of the wave 
functions than the simple projections of neutron motion in the field of the unexcited core of 
the target. It is uncorrelated with the single-particle content of the initial or final state. ?he 
experimental cross section G , , ( ~ )  is 

TABLE I. Mechanism of (n,y) r e a c h  at thermal-neutron energies except when stated otherwise. 

Mechanism Explains capture by RefawwR 

El transitions 
Potential + valence correction + compowd 7 ~ i ,  9 ~ e ,  W, W, 1%. 

24Mg, BMg. 26Mg. 
%i, 29Si. 3%. 
32s. 33s. 34s. 

4Oca. 42ca, 46ca, %a 
44ca 
4 x 3  

Potential + generalized valence canectiori + compound 
Valence + potential + compound 
Compound + valence + potential 
Valence (153 kev) 

14N 

1,172 
3 
4 
5 

18-20 
21 
22 

23 

M1 transitions 

Potential %e, '2c, 17 
Compound 14N 
ValeIWX 7Li (255 keV) 1 
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The extracted CN cross section can be converted to a radiation width if it is assumed 
that the discrepancy between the potential and measured scattering lengths is due to a single 
capturing resonance level. Thus 

This radiation width can be compared with the Cameron estimate 

rj,l,CN(in eV) = 0.33 x lO-'E;(ii MeV)A2'3DJ(in ev), 

which usually underestimates the average strength of high-energy (- 5 MeV) transitions. 
Alternatively, the compound-nuclear radiation width can be derived from the Brink's model 
of the damped giant resonance built on each final state, but it has been established that this 
model overestimates the widths for transitions in the 2 to 3 MeV range. In general, the 

r''y,cN/E;)/Ea deduced from experiment agrees (within an order of magnitude) with 
iameron's ( ray ,CN/E;) /D, .  By comparing them, we can suggest which bound or un- 
bound level might be responsible for the CN contributions. 

For some nuclides the discrepancies between theory and experiment are not only 
greater than would be expected from the Cameron estimate, but also appear to be system- 
atic. The softness of "Ca allows virtual excitation of quadrupole collective vibrations with 
sufficient amplitude to interfere with the direct-capture amplitude. The potential field that 
such a nucleus presents to an incoming neutron contain higher multipole terms that couple 
the initial (target nucleus @ single-particle motion within the spherical potential) configura- 
tion to other configurations (target excited collective state @ single-particle motion). The 
higher multipoIe terms have a similar mixing effect on the final states. This generalized 
valence capture model21 leads to a systematic reduction (by a factor of 2) in the capture 
cross sections of transitions to the group of low-lying states in 45Ca from the values com- 
puted in the direct-capture theory, thereby improving agreement with experiment. 

The total (47) capture cross sections in light nuclides are generally small (< 1 b) indi- 
cating that the influence of resonance wings is small. In some cases, nearby resonances 
clearly have a major influence and more complex capture mechanisms, such as the valence 
mechanism, have to be considered. We base our calculations on the &matrix theory of 
nuclear reactions and the assumption of a real potential. The fractionation of the modeled 
single-particle state into the actual resonance is known from the neutmn width of the reso- 
nance determined experimentally. It is therefore unnecessary, in this approach, to model the 
expected average fractionation by the formulation of the imaginary part of the optical 
model. The valence-capture amplitude, while being closely related to the potential-capture 
amplitude, is now more sensitive to the components of the wave function in the internal 
region because the initial-state wave function has an antinade rather than a node close to the 
potential radius. This also allows signrficant valence capture by p-wave resonances. 
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7. Conclusion 

After more than half a centwy of study, we still do not have a fully quantitative or 
universally applicable theory of neutron radiative capture. What we have is a number of 
models that are applicable in different mass number or energy regions and a certain amount 
of basic theory that explains, in principle, why some of these models work in certain 
situations. Fortunately, high-quality data continue to be produced in this area and this is 
leading to continued quantitative development and application of capture models. 
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